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PREFACE

The present book has twofold purposes. First, the book is intended to be a monograph on heavy
electrons which have been the focus of very active experimental and theoretical studies in the last two
decades. Heavy electrons are found among a number of lanthanide and actinide compounds, and are
characterized by a large effective mass which becomes comparable to the mass of a muon. The heavy
electrons exhibit rich phenomena such as smooth crossover to local moment behavior with increasing
temperature, unconventional superconductivity, weak antiferromagnetism and pseudo-metamagnetism.
Although some mysteries still remain, the authors feel that a reasonably coherent understanding is
available of heavy electrons as a whole. Therefore the time is ripe to survey the properties of heavy
electrons from a global and unified point of view.

The physics of heavy electrons is one of typical examples where intimate interaction between theory
and experiment has disclosed step by step the origin of seemingly incredible behavior of electrons.
One (Kuramoto) of the present authors has been engaged in formulating a theoretical scheme which is
now widely applied to magnetic impurities and heavy electrons and, among other things, has derived
dynamical response functions. The other author (Kitaoka) has been doing NMR experiment on heavy-
electron systems and has found formation of metallic, insulating, superconducting and weakly magnetic
phases of heavy electrons through the NMR. Thus the authors think it appropriate for them to write
a book which focuses on dynamical aspect of heavy electrons. In view of the innumerable and diverse
activities in the field, the authors do not try to cover every aspect on equal footing, although they do
try to touch upon important thermodynamic and transport results.

The second purpose of the book is to serve as an advanced textbook on theoretical and experimental
physics of strongly correlated electrons. The necessity to understand fascinating experimental results on
heavy electrons has stimulated intensive theoretical efforts to go beyond existing schemes. It has turned
out that many established ideas and techniques are insufficient to understand heavy electrons. On the
theoretical side, enormous amount of quantum fluctuations has brought disaster to celebrated mean-field
theories. On the other hand, extreme experimental condition has been required such as applying strong
magnetic field and pressure at ultralow temperatures. Thus heavy-electron systems have been a target of
a case study for applying and testing almost all tools in theoretical and experimental condensed-matter
physics. Those graduate students and researchers who want to work on strongly correlated condensed-
matter systems will find in the book many examples how the conventional concepts on solids work or do
not work in heavy-electron systems. Although we try to make the book self-contained for those readers
who have the knowledge of condensed matter physics in the undergraduate level, they may sometimes
find the description of the book too concise. We advise consulting available textbooks on elementary
many-body physics in such a case.

The book tries to build coherent picture of heavy electrons out of collection of apparently diverse
experimental and theoretical results. However the authors do not intend to be exhaustive in citing papers,
nor to be excessively on the alert for a report made yesterday. At any rate a monograph cannot compete
with a review in scientific journals for covering newest findings. Instead the book tries to provide an
entire outlook which should be especially useful to newcomers to the field of strongly correlated electrons,
either experimental or theoretical, and tries to help them to initiate a new stage of investigation. Thus
the book emphasizes new theoretical methods and concepts which might be effective also in other related
areas. It also emphasizes the utility and limitation of dynamical information brought about by the NMR
and neutron scattering. Special attention is paid to similarity to other strongly correlated systems like
the copper oxide high-temperature superconductors. Since the research area of heavy electrons is vast,
our treatment inevitably reflects our favorite choice of the topics, and pays unavoidable attention to our
own contribution to the field. We would apologize those authors whose contributions are not touched
upon, or are not treated properly. Especially we have omitted many topics on transport, thermodynamic
properties, and dynamical measurements other than NMR, and neutron scattering.

As an exiting monograph on Kondo effect and heavy electrons, we mention a book by A.C. Hewson
(Cambridge 1993). The present book puts more emphasis on the side of periodic systems rather than
magnetic impurities, and also on experimental aspects. Hence we hope that the present monograph
serves complementary to Hewson’s book. To make the book of reasonable size we have to omit some
interesting theoretical topics like the Bethe ansatz and the conformal field theory. These topics are
extensively dealt with by other monographs.

The content of the book is arranged as follows: Chapter 1 presents first the phenomena of heavy
electrons from thermodynamic measurement, and then introduces the two basic pictures of electrons in



solids: itinerant and localized states. These pictures represent opposite limiting behaviors of electrons
and do not reconcile with each other at the naive level. A brief account of the Fermi liquid theory is
given. Basics of NMR and neutron scattering experiments are explained.

Chapter 2 deals with the single magnetic impurity problem. The Kondo effect is discussed from various
viewpoints; scaling, 1/n expansion, local Fermi liquid, and so on. We emphasize the effective Hamiltonian
approach which includes the concept of the renormalization group. The local non-Fermi liquid state is
treated with emphasis on the unique excitation spectrum. Detailed experimental results are presented
which can be interpreted without taking account of the intersite interactions among f-electrons.

In Chapter 3 we turn to periodic systems where heavy electrons are formed. Experimental facts on both
metallic and insulating systems are presented. Although the metallic ground state is basically understood
by the Fermi-liquid picture, the system shows strange behaviors in a magnetic field. We present intuitive
ideas and theoretical apparatus to understand the basic features of heavy electrons. Practical methods to
compute physical quantities such as the density of states and the dynamical susceptibility are explained.

These two chapters as a whole represent complementary approaches to heavy electrons from local
and itinerant limits. In Chapter 4 we discuss the anomalous magnetism which emerges as a result of
complicated interference between quasi-particles. The relevant phenomena include the weak antiferro-
magnetism with tiny ordered moments, and the orbital ordering accompanying quadrupole moments.
Alternatively, the anomalous magnetism is interpreted as coming from competition between the Kondo
screening and the intersite interaction, if one takes the viewpoint from high temperatures. Although
there is no established understanding of these phenomena, we present a possible view which empha-
sizes the dual nature of electrons with strong correlations; simultaneous presence of both itinerant and
localized characters.

Chapter 5 deals with superconductivity of heavy electrons. We begin with introductory treatment of
anisotropic pairing in general and symmetry classification of singlet and triplet pairings. Then detailed
review of experimental situation is given for representative superconducting systems. Emphasis is put on
the interplay between superconductivity and anomalous magnetism, and subtle coupling to the lattice
degrees of freedom.

In Chapter 6 we compare heavy-electron systems with some cuprates which show high-temperature
superconductivity. The latter system also has strongly correlated electrons, but the parameters charac-
terizing the electrons are rather different from heavy electrons. Interestingly, some dynamical properties
such as the NMR relaxation rate below the superconducting transition shows similar temperature depen-
dence if one scales the temperature by the transition temperature of each system. We discuss similarities
and differences between these two systems, and pursue a picture for unified understanding of strongly
correlated electrons including non-Fermi liquid states.

In Appendices, we summarize theoretical techniques frequently used in the many-body theory. They
constitute a compact treatise which should be understandable independent of the content of the main
text.

It took us an unexpectedly long time to finish this book. During this period we have been benefited by
discussion with our colleagues and friends. We are grateful to all of them for helping our understanding on
the subject, and especially to Erwin Miiller-Hartmann who introduced one of the authors (Kuramoto) to
the early stage of the field 20 years ago, and to Kunisuke Asayama and Hiroshi Yasuoka who introduced
the other author (Kitaoka) to the field of NMR in condensed matter physics. We acknowledge fruitful
cooperation with and valuable suggestions by Jacques Flouquet, Kenji Ishida, Yusuke Kato, Hiroaki
Kusunose, Frank Steglich, Hideki Tou and Hisatoshi Yokoyama. Special thanks are due to Frank Steglich,
Yusuke Kato and Stephen Julian who read the first manuscript and made a number of constructive
remarks to improve the book.

Yoshio Kuramoto
Yoshio Kitaoka
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Chapter 1

Fundamental Properties of Electrons
in Solids

1.1 What are Heavy Electrons?

Electrons in metals have an effective mass m* which is in general different from the mass my = 9.1 x
10~2%g in vacuum. Experimentally, the effective mass can be measured by such methods as cyclotron
resonance, de Haas-van Alphen (dHvA) effect, specific heat and so on. The temperature dependence of
the specific heat C' much below room temperature is usually fitted in the form

C =~T + BT, (1.1)

where the second term comes from lattice vibrations in ordinary metals. In the free electron model of
metals with the spherical Fermi surface, v is given by

2

) 12

where kg denotes the Boltzmann constant and p*(u) = m*kp/(7*h?) is the density of states at the
Fermi level p. For a general shape of the Fermi surface, the effective mass in the above formula should
be interpreted as the average over the Fermi surface with the same volume enclosed as that of a sphere
with radius kp. The spin part x of the magnetic susceptibility at low temperatures is also determined
by p*(u). Namely we obtain

X = (gus)*p* (1), (1.3)

where g is the g-factor close to 2 and pug = eh/(2mgc) is the Bohr magneton.

In simple metals such as K or Al, v is of the order of mJ/(K? mol). This means that the effective mass
is of the order of mg. However in some materials it becomes larger than mg by as much as three order of
magnitudes. As an example, the temperature dependence of - is shown in Fig.1.1 for Ce,La;_,Cug with
varying Ce concentrations [1, 2]. We interpret the large v as coming from the large effective mass, since
kr is determined by the density of conduction electrons which is of the order of 10?2¢m~2 independent
of metals. Hence these compounds are called heavy-electron (or heavy-fermion) systems. The validity of
this interpretation depends on the Fermi-liquid theory to be explained later. It is remarkable that these
data fall on a single curve if it is divided by x. This means that each Ce ion contributes to the enhanced
specific heat rather independently. In other words, possible intersite interaction among Ce ions does not
play an important role in 7. Thus the steep increase of v below 10 K is essentially a single-site effect.

The magnetic susceptibility for various Ce concentration is shown in Fig.1.2. Like the specific heat,
the susceptibility per mole Ce is almost independent of  up to 0.9 [1]. In general, thermodynamic data
point to the importance of the single-ion effect. Most of apparent deviation from the single-ion behavior
can be understood with account of change of the lattice parameter and other peripheral effects. As we
shall discuss in detail later in this book, the origin of heavy effective masses is traced back to strong local
correlations. The Kondo effect is the keyword to understand all the anomalous properties in a universal
fashion, as we shall explain in detail later.

Table 1.1 summarizes the values of v and x for representative compounds. The average valency of Ce

7
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Figure 1.1: Temperature dependence of 4 f-derived specific heat per mole of Ce as C,,, /T plotted against
T for CezLay_,Cug with z =1 (O), 0.8 (O) and 0.5 (x)[1]. Inset indicates low-T' data. Dashed curve
is the calculation for an S=1/2 Kondo impurity with Tx=4.2 K.
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Figure 1.2: Temperature dependence of the magnetic susceptibility per mole of formula unit for
Ce,La;_,Cug [1].
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system | x(1072 emu/mol ) | v (mJ/mol K?)
CeCug 80 (c) 1600 [1]
CeCusSiay 8 (c), 4 (ab) 1100 [3]
CeRusSiy 30 (c) 350 [4]
UBeys 13 1100 [5]
UPts 4 (c), 8 (ab) 400 [6]

Table 1.1: Low-temperature susceptibility and specific heat coefficient of some heavy electron systems.
The susceptibilities along the c-axis, shown as (c) in the table, and in the ab-plane shown as (a) can be
different in non-cubic systems.
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Figure 1.3: Temperature dependence of magnetic resistivity[1] per mole of formula unit for Ce,La; _,Cug.

and Yb in heavy electron systems is very close to 3+. However in some Yb materials which have smaller
values of v of the order of 10°mJ/(K?mole), the average valency is between 2+ and 3+. These systems
are called intermediate valence compounds. Since the valency fluctuates quantum mechanically between
2+ and 34, the phenomena are also called valence fluctuation, a term with emphasis on the dynamical
aspect.

Transport properties of these materials also show unusual temperature dependence. As an illustration,
Fig.1.3 shows the temperature dependence of the magnetic part of the resistivity for Ce,La;_,Cug [1].
The magnetic part is obtained by subtracting the resistivity of LaCug with no f electrons. In the
dilute limit, nearly logarithmic increase of the resistivity is observed over more than two decades of
T. This is a typical signature of the Kondo effect. On the other hand, in the pure limit of CeCusg,
this logarithmic dependence disappears with T — 0. Instead the 72 law of the resistivity takes place.
The latter behavior is typical of itinerant electrons with strong mutual interaction. Thus the resistivity
of Ce;La;_,Cug depends on = in a way completely different from those for the specific heat and the
susceptibility.

In order to study how the heavy electrons are realized in condensed-matter systems, and how one can
understand very rich properties of them, we begin in the following with fundamental consideration about
electrons in solids. From this point on we take units such that 7 = kg = 1 to simplify the notation
except for deriving numerical values with a dimension.

1.2 Itinerant and Localized States

Real solids are quantum many-body systems consisting of a large number of atomic nuclei and electrons.
We simplify this complicated system by keeping only those degrees of freedom which are essential to
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Figure 1.4: Schematic view of the charge density of electrons: (i) the case of a < agp, and (ii) a > agp.

realize the most fundamental properties of electrons in solids. In order to clarify the point step by step
we begin with the simplest model that shows the essence of itinerant as well as localized natures of
electrons in solids. Consider the simple cubic lattice of hydrogen atoms. We assume for simplicity that
protons have no spin and are fixed at lattice points R; with distance a from the nearest neighbors. By
this simplification we neglect the effect of lattice vibrations present in real solids. The hydrogen lattice
does not have incomplete atomic shells with 3d,4f or 5f orbitals which are important for the occurrence
of heavy electrons. These complications will be discussed in later chapters.
The Hamiltonian is given in the second quantization by

A 1
_ T _ = _ _R. = .
H = Z/dr\llg(r)[ o Zv(r Ry)|Vo(r) + 5 gv(m R;j) + Vo (1.4)
o 7 7]
where U, (7) is the field operator of electron with spin o, v(r) = €2 /|r| and V¢ is the Coulomb interaction
among electrons given by

VC = %/d’l"/dr’v(’!‘ _,,./)Z\I/Z'(r)qjj;-/(r/)qjg—/(’r'/)q/a.('r)' (15)

Two extreme cases are considered: (i) a is much smaller than the Bohr radius ag = 1/(me?), and (ii)
a > ap. Figure 1.4 illustrates the charge density of electrons in each case.

1.2.1 Formation of energy bands

In the case (i) the wave functions of each 1s state overlap with each other substantially. As a result,
mixing with 2s, 2p and higher orbitals is so significant that the wave function is better constructed
from plane waves. The kinetic energy of electrons is the most important part and the fluctuation
(ng (1) — (ng (1)) (nor (") — (ngs (r")))) of the operator n,(r) = Ui (r)¥,(r) becomes small as compared
with (ny(7)){(ne (r')). Then the simplest approximation is to replace the electron-electron interaction
by a mean-field acting on n,(r). Namely we approximate

VL)L () Vo (1) Uo (1) ~ 1 (1) (s (7)) + (0 (7)) 110 (1) = (5 (7)) (i (). (1.6)

This is called the Hartree approximation. Note that eq.(1.6) does not exhaust factorization into fermion
bilinear operators. The rests are called exchange terms to be explained shortly. In the Hartree approxi-
mation H is approximated by

Hy = /drz\ll];(r)hH(r)\I/a(r) + Ep, (1.7)

where the constant Ep is given by

Bp =5 > o~ Ry~ 5 [ dr [ar'otr — ) Y (na(m) e (7)) (1)

i£] o,0’
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The effective single-particle Hamiltonian hg () is defined as

hg(r) = —% + vy (r), (1.9)

where the one-body potential vy (r) is given by

i (r) = / dr'o(r — )3 (ng (7)) = 360" — Ry)) (1.10)
o j
We notice that the electron-ion attraction alone would give divergent potential. Only with partial

cancellation of it by the electron-electron repulsion does one have a finite potential as given by eq.(1.10).
Let’s consider the Schrodinger equation

hi(r)pn(r) = Endn(r). (1.11)

where the eigenvalue E, is indexed from the lowest one as Fi, Es,.... Here we take the periodic
boundary condition with the dimension L of the system in each direction. Strictly speaking, the Coulomb
interaction should in this case be modified in order to meet the periodic boundary condition. We neglect
this modification since this does not influence the final result in the limit of large L. In terms of the
complete set {¢,}, the field operator is expanded as

Uo(r) = Cnotn(r), (1.12)

where ¢, is the annihilation operator. The N-body ground state |g) with N even is constructed from
the vacuum |vac) by filling N/2 states for each spin:

N/2

19) = T LI cholvac). (1.13)

o n=1

In the first quantization the state |g) is represented by a single Slater determinant. The electron density
is given by
N/2

(no(r)) =D lon(r")?, (1.14)

which in turn determines the Hartree potential vy (r) self-consistently by eq.(1.10). In the ground state
the N electrons fill the lower half of the first band. The set of highest occupied k states constitutes the
Fermi surface. The volume V enclosed by the Fermi surface is related to the electron density n = N/L3
by Vr/(27)3 = n/2.

The Hartree approximation has a weakness that vy gives nonzero electron-electron interaction even
when there is only a single electron. This is due to neglect of the quantum nature of n,(r), the proper
account of which should exclude self-interaction of an electron. To remedy this, one should take account
of other contributions to the mean field from

Ul ()W, (P 0, (7)) U, (r) — (1.15)

—(WE ()W (P )WL, () Wo (1) — WL ()W () (WL, () Wo (7)) + (WL () W () (T, (') W0 (r)). (1.16)

The approximation which keeps this contribution in addition to vy () is called the Hartree-Fock approx-
imation. In this case the mean field acts not only on n,(r) but on a non-local operator \IJZ, (r")U, (7).
If a magnetic order is present, <\I/L,(r' YU, (r)) may not be diagonal in spin indices. The scheme to allow
for this possibility is often called the unrestricted Hartree-Fock theory.

One obtains the Hamiltonian which is bilinear in the electron fields as

Hrr = / ar / dr'y WL (r)hoo (r, 7)o (r') + Epx, (1.17)
where

hoor (T7 ’I”/) = hH(T')(SUJ/(S('I' - r/) - U(T - r/)<\IJT’(T/)\Ij0(r)>' (118)

o
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Epx = Fp+ 5 / dr / dr'o(r — 1) S (WL (1), (1) (W ()W (). (1.19)

o,0’

The one-body Schrodinger equation reads
/dr’ Z hoo (’r‘,r’)djn(r/’g/) = Enothn(r,0), (1.20)

which takes into account a possible spin polarization in the ground state.

The Hartree-Fock Hamiltonian Hyr can have Bloch states as a self-consistent solution for the param-
agnetic state. Then the ground-state wave function is given by a single Slater determinant as in eq.(1.13).
It is noted that the self-consistent solution is not necessarily unique. Among the states given by a single
Slater determinant, each self-consistent solution satisfies the variational property that the ground-state
energy is stationary against small variation around the solution. The state that gives a local minimum
is either the ground state or a metastable state.

The average magnitude of the electron-electron interaction is much smaller than the width of the
energy band in the case (i). Thus in the zero-th approximation the Bloch picture of nearly free electrons
is valid. One can naturally ask the importance of fluctuations so far neglected. Because the excitation
has no gap in the band state, this may lead to singularities in the perturbation theory. In the one-
dimensional system, it is known that virtual transitions across the Fermi surface make the Hartree-
Fock state unstable, however weak the two-body interaction is. This is characteristic in one-dimension
because the phase space available to the particle-hole excitation is particularly large in one dimension.
In three dimensions, a small two-body interaction only perturbs the Hartree-Fock ground state. Thus
the metallic character with the Fermi surface remains. In the presence of strong two-body interactions,
the paramagnetic state may become unstable against magnetic or superconducting states. If the state
remains paramagnetic, a theorem on the Fermi liquid theory shows that the volume enclosed by the
Fermi surface is the same as the one determined by the mean-field theory [7]. However the excitation
spectrum may be drastically affected by the correlation. In the case of high electron density the difference
from the Hartree approximation is not important qualitatively. The common feature is that the ground
state is a metal with a Fermi surface.

We will come back to discuss the correlation problem in detail, but for the moment let us continue on
very elementary picture of electrons.

1.2.2 Localized states

In the case (ii) with a > ap, one starts from the atomic picture of the ground state in which each
proton has an electron in its 1s orbital, and the influence from other hydrogens is a small perturbation.
In this case the ground state should be insulating. According to Mott [8], such insulating state can be
found in actual materials, although the electronic state is much more complicated than the hydrogen
lattice. In the energy band picture, the insulating state needs a long-range order of spins so that the
unit cell contains even number of electrons. In reality, some materials such as NiS remains insulating
even above the transition temperature to an antiferromagnetic state. If one applies pressure, or replaces
some constituent atoms to cause equivalent chemical effect, systems such as VoO3 [8] could be changed
into a metal. Such systems are often called Mott insulators.

We inspect whether the mean-field theory can deal with the case of a > ap. If we start from the
paramagnetic ground state, the many-electron wave function given by the Slater determinant of Bloch
states give substantial probability of having both up- and down-spin electrons in a 1s orbital. However
with a > ap there should be either up or down spin but not both in each 1s orbital.

Therefore we consider artificially the situation where all electrons have spin up. Also in this case the
Hartree approximation cannot deal with the situation because vy (r) cannot reproduce the potential for
the hydrogen atom. The exchange potential, on the other hand, cancels most of the direct Coulomb
interaction from the same cell. As a result the Hartree-Fock Hamiltonian reproduces the limit of weakly
coupled hydrogens as long as the spin is completely polarized.

This observation permits us to define the basis functions which are necessary to establish the localized
picture [9, 10]. Suppose we have solved the Hartree-Fock equation assuming a fully polarized ground
state. Then the lowest energy band, which consists dominantly of the 1s state at each site, is full. The
next lowest bands separated by the energy gap consist of 2s and 2p states. In the case of (ii) the gap
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should be about 0.75Ryd. From the Bloch functions 1y, () of the lowest band we construct the Wannier
function by

wi(r) = \/% Xk: g (r) exp(—ik - Ry), (1.21)

which is similar to the 1s wave function at site R;. In contrast to the atomic wave function, the Wannier
functions constitute an orthogonal set. The annihilation operator ¢;, corresponding to this Wannier
state is defined by

Cic = /drwf(r)‘llg(r). (1.22)

Furthermore the eigenenergy FEp, of the first band is Fourier transformed to give
1
J \/N % k p[ ( J)} ( )

Here t;; = €, represents the 1s level with a possible shift, and ¢;; with ¢ # j is the hopping energy
between the sites 4, j. Explicitly ¢;; is given by

tij = /dr/dr'wf(r)hﬁ('r,r’)wj('r’). (1.24)

We are now ready to represent the original Hamiltonian given by eq.(1.4) in terms of the Wannier basis.
Since the complete set has infinitely many energy bands, the number of Wannier states is also infinite.
If we are interested in the ground state and low-lying excitations, the subspace consisting of 1s states
but with arbitrary spin configurations is the most important one. We introduce a projection operator
P to this subspace. Then we get

PsHPy = H)+ Hy+ Epx, (1.25)
Hy = Y eacl,cio+ Y tijelycio, (1.26)
io i#50
1 .
LE D> tjlolml) (el el emorcioc = clycio0m + clyemordo51), (1.27)
ijlm oo’

where

(ijlolml) = / dr / dr'o(r — 17)w? (F) (¢ Yo (7 Yo ). (1.28)

Note that we use the ordering of basis in the bra as defined by (ij| = |ji)! throughout the book. The
bilinear terms in H> compensate the mean-field contribution to ¢;;. Without the mean-field contribution,
t;; would become infinite because of the long range of the Coulomb interaction. Thus the mean field is
by no means a small perturbation.

The nature of w;(r) localized around R; makes most of (ij|v|ml) small, leaving two kinds of dominant
terms in Hy: first, terms of the type (ij|v|ji) remain significant even for a pair of distant sites ¢ and j,
and second the exchange terms of the type (ij|v|ij) for neighboring sites. The first type is called the
Coulomb integral and is responsible for the charge fluctuations like plasma oscillation and exciton-type
correlation. On the other hand the second type is called the exchange integral and favors the parallel
arrangement of spins at neighboring sites.

The simplest way to see the effect of each term on the spin configuration is to take N = 2 with the
free boundary condition, which makes possible the analogy to the hydrogen molecule. In Hy we keep
U = (11|v|11), K = (12|v|21), Jq = (12|v]|12) and equivalent ones, all of which are positive. In this case
exact solution of H; + Hs is easily obtained. Of the six states in total, three of them are spin triplet
with energy F; = 2¢,. Of the three singlet states, the lowest one has the energy

E, =2+ Ji+ (U —-K)/2—[(U— K)?/4+4t3,]*/2, (1.29)

and the double occupation of a site tends to zero in the limit of a > ag. In this limit U is much
larger than |t15| and K. Then we may expand the square root to first order. It is convenient to use the
projection operators Ps; and P; to the singlet and triplet pairs as given by

1
PSZZ_51'327 Pt:Z'FSl‘S% (1.30)
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in terms of spin operators S; and S5. Then we obtain the effective Hamiltonian to describe the singlet
and triplet states:

2 2
Hpin = EPs + E Py ~ 2¢, + in - (Uth) - [(U“_l}) - Jd] S;-S,. (1.31)
The coefficient of the spin-dependent term is called the exchange interaction. Two competing effects are
present here. The part with the transfer favors the singlet pair. This is because the doubly occupied
site can occur as the intermediate state by perturbation in terms of ;5. On the other hand, J; favors
the triplet pair. This gain of energy originates from the Pauli principle which discourages the overlap of
wave functions with the same spin.

In the Heitler-London theory for the bonding of hydrogen molecule, the stability of the singlet state is
interpreted in terms of Coulomb attraction due to accumulated electrons in between the protons. The
stabilization by the kinetic exchange represents the same accumulation effect in different terms. Note
that the use of orthogonal states is especially convenient in dealing with large systems. In the case of
general IV, the competing exchange mechanisms described above are also present. Since J; decays faster
than t2, as a/ap increases, the kinetic exchange wins in the case (ii). In addition, more complicated
exchange involving more than two sites is possible. For general N we cannot expect the exact solution
even in the 1s subspace. Instead we introduce below a version of perturbation theory for a systematic
treatment.

Let us describe in general the effective Hamiltonian which acts on the restricted Hilbert space M called
the model space [10, 11]. We introduce a projection operator P to the model space M by

P=Y"la)al (1.32)

aceM

where |a) denotes a state in M. From a state ¥; which is an eigenstate of H with eigenvalue E;, we
make a projected wave function PV¥;. We define the effective Hamiltonian H.¢¢ such that the same
eigenvalues are reproduced within the model space, i.e.,

H.;sPV; = E;PV,. (1.33)

Since the dimension of M is less than that of the original Hilbert space, some PV, are actually zero. The
effective Hamiltonian is useful only if the states of interest have nonzero PW,;. If ¥; has a substantial
weight in M, the projection can be performed accurately by lower-order perturbation theory. It should
be noted, however, that in strongly correlated systems one often has to work with a model space with
very small weight. This is typically the case when one deals with the Kondo effect.

The unperturbed Hamiltonian is defined as Hy = PHP + QHQ with Q = 1 — P. The perturbation
part is then given by V = H — Hy = PHQ + QHP. It is obvious that P and ) commute with Hy. The
Schrédinger equation HV,; = E; WV, is written in the form,

(B — Hp)Q¥; = QV'Y;. (1.34)
In terms of the operator R(E) = (E — Hy)~! which is called the resolvent, we get
QV; = R(E;)QVV;. (1.35)

This form is convenient for iteration. Namely we obtain

n=0

where the wave operator Q(E) is introduced in the last part. Thus H, sy which satisfies eq.(1.33) is given
by
Heyy(E;) = PHQ(E;)P, (1.37)

where the rightmost P could equally be removed by the property P2 = P. The notable feature here
is that Hers(E;) depends on the eigenvalue to be derived. This kind of formalism with self-consistency
condition for E; is called the Brillouin-Wigner perturbation theory. It is possible to eliminate the energy
dependence in H.f; by a modification of the above expansion. The resultant formalism is called the
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Rayleigh-Schrédinger perturbation theory, which is more commonly used in quantum mechanics. We
explain the latter scheme in Appendix C in connection to the renormalization of the Kondo model. Up
to second order in V', there is no difference between the two kinds of perturbation theory.

In the case of the hydrogen lattice with a/ap > 1, it is appropriate to define the model space M as
the singly occupied set of 1s Wannier orbitals. The perturbation part V consists of the hopping and the
two-body interactions. In the lowest order in V', we replace E; by the unperturbed one N¢,. Then we
get

Hepp = Ho+ PV (Ne, — Hy) 'QVP. (1.38)

Of the two competing exchanges, J; comes from Hy and the kinetic exchange from the second term.
If one uses the atomic 1s orbital, U is calculated to be 17 eV. However, as one goes higher in V', the
parameters My and U are renormalized by the presence of 2s and other orbitals. In actual solids, this
polarization effect reduces U drastically (to about half). It is therefore very difficult to obtain the
exchange parameter from first principles. It should be emphasized that the magnitude of the exchange
and other parameters in the effective Hamiltonian depends on the model space chosen. This feature is
often overlooked in the literature and causes confusion in interpretation of experimental data.

Another higher order effect of V' is to produce many-spin exchange terms. Estimation of the magnitude
is even more difficult than the two-spin exchange. We only note here that in some cases the spin ordering
experimentally observed requires significant three-spin or four-spin interactions [12, 13].

The most important feature in the case (ii) is that the energy gap of the order of 0.75 Ryd survives
for any spin configuration, and that the system needs a finite threshold energy to conduct the electronic
current. Thus the system behaves as an insulator at absolute zero. However, spin excitations from
the ground state are gapless. In the case of magnetically ordered ground state the gapless excitation
is related to the Goldstone theorem on the spontaneous breakdown of the continuous symmetry [14].
We emphasize that this insulating state is different from the band insulator where there are an even
number of electrons per cell. In the latter case the energy gap is both for spin and charge excitations
as exemplified by solid He with 1s? configuration. The band insulator is smoothly connected to weakly
interacting atoms as the lattice parameter increases in this case.

Let us summarize the two fundamental characters of electrons in the hydrogen lattice. In the case
where the kinetic energy is the most important quantity as in high densities, the ground state is a metal
and electrons form energy bands. In the opposite case where the Coulomb repulsion among electrons is
the most important one, the ground state is insulating and the electrons are localized. Except in one
dimension, the ground state has a certain kind of magnetic order.

The fundamental question to ask is what happens in the case of a ~ ag. The question was raised by
Mott [8], and the effort to answer this question has opened remarkably rich outcomes in both experiment
and theory. We will explore the actual examples in this book. In closing this section we introduce the
simplest model that is still capable of describing both itinerant and localized features of electrons.
Namely in H given by eq.(1.28) we keep only the largest term in (ij|v|lm) that corresponds to the case
of i = j =1 =m. Then Hs is replaced by

HQHUZ(WTWL —niT—nu) EHU—UNe. (139)

where U = (ii|v|ii) and n;, = azaaw, and N, is the total number of electrons which may not be equal to
N. The resultant model Hy + Hy is called the Hubbard model [15, 16, 17]. Namely the Hubbard model
Hpyp is given by

Hpgw = Zeac;rocw + Z tijczgcja + UZniTnil (140)

o i#7,0 4

We note that the fully polarized Hartree-Fock state becomes an eigenstate of the Hubbard model.
However, this ferromagnetic state costs more energy in H; given by eq.(1.26) than the paramagnetic
and antiferromagnetic states. According to available exact solution in one dimension, the ferromagnetic
state is not actually the ground state [18].

In heavy-electron systems, the Hubbard model with a single energy band is actually too simplistic.
The minimum elements to be included are not only a conduction band but nearly localized electrons.
The simplest model with these two kinds of states is called the Anderson lattice, which will be discussed
in Chapter 3.
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1.3 Fundamentals of Spin Dynamics

1.3.1 Itinerant magnetic moments

In the case of a single conduction band, the magnetization M ; at site i is given by

1
M, = —ig,uBczaaMcm, (1.41)
where o denotes the vector composed of the Pauli matrices, a and v are spin components, and g is the
g-factor. The Fourier transform M (q) of M is given by

1
M(q) = —591B )}, TorCh 4 g (1.42)
koc'y

If the spin-orbit interaction is strong in the band, one should interpret the spin indices «, vy as representing
a state in a Kramers doublet for each momentum. In this case the g-factor should also be replaced by a
tensor. We shall encounter an important example of this case in the superconductivity of heavy electrons
in Chapter 5.

The dynamical property of the magnetic moment is most conveniently characterized by the linear
response against external perturbation. The linear response theory provides the dynamical magnetic
susceptibility tensor p% Xav(@,w) in terms of the statistical average of the commutator

o (@) = - [ dtexplion(Ma(a.0), 0, (~a)) (1.43)

where V is the volume of the system, and M,(q,t) = exp(iHt)M,(q) exp(—iHt) is the magnetization
in the direction . Here we take the Heisenberg picture with Hamiltonian H. The statistical average
is taken with respect to the Boltzmann weight factor exp(—fH)/Z with Z being the partition function
Trexp(—SH). We refer to Appendix A for brief review of linear response theory.

We begin with the simplest case of a free electron gas for which the dynamical magnetic susceptibility
can be obtained exactly. Note that

M.(q) = My(q) +iMy(q) = —p5 )} g (1.44)
k

with g = 2, and that the time dependence is simply given by cg,_(t) = exp(—iegt)cg,. Then we use the
commutation rule

[CICQ, cgc4] = 5230104 — 51402)02 (1.45)
where the obvious set of quantum numbers have been abbreviated symbolically. The magnetic suscep-
tibility is then given by

_2 (€ — fleg)
“B 3 krq) k (1.46)
w—ek+q—|—ek—|—z5

:U’BXO q,w

which in this case is a scalar. Here f(e) = [exp(B¢) + 1]~! is the Fermi distribution function with the
chemical potential being the origin of energy.

1.3.2 Localized magnetic moments

Heavy electrons are observed mainly in rare-earth and actinide compounds. These compounds have
incomplete f shells which have finite magnetic moments. We summarize elementary facts about magnetic
moments associated with f shells [19].

Let us consider a case of a free trivalent Ce ion with the electron configuration (4f)! on top of Xe
configuration. The spin-orbit interaction splits the 14-fold degenerate level with the orbital angular
momentum L = 3 and the spin S = 1/2 into two levels with J =L+ S =7/2and J =L -5 =5/2
where J is the total angular momentum. The 6-fold degenerate level with J = 5/2 lies lower than the
J = 7/2 level by about 0.3 eV.
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The magnitude of the magnetic moment M associated with the J = 5/2 level is given by M = —g upJ
where pp is the Bohr magneton and

3, S5+ - L(L+1)
9173 2J(J +1)

(1.47)

is the Landé g-factor.

In the case of a free rare-earth ion with more f electrons, the energy levels are described by the
LS-coupling (or Russel-Saunders) scheme. Here one first neglects the spin-orbit interaction and takes a
multiplet with definite angular momenta S and L. The effect of spin-orbit interaction is approximated
by the term Hypg = AL - S where A gives the strength of the interaction. According to an empirical rule
called the Hund rule, the ground state of the atom takes the largest possible S and the largest L allowed
for the S. The effective Hamiltonian Hyg should work if the magnitude of A\ is much smaller than the
splitting of multiplets with different I and S. The sign of A is positive for a less-than-half filled shell,
i.e. less than seven 4f electrons, and favors antiparallel L and S. On the other hand, A is negative
for a more-than-half filled shell. Thus in the case of trivalent Yb with 13 electrons in the 4f shell, the
spin-orbit interaction favors parallel L and S, leading to the ground level with J = 7/2. The spin-orbit
splitting is larger than the Ce case, and amounts to 0.8 eV.

The actinides have even larger spin-orbit interaction, and the LS-coupling scheme for describing levels
within a multiplet is not so accurate as in rare-earths. However at least for light actinides like U, the
scheme is still practical for discussion of energy levels.

A rare-earth or an actinide ion in a crystal feels the potential of the environment. The relevant point
group symmetry is lower than the spherical one. As a result the degeneracy 2J + 1 for a spin-orbit level
with the angular momentum J is split into sublevels. This splitting as well as associated physical effects
are called crystalline-electric-field (CEF) effects. In the case of Ce?" in a cubic CEF, for example, the
J = 5/2 level is split into a doublet called I'; and a quartet called I's. The CEF eigenstates are given

for the I'7 by
1 5 5 3
wre=yfhe o 1=l (1.45)

in terms of the eigenstates of J,. The eigenstates for I's are given by

5 5 1 3 1
Yga+ = \/;i2>+\/;|:|:2>, Vap,+ = |i§> (1.49)

The magnetic moment operator M, has nonvanishing matrix elements only within a CEF level. However
the M, and M, components have finite elements both within the CEF levels and between different levels.

In order to describe the localized levels and transitions between them, it is convenient to introduce an
operator X,,,, = |p)(v| which describes a transition from a localized multi-electron state |v) to another
state ) . In the case of v = p, X, = |p)(p| becomes a projection operator onto |u). The set of
localized levels {E,} with inclusion of the spin-orbit interaction and CEF effects is summarized by the
Hamiltonian H; as

H =Y E.X,. (1.50)
”w
The magnetic moment in the z-direction is expressed as

M. = 3 (M. ) X, (151)
nv

The Lande g-factor is included in the matrix element (u|M,|v).

It is sometimes convenient to associate a pseudo spin 1/2 with the doublet CEF. We derive the effective
g-factor taking as an example the tetragonal CEF. The basis functions of the lowest doublet |+) are
given by

|£) =al £5/2) —b| F3/2), (1.52)

where a,b are real parameters with the constraint a? + b? = 1. We calculate a matrix element

1

_52 32 —
(it = (3= 30 ) ar = -

1
B 2
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where we introduce the effective g-factor g, along the z-direction. Similarly we introduce the perpendic-

ular component g, = g, = gy by
(Mg +iMy|—) = —gLpp. (1.54)

Then a simple calculation gives

6v/5

g, = —g(l—!—llcos,QG)7 gL = sin 26, (1.55)
with a = cosd, and we have put gy = —6/7. In the special case of cubic symmetry, we get g, = g, = 10/7
with cos@® = 1/v/6. Figure 1.5 shows each component as functions of #. It should be noted that the
effective g-factor can be very anisotropic depending on the CEF; it is Ising-like with # = 0, 7 and XY-like
with tan? @ = 5/3. In reality 6 is determined as a function of the CEF parameters as explained in ref.[19)]
for example. The implication of the anisotropic g factor for superconductivity seems to be an important
problem, but has not yet been discussed in the literature.

g-factor

Figure 1.5: The effective g-tensor as a function of the parameter 6. See text for details.

The origin of the CEF is not only the Coulomb potential of the environment, but also includes the
overlap of wave function of the ligands. The latter is called hybridization. If the perturbation energy
due to hybridization is smaller than the splitting of spin-orbit split levels, one can still keep the localized
picture of f electrons. In the opposite limit, 4f electrons can be better treated as itinerant electrons.
The degree of hybridization depends on each material, but the general tendency is that 4f electrons are
more strongly localized than 5f electrons. In particular, U ions often have hybridization strength for
which neither the localized picture nor the itinerant picture applies well.

In a hypothetical case of localized electrons with no interaction with the environment, one can obtain
the dynamical susceptibility exactly. With use of the X-operators the linear response formula can be
evaluated directly. There is no dependence on the wave number. The result for the susceptibility x..(w)
at a site of localized electrons is

) = 3 ) P e (1.56)

The factor § is required to make the integral converge and is related to causality.
If the external field is static the susceptibility is obtained from the formula

B
U%Xa'y = / d/\<e/\HM'ye_)\HMa> = M2BXva7 (1.57)
0
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which corresponds to the isothermal susceptibility. On the other hand, the static limit of eq.(1.56)
corresponds to the adiabatic susceptibility. In the system without hybridization the result is given by

1
Xzz = Xzz(w — 0) + m Z |<M|MZ|V>‘2<X##>’ (1.58)
uv

where the sum in the second term is only over degenerate states p, v which do not contribute to the first
term. The second term gives the Curie law while the first term is called the van Vleck term. Thus if
the ground state of the system is degenerate the adiabatic and isothermal static susceptibilities differ by
the second term. In reality, localized electrons interact with conduction electrons by hybridization, or
with themselves at different sites by higher order interactions. These effects remove the degeneracy of
the ground state. Then the time average becomes equivalent to the statistical average which is referred
to as ergodicity. Accordingly the adiabatic and isothermal susceptibilities become the same.

1.3.3 Random phase approximation

In realistic systems, the electrons are neither free nor strictly localized. The difficulty to take reliable
account of the interaction effects stimulated various theories for the dynamical response. Let us explain
the simplest account of the interaction effect. To do this we write the interaction Hy given by eq.(1.39)
as U
Hy = vy Z(nl2 —m7 — 4n;) (1.59)
i
where n; = n;; +n;; and m; = n;; —n;. We focus attention on the term —m?, and decompose it as
m? = ((m;) 4+ om;)? = (my)? 4 2(m;)om; + (0m;)?, (1.60)

where dm; = m; — (m;) and (m;) means a certain average to be determined self-consistently. The
approximation we make is to neglect the last term in eq.(1.60). This is a kind of mean field approximation,
and is often called the random phase approximation (RPA). This is equivalent to replacing Hy in the
Heisenberg picture by

Hepp ==Y dilt)mi(t) = —Z/OC dw exp(iq - R;)¢(q,w)m(—q,w), (1.61)
i q />

with ¢;(t) = U(m;(t))/2 being the dynamic effective field, and

m(—q,w) = Z/_OO dt exp(—iq - R; + iwt)m;(t), (1.62)
Hla.w) = o (m(g,). (1.63)

In the presence of a space- and time-dependent external magnetic field H exp(iq - R; — iwt) along the
z direction, the linear response of the system with H.¢s is given by

(m(q,w)) = x(q,w)h = xo(q,w)[h + ¢(q, w)], (1.64)

where h = ppH and xo(g,w) is given by eq.(1.46). By substituting eq.(1.63) for ¢(g,w) the dynamical
spin susceptibility x(q,w) of the system is derived as
U
1

X(qaw)il = XO(q7w)7 - 5 (165)

We make two remarks about eq.(1.65). First, in the static and homogeneous limit we obtain from
eq.(1.46)

%0(0,0) = = 37 (eg,) = o). (1.66)
k

The RPA is a good approximation if @ = p(u)U/2 < 1. As « increases toward unity, the contribution of
fluctuations becomes important. Thus the divergence of x(0,0) at « = 1 should not be taken literally. In
fact one of the most important problems in heavy electrons is to explain the stability of the paramagnetic
state although the opposite limit o >> 1 is realized. Secondly, since the system has rotational invariance
with respect to the spin direction, x(q,w) is a scalar, i.e., it is independent of the direction of the
magnetic field.
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1.3.4 Fermi liquid theory

If the state near absolute zero of temperature 7' is a paramagnetic metal, the Fermi liquid theory
of Landau provides a very successful description. Let us briefly review the basic idea of the Fermi-
liquid theory [20, 21]. The starting point is the assumption that the low-lying excitations of interacting
fermions are in one-to-one correspondence with those in a non-interacting counterpart. The assumption is
equivalent to adiabatic continuity when turning on the interaction. Provided the perturbation expansion
with respect to the interaction converges, the continuity should be satisfied no matter how strong the
interaction is. Then any excited state can be characterized by the distribution {np,} of quasi-particles.
The quasi-particle is a concept to characterize the one-to-one correspondence, and reduces to the original
particle in the noninteracting limit. We consider a change of the distribution function of a quasi-particle
from that of the ground state. For momentum p, spin s.(= /2 = +1/2) the change is written as dnpg-.
Then the excitation energy 0 F is expanded as

1
O0F = Zel;énpg + 3 Z Z f(po,p’o")onpodnpo + O(5n§’,0), (1.67)
pa pO' plo—/

where ep is the quasi-particle energy measured from the Fermi level, and f(po,p’c’) describes the
interaction between quasi-particles. Since ep is a small quantity, the first and second terms in the right
hand side are of the same order of magnitude. It is possible to neglect terms of higher order with respect
to dnpgo-

Let us assume spherical symmetry in the system. Then we can regard the absolute value of the

momenta p, p’ of quasi-particles equal to the Fermi momentum pg. In terms of the angle pr/ between

p, p’ we decompose
oo

* A ’ }
p" () f(po,p'a’) = ;(Fl + o0’ Z;)P(cos Gppl)7 (1.68)
where p*(u) is the density of states of quasi-particles at the Fermi level. It is given by

0 ) = 2 D 6(ep) = " BE (1.69)
po

with m* being the effective mass of a quasi-particle. The dimensionless quantities Fj, Z; are called
Landau parameters. A similar decomposition for dnpg is given in terms of spherical harmonics by

5”[)0’ = Z(snémonm(ﬁ)y (170)

m

where p denotes the solid angle of p. Then the second term of eq.(1.67) can be written as

1 /
20 (1) > (Fi+ 00" Z0)0n0mo0neme: (1.71)

Im oo’

The observables at low excitation energies are described quantitatively in terms of a small number
of Landau parameters. Thus by comparison with measurement these parameters can be determined
experimentally. This is the most advantageous aspect of the Fermi-liquid theory. The interaction between
quasi-particles plays no role for the specific heat C' at low T. Namely we obtain

2

C=Tpr, (1.72)
which takes the same form as the free electron gas. The interaction effect appears only in the effective
mass.

Next we derive the static spin susceptibility x. If the Landau parameters are all zero, the susceptibility
would be given by x¢§ = p*(n). This is regarded as the static and small g limit of the free quasi-particle
susceptibility analogous to eq.(1.46). As the next simplest case we assume the presence of homogeneous
polarization density M = V! >_p(npr —npy). Then eq.(1.67) is rewritten as

1 1
M? = — M (1.73)

SE 1
o _ WM2 =
2p* (1) 2x

= M?2
vV o agt T
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Taking the second derivative of eq.(1.73) with respect to M we obtain

X = xo/(1+ %), (1.74)

where we have used the relation x§ = p* ().

One can regard eq.(1.67) as an effective Hamiltonian for the quasi-particles. Then it should be possible
to derive the dynamical properties of the system as well. This is done by Landau in the form of the
transport equation. We here follow an alternative approach which is easier to compare with perturbation
theory. Let us consider the situation where an external magnetic field H along the z-axis has a single
Fourier component q. Namely we assume

H..(t) = —m(—q,t)h exp(—iwt) (1.75)

with h = pupH. The dynamical susceptibility of non-interacting quasi-particles is written as x§(q,w)
and can be calculated as in eq.(1.46). From the static result we anticipate that the dynamical response
is given by

(m(q,w)) = xo(q,w)[h + hepr(q,w)] (1.76)
where heyr(g,w) is the self-consistent field. If we neglect Landau parameters other than Z;, we obtain

heps(@,w) = —Zoxo(a, w)(m(q,w)). (1.77)
Thus the full susceptibility x(q,w) = (m(q,w))/h is given by

X(q:0) ™t = x5(g,w) T+ Zo/p* (). (1.78)

Since there are many nonzero Landau parameters in general, eq.(1.78) constitutes an approximation
which may be called the quasi-particle RPA [22]. In the original RPA for bare particles in the Hubbard
model, xo(g,w) includes the bare spectrum and Zy/p*(u) is replaced by —U/2. We emphasize that
eq.(1.78) is meaningful only for excitations with small w and q.

In concluding this subsection we note the complication in real materials. In the presence of multiple
energy bands, the magnetic susceptibility consists of both the spin susceptibility as discussed above and
the inter-band contribution which corresponds to the van Vleck term in the local moment case. It is not
at all trivial to separate two contributions from the measured susceptibility in heavy electrons. In fact
the inter-band term is often large and requires careful analysis in NMR and neutron scattering [23].

1.3.5 Parametrization of the dynamical susceptibility

For practical purposes it is useful to parametrize the dynamical susceptibility approximately. Assuming
q/kr < 1 and w/vpqg < 1 with vp being the Fermi velocity, we obtain from eq.(1.46)

W

5 =p ()1 — b*q* +i 1.79
xo(q,w) = p" (1)l T iSg) (1.79)
where b is a constant of O(k;l). In the case of the parabolic spectrum we have b=2 = 12k%. To
extrapolate to larger ¢ and w we modify eq.(1.79) as follows:
* * L TW o,
Xo(g,w) = p ()1 +0°¢% i ] (1.80)
Vrq

By this approximation the original cut singularity in x{(q,w) as a function of w is replaced by the pole
singularity. Then using eq.(1.78) we obtain

p* (1)
= . 1.81
x(a:w) 14+ Zog+ b2q% — inw/(2vpq) (1.81)
The imaginary part can be written in the form:
T
Imx(q,w) X ' (1.82)

1422w+,

where €2 = b?/(1 + Zp) and
T, =2vp(1+ Zy)q(1 + £2¢°). (1.83)
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This “double Lorentzian” form is often used for fitting experimental results of neutron scattering. The
correlation length £ of magnetic fluctuation becomes divergent at the ferromagnetic instability Zy = —1.
The relaxation rate I'; is proportional to g for small wave number which is a feature specific to itinerant
magnetism. The characteristic energy of the ferromagnetic spin fluctuation is given by (1 + Zy)vrkp,
and becomes much smaller than the Fermi energy near the ferromagnetic instability 1 + Zy = 0.

Let us now consider the case where the antiferromagnetic (AF) correlation is dominant. The relevant
wave number is near the ordering vector Q. The relaxation rate I'(g) in the AF case remains finite at
g = Q. The difference from eq.(1.83) comes from the absence of conservation law for the staggered mag-
netization. Let us assume that the dissipation in the system occurs dominantly through local processes.
Then the dynamical susceptibility can be parametrized in the form

_ xew)
=T @) .

where J(q) is the Fourier transform of the intersite exchange interaction. Note that the local susceptibil-
ity xr(w) describes the dissipation process. Antiferromagnetic order takes place when the denominator
of eq.(1.84) becomes zero at ¢ = Q. We postulate the Lorentzian form

xol
= 1.
xe(w) = 2, (1.85)
where I' is the local relaxation rate. Then we may write eq.(1.84) as
x(9)T(q)
= 1.86
x(q,w) T(q) — i’ (1.86)

where T'(q) = [1 — J(q)x.]T and x(q) = x(g,0). From this equation we learn that the g-dependent
relaxation rate I'(g) becomes small near the AF instability. In fact we have the relation [24]

x(@)l'(q) = xcT (1.87)

In order to study the g dependence of the relaxation we expand J(q) around g = Q as

JQ+q) =JQ)-A¢+..., (1.88)

where we assume isotropic g-dependence of J(Q + q) and A = —J"(Q)/2. Then we get

XQ+4q) = 12(5222)52 (1.89)
rQ+q) = T(Q)1+q*?), (1.90)

where €2 = Ax(Q). Note that £ represents the correlation length of the AF fluctuation. In the itinerant
AF system one can use the same parametrization as given by eqs.(1.86), (1.89) and (1.90) even though
one does not rely on the RKKY interaction and the local nature of relaxation.

As we have seen the relaxation of magnetic moments depends strongly whether or not magnetization is
a conserved quantity at the relevant wave number. If it is conserved the magnetic relaxation is suppressed
for small wave numbers. We now turn to another phenomenological description which is useful in the
presence of disorder in itinerant systems or in local-moment systems. We follow Kadanoff and Martin
in deriving x(g,w) in the hydrodynamic regime [25]. One starts with the continuity equation for the
magnetization density M (r,t) along the z-direction:

%M(r,t) +V-j(r,t)=0 (1.91)

where j(r,t) is the magnetization current. It is understood that direction of the magnetization is always
along the z-axis, and that M(r,t) and j(r,t) are c-numbers. In terms of a parameter D called the spin
diffusion coefficient, the current is given by

j(r,t) = =DV M(r,t). (1.92)
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Substituting this into the continuity equation, we get a diffusion equation for the magnetization,

0
gM(r, t) = DV?M(r,t). (1.93)
We note that this equation is valid only when the magnetic field is absent. In order to make connection
with the linear response we take the Laplace transform of eq.(1.93). Then we obtain

M(q,t=0)
M = — 1.94
(q,2) . D (1.94)
where -
M(q,z) :/ dtM (q,t) exp(izt). (1.95)
0

Here the complex variable z has a positive imaginary part. Equation(1.94) gives the Laplace transform
of the relaxation function, since M(g,t = 0) is determined by the static magnetic field present up to
t = 0. Then using the relation to the retarded Green function as given by eq.(B.10) in Appendix B we
obtain the dynamical susceptibility as

x(q,0)Dg?

. 1.96
—iw + Dg? (1.96)

x(q,w) =

The form (1.96) is often used in analyzing experimental results at small g for systems with conserved
local moments. In the case of pure itinerant ferromagnetism, the diffusion equation eq.(1.93) does not
hold since there is no hydrodynamic regime.

1.3.6 Mode-coupling picture of spin fluctuations

To account for the spin fluctuations going one step beyond the RPA, one can use the Hartree approxi-
mation for the coupling of spin fluctuations [26, 27, 28]. In this section we critically survey fundamental
ideas of this mode-coupling theory. For simplicity we take the Hubbard model with the paramagnetic
ground state, and consider the Helmholtz free energy F' per site under the condition that homogeneous
spin polarization m = (n;; —n;|) is present. The magnetic susceptibility x in units of p%, which is the
homogeneous and static limit of the dynamical susceptibility x(q,w), is given by the thermodynamic
derivative

0*F
e 1.97
X Im? (1.97)
The task is to account for the interaction effect in F. We rewrite Hy as
U oo U
Hy =~ Z{S” STt SN (1.98)

in terms of spin flip operators at each site i. The free energy of the system with the coupling strength
gU (0 < g < 1) is given by
F(g) = ~T'n Trexp|—(8H, + gHy)], (1.99)

where H; is given by eq.(1.26) and the trace is over all states with fixed number of particles. Then we
obtain

ga%F(g) — (Hy0),. (1.100)

where the average is taken for the system with the interaction gU. In the non-interacting state the
average of the anticommutator can be derived easily as

1
({8787 o = nt 5 (n* —m?). (1.101)

Thus we obtain ) )
F=Fy+—m?—-Um?+ AF 1.102
b+ 2X0m TUm + AF, ( )
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where Fy is the free energy of the non-interacting system with m = 0, and AF accounts for the correlation
effect. The latter is given by

1
AF = [ dgl(S7.57 e~ UST. S Dol (1.103)

Neglect of AF in eq.(1.97) leads to the Hartree-Fock susceptibility, which corresponds to the static and
homogeneous limit of the dynamical susceptibility in the RPA. In computing AF we notice that the
average in eq.(1.103) is given by

_ * dw 1 .
(5387 P = [ 52 coth(GAullimch (@) = T 3 xh o ivn) (1104)
where x;. guw) = —([S;",5;71)(w) is the local transverse susceptibility in the presence of magnetization

m. This is an example of the fluctuation-dissipation theorem explained in Appendix B. In the second
equality iv,, denotes the Matsubara frequency (see Appendix B).
In the RPA, the dynamical susceptibility is given by

Xim,gu (@:0) ™! = Xino(@,0) ™" = gU. (1.105)

Then one can easily derive the correlation part in the RPA as
u | ) v | .
AFppa = Tzn: zq: Inf1 — ng,o(qlen)] + §Xm70(qazyn) . (1.106)

The RPA theory has an obvious inconsistency [27] : The static and homogeneous limit of eq.(1.105)
with g = 1 does not agree with the one derived with use of eq.(1.106) and eq.(1.97). This discrepancy
becomes serious if one wants to calculate the Curie temperature T, by the condition y ! = 0, since the
RPA susceptibility diverges at T¥ which is different from 7T, to be calculated from eq.(1.97).

The simplest way to remedy this drawback is to introduce a parameter \ by

1
X t=0+Nx ! - 5U (1.107)

The correlation effect represented by A is related to AF as

O?AF
Ao = 1.108
Xo om?2 0 ( )
One then modifies eq.(1.106) in the following manner [27]
AFscr=TY > [l + - QXL (q,ivn)] + gxi (q,ivn) ¢ - (1.109)
2 m,0 ) n 2 m,0 ) n

n q

Provided that takes maximum at ¢ = 0 and m = 0, a singularity in AFscgr occurs at T, as the
ferromagnetic instability. This instability at T, is consistent with the divergence of x given by eq.(1.107).
Thus the inconsistency of the RPA has been removed.

Equation (1.109) is of central importance in the so-called self-consistent renormalization (SCR) theory
of Moriya and Kawabata [27]. Since x. (q,iv,) can be derived explicitly for a given spectrum of
electrons, it is possible to set up a self-consistency equation for A at each temperature. One obtains
MT) — A(0) o< T*? since the local susceptibility with m = 0 in eq.(1.104) behaves as w'/3 for small w.
This power-law behavior will be derived shortly. The second derivative of X,J;L’O(q, iv,) with respect to
m does not change this leading behavior at m = 0. We emphasize that the T-dependence of A(T') is
controlled by spectrum of the ferromagnetic spin fluctuation and is independent of details of the band
structure. In the case of antiferromagnetic metals, the different g-dependence of spin fluctuations leads
to Imy(w) o w'/? and \(T) — A(0) o< T3/2.

The temperature dependence of A leads to an approximate Curie-Weiss-like behavior of the suscep-
tibility, which is the most remarkable effect of the mode coupling. The SCR theory has been widely
used in explaining temperature dependence of physical quantities in transition metals and some of their
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Figure 1.6: The dominant fluctuation contribution to the susceptibility.

compounds. The temperature dependence deviate from the RPA theory significantly near the magnetic
transition. The most appealing feature of the SCR theory is that the mode-coupling effect is taken into
account in a simple and practical manner. However, eq.(1.109) cannot be justified microscopically near
the magnetic transition. Since the SCR theory relies on Xﬁ%o(q, w) as the basic ingredient like the RPA,
the parameter A should be small to justify the SCR as a weak-coupling theory. However A becomes
actually of the order of unity by the self-consistency requirement. This is simply because AFscgr does
not vanish even with A = 0, and therefore A < 1 cannot be a self-consistent solution of eq.(1.108) near
the magnetic instability. By this reason one should regard the SCR theory as a semi-phenomenological
scheme to deal with the mode coupling among spin fluctuations, rather than a microscopic theory for
the Hubbard model. The original Moriya-Kawabata theory as presented above was later modified in a
few different ways. We refer to Moriya’s book [29] for comprehensive account of the SCR theory.

An alternative approach to take account of the mode-coupling effect has been proposed by Dzyaloshin-
skii and Kondratenko [28] by the use of the Fermi liquid theory. Let us assume again the paramagnetic
Fermi liquid ground state. We consider the leading finite temperature correction to the dynamical sus-
ceptibility x(q,w;T) at low temperature T. According to the Matsubara Green function formalism the
leading correction is obtained by the following procedure: From a Feynman diagram for x(q,iw;T) we
pick up a part I'(iv;T) with low frequency v flowing from and to the rest of the diagram. Then we
replace the frequency summation in this part by

< dw .
(T;/oo 27T> C(iv;T), (1.110)

and integration is performed over all the remaining frequencies.

In the case of a weak ferromagnet, the dominant contribution to I'(iv; T') comes from a spin fluctuation
with small wave number and frequency. Particle-hole excitations have the energy scale of the Fermi
energy and can safely be neglected. Thus the relevant diagram is represented by Fig.1.6 and constitutes
the self-energy like correction to the susceptibility. Namely we obtain

x(0,0;0)7 — x(0,0;T)~ / / 3 oD w/T) — 1Inl)((q’w;T) = —6(T), (1.111)

where 7 is a parameter for the mode-coupling, and the Bose distribution function emerges from the
analytic continuation of eq.(1.110). One can regard « as a constant since dependence on wave number,
frequency, and temperature is on the much larger scale of one-particle excitations.

The temperature-dependent correction given by eq.(1.111) corresponds to A(T) — A(0) in the SCR
theory. The magnitude of v cannot be evaluated by perturbation theory since higher order terms are
equally important in general. In the nearly ferromagnetic ground state, 1 + Zy = « is much smaller
than unity. Then the characteristic temperature Tsr = avpkp of spin fluctuations is much lower than
the Fermi temperature Tr = vpkpr/2. In doing the integration in eq.(1.111) for the temperature range
Tsrp < T < Tr, one may use the parametrized form eq.(1.81) for x(q,w;T). This is firstly because
only the small ¢/kr becomes important, and secondly the detailed analytic structure with respect to w
is not important for small Tsp/T. We scale the integration variables as ¢ = w!'/3G, and then w = T®.
Integrations with respect to ¢ and @ in eq.(1.111) give rise to the factor

B(T) ~ T3, (1.112)
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With the nearly ferromagnetic ground state the magnetic susceptibility follows x(7") ~ T-%/3. Thus the
same temperature dependence as that of the SCR theory [27] has been obtained. This agreement is not
accidental as is clear from the above derivation.

1.4 Nuclear Magnetic Resonance (NMR)

For understanding specific properties of heavy-electron systems, it is important to investigate and de-
scribe low energy excitations. In this context, both nuclear magnetic resonance (NMR) and neutron
scattering experiments play central roles in obtaining information about the dynamical response of
heavy-electron systems. Whereas the NMR probes the local environment of one particular nucleus and,
therefore, a wave-vector average of the dynamical response function with a small energy transfer com-
parable to the nuclear Zeeman energy (107 ~ 1078 meV), neutron scattering experiments can scan
wider energies and wave vectors corresponding to the whole Brillouin zone. In real situations the energy
transfer is usually limited below about 100 meV with use of thermal neutrons. Thus, both experiments
are complementary. The advantage of NMR is that it can extract the lowest energy excitation and
detect a magnetic instability with a tiny moment if it appears. Furthermore in the superconducting
state, NMR can provide a detailed structure of response function reliably. In this section, we begin with
the description of experimental aspects of NMR. For more detailed descriptions on NMR, we refer to
standard textbooks [30].

1.4.1 Phenomenology

A nucleus with spin I has a magnetic moment u,, = v, I where 7, is the nuclear gyromagnetic ratio. If
an isolated nucleus is placed in external magnetic field H, the nuclear spin levels are split into 27 + 1
levels with an equal energy separation:

AFE = ~v,H). (1.113)

According to the quantum-mechanical selection rule, the magnetic dipole transitions are induced only
between adjacent levels. Thus the nuclear spin system undergoes resonance absorption if the perturbing
oscillatory magnetic field H is applied perpendicularly to Hg with the condition w,, = v, Hy. Actually
a nucleus in a nonmagnetic solid experiences a magnetic field which is different from the external field;
the correction AH contains contributions from dipolar fields of other nuclei, atomic diamagnetism and
the chemical shift. The correction is proportional to the induced electronic moment, and gives rise to
frequency shift and linewidth of NMR absorption spectrum. On the other hand, in a magnetically ordered
solid a nuclear spin experiences a dominant internal magnetic field associated with the spontaneous
magnetization of the electrons.

Let Hq be applied along the z axis, and M (t) be the nuclear magnetization averaged over the sample
at time ¢. In most cases the z-component M, (t) will recover to the equilibrium value Mj exponentially.
The equation of motion for M (t) is then described by

M. (t)
dt

=7, (M(t) x H), + Til(MO — M., (1)), (1.114)
where 77 is the nuclear spin-lattice relaxation time and characterizes the rate at which energy is trans-
ferred from the nuclear spin system to the electron spin system. In heavy-electron systems, the spin
fluctuations resulting from exchange couplings among localized electron spins and/or with conduction
electron spins are responsible for the nuclear-spin lattice relaxation process. The magnetic field H is in
general different from H because of polarization of the medium.

In addition to T}, there is another relaxation time T which is related to the component M | (t) of
the magnetization perpendicular to the external field. The transverse magnetization is associated with
forced precession of the nuclear moment caused by the perturbing oscillation field H;. The equation of
motion for M | (t) is described by

dM | (t)

— = W(M(t) x H)

M. (1)
dt '

Iy

(1.115)

Note that M | is zero in thermal equilibrium. The characteristic time 7% does not directly reflect the
relaxation of the nuclear spin since possible inhomogeneity of the external field over the sample and/or
a static distribution of hyperfine fields at nuclear sites in the magnetic substance contribute to 7%
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Figure 1.7: Hlustration of the spin-echo NMR method.

In order to determine the intrinsic transverse relaxation time 75, one typically uses the spin-echo
method which is illustrated in Figure 1.7. The experiment goes as follows: Under the external field Hy
along the z-axis, one applies an alternating field H; with the resonance frequency w, for a short time
ot = /(2v,H1) (<« T1) along the z-axis. This pulse causes M to rotate toward the y-axis by the angle
7/2, and hence is called a 7/2-pulse. After the pulse is turned off, each nuclear spin contributing to M (t)
begins to precess in the z-y plane. Because of the nuclear spin-spin interaction and the inhomogeneous
field, the precession frequency of each spin is different. Then the free induction signal, which comes from
the sum total of M (t) from all portions of the sample, decays exponentially with a time constant Ts.
Waiting for a time 7 (> T5) after the first 7/2-pulse, one applies the second pulse for a time duration
0t' = w/(ynH1), which generates rotation of each nuclear spin by the angle 7 around the z-axis. The
nuclear spins, which are pointing toward various directions in the z-y plane under the inhomogeneous
field, resume precession and finally refocus along the —y-direction after a time 27 from the first w/2-
pulse. This refocusing results in the recovery of M, (t), which is probed as a peak in the free induction
signal like an echo. Hence the phenomenon is called the spin-echo.

The amplitude M;(27) of the spin-echo usually decays exponentially as a function of 27 as

M, (27) = M. (0) exp (_if) (1.116)
2

The refocusing occurs only when the spins precessing under the inhomogeneous field keep the memory of

their phase. Then the condition 7 <« T, T5 is required in the spin-echo. In the case of Ty < T, decay of

the spin-echo is caused by the nuclear spin-spin interaction without any influence of the inhomogeneous

field distribution. Hence T provides information about intrinsic properties of the system. We will

discuss 77 and 75 in greater detail later for nuclei embedded in a magnetic solid.

1.4.2 Magnetic hyperfine interaction

Most NMR experiments in heavy-electron systems have been carried out for nuclei of non-lanthanide
constituents. As an exception, Yb NMR has been observed in the valence fluctuating compounds YbAlsy
and YbAl; [31]. In these materials the average valency of Yb is between 2+ and 34+ and the valency
fluctuates quantum mechanically. One can discuss directly the magnetic relaxation rate of f electrons
which is related to the linewidth of quasi-elastic neutron scattering intensity. This discussion of course
requires a reliable knowledge of the hyperfine field. On the other hand, the hyperfine interaction be-
tween non-lanthanide nuclei and f electrons is caused by mixing between f electrons and conduction
electrons which in turn interact with the nuclei. This transferred hyperfine interaction dominates the
magnetic hyperfine interaction between non-lanthanide nuclei and f electrons in most of heavy-electron
compounds. The interaction is mediated by the Fermi contact interaction, the spin-dipolar, and the
orbital hyperfine interactions with nuclei at non-Lanthanide sites. The Fermi contact interaction acts
only for s electrons and the latter two act only for non-s electrons as explained below.

Let us first discuss the Fermi contact interaction between a nucleus and an electron in an s-orbital.
Provided the magnetization density M,, = v, I /v, of the nucleus is uniform inside the nuclear volume
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Un, the magnetic field B produced by M, is given by B = (87/3)M,,. On the other hand the electronic
magnetization M, at the nucleus position is given by M, = —gups|¢s(0)|2. Here |¢4(0)|? is the
probability density of the electron at the nucleus position, and s is the spin operator of the s electron.
The interaction between M . and B is described by the Hamiltonian H. = —B - M .v,, which is rewritten

as follows:
_

3 1ngk|6s(0)*T - s. (1.117)

We emphasize that this Fermi contact interaction remains finite only for s electrons with nonvanishing
values of |¢s(0)|?.

On the other hand, an electron in a non-s orbital has zero amplitude at the nucleus position. It has
instead the spin-dipolar interaction Hy and the orbital hyperfine interaction H; of the form:

H,

3(I-r)(s-r)

g (1.118)

1
H; = ~YmIkB g I.-s—

2
Hy = mpp 511, (1.119)

where [ is the orbital angular momentum of the non-s electron. In actual metals the orbital motion
appears as the orbital Knight shift which is usually independent of temperature.

Furthermore we mention the inner core polarization which is due to unpaired non-s electrons. These
electrons have vanishing amplitude at the nucleus, but can induce an unbalanced spin density of paired
inner s electrons. In contrast with the Fermi contact interaction, the sign of the hyperfine field due to
the core polarization is negative.

We now proceed to the many-body description of the hyperfine interaction. In heavy-electron systems
like Ce and U compounds, the spin-orbit interaction is so strong that the electronic state of an ion is
characterized by the total angular momentum as J = L 4+ S and the magnetic moment —g ;upJ. The
lowest J manifold is furthermore split into several sublevels by the crystal electric field (CEF). We take
for simplicity a nucleus at the origin. The nuclear spin I and f electrons at site R; interact through the
hyperfine interaction as

Hyyper = Y T - A(Ry) - J(R;), (1.120)

where the sum is taken over all nearest-neighbor ions of lanthanides or actinides. The tensor A(R,;)
consists of the orbital and the spin parts projected onto the total angular momentum J(R;). This is
in contrast to transition metals where spin and orbital parts survive separately because of much weaker
spin-orbit interaction. In the hyperfine coupling tensor A(R;) in heavy-electron systems, the transferred
(indirect) hyperfine interaction plays a main role for the magnetic interaction for non-lanthanide nuclei.
The dipole-dipole interaction between f-electron spin and nuclear spin is unimportant and is neglected
in the following.

The hyperfine interaction causes the magnetic field at the nucleus to deviate from the external one Hy
by an amount AH. Here we take the direction o of H to be one of the principal axes of the crystal to
avoid complexity. The shift satisfies the relation

WAH = Ay(Jo), (1.121)
where (J,) is the average of J(R;) in the a-direction, and

Ao = AjV[A(Rj)]am

is the spatial average of the diagonal element of the hyperfine interaction. Let the number of f electrons
per unit volume be n. By definition of the static susceptibility x, we have

ngJ,U/B<Ja> = XaHO-

Then the Knight shift K, defined by K = AH/H, is expressed as

Ko=—2"y,. (1.122)
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On can extract the transferred hyperfine field by plotting the Knight shift vs the susceptibility with
temperature as an implicit parameter, i.e.

Ao =Ygk (dKa/dXa) -

It often happens that the K vs x plot is not linear in the whole temperature range. A straight line in the
high T range goes over to another one below a certain crossover temperature. This means that A, in the
low T range is no longer the same as that in the high T range. This change occurs possibly because the
conduction electron spin polarized by the c-f mixing varies with temperature, which reflects the change
of the character of f electrons from localized to itinerant. In the NMR investigation for non-lanthanide
nuclei, the knowledge of the transferred hyperfine tensor enables us to extract a dynamical response
function from the nuclear-spin-lattice relaxation measurements. This leads to a quantitative comparison
with that derived by neutron scattering experiments.

1.4.3 Electric quadrupolar interaction

We now describe the electric quadrupolar interaction between electrons and nuclei with I > 1/2. These
nuclei have an aspherical charge distribution p(r), and therefore have an electric quadrupole moment

' = J p(r)zjzidr. Let V(r) denote the electrostatic potential due to surrounding charges around
the nucleus, and Vj, = 9*V(r)/ (9x;0x1),_, be the field gradient tensor at the nucleus. Then the
interaction Hamiltonian Hq of the quadrupole moment of a nucleus with the field gradient is given by

1
HQ:§ZQ;1€V}]€+'”' (1.123)
J.k

We can express the traceless tensor Qi = 3Q;-k — ;i y_; Qi in terms of the nuclear spin I as

eQ

= Ter-)

3
{2(1]@ + 1) — 5jk12} . (1.124)

For an axially symmetric electric field gradient we define eq by

2 2,2
eq = <£;;2/) B = —e/drun(r), (1.125)

5
where n(r) denotes the electronic density. Then Hg is given by

e2qQ

Hop=—2%
@7 4I(I—1)

[312 — I(I+1)] (1.126)
with
€Q=Q.. =30~ Y Q= / p(r) (322 — 1) dr. (1.127)

If the V(r) has no uniaxial symmetry, an additional term (12 —1I7) enters into H¢ with an asymmetry
parameter n = (Vyz — V4yy)/Vz.. Here x, y, z are taken to be the principal axes of the field gradient.
This electric interaction splits the nuclear spin levels into several multiplets, and the transition between
them causes a resonant absorption of radio-frequency. This is called the nuclear quadrupole resonance
(NQR). The important feature of the NQR is that the experiment does not need an external magnetic
field. For example, the NQR of 3Cu was observed at 3.91 and 3.43 MHz for CeCug and CeCusSis,
respectively. The NQR experiment is particularly advantageous in investigating low energy excitations
in the superconducting state at zero magnetic field. We note that the coupling of the nuclear quadrupole
moment with the lattice vibration opens another relaxation channel mediated by the charge fluctuation
in ionic or metallic crystals including nuclei with a large quadrupole moment. However in heavy electron
systems the magnetic relaxation channel prevails in most cases.
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1.4.4 Nuclear spin-lattice relaxation time 7}

Nuclear spin-lattice relaxation in heavy-electron systems is mostly caused by f-electron spin fluctuations
through the transferred hyperfine interaction given by eq.(1.120). The relaxation rate 1/7; defined by
eq.(1.114) corresponds to that of the nuclear magnetic susceptibility. In Appendix D we have given nec-
essary formulae to derive the relaxation rate by perturbation theory. The dynamics of the z-component
I, of the nuclear spin is described by

oI,
ot

= i[Hhyper, 1] = Z[‘Am(Rj)Jx(Rj)Iy + Ay(R;)Jy(R;) L] (1.128)

In the case where the hyperfine interaction can be treated in the lowest order, we obtain from eq.(D.12)

1 T
"3 D 1A (@ P (e (@I6(wn — L0)|To(@) + Ay (@) (T, (@)|6(wn — Lo)Jy(@))],  (1.129)
q
where L is the unperturbed Liouville operator, and w, is the frequency at the resonance which is
much smaller than the characteristic frequency of the electrons. The factor T in the right-hand side of
eq.(1.129) comes from (I,|I,) = BI(I + 1)/3 in the denominator. The quantity (...) is related to the
dynamical susceptibility of the f electrons. Namely with use of eq.(B.10) we have

(Jo(@)16(w = Lo)Jo()) = (9s115) T Xaa (g, w) /w- (1.130)

From eq.(1.130) we see that 1/7} reflects sensitively the low-energy magnetic excitations. If the dynam-
ical response is dominated around a special wave vector Q, 1/T1T is directly connected to the slope at
the low energy tail around w ~ 0 of Imy(Q,w). Below we take typical examples of local moment and
itinerant electron systems and discuss the temperature dependence of 1/T} for each case.

local moment system

We first consider the case of localized f electrons, the dynamics of which is described by the Heisenberg
model with the exchange interaction J.,. According to the formalism in Appendix D, the spectral shape
becomes of the Gaussian type if the short-time relaxation behavior dominates the spectrum. This is the
case in the paramagnetic state of the system. Then we have from eqgs.(D.18) —(D.21)

J(J+1 1
D) o [

3 <w2>ct2}, (1.131)

(M(O)|M) = (g10) )

where (w?), = J2, 2, J(J+1) with z,, being the number of nearest neighbors of interacting local moments.
From the eq.(1.129), we get
1 C|Aps|?

— = og LRI 1.132
where the g-dependent hyperfine coupling eq.(1.129) is replaced by the average Ay over g. We note
that 1/T} is independent of temperature in the present case.

On the other hand if the relaxation of local moments is caused by the exchange interaction J.y with
conduction electrons, the relaxation function is dominated by the long-time behavior. Then the spectrum
undergoes motional narrowing with the linewidth of the order of Jff /D where D is the bandwidth of
the conduction electrons. The relaxation function is given by

2 ST +1)

(M@#)|M) = (uBgs) exp [—Teyt]. (1.133)

for large time ¢t. Since the long time behavior given above determines the spectrum, we can parametrize
the dynamical susceptibility as

CT.s
_ . 1.134
X(w) T(Tos — iw) (1.134)
From egs.(1.129) and (1.130) we obtain
1 C|Ahf|2
—_— = 1.1
T, Ty (1.135)

As will be discussed in the next section, I'cy has a linear T-dependence if f spins decay through coupling
with conduction electrons. Thus 1/T3 decreases as 1/7 upon heating.



1.4. NUCLEAR MAGNETIC RESONANCE (NMR) 31

itinerant electron system

For itinerant electrons at low temperatures, the Fermi liquid theory provides a reliable description as
presented in the previous section. We discuss 1/77 on the basis of the quasi-particle RPA given by
eq.(1.78). In terms of the quasi-particle susceptibility xg(g,w) we obtain

x(q,w) |

Imx(q,w) = ’ - ’ Imy§ (g, w). 1.136
( ) Xo(qaw) O( ) ( )

Since Imy(g,w) is much smaller than Rex(g,w) in the relevant frequency range, we can approximate

‘ x(gq;w) 1 (1.137)

x5(q,w) ‘2 - (1 + ><6‘(q,O)Zo/p*(u)>2 ’

which acts as an enhancement factor in 1/77.
We get the imaginary part of x{(q,w) near the Fermi energy u as

)
Tmy (g, w) = 7wy (—86];) 0w = €foyq + k) (1.138)
k

Furthermore we replace the enhancement factor by its average. Then we get

1 2
1+x3(q,0)Zo/p*(u)> s

where (---)pg means the average over the Fermi surface. If the enhancement factor is the same as that
for the ¢ = 0 case, we have the so-called Korringa relation:

7o =t (1.139)

1 Tn \2 -2
T~ ’/T(MB) K=, (1.140)
where K is the Knight shift. Note that the result obtained above neglects the presence of anisotropy.
In reality, although magnetic properties in most heavy-electron systems are very anisotropic, there
are cases where the Korringa relation is valid for the actinide heavy-electron compounds. Since the
Landau parameters provide a quantitative description only in the isotropic case, due care is necessary
in interpreting experimental data.

As long as the temperature is much smaller than the Fermi energy, the quantity 1/(71T) is independent
of T'. This property holds as long as the Fermi liquid is realized. We often call the constancy of 1/(T1T)
the Korringa law even though the stronger relation given by eq.(1.140) is not confirmed.

1.4.5 Nuclear spin-spin relaxation time 75

In heavy-electron systems, the indirect nuclear spin-spin interaction plays a primary role in the decay
of the transverse nuclear magnetization [32]. A nuclear spin at site R interacts with other nuclear spins
indirectly. First it interacts with the spin of a conduction electron at r through the hyperfine interaction
tensor A(r — R). The conduction electron propagates to another nuclear site and interacts with the
second nucleus via the hyperfine interaction. This indirect interaction is called the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction. The interaction Hamiltonian H;; between two nuclear spins I; and
I; is expressed as

where
O(R;;) = /dr/dr'A(Ri —r)X(r —r)A(r' — R)), (1.142)
with x(r — ') being the susceptibility tensor of the conduction electrons. Consequently, the calculation

of the indirect nuclear spin coupling is reduced to that of magnetic susceptibility x(r) or its Fourier
transform Y(q). If we assume a contact hyperfine interaction given by A(R; —r) = A;6(R; — r), the
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range of the interaction is simply determined by x(r). In this case, the indirect interaction is written as

O(R;;) = % > Ax(9)Asexp(iq - Ryy). (1.143)
q

For the free electron gas model, the above formula leads to the Ruderman-Kittel form for the indirect
nuclear spin-spin interaction. On the other hand in magnetically ordered states at temperatures well
below the transition temperature, x(q) can be calculated by a spin wave approximation.

In the case where @(Rij)zz dominates over all the other components, the transverse relaxation spec-
trum becomes of the Gaussian shape. Namely in the spin-echo experiment one has

1

A@@ﬂzMumeF(%)Q

—_— 1.144
2 \Tsg ’ ( )

where the relaxation rate 1/Tyq is given by (1/Tg)? = (w?) with (w?) being defined by eq.(D.21) in
éppendix D. In the lowest-order perturbation theory we assume for simplicity that the anisotropy of
®(R;;) comes from large A.. and that X(q) is isotropic. Then we have

1 2_3I(I+1) o 4 SI(I+1) , )

where Avg means the average over q. On the other hand, possible exchange interaction causes the
correlation function of the hyperfine field to decay with a time constant 7¢. If the exchange interaction
is strong, one has 1/73 > (w?) where (w?) is the second moment of the local field. In this case the
nuclear spin cannot feel the full magnitude of the local field and the NMR spectrum is narrowed. This
is called exchange narrowing. As a result the spin-echo has the simple exponential law with the decay
rate 1/Tyr, which is roughly given by 1/Ty;, ~ 7¢(w?).

In heavy-electron systems such as CeCusSis the AF spin correlation develops at low temperatures even
though no magnetic order takes place. Then the enhancement of the susceptibility at the corresponding
Q vector should be reflected in the temperature dependence of T5. To show the characteristic behavior
we use the parametrization of the g-dependent susceptibility as given by eq.(1.89). Then we obtain

2 2 2
(A~ (49, ag X2 (L146)
1> 1+ ¢*¢? &

In the typical case of x(Q) ~ &%(T), we infer that (1/T%)? ~ &(T). Therefore, 1/T5 is strongly enhanced

as the magnetic correlation length £(T") grows up.
To summarize, important physical quantities to be obtained by the NMR in magnetic solids are the
Knight shift, the nuclear-spin-lattice relaxation time (77), the nuclear spin-spin relaxation time (7%).
For the nuclear electric quadrupole (NQR) resonance, which does not need a magnetic field, the NQR

frequency and the relaxation time are relevant quantities. The internal field probed by the NMR in the
ordered state also provides valuable information on the dispersion relation of the spin-wave excitations.

1.5 Neutron Scattering

1.5.1 Characteristics and utility

Low energy neutrons with typical energy of 30-500 K and with wavelength in a range of 1- 5 A interact
with nuclei and magnetic moments of electrons in solids. The corresponding scattering length is of
the order of 107! cm for the nuclear scattering, and of €?/mc? = 2.8 x 107!3 c¢cm for the magnetic
scattering. For magnetic materials, both cross sections are comparable. The magnetic Bragg scattering,
i.e. elastic scattering, provides information about the orientation and length of the magnetic moments
in the ordered state, and the shape of spin density of magnetic ions. Inelastic scattering in the ordered
state may determine the spectrum of elementary excitations like spin-waves. In the paramagnetic state,
on the other hand, study of wave-number dependence and the energy distribution of scattering neutrons
provides information about the magnetic correlation length and a characteristic energy scale in the spin
system.
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Neutron scattering experiment is a powerful tool to investigate the spin dynamics in the heavy-electron
system since the magnetic neutron scattering cross-section is proportional to the dynamical structure
factor S(q,w), and to Imy(g,w). For magnetically ordered heavy-electron systems with tiny moments,
the elastic scattering profile often shows diffuse scattering instead of the true Bragg one. This shows that
the correlation length is finite in contrast to the case of true long-range order. This raises a fundamental
problem about the nature of heavy-electron magnetism, which is not yet resolved. In the following we
describe very briefly the basics of neutron scattering by magnetic moments. For more details of neutron
scattering we refer to standard monographs[33, 34].

1.5.2 Magnetic scattering

The interaction between a neutron (n) at the origin and an electron (e) at 7 is given by

Ve=—p, H,(r) (1.147)

€
where p, is the magnetic moment of the electron, and H,(7) is the magnetic field due to the neutron.
The latter is given by

H,=Vx [v x (%)] , (1.148)

where p,, is the magnetic moment of the neutron. In the momentum space, the interaction is simply
written as

/dr exp (—iq - T)Ve(r) = =47 [p,, - e — (B, - €q) (1 - €9)] = =4 (1, - pre1 ) (1.149)

where e, is the unit vector along g, and p,, denotes the moment of an electron perpendicular to q. In
deriving this result we use the fact that the Fourier transform of 1/r is given by 47 /¢?, and that of V
by iq.

We consider a collision where the incoming neutron with momentum ko and energy k2 /2M is scattered
by the potential H; = Zj V(r;) due to many electrons in the solid. The outgoing neutron loses
momentum q and energy w. The resultant momentum k; and energy k? /2M should then satisfy

K kb
ko = kl q, oM = oM w. (1150)
The differential cross section d?c/dQdw which represents the number of outgoing neutrons in the solid
angle d2 and in the energy range dw around the average value defined by k; is the central quantity. We
specify the spin state of the neutron by o, and the state of the scattering system by n. Then we obtain

d*o M\?
dQdw (27r)
in the Born approximation. The Born approximation is justified since, with R the ionic radius, the
magnitude of the interaction is of order pep,/R? which is much smaller than the kinetic energy of
neutrons 1/(2M R?). In eq.(1.151), P, = (1/Z) exp (—E,,/T) is the probability of finding the scattering
system in the initial state n, and P, is the probability of finding the neutron spin in the initial state o.

In order to derive the matrix element in eq.(1.151) we assume that only the spin part of the electronic

wave function is relevant to the collision, and that the spatial part remains the same before and after
the collision. In such a case we have

ky
ko

Z ZPUPn | (koon | Hy | kio'n') |2 §(E, — B + w), (1.151)

o0’ nn’

H,=—47» F(@)M.(q) p,, (1.152)
q

where we introduce the form factor F'(g) which represents the spin density in momentum space, and the
transverse magnetization M, (g) which is defined only inside the Brillouin zone. Namely we have

F(q)M (q) = Z e exp(—ig - Tj).
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The matrix element is then written as

(;Z) <k00n | H, | k10/’l7/> _ miBF(qxan | U‘MJ_(q) | U/n/> (1.153)

where A = —g,e/(2Mch) = 0.537 x 10712 ¢cm with g, = —1.91 being the g-factor of the neutron.
With these notations we obtain the compact formula

k4

Po _ (AN |k
dQdw a 2MB ko

F(@) P Y (0aos) [ e (M2 a,0M7(~q.) (1.154)

a,p

where the symbol (...) denotes the statistical average. In the case where neutrons are unpolarized, i.e.
(0a03) = dap, the cross section is reduced to

Ao

2
dQdw =4

(@) D (0ap — €5€)S*(q,w), (1.155)

a,B

where the tensor S%%(q,w) is called the dynamical structure factor. This quantity is related to the
imaginary part of the dynamical susceptibility tensor y*%(q,w) via the fluctuation-dissipation theorem:

1 Imx*’(q,w)

ap
57 aw) = 471 — exp(—w/T)’

(1.156)

Here the factor 1/4 comes from the definition of y*%(q,w) according to eq.(1.56). The fluctuation-
dissipation theorem and its background is explained in Appendix B.
Since the correlation between M¢(q,0) and Mf(q7 t) disappears for t — oo,

Jim (M2 (g.0)M7 (~q.1)) = (M2 (2)) (M7 (~q) (1.157)

is valid. Accordingly, the result of eq.(1.154) is divided into two parts,

d*o o 2o
~ \dQdw d0dw 1.1
2 (dew) o © (dew) o (1.158)
o _ i 2 ﬁ |F( )|2 Z< ><Ma( )><Mﬁ(_ )>5(w)
dQdw ) ogic 2up ko g o Oa0p)\ M1 \q 1 (—q
d20 A 2 kl
“o9 _ A il ) )
<dew > inelastic < 2up > ko | (q) | az;<a Uﬁ>

. / et [(03(a,0) M (~q, 1)) — (ME @M ()] (1159)

The first elastic part is referred to as the magnetic Bragg scattering and is nonzero only for a discrete
set of g values. If the magnetization density is periodic with some well-defined magnetic unit cell, the
average value of (M (q)) remains nonzero only for ¢ = £Q+ K ,, where Q is associated with the magnetic
order and K, is the reciprocal lattice vector. Due to this selection rule of the Bragg scattering, the
detailed spin structure is determined even for complex spin arrangement such as helixes or spin density
waves.

The second inelastic part has no strong selection rules on g and w, and gives the diffuse scattering.
The magnetic inelastic cross section in the paramagnetic state where (M (q))=0 is proportional to the
Fourier component of the spin correlation function of S(g). The integration of eq.(1.159) over w is
derived with eq.(1.155) and eq.(1.156) as

do

2
inA

|2TZ s —eved ) (q), (1.160)

which is proportional to the static susceptibility, x(q). Therefore, the scattering intensity is significantly
increased upon cooling towards the ordering temperature TQ, since XQ diverges at TQ. This is the
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so-called critical scattering. In the ordered state, the magnetic inelastic scattering can probe spin-wave
excitations, leading to a direct measure of the dispersion relation.

The essential feature of the magnetic scattering profile in heavy-electron compounds is that it consists
of a superposition of two contributions at low temperatures: (i) g-independent (single-site) quasi-elastic
contribution which is of the Lorentzian shape, (ii) a strongly peaked inelastic contribution at finite wave
vector @Q associated with intersite spin correlations. Furthermore there is a case where the most relevant
wavevector @ for the low-energy response changes as the temperature decreases. The same happens
also as a function of the energy transfer at low temperature. Thus, the neutron scattering experiment
provides a direct way to obtain detailed information on the wave-number and energy dependences of the
dynamical response function in heavy-electron systems.

By combining both NMR and neutron scattering experiments, we can study dynamical properties of
heavy-electron systems with different types of ground states. This is a central issue to be addressed
below in detail from both experimental and theoretical points of view.
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Chapter 2

Crossover from Localized Moment
to Local Fermi or Non-Fermi Liquid

2.1 Description of Singlet Formation

2.1.1 Renormalization of the exchange interaction

A fundamental theoretical model that can deal with the Kondo effect is called the Anderson model [1].
In the simplest version of the model, one considers an impurity with a nondegenerate localized orbital in
a metallic environment which has a single conduction band with the spectrum €. The localized orbital
has the on-site Coulomb repulsion U, and the electron with spin ¢ is annihilated by the operator f,.
The model is given by

Ha=Y [epch, chy + \/%Vk(c}%fo + flep, )+ D erfifo + %U > ngonse (2.1)
ko o oF#o’

where V7, is the strength of the hybridization, and N the number of lattice sites. It is straightforward to

generalize the Anderson model so that more realistic structures of the f shell and the conduction bands

are taken into account.

In spite of its simple appearance, the Anderson model has a remarkably rich physics including the
Kondo effect. There are already an enormous number of treatises on the Kondo effect in general [2, 3, 4],
and in particular on the exact solution with use of the Bethe ansatz [4, 5, 6]. In view of this situation
we avoid in this book a repetition of such treatment. Instead we emphasize the effective Hamiltonian
approach which naturally includes the concepts of scaling and the renormalization group.

As the first step to construct the effective Hamiltonian we consider the situation where the average
occupation of the f state is unity, and the charge fluctuation of the f state can be neglected. This
situation is realized when the f level ¢; is deep below the Fermi level (taken to be zero), and ey + U is
far above the Fermi level. Thus we work with the model space where f states are neither vacant nor
doubly occupied. The hybridization part Hp,, in H 4 connects the model space and the other states to
be projected out. According to eq.(1.38) the effective interaction in the lowest order is given by

Hint = PHpyp(E; — He — Hy) ' QHpyp P. (2.2)

Here the energy E; can be taken as the zero-th order value. The intermediate fstates orthogonal to P
are either vacant or double occupied. Only a singlet pair consisting of an incoming conduction electron
and an felectron change into the doubly occupied state, which decays again by hybridization. In the
latter process we have two possibilities: either the spin of the conduction electron remains the same as
the incoming one or not. The resultant effective model is given by

1 1
Heff = Hc + N E E [QJkkIS . aﬁach'ﬁcka + Kkk,éaﬁc}g'ﬁcka]’ (23)
ka k/ﬁ
where S is the impurity spin operator, and
1 1
J = 2V V ’ — 2.4
kk’' kVk [ek’_ef ek_ef_U]a ( )
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1 1 1
K py ! . 2.
kk' = 5VEVE [ek, e 7] (2.5)

The model Hyy can further be simplified by replacing V}, by a constant V', and by assuming that €z, and
€} are negligible as compared with ey or € + U. In the particular case of ¢y + U = |e;|, which is called
the symmetric case, the potential scattering given by Kj,;.» vanishes, and Jy,,.» becomes J = 2V2/les|.
Then we obtain the so-called the Kondo model (or the s-d model):

Hy=H.+JS -s.=H.+ H.,, (2.6)

where s, is the spin operator of conduction electrons at the impurity site, and is given by

Sc = onr ZZ Cho T Che - (2.7)

kk! w

The Kondo model, which may look even simpler than the Anderson model, generates in fact un-
manageable singularities in the perturbation theory in J. It is now understood that the singularities
mean that the starting point of the perturbation theory is inappropriate at zero temperature, however
small J is. The ground state is more easily understood if one uses the Anderson model for all values
of the parameters. On the other hand, at finite temperature the perturbation theory becomes more
and more accurate as one goes higher order in J. The best theoretical machinery to understand these
contrasting properties of the Kondo model is called the renormalization group, which will be discussed
shortly. Before going to the analysis of the Kondo model we introduce another related model. Namely
the Cogblin-Schrieffer model Heg [7] is defined by

J
Hes = He + Epspin~ (28)

where Pgpin is the spin permutation operator which is explicitly written as

Lo
Pspin = zk;, %; f fM Ck?/y =28 -s.+ infnc. (29)

where 7oy (= 1) is the number operator of f electrons, and 7. is that of conduction electrons at the
impurity site. The Cogblin-Schrieffer model is frequently used in the case of an orbitally degenerate
magnetic impurity because of its simplicity to generalize to arbitrary degeneracy.

Let us now turn to the renormalization treatment of the Kondo model. We use the effective Hamilto-
nian method explained in Chapter I as a variant of the perturbation theory. Suppose that the conduction
band extends from —D to D, and the Fermi level is at the center of the band p = 0. Then we choose
the model space as the one which does not involve conduction states near the band edges. With this
restriction the exchange interaction should be modified into the effective one. This change of interaction,
which occurs in the process of reducing the model space, is called the renormalization. A very powerful
way to accomplish the renormalization is to eliminate the high energy states by an infinitesimal amount
in each step, and continue the process successively [8]. Let us illustrate the process in the following. In
the lowest order of the Brillouin-Wigner perturbation theory, we obtain the effective Hamiltonian as

Hepp = P(He+ Hep)P + PHeo (B — He) 'QHeo P (2.10)

where F; is the energy of the state to be derived. We are interested in low energy states where |E;|
is close to the ground state energy E, of H.. Choosing ) to project onto a space with conduction
states [D + 0D, D] and [-D,—D — D] with 6D < 0 infinitesimal, we can safely replace E; by E, in the
denominator. Figure 2.1 shows the perturbation process.

Let us assign the spins o, £ and ¢’ for the incoming conduction electron, the intermediate state with
high energy, and the outgoing electron, respectively. Then we look at scattering with a spin component
JS<s% for the right part, and JS%s? for the left part. In Fig.2.1 (a) the matrix elements of s, are given
by

(0']s21€) €]s2]0), (2.11)

which is called the direct scattering. For the scattering shown in Fig.2.1 (b) we similarly obtain

(o'|se1€)(€ls2]o).- (2.12)
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(a) (b)

Figure 2.1: Exchange scattering processes in second order. The solid line shows a conduction-electron
state, while the dashed line the impurity spin. The projection operator () requires the intermediate
conduction-electron states to have energies near the band edges, which are opposite to each other in the
cases (a) and (b).

Since the energy of the intermediate state does not depend on ¢, summation over £ can be carried out
independent of the energy denominator. Note that the process (b) acquires an extra minus sign because
an interchange of fermion operators is involved in evaluating the product of operators. Then we obtain
as the sum of (a) and (b)

J2
5ZSBSQ[S(€,S?]|5D|pC, (213)
ap

as the second-order effective Hamiltonian. Here p. = (2D) ™! is the density of conduction states per spin
per site assumed uniform. By using the commutation rule

[857 Sg} = _ieaﬁvsza (2.14)
where €48+ is the completely antisymmetric unit tensor, we find that the effective interaction takes the
same form as the original H,.,, except that the strength is modified. Thus we obtain the change d.J of

the exchange interaction as
6D
§J = ——J%p,. 2.15
5P (2.15)

This differential relationship is called the scaling equation [8], or the renormalization-group equation.
The latter name stems from the fact that a succession of two renormalization processes can be regarded
as a different single process, and that each process of renormalization constitutes a kind of group element.
In contrast to the usual definition of a group, the renormalization group does not necessarily have the
inverse of an element. Precisely speaking, therefore, the renormalization group is a semigroup.

One can continue to eliminate the conduction states near the new band edge as long as the final
effective band width 2D,y is much larger than the energy scale we are interested in. This condition is
also necessary to justify the lowest order perturbation theory in each renormalization step. Under this
restriction one can integrate the scaling equation with the result

T J
1= Jpen(D/Desy)’

(2.16)

Here the boundary condition is such that Jeys = J for Desr = D.

The important feature of Jeys is that it increases as one decreases Dy, and finally diverges at
D.fy = Dexp[—1/(Jpc)]. This characteristic energy D exp[—1/(Jp.)] in temperature units is called the
Kondo temperature Tk . Note that Tk is a nonanalytic function of the exchange interaction. Of course
there is no guarantee for the renormalization to be valid down to D.r¢ = Tk. It simply says that the
perturbation theory breaks down as one goes lower and lower in energy scales. As we shall see later, Tk
also enters into physical quantities such as the susceptibility and specific heat near zero temperature.

If one is working with a temperature T' sufficiently higher than Tk, it is necessary to take explicit
account of thermally excited conduction states. Then the renormalization should stop at D,y which is
of the order of T'. The proportionality constant can be set to unity within the logarithmic accuracy. We
define the effective interaction in this case as

J

T 1= Jp.In(D/T) (2.17)

Jers(T)
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If one replaces J by Jes;(T) in the lowest order perturbative calculation of a physical quantity, say, the
resistivity or the magnetic susceptibility, the result reproduces infinite summation of leading logarithmic
terms [9].

Let us first explain the case of the resistivity p. In the simplest theory of electronic conduction in
metals the conductivity o = 1/p is given by

i (2.18)

where n is the density of conduction electrons with effective mass m*. The lifetime 7 of conduction
electrons near the Fermi surface is given in the Born approximation by

1 3m J?
= = 2MCimp” Y | SaTres? = —Cimp— 2.19
T TCimp g atlcSqy 4C Pp ( )

C

where ¢y is the concentration of magnetic impurities. We write the resultant resistivity as pp. In
the Born approximation, one does not take account of intermediate states with high excitation energies.
However in higher order perturbation in .J, these states contribute to the leading logarithmic singularity.
If one uses Jor¢(T') in place of J, the intermediate states with high energies are correctly taken into
account. As a result of this replacement we obtain

p p
o) = T Jo W(D/E ~ U W@ TF (2.20)

This result is the same as the one obtained by infinite summation of perturbation terms [9], and reduces
to the original result of Kondo in O(.J3). The resistivity thus increase logarithmically as the temperature
is decreased. The divergence at T' = T lies beyond the valid region of the effective Hamiltonian theory
and is merely an artifact of the approximation. Determination of the range of validity requires more
accurate analysis which will be discussed later.

As the next example we consider the relaxation rate I' of the local moment. In the Born approximation
I is given by

=N O S (Jp)T, (2.21)
Yy

which is usually referred to as the Korringa relaxation. Replacing J here by J.¢s leads to

Jpe 2
I(T)=n (1—Jpcln(D/T)) T. (2.22)

Thus the relaxation rate is enhanced by the Kondo effect. In contrast to the resistivity to which ordinary
scattering also contributes, magnetic relaxation is dominantly given by the exchange interaction. Hence
the enhancement by the Kondo effect is conspicuous and the temperature dependence deviates drastically
from T-linear behavior. Again the divergence at T' = Tk should not be trusted.

2.1.2 Numerical renormalization group method

As the temperature approaches Tk from above, the dimensionless coupling J.¢fp. becomes of the order
of unity. Then the simplest renormalization described above breaks down. In order to proceed further,
Wilson developed a numerical renormalization group approach [10]. In this approach one can deal with
newly generated terms in the effective Hamiltonian very easily. We first pick out the s-wave part of the
whole conduction states since other parts do not couple to the magnetic impurity in the Kondo model.
Then we approximate the spectrum € by the following form:

€ = vrk, (2.23)

where k is measured relative to kr. The range of momentum k is set to be k € [—kp, kr|, which means
the band width of 2D = 2kpvp. In the following we take choose units so that the Fermi momentum is
unity: kp = 1. We introduce a set of discretized spherical orbitals ¢,, around the impurity by averaging
the s-wave states over the k-space interval [A="*1 A~"] where the parameter A ( > 1) controls the
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discretization. For negative momentum we form corresponding states by averaging over [-A~"T1 —A="].
Then we make a unitary transformation from ¢, to a new Wannier-type basis in terms of which the
Hamiltonian matrix for the conduction band is given in the tridiagonal form. We refer to the original
paper [10] for the fairly complicated procedure to construct the basis set explicitly. The final form of
the Hamiltonian in the new basis is given by

[e'e] . 1.
Hy=DY A2 (ch entio + ¢l y1gen) + 5chgaawcw .S, (2.24)

n=0 o af

where J is the exchange interaction in the new basis set. It is evident that the new Hamiltonian has the
tight-binding form where the transfer A~"/2 decreases exponentially as the orbital number n increases.
Only the innermost orbital 0 is coupled to the impurity spin S. We note that eq.(2.24) with J = 0
describes the free electron band by definition.

In order to construct the effective Hamiltonian, which is nothing but the renormalization of the model,
we perform the projection Q successively. Namely, we first take certain manageable number v of Wannier-
type orbitals near the origin and diagonalize the Hamiltonian matrix with this truncated subspace. By
explicit diagonalization we can arrange the resultant many-body states involving the impurity spin
according to their energies in the subspace. Then we shall keep only the lowest Np states and neglect
the others. This neglect amounts to the first step of projection @) in constructing the model space. We
newly add the orbital next to the v-th one and construct many-body states by the direct product with the
Np states obtained by the first step of the renormalization. Then we diagonalize the Hamiltonian within
the newly constructed many-body subspace, and keep only the lowest Np states again. By repeating the
same procedure we can include states more and more remote from the origin in the effective Hamiltonian.
In this way we can see how the effective Hamiltonian converges in the limit of n — oo.

The convergent form of the effective Hamiltonian, or the ground and low-lying states it describes, is
called a fixed point of the renormalization group. In the special case of J = 0 the fixed point must
be that of free electrons. The energy scale A~"/2 introduced in the n-th iteration corresponds to the
separation 27vp /L, of the free electron spectrum with L,, the size of the system corresponding to the
renormalization step. In other words, the minimum momentum in the logarithmic discretization is
proportional to the inverse of the system size. The spectrum of a free Fermi gas is given by

2 2 S(S+1
_ 2mop [Q S(S+D)

E
Ly, 8 4

+ng +ns|, (2.25)

where ) = dny +0n, describes the number of electrons relative to the pure Fermi sea, and ng(ng) are the
number of spin conserving (spin flipping) particle-hole excitations. These numbers are analogous to the
number of phonon excitations. Equation (2.25) is just another way of writing the energy of conduction
bands. For an even number of free conduction electrons the ground state is non-degenerate and the first
excited level is separated by 2mvp /L, which has excess charge Q = 1 and spin 1/2. For an odd number
of free conduction electrons the ground state is doubly degenerate with spin 1/2 since the one-electron
level nearest to the Fermi level is singly occupied.

In the case of the Kondo model, the fixed point Hamiltonian turns out to have the same spectrum as the
free conduction band. However, the spectrum with an even number of conduction electrons corresponds
to that of odd number of free conduction electrons. This represents the fact that the magnetic impurity
couples tightly with one conduction electron spin. The resultant spectrum with an even number of
conduction electrons has spin 1/2 and that with odd number has spin 0. We discuss this aspect of the
spectrum in more detail later in 2.3.1.

One can do the same thing for the Anderson model by just replacing the exchange interaction term
in eq.(2.24) by the hybridization term. It was demonstrated by Krishnamurthy et al [11] that as the
iteration proceeds the spectrum shows two alternating sequences as in the case of the Kondo model.

The most important conclusion of the numerical renormalization group is to elucidate the way the
ground state is approached as temperature is decreased. In the numerical renormalization group method
one can calculate the susceptibility for all temperatures [4, 10, 11, 12]. Below Tk, the increase of the
impurity susceptibility becomes slow and saturates to a value of the order of C/Tk with C the Curie
constant.
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2.1.3 Local Fermi-liquid theory

The fixed point of the Kondo model is described by a local Fermi-liquid theory of Nozieres, who revealed
that the phase shift of conduction electrons incorporates the many-body effect [13]. The term “local
Fermi-liquid” means that low-lying eigenstates of the system are one-to-one correspondence with those
of the Anderson model with U = 0. Hence the Fermi-liquid fixed point is accessible by perturbation
theory with respect to U if one works in the Anderson model. By analysis of the perturbation series
up to infinite order, Yamada derived a nontrivial relationship between the susceptibility and the specific
heat [14].

Here we present an alternative phenomenological approach which is in parallel to the original Fermi-
liquid theory of Landau. We first diagonalize the Anderson model without the Coulomb repulsion. If one
assumes spherical symmetry for hybridization, for simplicity, only the s-wave part of conduction states is
mixed. We therefore neglect in the following other conduction states with finite angular momentum, since
these states are not affected by the magnetic impurity. Each eigenstate is characterized by the radial
momentum p of the scattered s-wave and the spin. The Coulomb interaction among f electrons appears
now as an interaction among hybridized electrons. The quasi-particles in this case are characterized by
p and 0. Then the Landau interaction function is given by f(po,kc’). The quasi-particle distribution
function is identical to the noninteracting one in the ground state. Namely it is unity if the energy of the
state is below the Fermi level, and zero otherwise. The deviation dn,, from the ground state determines
the energy of the excited state. The latter is expanded as

1
E=E,+ Z €poONps + 3 Z Z f(po, ko' )onpednie + O(015,). (2.26)
po

po ko'

As in the translationally invariant case, the expansion up to second order terms is sufficient to describe
the low-energy excitations. This includes the magnetic susceptibility and the low temperature limit of the
specific heat. The validity of this assumption can be confirmed by analysis of infinite-order perturbation
series [14, 15].

The low-energy excitations have dn,, which is strongly peaked around the Fermi level. Provided the
interaction f(po, ko') is a smooth function of the momentum, one may replace p and k here by the Fermi
momentum pg. By rotational invariance we are then left with only two dimensionless parameters F' and
Z given by

1 N 1 1o
F=Slflpro,pro) + flpro,pro)lp®,  Z = 5lf(pro.pro) — flpro.pra)lp’, (2.27)
where & = —o and p* is the density of states of quasi-particles (for both spins) at the Fermi level. Since

we are dealing with a single impurity in a macroscopic number N of s-wave states, the parameters F'
and Z are of order 1/N.

In terms of the effective Hamiltonian picture, f(po,ko’) is regarded as the effective interaction for
zero momentum transfer in a fictitious one-dimensional system. The momentum in this system must
be positive since it is originally the radial part. To obtain the scattering amplitude between the quasi-
particles with small momentum transfer g and small energy transfer w, we have to consider the repeated
scattering as shown in Fig.2.2. Each bubble in Fig.2.2 corresponds to the zeroth-order susceptibility and

s siven b
Is given by ) kq/m* Of (ex)
Yo(q,w) = v Z — <— > ; (2.28)
k

kq/m* +id Oey,

where m* is the effective mass of quasi-particles. The susceptibility is a function of the ratio vpq/w with
vp being the Fermi velocity. In the case of vpg > w, which is called the g-limit, xo(g,w) tends to p*.
In the opposite case of vpq < w, which is called the w-limit, it tends to zero. Note that eq.2.28) is the
small-momentum limit of the form given by eq.1.46.

The Fermi-liquid parameters F' and Z correspond to the forward scattering amplitude of quasi-particles
in the w-limit. On the other hand the forward scattering amplitude a(po, k') in the ¢-limit is given by

a(po,ko') = f(po,ka’) = p* > f(po,pr)alpr, ko'), (2.29)

which is obtained by repetition of the correction shown in Fig.2.2. From combinations of a(po, ko') as
in eq.2.27 we introduce the parameters A (spin-symmetric part) and B (spin antisymmetric part) which
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Figure 2.2: Quasi-particle scattering in the second order in the effective interaction f(po,ko’) . The
bubble in the center corresponds to xo(q,w).

are related to F and Z by
A=F/(1+F), B=Z/(1+2). (2.30)

In the most general case of the scattering amplitude (pio1,peoalalpsos,psos) with incoming quasi-
particles with p3o3, p4os and outgoing ones pio1, p2os, the antisymmetry of the fermionic wave function
imposes a constraint:

(p101, p202|alpsos, paos) = —(p101, p202lalpaos, psos). (2.31)
In the particular case of the forward scattering we obtain a(po, po) = 0, which is equivalent to
A+ B=0. (2.32)

This relation is an example of the so-called forward scattering sum rule [16]. Therefore we are left with
a single independent parameter to characterize the quasi-particle interaction in the Anderson model.

Since the low-lying excitations of the system are quasi-particles, they should determine the specific
heat and the susceptibility. In the thermally excited case dn, is an odd function of p— pp. Therefore the
increase of energy is dominated by the term linear in én, in eq.(2.26), as in the translationally invariant
system. This gives O(T?) correction, while the quasi-particle interaction gives O(T*) correction. We can
extract the impurity contribution to the specific heat from the change in the density of states. Namely
we introduce a« = O(1/N) by

= pe(1+0) (2.33)
Then we obtain the impurity specific heat C' as
1

C = g772,000@ =T, (2.34)

which is of O(1) since p. is of O(N). On the other hand, the spin susceptibility x'** of the whole

system is calculated as
*

total __ P 71 _ i
= iz = 1t e DO, (2.35)

Thus the impurity contribution x, of O(1) is given by

Xs = ipc(a - 7). (2.36)

Similarly the impurity contribution to the charge susceptibility x. is calculated as
Xe = Pc(Oé - F) (237)

We can now deduce an important relation between the specific heat and susceptibilities. Because of
the constraint A+ B = F + Z + O(1/N?) = 0, we obtain

4xs + Xe = 67/72, (2.38)
or in units of noninteracting counterparts with suffix 0:

Xs/Xs0 + Xe/Xeo = 27/ (2.39)
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Figure 2.3: Lowest order effective potential in the 1/n expansion. For the f states, the wavy line shows
the vacant state, while the dashed line shows single occupied states.

In the case where the f level is singly occupied and U is large, the charge susceptibility is almost zero.
In this limit the ratio R of xs/xs0 t0 7/70 goes to 2. Otherwise R takes a value between 1 and 2. The
quantity R measures the strength of the electron correlation at the impurity, and is often referred to as
the Wilson ratio .

There is also a remarkable dynamical relation as a consequence of the Fermi liquid ground state.
Namely the impurity contribution to the dynamical susceptibility is proportional to the square of the
static susceptibility. This relation is called the Korringa-Shiba relation. The rigorous proof of the relation
requires a detailed diagrammatic analysis for which we refer to the original papers [15, 17, 18]. In this
book, we give a less rigorous but more intuitive proof in 2.2.2 leading to eq.(2.71).

2.1.4 The 1/n expansion

The fixed point of the Anderson model is a spin singlet, and is connected continuously to the trivial
case of the vacant f state. It is found that in the limit of large degeneracy n of the f electron level,
the singlet state has an energy lower than the singly occupied state with a local moment. Therefore
perturbation theory in terms of 1/n should converge. Actually the small parameter 1/n appears as scaling
of hybridization. There is thus a chance of having a perturbation theory valid for all temperatures T,
since at high T' the expansion with respect to hybridization guarantees that the atomic limit is recovered.

Let us assume that the spin index o in the Anderson model H 4 takes n different values and that U is
infinite. The resultant model, which is called the SU(n) Anderson model, is written as

Hsvyny = He + Hy + Hpyp. (2.40)

We introduce the hybridization intensity Wy(€) by
1
Wole) = > VilPo(e — ep), (2.41)
k

which is taken to be a constant Wy in the range —D < € < D, and zero otherwise. We take nW; as the
unit of energy, and use the Brillouin-Wigner perturbation theory to calculate the ground-state energy
[19]. In the case of the singlet state, the effective interaction (or rather potential in this case) is of O(1)
because of summation over all channels. This is shown in Fig.2.3. Taking the direct product of the
vacant f state and the Fermi sea as the model space |0), the ground-state energy Ej relative to the
Fermi sea is then given by

0
_ de
Eo = (0|Hpyp(Eo — H. — Hy) "' Hpyp|0) = nWO/ 2 (2.42)
-D

+e—6f'

In the extreme case of nWy < |ef| < D, one can solve this equation analytically. Namely one obtains

_ €r
Ey—¢;=—-Typ=—Dexp (nWO> . (2.43)
On the other hand, the lowest energy of the multiplet state has at most O(1/n) corrections because
summation over n channels is absent for the intermediate states. Thus it remains €7 to the leading order
and is higher than Fy by Tp.

It is remarkable that such a simple calculation can identify the characteristic energy scale Ty in the
singlet ground state. The scale Ty corresponds to the Kondo temperature Tk in the case where the
average occupation ny of the f state is almost 1. In the more general case ny is calculated as

OE, /0 1—ng nWo
_ 950 _ d ~ 1—ny). 2.44
n= g~ MW e e~ T ) (244)
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Namely we obtain

T, \ !
= (1 . 2.4
ng ( + n”,0> ( 5)

We can also obtain the magnetic susceptibility by the second derivative of Ey(H) with respect to the
magnetic field H. The ground-state energy Ej in the presence of H is given by

0
de
Ey =W, E . 2.46
0 0 1 /_DE0+€€ng[LBJZH ( )

Straightforward calculation gives
X = OJ’nf/To, (247)

where Cy = (gsup)%J(J +1)/3 is the Curie constant with J = (n — 1)/2 the angular momentum of the
f state. Thus the susceptibility is also determined by Tj.

One should recognize here that the excitation gap Ty between the singlet and the multiplet is an
artifact of the leading-order theory. In reality, there is no gap since the multiplet wave function can
extend to a macroscopic distance. As a result the lowest multiplet wave function has no difference from
the local singlet one near the origin. The presence of the gap is not a problem if one is interested only
in static properties, as we have seen above. However, it becomes serious if one discusses the dynamical
properties.

2.1.5 Effects of spin-orbit and CEF splittings

In order to understand experimental results, it is very important to take into account spin-orbit and CEF
splittings of the f shell. According to the energy scale of excitations or temperature, the apparent Kondo
temperature changes. Thus the Kondo temperature derived from the specific heat or the susceptibility
at low temperatures is generally smaller than the apparent Kondo temperature derived, for example, by
photoemission spectroscopy. Such changes of the Kondo scale explain the temperature dependence of
the magnetic relaxation rate measured by neutron scattering. In this section we explain how the real
and apparent Kondo temperatures are influenced by the presence of splittings.

Let us assume that each split level F,, in the f! state has a degeneracy n, and hybridization intensity
W, between the band edges [—D, D]. In the Brillouin-Wigner perturbation theory, the singlet ground-
state energy Ey = FEy — Tk is given by

0
de
E, = - - 2.4
;W /DES_Ea+€ ( 8)

In the case of D much larger as compared with other energies such as the level splittings and Tk, we
may replace Eg in the left-hand side by Ej to obtain

T A,
Ey ~ noWp In % + naWaln - (2.49)
a#0
where A, = E, — Ey. From eq.(2.49), we can solve for Tk as
EO D naWa/(noWo)
Tk =D — 2.
= Do () T (1) , (2.50)

a0

This result was first obtained by ref.[20] by a different method.

It is clear that Tk in eq.(2.50) is enhanced by the presence of higher multiplet. However, if one
compares with the hypothetical Kondo temperature without any splitting, the actual Tk is much reduced.
This observation becomes important when one consistently interprets experimental data taken with
different resolutions and temperature.
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2.2 Dynamics of the Kondo Impurity

2.2.1 Mean-field theory

As an approach from the ground state, the simplest is a mean-field theory which starts from the Fermi-
liquid ground state. We introduce boson operators b and b' to represent the vacant f state in the n-fold
degenerate Anderson model. The X-operators introduced in 1.3.2 are then represented by

Xoo = bTb, Xoo = f;faa Xo0 = f;ba (251)

with the constraint ) fifs +btb = 1. Namely, bf creates the physical vacant state by operating on
the fictitious vacuum of f states. If the constraint is regarded as an operator relation, f, and fi do
not obey the commutation rule for fermions. The same applies to b and bf. Another viewpoint is that
one uses the standard commutation rules for fermions and bosons and imposes the constraint as the
relevant subspace to be picked out from the full Fock space. The auxiliary particle representing the
vacant state is often called the slave boson . This kind of artifice was in fact used already for the Kondo
model [9] to represent the spin operators. The constraint was handled by a fictitious chemical potential
which goes to infinity at the end of the calculation. The use of the boson in the case of the Anderson
model was proposed later [21, 22] again with use of the Abrikosov technique. Because of the limiting
procedure, however, one cannot use the standard linked cluster theorem which leads to the Feynman
diagram expansion [23]. If one carefully selects a part of the Feynman diagrams, the result becomes
identical to the perturbation theory with use of resolvents as will be discussed later in this section.

In dealing with the Fermi-liquid ground state and low-energy excitations, a mean field theory was
introduced [24] in which the constraint is satisfied only as an average. Namely

D (i fo) + (Blb) = 1. (2.52)

o

The average (b) = r should vanish in the exact theory because of the fluctuation of the phase of b. If
one neglects this aspect and determines r variationally, the model maps to another Anderson model
without the Coulomb repulsion. Namely we try to simulate the low-energy physics by the mean-field
Hamiltonian:
1 .
Hyp =) [egch, cpo + ﬁVkr(c}%ﬁ, + fleg ) +er > fife + Anyg 17— 1), (2.53)
ko o

where A is the Lagrange multiplier to satisfy the constraint on the average, and Vi, and r are taken to be
real. If the right-hand side of eq.(2.52) were n instead of 1, number fluctuations of O(1) are negligible as
compared with the average of O(n). Then the mean-field theory would become exact in the limit of large
n. Because of the actual constraint of O(1), the mean-field theory is different from the 1/n expansion
[25]. However the static property agrees with that derived by the lowest-order 1/n expansion as will be
explained below.

The mean-field parameters A and r are determined by a variational principle. We write the statistical
average of an operator O in terms of the density operator exp(—SHyr) as (O). Then the exact ther-
modynamic potential £ of the SU(n) Anderson model Hgy (,) is bounded by the Feynman inequality
[26]:

Thus we can optimize the parameters by minimizing the right-hand side. The second term is simply given
by —A(nf +7? —1). The variation with respect to A gives the constraint ny +r? = 1. The optimization
of r yields

Ar = Z Vk<f;6ka>. (2.55)
ko

The stationary condition gives only a trivial solution r = 0 above a critical temperature Tp (~ Tk).
Below Tp the nontrivial solution r # 0 is lower in free energy. The phase transition at T = T is a
fictitious one which shows the inadequacy of the mean-field theory. However, at zero temperature the
mean-field theory gives the correct fixed point of the Anderson model. Therefore we restrict in the
following to the case of T = 0.
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It is convenient to use the Green function to calculate the average. The f electron Green function
G} (z) is easily derived for Hyp as follows:

Gi(z)=[z—& + iAsgn(Imz)] !, (2.56)

with é; = €4 + X and A = 7r2Wy. For the mixed type Green function Gy (k,z) = <{ch0, fo})(2) we

obtain
Gep(k,2) = Gye(k, 2) = Vir(z — ek)*lG}(z). (2.57)

The resultant spectrum is interpreted as that of quasi-particles; hence the star (*) is attached to relevant
quantities. For example, the density of f electron states p} (€) for each spin is given by

(2.58)

The occupation number ny is given by integration of p?(e) up to the Fermi level. The result is

A

nf:ﬁarctan —|. (2.59)
T é
!

On the other hand, a little algebra with use of Gy gives

NGEES
(2.60)

kZVk(f;ckg>:nW0rln —5 |

where we have assumed that p. and V}, are constant for D > € > —D and 0 otherwise. Thus eq.(2.55)

is equivalent to
~ A
/=2 _
Ef + AZ = Dexp <nm/0> s (261)

where X in the exponent can be approximated by —es in view of the relation |€f| < |ef|. The left-hand
side sets the energy scale of the system. In fact the energy is the same as Tj obtained in §2.1.4

One can derive the static properties approximately with use of the mean-field theory. For example
the density of states p}Z(O) for quasi-particles at the Fermi level determines the specific heat at low
temperature. We obtain

nA n ™
“(0) = ———— = — sin?(—2L), 2.62
5O = g = E ) (262)
The specific heat coefficient v due to the impurity is given by
1 2 %
v = §7T pf(o)v (2.63)
while the magnetic susceptibility is computed as
x = Cyp3(0) — Cyny /Ty (n — o0), (2.64)

where C; is the Curie constant. Therefore in the large n limit, the mean-field theory gives the correct
result. For finite n, however, the mean-field theory cannot derive the correct Wilson ratio. This is simply
because all the Landau parameters vanish by construction in the mean-field theory.

Let us give the relationship between the Green function G7 (z)derived by the mean-field theory and
the formally exact one G¢(z). In terms of the self-energy ¥ ¢(z), the latter is written as

Gy(z) = [z — e; +iAsgn(Imz) — Xf(2)] 7, (2.65)

where A = 7W)j. To extract the quasi-particle dynamics one expands X ¢(z) near the Fermi level z = 0

Yi(2) = £4(0) + 8%2(2) AT O(z%). (2.66)
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where the derivative is real in the Fermi-liquid state. Then we obtain near the Fermi level
Gy(z) = ayG}(2), (2.67)

where ay =[1 — E}(O)}*l is called the renormalization factor. The quasi-particle Green function G}(z)
corresponds to the one obtained in the mean-field theory provided one makes identification

Y4(0) = A, ap =r>. (2.68)

Thus the mean-field theory can be regarded as the simplest approximation to perform the renormalization
explicitly.

2.2.2 Dynamical susceptibility in the local Fermi liquid

As the degeneracy n of the f orbital decreases, the interaction among quasi-particles becomes stronger.
Then one can improve the mean-field theory to incorporate the Fermi-liquid effects. We apply the quasi-
particle RPA explained in Chapter I to the present system. This is in fact exact in the low-energy limit,
and constitutes a convenient approximation in the spherically symmetric case because there is only a
single parameter to describe the interaction effect. The dynamical susceptibility of f electrons is written
as

nCyx(w)™" =nCrxi(w)™" = Uesy, (2.69)

where —U, is the effective interaction corresponding to Zy/p* (1) in eq.(1.78), and x1(w) is the polar-
ization function of quasi-particles with the f component given by

— nC’J/de1/d62pf €1)p )wf—< ;)Jrfg(ej)zé (2.70)

with p} (e1) being the density of states of f quasi-particles. The important point here is that the effective
interaction is real in the limit of small w. Taking the imaginary parts of both sides of eq.(2.69) we obtain

Xw)
w—0 wyx? nCy’

(2.71)

where the right-hand side is obtained by noting x1(0) = nC;p}(0).

The relation eq.(2.71) is called the Korringa-Shiba relation. The remarkable feature is that the right-
hand side is independent of the interaction. The original proof was provided by diagrammatic analysis
for the spin 1/2 Anderson model [15].

2.2.3 Self-consistent theory at finite temperatures

We now turn to a microscopic approach to dynamics at finite temperature. As we have seen in the
previous section, the 1/n expansion is a powerful scheme which can describe correctly the singlet ground
state. Once we obtain the approximate wave function of the ground state by the 1/n expansion, we can
obtain a restricted class of excited states by applying the hybridization operator successively. Within
this manifold of states, matrix elements of physical operators are easily obtained, and then the excitation
spectrum such as the density of states can be derived at zero temperature. This direct 1/n expansion
approach to the dynamics has been made extensively to derive the photoemission spectrum [27]. However,
the direct expansion cannot eliminate the spurious energy gap of the order of T from the singlet ground
state. We refer to a review article for further details of the direct expansion method [28].

In a self-consistent perturbation theory it is practical to perform partial summation of relevant pertur-
bation terms to infinite order. Since the spin operators (or more generally the X-operators) do not obey
the commutation rules of fermions or bosons, use of the standard many-body technique with Feynman
diagrams and the linked cluster expansion cannot be applied. As an alternative, we shall present a resol-
vent method which permits time-ordered diagrams to represent perturbation terms [29]. The resolvent
method leads to an effective atom picture which eliminates the degrees of freedom of the conduction
electrons. At zero temperature the effective atom acquires the same effective Hamiltonian as given by
the Brillouin-Wigner perturbation theory.

In order to pursue the effective atom picture we try to factorize the partition function Z of the SU(n)
Anderson model into the conduction electron part Z. and the local part Z; which includes the effect
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of interaction with conduction electrons [30]. We divide the Hamiltonian H into the unperturbed part
Hy = H.+ H¢ and the perturbation H; = Hpy. In terms of the integration along a contour C' encircling
the real axis in the counter-clockwise direction, Z is given by

d
= /C 2—; exp(—0z)Tr

The trace is over the direct product state |y, c) from an f state |y) and a conduction electron state |c).
We introduce a creation operator aiy of the f state and represent the direct product state as aiy|c>. To
make a compact description we introduce the Liouville operator L by the relation LA = [H, A] for any
operator A. Then we obtain

(2.72)

Hal|e) = ((H,a}] +al H)|e) = (L + Bo)al Jo), (2.73)

where F, is the energy of |c¢). Repeated application H" leads to (L 4+ E.)" operating on aL|c>. Thus we
rewrite eq.(2.72) as

1
/ 97 exp(—fz) ;exp(—ﬁEC)MavﬁaMc} =Z.Zy, (2.74)
where for each |c) a shift of the integration variable by E. has been made. Factoring out Z. =
> .exp(—pBE.) for the conduction electron part, the effective partition function Z of f states is given
by [18]

Zy —/ —exp );(avzlLaDC, (2.75)

with (- --). being the thermal average over conduction states. The average defines the resolvent R, (z) =
{a,(z — L)~al)..
The density of states of the effective atom is given by the spectral intensity

7€) = —%ImRv(e 46) = ———[R, (e + i) — R (e — id)] = (a-d(e — L)al)e. (2.76)

27 v

Then Zy is also written as

Z; = Z/_Oo de exp(—Be)n, (€), (2.77)

which fits naturally with the effective atom picture. In terms of exact eigenstates |t) of H, R, can be
represented as

Z exp(—fE,) |<t|;; +>‘E (2.78)

Perturbation theory with respect to hybndlzatlon H; can be performed by the expansion

1 1 1 1
= L 2.79
z—L Z—L0+z—L0 12—L0+ ’ ( )

where L = Lo + L; in accordance with H = Hy + H;. Since Hi|c) = 0, it can be easily shown that
LoLyal|c) = Lo[Hy,al)|c) = LoHyal |c) = [Ho, Hial]|c) = (Ho — E.)Hial|c). (2.80)

Thus when acting on aMc), L1 can be replaced by Hy and Lg by Hy— E.. Hence the denominator z — Lg
depends only on excitation energies from a state with E.. This feature is very convenient in taking the
average over conduction states. The perturbation series generates a product of creation and annihilation
operators of conduction electrons. The average over conduction states can be performed by the use of
the factorization property

(cheaches)e = (ehes)elcles)e + (ches)e(cac] e, (2.81)

which is an example of Wick-Bloch-de Dominicis theorem. A similar factorization property holds for
cases with more operators.
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Figure 2.4: The simplest self-energy for R;(z).

The simplest of perturbation processes for Ry(z) is shown by the same diagram as Fig.2.3. This is the
only elementary process which survives in the limit of large n. The repetition of the process is accounted
for by the self-energy ¥o(z) defined by

Ro(2) = [z=%o(2)] 7", (2.82)
D
Solz) = nW L N zi(z)il;. (2.83)

Note that the ground-state energy Fy relative to the Fermi sea in eq.(2.83) is given by Ey = Xo(Fp) at
T = 0. This leads to a threshold singularity in Ry(z). At finite 7" or in higher order perturbation, the
resolvent has a cut singularity along the real axis of z and is analytic otherwise. In the exact theory at
T =0, the cut extends from the ground state energy to infinity, as is clear from eq.(2.78).

The resolvent Ry (z) is common to any of the degenerate f! states. In the next leading order, R;(z) also
acquires the self-energy 3, (z) as shown in Fig.2.4. The resolvent Ry(z —¢€) to be used in the intermediate
state should not be a bare one, but should be a renormalized one in order to be consistent with the 1/n
arrangement of perturbation terms. The use of renormalized resolvents in the intermediate states leads
to the following integral equations [29, 30, 31]:

D
Yo(z) = nWy /71) def(e)Ri(z + €), (2.84)
D
1 (2) = Wo [D dell — F(e)Ro(= — o), (2.85)

The solution of this set of equations corresponds to summation of all perturbation diagrams without
crossing of conduction-electron lines, and is called the non-crossing approximation (NCA) [32].

The NCA can derive not only the thermodynamics through the partition function, but dynamical
quantities such as the dynamical magnetic susceptibility x(w) due to the impurity [30], and the density
of f states ps(w) for single-particle excitations [30, 33, 34]. It can be shown that the NCA satisfies
conservation laws and sum rules required for response functions [30]. Let us first consider the dynamical
magnetic susceptibility x(w). It is given in the imaginary frequency domain by

i) = "L [ O p( )Rzt i) Ba(2), (286)
r Jo 2m
where the contour C encircles counter-clockwise all singularities of the integrand. After analytically
continuing the Matsubara frequency to the real axis, we are left with integration along the real axis with
the Boltzmann factor e~¢ which becomes singular at 7" = 0. Then the following spectral intensity is
conveniently introduced as a quantity supplementary to resolvent:

& (e) = Z;le_ﬁem(e) = % Zexp(—ﬁEt)ch, o)*6(e — By + E.) = (aié(e + L)a,). (2.87)

c,t

From the last expression, we understand that &, (¢) corresponds to the spectral intensity after annihilation
of the impurity state by a, [18]. The spectral function —Imy(w)/7 (see eq.(B.15) in Appendix B) is
given by

Imy(w) = (1- eﬁw)nZCfJ /0:0 d6€766771 (e)m (e + w) (2.88)
~ oy [ deler(€)m (e + @) — (O (e + w)]. (2.89)
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This expression naturally follows the effective atom picture, and it is easy to see that the line-width of
Imx(w) is given in terms of n;(e) and & (e). Thus in the absence of hybridization the width vanishes
since we have n1(e) = d(e — €5) and & (e) = (ny/n)é(e — €r). The actual width is controlled by the
Kondo temperature, as will be discussed later. It is clear that use of &,(€) permits us to take the zero
temperature limit without the singular Boltzmann factor.

The static susceptibility x on the other hand is given by

_ nCy [* 3 .
X = 7 ) dee P Im[R; (e — i6)?] (2.90)
= 2nCjy /00 de&y(e)ReRy (€). (2.91)

Of course the results given by eqs.(2.89) and (2.91) are consistent with the Kramers-Kronig relation.
The single-particle Green function G(z) is given by

Gi(z) = —i / dte = ({ £, (8), £I1) / dpf (2.92)

where the density of states py(w) has been used. In the NCA, Gy(ie,) in the Matsubara frequency
domain is given in terms of the resolvents by

= — ) . 2.
Gyliey) Zf / 57 X p(—=Bz)R1(z + i€n)Ro(2) (2.93)
After analytic continuation we obtain the spectral intensity as
prlo) = a(t+e Pzt [ deePempome+w) (2.99)
- / delo()m (e + w) + 10(e)ea (e + w)). (2.95)

The second equation indicates explicitly the excitation from the vacant f state to the filled one (electron
addition) and vice versa (electron removal).

At high temperature, the dynamical susceptibility can be calculated analytically since perturbation
theory with respect to hybridization is applicable. We introduce the magnetic relaxation rate I' measured
by NMR as follows:

Imy(w)/w = x(0)/T. (2.96)
If the dynamical susceptibility can be approximated by a Lorentzian, i.e.
x(O)r
= 2.97
xw) = 20 (297)

the rate I' appears also as the half width in the neutron scattering spectrum.
To calculate T we note the identity

Rl (Z) — Rl (Z/>

R1(Z)R1(Z/) = 2=z =31(2) + 21(2)

(2.98)

Then we use eq.(2.76) in making eq.(2.89) suitable for perturbation theory for finite but small w. We
obtain

lim Tm X2 nC ﬁ/ d

w—0

(2.99)

At high temperatures where the Curie law x( )~ Cyng/T holds, we can make an approximation to set
&1(e) ~ (ny/n)d(e — €r). Then we obtain a simple result

I = —2Im¥ (). (2.100)

We can evaluate eq.(2.100) by perturbation theory. In the lowest order with respect to hybridization we
obtain
T =27Wo[1 — f(ef)] = 2naWo(n;' —1). (2.101)
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Figure 2.5: The f electron density of states at various temperatures.

This quantity is independent of temperature 1" provided that the average occupation n; does not change
with 7. In the valence fluctuation regime this is the relevant case. The result was first obtained with
use of the memory function method [35] which is explained in Appendix D. In the Kondo regime n; ~ 1,
on the other hand, the lowest order result is exponentially small. One should therefore go to the fourth
order in hybridization. As we have discussed in §1, the evaluation amounts to second order in J. Then
the result reproduces eq.(2.21) obtained by the Born approximation. For general T', we can perform
numerical calculations to evaluate the integrals for response functions. Many results have been reported
[25] which compare favorably with experimental observation by neutron scattering or by photoemission
spectroscopy.

Figure 2.5 shows an example of the density of states ps(e)computed in the NCA [36]. A sharp peak
develops near the Fermi level at low temperatures, and is called the Kondo resonance. Note that the
density of states p;‘c(e) = py(e)/ay for quasi-particles should be even larger because the renormalization
factor a¢ is much smaller than unity. The NCA can derive the density of states in the presence of
spin-orbit and/or the CEF splittings. Figure 2.6 shows an example of numerical results [37]. We note
that the overall intensity of the density of states is much larger than that expected from the Kondo
temperature. In the energy scale larger than the spin-orbit splitting, the effective degeneracy of the 4f!
configuration amounts to 14. Thus according to eq.(2.50) there is a large difference between the actual
Tk determined by low-temperature properties and the apparent Kondo temperature determined by the
spectral shape. This observation is important to avoid confusion about the correct model to account for
spectroscopic results.

At T = 0 and in the limit of large n, one can derive nontrivial results analytically [38]. The lowest
order in 1/n expansion coincides with the mean-field theory with use of the slave boson, which was
explained in 2.2.1.

2.3 Deviation from the Canonical Behavior

2.3.1 Non-Fermi liquid ground state

The ground state of the Kondo model is not always the Kondo singlet. In order to explore a possible
non-singlet state, we consider Hg given by eq.(2.6), but with the number of orbital channels n > 1.
Namely we consider the case

e = % Z Z ZCT’CmaUO‘ﬂCk,m,@7 (2102)

kk! m=1 ap

where m denotes each channel. The magnitude S of the localized spin S is now not restricted to 1/2.
There are three cases which give different ground states: (i) n = 25; (ii) n < 25; (iii) n > 2S5. In the
case (i) as in n = 25 = 1, the ground state is the Kondo singlet. Each channel screens spin 1/2 so that
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Figure 2.6: The f electron density of states in the presence of spin-orbit interaction
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Figure 2.7: Scaling of the exchange interaction in the overscreened case.

the entire local spin S is completely screened by n channels. The fixed point corresponds to J = co. In
the case (ii), even though each conduction channel couples strongly to the impurity spin, the screening
is still incomplete because of the large spin S. As a result there remains a localized spin of S — n/2 in
the ground state. Although this fixed point corresponds to J = 0, the ground state cannot be reached
by perturbation theory since the localized spin has the magnitude S — n/2.

A new situation arises in the case of (iii). The fixed point corresponds to J = J. which is neither
0 nor infinite [39]. To understand why this is so, let us consider a hypothetical case of J = co. Then
the conduction electrons overscreen the impurity spin by the amount n/2 — S. This extra amount now
acts as a new impurity spin which couples with the rest of conduction electrons. The resultant coupling
is antiferromagnetic since the Pauli principle allows only conduction electrons with spin antiparallel to
the new spin n/2 — S to hop into the impurity site and to gain the perturbation energy. Hence J = oo
cannot be a fixed point. It is obvious that J = 0 cannot be a fixed point either. Hence the fixed point
is forced to have nonzero J.. The scaling is schematically shown in Fig.2.7.

One can confirm this qualitative reasoning by renormalization to third order. Following the argument
of Appendix C, one obtains the scaling equation for the model given by eq.(2.102) as follows:

— 2y g (2.103)

where g = Jp,. is the effective exchange interaction. The right-hand side becomes zero when g = g. = 2/n,
which corresponds to the fixed point of renormalization. The large n means small g.. Then one can rely
on the perturbative renormalization to this order, since higher-order contributions can be shown to be
smaller by 1/n. The linearized scaling equation for dg = g — g, is given by

dég 2

D = %9 (2.104)

The plus sign in the right-hand side means that the fixed point is stable.
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2.3.2 Mapping to one-dimensional models

From the Wilson form eq.(2.24) of the Hamiltonian, it is obvious that the system of a magnetic impurity
in a metal can be mapped to a one-dimensional model where the radial distance from the impurity plays
the role of the one-dimensional coordinate. Thus the impurity is on the left end of the system, and
the right end grows as the renormalization step proceeds. The s-wave part of conduction band states
with momentum & has the incoming and outgoing wave functions, which are interpreted as left-going
and right-going waves, respectively. Alternatively, a left-going wave exp(—ikz) with k and = positive
is reinterpreted as a right-going wave with momentum k and coordinate —x. In the latter picture the
conduction electrons are all right-going with verlocity vp. Their Hamiltonian is written as

He=vp Y k), cho, (2.105)
ko

where k € [—kp, kp] is measured relative to the Fermi momentum. In order to understand the nature
of the spectrum with an impurity, it is necessary to analyze the spectrum of H. with various kinds of
internal degrees of freedom.

The spectrum of H, depends on the boundary condition. For the system size L, the periodic boundary
condition (PBC) and the anti-periodic boundary condition (A-PBC) requires, respectively,

k:

27 { n (PBC) (2.106)

T\ (n+1) (A-PBC)

with n integers. We introduce a quantum number ) which measures the change of electron number from
a reference state. In the case of spinless fermions, the change AFE of the ground-state energy is given for
the PBC by

N 2mup

-1
Y on= %Q(Q —1), (2.107)

n=0
where we take the vacant zero-energy state as the reference state. If one takes the A-PBC, one should
replace Q(Q — 1) by Q2. Actual electrons have spin degrees of freedom. In the absence of orbital
degeneracy we put Q = Q1 + Q| and use the identity

1
QT +Q] = §Q2 + 282, (2.108)

where 25, = @1 — Q. Then we obtain the energy for the A-PBC by

ZWUF

AE 17

BQQ + ;Sz} : (2.109)

Here the particle-hole excitations that appeared in eq.(2.25) have been omitted for simplicity. For the
PBC one has

2mvp — 2mvp |1 1 1
_ _ 1n2_ 2 1q2
AE = E ngo n= [4@ 2@—1—35]. (2.110)

g
With the shift @ — (@ — 1) in the above expression, one has the correspondence to the A-PBC result
apart from a constant term. The shift corresponds to take the new reference state as having one electron
in the zero-energy level. With the PBC we always take this new reference state in the following discussion.
Thus the boundary conditions for electrons require particular combination of quantum numbers as

(Q, S) = (even, integer) & (odd, half-integer), (A-PBC) (2.111)
(Q,S) = (even, half-integer) & (odd, integer), (PBC) (2.112)

The NRG calculation in the Kondo model shows that the spectrum of the model turns out to be the
same as that of free conduction electrons either with the PBC or the A-PBC depending on the odd or
even number of the NRG steps. The reason for this simple behavior is that the fixed point corresponds
to infinitely strong exchange interaction [40]. Namely the right-going electrons acquire the phase shift
0 = +m/2 after passing through the impurity because of the exchange interaction. This phase shift is
equivalent to multiplying the factor exp(2id) = —1 to the wave function. Then the change from the
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(a) A-PBC
Q| S Il | AE/(2rvp/L) | degeneracy
0 0 0 0 1
0 1 1 1 9
£1 ] 1/2 | 1/2 1/2 4
2 0 1 1 3
2 1 0 1 3
(b) PBC
Q| S Il | AE/(2rvp/L) | degeneracy
0 1 0 0 3
0 0 1 0 3
+1|1/2 | 1/2 0 8
+2 0 0 0 2
2 1 1 1 9
(¢) two-channel Kondo model
Q| S I | AE/(2rvp/L) | degeneracy
0 1/2] 0 0 2
012 1 1/2 6
£1] 0 |1/2 1/8 2
1] 1 | 1/2 5/8 6
2 | 1/2] 0 1/2 2
2 1 1 1 6

Table 2.1: Spectra of free right-going electrons with the anti-periodic boundary condition (a), and with
the periodic one (b). In (b), the origin @ = 0 is so chosen that the zero-energy level is filled by two
electrons. Also shown is the spectra for the two-channel Kondo model (c).

PBC to the A-PBC, or vice versa, is equivalent to having this phase shift. In other words, the amount
1/2 of conduction-electron spin is swallowed by the impurity by the Kondo screening without changing
the total number of conduction electrons. This results in the shift S — S+ 1/2 in the combination of
(@, 5).

Now we turn to the spectrum of the free conduction band with orbital degeneracy. The Hamiltonian
is given by

He=vpy Zn: Kk, o Chmos (2.113)

ko m=1

where m denotes the same orbital channel as appears in eq.(2.102). After some algebra the spectrum is

now derived as
2mvp | 1
AFE = —Q?
L [471@ *

H%Cl+ﬂ%52+ncg+m+ns . (2.114)
where C; denotes the eigenvalue of the second-order Casimir operator Y (I%)? where [*’s are n? — 1
generators of the SU(n) group. The latter describes symmetry of the orbital channel. In the case of
doubly degenerate orbitals with n = 2, each generator [ is reduced to the Pauli spin matrix with
o = z,y,2, and the squared sum of them gives I(l + 1) with [ a non-negative integer or a positive
half-integer. The quantum numbers ng,n;, ng, which are non-negative integers, represent particle-hole
excitations from the ground state. In the terminology of the conformal field theory, the spectra associated
with various values of ng, n;, ng are called descendants or conformal towers. The ground state of the free
electrons has a set (Q,1,5) = (0,0,0) with the A-PBC. With the PBC, on the other hand, the ground
state is 16-fold degenerate: the degeneracy 2* corresponds to filling or not filling the zero-energy level
for each species of fermions. One of the ground states has a set (@Q,[,.5) = (0,1,0) for example. Table
2.1 (a), (b) shows the spectrum of two-channel free fermions either with PBC or A-PBC.

We have seen in 2.3.1 that the multi-channel Kondo model has a fixed point which has a finite value of
the exchange interaction. As a result one cannot expect that the spectrum of the model is described by
a simple change of the boundary condition. The NRG calculation indeed reveals more complex structure
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of the spectrum. However description in terms of the spectrum given by eq.(2.114) is still valid provided
one attaches particular combinations of quantum numbers. For example the NRG calculation shows
that the ground state has a set of quantum numbers (Q,[,S) = (0,0,1/2). Obviously this combination
of quantum numbers is impossible in the free-electron case whatever the boundary condition chosen.
Physically, the quantum number S = 1/2 corresponds to overscreening of the impurity spin. Table 2.1
(c) shows the resultant spectrum given by eq.(2.114) with S = 1/2 and n = 2. It has been confirmed
that the low-energy spectrum derived by the NRG can be nicely reproduced by this analytical formula.
We refer to review papers [40, 41] for more detailed discussions.

According to the conformal field theory, only a part of the degeneracy in the ground state is associated
with the impurity states. This is related to the order of taking the thermodynamic limit and the zero-
temperature limit. For example the ground-state degeneracy of the two-channel impurity is derived to
be 271 1n 2 instead of In2. This feature is consistent with the exact solution by the Bethe ansatz theory
[42, 43].

2.3.3 Dynamics of the non-Fermi liquid state

The ground state in the overscreened impurity has many anomalous properties. It is, however, difficult to
derive these properties by elementary theoretical methods. Therefore we state only final results referring
to the literature [40, 41, 42, 43] for details of derivation. For example, it has been shown that the specific

heat is given by the power law:
T\"
= i 2.11
C=0Cy ( TK) ( 5)

where o = 4/(n + 2). In the case of n = 2, the specific heat acquires the logarithmic term T'InT. The
temperature dependence of the susceptibility is also given by the power law with exponent a — 1 or by
a term In7T with n = 2. The impurity magnetization at T" = 0 is given for small fields by

M ~ (H/Tx)*™, (2.116)

for n > 2 and
M ~ (H/Tx)In(H/Tx), (2.117)
for n = 2. The resistivity behaves as p(T)/po ~ 1 — ¢T'*/2. The zero-temperature limit pg is given by

_ cos[27m/(2 + n)])
cos[r/(2+mn)] )’

1

po/Pmaz = 5 (1 (2.118)

where P4, 18 the maximum value realized with n = 1, and is called the unitarity limit. The temperature
coefficient c is positive if the bare exchange interaction is smaller than the fixed point value J,, and is
negative otherwise. In the latter case the resistivity should decrease with decreasing temperature in the
low-temperature limit, which contrasts with the Kondo effect.

There are efforts to investigate the non-Fermi liquid state in real systems. A candidate is a crystal
field ground state which is a non-Kramers doublet [44]. An example of this is I's of U**(5f2) ion with
in the cubic symmetry. If one introduces a quasi-spin to represent a pair of wave functions constituting
the non-Kramers doublet, the conduction electrons get two screening channels since they also have real
spins. The quasi-spin actually represents the dynamics of the quadrupole moment. Hence this kind of
overscreening is called the quadrupolar Kondo effect [44]. It has been shown that the non-Fermi liquid
ground state can be realized even for the Anderson model with a dominant f2 configuration and with
proper crystal field [45]. We discuss the experimental situation in 2.4.3

2.3.4 Pair of local moments with hybridization

Heavy electrons emerge as a result of interaction between many Kondo centers. As a necessary step
toward investigation of how the heavy electrons are formed, we consider the two impurity Anderson
model where the local moments can form a singlet either by mutual coupling or by the Kondo effect.
Suppose that two Anderson impurities are separated from each other by a distance R in a metallic
matrix. We assume that the occupation of each impurity is almost unity because of large U and |ey|. In
the limit of large R, the ground state is regarded as two Kondo singlets which are almost independent
of each other. The characteristic energy is given by the Kondo temperature T .
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The Kondo exchange interaction H., induces a new interaction between the local moments. The new
interaction is mediated by propagation of conduction electrons, and is called the RKKY interaction [46].
The effective Hamiltonian up to second order in H, is given by

Hprry = PHea:(EO - Hc)_lHea:Pa (2119)
Hep = J[S1-5.(R/2)+ 85 -s.(—R/2)], (2.120)
1 ,
se(FR/2) = oo > z; ch. oapcys s explti(k — k') - R/2], (2.121)
kk' o

where S; with ¢ = 1,2 represents the local spin at site 7, and each wave number is a vector instead of
the radial component. The projection operator P is onto the ground state of H. plus all states of local
spins, and Fj is its ground state energy.

Calculation shows that Hgrg iy is written in the form:

Hrxxy = Jrrxy(R)S:i-8Ss, (2.122)
J2V .
Jrery(R) = el Z Xo(q,0) exp(iq - R), (2.123)
q

where x¢(g,0) is the static susceptibility defined by eq.(1.46). It can be shown that Jrx ky (R) decays as
cos(2kpR+0)/R3 in the free-electron-like conduction band. Thus at large R, |Jrx xy (R)| becomes much
smaller than the Kondo temperature. The ground state in this case is that of two almost independent
Kondo impurities, and the wave function is written as Yok .

In the opposite limit of small R, intersite interaction becomes significant. If the intersite interaction
Jri Ky is ferromagnetic, the pair forms the triplet. Then the problem is reduced to the spin 1 Kondo
problem. If the interaction is antiferromagnetic, on the contrary, the two impurities form a pair singlet
by Jrxky. Then the Kondo effect does not occur. The wave function of the ground state is written as
Yps. We now ask whether the two kinds of singlet states, ¥ pg and 12k, can be connected continuously
as the distance R changes.

The pair singlet is analogous to the Heitler-London picture for the ground state of the hydrogen
molecule. The zero-th order wave function for ¢ pg is given by

vps = (fI£3, = £ 1) or. (2.124)

where ¢ represents the ground state of conduction electrons. In the presence of hybridization, ¥pg
mixes with various states as shown in Fig.2.8. In particular the effective transfer from site 1 to site 2
becomes possible at the cost of U. In analogy to the hydrogen molecule, one can think of a molecular
orbital by linear combination of the two f-orbitals at different sites. The effective transfer causes splitting
of levels for bonding and anti-bonding molecular orbitals. In the limit of large transfer as compared with
U, the picture for the ground state is such that two electrons with opposite spins are accommodated
in the bonding orbital. With U = 0 the two-impurity Anderson model can be diagonalized easily. The
analogy to the molecular orbital for f electrons applies in this case. Actually the electron correlation
mixes the anti-bonding orbital in the ground state to some extent. As U increases, the ground state
has more component of the anti-bonding orbital, and changes continuously to the one described by the
Heitler-London picture, namely by ¥ pg.

On the other hand, the Kondo state is connected continuously to the U = 0 limit. Therefore ¢ pg and
Yo can be connected by continuous deformation through the U = 0 limit, namely the molecular orbital
picture. If one starts from the U = 0 limit and increases U, keeping the the total f electron number 2 by
appropriate shift of €7, the charge fluctuation is gradually suppressed. The resultant state is close to 925
if J is small, while it tends to ¥ pg if J is large enough. This smooth change between ¥pg and i rests
heavily on the presence of charge degrees of freedom. Namely it is important that the splitting between
bonding and anti-bonding orbitals does not completely vanish even with large U. On the other hand if
one uses the s-d (Kondo) model, the bonding-antibonding splitting does not have a meaning since there
is no charge fluctuation. Then in s the occupation of each orbital is strictly unity. According to the
local Fermi liquid theory, the density of states at the Fermi level is equal to (7A)~! for each orbital.
However ¥ pg can have a much smaller density of states at the Fermi level. Therefore the two kinds of
states cannot connect continuously. In other words, if one neglects the bonding-antibonding splitting
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Figure 2.8: Perturbation processes for ¥pg. The two spins inside the dotted oval represents a singlet
pair. Circles show localized fsites which can have double occupation with finite U.

and increases J/Tk, a discontinuous change should occur. This is an example of the quantum phase
transition at zero temperature.

Explicit calculations have been done with use of the numerical renormalization group [47, 48], and
the quantum Monte Carlo [49]. In the calculation by Jones et al [47] the s-d model was used and
the discontinuity is observed in going from sk to ¥ps. On the contrary Fye and Hirsch[49] used
the Anderson model and no discontinuity was found. Sakai and Shimizu [12, 48] clarified how these
contrasting behaviors are reconciled by changing the strength of the bonding-antibonding splitting,
which is also referred to as parity splitting. Figure 2.9 shows the f-electron density of states in the two-
impurity symmetric Anderson model [48]. In the absence of the parity splitting, the density of states at
the Fermi level should be the same as the one without the two-body interactions. This is a consequence
of the Friedel sum rule in the Fermi liquid side. As the intersite exchange increases, the density of states
near the Fermi level becomes narrow, and vanishes at the quantum phase transition to the pair singlet
state. The width becomes infinitely narrow just before the transition.

If the f-f hopping t is introduced in the two-impurity symmetric Anderson model, the density of states
can be non-symmetric around the Fermi level. Furthermore there is no constraint like the Friedel sum
rule at the Fermi level. Figure 2.10 shows the result of the NRG calculation [48] The result in Fig.2.10
shows that a smooth crossover from the local-moment limit and the itinerant Fermi-liquid limit occurs
with the f-f transfer. If this kind of smooth change occurs also in heavy-electron systems, the Fermi
surface should also change without discontinuity. This subject will be treated in more detail in the next
Chapter on heavy electrons.

2.4 Experimental Signatures of Local Spin Dynamics in f-Electron
Systems

At temperatures much higher than the characteristic energy of hybridization or intersite exchange inter-
action, many of lanthanide (Ce, Yb, etc) and actinide (U, Pu, etc) compounds behave as if they consist
of an assembly of local moments. This quasi-independent behavior continues sometimes down to low
temperatures as shown in Figs.1.1 and 1.2. In this chapter we deal with this regime of heavy electron
systems and valence fluctuation systems. In the case where the hybridization energy is larger than the
CEF level splittings, the splittings are smeared out. Then the large degeneracy n associated with the J
multiplet plays an important role in determining the characteristic energy scale which is typically 100 K.
For example we have n = 6 for Ce3T and n = 8 for Yb3*. In many lanthanide compounds, the valence
fluctuating state has been probed by means of X-ray photoemission spectroscopy, measurement of lattice
constant and Mossbauer isomer shift. In the valence fluctuation regime, the strong hybridization effect
leads to both charge and spin fluctuations. As a consequence the number ny of f electrons is less than
one.

On the contrary, if the hybridization between the f- and conduction electrons is relatively weak, the
charge fluctuation is suppressed since the Coulomb repulsion between f electrons is strong. In the latter
case the hybridization generates the exchange interaction J.5 between f- and conduction electron spins.
This case is referred to as the Kondo regime. The characteristic energy scale, Tk, in the Kondo regime
is typically 10 K. In most cases, the CEF splitting becomes larger than Tk .s

At high temperatures, an assembly of local moments behaves as independent Kondo scattering centers.
For example the Curie-Weiss behavior of the susceptibility appears and the log T-anomalies of the resis-



2.4. EXPERIMENTAL SIGNATURES OF LOCAL SPIN DYNAMICS IN F-ELECTRON SYSTEMS61

4.00

3.00

2.00

1,00

0.00
4.00

3.00

1.00

0.00
4.00

3.00 1

2.00

1.00

0.00

B
J =0.00000

R | |
J =-.00100
| |
t =G, |
e -f.0000 |
o =1.0000 | - |
| |
| . |
I /A |
Y A ]
c | ] |
J =0.00450 | J -0.00475 |
t =0.000 t =0.0000
e -1.0000 | {} e =1.0000
o =1.0800 | 4} o =1.0000
|
| NNt/ Y
1 / " \/ "
+ ] "'—"}E‘. Lz Z

E

J =0.00478
t =0.0000
e =1.0000

o =1.0000

1l F

J =0.00480
t =0.0000
e =1.0000
-} o =1.0000

-10%-16%-16*

16* 16%10%10°-16%-16*

16* 1640

0

Figure 2.9: Density of states of felectrons (solid line) for the model without the parity-splitting terms

[48].

The parameter J denotes the intersite exchange in units of the half-width of the conduction

band. The other parameters are ey = —0.4 (f-electron level), W; = 0.03 (hybridization intensity for
channels 7 =even, odd), and U = 0.8. The direct f-f transfer energy ¢ is set to zero here, and the even
parity occupation number e, and the odd parity occupation number o are the same without the parity
splitting. The dot-dashed line represents the imaginary part of the uniform magnetic susceptibility,
the two-dot-dashed line the staggered susceptibility (both scaled to 1/4), the three-dot-dashed line the
superconducting response function (scaled to 2).
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Figure 2.10: Spectral intensities (solid line) of the model with the parity-splitting terms [48]. The solid
line (dashed line) denotes the even (odd) component of the f-electron density of states. The other
notations are the same as those used in Fig.2.9. The transfer is taken to be ¢ = 0.01 in all cases.

tivity takes places. Therefore, various aspects of the Kondo effect including the dynamical characteristics
can be investigated by means of NMR and neutron scattering experiments of sufficient accuracy. This
situation contrasts with the case of the 3d-transition-metal alloys, in which the single-ion Kondo effect is
easily suppressed by the indirect RKKY interaction and the spin glass transition takes place even with
low concentrations of magnetic ions. Furthermore, small numbers of dilute impurities prevent us from
extracting reliable data with respect to the spin dynamics of magnetic impurities. In contrast to the
transition metal, both the Kondo and the CEF effects should be taken into account self-consistently in
rare earths since the splitting of CEF levels becomes comparable to Tk . As a result, the Kondo effect is
accompanied by transitions between the levels and causes damping of the levels.

At low temperatures in the Kondo regime, the CEF level scheme can be analyzed in terms of a single
ion picture. The crystal field effect arises from the electrostatic potential of surrounding ions acting on
f electrons. The CEF Hamiltonian is given by

Heprp=e Z V(ry). (2.125)

Since V(r;) is expanded by the spherical harmonics Y™ (6, ¢) where [=3 for f electrons, Hogp is ex-
pressed by a polynomial of total angular momentum .J,, J, J_ and J2. By introducing the equivalent
operators such as O = 3J2 — J(J + 1), 03 = J2 + J2, Hepr is calculated [50, 51] as

Hepr = ZB:LTLOZL? (2.126)

n,m

where B]" is the crystal field parameters to be determined from experiments such as inelastic neutron
scattering. The CEF Hamiltonian Hogp for a rare-earth ion has the maximum number n = 6 which is
twice the orbital angular momentum [ = 3 of the f orbital. For Ce3*(J = 5/2), the maximum is n = 4
because 2J < 6. By diagonalizing eq.(2.126), one can obtain the CEF energies F,, as functions of the
CEF parameter BY, B} and B}. It is also possible to derive the matrix elements. For neutron scattering,
relevant matrix elements are |(n|J | |m)|?> where J is the projection of the total angular momentum onto
the plane perpendicular to the scattering vector Q.
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The difference in the characteristic energy scales between the valence fluctuation and the Kondo
regimes manifests itself in the 7" dependence of the magnetic relaxation rate. If the dynamical suscepti-
bility is isotropic and can be approximated by a Lorentzian with the relaxation rate I, 1/T} is expressed
as )

2 X
i = 2fYTLT|A}Lf| T7 (2127)
where Ay is the average hyperfine field discussed in Chapter 1. For quasielastic neutron scattering, the
magnetic cross section is derived from the combination of egs.(1.155), (1.156) and (1.85) as

1 2

w r
1 —exp(—w/T) T2 + w?’

d’c _ 2 ﬁ
dQdw ko

|E(q)]*X(T) (2.128)
Thus I' appears as the half width in the quasielastic neutron scattering spectrum.

In the limit of small w, the imaginary part of x(w) obeys the Korringa-Shiba relation given by eq.(2.71).
Accordingly, with the ThT=constant law at low temperatures we can estimate I by the relation

T = 2927y Tx(0)| Apy|? (2.129)

The NMR relaxation rate and the half-width of the quasielastic magnetic neutron scattering spectrum
to be presented below can be understood in a consistent way.

2.4.1 Valence fluctuating regime
NMR

In most cases, NMR experiments on the valence fluctuating materials are thus far restricted to the non-
lanthanide nuclei. The first NMR experiment using 139Yb was reported by Shimizu[52]. The valencies in
YbAl; and YbAljz are determined from the experiments as 2.4 and 2.7 ~ 3.0, respectively. The magnetic
susceptibility of YbAl, is T' independent below about 200K and exhibits a broad maximum near 850K,
which is assigned as Ty. The susceptibility of YbAl3 also exhibits a maximum at Tp=125K above which
Curie-Weiss behavior is observed with the effective moment nearly equal to that of a free Yb?* ion.

From the observed spin-echo spectra of 139Yb, the Knight shifts (K) are obtained as K = 7.7% for
YbAl; and 100% for YbAlz. Both are T independent in the measured temperature range of 4.2—80 K
and 1.4—4.2 K, respectively. The Knight shift as well as the susceptibility consists of both contributions
from the 4f electrons (K45 and x4y) and the conduction electrons (K. and xce). Since both K. and Xc.
are negligible compared with K4; and x4y, the hyperfine field Hy,y = Kafpup/xay due to 4f electrons is
dominant. Then the hyperfine interaction is obtained as A;=1.1 and 1.2 MOe/up for YbAl; and YbAl;,
respectively. On the other hand, A;(Yb3T) of a free Yb3* ion is the sum of the orbital and dipole fields.
With use of the Hartree-Fock value of (1/r3),, they can be calculated as A;=1.15 and 2.07 MOe/up
for J=7/2 and 5/2, respectively. It is notable that the experimentally deduced A, for both compounds
are consistent with the calculated value for the J = 7/2 ground state of a free Yb3* ion. Furthermore
an experimental value obtained from the hyperfine splitting of Yb3* ESR in CaF is also consistent with
these results (A4(ESR)=1.04 MOe/ug). It should be noted that the Yb?* state has no contribution
to K4r and xas. Accordingly, it is deduced that the character of the 4f ground state wave function
specified by the total angular momentum J is still conserved in these valence fluctuation compounds in
spite of the strong hybridization effect.

Adequate knowledge of the hyperfine interaction allows us to extract the magnetic relaxation rate
I' for 4f spins in valence fluctuation compounds from the measurement of 1/77. The T dependence
of 1/T} in YbAl; and YbAl;s is shown in Fig.2.11. For both compounds, 1/7} is proportional to the
temperature, having 71T = (3.5 + 0.1) x 1072sK for YbAly and (1.6 +0.1) x 107%sK for YbAlz. From
eq.(2.129), I'’s are evaluated as 1.5 x 10* K for YbAl, and 9.7 x 102 K for YbAls, respectively, both
being temperature independent. By combining eq.(2.71) and the Knight shift, the Korringa relaxation
for nuclei at impurity or f ion sites is obtained at T' <« Tk as

C(2J +1)

TWTK? =
' 2my2

(2.130)

The Korringa constant in the right hand side in the eq.(2.130) is calculated to be 2.29 x 10~*sK for
the J = 7/2 ground state of Yb3t ions. Experimentally, the Korringa constant on the left hand side
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Figure 2.11: Temperature dependences of 139(1/T1) in YbAl, and YbAl; (inset) [52].

in eq.(2.130) is obtained as Ty TK? = 2.0 x 10~4sK for YbAly, and 1.6 x 10~%sK for YbAl;. The good
agreement between the theory and the experiment for YbAly implies that the spin fluctuations possess
a local character and are well described in the framework of a single impurity model, even though the
YDh ions form a periodic lattice. For YbAlz, however, the theoretical value is somewhat larger than the
experimental value. This may be because the dynamical response function is different between dilute
and periodic 4f ion systems and/or the degeneracy of J = 7/2 ground states is lifted partially, so that
the application of eq.(2.130) becomes unjustified.

neutron scattering

Ce-based compounds in the valence fluctuation regime were extensively studied by magnetic neutron
scattering experiments. The quasielastic relaxation rate I' is very large, reaching to several tens of meV.
In the valence fluctuation regime, the intersite magnetic correlation driven by the RKKY interaction is
masked by the local hybridization with conduction electrons. No CEF transitions are resolved in these
compounds. By integrating the magnetic scattering cross section given by eq.(2.128) over w for fixed @,
one can obtain g2.J(J + 1)F(Q)?.

Equation (2.128) holds well for all rare earth (RE) metals with a stable valence at high temperatures.
However, the energy spectrum becomes more complex upon cooling, as T'(T") is decreased to the order
of the CEF splittings or magnetic ordering energies. On the other hand, the scattering profiles in the
Ce-based compounds are quite different. As an example, we take CePds, which is compared with the
isostructural reference compounds diamagnetic YPd3 which has no 4f electrons, and ThPds with a
stable 4f® configuration [53]. Figure 2.12 indicates the energy dependence of the inelastic scattering
cross section for those compounds. All three compounds exhibit incoherent elastic scattering at w = 0
due to nuclear isotopic and/or nuclear spin disorder. This contribution is shown by the shaded part
in Fig.2.12. For YPdj, there is a phonon peak between hiw = —20 meV and —10 meV, while CePd3
has a considerable intensity in this energy window in addition to phonon scattering. In contrast to the
coherent phonon scattering, the integrated intensity in this energy window decreases with increasing
scattering angle and has the angular dependence expected from the magnetic 4f form factor.

The magnetic scattering profile in CePds is actually fitted by the solid lines according to eq.(2.128)
employing the experimental values of the susceptibility. From this fitting, I'(T) is deduced as shown
in Fig.2.13. For TbPds, the quasi-elastic spectrum becomes sharper upon cooling as seen in Fig.2.13.
Its linewidth decreases linearly with temperature, if extrapolated from the resolution limit of the spec-
trometer. We also note that TbPds shows a distinct CEF transition. Thus, difference of the magnetic
scattering is clear between CePds; and ThPds. For CePds, a quasi-elastic linewidth amounts to about
20 meV, which is nearly three orders of magnitude larger than that in TbPds. It is remarkable that this
width is nearly T-independent in a range of 200—300K. This is again in contrast to the normal Korringa
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Figure 2.12: Scattered neutron intensity as function of energy for the isostructural compounds, (a) YPds,
(b) CePds and (c) ThPd3[53].

behavior observed for TbPd3. Note that below 200 K, the linewidth actually exceeds kgT. Therefore,
the decay of local 4f moments is not driven thermally but quantum mechanically. The hybridization
effect between f- and conduction electrons is responsible for the magnetic ordering or the development
of CEF spectra on a energy scale smaller than I". All these features are a general property in valence
fluctuation compounds with nonmagnetic ground states. Apparently the behavior of T'(T) in the valence
fluctuation regime is well described by eq.(2.101) [54].
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Figure 2.13: Temperature dependences of the quasi-elastic magnetic half-width I'/2 for (a) the valence
fluctuation system CePds and (b) the local moment system ThPd3[53].

2.4.2 Kondo regime
NMR

The Knight shift for non-transition elements such as Al, Si, Sn, As, etc in heavy-electron compounds is
dominated by an isotropic hyperfine interaction, even when the magnetic properties are highly anisotropic.
This empirical result enables us to estimate the low energy scale in the Kondo regime by comparing NMR
of non-Lanthanides elements with the quasi-elastic neutron scattering intensity. In the low energy region,
the ground state doublet in the CEF levels plays a primary role. In this case, from the measurement of
T}, the magnetic relaxation rate I" of the f electron can be extracted by eq.(2.127). In order to compare
the results of the NMR and neutron scattering experiments, we present the 2°Si NMR investigation in
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Figure 2.14: Temperature dependence of the Knight shift K (T") parallel to the tetragonal c-axis, and
K (T) perpendicular to the c-axis in CeRusSis [55].

CGRUQSiQ [55}

From a characteristic powder pattern of the NMR spectrum, the T" dependence of the Knight shift,
parallel (/) and perpendicular (K1) to the tetragonal c-axis in CeRuySi is obtained as displayed
in Fig.2.14. There appears a huge uniaxial anisotropy in the Knight shift. In fact, the anisotropy of
susceptibility measured for the single crystal is as large as x| /x1 =~ 15. From plotting an isotropic
Knight shift defined by K;s, = (K| + 2K 1)/3 against the susceptibility measured for the powder, we
estimate a parallel component of the hyperfine field A and the anisotropy of the susceptibility at 4.2 K
as A = 0.91+ 0.06 kOe/up and x|/x1 =~ 18, respectively. Thus we conclude that the anisotropy of the
Knight shift does not originate from the hyperfine interaction, but from the susceptibility.
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Figure 2.15: (a) Temperature dependences of (1/77) and (1/7%)|. (b) Temperature dependence of Ce
spin fluctuation rate, i/(7kp) = I'|(T') parallel to the c-axis [55].

We now have an adequate knowledge of the transferred hyperfine interaction of 2°Si, which is isotropic
and dominated by the hybridization effect with five nearest neighbor Ce-4f electrons. Next, we inspect
the relaxation result shown in Fig.2.15. Part (a) of the figure indicates the T—dependences of (1/T1);
and (1/771).. Both (1/T1) and (1/T1)1 exhibit a weak T dependence above the temperature at which
both the susceptibility and the Knight shift have a peak. However, below 8 K they follow commonly
the relation T3 T=constant. We emphasize that the value of (T3, 7)~! = 1.0 & 0.05(sK)~! is two
orders of magnitude larger than (717)~! = 0.014 & 0.005(sK)~! for LaRuySis. This verifies that the
relaxation process in the former is governed by spin fluctuations of f electrons. If we take into account
the anisotropic magnetic property in eq.(2.127), (1/71); and (1/71)L are related to the dynamical
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susceptibility components x| (w) and x 1 (w) of 4f electrons as

ImXJ_ wn)

— = 29T — 2.131
T § o (2.131)

. T (wn) (wn)

1 my | (wn Imy | (wy
— = 22T AP (AL P —— 2.132
pir =TS (T L) (2.132)

respectively. By combining the above two formulae, we have the relation
1 1 Imy (wn)

— o = 22T Y (AP (2.133)

E 2T1H " 7 ’ Wn,

where A| ; is the transferred hyperfine field parallel to the c-axis due to five nearest neighbor 4 f spins. In
the present case, one can safely approximate Y ,[A) ;(R;)]* by z(A)/zn)* = A? /2, where A = 0.91£0.06
kOe/up is determined from the plot of Kjs, vs Xiso With z, the number of nearest neighbor 4f ions
(2n, = 5 for 29Si of CeRusSis).

By combining eqs.(2.127) and (2.133), (1/71)) and (1/77) 1 are related to the magnetic relaxation rate
[’y by the formula:

11 K4
Ty, 2Ty pBza

where the experimental relation K (T") = A x||(T)/Npup is utilized with A = 0.914+0.06 kOe/pup. Part
(b) of Fig.2.15 shows the 7" dependence of I'| thus estimated. T'; is difficult to evaluate since K is
almost zero. As seen in the figure, ' is nearly 7" independent with I'j = (16.0 = 1.0)K up to 8K and
increases gradually to 30 K.

This value of I'| extracted from NMR is very close to that from neutron scattering: Fﬁe“”‘m =
(20 £+ 3)K as deduced from the quasielastic spectrum at 1.4 K [56]. This may suggest that the spin
relaxation is governed by fluctuations of f electrons which are almost independent of wave vector.
However, as described in more detail in Chapter 3, intersite magnetic correlations become significant in
CeRusSis at low temperatures. Thus it is likely that the 73 T=constant law below 8 K does not originate
from the single-site Kondo effect but from heavy itinerant electrons.

T(T)) = 272T[— (2.134)

neutron scattering

Experimentally, the magnetic neutron scattering spectra at low 1" consist of the quasi-elastic and several
inelastic spectra. From the former the magnetic relaxation rate I' is extracted. On the other hand, the
inelastic part originates from transitions between the ground state multiplet and several excited CEF
multiplets of 4f shells. Thus one can extract the CEF level scheme by analyzing the spectra.

As a typical example, we present a systematic study of CeMyXo(M=Cu, Ag, Au, Ru, Ni; X=Si, Ge) by
means of magnetic neutron scattering experiments [56, 57, 58, 59]. These Ce-based ternary compounds
with ThCr,Siy type structure involve systems with different ground states: CeNiyGes is paramagnetic,
CeCusSiy is the first heavy-electron superconductor and CeCusGes is a heavy-electron antiferromag-
netic compound which, interestingly, undergoes a superconducting transition under an application of
high pressure. CeRusSiz and CeNisGes are characterized by heavy-electron effective masses, which
reveal neither a magnetic nor a superconducting phase transition. In CeRusSis, there occurs at low
temperatures a pseudo-metamagnetic transition at a critical magnetic field H, = 80 kOe.

We first show the result in CeCusSiz [58]. The neutron scattering experiment has revealed that the
inelastic magnetic part of the spectrum consists of a well pronounced peak at iw = 31.5 meV and, in
addition, a less pronounced peak at hiw = 12 meV. Both peaks are reasonably fitted by two Lorentzians
centered at 1 = hw = kp(135+15)K and Fy = hw = kp(360+20)K, respectively. These two transitions
are assigned to two CEF transitions from the ground state doublet, |0), to the excited doublets, |1) and
|2), expected for Ce3* ions occupying the tetragonal sites. Thus the CEF parameters such as B, BY
and Bj are obtained by simultaneously fitting the splittings F; and Es and the ratio of the intensities.
As shown in Fig.2.16, we can find the CEF level scheme.

On the other hand, the width of the quasi-elastic spectrum I' is a measure of the strength of the
hybridization or the exchange interaction between the f- and the conduction electrons. In rare earth
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Figure 2.16: Crystal electric field (CEF) level scheme of Ce3* in tetragonal CeCu,Sis determined by the
neutron scattering experiment [59].

compounds with a magnetically stable 4f configuration, one expects a Korringa behavior for the quasi-
elastic linewidth as demonstrated for TbPd3 (see Fig.2.13), namely I' = oT where « is typically 1073,
while the valence fluctuation compounds such as CePds and CeSnz show an almost 7" independent T,
reaching typically to 20 ~ 30 meV as represented by CePds in Fig.2.13.

In contrast to these, the relaxation rate in the Kondo regime exhibits a characteristic T-dependence
and probes the presence of a very low energy scale of 10 ~ 30 K. Figure 2.17 shows the summary of
the magnetic relaxation rate T'(T) versus temperature for T > Ty, where Ty is the magnetic ordering
temperature for a series of CeM3X5 compounds with the tetragonal structure. The upper part of Fig.2.17
shows T'(T) of the nonmagnetic CeRuySi; and CeNipGeg, and superconducting CeCuySiz. Then the
presence of such a low energy scale is related to the huge linear term of the specific heat which amounts
to about 1 J/moleK?. Namely the system can be described by renormalized heavy quasi-particles at low
temperatures.

The lower part of Fig.2.17 indicates the results for magnetically ordered compounds with significantly
lower values of I'. Most remarkably, except for CeRusGey and CeAusGes in which T'(T) follows the
Korringa behavior as observed for ThPdgs, all other systems show a distinct deviation from a 71" linear
dependence. Instead I'(T) seems to follow roughly a square-root dependence of I' = AT as drawn by
the solid lines in Fig.2.17. These systems are regarded as heavy-electron antiferromagnets with heavy
quasi-particles where quasi-elastic Lorentzian intensities still survive even below T}.

In a cubic crystal such as Ce; _,La, Al and CeBg, the CEF levels are split into a doublet and a quartet.
The ground state is the doublet I'; in Ce;_,La,Als and the quartet I's in CeBg. On the other hand,
in the tetragonal crystal CeCusSiy, the CEF levels consist of three doublets as presented above. Hence,
these three crystals have CEF states different from one another. By approximating the inelastic neutron
scattering spectra to be of the Lorentzian form, the linewidths of quasi-elastic spectra in CeCusSis,
Cej_,La,Al; and CeBg are displayed in Fig.2.18. As seen in Fig.2.18, an NCA-type calculation with use
of the Cogblin-Schrieffer model reproduces the experiment fairly well, the results of which are indicated
by the solid lines[60]. In CeBg with the larger CEF splitting, on the other hand, the relaxation rate is
closer to the linear behavior.

The T2 like behavior of T seen in CeCusSis and Ceg 7Lag 3Als is due to combination of the CEF and
the Kondo effects. As we have shown in §2.1.5, the Kondo temperature is influenced by the presence of
CEF splittings. If the temperature T is higher than the overall splitting, the effective Kondo temperature
is increased to the value without the splitting. Thus the relaxation rate depends on T as if Tk varies
when T is comparable to the CEF splittings. In the case of CeBg, the large CEF splitting (~ 500 K)
does not produce this behavior.
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Figure 2.17: Temperature dependences of the quasi-elastic Lorentzian linewidth, I'/2 in isostructural
compounds CeMsXs: (a) nonmagnetic CeNiaGea, CeRusSis, and superconducting CeCusSis; (b) anti-
ferromagnetic CeCusGes, CeAgoSis, CeAgoGes, CeAusGes and ferromagnetic CeRuaGes. Solid lines
represents fits using a square root dependence of T'(T")[58].
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Figure 2.18: Comparison between theoretical calculation (solid lines) and experimental data of I'(T)/2
in tetragonal CeCusSia, cubic Ceg 7Lag.3Als and CeBg [60].
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2.4.3 Non-Fermi liquid behavior

In contrast to the 4f electron systems, the spatial extent of the 5f electron states in the uranium based
compounds is larger than that of the 4f electrons and the hybridization with the valence conduction
electrons is stronger. Then the valency of a U ion in a crystal can take either U3+ (5f3), U4 (5f2) or
US*(5f1). Tt was predicted that the interaction between the non-Kramers U4* ion and the conduction
electrons leads to non-Fermi liquid behavior which is characterized by logarithmic or power-law diver-
gence of the physical quantities at low temperatures. The two channel Kondo effect (n = 2, S = 1/2)
discussed in 2.3 is invoked with screening channels induced by virtual transitions between the lowest
CEF doublet of the 5f2 configuration and an excited CEF doublet of the 5f! configuration[41, 44].
A possible experimental signature for the non-Fermi liquid behavior was observed in dilute U system
U, Th;_,RusSiz[61] and U;_,Y,Pds [62]. As shown in Fig.2.19, the magnetic susceptibility Ximp(T)
due to U impurity follows the In 7" dependence over two decades of temperature below 10 K. The reason
for this behavior is not yet understood. We describe some models proposed so far, although none of
them are completely successful.

In the two-channel screening model, the T~! divergence of the paramagnetic susceptibility for the
non-Kramers doublet is marginally suppressed. The numerical solution predicted a simple logarithmic
function of the susceptibility with x(T') = a/Tk In (T /bTk) for T < T, where constant a and b are given
as ~ 0.05 and 2.2[63], respectively. The best fit to the experiment was obtained with T/ =11.1 K. This
impurity model is convenient to explain the fact that x(7") is almost proportional to the U concentration.
However, the residual entropy, which should be released by application of magnetic field, has not been
observed.

Alternative explanations for the non-Fermi liquid behavior are provided based on distribution of Kondo
temperatures [64], and a spin-glass transition very near zero temperature [65].

0.4 T T T T
Uo.mThoAgs;R“zS'e
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0 e 1 — 1 2
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Figure 2.19: Comparison between the U contribution X;mp in Ug.g1 Thg.g9Ru2Sis and numerical calcula-
tion based on the S=1/2 two-channel Kondo model (solid line). Parameters used for fitting are up = 1.7upg
and Tx=11.1 K [61, 63].

To conclude Chapter 2, we would say that the spin dynamics probed by NMR and neutron scattering
techniques can be semiquantitatively interpreted within such impurity models as the degenerate An-
derson and the Cogblin-Schrieffer models as long as high temperature behaviors are concerned. In the
following chapters, we shall see how the strong interaction effects among electrons lead to richer and
more fascinating behaviors at low temperatures.
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Chapter 3

Metallic and Insulating Phases of
Heavy Electrons

In the previous chapters, we have seen that magnetic and thermal properties of heavy electrons are
basically determined by strong local correlation. A signature of the local nature is that the susceptibility
and specific heat are roughly proportional to concentration of Ce in systems such as Ce,La;_,Cug or
Ce,La;_,Bg. The RKKY interaction is operative in bringing about magnetic ordering. The energy
scale of it is given by Jrxry ~ J2p. where J is the exchange interaction between f and conduction
electrons and p,. is the density of conduction band states per site. The RKKY interaction competes with
the Kondo effect which points to the non-magnetic singlet ground state. There exists a rather detailed
balance between these two tendencies. It is expected that the magnetic transition temperature T}y, if it
exists, is lowered due to the Kondo effect. In the opposite case of Tk > J?p., no magnetic order should
occur.

Even in the singlet ground state, intersite interaction should influence residual interactions among
renormalized heavy quasi-particles. It is this residual interaction that leads to a rich variety in the
ground states such as heavy-electron superconductivity, heavy-electron band magnetism, etc. Short-
range magnetic correlation might survive even if the dominating Kondo effect prevents development of
long-range order. We have already seen in Fig.1.3 that electrical resistivity reveals growing importance
of coherence upon increasing concentration of rare-earth ions at low temperatures.

Direct evidence for heavy quasi-particles comes from the de Haas-van Alphen (dHvA) effect which is
the oscillation of the magnetic susceptibility coming from Landau quantization of the electron orbits [36].
Geometry of the Fermi surface can be obtained from the period of oscillation in the differential magnetic
susceptibility as a function of 1/H with H the magnetic field. The effective mass can be deduced from
temperature dependence of the oscillation amplitude. To observe these oscillations, the mean free path
[ of a heavy quasi-particle must be larger than the cyclotron radius: [ > vp/wy where vp is the Fermi
velocity, and wg = eH/m*c is the effective cyclotron frequency of a heavy quasi-particle with effective
mass m*. Furthermore thermal smearing at the Fermi surface must be sufficiently small: T < wg.
With large effective masses and short mean free paths, these conditions require that experiment should
be performed at low temperature and in high field. Measurements of dHvA oscillations have been made
on UPts [1, 3], CeRugSiz [2, 3] and CeCug[4]. In all these cases, heavy effective masses have been
observed.

For UPt3, the Fermi surface obtained by the dHvA effect is in good agreement with that obtained
from energy-band theory [5]. The effective mass on some sheets of the Fermi surface, however, is about
10 to 30 times larger than that deduced from band-structure calculations. This fact shows that there
are significant many body effects which are not described by the standard band theory.

In the present chapter, we shall review paramagnetic heavy-electron states which have both metallic
and insulating phases. The ordered states such as magnetic and superconducting phases will be discussed
in Chapters 4 and 5, respectively. In the following we focus on the growth of intersite coherence, or the
itinerant character of f electrons, mainly in dynamic magnetic properties. As specific examples to see
the subtle role of the intersite correlation in the heavy-electron state, we take typical systems CeCug
and CeRuySis where the Fermi-liquid remains stable at low temperatures even with significant magnetic
correlations. We then discuss UBe;3 and UPt3 mainly in their paramagnetic phase to contrast with the
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Ce systems.

3.1 Formation of Heavy-Electron Metals with Magnetic Corre-
lation

3.1.1 Metamagnetic behavior

CeRu3Siy has electronic specific heat coefficient v = 0.35 J/(mole K?), which is much smaller than 1.6
J/(mole K?) of CeCug, and a little smaller than 0.4 J/(mole K?) of UPt3. A remarkable feature of
this compound is the pseudo-metamagnetic transition. This transition has been observed for a mag-
netic field H.=8 T applied along the tetragonal c-axis in CeRusSis, as shown in Fig.3.1 [8]. Similar
pseudo-metamagnetic transition has also been reported for UPts at much higher fields of 20 T [18] A
metamagnetic behavior has also been observed in CeCug at 2 T. In this case the metamagnetism is faint
and is seen as a peak only in §*M/OH?.

1.2%

0.751

0.5

0.251

Figure 3.1: Magnetization curves for CeRuySis up to 150 kOe at 4.2 and 1.35 K [8].

Decline of the heavy-electron state through H. was found by the dHvA effect [10]. Effective masses
up to 120mg, which are observed below H,., decrease significantly around H. and continue to decrease
with increasing field. Then, it has been proposed that the system above H. may be described in terms
of the localized f electron model [10]. A basis of the proposal is that the Fermi surfaces measured above
H., is similar to those with localized f electrons calculated by the band theory [11]. On the other hand,
in dHvVA experiment for UPt3 the behavior above the pseudo-metamagnetic transition does not suggest
localization of f electrons [3]. We note that if two 5f electrons per UT ion are localized, the size of the
Fermi surface can remain the same as that of itinerant 5f electrons. This aspect will be discussed in 3.3.

We mention that the metamagnetic behavior accompanies large elastic anomaly. The elastic constants
show pronounced softening near the critical magnetic field H. [12] and the magnetostriction is also
anomalous [13]

3.1.2 NMR on CeCug and CeRu,Si,

Figure 3.2 shows the temperature dependence of the nuclear-spin-lattice-relaxation rate 1/T for CeCug
and CeRuaSiy [6]. In the latter case 1/T7, of 29Si is measured under the condition that the c-axis is
aligned along the magnetic field. For CeCug, 1/7) of 53Cu was measured in zero field by Cu NQR.
As seen in the figure, 1/77 is almost independent of temperature above 6 K for CeCug and 12 K for
CeRuzSia. Then 1/T; begins to decrease gradually above 50 K for CeRuySis. This relaxation behavior
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shares a common feature with other heavy-electron systems at high temperatures. As discussed in the
previous Chapter, spin correlation between different sites can be ignored at high temperatures, and 1/T}
is described by the local spin susceptibility x(7') and the magnetic relaxation rate T

The temperature below which 1/7 begins to depend on T is close to the Kondo temperature Ty
which is extracted from analysis of the resistivity and the magnetic specific heat. With further decrease
of temperature, 1/T} follows a behavior T} T=constant, which is called the Korringa law. To see this
clearly, Fig.3.3 shows (T17)~! vs T. It turns out that the Korringa law is valid below 0.2 K for CeCug
and 8 K for CeRusSip. The characteristic temperature in each case is sometimes called the coherence
temperature 7. As discussed in Chapter 1, the Fermi liquid ground state leads to the Korringa law
at low T. This is independent of whether the system is homogeneous or a local Fermi liquid. In the
temperature range where the local Fermi liquid description is valid, the Korringa relation given by
eq.(1.140) should hold.

In contrast to the expectation based on the single-ion model of spin fluctuations, the ratio of T* /Tk
is quite different in CeCug from that in CeRuySiy; T /Tk=0.2/6 =0.03 for CeCug and 8/12=0.67 for
CeRuySis. Furthermore T decreases to 0.08 K in Ceg 75Lag.25Cug [1]. These results show that the
energy scale Tk is not sufficient to describe the heavy-electron systems. It should also be specified by
the coherence temperature, or the effective Fermi temperature, T below which heavy-electron bands are
formed. In contrast to the universal behavior of the Kondo impurity, the dispersion relations of heavy
quasi-particles depend on materials.

Decline of the heavy electron state with the increasing field was also probed by the 77 measurement
of Ru in the field range 0—15.5 T [14]. As shown in Fig.3.4(a), the behavior T} T'=const is not observed
down to 1.6 K around H.. This means that the effective Fermi temperature, T* around H,. is much
lower than that at H < H.; T* ~ 8 K. By contrast, as the field increases more than H., (T1T)~! begins
to decrease as indicated in Fig.3.4(b). Then, the TiT=const behavior is observed only below ~4 K at
15.5 T.

3.1.3 Neutron scattering on CeCug and CeRu,Si,

Neutron scattering can extract information on the single-site fluctuations and intersite magnetic correla-
tions separately by scanning the wave-number and energy. Inelastic neutron scattering experiments have
been performed on single crystals of CeRusSiz and CeCug. At high temperatures, magnetic scattering
can be described by a single quasi-elastic Lorentzian peak corresponding to eq.(2.128). With decreasing
temperatures, antiferro and incommensurate magnetic correlations develop below 70 K in CeRuySis and
10 K in CeCug.

An inelastic scattering study with applied magnetic field has shown that the pseudo-metamagnetic
transition corresponds to the collapse of the incommensurate magnetic correlation. As shown in Fig.3.5
[7], magnetic scattering at incommensurate wave vector Q=(0.7, 0.7, 0) and energy transfer iw = 1.6
meV decreases slightly for field up to H=70 kOe, but more rapidly at higher field. The inflection point
for a decrease of the neutron intensity corresponds to the threshold field H.=83 kOe at 1.4 K in good
agreement with magnetization experiment (see Fig.3.1). At H=98 kOe, it is found that the magnetic
scattering does not exhibit any g-dependence, and the spectrum is quite similar to that observed at
Q=(0.9, 0.9, 0) which is in between the intensity maximum. The latter spectrum represents the single-
site contribution in zero field (see Fig.3.7). Namely, the single-site contribution of quasi-elastic type is
not affected by a magnetic field of 98 kOe which exceeds H, of the pseudo-metamagnetic transition. On
the other hand the intersite contribution of inelastic-type is completely suppressed as seen clearly in the
energy scans in Fig.3.6.

A similar feature was also observed in CeCug at H.=25 kOe, although only a small anomaly appears
in dM/dH [9]. This is probably because the weight of the intersite contribution relative to the single-
site contribution is much smaller in CeCug than in CeRusSis. In both cases the Zeeman energy upH.
corresponding to the critical field H. is of the order of hwy which is the peak energy of the inelastic
neutron scattering spectrum. The finite energy hwg suggests the presence of a pseudo gap in the magnetic
excitation spectrum. In this case the correlation length naturally saturates when the temperature or the
Zeeman energy becomes of the order of the pseudo gap.

Figure 3.7 shows typical g-scan spectra for CeRusSis obtained at 4.2 K with an energy transfer Aw=1.6
meV [7]. In this subsection we take the unit of the wave number as 7/¢ with ¢ the lattice constant along
each principal direction. The peak of intensity at incommensurate wave vectors k; = (0.3,0,0) and
k2 = (0.3,0.3,0) indicates the presence of competing in-plane couplings between first and second nearest
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neighbors. In addition, there is a significant ¢ independent contribution. In these two compounds,
both the single-site and the intersite magnetic correlations seem to coexist at low temperatures. The
former contribution represents about 60 % for CeRusSia and 90 % for CeCug of the weight of the signal
integrated over the whole g-space. As shown in Fig.3.8 for CeCug, the magnetic scattering becomes
independent of T below 7. This indicates saturation of the in-plane correlation length. From the energy

Ce Cu6

)

Correlation.length (A)

Termperature {K)

Figure 3.8: Magnetic correlation lengths along the a- and c-directions as a function of temperature for
CeCu6 [7]

scans performed for various scattering vectors @, the single- and inter-site contributions are analyzed
separately. The single-site contribution can be described by a quasi-elastic Lorentzian, the width I's_;
of which is 2.0 meV for CeRusSis and 0.42 meV for CeCug. These values lead to the Kondo temperature
Tr=23 K for CeRusSis and 5 K for CeCug. The magnitudes of Tk so determined are compatible with
those determined by the coefficient v of the linear specific heat. For 7Tk both compounds possess
comparable values YTk ~ 8000mJ/(mole K). This fact suggests that single-site fluctuations give the
main contribution to . On the other hand, intersite magnetic fluctuations give rise to a broad inelastic
spectrum centered at hwg = 1.2 meV with width I';_; = 0.9 meV for CeRusSiz, and at 0.2 meV with
width 0.21 meV for CeCug. Apparently, there exist two energy scales I's_s and I';_; in the non-magnetic
heavy-electron state. Of these, I's_; is related to single-site fluctuation with the energy scale comparable
to Tk, and hwy ~ I';_ reflects the intersite interaction. Without the intersite interaction Awg should
tend to zero.

Fig.3.9 represents the temperature dependence of the line width I'y;_4 and I';_; for CeCug. Together
with the result of the correlation length shown in Fig.3.8, three regimes are identified:

1. The low-temperature regime T < T; where T; is 1 — 1.5 K for CeCug and 5 — 6 K for CeRusSis.
The correlation length and the line-widths are independent of T', with the former being about
the distance of second nearest neighbors. The magnitude of 7} in CeCug is much larger than the
coherent temperature T* ~ 0.2 K which is deduced from the temperature dependence of 1/77. On
the other hand 7} in CeRusSis is comparable to T* ~ 6 K determined by the NMR.

2. The intermediate regime with 7} < T' < T, where T,,=3 K for CeCug and 10 ~ 15 K for CeRusSis.
The correlation lengths decrease with T' and the line-width I';_s of the intersite contribution
increases rapidly with 7. As a result we have I';_; ~ I's_, above T;,,. The Fermi liquid description
breaks down in this temperature range.

3. The high-temperature regime 7" > T,, where the intersite magnetic correlations collapse and the
single-site fluctuations prevail. The system in this range looks very similar to the dilute Kondo
system.
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Figure 3.9: Temperature dependence of the line-widths, deduced from energy scans for the single-site
(T's—s) and the inter-site (I';_s) contributions for CeCug [7].

3.1.4 UBe13 and UPt3

UBe; 3, which undergoes superconducting transition at 7, = 0.9 K, takes a cubic crystal structure with 8
formula units per unit cell. The U-U distance equals 5.13 Awhich is much too large for direct overlap of
5f wave functions from adjacent U atoms. Macroscopic physical properties of UBe;3 are quite unusual.
Figure 3.10 shows [15] the electrical resistivity together with that of other systems, scaled to the same
value at room temperature, and specific heat. The resistivity increases with decreasing temperature
from room temperature down to 2.4 K where a well-defined peak appears. The resistivity just above
T, is larger than 100u£2-cm. The magnetic susceptibility y at high temperature is large and obeys the
Curie-Weiss law with perr= 3.1 pp. With decreasing T', x tends to a large value. The specific heat
coefficient v increases upon cooling below 10 K, as shown in Fig.3.10(b). It is only below ~ 1. 5 K that
T, T becomes almost constant [17]. The large anomaly of specific heat at T, indicates that the Cooper
pairs consist of heavy electrons. We discuss anomalous superconducting properties of UBe;3 in Chapter
5.

Properties of UPtg are in contrast with those of UBe;3 in a number of ways. The crystal has the
hexagonal structure with the U-U distance 4.1 A. The electrical resistivity is large (~ 100pQ?) at room
temperature, but decreases upon cooling as in ordinary metals. At high temperature, the Curie-Weiss
law with pery = 2.6up is observed with large anisotropy in x. Namely with H in the basal plane, x at
low temperatures is twice of that with H along the ¢ axis. Although there is a peak in x at 14 K, no
specific heat anomaly is observed.

At temperatures lower than 14 K, neutron scattering probed unusual magnetic correlations. There
are three different modes of the magnetic correlations with the propagation vectors Q=(0.5, 0, 1), (0, 0,
0), and (0, 0, 1) in units of the primitive reciprocal lattice vectors. The (0,0,1) mode begins to develop
below ~ 14 K [19], and is observed at high-energy transfer more than 5 meV. The mode has an out-of-
plane antiferromagnetic polarization. At low energy there is another (0,0,0) mode which is interpreted
in terms of paramagnons, or particle-hole excitations of heavy quasi-particles [20]. This ”slow” quasi-
particle component of the spin relaxation process is similar to what has been identified in other systems
such as liquid *He [21], paramagnetic 3dtransition metals with strongly enhanced susceptibilities and
weak ferromagnetic 3dmetals with small spin polarizations. These behaviors in the normal state are
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Figure 3.10: (a) The resistivity versus temperature for UBe;3 together with that of other compounds.
Note that resistivities at room temperature have been normalized to the same value as that of UBe;3
[15]. (b) The specific heat C,, of UBe;3 divided by temperature in the normal state [16]. The inset shows
the specific heat near the transition temperature 7T, of superconductivity.

consistent with the itinerant model of f electrons. In UPt3, however, there is also a “fast” contribution
with a weakly ¢-dependent characteristic frequency. The “slow” component in Im x(¢,w) accounts
for about 20% of the total static susceptibility [20] according to the Kramers-Kronig relation. This
contrasts with the result in 3d transition metals where a well defined quasi-particle contribution to Im
x(¢,w) accounts for the total static susceptibility in the limit ¢ — 0. This difference between UPts and
3d systems may be ascribed in part to larger strength of the spin-orbit interaction as well as stronger
tendency to localization in 5f systems. The paramagnon mode may mediate the triplet pairing in UPt3
as discussed in Chapter 5.

We turn to unusual behavior of antiferromagnetism at @ = (0.5,0,1). It was reported by means of
neutron scattering [22] that UPts has antiferromagnetic order below 5 K. However the spin correlation
length remains finite with 85 ~ 500 Adown to 100 mK. No trace of the magnetic transition was reported
in the specific heat [23], the static susceptibility [24], and the Knight shift [25] down to 100 mK. With
further decreasing temperature, however, neutron scattering [26] and specific heat [27] measurements
suggest onset of the long-range order below 20 mK. If this is true, the “quasi-ordering” below 5 K is
characterized by a time scale much larger than that of neutrons (typically 10~!2s), but much shorter than
that detected by NMR (typically 1076 ~ 10~8s). What is unusual is the spin correlation length of about
300 Awhich is much longer than that in typical magnetic systems above the magnetic transition. Origin
of these unconventional magnetic correlations is not understood yet. Relationship of the quasi-ordering
to superconductivity is discussed in Chapter 5.

3.2 Semiconducting and Semimetallic Phases of Heavy Elec-
trons

3.2.1 SmB;

There is a class of materials called Kondo semiconductors which are characterized by a small energy
gap in the electronic excitation spectrum at low temperatures. In SmBg and YbBi2, the energy gap
amounts to 50-100 K as identified by the exponential increase of the resistivity and 77, or by optical mea-
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surements. In contrast with usual semiconductors, the magnetic response of the Kondo semiconductors
shows unexpected complexity. A typical example is SmBg which is a mixed-valence or valence fluctuating
compound with average valency of Sm™2-%6. In this system, it is established that the two configurations,
|4£6) and |4f°5d) of Sm are mixed in the ground state as a result of hybridization. Figure 3.11 shows a
set of magnetic neutron scattering spectra obtained at 1.8 K. The Q-vectors point to different directions
with respect to the crystal axes, but have the same magnitude |Q| = 1.5A4~" [28].
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Figure 3.11: Low temperature (T'=1.8 K) energy spectra of SmBg for three different @ values having
identical |Q|=1.5 A~' [28].

A sharp peak appears in the spectrum at fiw=14 meV and Q@=(0.5, 0.55, 0.5) in units of the primary
reciprocal lattice vectors. In the bottom of Fig.3.12, the scattering intensities are plotted for different
Q (open circles in the inset). There is a substantial anisotropy that the form factor F(Q) is large
along the Q=(1, 1, 1) direction, whereas it is markedly reduced along Q@=(0, 1, 1) and vanishes along
Q=(1, 0, 0). Furthermore, the intensity is unexpectedly reduced with increasing |@Q| along the direction
Q = (0.5, q, q), which is incompatible with any plausible Sm?* form factor as indicated by dash-dot line
in the upper part of Fig.3.12. These features of the magnetic excitation at hiw=14 meV were ascribed
to the 4f°5d component of the mixed-valence state.

An excitonic bound state has been invoked to explain the spectrum [28]. According to this model,
electrons in the 4f orbital are strongly coupled with holes in the six 5d orbitals of the neighboring Sm
sites. Then the ground state has bound states analogous to excitons. The inelastic feature observed at
low T' corresponds to breakup of excitons. As shown in Fig.3.13, the inelastic intensity rapidly falls off
in a temperature range of around 20-40 K, which is comparable to the electronic gap A. This decrease
may indicate that the excitonic bound state becomes unstable by thermal population of itinerant d-band
states.

3.2.2 CeNiSn and CeRhSb

CeNiSn and CeRhSb crystallize in the orthorhombic e-TiNiSi type structure, and have a very small
pseudo energy gap of a few Kelvin. The magnetic susceptibility, the resistivity and the thermoelectric
power have peaks around T,.;, ~ 12-20 K. These peaks are ascribed to the formation of heavy-electron
state and simultaneous development of antiferromagnetic correlations. The transport properties are not
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Figure 3.12: Radial (upper part) and angular (lower part) variations of magnetic scattering intensity
associated with the peak at fiws ~ 14 meV in SmBg; inset shows trajectories within (011) scattering
plane corresponding to these plots [28].
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like a semiconductor, but metallic along all crystal directions [29]. From the temperature dependence of
1/Ty of 118Sn and *23Sb in CeNiSn and CeRhSb, the presence of a pseudo energy gap is suggested in the
spin excitation spectrum. However the density of states at the Fermi level is finite as shown in Fig.3.14.
The T dependence of 1/T} is well reproduced by the effective density of states N¢r(E) modeled with a
V-shaped structure [30]. for the quasi-particle bands as illustrated in the inset of Fig.3.14. The presence
of the tiny density of states at the Fermi level is consistent with a semimetal with very low carrier density.
In comparison with the isotropic gap in SmBg, the pseudo energy gap with a few Kelvin seems to be
anisotropic as judged from the temperature dependence of the resistivity. These correlated semimetals
exhibit interesting behavior that the pseudo gap of the charge response is larger than that of the spin
response.
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Figure 3.14: Temperature dependence of 1/T; for *'?Sn in CeNiSn and '23Sb in CeRhSb. Inset illustrates
the effective density of states N.r¢(F) modeled with a V-shaped structure with a finite value near the
Fermi level [30].

From the next section, we turn to theoretical consideration how to understand the metallic and insu-
lating characteristics of heavy electrons.

3.3 Momentum Distribution and the Fermi Surface

However strong the correlation effect, there is a one-to-one correspondence between a quasi-particle
state and a noninteracting counterpart provided that the Fermi liquid is realized. If a single-particle
state in the free system is occupied, the corresponding quasi-particle state is also occupied. From this
it follows that the Fermi surface of quasi-particles encloses the same volume (Fermi volume) in the
Brillouin zone as that of free electrons. This property is often referred to as the Luttinger sum rule. We
sketch a mathematical proof of the sum rule in Appendix G. In this section we show that the momentum
distribution of bare electrons in strongly correlated metals is much different from that of quasi-particles.
The global distribution is rather similar to the case of localized electrons. This feature of heavy electrons
is important in understanding consistency between various experiments with different energy resolutions.

Let us first consider a trivial case where the system consists of monovalent atoms with a single atom
in the unit cell of the lattice. The Fermi volume is half the volume of the Brillouin zone in an ordinary
metal. We ask what happens in the case of heavy electrons. If f electrons participate in forming
the quasi-particles, the Fermi volume is determined by the total number of electrons including the f
electrons. If f electrons are localized, on the contrary, only the conduction electrons contribute to the
Fermi volume. Thus information on the size of the Fermi surface gives an important hint on the nature
of heavy electrons.
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The standard model for investigating heavy electrons is the Anderson lattice. The model is character-
ized by a periodic arrangement of f electron sites and is given by

Hyr = Z [ekCLnga + Vk(cir(dfkg + f&ackg)] + Z

e8> fhfio + UL fiL fir (3.1)
kO’ o

where fj._ is the annihilation operator of an f electron with momentum k and spin o, and f;, is the one
localized at site i. In the trivial case with U = 0, the model can be solved easily and gives two hybridized
bands. If the total number N, of electrons is twice the number N, of lattice sites, the system becomes
an insulator since each k state can accommodate two electrons with up and down spins. Otherwise the
Fermi level is somewhere inside the band, and the system becomes metallic. If perturbation theory with
respect to U is valid, the area of the Fermi surface must remain the same as U increases. This adiabatic
continuity of the states with respect to U is precisely the condition for the validity of the Fermi liquid
theory.

In order to clarify the peculiarity of the momentum distribution in heavy-electron systems, we first
consider a one-dimensional system and assume the presence of large Coulomb repulsion U. Precisely
speaking, the Fermi liquid is unstable in one dimension against formation of the Tomonaga-Luttinger
liquid state [31, 32]. We neglect this aspect here because we are interested mainly in the size of the Fermi
surface, the location of which is common to that in the Tomonaga-Luttinger liquid. Let us assume for
definiteness a particular case where the total number N, of electrons is 7/4 times the number N, of lattice
sites. If the f electrons are itinerant, the Fermi momentum is 77/(8a), and the lower hybridized band
is partially occupied. Here a is the lattice constant. The upper hybridized band is empty. On the other
hand, if there is no hybridization nor magnetic ordering in the f electrons, the number of f electrons
per site is unity. Then the momentum distributions nj, n£ for conduction and f electrons, respectively,
become like the ones shown by the dashed line in Fig.3.15. The Fermi surface of conduction electrons is

0 0.25 0.5 0.75 1
ka/t

Figure 3.15: Schematic view of the momentum distributions of (a) ¢ electrons, and (b) f electrons.

at k = 3n/(8a) without hybridization. The number N, of conduction electrons is equal to 3Ny, /4. With
large U and small hybridization, the momentum distribution becomes like the one schematically shown
by the solid line in Fig.3.15. Globally the distribution is not very different from the case of localized f
electrons. But the location of the Fermi momentum is the same as the case with U = 0. We note that
the k-dependence of the f electron distribution means the presence of charge fluctuations. To see this
we note that in the case of a pair of Kondo impurities the momentum dependence corresponds to the
even-odd splitting of molecular orbitals.



88 CHAPTER 3. METALLIC AND INSULATING PHASES OF HEAVY ELECTRONS

We give a simple example of a variational wave function for the itinerant case. Namely we consider
U given by [33]

Up="P H(l + o fl, cro)dn, = Pexp (Z Oékf;iﬁm) ON., (3.2)
ko ko

where ¢, represents the wave function of N, conduction electrons and vacant f orbitals. The operator
‘P is a projection operator to exclude double occupation of f electrons at any site, and is often called the
Gutzwiller projection. The variational parameter «y should be optimized so as to minimize the energy.
In the case of large U, numerical integration with use of Monte Carlo sampling [34] yields a momentum
distribution similar to the solid line in Fig.3.15. If o, is large compared with unity, each site has almost
one f electron. Then the discontinuity in n£ at the Fermi surface becomes small, but the location remains
the same. In the case of N./N = 7/4, the location of the Fermi surface is at k = 77/(8a) which is
called “the large Fermi surface”. Here N, determines the location. We note that a significant but
smooth change of n* appears at the position of “the small Fermi surface”, which is determined only by
N, as shown in Fig.3.15(a). The smooth change in n§ takes advantage of hybridization. A very simple
description of quasi-particles with the large Fermi surface is provided by a mean-field theory. This is
sometimes called the renormalized band picture [35] which contains a parameter to describe reduction
of hybridization and another to describe the shift in the f electron level. The parameters are optimized
by the same procedure as in the case of the impurity Anderson model.

In the particular case where N, = 2NN, W corresponds to a state where the electrons fill completely
the lower hybridized band. In this case the Fermi surface is absent and the system becomes an insulator
at absolute zero. This state goes continuously to the usual band insulator as U decreases. In the opposite
case of large U, however, the magnetic and dielectric properties of the system reflect the effect of strong
correlation. This should be evident if one considers the high temperature regime where the localized
picture becomes better than the band picture. The system in the large U limit is called the Kondo
insulator.

Let us come back to the metallic case with U and |ey| large as compared with V2p.. Then the ground
state has almost unit occupation of f electrons at each site. The effective model excluding the empty
and doubly occupied f sites is given by

Hgp = ZekCTkUCka + JZ Si- s, (3:3)
ko i

where S; is the spin operator of f electrons, and s; of conduction electrons at site . The latter is given
by

1 ; |
8 = 5 % XB: Ceo Tapcps expl—i(k — p) - Ry]. (3.4)

The model (3.3) is referred to as the Kondo lattice. Various numerical results show that the location of
the Fermi surface in the Kondo lattice is the same as the Anderson lattice with the same number of total
electrons [42]. Thus the electronic state is continuously connected even though the charge fluctuations
of f electrons become infinitesimal. This situation is analogous to the single-impurity case where the
Kondo model without the charge fluctuation has the same fixed point as the Anderson model with U = 0
[38].

One might check possibility of the small Fermi surface for the Kondo lattice. With N./Nj, = 3/4,
for example, can the discontinuity in n* occur at k = 37/(8a) in a paramagnetic ground state? Such
ground state should be realized if the f electrons were completely decoupled from conduction electrons,
and would form a spin chain in the presence of additional intersite exchange interaction. Provided that
hybridization or the Kondo exchange between f and conduction electrons acts as irrelevant perturbation
to this decoupled state, the perturbed ground state would still have the small Fermi surface. Such ground
state is often called the doped spin liquid. This name emphasizes the difference from the Fermi liquid
with a large Fermi surface. An exact analysis [39] suggests that the doped spin liquid is unlikely to be
realized in one dimension; the density fluctuation has zero excitation energy at the wave number ¢ = 2kp,
where kg is the large Fermi surface including localized f electrons. This result is naturally interpreted
in terms of the particle-hole excitation across the large Fermi surface, but is hard to be reconciled with
the small Fermi surface. Realization of the doped spin liquid in three dimensions is even more unlikely;
in higher dimensions with a large number of neighbors the localized f electrons favors a magnetically
ordered ground state rather than a singlet liquid.
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So far we have assumed that there is at most one f electron per site. In the case of two f electrons
per site as in U**, we encounter different situation concerning the size of the Fermi surface. Namely,
the size can be the same independent of whether the f electrons are itinerant or localized since the f
electrons in total can fill an energy band completely. This raises an interesting question how one can
distinguish between the itinerant and localized states for a system with an f? configuration [40]. It
cannot be excluded that a band singlet state changes continuously into a localized state with the CEF
singlet at each site as parameters of the system are varied [41]. The difference in the dHvA behavior,
as discussed in 3.1.1, between UPts and CeRuySis after the pseudo-metamagnetic transition might be
related to different numbers of f electrons per site.

At finite T, the discontinuity in the momentum distribution is absent. Therefore one needs a criterion
other than the momentum distribution to distinguish the itinerant and localized states. There are a
few experimental methods to measure the Fermi surface. The most popular is the dHvA effect. A
characteristic property in some heavy electron systems is that the Fermi surface changes rapidly at a
particular value of magnetic field as discussed in 3.1.1. This change, though rapid, seems to be smooth
even at the lowest accessible temperature [37]. On the other hand, particular care is required if one tries
to measure the Fermi surface with limited resolution, say in photoemission. The large (but smooth)
change of n§ at k = 37/(8a) in Fig.3.15 might easily be mistaken for the Fermi surface.

In order to treat the correlation effects more quantitatively than presented above, an effective medium
theory turns out to be useful, and will be explained below.

3.4 Dynamic Effective Field Theory

As we have seen in Chapter 2, perturbation theory from the limit of infinite degeneracy is very successful
in dealing with the Kondo effect. In order to deal with the lattice of Kondo centers, which makes up the
heavy-electron state, we also pursue a simplifying limit which makes the problem tractable. The proper
limit in this case is the infinite spatial dimension d. The limit makes a kind of effective medium theory
exact. This effective medium is not static as in the conventional mean-field theory, but dynamic. The
dynamics is to be determined self-consistently [43]. Before considering the dynamic effective field theory
for heavy electrons, we take the Ising model to clarify the basic idea of the effective field.

Since the following involve a little advanced mathematics, those who are interested mostly in explicit
results for heavy electrons are advised to go straight to 3.6.

3.4.1 Effective field in the Ising model

In the system of Ising spins, it has long been known that one can regard the reciprocal number of
neighboring spins as the expansion parameter [46]. In the case of the nearest-neighbor interaction, the
number of neighboring spins increases as the dimensions of the system increase. Then the mean-field
theory with use of the Weiss molecular field corresponds to the lowest-order theory, which becomes exact
in infinite dimensions. In the next order, one partly includes the fluctuation of the mean field. This level
of the theory is called the spherical model [46].

The ferromagnetic Ising model under a magnetic field h in the z direction can be written as

H=-JY oioc;—hY o, (3.5)
(i) i

where (ij) are the nearest neighbor sites, J > 0, and the variable o; takes =1. The unit of the magnetic
field is taken so that h has the dimension of energy. The molecular field hy, at a site ¢ is defined by

hw =J Y (oj)=Jzxm (3.6)
jen(i)

where n(7) denote the set of nearest neighbor sites of which number is z,, and (o;) = m is the average
of o; to be determined later. In the d-dimensional hypercubic lattice one has 2, = 2d. The Hamiltonian
is rewritten as

N N
H=—(hw +h) Z" - J;(Ji —m)(oj —m)+ ?Jznm? = Hy+ Hy + 5Jznm2, (3.7)
1 1,]
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where N is the total number of lattice sites. The term Hy gives the mean-field Hamiltonian, and H;
accounts for contribution of fluctuations. If we neglect Hy, the spins under the effective field hy + h
become independent of each other. Then we can easily calculate the magnetization as

m = tanh[B(hw + h)], (3.8)

with 8 = 1/T. Together with eq.(3.6), hy is determined self-consistently. The susceptibility x = dm/0h
in the mean-field approximation (MFA) is calculated as

X0

3.9
— (3.9)

XMFA =
in the limit of Ay +h — 0. Here xo = 3 is the susceptibility of an isolated spin. The xrra is divergent
at the Curie temperature T, = Jz,.

Let us now evaluate the importance of H; as the perturbation Hamiltonian. The average of H;
vanishes by the definition of m. Hence the lowest-order contribution to the free energy becomes

_B
2

(H?) = — 1 NB(Tzn) (0 — m). (310)
From eq.(3.8) we obtain
((oj —m)?)? = cosh™*[B(hw + h)]. (3.11)

As z, gets larger with T, kept constant, the fluctuation contribution has the extra small factor 1/z,.
Even in the case of h = 0 at T = T, where the fluctuation reaches a maximum, the contribution
is O(NT,/zy). This is smaller than the mean-field contribution by 1/z,. Higher order contributions
have higher powers of 1/z,. Hence in the limit of large dimensions one can neglect deviation from the
mean-field theory for all temperatures.

In the realistic case of finite d, however, the mean-field theory is only approximate. The most serious
drawback is the excess counting of the exchange field. Namely a part of the mean field felt by a spin at
certain site originates from this spin itself. A correction of it in dielectric media has led to the Clausius-
Mossotti formula for the susceptibility. The correction includes the concept of the reaction field of
Onsager[46]. We now derive the O(1/z,) correction to the susceptibility. For simplicity we consider only
the paramagnetic phase with m = h = 0. In order to identify the O(1/z,) correction, it is convenient to
introduce spinless fermion operators f;r and f; at site ¢ by

o =2f1f; —1. (3.12)
The spin susceptibility in the mean-field theory corresponds to the RPA for the charge susceptibility
of fermions. Some lower order corrections to the elementary bubble are shown in Fig.3.16. The set of

diagrams corresponds to the irreducible susceptibility x1, which cannot be separated into two pieces by
cutting a line representing the exchange interaction. The exact susceptibility is given by the same form

Figure 3.16: Examples of corrections to the bubble: (a) O(1/z,) corrections, (b) O(1/22) corrections.

as eq.(3.9) provided the irreducible susceptibility x; is used in place of . It is important to notice
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that the vertex part in the lowest-order is diagonal in site indices. Thus to O(1/z,) we can regard x; as
site-diagonal. The fermion representation is in fact used only to show this property.
We parametrize x; as

Xit=xot A (3.13)
where A represents the local-field correction. The k-dependent susceptibility x (k) is given by
x(k) "t =x7" = J(k), (3.14)

where J(k) = J ) scos(k - d) is the Fourier transform of the exchange interaction with § pointing to
each nearest-neighbor. Let us now consider the local susceptibility which is given by the k-average of
x(k). The very special feature of the Ising model is that each spin is a conserved quantity independent
of the exchange interaction. Then the local susceptibility is simply given by 3(c?) = 3 which is the same
as xo. Then we obtain .

AT (Jk = N8’
which determines A\ at each temperature. Equation (3.15) is known as the spherical model condition
[46]. With this condition the right-hand side of eq.(3.15) without Avy gives x(k)/f. We remark the
similarity of the susceptibility given by eq.(3.14) to eq.(1.107) of the mode-coupling theory of itinerant
magnetism. However the different definitions of A in these two cases should be noted. The reaction field
included in the 1/z, correction can also be interpreted as a mode-coupling effect.

(3.15)

3.4.2 Dynamic effective field for fermions

One can naturally ask whether it is possible to set up a mean field for itinerant electrons so that the
theory becomes exact at d = co. Provided such a mean field is found, the problem is reduced to solving
an effective single-site problem under the mean field, together with determining the mean field self-
consistently. Obviously the mean field introduced in the Hartree-Fock approximation is inappropriate in
this case because the number operator for each spin experiences large fluctuations.

As a preliminary to set up the mean field, we derive an important bound for the thermal Green
function gg[7] = —(TTckU(T)cJ’;U(O»O for noninteracting electrons. Let the single-particle energy ¢j, be
measured from the Fermi level. By definition we have

—[1 = fleg)lexp(—exr), (1 >0)

_ 3.16
9117] { Fler) exp(—eger), (r <0). (3.16)

Combining both signs of 7 we obtain the bound [47]

1 _
9k [7]] < 5 exp(Bleg|/2) cosh™ (Bleg,|/2) < 1. (3.17)
Therefore the site representation g;;[7] = —<TTcw(T)c}U(O)>0 of the Green function satisfies the inequal-
ity
1
S laslrll? = 3 lag el < 1. (3.18)
J k

We note that the number of lattice sites IV is equal to the number of wave numbers k inside the Brillouin
zone. If the number of equivalent sites from a site i is z,, the inequality leads to the upper bound
for the off-diagonal element as g;;[7] = O(1/,/z,). On the other hand, the diagonal element g;;[7] is of
order unity. One can prove the same inequality for the exact Green function G;;[7] by using the spectral
representation. Hence at d = oo, one can neglect the off-diagonal element G;;[7] = —(T-c¢i» (T)C;[U(O» in
comparison with the diagonal one. One should notice that the inequality is valid for all temperatures,
and is independent of the choice of the energy scale.

Arbitrary Feynman diagram for the self-energy X[7] has its skeleton consisting of U and G;[7']. We
can now see that dominant contribution comes from Gy;[7'] at d = co. Thus X[7] does not depend on
k [48]. This local property of the self-energy is in common with the result of the Coherent Potential
Approximation (CPA) for disordered systems without mutual interactions [49, 51]. The CPA becomes
indeed exact in infinite dimensions, and the Fourier transform of X[7] to the frequency space is called the
coherent potential, which is a kind of mean field. In interacting many-body systems it is convenient to
introduce the self-energy, or a related quantity A(z), as the dynamic mean field as we shall now explain.
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Falicov-Kimball model

We explain the concept of the dynamic effective field first by taking the Falicov-Kimball model [57].
Because of the simplicity of the model, the self-consistent solution can be derived analytically. The
model is given by

HFK:_Ztijczcj+Zeffini+UZfleicjci’ (8.19)
ij i @

It is equivalent to the special case of the Hubbard model where the down-spin electrons have zero transfer
and are regarded as spinless f electrons. We first derive intuitively the equation to determine the effective
field. Let us look at a site ¢ = 0 and remove for the moment the Coulomb repulsion U only at the site.
The on-site Green function in this fictitious system H is written as D[r] = —(T,co, ()¢}, (0))o. The
Fourier transform D(z) is given by D(z)~! = z — A(z) where A(z) accounts for the hopping motion to
and from the other sites. The actual Green function D(z) of Hpy should incorporate the effect of U at

the site in the form of the self-energy (z). Then we obtain the relation
D(z)7t =2z - \2) — 2(2). (3.20)

On the other hand, D(z) is also regarded as the site-diagonal element of the Green function G;;(z) with
full inclusion of U at each site. In other words D(z) is given by the momentum average of the Green
function G(k, z) = [z — e — 2(2)]7!. Namely
1
D(z)=Avp,———————— =Dp(z— % 3.21
() = Avi sy = Dole — 36)) (3.21)
where Dy(z) is the Green function with U = 0 at all sites. Note that the appearance of Dy(z) is due
to the momentum independence of the self-energy. This relation to Dy(z) simplifies the calculation
enormously. Figure 3.17 shows schematically the concept of the effective impurity.
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Figure 3.17: Illustration of an effective impurity and the dynamic effective field. In (b) the interaction
with other sites is represented by A(z), and in (c) the Coulomb interaction at the impurity site is further
represented by X(z).

In this way we have obtained two independent relations egs.(3.20) and (3.21) for each z among the un-
knowns D(z), A\(z), X(z). This relations match the effective field and the intersite interaction. If one can
solve the effective single impurity problem and can establish another relation between D(z), A(z), X(2),
then the Green function G(k, z) can be derived explicitly.

The Falicov-Kimball model has the special feature that the f electron occupation number ny is a
constant at each site. Because of this, one can solve the effective impurity problem exactly. Namely
D(z) is given by
1-—mn; ng

D =
(2) z—)\(z)+z—)\(z)—U’
The Green function for the Falicov-Kimball model is thus derived with use of egs.(3.20), (3.21) and
(3.22).

Examples of density of states often used are the Gaussian p(€), the semielliptic pz(€), and Lorentzian

pr(€) ones. The actual forms are given by

1 €2 1 5 1 A
pG(e)—mAeXp[—2A2], pE(e)—; A% — €2, pL(e)—;-m. (3.23)

(3.22)
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The Gaussian pg(€) is obtained by extrapolating the simple cubic lattice to d = co. The nearest neighbor
hopping t is scaled so as to give A? = 2,2 [60]. On the other hand py(€) corresponds to the Bethe lattice
of the Cayley tree with infinite number of nearest neighbors [61]. It is known that one can construct the
single particle spectrum from arbitrary density of states [62].

As the simplest case to derive the analytic solution, we take the Lorentzian density of states p;,(¢) for
the conduction band. We have Dg(z) = (2 +iA)~! with Im 2z > 0, and from comparison of eqs. (3.21)
and (3.22) we obtain A(z) = —iA. Here A has the meaning of the half-width of the band. The Green

function is given by
_ 1-— nyg ng

D(z) = 24
G=Atira (3.24)

and the self-energy by
UQNf(l —Nf)
z+iA—=U(l—ny)’

Y(z) =Uny + (3.25)
In eq(3.25) we see how the higher-order correlation modifies the MFA result given by the term Uny.

It turns out that the self-consistency equations for D(z) are the same as the one in the CPA [49, 51].
To see the origin of equivalence we may regard €; as a random variable so that the probability of having
potential U for conduction electrons is given by ny. For the Hubbard model, the CPA corresponds to
an approximation called the alloy analogy [15]. Of course the alloy analogy is not exact in the Hubbard
model in contrast to the Falicov-Kimball model. This is simply because the occupation number of either
spin is not a constant of motion in the Hubbard model.

We comment on the stability of the solution for the Falicov-Kimball model. If the average occupation
ny is between 0 and 1, the homogeneous state corresponding to the above Green function becomes
unstable at low temperatures. This instability shows up as divergence of the charge susceptibility with a
certain wave number, which corresponds to a charge density wave pattern [57]. The instability inevitably
arises because the entropy associated with the charge disorder is not removed in the homogeneous state
even at T'= 0.

dynamic variational principle

In the intuitive derivation above, one may wonder whether the self-energy 3(z) of the effective impurity
is indeed the same as that of the whole system. In order to inspect the problem on a more solid basis, it
is convenient to use the variational principle combined with path integral representation of the partition
function Z. Instead of the Falicov-Kimball model we now take the Hubbard model as the next simplest
model. In a symbolic notation, the partition function Z is represented by

Z = Trexp(—pH) = /DCTDceXp(—ﬁL’),
L = —tr(cfgle) + Hy,
where g~! is the inverse matrix of the Green function without the interaction part Hy, and the two-
component Grassmann numbers ¢ (spin index omitted) correspond to annihilation operators of up- and
down-spin electrons. The symbol tr represents the trace over sites, spins and Matsubara frequencies. The
path integral representation is explained in detail in Appendices F and G. With use of the site-diagonal
self-energy matrix ¥, we define the renormalized Green function matrix G by G=! = g~! — ¥. The
unknowns 3 and G are to be optimized variationally.
According to the many-body perturbation theory [52, 53] as explained in Appendix G, the thermody-
namic potential Q of the system is given by

BQ = ®{G} — tr(2G) — trIn(BG™), (3.26)

where ®{G} satisfies the relation 6®/G = X. Since ¥ is diagonal in site indices, ® depends actually
only on D which is the site-diagonal element of G. Hence the second term in the right hand side also
depends only on D. In order to exploit the situation we decompose the Lagrangian £ as £ = Lg + Lint
[54]. Here

Lo = —tr(c'G7e), Lin = Hy — tr(c'Xe). (3.27)

We regard L as the unperturbed Lagrangian. If one keeps this part only, the path integral leads to
the third term of eq.(3.26). The sum of the first and the second terms represents the correction due to
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Lint, which depends only on D at d = co. Hence in evaluating the interaction parts with the statistical
distribution specified by L, one may replace every Green function G by D. Namely we can approximate
the partition function as Z = Zg(Z1/Zp)" where

Zg = det(3G™Y), Zp = det(BD7Y), (3.28)

Zy = /chpco exp[B Y _ by (D! + T)cos — BHun]. (3.29)

no

Here Z; and Hy; stand for the single-site contribution, and the summation in eq.(3.29) is over spin
states and the Matsubara frequency ie,,.

Evaluation of Z; is tantamount to solving the effective single-site problem in the presence of a dynamic
external field. If one can solve the problem for arbitrary ¥, one can optimize ¥ such that the thermody-
namic potential Q = —T'In Z is minimized. Then one can get the exact solution at d = co. In reality the
stationary condition instead of the minimum condition is used to obtain the self-consistency equation
for the Green function. By differentiating each term constituting —3¢2 = In Z, we get the equation

1 6lnZ 5D (i€,) !

B . . §D(i6n)_1
Nox(iey ~ Ple) = Plien) =555 88 (ien)

+Gl(%6n)[1+ 5E(i€n) B

(3.30)

where the third term in the right hand side comes from Z;, and G;(i¢,) represents the Green function
of the effective single impurity. We notice that the Green function without Hyr is given by [D(ie,) ™" +
Y(ie,)] ™. Introducing the self-energy correction due to Hyry as ¥i(ie, ), we obtain

Gi(i€n) ™t = D(ien) ™" + X(ien) — By (ien). (3.31)

Then the stationary condition §Q2/6% = 0 leads to G(i€,) = D(iey), namely X(ie,) = X;(i€,). Thus
the relationship between D(z) and X(z) reproduces eq.(3.21). Note that the stationary condition is
independent of the way we solve the effective single-site problem. Equation (3.21), which has been
derived for the Falicov-Kimball model on intuitive grounds, is in fact valid also for the Hubbard model
[58, 59]. It is also valid for the f electron Green function in the Anderson lattice model [54, 55, 56] which
we now discuss.

The partition function for the Anderson lattice is given by

B
Z = Trexp(—ﬂﬂAL):/DfTDchTDcexp (—/ mcm),
0

0 0
L = Z(Czaackg—ﬁ-fliaajfka)—&-HAL.

ko

Since the Lagrangian is bilinear in ¢/ and ¢, the integration over them can be done explicitly. The result

1S
B8
ZC/DfTDfexp (—/O dr(Ly +chyb)> ,

0

7 dr

Z

153
Lip(r) = V230 / dr' £ (D)gig (r — ) 1o (7).

ijo

where Z, is the partition function of the conduction electrons without hybridization, and the hybridiza-
tion is assumed to be local for simplicity.

The f electron Lagrangian obtained above is reduced to that in the Hubbard model if Ly, is replaced
by the transfer term without retardation. The presence of retardation in L., makes no difference,
however, in deriving the self-consistent medium. Writing the on-site Green function of f electrons as
Dy(z) we again introduce A(z) and X;(z) the former of which represents effective hopping through
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hybridization, and the latter accounts for the Coulomb interaction at the site. The variational procedure
gives the self consistency equation

V2
z—ek

D) =lm e AD -Z = g X (sme - @) )
k

One has to solve the effective single-impurity problem to derive 3 ;(z) under given values of A(z) and U.

reduction to the Anderson impurity model

In order to solve the effective single-impurity problem in the Anderson lattice or in the Hubbard model,
it is convenient to map to the single-impurity Anderson model [58]. Namely we use the spectral repre-
sentation of the effective field \(z) as

2
Az) = Aeer]i[Z%, (3.33)
k Cc

where the constant part Aes represents a shift in the local electron level, V} is the effective hybridization,
and e.(k) represents the spectrum of fictitious conduction electrons in the Anderson model. For a given
A(2), Vi, and e.(k) are not uniquely determined. Thus one has a freedom to choose a combination that
is most convenient for the calculation.

In the case of the paramagnetic ground state, the mapping to the Anderson lattice leads to two
remarkable identities related to local response functions. The first is that the Wilson ratio tends to 2
according to eq.(2.39) as the charge fluctuation is suppressed. The second is the Korringa-Shiba relation
given by eq.(2.71) is valid. Note, however, that the local static susceptibility can be much different from
the homogeneous susceptibility in the presence of intersite interactions. The local dynamic susceptibility,
on the other hand, is directly probed by the NMR.

As the special case where the self-consistency equation is solved analytically, we take the Hubbard
model at d = co with the Lorentzian density of states for the conduction band. The center of the band
is taken to be €5, namely

pre) = (A/m)l(e —€p)* + AL,

To see why the analytic solution is possible in this case, we observe that eq.(3.21) leads for Imz > 0 to
D(2) = [z — ey — X(2) +iA]H, (3.34)

which takes the same form as the f electron Green function in the single-impurity Anderson model with
the constant density of states p. for the conduction band and hybridization V. Namely the correspon-
dence is A = 7V2p,. The resultant Anderson model in this case can be solved exactly by the Bethe
Ansatz method [54]. Then one can derive thermodynamic quantities such as the susceptibility and the
specific heat of the Hubbard model. Since the ground state of the Anderson model is always the Fermi
liquid, the Hubbard model with the Lorentzian density of states also has a paramagnetic Fermi-liquid
ground state. As U is increased the effective band-width of the Hubbard model decreases just like the
Kondo temperature Tk of the Anderson model. From this solvable case one can imagine that the Hub-
bard model in general can have a minute structure of the density of states near the Fermi level as in the
Anderson model. This structure represents formation of a narrow band with a large effective mass.

Except for this particular density of states, one must solve the effective single-impurity problem either
approximately, or by numerical methods. One has to determine the effective medium self-consistently,
which is usually done by iteration. Thus the numerical calculation is much more laborious than the
single-impurity case. We should notice that the self-consistent solution does not necessarily correspond
to the local minimum of energy, but to a stationary solution. One has to examine fluctuations around
the stationary state in order to study the stability of the solution.

special situation in the half-filled case

Although the effective impurity model to be solved is the same for both Hubbard and Anderson lattice
models, the most significant difference between the two models appears if the ground state is insulating.
Namely the Hubbard model with one electron per site, which is conventionally referred to as the half-
filled case, has the Mott insulating state explained in Chapter 1. Namely as the Coulomb interaction U



96 CHAPTER 3. METALLIC AND INSULATING PHASES OF HEAVY ELECTRONS

increases, the ground state of the model can change from a paramagnetic metal to an antiferromagnetic
insulator with doubling of the unit cell. We note that the Mott insulating state does not always have a
magnetic order. The clearest counter-example is the one-dimensional Hubbard model where the ground
state in the half-filled case is a paramagnetic insulator. In the infinite-dimensional theory, however, the
insulating paramagnetic state has a residual entropy since the effective impurity spin has no relaxation
in the presence of an excitation gap. To improve the situation one has to include spin-fluctuation effects
which enters only in finite dimensions.

In the exactly soluble case of the infinite-dimensional Hubbard model with p; (¢€), there is no metal-
insulator transition even in the half-filled case with large U. The absence of the transition is connected
to the divergent energy of the Lorentzian density of states:

0
/ epy,(€)de = —o0. (3.35)
— 00

In this case the localization of electrons is energetically unfavorable. The metallic ground state corre-
sponds to the fact that the Anderson model, which is mapped from the Hubbard model, remains a Fermi
liquid even in the limit of large U.

On the other hand the insulating ground state in the Anderson lattice model connects continuously
to the band insulator which does not have a residual entropy even without magnetic order. We note
that the Kondo lattice model with half-filled conduction band is also connected continuously to the band
insulator.

3.5 Methods for Solving the Effective Impurity Model

In this section we turn to practical ways to solve the model and corresponding results of the dynamical
effective field theory. A large number of investigations have been performed particularly for the Hubbard
model with use of the dynamic effective field theory. Many of them are motivated by the presence of
the metal-insulator transition and deal with the half-filled case. For general filling, one has to adjust
the chemical potential so as to reproduce the desired number of electrons, and the calculation becomes
much more laborious. The same remark applies to the Anderson lattice model. We shall explain below
various methods to solve the effective impurity model.

3.5.1 Perturbation theory with respect to the Coulomb interaction

Let us consider the half-filled case in the Hubbard model. The Hartree term shown in Fig.3.18(a) pushes
up the localized level from € to 0. A particular feature in the half-filled case is that the second-order

(a) (®)

Figure 3.18: The Feynman diagrams for the self-energy: (a) the first order approximation, (b) the
second-order one.

theory for the Green function fortuitously reproduces the atomic limit A/U — 0. In order to see this we
use the Hartree result as the Green function in Fig.3.18(b): G (ie,) = (ie,)~'. In the imaginary time
domain this becomes G [r] = —sign(7)/2. Hence we obtain the self-energy %(?[r] = —U2sign(r)/8
whose Fourier transform is (ie,) = U?/(4ie,). Thus the Green function G?(i¢,) in the second
approximation is given by

1 1 1 1
(i) = — > == .
len) = e — Tz ~ 2 \ienv 02 Vi 02 ) (3.36)
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which actually gives the correct atomic limit [58]. If U is small, the low-order perturbation should
obviously be reasonable. Thus if one uses the renormalized Green function which includes both the
Hartree field and the dynamic effective field in determining the self-energy, one obtains an interpolation
which reproduces both the atomic limit and the band limit. It is also known in the Anderson model [63]
that the second-order self-energy constitutes a good approximation in the case of ey + U/2 = 0.

We emphasize that this fortuitous situation is strictly limited to the half-filled case. In the non-
half-filled case the second-order theory becomes insufficient for large U. Moreover, in order to satisfy
conservation laws in response functions, it is necessary to use the Green function which includes the
Coulomb interaction self-consistently[64, 65]. Unfortunately the atomic limit is then no longer reproduced
even in the half-filled case.

3.5.2 Perturbation theory from the atomic limit

As we have seen in Chapter 2, the NCA gives reasonable dynamical and thermodynamical results in the
case of large degeneracy for the local electron level. Thus it is also applicable to solving the effective
impurity problem. The effective hybridization is determined by eq.(3.21). This scheme has first been
proposed as the extended NCA (XNCA) for the Anderson lattice [67, 54, 68]. The same theory is
applicable to the Hubbard model with the generalization of the NCA to the case of finite U [69, 70]. As
will be shown in the next section, the numerical result for the density of states is in very good agreement
with the quantum Monte Carlo simulation. Since the NCA cannot describe the Fermi liquid ground state
[45], however, minute-energy excitations from the metallic ground state of the Hubbard and Anderson
models cannot be discussed by the XNCA.

3.5.3 Quantum Monte Carlo method

The quantum Monte Carlo (QMC) method has been applied to the single-impurity Anderson model with
an infinite number of conduction electrons, and is explained in detail in ref.[71]. The basic idea of the
method is very briefly explained in Appendix G. Dynamical results such as the density of states have
also been derived by combination with the maximum entropy method which effectively maps a quantity
in the imaginary-time domain to real frequencies [77]. Application of the QMC to solving the effective
impurity model has been made [59, 72, 73, 74, 75, 76]. The method is powerful in giving overall features
at finite temperatures. There is, however, a serious technical difficulty in approaching the low energy
range at low temperatures.

3.5.4 Numerical renormalization group

A powerful method complementary to the QMC is the numerical renormalization group (NRG) explained
in 2.1.2. Extension of the approach to dynamical quantities has been also made [78, 79]. We refer to
original articles [79, 80] on how to implement calculations for dynamics. Since the NRG is most powerful
in the low-energy excitations at zero temperature, its application to the infinite dimensional model shares
the same advantage. In the case of the Hubbard model at half-filling, for example, a minute energy scale
analogous to the Kondo temperature has been identified near the metal-insulator transition [82].

3.6 Explicit Results by Dynamic Effective Field Theory

We show in this section some explicit numerical results for the Hubbard model and the Anderson lattice
in infinite dimensions.

3.6.1 Hubbard model

The Hubbard model can teach us how the heavy energy band is formed within the single band which
has both itinerant and localized characters. Figure 3.19 shows the density of states for single-particle
excitations [66]. The half-filled case is shown in (I) and a doped case in (II). The Gaussian density of
states is used as the noninteracting one to start with. It is remarkable that the agreement of the Monte
Carlo result with the XNCA one is excellent. This is because the numerical results are for temperatures
well above the critical one where the inadequacy of the NCA appears.
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Figure 3.19: Numerical results for the density of states written as A(w) here. The half-width A is taken
as the unit of energy. The temperature in (I) corresponds to § = 7.2. Each line represents the following:
solid line — QMC; dashed line almost overlapping with the solid line — XNCA; double-dot-dashed
line — second order perturbation in U; dot-dashed line — an approximation called LNCA [81]. The
temperatures in (II) are 5 = 3.6 in (a) and (c), while 8 = 14.4 in (b) and (d). The electron number per
site is ne ~ 0.94 in (a) and (b), while n, ~ 0.8 in (c) and (d).
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Figure 3.20 shows the result of the numerical renormalization group [82]. The most significant feature
is the very sharp density of states. This means that the energy scale near the metal-insulator transition
becomes extremely small. Such a small energy scale is hardly accessible by other methods including the
quantum Monte Carlo method.

1.00 T

0.50 A

Figure 3.20: The density of states p(w) calculated by the numerical renormalization group method. The
half-width A is taken as the unit of energy. The solid line shows the result for the Hubbard model with
U = 4, while the dashed line shows the noninteracting one p,. The dot-dashed line shows the Anderson
impurity with hybridization intensity corresponding to p, with U = 4.

Figure 3.21 shows the excitation spectra of spin and charge calculated by the numerical renormalization
group [82]. These spectra correspond to the momentum average of the imaginary part of response
functions. The local spin excitation spectrum is relevant to the NMR. It is evident that the characteristic
energy of charge excitation is much larger than that of spin.
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Figure 3.21: Excitation spectra computed by the numerical renormalization method. The dashed line
shows p with the half width W* = 8.3 x 10~3. The dot-dashed line shows Imy(w)/w representing the
local spin spectrum and double-dot-dashed line does the charge one. They are normalized to unity at
w = 0, and the absolute magnitude of Imy,(w)/w is larger than Imy.(w)/w by 10%. The solid line shows
Im>(e) with the scale on the right.

3.6.2 Anderson lattice

The f-electron density of states in the Anderson lattice with infinite U was computed by the use of the
XNCA [68]. Figure 3.22 shows some examples of results where the f-electron level is sixfold degener-
ate. The parameters in the model are chosen so that the bare f-electron level is e = —1500 K, the
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hybridization intensity Wo(e) defined in eq.(2.41) is 135 K for |¢| < 10* K and is zero otherwise. With
these parameters we obtain the Kondo temperature Tk ~ 16 K. Here Tk is calculated from the formula

1/n
nWO €f
Tk =D .
K < D > exp (nW()) , (3.37)

which corresponds to the next-leading order theory in the 1/n expansion discussed in Chapter 2. The
f-electron occupation number ny is computed as ny ~ 0.91 for T' ~ Tx. The actual calculation was
performed for the grand canonical ensemble. It is seen in Fig.3.22 that a double-peaked structure develops
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Figure 3.22: The f-electron density of states in the Anderson lattice at finite temperatures [68]. The
Kondo temperature Tk is 16 K according to eq.(3.37).

in the density of states as temperature decreases below about Tk. This dip is interpreted as a remnant
of the hybridization gap which would result in the case of electrons without Coulomb interaction. In this
interpretation the effective f-electron level €; lies about 17 K above the Fermi level although the bare
level € lies deep below the Fermi level. Because of the finite life time of correlated electrons away from
the Fermi level, the hybridization gap may not open completely even at T' = 0. It should be remarked
that the characteristic energy in the Anderson lattice is slightly enhanced over that of the impurity
Anderson model with the same Wy (e) and ey. This is judged [68] from single-particle properties such as
€ and the renormalization factor ay defined by eq.(2.67).

Suppose now that the Anderson lattice with a single conduction band and without orbital degeneracy
of f electrons has two electrons per unit cell. According to the energy-band theory, the ground state is
insulating since the lower hybridized band is completely filled and the upper one is completely empty.
One can ask if the situation remains the same under a large value of U. It may happen that the
system orders magnetically. In such a case the f electrons get localized and do not contribute to the
band filling. For the simplest case of ferromagnetic order, the conduction band is half-filled and the
system becomes metallic. In the case of antiferromagnetism with doubling of the unit cell, the ground
state can be insulating. Another interesting case is when the system remains paramagnetic and can be
adiabatically continued from the noninteracting limit. Then the band picture holds and the hybridization
gap separates the filled and empty Bloch states.

This hybridization-gap picture is quantitatively tested by the quantum Monte Carlo simulation [83].
The result shows that although the Coulomb interaction reduces the energy gap, the hybridization gap
picture is supported by the result that the spin excitation gap is twice the gap in the density of states.
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With increasing temperature, however, the gap disappears in strong contrast with the noninteracting
system. Thus the density of states is strongly dependent on temperature for large U.

Such an insulating ground state has also been studied by means of the numerical renormalization
group [84]. The results for the density of states and dynamical susceptibilities of spin and charge are
shown in Fig.3.23. We remark that the thresholds for the spin and charge excitations are the same in
agreement with the band picture. However, the dominant spectral weight of the charge excitation lies
in a much higher energy range than that of the spin excitation.
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Figure 3.23: Local excitation spectra of f electrons in the Anderson lattice. The unit of energy is Tk
defined from the Anderson impurity model with the same parameters. The solid line shows py(¢), while
the dashed line does Imy;(w)/w. The dot-dashed line shows Imx.(w)/w multiplied by (D/Tk)? ~ 103.

The Anderson lattice neglects the Coulomb interaction between f and conduction electrons. In the
insulating state, this interaction gives rise to exciton-like correlation which is commonly observed in the
optical property of semiconductors and insulators. In order to understand the experimental result on
SmBg [28], it seems necessary to include this Coulomb interaction.

3.6.3 Limitation of the infinite dimensional model

The infinite dimensional model, which is powerful in deriving dynamical properties of heavy electrons,
is by no means a complete theory. Since the intersite correlation is treated only in the mean-field level,
it cannot deal with phenomena which depend on more details of correlation. For example the spin-
pair singlet correlation is specific to finite dimensionality and can only be dealt with in higher order in
the 1/d expansion. The pseudo-metamagnetic behavior in some heavy electrons, as discussed in this
Chapter, also seems to require more detailed account of electron correlations than is possible in the
infinite dimensional model. We shall come back to this problem in Chapter 4.

Going beyond the large d limit, however, encounters violation of the analyticity in the Green functions
[50]. The same difficulty was found in the effort to improve over the CPA [51]. On the other hand, the
thermodynamic quantities such as static susceptibilities do not have such problems and should be easier
for the 1/d expansion beyond the lowest order. We note that the susceptibility of the Ising model as
explained in section 3.4.1 actually includes the 1/d correction.

In dealing with the insulating ground state in the Hubbard model, one must be careful about the
residual entropy problem. The finite entropy problem does not arise in the metallic state because the
itinerant electron motion of the effective impurity removes the spin entropy as temperature decreases.
On the other hand, a localized spin has a finite entropy unless it is completely polarized or fluctuates
quantum mechanically. In the infinite-dimensional theory, however, the quantum fluctuation of spins is
not taken into account although it does account for the quantum charge fluctuation. In other words, in
the half-filled Hubbard model with charge fluctuations suppressed by large U, the entropy can vanish only
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with complete polarization at each site. Thus it is not compatible with quantum magnetism where zero-
point motion reduces more or less the magnitude of ordered moments, or prevents magnetic order as in
one dimension. To deal with the quantum magnetism, an extension of the spherical model approximation
has recently been proposed [85].
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Chapter 4

Anomalous Magnetism

4.1 Characteristics of Heavy-Electron Magnetism

In this Chapter, we discuss magnetically ordered or nearly ordered states of heavy electrons. In describing
heavy-electron magnetism there are two complementary pictures: one from the high temperature side
and the other from the ground state. In the former picture, one regards heavy-electron systems as a
lattice of Kondo centers coupled to each other by the RKKY interaction. Of central interest is the
competition between the RKKY interaction toward magnetic order and the Kondo screening toward
the nonmagnetic singlet state. The RKKY interaction is mediated by conduction band electrons which
are only weakly renormalized. The resultant exchange interaction can be represented by J(g) with no
retardation. Let us assume that the system has strong antiferromagnetic (AF) correlation with the wave
number Q. From egs.(1.84) — (1.89), the temperature dependence of 1/T7 is given by

1 2 2 (X 1
T 27, T| Any| (%) zq: = J(@? (4.1)

If magnetic order occurs close to the Kondo temperature Tk characterizing single-site spin fluctuations,
both xr, and I" are weakly temperature dependent near the transition temperature 7. Then by expand-
ing around ¢ = @ according to eqs.(1.88) and (1.89), the temperature dependence of 1/} is roughly
expressed by
R xQ(T)
BT 7@ xel

where J”(Q) is the second derivative of J(q) at ¢ = Q. Provided that xo(T') follows the Curie-Weiss
law near T, 1/(T1T) behaves as (T — T)~ /2. In some heavy-electron systems such as UNipAls, the
above picture on the dynamical response function seems to hold qualitatively.

In the alternative picture from the ground state, one assumes that the magnetic degrees of freedom are
described in terms of itinerant heavy quasi-particles. The dynamical properties reflect strong residual
interaction among quasi-particles. The itinerant picture is supported by the fact that even in the
magnetically ordered state the density of states near the Fermi level remains finite. Then interesting
diversity arises in electronic excitation spectra according to the band structure. For example, there are
cases where the critical behavior is not seen even around Ty, and where the Korringa law 77 T=constant
is valid even at T far below T. On the contrary, if a nesting of the Fermi surface is significant,
the excitation gap opens for a large part of the Fermi surface. Then physical quantities have nearly
exponential T' dependence below Ty, which saturates at lower T because of the residual density of
states. In the following we take up representative examples of anomalous magnetism of heavy electrons.

(4.2)

4.2 Weak Antiferromagnetism in URu,Si,

We first study spin dynamics in URusSis. This compound undergoes two phase transitions: First at
Tn=17.5 K to an antiferromagnetic (AF) phase with a tiny moment of ~ 0.04up5, and second to the
superconducting state at T,=1.2 K. The AF order coexists with the superconducting order. Above 70 K,
the resistivity decreases with increasing temperature as is usually observed in the high temperature range
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representation basis functions
T} e[|4) + | —4))] +7(0)
I Y[I4) + | = 4))] — €[0)
Lz 2712[|4) — | - 4)]
L3 271/2(12) + | - 2)]
Ly 271/2[|2) — | - 2)]
Ljs al£3)+ 8| F1)
i Bl£3)—a[F1)

Table 4.1: CEF states with J = 4 for the tetragonal symmetry with «, 3,7, € being numerical coefficients.

of heavy-electron systems. The temperature independence of 1/7Ty is also consistent with the picture
that the system is described as an assembly of independently fluctuating local moments. Below 70 K
the resistivity drops rapidly upon cooling, and the Korringa law appears as shown in Fig.4.1 [1]. The
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Figure 4.1: Temperature dependence of (1/T1) of 2°Si (open circle) in external field and ®>Ru (solid
circle) in zero field in URu2Sis [1].

electronic specific heat just above Tl is approximately linear in 7' with y=180 mJ/(mole K?). Below
T, the heat capacity and 77 indicate the presence of a gap £, ~ 100 K in the spectrum. Nevertheless
a relatively large y=50 mJ/(mole K?) still remains around 7.

The bulk susceptibility of URusSis shows a large anisotropy with an easy direction along the c-axis of
the tetragonal symmetry. This is interpreted in terms of the CEF splitting of the J multiplet[2]. A few
schemes of the CEF levels have been proposed for the 5f2 configuration of U*t. In terms of the basis
set |.J.) with |J.| < 4 for the >H, configuration, the CEF eigenstates in tetragonal symmetry are given
in Table 4.1. In the model of Niuenhuys [3], the energies of the levels are assumed to be

E(T}) =0, E(I'w)=46K, E(I'%)=170K, E(T}) = 550K. (4.3)

The model calculation based on this scheme leads to an anisotropic susceptibility because the matrix
element (I'};].J,|Ts2) is finite while (I'};|J,|T2) with a = z,y is 0. However, the Van Vleck term given
by

2 A

does not decrease at low temperatures in contrast with experimental results [3]. In an alternative scheme
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[4], the CEF levels are assumed to be
E(ly3) =0, E(})=44K, E(I'y) = 111K, E(I'j;) = 485K. (4.4)

In the latter scheme the ground state does not have a finite off-diagonal matrix element of J, with
nearby levels, but the first and second excited states give rise to finite matrix elements. By this reason
the resultant x,. decreases as the population of I'}; becomes small with decreasing temperature, in
consistency with experiments. However, the neutron scattering results to be presented below are hard to
explain in the scheme of eq.(4.4). We should mention that in the dilute alloy Ug g1 Thg.g9RusSia, x..(T)
increases as InT with decreasing T' down to 0.1 K. (see Fig.2.19). This non-Fermi liquid behavior has
been interpreted by the assumption that the ground state CEF level consists of the doublet I'}5 [5].
The antiferromagnetic order and fluctuations in URu,Sis have been extensively studied by magnetic
neutron scattering . The ordering pattern below 17.5 K is that of a type-I antiferromagnet with spins
along the c-axis and antiparallel between adjacent planes. The ordered moment has magnitude (0.04 +
0.01)pp, and is polarized along the c-axis [6]. A striking feature of the magnetic response is that both
CEF and itinerant natures appear. Namely, at low energies sharp CEF-like excitations propagate along
the tetragonal basal plane, whereas at high energies and for fluctuations propagating along the c-axis
the excitations constitute broad magnetic fluctuations as observed in other heavy-electron systems.
Figure 4.2 shows the spectrum of inelastic neutron scattering. Well-defined peaks are observed in
energy scans at 1 K for various values of momentum transfer along q,=(1,{,0) [6]. These dispersive
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Figure 4.2: Constant-@Q scans in URusSiy along the (1, —¢, 0) direction showing sharp magnetic excita-
tions [6]. The energy corresponding to 1THz is 4.1meV.

excitations have a gap of 2 meV at the AF zone center, and are damped out above T). We note that
the nuclear scattering is forbidden for ¢ = 0 because of the body-centered tetragonal structure. From
a series of measurements with various energy and momentum transfers, the dispersion relation for the
magnetic excitation is extracted as indicated in Fig.4.3.

From the integrated intensity of magnetic excitations for polarization along the c-axis, it is found that
the magnetic form factor is typical of 5f electrons like that of UOs. The spin-wave like excitation at
Q=(1, 0, 0) has a large transition-matrix element of gup|(i|J?|f)| = 1.2up. Furthermore, this longi-
tudinal inelastic scattering exhibits no broadening beyond the resolution upon application of magnetic
field along the c-axis. The last fact is consistent with transitions between the two singlets and confirms
that the dispersive state is not a part of continuum excitations.

We now turn to low-temperature magnetic excitations at energies well above the dispersive excitation.
Figure 4.4 shows a perspective view of the neutron intensity vs energy and momentum transfer along
q. = (1,0,¢) at 5 K. This makes it possible to compare between the dispersive excitation and the
high-energy overdamped response. In the energy region higher than 5 meV, there emerges a continuous
spectrum of dominantly AF spin fluctuations. As seen in the constant-energy scan data at 8 meV, the
scattered intensity decreases when the momentum transfer varies from Q=(1, 0, 0) to g = (1,0,£1).
The latter wave number g corresponds to the ferromagnetic fluctuation. From the width of the peak
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Figure 4.3: Dispersion of excitations in URusSiy along the (1, 0, ¢), (1+¢, ¢, 0) and (1, ¢, 0) directions

[6].
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Figure 4.4: Perspective view of scattered neutron intensity vs energy transfer and momentum transfer
along (1, 0, ¢). The data are taken in the ordered phase at T=5 K. At v=0.5 THz (2 meV), the hatched

region has been reduced by a factor of 10 [6].
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in this scan, it is deduced that the magnetic correlation length along the c-axis is only about one lattice
unit.

Figure 4.5 shows the temperature dependence of the scattered intensity with energy transfer 8 meV at
Q=(1,0,0) and gr=(1, 0, 1). The intensity of inelastic scattering above 6 meV remains almost unaffected
by the magnetic transition at 17.5 K, and persists up to 40 K. Whereas the inelastic scattering intensity at
Q=(1, 0,0) decreases slightly with increasing temperature, the intensity at g=(1, 0, 1) increases so that
both intensities become comparable above 100 K. Thus the difference between ferro and AF correlations
become significant only below 100 K. It should be noted that the development of AF correlations roughly
coincides with the temperature below which the resistivity of URu2Sis begins to decrease.
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Figure 4.5: Scattered neutron intensity vs temperature at energy transfer of 1.9 THz (8 meV) and
scattering vectors (1, 0, 0) and (1, 0, 1). The dashed line is the background [6].

The high-energy response may be regarded as due to itinerant particles which have a large f electron
weight. This view is supported by the variable amplitude of the magnetization and by the f electron-like
magnetic form factor. Thus the response bears a resemblance to that observed in other heavy-electron
systems. The formation of fermionic itinerant particles is also manifested by the onset of metallic
T dependence in the resistivity, and the NMR result with the Korringa law. The itinerant particles
become antiferromagnetically correlated below 100 K. We note that these itinerant particles may have
a character much different from that of Landau quasi-particles since the temperature is high.

The presence of sharp magnetic excitation in URuySis is unique among heavy-electron systems. The
dispersion relation and intensities of low-energy CEF excitations are well described by the singlet-singlet
model. The model was also applied to explaining the T" dependence and anisotropy of the magnetic
susceptibility. With assumption of a singlet ground state and with a quadrupole ordering [4], the CEF
model of eq.(4.4) can roughly describe observed behaviors of linear and non-linear susceptibilities and
M-type anomaly of the specific heat at T)y. However the ordered moment predicted by this simple model
is an order of magnitude larger than the experimental value.

The reason for the presence of the tiny ordered moment is an unresolved problem. Actually, no
hyperfine broadening of the Si-NMR spectrum is detected at the onset of the long-range order. If the
AF sublattice moment of 0.03 pp is really static, this amount of moment should have led to observable
hyperfine broadening. Thus another possibility is that the magnetic order is not static but is slowly
fluctuating. If this is the case, the time scale should be longer than the one for the neutron scattering,
but shorter than the one for the NMR. We note that this anomalous magnetic property resembles with
the one found in UPtg3.

In concluding this section we mention a related material UPdg although it is not classified as a heavy
fermion system but as a localized 5f system. This compound crystallizes in a hexagonal structure with U
ions occupying either hexagonal sites or quasi-cubic sites. The U ion at the hexagonal site shows a clear
crystal field splitting of the order of 10 meV, but the CEF splitting at the quasi-cubic site is much smaller
[7]. It has been shown by neutron scattering that the paramagnetic phase enters an ordered phase with
no magnetic moment at 7} =6.5 K, and further to the weak antiferromagnetic phase at T, =4.5 K [g].
The intermediate phase has in fact a quadrupole order with triple-Q structure. The relationship to weak
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magnetism in URusSis should be investigated further. We shall explain in more detail the quadrupole
order in 4.6 for the case of CeBg.

4.3 Antiferromagnetism in UPd,;Al; and UNiyAl;

UNigyAlz and UPdsAls form a new series of antiferromagnetic heavy-electron superconductors with large
uranium-derived moments 0.24 pp and 0.85u 5, respectively [9]. The transition temperatures are Ty =4.6
K and T,.=1 K for UNiyAl3 and Tny=14.5 K and T,=2K for UPdyAls. Of these, UPd;Al3 exhibits the
highest T, and the largest ordered moments as heavy-electrons. The superconducting properties will be
discussed in detail in Chapter 5.

The magnetic susceptibility x(T) of single crystal UPdsAls shows easy plane anisotropy in contrast
to the case of URuySiy. A Curie-Weiss-type behavior with effective moment 3.6 5 /U-atom is observed
for both directions at temperatures higher than 150 K. x(7') shows a maximum at around 35 K and
abruptly decreases below Tx=14.5 K. The magnetic order consists of ferromagnetic sheets in the basal
plane which are coupled antiferromagnetically along the c-axis with an ordering vector Q = (0,0,1/2).
The large A-type anomaly of the specific heat at T for UPdsAls accompanies a large T-linear term
with y=150 mJ/(molK?). These features are similar to those in URusSia, but the size of the ordered
moment and the nature of the ordered state are very different.

By contrast, the T-dependence of 1/7) of 2”Al in UPd,Al3 shows a behavior common to that in
URu,Sis [10]. Below Ty, 1/T) drops markedly, and is fitted by the following simple form:

1 E
T A—i—BeXp(—?g).
The first term originates from the particle-hole excitation in the Fermi liquid state. When the super-
conductivity is suppressed by the magnetic field, the Korringa law remains valid down to T' < T . This
result means that the spin-wave excitation is not responsible for the relaxation process in the low T
regime. The second term should be related to the energy gap due to the magnetic ordering. According
to a tentative estimate, a half of the density of states is lost below Tl .

The susceptibility x(7') in UNiyAls does not exhibit a Curie-Weiss behavior below 300 K. A small
maximum of x(7T') vs T appears around 100 K, which is followed by a minimum around 30 K and a
clear peak at Ty=4.6 K[9]. Elastic neutron scattering measurement on a single crystal has revealed that
this compound has an incommensurate SDW-type order. The wave vector is Q=(1/2 + 7,0,1/2) with
7 = 0.11 and the size of the ordered moment is 0.24 pp/U. As shown in Fig.4.6, 1/T1 of 27Al does not
follow the Korringa law in the paramagnetic state. It tends to saturate above room temperature [10].
1/Ty approaches a linear T dependence well below Ty = 4.6 K when the superconducting transition
is suppressed by the magnetic field. These features are different from those commonly observed in
other heavy-electron systems. Namely 1/7; usually undergoes a smooth crossover from the behavior
1/Ty=constant at the T region higher than the Kondo temperature to the Korringa law at low T (see
Fig.4.1).

The T dependence of the relaxation in UNipAlg is well described by the following expression:

RN S

TlT v (T — TN)
Here the first term is due to the Al-3p orbital relaxation, and the second is due to the the transferred
hyperfine interactions of 27 Al nuclei with uranium 5f electron spins. The characteristic T' dependence of
the second term coincides with the expression eq.(4.2) of the staggered susceptibility which follows the
Curie-Weiss law at the wave vector ¢ = Q above Tly. From the T' dependence of 27(1/T}), it is concluded
that the spin fluctuation in UNiyAlz possesses a large ¢ dependence in contrast to the standard behavior
of heavy-electron compounds. In the latter case the magnetic response is described as coming from an
assembly of local moments at high T, whereas the response at low T is that of the Fermi liquid. Even
in the latter case the q dependence is weak.

For comparison, we mention that the relaxation of a typical heavy-electron antiferromagnet UCus
follows eq.(4.5) only just above Ty [11]. In the case of UNipAls, on the other hand, the wave-number
dependent spin correlations dominate in the wide temperature range from far above Tx. Concerning
this difference we remark that the spin fluctuation temperature T* of UNisAls is about 300 K which is
much larger than T .

(4.5)
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Figure 4.6: Temperature dependence of (1/T}) of 27Al In UNiyAls [10].

We have thus seen that the nature of magnetic fluctuation and spin structure of two isostructural
U compounds are different from each other. Nevertheless it is remarkable that the Korringa law is
commonly valid in the magnetically ordered state well below T for both compounds.

4.4 Magnetic Correlation in CeCu,Si,

According to the inelastic neutron experiment on polycrystalline samples of CeCusSia, the quasi-elastic
scattering intensity has a width of I' ~ 10 K [12], which suggests Tk ~10 K. This value lies between
the case of CeCug with Tx=6 K and that of CeRusSiy with Tx=23 K. As expected, the value of the
T linear coefficient v of specific heat is correspondingly large; v=800 mJ/(mole K?) and we obtain
Tk /kp ~ 6 x 10%® /mole. Note that we have reinstated the Boltzmann constant here. The latter value,
close to the Avogadro’s number, is comparable to those in CeCug and CeRusSis, and is a measure of
numbers of heavy electrons.

CeCusSis shows anomalous magnetism near the superconducting transition at 7.,=0.7 K. The NQR
intensity observed around 3.435 MHz decreases upon cooling below 1 K without any broadening asso-
ciated with spontaneous magnetic moments [13, 14]. This anomalous state is called the phase A which
does not have a static magnetic order, but has a very slow magnetic fluctuation with frequencies compa-
rable to the NQR frequency wy [14]. This dynamical character of the phase A is consistent with recent
1SR experiments [15]. Neutron scattering experiments detect neither magnetic Bragg peaks nor any
superstructure which indicates an order parameter of spin-density-wave (SDW) or charge-density-wave
(CDW) for the phase A. We mention that the phase A was first suggested by magneto-resistance [16],
and its magnetic nature was confirmed by NMR [13, 17, 18] and muon spin rotation (uSR) [19].

A series of polycrystalline Ce,Cua,Sis in the vicinity of stoichiometric composition together with a
high-quality single crystal have been studied by measurements of elastic constant and thermal expansion
[15, 20, 21, 22, 23]. In this process another phase called the phase B was identified above 7 T. Figure
4.7 shows the phase diagram obtained on a high quality single crystal of CeCusSiz [20]. The phase A
and the superconducting phase are extremely sensitive to sample preparation, especially to the nominal
content = [22] of Ce. The phase A under zero field seems to be expelled below T, by the onset of
superconductivity in both high-quality single crystalline [20] and polycrystalline samples [22]. From
these macroscopic measurements it is suggested that CeCuySis is close to a quantum critical point [23)
where different ground states meet each other.

Figure 4.8 shows the temperature dependence of 1/7} of 63Cu under zero field for a series of Ce,, Cugq,Sig
compounds [24]. For £=0.975 below 1 K, there appear long (T}1) and short (T35) components in the re-
laxation. In this case both components are estimated as shown in Fig.4.8. In other cases of Ce;Cua4,Sio,
there is only a single component in T}
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Figure 4.7: Magnetic field H vs temperature phase diagram of CeCuySiy with H in the tetragonal basal
plane (H L c—axis). The phase boundaries are determined from elastic constant, magnetostriction and
thermal expansion anomalies [20].
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1 K, short (T15) and long (7T11) components of 1/T; appear [24].
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Above 3 K, 1/Ty’s for all the samples fall on the same curve, which shows that Tk ~ 10K is nearly
independent of Ce concentration x. Below 2 K, the T dependence of 1/T} reflects the difference in the
ground state of each concentration. We note that 1/77 below 1 K has both short (Thg) and long (T41)
components [24]. A cusp in 1/T;g for  =0.975 is observed at 0.6 K. This cusp is associated with the onset
of a static magnetic order. On the other hand, 1/(TT}) for x =1.025 is nearly constant between 1.2 K and
T.. This behavior reflects formation of a Fermi liquid state before the superconductivity appears. For
the state with  =0.99, which seems to have the phase A as the ground state, slow magnetic fluctuations
comparable to wy ~ 3.4MHz dominate down to 0.012 K. In this sense, the phase A is characterized as
a “critically magnetic phase”. Note that 1/7}’s in the superconducting state for z =1.025 and x =1.00
follow the 72 dependence in the range 7=0.6 K — 0.1 K, and fall on the single line. This result supports
the conclusion of elastic measurement on a high-quality single crystal [20] that the phase A is expelled
below T, by the onset of superconducting phase.

Figure 4.9 shows the phase diagram of Ce;_,Th,CusSis with Th-content = as the abscissa. Shown
together is that of CeCug 2Siz with magnetic field taken as the abscissa [14]. The solid line in the

005 010
Th CONTENT, X

Figure 4.9: Magnetic and superconducting phase diagrams for CeCuySiy as functions of Th content and
magnetic field [14].

H-T plane in CeCusy g2Sis above 4 T corresponds to those temperatures and fields at which anomalies
appear in the magnetoresistance and the dHvA signal [25]. For CeCuySiy, Ty, which is the transition
temperature to the phase A, is determined as the temperature below which the NQR intensity decreases
without broadening. On the other hand, the (static) magnetic ordering temperature Ty is determined as
the temperature below which the NQR linewidth starts to increase. A lattice anomaly has been found at
Ty from measurements of thermal expansion and elastic constant [26]. Tt is seen that antiferromagnetic
order is induced by substitution of Ce for the Th. This seems to be due to the decrease of an effective
f electron number.

As shown by the dashed line in Fig.4.9, T, of CeCuySis decreases gradually with increasing magnetic
field or content of Th. On the contrary, T, is enhanced by applying pressure from 0.7 K at ambient
pressure to 2.2 K at 30 kbar [27]. This is understood if one assumes that CeCuySiy is on the border of
antiferromagnetism. Then magnetic fluctuations above T, should have extremely low frequencies. The
application of pressure increases hybridization and hence Tk, which means increase of bandwidth of
heavy quasi-particle [18]. The superconducting ground state is favored in such a condition, whereas the
magnetically ordered state is favored by the opposite condition; decrease of either Tk or the effective f
electron number.
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4.5 Non-Fermi Liquid Behavior near the Antiferromagnetic Phase
Boundary

When the Kondo exchange interaction J between f and conduction electrons is strong enough, the
ground state is the paramagnetic Fermi liquid. Then weakening the exchange interaction, i.e., reducing
the ¢ — f hybridization can lead to long-range magnetic order. For example in nonmagnetic CeCug,
Au substitution of Cu expands the lattice parameter, and as result, reduces Jx. Actually AF order is
observed in CeCug_,Au, above a critical concentration z, ~ 0.1 [28]. Conversely, in a CeCus 7Aug 3
alloy with Ty = 0.49 K at zero pressure, the breakdown of the AF order occurs at a critical value p, ~
8 kbar. In the vicinity of such a magnetic-nonmagnetic transition, strong deviations from Fermi-liquid
behavior are seen. Typical anomalies in physical quantities are: C/T ~ —1In(T/Ty), x ~ (1 — aT'/?)
and p ~ pg + AT. Figure 4.10 shows the temperature dependence of C/T at various pressure values.
Strong deviation from the canonical behavior C/T=const is evident from its logarithmic dependence
C/T ~ —In(T/Tp) in a wide T range [28]. This non-Fermi liquid behavior has a different microscopic
origin from that in the single ion case discussed in Chap. 2. In the present case the anomalies originate
from dominant collective magnetic excitations caused by the incipient AF order near the magnetic-
nonmagnetic phase boundary.
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Figure 4.10: Specific heat C of CeCus 7Aug 3 plotted as C/T vs InT for various values of pressure p [28].

4.6 Quadrupolar and Magnetic Orderings in CeBg

CeBg crystallizes in a Cubic CsCl-type structure with a Bg octahedron in the body center of the cube.
The cubic crystal field around each Ce ion lifts the degeneracy of the sixfold multiplet with J=5/2 of
the trivalent 4f' configuration into two CEF levels: the ground-state quartet I's and the excited doublet
I'7 lying above 530 K from I's. The phase diagram of CeBg exhibits anomalous features with two kinds
of ordered phases as shown in Fig.4.11[29]. In the paramagnetic phase (called phase I) at T > T = 3.2
K in zero field, the resistivity shows a Kondo-type behavior with Tk = 1 K. In the temperature range of
Tn=2.4 K <T < Tg, a new phase called II appears which is characterized by the antiferro quadrupolar
(AFQ) ordering with the ordering vector @ = [1/2,1/2,1/2] in units of the reciprocal lattice vectors.
With the quadrupole order the I's ground-state should be split into two doublets. Although the AFQ
order itself cannot be observed directly by neutron scattering experiments, the external magnetic field
induces an AF order with the same wavevector as that of the AFQ ordering. The induction is due to
different local susceptibilities associated with two inequivalent Ce ions. In the phase III, which appears
in the lowest T" range, a magnetic order develops with the ordered moment 0.28up and with a double-k
commensurate structure of wave vectors ky = [1/4,4+1/4,1/2].

The anomalous magnetism apparently originates from the interplay of a few relevant effects such as
the single-site Kondo-type fluctuation and intersite quadrupolar and RKKY interactions. We note that
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Figure 4.11: Phase diagram of CeBg obtained for a magnetic field along [001] and [111] direction of the
cubic structure [29].

Tk and Ty are of the same order of magnitude in CeBs.

The Kondo effect appears also as the reduced magnetic moment and a large residual value of electronic
specific heat with v = 240 mJ/mole-K? below Ty. Furthermore, applied magnetic field enhances Tq
and the specific heat anomaly markedly. An interpretation for this is that application of magnetic field
progressively suppresses the Kondo state; as a result Ty shifts to higher temperature. It is also suggested
[30, 31] that the actual T has been reduced much from the mean-field value by fluctuations of the AFQ
order. The number of fluctuating components is an important parameter for the reduction. Since the
applied magnetic field suppresses the fluctuation by lowering the number of equivalent components,
Ty is enhanced. By the same reason the specific heat anomaly is also enhanced. There is also an
interpretation which assumes the octupolar intersite interaction is enhanced by the spin polarization
[32, 33]. The octupole degrees of freedom plays an important role to reconcile the NMR results [34] with
the order parameter in phase II [35].

Upon alloying with La, the system Ce,La;_,Bg shows a complex phase diagram with intriguing
dependence on x. A new phase called IV appears with < 0.75 in the low-field region. On entering
this phase from the phase I, the susceptibility shows a cusp as if it entered a Néel state [36]. However,
the phase IV has very small magnetic anisotropy and small magnetoresistance [37] in contrast with the
phase III. The phase IV also shows a prominent elastic anomaly [38]. It seems that the orbital degrees
of freedom play an important role in realizing these unusual properties.

4.7 Systems with Low Density of Carriers

There are classes of Ce and Yb compounds which have a low carrier density of the order of only 1073 —
1072 per formula unit, but which exhibit phenomena like those seen in Kondo systems. They also show
anomalous magnetic properties. Here we present typical examples such as Ce-monopnictides CeX (X=P,
As, Sb, Bi) which show complicated phase diagrams in the plane of magnetic field and temperature, and
Yb4Asz where spin excitations have the one-dimensional character.
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4.71 CeP

CeP crystallizes in the NaCl structure. Figure 4.12[39] shows the magnetic phase diagram of CeP. The
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Figure 4.12: Phase diagram of CeP for magnetic field along [001] direction[39].

phase boundaries H1(T') and H.2(T) are determined from the values of field where a step-wise increase
in magnetization appears. Figure 4.13 shows the magnetic structures as determined by elastic neutron
scattering [39]. In the phase I, Ce spins in each (001) plane align ferromagnetically perpendicularly to
the plane. What is unusual is that the magnetic unit cell is very long along the [001] direction; the
ferromagnetic double layers containing Ce moment of ~ 2up are stacked periodically. The Ce ions in
intervening nine layers have moment of 0.7 pug. The values 2 up and 0.7 up of ordered moments are
close to those of CEF states labeled as I's and I'7 in the cubic symmetry.

In the phase II, the AF ordered moments of the I'; layers change their direction as shown in Fig. 4.13,
while there is no change in the ordering of I's double layers. In the phase III, the period of ordered I's Ce
layers changes into ten layers, and the I'; Ce layers sandwiched by the I'g layers become paramagnetic.

These anomalous magnetic structures seem to originate from the low carrier density of this compound
[40]. At low temperatures, holes tend to localize so as to obtain the energy gain through the p-f mixing
interaction. This results in the polarization of 4 fT'g state. It is not fully understood why the I's double
layers have such long periodicity as eleven layers.
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Figure 4.13: Magnetic structure of CeP under magnetic field [39].
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4.7.2 Yb4ASg

YbyAssz exhibits a structural phase transition at 290 K from the mixed valent state in the cubic phase to
the charge ordered state in the trigonal phase. In the mixed valent state the proportion of two valences
is about Yb*3:Yb™2 ~ 1 : 3, and the average 4f hole number is ~0.25 per Yb. This leads to metallic
character of the system. On the other hand, the carrier density at low temperatures is extremely low
(103 per formula). Nevertheless, the low temperature properties look like those in typical heavy electron
materials. It shows a large T-linear term in specific heat with y=205 mJ/K?mole, and the resistivity
has a T-square dependence at low temperature, followed by a —logT behavior at higher T' [41].

In the charge ordered state, the distance between Yb atoms becomes shorter in the chain along
one of [111] axes and longer in the other directions. This trigonal distortion makes the linear chains
of Ybt3(4f13), which are magnetically active. The chains seem to interact only weakly with each
other in the nonmagnetic background consisting of divalent Yb*? (4f14). As a matter of fact, inelastic
neutron scattering experiments revealed that the magnetic excitation shows the characteristics of a one-
dimensional (1D) Heisenberg antiferromagnet [42, 43]. The spectrum indicated in Fig.4.14 is close to
the des Cloiseaux-Pearson mode with F;(gq) = 7J sin (dq) where d is the atomic distance in the Yb3 ™"
along the chain. Here ¢ is the projection of the wave vector along the Yb3t chain direction. In the 1D
Heisenberg model, the specific heat at low T is linear in 7' with v = 190 mJ/moleK? at 7.J = 3.5 meV.
Then with this value of J, the temperature giving the maximum of the susceptibility is predicted to be
17 K which is close to the experimental observation. Hence the heavy electron behavior in Yb,As3 seems
to be due to the 1D-like spin excitation caused by the charge ordering, rather than due to the Kondo
effect.
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Figure 4.14: Dispersion relation of inelastic peaks of YbsAss in the 1D representation. The open triangles
show the newest results, and other symbols indicate previous results for different directions from the (002)
reciprocal lattice point. The broken line represents the peak position calculated in the 1D Heisenberg
model [42].

4.8 Quantum Phenomenology for the Dual Character

4.8.1 Coexistence of itinerant and localized characters

At present there is no microscopic theory to explain the small ordered moment and anomalous magnetism
in heavy electrons. The origin of the difficulty lies in the fact that these properties depend rather strongly



120 CHAPTER 4. ANOMALOUS MAGNETISM

x1073 9g,HgH=20 K =3 9, HgH=20 K
1.2 , — mp 28 g
T=5K | T=5K
1.0 : (a) | 0.5 | (b) .
&t
i3 T D.4}
X7
. 0.3}
w
0.2 F (A
ol : . ]
L R |
0.1 L/é_‘ ;
G"O L 1 L 1 L DOO r‘_‘ L L 1
-100-50 0 S0 100 150 200 -3000 -2000 -1000 O 1000
£ (K) € (K)

Figure 4.15: The density of states of the Anderson model in a magnetic field calculated in the NCA. The
solid lines show the zero-field results, while the dotted lines correspond to majority spins in a magnetic
field, and the dashed lines to minority spins.

on the details of the individual system. Some heavy electrons do not show any magnetic order, nor
any metamagnetism. While others do show such behavior. Because the magnetic fluctuation depends
strongly on momentum in the case of anomalous magnetism, the renormalization theory utilizing 1/n or
1/d as small parameters is not straightforwardly applied. Hence the description in the present section
becomes necessarily qualitative, and contains physical ideas of the authors without confirmation of their
relevance.

In considering the anomalous magnetism of heavy electron systems, it is instructive to see the effect
of magnetic field on the f-electron density of states. Figure 4.15 shows sample results for the single
impurity Anderson model calculated by the NCA [44]. The parameters in the calculation are ey =
—1500K, 7Wy = 500K and the density of states for the conduction band is constant for |¢| < D = 10*K
and 0 otherwise. Then the Kondo temperature Tk which is given by

2Wo 1/2 €f
Tk =D | — —
e=0(F5) ew(5).

amounts to 16 K. As shown in Fig.4.15(a) the magnetic field splits the Kondo resonance into up- and
down-spin resonances, which is analogous but not identical to the Zeeman splitting of a fermion level.
The first difference from the simple level splitting is that the up- and down-spin resonances have different
weights, and the second one is that the splitting is not symmetric about the zero-field peak. The strong
correlation is responsible for the deviation. A dramatic effect of the correlation appears in the energy
range deep below the Fermi level. As Fig.4.15(b) shows, the minority spin component loses much of the
spectral weight although the magnetic energy is very small as compared with |e;|. This demonstrates
that the magnetic polarization of f electrons has little to do with the scale €, but is controlled by the
scale Tk.

In the case of the Anderson lattice, as we have seen in Chapter 3, the momentum distribution of
f electrons has only a small discontinuity at the Fermi surface, and globally is rather similar to the
localized case. This shows that the f electrons possess an itinerant character close to the Fermi level,
but show a dominantly localized character for the magnetization. At temperatures above Tk, many
features of heavy electron systems are common to dilute Kondo systems. This means that the excitation
spectrum except for the low-energy limit is similar in both systems. The essential idea for constructing a
quantum phenomenology is that in the intermediate stage of the renormalization toward the Fermi-liquid
fixed point, there should be local variables which are common in the single-site Anderson model and the
Anderson lattice. It is reasonable to assume that the Kondo spin compensation is already substantial at
this stage.

We set up an effective Lagrangian which includes itinerant fermions and local spin fluctuations. These
variables represent the dual nature of strongly correlated f electrons. Hence we call the present scheme
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the duality model [45]. In this model we make maximum use of known results for the single-site system
in order to understand heavy electrons. Fortunately the single-site Kondo system is now well understood
both for static and dynamic properties with use of various theoretical methods. A renormalization flow
which goes ultimately off the paramagnetic Fermi liquid toward the superconducting phase for example
can also be treated by the duality model.

The separation into the fermion degrees of freedom and the spin-fluctuation part in the effective
Lagrangian makes it possible to introduce a new approximation scheme. As an example we propose a
classical approximation for the most dominant component of spin fluctuations. The approximation is
applied to discussion of metamagnetism and weak antiferromagnetism.

4.8.2 Effective action for the Anderson lattice

We use the Anderson lattice as the starting microscopic model with U much larger than the hybridization
V.. between f states and the u-th conduction band. We take V), real and neglect its possible dependence
on momentum. As explained in Chapter 3 and Appendix F, the partition function Z at temperature
T =1/ is written in the form of a functional integral over Grassmann numbers with imaginary time 7.
It is trivial to integrate over the conduction-electron part. For the f electron at site ¢ with spin o, we
use Grassmann numbers f (1) where f denotes either f;; or fi-. The Fourier transforms with odd
Matsubara frequency €, = (2n + 1)7T with n integer are given by

E(r) = fo;(zen) exp(—ie,T). (4.6)

For low-energy fermion excitations only those components with |e,| of O(Tk) are relevant. However spin
excitations with low energy are dominated by f: (ie,) with |e,| much larger than Ty . This is because
the low-energy spin excitations are represented by a bilinear form of Grassmann numbers each of which
can have high frequencies.

In order to realize the idea we introduce the auxiliary field via the Hubbard-Stratonovich identity as
explained in Appendix F. The partition function is represented by

Z;=27)7. = / DfIDfDpexp(—A) (4.7)

where Z. is the conduction electron part, and ¢ is an auxiliary variable representing the fluctuating
magnetic field. The action A = Ag + A; is given by

A = - Z F (—ien) gy (ien) ™ ij fio (i) — % Z @ (ivm) |2, (4.8)
ijon im

A= =YY fh(ien —iva) figlien)Tag - dy(ive), (4.9)
iaff mn

where gy (i€,) is the Green function matrix of f electrons with no Coulomb interaction. We integrate
over high frequency variables in the action. The remaining ones are f: (ie,) and ¢, (iv,,) with |e,| and
|| smaller than cutoffs of O(Tk). Furthermore we change variables from ¢, (ivy,) to magnetization
0A1/0¢,(ivy,). Then we need to incorporate the Jacobian associated with this change of variables. Since
the correlation function of magnetization coincides with that of the f-electron spin at low frequencies, we
choose the notation S(iv,,) to represent the slow part of magnetization. Note that the quantity S(iv,y,)
is a c-number.

With this formal procedure we are left with an effective Lagrangian or its integral, the action A.sy,
which has only low-frequency variables. Namely

2y = [ DiDIDS exp(-5Ausy), (4.10)

where all variables have now a cut-off energy of O(Tk). It is not possible to obtain the explicit form
of the action A.fy by microscopic calculation, since important terms are spread over many orders in
perturbation theory. We thus construct the action phenomenologically following the “minimal coupling”
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principle. Namely we assume a local and instantaneous interaction between fermions and “spins” rep-
resented by S(iv,,). The action, with neglect of the shift of the ground-state energy, consists of three
parts as [45]

Aepp = Ap+As +Aim, (4.11)
Ap = =) S (ien)GY (ien) Mij fio ien). (4.12)
ijon
As = ZS —iVm) + 8 (1Vim) [X0(1Vm) 6415 — Jij] Zh Si2(0 (4.13)
igm
At = —AOZija(—ien—z‘um)f,ﬂ(z'en)aag-si(ium). (4.14)
iaf3 mn

In the fermion part Ay, GS,O) (i€,)~! is the Green function matrix of f electrons. This involves the site-

diagonal self-energy Z((,O)(ien) caused by many-body interactions other than those by spin fluctuations.
The matrix element is given by

o ) ) 1 )
(GO (e, ) Yij = [ien — €5 — 20 (ie,) — iohi]éij — Z Vigl’-‘j (ien), (4.15)
m

where €7 denotes the f-electron level, gfj(zen) is the bare propagator of u-th conduction band and h; is a

magnetic field at site ¢. The Green function g (i€,) in eq.(4.8) corresponds to the one without ES,O)(ien)
in eq.(4.15).

In the spin part As, xo(ivy,) is a partially renormalized spin susceptibility before inclusion of the RKKY
interaction and the coupling with fermions. For the RKKY interaction J;; we neglect dependence on
energy since the characteristic energy in J;; is usually much larger than Tx. We deal with an exceptional
case where the energy dependence cannot be neglected later. In the lowest order in hybridization J;; is

written as
v2\®
T =2 o T gt (ien) g (ien). (4.16)
“w n

If we integrate over the spin degrees of freedom in eq.(4.10), we are left with the standard Fermi
liquid theory. In order to discuss magnetic properties, it is convenient to integrate first over the fermion
variables. The result is given by

Z = detGO / DS exp(—BAn), (4.17)
Ay = A, —TTrIn(1+ G % - 8) (4.18)

where the partially renormalized Green function G(?) is a matrix in the space of site, spin and frequency.
Let us first derive the dynamical susceptibility. By taking the second derivative of A,, with respect
to Sq(ivm), which is the Fourier transform of S;(iv,,), we obtain the Gaussian approximation for the
dynamical susceptibility. We improve the result by renormalizing the coupling constant Ag and the Green
function in the polarization bubble. The RKKY interaction is treated in the mean-field approximation,
and intersite effects on the renormalized spin-fermion interaction vertex A are neglected. Then we obtain

-1

X(q, ivm) ™t = xo(ivm) Tt — 2)\2H(q,iym) - J(q), (4.19)

where J(q) is the Fourier transform of J;; and

I(q,ivm) = —— ZTZ Gy(k,ien,)Gr(k+ q,ien, + ivp,). (4.20)

4.8.3 Duality picture applied to the Anderson impurity

We assume that the local susceptibility xo(ivy,) and the coupling constant A are determined mainly by
the local correlation. Then these magnitudes can be estimated by applying the duality model to the
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T = = o oy

Figure 4.16: Feynman diagrams for eq.(4.23).

single-site Anderson model. For this purpose we first reformulate the local Fermi-liquid theory at zero
temperature in terms of spin fluctuations and fermion excitations. For simplicity we assume a single
conduction band with constant density of states p. near the Fermi level. The vertex parts Az and A3 are
introduced through the relation:

de de ) .
(T 1) f1(72) f1(7) / =1 / J exp|—ie1m + ieaTy (4.21)
—1(61 — €)7|Gy (zel)Gl (262)A3(Z61,Z€2;i62 —i€1), (4.22)
Asz(iey,iea;ies —ier) = 14 2X3(ie1, i€a;iea — iey)x(i€a — i€y), (4.23)

where G, (i€) is the renormalized f-electron Green function. Figure 4.16 shows the relation diagramati-
cally. It is obvious that A3 has a meaning of coupling strength between fermions and spin fluctuations.
In terms of the self-energy ¥, (i€) the Green function is given by

1
G, (i€) = [ie —ef — Fho - Y, (i€) 4 iAsgne] 1, (4.24)
where A = 71V?2p, is assumed to be a constant in the relevant energy range.
We invoke an important relation which is an example of the Ward-Takahashi identity [46]:

Y1 (ie) — X (ie) = —2M A3(ie, i€; 0), (4.25)

where M = (S,) with S, = [fFfT — fffl]/Q. The identity represents the many-body correction to
the Zeeman splitting. It will be shown later that in the Kondo regime where charge fluctuations are
suppressed, the many-body correction overwhelms the bare Zeeman energy.

It is possible to derive A3(0,0;0) = X exactly in the case of h = 0. We make use of the Friedel sum
rule for the spin polarization as explained in Appendix G. The result is given by

= % > olmIn G, (0), (4.26)

where (and in the following) we omit writing the positive infinitesimal imaginary part in the argument
of the Green function. Then the static susceptibility x is given by

oM 1
= — = 142X 4.2
o = 2P (O +22], (4.27)
where pf(0) = —ImG,(0)/m. Thus X is given in terms of p;(0) and x. In the Kondo limit where
X > pr(0) we obtain
A =TA.

The full self-energy Y, (¢) near the Fermi level depends so strongly on e that the wave function renormal-
ization factor is much smaller than unity. Then the fermion degrees of freedom alone do not contribute
to charge and spin susceptibilities. However the magnetic response is influenced by fermions through the
coupling A. It follows that for small magnetic field the effective Zeeman splitting of the fermion levels
is twice of that without hybridization. This is seen if we recognize that the effective Zeeman splitting is
given by as[24(0) — X,(0)] and M = h/(4Tk).

In the duality picture, the contribution of the local part of the f electrons to the dynamical suscep-
tibility is written as yo(w). This is fixed by the condition that the full susceptibility x(w) given by the
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duality model must be identical to that given by the Fermi-liquid formula eq.(2.69). In the duality model
we regard the spin-fermion coupling constant A as independent of w. Then we obtain

Xo(w)

X(w) = 7= T ()0 (@) (4.28)

where II(w) is given by eq.(4.20) with G¢(k, i€, ) replaced by the impurity counterpart:

) . - Vv?
Gf(lﬁn) :af/ <Z€n—€f —U,lee_ek> . (429)
k n

Equation (4.28) is exact in the static limit since the coupling constant A = wA takes precise account
of the vertex correction there. By comparing eq.(4.28) with eq.(2.69) we obtain

Yo(w) ™' = 2XTI(w) + /\%1_2[((.0) — 4Tk, (4.30)
There is no w-linear imaginary part in xo(w) because of the cancellation between the first and second
terms. This quasi-gap behavior is consistent with our definition of the spin degrees of freedom which
do not involve the low-energy fermion excitations as their constituents. Thus the spin fluctuations do
not contribute to the T-linear specific heat without coupling to fermion degrees of freedom. The specific
heat C'=~T of the Anderson model is determined by the renormalized Green function G¢(e) as

dr 0
v = ?Im& In G0(6)|6:0,

just as in the Fermi-liquid theory.

We can rely on eq.(2.69) up to frequencies of the order of Tx. Then eq.(4.30) fixes xo(w) for these
frequencies. Figure 4.17 shows the real and imaginary parts of the susceptibilities x(w), xo(w) and
A2TI(w). As is evident in Fig.4.17(a), Imyo(w)/w displays a structure which is interpreted as a pseudo-
gap of the order of Tk for spin excitations. There is a corresponding structure in Reyo(w) as shown
in Fig.4.17(b). Note that xo(0) = x(0)/3. We remark that A3Il(w)/2 corresponds to the dynamical
susceptibility of ref.[47] if one regards 2T as the Kondo temperature. At high frequencies the imaginary
parts converge to the same asymptotic behavior proportional to w™2. The odd power is caused by the
logarithmic singularity at w = oo in eq.(4.30). By comparison with a numerical result obtained by the
Wilson-type renormalization theory [45, 48], it is seen that the quasi-particle RPA given by eq.(2.69)
is an excellent approximation for all frequencies. Hence we expect that eq.(4.30) is also a reasonably
accurate representation of yo(w) for all w.

4.8.4 Metamagnetism in the Duality Model

We study the magnetic equation of state on the basis of eqs.(4.17) and (4.18). The basic observation
is that the coupling between spins and fermions causes a large nonlinear effect as the spin polarization
increases. The experimental results on CeRuySis have been discussed in 3.1.1. Now we give a theoretical
aspect of the metamagnetic behavior of heavy electrons. It should be remarked that there is no estab-
lished result on the mechanism of the phenomena. Therefore the discussion below is presented just to
show a consequence of the duality model.

We assume the presence of a static magnetic field hq which is modulated with wave number g. Then
the spin variable Sq = Sq(ivm = 0) becomes macroscopic. We treat this component in the saddle
point approximation, and spin fluctuations with other wave numbers and frequencies as Gaussian. The
equation of state is given by the zero average of 0A.,/0S_q over the Gaussian variables as follows:

[xo(0)™! = J(g) — 2X*T1(q; Sq))Sq = hq, (4.31)

where II(g; Sq) is the polarization function of fermions under finite Sq. For general values of g, II(g; Sq)
does not have a simple expression. However for the case of ¢ = 0 or ¢ = Q with @ being a reciprocal
lattice vector, we obtain the compact formula

1 Lo . _
H(q;Sq):—NZTZ[Gf(k,zen) 'Gy(k + g ie,) Tt = [ASql! 7 (4.32)
k n
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Figure 4.17: Three kinds of susceptibilities: xo(w) (solid line), x(w) (dashed line), and a;QH(w) (dash-
dotted line). Imaginary parts are shown in (a) and real parts in (b).

which of course reduces to Eq.(4.20) in the case of Sq = 0. The itinerant fermions feel ASq as a fictitious
magnetic field with wave number q.

Figure 4.18 shows an example of numerical calculation [49]. The parameters in the calculation are
taken in units of the half-width D of the conduction band as follows:

pe=1/2, ayh =0.0172/2, a;V?p. =5x 1072, x0(0)~! — J(0) = 2as\.

The parameter £z is the energy (measured from the Fermi level) of the conduction electron with the
Fermi wave number. The magnetization jumps for large enough coupling between fermions and spins.
This jump corresponds to the first-order metamagnetic transition. With smaller coupling there appears
smooth but nonlinear behavior of the magnetization, which seems to related to the pseudo-metamagnetic
transition discussed in 3.1.1. This behavior in the duality model comes from non-monotonic dependence
of TI(0; Sg) on the magnetization M = |Sg|. The itinerant band has a peak in density of states near the
Fermi level due to hybridization, and the Zeeman splitting pushes the peak of either up or down spins
toward the Fermi level. Then II(0; S) increases up to certain magnitude of M. With further increase

of M the Zeeman-split peaks of both spins go off the Fermi level so that I1(0; Sq) turns to decrease. We

note that the mechanism in the present model calculation is not qualitatively different from a rigid band

picture of f-electrons. The many-body effect is taken into account only in reducing the energy scale. It
is difficult in the duality model to incorporate more details of interaction between quasi-particles and
magnetization.

A very interesting feature in heavy electron systems is that the external magnetic field causes a
nonlinear effect in the itinerant state of f electrons. Experimentally this appears as a change of the
Fermi surface probed by the de Haas-van Alphen effect. In the case of CeRusSis the Fermi surface
below H = 7.7T = H); is roughly consistent with the one predicted by the energy band theory. As the
magnetic field becomes close to H), the signal shows a strange temperature dependence, suggesting that
the effective mass and/or the Zeeman splitting depend on T. Above Hj; the Fermi surface observed
has a shape consistent with the localized picture [50]. We note that CeRuySiy has a strong Ising-
type anisotropy. Similar magnetization is observed in UPt; which has a strong XY-type (easy-plane)
anisotropy [51].

There are also many heavy electron systems without the metamagnetic behavior. The characteristics
in magnetization thus depend on details of the system. Such details are best dealt with by the energy-
band theory. In the purely itinerant picture, the metamagnetic behavior is ascribed to characteristic
band structures such as a high peak in the density of states near the Fermi level. Since the Zeeman
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Figure 4.18: Magnetization vs applied magnetic field calculated in the duality model. The parameters
in the calculation are explained in the text. The parameter « in the abscissa should read A in the text.

splitting of the energy band causes the peak to cross the Fermi level, the differential susceptibility should
be enhanced at the crossing. In this picture, however, the structure of the density of states should be
extremely sharp, of the order of 0.1 K in CeRusSis. It is impossible to reproduce such a tiny structure
by the ordinary band calculation. We remark that the energy scale of 0.1 K is much smaller than the
Kondo temperature of CeRusSis which is of the order of 10 K. In the duality model the tiny structure
comes from combination of the Kondo effect and the coherent hybridization in the periodic lattice. It
is an open problem whether such tiny structure reflects an intersite spin-spin correlation in addition to
the Kondo effect.

4.8.5 Weak antiferromagnetism

On the basis of the magnetic equation of state in the duality model, we proceed to discuss weak antifer-
romagnetism. In this section we take a one-dimensional model to demonstrate the effect of nesting in
the simplest way. In the duality model the weak antiferromagnetism results from strong sensitivity of
the itinerant exchange to the magnitude of magnetization. Let us assume that there is only one heavy
electron band which crosses the Fermi level. We evaluate I1(Q; SQ) with use of the quasi-particle form
given by eq.(4.29). We note that the renormalization factor ay is the order of Tk /(72V?p,).

The spectrum Ej, of the heavy electron is derived very simply provided that |Ex| < |eg| is satisfied
for each k near the Fermi surface. We expand ¢, around the Fermi wave number +kp as

er = e £vc(k F kr), (4.33)

where v, is the velocity of the conduction band. Then we obtain

Ex = zapy (Viep)’ velk ¥ kr) = +vp(k F kp), (4.34)
Gf(k:,ien) = af/(ien — Ey). (4.35)

The interaction strength between quasi-particles and spins is determined by Ay = ayA. We introduce
the misfit energy 0, by d,, = vf|Q — 2kp| which simulates deviation from complete nesting in higher
dimensions. Then with use of Eq.(4.34) up to a cut-off energy +D, which should be of O(Tk), we
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evaluate Eq.(4.32) at T = 0. Straightforward integration gives
Dy

“a2p;l S > |AsS
AL PRy W TR ( ArSel)
(Q; Sq) = (4.36)
1 Dy
gaiorin| 5|, (3 < IAsSal)

where we have defined the quasi-particle density of states p; = (v #)~ ! with the lattice constant being

unity. In the case of complete nesting the spontaneous magnetization at T' = 0 is given by the solution
of
1
X0(0)

In eq.(4.37) the smaller magnetization causes larger exchange field from the itinerant part. Since we have
Dy ~ Ay ~ )\?cpf ~ Tk as order of magnitudes, the condition for weak antiferromagnetism under the
very good nesting is that xo(0)~! — J(Q) should be much larger than T . Namely the relevant exchange
interaction responsible for the weak antiferromagnetism is not the usual RKKY interaction. Instead the
heavy electrons themselves mediate the coupling of spins. In this respect the weak antiferromagnetism
of heavy electrons is very similar to that of band electrons in transition metals [52].

In contrast to transition metals, however, the presence of the RKKY interaction leads to specific
dynamical and temperature effects. Suppose that the RKKY interaction does not favor the wave number
Q so that J(Q) is negative. Then xo(0)~! — J(Q) can be much larger than Tk, and hence than )\?pf.
In the present model the dominant exchange interaction changes from the RKKY type at high T" to the
anomalous one mediated by itinerant heavy electrons with decreasing T'. In this connection we note that
the wave number of most dominant magnetic fluctuations in UPt3 depend on temperature and excitation
energy. The relevant @) for the Néel order can be seen only at low temperature and with low excitation
energy [53].

The Néel temperature T can be derived by evaluating II(Q;0) at finite temperatures. The result at
T larger than ¢, is given by

Dy
J(Q) — )\fpfln 5o ‘ 0. (4.37)

(Q; Sq) = %a?pf In (23”) : (4.38)

Comparison with Eq.(4.37) gives the relation between T and the zero-temperature magnetization S¢
as
Tn = Xf|Sql. (4.39)

Thus in the present model the weak antiferromagnetism requires 7’v to be much smaller than Ay and,
hence than Tk. The small energy scale Ty is generated by the nesting property of the heavy-electron
band. This is again similar to the weak antiferromagnetism in itinerant electrons where the role of Tk
is played by the Fermi energy of the conduction band.
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Chapter 5

Superconducting States

5.1 Historical Overview

Superconductivity, which was one the best understood many-body problems in physics[1], became again
a challenging problem when a new kind of superconductivity was discovered in CeCusySis by Steglich et
al [2]. The system is one of heavy-electron materials close to magnetic instability. In the subsequent
decade, intensive investigations of a class of uranium compounds established a new field of heavy-
electron superconductivity by successive discoveries of superconductivity in UBej3, UPt3, URusSis,
UPdyAl; and UNigAls [3, 4]. The most important characteristics for a series of uranium heavy-electron
superconductors are that superconductivity coexists with the antiferromagnetism except for UBe;3, and
that the specific heat coefficient « lies in a broad range from 700 mJ/(mole K?) (UBe;3) to 60 mJ/(mole
K?)(URuySiz). The f-shell electrons, which are strongly correlated by Coulomb repulsive interaction,
determine the properties of heavy quasi-particles at the Fermi level. This gives rise to a large «y value as
well as an enhanced spin susceptibility. Hence, the Fermi energy is also quite small: Tr = 10 ~ 100K
and, as a result, the transition temperature is also small, ranging from 7, = 0.5K to 2K. The magnetic
ordering temperature T = 5 ~ 20K is by one order of magnitude higher than T,.. A jump (Cs—C,,)/C,
of the specific heat normalized by the value C,, just above T, is of O(1) in all compounds. This result
demonstrates that the superconductivity is produced mainly by the heavy quasi-particles. Due to the
strong Coulomb repulsion among f electrons, it seems hard for the heavy quasi-particles to form ordinary
s-wave Cooper pairs with large amplitude at zero separation of the pair. In order to avoid Coulomb
repulsion, the system would favor an anisotropic pairing channel like spin triplet p-wave or spin singlet
d-wave. These types of paired states are actually realized in superfluid *He where pairings with p-wave
spin triplet are formed with a few phases of different symmetries such as A, A; and B phases [5].

Ferromagnetic spin fluctuations (paramagnons) play a major part in the effective potential which
produces the anisotropic pairing. For example the pairing in the A-phase of He was identified as an
anisotropic type called the Anderson-Brinkman-Morel (ABM) state with the energy gap vanishing on
points at the Fermi surface [6]. In many respects, the analogy with 3He is a good guide for the inter-
pretation of the experimental results in heavy-electron superconductors. The on-site Coulomb repulsive
interaction produces AF spin fluctuations as a low-energy excitation, which play a role similar to ferro-
magnetic spin fluctuations in liquid He. There are, on the other hand, important differences between
these two systems. The strong correlation effect, the spin-orbit interaction, and the CEF characterize
the heavy-electron systems. Thus the problem of the heavy-electron superconductivity turns out to be
much more complicated than in 3He.

The heavy-electron superconductivity has also intimate connection to another new kind of super-
conductivity; the high-temperature superconductivity discovered in a copper-oxide Lay_,Ba,CuOy4 by
Bednorz and Miiller in 1986[7]. Intensive study of the class of copper oxides led to successive discov-
eries of new superconducting systems, each exceeding the other in T, value: Y-Ba-Cu-O system with
T. ~ 90K, Bi-Sr-Ca-Cu-O system with T, ~ 110K, T1l-Ba-Ca-Cu-O system with 7T, ~ 120K and Hg-
Ba-Cu-O system with T, ~ 130K[8]. These new superconductors exhibit unconventional properties, and
there is increasing evidence that order parameter symmetry could be of the anisotropic dg2_,2 type. In
copper oxides AF spin fluctuation is considered to play a vital role in producing the anisotropic pairing
[9, 10]. Even if there is a difference of more than two orders of magnitude between the T.’s in heavy-

131
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electron and high-T, copper oxide superconductors, they share the common feature of strongly correlated
electrons in partially filled f- or d-shells. It is a common property of the anisotropic superconductivity
that low-lying excitations in the quasi-particle spectrum originate from the presence of zero gap either
on points or along a line at the Fermi surface. These zeroes give rise to a power-law temperature depen-
dence of various physical quantities instead of the exponential dependence seen in conventional s-wave
superconductors. We resume more detailed comparison in Chapter 6.

5.2 Fundamentals of Anisotropic Pairing

5.2.1 Symmetry of the pairing
spherical symmetry

Let us consider the symmetry property of the pairing. For simplicity we first assume spherical symmetry
in the system and neglect the spin-orbit interaction. The situation is approximately realized in superfluid
3He. In the case of heavy electrons, the effects of CEF and spin-orbit interaction are very important and
will be discussed later. For description of the symmetry we draw an analogy with the one-body density
matrix given by pas(k) = (ag(k)Tan(k)) in k-space. This can be parametrized as

290(k) = n(k)Sas + m(k) - can(k), (5.1)

where n(k) is the occupation number and m(k) is the spin polarization. Here o is the vector composed
of the Pauli matrices. The average magnetization (M (k)) is given by

(M(K)) = ~ LomsTe[op(k)] = —5grpmik) (5.2)

where g is the g-factor.
We now turn to the pairing amplitude ¥, (k) defined by

Vap(k) = (aa(k)as(—k)), (5.3)

where we have assumed zero total momentum of the pair. Here k denotes a unit vector in the direction
of k which is near the Fermi surface. Because of the small energy scale of superconductivity as compared
with the Fermi energy, we have neglected in \I/ag(fc) slight dependence on |k|. In order to make analogy
to the symmetry of the density matrix, we introduce the time reversal operator K acting on the single-

particle state ¢, with a spin component « as

(rBIKda) = dp(r)*(ioy)sas (5.4)

If ¢o(r) is an eigenstate of the single-particle Hamiltonian with a magnetic field, K¢, represents a
solution with reversed magnetic field. Equation (5.4) for spin 1/2 is an example of the more general
property of K as the product of a unitary operator and taking the complex conjugate of the wave
function. The appearance of the real unitary operator i, here is connected with the property

*

ioyo(io,) ™t = —o*,

which means that the spin operator o /2 is odd under time reversal.
The convenience of using iy is clear from the identity for the singlet pair creator:

al (K)a](—k) — a] (k)a] (k) = Y al,(k)(io,)apaly(~k),
aff
where both sides transform as a scalar. On the other hand, the triplet pair with S, =1 is given by

af (k)a} (~k) = ;zﬁam)[(am +i0, )iy apal(—K).

It can easily be checked that the triplet pair with S, = —1 obtains (o, — i0,) instead of (o, + ioy) in
the above, and the pair with .S, = 0 obtains 20, instead. Thus we parametrize the pairing amplitude as

Vas(k) = {[Ws(k) + @y (k) - olioy }ap, (5.5)
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where U (k) describes the singlet part and the vector W.(k) describes the triplet one. In the case of
s-wave pairing, ¥, (k) is just a constant. With finite angular momentum I, it is expanded in terms of
spherical harmonics as

Uo(k) = cmYim(k).
On the other hand, for the triplet pair with S, = 0, for example, we obtain
Wi (k) = 2f (), (5.6)

where % is the unit vector along the z axis and f(k) specifies the orbital degrees of freedom. The latter
is expanded in terms of spherical harmonics as the singlet pairing. In the case of S, = £1, 2 is replaced
by & 4 4g. Fermi statistics require that \Ils(l;) is an even function of k and lIlt(l%) is odd. These types of
pairing do not occur at the same time.

Let us introduce the gap function Aag(l%) which is related to the pairing amplitude by

Aas(k) = 373" (@BIV (k. p)vi) ¥ (5).

Here (af|V (k,p)|vu) is the matrix element of the pairing interaction. As before the convention |a)T =
(Ba] is taken in ordering the one-particle states. Then we parametrize

Nap(k) = {[D(k) +d(k) - olioy }ag (5.7)

The quantity D(k) and d(k) have the same transformation properties as U4(k) and ¥, (k), respectively.
In contrast to n(k) and m(k) in the density matrix, the gap function need not be real. This is associated
with the gauge symmetry spontaneously broken in the superconducting phase.

In addition to gauge symmetry, other symmetries like spherical symmetry and time reversal can be
broken. In order to deal with a general case we introduce [11] the four component field ¥, (k) (i = 1,2, 3,4)

by the vector
$(k) = (a1(k), a; (k), a} (~k),a| (=k))". (5.8)
We call the first and second components conjugate to each other. The third and the fourth components

are also conjugate partners, while the first and the fourth, as well as the second and the third, are
time-reversal partners. The mean-field Hamiltonian is written as

H=2 D hig (k)y] () () = D Wik (k)

where the 4 x 4 matrix i = {h;;} is given by

w-( sty 24

Here the entries in the right hand side are 2 x 2 matrices.
The eigenvalues of h(k) are most easily obtained by taking the square of it. Then we get

2 1l
O + AA 0
h(k)* = ( 0 Ei. LAIA, | (5.10)

where
AAT = |DP 4 |df +w-0, ATA=|D?+|d? -w-o,

with w = id x d* = w*. One calls the pairing with w = 0 unitary and the other case non-unitary.
We diagonalize the 2 x 2 submatrices in eq.(5.10) and obtain the quasi-particle spectrum as

Erq(k) = T\/E(k)2 + |D(R) |2 + [d(k)|? + olw(k)],

where 7 = %1 specifies the orbital (or the particle-hole) branch and ¢ = %1 the spin branch. In the non-
unitary case the spin degeneracy is removed, which means that time-reversal symmetry is spontaneously
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broken. The superconducting gap vanishes at k such that |d(k)|? — |w(k)| = 0 in the triplet case, and
|D(K)|? = 0 in the singlet case. In the non-unitary case the gap may open only in one spin branch.
In the case of superfluid >He, the following types of p-wave pairing have been considered:

R &ky + gky + 2k., [BW]
d(k) < ¢ Z(ky +iky), [ABM] (5.11)
2k, [polar].

Here and in the following we write ko (o = z,y, z) simply as k, for notational simplicity. The first pairing
type corresponds to vanishing total angular momentum, namely J = L+ S = 0, and is called the Balian-
Werthamer (BW) state [11]. The BW state has no node. The second one, with S, =0 and L, = 1,
is realized in a narrow range of the phase diagram and is called the Anderson-Brinkman-Morel (ABM)
state [12]. The ABM state has a point node at k, = k, = 0. The third one with S, = L, = 0 is called
the polar state which has a line node at k, = 0. It is noted that spherical symmetry is spontaneously
broken in the ABM and polar states.

singlet pairing under tetragonal symmetry

In the presence of a periodic potential, the degeneracy associated with a finite angular momentum of
the pair is lifted. The pair should instead be labeled by an irreducible representation of the point group
[13, 14, 15]. As long as the deviation from spherical symmetry is small, one can still use terminology such
as the s-wave or p-wave pairing. Under strong crystal potential, however, wave functions with different
angular momenta are mixed. Then labeling by the angular momentum loses its significance. Let us take
as an example tetragonal symmetry. The simplest pairing has Ff (A14) symmetry represented by

Do(k) = a+b(k2 + k2) +ck? + ..., (5.12)

where a, b, c, ... are parameters to be determined on energetic grounds. Here a originates from the s-
wave, b and ¢ from the d-wave and so on. One has |a| > |b|, |¢| if the pairing is predominantly of s-wave
character. The function Do(l;:) transforms as a scalar under the point-group operation, and obviously
there are no nodes.

Another type of the singlet pairing has the I'j (B;,) symmetry and is represented by
Dy(k) = (k — kj) fo(k) = Rek? fo(k),

where k; = k, + ik, and fo(k) is a scalar function which is in general different from Dy (k) in eq.(5.12).
The function Dy (l%) vanishes on the planes k, = +k,. Therefore along the intersection of the plane with
the Fermi surface, which makes a line, the gap vanishes.

The pairing symmetry F;‘ (Eq) belongs to a two-dimensional representation where the Cooper pair
has an internal degree of freedom like finite angular momentum. The gap function is given by

Da(k) = (mka + noky k= fo (k) + k2 fr(k)],

The coefficients 7,12 are arbitrary in contrast to the case of eq.(5.12). On the other hand the scalar
functions fo(k) and fi(k) are completely determined by minimizing the energy. Again the gap vanishes
on the line k, = 0.

The list including other representations is given in Table 5.1(a). We notice that all the basis functions
in these tables should be multiplied by a scalar function which depends on each irreducible representation.

triplet pairing under tetragonal symmetry
We now turn to triplet pairing. The simplest pairing has I']’ (A41,,) symmetry represented by
d(k) = 2kafo(k) + (ks + Ghy) f1(R) + (Fhs — Ghy) (k2 — k7) fa(k)
= zk.Jo(k) + (Reky 7o) fi(k) + (Rek i) fa(k), (5.13)

where & denotes the unit vector along the z-axis and 7 = &+ if. The scalar functions f;(k) (i = 0,1,2)
are to be determined to minimize the energy. There is no node because fj f1 fo # 0 in general. If, however,
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(a) singlet pairing

representation basis functions
(Alg) 1
(Agg) Imk?
I3 (Big) Rek?
I} (Ba) Imk?
;_ (Eg) ko b kS
(b) triplet pairing
representation basis functions
I'T (A1) Zk.;Rek f_; Rek? iy
Iy (Az,) Imk+f_;lmkif+;kzlmk4+2
I (Bi) Rek 7y k.Rek? 2; Rekif’
I'y (Bz2u) Imk+r+,k Imk+z Imk? 7
s (E.) R 2 ke ki ko kT 2R (0= 0;2)

Table 5.1: Pairing basis functions in tetragonal symmetry Dyp. The functions separated by a semicolon
are to be taken as linear combinations to minimize the energy. The functions with the suffix + or F
denote degenerate partners.

there is a spontaneous breakdown of symmetry to realize S, = 0, for example, we have f; = fo =0 and
a line node appears at k, = 0.
The other simple symmetry is I'; (By,,) with

d(k) = (iks — jky) fo(k) = (Reky i) fo(k),

which has zeroes at k, = k, = 0. The list including other representations is given in Table 5.1 (b). We
quote also all basis functions for hexagonal and cubic symmetries [15] in Tables 5.2 to 5.3.

5.2.2 Effect of spin-orbit interaction

In the presence of the spin-orbit interaction, the Bloch function is specified by a pair of indices: the crystal
momentum k and the quasi-spin index o, which reduces to the pure spin as the spin-orbit interaction
decreases. The energy level for each k is doubly degenerate as long as the time reversal symmetry is
not broken. We call the degenerate states a conjugate pair. Since the choice of the quasi-spin is not
unique, it is convenient to formulate the theory so that the symmetry appears independently of the
representation [16]. We shall illustrate this for the case with the Zeeman splitting. We introduce the
g-tensor g(k) = {gi;(k)} and a vector 7(k), which describes the magnetic moment, by the relation

1
vi(k) = 3 > gii(k)o;, (5.14)
J
where each component ~; (k) is a matrix. Then the magnetic moment operator M (k) is given by

:_,UBZaa Ty s(k)as(k). (5.15)

Under the crystal symmetry operation, M (k) transforms like a vector and is independent of the choice

of basis. With the one-body density matrix parametrized by eq.(5.1) we obtain the magnetization
1
(M(K)) = —ppTrly(k)p(k)] = =5 ppg(k)m(k).

The Zeeman splitting 2E (k) is given by the eigenvalues £ F (k) of the Hermitian matrix
~M(k)- H.
We obtain from egs.(5.14) and (5.15)

1 .
Ez(k)? = ZM2BH -G(k)H,
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(a) singlet pairing

representation | basis functions
1—‘1+ (Alg) 1
ry (Azg) Imk?r
I's (Biy) k. Imk, d3
IS (Bay) k.Rek?
Ty (Eg) ks kS
Fg— (EQQ) ki? kélF
(b) triplet pairing
representation basis functions
I'T (Aw) 2k.; Rek F_; RekS F_
Iy (Az,) Imk+f_;1mkif_;kzlmki2
I's (Biw) Imkif_;kzlmkif+;kzlmkié
I'y (Bz2u) Rek? 7_; k. Rekr,;k.Rek? 2
Iy (Era) kié;szi;kzk‘if;;kié;kﬂif;;kﬁ%fi
Iy (E2) kif’i;kzkié;kiﬁ;k%f;;k%fi;kzkié

Table 5.2: Basis functions for the pair in the hexagonal symmetry Dgp,.

(a) singlet pairing

representation basis functions
Fir (Alg) 1
I3 (As) (K2 — K2)(K2 — k2)(K2 — k2)
I3 (E,) 2k7 — Ky — Ky, ki — ky (n = 2;4)
FI (T1g) kykZ(k;f — kD), kakao (KD — K3, koky (k3 — k{;) (n =2;4;6)
Id (Tz,) kyk kD, kokokl, koky k2 (n = 0;2;4)
(b) triplet pairing
representation basis functions
T (Aw) Tk} + gky + k7 (n = 1;3;5)
Iy (Aza) ki (ky — k2) + gky (k2 — k2) + 2k2 (k2 — k) (n = 1;3;5)
s (Ey) Ty + gky — 227, 2ky — gky; (n = 1;3;5)

(ki — ky)dpw, (2k7 — k7 — ky)dpw (n = 1;3;5)

ok2E + KIRZZ) + (v o y), [k (k2 — 2Kk3)2 + kZk2Z] + (2 < y)
Iy (Tw) kit (gkz — 2ky), Kyt (B — k%), K2 (2ky — gky) (m = 0;2,n = 1;3;5)
koky (k2 — k?/)k”z kyks (k2 — k2)k2 &, koky (K2 — K2)kDg (n = 1;3;5)

Table 5.3: Basis functions for the pair in the cubic symmetry Op. Functions separated by a comma
represent degenerate partners, and dpw = k;Z+ky§-+k.Z. The semicolons mean that linear combinations
are to be taken of terms with different n’s indicated in each parenthesis.
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where G(k) = §(k)j(k)* with * denoting the transpose. Note that this result is independent of the choice
of basis. The gap function is now parametrized by

Aap(k) = {[D(k) +d(k) - y(k)]ioy }as. (5.16)

Then we get K A
AAT = [D(k)]? + (d- ) (v - @) = [DE)] + |dy|* + w - o,

where dy = §'d and w = id, x dj = w*. The symmetry property of dg(l;:) is the same as that of d(k).
Thus the energy spectrum in the presence of the spin-orbit interaction is obtained just by using dg(lzz)

in place of d(k) in the previous section.

It has been argued that the triplet in general cannot have line nodes [16]. The main line of argument
for this is the following: The gap vanishes if an eigenvalue of the matrix {h;;(k)} is given by +e(k).
Namely we require

det{Aag(l%)} = D(/Q:)2 — dg(ﬁi) . dg(l%) =0. (5.17)
In the singlet case, D(fc) can be made real. Then the zero condition specifies a plane in the k-space, and
the intersection with the Fermi surface constitutes the line node. For the unitary triplet case, dg(lzz) can
also be made real. Then the left-hand side of eq.(5.17) is the sum of three non-negative quantities. If
these quantities are independent, there is no solution on the Fermi surface. If the number of independent
equations is reduced to two by symmetry, then a point zero is realized. In order to have a line node, there
must be only one independent equation. This however cannot be expected from the symmetry alone.
In the non-unitary case dg(l%) is a complex vector, and eq.(5.17) leads to two real equations. Therefore
some special situation is also necessary in order to have line nodes in the non-unitary triplet pairing.

A candidate realizing such situation is the pair with a definite direction of dg(lAc) as in the case of the
polar state of eq.(5.11). Under hexagonal symmetry, for example, the Ey, pair with S, = £1 of the
quasi-spin always contains a factor k. as seen from Table 5.2. The same remark applies also to the Ey,
pair with S, = 0. These pairs with line nodes are suggested for pairing in UPt3 as will be explained
later.

5.2.3 Density of states of quasi-particles

In the superconducting state, the energy of quasi-particles is given as the eigenvalues of h = {h;;} given
by eq.(5.9). The density of states N(FE) of quasi-particles is then

N(B) = 5 37 6(B ~ Bro(k) = |BI Y 6B - B, ). (5.18)
k’TO' kO'

where Ep,_ = |E;;(k)|. By putting the eigenvalues of h(k)? we can derive the density of states. For
simplicity we first treat cases with spherical symmetry.

s-wave pairing

In BCS superconductivity mediated by the electron-phonon interaction [1] the energy gap opens over the
entire Fermi surface. With the notation D(k) = A, the density of states Npcg(E) in the superconducting
state is given by

E|
VB — A2
and Npcs(E) = 0 for |[E] < A. Here No =23 ;. d(¢)) is the density of states at the Fermi level in the
normal state. Therefore, various physical quantities obey an exponential-law well below T..

Npos(E) = No (1B > 4) (5.19)

p-wave pairing

In the case of a p-wave triplet pairing we obtain

N(E) :NO/@ > Re 2] , (5.20)
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where the integral is over the solid angle of k. In the ABM state in the superfluid 3He-A, the Cooper pair
consists of parallel spin pairing as given by eq.(5.11). Then we have |d(k)|? = AZsin?# and w(k) = 0.
Correspondingly, the quasi-particle density of states in the ABM state is given by
NolE| [?" i in 6 NE, E+A
Napu(E) = NI d¢/ df Re S AL I e (5.21)
dm - Jo 0 E?— A?sin?9 24 E-A

This result is obtained by choosing @ = Acosf/vE? — A? as the integration variable for the case of
|E| > A. The result in the case of |E| < A is obtained by analytic continuation of E. Hence eq.(5.21)

is valid for both cases. We note that Napy(F) exhibits a divergence at the gap edge, which is weaker

than the BCS case, and is proportional to E? at low energy as shown in Fig.5.1.

In the case of the p-wave polar type with d(k) = AZk,, the gap vanishes along a line at the Fermi

surface. Accordingly we have
1 T sin 0 | mNo|E|/(24), (|E] < A)
Npolar(E) = §N0‘E|/O df Re ’—EQ = A o2 0 = { N()(E/A) arcsin(A/E). (|E| > A) (522)

This result is obtained with = A cos8/|E| taken as the integration variable. In this case, Npoiar(E) is
finite at the gap edge and is proportional to |E| at low energy. In the triplet BW [11] state realized in
the superfluid *He-B phase, the density of states is the same as the BCS state since the energy gap is

isotropic. These results are summarized in Figure 5.1.

Ne(E ) (a) BCS

(bl ale)=Agsine

ceeen LT L T R R S RIT IR

\/””*’\9 (c) Al8)=pgcose

EF EF* AO

Figure 5.1: Quasi-particle density of states in the superconducting phase, (a) s-wave, (b) axial (ABM)
p-wave with vanishing gap at points and (c¢) polar p-wave with vanishing gap along a line.

5.3 NMR as a Probe of Superconducting States

5.3.1 Knight shift

The Knight shift is the only convenient measure of the local spin susceptibility reflecting the symmetry of
the order parameter, since the diamagnetic shielding by supercurrents overwhelms all other contributions
to the bulk susceptibility. In the presence of a weak magnetic field H along the z axis, the itinerant part

of the magnetization M, is given by
1
M. = —5gps ) _[f(Eyy) = f(Ey,)] (5.23)
k
where f(E} ) is the Fermi distribution function for a quasi-particle with a spin-dependent energy Ep, .

We derive the spin susceptibility ys for various cases.
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s-wave pairing

In the case of s-wave singlet pairing we obtain Ep_ = Ej + oh with h = gupH/2. Then x, for the
s-wave is derived [17] with use of Npcg(F) in eq.(5.19),as

Xs = i(QMB)Q /_o; Npes(E) (—6?2) dE (5.24)

This result is plotted in Fig.5.2. At low-T', s decreases exponentially as exp (—A/T). In the d-wave,
since N4(FE) is proportional to the energy E, or its square (oc E?), x5 becomes zero in proportion to T
or T? respectively, at low T.

The argument above is valid only in the clean limit where the transport mean free path, ;. is larger
than the superconducting coherence length &, i.e. A > 1/7. Here the scattering time 7 is defined by
l;r = vp7. In the case where a strong spin-orbit scattering (AL - S) with A > A occurs by the presence

Figure 5.2: Temperature dependence of Knight shift in s-wave superconductors as given by eq.(5.24). In
actual materials there remains residual shift due to the spin-orbit interaction.

of imperfections and the boundary in small particles, those states which would be different eigenstates
in the absence of the spin-orbit interaction can be admixed. This is time-reversal invariant so that the
new eigenstates can retain the same pairing in the superconducting state as in the absence of spin-orbit
scattering. However, these eigenstates contain admixtures of both up and down spin directions. As a
result, a conventional picture of spin-singlet pairing no longer holds. In the limit of large spin-orbit
interaction, the opening of a finite energy gap below T, does not produce large perturbation on the spin
susceptibility. For the two limits of strong and weak spin-orbit scattering, Anderson derived the fraction
of the residual spin susceptibility at T=0 as [18]

XS/X’I’L =~ 1- 2A7—so f > lso
Xs/Xn = (6A7)7" £ < lso

l

where 7, is the mean time between spin-reversing scattering events and the spin-orbit mean free path
is defined by ls, = vpTsp.

p-wave pairing

In the p-wave case, the susceptibility depends on the direction of d. Let us first consider the case where
d || 2. Then in the matrix h(k) we have no coupling between the conjugate partners. The non-zero off-
diagonal elements couple the time-reversal partners. Then the Zeeman splitting of quasi-particle states
becomes the same as the s-wave case, i.e., E, = E}, +oh. Thus x; is given by eq.(5.24) provided that
Npcs(E) is replaced by the triplet one.
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If d L z, on the other hand, the spin is parallel to the magnetic field. We assume the case of equal-spin
pairing with d(k) = A&k,. Then in the matrix h(k) we again have no coupling between the conjugates.
This time the non-zero off-diagonal elements couple components with equal spin. We obtain

Eiw = (g, + oh)? — A?sin? 6,

which leads to
(9Ek: 1 6Eko’

oH ~ 2M"P7 9e,

Then x; is given by

aE 1 < 9 OB, 1
Z@H Er,) 85"}:*1(9#3)2%/ de [f(Ee) = ] = = (9uB)*No. (5.25)

Namely the spin susceptibility remains the same as that in the normal state.

If one can neglect the anisotropy in the system as in liquid ?He, d can rotate so that d L 2 is satisfied.
Then x, stays constant in any direction in the parallel spin pairing (ABM) state. On the contrary
provided that the spin is pinned along an easy axis or an easy plane due to the anisotropy below T, x
with H perpendicular to such axis or plane is reduced. In the isotropic triplet state (BW state), xs is
decreased down to 2/3 of the value in the normal state. This is interpreted as coming from the average
|d.|? of the component parallel to H is 1/3 of |d|? in the BW state. Thus the Knight shift measurement
provides an important clue for the determination of the symmetry of the order parameter.

5.3.2 Nuclear-spin-lattice relaxation rate

A modification of the excited state spectrum by the onset of superconductivity has a substantial effect
on the temperature dependence of the NMR relaxation rate 1/T7. The dynamical response of the excited
states is also affected by the presence of the mixed state, or magnetic and non-magnetic impurities. All
these effects can be probed by the nuclear relaxation study.

At finite temperature some pairs are broken up into single-particle excitations, while the presence of
the coherent condensed state modifies the matrix element of external perturbations. This latter effect
is called a coherence effect. Since the nuclear relaxation in the superconducting state is significantly
affected by the coherence effect, NMR serves as a good probe of coherence. We consider a case where
the magnetic field is along the z axis and we have axial symmetry in the 2-y plane. Then by eqs.(1.129)

and (1.130) we have

1

1
T A% (gspB)? Z w—ImXL(q,wn). (5.26)
q n

where A is the momentum average of the hyperfine interaction. The transverse dynamical susceptibility
is derived in the mean-field approximation in the superconducting state. As x, we consider the y-
component. We note

D e, (Fy)asaps = 5 Z¢ (0 Sy)wp), (5.27)
k.p

k.p of

where 1 (p) is the four-component field given by eq.(5.8). The 4 x 4 matrix in eq.(5.27) is written as
0y = 0y ® To Where 7 is the 2 X 2 unit matrix. By evaluating the zero-th order polarization part in the
Green function formalism we obtain

Ty, (g, Z / delf(€) — (e +w)|Teloy5( — h(k))6,6(c + w — h(p))], (5.28)

where the delta function corresponds to the imaginary part of the retarded Green function of the 4-
component field. In the unitary case to which we restrict ourselves from now on, the latter is given
by

1 . | h(k) 1 h(k)
7;Im[€—h(’§)+’t6] = 5 <1+.Ek> 6(€_Ek)+§ ( _.Ek> 5(€+Ek), (529)
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where we have used the fact that B(kz)2 is proportional to a unit matrix given by Ei:Uo ® To.

We divide h(k) into the diagonal part (k) = €00 ® T, and the rest hi(k) which depends on the
pairing type. Each case is discussed in the following.

s-wave pairing

In this case we have G,h(k) = h(k)&,. Then the trace in eq.(5.28) is calculated as

)[&E—Ewﬁe+w—E¢y+&e+Ew&e+w+E¢ﬂ, (5.30)

where the factor in front of the delta functions is an example of the coherence factor. We note that
summation over k makes the term with €z, vanish because it is an odd function of eg. Then for the
s-wave pairing we obtain

L [ A? o[ Of
ar=ma dE(1+E2>NBcs(E) -5, (5:31)

where w < T is assumed. The density of states, Ngog(F) diverges at E = A as shown in Fig.5.1. Near
T., where |f'(A)] is still large, the divergence of Npcg(E) gives rise to a divergence of 1/T;. However,
the life-time effect of quasi-particles by the electron-phonon and/or the electron-electron interactions,
and the anisotropy of the energy gap due to the crystal structure broadens the quasi-particle density of
states. This results in the suppression of the divergence of 1/T}. Instead, a peak of 1/T} is seen just
below T,. This peak, which is characteristic of singlet pairing, was observed first by Hebel and Slichter
[19] in the nuclear relaxation rate of Al, and is called the coherence peak. At low temperatures, 1/}
decreases exponentially due to the uniform gap.

The coherence peak is not always seen in the case of strong-coupling superconductors. As an example
of the relaxation behavior for weak and strong coupling s-wave superconductors, Fig.5.3 shows 1/T} of
119Gy and 29°T1 in the Chevrel phase superconductors, Sn;.iMogSer s and TlMogSer; swith T,=4.2 K
and T,=12.2 K, respectively [20]. In the normal state, the T3 T=constant law holds for both compounds.
In the superconducting state, 1/} of 1'Sn in Sn; ;MogSer .5 has a coherence peak just below 7T, and
decreases exponentially with 2A = 3.6kgT,, while 1/T} of 2°°T1 in the strong coupling superconductor
TIMogSer 5 has no coherence peak just below T, and decreases exponentially over five orders of magnitude
below 0.87, (10 K) with 2A = 4.5k5T,. Even though the coherence peak is depressed, the s-wave picture
is evidenced by the exponential decrease of 1/T; below T.. Figure 5.3 also shows another important
example, the high-T, cuprates, which are discussed in the next Chapter.

p-wave pairing

In the p-wave case the coherence factor for Imy,, is calculated from eq.(5.30) as [11]

1+ IE Re (ekep +d(k) - d(p)* — Qdy(l%)dy(p)*) : (5.32)

EpEp

Because €, and d(lfc) are odd functions of k, the bilinear terms in them vanish by summation over k.
Then the coherence factor is reduced to unity. The same situation occurs in the case of Imy,. Therefore,
the relaxation rate is obtained by replacing the quasi-particle density of states in eq.(5.31) by Napn(E)

as follows: )
1 7TA2N§ R E+A af

Since the divergence of Napgpy(FE) at E = A is weak, the peak of 1/T just below T, is much smaller
than the BCS case. The larger Ay/T, is, where Ag is the gap at zero temperature, the more suppressed
is the peak of 1/T7. At low temperatures T' < T, we obtain

E
— E* —Z=YdE =T°T 34
T x ; exp ( T)d (5) (5.34)

which gives the T° dependence at low T.
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Figure 5.3: Temperature dependence of 1/7; of 2°°T1 and '°Sn in strong coupling (T1MogSer.5)
and weak coupling (Snj1MogSer5) s-wave superconductors, and of %3Cu in YBayCuzO; at zero
field. Solid lines above T, represent the T)T=constant law, and below T, the exponential law with
1/Th = Aexp(—A/kpT). For TIMogSes, the ratio 2A/kpT,=4.5 is obtained and for SnMogSeg the
ratio is 3.6 [20].
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In the polar-type pairing where the gap vanishes along a line on the Fermi surface, 1/7T7 is calculated
as
1 A2N0

T1T

/ E*(— == dE—I—/ EQ{arcsm(g)}z( gé)dE (5.35)

where we use eq.(5.22) for Npoiar(E). Since Npojer(E) remains finite at £ = A, the peak of 1/T7 is
significantly suppressed. When A/7T. is large, 1/T7 decreases rapidly just below T.. At T <« T, with
Npolar(E) x E, 1/T} is given by

1

— X - 2 — X 3. .
5o [ BE - fEpiE T (5.36)

quadrupolar relaxation

We now consider the nuclear relaxation brought about by the interaction between the nuclear quadrupole
moment and the electric field gradient due to the non-spherical part of the conduction electron wave
function. The interaction is expressed by

Ho =Y Bgpa}, apo, (5.37)
kpd

which does not break time-reversal symmetry. If one replaces B kp by an average, the relevant coupling

1 oo O
kzp;a;“aapa =3 kzpt/f(kﬂ ( 0 o ) ¥ (p), (5.38)

where we have neglected a contribution coming from anticommutation of fermion operators with k = p
because it is smaller by O(1/N). Then we obtain

is written as

1 1
—— =B?Y “Imy.(q,w), 5.39
T > —Imy(q,w) (5.39)
q
where the charge susceptibility is given by

Imy.(q,w Z / de[f f(e+w)Tx[7.6(e — h(k))7.6(e + w — h(p))], (5.40)

with 7, = 09 ® 7,. The coherence factor for singlet pairing is now given by

egpep — Ak)A(D)

1
" EpEp

(5.41)

where the minus sign originates from 7, h (k) = —hy (k)7.. We note that the coherence factor (1—A2/E?)
cancels the divergence of Ngcog(E). Explicitly we have

1 5 [ A? 9 of 7B%N,
ﬁfwB Lde (1_E2> Npes(E) < 8E) _HTp(ﬁA)' (5.42)
In this case the coherence peak just below T, disappears. We note that the temperature dependence of
1/(T1T) is the same as that of ultrasonic attenuation. These contrasting relaxation behaviors between
the magnetic and quadrupole processes were reported in the 11°Sn and '¥!Ta relaxation in TaSnz[21].
As for the impurity effect on the relaxation behavior in conventional s-wave superconductors, we note
that non-magnetic impurities smear the anisotropy due to the crystal structure. Since the anisotropy has
an effect of suppressing the coherence peak just below T, such impurities enhance the peak. On the other
hand, magnetic impurities broaden the density of states by the pair-breaking effect, and substantially
suppress the peak of 1/T7. With increasing number of impurities, the superconductivity becomes gapless,
leading to the T} T=constant behavior below T,.. The magnetic field, which lowers T, also depresses the
peak.
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5.4 Characteristic Features of Heavy-Electron Superconductiv-
ity

The heavy-electron superconductors discovered to date may be classified into two groups depending on

their different magnetic behaviors and extent of quasi-particle renormalization. The first group comprises

CeCusSis, UBejs, and UPtgz, which exhibit weak or no magnetic order. The quasi-particle masses as

derived from the specific-heat coefficient v = C(T')/T are as large as v > 0.4 J/mole K2.

The second group includes URusSis, UNigAly and UPdsAls, which show antiferromagnetic order. The
effective masses are not so large with v ~ 0.1 J/mole K2, but T, of 1-2 K are higher than that in the
first group. The highest T is 2 K in UPdsAls. Most remarkably, UNisAly and UPdsAls possess sizable
magnetic moments of 0.24 and 0.85 pp/(U atom), respectively. In both groups, heavy quasi-particles
are responsible for the superconductivity. This follows from the large jump of the specific heat AC at T,
with AC/~4T, ~ 1, which is close to the value 1.43 for conventional superconductors, and from the large
slope of the upper critical field (dH.2/dT)r—r,. The multiplicity of the superconducting phases in UPts3
is analogous to the complex phase diagram of superfluid *He. This suggests the unconventional nature of
the superconductivity. We focus on selected properties studied by the NMR and the neutron scattering
experiments. We should mention that enormous amount of work has also been done on thermodynamic
and transport properties, which cannot be covered in the following.

5.4.1 CGCUQSiQ

phase diagram under pressure

As discussed in Chapter 4, superconductivity in CeCusSiy occurs close to a mysterious magnetic phase
called the phase A. In order to gain further insight into the relationship between the magnetism and
superconductivity, we show the pressure and temperature (P —7') phase diagram in Fig.5.4 for CeCusSiy
and CeCuyGeg [22, 23, 24]. The heavy-electron antiferromagnet CeCuaGey exhibits a pressure-induced
superconducting transition around P=7 GPa [22]. The phase diagrams show nearly identical pressure de-
pendence if they are transposed so that P=0 for CeCusSis coincides with P=7.6 GPa for CeCuyGeo[24].
The electronic state of CeCusGey at P=7.6 GPa seems nearly identical to that of CeCuySis at P=0.
The enhancement of T, observed for CeCusSis in Fig.5.4 in a P-range of 2-3 GPa [23] is observed for
CeCusGes as well. Since application of pressure increases the hybridization between 4 f- and conduction
electrons, there exists an optimum strength of hybridization for the superconductivity. Namely, as the
hybridization increases, the heavy-electron superconductivity emerges immediately after disappearance
of antiferromagnetic order.
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Figure 5.4: Combined phase diagram for superconductivity and antiferromagnetism in CeCusSiz and
CeCusGes as a function of pressure. Normal and superconducting states for CeCusGes at 7 GPa bear
resemblance to those in CeCusSis at ambient pressure [22, 23, 24].

Pressure-induced superconductivity is often seen in heavy electron systems when the AF order is
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suppressed under pressure. For example, close to the border of AF order, an unconventional normal-
state property is observed in the heavy-electron antiferromagnet CePdsSis (Ty=10 K) which crystallizes
in the same tetragonal structure as CeCusSiz. Near the critical pressure p. ~ 30 kbar, at which the
AF ordering temperature is extrapolated to zero, the electrical resistivity, p(T') exhibits a quasi-linear
variation over two orders of magnitude. This non-Fermi liquid form of p(7T') extends down to the onset
of the superconducting transition below 0.43 K [25].

Besides the series of CeMsXs tetragonal compounds, the cubic stoichiometric AF compound Celng
displays an unusual normal-state resistivity followed by superconductivity around 0.2 K near p. ~ 25 kbar
[26]. For the onset of superconductivity near the border of AF order, a possible scenario is that critical
low-lying magnetic excitations caused by the incipient AF order contribute to formation of anisotropic
even-parity Cooper pairs.

symmetry of the order parameter

The temperature dependence of the Knight shift provides a clue to the parity of the order parameter.
From the Knight shift measurements of 2°Si and %3Cu, the spin susceptibilities parallel and perpendicular
to the tetragonal c-axis have been extracted with the use of oriented powder. From the 7" dependence
of the Knight shift, appreciable reduction of the spin susceptibility is found. This suggests strongly
the singlet nature of the order parameter, hence the even-parity superconductivity. The normalized T
dependence of the spin susceptibility in the superconducting state is plotted in Fig.5.5 against (T/T)
[27]. The residual shift at T=0 is attributed to the spin-orbit scattering and/or the T-independent Van
Vleck shift. Because of the residual shift, detailed structure of the gap function is hard to deduce from
the T" dependence of the spin susceptibility.
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Figure 5.5: Temperature dependence of spin susceptibility xs(7") below T.. This is deduced from the
Knight shift of ®*Cu and ?°Si in CeCu,Siy, and is normalized by the value at T, [27].

As shown in Figure 4.8 [28], the T law for z = 1.00 and 1.025 reveals that the gap function of
the order parameter vanishes along lines on the Fermi surface. Application of a simple model with
A(0) = Agcos (0) yields the best fit to the experiment with 2Ag = 57.. Both Knight and 7 results
of CeCusSiy are consistent with a d-wave superconductor with vanishing gap along lines on the Fermi
surface. The specific heat C(T'), however, does not confirm the line node: Although C(T) follows a T2
dependence near T, which is consistent with a line node, C(T') goes like ~ T% at low temperatures [29].

5.4.2 UPd;Al;
coexistence of AF order and superconductivity

The Néel temperature T of UPd;Al; is 14.5 K and the superconducting transition temperature 7 is 1.98
K [30, 31, 32]. Various measurements such as AI-NQR [33], Pd-NQR [34], specific heat [35] and neutron
diffraction [31] have established the coexistence of the AF magnetic order with the superconductivity
and no modification of the magnetic structure at the superconducting transition. Observation of the
T1T=constant law far below T confirmed the quasi-particle excitations in the Fermi-liquid state, but
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spin waves were not found. Neutron scattering measurements, on the other hand, have probed spin-wave
excitations, which are reduced below T, [31, 32]. Magnetic excitations develop a gap feature which seems
to be related to the anisotropic superconductivity [36]. These observation should constrain the theory
of superconductivity in the presence of well-developed antiferromagnetism, which has not been worked
out.

symmetry of order parameter

Figure 5.6 shows the T' dependence of the Knight shift below T, for polycrystalline and single crystalline
samples of UPd2Al; [37]. In the SR experiment similar results are also reported [38]. Reduction of
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Figure 5.6: Temperature dependence of Knight shifts. Open circles show Knight shift perpendicular to
the field in oriented powder of UPd;Als. Solid up-triangles denote the shifts with c-axis perpendicular
to the magnetic field, and down-triangles those parallel to the field. Solid lines represent the calculation
based on the d-wave model [37]. See text for the meaning of K; and K.

the Knight shift is only about 0.08% ~ 0.11% at 0.4 K for all directions. Since the sample is in the
clean limit, impurity scattering should not be the origin of the anisotropy in the residual Knight shift.
Therefore, the anisotropy in the residual Knight shift should be ascribed to that of the AF susceptibility
which does not change below T,.. This contribution is shown as K in Fig.5.6. If one subtracts K4p
from the total, the rest decreases nearly isotropically. The latter part is written as K; and is ascribed
to the itinerant part forming Cooper pairs. The division of f-electron degrees of freedom into itinerant
and localized parts has been discussed in detail in 4.8

According to the Fermi liquid picture, a simple estimate of the itinerant part x; of the susceptibility
yields y; ~ 1.6 x 1073 emu/mole with y=150 mJ/(mole-K?) in the normal state. On the other hand, a
polarized neutron experiment extracted a value x; ~ 1.8 x 1072 (emu/mole) as the itinerant part [31]
which is nearly the same as the above value. By using these values of y;, and the 27 Al hyperfine coupling
constant Hy,r=3.5 kOe/pp, the itinerant part K; of the Knight shift is estimated from the formula:

_ _His
B W) ¥

to be ~ 0.1%. Since the observed reduction 0.08~ 0.11% is comparable to K;, the Knight shift due to
quasi-particles becomes almost zero well below T for all directions. This result provides strong evidence
that the superconductivity is due to singlet Cooper pairs in a clean limit.

gap anisotropy

In the superconducting state, 1/7} in zero field obeys the T2 law very well down to 0.15 K as seen in
Fig.5.7 [33]. This is the first case where the 7% dependence of 1/7} is observed down to such a low
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temperature as 0.087,. Since the order parameter stays constant below 0.57,, the T° law of 1/T} in the
low T range of 0.57.(1 K)-0.087,(0.15 K) is evidence of anisotropic superconductivity with vanishing
gap along lines on the Fermi surface. It is noteworthy that at Al sites the 7' dependence of 27(1/7})
below T, is determined only by quasi-particle excitations in the superconducting state. This might be
partly because the magnetic form factor at the Al-site filters away the fluctuating hyperfine field from
two adjacent uranium planes. However, the 7% law of 1/T; was also confirmed for the Pd sites where
the fluctuating hyperfine fields in the basal uranium plane are not filtered away [34].

By contrast, the specific heat C(T') probes not only quasi-particle excitations but also magnetic exci-
tations in the AF ordered state which coexists with the superconductivity. In fact C'(T') is not consistent
with the line-node [39]; it takes the form ~,T + BT3. It seems that the T linear term with ~,=24
mJ/(mole-K?) well below T, originates from gapless magnetic excitations localized at U sites.

In anisotropic superconductors, the impurity effect gives an important clue to identify the symmetry
of the order parameter. This is because even potential scattering causes the reduction of 7, in contrast
to the s-wave pairing. A slight inhomogeneity at the Al-site, which shows up in a larger FWHM, causes
a decrease of T, from 2 K to 1.75 K and yields a residual density of states. Actually a T3T=constant
behavior was reported on a sample of UPdyAls which has lower T, (=1.75 K) and larger FWHM=20
kHz than the standard sample with 7,=1.98 K and FWHM=12 kHz. Apparently, the T" dependence
of 27(1/T}) can sensitively probe an intrinsic quasi-particle excitation near the Fermi level. The rate
R of T, reduction was found to be R = T,(1.75K)/T.,(1.98K) = 0.88 when the fraction of residual to
normal density of states, Nycs/No = [(T1T);.L/(TiT);;*]*/? = 0.23. This is consistent with a predicted
value N,..s/No = 0.36 with T../T., = 0.88 in the unitarity limit for anisotropic superconductivity with
vanishing gap along a line [40, 41].
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Figure 5.7: Temperature dependence of 27(1/T}) in zero field AI-NQR. for UPdyAlz. The solid line shows
T3 dependence deduced from the d-wave model by using A(f) = A cos 6, with 2A/T.=5.5. Dash-dotted
line shows the T7T=constant law which would be expected from residual density of states by impurities
[33].

The same d-wave model as the one used for CeCusSis in the clean limit successfully interprets both the
T dependence of 1/T; and Knight shift of 27Al. The solid lines in Figs.5.6 and 5.7 are calculated results
with the gap parameter 2Ag = 5.57,.. Here it is assumed that A(T') follows the same T' dependence as
that in the BCS case. Both experiments are in favor of the d-wave pairing model with a line node.

From the Knight shift result below T, it is shown that the large residual shift originates from the
antiferromagnetic susceptibility, while the isotropic reduction of the spin shift below 7. is due to the
formation of the singlet pairing among quasi-particles near the Fermi level. Combining results of both
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the Knight shift and 27(1/7}), which includes the impurity effect, it is concluded that UPdpAl; is a
d-wave superconductor characterized by a vanishing energy gap along lines on the Fermi surface.

5.4.3 UPt;
superconducting phase diagram

UPt3 exhibits many indications of anisotropic superconductivity [42, 43, 44]. Figure 5.8 shows the phase
diagram in the magnetic field (B) vs temperature (7') plane with magnetic field perpendicular (a) and
parallel (b) to the hexagonal c-axis. These phases have been mapped out by a number of different

) 03 T(k) 0k 05

Figure 5.8: The phase diagram of UPts with magnetic field B (a) perpendicular and (b) parallel to the
c-axis determined by specific heat, ultrasonic attenuation and magnetocaloric effect [42, 43, 44].

measurements. The multiplicity of superconducting phases in UPt3 is reminiscent of the complex phase
diagram of superfluid *He. Various scenarios to interpret the complex phases of UPt3 have been proposed
with unconventional order parameters[45, 46]. All the possible order parameter representations allowed
for the hexagonal point group of UPt3 have been enumerated under the assumption of strong spin-orbit
coupling (see Table 5.2). In the presence of the inversion symmetry the parity of order parameter is a
good quantum number. A possible scenario is that the two phases at zero field belong to different order
parameter representations which are nearly degenerate accidentally. The other scenario is that the two
transitions arise from splitting of an otherwise degenerate state within a single representation. In the
latter case, a symmetry-breaking field is responsible for the splitting, in the same way as the magnetic
field lifts the two-fold degeneracy of the A-phase in superfluid *He. A candidate for the symmetry-
breaking field in UPtg is the proposed weak AF order below Tny=5 K with moments aligned in the
basal plane. In fact, direct coupling of the weak AF to the double superconducting transitions was
found by neutron diffraction and specific heat measurements under hydrostatic pressure. As indicated
in Fig.5.9, the coalescence of two superconducting transitions correlates well with the disappearance of
elastic neutron intensity around a critical pressure of P.=3.2 kbar [47].

It is unusual that Ty itself does not show any appreciable change with pressure. Moreover the neutron
intensity, which grows linearly with temperature, behaves differently from that expected for Bragg scat-
tering. We note that no evidence for the magnetic transition has been obtained by experiments other
than neutron scattering. These include thermal and transport measurements. In particular, Pt-NMR
on a high-quality single crystal has not detected any signature of hyperfine broadening or a frequency
shift which should follow the onset of magnetic ordering [49]. On the other hand, in U(Ptg.95Pdo.05)3
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shows Mé x (pe — p) which yields and 3.2 + 0.2 kbar. (b) Pressure dependence of T. (c) Pressure
dependence of the temperatures of double transitions [47, 48].

which undergoes the AF transition at Ty=>5 K with the same spin structure as UPt3 but with a larger
moment of 0.6 pg, Pt-NMR is dominated by the hyperfine field which amounts to 32 kOe [50]. Thus the
Pt-NMR results rule out the presence of a static hyperfine field of about 1 kOe, which is expected if the
ordered moment of 0.02up is present. A possible way out is that uranium-derived moments fluctuate
with a frequency larger than the Pt-NMR frequency. It seems unlikely that such fluctuating moment
can be the symmetry-breaking field to lift the two-fold degeneracy of the order parameter. Most phe-
nomenological approaches incorporate this as the symmetry-breaking field to interpret the multiplicity
of the superconducting phase [45, 46, 51].

The parity of the order parameter in UPt3 has been determined by precise Pt Knight shift measure-
ments of a high quality single crystal. As shown in Fig.5.10 [52], the spin part of the Knight shift does
not decrease below T, at all in a field range of 4.4 -15.6 kOe down to 25 mK. This result provides evi-
dence that odd-parity superconductivity with parallel spin pairing is realized. By contrast, the Knight
shift decreases below T, for magnetic field parallel to the b axis with H < 5 kOe, and for magnetic field
parallel to the ¢ axis with H, < 2.3 kOe. Magnetic field along the a axis does not lead to a change
of Knight shift down to 1.7 kOe. This set of Pt Knight shift data seems consistent with odd-parity
superconductivity including a non-unitary pairing [52, 53].

5.4.4 UB613

In the superconducting state of UBe;3, specific heat follows approximately the T3 law below T, = 0.9 K
[54]. This power-law behavior is consistent with a gap vanishing at points. On the other hand, the T
dependence found in 1/7; suggests a gap with line nodes [55]. Power-law behaviors are also reported
in ultrasonic attenuation [56] and the penetration depth [57]. Figure 5.11 [58] shows the upper critical
field H.o(T) with the following features:

(1) The slope |dH.2/dT| of the critical field is anomalously large;

(2) Heo(T) is almost linear in T' over a large temperature range;

(3) He2(0) at T=0 is larger than the value calculated within the BCS theory assuming a magnetic
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Figure 5.11: Upper critical magnetic field H.o versus temperature T for UBej3 [58].

The superconducting states of heavy electrons are very sensitive to impurities and defects. T, can be
strongly depressed in UPt3 by grinding the sample. The substitution of a small amount of Th for U in
UBe 3 leads to a rapid decrease of T,.. For Th concentrations between =0.017 and 0.05 in U;_,Th,Be;3,
two phase transitions were observed in specific-heat measurements [59] with comparable discontinuities
at T.’s. The phase diagram is shown in Fig.5.12. It has been proposed [60] that the order parameter
belongs to a one-dimensional representation I'y for x < z. ~ 0.018, and a three-dimensional one I'; for
x > x. and T > T,o (see Fig.5.12). It is possible that I'; and I's are interchanged. For T' < T.o the
time-reversal symmetry may be broken and a mixture of the two representations may be realized.

5.4.5 Implication for the superconducting mechanism

In the three compounds above, the dynamical magnetic properties are different in each case. Nevertheless
in all three the superconducting energy gap vanishes along lines on the Fermi surface. It is almost certain
that anisotropic order parameters with spin singlet are realized in CeCusSis and UPd;Alz, and that a
different anisotropic order parameter with non-unitary spin-triplet pairing is realized in UPt3, which
is the first example of this pairing symmetry in charged many body systems. These variations of the
anisotropic order parameter could be due to the different characters of the magnetic fluctuations which
lead to the Cooper pairing. We note that the integrated spectral weight of magnetic fluctuations is
smaller for Ce compounds with the 4f! than for U compounds with 5f2 —5f3. Although it is not certain
to what extent of the fluctuation frequency is relevant to the pairing, this difference in the number of
f-electrons may be a reason why the magnetism and superconductivity compete in CeCusSis and can
coexist in UPdoAlj.

In the phase A of CeCusSis, the AF spin fluctuations which have a large spectral weight at low energy
are expelled by the onset of the superconducting transition. Application of pressure makes Tk shift to
high temperature and hence transfers the spectral weight of the spin fluctuations to higher energy. As
a result T, rapidly increases from 0.7 K at ambient pressure to around 2 K at 3 GPa. It is noteworthy
that the superconductivity is enhanced when the spectral weight is transferred to a relatively higher
energy region. This transfer is derived from the T7;T=constant law, which means that the Fermi liquid
description is valid for the lowest energy excitations. An important feature is that the ground state
adjacent to the AF phase in CeCuySis and CeCuyGey is not the normal phase but the superconducting
one.

By contrast, UPdyAls is characterized by AF magnetic order with a large moment of 0.8 up per U
atom. At the same time the Fermi liquid description is valid well below T with a large density of states
v=150mJ /mole K2. The record high value T,=2 K is realized in the presence of static AF order. These
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change in T.(z) (solid line) as z increases up to z. ~0.018, and the second phase transition at Tez(x)
(dashed line) [54].

features seem to originate from the large degrees of freedom for magnetic fluctuations associated with
5f2 — 5f3-electrons.

UPt3 has remarkable features of spin fluctuations: First, although any conventional AF order is not
present, its spectral weight comes partly from a quasielastic AF contribution with the wave vector Q,
in the hexagonal plane. Secondly, there is also a sizable AF fluctuation with wave vector @, along the
c-axis and with a rather high excitation energy of 5meV[61]. Thirdly the ferromagnetic fluctuation near
q = 0 (so-called paramagnon) is also seen in neutron scattering experiments [62]. The Fermi liquid
description applies below 1 K with the density of states y=420 mJ/mole K2. It seems possible that
paramagnons play a role in producing the anisotropic p- or f-wave superconductivity with parallel spin
pairing in UPts.

5.5 Toward a Microscopic Theory

The fundamental problem in the superconductivity of heavy electrons is why the strongly repulsive f
electrons form pairs. There is no definite answer to this question yet. It is instructive to compare with
triplet pairing in *He where there is also a strongly repulsive core in the interaction [63]. At the same
time there is an attractive region in the pair potential which comes from the van der Waals force. The
triplet pairing has zero amplitude at the origin so that the repulsive core is not critical. We recall that
the van der Waals force originates from virtual polarization of valence electrons which has much higher
characteristic energy than the Fermi energy of liquid 3He. In the BCS theory, the electrons feel the
attractive force mediated by virtual lattice vibrations which have much lower energy than the Fermi
energy. In the case of 3He there is no lattice in the background, but the role of phonons is played partly
by nuclear spin fluctuations of >He. It has been shown that ferromagnetic fluctuations favor triplet
pairing rather than singlet [63].

In heavy electrons the relative importance of phonons and spin fluctuations is still uncertain. In any
case, because of the strongly repulsive core, the s-wave pair seems to be difficult to be realized. The
anisotropic pairing force due to the electron-phonon interaction is much weaker than the isotropic one .

We discuss the pairing force qualitatively with use of the Landau quasi-particle picture. In the usual
strong coupling theory for superconductors [64], one derives the self-energy and the pairing force simul-
taneously. Then the solution of the resultant Eliashberg equation gives the transition temperature and
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the quasi-particle spectrum microscopically. This is unfortunately not possible for heavy electrons, be-
cause the renormalization leading to the Kondo state cannot be represented by any simple perturbation
processes. Thus one has to assume the spectrum of the quasi-particles, and then consider the interaction
among them. A similar situation occurs in the superfluidity of *He [65].

We start with the linearized gap equation which is formally exact:

Ap(kyien) = =T. Y > > (BT (k, piien, ien) V) G (D, i€m) G (—P, i€m) Ay (P i€m)

m p uv

where (a8|T'(k, p; i€,, i€y )|vp) is the irreducible vertex part for the pairing interaction. Being irreducible
in this case means that the Feynman diagram cannot be separated into two pieces by cutting the two
Green functions going parallel. We assume that T, is much smaller than T, which plays the role of
the Fermi energy for heavy electrons. Then we make an approximation, replacing the vertex part by
its value at the Fermi surface, and imposing the cut-off energy w. in the summation over Matsubara
frequencies. The result is

Do) = =10 (55 ) 0003 [ 2 @AIE 10 00, (5.43)
e T

where the integral is over the solid angle of the Fermi surface. This equation takes almost the same form
as the mean-field approximation for the pairing. What is different here is that the renormalization factor
ay is present. In other words, it is in the quasi-particle picture that we make the mean-field theory in
the spirit of the Landau theory.

In order to see the effect of ferromagnetic and antiferromagnetic spin fluctuations in the simplest way,
we assume for the moment spherical symmetry and neglect the spin-orbit interaction. Then the effective
interaction is decomposed as

(BT (k, p)|pv) = Uk, p)dordpu + J (K, P)Oaw - Ty (5.44)

We note that the right hand side gives U + J for the triplet pair and U — 3J for the singlet pair. Since
both k and p are at the Fermi surface, i.e. with length kp, the vertex part can be expanded in terms of
spherical harmonics as

(aBIT(k, p)luw) ==Y (@BITe| ) Yim (k) Yin (P)", (5.45)

lm

where & denotes the solid angle of k. This equation together with eq.(5.44) leads to the parameters U;
and J; which characterize the strength of potential scattering and exchange one, respectively.
The pairing amplitude is also expanded as

Ao (/23) = Z AZ%YZm(l%)-
m

Then the gap equation given by eq.(5.43) turns into

1= —In(we/T.)p(0)a (U + Ji),  (triplet, :odd) (5.46)
1=-— ln(wC/Tc)p(O)a?p(Ul —3J;), (singlet, [: even). (5.47)

The actual pairing occurs for the type with the highest T, i.e, with a negative coupling constant with
the largest absolute magnitude.

To clarify the role of spin fluctuations we take the so-called potential scattering model [65] where U and
J depend only on the momentum transfer k — p. This model enables us to make a connection between
I'(k,p) and the Landau parameters. The spin-independent scattering U(k — p) should be dominated by
the strong on-site repulsion. Then its angle dependence should be weaker and U; is dominated by the
component [ = 0. Because of the large positive value of Uy, s-wave pairing is strongly suppressed. On
the other hand, the spin-dependent part J(k — p) is related to the magnetic susceptibility x(q,w). If we
assume a constant A\ for the spin-fermion coupling constant, the relation reads

J(k —p) = Nx(k - p,0)/4.
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Figure 5.13: Momentum dependence of the exchange interaction shown schematically: (a) antiferromag-
netic case, (b) ferromagnetic case.

If the spin fluctuation is dominantly ferromagnetic, J(g) becomes negative near the center of the
Brillouin zone as shown schematically in Fig.5.13(b). The angular momentum component is given by
the transformation which is the inverse of eq.(5.45):

B= ) / dxP(2)](@)

where z = 1 — ¢%/(2k%). In this case J; tends to be negative because P;(z)J(q) is negative over most
of the integration range. Thus triplet pairing is favorable with the ferromagnetic spin fluctuation. On
the other hand, if the spin fluctuation is dominantly antiferromagnetic, J(g) becomes negative near the
boundary of the Brillouin zone. This is illustrated in Fig.5.13(a). In this case J; tends to be positive
and triplet pairing does not occur. With antiferromagnetic fluctuation, Jo becomes positive because of
dominant contribution from ¢ ~ 2kr. Thus d-wave singlet pairing is favored [66].

The connection to the Landau parameters is given via consideration of the general form of the t-matrix
for the quasi-particles. For incoming particles of momenta p; and ps, and outgoing particles with ps and
Pa, the t-matrix T depends on two parameters x3 = p; - ps and x4 = p1 - p4. Then the spin dependence
can be parametrized as

(aB|T (x5, 24)|pv) = Td(:vg7 24)000 08y + T (23, 24) 0 - Oy (5.48)

The t-matrix is in general different from the vertex part in eq.(5.43) since the latter should exclude the
pair propagator in the intermediate state. In the potential scattering model this intermediate state is
not included even in the t-matrix and we obtain the relation

T4 w3, 24) = Ulas) — U(za), T"(w3,34) = J(w3) — J(24),

where the second terms with minus signs take account of exchange of the outgoing momenta.
The forward scattering amplitudes A; and B; in the Landau theory (see 1.3.4) are obtained by setting
x3 = 1 and expanding in terms of Legendre polynomials. As a result we obtain

A =UQ1)0—U;, Bi=J(1)d0— Ji.
This model automatically satisfies the forward scattering sum rule

(aa|T(x3, 24) ) = Z(Al + B;)=0.
1

Thus if some Landau parameters are known from properties of the normal state, the parameters in the
potential scattering model are constrained.
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We remark again that the analysis above assumes spherical symmetry and neglects the spin-orbit
interaction. In actual heavy-electron systems, the quantitative analysis should respect the point group
symmetry. One can deal with the symmetry in terms of appropriate basis functions instead of the
spherical harmonics used above. Much less is known about the effect of strong anisotropy in the g-
factor.
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Chapter 6

Comparison with High-Temperature
Superconductors

6.1 Characteristics of Copper Oxides

The discovery by Bednorz and Miiller(1986) of superconductivity at 30 K in the ceramic copper oxides
[1] Lag_,Ba,CuOy4(abbreviated as 2-1-4) has had great impact on solid-state physics. This breakthrough
was followed soon by the discovery of the 90 K-class superconductor YBasCusOr_,(1-2-3) and recently
by that of 130 K-class HgBayCayCusOsy, (Hgl223). These cuprates have the following characteristic
properties [2]:

1. The CuO; planes are commonly present, and are separated by bridging blocks which act as charge
reservoirs for the planes. Fig.6.1 illustrates the structure of the (2-1-4) system.

Figure 6.1: Crystal structure of LasCuQOy.

2. The undoped compounds, LasCuO4 and YBayCuzOg are antiferromagnetic (AF) insulators (Mott
insulators) in which strong Coulomb correlations act to localize the Cu?* electrons with spin-1/2 so
that the system behaves like a two dimensional (2D) Heisenberg antiferromagnet. The long-range
order is caused by weak interlayer magnetic coupling between the CuOs planes. As holes are added
into the plane through the substitution of Sr into La sites for the 2-1-4, or through oxygen doping

161
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into the CuO chain sites in the 1-2-3, the Néel temperature is reduced. The Cu?*t spins no longer
exhibit long range AF order beyond a critical hole content which corresponds to Laj g551rg.05CuQy
and YBasCu3zOg 4. At higher doping level, the system enters an anomalous metallic phase which
exhibits the superconducting transition with high-T, value. Fig.6.2 shows the phase diagram for
the 2-1-4 including magnetic and structural phase transitions as a function of the doping level [3].
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Figure 6.2: Antiferromagnetic, superconducting and structural phase diagram of Lag_,Sr,CuOy [3].

3. Properties in the normal state deviate from those of the Fermi liquid in contrast to conventional
and heavy electron superconductors. For example, the resistivity shows a T-linear behavior over
a wide temperature range for most cases. With increasing carrier content, however, it changes
from T-linear to T2 behavior characteristic of the Fermi liquid. Eventually the superconductivity
disappears. Figure 6.3 shows the T-dependence of the resistivity for TlyBasCuOgy, (T12201)
compounds with different 7. [4].

1.5 T T T T
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Figure 6.3: Temperature dependence of resistivity in Tl;BagsCuQOgs with various T.. All measurements
were made using the same sample whose T, was controlled [4].
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4. None of the superconducting properties resemble those of the singlet s-wave in which the energy
gap is finite and isotropic. A growing list of experimental results are consistent with the d,2_,
pairing state where the energy gap vanishes along lines. The NMR experiments such as nuclear
relaxation[5, 6], Knight shift and impurity effect [7, 8, 9, 10] have provided important clues to
identifying the pairing symmetry of the high-T, superconductivity as the d-wave. The NMR study
was the first to find the unconventional impurity effect: T is insensitive to the presence of impurities
and other imperfections, whereas the low T properties in the superconducting state are extremely
sensitive to the presence of a minute concentration of impurities and imperfections. In contrast
to the novel properties in the normal state, the superconducting properties share the anisotropic
character with that in heavy-electron superconductors. This commonality seems to originate from
the strong repulsive interaction in both systems; the node is favorable to reducing the energy cost
of forming the pair.

There is no consensus on theoretical models to explain the anomalous normal and superconducting
properties over the entire doping level in a unified way. However, a modified form of the BCS theory,
which incorporates an unconventional pairing state mediated by magnetic fluctuations, seems a valid
phenomenology in describing the anisotropic superconducting state with the d-wave pairing symmetry.

6.2 Spin Dynamics Probed by NMR

6.2.1 Static spin susceptibility

Following Mila and Rice [11], we take the Hamiltonian for the %3Cu nuclear spin as given in terms of the
on-site hyperfine coupling A, (o =L, ||) with d-electrons, and the supertransferred hyperfine coupling B
with four nearest-neighbor Cu sites. The latter coupling is through the Cu (3d)-O(2p,)-Cu(4s) covalent
bond. The Hamiltonian at site ¢ is expressed as

B H; = AL - Siz + AL(Lig » Siz + Ly - Siy) + B ZL -85, (6.1)
J

where summation is over the four Cu nearest neighbors. On the other hand, the Hamiltonian with the
170 nuclear spin at site k is given in terms of the transferred hyperfine coupling constant C' between the
oxygen nuclei and the Cu spins as follows:

YH,=CY 1I-S (6.2)
l

where summation is over the two Cu nearest neighbors. The spin part 3K, of the Knight shift is
expressed as
BR,(T) = (Aa +4B),(T)  (a =], L). (6.3)

From the relation
Xs(T) = (KLobs(T) — Korp)Npp/(AL +4B), (6.4)

the T dependence of the spin susceptibility xs(7T) is deduced as indicated in Fig.6.4[12]. Here we use the
results for the T' independent orbital shift of K, = 0.24% and the on-site anisotropic and the isotropic
hyperfine field, A; and B with 35 and 40 kOe/pp, respectively. Experimentally the value of K, is
found to be independent of the hole content over a wide doping level, while the value of B increases with
increasing hole content beyond the optimum value.

In underdoped high-T, cuprates where the hole content is smaller than the optimum value, the spin
susceptibility xs(T") increases monotonically with increasing T', whereas in overdoped cases, xs(T') stays
constant.

6.2.2 Spin dynamics

The nuclear-spin-lattice relaxation rate, 1/T; of %3Cu is dominated by the AF spin fluctuations around
the zone boundary Q = (7/a, 7 /a) for the square lattice, whereas 1/} of 17O is not affected by the AF
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Figure 6.4: Temperature dependence of spin susceptibility deduced from 3Cu Knight shift for various
high-T,. compounds [12].

spin fluctuations since they are filtered away by the form factor. The form factors F'; (g) and Fj/(q) for
respective direction of the magnetic field are written in terms of the hyperfine couplings as

Fi(q) = AL +2Bcos(qza)+ cos(gya)] (6.5)
Fi(g) = Aj+2Blcos(gza) + cos(qya)]
Glg) = QC’COS(%qxa) (6.6)

where a is the distance between Cu sites. Then with the use of the dynamical susceptibility, x(gq,w),
63(1/Ty) and '7(1/Ty) are given by

L1 3kgT 1 Irnx q,wn)
63 ( — = Fi( el L AadL74 6.7
1 3kgT Imx(q,wn)
63 — = § (Fy( F(q?)——"" 6.8
<T1> 4 h2 H@)* + Fj (@)°) wn (6.8)
1 3kpT 1 oIm Imx(gq, wn)
17 B X q,Wn
il - G(q 6.9
(T1> 4 ,u2 h2 Z Wn ( )

where w,, is the NMR frequency.

In the case of AF spin fluctuations, the g-sums in egs.(6.7) and (6.8) are dominated by contributions
around ¢ = Q = (n/a,n/a). However, the sum around q = 0 is dominant in eq.(6.9) because of the
property G(Q) =0 at Q = (7w/a,7/a). Then we have

1 Imx(Q, wy,)
63 _63 _ 2
<T1T) A(A—4B) o (6.10)
’ 1 Imx (0, wy,)
(L ) a7 2 Imx (Y, wp )
<T1T> AC o (6.11)

, with %A and '"A describing the respective width in the g-space.
Figures.6.5(a) and (b) indicate the contrasting 7' dependence of 1/T1T in *Cu and 170 in the CuO,
plane for both YBayCuzO7 (YBCO7) with T,=90 K and YBCOg g5 with T.= 60 K. Namely *7(1/71T) is
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found to be proportional to the static spin susceptibility xs(7"), as indicated by solid lines in Fig.6.5(a).
Comparison with Fig.6.5 (b) shows that the dynamical susceptibility is significantly peaked around

Q= (w/a,m/a) [13].
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Figure 6.5: Temperature dependence of (a) 17(T17)~* and (b) 3(T1T)~! in YBayCuzO7 with 7,=92K
and YBaQCu306_65 with TCZGO K [13}

If we assume that Imy(Q + ¢,w) obeys the double Lorentzian form in momentum (q) and energy (w)
distributions, Eqs.(1.84) — (1.89) lead to 53(1/71T) in the form

o 1 ,XQ(T)
(T1T> x (A—4B) Ty (6.12)
Figures 6.6 (a) and (b) show the T dependences of %3(1/T,T) and %3(TyT) in Lay_,Sr,CuQO4 with various
Sr content, x [14, 15]. This demonstrates that XQ(T) follows the Curie-Weiss law due to the substantial
spin fluctuations around Q. We remark that in the uniform susceptibility the Curie-Weiss law is not
seen in contrast to heavy-electron systems.
Since we have I‘Q(T)XQ(T) =constant according to eq.(1.87), the ensuing relation

Wﬂﬂ:d@@) (6.13)

provides a direct measurement of the damping rate FQ of AF spin fluctuations around Q. Since 717 in
Lag_,Sr,CuQy4 varies linearly with temperature as displayed in Fig.6.6 (b), we obtain

(1) = BIT + T*(x)). (6.14)

From an experimental relation: T*(z) o (z — 0.05), FQ(T) for £=0.05 approaches zero towards T'=0.
This is consistent with the fact that £=0.05 is just the phase boundary between the superconducting
and the magnetic phases.

On the other hand, the nuclear spin-spin Gaussian decay rate, 1/T5g provides a measure of the
magnetic correlation length £(7") [16, 17, 18]. In two-dimensional system, the integration in eq.(1.146)
leads to the relation 1/The o &(T). In underdoped high-T. compounds such as YBCOg 65[17] and
YBayCuyO5[19], the temperature dependence of Tog follows a Curie-Weiss law. Hence we have the
relation 1/£(T) = a + bT. From the experimental relation of (T}T)/Tog=constant, as shown in Fig.6.7,

a remarkable relation v

o™ =¢my

follows for spin fluctuations in underdoped high-T, cuprates. A scaling argument for quantum critical
fluctuations has been put forth [20, 21] in describing the above relation between FQ(T) and &(T) in the
normal state for underdoped high-T, cuprates.

(6.15)
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Figure 6.6: Temperature dependence of 53(TyT)~! (a) and ®(TyT) (b) in Lay_,Sr,CuO, with various
2. [14, 15].

In the underdoped region the high-T, cuprates deviate most strongly from conventional materials. As
seen in Fig.6.5(b), 93(1/TyT) for the underdoped YBCOg g5 has a shallow peak around 150 K followed
by the significant decrease down to T,=60 K[22, 13]. This behavior suggests the presence of a pseudo
spin gap in spin excitations, and has been confirmed by subsequent neutron experiments as well [23]. In
addition to these anomalies in magnetic excitations, the pseudo gap of the same size and g dependence as
the d-wave superconducting gap has been revealed by the photoemission experiments[24]. The persistence
of the gap above T, leads to an argument that phase fluctuation may be the determining factor of T,.. At
present, it is controversial whether the pseudo gap is interpreted as some superconducting fluctuations
[25] or the spin excitation gap from some resonating-valence-bond (RVB)-type singlet state[26, 27].
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Figure 6.7: T' dependence of the (T17T)/Tzc for the underdoped YBayCuyOg[19]

By contrast, in optimum and overdoped high-T, compounds such as YBCO7[28], Hg(1223) [29] and
T1SroCaCuzOgys (T11212) [30], the experimental relation (T37)/(Thg)?= constant holds as shown in
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Figure 6.8: Temperature dependence of (T17))/ (Tyg)? for the optimum and overdoped high-T,. cuprates
[29, 30]. Differences in the hyperfine coupling constant have been corrected.

Fig.6.8. This leads to the relation

ro(1) = (6.16)

(1)’

which is consistent with phenomenological RPA-type approaches [31, 32].
By combining both NMR, and neutron experimental results, it is suggested that the quantum critical

aspect of spin correlations in underdoped systems is relevant to the onset of the high-T,. superconductivity.

Increasing the number of holes causes spin correlations to be overdamped and leads to enhancement of
T.. With further increase of the hole content, a dramatic change in the spin dynamics occurs as shown
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Figure 6.9: Change of the quantity 3(ThT);1/(Au — 4B)? = (aI‘Q)_1 with increasing hole content
29, 30].

in Fig.6.9 [33]. Namely Imy(Q,w) is suppressed in the low temperature region, suggesting that FQ

increases. As a result (1/77T) stays constant in a wide range of T'. Doping of holes above an optimum
value makes the AF correlation length shorter and decreases the T,.. This change was extracted from
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the anisotropy of R = (T1T) 1 /(T1T)|. For the case where x(q) is strongly peaked at ¢ = Q, we obtain

(AJ_ — 4B)2 + (AH — 4B)2

63 _
Rar = 2(A, — 4B)2 ’

(6.17)

whereas if x(q) is g-independent,

2 2 2 2
s (A1 AP+ (Af + 4B 015
" 2(A% +4B?) ’

follows. ®3R’s in various high-T,. cuprates are collected in Fig.6.10. %3R decreases progressively from
63R4r to 3R, with increasing B or holes. The AF spin correlation in T11212 with 7,=10 K are
considerably weaker, and that in T12201 with T.=0 is almost absent. Both cases are close to the limit
63R,. This shows that the presence of the AF spin fluctuation is correlated with the occurrence of
superconductivity.
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Figure 6.10: The anisotropy ratio % R., =% (1/T1T)as/%*(1/T1T). in high-T,. cuprates with various
T.’s and hole contents. Lines indicated by %3 R4r and ®3R, describe the limiting cases for strongly
g-dependent AF spin correlations and g-independent ones, respectively [30].

We note that the spin fluctuation spectrum becomes broader in the g-space as the characteristic energy
I‘Q increases with increasing hole content. This variation of ¢ dependence of spin dynamics suggests
that T, has a maximum at an optimum characteristic energy FQ in the range of 20-40 meV. The ¢

dependence of spin fluctuations is a necessary condition for the occurrence of superconductivity [30, 34].
These properties are consistent with some phenomenological models [32, 35, 36] for spin-fluctuation-
induced superconductivity. They also provide explanation for the d-wave superconductivity established
experimentally. However, any microscopic theory is not yet presented.

It is noteworthy that the nature of low energy spin fluctuations in high-7,. cuprates is non-local,
dominated by the superexchange interaction J., ~ 1500K which is clearly present in the parent AF
insulator. On the other hand the spin fluctuation in heavy-electron systems is nearly local due to the
weak hybridization between f- and conduction electrons. In the latter systems, the ¢ dependent magnetic
response emerges only well below the effective Fermi temperature in a range of 10-100 K.

6.3 The p-d Hybridization Model

As the simplest model to investigate the quasi two-dimensional cuprates, we consider a square lattice
where each copper site at a lattice point R; = (n,m) has the 3d,2_,» orbital. The model is shown
schematically in Fig.6.11. The annihilation operator of the corresponding hole is represented by d;,
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Figure 6.11: The geometry of the p-d hybridization model. Each Cu site with the 3dg2_,2 orbital is
surrounded by four O sites with anti-bonding 2p, or 2p, orbitals.

with spin 0. The d-hole has Coulomb repulsion Uy. For each oxygen at r; = (n+ 1/2,m), we take the
2p, anti-bonding orbital which interacts most strongly with the 3d hole. The annihilation operator of
the hole is written as ¢;,. Similarly for each oxygen site at r; = (n,m + 1/2), we take the 2p, orbital
with the annihilation operator written as ¢;,. The Hamiltonian is given by

H = H, +H,, (6.19)

Hy = > tijelcio+ > > eadlydic +V YD (el djo +dfcio), (6.20)
ij o i o <ij> o

H2 = UdanTndl7 (621)

J

where t;; = €, is the level of a 2p hole and the nearest neighbor 2p-2p transfer is given by t;; = —t,. The
strong covalency between 2p and 3d holes is taken into account by V. The sum is over nearest neighbors
of Cu and O sites.

In order to simplify the notation we have chosen the phase of the operator d;, at R; = (n,m) so that
the odd parity of the p state is compensated. Namely, if n + m is odd the phase is chosen opposite to
that at a site with n +m even. Then V is taken to be a constant. The change of phase corresponds to
the shift (w/a,7/a) of the Brillouin zone. This p-d hybridization model has an obvious similarity to the
Anderson lattice. However, relative magnitudes of parameters are much different from those for heavy
electrons. The typical values are:

Ug=105,t=13,¢, —eg = A = 3.6,

in units of eV [37].

Since Uy is much larger than any other parameters in the model, it is reasonable to work with another
effective Hamiltonian which eliminates the double occupation of a 3d orbital which corresponds to a 3d®
configuration. One can also assume that €y is deep enough below the Fermi level and can neglect the
3d'Y configuration. Then the spin operator S; is sufficient to describe the dynamics of the 3d hole. For
2p holes we introduce the notation:

1

Tie = —=(Ci—i/2,0 T Cit+z/2,0)s 6.22
\/i( /2, +2/2,0) (6.22)
1

Yie = ﬁ(cifg/lo + ci+@/2,o’)7 (623)
1

Aig = 7(3;7,'(7 + yi0)7 (624)

>

where Z and ¢ denote unit vectors along each axis. Note that these operators use a non-orthogonal basis
so that the fermion anti-commutator {z;, y;ra} does not vanish if x;, and y;a have a common oxygen
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orbital. The effective Hamiltonian is given by

4NV?
Hepp = ZHz‘ +J Z Si-8j——(x— (6.25)
7 <1)>
Hl' = 72tp Z($jayig -+ y;fo:rig) -+ 2t5 Z azoaia -+ 4JS Z Sz . a;radagaig, (626)
o g af

where the origin of energy is taken to be the 2p hole level €,. Here the new parameters J, J, and ¢, are

given by
w11 /1 1 (1 1
= (=4 = s = — ], te = —— . 2
7= Az (Ud+A>’J‘ V(A+Ud—A> V(A Ud—A) (6.27)

The parameter ¢, describes the effective transfer between 2p orbitals induced by p-d hybridization. The
transfer occurs not only between 2p, and 2p,, but also between 2p, and 2p, sandwiching the copper
site. The spectra of the 2p bands without account of J, is given by

E(k) = tg(cosk, + cosky) £ \/ts(cos kg — cosky)? + 16(t, — t5)2 cos? %kx cos? %ky (6.28)

It is instructive to compare eq.(6.25) to the Kondo lattice model discussed in Chapter 3. The two
models are essentially the same except for the difference in relative magnitudes of parameters, and the
filling of the conduction band. The large J; is favorable to formation of a singlet which is composed of
3d and 2p holes sitting at nearest neighbors. This state is often called the Zhang-Rice singlet [38]. The
Zhang-Rice singlet in the p-d hybridization model evolves continuously into the Kondo singlet as the
ratio J;/ts becomes smaller, as long as there are enough 2p holes to screen the 3d spin. Accordingly
the extension of the singlet wave function grows as the singlet energy scale decreases. Let us consider
the case where there is precisely one 2p hole per unit cell of the lattice. In the limit of large Js, all 2p
holes form the Zhang-Rice singlet, and there are no mobile carriers. Then the system should become an
insulator. This state corresponds to the Kondo insulator in the opposite limit of small J;. The important
feature common to both insulating states is that the ground state connects continuously to the band
insulator. We recall that for description of the hydrogen molecule, both the Heitler-London picture and
the molecular orbital picture are useful. The Zhang-Rice singlet is close to the Heitler-London picture.

In contrast to heavy electron metals, however, the 2p holes are absent unless the material is doped.
Without 2p holes the effect of J; does not appear explicitly in physical properties, and the effective model
to describe the dynamics of the 3d holes reduces to the Heisenberg model. Actually from numerical work
[39], the presence of some important corrections to the Heisenberg model are suggested. Namely taking
a small cluster CuyOg with a free boundary condition, one computes low-lying levels by exact numerical
diagonalization of the Hamiltonian given by eq.(6.25). Then fitting of these levels by an effective model
requires not only the Cu-Cu nearest-neighbor exchange but a large 4-spin interaction. However it is not
clear whether this result remains the same as the system size increases.

Let us consider a situation where a single 2p hole is doped in the insulating state. Because of the
large coupling Js, the 2p hole forms a singlet with any of 3d hole, and the entity can move due to the
non-orthogonality of 2p orbitals. The resultant moving unit can alternatively be viewed as a defect in
3d spins. The mathematical expression of the latter view is called the ¢-J model as discussed in the next
section.

6.4 Separation of Spin and Charge in Dynamics

The characteristic energy of spin fluctuations in heavy electron systems is much smaller than of the
f-charge excitation which is |e¢| or U. This is seen in the dynamical susceptibilities of spin and charge
as discussed in Chapter 3. In this sense the spin and charge have different dynamical scales. The
velocity of the excitations, however, is the same in the low-energy limit. This is because the Fermi liquid
ground state has the single Fermi velocity which sets the energy of quasi-particles in the metallic state.
Having the same velocity does not depend on strength of the correlation. A similar situation holds in the
insulating case called the Kondo insulator (except in one-dimension to be discussed below). Namely, the
energy gap is common for both spin and charge excitations, as in usual semiconductors. The appearance
of strong correlation is in the spectral intensity which is much smaller for the charge excitation near the
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threshold. If a bound state is present such as excitons, the spin excitation has a lower threshold than
the charge excitation because of the exchange interaction between the excited pair. This difference of
the threshold, however, is also seen in semiconductors.

In one dimension, on the other hand, the spin and charge excitations can really have different velocities.
This is in strong contrast with the Fermi liquid state, and is called spin-charge separation. We take the
t-J model as the simplest model to display the characteristics in one dimension. The model under finite
magnetic field h is given by

1 1
H= PZ [—tij ZC!—LUC]‘U + §Jij(.5'i : Sj - ann])]']) - 2hZSiza (629)
i#j o i

where P is the projection operator to exclude double occupation of each site. The ¢-J model can be
derived from the Hubbard model as an effective model in the limit of large U. It can also be obtained
from the p-d hybridization model in the limit of large binding energy of the Zhang-Rice singlet. Here
we regard instead the transfer —¢;; and the exchange J;; between the sites ¢, j as free parameters in the
model. In some special cases the model can be solved exactly. The first case is that the parameters
satisfy t;; = J;;/2 = J/2 for nearest neighbors and zero otherwise. In this case the model can be solved
analytically by use of the Bethe ansatz [40, 41]. Another solvable case is when the parameters take a
long-range form

Jij = Qtij = JD(l‘l — .23]')_2, D(l‘l — Jﬁj) = (N/?T) Sin[ﬂ'(ﬂ?i - a:J)/N] (630)

The quantity D(z; — ;) corresponds to the chord distance between the two sites in the ring-shaped
system. In the second case it has been shown [42] that the ground state can be obtained explicitly. Let
us take the completely up-polarized state as the reference state, and x, denotes the site occupied by a
down spin, and y, does a vacant (hole) site. Then the eigenfunction of the ground state at h = 0 takes
the following form:

M Q
o (o} () = expl=in(> v+ 3 w0 [T Dlaa — 202 [T Dlye — von) [[ Dlata — ). (6.31)
a=1 (=1

a>0 £>m a,l

This wave function has the same form as the Gutzwiller wave function if the reference state is taken to
be the vacant state instead of the fully polarized one.

One can also derive low-lying excited states starting from this wave function. The procedure of
derivation is rather involved, and we give here only the results [43]. The spin susceptibility xs at zero
temperature is given by

8(nT —nl) 4 2
s = = = —, .32
X ah 2T Jm]) — 7o, (6:32)

which depends only on magnetization m = (n;; — n;|) per site and is independent of the filling n =
(nit + n;y). This is a manifestation of the spin-charge separation. The spin velocity vs is defined by
analogy with the Fermi velocity which would have entered in the absence of interaction. Similarly we
introduce the charge velocity v, by the charge susceptibility x. at T'= 0 which is given by

B 6(n¢ —&-nl) _ 4 _ 2
Xe=""on T mI(l-n) 7o

(6.33)

This is now independent of the magnetization m. It is remarkable that spin and charge susceptibilities
have exactly the same form as functions of m and n, respectively.
The specific heat is linear in temperature as in the case of the Fermi liquid. The coefficient ~ is given
by
Y= Xs + Xes (6.34)

which shows that both spin and charge excitations contribute to the linear specific heat. It is clear
that the charge velocity vanishes in the high-density limit. As a result the specific heat diverges due to
the soft charge excitation. On the other hand, the spin velocity remains finite for all densities without
magnetization, but diverges in the limit m — 1. Figure 6.12 shows y; at finite temperatures and with
m = 0 [44]. Tt is seen that x, increases linearly from zero temperature, which is to be contrasted
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Figure 6.12: The spin susceptibility of the supersymmetric ¢-J model with the long-range interaction.

with the T2 dependence in the Fermi liquid. The slope is independent of the filling and is given by
Oxs/0T = 16/(wJ)?. However, in the presence of magnetization x, has the T? dependence as given by

= 1 1 ST o(T? 6.35
Xs = 72(1 —m)J Jr37?2(1—m)4J2 +O(T7). (6.35)
Remarkably, the charge susceptibility has again the same form as given by eq.(6.35) with m replaced
by m. This nice symmetry is specific to the present supersymmetric model. In other one-dimensional
fermion systems, the spin-charge separation appears as the different spin and charge velocities only. The
spin susceptibility of the Heisenberg chain is given by the same formula as eq.(6.32) with m = 0 at
T = 0, but the temperature dependence involves InT' [45]. This complication can be understood by
perturbation theory from the high-density (spin-chain) limit of the present ¢-J model which is called the
Haldane-Shastry model [46, 47].

Numerical studies in one dimension have also been made for the Anderson lattice model or the Kondo
lattice model. This includes the Monte Carlo calculation and the numerical diagonalization of the
Hamiltonian. At present it is still not possible for these numerical studies to deal with the Kondo energy
Ty if it is much smaller than the bare parameters in the model. Only the numerical renormalization
group for the single impurity has achieved the treatment of the minute scale. Recently, a new numerical
method called the density matrix renormalization group has been introduced [48] and is becoming an
area of very active investigation.

6.5 Epilogue — to Be or Not to Be a Fermi Liquid

The strong correlation among electrons appears in two qualitatively different ways: perturbative and
non-perturbative. This distinction persists even though we restrict the discussion to the paramagnetic
state. In the case of the Fermi liquid, the ground and low-lying excited states are adiabatically connected
to corresponding states in the noninteracting Fermi gas. On the other hand, the electronic states in one
dimension are not accessible by perturbation theory with respect to the interaction among electrons. In
this sense the distinction between the Fermi liquid and the non-Fermi liquid is clear at zero temperature.
However at finite temperature the distinction is not always possible; even in the Fermi liquid the sharp
discontinuity of the momentum distribution at the Fermi surface is absent. This ambiguity causes a lot
of dispute about the nature of electronic states in high temperature superconductors in the normal state.

The terminology of “spin-charge separation” is popular in the area of high-T, superconductivity. As we
have discussed, the phenomenon is well established in one-dimensional electron systems. Since there are
no ideal one-dimensional system in the real world, the problem is how important is the three-dimensional
perturbation. In two dimensions, on the other hand, there is still no established answer about the
relevance of the non-Fermi liquid state. The importance of forward scattering is emphasized which
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might break the Fermi liquid nature of excitations [49]. If one uses the renormalization group to decide
the relevance or irrelevance of the Coulomb interaction, the critical dimension turns out to be one [50].
Hence the two-dimensional system belongs to the universality class of higher dimensions. However, if the
fixed-point behavior is limited only to very narrow region, this behavior is less relevant experimentally.
Instead, some different behavior in the crossover region may dominate the most interesting parameter
regions. For example, in the quasi-one-dimensional system where the interchain coupling is very weak, the
one-dimensional behavior will dominate although the system is driven eventually to the three-dimensional
fixed point.

As explained in the present chapter, superconducting oxides probed by the NMR [13, 22] and neutron-
scattering [23] show an apparent gap for spin excitations. The charge excitation as observed by optical
absorption is gapless. In connection with the problem of Fermi liquid or not, it is very important whether
the spin and charge excitations have really different thresholds of excitations, or they have simply different
scales for dynamics. In a spectroscopic experiment it is obviously impossible to distinguish between
zero spectral intensity and small but finite one. In fact, even in three-dimensional systems the optical
experiment sometimes claims an energy gap apparently larger than the one measured by a magnetic
probe such as neutron scattering and NMR. We have seen in many places in this book that the strong
correlation brings about very different spectral weights between the spin and charge excitations even in
the Fermi liquid state. Thus in order to decide Fermi liquid or not, one must examine more detailed
dependence of the spectrum upon temperature and frequency. It seems that the experimental results so
far are not sufficient by themselves to resolve the issue.

In heavy electron systems, the non-Fermi liquid ground state has other occasions to appear without the
spin-charge separation. The first case is realized near the critical boundary between the paramagnetic
ground state and a magnetic one. An example is an alloy system CeCug_,Au, [51]. With increasing
x, there appears a region where the magnetic susceptibility and the specific heat shows logarithmic
dependence on temperature. In this case the characteristic energies on both sides of the phase boundary
are reduced near the critical region. As a result even a "low temperature” in the usual experimental
sense can already be above the characteristic energy.

The second instance for the non-Fermi liquid is closely related to the electronic structure of U ions.
For example the quadrupolar Kondo effect discussed in Chapter 2 is a candidate to realize the non-Fermi
liquid in impurity systems. In the dilute alloy U;_,Th,RusSis the non-Fermi liquid seems to be realized
as a consequence of an isolated U impurity [52]. Another example where the interplay between the strong
correlation and the disorder effect is also important is U;_,Y,Pds [53, 54]. In the latter case the local
Fermi liquid is resumed in the dilute limit of U ions [55]. Deviation from the Fermi-liquid behavior is also
seen near the quantum critical point where the ground state of the system changes from paramagnetic
to antiferromagnetic or to spin-glass [56]. Distinction between these cases should be made possible by
varying external parameters and seeing the dependence of physical quantities on these parameters.

Although the present book focused mostly on heavy electrons in rare-earth and actinide compounds,
comparative study together with 3d electron systems should be rewarding [57]. The recent interest
common in f- and d-electron systems is the coupling between spin and orbital degrees of freedom. This
appears in f-electron systems as the quadrupole ordering in CeBg as discussed in Chapter 4 and TmTe
[58]. Essentially the same ordering is called orbital order in 3d electron systems such as Laj_,Sr,MnOs.
In the latter system, a hole is doped by addition of Sr [59] and the magnetic anisotropy changes drastically
[60].

Another interesting phenomenon to be clarified in the near future is the occurrence of heavy electrons
in systems with very small number of carriers. Typical examples such as CeP and Yb,Asg are discussed
in Chapter 4. The antiferromagnetic correlation between localized pair of electrons tend to form a
singlet. If there are many fluctuating singlets around each spin, the correlation looks similar to the
Kondo screening. Namely instead of mobile conduction electrons, surrounding spins may also provide
singlet cloud by slow fluctuation of spins. If the spin fluctuations are gapless, they lead to large T-linear
specific heat. In the Fermi liquid, the slow spin fluctuation appears as an enhanced effective mass. Even
though the number of carriers is small the slow spin fluctuation can appear as a large specific heat.
Because of these new developments, the field of strongly correlated electrons including heavy electrons
will still remain one of the most challenging fields in condensed-matter physics for both theory and
experiment.
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Appendix A

Linear Response Theory

The linear response theory is based upon two basic assumptions [1]:

(a) the system is in thermal equilibrium before the external perturbation H.,(¢) such as magnetic field
is switched on;

(b) the system develops adiabatically in the course of infinitesimally slow increase of He, (t);

On these assumptions let us first consider the expectation value of an operator A for the ground state
|W,). In the Schrédinger picture the time dependence of the expectation value comes from that of the
state vector |W,(t)). The latter is given by

0
Yot

In order to deal with the external field perturbationally we introduce a unitary operator U(t) such that

(Wy(1)) = [H + Hex (1)][W4(1))- (A1)

Wy (1)) = exp(=iHt)U (t)|¥,(—00)), (A.2)

where |U,(—oc0)) is the ground state without He,. Substituting this into the Schrédinger equation we
obtain 5

iU () = exp(iH) Heo (1) exp(—iHOU (£) = HE (DU (1), (A.3)

where the Heisenberg representation HL(¢) has been introduced. In solving eq.(A.3) we use the assump-
tion (a) as the boundary condition U(—o00) = 1. Iterative solution starts with replacing U(¢) on the
right hand side by 1 and integrating with respect to ¢, giving

U(t) =1 z‘/t dV HE (V') + O(HZ,). (A.4)

Then we get
(U ()| A[T4 () = (Ty(—00)|[U ()T AT (1)U ()| ¥y (—o00)) (A.5)

= (Uy(—00)| A (1)|Wy(—00)) — i [ dt' (W (—00)[[A™ (1), HJ, ()] ¥y (—00)) + O(HZ,). (A.6)

At finite temperature T = 37! the system is in the thermal equilibrium at ¢t = —oco characterized by
the density operator exp(—SH)/Z. By the assumption (b) the distribution function at any later time is
given by the same density operator. Then the quantity §(A*(¢)) which describes deviation of (A (¢))
from equilibrium is given by

t

S(AR (1)) = —i / dt' (LA™ (1), B (#)]), (A7)

— 00

within linear order in H.,. Equation (A.7) is called the Kubo formula of the linear response theory.
Let us write HZ(#') in terms of an external field ¢exp(—iwt’) coupled with an operator B(t') as
HE () = —B(t')¢pexp(—iwt') . Then eq.(A.7) gives

3(AM (1)) = xap(w) exp(—iwt)e, (A.8)
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where the dynamical susceptibility x ap(w) is given by

xap(w) =i / dt' (A" (1), B(t)))) expliw(t — )] (A.9)

— 00

In the special case of the magnetic response against the external magnetic field with frequency w and
wave number g, we obtain eq.(1.43). The superscript H has been omitted there.

If the external field is static the susceptibility is obtained simply by putting w = 0. The resultant
static response corresponds to the adiabatic susceptibility as is clear by the derivation. If the system is
always in contact with the heat bath, on the other hand, the static response should be isothermal. In
order to obtain the isothermal susceptibility we write

exp[=f(H + He,)] = exp(=GH)Ur(5) (A.10)

and derive Ur(0) up to first order in the static perturbation H.,. This is analogous to eq.(A.3) except
the boundary condition Ur(0) = 1 and use of the imaginary time ¢\ with 0 < A <  in the integral. The
result for the magnetic susceptibility is given by eq.(1.57) in Chapter 1.



Appendix B

Spectral Representation and
Fluctuation-Dissipation Theorem

The retarded Green function with two physical observables A and B is defined as follows:

([A, B])(2) = *Z’/O dt([A(t), B])e™™, (B.1)
where z lies in the upper half plane. As a special case one obtains the dynamical susceptibility as

X (@, w) = —([Mu(q), My (—q)]) (w + i0). (B.2)

It is clear that ([A, B])(z) is analytic in the upper half plane of z since it is finite and is derivable any
number of times. This analyticity comes from the positive integration range and means the causality
that the response cannot precede the external perturbation. In terms of many-body eigenstates |n) and
|m) with energies E,, and E,,, one can evaluate eq.(B.1) as

(1A B)(2) = Av Y 2222 1 exp(— )] (B3)

where Av,, is the thermal average over n and wy,, = F,,, — E,. Note that ([A4, B])(z) can be extended
also to the lower half plane as an analytic function of z by eq.(B.3). This piece is in fact the advanced

Green function defined by
0

([A,Bl)(z) =i [ dt{[A(t), B])e™". (B.4)
the integral of which converges for z in the lower half plane. After all we see that singularities of
([A, B])(#) as defined by eq.(B.3) lie only on the real axis.

We introduce the spectral function I4p(w) by

< dt
Iag(w) = Anv Z Apm Bmn|l — exp(—fw)]d(w — winn) = / %e“"th(t), B)). (B.5)
In terms of I4p(w) the retarded Green function is expressed as
o IA w
(A = [ alar), (B

which is called the spectral representation or the Lehmann representation.
One then introduces the relaxation function (or the canonical correlation function) by

1P .
(A(t): B) = B/o ANA(L — N B), (B.7)
and its Laplace transform .
(A; B)(2) E/O dt(A(t); B)e™ . (B.8)
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This quantity gives the time development (A(t))e, when a constant external field coupled with B is
suddenly switched off at ¢ = 0. Hence the name of relaxation function. Note that (A(t = 0); B) is
the static susceptibility, and that the statistical operator exp[—((H + H..)]/Z as appeared in eq.(A.10)
remains the same for (A(t > 0))c,. In terms of the spectral function, the relaxation function is given by

oo

(A(t); B) = / deefﬁ"Jt. (B.9)

oo Bw

as can be checked by taking matrix elements with respect to eigenstates. Hence we obtain a relation to
the Green function:

(4; B)(2) = (i28) " {([4, B])(2) — {[A, B])(0)}. (B.10)

Let B denote the time derivative of the operator B. The spectral function I ,;(w) is related to Iap(w)
by I,p(w) = iwlsp(w) which is easily checked with use of eq.(B.5). Then the following identities can
be proved.

BA;B)(2) = —{A B))(2), (B.11)
B(A@R); B) = i([A(t), B]). (B.12)

Finally one introduces the symmetrized correlation function by
({A(t), B}) = (A(t)B + BA(t)). (B.13)

By taking matrix elements as in eq.(B.1) we obtain

o0

(am.B) = [

—00

dw coth (%) I4p(w) exp(—iwt), (B.14)

where eq.(B.5) has been used. Of most physical interest is the case B = Af. The spectral function is
then a real positive quantity for positive w and satisfies

1
Lyar (@) = =Laar(-w) = = —Im({[4, A (w + i6). (B.15)
In the case of t = 0 and B = A, the left-hand side of eq.(B.14) describes the fluctuation of the quantity

A, while I44+ in the right-hand side describes the dissipation of energy by the linear response. Hence
eq.(B.14) is called the fluctuation-dissipation theorem.



Appendix C

Rayleigh-Schrodinger Perturbation
Theory and Higher-Order
Renormalization

C.1 Expansion of the Effective Hamiltonian

As discussed in Chapter 1, the effective Hamiltonian H.f¢ in the Brillouin-Wigner perturbation theory
depends on the eigenenergy to be derived. This dependence becomes inconvenient if one wants to do
direct perturbation theory in higher order. The alternative scheme, called the Rayleigh-Schrédinger (RS)
perturbation theory, is designed to give 2 and hence Hs; in a form which involves only eigenenergies
of Hy. Thus the RS perturbation theory is free from the unknown energy E;. In order to derive H.f¢ in
the RS perturbation theory we write the Schrodinger equation in the form

(E — Ho)p = Exp — HyQPy = VQPY, (C.1)

where the index i to specify an eigenstate is omitted, and we used the property 2P = 1 for an eigenstate
of Hy + V. Applying the projection operator P on both sides of eq.(C.1), and further applying 2, we
obtain the alternative form:

Q(E — Ho) Py = Evp — QH Py = QPVQP, (C.2)

where we used the property PHy = HoP. Subtracting eq.(C.2) from eq.(C.1), we obtain

[Q, Ho| Py = (1 — QP)VQP. (C.3)

We make the power series expansion:
Q= +U+Q+..., (C4)
where €, denotes the O(V™) contribution with Qy = 1. Comparing terms with the same order of

magnitudes on both sides of eq.(C.3), we obtain

n—1
[Qn, Hol = QVQ,_1 — Z Q;PVQ, ;1 (C.5)
j=1
Then the effective Hamiltonian is also expanded as
H.py=PHo+V)P+Hs+Hz+..., (C.6)

with H,, = PVQ,_1 P for n > 2. Matrix elements of some lower-order parts are explicitly given by
(a|Hz|b) = (a|V (e — Ho)~'QV|b), (C.7)
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and
1 1

1 1
QV —-QVIb) - ;wv

€b_H0€C—HO

(a|Hs|b) = <a|V€b QVie)(dVIp).  (C8)

_HO €p —

where Q = 1 — P and all states represented by |a), |b) and |c) belong to the model space.

In the Rayleigh-Schrédinger perturbation theory, there are two kinds of terms in H,, with n > 3; the
first one is of the same form as the one in the Brillouin-Wigner perturbation theory (except for the
eigenenergy in the denominator), and the second constitutes the correction terms which originate from
the second term in eq.(C.5) or in eq.(C.8). The latter terms play an important role to accomplish the
linked-cluster expansion. Namely by removing the restriction that the number of local electron is unity
at any stage of intermediate states, one can apply a variant of Wick’s theorem to prove the cancellation
of unlinked parts in the Rayleigh-Schrodinger perturbation theory [2]. The final form of the effective
Hamiltonian conserves the number of local electrons in each order of perturbation. Hence in the model
space with one and only one local electron which obeys either the Fermi or Bose statistics, one can
reproduce the actual situation in the Kondo-like impurity model with the local number constraint.

In order to deal with the energy denominator in the second term of eq.(C.8), the concept of the “folded
diagram” is useful. Namely one draws a local electron line propagating from left to right to represent the
presence of P in the intermediate state. An example is shown in Fig.C.2. Then the energy denominator
is associated with difference of left-going energies and the right-going ones just as in the other diagrams
such as Fig.C.1. By comparing the energy denominators given by eq.(C.8), and those given by the rule
mentioned above, one can confirm that both give identical results.

C.2 Renormalization of the Kondo Model

In Chapter 2 we described the lowest-order renormalization of the Kondo model where the fixed point of
the model corresponds to infinity of the exchange coupling. Because of the infinite coupling constant, all
higher-order terms become large and there is no analytical way to control the renormalization. However,
in the multi-channel Kondo model given by eq.(2.102) with a large number n of the orbitals, the third-
order renormalization describes the non-trivial fixed point correctly [3]. The reason for this is explained
below.

In order to perform renormalization explicitly we first introduce the approximation to set ¢, = 0 in
eq.(C.8). This approximation is equivalent to neglect the energy dependence of the effective interaction.
Then in the third-order we deal with effective Hamiltonian given by

HY =V(H;'QV)*+ > VHy'(e. — Ho) 'QVPV. (C.9)

Let us assume the constant density of states for n conduction bands each of which per spin is given by

pele) = (2D)™"

for || < D and zero otherwise. The model space consists of the local spin and such conduction electrons
whose energy € is within the range [—D + |dD|, D — |dD|] where dD(< 0) is the infinitesimal change of
the cut-off energy. In order to minimize the number of electrons to deal with, the Fermi sea is chosen
as the vacuum for conduction electrons, and excitations are described as particles and holes generated
from the vacuum.

In the third-order effective Hamiltonian, we have to consider only two diagrams shown in Figs.C.1 and
C.2. Tt can be shown by the use of eq.(C.9) that other diagrams without loop of conduction electrons
describe shift of the ground-state energy, and do not contribute to renormalization [4]. In Fig.C.1, the
energy denominators are obtained by associating the excitation energy D with one of two lines in the
electron loop. The result of energy integration is given by

/Od’1+/Dd11 (C.10)
p CDHER Sy CD-9? T D |

On the other hand the product of the spin operators take the form S*S5%S7Tr(s%s7)s?, where the trace
is over the spin states of conduction-electrons. The folded diagram has the same energy denominators
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Figure C.1: An exchange scattering diagram in the third order. The solid line shows a conduction-electron
state, while the dashed line the local electron state making up the impurity spin. The projection operator
@ requires one of two conduction-electron states making a loop to have energies near the band edges.

Figure C.2: The third-order folded diagram. The assignment of energy denominators are explained in
the text.

as given by eq.(C.10), and its spin part is given by S*S7S8Tr(s%s7)s”. Then contributions from the two
diagrams combine to give

SY[SP, SV Tr(s%s7)s? ——fS s. (C.11)

where we use the identity [S, SP] = i3, 57.
Adding the second-order contribution derived in Chapter 2, we obtain the scaling equation:

dg 2, 13
2 — _g® 4+ —g°. C.12
=9 t359 (C.12)
where [ = In D and the dimensionless coupling constant g = Jp. has been introduced. Note that the
present scheme of renormalization extends the the poor man’s scaling [5] with a different idea. In the
poor man’s scaling one considers the t-matrix of the exchange scattering which involves infinite number
of perturbation terms. To the contrary, the effective interaction in the present scheme does not have
intermediate states belonging to the model space. In the case of n-fold degenerate conduction band,
each loop of conduction electron lines acquires the factor n by summing over degenerate orbitals. This
loop appears from the third-order diagrams as shown in Figs.C.1 and C.2. We then obtain instead of
eq.(C.12)

dg _

C.13

i —¢* + 29 ; (C.13)
The fixed point of the renormalization group is given by g = g. = 2/n which is small in the case of large
n. Thus the fixed point is within the reach of the perturbative renormalization. If one considers still
higher order diagrams, one would have the expansion [6, 7]:

d
d? —g* + 2g + (an +b)g* + (en?® +dn +e)g® + ... (C.14)
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where a to e are numerical constants independent of n. Since the total contribution from the third and
higher-order terms in the right-hand side is of O(1/n3) with g = O(1/n), the first two terms of O(1/n?)
are sufficient in deriving the fixed point in the leading order of 1/n.



Appendix D

Spectral Shape and Relaxation Rate

We introduce an inner product {A|B) between the two operators A and B by
B
(A|B) = / dr{exp(tH)Aexp(—7H)B) = 5(A; B), (D.1)
0

where the canonical correlation function (A; B) has been defined by eq.(B.7). The inner product corre-
sponds to the static susceptibility x45. By introducing the Liouville operator £ as LA = [H, A], simple
calculation shows that

(A|L|B) = (A|LB) = (LA|B). (D.2)

Hence L is hermite with respect to this inner product. The dynamical susceptibility which is defined by
eq.(A.9) is written as

L
L—z

The relaxation function defined by eq.(B.8) is represented by

xaB(z) = (4] |1B). (D-3)

(A; B)(z) = (A| |B) = Cap(2). (D.4)

i

z—L

We now consider the dynamical magnetic susceptibility xas(z) by setting A = B = M in eq.(D.3)
with M being the z-component of magnetic moment. The projection operator P is defined by

P =|M)xy (M], (D.5)

where Y is the static susceptibility given by xas = (M|M). It is obvious that P? = P = PT which is a

necessary condition for a projection operator. We also introduce a projection operator Q complementary

to P by @ =1—P. In order to obtain the relaxation function Cps(z) we have to invert the operator
z — L. We note the following identity for the 2 x 2 matrix:

—1
a b* 1
_ D.
[(b C) ]11 6—breib’ .

which can be generalized to the case where the entries ¢ and b are a matrix and a column vector,
respectively. Namely we identify

a=Pz—L)YP, b=—-QLP, c=Q(z— L)Q. (D.7)
Then we obtain the following result [8]:
Cu(2) =ixmlz — Q+i0(2)] (D.8)

where

0 = xo (ML]AT), (D.9)
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describes the systematic motion corresponding to precession. The effect of random force is described by
I'(z) which is given by
i

= org M) (D-10)

I'(2) = x5/ (QM]

where M = iLM.

This exact expression is very useful to evaluate relaxation rates in the lowest-order perturbation theory.
Let us assume that the zeroth-order Hamiltonian Hy of the total system H = Hy + H; conserves M.
Then up to O(H?) we can approximate

D(2) = Xay ([H1, M]li(z = Lo)~[[H1, M]) + o(H7), (D.11)

where L is the Liouville operator corresponding to Hy. This result can be derived by noting (M \M )=
([M, M]) = 0 and QM = M. As a physical relaxation function we put z = w 4 i6. The imaginary part
of T'(w) describes a shift in the resonance frequency. The real part, on the other hand, corresponds to
the magnetic relaxation rate. The lowest-order result for it is given by

D(w) = mxay ([Hy, M][8(w — Lo)|[Hy, M]). (D.12)

Usually we have LoM # 0. In this case I'(z) is a smooth function of z = w + id around w = 0 in the
upper half plane. As long as w is much smaller than the characteristic frequency of Lo M, we may put
w = 0 and neglect ImI". In this case the spectral shape takes the Lorentzian form:

1 XMF

It is straightforward to generalize the above formalism to the case where a set of operators A4; (i =
1,2,...) constitute slow variables. The projection operator to this set is defined by

P= 1A A (D.14)

where x is the susceptibility matrix an element of which is given by x;; = (A4;|A4;). Then we obtain the
following identity for the relaxation function matrix C(z):

C(z) =ix[z — Q+iT(2)] 1, (D.15)
where elements of the matrix € is given by

Qi =Y (X DalAilLl4;), (D.16)
!

and those of I'(z) by

Tij(2) = Y (x il QA —5-=|Q4)). (D.17)
zz: X l l ~—0L0

We now turn to a general spectral shape of xas(z) including non-Lorentzian cases. The relaxation
function in the real time domain is written as

(M()|M) = (M]exp(—iLt)|M) = ({exp(—iLt)))(M|M), (D.18)

where we have introduced the average ((---)). The spectral moments (w™) (n =0,1,2...) are given by

(W™ = /00 d—ww"_llmXL(w) = ((L")). (D.19)

00 T XM

Thus the full set of moments completely determine the spectrum. Corresponding to the average ((---))
we can define the cumulant average ({---)). [9]. Namely,

({exp(—iLt))) = exp[{{exp(—iLt))). — 1] = exp[—i{w)t + X (t)]. (D.20)
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The X (t) is determined by the set of cumulants (w™). = ((L")). as

(@)e- (D.21)

i

N

NE
T

n=2

Thus the full set of cumulants also determine the spectrum completely. The particularly important
quantity is the second order cumulant

(W) = ((£7)) = ((L)*. (D.22)

The function X (t) starts from zero at ¢ = 0 and should decrease with increasing ¢. We introduce a
characteristic time 75 in X (¢) such that ReX (7g) ~ —1. Then the relaxation function becomes negligible
for t > 7. For large enough ¢, on the other hand, X (¢) should behave as

X(t) — —i(6w — iD)t, (D.23)

with dw being the shift of the resonance frequency. The long-time behavior is non-analytic in ¢ because of
the dissipation in the system. Hence this behavior does not follow from the first order term in eq.(D.21).
A characteristic time 7¢ is defined as the one after which the short time behavior crosses over to the
long time one given by eq.(D.23).

We consider the extreme cases: (i) 7¢ > 7g, and (ii) 7¢ < 7r assuming for simplicity (w) = dw = 0.
In the case (i) the short time behavior of X (¢) determines the spectrum. Then we can rely on the
expansion given by eq.(D.21). The resultant spectrum is of the Gaussian shape given by

Imx%(w) = \/§><DM exp[—% (%)2], (D.24)

D? = x/ (M| M), (D.25)

where

and we have D ~ 7 L It is possible to apply the perturbation theory to derive D. The lowest-order

result is used in estimating Tb¢ in Chapter 1. In the case (ii), on the contrary, the long-time behavior
dominates the spectrum. This gives rise to the Lorentzian shape. The relaxation rate in the lowest order
perturbation theory is given by eq.(D.12) with w = 0, which is roughly given by I' ~ D?7¢ ~ 7¢/73.
The relaxation rate is smaller than the case (i) with the same magnitude of D. According to specific
mechanism which controls 7, this reduction of the relaxation rate is called motional narrowing or
exchange narrowing.






Appendix E

Green Function in the Imaginary
Time

We introduce the Matsubara representation by
e Ae™™H = A (1) (E.1)

with —0 < 7 < . This corresponds to the Heisenberg representation in the imaginary time 7. Then
the Matsubara Green function D 4p[7] is defined by

—(AM(T)B), (r>0)

Daslr] = ~(T-40(r)B) = { —(BAOD(2)), (7 <0) 52

where T, is the time-ordering symbol. If A and B are generalized to fermion operators, the Green
function becomes +(BAM) (1)) for 7 < 0 as discussed later.
By taking matrix elements one can show that the Green function is periodic in 7 with period 3, i.e.

o0 e~ (B+T)w
Dyplr] = */ dWIAB(W)W = Dag|r + f]. (E.3)

with —(3 < 7 < 0. Therefore one can make a Fourier transform

Daplr] =T Dap(ivy) exp(—ivy7) (E.4)
where iv, = 2minT with n integer is called (even) Matsubara frequency. The Fourier component
D g (ivy,) is calculated as

‘ A . < Iap(w)
Dag(iv,) = drD gp[r] exp(iv,T) = dw——. (E.5)
0 oo Wy —w

Thus we obtain a remarkable relation
D ag(ivy) = ([A, B])(ivn). (E.6)

Namely the Matsubara Green function with v, > 0 is continued analytically to the retarded Green
function, and with v, < 0 to the advanced Green function [10].

In the case of fermionic operators 14 and w;, we define the Matsubara Green function G sp[7] as
follows:

~@Wi ek (> 0)
Gaslr] = (LD () = § W4 (105 (E7)
TR w0 ) (<o),
The Green function now has the anti-periodic property with —3 < 7 <0
oo o= (B+7)w
Gaplt] = —/ dEPAB(E)W = —Gag[t + Bl (E.8)
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where the spectral function p 4 (€) is defined by

pap(e) = AnV Z(d’A)nm(d)Tg)mn[l + exp(—B€)]é(€ — €mn)- (E.9)

m

The Fourier transform G 4p(i€,) is now with odd Matsubara frequency ie, = mi(2n+ 1)T with n integer
and has the spectral representation

B oo €
GAB(ien):/o GaglT] exp(ienT):/ de%(). (E.10)

O

The analytic continuation G 4p(z) with z in the upper half-plane corresponds to the retarded Green
function, i.e.

o0
Ganl2) = ~i [ die({at), b)) (E11)
0
with the anticommutator. If z is in the lower half-plane G 4p(z) gives the advanced Green function
0 .
GAB(Z) = +’i/ dtewt<{’(/JA(t),’(/)TB}>. (E.12>

The spectral intensity p 4z (€) can be given also in terms of the integral

pant) = [ e (pa(t), 0 ). (E13)



Appendix F

Path Integral Representation of the
Partition Function

F.1 Grassmann Numbers and Coherent States

The basic property of the Grassmann numbers is that they anticommute in contrast to the c-number.
Let 71 and 7y be Grassmann numbers. Then we require

mnz = —n2M. (F.1)

We also require that the Grassmann numbers commute with any c-number and anticommute with fermion
creation and annihilation operators. The complex conjugate has the following property:

(mm2)™ = nani = —nin3, (F.2)

which may look curious if Grassmann numbers are real, but assures the reality condition (nin.)* = nin:.
The derivative of Grassmann numbers is defined by

87771-% = 52‘3’, (F.3)

which is analogous to the usual derivative. We note, however, that the differential dn; is also a Grassmann
number. Then we introduce the definite integrals [ dnl and [ dnn which are sufficient for the single
variable because higher powers of 1 vanish. The first integral is the Grassmann number, while the
second commutes with all other Grassmann numbers and hence is a c-number. In order to make the two
integrals invariant against the linear shift n — n + ¢ with £ a constant Grassmann number, we require

/dnn =1, /dnl =0. (F.4)

The first equality sets the normalization of the integral. The second one, where 0 is a Grassmann number,
follows from the invariance

Let us take a fermionic single-particle state |1) = fT|0) where fT denotes the creation operator. The
coherent state |n) associated with a complex Grassmann number 7 is constructed by

In) = exp(fTn)|0) = (1 + fTn)|0) = |0) —n|1). (F.5)

The coherent state is a superposition of zero- and single-particle states. It is the eigenstate of the
annihilation operator f. In fact the action of f upon |n) gives

fln) = nln). (F.6)

The hermitian conjugate of this equation is (| = (n|fT. Furthermore the inner product of the coherent
states is given by

(n1|m2) = exp(nyn2) (F.7)
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Thus we obtain for an operator function F(fT, f) which is any of f or fT or f1f

(mIF(fY, Fln) = F(n},n2) exp(ning). (F.8)

Of most importance is the relation

/dn*dn|n><n|exp(—n*77) =10){0] + [1){1] = 1, (F.9)

which is the identity operator. This relation is used in the next section to set up the path integral
representation of the partition function. It is clear that the coherent states span the overcomplete set
for |0) and |1).

F.2 Partition Function

For illustrative purpose of using the Grassmann integration technique, we begin with a trivial Hamilto-
nian H(fT, f) = eftf for which the (grand) partition function Z is given by Z = 1 + exp(—/3¢). Here
the chemical potential is chosen as the origin of energy.

We consider the partition function for a Hamiltonian H and represent the trace by the integral over
coherent states

7= / drtdmy (e | — ) exp(—my), (F.10)

where we have used eq.(F.9) and (n|n)(nle " |n) = (n|e P |n)(n| — n) with n = 0 or 1. We decompose
exp(—BH) ~ (1 —6TH/M)M | with §7 = /M for a large integer M (> 1) and insert the identity given
by eq.(F.9) (M — 1) times between each decomposed factor. This is often called the Suzuki-Trotter
decomposition. Then we obtain with use of eq.(F.8)

M
Z = /Hdné‘dmR(ni‘m)exp[—ni(m—nz)]R(né‘,ns)><-~-exp[—n?u(nM—nMH)]R(nMnMH), (F.11)

i=1

where R(n},me) =1 — 6TH(nT,n2) ~ exp[—07H (n},n2)] and napr41 = —m. In the limit of large M, one
may write 7; as 1(7) for the range 0 < 7 < 8 with the boundary condition 7(3) = —7(0). Then one can
make a Fourier expansion of 7(7) using the odd Matsubara frequency. Provided the highest frequency
appearing in the summation is much smaller than (67)~!, one may replace the difference n(7;) — n(7i11)
by dron(t)/0T.

It is also possible to represent the partition function with many degrees of freedom and with interpar-
ticle interactions as an integral over Grassmann numbers. Instead of single 7(7), we have to introduce
for each single-particle state « the corresponding Grassmann variable 7,. The multiple integrals over
Grassmann numbers is called the functional integral or the path integral and is written as Dn*Drn . The
latter name comes from the analogy to the path integral in single-particle quantum mechanics.

As is clear in the derivation, the Hamiltonian must have the normal ordered form where the creation
operators stand to the left of annihilation operators. Then one may extend eq.(F.8) to many variables

{na HE{ SR AL D LY = FUmsY, {ne}) exp(Y_ minl). (F.12)

The final formula for a general normal ordered Hamiltonian turns out to be

Z = /Dn*Dnexp(fS), (F.13)

8 L0
S /O dT[Ea: Wi+ H(T) (F.14)

The quantity S is often called the action and the integrand in S the Lagrangian in analogy to the real
time formulation of the path integral.



Appendix G

Many-Body Perturbation Theory

G.1 Gaussian Integral over Grassmann Numbers

By noting the identity exp(—n*An) = 1 — n*An with A a c-number, we obtain the simplest Gaussian
integral over the Grassmann numbers 1 and n* as

/dn*dnexp(—n*An) = A. (G.1)

Similarly with ¢ a Grassmann number one can prove
/dn*dn exp(—n"An + € +1°€) = Aexp(§*ATYE), (G-2)

either by expanding the exponential or by the change n — n — A€, n* — n — £*A~! of integration
variables. These results can be extended to the case of many variables. Namely for an hermitian
c-number matrix A we obtain

/H dnjdn; exp(— Y 0} Agm;) = det A, (G.3)

which can be checked by diagonalizing the matrix A by a unitary transformation and recognizing that
det A is the product of eigenvalues. Equation (G.3) should be compared with the usual Gaussian in-
tegration over N c-numbers. The latter gives 7V det A~'. Similarly as the multi-variable extension of
eq.(G.2) we get

J T dnzdniesn [ = S diny + S (€m o+ 0€0)] = det A exp(= 3 61G) = 2(6) - (G)
i ij i ij
with G = —A~L
We introduce the average of Grassmann numbers by the relation
(ninj)o = /Hdn;dnm i exp(— Y} Ainy)/ det A. (G.5)
m j
This average is easily evaluated by taking derivative of Z(£*,€). Namely we have

82

Thus there is a correspondence n; — 0/ o8z m; — —0/0&; in taking the average. We can generalize this
result to averages involving 2n Grassmann variables as follows:

(M1 M3 My - Ma2n)o = >80P Grp1 p(1)Grsz,p2)Gan,p(n); (G.7)
P
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where P denotes a permutation of n variables, and the sign factor sgnP accounts for the anticommuting
property. This relation is equivalent to Wick’s theorem as will be explained shortly.

We interpret the set variables 7); as representing not only the set of N single particle states but the set
of M imaginary times between 0 and [ generated by the Suzuki-Trotter decomposition . For example
we consider the trivial case of H = efTf with N = 1. Then the integral for Z is evaluated as

Z = det, (8 + e) , (G.8)
or

where the determinant is for the M x M matrix with M going to infinity. The meaning of the derivative
becomes clear if we first rewrite

7 = exp [trT Ing (861- + e)} , (G.9)

and use the complete set of anti-periodic functions exp(—ie,7)/+/B in taking the trace. Multiplication
of @ for the argument of the logarithm is only to make the argument dimensionless. The exponent
corresponds to In Z = — (€ which becomes

—BQ = InpB(—ie, +e). (G.10)

This sum is actually divergent and does not reproduce the correct answer In[14+-exp(—/¢)]. The divergence
originates from the replacement of the difference in eq.(F.11) by the differential. In practical application
to be explained below, this difficulty is not serious because one can use a reference state for which the
thermodynamic potential is derived without using the path integral. Then the deviation AS2 from this
reference state is convergent. Alternatively one can absorb the divergence by requiring that both © and
0Q/0e = (fTf) go to zero as € — oo. Then using

> (ien — €)% = B2/ (e + 1), (G.11)

n

and integrating twice with respect to € we obtain the correct result.

G.2 Wick’s Theorem

The path integral representation applies also to Green functions. By using the Heisenberg representation
fa(T) = exp(TH) f exp(—7H) in the imaginary time (Matsubara representation) with a general normal
ordered Hamiltonian H, one can show the equivalence of averages:

(T f(11) fp(m2)) = /Dn*Dn Na(T1)18(72) exp(=5)/Z = (na(11)ns(72)), (G.12)

the left-hand side of which is the Green function. This equivalence can be proved for the case of 7, > 7
by the Trotter decomposition of

exp[—(8 — 71)H] 1 exp[—(r1 — 72) H] f3 exp[—2 H]. (G.13)

The other case of 74 < 75 can be done similarly. Note that T, does not appear in the average of 7
variables.

It is convenient to introduce the partition function Z(£*,¢) in the presence of the Grassmann external
fields &,(7)*,€4(T) . They appear in the Lagrangian as &' + ¢ where the variables are regarded
as vectors with state and time indices. In a particular case of a noninteracting Hamiltonian H =
Zaﬁ hagf;fg, the matrix element of —A is given by i€,008 — hag Where we have made the Fourier
transform to Matsubara frequencies. Then we can use the result of Gaussian integration explained
above. For example the inverse matrix —A~! = G is nothing but the Green function matrix. In analogy
to eq.(G.6) one can show

1 52

(i (m)ng(m2)) = _5*1}?—1»0 2m2(5*75) = Gga(m2 — 1), (G.14)
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where the last quantity denotes the Green function.
There is now a correspondence

Na(T) = 6/865(T), i (T) — —06/08a(7) (G.15)

in taking the average. By using this relation and eq.(G.4) for Z(£*, ), one can derive the Wick’s theorem
as follows:

(T 1) f(nsn) - ST E) f(72n)) = D s80P G(Tnsr = Tp1)) - - G(T2n — T(m)); (G.16)
P

where the index « for single-particle states has been omitted for notational simplicity. The result at
finite temperature is also called the Bloch-de Dominicis theorem. Use of the correspondence given by
eq.(G.15) for the Hamiltonian with two-body interaction V(fT, f) leads to formal representation of the
partition function Z in terms of the one Zy(£*, £) without V but with external fields as [11]

. b 5 4 )
Z = _g*lfgoeXp [_/0 dTV((Sg’_dg*)] Zo(€7,€). (G.17)

By expanding this expression in terms of V' and using Wick’s theorem, one can derive the perturbation
theory in terms of Feynman diagrams.

Alternatively we consider the partition function without external fields writing the action Sy + S
where S7 = foﬂ d7V (7). The partition function are written as

Z = Zo(exp(—51))o, (G.18)

where Zy comes from Sy, and (- - ) denotes the average in term of the unperturbed action. Taking the
logarithm of eq.(G.18) we obtain the shift ; of the thermodynamic potential as

O = —T[{exp(=51))e — 1], (G.19)

where (---). is the unperturbed cumulant average as explained in Appendix D. In terms of Feynman
diagrams, the cumulant average eliminates all unlinked parts in each order of S;. Hence eq.(G.19) gives
the linked-cluster expansion.

G.3 Variational Property and the Luttinger-Friedel Sum Rule

We consider a situation where a coupling

16 B8
/ dr / dr' f1(rYUas(r — 7) fo(7"), (G.20)
0 0

to the fictitious external field Uyg(m — 7') is present in the system. U,g(T — 7') may be viewed as a
Gaussian average of product of two external fields. In the following we use a simplified notation where
tr means the trace over both spatial and imaginary-time degrees of freedom.

With slight change §U in U, the thermodynamic potential {2 varies by the amount

BSQUU) = tr(GSU), (G.21)

where G is the Green function which is a matrix in space and time indices. We now eliminate 6U in
favor of the changes dG of the Green function and 0% of the self-energy matrix ¥. With use of the Dyson
equation G™! = g7! — U — ¥ where g is the bare green function, we obtain

GSU = —GS(G™ + %) = —6(In G~ + GX) + (6G)X. (G.22)

The trace of the last term in the right hand side is given as the change é® of certain quantity ®. In the
diagrammatic language, ® is given by the sum of skeleton diagrams for Q. A skeleton diagram is defined
as such that does not include any self-energy parts as subdiagrams. This identification makes it possible
to integrate the differential relation (G.21). We obtain

BUGY — Q) = D{G} — tr(2G) — trin(G1g), (G.23)
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'y

N

Figure G.1: Deformation of the integration contour from along the imaginary axis to the one encircling
the negative real axis.

where g is the thermodynamic potential for the noninteracting system. Note that there is no explicit
appearance of U in eq.(G.23). The Q as a functional of G is stationary against the change of G, as can be
checked easily [12, 13]. This variational property is very analogous to that in the Helmholtz free energy
F against the change in the chemical potential, or the Gibbs energy G against the change in the number
of particles [14]. In all cases, the Legendre transformation of natural variables is involved behind the
variational property.

Let us consider the zero-temperature limit of eq.(G.23) in the imaginary frequency domain. The
contribution of a given diagram to ® remains the same if the internal frequency ie of a Green function
is increased. In other words we have for this change

0P = 6etr(Za—G) 0. (G.24)
Oe
By partial integration the above equality leads to
ox
. 2
tr(G ae) 0 (G.25)

With this setup we represent the total number N of electrons in the system as

olnG

N = trexp(ie0; )G = —trexp(ie0) 5
i0e

(G.26)

where we have used eq.(G.25) in the second equality. For definiteness we first consider the homogeneous
system and replace the trace by

r_)z/ooﬁ_z/ =, (G.27)

with ie = w and the integration contour C is shown in Fig.G.1. Here we have utilized the convergence
factor exp(i€0;) in deforming the integration contour.
Then we obtain

In ; 1
N = Z/ dw, W = —Im)_ In[~G(k,i0.)], (G.28)
k
The minus sign with G(k,i0) comes from the contribution at w — —oo. In the Fermi liquid, the
self-energy Y (k, i0) becomes real because of the restriction in the available damping processes. Hence
G(k,10,4) is also real. If G(k, 40 ) is positive, which is the case for small |k|, the phase Im In[-G(k, 0. )]
of the Green function is 7. On the other hand G(k,i0;) becomes negative as |k| goes to infinity. The
surface of k where G(k,i04) changes sign is nothing but the Fermi surface. Thus eq.(G.28) tells us
that the volume inside the Fermi surface of the interacting system remains the same as that of the
noninteracting one with the same number N of particles [12]. This property is called the Luttinger sum
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rule which distinguishes the itinerant f electrons from the localized ones with no participation in the
Fermi volume.

We remark that the sum rule can in fact be applied to systems with finite magnetization or without
translational symmetry. By shifting the internal energy for up-spin Green functions only, we obtain
eq.(G.24) for the up spin. This is because the Coulomb interaction does not mix different spin compo-
nents. Then we obtain eq.(G.25) for each spin component. In terms of the Green function G, (k,w + i0)
with z-component /2 of spin, the total magnetization M = N; — N, is given by

M= %ImZaln[—Gg(k,iOJr)}. (G.29)
k:o'

For systems without the translational invariance, the most successful application is the proof of the
Friedel sum rule for the Anderson model [15]. If the perturbation theory converges in the latter case we
have the relation

ny = %Imln[—Gf(iOQ], (G-30)

where ny is the number of f electrons and G(i04 ) is the f-electron Green function at the Fermi surface.
The above relation is called the Friedel sum rule. The number ny is not necessarily an integer in this
case.

G.4 Path Integral over Auxiliary Fields

Instead of dealing with the electron-electron interaction as it stands, it is often useful to introduce
auxiliary fields so that the electrons interact via these fields. Consider the operator

exp(—otUnqny), (G.31)

which appears in eq.(F.11) for the partition function. We here concentrate on a particular site and have
discarded the site index for simplicity. The operator nyn| can be written in alternative forms as:
1 1 2
nny =-n—2(8%)? =-n—-=8-8. G.32
pmy = 5n =287 = sn— = (G.32)
The density term with n = n; 4+ n| becomes a constant by the site summation and we concentrate first
on the spin term 2(5%)2. We use the following identity:
< dx z?

expldy?] = [ 2 expl-p - 20y, (G33)

with A > 0. In the case of negative A, the integration over x runs from —ioco to ico. This identity is
applied to each factor in eq.(F.11) for the partition function with

A=2U, y=Vo6r58* z=ir¢. (G.34)
We then obtain the following expression for the Hubbard model:
B
Z = /Dn*DnD¢ exp[—/ drL(T)], (G.35)
0
1 z
L(r) = Lo(r)+ 555 2 6ilr)* +2D 0i(7)S] (1) = Lo(7) + Lo(), (G.36)

where L is the Lagrangian without interaction, and we have discarded the constant term in the La-
grangian. The procedure of introducing the auxiliary fields ¢; is called the Hubbard-Stratonovich trans-
formation.

One can perform the integration over Grassmann numbers exactly because the action is bilinear with
respect to them. The result is given by

1

8
Z = /D¢exp [—/0 d’TZ ﬁqﬁi(r)Z +trin(gt — ¢0.) |, (G.37)
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where tr is the trace over imaginary time and space, and ¢ in the logarithm is the unperturbed green
function matrix. Thus the original Fermion problem is reduced to another one with fluctuating magnetic
field ¢.

The spin-spin correlation function in the imaginary time is given by

02 B
48@(7_)&’5]‘(7_/)6}@[/0 drLys(1)]  (G.38)

Thus 9/9¢; acts like the spin operator, which is natural since ¢; has a meaning of a fluctuating magnetic
field conjugate to S7. In the present case of the Gaussian distribution of ¢;, one can make partial
integration in eq.(G.38) and obtain for the magnetic susceptibility

B
(T.S*(1)S*(r")) = Z~! / Dn*DnD¢ exp|— /O drLo(T)]

xain) = | ota.nf) -1 (@:39)

where we have introduced the Fourier transform ¢(q, iv) of ¢;(7) and (...) means the statistical average.
This equation shows that the field ¢;(7) also has the meaning of fluctuating magnetization upon proper
scaling and subtraction. The subtraction removes the part of (|¢(q,iv)|> which remains in the high
frequency limit.

As the simplest application of the above formalism, we derive the RPA susceptibility. We expand the
logarithm in eq.(G.37) up to second order in ¢. Then after Fourier transform we obtain

. o l 1 . _ XO(qa ’LV)
a.w) =g (1 ~Uxolg, )/2 1) 1= Uxolg, )/2’ (G-40)

which corresponds to the RPA discussed in Chapter 1.

We note that the result obtained above in fact depends on the particular choice among those in
eq.(G.32). If we chose the second decomposition, we would have obtained the susceptibility where U
in eq.(G.40) replaced by U/3. It is evident that the lowest order expansion of the logarithm caused
the difference. In order to obtain the correct result to O(U) for x(q,iv), one has to make expansion
of the logarithm up to O(¢?) which gives correct result for {|¢(q,iv)|?) to O(U?). The first factor
1/U in eq.(G.39) reduces the order of U by one, so that the lowest order expansion of the logarithm is
not sufficient to obtain the O(U) result for the susceptibility. Thus the RPA result obtained above is
fortuitous as the lowest order theory.

It is more convenient for numerical calculation such as the Monte Carlo simulation to use the Ising-
type discrete auxiliary field o = +1 instead of using the continuous one [16]. The identity we use now is
the following:

expl[A(S7)?] = %Zexp(—BaSz), (G.41)

where B satisfies the relation exp(A4/4) = cosh(B/2) with A, B > 0. This relation is easily confirmed by
applying both sides of eq.(G.41) to each eigenstate of S,. We can solve for B as

B = 2In[exp(A/4) + v/exp(4/2) — 1]. (G.42)

Thus the partition function is written, after introducing the Ising variable o; to each site and discretizing
T, as

Z = H/dm(rj)*dm(rj) Z eXp[—éTZE(Tj)], (G.43)
1,7 oi(75) J
L(1j) = Lo(rj)+ IZ S;(15)04(75), (G.44)

where cosh(071/2) = exp(67U/2) with 67 = 7; —7;_1. Note that one has I > U as 7 approaches 0. The
path integral over fermions can be done exactly as before. Thus one is left with the partition function of
a fictitious Ising model with interactions dependent on space and time difference. The summation over
Ising variables is conveniently dealt with by the Monte Carlo sampling.
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