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Theory of the Coherent Heavy Fermion State: Universal Behavior, Pressure Dependence
and Neutron Scattering Cross Section

Assa AUERBACH and K. LEVIN

The James Franck Institute, The University of Chicago, Chicago, IL 60637

We discuss a solution of the Anderson lattice Hamiltonian within a 1/N expansion framework which
provides a well controlled microscopically based description of the coherent heavy fermion state
This theory has been previously used to explain systematic
scaling with v (the linear coefficient of the specific heat) of the T2 contribution to the resis-
tivity and T31InT term in the specific heat. Here it is also extended to discuss recent neutron
experiments. Antiferromagnetic peaks in the neutron cross section which correspond to zone
boundary wave vectors and frequencies of the order of Tk arise naturally as a consequence of
transitions across the hybridization gap. Finite frequency structure at Tow wave vectors derives
from f-spin non conserving processes which occur at the 1/N level when a realistic c-f hybridiza-

tion to a local crystal field doublet is included in the Anderson lattice.

It is the purpose of this paper to review our results in
the 1/N expansion of the Anderson Lattice (AL) model, and
compare them to recent experiments in various heavy fermion
compounds. We show that the AL model predict universal
features which are common to most of the materials for which
large mass enhancement m*/m values are observed. We derive
a consistent Fermi liquid theory for the coherent state including
the quasiparticle interactions. We argue that correlations
observed in the the inelastic neutron data can be understood
within the leading order approximation.

In the case of large on-site Coulomb repulsion U between
f-electrons we can introduce the Kondo-Boson (KB) fields of
Coleman at each lattice site!, and replace the 4-fermion term
by a constraint on the total f -electron and KB occupation. This
results in the following path integral representation of the AL
partition function:(h=1,B=1/T)

B
Zy, = JD Ab be'cf " f exp [—‘[d‘c MO (1a)
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where,
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where €, and ¢/ are the conduction and dispersionless valence
band energies respectively. The band structure ¢, defines the
bare density of states p,, and the fermi surface at g,=j1,. The
bare chemical potential p, is determined by the total (valence
plus conduction) electron density Here, ¢;, and f;, are grass-
man variables of Wannier states, and »; are the KB complex
fields. Both spin indices run over N values. We shall use that
expansion to describe the physical system for which N=2. The
integrations over the Lagrange multiplier fields A;(t) impose the
local constraints of ng+n, = Q at all times and sites, where n,
denotes the number operator of particle a.. Q, is kept as a
fixed parameter (instead of Qo= 1/N) in order to define a true
N-independent mean field theory. The pseudo-spin matrices

u, m(k), Tepresent the correct scattering amplitude of a s=%

conduction electron from a local f-crystal-field doublet. The
anisotropy of the magnetic moment operator in k-space leads to
substantial modification from the spin conserving model
u o8 ,,. We shall later demonstrate why these matrices are
important to understand the forward scattering rate of neutrons
in the low temperature regime.

The mean field theory N=e of the AL has already been

amply discussed in the literature?, In essence, the Bose fields
are replaced by their expectation values and an effective single

particle band theory is obtained. The variationally determined
mean field parameters ry=<b> and e;=ef+i<A>, represent the
effective c-f hybridization and renormalized f-level respec-
tively. They determine the two renormalized bands, which are
separated by a gap at ;. In heavy fermion systems we are
interested in a specific limit of the AL model, the Kondo limit,
where J=p, V¥(e;~ef)<1. In the Kondo limit the density of
states enhancement at the Fermi level is m*/m a exp(1//)»>1,
and the characteristic energy scale of the renormalized band
structure Ty o poexp(=1/7). Also the AL model reduces to the
Coqblin-Schrieffer (Kondo, for N=2) lattice since the f-charge
fluctuations are greatly suppressed. For large m*/m, the Kondo
lattice temperature T emerges as the smallest energy scale in
the Fermi liquid and thus dominates its low temperature pro-
perties.

The results of the mean field theory thus allow us to
understand the large mass enhancements as observed in the
specific heat and susceptibility. However the Wilson ratio at
this level is unity and the resistivity vanishes at all tempera-
tures since no interactions between quasiparticles have yet been
included.

In order to obtain information about the interactions in
the Fermi liquid it is necessary to allow for fluctuations in the
bose fields. This was carried out by the authors using a func-
tional integral formalism® and applying the Read and Newns*
radial gauge transformation on the Bose fields. The analogous
calculation in the cartesian coordinates has been carried out by
Millis and Lee®, who arrived independently at the same results.
The steepest descents evaluation of the free energy amounts to
a 1/N expansion, with which we have extracted the leading
orders in the vertex function and quasiparticle self energy.
Interactions are mediated by an RPA-like Kondo boson propa-
gator which represents simultaneous fluctuations of the c-f
hybridization matrix elements and the renormalized f-level
energies. We have obtained the Landau scattering amplitudes
{Af#} following the microscopic prescription of Ref. 6. Our
main results are that the Wilson ratio
X/(¥gH=1-A§=1+UN+0 (Q¢yN) and all the Landau parameters
are independent of Tx. Charge fluctuations 1-A2=0 (m/m*) are
largely suppressed, as expected from the microscopic constraint
on the f-charge. These results are expected to survive also in
the non spin conserving generalization of the AL model.

There exists a specific heat correction ACy analogous to
the paramagnon T3logT contribution in liquid *He:

@

ACy =8 T log [Tl] +0((TITx)® ,
K
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where a is a positive number close to unity, and the resistivity
goes as:

p=A T 0(T%; 3)
A= pmax (I/X'TK)2 >

where P, = /(e%k;N?) = 100-300pQcm  and where A is a
Fermi surface geometric factor of order unity.

Our results can best be summarized by the simple scaling
relations relations which are obtained between v, ¥, A and 8.

XOY;A oy ;
Say . 4)

The pressure dependence is a useful probe to the relations 8).
In other words the dominant interactions and temperature
dependence in the fermi liquid have a single energy scale Ty.
In UPt;, y can vary under pressure by 40%. As we have shown
in Ref. 3, predictions appear to be well confirmed by experi-
ments™#®, This analysis of the data raises doubts about the vali-
dity of paramagnon models, or any models involving RKKY
derived interactions with a different energy scale than Tk, for
which relations (4) are not expected to be valid. Large devia-
tions from these relations are found for the analogous experi-
mental measurements in *He which is a Fermi liquid that is not
expected to obey the Kondo lattice scaling behavior.

Recent neutron experiments have yielded evidence for
antiferromagnetic correlations in a variety of heavy fermion
systems'®!!. Two features of the neutron data are most striking:
(1) A maximum in the magnetic diffuse scattering at the Bril-
louin zone edge, which occurs at extremely low energies (of
order meV); (2) A non-vanishing contribution at the zone
center (low q), at the same energy scale. Both these features
were interpreted in terms of antiferromagnetic interactions
between local f-spins, derived from renormalized RKKY
interactions. Here, however, we suggest that these features
could be understood in the context of the leading order 1/N
expansion of the Anderson model, including realistic hybridiza-
tion to the cystal field f-level. (1) arises naturally at the mean-
field level (non interacting renormalized band structure). The
enhancements of the imaginary susceptibility at the zone edge
corresponds to interband transitions across the narrow hybridi-
zation gap. These inealstic processes dominate the neutron
cross section because both initial and final states have large
densities of states. This explanation of the inelastic antifer-
romagnetic correlations has been provided previously in the
context of mixed valence systems'?. (2): The small q feature in
the data suggests important relaxation processes of the f-
electron spins'®. It is known that the Kondo interaction with the
conduction electrons leads to sizeable relaxation of the f-
electron spin in the Kondo impurity systems. However, in the
coherent Fermi liquid state of the Kondo lattice, quasiparticles
on the Fermi surface are long lived excitations (as opposed to
resonances), and therefore by feature (2) one must conclude
that the Fermi liquid interactions do not conserve the spin
quantum numbers. It is clear however that the rare earth ion
which is in a crystal field doublet at low temperatures, hybri-
dizes with a conduction band state & via a non spin conserving
interaction u, ,, (k), such as was introduced in Eq. (1). u,,, can
be diagonalized in a pseudo-spin basis, which is not the eigen-
state representation of the magnetic moment operator. We can
show that if indeed the magnetic moment operator
We v (k)=u*(k) <m |J;+G Im’> u(k) varies on the Fermi surface,
the O(1/N) corrections to Imy do not vanish at g=0, and yield

ImX(q =0,0)) = Z ﬁr,r’ (‘I ,(D)D,,' (q) ’ (53)
q77

where D, is the Kondo Boson propagator®, and
m= Tr ([t “WergMi] CF keq C{+q k GiGiigro (5b)
k

Numerical evaluation of the resulting sum yields the results
shown in Fig. 1, which can be seen to be in qualitative agree-
ment with the neutron data.

This work was supported by NSF DMR-84-20187 and
MRL grant NSF-DMR-82-6892.
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Fig. 1: Imaginary susceptibility at the zone center. Upper and
lower curves are computed by Eq. 5 using different k-
dependence of magnetic moment operator. Inset: UPt, data
from Ref. 10, for two values of q. Solid dots are at the
“effective” zone center, circles - zone boundary for a doubly
large Brillouin zone. (There are 2 uranium atoms per unit cell
at approximately half a lattice vector apart).
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