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ABSTRACT

Using the Kondo Boson - 1/N expansion, we solve for the Fermi liquid properties of the
Anderson lattice at low temperatures. The Kondo limit of this model is shown to necessarily
induce large mass enhancemenis m*/m=>1, and generate a low lying energy scale
Tx ot m*/m)™, which dominates the dynamics of this hcavy Fermi liquid. In particular, our
calculation leads to the following predictions: (1) The specific heat Cy T oo T/Tx with correc-
tions ACy=(T/Ty)’log(T/Tx) (2) The zcro tempcerature spin susceptibility ¥ of UTx, and (3) the
resistivity p o (T/Tx)?. We analyze recent pressure dependent Cy, % and p/T? measurements on
UPY, to confirm the scaling of these quantitics with a single strongly pressure dependent energy
scale. The universality of these relations is supported by evidence of systematic trends
throughout the entire class of heavy fermion compounds.

1. INTRODUCTION

The class of heavy electron materials poscs a new challenge for condensed matter theor-
ists, where traditional "tools of the trade" sccm unable to provide a link between the underlying
microscopic physics and the Fermi liquid phcnomena seen in experiments!. Strong two-body

- interactions U between valence electrons, arc present at the rare-carth sites. When U is large
these cannot simply be treated by standard perturbative expansions, and complications reminis-
cent of those of the Kondo impurity problem arise. In particular, difficulties are encountered in
applying e.g. the local density approximation?, an important and cherished tool of band struc-
ture calculations. Crude estimates of the scale of U in uranium and cerium show it to be of
order electron-volts, which necessarily implics that the independent valence and conduction
electron picture is a doubtful zeroth order approximation for these materials.

It is the purpose of this paper to cxplain the origin of Fermi liquid propertics in the
heavy fermion compounds. We use a simple microscopic model, and predict universal
features which are common to most of the materials for which large m*/m values are observed.
We derive a consistent Fermi liquid theory for heavy fermions from the Anderson lattice model
(AL). Although no unambigous ab-initio calculation of the parameters of the AL has yet been
provided?, it is based on an intuitive real-space picture which seems to capture the important
underlying physics. This modcl is the translationally invariant gencralization of the Anderson
impurity ¢AI) model which has successfully been used to cxplain the Kondo effect.

Experimentally, heavy fermions exhibit the following propertics3:

The high temperature (T) regime, where the susceptibility follows a 1/T Curie-Weiss law, has
the signatures of localized and uncompensated valence spins fluctvating at the rare-earth sites,
which weakly interact with the conduction clectrons. The low temperature phase, on the other
hand, exhibits coherent compensation of the spins and becomes a paramagnctic Fermi liquid of
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vanishing electrical resistivity. At even lower temperatures many of the systems undergo

further transitions into magnetic or supcrconducting ground states. In recent years, much of the

interest in heavy fermions has been’ fucled by the peculiar nature of superconductivity in e.g.

UPty, UBey3, and CeCu,Si,, however it is clear that these phenomena cannot be fully explained

without a detailed understanding of the "normal state" Fermi-liquid-interactions.

The Fermi liquid properties of heavy fermions as previously deduced by several authors®’
can be summarized as follows:

1.  The low T specific heat Cy is linear in T, and the cocfficient v, measures the quasiparti-
cle density of states at the Fermi Icvel or their "mass” m*. The zero temperature suscepti-
bility % measures m*/m (m is the conduction elcctron band mass) as well as the Landau
parameter Af§, which quantifics thc exchange interaction. An anomalously large value of
m*/m in heavy fermions is recognized as a signature of a paramagnetic Fermi liquid with
an extremely small Fermi encrgy 7x. The Wilson ratio ¥/y=1-A% can be used, (in the-
absence of large moment renormalization and spin orbit coupling) to directly measure A§.
In Fig. 1 the values of y and x of sevcral typical heavy electron compounds are plotted.
We can deduce from Fig. 1, taken from Ref. 1, that A§ in most compounds is not large,
and is systematically negative.
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Fig. 1. The specific heat coefficient y versus the zero tempera-
tue susceptibility x(0) for some heavy electron systems, from
ref. 1. The solid line represents the free electron gas Wilson
ratio R = y/g*y=1. The data suggests that A§ = 1-R is systemat-
ically negative and of order unity.

2.  The electronic compressibility is unrenormalized by the large interaction U. This implies
that the density response function is suppressed by a large value of F§, so that
1-A§=0(m*/m)™ This behavior derives from the suppression of the valence charge
fluctuations and the fact that the chemical potential rides with the filling factor®. Also it
has been pointed out that in contrast to single component galilean invariant Fermi liquids
(such as *He), here the relation m*/m=1+F3/3 is invalid.

3. The dynamical many-body interactions, (formally represented by a 4-point vertex function
I), are manifested also in the temperature dependence of the thermodynamic and tran-
sport data. The sharp downtumn of Cy/T with increasing T, and the T2 resistivity rise
reported in many of the materials, imply that the frequency dependence of T is dominated
by a low energy scale. In a previous publication® we have pointed out that a single
energy scale, Ty, is inferred from y, the coefficicnt of the T2 term in the resistivity A,
and_T’logT coefficient 8 of the specific heat. This is supported by the universal scaling of
x @Y A ooy and § ¢y’ as seen both in systematic trends throughout the heavy fermion
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Fig. 2. Universal ratios in the heavy Fermion compounds.
x/y data are from Ref. 1 and A = p/T? data are from Ref. 14.
The solid lines are theoretical results summarized in Eq. (5.1).

class (Fig.2.), and detailed pressure dependences in UPt; (Fig. 4.). By comparison, we
show that such scaling does not occur in liquid He, by compiling the pressure depen-
dence of the respective coefficients in Fig. 5.

In section 2 we introduce the large-U AL model and discuss its bare input parameters.
The Kondo limit of the AL is defined. Since, unfortunately, no exact solutions are available
for the AL problem (in contrast to the Al problem), we resort to the asymptotic approximation
of the Kondo-boson (KB) 1/N expansion, where N is the valence degeneracy®. The interaction
term in the limit of U - is handled by introducing Colemans’ Kondo-Boson (KB) fields’
(alias "Slave-Bosons"), and a functional integral formalism developed by Read and Newns? is
applied to enforce the local constraints on the KB and valence occupation. The analogous
expansion has been recently studied in the AI problem and compared to exact results®. It
proved to be successful in calculating the Wilson ratio, as well as continuosly interpolating
between the "asymptotically free” local moment phase and the “local Fermi liquid” ground
state. Our analysis is separated into two levels: the O(1) - "mean ficld theory”, and the
O(1/N) - "fluctuations" respectively.

In section 3 we discuss the mean ficld theory. Here, the saddle-point variational equations
are presented and solved, which results in an effective non-interacting renormalized band struc-
ture for the fermion quasiparticles. The KB fields are static (c-numbers) and constant in
space. An important consequence of the mean ficld solution is the emergence of a new energy
scale which is exponentially dependent on the parameters of the AL. We define the Kondo
limit and show that it necessarily yields a large mass enhancement m*/m>»1. The other conse-
quence of this limit is that the average valence occupalion becomes very close to an integer,
and its fluctuations are greatly suppressed. Most of the so-called many body effects on y and %
are already included at this level, The mean ficld solution thus allows us to replace some of the
bare AL input parameters by the experimentally obscrved mass enhancement. The density of
states structure at the Fermi level defines the Kondo-lattice temperature T, which for heavy
fermions is of order 5 - 50K . Since the Dcbye tempcerature and other "non universal” features
such as the valence charge fluctuation cnergics and crystal field splittings are typically at
much higher energy scales, the Fermi liquid behavior in the absence of incipient instabilities is
predicted to be dominated by Tk.
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The mean field theory, however, docs not include' the quasiparticle interactions. There-
fore, to proceed it is necessary to calculale the gaussian fluctuations of the KB fields, that is to
say the Kondo-Boson propagator D(q,0). In scction 4 we perform this calculation in the
"radial gauge" of Read and Newns®. This allows us to obtain the leading order vertex function
and self energy, and the correction to the Wilson ratio. Using the microscopic prescription of
Ref. 10 the Landau parameters arc dctermincd. Physically, the interactions are mediated bv
coherent hybridization fluctuations screencd by quasiparticle-hole excitations, with characteristic
frequency scale of Tx. The KB thus gives rise to a large (7'/7x)? term in the dc resistivity, and
a (T/Tg)log(T ITx) contribution to the specific heat. The Fermi liquid properties 1 - 3 are thus
derived.

In section 5 we summarize our main results, and show that they agree with recently
measured pressure dependence in'™'2 vy, y, and the resistivity'® data, and also explain the
remarkable universal behavior throughout the heavy fermion class®. The data also serves to
exclude alternate interpretations such as that of fcrromagnetic spin fluctuations.

We conclude with a brief discussion of the role a more realistic band structure plays in

producing antiferromagnetic spin fluctuations, and the nature of superconducting instability.
Both of them invoke resummation of our O(1/N) theory.

2. THE ANDERSON LATTICE MODEL
The Anderson lattice (AL) hamiltonian in second quantized notation is given by:

Vv
HAL = Zekcl’,mck.m +£})Zfl?,mf k,m + WZ(fi;ncim*’Citlfim) (21)
k,m km im
+ U‘Z;fi:lfimfi't{fim’ )

where €, and &) are the conduction and dispersionless valence band energies respectively. The

label i denotes the Wannier state at site r;. The N-fold degeneracy of both bands is labelled by

m, ImI<(N-1)2. V is the local hybridization matrix elcment which in this simplified version

is taken to be independent of k,m. The large local Coulomb repulsion is parametrized by U.

The band structure &, defines the bare density of states p,, and the fermi surface at £=ly. The

bare chemical potential 1, is determined by the total (valence plus conduction) electron density
Ho

N.=[dep. (&) .

In the case of large U, i.e Uef, y1p, we can proceed by introducing the Kondo-Boson
(KB) fields of Coleman at each lattice site’, and replacing the 4-fermion term by a constraint
on the total f-electron and KB occupation. This results in the following path integral represen-
tation of the AL partition function:@#=1,8=1/T)

B .
Za = [DA"bc"of " fexp |-[dr (LAL(1:)+i27t,~U;:Lfim+—117bi'bi—Qo)) , (2.2a)
0 im

where,
Ly = Z[ c ;m(a‘t+€k)c wm+f ;m(at+€/9 Y km } +Zbi.atbi
! km i

+ —\/;:g(ci:nfim b + bifmCim) (2.2b)

Here, c;, and fi, are grassman variables, and 4; are the KB complex fields. The integrations
over the Lagrange multiplier fields A; (t) impose the local constraints of ne+n, = Qo at all times
and sites, where n, denotes the number operator of particle . Q, is kept as a fixed parameter
(instead of Q4 = 1/N) in order to define a true N-independent mean field theory.

At this stage we find it useful to apply the Read and Newns® (RN) time dependent local
gauge transformation which acts simultaneously on the Bose field b;=r;exp(i¢;) and the fields
fi

Fio fi=e s Ao Ay 2.32)

348



Let us rescale the radial coordinate by

, Vv
i D= (2.3b)
Rewriting the lagrangian in terms of the primed coordinates and using the Bose periodicity
condition of ¢(B)=¢(0) we are left with two real ficlds »* and X/, and the zero mode ¢ is made
redundant as it contributes only to an overall constant of Z. The RN transformation thus elim-
inates infrared divergencies which are known to plaguc perturbation theory and 1/N expan-
sions. Price is paid, however, since the KB in the radial gauge looses its physical meaning as a
particle operator and becomes a "noise ficld" in the functional integral formalism. Henceforth
we shall drop the primes on the £/, A, and »* fields.

Since the lagrangian is bilinear in the fermion ficlds, it is possible to integrate them out
exactly and arrive at a Bose path integral with an effective action §:

Zu, =exp[-BF1= [Dr? L exp [—N BS([r],[M)] (2.4a)
__ 1 (ikg—€i)Bpe 74 Ouk4q
S = _ZBN Tr,log det FeStkeg (iko—sf)8w+i MeBt 20q

A
+IZTE N kg Qo Sy0, (2.4b)
kg

Here, k and ¢ denote the usual Fermi and Bose four-vectors (implicitly including the label m
for the fermions). The zeroth components &, , ¢o, are the Matsubara frequencies (2n+1)nT, and
2n=T respectively.

Eq. (2.4a) is used to generate an asymptotic expansion for the free energy F, using 1/N
as the small parameter (analogous to 4 of the semiclassical approximation). By adding source
terms to the lagrangian in the form jy 04 * 0’ for o=(cy.fi), the electronic correlation func-
tions are determined as functional derivatives of F[j]. At low temperatures Eq. (2.4a) is dom-
inated by a non trivial saddle point 7,A#0, which constitutes the parameters of the mean field
theory discussed in the next scction. By expanding Eq. (2.4b) around the saddle point and per-
forming the gaussian integration, we generate the higher order terms in 1/N.

3. MEAN FIELD THEORY

The mean field theory N=eo of the AL has alrcady been amply discussed in the litera-
ture!>18, It bears close resemblence to the Hartree approximation in other many-body problems
such as the Coulomb gas and the Hubbard model. As a variational estimate of the ground
state, the same theory has been also derived using other approaches such as a generalized
Gutzwiller approximation of Rice and Ueda!’, for which the relation to the KB theory has
been recently explored'®. In essence, the Bosc ficlds are replaced by their expectation values
and an effective single particle band theory is obtaincd. Here we shall define the mean field
parameters and band structure in terms of the saddle point KB fields given by the variational
equations:

3S

o I =0 @30
where r = (r,1) is a vector notation for the two rcal KB fields. By expanding the logarithm in
Eq. (4), it is easy to verify that (in thc absence of source currents) 7 o8, o, i.c. the saddle point
fields are constants in space-time. The mean ficld parameters ro=r and ey =ef+i\, represent the
effective c-f hybridization and renormalized f-level respectively. They determine the renormal-
ized bands E*, which are separatcd by a gap at £r.

Ex—Ef
2

1/ ( Y4rd = gptroctgh(e,) 32

which defines the function 6(¢) = 6,_. The quasiparticles o* of these bands are given by the 6
dependent coherence factors:

Ofm = COSOf km + SINOCK (.3)
O = ~Sin@f y m + COSBC '
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The Fermi level at T=0 lies on the bottom band and equals u=E~(u). T'he mass enhancement at
the Fermi level is m*/m = sin"29,. The mean ficld parameters are determined by the implicit
equations

tand,

% = 2ro{uﬁl'e:dtane p. /tanf + s,‘;-:.}’ }=0, (3.42)
unop
% =-ro [ dand p./(tan6) - Qo<n;>=0 , (3.4b)
tanBy
where,
<np>=1-r¢(QoV? . (3.4c)

In heavy fermion systems we are interested in a specific limit of the AL model, the
Kondo limit, where J = p,V?(e;~¢f) <1. For small Q, the slow variations of p, () away from
the Fermi surface at =), can be ignored. Eqs.(3.4) to leading order in (m*/m)™ and Q, yield:
rs Qo<ng>
(Mo PcHo

exp[l/] »1, (3.52)

and

Q0<nf>

Tx =¢,-1 = (m* Im)™ (3.5b)

Tx is the Kondo Lattice energy scale which mecasurcs the width of the renormalized density of
states structure and characterizes the heavy Fermi liquid. Since it is exponentially dependent on
(~147), Ty is expected to be much smaller than any bare energy scale (e.g. Ko, p27, V), and thus
for small J:

1-<np> = Tel(p, VA <« 1 . (3.6)
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Fig. 3: The spherical band AL model, mean field N== level.
The dashed line in the bare conduction band density of states.
The solid lines is the renormmalized mean field band structure.
Shaded area is the occupied Fermi sea at zero temperature.
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Egs. (3.5) and (3.6) prove that the mean field large mass enhancement is necessarily correlated
with the near integer valence occupation, and, as will later be shown, suppression of f-charge
fluctuations. In Fig. 3 we plot the density of states for a heavy fermion system with a spheri-
cal conduction band. The large peak of the renormalized density of states at the Fermi level is
a direct consequence of the local f-charge constraint, and it confirms the idea (supported by the
"dense Kondo system" approaches') that that the individual Kondo resonances overlap and
form a narrow band of mostly f-character.

The mean field theory of the AL replaces two bare parameters ef and V, by the renor-
malized ones o and &;. These, in turn, can be replaced by the more physical parameters m* /m
and <n;>. In the Kondo limit, one parameter, namely <ny>, drops out.

In the presence of a magnetic field 4, the mean field free energy is given by

1
F%= ——Tr log G%), 3.7a
op) 1T log G7(h) (BT
where the z-component of the spin is coupled with a magnetic moment g to the static magnetic
field. The mean field Greens function is given by:

-, -1
Goh) = [iko—E,?—hgm] Bimakma - (3.7b)
The linear temperature coefficient of the spccific hcat Y'=~d%*F%dT?I;, and the zecro
temperature susceptibitity x’=-d?F%dh?1,, are readily determined:

2 2
P=E e imyp, =g N e myp, ¢9

It can be shown that field and temperature variations of the saddle point parameters r¢;, and
p only contribute to higher F° derivatives of even order. The Wilson ratio R at the mean field
level is thus: '

R = Qmig)¥(N%-1) ¢ = 1. (3.9)

which is expected of course, since no interactions between quasiparticles have yet been
included. o

4. FLUCTUATIONS AND INTERACTIONS

We expand the effective action § (Eq. 2.4b) of the partition function in the presence of
source currents, to second order in the Bosc ficlds, and obtain (up to overall constants®):

X 2.
Z[jl1= & BFOL J’D dr exp —%ﬁz 5-‘,85% ‘-=F,.5"45r¢ +0@Gry| . 4.1
99

r; satisfies Eq. (3.1) in the presence of an arbitrary source current Jj . Performing the gaussian
integration in (4.1) yields

FQ)U] = —%log AL

. v - —— ir;

= ) Trelog G(r;) ) Tr,log det D (j,r;) +O (1/N) “.2)

where G° is the mean ficld Greens function (with the source term as the self energy) and D, 7

is the KB propagator <8r, 8r,>. D,, is given by the RPA sum of bubble diagrams, such that
=L -1 . 0 _ 4 | 1 ‘&c_

D(g)= N(H(q)+n()) HIB A —2[\/’2': 0 s (4.3a)
where T1° is the "unscreened vertex" in which ¢, = [(1=<n;>) Qo/rol®. %, can be shown to
represent the f-charge fluctuations at the gaussian level, and following the discussion of the
previous section, it is seen to vanish in the Kondo limit of large m*/m. The bubble diagram IT
is given by:

0,=B" ¥ C%0B10)C BPusg 006 %G g - (4.3b)

k aa'=t
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The C’s are the quasiparticle-boson vertices arising {rom the orthogonal transtormation trom
the (c f) basis to the (+,~) bands:

Ci =sin(By+Bisq) Ci*=c0s(BtOksq) Ci*=Cy (4.30)
C2 =icosBcosBysq C3*=—icosO,sinby,q C3*=isinBysinby.q .

For j=0,the functions in II contain interband and intraband terms, the latter being very
similar in their low (q,0) behavior to the familiar Lindhard functions or polarization insemgns
in the electron gas. It can also be verified that limodet(~—D) and I‘Lr_% Tr(-D) are positive, which

L0 q,
ensures the stability of the mean field solutiong. The explicit factor of 1/N in Eq. (4.3a) pro-
vides us with the small parameter of the RPA or gaussian approximation, since all the correc-
tions either involve higher powers of D, or do not contain the maximal number of internal
bubbles which reduces their contribution by factors of 1/N.

We can now derive the electronic response and correlation function, to leading order in
/N, by functionally differentiating @[] in Eq. (4.2). In particular it is straightforward to
read off the quasiparticle self energy X and irreducible vertex function I' from the first and
second derivatives respectively?®. The quasi particles interact via the exchange of a Kondo
Boson propagator. This propagator can be physically interpreted as an effective hybridization
fluctuation which is strongly screened by the quasiparticle density response I1. The effective
mass correction is given by dX/dE; at T=0:

*

Sm* ___d_ )3

l[d_: D (@ 0)C, O3 Bieq) CF (B, 90

m dEI: qr’ o

y [1+®(u-E ka)  OW-Egy) ] @4.4)
Ep=p

Ef-Egq—®  Egf-Egq+w

where D™ = li_r:'no [D (w+in)-D (w—im)]). T contains two contributions to the leading order in 1/N:
n
BT mk+q mik’ m' K'~q m') = TC2 0004000 OuBu—q) Dy () [E r""]
ry

B T OB CP BuagO0c) D, (K —k—q) [s—rm] + O (UN?) “5)
ry

We can obtain the Landau scattcring amplitudes {4;) following the microscopic prescription
of Ref.’®, Here, "s" and "a" denote the gencralized symmetric and antisymmetric channels
respectively. One considers the w—0 limit of T evaluated on the spherical Fermi surface i.e
(Ex=Ey = ), and projects it onto Legendre polynomials, P;, such that:

Al =p.(m*Im) N8, lim T4 447 (4.6)
191,-2 0
Iq!
%y
Af = - p.(m*Im) (2 +1)/2k} z[ de T¥*(x,0) P (1-k%2k) ®

where k; is the Fermi wave vector (s,‘,=uo). Eq. (4.5) guarantees that the forward scattering

sum rule is automatically satisfied. To lcading order in 1/N there are no renormalization fac-
tors or other corrections to Eqgs. (4.4) and (4.5). It should be stressed that in this Fermi liquid
theory the "bare" particles are the heavy mcan ficld quasiparticles, and thus 8m*/m in Eq. (5)
is not large. Using Egs. (4.5) and (4.6) we computed the (A7) numerically. We found that
D(q0) is slowly varying, and highcr moments decrcase rapidly with /. Considerable
simplification arises when a parabolic band structure is used for e(k) o k1% since angular
integrations may then be done analytically, lcaving us with just a 1-dimensional numerical
integration. Here we neglect Umklapp processes and set %.=0. We find that the /=0,1 parame-
ters are (up to relative corrections of O (I/N, m*/m™);

« _ ~1.000 0.08 s B P |
Aj ==~ N Qolg) ; A5 =1.000 ; A =A¢ = - (Qo/1o) . CN))

A direct differentiation of the free energy in Eq. (4.2) with respect to temperature and
magnetic field yields y and v. The mean ficld contributions of the first term were calculated in
Egs. (3.8) and (3.9). The 1/N corrcctions arisc from the term Tr In detD . After some algebra
it follows that the susceptibility and spccific heat are renormalized such that
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, x = x°(1+3m* Im-A§+0 (1IN?) , 4.8
and simililarly:
=P (14+8m* Im +0 (1/N?)) . 4.9

These are known Fermi liquid identities related to spin and charge conservation. Their direct
verification lends further support to our assignment of Landau parameters in Eq. (4.6). The
result for A§ is intimately related to the constraint imposed on the f-charge fluctuations by set-
ting 4.=0. It is important to note that this theory is not galillean invariant (because of hybridi-
zation between bands of largely different curvature or "masses"). Therefore the relation
1+8m* /m = (1-A§/3)™! is incorrect as could be checked against Eq. (4.4). These observations
are consistent with Fermi liquid propertics listed under point 2 in the introduction.

In addition to the correction to v, there cxists a specific heat correction ACy analogous to
the paramagnon TlogT contribution in liquid *He. Our analysis follows Ref. 21, where D,,
replaces the RPA susceptibility that mediates the spin fluctuations. We find:

3
ACy =8 T log L +O(TIT)® , ;8=a L, 4.10)
Tx s )

where a is a positive number close to unity. The contributions to C, from higher powers of
temperature are dominated by the variation of the mean field parameters roes, and p, with
characteristic energy scale Tx.

Using this approach we are also able to estimate the T? coefficient of the low temperature
resistivity p=AT2. We follow the analogous paramagnon calculation'®, and determine A by
evaluating 0D /dw, at w=0.The result is:

P=A T 0T ;A = pmax (VATR)? , 4.11)

where pp., = ﬁ/(ezkaz) = 100-300uQcm and where A is a Fermi surface geometric factor of
order unity.

5. SUMMARY AND DISCUSSION

In heavy fermion materials where crystal ficld splittings are larger than Tx=5 - 50 X, the
valence degeneracy is not large (N=2 and Q=1/2 ). The present 1/N expansion, while it may
not be quantitatively accurate in detail, is nevertheless a viable systematic description of the
Fermi liquid properties which has many satisfying features including:

1) The local f-charge constraint is imposed at each order, and Fermi liquid identities and
sum rules are satisfied.

2) The model we have used is gencric and depends on a minimal set of microscopic param-
eters. These are the bare band structure, and the Kondo lattice temperature Ty.

3) Translational invariance is ab-initio built into the theory. This is in contrast to "interact-
ing impurities" approaches where more sophisticated resummation schemes are needed to
recover coherence effects.

We find that the Fermi liquid parameters in Eq. (4.7) for a spherical band structure are
given by A§=1/N and A§=1, and the higher moments are smaller than 1I/N. Also a & T’logT
contribution to the specific heat and a AT? resistivily term are calculated. These last two
effects are similarly obtained in paramagnon theories. For this reason paramagnon models have
been extensively used to explain both thc normal state and the superconductivity in UPt; in
analogy to 3He. However, the degrec of indcpendent evidence for an incipient ferromagnetic
instability in UPt; remains controversial®. The origin of the T3log T behavior in this KB theory

is the non analytic low (Iql,w) behavior of TIT via the ratio w/lql. The presence of such a

term is not surprising, since it is a general property of theories with an RPA-like boson mediat-

-ing the interactions. On the other hand, it should be stressed that unlike the paramagnon
mechanism, this behavior does not derive solcly from the spin fluctuation channel, as seen by

the relative magnitudes of A§ and A§.

Our results in Egs. (4.8), (4.9), (4.10) and (4.11), can best be summarized by the simple

proportionality relations which are obtained between v, x, A and 8.

Yoy ; Aoy day . 6.1
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In Eq.(3.5) we observe that m*/m strongly depends on the value of the Kondo coupling J,
which is expected to increase with pressure. This implies that Ty should dramatically increase
with applied pressure, and thus.explains why the Gruneisen parameter I'=dlogydlogV is
observed to be anomalously large in comparison to typical non heavy metals (=57 in'! UPty).
Thus, the pressure dependence is a useful probe to the relations (5.1). In UPt,, v can vary under
pressure by 40%. As shown in Fig. 4, our predictions appear to be well confired by experi-
ments. Also universal relations between v, x and A for many different heavy fermions seem to
correlate remarkably well with Eq. (5.1). This analysis of the data raises doubts about the vali-
dity of paramagnon models, for which relations (5.1) are not expected to be valid as happens
in liquid *He. In fact, large deviations from these relations are found for the analogous experi-
mental measurements in *He. These are plotted in Fig. 5.

L4 2
resistivity~AT
Cy~YT#+8 T3 T
0.5 1.0
A

Fig. 4, Scaling of thermodynamic and transport coefficients
with pressure dependent y. (For the latter see Ref. 11). yx are
from Ref. 12, resistivity from Ref. 13, The symbols + and x
correspond respectively to the coeffient § of 7°InT term in Cy
and the coefficient & of 7% term'in C, (from Ref. 11). The
solid lines are theoretical results summarized in Eq. (5.1).

n
30Khor) S
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0.5 L]
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230K bor

Fig. 5. Scaling of ¥, §, and A=1:,1T2 with pressure dependent y
in liquid 3He. Here, T, is the quasiparticle lifetime as measured
by the viscosity. In contrast to Fig. 2., it is evident that the
relations (5.1) are not applicable to this Fermi liquid, in which
ferromagnetic spin fluctuations are assumed to be important.
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It is worth mentioning at this point that the mechanism leading to superconductivity at
e.g. T.=5K in UP is still unresolved. The participation of the heavy quasiparticles in the for-
mation of cooper pairs is inferred from the large specific heat jump at T,. The possibility that
Kondo-Boson mediated pairing drives the superconductivity in some of the heavy fermion
compounds may be the most interesting extension of this theory. The /=2 Landau parameters
in Eq. (4.6) were found to be attractive. A simplistic deduction”>? of the transition tempera-
ture and order parameter symmetry from the Landau (w=0) limit of the vertex function would
yield d-wave pairing. However, it might not be applicable as in 3He, since it uses a spherical
Fermi surface and it assumes that the frequency cut-off scale in I is much smaller than the
characteristic variations in the electronic energies. In the KB theory both relevant frequency
scales appear to be of order Ty.

There is widespread evidence for antiferromagnetic correlations®, in the heavy fermion
materials. Because these fluctuations sometimes lead to spin density wave instabilities, this
raises questions about the relation between the two instabilities and their implications on the -
symmetry of the order parameter. The present O(1/N) level of course is insufficient to provide
answers related to multiple scattering of quasiparticles which thus requires an infinite resumma-
tion scheme. We are currently investigating such schemes in relation to both channels of insta-
bility. The analogy to theories of itinerant antiferromagnetism suggests that the KB interaction,
with sufficient Fermi surface nesting, is sufficient to produce such an instability. To provide 2
detailed understanding of different materials it is necessary of course to generalize the spherical
band AL model and include a realistic band structure with the correct crystal symmetries.
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and S. Shenker for useful discussions. This work was supported by NSF DMR-84-20187 and
MRL grant NSF-DMR-82-6892. K.L. also thanks Argonne National Laboratory for their sup-
port and hospitality.
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