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Disorder-Driven Non-Fermi-Liquid Behavior in Kondo Alloys
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We show how a model of disordered Anderson lattices can account for many non-Fermi-liquid
features observed in some Kondo alloys. Because of the exponential nature of the Kondo temperature
scaleTK , even moderate disorder leads to a rather broad distribution of Kondo temperatures, inducing
strong effective disorder seen by the conduction electrons. Spins with very lowTK ’s remain
unquenched and dominate the low-temperature properties. This single underlying mechanism leads
to logarithmic divergences in thermodynamic quantities and a linear temperature dependence of the
resistivity. [S0031-9007(96)02090-X]

PACS numbers: 71.10.Hf, 71.27.+a, 72.15.Qm
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Non-Fermi-liquid (NFL) behavior in metals represen
one of the key unresolved issues in condensed m
physics. There exists by now a large class of nonmagn
metallic f-electron materials which do not behave
Fermi liquids at low temperatures [1–8]. In some
them the proximity to aT ­ 0 quantum critical point
appears to be the origin of the anomalous behavior [6,8
However, in several other cases NFL behavior occ
only when the system has been sufficiently alloyed
that it is not close to any phase boundary. This
the case of the alloys UCu52xPdx [1,2], M12xUxPd3
(M ­ Sc, Y [3,7], La12xCexCu2.2Si2 [4], Ce12xThxRhSb
[5], and U12xThxPd2Al 3 [7]. In all of these systems
the specific heat varies asCsTdyT ø a lnsT0yT d and the
resistivity is linear with a large zero-temperature interc
rsT d ø r0s1 2 TyT1d. The magnetic susceptibility ha
been often fitted by a logarithm or a weak power law.

Some attempts have been made to explain the ano
lous low-temperature properties based on exotic o
impurity mechanisms, such as the quadrupolar Ko
model [10]. Inconsistencies with the predictions of t
model for the resistivity (ø

p
T ) and in an applied mag

netic field in some of these systems, however, invite
consideration of other mechanisms for NFL behavior [1

Quite generally, thelarge residual resistivityof these
systems together with their alloy nature immediately s
gests that disorder could be significant. In an important
cent study [2], the strong broadening of the copper NM
line of UCu52xPdx (x ­ 1 and 1.5) has provided an in
dependent indication of the essential role played by
order in at least one of these compounds. These re
suggested the presence of strong spatial fluctuations in
characteristic Kondo temperatureTK of the local moments
[12]. Indeed, by using a model distribution functionPsTK d
and well-known single-impurity results, they were th
able to quantitatively describe the low-temperature th
modynamic properties (specific heat and magnetic sus
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tibility) as well as the NMR linewidths. The proposed pic
ture implicitly assumes independent local moments, wh
is usually sufficient for understanding the thermodyna
ics of most heavy fermion compounds. Of course, in t
context of transport in concentrated Kondo systems, s
an assumption appears to be unjustified, since it canno
reconciled with the well-established coherence effects
low temperatures.

The central question addressed in this Letter is whet
disorder effects can explain not only the thermodynami
but alsothe anomalous transportin these systems. We
will formulate a theory appropriate forconcentrated
magnetic impurities, which can describe the coheren
effects in the clean limit. We will show that correlatio
effects strongly enhance any extrinsic disorder, genera
an extremely broad distribution of Kondo temperature
This leads to the destruction of coherence and,
sufficient disorder, to the breakdown of Fermi-liqui
behavior. The low-temperature properties can be view
as resulting from adilute gas of localized elementary
excitations: those Kondo spins that remain unquench
This picture of dirty Kondo lattices, similar in spirit to the
original Landau description of simple metals, provides
unified theoretical underpinning for one possible route
marginal Fermi-liquid behavior.

We start with a disordered nondegenerate infiniteU
Anderson lattice model

H ­
X
s

eskdcy
scs 1

X
js

E
f
j f

y
jsfjs

1
X
js

Vjscy
jsfjs 1 H.c.d , (1)

wherecs destroys a conduction electron with momentu
k and spins from a broad uncorrelated band with dis
persioneskd and half bandwidthD, andfjs destroys an
f electron at sitej with spin s. The infinite-U constraint
© 1997 The American Physical Society
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at eachf orbital is assumed (n
f
j # 1). The on-site en-

ergiesE
f
j and the hybridization matrix elementsVj are

assumed to be distributed according to some distribu
functionsP1sEfd andP2sV d. In the Kondo limit, the local
Kondo temperature is given byTKj ­ D expsEf

j y2r0V 2
j d

(r0 ø 1
2D ) and will be correspondingly distributed. Be

cause of the strong scattering off thef sites, disorder in
f parameters is dominant, and we will thus neglect ot
types of disorder in thec band.

To analyze the properties of our model, we focus on
dynamical self-consistent theory of strong correlations
disorder [13,14]. The problem can then be reduced to
ensemble of one-impurity problems in a self-consisten
generated self-averaging bath of conduction electro
The equations simplify considerably in the case o
semicircular conduction electron density of states, wh
the ensemble of impurity problems is governed by
action

S
imp
j ­

X
vn

sfy
jsf2ivn 1 E

f
j 1 Djsivndgfjsd , (2)

where the infinite-U constraint is implied and

Djsvd ­
V 2

j

v 1 m 2 t2Gcsvd
. (3)

Heret is the hopping parameter,m the chemical potential
and Gcsvd is the disorder-averaged local conducti
electron Green’s function. The latter is determined s
consistently by

Gcsvd ­

ø
1

v 1 m 2 t2Gcsvd 2 Fjsvd

¿av

, (4)

where

Fjsvd ­
V 2

j

v 2 E
f
j 2 S

imp
fj svd

. (5)

Here k· · ·lav denotes the average over disorder a
S

imp
fj svd is the f electron self-energy derived from th

impurity model of Eq. (2). In the absence of disord
these equations reduce to the dynamical mean-field th
of the Anderson lattice [14], while forU ­ 0 they are
equivalent to the CPA treatment of disorder [15] for t
conduction electrons[16]. In general, the theory is exa
in the limit of large coordination. OnceGcsvd has been
determined, the conduction electron self-energyScsvd
can be obtained from

Gcsvd ­
Z

de
r0sed

v 1 m 2 e 2 Scsvd
, (6)

wherer0sed ­
p

1 2 sey2td2ypt.
Let us analyze the qualitative behavior ofFjsvd. From

the Fermi-liquid analysis of the impurity problem, it
well known thatS

imp
fj sv ­ 0d is a real quantity atT ­ 0
n

er

e
d
n

ly
s.
a
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e

f-
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,
ry

[17]. Therefore, one can write

Fjsv ­ 0d ­ 2
V 2

j

E
f
j 1 RefSimp

fj s0dg
. (7)

Fjs0d measures the scattering strength at sitej at the
Fermi level. In the clean limit,Fjsvd will be the same
at every site and Eqs. (4) and (6) giveScsvd ­ Fsvd.
In this caseScsv ­ 0d is a real quantity, reflecting the
coherent nature of the dc transport at zero temperature

By contrast, when the system is disordered, a distrib
tion of scattering strengthsFj is generated, strongly af-
fecting the transport properties. By applying the largeN
mean field theory to the impurity problems at zero tempe
ture, we have solved the self-consistent problem defined
Eqs. (2)–(5). The resulting scattering rates as a funct
of the width of theEf distribution (for a fixed uniform
value of V ) are shown in Fig. 1. Similar results are ob
tained for a distribution ofV values holdingEf fixed. For
the residual resistivities reported for the NFL alloys, e.g
UCu52xPdx [1], one can estimateDt ø 3 5. Because of
the strongf-shell correlations, rather large scattering rat
can be generated by a small disorder strength inf parame-
ters [see Fig. 1 and Eq. (7)]. Comparable amounts of d
order, in the absence of correlations, cannot produce th
large resistivities.

Thus with sufficient disorder, scattering off thef sites
becomes incoherent and the resistivity assumes a mo
tonically decreasing temperature dependence, resemb
the single-impurity result. The actual scattering rate, ho
ever, requires the solution of the full set of Eqs. (2)–(5
If PsTK d is broad enough, the low-temperature depe
dence can be nontrivial. To analyze that, it is useful
rewrite the above equations in terms of the impurityT ma-
trix T

imp
j svd ; V 2

j Gfjsvd, whereGfjsvd is thef Green’s
function computed from the action in Eq. (2). We fin
(for m ­ 0)

Gcsvd ­
1

v 2 t2Gcsvd
1

kT imp
j svdlav

fv 2 t2Gcsvdg2
, (8)

FIG. 1. Scattering rate as a function of the width of theEf
distribution. The parameters used are shown in the figure. T
strong correlations in thef shell produce an enhanced effectiv
disorder.
291
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and, from Eq. (6),

Scsvd ­
kT imp

j svdlav

Gcsvd fv 2 t2Gcsvdg
. (9)

We now raise the temperature slightly from 0 toT and
denote corresponding variations bydT . Then

dTScsvd ­
1 2 t2G2

csvd
G2

csvd

Ç
T­0

dTGcsvd ; (10a)

AsvddTGcsvd 2
Z

dv0Bsv, v0ddTGcsv0d

­ kdTT
imp
j svdlav

Ç
G0

c

, (10b)

where

Asvd ­

(
t2 1

£
v 2 t2Gcsvd

§£
v 2 3t2Gcsvd

§
2

t2kfT imp
j svdg2lav

fv 2 t2Gcsvdg2

) Ç
T­0

; (11a)

Bsv, v0d ­

*
fT imp

j svdg2

V 2
j

dS
imp
fj svd

dGcsv0d

+av Ç
T­0

. (11b)

Here the temperature dependence of the self-energy
expressed in terms of the temperature dependence
the disorder-averagedT matrix. In general, the self-
consistency condition couples different frequencies,
seen in the integral equation (10b). However, theleading
low-temperature behavioris determined only by thev ­
0 component of the averagedT matrix, so in the following
we concentrate on this object.

Figure 2 shows the result of averaging the imagina
part of the single impurityT matrix over the distribution
of Kondo temperatures deduced from the experiments
Ref. [2]. For the single impurity dependence, we used
simple scaling form with the correct asymptotic behavio
at high and low temperatures. The dependence is lin
at low temperatures.

It is easy to understand the origin of the linear behavi
and why it does not depend on the detailed shape
PsTK d. We will focus on the imaginary part of the
impurity T matrix since it gives the dominant contribution
It has the following scaling form:

T 00
impsT d ­

sin2 d0

pr0
t

µ
T

TK

∂
, (12)

whered0 is the phase shift atT ­ 0. The functiontsxd
has the following asymptotics:

tsxd ø
Ω

1 2 ax2, x ø 1 ,
byflnsxdg2, x ¿ 1 ,

(13)

wherea andb are universal numbers. It follows that
292
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FIG. 2. Temperature dependence of the imaginary part of
single impurityT matrix averaged over the disorder distributio
appropriate for UCu3.5Pd1.5, as determined experimentally in
Ref. [2]. The inset shows the same quantity over a wid
temperature range.

dT T 00
imp ­ 2

sin2 d0

pr0

∑
1 2 t

µ
T

TK

∂∏
; 2

sin2 d0

pr0
FsTyTK d . (14)

Now, for a fixed temperature T and as a function ofTK

FsTyTK d ø

8>><>>:
aT 2

T 2
K

, TK ¿ T ,

1 2
b

flnsTyTK dg2
, TK ø T .

(15)

FsTyTK d is strongly peaked atTK ø 0, decays as1yT2
K ,

and has a width of orderT (see Fig. 3). For lowT , it can
be written in terms of a delta function ofTK , hence

dTT 00
imp ø 2

a sin2 d0

pr0
TdsTKd , (16)

where a ­
R

dxFs1yxd. When inserted into Eqs. (10)
this yields

dTSc ø 2
iaPs0d
pr0A0

T . (17)

Therefore, the low-temperature dependence probes o
PsTK d at low values ofTK , as is clear from Fig. 3. In
that region,PsTK d can be taken to be a constant and th
temperature can be scaled out of the average, yield
the negative linear term [18]. As long as the distributio
of Kondo temperatures is wide enough so thatPs0d is
appreciable, there will be a sizable linear range. F
sufficiently weak disorder,Ps0d is zero or negligible and
Fermi-liquid behavior is recovered.
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FIG. 3. Comparison of the experimentally determined dis
bution of Kondo temperatures of the alloys UCu52xPdx (x ­
1, 1.5) (from Ref. [2]) with the functionFsTK , T d defined in the
text (see also [18]). The functionFsTK , T d probes only the
TK ­ 0 value of the distributions at lowT .

Physically, it is clear what is happening. As th
temperature is raised,a few dilutedspins with TK , T
are unquenched and cease to contribute to the resisti
The linear term essentially counts the number of libera
spins. Since this number is small at low temperatur
they form a dilute system of removed scatterers, wh
effect is additive (or rather, subtractive), rendering o
treatment of disorder essentially exact. Thus even tho
the zero-temperature resistivity is a functional of t
whole distribution PsTK d, the low-temperature linea
behavior is a much more robust feature which depe
only on the lowTK tail Ps0d.

Within the dynamical mean field theory it is possib
to show that the picture of independentf sites of Ref. [2]
is justified for thermodynamic quantities. An argume
similar to the ones above then givesxsTd , lnsT2yT d
and CV sT dyT , lnsT0yT d. Again in this case, the NFL
behavior is due to the presence of very-low-TK spins.

It is important to comment on the potential limitation
of this approach. In particular, we note that the dynami
mean field approach cannot describe the effects of
RKKY interactions. One could imagine that pairs of loc
moments with very lowTK could well condense into
RKKY singlets, affecting the temperature dependen
However, if PsTK d is very broad, the fraction of low-TK

spins is very small, and they will be, in general, very f
apart, rendering the RKKY interaction less effective.

In summary, we have analyzed the effects of disor
in concentrated Kondo alloys with the dynamical me
field theory. We find that sufficient disorder can lead
considerable modifications of low-temperature properti
leading to the breakdown of conventional Fermi liquid b
havior, consistent with some Kondo alloys. The NFL fe
tures are traced back to a single unifying mechanism:
i-

ity.
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presence of very-low-TK spins which remain unquenche
at any finite temperature.
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