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Effects of lattice disorder in the UCu5ÀxPdx system
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The UCu52xPdx system exhibits non-Fermi liquid~NFL! behavior in thermodynamic and transport proper-
ties at low temperatures for Pd concentrations 0.9&x&1.5. The local structure around the U, Cu, and Pd atoms
has been measured for 0<x<1.5 using the x-ray absorption fine structure technique in order to quantify the
effects of lattice disorder on the NFL properties. A model which allows a percentage of the Pd atoms to occupy
nominal Cu (16e) sitess was used to fit the Pd and CuK edge and UL III edge data. Pd/Cu site interchange was
found to occur in all samples (xÞ0), reaching a minimum value ofs;0.17 atx50.7 and increasing mono-
tonically to s.0.4 atx51.5. These data also determine an upper limit on the static disorder of the nearest-
neighbor U-Cu pairs. A single-ion Kondo disorder model with a lattice-disorder origin of the distribution of
f /conduction electron hybridization strengths within a tight-binding approach is used to calculate magnetic
susceptibility. The results indicate that the measured U-Cu static disorder is not sufficient to explain the NFL
behavior of the magnetic susceptibility within this variant of the Kondo disorder model, suggesting either that
other sources of Kondo disorder exist or that the Kondo disorder model is not applicable to UCu52xPdx .

DOI: 10.1103/PhysRevB.65.245114 PACS number~s!: 71.23.2k, 72.15.Qm, 61.10.Ht, 71.27.1a
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I. INTRODUCTION

In f-electron compounds, strong electronic correlatio
lead to a variety of interesting ground states. Recently, th
has been growing interest in heavy fermion compounds
display non-Fermi liquid~NFL! behavior in which the low-
temperature properties, such as the electronic specific
coefficient C(T)/T[g, magnetic susceptibilityx(T), and
electrical resistivityr(T), are characterized by logarithmi
or power-law temperature dependences. These characte
temperature dependences are in contrast to those of a F
liquid in which g;x;const, andr(T)}T2 at low tempera-
tures.1 The NFL behavior of many of these Ce-, Yb-,
U-based heavy fermion materials is often observed w
long-range magnetic order is suppressed by the substitu
of a nonmagnetic element or by the application of press
~for a review, see Refs. 2–6!.

There have been a number of theories proposed to
count for non-Fermi-liquid behavior, although in many cas
several models adequately describe the low-tempera
properties, making an unambiguous choice of theories d
cult. In some systems, the NFL properties may be associ
with the proximity to aT50 K second order phase transitio
or quantum critical point~QCP!.7–9 Since many materials
that display non-Fermi-liquid phenomena are disordered
loys, various disorder-driven mechanisms have also b
proposed. The ‘‘Kondo disorder’’ model~KDM !10–12 is es-
sentially a single-impurity model with a distribution o
Kondo temperatures, and might be considered as a d
dered Fermi-liquid model. The KDM utilizes a distributio
of Kondo temperaturesTK caused by a distribution o
f-electron/conduction electron exchange coupling streng
J, possibly induced by lattice disorder. This model was fi
put forth to explain the broad NMR linewidths and muo
0163-1829/2002/65~24!/245114~13!/$20.00 65 2451
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spin rotation measurements on UCu4Pd.10,13 Measurements
of electrical resistivity, specific heat, and magnetic susce
bility are also consistent with this model.14,15 Castro Neto
et al. proposed a model16,17 which describes the competitio
between the Ruderman-Kittel-Kasuya-Yosida~RKKY ! and
Kondo interactions in a disordered material leading to
formation of magnetic clusters and Griffiths’-McCo
singularities.18 This theory predicts that the physical prope
ties of the system at low temperatures are characterized
weak power-law behavior and is consistent with what is o
served experimentally in a number of NFL materials.19,20Re-
cently, Miranda and Dobrosavljevic´ investigated a disordere
Anderson lattice and proposed that a Griffiths’ phase co
be obtained by a disorder-driven metal-insulator transit
~MIT !.21,22

It is essential to determine the nature of the lattice dis
der in these disordered non-Fermi-liquid systems, since
a key ingredient in many of the theories put forth and, the
fore, may provide valuable information regarding the und
lying mechanism for the NFL behavior. The UCu52xPdx

system was chosen for this investigation because of its
phase diagram and because one type of disorder, Pd/Cu
interchange, in which Pd ions occupy nominal Cu (16e)
sites, was found to be relevant to the NFL properties at l
temperatures for UCu4Pd.23 Lattice disorder has also bee
shown to be important from changes in the lattice param
and g in annealing studies of UCu4Pd ~Ref. 24! and the
Cu-NQR line shape in UCu3.5Pd1.5,25 and is implied from
the glassy nature of the spin dynamics measured from
muon spin-lattice relaxation.26 The details of the low-
temperature magnetic phase diagram are much more c
plicated than originally believed. In UCu52xPdx , antiferro-
magnetic order is suppressed fromTN515 K in UCu5, to
©2002 The American Physical Society14-1
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E.D. BAUER et al. PHYSICAL REVIEW B 65 245114
T50 K at x;1.14,15 Although no frozen moments are ob
served from muon spin relaxation,26 glassy behavior~spin
glass or superparamagnetism! is observed forx51 at Tf
;0.2 K, while no evidence for magnetic order down to
mK is found forx51.25.20,27For x51.5, spin glass behavio
reappears atTf;0.1 K which persists up tox52.2 (Tf
;2 K), at which point the system enters into a mixed pha
region with two different crystal structures. Therefore, t
UCu52xPdx system offers an opportunity to study the effec
of disorder on the relevant physical properties~i.e., magnetic
order, NFL behavior, etc.!. In addition, it is still an open
question as to which model for non-Fermi-liquid behavior
most appropriate for this system. A quantum critical po
may exist given the absence of magnetic order of any kin
x51.25. The various Griffiths’ phase models16,21may be ap-
plicable since disorder is present in this system.23 The Kondo
disorder scenario may also be valid as many of the phys
properties are consistent with this model.10,13,15

The main motivations for this study are~1! to determine
the amount of lattice disorder in UCu52xPdx ; ~2! to calculate
the distribution of hybridization strengthsP(V) using the
measured lattice disorder;~3! to test the caveat of lattice
disorder as a possible starting point for a true microsco
model of the Kondo disorder model proposed in a previo
study of Pd/Cu site interchange in UCu4Pd;23 and ~4! to
speculate on the applicability of models other than the KD
to describe the NFL behavior of UCu52xPdx . The x-ray ab-
sorption fine-structure~XAFS! technique is a powerful too
for studying disorder since it is a local structural probe tha
atomic species specific. We will present a method for qu
titatively determining the amount of disorder around the
atoms in the UCu52xPdx system. This method can be applie
to many systems in which it is helpful to understand t
nature of the disorder~or lack thereof! and its relation to the
physical properties.

The outline of the paper is as follows. Experimental d
tails and a brief description of the XAFS technique are d
cussed in Sec. II. The theoretical background for the KD
along with fits of this model to the magnetic susceptibil
are presented in Sec. III. The experimental analysis meth
Pd and CuK edge and UL III edge XAFS data and result
from UCu52xPdx(0<x<1.5) samples are given in Sec. IV
The effects of the measured lattice disorder on the electr
properties of the UCu52xPdx system are considered in Se
V. A discussion of the results are presented in Sec. VI
conclusions are given in Sec. VII.

II. EXPERIMENTAL DETAILS

Samples of UCu52xPdx were prepared by arc melting ap
propriate amounts of the end members UCu5 and UPd5 in an
ultra-high-purity Ar atmosphere with a Zr getter. The pare
compound UCu5 was annealed in an evacuated quartz a
poule at 900 ° C for 2 weeks, while no annealing was p
formed on the compounds containing Pd. All of the materi
were found to be single phase with the AuBe5 crystal struc-
ture with no observable impurity peaks according to x-r
diffraction measurements. A slightly Cu deficient samp
with composition UCu4.95, was also prepared in order t
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minimize Cu inclusions.28 However, the behavior of UCu5

and UCu4.95were very similar and only the data for the UCu5

compound is reported except where otherwise noted. M
netic susceptibility measurements were performed in a c
mercial SQUID magnetometer in a magnetic field of 1 T
temperatures between 1.8 and 300 K.

X-ray absorption data were collected at the Stanford S
chrotron Radiation Laboratory from the UL III , PdK, and Cu
K edges on BL 4-3 and BL 10-2 using a half-tuned dou
crystal Si~220! monochromator with a slit height of 0.7 mm
The samples were ground to a fine powder in acetone, pa
through a 30 micron sieve, and brushed onto scotch ta
Since UCu5 oxidizes rapidly,29 such powder samples wer
prepared in an Ar glove box and sealed between layers
capton tape and shipped in a quartz tube filled with Ar. T
capton-sealed UCu5 and UCu4.95 samples were exposed t
air for less than ten minutes while being loaded into t
cryostat. Various numbers of layers were stacked so that
edge step was approximately unity for each type of ed
Generally, 2–5 scans were collected for each sample fo
particular edge at temperatures between 3 and 300 K wi
temperature deviation of less than 0.2 K.

The absorption data were reduced using standard pr
dures outlined in Refs. 30 and 31, including fitting a
embedded-atom absorption functionm0(E) with a 5–7-knot
cubic spline function with a maximum photoelectron wa
vector k of 15 Å21. The XAFS function is then defined a
m(k)/m0(k)21, where m is the absorption coefficient,k
5A(2me /\2)(E2E0) is the photoelectron wave vector,me
is the electron rest mass, andE0 is the absorption edge
threshold energy, which is defined arbitrarily to be the h
height of the edge and allowed to vary in the fits. Examp
of the k-space data for each of the absorption edges
shown in Fig. 1.

The XAFS technique provides local structural informati
about an absorbing atom. The oscillation above an abs
tion edge, which are due to the interference between
outgoing and backscattered photoelectron waves, can
Fourier transformed and subsequently fit in order to de
mine the following quantities:Ni , the number of atoms in
the i th shell at a radiusRi from the absorbing atom;s i , the
spread in bond lengths atRi ~also called the Debye-Walle
factor!; and S0

2, an overall amplitude reduction factor tha
accounts for inelastic losses. Theoretical predictions forS0

2

generally do not compare well with experiment; therefore,Ni
is held fixed whenever possible. In this study, we fit t
Fourier transform~FT! of the XAFS functionk3x(k) to the
theoretical backscattering and phase functions calculate
FEFF7 ~Ref. 32! ~more details can be found in Ref. 31!. The
absolute errors ins are estimated to be 5% for neares
neighbor bonds and 10% for further neighbor bonds. T
absolute errors inR are estimated to be 0.01 Å for neares
neighbor bonds and 0.02 Å for further neighbor bonds31

These absolute error estimates are similar to~though always
larger than! those obtained by other methods such as a Mo
Carlo method33 or the relative errors estimated from th
number of scans taken at a given temperature for all
measurements report here.
4-2
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As an additional check on the sample purity of t
UCu52xPdx samples, a contribution to the XAFS of a num
ber of impurities were considered such as Cu, Pd, Cu
Cu3Pd, as well as various oxides. Simulations of the XA
spectra expected from nearly all of these impurity co
pounds indicated that the tested impurities would prod
peaks that were not observed in the UCu52xPdx data and
therefore these impurities could only be present at level
less than a few percent. The impurity level of compoun
with similar crystal structures and lattice parameters, suc
free Cu@which was reported to exist in UCu4.35Pd0.65 ~Ref.
34!#, could be as high as 5%.

III. BACKGROUND

A. Magnetic susceptibility and logarithmic behavior

Measurements of magnetic susceptibility were perform
in order to track the decrease of the Ne´el temperature with
increasing Pd concentration and to explore the non-Fe
liquid behavior observed previously.14,15 The magnetic sus
ceptibility x[M /H vs temperatureT in a magnetic field
H51 T for various UCu52xPdx compounds is shown in
Fig. 2. A cusp or peak in thex(T) curves is observed fo
0<x<0.7, indicating the onset of antiferromagnetic order
TN515.5, 14.1, 8.4, and 2.3 K forx50, 0.3, 0.5, and 0.7
respectively, in agreement with previous results.14,15 For 0.9
<x<1.5, thex(T) data increases with decreasing tempe
ture at low T and can be fitted by the expressionsx(T)
5x02c ln T where x0 and c are constants, orx(T)
52c8Tn wherec8 is a constant andn ranges between20.2
and20.3, as shown in the inset of Fig. 2~b!. Similar power

FIG. 1. Examples of thek3x(k) XAFS data for thex50.3
~dark! and thex51.5 ~light! samples from the~a! U L III , ~b! Cu K,
and ~c! Pd K edges. Note the relatively poor quality of the PdK
edge data forx50.3. The data quality of other samples is similar
that of thex51.5 sample.
24511
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law behavior has been previously observed in UCu52xPdx
~Ref. 20! and other disordered NFL systems such
Y12xUxPd3 and Th12xUxPd2Al3.19 At higher temperatures
above ;200 K, the magnetic susceptibility of th
UCu52xPdx compounds follows the Curie-Weiss law

x5C/~T2uCW!,

whereC5NAmeff
2 /3kB , uCW is the Curie-Weiss temperature

and meff is the effective moment in Bohr magnetons. T
effective momentme f f53.023.4mB is smaller than what
would be expected for a 5f 2 (meff53.58mB) or 5f 3 (meff
53.62mB) configuration, indicating the presence of crysta
line electric field effects and/or the Kondo effect. The Cur
Weiss temperaturesuCW are negative for all concentration
studied and increase roughly linearly from2260 to2100 K
from x50.3 tox51.5 ~results listed in Table I!.

B. Lattice disorder and the KDM

In the Kondo disorder model, a logarithmic divergence
low temperatures in the magnetic susceptibilityx(T) and

FIG. 2. ~a! Magnetic susceptibilityx[M /H vs temperatureT of
UCu52xPdx compounds with Pd concentrations in the range 0<x
<0.7 in a magnetic fieldH51 T. Inset: x(T) below 50 K. ~b!
Magnetic susceptibilityx(T) in H51 T for UCu52xPdx com-
pounds with Pd concentrations in the range 1.0<x<1.5. Inset:
x(T) at low temperature for Pd concentrations betweenx50.9 and
1.5. The lines are fits of the expressionsx(T)5x02c ln T ~dashed
lines! andx(T)}Tn ~solid lines! to thex(T) data.
4-3
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TABLE I. Magnetic properties of UCu52xPdx . The Néel temperatureTN is obtained from the change in
slope of thex(T) curves. The values of the effective momentmeff and Curie-Weiss temperatureuCW are
extracted from fits to a Curie-Weiss law of the high-temperature magnetic susceptibility. The paramex0

and c are determined from fits of the expressionx(T)5x02c ln T to the x(T) data. The exponentn is
determined from fits of the expressionx(T)}Tn to thex(T) data. The values of the static disorder necess
to fit the magnetic susceptibilitysKDM are determined from fits of the KDM to thex(T) data, and include the
Cu and Pd site distributions involving the Pd concentrationx and the site interchanges, as discussed in Sec
IV B.

x
TN

~K!
Tf

~K!
meff

(mB)
uCW

~K!
x0

(1023 cm3/mol)
c

(1023 cm3/mol ln K) n
sKDM

2

(Å 2)

0 15.5 3.1 2186
0.3 14.1 3.4 2259
0.5 8.4 3.3 2198
0.7 2.3 3.3 2162
0.9 0.5a 3.2 2134 23 4.9 20.29 0.0038
1.0 0.2b 0.2c 3.2 2139 20 3.3 20.26 0.0030
1.25 3.0 297 21 2.8 20.18 0.0028
1.5 0.1d 3.2 2107 26 4.3 20.21 0.0028

aRef. 35.
bRef. 35.
cRefs. 20,27,35.
dRefs. 20,27.
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specific heat divided by temperatureC(T)/T are produced
when a sufficient amount of weight in the distribution
Kondo temperaturesP(TK) exists at low-TK .10 The P(TK)
distribution is determined by introducing a spread of co
pling strengthsJN(EF) into the expression for the Kond
temperature

kBTK5EFe21/JN(EF), ~1!

where kB is Boltzmann’s constant,J is the local moment/
conduction electron exchange parameter, andN(EF) is the
electronic density of states of the host material at the Fe
level EF . The exchange parameter is given by

J52
Vtot

2

ue f u
, ~2!

where Vtot is the matrix element which admixes the loc
moment and conduction electron states ande f is the f-ion
energy below the Fermi level.

The variant of the Kondo disorder model considered h
utilizes a tight binding approach to compute the hybridiz
tion strengthsV between the conduction electron states a
the f states. Since thed-electron contribution is known to
dominate the conduction band in isostructural YbAgCu4,36

we only consider theVf d matrix element. The tight binding
formalism of Harrison and Straub for each pair of atomsU
( f ion! and X (d electrons in the conduction band! then
gives37

Vf d5
h f d\2

me

A~r U f
5 r Xd

3 !

RU2X
6

, ~3!

wherer Xl is the radius of the electronic shell of atomX with
angular momentuml (5d or f ) ~tabulated in Ref. 38!, RU-X
24511
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is the bond length between theU andX atoms, andh f d is a
factor which only depends on thel ’s and bond symmetry
~see Appendix B of Ref. 37!. The total coupling energy is
obtained by summing over all atoms pairs

Vtot5 (
U,X pairs

Vf d . ~4!

Within this approach, the coupling energies are often lar
than experimentally observed energies by a factor of37

This limitation does not play a major role in what follow
because these energies are scaled byN(EF)/e f , which is
used as a fitting parameter. Therefore, we only need cons
relative changes inVf d . The sum in Eq.~4! converges rap-
idly since the contribution from more distant neighbors
small, i.e., Vf d (RU-Cu54.59 Å);7% of Vf d (RU-Cu
52.93 Å); therefore, we assume that only the first tw
nearest-neighbor shells contribute to the hybridization.

We include two types of contributions to the distributio
of hybridization strengths due to lattice disorder. One eff
is that of Pd/Cu site interchange, which changes the spe
of atoms used in ther Xd parameters and will result in differ
ent hybridization strengths, i.e., the hybridization will b
larger for a U atom with more Pd neighbors than one w
more Cu neighbors. The distribution of hybridizatio
strengths due to the differentr Xd parameters is therefore dis
crete and modeled by a binomial distribution. The other c
tribution toP(V) is due to continuous lattice disorder, whic
is included as a Gaussian distribution of bond lengthsRU-X
with width sstatic. The distribution of Kondo temperatures
calculated with the use of the distribution of hybridizatio
strengthsP(V) in Eq. ~2!. With increasing continuous disor
der sstatic, the initial discreteP(TK! is quickly washed out
even for small amounts of disordersstatic;0.005 Å, and
4-4



e
gt
ion

he

o

en

e
m

ing
,
h
in
t
in

t
th
n

k

wn
-

eir
and
er-

h-
u

EFFECTS OF LATTICE DISORDER IN THE . . . PHYSICAL REVIEW B 65 245114
broadens considerably with more weight shifting to low
TK .39 Sources of Kondo disorder other than a bond len
distribution in the hybridization energy such as a distribut
of f-ion energies or density of statesN(EF) are not included
in this model.

C. Fits of the KDM to the magnetic susceptibility

The magnetic susceptibility was calculated within t
KDM by convolving P(TK) with the theoreticalx(T,TK)
proposed by Rajan40 for a J53/2 Kondo impurity. Three
parameters were used to fit the model to the data: continu
static disordersKDM , EF , and N(EF)/e f . The latter two
variables were found to be roughly constant for all conc
trations at values of 1.36 eV@similar to the value ofEF of
1.41 eV used in Ref. 10~for x51)# and 0.157 eV22, respec-
tively. Least-squares fits to thex(T) data are shown in Fig. 3
~results collected in Table I!. The fit quality is excellent,
especially considering that the susceptibility was deriv
from a microscopic model with only three adjustable para
eters and the simplifying assumptions of the tight bind
model and single-ion behavior. Note that, for instance
value of sKDM

2 ;0.0031 Å2 is necessary to produce enoug
weight at lowTK to generate the logarithmic divergence
x(T) at low temperatures for thex51.0 sample. The amoun
of static disorder used in the KDM fits decreases with
creasing Pd concentration.

IV. XAFS RESULTS AND ANALYSIS

A. Experimental analysis procedure

Before discussing the detailed analysis procedure, i
instructive to describe the average and local structure of
UCu52xPdx system. This system crystallizes in the face ce
tered cubic AuBe5 structure (C15b) for x,2.3. We consider
for this discussion an ordered UCu4Pd structure in which the
U and Pd atoms (4a and 4c sites, respectively! form inter-
penetrating FCC lattices and the Cu atoms form a networ
vertex-sharing tetrahedra along the body diagonal (16e sites!
as shown in Fig. 4.

FIG. 3. Fits of the Kondo disorder model to thex(T) data of
UCu52xPdx for Pd concentrations betweenx50.9 andx51.5.
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The local environments of the U and Cu atoms are sho
in Figs. 5~a! and 5~b!, respectively. The U and Pd environ
ments are very similar since the U~Pd! atoms have 12 Cu
neighbors at 2.93 Å and 4 Pd~U! neighbors at 3.06 Å. The
local structure about the Cu atoms is different due to th
tetrahedral arrangement with six Cu neighbors at 2.50 Å
both 3 U and Pd neighbors at 2.93 Å. The site int

FIG. 4. Crystal structure of ordered UCu4Pd. U atoms occupy
the 4a sites~black spheres!, Pd atoms occupy the 4c sites~shaded
spheres!, and the Cu atoms occupy the 16e sites~white spheres!.

FIG. 5. Local structure in ordered UCu4Pd. ~a! The local struc-
ture about the U atoms~the Pd local structure is obtained by switc
ing all of the U and Pd atoms!. ~b! The local structure about the C
atoms.
4-5
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E.D. BAUER et al. PHYSICAL REVIEW B 65 245114
change causes part of the Pd XAFS spectrum to be due t
atoms on 4c sites and part to be due to Pd atoms on 1e
sites. The main difference between these two spectra wil
due to the short Pd-Cu pair at;2.5 Å arising from the Pd
atoms on 16e sites.

In order to understand the effects of lattice disorder on
electronic properties in the UCu52xPdx system, one must be
able to measure the detailed local structure environm
around the uranium atoms. Determining this local struct
arrangement is a natural measurement for the XAFS te
nique since this technique is atomic specific, allowing
uranium atoms to be singled out. In addition, the Deb
Waller factors have been shown to be meaningful in an
solute sense, as was demonstrated for cubic materia
general,31 and for isostructural YbXCu4 (X5Ag, Cd, In, Tl!
in particular.33 However, the presence of Pd/Cu site inte
change makes the analysis procedure more complex bec
the species of atom in each of the first two shells can
necessarily be well determined in the fits to the uranium d
alone.

Given the difficulty of determining the detailed loc
structure around the uranium atoms in UCu52xPdx , we have
developed the following approach. First, we use the PdK
edge XAFS data to determine the fraction of Pd atoms
nominal Cu (16e) sitess[N~Pd on 16e sites!/N~total Pd!.
If, for instance, the Pd atoms are randomly distributed on
16e and 4c sites for UCu4Pd, the value ofs would be 0.8
~4/5 of all possible sites are 16e sites!. Once values ofs ~and
errors ons) are determined, these can be held fixed in fits
the UL III edge data, and a reliable value of the square of
Debye-Waller factor of the nearest-neighbor U-Cu pairsU-Cu

2

can be determined. With these values ofsU-Cu
2 as a function

of temperature, one may then estimate the amount of s
~i.e., nonthermal! pair distance disorder by fitting the U edg
data to a correlated-Debye model with a temperatu
independent offset41

smeas
2 ~T,ucD!5sstatic

2 1F~T,ucD!. ~5!

The temperature-dependent part of the Debye-Waller fa
F(T,ucD) is given by the correlated Debye model

F~T,ucD!5
\

2mE r j~v!cotanhS \v

2kBTDdv

v
,

wherem is the reduced mass,ucD is the correlated Debye
temperature, and the phonon density of states at positioRj
is42

r j5
3v2

vD
3 F12

sin~vRj /c!

vRj /c G ~6!

in which vD is the usual Debye frequency andc5vD /kD .
The expression in brackets of Eq.~6! takes into account the
correlated motion of the atom pair. These values of the st
disordersstatic

2 can then be compared to those (sKDM) nec-
essary for the KDM to describe the magnetic susceptibi
data. Debye-Waller factors for the neighbors further than
nearest neighbor U-Cu pairs are judged to be less reliable
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the purpose of determiningsstatic
2 , either because the fractio

of the amplitude of the peak in the Fourier transform of t
XAFS data due to the pair of interest is less that 50% of
peak height~as is the case for the next-neighbor U-Pd/C
pairs at about 3.1 Å! or simply because the correlated-Deb
model does not work very well for further neighbors.31

B. Pd K edge

The FT of k3x(k) of the PdK edge of UCu52xPdx for
various Pd concentrations is shown in Fig. 6. Hereaf
‘‘Pd8’’ denotes Pd atoms on 16e sites, ‘‘Pd’’ denotes Pd at-
oms on 4c sites, ‘‘Cu8’’ denotes Cu atoms on 4c sites, and
‘‘Cu’’ denotes Cu atoms on 16e sites. The main peak at;2.4
Å ~peaks in the XAFS transforms are shifted from the r
bond lengths due to the phase shifts of the absorbing
backscattering atoms! arises mainly from the large number o
Pd-Cu bonds at 2.93 Å with additional contributions~shoul-
ders! from the Pd8-Cu/Pd8 bonds at 2.50 Å and Pd-U bond
at 3.06 Å with appropriate weights governed by the amo
of site interchanges. The main peak at;2.4 Å shifts to
lower r with increasing Pd concentration, indicating more
the 16e sites are being occupied by Pd~a situation which
must occur forx.1). The model used to fit these data
extended over the basic model used in Ref. 23 by includ
all Pd bonds, both on the 4c sites and the 16e sites, out to
pair distances of 4.59 Å. These fits are tightly constrained
order to reduce the number of fit parameters to be w

FIG. 6. Fourier transforms ofk3x(k) of the PdK edge data from
selected UCu52xPdxsamples. The outer envelope is the amplitu
and the oscillating inner line is the real part of the complex tra
form. Solid lines are data for~a! x50.5 ~20 K!, ~b! x50.7 ~15 K!,
~c! x51.0 ~3.3 K!, and ~d! x51.5 ~15 K! along with fits ~dashed
lines! as described in the text. These and all subsequent transfo
are fromk52.5– 15 Å21 and Gaussian narrowed by 0.3 Å21. The
fit range is from 1.5 to 4.5 Å~dotted lines!.
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TABLE II. Fit results of the site interchange model to some of the PdK edge data from UCu52xPdx . N: nominal number of neighbors
in ordered UCu4Pd; A: peak amplitude;s2: square of Debye-Waller factor;R: bond length;f 16e

Cu : 16e site occupancy of Cu;f 4c
Pd: 4c site

occupancy of Pd. The site-interchange ions are denoted with a prime, e.g., Pd8 is a Pd ion on a nominal Cu (16e) site. The amplitudes of
the peaksA are fixed by the amount of Pd/Cu site interchanges and the site occupancy factorsf 16e

Cu and f 4c
Pd. Atom pairs in parentheses ar

completely constrained by the pair above them in the table. Debye-Waller factors for pairs with similar bond lengths are also constra
Sec. IV B for details.S0

2 is determined to be 0.8560.04. The errors ins are estimated to be 5% for nearest-neighbor bonds and 10%
further neighbor bonds. The errors inR are estimated to be 0.01 Å for nearest-neighbor bonds and 0.02 Å for further neighbor bon

Pd Concentrationx, T 0.7, 15 K 1.0, 3.3 K 1.25, 15 K
Bond A constraint A s2 (Å 2) R(Å) A s2 (Å 2) R(Å) A s2 (Å 2) R(Å)

Pd8-Cu 6S0
2s f16e

Cu 0.84 0.0029 2.55 1.50 0.0028 2.56 1.71 0.0025 2.5
(Pd8-Pd8) 6S0

2s(12 f 16e
Cu )

Pd8-Cu8 3S0
2s(12 f 4c

Pd) 0.18 0.0030 2.91 0.26 0.0025 2.90 0.22 0.0025 2.8
(Pd8-Pd) 3S0

2s f4c
Pd

(Pd8-U) 3S0
2s

Pd-Cu 12S0
2(12s) f 16e

Cu 8.21 0.0030 2.91 6.38 0.0025 2.90 5.57 0.0025 2.8
(Pd-Pd8) 12S0

2(12s)(12 f 16e
Cu )

Pd-U 4S0
2(12s) 2.82 0.0025 3.05 2.32 0.0019 3.05 2.11 0.0027 3.0

Pd8-Cu 12S0
2s f16e

Cu 1.68 0.0025 4.31 3.00 0.0036 4.31 3.41 0.0039 4.3
(Pd8-Pd8) 12S0

2s(12 f 16e
Cu )

Pd8-Cu8 4S0
2s(12 f 4c

Pd) 0.24 0.0051 4.58 0.35 0.0058 4.57 0.29 0.0065 4.5
(Pd8-) 4S0

2s
(Pd8-Pd) 4S0

2s f4c
Pd

Pd-Cu 16S0
2(12s) f 16e

Cu 10.95 0.0051 4.58 8.51 0.0058 4.57 7.43 0.0065 4.5
(Pd-Pd8) 16S0

2(12s)(12 f 16e
Cu )
e
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within Stern’s rule.43 For instance, amplitudes for all th
peaks are set by only three parametersS0

2, x, ands, with a
singleS0

2 used for all data at a given edge andx fixed to the
nominal value. In addition, pair distances that are nomina
the same, such asR~Pd-Cu! at 2.93 Å in the nominal struc
ture andR(Pd8-Cu8) that occurs from the site interchang
are held equal in the fits. Different atom pairs with equal p
distances also have the ratio of the Debye-Waller factorss2

held to the ratio of their reduced masses, although this d
not account for differences in the correlated Debye temp
tures of the various bonds. Finally, a singleS0

2 and threshold
energy shiftDE0 are used for all bonds and all temperatur
With these constraints we include 15 atom pairs in the
while only requiring 10 fit parameters from 1.5–4.5 Å, usi
a k-space window of 2.5– 15 Å21 ~Gaussian narrowed b
0.3 Å21). The value of S0

2 for the PdK edge data is deter
mined to be 0.8560.04. Representative fits for various P
concentrations are displayed in Fig. 6 and summarized
Table II. The quality of the fits is quite good withR;3
210 % for all Pd concentrations measured and the b
lengths are consistent with diffraction results.

The amount of site interchanges vs x is shown in Fig.
7~a! along with the nominal values ofs, in which the 4c
~nominal Pd! sites are filled with Pd up tox51 ~i.e., s50),
and thereafter the Pd atoms begin occupying the 16e ~nomi-
nal Cu! sites~i.e., s.0). These results indicate that site i
terchange exists even for low Pd concentrations~results
listed in Table III!. In a previous XAFS study of UCu4Pd,
the amount of Pd/Cu site interchange was found to
24511
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FIG. 7. ~a! The amount of Pd/Cu site interchanges vs Pd con-
centrationx in UCu52xPdx determined from fits of the PdK edge
data to the site interchange model. The nominals is based on a
simple model in which the Pd atoms first fill the 4c sites forx,1
and thereafter fill the 16e sites. ~b! The occupancy fractionsf 4c

Pd

~fraction of Pd on 4c sites! and f 16e
Cu ~fraction of Cu on 16e sites! vs

x. The nominal occupancy factorsf 4c
Pd and f 16e

Cu are indicated by the
solid and dashed lines, respectively.
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s50.24(3).23 In the present investigation, the data have be
analyzed using a more sophisticated model of the local
environment@i.e., including further neighbors with site inte
change out to 4.6 Å instead of 3.4 Å~Ref. 23!# to obtains
50.32(5). While there is a small discrepancy between t
two models, the values are consistent with each other wi
the error bars. Differences in the value ofS0

2 between the two
studies may account for this discrepancy. In the pres
study, the value of the XAFS scale factorS0

250.85 is based
upon a number of Pd concentrations and therefore is jud
to be more reliable.

An alternative~equivalent! description of the site inter
change froms andx uses the occupancy fractions, defined
follows: f 4c

Pd and f 16e
Cu are the fraction of 4c and 16e sites

occupied by Pd and Cu, respectively, which are given by

f 4c
Pd5x~12s!,

f 16e
Cu 512

sx

4
.

These occupancy fractions are shown in Fig. 7~b!. The fits
are less sensitive to the parameterf 16e

Cu due to the relative
abundance of 16e sites. The amount of site interchange
roughly constant up tox50.7 ats;0.2 and then increase
monotonically to a value ofs;0.4 atx51.5. Therefore, it is
possible that the system may be furthest away from rand
occupancy of Pd atx50.7, given that a minimum ins exists
at that concentration. Forx.0.7, an increasing number of P
atoms are located on the smaller 16e sites which is accom-
panied by an increase of the lattice parameter.14,44 Note that
the f 4c

Pd occupancy fractions exhibit a pronounced change
slope close tox50.7.

C. U L III edge

The Pd/Cu site interchange determined from the PdK
edge is introduced into the model for the UL III edge data by
fixing the relative amplitudes of the various U-Cu and U-

TABLE III. Amount of Pd/Cu site interchanges for various Pd
concentrationsx of UCu52xPdx determined from fits of the site
interchange model to the PdK edge and UL III edge data. These
results from the U-edge data are only reliable as a consiste
check on the Pd-edge results~see Sec. IV C!. Errors in the last digit
are given in parentheses.

x s

Pd K edge UL III edge

0.3 0.3~1! 0.8~7!

0.5 0.25~3! 0.4~4!

0.7 0.17~3! 0.25~5!

0.9 0.26~4! 0.35~9!

1.0 0.32~5! 0.39~4!

1.25 0.38~4! 0.40~8!

1.5 0.41~3! 0.41~3!
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bonds. Constraints on the fits to the UL III data were chosen
in a similar manner to the Pd edge constraints, fitting inr
space to pairs as long as 5.0 Å, including seven pairs
only eight fit parameters. Representative fits to the data
shown in Fig. 8 and summarized in Table IV. The value ofS0

2

was determined to be 0.8060.05. In order to extract the
static continuous disorder, the square of the Debye Wa
factor for the U-Cu bond at 2.93 ÅsU-Cu

2 (T) was fit to a
correlated-Debye model given by Eq.~5!.41 The fits to this
model are shown in Fig. 9 for various concentrations
UCu52xPdxand the results are collected in Table V. All me
surements ofsU-Cu

2 are consistent with zero disorder, as w
found in the YbXCu4 (X5Ag, Cd, In, Tl! series.33

As a consistency check for the amount of site interchan
the U L III edge data were fit withs as a free parameter, bu
subject to the relative amplitude constraints of the pe
given by the site interchange model. The values ofs obtained
in this manner are only used to provide a qualitative co
parison to those value determined from the Pd edge d
since the results of the U edge fits are much more mo
dependent~i.e., the U-Cu and U-Pd8 pair distances are con
strained to each other! and some parameters are strongly c
related with one another~i.e.,s and the near neighbor Debye
Waller factors!. The results of these fits are inconclusive f
x<0.5 due to the small amplitudes of the bonds involvi
site interchange, but compare quite favorably with the val
obtained solely from the Pd edge forx.0.5 ~results listed in
Table III!.

cy

FIG. 8. Fourier transforms ofk3x(k) of the U L III edge data
from selected UCu52xPdx samples. Solid lines are data for a! x
50 ~15 K!, ~b! x50.7 ~15 K!, ~c! x51.0 ~3.3 K!, and ~d! x51.5
~15 K! along with fits~dashed lines!. The fit range is from 2.0 to
5.0 Å ~dotted lines!.
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TABLE IV. Fit results of the site interchange model to some of the UL III edge data of UCu52xPdx .
Definitions and constraints are similar to those in Table II.S0

2 is determined to be 0.8060.05.

Pd Concentrationx, T 0.7, 15 K 1.0, 3.3 K 1.25, 15 K
Bond A constraint A s2 (Å 2) R(Å) A s2 (Å 2) R(Å) A s2 (Å 2) R(Å)

U-Cu 12S0
2f 16e

Cu 9.31 0.0011 2.91 8.83 0.0021 2.92 8.46 0.0019 2.9
(U-Pd8) 12S0

2(12 f 16e
Cu )

U-Cu8 4S0
2f 4c

Pd 1.86 0.0015 3.04 2.18 0.0020 3.05 2.48 0.0042 3.0
~U-Pd! 4S0

2(12 f 4c
Pd)

U-Cu 16S0
2f 16e

Cu 12.42 0.0027 4.56 11.78 0.0035 4.57 11.28 0.0032 4.
(U-Pd8) 16S0

2(12 f 16e
Cu )

U-U 12S0
2 9.60 0.0022 4.97 9.60 0.0028 4.99 9.60 0.0030 5.0
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D. Cu K edge

The FT of k3x(k) of the CuK edge of UCu52xPdx for
various Pd concentrations is shown in Fig. 10. The m
peak at;2.3 Å is shifted to lowerr relative to the peak in
the PdK edge data due to the larger number of Cu-Cu bo
at 2.50 Å. The CuK edge data were also fit by the si
interchange model using similar amplitude constraints
volving s, x, and S0

2. The value ofS0
2 is determined to be

0.6160.06. Due to the abundance of Cu present in
UCu52xPdx specimens, the fits are not very sensitive to
site interchange parameters for the relatively low Pd con-

FIG. 9. Square of the Debye-Waller factor of the U-Cu bond
2.93 ÅsU-Cu

2 vs T of UCu52xPdx determined from the UL III edge
fits. ~a! UCu4.95, x50, and x50.3. ~b! x50.5, x50.7, and x
50.9.~b! x51.0, x51.25, andx51.5. A typical fit to the correlated
Debye model is indicated by the solid line forx50, x50.5, and
x51.0 in panels~a!, ~b!, and~c!, respectively.
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centrations considered here. The fits of this model to the
K edge data using the values ofs obtained from the PdK
edge are shown in Fig. 10. A quantitative comparison can
made to the PdK and UL III edge data for those peaks whic
dominate the CuK edge spectra. In general, there is go
agreement between the Cu edge fit results and the Pd a
edge results. However, the details of the fit parameters
some peaks with small amplitudes are only in qualitat
agreement with the fits to the other edge data. For insta
the Debye-Waller factors of the Cu-Pd8 peak of thex50.7
sample (s250.0012 Å) and Pd8-Cu peak (s250.0029 Å)
at 2.5 Å as well as the bonds lengths (R52.48 Å for
Cu-Pd8 vs R52.55 Å for Pd8-Cu) are somewhat different
The difference in the Debye-Waller factors is likely due
the particular choice of constraints used in fitting the
edge data to the site interchange model, i.e., the Deb
Waller factor of the Cu-Pd8 peak was set by the Cu-Cu pea
which has the largest amplitude in the XAFS spectra~see
Sec. IV B!. Therefore, the Debye-Waller factor of the Cu-C
peak dominates the fit and its small magnitude could be
to the presence of small amounts of free Cu in some sam
causing a lower~incorrect! value forS0

2 for the Cu edge data
A plausible explanation for the difference in bond lengths

t

TABLE V. Comparison of measured and calculated static c
tinuous disorder in UCu52xPdx . The parameterssstatic

2 and ucD

were determined from fits to the UL III edge Debye-Waller factors
to a correlated Debye model. The values of the static disorder
essary to fit the magnetic susceptibilitysKDM

2 are determined from
fits of the Kondo disorder model to thex(T) data. Errors in the last
digit are given in parentheses.

x sU-Cu
2 ucD sstatic

2 sKDM
2

(Å 2) ~K! (Å 2) (Å 2)

UCu4.95 0.0027~3! 290~4! 0.0004~3!

0 0.0026~3! 318~7! 0.0006~3!

0.3 0.0034~3! 310~8! 0.0013~3!

0.5 0.0025~4! 306~10! 0.0003~4!

0.7 0.0011~3! 335~15! 0.0000~3!

0.9 0.0018~4! 314~2! 20.0005(4) 0.0038
1.0 0.0021~6! 345~7! 0.0002~6! 0.0030
1.25 0.0019~3! 322~4! 20.0003(3) 0.0028
1.5 0.0023~6! 300~7! 0.0003~6! 0.0028
4-9
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the nearest neighbor bonds is a slight distortion of the
tetrahedra as discussed below. Otherwise, the fit param
obtained from the CuK edge data are consistent with th
other edges and so are not reported in detail here.

V. CONSEQUENCES OF MEASURED LATTICE DISORDER
ON V AND TK

The distribution of hybridization strengthsP(V) for
UCu4Pd is shown in Fig. 11 using the measured value
sstatic

2 50.0002 Å2 obtained from the UL III edge data along
with the curves for one standard deviation of this va
@sstatic

2 50 Å2 ~binomial! and sstatic
2 50.00078 Å2). The

value of sstatic
2 5sKDM

2 (50.00343 Å2) necessary to fit the
x(T) data with the KDM model produces a distribution th
is considerably broader than the one derived from the m
sured amount of static disorder. The mean hybridization^V&
for all Pd concentrations was calculated using the meas
values ofs andsstatic

2 and is shown in Fig. 11~a! along with
the spread in hybridization strengthsDV/^V& @Fig. 11~b!#.
The average hybridization strength increases linearly w
increasing Pd concentration reflecting the additional hyb
ization due to the larger Pd atoms, while the width of t
distribution increases only slightly.

The values of the square of the Debye-Waller fac
sstatic

2 , determined from the UL III edge data for the U-Cu

FIG. 10. Fourier transforms ofk3x(k) of the CuK edge data
from selected UCu52xPdx samples. Solid lines are data for~a! x
50 ~15 K!, ~b! x50.7 ~20 K!, ~c! x51.0 ~20 K!, and~d! x51.5 ~15
K! along with fits~dashed lines!. The fit range is from 2.0 to 4.0 Å
~dotted lines!.
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bond at 2.93 Å, are compared to those values of the st
disorder needed to fit thex(T) data using the KDM and are
displayed in Fig. 12. The amount of the measured continu
static disorder is small and consistent with zero disorder. T
value ofsstatic

2 for x50.3 is larger than for the other concen
trations. This anomaly may be attributed to the influence
sample oxidation since no special care was taken to m
mize oxidation in this compound as was the case for UC5
and UCu4.95 samples. However, no trace of UO2 was found
in the U L III XAFS spectra. The amount of static disord
used to reproduce the logarithmic divergence in the magn

FIG. 11. Distribution of hybridization strengthsP(V) for
UCu4Pd. The solid curve is the distribution using the measu
value of sstatic

2 obtained from the UL III edge data along with the
distributions within one standard deviation of the measured valu
sstatic

2 ~dotted line!. The dashed line uses the value ofsKDM
2 neces-

sary to fit thex(T) data with the KDM model.~a! Average hybrid-
ization^V& vs x. ~b! Spread in hybridization strengthsDV/^V& vs x.

FIG. 12. The static part of the bond-length distribution varian
for the U-Cu bond at;2.93 Å, sstatic

2 vs x of UCu52xPdx . Data for
the UCu4.95 sample is denoted by the open square. The shaded
is the approximate amount of disorder necessary to fully exp
NFL behavior in UCu52xPdx compounds based on a distribution
hybridization strengths generated by lattice disorder .
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EFFECTS OF LATTICE DISORDER IN THE . . . PHYSICAL REVIEW B 65 245114
susceptibility with the KDMsKDM
2 is indicated by the shade

region in Fig. 12, reflecting the uncertainty in comparing t
model with the experimental data. The lower bound onsKDM

2

is estimated to be 20% below the smallest value ofsKDM
2

(x51.5).

VI. DISCUSSION

In our previous XAFS study on UCu4Pd, Pd/Cu site in-
terchange was found to occur, providing evidence t
chemicaldisorder exists in this compound.23 We suggested
from these results that lattice disorder is the microscopic
gin of the Kondo disorder model and therefore, produces
observed NFL characteristics. However, a necessary ass
tion for this lattice origin of the KDM was the inclusion o
bond-length disorder~at that time unquantifiable!, presum-
ably caused by the site interchange. This assumption is te
in the present investigation by employing an experimen
determination of the static continuous disorder about the
atoms~Fig. 12! for a number of different Pd concentration
Thesesstatic

2 results are obtained from a more sophistica
fitting model of the local Pd environment and are compa
to those values ofsKDM

2 necessary to explain the NFL prop
erties of UCu52xPdx(x50.921.5) via the Kondo disorde
model. This comparison was not possible in the origi
work23 because the fitting model was not complete enou
and there were not any data on other Pd concentrations, m
ing a determination of certain relevant experimental para
eters~especiallyS0

2) less reliable. Our results in the prese
study indicate that while Pd/Cu site interchange exists for
Pd concentrations measured, it does not produce eno
static continuous disorder to explain the non-Fermi-liqu
behavior observed in the magnetic susceptibility~and pre-
sumably the specific heat! within the variant of the Kondo
disorder model discussed here, i.e., the KDM with a dis
bution of TKs produced by lattice disorder in the hybridiz
tion strengthV. It is important to emphasize this last cave
since other sources of disorder aside from a distribution
hybridization strengths due to bond length disorder, such
distribution of the density of states orf-ion energies, could
cause a distribution of Kondo temperatures. Although
relationship between thelocal density of states~the relevant
quantity! and that derived from band structure calculations
unclear since these calculations are usually done in the c
limit ~i.e., no disorder!, fluctuations in the local density o
states are a real concern given the shape of thed-level den-
sity with energy expected from band structure calculatio
on YbCu4Pd.36 Moreover, the tight-binding model for th
hybridization treats all the near-neighbor U-Cu atom pa
equivalently, and therefore does not include potential ph
differences that may occur in the presence of disorder, p
sibly broadening the distribution ofTK’s.45 Therefore, the
Kondo disorder model may still apply to UCu52xPdx if other
disorder effects are the dominant sources of Kondo diso
other than a distribution of hybridization strengths due
bond length disorder. An explanation for the presence of
interchange, yet lack of a spread in U-M bond lengths, is t
site interchange causes a distortion in the Cu tetrahe
24511
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which is roughly perpendicular to the U-Pd8 or U-Cu bonds.
Support for this scenario is provided by the difference in
bond lengths of the Pd8-Cu (R;2.54 Å) and Cu-Pd8 (R
;2.48 Å) observed for all Pd concentrations. The variat
in the U-Pd8 bond length due to this distortion is small, i.e
DR;@(2.93 Å)21(0.06 Å)2#1/222.93– 0.0006 Å.

A recent calculation that incorporates local fluctuations
the density of statese f and V into a disordered Anderson
lattice model with '200 sites has been performed b
Miranda and Dobrosavljevic´.21,22 Their results indicate the
presence of Griffiths’ singularities~not associated with the
proximity to magnetic order16,17!, giving rise to NFL behav-
ior near a metal-insulator transition; the NFL behavior w
found to exist for all three types of disorder mentioned abo
over a broad range of values of those parameters.21,22 In this
model, the presence of disorder will cause a variation in
magnitude of the conduction electron wave functions lead
to a spread in the density of states. Therefore, even a disc
distribution of hybridization strengths due to site interchan
alone ~or a small amount of continuous disorder! will, in
principle, give rise to Griffiths’ singularities and NFL beha
ior within this disordered Anderson lattice model. Howev
calculations within this model starting from a discrete dist
bution of hybridizations similar to that in Fig. 11 do no
generate enough width to the density of states to explain
NFL behavior.46

While there is some supporting evidence for the appli
bility of the Kondo disorder model to UCu52xPdx ,10,13more
recent studies,24,26,47,48in addition to this one, suggest othe
non-Fermi-liquid models may be more appropriate. For
stance, even though the specific heat of annealed sampl
UCu4Pd exhibit a NFL-like logarithmic divergence, the ele
trical resistivity no longer displays a linearT dependence,
clearly at odds with the predictions of the Kondo disord
model.24 In addition, while the Cu spin-lattice relaxatio
rates 1/T1 of UCu3.5Pd1.5 in magnetic fields belowH55 T
are consistent with the KDM,25,48 1/T1 in higher magnetic
fields up toH59 T is not well described by this model.48

RecentmSR measurements26 on UCu4Pd and UCu3.5Pd1.5
reveal that the muon relaxation rates are two orders of m
nitude faster than what is expected from the KDM. There
growing evidence from NMR,13 mSR,26 and inelastic neutron
scattering experiments47 that short-range magnetic correla
tions ~less than a unit cell distance! are present in
UCu52xPdx . One possible explanation for these magne
correlations is the formation of magnetic clusters in the
cinity of a quantum critical point in a disordered materia
similar to the scenario proposed by Castro Neto a
co-workers.16,17 The spin glass behavior observed20,27 in the
x51 andx51.5 samples atTf;0.220.3 K could be due to
the freezing of these magnetic clusters in this picture. T
power-law behavior of the specific heat and magnetic s
ceptibility of such compounds and other Ce- and U-ba
materials19,20 is consistent with this Griffiths’-McCoy phas
model. However, the Griffiths’-McCoy phase predictions
the dynamics of the magnetic correlations do not agree w
the mSR measurements, which are perhaps best vie
within a framework of a quantum critical point scenario
which spin glass49,50 or antiferromagnetic order7–9,51 has
4-11
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been suppressed toT50 K. Moreover, it is not clear whethe
the observed magnetic correlations47 are strong enough to
allow for the Griffiths’ phase model. Clearly, the theoretic
understanding of this system is far from complete.

An investigation24 of the effects of annealing on th
physical properties of UCu4Pd was recently reported by We
ber and co-workers and provides another way to study
role of disorder in this system. Annealing the samples
750 °C for 1 and 2 weeks produced a decrease in the la
parameter a, more consistent with the nearly linea
relation14,24,35,44observed~for unannealed samples! between
a andx for x,0.7, while splat quenching the sample resu
in an increase ofa, relative to the unannealed sample. O
possible interpretation of this behavior is that the unannea
sample has a comparable amount of site interchange to
one studied here and splat quenching gives rise to more
interchange while annealing reduces it. However, note
the lattice parameter of the annealed samples extrapolat
the lineara vs x relation of the unannealed samples belo
x50.7. Since the unannealed samples have site intercha
even for low Pd concentrations, the annealedx51.0 speci-
mens most likely also have a considerable amount of
interchange. In any case, even though the specific hea
vided by temperature of the annealed samples shows a l
rithmic dependence over a larger temperature ra
~0.08–10 K! compared to the unannealed specimens,
electrical resistivity no longer exhibits a linearT dependence
indicating that the low-temperature properties are greatly
fluenced by disorder. Our results on unannealed sample
shown in Fig. 7 indicate an increase in the site intercha
for samples abovex50.7. Therefore, these XAFS results a
consistent with the interpretation of Weberet al.24 that an-
nealing reduces the site interchange, although it does
suppress it completely. Future work, such as XAFS,mSR,
and neutron scattering measurements on annealed samp
UCu52xPdx should continue to provide information that wi
lead to a better understanding of the interplay between
order and the NFL properties in this system.
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VII. CONCLUSIONS

We have measured the local structure about the U,
and Pd atoms in UCu52xPdx(0<x<1.5) using the XAFS
technique. A model involving Pd/Cu site interchange w
used to fit the Pd and CuK edge and UL III edge data. Pd/Cu
site interchanges was found to occur in all samples with
roughly constant value ofs;0.2 up tox50.7 and increased
to s;0.4 atx51.5. These results were used to determine
static disorder about the U atoms. The magnetic suscept
ity of UCu52xPdx was calculated with the Kondo disorde
model via a tight binding approximation for the hybridiz
tion strengthVf d , assuming that lattice disorder is the cau
of Kondo disorder. Our results indicate that the measu
static disorder due to Pd/Cu site interchange does not
duce a sufficient width to the distribution of~tight-binding!
Vf d to generate NFL behavior within the Kondo disord
model and suggests either that there are sources of Ko
disorder other than a distribution of hybridization streng
with a lattice-disorder origin or that the Kondo disord
model is not applicable to UCu52xPdx . However, the pres-
ence of significant Pd/Cu site interchange should in princi
still cause a distribution of hybridization strengths and m
well couple to changes in the local electron charge densit
and therefore strongly favor NFL models which include d
order, such as the various Griffiths’ phase models.
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