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Susceptibility inhomogeneity and non-Fermi-liquid behavior in nominally ordered UCu4Pd
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Muon spin rotation experiments on a stoichiometric sample of the non-Fermi-liquid~NFL! heavy-fermion
compound UCu4Pd, in which recent neutron scattering experiments suggest an ordered structure, indicate that
the U-ion susceptibility is strongly inhomogeneous at low temperatures. We argue that this is due to residual
disorder, which also dominates NFL behavior. The data yield a short correlation length~&1 lattice spacing!
and a rapid low-temperature U-moment relaxation rate (*1012 s21), which constrain cluster-based models of
NFL behavior.@S0163-1829~98!51242-8#
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Many heavy-fermion alloys and compounds containingf
atoms have been found to exhibit thermodynamic and tra
port properties at low temperatures which are not in agr
ment with the conventional Landau Fermi-liqu
predictions.1 Most such non-Fermi-liquid~NFL! materials
share two characteristics: proximity to a magnetic region
the appropriate phase diagram, and disorder due to chem
substitution. A number of mechanisms, some of which
clude one or both of these features, have been taken to b
basis for NFL behavior. This paper presents strong evide
for a disorder-driven NFL mechanism in nominally order
UCu4Pd.

Nuclear magnetic resonance2 ~NMR! and muon spin
rotation3,4 ~mSR! experiments in UCu52xPdx alloys, which
exhibit NFL behavior for 1&x&1.5,5 revealed static line-
widths which vary more rapidly than the bulk susceptibil
with temperature and which become anomalously large
low temperatures. This is unambiguous evidence for str
inhomogeneity of the local magnetic susceptibility, which
turn suggests a large effect of disorder on the electro
structure of these alloys. This article describesmSR measure-
ments in a new sample of UCu4Pd, for which recent neutron
diffraction experiments6 have been interpreted as consiste
with crystalline order. We find excellent agreement with t
original mSR results, again indicating considerable susce
bility inhomogeneity. Either there is a residual level of d
order in this sample, which is possible given the uncertai
in the neutron-diffraction results, or UCu4Pd exhibits a peri-
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odic spatial modulation of the local U-moment susceptibil
in the absence of long-range spin order. We will argue t
the former is most likely. We also find that the susceptibil
inhomogeneity is characterized by a short correlation len
~of the order of a lattice constant!, and that the U moments
fluctuate at a rate*1012 s21. These latter results pose con
straints for cluster-based theories of disorder-driven NFL
havior.

Hybridization between conduction electrons and lo
moments gives rise to Kondo and other correlations
heavy-fermion systems. Several treatments have appe
which ascribe NFL behavior to disorder in this hybridizatio
Bernalet al.2 proposed a simple phenomenological ‘‘Kond
disorder’’ model, in which the disorder results in a wid
distribution of Kondo temperaturesTK . At a given tempera-
ture T local moments withTK,T are uncompensated an
give rise to the NFL behavior. The wide spread of Kon
temperatures gives rise to a temperature-dependent spreadx
of local-moment susceptibilitiesx(T,TK). A similar picture
was proposed independently by Matsuhiraet al.7 in connec-
tion with their experiments on randomly diluted CeRu2Si2.
Miranda et al.8 put this model on a firmer theoretical foun
dation, and pointed out that it was capable of explaining
ubiquitous linear temperature dependence of the lo
temperature electrical resistivity.

Recently Castro Neto, Castilla, and Jones9 have extended
the simple single-impurity Kondo disorder model to take in
account the Ruderman-Kittel-Kasuya-Yosida~RKKY ! cou-
R11 849 ©1998 The American Physical Society
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pling between local moments. They concluded that the co
bination of disorder and a critical point associated with c
operative behavior of these local moments gives rise t
Griffiths phase of correlated clusters associated with a n
universal scaling exponentl. This theory is in good agree
ment with specific heat and susceptibility data for a num
of NFL materials.10

Disorder is an essential ingredient for these NFL mec
nisms. Some NFL compounds may crystallize in ordered
tice structures, however, in which case there is no reaso
suspect a disorder-driven mechanism for NFL behavior if
atomic order is perfect. UCu4Pd is a candidate for such a
ordered compound.

UCu52xPdx , 0<x&2.5, crystallizes in the fcc AuBe5

structure ~space groupF4̄3m!. The end compound UCu5
possesses two crystallographically inequivalent copper s
in the ratio 4:1 at the 16e and 4c positions~Wyckoff nota-
tion!. Thus stoichiometric UCu4Pd could order as shown i
Fig. 1. The concentration dependence of the lattice param
exhibits a break atx'1,5 which suggests preferential Pd o
cupation of 4c sites but does not determine the degree
order.

Recently Chau, Maple, and Robinson6 reported elastic
neutron-diffraction measurements on members of
UCu52xPdx series. From Rietveld refinements of the da
they found that indeed Pd atoms preferentially occupyc
sites forx,1, and a mixture of Cu and Pd atoms occupy 1e
sites forx.1. Forx51 ‘‘ . . . there is no evidence for Pd/C
disorder . . . .’’ 6 The data do not rule out the possibility o
site interchange between Pd and Cu sites, at the leve
;4.3% occupation of 16e ~Cu! sites by Pd atoms@and there-
fore ;17% occupation of 4c ~Pd! sites by Cu atoms#. A
minimum in the variation withx of the residual resistanc
ratio (RRR)5R(300 K)/R(1 K) was also observed nearx
51, indicating that the electronic structure undergoes a tr
sition near this Pd concentration.

In view of these results we have carried outmSR studies
on a portion of the same powder sample of UCu4Pd used for
the neutron-diffraction measurements.6 The data reproduce
earlier results on a different UCu4Pd sample4 extremely well,
exhibiting the rapid increase of linewidth with decreasi
temperature and strong inhomogeneity in the lo
temperature susceptibility ~distribution width/mean
susceptibility*2! predicted by disorder-driven theories
NFL behavior.2,8,9

Positive muons (m1) from the M20 beam line a

FIG. 1. Unit cell of UCu4Pd assuming structural order, wit
atom sites indicated in Wyckoff notation. Muon stopping sites
the end compound UCu5 ~Ref. 11! are also shown.
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TRIUMF, Vancouver, Canada, were stopped in the sam
and subsequently precessed in the sum of the applied fiel~if
any! and the local internal field at them1 site. As in previous
studies,4 zero-fieldmSR linewidths showed no evidence fo
spin freezing or static magnetism greater than;0.01mB /U
atom down to;2 K.

The muon relaxation rate 1/T1 in low (;100 Oe) fields
applied parallel to the muon spin, which is due to U-mome
thermal fluctuations,12 was found to be unobservably slo
(&104 s21) at all temperatures. For the present case of c
pling between U andm1 magnetic moments via a fluctuatin
dipolar fieldBdip ~Ref. 4!, the U-moment fluctuation raten is
given by12 1/T152(gmBdip)

2/n, wheregm is the m1 gyro-
magnetic ratio. We find a lower limit onn of ;2
31012 s21.

mSR spectra were obtained for applied fieldsH0 between
2 and 20 kOe transverse to them1 spin direction~TF-mSR!
over the temperature range 3–300 K. A typical TF-mSR re-
laxation function is shown in Fig. 2, with the oscillator
factor removed by transforming to a reference frame rotat
at them1 precession frequency. It can be seen that the
laxation is exponential to within uncertainties. In spite of th
the relaxation is not due to lifetime broadening, as eviden
by the negligible dynamicm1 relaxation rate discusse
above. Instead, the exponential relaxation indicates a Lor
zian distribution ofm1 Larmor frequencies.

Frequency shiftsK and exponential relaxation rates 1/T2*
were obtained from fits to the relaxation function

G~ t !5Ae2t/T2* cos@gmH0~11K !t1f# ~1!

to m1 time-differential relaxation data. HereA is the initial
muon decay asymmetry,H0 is the applied transverse field
and f is the phase of the initialm1 spin orientation. The
temperature dependence ofK ~not corrected for Lorentz and
demagnetizing fields! and 1/T2* at H0510 kOe are shown in
Fig. 3. Both these quantities increase considerably in ma
tude with decreasing temperature. In the case ofK this is
expected, as both microscopic and macroscopic~Lorentz and
demagnetization! contributions toK should be proportiona
to the bulk susceptibility.4 At 3 K no significant field depen-

FIG. 2. Representative TF-mSR asymmetry relaxation function
~after transformation to a reference frame rotating with them1 pre-
cession frequency! in UCu4Pd sample~Sample #2! used in neutron-
diffraction studies~Ref. 6!. Curve: best-fit exponential.
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dence ofK or of the half-widthdK51/(gmH0T2* ) of the
frequency shift distribution was observed forH0,20 kOe.

Estimates of the relative spreaddx/x were obtained using
the relation

dx

x
5

dK

a* x
, ~2!

where a* is an effective hyperfine coupling constant b
tween U moments andm spins.3,4 Assuming randomly disor-
dered inhomogeneity of the U-moment static susceptibil
a* depends on the correlation lengthjx which describes the

spatial variation of the inhomogeneity.3 It was found previ-
ously from comparison of TF-mSR and NMR linewidths3,4

that jx is of the order of a lattice parameter or smaller
UCu52xPdx , x51.0 and 1.5. This can be seen qualitative
as follows:3 if jx were long~@ a lattice parameter! the sus-
ceptibility in the vicinity of a givenm1 site would be nearly
uniform. Then the dipolarm1 hyperfine field would nearly
vanish by symmetry at the 4a and 4d m1 sites found11 in the
end compound UCu5 ~cf. Fig. 1!, which are octahedrally and
tetrahedrally coordinated by U ions. For longjx , therefore,
the distributedm1 shifts and hence the linewidth would b
small, contrary to observation. The vanishing dipolar fie
also rules out any contribution to the powder-pattern lin
width due to anisotropy of the shift.

Figure 4 plotsdK/(a* x) vs the uniform bulk susceptibil
ity, with temperature an implicit parameter. The data poi
were obtained from themSR data and Eq.~2! using the
dipolar-coupling valuea* 50.096 mol emu21 averaged over
the two muon sites13 and calculated assuming short-ran
correlation.3 Data are shown for the previously-studie4

sample~Sample #1! ~reanalyzed for this comparison! and the
present sample~Sample #2!. It can be seen that the agre
ment between the two data sets is very good.

Also shown in Fig. 4 for comparison isdx/x from the
Kondo disorder model.3 The parameters defining the distr
bution functionP(TK) were obtained from fits to the field

FIG. 3. Temperature dependence ofm1 ~a! frequency shiftK
and ~b! relaxation rate 1/T2* in UCu4Pd.
,
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and temperature dependence of the bulk susceptibility,
dx/x was then calculated with no further adjustable para
eters. Comparison with the disorder-driven Griffiths-pha
theory ~not shown!, made in a similar way, is also satisfa
tory ~cf. Ref. 9!. Independently of agreement with a speci
model, it is important to note that if the U-ion susceptibili
were uniform ~as in any NFL theory without disorder!
dK/(a* x) would be constant;3 its strong dependence onx
and large low-temperature~large-x! value~Fig. 4! are unam-
biguous evidence for susceptibility inhomogeneity.

It is conceivable that disorder plays no role in the susc
tibility inhomogeneity, which then must have an ordered~pe-
riodic! spatial distribution. Such a periodically modulate
susceptibility cannot be due to long-range spin orderi
since as discussed above zero-fieldmSR shows that there is
no static magnetism. We know of nothing to rule out
modulated susceptibility, but to our knowledge such beh
ior has never been observed without a corresponding mo
lated static moment~antiferromagnetism or a spin-densi
wave!.

Thus residual disorder appears to be the most likely
planation of these results. The reproducibility ofdK/(a* x)
between Sample #1 and Sample #2~Fig. 4! is striking, how-
ever. The concentration of lattice defects in an arc-mel
sample depends on conditions such as vapor pressures,
ing rate, etc., which are not likely to be reproduced exactly
two different laboratories. We speculate that the two samp
may not have the same lattice defect concentration, in wh
case the inhomogeneity is remarkably insensitive to
amount of disorder. We also note that the low-temperat
values ofdK/(a* x) in UCu4Pd and UCu3.5Pd1.5 ~which is
definitely a disordered alloy! are also very similar.4 These
results raise the question of whether theories of NFL beh
ior which arenot based on disorder can ever be verified
real compounds, which will always possess some leve
defects. X-ray-absorption fine-structure~EXAFS! and neu-
tron pair distribution function~PDF! studies are under way to
determine the amount of structural disorder in UCu4Pd.

These results also provide important constraints
‘‘cluster-based’’ mechanisms for NFL behavior~e.g., Ref.
9!. First, the short correlation length discussed above se

FIG. 4. Dependence ofdK/(a* x) on bulk susceptibilityx, with
temperature an implicit parameter, in UCu4Pd. Symbols are defined
in the text. Sample #1: previously studied sample~Ref. 4!. Sample
#2: present sample, used in neutron-diffraction studies~Ref. 6!.
Curve:dx/x from the Kondo disorder theory~Refs. 3 and 4!.



a

u
tu

te
m

uc

r

.
x-
H.

or
art
R-

m-

OE

RAPID COMMUNICATIONS

R11 852 PRB 58D. E. MACLAUGHLIN et al.
to limit the number off ions in the clusters to the order of
few. Second, the absence of observablem1 dynamic relax-
ation sets a lower limit of;231012 s21 on the fluctuation
rate of spins in clusters. Any cluster-based mechanism m
therefore be consistent with the small size and rapid fluc
tion rate of the clusters.

In the absence of evidence for a periodically modula
susceptibility, we conclude that disorder-driven mechanis
are able to explain NFL behavior in UCu4Pd. Further experi-
mental work is needed to decide between various s
mechanisms, and future NMR andmSR experiments will be
necessary to characterize disorder-driven NFL behavio
other nominally ordered compounds.
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