
PHYSICAL REVIEW B, VOLUME 65, 184401
Susceptibility inhomogeneity and non-Fermi-liquid behavior in Ce„Ru0.5Rh0.5…2Si2
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Magnetic susceptibility and muon spin rotation (mSR) experiments have been carried out to study the effect
of structural disorder on the non-Fermi-liquid~NFL! behavior of the heavy-fermion alloy Ce(Ru0.5Rh0.5)2Si2.
Analysis of the bulk susceptibility in the framework of disorder-driven Griffiths-phase and Kondo-disorder
models for NFL behavior yields relatively narrow distributions of characteristic spin-fluctuation energies, in
agreement withmSR linewidths that give the inhomogeneous spread in susceptibility.mSR and NMR data both
indicate that disorder explains the ‘‘nearly NFL’’ behavior observed above;2 K, but does not dominate the
NFL physics found at low temperatures and low magnetic fields.
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I. INTRODUCTION

The discovery of non-Fermi-liquid~NFL! phenomena in
strongly correlated electron metals raises fundamental q
tions about the elementary excitations of these system1,2

The interest in NFL behavior is in large part due to the e
pected robustness of Landau’s Fermi-liquid theory,2,3 accord-
ing to which interactions between electrons that do not p
cipitate a phase transition should not change the Fermi-liq
nature of the low-lying excitations. Manyf-electron heavy-
fermion alloys are NFL metals.1 Attempts to explain NFL
behavior often invoke the notion of a quantum critical po
at zero temperature, the critical behavior of which extend
nonzero temperatures and modifies the thermodynamic
transport properties of the metal. Recent nuclear magn
resonance~NMR! and muon spin rotation (mSR) investiga-
tions of NFL alloys have yielded unambiguous evidence t
in some of these materials disorder is a major factor in N
behavior.4,5 In such cases NMR andmSR spectra reflec
broad distributions of the local magnetic susceptibil
x(r ,T), the high-susceptibility end of which arises from r
gions of the sample that do not exhibit Fermi-liquid pa
magnetism. It is clearly of interest to determine susceptibi
distributions in a considerable number of NFL systems,
order to understand better the systematic interplay betw
quantum criticality and disorder in NFL behavior.

A. Ce„Ru1ÀxRhx…2Si2

The Ce(Ru12xRhx)2Si2 alloy system exhibits a number o
magnetic and nonmagnetic ground states as a result of st
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electron correlation. The end compound CeRu2Si2 is a
Fermi-liquid heavy-fermion compound with no evidence f
magnetic ordering, whereas neutron-scattering experime6

indicate that CeRh2Si2 undergoes an antiferromagnet
~AFM! transition at a Ne´el temperatureTN535 K to a state
of local-moment AFM order. With decreasingx, TN is sup-
pressed, and vanishes forx'0.55. A second region of AFM
order in the phase diagram appears for 0.05&x&0.25; here
the ordering is between itinerant rather than localiz
electrons.6 NFL behavior has been established forx in the
neighborhood of 0.5.7 Recent measurements of the electric
resistivity and magnetic susceptibility of Ce(Ru0.5Rh0.5)2Si2
below 1 K ~Refs. 8,9! have been interpreted in terms of
quantum Griffiths-phase NFL mechanism10 for magnetic
fields &1 T and quantum spin-glass behavior at high
fields.

At temperatures*2 K 29Si NMR measurements in a
aligned powder sample of Ce(Ru0.5Rh0.5)2Si2 ~Ref. 11! have
shown that the local susceptibility is inhomogeneously d
tributed. The widthdx(T) of this susceptibility distribution
was found to be in good agreement with both t
Griffiths-phase10 and so-called ‘‘Kondo disorder’’4,12 models
of disorder-driven NFL behavior, which predict essentia
the samedx(T). In these theories a characteristic energyD
is inhomogeneously distributed in the sample. In t
Griffiths-phase theoryD is the tunneling energyEt associ-
ated with a spin cluster, whereas in the Kondo-disor
modelD is the Kondo temperatureTK of an individual spin.
Each model yields a distribution functionP(D) that can be
used to calculate sample averages of experimental quant
©2002 The American Physical Society01-1



-

tio
te

d
o

rre
a

nd
e

i
a

-
as
M
C

tib

he
er
L
s
re

t
s

o-
ls
n
a

s
dis

in
the

in
ity
dif-
pre-

ed
FL

w

cep-

age

er

at
l-
sian

-

D. E. MacLAUGHLIN et al. PHYSICAL REVIEW B 65 184401
For example, the sample-average ‘‘bulk’’ susceptibilityx̄(T)
is given in terms of the local magnetic susceptibilityx(T;D)
by

x̄~T!5E dD P~D!x~T;D!. ~1!

For simplicity x(T;D) is often taken to be of the Curie
Weiss form

x~T;D!5
N~peffmB!2

3~T1D!
, ~2!

wherepeff is the f-ion effective moment number.
In Ref. 11 the data were analyzed under the assump

that the disordered susceptibility inhomogeneity is correla
only over short distances@‘‘short-range correlation’’~SRC!,
or static susceptibility correlation lengthjx& lattice constant
a#. The sensitivity of the NMR spectral width tojx comes
about because a given29Si nucleus is coupled to a limite
number of neighboring Ce spins. If the susceptibilities
these Ce neighbors are uncorrelated or only slightly co
lated becausejx is short, then the interactions are somewh
averaged. If on the other handjx is much longer than the
distance to the Ce neighbors@‘‘long-range correlation’’
~LRC!, jx@a#, then the local coupling is not averaged a
the~fractional! width of the frequency shift distribution is th
same as that of the susceptibility distribution.11,13

Agreement with disorder-driven models was obtained
the NMR experiments under the assumption of SRC. It w
further assumed that the coupling could be characterized
an effective numberneff of Ce ions coupled with a fixed
interaction strength to a given29Si nucleus. For best agree
mentneff'5, which is reasonable crystallographically. It h
been shown, however, that spectra from a second N
nucleus or mSR can be used to test the SR
assumption.11,13,14

This paper reports measurements of magnetic suscep
ity and mSR spectra for temperatures greater than;2 K in
a high-quality single crystal of Ce(Ru0.5Rh0.5)2Si2, which
complement the previous NMR measurements.11 Consistent
with the NMR study, we find that the mean and width of t
susceptibility distribution are in agreement with disord
driven mechanisms. The predicted behavior is ‘‘nearly NF
rather than NFL, i.e., the local susceptibility is Curie-Weis
like with a distributed local Curie-Weiss temperatu
D(r )/kB , but the distribution functionP(D) vanishes atD
50. Then at low temperatures the system should rever
Fermi-liquid behavior in the absence of other mechanism

The results of our susceptibility and transverse-fieldmSR
(TF-mSR) experiments may be summarized as follows.

~1! The bulk susceptibility data can be fit to the Kond
disorder and Griffiths-phase disorder-driven NFL mode
thereby yielding the parameters of the distribution functio
P(D) that characterize these models. These distributions
narrower than found in our previous NMR investigation11

and possess little low-energy weight; the Griffiths-phase
tribution, in particular, yields zero weight atD50 rather
than a Griffiths-McCoy singularity.10
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~2! The mSR linewidths agree with these distributions
the LRC limit, indicating a macroscopic distance scale to
susceptibility inhomogeneity responsible for the spread
muon Larmor frequencies. The SRC-limit inhomogene
found in the NMR measurements apparently reflects the
ferences in the sample preparation. These differences
clude the independent test of the range of correlation~SRC
vs LRC! discussed above. The amount of disorder deriv
from the disorder-driven models explains the nearly N
susceptibility of Ce(Ru0.5Rh0.5)2Si2 above;2 K, but is not
capable of accounting for the NFL behavior found at lo
temperatures and fields.8,9

II. RESULTS

A. Static susceptibility

The temperature dependence of the bulk magnetic sus
tibility x̄c in a field of 0.1 T applied parallel to thec axis is
given in Fig. 1. These data were fit to the sample-aver
susceptibilityx̄(T) given by Eq.~1! with distribution func-
tion P(D) from both the Griffiths-phase and Kondo-disord
models.10–12 The Griffiths-phase picture (D5Et) yields10

P~Et!}H Et
211l , Et,v0

0, Et.v0 ,
~3!

wherev0 is a high-frequency cutoff, so thatP(Et) diverges
as Et→0 for values of the nonuniversal exponentl,1
~Griffiths-McCoy singularities!. In the Kondo-disorder
model (D5TK) the Zener exchange coupling constantg
5rJ, wherer is the density of conduction-electron states
the Fermi energy andJ is the conduction-electron–loca
moment exchange interaction, is given a modest Gaus
distribution around a small average value.4,11 The local
Kondo temperature

FIG. 1. Temperature dependence ofc-axis bulk ~sample-

average! magnetic susceptibility x̄c in single-crystal
Ce(Ru0.5Rh0.5)2Si2. Curve: fits to Griffiths-phase and Kondo
disorder models~indistinguishable on this plot!.
1-2
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TK5EFexp~21/ugu!

can then be widely distributed because of its exponen
dependence ong.

In both models the local susceptibilityx(T;D) is taken to
have the Curie-Weiss form of Eq.~2!. A fit of Eq. ~1! to the
bulk susceptibility then determines the parameters of the
tribution function, which can be used to calculate the aver
of any function ofD over the distribution. The fits to the
Griffiths-phase and Kondo-disorder models are given by
curve in Fig. 1, and are indistinguishable on this plot.

The fit parameters so obtained (l, cutoff energyv0, and
peff for the Griffiths-phase fit; averageḡ and standard devia
tion dg of g, EF , and peff for the Kondo-disorder fit! are
given in Table I together with the corresponding values fr
fits to the susceptibility of the NMR sample~Ref. 11!. The
distribution functionsP(D) from the present results ar
given in Fig. 2.

The most important feature of these results is that for b
models P(D) has low weight for smallD. For Kondo-

TABLE I. Parameters obtained from fits of disorder-drive
Griffiths-phase and Kondo-disorder NFL models to bulk susce
bility data. See text for definitions.

Parameter mSR, NMR,
Single crystala Aligned powderb

Grifffiths l 1.860.2 0.88
Phase v0 ~K! 4165 170

peff 3.0160.06

Kondo ḡ 0.1560.003 0.16

Disorder dg 0.01760.002 0.021
EF ~eV! 1 ~fixed!

peff 3.0460.07

aData of Fig. 1.
bData of Ref. 11.

FIG. 2. Distribution functionsP(D) of characteristic energiesD
in single-crystal Ce(Ru0.5Rh0.5)2Si2, obtained from fits of Griffiths-
phase~Ref. 10, solid curve! and ‘‘Kondo disorder’’~Refs. 4 and 12,
dashed curve! disorder-driven NFL theories to bulk susceptibili
data of Fig. 1.
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disorder fits this result is in qualitative agreement with t
NMR-sample data,11 which also yielded narrow distribu
tions. But the best Griffiths-phase fit is obtained forl.1,
i.e., for a zero rather than a singularity atP(Et50) @cf. Eq.
~3!#, whereas the NMR-sample susceptibility was best
with a singular form ofP(Et) (l50.88). This indicates tha
within the framework of these disorder-driven models f
NFL behavior themSR sample exhibits only ‘‘nearly NFL’’
behavior, since nonzero values ofP(D50) are necessary i
the lowest-lying excitations are to be local-moment-like
clusterlike rather than Fermi liquid in character. The theor
ical distributions are simply too narrow to yield the NF
behavior observed at low temperatures.8,9

B. NMR and µSR frequency shifts

In a paramagnetic sample, spin probe~nucleus or muon!
frequency shifts reflect the electronic spin polarization
which the spin probes are coupled via a combination of
polar and indirect hyperfine interactions.15 A given spin
probe ~nucleus or muon! i is coupled to the neighboring
f-electron momentsj, resulting in a linear relation betwee
the spin-probe frequency shiftKi and thef-electron suscep-
tibility x j :11,13,14

Ki5(
j

ai j x j ,

where the coupling constantsai j can be expressed in term
of corresponding coupling fieldsHi j

coup5NmBai j ; N is
Avogadro’s number if thex j are expressed in molar units
We can writeHi j

coup as the sum of transferred-hyperfine a
dipolar contributionsHi j

thf andHi j
dip , respectively.

As described in Sec. I above and elsewhere,11,13,14,16the
relation between an inhomogeneous distribution ofx j ’s and
the resulting distribution ofKi ’s depends on the range o
correlation of the inhomogeneous susceptibility. In the t
extreme limits of SRC and LRC the rms spreadsdK anddx
~rms widths of the NMR shift and susceptibility distribu
tions, respectively! are simply related:11,13,14

dx5dK/a* ,

where the effective coupling constanta* depends on the
correlation lengthjx :

a* 5H aLRC5U(
j

ai jU ~LRC!,

aSRC5S (
j

ai j
2 D 1/2

~SRC!.

~4!

In the LRC limit this yields

~dx/x̄ !LRC5dK/uK̄u, ~5!

and in the SRC limit we can write

~dx/x̄ !SRC5~aLRC/aSRC!~dK/uK̄u!. ~6!

i-
1-3
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We will use these relations in the analysis of ourmSR
results.

C. Transverse-fieldµSR spectra

The mSR experiments were carried out at the M20 mu
channel at TRIUMF, Vancouver, Canada. A magnetic fi
H0 was applied parallel to thec axis of the single-crysta
sample, and the muon spinSm was oriented perpendicular t
H0. In this TF-mSR configuration the width of themSR reso-
nance reflects the distribution of muon frequency shifts in
sample as long as lifetime broadening~spin-lattice relax-
ation! is negligible, which has been confirmed by zero-fie
mSR measurements.17

The spectra were fit to both Lorentzian and Gaussian
shapes; values of the goodness-of-fit parameterx2 were not
appreciably different for these choices. Figure 3 gives
dependence of the average~line centroid! fractional fre-
quency shift K̄c on the bulk c-axis susceptibility x̄c in
Ce(Ru0.5Rh0.5)2Si2, with temperature an implicit paramete
before and after correction for Lorentz and demagnetiz
fields. The curvature of the correctedK̄c vs x̄c could be due
to a number of causes, including crystal-field effects an
Curie ‘‘tail’’ in the susceptibility from trace metallurgica
phases,11 although we cannot rule out an intrinsic mech
nism. Above;20 K, K̄c is approximately proportional to
x̄c with a slope that yields a coupling field

Hc
coup5NmB(

j
ai j 520.7160.06 kOe/mB . ~7!

This is considerably more negative than the valueHc
coup5

20.38 kOe/mB found in undoped CeRu2Si2.18 Now Hc
thf

5Hc
coup2Hc

dip ; sinceHc
dip is essentially independent of dop

ing we infer thatHc
thf is weaker in Ce(Ru0.5Rh0.5)2Si2. This

may reflect a difference in Ce-Si hybridization or, altern

FIG. 3. Dependence of sample-average muonc-axis frequency

shift K̄c on c-axis bulk susceptibilityx̄c in Ce(Ru0.5Rh0.5)2Si2, with
temperature an implicit parameter. Circles: raw data. Triangles:
corrected for Lorentz and demagnetizing fields. The error bars
clude uncertainty in the value of the demagnetization coefficien
18440
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tively, a different muon stopping site in Ce(Ru0.5Rh0.5)2Si2.19

Indeed, different muon stopping sites are found in the e

compounds CeRu2Si2 (^ 1
2

1
2 0&, Wyckoff notation 2b) ~Ref.

18! and CeRh2Si2 ~two sites:^ 1
2 00&, 4c, and^ 1

2
1
4 0&, 4d).20

The ratio of the fractional muon linewidthdKc to the
frequency shift magnitudeuK̄cu is plotted vsx̄c in Fig. 4 for
both mSR ~present results! and NMR ~Ref. 11! data. The
increase ofdKc /uK̄cu with increasing susceptibility is a sa
lient feature of disorder-driven models for NFL behavior.4,13

The curves in Fig. 4 give the fractional rms widthdx/x̄ of
the susceptibility distribution from the disorder-driven NF
distribution functionsP(D) discussed in Sec. II A, wheredx
is obtained from the relation

dx~T!5 H E dD P~D!@x~T;D!2x̄~T!#2J 1/2

@cf. Eq. ~1!#.
The mSR data are in reasonable agreement with

disorder-driven pictures in the LRC limit, for whichdK/uK̄u
~data points in Fig. 4! is the estimator ofdx/x̄ @Eq. ~5!#. In
the SRC limit this estimator is obtained by multiplying th
experimental values ofdK/uK̄u by aLRC/aSRC @Eq. ~6!#. The
magnitude of the slope ofK̄c vs x̄c gives the value of
aLRC.11,13,14 It is more difficult to obtainaSRC, but we can
estimate separately the dipolar and transferred hyperfine
tributions to this quantity and hence toaLRC/aSRC. For di-
polar coupling the value of this factor obtained from latti
sums@Eq. ~4!# is 1.51. For a constant transferred hyperfi
coupling strength toneff near neighbors the factor isAneff
52 –2.2 for the crystallographically reasonable rangeneff
54 –5.11 Thus in the SRC limit the experimental estimat
of dx/x is significantly increased, and agreement with t

ta
-

FIG. 4. Data points: dependence of estimatordKc /uK̄cu of frac-

tional c-axis susceptibility spreaddxc /x̄c on c-axis bulk suscepti-

bility x̄c , with temperature an implicit parameter, frommSR
~circles! and NMR ~triangles, from Ref. 11! in Ce(Ru0.5Rh0.5)2Si2.

Curves: dependence ofdx/x̄ on x̄ from fits of Griffiths-phase
~solid curve! and Kondo-disorder~dashed curve! models to bulk
susceptibility.
1-4
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theoretical curves is worsened, for both dipolar and tra
ferred hyperfine coupling. This is the evidence that in
present single-crystal sample the LRC limit is appropria
i.e., that there is little effect of atomic-scale disorder on
static susceptibility inhomogeneity. The NMR data, on t
other hand, agree with the disorder-driven models only in
SRC limit, with neff'5, as discussed in Ref. 11.

It would of course be desirable to carry out NMR expe
ments in the single-crystal sample and/ormSR experiments
in the aligned-powder sample. As previously note
however,11 mSR in epoxy-potted powder samples is impra
tical because of muon stops in the epoxy. Moreover, NMR
bulk metals is very difficult because of limited rf field pe
etration and eddy-current heating, particularly when
NMR signal strength is weak as in the present case (29Si
natural isotopic abundance'4.7%). These difficulties im-
pede direct comparison of NMR andmSR linewidths in the
same sample.

III. CONCLUSIONS

The fractional widthdxc /x̄c of the inhomogeneous sus
ceptibility distribution in Ce(Ru0.5Rh0.5)2Si2 is considerable
(;100% at low temperatures, see Fig. 4!. The parameters o
the distribution functions~Table I! indicate somewha
smaller widths~smallerv0 and largerl.1 for the Griffiths-
phase fit; smallerdg/ḡ for the Kondo-disorder fit! in the
mSR single crystal than in the NMR aligned-powder sam
of Ref. 11, but the difference is not large and is not crucia
the conclusions of this paper. The origin of the disorder a
appears to be different in the two samples, since the fits a
better with the LRC limit in the present work but with th
SRC limit in the NMR study. This suggests that local dis
der in the Ce-moment-conduction-electron hybridizat
strength is significant in the NMR sample but weaker in
mSR single crystal, although variations over length sca
n
r-
is

s,

a

m

k,

o,
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longer than a few lattice parameters remain as a sourc
inhomogeneity in the latter sample.

In both samples the low probability of small energy sca
~cf. Fig. 2! is suggestive of low spectral densities of sp
fluctuations, quantum or thermal, at low frequencies. This
in agreement with the relatively slowmSR spin-lattice relax-
ation rates observed in Ce(Ru0.5Rh0.5)2Si2,17 since the muon
relaxation rate is proportional to the strength of the therm
noise spectrum at the low muon Larmor frequency.15 It sug-
gests in addition that the disordered susceptibility revea
by themSR and NMR experiments above 1 K, while signi
cant, is not likely to be related to the NFL behavior observ
in Ce(Ru12xRhx)2Si2 at temperatures below 1 K and mag-
netic fields below 1 kOe.8,9 This is because there is no ev
dence for the large spin clusters or low-TK spins with low
characteristic energies@large values ofP(D) as D→0#
needed in these scenarios~cf. Fig. 2!. It is also unlikely that
such low-energy regions are somehow formed forT&1 K,
since this temperature is considerably smaller than the
ergy scale for the disorder (;30 K from Fig. 2!. mSR
and/or NMR shift and linewidth measurements would be
sirable as direct probes of disorder in the low-temperatu
low-field NFL region, but unfortunately accurate data cann
be obtained at the low fields (;100 Oe) required for the
NFL behavior.8,9
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