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We report measurements of the bulk magnetic susceptibilityZd8dnuclear magnetic resonan®MR)
linewidth in the heavy-fermion alloy CeRhRySiThe linewidth increases rapidly with decreasing temperature
and reaches large values at low temperatures, which strongly suggests the wide distributions of local suscep-
tibilities ; obtained in disorder-driven theories of non-Fermi-liqéiFL) behavior. The NMR linewidths
agree well with distribution functionB(x) which fit bulk susceptibility and specific-heat data. The apparent
return to Fermi-liquid behavior observed beld K is manifested in the vanishing d®(x) as y—©°, indi-
cating the absence of strong magnetic response at low energies. Our results point out the need for an extension
of some current theories of disorder-driven NFL behavior in order to incorporate this low-temperature
Crossover.

[. INTRODUCTION phase transition or glassy spin freezing at nonzero tempera-

A breakdown of the standard Landau Fermi-liquid theoryture invalidates this condition, and NFL behavior is no
is signaled in certain heavy-fermion metals by anomalies idonger a surprise. Following convention in this field, we nev-
thermodynamic, transport, and optical properties at low temertheless continue to designate as NFL systems materials in
peratures and frequencisAlthough exceptions exist, the which the properties mentioned above are found at interme-
anomalous properties are usually as follows: the Sommerfeldiate temperatures, with the proviso “nearly NFL” applied
specific-heat coefficieny(T)=C(T)/T diverges as—InT,; if there is evidence for a crossover to a new state at low
the magnetic susceptibility(T) varies as +aT"? or di-  temperatures.
verges as-InT or a weak inverse power of temperature; the In this paper we report measurements of the magnetic
electrical resistivity departs linearly with temperature fromsusceptibility and?®Si NMR linewidth in the nearly NFt?
its T=0 value; and optical conductivity experiments in the heavy-fermion alloy CeRhRusi and consider the data in
non-Fermi-liquid (NFL) alloy UCu; sPd, 5 indicate a trans- the light of two such disorder-driven scenari¢$) the so-
port relaxation rate which varies linearly with frequency atcalled “Kondo disorder” picture of Bernakt all® and
low temperature$. Miranda, Dobrosavljevicand Kotliar® in which the RKKY

Attempts to understand this NFL behavior invoke one orinteraction is disregarded and the local susceptibility distri-
more characteristics common to most such systems, viz., theution is associated with a corresponding distribution of
possibility of an unconventional Kondo effett,proximity  single-ion Kondo temperaturék, and(2) a recent model
to a quantum critical pointQCP),>~" structural disordef,or by Castro Neto and co-workérbased on the existence of
a combination of the latter twbRecent experimental work quantum Griffiths singularitiéd in a disordered system with
has stressed the role that disorder can play. In particular, thRKKY couplings which is close to a QCP. In the latter
observed inhomogeneous broadening of copper nuclear magase Kondo and RKKY phenomena compete with each other
netic resonanceNMR) lines in the NFL alloys UCgL ,Pd,, in the random environment, and the susceptibility is associ-
x=1.0 and 1.5, could be described by a disorder-inducedted with fluctuations of magnetic clustér&oth of these
spatial distribution of local susceptibilitieg;.’>** Such a  models have been shown to account for the observed suscep-
susceptibility distribution originates in the interplay betweentibility and NMR broadening in UCy,Pd,,%! and the
structural disorder and many-body effects intrinsic toKondo-disorder model is in agreement with the transport and
f-electron systems, such as the Kondo effect and theptical data for UCk,Pd, alloys. The Griffiths-phase pic-
Ruderman-Kittel-Kasuya-Yosidg RKKY) interaction be- ture describes the thermodynamic properties of a number of
tween the magnetic moments. NFL materialst*

It is clear that if an interaction between moments is It should be pointed out that NFL mechanisms based on
present the term “non-Fermi liquid” must be used with care,unconventional Kondo effect have to date been treated
since strictly speaking Fermi-liquid theory deals only with only for isolatedf ions. It would be useful to extend such
the lowest-lying excitations of a system of interacting fermi- pictures, first to the case of orderéibn-based compounds
ons and hence is correct only in the zero-temperature limit iand then with the inclusion of disorder in analogy with the
the absence of a phase transition. Any kind of magneticriffiths-phase model.
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FIG. 1. Magnetic phase diagram of Ce(RyRh),Si,. Data
from Refs. 16—18. ParamagnetieM) and antiferromagneti¢AF) FIG. 2. Field-swept®Si NMR spectra in CeRhRusifor T
regions are indicated. Circles: AF ordering temperat(igs Tri-  =4.2 K and spectrometer frequency 20.220 MHz. Solid curve: un-
angles: Kondo temperatur@ . The curves are guides for the eye. aligned powder sample. Dashed curve: field-aligned powtdgifc.
The arrow indicates the concentration for which NFL behavior wasPash-dot curve: field-aligned powde, L c.
observed by Graét al. (Ref. 12.

specific heat and ac susceptibility studies of YCuPd,
Similarities and differences between the Kondo-disordefRefs. 21 and 2P suggest that saturation of(T) in this
and Griffiths-phase theories of NFL behavior and the necessystem may be associated with magnetic ordering, possibly
sity for their modification at low temperatures are discussed®f a spin-glass nature or in the form of superparamagnetic
in the light of our experimental data. Fits of the theories toclusters. More information on the behavior of NFL systems
the temperature dependence of the bulk susceptibility detegt low temperatures is clearly needed.
mine the parameters of each model, each of which then pre- The bulk susceptibility agrees well with the Kondo-
dicts the temperature dependence and size of the NMR linglisorder model but is overestimated by the Griffiths-phase
width with no further adjustable parameters. The measureglicture at low temperatures. This is not surprising, since the
linewidths are in good agreement with both models. Thispossibility of nearly NFL behavior is built into the Kondo-
corroborates the conclusion of Getfal,'? based on suscep- disorder model, whereas the Griffiths-phase theory in its
tibility and specific-heat measurements, that disorder-driveipresent form neglects effects, such as transverse Kondo fluc-
NFL behavior is important in this system. tuations or residual interactions between clusters, which
The isostructural alloy system Ce(RyRh,),Si, exhibits ~ could modify or remove the Griffiths singularities which
a variety of complex behavior associated with the Kondocause the NFL behavior.
effect and magnetic interactioh¥.2° The phase diagram of ~ The experimental data obtained to date do not discrimi-
this systen®*® is shown in Fig. 1. The end compound nate clearly between the two pictures, since the distribution
CeRuySi, is a heavy-fermion metal which shows no long- function P(x) which describes the inhomogeneous distribu-
range magnetic order down to 20 nfRwhereas CeRISi, is  tion of susceptibilities contains no qualitative feature sensi-
an antiferromagnét with Neel temperaturéfy=36 K. An-  tive to the existence of RKKY-coupled clusters. We specu-
tiferromagnetism is found for low (02x=<0.3) and high late that dynamical properties such as nuclear spin-lattice
(0.5sx=<1) rhodium  doping. Neutron-diffraction relaxation rates may be more sensitive to low-lying excita-
experiment¥’ in the low-doping range show that the antifer- tions associated with spin-spin couplings, particularly at low
romagnetism is incommensuratee., the 4 electrons are temperatures, and suggest that further measurements of spin
itinerand, but becomes commensurate, indicative of localrelaxation rates be carried out.
moments, fox=0.5. Forx=<0.4 the specific heat indicates a ~ Section Il of the paper describes our measurements of
characteristic energy scale, usually associated with the aveRulk magnetic susceptibility and®Si NMR spectra in
age Kondo temperatur® of the material, which is higher CeRhRuSi. The relation between inhomogeneity in the sus-
than Ty in this composition range. ceptibility and the NMR linewidth is reviewed in Sec. Ill.
The concentration=0.5 is near the critical value for sup- Section IV treats the single-ion Kondo-disorder and
pression ofTy to zero. In spite of its stoichiometric compo- Griffiths-phase disorder-driven NFL mechanisms. Analysis
sition CeRhRuSi is a disordered alloy, as the Rh and Ru Of the susceptibility and NMR data is discussed in Sec. V,
atoms occupy the same crystallographic site and there is rid Sec. VI gives our conclusions.
evidence of superlattice formation. Fer0.5 Grafet al?
found the weak divergences characteristic of NFL behavior
in y(T) and x(T) for temperatures between 1 and 30 K.
There was no evidence for magnetic ordering, and Etaf. Measurements of bulk susceptibility akesi NMR spec-
concluded that NFL phenomena in CeRhRuS#e driven by  tra were carried out on unaligned and field-aligffqbwder
structural disorder. To our knowledge the region 03 samples of CeRhRugiat a frequency of 20.220 MHz and
=0.5 has not been examined for NFL behavior. temperatures in the range 4.2-230 K. Field-swept NMR
Below 1 K y(T) was seen to saturate, suggesting thatspectra were obtained using pulsed-NMR spin-echo signals
CeRhRusSj exhibits a crossover from a region of anomalousand the frequency-shifted-and-summed Fourier-transform
magnetic response to a Fermi-liquid ground state as the tenprocessing technique described by Clatkal®* The solid
perature is lowered. It should be noted, however, that recertturve in Fig. 2 shows &°Si NMR spectrum from an un-

Il. EXPERIMENT
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‘ misalignment does, however, preclude any attempt to obtain

60 - N\ CeRhRuSi, | information about the shape &(A) from the shape of the
— Kondo Disorder | NMR line.
— — Giriffiths Phase

40
Ill. SUSCEPTIBILITY INHOMOGENEITY

AND NMR LINEWIDTH
20 -

Since the NMR frequency shift of a given nucleus is de-

Susceptibility (1072 emu/mole)

0 ! * S r s secesm—— ] termined by the interaction between its magnetic moment
10 100 and those of the surrounding electrons, any spatial variation
Temperature (K) of the electronic magnetic susceptibility will be reflected in

) _ ~ the NMR linewidth as a distribution of frequency shifts. A
_ _FIG. 3 Ter_nperature dependence of the anisotropic SUSCGptlblbuantitative understanding of the susceptibility inhomogene-
ity in a field-aligned powder sample of CeRhRuSCircles: basal-  jy yaquires analysis of the relation between it and the NMR
plane susceptibilityay(T). Triangles:c-axis susceptibilityvo(T). —|inewidth, independent of the particular mechanism which
Solid curve: fit of single-ion Kondo-disorder modgtefs. 10 and causes tf'1e inhomogeneity
11) to x(T). Dashed curve: fit of Griffiths-phase mod&ef. 9 to The NMR frequency shifi measures the time-averaged
Xe(T)- effective field produced by the local moment at the resonat-

aligned powder sample at 4.2 K. We attempted to fit this"'d hucleus. In a paramagnet the relative skiftof the ith

spectrum to an anisotropic powder patfémonvoluted with nl_JcIeus _is re!ated to the. local susceptibilipy associated
a Gaussian broadening function, but found a poor fit if the/Vith the jth f-ion electronic moment By

width of the broadening is assumed independent of crystal-

lite orientation. The low-field side of the spectrum, which is Kizz aij Xj » 1)
due to those crystallites with axes parallel to the applied ]

field Ho (Ho~24 kOe), is more strongly broadened than theyherea; is the hyperfine coupling constant between jtfe

high-field side. Fits to the low-field region of the spectrum moment and théth nucleus. It is straightforward to carry out
yielded a crude estimate of the extra broadening, which bee spatial averages and show that

comes large at low temperatures as predicted by the disorder-
driven NFL mechanisms discussed above. — —

The magnetic susceptibility(T)=M(H,T)/H, where K=ay, aE; aijj
M(H,T) is the bulk magnetization of the system, is strongly
anisotropic in the Ce(Ru,Rh,),Si, series, with thec-axis where a bar designates a spatial average in this and the fol-
susceptibility xo(T) (Hollc) much larger than thab-plane lowing. Similarly, the rms spread of shiftsk=(K?
susceptibilityx,p(T) (Hol ). This suggests that the extra —K?2)¥2 is related to the corresponding rms spread of sus-
broadening observed fot,||c might be due to disorder in the ceptibilities 5y by
susceptibility similar to that found in UGu,Pd,, and we
were motivated to measure the linewidth in a field-aligned oK=a*éy,
powder samplé3 The powder was mixed with epoxy, which
was allowed to harden in a magnetic field of 60 kOe. Th
torque on the anisotropic moment aligned thaxis of each
s_mgle-crystal powder grain in the direction of the applied Sxlx=6Kl(a*x). )
field before the epoxy hardened.

The anisotropic susceptibility measured in this field- |f each nucleus is coupled to more than one monfeht
aligned powder sample is shown in Fig. 3. These data agregq. (1)], any spatial correlation between the moment suscep-
well with measurements on a small single crystal oftibilities will affect the value ofa*. There are two extreme
CeRhRusSi (not shown. A strong Curie-Weiss-like tempera- limits in considering this spatial correlation. The term “long-
ture dependence is found feg(T), whereasy,,(T) is small  range correlation(LRC) will be used to describe the situa-
and only weakly temperature depend&hThe curves give tion where the correlation length between local moments is
fits of x(T) to the Kondo-disorder and Griffiths-phase mod- much longer than the local-moment near-neighbor spacing.
els as discussed below in Secs. IV A and IV B, respectivelySimilarly, “short-range correlation”(SRO describes the

Figure 2 also gives thé°Si NMR spectra measured in the situation where the variation of susceptibility from site to site
field-aligned powder sample fdiofc andHgLc. It can be is random or nearly so, i.e., where the correlation length
seen that, as expected, the line is wider Kfqyfc than for  which describes this variation is of the order of or shorter
HoL c. The small shoulder on the high-field side of tHglc  than a lattice constant. Note that this correlation is only a
line indicates that the alignment of crystallites in this samplephenomenological description of the inhomogeneous suscep-
is not perfect. The large linewidth anisotropy implies, how-tibility, and is not necessarily related to critical behavior of
ever, that neither a small misalignment of the crystallites inthe system. For a given system we do not knavpriori
the sample nor a slight misalignment of the sample withwhich (if either) of these limits is applicable, although in the
respect tdH, affect linewidth measurements appreciably for single-ion Kondo-disorder model we might expect that ran-
Hollc. 2°Si NMR spectra from a more completely aligned but dom ligand disorder would lead to relatively short-range cor-
smaller samplénot shown confirmed this expectation. The relation.

where a* is an effective hyperfine coupling constant, dis-
€ussed in more detail below. As a consequence
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It can be showh' that the values o&* in the LRC and IV. DISORDER-DRIVEN NFL MECHANISMS

_ * . .
SRC limits (denoted byajrc and asgc, respectively are In considering systems where NFL behavior is driven by

given by disorder it is convenient to study the spatially distributed
2 local susceptibilityy; . Simple linear-response theory shows
alne=|al, atpe=|> a2 that the zero-temperature local susceptibility can be associ-
LRC ’ SRC - i . . L.
j ated with a characteristic local energy scaleby
Assuming for simplicity that the hyperfine coupling is pre- 1
dominantly to an effective number. of f-ion near neigh- Xi% 3o (7)
bors and is the same effective valag; for each of these !
neighbors, it follows that wherel; is essentially the excitation energy from the ground
state to the first excited state. At finite temperatufethe
agrc= VNef@er AN A Re= Nefefr local susceptibilityy(A,T) depends strongly on the micro-
scopic details which couple the magnetic degrees of free-
so that dom.
. . We can therefore speak of distributions of susceptibilities
asrc™ AL rc! VNefr- ) or energy scales, characterized by distribution functions

P(A) and P(y), respectively;  thus P(yx,T)
In the LRC limit the fractional susceptibility inhomoge- =p(A)/|ax(A,T)/dA|. OnceP(A) [or P(x,T)] is known

neity 5X/;is given by the relative NMR Iinewidtl@‘K/lﬂ. we can obtain spatial averages of physical quantities such as
Since 6K =a/Hy, whereo is the rms linewidth in magnetic thenth momenty"(T) of the local susceptibility distribution,
field units, we have from Eq2) which is given by
X _ fK_: K7 (rcimib. (@ X'(T)= L X"(A,T)P(A)dA (8
X arex K[ [K[Hg
ThUSUI(_|K|H0), Whic_h_can be deri_ve_d from the NMR d_ata, :J Y"P(x,T)dy. (8b)
is an estimator foby/ x in the LRC limit. The corresponding 0
estimator in the SRC limit can be obtained freM(|[K[Ho)  Knowledge of the first and second momentsRify,T) is
simply by scaling by the factogne [Eq. (3)]: sufficient for interpretation of the bulk susceptibility and
NMR linewidth data.
1) oK SK\ [ af oK
- x :)( iRC> - Vneff( :> (SRC limif). A. Single-ion Kondo disorder
X Aoy \IK|/\agre K] - =ing
) We take the Ce-ion spins to be coupled to the conduction-

) electron spins by &-f exchange coupling described by a
_ The abov_e assumes that the coupling constaptare not coupling constanyy=N(Eg)J, whereN(Eg) is the density
disordered, i.e., that they have the same values for crystalls conduction-electron states at the Fermi surfacekindhe
graphically equivalent positions of nucleusndf-ion j. If  ce-jon—conduction-electron exchange interaction. If the sys-
this is not the case and tlag are also disordered, then it can e is disordered on the ligand sites, as in CeRhRUSi
be shown* that will be randomly distributed according to a distribution func-
tion P(g). In the simplest picture of the Kondo effect, the
Kondo temperatur&y , which characterizes the energy scale
' 6) of the single-ion Kondo effect, is given bjx=Ere 9,
whereEg is the Fermi energy. Thus a narrow distribution of
where A is a term which expresses the effect of the disor-g can lead to a wide distribution dfx wheng is small. In
dereda;; . Now in existing disorder-driven modéf@9itis  this picture we immediately identifg with Ty .

found thatsy/y varies considerably withy (with tempera- If the distribution functionP(A) =P(T) is broad enough
ture an implicit parametgr tending to a value=1 at low SO thatP(Tx—0) does not vanish, then at any nonzero tem-

temperatures and vanishing%s»o (high temperaturgsOn peratureT thosef ions for whichT<T are not compensated

. . . _ (i.e., are not described by Fermi-liquid thepand give rise
the other hand\ s found to .be mdependgnt ot Dlsprder N to the NFL behavior. In view of Eq7) one sees that regions
thea;; will therefore result in a nonzero intercept in a plot of

i T of the system wher&y is very small(sites with very large
SK/[K| vs x, and its effect can be removed by subtracting|ow-temperature susceptibilitydominate the thermal and
this intercept in quadrature from the rad(/|K| data. It can  transport properties. Miranda, Dobrosavljgvamd Kotliaf
be shown that this correction is valid in both the LRC limit have treated this picture in detail, and have shown that it
and the SRC limit. predicts the observed low-temperature behavior of the Som-
It should be stressed that this “NMR technology” is quite merfeld coefficienty(T), susceptibilityy(T), and resistivity
independent of the specific mechanism which causes the susdp(T)=p(T)—p(0) (y<xx*x—InT and ApxT, respec-
ceptibility inhomogeneity. tively) provided thatP(Tx—0) is finite.

2
+A?

5K 12

K]

X
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The resulting distribution functioP(T) is given by Using Egs.(8), (11), and (12) it is straightforward to
showf® that for T<e,
dg| g¢°P(g)
P(Tx)=P(9) v S 9 _ m\C [ &g\ 1
K K x(T)= 6—(7) (13
with g=1/In(Ex/T). As a convenient parametrization of the 0
Kondo physics we take the susceptibility to have the Curieand
Weiss form
5X(T) 1—\ 1/2 €o N2
X(T.T)=Cl(T+aTy), (10) «T) _L2m (?) - a4

whereC is the Curie constant. The value efwas estimated  Tpe critical behavior is determined by the single nonuniver-
by comparing this Curie-Weiss law to the exact Bethe-ansatg temperature-independent exponentFor \<1 the sus-

solution?’ the two functional forms differ bys10% for « ceptibility diverges algebraically &—0 (H=0), and NFL
~2.5. Assuming a Gaussian distribution 18(g), the mean  peohayior is obtained. The divergence incredses the NFL
g and rms widthdg of the distribution can be found by popayior hecomes strongerith decreasing.. The casex
fitting Eq. (8) with n=1 to the measured bulk.e., spatially  _1 js marginal, and leads to logarithmic singularities as in

Thili 0,12
averagegi susceptibility: the Kondo-disorder approaéh.

B. Griffiths-phase model

In the Griffiths-phase model of NFL behavidihe low- Both the Kondo-disorder and Griffiths-singularities pic-

energy physics is dominated by rare and large clusters whic,res geal with a similar aspect of disorder, viz., the physics

can tunnel over classically forbidden regions. These corress rare events with large susceptibilities. It is clear, however,
lated regions are generated by above-average values of they the microscopic aspects of the two models are very dif-

RKKY interaction. The tunneling is produced by the Spin-ferent  The Kondo-disorder model uses noninteracting

flip processes present in the Kondo effeén this scenario single-ion physics, and no aspect of the RKKY interaction is
the Griffiths singularities appear close to a QCP below Perpresent. The Griffiths-phase approach, on the other hand,
colation threshold and are therefore intrinsically related tQias o take both RKKY and Kondo phenomena into account

QCP _physics. It_ is in_tuitively clear that the clusters can beyn an equal footing, and has a strong connection with QCP
effectively described in terms of two level systems, with t“”'physics.

neling energyE which is distributed over the sample due 10 &5 the point of view of local properties as measured in

the structural disorder. Obviously we hate=E in this pic-  \MR spectra these approaches give similar results. The spa-

wre. _ _ _ tial properties of the two approaches are very different, how-
The distribution ofE is obtained by mapping the problem gyer since the formation of clusters in the Griffiths phase

onto the Ising model in a transverse field; this procedure i§eqyires spatially extended structure. In this case one could
valid in the limit of large magnetic anisotropy as appears Qa0 for the existence of clusters via superparamagnetic re-
be the case in CeRuRRSicf. Fig. 3. Then it can be gphonse, which is well understood in the context of spin

C. Kondo disorder versus Griffiths singularities

showrf® that glasse€® or for a momentum dependence of the inelastic
N [ E\ 1A neutron scattering. In addition, one would expect cluster for-
_(_) . 0<E<e, mation to slow down the spin fluctuations relative to the
P(E)=1 €0\ €0 (11 free-ion fluctuation rate, which is essentially, . Experi-
0, E> e, ments that are sensitive to the fluctuation rate may therefore

be able to distinguish between the two theories.
where\ is an exponent that determines the behavior of the

response functions @A=<1), ande is a high-energy cut- V. RESULTS AND DISCUSSION
off which must be determined for each specific system. _ o
As discussed above the local zero-temperature suscepti- A. Bulk magnetic susceptibility

bility in this picture is x(0,E)=C/E; large clusters with A fit of the Kondo-disorder model result fQTr(T) [Eq.(8)

small energy scales have large susceptibilities. At high tem- . _ _
peratures one expects the clusters to be disordered andnégz-th n=1andA=T, and Eqs(9) and(10) for P(T) and

have paramagnetically, resulting in a Curie behavior, T, Tk)] to the experimentat-axis susceptibilityx(T) is

i : . shown as the solid curve in Fig. 3. We obtain the same cou-
i)g(tgr,gglgticél ;g;”-]rjaE' We therefore assume a Curie-Weiss pling constant distribution widtldg=0.021 as Gragt al,'?

and a somewhat smaller megr0.160 compared to 0.175
C from Ref. 12%° The coupling constants are less widely dis-
X(E,T)zﬁ (12 tributed than in the NFL system Ugu/Pd,, x=1.0 and
1.5 consistent with weaker “nearly NFL” behavior in
as for the Kondo-disorder model. But in the present case thi§eRhRUSJ- ) - o
approximation is intended to incorporate all the interaction Figure 3 also gives the Griffiths-phase model prediction
effects which determine the susceptibility of a multi-ion for x.(T) (dashed curve obtained by fittingy(T) from Eq.
cluster, not just single-ion Kondo physics. (8) (n=1), with A=E and using Eqs(11) and(12), to the
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- 55 —— Kondo Disorder e° S X
X | — — Griffiths Phase £ & a8 @ E
= S 100t W5t 116
= 2 ze® ™ 1
. = 5% °° =
”2‘2 10 e 4 &&0&9 =z
___________ [ 1 I 1 0
I 0 20 40 60
0 ‘ T Susceptibility (1073 emu/mole)
0 50 100 150 200
A (K) FIG. 5. 2Si c-axis NMR shift K, (circles and linewidth o,

(triangles vs c-axis susceptibilityy. in CeRhRuSj, with tempera-
ture an implicit parameter. Spectrometer frequency 20.220 MHz
(applied field~23.9 kOe). The linewidthr, varies more rapidly
with x. thanK_, as expected from disorder-driven theories of NFL
behavior(Refs. 8—10.

FIG. 4. Distribution function$®(A) of characteristic energie’s
in CeRhRuSj, obtained from fitting the Kondo-disordeA & Ty)
and Griffiths-phase) = E) models to the bullkc-axis susceptibility
(Fig. 3). Solid curve: Kondo-disorder distribution functid®(T)
[Eq. (9)]. Dashed curve: Griffiths-phase distribution functi®(E)
[Eq. (1D)].

bulk c-axis susceptibility. The best fit is given by the dashe .
curve in Fig. 3. It can be seen that at low temperatures th@€rature dependentt can be seen that, varies more rap-
Griffiths-phase fit curve overestimates the experimental dat4lly with x. than K., as expected c_quoalltatwely from
slightly. This is to be expected, since in the simple Griffiths-disorder-driven theories of NFL behavfdr:® Although the
phase model there is no possibility of a return to Fermi-expected linear relation betweé, and x. is observed at
liquid behavior at low temperatures: the system is a true NFLhigh temperatureésmall x), K(x.) tends to a constant for

as long as\<1. But the susceptibility data begin to exhibit large x.. This saturation is not well understood, but may be
the saturation expected from the conclusions of @tal,*>  due to a small amount of second phase; this could have a
and therefore are not well described by an algebraically distrong Curie-Weiss-like susceptibility but little effect on the
vergent temperature dependence. There is, however, a regidldMR shift since the number of nuclei in the second phase
of intermediate temperatures in which both Kondo-disordegould be smalf! The observed nonlinearity is not more than
and Griffiths-singularity models agree very well with experi- ~20% and does not affect our conclusions significantly.
ment. From the Griffiths-phase fit in this region we obtain  Figure 6 plots o¢/(K Ho) = 6K /K= 6K/ (a¥rexc)

Epd: 17t3i IlO K ‘?ndﬁh: OI.\IBFSI::S'%Z' The latter value;s codn- [Eq. (4)] versusy.. As discussed in Sec. Ib./(K.Hg) is
siderably largefi.e., the ehavior is weakithan foun an estimator fody/ y in the LRC limit. The data extrapolate

in UCus_,Pd, (Ref. 9 as in the Kondo disorder model. o
Figure 4 shows the distribution functio®A) which re- to, a nonzero valge aﬁcﬂ,o' which indicates that the cou-
sult from the Kondo-disorderA=Ty) and Griffiths-phase pling constang; is also disordered. We therefore subtracted

(A=E) model fits. It can be seen that the two functions ardthe extrapolated intercept from the raw values in quadrature
very different. The Kondo-disorder distribution function [Cf- EG. (6)] to obtain corrected data in the LRC limit, also
P(Tx) exhibits a maximum near 12 K and is small below shown in Fig. 6(triangles. These corrected data represent
~1 K and above~100 K, whereas the Griffiths-phase dis- dK/(afrcxc) With K. due only to susceptibility inhomo-
tribution function P(E) is broader and diverges weakly as geneity. The corresponding (correctedd values of
E—0. These differences are much more marked’{d) K./ (agrexe) Were obtained from Eq5) of Sec. Ill, with
than in the corresponding fits to the susceptibiligg. 3); Nes chosen as described below.

spatially averaged experimental quantities are insensitive to For both the Kondo-disorder and Griffiths-phase models
the exact form ofP(A). It is clear that the Griffiths-phase §y/y was calculated from Ed8) (n=2) andx(T) with no
model could fit the data better #(E) -0 asE—0, which

in an extended Griffiths-phase picture would occur if there 0.4

temperature an implicit parametéFfhe ab-plane parameters
dKab and o, not shown, are small and only weakly tem-

were an upper cutoff on the cluster susceptibility. [ CeRhRuSi, . i ]
Thus CeRhRuSidoes not exhibit “true” NFL behavior. 03l % ]

In the Kondo-disorder model, which shows this most explic- = i v g ? % ]

itly, the best fit indicates that all spins are in a Kondo- N 02f 11 IE“ g % ]

compensated Fermi-liquid state at low enough temperatures. o ??E?nﬁ ﬁﬂ

This is consistent with the results of Graf al? that y(T) 01f ﬁ% { corrected 3

—const andAp(T)=T? asT—0. We note again, however, [

that as mentioned in Sec. | the saturatiomdf) does not o.o(; 2'0 4'0 elo

necessarily indicate Fermi-liquid behavior at low tempera-
tures; other physics, such as magnetic freezirfgmay be
involved.

Susceptibility (10~ emu/mole)

FIG. 6. Plot of relative spread/(K.Hy) of c-axis 2°Si NMR
shifts in LRC limit versusc-axis susceptibilityy. in CeRhRuSi.
See text for symbol definitions. Circles: raw data before correction
for disorder in the hyperfine coupling constant. Triangles: data cor-
rected for coupling constant disordesee text

B. 2°Si NMR linewidths

The 2°Si c-axis NMR shiftK ;. and linewidtho are plot-
ted against the-axis bulk susceptibilityy. in Fig. 5, with
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Susceptibility (10~ emu/mole)

FIG. 7. Experimental and theoretical relations between rms sus-

Ce

ceptibility inhomogeneity and bulk susceptibility in CeRhRuSI F

Data points:c-axis NMR estimatorsK./(a* x.) of relative rms )
susceptibility spready/ xy. Circles: LRC limit(see text Triangles:
SRC limit. Solid curve:Sx/x in the single-ion Kondo-disorder
model. Dashed curvedy/ x in the Griffiths-phase model. Agree-
ment is found between predictions of disorder-driven NFL theories
and data in the SRC limit for effective nearest-neighbor number
Ne=6. 1 1

further adjustable parameters, sineéA) had been previ- Ce 1
ously determined by the fits to the bulk susceptibility. Figure 1
7 comparessK./(a* x.) in both limits with the theoretical

behavior ofBX/; from these theories, again with tempera- FIG. 8. Crystal structure of Ce(Rh,Ru)Si,. Each Si site is
ture an implicit parameter. It can be seen that the theoreticaloordinated by four Ce nearest neighbéms. 1) in the adjacent
predictions are similar and that they both overestimatédasal plane and one Ce next-nearest neigtrmr2) in the opposite
5K /(afzcxe) considerably, but that the agreement with basal plane.

K./ (a&rexe) is excellent whemg; in Eq. (5) is taken to be

6. . ) ) NMR and uSR. We also note that no other nucleus in
That this value is sensible can be concluded from examiceRhRuSj is favorable for NMR; stable Ce isotopes possess

nation of the AlBa-type crystal structure of CeRhRySI  ng nuclear magnetic moment, and Ru and Rh isotopes have

shown in Fig. 8, where it can be seen that each Si site i§ery small gyromagnetic ratios. Nevertheless, the SRC-limit

coordinated by four Ce nearest neighbors and one Ce nexgstimate ofsy./x. is in excellent self-consistent agreement
nearest neighbor. Thugy is approximately the coordination \ith the disorder-driven models.

number for the first two near-neighbor shells and is therefore
reasonable, given the approximation of an effective number
of equally coupled neighbors.

For CeRhRuSiwe do not have the independent verifica-
tion of the SRC limit that was available from comparison of ~The picture that emerges from 0@PSi NMR study of
NMR and muon spin rotationSR) spectra in the case of CeRhRuSi exhibits similarities and differences when com-
UCus_Pd, .3 (For a review of theuSR technique see, for pared to the preceding NMR investigation of UCyPd,,
example, Ref. 33.The latter alloys have a cubic crystal x=1.0 and 1.5%! The most important similarity is the fact
structure and the positive-muoru{) interstitial stopping that in both cases the NMR data are in excellent agreement
sites possess octahedral and tetrahedral point symmetriagith predictions of disorder-driven theories of NFL behav-
which are sufficiently high to render the* frequency shift ior. Our results therefore confirm the conclusions of Graf
isotropic. Then theuw™ linewidth reflects the susceptibility et al!? that such a mechanism drives NFL properties in
inhomogeneity rather than anisotropic powder-pattern broadceRhRuSi. The most important differences between the
ening. Preliminary uSR measurements in an unalignedtwo systems are that in CeRhRy%i) within the single-ion
powder sample of CeRhRuSt show that in this alloy the Kondo-disorder model the disorder is not enough to prevent
anisotropic contribution dominates the powder-pattern linea return to Fermi-liquid behavior at temperature$ K, and
width, much as in the unaligned-powder spectrum of Fig. 2(ii) the determination of the appropriate correlation length
and the disorder-induced broadening cannot be determindinit (LRC or SRQ has not been made independently of
accurately. comparison with theory. The agreement between theory and

Unfortunately, field-aligned powder samples cannot besxperiment assuming the SRC linfRig. 7) is satisfactory.
used inuSR experiments. The packing fraction of the pow- From the experimental point of view, the relatively small
der must be small£20%) in order to allow free rotation of differences between the predictions of the single-ion Kondo-
the powder grains during alignment, and then only a corredisorder picture and the Griffiths-phase theory show how dif-
spondingly small fraction of the muons stop in the sampleficult it is to discriminate between these two mechanisms for
the rest stop in the epoxy and give a spurious signal. Thus weisorder-driven NFL behavior in the NMR linewidths. We
cannot confirm the SRC limit by comparing results betweerspeculate, however, that the dynamics of the spins will be

Si—||——t»

VI. CONCLUSIONS
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quite different in the two cases, particularly at low tempera-characterizes only “typical” environments it will underesti-
tures. mate the true sample average. This would render our quan-

The single-ion Kondo disorder model predicts inhomoge-itative results somewhat uncertain, but would not invalidate
neous relaxation due to the distribut€gd. This mechanism the conclusion that disorder is an important element in the
yields a spatially averaged spin-lattice relaxation rateNFL behavior of CeRhRugiabove 1 K.

T[l(T)=deK P(TK)Tl_l(T,TK). It is convenient to ap- Finally, we discuss the relation of the disorder-driven
proximateT; (T, T) by theories to the observed crossover to a different regime
(Fermi-liquid behavior, cluster formation, magnetic freezing,

UTg, T>Tg etc) in CeRuRhSj below 1 K. The crossover is described

Ty 4T, T empirically by the Kondo-disorder model, which by itself

2
< .
Mo T<T, gives no clue as to why there shouldr should not be a

which captures the crossover to Fermi-liquitbrringa) be-  suppression of low Kondo temperatures. Recently, however,
havior for T<T, . For a model rectanguld®(Ty) given by ~ Miranda and Dobrosavljvic have reported a microscopic
calculation of the form ofP(Ty) for various levels of disor-
1 der. They find that the distribution is singular only for suffi-

-, Tm<TK<TM . . H H
P(T)=1 TM=Tm ciently strong disorder, whereas for slightly weaker disorder
; P(Tx)—0 at smallTx, consistent with a return to Fermi-
0, otherwise, N . . o
liquid behavior at the lowest temperatures. This feature is in
whereT, andTy are minimum and maximum values®f,  at least qualitative agreement with our results.
respectively, it is straightforward to show tha{* varies To explain the crossover the Griffiths-phase scenario

linearly with T for T<T,, and goes smoothly to a constant would have to be extended beyond its simplest form to in-
for T>Ty . Such behavior would be generally expected toclude a mechanism which reduces the response of the largest
characterizd; * as long aP(Tx—0)=0. Thus in this sce- clusters. The mechanism behind such a reduction could be
nario T-1 depends on temperature but is independent O*he breakdown of the assumption of strong single-ion anisot-
resonance frequenay ropy made in the Griffiths-phase theditransverse fluctua-

In contrast, it can be easily shown from the expression fopons of the Ce ions might constitute a damping mechanism

S ) S . e which rounds off the Griffiths singularities. Alternatively,
theaglesfrl]fg:%/,e dynamic susceptibilig/ («) in the Griffiths- superparamagnetic spin freezing of the clusters could occur

at very low temperature’s:?2
¥'(0)% 0 Y ManhholkgT) It is_ possible that similar crossovers occur in other NFL
materials, perhaps at temperatures which have not yet been
that, assuming the validity of this picture for the very low explored. In any event, our experimental findings indicate
nuclear(muon frequencies § w<kgT) that further development of current theories of disorder-
driven NFL behavior is required to understand NFL phenom-
, ena at low temperatures.

independent of temperature. The frequency is givenwby
=vyH,, where y is the nuclearimuon gyromagnetic mo-
ment. Thus the dependence'bfl on temperature anHl,
differs considerably between the two theories. One of us(D.E.M.) is grateful for discussions with C. H.

It should be noted that the NMR linewidths obtained fromBooth, R. H. Heffner, M. F. Hundley, and R. Modler. This
experimental data are not necessarily true sample rms averesearch was supported by the U.S. NSF, Grant No. DMR-
ages, if the lines have extended shoulders which are lost 8418991 (U.C. Riverside, by the Research Corporation
the noise and not taken into account. The fact that good fitéWhittier Collegg, and by the U.C. Riverside Academic
are obtained with Gaussian lines seems to make this urBenate Committee on Research, and was performed in part
likely, but it is not hard to see that at low temperatuRfs) under the auspices of the U.S. DQEs Alamos. One of us
should be broad and asymmetric in both the Kondo-disordefA.H.C.N.) acknowledges support from the Alfred P. Sloan
and Griffiths-phase models. If the experimental linewidthFoundation.
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