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Susceptibility inhomogeneity and non-Fermi-liquid behavior in C&Rug sRhg 5) »Si,
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Magnetic susceptibility and muon spin rotation§R) experiments have been carried out to study the effect
of structural disorder on the non-Fermi-liquiNFL) behavior of the heavy-fermion alloy Ce(R¢Rhy 5)»Sis.
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 withu SR linewidths that give the inhomogeneous spread in susceptipi®R and NMR data both
indicate that disorder explains the “nearly NFL” behavior observed abe®e K, but does not dominate the
NFL physics found at low temperatures and low magnetic fields.
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. INTRODUCTION electron correlation. The end compound CeSiyl is a
) S ~ Fermi-liquid heavy-fermion compound with no evidence for
The discovery of non-Fermi-liquidNFL) phenomena in  magnetic ordering, whereas neutron-scattering experithents
strongly correlated electron metals raises fundamental queggicate that CeRJSi, undergoes an antiferromagnetic
tions about the elementary excitations of these systems. (AFM) transition at a Nel temperaturdy=35 K to a state
The interest in NFL behavior is in large part due to the eX-4¢ |ocal-moment AFM order. With decreasing T is sup-
pected robustness of Landau’s Fermi-liquid theotaccord- pressed, and vanishes for-0.55. A second region of AFM

ing to which interactions between electrons that do not pre: . . .
cipitate a phase transition should not change the Fermi-quui{fnrder in the phase diagram appears for &:850.25; here

. o e ordering is between itinerant rather than localized
nature of the low-lying excitations. M lectron heavy- . . .
fe?nliignoallossOarelegLemCetaaI’so Atstemsgy ?erxglaine;FyL electrong NFL behavior has been established foin the

behavior often invoke the notion of a quantum critical pointnelghborhood of 0.%.Recent measurements of the electrical

at zero temperature, the critical behavior of which extends t§€Sistivity and magnetic susceptibility of Ce(§3RMy5)2Sk,
nonzero temperatures and modifies the thermodynamic arf!ow 1 K (Refs. 8,9 have been interpreted in terms of a
transport properties of the metal. Recent nuclear magnetiguantum Griffiths-phase NFL mechani$for magnetic
resonancéNMR) and muon spin rotationSR) investiga- fields =1 T and quantum spin-glass behavior at higher
tions of NFL alloys have yielded unambiguous evidence thafields.
in some of these materials disorder is a major factor in NFL At temperatures=2 K 2°Si NMR measurements in an
behavio*® In such cases NMR an@SR spectra reflect aligned powder sample of Ce(R¢Rh, 5),Si, (Ref. 11 have
broad distributions of the local magnetic susceptibility shown that the local susceptibility is inhomogeneously dis-
x(r,T), the high-susceptibility end of which arises from re- tributed. The widthsx(T) of this susceptibility distribution
gions of the sample that do not exhibit Fermi-liquid para-was found to be in good agreement with both the
magnetism. It is clearly of interest to determine susceptibilityGriffiths-phas&® and so-called “Kondo disordef*? models
distributions in a considerable number of NFL systems, inof disorder-driven NFL behavior, which predict essentially
order to understand better the systematic interplay betweefie samesy(T). In these theories a characteristic enefgy
quantum criticality and disorder in NFL behavior. is inhomogeneously distributed in the sample. In the
Griffiths-phase theonA is the tunneling energ¥, associ-
) ated with a spin cluster, whereas in the Kondo-disorder
A. Ce(Ruy—xRhy)2Sh, modelA is the Kondo temperatur€y of an individual spin.
The Ce(Ruy_,Rh)),Si, alloy system exhibits a number of Each model yields a distribution functid®(A) that can be
magnetic and nonmagnetic ground states as a result of stromged to calculate sample averages of experimental quantities.
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For example, the sample-average “bulk” susceptibijtT) ) : '
is given in terms of the local magnetic susceptibilt{T;A) g 0.05 r ]
by 2 5250
£ 004 .
X(M)= f dA P(A)x(T;A). M £ 003 -
k=1
For simplicity x(T;A) is often taken to be of the Curie- § 0.02 .
Weiss form a
o 0.01 r .
x
N(peﬂMB)z ®
TA)=—F =, 2 $ : :
XTA= 3T @ %3 10 100
wherepgg is thef-ion effective moment number. Temperature (K)

In Ref. 11 the data were analyzed under the assumption
that the disordered susceptibility inhomogeneity is correlated FIG. 1. Temperature dependence ofaxis bulk (sample-
only over short distancgg$short-range correlation(SRO), averagé magnetic  susceptibility y. in  single-crystal
or static susceptibility correlation lengéy=< lattice constant  Ce(RusRhy5),Sib. Curve: fits to Griffiths-phase and Kondo-
a]. The sensitivity of the NMR spectral width &, comes  disorder modelgindistinguishable on this plat
about because a givef?Si nucleus is coupled to a limited

number of neighboring Ce spins. If the susceptibilities of (2) The SR linewidths agree with these distributions in
these Ce neighbors are uncorrelated or only slightly correge | RC |imit, indicating a macroscopic distance scale to the
lated becausé, is short, then the interactions are SomeWhatsusceptibility inhomogeneity responsible for the spread in
averaged. If on the other harg is much longer than the yon Larmor frequencies. The SRC-limit inhomogeneity
distance to the Ce neighboriglong-range correlation”  foynd in the NMR measurements apparently reflects the dif-
(LRC), ¢,>a], then the local coupling is not averaged andferences in the sample preparation. These differences pre-
the (fractiona) width of the frequency shift distribution is the | de the independent test of the range of correlat®RC
same as that of the susceptibility distributidrt® ~vs LRO) discussed above. The amount of disorder derived

Agreement with disorder-driven models was obtained infom the disorder-driven models explains the nearly NFL
the NMR experiments under the assumption of SRC. It wagysceptibility of Ce(Ryi:Rh £),Si, above~2 K, but is not

further assumed that the coupling could be characterized bélapab|e of accounting for the NFL behavior found at low
an effective numbeng; of Ce ions coupled with a fixed temperatures and fields.

interaction strength to a givef’Si nucleus. For best agree-
mentngs~5, which is reasonable crystallographically. It has

been shown, however, that spectra from a second NMR Il RESULTS
nucleus or uSR can be used to test the SRC '
assumptiort 314 A. Static susceptibility

_ This paper reports measurements of magnetic susqeptibil— The temperature dependence of the bulk magnetic suscep-
Ity and uSR spectra for temperatures greater thad Kin e i 4 field of 0.1 T applied parallel to theaxis is

a high-quality single crystal of Ce Si,, which . Ac !
comgler?wnt )t/he p?eviouys NMR megggr:{erkigﬂit@i)nsistem given in Fig. 1. These data were fit to the sample-average

with the NMR study, we find that the mean and width of the SUSceptibilityx(T) given by Eq.(1) with distribution func-
susceptibility distribution are in agreement with disorder-ton P(%o) Irzom both the Griffiths-phase and Kondo-d|osorder
driven mechanisms. The predicted behavior is “nearly NFL» models.™“The Griffiths-phase pictureA(=E,) yields'
rather than NFL, i.e., the local susceptibility is Curie-Weiss-
like with a distributed local Curie-Weiss temperature PN
A(r)/kg, but the distribution functioP(A) vanishes at\ E. 7" E<wg
=0. Then at low temperatures the system should revert to P(Ey)= 0, E;> wo, &)
Fermi-liquid behavior in the absence of other mechanisms.
The results of our susceptibility and transverse-fiel8R
(TF-uSR) experiments may be summarized as follows.  wherew is a high-frequency cutoff, so th&(E,) diverges
(1) The bulk susceptibility data can be fit to the Kondo- as E;—0 for values of the nonuniversal exponen&1
disorder and Griffiths-phase disorder-driven NFL models,(Griffiths-McCoy singularities In the Kondo-disorder
thereby yielding the parameters of the distribution functionsmodel A=Ty) the Zener exchange coupling constant
P(A) that characterize these models. These distributions are p7, wherep is the density of conduction-electron states at
narrower than found in our previous NMR investigatitns the Fermi energy ang7 is the conduction-electron—local-
and possess little low-energy weight; the Griffiths-phase dismoment exchange interaction, is given a modest Gaussian
tribution, in particular, yields zero weight at=0 rather distribution around a small average vaflié. The local
than a Griffiths-McCoy singularit}’ Kondo temperature
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TABLE |. Parameters obtained from fits of disorder-driven disorder fits this result is in qualitative agreement with the
Griffiths-phase and Kondo-disorder NFL models to bulk susceptitNMR-sample datd! which also yielded narrow distribu-

bility data. See text for definitions.

tions. But the best Griffiths-phase fit is obtained for 1,
i.e., for a zero rather than a singularity R¢E;=0) [cf. Eq.

Parameter  uSR, ~ NMR, (3)], whereas the NMR-sample susceptibility was best fit
Single crystfl  Aligned powde? it a singular form ofP(E,) (\=0.88). This indicates that
Grifffiths N 1.8+0.2 0.88 within the framework of these dlsfo.rder—drlv:an models ”for
Phase 0o (K) 41+ 5 170 NFL b_ehav_lor theu SR sample exhibits only “nearly NFL_
behavior, since nonzero values BfA=0) are necessary if
[ 3.010.06 . S :
the lowest-lying excitations are to be local-moment-like or
Kondo g 0.15+0.003 0.16 clusterlike rather than Fermi liquid in character. The theoret-
Disorder 59 0.017+0.002 0.021 ical distributions are simply too narrow to yield the NFL
E (eV) 1 (fixed) behavior observed at low temperatufés.
Per 3.04x0.07
B. NMR and puSR frequency shifts
@Data of Fig. 1.

bData of Ref. 11.

In a paramagnetic sample, spin pralpeicleus or muon

frequency shifts reflect the electronic spin polarization to
which the spin probes are coupled via a combination of di-
polar and indirect hyperfine interactiohsA given spin
robe (nucleus or muoni is coupled to the neighboring
-electron moments, resulting in a linear relation between
the spin-probe frequency shiff; and thef-electron suscep-

tibility Xi -11,1314

Tk=Erexp—1/g|)

can then be widely distributed because of its exponenti
dependence og.

In both models the local susceptibilig(T;A) is taken to
have the Curie-Weiss form of ER). A fit of Eq. (1) to the
bulk susceptibility then determines the parameters of the dis-
tribution function, which can be used to calculate the average
of any function of A over the distribution. The fits to the
Griffiths-phase and Kondo-disorder models are given by th(\a/vhere the coupling constanss; can be expressed in terms
curve in Fig. 1, and are indistinguishable on this plot. of Cores ond?n gcou in 1J‘ield9-|°°”p=lf)l a- N is

The fit parameters so obtained,(gjtoff energywo, and Avo adro’Fs) numt?er if tf]exg are expirjessedﬁ?r? rle"n,)Iar units
pes for the Griffiths-phase fit; averaggand standard devia- We %an WriteH ™ as the s]um of transferred-hyperfine an.d
tion 8g of g, Er, and pgs for the Kondo-disorder fitare dipolar contribL;Jtionsi—ﬁ“f andHI®  respectivel
given in Table | together with the corresponding values from pAs described in Séjc | abol\]/e, andpelsewriléﬂév“'mthe
fits to the susceptibility of the NMR sampi®ef. 11). The ; Y AR
distribution functionsP(A) from the present results are :ﬁ:aat;ZZUtl)t‘iartwede'n qtr)l |r.1hom;)<g,en§ous dc;strlbutlr(])r)(fﬁ and ¢
given in Fig. 2. ulting distribution oKj’s depends on the range o

The most important feature of these results is that for bo“iigg:ﬁgolinm(i)tfs tgf S'ggi::(?ig%":ﬁ:ﬁ;?;gﬁ% ;2 dtg)e( two
models P(A) has low weight for smallA. For Kondo- ' " iithe of the NMR shift and susceptibility distribu-
tions, respectivelyare simply related**314

Ki:; aij Xj »

0.06 .

Ce(Rh, .Ru, .),Si, ox=oK/a®,

) where the effective coupling constaat depends on the
correlation lengthg, :

Distribution Function P(A) (K™

1 aLRC:‘E ajj (LRC),
~ ]
\\\\ ar= 12 (4)
TS~ Agrc— ; aﬁ) (SRQ
50 100
In the LRC limit this yields
Energy Scale A (K)
FIG. 2. Distribution functiond®(A) of characteristic energies (X! X)Lre= SKIIK], ©)
in single-crystal Ce(RysRhy 5),Si,, obtained from fits of Griffiths- . - .
phase(Ref. 10, solid curvieand “Kondo disorder”(Refs. 4 and 12, and in the SRC limit we can write
dashed curvedisorder-driven NFL theories to bulk susceptibility o o
data of Fig. 1. (8x/ x)src= (aLrc/asrd (5K/[K]). (6)
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FIG. 3. Dependence of sample-average moaxis frequency FIG. 4. Data points: dependence of estimaiii, /|K| of frac-

shift K. on c-axis bulk susceptibilityy. in Ce(Ry sRhy 5)»Si,, with tional c-axis susceptibility spready./y. on c-axis bulk suscepti-
temperature an implicit parameter. Circles: raw data. Triangles: datgjlity ., with temperature an implicit parameter, fromSR
corrected for Lorentz and demagnetizing fields. The error bars incircleg and NMR (triangles, from Ref. 11in Ce(Ruy sRM, 5)»Sh.
clude uncertainty in the value of the demagnetization coefficient. ~ .\ es: dependence afy/x on x from fits of Griffiths-phase

) ) ) ) (solid curve and Kondo-disordefdashed curyemodels to bulk
We will use these relations in the analysis of ouBR  gysceptibility.

results.

tively, a different muon stopping site in Ce(RdRhy =) ,Si,.*°
C. Transverse-fielduSR spectra Indeed, different muon stopping sites are found in the end

The 1SR experiments were carried out at the M20 muoncompounds CeRiSi, ((330), Wyckoff notation 2) (Ref.
channel at TRIUMF, Vancouver, Canada. A magnetic field18) and CeRkSi, (two sites:(300), 4c, and(330), 4d) .20
Ho was applied parallel to the axis of the single-crystal ~ The ratio of the fractional muon linewidtiK to the
sample, and the muon sp8), was oriented perpendicular to frequency shift magnitudkK,| is plotted vsy, in Fig. 4 for

Hg. In this TFw SR configuration the width of the SR reso-
nance reflects the distribution of muon frequency shifts in thebOth #SR (present resulisand NMR (Ref. 1) data. The

sample as long as lifetime broadenifgpin-lattice relax- Increase °f5K°/|.KC| with Increasing susceptibility Is a sa-

ation) is negligible, which has been confirmed by zero-field!ient feature of disorder-driven models for NFL behavhdr.

1SR measurement$. The curves in Fig. 4 give the fractional rms widdy/x of
The spectra were fit to both Lorentzian and Gaussian linéhe susceptibility distribution from the disorder-driven NFL

shapes; values of the goodness-of-fit paramgtewere not  distribution functions?(A) discussed in Sec. Il A, whe@y

appreciably different for these choices. Figure 3 gives thds obtained from the relation

dependence of the averagkne centroid fractional fre-

quency shift K, on the bulk c-axis susceptibility y. in 5X(T)={fdA P(A) [ x(T;A)— x(T)]?

Ce(Ry sRhy 5),Si,, with temperature an implicit parameter,

before and after correction for Lorentz and demagnetizingcf. Eq. (1)].

fields. The curvature of the correctéd vs x. could be due The uSR data are in reasonable agreement with the

to a number of causes, including crystal-field effects and @jisorder-driven pictures in the LRC limit, for whicbK/|K|

Curie “'iail“ in the susceptibility from trace m_etallurgical (data points in Fig. #is the estimator oﬁX/;[Eq. (5)]. In
phases;’ although we cannot rule out an intrinsic mecha- e SRC fimit this estimator is obtained by multiplying the

n_ism. Above~20 K, K, is approximately proportional to experimental values 05K/|E| by a,re/asrc [EQ. (6)]. The

Xxc with a slope that yields a coupling field magnitude of the slope oK. vs y. gives the value of
a re- 1t is more difficult to obtainagge, but we can
HcouP— NMBE ajj=—0.71+0.06 kOefsg. (7) e_stim_ate separ_ately the_ dipolar and transferred hyperfin_e con-
] tributions to this quantity and hence &rc/aggrc. For di-
polar coupling the value of this factor obtained from lattice
This is considerably more negative than the valig"’=  sums[Eq. (4)] is 1.51. For a constant transferred hyperfine
—0.38 kOefg found in undoped CeRSi,.*® Now HI"  coupling strength ta.; near neighbors the factor ighey
=HP—HIP: sinceHIP is essentially independent of dop- =2-2.2 for the crystallographically reasonable range
ing we infer thatH™ is weaker in Ce(RgRhy5),Sh,. This  =4-5 Thus in the SRC limit the experimental estimator
may reflect a difference in Ce-Si hybridization or, alterna-of dx/x is significantly increased, and agreement with the

12
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theoretical curves is worsened, for both dipolar and translonger than a few lattice parameters remain as a source of
ferred hyperfine coupling. This is the evidence that in theinhomogeneity in the latter sample.
present single-crystal sample the LRC limit is appropriate, In both samples the low probability of small energy scales
i.e., that there is little effect of atomic-scale disorder on the(cf. Fig. 2 is suggestive of low spectral densities of spin
static susceptibility inhomogeneity. The NMR data, on thefluctuations, quantum or thermal, at low frequencies. This is
other hand, agree with the disorder-driven models only in thén agreement with the relatively slowSR spin-lattice relax-
SRC limit, with ngg~5, as discussed in Ref. 11. ation rates observed in Ce(R4Rh, 2),Si,,>’ since the muon
It would of course be desirable to carry out NMR experi- relaxation rate is proportional to the strength of the thermal
ments in the single-crystal sample and/odBR experiments noise spectrum at the low muon Larmor frequettcl. sug-
in the aligned-powder sample. As previously noted,gests in addition that the disordered susceptibility revealed
howevert! SR in epoxy-potted powder samples is imprac-by the »SR and NMR experiments above 1 K, while signifi-
tical because of muon stops in the epoxy. Moreover, NMR incant, is not likely to be related to the NFL behavior observed
bulk metals is very difficult because of limited rf field pen- in Ce(Ry_,Rh,),Si, at temperatures belo1 K and mag-
etration and eddy-current heating, particularly when thenetic fields below 1 kO&° This is because there is no evi-
NMR signal strength is weak as in the present ca&S8i( dence for the large spin clusters or IaW-spins with low
natural isotopic abundance4.7%). These difficulties im- characteristic energieflarge values ofP(A) as A—0]
pede direct comparison of NMR andSR linewidths in the needed in these scenari@d. Fig. 2. It is also unlikely that
same sample. such low-energy regions are somehow formedTerl K,
since this temperature is considerably smaller than the en-
I1l. CONCLUSIONS ergy scale for the disorder~30 K from Fig. 2. uSR
_ and/or NMR shift and linewidth measurements would be de-
The fractional widthdy./x. of the inhomogeneous sus- sirable as direct probes of disorder in the low-temperature,
ceptibility distribution in Ce(RglsRhy 5),Si, is considerable low-field NFL region, but unfortunately accurate data cannot
(~100% at low temperatures, see Fig. Bhe parameters of be obtained at the low fields~100 Oe) required for the
the distribution functions(Table ) indicate somewhat NFL behaviof?®
smaller widthg(smallerwg and large\>1 for the Griffiths-
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