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H/T scaling in disordered non-Fermi liquid materials CaRu;_,Rh,),Si,
for x=0.5 and 0.6: Quantum Griffiths nature
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Low field ac-susceptibility experiments have been carried out to study the effect of “chemical” disorder and
proximity to a magnetic quantum critical poi@QCP on the non-Fermi liquid(NFL) behavior in
CeRuy;Rh,),Si, for x=0.5 and 0.6 and CeGuWAuq 1. The susceptibility of strongly disordered NFL material
CeRuy;,Rh,),Si, contains two components associated with different mechanisms; a disorder-driven compo-
nent Sy and a mean-fieldMF) quantum critical componengye. Sy exhibits H/T-scaling in the form of
T-7f(H/T) with y depending orx. In contrast, the disorder-driven component has not been observed in weakly
disordered NFL material CeGyAug ;. The results of the scaling analysis strongly suggestdgas due to the
quantum Griffiths singularity.
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I. INTRODUCTION be more complicated, because chemical disorder due to al-

Non-Fermi-liquid (NFL) phenomenon in strongly corre- loying affects thermodynamic or transport properties in such
lated electron systems is a subject of great current intereYStéms. Mirandat al. predicted the instability of FL caused
because it raises fundamental questions about the elementdfy, @ wide d'?”'b“t'olg‘ca?f local Kondo tempera_tum%‘?, -
excitations of these systems with respect to the Fermi-liquidV"en the weight off ™ at 0 K is finite, & logarithmic di-
(FL) nature in normal metals. Many heavy fermion materialsVegence ofC(T)/T and x(T) results. In their model, the
show the NFL behavior as they approach a magnetic quadnter—sne |nteract|on_|s_c0_mpletely neglecteq. Castro Nsto
tum critical point(QCP).12 These NFL materials have been al. _suggested the S|m|Iar|_ty between the disordered Kondo
characterized by different values of the exponents that déattice system and the Ising spin glass system under trans-
scribeT-dependencies of the specific heat, the magnetic sus/€rse field} where the quantum Griffiths singularity is ex-
ceptibility and the electrical resistivity from those in the FL Pected in the vicinity of the QCP at 0 K. Thermodynamic
state. The NFL behavior has been generally explained by th@uantities diverge down =0 due to this singularity. The

notion of the quantum phase transition at zero temperature gUantum Griffiths model may explain a wide class of the
the effect of the “chemical” disorder. NFL phenomena in Kondo alloy systems.

In f-electron systems, two magnetic interactions originat- 1€ Pseudobinary alloy system @yRh),Si; is a

ing from the hybridization of the localized electron state andgﬁOd example_:”f]qr studying thﬁt;[wo mgckt\anis_,ms fc])cr the NFL
the conduction electron state are competing with each otheP'€nomena. This system exhibits a rich variety of magnetic
the Kondo interaction and the Ruderman-KitteI-Kasuya-g{:)und.Stl"’lzt.e alss_?ﬁ'afd with strprlw%e];ct_ron Ic;cl)_rrhelatlon as

. ; ; . : ; shown in Fig. 1. The base material CeRij is a eavy
YOSh'da(RK.KY) interaction. The Kando Interaction Qrwes fermion compound with no evidence for magnetic ordefing,
the conduction electrons to screen the localized spins an

) . hereas CeRJ$i, is an antiferromagnetic compound with a
hence leads to the formation of the nonmagnetic FL stat éel tempergﬁrzé' =35 K10 With dgecreasing<9|' is sup-
whereas the RKKY interaction drives the localized spins topressed and vaniNshes fxﬂ&: 0.6 Another regior': of mag-

order magnetically and, hence leads to magnetic grounfletic order in the phase diagram appears in the low Rh-
states. The ratio of both interactions can be continuouslyoncentration regiof0.03< x< 0.35), where the ordering is
tuned by substitution for a constituent element, applying hyy spin density wave(SDW).22 In the intermediate Rh-
drostatic pressure or external magnetic field, and theoncentration region between both magnetic ordered phases,
magnetic-nonmagnetic quantum phase transition is realizeg\FL behavior was observéd, which is characterized by
Some theories have predicted anomalous thermodynamic @/(T)/T~—log T, x(T) ~ 1-TY3, p(T) ~ T*% here the chemi-
transport quantities as NFL critical behavior in the vicinity of cal disorder due to high degree of substitution of Ru by Rh
the QCE* which exists in the purd-electron systems, for coexists with the quantum critical fluctuation in the vicinity
instance CeNGe, or CePdSi, under pressure. of magnetic instability points.

On the other, the origin of the NFL in alloy systems, for  Recently the magnetoresistancexsf0.5 in the NFL re-
instance UCkL,Pd, (Ref. 6 or CgRu;_,Rh,),Si,,** should gion was measured, and was found to be well described by
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the dynamical mean-field theofpMFT) of the spin glass <] 6r
(SG QCP above 1 T° The resistivity can be scaled by g .
(T/A) onto one universal curved is a distance from the % st e
QCP and a function of temperatufe magnetic fieldH and . .
“chemical” distance from the critical concentrationOn the 0.1 1
other hand, several features in the lower field region could Temperature, T(K)

not be understood by the theord/*® (i) Divergent behaviors o )
of the susceptibility and the specific heat divided by tempera- F!C: 2. The ac-susceptibilities of Ru,RN)Si, for x=0.5
ture were observed down to 40 mK. For the quantum spiff® @1d 0.6(b) measured in condition described in text under dc-
glass, both quantities approach a finite value at QUK. mag_n(_e'gp field up to_ 1 kOe. The solid _Ilnes are the fits of the sus-
Rapid increase of the magnetoresistance and strong rmnliﬁ@ptlbllltles at zero field to the expressiol”+ yy=(T). The dotted
earity of the magnetization were observed below 1 T. Theslmes represent thg(T). T.h © arows represent the. temperatures,
behaviors may be described by the disorder-driven mecha—m(H)s’ where the susceptibilities show broad maxima.
nism, that is, the quantum Griffiths singularity. o . o
This article reports measurements of ac-susceptibilities of'® Susceptibility, we measured it under a dc-magnetic field
the highly disordered NFL materials (Ru,_Rh),Si, for ~ @Pplied by superconducting magnet. _
x=0.5 and 0.6 in dc-magnetic field. We investigate the scal- Ce(RuRh,),Si; has the tetragonal Th§3|2-type .crystal
ing analysis of the susceptibilities and the nonuniversal beStructuré(space group4mmm, allgd a strong uniaxial mag-
havior of the critical exponents for the variancexpfwhich ~ N€tic anisotropy along the-axis. The susceptibility in the
can be interpreted in terms of the quantum Griffiths effect @b-plain for ez_ach Rh-concentration is much smaller than that
For comparison, we also report measurements of the a@lONd thec-axis (xan/ xc~1/10 and shows very weak tem-
susceptibility of CeClgAug 5, known to be a weakly disor- Perature dependence above 1 K. Cegui, ; has the ortho-
dered NFL material. rhombic CeCystructure (space groupPnmg, and also
shows strong uniaxial magnetic anisotropy along the
c-axis!® We neglect the small monoclinic distortion ob-
1. EXPERIMENT served below 70 K7 The temperature dependences of the
' susceptibility along magnetic hard axes in both compounds
Single crystalline samples for=0.5 and 0.6 were pre- aré very weak, and thus, we measured the susceptibilities
pared by Czochralski pulling method using a tri-arc furnace©nly @long the magnetic easy axis. The dc-field was also
The size of the samples used in the present experiments wagPlied along the magnetic easy axis.
about 2<2X1mm. A single crystalline sample of
CeCuy Aug 1 was grown by the zone melt method. The ac- Ill. RESULTS AND ANALYSES
susceptibility measurements were performed by a conven- I :
tional mutual inductance method in the temperature range A. Susceptibility of Ce(Ruy-RN,)-Siy
between 40 mK and 2.5 K. The amplitude and the frequency We show the results of the ac-susceptibility of
of the ac-field were 2.1 Oe and 130 Hz. We tested the deper=&(Ru;Rh,),Si, for x=0.5 and 0.6 with zero and finite dc-
dence of the susceptibility for ¢Ru,_,Rh,),Si, compounds magnetic field in Fig. 2. An ac-susceptibility under dc-field
and CeCyoAuy, on ac-field amplitude between 0.5 and represents a differential susceptibilig(T,H)=dM/oH at
5 Oe, and observed no significant ac-field dependence. Sidd=Hq. The susceptibility for each concentration at zero
nificant frequency dependence was also not observed belofield diverges asl— 0 K. The divergence ok(T) is easily
500 Hz. Thus, we can conclude that the susceptibility, measuppressed by applying an external magnetic field of about
sured in the above conditions, is equivalent to thatat0 50 Oe, and a broad maximum is found. The field dependence
andw=0. In order to track the magnetic field dependence ofof x(T,H) found in Fig. 2 is too strong to be explained by the
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existence of individually fluctuating spins. The suppression
of x(T,H) by such small fields indicates existence of huge
magnetic clusters, which are estimated to be more than
10 ug. This indicates the quantum Griffiths nature of these
compounds. The fluctuation of the huge clusters at 0 K and
zero field causes the divergence of the susceptibilities. The
huge clusters can be frozen easily along the directidr of
moderate magnetic field.

In the previous papéf, we reported the nondivergent be-
havior of the susceptibility, 14, above 1 kOe fox=0.5
and its analysis is based on the dynamical mean-field theory . .
(DMFT). The experimental results quantitatively agree with 0.1 1
the DMFT predictions. The divergent behavior observed in Temperature, T(K)
lower fields, as shown in Fig. 2, should be interpreted by the
existence of another component due to the large fluctuating -1
clusters, as argued above. Thus, we assume that the tempera-
ture dependencies of the susceptibilities ¥sr0.5 and 0.6
take the form of,

x(T,H) = ox(T,H) + xume(T). 1)

The first termdy(T,H) will be a disorder-driven component (b) Ce(RugsRhos)Sia | (€) CeCusgAugy
and expresses the divergent behavior at zero field.Skhat y o ’ o
zero field is written a€T ? and exhibits strong field depen-
dence. The second terge(T) is a nondivergent MF com-
ponent and hardly shows any field dependence within the FIG. 3. (a) The ac-susceptibility of CeGuAu, ; with different

field region in the present works. The solid lines correspondic-magnetic fields. The solid and dashed lines represent the pos-
to the best fits of the susceptibilities at zero field %er0.5  sible temperature dependences of the susceptibilii —T) and

and 0.6, with y=0.71 and 0.60 andc=0.013 and C/(¢* +T%), respectively(b) and(c) show lod-Tdy/dT) vs logT
0.0038 emu/mol, respectivelyy(T) for x=0.5, see in Ref. plots for C&RuysRhy5,Si, and CeCyoAug 4, respectively. The

15, is described by three parameters which 8§e20 K, solid lines represents a positive and negative slopes in respective
Ho=13 T, andr=7x10"3. T, andH, are characteristic tem- compounds.

perature and field, respectively, and are proportional to the .
Kondo temperaturd. r is a chemical distance from the c:ealy seen in tr(;e {dgTdX/dT) vstlo?T Iplotd_wh(tare the} th
QCP. Theyye for x=0.6 is obtained from the analysis of the slope corresponds 1o an exponent ot a leading term of the

s susceptibility. In Figs. @) and 3c), the plots for
susceptibility at 1 kOe above 1.8 K, whefg and H, are : -
fixed to the values ok=0.5. The value of of x=0.6 is o osRM.g2Sh and CeCygAly, are shown, respectively.

4.0% 1073, which is smaller than that of=0.5. It means that Itis clearly found that the plot of GRuo R 5)Si, shows a

= : N negaive slope, corresponding to a negative exponent, and
x=0.6 IS closer to the_QCP thar 0'5'. Wh.'Ch IS 1IN agree-  hence, the susceptibility diverges down to 0 K. On the other
ment with the phase diagram shown in Fig. 1.

, ] ... hand, a positive slope is found in the plot of CeGAug 4,
¥, the exponent of the divergent term in the susceptibility,yhich indicates that the susceptibility in CeGAug , is non-
is smaller than 1, and depends on the valuexofvhich divergent. ' '
corresponds to a variance in the degree of chemical disorder The susceptibility in CeGuAu,, at zero field can be
or of a distance from the QCP. In order to understand thigyell described by a functional depender)@‘@ﬁl—aT“) with
fact, it should be noticed that in the quantum Griffiths médel «=0.36, which is represented by the solid line in Figa)3It
the exponent, which describes the divergent behavior in js similar to the functional dependence T2 predicted by
several thermodynamic quantities, also depends on the distatataniet all® on the basis of the mode-mode coupling
tance from the QCP. In their notatiSrthe exponenty is  theory of the AF spin fluctuation with a magnetic propaga-
given by 1-x, andA=0.29 and 0.40 fox=0.5 and 0.6 are tion vectorQ=G; G being a reciprocal lattice vector. They
obtained, respectively. pointed out that AF fluctuations witlQ=G also lead a
—log T-dependence of/T. A different approach to analyze
the dynamical and the static susceptibilities of Cegwi ,
resulted from the point of view of the strong coupling
For comparison, we have measured the low field aciheory!’?3Here the functional dependence of the static sus-
susceptibility of the weakly disordered NFL material, ceptibility at zero field i<C/(6' +T') with o’ # 1. The best
CeCu Aug 1 With the same experimental condition as thosefit of this function to the data at zero field is represented by
for Ce&(Ru,,Rh,),Si,. The results are shown in Fig(88. I the dashed line in Fig.(8), wherea’ =0.63, which is smaller
contrast to the case of (Ru;_,Rh,),Si,, the susceptibility of  than 0.75 obtained from the data at 1 kOe. Both functions
CeCu Aug ; shows nondivergent behavior even at zero fieldcan describe the experimental data in the temperature region
as well as in the higher field measureméeni&is can be between 40 mK and 2.0 K.
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The field dependence of the susceptibility in CegAug 1
is found below 0.3 K, to be much smaller than that observed
in Ce(Ru;_,Rh),Si,. We show the field dependencies of the
susceptibilities of both materials at 50 mK in Fig. 4.
CeRy;_,Rh),Si, shows strong field dependence below
300 Oe and an almost flat field dependence at higher field:
the former belongs to the field dependencesgfT,H) and
the latter to that ofyye. On the other hand, CeGtAug
shows almost no field dependence down to zero field.
Taking account of the temperature and field dependencies
of the susceptibility in the present worldy is completely

Gm(') (arb. unit.)

lacking or unmeasurablely small in CeGug ;. This is not FIG. 5. (a) Scaling plots ofox(T,H) for x=0.5 and 0.6. The
contradictory to the argument in the previous section, invalues ofy and thec-coefficients are assigned the values obtained
which Sy is disorder-driven. from the analysis at zero field, wherg=0.71 and 0.6 anct

=0.013 and 0.0038 emu/mol for=0.5 and 0.6, respectively. The
values ofé are fixed to be 1 for both concentrations. The solid line
C. Scaling analysis ofoy represents the scaling functiof{h) described in the text. The
In Sec. Il A, we have argued that the divergent behaviordashed lines represent the asymptotic behavioféhofash— 0 and
of the susceptibility in C&Ru,_Rh,),Si, could be due to the ash—=, respectively(b) and(c) show the mean squareg) de-
quantum Griffiths singularity. Here, we show the result of the¥1alion oin) (see text for x=0.5 and 0.6, respectively. The solid
scaling analysis of the susceptibility. As previously argued,ines are fits to a quadratic function.
we can conclude that the susceptibility in(Qe,_,Rh,),Si,
has two components; the disorder-driven component3.5and —10 for each concentration and have calculated the
&x(T,H) and the MF componengy=(T). By considering the mean squaréog) deviationoy,, from the mean step values

fact that Sy diverges down to 40 mK in zero field, we as- as a function ofs, as shown in Figs. () and %c). The

sume the following scaling form: values of oy of x=0.5 and 0.6 are minimal fors
=1.01+0.06 and 0.96+0.08, respectively. Thus, we can con-
Sy(T.H) = cTW(%) _ (2)  clude that the values affor both concentrations are 1 within
T margin of errors. In Fig. &), the values of5 are fixed to be

1. We found that all of the data for=0.5 and 0.6 success-
fully collapse onto a single scaling curve.
The solid line in Fig. &) corresponds to a scaling func-

Little freedom is left in the choice of parameters in order to
make all of data collapse onto a single curve. In F{@) 3he
scaling plots of6x’s for x=0.5 and 0.6 are shown, where the

scaled susceptibilitiesy(T,H)/cT” are plotted vs the re- tion
duced fieldh=H/T? for T<1.4 K. In the scaling plots, the 1
values ofy for x=0.5 and 0.6 are taken to be 0.71 and 0.60, f(h) = 1+ ©)

respectively, which are the same values of the exponents in

the divergent terms of the susceptibilities at zero field. Thawith e=1.5. Although Eq.(3) lacks theoretical foundation,
c-coefficients are also assigned the values obtained from theevertheless, it describes the experimental data very well.
analysis at zero field. In order to see how the quality of theThe scaling functiorf(h) approaches 1 fdn— 0, which rep-
scaling plot varies withs, we have made a histogram offi  resents that théy asymptotes to the divergent behavidr”

with a stepsize of 0.1 on a (h)=In(H/T?) scale between asH—O0. f(h) also asymptotes tb™'® ash— o, which rep-
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have no weight aA=0; A is the tunneling energy associated
with a magnetic cluster in the quantum Griffiths model,
whereasA is T2 in the Kondo-disorder model. Their re-
sults indicate the nonsingular properties of the compound at
T=0. However, singular properties were found at lower tem-
peratures, as presented in this article. Taking account of our
experimental results, CRu;_,Rh,),Si, is considered to have
a distribution of T2 with a “tail” in a low Ti>®\region, as
shown in Fig. 6P(TI%) obtained in Ref. 19 corresponds to
a broad distribution in a higir°®®-region. Here the tail of
P(T'QC""5 was left out at lower temperature. It is noted that the
mean-value ofTi°®® they obtained(~30 K) is compatible
with the value of Ty(=20 K), which represenfTx in the
Local Kondo Temperature, Ty (K) model1920 obtained from the MF analysis as given in Ref.
15. Consequently, we can speculate that Ce-spins in
FIG. 6. Schematic illustration of a “nontrivial” distribution func- Ce(Ru,_,Rh,),Si, for x=0.5 and 0.6 are distinguished into
tion of T The dashed line represents the mean valug%5f. two groups, namely, Ce-spins whosg®@ belonging to the
broad distribution in a higi®-region and Ce-spins whose
resentssy(T,H) — cH™5TY57 asT—0. The values o are  Ti>® belonging to the tail oP(T2®) in a low T2%region,
smaller than 1.5, thugix(T,H)’s in finite field vanish at 0 K.  represented by a shaded portion in Fig. 6. The Ce-spins in
Note that the values af for x=0.5 and 0.6 are fixed to be the former group couple with the spins of the conduction
1. In the quantum Griffiths mod®lthe magnetization has a electrons through the Kondo interaction of order of 20 K and

)

local

K

~20K

(T

local

K

Distribution of T,

scaling form couple with each other through the RKKY interaction, and
give the xye in the susceptibility. On the other hand, the
M(H,T) = i_g(ﬂ> (4) Ce-spins in the latter group form magnetic clusters because
O TAAT their T is almost 0 K, and give théy.

The field dependence @(T,H) can be described by the
scaling form derived in Sec. Il C. The results of the scaling
analysis strongly suggests th&¢(T,H) is due to the quan-
tum Giriffiths singularity, namelyi) the exponenty depends
on the value ok, and(ii) the exponentis 1.0. And also, we
found the universal scaling function dfh), which is not
IV. DISCUSSION affected by the value of within the margin of error. Castro
dNeto and Jones predicted the scaling form of the magnetiza-
tion in the quantum Griffiths regirdéas Eq.(4), which leads
to the H/T-scaling of the susceptibility. According to the
arguments in Ref. 22, the scaling function of the magnetiza-
tion g(h), and alsof(h), depend on the value of in contra-

which leads the scaling form of the susceptibility as in Eq.
(2) with 5=1, wheref(h)=g(h)+hg’(h). Thus, the fact of
6=1 offers strong evidence thaj(T,H) originates from the
quantum Griffiths singularity.

In the last section, we argued that the susceptibility of th
disordered NFL material C¢Buw,_,Rh,),Si, contains two
components, the MF quantum critical componegts and
the disorder-driven componeny, which could originate
gg&;gzn%ue?n;;r; i(ssrgifg;]:giliggz&rgg)aphg; Ztgg?y?ngegj diction to the results of our scaling analysis. They derived
very small magnetic field. that g(h) and f(h) asymptote to a constant value for-0

it is not a trivial question why the susceptibility of and toh™™ for h— . We found in Fig. &) that tt11e5exper|-
ce(Ru,_Rh,),Si, can be separated into two different com- mental f(h) extrapolates to 1 foh—0 and toh™> for h
ponents. Ohashi and Suga predicted the possibility of a “non=" %> Which is y-independent, that is,-independent. Hence,
trivial” distribution function of T in a two-dimensional e asymptotic behaviors of the experimental and the theo-
disordered electron system based upon the quantum Monfgtical f(h) for h— o are inconsistent with each other. In a
Carlo method* They pointed out that the distribution func- Nigherhregion, i.e., in a lower temperature regidth)'s for
tion P(TI°®) has a broad maximum in a high&f° region, ~X=0. and 0.6 could deviate from each other and may show
and separately, has a finite weight B°¥=0. In a three- ~A-dependent behavior.
dimensional system, a similar distribution function was
obtained?® Their calculation was done in a finite-size sys-
tem. At the thermodynamic limit, the system may have a
continuous distribution with large density a’tgca':o, as We have measured the low field ac-susceptibilities of the
shown in Fig. 6. strongly disordered and the weakly disordered NFL materi-

MacLaughlinet al. analyzed the magnetic susceptibility als, C&Ru,_,Rh),Si, and CeCydAuy4 in dc-magnetic
and theuSR spectra data for=0.5 in a high(>2 K) tem-  fields. The susceptibilities of CRu,_,Rh,),Si, contain two
perature region within the framework of the quantum Grif-components; the disorder-driven componégtand the MF
fiths model and the Kondo-disorder mod&The distribution  quantum critical componentye. The disorder component
functions P(A)’s they obtained on a basis of both modelshas not been observed in the weakly disordered materials

V. CONCLUSION
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CeCuy Aug 1. In CeRuy;_,Rh,),Si, dx diverges down to 0 K of the quantum Griffiths model, however the universal scal-
with the x-dependent exponent at zero field, and is sup- ing curve f(h) obtained from the scaling analysis of the
pressed by small magnetic fieldSy also exhibits the present experimental data disagrees with xhdependent
H/T-scaling. These results can be well interpreted in termscaling curve predicted by the model.
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