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Magnetic and non-Fermi-liquid phases in Cg_,Y,Rhing
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We have investigated single-crystal samples of G¥,Rhins by means of specific he&@, magnetic sus-
ceptibility y, and electrical resistivitp measurements as a function of temperafiur&s yttrium is substituted
for cerium, the Nel temperature is suppressed, yielding a quantum critical point at yttrium concentcation
~0.38. Non-Fermi-liquid behavioiNFL) occurs inC(T) and x(T) over an extended range of yttrium con-
centrations above the quantum critical point9x<0.9 with C(T) and x(T) displaying power lawl depen-
dences at low temperatures. Remarkably, the NFL behavior become more pronounced with increasing distance
from the quantum critical point. For the samples with<0x2<0.9 we also observe features in the specific heat
and magnetic susceptibility abovig, that may be due to tetragonal crystalline electric field splitting of the
Ce*"J=5/2 multiplet with al'; ground state.
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[. INTRODUCTION which can only be observed aboVeg or in applied magnetic
fields high enough to suppress the superconductivity. In this
A growing class of heavy fermion intermetallic com- paper, we investigate the effect of yttrium substitution for
pounds display non-Fermi-liquitNFL) behavior, which is  cerium in CeRhlg. The Neel temperature is suppressed with
characterized by temperature or frequency dependences icreasing yttrium, giving rise to a quantum critical point at
the physical properties that deviate from the predictions of-38% yttrium concentration. We observe no superconduct-
Landau Fermi liquid theory at low temperatufésFor ex-  ing transitions in the measured temperature range, which al-
ample, the electrical resistiviyy(T), specific heaC(T), and lows us to make a detailed study of NFL behavior down to
magnetic susceptibility (T) typically exhibit power law or low temperatures and over a wide range of yttrium concen-
logarithmic divergences at low temperatures. NFL behaviotrations above the quantum critical point.
has been observed in both ternary and pseudoternary com-
pounds under ambient and applied pressures. NFL behavior Il. EXPERIMENTAL DETAILS
often appears in the vicinity of a quantum critical point
where a magnetic phase transition has been suppressed toSingle crystals of Ce ,Y,Rhins were grown using an
zero temperature by pressure or chemical substitution. Alndium flux method in alumina crucibles, as described
though a variety of theories have been advanced to explaireviously? The magnetizatioM of the crystals was mea-
NFL behavior, many aspects of these systems continue tgured as a function of temperatufeusing a commercial
elude our understanding. superconducting quantum interference dev®&@UID) mag-
Recently, a new class of heavy fermion compounds withhetometer in an applied magnetic field of 1 kOe. Measure-
the formula C& 1Ins (M=Rh, Ir, Co) were discoverédhat ~ ments of the electrical resistivigy(T) were performed using
exhibit a variety of ground states including NFL behavior,@ standard four-wire technique at temperatures in the range
antiferromagnetism, and superconductivity. The compound-8 K<T=300 K in a commercia’He cryostat(Quantum
CeRnhin; displays incommensurate antiferromagné&&M)  Design Physical Properties Measurement Systeith exci-
order below a Nel temperatureTy=3.8 K. Like many tation currents of 10 mA at frequencies of 16 Hz. Gold leads
other heavy fermion systems, such as WMg, and Were attachegl _to the samples with silver epdBpotek
CePdSi,,> the AFM order can be suppressed by applied_HZOE)- Re5|st|v_|ty.betwegn 50 mK gnd 2.5 Kwas mefasured
pressure or chemical substitution. The application of pressur@ @ *He-*He dilution refrigerator with a 10QA excitation
causes a slight suppressionBf, and the AFM order dis- current in magnetic flelds_ up to 8 T. Both the current ar_lc_i the
appears at 21 kbar, to be replaced with superconductivitf@gnetic field were applied along thé plane. The specific
with a T, of 2.2 K Ty can also be suppressed by substitut-N€atC was megsured as a fungtlon 'of temperature bgtween
ing Co or Ir for Rh® In these cases, superconductivity oc-0-6 and 70 K in a®He semiadiabatic calorimeter using a
curs on both sides of the quantum critical point whggeis ~ Standard heat pulse technique.
suppressed to zero, and superconductivity coexists with an-
tiferromagnetism for a wide range of Rh concentrations. The . RESULTS
end member compounds CeCgland Celrlg are both su-
perconductors with bulkT./s of 2.2 K and 0.4 K,
respectively>* NFL behavior has been observed in all three  X-ray powder diffraction measurements reveal that the
compounds: CeRhiy CeColn, and Celrlg.'>**However, Ce_,Y,Rhins single crystals form in the tetragonal
the appearance of superconductivity at a relatively high temHoCoGg structure. The lattice parameteasindc were de-
perature complicates the investigation of NFL behaviortermined from a least-squares fit of the peak positions in the

A. Lattice parameters
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FIG. 1. Tetragonal lattice parameterandc vs yttrium concen-
trationx for the Cg_,Y,RhiIns system. The straight line is a linear <&
fit to the a vs x data. [
O 3000
x-ray powder diffraction pattern and are shown in Fig. 1. The CE)
a parameter contracts linearly withas the smaller yttrium =

atom is substituted onto the cerium site, in accordance withé 2000

Vegard's law. Thec parameter varies almost parabolically ¢
with x, dropping off very rapidly forx>0.8. The more com-
plicated variation ot with x reflects the fact that along the

axis of the crystal the cerium atoms are farther apart, sepa
rated by intervening layers of rhodium atoms.

1000

B. Specific heat

The cerium contribution to the specific he@t, of the FIG. 2. (a) Magnetic contribution to the specific he@t, di-

Ce_xYxRhins samples V_Vith &x§ 0-9_ is shown in Fig. 2, vided by temperaturd vs T, normalized per mol of cerium, for
plotted asC,,/T. The lattice contributions were removed by samples of Ce ,Y,Rhing with 0<x=<0.9. (b) Entropy S vs tem-

subtracting the lattice specific heat of the isostructural nonperatureT for samples withx=0.9, 0.8, 0.6, 0.4, 0.35, 0.3, 0.2, and
magnetic compound YRhin The sample withx=0 0. The specific heat was extrapolated to zero temperature in order to
(CeRhlny) shows a sharp peak @t=3.8 K which is attrib-  calculate the entropy.
uted to the onset of antiferromagnetic order. The presence of
spiral antiferromagnetic order at the same temperature i@ntiferromagnetic ordering x&0.4), possible Schottky
CeRhin, has been confirmed by neutron diffraction &h  anomalies, and NFL divergence at low temperatures (
nuclear quadrupole measuremettts> The temperature of =0.4). It is noteworthy that the area under all of g /T
this peak inC, /T at the Nel temperature is suppressed with curves integratedot 6 K is roughly equal. This is shown in
increasing yttrium concentration, appearingTat=3 K for  Fig. 2(b) in which the entropySis plotted versus temperature
x=0.2, Ty=1.5K for x=0.3, andTy=1.4 K atx=0.35  for samples with 8=x=<0.8. For all of the samples contain-
(not shown. The samples witkk=0.4 show no indication of ing yttrium, the entropy versus temperature curves converge
antiferromagnetic order in the specific heat aboVe py 6 K. Thus, it appears that the same heavy electrons are
=0.6 K. participating in these diverse phenomena: heavy fermion be-
For the samples with 02x=<0.9, C(T)/T diverges at havior, antiferromagnetic ordering, possible crystalline elec-
the lowest temperatures, suggestive of NFL behavior. Howtric field (CEP splittings of the C&" Hund’s rule multiplet,
ever, the analysis of NFL behavior in the specific heat isand NFL behavior. The exception is the CeRhsample
complicated by the presence of an additional broad feature iwhose entropy ta6 K is somewhat smaller than that of the
theC,,/T vs T data afT~4 K. This feature occurs in all the other samples. The reduced entropy in CeRluould be due

of samples containing both cerium and yttrium, and couldpo larger CEF splittings of the G& Hund's rule multiplet in
result from a Schottky anomaly due to splitting of the this compound.

Ceé** J=5/2 multiplet by tetragonal crystal fields. The
analysis of this feature and the NFL behavior are discussed
in the next sections.

The specific heat of the €e,Y,Rhins samples contains The specific hea€ and magnetic susceptibility,, in the
multiple contributions: heavy fermion behavior, peaks due taab plane of the Ce ,Y,Rhing samples with 0.&2x=<0.9

C. CEF analysis
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5000 T K TABLE |. Parameters from fits to the specific hea{T) and
N f 3K (a) CeggYooRhINs magnetic susceptibilityy.(T) of the form C(T)/T=fCege/T
< 4000 [ 14 | ’ | K2 +BT ™ andy(T)=xceet AT 1*. The CEF levels are given
P £ v = 130 mJ/mol Ce by Tg=+|1/2), I'D=a|+52—b|+3/2), and I'@=b|=5/2)
© 4000 | : +a|=3/2). For the sample witk=0.2, only the CEF form and not
g the power law contribution is fit.
2 2000 | —115K
£ c(T) XalT)
£ 82% of e participate
O 1000 - in Schottky anomaly =—96K X E, E, f Eis Ein a Wiy
o . . —0K K) (K) (K) (K) (mg)
0 5 T1(OK) 15 20 0.2 96 115 082 96 115 0 150
0.4 12.0 127 0.28 14.5 127 0 1.23
0.012 P 0.5 140 127 0 116
(6) Tey 4 A
0.01 X =X cer _ 06 130 127 016 137 127 0  1.07
g A= 22 mol Ge/em” 0.7 142 127 0 084
-5 0.008 0.8 14.5 127 0.19 18.3 127 0 0.58
S 0.9 184 127  0.09
©= 0.006
E
&)
T ,0.004 . .
o r 9.6 K 15 in Table I. For these samples, an additional power law term
0.002 [ 6(2) . Her = -9 My . was added to describe the NFL behavior, which is discussed
F, 1—0 K . . a=0 . in the next section. The energy splittikg increases with
Cq 20 40 60 80 100 0 18 K atx=0.9 while the scaling factor decreasesfto
T (K) =0.09 for x=0.9. Apparently, ax increases, fewer Cé
. - B electrons contribute to the Schottky anomaly.
FIG. 3. (a) Magnetic contribution to the specific he@}, vs The CEF contribution to the magnetic susceptibility in the

temperatureT for the sample of Ce Y,Rhins with x=0.2. The , djrection was determined from the following expresstén:
line is a fit of a Schottky anomaly to the data with energy splittings

as shown, reduced to 82%. An electronic specific heat teFrwith N 92 ,8| M. |2 |M - |2

y=130 mJ/mol K was also included in the fitb) Magnetic sus- YeedT) = AYJ E 4o e ,
ceptibility in theab plane, x,,, vs T. The line is a fit of a tetragonal Zud \ T ePEi 7 ergEi(Ej —E)

CEF model prediction with parameters as shown. 2)

exhibit rounded features abov&,. One possible explana- WhereNy is Avogadro’s numbem, is the Landey factor, Z
tion for these features is CEF splitting of the®CeHund's IS the partition functionM; is the matrix element of the
rule multiplet. The C& J=5/2 multiplet consists of six de- angular momentum operatdy, between théth andjth wave

generate energy levels that are split by a tetragonal crystd¢nctions, andg; are the energies of the wave functions
field into a magneticl'y doublet and two magneti#’,; ~ @bove the ground state. A mean-field constantvas also
doubletst® where included for the sample witkh=0.2 to account for the AFM
order, wherey 1= ycgrt A.
L= *|1/2), The best fit to the data for all of the samples consists of a
o I'{2) ground state, &' excited state, and B}’ second ex-
I'7’=a|=5/2)—b|*3/2), cited state. The fit for the sample with=0.2 is shown in
Fig. 3(b). Note that th T) data are fit very well by the
I'{P=b|*+5/2)+a|+3/2). () sagme energy level scr?)e(?rk:(e ;s was found for¥he spe)c/ific heat.

. - . The parametela is zero—i.e., the ground state is purely
Accordingly, the specific heat was fit by a Schottky 5/2)—and A =22 mol Ce/c. The effective momenq;

anomaly consisting of three doublets, where the excited-sta the Ce ion was found to be Ju5 which is reduced from
doublets are located at engrgléﬁar)dE? above the grou.n.d- the Cé" free ion moment of 2.54. Similar results were
state doublet. An electronic contributioyil to the specific found from CEF fits of the samples with Gs4=0.8. How-

h?at was also included.in the fit. The result; for the Sampl%ver,xab of these samples also contains a power law contri-
with x=0.2 are shown in Fig. (). The best fit to the data bution, which is described in detail in the next section. For

yieldsE;=9.6 K, E,=115 K, andy=130 mJ/mol K. The th le withk=0.9. the CEF-lik tribution | li-
prediction forC(T) of the Schottky anomaly had to be mul- gigles.ampe W <, e <€ contribution 1S negl

tiplied by a scaling factoif =0.82 in order to fit the data.
Note that the data are already normalized per mole Ce, so
this factorf represents an additional reduction in the size of
the Schottky anomaly. Similar fits were performed for the For the samples with 04x<0.9, the specific heat data
samples with 0.4x=<0.9, with the fitting parameters listed can be described by the sum of two contributions: a

D. Non-Fermi-liquid behavior
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FIG. 4. Non-Fermi-liquid contribution to the
specific heaCyg /T vs temperaturd on a semi-
logarithmic scale for Ce ,Y,Rhing, where the
contributionCg/T from a Schottky anomaly has
been subtracted. The solid lines are fits to the
form Cyg /TecT", and the dashed lines are fits to
Cnel/TxInT. The energy level scheme of the
Schottky anomalies are given in the lower left-
hand corner. The top curves in the insets show the
raw C,,/T vs T data on a logarithmic scale,
where C,,=C—C(YRhIns). Bottom curves in
the insets are the assumed Schottky anomaly con-
tributionsCg, which were subtracted to yield the
data in the main figure.

Schottky-anomaly-like bumiCs(T) and a low-temperature tude of the CEF-like contribution, reflected yZ, is re-
divergence hereafter referred to as the NFL contributionyyced with increasing as was seen in the specific heat.
Cnru(T). Since most NFL theories predict a power law Apparently, the CEF-like contribution tg,, is suppressed

[Chrl(T)/T=790+AT 2] or logarithmic [Cne (T)/T

with increasingx as the NFL contribution grows in magni-

=5, +AInT] T dependence oE(T), these two forms were tude. None of the magnetic susceptibility data can be fit by a

used to fit the data. In Fig. G\ (T)=C,,— Cgis plotted as

logarithmicT dependence, which is predicted for the Kondo

Cnel(T)/T vs InT. The solid lines are fits to the power law disorder modet®
form, and the dashed lines are fits to the logarithmic form. The electrical resistivityp(T) at low temperatures for

For the samples witlk=0.4 andx=0.6, both forms fit the
data equally well. However, for the samples witk 0.8 and

samples in the vicinity of the QCP shows some sample de-
pendence which we are in the process of investigating. Vary-

x=0.9, only the power law describes the data. The powelng amounts of filamentary indium would be one possible
explanation. Despite the sample dependence, allp{{i®

law exponents are given in Table II.
The magnetic susceptibility in thab plane x4, can also

data can be fit by power laW dependencep~T" with n

be treated as the sum of a NFL power [&wependence and <2. This is in contrast to the Fermi liquid prediction of
a CEF contribution. In the inset to Fig. 5, the magnetic sus=2. One sample witk=0.4 shows lineafr behavior down

ceptibility in theab planex,(T) is shown on a log-log scale
for samples with 0.4x=<0.9. The susceptibility of the
samples with 0.4x<0.8 was fit by the expressiog,T)
=xcedT)+AT 1) where the CEF contributiogcer(T)

is given by Eq.(2). In the main part of Fig. 5, the magnetic
the CEF contributionyne (T)

susceptibility minus

=xXa{T) —xce«T), is shown on a log-log scale, and the 8 oo X=0_4§..."*’..s
power law fits are solid straight lines. The power law expo- @ (o3 E

nent\ is constant at-0.55 for all of the samples, whereas © <§ X047
the parameteA increases with increasing The CEF param- g S X208
eters and power law exponentsderived from the fits are «E = "
listed in Tables | and Il. For all of the fits, the ground state is & . T (K)

purely |5/2) (a=0). The energy level splittings in the CEF, & 0.01

E.s andE,;;, are close to those determined from the fits of & 0.008 [
the Schottky anomalies to the specific heat. Also, the magni-

L

to 150 mK. This sample was investigated in detail, over a
temperature range of 150 mK to 300 K and in magnetic
fields up to 8 T, as shown in Fig. 6. At 0.03 (the field

necessary to suppress the superconductivity of free indium

= 0.006 [ A X
1l 0.9
. . T 0.8
TABLE |l. Parameters of Griffiths phase fit€/T=y,p, z 0004 |47
=T 1 0.6 ~ _ AT
82 Xnre ™ Xap ™ Xeer ~
X Ac Ay 0.002 - —
0.4 0.83 0.55 T(K)
0.5 - 0.54 FIG. 5. Inset: data points are rayy, vs T data forx=0.4 and
0.6 0.82 0.53 x=0.6. Lines are CEF-like contributionge{T), which were sub-
0.7 - 0.54 tracted to yield the data in the main figure. Main figure: non-Fermi-
0.8 0.66 0.52 liquid contribution to the magnetic susceptibility in tab direction,
0.9 0.30 0.57 XNEL(T) = xa— xcer- The solid lines are fits to a power layge,
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"

the same axes.

T(K)

FIG. 7. Resistivityp normalized to its value al =300 K vs
temperaturel for samples of Cg ,Y,Rhing with 0=<x=<0.8. Inset
showsp/p(300 K) vsT for samples withx=0.9 andx=1.0 with

F. Phase diagram

The phase diagram of the CgY,Rhing system is dis-

played in Fig. 9. The Na temperatureTy is determined

from peaks in the specific heat and kinks in the resistivity
and magnetic susceptibilifyTy extrapolates to zero at a
guantum critical poinfQCP nearx.=0.38. In the samples
with 0.4<x=<0.9, the specific heat and magnetic susceptibil-
ity diverge with power lawT dependences at low tempera-

p is linear with temperature from 150 mK to 10 K. The tyres, characteristic of NFL behavior.

resistivity increases with magnetic field, and the data at all
fields upto 8 T can be fit by a power law/py=1—bT". The

In the top right inset, the magnitudes of the NFL contri-
bution toC(T) and x(T) are shown. These magnitudes are

power law exponenh increases linearly froom=1 for H
~0ton=1.4 atH=8 T. At this rate, Fermi liquid behavior
(n=2) is expected in an applied magnetic field bf
=20T.

plotted asA and B/\ where y,,=AT *** and C(T)/T
=BT '™\, In the magnetic susceptibility, the power law ex-
ponent\ is constant, sA is directly proportional to the
magnitude of the NFL contribution tg,(T). In the specific

0.025
E. High-temperature data co x-0

In the electrical resistivity at higher temperatures, a cross- Aaa x=03
over is observed from Kondo coherence to single-ion Kondo 0.02 mo0 x=04
behavior ak=0.8. The resistivity(T) is shown for various J 442 x=05
CexYxRhins samples in Fig. 7. For the samples with 0 &
<x<0.5 (main figure, a Kondo coherence shoulder occurs "z 0.015 . }
in the p(T) data afT~50 K. This shoulder is gradually sup- © °°ooo
pressed in the samples with=0.6 andx=0.8 and disap- & %05,
pears byx=0.9 (insef. For the sample witx=0.9, an up- = 001 A a, 0oy,
turn in p(T) at low temperatures, characteristic of the single- = 3 U g 2 A A, °
ion Kondo effect, is observed. "'0-...,.“”“ 44, 3 O o é

The magnetic susceptibility versus temperature is de- 0.005 2.4
picted in Fig. 8 where open symbols are for magnetic fields ! 4 b ] ! ! [ 4 'Q“
along thec axis and solid symbols are for fields within thb Do
plane. The magnetic susceptibility shows a strong anisotropy 0 20 40 60 80 100

where . is 2—3 times as large ag,,. This roughly corre-
sponds to the anisotropy in the lattice, where the Ce interion
distance along the axis is almost twice as large as in thk
plane.

064405-5
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4

) behavior in the specific heat and magnetic susceptibility is
oo uem) - * NFL contribution not in agreement with any quantum critical point theory. In
8 iy fact, the NFL behavior becomes more pronounced with dis-
4 . tance from the QCP.
. One model which may be applicable to this system is the
%oz 040608 10 02 04,06 08 1 Griffiths-McCoy singularity modef® In this model, compe-
03 e oo tition between the RKKY interaction and the Kondo effect in
02 the presence of disorder in the magnetic lattice results in the
o1l . formation of strongly coupled magnetic clusters with large
+;) susceptibilities. The magnetic susceptibility and specific heat
% 0z 04 o6 08 are predicted to have power laivdependences. This model
also requires a large magnetic anisotropy, which we observe
0 Ty in the magnetic susceptibility. The observed power aw
o X(T) NFL J dependences o€(T) and x.(T) agree well this model.
pl . . 7 However, the Griffiths-McCoy model predicts a single expo-
0 0.2 0.4 0.5 0.8 4 nent x such that C(T)/T~x(T)~T . In the
x (Y conc.) Ce _,Y,RhIn; system, the power law exponent determined
) from the magnetic susceptibility, , is constant at-0.55,
FIG. 9. Nesl temperaturély vs yttrium concentratiox deter-  whereas the exponent determined from the specific heat,
mined from the specific he&(T), magnetic susceptibility,,and  varies from 0.8 to 0.3 with increasing
Xc . and resistivityp(T) for samples of Cg ,YRhins. The region The fact that the magnitude of the NFL behavior increases
of non-Fermi-liquid(NFL) behavior is indicated for samples with jith increasing distance from the QCP is unusual. One ex-
0.4<x=<0.9. Upper left inset: resistivity at 1.8 K ws Upper right planation is that close to the QCP, the CEF-like effect is
inset: magnitude of.the NFL contributions @(T) (solid circleg competing with the NFL behavior. In this scenario the NFL
and x.{T) (open circley plotted asB/\ and A where C(T)/T  ¢ontributions toC(T) and x(T) become larger with increas-
=BT ™" and o,=AT *'%. Botom inset: fraction of Ce ions j,q distance from the QCP because the competing CEF-like
contributing to_ the CEF-like effect irC(T) (solid circles and effect is being suppressed.
Xa{T) (open circles Another possibility is that the NFL behavior is coupled to
o ] disorder, which is increasing with Usually, disorder due to
heat, the entropy under the NFL contribution &T) is  random mixing of magnetic and nonmagnetic eleméeis.,
given by Syp =JCyr(T)/TdT=/BT *** dT, which is  ce and Y is expected to reach a maximum around 50%
proportic_)nal toB/)\_. The NFL_contribution to botlC(T) and doping. However, in the Ge Y Rhins system, the residual
Xa(T) diverges with increasing. o _ resistivity increases continuously, reaching a maximum at the
In the top left inset to Fig. 9, the resistivity at 1.8 K is and member YRhip compound(see top right inset of Fig.
plotted as a function ok. Above x=0.4 the resistivity in-  g) possibly the shrinking of the lattice due to the substitution
creases dramatically witk reaching a maximum at YRhN  of the smaller Y atom for Ce introduces significant amounts
of 12uQ) cm. of scattering of the conduction electrons that overshadows
The lower inset shows the fraction of Ce ions participat-any peak in the scattering rate caused by the disorder in the
ing in the CEF-like effects I€(T) and xa(T) as a function  ce-y sublattice. The increase of the residual resistivity with
of x. These fractions represent the amount by which the prex correlates with the increased NFL behavior; however, it is
dicted CEF contribution t&€(T) and xo(T) was reduced to not possible to conclude whether the two phenomena are
fit the data. In bothC(T) and x(T), the CEF-like contri-  related. More experiments will be necessary to elucidate the

bution is suppressed with increasimg Thus, the specific nature of the NFL behavior in this system.
heat and magnetic susceptibility are dominated by the CEF-

like contributions in the vicinity of the QCP, but as the sys-
tem moves away from the QCP, the NFL contribution in- B. CEF-like features

creases in magnitude. The rounded features iC,(T) and y.(T) [but not
xc(T)] above Ty are remarkably well fit by a CEF model
IV. DISCUSSION with a consistent energy level scheme in which thé 'Cé
=5/2 multiplet is split by the tetragonal crystal field into a
magneticl’g doublet and two magnetit;; doublets. Fits to
The Ceq_,Y,RhIng system belongs to the growing class bothC,(T) and x,T) yield the same energy level scheme.
of compounds in which a magnetic ordering temperature iHHowever, the magnitudes of the CEF-like contributions to
suppressedot0 K by pressure or composition. In many of C,(T) and x,(T) are greatly reduced from the prediction,
these systems, such as Cegbnd U, _,Y,PdAl;,>° NFL  assuming 100% of the Ce ions in the material are contribut-
behavior occurs in the vicinity of the QCP and can be attrib-ing. Only 40% of the electrons would be participating in it at
uted to fluctuations of a magnetic order parameter at théhe QCP. Along these lines, the recovered entropy by 20 K is
QCP. However, in the Ge, Y,Rhins system, the power law only RIn2, whereas RIn 2 is be expected since the Kondo

e C(T)

A. NFL behavior
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effect and the CEF splitting should each be contributing V. SUMMARY
RIn 2 to the entropy by 20 K. Another point to consider is

that the features irC,(T) and y,, occur well below the We have investigated single-crystal samples of

. . .~ Ce_,Y,Rhilng by means of specific heat, magnetic suscep-
Kondo coherence drop in the electrical resistivity yip;n and resistivity measurements to low temperatures.

(~50 K). Thus, to arr?ue for the oc;:urrence OdeIIEF L“ﬂip“t'The Neel temperatureTy is suppressed with increasing
ting, we must posit the existence of unscreened local Mgy, concentration and extrapolates to zeroxat 0.38.
ments aroud 4 K for a Kondo temperature greater than

50 K At low temperatures, the specific heat and magnetic suscep-

. L . tibility of the samples with 0.4&x=<0.9 exhibit NFL tem-
One way to resolve these discrepancies is to consider thbe y P

ffects of disorder. | ¢ v disordered : i erature dependences. After subtraction of features possibly
eltects of disorder. in a strongly disordered environmenty, o 14 cgp splitting, the specific heat and magnetic suscep-
some Ce ions could form local moments and exhibit energy;

- bility can be fit by power law temperature dependences,
level splitting by the CEF yvhereas others could be screenefl 1iniscent of the Griffiths-McCoy model for NFL behavior.
by the Kondo effect. The idea of unscreened moments weA

linear temperature dependence of the resistivity is ob-
below the Kondo temperature has been explored before. Igerved at low temperatures for the sample with0.4 and
fact, it is a prerequisite for the Kondo disorder model for i

- 1.4 . . . . . _
NFL theory?® in which disorder results in a distribution of evolves towardy — T as the applied magnetic field is in

. e creased to 8 T. The magnitude of the NFL contribution to
Kondo temperatures with a finite number of unscreened mo; 9

. . C(T) andy,{T) becomes more pronounced with increasing
ments existing even at zero temperature. The existence Ofkaas the system moves away from the QCP, while the CEF-
_S|gn|f|cant amount of disorder in the ge‘YXRhm:? SYStems e contribution toC(T) and x,(T) dominates in the vicin-
is supported b.y thg very large values of the re3|dl_1al re5|st|vi-ty of the QCP and is suppressed with increasinglthough
ity, as shown in Fig. 9. The redu_ced entrop?l(l 2 mstead_ . NFL behavior extends to=0.9 in the specific heat and mag-
of 2R In 2) can be accounted for if each Ce ion only partici-

. o . netic susceptibility, a crossover from Kondo coherence to
pates in one effect—CEF splitting or Kondo screening. In P Y

effect, the NFL behavior and the CEF-like behavior competgsingle_lon Kondo behavior occurs in the resistivity between
%

for electrons. This scenario is supported by the specific he =08 andx=0.9. Finally, entropy _calcglations re\_/eal that
N Lo ! ; e same electrons are participating in the antiferromag-

and magnetic susceptlplllty da;a, as NFL bghawor bec.omeﬁetism, NFL, possible CEF splitting of the €eHund’s rule

more pronounced with increasing the CEF-like bumps in ultiplet, and heavy electron behavior

C(T) andx(T) are suppressed, and the total entropy above én ' '

K is constant withx.

There are other possibilities for the origin of the rounded
features inC(T) and x(T) other than CEF splitting, such as  This work was supported by the U.S. Department of En-
short-range magnetic order aboVg, spin-glass behavior, ergy under Grant No. DE FG03-86ER-45230 and by the Na-
or even a partial gap in the density of sta(B®©9S) such as tional Science Foundation under Grant No. DMR00-72125.
has been observed in CeNiSn. Further measurements will B&e thank Dr. P. Allensbach for information regarding the
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