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We present the results of thermal expansiofT), magnetostriction\(H,T), and specific-heaC,(T)
measurements made on the heavy-fermion antiferromagnp&h@®g. The effects of magnetic order are clearly
evident as anomalies ia(T) at Ty=2.8 K and afT,,=1.65 K. C,(T) data indicate that the upper transition
corresponds to the onset of long-range antiferromagnetic order while the lower transition involves only a subtle
rearrangement of the ordered state. BG{YT and /T grow with decreasing temperature below 20 K in a
manner consistent with Kondo renormalization. Kondo interactions appear to be responsible for the large
electronic Grmeisen parameter which extrapolategXg~48 asT— 0, while the characteristic Kondo energy
is Ty~ 10 K as determined from th@, /T ratio atTy . Above 20 Ka(T) is dominated by crystalline-electric-
field (CEF) effects. The data are consistent with a CEF level scheme consisting of eREi{emdFG doublets
lying 71+6 K and 195-10 K above al"(f) ground state. In the paramagnetic stafe>(Ty) the volume
magnetostriction follows a simple scaling law[H/(T+T,)]?. The scaling parametdi, =5 K is consistent
with the Kondo temperature determined fran(T) and C,(T) data. Analysis o\ (H,T) data also indicates
that the magnetic and electronic energy scales associated with the Kondo statiRhirgare equivalent.

These thermodynamic data indicate that the physical properties,&h0g result from competition between
magnetic exchange, Kondo, and CEF interactions.
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. INTRODUCTION found, for instance, in G®In;5.% Additional examples of
materials whereTy~Ty are CeRhlp and CegRhlng, the
One of the most intriguing aspects of heavy-fermipifr)  members of a new heavy-fermion family, $&,IN3, .+ om,
compounds is the broad spectrum of possible ground stategith M=Co, Rh, Ir;n=1, 2; andm=1.
that they can exhibit. The ground state, by definition, char- Because of its crystal structure and magnetic properties,
acterizes a system in the zero-temperature limit and as sudbe;Rhing may be regarded as a magnetic hybrid between
influences its behavior mainly in the low-temperature regionCeln; and CeRhlg.* Ce,Rhing is a HF antiferromagnet with
The excitations appearing at higher temperatures usuallyn=2.8 K (Ref. § that becomes a superconductor under
complicate the relatively simple situation in the Idwegion  applied pressure of 1.63 GRthe onset of zero resistivity
where one energy scale usually dominates. In HF systemeccurs affc=1.1 K).° The high-temperature effective mag-
however, it is the high-T region which is better understood.netic moment, taken from the susceptibility data above 200
This is partly because of a good separation of energy scalek, shows a small anisotropy and is almost equal to the
at least in the # compounds. As in the case of conventionalHund’s rule value forJ=5/2 Ce ion, i.e., 2.54g/Ce
lanthanide compounds, a clear hierarchy of ionic energy ignamely, 2.53.5/Ce for magnetic field parallel tab plane
found, starting from the Coulomb interaction between fthe and 2.4%g/Ce for magnetic field parallel to axis).” In the
electrons on the order of 10 eV, direct exchange couplingtemperature interval 55-130 K the resistivity is proportional
spin-orbit interaction, and down to crystal-field effects typi- to —In T, consistent with single-impurity Kondo behavior. At
cally on the order of tens of meV.e., ~100 K).! A clear  around 4.5 Kp(T) exhibits a maximum, indicative of the
separation of the electrostatic repulsion among fisbell  onset of coherenct. The Sommerfeld constant for
electrons and their spin-orbit coupling from the other enerCeRhing, y~400 mJ/mole-CeK?° is close to the value of
gies leads to localized full-moment paramagnetism neay for CeRhin just aboveTy.° This y value qualifies
room temperature. At low temperatures, however, the mageeRhIng as a HF compound, and it corresponds to a Kondo
netic behavior is much more complicated due to competitioriemperatur¥ that is the same order of magnitudeTg. As
between Kondo and the indirect exchariBeiderman-Kittel-  with CeRhlr, both Ty, and v decrease with the increasing
Kasuya-Yosida, RKKY interactions. The energy scales that applied magnetic fieldalong the tetragonat axis),> as one
characterize these interactions are related to the exchangean expect for a HE While y for our n=2 member of the
coupling strengthJ by kgTx~Ere *NERY and kgTy  Ce,Rhing, ., family is similar to that of thex=1 compound,
~ErJ?, respectively, wherd is the Kondo temperature, the ordered momeni,=0.55ug (at T=1.6 K)'? is very
Ty is the Neel temperaturelN(E) is the density of states at close to that for Celn (0.48uz—0.6545),*® which can be
the Fermi energ§, andkg is the Boltzmann constaAtOf  regard asn=o member of this family. The magnetic mo-
special interest are materials where these two energy scalesent of CgRhing was found to point out from thab plane
are not well separated, i.e., where both theNemperature by 52° 12 This ordered moment is smaller than for CeRhin
Ty and the Kondo temperatui® are of the same order of (where uy=0.75 ug)'* suggesting that Kondo screening
magnitude. Some interesting deviations from the expectechight be more effective in the less two dimensional
behavior described by Doniach’s motlelvere recently Ce,Rhin.
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In this paper we present the results of temperature- T T T
dependent specific heat, anisotropic thermal expansion, and
magnetostriction measurements on,Rklng with the goal
of clarifying the role of competing energy scales in determin-
ing this compound’s macroscopic properties. The magnetic
component of the G&hling thermal expansiong,(T), is
strongly anisotropic at all temperatures and exhibits the in-
fluence of crystalline-electric-fiel@EF) levels above 15 K.

We use these data, in conjunction with anisotropic magnetic
susceptibility data, to estimate a CEF level scheme for
CeRhIng. The scheme is composed of two magnetic dou-
blets split from a doublet ground state by 70 and 195 K,
respectively. Below 20 Ka,(T) is influenced both by
Kondo renormalization and magnetic order. The electronic
Gruneisen parameter rises sharply below 40 K, and ap-
proaches a value of roughly 20 before the material orders
magnetically afTy . Magnetostriction data in the paramag- L
netic state scale quadratically with applied field and The 100
dependence is consistent with the Kondo energy scale deter- T(K)
mined from the enhanced Sommerfeld coefficient present in

the specific heaC(T) just aboveTy . Thermal expansion, |G, 1. The linear thermal expansion coefficients fop Rl
magnetostriction, specific heat, and resistivity data in the angpen circles and LaRhing (solid triangles for temperaturesT
tiferromagneti€AFM) state show evidence for an additional apove 4 K(a) in the ab plane, andb) along thec axis. Solid lines
magnetic transition at 1.65 K that appears to be extremelgorrespond to the magnetic thermal expansion coefficierf{s gnd
sensitive to applied pressure. In total, the field- anda®) obtained by subtracting the La data from the Ce data.
temperature-dependent thermodynamic properties {fT)
are characteristic of a Kondo-compensated heavy-fermiopub”shed data for aluminuth are typically ~=1
antiferromagnet with comparable magnetic and Kondo ensx10-7 k=1 pelow 100 K. At higher temperatures the accu-
ergy scales. racy of « is lower because of small temperature gradients
over the cell as well as thermal drifts present in our setup.
II. EXPERIMENT Deviations from the published data above 150 K can be as
_ high as~ +5x10 7 K~ ! although typically they do not ex-
Ce,RhIng samples used for thermal-expansion measureégeeq+3x 107 K~ this corresponds to roughly 2% of
ments were single crystals with dimensions 1x 2 MM the measured. To observe magnetovolume effects a mag-
that were grown with a flux techniqie.Ce,Rhing crystal-  petic field of up to 3 T was applied parallel to the plane
izesin a quasi-two-dimensional tetragonal structure with laty 4 the relative change of the sample’s length, both along the
tice parameters at room temperatureasf4.665 A andc  field direction and perpendicular to it, was measured. The
=12.244 A; no evidence for intergrowth of a CeRhphase  typical field sweep rate for magnetostriction measurements
was found’ The same technique was also used to grow th§yas 26 mT/min and data points were taken with the field
non-f-electron counterpart L&hlng, with lattice parameters  increasing and decreasing. Before each field sweep tempera-
of a=4.6780 A andc=12.346 A™® The dimensions of the yre was stabilized for 1-2 h and the capacitance signal was
La;Rhing crystal used for thermal-expansion measurementgonitored to decrease the thermal drifts during the measure-
were 2x<2x 2 mn®. With one formula unit per unit cell the ment. As a result the level of experimental uncertainty was
molar  volume of our compounds isV,=8.02 reduced, typically below 1.5% of the total sample-length
X 107> m*/mole-Ce in the case of Ce an¥,=8.14 change between 0 and 3 T. We combined thermal expansion
X10"° m*/mole-La in the case of La. Thermal-expansionand magnetostriction results with magnetic-susceptibility
measurements were performed in the temperature range frogata measured with a superconducting quantum interference

1.4 to 300 K using an OFHC-copper capacitance dilatometetievice magnetometer and specific-heat data obtained with a
The capacitance was measured using a 1-kHz Andeemuantum-Design PPMS.

Hagerling 2500A capacitance bridgeesolution 107 pF).

For our 2-mm specimen a detection limit of about 0.03 A . RESULTS

corresponds to a relativél /| resolution of roughly=10"°. '

The reported value of the linear thermal-expansion coeffi- In Fig. 1 we show the linear thermal-expansion coefficient
cient,a=1/1(dl/dT), is corrected for cell effects, stemming of Ce,Rhing both in theab plane and along the axis, as a
from the thermal expansion of the copper ¢éBample tem-  function of temperature fof >4 K. To estimate the lattice
peratures were determined with a Cernox temperatureontribution to the CgRhing thermal expansion we mea-
sensor® To estimate the absolute accuracy of such obtainedured its nonmagnetic analog, JRhing (the conduction-
values ofe we measured also a 4-mm-long cubic sample ofelectron contribution to the expansion coefficient of
pure aluminum. The deviations of experimental points fromLa,Rhing can be neglectedAs can be seen in Fig. Iy(T)
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T(K) FIG. 3. Magnetostrictionn=Al/lz_, for a magnetic field ap-
plied in theab plane at 1.8 K(a) and 10 K(b). Dotted lines depict
FIG. 2. The two magnetic transitions &4,=2.8 K and T,, the magnetostricti_on measured along thaxis (\.), while dgs_hed
=1.65 K probed by three different techniques; from top to bottomn:and dash-dotte_d lines correspond to in-plane magneto_strlct_lon mea-
thermal expansivity, specific heat, and resistivity. The specific-heaturéd perpendiculang, ) and parallel § y) to the applied field,
measurements shown here were made on a small sample with d€SPectively. The overall volume magnetostrictidrV/Vo=A\.
mensions X 1x0.3 mn?, not sufficient for thermal-expansion T MabitAap| iS depicted by the solid line.

measurements. .
K followed by an upturn towards positive values at lower

for Lay,Rhling displays temperature behavior typical for nor- temperatures. Two distinct features are present in the mag-
mal metals, decreasing smoothly with decreasing temperasetic CgRhlIng thermal-expansion contributiony .= ace
ture. Only a small anisotropy exists between thexis («.) — a4 along theab plane there is a positive peak with a
andab-plane (,, data—at room temperature, is larger ~ maximum near 30 K, while along tfeeaxis there is an analo-
thana,;, by only 8%. The volume thermal-expansion coeffi- gous negative peak centered at almost the same temperature
cient 8 of Lay,Rhing calculated for tetragonal symmetry as (28 K). Both peaks can be attributed to crystal-field effects,
B=2a,,+ a., can be fitted well with the Debye model. The as we will show later.
Debye temperaturép for which we obtain the best fitin the  In the low-temperature regiofsee Fig. 2, in addition to
range 9—300 K is equal to 185 K and comparable with thathe antiferromagnetic transition &ty=2.8 K,° ac, also
obtained from fits to LgRhiIng specific-heat data in the same shows evidence for a second magnetic transitionT gt
temperature rangél89 K). 6, estimated froma,;T+a,T3 =1.65 K. This feature is clearly seen in three independent
specific-heat fits at temperatures held K is 147 K; the datasets made with quite different techniques: thermal ex-
difference comes from well-known limitations of the Debye pansivity, specific heat, and resistivity. The thermal expan-
model® sivity data depicted in Fig. 2 show that in the paramagnetic
The thermal expansion for GRhIn; (ace) is much more regime (T>2.8 K) CeRhling shrinks with decreasing tem-
anisotropic than is the case for JRhing («,). In theab  perature both along theaxis and within thexb plane. At the
plane there is no detectable influencef @lectrons down to  Neel temperature GRhing stops shrinking and it expands
120 K [see Fig. 18], i.e., the values ofxc. and a|, are  very slowly in theab plane and at a faster rate along the
almost equal. Below 120 K botl, and o, start to de- axis. AtT,,=1.65 K CeRhlIng begins to expand even faster
crease much more rapidly with decreasing temperature than both directions. Both magnetic transitionsTa§ and T,
at higher temperatures, buic, is larger thanea,,. This are clearly seen as cusps in the specific-heat data. Curiously,
clearly indicates the appearance of an additional contributiomhile Ty is marked only as a subtle change in the slope of
to ace beyond that due to the lattice. Along theaxis[Fig.  p(T), the change at,, is far more dramatic.
1(b)] the temperature behavior of. is more complicated. To see how a magnetic field changes the transition tem-
At room temperaturerc. is slightly higher thany, , and this  peratureT,, we measured the magnetostriction in several
situation persists down to roughly 55 K. At roughly 8Qdl¢,  fields to 3 T, applied in thab plane. Because of the tetrag-
starts to decrease more rapidly than,. Below 55 Kac.is  onal symmetry of CgRhing the volume magnetostriction,
smaller thana, . ace exhibits a negative minimum near 20 Ay,=AV/V,, is determined by measuring the linear magne-
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tostriction,\=Al/l,, along theab plane both parallel to the ' '
applied field,\,, and perpendicular to iy, . The rep-
resentative magnetostriction curves at 1.8 K are shown in
Fig. 3@. Along the applied field direction XI||B) the
sample contracts but the final volume magnetostriction, cal-
culated ashy=NM\gap+Aan T A¢, is positive, because the
sample expands perpendicularly to the field. The critical field
B., defined as the maximum in the derivatida, /dB in-
creases with increasing temperature above 1.6 K. Its values
B./(T) agree well with those obtained from magnetoresitiv-
ity measurement$

In the paramagnetic regionf&T,) an applied field in 1 2 3 4 5 5
theab plane also acts to contract the sample in the direction T K
of the field (\ o) is negativg while expanding it in the per-
pendicular directions, both in theb plane and along the FIG. 4. The lineaopen symbolsand volume expansiofsolid
axis (\ap,. and\. are positiveé—the data are shown in Fig. symbolg coefficients for CgRhing in the vicinity of the magnetic
3(b). This suggests that the direction of the field is moretransitions. The dashed line indicates the interpolation used to cal-
important than crystal symmetry in determining the magneculate the jump ing at Ty and T,,,.
tostriction. The paramagnetic magnetostriction was measured
at 3, 3.5, 5, 10, 15, and 20 K. The volume magnetostriction ision, specific-heat, and resistivity data presented in Fig. 2.
positive and proportional t®?, as one can expect for a The data in Fig. 2 indicate that the sample length varies
paramagnet! The amplitude of the volume magnetostriction continuously across both transitions. The entropy, obtained
increases with increasing temperature up to 5 K, while abovéy integratingC,/T versus temperature, also appears to be
5 K it starts to decrease. continuous across both transitions. The variation of the vol-
ume thermal expansiof(T) in the vicinity of the two mag-
netic transitions is shown in Fig. 4. The steplike featurgéat
in B(T) and the mean-field-like anomaly i@,(T) at the

In the following section we will describe the rich thermo- same temperature are consistent with a second-order
dynamics of CgRhIng by separating the different effects magnetic-phase transition. The thermodynamic nature of the
coming from Kondo, RKKY, and CEF interactions. First we transition atT, is less clear. The sharp feature(T) near
concentrate on the magnetic transition found B  Tm Suggests that this is a first-order transition whereas the
=1.65 K, show how it is influenced by magnetic field, and @absence of any latent heat in the specific-heat data suggests
predict the pressure dependence of Bthand Ty . Next, in  instead that this is a second-order transition. This inconsis-
Sec. IV B, we examine the strong competition between magtency could stem from the fact that the lower transition is
netic and Kondo interactions in the ordered state, bélqw  €xtremely pressure dependent. Recent pressure-dependent
clearly seen in the specific-heat data. In Sec. IV C we focugneasurements of, give a pressure derivativeT,/dp
on still higher temperatures where CEF effects dominate. A= —4.3= 1.5 K/kbar, a value that is roughly 60 times bigger
careful analysis of the thermal-expansion data allows us téhan the pressure dependence of the transitionTgqt
estimate the CEF levels splittings. Section IV D is devoted to(d Ty /dp=—76 mK/kbar)® The very large pressure depen-
the Grineisen analysis of(T) and C,. Calculating the dence of the lower transition temperature means that this
electronic Grmeisen parameter allows an estimate of the voltransition will be very sensitive to any external or internal
ume dependence of the characteristic temperatures found irain. The specific-heat signature of the lower transition is
the previous subsections and confirms the Kondo-drivegxtremely sample dependent, with some samples exhibiting a
mass renormalization at low temperatures inRidn,. Fi-  Wweak (or undetectableanomaly at 1.65 R.In comparison,
nally, in Sec. IVE, we expand the Qreisen analysis to the specific-heat signature associated with the transition at
include a magnetic-field scaling parameter. We calculate th&y Shows no sample-to-sample variation. These facts suggest
magnetic Graeisen parameter from the magnetostrictionthat the phase transition &t, could be a first-order transition
data in the paramagnetic state to check whether the magnetigat is broadened by internal strain. Recent preliminary dif-
and thermal energy scales are equivalent ipRbdng. We  fraction measurements confirm that strain is present in
also show that the magnetostriction in the paramagnetic stafegRhing.*
follows a simple scaling law, originating from general ther-  In determining the thermodynamic nature of a phase tran-
modynamics. sition it is useful to compare predicted and experimental val-
ues of the transition-temperature pressure derivatives. The
Clausius-Clapeyron equation and the Ehrenfest relationship
equatedT./dp to the changes in thermodynamic variables

Before focusing on the competition between Kondo andhat occur at a first- and second-order transition, respectively.
RKKY-mediated magnetic interactions in ghing, we will The Clausius-Clapeyron equation relateg. /dp to the vol-
first examine the magnetic phase diagram. Be®K two  ume changé\V and entropy chang&S that occur at a first-
magnetic transitions are clearly evident in the thermal expanerder transition:

IV. DISCUSSION

A. Two magnetic transitions and the magnetic phase diagram
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" . " ' To clarify the influence of an applied magnetic field on

] the lower transition temperaturg,,, thermal expansion at
constantB and magnetostriction at constaftwere mea-
sured. The linear magnetostriction along all three directions
(Ac, Nap|, and A,y ) displays large slope changes at the
. 3 fields above 1 T, as is shown for example o+ 1.8 K in
£2.0 ; ’ : Fig. 3(@). As shown in Fig. 5, the volume magnetostriction is
positive in the magnetically ordered state. The critical field
valueB,, taken as the points whee\,/dB is a maximum,
together with the values of critical temperaturg,, where
the sharp feature in the(T) curves occurs, can be combined
to construct a magnetic phase diagram Bx 3 T, this
phase diagram is shown in the inset of Fig. 5. These points
collapse very well on the phase diagram boundaries obtained
from magnetoresitivity measuremefit8&,, is essentiallyT
FIG. 5. The magnetovolume effect as a function of field in theindependent below 1.7 K, while it rises with increasing tem-

magnetically ordered state for gRhin,. The magnetic phase dia- perature above _this point. The criticgl tempera'ture does not
gram is shown in the inset. The phase diagram is composed froffepend on the field up to 1.5 T and it starts to increase with

(10°)

AV

B(T)

magnetoresistance data(open circley constanB thermal- increasing field above 1.5 T. Preliminary magnetotranéport
expansion datdsolid diamonds and constan® magnetovolume and neutron-diffraction measureméritsuggest that mag-
measurementssolid triangles. netic phases Il and ll(see the inset in Fig.)5are only
slightly altered from the antiferromagnetic incommenstfrate
dT, AV phase |, with the transition from phase | to Il involving the

d_p: is (1) development of a commensurate component.
The Ehrenfest relationship relatd3,./dp to the changes in

. . B. RKKY and Kondo interactions
the volume thermal expansioA S, and heat capacithC,,

that occur at a second-order transition: Strong competition between magnetic exchange and
Kondo interactions will occur in any compound in which the
dT, AB magnetic ordering temperatur€y is comparable to the
d_p:VmTcA_va 2 Kondo energy scal@ . The electronic contribution to the

specific-heat of Cg&Rhing just above Ty approachesy
where V., is the molar volume. To calculate the pressure=400 mJ/mole-Ce K° The Sommerfeld coefficient is still
derivatives of both transition temperaturdg, andT,,, we  quite large in the magnetic ground staighe zero-
use values oAC, andAS measured on the same sample thattemperature limit of the electronic specific-heat coefficient is
was used in making our thermal-expansion measurementg, =370 mJ/mole-Ce K).®> These largey values categorize
For the upper(second-order transition AC,(Ty)=—2.7  CeRhing as a heavy-fermion compound. Within the frame-
=0.4 J/mole-Ce K. The dashed line in Fig. 4 indicates thework of the Coqblin-Schrieffer mod#! the large renormal-
interpolation used to calculate the jump fhat Ty. The izedy in the paramagnetic state just abclig corresponds
Ehrenfest estimate for the upper transitiofiy/dp=—73  to a Kondo scald«~ 10 K.° Further evidence for a Kondo-
+17 mK/kbar is in good agreement with that found in thecompensated magnetic state is provided by the reduced or-
hydrostatic pressure measurements where the initial slopgered moment,~0.55u5) evident belowTy and the lim-
dTy/dp was estimated to be 76 mK/kbar® For the lower ited magnetic entropy liberated at the ordering temperature
transition an estimate foAV and AS can be obtained by (S~30% ofRIn2 atTy). The full RIn2 entropy associated
integrating the anomalies centered at 1.65 K8iandC,/T,  with the doublet ground state is only achieved when the
respectively; the experimental values for these quantitiespecific-heat data are integrated up to roughly 20 K, indicat-
(AV=-22+0.4x10 *m®*mole-Ce  and AS=4.2 ing that the low-temperature thermodynamics ofRfeing is
+0.7 mJ/mole-Ce Kcan be combined with the Clausius- characteristic of overlapping Kondo and RKKY interactions.
Clapeyron equation to estimate the pressure derivative of The Kondo-compensated magnetic states in the sister
Tm. The pressure derivative so determinedT(/dp  compounds C&Rhing and CeRhlg are quite similar but also
=—5.2+1.3 K/kbar) is in reasonable agreement with thedisplay some important differences. Both compounds order
experimental value ofi T,,/dp=—4.3+ 1.5 K/kbar® Given =~ magnetically with Neel temperatures of 2.8 and 3.8 K, re-
the large uncertainty in thes#T,,/dp values, it would be spectively, and they both have low-temperature
wrong to conclude that the similarity in the measured andparamagnetic-state Sommerfeld coefficient of roughly 400
calculated pressure-derivative values proves that the transinJ/mole-Ce K.° The ordered magnetic moment for both
tion atT,, is first order. At most, we can say that the thermal-compounds is roughly (0.650.1)ug .}2'*Magnetic entropy
expansion, specific-heat, and pressure-dependent transiticalculations based on specific-heat data indicate that only
temperature measurements are consistent with the presen®@% of the doublet ground-state entropy is liberate@,ain
of a strained first-order magnetic transitionTgt. both compounds; the remaining ground-state entropy resides
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in the Kondo-induced rise i€/T that occurs in both com- where the coefficient€,; andC, are T-independent param-
pounds below 20 K. Both compounds also share a similaeters related to elastic constants and magnetoelastic coupling
CEF level schemgsee below Differences between the parameters. The functiditgg(T) in Egs.(4) is the tempera-
compounds only become apparent below their respective oture derivative of the Stevens quadrupolar operator expecta-
dering temperatures. While most of the enhanced paramagion valuefcgr(T)=d(039)/dT. With the eigenstates appro-
netic Sommerfeld coefficient is still present beldwy in  priate for tetragonal symmetrylisted in Egs. (3)], the
CeRhing, 85% of the large paramagneticin CeRhin is  temperature-dependent Stevens quadrupolar operator expec-
eliminated in the ordered stated=56 mJ/mole-Ce K) due tation value is given by
to the formation of a spin-density wave that gaps most of the
Fermi surfacé. In addition, theT® magnon contribution to 0 10+ 2(67°—1)e “1/keT—ge A2/keT— 12,2
the T<Ty specific-heat in C&Rhling is roughly five times (02)(T)= 1+e A1/keT oAz /kgT '
larger than that of CeRhin The similarities in the ordered (5)
moments, the paramagnetic Sommerfeld coefficients, the . i i
magnetic entropy liberated &}, and the RKKY and Kondo Whereks is the Boltzmann constand,, is the energy split-
energy scales indicate that the thermodynamics of th&ng between thd'{" andT'{”) states, and\, is the energy
Kondo-compensated ground states are quite similar in bot@plitting between thé&® andT'{?) states. For the point-charge
compounds, while any differences reside in the details surmodel the temperature dependence of the thermal-expansion
rounding their respective magnetically ordered ground stategoefficients is wholly contained within the functidggg(T).
The drastic difference in the residual resistivigyvalues p, ~ As such the model predicts that® and o€, should only
of Ce,Rhing is over 100 times larger than that of CeR¥)Iin differ in the multiplicative constants that appear in front of
was recently suggested to be caused by the difference in teer(T). In comparing this prediction to the data shown in
crystallographic structure(lnamely, the buckling of the Fig. 1, it appears thah;b and a;, both exhibit much the
Rh-In; layer in CgRhIng) rather than by the magnetic same temperature dependence while differing only in having
effects® Similar differences irp, are also observed in non- prefactors that are of opposite sign. Both quantities exhibit a
magnetic analogs where the buckling of Rh atom is everbroad peak centered near 30 K and gradually tail off towards
bigger® zero above 100 K. The presence of a modest peak’jrat
roughly 75 K that is not evident imﬁf’ indicates that the

C. Crystal-field effects point-charge prediction is not entirely borne out. The fact
that there is some difference between the data and the quali-
tative predictions of the point-charge model is not surprising

T X . .~ given the presence of itinerate electrons and Kondo interac-
renormalization, but are instead dominated by crystal—ﬂelc?ions in CeRhln.. Nonetheless. the point-charae model does
effects. Clear evidence for this is found in the magnetic ther- oRNTe. ' b 9

mal expansion data shown in Fig. 1. The broad peaks cerf:PPear to capture the general features present in the
P . ab 9. ¢ peaks r}emperature—dependent magnetic thermal-expansion coeffi-

tered at roughly 30 K in botla,,” and «,, are characteristic cients in both directions

of CEF effects observed in manfelectron system®. Determining the CEF level scheme from magnetic

CeRhing's CEF scheme can be determined by analyzing,,

; . : . o ermal-expansion  coefficients amounts to fitting
these anisotropic thermal-expansion coefficients within th‘?emperature—dependent thermal-expansion data to the func-
context of a point-charge mod#l.In the presence of tetrag-

: L ion f T)i i h , A,
onal crystal symmetry the && J=5/2 multiplet splits into tion feer(T) in order to estimate the parametdrg, A, and

three doublets with angular-momentum wave functions thag'’ In fitting the magnetic thermal-expansion data, it is ad-
are a mixture of spin statd&/?), [3/2), and|5/2):2" vantageous to fit a physical quantity that combines kuﬁfh

and a;,. For weakly anisotropic materials the volume mag-

Above roughly 20 K the thermodynamic properties of
Ce,RhlIng are no longer dictated by magnetic order or Kondo

; ; i~ ab c
D= pl£5/2+ (1— 72)| £3/2), netic thermal-expansion coefficieft,=2ap, + oy, is the
= V(A=) =302) quantity of choice. For G&Rhing 2 and «f, are nearly
r@= Ja=2) 5/~ 57312 equal but of opposite sign, so that the experimental quantity

Bm is small, dominated byzﬁqb and suffers from large experi-
mental error. As such, a more accurate CEF level scheme can

Fe=[+1/2), 3 be determined by fitting the anisotropic thermal-expansion
1 — C _ _ C
where7 is a mixing constant that can range between 0 and 1par2£neter defined  asagpis=apn—(1/3)8n=(2/3)(an,
Following the work of Morinet al?® and Lacerd&t al?®the ~ ~ ¥m)- @aniso iS defined in such acwayaghat it will be zero
thermal-expansion coefficients for a system with tetragonafor an isotropic SVSte”('-?-: for ap=an’ aanise=0). In
symmetry are terms of the thermal functiofcgg(T) and the constants de-
fined in Egs(4) the anisotropic thermal-expansion parameter
ap=(C1+V2Co) feer(T), (49 'S
anisd T) = V2C,f cer(T). ®)
a®P= ( Ci— iC2> feer(T), (4b) ~ The anisotropy inherent in the wave functions that make up
V2 the CEF levels give rise to the strong anisotropy evident in
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above 50 K. The molecular-field constant contributes to the
inverse ofy as (Tx+ Ty)/C;—5;» at high temperatures. With
Ty=2.8 KandC;_5,=0.80 emu/(K mole), tha value ob-
tained from the fit corresponds to a “high-temperature”
Kondo temperaturdy~21 K. This is very similar to the
“low- T” Kondo temperature established froBYT data near
Tn- The x fits deviate from the data below 50 K in both
directions in a manner similar to that of CeRhlwhen CEF
parameters found from the neutron-scattering measurements
are used to fit susceptibility dat&>° This deviation stems
from the fact that the fitting model utilized to produce the
susceptibility fits[Eq. (7)] does not fully account for the
influence of Kondo interactions on the CEF-derived aniso-
tropic magnetic susceptibility. The fits to the Bdlng sus-
ceptibility can be improved, particularly below 50 K, by em-
ploying anisotropic exchange parameters, but it is unclear if
the resulting\ ,, and A, parameters are anything more than
curve-fitting parameters that mimic a more sophisticated mi-
FIG. 6. The anisotropic thermal expansion coefficient,s,  croscopic description of the CEF susceptibility in the pres-
plotted as a function of temperature. Measured values are denotethce of Kondo interactions. Although this approach can im-
by open circles while the solid lines show the calculategs,  prove they(T) fits, it does not change the CEF level scheme
based on Egs(5) and (6) with A;=71K, A,=195K, andn  or the energy splitting thereft.
=0.85. The inset compares the measuabdlane(diamond$ and When comparing the CEF level schemes for Qéﬁ\
c axis (circlgs) magn_etic su_sceptibility With the fitsolid lineg to CeRhIr@,,Zg and CgRhing, a smooth evolution from= to
Eqg. (7) with an isotropic moleculgr-fleld constanx:_—SO n=1 member of the G&RhIny,., family can be clearly
mole/enjL{ .and the CEF parameters listed above. The units for th§een. The ground-state wave function in each compound is a
susceptibility axis are 10 emu/mole-Ce. mixture of|5/2) and|3/2) states. The fourfold degenerdtg
state in cubic Celn(135 K above the ground-state le}&lis

the magnetic thgrmal—ex_pansion_ coefficients. Henc%plit into two doubletsl“(f) andT,, in the tetragonal sym-
aaniso( T) data contain more information about the CEF Iev'metry of the surrounding ions in GRhing and CeRhlg.

els than dogy,(T) data, so fitting the anisotropic parameterWh”e A, is practically the same in both these compounds,

produces a more reliable CEF level scheme. the ener o
; : gy splitting between the ground state and the second
To obta|_n the most accurate C.:EF level schemesimaul- energetic level,A,, increases by about 40% when going
taneouslyfit aanisdT) and the in-plane and out-of-plane ¢, CeRhing to the more two dimensional CeRRInA
magnetic susceptibilitya,(T) andx(T). The susceptibility similar trend was observed in the isostrucutural antiferro-
s fit to the formula magnetic non-Kondo systems NdIn;,,, (M=Rh,Ir; n
=1,2.3

X t=xcEe— N\, (7)

where ycer is the susceptibility of the CEF levels in tetrag- D. Electronic Gruneisen parameter

qnal symmetry,’ an_d)\_ is a phenomenological moIeCl_JIar' By combining thermal-expansion and specific-heat data to
field constant that is included to account for magnetic exajcylate the electronic Gneisen parameter, it is possible to
change effects. The level scheme that provides the best fit {9,5re clearly determine the thermodynamic character of the
@anisd T) and x(T) simultaneously in thc?zt)emperature rang€yarious interaction mechanisms present in,Rleng. The
from 15 to 300 K consists of [8/2)-rich I';” ground state, a  tgtal Grineisen parametef);, defined by

|5/2)-rich TM first excited state, and a highest-lyifg;

state. The energy splittings of the levels ag=71+6 K

andA,=195+ 10 K (note thatA, corresponds to the energy QT:VmBTﬁ, (8)
splitting between the ground-state doublet andItgdevel). Cv

The mixing parameter and molecular-exchange constant are

7=0.85:0.02 and A=—30+3 mole/emu, respectively. links the volume thermal-expansion coefficigBtand the
This level scheme is very similar to the scheme determinedonstant-volume specific he@t, . In Eq.(8) V,, is the molar

for CeRhlin, by inelastic neutron-scattering measureméhts. volume andB; is the isothermal bulk modulus. The Gru
The fits to the C&RhIng azniso. Xab. @and x. data utilizing  eisen parameter defined in E®) encompasses all thermo-
these parameters are depicted in Fig. 6. The CEF parametatgnamic contributions t@ andC,,. In anf-electron system
provide an excellent fit to the experimenta(T) data; in  these contributions will come from conventional phonon ex-
particular, the negative peak at 30 K and the broad maximurgitations, Kondo interactions, crystal-field excitations, and
at 100 K are both fit quite well. The agreement between thenagnetic-exchangeRKKY) interactions. If each such inter-
experimental susceptibility data and the fits are also goodction makes a contributio@; to the total specific hea®+
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T " I — : U tem can be made by combining an expression for the Kondo
temperature with one that enumerates the relationship be-
x tween the magnetic exchange constant and unit-cell volume.
For a spin-1/2 Kondo impurity in a metallic hosTy
=(Eg/kg)exd —1/|JIN(Eg)], whereJ is the magnetic ex-
®06600060 0 o change constant; the magnetic exchange constant is related
A to the unit-cell volume byJ|=|Jo|V~". The resulting Gro-
AADA eisen parameter i€)=n In(kgTx/EF). With a 10 K Kondo
- : i temperaturga 1 eVFermi energy, and=6,% the estimated
200 400 L :
T (Kz) Gruneisen parameter will b€l=42, a value much larger
o than that of a free-electron system.
%002 0,4 59600 The many-body Kondo interactions that produce the en-
© o9 hanced electronic specific-heat contribution below 20 K in
L . L Ce,RhIng also enhance significantly the thermal-expansion
coefficient in the same temperature range. The low-
T (K) temperature volume thermal-expansion coefficient is ex-
pected to follow the same Debye-model temperature depen-
FIG. 7. The electroni€), (open circlesand magneti€), (solid  dence as the specific heat,
diamond$ Gruneisen parameters plotted as a function of tempera-
ture for CeRhlIng. The error bar at 40 K depicts the representative 3
estimated error fof),. The error bar aT =15 K shows error con- B=a;T+a,T", 1D
nected withQ. (Ref. 43 In the inset the total volume thermal
expansion is plotted a8/T vs T? for both CeRhing (circles and  wherea, anda, are the constants that characterize electronic
LayRhing (triangles. and lattice contributions, respectivéRThe volume thermal-

. expansion coefficients of both ¢Rhing and LaRhing are
=ZC;, the Grneisen parameters stemming from each interpjotted asg/T versusT? in the inset to Fig. 7. The L&hing
action(); are related to the total Gneisen parameter BY  gata exhibit the expected Debyelike linear behavior with a

constant slope and a very small intercept. In comparison, the
QT:i > 0,C;. (99  CeRhing data differ markedly from the expected Debye be-
Cr 45 havior; B/T rises rapidly below 15 K, and reaches a maxi-
mum value just above the point where magnetic order pro-
§nuces a sharp drop in the data. TheRhIng data indicate
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The power of Graeisen analysis lies with the fact that the
Gruneisen parameter related to a particular interaction is
measure of that interaction’s volume dependence. This i
clear from the definition of the Gneisen parameter,

at the lattice contribution is small and entirely conven-
lonal, so that the rise in the GRhIng data must be associ-
ated with the electronic thermal-expansion coefficiant
V aU, The maximum value of3/T corresponds to a linear coeffi-
=m0 v (100  cienta;~4x10 7 K~2. This value is comparable to that of
: the moderately heavy compounds CeBe(a;=2.7
whereU; is an energy scale parameter that characterizes th§ 107 K™%, y=155 mJ/mole K)*’ and UA), (a;=1.0
interaction in question, an¥ is the system volume. Ex- X108 K72, y=133 mJ/mole K),*® but it is small com-
amples of various interaction mechanisms and their assocpared to heavily mass-renormalized systems such aszCeAl
ated energy scale parameter includ® lattice excitations (a;=—1.3x10"* K~2, y=1.5 J/mole K)*® and CeCySi,
where the relevant scale parameter would be a phonon fréa;=9x10 ¢ K~2, y=1.0 J/mole K).*° Ce,RhIng’s en-
guency wg; (2) conventional electronic excitations at the hanced electronic thermal-expansion coefficient is consistent
Fermi energyEg, where the relevant scale parameter is thewith  the enhanced Sommerfeld coefficient y (
Fermi-energy density of staté(E¢); (3) the Kondo inter- ~400 mJ/mole K), evident inC/T data abovel . The en-
action with the Kondo temperatur, acting as the scale hancement of both parameters is a clear indication that the
parameter; (4) crystal-field excitations with the level- carrier mass in G&Rhing is Kondo renormalized below 20
splitting energy acting as the scale parameter; @ydnag- K.
netic interactions with the magnetic ordering temperature The renormalized heavy-fermion state usually exhibits an
acting as the scale parameter. The i@&isen parameter in a anomalously large electronic Greisen parameter as well.
nonmagnetic system is quite small &1 to 2) because pho- The electronic Groeisen parametef), can be determined
non frequencies and the Fermi-energy density of states afeom the magnetic contributions to the specific h€af and
weakly volume dependent; the free-electron @&isen pa- volume thermal expansiof,, .*! The magnetic contributions
rameter, as determined from the volume derivative of theo 8 andC, are determined by subtracting iRhing thermal
N(Eg), is Q=2/3. In comparison, heavy-fermion systemsexpansion or specific-heat data from the appropriate
have a very large Gneisen parameter because the underly-Ce,Rhing data. The electronic Gneisen parameter is related
ing Kondo interaction is strongly volume-dependent. Ato magnetic contributions to the thermal expansion and
simple estimate of the Gneisen parameter of a Kondo sys- specific-heat by
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0= VB 2T, 12 [, SK
Cm | 2 K o 10K
1.2}8 °
N 40.3 -5 K
where (), encompasses all thermodynamic interactions | < ‘&ij‘
(CEF, Kondo, and magnetic exchangfeat are not present in o~ 0.
the nonmagnetic L#&Rhin; compound. The temperature- ‘= 0.8 OIOO[BI(T+'I(');)(])22(TZIK2)O.O4 15 K1

dependent electronic Gmaisen parameter for GRhlng is -
plotted in Fig. 7; for purposes of determiniiy, the bulk

modulus of CeRhln (B;=780 kbar) was used in the < 0.4
calculations?? O, at 200 K is roughly 2, a value that is only )
slightly higher than the free-electron value of 2/3. As the
temperature drops below 200 R,. gradually rises, plateaus

below 100 K, and rises sharply below 40 K. The rise(lig 0.0t ; . .
below 40 K is consistent with a Kondo-derived enhancement 0 3 6 9
of the carrier mass that is evident in specific-heat and 2 Tz
thermal-expansion data. The data in the temperature range . B ( )

to 40 K vary with T as Qe:a((T+TQ)' with Ta=6.0 FIG. 8. Paramagnetic volume magnetostriction field sweeps
+0.5 Kanda=290+7. The scaling temperatufl, is simi- alotted as a function oB? for T=3, 3.5, 5, 10, 15, and 20 K. The

lar to_the Kondo temperature estimated from the Sommerfel ata at 10, 15, and 20 K are plotted in the inset as a function of the
coefficient atTy. The peak at-8.5 K and the subsequent scaling parametdiB/(T+T,) ], whereT,=5+1 K. The error bar

drop at lower temperatures are presumably connected Withhows estimated error connected with the valuagfB=3 T) at
the influence of magnetic order. Assuming that without mag- g k.

netic ordering the scaling function 6, from the range 8 to
40 K would be valid down to 0 K an extrapolation ©6X,
produces aT=0 electronic Graeisen parameter of),;
=0,(T—0)=al/T,=48*6, quite close to our simple esti-
mation of Q. (~42) for a heavy-fermion system withy
=10 K. This value is more than an order of magnitude

maximum value of)-ge~6 below 80 K. The pressure de-
pendence of the CEF energy splitting parametgrcan be
determined frondA, /dp=A,Qcee/Bt. The estimated rate
is small dA,/dp~0.6 K/kbar), corresponding to a relative

. . sensitivity of only 0.8% per kbar of pressure. Although the
greater than that of a normal meféiThus, whiley is en-  (coverin the), data above 100 K precludes a determination

hanced by a factor of more than 100 relative to that of &y 4x/qp it is clear that this quantity will also be positive.

norm.al metaflf,_ t_he te_lectrcr)]nlc cc(;%ponen:hof th% therfmal EXWithin the framework of a point-charge modelis inversely
pansion coetlicient 1S enhanced by another order o m"’“~:]n'|5roportional to the interatomic distance, so these positive

tude. CQRhInBS extrapolated =0 electronlc Groeisen pa- 5,65 fordA/dp are not surprising. In some heavy-fermion
rameter is of the same order of magnitude a337 that of thgystems electron screening can lead to a pressure-induced
heavy-electron compounds CeBe(Q,i~17),>" UAI, decrease in,% as is the case for CeRBiy.2°
(Qn~20),%8 URW,Si, (Qp~25),*° and CeCuSi, (Qpy ’ z
~54),* but is small compared to that of CeAlQ
~— 200)47 and CeRuSi, (Q;~190) 25 E. Magnetostriction and competing energy scales

The estimatedl,; value can be used to calculate the pres- A careful analysis of the anomalously large magnetostric-
sure dependence of the Sommerfeld coefficidntdp. Us- (o exhibited by CgRhing in the paramagnetic regime can
ing once again the bulk modulus for CeR_'_l;ﬂ?\we can pre- - provide important insights into the thermodynamic nature of
dict as a first approximation that the linear term in theiye competing interactions that are present in this compound.
specific-heat decreases with pressure at the rate .equal e 10 K volume magnetostriction data shown in Figh)3
dy/dT=—(1/B1)Qpry= —25 mI/mole-Ce Rikbar, ~ i.e., yary quadratically with the applied field, are positive, and
=—6% of y per kbar.4;|’£1$s value is quite similar to the rate correspond to a one-part in @6hange in the sample volume
for CeCy (~—8%)™™ and much smaller than for i, 3 T This large sample volume change in the presence of
CeRySh,, where the large(),;=190 implies a large an applied field is tied to the close connection between the
dy/dT=—19% of y per kbar: o _ Kondo interaction and unit-cell volume. An expression that

Given the CEF level scheme outlined in the precedingelates a paramagnet's volume magnetostriction to key physi-
section, crystalline-electric-field excitations should dictatecg) quantities can be obtained by combining the Maxwell
the magnetic and temperature dependenceglofabove  rejation 9\/gH = —dM/Jp with the definition of the bulk
roughly 40 K. When a single excitation dominates the ther'modulus,BT: —VaplaV. For a paramagnety=M/H) the

modynamics of a system within a given temperature ranggolume magnetostriction varies with as\y=SyH?2 where

the measured electronic Greisen parameter will be a re- he magnetostriction coefficie®, is given by
flection of that dominant mechanism. The plateau between

40 and 90 K in€) and the gradual drop if2, above 100 K

must then reflect CEF effects. As such, thé @isen param- _ 1 13)
eter associated with CEF excitations appears to achieve a - 2Br V'’
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A simple calculation of the estimated magnetostriction formagnetic susceptibility. If we assume that the magnetic and
copper yields a coefficierf,=4x 10 ! T~2; this magne- thermal degrees of freedom in §&hing are independent, the
tostriction corresponds to a length change for a 1-mm-longnost general assumption about the nature of the system’s
sample in 10 T of only 0.01 A, a quantity that is too small to electronic free energyF, is to express it asF,
measure even with a carefully designed capacitive dilatom=—NkgTf(T/Ty,H/H,), whereT, andH, are thermal and
eter. In comparison, the 10 K gRhIng magnetostriction magnetic scaling parametéfsThe low-field quadratic mag-
data in Fig. 8b) correspond to a volume magnetostriction netostriction coefficient for such a free-energy function is
coefficientS,=1.4x10 " T2, a value that is roughly four
orders of magnitude greater than the estimate for Cu. The
experimentally observed length change at 3 T in the 1-mm-
thick CeRhing crystal wasAl~10 A; this length change is

eaS|Iy.de_tected with a capacitive d|Iatqm.eter. where the magnetic and electronic @Geisen parameters are
As indicated above, the magnetostriction of a paramagney o q by Q= — dInHy/dnV and by Q.= — dinT,/dnV.
H™ 0 e 0 '

is expected to vary quadratically with the applied field. To espectively. CgRhing's magnetic Graeisen parameter can

e o e ohe detemined experimently via EAL5 by combinng
QRN b 9 9 P magnetostriction(), and magnetic susceptibility data. The

2 . . .
?f B n tF'gb' 8. ,16_\3 texg%ctlfdt,htheh.dﬁta ;’?ry Ilneatrly WBﬁ resulting values fof)1 between 3 and 20 K are depicted as
rom just abovely to » the nignest temperature Where o4 giamonds in Fig. 7; as with nearly all other heavy-

magnetostriction data were collected. Some deviation froni’ermion compounds, within experimental errds, =, at
) - e

5 T .
)\VMB. scallng. IS eV|de.nt as the system approaches the AF'\AII temperatures. This indicates that the thermal and mag-
ordering transition. This scaling breakdown most likely ré- etic energy scales are equivalent in,RRIn so that the

flec.ts the mf]gence of'mggnetlc fluctuations c'lose to_ the Olalectronic free energy can be scaled with a single parameter
dering transition. Deviation from the quadratic scaling be-

havior is also evident at 15 and 20 K, although the overallt-ll;or;-li-rf Ewétlh@aczg%ls isﬁjcl)llre]?di [;aralrn:;er;}rng vyg_?; E[?fa last
trend is that magnetostriction isotherms are nearly parabolicua draticqha netostric?ion coe.:ff.i,cient s)i(m IifieXs to '
in B. The volume magnetostriction in the higher—temperatureq 9 P

part of paramagnetic region follows the simple scaling rela-

ax
Sv—m X(2Q04=Qe) + T2 0|, (19

tionship: X2
v 2B7V’ 18
2
A=A T+T,) (14 This equation shows the direct connection between the large

magnetostriction and electronic Grisen parameter exhib-

which was previously found to describe the magnetostrictionited by CeRhing; both quantities are large because of the
of rare-earth metals with unstablé 4hells?* A and T, are  underlying thermodynamics surrounding the Kondo effect.
fitting constants, and, is often roughly equal to the Kondo Does EQ.(16) explain the temperature-dependent scaling
temperaturé! For CeRhing the volume magnetostriction evidenced by the magnetostriction data as plotted in the inset
measured aff=10 K, 15 K, and 20 K collapses onto a to Fig. 8 ? Between 10 and 20 K the volume magnetostric-
straight line(see inset to Fig. )Bwith T,=5+1 K. Low- tion scales with temperature &, (T+T,) 2, with T,
temperature measurements of the specific-heat give the Sor-(5=1) K. Over the same temperature range the electronic
merfeld coefficient,y=400 mJ/mole-Ce K corresponding Grineisen parameter varies with temperature (3g<(T
to a single impurity Kondo temperatufige~10 K.2° Hence  +T,) %, with T,=6.0+0.5 K. Within experimental uncer-
T, and T are quite similar. Bel 5 K the scaling behavior tainty, To=T, . Hence, the electronic Gneisen parameter
[Eq. (14)] is broken in the sense thatis still proportional to  and volume magnetostriction both scale with a single energy
B2 but it no longer increases with decreasing temperatureparameter that is comparable to the Kondo temperature.
This is undoubtedly due to magnetic fluctuations presenSince Eq.(16) indicates thatS,« x(),, it follows that the
aboveT)y that also give rise to a maximum jp nearT,,., ~ Magnetic susceptibility should scale with temperature¢as
=5 K. The similar maximum iny(T) found in CeRhlg at oc(T—TX)‘l, with T,~—Tq. The low-temperature mag-
7.5 K was explained in terms of the susceptibility of a netic susceptibility of many heavy-fermion compounds fol-
square two-dimensionab=1/2 spin Heisenberg system lows this functional form, with the scaling parameta,|
which is known to exhibit a maximum iry(T) at T,,nx  comparable to the Kondo temperature inferred from the low-
~0.93J|.% For CeRhIng, Ty=2.8 K leads to the value temperature electronic contribution to the specific Ba.
[J|~=2T\/[S(S+1)]~7.5 K and hencd ,,,~7 K. Thisis  the case of C&hlIng the magnetic susceptibility is strongly
close to the value actually observed, so it is possible that anisotropic below 40 Ky, exhibits a broad maximum cen-
similar explanation is also valid for more three-dimensionaltered at 4.5 K whereagg, is essentially temperature indepen-
Ce,Rhlng. dent below 4.5 K. Between 8 and 60 ¥,(T) scales with

The underlying significance of the temperature scaling extemperature in the expected manr;:e(rT)oc(T—TX)*l, but
hibited by the magnetostriction data between 10 and 20 Kwvith a scaling temperatur€, = —48 K. This is an order of
can be determined by examining the link between the elecmagnitude larger than the value expected based on the tem-
tronic Grineisen parameter, the magnetostriction, and th@erature scaling evident i, and(), data.
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Rather than indicating a breakdown in thermodynamic V. CONCLUSIONS
scaling in CgRhing, the dissimilar energy scales evident in
M(T) (or Qg(T)) and x(T) data indicate that something fle
other than the Kondo interaction is determining the temperag
ture dependence of the magnetic susceptibility. Above 200
the in-plane magnetic susceptibility of £hing exhibits
Curie-Weiss behavior with a paramagnefiof —65 K, in-
dicating that antiferromagnetic exchange dominates the su
ceptibility. The low-temperature scaling parametgy is
nearly the same as the high-temperature paramagmetic
suggesting thal, reflects a combination of RKKY-driven
magnetic exchange possibly coupled with CEF interaction
The discrepancy between the thermal scaling energigs in
Ay, andQ. can be rectified if we assume that the electronic
free energy is the sum of terms that reflect separately th

ﬁ()fndg /Tand e;}<cha1r_1ge/ CEf'IZ t|n'[tiract|on£emtf1('l;1TK) netic susceptibility in this same temperature regime appears
2(T/Tmag), WhereT g reflects the aggregate influences to be controlled by magnetic exchange and CEF interactions.

of antiferromagnetic exchange and CEF interactions. Wltr;Above roughly 40 K single-impurity Kondo interactions be-

this_ electronic_free-er_lergy ansafz the m_agngtogtriction Sti&ome less important, only influencing the temperature depen-
varies quadratically with field. In the low-field limit the qua- 0,00 of the resistivity. In contrast, CEF effects dictate the
?ratmfmagrl\(etoztncnodn coefflctl'ent |shthe su.mt of Ct(.)nt”bu'thermal expansion and dominate the electronicrn®isen pa-
;onsﬂ rclm ondo anl tmhggne Ic exchange dlr;lerac 'cﬁ‘]ﬁ’ rameter in this same temperature regime. These results are
XK€k T Xmag{lmag. IN this expressiony andQy are the g jie gimilar to the thermodynamics of the single-layer com-
magnetic su_scept|b|I|ty and th_e electr_onlc Gets_en param- pound CeRhla Both compounds share similar CEF level
eter stemming from Kondo interactions, Whilgnag and  gopeme29.39 AEM order with similar ordering temperatures

{2agq are the corresponding.terms stemming from magneti%nd complexH-T phase diagrantsa heavy-electronic state
exchange and CEF interactions. The differing thermal Scalfhat grows in importance below 20 K, and pressure-induced

ing parameters evident in the measured(T), ¢(T), and superconductivity that appears to be mediated by spin

x(T) data indicate that while magnetic exchange and CERy, .y ations® While the thermodynamic analysis presented in
interactions dominate the susceptibility below roughly 40 Kithis paper only indirectly addresses the origins of energy

Kondo interactions domln.a_te the magnetosriction. For th'%caling behavior, such analysis is crucial in determining and
to pe trueQ)x must be significantly larger than the electronic untangling the important energy scales present in the
Gruneisen parameter associated with spin fluctuations. Thi&enRhlrb family of compounds

is borne out by the fact that observed electronic r@igen ntz '
parameters at low temperatures in Kondo systems are always
much larger than at higher temperatures where magnetic ex-
change and crystal-field interactions dictate thermodynamic

properties® This is certainly consistent with the sharp rise  We would like to thank J. Lawrence, A. Llobet, and M.

evident in the measured electronic @eisen parameter of Nicklas for useful discussions. This work was performed un-

The complex thermodynamic properties of,Qélng re-
ct the underlying interplay between magnetic exchange,
ondo, and symmetry-derived crystal-field interactions.
KKY interactions give rise to antiferromagnetic order be-
low 2.8 K with a reduced ordered moment and a complicated
H-T phase diagram. In the paramagnetic phase just above
SFN Kondo interactions produce a renormalized carrier-mass
state that strongly influences the specific-heat, magnetostric-
tion, and thermal expansion. The electronic” @isen pa-
rameter becomes quite large in this temperature regime, and
Sthe temperature dependence of b8thand the volume mag-
netostriction exhibit a characteristic energy scale that is com-
arable to the Kondo temperature as estimated from the
ommerfeld coefficient just abovig,. In contrast, the mag-
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