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Thermal expansion and magnetovolume effects in the heavy-fermion system Ce2RhIn8

A. Malinowski, M. F. Hundley, N. O. Moreno, P. G. Pagliuso,* J. L. Sarrao, and J. D. Thompson
Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

~Received 13 June 2003; published 20 November 2003!

We present the results of thermal expansiona(T), magnetostrictionl(H,T), and specific-heatCp(T)
measurements made on the heavy-fermion antiferromagnet Ce2RhIn8. The effects of magnetic order are clearly
evident as anomalies ina(T) at TN52.8 K and atTm51.65 K. Cp(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. BothCp /T anda/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 Gru¨neisen parameter which extrapolates toVe'48 asT→0, while the characteristic Kondo energy
is TK'10 K as determined from theCp /T ratio atTN . Above 20 Ka(T) is dominated by crystalline-electric-
field ~CEF! effects. The data are consistent with a CEF level scheme consisting of excitedG7

(1) andG6 doublets
lying 7166 K and 195610 K above aG7

(2) ground state. In the paramagnetic state (T.TN) the volume
magnetostriction follows a simple scaling law,l}@H/(T1Tl)#2. The scaling parameterTl55 K is consistent
with the Kondo temperature determined froma(T) andCp(T) data. Analysis ofl(H,T) data also indicates
that the magnetic and electronic energy scales associated with the Kondo state in Ce2RhIn8 are equivalent.
These thermodynamic data indicate that the physical properties of Ce2RhIn8 result from competition between
magnetic exchange, Kondo, and CEF interactions.

DOI: 10.1103/PhysRevB.68.184419 PACS number~s!: 75.80.1q, 71.27.1a, 65.40.De, 75.30.Kz
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I. INTRODUCTION

One of the most intriguing aspects of heavy-fermion~HF!
compounds is the broad spectrum of possible ground st
that they can exhibit. The ground state, by definition, ch
acterizes a system in the zero-temperature limit and as
influences its behavior mainly in the low-temperature regi
The excitations appearing at higher temperatures usu
complicate the relatively simple situation in the low-T region
where one energy scale usually dominates. In HF syste
however, it is the high-T region which is better understo
This is partly because of a good separation of energy sca
at least in the 4f compounds. As in the case of convention
lanthanide compounds, a clear hierarchy of ionic energ
found, starting from the Coulomb interaction between thf
electrons on the order of 10 eV, direct exchange coupl
spin-orbit interaction, and down to crystal-field effects typ
cally on the order of tens of meV~i.e., ;100 K).1 A clear
separation of the electrostatic repulsion among thef-shell
electrons and their spin-orbit coupling from the other en
gies leads to localized full-moment paramagnetism n
room temperature. At low temperatures, however, the m
netic behavior is much more complicated due to competit
between Kondo and the indirect exchange~Ruderman-Kittel-
Kasuya-Yosida, RKKY! interactions. The energy scales th
characterize these interactions are related to the excha
coupling strengthJ by kBTK;EFe21/N(EF)J and kBTN
;EFJ2, respectively, whereTK is the Kondo temperature
TN is the Néel temperature,N(EF) is the density of states a
the Fermi energyEF , andkB is the Boltzmann constant.2 Of
special interest are materials where these two energy sc
are not well separated, i.e., where both the Ne´el temperature
TN and the Kondo temperatureTK are of the same order o
magnitude. Some interesting deviations from the expec
behavior described by Doniach’s model2 were recently
0163-1829/2003/68~18!/184419~12!/$20.00 68 1844
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found, for instance, in Ce3Pt4In13.3 Additional examples of
materials whereTN;TK are CeRhIn5 and Ce2RhIn8, the
members of a new heavy-fermion family, CenMmIn3n12m ,
with M5Co, Rh, Ir;n51, 2; andm51.

Because of its crystal structure and magnetic propert
Ce2RhIn8 may be regarded as a magnetic hybrid betwe
CeIn3 and CeRhIn5.4 Ce2RhIn8 is a HF antiferromagnet with
TN52.8 K ~Ref. 5! that becomes a superconductor und
applied pressure of 1.63 GPa~the onset of zero resistivity
occurs atTC51.1 K).6 The high-temperature effective mag
netic moment, taken from the susceptibility data above 2
K, shows a small anisotropy and is almost equal to
Hund’s rule value for J55/2 Ce ion, i.e., 2.54mB /Ce
~namely, 2.53mB /Ce for magnetic field parallel toab plane
and 2.47mB /Ce for magnetic field parallel toc axis!.7 In the
temperature interval 55–130 K the resistivity is proportion
to 2 ln T, consistent with single-impurity Kondo behavior. A
around 4.5 Kr(T) exhibits a maximum, indicative of the
onset of coherence.8 The Sommerfeld constant fo
Ce2RhIn8 , g'400 mJ/mole-CeK2,5 is close to the value of
g for CeRhIn5 just above TN .9 This g value qualifies
Ce2RhIn8 as a HF compound, and it corresponds to a Kon
temperature10 that is the same order of magnitude asTN . As
with CeRhIn5, both TN and g decrease with the increasin
applied magnetic field~along the tetragonalc axis!,5 as one
can expect for a HF.11 While g for our n52 member of the
CenRhIn3n12 family is similar to that of then51 compound,
the ordered momentm050.55mB ~at T51.6 K)12 is very
close to that for CeIn3 (0.48mB–0.65mB),13 which can be
regard asn5` member of this family. The magnetic mo
ment of Ce2RhIn8 was found to point out from theab plane
by 52°.12 This ordered moment is smaller than for CeRhI5
~where m050.75 mB)14 suggesting that Kondo screenin
might be more effective in the less two dimension
Ce2RhIn8.
©2003 The American Physical Society19-1
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A. MALINOWSKI et al. PHYSICAL REVIEW B 68, 184419 ~2003!
In this paper we present the results of temperatu
dependent specific heat, anisotropic thermal expansion,
magnetostriction measurements on Ce2RhIn8 with the goal
of clarifying the role of competing energy scales in determ
ing this compound’s macroscopic properties. The magn
component of the Ce2RhIn8 thermal expansion,am(T), is
strongly anisotropic at all temperatures and exhibits the
fluence of crystalline-electric-field~CEF! levels above 15 K.
We use these data, in conjunction with anisotropic magn
susceptibility data, to estimate a CEF level scheme
Ce2RhIn8. The scheme is composed of two magnetic do
blets split from a doublet ground state by 70 and 195
respectively. Below 20 Kam(T) is influenced both by
Kondo renormalization and magnetic order. The electro
Grüneisen parameter rises sharply below 40 K, and
proaches a value of roughly 20 before the material ord
magnetically atTN . Magnetostriction data in the parama
netic state scale quadratically with applied field and theT
dependence is consistent with the Kondo energy scale d
mined from the enhanced Sommerfeld coefficient presen
the specific heatCp(T) just aboveTN . Thermal expansion
magnetostriction, specific heat, and resistivity data in the
tiferromagnetic~AFM! state show evidence for an addition
magnetic transition at 1.65 K that appears to be extrem
sensitive to applied pressure. In total, the field- a
temperature-dependent thermodynamic properties ofam(T)
are characteristic of a Kondo-compensated heavy-ferm
antiferromagnet with comparable magnetic and Kondo
ergy scales.

II. EXPERIMENT

Ce2RhIn8 samples used for thermal-expansion measu
ments were single crystals with dimensions 13132 mm3

that were grown with a flux technique.15 Ce2RhIn8 crystal-
izes in a quasi-two-dimensional tetragonal structure with
tice parameters at room temperature ofa54.665 Å andc
512.244 Å; no evidence for intergrowth of a CeRhIn5 phase
was found.6 The same technique was also used to grow
non-f -electron counterpart La2RhIn8, with lattice parameters
of a54.6780 Å andc512.346 Å.16 The dimensions of the
La2RhIn8 crystal used for thermal-expansion measureme
were 23232 mm3. With one formula unit per unit cell the
molar volume of our compounds is Vm58.02
31025 m3/mole-Ce in the case of Ce andVm58.14
31025 m3/mole-La in the case of La. Thermal-expansi
measurements were performed in the temperature range
1.4 to 300 K using an OFHC-copper capacitance dilatome
The capacitance was measured using a 1-kHz Ande
Hagerling 2500A capacitance bridge~resolution 1027 pF!.
For our 2-mm specimen a detection limit of about 0.03
corresponds to a relatived l / l resolution of roughly.1029.
The reported value of the linear thermal-expansion coe
cient,a[1/l (dl/dT), is corrected for cell effects, stemmin
from the thermal expansion of the copper cell.17 Sample tem-
peratures were determined with a Cernox tempera
sensor.18 To estimate the absolute accuracy of such obtai
values ofa we measured also a 4-mm-long cubic sample
pure aluminum. The deviations of experimental points fro
18441
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published data for aluminum17 are typically ;61
31027 K21 below 100 K. At higher temperatures the acc
racy of a is lower because of small temperature gradie
over the cell as well as thermal drifts present in our set
Deviations from the published data above 150 K can be
high as;6531027 K21 although typically they do not ex
ceed6331027 K21; this corresponds to roughly62% of
the measureda. To observe magnetovolume effects a ma
netic field of up to 3 T was applied parallel to theab plane
and the relative change of the sample’s length, both along
field direction and perpendicular to it, was measured. T
typical field sweep rate for magnetostriction measureme
was 26 mT/min and data points were taken with the fi
increasing and decreasing. Before each field sweep temp
ture was stabilized for 1–2 h and the capacitance signal
monitored to decrease the thermal drifts during the meas
ment. As a result the level of experimental uncertainty w
reduced, typically below 1.5% of the total sample-leng
change between 0 and 3 T. We combined thermal expan
and magnetostriction results with magnetic-susceptibi
data measured with a superconducting quantum interfere
device magnetometer and specific-heat data obtained w
Quantum-Design PPMS.

III. RESULTS

In Fig. 1 we show the linear thermal-expansion coefficie
of Ce2RhIn8 both in theab plane and along thec axis, as a
function of temperature forT.4 K. To estimate the lattice
contribution to the Ce2RhIn8 thermal expansion we mea
sured its nonmagnetic analog, La2RhIn8 ~the conduction-
electron contribution to the expansion coefficient
La2RhIn8 can be neglected!. As can be seen in Fig. 1,a(T)

FIG. 1. The linear thermal expansion coefficients for Ce2RhIn8

~open circles! and La2RhIn8 ~solid triangles! for temperaturesT
above 4 K~a! in the ab plane, and~b! along thec axis. Solid lines
correspond to the magnetic thermal expansion coefficients (am

ab and
am

c ) obtained by subtracting the La data from the Ce data.
9-2
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THERMAL EXPANSION AND MAGNETOVOLUME EFFECTS . . . PHYSICAL REVIEW B 68, 184419 ~2003!
for La2RhIn8 displays temperature behavior typical for no
mal metals, decreasing smoothly with decreasing temp
ture. Only a small anisotropy exists between thec-axis (ac)
andab-plane (aab) data—at room temperatureac is larger
thanaab by only 8%. The volume thermal-expansion coef
cient b of La2RhIn8 calculated for tetragonal symmetry a
b52aab1ac , can be fitted well with the Debye model. Th
Debye temperatureuD for which we obtain the best fit in the
range 9–300 K is equal to 185 K and comparable with t
obtained from fits to La2RhIn8 specific-heat data in the sam
temperature range~189 K!. uD estimated froma1T1a2T3

specific-heat fits at temperatures below 4 K is 147 K; the
difference comes from well-known limitations of the Deb
model.19

The thermal expansion for Ce2RhIn8 (aCe) is much more
anisotropic than is the case for La2RhIn8 (aLa). In the ab
plane there is no detectable influence off electrons down to
120 K @see Fig. 1~a!#, i.e., the values ofaCe and aLa are
almost equal. Below 120 K bothaCe and aLa start to de-
crease much more rapidly with decreasing temperature
at higher temperatures, butaCe is larger thanaLa . This
clearly indicates the appearance of an additional contribu
to aCe beyond that due to the lattice. Along thec axis @Fig.
1~b!# the temperature behavior ofaCe is more complicated.
At room temperatureaCe is slightly higher thanaLa and this
situation persists down to roughly 55 K. At roughly 80 KaCe
starts to decrease more rapidly thanaLa . Below 55 KaCe is
smaller thanaLa . aCe exhibits a negative minimum near 2

FIG. 2. The two magnetic transitions atTN52.8 K and Tm

51.65 K probed by three different techniques; from top to botto
thermal expansivity, specific heat, and resistivity. The specific-h
measurements shown here were made on a small sample wit
mensions 23130.3 mm3, not sufficient for thermal-expansio
measurements.
18441
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K followed by an upturn towards positive values at low
temperatures. Two distinct features are present in the m
netic Ce2RhIn8 thermal-expansion contribution,amag5aCe
2aLa : along theab plane there is a positive peak with
maximum near 30 K, while along thec axis there is an analo
gous negative peak centered at almost the same temper
~28 K!. Both peaks can be attributed to crystal-field effec
as we will show later.

In the low-temperature region~see Fig. 2!, in addition to
the antiferromagnetic transition atTN52.8 K,20 aCe also
shows evidence for a second magnetic transition atTm
51.65 K. This feature is clearly seen in three independ
datasets made with quite different techniques: thermal
pansivity, specific heat, and resistivity. The thermal exp
sivity data depicted in Fig. 2 show that in the paramagne
regime (T.2.8 K) Ce2RhIn8 shrinks with decreasing tem
perature both along thec axis and within theab plane. At the
Néel temperature Ce2RhIn8 stops shrinking and it expand
very slowly in theab plane and at a faster rate along thec
axis. At Tm51.65 K Ce2RhIn8 begins to expand even faste
in both directions. Both magnetic transitions atTN and Tm
are clearly seen as cusps in the specific-heat data. Curio
while TN is marked only as a subtle change in the slope
r(T), the change atTm is far more dramatic.

To see how a magnetic field changes the transition te
peratureTm we measured the magnetostriction in seve
fields to 3 T, applied in theab plane. Because of the tetrag
onal symmetry of Ce2RhIn8 the volume magnetostriction
lV[DV/V0, is determined by measuring the linear magn

:
at
di-

FIG. 3. Magnetostrictionl5D l / l B50 for a magnetic field ap-
plied in theab plane at 1.8 K~a! and 10 K~b!. Dotted lines depict
the magnetostriction measured along thec axis (lc), while dashed
and dash-dotted lines correspond to in-plane magnetostriction m
sured perpendicular (lab') and parallel (labi) to the applied field,
respectively. The overall volume magnetostrictionDV/V05lc

1lab'1labi is depicted by the solid line.
9-3
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A. MALINOWSKI et al. PHYSICAL REVIEW B 68, 184419 ~2003!
tostriction,l[D l / l 0, along theab plane both parallel to the
applied field,labi , and perpendicular to it,lab' . The rep-
resentative magnetostriction curves at 1.8 K are shown
Fig. 3~a!. Along the applied field direction (D l iB) the
sample contracts but the final volume magnetostriction,
culated aslV5labi1lab'1lc , is positive, because th
sample expands perpendicularly to the field. The critical fi
Bcr defined as the maximum in the derivativedlV /dB in-
creases with increasing temperature above 1.6 K. Its va
Bcr(T) agree well with those obtained from magnetoresit
ity measurements.8

In the paramagnetic region (T.TN) an applied field in
theab plane also acts to contract the sample in the direc
of the field (labi is negative! while expanding it in the per-
pendicular directions, both in theab plane and along thec
axis (lab' andlc are positive!—the data are shown in Fig
3~b!. This suggests that the direction of the field is mo
important than crystal symmetry in determining the mag
tostriction. The paramagnetic magnetostriction was meas
at 3, 3.5, 5, 10, 15, and 20 K. The volume magnetostrictio
positive and proportional toB2, as one can expect for
paramagnet.21 The amplitude of the volume magnetostrictio
increases with increasing temperature up to 5 K, while ab
5 K it starts to decrease.

IV. DISCUSSION

In the following section we will describe the rich therm
dynamics of Ce2RhIn8 by separating the different effect
coming from Kondo, RKKY, and CEF interactions. First w
concentrate on the magnetic transition found atTm
51.65 K, show how it is influenced by magnetic field, a
predict the pressure dependence of bothTm andTN . Next, in
Sec. IV B, we examine the strong competition between m
netic and Kondo interactions in the ordered state, belowTN ,
clearly seen in the specific-heat data. In Sec. IV C we fo
on still higher temperatures where CEF effects dominate
careful analysis of the thermal-expansion data allows u
estimate the CEF levels splittings. Section IV D is devoted
the Grüneisen analysis ofa(T) and Cp . Calculating the
electronic Gru¨neisen parameter allows an estimate of the v
ume dependence of the characteristic temperatures foun
the previous subsections and confirms the Kondo-dri
mass renormalization at low temperatures in Ce2RhIn8. Fi-
nally, in Sec. IV E, we expand the Gru¨neisen analysis to
include a magnetic-field scaling parameter. We calculate
magnetic Gru¨neisen parameter from the magnetostricti
data in the paramagnetic state to check whether the mag
and thermal energy scales are equivalent in Ce2RhIn8. We
also show that the magnetostriction in the paramagnetic s
follows a simple scaling law, originating from general the
modynamics.

A. Two magnetic transitions and the magnetic phase diagram

Before focusing on the competition between Kondo a
RKKY-mediated magnetic interactions in Ce2RhIn8, we will
first examine the magnetic phase diagram. Below 5 K two
magnetic transitions are clearly evident in the thermal exp
18441
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sion, specific-heat, and resistivity data presented in Fig
The data in Fig. 2 indicate that the sample length var
continuously across both transitions. The entropy, obtai
by integratingCp /T versus temperature, also appears to
continuous across both transitions. The variation of the v
ume thermal expansionb(T) in the vicinity of the two mag-
netic transitions is shown in Fig. 4. The steplike feature atTN
in b(T) and the mean-field-like anomaly inCp(T) at the
same temperature are consistent with a second-o
magnetic-phase transition. The thermodynamic nature of
transition atTm is less clear. The sharp feature inb(T) near
Tm suggests that this is a first-order transition whereas
absence of any latent heat in the specific-heat data sugg
instead that this is a second-order transition. This incon
tency could stem from the fact that the lower transition
extremely pressure dependent. Recent pressure-depe
measurements ofTm give a pressure derivativedTm /dp
524.361.5 K/kbar, a value that is roughly 60 times bigg
than the pressure dependence of the transition atTN
(dTN /dp5276 mK/kbar).6 The very large pressure depe
dence of the lower transition temperature means that
transition will be very sensitive to any external or intern
strain. The specific-heat signature of the lower transition
extremely sample dependent, with some samples exhibiti
weak ~or undetectable! anomaly at 1.65 K.5 In comparison,
the specific-heat signature associated with the transitio
TN shows no sample-to-sample variation. These facts sug
that the phase transition atTm could be a first-order transition
that is broadened by internal strain. Recent preliminary d
fraction measurements confirm that strain is present
Ce2RhIn8.22

In determining the thermodynamic nature of a phase tr
sition it is useful to compare predicted and experimental v
ues of the transition-temperature pressure derivatives.
Clausius-Clapeyron equation and the Ehrenfest relation
equatedTc /dp to the changes in thermodynamic variabl
that occur at a first- and second-order transition, respectiv
The Clausius-Clapeyron equation relatesdTc /dp to the vol-
ume changeDV and entropy changeDS that occur at a first-
order transition:

FIG. 4. The linear~open symbols! and volume expansion~solid
symbols! coefficients for Ce2RhIn8 in the vicinity of the magnetic
transitions. The dashed line indicates the interpolation used to
culate the jump inb at TN andTm .
9-4
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THERMAL EXPANSION AND MAGNETOVOLUME EFFECTS . . . PHYSICAL REVIEW B 68, 184419 ~2003!
dTc

dp
5

DV

DS
. ~1!

The Ehrenfest relationship relatesdTc /dp to the changes in
the volume thermal expansion,Db, and heat capacity,DCp ,
that occur at a second-order transition:

dTc

dp
5VmTc

Db

DCp
, ~2!

where Vm is the molar volume. To calculate the pressu
derivatives of both transition temperatures,TN and Tm , we
use values ofDCp andDS measured on the same sample th
was used in making our thermal-expansion measureme
For the upper~second-order! transition DCp(TN)522.7
60.4 J/mole-Ce K. The dashed line in Fig. 4 indicates
interpolation used to calculate the jump inb at TN . The
Ehrenfest estimate for the upper transitiondTN /dp5273
617 mK/kbar is in good agreement with that found in t
hydrostatic pressure measurements where the initial s
dTN /dp was estimated to be276 mK/kbar.6 For the lower
transition an estimate forDV and DS can be obtained by
integrating the anomalies centered at 1.65 K inb andCp /T,
respectively; the experimental values for these quanti
(DV522.260.4310210 m3/mole-Ce and DS54.2
60.7 mJ/mole-Ce K! can be combined with the Clausiu
Clapeyron equation to estimate the pressure derivative
Tm . The pressure derivative so determined (dTm /dp
525.261.3 K/kbar) is in reasonable agreement with t
experimental value ofdTm /dp524.361.5 K/kbar.6 Given
the large uncertainty in thesedTm /dp values, it would be
wrong to conclude that the similarity in the measured a
calculated pressure-derivative values proves that the tra
tion atTm is first order. At most, we can say that the therm
expansion, specific-heat, and pressure-dependent trans
temperature measurements are consistent with the pres
of a strained first-order magnetic transition atTm .

FIG. 5. The magnetovolume effect as a function of field in t
magnetically ordered state for Ce2RhIn8. The magnetic phase dia
gram is shown in the inset. The phase diagram is composed
magnetoresistance data8 ~open circles!, constant-B thermal-
expansion data~solid diamonds!, and constant-T magnetovolume
measurements~solid triangles!.
18441
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To clarify the influence of an applied magnetic field o
the lower transition temperatureTm , thermal expansion a
constantB and magnetostriction at constantT were mea-
sured. The linear magnetostriction along all three directio
(lc , labi , and lab') displays large slope changes at t
fields above 1 T, as is shown for example forT51.8 K in
Fig. 3~a!. As shown in Fig. 5, the volume magnetostriction
positive in the magnetically ordered state. The critical fie
valueBcr taken as the points where]lV /]B is a maximum,
together with the values of critical temperatureTcr , where
the sharp feature in thea(T) curves occurs, can be combine
to construct a magnetic phase diagram forB< 3 T; this
phase diagram is shown in the inset of Fig. 5. These po
collapse very well on the phase diagram boundaries obta
from magnetoresitivity measurements.8 Bcr is essentiallyT
independent below 1.7 K, while it rises with increasing te
perature above this point. The critical temperature does
depend on the field up to 1.5 T and it starts to increase w
increasing field above 1.5 T. Preliminary magnetotransp8

and neutron-diffraction measurements23 suggest that mag
netic phases II and III~see the inset in Fig. 5! are only
slightly altered from the antiferromagnetic incommensurat23

phase I, with the transition from phase I to II involving th
development of a commensurate component.

B. RKKY and Kondo interactions

Strong competition between magnetic exchange
Kondo interactions will occur in any compound in which th
magnetic ordering temperatureTN is comparable to the
Kondo energy scaleTK . The electronic contribution to the
specific-heat of Ce2RhIn8 just above TN approachesg
5400 mJ/mole-Ce K2.9 The Sommerfeld coefficient is stil
quite large in the magnetic ground state~the zero-
temperature limit of the electronic specific-heat coefficien
g05370 mJ/mole-Ce K2).5 These largeg values categorize
Ce2RhIn8 as a heavy-fermion compound. Within the fram
work of the Coqblin-Schrieffer model24 the large renormal-
ized g in the paramagnetic state just aboveTN corresponds
to a Kondo scaleTK'10 K.10 Further evidence for a Kondo
compensated magnetic state is provided by the reduced
dered moment (m0'0.55mB) evident belowTN and the lim-
ited magnetic entropy liberated at the ordering tempera
(S'30% of R ln2 at TN). The full R ln2 entropy associated
with the doublet ground state is only achieved when
specific-heat data are integrated up to roughly 20 K, indic
ing that the low-temperature thermodynamics of Ce2RhIn8 is
characteristic of overlapping Kondo and RKKY interaction

The Kondo-compensated magnetic states in the si
compounds Ce2RhIn8 and CeRhIn5 are quite similar but also
display some important differences. Both compounds or
magnetically with Neel temperatures of 2.8 and 3.8 K,
spectively, and they both have low-temperatu
paramagnetic-state Sommerfeld coefficient of roughly 4
mJ/mole-Ce K2.9 The ordered magnetic moment for bo
compounds is roughly (0.6560.1)mB .12,14Magnetic entropy
calculations based on specific-heat data indicate that o
30% of the doublet ground-state entropy is liberated atTN in
both compounds; the remaining ground-state entropy res

m

9-5



-
ila

o
a

th

th

th
o

su
te

t

c
-
ve

of
do
el
e
e

in
th
-

ha

d

n

-
pling

cta-
-

pec-

e
sion

of
in

ing
it a
rds

ct
uali-
ing
rac-
es
the

effi-

tic
ng
unc-

d-

g-

tity
-
can

ion

o

-
ter

up
t in

A. MALINOWSKI et al. PHYSICAL REVIEW B 68, 184419 ~2003!
in the Kondo-induced rise inC/T that occurs in both com
pounds below 20 K. Both compounds also share a sim
CEF level scheme~see below!. Differences between the
compounds only become apparent below their respective
dering temperatures. While most of the enhanced param
netic Sommerfeld coefficient is still present belowTN in
Ce2RhIn8, 85% of the large paramagneticg in CeRhIn5 is
eliminated in the ordered state (g0556 mJ/mole-Ce K2) due
to the formation of a spin-density wave that gaps most of
Fermi surface.5 In addition, theT3 magnon contribution to
the T,TN specific-heat in Ce2RhIn8 is roughly five times
larger than that of CeRhIn5. The similarities in the ordered
moments, the paramagnetic Sommerfeld coefficients,
magnetic entropy liberated atTN , and the RKKY and Kondo
energy scales indicate that the thermodynamics of
Kondo-compensated ground states are quite similar in b
compounds, while any differences reside in the details
rounding their respective magnetically ordered ground sta
The drastic difference in the residual resistivityr0 values (r0
of Ce2RhIn8 is over 100 times larger than that of CeRhIn5)
was recently suggested to be caused by the difference in
crystallographic structure~namely, the buckling of the
Rh-In3 layer in Ce2RhIn8) rather than by the magneti
effects.16 Similar differences inr0 are also observed in non
magnetic analogs where the buckling of Rh atom is e
bigger.16

C. Crystal-field effects

Above roughly 20 K the thermodynamic properties
Ce2RhIn8 are no longer dictated by magnetic order or Kon
renormalization, but are instead dominated by crystal-fi
effects. Clear evidence for this is found in the magnetic th
mal expansion data shown in Fig. 1. The broad peaks c
tered at roughly 30 K in botham

ab andam
c are characteristic

of CEF effects observed in manyf-electron systems.25

Ce2RhIn8’s CEF scheme can be determined by analyz
these anisotropic thermal-expansion coefficients within
context of a point-charge model.26 In the presence of tetrag
onal crystal symmetry the Ce31 J55/2 multiplet splits into
three doublets with angular-momentum wave functions t
are a mixture of spin statesu1/2&, u3/2&, andu5/2&:27

G7
(1)5hu65/2&1A~12h2!u73/2&,

G7
(2)5A~12h2!u65/2&2hu73/2&,

G65u61/2&, ~3!

whereh is a mixing constant that can range between 0 an
Following the work of Morinet al.28 and Lacerdaet al.25 the
thermal-expansion coefficients for a system with tetrago
symmetry are

am
c 5~C11A2C2! f CEF~T!, ~4a!

am
ab5S C12

1

A2
C2D f CEF~T!, ~4b!
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where the coefficientsC1 andC2 areT-independent param
eters related to elastic constants and magnetoelastic cou
parameters. The functionf CEF(T) in Eqs.~4! is the tempera-
ture derivative of the Stevens quadrupolar operator expe
tion value f CEF(T)5d^O2

0&/dT. With the eigenstates appro
priate for tetragonal symmetry@listed in Eqs. ~3!#, the
temperature-dependent Stevens quadrupolar operator ex
tation value is given by

^O2
0&~T!5

1012~6h221!e2D1 /kBT28e2D2 /kBT212h2

11e2D1 /kBT1e2D2 /kBT
,

~5!

wherekB is the Boltzmann constant,D1 is the energy split-
ting between theG7

(1) and G7
(2) states, andD2 is the energy

splitting between theG6 andG7
(2) states. For the point-charg

model the temperature dependence of the thermal-expan
coefficients is wholly contained within the functionf CEF(T).
As such the model predicts thatam

ab and am
c should only

differ in the multiplicative constants that appear in front
f CEF(T). In comparing this prediction to the data shown
Fig. 1, it appears thatam

ab and am
c both exhibit much the

same temperature dependence while differing only in hav
prefactors that are of opposite sign. Both quantities exhib
broad peak centered near 30 K and gradually tail off towa
zero above 100 K. The presence of a modest peak inam

c at
roughly 75 K that is not evident inam

ab indicates that the
point-charge prediction is not entirely borne out. The fa
that there is some difference between the data and the q
tative predictions of the point-charge model is not surpris
given the presence of itinerate electrons and Kondo inte
tions in Ce2RhIn8. Nonetheless, the point-charge model do
appear to capture the general features present in
temperature-dependent magnetic thermal-expansion co
cients in both directions.

Determining the CEF level scheme from magne
thermal-expansion coefficients amounts to fitti
temperature-dependent thermal-expansion data to the f
tion f CEF(T) in order to estimate the parametersD1 , D2, and
h. In fitting the magnetic thermal-expansion data, it is a
vantageous to fit a physical quantity that combines botham

ab

andam
c . For weakly anisotropic materials the volume ma

netic thermal-expansion coefficientbm52am
ab1am

c is the
quantity of choice. For Ce2RhIn8 am

ab and am
c are nearly

equal but of opposite sign, so that the experimental quan
bm is small, dominated byam

ab and suffers from large experi
mental error. As such, a more accurate CEF level scheme
be determined by fitting the anisotropic thermal-expans
parameter defined asaaniso[am

c 2(1/3)bm5(2/3)(am
c

2am
ab). aaniso is defined in such a way that it will be zer

for an isotropic system~i.e., for am
c 5am

ab aaniso50). In
terms of the thermal functionf CEF(T) and the constants de
fined in Eqs.~4! the anisotropic thermal-expansion parame
is

aaniso~T!5A2C2f CEF~T!. ~6!

The anisotropy inherent in the wave functions that make
the CEF levels give rise to the strong anisotropy eviden
9-6
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the magnetic thermal-expansion coefficients. Hen
aaniso(T) data contain more information about the CEF le
els than dobm(T) data, so fitting the anisotropic paramet
produces a more reliable CEF level scheme.

To obtain the most accurate CEF level scheme wesimul-
taneouslyfit aaniso(T) and the in-plane and out-of-plan
magnetic susceptibilityxab(T) andxc(T). The susceptibility
is fit to the formula

x215xCEF
21 2l, ~7!

wherexCEF is the susceptibility of the CEF levels in tetra
onal symmetry,27 and l is a phenomenological molecula
field constant that is included to account for magnetic
change effects. The level scheme that provides the best
aaniso(T) andx(T) simultaneously in the temperature ran
from 15 to 300 K consists of au3/2&-rich G7

(2) ground state, a
u5/2&-rich G7

(1) first excited state, and a highest-lyingG6

state. The energy splittings of the levels areD157166 K
andD25195610 K ~note thatD2 corresponds to the energ
splitting between the ground-state doublet and theG6 level!.
The mixing parameter and molecular-exchange constant
h50.8560.02 and l523063 mole/emu, respectively
This level scheme is very similar to the scheme determi
for CeRhIn5 by inelastic neutron-scattering measurement29

The fits to the Ce2RhIn8 aaniso, xab , andxc data utilizing
these parameters are depicted in Fig. 6. The CEF param
provide an excellent fit to the experimentala(T) data; in
particular, the negative peak at 30 K and the broad maxim
at 100 K are both fit quite well. The agreement between
experimental susceptibility data and the fits are also g

FIG. 6. The anisotropic thermal expansion coefficientaaniso

plotted as a function of temperature. Measured values are den
by open circles while the solid lines show the calculatedaaniso

based on Eqs.~5! and ~6! with D1571 K, D25195 K, and h
50.85. The inset compares the measuredab plane~diamonds! and
c axis ~circles! magnetic susceptibility with the fits~solid lines! to
Eq. ~7! with an isotropic molecular-field constantl5230
mole/emu and the CEF parameters listed above. The units fo
susceptibility axis are 1023 emu/mole-Ce.
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above 50 K. The molecular-field constant contributes to
inverse ofx as (TK1TN)/CJ55/2 at high temperatures. With
TN52.8 K andCJ55/250.80 emu/(K mole), thel value ob-
tained from the fit corresponds to a ‘‘high-temperatur
Kondo temperatureTK'21 K. This is very similar to the
‘‘low- T’’ Kondo temperature established fromC/T data near
TN . The x fits deviate from the data below 50 K in bot
directions in a manner similar to that of CeRhIn5 when CEF
parameters found from the neutron-scattering measurem
are used to fit susceptibility data.29,30 This deviation stems
from the fact that the fitting model utilized to produce th
susceptibility fits@Eq. ~7!# does not fully account for the
influence of Kondo interactions on the CEF-derived ani
tropic magnetic susceptibility. The fits to the Ce2RhIn8 sus-
ceptibility can be improved, particularly below 50 K, by em
ploying anisotropic exchange parameters, but it is unclea
the resultinglab andlc parameters are anything more tha
curve-fitting parameters that mimic a more sophisticated
croscopic description of the CEF susceptibility in the pre
ence of Kondo interactions. Although this approach can
prove thex(T) fits, it does not change the CEF level schem
or the energy splitting therein.31

When comparing the CEF level schemes for CeIn3,32

CeRhIn5,29 and Ce2RhIn8, a smooth evolution fromn5` to
n51 member of the CenRhIn3n12 family can be clearly
seen. The ground-state wave function in each compound
mixture of u5/2& andu3/2& states. The fourfold degenerateG8
state in cubic CeIn3 ~135 K above the ground-state level!32 is
split into two doublets,G7

(2) andG6, in the tetragonal sym-
metry of the surrounding ions in Ce2RhIn8 and CeRhIn5.
While D1 is practically the same in both these compoun
the energy splitting between the ground state and the sec
energetic level,D2, increases by about 40% when goin
from Ce2RhIn8 to the more two dimensional CeRhIn5. A
similar trend was observed in the isostrucutural antifer
magnetic non-Kondo systems NdnM In3n12 (M5Rh,Ir; n
51,2!.33

D. Electronic Grüneisen parameter

By combining thermal-expansion and specific-heat data
calculate the electronic Gru¨neisen parameter, it is possible
more clearly determine the thermodynamic character of
various interaction mechanisms present in Ce2RhIn8. The
total Grüneisen parameter,VT , defined by

VT5VmBT

b

CV
, ~8!

links the volume thermal-expansion coefficientb and the
constant-volume specific heatCV . In Eq.~8! Vm is the molar
volume andBT is the isothermal bulk modulus. The Gru¨n-
eisen parameter defined in Eq.~8! encompasses all thermo
dynamic contributions tob andCV . In an f-electron system
these contributions will come from conventional phonon e
citations, Kondo interactions, crystal-field excitations, a
magnetic-exchange~RKKY ! interactions. If each such inter
action makes a contributionCi to the total specific heatCT

ted

he
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5(iCi , the Grüneisen parameters stemming from each int
actionV i are related to the total Gru¨neisen parameter by34

VT5
1

CT
(

i
V iCi . ~9!

The power of Gru¨neisen analysis lies with the fact that th
Grüneisen parameter related to a particular interaction
measure of that interaction’s volume dependence. Thi
clear from the definition of the Gru¨neisen parameter,

V i52
V

Ui

]Ui

]V
, ~10!

whereUi is an energy scale parameter that characterizes
interaction in question, andV is the system volume. Ex
amples of various interaction mechanisms and their ass
ated energy scale parameter include~1! lattice excitations
where the relevant scale parameter would be a phonon
quency v0; ~2! conventional electronic excitations at th
Fermi energy,EF , where the relevant scale parameter is
Fermi-energy density of statesN(EF); ~3! the Kondo inter-
action with the Kondo temperatureTK acting as the scale
parameter; ~4! crystal-field excitations with the level
splitting energy acting as the scale parameter; and~5! mag-
netic interactions with the magnetic ordering temperat
acting as the scale parameter. The Gru¨neisen parameter in
nonmagnetic system is quite small (V'1 to 2! because pho-
non frequencies and the Fermi-energy density of states
weakly volume dependent; the free-electron Gru¨neisen pa-
rameter, as determined from the volume derivative of
N(EF), is V52/3. In comparison, heavy-fermion system
have a very large Gru¨neisen parameter because the unde
ing Kondo interaction is strongly volume-dependent.
simple estimate of the Gru¨neisen parameter of a Kondo sy

FIG. 7. The electronicVe ~open circles! and magneticVH ~solid
diamonds! Grüneisen parameters plotted as a function of tempe
ture for Ce2RhIn8. The error bar at 40 K depicts the representat
estimated error forVe . The error bar atT515 K shows error con-
nected withVH . ~Ref. 43! In the inset the total volume therma
expansion is plotted asb/T vs T2 for both Ce2RhIn8 ~circles! and
La2RhIn8 ~triangles!.
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tem can be made by combining an expression for the Ko
temperature with one that enumerates the relationship
tween the magnetic exchange constant and unit-cell volu
For a spin-1/2 Kondo impurity in a metallic host,TK
5(EF /kB)exp@21/uJuN(EF)#, whereJ is the magnetic ex-
change constant; the magnetic exchange constant is re
to the unit-cell volume byuJu5uJ0uV2n. The resulting Gru¨n-
eisen parameter isV5n ln(kBTK /EF). With a 10 K Kondo
temperature, a 1 eVFermi energy, andn56,35 the estimated
Grüneisen parameter will beV542, a value much large
than that of a free-electron system.

The many-body Kondo interactions that produce the
hanced electronic specific-heat contribution below 20 K
Ce2RhIn8 also enhance significantly the thermal-expans
coefficient in the same temperature range. The lo
temperature volume thermal-expansion coefficient is
pected to follow the same Debye-model temperature dep
dence as the specific heat,

b5a1T1a2T3, ~11!

wherea1 anda2 are the constants that characterize electro
and lattice contributions, respectively.36 The volume thermal-
expansion coefficients of both Ce2RhIn8 and La2RhIn8 are
plotted asb/T versusT2 in the inset to Fig. 7. The La2RhIn8
data exhibit the expected Debyelike linear behavior with
constant slope and a very small intercept. In comparison,
Ce2RhIn8 data differ markedly from the expected Debye b
havior; b/T rises rapidly below 15 K, and reaches a ma
mum value just above the point where magnetic order p
duces a sharp drop in the data. The La2RhIn8 data indicate
that the lattice contribution is small and entirely conve
tional, so that the rise in the Ce2RhIn8 data must be associ
ated with the electronic thermal-expansion coefficienta1.
The maximum value ofb/T corresponds to a linear coeffi
cienta1'431027 K22. This value is comparable to that o
the moderately heavy compounds CeBe13 (a152.7
31027 K22 , g5155 mJ/mole K2)37 and UAl2 (a151.0
31026 K22, g5133 mJ/mole K2),38 but it is small com-
pared to heavily mass-renormalized systems such as C3
(a1521.331024 K22, g51.5 J/mole K2)39 and CeCu2Si2
(a15931026 K22, g51.0 J/mole K2).40 Ce2RhIn8’s en-
hanced electronic thermal-expansion coefficient is consis
with the enhanced Sommerfeld coefficient (g
'400 mJ/mole K2), evident inC/T data aboveTN . The en-
hancement of both parameters is a clear indication that
carrier mass in Ce2RhIn8 is Kondo renormalized below 20
K.

The renormalized heavy-fermion state usually exhibits
anomalously large electronic Gru¨neisen parameter as wel
The electronic Gru¨neisen parameterVe can be determined
from the magnetic contributions to the specific heatCm and
volume thermal expansionbm .41 The magnetic contributions
to b andCp are determined by subtracting La2RhIn8 thermal
expansion or specific-heat data from the appropri
Ce2RhIn8 data. The electronic Gru¨neisen parameter is relate
to magnetic contributions to the thermal expansion a
specific-heat by

-
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Ve5VmBT

bm

Cm
, ~12!

where Ve encompasses all thermodynamic interactio
~CEF, Kondo, and magnetic exchange! that are not present in
the nonmagnetic La2RhIn8 compound. The temperature
dependent electronic Gru¨neisen parameter for Ce2RhIn8 is
plotted in Fig. 7; for purposes of determiningVel , the bulk
modulus of CeRhIn5 (BT5780 kbar) was used in th
calculations.42 Ve at 200 K is roughly 2, a value that is onl
slightly higher than the free-electron value of 2/3. As t
temperature drops below 200 K,Ve gradually rises, plateau
below 100 K, and rises sharply below 40 K. The rise inVe
below 40 K is consistent with a Kondo-derived enhancem
of the carrier mass that is evident in specific-heat a
thermal-expansion data. The data in the temperature ran
to 40 K vary with T as Ve5a/(T1TV), with TV56.0
60.5 K anda529067. The scaling temperatureTV is simi-
lar to the Kondo temperature estimated from the Sommer
coefficient atTN . The peak at;8.5 K and the subsequen
drop at lower temperatures are presumably connected
the influence of magnetic order. Assuming that without m
netic ordering the scaling function forVe from the range 8 to
40 K would be valid down to 0 K an extrapolation ofVe
produces aT50 electronic Gru¨neisen parameter ofVh f
[Ve(T→0)5a/TV54866, quite close to our simple est
mation of Ve (;42) for a heavy-fermion system withTK
510 K. This value is more than an order of magnitu
greater than that of a normal metal.44 Thus, whileg is en-
hanced by a factor of more than 100 relative to that o
normal metal, the electronic component of the thermal
pansion coefficient is enhanced by another order of ma
tude. Ce2RhIn8’s extrapolatedT50 electronic Gru¨neisen pa-
rameter is of the same order of magnitude as that of
heavy-electron compounds CeBe13 (Vh f;17),37 UAl2
(Vh f;20),38 URu2Si2 (Vh f;25),45 and CeCu2Si2 (Vh f
;54),46 but is small compared to that of CeAl3 (Vh f
;2200)47 and CeRu2Si2 (Vh f;190).25

The estimatedVh f value can be used to calculate the pre
sure dependence of the Sommerfeld coefficient,dg/dp. Us-
ing once again the bulk modulus for CeRhIn5

42 we can pre-
dict as a first approximation that the linear term in t
specific-heat decreases with pressure at the rate equ
dg/dT52(1/BT)Vh fg5225 mJ/mole-Ce K2/kbar, i.e.,
.26% of g per kbar. This value is quite similar to the ra
for CeCu6 (;28%)48,49 and much smaller than fo
CeRu2Si2, where the largeVh f5190 implies a large
dg/dT5219% of g per kbar.25

Given the CEF level scheme outlined in the preced
section, crystalline-electric-field excitations should dicta
the magnetic and temperature dependences ofVe above
roughly 40 K. When a single excitation dominates the th
modynamics of a system within a given temperature ra
the measured electronic Gru¨neisen parameter will be a re
flection of that dominant mechanism. The plateau betw
40 and 90 K inVe and the gradual drop inVe above 100 K
must then reflect CEF effects. As such, the Gru¨neisen param-
eter associated with CEF excitations appears to achiev
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maximum value ofVCEF'6 below 80 K. The pressure de
pendence of the CEF energy splitting parameterD1 can be
determined fromdD1 /dp5D1VCEF /BT . The estimated rate
is small (dD1 /dp'0.6 K/kbar), corresponding to a relativ
sensitivity of only 0.8% per kbar of pressure. Although t
scatter in theVe data above 100 K precludes a determinati
of dD2 /dp it is clear that this quantity will also be positive
Within the framework of a point-charge modelD is inversely
proportional to the interatomic distance, so these posi
values fordD/dp are not surprising. In some heavy-fermio
systems electron screening can lead to a pressure-ind
decrease inD,50 as is the case for CeRu2Si2.25

E. Magnetostriction and competing energy scales

A careful analysis of the anomalously large magnetost
tion exhibited by Ce2RhIn8 in the paramagnetic regime ca
provide important insights into the thermodynamic nature
the competing interactions that are present in this compou
The 10 K volume magnetostriction data shown in Fig. 3~b!
vary quadratically with the applied field, are positive, a
correspond to a one-part in 106 change in the sample volum
in 3 T. This large sample volume change in the presence
an applied field is tied to the close connection between
Kondo interaction and unit-cell volume. An expression th
relates a paramagnet’s volume magnetostriction to key ph
cal quantities can be obtained by combining the Maxw
relation ]V/]H52]M /]p with the definition of the bulk
modulus,BT52V]p/]V. For a paramagnet (x5M /H) the
volume magnetostriction varies withH aslV5SVH2, where
the magnetostriction coefficientSV is given by

SV5
1

2BT

]x

]V
. ~13!

FIG. 8. Paramagnetic volume magnetostriction field swe
plotted as a function ofB2 for T53, 3.5, 5, 10, 15, and 20 K. The
data at 10, 15, and 20 K are plotted in the inset as a function of
scaling parameter@B/(T1Tl)#2, whereTl5561 K. The error bar
shows estimated error connected with the value oflV(B53 T) at
10 K.
9-9
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A. MALINOWSKI et al. PHYSICAL REVIEW B 68, 184419 ~2003!
A simple calculation of the estimated magnetostriction
copper yields a coefficientSV54310211 T22; this magne-
tostriction corresponds to a length change for a 1-mm-lo
sample in 10 T of only 0.01 Å, a quantity that is too small
measure even with a carefully designed capacitive dilato
eter. In comparison, the 10 K Ce2RhIn8 magnetostriction
data in Fig. 3~b! correspond to a volume magnetostrictio
coefficientSV51.431027 T22, a value that is roughly four
orders of magnitude greater than the estimate for Cu.
experimentally observed length change at 3 T in the 1-m
thick Ce2RhIn8 crystal wasD l'10 Å; this length change is
easily detected with a capacitive dilatometer.

As indicated above, the magnetostriction of a paramag
is expected to vary quadratically with the applied field.
show that this is the case, the volume magnetostriction
Ce2RhIn8 in the paramagnetic regime is plotted as a funct
of B2 in Fig. 8. As expected, the data vary linearly withB2

from just aboveTN to 20 K, the highest temperature whe
magnetostriction data were collected. Some deviation fr
lV}B2 scaling is evident as the system approaches the A
ordering transition. This scaling breakdown most likely r
flects the influence of magnetic fluctuations close to the
dering transition. Deviation from the quadratic scaling b
havior is also evident at 15 and 20 K, although the ove
trend is that magnetostriction isotherms are nearly parab
in B. The volume magnetostriction in the higher-temperat
part of paramagnetic region follows the simple scaling re
tionship:

lV5AS H

T1Tl
D 2

, ~14!

which was previously found to describe the magnetostrict
of rare-earth metals with unstable 4f shells.21 A andTl are
fitting constants, andTl is often roughly equal to the Kond
temperature.21 For Ce2RhIn8 the volume magnetostriction
measured atT510 K, 15 K, and 20 K collapses onto
straight line ~see inset to Fig. 8! with Tl5561 K. Low-
temperature measurements of the specific-heat give the S
merfeld coefficient,g.400 mJ/mole-Ce K2, corresponding
to a single impurity Kondo temperatureTK'10 K.10 Hence
Tl andTK are quite similar. Below 5 K the scaling behavior
@Eq. ~14!# is broken in the sense thatl is still proportional to
B2 but it no longer increases with decreasing temperat
This is undoubtedly due to magnetic fluctuations pres
aboveTN that also give rise to a maximum inx nearTmax
55 K. The similar maximum inx(T) found in CeRhIn5 at
7.5 K was explained20 in terms of the susceptibility of a
square two-dimensionalS51/2 spin Heisenberg system
which is known to exhibit a maximum inx(T) at Tmax
'0.93uJu.51 For Ce2RhIn8 , TN52.8 K leads to the value
uJu'2TN /@S(S11)#'7.5 K and henceTmax'7 K. This is
close to the value actually observed, so it is possible th
similar explanation is also valid for more three-dimensio
Ce2RhIn8.

The underlying significance of the temperature scaling
hibited by the magnetostriction data between 10 and 20
can be determined by examining the link between the e
tronic Grüneisen parameter, the magnetostriction, and
18441
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magnetic susceptibility. If we assume that the magnetic
thermal degrees of freedom in Ce2RhIn8 are independent, the
most general assumption about the nature of the syste
electronic free energyFe is to express it as Fe
52NkBT f(T/T0 ,H/H0), whereT0 andH0 are thermal and
magnetic scaling parameters.52 The low-field quadratic mag-
netostriction coefficient for such a free-energy functional i53

SV5
1

2BTV Fx~2VH2Ve!1T
]x

]T
VeG , ~15!

where the magnetic and electronic Gru¨neisen parameters ar
defined byVH52] lnH0 /]lnV and by Ve52] lnT0 /]lnV,
respectively. Ce2RhIn8’s magnetic Gru¨neisen parameter ca
be determined experimentally via Eq.~15! by combining
magnetostrictionVe and magnetic susceptibility data. Th
resulting values forVT between 3 and 20 K are depicted
solid diamonds in Fig. 7; as with nearly all other heav
fermion compounds, within experimental errorsVH5Ve at
all temperatures. This indicates that the thermal and m
netic energy scales are equivalent in Ce2RhIn8 so that the
electronic free energy can be scaled with a single param
T0'TK . With a single scaling parameter, and when the l
term in Eq.~15! can be ignored~i.e., whenx@T ]x/]T), the
quadratic magnetostriction coefficient simplifies to

SV'
xVe

2BTV
. ~16!

This equation shows the direct connection between the la
magnetostriction and electronic Gru¨neisen parameter exhib
ited by Ce2RhIn8; both quantities are large because of t
underlying thermodynamics surrounding the Kondo effec

Does Eq.~16! explain the temperature-dependent scal
evidenced by the magnetostriction data as plotted in the i
to Fig. 8 ? Between 10 and 20 K the volume magnetost
tion scales with temperature asSV}(T1Tl)22, with Tl

5(561) K. Over the same temperature range the electro
Grüneisen parameter varies with temperature asVe}(T
1Tl)21, with TV56.060.5 K. Within experimental uncer
tainty, TV5Tl . Hence, the electronic Gru¨neisen paramete
and volume magnetostriction both scale with a single ene
parameter that is comparable to the Kondo temperat
Since Eq.~16! indicates thatSV}xVe , it follows that the
magnetic susceptibility should scale with temperature ax
}(T2Tx)21, with Tx'2TV . The low-temperature mag
netic susceptibility of many heavy-fermion compounds f
lows this functional form, with the scaling parameteruTxu
comparable to the Kondo temperature inferred from the lo
temperature electronic contribution to the specific heat.50 In
the case of Ce2RhIn8 the magnetic susceptibility is strongl
anisotropic below 40 K.xab exhibits a broad maximum cen
tered at 4.5 K whereasxc is essentially temperature indepe
dent below 4.5 K. Between 8 and 60 Kxab(T) scales with
temperature in the expected manner,x(T)}(T2Tx)21, but
with a scaling temperatureTx5248 K. This is an order of
magnitude larger than the value expected based on the
perature scaling evident inlV andVe data.
9-10
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THERMAL EXPANSION AND MAGNETOVOLUME EFFECTS . . . PHYSICAL REVIEW B 68, 184419 ~2003!
Rather than indicating a breakdown in thermodynam
scaling in Ce2RhIn8, the dissimilar energy scales evident
lV(T) ~or Ve(T)) and x(T) data indicate that somethin
other than the Kondo interaction is determining the tempe
ture dependence of the magnetic susceptibility. Above 20
the in-plane magnetic susceptibility of Ce2RhIn8 exhibits
Curie-Weiss behavior with a paramagneticu of 265 K, in-
dicating that antiferromagnetic exchange dominates the
ceptibility. The low-temperature scaling parameterTx is
nearly the same as the high-temperature paramagnetiu,
suggesting thatTx reflects a combination of RKKY-driven
magnetic exchange possibly coupled with CEF interactio
The discrepancy between the thermal scaling energies ix,
lV , andVe can be rectified if we assume that the electro
free energy is the sum of terms that reflect separately
Kondo and exchange/CEF interactions,Fe} f 1(T/TK)
1 f 2(T/Tmag), whereTmag reflects the aggregate influenc
of antiferromagnetic exchange and CEF interactions. W
this electronic free-energy ansatz the magnetostriction
varies quadratically with field. In the low-field limit the qua
dratic magnetostriction coefficient is the sum of contrib
tions from Kondo and magnetic exchange interactions,SV
}xKVK1xmagVmag. In this expressionxK andVK are the
magnetic susceptibility and the electronic Gru¨neisen param-
eter stemming from Kondo interactions, whilexmag and
Vmag are the corresponding terms stemming from magn
exchange and CEF interactions. The differing thermal s
ing parameters evident in the measuredlV(T), Ve(T), and
x(T) data indicate that while magnetic exchange and C
interactions dominate the susceptibility below roughly 40
Kondo interactions dominate the magnetostriction. For t
to be trueVK must be significantly larger than the electron
Grüneisen parameter associated with spin fluctuations. T
is borne out by the fact that observed electronic Gru¨neisen
parameters at low temperatures in Kondo systems are alw
much larger than at higher temperatures where magnetic
change and crystal-field interactions dictate thermodyna
properties.50 This is certainly consistent with the sharp ri
evident in the measured electronic Gru¨neisen parameter o
Ce2RhIn8 below 40 K.

*Present address: Instituto de Fı´sica ‘‘Gleb Wathagin,’’ UNICAMP,
13083-970 Campinas, Brazil.
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V. CONCLUSIONS

The complex thermodynamic properties of Ce2RhIn8 re-
flect the underlying interplay between magnetic exchan
Kondo, and symmetry-derived crystal-field interaction
RKKY interactions give rise to antiferromagnetic order b
low 2.8 K with a reduced ordered moment and a complica
H-T phase diagram. In the paramagnetic phase just ab
TN Kondo interactions produce a renormalized carrier-m
state that strongly influences the specific-heat, magnetos
tion, and thermal expansion. The electronic Gru¨neisen pa-
rameter becomes quite large in this temperature regime,
the temperature dependence of bothVe and the volume mag-
netostriction exhibit a characteristic energy scale that is co
parable to the Kondo temperature as estimated from
Sommerfeld coefficient just aboveTN . In contrast, the mag-
netic susceptibility in this same temperature regime appe
to be controlled by magnetic exchange and CEF interactio
Above roughly 40 K single-impurity Kondo interactions b
come less important, only influencing the temperature dep
dence of the resistivity. In contrast, CEF effects dictate
thermal expansion and dominate the electronic Gru¨neisen pa-
rameter in this same temperature regime. These results
quite similar to the thermodynamics of the single-layer co
pound CeRhIn5. Both compounds share similar CEF lev
schemes,29,30AFM order with similar ordering temperature
and complexH-T phase diagrams,5 a heavy-electronic state
that grows in importance below 20 K, and pressure-indu
superconductivity that appears to be mediated by s
fluctuations.6 While the thermodynamic analysis presented
this paper only indirectly addresses the origins of ene
scaling behavior, such analysis is crucial in determining a
untangling the important energy scales present in
CenRhIn3n12 family of compounds.
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