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Anisotropic manifestation of short-range magnetic correlations in Ce0.6La0.4RhIn5
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We report thermal-expansion and magnetostriction results on Ce0.6La0.4RhIn5 single crystals. This particular
La concentration (xc;0.4) corresponds to the critical one at which the long-range magnetic order vanishes
(TN50). However, as also observed in specific heat and magnetic susceptibility measurements, a large
‘‘ hump’’ is seen in thermal-expansion atTSR;4.5 K. This anomaly, claimed to be related to short-range
correlations, is observed only along thec axis, confirming that anisotropy plays an important role in these 115
compounds. No particular feature is associated with the magnetic correlations in the magnetostriction mea-
surements. The magnetic field dependence of the volume is quadratic in field as expected for a paramagnetic
system, above and belowTSR. Finally, the magnetic field dependence of the crystal electric field contribution
to the thermal expansion seems to reinforce the idea that the La doping leads to au65/2&-rich ground state
doublet.
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I. INTRODUCTION

The physics of heavy fermions~HF’s! is dominated by the
competition between different microscopic mechanisms~and
related energy scales! and this results in a wide spectrum
different ground states including unconventional superc
ductivity and magnetic order.1 The magnetic properties~re-
sulting from the interaction between thef-localized magnetic
moments and the free electron spins! are determined by the
competition between the long range Ruderman-Kitt
Kasuya-Yosida~RKKY ! interaction and the short rang
Kondo effect, both of which depend on the magnetic e
change parameterJ. This gives rise to magnetic order or
nonmagnetic Kondo singlet state, respectively. Moreov
changing macroscopic variables such as pressure, mag
field, or doping can lead to significant changes in the mic
scopic parameterJ producing new ground states.2

These features are exemplified in the recently discove
CeM In5 (M5Co, Rh, Ir! family.3–5 These compounds crys
tallize in the tetragonal HoCoGa5-like structure consisting o
alternating layers of magnetic CeIn3 and nonmagneticMIn2
along thec axis. Long-range antiferromagnetism as well
hybridization and mass enhancement due to the Kondo e
have been observed in the 115 family.3 Also, magnetically
mediated superconductivity and non-Fermi-liquid~NFL! be-
havior have been reported.3,5–7

In particular, CeRhIn5 shows ambient pressur
antiferromagnetism3 (TN53.8 K) and pressure induce
superconductivity3,8 (Tc52.1 K at P516 kbar). Neutron
diffraction experiments9 reveal a reduced magnetic mome
associated with the Ce ions (0.75mB compared to 0.92mB
expected for the ground state doublet! suggesting an impor
tant Kondo compensation. This is corroborated by spec
heat measurements3 that show only 30% ofR ln 2 entropy
released up toTN , as well as by the logarithmic temperatu
dependence of the resistivity,10 characteristic of Kondo lat-
tice compounds.

The magnetic ordered state consists of an anisotropic
density wave, that is inconmensurate with the lattice9,11 and
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opens a gap of the order of 8 K in the Fermi surface, below
TN .11–13 Nuclear quadropolar resonance11 and neutron
diffraction9 experiments indicate that the Ce magnetic m
ments, antiferromagnetically ordered, lie completely in t
basal plane developing a helicoidal structure along thec axis.
Specific heat measurements12,13 show an abrupt drop of the
Sommefeld coefficientg below TN confirming the gapping
of the Fermi surface.

The layered structure suggests an important tw
dimensional~2D! character supported by the spiral magne
structure: magnetic order in the planes, weakly coupled
tween them. However, transport10 and susceptibility14 mea-
surements show very little anisotropy. Inelastic neutr
scattering,15 as well, indicates that three-dimensional ma
netic fluctuations are relevant. de Haas van Alphen meas
ments reveal a multiband Fermi surface that might expl
the varying role of the anisotropy.16

The ground state of CeRhIn5 can also be tuned by chem
cal substitution. Out-of-plane doping in CeRh12yIryIn5 re-
veals an interesting coexistence of antiferromagnetism
susperconductivity in the range 0.25,x,0.60.17 In-plane
doping in Ce12xLaxRhIn5 also exhibits interesting features
The inconmensurate SDW is seen up tox'0.4, whereTN
goes to zero.18 NFL behavior is observed around this critic
concentration, perhaps related to the development of an
pected quantum critical point.7 A ‘‘hump’’ also appears
aroundTSR54 K in specific heat and magnetic susceptibili
measurements that are claimed to be associated with s
range magnetic correlations,7,18,19 as inferred also by NQR
and NMR experiments.20

In this work, we present thermal-expansion and magne
striction results on Ce0.6La0.4RhIn5 single crystals. As in the
other free energy second derivatives techniques, namely,
cific heat and magnetic susceptibility, the short-range co
lations are unambiguously detected by thermal expansio
largepeak is observed atTSR;4.5 K but, interestingly, this
feature shows up only along thec axis, confirming that the
dimensionality plays a relevant role in these 115 compoun
As in the pure compound, crystal electric field~CEF! effects
©2004 The American Physical Society24-1
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are important. The magnetic field dependence of the C
contribution to the thermal expansion seems to reinforce
idea of a u65/2&-rich ground state doublet. On the oth
hand, magnetostriction measurements do not show any
ticular behavior associated with magnetic correlations. T
field dependence of the volume is quadratic in field as
pected for a paramagnetic system, above and belowTSR.

II. RESULTS

Ce0.6La0.4RhIn5 single crystals were grown by the sel
flux technique. For thermal-expansion and magnetostric
measurements we use a 2.633.637 mm3 high quality
sample@as evidenced by the observation of quantum osci
tions up to 30 K~Ref. 21!#. The thermal-expansion exper
ments were performed using a capacitance dilatometer.

Figure 1 displays the linear thermal-expansion coeffici
a51/L(dL/dT) along thec axis of the crystal and perpen
dicularly to it ~i.e., along theab-basal plane!, ac and aab ,
respectively. The peak observed at low temperatures inac is
a magnetic effect while the negative contribution around
K is associated with crystal electric field~CEF! effects, as
reported by Takeuchiet al.14 in the pure CeRhIn5 and by
Malinowski et al.22 in the related Ce2RhIn8.

The volume thermal expansionb51/V(dV/dT), which
for a tegragonal symmetry can be calculated asb5ac
12aab , is shown in the inset of Fig. 1. Also shown in th
inset is the Debye curve corresponding touD5245 K,
claimed to be the Debye temperature for the nondo
CeRhIn5 as inferred from specific heat measurements in
nonmagnetic analog LaRhIn5.3 The lattice contribution fits
quite well the experimental data above 15 K due to a par
cancellation of the CEF contributions that is negative alo
the c axis and positive in the basal plane as shown below

III. DISCUSSION

The deviation of the total thermal expansion from the l
tice and the CEF calculated contributions becomes str

FIG. 1. Linear thermal expansion vs temperature along thc
axis (ac) and perpendicular to it (aab). Inset: Volume thermal ex-
pansion and the estimated lattice contribution (QD5245 K).
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below 15 K, as reported also by Takeuchiet al.14 in CeRhIn5
and Malinowski et al.22 in Ce2RhIn8. This temperature
marks the onset of the magnetic correlations. Figure 2 sh
the low temperature behavior of bothac andaab . A peak is
observed inac at TSR;4.5 K, but only a very tiny ‘‘bump’’
is seen inaab associated with this feature. The antiferroma
netic transition vanishes atx50.4.18 Thus, this peak may be
related to short-range magnetic correlations as was obse
in specific heat and susceptibility experiments inx50.5
single crystals.7,18,19The inset of Fig. 2 shows the temper
ture dependence of the electronic contribution to the spec
heat (Ce) for a x50.4 sample, which is quite similar to tha
reported forx50.5.7 The subtracted lattice contribution wa
inferred from an estimate of the Debye temperature of
nonmagnetic analog LaRhIn5. The important conclusion to
be drawn from the thermal-expansion data is the anisotro
manifestation of the short-range magnetic correlations, be
observed only along thec axis.

This anisotropic behavior is an indication of the anis
tropic nature of the interaction between the spins and
lattice, that is, of the spin-orbit coupling. A full understan
ing of the magnetoelastic tensor would provide a compreh
sive explanation of the thermal-expansion results. Althou
theoretically this is a very difficult enterprise, from magn
tostriction experiments we can obtain information about
magnetoelastic tensor in some special directions, as we
further information regarding the magnetic correlations.

Linear magnetostriction data~for fields applied in the
basal plane! are shown in Fig. 3 for two different tempera
tures: one below and the other slightly aboveTSR, 1.8 and 5
K. The field is applied parallel to the sample dimension b
ing tested. As inferred from the inset, the field dependenc
DLab /Lab is quadratic below and aboveTSR, as expected for
a paramagnetic system.22,23This fact strengthens the conclu
sion that features observed atTSR in thermal-expansion and
specific heat measurements are due to short-range cor

FIG. 2. Low-temperature linear thermal expansion showing
short-range correlations associated peak. Inset: Electronic spe
heat vs temperature showing also a feature around 4.5 K~symbols!.
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tions. If long-range order were present,DL/L would have
different field dependencies above and belowTSR. The tem-
perature dependence ofDLab /Lab is very small in this low-
temperature region~in any field configuration!. Moreover,
the field dependence ofDLc /Lc ~not shown here! increases
with temperature. This behavior was already reported by M
linowski et al.22 in the related Ce2RhIn8, and was ascribed to
the magnetic correlations. The same quadratic behavio
observed along thec axis and in any field direction. How
ever, the field dependence ofDLc /Lc ~with B along the basa
plane! is one order of magnitude larger than the result o
served in Fig. 4.

These observations offer a natural explanation for the
isotropic manifestation of the magnetic correlations obser
in a. Using a 2D anisotropic Ising model, Lightet al.7 sug-
gested that the disorder introduced by La doping cancels
the interplane magnetic correlations. Atx;0.5 only short
range in-plane correlations remain, and these become ev
aroundTSR. As the Ce magnetic moments lie in the plan
one can naively expect that the local magnetic field ass
ated with these moments is mainly directed in the ba
plane. Our magnetostriction results tell us that in this c
~field in the plane! the magnetovolume effects are mu
larger in thec axis than in the plane. Similarly, therma
expansion measurements in pure CeRhIn5

14 reveal that the
peak associated withTN is larger inac than inaab .

Finally, we consider in greater detail the contribution
crystal electric field splitting to thermal expansion. Of pa
ticular interest is the extent to which the CEF splittin
evolves withx in Ce12xLaxRhIn5. The Ce31 J55/2 multip-
let splits in three doublets in the presence of tetragonal p
symmetry:24

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

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

G65u61/2&. ~1!

Neutron scattering results25 on pure CeRhIn5 reveal thatG7
(2)

is the ground state doublet, whileG7
(1) at D1580 K andG6 at

D25274 K are the first and second excited states, resp
tively. A value of 0.6 is obtained for the mixing parameterh.

Within the formalism of Morinet al.26 that takes into ac-
count CEF, quadrupolar and magnetoelastic effects, the
tribution to linear thermal-expansion for a tetragonal so
can be estimated as

ac5A
d^O2

0&
dT

,

aab5B
d^O2

0&
dT

, ~2!

whereA andB are temperature independent functions of
elastic constants and magnetoelastic coefficients andO2

0 is
the relevant Stevens equivalent operator. The thermodyna
expectation value of this operator^O2

0& can be calculated
through Eq.~1!.
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In Fig. 4 we show the electronic linear thermal-expans
along thec axis (ac

e , upper panel! and perpendicular to it
(aab

e , lower panel! after subtracting the lattice contribution
estimated from theuD5245 K Debye curve. The solid line
are the CEF contributions derived from Eq.~2!, using the
values forh, D1, andD2 obtained from neutron scatterin
experiments in the pure compound.25 The only free param-
eters are theT-independent coefficientsA andB, that are set
such that the maxima coincide. The detailed agreemen
rather poor, especially forac

e , although the overall shape i
correct.

In Fig. 5 we showac as a function of temperature fo
different magnetic fields applied along thec axis. Experi-
mentally, the minimum inac associated with CEF effect

FIG. 3. In-plane linear magnetostriction for fields applied par
lel to the dimension that is being tested, at two different tempe
tures. Inset: magnetostriction as a function ofB2.

FIG. 4. Electronic contribution to the thermal expansion~sym-
bols!. Solid line: CEF fit using parameters from neutron scatter
measurements~see text!. Dashed line:idembut with mixing param-
eterh50. Upper panel:ac . Lower panel:aab .
4-3
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clearly shifts to higherT with increasing field. The magneti
field splits the three doublets and, according to our C
scheme, mixes togetherG7

(2) andG7
(1) . So, the full diagonal-

ization of the complete Hamiltonian~CEF plus Zeeman! re-
sults in six singlet states. An estimate ofac

CEF ~18 T! accord-
ing to this new scheme can be observed in the upper pan
Fig. 6. In the same figureac

CEF(0) is shown for comparison
In our calculation the absolute value of thec axis thermal
expansion has a large increase and the minimum mo
down from T;42 to 12 K when applying 18 T~parallel to
the c axis!. This huge change comes from the Zeeman sp
ting (;40 K for B518 T) of the ground state doublet th
must be compared with the originalD1580 K separation to
the first excited state in zero field. As a result, the first
cited state starts to be populated at much lowerT when a
field is applied and, thus, the associated peak occurs at lo
T as well. This predicted behavior is in direct contradicti
with what we observe experimentally.

According to Eq.~2!, there would be no maxima in the
mal expansion associated with the population of the first
cited singlet if the expectation value ofO2

0 is the same in
both the ground and the first excited singlet. This occ
when the mixing parameterh vanishes. The lower panel o
Fig. 6 shows the calculatedac

CEF~0! and ac
CEF~18 T! for h

50. The absolute value of the minimum slightly decrea
and moves weakly toward higherT. This behavior is much
more consistent with our experimental observation. In
case thath50, the ground state doubletG7

(2) is now a pure
u65/2& state while the first excitedG7

(1) is a pureu63/2&.
Using this approach, we estimate the temperature depen
thermal expansion. This result is shown as the dashed cu
in Fig. 4 using the sameD1 andD2 as for the solid lines. At
least along thec axis, the agreement with the experimen
results is much better. On the other hand, ifh50 in undoped

FIG. 5. Linear thermal-expansionac for different magnetic
fields applied along thec axis.
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CeRhIn5, then the peak observed in inelastic neutron scat
ing experiments25 at 23 meV would be forbidden by symme
try. Thus, from these observations we hypothesize that s
stituting La for Ce leads to a decrease in the mixi
parameterh, due presumably to chemical pressure effe
and changes in hybridization strength. However, La dop
seems to have no major effect on the level splitting.

IV. CONCLUSIONS

Thermal expansion measurements were performed
Ce0.6La0.4RhIn5 single crystals. Short-range magnetic corr
lations are clearly detected as a ‘‘hump’’ atTSR;4.5 K, as
observed also in specific heat and magnetic susceptib
experiments. This feature is observed only along thec axis
confirming the anisotropic nature of this compound. As e
pected for a paramagnetic system, magnetostriction exp
ments show a quadratic field dependence of the volu
above and belowTSR indicating that this magnetic-relate
anomaly cannot be associated with a long-range order.
nally, La doping appears to increase theu65/2& character of
the crystal electric field ground state doublet
Ce12xLaxRhIn5.
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FIG. 6. Calculation of the CEF contribution to thec axis thermal
expansion for zero field and 18 T. Upper panel: using a mix
parameterh50.6. Lower panel:h50.
4-4



,

,

.L

n
et

.L
o

.

nd

g

.W

so

m

k,

ao

a,

.F.

E.
,
. B

d-

.F.
a,

rt,

-

L.

t.

, J.

no,
.A.

ANISOTROPIC MANIFESTATION OF SHORT-RANGE . . . PHYSICAL REVIEW B 69, 174424 ~2004!
1See, for example, the review N. Grewe and F. Steglich, inHand-
book on the Physics and Chemistry of Rare Earths, edited by K.
A. Gschneidner, Jr. and L. Eyring~Elsevier Science Publishers
Amsterdam, 1991!, Vol. 14, p. 343.

2A.C. Hewson, inThe Kondo Problem to Heavy Fermions, edited
by D. Edwards and D. Melville~Cambridge University Press
United Kingdom, 1992!.

3H. Hegger, C. Petrovic, E.G. Moshopoulou, M.F. Hundley, J
Sarrao, Z. Fisk, and J.D. Thompson, Phys. Rev. Lett.84, 4986
~2000!.

4C. Petrovic, R. Movshovich, M. Jaime, P.G. Pagliuso, M.F. Hu
dley, J.L. Sarrao, Z. Fisk, and J.D. Thompson, Europhys. L
53, 354 ~2001!.

5C. Petrovic, P.G. Pagliuso, M.F. Hundley, R. Movshovich, J
Sarrao, J.D. Thompson, Z. Fisk, and P. Monthoux, J. Phys.: C
dens. Matter13, L337 ~2001!.

6V.S. Zapf, N.A. Frederick, K.L. Rogers, K.D. Hof, P.C. Ho, E.D
Bauer, and M.B. Maple, Phys. Rev. B67, 064405~2003!.

7B.E. Light, Ravhi S. Kumar, A.L. Cornelius, P.G. Pagliuso, a
J.L. Sarrao, Phys. Rev. B69, 024419~2004!.

8R.A. Fisher, F. Bouquet, N.E. Phillips, M.F. Hundley, P.G. Pa
liuso, J.L. Sarrao, Z. Fisk, and J.D. Thompson, Phys. Rev. B65,
224509~2002!.

9W. Bao, P.G. Pagliuso, J.L. Sarrao, J.D. Thompson, Z. Fisk, J
Lynn, and R.W. Erwin, Phys. Rev. B62, 14621 ~2000!; 63,
219901~E! ~2001!; 67, 099903~E! ~2003!.

10A.D. Christianson, A.H. Lacerda, M.F. Hundley, P.G. Pagliu
and J.L. Sarrao, Phys. Rev. B66, 054410~2002!.

11N.J. Curro, P.C. Hammel, P.G. Pagliuso, J.L. Sarrao, J.D. Tho
son, and Z. Fisk, Phys. Rev. B62, 6100~2000!.

12A.L. Cornelius, A.J. Arko, J.L. Sarrao, M.F. Hundley, and Z. Fis
Phys. Rev. B62, 14 181~2000!.

13A.L. Cornelius, P.G. Pagliuso, M.F. Hundley, and J.L. Sarr
17442
.

-
t.

.
n-

-

.

,

p-

,

Phys. Rev. B64, 144411~2001!.
14T. Takeuchi, T. Inoue, K. Sugiyama, D. Aoki, Y. Tokiwa, Y. Hag

K. Kindo, and Y. Onuki, J. Phys. Soc. Jpn.70, 877 ~001!.
15W. Bao, G. Aeppli, J.W. Lynn, P.G. Pagliuso, J.L. Sarrao, M

Hundley, J.D. Thompson, and Z. Fisk, Phys. Rev. B65, 100505
~2002!.

16D. Hall, E.C. Palm, T.P. Murphy, S.W. Tozer, C. Petrovic,
Miller-Ricci, L. Peabody, C.Q.H. Li, U. Alver, R.G. Goodrich
J.L. Sarrao, P.G. Pagliuso, J.M. Wills, and Z. Fisk, Phys. Rev
64, 064506~2001!.

17P.G. Pagliuso, C. Petrovic, R. Movshovich, D. Hall, M.F. Hun
ley, J.L. Sarrao, J.D. Thompson, and Z. Fisk, Phys. Rev. B64,
100503~2001!.

18P.G. Pagliuso, N.O. Moreno, N.J. Curro, J.D. Thompson, M
Hundley, J.L. Sarrao, Z. Fisk, A.D. Christianson, A.H. Lacerd
B.E. Light, and A.L. Cornelius, Phys. Rev. B66, 054433~2002!.

19J.S. Kim, J. Alwood, D. Mixson, P. Watts, and G.R. Stewa
Phys. Rev. B66, 134418~2002!.

20Y. Iwamoto, K. Ueda, T. Kohara, Y. Kohori, V.S. Zapf, T.A. Say
les, M.B. Maple, and J.L. Sarrao~unpublished!.

21V.F. Correaet al. ~unpublished!.
22A. Malinowski, M.F. Hundley, N.O. Moreno, P.G. Pagliuso, J.

Sarrao, and J.D. Thompson, Phys. Rev. B68, 184419~2003!.
23J. Zieglowski, H.U. Ha¨fner, and D. Wohlleben, Phys. Rev. Let

56, 193 ~1986!.
24T. Ohama, H. Yasuoka, D. Mandrus, Z. Fisk, and J.L. Smith

Phys. Soc. Jpn.64, 2628~1995!.
25A.D. Christianson, J.M. Lawrence, P.G. Pagliuso, N.O. More

J.L. Sarrao, J.D. Thompson, P.S. Riseborough, S. Kern, E
Goremychkin, and A.H. Lacerda, Phys. Rev. B66, 193102
~2002!.

26P. Morin, J. Rouchy, and D. Schmitt, Phys. Rev. B37, 5401
~1988!.
4-5


