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Heat capacity studies of Ce and Rh site substitution in the heavy-fermion antiferromagnet
CeRhIn5: Short-range magnetic interactions and non-Fermi-liquid behavior
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In heavy fermion materials superconductivity tends to appear when long-range magnetic order is suppressed
by chemical doping or applying pressure. Here we report heat capacity measurements on diluted alloys of the
heavy fermion superconductor CeRhIn5. Heat capacity measurements have been performed on CeRh12yIryIn5

(y<0.10) and Ce12xLaxRhIn5 (x<0.50) in applied fields up to 90 kOe to study the effect of doping and
magnetic field on the magnetic ground state. The magnetic phase diagram of CeRh0.9Ir0.1In5 is consistent with
the magnetic structure of CeRhIn5 being unchanged by Ir doping. Doping of Ir in small concentrations is
shown to slightly increase the antiferromagnetic transition temperatureTN (TN53.8 K in the undoped sample!.
La doping which causes disorder on the Ce sublattice is shown to lowerTN with no long-range order observed
above 0.34 K for Ce0.50La0.50RhIn5. Measurements on Ce0.50La0.50RhIn5 show a coexistence of short-range
magnetic order and non-Fermi-liquid behavior. This dual nature of the Ce 4f electrons is very similar to the
observed results on CeRhIn5 when long-range magnetic order is suppressed at high pressure.

DOI: 10.1103/PhysRevB.69.024419 PACS number~s!: 75.30.Kz, 71.18.1y, 71.27.1a
-
te
y
in

ur
n

ie
m
C

e

t
e

d-
u
th
e.
t
ta
s
es
s
h
er

tic
s
or
n-

en-
-
e
etic

ical
en-

rity
er-
f
-
a-
on
of

l
-
e
ard
um
ag-
lat-
I. INTRODUCTION

Among heavy fermion~HF! materials, magnetically me
diated superconductivity has been observed in many ma
als at the point where long-range order is suppressed b
loying or applying pressure at a quantum critical po
~QCP!.1–6 One of these systems, CeRhIn5, is antiferromag-
netic ~AF! at ambient pressure withTN53.8 K and g
'400 mJ/mol K2.6,7 The AF state is suppressed at a press
of around 1.2 GPa and coexists over a limited pressure ra
with the superconducting~SC! state.6,8–10 Recently, HF sys-
tems with the formula CeM In5 (M5Co and Ir! have also
been reported to become superconductors at amb
pressure.11,12 Unlike most HF superconductors, the syste
CeRh12yIryIn5 displays a coexistence of AF order and S
state over a wide range of doping (0.3,x,0.6).13

Thermodynamic,7 nuclear quadrupole resonance~NQR!,14

and neutron-scattering15,16 experiments all show that th
electronic and magnetic properties of CeRhIn5 are aniso-
tropic in nature.

To better understand the magnetic ground state ou
which SC evolves, we have performed heat capacity m
surements on both the CeRh12yIryIn5 (y<0.10) and
Ce12xLaxRhIn5 (x<0.50) systems. The magnetic-field stu
ies for various dopings are an extension of our previo
work.7,17 The measurements were performed along both
tetragonala andc axes in applied magnetic fields to 90 kO
The dependence of the magnetic transitions with respec
temperature, magnetic field applied along different crys
directions, and doping using heat capacity measurement
lows the determination of the magnetic interactions in th
complicated materials. Precisely determining the change
magnetic properties with different variables gives insig
into favorable conditions for magnetically mediated sup
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conductivity. Field-induced transitions when the magne
field is applied along thea direction are seen in all sample
that display AF order. A detailed phase diagram f
CeRh0.9Ir0.1In5 shows excellent agreement to that of the u
doped parent compound CeRhIn5 suggesting that Ir doping
does not change the AF order from the measured incomm
surate spin-density wave.14–16 La doping suppresses mag
netic order with thex50.50 sample showing no long-rang
AF order; however, a coexistence of short-range magn
order and non-Fermi-Liquid~NFL! behavior is observed.

Though a great deal of both experimental and theoret
work have been performed on heavy fermion systems, a g
eral understanding of the crossover from the single impu
to the lattice limits has been elusive. Recently, the obs
vance of multiple energy scales18,19 and the coexistence o
localized and delocalizedf electrons20,21 have shown the ne
cessity of including the lattice and considering the localiz
tion of f electrons in heavy fermion systems. Our results
Ce0.50La0.50RhIn5 , which is near the QCP, show signatures
the coexistence of short-range~short-range magnetic order!
and long-range~non-Fermi-liquid! behavior. We find a strik-
ing resemblance of the results on Ce0.50La0.50RhIn5 to those
on CeRhIn5 driven to a QCP under pressure.8

II. EXPERIMENT

CeRh12yIryIn5 and Ce12xLaxRhIn5 single crystals
were grown by a self-flux technique.22 The samples were
found to crystallize in the primitive tetragona
HoCoGa5-type structure23,24 with lattice parameters, deter
mined by x-ray diffraction, in agreement with literatur
values.13,22 Heat capacity measurements, using a stand
thermal relaxation method, were performed in a quant
design PPMS system equipped with a superconducting m
net capable of generating a 90 kOe magnetic field. The
©2004 The American Physical Society19-1



In
d
-
e
th
ie

ic
tr
u

e

ed
u
ti

e

n
c
se

la

o
ea

du

d

a
rm

ar
tion

uid

for
lied

a
all

the
-
n-
. It
the

our

vel

h
-
The
in

LIGHT, KUMAR, CORNELIUS, PAGLIUSO, AND SARRAO PHYSICAL REVIEW B69, 024419 ~2004!
tice heat capacity was determined by measuring LaRh5
which has nof electrons. The LaRhIn5 data were subtracte
from Ce12xLaxRh12yIryIn5 to obtain the magnetic heat ca
pacity Cm . This makes the assumption that the specific h
of the lattice is unchanged by the substitutions. Since
lattice constants change less than 0.6% for the stud
samples13,17 one expects that the Debye temperature, wh
is known to depend on volume, and hence the lattice con
bution to the heat capacity remains constant for our p
poses.

III. RESULTS AND DISCUSSION

A. Low-temperature specific heat

The low-temperature specific-heat measurements w
performed over the temperature range 0.34 K,T,20 K in
applied magnetic fields to 90 kOe. As previously mention
the lattice contribution to the heat capacity is subtracted
ing LaRhIn5 as a reference compound. The total magne
specific heat can be written as

Cm5Celec1Corder1Chyp , ~1!

where Celec is the electronic contribution,Corder is from
magnetic correlations~short and long ranged! between the
Ce 4f electrons, andChyp is from the nuclear moment of th
In atoms. The electronic contribution is given bygT for T
.TN andg0T for T,TN , whereg.g0. In the magnetically
ordered samples belowTN , as done before,7 we use the form

Corder5bMT31bM8 ~e2Eg /kBT!T3, ~2!

wherebMT3 is the standard AF magnon term and the seco
term is an activated AF magnon term. The need for an a
vated term to describe heat capacity data has been
before in other Ce and U compounds,7,25–27 and rises from
an AF spin-density wave~SDW! with a gap in the excita-
tion spectrum due to anisotropy. The CeRhIn5 magnetic
structure indeed displays an anisotropic SDW with modu
tion vector~1/2,1/3,0.297! ~Refs. 15,16! which is consistent
with this picture. The In atoms have a nuclear magnetic m
ment which gives rise to hyperfine contribution to the h
capacityChyp . Chyp is given byA/T2 with A given by the
relation28

A5
R

3 S I 11

I D S mHhyp

kB
D 2

, ~3!

whereI is the nuclear moment~9/2 for In!, m is the nuclear
magnetic moment~5.54 mN for In!, andHhyp is the magni-
tude of the internal field strength at the In site that can be
to both internalHint and externally appliedH fields.

Data for CeRhIn5 in a 90 kOe magnetic field applie
along the tetragonala axis (Hia) is shown in Fig. 1. Two
phase transitions atTN53.91 K andT153.09 K are clearly
seen.TN is the transition to long-range AF order, andT1 is a
first-order field-induced magnetic phase transition.29 Field-
induced transitions have been observed before in CeRhIn5,30

and this topic will be discussed in detail later. The upturn
low temperatures is due to the In nuclear Schottky te
02441
at
e
d

h
i-
r-

re

,
s-
c

d
ti-
en

-

-
t

e

t
.

Note that we are in the high temperature limit for the nucle
Schottky term and use the high-temperature approxima
@Eq. ~3!# that the nuclear heat capacity falls off asT22. The
solid line in Fig. 1 is a fit to Eq.~1! with g0538
62 mJ/mol Ce K2, bM56.360.2 mJ/mol Ce K4, bM8 5310
620 mJ/mol Ce K4, Eg /kB54.460.2 K. Fits like this were
successful for all CeRh12yIryIn5 samples in all applied fields
directed along either thea or c axis. However, fits to the
Ce12xLaxRhIn5 data, at least forx.0.03, did not give satis-
factory results due to short-range order and non-Fermi-liq
effects and only thex50 andx50.03 data were fit and will
be reported.

B. Magnetic entropy

The magnetic entropySm can be found by integrating
Cm /T as a function of temperature. This has been done
all of the measured samples and the results in zero app
field are shown in Fig. 2.

All of the measured samples approachR ln 2 by 20 K with
the exception of the Ce0.50La0.50RhIn5 sample~which is still
very close toR ln 2). Application of a magnetic field has
nearly negligible effect on the measured entropy for
samples with again the exception of the Ce0.50La0.50RhIn5
sample. The reason for the differences in the behavior of
Ce0.50La0.50RhIn5 sample relative to the others will be ex
plained in detail later but is due, at least in part, to no
negligible entropy below 0.35 K that we cannot measure
is also possible that the stoichiometry is slightly less than
nominal starting value ofx50.50. In fact a value ofx
50.47 gives an entropy ofR ln 2 at 20 K. For the rest of the
paper, we will assume thatx50.50. However, usingx
50.47 has little effect on the data and would not change
conclusions. The observance ofR ln 2 entropy in all of the
measurements is indicative that the measuredCm values are
due solely to a doublet crystal-field~CF! ground state. This is
consistent with other studies which show the lowest CF le

FIG. 1. Magnetic heat capacityCm divided by temperatureT vs
T measured on CeRhIn5 in an applied magnetic field of 90 kOe wit
Hia. Two phase transitionsTN andT1 correspond to the antiferro
magnetic ordering temperature and a field-induced transition.
solid line for T,0.8 TN represents a fit to the data as described
the text.
9-2
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HEAT CAPACITY STUDIES OF Ce AND Rh SITE . . . PHYSICAL REVIEW B 69, 024419 ~2004!
is a doublet separated by 60–80 K from the first exci
level.31–33 Thus we are confident that our measurement
Cm are solely due to the Ce 4f electrons in aS51/2 doublet
CF ground state.

C. Magnetic order

Neutron-diffraction studies have shown that the subst
tion of 10% La for Ce lowersTN from 3.8 K found in
CeRhIn5 to 2.7 K but does not change the SDW grou
state.34 As mentioned, CeRh12yIryIn5 displays a coexistenc
of AF order and SC state over a wide range of doping (
,y,0.6).13 As it has been established that two-dimensio
~2D! magnetic ground states favor SC,35 it is important to
determine if the SC state arises out of the known SD
ground state of the undoped sample. Figure 3 shows
zero-field data as a function of Ir doping.

FIG. 2. Magnetic entropySm , found by integratingCm /T, mea-
sured on doped CeRhIn5 samples. All of the samples approac
R ln 2 of entropy by 20 K consistent with aS51/2 doublet crystal-
field ground state.

FIG. 3. Magnetic heat capacityCm divided by temperatureT
versusT measured on CeRh12yIryIn5 in zero field. The value ofTN

increases asy increases.
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The application of a magnetic field alters the magne
interactions. As reported before for CeRhIn5,30 when Hic,
TN decreases for all of the samples that show AF order a
usually seen in heavy fermion systems.36 As shown in Fig. 1,
for Hia field-induced magnetic transitions are observed
CeRh0.9Ir0.1In5. A cumulativeH-T phase diagram is show
in Fig. 4.

TN corresponds to the antiferromagnetic ordering te
perature, andT1 andT2 correspond to field-induced first- an
second-order transitions, respectively. The dashed lines
guides to the eyes. The similarity to the phase diagram of
undoped CeRhIn5 is remarkable.30 This naturally leads to the
conclusion that the Ir substitution does not change the m
netic structure~incommensurate SDW! of CeRhIn5 at least
for x<0.10. In a manner similar to the effect of dopin
recent neutron-scattering results show that the incomme
rate SDW only weakly changes with pressure up to
GPa.37 As stated previously, the magnetic structure in regio
I and II is a spin-density wave that is incommensurate w
the lattice where region II has a larger magnetic moment
each Ce atom; region III corresponds to a spin-density w
that is commensurate with the lattice.38

Taken along with neutron-scattering experiments
Ce0.9La0.1RhIn5 that show no change in the magnet
structure,34 substitutions of up to 10% of La for Ce and 10
Ir for Rh do not change the magnetic structure. This res
leads one to believe that the superconductivity in the
doped samples and NFL behavior in the La doped sam
evolve out of the magnetic structure of the ground sta
namely, an incommensurate SDW. However, recent neut
scattering results on Ir doped samples withy>0.30 show the
appearance of a commensurate component to the mag
order.38

D. Long-range magnetic order

All of the CeRh12yIryIn5 data and Ce0.97La0.03RhIn5 were
fit using Eqs.~1!–~3! for T,0.8TN . Fits were made in ap-

FIG. 4. The cumulative phase diagrams for CeRh0.9Ir0.1In5 in
various applied fieldsH applied along thea axis.TN corresponds to
the antiferromagnetic ordering temperature, andT1 and T2 corre-
spond to field-induced first- and second-order transitions, res
tively. The dashed lines are guides to the eyes.
9-3
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plied fields of 50 kOe and 90 kOe applied along both tha
andc axes. A summary of the results is displayed in Table
The internal fieldHint was found by using the measuredA
value and using Eq.~3!. From NQR measurements, it
known that in the absence of an applied field the inter
field at the In sites in CeRhIn5 is of the order of 2 kOe,14

which is consistent with the data in Table I, whereHint for
the 50 and 90 kOe data is slightly higher than the app
field. For the zero-field data, a value of 2 kOe forHint gives
a nearly negligible contribution to the heat capacity in o
temperature range so we have setHint52 kOe forH50 in
all of our fits shown in Table I~this assumption has a negl
gible effect on the zero-field fit parameters as they do
change ifHint50 is used!. For all values ofy the value ofg0
is seen to decrease as field is applied as usually seen in h
fermion systems.36 For Hic the value ofbM is seen to in-
crease as field is applied whileEg /kB remains relatively con-
stant. For AF systems wherebM}D23 with D the spin-wave
stiffness,28 one would expectD to decrease in an applie
field that weakens AF interactions leading to an increase
bM . For Hia in an applied field, the values ofbM and
Eg /kB tend to decrease relative to the zero-field value.
seen in Fig. 1, the fits to the data in this direction are foT
,T1 where the spin structure is believed to be a SDW tha
commensurate with the lattice. As the zero-field spin str
ture is an incommensurate SDW, the commensurate state
a smaller value ofEg /kB as one would naively expect. Th
small amount of La doping decreases the value ofg0 as

TABLE I. Summary of the fitting parameters to th
Ce12xLaxRh12yIryIn5 data. Definitions of the various coefficien
are given in the text. The units are kOe forH, mJ/mol Ce K2 for g,
mJ/mol Ce K4 for bM andbM8 , K for Eg /kB , mJ K/mol Ce forA.
The number in parentheses is the statistical uncertainty in the
digit from the least-squares fitting procedure.

x y H g0 bM bM8 Eg /kB Hint

0 0 0 50~3! 19~1! 510~30! 7.0~4! 2
0 0 50(ic) 45~2! 24~1! 580~30! 7.4~4! 56~2!

0 0 90(ic) 41~2! 29~1! 600~30! 7.2~4! 97~1!

0 0 50(ia) 38~2! 19~1! 390~30! 5.8~4! 54~1!

0 0 90(ia) 38~2! 6~2! 310~30! 4.4~2! 94~1!

0 0.05 0 48~2! 23~1! 710~40! 8.2~4! 2
0 0.05 50(ic) 44~2! 26~1! 650~40! 7.9~4! 59~2!

0 0.05 90(ic) 42~7! 31~5! 750~180! 8.1~9! 98~4!

0 0.05 50(ia) 27~7! 30~5! 580~90! 7.6~7! 57~1!

0 0.05 90(ia) 32~8! 15~7! 360~40! 5.2~6! 99~1!

0 0.10 0 81~4! 15~3! 420~60! 6.5~4! 2
0 0.10 50(ic) 64~3! 27~2! 600~50! 8.0~4! 57~4!

0 0.10 90(ic) 56~3! 33~2! 680~70! 8.1~4! 98~1!

0 0.10 50(ia) 55~3! 25~2! 410~40! 6.7~4! 57~3!

0 0.10 90(ia) 38~2! 6~2! 310~30! 4.4~2! 94~2!

0.03 0 0 43~2! 38~1! 500~34! 6.7~2! 2
0.03 0 50(ic) 34~3! 47~2! 650~160! 7.6~8! 60~2!

0.03 0 90(ic) 34~2! 50~2! 530~50! 6.6~3! 99~3!

0.03 0 50(ia) 24~3! 38~3! 360~40! 5.4~4! 65~2!

0.03 0 90(ia) 25~4! 20~3! 330~90! 4.2~2! 102~3!
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expected. Qualitatively, applied field affects the fitting p
rameters for the La doped sample in the same manner a
Ir doped samples. ForHic the value ofbM is seen to in-
crease withEg /kB remaining unchanged within the unce
tainty of the values, while forHia, the values ofbM and
Eg /kB both decrease as field increases.

E. Short-range magnetic order

As shown in a previous report, La doped for Ce
Ce12xLaxRhIn5 suppressesTN and leads to a QCP forx
'0.40, a value consistent with the 2D percolati
threshold.17 The zero field data for various values ofx (x
<0.5) are shown in Fig. 5.

These results are in good agreement with previous
doped17,39 and Y doped40 reports. The value ofTN is seen to
decrease asx increases indicative of a weakening of the ma
netic interactions. Forx50.50, the upturn at low tempera
tures is not due to magnetic order but can be fit quite well
T,0.7 K to a non-Fermi-liquid formC/T5g* ln T* /T.41,42

In all samples, a significant portion of the entropy (;R ln 2
as shown in Fig. 2! is found aboveTN . This is consistent
with neutron-scattering results that show short-range m
netic correlations at temperatures on the order of 2TN .43 The
contribution to the heat capacity from these short-range c
relations can be seen as a ‘‘hump’’ in the heat capacity d
that becomes apparent asTN is suppressed and is consiste
with our previous report that speculated the hump was du
short-range magnetic interactions.17

To further discuss the data in terms of short-range m
netic interactions, we consider the results of McCoy and
for a 2D Ising model on a square lattice with two magne
interaction energiesE1 andE2.44 We identify E1 andE2 as
Ein andEout ~in-plane and out-of-plane directions! that cor-
respond to the magnetic interaction energies along the
orthogonal directions, where this mapping is completely r
orous of some concern as the model only takes into acco
nearest-neighbor interactions on a 2D lattice, and the in
sion of both a magnetic interaction in thec direction along
with next-nearest neighbors would lead to multiple magne
interaction strengths. However, to a first approximation

st

FIG. 5. Magnetic heat capacityCm divided by temperatureT vs
T measured on Ce12xLaxRhIn5 in zero field.
9-4



e

f
r
o
ne
h

o

s
-

at

n

is
r

ly
n

F
is

si
or
ld

Fi

fit
.
to
the

is
e
hat
the

not
we

ion
d to

m-

e

erm
L

del
e
ose

lay
at

n
eat
ows

HEAT CAPACITY STUDIES OF Ce AND Rh SITE . . . PHYSICAL REVIEW B 69, 024419 ~2004!
seems reasonable to qualitatively describe our data usingEin
as the interaction in the basal plane andEout as the out-of-
plane ~interlayer! interaction. We fixEin/25TN and vary
Eout with the results shown in Fig. 6.

The Ein /Eout510 curve looks remarkably similar to th
CeRhIn5 data shown in Fig. 5 showing a peak inCm /T at
TN . Neutron-scattering results on CeRhIn5 show the mag-
netic correlation lengths aboveTN are only about a factor o
2–3 different for measurements along and perpendicula
thec axis,43 and magnetic-susceptibility measurements sh
a factor of 2–3 difference in the in-plane and out-of-pla
susceptibility.31–33,40However, as there are more near neig
bors ~4! in plane than out of plane~2! using the value of 10
for Ein /Eout seem reasonable from a qualitative point
view. KeepingEin fixed and reducingEout is seen to have a
dramatic effect onCm /T asTN moves to lower temperature
and a Schottky-like maximum~or hump! appears. In the cal
culations, the heat capacity for the caseEin /Eout5` shows
no long-range order and is identical to that of a two-st
Schottky anomaly with an energy difference ofEin between
the two levels. The evolution of the 2D Ising calculatio
displays the same systematics as the data taken
Ce12xLaxRhIn5 shown in Fig. 5. In this scenario, as La
doped for Ce, short-range in-plane magnetic correlations
main while those along thec axis are weakened considerab
by the disorder. This culminates in the observance of
long-range order forx50.50.

F. Non-Fermi-liquid behavior

As mentioned, the heat capacity appears to display N
behavior in thex50.50 sample that is near the QCP. This
in agreement with the La doped results of Kimet al.39 and Y
doped results of Zapfet al.40 who find NFL behavior near the
QCP in the magnetic susceptibility, heat capacity, and re
tivity ~Y only! data. To further investigate the NFL behavi
in the La doped system, data in numerous magnetic fie
were collected, and some of the results are displayed in
7.

FIG. 6. Magnetic heat capacityCm divided by temperatureT vs
T as calculated for the 2D Ising model described in the text.Ein and
Eout correspond to the magnetic interaction energies in orthogo
directions. Ein/2 has been fixed to the value ofTN53.72 K of
CeRhIn5. The curves represent various values ofEout .
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As mentioned previously, the zero-field data can be
quite well for T,0.7 K to a NFL logarithmic dependence
The application of an applied field moves the NFL feature
higher temperatures eventually appearing to merge with
hump centered around 2.5 K in zero field~note that the up-
turn at the lowest temperature for the 90 kOe applied field
due to the In nuclear term!. The inset to Fig. 7 shows th
measured entropy up to 20 K at 0 and 90 kOe. Note t
there is a small increase in the entropy which approaches
expectedR ln 2 ~5.76 J/mol Ce K! as field is increased. This
‘‘missing’’ entropy is due to the large increase inCm /T at
low temperatures due to the NFL behavior that we do
measure; if we could measure to lower temperature,
would expect to find all of theR ln 2 entropy observed for
other samples~see Fig. 2!.

In heavy fermion systems, there is a natural competit
between single-site and intersite interactions. This has lea
a scenario of two types of coexistingf electrons: a local
‘‘Kondo gas’’ and a global ‘‘Kondo liquid.’’20,21,45In a simi-
lar fashion, we can separate the data in Fig. 7 into two co
ponents: a ‘‘localized’’ term due to short-range orderCSRO
~the hump! and a NFL termCNFL that can be attributed to
intersite effects. It is important to note that theCm /T data in
Fig. 7 is nearly field independent above 5 K. Above 5 K, w
would expect the NFL contribution to be negligible asT* in
the equationCNFL /T5g* ln T* /T is of the order of 5 K.
Therefore, we assume that there is a field independent t
CSRO which we find by subtracting off the zero-field NF
contribution. The resultingCSRO is displayed in Fig. 8.

The data can be fit reasonably well by the 2D Ising mo
with a value ofEin/252.64 K and only around 2/3 of the C
spins being involved. These numbers are similar to th
obtained on Y doped samples.40 However, Zapfet al.40 inter-
pret their data in terms of crystal fields that also disp
Schottky-like behavior. As mentioned previously, the he
capacity in the 2D Ising model for the caseEin /Eout5` is
identical to that of a two-state Schottky anomaly.44 The fact

al
FIG. 7. Magnetic heat capacityCm divided by temperatureT vs

T measured on Ce0.50La0.50RhIn5 in various applied fields. The
dashed line shows the non-Fermi-liquid contribution to the h
capacity for the zero-field data as described in text. The inset sh
the measured entropy up to 20 K at 0 and 90 kOe.
9-5
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that the data is broader than the fit is likely due to disord
McCoy and Wu have indeed shown that disorder broad
measured features in heat capacity measurements.44 The
value ofEin/2 is less than the value ofTN for the undoped
sample that is used in Fig. 6. As already discussed, dop
nonmagnetic La atoms should not only reduceEout as was
done in Fig. 6, it should also reduceEin as we observe. The
short-range order scenario also gives a natural explanatio
the absence of magnetic-field effects on theCSRO data be-
cause the spins align in the basal plane and the magnetic
is applied perpendicular to the spins. The magnetic fi
would be expected to have an effect onEout while leaving
Ein unchanged. SinceEout!Ein the ratio ofEin /Eout will be
quite large and the heat capacity data are very insensitiv
changes inEout as long as the ratio is large, andCSRO ap-
pears Schottky-like in nature peaking at the same temp
ture sinceEin is not changing. TheCSROdata are also simila
to that seen by others near the QCP for La doping,39 Y
doping,40 and applied pressure.8

The case of high pressure is of particular interest, beca
the hump like feature is seen in the undoped stoichiom
near the QCP when pressure is applied.8 Though Fisheret al.
attribute the hump to the Kondo effect,8 the feature is much
too narrow to be fit by a spin 1/2 Kondo impurity model.46 In
fact the feature due to superconductivity is seen below
maximum inC that is field independent as is ourCSRO data.
In this interpretation, the long-range 3D magnetic order
nearly destroyed while short-range 2D magnetic correlati
are still present near the QCP. This could easily be en
sioned by the magnetic correlation length becoming sma
along thec axis than the nearest-neighbor Ce-Ce separa
which is much greater than the basal plan Ce-Ce distan
leading to very large values ofEin /Eout . For the 16.5 kbar
data of Fisheret al. that is very near the QCP, the data are
fairly well assuming that 65% of the Ce spins are involved
the magnetic-heat capacity with an energy ofEin/2
52.45 K. These numbers are remarkably similar to
Ce0.5La0.5RhIn5 data that is near the QCP. The small featu
near 2.5 K in the pressure data could be explained by
order with the fit parameters listed. This would mean that

FIG. 8. Magnetic heat capacity due to short-range magnetic
der CSRO divided by temperatureT vs T measured on
Ce0.50La0.50RhIn5. The solid line is a fit to the data involving
65.8% of the Ce spins as described in the text.
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superconducting transition would be at even lower tempe
tures~perhaps the very small looking feature in the data a
K!.8 Recent NQR results at 16 kbar are interpreted in ter
of microscopic regions of AF order below around 2.8 K a
AF and superconducting states below 1.3 K.10 This scenario
is in excellent agreement with the above analysis. The ap
cation of higher pressure would be expected to increase
anisotropy of the magnetic interactions while reducing
magnitude ofEin/2. This is exactly what is found at 19 kba
where the data are fit reasonably well byEin/251.88 K with
Ein /Eout5`. Unlike the crystal-field interpretation,40 the
universality of the humplike feature near the QCP in bo
pressure and doping experiments, the agreement with the
Ising calculations, and the fact that the crystal-field levels
found not to change with La doping in CeCoIn5
compounds20 lead us to confidently conclude that the data
have labeledCSRO are indeed due to short-range magne
order.

The remaining;34% of the entropy for thex50.50
sample is found in a NFLg* ln T* /T term. After the nuclear
In term is estimated using Eq.~3! with Hint5H and sub-
tracted along with the field independentCSRO/T contribu-
tion, the remaining data isCNFL /T. The CNFL /T data is
plotted for various fields in Fig. 9.

As field increases, the low-temperature data appears t
to a nearly constant Fermi-liquid-like value. This field d
pendent behavior is remarkably similar to that seen in one
the prototypical NFL system CeCu5.9Au0.1,41 and also to re-
cent results on CeCoIn5.47 These findings lead to the conclu
sion that the 4f electrons in Ce0.5La0.5RhIn5 display both
short-range~short-range magnetic order! and long-range
~non-Fermi-liquid! behavior consistent with an evolving pic
ture of coexisting short- and long-range correlations in
Kondo lattice.20,21,45

IV. CONCLUSIONS

In conclusion, we have measured the heat capacity
both the CeRh12yIryIn5 (y<0.10) and Ce12xLaxRhIn5 (x

r-

FIG. 9. Measured non-Fermi-liquid heat capacityCNFL divided
by temperatureT vs T measured on Ce0.50La0.50RhIn5 in various
applied fields. The zero-field data is given byg* ln T* /T with g*
5353 mJ/mol Ce K2 andT* 55.7 K.
9-6
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HEAT CAPACITY STUDIES OF Ce AND Rh SITE . . . PHYSICAL REVIEW B 69, 024419 ~2004!
<0.50) systems. Field-induced transitions when the m
netic field is applied along thea direction for
CeRh0.90Ir0.10In5 are very similar to those observed
CeRhIn5 suggestive that Ir doping up to 10% does n
change the AF order from the measured incommensu
spin-density wave in the undoped sample.15 La doping sup-
presses magnetic order with thex50.50 sample showing no
long range AF order. The La-doped data shows excel
agreement to calculation on a 2D square Ising lattice with
doping weakening the out-of-plane magnetic interactions
Ce0.50La0.50RhIn5, a coexistence of short-range magnetic
der and non-Fermi-liquid behavior is observed that is
markably similar in nature to the pressure induced superc

*Present address: Instituto de Fsic ‘‘Gleb Wataghin’’-UNICAM
13083-970 Campinas, Brazil.
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ductivity at a QCP in undoped CeRhIn5.8 This ‘‘dual’’ nature
of the 4f electrons in Ce based and other heavy ferm
systems shows the importance of including the effect of
lattice when studying these systems.
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