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Heat capacity studies of Ce and Rh site substitution in the heavy-fermion antiferromagnet
CeRhIng: 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 CeRhlteat capacity measurements have been performed on;CgRfins
(y=0.10) and Ce¢_,La,Rhing (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 gf g is consistent with
the magnetic structure of CeRRglibeing unchanged by Ir doping. Doping of Ir in small concentrations is
shown to slightly increase the antiferromagnetic transition tempera@tu(@,= 3.8 K in the undoped sample
La doping which causes disorder on the Ce sublattice is shown to [Byveiith no long-range order observed
above 0.34 K for Cgsd-ag sgRhins. Measurements on GelaysRhins show a coexistence of short-range
magnetic order and non-Fermi-liquid behavior. This dual nature of thefGaettrons is very similar to the
observed results on CeRR@lvhen long-range magnetic order is suppressed at high pressure.
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[. INTRODUCTION conductivity. Field-induced transitions when the magnetic
field is applied along tha direction are seen in all samples
Among heavy fermior(HF) materials, magnetically me- that display AF order. A detailed phase diagram for
diated superconductivity has been observed in many matereRhy drq1Ins shows excellent agreement to that of the un-
als at the point where long-range order is suppressed by afloped parent compound CeRklsuggesting that Ir doping
loying or applying pressure at a quantum critical pointdoes not change the AF order from the measured incommen-
(QCP.1~® One of these systems, CeRkliis antiferromag-  Surate spin-density wavé:*° La doping suppresses mag-
netic (AF) at ambient pressure witify=3.8 K and y netic order with thex=0.50 §ample showing no Iong-range.
~400 mJ/mol .57 The AF state is suppressed at a pressuréA‘F order; however, a coexistence of short-range magnetic

of around 1.2 GPa and coexists over a limited pressure rang%rd_ﬁ: andh non—Fe{rSi—L:qLin%NI;hL) beha}vior islobs(;art\r/]ed. tical
with the superconductingSC) state®®-1°Recently, HF sys- ough a great ceal of both experimental and theoretica

tems with the formula QdIng (M=Co and Ij have also work have been performed on heavy fermion systems, a gen-

._eral understanding of the crossover from the single impurit
been reported to become superconductors at amblelgg g 9 purity

aL12 ik ¢ HF duct th ¢ the lattice limits has been elusive. Recently, the obser-
pressure. niikeé Mos superconductors, the SyStem, e of multiple energy scaféd® and the coexistence of

CeRRh_,lIryIns displays a coexistence of AF order a”f's SClocalized and delocalizetlelectron&®? have shown the ne-
state over a wide range of doping (@:3<0-6)-14 cessity of including the lattice and considering the localiza-
Thermodynamic, nuglezig quadrupole resonan¢sQR), tion of f electrons in heavy fermion systems. Our results on
and neutron-scatterifgy'® experiments all show that the Cey.sd-a0 sRIns, which is near the QCP, show signatures of
electronic and magnetic properties of CeRhblire aniso- the coexistence of short-rangshort-range magnetic order
tropic in nature. and long-rangénon-Fermi-liquid behavior. We find a strik-

To better understand the magnetic ground state out ohg resemblance of the results onGg.a, sqRhins to those
which SC evolves, we have performed heat capacity measn CeRhlg driven to a QCP under presstire.
surements on both the CeRRlryIns; (y<0.10) and
Ce _,La,Rhing (x<0.50) systems. The magnetic-field stud- Il EXPERIMENT
ies for various dopings are an extension of our previous
work.”*” The measurements were performed along both the CeRh_,lryIns; and Ce_,La,Rhins single crystals
tetragonak andc axes in applied magnetic fields to 90 kOe. were grown by a self-flux techniqi#é.The samples were
The dependence of the magnetic transitions with respect ttound to crystallize in the primitive tetragonal
temperature, magnetic field applied along different crystaHoCoGa-type structuré?* with lattice parameters, deter-
directions, and doping using heat capacity measurements ahined by x-ray diffraction, in agreement with literature
lows the determination of the magnetic interactions in thesealues®?? Heat capacity measurements, using a standard
complicated materials. Precisely determining the changes dhermal relaxation method, were performed in a quantum
magnetic properties with different variables gives insightdesign PPMS system equipped with a superconducting mag-
into favorable conditions for magnetically mediated supernet capable of generating a 90 kOe magnetic field. The lat-
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tice heat capacity was determined by measuring LaRhin 30f ' ' R ]
which has nd electrons. The LaRhindata were subtracted i 7" ]
from Ce _,LaRh_,IryIns to obtain the magnetic heat ca- o 25F 1 o /T .
pacity C,,. This makes the assumption that the specific heat N i N
of the lattice is unchanged by the substitutions. Since the 3 20 § ]
lattice constants change less than 0.6% for the studied i [ CeRhIn %
sample$>” one expects that the Debye temperature, which £ Lsr 5 § 8 ]
is known to depend on volume, and hence the lattice contri- = ob H)a st
bution to the heat capacit i tant f - & "I H=90kOe L S
pacity remains constant for our pur | .
poses. O os mw/ ° 1
Ill. RESULTS AND DISCUSSION 0~00 1 > 3 4 5
A. Low-temperature specific heat T (K)

The low-temperature specific-heat measurements were _ _ o
performed over the temperature range 0.34 K< 20 K in FIG. 1. Magnetic hgat capac@m d|V|ded_by_temperatur§ Vs
applied magnetic fields to 90 kOe. As previously mentioned Mmeasured on CeRhin an applied magnetic field of 90 kOe with
the lattice contribution to the heat capacity is subtracted ust3- Two phase transition®y and T, correspond to the antiferro-
agnetic ordering temperature and a field-induced transition. The

ing LaRhIny as a reference compound. The total magnetic,m o . ) .
specific heat can be written as solid line for T<0.8 T\ represents a fit to the data as described in

the text.
Cin=Celect Cordert Chypu (1) . . L

) ) o _ Note that we are in the high temperature limit for the nuclear
where Ce ¢ is the electronic contributionCqrqer is from  Schottky term and use the high-temperature approximation
magnetic correlationgshort and long rangedbetween the  [Eq. (3)] that the nuclear heat capacity falls off &52. The
Ce 4f electrons, an€y,y, is from the nuclear moment of the solid line in Fig. 1 is a fit to Eq.(1) with y,=38
In atoms. The electronic contribution is given I for T +2 mJ/mol CeR, By =6.3+0.2 mJ/mol CeK, B;,=310
>Ty andyeT for T<Ty, wherey> yo. In the magnetically  +20 mJj/mol Ce K, Eq/ke=4.4x0.2 K. Fits like this were
ordered samples beloWy,, as done beforéye use the form g ,ccessful for all CeRh,lIryIng samples in all applied fields

_ directed along either tha or c axis. However, fits to the
— 3 ’ Eqy/kgT\T3 ’
Corder=BuT "+ By(e "8 )T, 2) Ce _,La,Rhing data, at least fox>0.03, did not give satis-

whereBy T3 is the standard AF magnon term and the secondactory results due to short-range order and non-Fermi-liquid
term is an activated AF magnon term. The need for an actieffects and only the&=0 andx=0.03 data were fit and will
vated term to describe heat capacity data has been sebf reported.

before in other Ce and U compounds; 2" and rises from

an AF spin-density wavéSDV\O with a gap in the excitla- B. Magnetic entropy

tion spectrum due to anisotropy. The CeRhlmagnetic ) ) )
structure indeed displays an anisotropic SDW with modula- The magnetic entropys,, can be found by integrating
tion vector(1/2,1/3,0.297 (Refs. 15,16 which is consistent Cm/T as a function of temperature. This has been done for
with this picture. The In atoms have a nuclear magnetic mo@ll of the measured samples and the results in zero applied

ment which gives rise to hyperfine contribution to the heatield are shown in Fig. 2. _
capacityCpyp. Chyp is given by A/T2 with A given by the All of the measured samples approden 2 by 20 K with

relatiorf® the exception of the dif%,ﬁd?hl% sample(which is still
very close toRIn2). Application of a magnetic field has a
R(I+1\ [ uHnyp 2 nearly negligible effect on the measured entropy for all
=3 ) Tk | (3)  samples with again the exception of the,GgaysRhins

sample. The reason for the differences in the behavior of the
wherel is the nuclear momer(®/2 for In), u is the nuclear Ce)sd-a9sRhing sample relative to the others will be ex-
magnetic moment5.54 uy for In), andHy,, is the magni-  plained in detail later but is due, at least in part, to non-
tude of the internal field strength at the In site that can be dueegligible entropy below 0.35 K that we cannot measure. It
to both internaH;,,; and externally appliedt fields. is also possible that the stoichiometry is slightly less than the
Data for CeRhlg in a 90 kOe magnetic field applied nominal starting value ok=0.50. In fact a value ofx
along the tetragonad axis (Hlla) is shown in Fig. 1. Two =0.47 gives an entropy d®In 2 at 20 K. For the rest of the
phase transitions aty=3.91 K andT;=3.09 K are clearly paper, we will assume that=0.50. However, usingx
seenT\ is the transition to long-range AF order, aihgisa  =0.47 has little effect on the data and would not change our
first-order field-induced magnetic phase transifiddrield-  conclusions. The observance Bfin2 entropy in all of the
induced transitions have been observed before in CeRfiin  measurements is indicative that the meas@gdvalues are
and this topic will be discussed in detail later. The upturn aidue solely to a doublet crystal-fiel@€F) ground state. This is
low temperatures is due to the In nuclear Schottky termconsistent with other studies which show the lowest CF level
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various applied fieldsl applied along the axis. Ty corresponds to
the antiferromagnetic ordering temperature, dndand T, corre-

FIG. 2. Magnetic entrop$,,, found by integrating,,/T, mea-  SPond to field-induced first- and second-order transitions, respec-
sured on doped CeRhjrsamples. All of the samples approach tively. The dashed lines are guides to the eyes.
RIn 2 of entropy by 20 K consistent with 8= 1/2 doublet crystal-
field ground state.

T (K)

The application of a magnetic field alters the magnetic
interactions. As reported before for CeRhif! whenHlic,

is a doublet separated by 60—80 K from the first excited! n decreases for all of the samples that show AF order as is
level3-33 Thus we are confident that our measurement ofisually seen in heavy fermion systeffig\s shown in Fig. 1,

C,, are solely due to the Cefelectrons in &8=1/2 doublet  for Hlla field-induced magnetic transitions are observed in
CF ground state. CeRhRy drg1Ins. A cumulativeH-T phase diagram is shown
in Fig. 4.

Ty corresponds to the antiferromagnetic ordering tem-
perature, and’; andT, correspond to field-induced first- and

Neutron-diffraction studies have shown that the substitusecond-order transitions, respectively. The dashed lines are
tion of 10% La for Ce lowersTy from 3.8 K found in  guides to the eyes. The similarity to the phase diagram of the
CeRhin to 2.7 K but does not change the SDW groundundoped CeRhlnis remarkablé® This naturally leads to the
state?* As mentioned, CeRh ,Ir,Ins displays a coexistence conclusion that the Ir substitution does not change the mag-
of AF order and SC state over a wide range of doping (0.5hetic structurgiincommensurate SDWof CeRhiny at least
<y<0.6).1*As it has been established that two-dimensionakor x<0.10. In a manner similar to the effect of doping,
(2D) magnetic ground states favor STit is important to  recent neutron-scattering results show that the incommensu-
determine if the SC state arises out of the known SDWrate SDW only weakly changes with pressure up to 2.3
ground state of the undoped sample. Figure 3 shows thgPa®’ As stated previously, the magnetic structure in regions
zero-field data as a function of Ir doping. | and Il is a spin-density wave that is incommensurate with

the lattice where region Il has a larger magnetic moment on

C. Magnetic order

2.0 ' 5 ' each Ce atom; region Il corresponds to a spin-density wave
[ that is commensurate with the latti¢e.
— Taken along with neutron-scattering experiments on
M L5T CedlagsRhins that show no change in the magnetic
3 | structure®* substitutions of up to 10% of La for Ce and 10%
S 1ol Ir for Rh do not change the magnetic structure. This result
g leads one to believe that the superconductivity in the Ir
- CeRh, Ir In, ] doped samples and NFL behavior in the La doped samples
5s 05l —c—y=0 i evolve out of the magnetic structure of the ground state,
©] —o—3=0.05 1 namely, an incommensurate SDW. However, recent neutron-
—=—y=0.10 scattering results on Ir doped samples with0.30 show the
0.0 : : appearance of a commensurate component to the magnetic
3.0 3.5 4.0 45 38
T ®) order:

D. Long-range magnetic order

FIG. 3. Magnetic heat capacit@,, divided by temperaturd

versusT measured on CeRh,Ir,Ins in zero field. The value oT

increases ag increases.

All of the CeRh _IryIn5 data and Cggag oRhIns were

fit using Eqs.(1)—(3) for T<0.8Ty. Fits were made in ap-
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TABLE |. Summary of the fitting parameters to the 2.0 ——————
Ce, _,La,Rh_,Ir/Ins data. Definitions of the various coefficients [ {
are given in the text. The units are kOe féy mJ/mol Ce K for v, I
mJ/mol Ce K for 8, andpg,,, K for E4/kg, mJ K/mol Ce forA. N’M“ 1.5
The number in parentheses is the statistical uncertainty in the last © [
digit from the least-squares fitting procedure. @] L
e 10},
X y H Yo  Bm Bu Eg/ke  Hin g I
0 0 0 503) 191) 51030 7.04) 2 & o5
0 0 50(c) 452) 24(1) 580300 7.44) 5602 o
0 0 90(c) 412) 291) 60030) 7.24) 97(1) [ ¢
0 0 50(a) 382 191) 390300 5.84) 541) 0.0
0 0 90(a) 382 6(2 31030 4.42) 941 0
0 005 0 48) 231) 710400 8.24) 2 T (K)
. 7.94 2
8 882 :ggg jgg; ;ig 76550(()(14;())) S-igi 32((4; FIG. 5. Magnetic heat cap_acitym diyided by temperatur& vs
0 0.05 50(a) 27(7) 3005 58090 7.67) 57(1) T measured on Ge,La,Rhing in zero field.
8 8:(1)2 9og)a) 3;;2; igg; igggg 2:;(2; 992(1) expected. Qualitatively, applied fie_Id affects the fitting pa-
0 010 50[c) 643) 27(2) 60050 8.04) 57(4) rameters for the La doped sample in the same manner as the
0 010 90fc) 563 332 68070 8.14) 98(1) Ir doped §amples. Fd'l‘||-|C. the value ofBy is seen to in-
0 010 50(a) 553 252 41040 6.74) 573) crease WIthE 4 /kg remaining unchanged within the uncer-
tainty of the values, while foH||a, the values of8,, and
803 0'30 QOE)&) 32(8 ??8((21)) géég% gig 94;2) E4/kg both decrease as field increases.
0.03 0 50fc) 343) 472) 650160 7.68) 602
0.03 0 90(](:) 34(2) 50(2) 53(X50) 66(3) 99(3) E. Short-range magnetic order
003 0 50fa) 243) 383) 36040 544 652 As shown in a previous report, La doped for Ce in
003 0 90fa) 254) 20(3) 33090 4.22) 1023)  Ce _,LaRhIns suppressedy and leads to a QCP fox

~0.40, a value consistent with the 2D percolation
threshold'” The zero field data for various values ®f(x
plied fields of 50 kOe and 90 kOe applied along bothdhe <0.5) are shown in Fig. 5.

andc axes. A summary of the results is displayed in Table I. These results are in good agreement with previous La
The internal fieldH;,, was found by using the measuréd doped’°and Y dopetf’ reports. The value of is seen to
value and using Eq(3). From NQR measurements, it is decrease asincreases indicative of a weakening of the mag-
known that in the absence of an applied field the internahetic interactions. Fok=0.50, the upturn at low tempera-
field at the In sites in CeRhinis of the order of 2 kO&}  tures is not due to magnetic order but can be fit quite well for
which is consistent with the data in Table I, whédg, for ~ T<0.7 K to a non-Fermi-liquid formC/T= y* In T*/T.*442

the 50 and 90 kOe data is slightly higher than the appliedn all samples, a significant portion of the entropyR In 2
field. For the zero-field data, a value of 2 kOe Fr, gives  as shown in Fig. Ris found aboveTy. This is consistent

a nearly negligible contribution to the heat capacity in ourwith neutron-scattering results that show short-range mag-
temperature range so we have bgf;=2 kOe forH=0 in  netic correlations at temperatures on the ordert§ 23 The

all of our fits shown in Table (this assumption has a negli- contribution to the heat capacity from these short-range cor-
gible effect on the zero-field fit parameters as they do notelations can be seen as a “hump” in the heat capacity data
change ifH;,;=0 is used. For all values o the value ofy,  that becomes apparent &g is suppressed and is consistent
is seen to decrease as field is applied as usually seen in heaw§th our previous report that speculated the hump was due to
fermion systemé® For H|c the value of8y, is seen to in-  short-range magnetic interactiolfs.

crease as field is applied whitg, /kg remains relatively con- To further discuss the data in terms of short-range mag-
stant. For AF systems whegy, D ~3 with D the spin-wave netic interactions, we consider the results of McCoy and Wu
stiffness?® one would expecD to decrease in an applied for a 2D Ising model on a square lattice with two magnetic
field that weakens AF interactions leading to an increase imteraction energieg; andE,.** We identify E; andE, as
Bwm . For Hlja in an applied field, the values g8y and E;, andE,, (in-plane and out-of-plane directionthat cor-
Ey/kg tend to decrease relative to the zero-field value. Agespond to the magnetic interaction energies along the two
seen in Fig. 1, the fits to the data in this direction areTor orthogonal directions, where this mapping is completely rig-
<T, where the spin structure is believed to be a SDW that isorous of some concern as the model only takes into account
commensurate with the lattice. As the zero-field spin strucnearest-neighbor interactions on a 2D lattice, and the inclu-
ture is an incommensurate SDW, the commensurate state hsi®n of both a magnetic interaction in tleedirection along

a smaller value oEy/kg as one would naively expect. The with next-nearest neighbors would lead to multiple magnetic
small amount of La doping decreases the valueygfas interaction strengths. However, to a first approximation, it
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FIG. 6. Magnetic heat capacity,, divided by temperatur& vs
T as calculated for the 2D Ising model described in the €xtand FIG. 7. Magnetic heat capaciy,, divided by temperatur& vs
E,.: correspond to the magnetic interaction energies in orthogonal’ measured on Ggd.agsRhing in various applied fields. The
directions. E;,/2 has been fixed to the value diy=3.72 K of  dashed line shows the non-Fermi-liquid contribution to the heat
CeRhlry. The curves represent various valuessg, . capacity for the zero-field data as described in text. The inset shows

L . . the measured entropy up to 20 K at 0 and 90 kOe.
seems reasonable to qualitatively describe our data &sjng

as the interaction in the basal plane &@gg, as the out-of- As mentioned previously, the zero-field data can be fit
plane (interlaye) interaction. We fixE;,/2=Ty and vary  qjite well for T<0.7 K to a NFL logarithmic dependence.
Eout With the results shown in Fig. 6. The application of an applied field moves the NFL feature to

The E;,/Ey, =10 curve looks remarkably similar to the higher temperatures eventually appearing to merge with the
CeRhin, data shown in Fig. 5 showing a peak @/T at  hymp centered around 2.5 K in zero fidhibte that the up-
T . Neutron-scattering results on CeRfiishow the mag-  yrm at the lowest temperature for the 90 kOe applied field is
netic correlation lengths abovig, are only about a factor of §,e to the In nuclear termThe inset to Fig. 7 shows the
2-3 different for measurements along and perpendicular tg,easured entropy up to 20 K at 0 and 90 kOe. Note that
the c axis*® and magnetic-susceptibility measurements shownere js a small increase in the entropy which approaches the
a factor of 2—3 difference in the in-plane and out-of-plan€eyxpectedR In 2 (5.76 J/mol Ce Kas field is increased. This
susceptibility** ~234°However, as there are more near neigh-«missing” entropy is due to the large increase @),/T at
bors (4) in plane than out of plan2) using the value of 10 |4 temperatures due to the NFL behavior that we do not
for Ej,/E,,c seem reasonable from a qualitative point of measyre: if we could measure to lower temperature, we
view. KeepingE;, fixed and reducinge, is seen to have a \yoyid expect to find all of thekIn 2 entropy observed for
dramatic effect orC,,/T asTy moves to lower temperatures giper samplegsee Fig. 2
and a Schottky-like maximurfor hump appears. In the cal- | heavy fermion systems, there is a natural competition
culations, the heat capacity for the cdSg/E,u= Shows  petween single-site and intersite interactions. This has lead to
no long-range order and is identical to that of a two-state; scenario of two types of coexistirfigelectrons: a local
Schottky anomaly with an energy differencef, between  «kondo gas” and a global “Kondo liquid.2%?**%In a simi-
the two levels. The evolution of the 2D Ising calculation |5r fashion, we can separate the data in Fig. 7 into two com-
displays the same systematics as the data taken Qibnents: a “localized” term due to short-range ord@sgo
Ce,xLa,RhIns shown in Fig. 5. In this scenario, as La is (the hump and a NFL termCy, that can be attributed to
doped for Ce, short-range in-plane magnetic correlations repersite effects. It is important to note that t6g,/T data in
main while those along theaxis are weakened considerably ig 7 s nearly field independent above 5 K. Above 5 K, we
by the disorder. This culminates in the observance of nqyqyiqg expect the NFL contribution to be negligible B in

long-range order fox=0.50. the equationCyg, /T=7* InT*/T is of the order of 5 K.
S ) Therefore, we assume that there is a field independent term
F. Non-Fermi-liquid behavior Csro Which we find by subtracting off the zero-field NFL

As mentioned, the heat capacity appears to display NFicontribution. The resultin@€srois displayed in Fig. 8.
behavior in thex=0.50 sample that is near the QCP. This is  The data can be fit reasonably well by the 2D Ising model
in agreement with the La doped results of K&hal**and Y  with a value ofE;,,/2=2.64 K and only around 2/3 of the Ce
doped results of ZapHt al*°who find NFL behavior near the spins being involved. These numbers are similar to those
QCP in the magnetic susceptibility, heat capacity, and resisobtained on Y doped sampl&However, Zapfet al*® inter-
tivity (Y only) data. To further investigate the NFL behavior pret their data in terms of crystal fields that also display
in the La doped system, data in numerous magnetic fieldSchottky-like behavior. As mentioned previously, the heat
were collected, and some of the results are displayed in Fig:apacity in the 2D Ising model for the cagg,/E, == is
7. identical to that of a two-state Schottky anom#iffhe fact
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FIG. 8. Magnetic heat capacity due to short-range magnetic or- 04 06 081
der Cgro divided by temperatureT vs T measured on T(K)
CeysdaysRhins. The solid line is a fit to the data involving o o
65.8% of the Ce spins as described in the text. FIG. 9. Measured non-Fermi-liquid heat capadtyr, divided

by temperaturel vs T measured on Ggd-aysdRhins in various
that the data is broader than the fit is likely due to disorderapplied fields. The zero-field data is given ¥ In T*/T with *
McCoy and Wu have indeed shown that disorder broadens 353 mJ/mol Ce R andT*=5.7 K.
measured features in heat capacity measurerfiénfbe
value of E;,/2 is less than the value d@fy for the undoped
sample that is used in Fig. 6. As already discussed, dopin
nonmagnetic La atoms should not only redi€g,; as was

superconducting transition would be at even lower tempera-
res(perhaps the very small looking feature in the data at 1
).8 Recent NQR results at 16 kbar are interpreted in terms

done in Fig. 6, it should also redu@, as we observe. The °f Microscopic regions of AF order below around 2.8 K and

short-range order scenario also gives a natural explanation @‘F and superconducting states below 1.3 Kl'.h|s_scenar|o :

the absence of magnetic-field effects on s, data be- Ik in excellent agreement with the above anaIyS|§. The appli-

. A O - _._cation of higher pressure would be expected to increase the

cause the spins align in the basal plane and the magn?t'c_f'igxisotropy of the magnetic interactions while reducing the

is applied perpendicular to the spins. The magnetic field,agnitude ofE;, /2. This is exactly what is found at 19 kbar

would be expected to have an effect B, while leaving  \yhere the data are fit reasonably well By/2=1.88 K with

Ein unchanged. Sincg,<E;, the ratio ofE, /Eoy willbe g, /E  =c. Unlike the crystal-field interpretatici, the

quite large and the heat capacity data are very insensitive ignjversality of the humplike feature near the QCP in both

changes irE, as long as the ratio is large, a@kroap-  pressure and doping experiments, the agreement with the 2D

pears Schottky-like in nature peaking at the same temperasing calculations, and the fact that the crystal-field levels are

ture sincek;,, is not changing. Th€sgodata are also similar  found not to change with La doping in CeCgln

to that seen by others near the QCP for La dopihY, compound® lead us to confidently conclude that the data we

doping?® and applied pressufe. have labeledCgsro are indeed due to short-range magnetic

The case of high pressure is of particular interest, becausader.

the hump like feature is seen in the undoped stoichiometry The remaining~34% of the entropy for thex=0.50

near the QCP when pressure is appfldthough Fisheet al.  sample is found in a NFiy* In T*/T term. After the nuclear

attribute the hump to the Kondo effétthe feature is much In term is estimated using E@3) with H;;=H and sub-

too narrow to be fit by a spin 1/2 Kondo impurity mod&In  tracted along with the field independe@tro/T contribu-

fact the feature due to superconductivity is seen below &on, the remaining data i€ye /T. The Cyp /T data is

maximum inC that is field independent as is 0Gggodata.  Plotted for various fields in Fig. 9.

In this interpretation, the long-range 3D magnetic order is AS field increases, the low-temperature data appears to go

nearly destroyed while short-range 2D magnetic correlation!Y @ nearly constant Fermi-liquid-like value. This field de-
are still present near the QCP. This could easily be enviPendent behavior is remarkably similar to that seen in one of

H 41
sioned by the magnetic correlation length becoming smalle}he prototypical NFL system CeGuo,,™ and also to re-

7 . .

along thec axis than the nearest-neighbor Ce-Ce separatioﬁ?m risultionluCeICogrf‘ Thesgflrldlngshlleaddt_o tlhe anﬂu'
which is much greater than the basal plan Ce-Ce distanced®n that t eh electrons in Cgsl.ay sRhins dlslp ay bot
leading to very large values @&;,/E,,. For the 16.5 kbar S ort-range(short-range magnetic ordeand long-range
data of Fisheet al. that is very near the QCP, the data are fit(non—Ferm|—I[qgld behavior consistent with an evo.IV|ng.p|c—
fairly well assuming that 65% of the Ce spins are involved in':gredof ICO?X'%!Q&?“O”' and long-range correlations in the
the magnetic-heat capacity with an energy &f,/2 ondo lattice:
=2.45 K. These numbers are remarkably similar to the

IV. CONCLUSIONS
CesLay sRhins data that is near the QCP. The small feature
near 2.5 K in the pressure data could be explained by AF In conclusion, we have measured the heat capacity on
order with the fit parameters listed. This would mean that thévoth the CeRh IryIns (y<0.10) and Ce ,La,Rhins (x
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<0.50) systems. Field-induced transitions when the magductivity at a QCP in undoped CeRRIfi This “dual” nature
netic field is applied along thea direction for  of the 4f electrons in Ce based and other heavy fermion
CeRhodro1dns are very similar to those observed in systems shows the importance of including the effect of the

CeRhliny suggestive that Ir doping up to 10% does not|attice when studying these systems.
change the AF order from the measured incommensurate

spin-density wave in the undoped samplé.a doping sup-
presses magnetic order with tke=0.50 sample showing no
long range AF order. The La-doped data shows excellent
agreement to calculation on a 2D square Ising lattice with La  Work at UNLV is supported by U.S. Department of En-
doping weakening the out-of-plane magnetic interactions. Irergy EPSCoR-State/National Laboratory Partnership Grant
Cey50-3 sgRhIns, a coexistence of short-range magnetic or-No. DE-FG02-00ER45835 and Cooperative Agreement
der and non-Fermi-liquid behavior is observed that is reGrant No. DE-FC08-98NV1341. Work at LANL is per-
markably similar in nature to the pressure induced supercorformed under the auspices of the U.S. Department of Energy.

ACKNOWLEDGMENTS

*Present address: Instituto de Fsic “Gleb Wataghin”-UNICAMP, B.E. Light, and A.L. Cornelius, Phys. Rev.@, 054433(2002.

13083-970 Campinas, Brazil. 18A.L. Cornelius, J.M. Lawrence, T. Ebihara, P.S. Riseborough,
1F. steglich, J. Aarts, C.D. Bredl, W. Lieke, D. Meschede, W. C.H. Booth, M.F. Hundley, P.G. Pagliuso, J.L. Sarrao, J.D.
Franz, and H. Schiar, Phys. Rev. Lett43, 1892(1979. Thompson, M.H. Jung, A.H. Lacerda, and G.H. Kwei, Phys.
2D. Jaccard, K. Behina, and J. Sierro, Phys. Lett183 475 Rev. Lett.88, 117201(2002.
(1992. 19T, Ebihara, E.D. Bauer, A.L. Cornelius, J.M. Lawrence, N. Har-
3R. Movshovich, T. Graf, D. Mandrus, J.D. Thompson, J.L. Smith, rison, J.D. Thompson, J.L. Sarrao, M.F. Hundley, and S. Uji,
and Z. Fisk, Phys. Rev. B3, 8241(1996. Phys. Rev. Lett90, 166404(2003.

“F.M. Grosche, S.R. Julian, N.D. Mathur, and G.G. Lonzarich,2s, Nakatsuji, S. Yeo, L. Balicas, Z. Fisk, P. Schiottmann, P.G.

Physica B223-224 50 (1996. Pagliuso, N.O. Moreno, J.L. Sarrao, and J.D. Thompson, Phys.
SN.D. Mathur, F.M. Grosche, S.R. Julian, I.R. Walker, D.M. Freye, Rev. Lett.89, 106402(2002.

R.K. Haselwimmer, and G.G. Lonzarich, Natuteondon 394, 215 Nakatsuiji, D. Pines, and Z. Fisk, cond-mat/0304&&Tpub-
39 (1998. lished.
°H. Hegger, C. Petrovic, E.G. Moshopoulou, M.F. Hundley, ‘]'L'ZZE G. Moshopoulou, Z. Fisk, J.L. Sarrao, and J.D. Thompson, J
Sarrao, Z. Fisk, and J.D. Thompson, Phys. Rev. 184t.4986 - L N ' o T
Solid State Cheml158 25 (2002).

(2000. . o
"AL. Comelius, A.J. Arko, J.L. Sarrao, M.F. Hundley, and Z. Fisk 23Y.N. Grin, Y.P. Yarmolyuk, and E.l. Gladyshevskii, Kristallo-
F',h'ys Rev. B62. 14 181’(260'0 B ’ U grafiya24, 242(1979 [Sov. Phys. Crystallog@4, 137 (1979].

24 . .
8R.A. Fisher, F. Bouquet, N.E. Phillips, M.F. Hundley, P.G. Pag- -\ Gfin. P. Rogl, and K. Hiebl, J. Less-Common Mgl 497
liuso, J.L. Sarrao, Z. Fisk, and J.D. Thompson, Phys. Re&5,B (1986.

224509(2002. 5C.D. Bredl, J. Magn. Magn. Mate3-64 355 (1987.

9T, Mito, S. Kawasaki, G.q. Zheng, Y. Kawasaki, K. Ishida, Y. 2N.H. van Dijk, F. Bourdarot, J.P. Klaasse, I.H. Hagmusa, E.
Kitaoka, D. Aoki, Y. Haga, and Y. Onuki, Phys. Rev. &3, Bruck, and A.A. Menovsky, Phys. Rev. &6, 14 493(1997.
220507R) (2009. %’S. Murayama, C. Sekine, A. Yokoyanagi, and Y. Onuki, Phys.

107, Mito, S. Kawasaki, Y. Kawasaki, G.-Q. Zheng, Y. Kitaoka, D. ~ Rev. B56, 11 092(1997.
Aoki, Y. Haga, and Y. Onuki, Phys. Rev. Letf0, 077004 **M.R. Lees, O.A. Petrenko, G. Balakrishnan, and D.M. Paul, Phys.
(2003. Rev. B59, 1298(1999.

¢, Petrovic, P.G. Pagliuso, M.F. Hundley, R. Movshovich, J.L.?°The software used to measure the heat capacity uses average val-
Sarrao, J.D. Thompson, Z. Fisk, and P. Monthoux, J. Phys.: Con- ues to fit the thermal relaxation data. From the raw traces, the
dens. Matterl3, L337 (2001). transitions which we have assigned as first order are clearly first

12¢. Petrovic, R. Movshovich, M. Jaime, P.G. Pagliuso, M.F. Hun-  order in nature. Experience tells us the averaging method under-
dley, J.L. Sarrao, Z. Fisk, and J.D. Thompson, Europhys. Lett. estimates the value of the heat capacity near the peak of the

53, 354 (2001). first-order transition by a factor of 4 or 5.
13p,G. Pagliuso, C. Petrovic, R. Movshovich, D. Hall, M.F. Hund- 3°A.L. Cornelius, P.G. Pagliuso, M.F. Hundley, and J.L. Sarrao,

ley, J.L. Sarrao, J.D. Thompson, and Z. Fisk, Phys. Re@4B Phys. Rev. B64, 144411(2002).

100503R) (2001). 31T, Takeuchi, T. Inoue, K. Sugiyama, D. Aoki, Y. Tokiwa, Y. Haga,
¥N.J. Curro, P.C. Hammel, P.G. Pagliuso, J.L. Sarrao, J.D. Thomp- K. Kindo, and Y. Onuki, J. Phys. Soc. Jpr0, 877 (2001).

son, and Z. Fisk, Phys. Rev. ®, R6100(2000. 32p G, Pagliuso, N.J. Curro, N.O. Moreno, M.F. Hundley, J.D. Th-
W, Bao, P.G. Pagliuso, J.L. Sarrao, J.D. Thompson, Z. Fisk, J.W. ompson, J.L. Sarrao, and Z. Fisk, Physic88), 370(2002.

Lynn, and R.W. Erwin, Phys. Rev. B2, R14621(2000. 33A.D. Christianson, J.M. Lawrence, P.G. Pagliuso, N.O. Moreno,
18\, Bao, P.G. Pagliuso, J.L. Sarrao, J.D. Thompson, Z. Fisk, JW. J.L. Sarrao, J.D. Thompson, P.S. Riseborough, S. Kern, E.A.

Lynn, and R.W. Erwin, Phys. Rev. 87, 099903E) (2003. Goremychkin, and A.H. Lacerda, Phys. Rev. @, 193102

p,G. Pagliuso, N.O. Moreno, N.J. Curro, J.D. Thompson, M.F.  (2002.
Hundley, J.L. Sarrao, Z. Fisk, A.D. Christianson, A.H. Lacerda,*W. Bao, A.D. Christianson, P.G. Pagliuso, J.L. Sarrao, J.D. Th-

024419-7



LIGHT, KUMAR, CORNELIUS, PAGLIUSO, AND SARRAO PHYSICAL REVIEW B89, 024419 (2004

ompson, A.H. Lacerda, and J.W. Lynn, Physic8 B-313 120 “H.v, Lohneysen, T. Pietrus, G. Portisch, H.G. Schlager, A. Schro

(2002. der, M. Sieck, and T. Trappmann, Phys. Rev. L&R&, 3262
35p. Monthoux and G.G. Lonzarich, Phys. Rev. 6, 054529 (1999.

(2001). 42G.R. Stewart, Rev. Mod. Phyg3, 797 (2001).
%G.R. Stewart, Rev. Mod. Phy56, 755 (1984). W. Bao, G. Aeppli, J.W. Lynn, P.G. Pagliuso, J.L. Sarrao, M.F.

37A. Llobet, J.S. Gardner, E.C. Moshopoulou, J.M. Mignot, M. Hundley, J.D. Thompson, and Z. Fisk, Phys. Rev. 6B,
Nicklas, W. Bao, N.O. Moreno, P.G. Pagliuso, I.N. Gon- 10050%R) (2002.
charenko, J.L. Sarrao, and J.D. Thompson, cond-mat/0307058'B.M. McCoy and T.T. Wu,Two Two-Dimensional Ising Model

(unpublished (Harvard University Press, Cambridge, 1973
38W. Bao (private Communication 4N.J. Curro, J.L. Sarrao, J.D. Thompson, P.G. Pagliuso, S. Kos, A.
393.S. Kim, J. Alwood, D. Mixson, P. Watts, and G.R. Stewart, Abanov, and D. Pines, Phys. Rev. L6, 227202(2003.
Phys. Rev. B66, 134418(2002. 46\/T. Rajan, Phys. Rev. Letg1, 308(1983.
40v.s. zapf, N.A. Frederick, K.L. Rogers, K.D. Hof, P.-C. Ho, E.D. #’A. Bianchi, R. Movshovich, I. Vekhter, P.G. Pagliuso, and J.L.
Bauer, and M.B. Maple, Phys. Rev. &, 064405(2003. Sarrao, Phys. Rev. Letd1, 257001(2003.

024419-8



