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Specific heat in high magnetic fields and non-Fermi-liquid behavior
in CeM In5 „MÄIr, Co …
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The low-temperature specific heat, in magnetic fields to 32 T, and the magnetic susceptibility are reported on
single crystals of the new heavy-fermion superconductors CeM In5, M5Ir and Co, as well as the new heavy-
fermion antiferromagnet CeRhIn5. The absence of a pronounced field dependence to the specific heat of the Ir
and Co systems suggests that the large Sommerfeld coefficients of these compounds are due to correspondingly
large effective electron masses. In addition, the indicated non-Fermi-liquid behavior previously suggested from
the temperature dependence of the resistivity of CeIrIn5 has been confirmed in our measurements of the
susceptibility and specific heat for this compound, as well as in the susceptibility and specific heat of CeCoIn5.
The existence of superconductivity in these systems that appears, based on their non-Fermi-liquid behavior, to
develop near a quantum critical point is further support for this superconductivity being of unconventional
nature.

DOI: 10.1103/PhysRevB.64.134524 PACS number~s!: 71.10.Hf, 71.27.1a, 74.25.Bt, 74.70.Tx
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I. INTRODUCTION

Recently, a family of heavy-fermion compounds has be
discovered that crystallize in a layered, tetragonal structu1

with chemical composition CeM In5, whereM5Ir, Co, and
Rh. Characteristic of heavy-fermion systems, each mem
exhibits a large Sommerfeld coefficientg ~[C/T asT→0!
in the specific heatC. CeIrIn5 ~Ref. 2! and CeCoIn5 ~Ref. 3!
are bulk superconductors with transition temperatures aTc

50.4 and 2.3 K and normal-state values ofg
'750 mJ/mol K2 and '1200 mJ/mol K2, respectively.
CeRhIn5 displays heavy-fermion antiferromagnetism wit4

TN53.8 K. A precise value ofg is difficult to establish un-
ambiguously because of the Ne´el order, but a lower limit is
approximately5,6 400 mJ/mol K2.

There is a transition2 in CeIrIn5 to a zero-resistance sta
at 1.2 K that is significantly above the bulkTc , as deter-
mined by specific heat and susceptibility, and the resistiv2

varies asr5r01AT1.3 up to 5 K ~and down to 0.06 K in a
magnetic field sufficient to suppress superconductivity!. This
non-Fermi-liquid~NFL!-like temperature dependence of th
resistivity suggests that superconductivity in CeIrIn5 devel-
ops near or at a quantum critical point, with associated s
fluctuations that are conducive to magnetically media
Cooper pairing.7 Additional evidence for unconventional su
perconductivity has been reported forM5Ir, 2,8 Co,3,8 and
Rh,6,9 which is superconducting under pressure.5

The present work has two principal goals. First, speci
heat measurements in high~up to 32 T! magnetic fields pro-
vide information10 on the heavy-fermion ground state as w
as allowing an intercomparison10,11 of the field response o
other heavy-fermion systems. Second, the temperature
pendences of the specific heat and low-field~<5 T! magne-
tization will be examined for non-Fermi-liquid behavior
light of the NFL behavior observed2 in the resistivity of
0163-1829/2001/64~13!/134524~9!/$20.00 64 1345
n
e

er

in
d

-

l

e-

CeIrIn5 and the indications2,3,8,12of unusual superconductiv
ity observed in both CeIrIn5 and CeCoIn5. Typical of a Lan-
dau Fermi liquid areC/T andx being constants asT→0 and
the resistivity behaving asr5r01AT2, independent of the
strength of electron-electron interactions so long as the c
cept of a quasiparticle remains valid. Various theoreti
models13–15 for NFL behavior predict particular temperatu
dependences, e.g.,C/T;2 ln T or C/T;g2AT1/2. One
problem with providing precise temperature dependences
C/T in these compounds is the large nuclear quadrupole
ment of In, which splits otherwise degenerate nuclear ene
levels and creates3 a small low temperature~visible in our
zero-field specific-heat data for CeCoIn5 below 0.5 K!
Schottky anomaly. Also, applying a magnetic field to su
press superconductivity splits nuclear magnetic-moment
generate levels~I 5 9

2 in ln! which also will lead to a low-
temperature Schottky anomaly. The applied field~5 T!
necessary to suppress superconductivity in CeIrIn5 and
CeCoIn5 causes a Schottky anomaly due to splitting
nuclear magnetic levels with approximately a 10% contrib
tion to C/T at 0.3 K which must be subtracted in order
probe the temperature dependence of the electronic spe
heat at low temperatures.

Last, the zero-field specific heats of these~differently pre-
pared! samples of CeM In5 crystals will serve as a look a
possible sample dependence in these materials, since sa
dependence is certainly well known11,16 and, in some cases
of crucial importance for understanding other heavy-ferm
systems.

II. EXPERIMENT

Rather flat platelet crystals of up to 20 mm2 were obtained
in our sample preparation facility at the University of Florid
by heating stoichiometric amounts of the component e
©2001 The American Physical Society24-1
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ments, but with a 50%-In excess~In flux method17,18!, in an
outgassed BeO crucible with lid, sealed under purified Ar
a Ta containment to 1200 °C. The Ce was from Ames La
ratory ~purity 99.95%!, the Ir was from Colonial Metals~pu-
rity 99.95%!, while the Co, Rh, and In were from Johnso
Mathey/Aesar and had purities of 99.9975, 99.95, a
99.9999%, respectively. The melt was then allowed to
mogenize for 2 h, followed by a slow cool~10 °C/h! down to
600 °C ~75 °C/h down to 750 °C, followed by 5 °C/h t
300 °C for M5Co!, followed by reducing the furnace t
room temperature at a cooling rate of 75 °C/h. Crystals w
separated by heating the contents of the crucible to the m
ing point of In and then extracting individual crystals fro
the melt using a small soldering iron and tweezers. Exces
was removed from the crystal surfaces using
H2O:HF:H2O2 4:1:1 etch; crystals after etching exhibite
silvery, flat mirror surfaces. Due to the comparison~dis-
cussed later! of the specific heat jump atTc with that in the
discovery report,2 some crystals of CeIrIn5 were powdered
and x-rayed. A slight, unidentified second phase constitu
circa 5–10 % of the sample was detected; powder-diffrac
experiments on crushed crystals grown at Los Alamos
no evidence for unidentified second phases to within
resolution of the data, which sets an upper limit of about
on second phase content.

The specific heat in fields to 13 T and down to 0.3 K w
measured in house, while the specific heat to 32 T down
1.4 K was measured at the NHMFL in Tallahassee us
established10,19calorimetry techniques. The magnetization
fields up to 5 T and down to 1.8 K was measured in a Qu
tum Design superconducting quantum interference de
~SQUID! magnetometer. Temperature dependences w
analyzed for possible non-Fermi-liquid behavior followin
the analysis in a recent review.13

III. RESULTS AND DISCUSSION

A. g„B…

The specific heats of single-crystal CeM In5 M5Ir, Co,
and Rh are shown in Figs. 1–3 respectively, with the fi
aligned perpendicular to the platelet flat faces, i.e., perp
dicular to the basal plane.~A somewhat different temperatur
dependence is found forM5Ir when a field of 6 T is applied
in the basal plane and will be discussed in Sec. III B.! As
shown in Fig. 1 for CeIrIn5, a field of 13 T still results in
C/T continuing to rise slightly~;6% from 2 K down to 1 K!
with decreasing temperature, i.e., to show continuing de
opment of the heavy-fermion ground state. In contrast, Fi
for M5Co shows that a 13-T field effectively suppresses
heavy-fermion upturn~the data remain flat from 2 K down to
1 K! in C/T with decreasing temperature, as is the case20 for
CeCu6. By 23 ~20! T, C/T for M5Ir ~Co! no longer shows a
heavy-fermion upturn at low temperatures, but rather nor
metallic behavior whereC/T5g1bT2, with the second
term due to the lattice specific heat and ag that is still rather
large. One sees in Figs. 1 and 2 that with increasing field
further suppression ofg ~[C/T asT→0! is rather minimal,
with g(28.5 T);400 (175) mJ/mol K2 for M5Ir ~Co!.
These 28.5-T results correspond to decreases inC/T at 1.5 K
13452
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of ;33 and 52% forM5Ir ~Co!, respectively, compared to
their zero-field values. Thus, at least in this sense, CeI5
and CeCoIn5 are similar10 to other Ce heavy fermion sys
tems, which show suppression of the heavy-fermion upt
in C/T with decreasing temperature at comparable fiel
while U-based heavy-fermion systems such as UBe13 and
UPt3 still show21,22 increasingC/T values asT→0 in 30 T.
This difference in field dependences ofC/T in superconduct-
ing Ce- and U-based systems may be related to what hap
below the Ne´el temperature of heavy-fermion antiferroma
nets. In Ce systems, the largeC/T aboveTN is almost com-
pletely lost asT→0, but in U-based systems, typically on

FIG. 2. Specific heat divided by temperature vs temperature
single-crystal CeCoIn5 at fields between 0 and 28.5 T, with fiel
perpendicular to the basal plane. The superconducting transitio
clearly visible at 2.3 K. The sharp upturn in the 13-T data at
lowest temperatures is due to the field splitting of the nuclear lev
in In and Co.

FIG. 1. Specific heat divided by temperatureC/T vs tempera-
ture for single-crystal CeIrIn5 at fields between 0 and 32 T, with
field perpendicular to the basal plane. At zero field, the superc
ducting transition at 0.4 K is visible at the lowest temperatures. T
data for fields above 13 T were taken down to 1.4 K at the NHMF
The data below 0.7 K forB513 T shown an upturn due primarily to
the field splitting of the nuclear levels in In.
4-2
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SPECIFIC HEAT IN HIGH MAGNETIC FIELDS AND . . . PHYSICAL REVIEW B64 134524
third of the high-temperatureC/T survives to lowest
temperatures.11 The survival of such largeg values to 28.5 T
for CeIrIn5 and, to a lesser extent, CeCoIn5 is strong evi-
dence that these systems owe their largeC/T values to large
electron effective masses and not to magnetic correlat
that strengthen with lower temperature and mimic the hea
fermion upturn inC/T as T→0. As a comparison,g in
CeCu6 decreases from 1600 mJ/mol K2 in zero field to 500
mJ/mol K2 in only 14.5 T.23

Considering now the field data, field aligned perpendi
lar to the basal plane, for CeRhIn5 shown in Fig. 3, two
things become clear. First, a magnetic field does not supp
TN very rapidly. This weak-field dependence ofTN is some-
what surprising, even given4 the small ordered momentm0
50.37mB in CeRhIn5. 30 T acting on this small momen
corresponds~via m0B5kBT! to approximately 7.5 K, which
exceedsTN by almost a factor of 2; however, Fig. 3 show
thatTN is depressed by less than 50% at 30 T. As a comp
son, although most antiferromagnets show a much m
rapid suppression ofTN with field, CePd2Si2 with24 TN
510 K and a local moment of 0.7mB shows25 only a 30%
suppression ofTN with the application of 29 T. Second, th
strongly temperature-dependentC/T aboveTN in zero field
does not show a strong field dependence. Although it is o
the case that a strong-field dependence in the upturn inC/T
in a system is evidence that the upturn is due to magn
correlations and not to the formation of a largem* heavy
fermion ground state@e.g., in CeCu6 ~Ref. 23! and in
UIn32xSnx ~Ref. 26!#, the inverse can be shown as follow
not to be the case here.

One way to estimate how much of theC/T value at 4 K in
CeRhIn5 is due to a heavy fermion ground state forming
temperature is lowered below 10 K~as happens forM5Ir
and Co, see Figs. 1 and 2! is to do an entropy,S, calculation.
One uses themeasured C/T below some temperature abov
both the magnetic anomaly and any magnetic correlati

FIG. 3. Specific heat divided by temperature vs temperature
single-crystal CeRhIn5 at fields between 0 and 32 T, with field pe
pendicular to the basal plane. The antiferromagnetic transition a
K decreases in temperature with applied field rather slowly. N
that the upturn inC/T with decreasing temperature forT.TN is
still quite marked even in 32 T, as discussed in the text.
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extending aboveTN ~from Fig. 3, this would be roughly 8 K!
to calculate the magnetic state entropy~5integral of
C/T dT! at that temperature and, assuming the antiferrom
netic transition is second order,extrapolatesthe C/T data
from above this temperature down toT50, choosing as the
intercept ~i.e., C/T as T→0, or g! the value that gives
Smag(T)5Sextrap(T) for the chosen temperatureT. Using a
linear extrapolation from 8 K, this procedure gives ag for
CeRhIn5 of less than roughly 750 mJ/mol K2. This value im-
plies that the lack of strong-field dependence in the stro
upturn observed inC/T aboveTN in CeRhIn5 ~Fig. 3! that
already reachesC/T51000 mJ/mol K2 at 4 K ~and extrapo-
lates to much higher values atT50! is not a sign of a large
electron effective mass. In order to compare the field dep
dence of this upturn aboveTN in C/T with decreasing tem-
perature in CeRhIn5 with the field dependence ofTN itself,
Fig. 4 shows the specific-heat data for all fields plotted v
sus a temperature scaled to theTN for each respective field
As may be immediately seen, all the sets of data for fields
to 32 T lie essentially on a universal curve, i.e., the uptu
aboveTN in C/T appears to be largely associated with t
magnetic order and not with a field-dependentm* . Thus the
expected effective mass in CeRhIn5 should be related to ag
of less than or equal to 750 mJ/mol K2 ~i.e., like that of
CeIrIn5! and not the numbers in excess of 1500 mJ/mol2

that would come from extrapolating toT50 the C/T just
aboveTN .

B. Possible NFL temperature dependence inM and CÕT

Before beginning a discussion of possible evidence
NFL behavior in these materials, it is worthwhile to summ

r

.8
e

FIG. 4. Specific heat divided by temperature at various fields
CeRhIn5, field perpendicular to the basal plane, plotted vsT/TN ,
whereTN is the temperature of the antiferromagnetic transition
the particular field. This plot shows clearly that, as field suppres
the antiferromagnetic transition, the upturn inC/T with decreasing
temperature scales precisely withTN and therefore appears to b
primarily associated with the antiferromagnetism. If the data ab
~below! TN are investigated for power-law behavior followin
C/T;1/(u12T/TNu)a, a;2(0.3) forT.(,)TN .
4-3



be
ur

u
n
h

al
es
e

d

h

ha
th

is

te
ea
h
th
t
di
ep

in
de
m

r.

io
de

-
.
e

e
e

it

-

la

y
15

,

fit

n-

s

KIM, ALWOOD, STEWART, SARRAO, AND THOMPSON PHYSICAL REVIEW B64 134524
rize briefly what might be expected and what might be
lieved. As mentioned in the Introduction, the temperat
dependences ofC/T, x, andr as T→0 are expected to be
qualitatively different for a NFL relative to those of a Landa
Fermi liquid. A rather wide range of temperature depe
dences has been predicted in these properties in cases w
NFL behavior arises from proximity to a quantum critic
point, and there is experimental support for some of th
predictions even to temperatures much higher than the
pected validity of the theory.13 In some cases, an ‘‘effective
susceptibility’’ 1/xeff5(1/x21/x0), with x0 a system-
specific parameter, also is analyzed for its temperature
pendence. There, 1/xeff}Ta and a,1 is taken27 as an indi-
cation of proximity to a quantum critical point, for whic
there is some theoretical justification.27,28 As a note of cau-
tion, experimentally there can be complicating factors t
make a direct comparison to theory ambiguous, e.g.,
presence of low-lying crystal-field levels, a situation~per-
haps as in the CeMIn5 family! where the electronic system
neither clearly two dimensional~2D! nor 3D, and inability to
reach sufficiently low temperatures where theory is expec
to be tested most critically. In this regard, specific-h
measurements29 on the CeMIn5 family at temperatures muc
higher than shown here suggest that splitting between
crystal-field ground-state doublet and next higher double
on the order of 40–80 K in these materials. Further, as
cussed below, there is a shoulder in the magnetic susc
bility of CeIrIn5 and CeCoIn5 near 40 K when a field is
applied along thec axis ~perpendicular to the basal plane!.
These shoulders appear to be due to crystal-field effects.30 In
the following, we discuss fits ofC/T andx to various func-
tional forms anticipated by theory or found empirically
other materials thought to be NFL systems. Finally, besi
proximity to a quantum critical point, another mechanis
that can produce NFL behavior is hybridization disorde31

The electrical resistivities of the CeMIn5 family are small at
low temperatures, of order one to a fewmV cm, suggesting a
high degree of crystalline order. Consequently, hybridizat
disorder effects should be minimal, and we do not consi
this possibility further.

1. CeIrIn5

The magnetic susceptibility,x([M /B), versus tempera
ture of CeIrIn5 for the two field directions is shown in Fig. 5
Considering first the low-temperature dependence for a fi
in the basal plane, the data can be fit byx; ln T only up to
;6 K, and asx;T2a also only in a similarly restricted
temperature range~not shown!. However, when the data ar
replotted as 1/x vs T in Fig. 6, it is apparent that a fit to th
data that includes a constant term in 1/x matches the data
rather well over a surprisingly large temperature range, w
a'0.84. Such a dependence of 1/x ~51/x01ATa, a,1!
suggests13,27,32,33a local deviation from Fermi-liquid behav
ior, i.e., this is quite consistent with the observed2 NFL be-
havior between 0.06 and 5 K in theresistivity. Quite similar
behavior in 1/x is observed,13 e.g., in the well-known NFL
system UCu3.5Pd1.5.

Considering now data obtained with a field perpendicu
to the basal plane, the shoulder inx(T) ~see Fig. 5! prevents
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a fit over a temperature range that includes 20–40 K to an
particular temperature dependence, although up to about
K 1/x can be fit~not shown! to a constant term plusATa,
with a'0.33. ~If the temperature range of the fit shown in
Fig. 6 for field in the basal plane is restricted to 1.8–15 K
the ‘‘best-fit’’ a is reduced from 0.84 to 0.61, i.e., the two
directions give definitely different exponents.! x for field per-
pendicular to the basal plane can also be, however, well-
between 1.8 and 12 K to a2 ln T temperature dependence
~another well-known13 NFL behavior!. The limitation of the
temperature range over which the data can be fit is known13

to make a definitive determination of the temperature depe
dence difficult. If theT.50-K data are fit~not shown! for
field perpendicular to the basal plane, 1/x5const1Ta, a

FIG. 5. Magnetic susceptibilityx vs temperature of single-
crystal CeM In5, M5Ir, Co, and Rh, with field in the basal plane
~open symbols! and perpendicular to the basal plane~closed sym-
bols!. Note the shoulder feature in the latter direction which extend
between about 15 and 40 K. Note also the similarity in thex data
for all three compounds for field in the basal plane.

FIG. 6. Inverse magnetic susceptibility 1/x vs temperature for
single-crystal CeIrIn5, field in the basal plane, showing that 1/x can
be fit to a constant plusTa, a50.84, over the whole temperature
range of measurement.
4-4
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;1.24. Although it is the low-temperature dependence ox
that must be known to investigate non-Fermi-liquid behav
this fit to the higher temperaturex data serves to furthe
strenghten the statement that the behavior in the two dif
ent field directions forx in CeIrIn5 is in fact different.

C/T for CeIrIn5 in zero field and in 6 T with the field
parallel to the basal plane~Fig. 7! can be fit in the tempera
ture range 0.4,T,2.5 K to g-AT—certainly not a Fermi-
liquid-like temperature dependence but one neither predi
theoretically nor of any particular uniqueness when co
pared to other heavy-fermion systems, such as UBe13.

11 For
field perpendicular to the basal plane, theDC/T data in 6 T
shown in Fig. 7, whereDC5Cmeasured2Clattice2CSchottky
compare well between 0.6 and 6 K to theweak fluctuation
NFL theory for three-dimensional antiferromagnetic fluctu
tions of Millis14 and Moriya and Takimoto15 whereC/T is
predicted to vary asg02AT1/2; see Fig. 7 inset.CSchottky, the
nuclear magnetic moment and quadrupolar level splitt
contributions34 to the specific heat, decreases with increas
temperature as 1/T3 and is negligible above 0.6 K. The la
tice contribution is obtained from fitting the 28.5-T data
Fig. 1 to the Debye model@C/T5g1bT2, with b
}1/QD

3] for the lattice specific heat, which givesb
;1.98 mJ/mol K4 and a Debye temperatureQD of 190 K.
At 6 K, the lattice contribution is;20% of the total specific
heat, decreasing to,2% below 2.5 K. However, it should b
stressed that the fit is not sensitive to the choice forQD ; if
QD is taken to be 230 K, the best-fit exponent changes

FIG. 7. Specific heat divided by temperatureC/T vs tempera-
ture for single-crystal CeIrIn5 in zero field and in 6 T in both field
directions. For field parallel to the basal plane the quasilinear w
temperature decrease inC/T above the superconducting transitio
persists to 6 T, while for field perpendicular to the basal plane
decrease inC/T in 6 T at low temperatures is qualitatively differen
~Data for field in the basal plane in 3 T, not shown, also show
quasilinear with temperature decrease inC/T as seen in zero field
and 6 T.! As shown in the inset, the 6-T data for field perpendicu
to the basal plane, with the lattice and the nuclear Schottky co
butions to the specific heat subtracted as discussed in the tex
have approximately~the best fit, represented by the solid lin
through the data gives an exponent of 0.57! asg02AT1/2 over the
decade in temperature between 0.6 and 6 K.
13452
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0.50 instead of 0.57, and the standard deviation of the fi
the data over the decade of temperature between 0.6 and
increases by only 10%. Thus, theT1/2 temperature depen
dence does not depend critically on either what is used ei
for Clattice or for CSchottky. Below 0.6 K, as shown in the inse
to Fig. 7, the substraction of the nuclear-magnetic-mom
splitting in field and the quadrupolar level splitting34 from
Cmeasuredcauses the data to deviate from the fit.

Such NFL behavior inx and C/T in superconducting
CeIrIn5, even though the temperature dependence see
C/T(;g02AT1/2) is more indicative of weak rather tha
strong magnetic interactions between the electrons, cou
with the already known2 NFL behavior in r, strongly
suggests13,35 that CeIrIn5 is near an antiferromagneti
quantum-critical point, as also implied36 by spin-lattice re-
laxation studies.

2. CeCoIn5

Considering nowx vs T for CeCoIn5 ~see Fig. 5!, the data
for field perpendicular to the basal plane differ from those
CeIrIn5 both in magnitude and in temperature dependen
although both samples show a shoulder inx vs T. Fitting
thesex ~B'basal plane! data for CeCoIn5 as shown in Fig. 8
in the temperature range below the shoulder, the best fit g
the NFL behaviorx5x0T20.42—i.e., no constant term is
needed. For field in the basal plane, neither a power law
x;2 ln T will fit the low-temperaturex data. Instead, Fig. 9
shows that—just as for CeIrIn5—1/x5const1ATa, with the
differences that the temperature range of this behavior is
ited to low temperatures for CeCoIn5 and a50.10 rather
than the value of 0.84 found for CeIrIn5.

The 5-T C/T data ~field'basal plane! for CeCoIn5 be-
tween 0.35 and 8 K from Fig. 2 are replotted in Fig. 10 with
a background subtraction (5Clattice1CSchottky) to show the
temperature dependence of only the electronic contribut
As discussed above for CeIrIn5, the lattice background sub

h

e

e
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FIG. 8. The logarithm of the magnetic susceptibility vs lo
~temperature! for single-crystal CeCoIn5, field perpendicular to the
basal plane, showing a power-law temperature dependencx
5x0T20.42 for temperatures up to where the shoulder inx vs T
starts, see Fig. 5.
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traction is based on extracting the lattice term from the hi
~28.5 T! field data for CeCoIn5 in Fig. 2 where the upturn in
C/T with decreasing temperature has been suppressed.
Debye temperature obtained from these high-field data
161 K, which gives a lattice contribution,10% of Cmeasured
up to 3.5 K, i.e., over a whole decade of temperature dep
dence starting at 0.35 K. It should be stressed that

FIG. 9. Inverse magnetic susceptibility 1/x vs temperature for
single-crystal CeCoIn5, field in the basal plane, showing that 1x
can be fit to a constant plusTa, a50.10, in the low-temperature
regime. A separate fit~not shown! to the data between 20 and 300
show the same qualitative temperature dependence but wita
51.4. As seen in Fig. 5, thex data for CeCoIn5, field in the basal
plane, show a change in slope at low temperatures~not seen in the
comparable data for the same field direction for CeIrIn5 and
CeRhIn5! that forces this separation for fitting into two temperatu
regimes.

FIG. 10. Plotted is the differenceDC between the measure
data and the lattice background plus nuclear magnetic and qua
pole contributions, divided by temperature vs logT for single-
crystal CeCoIn5 for 5 T, field' basal plane, forQD5161 K ~lower
curve! and 200 K~upper curve, shifted by 100 mJ/mol K2! showing
that DC/T behaves as2 ln T over more than a decade in temper
ture independently of the precise choice for the Debye tempera
as discussed in the text.
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DC/T;2 ln T temperature dependence seen in Fig. 10 is
strongly dependent on this assumption for the Debye te
perature. For example, ifQD were 200 K for CeCoIn5, the fit
of DC/T to the lnT dependence~see Fig. 10! still looks
convincing, although the standard deviation is larger by 50
Also, the contribution34 to C/T from the nuclear Schottky
anomaly, which is;13% at the lowest temperatures, d
creases with increasing temperature as 1/T3 so that the cor-
rection is already negligible by 0.6 K. The data clearly fo
low the canonical NFL behavior (DC/T;2 ln T) observed13

in over 50 NFL systems. The characteristic temperatureT0
calculated from13 (1/R)(d C/T/d ln T)520.25/T0 ~whereR
is the gas constant! is ;11 K, which is consistent with the
measured C/T value at 1.5 K of approximately 500
mJ/mol K2.

One might ask, after learning of this result for the 5
(field'basal plane! C/T data for CeCoIn5 and upon inspec-
tion of Fig. 2, what about the temperature dependence of
zero-field C/T data aboveTc? UsingQD5161 K from the fit
to the 28.5-T data,DC/T in zero field aboveTc is shown in
Fig. 11 plotted vs logT, whereCmeasuredmust only be cor-
rected for Clattice since CSchottky is negligible in zero field
above 0.5 K. The characteristic temperatureT0 is 15 K,
which is comparable to the 5-T result. The 13-T data, c
rected forClattice and CSchottky, can also be fit to a lnT de-
pendence~with T0533 K, i.e., out of sequence with the 0
and 5-T results! but—as may be inferred from Fig. 2—th
DC/T data flatten out below 1.5 K.

We have also measured the specific heat of CeCoIn5 for
field in the basal plane~not shown!. Unlike the perpendicular
field direction, superconductivity is rather slowl
suppressed37 in the basal plane field direction in CeCoIn5,
with Tc in 9 T still ;1.3 K. By 13 T, superconductivity ha
been suppressed below our lowest temperature of meas
ment ~0.3 K!. Correcting for a nuclear Schottky anoma
caused by field splitting of the nuclear magnetic mome
below 1 K in 13 T, both the 9- and 13-T specific-heat da
agree in their temperature range of overlap~1.3–8 K! and
obeyC/T;2 ln T between 0.3 and 8 K, with the sameT0 as

ru-

re

FIG. 11. Plotted isDC/T, whereDC5Cmeasured2Clattice with
QD5161 K, in zero field aboveTc in single-crystal CeCoIn5 show-
ing thatDC/T; ln T between 2.3 and 8 K.
4-6
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for the perpendicular field direction, i.e., just as for t
field'basal plane data, lnT behavior over a range of about
T with approximately the sameT0 is observed.

This C/T;2 ln T behavior is strong evidence for non
Fermi-liquid behavior arising from proximity to an antiferro
magnetic quantum critical point.36 Such a situation appear
to be favorable for unconventional superconductivity, s
e.g., Refs. 13 and 35. In order to investigate further, it wo
be of interest to examine possible sources for magnetism
the phase diagram near in concentration to CeCoIn5, as well
as to investigate the specific heat to lower temperatures

Concerning this latter point, low-temperatureC/T data
down to;0.15 K taken in 5 T and corrected for the Schott
anomaly were in fact presented in Ref. 3, although they w
plotted versus temperature and not analyzed for lnT depen-
dence. These data, except for some slight structure app
at ;0.27 K, appear to be consistent with the data in
present work as shown in Fig. 10.

3. CeRhIn5

Susceptibility data for field in the basal plane above 4
for CeRhIn5 ~see Fig. 5! fit the 1/x51/x01ATa temperature
dependence up to 250 K as shown in Fig. 12, very simila
the behavior shown in Fig. 6 for the same field direction
CeIrIn5. For field in the other crystalline direction,B'basal
plane, thex data for CeRhIn5 also can be fit over a wide
temperature range to 1/x5const1ATa, see inset to Fig. 12
just as found for field in the basal plane for CeIrIn5 and
CeRhIn5, but in this casea.1, which is outside of the
theory27 of a local deviation from Fermi-liquid behavio
Caution must be taken in interpreting these susceptibility
sults as being associated with NFL effects since, unlike

FIG. 12. Inverse magnetic susceptibility 1/x vs temperature for
single-crystal CeRhIn5, field in the basal plane, open symbols a
field perpendicular to the basal plane, closed symbols show
1/x5const1Ta behavior over almost the whole temperature ran
of measurement just as seen in Fig. 6 for field in the basal plane
CeIrIn5. Note that for field perpendicular to the basal plane,a.1
which is outside of the theory for local deviations from Fermi-liqu
behavior.27
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other cases, CeRhIn5 is ordered magnetically and precisely
how close it is to a quantum critical point requires furthe
study.

The specific-heat data aboveTN in 0 and 13 T can be fit
~not shown! up to 10 K to DC/T;Ta, where DC is
Cmeasured2Clattice and a;1.8. Although DC/T;Ta is not
Fermi-liquid behavior, such a temperature dependence als
not characteristic13 of systems classed as showing NFL be
havior in their general properties. Measurements of the te
perature dependence ofC/T to lower temperatures~i.e., as
shown in Fig. 3 in much higher fields than 32 T! would be
required to make any definitive statement about NFL beha
ior in C/T in CeRhIn5.

C. Sample dependence

Shown in Fig. 13 are specific-heat data for the sample
CeIrIn5 prepared at the University of Florida~previously
shown in Fig. 1!, plus data for a sample made at Los Alamo
National Laboratory. All data were taken at University o
Florida to avoid any intercomparison errors due to absolu
accuracy in the respective calorimeters~estimated from a
comparison of Fig. 13 with data from Ref. 2 to be65%!.
TheDC/gTc value for the sample prepared at the Universit
of Florida is only about 65% of that prepared at Los Alamo
National Laboratory. The bulk superconducting transition a
pears to have exactly the same onset temperature~certainly
one of the significant sample variations observed11 in, e.g.,
the heavy-fermion superconductor CeCu2Si2! in both
samples and the transition width is somewhat sharper in t
smallerDC/gTc sample. Because a narrow transition widt
and largeDC are generally considered to be both indicativ
of sample quality, and because the phase purity of bo

e
e
or

FIG. 13. Specific heat divided by temperature vs temperature
two different preparations of single-crystal CeIrIn5 as discussed in
the text. Note thatC/T in the normal state is the same for both
samples within our63% error bar, while the jumpDC at the su-
perconducting transition is quite different for the two samples, a
guing against a second phase explanation and rather for a signific
sample dependence.
4-7
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TABLE I. Temperature dependences ofC/T andx in CeM In5 , M5Ir, Co, Rh

C/T/Temperature range~K! x/Temperature range~K!

CeIrIn5

B in basal planeg02AT/0.4 – 2.5 x215x0
211AT0.84/1.8 – 300a

B' basal planeg02AT1/2/0.3 – 6a x215x0
211AT0.33 or x;2 lnT/1.8 – 12b

CeCoIn5
B in basal plane2 lnT/0.3 – 8a x215x0

211AT0.10/1.8 – 20
B' basal plane2 lnT/0.3 – 8a x5x0T20.4/1.8 – 15b

CeRhIn5
B in basal plane;T21.8/4– 10a x215x0

211AT0.90/4– 250
B' basal plane x215x0

211AT1.35/4– 280a

aHighest temperature of measurement.
bThe temperature range of the fit tox is limited by a shoulder inx at ;15 K.
so
I

f
n

in
th

th
se

b
ns
ou
ifi
o
t
a

ar
p
t

it

vy
t

om

in

in

m-
r a
n
c-

d

the
the
v-
nd,

-
d by

is
FL
at

to
nge

n
nd-
le

to
e-

of
le
samples is within 5–10 % of each other, this intercompari
of the superconducting transition is somewhat puzzling.
any case, there does seem to be significant variation inDC
~bothg andTc are, within error bars, identical! in CeIrIn5, as
has been seen, for example, strongly in UPt3.

11,16 Measure-
ments~not shown! of the resistive transition seen at;1.2 K
in the discovery work2 in a crystal from the same batch o
CeIrIn5 as used here for theC andx measurements find a
onset temperature of 0.9 K—still well above the bulkTc ~C
or x!—and a much larger transition width than reported
Ref. 2, also indicating important sample dependence. In
regard, the resistivity ratior ~300 K!/r ~2 K! of the crystal
used in Ref. 2 was greater than 50; whereas, this ratio for
present crystal is about 22. Since the crystals in the pre
work had the excess In removed by etching, rather than
the centrifuge technique used in Ref. 2, this resistive tra
tion being a spurious surface effect appears to be ruled

Comparing the superconducting transition in the spec
heat for the sample made at the University of Florida
CeCoIn5 shown in Fig. 2 with data3,8 for the sample made a
the Los Alamos National Laboratory, the onsets and the tr
sition widths appear equivalent, and theDC values are only
;8% different.

Although samples of heavy-fermion antiferromagnets
not known11 to be strongly sample dependent in their pro
erties, for completeness theC/T data shown in the presen
work in Fig. 3 are compared here with the published5 data.
The onsets and the widths of the transitions are similar, w
less than a 5% difference in theDC values.

IV. SUMMARY AND CONCLUSIONS

Specific-heat data in high magnetic fields on the hea
fermion compounds CeM In5, M5Ir, Co, and Rh, show tha
the electronic specific heat, proportional to thedHvA mea-
surable electron effective massesm* , are relatively field in-
dependent in fields to 13 T and show a more metallic,C/T
5const1bT 2 behavior forB>20 T for M5Ir and Co. These
observations appear to be fully consistent with~and general-
ize results of! a recentdHvA study37 of CeIrIn5 that finds the
cyclotron mass of one particular hole orbit to decrease fr
13452
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24m0 in fields of 9–11.7 T to 20m0 in 11.7–16.9 T. The rate
of the suppression ofg with field for M5Ir and Co indicates
large m* values in zero field, with the values for CeRhIn5,
based on scaling ofC/T(B) to T/TN ~Fig. 4! as well as an
entropy argument, being approximately like those found
CeIrIn5.

The non-Fermi-liquid-like temperature dependences
the specific heat and susceptibility of CeM In5 for M5Ir and
Co are strongly suggestive of NFL behavior in these co
pounds This evidence for NFL behavior, which argues fo
nearby quantum-critical point in superconducting CeIrI5

and CeCoIn5 and therefore for unconventional supercondu
tivity, is summarized in Table I. WhyC/T behaves asg0

2AT1/2 ~a temperature dependence associated14–15 with
weakly interacting spin fluctuations! in CeIrIn5 for B'basal
plane and2 ln T ~a temperature dependence associate13

with strong spin fluctuations! in CeCoIn5 for both field di-
rections may be connected to a fundamental difference in
fluctuation spectrum in the two compounds. Considering
speculations raised2,3,8about unconventional superconducti
ity in these two compounds, the fact that the Co compou
with its factor of 5 higher superconducting transition tem
perature, has stronger magnetic fluctuations as reveale
its NFL behavior in the specific heat than the Ir compound
certainly an interesting fact to consider. Concerning the N
behavior reported here for the magnetic susceptibility,
present the status13 of the theory for NFL behavior inx is
that the theory in still under development. It is tempting
draw conclusions based on the broad temperature ra
where NFL behavior is observed in the Ir compound,B in the
basal plane, and possibly in both field directions in CeRhI5,
but such conclusions require further theoretical understa
ing first, as well as further investigation of the possib
cause~s! of the shoulder feature inx. The theories27,32,33of a
strong local deviation in Fermi-liquid behavior do appear
be consistent with our results. Further work on the NFL b
havior of the resistivity in CeCoIn5 and CeRhIn5, as well as
neutron-scattering investigation of the fluctuation spectra
all three CeM In5 compounds, are obviously of considerab
interest.
4-8
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Finally, it is worth noting that the combination of NF
behavior that is field and crystalline-direction dependen
CeIrIn5, where forB'basal planeC/T5g02AT1/2 and for
B in the basal planex exhibits NFL behavior over a broa
temperature range, is unique13 among currently known NFL
systems and—even without the excitement about poss
unconventional superconductivity—makes this and its
lated compounds of extreme interest for further study.
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