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Specific heat in high magnetic fields and non-Fermi-liquid behavior
in CeMIng (M=lIr,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 superconductoid i@g M =Ir and Co, as well as the new heavy-
fermion antiferromagnet CeRhJnThe 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 CelHas been confirmed in our measurements of the
susceptibility and specific heat for this compound, as well as in the susceptibility and specific heat of;CeColn
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.
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. INTRODUCTION Celring and the indicatiorfs>®12of unusual superconductiv-
ity observed in both Celripand CeColg Typical of a Lan-
Recently, a family of heavy-fermion compounds has beerjau Fermi liquid areC/T and y being constants a— 0 and
discovered that crystallize in a layered, tetragonal strutturethe resistivity behaving as= po+AT2, independent of the
with chemical composition @@Ins, whereM =1Ir, Co, and  strength of electron-electron interactions so long as the con-
Rh. Characteristic of heavy-fermion systems, each membetept of a quasiparticle remains valid. Various theoretical
exhibits a large Sommerfeld coefficiept(=C/T asT—0)  models® **for NFL behavior predict particular temperature
in the specific hea€. Celrln; (Ref. 2 and CeColg (Ref. 3  dependences, e.gC/T~—InT or C/T~y—AT"2 One
are bulk superconductors with transition temperatureB.at Problem with providing precise temperature dependences for
=04 and 2.3 K and normal-state values of C/T in these compounds is the large nuclear quadrupole mo-
~750 mJ/mol® and ~1200 md/molR respectively. ment of In, which splits otherwise degeneratg _nuclgar energy
CeRhin, displays heavy-fermion antiferromagnetism With Ievels. and cregtésa small low temperaturévisible in our
T\=3.8K. A precise value ofy is difficult to establish un- 2€ro-field specific-heat data for CeCplibelow 0.5 K

ambiguously because of the &leorder, but a lower limit is Schottky anomaly. Also, applying a magnetic field to sup-
approximatel§® 400 ma/mol K ' press superconductivity splits nuclear magnetic-moment de-

:g . . . _

There is a transitiohin Celrlng to a zero-resistance state '?eemngga:;etulreevegcl:hogct;; IQ%(\)Nr:;S a.:_‘;% W!]Lpﬁig t?i Q?ijk')r\gv
at_ 1.2 K that IS significantly above. t.h.e bulk;, as de.ter-' necessary to suppress superconductivity in Celrdmd
mln_ed by specific h(li‘glt and susceptibility, and the res'_SﬁV'tyCeColrg causes a Schottky anomaly due to spliting of
varies ap=po+ AT~ up to 5 K(and down t0 0.06 Kina pclear magnetic levels with approximately a 10% contribu-
magnetic field sufficient to suppress superconductivitis  ion to C/T at 0.3 K which must be subtracted in order to
non-Fermi-liquid(NFL)-like temperature dependence of the prohe the temperature dependence of the electronic specific
resistivity suggests that superconductivity in Cejrtievel-  peat at low temperatures.
ops near or at a quantum critical point, with associated spin Last, the zero-field specific heats of thédiferently pre-
fluctuations that are conducive to magnetically mediatecbared samples of CHlIns crystals will serve as a look at
Cooper pal_rlnd.Addltlonal evidence for uncggvenggnal SU- possible sample dependence in these materials, since sample
perconductivity has been reported fr=Ir,“” Co*® and  gependence is certainly well knowr® and, in some cases,

6,9 H H H R . . .
Rh,” which is superconducting under pressﬁre_. _ of crucial importance for understanding other heavy-fermion
The present work has two principal goals. First, Spec'f'c'systems.

heat measurements in highp to 32 T} magnetic fields pro-
vide informatiort® on the heavy-fermion ground state as well
as allowing an intercomparisth'! of the field response of
other heavy-fermion systems. Second, the temperature de-
pendences of the specific heat and low-fiedeb T) magne- Rather flat platelet crystals of up to 20 rimere obtained
tization will be examined for non-Fermi-liquid behavior in in our sample preparation facility at the University of Florida
light of the NFL behavior observ@dn the resistivity of by heating stoichiometric amounts of the component ele-

II. EXPERIMENT
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ments, but with a 50%-In exce¢m flux method”*9, in an o L .
outgassed BeO crucible with lid, sealed under purified Ar in —— ; Certn

a Ta containment to 1200 °C. The Ce was from Ames Labo- KR ! e Boot
ratory (purity 99.95%, the Ir was from Colonial Metal&u- no-g A B=IT 7]
rity 99.95%), while the Co, Rh, and In were from Johnson : E aol 3 g:ﬂ
Mathey/Aesar and had purities of 99.9975, 99.95, and NQ wl® 2 o B-6T
99.9999%, respectively. The melt was then allowed to ho- ~, : 5 v B=13T
mogenize for 2 h, followed by a slow cot10 °C/h down to E . bt
600°C (75°C/h down to 750°C, followed by 5°C/h to g mof ¢ B-285T]
300°C for M=Co), followed by reducing the furnace to 5 © B=32T
room temperature at a cooling rate of 75 °C/h. Crystals were wol. 5t saoash ™ * ]
separated by heating the contents of the crucible to the melt NG m“

ing point of In and then extracting individual crystals from M

the melt using a small soldering iron and tweezers. Excess Ir w0 L . ' ' L1
was removed from the crystal surfaces using an
H,O:HF:H,0,4:1:1 etch; crystals after etching exhibited
silvery, flat mirror surfaces. Due to the comparis(iis- FIG. 1. Specific heat divided by temperatu€éT vs tempera-
cussed latgrof the specific heat jump at; with that in the  ture for single-crystal Celripat fields between 0 and 32 T, with
discovery report, some crystals of Celripwere powdered field perpendicular to the basal plane. At zero field, the supercon-
and x-rayed. A slight, unidentified second phase constitutin@ucting transition at 0.4 K is visible at the lowest temperatures. The
circa 5—10 % of the sample was detected; powder-diffractiorata for fields above 13 T were taken down to 1.4 K at the NHMFL.
experiments on crushed crystals grown at Los Alamos find'he data below 0.7 K foB= 13 T shown an upturn due primarily to
no evidence for unidentified second phases to within thehe field splitting of the nuclear levels in In.

resolution of the data, which sets an upper limit of about 5%

on second phase content. _ .
L L of ~33 and 52% forM =Ir (Co), respectively, compared to

The specific heat in fields to 13 T and down t0 0.3 K WaSy ¢ ero.-field values. Thus, at least in this sense, Celrin
measured in house, while the specific heat to 32 T down Qg CeColg are similaf® to other Ce heavy fermion sys-
L4 K.was rlngeasur_ed at the N.HMFL n TaIIahas_see. USIN4ems, which show suppression of the heavy-fermion upturn
gstabllsheEP’ calorimetry techniques. The magnetization Inj, /1 it decreasing temperature at comparable fields,
fields up to 5 T and down to 1.8 Kwas m_easured ina Qua.m\'/vhile U-based heavy-fermion systems such as {JBad
tum Design superconducting quantum interference dewc%Pt3 still show?“22increasingC/T values asT—O0 in 30 T.
(SQUID) ‘magnetometer. Temperature dependences WEIhis difference in field dependences®fT in superconduct-

?hneagrfgld Sfics)rir?gsrse'?:lsnpfg\;i';%m"“qu'd behavior following ing Ce- and U-based systems may be related to what happens
y ' below the Nel temperature of heavy-fermion antiferromag-
nets. In Ce systems, the lar@2T aboveT, is almost com-

T (K)

IIl. RESULTS AND DISCUSSION pletely lost asT—0, but in U-based systems, typically one-
A. y(B)

The specific heats of single-crystal \@éns M=1r, Co, o ’ ' ' ' ' ' '
and Rh are shown in Figs. 1-3 respectively, with the field L CeColng
aligned perpendicular to the platelet flat faces, i.e., perpen- ® e B=0T
dicular to the basal planéA somewnhat different temperature 1500 ‘e 4 B=5T i
dependence is found fod = Ir when a field of 6 T is applied . ot
in the basal plane and will be discussed in Sec. lIBs _f . ¢ B=25T
shown in Fig. 1 for Celrlg a field of 13 T still results in Rl 1
C/T continuing to rise slightlf~6% from 2 K down to 1 K 2
with decreasing temperature, i.e., to show continuing devel- &
opment of the heavy-fermion ground state. In contrast, Fig. 2 © soo | vote? §
for M =Co shows that a 13-T field effectively suppresses the M“ ;m,u&:’,’. - L %
heavy-fermion upturiithe data remain flat fra 2 K down to I ot oo *
1 K) in C/T with decreasing temperature, as is the ¢af® o . . .
CeCuy. By 23(20) T, C/T for M=Ir (Co) no longer shows a 0 2 4 8 8
heavy-fermion upturn at low temperatures, but rather normal T®)

. . _ 2 .

metallic behavior whereC/T=y+ BT, with the second FIG. 2. Specific heat divided by temperature vs temperature for

term due to the lattice specific heat ang that is still rather  gjngle-crystal CeColpat fields between 0 and 28.5 T, with field
large. One sees in Figs. 1 and 2 that with increasing field thgerpendicular to the basal plane. The superconducting transition is
further suppression of (=C/T asT—0) is rather minimal,  clearly visible at 2.3 K. The sharp upturn in the 13-T data at the
with  y(28.5 T)~400(175) mJ/molK for M=Ir(Co). lowest temperatures is due to the field splitting of the nuclear levels
These 28.5-T results correspond to decreas€dThat 1.5 K  in In and Co.
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FIG. 3. Specific heat divided by temperature vs temperature for FIG. 4. Specific heat divided by temperature at various fields for
single-crystal CeRhlpat fields between 0 and 32 T, with field per- CeRhin, field perpendicular to the basal plane, plottedTV3y,
pendicular to the basal plane. The antiferromagnetic transition at 3.@here Ty is the temperature of the antiferromagnetic transition in
K decreases in temperature with applied field rather slowly. Notehe particular field. This plot shows clearly that, as field suppresses
that the upturn inC/T with decreasing temperature far>Ty is the antiferromagnetic transition, the upturnGAT with decreasing
still quite marked even in 32 T, as discussed in the text. temperature scales precisely withy and therefore appears to be

primarily associated with the antiferromagnetism. If the data above
third of the high-temperatureC/T survives to lowest (below) Ty are investigated for power-law behavior following
temperature$! The survival of such large values to 28.5 T CIT~U(1-T/T)* a~2(0.3) forT>(<)Ty.
for Celrlng and, to a lesser extent, CeCpglis strong evi-
dence that these systems owe their |aBg& values to large  extending abové (from Fig. 3, this would be roughly 8 K
electron effective masses and not to magnetic correlation® calculate the magnetic state entrogyintegral of
that strengthen with lower temperature and mimic the heavye/T dT) at that temperature and, assuming the antiferromag-
fermion upturn inC/T as T—0. As a comparisonyy in  netic transition is second ordezxtrapolatesthe C/T data
CeCy decreases from 1600 mJ/mdt ko zero field to 500  from above this temperature down To=0, choosing as the
mJ/mol KZ in only 14.5 T-2_3 _ _ ~ intercept (i.e., C/T as T—0, or y) the value that gives

Considering now the field data, field ahgneq perpendlcusmag(-r):SextraF(T) for the chosen temperatu® Using a
lar to the basal plane, for CeRBlshown in Fig. 3, tWo |inear extrapolation from 8 K, this procedure givesydor
i,SeRhIrg of less than roughly 750 mJ/moPKThis value im-
plies that the lack of strong-field dependence in the strong
upturn observed ilC/T aboveTy in CeRhln (Fig. 3) that
already reache€/T=1000mJ/mol K at 4 K (and extrapo-

Ty Vvery rapidly. This weak-field dependenceTf is some-
what surprising, even givérthe small ordered moment,
=0.37upg in CeRhin. 30 T acting on this small moment
ggggsg grnNdﬁ\;ZIlrLr?oBst ZBQC;Egracﬁpzr?)ﬂ?ﬁéilngé glfyswshr:gr\:vs lates to much higher values @t=0) is not a sign of a large
that Ty is depressed by less than 50% at 30 T. As a compari@IeCtron eff(_ectlve mass. In or_der to compare the fleld depen-
son, although most antiferromagnets show a much moré€nce of this upturn abovey in C/T with decreasing tem-
rapid suppression offy with field, CePgSi, with?* Ty pgrature in CeRhtnwn_h_the field dependenpe dafy itself,
—10K and a local moment of O showg® only a 30% Fig. 4 shows the specific-heat data for all fields plottgd ver-
suppression ofy with the application of 29 T. Second, the SUS & temp_erature_ scaled to fhg for each respective _ﬂeld.
strongly temperature-depende®iT aboveTy in zero field As may b_e |mmed!ately seen, e}ll the sets of data for fields up
does not show a strong field dependence. Although it is oftefP 32 T lie essentially on a universal curve, i.e., the upturn
the case that a strong-field dependence in the uptueyTn aboveT.N in C/T appears .to be. largely associated with the
in a system is evidence that the upturn is due to magnetif?@gnetic order and not with a field-dependenit. Thus the
correlations and not to the formation of a large heavy €xpected effective mass in CeRhkhould be related to &
fermion ground statde.g., in CeCy (Ref. 23 and in of less than or equal to 750.m\]/mozi Ki.e., like that of
Ulns_,Sn, (Ref. 28], the inverse can be shown as follows Celrlng) and not the numbers in excess of 1500 mJ_/n?oI K
not to be the case here. that would come from extrapolating =0 the C/T just
One way to estimate how much of tB#T value a4 K in ~ aboveTy.
CeRhlny is due to a heavy fermion ground state forming as
temperature is lowered below 10 (&s happens foM =Ir
and Co, see Figs. 1 and B to do an entropys, calculation.
One uses theneasured CT below some temperature above  Before beginning a discussion of possible evidence for
both the magnetic anomaly and any magnetic correlationslFL behavior in these materials, it is worthwhile to summa-

B. Possible NFL temperature dependence iM and C/T
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rize briefly what might be expected and what might be be- ;s

lieved. As mentioned in the Introduction, the temperature ' ' ' ' '
dependences /T, x, andp asT—0 are expected to be B = 1000 gauss
qualitatively different for a NFL relative to those of a Landau wr O Celrlng // basal plane ]
Fermi liquid. A rather wide range of temperature depen- ®  Celrln, L basal plane
dences has been predicted in these properties in cases whe _ 0915 - B CeColng /basal plane .
NFL behavior arises from proximity to a quantum critical 3 PN
point, and there is experimental support for some of these £ 0.010 | o, A CeRhInz.Lbasalplane 4
predictions even to temperatures much higher than the ex- g “"-Q
pected validity of the theor}® In some cases, an “effective ™ .
susceptibility” Llveg=(1/x—1lxo), with o, a system- mer a LT ]
specific parameter, also is analyzed for its temperature de- I MMMMMEMMM
pendence. There, s<T* and <1 is takeR’ as an indi- 0.000 | 7
cation of proximity to a quantum critical point, for which L T e rr

. . . . . 0 50 100 150 200 250 300
there is some theoretical justificatiéh?® As a note of cau- T

tion, experimentally there can be complicating factors that
make a direct comparison to theory ambiguous, e.g., the FIG. 5. Magnetic susceptibilityy vs temperature of single-
presence of low-lying crystal-field levels, a situatiquer-  crystal CéIns, M=Ir, Co, and Rh, with field in the basal plane
haps as in the CeMjrfamily) where the electronic system is (open symbolsand perpendicular to the basal plafbosed sym-
neither clearly two dimension&2D) nor 3D, and inability to  bols). Note the shoulder feature in the latter direction which extends
reach sufficiently low temperatures where theory is expectedetween about 15 and 40 K. Note also the similarity in theata

to be tested most critically. In this regard, specific-heaffor all three compounds for field in the basal plane.
measurements on the CeMIg family at temperatures much

higher than shown here suggest that splitting between thg fit over a temperature range that includes 20—-40 K to any
crystal-field ground-state doublet and next higher doublet iparticular temperature dependence, although up to about 15
on the order of 40—80 K in these materials. Further, as disK 1/y can be fit(not shown to a constant term pluAT¢,
cussed below, there is a shoulder in the magnetic susceptiith o«~0.33. (If the temperature range of the fit shown in
bility of Celrlns and CeColg near 40 K when a field is Fig. 6 for field in the basal plane is restricted to 1.8—15 K,
applied along thee axis (perpendicular to the basal plane the “best-fit” « is reduced from 0.84 to 0.61, i.e., the two
These shoulders appear to be due to crystal-field efftts.  directions give definitely different exponent.for field per-

the following, we discuss fits d€/T and x to various func-  pendicular to the basal plane can also be, however, well-fit
tional forms anticipated by theory or found empirically in petween 1.8 and 12 K to aIn T temperature dependence
other materials thought to be NFL systems. Finally, besideganother well-knowt NFL behavioy. The limitation of the
proximity to a quantum critical point, another mechanismtemperature range over which the data can be fit is kfidwn
that can produce NFL behavior is hybridization disorler. to make a definitive determination of the temperature depen-
The electrical resistivities of the CeMjfiamily are small at  dence difficult. If theT>50-K data are fitnhot shown for

low temperatures, of order one to a fes cm, suggesting a field perpendicular to the basal planey#constT¢, a
high degree of crystalline order. Consequently, hybridization

disorder effects should be minimal, and we do not consider
this possibility further.

600 |-
1. Celrlng

The magnetic susceptibilityy(=M/B), versus tempera- Celrlng crystal
ture of Celrln; for the two field directions is shown in Fig. 5. |
Considering first the low-temperature dependence for a fiels
in the basal plane, the data can be fitpyIn T only up to
~6 K, and asy~T ¢ also only in a similarly restricted
temperature rang@ot shown. However, when the data are .
replotted as ¢ vs T in Fig. 6, it is apparent that a fit to the 200
data that includes a constant term iny Thatches the data
rather well over a surprisingly large temperature range, witt
a~0.84. Such a dependence ofyl(=1/xy,+AT%, a<1)

B = 1000 gauss

400
B // basal plane

1/x (mole/emu)

100

suggests?732333 |ocal deviation from Fermi-liquid behav- P P ]
ior, i.e., this is quite consistent with the obseré¢FL be- T (K)

havior between 0.06 a@n5 K in theresistivity. Quite similar

behavior in 1k is observed? e.g., in the well-known NFL FIG. 6. Inverse magnetic susceptibilityyl¥s temperature for
system UCygPd; 5. single-crystal Celrlg field in the basal plane, showing thayXan

Considering now data obtained with a field perpendiculaibe fit to a constant plus®, «=0.84, over the whole temperature
to the basal plane, the shoulderx(T) (see Fig. b prevents range of measurement.
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FIG. 7. Specific heat divided by temperatu€éT vs tempera- FIG. 8. The logarithm of the magnetic susceptibility vs log

ture for single-crystal Celrinin zero field and in 6 T in both field (temperaturgfor single-crystal CeCol field perpendicular to the

directions. For field parallel to the basal plane the quasilinear withyzg3) plane, showing a power-law temperature dependence
temperature decrease @'T above the superconducting transition = xoT %2 for temperatures up to where the shoulderyirvs T

persists to 6 T, while for field perpendicular to the basal plane thestarts, see Fig. 5.
decrease il€/T in 6 T at low temperatures is qualitatively different.

(Data for field in the basal plane in 3 T, not shown, also show they 5 jnstead of 0.57, and the standard deviation of the fit to

quasilinear with temperature decreaseCifT as seen in zero field the data over the deéade of temperature between 0.6 and 6 K

and 6 T) As shown in the inset, the 6-T data for field perpendicularincreaSes by only 10%. Thus, tf 12 temperature depen-

to the basal plane, with the lattice and the nuclear Schottky contri- o . . .

butions to the specific heat subtracted as discussed in the text, b ence does not depend critically on either what _IS use_d either
Or Ciatiice OF for Cscnoriy- Below 0.6 K, as shown in the inset

have approximately(the best fit, represented by the solid line ; . .
through the data gives an exponent of 0.8 yo— AT"2 over the to Fig. 7, the substraction of the nuclear-magnetic-moment

decade in temperature between 0.6 and 6 K. splitting in field and the quadrupolar level splittigfrom
Cmeasuredc@uses the data to deviate from the fit.

Such NFL behavior iny and C/T in superconducting

~1.24. Although it is the low-temperature dependenceg of Celrin,, even though the temperature dependence seen in

that must be known to investigate non-Fermi-liquid behawvior, U A
this fit to the higher temperaturg data serves to further CIT(~yo— AT is more indicative of weak rather than

strenghten the statement that the behavior in the two dif“fer§t.rong magnetic intera\(;%i]ons between .the .electrons, coupled
ent field directions fory in Celrlng is in fact different. with the already knowh NFL behavior in p, strongly

,35 . . .
C/T for Celrlng in zero field and in 6 T with the field suggests'™ that Celrly is near an antiferromagnetic

parallel to the basal plangig. 7) can be fit in the tempera- quantum-critical point, as also impligby spin-lattice re-
ture range 0.4 T<2.5K to y-AT—certainly not a Fermi- laxation studies.
liquid-like temperature dependence but one neither predicted

theoretically nor of any particular uniqueness when com-

pared to other heavy-fermion systems, such as,glBeFor Considering nowy vs T for CeColn (see Fig. 5, the data
field perpendicular to the basal plane, th€/T data in 6 T  for field perpendicular to the basal plane differ from those for
shown in Fig. 7, whereAC=Cpeasured Ciatice Cschotiky ~ C€lrlns both in magnitude and in temperature dependence,
compare well between 0.6 @r6 K to theweak fluctuation although both samples show a shoulderyirvs T. Fitting

NFL theory for three-dimensional antiferromagnetic fluctua-thesey (B basal plangdata for CeColgas shown in Fig. 8
tions of Millis'* and Moriya and Takimotd whereC/T is  in the temperature range below the shoulder, the best fit gives
predicted to vary ago—ATYZ see Fig. 7 inseCsenoney the  the NFL behaviory= x, T~ %**—i.e., no constant term is
nuclear magnetic moment and quadrupolar level splitingieeded. For field in the basal plane, neither a power law nor
contributions* to the specific heat, decreases with increasingy~ — In T will fit the low-temperaturey data. Instead, Fig. 9
temperature as If and is negligible above 0.6 K. The lat- shows that—just as for Celra-1/y = constt AT, with the

tice contribution is obtained from fitting the 28.5-T data in differences that the temperature range of this behavior is lim-
Fig. 1 to the Debye modelC/T=y+p8T?, with B ited to low temperatures for CeCglrand «=0.10 rather
«1/0p°% for the lattice specific heat, which giveg than the value of 0.84 found for Celgn

~1.98 mJ/mol K and a Debye temperatuf@, of 190 K. The 5-T C/T data (field.basal plang for CeColn; be-

At 6 K, the lattice contribution is-20% of the total specific tween 0.35 ad 8 K from Fig. 2 are replotted in Fig. 10 with
heat, decreasing te2% below 2.5 K. However, it should be a background subtraction=Cagicet Cschotiy 10 Show the
stressed that the fit is not sensitive to the choice@gy; if temperature dependence of only the electronic contribution.
Op is taken to be 230 K, the best-fit exponent changes t#s discussed above for Celglnthe lattice background sub-

2. CeColny

134524-5



KIM, ALWOOD, STEWART, SARRAO, AND THOMPSON PHYSICAL REVIEW B54 134524

180 . T . . . . . .
300 i
170 |- .
160 - i
& 250 -
= 4
g 150 - T
*" 2
2 g
S 200 b
E 140 1 CeColny 7] E
=
= B = 1000 gauss S AC/T = 418 - 313LogT
130 - i
B // basal plane < b T = 15K
120 1/ =-1/0.0092 +210T*1° |
110 . 1 L 1 : L 100
0 5 10 15 20 2 10
T(K) T (K}
FIG. 9. Inverse magnetic susceptibilityyl¥s temperature for FIG. 11. Plotted isAC/T, where AC=Ccasured Ciattice With

single-crystal CeColy field in the basal plane, showing thatyl/ ©p=161K, in zero field abov@, in single-crystal CeColishow-

can be fit to a constant pluB*, «=0.10, in the low-temperature ing thatAC/T~InT between 2.3 and 8 K.

regime. A separate f{not shown to the data between 20 and 300 K

show the same qualitative temperature dependence but avith AC/T~ —InT temperature dependence seen in Fig. 10 is not

=1.4. As seen in Fig. 5, thg data for CeColg field in the basal strongly dependent on this assumption for the Debye tem-

plane, show a change in slope at low temperatines seen in the  perature. For example, ®, were 200 K for CeColg) the fit

comparable data for the same field direction for Celramd  of AC/T to the InT dependencdsee Fig. 1D still looks

CeRhin) that forces this separation for fitting into two temperature convincing, although the standard deviation is larger by 50%.

regimes. Also, the contributiof to C/T from the nuclear Schottky
anomaly, which is~13% at the lowest temperatures, de-

traction is based on extracting the lattice term from the highcreases with increasing temperature a&°Ho that the cor-

(28.5 7) field data for CeColgin Fig. 2 where the upturn in  rection is already negligible by 0.6 K. The data clearly fol-

C/T with decreasing temperature has been suppressed. Tigy the canonical NFL behavio’C/T~ —In T) observed®

Debye temperature obtained from these high-field data wais over 50 NFL systems. The characteristic temperaiye

161 K, which gives a lattice contribution10% of Cineaswred  calculated fromt® (1/R)(d C/T/d InT)=—0.25T, (whereR

up to 3.5 K, i.e., over a whole decade of temperature deperns the gas constants ~11 K, which is consistent with the

dence starting at 0.35 K. It should be stressed that thgheasuredC/T value at 1.5 K of approximately 500

mJ/mol K.
900 ————r . —— One might ask, after learning of this result for the 5-T
L T (fieldLbasal plangC/T data for CeColgand upon inspec-
800 ~~@ CeColng i . .
I e, B=5T tion of Fig. 2, what about the temperature dependence of the

700 |- Tee, B.L basal plane . zero-field QT data abovd ;? Using®p= 161K from the fit
ol o ] to the 28.5-T dataA C/T in zero field abovel ; is shown in
< I -‘s;." ACT=537- 1740gT 1 Fig. 11 plotted vs lo@, where Ceasuredqmust only be cor-

500 |- *va 6 =200K . rected for Cpyyice SiNCe Csenottky IS Negligible in zero field

""c. above 0.5 K. The characteristic temperatdrg is 15 K,
which is comparable to the 5-T result. The 13-T data, cor-
] rected forCiagice aNd Csenoriys Can also be fit to a I de-

4 pendencgwith To=33K, i.e., out of sequence with the O-

1 and 5-T resultsbut—as may be inferred from Fig. 2—the

[ ] AC/T data flatten out below 1.5 K.

0 P - — We have also measured the specific heat of Ce{min
field in the basal planenot shown. Unlike the perpendicular
field direction, superconductivity is rather slowly

FIG. 10. Plotted is the differencAC between the measured sqppres_seﬁ in the basal plane field direction in CeCgln
data and the lattice background plus nuclear magnetic and quadrtith Tc in 9 T still ~1.3 K. By 13 T, superconductivity has
pole contributions, divided by temperature vs Todor single- been suppressed below our lowest temperature of measure-
crystal CeColgfor 5 T, field L basal plane, fo®=161K (lower ~ ment (0.3 K). Correcting for a nuclear Schottky anomaly
curve and 200 K(upper curve, shifted by 100 mJ/mofkshowing ~ caused by field splitting of the nuclear magnetic moments
that AC/T behaves as-In T over more than a decade in tempera- belov 1 K in 13 T, both the 9- and 13-T specific-heat data
ture independently of the precise choice for the Debye temperaturagree in their temperature range of overldp3-8 K) and
as discussed in the text. obeyC/T~—InT between 0.3 and 8 K, with the sarfig as

N

2

>
T

*og.
AC/T =532 - 453LogT ’?{.. n

e,=161K

AC/T (m] mole™ K
T

)

=3

S
T

=3
=3
T

T (K)
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FIG. 12. Inverse magnetic susceptibilityylVs temperature for FIG. 13. Specific heat divided by temperature vs temperature for

single-crystal CeRhly field in the basal plane, open symbols and two different preparations of single-crystal Celylas discussed in
field perpendicular to the basal plane, closed symbols show ththe text. Note thatC/T in the normal state is the same for both
1/x=const-T* behavior over almost the whole temperature rangesamples within ourt3% error bar, while the jumpAC at the su-

of measurement just as seen in Fig. 6 for field in the basal plane fgperconducting transition is quite different for the two samples, ar-
Celrlns. Note that for field perpendicular to the basal plane; 1 guing against a second phase explanation and rather for a significant
which is outside of the theory for local deviations from Fermi-liquid sample dependence.

behavior’

. . S other cases, CeRNris ordered magnetically and precisely
for the perpendicular field direction, i.e., just as for thephow close it is to a quantum critical point requires further
fieldLbasal plane data, fibehavior over a range of about 5 stydy.

T with approximately the samg, is observed. The specific-heat data aboig in 0 and 13 T can be fit
This C/T~~—InT behavior is strong evidence for non- (not shown up to 10 K to AC/T~T¢, where AC is

Fermi-liquid behavior arising from proximity to an antiferro- ¢ _ - C e and a~1.8. AlthoughAC/T~T“ is not

magnetic quantum critical pmﬁf.Such a situation appears  Fermi-liquid behavior, such a temperature dependence also is

to be favorable for unconventional superconductivity, seepgt characteristi¢ of systems classed as showing NFL be-

e.g., Refs. 13 and 35. In order to investigate further, it woulthavior in their general properties. Measurements of the tem-

be of interest to examine possible sources for magnetism iBerature dependence 6T to lower temperature.e., as

the phase diagram near in concentration to Ceg@a well  shown in Fig. 3 in much higher fields than 32 Would be

as to investigate the specific heat to lower temperatures. required to make any definitive statement about NFL behav-
Concerning this latter point, low-temperatu@®T data  jor in C/T in CeRhlin,.

down to~0.15 K taken in 5 T and corrected for the Schottky

anomaly were in fact presented in Ref. 3, although they were

plotted versus temperature and not analyzed fdr diepen- C. Sample dependence

dence. These data, except for Some S“ght structure a_pparentShown in Fig. 13 are specific-heat data for the sample of
at ~0.27 K, appear to be consistent with the data in the . . : ;
- Celrlng prepared at the University of Floridépreviously
present work as shown in Fig. 10. L
shown in Fig. 1, plus data for a sample made at Los Alamos
National Laboratory. All data were taken at University of
3. CeRhlIng Florida to avoid any intercomparison errors due to absolute

Susceptibility data for field in the basal plane above 4 Kaccuracy in the respective calorimetdestimated from a
for CeRhlIn, (see Fig. 5fit the 1)y=1/y,+ AT temperature comparison of Fig. 13 with data from Ref. 2 to ke5%).
dependence up to 250 K as shown in Fig. 12, very similar tothe AC/yT, value for the sample prepared at the University
the behavior shown in Fig. 6 for the same field direction forof Florida is only about 65% of that prepared at Los Alamos
Celrlng. For field in the other crystalline directioB,l basal  National Laboratory. The bulk superconducting transition ap-
plane, they data for CeRhlg also can be fit over a wide pears to have exactly the same onset temperataainly
temperature range to J# const-AT?, see inset to Fig. 12, one of the significant sample variations obsefVed, e.g.,
just as found for field in the basal plane for Celfland the heavy-fermion superconductor CeSy) in both
CeRhin, but in this casea>1, which is outside of the samples and the transition width is somewhat sharper in the
theory’’ of a local deviation from Fermi-liquid behavior. smallerAC/yT. sample. Because a narrow transition width
Caution must be taken in interpreting these susceptibility reand largeAC are generally considered to be both indicative
sults as being associated with NFL effects since, unlike thef sample quality, and because the phase purity of both
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TABLE |. Temperature dependences®fT and y in CeMIng, M=1r, Co, Rh

C/T/Temperature rangéK) x/Temperature rang&)

Celrlng

B in basal planey,— AT/0.4—2.5 X t=xo 1+ ATO8Y1.8-306

B L basal planey,— ATY%0.3-6 X t=xo M+ AT®or y~—InT/1.8-12
CeColny

B in basal plane-InT/0.3-& X t=xo '+ ATH91.8-20

B L basal plane-InT/0.3-& x=xoT %¥1.8-1%

CeRhlry

B in basal plane~ T 1%4—1¢ X t=xo 1+ ATO94-250

B L basal plane X t=xo 1+ ATH4-286

8Highest temperature of measurement.
The temperature range of the fit jois limited by a shoulder in at ~15 K.

samples is within 5—-10 % of each other, this intercomparisor24m in fields of 9—11.7 T to 20, in 11.7-16.9 T. The rate
of the superconducting transition is somewhat puzzling. Irof the suppression of with field for M = Ir and Co indicates
any case, there does seem to be significant variatiahGn  largem* values in zero field, with the values for CeRglIn
(bothyandT, are, within error bars, identicein Celrin;, as  pased on scaling oE/T(B) to T/Ty (Fig. 4) as well as an
has been seen, for example, strongly in {/P£° Measure-  entropy argument, being approximately like those found in
ments(not shown of the resistive transition seen atl.2 K cgrin,,.

in the discovery workin a crystal from the same batch of  The non-Fermi-liquid-like temperature dependences in
Celrin; as used here for th€ and y measurements find an e specific heat and susceptibility of éng for M = Ir and

onset temperature of 0.9 K_St”.l _weII above the bilk (C . Co are strongly suggestive of NFL behavior in these com-
or x)—and a m.UCh. Iar_ger transition width than reported Mhounds This evidence for NFL behavior, which argues for a
Ref. 2, also indicating important sample dependence. In thi earby quantum-critical point in superconducting Celrin

regard, the resistivity ratip (300 K)/p (2 K) of the crystal ;
us%d in Ref. 2 was g}:eate(ir)t(han 5|(<))' l\)/v;ere)as this rat)i/o for th%nd CeColg and therefore for unconventional superconduc-
. ' ! yity, is summarized in Table I. WhyC/T behaves agy,

present crystal is about 22. Since the crystals in the preseH

- 1/2 '
work had the excess In removed by etching, rather than by AT~ (& temperature dependence associdted with

the centrifuge technique used in Ref. 2, this resistive transi/€aKly intéracting spin fluctuationin Celrin; for BL basal
tion being a spurious surface effect appears to be ruled oulane and—InT (a temperature dependence assoctdted
Comparing the superconducting transition in the specifivith strong spin fluctuationsin CeColr for both field di-
heat for the sample made at the University of Florida ofrections may be connected to a fundamental difference in the
CeColn, shown in Fig. 2 with dat®® for the sample made at fluctuation spectrum in the two compounds. Considering the
the Los Alamos National Laboratory, the onsets and the transpeculations raiséd® about unconventional superconductiv-
sition widths appear equivalent, and th€ values are only ity in these two compounds, the fact that the Co compound,
~8% different. with its factor of 5 higher superconducting transition tem-
Although samples of heavy-fermion antiferromagnets areperature, has stronger magnetic fluctuations as revealed by
not knowrt* to be strongly sample dependent in their prop-its NFL behavior in the specific heat than the Ir compound is
erties, for completeness th&/T data shown in the present certainly an interesting fact to consider. Concerning the NFL
work in Fig. 3 are compared here with the publishedta.  pehavior reported here for the magnetic susceptibility, at
The onsets and the widths of the transitions are similar, witfhresent the stattof the theory for NFL behavior iry is

less than a 5% difference in theC values. that the theory in still under development. It is tempting to
draw conclusions based on the broad temperature range
IV. SUMMARY AND CONCLUSIONS where NFL behavior is observed in the Ir compouBdh) the

basal plane, and possibly in both field directions in CeRhin

Specific-heat data in high magnetic fields on the heavybut such conclusions require further theoretical understand-
fermion compounds Q¢Ins, M=Ir, Co, and Rh, show that ing first, as well as further investigation of the possible
the electronic specific heat, proportional to thevA mea-  causés) of the shoulder feature if. The theorie¥ *>3%of a
surable electron effective mass®es, are relatively field in-  strong local deviation in Fermi-liquid behavior do appear to
dependent in fields to 13 T and show a more meta@i€l  be consistent with our results. Further work on the NFL be-
= const+ 8T 2 behavior forB=20T forM =1Ir and Co. These havior of the resistivity in CeColpand CeRhlg, as well as
observations appear to be fully consistent wihd general- neutron-scattering investigation of the fluctuation spectra of
ize results ofa recendHv A study’’ of Celrins that finds the  all three C# Ing compounds, are obviously of considerable
cyclotron mass of one particular hole orbit to decrease froninterest.
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