PHYSICAL REVIEW B, VOLUME 65, 224509

Specific heat of CeRhIg: Pressure-driven evolution of the ground state
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Resistivity measurements on CeRhhmave suggested an unusual “first-order-like” transition from antifer-
romagnetism to superconductivity at a critical pressBge ~15 kbar: At pressures belo®, the magnetic
ordering temperature is approximately independent of pressui, Ahtiferromagnetism disappears abruptly
and is replaced by superconductivity, with a critical temperature that is also approximately independent of
pressure. Here we report measurements of the low-temperature specific heat of CatRirssures to 21
kbar, and for 21 kbar in magnetic fields to 70 kOe. They confirm, by measurement of a bulk thermodynamic
property, the unusual relation between magnetism and superconductivity, and permit an estimate of the dis-
continuity in entropy atP.. They also give insight into the natures of the antiferromagnetic and supercon-
ducting states and their changes with pressure: With increasing pressure the zero-field specific-heat anomaly
changes from one typical of antiferromagnetic ordering at ambient pressure to one more characteristic of the
formation of a Kondo singlet ground state at 21 kbar. The change in general shape of the anomaly is gradual,
but atP., where the data suggest a weak thermodynamic first-order transition, there is a discontinuous change
from an antiferromagnetic ground state to a superconducting ground state. Bgline quasiparticle density
of states increases and the spin-wave stiffness decreases with increasing pres®yehéitlow-energy
magnetic excitations disappear and are replaced by excitations that are characteristic of superconductivity with
line nodes in the energy gap. The quasiparticle density of states is continu®ys &ut decreases with
increasing pressure, to zero at 21 kbar. These features suggest the possibility of superconductidityavih
pairing and, at intermediate pressures, “extended gaplessness.” At 21 kbar except for the line nodes, the Fermi
surface is fully gapped. The specific-heat data also show the existence of a second-order transition in the
11-12-kbar region, where features in the magnetic susceptibility and resistivity have been observed.
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The occurrence of superconductif§C) heavy-fermion CePgSi, and Celg, and a general phase diagram
(HF) compounds provides a unique opportunity for investi-proposed. The properties at AF and FM QCP’s might be
gating the relation between magnetism and superconductivexpected to be different, but, although the phase diagram for
ity, particularly the possibility of magnetically mediated pair- FM UGe, differs in detail from those for CeR8i, and
ing of the electrons. In magnetic HF compounds there is &€lns,* itis remarkably similar in general form. For all three
competition between magnetic order, driven by theof these materials the critical temperature for magnetic or-
Ruderman-Kittel-Kasuya-YosiddRKKY) interaction, and J€ring approaches zerolt, and superconductivity appears
the spin-singlet ground state, favored by the Kondolhn & harrow wmdqw of with gstronglyP—ereqdent i:nucal
interaction! Both interactions are governed by the |ocal_t¢mper?ture'(P), n acc_ord with a_l_modélm which a “con-
moment—conduction-electron exchange but the depen- tinuous” transition atP. is a condm(_)n for the occurrence of
dence onJ| is different, quadratic for the RKKY and expo- superconductivity. Antiferromagnetic CeRRirfor which re-
nential for the Kondo interaction. Sinceld|/aP>0, the sistivity measurements have shown a phase diagram of a

licati f @) q th itude of th very different form? presents a striking contrast with those
appiication of pressure) can reduce the magnitude ot the ., a0 a1s and with theoretical considerations generdlly;

ordered magnetic moments and lower the ordering tempera- 4 K, is only weakly dependent oR to 14.5 kbar; at the

ture. For appropriate values of the relevant parameters thgay higherP, 16.3 kbar, the signature of AF order has dis-
Neel temperatureTy) of an antiferomagneticAF) HF com-  gnheared and  superconductivity, with an  essentially
pound, and the Curie temperaturéc) of a ferromagnetic  p.independentr, of ~2 K, appears. This phase diagram is
(FM) HF compound can be driven to zero at a critical pres-gualitatively different from that of any other Ce HF com-
sure P.). There has been considerable speculation that stpound, and, although the thermodynamic nature of the tran-
perconductivity might appear at that quantum critical pointsition cannot be unequivocally determined from transport
(QCP with the electron pairing mediated by strong magneticproperties, the abrupt change R¢ suggests a “first-order-
fluctuations, but the number of likely examples is small, predike transition.”*

sumably because the conditions that must be satisfied for Measurements of the specific hé&) can give informa-
superconductivity to be realized are so restrictive. Thoseion about the thermodynamic nature of the transition and
conditions and the relevant concepts have been summarizéely-T excitations relevant to an understanding of the relation
in the context of the observed superconductivity in AFbetween magnetism and superconductivity, information that
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FIG. 1. (8 The specific heat, for representative valuesphis FIG. 2. C, for P+0. Data for 16 kbar are omitted for clarity.

C/T vsT. TheP=0 data are from Ref. 4. The insets sh@yin the

low-T Iim(;t:c (E) for P>PC,3and Ce=yT+B,T% and (o) for P g p (including the small increase at low) for P
<Pc, andCe=yT+BarswT™. <10 kbar, but then shifts to lowdr. (At 12 kbarTy, deter-

is not obtained from the more usual measurements of resiQjlned by r_1uc|ear quadrupole resonanc_eNQR)
tivity and magnetization. The measurements reported her@easuremen%;.s close tOTmaX') For PBF.’C’ Tmax IS close
show that the superconductivity is a bulk property, and chart© the unidentified featufen p at T-. (Evidently measure-
acterize its nature. They determine the quasiparticle densi ents ofp detect t_WO features in the 9-15-kbar region that
of states and the nature of the other low-energy excitation'® Not resolved in measurements @f.) Values of T¢,
thereby identifying the ground states throughout the range deken as the midpoints of entropy-conserving constructions
P. The ground states, AF belo®, and HF/SC above, both ON Ce/T (see, e.g., Fig. } are in good agreement with the
evolve continuously with increasing, but atP. there is a values deter”.‘”.‘ed from, which correspond o the onset of
discontinuous change: Long-range AF order disappears art/Perconductivity. o
superconductivity appears. Some of the [Gventropy asso- For P=21 kbar and4=0, 50, and 70 kOe, the specific
ciated with magnetic degrees of freedonPat 0 appears as €@t is shown in Fig. 4. The values Bf(H) obtained from
entropy of typical HF-SC excitations &>P_.. The data the d"’_‘ta do not _extend to sufficiently high valuesl-bfto
suggest, within the limits of resolution imposed by the dis-€Stablish unambiguously the form &fc,(T) over a wide

crete values oP, the occurrence of a weak thermodynamic Ntérval in T, but with the assumption of a parabolicde-
first-order transition aP. . pendence they extrapolate lth.,(0)= 159 kOe(see Fig. 5

with a statistical uncertainty of20 kOe. This value, which

The sample, consisting of small, randomly oriented crys-"". _ . ;
tals, was contained in a clamped pressure cell with AgCl a& N satisfactory agreement with the 152 kOe estimated from

the pressure-transmitting medium, and Sn and Pb manonf€SiStivity datd, far exceeds the Pauli limft, ';'P(O)
eters, one at each end of the sample. The pressure differences® KOe. FOrT<T(H), Ce(H)=7y(H)T+B,(H)T*, and

i i 1 -1
between the two ends of the sample were at most 0.2 kbaf€Xtrapolationsd 0 K give the sam,, 0.99 mJK~mol =,
Zero-field measurements & are shown in Fig. 1 for atTc(0), 2.12 K, to within=1%. This dependence @, on

representative values . (In all figures, results associated 1 @ndH is characteristic of a certain group of heavy-fermion
with the AF phase are represented by solid symbols, with théUperconductors that includes, e.g., Y&k (Ref. 7 and
SC phase by open symbdl3he lattice heat capacity(,y),
taken to be the same as that of LaRhfhand shown in Fig. e T
1, was subtracted fror@ to obtain the “electron” contribu- | CeRhln,
tion (C.), shown on an expanded scale in Fig. 2. With in- 4r '____.—_.——-——-—HI H=0
creasingP the “magnetic” specific-heat anomaly, which is !
associated with AF ordering at ambient pressure, become
broadened and reduced in amplitude. A second anomaly, as & 5 |
sociated with the transition to the SC state, first appears as ™
small irregularity at 16 kbafin data that are too close to - | 1
those at 16.5 kbar to be included in the figurdsgrows to e P ~15 kbar: vg;a—vﬁ—s

|

I

a “shoulder” on the magnetic anomaly at 16.5 kbar and 21 ® © ;.m
v ¢

reaches its maximum amplitude at 19 kbar. The data permii . . . . AF g osC
plausible extrapolations t6=0, and the entropyS,) calcu- o 3 s o )
lated at 12 K has the same value for BIto within £2%. P (Kbar)

Characteristic temperatures derived frada and p are
compared in Fig. 3. The temperature of the maximdm_() FIG. 3. Phase diagram for CeRjloonstructed fronC data and

of the magnetic anomaly iI€./T tracks theTy deduced p data from Ref. 4see the text
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FIG. 4. C4(H) at 21 kbar Normal, mixed-, and FIG. 6. (a) Zero-field values ofy vs P. (b) y(H) vs H for P
superconducting-state data f6g(H), with an extrapolation of the =21kbar. In(@) and (b) the open square is the 21-kbar, normal-
normal-state datat0 K that is consistent with the superconducting- state value ofy obtained by the extrapolation of the 0-, 50-, and
state entropy aT, and the normal-statg, y(H¢,) or y'(0). The  70-kOe values td1,(0)=159 kOe, represented ii).

insets showC,(H) for 50 and 70 kOe. . .
ues of y and some other parameters are given to more sig-

nificant figures than warranted by the dafEhe interpolation
UPt.8 TheB,(0)T? term is associated with line nodes in the petween 1.7 ath0 K must give the sam8,(T.) as that given
energy gap and an “unconventional” order paramétét: by the data foH =0, 50, and 70 kOe. The curve in Fig. 5 is
though line nodes can arise from extendedave pairing,  a smooth, plausible interpolation that satisfies this condition
they are commonly attributed tocawave order parameter in  on the area under the curve. It is almost unique among such
HF compounds. The corresponding power-la¥ depen-  possibilities in the sense that any curve that is free of irregu-
dence for nuclear-spin-relaxation timesas been seén’in  |ar peaks and dips and satisfies this constraint would have to
NQR measurements. For this pressure, and to within the eXe very similar. Its shape is similar to that of the Kondo
perimental uncertainty, ¥(0)=0 andC, in the supercon- singlet-ground-state ordering in some other HF compounds,
ducting state Ceg is Ces=B,(0)T% The value of ¥0)  e.g., URySi, (Ref. 7 and CeAL,*2 and conspicuously dif-
shows that the Fermi surfadexcept for the line nodgss  ferent from that characteristic of AF ordering. Hsindepen-
fully gapped. FOIT<T¢(H), C¢(H) andS,(H) conform to  dence also suggests that the “magnetic” anomalCinis
expectations for superconducting material, and any addinot associated with AF ordering at this pressure.

tional contributions taC, must be negligible. By that crite- The discontinuity inC, at T, is relatively small: 8
rion, the superconductivity at 21 kbar is complete as well as=AC (T .)/Cen(Te) =[Ced Tc) — Con(Te) 1/Cen(Te) is 1.43
bulk. for a BCS superconductor anel to 1.5 for a number of HF

Ce in the normal state.) is defined to within narrow  syperconductors, but only 0.36 for CeRirHowever, the
limits at 21 kbar(see Fig. & For T>T(H), C¢,is inde-  small value is a direct consequence of thelependence of
pendent oH and determined by the 70-kOe datato 1.7 K. InC_,, the T dependence of., and the thermodynamic re-
Fig. &(b) it is shown thaty(H) is approximately proportional quirement that the entropies of the superconducting and nor-
to H, and extrapolaton to H(0) gives y  mal states be equal @,: SedTe)=Sen(Te)=Ss(Tc). This
=382 mJK *mol™* for the normal-state value, the 0-K in- requires no independent microscopic interpretationC
tercept ofC,,/T in Fig. 4. (For internal consistency the val- =B,(0)T? and C.,= 7T, with y constant, the equality of

entropies af; requires tha3= 1. For CeRhlg, as for many
—————rT other HF superconductor€,, does not correspond to a con-
CeRhln, ] stant density of quasiparticle states, and must be represented
P=21 kbar 1 by a T-dependenty’, defined byC.(T)=v'(T)T. In this
1 case,=B,(0)T./y'(T.)—1, which is 0.36 for CeRhin
] as observed. The value gf (0) was determined indepen-
. dently, and the interpolation to the value ©f,,/T to 1.7 K
] in Fig. 4 was drawn to satisfy the requirement tBaf(T.)
1 =S.{T.). However, the thermodynamic argument can be
] turned around to show that the small valueBodupports the

150

120 +

90

H,(kOe)

60
H(T)=H_(O)[1 - (IT,]

0} H_{0)=159 kOe derived value ofy’ (0) and the interpolation: The area under
[ L=zizk the curve forC,,/T has to be that shown in Fig. 4. CeRhlIn
00.0' 03 06 0o 12 15 15 is evidently a somewhat extreme case in whighis still

T ®) strongly T dependent at ., but it is not qualitatively differ-
ent from, e.g., URsSi, for which the deviation ofy’(T)
FIG. 5. He(T) vs T for P=21 kbar. The curve represents a from y’ (T.) is less precipitous and only 20% at 0 K, and
parabolic fit to the datésee the text ,3~O.97
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FIG. 7. The coefficient of the AF spin-wave term@q, Barsw, P (kbar)
plotted as (1Barsw) > vs P to demonstrate the linear-in-decrease

in the AF spin-wave stifinesésee the test FIG. 9. Isotherms of,(P) vs P showing features at 12 and 15

kbar which are emphasized by the straight-line approximatises
the tex}.

Although the magnetic anomaly i€, evolves with in-
creasingP without a discernable discontinuity in its general the 21-kbar normal-state value, which was derived from the
shape, thel dependence of, at low T is discontinuous at Mixed-state data; the experimental SC values are extrapo-
P, as is apparent in Figs(d and 2, whereC./T shows a lated to the AF curve at 15 kbar, the approximate valu of
positive curvature foP<P., but a zero curvature fop ~ deduced from resistivity measuremehtsThe resulting
>P. as T—0. For all P, the lowest-order term ifC, is  Curves represent a normal-statewhich measures the den-
y(H)T. For P<P,, the second term i8-gn(H)T3 [Fig.  Sity of low-energy quasiparticle excitations, that increases
1(c)], which corresponds to the spin-wat@W) contribution ~ Monotonically from ambient pressure to 21 kbar. In zero
expected for an antiferromagnet; f8r>P,., it is B,(H)T2  field andP=P,, there is a transition to the superconducting
[Fig. 1(b)], which is characteristic of certain heavy-fermion State, but it leaves a “residuali(0) that varies between the
superconductors. With increasin®, Barsw(0) increases full normal-state value aP¢ and zero at 21 kbar.
monotonically through the AF region, corresponding to a ©On the SC side of the phase boundaryg{ ¢(0) is the
linear-in decrease in the spin-wave stiffness, which is pro-same in the SC and normal states an@¢(Tc)=0. With
portional to the product of the moment and the exchangédhcreasingP, y(0)—0 andAC¢(T,) increases, but with es-
interaction. The decrease in spin-wave stiffness, represent&gntially no increase ifi; . The extended gapless regions on
in Fig. 7 as (1Baesw)“® vs P, amounts to 30% at 13.2 kbar. the Fermi surface of superconductors witfe > pairing™®
At P, Barsw(0)T® is replaced by the superconductivity- Suggest a possible basis for.u'nderstand_mg this behawpr: Be-
related termB,(0)T?, the coefficient of which then increases low a critical value of the pairing potential the gap vanishes
monotonically to an approximately constant value at 192nd there is a finite density of low-energy quasiparticle
kbar!! The four points in Fig. 8 do not characterize defini- States,y(0)#0. With increases in the pairing potential the
tively the behavior oB,(0) over the range oP of interest, ~9ap appears and increases in amplitude, and the quasiparticle
and their representation by two straight-line segments i§lensity of states decreases. For sufficiently high gap ampli-
somewhat arbitrary. ThE dependence of(0) is displayed tudes the quasiparticle density of states approaches zero. The
in Fig. 6(@): The experimental AF values are interpolated toobserved relation betweehC,(T,) and (0) would corre-

spond to an increase in the gap amplitude and pairing poten-
00 , . , . . ' . tial with increasingP.

Isotherms, S,(P) vs P, obtained by integration of
Co(T)/T to obtainS,(T) and interpolation to fixed's, are
shown in Fig. 9. They are related to the volume thermal
expansion(a), which is proportional to {S./JdP)+ in mag-
nitude but opposite in sign. Although the isotherms show that
a is negative in most of the range Bfand T they are con-
sistent with the positive values reportédt ambient pressure
and temperatures above 1 K. The isotherms reveal interesting
] features near 12 and 15 kbar, which are emphasized in Fig. 9
1 by three straight-line segments that connect data points in
limited intervals of pressure. The straight lines represent dis-

P (kb continuities, in ¢S./dP)t near 12 kbar and i, at 15 kbar,
which correspond, respectively, to second- and first-order

FIG. 8. B,(P) vs P. Above 19 kbaB,(P) is constant to within ~ thermodynamic transitions. For any one isotherm the fea-
experimental uncertainty. The straight lines are arbitrary interpolatures at 12 and 15 kbar, represented by the straight lines, are
tions and extrapolations. comparable in magnitude to the deviations of the points from

o w =

(=3 (=2 (=3

S S S
T T T

B,(P) (mJ K’ mol™)

=
S
T
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S A(dSe/dP)1 gives a maximum discontinuity i€ of ~50
mJ K *mol™L. The experimental data do not permit a mean-
] ingful quantitative comparison, but they are not inconsistent
3 with that value.
- ; The feature at 15 kbar is less well defined, but the points
£ e E above and below 15 kbar cannot be connected by smooth
' ' ' x.. curves without a change in sign of the curvature. The vertical
dashed line in Fig. 9 represents a phase boundar.at
=15 kbar, as defined by the construction in Fig. 6, and taken
to be independent of. The straight-line representations of
the isotherms then correspond to a fink&, at P, and a
T first-order transition from a lovi® phase, which must have
o 1 2 3 4 5 the larger volume, to a higR-phase that has a low&;. The
T(K) values of —AS, reach a maximum,~0.13 JK 'mol !
=0.02RIn 2, near 3 K, and extrapolate to zero near 4.5 K.
At 1 K and below, they correspond, to within a factor 2, to
the extrapolations t®, of the low-T terms inC, depicted in
Figs. 6, 7, and 8. The vertical phase boundary drawn in Fig.
would imply a zero change in volume Bt ; a slope of 2
kbar* would correspond to a maximum fractional change
in volume of~3x 10~ °. This interpretation of the isotherms
corresponds to a transition from the AF state to the SC state
) ) ~that includes a small first-order component, which terminates
a smooth curve that might be drawn as an approximate fit t¢; 4 critical point in the vicinity of the magnetic ordering
all the points. However, both their systematic variations fromemperature. This is supported by its consistency with other
one isotherm to the next, which are shown in Fig. 10, anthyrgperties of the system, as well as by the systematic varia-
their relation to other propertigsee below attest the reality  tion with T of the values ofAS, obtained by the straight-line
of structure at least qualitatively similar to that representeqonstructions in Fig. 9. The plausibility of this interpretation
by the lines. Furthermore, both dis_continuities extrapolate tQy the isotherms notwithstanding, it must be recognized that
zero atT=0, as required by the third law of thermodynam- the points on the isotherms are not sufficiently closely spaced
ics, and both tend to small numerical values at temperatures p 1o define precisely the interval in whichS, occurs. The
above that of the magnetic ordering, as might be expected fiata do not distinguish between a “sharp” transition that
they were associated with the magnetic ordering. The strikegkes place in a few tenths of a kilobar, a width that might be
ing similarity of the temperature dependence\§fS./dP)r  attributed to sample and pressure inhomogeneities, and a
to that of AS, suggests a more direct relation between theyroader feature i, that is not a thermodynamic phase tran-
two transitions than might be expected for a common originsjtion, In the latter case the values®8, would be measures
in the magnetic properties alone, but there is no obviougy the discrepancies between the valueSpoht P, obtained
independent evidence of that. _ _by extrapolations from higher and lower pressures. However,
The feature near 12 kbar, the better defined of the two, ig5 gych, they would still be relevant to understanding the
a discontinuity in ¢S./dP)r, which corresponds to a dis- «ransition.” Furthermore, they would put an upper limit to

continuous increase in the _rr_lagnitudeaomhich is negative, e entropy discontinuity accompanying any “real” first-
and a second-order transition. The phase boundary, reprgiqer transition.

sented by the nearly vertical solid line in Fig. 9, is defined by

the intersections of the straight-line segments of the iso- We are grateful to A. V. Balatsky and V. Z. Kresin for
therms, which occur at 12.0 and 11.2 kbar at 0.5 and 4.5 Khelpful discussions. The work at LBNL was supported by the
respectively. This is a region of the phase diagram in whictDirector, Office of Basic Energy Sciences, Materials Sci-
features in the resistivity and susceptibility have beerences Division of the U.S. DOE under Contract No. DE-
observed, and also whereT,,, starts to deviate from its AC03-76SF00098. The work at LANL was performed under
low-P value (see Fig. 3. With the slope of the phase bound- the auspices of the U.S. DOE. Z.F. acknowledges support
ary and the Ehrenfest relation, the maximum value ofthrough NSF Grant Nos. DMR-9870034 and DMR-9971348.
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FIG. 10. TheT dependence of the features represented by th
straight-line approximations to the isotherms in Fig. @)
A[(dS/dP)1] vs P in the 11-12-kbar region, which corresponds to
a second-order transitiob) AS, vs P at P.= 15 kbar which cor-
responds to a weak first-order transition from the AF state to the S
state.
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