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Low-temperature specific heat and magnetic susceptibility near the pressure-induced quantum
phase transition in CeNiy
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The pressure-induced magnetic-nonmagnetic transition in a stoichiometric compothid @as investi-
gated using measurements of the specific ahd the magnetic susceptibilifyon single crystals down to
0.07 K. The results show that the &letemperatureT,, decreases linearly with increasing pressure, and
vanishes atP.=0.39 GPa. At 0.36 GPa P, the C,,/T curve deviates strongly from-InT dependence
below 0.5 K, and exhibits a broad maximum around 0.15 K. At 0.43 GIPa, while, on the other hand, a
T-independent behavior appears below 0.2 K. These findings indicate thatrfiedependence observed near
P. between 0.5 ah6 K is acrossover phenomenon to a Fermi-liquid ground state. However, the continuous
increase of y down to 0.09 K at 0.43 GPa is at variance with conventional Fermi-liquid theory.
[S0163-182698)04542-1

. INTRODUCTION 0.2 T The antiferromagnetism is suppressed under pres-
sure and vanishes around 0.4 GPa, where NFL behavior ap-
In recent years, non-Fermi lev@lIFL) behavior in heavy- pears in both the specific heat and magnetic susceptibility in
fermion alloys and compounds has received much attentiorihe temperature range between 6 and 05'K.This behav-
Anomalous temperature dependences of the Speciﬁc(heat ior is not expected to arise from a wide distribution of Kondo
magnetic susceptibilityy, and electrical resistivityy have ~temperatures, because Gali; has a chemically ordered
been found:C/Tec—InT, yo(1—TY3), andpxT.2"20 This  crystal structure. However, the Ce ions at the three non-
anomalous behavior has been attributed to distinct micro€auivalent sites in G&li; might have a differenT . A two-
scopic origins in different materials. A two-channel quadru-channel quadrupolar Kondo effect is also unlikely due to the
polar Kondo effect has been proposed to describe the NFfigonal and monoclinic symmetry of the Ce sites in this
behavior in Y, gPd.* A distribution of Kondo tempera- CcomPound. Hence, only a quantum phase transition seems to
turesT, due to the disorder in UGu,Pd, (x=1.0 and 1.5, be left to explain the NFL behavior of €¥i;. In the previ-

us work!? we have shown that the temperature dependence
reproduced the anomalous temperature dependence of t@?C/T between 5 and 0.5 K at pressures above 0.4 GPa is
specific heat and susceptibility above 0.3 Klowever a ! j

. " reproduced well by SCR theofyit is important to examine
spin-glass transition was found for U{Rd at lower P y g P

) o whether the—InT dependence o€/T holds to lower tem-
temperature%. The self-consistent renormalizatio(SCR

; 3 i ) perature orC/T saturates to a constant value as is predicted
theory of spin fluctuatiorfshas been applied to describe the by the SCR theory for three-dimensional antiferromagnets.

specific heat and resistivity of Ce,La,Ru,Si, near the mag- |n, this paper, we report the results of the measuremen® of

netic instability> An antiferromagnetic phase transition sup- and y down to 0.07 K for single crystals of Qi under
pressed tol =0, i.e., a quantum phase transition, has beeNarious pressures.

considered as the origin of the NFL behavior in some alloys,
notably CeCy_,Au, (Ref. § and CePtSi_,Ge,.’ Suppres-
sion of antiferromagnetism in CeguAu, for x=0.2 and
0.3 has also been realized by applying pres&uvtare re- Single crystals of C#Ni; were grown by a Czochralski
cently, NFL behavior has been found even in chemicallymethod using a hot tungsten crucible in an rf induction fur-
ordered compounds Cej@e,,° CeCySi, (Refs. 9 and 10  nace. As starting materials, we used high-purity Ce and Ni
and CeNis. 1112 metals produced by Ames Laboratory and Johnson Matthey
For CeNis, Sereniet al!® reported that an antiferromag- Ltd., respectively. The crystal orientation was determined by
netically ordered state belowy=1.8 K coexists with a the backscattering Laue method.
heavy-fermion statéy=1.3 J/K¢ mol Ce. This compound The magnetization under pressures up to 1.2 GPa was
crystallizes in the hexagonal Fe;-type structure and hence measured by an extraction method with a clamp-type piston
shows a uniaxial magnetic anisotroyThe magnetization cylinder pressure cell at ISSP, University of Tokyo. The
curve forBllc at 1.4 K exhibits a metamagnetic transition at pressure cell was immersed in liquithe and cooled down

Il. EXPERIMENTAL PROCEDURE
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to 0.5 K. The detailed technique of the magnetization mea- [ll. RESULTS AND DISCUSSION
surement is described elsewhéfe.

The measurements of the heat capa€itgnd the ac sus- The isothermal magnetization curvd§B) at 0.5 K for

L lc andBlla are shown in Fig. 1. AP=0, a sharp meta-
ceptibility x,, under pressure have been done down to 0'Orf;agnetic transition occurs at 0.18 T only Bitc, which is

K'in a *He-’He dilution refrigerator at the University of in_agreement with the previous observatiiwith increas-
Karlsruhe. For these measurements, we used a standard hqﬂb pressure up to 0.25 GPa, the transition flddecreases
pulse and an ac mutual inductance method, respectively. &t the rate ofdB./dP=—0.71 GPa. and for 0.35 GPa. no
single-crystalline sample 0f-100 mg with a cylindrical metamagnetic t?ansition was obs,erved at 0.5 K. IF,br
shape along the axis was put into the Cu-Be pressure cell. 35 Gpa the magnetization curve is strongly depressed
We used a methanol-ethanol mixture as a pressure transmwithin creas’ing pressure, and the value of 0.55 T is only

ting medium. The coils for the ac susceptibility measure—o_onluB/Ce for P=1.2 GPa. LikewiseM (Blla) decreases
ments were mounted outside of the pressure cell, and wereih pressure, albeit at a slower rate. The ratio

also used to measure the superconducting transition Of@(Bllc)/M(Blla) at 0.55 T reaches a maximum of 7.7 at 0.4

small Sn piece to determine the pressure. The frequency a -
amplitude of ac field were 129.5 Hz and less than 0.02 mTSUPr\Z/ii\?:sdiget(r:]reeisaerzxaz.r?e?i::1s.t2at((39Pa. Thus, strong anisotropy

respectively. The contributions of the pressure celCtand The magnetic susceptibility,.=M/Bwas determined in
Xac Were determined in separate measurements without tr‘gﬁe low-field range wherd/ is pcroportional toB. For Bl

sample and subtracted from the raw data. For the ac susce hd P<0.25 GPa, the magnitude & was cho.sen in the
tibility the T dependence of the pressure cell between 0.0 ange belmec an,d forP=0.35 GPaB was kept at 0.05 T

and 3 K issmall compared to that of the sample for most _. 2 sh h d d f
ressures. FoP=0.43 GPa, with a wealR dependence of Figure 2 s ows_t_etemperature ependenog,e Fc_)rBllc,
Press ) : ' iopdc at P=0 exhibits a peak at 1.9 K due to the antiferromag-
Xac» It @amounts to 30%. Therefore although the subtractior ©¢. »
netic transition. By contrasjy{(Blla) shows no anomaly at

yields only t.o. arbitrary unlts.for the sample'contnbutlon 0 Ty and the temperature dependence levels off below 0.7 K.
Xac» the positions of the maxima are well defined. In order to. . o -

’ I . . The previous specific heat and ac susceptibility dataFfor
facilitate a qualitative comparison for different pressures, a

rough relative calibration is obtained by comparing the ac

and dc susceptibility foP=0 and 0.11 GPa. The sample 25 -
contribution to the total heat capacitpressure cell, ther- i Ce-Ni. (a) |
mometer, heater, and samplearies between 60 and 90 % 7

for temperatures between 0.1ca8 K for P=0.11 GPa, and 207 Bllc

between 50 and 70% fdP=0.43 GPa where the sample
contribution is lowest. Taking into account the heat capacity
error of 2%, the error for the specific heat is 6% maximally
for P=0.43 GPa.
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FIG. 1. Isothermal magnetization curves of,Ng at 0.5 K for FIG. 2. Temperature dependence of the magnetic susceptibility

Bllc andBlla under various pressures. M/B of CeNis; for Blic andBlla under various pressures.
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0 1 2 2.5 FIG. 5. Pressure dependence of the magnetic transition tempera-
T (K) ture Ty for CeNi; determined by the measurements of Ac(Ref.
12), A] and dc susceptibilityl) and specific heatO).

FIG. 3. Temperature dependencexqf of Ce/Ni; for Blic. The

data at 0.25 GPa representg(T). much smaller and it gradually increases with decreasing tem-

perature down to 0.09 K without any peak.

=0 suggested the presence of another magnetic transition at Figure 4 shows the magnetic contribution to the specific
0.6 K3 The saturated behavior jpy(Blla)might be due to  heat divided by temperatur€,,,/T. The specific heat for
the onset of this transition. With increasing pressure up td_a;Ni; was subtracted as an estimate for the nonmagnetic
0.25 GPa, the peak height jp. increases, but in the para- contribution, which is less than 3% @¥/T for Ce/Ni; at 1
magnetic state foP=0.4 GPa the low-temperature value of K.12'2 The two magnetic transitions manifest themselves in
Xdc decreases strongly. At 1.2 GPgy for both Bllc and  the two maxima in the zero-pressure data at 1.8 and 0.6 K.
Blla shows Pauli paramagnetic behavior with 0.01 and 0.003t 0.11 GPa, the maximum at the higher temperature shifts
emu/mol Ce, respectively. to 1.2 K, whereas the other one disappears. At 0.35 GPa,

The significant change in the magnetic susceptibility neaexhibits only a broad maximum centered at 0.2 K, which
the critical pressure has been further studied by the measur&irther broadens for 0.36 GPa. This broad maximum around
ment of ac susceptibility,. down to 0.07 K. The tempera- 0.15 K can be ascribed to some type of magnetic transition
ture dependences gf,. for Blic under various pressures are because,{T) has a peak at 0.096 K as shown in Fig. 3. The
shown in Fig. 3, together with the data gf. at 0.25 GPa behavior in bothC,,/T and y,.is reminiscent of a spin-glass
which corroborates the results far,{T). For 0.36 GPa, transitionl’ However, because a neutron diffraction study
Xad T) exhibits a maximum at 0.096 K with the maximum confirmed the chemically ordered structure of,fé type®
value larger than that for 0.25 GPa. For 0.43 GRgT) is  the magnetic transition of this compound at 0.36 GPa ap-

pears unlikely to be a spin-glass transition. For 0.43 GPa,
2.0 s . C/T levels off to a temperature independent value of 0.68
J/IK2 mol Ce below 0.2 K, indicating the recovery of the
Fermi-liquid state with strongly enhanced effective electron
mass. HoweverC,,/T exhibits a shallow maximum around
0.4 K. Since no anomaly appearsyn{T) there, this maxi-
mum cannot be attributed to a magnetic transition.

The above results of, xq4., and x,. allow us to deter-
mine the pressure dependenceTqfas shown in Fig. 5. We
took the temperature of the maximum afxT)/dT asTy.

For the specific heat, the position of the maximunCgaf(T)
is practically indistinguishable from those &, /T for P
=<0.31 GPa. For largdp, a distinctive feature i€ ,,(T) does
not occur. However, a maximum i@,,/T is still observed
up to 0.36 GPa. We therefore tentatively took these tempera-
tures as an indication of magnetic order. With increasing
pressureP, Ty decreases linearly and the relatibg=1.81
. (K) —4.6%P (K/GP3g yields the critical pressur®.=0.39
0-(? oé' ' 0 ] e 1' — 4 GPa wherely— 0. The dependence f, near the quantum
) ' T (K) critical point was investigated theoretically by Millis using a
renormalization grougRG) theory!® For an effective di-

FIG. 4. Magnetic contribution to the specific h&,/T against mensiond=3, the RG results confirm those of the self-

InT under various pressures. consistent renormalization (SCR  theory of spin
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fluctuations® The RG theory predicts thaky varies as|é 20— —
— 5¢/7#* D wheres andz are a relevant scaling variable and Ce;Niz (a)
dynamical exponent, respectively. It was assumed dfan Bllc .

be tuned by pressure, i.¢5— 5, ~|P—P|. For the antifer-
romagnetic case witle=2, we expect thafly varies as
(P.—P)?3. However, in certain systems, CeGAuU 5 (Ref.
8) and CePgBi,, ?° the variation ofTy was found to be linear
in (P.—P) as observed in the present case. This point re-
quires further study. We note thdt=2 for the critical fluc-
tuations leads to a linedty dependence oR.1%?

We now discuss the specific heat of & in the vicinity
of P.. As mentioned above, th€,/T curve at 0.36 GPa
deviates strongly from the-InT dependence below 0.5 K
and exhibits a broad maximum. On the other hand, Hor
=0.43 GPa, i.e., not far from the critical pressitg=0.39
GPa,C,,/T is practically constant between 0.07 and 0.5 K,
compatible with Fermi-liquid behavior. This behavior is in
marked contrast to that of CeguAu, under pressure. For
x=0.2 and 0.3, an appreciable pressure range Rgaxists
whereC/T exhibits the characteristie InT dependenc For
CeNiz, however, it is apparent from Fig. 4 that even fr
=P., C,/T is unlikely to show a—InT dependence over a

large temperature range as it might be bounded by the two 0.01y
curves forP=0.36 and 0.43 GPa. 0007 o o L
We now turn to the shallow maximum i@,,/T around o3 1 5
0.4 K observed at 0.43 GPa. Recently, similar behavior in T (K)
the specific heat of Cebbe, under magnetic field has been
reportedzz For Zero f|e|d,C/T follows the form OfC/T: v FIG. 6. Magne“c SusceptlbllltWI/B vsTona double |Ogal‘lth-

_BT1/2 In fieldsB>4 T. C/T shows a broad maximum at Mic plot at pressures above 0.35 GPa forXig Solid lines are fits
) ! : -0.2
around 1 K, below whiclC/T becomes independent of tem- 10 @ functiony=T %

perature. This maximum &&/T can be modeled by assuming part of Fig. 6,yq(T) for Blla at bothP=0.4 and 0.6 GPa

a density of state$DOS) with a peak at the Fermi energy . ; 02 .
E, i.e.,D(e)=Dg— Dy|s|M2 This form ofD(e) is consis- also increases weakly withyc T~ "< in the whole tempera
ture range from 4 to 0.5 K.

tent with the theory which takes the effect of spin fluctua- In conclusion, we found that the- InT dependence of

tions on the self-energy of quasiparticles into o o
consideratiorf® By using this model, we could not reproduce .Cm/T of Ce/Nis just aboveP;=0.39 GPa changes to&

> : ' independent behavior, i.e., normal Fermi-liquid behavior at
the data ofCp,/T at P=0.43 GPa for CiNis. A better fit ower temperatures below 0.2 K. However,Rat 0.43 GPa,

was obtained by shifting the Fermi level above the peak oL . .

the DOS by 1.9 K, i.e.D(s)=Do—Dj|e—so|2 where oth_the broaql maximum o,,,/T at0.4 K_and the continu-

e =19 K ous increase ink(T) are not consistent with a conventional
Fono = Fermi-liquid theory. These facts suggest that b&(T) and

Although the recovery of a Fermi-liquid state at low tem- v aff in f 4
peratures below 0.2 K foP=0.43 GPa is suggested by the X(T) near'Pc are strongly affected by spin gctuatlons.' In
. i order to investigate the character of the spin fluctuations,

T-independent behavior ‘ﬁm/T’ the co_ntmuou_s Increase Of. neutron scattering experiments under pressure are in
Xacdown to 0.09 K as shown in Fig. 3 is at variance with this
interpretation. Such an increase cannot be ascribed to (B 09ress-
effect of magnetic impurities in either the sample or the pres-

sure cell, becausg,; for P=0.11 GPa is constant down to

0.2 K after subtraction of the susceptibility of the empty We thank N. Watanabe and Y. Echizen for their help in
pressure cell from the raw data. Figure 6 displays the doubléhe crystal growth. Magnetic measurements under pressure
logarithmic plot of x4, vs T above 0.35 GPa. FoBllc, were carried out by the joint research in the Institute for
xadT) at 0.4 GPa does not follow a simple power law, andSolid State Physics, the University of Tokyo. This work was
at 0.5 and 0.6 GPa the temperature dependengg.afeak-  financially supported in part by a Grant-in-Aid for Interna-
ens towards low temperatures, suggesting the recovery aional Joint Research Program from Ministry of Education,
Fermi-liquid behavior. Interestingly, as shown in the lower Science and Culture of Japan.
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