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Low-temperature specific heat and magnetic susceptibility near the pressure-induced quantum
phase transition in Ce7Ni3
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The pressure-induced magnetic-nonmagnetic transition in a stoichiometric compound Ce7Ni3 was investi-
gated using measurements of the specific heatC and the magnetic susceptibilityx on single crystals down to
0.07 K. The results show that the Ne´el temperatureTN decreases linearly with increasing pressure, and
vanishes atPc50.39 GPa. At 0.36 GPa,Pc , the Cm /T curve deviates strongly from2 lnT dependence
below 0.5 K, and exhibits a broad maximum around 0.15 K. At 0.43 GPa.Pc , while, on the other hand, a
T-independent behavior appears below 0.2 K. These findings indicate that the2 lnT dependence observed near
Pc between 0.5 and 6 K is acrossover phenomenon to a Fermi-liquid ground state. However, the continuous
increase of x down to 0.09 K at 0.43 GPa is at variance with conventional Fermi-liquid theory.
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I. INTRODUCTION

In recent years, non-Fermi level~NFL! behavior in heavy-
fermion alloys and compounds has received much attent
Anomalous temperature dependences of the specific heC,
magnetic susceptibilityx, and electrical resistivityr have
been found:C/T}2 lnT, x}(12T1/2), and r}T.1–10 This
anomalous behavior has been attributed to distinct mic
scopic origins in different materials. A two-channel quad
polar Kondo effect has been proposed to describe the N
behavior in U0.2Y0.8Pd3.

1 A distribution of Kondo tempera-
turesTK due to the disorder in UCu52xPdx (x51.0 and 1.5!,
reproduced the anomalous temperature dependence o
specific heat and susceptibility above 0.3 K.2 However a
spin-glass transition was found for UCu4Pd at lower
temperatures.3 The self-consistent renormalization~SCR!
theory of spin fluctuations4 has been applied to describe th
specific heat and resistivity of Ce12xLaxRu2Si2 near the mag-
netic instability.5 An antiferromagnetic phase transition su
pressed toT50, i.e., a quantum phase transition, has be
considered as the origin of the NFL behavior in some allo
notably CeCu62xAux ~Ref. 6! and CePtSi12xGex .7 Suppres-
sion of antiferromagnetism in CeCu62xAux for x50.2 and
0.3 has also been realized by applying pressure.8 More re-
cently, NFL behavior has been found even in chemica
ordered compounds CeNi2Ge2,

9 CeCu2Si2 ~Refs. 9 and 10!,
and Ce7Ni3.

11,12

For Ce7Ni3, Sereniet al.13 reported that an antiferromag
netically ordered state belowTN51.8 K coexists with a
heavy-fermion state~g51.3 J/K2 mol Ce!. This compound
crystallizes in the hexagonal Th7Fe3-type structure and henc
shows a uniaxial magnetic anisotropy.14 The magnetization
curve forBic at 1.4 K exhibits a metamagnetic transition
PRB 580163-1829/98/58~18!/12095~5!/$15.00
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0.2 T.15 The antiferromagnetism is suppressed under p
sure and vanishes around 0.4 GPa, where NFL behavior
pears in both the specific heat and magnetic susceptibilit
the temperature range between 6 and 0.5 K.11,12 This behav-
ior is not expected to arise from a wide distribution of Kon
temperaturesTK , because Ce7Ni3 has a chemically ordered
crystal structure. However, the Ce ions at the three n
equivalent sites in Ce7Ni3 might have a differentTK . A two-
channel quadrupolar Kondo effect is also unlikely due to
trigonal and monoclinic symmetry of the Ce sites in th
compound. Hence, only a quantum phase transition seem
be left to explain the NFL behavior of Ce7Ni3. In the previ-
ous work,12 we have shown that the temperature depende
of C/T between 5 and 0.5 K at pressures above 0.4 GP
reproduced well by SCR theory.4 It is important to examine
whether the2 lnT dependence ofC/T holds to lower tem-
perature orC/T saturates to a constant value as is predic
by the SCR theory for three-dimensional antiferromagne
In this paper, we report the results of the measurementsC
and x down to 0.07 K for single crystals of Ce7Ni3 under
various pressures.

II. EXPERIMENTAL PROCEDURE

Single crystals of Ce7Ni3 were grown by a Czochralsk
method using a hot tungsten crucible in an rf induction f
nace. As starting materials, we used high-purity Ce and
metals produced by Ames Laboratory and Johnson Matt
Ltd., respectively. The crystal orientation was determined
the backscattering Laue method.

The magnetization under pressures up to 1.2 GPa
measured by an extraction method with a clamp-type pis
cylinder pressure cell at ISSP, University of Tokyo. T
pressure cell was immersed in liquid3He and cooled down
12 095 ©1998 The American Physical Society
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to 0.5 K. The detailed technique of the magnetization m
surement is described elsewhere.16

The measurements of the heat capacityC and the ac sus
ceptibility xac under pressure have been done down to 0
K in a 3He-4He dilution refrigerator at the University o
Karlsruhe. For these measurements, we used a standard
pulse and an ac mutual inductance method, respectivel
single-crystalline sample of;100 mg with a cylindrical
shape along thec axis was put into the Cu-Be pressure ce
We used a methanol-ethanol mixture as a pressure trans
ting medium. The coils for the ac susceptibility measu
ments were mounted outside of the pressure cell, and w
also used to measure the superconducting transition
small Sn piece to determine the pressure. The frequency
amplitude of ac field were 129.5 Hz and less than 0.02 m
respectively. The contributions of the pressure cell toC and
xac were determined in separate measurements without
sample and subtracted from the raw data. For the ac sus
tibility the T dependence of the pressure cell between 0
and 3 K issmall compared to that of the sample for mo
pressures. ForP50.43 GPa, with a weakT dependence o
xac, it amounts to 30%. Therefore although the subtract
yields only to arbitrary units for the sample contribution
xac, the positions of the maxima are well defined. In order
facilitate a qualitative comparison for different pressures
rough relative calibration is obtained by comparing the
and dc susceptibility forP50 and 0.11 GPa. The samp
contribution to the total heat capacity~pressure cell, ther-
mometer, heater, and sample! varies between 60 and 90 %
for temperatures between 0.1 and 3 K for P50.11 GPa, and
between 50 and 70 % forP50.43 GPa where the samp
contribution is lowest. Taking into account the heat capac
error of 2%, the error for the specific heat is 6% maxima
for P50.43 GPa.

FIG. 1. Isothermal magnetization curves of Ce7Ni3 at 0.5 K for
Bic andBia under various pressures.
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III. RESULTS AND DISCUSSION

The isothermal magnetization curvesM(B) at 0.5 K for
Bic and Bia are shown in Fig. 1. AtP50, a sharp meta-
magnetic transition occurs at 0.18 T only forBic, which is
in agreement with the previous observation.15 With increas-
ing pressure up to 0.25 GPa, the transition fieldBc decreases
at the rate ofdBc /dP520.71 GPa, and for 0.35 GPa, n
metamagnetic transition was observed at 0.5 K. ForP
>0.35 GPa, the magnetization curve is strongly depres
within creasing pressure, and the value of 0.55 T is o
0.011mB /Ce for P51.2 GPa. Likewise,M (Bia) decreases
with pressure, albeit at a slower rate. The ra
M (Bic)/M (Bia) at 0.55 T reaches a maximum of 7.7 at 0
GPa and decreases to 3.8 at 1.2 GPa. Thus, strong aniso
survives in the paramagnetic state.

The magnetic susceptibilityxdc5M /Bwas determined in
the low-field range whereM is proportional toB. For Bic
and P<0.25 GPa, the magnitude ofB was chosen in the
range belowBc , and forP>0.35 GPa,B was kept at 0.05 T.
Figure 2 shows the temperature dependence ofxdc. ForBic,
xdc at P50 exhibits a peak at 1.9 K due to the antiferroma
netic transition. By contrast,xdc(Bia) shows no anomaly a
TN and the temperature dependence levels off below 0.7
The previous specific heat and ac susceptibility data foP

FIG. 2. Temperature dependence of the magnetic susceptib
M /B of Ce7Ni3 for Bic andBia under various pressures.
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50 suggested the presence of another magnetic transitio
0.6 K.13 The saturated behavior inxdc(Bia)might be due to
the onset of this transition. With increasing pressure up
0.25 GPa, the peak height inxdc increases, but in the para
magnetic state forP>0.4 GPa the low-temperature value
xdc decreases strongly. At 1.2 GPa,xdc for both Bic and
Bia shows Pauli paramagnetic behavior with 0.01 and 0.
emu/mol Ce, respectively.

The significant change in the magnetic susceptibility n
the critical pressure has been further studied by the meas
ment of ac susceptibilityxac down to 0.07 K. The tempera
ture dependences ofxac for Bic under various pressures a
shown in Fig. 3, together with the data ofxdc at 0.25 GPa
which corroborates the results forxac(T). For 0.36 GPa,
xac(T) exhibits a maximum at 0.096 K with the maximu
value larger than that for 0.25 GPa. For 0.43 GPa,xac(T) is

FIG. 4. Magnetic contribution to the specific heatCm /T against
lnT under various pressures.

FIG. 3. Temperature dependence ofxac of Ce7Ni3 for Bic. The
data at 0.25 GPa representsxdc(T).
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much smaller and it gradually increases with decreasing t
perature down to 0.09 K without any peak.

Figure 4 shows the magnetic contribution to the spec
heat divided by temperature,Cm /T. The specific heat for
La7Ni3 was subtracted as an estimate for the nonmagn
contribution, which is less than 3% ofC/T for Ce7Ni3 at 1
K.11,12 The two magnetic transitions manifest themselves
the two maxima in the zero-pressure data at 1.8 and 0.6
At 0.11 GPa, the maximum at the higher temperature sh
to 1.2 K, whereas the other one disappears. At 0.35 GPa,C/T
exhibits only a broad maximum centered at 0.2 K, whi
further broadens for 0.36 GPa. This broad maximum aro
0.15 K can be ascribed to some type of magnetic transi
becausexac(T) has a peak at 0.096 K as shown in Fig. 3. T
behavior in bothCm /T andxac is reminiscent of a spin-glas
transition.17 However, because a neutron diffraction stu
confirmed the chemically ordered structure of Th7Fe3 type,18

the magnetic transition of this compound at 0.36 GPa
pears unlikely to be a spin-glass transition. For 0.43 G
Cm /T levels off to a temperature independent value of 0
J/K2 mol Ce below 0.2 K, indicating the recovery of th
Fermi-liquid state with strongly enhanced effective electr
mass. However,Cm /T exhibits a shallow maximum aroun
0.4 K. Since no anomaly appears inxac(T) there, this maxi-
mum cannot be attributed to a magnetic transition.

The above results ofC, xdc, and xac allow us to deter-
mine the pressure dependence ofTN as shown in Fig. 5. We
took the temperature of the maximum ofd(xT)/dT asTN .
For the specific heat, the position of the maximum ofCm(T)
is practically indistinguishable from those ofCm /T for P
<0.31 GPa. For largerP, a distinctive feature inCm(T) does
not occur. However, a maximum inCm /T is still observed
up to 0.36 GPa. We therefore tentatively took these temp
tures as an indication of magnetic order. With increas
pressureP, TN decreases linearly and the relationTN51.81
~K! 24.65P ~K/GPa! yields the critical pressurePc50.39
GPa whereTN→0. The dependence ofTN near the quantum
critical point was investigated theoretically by Millis using
renormalization group~RG! theory.19 For an effective di-
mensiond53, the RG results confirm those of the se
consistent renormalization ~SCR! theory of spin

FIG. 5. Pressure dependence of the magnetic transition temp
tureTN for Ce7Ni3 determined by the measurements of ac@m ~Ref.
12!, n# and dc susceptibility~j! and specific heat~s!.
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fluctuations.4 The RG theory predicts thatTN varies asud
2dcuz/(z11) whered andz are a relevant scaling variable an
dynamical exponent, respectively. It was assumed thatd can
be tuned by pressure, i.e.,ud2dcu;uP2Pcu. For the antifer-
romagnetic case withz52, we expect thatTN varies as
(Pc2P)2/3. However, in certain systems, CeCu5.7Au0.3 ~Ref.
8! and CePd2Si2,

20 the variation ofTN was found to be linear
in (Pc2P) as observed in the present case. This point
quires further study. We note thatd52 for the critical fluc-
tuations leads to a linearTN dependence onP.19,21

We now discuss the specific heat of Ce7Ni3 in the vicinity
of Pc . As mentioned above, theCm /T curve at 0.36 GPa
deviates strongly from the2 lnT dependence below 0.5 K
and exhibits a broad maximum. On the other hand, forP
50.43 GPa, i.e., not far from the critical pressurePc50.39
GPa,Cm /T is practically constant between 0.07 and 0.5
compatible with Fermi-liquid behavior. This behavior is
marked contrast to that of CeCu62xAux under pressure. Fo
x50.2 and 0.3, an appreciable pressure range nearPc exists
whereC/T exhibits the characteristic2 lnT dependence.8 For
Ce7Ni3, however, it is apparent from Fig. 4 that even forP
5Pc , Cm /T is unlikely to show a2 lnT dependence over
large temperature range as it might be bounded by the
curves forP50.36 and 0.43 GPa.

We now turn to the shallow maximum inCm /T around
0.4 K observed at 0.43 GPa. Recently, similar behavior
the specific heat of CeNi2Ge2 under magnetic field has bee
reported.22 For zero field,C/T follows the form ofC/T5g
2bT1/2. In fields B.4 T, C/T shows a broad maximum a
around 1 K, below whichC/T becomes independent of tem
perature. This maximum ofC/T can be modeled by assumin
a density of states~DOS! with a peak at the Fermi energ
EF , i.e., D(«)5D02D1u«u1/2. This form ofD(«) is consis-
tent with the theory which takes the effect of spin fluctu
tions on the self-energy of quasiparticles in
consideration.23 By using this model, we could not reproduc
the data ofCm /T at P50.43 GPa for Ce7Ni3. A better fit
was obtained by shifting the Fermi level above the peak
the DOS by 1.9 K, i.e.,D(«)5D02D1u«2«0u1/2, where
«F2«051.9 K.

Although the recovery of a Fermi-liquid state at low tem
peratures below 0.2 K forP50.43 GPa is suggested by th
T-independent behavior ofCm /T, the continuous increase o
xac down to 0.09 K as shown in Fig. 3 is at variance with th
interpretation. Such an increase cannot be ascribed to
effect of magnetic impurities in either the sample or the pr
sure cell, becausexac for P50.11 GPa is constant down t
0.2 K after subtraction of the susceptibility of the emp
pressure cell from the raw data. Figure 6 displays the dou
logarithmic plot of xdc vs T above 0.35 GPa. ForBic,
xdc(T) at 0.4 GPa does not follow a simple power law, a
at 0.5 and 0.6 GPa the temperature dependence ofxdc weak-
ens towards low temperatures, suggesting the recover
Fermi-liquid behavior. Interestingly, as shown in the low
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part of Fig. 6,xdc(T) for Bia at bothP50.4 and 0.6 GPa
also increases weakly withxdc}T20.2 in the whole tempera-
ture range from 4 to 0.5 K.

In conclusion, we found that the2 lnT dependence of
Cm /T of Ce7Ni3 just abovePc50.39 GPa changes to aT-
independent behavior, i.e., normal Fermi-liquid behavior
lower temperatures below 0.2 K. However, atP50.43 GPa,
both the broad maximum ofCm /T at 0.4 K and the continu-
ous increase inx(T) are not consistent with a convention
Fermi-liquid theory. These facts suggest that bothC(T) and
x(T) near Pc are strongly affected by spin fluctuations.
order to investigate the character of the spin fluctuatio
neutron scattering experiments under pressure are
progress.

ACKNOWLEDGMENTS

We thank N. Watanabe and Y. Echizen for their help
the crystal growth. Magnetic measurements under pres
were carried out by the joint research in the Institute
Solid State Physics, the University of Tokyo. This work w
financially supported in part by a Grant-in-Aid for Intern
tional Joint Research Program from Ministry of Educatio
Science and Culture of Japan.

FIG. 6. Magnetic susceptibilityM/B vs T on a double logarith-
mic plot at pressures above 0.35 GPa for Ce7Ni3. Solid lines are fits
to a functionx}T20.2.
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