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The electrical resistivity and ac magnetic susceptibility of the heavy-fermion compounli Cevere
measured in the temperature range from 0.4 to 300 K and in the pressure range up to 1.5 GPzelThe Ne
temperature of 1.9 K for antiferromagnetic transition at ambient pressure decreases with increasing pressure
and vanishes at about 0.33 GPa. The magnetic resistpyjfy,p(Ce;Ni3)-p(LasNis3), decreases steeply with
pressure, and above 0.66 GPa(T) can be described by the expressjaf(T)=p,(0)+AT?. The coeffi-
cientA decreases and the temperature range in whiciittiependence is held becomes wider with increasing
pressure. The electronic Greisen parameter for the Kondo temperaflite — dInT,/dInV, is evaluated to be
132 from the pressure dependencefofThis value is larger than that of typical heavy-fermion compounds.

The results are discussed in relation to the competition between the magnetic interaction and the Kondo
interaction in CeNiz. [S0163-18206)03326-1

I. INTRODUCTION crease ofTy with pressure becausk evaluated from the

M ium-based ds ord icall | specific heat above 0.5 GPa increases steeply with pressure.
any cerium-based compounds order magnetically at loWrpq gjectronic Grneisen parametdf, was estimated to be

temperatures, although the Kondo effect at each Ce ;ite 95 large as 400 from the pressure dependendg ofith the
expected to form a nonmagnetic ground state. According t¢lk modulus of 100 GP3These facts imply that the heavy-
Doniach’s phase diagranfor the Kondo lattice, the N8  fermion state transforms rapidly into the intermediate va-
temperaturely, Kondo temperaturd@ , and the character- lence state under pressure. From these studies, it is expected
istic temperatureTgxcy Of the RKKY interaction, are de- that the transition from magnetic to nonmagnetic state takes
scribed by a common paramete@N(Eg)|, wherelJ is the  place at rather low pressure below 0.5 GPa.
exchange coupling between thé dnd conduction electrons _ In the present work, we have examined the change in both
and N(Eg) is the conduction-band density of states. In theTn andTy of Ce;Ni; with pressure around the critical value
region of smalllIN(Eg)|, T is lower thanTrucy and the  Of |JN(I.EF.).|C in detail. We have measured the ac magnetic
compound undergoes an antiferromagnetic transition. Witt§uSceptibilityx,c of a polycrystalline sample and the electri-
increasing|JN(Eg)|, Tk exceedsTray and the magnetic cal resistivity along thec axis of a single crystal down to
order is suppressed. WheddN(Eg)| exceeds the critical 0.35 K and gnder pressure up_to 1.5 GPa. Based on these
value|IN(Eg)|., the ground state becomes that of a stronglyresuns' we discuss the competition between the Kondo effect
correlated Fermi liquid. With further increasindN(Eg)]|, and magnetic interaction in this compound.
the system bec_omes an intermediate valence state. _ Il EXPERIMENTAL PROCEDURE

For magnetically ordered Ce compounds in the region
[IN(Eg)|<|IN(Eg)|, pressure increases hybridization and  Ingots of CeNi; and La;Ni; were prepared by melting
moves the system to the largeIN(Eg)| region? Indeed, of the starting materials under a pure argon atmosphere in an
pressure-induced transitions from an antiferromagnetic tarc furnace. The starting materials of Ce and La were 99.9%
nonmagnetic state have been reported for several conand Ni was 99.99% in purity. An excessive amount of Ce
pounds, e.g., Celn (Ref. 3, CeRhSi, (Ref. 4, and and La of about 1.7 at % was added to obtain single-phase
CeCu,Ge; (Ref. 5. samples. The alloy ingots were homogenized by annealing in

Ce;Ni; is a heavy-fermion compound which antiferro- vacuum at 400 °C for 7 days. By powder x-ray analysis, the
magnetically orders afy=1.8 K®7 In our previous works, Th,Nis-type structure was confirmed. The lattice constants
the significant change in electronic state with pressure waa andc of Ce;Ni; were 9.9361) and 6.3141) A , respec-
found by the measurements of the temperature dependentieely, in good agreement with those reporf8dA single
of the electrical resistivity and specific héatin fact, the crystal of CeNi; was obtained by cooling slowly the ingot
temperaturel,,, at which the magnetic resistivity exhibits a on a tungsten plate in the furnace. The crystal orientation
maximum increases drastically by applying pressure aboveias determined by the back Laue method.
0.5 GP& This result is explained qualitatively by the in-  The electrical resistivity under pressure up to 1.5 GPa was
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FIG. 1. Temperature dependence of ac magnetic susceptibility FIG. 2. Temperature dependence of the electrical resistivity
Xac at various pressures up to 0.62 GPa. The inset shows the presieasured along the axis of the CeNij single crystal at various
sure dependence iy . pressures up to 1.48 GPa.

db de f inal hod with | changes into the paramagnetic state near 0.6 GPa.
measured by a dc four-terminal method with a clamp-type  rigre 2 shows the temperature dependence of electrical

piston cylinder pressure ceft This pressure cell was (ggistivity p(T) along thec axis of Ce/Ni single crystal at
mounted to the®He cryostat(Heliox, Oxford Instruments yarious pressures up to 1.48 GPa. At ambient pressure,
Ltd). The pressure was estimated with a superconducting PfT) decreases with decreasing temperature from 300 K,
manometer. reaches a minimum at around 40 K, and exhibits two

The measurement of,c was performed by means of the maxima at 8 and 0.5 K. By applying pressu() decreases
Hartshorn brldge in the ranges of 085 <4 Kand 0.1 MPa over the temperature range, and eventuﬂ(W) approaches
<P=0.62 GPa. The frequency and magnetic field were 10@hat of La;Ni 5. The drop in resistivity of LaNi; at 2.1 K is
Hz and 1.8 Oe, respectively. due to a superconducting transition.

X-ray diffraction experiments under pressure were carried The magnetic contribution tp(T) from 4f electrons was
out with monchromaced M& « radiation at room tempera- estimated by using the relation Pm= p(Ce7N| 3)
ture. The camera length was estimated from the Debye-_p(La7Ni3)_ The value for LaNi4 below 2.1 K was esti-
Scherrer rings of NaCl. Quasihydrostatic pressure was gefnated by the extrapolation p{T) data from 10 to 3.0 K. As
erated by a diamond anvil cell using a pressure medium of shown in Fig. 3,0,(T) for T=50 K is proportional to
silicone grease. The powdered sample mixed with NaCL |nT, \which is characteristic of so-called “dense Kondo
powder and a ruby chip were placed in a 0.3-mm hole at th%ystem.” At ambient pressure,, exhibits two maxima at 8
center of a stainless-steel gasket 0.5 mm in thickness. Thgnq 0.5 K and a local minimum around 2 K. The maximum
pressure in the cell was determined by a ruby fluorescenis g k s considered to be the onset of coherent scattering of
method. conduction electrons from periodically arrayed Ce ions. It is
noteworthy thap,, turns up belowl'y=1.9 K whereas mag-
netic scattering usually decreases belby. This fact may
suggest the complex magnetic structure. The maximum at

Figure 1 shows the temperature dependencg,dfT) at 0.5 K may be related with the anomaly at 0.6 Kynd{T).
various pressures up to 0.62 GPa. At ambient pressure, the The upturn ofp,, disappears above 0.33 GPa, at which the
maximum at 1.9 K indicates the onset of an antiferromagimnagnetic order disappears. With increasing pressure further,
netic order. Furthermore, a broad swell exists around 0.6 Kthe maximal temperaturd,, increases and the maximal
as was reported by Sereet al? With increasing pressure valuep(T,,) decrease. Above 0.66 GRa,(T) follows the
up to 0.29 GPaT defined by the maximum temperature of T2 law at low temperaturesp,(T)=pm(0)+AT2. The
xad T) decreases and the value pf; at Ty increases. As pn(T)—pn(0) above 0.66 GPa is plotted as a function of
shown in the insetTy vanishes at abouP.=0.33 GPa. TZin Fig. 4, where straight lines are guides for the eyes. The
Above 0.4 GPa, thg,.decreases strongly over the measuredemperature range in which the relation
temperature range, and at 0.62 GRg becomes almost in- pn(T)— pm(0)=AT? is held becomes wider and the coeffi-
dependent of temperature. This suggests that the ground statient A decreases as pressure increases. These behaviors

Ill. RESULTS AND DISCUSSION
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%he observed decrease Afwith pressure leads to the in-

(1)
were observed in heavy-fermion compounds such a
GelnCuw,,*® CeCuy;,* and CeCySi,.° The pressure depen-
dence ofA and T, has been discussed on the basis of thecre\f\‘/s.ti.ow‘ghN(EF)" ible Kond N | d
periodic Anderson model neglecting the crystalline electric dI In eJ;oré]pre_sa € ondo mfo” thg volume de-
field (CEP effect!® It has been shown that the Kondo tem- PENdence OofIN(Eg)| is assumed as follows:
peratureT is proportional toT,,, andA~*? i.e., V-V,
[IN(ER) = [IN(ER)|oexd —a—-

, 2

15 where|IN(Eg)|, is the value o IN(Eg)| at ambient pres-

sure,q is a numerical constant usually taken to be between 6
and 8,V andV, are the unit cell volumes at pressifeand
at ambient pressure, respectively.

In Ce;Ni3, the T? dependence op,(T) was observed
above 0.66 GPa. Therefore, for the discussion on the pres-
sure dependence &, we use the following equation ob-
tained from Eqgs(1) and(2):

1 A(P) | TuP)
~2"A066 "7 (066

_ 1 ex V0.66_ VO
[INCER)o | TR 97 v,

V_Vo
—expq VO ’ (3)

where A(0.66), T,,(0.66), and V4 are the values of,
Tm andV at P=0.66 GPa.
The evaluation of the pressure dependencé @nd T,
by Eq. (3) requires the knowledge oM~ V,)/V,. Figure 5
shows the relative change of the room-temperature unit-cell

—
o
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FIG. 4. T? dependence of(T)—pm(0) at various pressures. volume V/V, as a function of pressure, which was deter-
pm(0) is the residual resistivity. The solid line is the straight line mined from x-ray-diffraction measurements. The linear de-
through the origin of the figure drawn as a guide for the eyes.  crease ofV/V, with pressure can be accounted for by
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Equation(5) indicates that the value df, is inversely pro-
portional to|IN(Eg)|o and depends on volume. Assuming
g=6,T. (P=0,i.e.,V=V) is estimated to be 132, which is
O -(1/2) In{A(P)/A(0.66)} | larger than those of CeGu (70-80 (Ref. 21 and
¢ I T8 CeCw,Si, (22-80 (Ref. 21. This fact is related with the
small value of|[JN(Eg)|o in Ce;Ni; compared to those of
CeCuy; and CeCySi,. From the specific-heat measurement
at high pressurdwe have estimated the value &T /P
to be 4.0 GPal. By usingB,=24.6 GPa in Eq(4), ', is
estimated to be 100, which value agrees with that obtained in
the present work.

We now discuss the competition between the Kondo and
magnetic interactions in G&li;. From the pressure depen-
dence of low-temperature specific hebg, at 0.66 GPa was
estimated to be 44 R.By substituting T, (0.66)=44 K,
|IN(Eg)|o=4.5x10 2 and q=6 in Egs. (1) and (3), the
value of T(0) is estimated to be 1.9 K. The fact that the
Murnaghan-Birch's equatioH. The resuits of a least-squares Y&lue 0f Ti is in accord withTy=1.9 K implies that the
fit give the bulk modulus,=24.6 GPa and its volume de- Kondo mtera_ctlon and the RKKY interaction balance each
rivative dinBy/dinV=2.1. To trace theP dependence pre- Other at ambient pressure. _
dicted by Egq. (3), both (—1/2)IMA(P)/A(0.66)] and In 9e7N| 3, the critical p.ressuré’C is Q.33 GPa where the
In[T.(P)/T,(0.66)] are plotted in Fig. 6 as a function of transition occurs from antiferromagnetically ordered state to
exgq(V—Vo)/V,] assumingg=6. This figure indicates the the nonmagnetic state. This value is much smaller than that
linear dependence of both values on the paramete?f the usual Ce compounds with antiferromagnetic order at
exd(V—Vg)/Vgl. The slopes oA(P) and T,(P) yield the ~ ambient pressure such as CgliP;=3.5 GPa,> CeAl,
values 45102 and 11x102 respectively, for (P.=4.0 GPa>and CeCyGe, (P.=7.5 GPa® This fact
|[IN(Eg)|o. The former value is about half those for typical indicates that for CeNi 5 the value offl IN(Eg)|, is close to
heavy-fermion compounds Cegu (9.1x10 %) and a critical value offlJN(Eg)|. which corresponds to the value
CelnCu, (8.1x10 %) (Ref. 18 estimated by the similar of |[IN(Eg)| at the transition to the nonmagnetic state.
method. We now discuss the difference in the values of Recently, Continentirid analyzed the pressure depen-
|[IN(EF)|o estimated fromA(P) and T,,(P). This value is  dence of electrical resistivity, specific heat, and susceptibility
related with that of the volume dependenceTl@ffrom Egs.  of heavy-fermion systems by using a quantum scaling
(1) and(2). In Ce;Ni3, the sixfold-degenerate states of the theory. According to his result, if theIN(Eg)|, is close to
4f electron of C&" at Iow.symmetric sitg may split into |IN(Eg)|c, Te becomes very large as[1/~|IN(Eg)|c/
three Kramers doublets. It is known thBf, is known to be | 3N(E;)|,]. The critical value ofl IN(Eg)|, for Ce;Nis is
strongly influenced by the low-lying CEF state at the excita-gptained to be 48102 from Eq. (3). The large value of

tion energy ofA. According to Cornut’s theory taking ac- I, for Ce,Ni; may be due to the fact that the value of
count of the CEF effect on the Kondo latticE,, increases |IN(Ef)|, is close to] IN(Ef)]
-

with increasingA. SinceA itself depends on the cell vol-
ume, it is hard to estimate the pressure dependencky of
solely from the result off ,(P). On the other hand, th&?
coefficient A is related to the Sommerfeld coefficient
(=T 1) asAcxy? for many Ce and U compound8This fact
suggests that the value ©f can be estimated from the value
of A independently of the CEF effect.

The electronic Groeisen parametefl’, for the Kondo
temperaturel ¢ is described as follows:
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FIG. 6. —(1/2)IMA(P)/A(0.66)] and IQT,(P)/T,(0.66)] vs
exd q(V—Vy)/V,] of Ce;Niz assumingy=6.

In conclusion, we have found that for €Ni ; the transi-
tion from a magnetic to nonmagnetic state takes place at 0.33
GPa and the electronic Quaisen parametdt, for Ty at the
nonmagnetic state is very large in comparison with typical
heavy-fermion compounds. Furthermore, from the volume
dependence aofy shown in the inset of Fig. 13 InTy/dInV
(=T'y) at ambient pressure is found to be 42. The value is
greater than that of Ce compounds with similar values of
Ty such as Celg (I'y=2) and CeAlL (I'y=12)2 The
Gruneisen parametel’y for Ce;Ni; becomes about 700

—_ ‘”nTK_ (4) around at 0.3 GPa. The large ®risen parameter may be
€ dInv the combined effects of the electronic state being the close to
the nonmagnetic transition and of the critical balance be-
From Egs.(1) and(4), we obtain tween the Kondo and RKKY interaction at ambient pressure.
19InA
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