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Abstract. High-pressure studies of transport, magnetic and thermal properties of a heavy-
fermion antiferromagnet, G8liz, are reviewed. At ambient pressure, the Ce ions in the three
nonequivalent sites in this compound are found to be very close to trivalent fiprAXANES

(x-ray absorption near-edge structure) spectra and magnetic susceptibility measurements. With
increasing pressureTy (1.8 K at P = 0) of CeNis is suppressed and vanishes near

P, ~ 0.32 GPa. Non-Fermi-liquid (NFL) behaviour appears around 0.4 GPa in both the specific
heat and AC magnetic susceptibilitg, /T o« —In T andysc « (1—aT¥2). Above 0.62 GPa,

the normal Fermi liquid state recovers as indicated byZtiadependence of,,,/ T and theT?
dependence of magnetic resistivity. The variatiorCgf(7) with pressure is analysed in terms

of two models: the impurity Kondo model with three Kondo temperatures and the self-consistent
renormalization (SCR) theory of spin fluctuations (SFs). We find that the crosso@gy/ifi is

better described by the SCR theory. The characteristic SF tempefatinereases by a factor

of 20 for 0.33 GPa< P < 0.75 GPa, yielding a large @neisen parametdr, = 220 around

0.4 GPa.

1. Introduction

Recently, non-Fermi-liquid (NFL) behaviours in specific hétT o« —In T, magnetic
susceptibility x o« (1 — T%?) and resistivity Ap o« T have been reported for some
uranium- and cerium-based alloys when the magnetic state is destroyed by the substitution
of the constituent elements. A two-channel Kondo model was proposed to explain the
NFL behaviour in U-based systems such agYhsgPd& [1], Th:_ U,RWwSi; (x < 0.07)
[2] and W gThp1Beys [3]. However, this model is not adequate to describe the NFL
behaviour observed in CegsAug; [4], CePtSpoGey; [5] and Ce_,La,Rw,Si; [6, 7] with
orthorhombic or tetragonal site symmetry for’€eIn both CeCy_,Au, and CePtSi ,Ge,,
the ground state changes from a nonmagnetic state to an antiferromagnetically ordered state
nearx. = 0.1, where the NFL behaviour has been observed.

Dobrosavljeviet al have shown that a distribution @ in a disordered system induces
diverging magnetic susceptibility as7 — 0, i.e., NFL behaviour [8]. Bernaidt al have
shown that the temperature dependenceg ahd C of UCus_,Pd; are in agreement with
the model [9]. The distribution iy can be led from fluctuations in the exchange coupling
between the 4f and conduction electrosspr in the density of state of conduction electrons,
N(Ep).
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Moriya and Takimoto have applied the self-consistent renormalization (SCR) theory of
spin fluctuations (SFs) to the heavy-fermion systems near the antiferromagnetic instability
[10]. They have argued that the dynamical susceptibility of the systems, mainly due to the
f electrons, can be described in terms of mutually interacting local SFs. According to the
SCR theory, the temperature dependence of specific heat and resistivity is represented as
a function of the characteristic SF ener@y [10]. The calculations have shown that the
specific heat and resistivity exhibit temperature variations of the NFL farnd, o« —In T
andp « T in a certain range of temperature aroufi which respectively change into the
low-temperature forms( /T o (1 — T¥?) and p o< T%? at the critical boundaryyp = 0).

Kambe et al have used this theory to analyse the dataCofind p of Ce_,La,RW,Si

[6,7] and CeCpL,Au, [7], and have argued that the NFL behaviour is the consequence
of antiferromagnetic SFs of 4f electrons with characteristic energy much smaller than that
in itinerant 3d-electron systems. They have pointed out further that the lattice disorder
introduced by the alloying must be taken into account, because the SCR theory assumes
a perfect lattice. Therefore, a systematic study of physical properties near the magnetic
instability is highly desired on a heavy-fermion compound with an ordered crystal structure.
In this respect, we should recall that for magnetically ordered Ce compounds pressure
increases hybridization and the magnetic order becomes unstable [11]. Indeed, a pressure-
induced transition from the antiferromagnetic to the nonmagnetic state has been found
in several compounds, e.g., Celfil2], CeRRhSi, [13] and CeCuGe, [14]. For the
antiferromagnetic heavy-fermion alloy Cezéugs (Ty = 0.49 K for P = 0), the NFL
behaviour inC(T) was observed at the critical pressute= 0.82 GPa wherdy vanishes

[15]. More recently, pressure-induced NFL behaviour has been observedTin of
CePdSi, [16] and inC(T) of CeCuySi, [17] near the antiferromagnetic to superconducting
transition.

Figure 1. The hexagonal TiFes-type structure for CfNiz. The atoms 1-4 are ¢GeCegy,
Cey; and Ni, respectively.

In the Ce—Ni binary phase diagram there exist six ordered compounds, which show
various magnetic and electronic properties. The cerium in £aNd CeNi possesses the
intermediate valence state [18], leading to a nonmagnetic ground state. On the other hand,
Ce/Niz orders antiferromagnetically below 1.8 K [18]. Seranial have found that the
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magnetic order coexists with a heavy-fermion state<(9 J K2 mol~?! f.u.) [19]. CeNis
crystallizes in the hexagonal Flhe;-type structure (space grolfBzmc) as shown in figure 1
[20]. There are three nonequivalent crystallographic Ce sites (I, Il and Ill). The site | (one
Ce atom) has trigonal symmetry (point group, ) and both site Il (three Ce atoms) and |l
(three Ce atoms) have monoclinic symmetry (point grogy).CSites | and 1l have enough
space for C& ions, while the space of the site Il is about 5% smaller and the trivalent
state might be unstable [19]. From the comparison of the specific heat i with
that of CeRhg, it was conjectured that the €& CeNis antiferromagnetically orders, the
Ce; behaves as Kondo impurities witfk ~ 4 K and the Cg;, is in the intermediate
valence state with a characteristic temperafirez 70 K [19]. However, from Ce 3d x-ray
photoelectron spectroscopy (XPS) [21] and bremsstrahlung isochromat spectroscopy (BIS)
[22], the relative intensities of the®fpeaks in spectra were estimated to be less than 0.05
and 0.02-0.08, respectively. These results suggest that the valence of all the Ce ions in
Ce/Nisz is very close to three. In order to check the above argument, we have measured Ce
L,;;; XANES (x-ray absorption near-edge structure) spectra and magnetic susceptibility.
Since thely (=1.8 K) for Ce/Nig is rather low, it is expected that the antiferromagnetism
can be destroyed by the application of pressure in our accessible range. Near the transition
from magnetic to nonmagnetic state, we anticipate the appearance of NFL behaviour. As a
matter of fact, we have found in @dis the pressure-induced transition by measurements of
specific heat, AC magnetic susceptibility and electrical resistivity. In this paper, we present
such results and discuss them in terms of the SCR theory of SFs.

2. Results

2.1. Valence states of €Ni; at ambient pressure

The L;;;-XANES has been used widely to assess the valence of Ce in many heavy-
fermion and intermediate-valence compounds [23]. There will be two absorption peaks
corresponding to trivalent and tetravalent states in thg Ispectra, and the relative
intensities give a determination of the valence. In fact, for intermediate-valence compounds
such as CeNj CeNi and CePgl two white lines separated by 9 eV have been observed
[23].

Figure 2 shows Ce L;; XANES spectra for CiNiz at 300 and 10 K, after the
background has been subtracted. The two spectra are identical and exhibit a single peak of
the L;;; edge at 5720 eV. The absence of the tetravalent peak suggests that the valence of
all the Ce ions in CgNisz is close to three over the entire temperature range.

The magnetic susceptibility and its inverse along the three principal axes;hli{are
presented in figure 3, where theaxis is defined perpendicular to theaxis. The anisotropy
between the: axis and thea—b plane is significant but the anisotropy between éhand
b axes is very weak. Above 100 K, the data follow a Curie—-Weiss law with paramagnetic
Curie temperatures of67 and—24 K for H 1L ¢ and H || ¢, respectively. The effective
magnetic moments per Ce atom are respectively 2.61 andi2;5%hich are very close to
the free C&" ion value (2.54.3). This fact is an further indication of the trivalent valences
for Ce ions in the three (I, Il and 1ll) sites. Therefore, the electronic states of Ce ions in
the Il site may not be distinguishable from those in the | and Il sites. The deviation of the
susceptibility data from the Curie—Weiss law, which becomes noticeable below 50 K, may
arise from the crystalline electric field effect.
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Figure 2. Ce L;;; XANES spectra of CeNiz at 300 and 10 K.
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Figure 3. DC magnetic susceptibility and the inverse along dhé, andc axes of a CeNi3
single crystal, where thé axis is defined as perpendicular to thexis.
2.2. Physical properties of GHliz at high pressures

The methods of sample preparation and measurement have been described in [24,25].
Figure 4 shows the temperature dependence of the AC magnetic suscep}ihiity)
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Figure 4. Temperature dependence of AC magnetic susceptibility of polycrystalline CeNi3
at various pressures. The inset showg (T') againstTl/2 above 0.40 GPa.

of a polycrystalline sample of GHi3z at various pressures up to 0.62 GPa. At ambient
pressure, the maximum at 1.9 K indicates the onset of the antiferromagnetic order. A
broad swell exists around 0.6 K, where a weak anomaly in specific heat has been reported
[19]. With increasing pressure up to 0.29 GRg,defined by the maximum temperature in
xac(T) decreases and the value pfc at Ty strongly increases. Above 0.4 GPayc is

greatly reduced over the measured temperature range. In order to trace the transition from
the NFL behaviour to Fermi liquid behaviour, we present in the inset of figure 4 the data of
xac againstT/? at selected pressures between 0.40 and 0.62 GPa. At 0.40 GPa, the NFL
behaviour,x4c o« (1—aT?*?), is observed only below 1 K, while at 0.49 GPa it is observed

up to 5 K. At 0.62 GPayac becomes almost independent of temperature, indicating the
recovery of the Fermi liquid state.

Figure 5 showsC (T) of Ce/Niz and LgNis at various pressures. F@& = 0, aA-type
anomaly appears aty = 1.8 K. With increasing pressure, both the specific heat jump
AC(Ty) and Ty decrease and vanish above 0.33 GPa. TH&) at low temperatures
decreases steeply with pressure, while that ofNig hardly changes. The magnetic
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Figure 5. The temperature dependence of the specific heat gNigeand LgNi3 at various
pressures.

contribution to the specific heatf,, was estimated by the subtraction 6f for LayNis.
For this purpose, the values @f for La;Niz under pressure were estimated by linear
interpolation between the two values at 0 and 0.69 GPa. The thus obtgjnddis plotted
against logT in figure 6. At 0.33 GPa, th€,,/T curve shows an upturn. At 0.38 GPa,
however,C,,/T is proportional to—log T over more than one decade Th which is the
NFL behaviour. At a higher pressure, 0.54 GRg,/T has a downward curvature below
4 K. Above 0.62 GPa(,,/T is saturated at low temperatures, indicating the recovery of
the normal Fermi liquid state. The pressure variatiory@f (7T) and C(T) indicates that
the crossover from NFL behaviour to normal Fermi liquid behaviour takes place between
0.38 and 0.62 GPa.

Figure 7 shows the temperature dependence of electrical resisti¢ity along thec
axis of CeNij at various pressures up to 1.48 GPa together with that fa¥ilsgoolycrystal.
o(T) at P = 0 has a minimum at around 40 K and two maxima at around 8 and 0.5 K,
and remains at 1402 cm at 0.4 K. The maximumta K is considered to be the onset
of coherent scattering of conduction electrons from periodically arrayed Ce ions. It is
noteworthy thatp(7T) turns up belowTy whereas magnetic scattering usually decreases
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Figure 6. Magnetic contribution to the specific he@f, /T against logl" at various pressures.

belowTy. This fact suggests that the antiferromagnetic order creates a partial gap along the
¢ axis on the Fermi surface. The lower maximum at 0.5 K may be related to some magnetic
transition suggested by the anomaly in bgth- and C at 0.6 K. On applying pressure,
o(T) strongly decreases over the temperature range, and evenpg@llyapproaches that
of LazNi3. The p(T) of La;Ni3 decreases steeply with decreasing temperature, and exhibits
a superconducting transition at 2.1 K.

The magnetic contribution to(T') from 4f electrons was estimated by using the relation
of p,, (P, T) = p(Ce/Ni3) — (LazNi3). Double-logarithmic plot ofp,, (T) — p,,(0) against
T above 0.66 GPa are presented in figure 8. We find the relatjof) — p,,(0) = AT?,
which is characteristic of a Fermi liquid, as indicated by the straight lines. As pressure
increases, the temperature range in which the above relation holds becomes wider and the
coefficientA decreases dramatically, as shown in the inset of figure 8.
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Figure 7. The temperature dependence of the electrical resistivity along #xés of a CeNi3
single crystal at various pressures up to 1.48 GPa.

3. Discussion

3.1. Pressure dependenceof

The pressure dependence ®f for Ce;Niz determined fromy4c(T) and C(T) is shown

in figure 9. Assuming the fornTy o |P — P.|", the parameter®,. andn are estimated to

be 0.32 GPa and 0.63, respectively. The solid line in the figure is the fitting result. The
exponent: is close to two-thirds, which value was predicted for an antiferromagnet in three
spatial dimensions by Millis using renormalization-group techniques [26]. By using the
bulk modulusBy = 24.6 GPa [24], the Aineisen parametdfy = —Bo In Ty /9 In P =
InTy/0 InV at P = 0 is found to be 74. This value is much greater than that of Ce
compounds with similar values dfy such as CeAl(Ty = 3.8 K, 'y = 12) [12]. Thel'y

for Ce/Niz becomes approximately 3000 around 0.3 GPa. The larg@eien parameter
may be the combined effects of the electronic state being close to the magnetic—nonmagnetic
transition and of the critical balance between the Kondo and RKKY interaction at ambient
pressure.
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Figure 8. Double-logarithmic plots of the magnetic contribution to electrical resistivity
om(T) — pn(0) againstT for CesNiz at various pressures. Solid lines represent the form
pm(T) — pm(0) = AT2. The pressure dependencefis shown in the inset.

3.2. The crossover from non-Fermi liquid to Fermi liquid

We now discuss the crossover from NFL behaviour to Fermi liquid behaviour faxige
observed aboveé®. = 0.32 GPa. Different scenarios for the origin of NFL behaviour have
been proposed so far: (i) the two-channel Kondo effect [27]; (ii) the impurity Kondo model
with distributed Kondo temperatures [8, 9] and (iii) the self-consistent renormalized (SCR)
theory of SFs [10]. The applicabilities of the first two models are briefly discussed.

The two-channel magnetic Kondo effect may occur in cerium compounds with Ce
ions in cubic and hexagonal symmetry sites [27]. Among the three nonequivalent Ce sites
in Ce/Nis, the site | for one Ce atom has trigonal symmetry, and the sites Il and Il with
three Ce atoms each have monoclinic symmetry. Therefore, the two-channel Kondo effect
is unlikely to occur in this compound.

Next, we will discuss the applicability of the impurity Kondo model with distributed
Kondo temperatures. Because there are nonequivalent sites for Ce atomsNin, Gee
exchange coupling between the 4f and conduction electvongay distribute so that the
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Figure 9. Pressure dependence ©f; determined by AC magnetic susceptibilit®() and
specific heat © ) measurements. The solid line shows the fitting curve of the féym=
C|P — P.|".

Tx may be different for the three sites. In generBd, may depend on the site symmetry
and inter-atomic spaces of Ce ions. Considering the Ce and Ni atoms as rigid spheres,
atomic radii of Cg, Ce;; and Ceg;; are estimated to be 1.81, 1.76 and 14,Zespectively
[18]. Therefore, we assume that the three Kondo temperatures are in order of the inverse
of the volume,Tx1(Ce) < Tx2(Cerp) < Tk3(Ceyyy). We further assume that the magnetic
specific heatC,, is described by the summation of independent contributions from three
types of Kondo impurity with spin 1/2 [28),,/T = Cx1(I) + Cx2(I1) + Cx3(II1). The
fitted results ofCgy + Cg2 + Ck3 for 0.38 and 0.54 GPa are shown by dotted lines in
figure 10(a) and (b), respectivelyT'x1, Tk, and Tk are respectively 2, 10 and 24 K at
0.38 GPa, and 5.5, 19 and 30 K at 0.54 GPa. For comparison, the results of SCR theory
(Cscr) are shown as the solid lines. We will see that the SCR theory with fewer fitting
parameters reproduces better the experimental data than the impurity Kondo model.

We now apply the SCR theory to describe the obserwgdTl), x4c(T) and p,,(T)
of Ce/Ni3. The theory involves three important parametgysy. and Tp, which represent
respectively the reduced inverse staggered susceptibility at 0 K, the cut-off wave vector
in units of g and the characteristic SF energy in the energy space (see [10] for these
notations). Assuming that the electronic states of Ce ions are identical for the three sites,
we will discuss the pressure dependenc&Cpf{T) for P > 0.33 GPa. The solid lines in
figure 11 are the fits using the calculated results in figure 1(b) of [10], assumiad) for
0.33 GPag P £ 0.54 GPa,yg = 0.02 for P = 0.62 GPa andyy, = 0.1 for P > 0.72 GPa.
The parametersy, x. and Ty are listed in table 1. At the critical boundarg,,/T is
expected to follow the fornC,,/T = yo — BTY? for T « Tp. This form is not observed at
P = 0.33 and 0.38 GPa down to 0.5 K because this temperature is not sufficiently below
To. At P = 0.54 GPa, however;,,/T follows the above form between 0.5 and 3 K, being
far below Ty = 135 K. The NFL behaviour appears in the range of small characteristic SF
energy.

It is noteworthy that in figure 4 the value gfic at 0.6 K is reduced by one order of
magnitude once the antiferromagnetic state disappears. The static uniform susceptibility
at T ~ 0 K can be expressed ag = 1/(2(1 + yo)T4), WhereT, is the characteristic SF
energy in the momentum space [10]. The observed decreaggcoimplies the increase
of yo and/orT, with increasing pressure. The relation&f/ T4 = 1 [10] in turn suggests
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Figure 10. Fitting results of the magnetic specific h&as/ T at 0.38 GPa (a) and 0.54 GPa (b)
by the impurity Kondo model, with three Kondo temperatures for the three Ce sites. The solid
lines, Cscr, represent the fits by the SCR theory.

Table 1. Characteristic parameters of SCR theory forig obtained by fitting the temperature

dependence of,,,/ T under pressure. Parametegs x. andTp are the reduced inverse staggered
susceptibility at 0 K, the cut-off wave vector in units @ and the characteristic SF energy in
the energy space, respectively [10].

P (GPa) o Xe To (K)
0.33 0 0.57 2.3
0.38 0 0.60 5.2
0.54 0 0.71 135
0.62 0.02 0.75 215
0.72 0.1 1.0 37
0.75 0.1 1.0 42

that pressure increases the RKKY interaction enefgy
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Figure 11. Magnetic specific heat divided by temperatdatg/ T against logl’ above 0.33 GPa.
Solid lines indicate the fit by the SCR theory (see the text). Data at Ragle shifted downward
consecutively by 0.1 J ®/mol Ce for clarity.

The SCR theory leads to a relatignT) o (T/Tp)%? for T <« T, near the critical
pressure. However, & = 0.39 GPa,p,(T) in the low-T range cannot be described by
the power law, probably because our temperature range is not sufficiently low compared to
To = 5.2 K. For P > 0.66 GPa, from figure 8, we find the relatigp, (T) — p,,(0) = AT?.
Apart from the critical boundaryy§ > 0), p(T) is expressed as

p =r(m/8y§°)(T/To)2 = AT? (1)

wherer is an adjustable parameter [10]. As shown in the inset of figure 8, the value
seems to diverge below 0.66 GPa, which tendency is expected from (1) when the critical
boundary is approached. This fact supports the assumptiong €f0 below 0.54 GPa for

our analysis of the specific heat. Furthermore, the extremely strong depressibtioof

P > 0.66 GPa indicates strong increaseygfand/or Ty, which is consistent with the result

of To(P) deduced from that of the specific heat.

3.3. The pressure dependence of the Kondo effect and spin fluctuations

In this section, we discuss the specific heat and electrical resistivity in the normal Fermi
liquid region above 0.62 GPa. In the Fermi liquid state, the Sommerfeld coefficient,
y, and the coefficientA of the T2 dependence of electrical resistivity are related by
y2 o« A. For many Ce- and U-based compoundgy? has a universal value of@dx 10-°

(2 cm/K=2)/(mJ mott K=2) [29]. The values ofd at 0.62 and 0.75 GPa for gi; were
estimated by the interpolation of the results of the inset of figure 8. In figuret hd y
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Figure 13. The pressure dependence of the SF temperdiyiend Kondo temperaturgx .

for Ce;Nis are plotted for the data of some Ce- and U-based compounds. The vglués
at 0.62 and 0.75 GPa are55< 1075 and 65 x 107° (12 cm/K =2 mol~1)/(mJ mot?t K—2),
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respectively. These values are independent of pressure, which implies that the one
characteristic energy scal&x) governsp(T) andC(T) in the normal Fermi liquid region.

By the § = 1/2 impurity Kondo model [28] Tk is related toy by Tx = Rz /(3y), where

R is the gas constant. Furthermore, the above 0.75 GPa can be estimated by using the
above-mentioned relatiof/y? = 5.5x 107 (12 cm/K~2 mol~1)/(mJ mol! K—2). Values

of Tx thus obtained agree with those Bf as shown in figure 13. The variation @§(P)
through the crossover continuously joins with thatTgf(P) in the Fermi liquid region. It

is noteworthy that thelx representing the energy scale of the single-site SF [30], agrees
with the T, related to the energy of the inter-site SF defined around the antiferromagetic
wave vector or antiferromagnetic correlation. This fact may imply that the antiferromagnetic
correlation disapears above 0.7 GPa. Thér@isen parametdf, = —d In Tp/d In V is
estimated to be 220 around 0.4 GPa. By contrast, in. &, RwSi, and CeCy_,Au,,

To hardly changes near the critical boundary when the unit-cell volume is decreased by
decreasingr [31,32]. The value of", for Ce;Ni3 decreases with increasing pressure and
becomes 110 around 0.7 GPa.

4. Conclusion

We have investigated the pressure dependence of transport, magnetic and thermal properties
of the heavy-fermion antiferromagnet &z (Ty = 1.8 K, y = 9 J K2 mol™* f.u.)
possessing three nonequivalent Ce sites. When the antiferromagnetism vanishes for
P > 0.33 GPa, this chemically ordered compound exhibits NFL behaviour in the AC
magnetic susceptibility and specific heat. The results are summarized as follows:

(i) The L;;; XANES and magnetic susceptibility measurements indicate that all the
Ce ions in the three nonequivalent sites of;lig are trivalent at ambient pressure. This
disagrees with the previous conjecture assuming an intermediate valence state fgr;the Ce
site [19].

(i) The Ty decreases with increasing pressureT@gP) o« (P — P.)" with P, =
0.32 GPa andr = 0.63. This critical pressure’. is much smaller than that of usual
Ce antiferromagnets with a similar value ©f at ambient pressure, such as Ceahd
CeCuyGe. The Giineisen parameter @fy, 'y = 9 In Ty /9 In V is also greater than that
of the compounds mentioned above.

(iii) At pressures 0.33-0.49 GPa just abaRe NFL behaviours appear in both, and
xac, Cn/T o« —log T and x,c o« (1 —aT¥?). For P > 0.62 GPa, the normal Fermi
liquid behaviour is recovered, as indicated b§T) = po + AT? and theT independence
of both x4c andC,,/T at low temperatures.

(iv) The crossover from the NFL behaviour to Fermi liquid behaviourGip(T) is
describable by the SCR theory of SF. The characteristic SF tempefigtimereases by a
factor of 20 for 0.32 GP& P < 0.75 GPa, yielding a large @neisen parametér, = 220.

(v) The coefficientsA andy decrease strongly with increasing pressure above 0.62 GPa.
The continuous increase ify(P) through the crossover (0.33 GRaP < 0.75 GPa) joins
with that of Tx (P) in the Fermi liquid region (0.66 GPa P < 1.48 GPa).
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