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The Ce(Ni& Ga„)5system has been investigated in the range from x =0 to x -0.6 including mea-

surements of (a) the lattice parameters at room temperature and down to 4 K on samples quenched from
600 or 800'C, respectively, (b) the magnetic susceptibility in the temperature range 1.5 & T & 800 K and
magnetization measurements up to 8 T, (c) the electrical resistivity from 4.2 to 300 K, (d) the specific
heat from 1.5 to 60 K and (e) x-ray absorption spectroscopy (XAS) and x-ray absorption near-edge struc-
ture (XANES) at 10 and -290 K. At 800'C, a continuous solid solution 0 &x & 0.55 is observed crystal-
lizing with the CaCu5 type. Within this solution range a HoNi2 6Ga2 4-type low-temperature
modification develops with a small homogeneity range around CeNi3Ga2 and with a maximum

congruent transformation point at T=—770'C. The Ni/Ga substitution leads to a successive occupation
of the 3g sites of P6/mmm symmetry by Ga, whereas the 2c sites are Ga free, but ultimately does not
reach full atomic order at a hypothetical "CeNizGa3. "Magnetism within the solid solution starts with a
nonmagnetic ground state of the cerium atoms in CeNi5 but subsequently changes to an intermediate Ce
valence as the Ga content increases. CeNi36a2 in the low-temperature modification exhibits Curie-
Weiss behavior and enhanced values for the electronic contribution to the specific heat as typically ob-
served for heavy-fermion compounds. The Ce valency, directly obtained from XAS data, shows a linear
decrease as a function of increasing Ni/Ga substitution, with a strong temperature dependence for the
alloy richest in Ga, CeNig346a2«. The linear variation of the unit-cell parameters for (Y,La)-
substituted alloys Ce& „(Y,La}„Ni3Ga2in both structure modifications and the corresponding magnetic
and XAS data revealed practically no influence on the cerium valence compared to the CeNi3Ga& base
alloys.

I. INTRODUCcION

Among highly correlated electron systems so-called
heavy-fermion superconductors (HFS's) have recently re-
ceived enhanced attention. ' It is interesting to note,
that those HFS's with the highest transition temperature
exhibit the CaCu5 type of structure. ' Whereas these
CaCu5-type HFS systems have been observed with ter-
nary uranium aluminides, ' no corresponding HFS sys-
tem so far is known for cerium alloys, although peculiar
low-temperature properties have been found for a couple
of substituted Ce compounds based on this hexagonal
structure. This particularly triggered our present in-
terest in the Ce-Ni-Ga alloy system. From an earlier in-
vestigation of the phase relations and crystal structures in
an isothermal section of the ternary system Ce-Ni-Ga at
600'C, ' the existence of phases with the CaCu5 type
and a derivative type (HoNiz 6Gaz 4) have been reported.
From these investigations at 600 C, employing x-ray

powder-difraction techniques and microscopic inspec-
tion, the authors of Refs. 6 and 7 claimed the formation
of an extended solid solution of Ga in binary CeNis up to
about 25 at. % Ga and, furthermore, the formation of a
HoNiz sGaz 4-type phase with a small homogeneity
range, CeNi3 Q7 2 83Ga] 93 2 ]7 as well as a second
CaCu&-type phase but with a smaller homogeneity range
at higher Ga concentrations, CeNi2 53 z 23Ga2 47 p 77 Ex-
cept for a preliminary investigation of the electrical resis-
tivity and the thermoelectric power above about 77 K, '

no physical properties of Ce(Ni, „Ga„)5alloys have been
reported in literature.

From the type of data reported in Refs. 6 and 7 we ex-
pect a continuous solid solution for the CaCu5 type for
the entire range up to CeNi2Ga3 at temperatures above
600'C; in this case the intermediate solid solution phase
CeNi 3Ga 2 with the HoNi2 6Ga2 4 type will appear as a
low-temperature compound exhibiting a congruent trans-
formation at a maximum transition point where it trans-
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forms to the CaCu5 type. In order to confirm this hy-
potheses, a systematic investigation of the phase relations
and crystal chemistry along the isopleth Ce(Ni, „Ga„)~
at temperatures ~ 600'C became the subject of the
present work aimed at a thorough study of the physical
properties as a function of the Ni/Ga ratio using electri-
cal resistivity, magnetic susceptibility, magnetization,
specific heat, as well as CeL»& x-ray-absorption spectros-
copy to monitor eventual Ce-valence instabilities or HFS
behavior. To simulate the pressure dependence of the
physical properties, use is made of the internal chemical
pressure in the crystallographic unit cell on substitution
of the cerium atoms by larger lanthanum atoms or by
much smaller yttrium atoms.

II. EXPERIMENT

The samples with nominal compositions along the
CeNi5-CeGa5 system, each with a total weight of —1.5 —2
g, have been prepared from the elements by argon arc
melting (see Table I). The starting materials used were
ingots of cerium with a nominal purity of 99.9 mass%
from Auer Remy, FRG, gallium (purity 99.99 mass%)
from Alcan Electronics, Switzerland and pellets of nickel
which were premelted from proper amounts of compact-
ed nickel powder with a nominal purity of 99.9 mass%,
PRC, USA. In order to ensure homogeneity, the samples
were remelted several times. Weight losses due to vapori-
zation were generally less than 1 mass%. The reguli ob-
tained were wrapped in protective Mo foil, sealed in eva-
cuated silica tubes, and heat treated at various tempera-
tures in the range from 600 to 800'C (168 h). After an-
nealing in a wire-mound power-controlled tubular fur-
nace calibrated against a Pt/PtRh thermocouple, the
samples were quenched in cold water. Precise lattice pa-
rameters and standard deviations were obtained by a
least-squares refinement of room temperature Guinier-
Huber x-ray (Cu Xa, ) powder data employing an inter-
nal standard of 99.9999 mass % pure germanium
(ao, =0.5657906 nm). For quantitative refinement of
the atom positions either the x-ray intensities were
recorded from a Hat specimen in a Siemens D5000 au-
tomatic powder diffractometer (Cu Ka) or intensity data
were read from Guinier-Huber photographs (Cu Eai)
employing a computer controlled LS20-laser line-
scanner. ' Full matrix/full profile Rietveld refinements
have been performed employing a PC version of the pro-
gram by Wiles and Young. "

The temperature dependence of the unit-cell dimen-
sions in the temperature range from 4.2 to 300 K has
been recorded on a Siemens 0500 automatic
diffractrometer, (Co Ka) with the fiat sample mounted in
an evacuated Oxford Instruments helium-flow cryostat.
Lattice parameters at each temperature have been de-
rived by a least-squares refinement assuming a Lorentzian
peak shape and calibrating against Ge-standard lines. '

To check microstructure and homogeneity, selected al-
loys have been subjected to metallographic analysis of
polished surfaces. Homogeneity was confirmed for
CeNi234Ga266 for which detailed magnetic and x-ray-
absorption spectroscopy (XAS) data have been calculat-

ed. Magnetic measurements have been performed with a
Lake Shore ac susceptometer down to liquid-helium tem-
perature. For temperatures above liquid nitrogen up to
800 K, a Faraday balance SUS-10 was used. Isothermal
magnetization measurements in fields up to 8 T have been
performed in an extraction magnetometer.

X-ray-absorption measurements were performed at the
French synchrotron radiation facility of LURE using the
x-ray beam delivered by the DCI storage ring, working at
1.85 GeV, -320 mA, on the extended x-ray-absorption
fine-structure 2 station. A double Si(311) crystal was
used as a monochromator. Rejection of harmonics of or-
der 3 was achieved by two parallel mirrors adjusted to
cut off higher energies than -9 keV in the incident beam.
Experiments were made in the range 5660-5840 eV
around the L&,& edge of cerium. Powdered samples were
spread on adhesive Kapton tape, and three such tapes
were stacked to make a suSciently thick sample to pro-
vide the expected amplitude of the discontinuity as well
as to avoid any discontinuities in the powder distribution.
Samples were also measured in a cryostat kept at a con-
stant temperature of —10 K. After subtracting the back-
ground from the spectra in a standard manner, L&»-edge
deconvolution was made using a technique already de-
scribed, ' with a PC computer program. '

Resistivity measurements on bar-shaped samples were
performed using a standard dc 4-wire technique.
Specific-heat data were taken from a fully automated
Nernst calorimeter in a temperature range from 1.5 to 60
K.

III. RESULTS AND DISCUSSION

A. Compound formation and phase equilibria

X-ray powder analyses of the alloys along the CeNi5-
CeGa5 system, annealed at 600'C, confirmed the phase
relations earlier described by Refs. 6 and 7. Our results
particularly refer to the formation of an extended solid
solution, Ce(Ni, „Ga„)„0~ x ~ 0.3, with the CaCu,
type and the existence of a CaCu5-derivative type,
CeNi3. o7-2.ssGai. 93-2. i7 with the HoNi2. 6Ga2. 4 type (see
Table I). At higher Ga concentrations, the CaCu5 type
reappears for compositions CeNi2 53 2 236a2 47 2 77.
Whereas both two-phase fields Ce(Ni, Ga )5

+CeNi 3Ga 2 were found to be somewhat smaller than
originally reported at 600'C, ' lattice parameters are in
good agreement (see Table I). The concentration depen-
dence of the lattice parameters for the CaCu5-type sam-
ples annealed at 600'C are summarized in Fig. 1 reveal-
ing a monotonic increase in a as well as in V with a slight
negative deviation from Vegard's rule. For convenient
comparison, the unit-cell dimensions of the alloys with
the HoNiz 6Gaz4 type (actually a disordered version of
the YNi&A13 type}' have been converted in Fig. 1 to
those based on the CaCu5-type subunit using the relation
a(HoNi2 6Ga2 ~}=a&3(CaCu5). In agreement with ear-
lier observations, the HoNi2 6Ga2 4 type was encountered
with a rather limited homogeneity range viz.
CeNi3. o7 z. s3Gai. 93 z. i7 (Fig 3} Whereas the reduced ~
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TABLE I. Crystallographic data of Ce(Ni& „Ga„)5alloys, in the region 0 & x ~ 0.6.

Alloy
nominal comp.

Heat
treatment

Phase
analysis

Structure
type

Space
group

Unit-cell dimensions (nm)

c V c/a Ref.

CeNiz

CeNi4 62Gao 38

CeNi4 326ao.6s

CeNi4Ga

CeNi3 «Ga& 34

CeNi3 66a) 4

CeNi3 36 a$

CeNi3 26a& s

CeNi3 &Ga& 9

CeNi3 Q56a& 95

CCNi36a2

CeNi2 9Ga2 )

CeNi2. 86a2. 2

CeNi2 75 a2 25

CeNi2. 6sGa2

CeNi2 496a2
CeNi2 346a2 «

CeNi26a3

LaNi46a

LaNi3Ga2

600 C
800 C
800'C
600'C
800'C
600'C
800'C
600'C
800'C
600'C
800'C
600'C
600'C

800'C
600'C

800'C
600'C

800'C
600'C
800'C
600'C
600'C
600'C
800 C
600'C
800'C
600'C
600'C

800'C
600'C

800'C
600'C
600'C
800'C
600'C

600'C

800'C

600'C
600 C
600'C
600 C
600'C

CeNi5
CeNi5

CeNi4 626a0. 38

CeNi4. 626ao. 3s

CeNi4 32Gao. 6s

CeNi4 326ao.6s

CeNi46a
CeNi46a
CCNi3. «Ga& 34

CCNi3 «Ga& 34

CCNi3 66a) 4

CeNi3 476a~ 53

CeNi3 o76a& 93

CcN13 366a& 64

CeNi3 47

CeNi3 o76a& 93

CeNi3 26a& 8

CeNi3 476a& 53

CeNi3 o7 ~ 93

CeNi3 &Ga& 9

CcNi3 o56a] 9g

CeNi3 o56a& 95

CeNi, Ga,

CeNi3Ga2
CeNi2 96a2 )

CeNi2 9Ga2 )

CeNi2 sGa2 2

CeNi2 53Ga2 47

CCNi2 836a2 ~7

CeNi2 756a2.»
CeNi2 536a2 47

CCNi2 836a2 ~7

CeNi2 «Ga2 32

CCNi2 49Ga2 5]
CeNi2 34Ga2 «
CCNi2 346a2 «
CeNi2 236a2 77

CeNi2 26a2 s

CCNi) )Ga2 9

CeNis 76a7 3

CeNi2 23 2 77

LaNi4Ga
LaNi3 86a) 2

LaNi3Ga2
LaNi2 96a2 )
LaNi3Ga2

CaCu5
CaCu5

CaCu5
CaCu5
CaCu5
CaCu5
CaCu5
CaCu5
CaCu5
CaCu5
CaCu5
CaCu5
HoNi2 6Ga2 4

CaCu&

CaCu5
HoNi2 6Ga2 4

CaCu5
CaCu5
HoNi2 66a2 4

CaCu&

HoNi2 6Ga2 4

CaCu5
HoNi2 66a2 4

CaCu5
HoNi2 66a2 4

CaCu5
HoNi2 6Ga2 4

CaCu5
HoNi2 66a2 4

CaCu5
CaCu5
HoNi2 66a2 4

CaCu5
CaCu&

CaCu5
CaCu5
CaCu5
BaA14
NaZn&3

CaCu&
BaA14
NaZn»
CaCu5
BaA14
NaZn)3

CaCu5

HoNi2 66a2 4

P6/mmm
P6/mmm

P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm

P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
I4/mmm
Fm 3c
P6/mmm
I4/mmm
Fm3c
P6/mmm
I4/mmm
Fm 3c

P6/mmm

P6/mmm

0.4885(1)
0.4885(1)
0.4887
0.4906(1)
0.4906(1)
0.4922(1)
0.4922(1)
0.4945(1)
0.4949(1)
0.5004(2)
0.5005(1)
0.501(1)
0.5046(1)
0.8746(3)
0.5053(1)
0.5065(2)
0.8769(1)
0.5076(1)

Traces
0.8788(2)
0.5086(1)
0.8791(2)
0.5099(1)
0.8800(1)
0.882(1)
0.8762
0.5110(1)
0.8817(2)
0.5122(1)
0.883(3)
0.5196(1)
0.8809(4)
0.5150(0)
0.5187(1)
0.8813(2)
0.5167(1)
0.5193(1)
0.5232(2)
0.5229(1)
0.5258(2)
0.4237(1)

Traces
0.5263
0.4234
1.1742
0.5252(1)
0.4233(1)

Traces

0.5072(1)
0.5104(8)
0.8910(2)
0.8809(3)
0.8893

0.4005(1)
0.4006(3)
0.4007
0.4033(1)
0.4034(1)
0.4059(1)
0.4058(1)
0.4075(2)
0.4085(2)
0.4091(2)
0.4092(1)
0.4105(8)
0.4075(2)
0.4203(4)
0.4092(1)
0.4080(2)
0.4189(1)
0.4096(1)

0.4184(1)
0.4097(1)
0.4180(1)
0.4095(1)
0.4183(1)
0.419(1)
0.4148
0.4096(1)
0.4178(2)
0.4092(1)
0.421(3)
0.4073(2)
0.4185(2)
0.4086(1)
0.4072(1)
0.4185(2)
0.4079(1)
0.4075(1)
0.4058(2)
0.4058(1)
0.4046(2)
1.0190(3)

0.4053
1.0190

0.4052(2)
1.0189(3)

0.4055(2)
0.407(1)
0.4182(1)
0.420(2)
0.4169

0.08275
0.08280
0.0829
0.08408
0.08407
0.08516
0.08512
0.08630
0.08665
0.08871
0.08879
0.0892
0.08985
0.2784
0.09047
0.09062
0.2790
0.09140

0.2799
0.09177
0.2798
0.09219
0.2805
0.2823
0.2758
0.09261
0.2813
0.0930
0.2843
0.09522
0.2812
0.09384
0.09488
0.2815
0.09430
0.09517
0.09618
0.09610
0.09686
0.18291

0.0972
0.1827
1.6189
0.09679
0.18261

0.09033
0.0918
0.2875
0.2823
0.2855

0.820
0.820
0.820
0.822
0.822
0.825
0.825
0.824
0.825
0.818
0.818
0.820
0.875
0.481
0.810
0.806
0.478
0.807

0.476
0.805
0.476
0.803
0.475
0.475
0.473
0.802
0.474
0.799
0.477
0.784
0.475
0.793
0.785
0.475
0.789
0.785
0.776
0.776
0.769
2.405

0.770
2.407

0.772
2.407

0.800
0.797
0.469
0.477
0.469

a
18

a
6,7
17

a
6,7
6
6

a
7
a
7
17

'This work.
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parameter and the volume both scale well with the
CaCu~-type phase, the c axes of CeNi3Gaz are
significantly larger with respect to the CaCu, type
reflecting subtle changes in atom coordination (see Fig. l
and Sec. III B and Fig. 4). It is interesting to note, that
there are no observable deviations from the ideal CaCu5-

type crystal symmetry, either for the gallium-poor
CaCu&-type phase range or for the gallium-rich range
Ce(Ni, „Ga„)5,0.49~x ~0.55. The existence of these
two CaCu~-type phase regions with an intermittent
HoNi2 66az 4-type phase at compositions around
stoichiometric CeNi3Ga2 immediately suggests a continu-
ous homogeneous CaCu5-type region at elevated tempera-
tures with a maximum congruent transition point for the
stoichiometric low-temperature phase CeNi36a2. A con-
tinuous solid solution range Ce(Ni, ,Ga„)„0~ x «0.55,
indeed was obvious from alloys annealed at 800'C (see
Table I and Fig. 2). Lattice parameters versus gallium
concentration for the alloys quenched from 800'C, in
close similarity to those at 600'C, reveal a monotonic in-
crease in the a parameter and the volume, whereas a Aat
maximum is obvious for the c parameter around the com-
position CeNi3Ga2 suggesting partial atomic order (see
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0.096-
E
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0 Ref. 17
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FIG. 2. Lattice parameters and volume of alloys

Ce(Ni& Ga, )& versus composition. Alloys were quenched

from 800'C.

also Sec. III B, "Structural chemistry"). Extrapolation of
the lattice parameter curves yields the estimated unit-cell
dimensions for hypothetical CeGa~.

Figure 3 represents the phase relations along the
nickel-rich part of the Ce(Ni

&
„Ga„)&

system,
0&x &0.6, as derived from x-ray powder analysis of a

a
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FIG. l. Lattice parameters and volume of alloys
Ce(wi& „Ga„),versus composition. Alloys were quenched
from 600 C.
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FIG. 3. Phase relations along the CeNi, -CeGa5 system at
temperatures below 800 C.
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series of alloys quenched from 800, 700, and 600'C, indi-
cating a maximum congruent transformation point for
CeNi3Ga2 with the HoNi26Ga24 type at about 770'C.
Due to the crystallographic relationship between the two
structure types (see Sec. III B) the transformation process
is controlled by diffusion. Therefore quenching the sam-
ples by submerging the quartz capsules in water proved
to be suScient in freezing the high-temperature phase
into a metastable form at room temperature. Attempts
to approach the composition CeNi2Ga3 by melt spinning,
expected to provide a CaCu5 type with full atom order
but which proved to be stable in thermodynamic equilib-
rium at 800'C, were unsuccessful. Experiments using a
quartz nozzle and a water-cooled copper wheel at a speed
of 24 ms ' merely resulted in a heterogeneous mixture of
three phases: CaCu5 type, BaA14 type, and Fezp type.

B. Structural chemistry —Rietveld full profile
refinements of I-ray powder data

Tables II and III summarize the results of the full-
matrix, full-profile Rietveld refinements of the room-
temperature x-ray powder intensities of Ce(Nip spGap 2p)5,

Ce(Nip 6pGap 4p)5, and Ce(Nip 47Gap 53)5 with the CaCu5

type and Ce(Nip 6Gap 4)5 with the HoNiz 6Ga2 4 type as
collected from flat specimens in a D5000 Siemens au-
tomatic powder diffractometer. A major result of the
refinement is that Ni atoms for all compositions investi-
gated appear to favor the smaller 2c sites (Wyckoff
symbol's) of P6/mmm (CaCu5 type), at the center points
of (Ni, Ga) triangular prisms [Ce3(Ni, Ga)6]Ni. Gallium
atoms preferentially occupy the slightly larger 3g sites.
The least variation of interatomic distances as a function

TABLE II. Crystallographic data of Ce(Ni& „Ga„)salloys, quenched from 800'C. Method: Full
profile Rietveld refinement at room temperature x-ray powder-diffraction data (Siemens D5000); Space
group: P6/mmm, Z=1; Structure type: CaCus,' Radiation: Cu Ka.

Composition

a (nm)
c (nm)
c/a
V (nm')

Ce(Nio. sGao. 2)s

0.494 9(1)
0.408 5(2)
0.825
0.086 65(6)

Ce(Nio. 6Gao.4)s

0.5110(1)
0.409 6(1)
0.802
0.092 61(6)

Ce(NiQ 47GRQ 53)s

0.523 2(2)
0.405 8(2)
0.776
0.09620(8)

sin8 /A, , nm
No. of refl. in refin.
No. of variables

4.1724
30
17

4.3854
30
16

4.9725
30
18

RI
Rp
Rp
R p

0.075
0.048
0.033
0.047

0.094
0.080
0.039
0.055

0.057
0.053
0.042
0.054

Pref. orient. 0.130(5),ii(001) —0.272(1),ii(001) 0.160(6),ii(100)

1 Ce in la (0,0,0)
Bin10 2nm 0.8(1) 0.1( —, ) 0.04( —)

2 Ni in 2c (3 3,0)
B in 10 2 nm2 1.6(1) 1.9(1) 0.37(4)

3 (Ni, Ga) in 3g

Bin 10 nm

0.67Ni+0. 33Ga

0.2(1}

0.33Ni+0.67Ga

0.06( —}

0.11Ni+0.89Ga

0.08(2)

Interatomic distances in nm

Ce-2Ce
Ce-6Ni
Ce-12(Ni, Ga)
Ni-3Ce
N1-6(N1,Ga)
(Ni, Ga)-4Ce
(Ni, Ga)-4Ni
(Ni Ga)~(Ni Ga)

0.4085
0.2857
0.3209
0.2857
0.2492
0.3209
0.2492
0.2476

0.4096
0.2950
0.3275
0.2950
0.2524
0.3275
0.2524
0.2555

0.4059
0.3020
0.3311
0.3020
0.2530
0.3311
0.2530
0.2616
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TABLE III. Crystallographic data of Ce(Nio 6Gao 4)„quenched from 600'C.

Method: Full profile Rietveld refinement of room temperature x-ray powder-
diffraction data. Number of reflections used in refinement: 57, 20,„=93.00', Lat-
tice parameters'. a=0.8800(1) nm, c=0.4183(1) nm, V=0.2804(3) nm, c/a=0. 475;
Structure type: HoNi2 6Ga2 4 (disordered YNi2A13 type); Space group: P6/mmm-
D6q, No. 191, origin at 1, Z=3; Residual values: R, =0.078, R+=0.076, R&=0.025,
R„p=0.035.

Atom Site
Atom parameters

2 8(10 nm ) Occupation

Ce1 1a
Ce2 2d

(Ga,Ni), 3f
(Ga Ni)2 6k
Ni 6l

0
1

3
1

2

0.2825(3)
0.1785(4)

0
2
3

0
0
0.3570(4)

0
1

2

0
1

2

0.0

0.26(7)
1.481(3)
0.22(10)

0.21(8)
0.10(8)

1.0
1.0
b

b

1.0

Preferred orientation parameter: —0.07179(2), for (001)

Interatomic Distances up to 0.45 nm:
Ce1-2Ce1
Ce1-12(Ga,Ni) 2

Cel-6Ni
Ce2-2Ce2
Ce2-6(Ga, Ni )2

Ce,-6(Ga,Ni),
Ce2-6Ni

(Ga,Ni )1-4Ce2

(Ga,Ni ) 4(Ga, Ni )

(Ga,Ni)1-4Ni
(Ga,Ni) 2-2Ce2

'Lattice parameters derived from Guinierfilm.
Occupation: (Ga,Ni) =0.67 Ga+0.33 Ni.

0.4182
0.3260
0.2721
0.4183
0.3172
0.3290
0.3153
0.3291
0.2825
0.2455
0.3173

(Ga,Ni )2-2Ce1

(Ga,Ni)2-2(Ga, Ni),
(Ga,Ni)2-2(Ga, Ni )1

(Ga,Ni) 2-1(Ga,Ni)2
(Ga,Ni) 2-4Ni

Ni-1Ce1
Ni-2Ce2
Ni-2(Ga, Ni)1
Ni-4(Ga, Ni),
Ni-2Ni

0.3259
0.2500
0.2825
0.3400
0.2499
0.2721
0.3153
0.2455
0.2499
0.2721

of increasing Ga content is the Ni-(Ni, Ga} contacts, indi-
cating strong Ni-Ga interactions (see Table II). These in-
teractions obviously constrain the lattice parameters and
are held responsible for the occurrence of a maximum in
the c parameter at about Ce(Ni060Ga040)5 (see Fig. 2).
Further Ni/Ga substitution may finally yield the same
structure as fully ordered PrNi2A13, ' an ordered variant
of CaCu&. It shall be noted, however, that the mode of
Ga substitution observed herein is different from an ear-
lier powder refinement of CeNi2zGaz8 suggesting a
random Ni, Ga atom distribution. Refinement of the
x-ray data for the low-temperature form of CeNi3Ga2
confirmed the HoNi26Gaz 4 type, which essentially is a
disordered version of the fully ordered YNizA13 type. "
The crystallographic relationship between the CaCus-
type high-temperature form and the larger sized
HoNi26Ga24-type 1ow-temperature modification is out-
lined in Fig. 4. Due to the significant rearrangement of
33%o of the cerium atoms, the center points of the tri-
angular prisms in the HoNi2 6Ga2 4 type are occupied
by nickel atoms in tetr akaidecahedral coordination
[Ce(Ni, Ga)2[Ce2(Ni, Ga}~]]Ni, whereas the remaining Ni
atoms statistically share the 3f and 6k positions with Ga
atoms (see also Table II). The observed partial (Ni, Ga)
disorder, however, is in contradiction to the claimed iso-
typism of "CeNi3Ga2" with the fu11y ordered YCo3Gaz
type. '

C. Thermal expansion

Figure 5(a} portrays the variation of the unit-cell di-
mensions as a function of temperature (region from 4.2 to
300 K) for CeNi3Gaz in the two modifications
(HoNiz6Gaz4 type and CaCu~ type), as well as for
CeNi2 34Ga2 66 (CaCu5 type). Emphasis has been laid on
the low-temperature region below 50 K, and no
significant indications for a low-temperature transition
has become obvious from the recorded x-ray pattern (see
also Sec. III F). In all cases the unit-cell dimensions in-
crease monotonic ally with temperature. For the
HoNi2 66a2 4-type low-temperature modification, both
lattice parameters increase significantly with tempera-
ture, with a practically constant ratio c/a, however, the
relative increase in a for the CaCu5 type is much more
pronounced than for c, resulting in a decreasing ratio c/a
[see Fig. 5(a)]. Reasons for this behavior may partly be
found (a) in the difference of the Ce valence in the two
structure types (note, however, that we observed no vari-
ation of the cerium valence as a function of temperature;
see Sec. III F) as well as (b) in the altered Ni-Ce, Ga bond-
ing as ro.onitored by the subtle changes in the tetrakaide-
cahedral coordination around the nickel atoms in the two
structure modifications (see Sec. III B).

For the analysis of the volume variation with tempera-
ture, given by ei =(V~T~ —Vo)/Vo with Vo= V(4. 2 K)
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we assume that cz is a sum consisting of an electronic
and a phonon contribution

& V
=el+ ph

where c.,&
is given by

e,l=K2T

Within the Debye model the expression for phonon
contribution to the thermal expansion reads

e h( T)=K, TD(SD /D)
Z

with D(z)=3/z (x le"—1)dx. From a least-squares
0

fit of Eq. (1) to the experimental data we determined the
Debye temperatures and the values of K, and K2. This
fit procedure revealed that the prefactors Kz which are
expected to be proportional to the y value of the elec-
tronic specific heat are too uncertain to draw further con-
clusions. Neglecting the electronic part in the fit pro-
cedure, the Debye temperature and the values of K, are

shown in Fig. 5(b). The solid lines in Fig. 5(b) show the
fit of Eq. (3) to the experimental data. Comparing the
corresponding Debye temperatures and the prefactors K&
(which also depend on the Debye temperature) it clearly
follows that the lattice of the HoNi2 6Ga2 4-type
modification is considerably softer than the lattice of the
CaCu5-type structure. The temperature variation of the
thermal expansion, approximated by the following poly-
nomial

Lp(T)=Lp(0)[1+aT+PT +yT ]

is given in Table IV and Fig. 5(a).

(4)

D. The solid solutions Ce~ (Y,La), (Ni~ «Ga«)q,
x=0.33, 0.67 y=0.2, 0.4, and 0.47

Due to the lack of external pressure equipment, we at-
tempted to collect relevant information on the pressure
dependence of the physical properties by simulation of a
chemical internal pressure on the cerium atom when

CeNi G

CaCu -type
S

HoNl Ga, -type

Unit ce11

FIG. 4. Unit cell and projec-
tion along [001] for the CaCu&-

and the HoNi2 6Ga2 4-type
(disordered YNi2A13-type).

E

3r

Projection along [001]

Atom-

No.

Wyckoff- Atom x

symbol

la Ce 0
2c

3g

0 0
Ni 1/3 2/3 0

1/2 0 1/2

Atom-

No.

Wyckoff- Atom x

symbol

la Ce 0
2d

Bf

6k

61

0 0
Ce 1/3 2/3 1/2

1/2 0 0
0.2825 0 1/2

Ni 0.1785 0.3570 0
*0.67 Ga + 0.33 Ni
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0.0934

0.0926

E 0.0920

I J / ) 1 I 1 (
I

- 0.0960

V

- 0.0952

one-third of them are replaced by smaller yttrium (posi-
tive internal pressure) or by larger lanthanum (negative
internal pressure). The observed volume changes natural-
ly are expected to vary with the volume ratio Vc, /VRE.

Interestingly these dependences were observed to be prac-
tically linear for all values of x,y investigated (see Fig. 6).
This is particularly surprising for both the structure
modifications of CeNi3Ga2, for which XAS resulted in

significantly different cerium valences (see Sec. III F). As
far as the thermodynamic stability of the HoNi266a24-
type (disordered YNizAI3-type) low-temperature modi-
fication is concerned, we observe for both types of substi-
tution an increase of thermodynamic stability, i.e., a shift
of the transition point to slightly higher temperatures.

E. Magnetism

E 0.0912

0

0.5088
E

~ 0.5072

Q

Q 0.4096

- 0.5232

- 0.5216

Q

- 0.5200

= 0.4080
a

- 0.4188

0.4060-
- 0.4172

0.4044-,
0

0.0'l 4

HoNiZ 6 Gap g
—Type;

100
Terr}perat Ure

a = a'/V3, V = V'/3
I I I I I

200 300
{v)

4)

o 0012—

„0.010-
uJ

~ 0.008-
O)
~ 0.006—
E

~ OQ04-

~ 0002-

0.000—
1 I I I I t I I I & I s I

0 100 200 300
Temperature (K)

FIG. S. {a) Thermal expansion of the two modifications of
CeNi3Ga2 and of CeNi2 34Ga2 «with the CaCu5 type. (b) Rela-
tive thermal volume expansion and least-squares fit with the De-
bye formula; E I in K

The magnetic behavior of the intermetallic compound
CeNi5 has been characterized by an enhanced isotropic
susceptibility with a maximum in y versus T around 100
K (Fig. 7). Based on a detailed investigation' 2 includ-
ing polarized-neutron scattering, the magnetization is lo-
calized exclusively on the Ni atoms, whereas the nonmag-
netic Ce ground state is due to strong 4f hybridization
effects. The maximum in the susceptibility was found to
arise from spin fluctuations due to hybridization, which
are characteristic for systems close to the onset of magne-
tism. This picture is supported by recent band-structure
calculations for CeNi . '

The partial substitution of nickel by gallium has a pro-
nounced influence on the magnetic behavior. As can be
seen in Fig. 7 for CeNi3Gaz with the CaCu5 type, the sus-

ceptibility is independent of temperature for
150( T(500 K. This behavior is typically observed for
the whole solid solution Ce(Ni, „Ga„)~and was also re-

ported in an earlier investigation of Ce(Ni, „Ga„)5for
two alloys x=1 and 1.175 by Koterlin et a/. , however,
their absolute values of g are smaller when compared
with our data (see Table V).

The magnetism of these alloys is obviously governed by
a nonmagnetic ground state of the cerium atoms, Fur-
thermore, the admixture of the Ga p states seems to
reduce the intraatomic exchange interaction responsible
for the enhanced Pauli paramagnetism for binary CeNi5.
The decreased hybridization in turn may cause a more-
localized behavior of the Ce atom. Upon lowering the
temperature the susceptibilities increase. The effective
moments derived for the low-temperature regime are
small [(Ip~, (Table V)]. The observed susceptibility for
CeNi3Ga2 (CaCu~ type) at elevated temperatures ( T& 500
K) is again a function of temperature. The calculated
average moment (Table V) of 1.4pz can be interpreted in

the scope of the interconfiguration fluctuation model as
the partial occupation of the 4f levels lying closely above
FF. This argumentation is in good agreement with the
theoretical occupation numbers of n4f —1 electron per
atom in CeNi compounds ' and the L&»-absorption data
(see below). The magnetic data of the low-temperature
modification of CeNi3Ga2 with the HoNiz 6Ga24 type,
however, show a remarkable difference when compared
with the CaCu, type (Fig. 7). The magnetic susceptibility
of the latter compound can be accounted for by a Curie-
Weiss law and a temperature-independent Pauli contribu-
tion go,
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t eandCa usC C type) and CeN~2. ,4 a266ers of CeNi, a2, (HoNi2. 6 2 4of the lattice parametersThermal expansion of t e aTABLE IV. Therm

CaCu5 type

(Cacu, type).

HoNi2 6Ga2 4 type
CeNi3Ga, CeNi3Ga2 CeNi2 34Ga2 66

2 T3 ~n: L~(T)=L~(0)[1+aT+PT +yThermal expansion: LI ( T)=LI
Va C

L (0)' 0.8770
106a [K '] 1.376
108P [K

—i) 5.381
10" [K '] —7.211

3'L~ in nm; V in nm .

0.4172
0.840
5.369

—7.981

0.2779
3.579

16.14
—22.32

0.5076
—0.592

8.751
—9.170

0.4087
—1.483

4.110
—5.921

0.091 20
—2.665
21.60

—24.05

0.5199
—8.687
15.13

—19.64

0.4051
8.993

—1.817
3.352

0.094 80
—8.391
28.44

—35.68
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FIG. 7. 1/y versus T plot of some typical compounds of the section Ce(Ni„Ga& „)&.The inset shows the data for CeNip 34Ga2 «
up to 90K.

vcr= l v(Ce, Li» ) 3) ~0.36+3 . (6)

Results are summarized in Figs. 9 and 10. Evaluation is
based on the literature mean value of v(Ce,L», ) =3.36 for
the tetravalent CeNi5, ' which agrees with the proba-

effects have been taken into account in the calculations of
Gunnarson and Schonhammer. To compare the
valences obtained from a direct fit of the LI»-edge spec-
tra, v(Ce,L», ), with those deduced from lattice parame-
ters and magnetic measurements, the values vc, have
been calculated on the basis of the following transforma-
tion:

bility of finding about 60% of 4f ' final states and 40%%uo of
4f final states in a single Ce + configuration. This is
of special interest in the case of CeNi&Ga2 with the
HoNiz &Ga24-type structure, in which two Ce sites exist
with the ratio —,'. In such a case, classical understanding

of the structure, in which Ce ions are in 2d and la sites
would give a valence of 3.33 if the corresponding Ce ions
were trivalent and tetravalent respectively comparing
well with the valence vc, =3.28. Similarly, two trivalent
and one "tetravalent" ions (0.6X4f '+0.4X4f ) should
give a valence v(Ce,L», ) =3.13, which agrees with the ex-

perimental value of 3.10.
Within the accuracy of the L j» experiment, valences at

TABLE V. Magnetic data of ternary compounds Ce(Ni, „Ga„)5.

Compound

CeNi&

CeNi4 szGao. 38

GeNi4Ga

CeNiz»Ga& 95

CeNi3Ga2

CeNi2 &8Ga2 32

CeNi2 34Ga& «

Temp. region
of calcul. (K)

& 100

& 300
& 150
& 150

& 100
& 100
& 500( 100
& 100

Structure
type

CaCu&

CaCu&

CaCu5

CaCu&
HoNi2 gGa2 4

CaCu5
CaCu~
CaCu~

petr f u

{IM~ )

2.67
2.6
0.9
0.8
TIP
TIP
0.7
1.9
1.4
0.4
0.4

—154
—120
—32
—35

yg =2.1X10 cm'/g

gg =1.6X 10 cm'/g
—30
—36
—28
—7

16

Ref.

a
23

LaNi4Ga
LaNiqGa2

'This work.
Antiferromagnetic order at T& =34 K.

CaCu5
HoNjg $Ga2 4

TIP
TIP

yg =4.4X 10 cm /g
y, =3.0X10 cm /g
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TABLE VI. Crystallographic data of Ce, „(Y,La)„(Ni& „Ga,)5, x=0.33, 0.67 in the region 0.2 ~y ~ 0.48.

Alloy
nominal comp.

Heat
treatment

Structure
type

Space
group

Unit-cell dimensions (nm)
C V c/a Ref.

Ceo 67Yo 33Ni4Ga

Cep. 67YO.33Ni3Ga2

Cep. 67YO.33Ni2. 68Ga2. 32

Cep 33Yo 67Ni3Ga2

Cep 67Lao 33Ni4Ga

Cep 67Lap 33Ni3Ga2

Ceo.67Lap 33Ni2. 68Ga2. 32

Cep 33Lap 67Ni3Ga2

YNi3Ga2

LaNi3Ga2

'This work.

600'C
800 C
600 C
800'C

900'C
600'C

800'C
600'C
900'C
600'C
800'C
600'C
800'C

900'C
600'C

800'C
600'C
900'C
600'C

900'C
900'C

CaCu5
CaCu&

HoNi2 6Ga2 4

CaCu5,
HoNi2 6Ga2 4

CaCu5
CaCu5,
HoNi2 6Ga2 4

CaCu5
HoNi2 6Ga2 4

CaCu5
CaCu5
CaCu5
HoNi2 6Ga2 4

CaCu5,
HoNi, 6Ga2 4

CaCu5
CaCu5,
HoNi, 6Ga2 4

CaCu5
HoNi2 6Ga2 4

CaCu5
HoNi2 6Ga2 4

CaCu5
CaCu5

P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm
P6/mmm

P6/mmm
P6/mmm

0.4946(1)
0.4941(1)
0.8763(2)
0.5085(1)
0.8757(2)
0.5081(1)
0.5186(1)
0.8805(4)
0.5142(1)
0.8745(2)
0.5054(1)
0.4991(1)
0.4962(1)
0.8834(3)
0.5140(1)
0.8856( —)

0.5140(1)
0.5208(2)
0.8842(3)
0.5193(1)
0.8879(2)
0.5169(1)
0.8708(2)
0.8700
0.5036(0)
0.5205(1)

0.4064(2)
0.4072(1)
0.4158(2)
0.4082(2)
0.4165(4)
0.4084(1)
0.4062(1)
0.4150(2)
0.4063(1)
0.4138(2)
0.4076(3)
0.4078(3)
0.47079(1)
0.4185(1)
0.4090(2)
0.4194( —)

0.4091(1)
0.4068(3)
0.4193(3)
0.4077(1)
0.4180(2)
0.4089(2)
0.4124(1)
0.4115
0.4049(1)
0.4079(1)

0.08612
0.08609
0.2765
0.09141
0.2766
0.09129
0.09462
0.2786
0.09302
0.2741
0.09015
0.08795
0.08696
0.2828
0.09357
0.2848
0.09360
0.09554
0.2839
0.09523
0.2853
0.09461
0.2708
0.2697
0.08894
0.09571

0.822
0.824
0.475
0.803
0.476
0.804
0.783
0.471
0.790
0.473
0.806
0.817
0.822
0.474
0.796
0.474
0.796
0.781
0.474
0.785
0.471
0.791
0.474
0.473
0.804
0.784

a
a
a
17
a
a

room temperature and low temperature ( —10 K) do not
change much, as generally observed in Ce-based materials
in which this temperature dependence is weak in a
mixed-valence system or zero in "saturated" valence
compounds. To our knowledge, the valence change be-
tween 280 and 10 K observed in CeNig346az66 [Fig.

10(a)] is larger than in any other system. Low tempera-
ture x-ray diffraction ascertains that no crystallographic
transition takes place between room temperature and 10
K. This is in agreement with our x-ray absorption near-
edge structure (XANES) results in the range 10—60 eV
higher than the edge, which is sensitive to the chemical
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FIG. 9. v(Ce —Lqq)) and vc, versus Ga concentration in
Ce(NI& „Ga )5.

G. Electrical resistivity

Figure 11 shows the temperature-dependent electrical
resistivity, p( T), of CeNi5, CeNi4Ga, and for both
modifications of CeNi3Ga2. A representation, normal-
ized to the respective room-temperature resistivity, is
chosen to emphasize the crossover behavior when
proceeding from CeNi5 to CeNi3Ga2. While p(T) of
CeNi~ shows a smooth increase with rising temperatures,
resembling the behavior found recently by Gignoux
et al. or Koterlin et al. , the increasing content of Ga
causes a quite dramatic change of the temperature-
dependent resistivity. CeNi3Gaz, exhibiting the
HoNi26Ga24 type of structure, is characterized by a
broad range with rising resistivity values for lowering the
temperature. Such a behavior is well known for Kondo-
type scattering processes, which usually dominate the

environment and does not show any modification be-
tween room temperature and 10 K [see Fig. 10(b}]. Fur-
ther L», -edge measurements versus temperature [see in-
set in Fig. 10(a)] indeed revealed a change in the Ce
valence commencing at about 80 K towards higher tem-
peratures. This behavior is rejected in a significant
change of slope for the temperature dependences of the
unit-cell dimensions [see Fig. 5(a)] of CeNi2 34Ga2 66 and
isostructural CeNi3Ga2. The XAS data for substituted
alloys Ce, „(Y,La)„Ni3Ga2 in both structure modi-
fications did not exhibit any significant variation for the
cerium valence with respect to the CeNi3Gaz-based alloys
in correspondence with the linear variation of the unit-
cell parameters as well as with the magnetic characteriza-
tion (see Secs. III D and III E).

behavior of Ce compounds with almost integer valency.
Indeed, CeNi3Gaz with the partially ordered
HoNi2 6Ga2 4 type is just that compound of the series
which is, in comparison to the CaCu5-type high-
temperature phase, much closer to a trivalent state of Ce
(see Sec. III F). To demonstrate this behavior in a more
quantitative way we describe the resistivity data of this
compound, assuming the temperature-independent resid-
ual resistivity (po), the phonon contribution, (pph), which
according the Bloch-Gruneisen model is linear at elevat-
ed temperatures, and the Kondo interaction term show-
ing a negative logarithmic temperature dependence. A
least-squares fit according to this model is additionally
shown in Fig. 11 as a full line for CeNi3Gaz giving satis-
factory agreement with the experimental data. Devia-
tions occurring have to be attributed most likely to the
crystal-field splitting of the F5&2 ground state of the Ce
ion.

CeNi3Gaz with the CaCus-type structure shows a less
pronounced behavior when compared with the low-
temperature modification (HoNi2 6Gaz 4 type}. This is re-
ferred, at least partly to the valency of this configuration
being in a much more intermediate valence state than
that of the HoNi2 6Ga2 4 type. Consequently, the
Kondo-type interaction is less dominant in the observed
temperature range. Although the Ce ions occupy a regu-
lar sublattice in these compounds, expected coherence
efi'ects, such as a strong decrease of p(T) at low tempera-
tures, are not observed. This is explained from the disor-
der of the surrounding Ga and Ni ions which prevent the
formation of Bloch waves of the conduction electrons at
the lowest temperatures; hence, the absolute resistivity
values remain large.

H. Syeci6c-heat measurements

Figure 12 shows the temperature-dependent specific
heat, C ( T), for CeNi4Ga and for both modifications of
CeNi3Ga2 down to 1.5 K. Small humps around 6 K indi-
cate traces of cerium oxide which, however, do not essen-
tially change the observed C ( T) behavior. As the value
of the valence decreases towards the trivalent state of Ce,
the heat capacity of the compounds rises. The specific-
heat dependence in the low-temperature range for both
compounds x=0.4 indicates that either a magnetic phase
transition occurs well below 1.5 K or strongly
temperature-dependent specific-heat data have to be anti-
cipated. Possible mechanisms for the latter are short-
range order efFects above a magnetic phase transition,
strong correlations frequently observed in Ce compounds
or Kondo interaction. The inset of Fig. 12 shows C /T
versus T . For both modifications of CeNi3Gaz, C~/T
strongly rises as the temperature is lowered. For
CeNi3Ga2 with the HoNi26Gaz4-type structure a value
of more than 400 mJ/mo1K is attained at T=1.5 K.
Even a high-temperature extrapolation of C /T versus
T yields a value of about 100 mJ/molK, much larger
than the respective values of CeNi5 (y =40.0
mJ/mol K ). This enlargement of C /T when proceed-
ing from CeNi~ to CeNi3Ga2 is concomitant with the
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crossover from an almost tetravalent state in the former
compound to a nearly trivalent state in the low-
temperature modification of the latter compound. Sus-
ceptibility, L», absorption edge studies and resistivity
measureinents have also confirmed this trend. In agree-
ment with the resistivity results it is assumed that the
Kondo efFect is response for the strongly enhanced C /T
values at low temperatures. Then the rapid rise of C /T
below 10 K follows from the formation of a narrow,
many-body resonance near the Fermi energy. The origin
of this resonance is thought to descend from the singlet
formation due to the Kondo efFect. In order to take into
account the removed spin and orbital degrees of freedom,
a strongly temperature-dependent density-of-states peak
develops slightly above the Fermy energy. Considering
solutions of the Coqblin-Schrieffer model, which satisfac-
torily describe systems in an almost trivalent state, the
characteristic temperature Tz in the crystal-field ground
state is of the order of 10 K as an upper limit. The latter
value is confirmed also from the observed paramagnetic
Curie temperature Si„which is —35 K. Depending on
the model, 8~ is related to T» by T» =m!8&!,where m
ranges between 0.25 and 1. ' However, it should be not-
ed that systems, exhibiting statistical disorder in the crys-
tallographic unit cell possibly yield spin-glass behavior, in
spite of the fact that the magnetic Ce ions form a regular
sublattice. Such systems are known as NMAD spin
glasses and can be therefore a source of large specific-
heat values at low temperatures. In order to discriminate
these mechanism reliably, measurements below 1 K in
the present series would be very helpful.

congruent transition point at T—=770'C. Physical prop-
erties are significantly difFerent for the two structure
modifications, such as magnetic susceptibility, field-
dependent isothermal magnetization, specific heat,
thermal expansion, electrical resistivity, XAS, and
XANES.

While the CaCu5-type solid solution on Ni/Ga substi-
tuation is characterized by a continuous filling of the Ni-
3d band causing a reduction of 3d magnetism, the simul-
taneous shift in EF towards the 4f' state results in a
growing magnetic contribution of the Ce-4f band. These
characteristic changes in the magnetic state of cerium are
obvious particularly from L»&-absorption measurements,
which indicate a crossover from almost tetravalent ceri-
um in CeNi~ towards intermediate valence (vc, =3.25 at
RT) in CeNii 34Ga2 «.

The low-temperature modification CeNi~Gaz with the
HoNiz 66az 4 type is much closer to a Ce-trivalent state
than the CaCu5-type high-temperature phase. Consider-

ing the Curie-Weiss behavior of the magnetic susceptibili-

ty, the Ni contribution in addition seems to become less
important. The pronounced tripositive behavior leads to
Kondo-type interactions, which can be deduced from
negative logarithmic contributions to the electrical con-
ductivity or from enhanced values of the electronic con-
tribution to the specific heat. The latter quantity attains
a value of more than 400 m J/mol K at T= 1.5 K, at least
more than one order of magnitude larger than that of
simple metals and compounds.
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