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The crystal structures of LaRu,P;;, and CeRu,P;, are refined
by the Rietveld analysis of the powder X-ray diffraction data. The
bond distances and bond angles in both phosphides are obtained.
La,_.Ce,Ru,P;(x =0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.75, 0.8,
0.9, and 1) and CeOs,P;, are prepared at high temperatures and
high pressures. Powder X-ray diffractions of the alloys are
studied at room temperature. The lattice parameters of the
alloys do not change linearly with increasing x and markedly
deviate from linear between x<0.4 and x =0.6. The formal
oxidation number of Ce atoms in the alloys is +3 below x = 0.6.
The electrical and magnetic properties of the alloys CeRu,P;,
and CeOs P, are studied at low temperatures. The metal-to-
insulator transition and magnetic ordering appear at around
x=0.6. Above x =0.7 the alloys behave as a semiconductor.
CeOs, Py, exhibits a semiconducting behavior, with an activation
energy of 0.034 eV. CeRu, P, and CeOs P;, show a very small,
nearly temperature-independent susceptibility. Electrical and
magnetic properties of the alloys, CeRu,P;;, and CeOs,P;, are
diSCUSSCd. © 1999 Academic Press

INTRODUCTION

Ternary metal phosphides with the general formula
LnT4P;, (T = Fe, Ru, and Os; Ln = lanthanide) crystallize
with a skutterudite structure filled by lanthanide atoms
(1,2). The Ln atoms are located at (000) and (1/2, 1/2, 1/2) in
the cubic structure. The transition-metal atoms are in the
center of a distorted octahedron of six phosphorus atoms.
The skutterudite structure is characterized by formation of
well-defined P4 groups.

CeFesP;1, and CeRuy Py, show semiconducting behavior
over the range 2-300 K (3,4). These phosphides have a
smaller lattice parameter than that expected for the trivalent
Ce ion. The reduced cell volumes of CeT4P;, (T = Fe, Ru,
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and Os) suggest the formal oxidation number + 4 for the Ce
atoms (1). When all bonding electrons are counted as be-
longing to phosphorus atoms, the Ru atoms in CeRu4Pi»
have a d° configuration. Jung et al. suggest according to the
band calculation that the skutterudite compounds are ex-
pected to be semiconducting if their transition-metal elec-
tron configuration is d® but metallic in other cases (5). On
the other hand, Nordstrom and Singh point out that Ce
atoms in CeFe4Py, are trivalent and Ce 4f states hybridize
strongly with Fe 3d and phosphorus p states in the vicinity
of the Fermi energy; the gap formation in CeFe4P;, is due
to these hybridizations (6).

We have prepared La; - xCexRusPi2 (x =0, 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7,0.75, 0.8, 0.9, and 1) and CeOs4P1, with the
skutterudite structure at high temperatures and high pres-
sures (7). The electrical and magnetic properties of the alloys
CeRuysP;; and CeOs4 Py, have been studied at low temper-
atures. The position of phosphorus atoms in LaRu4P;, and
CeRu4P;y, is determined with the Rietveld method of ana-
lyzing powder X-ray diffraction data. In this paper the
electrical and magnetic properties of the alloys CeRu4P;2
and CeQOs4 Py, are discussed.

EXPERIMENTAL

A wedge-type, cubic-anvil, high-pressure apparatus was
used to prepare ternary metal phosphides at high temper-
atures and high pressures (8). The upper and lower stages of
the apparatus consist of three anvils and slide on the wedge
formed in shallow V-shaped grooves. The anvil’s movement
is completely synchronized by the wedge system. The anvils,
prepared from cemented tungsten carbide, have a 16 x
16 mm? top-square face. The sample container, made of
pyrophyllite, is formed into a cube of 21 mm on the edge.
The sample assembly for the preparation of the metal
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phosphides is similar to that used for synthesis of black
phosphorus (9). The starting materials are put into a cru-
cible made of BN. The crucible with a graphite heater is
inserted into the pyrophyllite cube.

La;-.Ce,RusPi: (x = 0,0.05,0.1,0.2,0.3,0.4,0.5,0.6, 0.7,
0.75, 0.8, 0.9, and 1) and CeOs4P;, were prepared by reac-
tion of stoichiometric amounts of each metal and red phos-
phorus powders at around 1100°C and 4 GPa. The samples
were characterized by powder X-ray diffraction using CuKo
radiation and silicon as a standard.

The powder X-ray diffraction patterns of LaRu4P;, and
CeRuyP;, were measured with synchrotron radiation
monochromatized to 0.6888 A at atmospheric pressure. An
imaging plate was applied to the powder X-ray diffraction
experiments (10). Rietveld refinements were carried out with
the program Rietan developed by Izumi (11).

Copper or gold leads were attached to the compounds
with silver-filled epoxy, and four-lead electrical resistivity
measurements were performed at low temperatures. The dc
magnetic susceptibility of the compounds was measured in
the range 1.8-300 K with a Quantum Design MPMS
SQUID magnetometer.

RESULTS AND DISCUSSION
Structure

The crystal structures of LaRusP;, and CeRuyP;, are
refined with the Rietveld method of analyzing powder X-ray
diffraction data; the structure is refined by fitting the entire
profile of the diffraction pattern to the calculated profile.
Figure 1 shows the X-ray diffraction and the calculated
profiles of CeRu4P;,. The agreement between the observed
and calculated patterns is good. The structure of CeRu4P;,
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TABLE 1
Positional Parameters and Bond Distances of CeRu,P;,

Lattice constant a = 8.043(1) A
Ry, = 5.54, Ry = 1.69, S = 3.28

Ce Ru P
Im3 2(a) 8(c) 24(g)
x 0.00 0.25 0.0000
y 0.00 0.25 0.3568(5)
z 0.00 0.25 0.1456(4)
Uy, 0.0090(6) 0.0047(4) 0.003(2)
U,, Uy, Uy, 0.005(3)
Uss Ui Ui 0.005(3)
B, (A?) 0.716 0.369 0.389
Bond distances (10\) and bond angles (deg)
Ce-P 3.102(4) (12x) P'—P-P” 90.00
-Ru 3.4856 (8%) Ru-P-R 118.3(1)
Ru-P 2.344(1) (6x) Ru-P-P’ 111.52(9)
—Ce 3.4856 (2%) Ru-P-P” 111.02(8)
P-P 2.305(8) (1x) Ce—P-P’ 157.81(5)
-P” 2.343(7) (1x) Ce-P-P” 67.81(5)
-Ru 2.344(1) (2x) Ce-P-Ru 78.2(1)
-P 3.077(4) (4x)
—Ce 3.102(4) (1x)
-P 3.287(5) (1x)

Note: Ry = 100{) wiyoi — Yei) /2 WilVoi)’} "% Rexp = 100{N — P + C)/
Zwiyoi}l/z; S = pr/chly

is refined to R, = 5.54. The results for CeRu,P;, obtained
by the Rietveld analysis are given in Table 1. These results
are similar to those for CeFe, P;,, which has been deter-
mined from single-crystal counter data (12). The skutter-
udite structure is characterized by formation of rectangular
P:~ clusters. The P-P distances in CeRu,P;, are 2.305 A
along the shorter edge and 2.343 A along the longer edge.
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FIG. 1.
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X-ray diffraction and calculated patterns of CeRu,P;,. Plus marks (+) represent the raw data. The solid line is the calculated profile. The

vertical marks show the positions of allowed reflections. The differences between the observed and calculated patterns are shown.
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TABLE 2
Positional Parameters and Bond Distances of LaRu,P,,

Lattice constant a = 8.061(1) A
R,, =477, R, =219, S =218

La Ru P
Im3 2(a) 8(c) 24(g)
X 0.00 0.25 0.0000
y 0.00 0.25 0.3591(4)
z 0.00 0.25 0.1428(4)
Uy, 0.0099(5) 0.0070(3) 0.005(2)
U,, Uy, Uy, 0.014(3)
Uss Ui Ui 0.008(3)
B, (A? 0.782 0.556 0.707
Bond distances (A) and bond angles (deg)
La-P 3.115(4) (12x) P'—P-P” 90.00
-Ru 3.4904 (8%) Ru-P-R 117.1009)
Ru-P 2.362(1) (6x) Ru-P-P’ 111.84(8)
—-La 3.4904 (2x) Ru-P-P” 111.45(7)
P-P’ 2.272(7) (1x) La—P-P’ 158.30(4)
-P” 2.303(67) (1x) La—P-P” 68.31(4)
-Ru 2.362(1) (2x) La—P-Ru 77.84(9)
-P 3.095(3) (4%)
-La 3.115(4) (1x)
-P 3.235(5) (1x)

They are similar to the P-P distances of 2.304 and 2.338 A
in CeFe,P;,. The structure of LaRu,P;, has also been
refined to Ry, = 4.77 by Rietveld analysis (Table 2). The
Ce-P distance in CeRu,P;, is shorter than the La—P dis-
tance in LaRu,P;,. The P—P distances in the cerium com-
pound are longer than those in the lanthanum compound.

The compounds CeT,P;, (T = Fe, Ru, and Os) exhibit
an anomalously small lattice constant compared to the
otherwise smoothly decreasing lattice-parameter variation
in going from the La- to the Tb- containing compound. The
reduced lattice constants of the Ce compounds suggest the
valency +4 for the Ce atoms (1). Figure 2 shows the lattice
constant vs concentration (x) curve for La; _,Ce,Ru,P;,.
The lattice constants of LaRu,P;, and CeRu,P,, obtained
by these experiments are 8.061 and 8.043 A, respectively.
The lattice parameters of the alloys do not decrease linearly
with increasing x and markedly deviate from linear between
x = 0.4 and x = 0.6. These results suggest that the valency
of Ce is +3 for the alloys below x = 0.6.

Electrical and Magnetic Properties

The resistivity of CeRu,P;, slowly increases with decreas-
ing temperature from room temperature to 100 K. The
activation energy in the temperature region is 0.086 eV.
Below 100 K the resistivity rapidly increases with de-
creasing temperature. Figure 3 shows the temperature
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FIG. 2. Lattice constant a vs concentration (x) curve for alloys
La,_.CeRu,Py,.

dependence of the dc magnetic susceptibility measured in
a field of 1 T for CeRu,P;,. The susceptibility is insensitive
to temperature between 30 and 300 K and rapidly rises at
lower temperatures. This upturn at low temperatures arises
from a magnetic impurity. The magnetic behavior of
CeRu,P;y, is very similar to that of CeFe,P;, measured by
Meisner et al. (3). CeFe,P,, is a semiconductor and shows
nearly temperature-independent susceptibility. Meisner
et al. have suggested that the itinerant f electrons present
in CeFe, Py, strongly hybridize with the conduction elec-
trons. ESR study of Nd** and Yb®' in CeFe,P;,
supports that there is a strong 4f-conduction electron
hybridization with an open gap in the density of state at
the Fermi level (13). XANES of Ce in CeFey Py, is
complex though the presence of Ce®>* is primarily in-
dicated (14). The band calculation suggests that Ce ions are
trivalent and Ce 4f states in CeFe,P;, hybridize strongly
with Fe 3d and phosphorus p states in the vicinity of the
Fermi energy (6).
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FIG. 3. Magnetic susceptibility vs temperature curves for CeRu,Py,.
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FIG. 4. Magnetization curve of CeRu,P;, at around 2 K.

Figure 4 shows the magnetization curve of CeRu,P;, at
around 2 K. This curve at 2 K yields a saturation value of
0.15 up/Ce ion at 5T. This is much less than the Ce**
free-ion value of 2.54 up/Ce ion. The result suggests that Ce
ions in CeRu,P;, are not trivalent, but seem to be close to
tetravalent. If Ce in CeRu,P,, is tetravalent, the ionic for-
mula can be described as Ce**(Ru,P;,)* . The Ru atoms in
the compound have the d® configuration. The susceptibility
of CeRu,P;, shows weak paramagnetic behavior resem-
bling that of CeFe,P;,. On the other hand, the susceptibility
of semiconducting CoP; with the d°® configuration is dia-
magnetic (15). These results suggest that the valency of Ce in
CeRu,P;, is not always +4. The reduced value of magnet-
ization compared to the free-ion value may be due to cry-
stalline electric field effects or hybridization.

Figure 5 shows the electrical resistivity vs temperature
curve for CeOs,P;,. The resistivity increases with decreas-
ing temperature. This curve can be fit over the temperature
range from 120 to 300 K to an activation conduction form,
R = Ry exp(AE/k,T), where AE is the activation energy and
ky is Boltzmann’s constant. The value AE/k, is about 400 K
for CeOs,P;,. It has already been reported that the
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FIG. 5. Electrical resistivity vs temperature curve of CeOs Py ,.
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TABLE 3
Cell Volumes and Values of AE/k;, in CeT,P;,
(T =Fe, Ru, and Os)

Compound Cell volume (A3) AE/k, (K)
CeFe,Py, 473.1¢ 15007
CeRu,Py, 519.3¢ 1000
CeOs, P, , 524.1¢ 400
“Ref. (1).
PRef. (3).

compounds CeFe,P;, and CeRu,P;, show the semicon-
ducting behavior. The values of AE/k,, and the cell volumes
in three Ce compounds are given in Table 3. These values
decrease with increasing the cell volume. The energy gap of
CeOs, Py, is the lowest in the compounds CeT,P;, (T = Fe,
Ru, and Os). The magnetic properties of CeOs,P;, are
similar to the results of CeRu,P;, shown in Fig. 3.

The electronic structure of CeFe,P;, has been studied
with density-functional calculations (6). The calculation
yields a band gap of 0.34eV at the Fermi energy for
CeFe,P,,. The valence bands have the character of hybrid-
ized Fe 3d and phosphorus p states. The lowest lying con-
duction bands are dominated by the narrow spin—orbit split
Ce 4f band. Ce 4f'states hybridize strongly with both Fe 3d
and phosphorus p states in the vicinity of the Fermi energy.

The compounds CeT,P;, (T = Fe, Ru, and Os) show
similar electrical and magnetic properties. The band struc-
ture of CeRu,P;, and CeOs,P;, must resemble that of
CeFe,P,,. Thus, Ce 4f'states in CeT,P;, strongly hybridize
with T nd (n =3, 4, and 5) and phosphorus p states and
open the gaps in the vicinity of the Fermi energy. The Ce-P
distances in CeFe Py, and CeRu,P;, are significantly shor-
ter compared with La—P distances in the corresponding
lanthanum compounds. The short distance in Ce com-
pounds may be due to the hybridization between Ce 4f and
phosphorus p states.

We have studied the Raman scattering spectra of the
compounds LnRu,P;, (Ln = La, Ce, Pr, Nd, Sm, Gd, and
Tb) at room temperature (16). The mode at around
440 cm™! is assigned to the vibration involving the Ln
atom. The mode near 440 cm™! of the semiconducting
CeRuyP;, is very different compared with that of other
phosphide-based filled skutterudites behaving as metal. The
anomalous behavior of the Ce compound may be closely
related to the hybridized electronic state.

Figure 6 shows the resistivity normalized to room tem-
perature of La; - .Ce .Ru Py, (x = 0.6, 0.7, 0.8, 0.9, and 1.0)
at low temperatures. The resistivity of the alloys (x = 0.7,
0.8, and 0.9) and CeRu,P;, increases with decreasing tem-
perature. These materials behave as semiconductors and
have activation energies which increase with increasing x.
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FIG. 6. Resistivity normalized to room temperature of La,_,Ce,
RuyP, (x =0.6,0.7, 0.8, 0.9, and 1) at low temperatures.

On the other hand, the resistivity of Lagy ,Ceq sRusP;,
slightly increases with decreasing temperature. The metal-
to-insulator (M-I) transition is observed at around x = 0.6.
Below x = 0.5 the alloys show metallic behavior. The super-
conducting transition for the alloys (x = 0, 0.05, 0.1, and 0.2)
is observed between 4 and 7 K (17).

Figure 7 shows the magnetic susceptibilities of La; _,Ce,
Ru,P;, (x =0.5, 0.6, and 0.7) at low temperatures. The
small maximum in the susceptibility vs temperature curve
for Lay 4Cey ¢RusP;, which shows the M-I transition is
observed at around 5 K. The weak magnetic ordering ap-
pears between x =0.5 and 0.7. The susceptibility of
La, 3Ce( sRu,P;, abruptly decreases compared with that of
Lay 4Cey ¢Ru,Py,. The magnetic ordering disappears above
x = 0.75. The susceptibility vs temperature curves for the
alloys (x = 0.75, 0.8, and 0.9) are very similar to that of
CeRu,Py,.

The lattice parameters of La, _,Ce,Ru,P;, deviate from
linear between x = 0.4 and x = 0.6. The valence of the Ce
atoms is +3 for this region. Thus, there are trivalent Ce
ions with one 4f-electron in the alloys. The magnetic order-
ing observed at around x = 0.6 arises from f'electrons in the
trivalent Ce ions. Jung et al. suggest that the skutterudite
compounds are expected to be semiconducting if the
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FIG. 7. Magnetic susceptibility vs temperature curves for La; _,Ce,
Ru,Py, (x = 0.5, 0.6, and 0.7).

transition-metal atoms have the d°® configuration (5).
When Ce in CeRu,Py, is tetravalent, the ruthenium atoms
in the compound have the d® configuration. If La atoms
with a valency of +3 are doped into CeRu,P;,, the alloys
should show metallic behavior as the Ru atoms cannot take
the d° configuration. However, the alloys with x above
0.7 show semiconducting behavior, being similar to the
behavior of CeRuyuP;,. This result suggests that the
Ce 4f states in the alloys may also hybridize strongly with
Ru 4d and phosphorus p states in the vicinity of the Fermi
energy.
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