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Magnetic properties of the filled skutterudite-type structure compounds GdRu4P12
and TbRu4P12 synthesized under high pressure
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We have succeeded in synthesizing filled skutterudite-type structure compounds GdRu4P12 and TbRu4P12

under high pressure. The magnetic properties of GdRu4P12 and TbRu4P12 have been studied by means of
electrical resistivity, magnetic susceptibility, and magnetization measurements. Magnetic experiments suggest
that the Gd and Tb ions in the compounds have trivalent state. The compound GdRu4P12 displays features that
suggest the occurrence of antiferromagnetic ordering belowTN522 K. In TbRu4P12, thermal variation of
magnetic susceptibility indicates the existence of two successive magnetic transitions~TN520 K and T1

510 K!. Magnetization up to 18 T exhibits two-step metamagnetic transitions belowT1 for TbRu4P12.
-

s

,

r
n

tl
lle
i

-
o
-
ss
o

or
v
tri
on

fu
a

yn-
tate
sful

are
in
e
e.

s
the
ent.
he
e
rths
in
tal
ed
n-

his
op-

g a

io-
r at
ere
rac-

king
I. INTRODUCTION

Ternary metal pnictides with general formulaMT4X12
(M5alkaline earth, rare earth, and actinide;T5Fe, Ru, and
Os;X5P, As, and Sb! crystallize with the filled skutterudite
type structure~space groupIm3!.1–4 The MT4X12 com-
pounds have various and anomalous physical propertie
low temperature, such as superconductivity,5–7 small gap
semiconductorlike behavior in several Ce compounds6,8

~anti!ferromagnetism,5,8 metal-insulator transition,9 and
heavy fermion or intermediate-valence behavior.10,11 Recent
work has shown that CeRu4Sb12 exhibits non-Fermi liquid
behaviors.12 While most of these anomalous behaviors a
not understood, band structure peculiar to the compou
and hybridization effects between localizedf electrons and
conduction ones seem to play an important role. Recen
band-structure calculations were carried out for several fi
skutterudite compounds.13,14 In La compounds, the Ferm
level is situated at a large peak originating in theT-d band in
the compound,14 which may cause instability of the elec
tronic system. Further, band-structure calculations
CeFe4P12 and CeFe4Sb12 indicate that the Ce is nearly triva
lent in both compounds, and these compounds posse
small band gap that arises from strong hybridization
Ce-4f states with both Fe-3d and pnicogen-p states.13 The
semiconductorlike behavior, which is observed in CeT4X12,
may arise from strong hybridization of 4f electrons of the Ce
atom with the conduction electrons.

Moreover, the filled skutterudite compounds are imp
tant in the viewpoint of application. The compounds ha
been very actively studied as very efficient thermoelec
materials for either refrigeration or power generati
applications.15,16 CeFe4Sb12 and alloys CeFe42xCoxSb12
have recently attracted much attention for potentially use
thermoelectric materials because of low lattice therm
conductivity.17
PRB 620163-1829/2000/62~17!/11581~4!/$15.00
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Many various materials with this structure have been s
thesized for the applications and basic studies of solid-s
physics. However, there have been no reports of succes
synthesis of any filled skutterudites containing heavier r
earths,M5Gd-Lu, except Yb, and it was conjectured with
the context of theMT4X12 series that the smaller radii of th
heavierM31 ions prevent adequate bonding to the lattic
Recently, YbFe4Sb12 and YbOs4Sb12 have been
synthesized.18,19 In the Yb compounds, however, Yb ion
have divalence or intermediate valence in contrast to
other rare earths in this series that all appear to be trival
It is possible that this larger ionic radius stabilizes Yb in t
skutterudite structure.M5Eu compounds may be the sam
case. Thus it was supposed that all other trivalent rare ea
in the rangeM5Gd-Lu are too small to be accommodated
the atomic ‘‘cages’’ that are formed by the transition-me
~T!–pnictogen~X! sublattice. However, we have succeed
in preparing two different filled skutterudite compounds co
taining heavier trivalent rare earths, GdRu4P12 and
TbRu4P12, using high-pressure synthesis technique. In t
paper, we report the results of magnetic and electrical pr
erties for GdRu4P12 and TbRu4P12.

II. EXPERIMENT

Ternary compounds GdRu4P12 and TbRu4P12 were pre-
pared at high temperatures and high pressures usin
wedge-type cubic-anvil high-pressure apparatus.20 These
metal phosphides were prepared by reaction of stoich
metric amounts of metals and red phosphorus powde
around 4 GPa. The reaction temperature and time w
1100 °C and 30 min, respectively. The samples were cha
terized by powder x-ray diffraction using CuKa1 radiation
and silicon as a standard. We also succeeded in ma
single crystalline samples ofRRu4P12 ~R5La, Ce, Pr, Nd,
Sm, and Eu! using a Sn flux method.21 However, the sample
11 581 ©2000 The American Physical Society
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of GdRu4P12 and TbRu4P12 compounds failed to be synthe
sized by the same procedure.

Resistivity was measured with a standard dc four-pro
method in the range 1.7–300 K. The dc magnetic susce
bility and magnetization up to 5 T were measured in th
range 2–300 K with a Quantum Design MPMS superc
ducting quantum interference device magnetometer.
high-field magnetization measurements up to 18 T were
formed by an induction method using pulsed magnetic fi
at the Institute for Solid State Physics, University of Toky

III. RESULTS AND DISCUSSION

The cubic lattice parametersa of GdRu4P12 and TbRu4P12
were determined from x-ray powder diffractometry to bea
58.0375 and 8.0338 Å, respectively. In Fig. 1 the latti
parametersa of GdRu4P12 and TbRu4P12 are plotted togethe
with those reported earlier forRRu4P12 (R5rare earth!.21,22

Starting with La, one observes the typical reduction of
lattice parameter due to the contraction of the ionic radii
the rare earths with increasing atomic number except
CeRu4P12 and EuRu4P12. This suggests that Gd and Tb ion
are trivalent state in the compounds. The small lattice c
stant of Ce compound is due to strongc- f hybridization. On
the other hand, the large lattice constant of EuRu4P12 is
caused by the Eu ion being divalent or mixed-valence s
in the compound.21

The magnetic susceptibilityx and the reciprocal magneti
susceptibilityx21 is plotted versus temperature between
and 300 K for GdRu4P12 in Fig. 2. An anomaly atTN
522 K is seen in thex(T) curve as indicated by the arrow
This suggests that an antiferromagnetic~AF! ordering occurs
below TN . A Curie-Weiss temperature dependence of
susceptibility is observed at sufficient high temperatures.
linear slope ofx21 vs T from 150 to 300 K yields an effec
tive magnetic moment of 8.04mB /Gd. This value is in good
agreement with 7.94mB /Gd calculated for a Hund’s-rule
ground state of Gd31. This suggests that the Gd ion is triva
lent. The Curie-Weiss temperatureuP is 123 K. It should be
noticed that the value ofuP is positive, while the compound
shows AF ordering.

FIG. 1. Cubic lattice parameters in theRERu4P12 series (RE
5rare earth). The lattice parameters shown as open symbols
quoted from Refs. 21 and 22.
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Figure 3 shows the temperature dependence of thex and
thex21 for TbRu4P12. Two anomalies are found in thex(T)
behavior atTN520 K andT1510 K as shown in the inset o
Fig. 3. The cusp atTN may be associated with the parama
netic to AF transition. The anomaly atT1 may be associated
with change of the magnetic structure. A Curie-Weiss beh
ior is observed at higher temperatures. The deduced effec
magnetic moment for TbRu4P12 is 9.76mB /Tb, which is very
close to 9.72mB /Tb calculated for Tb31. This suggests tha
the Tb ion is also trivalent. The Weiss temperatureuP is 18
K for TbRu4P12. It also should be noticed that the value
uP is positive.

The observed high-field magnetization curves
GdRu4P12 at various temperatures are given in Fig. 4. In t
AF regime belowTN522 K the magnetization increases lin
early with field before leveling off above a critical fiel
(HC56.1 T at 4.2 K!. The magnetization is saturated abo
18 T at 4.2 K. The saturation moment is in good agreem
with the Gd31 free-ion value of 7mB /Gd. The critical field
shifts to 5.4 T at 10 K and is not found at 25 K aboveTN .

For TbRu4P12, two-step metamagnetic transitions are o

re

FIG. 2. Magnetic susceptibilityx5M /H ~open circles! at H
51 T and inverse magnetic susceptibilityx21 ~filled circles! vs
temperature for GdRu4P12. The line shows a fit to a Curie-Weis
law for 150,T,300 K.

FIG. 3. Magnetic susceptibilityx ~open circles! at H51 T and
inverse magnetic susceptibilityx21 ~filled circles! vs temperature
for TbRu4P12. The line shows a fit to a Curie-Weiss law for 15
,T,300 K. Inset: an enlarged view ofx below 20 K.
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served belowT1 as shown in Fig. 5. The magnetization i
creases two steps at critical fields ofHC150.8 T andHC2
52.5 T at 4.2 K, which is associated with the two success
AF phase transitions~inset of Fig. 5!. In fact, one step a
HC252.2 T is seen at 15 K betweenT1 andTN . Above TN
the magnetization increases monotonicaly. The induced m
netization increases up to 8.1mB /Tb at 18 T and 4.2 K,
which is by 10% smaller than the full moment of Tb31 ion
(9mB /Tb!.

The electrical resistivityr(T) normalized to room-
temperature vs temperature for GdRu4P12 is displayed in Fig.
6. r(T) reveals a positive temperature dependence like t
cal metals below room temperature. Then, it shows a br
minimum at around 30 K and increases gradually as the t
perature is lowered. Furthermore,r(T) increases rapidly be
low TN522 K ~inset of Fig. 6!, which is the AF ordering
temperature determined from magnetic susceptibility, a
shows maximum at around 13 K, then decreases.

In the Tb compound,r(T) also shows a typical metallic
behavior and a broad minimum at around 33 K~Fig. 7!. A
rapid increase ofr(T) is also observed belowTN520 K ~in-
set of Fig. 7!. However, no anomaly was found aroundT1

FIG. 4. Magnetization curvesM (H) for GdRu4P12 at several
temperatures.

FIG. 5. Magnetization curvesM (H) for TbRu4P12 at several
temperatures. Inset: magnetization curves at 4.2 K and 15 K be
6 T.
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510 K. TN and T1 are magnetic phase transition tempe
tures determined from magnetic susceptibility, as shown
the inset of Fig. 3. The sharp increases of resistivity bel
TN for both Gd and Tb compounds may be due to nesting
the Fermi surface. Since band-structure calculations indic
that the Fermi level is situated at a large peak of the den
of states in La compounds,14 the electronic system may b
stabilized by the nesting. Similar behavior was observed
low AF magnetic transition temperature 6.4 K in PrFe4P12.

5

While the broad minimums near 30 K for GdRu4P12 and 33
K for TbRu4P12 are not well understood, similar behavio
was observed near 33 K in NdFe4P12.

5

In summary, we have synthesized the filled skutterud
compounds GdRu4P12 and TbRu4P12. The measurements o
lattice parameter and magnetic experiments reveal that
valence of both Gd and Tb ions is near trivalent in the co
pounds. The measurements reported in this paper indicat
antiferromagnetic transition atTN522 K for GdRu4P12 and
two successive antiferromagnetic transitions atTN520 K
andT1510 K for TbRu4P12. Further experiments are neede
to determine the field-temperature magnetic phase diag
and fully characterize the magnetic properties in the co
pounds. Measurements of the magnetoresistance and
pressure dependence of the magnetic properties are

w

FIG. 6. Normalized electrical resistivityr/r300 K vs temperature
for GdRu4P12. The inset shows an enlarged view below 40 K.

FIG. 7. Normalized electrical resistivityr/r300 K vs temperature
for TbRu4P12. The inset shows an enlarged view below 30 K.
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progress. These compounds as well as many other mem
of the filled skutterudites are highly attractive. Howev
most of these compounds are difficult or impossible to s
thesize under atomospheric pressure in pure form. We wo
like to emphasize that high-pressure synthesis is one of m
efficient techniques to overcome the difficulty in preparatio
ct
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