PHYSICAL REVIEW B VOLUME 62, NUMBER 17 1 NOVEMBER 2000-I

Magnetic properties of the filled skutterudite-type structure compounds GdRuUP;»
and TbRu,P;, synthesized under high pressure

C. Sekine, T. Uchiumi, and I. Shirotani
Department of Electrical and Electronic Engineering, Muroran Institute of Technology, 27-1, Mizumoto, Muroran 050-8585, Japan

K. Matsuhira and T. Sakakibara
Division of Physics, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan

T. Goto and T. Yagi
The Institute for Solid State Physics, The University of Tokyo, Roppongi, Minato-ku, Tokyo 106-8666, Japan

(Received 14 April 2000

We have succeeded in synthesizing filled skutterudite-type structure compoundsPaditd TbRyYP;»
under high pressure. The magnetic properties of GBBuand TbRyP,;, 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 compoundRpdisplays features that
suggest the occurrence of antiferromagnetic ordering bdlgw 22 K. In TbRyP;,, thermal variation of
magnetic susceptibility indicates the existence of two successive magnetic tran§itipr@0K and T,
=10K). Magnetization up to 18 T exhibits two-step metamagnetic transitions bg|ofer TbRwP;.

I. INTRODUCTION Many various materials with this structure have been syn-
thesized for the applications and basic studies of solid-state
Ternary metal pnictides with general formuMT,X,;,  physics. However, there have been no reports of successful
(M =alkaline earth, rare earth, and actinidex Fe, Ru, and synthesis of any filled skutterudites containing heavier rare
Os; X=P, As, and Spcrystallize with the filled skutterudite- earthsM = Gd-Lu, except Yb, and it was conjectured within
type structure(space groupim3).>™* The MT,X;, com-  the context of thV T,X;, series that the smaller radii of the
pounds have various and anomalous physical properties &eavierM3* ions prevent adequate bonding to the lattice.
low temperature, such as superconductivity,small gap Recently, YbFgSh, and YbOsSh, have been
semiconductorlike behavior in several Ce compoutfls, synthesized®'® In the Yb compounds, however, Yb ions
(anthferromagnetism,? metal-insulator transitiof, and  have divalence or intermediate valence in contrast to the
heavy fermion or intermediate-valence behavfolt Recent  other rare earths in this series that all appear to be trivalent.
work has shown that CeR8by, exhibits non-Fermi liquid It is possible that this larger ionic radius stabilizes Yb in the
behaviors:? While most of these anomalous behaviors areskutterudite structure = Eu compounds may be the same
not understood, band structure peculiar to the compoundsase. Thus it was supposed that all other trivalent rare earths
and hybridization effects between localizé@lectrons and in the rangeM = Gd-Lu are too small to be accommodated in
conduction ones seem to play an important role. Recentlythe atomic “cages” that are formed by the transition-metal
band-structure calculations were carried out for several filledT)—pnictogen(X) sublattice. However, we have succeeded
skutterudite compounds:** In La compounds, the Fermi in preparing two different filled skutterudite compounds con-
level is situated at a large peak originating in T band in  taining heavier trivalent rare earths, GdRy and
the compound; which may cause instability of the elec- ThRy,P;, using high-pressure synthesis technique. In this
tronic system. Further, band-structure calculations orpaper, we report the results of magnetic and electrical prop-

CeFgP;, and CeFgShy, indicate that the Ce is nearly triva- erties for GARyP;, and TbRuUP; .
lent in both compounds, and these compounds possess a

small band gap that arises from strong hybridization of Il EXPERIMENT

Ce-4f states with both Fe-® and pnicogerp states® The

semiconductorlike behavior, which is observed inTe¢;,, Ternary compounds GdR®;, and TbRyP;», were pre-
may arise from strong hybridization of £lectrons of the Ce pared at high temperatures and high pressures using a
atom with the conduction electrons. wedge-type cubic-anvil high-pressure appardfughese

Moreover, the filled skutterudite compounds are impor-metal phosphides were prepared by reaction of stoichio-
tant in the viewpoint of application. The compounds havemetric amounts of metals and red phosphorus powder at
been very actively studied as very efficient thermoelectricaround 4 GPa. The reaction temperature and time were
materials for either refrigeration or power generation1100°C and 30 min, respectively. The samples were charac-
applications>'® CeFaSh;, and alloys CeFg ,CoSh, terized by powder x-ray diffraction using &, radiation
have recently attracted much attention for potentially usefuhnd silicon as a standard. We also succeeded in making
thermoelectric materials because of low lattice thermakingle crystalline samples d&®Ru,P;, (R=La, Ce, Pr, Nd,
conductivity?’ Sm, and Elusing a Sn flux methotf: However, the sample
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. . . . FIG. 2. Magnetic susceptibilityy=M/H (open circleg at H
FIG. 1. Cubic lattice parameters in tRERWP,, series RE — _j 1354 inyerse magnetic susceptibilizy * (filled circles vs

=rare earth). The lattice parameters shown as open symbols af_gmperature for GAR®@y,. The line shows a fit to a Curie-Weiss
quoted from Refs. 21 and 22. law for 150= T<300 K

of GdRyP;, and ThRYP;, compounds failed to be synthe-  Figure 3 shows the temperature dependence oftaed
sized by the same procedure. the y ~* for TbRu,P;». Two anomalies are found in thg(T)
Resistivity was measured with a standard dc four-prob&enavior affy=20K andT,;=10K as shown in the inset of
method in the range 1.7-300 K. The dc magnetic susceptiig, 3. The cusp aTy may be associated with the paramag-
bility and magnetization upot5 T were measured in the netic to AF transition. The anomaly & may be associated
range 2-300 K with a Quantum Design MPMS superconyith change of the magnetic structure. A Curie-Weiss behav-
ducting quantum interference device magnetometer. They is observed at higher temperatures. The deduced effective
high-field magnetization measurements up to 18 T were P€magnetic moment for TORBy, is 9.76ug /Th, which is very
formed by an induction method using pulsed magnetic fieldgse to 9.72.5/Tb calculated for TB. This suggests that
at the Institute for Solid State Physics, University of Tokyo.the Tp ion is also trivalent. The Weiss temperatagds +8

K for TbRu,P;,. It also should be noticed that the value of
0p is positive.
The observed high-field magnetization curves of
The cubic lattice parameteasof GARY,P;, and TORUP;, GdRuy,P,, at various temperatures are given in Fig. 4. In the
were determined from x-ray powder diffractometry to de AF regime belowTy=22K the magnetization increases lin-
=8.0375 and 8.0338 A, respectively. In Fig. 1 the lattice€arly with field before leveling off above a critical field
parameters of GARY,P;, and ThRYP;, are plotted together (Hc=6.1T at 4.2 K. The magnetization is saturated above
with those reported earlier fdRRu,P;, (R=rare earth?>?? 15_3 T at 4.2 K. The.saturatlon moment is in goqql agrgement
Starting with La, one observes the typical reduction of theWith the Gd”* free-ion value of %.5/Gd. The critical field
lattice parameter due to the contraction of the ionic radii ofshifts to 5.4 T at 10 K and is not found at 25 K abolg.
the rare earths with increasing atomic number except for For TORuUPy,, two-step metamagnetic transitions are ob-
CeRuyP;, and EuRYP;,. This suggests that Gd and Th ions
are trivalent state in the compounds. The small lattice con- 0.8 T . T , r 30
stant of Ce compound is due to stroof hybridization. On
the other hand, the large lattice constant of EiMRy is
caused by the Eu ion being divalent or mixed-valence state~ 0.6

Ill. RESULTS AND DISCUSSION

in the compound? S 20 i

The magnetic susceptibility and the reciprocal magnetic E 3
susceptibility y ! is plotted versus temperature between 2 3 04 =2
and 300 K for GdRwP;, in Fig. 2. An anomaly atTy qE) Py
=22K is seen in they(T) curve as indicated by the arrow. ~— 10 3
This suggests that an antiferromagnéfé&) ordering occurs x 02 £

below Ty . A Curie-Weiss temperature dependence of the Cooy,
susceptibility is observed at sufficient high temperatures. The . coe (TP eccco0s
linear slope ofy ™! vs T from 150 to 300 K yields an effec- 0 50 100 150 200 250 300
tive magnetic moment of 8.Q¢s/Gd. This value is in good T(K)

agreement with 7.945/Gd calculated for a Hund’s-rule
ground state of Gtf. This suggests that the Gd ion is triva-  FiG. 3. Magnetic susceptibility (open circlesatH=1 T and
lent. The Curie-Weiss temperatufig is +23 K. It should be  inverse magnetic susceptibility ™ (filled circles vs temperature
noticed that the value ofp is positive, while the compound for TbRwP;,. The line shows a fit to a Curie-Weiss law for 150
shows AF ordering. <T<300K. Inset: an enlarged view of below 20 K.
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FIG. 4. Magnetization curveM (H) for GdRu,P;, at several T(K)

temperatures.

FIG. 6. Normalized electrical resistivity/ p3qg « VS temperature

for GdRu,P;,. The inset shows an enlarged view below 40 K.

served belowT,; as shown in Fig. 5. The magnetization in- _ -
creases two steps at critical fields if,=0.8 T andHc, =10K. Ty andT, are magnetic phase transition tempera-
=2.5T at 4.2 K, which is associated with the two successivéures determined from magnetic susceptibility, as shown in
AF phase transitionginset of Fig. 5. In fact, one step at the inset of Fig. 3. The sharp increases of resistivity below
Hc,=2.2T is seen at 15 K betweéh, andTy. Above Ty Tn for both Gd and Th compounds may be due to nesting of
the magnetization increases monotonicaly. The induced magbe Fermi surface. Since band-structure calculations indicate
netization increases up to §3/Th at 18 T and 4.2 K, thatthe Fermi level is situated at a large peak of the density
which is by 10% smaller than the full moment of bion  Of States in La compounds,the electronic system may be
(9ug/Th). stabilized by the nesting. Similar behavior was observed be-
The electrical resistivity p(T) normalized to room- l0W AF magnetic transition temperature 6.4 K in PiFe.
temperature vs temperature for GdRyy is displayed in Fig.  While the broad minimums near 30 K for GdiRy, and 33
6. p(T) reveals a positive temperature dependence like typik for ToRuPy, are not well underg,tood, similar behavior
cal metals below room temperature. Then, it shows a broa®as observed near 33 K in Ndffg,. _ _
minimum at around 30 K and increases gradually as the tem- N summary, we have synthesized the filled skutterudite
perature is lowered. Furthermore(T) increases rapidly be- compounds GdR#P;, and TbRyP;,. The measurements of
low Ty=22K (inset of Fig. 6, which is the AF ordering lattice parameter and magnetic experiments reveal that the
temperature determined from magnetic susceptibility, and@lence of both Gd and Tb ions is near trivalent in the com-
shows maximum at around 13 K, then decreases. pounds. The measurements reported in this paper indicate an
In the Tb compoundp(T) also shows a typical metallic antiferromagnetic transition aty=22K for GdRuyP;, and
behavior and a broad minimum at around 33/g. 7). A two successive antiferromagnetic transitions Tat=20 K
rapid increase op(T) is also observed beloWy=20K (in-  andT;=10K for TbRu,P;,. Further experiments are needed

set of Fig. 7. However, no anomaly was found aroufig ~ t0 determine the field-temperature magnetic phase diagram
and fully characterize the magnetic properties in the com-

pounds. Measurements of the magnetoresistance and the

10 | T T pressure dependence of the magnetic properties are in
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FIG. 5. Magnetization curveM(H) for TbRuP;, at several
temperatures. Inset: magnetization curves at 4.2 K and 15 K below FIG. 7. Normalized electrical resistiviy/ pqq « VS temperature
for TbRu,P;,. The inset shows an enlarged view below 30 K.
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progress. These compounds as well as many other members ACKNOWLEDGMENTS
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