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Jahn-Teller-like phase transition of TmPd;S, around 200 K
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We report a Jahn-Teller-like phase transition in a synthesized metallic compoundz;$mBtithe cubic
NaPtO, structure type. The transition causes a very large thermal hysteresis in the electrical resistivity
between 120 and 230 K and a modulated structure with a modulation vector of@f()uta*: reciprocal-
lattice unit vectoy at lower temperatures which was revealed by a low-temperature x-ray powder diffraction.
Analyses on the low-temperature specific heat and the magnetic susceptibility suggest that the compound
becomes an exchange-induced moment antiferromagiet {.1 K) by the nonmagnetic singlet ground state
of Tm*" ions.[S0163-182699)51146-4

Rare-earth(R) palladium bronzesRPd;S,, of the cubic Figure 1 shows the temperature dependence of the recip-
NaPtO,-type structure with the space groipm3n (No.  rocal magnetic susceptibility, £(T), measured on cooling
223 have been characterized as paramagnetic metals for selty a commercial superconducting quantum interference de-
eral R elements.™* We have recently confirmed that this Vice (SQUID) magnetometer under a magnetic field of 3 kOe
structure type extends throughout the serieRaélements between 2 and 300 K. ¥(T) follows a Curie-Weiss law
except LU2 In this crystal structure, thR atom occupies the represented by the solid line in the figure, although a very
2a site with a cubic point groupl,,, of high symmetry. An small thermal hysteresis is observed between 170 and 240 K
orbitally degenerated crystalline-electric-figldEF) ground @S Shown in the inset. The effective Bohr magneton and the

state is, therefore, anticipated fBrions of these palladium WeisS temperature were estimated to be jgd2and
bronzes. The orbital degeneracy is often lifted at low tem-_ 13 K by fitting .the data.above about 70 K, respectlw_aly.
peratures by a cooperative Jahn-Teller transition or a quadrt]lzhe former value is only sI_|ghtIy s_maIIer than the theoretical
polar ordering, which has been actually observed in somgne(7'57'“5) for_ the free tnvalgnt lon. Tm ions in TmBgS8,
rare-earth compounds such as Trmv‘b CeBa,7 and are hen_ce cons_ldered to be tr_|valent and Fhe lattice parameter
CesPdhyGes.® Our systematic investigations dRPGLS, in is conS|sten';_W|thdthi lanthanide contraction of the fR¥é

: ion, as mentioned above.
fEarc:) :g\slsra::zgl;t/hsart] éﬁ;ﬁ;ﬁﬁgggﬁdiwﬁggéza :&) lir;g " ;’he temperadtuLe dependenc;e ofI tge (falectricaL resistti;‘/it)é,
Furthermore we have founthat these ordering temperatures p(T), measured by a conventional dc four-probe metho
approximately scale with J(J+1)(2J—1)(2J+3)a3,
whereJ is the total angular momentum ang the Stevens
factor, as theoretically predicted by taking into account a
quadrupolar pair interaction mediated through conduction
electrons. This system has thereby provided us the first op-
portunity for testing such scaling for quadrupolar ordering.

Unlike the other members dRP&;S,,° TmP4S, does
not, however, show quadrupolar ordering, but a Jahn-Teller-
like phase transition as high as 200 K. The transition causes
a very large thermal hysteresis in the electrical resistivity
between 120 and 230 K and a modulated structure at low
temperatures. In this paper, we present the experimental re-
sults on these peculiar properties of Tm8dwhich are very
unique among the series BIP&;S,.

The sample was prepared by prereacting Tm and Pd pow-
ders with sulphur in an evacuated quartz tube for two days at
900°C. The product was ground in an agate mortar and ¢
pressed into a pellet. It was further reacted in an evacuated (]} SPEFIFINE EVIFRF B AP S WS W
guartz tube for 3 days at 900°C. The sample quality was 0 50 100 150 200 250 300
checked at room temperature by a x-ray powder diffraction T K
which showed the Nag®D,-type structure as the main phase
and weak reflections of impurity phase of PdS. The lattice F|G. 1. The temperature dependence of bf TmPdS, mea-
parameter of TmPg, was deteymmed to b_a= 6.630 A sured on cooling. The solid line represents a Curie-Weiss law fitted
which follows well the lanthanide contraction of the free above about 70 K. The inset shows the thermal hysteresis observed
trivalentR ions for the serie®RPd;S,. between 170 and 240 K.
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FIG. 2. The temperature dependence af TmPd;S, measured T K

with increasing O) and decreasing®) temperature. The inset
shows the low-temperature x-ray powder diffraction pattern mea- £ 3 The low-temperatur€p of TmMP4S,. The inset shows

sured on heating. Only indices of the fundamental reflections arg, low-temperature ., showing a small anomaly around 1.1 K.
given. Several weak reflections of impurity phases are eliminated ac

and the origin for the ordinate is shifted for clarity. that the presumed modulation is due to a displacive modula-
tion of heavy atoms such a8 ions induced probably by a
with both decreasing and increasing temperature between 4rong Jahn-Teller type interaction inferred from the highly
mK and 300 K is shown in Fig. 2o(T) shows a metallic degenerated CEF states RPd;S,.° At sight the ordering
conductivity, but a very large thermal hysteresis is remarkedemperature of TmR®&, appears to be very high for rare-
between 120 and 230 K, wherey1T) shows a very small earth compounds. The cooperative Jahn-Teller distortions
one as shown in the inset of Fig. 1. The specific h€at, driven by the interaction between the orbital stateRabns
measured by a semi-adiabatic heat-pulse method from 170 &nd the crystal lattice are usually known to occur at rela-
300 K by once cooling down to about 80 K clearly demon-tively low temperatures compared with those involving
strated a distinct anomaly of second order at 230 K with anransition-metal ion&! There are, however, scarce ex-
entropy change of abogt RIn 2. We also confirmed that the amples of rare-earth compounds showing a strong Jahn-
supercooled state does not show any anomaly above 210 Keller effect. We here merely refer to the case of PrAlO
The extremely weak anomaly gf around 200 K as men- which is known to exhibit the Jahn-Teller transition at as
tioned above suggests that this phase transition is not dfigh as 151 K2
magnetic origin but presumably related to a structural defor- Low-temperatureCp(T) measured from 0.14 to 20 K and
mation. In order to clarify it, we have performed a low- the ac magnetic susceptibility,,., measured by an imped-
temperature x-ray powder diffraction from 13 to 300 K in a ance bridge employing a SQUID as a null detector are shown
“He gas flowing cryostat. Many satellite reflections appeain Fig. 3 and the inset, respectively. These results obviously
besides fundamental ones on heating between 220 and 2#fdicate that TmPg5, undergoes a magnetic transition of
K, as shown in the inset of Fig. 2, where only a part of thesecond order around 1.1 K. This transition is smeared out
spectra is shown for clarity. It is further noted that the tem-under a magnetic field above altduT and then of antifer-
perature interval where the satellite peaks appear correemagnetid AFM) type. If it is assumed that the point group
sponds well to the resistive transition on the heating curve obf the site of Tm ion is not affected by the modulation of the
Fig. 21° The intensity of satellite reflections becomes stron-crystal structure and remains cubic symmetry, the 13-fold
ger with decreasing temperature at the expense of that afegeneracy of thd multiplet of the free Tm" ion splits into
fundamental ones. These results indicate that a modulatgdio singlets, a doublet, and three triplets under a cubic
crystal structure is induced by the transition causing the larg€EF!® The CEF ground state is deduced from the tempera-
thermal hysteresis. Most of the satellite reflections can beure dependence of the magnetic entrd®y,T), which is
tentatively indexed by assuming a modulation vector, calculated by integrating the magnetic part ©f ,Cp,aq,
~3a*, wherea* is the reciprocal-lattice unit vector. The with respect to the temperatur€, 4 is obtained by sub-
modulation vector was determined by using about 30 satekractingCp of LaPdS, from that of TmPgS,. Sy, attains
lite reflections for 25%26<60°. It should be noted here only 0.13 J/Tm mol K at the N temperature of 1.1 K and
that the lattice parameter determined by the fundamental re3.8 J/Tm mol K at 20 K. This implies that the CEF ground
flections does not change drastically around 200 K. Althougtstate of Tri* is the nonmagnetic singlet and the AFM order
the precise nature and the modulated structure are not knovet 1.1 K is due to exchange-induced moments, as commonly
yet at the moment, the appearance of such distinct satellittnown for magnetic ordering in singlet ground-state systems.
lines in powder diffraction as in the inset of Fig. 2 may imply For example, RiTl and Pgln are reported as an induced-
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moment ferromagnet and antiferromagnet with a singletler diffraction indicated a modulated structure below the
ground state, respectivelf. The Cp anomaly of these transition, which may be induced by a Jahn-Teller type in-
induced-moment systems is much reduced compared witteraction. The more precise nature of the transition and the
that of conventional systerttsand Sy, associated with the modulated structure must be clarified and understanding why
AFM ordering, for example, is only 0.91 J/Prmol'’R, only TmP4S, exhibits such a transition of high ordering
WhICh is somewhat similar to the case of Tr@B,d as men- temperature among the series RPdSSAS would be of par-
tioned above. ticular importance. More detailed experiments including the

We have very recently synthesized and characterized growth of single crystals are presently in progress.
metallic palladium bronze TmRS8,. Our analyses o€p(T)

and x(T) indicated that TmPg5, exhibits the exchange- We are grateful to Professor Y. Fujii and Professor T.

induced moment AFM below 1.1 K due to the nonmagneticKamiyama for their useful comments on the results of the
singlet ground state of T# ions. The compound showed a low-temperature x-ray powder diffraction. One of the authors
phase transition accompanied by a large thermal hysteresis (d.K) acknowledges support by the Japan Society for the Pro-
p(T) between 120 and 230 K. Low-temperature x-ray pow-motion of Science for Young Scientists.

1D.A. Keszler and J.A. Ibers, Inorg. Che22, 3366(1983. 8]. Kitagawa, N. Takeda, M. Ishikawa, T. Yoshida, A. Ishiguro, N.

2D.A. Keszler, J.A. Ibers, and M.H. Mueller, J. Chem. Soc. Dalton  Kimura, and T. Komatsubara, Phys. Rev5B 7450(1998.
Trans.1985 2369. °D. Schmitt and P.M. Levy, J. Magn. Magn. Matd#, 15(1985.

3N. Sato, M. Wakeshima, H. Masuda, K. Yamada, and T. Fujino, "We subsequently confirmed a similar thermal hysteresis in the
High Temp.-High Pres29, 113 (1997. x-ray diffraction patterns as in the(T).

11 . !
4M. Wakeshima, T. Fujino, N. Sato, K. Yamada, and H. Masuda,lzg'JA' I(;i?h:r?gain% KK'Al'(.(zﬁth“ng’ %i?r';g)gér;h%gél (\}gaﬂitert
J. Solid State Chemi29, 1 (1997, o Srgeneau, R, Ems, ’ = '

5 . ) ) Phys. Rev. B10, 2512(1974).
K. Abe, J. Kitagawa, N. Takeda, and M. Ishikanpublishe®t 13 R") 65 M.J.M. Leask, and W.P. Wolf, J. Phys. Chem. Solids

K. Abe, Master’s thesis, University of Tokyo, Tokyo, 1999. 23, 1381(1962.
®A.H. Cooke, S.J. Swithenby, and M.R. Wells, Solid State Com-14K_ Andres, E. Bucher, S. Darack, and J.P. Maita, Phys. ReA;. B
mun. 10, 265(1972. 2716 (1972; F. Heiniger, E. Bucher, J.P. Maita, and L.D.

7J.M. Effantin, J. Rossat-Mignod, P. Burlet, H. Bartholin, S. Kunii, Longinotti, ibid. 12, 1778(1975.
and T. Kasuya, J. Magn. Magn. Maté7&48, 145(1985. 158, Grover, Phys. Rev140 A1944(1965.



