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Transport properties in CeOs,Shy,: Possibility of the ground state being semiconducting
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We have measured both magnetoresistance and Hall effect in,8@® clarify the large resistivity state
ascribed to the Kondo insulating one and the origin of the phase transition near 0.9 K reported in the specific-
heat measurement. We found unusual temperdfrdependence both in the electrical resistiyity T-/2 and
the Hall coefficienR, ~ T~* over the wide temperature range of about two orders of magnitude beBMK,
which can be explained as a combined effect of the temperature dependences of carrier density and carrier
scattering by spin fluctuation. An anomaly related with the phase transition has been clearly observed in the
transport properties, from which thé-T phase diagram is determined up to 14 T. Taking into account the
small entropy change, the phase transition is most probably the spin density wave one. Both the electrical
resistivity and Hall resistivity at 0.3 K is largely suppressed about an order of magnitude by magnetic fields
above~3 T, suggesting a drastic change of electronic structure and a suppression of spin fluctuations under
magnetic fields.
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[. INTRODUCTION phase transition in this compouf® However, neither the
origin of the peak nor the ground state of this material has
Filled-skutterudite compoundRT,Pny, (R: rare earthT:  been clarified at this stage. In this paper, we report the ex-
Fe, Ru, Os, and Pn: pnictogehexhibit a wide variety of tended study of electrical resistivitp) and Hall coefficient
exotic phenomena associated with the unique body-centerggk,) on high-quality single crystals, to deepen the under-

cubic structuré=® Strong hybridization betweerf £lectrons standing of the ground-state properties in C¢SDs,.
and conduction electrons enhanced by the large coordination

number; 12 Pn and & ions surroundingR, is thought to
realize such exotic phenomefaln fact, the energy gapk, Il. EXPERIMENTAL

estimated from the temperature dependence of electrical re- o

sistivity p(T) for the Ce-based filled skutterudites can be High-quality single crystals of CeQBb, and LaOgShy,
roughly scaled with the lattice constant as shown in Fig. 1/V€ré grown by Sb-flux method starting from a composition
the smaller lattice constant ones such as GPRuand ©Of RiOs:Sb=1:4:2@sing Q";}‘ﬁmate”a'.s 3N®9.95%- La,
CeFgP,, have the larger energy g&p24Note the metal- Cg, 3N—Os, and 6N—sz ' T_he lattice cqnstants deter-
insulator transition in PrRP;, and the apparent Kondo-like Mined 123/ x-ray powder diffraction agree with the reported
behaviors in PrE@, also reflect strongc-f hy- va_llu_es, and apsence of impurity phases was confirmed
bridization235 which are unusual as Pr compounds. In con-Within the_experlmental accuracy.and R, were measured
trast, CeRyShy, with a larger lattice constant is a metal ex- PY the ordinary dc four-probe method. The voltage measure-
hibiting non-Fermi-liquid (NFL) behaviors at low ments were made.by Keithley 182 nanovoltr_neters: In order
temperature&*14 and PrRySby, is an ordinary supercon- to r_edl_Jc% the_ heating effect, samples were directly |mmersed
ductor exhibiting no exotic behaviors. in liquid “He in the magnetoresistan¢&IR) and Hall resis-

Thus, only from the lattice constant, PiS¥,, was ex-
pected to be an ordinary metal, however, it was found to be
the first Pr-based heavy-fermion  superconduttor.
CeOsShy,, predicted to be a metal by the band structure
calculation!® was first reported to be a semiconductor with a
small gap(AE,/kg~ 10 K) estimated fromp(T),*? while the
finite value of the Sommerfeld coefficient=0.2J/K2 mol
suggests metallic ground stafet® Recently, in a far-infrared
measuremerit, an apparent decrease of the optical conduc-
tivity at low temperatures, indicating the development of gap
structure near the Fermi levél: with decreasing tempera-
ture. The another controversial feature is the sharp peak ob-
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served in the specific he®(T) at ~1.1 K in zero field, that
was first ascribed to a phase transition of some impurity
phase by Baueet all? The field dependence «&(T) re-
ported recently by Namikét al. rules out such a possibility
of impurity effect and suggests the existence of intrinsic
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FIG. 1. Energy gap\E, vs lattice constant in CeJPn,.
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T Ap=' — Recently, Yogiet al. performed the Sb nuclear quadrupole

(@) g sf p(COS)- pLOS) resonancéNQR) on this compound and found that the tem-
10! - ¢ g 6f ] perature dependence of nuclear-spin-lattice-relaxation-rate
w “ 341 ] 1/T, obeys a relation I, ~ T¥? approximately in the same
’é* - CeOs.Sh <TI0 z'T(l'.(‘)) . . temperature rangébelow 25 K.23 In the self-consistent
4712 — renormalization(SCR theory for the spin fluctuations in
% 101 L 1atT itinerant antifferomaglgeti(AFM) meta}lsz,4 1/T, is expected
b T to be proporuo_nal _td' well above Néel temperature. How-
CeRu,Sb, (0 T) ever, the contflbutlon from AFM fluctuation I)SDIS/ expected
LaOs,Sb,, (0 T) to decrease with decreasing temp_erat_u@ asT® _2 depenq-
F ing on the temperature randgewhich is inconsistent with
182 . ---.:l — :::::I sl : p(T) in the present measurements. It should be noted that the

theories up to now assume a metal without temperature de-
pendence of carrier densities. The more systematic studies on
different properties are necessary to settle the origin of the
temperature dependence pn
The inset of Fig. a) shows the # componentAp

=p(CeOgSh;,) - p(LaOsSh;,), assuming their Fermi sur-
o face to be basically the same. Such an assumption might be
.................... B AN, reasonable at high temperatures, taking into account the

CeOs,Sb,, (14T) closeness oRy near RT.Ap increases logarithmically with

decreasing temperature down tdl00 K, where it shows a

faint maximum. Above 60 K, the transport properties are
similar to those of ordinary heavy-fermion compounds. After
showing a shallow minimum at 60 K\p increases and var-
ies approximately a3~ below ~30 K, that is consistent

FIG. 2. Temperature dependence(af the electrical resistivity with the fact that the optical conductivity in the low-energy

p(T) and (b) Hall coefficient Ry(T) in LaOsSh;, along with range starts to decrease below about 65 K.

CeOsShy, and CeRyShy, The inset of Fig. @) shows the # As origins of this resistivity maximum, there are two pos-
component p=p(CeOsShy,) - p(LaOsShy,). sibilities depending on the magnitude of Kondo temperature

Tk compared with the crystalline electric fiel€EF) split-

tivity (py) measurements using an Oxford Instrument topﬂngr; _Il_n the Ce E(I)mp-oﬁ nr(]js ég&h as CgFMtE relatively

loading *He cryostat, down 0 0.3 K and up 0 14 T. The r o5k te rocr le with the CEF excitatidh the tempera-
ture of the resistivity maximun{~2100 K) roughly corre-
Yhonds toT,.26 In such systems, the magnetic susceptibility

magnetic measurements were made by a Quantum Desi
SQUID magnetometer up to 7 T. Resistivity for CgBls;, y exhibits a peak nedf,, however,y in CeOgSby, monoto-
nously increases with decreasing temperature without any

at room temperaturéRT) is ~500 u{) cm which is more
sign of peak structur® On the other hand, in loW, Ce

than twice as large as-200 u{) cm for LaOsShy,. The
large residual resistivity rati(RRR) of ~100 and successful compounds such as CeAldouble peaks ip(T) have been
observed as a function of temperatéf@nd are related with

observation of de Haas—van AlphédHvA) oscillation for
19 indi i i }
:Ia(c))?‘gz% Sct?lugnb?eagrms?ggd E)\Cb?qemcfhgfsfg;??nhaﬂﬁzlr the two Kondo temperaturedy, at high temperatures asso-
y =02 SING y 9 " ciated with all the CEF split levels an‘dK for low tempera-
I1l. RESULTS AND DISCUSSION tures resulting from only the CEF ground state for Ce-heavy

_ o fermion compounds. According to Hanzaetal,? Tf; and
The temperature dependence of electrical resistip(y) T'K are related as

for CeOgShy, is compared with those for LagBb;, and

CeRuyShy, in Fig. 2a).%° p(T) for CeOgSh, increases ap- T = (TkA A3, (3.1)

proximately asT~*2 over the wide temperature range below

~30 K at 0 T, which qualitatively agrees with the previous whereA; and A, are the CEF-splitting between the ground

report’? A small but apparent bend ip(T) curve is foundat state and the first and the second excited states, respectively.

around 0.8 K where some phase transition has been report@litting A=A, =A,=327 K (betweenl'; ground state andl'

in the specific-heat measuremettis. excited state estimated from the temperature dependence of
Hedoet al. reported the resistivity under high pressutes, magnetic susceptibilif) and Ti =100 K at the resistivity

where they fitted ap(T) ~exd(T"/T)*?] and found the re- maximum,T} is estimated as-10 K, leading to the specific-

ciprocal characteristic temperatureTi to be proportional to  heat coefficienty~ 1000 mJ/K mol2°® The experimental

the applied pressure up to 8 GPa. The dependengeasf  value of specific-heat coefficienty~180 mJ/K mol®

both temperature and pressure has been analyzed on the béserather close to that in the highly scenario of

of variable range hopping mod®, though the intrinsic y~ 100 mJ/K mol, which contradicts with the experimental

mechanism has not been well described. result. However, it should be noted that the peak temperature
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3502 WSz 5.7x10°8 m3/C below~50 K, which is consistent with the

~18 K under 14 T is close to the estimat'é:g and the mag- temperature dependence of the electronic density of states at
netic contribution to the resistivity at 0 T shown in the insetEr In_the optical measuremef?t. Interestingly, Ry in
of Fig. 2a) follows a —InT dependence only within the nar- C€0sSbi, shows approximately™* dependence in the same
row temperature range 1030 K. temperature range where varies approximately a3 12

Both the dc and the optical conductivities indicate the This fact automatllcl:?lly rules out the simple assignment of
decreasing carrier number belows0 K, which suggests the the origin of theT ™ dependence in resistivity to thede-
model to explain the low-temperature properties of this mapend_ence of_carrler density. In the case of Kondo insulator
terial must have the temperature-dependent carrier numb&eNiSN, the inconsistent temperature dependence bepween
and electronic density of states(T) above~60 K can be and Ry (the decrease ip contradicts with the decreasing

understood as of the ordinary Ce Kondo compound with £aTier number estimated froR, with decreasing tempera-
peak at~100 K corresponding td@y or TE- At lower tem- ture) has been ascribed to the increase in the carrier mobility

peratures, the increaseszrandRy, indicate the reduction of With decreasing temperatutéThe temperature dependences
density of states a.. However, the approximat& 2 de-  °f Hall mobility x=Ry/p in CeOgSh, and CeRyShy, are
pendence o in such a wide temperature rangef about compared in Fig 3. Both the magnitude and the temperature

two orders of magnitudedown to 0.6 K rules out the simple dependence o for the two compounds are very close
semiconducting state as an origin. apove~60 K, where no drastic change in the electrqnllc.: den-
Such a temperature dependence @buld be ascribed to Sty Of states aEg has been reporteld:>* Thus, the initial
the temperature dependence of carrier densiand scatter- "'S€ inu with decreasing temperature in Fig. 3 could not be
ing lifetime of electronsr, even if we assume the simplest ascribed to the increase m_the carrier mobility within the
single FS model. By combining,,, where only the tempera- nqrmal Hall effect contribution, but is more natu_rally as-
ture dependence of plays a role, we might be able to sepa- ¢1i€d to the anomalous Hall effethe skeV\lllzscatterlr)gIn
rate the two contributions. Figuréty shows the temperature 2ddition, for CeOgShy, taking into accounT™* dependence
dependence oR, for CeOsShy, along with those for the of 1/T1_ associated with the spin fluctuation near AFM criti-
reference compounds Lag®h, and CeRyShy,. At high cal pomt, the anomalous Hall component is expected to
temperaturesR,, is positive for all the three compounds and dominate also at lower temperatures.. I.n many Kondo com-
the magnitude is not much different. The estimated carrieP®Unds, tgk;él' dependence of Hall coefficient roughly follows
density is between 1.0—1.4 holes/f.u. at RT. Thelepen- E£9- (3.2
de_npe ofRy for LaOs,Shy, is not so large, but have a t_)road Ry(T) = Ryo+ R(Mx(T), (3.2)
minimum near~40 K. The decrease down to 40 K is as-
cribed to the change in the main scattering centers from thhereRg(T) is a function of the magnetic part of electrical
isotropic phonon-scattering with large wave vectés to resistivity. Rg(T) in Kondo materials has been well described
the anisotropic phonon scattering with smalterand the by the skew component under selected conditions. For rough
increase below-40 K reflects the recovery to the isotropic estimation, we have calculated the skew component based on
scattering by impuritied2-31 the simplest assumption &<(T)=ap(T); the coefficienta
Near RT,Ry for both CeOsSh,, and CeRySh;, increases takes different values above and beldwdepending on the
drastically with decreasing temperatures. Such an increase frhase shift associated with the scattering charfigéT) is
Ry have been observed in many Ce-based Kondo compoundise electrical resistivity under 1.5 T simultaneously mea-
related with the Kondo-like increase in resistivijhowever,  sured with Hall coefficient. The result is compared with the
the magnitude is unusually larger than that was reported preexperimental one in Fig. 4, where the main characteristic of
viously; usuallyR, shows a peak of the magnitude less thanRy(T); the almosfT~* dependence on temperature, is roughly
108 m3/C nearT,. For CeRySh;,, Ry tends to saturate to reproduced, taking into account the oversimplification of the
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FIG. 5. Field dependences @) the electrical resistivityp(H) 0 _;ﬁ{lf | . . L(b)
and (b) Hall resistivity py(H) in CeOsSh;. 0 1 3 4

model. The difference in curvature above50 K may be

ascribed to the change in sign efabove and belowly. FIG. 6. (a) Temperature dependence of the electrical resistivity

under selected magnetic fields ail) H-T phase diagram in

d To fufrther ur:jderstan_d the unusua:j tetr)nperlature deperbeOnglz. The higher field triangle point in the phase diagram was
ence ofp(T) an RH(T) in Figs. 2a) a_n . Z ) at low tem- estimated from a faint peak in the specific heat in Ref. 37.
peratures, the resistivity and Hall resistivity at selected tem-

peratures have been measured as a function of magnetic fieégb)_ae The peak structure can be reproduced, however, the
in Figs. 5a) and 3b), respectivelyp(H) is dramatically sup-  5greement of both the position and the width are not satis-
pressed; especially at 0.3 K, it is reduced~+d /70 under  factory. It must be noted that the theory on the anomalous
14 T. py exhibits a peak near 0.9 T above which it also gl effect assumes ordinary metallic Kondo systems with a
shows a drastic reduction. In the forR)y,=py/uoH, the re-  pagjcally constant carrier concentration. To make quantitative
duction factor~1/350 is about five times larger than that in comparison, a model taking into account the temperature de-
p, which is unexplainable only by a carrier density change i”pendence of carrier number is necessary.
the simplest single carrier model. This drastic field effect is' 14 understand another characteristic feature in Fig. 2, a
in sharp contrast with the pressure effectoreported to be  gmg|| put clear anomaly at 0.8 K where some phase transi-
minor in C?O§Sb12-21 _ _ tion was found in the specific-heat measuremédfswe
~These field dependences might be ascribed to the conkaye measured the temperature dependenpeasfshown in
bined effect of changes in carrier number and in carrier scatFig_ 6(a) along withp, (not shown under selected magnetic
tering intensity. The former alone in the simplest single carvie|ds. The position of the anomaly shifts with magnetic field,
rier model is unable to explain bo@(T) andR4(T) as was  \ynich is plotted in Fig. &) as aH-T phase diagram where
already mentioned related with the mobility in Fig. 3. In the anomalies found in the specific-heat measurements are
magnetic systems, the anomalous Hall component sometimgsg plottedi®37” Above about 4 T, the phase boundary deter-
predominates over the normal one; i.e., the Hall resistivitymined by the transport measurements deviates from that by
composed of the normal component proportional to magnetighe specific-heat measurement, which might be due to the
field H and anomalous one proportional to magnetizaMdn  small misalignment of crystalline direction to the magnetic
as field.
(3.3 Recently, Rotundu and Andraka also determinedHk€&
phase diagram fdd I[100] up to 10 T based on the specific-
Using p(H) in Fig. 5@ andM(H) measured by a supercon- heat measurementéTheir data points are in between those
ducting quantum interference devi¢8QUID) magnetome- in the present experiment and those in the specific-heat mea-
ter, the second term in E3.3) is plotted in the inset of Fig. surement by Namikiet al. below 10 T above which the

pr(H) = RyoH + RsM(H).
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anomaly is almost invisible i©(T). On the other hangh(T) more intense studies on other physical properties are neces-
in the present measurements exhibits an evident anomaly Lgary.

to 14 T, though the magnitude becomes quite small. Finally, we discuss the comparison of the transverse and
The feature of phase dia_gram is reminjscent of the antifongitudinal magnetoresistance as shown in Fi@).5p is
ferroquadrupoldAFQ) transition observed in CeB8° How-  larger in the longitudinalp,) than in the transverse geometry

ever, as already pointed out from t€T) measuremen$l® () above ~1 T. If only the Lorenz magnetoresistance
the electronic part of the entropy relea€0RIN2 at 0 T plays a rolep, is never smaller thap,. If one assumes the
and 0.0&In 2 at 4 T) below the transition temperature is t00 ~gnventional form of exchange interactiof=-Js-S be-
small to be attributed to Ioca!lzeﬂelectron contributions.  veen a conduction electron with spsrand a magnetic im-
ltinerant nature of ﬂelec_trons IS also_suﬂ%ggs’tedz by Bagér purity with spinS, the magnetoresistance is isotropic; inde-
al. in relation to the Wilson raticRy=(mkg/ 3pter) (xol 7) pendent of the relative orientation of the current and

S . 35 /
‘t’;’]g'%r;f; t?\jetr:ﬁaorr(]j:tzcorfngmg forisctﬁgigali Sﬂgé‘;"tﬁgl:ﬁ magnetic field directions. Fert reported experimental results
. 9 Nt P Yo of anisotropic magnetoresistance due to heavy rare-earth ions
andvy is the Sommerfeld coefficient. Moreover, the possibil-. 22 : ST
in Au,** which is explained by taking into account the qua-

ity of an AFQ transition in cubic system requires that theOI lar int " He h | lculated th iSOtrODi
CEF ground state i§g quartet, however, from the magnetic rupofar interaction. He has aiso caicu % ed the anisotropic
magnetoresistance for Ce impurities in 3ayhich qualita-

susceptibility measurement$the I'; ground state is sug- .. : . .
gested for CeQShy, inconsistent with the AFQ scenario. tively explains the egpenmental result. At this stage, we can-
Taking into account the minor changegrandRy, across the Nt say any c'oncluswe remark_ on the anisotropic magnetore-
transition along with the anomalous Hall contribution reflect-SiStance in Fig. &), however, it should be noted that some
ing the conduction electron scattering by magnetic instabilontribution from the orbital angular moment is necessary to
ity, the transition at 0.8 K may be ascribed to the Spin_explam such a anisotropic magnetoresistance. That might be
density-wave(SDW) order. Yogi et al. have found a clear also related with t_he unusudl-T phase diagram, in which
anomaly at~0.9 K in a recent Sb-NQR experimetiwhich the strong correlation betweet and conduction electrons is
was ascribed to the onset of SDW order. expected.

Rotundu and Andraka pointed out that their finding of a N summary, we have found an unusual temperature de-
sizable decrease of Sommerfeld coefficient above 5 T is i€ndence of both electrical resistivity and Hall coefficient
sharp contrast with the Kondo insulatdfssuch as CeNisn; Pelow ~30 K in CeOgShy,, which may be ascribed to the
where magnetic fields increase the Sommerfeld coefficierffombined effect of carrier density decreasing and spin fluc-
by destroying thec-f hybridization and closing the energy tuations. TheT qnom_alous I_ow—temperature state with large
gap38 The quenching of spin fluctuations by magnetic fielgselectrical resistivity is considerably suppressed by the mag-

is a possible explanation for the apparent decrease of Sonf€tic fields, suggesting a drastic change of electronic struc-
merfeld coefficient® which also indirectly suggests the ori- turé and suppression of spin fluctuations by the magnetic

gin of phase transition to be the SDW order. However, theield.
relation between the SDW order and the AFQ-like phase
diagram is still unclear. G&u;_,Rh,),Si, (x=0.05-0.2% is

also reported to exhibit a SDW order below 6*KHowever,

there exists a clear difference between the two compounds; The authors are grateful to thank Professors H. Harima,
in Ce(Ru;_,Rh),Si,, the change in carrier number may be M. Kohgi, K. Iwasa, O. Sakai, YOnuki, K. Miyake, Y. Ki-
minor, even if it exits, since it has a metallic ground state andaoka, Dr. M. Yogi, and Dr. T. Takimoto, for helpful discus-
the H-T phase diagram exhibits an ordinary AFM-like one. sions. They also thank Mr. A. Kuramochi for his help in the
Therefore, one can infer that the change in carrier densitjransport measurements. This work was supported by a
might play some role in the unusullT phase diagram of Grant-in-Aid for Scientific Research Priority Area “Skutteru-
CeOsShy,. To elucidate the origin of the phase transition dite” (Grant No. 150722060f the Ministry of Education,
and to establish the phase diagram including anisotropyCulture, Sports, Science and Technology, Japan.
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