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We have measured the ultrasonic velocity and attenuation coefficient of the rare-earth chalcoggh&le Sm
to examine the valence-fluctuation effect due to the coexistence ®f 8nd Sri* ions in the ratio of 1:2. The
ultrasonic dispersion around 120 K indicates that the charge-fluctuation time obeys the activation-type tem-
perature dependence= 7, expE/ksT) with a characteristic time 27,=2.5X10"*3sec and an activation
energyE=0.136 eV. The absence of the phase transition due to the charge ordering;Tie,Sneans a
freezing of SM" and Sni* ions in random distribution at low temperatures. We find an elastic softening with
In T dependence below 15 K down to a spin glass transition around 1.3 K. This striking behavior is attributed
to a two-level system due to the tunneling df dlectrons among randomly distributed Snand Sni" ions.
This result is similar to the ionic tunneling in amorphous glass compounds. Employing the group-theoretical
analysis, we show some aspects of charge-fluctuation modes jfegiand a possible mechanism for the

charge glass state of $mand Sni* ions.

I. INTRODUCTION

dering of YB" ions along the[111] direction belowT,

=292 K.> The present compounds of $4, however, do
Most of the rare-earth elements in their chemical composnot show the charge ordering even down to low tempera-
ites favor trivalent states. The compounds including Sm, Eutures.

Tm, and Yb elements very often show the valence-

fluctuation phenomena associated with the coexistence afctivation-type

The dc electric resistivity of SgX, exhibits the thermal
temperature dependence ofp

their trivalent and divalent statésThe samarium chalco- = poexpE/kgT).>® The activation energy determined by the

genides SiX, (X=S, Se, Te) with the TiP,-type structure
characterized by a cubic space groIﬁJare well known as
typical examples of a valence-fluctuation compound, where
two different valence ions of Sth and Sni* coexist? The
divalent SmM* ion has a 4° electronic configuration with
ground-state multiple F, and excited’F, at about 400 K,
while Sn* has a 4° configuration with ground-state mul-
tiplet ®Hs,. It is expected that the charge neutrality is filled
for the chemical composite consisting of two different va-
lences as SAT(SNT'),(X27),. Actually the magnetic sus-
ceptibility of SmyX, is explained by a sum of the suscepti-
bility of the Van Vleck term for Sii* with J=0 (0 K) and
J=1 (400 K), and of the Curie term for Sth with J=2 in
the coexistence ratio dfi(Sn?"):N(Sn?*)=1:234

A conventional unit cell of SpX, (X=S, Se, Te) in Fig.
1 includes four molecular formulas. Both ions of Smand
STt in SmyX,, occupy crystallographically equivalent sites
with S, symmetry and exhibit valence fluctuation due to the
thermal hopping motion of #electrons among different va-
lence states. The group of $¥y, therefore, is called an
inhomogeneously mixed valencgystemt We refer to
Yb,As; and FgO, as similar mixed valence compounds,
which show the charge ordering in lowering temperature. In

z

FIG. 1. Conventional unit cell of Sgie, with the ThP,-type

the case of YjAs;, the structural phase transition from a structure belonging to the space grotfp Four molecular formulas
cubic to a trigonal phase is accompanied by the charge omre included in the conventional unit cell.
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dc resistivity shows a common value B=0.12—-0.15eV 9.0
for the three compounds Sy (X=S, Se, Te). The high-
frequency dielectric response up to 1 GHz for S mea-
sured by the admittance meter indicates that the dielectric
dispersion of the Cole-Cole type is ruled by the thermal
activation-type relaxation time of(E) = 7o exp®&/kgT) with
E=0.14eV and 2rro=2.4x10 '3sec/ Furthermore, the
high-frequency resistivity of Sg&e, shows the carrier at low
temperatures to be completely absent. BecausgXgshows

a common transport property, it is expected that the present
compound SniiTe, is also characterized to be an insulator
without a carrier at low temperatures.

The ultrasonic measurements of the elastic constant and
attenuation coefficient for Sg8e, show a considerable dis-
persion around 120 K due to the thermal hopping motion of
4f electrons among Sth and Smi" ions® The relaxation
time determined by the ultrasonic method obeys the
activation-type temperature dependence o exp®/KkgT),
which is consistent with the result observed by the high-
frequency dielectric respon$e.

The low-temperature specific heat of $fp exhibits
broad rounded peaks at 0.8 K (§8), 1.2 K (SmSe;), and 188 |
1.5 K (SmTe,) due to the spin glass transitiéit* The
specific-heat anomaly shows a broad peak around a slightly -
higher temperature than the spin glass transition p&jnt . . . .
The ac magnetic susceptibility of Sie, also shows a cusp 180 50 100 150 200 250
around the spin glass transition 5§=1.3 K. A pronounced
irreversibility of low-temperature magnetization in zero field T(K)
cooling and field cooling in SgTe, is consistent with a FIG. 2. Temperature dependence of the elastic cons@tsf

metastable state of the spin glass phdse. . Sm;Te,. We measured the ultrasonic waves with frequencies 44
In the present paper, we 'show'the ultrasonic measurgy,, for C,, and 48 MHz for C11— C1,)/2, Cas. The bulk modu-

ments of SrQT?4 and the dispersion effect due to _the lus Cg was calculated by the results of the longitudi@l, and

valence-fluctuation state. The low-temperature behavior ofgnsverse Cy,—Cy»)/2 modes. The anomalies o€y, (Cys

elastic constants is shown in connection with the two-level_c /2, andC,, modes around 120 K are attributed to the ultra-
system of the 4 electrons in the random potential. An analy- sonic dispersion.

sis for the charge-fluctuation modes and a possible mecha-

nism for a formation of the charge glass state in;Bey are lll. RESULT AND DISCUSSION

presented. A. Ultrasonic dispersion

C“. (10 " erg/cm 3)

Figure 2 shows the temperature dependence of the elastic
constantsC;; of Sm;Te,. We used the longitudinal sound
wave with a frequency of 44 MHz for the measurement of

A single crystal of SniTe, was grown with a temperature C,; and a transverse wave of 48 MHz fo€{;— C1,)/2,
gradient methodn a W crucible sealed by electron-beam C,,. The bulk moduluCg in Fig. 2 is calculated from the
welding. The sample with a rectangular shape ofxX25 experimental results &€, and (C,;,— C4)/2. It is noted that
X2 mnt was prepared for the present ultrasonic measurethe anomalies of the elastic constants of ;5eg in Fig. 2
ment. The surfaces were polished with alumina powder to beesemble very well those of S®e,.2 This anomaly around
plane parallel. The piezoelectric transducers of LiNb@re 120 K is attributed to a dispersion effect, where the charac-
bonded on the parallel surfaces of the sample for generatingristic time 1f=2#/w of the sound wave coincides with
and receiving the ultrasonic wave. We employed the pulsethe relaxation time 27 of the valence fluctuation in S{fie,.
echo method for measurements of the ultrasonic velacity Therefore, the measurement of the attenuation coefficient for
by a homemade apparatus with the phase difference detectahe ultrasonic waves with different frequency is important to
The elastic constar = pv? was derived from the mass den- determine the valence fluctuation time.
sity p=7.450 g/cm with a lattice constana=9.5004 A of Open circles and squares in Fig. 3 show the temperature
the present sample Siire,. We used the1ATEC system with  dependence of the attenuation coefficient of SnsTe, for
an exponential-decay comparator for ultrasonic attenuatiothe longitudinalC,; mode with a fundamental frequency 14
measurements. A homemadele-evaporation refrigerator MHz and its overtone 44 MHz, respectively The maximum
was used for the low-temperature measurements down to Opgbsition of a4 shifts to a high-temperature side with increas-
K. The magnetic field up to 120 kOe was generated by ang frequency of the ultrasonic wave. We also present the
superconducting magnet. elastic constantC;; with 44 MHz. In the analysis of the

Il. EXPERIMENT
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FIG. 3. Attenuation coefficient,, of the longitudinalC,; mode
with the sound wave frequencies 14 and 44 MHz. Temperature FIG. 4. The relaxation time 2r determined by the ultrasonic
dependence of the elastic const@nt is also shown. Solid lines are  attenuation in SiTe,. The previous result of SiBe, is also pre-
fits of a1, with Eq. (1) based on the Debye-type dispersi@(=)  sented for comparison. Solid circles are results of Banand open
denotes a high-frequency limit ar@(0) a low-frequency limit. squares are of SiBe. The solid and dashed lines mean the
activation-type temperature dependeneer, expE/ksT) with the
ultrasonic attenuation of Fig. 3, we assume the Debye-typgarameters in the text.
dispersion with single relaxation timg(E). For the ultra-
sonic wave with angular frequeney=2f, the attenuation poth Snd* and Sni* ions are frozen to be spatially random
coefficienta,, is written as distribution. This behavior is in contrast to the usual second-
2 order phase transition, where the critical slowing down of the
_AC f G(B)o"(E) (1)  fluctuation time gives rise to the long-range ordering. In the
© 2pv° 1+w?r(E)*” present system of Syfie,, it is expected that a kind of frus-

_ B . . . tration effect prevents the long-range charge ordering due to
AC=C(=) = C(0) Is the difference of the elastic constants the Coulomb interaction. Even though the crystalline

for a high-frequency limitC(c) and a low-frequency limit - i el state of the # of SnP+ and the 45 of SnP*+

e s 3 St fon n th potetial wih tetagonal Syrmety has been
distribution functionG(E) for an ac'tivation energy as observed by the neutron scatterifighe intersite interaction
for the magnetic moments is strongly affected by the random
5 distribution of Smi* and SM* ions in the system. Actually
;ex;{— E(ﬂ) 2) the spin glass phase is observed in ;5& below T,
J27D 2\ D =1.3K.*? In the next section, we present the elastic anoma-
) o . lies around the spin glass transition.
Here E, is the center of the distribution of the activation
energy. The solid lines in Fig. 3 based on E@k. and (2)
with Eq=0.136 eV andD=0.020 eV reproduce the experi- B. Low-temperature anomaly
mental result of the attenuatiam,;. We useC(«)=(8.98 In Fig. 5 we show the low-temperature behavior of the
—0.00169) % 10" erg/cn? and C(0)=(8.71-0.00169) elastic constant€;; of Sm;Te, in expanded scales. The lon-
x 10 erg/cn? for high- and low-frequency limits, respec- gitudinal C;; mode and the transverseC{;—C15)/2,Caua
tively. modes exhibit noticeable softening about 0.02—0.04 % below
The solid line in Fig. 4 shows the relaxation time2of 15 K and show upturns around the spin glass transitign
SmyTe, with the activation-type temperature dependemce =1.3K. It should be noted that the low-temperature soften-
=19 expE/ksT). The experimental result of72- in SmySe;  ing has been observed iI€(,— C,,)/2 andC,, modes asso-
is also presented in Fig. 4 for comparison. We obtained @&iated with symmetry-breaking shear strains, while the bulk
characteristic time for a high-temperature limitr2,=2.5  modulusCg of the volume strain with total symmetry shows
x 10 Bsec and an activation energy &,=0.136€eV in a monotonous increase in lowering temperature.
SmyTe,, which are almost equal to the previous results of The softening of the longitudinaC,; mode in Fig. 6
2779=2.4x10 Bsec andE,=0.14eV in SmSe,.”® The  shows a logarithmic temperature dependence af below
present experiment indicates that the elastic properties df1 K and shows a minimum around the spin glass transition
SmX4 (X=S, Se, Te) also resemble each other. of Ty=1.3Kin zero field. Even in magnetic fields parallel to
In a low-temperature limit, the valence fluctuation rate ofthe [100] direction the softening of I has also been ob-
SmyTe, becomes infinite without long-range ordering andserved. As shown in the inset of Fig. 6, the minimum point

o

G(E)=
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FIG. 6. Elastic constant af,; of SmyTe, under magnetic fields
parallel to the propagation directi¢f00] of the longitudinal ultra-
1.9444 L 2'0 20 sonic wave. Solid line is a fit to determine tunneling parameters
0 10 from Eq. (3) in the text withTo=11K andK =0.44x 10",
T(K)

amorphous glass compounds is caused by the tunneling of
FIG. 5. Low-temperature behavior of the elastic constan@;pf ~ ions through random potential$?° The dimensionless pa-

in SmyTe,. TheCyy, (C11—C1)/2, andCyy modes exhibit soften-
Ty=1.3K.

rameterK in amorphous glass compounds is known to be a
ing below 15 K and show upturns around the spin glass transitiouiniversal value of about 10, which does not show the
sample dependené&;??
The thermal hopping motion of thef4electrons across
of the spin glass transition gradually shifts to a low- the potential barrier oE=0.136 eV in SrgTe, dies out com-
temperature side with increasing magnetic field. pletely at low temperatures. The tunneling motion of the 4
It has been found that the glass compounds show chara€lectrons among the randomly distributed “Snand Sni*
teristic low-temperature properties of the specific h€at ions in SmTe, plays an important role at low temperatures.
=T, the thermal conductivitx = AT?, and the elastic soft- In this context we propose that the Tndependence of the
ening with InT dependence. These properties are attribute@lastic constant in Sgiie, is attributed to the two-level sys-
to the two-level system, which is caused by the tunnelingem of the 4 electron among randomly distributed Sm
motion of ions in the random potential of the glassand Sm* ions. The solid line of theS;; mode in Fig. 6 is
compounds®~7 As shown in the preceding section, the obtained by Eq.(3) with the constant =Py?/pv?=0.44
charge glass state is formed by the random distribution of< 10™4.
Sn?* and Sni' ions in SmTe,. Therefore, we propose that ~ The transverseG;;— C;,)/2 mode in Fig. 7 also shows a
the two-level system due to the tunneling motion of tife 4 softening proportional to I below 12 K down to 1.3 K
electron in the random potential gives rise to the low-under zero field. In the case o€{;—C;)/2, the minimum
temperature softening with Thdependence in Fig. 5. In the point at 1.3 K under zero field shifts to a low-temperature
analogy of ionic tunneling in glass compounds, we write aside under the magnetic field parallel to fi60]. We have
low-temperature softening of elastic consta&/C as®!8 deducedk =1.4x 10" * from the inclination of the solid line

in Fig. 7.
T

To

AC _28v_ 2[u(T)—v(Tg)] 2Py (

C v v(To) - pv? In

The transvers€,, mode under magnetic fields in Fig. 8
also shows the logarithmic temperature dependence Bf In

below 14 K. From the inclination of the solid line f&,,
T with Eq. (3) in Fig. 8, K=0.71x10 % was derived. Cg,
=2Kln T_o ' 3 becomes softer in decreasing the temperature towards the
o spin glass transition point around 1.3 K. The minimum point
Here,v is the velocity of ultrasound? is the density of the corresponding to the spin glass transition shifts to a low-
two-level systemy is the coupling constant of the ultrasonic temperature side with increasing magnetic field. This behav-
wave with the two-level system, afg is the reference tem-

ior is consistent with the results &, in Fig. 6 and Cq4
perature. The I dependence of the elastic constants of—C;,)/2 in Fig. 7.
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FIG. 7. Elastic constant of@;;— C;,)/2 of SmyTe, under mag-
netic fields parallel to the propagation directidi0] of the trans-
verse ultrasonic wave. Solid line is a fit from E®) in the text with
To=13K andK=1.4x10"*.

The elastic constantpv?

and the coupling parameters
K,Py? in SmyTe, are listed in Table I. The parameters of the

borosilicate glass and metallic glass;§&1,sCug are also pre-
sented in Table | for comparisdfi?!=2*It should be noted
that

the

constant K=(0.44—-1.4)x10 4

mined by the present ultrasonic experiment is consistent with
=(0.14-0.52)< 10% erg/cn? for the two-level system due to fig|ds !

and P2

the 4f-electron tunneling in SgTe, has the same order of

with the ionic tunneling state.

T(K)

FIG. 8. Elastic constant af,, of SmyTe, under magnetic fields
parallel to the propagation directidd00] of the transverse ultra-

sonic wave. Solid line is a fit from Eq3) in the text with T,
=14K andK=0.71x 104,

in the

dependence, therefore, shows the upturn at the spin glass
transition point. The cross marks, open circles, and open tri-
angles in Fig. 9 are spin glass transition points determined by
Cq1 in Fig. 6, (C11—C49)/2 in Fig. 7, andC,, in Fig. 8,
respectively. The magnetic phase diagram of Fig. 9 deter-

the result obtained by the specific-heat measurement in

low-

The saturation effect has been found
magnitude as the result in the amorphous glass compoungémperature ultrasonic measurement for the two-level system
of amorphous glas®. The electric pulse height for the gen-
The internal magnetic field caused by the spin glass oreration of the input ultrasonic wave in the present low-
dering may reduce the density of st&efor the low-energy
tunneling state in SgTe,. The elastic softening with

temperature measurement was less than 0.1 V, which is es-
timated to be smaller than 04W.2° This ensures that the

TABLE I. The parameterpv?, Py?, and K=Py%pv? for the elastic softening due to the two-level system in;Bep at low
temperatures by E@3) in the text. Typical parameters of borosilicate glass, vitreous silica, and metallic glasg8f, &l are also listed
for comparisonRefs. 16 and 21-24

Sample Mode K pv? (erg/cn?) P92 (erg/cr) v (eV)

SmTe, Cu 0.44x 104 8.90x 10! 0.39x 1¢°
(C11—C1p)/2 1.4x10°* 3.73x 10 0.52x 1¢¢
Cu 0.71x 1074 1.95x 101! 0.14x 1¢¢

Borosilicate longitudinal 3910* 9.0x 101 2.3x10° 0.3

glass transverse 0810 4 1.4x 10" 1.1x 108
Vitreous longitudinal 2.810°4 7.4x 101 2.1x10° 0.4
silica
Pd,sSi;cCls longitudinal 1.2x10°4 14x 101 1.5x 108 0.4
transverse 0.2810 ¢ 3.4x 10 0.1x1¢
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FIG. 9. Magnetic phase diagram for the spin glass transition of
SmyTe, determined by the present ultrasonic measurements. z
Crosses and open triangles are obtained f@m,C,, under the ﬁ‘x
fields along[100]. Open circles are from;,— C,,)/2 under field
of [110]. FIG. 10. Sm ions in the conventional unit cell of $Fe, with

] ) ] _the ThP,-type structure belonging to space gro‘[ﬁ) Two crystal-
present ultrasonic measurement with small input power igographically equivalent sites Sim(i=1,2, . . .,6) aréncluded in
free from the saturation effect for the two-level system inthe conventional unit cell because of the presence of body-centered
SmpTey. symmetry.

Smé

Sm3

C. Analysis of the charge-fluctuation mode

. . . Sm5: ps=ps(0,7,3),
It is naturally expected that the Coulomb interaction

among trivalent and divalent ions favors the charge ordering

in lowering temperature. We have previously reported the

mechanism of the charge ordering in JAis; with the anti- Sm6: pg=ps(0.5.5),

ThgP, structure in the framework of the Landau phenomeno-

logical theory? The present ultrasonic experiment, however,

shows clearly the absence of the phase transition due to tHaere the body-centerehc) symmetry means that two crys-
charge ordering in Sgie,. In this section we analyze the tallographmally equivalent Sm sites in the corjvenuonal unit
charge-fluctuation modes and propose a mechanism for irRell of Fig. 10 are related to the pure translation operator of
charge glass state in Sie,. Furthermore, we discuss the {E|3 3 3} in the conventional unit cell.
possibility of charge ordering in an isomorphous valence- One can derive the representation matrices wixhe6el-
fluctuation compound of E$, with the ThP,-type struc- ements by acting 24 symmetry operators of space gf@.lp
ture. on p; .%® We obtain the characters by tracing of the represen-

In order to pick up charge-fluctuation modes in JJiey, tation matrices. The charge-fluctuation modes of;Ean
we apply the group-theoretical analysis in assuming thevith the ThP,-type structure are decomposed into irreduc-
charge  neutrality with  the  coexistence  ratio ible representations, (1D), I'; (2D), andI", (3D). Employ-
N(Sn?*):N(Sn?*)=1:2. This condition is satisfied in ing the projection operator, one obtains the bases for the
SmyTe, because of the absence of a carrier at low temperarreducible representation in Table?fl.The elastic strains
tures. Furthermore, we take only Sm ions into consideratioharacterized by, I';, andI's symmetries are also listed
for the analysis of the charge-fluctuation modes and we arg Table |I.
not concerned with a mixing effect betweef dlectrons of The charge densityp=py+Ap is introduced for the
Sm and P electrons of Te. second-order phase transition in the Landau phenomenologi-

We introduce the charge density (i=1,2,...,6) for the cal theory. Hergy, is the invariant term of the charge density
ith site of the Sm ion in Fig. 10 as a function of the positionin both phases above and below transition pdipt The
vector in units of the lattice parameter=9.5004A of  density ofAp for a symmetry-breaking term is expanded by
SmyTey: the product of the order paramet@; , and the charge-
fluctuation modepy , asAp=2r ,Qr ,pr,,. This term is
Ap=0 aboveT. and Ap#0 below T.. In the case of
SmyTe,, the charge-fluctuation modes of eithEg or I',
with symmetry-breaking character can prove to be an active
- representation for the second-order transition. The constraint
Sm3: p3=p3(7.5.0), of integer charge unié for the localized 4 electron in the

(4)  ordered phase permits onQy s, for the prz, mode to be an

Sma: py=p4(3.3,0), order parameter. This point is discussed again later.

Sml: pl:pl(gaov%)!

Sm2: p2:p2(%!0u§1)!
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TABLE Il. The charge-fluctuation mode and the elastic strain for the valence fluctuation compound
SmyTe, of ThyP,-type structure with space groaiﬁ. In the constraint of the localized character of thie 4
electron in the present Sifie, compound, the charge-fluctuation mode mf;,,=p;+ po+p3+ps—2ps
—2pg in Fig. 11(a) permits the charge distribution with integer values of @it

Symmetry Charge-fluctuation mode Elastic strain
Iy pri=pitp2tpztpstpstpe ep=exxtT eyyt €y,
I prau=p1tp2tpstps—2ps—2pg eu:(zezz_sxx_syy)\fs

Pr3p=—P1~ P2t p3tp, £y = Exx Eyy
r, Prax=pP1— P2
Pray=—p3tps
Praz=Ps~ Ps
I's €yz
€zx
Exy
It is important to note that the order parame@ys,, for The analysis based on E@) leads to the possibility of a

the charge-fluctuation moderz, and Qrs, for prs, may  softening of C,,—C,5)/2 with I'; symmetry in the com-
couple to the tetragonal strain=(2¢,,~ exx—&yy)/y3 and  pound. As shown in Fig. 2, however, the softening @ {

the orthorhombic straig, = e,— ey, respectively. Thisin- —Ci2)/2 has not been found in the present experiment of
teraction term is written as SmgTe,. This result means that thE; charge-fluctuation

mode does not freeze even at low temperatures and suggests
. that the ground state of the charge-fluctuation modes in
Hint=9ra(Qraueut Qraue,)- (5 SmyTe, does not belong to thE; character.

. ) In Fig. 11(c), we show the charge-fluctuation mode of
On the other hand, the charge-fluctuation mode Witsym- prax=pi—p» as a representative of tHe, triplet. The bi-

metry is absent in Sgie,. Therefore, the coupling of the |inear coupling of the charge-fluctuation moge, to the
charge-fluctuation mode to the elastic straip},e,x,exy Of  elastic strain is absent, because the appropriate elastic strain
the C44 mode is lacking. with I', symmetry does not exist. The charge distribution of
The charge-fluctuation mode with, symmetrypri=p;  pr,, in Fig. 11(c) represents integer charge- 3t the Sm1
+po+ p3t pst pstpe represents uniform charge distribu- site, while noninteger charg@/3+) is located at the Sm2
tion all over the Sm sites with a mean valencé€®&8B8+). The  site and(8/3+) at the Sm3, Sm4, Sm5, Sm6 sites.
I'y charge-fluctuation mode may couple to the bulk strain The noninteger charge distribution is allowed only in a
eg=&xxt &yyT &,,, but this coupling does not play an im- high-temperature side, where the charge fluctuation is avail-
portant role in SrgTe, because of the absence of the soften-able in the thermally activated process. On the other hand,
ing in the bulk modulusCy=(Cy;+2C1,)/3 in the experi- ©only the integer charge location on Sm sites is realized in the
mental result of Fig. 2. This means that the coexistence ratigrdered phase, because the localization of theskectron
of Sm?* and Sni* ions in SmTe, remains constant even in prohibits the noninteger charge d|_str|t_)ut|on. In this context,
lowering temperature. This result on §he, is in contrast to the c_harge-fluctuatlon mode pf3:u in Fig. 1.1(3) is the only
the considerable softening of the bulk moduldg of the candidate for the charge-ordering state in the compounds

intermediate valence compound SgnB/here the population with the ThP,-type structure. In th_e pr_esent system of
of the Sn?"* ionic state increases in lowering temperatiire. SMs'€s however, the charge ordering is absent and the
The valence at each rare-earth site in the c:harge—orderéiﬁ1arge 9"?"53 state due to the random distribution of 'Sm
phase must be an integral multiple of the fundamental chargd Sni" ions is realized. A possibility of the charge order-
e, because of the localization of thé &lectron. Keeping this "9 Of prau in EusS, is discussed in the following section.
principle in mind, consider now the implications of the 1ne difference in the Madelung energy between the

charge-fluctuation modes with symmetry-breaking charactefnarge-fluctuation modes dfy, I's, andl'y in SmsTe, is
in Table II. The charge-fluctuation mogse-s,, is the only 1Ot clear at the present stage. When ihe mode is the

mode which has the integer charge distribution in the unit ofound state of the system, the freeze of the mode is
e. TheT'; mode Ofpray=py+ pat ps+ pa—2ps—2pe that expected at low temperatures. However, the ordered phase

couples to a tetragonal strain=(2&,,~ £y, &y,)/3 per- with the_integer charge of the fundamental umiat th_e _Sm
mits the location of the integer charge of &t sites of Sm1, SiteS iS impossible by the freeze of thg mode. This is a

Sm2. Sm3. Sm4 and< at sites of Sm5. Sm6 as shown in Probable scenario for the charge glass state of the random
Fig. il(a). ' ' distribution of SM* and Smi* ions in SmTe, at low tem-

The mode Ofprg, = — p1— po+ ps+pa in Fig. 11(b) may ~ Peratures.
couple to an orthorhombic strai), =e,,—e&y,. The charge
distribution of pr3,, in Fig. 11(b), however, represents inte-
ger charge 3 at sites of Sm3, Sm4, noninteger chafgé In this paper we present the elastic constant and the ultra-
3+) at sites of Sm1, Sm2, an@/3+) at sites of Sm5, Sm6. sonic attenuation of the charge-fluctuation compound

IV. CONCLUDING REMARKS
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FIG. 11. (a) A charge-fluctuation mode Qfp3,=p1+p2+ps+ps—2ps—2pe in SMyTe, with the ThyP,-type structure. In the charge-
fluctuation mode opr3,,, the trivalent S ions occupy the sites of Sm1, Sm2, Sm3, Sm4 and the divalefit 8ms locate the sites of
Sm5, Sm6. Therz, mode is a candidate for the charge ordering state in the valence-fluctuation compound withRfgydé structure.
(b) A charge-fluctuation mode qfr3,=—p;— po+ p3+p4 in SMyTe, with ThyP,-type structure. In ther;, mode, the integer charget3
is located at the Sm3, Sm4 site, while noninteger ch&rg@+) thermally populates at Sm1, Sm2 a(®@I3+) at Sm5, Sm6 sitedc) A
charge-fluctuation mode gf4x=p;1— p, in SmyTe, with ThyP,-type structure. In ther,, mode, the integer charget3is located at the
Sm1 site, while noninteger charg@/3+) thermally populates at Sm2 aif@/3+) at Sm3, Sm4, Sm5, Sm6 sites.

SmyTe,. It was found that SgTe, shows the ultrasonic dis- proportional to Inl. This result strongly suggests that the
persion due to the charge fluctuation df dlectrons among two-level system of the #electrons tunneling among $im
Sn?™ and Sni* ions. Even though the charge-fluctuation and Smi* ions exists although the lattice of Sfe, has a
time 277 of SnyTe, becomes infinite in lowering tempera- perfect periodicity. The |IT dependence of the elastic con-
ture, the phase transition associated with the charge orderirgiant, the large specific-heat coefficient@fT, and the spin
has not been found. This means that the charge fluctuation iglass phase in Sgiie, are consistent with the scenario of the
SmyTe, freezes to be the charge glass state with the randonwo-level system of the #electron tunneling in the random
distribution of SM* and Sni* ions. potential of SM* and Sni* ions.
At low temperatures we observed the characteristic soft- We made the group-theoretical analysis of the charge

ening of the elastic constantS,;, (Cy;—C1»)/2, andCy  fluctuation in the compound with the I structure under
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the condition of charge neutrality. The charge-fluctuationtetragonal distortion aff.. The neutron experiment of
modes are decomposed into irreducible representations @&u,S,, however, pointed out the trigonal distortion along the
I'y, I's, andI'y. When the charge-fluctuation mode wifh  [111] direction atT,.>° As was presented already, the order-
symmetry is the ground state, the ordered phase associatgfly of the charge-fluctuation moge-s,, in Fig. 11(a) leads
with integer charge of unie is impossible. In the present paturally to the lattice distortion from cubic to tetragonal
case of SnjTe,, therefore, we may suggest that the freezingpnase with a spontaneous straip= (2&,,— & o — £y,)/(3 at
of thel", mode givgs rise to the charge g!ass state because qfc_ Furthermore, the elastic softening oE{— C1,)/2 is
the charge frugtrauon effect. The constraint pf the charge U”@xpected around’,. In order to obtain a scenario for the
e for the Iocahzepl 4 electrons at the Sm site prevents thecharge ordering in Ei$,, x-ray and ultrasonic investigations
long-range ordering of th&, mode. on the compounds are desired.

The charge-fluctuation modeprz,=p1+po+pst+ps
—2ps—2pg is the only candidate for the order parameter of
the charge ordering with the integer charge of win the
ThyP,-type compound. The freeze of the charge-fluctuation ACKNOWLEDGMENTS
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to tetragonal. It is quite interesting that the isomorphoudessor T. Nakayama for valuable discussions on the two-
compound EgS5, with the ThyP,-type structure exhibits the level system. This work was partly supported by the Grant-
charge ordering due to Buand EJ" ions atT,=186K.2° in-Aid for Scientific Research from the Ministry of
The thermal expansion on BB measurement suggests the Education, Science and Culture of Japan.

1C. M. Varma, Rev. Mod. Phyl8, 219 (1976. 17T, Nakayama, J. Phys. Soc. Ji8 3540(1999.
2F. L. Carter, J. Solid State Cher, 300(1972. 18T, Nakayama and K. Yakubd?roceedings of the 5th Interna-
3A. Ochiai, Master thesis, Tohoku University, 1979. tional Conference on Phonon Scattering in Condensed Matter
4J. M. D. Coey, B. Cornut, F. Holtzberg, and S. von Molnar, J.  edited by A. C. Anderson and J. P. Wolfe, Springer Series in
Appl. Phys.50, 1923(1979. Solid State Science Vol. 6pringer, Berlin, 1986 p. 94.
5T. Goto, Y. Nemoto, A. Ochiai, and T. Suzuki, Phys. Rev6®  °R. C. Zeller and R. O. Pohl, Phys. Rev.432029(1977).
269 (1999. 20 Amorphous Solids: Low-Temperature Propertiegited by W. A.
6B. Batlogg, E. Kaldis, A. Schlegel, G. von Schulthess, and P. Phillips (Springer, Berlin, 19811
Wachter, Solid State Commuf9, 673 (1976. 21T, L. Smith, P. J. Anthony, and A. C. Anderson, Phys. Rel7B

"H. Goto, K. Baba, T. Goto, S. Nakamura, A. Tamaki, A. Ochiai, 4997 (1978.
T. Suzuki, and T. Kasuya, J. Phys. Soc. JpB.1365(1993. 22p_Esquinazi, R. Knig, and F. Pobell, Z. Phys. B: Condens. Mat-
8A. Tamaki, T. Goto, S. Kunii, T. Suzuki, T. Fujimura, and T. ter 87, 305(1992.
Kasuya, J. Phys. @8, 5849(1985. ZA. K. Raychaudhuri and S. Hunklinger, Z. Phys. B: Condens.
9S. von Molnar, F. Holtzberg, A. Benoit, A. Briggs, J. Flouquet,  Matter57, 113(1984).
and J. L. TholenceYalence InstabilitegNorth-Holland, Am-  ?*U. Buchenau, Yu. M. Galperin, V. L. Gurevich, and H. R.
sterdam, 198 p. 597. Schober, Phys. Rev. B3, 5039(199)).
10K . Fraas, U. Ahlheim, P. H. P. Reinders, C. Schank, R. Casparyz,ST. Goto, S. Sakatsume, A. Sawada, H. Matsui, R. Settai, S. Na-
F. Steglich, A. Ochiai, T. Suzuki, and T. Kasuya, J. Magn. kamura, Y. Ohtani, H. Goto, Y. Ohe, A. Tamaki, Y. Fuda, K.

Magn. Mater.108 220 (1992. Abe, Y. Yamato, and T. Fujimura, Cryogeni8g, 902 (1992.
H. Aoki and A. Ochiai(private communication %8|nternational Tables for Crystallography Volume Adited by
127, Tayama, K. Tenya, H. Amitsuka, T. Sakakibara, A. Ochiai, Theo Hahn(Kluwer Academic Publishers, Dordrecht, 1989

and T. Suzuki, J. Phys. Soc. J@%, 3467(1996. 27T, Inui, Y. Tanabe, and Y. Onoder&roup Theory and Its Ap-

13p, A. Alekseev, P. Fabi, J.-M. Mignot, E. V. Nefeodova, A. plications in PhysicgSpringer, Berlin, 1990
Ochiai, and S. A. Riazantsev, Physica2B4-236 883 (1997). 283, Nakamura, T. Goto, M. Kasaya, and S. Kunii, J. Phys. Soc.
p. W. Anderson, B. I. Halperin, and C. M. Varma, Philos. Mag.  Jpn.60, 4311(1997).
25, 1 (1972. 2R, Pott, G. Gutherodt, W. Wichelhaus, M. Ohl, and H. Bach,
153, Jakle, Z. Phys257, 212 (1972. Phys. Rev. B27, 359(1983.
16g, Hunklinger and W. ArnoldPhysical Acoustic¥Academic, 30\, Wickelhaus, A. Simon, K. W. H. Stevens, P. J. Brown, and K.
New York, 1976, Vol. XII, p. 155. R. A. Ziebeck, Philos. Mag. B6, 115 (1982.



