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Ultrasonic study of the charge-fluctuation compound Sm3Te4
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We have measured the ultrasonic velocity and attenuation coefficient of the rare-earth chalcogenide Sm3Te4

to examine the valence-fluctuation effect due to the coexistence of Sm21 and Sm31 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 dependencet5t0 exp(E/kBT) with a characteristic time 2pt052.5310213 sec and an activation
energyE50.136 eV. The absence of the phase transition due to the charge ordering in Sm3Te4 means a
freezing of Sm21 and Sm31 ions in random distribution at low temperatures. We find an elastic softening with
ln 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 of 4f electrons among randomly distributed Sm21 and Sm31 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 in Sm3Te4 and a possible mechanism for the
charge glass state of Sm21 and Sm31 ions.
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I. INTRODUCTION

Most of the rare-earth elements in their chemical comp
ites favor trivalent states. The compounds including Sm,
Tm, and Yb elements very often show the valenc
fluctuation phenomena associated with the coexistenc
their trivalent and divalent states.1 The samarium chalco
genides Sm3X4 (X5S, Se, Te) with the Th3P4-type structure
characterized by a cubic space groupTd

6 are well known as
typical examples of a valence-fluctuation compound, wh
two different valence ions of Sm21 and Sm31 coexist.2 The
divalent Sm21 ion has a 4f 6 electronic configuration with
ground-state multiplet7F0 and excited7F1 at about 400 K,
while Sm31 has a 4f 5 configuration with ground-state mu
tiplet 6H5/2. It is expected that the charge neutrality is fille
for the chemical composite consisting of two different v
lences as Sm21~Sm31!2(X

22)4 . Actually the magnetic sus
ceptibility of Sm3X4 is explained by a sum of the suscep
bility of the Van Vleck term for Sm21 with J50 ~0 K! and
J51 ~400 K!, and of the Curie term for Sm31 with J5 5

2 in
the coexistence ratio ofN(Sm21):N(Sm31)51:2.3,4

A conventional unit cell of Sm3X4 (X5S, Se, Te) in Fig.
1 includes four molecular formulas. Both ions of Sm21 and
Sm31 in Sm3X4 occupy crystallographically equivalent site
with S4 symmetry and exhibit valence fluctuation due to t
thermal hopping motion of 4f electrons among different va
lence states. The group of Sm3X4 , therefore, is called an
inhomogeneously mixed valencesystem.1 We refer to
Yb4As3 and Fe3O4 as similar mixed valence compound
which show the charge ordering in lowering temperature
the case of Yb4As3, the structural phase transition from
cubic to a trigonal phase is accompanied by the charge
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dering of Yb31 ions along the@111# direction belowTc
5292 K.5 The present compounds of Sm3X4 , however, do
not show the charge ordering even down to low tempe
tures.

The dc electric resistivity of Sm3X4 exhibits the thermal
activation-type temperature dependence ofr
5r0 exp(E/kBT).3,6 The activation energy determined by th

FIG. 1. Conventional unit cell of Sm3Te4 with the Th3P4-type
structure belonging to the space groupTd

6. Four molecular formulas
are included in the conventional unit cell.
12 050 ©2000 The American Physical Society
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PRB 61 12 051ULTRASONIC STUDY OF THE CHARGE-FLUCTUATION . . .
dc resistivity shows a common value ofE50.12– 0.15 eV
for the three compounds Sm3X4 (X5S, Se, Te). The high-
frequency dielectric response up to 1 GHz for Sm3Se4 mea-
sured by the admittance meter indicates that the dielec
dispersion of the Cole-Cole type is ruled by the therm
activation-type relaxation time oft(E)5t0 exp(E/kBT) with
E50.14 eV and 2pt052.4310213sec.7 Furthermore, the
high-frequency resistivity of Sm3Se4 shows the carrier at low
temperatures to be completely absent. Because Sm3X4 shows
a common transport property, it is expected that the pre
compound Sm3Te4 is also characterized to be an insulat
without a carrier at low temperatures.

The ultrasonic measurements of the elastic constant
attenuation coefficient for Sm3Se4 show a considerable dis
persion around 120 K due to the thermal hopping motion
4 f electrons among Sm21 and Sm31 ions.8 The relaxation
time determined by the ultrasonic method obeys
activation-type temperature dependencet5t0 exp(E/kBT),
which is consistent with the result observed by the hig
frequency dielectric response.7

The low-temperature specific heat of Sm3X4 exhibits
broad rounded peaks at 0.8 K (Sm3S4), 1.2 K (Sm3Se4), and
1.5 K (Sm3Te4) due to the spin glass transition.9–11 The
specific-heat anomaly shows a broad peak around a slig
higher temperature than the spin glass transition pointTg .
The ac magnetic susceptibility of Sm3Te4 also shows a cusp
around the spin glass transition ofTg51.3 K. A pronounced
irreversibility of low-temperature magnetization in zero fie
cooling and field cooling in Sm3Te4 is consistent with a
metastable state of the spin glass phase.12

In the present paper, we show the ultrasonic meas
ments of Sm3Te4 and the dispersion effect due to th
valence-fluctuation state. The low-temperature behavio
elastic constants is shown in connection with the two-le
system of the 4f electrons in the random potential. An anal
sis for the charge-fluctuation modes and a possible me
nism for a formation of the charge glass state in Sm3Te4 are
presented.

II. EXPERIMENT

A single crystal of Sm3Te4 was grown with a temperatur
gradient method in a W crucible sealed by electron-bea
welding. The sample with a rectangular shape of 2.532
32 mm3 was prepared for the present ultrasonic measu
ment. The surfaces were polished with alumina powder to
plane parallel. The piezoelectric transducers of LiNbO3 were
bonded on the parallel surfaces of the sample for genera
and receiving the ultrasonic wave. We employed the pu
echo method for measurements of the ultrasonic velocitv
by a homemade apparatus with the phase difference dete
The elastic constantC5rv2 was derived from the mass den
sity r57.450 g/cm3 with a lattice constanta59.5004 Å of
the present sample Sm3Te4. We used theMATEC system with
an exponential-decay comparator for ultrasonic attenua
measurements. A homemade3He-evaporation refrigerato
was used for the low-temperature measurements down to
K. The magnetic field up to 120 kOe was generated b
superconducting magnet.
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III. RESULT AND DISCUSSION

A. Ultrasonic dispersion

Figure 2 shows the temperature dependence of the el
constantsCi j of Sm3Te4. We used the longitudinal soun
wave with a frequency of 44 MHz for the measurement
C11 and a transverse wave of 48 MHz for (C112C12)/2,
C44. The bulk modulusCB in Fig. 2 is calculated from the
experimental results ofC11 and (C112C12)/2. It is noted that
the anomalies of the elastic constants of Sm3Te4 in Fig. 2
resemble very well those of Sm3Se4.

8 This anomaly around
120 K is attributed to a dispersion effect, where the char
teristic time 1/f 52p/v of the sound wave coincides wit
the relaxation time 2pt of the valence fluctuation in Sm3Te4.
Therefore, the measurement of the attenuation coefficien
the ultrasonic waves with different frequency is important
determine the valence fluctuation time.

Open circles and squares in Fig. 3 show the tempera
dependence of the attenuation coefficienta11 of Sm3Te4 for
the longitudinalC11 mode with a fundamental frequency 1
MHz and its overtone 44 MHz, respectively The maximu
position ofa11 shifts to a high-temperature side with increa
ing frequency of the ultrasonic wave. We also present
elastic constantC11 with 44 MHz. In the analysis of the

FIG. 2. Temperature dependence of the elastic constantsCi j of
Sm3Te4. We measured the ultrasonic waves with frequencies
MHz for C11 and 48 MHz for (C112C12)/2, C44. The bulk modu-
lus CB was calculated by the results of the longitudinalC11 and
transverse (C112C12)/2 modes. The anomalies ofC11, (C11

2C12)/2, andC44 modes around 120 K are attributed to the ultr
sonic dispersion.
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ultrasonic attenuation of Fig. 3, we assume the Debye-t
dispersion with single relaxation timet(E). For the ultra-
sonic wave with angular frequencyv52p f , the attenuation
coefficientav is written as

av5
DC

2rv3 E dE
G~E!v2t~E!

11v2t~E!2 . ~1!

DC5C(`)2C(0) is the difference of the elastic constan
for a high-frequency limitC(`) and a low-frequency limit
C(0). In order to describe the distribution of the relaxati
time t(E) of the charge fluctuation, we introduce a Gauss
distribution functionG(E) for an activation energy as

G~E!5
1

A2pD
expF2

1

2 S E2E0

D D 2G . ~2!

Here E0 is the center of the distribution of the activatio
energy. The solid lines in Fig. 3 based on Eqs.~1! and ~2!
with E050.136 eV andD50.020 eV reproduce the exper
mental result of the attenuationa11. We useC(`)5(8.98
20.001 65T)31011erg/cm3 and C(0)5(8.7120.001 65T)
31011erg/cm3 for high- and low-frequency limits, respec
tively.

The solid line in Fig. 4 shows the relaxation time 2pt of
Sm3Te4 with the activation-type temperature dependenct
5t0 exp(E/kBT). The experimental result of 2pt in Sm3Se4
is also presented in Fig. 4 for comparison. We obtaine
characteristic time for a high-temperature limit 2pt052.5
310213sec and an activation energy ofE050.136 eV in
Sm3Te4, which are almost equal to the previous results
2pt052.4310213sec andE050.14 eV in Sm3Se4.

7,8 The
present experiment indicates that the elastic propertie
Sm3X4 (X5S, Se, Te) also resemble each other.

In a low-temperature limit, the valence fluctuation rate
Sm3Te4 becomes infinite without long-range ordering a

FIG. 3. Attenuation coefficienta11 of the longitudinalC11 mode
with the sound wave frequencies 14 and 44 MHz. Tempera
dependence of the elastic constantC11 is also shown. Solid lines are
fits of a11 with Eq. ~1! based on the Debye-type dispersion.C(`)
denotes a high-frequency limit andC(0) a low-frequency limit.
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both Sm21 and Sm31 ions are frozen to be spatially rando
distribution. This behavior is in contrast to the usual seco
order phase transition, where the critical slowing down of
fluctuation time gives rise to the long-range ordering. In t
present system of Sm3Te4, it is expected that a kind of frus
tration effect prevents the long-range charge ordering du
the Coulomb interaction. Even though the crystalli
electric-field state of the 4f 5 of Sm31 and the 4f 6 of Sm21

ions in the potential with tetragonal S4 symmetry has been
observed by the neutron scattering,13 the intersite interaction
for the magnetic moments is strongly affected by the rand
distribution of Sm31 and Sm21 ions in the system. Actually
the spin glass phase is observed in Sm3Te4 below Tg
51.3 K.12 In the next section, we present the elastic anom
lies around the spin glass transition.

B. Low-temperature anomaly

In Fig. 5 we show the low-temperature behavior of t
elastic constantsCi j of Sm3Te4 in expanded scales. The lon
gitudinal C11 mode and the transverse (C112C12)/2,C44
modes exhibit noticeable softening about 0.02–0.04 % be
15 K and show upturns around the spin glass transitionTg
51.3 K. It should be noted that the low-temperature soft
ing has been observed in (C112C12)/2 andC44 modes asso-
ciated with symmetry-breaking shear strains, while the b
modulusCB of the volume strain with total symmetry show
a monotonous increase in lowering temperature.

The softening of the longitudinalC11 mode in Fig. 6
shows a logarithmic temperature dependence of lnT below
11 K and shows a minimum around the spin glass transi
of Tg51.3 K in zero field. Even in magnetic fields parallel
the @100# direction the softening of lnT has also been ob
served. As shown in the inset of Fig. 6, the minimum po

re FIG. 4. The relaxation time 2pt determined by the ultrasonic
attenuation in Sm3Te4. The previous result of Sm3Se4 is also pre-
sented for comparison. Solid circles are results of Sm3Te4 and open
squares are of Sm3Se4. The solid and dashed lines mean th
activation-type temperature dependencet5t0 exp(E/kBT) with the
parameters in the text.
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of the spin glass transition gradually shifts to a lo
temperature side with increasing magnetic field.

It has been found that the glass compounds show cha
teristic low-temperature properties of the specific heatC
5gT, the thermal conductivityk5AT2, and the elastic soft-
ening with lnT dependence. These properties are attribu
to the two-level system, which is caused by the tunnel
motion of ions in the random potential of the gla
compounds.14–17 As shown in the preceding section, th
charge glass state is formed by the random distribution
Sm21 and Sm31 ions in Sm3Te4. Therefore, we propose tha
the two-level system due to the tunneling motion of thef
electron in the random potential gives rise to the lo
temperature softening with lnT dependence in Fig. 5. In th
analogy of ionic tunneling in glass compounds, we write
low-temperature softening of elastic constantDC/C as16,18

DC

C
5

2Dv
v

5
2@v~T!2v~T0!#

v~T0!
5

2P̄g2

rv2 lnS T

T0
D

52K lnS T

T0
D . ~3!

Here,v is the velocity of ultrasound,P̄ is the density of the
two-level system,g is the coupling constant of the ultrason
wave with the two-level system, andT0 is the reference tem
perature. The lnT dependence of the elastic constants

FIG. 5. Low-temperature behavior of the elastic constants ofCi j

in Sm3Te4. TheC11, (C112C12)/2, andC44 modes exhibit soften-
ing below 15 K and show upturns around the spin glass transi
Tg51.3 K.
c-

d
g

f

-

a

f

amorphous glass compounds is caused by the tunnelin
ions through random potentials.19,20 The dimensionless pa
rameterK in amorphous glass compounds is known to be
universal value of about 1024, which does not show the
sample dependence.20–22

The thermal hopping motion of the 4f electrons across
the potential barrier ofE50.136 eV in Sm3Te4 dies out com-
pletely at low temperatures. The tunneling motion of thef
electrons among the randomly distributed Sm21 and Sm31

ions in Sm3Te4 plays an important role at low temperature
In this context we propose that the lnT dependence of the
elastic constant in Sm3Te4 is attributed to the two-level sys
tem of the 4f electron among randomly distributed Sm21

and Sm31 ions. The solid line of theC11 mode in Fig. 6 is
obtained by Eq.~3! with the constantK5 P̄g2/rv250.44
31024.

The transverse (C112C12)/2 mode in Fig. 7 also shows
softening proportional to lnT below 12 K down to 1.3 K
under zero field. In the case of (C112C12)/2, the minimum
point at 1.3 K under zero field shifts to a low-temperatu
side under the magnetic field parallel to the@110#. We have
deducedK51.431024 from the inclination of the solid line
in Fig. 7.

The transverseC44 mode under magnetic fields in Fig.
also shows the logarithmic temperature dependence ofT
below 14 K. From the inclination of the solid line forC44
with Eq. ~3! in Fig. 8, K50.7131024 was derived. C44
becomes softer in decreasing the temperature towards
spin glass transition point around 1.3 K. The minimum po
corresponding to the spin glass transition shifts to a lo
temperature side with increasing magnetic field. This beh
ior is consistent with the results ofC11 in Fig. 6 and (C11
2C12)/2 in Fig. 7.

n

FIG. 6. Elastic constant ofC11 of Sm3Te4 under magnetic fields
parallel to the propagation direction@100# of the longitudinal ultra-
sonic wave. Solid line is a fit to determine tunneling paramet
from Eq. ~3! in the text withT0511 K andK50.4431024.
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The elastic constantsrv2 and the coupling parameter
K,P̄g2 in Sm3Te4 are listed in Table I. The parameters of th
borosilicate glass and metallic glass Pd70Si16Cu6 are also pre-
sented in Table I for comparison.16,21–24It should be noted
that the constant K5(0.44– 1.4)31024 and P̄g2

5(0.14– 0.52)3108 erg/cm3 for the two-level system due to
the 4f -electron tunneling in Sm3Te4 has the same order o
magnitude as the result in the amorphous glass compo
with the ionic tunneling state.

The internal magnetic field caused by the spin glass
dering may reduce the density of stateP̄ for the low-energy
tunneling state in Sm3Te4. The elastic softening with lnT

FIG. 7. Elastic constant of (C112C12)/2 of Sm3Te4 under mag-
netic fields parallel to the propagation direction@110# of the trans-
verse ultrasonic wave. Solid line is a fit from Eq.~3! in the text with
T0513 K andK51.431024.
ds

r-

dependence, therefore, shows the upturn at the spin g
transition point. The cross marks, open circles, and open
angles in Fig. 9 are spin glass transition points determined
C11 in Fig. 6, (C112C12)/2 in Fig. 7, andC44 in Fig. 8,
respectively. The magnetic phase diagram of Fig. 9 de
mined by the present ultrasonic experiment is consistent w
the result obtained by the specific-heat measuremen
fields.11

The saturation effect has been found in the lo
temperature ultrasonic measurement for the two-level sys
of amorphous glass.20 The electric pulse height for the gen
eration of the input ultrasonic wave in the present lo
temperature measurement was less than 0.1 V, which is
timated to be smaller than 0.1mW.25 This ensures that the

FIG. 8. Elastic constant ofC44 of Sm3Te4 under magnetic fields
parallel to the propagation direction@100# of the transverse ultra-
sonic wave. Solid line is a fit from Eq.~3! in the text with T0

514 K andK50.7131024.
TABLE I. The parametersrv2, P̄g2, and K5 P̄g2/rv2 for the elastic softening due to the two-level system in Sm3Te4 at low
temperatures by Eq.~3! in the text. Typical parameters of borosilicate glass, vitreous silica, and metallic glass of Pd78Si16Cu6 are also listed
for comparison~Refs. 16 and 21–24!.

Sample Mode K rv2 ~erg/cm3! P̄g2 ~erg/cm3! g ~eV!

Sm3Te4 C11 0.4431024 8.9031011 0.393108

(C112C12)/2 1.431024 3.7331011 0.523108

C44 0.7131024 1.9531011 0.143108

Borosilicate longitudinal 3.931024 9.031011 2.33108 0.3
glass transverse 0.831024 1.431011 1.13108

Vitreous
silica

longitudinal 2.831024 7.431011 2.13108 0.4

Pd78Si16Cu6 longitudinal 1.131024 1431011 1.53108 0.4
transverse 0.2831024 3.431011 0.13108
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PRB 61 12 055ULTRASONIC STUDY OF THE CHARGE-FLUCTUATION . . .
present ultrasonic measurement with small input powe
free from the saturation effect for the two-level system
Sm3Te4.

C. Analysis of the charge-fluctuation mode

It is naturally expected that the Coulomb interacti
among trivalent and divalent ions favors the charge orde
in lowering temperature. We have previously reported
mechanism of the charge ordering in Yb4As3 with the anti-
Th3P4 structure in the framework of the Landau phenome
logical theory.5 The present ultrasonic experiment, howev
shows clearly the absence of the phase transition due to
charge ordering in Sm3Te4. In this section we analyze th
charge-fluctuation modes and propose a mechanism for
charge glass state in Sm3Te4. Furthermore, we discuss th
possibility of charge ordering in an isomorphous valen
fluctuation compound of Eu3S4 with the Th3P4-type struc-
ture.

In order to pick up charge-fluctuation modes in Sm3Te4,
we apply the group-theoretical analysis in assuming
charge neutrality with the coexistence rat
N(Sm21):N(Sm31)51:2. This condition is satisfied in
Sm3Te4 because of the absence of a carrier at low temp
tures. Furthermore, we take only Sm ions into considera
for the analysis of the charge-fluctuation modes and we
not concerned with a mixing effect between 4f electrons of
Sm and 5p electrons of Te.

We introduce the charge densityr i ( i 51,2,...,6) for the
i th site of the Sm ion in Fig. 10 as a function of the positi
vector in units of the lattice parametera59.5004 Å of
Sm3Te4:

Sm1: r15r1~ 3
8 ,0,14 !,

Sm2: r25r2~ 1
8 ,0,34 !,

Sm3: r35r3~ 3
4 , 1

8 ,0!,

~4!
Sm4: r45r4~ 1

4 , 3
8 ,0!,

FIG. 9. Magnetic phase diagram for the spin glass transition
Sm3Te4 determined by the present ultrasonic measureme
Crosses and open triangles are obtained fromC11,C44 under the
fields along@100#. Open circles are from (C112C12)/2 under field
of @110#.
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Sm5: r55r5~0,1
4 , 3

8 !,

Sm6: r65r6~0,3
4 , 1

8 !,

Here the body-centered~bc! symmetry means that two crys
tallographically equivalent Sm sites in the conventional u
cell of Fig. 10 are related to the pure translation operator

$Eu 1
2

1
2

1
2 % in the conventional unit cell.

One can derive the representation matrices with 636 el-
ements by acting 24 symmetry operators of space groupTd

6

on r i .26 We obtain the characters by tracing of the repres
tation matrices. The charge-fluctuation modes of Sm3Te4
with the Th3P4-type structure are decomposed into irredu
ible representationsG1 ~1D!, G3 ~2D!, andG4 ~3D!. Employ-
ing the projection operator, one obtains the bases for
irreducible representation in Table II.27 The elastic strains
characterized byG1 , G3 , andG5 symmetries are also liste
in Table II.

The charge densityr5r01Dr is introduced for the
second-order phase transition in the Landau phenomeno
cal theory. Herer0 is the invariant term of the charge densi
in both phases above and below transition pointTc . The
density ofDr for a symmetry-breaking term is expanded
the product of the order parameterQG,g and the charge-
fluctuation moderG,g as Dr5SG,gQG,grG,g . This term is
Dr50 above Tc and DrÞ0 below Tc . In the case of
Sm3Te4, the charge-fluctuation modes of eitherG3 or G4
with symmetry-breaking character can prove to be an ac
representation for the second-order transition. The constr
of integer charge unite for the localized 4f electron in the
ordered phase permits onlyQG3,u for therG3,u mode to be an
order parameter. This point is discussed again later.

f
s.

FIG. 10. Sm ions in the conventional unit cell of Sm3Te4 with
the Th3P4-type structure belonging to space groupTd

6. Two crystal-
lographically equivalent sites Smi ( i 51,2, . . . ,6) areincluded in
the conventional unit cell because of the presence of body-cent
symmetry.
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TABLE II. The charge-fluctuation mode and the elastic strain for the valence fluctuation comp
Sm3Te4 of Th3P4-type structure with space groupTd

6. In the constraint of the localized character of thef
electron in the present Sm3Te4 compound, the charge-fluctuation mode ofrG3,u5r11r21r31r422r5

22r6 in Fig. 11~a! permits the charge distribution with integer values of unite.

Symmetry Charge-fluctuation mode Elastic strain

G1 rG15r11r21r31r41r51r6 «B5«xx1«yy1«zz

G3 rG3,u5r11r21r31r422r522r6 «u5(2«zz2«xx2«yy)A3
rG3,v52r12r21r31r4 «v5«xx2«yy

G4 rG4,x5r12r2

rG4,y52r31r4

rG4,z5r52r6

G5 «yz

«zx

«xy
-
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It is important to note that the order parameterQG3,u for
the charge-fluctuation moderG3,u and QG3,v for rG3,v may
couple to the tetragonal strain«u5(2«zz2«xx2«yy)/A3 and
the orthorhombic strain«v5«xx2«yy , respectively. This in-
teraction term is written as

H int5gG3~QG3,u«u1QG3,v«v!. ~5!

On the other hand, the charge-fluctuation mode withG5 sym-
metry is absent in Sm3Te4. Therefore, the coupling of the
charge-fluctuation mode to the elastic strain«yz ,«zx ,«xy of
the C44 mode is lacking.

The charge-fluctuation mode withG1 symmetryrG15r1
1r21r31r41r51r6 represents uniform charge distribu
tion all over the Sm sites with a mean valence of~8/31!. The
G1 charge-fluctuation mode may couple to the bulk str
«B5«xx1«yy1«zz, but this coupling does not play an im
portant role in Sm3Te4 because of the absence of the softe
ing in the bulk modulusCB5(C1112C12)/3 in the experi-
mental result of Fig. 2. This means that the coexistence r
of Sm21 and Sm31 ions in Sm3Te4 remains constant even i
lowering temperature. This result on Sm3Te4 is in contrast to
the considerable softening of the bulk modulusCB of the
intermediate valence compound SmB6, where the population
of the Sm21 ionic state increases in lowering temperature28

The valence at each rare-earth site in the charge-ord
phase must be an integral multiple of the fundamental cha
e, because of the localization of the 4f electron. Keeping this
principle in mind, consider now the implications of th
charge-fluctuation modes with symmetry-breaking chara
in Table II. The charge-fluctuation moderG3,u is the only
mode which has the integer charge distribution in the uni
e. The G3 mode ofrG3,u5r11r21r31r422r522r6 that
couples to a tetragonal strain«u5(2«zz2«xx2«yy)/A3 per-
mits the location of the integer charge of 31 at sites of Sm1,
Sm2, Sm3, Sm4 and 21 at sites of Sm5, Sm6 as shown
Fig. 11~a!.

The mode ofrG3,v52r12r21r31r4 in Fig. 11~b! may
couple to an orthorhombic strain«v5«xx2«yy . The charge
distribution ofrG3,v in Fig. 11~b!, however, represents inte
ger charge 31 at sites of Sm3, Sm4, noninteger charge~7/
31! at sites of Sm1, Sm2, and~8/31! at sites of Sm5, Sm6
n

-

io

ed
e

er

f

The analysis based on Eq.~5! leads to the possibility of a
softening of (C112C12)/2 with G3 symmetry in the com-
pound. As shown in Fig. 2, however, the softening in (C11
2C12)/2 has not been found in the present experiment
Sm3Te4. This result means that theG3 charge-fluctuation
mode does not freeze even at low temperatures and sug
that the ground state of the charge-fluctuation modes
Sm3Te4 does not belong to theG3 character.

In Fig. 11~c!, we show the charge-fluctuation mode
rG4,x5r12r2 as a representative of theG4 triplet. The bi-
linear coupling of the charge-fluctuation moderG4 to the
elastic strain is absent, because the appropriate elastic s
with G4 symmetry does not exist. The charge distribution
rG4,x in Fig. 11~c! represents integer charge 31 at the Sm1
site, while noninteger charge~7/31! is located at the Sm2
site and~8/31! at the Sm3, Sm4, Sm5, Sm6 sites.

The noninteger charge distribution is allowed only in
high-temperature side, where the charge fluctuation is av
able in the thermally activated process. On the other ha
only the integer charge location on Sm sites is realized in
ordered phase, because the localization of the 4f electron
prohibits the noninteger charge distribution. In this conte
the charge-fluctuation mode ofrG3,u in Fig. 11~a! is the only
candidate for the charge-ordering state in the compou
with the Th3P4-type structure. In the present system
Sm3Te4, however, the charge ordering is absent and
charge glass state due to the random distribution of Sm21

and Sm31 ions is realized. A possibility of the charge orde
ing of rG3,u in Eu3S4 is discussed in the following section.

The difference in the Madelung energy between
charge-fluctuation modes ofG1 , G3 , and G4 in Sm3Te4 is
not clear at the present stage. When theG4 mode is the
ground state of the system, the freeze of theG4 mode is
expected at low temperatures. However, the ordered ph
with the integer charge of the fundamental unite at the Sm
sites is impossible by the freeze of theG4 mode. This is a
probable scenario for the charge glass state of the ran
distribution of Sm21 and Sm31 ions in Sm3Te4 at low tem-
peratures.

IV. CONCLUDING REMARKS

In this paper we present the elastic constant and the u
sonic attenuation of the charge-fluctuation compou
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FIG. 11. ~a! A charge-fluctuation mode ofrG3,u5r11r21r31r422r522r6 in Sm3Te4 with the Th3P4-type structure. In the charge
fluctuation mode ofrG3,u , the trivalent Sm31 ions occupy the sites of Sm1, Sm2, Sm3, Sm4 and the divalent Sm21 ions locate the sites of
Sm5, Sm6. TherG3,u mode is a candidate for the charge ordering state in the valence-fluctuation compound with the Th3P4-type structure.
~b! A charge-fluctuation mode ofrG3,v52r12r21r31r4 in Sm3Te4 with Th3P4-type structure. In therG3,v mode, the integer charge 31
is located at the Sm3, Sm4 site, while noninteger charge~7/31! thermally populates at Sm1, Sm2 and~8/31! at Sm5, Sm6 sites.~c! A
charge-fluctuation mode ofrG4,x5r12r2 in Sm3Te4 with Th3P4-type structure. In therG4,x mode, the integer charge 31 is located at the
Sm1 site, while noninteger charge~7/31! thermally populates at Sm2 and~8/31! at Sm3, Sm4, Sm5, Sm6 sites.
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Sm3Te4. It was found that Sm3Te4 shows the ultrasonic dis
persion due to the charge fluctuation of 4f electrons among
Sm21 and Sm31 ions. Even though the charge-fluctuatio
time 2pt of Sm3Te4 becomes infinite in lowering tempera
ture, the phase transition associated with the charge orde
has not been found. This means that the charge fluctuatio
Sm3Te4 freezes to be the charge glass state with the rand
distribution of Sm21 and Sm31 ions.

At low temperatures we observed the characteristic s
ening of the elastic constantsC11, (C112C12)/2, andC44
ng
in
m

t-

proportional to lnT. This result strongly suggests that th
two-level system of the 4f electrons tunneling among Sm21

and Sm31 ions exists although the lattice of Sm3Te4 has a
perfect periodicity. The lnT dependence of the elastic con
stant, the large specific-heat coefficient ofC/T, and the spin
glass phase in Sm3Te4 are consistent with the scenario of th
two-level system of the 4f -electron tunneling in the random
potential of Sm21 and Sm31 ions.

We made the group-theoretical analysis of the cha
fluctuation in the compound with the Th3P4 structure under
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the condition of charge neutrality. The charge-fluctuat
modes are decomposed into irreducible representation
G1 , G3 , andG4 . When the charge-fluctuation mode withG4
symmetry is the ground state, the ordered phase assoc
with integer charge of unite is impossible. In the presen
case of Sm3Te4, therefore, we may suggest that the freez
of theG4 mode gives rise to the charge glass state becaus
the charge frustration effect. The constraint of the charge
e for the localized 4f electrons at the Sm site prevents t
long-range ordering of theG4 mode.

The charge-fluctuation moderG3,u5r11r21r31r4
22r522r6 is the only candidate for the order parameter
the charge ordering with the integer charge of unite in the
Th3P4-type compound. The freeze of the charge-fluctuat
moderG3,u may lead a structural phase transition from cu
to tetragonal. It is quite interesting that the isomorpho
compound Eu3S4 with the Th3P4-type structure exhibits the
charge ordering due to Eu21 and Eu31 ions atTc5186 K.29

The thermal expansion on Eu3S4 measurement suggests th
J

P

ai

.

t,

ar
n

ai

A.

g

n
of

ted

of
it

f

n

s

tetragonal distortion atTc . The neutron experiment o
Eu3S4, however, pointed out the trigonal distortion along t
@111# direction atTc .30 As was presented already, the orde
ing of the charge-fluctuation moderG3,u in Fig. 11~a! leads
naturally to the lattice distortion from cubic to tetragon
phase with a spontaneous strain«u5(2«zz2«xx2«yy)/A3 at
Tc . Furthermore, the elastic softening of (C112C12)/2 is
expected aroundTc . In order to obtain a scenario for th
charge ordering in Eu3S4, x-ray and ultrasonic investigation
on the compounds are desired.
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