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Electronic properties and valence state of Sm in (SmS) t »TaS2

Kazuya Suzuki and Toshiaki Enoki
Department of Chemistry, Faculty ofScience, Tokyo Institute of Technology, 2-12-1 Ookayatna, Meguro ku, -Tokyo 152, Japan

Shunji Bandow
Institute for Molecular Science, Myodajii, Okazaki 444, Japan

(Received 14 May 1993)

We have investigated the valence state of Sm in (SmS)&»TaS2, which has an alternate stacking of SmS
and TaS, layers, by means of electrical transport, magnetic, and x-ray photoemission spectroscopy (XPS)
measurements. The transport properties of (SmS), »TaS& are quite similar to those of other analogs
(R S) TaS2 with a trivalent rare-earth element R, suggesting that the predominant conduction carriers
are on the TaS2 layers. On the contrary the magnetic susceptibility is not explained simply in terms of
the trivalent Sm with Curie-Weiss behavior. The Sm 3d core-level XPS spectra of (SmS)&»TaS2 exhibit
two sets of peaks associated with both divalent and trivalent Sm initial states, and the portion of Sm + is
estimated at 0.12. Taking into consideration the conduction mechanism and the charge-transfer rate
from SmS to TaS2, it is concluded that the Sm +-Sm + valence fluctuation is realized in (SmS)&»TaS2.
We also propose that carriers are localized on the SmS layer due to the quasiperiodic potential.

I. INTRODUCTION

Ternary sulfides (RS)„TaSz (R is a rare-earth metal;
x = 1.13—1.23) have a unique crystal structure consisting
of the alternate stacking of RS and TaS2 layers, where RS
forms a double layer with pseudotetragonal symmetry
and TaS2 forms a sandwiched layer with pseudohexago-
nal symmetry. ' Since the crystal symmetries are
different between these two kinds of layers, (RS) TaS2
exhibits structural incommensurability in an in-plane
direction. The lattice constant of pristine RS (NaC1-type
cubic symmetry) ranges from 5.75 to 5.61 A depending
on the atomic number of R, while the in-plane lattice pa-

0
rameter of pristine TaS2 (hexagonal symmetry) is 3.31 A.
If the unit cell of the TaSz sublattice is taken as orthohex-
agonal, the in-plane lattice parameters become 5.73 and
3.31 A. Since the lattice parameter of the longer axis of
the orthohexagonal unit cell is close to the lattice param-
eter of RS, the sublattices of RS and TaS2 layers in
(RS)„TaS2 are adjusted in one in-plane direction (crystal-
lographic b axis) with a common lattice parameter. On
the other hand, the lattice parameters in the other direc-
tion (a axis) take independent values to minimize the
change in the cell volume of each layer when the alter-
nate stacking is formed. Then the ratio of the lattice pa-
rameter becomes irrational and their lattices become in-
commensurate; the unit cells are no longer common be-
tween the two layers. The chemical composition x in
(RS) TaS2 is calculated from the ratio of the lattice pa-
rameters in the incommensurate direction, so that x also
becomes irrational ranging from 1.13 to 1.23 with in-
creasing atomic number of R. The incommensurability,
including the irrational ratio of the chemical composi-
tion, plays an essential role in the structural and physical
properties of (RS)„TaS2.

Such lattice incommensurability reAects the weak cou-

pling between RS and TaS2 layers, so that the strong an-
isotropy is expected in the physical properties of
(RS) TaS2. (RS„TaSz is a magnetic system which con-
sists of a unit of magnetic double layers inserted into the
TaS2 metallic host. The RS layers have a more two-
dimensional nature than other intercalation compounds
because of weak interlayer coupling. In addition, the
double layer structure of RS can introduce a three-
dimensional perturbation to the magnetic properties.
Moreover, the incommensurate structure induces mutual
lattice modulation in the RS and TaS2 sublattices, so that
magnetic interactions or magnetic anisotropy are strong-
ly modified through the modified crystal-field effect. It is
known that (RS)„TaS2 has quite low magnetic transition
temperatures in comparison with pristine RS. The mag-
netic interaction in the stacking direction is weakened by
separation in space, and the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction, which is the dominant mag-
netic interaction in pristine RS, is strongly reduced.

Among compounds analogous to (RS),TaS2, it is
known that sulfides with divalent metals, e.g. , Sn + in
SnS, are inserted into the galleries of TaS2 layers, ' as well
as those with trivalent metals. When RS has stable states
of both R and R +, (RS) TaS2 can give a mixed
valence state of R. Pristine samarium monosulfide SmS is
semiconducting, with an ionic state of Sm +S, and ex-
hibits a valence change of Sm from divalent to intermedi-
ate states under high pressure above 6.5 kbar. The
valence state of Sm in SmS under high pressure is not a
well-localized trivalent but a mixing state of 4f and con-
duction electrons, i.e., the valence fiuctuation. Therefore
it is interesting to investigate which valence state among
Sm +, Sm +, or Sm /Sm + mixing states is realized in
(SmS)& &9TaSz when SmS double layer is introduced be-
tween the TaS2 slabs. Physical properties of this com-
pound ' and the NbS2 analog have been reported; how-

0163-1829/93/48(15)/11077(9)/$06. 00 48 11 077 1993 The American Physical Society



11 078 KAZUYA SUZUKI, TOSHIAKI ENOKI, AND SHUNJI BANDOW

ever, the interpretation of the valence state of Sm is still
controversial.

In this paper we report the resistivity, thermoelectric
power, magnetoresistance, Hall coefFicient, magnetic sus-
ceptibility, and x-ray photoemission spectroscopy (XPS)
measurements of (SmS), »TaS2 and clarify the valence
state of Sm. We also discuss the effect of the lattice in-
commensurability on the electronic structure of
(SmS)i i9TaS2.

II. EXPERIMENTS
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Single crystals of (SmS), »TaS2 were prepared by the
chemical vapor transport method using iodine. A mix-
ture of the constituent element powers in portions ac-
cording to their chemical composition was sealed in an
evacuated quartz tube under 10 torr, and heat treated
in a two-zone furnace with the temperature gradient
950—850 C for one or two weeks. The single crystals ob-
tained were very thin platelets with a typical dimension
of 3X3 mm with 5 —10-pm thickness. Most of the crys-
tals contain stacking faults, as microscopically observed
by electron diffraction, since the RS layer can grow along
six equivalent directions on the TaS2 layer. The crystals
were characterized by x-ray and electron diffraction and
were ascertained isostructurally to that determined by
single-crystal x-ray analysis. Resistivity measurements
were carried out by usual four-probe method using gold
wires and silver paints. The magnetoresistance and Hall
coefficient were measured up to 7 T in the temperature
range of 1.3—30 K, with magnetic field applied parallel to
the c axis. The thermoelectric power was measured by
detecting the temperature gradient by using Au(Fe)-
Chromel thermocouples from 4.2 to 300 K. The magnet-
ic susceptibility was measured by a Faraday balance un-
der 2 T from 1.9 to 280 K, and the magnetization was
measured up to 5.2 T at 1.9 and 4.3 K with magnetic
fields perpendicular and parallel to the crystallographic c
axis. The x-ray photoemission spectra were measured by
VG-scientific MK-2 using a source radiation of Al
(1486.6 eV) and Mg (1253.6 eV) under vacuum higher
than 10 torr. The sample surface was etched by an
ionized argon beam to about 10 A in depth in order to re-
move surface oxidization, and heat treatments were suc-
cessively made at 200 or 250'C to repair the damaged
surface.

A. Results

The in-plane resistivity p of (SmS)»9TaSz is shown in
Fig. 1 as a function of temperature. The resistivity shows
a linear temperature dependence with a large residual
resistivity of 120 pQ cm, which corresponds to a small re-
sidual resistivity ratio R(r.t.)/R(4. 2 K) of 2.2. These
features are almost identical to those for the isostructural
compounds (RS)„TaS2 with other R metals. The linear
temperature dependence of p suggests that the
temperature-dependent scattering is due only to the
acoustic phonon. The residual resistivity comes from
temperature-independent carrier scattering associated

0.0 l

0.001
20 50 100

T(K)
200

FIG. 1. (a) The temperature dependence of the resistivity p of
(SmS) &»TaS2. The behavior is similar to those of other
(RS) TaS2. (b) Logarithmic plot of the temperature dependence
of the phonon resistivity normalized at the fitted Debye temper-
ature. The fitting curve according to Eq. (1) is shown by the
solid line.

By fitting the resistivity to Eq. (1), we evaluate OD =250
K. This value is close to OD of the isostructural com-
pound (LaS), ,3NbS2.

Figure 2 shows the temperature dependence of the
thermoelectric power S of (SmS)i i9TaS2. S is positive in
the measured temperature range, suggesting the predom-
inant hole carriers. As temperature is increased, S in-
creases with a convex curvature up to 120 K and shows
linear temperature dependence above 120 K. The devia-
tion from the linear temperature dependence at low tem-
peratures is ascribed to the phonon drag effect, and at
high temperatures the electron diffusion is predominant.
We will discuss the thermoelectric power in Sec. II B.

The temperature dependence of the resistivity and
thermoelectric power of (SmS), »TaS2 is almost identical
to that of other isostructural (RS)„TaS2 (Refs. 3 and 4)
with R +. In this respect the electronic structure of
(SmS), »TaS2 is not different from that of other trivalent
R compounds. In contrast, the thermoelectric power of
the isostructural (PbS), ,3TaS2 (Ref. 10) and (SnS), ,7NbSz

with impurities or lattice imperfection including incom-
mensurate potential characteristics in (RS) TaSz.
Griineisen's equation for the acoustic-phonon part
[p„=p(T)—p(0)] is expressed with Debye temperature

OD as

p„(T)
p„(OD )



48 ELECTRONIC PROPERTIES AND VALENCE STATE OF Sm IN. . . 11 079

30

25

20

+~ 15
CO

10

0
0

I

50 100 150 200 250 300
T(K)

FIG. 2. The temperature dependence of the thermoelectric
power of (SmS)$»TaS2 is denoted by circles. The solid line
represents the fitting curve of the total thermoelectric power.
SD and S~h are the calculated contributions of the electron
diffusion (dashed line) and phonon drag (dotted line) terms, re-
spectively.

(Ref. 11) shows quite a different behavior, the value of
which is negative at room temperature. Pb and Sn atoms
are considered to be divalent in both pristine PbS and
SnS and their inserted compounds.

Hall voltages of (SmS), »TaSz increase linearly with in-
creasing magnetic field up to 7 T. The Hall coefficients
RH are nearly independent of temperature between 1.5
and 30 K, where the variation of RH is within 2%. The
carrier concentration n estimated from the single carrier
model RH= —1/ne is 0.052 holes per formula unit of
(SmS), »TaSz. This value agrees with the value of 0.04
previously reported.

Figure 3 shows the magnetoresistance hp(H)/p(0)
[bp(H)= —p(H) —p(0)] of (SmS), »TaSz at 4.2 K as a
function of magnetic field H up to 7 T. bp(H)/p(0)
shows a quadratic field dependence whose magnitude
reaches only 0.004 at 7 T. The magnetoresistance origi-
nates from the presence of carriers with different masses,
so that (SmS)»9TaS2 has a multicarrier system, or a sin-

gle carrier system with a closed Fermi surface deformed
from a circular one to some extent. The experimental
facts of extremely small magnetoresistance and its weak
temperature dependence in (SmS), »TaS2 suggest that the
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compound has a single hole carrier electronic system.
The temperature dependence of the magnetic suscepti-

bility of (SmS)
& &9TaS2 is shown in Fig. 4 under magnetic

fields parallel (HIIc ) and perpendicular (H~c ) to the crys-
tallographic c axis. The calculated susceptibility for free
Sm + and Sm + ions, taking into account spin-orbit in-
teraction, ' is also shown for comparison. The suscepti-
bility of free Sm + reaches a constant value, with temper-
ature going to zero because of the ground state J=0.
For free Sm + (J =

—,
' ), the susceptibility obeys the Curie

law including the contribution of the higher J state at
higher temperatures. The observed susceptibility of
yII(HIIc) at room temperature lies between the calculated
values for free Sm + and Sm + ions. The temperature
dependence of the inverse susceptibility 1/y~~ above 60 K
[see Fig. 4(b)] is almost linear with a slightly downward
curvature. By fitting the Curie-Weiss law, we estimate
the Weiss temperature 0~~

= —55 K and the Curie con-
stant CII =0.66 emu K/mol, the latter corresponding to
the effective magnetic moment p,&=2.28@~/Sm. Below
60 K, g~~

deviates from the Curie-Weiss curve toward
lower values and exhibits a small hump at 30 K, and
finally steeply increases as temperature is lowered. The
susceptibility y~(H~c) exhibits different behavior from yII.
The susceptibility y~ at room temperature is close to the
value for free Sm +. Above 60 K, yz roughly obeys the
Curie-Weiss law where 0~ and C~ are estimated at —80 K
and 0.332 emu K/mol, respectively. The latter corre-
sponds to p,&=1.63@~/Sm, which is 30% smaller than
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FIG. 3. The magnetic-field dependence of the in-plane mag-
netoresistance Ap(H)/p(0). Magnetic fields are applied along
the c axis (normal to the plane).

FIG. 4. (a) The temperature dependence of the magnetic sus-

ceptibility of (SmS)&»TaS2 for H~~c and H&c. Solid lines indi-
cate the calculated susceptibility for free Sm + and Sm +. (b)
Reciprocal resistivity of (SmS)»9TaS2 for H~~c and H&c.
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that estimated from g~I. Below 60 K, contrary to the
behav101 of p~~ pJ increases more rapidly than the fitted
Curie-Weiss curve with decreasing temperature.

Free Sm + ions have an effective moment of 0.86p~. In
general, the magnetic susceptibility of Sm compounds
does not obey the simple Curie-Weiss law due to the
spin-orbit interaction, which changes its temperature
dependence as if the effective moment is increased. The
difference between the observed and the expected mo-
ments is due to this effect. The fact that the susceptibility
depends on the direction of applied magnetic fields indi-
cates that the crystal field works significantly on magnet-
ic Sm ions, and hence, Sm + is dominant in (SmS), »TaS2
since the crystal field works only on Sm +.

The 3d core-level x-ray photoemission spectra using a
radiation source of Al are shown in Fig. 5. The spectra
consist of two sets of peaks assigned to Sm + with bind-
ing energies (B.E.) of 1083 (3d ~

) and 1110 eV (3d3~2),
and Sm + with B.E. of 1073 (3d ) and 1100 (3d ), re-
spectively. The data were taken at first without argon
etching, where the spectra show a remarkable oxygen 1s
photoemission (B.E.=581 eV) peak. In the Sm 3d region,
peaks of the Sm + state are considerably weak, as seen in
Fig. 3(a), since the sample surface is oxidized to form
Sm203 and a portion of the Sm + peak is redUced. Simi-
lar results have been obtained for (CeS), ,~TaS2, where
Ce02 is formed and the spectra exhibit peaks from the
Ce + (4f ) initial state. ' Therefore ionized argon etch-
ing was made until the 0 1s peak disappeared, and then
the spectra were taken immediately before the surface
was oxidized again. After the sample treatment, the
Sm + peaks were increased to the Sm +/Sm + ratio of —'.
However, as the sample surface was rather damaged by
Ar+ beams, we performed a heat treatment at 200 or
250'C, carefully monitoring the 0 1s peak. After the an-
nealing the intensity of the Sm + peak decreased by re-
moving the surface state. From the final spectra [Fig.
5(c)], the portion of Sm + in (SmS), »TaSz is estimated to
be 0.12. The same result was obtained by using another
source radiation of Mg (1253.6 eV), although the Auger

peak of sulfur (K &) was superimposed onto the photo-
emission peak from the Sm +

3d3/2 1nitial state.

B.Discussion

l. Analysis of the thermoelectric power of (SmS) & t9TaS2

S —SD+S„h . (2)

Using the Mott formula, the electron diffusion term is de-
11ved as

~ ka Blna
2 2

3e BE E
(3)

First we consider the electronic structure of
(SmS)i i9TaS2 from transport properties. The tempera-
ture and magnetic-field dependence of the magnetoresis-
tance and Hall coefficient show that the dominant car-
riers in (SmS) i i9TaSz are holes with a small carrier densi-

ty (0.052 holes per TaSz). The presence of hole carriers is
well explained by the incomplete electron transfer from
SmS to TaS2 on the basis of a rigid band description. Ac-
cording to the band calculation for 2H-TaS2, ' the con-
duction band is mainly formed of the half-filled TaS2 5d,
orbital, with two kinds of Fermi surfaces and marked en-
ergy dispersion along c* direction due to the interlayer
interaction. In (SmS), ,9TaS2, the small concentration of
hole carriers and the single carrier electrical conduction
mentioned in Sec. II A suggests that the electron transfer
from SmS to TaS2 makes the TaS2 conduction band near-
ly full and the size of the cross-sectional area of the Fermi
surfaces diminishes. In addition, because of the presence
of SmS between TaSz layers, the conduction band of TaSz
loses the energy dispersion along the c* direction and
forms a cylindrical Fermi surface. More detailed discus-
sions of the band structure will be made below, but here
we assume a free-electron model with a cylindrical Fermi
surface for (SmS), »TaS2 in order to fit the temperature
dependence of thermoelectric power S.

Thermoelectric power can be expressed by the sum of
the electron diffusion term SD and the phonon drag term
S„h.

Sm (J=5/2) where k& is the Boltzmann constant, e is the charge of an
electron, o. is the electrical conductivity, and EF is the
Fermi energy. Since the electron-phonon-scattering time
~ involved in 0. is independent of energy in the two-
dimensional free-electron system with a parabolic energy
dispersion, ' the diffusion term is expressed as

m. k T
D (4)

1120 1110 1100 1090 1080 1070 1060
Binding Energy (eV)

FIG. 5. Core-level X-ray photoemission spectra for
(SmS)&»TaS2 (Sm 3d region). (a) As-grown sample. (b) After
argon etching. (c) After annealing at 250'C. Note that the rela-
tive intensities of the peaks from the Sm + initial state changes
markedly from (a) to (c).

The phonon drag term is given by

(C,R)
S h=

3en

where C is the specific heat of acoustic phonons which
contribute to the phonon drag effect, and n is the carrier
density. R (q) represents the momentum transfer ratio of
the electron phonon scattering to all contributions from
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phonon-scattering processes. The momentum transfer of
phonon in a unit time depends on the kind of scattering,
which is proportional to q by electron-phonon scattering,
independent of q or T by domain boundary scattering,
and proportional to q and T by phonon-phonon scatter-
ing:

R (q)=
b +aq +cqT

(6)

where b is the number of collisions by domain boundaries
in a unit time, and a and c are coeKcients of the
electron-phonon and phonon-phonon interaction, respec-
tively. From Eq. (5), the phonon drag term is given by
the following equations:

max

S~h = R (x)dx,
4eh' kFv, 0 (e"—1)

Av, qX—
k~T '

&vsqmax
x max

8
(9)

where kz is the Fermi wave number, v, is the sound ve-
locity of the acoustic phonon, and q „is the maximum
phonon frequency available for the momentum transfer
through the phonon drag process, namely q „=2kF.

In the low-temperature region, the thermoelectric
power of (SmS), ,9TaS2 has a small hump around 30 K.
This anomaly comes from the experimental inaccuracy,
which includes the thermoelectric power of gold wires
used in this measurement. Therefore, we omit the low-
temperature data for the theoretical fit. The linear tem-
perature dependence of S at higher temperatures indi-
cates that the electron diffusion term S~ is predominant
in the temperature region. Using the above equations
(2)—(9), we obtain a good agreement between the experi-
mental and calculated thermoelectric power with the fol-
lowing fitting parameters:

b /aq, „=l.7+0.2,
c/a =3+2X10 K

k+v, =1.1+0.05X10' s

EF=0.44+0.04 eV .

The calculated thermoelectric power SD and S h is drawn
in Fig. 2. The low Fermi energy EF=0.44 eV stands for
the small concentration of the conduction carriers, which
fact supports the assumption that the conduction band of
TaS2 is almost filled by the electron transfer from SmS.
This value agrees fairly well with the Fermi energy
EF=0.54 eV obtained from reQectivity measurements.
In comparison with the dispersion curves and density of
states of the conduction band calculated by Mattheiss, '

the obtained Fermi energy Ez =0.44 eV corresponds to a
carrier density of less than 0.1 holes per TaSz, consistent
with the carrier density of 0.052 obtained from the Hall
coefBcient measurements. The Fermi wave number k~ is
estimated at 4.2 X 10 m ' using the relation

EF =A'kF Im *, where the band mass m *= 1.4m, is
known for TaS2. Using the fitted value of k~v„ the
sound velocity for the acoustic phonon is estimated at
2.6X 10 m/s. The velocity is related to the Debye tem-
perature OD as

Av,
OD = (6' N),

B
(10)

2. Magnetism and ualenee state of (SmS) & t9TaS2

Next we consider the valence state of Sm from the
magnetic susceptibility. As one can see in Fig. 4, the sus-
ceptibility of (SmS)»9TaS2 is not expressed simply by the
contribution of Sm +, whose susceptibility becomes a
constant value at low temperatures. The strong anisotro-

py in the susceptibility indicates the presence of the
crystal-field effect. The crystal field works on the spin
state of Sm (J =—', ), specifically because J=0 in Sm +.
It is known that the lattice constants of (SmS)»9TaS2 are
those expected for Sm +, whose values are affected by the
lanthanide contraction for the series of (RS)„TaSz with

where N is the atomic density. From Eq. (10) and the es-
timated sound velocity, the Debye temperature is calcu-
lated to be 290 K. This value agrees with the result ob-
tained from the electrical resistivity mentioned in Sec.
II A. By comparison of values a, b, and c, we know the
character of phonon scattering in (SmS), »TaS2. The
fitted values a, b, and c suggest that contributions from
these three types of phonon scattering are comparable at
around room temperature. The ratio of the domain
boundary scattering to the electron-phonon scattering
b/aq is 1.7 at q =q „. If we assume that the domain
boundary scattering is negligible (b =0) while other pa-
rameters are held at their fitted values, the phonon drag
contribution is unrealistically enhanced by about three
times the fitted one. Therefore the phonon scattering at
domain boundaries significantly reduces the phonon drag
effect. This fact is consistent with the presence of the
large residual resistivity associated with the carrier
scattering by domain boundaries. The phonon-phonon-
scattering term is not so effective for the thermoelectric
power, because the electron diffusion term is dominant at
high temperatures, as known from the linear temperature
dependence of the thermoelectric power.

To summarize this section, we elucidate the process of
phonon scattering by analysis of the thermoelectric
power of (SmS), »TaSz. The contribution of domain
boundary scattering to the total phonon scattering is
significant in this compound. It is considered that the
domain boundary scattering is brought about by the lat-
tice incommensurability, which induces domain boun-
daries by forming a discommensuration structure. Al-
though quite a simple model is used in the above treat-
ment, the obtained picture of the electronic and lattice
structures accounts for the values of the Fermi energy
and the Debye temperature and the presence of boundary
scattering attained by experiments. Therefore, the single
carrier description on the basis of the TaS2 conduction
band is effective for (SmS), »TaS2.
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trivalent R. These facts suggest the strong contribution
from the Sm state to the susceptibility. If we assume
that (SmS)»9TaSz consists only of Sm +, it is necessary
to consider a large antiferromagnetic interaction ranging
larger than 50 K, as expected from the temperature
dependence of the inverse susceptibility (8~~

= —55 K and
gi= —80 K). The inclusion of such large interaction is,
however, inconsistent with the absence of the magnetic
ordering down to 2 K. The Weiss temperatures of other
(RS) TaSz are known to be lower than 10 K. Some of
them show antiferromagnetic transition at low tempera-
tures, whose transition temperatures T& are 2.0, 4.1, and
1.7 K for Ce, Gd, and Dy compounds, respectively, and
Nd and Er compounds are known to have no magnetic
transition down to 1.2 K. Since the electrical transport
and structural properties are quite similar to each other
in the (RS)„TaSz family, the similar magnitude of ex-
change interaction is expected in (SmS)i i9TaSz. There-
fore, the large antiferromagnetic interaction should be ex-
cluded.

According to the crystal structure study of
(SmS)»9TaSz, the Sm ions are coordinated by five sulfur
atoms in the SmS layers and two or three sulfur atoms in
the adjacent TaS2 layers, and their bond lengths are not
the same. Such an asymmetric environment of coordina-
tion of sulfur comes from the peculiar crystal structure of
(SmS)»9TaSz, where the SmS layers consist of a sliced
NaC1-type double-layer structure having layers incom-
mensurate with TaSz. Therefore the electric crystal field
associated with the coordinated sulfurs varies depending
on the location of Sm sites. The sixfold-degenerate Sm +

4f level ( M~&z ) is split into three doublets by the crystal
field, ' and the energy arrangement of these three
levels is different in each Sm site. Such a situation makes
accurate calculation of the total susceptibility difficult,
even though, as in the case of the susceptibility of
(SmS)i »TaSz, the unrealistically large Weiss temperature
0, the anisotropic magnetic moments p,z, and the devia-
tion of the susceptibility from the Curie-Weiss law in the
low-temperature region, are not ascribed to the crystal
field effect entirely. Therefore it is necessary to include
the contribution of the divalent state of Sm to account for
the behavior of the susceptibility in the whole tempera-
ture range.

The XPS spectra give clear evidence that (SmS)i i9TaSz
has the mixed valence state of Sm + and Sm +. As to the
origin of the XPS peaks, we have to consider the shake-
down process. During the photoemission process in
rare-earth compounds with a number n of 4f electrons,
the lowest 4f final state has one more 4f electron sup-
plied from the conduction band since the state is stabi-
lized through the Coulomb interaction between the 4f
electrons and the core holes created by photoemission.
The satellite peaks arising from the final state are often
found in light rare-earth intermetallic compounds. The
intensity of the peak from the final state essentially relies
on the strength of the hybridization between the conduc-
tion bands and the 4f state. The hybridization decreases
as rare earths become heavier, since the 4f state becomes
lower from the Fermi energy. Thus the final-state satel-

lites in Sm compounds are too weak to be observed, as
known from the series of RPd3 alloys. ' It is considered
that the hybridization effect is more weakened in
(SmS)i i9TaSz than in metallic Sm compounds, since the
conduction carrier is not present in the SmS part, as dis-
cussed below. Therefore the observed peaks at the Sm +

positions are yielded purely by the Sm + initial state.
Another possibility for the appearance of the Sm + peak
is one originating from the surface state. The kinetic en-
ergy of the photoelectron in the Sm 3d region is about
300 eV when we employ the source radiation of Al. The
escape depth l of the photoelectron from the inside of the
sample is related to its kinetic energy, ' and the kinetic
energy of 300 eV corresponds to l of 8 A. Since the
thickness of the TaS2 layer is about 6 A, the Sm 3d elec-
trons can escape not only from the surface SmS layer but
also from the second SmS layer whose surface is covered
by a TaS2 layer. Therefore, it is considered that the ob-
served XPS spectra give the bulk properties of
(SmS), »TaSz. Taking account of these points, we con-
clude that the valence mixing of Sm + and Sm + is real-
ized in (SmS)i i9TaSz. By using the Sm +/Sm + =0. 12
obtained from the XPS data, the room-temperature sus-
ceptibility is calculated to be 1.3X10 emu/g. This
value is very close to the geometric mean value

X = Qy~~yi of 1.27X 10 emu/g.

3. Conduction mechanism in (RS )„TaS2

Next we discuss the conduction mechanism in
(SmS)i i9TaSz. The conduction mechanism is assumed to
be common in the isostructural series (RS) TaSz because
of the similarity in the transport properties. Therefore,
at first, we discuss the conduction mechanism of
(RS) TaSz generally. As applied in the transition-metal
dichalcogenide intercalation compounds, we employ a
simple rigid band model for the electronic structure of
(RS) TaSz where electrons on the RS conduction band
are transferred to the TaSz conduction band. The con-
duction band of the pristine TaS2 consists mainly of the
Ta 5dz orbital, which is lowest lying in the Ta 5d levels
split by the trigonal crystal field. Conduction electrons
occupy half of this band, resulting in the metallic state of
TaS2. ' In pristine RSs with NaC1 crystal structure, the
conduction band is formed of the R 5d and 6s orbitals.
The electronic structure of RS depends on the valence
state of R, namely it is metallic for R + and semiconduc-
tor for R +. The latter case is known for SmS and EuS
in the series of RS. In the incommensurate layer com-
pounds (RS) TaSz, inserted RS layers are sliced parallel
to the I100I plane of the pristine structure and form a
double layer between the TaS2 layers. Then the electron-
ic structure of the inserted RS layers is modified from
pristine RS. Interest consists in the nature of the
transferred electrons to TaSz,' that is, which electrons in
the 4f state or the conduction band of RES are
transferred to TaS2.

According to the results of the Hall effect, magne-
toresistance, and thermoelectric power measurements, it
is considered that the electrical conduction in this system



48 ELECTRONIC PROPERTIES AND VALENCE STATE OF Sm IN. . . 11 083

is described in terms of one kind of hole carrier in the
TaSz conduction band. In addition, physical properties
of (RS) TaSz are known to have the following features: '

(i) the temperature dependence of p and the residual resis-
tivity ratio RRR are almost identical for all compounds
of (RS) TaS~; (ii) no anomaly is observed in the tempera-
ture dependence of p at magnetic transition temperatures
( T& ) in antiferromagnetic R =Ce, Gd, and Dy com-
pounds; (iii) T& is considerably reduced from T~ of pris-
tine RS in the above compounds; and (iv) the semicon-
ducting vanadium analogues (RS) VS& (Ref. 20) have
higher T~ than (RS) TaS2. The absence of R depen-
dence in the transport properties suggests that the electri-
cal conduction is governed by the carriers on the TaSz
conduction band. The absence of the magnetic ordering
effect in the transport properties and the reduction of
magnetic transition temperatures implies that the spin
polarization of the conduction electron does not develop
around the magnetic R atoms, namely, the carriers do
not exist in the RS layers. All these experimental facts
prove that the carriers exist only in the TaSz layers.

Taking into consideration the nonstoichiometric com-
position of (RS) TaSz (x = 1.13—l. 23 ), the electron
transfer from RS is not completed for the following
reason. It is known in TaSz intercalation compounds that
at most one electron per TaSz is transferred from the in-
tercalate species, because the TaSz conduction band is
half filled, and to transfer more than one electron requires
energy beyond the d-d energy gap of the TaSz 5d band. '

Even if the maximum electron transfer occurs, that is,
one electron per TaSz corresponding to 1/x electrons per
RS unit is transferred, (1—1/x) electrons still remain in
the RS conduction band because x ) 1. The value of
(1—1/x) increases from 0.13 to 0.2 by increasing the
atomic number of R from La to Er. Judging from the ex-
perimental results, the existence of hole carriers in the
TaSz conduction band evidently suggests that the elec-
tron transfer is less than one per TaSz. This implies that
a significant number of carriers should remain in the RS
layer, predicting a metallic state for the RS layer. The
carriers, however, do not take part in the electrical con-
duction in (RS) TaSz.

The band structure of pristine RS predicts that the car-
riers remaining on the RS layer are electronlike and
have a larger density than the hole carriers observed in
the TaSz layer. If the electron carriers are mobile, their
mobility should be smaller than that of the observed
holes because RH is independent of temperature and
magnetic field. If the mobile carriers exist in the RS lay-
ers, they can mediate the RKKY interaction between
magnetic R ions. Then some anomalies will appear in the
resistivity at the magnetic transition temperature, and the
magnetic transition temperature is not reduced
significantly from that of the corresponding pristine RS.
The presence of the RKKY interaction as a dominant
magnetic interaction contradicts the experimental facts.
For example, semiconducting (CeS), »VS2 has higher Tz
(5.5 K) (Ref. 20) than metallic (CeS)& &4TaS2 (2.0 K), and
Tz of (GdS)& 20TaS2 is reduced to 4.1 K from 40 K of the
pristine GdS whose exchange interaction is dominated by

the RKKY interaction. Therefore it is considered that
the observed hole carriers are separated in space from R
ions, and the remaining electrons on the RS conduction
band are localized.

There is a question as to why the carriers in the RS lay-
ers do not take part in the electrical conduction. To
answer this, we discuss the effect of lattice incommen-
surability on the electrical conduction of (RS),TaS2. The
most marked characteristic in this system is the lattice
misfit between RS and TaSz sublattices. Their lattice
constants are fitted to each other in the b direction, while
they are almost independent in the a direction with an ir-
rational (incommensurate) ratio. Consequently the lattice
incommensurability induces mutual lattice modulation to
the TaSz and RS sublattices. Evidence of the strong in-
commensurate modulation of the sublattices is found in
the electron diffraction of (RS)„TaSz, which contains sa-
tellite spots along the incommensurate direction. The
satellite spots have comparative intensity with the main
spots, so that the mutual modulation is notably strong.

The lattice incommensurability yields disordered and
quasiperiodic potentials that scatter the carriers. The
quasiperiodic potential acts one dimensionally and gen-
erates energy gaps in the conduction bands. In this
respect, (RS)„TaSz is a good example of the problem of
an electronic system with one-dimensional quasiperiodic
potentials. Tight-binding calculations for a linear
chain with a quasiperiodic potential recently showed the
possibility of carrier localization. If a quasiperiodic po-
tential with the period a' is added to a system with the
period a, the potential is possible to open energy gaps at
+m. /na with optional integers n in the one-dimensional
band. In the calculations, the quasiperiodicity co=a/a'
is at first approximated to be the simplest rational num-
ber n /m. The energy gap appears at the position corre-
sponding to the lattice period ma. It is also found that
the intragap states appear as the approximation proceeds
by taking more complicated rational numbers.

In (RS) TaS2, the quasiperiodic potential is related to
the lattice constants in the incommensurate direction,
a~,s and a~s. The conduction band of RS is affected by

2

the quasiperiodic potential from TaSz. This potential
makes energy gaps at the wave numbers q„=+~/naz, s2

with optional integers n in the first Brillouin zone. The
wave numbers q„are common in (RS)„TaS2, since ar, s2

is nearly the same (-3.31 A) in the compounds. If there
are any integers m that nearly satisfy the relation
na~, s =ma~s, the effect of the quasiperiodic potential is

2

made stronger through the formation of m-fold super-
structures in the RS sublattice. The ratio ass/a~, s2

ranges between 1.77 and 1.623 (Ref. 3) by varying the R
element so that the value m depends on (RS)„TaS2. In
(SmS), »TaSz, the ratio as s/ar, s =1.689, therefore

2

n/m =17/10 is taken as a rational number close to
as s/a~, s, for instance. Accordingly, a tenfold superlat-2'
tice is preferentially formed along the incommensurate
direction in the SmS sublattice. In the two-dimensional
electronic system, the quasiperiodic potential generates a
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zone-folding effect in the conduction band instead of the
one-dimensional energy gap. In this case, after the car-
riers stop moving in the incommensurate direction due to
the quasiperiodic potential, the carriers can move within
the other direction.

The lattice incommensUrability also induces the ran-
dom potential in actual compounds through the forma-
tion of the discommensurate structure mentioned above.
If the random potential is formed as a result of relaxation
of the local stress of individual atoms, the carriers experi-
ence additional scattering from the random potential.
This causes localized electronic states with a mobility
edge in the conduction band. The charge transfer
reduces the numbers of the conduction carriers and the
Fermi energies in both the TaS2 and RS conduction
bands from those in the pristine compounds. The lower-
ing of the Fermi energy, namely, the reduction of the
kinetic energy of conduction carriers, favors the carrier
localization. Thus the localized feature of the conduction
carriers in the RS part is associated with the random po-
tential and/or the one-dimensional instability.

The metallic behavior of (RS) TaS2 means that the
carriers in the TaS2 part are not localized. The S-Ta-S
sandwich structure of the TaS2 layer is sustained in
(RS) TaS2, and the structure is less modulated from the
pristine one than in the RS layer. Therefore, it is sup-
posed that the quasiperiodic potential associated with the
lattice incommensurability does not give significant
modification of the band structure of TaS2 ~ In contrast to
(RS)„TaS2, the semiconductive conduction in (RS) VSz
suggests that the carrier localization in the VS2 part is
realized as well as in RS in (RS) VS~.

In the pristine compound SmS, the Sm 4f energy level
is lower than the bottom of the Sm Sd-6s conduction
band, so that the SmS is a semiconductor. The applica-
tion of pressure broadens the conduction band and mixes
it with the Sm 4f level, which leads the SmS to be me-
tallic with a Sm valence Auctuation state. For a double
layer of SmS in (SmS), »TaS2, it is not known whether
the Sm 4f level or the Sm 5d-6s conduction band is
lower. If the double layer of SmS has an electronic struc-
ture resembling the pristine one, conduction electrons
can remain in the Sm 4f level.

According to Hall effect measurements, which suggests
that the compound has hole carriers (0.052/TaSz) only in
the TaS2 conduction band, the concentration of electrons
transferred to TaS2 is 0.948 per TaSz. Consequently,
0.20( =1—0.948/l. 19) electrons remain in the SmS lay-
er. In (SmS), »TaS2, the ratio between the lattice con-
stants of SmS and TaS2 sublattices is 1.689 along the in-
commensurate direction. Close to this value, 17/10 is
considered as a simple rational number, so that the super-
lattice with the period of 10a (a is the lattice constant of
the SmS sublattice) will be realized. Hence the energy
gap appears at the wave number k =+~/10a in the a'
direction, where the lowest band can accommodate 0.2
electrons per (SmS)& &9TaS2. In fact, (SmS), ,9TaSz has a
two-dimensional electronic structure, so that the one-
dimensional potential gives a zone-folding effect to the
energy band in the a* direction, whose lowest band can
accommodate 0.2 electrons. The electrons can move with

a wave vector along the 6 direction. We consider that
the carriers are affected by some random potentials in
this direction to make whole carriers localized.

The electronic state of (SmS), »TaS2 is not simple, be-
cause, from the XPS measurement, there are 0.12 elec-
trons in Sm + 4f level. This means that the Fermi level
is located in the Sm 4f level. The difference between
these two values 0.2 and 0.12 suggests that the Sm 4f
state mixes with the SmS conduction band, i.e., the
valence fluctuation, and all the electrons in the SmS lay-
ers are localized by the quasiperiodic and random poten-
tials.

III. CONCI. USION

We measured the resistivity, thermoelectric power,
magnetoresistance, Hall effect, magnetic susceptibility,
and x-ray photoemission spectra of (SmS), ,9TaS2 in order
to investigate the valence state of Sm and the effect of the
lattice incommensurability. The transport properties in-
dicate that the electrical conduction is dominated by only
one kind of hole carrier which is isolated on the TaSz lay-
er, and the carriers on the RS layer are silent in the elec-
trical conduction. This fact is intensively supported by
the experimental result that the magnetoresistance and
Hall coeKcient are independent of magnetic field and
temperature. The temperature dependence of the ther-
moelectric power is analyzed in terms of the electron
diffusion and phonon drag contributions. The fitted
values of the Fermi energy and the Debye temperature
are coincident with those obtained by optical' and resis-
tivity measurements. The susceptibility and XPS mea-
surements reveal that the system has a valence mixing
state of Sm + and Sm +, where the portion of the Sm +

is estimated at 0.12. We also discussed the conduction
mechanism of the series of (RS) TaS2 consisting of a
nonconducting RS part and a metallic TaS2 part, and
proposed that the carriers on the RS part are localized
due to the quasiperiodic potential created by the lattice
incommensurability. In the Sm compound, the valence

fluctuating SmS conduction electrons are considered to
be localized by this potential.

Recently, we found that the analogous compounds
(RS) VS2 (x =1.15—1.25) are semiconductors. It is
considered that the band structures of (RS) VS2 and
(RS) TaSz are similar within a simple rigid band con-
sideration. Therefore, carriers should remain in the RS
and VS2 layers because of the nonstoichiometric composi-
tion between RS and VS2. The fact that (RS)„VS2 is a
semiconductor intensively suggests that carriers on both
the VS2 and RS layers are localized by the effect of the
lattice incommensurability, contrary to the (RS) TaSz
system. The difference in the conduction between TaS2
and VS2 is related to the narrow V 3d conduction band.

The system (RS) TS (T=Ta, Nb, V) is a good exam-
ple for the study of the electronic state in the quasi-
periodic potential. The irrational ratio co of the lattice
constants between RS and 752 sublattices varies from
1.77 to 1.61 by changing the rare-earth element, so that
we can treat the electronic structures with various types
of quasiperiodic potentials in actual materials. It should
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be noted that co in the above compounds includes the
specific number co =(&5+1)/2 = l.618 03. . .. If an
electronic system has a quasiperiodic potential with the
irrational number of co+, the system can be treated as the
Fibonacci lattice, where the wave functions and the ener-
gy spectrum are obtained analytically. Therefore,
(RS) VS' will provide knowledge for the problem of the
quasiperiodic electronic system experimentally.
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