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We present band-structure calculations of SnTaS2, an intercalation compound in which the Sn
atoms have a very uncommon linear coordination by two S atoms and an unusual formal valency
Sn' . The Sn 5p and 5@~ states show strong metal-metal bonding in the intercalant planes and the
Fermi level is crossed by a very wide band composed of these Sn 5p p~ states. Angle-resolved pho-
toelectron spectra are in agreement with the calculated band structure. SnTaS2 is metallic as is
reflected in the measured transport properties (resistivity, Hall eA'ect, thermoelectric power). Low-
temperature specific-heat measurements show an anomaly due to superconductivity below 2.8 K.
The Sn 4d core levels, measured with photoelectron spectroscopy, show a splitting of 1 eV, indicat-
ing the presence of two diA'erent types of Sn atoms. This could be due to a valence disproportiona-
tion 2Sn+ ~Sn +Sn + and rapid valence fluctuations between Sn and Sn

I. INTRODUCTION

The layered transition-metal dichalcogenides easily al-
low the intercalation of a great variety of metal atoms.
The structures and physical properties of these intercala-
tion compounds have been studied in detail, using many
diferent experimental techniques. In review articles' a
great variety of phenomena occurring in intercalates,
as metal-semiconductor transitions, ionic conduction,
charge-density waves and order-disorder phenomena, are
discussed.

The intercalated atoms occupy sites in the van der
Waals gap between the sandwich layers of the host com-
pound. For intercalated transition-metal atoms these are
the octahedral sites in the van der Waals gap. Intercala-
tion of alkali metals leads to the occupation of octahedral
or tetrahedral-prismatic sites in the van der Waals gap.
Intercalated Ag and Cu atoms occupy octahedral or
tetrahedral sites in the van der Waals gap. In all these
cases the intercalated metal atoms donate electrons to the
lowest unoccupied or partly occupied band of the host
compound, in order to reach the "normal" valency ex-
pected for a metal atom in a chalcogen lattice (i.e., A+
for the alkali atoms, Ag+, Cu, and M + or M for the
3d transition-metal atoms). For the compounds TX2
(T=Nb, Ta; X=S,Se) with the 2H structure, in which T
has a trigonal-prismatic coordination by X atoms, this
lowest partly occupied band is the so-called "d 2" band,
which is occupied by one electron per formula unit, and
can contain at most two electrons per formula unit. The
intercalation and associated electron donation can gen-

erally proceed until this d 2 band is fully occupied. This
sets an upper limit for the concentration of the intercalat-
ed atoms.

It is also possible to intercalate the post-transition met-
als M= Ga, In, Sn,Pb, Bi into TaS2, TaSe2, NbS2, and
NbSe2. ' The resulting intercalation compounds M TX2
are of two distinct types: the fully intercalated com-
pounds with x=1 and compounds with x =——,',—,'. In the
latter type the intercalated atoms occupy octahedral sites
in the van der Waals gap.

In this paper we will concentrate on the fully inter-
calated compounds of post-transition metals and in par-
ticular on SnTaS2. This compound shows some very in-
teresting and unusual features. In the first place the Sn
atoms do not occupy an octahedral, tetrahedral, or
trigonal-prismatic site in the van der Waals gap, as ob-
served in a11 other intercalation compounds. In SnTaSz
the intercalated Sn atoms are linearly coordinated by two
sulfur atoms and the Sn atoms form hexagonal two-
dimensional sheets in the van der Waals gap of the TaS2
host compound. Secondly, the Sn atoms in SnTaSz have
an uncommon formal valency of Sn' (5s, 5p'); this
valency is deduced if it is assumed that intercalation is as-
sociated with electron donation to the Ta d & band untilZ'
this band is fully occupied. SnTaSz is a metallic com-
pound, and shows superconducting behavior at low tem-
perature. Some features of Sn 3d core photoelectron
spectroscopy have been interpreted as evidence for the
presence of valence Auctuations in SnTaS2.

We present in this paper calculations of the band struc-
ture of SnTaSz and some related compounds, using the
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augmented-spherical-wave (ASW) method. The calcula-
tions support the already mentioned unusual valency of
Sn in SnTaSz. We find some important differences with
recently published band-structure calculations of SnTaS2
with the atomic-sphere-approximation —linear-muffin-
tin-orbital (ASA-LMTO) method. The calculated band
structure is compared with new angle-resolved and
photon-energy-dependent photoemission studies of the
valence band. We also report measurements of several
physical properties, such as electrical conductivity, Hall
effect, thermoelectric power, and low-temperature
specific heat. Finally, we present new Sn 4d photoemis-
sion data, in an attempt to find evidence for the valence
fIuctuations suggested previously.

II. PREPARATION AND CRYSTAL STRUCTURES

Polycrystalline SnTaSz and Sn
& /3 TaS~ were obtained by

heating the elements for one week at 800—900'C and,
after repowdering, for another week at 800—900'C. The
largest single crystals of SnTaS2 were obtained by the fol-
lowing gas transport reaction at temperatures of
700—900'C, lasting three weeks:

Sn
& &3TaSz(powder ) + —,

' Sn ~SnTaSz',

where C12 was used as transport gas. Crystals were
formed at the low-temperature side. Smaller single crys-
tals were obtained by a gas transport reaction with
SnTaS2 powder as starting material.

The crystal structure and lattice parameters were ob-
tained by x-ray diffraction. Stoichiometry was deter-
mined by chemical analysis.

The crystal structure of the host compound 2H-TaS2,
with two slabs per unit cell, is shown in Fig. 1(a) and the
(110) section of the unit cell in Fig. 1(b). For 2H-TaSz the

intercalant positions in Fig. 1(b) are empty. The Ta
atoms are in a trigonal-prismatic coordination by S.

Eppinga and Wiegers made an extensive study of the
crystal structures occurring in post-transition-metal in-
tercalates of Ta and Nb dichalcogenides. For fully inter-
calated (x =1) compounds several classes can be dis-
tinguished.

(a) The 2s-SnTaSz structure [see Fig. 1(c)]. There are
two formula units and two slabs per unit cell. This struc-
ture is found for SnTaS2, SnNbS&, PbTaS2, and PbNbS2.
The atoms are in the following special positions of the
space group P63/mme [see Intevnational Tables of Crys
tallography (Reidel, Dordrecht, 1983), Vol. A, Tab. 194]:

2M in 2a: (0,0,0), (0,0, —,
' ),

2 Ta in 2c: +( —,', —', , —,'),
4 S in 4e: +(0,0,z), +(0,0,z+ —,') with z=0. 33 .

Ta atoms are in a trigonal-prismatic coordination by S,
but the stacking of the TaSz slabs has changed as com-
pared to 2H-TaSz. The intercalant atoms M are linearly
coordinated by S and form two-dimensional hexagonal
sheets in which they have six neighbors at a distance
equal to the a axis. The c axis increases with about 2.7 A
per slab, as compared to 2H-TaSz.

(b) The ls-MTaSz structure [Fig. 1(d)]. In this struc-
ture there is only one slab per unit cell. This structure is
found for PbTaSe2, InTaS2, and SnNbSe2. The structure
can be described in the space group P6m2 (see Tab. 187
in the above mentioned International Tables of Crystal
lography) with the atoms in the following positions:

1 M in la: (0, 0, 0),
1 Ta in ld: ( —,', —', , —,'),
2 S in 2g: +(0,0,z) with z=0. 32 .

(b) (c) Ta

Q s

Q sn

(e)

(a)
]&c

a

(110)

FIG. 1. (a) Crystal structure of 2H-TaS2. (b) (110) section of the unit cell of 2H-TaS2, with the octahedral intercalant positions. (c)
(110) section of the unit cell of 2s-MTaS2. (d) (110) section of the unit cell of 1s-MTaS, . (e) {110)section of the unit cell of M TaS&, M
atoms are trigonal prismatically coordinated.
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The only difference with the above-mentioned 2s-MTaS2
structure is the stacking of the TaS2 layers; the Ta atoms
of different slabs are now right above each other along c
axis. Because of the large Ta-Ta distance along the c axis
this change has little inAuence on the electronic structure
as will be shown in the following paragraph. The c axis
increase is about 2.7 A per slab as in the 2s structure.

(c) The M, TaS2 structure [Fig. I(e)]. In this case there
is one formula unit e,nd one slab per unit cell. This struc-
ture is observed for InNbSz and InTaSe2. Both the
past-transition metal M and the Ta atom are in trigonal-
prismatic coordination by S. The change in the c axis
(-1.9 A per slab) is appreciably smaller than for the 2s
and 1s structure.

SnTaS2 crystallizes in the 2s structure, described under
(a). Band-structure calculations have been performed for
SnTaS2 with the 2s structure and the 1s structure.

The z parameter of the positions of the sulfur atoms in
these structures have not been determined very accurate-
ly. Comparison of the structural parameters of many
TaS2 intercalates shows that distances within the TaS2
slabs are approximately equal for intercalation com-
pounds with different metal atoms. So in our definitive
calculations we used z values corresponding to Ta-S dis-

0
tances of about 2.48 A and intrasandwich S-S distances
along c of 3.14 A.

III. BAND-STRUCTURE CALCULATIONS

A. Details of the calculations

Self-consistent calculations of the electronic band
structure were performed using the augmented-
spherical-wave' method. Exchange and correlation were
treated within the local-spin-density approximation. "
Scalar relativistic efFects were included. '

The basis functions were composed of 5s, 5p, and 5d
functions on Sn; 6s, 6p, and 5d on Ta; and 3s, 3p, and 3d
on S. 4f functions on Sn and S and 5f functions on Ta
were included in the internal summation of the three-
center contributions to the matrix elements, what can be
regarded as treating these f states as a perturbation.

When a crystal structure is not very densely packed-
as is the case in layered compounds with a van der Waals
gap or intercalation compounds with a linear coordina-
tion of the intercalant atoms —it is sometimes necessary
to include empty spheres in the calculation. For 1s-
SnTaS2 two empty spheres at the (2i) positions between
the Sn and S layers are included. For 2s-SnTaS2 empty
spheres at the equivalent positions were included. Lattice
constants and Wigner-Seitz sphere radii used in the
band-structure calculations are tabulated in Table I.

TABLE I. Lattice constants a and c and Wigner-Seitz sphere
radii r; used in the band-structure calculations. All values are

0
in A.

C

c/a
rza

r in ter calan t

rempty sphere

2H-TaS2

3.316
12.07
3.64
1.373
1.772

1s-SnTaS2

3.307
8.72
2.637
1.270
1.654
1.654
1.270

PbTaS2

3.326
8.85
2.661
1.270
1.675
1.675
1.270

GeTas,

3.310
8.56
2.587
1.270
1.628
1.638
1.270

the ASW approximation for a comparable layer com-
pound (MoS2) inclusion of empty spheres leads to essen-
tially the same result as a calculation without empty
spheres. ' In Fig. 2 the band structure of 2H-TaS2 along
symmetry lines in the Brillouin zone is shown. Informa-
tion about the wave-function character of the bands can
be obtained from the total and partial density of states
(DOS) in Fig. 3.

The lowest band at 14 eV below the Fermi level con-
sists of S 3s states. The 6-eV wide band from —1.5 to
—7.5 eV is mainly composed of S 3p states. Above this
band lies the so-called Ta 5d 2 band, which is energetical-

ly separated from the other Ta 5d states. The Ta 5d 2

band, with a width of 1.26 eV, can contain two electrons,
but is only half-filled. This band is of great importance
for metal intercalation, since the electrons donated to the
TaS2 layers by the intercalant atoms fill up this band.
The fact that there is only room for one extra electron
per formula unit determines the upper limit of the con-
centration of intercalant atoms.

From the partial DOS (Fig. 3) it is clear that there is a
strong covalency between the S 3p states and the Ta 5d
states. This hybridization is also the reason for the split-
ting off of the Ta 5d 2 band from the rest of the Ta 5d
manifold. The formation of the d & band, which also con-

Z

B. 2H-TaS,

For the interpretation of the electronic structure of in-
tercalates of 2H-TaS2 a comparison with a band-structure
calculation —by the same method —of the host lattice
2H-TaS2 is necessary. The input parameters of the calcu-
lation of 2H-TaS2 are given in Table I. For 2H-TaS2 no
empty spheres were included since it was shown that in

AM LKH

FICi. 2. Energy band structure of 2H-TaS2.



12 114 J. DIJKSTRA et al. 40

10- (a)2H-TaS E

(b)Ta

10-

I

—10 —5
Ener gq (eU)

FIG. 3. Density of states (DOS) of 2H-TaS&. {a) Total DOS.
(b) Partial Ta DOS. (c) Partial S DOS. Units: stateseV ' (for-
rnula unit)

tains-considerable Ta 5d
y and 5d» and sulfur charac-x —y

ter away from I, stabilizes the trigonal-prismatic coordi-
nation of Ta (d') by the sulfur atoms. '

Our calculated band structure is in reasonable agree-
ment with the ASA-LMTO results. The older APW cal-
culation' gives the same dispersions, but a different
Ta 5d —S 3p gap, probably due to the fact that this calcu-
lation is not self-consistent.

When using spherically symmetric potentials in the
self-consistent loop, as in the ASW method, the polariza-
tion of the S atoms due to their asymmetric coordination
by Ta is not taken into account self-consistently. Band-
structure calculations and photoemission results of com-
parable layered compounds such as MoSez, TiSez, and
1T-TaSez are in better agreement with each other, when
in the calculation the chalcogens are slightly shifted to-
wards the metal atoms —crudely simulating the anion po-
larization. ' For 2II-TaSz and its intercalates the mea-
sured structural data were used as input for the calcula-
tions, without trying to simulate the anion polarization,
which seems justified by the fact that this correction is
small for 1T-TaSez. '

In our band structure there is a small overlap between
the Ta d & band and the top of the S 3p band, which is sit-Z'
uated between I and M. The calculated DOS shows the
same Ta d —Sp peak-to-peak splitting as was measured by
angle integrated ultraviolet photoemission spectroscopy
(UPS). ' The calculated overall bandwidth from the
lowest S 3p band to the Fermi level is 6.8 eV. The
above-mentioned UPS study gives a value of 6.5 eV.

of the 1s structure is twice as large as that of the 2s struc-
ture; it is doubled in the c direction. The number of ener-
gy bands is halved. Comparison of the results of band-
structure calculations for both structures shows that the
different stacking of the slabs hardly makes any
difference. The eigenvalues of 1s-SnTaSz in I and 3, for
example, are within 0.06 eV the same as the eigenvalues
of 2s-SnTaSz in I . (The halving of the crystallographic
unit cell in the c direction leads to folding the symmetry
point I of the 2s Brillouin zone onto I and 3 of the 1s
Brillouin zone. ) Consequently all the important aspects
of the electronic structure show up in the calculation of
1s-SnTaSz. Therefore only the band structure of 1s-
SnTaSz is shown.

Band-structure calculations of 1s-SnTaSz were per-
formed with the addition of two empty spheres at the (2i)
positions, in between the Sn and the S layers. Table I
gives the input parameters of the calculation. In Fig. 4
the electron energy bands are shown. The wave-function
character of different bands can be obtained from the to-
tal DOS [Fig. 5(a)] and the partial DOS [Figs. 5(b) —5(d)].

The lowest bands around 15 eV below the Fermi level
with a width of 2 eV are almost completely of S 3s origin.
The seven bands positioned between —2 and —9 eV
below the Fermi energy EF are of S 3p and Sn 5s origin.
The Sn 5s states are very dispersive, giving a low partial
DOS. Both the top in H and bottom in I (see Fig. 4) of
this set of seven bands have mainly Sn 5s character. The
Sn 5s states are mixed with the S 3p bands, mostly with
the 3p, states in the direction of the linear S-Sn-S array.
The width of the S 3p band, with a much higher partial
density of states than the Sn 5s, is 5.4 eV, about the same
value as found for 2H-TaSz.

Just below the Fermi level lies the Ta 5d & band, which
is completely filled in SnTaSz. There has been a transfer
of about one electron from Sn to the Ta 5d & band. The
rest of the Ta 5d manifold is situated above EF. The Ta
and S contributions to the DOS closely resemble the DOS
of 2H-TaS~. The Ta 5d —S 3p gap is slightly increased as

Q

--5 o

CD

CD

C. 2s- and 1s-SnTaSz

We now turn to the electronic structure calculations of
SnTaSz, which crystallizes in the 2s structure [Fig. 1(c)]
with a z parameter of 0.32. ' Calculatioris were per-
formed for 2s-SnTaSz and 1s-SnTaSz. The Brillouin zone

A L H AMLKH

FIG. 4. Energy band structure of 1s-SnTaSq.
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(a. ) SnTaS& band, while around H a second (Ta d) band crosses EF.
The density of states at the Fermi level N(EJ;)=1.0
states eV ' (SnTaS2)

From the calculated electronic structure the Fermi sur-

(e)Ta

I

—15
I J

—10 —5 0
Ener gg(eV)

I
I

fhI
~peel

CO

CO

FIG. 5. Density of states of 1s-SnTaS2. (a) Total DOS. (b)
Partial Sn DOS. (c) Partial Ta DOS. (d) Partial S DOS. Units:
states eV ' (formula unit)

Energy (t)

compared to 2H-TaS2. The width of various bands is the
same within 0.3 eV for the intercalate and the host com-
pound. This equivalence is a consequence of the fact that
the host band structure is mainly determined by the in-
teractions within one TaS2 sandwich and that elongation
of the c axis due to intercalation has little inhuence. Fur-
ther the Sn-TaS2 interaction is not so strong that it causes
large changes in the TaS2 partial DOS.

The Sn 5p states are partly ulled. The Sn 5p, —derived
band —with lowest energy 3 eV above EF at I —is emp-
ty. However, in the linear coordination of Sn by S the Sn
5p, state hybridizes with the S 3p, states, pushing the
latter further down in energy, resulting in some Sn—S
bonding. The Sn 5p p states form a 10.9-eV-wide band
with its top in I and A, far above EF. The bottom of this
dispersive band is located in L at 2.5 eV below the Fermi
level. The large bandwidth is a consequence of the over-
lap of the Sn 5p„p states in the plane of the intercalated
atoms, where the Sn-Sn distance is determined by the
TaS2 lattice parameter of 3.31 A. This distance is not
much larger than the Sn-Sn distance in a-Sn (3.02 and
3.18 A). The very pronounced two-dimensional charac-
ter of the Sn 5p„p band is illustrated by the fact that it
has little dispersion in the z direction.

To check the origin of the Sn 5p p band we have cal-
culated the energy bands of a single hexagonal layer of
(Sn) atoms with only Sp states, using a simple tight-
binding model. Only a overlap of the p states is included.
In this approximation the p, states have no dispersion
(they lie at a constant energy E/t =0) and are therefore
not shown. The calculated DOS and the dispersion of the
bands are shown in Figs. 6(a) and 6(b), respectively.
Good agreement between the tight-binding calculation
[Fig. 6(b)j and the ASW calculation [Fig. 6(c)] is obtained
when the center of mass of the p p band is 3.26 eV
above the Fermi level and the overlap parameter
t(pp cr ) = 1.9 eV.

The Fermi leve1 is crossed by the very wide Sn 5p„p~
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F
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FIG. 6. The calculated Sn 5p p~ band. (a) Tight-binding
method: density of states. (b) Tight-binding method: energy-
dispersion curves along I MKI . (c) ASW method; dotted and
dashed curves are ASW calculated energy bands. The dashed
curves are bands with mainly Sn 5p p~ character.
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faces of SnTaS2 are constructed. The Ta 5d band gives
rise to small electron pockets around H. The cross sec-
tion of the Fermi surface of the Sn 5p„p band with the
central I MK plane of the Brillouin zone is shown in Fig.
7. The value of the component of the Fermi wave vector
parallel to the layers changes by less than 1% when the
third component of k is varied along the z direction. So
the Fermi surface of SnTaS2 consists of rosette-shaped
parallel rods along the c direction. This confirms the
two-dimensional character of the conduction electrons in
the Sn Sp p band. The Sn 5p„p Fermi surface is hole-
like, since the slope of the energy band E(k) crossing the
Fermi level is negative and the states enclosed by the Fer-
mi surface are empty.

The Sn 5p p band is about —,
' filled with one electron

per Sn atom; the formal valency of Sn in this compound
is thus 1+ (5s Sp'), while the usual valencies for Sn are
zero for Sn metal and 2 and 4+ in compounds like SnS,
SnS2, etc. The electron in the broad Sn 5p p band gives
a stabilization energy of about 5.45 eV, equal to half the
bandwidth, as compared to the case of negligible Sn-Sn
interaction.

The band structure of 2s-SnTaS2, calculated by the
ASA-LMTO method, shows resemblance with our re-
sults. The most remarkable difference is the width and
position of the intercalant p p band. Guo and Liang
find for SnTaS2 and PbTaS2 a width of the p~p~ band of 8
and 7 eV, respectively, while our calculation gives 10.9
and 11.6 eV, respectively. Their intercalant p, states lie
much closer to EF than in our calculation. Probably
these differences originate from the difference in the
chosen sphere radii. Due to the very open and anisotrop-
ic crystal structure it is necessary to include empty
spheres in the calculation. A calculation without empty
spheres necessarily leads to a strong overlap of the
spheres, especially in the direction of the linear S-Sn-S ar-
ray, which gives erroneous results. It is remarkable that
Guo and Liang do include empty spheres in the van der
Waals gap in the calculation of 2H-TaS2, but do not do so
for the larger empty spaces present in 2s-SnTaS2.

It is di%cult to establish quantitatively why SnTaS2
prefers the linear coordination above the other possibili-

ties. Comparison of total-energy differences of nondense
packed structures for systems with different volumes per
unit cell is beyond the precision of the calculations. We
can, however make some remarks about the relative sta-
bility of these intercalation compounds.

The stabilizing factors for post-transition-metal-
intercalates are as follows.

(1) The electron transfer from the intercalant p states
to the Ta d 2 band. In SnTaSz one electron per formula
unit is transferred, giving a completely filled d 2 band.

(2) The hybridization of the intercalant p states with
the S 3p band. In the linearly coordinated compounds
mainly p, states are involved. The interaction of the in-
tercalant s states with the S 3p bands does not lead to a
net bonding effect, since these s states are completely
filled.

(3) The metal-metal interactions in the two-
dimensional intercalant layers give a very wide p p
band. In SnTaS2 this band is occupied by one electron
per Sn, giving an extra stabilization energy of about half
the bandwidth. In the structures with linearly coordinat-
ed intercalant atoms the intercalant p p band has little
interaction with the host bands and has the largest inter-
calant p bandwidth. Apparently this effect is more im-
portant than the energy that can be gained by increasing
the Sn-S covalency, when the coordination of the inter-
calant atom is changed.

The first two arguments apply to all post-transition
metal intercalates, while the third applies only to the ful-
ly intercalated (x =1) compounds.

We have also performed calculations for fictive, fully
intercalated SnTaS2 with the Sn atoms in other coordina-
tions' (octahedral and tetrahedral) by the sulfur atoms
and shorter Sn-Ta distances. Stronger Sn-Ta interactions
are found than in the 2s and 1s structures. These Ta-Sn
interactions disturb the formation of the two-dimensional
Sn 5p p band, while also considerable differences, be-
tween intercalated and nonintercalated structures, in the
Ta d bands are observed. So, the rigid-band model is no
longer a good approximation, when intercalant-host in-
teractions are increased.

D. PbTaS2 and GeTaS2

r
/

/
/

/ J'
/ /

/ // // /
/ / I X%K

/ //I I
/ /I /j /

/
/J

FIG. 7. Cross section of the Fermi surface of the Sn 5p 5p~

band of 1s-SnTaS2 with the I MK plane.

We have also calculated the electronic structure of the
isoelectronic compounds PbTaS2 and GeTaS2 in the 1s
structure. PbTaS2 closely resembles SnTaSz in its proper-
ties, but GeTaS2 does not exist. For the nonexisting
GeTaS2 we have assumed the length of the a axis to be
the same as in Gel&3TaSz (Ref. 5) and we have chosen the
length of the c axis so that the internal pressure of the
converged calculation was zero. The structure and input
data of the calculations are given in Table I.

The calculated electron energy bands are shown in Fig.
8 and the density of states in Fig. 9. The width of the
post-transition-metal s band increases in the series Ge-
Sn-Pb. The most important difference however is found
in the two-dimensional intercalant p p band. This band
also increases in width in the series Ge-Sn-Pb (8.8-10.9-
11.6 eV), as a consequence of the fact that the metal-
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metal distances in the ab plane are approximately the
same in all three compounds (3.31 A, the a axis of TaS2),
while the atomic radii increase in the series Ge-Sn-Pb.
As a consequence there is a smaller overlap between the
in-plane Ge 4p„p functions than between the spatially
more extended Sn Sp p and Pb 6p py states. The de-
crease of the p„p bandwidth reduces the energy gain by

band formation by about 1.05 eV [=(10.9—8. 8)/2] in
GeTaS2 with respect to SnTaS2. This is one of the
reasons for the nonexistence of GeTaS2.

The values of the density of states at the Fermi level
are 0.7 states eV ' (PbTaS2) ' and 0.6 states eV
(CxeTaSz) '. These values are smaller than in the case of
SnTaSz, because for both GeTaS2 and PbTaS2 the Fermi
level is only crossed by the intercalant p„p bands, but
not by the Ta 5d band.
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[(a)-(d)] and ls-CxeTaSz [(e)—(h)]. Units: states eV ' (formula
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I/A K/H

FIG-. 11. Comparison of experimental and calculated band
structure of SnTaS2 in the (a) I MI. A plane and (b) the I KHA
plane.

and open circles shoulders in the spectra. In order to
take into account the uncertainty in k~, the component of
the wave vector normal to the surface, the calculated
band structure is projected onto the surface Brillouin
zone. In the surface Brillouin zone we then find regions,
shaded in Fig. 11, in which the photoemission peaks
should fall, irrespective of the exact nature of the photo-

emission process (direct or indirect transitions), under the
condition that k~t is a conserved quantum number. The
energy width of these regions is a consequence of the un-
certainty in k~ and the dispersion of the electron states in
the normal direction. A reasonable agreement can be ob-
tained when in the calculated band structure the Fermi
level is shifted downward by 0.4 eV. Since the Fermi lev-
el lies in an energy range of very low density of states
such a shift can already be caused by a slight tin
deficiency in the sample or at the surface.

The lowest band around 9 eV binding energy is almost
completely of Sn 5s character. Since the cross sections of
the Sn Ss and 5p states are very low these states are not
observed in the spectra. The uppermost band can be
identified as the Ta d & band, while the lower lying peaks
between 2 and 7 eV binding energy are S 3p states. Not
all the calculated bands are resolved in this region; the
peaks are too wide. The total width of the S 3p band
(without Sn 5s) is in agreement with the calculations.
The measured Ta 5d —S 3p peak-to-peak distance of 1.5
eV is equal to the value found in the calculation. The Ta
d & band shows up in the spectra as a very asymmetric

peak, present very clearly everywhere in the Brillouin
zone, which proves the increased Ailing of the Ta d 2

band by intercalation. The observed dispersion of the Ta
d & band is somewhat smaller than calculated. The
highest intensity is reached when 0=12.5 —15, i.e., when
the peak position is c1osest to the Fermi level.

The valence-band structure of SnTaSz was also studied
by photon-energy-dependent photoelectron spectroscopy,
using the Synchrotron Radiation Source in Daresbury.
Figure 12 shows the normal emission (0=0 ) energy-
distribution curves recorded as a function of the energy
of the incoming radiation. Peak positions of the different
spectra show only small energy shifts. This can have two
causes. (1) The photoemission process is a direct transi-
tion, but the bands show only a small dispersion in the
normal direction; (2) the photoemission is due to indirect
transitions and the spectra show more or less a one-
dimensional density of states.

One can distinguish between the direct and indirect
transition model for the photoemission process on basis
of the ratio I/c of the effective electron mean free path I
and the interplanar distance normal to the surface, c.
%'hen I/c )&1 direct transitions prevail in the spectra.
In the case of I /c & 1 the uncertainty in k, is of the order
of the dimension of the Brillouin zone in the z direction
and the spectra are determined by the extrema in the
one-dimensional density of states along a particular line
in the k, direction. For photon energies smaller than 50

0 0
eV I is between 5 and 15 A, while c is 8.7 A per slab in
the case of SnTaSz. The spectra of Fig. 12 were all taken
at 0=0, so that we are looking along I 2 in the Brillouin
zone. We find that the measured peak positions do not
correspond to the extrema in the one-dimensional density
of states, calculated with the ASW method.

In the direct transition model the determination of the
exact peak positions requires a knowledge of the disper-
sion of the Anal state. In most cases a free-electron final
state is used, but from the small energy shifts observed in
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our normal emission spectra it is clear that such an ap-
proach is not useful in this case. We conclude that it is
not possible from our measurements to discern clearly be-
tween the direct or the indirect transition model; prob-
ably both types of transitions contribute in SnTaS2.

From the spectra of Fig. 12 more information can be
abstracted by analyzing the photon-energy dependency of
the peak intensities. This gives information about the
atomic character of the initial states. In Fig. 13 the in-
tensities of the four most pronounced peaks in the spec-
tra, relative to the, intensity of the lowest S 3p band
around 6 eV binding energy, are shown. The Ta 5d cross
section increases compared to that of the S 3p states with
increasing photon energy. Further, the intensity of the
Ta 51 states shows a resonantlike behavior around 25 eV
due to the interference with the Ta 4f 5d Coste-r-Kronig
Auger decay. The intensity of the Ta d 2 band just below

the Fermi level is suppressed at a photon energy of about
25 eV—the binding energy of the Ta 4f core
electrons —and increases strongly for higher photon en-
ergies. Therefore the peaks with the strongest enhance-
ment of intensity with increasing photon energy have the
largest amount of Ta 5d character. From Fig. 13 we see
the strongest increase for the highest band, the Ta d 2

band. The two peaks at 2.3 and 2.9 eV binding energy
also increase in intensity compared with the lowest band,
which means that there is a considerable amount of Ta 5d
character covalently mixed in these S 3p states. The
lowest band, the reference state in Fig. 13, decreases in
intensity with higher photon energies and is thus mainly
composed of S 3p wave functions. The band-structure

lO
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FIG. 13. Intensity (peak height) as a function of photon ener-

gy of the main peaks in the normal emission spectra of SnTaS2,
relative to the intensity of the lowest-lying S 3p peak at 6 eV
binding energy. (a) Peak at binding energy 1 eV (Ta Sd 2); (b)

peak at binding energy 2.3 eV; (c) peak at binding energy 2.9 eV.

calculations indicate that this band originates from S 3p,
states, while the bands between 2 and 3 eV consist of S
3p„py functions, strongly hybridized with Ta 5dzy and
5d 2X —y

0 8
8 ~, 38

0
'

~
' 8'

Binding energy (eV)
0 8

FIG. 12. Energy-distribution curves of SnTaS2 at the I point of the surface Brillouin zone (0=0') with photon energies between
23 and 50eV.
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V. EXPERIMENTAL RESULTS
OF PHYSICAL PROPERTIES OF SnTaS2

x10 '
I I I I I I I I I

)
I I I I I I I I IT~ I I I I I I I

[
I I Tl I I I I I )~ I I I I I I

)
I I I I I I I I I

[
I I I I I I I I I

The electrical resistivity, Hall effect, and thermoelec-
tric power of the intercalation compounds M TX2
(M =Sn, Pb; T =Nb, Ta; X =S,Se; x =

—,', 1) were reported
by Eppinga et al. These intercalation compounds all
show good metallic conductivity. In this section we re-
port some new and more accurate data on single-
crystalline platelets of SnTaS2.

Figure 14 shows the electrical resistivity of SnTaS2 as a
function of temperature. The residual resistivity
p(T =0)=2.5 X 10 A m is. quite small, indicating small
atomic disorder and small concentration of defects in the
crystal.

On the same single-crystalline platelet the Hall effect
was measured in the temperature range between 4.2 and
300 K with magnetic fields perpendicular to the crystal
plate, varying from —3 to +3 T. E.H is positive over the
whole temperature range (see Fig. 15), indicating that the
charge carriers are effectively holelike, in agreement with
the calculated Fermi surface of the Sn Sp p~ band (Fig.
7). The decrease of RH with temperature from 8 X 10
m /C at low temperature to 3 X 10 ' m /C at room tem-
perature can be due to the presence of two types of
charge carriers.

The thermoelectric power (or Seebeck coefficient) a of
SnTaS2 was measured in the temperature range from 4.2
to 330 K (Fig. 16). The peak at 29 K is probably caused
by the phonon drag. The thermoelectric power of metals
(without the phonon-drag contribution) can be written
as"

m k T BlnA BlnS
(X =

3e BE BE E=E

where A is the mean free path of the charge carriers and
S is the Fermi-surface area. The thermopower 0. is posi-
tive, i.e., it has the sign for hole conduction. A positive
sign of n indicates that the Fermi surface S shrinks with
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FIG. 15. Hall coefticient R~ of SnTaS&, measured with the
magnetic field perpendicular to the ab plane.

increasing energy. Such a shrinking of the Fermi surface
with increasing energy is the behavior expected for the
Fermi surface coming from the Sn 5p p bands. The fact
that both the thermopower and the Hall effect are posi-
tive indicates that the two-dimensional Sn 5p p bands
are mainly responsible for the electrical properties, while
the small electron pockets at H only play a minor role.
Previously published measurements ' are essentially in
agreement with ours.

SnTaS2 and PbTaSz are superconducting below 2.75
and 1.7 K, respectively. In order to obtain more infor-
mation about the superconductivity of these highly two-
dimensional metals, we measured the low-temperature
specific heat C of a pressed powder sample of SnTaS2 be-
tween 1.4 and 10 K. The data show a sharp anomaly at
2.8 K, which disappeared when a magnetic field of 1 T
was applied (Fig. 17). The strong dependence on magnet-
ic field indicates that below a critical temperature
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FICx. 14. Specific resistivity p of SnTaS2, measured in the ab
plane.

FIG. 16. Thermoelectric power a of SnTaS2, measured in the
direction perpendicular to the ab plane.
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T& =2.8 K SnTaS2 is superconducting.
The heat-capacity anomaly at 2.8 K amounts to

AC /T& =4.6 X 10 I/mol K, where AC is the
diff'erence in heat capacity between the superconducting
state and the normal state. Using the value of the elec-
tronic contribution to the specific heat (7.0 X 10
J/mol K, see below), we find b C/y Tc =0.7, appreciably
smaller than the standard BCS value of 1.43.

Apart from the heat-capacity anomaly due to super-
conductivity, the specific heat is usually written as the
sum of an electronic contribution y T and a phonon con-
tribution pT . The coefficients y and p are then obtained
by plotting C/T versus T . The observed data of SnTaS2
follow this C=yT+pT behavior only in a very restrict-
ed temperature range (see Fig. 18). A least-squares fit be-
tween Tc and 4.5 K gives the values @=7.0X10
J/molK and P=5.3X10 J/molK . Above 4.5 K a

' strong deviation from the normal behavior is observed: C

increases stronger with increasing temperature than the
T law expected for harmonic vibrations. In fact, C is
proportional to T in a large temperature range (3—10
K). Such a more rapid increase of C with T is expected
for compounds with strongly anharmonic vibrations. A
large anharmonicity is also consistent with the very large
and anisotropic vibrational amplitude of Sn atoms at
room temperature as observed with Mossbauer spectros-
copy 27

From the value of y and the density of states at the
Fermi level N(EF ) it is possible to calculate the electron-
phonon coupling constant A, , using the relation
y=(1+A, )(2ir kii/3)N(EF). With the value of N(EF)
from the band-structure calculation we obtain A. =0.5.
Under the assumption that the transport properties are
only determined by the Sn Sp„p band, one would calcu-
late for k a value of 1.9, since the Sn Sp p contribution
to N(EF ) is about 50%. Using the relation p= 1944/OD,
a value for the Debye temperature OD of 154 K is calcu-
lated, in agreement with the value of 176 K obtained
from Mossbauer data. We remark that the values of y
and p (and also the A, value) are inaccurate, as they were
obtained from a fit of C/T versus T in a very restricted
temperature range.

The two™dimensional character of the Sn 5p„p con-
duction electrons and/or holes in SnTaS2 is also observed
in NMR measurements. The " Sn Knight shift of
SnTaS2 is very anisotropic, in contrast with Sn&/3TaSQ,
where the Sn Knight shift is completely isotropic due to
the octahedral coordination of Sn. The value of the Sn
Knight shift in SnTaSz is about the same as found for o.-

Sn and much larger than for typical Sn + compounds, in-
dicating a considerable Sn conduction-electron density of
states at EF. That the Sn atoms have a valency less than
2 is also clear from the isomershifts measured by
Mossbauer spectroscopy. The Sn isomer shift in
SnTaS2 is 3.13 mm/s with respect to BaSn03. This value
for SnTaS~ is in between the values found for a-Sn (2.53
mm/s) and for Sn in Sni&3TaSz (3.85 mm/s).

Also some spectroscopic studies of post-transition-
metal intercalates have been published. The rigid-band
model for this class of compounds is confirmed by x-ray
absorption and valence-band x-ray photoemission spec-
troscopy. ' The 4f core lines of Ta in 2H-TaSz and
Sn i /3 TaSz show asymmetric broadening at the high-
binding-energy side, which is a consequence of the Ta
partial density of states at EF. The asymmetry decreases
with increasing Sn content, since filling up the Ta d &

band leads to a smaller Ta partial DOS at the Fermi lev-
el. For SnTaS2 the Ta core levels are symmetric, indicat-
ing that the Ta d & band is completely filled.

VI. Sn 4d CORK-LEVEL SPECTROSCOPY

25 50
v'(K')

FIG. 18. C/Tvs T'of SnTaS, .

100 The Sn 5s and Sp valence states were not observed with
ARUPS, because of their low cross section. However,
the valence state of the intercalated tin atoms can be
studied with core-level spectroscopy. Eppinga et al.
measured the Sn 3d core levels of SnTaS2 and Sn, /3TaS2.
For Sn»3TaS2 they found a single Sn 3d line at a bind-
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region with a strongly increasing intensity of secondary
electrons. However, the number of peaks and their sepa-
ration are the same as found in the 70-eV spectrum, while
their relative intensities are also the same.

In order to determine whether we are measuring bulk
or surface properties, an estimate is made of the escape
depth / of the Sn core electrons in the different spectra.
Using the universal curve of I versus the kinetic energy of
the photoelectrons ' the escape depth of electrons excited
by 1486.6 eV from the Sn 3d core levels is about 20 A, the
value for electrons excited with 45 or 70 eV photons from
the Sn 4d levels is about 10 A. Nevertheless, the relative
intensity of the two types of Sn atoms is the same in all
these cases (45, 70, and 1486 eV photon energy). This in-
dicates that the peak splitting is an intrinsic bulk efFect.
It was already suggested by Eppinga et al. ' that the
formally monovalent Sn atoms are rapidly fluctuating be-
tween Sn + and Sn . A similar charge disproportionation
is frequently observed in post-transition-metal com-
pounds where the post-transition-metal ions have an
uncommon formal valency. Examples are T1Se
(Tl'+Tl +2 Se ), Pb30~ (2 Pb +Pb +4 0 ), and
CsSbC1~ (2 Cs'+Sb +Sb +10 Cl' ). However, in all these
cases the charge disproportionation is clearly visible in
the crystal structure, in which there are two inequivalent
lattice sites with a different coordination of post-
transition-metal ions by anions. In SnTaS2 all Sn atoms
are (on the average) equivalent. SnTaSz is comparable
with the pyrazide-bridged Ru(II, III) ammine complex,
where the time scale of the experiment is also decisive for
the observed valencies.

Mossbauer measurements show a very large anisotro-

py in the vibration amplitude of the tin atoms at room
temperature. The vibration amplitude in the direction of
the c axis is much smaller than in the ab plane:
(xi, ) —

(x~~, ) = (0.22) A . This anisotropy is not
unexpected for such a loose packing of the atoms in the
intercalant layers. The position with the linear coordina-
tion does not seem to be very stable, indicating that the
existence of this compound is more a consequence of the
in-plane metal-metal interaction than of the Sn 5p, —S 3p,
hybridization. One expects a strong coupling of the large
vibrations at room temperature of the Sn atoms in the ab
plane with the charge disproportionation observed by
photoelectron spectroscopy. Generally, frere is a tenden-

cy for Sn'+ ions to disproportionate into Sn and Sn +,
and these two types of Sn atoms will prefer different types
of coordination by S atoms. However, the TaS2 host lat-
tice is very rigid. The a axis hardly changes during inter-
calation with different types of atoms, which indicates
that the host lattice is too rigid to be strongly changed by
the possible charge disproportionation of Sn. Therefore,
the change of valency can easily induce a shift of the Sn
atoms, and a fluctuating valence will correspond to large
vibrational amplitudes of Sn.

In order to see whether a static change in position of
half of the tin atoms in one plane would be accompanied
by a charge redistribution between them, we have per-
forrned band-structure calculations on fictive SnTaS2 in

which two different positions in the intercalant layer are
created in the following way. The unit cell of 1s-SnTaS2

is doubled in the ab plane. Of the two tin atoms in the
unit cell one, called Sn(2), is shifted away from its linearly
coordinated position, while the other —Sn(l) —is fixed at
the linearly coordinated position. Calculations have been
performed for different directions and distances of this
displacement. It is found that the charge redistribution is
nearly independent of the direction of the displacement
of the Sn(2) in the ab plane. The dependence on the mag-
nitude of the displacement was determined by shifting the
Sn(2) atoms along the a axis. When shifted over the max-

0
imum amount of.a /2 (1.65 A) the difference of the charge
density within the equally sized Wigner-Seitz spheres of
the two types of Sn atoms is 0.09 electron. The difference
between the two types of Sn atoms is most clearly ob-
served in the calculated core-level binding energies,
which show a chemical shift. The relative chemical shift
of the Sn 4d core levels reaches a maximum value of 0.64
eV, when the displacement of the Sn(2) is a/2 (1.65 A).
This is of the same order as the chemical shift of 1.03 eV
observed in the photoemission (3d and 4d core peaks).
The larger binding energy is found for the Sn(2) atom
which is shifted away from the linear coordinated posi-
tion. This means that the shifted atom is more electro-
positive than the fixed, linearly coordinated Sn(l).

VII. CONCLUSIONS

Band-structure calculations of SnTaSz and related in-
tercalates show that for post-transition-metal intercalates
of TaS2 the rigid-band model is a reasonable first-order
approximation. Only small changes occur in the TaS2
partial band structure, while the Ta 5d 2 band is filled up

with electrons donated by the intercalant atoms. For ful-

ly intercalated SnTaS2 the Ta 5d 2 band is completely
filled. The Fermi level is crossed by the Sn Sp p band
and by one Ta d band. The Fermi surface coming from
the Sn 5p p consists of rosette-shaped parallel rods
along the c axis. Small electron pockets are present
around H.

Calculated band structures of PbTaS2 and GeTaS2 are
much the same as of SnTaSz. Only the intercalant p p
bands have a difFerent width and the Fermi level is only
crossed by the intercalant p„p band. In GeTaSz and
PbTaS2 the lowest energy of the (non-d, ) Ta 5d band is

positioned in H, as in the case of SnTaS2, but the eigen-
value in H just lies above EI;.

The positive sign of the thermoelectric power as well as
the Hall effect of SnTaS2 indicates that the transport
properties are mainly determined by the Sn 5p p band.
SnTaS2 is superconducting below Tc =2. 8 K, as shown
by resistivity and specific-heat measurements.

The stabilization of 1s- and 2s-Sn TaS2 has three causes:
(1) the charge transfer of one electron from Sn 5p to the
Ta d 2 band, (2) the Sn-S covalency in the c direction, and

(3) the overlap of the in-plane Sn 5p„p orbitals. This
overlap leads to a 10.9-eV-wide Sn 5p p band, which is
occupied by one electron. The fact that a similar Ge
4p~p~ band in GeTaS2 has a much smaller width is prob-
ably the reason for the nonexistence of this compound.
Calculations of fictive SnTaS2 with the Sn atoms in other
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coordinations by the sulfur atoms and shorter Sn-Ta dis-
tances, show stronger Sn-Ta interactions, which disturb
the formation of the two-dimensional Sn 5p p band.
The rigid-band model is no longer a good approximation,
when intercalant-host interactions are increased.

ARUPS measurements sustain the calculated band
structure. The Sn 4d core levels show a clear splitting of
1 eV, which is interpreted as a consequence of the insta-
bility of the Sn'+(Ss 5p') ions. Coupled with a large vi-
bration amplitude of the Sn atoms in the ab plane is a
valence disproportionation 2 Sn'+ ~Sn +Sn, concom-

itant with rapid valence Auctuations Sn +Sn +~Sn +

+Sn'.
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