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Electronic structure of SnS deduced from photoelectron spectra and band-structure calculations
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SnS is a layer compound with a phase transition from a high-temperature B phase to a low-
temperature a phase with a lower symmetry. Ab initio band-structure calculations are presented for
both phases. The calculations show that the charge distributions in the two phases are very similar.
However, the band gap is much larger in the a phase. The calculations are used to discuss the chemical
bonding in the a and the B phase. Energy-dependent photoelectron spectra, using synchrotron radia-
tion, and angle-resolved photoelectron spectra were obtained for a-SnS. The energy versus wave-vector
curves deduced from the spectra are in good agreement with the band-structure calculations. Photo-
emission from the top of the valence band shows a resonance and an interference effect at photon ener-

gies of 25-30eV.

1. INTRODUCTION

The IV-VI compounds crystallize in several different
crystal structures. The lead chalcogenides PbS, PbSe,
and PbTe and also SnTe adopt the NaCl structure with
each atom in an octahedral coordination of six atoms of
the other type. The compound GeS has an orthorhombic
crystal structure with space group Pnma-D1¢ (No. 62).
This structure consists of double layers of atoms, with
each Ge atom coordinated by two S atoms in the plane of
the layer and one additional S atom at a short distance,
perpendicular to this plane, in the same double layer
(2+1 coordination). The compounds SnS and SnSe form
an intermediate case. These compounds have at low tem-
perature the orthorhombic GeS structure (a phase),! but
at high temperature a more symmetric structure (S
phase) with space group Cmcm-D1] (No. 63). In the B
phase the atoms also form double layers? like in the a
phase, but each atom is now coordinated in the plane of
the layer to four neighboring atoms at equal distances,
and one additional atom at a short distance in the same
double layer, perpendicular to the plane of this layer
(4+1 coordination). There is a second-order phase tran-
sition from the a phase to the 8 phase in SnS at 878+5 K
and in SnSe at 807+5 K.}

The electronic structure of SnS and related IV-VI com-
pounds becomes of particular interest in relation to the
so-called misfit layer compounds. These compounds
(MX),,sTX, (with M=Sn, Pb; T=Ta, Nb, and X =S8,
Se, 6 being fixed for each compound and having a value
in the range 0.10 to 0.26) have been discovered recently
and form a new type of intergrowth compounds.*> In or-
der to understand the chemical bonding in these misfit
layer compounds, a full understanding of the electronic
structure of a- and B-SnS is needed, because the structure
of the MX part of the misfit layer compounds is inter-
mediate between the a- and the B-phase structures of
SnS. The electronic structure of SnS and related IV-VI
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compounds has been dlscussed by several authors.®™1°

Tremel and Hoffmann!® have given an extensive discus-
sion of the chemical bonding in SnS based on semiempiri-
cal electronic structure calculations using the extended
Hiickel method.

In this paper we present studies of the electronic struc-
ture of SnS using ab initio band-structure calculations
and photoelectron spectra. The results of the energy-
dependent photoelectron spectra, using synchrotron radi-
ation, and the angle-resolved photoelectron spectra are
compared with the calculated band structure. The chem-
ical bonding in both phases of SnS and the nature of the
phase transition are discussed.

II. THE CRYSTAL STRUCTURES

In this section we describe the crystal structures of the
a and the B phases of SnS. We also discuss the symmetry
relations for the a— B phase transition and the relation
between interatomic distances and bond strength.

A. Crystal structure of B-SnS

The simplest structure is that of the hlgh temperature
phase B-SnS, with space group Cmem-D}] (No. 63).2 The
axes of the C-centered unit cell at a temperature of 905 K
are a=4.148 A, b=11.480 A, and c=4.177 A. Both
types of atoms occupy positions (4c) with coordinates
+(0,y,1), with p(Sn)=0.120 and y(S)=0.349. Approxi-
mately this structure has NaCl-type slabs (Fig. 1). The
Sn atoms are slightly pushed out of the slabs. The coor-
dination number of the atoms is 4+ 1. The bond lengths
in the plane of the slabs at 905 K are equal to 2.96 A and
the intralayer Sn-S bond length perpendicular to the
plane of the slabs is 2.63 A.

B. Crystal structure of a-SnS

At lower temperature the structure of SnS changes via
a second-order phase transition at 878 K to the a phase.
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FIG. 1. The crystal structure of B-SnS (left) and a-SnS
(right). Strong Sn-S bonds are indicated by lines.

This structure can be considered as a distortion of the 3-
phase structure, with a positional shift of the Sn atoms of
about 0.4 A along the x axis. The space group of a-SnS is
Pnma-D}¢ (No. 62).!! The axes of the primitive ortho-
rhombic unit cell at 295 K are a=11.200 A, b=3.987 A,
and ¢ =4.334 A. Both types of atoms occupy positions
(4c) with coordinates =(x,},z; 1+x,,1—2) with
x(Sn)=0.1194,  z(Sn)=0.1198, x(S)=0.8505, and
2(S)=0.4793 (see Fig. 1). Also in this phase the structure
consists of slabs two atoms thick. The intralayer Sn-S
distance (nearly) perpendicular to the slabs remains quite
short (2.627 A), but the other distances in the plane of the
slabs change drastically. Two of the four bonds in this
plane become short, so these bonds will be nearly as
strong as the intralayer bond perpendicular to this plane.
The other two bonds are much weaker (Table I). Thus
the coordination number of the atoms in this phase is 3
2+1.

C. The a— B phase transition

The temperature dependence of the lattice parameters
in the a phase below the transition temperature suggests
that the ¢—f phase transition is a second-order phase
transition. It is easily shown that the transition indeed
fulfills the symmetry requirements for a second-order

TABLE 1. Sn-S interatomic distances (R;) and bond
strengths (s;) in a- and B-SnS.
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phase transition.!? The lower-symmetry space group of
the a phase is a subgroup of the higher-symmetry space
group of the 3 phase. The number of symmetry elements
is reduced at the transition by a factor of 2 (as a conse-
quence of the change from a C-centered to a primitive
unit cell), in which case a second-order phase transition is
always allowed. The transition corresponds to a repre-
sentation with reciprocal vector k=(1,0,0). The group
of k contains all point-group symmetry elements of the 3
phase. Therefore the transition corresponds to the totally
symmetric small representation of k=(1,0,0).

D. Bond length and bond strength

We have analyzed the Sn-S bond lengths R; in the a
and 3 phases of SnS in terms of bond strengths s;, using
the empirical relation proposed by Zachariasen,'*'*

R,=R,—bIn(s;) . (1)

R, and b are constants, here the value b=0.37 is used.
The value of R, is chosen in such a way that the total
bond strength 3;s; (sum of s over all nearest neighbors) is
equal to the expected valency, i.e., in our case ¥ ;s;=2.
We remark that for the analysis not only the strongest,
but also the weaker bonds should be taken into account.

In order to be able to compare the bond strengths in
the a and B phases, we need interatomic distances of the
two phases at the same temperature, preferably at 300 K.
Interatomic Sn-S distances for a-SnS are available at 300
K,! for B-SnS the interatomic distances are available at
905 K.? Lattice parameters for B-SnS are available in the
temperature range of 8781148 K.> We estimated the in-
teratomic distances which would occur in 3-SnS at 300 K
by extrapolating the experimental lattice parameters of
the B phase to 300 K, and assuming that the bond dis-
tances scale with the lattice parameters. This procedure
is not very accurate, but the errors involved are small
compared to the differences in bond distances between a
and B phases. The results obtained are given in Table L.
With the value R;,=2.459 (adjusted so that the average
valency 3;s; of @-SnS and B-SnS is 2) we deduce the bond
strengths given in Table I. We find that the B— «a transi-
tion corresponds to a change of four rather weak bonds
(s=0.29) in the B phase to two much stronger bonds
(s=0.57) in the a phase. The apparent difference be-
tween the valencies of a- and B-SnS (Table I) is not
significant; it is within the experimental errors of the in-
teratomic distances.

TABLE II. Input parameters for the band-structure calcula-

a-SnS B-SnS tions of B-SnS. The empty spheres are indicated by ES, the radii

R;(300 K) S; R;(905 K) R;(300 K) S; of the muffin-tin spheres by Rys.
1X2.627 A 0634 1x2.63 A 1x2.59 A 0702  Atom Start configuration  Rys (A)  Atomic position
2X2.665 A 0.572  4X2.96 A  4X2.92 A 0287 ok 2e 2 _
2x3.290 A 0105 2X3.74 A  2X3.68 A 0037 0 [Krlad Ss°5p 168 de (y=0.1198)
1X3.388 A 0.081 S [Ne]3s?3p 1.45 4c (y=0.349)

. B 0 0 =

3 5,=2.07 S 5,=1.93 ES1 15%2p 1.37 4c (y=0.75)

ES2 15°2p° 0.95 4b
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TABLE III. Input parameters for the band-structure calculations of a-SnS.

Atom Start configuration Rys (A) Atomic position

Sn [Kr]4d%5525p2 1.31 4c (x=0.1194, z=0.1198)
S [Ne]3s23p* 1.31 4c (x=0.8505, z=0.4793)
ES1 1s92p° 0.87 4c (x=0.5, z=0.7)

ES2 1592p° 1.12 4c (x=0.23, z=0.57)
ES3 15s%2p° 0.65 4b

III. BAND-STRUCTURE CALCULATIONS

A. Details of the calculations

Ab initio band-structure calculations were performed
using the localized spherical wave (LSW) approxima-
tion,”®> which is a modified version of the augmented
spherical wave (ASW) method.!® Exchange and correla-
tion were treated within the local spin density approxima-
tion.!” Scalar relativistic effects were included.'®

In the LSW method the radial part of the atomic wave
functions is described by Hankel functions which are
augmented in the sphere of each atom with a numerical
solution of the radial Schrdodinger equation. In the
spheres of the neighboring sites the Hankel functions are
expanded in series of Bessel functions centered on these
neighboring sites. In this way around each atom a cluster
is formed with wave functions of which the radial part
falls off very rapidly with increasing distance from the
central atom. Gains in efficiency, compared with ASW
calculations, are a factor of 3 for unit cells with four
atoms and a factor of 6 for unit cells with 16 atoms. This
makes the LSW method a powerful method to handle
systems with large unit cells.

The basis functions were composed of 5s, S5p, and 5d
functions on Sn sites and 3s, 3p, and 3d functions on S
sites. It was found that the contribution of 3d functions
on the S sites to the valence bands and the lower conduc-
tion bands can be neglected. On Sn and S 4f functions
were included in the internal summation of the three
center contributions to the matrix elements, which can be
regarded as treating these 4f states as a perturbation.

When the crystal is not very densely packed, as is cer-
tainly the case in layered materials like SnS, it is neces-
sary to include empty spheres in the calculation. For a-
and B-SnS we included three and two types of empty
spheres, respectively; the coordinates are given in Tables
IT and III. In this way we were able to keep the overlap
between the spheres in all cases smaller than 5 vol %.
The lattice constants and the Wigner-Seitz sphere radii
used in the band-structure calculations are also tabulated
in Tables II and III.
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FIG. 2. First Brillouin zones of @-SnS and B-SnS.

B. Band structure of 5-SnS

The first Brillouin zone (BZ) of the S phase with the or-
thorhombic C-centered space group Cmcm-D}] (No. 63)
is shown in Fig. 2.

The dispersion of the energy bands is shown in Fig. 3
for selected directions in the BZ. The total and partial
densities of states obtained from the band-structure cal-
culations are shown in Fig. 4. The charges in the muffin-
tin spheres and the orbital configuration of atoms and
empty spheres are given in Table IV. We remark that not
too much significance should be attributed to differences
in charge and orbital configuration, as these numbers are
strongly dependent on the Wigner-Seitz radii, and the
presence of empty spheres. The symmetry and the wave-
function character of the valence-band states at T is
given in Table V. The two lowest bands (see Figs. 3 and
4), consisting mainly of sulfur 3s orbitals, are well
separated from the other bands by an energy gap of ap-
proximately 3.5 eV. These two bands have nearly the
same energy in large parts of the BZ but move away from
each other at I'; the separation at this point is 1.6 eV.

The next two energy bands, which form the bottom of
the valence band, consist mainly of tin 5s orbitals, but
there is also an appreciable contribution of sulfur 3s or-
bitals. These bands are degenerate or nearly degenerate
in large parts of the BZ, but separate strongly at points X
and Y.

The six bands directly below the Fermi level consist of
sulfur 3p states strongly hybridized with Sn 5p states.
These are the states responsible for Sn-S covalent bond-
ing. Again one can distinguish in most parts of the BZ
pairs of energy bands which are degenerate in special
directions in the BZ. The highest occupied band (4~ at
I') has large contributions of Sn 5s and S 3p, orbitals.

A remarkable feature in the band structure of 5-SnS is
that the maximum of the valence band and the minimum
of the conduction band are not at the same point in the
BZ, and neither of these extrema is at I'. Between the

Energy (eV)

Y T X X R

FIG. 3. Dispersion of the energy bands in B-SnS.
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FIG. 4. Total density of states (TDOS) and partial density of
states for Sn 5s, Sn Sp, S 3s, and S 3p for B-SnS in arbitrary
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FIG. 5. Dispersion of the energy bands in a-SnS.
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FIG. 6. Total density of states (TDOS) and partial density of
states for Sn 5s, Sn 5p, S 3s, and S 3p for a-SnS in arbitrary
units.
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TABLE IV. Charges Q in the muffin-tin sphere and atomic
configuration of atoms and empty spheres obtained from the
band-structure calculations for 5-SnS.

Atom Q Configuration

Sn +0.86 [Kr]5s!-625p 1:20540-24(4 £0-07)
S +0.42 [Ne]3s'753p377(34%%)

ES1 —0.96 15%-302p043(34%2)

ES2 —0.31 1s%182p011(3d092)

valence band and the conduction band there is an indirect
gap of 0.31+0.1 eV, and a direct gap of 1.41+0.1 eV.

C. Band structure of a-SnS

The low-temperature form of SnS has a primitive unit
cell which is twice as large as the unit cell of the B-phase
structure. Therefore the number of bands in the BZ of
a-SnS is twice as large as in 3-SnS. The first BZ of a-SnS
is shown in Fig. 2. The dispersion of the energy bands is
shown in Fig. 5, the density of states in Fig. 6. The
charges and orbital configurations are given in Table VI,
and the symmetry and orbital character of the valence-
band states at I are given in Table VII.

Also in the case of a-SnS the S 3s states are clearly
separated from the other states of the valence band by a
gap of 4 eV. The bottom of the valence band consists for
a large part of Sn 5s states. However, there is also a con-
siderable contribution of S 3s and S 3p functions to these
bands.

The bands in the middle of the valence band consist
mostly of S 3p and Sn 5p states oriented in the plane of
the slabs (yz plane). The states in these bands do not con-
tribute to the bonding between Sn and S along the x
direction, but they are responsible for the Sn-S bonding in
the yz plane of the slabs.

In the upper part of the valence band there is a large
contribution of Sn 5s orbitals. The Sn 5s orbitals strongly
mix with the S 3p, orbitals; these states contribute to the
strong covalent bonding along the x direction (perpendic-
ular to the slabs).

The maximum of the valence band is not at I'. The
minimum of the conduction band is at I', but the

TABLE V. Energy, symmetry, and orbital character of the
energy bands at I" for B-SnS. (The energy is given with respect
to the bottom of the conduction band and the orbital character
is in order of decreasing orbital contribution.)

Energy (eV) Symmetry Orbital character
—13.00 1+ S 3s, Sn 5s
—11.37 4~ S 3s
—5.60 1" S 3s, Sn 5s, S 3p,, Sn 5p,
—5.20 4 Sn 5s, S 3s, S 3p,
—4.06 1 Sn 5s, S 3s, S 3p,, Sn 5p,
—3.03 3* S 3p,, Sn Sp,
—2.63 2" S 3p,, Sn 5p,
—1.89 3~ S 3p,, Sn 5p,
—1.54 2- S 3p., Sn 5p,
—0.74 4~ S 3p,, Sn 5s, Sn 5p,, S 3s
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TABLE VI. Charges Q in the muffin-tin spheres and atomic
configuration of atoms and empty spheres, obtained from the
band-structure calculations for a-SnS.

Atom 0 Configuration

Sn +1.35 [Kr]5s'#55p°295d%19(4£00%)
S +0.14 [Ne]3s'-763p3(3d% 1)

ES1 —0.44 15%252p0-15(34%-04)

ES2 —0.90 15%-342p0-39(3d%17)

ES3 —0.15 150 112p0-04(340.01)

conduction-band states along the ZU line have nearly the
same energy. There is an indirect gap between the
valence band and the conduction band of 1.6 eV, the
direct gap is 1.8 eV.

IV. PHOTOEMISSION EXPERIMENTS
ON a-SnS

A. Experiment

The a-SnS samples were prepared from the elements
by adding stoichiometric amounts of the elements in an
evacuated quartz tube. The fused quartz tube was heated
in a furnace for one week at a temperature of 900°C.
After this the sample was repowdered and heated for
another week in an evacuated quartz tube at 900°C. The
sample prepared in this way was investigated with a
Guinier-Haegg x-ray camera. The x-ray film did not
show any other phase than SnS. Although a gray poly-
crystalline sample was obtained we could isolate a part
which looked single crystalline, and which was used in
our experiments. The surface of the sample could be
stripped quite easily with Scotch tape; the obtained sur-

face has a metallic appearance.

For the photoemission experiments the sample was
mounted on a stainless steel sample holder with a two-
component silver glue. Shortly before the experiment,
the sample was stripped inside the preparation chamber
(base pressure 10 Pa) and brought in the main chamber
within a few minutes (pressure 1078 Pa). The sample
showed a sharp square low-energy electron diffraction
(LEED) pattern, indicating the single crystalline charac-
ter. From the LEED pattern, obtained with electrons
with a kinetic energy of 103 eV, we could easily discrim-
inate the (011) from the {010) directions on the (100)
surface of the a-SnS crystal. Unfortunately we could not
discriminate the (010) from the (001) direction because
of the small difference of the b and the c axes.

X-ray photoelectron spectra were obtained using a
small spot ESCA facility of Vacuum Generators (VG)
with a spot size of 300 um and an Al x-ray source, pho-
ton energy of the Al K line is 1486.6 eV. The wide scan
spectrum (with binding energies from 0 to 1000 eV)
showed the presence of a small amount of oxygen and
carbon on the sample.

Angle-resolved ultraviolet photoelectron spectroscopy
(ARUPS) was carried out with an ADES 400 spectrome-
ter of VG, using a He-light source. We made use of the
He 1a and the He 1l lines with photon energies of 21.2
and 40.8 eV, respectively. For energy-dependent ARUPS
the synchrotron radiation source in Daresbury (U.K.)
was used at station TGM 6.2, which also has an ADES
400 spectrometer of VG. The analyzer pass energy was
set at 10 eV. Usually a pass energy of 5 eV is used, but
we experienced hardly any loss of resolution with a pass
energy of 10 eV, while the intensity increased with a fac-
tor of 2 to 3. The total resolution of the machine was 0.2
ev.

TABLE VII. Energy, symmetry, and orbital character for the occupied energy bands at T for a-SnS.
(The energy is given with respect to the bottom of the conduction band, and the orbital character is

given in the order of decreasing orbital contribution.)

Energy (eV) Symmetry Orbital character
—13.16 1t S 3s
—12.62 2” S 3s
—12.24 4+ S 3s
—11.50 3- S 3s
—6.92 4+ S 35, Sn Ss, S 3p,
—5.58 3~ Sn 55, S 3s, S 3p,, S 3p,
—5.56 1t S 3s, Sn Ss, S 3p,, Sn 5p,
—4.50 2- Sn Ss, S 3s, S 3p,, S 3p,
—4.46 1 Sn 5s, S 3s, S 3p,, Sn 5p,, Sn 5p,
—3.37 4% S 3p,, Sn 5p,, Sn 5p,
—3.32 3- S 3p,, Sn 5p,, S 3p,, Sn 5s
—3.25 2t S 3p,, Sn 5p,
—2.94 2- S 3p,, S 3p,, Sn 5s, Sn 5p,, Sn 5p,
—2.88 1~ S 3p,, Sn 5p,
—2.34 3+ S 3p,, Sn 5p,
—1.98 1t S 3p,, Sn 5p,, Sn 5p,
—1.90 4~ S 3p,, Sn 5p,
—1.17 2- Sn 5s, S 3p,, S 3p,, S 35, Sn 5p,, Sn 5p,
—0.98 4+ S 3p,, Sn Ss, Sn 5p,, Sn 5p,
—0.77 3- S 3p,, Sn Ss, Sn 5p,, Sn Sp,, S 3p,
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FIG. 7. Experimental geometry. The incident photon beam
and the emitted electrons which are detected by the analyzer are
in the y'z’ plane. The crystal surface is perpendicular to the z’
axis (crystallographic a axis).

The geometry used for the angle-resolved photoelec-
tron experiments is shown in Fig. 7. The angle in the y’'z’
plane of the incident photon beam with the normal on the
sample surface is called a. The sample surface is perpen-
dicular to the crystallographic a axis. The angle ¢ is
defined as the angle between the normal of the surface
and the direction of the photoemitted electrons that are
detected by the analyzer. The azimuth angle ¢ is the an-
gle between the y’ axis and one of the crystal axes in the
plane of the sample surface. We were able to rotate the
sample around the z' axis with the manipulator, thus
changing ¢ from outside the spectrometer.

B. X-ray photoelectron spectra

We measured x-ray photoemission spectroscopy (XPS)
spectra of some of the core levels of Sn and S in a-SnS.
The results are shown in Table VIII and Fig. 8. The re-
ported binding energies (E,) are with respect to the Fer-
mi energy of the sample. According to the ARUPS spec-
tra (to be discussed later) the Fermi level in a-SnS is lo-
cated at the minimum of the conduction band, at 1.04 eV
above the top of the valence band. The data are in good
agreement with the data reported by Shalvoy, Fisher, and
Stiles."?

The observed spin-orbit splitting and width of the ob-
served peaks correspond closely to the values observed
for the elements.

The Sn 3p spectrum (Fig. 8) clearly shows broad satel-
lites (width about 9 eV) at an energy of 1611 eV from the

TABLE VIII. XPS data of a-SnS.

Peak Binding Full width Satellite
energy (eV)  at half maximum (eV)

Sn 4d 24.9 22 41.5
Sn 4p +89 *10
Sn 4s 137.9 4.4
S 2p 161.4 2.1 177.2
S 2s 225.4 2.6 240.9
Sn 3ds,, 485.7 1.1 501.6
Sn 3d;,, 494.1 1.1 510.2
Sn 3p3,, 715.2 3.6 730.5
Sn 3p,,, 757.2 3.6 773
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FIG. 8. X-ray photoelectron spectrum of Sn(3p) core levels
of a-SnS. The intensity is in arbitrary units.

main line. A similar satellite is also observed in the Sn 3d
spectrum. The satellites are attributed to plasmons. In a
free-electron model one expects a plasmon energy fiw,,
with ) =ne’/gym. In this equation # is the total num-
ber of valence electrons. For SnS we use n =8 [two Sn 5s
electrons and six S 3p electrons] and obtain a value
fiw, =15 eV, in good agreement with the observed satel-

lite energy.
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N 1 N 1 . 1 A 1 . 1 1 1
-10 -8 -6 -4 -2 (o} 2
Energy (eV)

FIG. 9. He I angle-resolved ultraviolet photoemission spectra
of a-SnS for the (010) or {001) direction of the surface for
a=65 and for different values of the photoemission angle .
The intensity is in arbitrary units.
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C. Angle-resolved photoelectron spectra

Angle-resolved ultraviolet photoelectron spectra of a-
SnS were measured using He Ia and He Ila lines as the
radiation source. The observed spectra are presented in
Figs. 9—-11. Spectra at normal emission obtained with
synchrotron radiation are shown in Fig. 12. The spectra
show data directly obtained from the spectrometer,
without corrections for background or other effects. The
spectra obtained with He radiation are scaled at the be-
ginning and at the end of the spectra, assuming the con-
tribution of secondary electrons at the high-binding-
energy side of the spectra to be the same for all spectra.
The spectra taken with synchrotron radiation are scaled
on the intensity of the incident radiation beam.

The figures show that photoemission begins at an ener-
gy 1.05+0.05 eV below the Fermi energy. This indicates
that the Fermi level is located at the bottom of the con-
duction band. Indeed the value of 1.05£0.05 €V is in ex-
cellent agreement with experimental values of 1.071+0.04
(Ref. 20) and 1.049 eV (Ref. 21) for the indirect optical
band gap.

The dependence of the intensity of the photoemission
as a function of the angle of incidence a gives interesting
information about the orbital character of the initial state
of the electrons. For example, the intensity of emission
from p, states (the z' direction is perpendicular to the

T M T T T T T M| T
0
-5
7.5
10
12.5

Intensity

-10 -8 -6 -4 -2 0 2
Energy (eV)

FIG. 10. He 1 angle-resolved ultraviolet photoemission spec-
tra of a-SnS for the {011) direction of the surface for a=65°
and for different values of the emission angle . The intensity is
in arbitrary units.
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sample surface) increases strongly with increasing a (in-
tensity ~sin’a), whereas emission from other oriented
(px»P,) states is less dependent on a?

The dependence of the intensity of the photoemission
on photon energy gives information about the atomic
character of the initial state. This is due to the strong
dependence of the photoemission cross sections on pho-
ton energy, and large differences in this dependence for
the different states of the different atoms. The relevant
photoemission cross-section values are listed in Table IX.

For the ARUPS spectra in Figs. 9 and 10, the orienta-
tion of the crystal was such that the y’ axis of the emis-
sion plane (see Fig. 7) is parallel to the crystallographic
(001) or (010), and (101) direction, respectively. The
spectra show a strong peak at normal emission (3=0°)
corresponding to point I' of the surface BZ. This peak
splits into several components for increasing values of .
However, the peaks which correspond to the upper part
of the valence band remain well separated from the other
peaks. The intensity of this peak at normal emission de-
creases strongly with decreasing a (see Fig. 11). This in-
dicates the strong p, character (corresponding to p, in
the band-structure calculation for a@-SnS) for the states in
the upper part of the valence band.

The intensity of the other peaks is much less dependent

T v T M T v L) M I T T

Intensity

. 1 1 L A N 1 1
-10 -8 -6 -4 -2 0 2
Energy (ev)

FIG. 11. Normal emission photoelectron spectra (4=0°) for
a-SnS and for different values of the incident beam angle «,
both for He 1 (21.2 eV) and He 11 (40.8 eV) radiation. The inten-
sity is in arbitrary units. (a) Av=21.2 eV, a=65°. (b) hv=21.2
eV, a=32.5°. (c) hv=40.8 eV, a=65". (d) hv=40.8 eV,
a=32.5°
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FIG. 12. Photon-energy-dependent normal emission spectra
of a-SnS. The intensity is in arbitrary units.

on a. The intensity of states in the region E, =3-4 eV
increases with decreasing a, indicating an orientation of p
states in the plane of the surface. The behavior of the
states with E, =4-5 eV is less pronounced.

Another feature in the spectra (Fig. 11) is the strong in-
crease of the intensity of peaks in the lowest part of the
valence band in the He II spectra, as compared with He 1.
This behavior is expected only for Sn Ss states (Table IX).
Thus there is strong experimental evidence for a large
contribution of Sn S5s states to the lower part of the
valence band.

The photoemission intensity at E,=1.8 eV shows an
interesting dependence on photon energy (Fig. 13), which
is not easily explained with the cross sections only (Table
VII) if one assumes additivity of the atomic contribu-
tions. There are two effects which can be responsible for
a change of the intensity in the photon energy range of
25-30eV.

First we expect a resonance contribution from the Sn
4d core level at photon energies between 25 and 26.5 eV.

TABLE IX. Photoionization cross sections (Ref. 23).

hv (eV) 16.7 21.2 26.8 40.8
S 3s 0.2482 0.4493
S 3p 18.22 4.333 0.9827 0.6028
Sn 5s 0.0003 0.065 0.1382 0.1828
Sn 5p 2.635 1.173 0.5375 0.1432

Intensity

TS WS T U WS NA (RN G SRS SN SN NN SN SN G |

24 26 28 30 32 34 36 38
Photon Energy (eV)

1

1
20 22

FIG. 13. The constant initial-state spectrum for the photo-
emission intensity (in arbitrary units) at a binding energy of
E,=1.8 eV (see Fig. 12). The resonance has a Fano line shape
between 25 and 26.5 eV. The interference effect can be observed
in the photon energy range of 26.5 to 30 eV.

The photoemission of electrons from the valence band,
which has strong Sn 5p character, can be enhanced by
resonance with the Sn 4d — 5p transition. Such an effect
has been reported for Sn0O,.** Photoemission from the
top of the valence band with strong Sn 5p character leads
to a Fano line shape, with a minimum at about 25.5 eV
and a maximum at about 26 eV in the intensity versus
photon energy curve. The constant initial state (CIS)
spectrum (Fig. 13) shows a second enhancement which is
broader and does not have a resonance line shape. We
suggest that the enhancement in the region from 26.5 to
30 eV is an interference effect of the emitted electrons.?
The top of the valence band consists of strongly hybri-
dized Sn and S p states, and so the photoelectrons from
these states can have an enlarged intensity when their &
value equals 277/R (where R is the distance along the y
axis between the Sn and S atoms). The intensity due to
this interference effect is

I< A+Bcos(k'R),

where A and B are constants which include the cross sec-
tions. Using the free-electron relation of the kinetic ener-
gy and the k value of the emitted electrons, one calculates
the intensity maximum to be at a photon energy of 27.5
eV. From this a value for the distance between the atoms
along the x axis of R =2.645 A is obtained. This is in
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FIG. 14. Comparison of E, vs k| obtained from experimen-
tal data (dots) with band-structure calculations of a-SnS. The
shaded areas show the projection of the states along the X
direction from the band-structure calculations.

very good agreement with the crystal structure data in
Sec. II B.

The resonance and the interference effect are addition-
al evidence for the presence of Sn 5p states at I at the top
of the valence band.

D. Comparison of photoelectron spectra
and band-structure calculations

In order to be able to compare observed ARUPS data
with the band-structure calculations we calculated the
component k, of the wave vector of the initial state
parallel to the sample surface with the relation

ky=(2mE, /#")'*sin?9 .

The kinetic energy of the emitted electrons is
E, =%w—E,—¢, where ¢ is the work function of the
sample. For a-SnS we estimated this work function to be
4.2 ¢V by measuring the cutoff of secondary electrons at
the high-binding-energy side with a bias voltage of 2 V.
Corrected for the bias voltage the difference between the
cutoff binding energy and the photon energy is the work
function of the sample.

In Fig. 14 we compare the E, vs k, curves obtained
from ARUPS data with the band-structure calculation of
a-SnS. The energies of band-structure calculations and
experimental data are with respect to the bottom of the
conduction band. We find that the agreement between
the photoelectron spectra and the band-structure calcula-
tions is generally very good. The overall width of the
valence band is in good agreement with the band-
structure calculations. The strong dispersion of the lower
valence band obtained from the LSW calculations is also
found in the ARUPS data.

V. DISCUSSION

Photoelectron spectra of SnS and related compounds
have been measured by several authors.?673° The data
for a-SnS show much less detail than our data, but are in
agreement with our results. The XPS data show a very
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strong photoemission peak corresponding to the lower
valence bands; this high intensity is consistent with the
strong Sn 5s character of the lower valence band. Ac-
cording to most authors, the upper valence band has
strong Sn 5p character, in agreement with our results.

According to optical absorption data a-SnS has an in-
direct band gap E"¢=1.11 eV, a direct gap of E4'=1.39
eV (both values at 77 K), and four equivalent maxima of
the valence band.?*?"3!73% The band-structure calcula-
tions are in good agreement with these data, and show
indeed for a-SnS an indirect gap, and a direct gap at a
slightly higher energy. The calculated values of the in-
direct and the direct gap of 1.6 and 1.8 eV, respectively,
are somewhat larger than the observed values.

The band-structure calculations reported in this paper
are the first ab initio calculations for SnS. Previously re-
ported band structures, based on semiempirical calcula-
tions, show pronounced qualitative or quantitative
differences with our results.>”!° For example, in some of
the calculations reported in the literature the dispersion
of the energy band is much too small,° in another case
the dispersion of the S 3s band has the unrealistically
large value of 6 eV.?

An elaborate discussion of the chemical bonding in a-
and B-SnS was given by Tremel and Hoffmann, based on
semiempirical Hiickel calculations for two-dimensional
slabs.!® The reported dispersion and density-of-states
curves for the slabs generally agree with our results for
the crystal, as far as the orbital character of the valence
bands is concerned. However, there are also important
differences. For example, in our calculations we obtain a
much larger dispersion of the bands in the middle of the
valence band, and a stronger mixing of p,- and p,-type
bands. These differences may be caused partly by
differences between the electronic structure of the two-
dimensional (2D) slabs and the 3D crystals, but they can
be due also to the approximations used in the Hiickel cal-
culations.

From our band-structure calculations we find that the
valence bands of a- and -SnS consist of contributions of
Sn 5s, Sn 5p, and S 3p orbitals. The S 3s bands are
separated from the other bands by a gap. The splitting of
the S 3s-like states at I' can be explained quite well in
terms of covalent interactions between nearest-neighbor
sulfur atoms. From the wave functions, obtained from
the band-structure calculation, one can easily deduce
which of the interactions are bonding and which are anti-
bonding. The result is given in Table X. It is found that
the splittings can be expressed in terms of two parame-
ters, representing the interactions between the sulfur
atoms within the same double layer (¥;=0.51 eV) and
the interactions between the sulfur atoms in different
double layers (¥,=0.32 eV). The stronger interaction
V| corresponds to the shorter S-S distance, as expected.

The chemical bonding in SnS is due mainly to the over-
lap between S 3p and Sn 5p orbitals, both in a- and B-SnS.
The Sn 5s orbitals form the major contribution to the
states in the lower part of the valence band. The interac-
tion of the Sn 55 with the S 3p orbitals is large, but the
contribution of this overlap to the chemical bonding is
small because the Sn 5s orbitals are completely occupied.
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TABLE X. Energies of S 3s band at I'. The parameters V),
and V, represent interactions between sulfur atoms within a
double layer (S-S distance 3.71 A in a-SnS and -SnS), and be-
tween sulfur atoms in different double layers (S-S distance 3.90
A in a-SnS, 4.05 A in B-SnS).

Energy (eV) Symmetry Energy parameters
B-SnS —11.37 4= Ept+V,+V,
—13.00 1t Eo—V,—V,
a-SnS —11.50 3- Epu+V,+V,
—12.24 4+ Eou+V,~V,
—12.62 2- Ey—V,+V,
—13.16 1+ Eo—V,—V,

The latter is evident from the absence of a significant Sn
5s contribution to the conduction-band states.

The differences between the calculated band structures
of @-SnS and B-SnS are not very large, which is consistent
with the continuous second-order character of the f—a
phase transition. However, there are a few characteristic
differences. The calculations show that the indirect ener-
gy gap between the top of the valence band and the
minimum of the conduction band is somewhat larger in
the a phase. Moreover, the direct gap in the BZ is much
larger in a-SnS.

These differences between the electronic structures of
a- and B-SnS can be related directly to the lower symme-
try of the a phase. The lower symmetry of the @ phase
leads to an increased mixing of orbitals, and as a conse-
quence to larger energy gaps between interacting states.

In B-SnS, for example, the symmetry prevents the mix-
ing at " of p, and p, orbitals. Thus covalent bonding in
the plane of the slabs (xz plane) is due to overlap of Sn
5p, with S 3p, and Sn 5p, with S 3p,, without sp hybridi-

zation. Along the y direction (perpendicular to the slabs)
the hybridization of s and p, orbitals is symmetry al-
lowed, leading to directed sp hybrid bonds. This results
in strong covalent bonds along the y direction in the
slabs, and weak interactions between the slabs (Fig. 1). A
consequence of that is the small dispersion of most bands
along the direction perpendicular to the slabs (I'-Y in B-
SnS and I'-X in @-SnS).

In a-SnS, as a result of the lower symmetry, interaction
of p, orbitals with s orbitals is possible. This results in
the formation of sp-hybrid-directed bonds also in the
plane of the slabs (which is the yz plane).

The phase transition from S— a is essentially a transi-
tion from a symmetric configuration (pseudotetragonal B
phase) to a less symmetric coordination of atoms in the
plane of the layers (see Fig. 1). In the high-symmetry
phase each Sn atom has four fairly weak bonds (bond
strength 0.287) with neighboring S atoms in the plane of
the layers. In the low-symmetry phase these four bonds
change to two strong bonds (bond strength 0.572) and
two weak bonds (bond strength 0.105). The lower sym-
metry in a-SnS induces an increased mixing of states in
the valence band. It is this additional hybridization
which stabilizes the a phase with respect to the 8 phase.
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