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A theoretical description of the valence-band structure and chemical bonding for a series of non-transition-

metal layer compounds is developed which is consistent with calculated charge densities, densities of states,

and with the experimental crystal-structure data and photoemission measurements.

I. INTRODUCTION

In recent years, compounds crystallizing in
layer structures have been the objects of many
studies. ' Even though the nature of the chemical
bonding in these compounds has been investigated
for some time, ' quantitative results about the elec-
tronic structure of some of these compounds be-
came available' 'only recently. %ith theadvent of
ultraviolet (UPS) and x-ray (XPS)photoemission mea-
surements of several layer compounds, ' "direct ex-
perimental information is now also available about the
valence-band structure of these materials. It is
therefore of interest to reopen the discussion con-
cerning the chemical bonding in these materials,
by comparing calculated densities of states based
on the band-structure calculations of Befs. 3-8
with the experimental photoemission data. Simul-
taneously this comparison acts as a check on the
quality of the empirical band-structure calcula-
tions.

II. DISCUSSION AND RESULTS

The following non-transition-metal layer com-
pounds are studied: SnSe„PbI„BiI„andGaSe.
The compounds crystallize in layered structures
in which the atoms are tightly bound in two-dimen-
sionally extended sandwiches which are only sev-
eral atomic layers thick. These sandwiches are
stacked on top of each other and held together by
relatively weak interactions. lt is thus mainly the
bonding and the atomic arrangement and coordina-
tion seithin the sandwiches which determines the
valence-band structure of these compounds. Inter-
layer interactions may essentially be considered
as perturbations on the isolated sandwich system.
This is particularly true for mechanical proper-
ties which depend on the electronic screening of
the entire ensemble of valence electrons. However
this approximation may be poor for the detailed
structure of individual electronic states. As an
example one may cite the band structure of GaSe

in the vicinity of the (2 eV) fundamental gap; this
gap is partly influenced by interlayer interactions
of the order of 1 eV.' Even though these inter-
layer interactions are generally weak, they can
have considerable influence on the details of the
optical" and electrical" properties. In the px es-
ent discussion, however, only the strong covalent
or ionic bonding inside the sandwiches shall be
considered and be compared to the photoemission
data which do not in general resolve interlayer
effects.

The layer compounds to be discussed show dif-
ferent atomic arrangements within the sandwiches.
In Fig. 1 perspective views of the different struc-
tures are given. SnSe, and PbI„both crystallize
in the same structure. The cations forming the
middle layer are octahedrally surrounded by six
anions, which form top and bottom layers of the
sandwiches. Each anion is thus bound to three
cations within the sandwich in addition to a weak
bonding to the adjacent sandwich. In BiI, the ca-
tions are also octahedrally coordinated, but oc-
cupy only —, of their regular (PbI, -type) lattice
sites. This creates cation voids and leaves the
anions, which form the outer atomic layers, bound

only to tgeo cations within the sandwich. In GaSe
the atomic arrangement is trigonal prismatic,
rather than octahedral. In addition, the middle
cation sheet is doubled. Thus each cation is bound
to three anions and one other cation, whereas
each anion is bound to three cations within the
sandwiches. The peculiarity of this structure is
the diatomic cation molecule with the "like-atom"
bond in the middle of each sandwich, which has
been found to determine the optical properties of
the material"" and which also, as we shall see
is directly reflected in the photoemission data.

The main structural characteristic of this group
of compounds, the layer arrangement, results
from the particular bonding properties of the con-
stituents. %'e shall show that the structures are
compatible with the types of chemical bonds that
are formed and the degree of filling of the bond
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FIG, 2. Charge-density contour plot of the total val-
e of SnSe displayed in a (110) plane extending

nion-cation bonds.er two half-layers and containing anlon-
e its of el.ectrons per unit cell,The contours are given in units o e ec r

(after Ref. 7).

FIG. 1. Perspective viewer of the one-sandwich atomic
a SnS, SnSe2,arrangemen o st f ome layer compounds. {a)

PbI, , (b) Su, , (cj Gase.

orbi s y'tal b valence electrons. The fohe four different
tel incompoun 8 8 Rd h ll noir be discussed separa y

some detail.

A. SnSe

d SnS are semiconductors vrith the CdISnSe, an
11 theWith 16 electrons per unit ce11 estructure.

lovres eigt i ht bands are filled. According o
r 1 rinciples of crystal chemis ry, i.e. ,genera p

'

f the anion valence shells, the 'gel Ilt occu-filling o e ani
pied bands in:SnSe2 are expected to o gorl lnate from

orbitals. This has essentially beenanion s and p or l s.
d b charge -density calculations aseconf irme y c - ' ase

on the empirical pseudopotential &E

i ure 2 shows Rstructure ealeulations of Ref. 4. Fig
contour plot o e of th t tal valence charge of SnSe, as

~ f 0B f. '7. It can be seen from this lg-
nd theure that most of the charge is located around e

1RniOn Sitee. COmPanion
' . A Rrison of the experimenta

2. 57 A for SnS, Rnd
0

lnterRtoIQlc distRnce which ls
edith the sums of2.67 A for SnSe„respectively, vri

ture (see Table I). The total charge in Fig. 2 is
however not exae yetl centered around the atomic

ns thus indicating that the anion va, lenceposit ons, t us ln ie
shell '

not completely filled. In ae,
uld ionize the tinof the anion valence shells afoul i

atoms complete y ot Sn4' which also is not consis-
i . 2. Moreover, photoemission stu-

-of-statesies" combined vrith a ca,lculated density-o -s
i . 3 indicate the pres-curve, as presented in Fig. , in i

ence of some filling of cation s states. A detailed
of the valence band density of states in

t the u er threeFig. 3 (broken curve) shows, that e upp
peaks, labelled A 8 and C correspond essential-

1ly to anion p s a es vrt t vrhereas the experimental y
vrell-reso ve s rul ed structure around -8 eV (D origi-
nates predominantly from cation s states. om

d-like character is incation character, including d- i e c
fact found extended over the whole upper part of
the spectrum. The lour-lying p eak labelled E,
theoretically extending from—-14 to -9 eV corre-

stl to anion s states with some slightsponds mos y 0
eak has beenadInixture. Experimentally, this pe asp a m u

observed at somewhat lower ene gy,r but its posi-
tion is somewhat unclear ur due to the excitation of

XPSSn 4d electrons by the Al K satellite in the XP
experimen .t ' The positions of the structure in the
UPS or XPS da anta d the corresponding calculated

of states are summarized in Table II.densities o s a es
The favorable comparison between X a
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TABLE I. Lattice parameters and experimental bond lengths for various bonds. The sums
of covalent and ionic radii and an estimated electronegativity difference are indicated.

a Bond bd coY d ion
b Conf laura'. on

3.64
3.81
4.56
7.50 '
3.76
3.76

5.87
6.14
6.98
6.90
7.97
7 ~ 97

Sn-8
Sn-Se
Pb-I
Bi-I
Ga-Se
Ga-Ga

2.57
2.67
3.15
3.04
2.46
2.46

2.43
2.57
2.80
2.79
2.42
2.52

2.55
2.69
3.36

-3.20 '
-2.85
-1.94

(Sn4+,
(Sn4+,
(Pb2+,

(Bg3+

(Ga 2+

(Ga2',

82 )
See )
I1 )
If-)
Se2 )
Se2 )

0.8
0.7
0.9

~0 9d
09

-0.9 '
' These c dimensions extend over one layer.
"From Ref. 2.
c The BiI3 structure has a ~3 times larger a dimension

These values have been obtained by interpolation.
~ These values are obtained by assuming an ionic configuration which is certainly not pres-

ent in QaSe (see text).
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FIG. 3. Calculated density of states for SnSe2, based
on the EPM calculations of Ref. 4 and experimental
photoemission data from Ref. 10.

the calculated valence density of states helps to
establish a picture of the nature of chemical bond-
ing in SnSe, . The asymmetry of the total change
around the anions (Fig. 2} and the strong charge
buildup between neighboring atoms indicate co-
valent contribution to the bonding in SnSe, . As al-
ready pointed out earlier" the bonding of the octa-
hedrally coordinated cations can be viewed as res-
onating sp'd'-like bonds rather than p'd'-like
bonds. The bonding of the threefold coordinated
anions is achieved by incomplete sp' hybridization
with possibly some small d admixture. On the
other hand, the ionic contribution to the bonding
is significant, as indicated by the calculated
charge distribution (the cation p states are main-
ly found as empty conduction states in the band-
structure calculation} and as also suggested by the
value of the sum of the ionic radii of cation and
anion (Table I).

8. Pbf

The eleetronegativity difference AX = 0.9 between
divalent Pb and I is appreciabLe and PbI, should
therefore be considerably more ionic than SnSe, .
This general trend is confirmed by the calculated
total valence charge density, displayed in Fig. 4.
It can be seen that there is only a very small co-
valent charge buildup between neighboring Pb and
I atoms, both of them being surrounded by nearly
spherical charge clouds. Since iodine has seven
valence electrons two p-like electrons are trans-
ferred from lead to the two iodine atoms. As indi-
cated in Table I the experimental interatomic dis-
tance of 3.15 A compares more favorably with the
s11111 of 'tile 1011ic 1'adl1 of tile configuration (Pb, I )
than to the sum of the covalent radii. The trans-
fer of two electrons leaves the lead 6s states oc-
cupied and one would expect them to exist as non-
bonding or lone-pair levels. This tendency of the
heavier group-IV elements to maintain a nonbond-
ing pair of s electrons has already been pointed
out earlier by Mooser and Pearson. ' The exis-
tence of occupied cation s states is well illustrated
by the charge density plot of Fig. 4. It is of inter-
est to determine the position in energy of these s-
like states. An inspection of the calculated den-
sity-of-states curve of Fig. 5 and the correspond-
ing charge distributions (as given in Ref. 7) shows
the result that the lead 6s states combine to
some extent with the valence orbitals of iodine
to produce a paid of bonding-antibonding bands.
The corresponding structures are located at -0.5
and -5.5 eV below the valence-band edge in the
calculated density of states of Fig. 5. Since both
bands are occupied their net effect on the cohesive
energy of PbI, is negligible and in this sense these
electrons can be viewed as nonbonding. This ef-
fect of hybridizing "nonbonding" states with orbi-
tals of the other atom in a bonding and antibonding
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fashion has also been found in the other iodine
compound' BiI, and for the cation pair in GaSe,"
but has not been obtained for Se or' Te which also
retain lone-pair electrons. The experimental XPS
spectrum shown in Fig. 5, however, differs some-
what from the calculated curve in its quantitative
aspects. In fact, this curve seems to favor the
existence of nonbonding Pb s electrons at -8 eV
(structure D) only without any of the aforemen-
tioned hybridization effects. This conclusion,
however, may be misleading as the results on BiI,
show (Fig. "I), where theoretically simila. r hybrid-
ization effects as in PbI, are found, coupled to a
very asymmetric density of states, just as experi-
mentally observed in PbI, . Thus the quantitative
disagreement between theory' and experiment"
for the energetic position of some bands in PbI,
does not seem to rule out the calculated hybridiza-
tion effects of the cation-s-lone-pair electrons.
One reason for the occurrance of these effects
may be the unusually large size of the ions in
PbI, and BiI,. In fact, as seen from Table I the
sum of the respective ionic radii exceeds the a,c-
tual interatomic distance by some (5 —10)%, where-
as in the tin-dichalcogenides the two distances
nearly agree.

g. BiI,

The structure of BiI, resembles that of PbI„
with the exception that only -', of the cation sites
are occupied. (See Fig. 1.) This still leaves the
cations in an octahedral coordination, whereas the
anions are only twofold coordinated. Filling of the
anion valence shells can be achieved by the three
p electrons of the cations. Simila, r to Pb' in PbI„
Bi' in BiI, thus retains only its s electrons. The
calculated, ' total charge density for BiI, is shown
in Fig. 6. The contours are displayed in a (100)
plane which contains an anion-cation bond. As
compared to PbI, the charge distribution around
the anions is less spherically symmetric, indica-
ting the presence of more covalent character in
the bonding. Inspecting the charge distributions
one may place BiI, on an ionicity scale between
SnS„SnSe„andPbI, . The relationship between
the experimental bond length and the sum of ionic
radii on the other hand resembles strongly that of
Pbl, (Table I). As mentioned in the discussion of
PbI„ the 6s electrons of Bi' also combine with
iodine orbitals to form a pair of bonding and anti-
bonding bands which are both occupied. In Fig. 7,
where the calculated density of states' is compared
to recent XPS results, ' the two hybridized s-like
bands are labelled A and D. They are located in a
rather asymmetric fashion with respect to the main
peak of the anion p states thus showing some ten-
dency towards the nonbonding arrangement. The
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FIG. 4. Total valence
charge density of PbI2 from
Bef. 7; characteristics of
the plot are the same as in
Fig. 2.
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other bonding band of the Ga-Ga bond involving
mainly Ga p, orbitals (with some s admixture).
The corresponding antibonding band is unoccupied
and gives rise to the isolated peak at + 2 eV in the
calculated density-of-states spectrum of the con-
duction bands. On the basis of these results one is
therefore tempted to describe the totalGa-Gainter-
action as the result of a superposition of o, bonding,
0*, antibonding, and o~ bonding states. The para-
dox of this description illustrates the difficulties
encountered by attempting to correlate the chem-
ist's bond picture too narrowly to the physicist's
band picture.

FIG. 9. Calculated density of states for GaSe, based
on the EPM calculation of Ref. 8 and experimental
photoemission data from Ref. 9.

bond in the middle of the sandwiches. Since both
bands are occupied, their net effect on the cohe-
sive energy of GaSe is negligible similar to the
situation met in the iodine compounds. The sep-
aration of the two peaks E and D is very sensitive
to the Ga.-Ga bond length. Earlier bandstructure
calculations' and approximate density of states
curves derived from them" were based on a Ga-Ga
bond length which was too small. This resulted in
unsatisfactory agreement with photoemission re-
sults. The theoretical results presented in Fig. 9
are based on an assumed Ga-Ga distance of twice
the covalent radius of Ga. ' Only recently, precise
x-ray diffraction measurements" were able to de-
termine the Ga-Ga bond length to be 2.46 A which
is about 3% smaller than the sum of covalent radii
and which corresponds almost exactly to the inter-
atomic distance in Ga metal.

The next higher two peaks (C) and (B) in the XPS
spectrum of GaSe correspond mainly to anion P
states, with some cation P admixture. These
states are responsible for the (mostly covalent)
Ga-Se bond. About 0.7-eV disagreement is
found for peak C between theory and experi-
ment. The shoulder (A) corresponds to an-

III. CONCLUSIONS

A consistent picture of the valence-electron
structure and the chemical bonding has been de-
veloped for a series of non-transition-metal layer
compounds: SnSe„PbI„BiI„andGaSe. Theo-
retical EPM band-structure calculations provide
information like density -of -states curves and
charge-density distribution plots for the valence
electrons; whereas x-ray and ultraviolet-photo-
emission measurements and crystal-structure
data provide the experimental input. With the ex-
ception of SnSe„ the cations in all compounds
possess excess electrons which do not contribute
effectively to the bonding. It has been found, how-
ever, theoretically and experimentally, that these

'excess (cation) s electrons do not occupy simple
lone-pair states, but rather hybridize to form anti--
bonding bands. Combined with the corresponding
bonding bands no net contribution to the cohesive
energy of the crystals is produced by these hy-
bridization effects.
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