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Abstract

. The electronic band structﬁres of SnS,
i

and SnSe2 are calculated by usiﬁg the Empiri-

cal Pseudopotential Method. The ﬁotentials were
obtained by scaling those used in' other energy

band calculations. The symmetry properties of

the crystals are treated in detail and the

optiéal constdnts are calculated. Comparison

with experiment is also made.
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| The concept of associatlon a pseudopotential W1th each ion core independent
vof its chem;cal state has been successfully exp101ted recently to yleld elec-
;tronlc states of semiconductors both in elem.entall and in compound forms 23, Inl:

the first case, the elemental pseudopotentlal 1s extracted from semlconductors

containing that element, e. g., Se from ZnSel.E In the second case, the pseudo-

A"potential form factors in a compound are derlved from.the known pseudopotentlals
of the constltuent elements, e.g. Mg and Sl to give - Mg2312. In these calcu-
' lations, the Empirical Pseudopotential Method (EPM) is used. The combination
of ass;gning a fixed pseudopotentlal to each ion and the use of the 'EPM_then
v-essentially involves the variatioh:of'pseudopotehtial form factors to fit
optical data and the existing informatlon on the pseudopotentlals.

" The success we have had on the Mg2X calculatlons3 and the avallablllty of
good optical data has stlmulated us to attempt calculations of the electronic
‘structure of SnS

2 2°
pounds, Mgex- and SnXé,'liesbin the shape of the unlt molecule: a dumbbell

and SnSe The slmllarlty of these two classes of com-
| formed from the two 1dent1cal atoms welghted atfthe center by the third, dlf-
Aferent atom. Thls structure pmeserves the 1nvers1on symmetry of the lattice.
This. yields a Hamlltonian W1th real matrix elements which 1s easier to diag-
onalize than one with complex matrlx elenents. In addition to calculating the
electrohic structu:e.of SnS2 and SnSe2 we have elso determinedothe optical
constants forvthese'materials. |

The properties of . SnS, and SnSe2 have only been sporadically ihves-'
tigated experimentally and, to our knowledge, no bahd structure calculations
exist. The direct and 1nd1rect ‘energy gaps of SnS2 have beenbmeasuxed

optlcally ,-and those of SnSe have been measured both optically5 and

2
electrically 7,8. The combineéd date seems to have fixed the enerpgy gaps to
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within a small range of values. Reflectivity data in the range of 1 to 12eV

has also been obtained for SnSz, for light with polarizatidn perpendicular to
the ¢ axis of the crystal6.

 The pseudopotenfials.Of ﬁhe constituent iopé iﬁ the calculation, i.e. those
' of‘én, Se, and S, are not availéble to a high degree of accuracy such as those
of the group IV elements, Si and Ge. The pseudopotentiél for'Sn, for example,
differs greatly between grey t.in}"+ and for white tin9,'especia;ly for large
ls&[ vaiues. We have based our calculations on fhe Sn, Se pseﬁdopotenti#ls éf
Animalu and Heine'? and the § pseudopotential as extracted from ZnSu.-.

This paper is divided into three sectiqns. In Section I]Zthe group theory

of the caI, - struétﬁ;é 1s treated in detail, and the Hamiltonian is derived. The
resulﬁing Schrbdinger equation is solved and the optical constants are calcu-

lated. In Section ITI ,We present the résults and the comparison with experi-



II Calculations

The tin chalcogenides, Sn82 and SnSe2 s crystallize in the CdI2
strﬁéture. The lattice is simple hexagonal with one molecule per primitive.

cell. If one chooses the pqsition of a Cd atom at the origin of thé cell,

then the positions of the I 'étoms can be chosen to be at the symmetric poihts

‘ tn,>Where u = %, %, % . (In wfitihg the vectoﬁ welhave assumed the uéuél
hexggohal coordinate system of two la| vectors on the x,y plane placed 120°
‘apa;r.t and a."g v.ecfcor' in the 3 -direction, whe'rg a‘ and c a:f:é the usual
lattice cgnstan%é;). The symmetry of the’lgttic% is D6h 3 however, because
ofhthéibasié, oniy'h_of the 24 symmetry operations in D¢, leave the strucfure
invariant. These are the identity, a two-fold rotation about a corner of the

~ hexagon in the (X=Y plang, inversion,fand finally a reflection in the plghe
perpendicular to the two-fold axis. (See Fig.la;)

';'The firsﬁ Brillouin zone of‘the heiagonal unit cell is again a hexagonal
prism; howe&er, as a.cﬁnsequence of the bdsis»gtoms ih the CdIz' structure,
the $ix>sides of the hexagon_éfe ﬁo longer equifalent.' In faét, the direction
of the two-Told axis in real space is the partiéular direqtion in the recip-
.récaL space. Iérpasses_through the center of thé zone and ﬁhe midpoint of
A qné-side of thé‘hexagon on the x-y plane (and aiso that of.the opposite‘side),
(Seé Fig. 1b.) These two points,.called M points in the usual notation, are
'the ?nly M points which are invariant under '02 in the CdIz_gtruCture.._
The other. M -points aretonly invariant under inversion. We therefore caLl
then‘M points with lower syﬁmetry M' points. |

It is easily seen from Fig. 1lb that excepﬁifor the'bd' points, all other

points of symmetry are on three symuetry lines and three symmetry plénes. The‘

symmetry lines are the C. axis (T line) and the two lines barallcl to it and
, 2 ~ ;

O
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- displaced by +

in the ¢ direction (R lines). The.symmetrj planes are

o]

perpend;cularvto the c2 axis;,they include two planes which contain the two

.previouslyAmenﬁioned special M points, and the third plane passes through

the origin, the T poiht. The intersection of these planes and the x-y plane

are-ﬁhe T and T/ lines; ‘The symmetry at X and R is the group Cps

and that at T,T/ is the group »Cs; The interseciion of these lines and planes

are‘the I'A,L and M points. These points therefore have the highest symmnetry

in the structure, the group 02 X C .

From the above discussion we sce that the group theoretlcal treatment of

the Cdl2 ntructgre is quite simple. There are only three 1mportant types of
symmetry points, ahd the compatibility relatlons between them- are tr1v1al since
we only have four symmetryvoperations. In Tables Ia; Jb, and Ic, the‘charac-
ters are given for tﬂe'symmetry operations of'tﬂe three groups and the irres

. . . . Y B : .
duc1bLe representations are defined. The symmetry points M  are not considered

-because they have a low symmetry and are not joined by other symmetry points.

To calculate the optlcaL properties of the Cd12 structure, we need to

have the selection rules for optical trans1t10ns with the electric fleld vector'.

- both in the dlrectlons paralleland perpendlcular to the ¢ axis. In Tables

I&:Ib Ic, the eharacters for photons w1th both types of polarlzatlons are

- given. From these characters, 1t is eauy to compute the selectlon rules given

in Teble II. -

This completes oﬁr discussion of thevgroup theoretical aspects'of the
problem;-next we shall derive the Hamiltonian and solve the Schfodinger equa- -
tion. | -

g We use ah cnergy independent pseudopotential and neglect the spin-orbit

interaction, 1ho prcudo-lamiltonian then becomes,



2 _ , _
. R e W

Expanding the potential in the reciprocal lattice we have

iGx _ . ‘
Ve = Ve . (2)
andlsd
o -igr
V(g) = g v(z) e
foen1 ‘!;11

' .whére the Q's %'fi'hh subsc‘ri'pts denote the vo]v.'mn'eﬂs p'e.r molecule or 'a’com 1n CdI
ca. a.nd I and the V's w1th superacr:.pts denote the pseudopotentlals of the
constltuent jons Cd and I. (For the actual case of CdIz, in which’ I is
a gas » We can define V;(g) without ’che 1/91 factor, thus getting r1d~of the
“a!n‘biguous .qua.ntity, SZI). The factor, cds(g-g) , includes all the effects oj\
the' basis atoms, and accounts for the destruction of most --.of_ﬁhe symmetries .of
the latt.lce. |
The .achrodm(fer equation with this Ha.m.v.lton;an, Eq. (1), is solved by
expandmg the perlodz.c part of the Bloch state m pla.ne waves. Ior Sn82 and
SnSee, the calculations present a convcraonce problem if we use the full pseudo-
-potentla.l curves of ’che constituent ions. The reason is that the hexagonal

lattice contains nany plane-waves with small values of | G ] , and therefore the

[
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pseudopotential curves must be cut off for some maximum ‘lgj value,determined

by'the accuracy of ‘the computer available for the diagonalization of the

v ‘ : a2 : _
 Hamiltonian. The value we chose was Giax = (59/k4) E; . (This is for
N . i i a L

(c/a)2 = 8/3, which is approximately valid in bo&h SnS,, SnSez); This value
ofvcﬁaxvgives 16 non-vanishinglpseudopbtential;f§rm factors fdf Sn .

o The Hamiltonian is diagonalized on a'me;h of' 23 points one fourth the
size of the Brilloﬁin.zone. Thé band structﬁre thus obtained is used to éalcu-
late the optical:;onstants of these materialslo.E"The first optical constant
to be calculated is the imaginary éart of the dielectric function, eg(w). The

ccmputation uses the equation

. e . w1y d 2 3
o) = (T SO - -l e 0

where c,v denoies the conduction and valence bands, uk n is the periodic
R :

S

th

partvof the n band wavefunction and & = 2, i = 1,2 for light with polari-

~zation perpendicular to the g,axis and 8 = 1,1 =3 for light with parallel

polarization. We shall approximate the wavefunctions, uk n by the eigenstates
L i 4
. . L
of the pseuvdo-Hamiltonian, Eq. (1).
Before we discuss the results of the calculation, we would like to

emphasize thatl, because of several difficuliies, the calculations should be

o regarded as being preliminaxy. In terms of accuracy they cannot be compared

'with thé calculations performed on the Mg?X compounds, for exauple. The

difficulties with SnS2 and SnSeE calculations are as follows:
(a) The low symmctry of the C4I, structure necessitates the computation
. . o
of the band ciructure in one iourth the Brillouin zone which is six

pimes as larpe as the amount of ‘5 space required for the wurtzite



‘ compounds

10; The unusually large mafrices to be diagonalized in the
hexagonal lattice makes an accurate calculation impractical at this

stage.

(b) Although reflectivity data on_»SnS2 is avaiiable,‘ah'ez(w) curve is not

_yet available. The lack of this curve makes it quite difficult to cor-

", relate the results of thecry‘with experimeﬁtm In addition no spectrum

(e)

for SnSe2 is aveilable.

There are 8 valence bands,-6 of which are important for optical transi-

"~ tions under 12eV. In additiem, we have to take into account 10 conduc-

tion bands for our final states in the optical transitions. The large

number of bands contributing to ez(w) makes the identification of the

‘theoretical e(w) in terms of critical points quite difficult.

~ In view of ﬁhése difficulties, little attempt has been madé to adjust

the potentials. The'agreement'between theory and experiment is therefore not

‘expected to be bétter than 0.5 to 1l.0eV.



'ITI Results and Discussion

The band sgructures of SnS2 and SnSe,  are shown in Figs. 2 and 3.

2
aloﬁg certain.syﬁmetryvdirections of the hexagonél lattice. The pseudopoten-
tial form factors used in the calculations are shown in Table III. As prev-
'Aiqusk& méntioned, some of the special labels (fdr.example K) in the hexagonal
’latfige have no particular importance here. Théy are shown mainly to illus-
trate how the bands appear along selected geﬁerdl‘directions.

'For both SnS, and SnSez, the direct and indirect energy gaps are fitted

2
%o experiment. In addition, for Sn8,, the optical spectrum was used to fix
scme"of the high energy'splittings. We again iémark that in both cases the
poteﬁti#ls.chosen were ¢onstrained to match those derived from analysis of
§ther éryétals. _ |
The direct energy gaps forlboth SnS2 andi'SnSe2 are the results'of

transitions near the M point between the 8th and the 9th bands;‘the calculated
values are 2.48 (SnSe) and 1.78eV (SnSea). The calculated transitibn at the
M point itself is forbidden by parity. Experimqﬁtally the threshold for direct.
transition‘fpr both compouhdsvis forbidden as i; suggested by the absorption
data of.Domingo_et al.5. They Obtained direct énergy gaps (forbidden in first
order) of 2.88 and 1.62eV for Snse. and SnSe2v respectivély.

':‘The_calculated fundamental énergy gaps of both compounds are indirect.
The maximum of the valence band is at T, and the minimm of the conduction
band is at L. This fact seems to be well supported by experiment5’6. The
caléQlated values are 2.11 and 0.8leV for SnS, and SnSe,, which éompafe
| faifly well with the average experimental values of 2.14 and .V99eV5"8 (see
Table Iva). ' -

The imaginary part of thé dielectric function, eg(w),.calculated from the
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::bﬁnd-structure of Sns2 ié’shown invFig. 4 for light polarization bothiparallei
ahdvperpendicular'to the ¢ axis. In Table IVb some prominent peaks in the
reflectivity data of Greenaﬁay and Nitsche6 arg.compqrea with_the results of .
the‘calculation. ‘Becaﬁse of thé difficulties encountergd in é#lculations,-és
mentioned in the last sectioﬁ, not mﬁch effort ‘has been made to fit the theory
to the,experimént»to better than 1.0eV, and onl& the most important_critical
poiﬁts (cp) areiideﬁtified for each peak. We remark also that because of the
lowygymﬁetry of the sfructﬁie, a great deal of contribution to the ’ez(wj comes
from "volume qffects", i.e. contributions which are not related'tohé_cp. We
notefthat all transitions which are allowed in parallel polarization are also
allowed in perpendicular polarization.«-If in the experiﬁentsé on SnS2 the |
light were not completely polarized perpendicular to the L axis, then the
peak’labelled C in reference 6 would be larger than expectéd for purely
,.perpendicularky polari;ed ligﬁtf This would make the comparison beﬁween.theory'

and experiment ruch béttér.
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Tables Ia,Ib and Ic:
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Table Captions

The characters of the small representations!of' P,A,NquP,Z and R where
P is a general point on a symmetry plane. The boptom two rows show the

characters for the photons with polarizations perpendicular and parallel to the

. ¢ axis.
- ~

Table II:
Selection rules fbr direct optical transitions. For points of the same

symmetry, only one pdént is shcﬁn;(ipe~ I’ represents I',A, M and L).

Table ITI:

~ The pseudopotential form factorS'id»Rydberg% used in the calculations of

the SnSE, SnSe2 band structures. The Sn potentials for both éompounds are
identical. The differences in the table arise because of lattice constant
. differences.

Tablé IV:

(a) Comparison Eetween theoryland experiment for,thé direct.and indirect |
" threshold energy gaps.

(b)_ Soﬁe dominant optical transitions for perpendicular.polarization in
. snS2 an@ comparison with e#periment. The subscripts in the optical
jtfansition labeis indicate the band indices for the transition. The

‘peak labels for the measured reflectivity curves are from reference 6.
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Table Ia
I'bA,M,L E ¢, I o
1‘2 | 1 -1 1 -1
ot
1"1 1 -1 -1 1
; } - -
1‘2 1 -1 1l 1
X,y 2 0 -2 0
2 1 -1 S 1
Table Ib

P E o

P, 1 1

Po 1 -1

X,y 2 » o]

z 1l 1

Table Ic

Z,R E C2

21 1 1

2‘2 1 -1

X,y 2 0

z 1 -1



Perpendicular Polarization

Parallel Polarization

Table II

- ’ /
I‘l,I‘ é-»l"l, 1‘2’ ‘

2
-
Pl,P2 Pl, P2

B, eB, T

r. o/
i i
P; «»P3

Z% «925

15

where i #j and i =1,2



Table ITT

Pseudopotential Form Factors\

16

(213)

G SnS,: Sn S ShSe,: Sn Be
(oo1) T R “36_ e
(100) -.09 -.31 -.66' -.24
(6b2) -.06 -.27 -.036 -;205
(ro1) - -,636 -.21 -.024 -.17
(102) .06 .08 o2 -.012
(003). ok ..ol o7k .03

| (210) 075 -.012 073 .08
(211) - .07k .00k 071 .10
(io3)' .073 032 .969 12
(200) .068 .082 .057 1k
(212) . 066 .088 .05k 1k
(201) .065 .096 05 .13
(00k) .06 .102 .ol8 .11
(_202) .0k8 .07k 035 .08
(ioh). .036 .54 .029 ;05
.036 .05 .029 .05
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Direct

Table IVa

Threshold Energy Gaps (eV)

Indirect

17

SﬁSeQ: 1.78

(M)

1.62 (ref. 5)

SnSe, d.81

(r'l'—-wl')

falculated Measured Calculafed Measured
Sns,: 2.18 2.88 (ref. 5)  SnS,: 2.11 2.07 (ref. 5)
: (Ml"’ Ml') (I‘l'—->Ll') 2.21 (ref. 6)

0.97 (ref. 5)
1.0 (ref. 7)

1.0 (ref. 8)
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‘Table TVb _
Energy Value of Structure Identification of Type of
. : , main transition’ . cp
in the measured in the calcu- in calculated 52((.))
reflectivity lated ea(w)_ :
' A B ! 'A
h.oev (&) u.ogev (M! sm)g M
. B . M, M
4.8ev  (B) 5.35ev ( -M)g M,
5.7ev (C) 5.83ev (Ll —’Ll' 5,9 M
7-0eV (D) 7.T2eV (Fl' '*P1)8,12 M
Ml

- 7.8ev  (E) 8.67eV (' =1)g 15
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Figure Captions:

Figures la, lb: .

(a)

The prqjection on the x-y plane of the CdI2 structure in real space.

~ The triangles denote the positions of the .Cd atoms, and the circles

denote those of the I atomsQ The triangies are on the x-y piane; the
open and the closed circles are on the planes 'z = + c/h reSpeétively,
where ¢ is the usual lattice constant.

The section of the first Brillouin zone of the'simple hexagonal lattice

(6)
| on the x-y plane. The symmetry lines for ﬁhe 'Cdle structure are

labelled and they are drawn in heaNy lines. The.two-fold axis and the
reflection planes are indicated by 02 ang ¢ in both figures.

Figgge 23
The calculated band structure of SnS, . The first two bands are not

. shown; they are lower than'the'thi;d band ﬁy at least U.5ev.

Figure 3: | | ._
Tﬁe calculated band structure of SnSez; és in Figure 2, the first bwo
bands are not shown. |

Fiéure b

The calculated imaginary part of the dielectric function for light

'polarizations_perpenQicdlar and parallel to the g axis, for ‘Snse.
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