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Abstract

The total valence electronic charge denslties for two semiconductors
with layer structure - $uS; and 518e - ‘are calculated using wavefunctions
rom pSELdOpOLuntla* energy band structure ca lculations at a reoreaentative

f1
-+
k point, A comparison is made between the charﬁc dersxty ufstribuglons LOL

et

hese two compoudds and those of ZuS in the wur tzite atructurL

I. . Introduction

Comﬂounds with layer structures . have attracted a gfeat &eai'bf-atteﬂtion'
 becau se of their wide range and in some cases unlque electronic propertles.l'
"Most of the optical studies on these crystais, up to now, %gse/concentzated on
_the semiconductors. The authors have previously calculated? the electronic

band‘structure of two'éompqundé - -SnSy and SnSes usingvfhé Empirical Pséﬁdopoten—‘
tial Method (EPM). The wavefunctions obtained from these calculations are now
used to calculate the electronic charbe diatcibutions. These charge distribu-
tions are useful in understaading the nature of bonding in tﬁese crystals.'
Such calculations have primarily been done for crystals with the zincblende
39k

structure. -More recently, Joannopoulos and Cohen® have compared the charge

distributions of ZnS in the zincblende and wurtzite structure. They showed
‘ » -'—>. ‘ ‘ ) . .
_also that the representative k - points can give to a very good approximation

‘the tota* valence charge density for crystal with the wurtzite structure. In

nis gaper, we shall report on calculations of chaxge densities for SaS, and.

3

‘S s Using oue representacive or mean value k ~ —oint.6 In section II, we

sna1l

ot
[« %

iscuss the wmethod of calculation. The results and the comparisons

vetween the calculated charge densities and those 05 ZaS In the wurtzitce

structure are given in



II. Method of Caiculation

[

The mailn steps involved in the present calculations are:
A. determination of the representative points by the method discussed in ref. 5.
From Eq. (31) im ref. 5, the charge demsity calculated in real space from one

repregentaiive point is given as

pEDH SFeE D e @y
3 o

where Rﬂ is the lattice vector in real space, and

> 1 I ik-P ; ‘ ‘ "_“' " v _ .
g(k’Rl> =75 PR,e R2 . : A (2)_

wheze_PR is‘the syﬁmetty operator for the crystal. Because there'is'cbnfﬁsipn
in ref. 2 about the axes of the two-fold rotation, we reiterate_the lZ.symﬁetry'
operations in D3g. They are: the identity operator E, two“three—fold rotations'_ ot
(2C3) about the Efaxis, three two—-fold rotations (BCﬁ)vébouf the axea in the
XY plane and passing through the corner of the hexagon, the inversion
operator i, two three-fold rotations about the c—axis followed by an inveféion" ,  ;
7 (24Cx 3), and three two-fold rotations foliowed by an inversion (31"') 0 .

By setting £ equal to zero for various. sets of ﬁ we solve the Lesultlng
transcendental equations for possible k's. In the present case, we obLaln

the mean value point,

= (0.1904, 0.1904, 0.25) R O I
where the components avre along the primitive reciprocal ’attlbe vectors.
3. calculations of the toral charge densities. The wavefunctions ét‘g are
ﬁaiﬁed oy diagonalizing the pseudopotential Hamiltonmian over plane'wave
‘basis. The pseudopotentials for the two crystals are given in ref. 2{ These
wavefunctions are then used tc caiculate the total valence electronic charge

density:

N T (A P

e Z.v‘ .5 EEE ® -1 = g
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where n runs over all valence bands. The G's are reciprocal lattice vectors
in units of a 2% and a is the lattice comstant. o (G) is the componeat of the
wavefuncrion for the n~th band on the G~ith basis state. The factor 2 is

included to take account of the spin degeneracy.

IIT. Results

The charge densities 6f SaS; and SnSeé are digg}ayed on two different
~planes; these plénes are shown in Fig. 1. The,pharge dansities-in plane OABC
aie shown in Ligs._Za and 2b. These contours show the charge dlstribLtions
among different metallic ions in the same layer. he contours in plane DEFG
v(Figs, 3a and 3b) show the distribution between the ions on dlfrerent layers
andvthe distribution between the metallic ions and the chalcogen ions forming
the SnX; molecules. .In Figs. 2 and 3, we use a mesh of 784 points and 703 k
points respectively. The charge densities within the dotted circles (v197%,
‘8% and 11% of the 1éngtn OA for Snkw, SB‘ and Se +  espectively ) are not
expected to be éccurate.because these distributions are calculated by using
pseudowave functions. They are not orthogonalized to the coré'wavefunctions;
therefore, the charge densities at ‘the ions are noﬁ epresentaulve cfvthe true
charge densities. The unit of the charge density is measured in —e;, the ;narge,
of an electfon, o ' |
In Figs. 2a and 2b, the metallic iouns are located at.the corners of the
parallelogram;. One of the chalcogen ion is located % of ¢ above the,plane,
whéfevc is the lattice coustant ia the g'di%ection, We used a dot to indicate

e
s located at same distance below the

b4

its location.  The other chalcogen ion

plavne. This location is indicated by a small circle. The nearest neighbours

r the S ion or Se ion are three Sn ions which are equi-distance away.

cif either
We expect from cxystal fleid point of view that the bonding charge of the

rd the Sn ions. The contours with density at

cnalcogen ions wili point towa
vaiue of 31.9 in Sz5) and 36.5 in SnSep are due to the bonding charge



intersected by the X-Y plane. in Fiﬂ; 2b, thc ueusit/ of GnSeo in the LLBlOﬂ
ijust outside the dotted circle of the metallic fon is larger thdn the ¢ Ireg—
ponding distribution of SnSz, so that the charge di tridbution of SnSe2 is more
uniform than SnS,. This dif ce between the two crystals is more evident
in Figs. 3a and 3b, and shows that SnS,; is more covalently bound than SnSeé,_
This is consistent with the results of the band structurs calculations.‘ The
fundamental energy gap of SnS; is 2.07eV and the valﬁe for SnSe, is G.97ev;
The sites of Sn and S or Se ions for nearest layers are expli itly indicated
in these two figures. The bonding charge within the layer can be cleafly '
seen,.which is concentrated between the Sn and -the chalcogen,ioné forming

the SnX,. These bonding charges are p~%ike in character. The asymmetric
shape of the charge distribution around the S or Se ion can be'explained as

; follows: The p-~like states of the chalcogen ion extend into the'interlayer.
_region. The repulsive interaction between the p‘SLateb of nebrest layers
ptsﬁes the charge distribution toward the ions. ruthermore, Lne meualllc ion

at the nearest layer exerts a weak attractive force on the p-like states. “The

(a2

effect of this attractive interaction is to pull the charge toward the Sn atom
of the nearest layer. The charge distribution for ome layer form élmost a.
closed shell. This diliustrates that the binding Between the layers is weak
The contours around the Sa ions in both crystals haVe bulged toward the S or Se
ion at nearest layer. The free Sa atom i1s like C, Si and Ge to form sp3
orbitals.-.However, the sp3 orbitals do not consistent with the crystal
symmetry at the site of Sn. Mosttg%/chargeiin the ‘orbitals férmfbounding
charges with the chalcogen ions. The residue charge distribution on Sn will
try to persist in the form of sp3 orbitals. | , o

. It is interesting to compare these results with the charge dlstrlbutloh'of
ZnSLﬁﬁlwmltvlte structure. We reproduce Fig., 8 of ref.,Sras Fig. 4 in order to

faciliitate the discussions. Comparing the magnltudeb of Lhe charge den51t1es

"_S

near the metallic dons in Figs. 2, 3 and 4, we find tnatHZnS is more ionic

Py

than the two compounds in layex

»

tructure. The densities at the bonds within
thie layer for SnS; and SnSe, have values comparable to the casé of ZauS. The
largest diiference between these two diiferent kinds crystal structure is shown
in Fig. 4 and Figs. 3a and 3b. 1In Fig. 4, the Zn ions at different coordinates
- :

in the z direction are covalently bound to the S ioms. However, the Sn ions

ia Figs. 3a and 3b do not have similar bon ding propert es\as the Zn ions. The



(9}

Sn ions interact weakly with closed shell chnarge distribution around the

cnalcogen iomns af nearest'layers. ' Yhe covalent bonding between the Sn and
the Chalvose; ions happens only ¢ 'thin the SnX, mdlecules! These crystalline
effects are showing clearly in the present comparison. | . '

In conciusion, we have presented charge dersity calculatioms for liayer
v ; :

01'

ructure compounds. ‘The charge densities show that there is stéong covalent
nding between the metallic iom and chalcbgen ions within the same 1ayer.'
Ions at nearty layers interact very weakiy. By compa iqg»ﬁﬁe_resulLs with
ZnS 1in the wurtzite structure, we find ZnS to be the most ionic,'followed b3
SnS, and finally SnSe, 1g the least ionic of the Lnree crystals. (The funda-

mental ene*g; gaps for these crystals are 3.85 2. 07 and 0.97 eV reopectlvc1y )
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fFi'{°2a.- otal cnarge deu51ty ‘of SnSz in OABC pLanc.ﬁ.f*

g
Fig. 2b. Toral charge density of Snbe in GABC idﬁe“
] - ! o% ! . 2

Fig. 3a. Total charge density of SnS, in DE:u‘plane. (A *eaactloﬁ oL 0 677;L-
scalej. . o ER
" Fig. 3b. Tortal charge density of SnSe

'QScalé)ﬁf

4 _Totai»chargevdensityidf ZaS in (110) plane.
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