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The local density approximation has been implemented to determine the band structure of orthorhombic
crystals YAIOQ; (YAP) and SbSlI. The topology of the valence band structures was analyzed. It has been
demonstrated that Zak’s elementary energy bands in the band structure are distinguishable on the basis of the
empty-lattice approximation. The calculated electron density distribution of YAP and SbSI crystals is related to
particular Wyckoff positions. Moreover, there is a direct correspondence between the obtained elementary
energy bands and the aforementioned Wyckoff positions characterized by electron density distribution.
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I. INTRODUCTION with the use of the general data concerning a semiconducting
crystal, which are the existence of the forbidden energy gap,
Nowadays there are many possibilities to conduct thdattice constants, number of valence electrons in the unit cell,
band structure calculations for crystals even with a largeand space symmetry group. It should be emphasized that the
amount of atoms in the unit cell. Since an interest in suctmethod presented below does not require information about
crystals is still great there arises a necessity to interpret thpositions of atoms in the unit cell.
obtained energy spectra, in particular to analyze the topology The present paper is divided into five sections: in the next
of branches of spectra in the Brillouin zoBZ). Such an  one we introduce crystals which are the subject of our inter-
analysis is lacking in the literature. However, one shouldest, in the third one we calculate the elementary energy
remember that a theory of the elementary energy bandgands in the empty-lattice approximation, the fourth section
widely developed by Zak and Michel exits (and refer-  contains details oéb initio calculations of the crystal band
ences contained thereiirhe most important conclusion for structures, while the last one is devoted to a discussion on
solid state physics following from Zak’s papers can be for-the elementary energy bands.
mulated as follows: The symmetry of a Wyckoff position in

the Wigner-SeitZ cell is reflected in the symmetry and the Il. THE YAIO 5 AND SbSI CRYSTALS AND THEIR
topology of the elementary energy bands in the inverse CRYSTALLINE STRUCTURE
space.

The present paper is intended to show that the theory of The dielectric YAIQ, (YAP) and semiconducting SbhSI
the elementary energy bands has an excellent application irystals described by th@éﬁ space symmetry group have
interpretation of the band structure calculation results. To ddeen chosen for our considerations. The YAI®ystals be-
this, we have chosen for calculations crystals described blong to a group of materials serving as the basic materials of
the same space symmetry group having, however, conthe laser technique, scintillators, optical recording media and
pletely different chemical bonding, considerably different an-the substrate materials for thin films of high-temperature
isotropy as well as physical properties. In order to easilysuperconductor.’ Thorough investigation of their physical
ilustrate an existence of the elementary energy bands in theproperties as well as a range of phenomena connected with
band structures, it is convenient to choose a space symmetdefects creation is impossible without information about
group belonging to the low symmetry systertesg., the their band structures. Investigations of YAP optical param-
orthorhombic system where the irreducible representations iaters (refractive index, band gaphave been already de-
high-symmetry points of the BZ have the same dimension scribed.®° Detailed experimental investigation of absorption
An important issue in our discussion is a query if to all theand reflection spectra in the wide energy rai@&—42 eV
Wyckoff positions known for the given space symmetrywas also presentdd!! The first calculations of the elec-
group correspond the elementary energy bands which indedtbnic structure of the YAP were reportédThe density-
appear in the calculated energy spectra. The elementary efunctional theory based orthogonalized linear combinations
ergy bands introduced by Zhkwere obtained using a con- of atomic orbitals(OLCAO) method was used and a com-
nection between extended functions and localized orbitals. Iparative analysis of the electronic structure of the Y-AI-O
this paper the elementary energy bands were obtained in tleystem was conducted in that publication. A particular em-
valence band on the basis of the empty-lattice approximatiophasis was, however, placed on the analysis of the nature of
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TABLE Il. Atomic coordinates of the SbSI crystéRef. 13.

Atom Position X y z

Sb 4c) 0.118 0.124 0.25
S 4(c) 0.84 0.05 0.25
I 4(c) 0.508 0.827 0.25

centers of a practically regular octahedra. A mutual displace-
ments of Y cations and oxygen anions cause a different dis-
tortion of the cation and anion environment of the oxygen
atoms in the two nonequivalent positions @(c) site) and

Oy, (8(d) site). Y—0O bond-lengths in Y@dodecahedra differ
FIG. 1. Crystal structure of YAIQ(YAP). one from anothefthey vary from 0.2284 nm to 0.2597 nm
for YAP-1% Nd (Ref. 19]. Therefore, YQ dodecahedra

. ic bonds. the densitv of dthei ... can be said to be considerably distorted.
Interatomic bonds, the density of states, and the Investigation g grcture of the SbSl crystal which is, from the view-

of the electron de_nsity distribgtion, whereas the issues of th%int of symmetry, related to the YAP crystal, was
bands structure, its constructlpn as well as symmetry aspeclfscribed® and the paraelectric phase of this crystal was
were exempt from the analysis. _ o assigned to th®nma(D3°) space group. It should be noted
The other crystal chosen for considerations is SbSI crysmat g petter coordinate system to ilustrate the SbSI crystal is
tal. The chain SbSI crystal is, of course, not isomorphic tohat of thePnam group, since this crystal exhibits a phase
the YAP one, however it is describable in terms of the samgransition to the ferroelectric phase describable in terms of
space symmetry grouP3; (paraelectric phagé®** This  the Pna2 (C3,) space group? The Pna2 is a subgroup of
crystal belongs to the isomorphic’BY'CY" group of crys-  the Pnamgroup. There are 12 atoms is the unit cell of the
tals which possesses semiconducting properties. The discogbSI crystal which create two translationally nonequivalent
ery of ferroelectric propertié3has caused intensive investi- chains. Lattice constants of this crystal in the coordinate sys-
gation of those crystals and other ferroelectrictem of the Pnam group are as followsa,;=8.52 A, a,
semiconductor$® According to the papéf, the width of the =10.13 A, a;=4.10 A. The atomic coordinates are pro-
forbidden gap for SbSI iEg =1.95 eV, E‘g‘: 1.8 eV, where Vvided in Table Il, whereas a projection of the crystal structure
E; andE)] denote energies corresponding to polarizated lighPf the SbSlis illustrated i?6Fig. 2. Since the discussed crys-
in the direction perpendicular and parallel to the direction oftals are described by th@;; space symmetry group in dif-
the spontaneous polarization vector, respectively. ferent coordinate system®bnmandPnam), the analysis
The YAP crystal crystallizes in the orthorhombically dis- of their band structure requires to take into account the mu-
torted perovskite structure. The details of the YAP structurdU@ changes of points of the BZ. Table Il presents mutual

are given in the paper&°The space grouD%ﬁ describing relations between high-symmetry points of groupama

the symmetry of the YAP crystal was chosen in the Coordi_(lnterna}tlona], Pnam Pbnm .
The irreducible representations of groups of the wave vec-

nate system of the Pbnm group since this group was utiIizegOr for the Pnma (1) group can be found in the bodk.n

rooeSoe\/ss%[cgeggr?]sgmrgsetr}ll'ho; $:Pr,20:ttr:i?32'%2n‘ EEbeI; Iccinvec_)rder to determine characters of these representations for the

niently presented as a grid of tilted Al@ctahedra with the

Y ions occupying holes between them. A projection of the Sb S
unit cell of the crystal is featured in Fig. (four structurally I

equivalent AP sites are denoted as 1, Il, Ill, and JV° '/ /.
Lattice parameters are as followsa;=5.180 A, a, -

=5.330 A, a;=7.375 A, whereas their atomic coordinates
are presented in Table I. The Al cations are located in the

TABLE I. Atomic coordinates and positions of atoms of the \C/
YAIO, crystal (Ref. 18.

lon Position X y z ./Q\ /. ./\g-_(\ /.
o

Y3+ 4(c) -0.0104 0.0526 0.25

AlIZ* 4(b) 0.5 0 0

o 4(c) 0.086 0.475 0.25 a
o 8(d) -0.297 0.293 0.044

FIG. 2. Crystal structure of antimony sulfoiodide.
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TABLE Ill. High-symmetry points in various coordinate sys-  [,I',I'sI';, T';T'g, T Tl sy, T1]T,,
tems of theD % space group. — —

Pnmafl) r x Yy z U T S R Filslels,  Tal's,  Tol'alel7, ... ®

Pnam(SbS) r x =z Yy s T U R The predicted energy gap should arise at the position marked
Pbnm (YAP) r-y z X s U T R by the arrow. It separates the first 48 states. Next, those irre-
ducible representations to which representations describing
o . the first 48 states are reduced can be found using the com-
PnamandPbnmgroups, it is necessary to take into accountpatipility relations for characters of the irreducible represen-
mutual transformations of the BZ’s points and of the sym-ations in thel', X, Y, Z points, and in the points on the
metry elements. As for thE point, as well as for th&,A,A symmetry lines,

directions, it is obligatory to retain the typical sequence of

representations for the corresponding point grdidps. in thek, direction :1%;+93,+ 935+ 153,,

Ill. THE ENERGY SPECTRUM OF THE YAP CRYSTAL IN in theky direction :15\; + 10A,+8A;+15A 4,
THE EMPTY-LATTICE APPROXIMATION

_ . in thek, direction : 12\ ;+ 13A,+11A3+12A,. (4)
In the pape?® which was specifically devoted to calcula-

tions of the band structure of the SbSI crystal by the semiStates from(3) should be rearranged to obtain the closed
empirical pseudopotential method, it was stated that even thealence band separated from the conduction band by the en-
calculations of this structure in the empty-lattice approxima-ergy gap. Such a rearrangement can be carried out in the
tion enable one to draw conclusion about the construction ofollowing way: the underlined statds; andI"; from the set

the valence band of the crystal and to provide a descriptionf the first 48 states pass to the conduction band, whereas the
of its symmetry. The empty-lattice approximation and thel's, I'g states pass from the higher energy ranges to the va-
general data concerning the crystal allowed to fully describgdence band. The following combinations of states on the
the symmetry of branches of the valence band of the SbSdymmetry lines are thus obtained:

crystal(the term “branches” introduced in the papé¢o des-

ignate an element of the band structure is used in the discus-  in thek, direction: 14&,,+10%,+ 1033+ 143,

sion below. The following irreducible representations in the

order of increasing energies for tlhepoint were described: in thek, direction:14\; + 10A,+ 10A5+ 1444,
Flv 1—‘I4l_‘71 1—‘IGF71 1—‘I4F61—‘71—‘17 Flrﬁv 1_‘61—‘41_‘11—‘71 in thekz direction: 12\1+ 12A2+ 12A3+ 12A4 (5)
L, .5, Ty, After such a rearrangement of states the valence band of the
YAP crystal is already closed. In the, k,, k, directions it
[ [s0elg, T,0a0l;, [40,00, 05 Tl g, ... . is described by the set of irreducible representati®nhsThe

(1)  following set of representations is obtained for fhepoint:

The energy gap should arise at the position marked by the 7(T1,T4,T6.T)+5(,,T5,I's,Tg). (6)
arrow when the pseudopotential is included. The valence

band in thel' point come into being as a result of the split- There is another possibility to carry out a rearrangement of
ting of the eightfold degenerate state which is in the energyptates within the same energy interval leading to a closed
range of the predicted energy gap. As the result, the valencédlence band. This rearrangement includes sthtesI's,
band is described by the following irreducible representa@ndI'y, I's. As the result the following set describes the
tions (in the " point: valence band of the YAP crystal in tHé point:

7',y 16, I'7)+2(I,1'3,T'5,Tg). (2 8(I'y,I'y,I'g,I'7)+4(I'5,I'3,1'5,1'g). (7)

Since the space symmetry group of the YAP crystal is idenA further discussion of the decompositon of the energy states
tical with that of the SbSI crystal, we have also considered2) and(6), (7) can be found in Secs. IV and V. It is worthy
the creation of the valence band of the YAP crystal in thenoting that in order to obtain the closed valence band of the
empty-lattice approximation. There are 96 valence electronSbSI crystal in the empty-lattice approximation the signifi-
in a unit cell of the YAP crystal. Therefore, the valence bandcant rearrangement of states was not required. In that case
in the " point will be created from 48 nondegenerate statesthe valence band in th& point arises as a result of the
For the coordinate system of tfiRbnmgroup the following  splitting of the eightfold degenerate state observable in the
energy states are obtained in tRepoint (in the order of energy range of the predicted energy gap. Therefore, the

increasing energigs symmetry description of the valence band of the SbSI crystal
can be said to be unique. As for the YAP crystal, other vari-

Iy, Talg, a7, Tgl'y, Tolhl'sI'y, TIN5, ants of the rearrangement may be considered, i.e., the ones
comprising states that belong to higher and lower energy

Curel’;, Thl'g, il sl g, TolhlsIy, ranges. However, as can be found in Sec. IV, calculations of
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the band structure and determining the symmetry of branches ] %ig
in theT" point shows that such a deep rearrangement of states

does not take place. 4

Our investigations of energy spectra of other crystals

[Sn,P,S; (Ref. 23, In,Se; (Ref. 24, CdSb(Ref. 23] in the
empty-lattice approximation have shown that the required
rearrangement of energy states is quite small for the closed
valence band to be created in a semiconducting crystal with
the typical energy gap for semiconductdup to 2.5 eV.
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IV. DETAILS OF AB INITIO CALCULATIONS OF THE
BAND STRUCTURES OF YAP AND SbSI CRYSTALS

Ab initio calculations of the band structures of the YAIO
and SbSI crystals were conducted. The nonlocal norm-
conserving Troullier—Martins pseudopotentfdls/ere used.

To describe the exchange-correlation interaction the local
density approximation was chosen. The Perdew—Zunger's
analytic fit’ to the results of Caperley and Ald&was used. -16 =
Scalar relativistic effects were included in the pseudopoten- ><< T
tials. The used pseudopotentials were tested by means of the
fhi98PP prograrf? to avoid nonphysical ghost stat&sCal- 2l L L L 1 1 1 [ |
culations of the ground state and of the Kohn—Sham equa- r y T ZT X URS X U ZR T
tion eigenvalues were done by means of the fhi9gRdf.

31) and ABINIT (Ref. 32 package programs. The difference
between the band structures obtained by means of these two
programs is negligible <0.01 eV). The speciak points have determined additionally the symmetry of the valence
method® was used to carry out integration in thespace band. The valence band in tliepoint can be represented by
over the BZ. For both crystals the Monkhorst—Pack mestihe following set of representations: I7(,I'y,I'¢,I';)

4X 4x 4 was applied. The chosen parameters allowed to ob+5(I';,I'3,I's,I'g). It should be emphasized that we have
tain a good convergence in calculations. We did not take int@redicted this result on the basis of calculations of the band
account the spin—orbit interaction. In the case of the YAPstructure of this crystal under consideration in the empty-
crystal the plane waves set was restricted by the kinetic erlattice approximatior{Eq. (6)]. The valence band branches
ergy cutoff 80 Ry. After comparison of the band structuretouch in T and R points of the BZ. In these points the irre-
caluculation results obtained at the kinetic energy cutoff 5@ucible representations of groups of the wave vectors are
Ry, 70 Ry, and 80 Ry we conclude that the value 80 Ry isunited due to the extra degeneration under the time reversal.
sufficient. The band structure of the SbSI crystal was calcuThe states in T and R points are therefore fourfold degener-
lated for the kinetic energy cutoff 24 Ry. Again, the compari-ate (in the coordinate system of tHebnm group. The top

son of the results of the band structure obtained at 40 Ryalence band branches, starting from the forbidden energy
enables to claim that the value 24 Ry is already sufficient folgap, have the following symmetry in thepoint:I'g, I'g and

the SbSI crystal. For both crystals differences between th&,. States described by these representations areptiosy?
band structures caluclated with the use of a denser integr@gen ions states. The bottom of the conduction band inthe
tion mesh are negligible. point is described by the irreducible representatign Prob-

The calculated band structure of the YAl©rystal is pre-  ably, it corresponds to thes3aluminum states. According to
sented in Fig. 3. It can be seen that the band gap is an indthe selection rules the direct optical transitions occur at dif-
rect one. The maximum of the valence band is located in théerent energies in thE point for E||a;, E|a,, and forE|a; .

I' point of the BZ, whereas the minimum of the conductionMoreover, the transition witk| a; takes place with the mini-
band can be observed along fhe X direction. The smallest mal energy. The experimental absorption spectra in the ultra-
width of the energy gap equals 5.30 eV, i.e., approximatelyiolet range'® also exhibit the anisotropy of the optical tran-
2/3 of its experimental valueE;=7.1 eV) what is typical sition energies. Unfortunately, our results cannot be
for the band structure calculations in the LBAThe width ~ compared with the experimental d4taince this paper does

of the valence band is equal to 17.9 eV with the internal gamot give us the information about the chosen coordinate sys-
equals 8.34 eV. Presented results are in agreement with them (Pbnm Pnmg).

results of papéf which were obtained by means of the  The band structure of the SbSI crystal is illustrated in Fig.
OLCAO method. 4. ThePnamgroup’s coordinate system was implemented in

Figure 3 demonstrates that branches of the band structuaalculations. The obtained band structure of the SbSI crystal
are brought together in certain complexes consisting of 4s similar to that of the YAP with respect of topology if
branches. Twelve of them can be distinguished in the valenceutual changes of the BZ points are taken into accésee
band. Calculating the band structure of the YAP crystal weTable llI).

[N
A
[

FIG. 3. Band structure of the YAIQ(YAP) crystal.
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~T & FIG. 5. Schemes of the elementary energy bands for the YAP
104 crystal (Pbnmspace group The sequence of states in thepoint
was chosen in an arbitrary way.
12 —
7_=§§7_,\/ = [ V. ELEMENTARY ENERGY BANDS IN THE BAND
14— \> STRUCTURES OF THE YAP AND SbSI CRYSTALS
1 1 1 | I I As was mentioned in the Introduction a concept of the
r y Tz T X URSXU ZR T elementary energy bands introduced by Zak has been widely
developed in common publications of Zak and Michel. It
FIG. 4. Band structure of the SbSI crystal. should be emphasized that the elementary energy bands were

obtained using a connection between extended functions and

Since the SbSI crystal is strongly anisotropic, in the Z—Tlocalized orbitals. o
and R—U directions a small dispersion of branches is notice- On the other hand, the authors of papéf§considering
able, especially for the deep branches of the valence ban@" influence of the strong anisotropy of the ShSI crystal on
The minimum of the conduction band is located in S poimlts energy spectrum have reported that the band structure of
(1.24 eV} and along the—Y direction, near the Y point this crystal is composed of the so-called minimal band com-
(1.30 eV}. It should be noted that first l,)and structure Calcu_plexes which reflect the Davydov splitting. It was also noted

B : that the minimal band complexes have followed even from
lations of the SbSI crystal were conducted by means of th(lah |atti A hich utili v the basi
semiempirical pseudopotential methGd>>® Our new re- e empty lattice approximation which utilizes only the basic

its i | coincide with the d di information concerning the semiconductor, its space symme-
sults in general coincide with the data noted in paefton try group, and the existence of the forbidden gap. The local-

condition that a change of the coordinate system IS introj;eq \wannier functions do not appear in this approximation.

duced. In the spectrum presented in Fig. 4 one can observer getermine the aforementioned complexes the compatibil-
small splitting of branches in T point arising as the result ofjty relations were used. The minimal band complex was de-

a weak interaction between chains of the crystal. This behavined as a set of the smallest number of connected bands in
ior is predictablé’’ The width of the obtainded indirect band the certain high-symmetry points of the BZ obtained in ac-

gap is equal to 1.5 eV, while the smallest experimental esticordance with the compatibility relations.

mation of this value yield& nin=1.8 eV 1% The most sig- In spite of the above mentioned differences in the deter-
nificant discrepancy between the band structure of the SbS$hining of the “elementary energy bands” and the “minimal
crystal arising as a result of the calculations conducted by thband complexes,” these two concepts are identical. Corre-
semiempirical pseudopotential method and that obtained bgpondingly, states of the energy spectrum, calculated in the
ab initio calculations can be specified as follows. The maxi-empty-lattice approximation are contained in the elementary
mum of the valence band is not located in Thgoint, as is  energy bands. A matter of primary importance is to assign a
the case in calculations done by the semiempirical pseudgshysical meaning to the introduced concepts.

potential method. The distinct maxima of the valence band Since the elementary energy bands correspond to the cer-
are observable along the-Z, I'-X, I'-Y directions as well tain Wyckoff positions we check which positions can be at-
as in T point(absolute maximum It is evident enough that tributed to those elementary energy bands which were ob-
for low-energy values in the valence band there exist ningained in Sec. Ill. Such analysis would remove ambiguity
separate complexes consisting of 4 branches moreover, theithich appears when one of these positions has to be chosen.
symmetry in thd” point is the same as the one calculated onlt is known that several kinds of Wyckoff positions are de-
the basis of the empty-lattice approximation, i.e., E. In  termined for every space symmetry group; in the case of the
the '—Z direction an intersection of branches can be foundPnmagroup, there are 3 of thefi:>

The last two statements will be further elaborated on in the Figures 5 and 6 present schemes of the elementary energy
next section. bands for the YAP and SbSI crystals constructed from states
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7(I'y,I'g,I'4,I's)+5(I'5,I'7,1'3,1). (8

By analogy, the representations for the SbSI cry&alcan
be represented in this system as

7(I'y, T4, Tg,I's)+2(I'5,I'3,I'7,1). 9

It can be found! that sets of irreducible representatidi®s

and (9) describing the elementary energy bands correspond
to the initial Wyckoff positionc(x,1/4z) (its multiplicity
equals 4. In the coordinate systems of the YAPIjnm) and
ShSI (Pnam) crystals, the coordinates of this initial position
arec(x,y,1/4). The coordinates of the all positioagor the
symmetry group of the YAP crystal are as follows:

),

NI
Dlw

C1(X,Y,5), Ca(X+3,—y+

FIG. 6. Schemes of the elementary energy bands for the SbSI
crystal (Pnamspace group Ca(—X+3,Y+3,7), Ca(—X,—V.3), (10

whereas for the symmetry group of the SbSI crystal,
resulting from the calculations in the empty-lattice approxi-

mation(6) and(2) with the use of the compatibility relations C1(X,Y,3), Cu(x+3,—y+3,3),
for characters of irreducible representations for points lo-
cated along the main directions in the BZ. It can be seen Ca(—x+3y+3.2), ci—x-y.3). (12)

from these two figures that the elementary energy bands are ) ] o
composed of 4 branches for the symmetry grméﬁ which A cross section of the valence electron density dlstrlput|on
describes the crystals under consideration. Moreover, the eY‘-’h'Ch we _hav_e calculated for the_YAgO(YAP) crys_tal IS

. [esented in Figs.(@—7(e). The positions of oxygen ions as
ementary energy bands are composed of 4 branches in ell as dashed linez=1/4 andz=3/4 corresponding to the
directions of the BZ. Constructing the elementary energ Koff i ked th . dg't' tg th i
bands from four irreducible representations in fhepoint crol positionc aré marked there, in addition to the re
arising from calculations always shows an unavoidable"2""Y Wyckoff positions of the symmetry grolbnm
crossing of branches in a certain direction of the BZ. As has
been noted? it is a direction which corresponds to a direc-
tion of the tight bond in strongly anisotropic crystals. In the . 11 L N
case of the SbSI crystal, this is a direction along the chain of ~ P1(2,0,0),  b2(0.2,3), bs(3,02), bs(03,0).
atoms of the crystalthe a; direction. (12)

The band structure of the SbSI crystal calculated in theas can be seen from Figs(aJ—7(e), the electron density is
previous section has demonstrated that the elementary eBoncentrated only in those places which correspond;to
ergy bands ilustrated in Fig. 6 exist in the valence band o, c,, andc, positions. Hence, the existence of an apparent
the crystal for low energy values. The unavoidable crossingelation between a given Wyckoff position and the electron
of branches can be easily traced in heZ direction. The  density distribution can be stated. On the other hand, a kind
topology of the valence band branches for low energy valuegt elementary energy bands which is constructed on the basis
in the 'Y andI"-Z directions agrees with predictions pre- of data following from the empty-lattice approximation with
sented in Fig. 6. The elementary energy bands overlap fohe account of the general data concerning a semiconductor
higher energies of the valence band, hence, analysis of theyresponds to a given Wyckoff position. Therefore, the irre-
topology of branches is more difficult there. The YAP's crys-qucible representations noticeable in the elementary energy
talline structure does not exhibit a strong anisotropy of bondpands correspond to the exactly determined Wyckoff posi-
ings, therefore, the intersections of branches appear in thgon. It means that the former separate a given position from
electronic band structure along all the main directions of theythers. The considerations above demonstrate a deep relation
BZ (I'-X, I'-Y, I'-2Z). between the elementary energy bands in the valence band
Now we shall turn to the discussion of WkaOff pOSitiOﬂS and the genera| data Concerning a Cry$mmiconductor,

for the D%ﬁ group to which correspond the elementary en-dielectrig.
ergy bands from Figs. 5 and 6. The induced irreducible rep- With respect to the electron density distribution of the
resentations for all the little groups of the Wyckoff positions YAIO ; crystal (Fig. 7) one can observe that oxygen ions
are described in the papérThey are, however, specified for attract electrons from outer shells of other atoms. Hence, the
the D35 group in the coordinate system of Pnma. Thereforeenergy states of oxygen ions are responsible for creation of
the representations in thépoint contained in the elementary the valence band of the crystal. The results given in the
energy bands will be rewritten in this coordinate system. Thepapel? confirm this conclusion.
representationés) for the YAP crystal in the coordinate sys- It is interesting to note that ia andb Wyckoff positions
temPnmaare as follows: a concentration of the valence electron density is not ob-

al(ovoao)a a2(%1%1%)1 a3(0101%)1 a4(%1%10)1

195203-6



ELEMENTARY ENERGY BANDS INAB INITIO. .. PHYSICAL REVIEW B 66, 195203 (2002

S le
o

b) 4

FIG. 8. Intersection of valence electron density distribution with
planes(a) x=0; (b) y=0; (c) x=3; (d) y=3; (e) z=3 for the
SbSI crystal. Positons of indium, sulfur, and antimony atoms are
indicated.

est contribution to the electron density distribution focused
aroundc position is made by iodine and sulfur atoms.

The zth coordinate of all atoms which create the SbSI
compound is equal to 1/4 or 3/4. Those atoms, therefore,
occupy the positons in the unit cell which correspond to all
mulitiplicities of thec (cq, ¢c,, Cc3, andc,). In Fig. 8e) the
electron density distribution contributed by atoms situated in
¢, andc, positions is featured. This figure demonstrates that
electrons of all atom$Sh, S, and)l are involved in the cre-
ation of the valence band, though the contribution of elec-
trons of the Sb atom is the smallest. This fact agrees with the
first investigations on the bonding in the SbSI, from which it
follows that the ionic-covalent bond between Sb and S is

possible in this crystaf’

One should be aware that the elementary energy bands

FIG. 7. Intersections of valence electron density distributio
with planes(a) x=0; (b) y=0; (c) x=3; (d) y=3; (¢) z= 1 for the

YAP crystal. Black dots denote the Wyckoff postioasand by , build every single-particle energy spectra. Therefore, they
dashed lines correspond to the Wyckoff positigreircles denote  S€rve and are helpful to predict and to verify the topology of
oxygen atoms. the band structure of crystals, e.g., with a large number of

atoms in the unit cell. Accousto-optic family of crystals

served. These positions, in turn, relate to other sets of irrefl;AsS, belong also to theD3® (Pnmag space symmetry
ducible representations creating the elementary energy bangsoupf‘l There are 32 atoms in the unit cell of these crystals.
(I'y,I's,I'7,I'3 and T',,I',I'g,I'y) (Ref. 21) which do not  Using the empty-lattice approximation we have calculated
result from calculations of the energy states in the emptythat the valence band of these crystals is composed of the
lattice approximation. Since four cations of aluminum areelementary energy bands with the following irreducible rep-
situated in the Wyckoff positiorb, it is possible that the resentationsin theI” point),
elementary energy bands corresponding to this position may
be located in the conduction band. 12Ty, I'4,I's,I'g) +7(I',I'3,T6,I'7). (13

A similar analysis concerning the SbSI crystal was Con'They correspond to the Wyckoff positias(x,1/47) in the

ducted in the paper. Figure 8 shows that the electron densitlgnit cell where the structural unit Agé is placed. The vi-

distribution calculated for the SbSI crystal also coincidesbrational spectrum of this crystal has the following symme-
with the Wyckoff positionc. In Figs. 8a)—8(d) the dashed try in the T point:

lines z=1/4, z=3/4 which correspond to this position are
placed. Additionally, other Wyckoff positiona; andb; for LAT (AN +T (B ) +Te(Bo)+Ta(Ba))+ 10T ( A
the symmetry groufPnam (of the SbSI crystalare desig- AT2(Ag) + Ta(Bru) + Ts(Bag) + L'(Bau)) + 1AT2(Au)
nated. Their coordinates are also given by @@). The larg- +1'3(Byg) +T'6(Boy) +T'7(Bgg)). (14

195203-7
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As should be expected, the symmetry of the phonon spede confirm our hypothesis that the main features of this struc-
trum is described by the representations which are present tare can already be obtained on the basis of the general data
the elementary energy bands E#3). concerning a crystalsemiconductor or dielectnic

The results of papéf confirm that the normal vibration of The elementary energy bands can be obtained by a
free complexes AsS which were placed in the JAsS,  method differing from that of Refs. 1,2, namely, the empty-
crystal field split into two sets of vibrations with the symme- lattice approximation supplemented by the general data con-
try: (Aq.B2g.B1y.Bsy) and B14,B3q.A,,B2,). These two cerning a semiconductor. This method has been demon-
sets were observed in the Raman or infrared spectra. Hencgirated in our analysis of the above mentioned crystals. It has
we can conclude that the band structure of theA$5, crys-  been noticed that the elementary energy bands obtained in
tal which is yet unknown, will be composed of the elemen-this way correspond to the exactly determined Wyckoff po-
tary bands Eq(13) and that the larges electron density dis- sition in the unit cell. In this position an accumulation of the
tribution will be focused in the vicinity of the Wyckoff electron density originating from the selected anions of the
positionc. considered compounds was observed.

VI. CONCLUSIONS
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