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MATRICES OF LCAO-HAMILTONIAN IN SPECIAL POINTS

Semiconductors of A;'Bg group have the structures very near
to cubic close packed lattices. Their cation’s vacancies might be ei-
ther in positional disorder or vice versa. This detail directly affects
on so-called “structural factors” of the matrix elements of the Ham-
iltonian. The matrix elements change itself just depending on sup-
position about the degree of vacancies ordering. These investiga-
tions show that the part of energy levels is straightly depending on
the degree of vacancies ordering, whereas other part of them is in-
dependent.
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Introduction. Zinc phosphide (Zn;P,) has been intensively investi-
gated as one of the promising high-efficiency semiconductors for solar-
cell applications [1]. It is seems to bee an interesting compound not only
from the point of view of its possible applications but also because of its
basic properties, especially band-structure parameters. The crystal struc-
ture of phosphide-type compounds is very near to cubic close packed lat-

tices. The tight-binding-structure calculations for A3” Bg semiconducting

compounds including the real crystal structures requires diagonalization of
the matrix Hamiltonian [2]:
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Such a Hamiltonian has been ertten down for these materlals for the

real symmetry of cubic modifications with Fm3m —Oh space group. The
matrix elements change itself just depending on supposition about the de-
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gree of vacancies ordering. They depend on eight individual material pa-
rameters thereto: E,,E,,,E ., E, ., Ei,Ey, ,E\ . E,, [3]

sa>™ pas>sc>™ per s> Hispr Hxxo

Theory. The calculations have been made by the program created in
a comprehensive computer system Maple 8.

Let us assume that the origin is located on a site of the anionic sublat-
tice which is almost close packed. So it is useful to list first all 8 possible
cation positions:

d=[1 1 1]i/4
dy=[1 -1 —1]1/4
dy=[-1 1 -1]1/4
dy=[-1 -1 1]1/4
ds=[-1 1 1]i/4
dg=[1 -1 1]1/4
d,=[1 1 -1]1/4
dy=[-1 -1 -1]1/4
Here each positional vector is given up in the units of the lattice con-

stant. This allows us to define a wave vector without this constant into its
denominator. Therefore our definition of a wave vector has a form:

k=[2m 24 2m]. 3)

It is possible now to build an 8-vector with complex exponential

functions as components. Thereto each of functions has the scalar product
between a wave vector and a positional vector as its argument.

)

l1'-7r(a+b+c) %i-ﬁ(afbfc) %l"l[(*a+b*6) %l"l[(*a*b+6)

E.=|e? e e e

(4)

1 1 1
—i-w(—a+b+c) —i-w(a—b+c) —i-m(a+b—c)
e? e? e? e

%i-ﬂ(fafbfc)

Now we need the set of vectors, which shall describe the probability of
the occupation of a position (p;, j = 0..6) as well as the magnitudes of so-
called structural factors (g;, j = 0..6). The probability distribution vectors are:

Po= [ W W Wy Wy Ws o W Wy W ] >
P :[ Wi Wy Wy =W = Ws o W W T W ];
P> :[ L ) Wy =Wy Ws =W W —WR ];
P3 :[ W W, —Wy Wy W W W T W ];
Py :[ W omW, W Wy —Ws W Wy W ];
Ps :[ W W Wy =Wy —Ws W —W; W ];
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Pez[ W W TWy T W W Wy WS]' ©)

Here the set of constants (w;, i = 1..8, 0 < w, and w; <1) describes the
individual probabilities of the occupation of cation positions listed above.

It is good time now for the determination of so-called structural fac-
tors. Each of them will be presented as a function of three components of
the wave vector (a, b, ¢) and depends thereto on the set of probabilities but
only as on parameters.

l1'-7r(a+b+c) l1'-7r(a7bfc) l1'-7[(7a+bfc) l1'-7[(7a7b+c)
gy =we? +wye? +wye? +wye +

l1'-7[(7a+b+c) l1'-7r(a7b+c) l1'-7r(a +b—c) l1'-7[(7a7bfc)
+wse? +wge? +wye? +wge ;

l1'-7r(a+b+c) l1'-7r(a7bfc) l1'-7[(7a+bfc) l1'-7[(7a7b+c)
g =we? +wye —wye? —wye -

1 1 1
l1'-7[(7a+b+c) —i-w(a—b+c) Ei-/r(a+bfc) Ei-/r(fafbfc)
—wse? +wge? +wpe - wye ;

l1'-7r(a+b+c) l1'-7r(a7bfc) l1'-7[(7a+bfc) l1'-7[(7a7b+c)
g, =we? —wye? +wye? —wye +

l1'-7[(7a +b+c) l1'-7r(a7b+c) l1'-7r(a+bfc) l1'-7[(7a7bfc)
+wse? —wee? +wye - wge ;

%i-/r(a+b+c) %i-ﬁ(afbfc) %i-/r(fa+bfc) %l"l[(*a*b+6)
g3 =we —wye —wse +wse +

l1'-7[(7a +b+c) l1'-7r(a7b+c) l1'-7r(a +b—c) l1'-7[(7a7bfc)
+wse? + wge? —wye? —wge? ;

%i-ﬁ(a+b+c) %i-ﬁ(afbfc) %i-ﬂ(fa+bfc) l1'-7[(7a7b+c)
g4 =we —wye -we +wye -

l1'-7[(7a+b+c) l1'-7z(a7b+c) l1'-7r(a+bfc) l1'-7[(7a7bfc)
—wse? —wee? +wye? +wge? ;

%i-/r(a+b+c) %i-ﬁ(afbfc) %i-/r(fa+bfc) %i-/r(faflﬁc)
g5 =we —-we +wse —wye -

l1'-7[(7a+b+c) l1'-7r(a7b+c) l1'-7r(a+bfc) l1'-7[(7a7bfc)
—wse? +wge? —wye? +wge? ;

l1'-7r(a+b+c) l1'-7r(a7bfc) l1'-7[(7a+bfc) l1'-7[(7a7b+c)
ge = we? +wye - we? —wye + ©)
l1'-7[(7a+b+c) l1'-7r(a7b+c) l1'-7r(a+bfc) l1'-7[(7a7bfc)
+wse —Wge —wse + wge
The Hamiltonian has more simple form with the followmg basis
function: (s, PysPys Dz )a,(s, Pe>PysPz). s here the indicators “a, ¢” pointed

out whose functions (anion's or cation's) are presented.
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Let us to define few matrices, which will be used as blocks of the
Hamiltonian Matrix.

_E‘m 0 0 0
0 FE 0 0
Ha = ba ; (7)
0 0 FE pa 0
i 0 0 0 F pa
_ESC 0 0 0
0 F 0 0
He = be ; (8)
0 E e 0
i 0 0 0 FE e
Esng Espgl Esng Espg3
Hae = -E,g1 Eng8 E 84 E8s )

_Esng Exyg4 _Exng Exyg()
_Espg3 ExygS Exyg() Exng
Finally we can to construct the complete Hamiltonian in the form of
a blocked (8*8) Matrix:

Ha Hac Ha Hac
H= - = ; . (10)
HermitianTranspose(Hac) Hc Hac™ Hc
So, the Hamiltonian Matrix is obtained. Let it to be below:
Ha=H,; He=H,;
Hac=H,y;  Hac' =H,; (11)
Ham=H.
Then we can to rewrite the Hamiltonian Matrix in the form:
-¢ 0
H, + H,,
0 -¢
Ham = . (12)
H A
21 2 0 —&
Let us to multiply Ham on the left with the matrix:
1 H !
A= 12 {— e 0 } . (13)
H, +
0 -¢
_O 1 -
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Because the determinant 4 is equal to one, we have that determinant
of matrix A-(Ham-eE) is equal to determinant of matrix Ham-eE, here

SN

Because matrix A-(Ham-eE) is Upper Triangle Matrix with upper di-
agonal block

- 0 1
H, + —|Hpy | —————= | |Hy - (14)
0 -¢ |:—8 0 }
H, +
0 -¢
The final secular equation for the eigenvalues problem might be re-
written in the form:
det(d- Ham),; =0. (15)
The last equation has twice lower order as for starting 8*8 equation
det(Ham)=0.
Let us to find the reduced secular matrix S and the corresponding
secular equation.

e 000
0 00
E=| ¢ (16)
00 ¢ 0
00 0 ¢
S=Ha—E - Hac-(Hc—E)" - Hac" . (17)
The eigenvalues problem should be solved from such equation:
det($)=0. (18)

Discussions. It should be noted first that diagonal blocks of Hamilto-
nian Matrix are independent on the both set of parameters: (a, b, ¢) and
(w1, wa, ws, Wy, Ws, Ws, wy, wg). Thus our analysis will be in touching just
with the interaction (4*4) block of Hamiltonian Hac.

Disordered crystals
Let us consider a complete disordered crystal:
W =W, =Wy =W, =Ws =Wy =W, =wg =3/4. (19)

Let us to consider the point a=0, b = 0, ¢ = 0 (or I'-point). Then
from (18)

_ Esa +Esc + \/(Esa _Esc )2 +144Es2s
2 B 2

&r ; (20)
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Eu+Ep By —E, F 1442, |

& = 5 €2y
Let us consider the point a = 1/2, b= 0, ¢ = 0 (or X-point):
2
Epa + Epc \/(Epa - EPC)Z + 72EXX
Exy = 3 + 2 . (22)
Let us consider the point a = 1/2, b= 1/2, ¢ = 1/2 (or L-point):
Epy+Ey Ej—E, f +18E2 +36E, E,, +18E2,
& = + . (23)
2 2
Ordered crystals

Let us to consider a complete ordered crystal:
w=0,w, =Lwy=Lw,=L,ws=Lws=Lw;, =1,uwg=0. (24)
Let us to consider the I'-point:

B, +E, \(En—E,)+144E2

& — sa NY i S R K ’ 25
E, +E,. \/ (Epa )2 +144E;, —192E E,, +64E,,
r = * ; (26)
2 2
Epy+E, \(Epu—E,.f +144E%, ~96E  E,, +16E,
ér = > * > .27

Let us to consider the X-point:

Epy+Ey A\Eju—E,.f +T2E% +48E (E,, +8E,

xx ™ xy
Ex = + 28
v = : . @8)
Let us to consider the L-point:
Epy+Ey By~ Eyof +T2E% +48E, E,, +8E2,

_ i xxxy

& 5 * 5 . (29)

The investigations show that the part of energy levels is straightly

depending on the degree of vacancies ordering, whereas other part of them

is independent. Here may be illustrated an example of a couple of the de-

pending levels for T" -point (see Egs. (26) and (21)) for ordered and disor-
dered crystals respectively.

It would be noted that expressions (26) and (21) are describing one

and the same couple of levels, and a constant is never equal to zero gener-

ally speaking (i.e. E,, #0). Therefore the difference between energy lev-

els is caused itself by structural factors and thus is the reflection of the
status of the vacancies organization (i.e. of their ordering).

102



Cepis: ®isuko-maremaTnyHi Hayku. Bunyck 1

References:

1. Pawlikowski J. M., Appl J. Phys. 53, 5 (1982).
. Sieranski K., Szatkowski J., and Misiewicz J. Phys. Rev. B 50, 11 (1994).
3. Harrison A. W. Electronic structure and the Properties of Solids // The Physics
of the Chemical Bond. — San Francisco: W.H. Freeman and Co., 1980.

HamiBnpoBigHukH Tpynu A;[B;/ MAaroTh CTPYKTYpPH, CHJIBHO HaOIu-
KeHi 1o KyOiqHUX IIUTEHO YIMAKOBAHHX KPHCTATIYHUX IPAaTOK. IXHi Kari-
OHHI BakaHCii MOXXYTh 3HaXOJUTHCS y BiTHOCHOMY Oe3nani i HaBmakw. L
JieTalb 0e3Mocepe/IHRO BIUTMBAE HA TaK 3BaHI “CTPYKTYpHI (pakTopu’ ee-
MEHTIB MaTpHIli raMiJIbTOHIaHa. EleMeHTH MaTpHili 3MiHIOIOThCS B 3aJICK-
HOCTI BiJ TPHIYIIEHHS TPO CTYIiHb BIOPSAAKYBAaHHA BakaHCid. Jlocmi-
JOKEHHS TIOKa3yloTh, IO YAaCTHHA CHEPreTHMYHMX PIBHIB 3HAXOIITHCS B
TIPSIMIH 3aJI€KHOCTI BiJ] CTYIIEHIO BITOPSKYBAaHHS BaKaHCiH, TOMI SIK Apyra
IXHS YaCTUHA He3aJeiKHa.

. VIS4 . .
Kiouosi cnoBa: A, B, cnoayku, mampuys eaminemoniana, enepee-
MUYHI 30HU, KAMIOHHI 8AKAHCII.

Otpumano: 02.06.2008

VK 518:517.948
M. B. Jlopomenko, I'. I1. Kopaus, JI. B. Jlazypuak

Jlpocobuyvkuil deporcagruil nedazo2ivHull yHisepcumen
imeni Isana @panxa, m. /[pocobuu

UNCENbHE 3HAXOXKEHHA ONTUMAJIBHOIO PO3noauty
FPAHNYHUX NOTEHUIANIB TA FTEOMETPII TPAHUYHUX
NMOBEPXOHb B 3AAYAX TEOPII NOTEHUIANY

Posrnsmaerecs oOepHeHa 3a/1a4a Teopil OTEHITiaTy 3HaXOKe-
HHS ONTUMAJIFHOI TeOMETPil TPpaHIMYHHUX IMOBEPXOHB Ta ONTHMATb-
HOT'O PO3MOJITY TPAHUYHUX TOTEHITIATIB B OCECHMETPUIHOMY BH-
majKy. MeTtonuka pirneHHs 00epHEHOT 3a/1a4i 3BOAUTHCS JIO MiHi-
Mi3allii Jiesikoro (hyHKITIOHATY Ta po3B’sI3yBaHHI CHCTEMH iHTerpa-
JFHUX PiBHSAHb DpearonbMa MEepHioro poay 3 JIorapupMidHOK
0COOJIUBICTIO.

KurouoBi ciioBa: obepuena 3adaua, inmeepanvHi pieHsAHHS,
CHAQUH-DYHKYIT, MemoO Konokayii, hyHKYioHA.

IMocranoBka npodaemu. KpaiioBi 3a1a4yi MareMaTHuHOI (i3UKH T10-
JIIISIOTHCSL Ha TIPsIMi Ta 0OepHEH.

VY npsMux 3aaadax NOTpiOHO 3HAWTH XapaKTEPUCTUKH ITOJIS IIPU Bi-
JIOMHX T€OMETpii rpaHUYHMX MTOBEPXOHb Ta KpailoBHX yMoBax. B obepHe-
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