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APUMYTKA3IIMYNAPOA TOK TALLYBYUIAP 3O ®EKTUB FAMUIIbTOHUAHU
HA3APUACU XYCYCULOA

TO THE THEORY OF THE EFFECTIVE HAMILTONIAN OF CURRENT CARRIERS IN
SEMICONDUCTORS

K TEOPUU 3ODEKTUBHOIO TrAMUIIbTOHUAHA HOCUTEJIENA TOKA B
nonynPoOBOAHUKE

P.PacynoB, b.AxmepoB, A.A6ayxonukoB, Y.PaumxoHoBa

AHHOMauus
Spumymka3seud ymka3y84yaHsiuK, eanieHm ea CriuH opbumarn 30HanapHuU y3 u4dueza orneaH KeliH modenu xamoOa
JlammuHxep-KoH sKuHnawuwnapuda moK mawysyunap 3ggekmus  e2amMuilbmoHuUaHUHUH2 — Mampuyasul
anemMeHmiapu maxnus KUuHaaH.
AHHOMauus
PaccyumaHbl Mampu4Hbie arnemMeHmsl 3¢hheKmueHo20 2amuribmoHuUaHa Hocumernel moka Kak 8 npubnuxeHuu
KeliHa, 20e paccmampuegaromcsi 30Ha rMPoe8ooOUMOCMU, 8aneHmHasi 30Ha, CoOCmoswas u3 Mo030H fleeKuX U MsKerlbiX
ObIPOK U CMUH- omuwjernsieHHas 30Ha, mak u e modenu Jlammurxepa-KoHa.
Annotation
The matrix elements of the effective Hamiltonian of current carriers are calculated as in the Kane approximation,
where the conduction band, the valence band consisting of light and heavy hole subbands, and the spin-split band, as well
as in the Luttinger-Kohn model, are considered.

TasiHy cy3 ea ubopanap: mMampuuasul asieMeHm, aghghekmue 2aMusibMOHUaH, MOK mauwysqusnap, MmyJsKuH
QyHKYUS.

Knroyeenble crnosa u ebipaXkeHUs1: MampuyHbIl sreMeHm, 3bghekKmuUeHbIU 2aMuilbmoHuUaH, Hocumesiu moka,
80s1Ho8ast (hyHKUUSI.

Keywords and expressions: matrix element, effective Hamiltonian, current carriers, wave function.

It is known that many physical parameters of the crystalline potential depend on the band
structure of the semiconductor [1, p.675; 2, p.435; 3, p.596; 4, p.1332; 5,p.560]. Moreover, usually in
band theory it is believed that the crystalline periodic potential is always an even function of
coordinates. However, in some cases, for example, in a semiconductor, where there is a heterojunction,
the periodic potential of the crystal, along with the symmetric part, can have an asymmetric part.

This case requires a separate analysis of the matrix elements of the effective Hamiltonian of
current carriers as in the Kane approximation, where the conduction band, the valence band consisting
of light and heavy hole subbands, and the spin-split band, as well as in the Luttinger-Kohn model [6,
p.484; 7, p.126]. Next, we consider the case when the extreme points of the zones are in the center of
the Brillouin zone, i.e. at the point f = 0, where f is the wave vector of current carriers. In this case, the
effective Hamiltonian can be represented as

H= Hy+——[7V x§]-5 (1)
pe?

and the corresponding (1) Schrédinger equation has the form
+ — A -
Ho+ —— [TV x5l - W,z = B,z (D, (2)

where Hy = %+ V(r) consists of kinetic and potential energy operators, the second term in (1)
is the spin-orbit interaction operator, § is the vector of Pauli spin matrices with components:

_J[ 1 _[0-1i _f1 0o
Ox = {1 0} Oy = {D i } Oz = [0 _1} (3)
R.Rasulov - professor of FSU, doctor of physics—mathematicala"-: 1Whencﬁe for the spln?rs
sciences. P 1= {O} = {1} we have the following

B.Ahmedov - FSU, doctorate student of physics department.

A.Abduholikov - candidate for a master degree in radiophysics.
U.Raimjonova - a student of teaching metodics of physics and i
astronomy.
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o, 1=l o, T=il 0, T=Tg, I=T g, I=—iT g I=—1 (4)

If the solution (3) is sought in the form of the Bloch function t{Jw(F}— o iR u_ {F},, then we
obtain the equatlon for the Bloch amplltude u, {r} as

fH, +—k'p+ 7V x ] - G+ [FVx.ic] Ghu_z(F) =E'u_z(7) (5)

n3‘ ni‘

where E' = Eﬁ(k} —?. The last term in (5) describes the spin-orbit interaction, which depends

on the wave vector of current carriers. Thus, the effective Hamiltonian acting on the periodic function
u_z(r])is expressed as:

H:Hﬁn’; B

(6)
Here H, = %Eﬁ and .i’f2 =m ['FV b4 I_::)] - & appear due to the transition from the Bloch function

. & describes § dependent in-orbit interaction. The

to the function u_z (), the term H, = E_
* armge

Bloch amplitude u_z{r] for electrons in the conduction band can be represented as: |i§ T), |i5 1}, and
for holes in the valence band -|X T), |X L} |V Th ¥ L) |Z T), |2 &) with the corresponding intrinsic
energies E; and E,, which are defined as H,|5) = E.|S). H, |X) = E,|X). Hy|Y} = E, |V}, Hy|Z) = E,|Z),
where [8, p. 688]

=7z . 1= |21 W)= |25, ()

where it was conS|dered that the wave function of the electrons in the conduction band is the
wave function of the s-state, and for the valence band, the p-state of the hydrogen atom. Since the
states in the conduction band are twofold degenerate along the spin, and in the valence band fourfold
degenerate, therefore, the basic functions can be represented as:

=15 W2 =203 =1z0149=1-2n, @)
Ty =S 1.12) =] — *“’} Zn.=12Fy. ()

First, we determine the diagonal matrix eIements of the Hamiltonian (6) from the basis functions
(8) and (9). This requires calculating the matrix elements of each term (6) separately, where in further

AL, I. - 201, o= Zusi
S = ) = L T ai =,
where df = dxd; dz, m, |, _u are integers. Then the matnx elements of the operators

calculations we take into account that [JI""..

Hi—;kp, Hy=— [FVxE] g, Hg_m_c_ 10)
are defihed with the foIIowmg relations -
(Hodss = (1[Hol1) = (=15 4 [Hy |5 1) = (SIE;3) = Es, (11)
(Hi)ga = (1|H 1) = (-5 L |Hyfi5 4) = {Eli—ukﬁlﬁt =0, (12)
(H: ]‘11—<1|H |1> (-5 1 |H2|1'.5'.L:)—

=(- F:615 1) =~ 2520, (13)
where

== ["”’ﬁ: -2k | dxdydz (14)

and take into account that $|S) = 0 (since the function S is a constant value), as well as the
conditions of orthonormal spinors

g, T=l.o, =1 l.g. =1, g, I=T.o, l=—i T, g, I=—. (15)

If we consider that the crystalline periodic potential consists of two: even and odd terms with
respect to the coordinate inversion: V(#) =TV, (F)+V...(F] , where V. (FIV(F) =(=).
Voo (F) = =V (=), V...(¥), then it is easy to verify that the mtegral J, has nonzero terms. Therefore,
we analyze the followmg cases.

It follows from (14) that: a) if V() has an odd term with respect to z, then J, = 0; b) if V(#) has
an odd term with respect to x, then J,, = 0; c) if V() has an odd term with respect to y, then 7., = 0; )
if V(@) has an odd term with respect to X and 2 then

) ) ) B 3.
Jda =0(H ), = (-5 1|H IS Ly=4{-i5 1 |m[FV}{'}5’] g5 Ly =
he
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=~ 2= |vxgl, |9 =0 (16)

4m
The diagonal matrix elements of the effective Hamiltonian are defined by the following
expressions:

(Hodua = (5 [Ho| "5} = E (17)
(Ha)es = 2 1 |1, IX_‘YT}— D12+ a2+ 9%
where -
22 = o e W S vk + (o + xz)kyddxdydz,
a8 = m}. I 50 +y2ky + 2y i) ddyds
33 = r;fﬂ_“{(x +x2%)ky, + X2 vk} dxdydz,
IF =~ = N 2 Uk, + 07 +y2 )k Jdadydz,

whence it is clear that: a) J':i’ consists of three terms, the first of which is nonzero for
V(7)) =Veim(®) + Voo )+ Viin(z2) ., and  the second is  different  from  zero  for
V() =V, oo (3) + Voo (1) + Vi (2); b) 32 consists of two terms, the first of which is nonzero for
V(F) = Vo (%) + Vo () + V..., (2), and the second is nonzero for V(7)) = V... (x) + Voo i (V) + Vo (2);
)JE} consists of two terms, the first of which is nonzero for V() = V(%) + Ve im (V) + Verm(2), and
the second is nonzero for V() =7, .(x) + V....(y) + V..., (2); d) J(“J consists of two terms, the first of
which is nonzero for V{F) = me(}.} +Vom(y) + Vﬂm(z} , and the second is nonzero for
V(F) = Ve (3) + Vi (0] + Vi (2.

(Hzdoo = 01 |H, P20 1) == + R + 21 + R, (18)
where

[y _ R E_V _ gtV
mzz" T ami 4.1.[”._3 ,,;[ . _,, x* oy k }dﬁ.d}cﬂz
2@ _ (-)R? 3 M 1 av o, }dm .

“ amic 4JI ?"3 T gy ez,
P06 _ ih‘ J‘ﬂ‘ 1 EV BVk }d.xa[ P

22 4m C"‘-IJI r2 J' dx ky —xy By yaz,

e [T e
@ 4m cldm } ax A ay yaz.

The last relations show that: a) Rg; consists of two terms, the first of which is nonzero for
V(F) =V ... (%) + V... .(v)+ V.., (z), and the second is nonzero for V(#) = ... (%) + V....(0") + V_....(2),
and the third for V(%) = V.;p (8) + Vo () + Ves(2); D) R?j consists of three terms, the first of which is
nonzero for V{(F) =V,m(®) + Voo () + Vi (2) . and  the second is nonzero for
V() = Voo () + Vi (0) + Voo (2), and the third with V(F) = Vi, (8) 4+ Vo (0) + Ve (2); ©) RS
consists of two terms, the first of which is nonzero for V(#) = V.., (%) + Voo (3) + V... (2], and the
second and third terms are nonzero when V(#) = V... (¥} + V. (v) + Vo, (2); d) RS consists of two
terms, the first of which is nonzero for V(#) = V(%) + Vi (3) 4+ V.:n(2), and the second is nonzero
for V(7)) = Ve (%) + Vaer e (3) + Viin (2)-

AW B =0 4 58 4 (),

g" —z—fﬂii{wm zx? — W(’:L }}dxd}dz

- V() av(r)

50 2 o
B e —a M r‘*{ By yiz+ (yx* +yz9) Bz }d&d}dz,

s _ ﬂf_m{mﬂ'f@ + o) 0 sy,

50 =—B_ﬂﬂff;,% x}_rzﬁ‘;_f}—x} 2 8V }d,xd,}riz
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Analyzing the last relations, we have that: a) 3515 is nonzero at

V() = Vi (0) + Vorion () + Vi (2); b) S5 consists of three terms, the first of which is nonzero at
Vi7F) =V, () + V.....(v) + V.....(z), and the second is nonzero at V(7) = V... (x) + V....(v) + V....(2),
and the third with V(7) = Vygim(x) + Vi (3) + Vezm(2); ©) I’ consists of three terms, the first of WhICh
is nonzero for V() = Vi m (X) + Veim (V) + Vaeim(2), @nd the second and third terms are nonzero when
V() = Voo (0 + Vorn(0) + Visin (2); d) 353 consists of two terms, the first of which is nonzero for
V(F) = Voo () + Vi 0 + Vi (2) and the second is nonzero for
I}{F’) = Vus.'n(x) + Vs."m{r) + Vs:’m{z)-

Below are expressions for the matrix element of each member of the Hamiltonian. In particular,
(Hodez={Z 1 |Hy|Z L) = {Z|E,|Z} = E, and does not depend on the parity of the crystal potential relative
to the coordinates;

(H)as =7 LIHZ 1) =

h -,
{Z
Mg

= Jri_l_xf r
4m c“h’rfﬂ- {k (—xz®) + ky(—yz®) + k,z = }a’xd.}dz,

whence we have that the first term of the last integral is nonzero for
.V{r_').) = Vuj:'m{:x) + Vsim{:y:} + Irsim{:z)’ and the second for ‘r{:f')) = stm{:x) + Vusl'n{:y} + I"?sfm{:z)’ the third is
When V‘[’F} = Fs:’m(x} + ann()') + Ijrus:'m(z:}'

(H,)Hz (Z IR, Z 1) ={

h o,
=<l (2|~

i ﬂf { ko (—x2%) + ky(—yz®) + kzzJ z i x’}dxd} dz.

4m c2dm
It can be seen from the last relations that the first term of the matrix element (H). is nonzero for
VI(F) = V... (%) + V... (¥) + V... (2), and the second for V() = V..,.(x) + V.....(v) + 1%, (), the third is
when V{'FJ’ = Fs:’mcx} + 1 'n()) + Ins ‘?'ICZ}
(Hg)“:{z LIHZ|Z Ly =(Z L |— [PV x 3] - 3|12 L>=

=- —_[J]"mmi "Evi*}'—xz oV () ]dmd}d and this matrix element is nonzero at

4'?1 c? 4w
V{:F).) =V, lmﬂx) + Vasim (W) + Viim (2)-
Thus, it was shown that, when the asymmetric part of the crystalline potential in semiconductors
is taken into account, additional terms are obtained in the matrix elements of the effective Hamiltonian.
If we assume that the crystalline potential does not have an asymmetric part, then all the
expressions obtained above and related to V,.;.,(x.v. z) turn to zero automatically.
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