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Аннотация�
Яримўтказгич� ўтказувчанлик,� валент� ва� спин� орбитал� зоналарни� ўз� ичига� олган� Кейн� модели� ҳамда�

Латтинжер-Кон� яқинлашишларида� ток� ташувчилар� эффектив� гамильтонианининг� матрицавий�
элементлари�таҳлил�қилинган.�

Аннотация�
Рассчитаны�матричные�элементы�эффективного�гамильтониана�носителей�тока�как�в�приближении�

Кейна,� где�рассматриваются� зона� проводимости,� валентная� зона,� состоящая�из� подзон�легких� и�тяжелых�
дырок�и�спин-�отщепленная�зона,�так�и�в�модели�Латтинжера-Кона.�

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.�

�
Таянч� сўз� ва� иборалар:� матрицавий� элемент,� эффектив� гамильтониан,� ток� ташувчилар,� тўлқин�

функция.�
Ключевые� слова� и� выражения:�матричный� элемент,� эффективный� гамильтониан,� носители�тока,�

волновая�функция.�
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� ,�where� �is�the�wave�vector�of�current�carriers.�In�this�case,�the�
effective�Hamiltonian�can�be�represented�as�

���� � � (1)�

and�the�corresponding�(1)�Schrödinger�equation�has�the�form�
�,�� (2)�

where� �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:�

���� � (3)��
whence� for� the� spinors�

�we� have� the� following�
relations�
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� � (4)�
� If� the� solution� (3)� is� sought� in� the� form� of� the� Bloch� function� ,,� then� we�

obtain�the�equation�for�the�Bloch�amplitude� �as�
�(5)�

where� .�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�

�is�expressed�as:�

���� (6)�

Here� �and� �appear�due� to� the�transition� from� the�Bloch� function�

to� the� function� ,� the� term� �describes ��dependent� in-orbit� interaction.�The�
Bloch�amplitude� ��for�electrons� in�the�conduction�band�can�be� represented�as:� � ,�and�
for� holes� in� the� valence� band� - � � � � � �� with� the� corresponding� intrinsic�
energies� �and� ,� which� are� defined� as� � � ,� ,�
where�[8,�p.�688]�

��,� �,� ,��� � (7)�

where� it� was� considered� 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:�

�,��(8)�

�.�����(9)�
First,�we�determine�the�diagonal�matrix�elements�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�
calculations� we� take� into� account� that� ,�
where� ,�m,�l, �are�integers.�Then�the�matrix�elements�of�the�operators�

� ,� � ��(10)�
are�defined�with�the�following�relations�

,� �� (11)�
,���� � (12)�

�
��(13)�

where�
�� � (14)�

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

� ,� �
If� we� consider� that� the� crystalline� periodic� potential� consists� of� two:�even� and� odd� terms�with�

respect� to� the� coordinate� inversion:� ,� where� �
,� ,�then�it� is�easy�to�verify�that�the�integral� �has�nonzero�terms.�Therefore,�

we�analyze�the�following�cases.�
It�follows�from�(14)�that:�a)�if� ��has�an�odd�term�with�respect�to�z,�then� ;�b)�if� ��has�

an�odd�term�with�respect�to�x,�then� ;�c)�if� �has�an�odd�term�with�respect�to�y,�then� ;�e)�
if� �has� an� odd� term� with� respect� to� x� and� y,� then�

. �
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�� � � (16)�
The� diagonal� matrix� elements� of� the� effective� Hamiltonian� are� defined� by� the� following�

expressions:�
�,� � � (17)�

��������� �
where�

,�

,�

,�

,�

whence� it� is� clear� that:� a)� �consists� of� three� terms,� the� first� of� which� is� nonzero� for�
,� and� the� second� is� different� from� zero� for�

;� b)� �consists� of� two� terms,� the� first� of� which� is� nonzero� for�
,�and�the�second�is�nonzero�for� ;�

c)� �consists�of�two� terms,� the� first�of�which� is�nonzero� for� ,�and�
the�second� is�nonzero� for� ;�d)� �consists�of� two� terms,� the� first�of�
which� is� nonzero� for� ,� and� the� second� is� nonzero� for�

.�
= � �(18)�

where�
,�

�

�

�
The� last� relations� show� that:� a)� �consists� of� two� terms,� the� first� of� which� is� nonzero� for�

,�and�the�second�is�nonzero�for� ,�
and�the�third�for� ;�b)� �consists�of�three�terms,�the�first�of�which�is�
nonzero� for ,� and� the� second� is� nonzero� for�

,� and� the� third� with� ;� c)� �
consists� of� two� terms,� the� first� of� which� is� nonzero� for� ,� and� the�
second�and�third�terms�are�nonzero�when� ;�d)� �consists�of�two�
terms,�the�first�of�which�is�nonzero�for� ,�and� the�second�is�nonzero�
for� .�

= �

,��

�

�
,�
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Analyzing� the� last� relations,� we� have� that:� a)� �is� nonzero� at�
;� b)� �consists� of� three� terms,� the� first� of� which� is� nonzero� at�
,�and�the�second�is�nonzero�at� ,�

and�the�third�with� ;�c)� �consists�of�three�terms,�the�first�of�which�
is�nonzero�for� ,�and�the�second�and�third�terms�are�nonzero�when�

;� d)� �consists� of� two� terms,� the� first� of� which� is� nonzero� for�
,� and� the� second� is� nonzero� for�

.�
Below�are�expressions� for�the�matrix�element�of�each�member�of�the�Hamiltonian.�In�particular,�

�and�does�not�depend�on�the�parity�of�the�crystal�potential�relative�
to�the�coordinates;�

�

�
whence� we� have� that� the� first� term� of� the� last� integral� is� nonzero� for�

,�and�the�second�for� ,�the�third�is�
when� .�

�

�
It�can�be�seen�from�the�last�relations�that�the�first�term�of�the�matrix�element� �is�nonzero�for�

,�and�the�second�for� ,�the�third�is�
when� .�

= �

�and� this� matrix� element� is� nonzero� at�
.�

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� �turn�to�zero�automatically.�

�
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