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�áá«¥¤®¢ ­ë á¯¥ªâàë í«¥ªâà®­®¢ ¨ ¤ëà®ª ¢ ­ ¯àï¦¥­­ëå £¥â¥à®áâàãªâãà å Ge1−xSix/Ge, ¢ëà -
é¥­­ëå ­  ¯«®áª®áâ¨ (111). �®ª § ­®, çâ® á ¯®¬®éìî ¨áá«¥¤®¢ ­¨ï ¯®«ïà¨§ æ¨¨ ä®â®«î¬¨­¥á-
æ¥­æ¨¨ ¨§ íâ¨å áâàãªâãà ¬®¦­® ®¯à¥¤¥«¨âì áâà®¥­¨¥ §®­ë ¯à®¢®¤¨¬®áâ¨ ¢ ­¨å. � ©¤¥­ë ¯à ¢¨« 

®â¡®à  ¤«ï ­¥¯àï¬ëå ®¯â¨ç¥áª¨å ¯¥à¥å®¤®¢.

�¢¥¤¥­¨¥

� â¥à¨ «ë ­  ®á­®¢¥ ªà¥¬­¨ï ¯à¥¤áâ ¢«ïîâ ¡®«ì-
è®© ¨­â¥à¥á ¢ á¢ï§¨ á ¥£® è¨à®ª¨¬ ¨á¯®«ì§®¢ ­¨-
¥¬ ¢ í«¥ªâà®­¨ª¥ ¨ å®à®è¨¬ à §¢¨â¨¥¬ ªà¥¬­¨¥¢®©

â¥å­®«®£¨¨. � ç áâ­®áâ¨, ¢ ¯®á«¥¤­¨¥ £®¤ë ¨­â¥­-
á¨¢­® ¨áá«¥¤ãîâáï £¥â¥à®áâàãªâãàë Ge1−xSix/Ge ¨

Ge1−xSix/Si.

�®áª®«ìªã Ge ¨ Si ¨¬¥îâ ¯®áâ®ï­­ë¥ à¥è¥âª¨,
®â«¨ç îé¨¥áï ¯à¨¬¥à­® ­  4%, â® å®âï ¡ë ®¤¨­ ¨§

¬ â¥à¨ «®¢ ¢ â ª¨å £¥â¥à®áâàãªâãà å ¤¥ä®à¬¨à®¢ ­.
�à¨ç¥¬ ¡¥§¤¨á«®ª æ¨®­­ë¬¨ ¬®£ãâ ¡ëâì áâàãªâã-
àë á â®­ª¨¬¨ á«®ï¬¨, ¢ ª®â®àëå í­¥à£¨ï ã¯àã£®©

¤¥ä®à¬ æ¨¨ ¬¥­ìè¥ í­¥à£¨¨ ®¡à §®¢ ­¨ï ¤¨á«®ª -
æ¨¨ ­  £¥â¥à®£à ­¨æ¥. � ­ áâ®ïé¥¬ã ¢à¥¬¥­¨ å®à®-
è® ¨§¢¥áâ­®, çâ® ¢ £¥â¥à®áâàãªâãà å Ge1−xSix/Ge
¨ Ge1−xSix/Si ¯®â¥­æ¨ «ì­ë¬¨ ï¬ ¬¨ ¤«ï ¤ëà®ª

ï¢«ïîâáï á«®¨ á ¬¥­ìè¥© ¤®«¥© Si ¢ è¨à®ª®¬ ¤¨ ¯ -
§®­¥ ¤¥ä®à¬ æ¨© ¨ ¤«ï «î¡®© ®à¨¥­â æ¨¨ ¯«®áª®áâ¨

à®áâ  (á¬., ­ ¯à¨¬¥à, [1–5]). �¤­ ª® ¤® á¨å ¯®à

®âáãâáâ¢ã¥â ¯®«­®¥ ¯à¥¤áâ ¢«¥­¨¥ ® áâà®¥­¨¨ §®­ë

¯à®¢®¤¨¬®áâ¨ ¢ íâ¨å £¥â¥à®áâàãªâãà å ¢ è¨à®ª®¬

¤¨ ¯ §®­¥ ¨å ¯ à ¬¥âà®¢. �â® ®¡êïá­ï¥âáï â¥¬, çâ®
¢ §®­¥ ¯à®¢®¤¨¬®áâ¨ ª ª Ge ¨ Si, â ª ¨ â¢¥à¤®£®

à áâ¢®à  ¨¬¥¥âáï ­¥áª®«ìª® ¤®«¨­, ¯®«®¦¥­¨¥ ª®â®-
àëå § ¢¨á¨â ®â ¤¥ä®à¬ æ¨¨, x ¨ ®â â®«é¨­ë á«®¥¢

(¨§-§  íää¥ªâ®¢ à §¬¥à­®£® ª¢ ­â®¢ ­¨ï). � ¦¥ ¤«ï
¨­â¥­á¨¢­® ¨§ãç ¥¬ëå á¥©ç á á¨áâ¥¬ Ge1−xSix/Si,
¯á¥¢¤®¬®àä­® ¢ëà é¥­­ëå ­  Si, áãé¥áâ¢ãîâ ­¥®¤-
­®§­ ç­ë¥ ¨ ¯à®â¨¢®à¥ç¨¢ë¥ ¤ ­­ë¥ ® â®¬, ª ª®© ¨§
á«®¥¢ ï¢«ï¥âáï ¯®â¥­æ¨ «ì­®© ï¬®© ¤«ï í«¥ªâà®­®¢

¯à¨ x, ¡«¨§ª¨å ª ¥¤¨­¨æ¥ [1,6,7].

� ­ áâ®ïé¥© à ¡®â¥ ¯à®¢¥¤¥­ë à áç¥âë á¯¥ªâà®¢

í«¥ªâà®­®¢ ¨ ¤ëà®ª ¢ £¥â¥à®áâàãªâãà¥ Ge1−xSix/Ge,
¢ëà é¥­­®© ­  ¯«®áª®áâ¨ (111), ¨ ­ ©¤¥­ë ¯à ¢¨-
«  ®â¡®à  ¤«ï ¬¥¦§®­­ëå ¤¨¯®«ì­ëå ¯¥à¥å®¤®¢ ¢

íâ®© á¨áâ¥¬¥. � ©¤¥­®, çâ® ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨

¢ Ge ¬®¦¥â ¡ëâì ª ª ­¨¦¥, â ª ¨ ¢ëè¥ ¤­  §®­ë

¯à®¢®¤¨¬®áâ¨ â¢¥à¤®£® à áâ¢®à  ¢ § ¢¨á¨¬®áâ¨ ®â

¤¥ä®à¬ æ¨¨ ¨ á®áâ ¢  â¢¥à¤®£® à áâ¢®à . �®ª § ­®,
çâ® á ¯®¬®éìî ¨áá«¥¤®¢ ­¨ï ¯®«ïà¨§ æ¨®­­ëå § ¢¨-
á¨¬®áâ¥© ä®â®«î¬¨­¥áæ¥­æ¨¨ ¬®¦­® ®¯à¥¤¥«¨âì â¨¯

¤®«¨­ë ¢  ¡á®«îâ­®¬ ¬¨­¨¬ã¬¥ §®­ë ¯à®¢®¤¨¬®áâ¨

¢ íâ¨å £¥â¥à®áâàãªâãà å.

�¥á¬®âàï ­  ­¥¯àï¬ãî áâàãªâãàã §®­ Ge, Si ¨

¨å â¢¥à¤®£® à áâ¢®à , £¥â¥à®áâàãªâãàë Ge1−xSix/Ge
¬®£ãâ ¡ëâì ¯àï¬®§®­­ë¬¨ [8]. �àï¬ ï áâàãªâã-
à  §®­ à¥ «¨§ã¥âáï, ª®£¤  ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨

­ å®¤¨âáï ¢ â®çª¥ §®­ë �à¨««îí­ , ª¢ §¨¨¬¯ã«ìá
ª®â®à®© ¢ ®¡ê¥¬­®¬ ¬ â¥à¨ «¥ ¯¥à¯¥­¤¨ªã«ïà¥­ £¥-
â¥à®£à ­¨æ ¬. � íâ®¬ á«ãç ¥ ¢ áâãàªâãà å á â®­ª¨¬¨
á«®ï¬¨ í«¥ªâà®­ «¥£ª® â¥àï¥â íâ®â ª¢ §¨¨¬¯ã«ìá

¯à¨ áâ®«ª­®¢¥­¨¨ á £¥â¥à®£à ­¨æ¥©. �®à¬ «ì­® íâ®
¯à®ï¢«ï¥âáï ¢ â®¬, çâ® ¤«ï áâàãªâãà á âã­­¥«ì­®-
­¥á¢ï§ ­­ë¬¨ ª¢ ­â®¢ë¬¨ ï¬ ¬¨ §®­  �à¨««îí­ 

¤«ï í«¥ªâà®­®¢ ¤¢ã¬¥à­ . � ­¥© ®âáãâáâ¢ã¥â ¨¬-
¯ã«ìá, ¯¥à¯¥­¤¨ªã«ïà­ë© £¥â¥à®£à ­¨æ ¬. � ª®à®â-
ª®¯¥à¨®¤¨ç¥áª¨å á¢¥àåà¥è¥âª å íâ® ¯à®ï¢«ï¥âáï ¢

á¢¥àâª¥ §®­ë �à¨««îí­ , ¢ à¥§ã«ìâ â¥ ª®â®à®© ¬¨-
­¨¬ã¬ §®­ë ¯à®¢®¤¨¬®áâ¨ ®ª §ë¢ ¥âáï ¢ ¥¥ æ¥­âà¥.

� §àë¢ë í­¥à£¥â¨ç¥áª¨å §®­

�«ï ­ å®¦¤¥­¨ï á¯¥ªâà®¢ í«¥ªâà®­®¢ ¨ ¤ëà®ª ¢

£¥â¥à®áâàãªâãà¥ ­¥®¡å®¤¨¬ë §­ ç¥­¨ï ¢¥«¨ç¨­ à §-
àë¢®¢ í­¥à£¥â¨ç¥áª¨å §®­. �ë ¡ã¤¥¬ ¨á¯®«ì§®¢ âì

íâ¨ §­ ç¥­¨ï ¨§ à ¡®âë [4]. �â¬¥â¨¬, çâ® ¤«ï x < 0.3
¨ ¯®áâ®ï­­ëå à¥è¥âª¨ 5.43 Å< a < 5.65 Å §­ ç¥­¨ï

à §àë¢®¢ í­¥à£¨© ¢ «¥­â­ëå §®­, à ááç¨â ­­ë¥ ¢

à ¡®â¥ [5], ¯à¨¬¥à­® ­  30% ¬¥­ìè¥,   ¨§¬¥à¥­­ë¥

¢ [2] ¯à¨¬¥à­® ­  6% ¡®«ìè¥, ç¥¬ ¢ [4]. �®£« á­® [4],
¢¥«¨ç¨­  áà¥¤­¥© í­¥à£¨¨ ¢ ¢ «¥­â­®© §®­¥ ¢ â¢¥à¤®¬

à áâ¢®à¥ Ge1−xSix ¨ ®¯à¥¤¥«ï¥âáï ¢ëà ¦¥­¨¥¬

Eav =
(
90.9a|| − 1073.6

)
x. (1)

�¤¥áì ¨ ¤ «¥¥ í­¥à£¨ï ¢ëà ¦¥­  ¢ ¬í�. �¥«¨ç¨­ 

a|| ¢ëà ¦ ¥âáï ¢ Å ¨ à ¢­  à ááâ®ï­¨î ¬¥¦¤ã ¡«¨-
¦ ©è¨¬¨  â®¬ ¬¨ ¢ ¯«®áª®áâ¨ à®áâ , ã¬­®¦¥­­®¬ã
­ 
√

2. �à¥¤¯®« £ «®áì, çâ® ¢ ­¥¤¥ä®à¬¨à®¢ ­­®¬
ªà¥¬­¨¨ a|| = 5.43 Å, ¢ ­¥¤¥ä®à¬¨à®¢ ­­®¬ £¥à¬ ­¨¨

a|| = 5.65 Å,   â ª¦¥, çâ® áâàãªâãà  ¯á¥¢¤®¬®àä­ 
(a|| ®¤¨­ ª®¢  ¤«ï ®¡®¨å ¬ â¥à¨ «®¢ £¥â¥à®¯ àë).
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�«ï a|| ­¥¤¥ä®à¬¨à®¢ ­­®£® â¢¥à¤®£® à áâ¢®à  ¨á-
¯®«ì§®¢ « áì ª¢ ¤à â¨ç­ ï ¨­â¥à¯®«ïæ¨ï [9]:

a|| = 5.65− 0.24x(1− x)− 0.22x2, Å. (2)

�®¤ áà¥¤­¥© í­¥à£¨¥© ¢ «¥­â­®© §®­ë Eav ¯®­¨¬ ¥â-
áï áà¥¤­¥¥ §­ ç¥­¨¥ í­¥à£¨¨ ¬ ªá¨¬ã¬®¢ âà¥å ¢ «¥­â-
­ëå §®­ (âï¦¥«®©, «¥£ª®© ¨ á¯¨­-®âé¥¯«¥­­®©).
�®«®¦¥­¨¥ ¯®â®«ª®¢ §®­ âï¦¥«ëå, «¥£ª¨å ¨ á¯¨­-

®âé¥¯«¥­­ëå ¤ëà®ª Ehh, Elh, Esh ®¯à¥¤¥«ï¥âáï ¨§

ä®à¬ã«

Ehh = Eav +
∆

3
−
δE

2
, (3)

Elh = Eav−
∆0

6
+

∆E

4
+

1

2

√
∆2

0 + ∆0δE +
9

4
(δE)2, (4)

Esh = Eav−
∆0

6
+
δE

4
−

1

2

√
∆2

0 + ∆0δE +
9

4
(δE)2, (5)

δE = 2
√

3dεxy, (6)

£¤¥ εxy — xy-ª®¬¯®­¥­â  â¥­§®à  ¤¥ä®à¬ æ¨¨, d —
®¤­  ¨§ ¤¥ä®à¬ æ¨®­­ëå ¯®áâ®ï­­ëå, ∆0 — ¢¥«¨ç¨-
­  á¯¨­-®à¡¨â «ì­®£® à áé¥¯«¥­¨ï.

εxy =
1

3

(
1−

a||

a0

)(
1 + 2

C11 + 2C12 − 2C44

C11 + 2C12 + 4C44

)
,

Cij — ã¯àã£¨¥ ¬®¤ã«¨, a0 — ¯®áâ®ï­­ë¥ à¥è¥âª¨ ¢

­¥¤¥ä®à¬¨à®¢ ­­®¬ ªà¨áâ ««¥. �á¨ x, y, z ­ ¯à ¢«¥-
­ë ¢¤®«ì [100], [010], [001] á®®â¢¥âáâ¢¥­­®. �â¬¥â¨¬,
çâ® âï¦¥«ë¬¨ ¬ë ­ §ë¢ ¥¬ ¤ëàª¨ á ¡®«ìè¥© ¬ áá®©

¢ ­ ¯à ¢«¥­¨¨ [111].
�¨à¨­  § ¯à¥é¥­­®© §®­ë ­¥¤¥ä®à¬¨à®¢ ­­®£®

â¢¥à¤®£® à áâ¢®à  íªá¯¥à¨¬¥­â «ì­® ¨§ãç « áì ¢ à -
¡®â¥ [10]. �ë ¡ã¤¥¬ ¨á¯®«ì§®¢ âì ¤«ï à §­®áâ¨

í­¥à£¨© L- ¨ ∆-¤®«¨­ ¨ ¯®â®«ª  ¢ «¥­â­®© §®­ë (á®-
®â¢¥âáâ¢®¢¥­­® ELg ¨ E∆

g ) ¢ëà ¦¥­¨ï ¨§ íâ®© à ¡®âë
(â¥¬¯¥à âãà  T = 4.2 K):

ELg = 740 + 1270x, (7)

E∆
g = 931 + 18x+ 206x2. (8)

�ã¤¥¬ ¯®« £ âì ¨å á¯à ¢¥¤«¨¢ë¬¨ ¢® ¢á¥¬ ¨­â¥à¢ «¥

x. �«ï ä®à¬ã«ë (8) íâ® ¢¯®«­¥ ®¯à ¢¤ ­­®, â ª
ª ª ®­  å®à®è®  ¯¯à®ªá¨¬¨àã¥â íªá¯¥à¨¬¥­â «ì­®

¨§¬¥à¥­­ãî ¢¥«¨ç¨­ã E∆
g ¢ è¨à®ª®¬ ¨­â¥à¢ «¥ x

(0.15 < x < 1). � ¯®¬­¨¬, çâ® ¯à¨ x < 0.15 ­¨¦­¨¬¨
¤®«¨­ ¬¨ ¢ ­¥¤¥ä®à¬¨à®¢ ­­®¬ â¢¥à¤®¬ à áâ¢®à¥

ï¢«ïîâáï L-¤®«¨­ë,   ¯à¨ x > 0.15−∆-¤®«¨­ë. �§-§ 
¬ «®áâ¨ ¨­â¥à¢ «  x, ¢ ª®â®à®¬ ¨¬¥îâáï íªá¯¥à¨¬¥­-
â «ì­ë¥ ¤ ­­ë¥ ¤«ï ELg , ä®à¬ã«  (7) ¬®¦¥â ¯à¨¢®-
¤¨âì ª §­ ç¨â¥«ì­ë¬ ¯®£à¥è­®áâï¬ ¤«ï x, ¡«¨§ª¨å
ª 1.
�«ï ¢ëç¨á«¥­¨ï ¢¥«¨ç¨­ë à áé¥¯«¥­¨ï §®­ ¨ ¨§-

¬¥­¥­¨ï è¨à¨­ë § ¯à¥é¥­­®© §®­ë ¯®¤ ¤¥©áâ¢¨¥¬

¤¥ä®à¬ æ¨¨ ¨á¯®«ì§®¢ «¨áì â¥®à¥â¨ç¥áª¨ à ááç¨â ­-
­ë¥ ¢ [4] ª®­áâ ­âë ¤¥ä®à¬ æ¨®­­®£® ¯®â¥­æ¨ « 

ç¨áâëå Ge ¨ Si. �«ï ¢ëç¨á«¥­¨ï ¢á¥å ¯ à ¬¥âà®¢

â¢¥à¤®£® à áâ¢®à  ¨á¯®«ì§®¢ « áì «¨­¥©­ ï ¨­â¥à¯®-
«ïæ¨ï ¯® x.
�¥ä®à¬ æ¨ï ¯à¨¢®¤¨â ª à áé¥¯«¥­¨î í­¥à£¨¨ ¬¨-

­¨¬ã¬®¢ L-¤®«¨­. �®«¨­ã, ®áì ¢à é¥­¨ï ¨§®í­¥à-
£¥â¨ç¥áª®© ¯®¢¥àå­®áâ¨ ª®â®à®© ­ ¯à ¢«¥­  ¢¤®«ì

[111], ¡ã¤¥¬ ­ §ë¢ âì 1L-¤®«¨­®©,   âà¨ ®áâ «ì­ë¥

¤®«¨­ë — 3L-¤®«¨­ ¬¨. �®«®¦¥­¨¥ ¨å ¬¨­¨¬ã¬®¢

§ ¤ ¥âáï ¢ëà ¦¥­¨ï¬¨

E1L = EL + 2ΞLuεxy, (9)

E3L = EL −
2

3
ΞLuεxy, (10)

EL = Eav+ELg +

(
ΞLd +

ΞLu
3
− a

)
(εxx+εyy+εzz)+

∆0

3
.

(11)
�ëà®¦¤¥­¨¥ ¬¨­¨¬ã¬®¢ ∆-¤®«¨­ ­¥ á­¨¬ ¥âáï ¯à¨

¤¥ä®à¬ æ¨¨ ¢ ¯«®áª®áâ¨ (111) ¨«¨ ¢¤®«ì ­ ¯à ¢«¥-
­¨ï [111], ¯®íâ®¬ã ¬®¦­® ­ ¯¨á âì á«¥¤ãîé¥¥ ¢ëà -
¦¥­¨¥ ¤«ï á®®â¢¥âáâ¢ãîé¥© ¨¬ í­¥à£¨¨ E∆:

E∆ = Eav+E∆
g +

(
Ξ∆
d +

Ξ∆
u

3
− a

)
(εxx+εyy+εzz)+

∆0

3
,

εxx = εyy = εzz =
4C44

C11 + 2C12 + 4C44

(
a||

a0
− 1

)
. (12)

� (9)–(12) ΞLu,d, Ξ∆
u,d — ¯®áâ®ï­­ë¥ ¤¥ä®à¬ æ¨®­­®£®

¯®â¥­æ¨ «  L-¤®«¨­ ¨ ∆-á®®â¢¥âáâ¢¥­­®, a — ¯®áâ®-
ï­­ ï ¤¥ä®à¬ æ¨®­­®£® ¯®â¥­æ¨ «  ¢ «¥­â­®© §®­ë.
�  à¨á. 1 ¯à¨¢¥¤¥­ë § ¢¨á¨¬®áâ¨ í­¥à£¨© íªáâà¥-

¬ã¬®¢ í­¥à£¥â¨ç¥áª¨å §®­ ®â x â¢¥à¤®£® à áâ¢®à ,

�¨á. 1. � ¢¨á¨¬®áâ¨ ¯®«®¦¥­¨ï íªáâà¥¬ã¬®¢ §®­ ¢

â¢¥à¤®¬ à áâ¢®à¥ Ge1−xSix ®â x («¨­¨¨ á ¨­¤¥ªá®¬ 2 )
¤«ï áâàãªâãàë, ¯á¥¢¤®¬®àä­® ¢ëà é¥­­®© ­  £¥à¬ ­¨¨

(a|| = 5.65 Å). �  à¨áã­ª¥ ¯à¨¢¥¤¥­ë â ª¦¥ ¯®«®¦¥­¨ï

íªáâà¥¬ã¬®¢ §®­ ¢ £¥à¬ ­¨¨ («¨­¨¨ á ¨­¤¥ªá®¬ 1 ).
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¯á¥¢¤®¬®àä­® ¢ëà é¥­­®£® ­  ¯®¤«®¦ª¥ £¥à¬ ­¨ï

(a|| á®¢¯ ¤ ¥â á ¯®áâ®ï­­®© à¥è¥âª¨ £¥à¬ ­¨ï aGe).
�§ à¨áã­ª  å®à®è® ¢¨¤­®, çâ® à §àë¢ í­¥à£¨¨ ¯®â®«-
ª  ¢ «¥­â­®© §®­ë ¡®«ìè¥ ¤«ï âï¦¥«ëå ¤ëà®ª, ç¥¬
¤«ï «¥£ª¨å. �à¨ç¨­  íâ®£®— à áé¥¯«¥­¨¥ ¢ «¥­â­®©

§®­ë â¢¥à¤®£® à áâ¢®à  ¤¥ä®à¬ æ¨¥©. �â® ãâ¢¥à¦¤¥-
­¨¥ á¯à ¢¥¤«¨¢® ¤«ï «î¡ëå 5.43 Å< a < 5.65 Å.
�¥©áâ¢¨â¥«ì­®, á«®¨ £¥à¬ ­¨ï ¢ íâ®¬ á«ãç ¥ ¬®£ãâ

¡ãâì â®«ìª® á¦ âë¬¨ ¢ ¯«®áª®áâ¨ à®áâ . �«ï â -
ª¨å á«®¥¢ ¯®â®«®ª §®­ë âï¦¥«ëå ¤ëà®ª à á¯®« -
£ ¥âáï ¢ëè¥, ç¥¬ ¤«ï «¥£ª¨å, â ª ª ª ª®­áâ ­â 

¤¥ä®à¬ æ¨®­­®£® ¯®â¥­æ¨ «  dGe ¢ «¥­â­®© §®­ë ¢

(6) ¬¥­ìè¥ ­ã«ï. �à¨ íâ®¬, ª ª ã¦¥ ®â¬¥ç «®áì,
áà¥¤­ïï í­¥à£¨ï ¢ «¥­â­®© §®­ë ¢ â¢¥à¤®¬ à áâ¢®à¥

­ å®¤¨âáï ­¨¦¥, ç¥¬ ¢ £¥à¬ ­¨¨. �á«¨ ¤¥ä®à¬ æ¨ï
â¢¥à¤®£® à áâ¢®à  ¤àã£®£® §­ ª , ç¥¬ ¢ £¥à¬ ­¨¨, â®
¢ Ge1−xSix ¯®â®«®ª §®­ë «¥£ª¨å ¤ëà®ª à á¯®«®¦¥­

¢ëè¥, ç¥¬ ¤«ï âï¦¥«ëå ¤ëà®ª (dGeSi < 0), ¨ ¯®â®¬ã
à §àë¢ §®­ë âï¦¥«ëå ¤ëà®ª ¡®«ìè¥. �­ ¡®«ìè¥

â ª¦¥ ¨ ¢ á«ãç ¥, ª®£¤  ¤¥ä®à¬ æ¨ï ¢ ®¡®¨å á«®ïå
®¤­®£® §­ ª , â ª ª ª ¤¥ä®à¬ æ¨®­­®¥ à áé¥¯«¥­¨¥
¢ «¥­â­®© §®­ë ¢ £¥à¬ ­¨¨ ¢ íâ®¬ á«ãç ¥ ¡®«ìè¥,
ç¥¬ ¢ â¢¥à¤®¬ à áâ¢®à¥. �®á«¥¤­¥¥ ®¡êïá­ï¥âáï â¥¬,
çâ® ¢®-¯¥à¢ëå, ¯à¨ íâ®¬ a|| < aGeSi < 5.65 Å(aGeSi å -
à ªâ¥à¨§ã¥â ­¥¤¥ä®à¬¨à®¢ ­­ë© â¢¥à¤ë© à áâ¢®à),
¨ ¯®íâ®¬ã £¥à¬ ­¨© á¨«ì­¥¥ ¤¥ä®à¬¨à®¢ ­, ¨, ¢®-
¢â®àëå, |dGeSi| < |dGe|.
�¨¤­® â ª¦¥, çâ® ¤«ï £¥â¥à®áâàãªâãàGe1−xSix/Ge,

¯á¥¢¤®¬®àä­® ¢ëà é¥­­ëå ­  £¥à¬ ­¨¨,  ¡á®«îâ-
­ë© ¬¨­¨¬ã¬ §®­ë ¯à®¢®¤¨¬®áâ¨ à á¯®« £ ¥âáï ¢

1L-¤®«¨­¥ â¢¥à¤®£® à áâ¢®à .

�¯¥ªâàë ¤ëà®ª

�¯¥ªâàë ¤ëà®ª ­ å®¤¨«¨áì ç¨á«¥­­ë¬ ¨­â¥£à¨-
à®¢ ­¨¥¬ ãà ¢­¥­¨ï �à¥¤¨­£¥à  á £ ¬¨«ìâ®­¨ ­®¬

� ââ¨­¦¥à  á ãç¥â®¬ ¤¥ä®à¬ æ¨¨ [11]. �à ­¨ç­ë¥

ãá«®¢¨ï ¤«ï ¢®«­®¢ëå äã­ªæ¨© ¢ë¡¨à «¨áì  ­ «®-
£¨ç­® [12].
�  à¨á. 2 ¯à¨¢¥¤¥­ë § ¢¨á¨¬®áâ¨ í­¥à£¨© ¯®â®«-

ª®¢ ¯®¤§®­ à §¬¥à­®£® ª¢ ­â®¢ ­¨ï ¢ «¥­â­®© §®-
­ë ®â â®«é¨­ë á«®ï £¥à¬ ­¨ï ¢ £¥â¥à®áâàãªâãà¥

Ge1−xSix/Ge, ¯á¥¢¤®¬®àä­® ¢ëà é¥­­®© ­  £¥à¬ -
­¨¨. �§ à¨áã­ª  ¢¨¤­®, çâ® ¯à¨ ¬ «ëå â®«é¨­ å

á«®ï £¥à¬ ­¨ï (L < 20 Å) ¡«¨¦¥ ª §®­¥ ¯à®¢®¤¨¬®áâ¨
à á¯®« £ ¥âáï ¯¥à¢ ï ¯®¤§®­  «¥£ª¨å ¤ëà®ª,   ¯à¨

¡®«ìè¨å (L > 20 Å) — ¯¥à¢ ï ¯®¤§®­  âï¦¥«ëå

¤ëà®ª. �à®¨áå®¤¨â íâ® ¡« £®¤ àï ¤¥ä®à¬ æ¨¨, ¢

à¥§ã«ìâ â¥ ª®â®à®© ¯®â®«®ª §®­ë âï¦¥«ëå ¤ëà®ª ¢

â¢¥à¤®¬ à áâ¢®à¥ à á¯®« £ ¥âáï ­¨¦¥, ç¥¬ ¯®â®«®ª

§®­ë «¥£ª¨å ¤ëà®ª (â.¥. ¤«ï âï¦¥«ëå ¤ëà®ª ï¬ 

£«ã¡¦¥). �®íâ®¬ã á ã¬¥­ìè¥­¨¥¬ L ãà®¢­¨ âï¦¥«ëå

¤ëà®ª á¨«ì­¥¥ ¢ëâ «ª¨¢ îâáï ¨§ ª¢ ­â®¢ëå ï¬.
�àã¯¯  á¨¬¬¥âà¨¨ £ ¬¨«ìâ®­¨ ­ , ®¯¨áë¢ îé¥£®

¤¢¨¦¥­¨¥ ¤ëà®ª ¢ £¥â¥à®áâàãªâãà¥, — D3d. �­ 

á®¤¥à¦¨â ¨­¢¥àá¨®­­ãî ®áì 6-£® ¯®àï¤ª , ª®â®à ï

�¨á. 2. � ¢¨á¨¬®áâ¨ í­¥à£¨© ¯®â®«ª®¢ ¯®¤§®­ à §¬¥à­®£®
ª¢ ­â®¢ ­¨ï ¢ «¥­â­®© §®­ë ®â â®«é¨­ë £¥à¬ ­¨ï ¢ £¥â¥-
à®áâàãªâãà¥ Ge0.88Si0.12/Ge, ¯á¥¢¤®¬®àä­® ¢ëà é¥­­®©

­  £¥à¬ ­¨¨ (a|| = 5.65 Å). �¯«®è­ë¥ ªà¨¢ë¥ á®®â¢¥âáâ¢ã-
îâ âï¦¥«ë¬ ¤ëàª ¬, ¯ã­ªâ¨à — «¥£ª¨¬.

�¨á. 3. � ¢¨á¨¬®áâ¨ í­¥à£¨¨ ¤ëà®ª ®â ¢®«­®¢®£® ¢¥ªâ®à 
¢¤®«ì á«®ï £¥à¬ ­¨ï ¢ £¥â¥à®áâàãªâãà¥ Ge0.88Si0.12/Ge,
¯á¥¢¤®¬®àä­® ¢ëà é¥­­®© ­  £¥à¬ ­¨¨. �¯«®è­ë¬ «¨-
­¨ï¬ á®®â¢¥âáâ¢ã¥â ­ ¯à ¢«¥­¨¥ ¢®«­®¢®£® ¢¥ªâ®à  ¢¤®«ì

[112̄],   ¯ã­ªâ¨à­ë¬ — ¢¤®«ì ­ ¯à ¢«¥­¨ï, ª®â®à®¥ ¯®-
«ãç ¥âáï ¨§ [112̄] ¯®¢®à®â®¬ ¢®ªàã£ [111] ­  ã£®« π/6.
�®«é¨­  á«®ï Ge–100 Å.

¯ à ««¥«ì­  ­ ¯à ¢«¥­¨î ª¢ ­â®¢ ­¨ï ¤¢¨¦¥­¨ï. �
á¯¥ªâà ¤ëà®ª ¢ëà®¦¤¥­ ¯® ç¥â­®áâ¨ ¯® ®â­®è¥­¨î

ª ®âà ¦¥­¨î ¢ ¯«®áª®áâ¨ à®áâ  [13]. �®íâ®¬ã £àã¯¯ 
á¨¬¬¥âà¨¨ ¨§®í­¥à£¥â¨ç¥áª¨å ¯®¢¥àå­®áâ¥© ¤ëà®ª —
D6h ¨ ®­¨ ¨­¢ à¨ ­â­ë ¯® ®â­®è¥­¨î ª ¯®¢®à®âã

¢®ªàã£ ®á¨ [111] ­  ã£®« π/3. �  à¨á. 3 ¨§®¡à ¦¥­ë
§ ¢¨á¨¬®áâ¨ í­¥à£¨¨ ¤ëà®ª ­  ãà®¢­ïå à §¬¥à­®£®

ª¢ ­â®¢ ­¨ï ®â ¢®«­®¢®£® ¢¥ªâ®à  ¢¤®«ì á«®ï £¥à-

¬ ­¨ï ¢ £¥â¥à®áâàãªâãà¥Ge1−xSix/Ge, ¯á¥¢¤®¬®àä­®
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�¨á. 4. � ¢¨á¨¬®áâì ¬ ááë âï¦¥«ëå ¤ëà®ª ­  ¤­¥ ¯¥à¢®©

¯®¤§®­ë à §¬¥à­®£® ª¢ ­â®¢ ­¨ï mhh ®â â®«é¨­ë á«®ï

£¥à¬ ­¨ï ¢ £¥â¥à®áâàãªâãà¥ Ge0.88Si0.12/Ge ¯à¨ à §«¨ç-
­ëå a||.

¢ëà é¥­­®© ­  £¥à¬ ­¨¨. �¯«®è­ë¬ «¨­¨ï¬ á®®â-
¢¥âáâ¢ã¥â ­ ¯à ¢«¥­¨¥ ¢®«­®¢®£® ¢¥ªâ®à  ¢¤®«ì [112̄],
  ¯ã­ªâ¨à­ë¬ — ¢¤®«ì ­ ¯à ¢«¥­¨ï, ª®â®à®¥ ¯®«ã-
ç ¥âáï ¨§ [112̄] ¯®¢®à®â®¬ ¢®ªàã£ [111] ­  ã£®« π/6.
�®«é¨­  á«®ï Ge — 100 Å. �§ à¨áã­ª  ¢¨¤­®, çâ®
á¯¥ªâàë ¤ëà®ª ­¥¯ à ¡®«¨ç­ë ¨ ¯®çâ¨ ¨§®âà®¯­ë.
� à ªâ¥à­ë© ¬ áèâ ¡ ¯® í­¥à£¨¨ ¤«ï ­¥¯ à ¡®«¨ç-
­®áâ¨ — à ááâ®ï­¨¥ ¬¥¦¤ã ¯®¤§®­ ¬¨. �¥â¢¥àâë©
ãà®¢¥­ì ¯à¨ k ≈ 0.025 Å−1 ¢ëå®¤¨â ¢ ­¥¯à¥àë¢­ë©

á¯¥ªâà.
�¡«¨§¨ â®çª¨ p = 0, £¤¥ p ª¢ §¨¨¬¯ã«ìá ¤ëàª¨ ¢

¯«®áª®áâ¨ à®áâ , § ª®­ ¤¨á¯¥àá¨¨ ¤ëà®ª ¨¬¥¥â ¢¨¤

ε = p2/2m. � áá  m § ¢¨á¨â ®â ¤¥ä®à¬ æ¨ ¨ ®â

â®«é¨­ë á«®ï £¥à¬ ­¨ï L,   â ª¦¥ ®â x ¢ â¢¥à¤®¬

à áâ¢®à¥. �®«ì§ãïáì â¥®à¨¥© ¢®§¬ãé¥­¨ï ¯® ¢¥«¨ç¨-
­¥ ª¨­¥â¨ç¥áª®© í­¥à£¨¨ ¤ëà®ª ¢¤®«ì á«®ï, ¬®¦­®
¯®«ãç¨âì á«¥¤ãîéãî ä®à¬ã«ã ¤«ï ¬ ááë âï¦¥«ëå

¤ëà®ª mhh ¢ ¯¥à¢®© ¯®¤§®­¥ ¡¥áª®­¥ç­® £«ã¡®ª®©

ï¬ë ¯à¨ p = 0:

m0/mhh = A+
D
√

12
+ 64

(
2B2 +

D2

3

) ∞∑
l=1

{
l2

(4l − 1)2

×
1

π2
[(
A− D√

3

)
− 4l2

(
A+ D√

3

)]
− 4
√

3m0dL2εxy/~2

}
,

(13)
A, B ¨ D — ¯®áâ®ï­­ë¥, ®¯à¥¤¥«ïîé¨¥ á¯¥ªâà ¤ë-
à®ª [11], m0 — ¬ áá  á¢®¡®¤­®£® í«¥ªâà®­ .
�  à¨á. 4 ¯à¥¤áâ ¢«¥­ë § ¢¨á¨¬®áâ¨ mhh ®â â®«-

é¨­ë á«®ï £¥à¬ ­¨ï ¢ ¯¥à¢®© ¯®¤§®­¥ à §¬¥à­®£®

ª¢ ­â®¢ ­¨ï ¤«ï ¤¢ãå £¥â¥à®áâàãªâãà Ge1−xSix/Ge,
¯®«ãç¥­­ë¥ ¯ãâ¥¬ ç¨á«¥­­®£® à¥è¥â¥­¨ï ãà ¢­¥­¨ï

�à¥¤¨­£¥à . �®áâ®ï­­ ï à¥è¥âª¨ ®¤­®© ¨§ íâ¨å

áâàãªâãà a|| = 5.65 Å, çâ® á®®â¢¥âáâ¢ã¥â ­¥¤¥ä®à¬¨-

à®¢ ­­®¬ã á«®î £¥à¬ ­¨ï. �«ï ¤àã£®© a|| = 5.637 Å,
çâ® á®®â¢¥âáâ¢ã¥â ¬¨­¨¬ã¬ã ã¯àã£®© í­¥à£¨¨ ¢ ¬­®-
£®á«®©­®© áâàãªâãà¥ á à ¢­ë¬¨ â®«é¨­ ¬¨ £¥à¬ -
­¨ï ¨ â¢¥à¤®£® à áâ¢®à . �à¨ à áç¥â¥ á«®¨ â¢¥à¤®£®
à áâ¢®à  ¯à¥¤¯®« £ «¨áì âã­­¥«ì­®-­¥¯à®§à ç­ë¬¨.
�§ à¨áã­ª  ¢¨¤­®, çâ® ¤¥ä®à¬ æ¨ï á«®¥¢ £¥à¬ ­¨ï

¯à¨¢®¤¨â ª ã¬¥­ìè¥­¨î mhh,   ã¬¥­ìè¥­¨¥ â®«é¨­ë
á«®¥¢ £¥à¬ ­¨ï L — ª ã¢¥«¨ç¥­¨î mhh. �­â¥à¥á­®

áà ¢­¨âì §­ ç¥­¨¥ mhh, ¯à¨¢¥¤¥­­ë¥ ­  à¨á. 4, á

¯®«ãç¥­­ë¬¨ ¨§ (13). � ª ¢¨¤­® ¨§ (13), ¢ ¡¥áª®­¥ç­®
£«ã¡®ª®© ï¬¥ mhh ­¥ § ¢¨á¨â ®â L ¢ ­¥¤¥ä®à¬¨à®-
¢ ­­®¬ £¥à¬ ­¨¨. �«ï a|| = 5.65 Å ¨§ (13) ¯®«ãç ¥¬

mhh = 0.059m0. �«ï áâàãªâãàë á a|| = 5.637 Å

¨§ (13) ¯®«ãç ¥¬ mhh = 0.059m0 ¯à¨ L = 20 Å ¨

mhh = 0.0574m0 ¯à¨ L = 250 Å. � ª¨¬ ®¡à §®¬,
¤«ï L > 200 Å §­ ç¥­¨ï mhh, ¯®«ãç¥­­ë¥ ¨§ (13),
á 20% â®ç­®áâìî á®¢¯ ¤ îâ á à ááç¨â ­­ë¬¨ ¯ãâ¥¬

à¥è¥­¨ï ãà ¢­¥­¨ï �à¥¤¨­£¥à .

�¯¥ªâàë í«¥ªâà®­ 

� ª ã¦¥ ®â¬¥ç «®áì, ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ ¢

á«®ïå Ge ¨ â¢¥à¤®£® à áâ¢®à  ¬®¦¥â à á¯®« £ âìáï

¢ à §­ëå ¤®«¨­ å. �à¨ç¥¬ ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ ¢

á«®¥ Ge ¬®¦¥â à á¯®« £ âìáï ª ª ¢ëè¥, â ª ¨ ­¨¦¥
¤­  §®­ë ¯à®¢®¤¨¬®áâ¨ ¢ á«®¥ â¢¥à¤®£® à áâ¢®à .
�à¨ç¨­  íâ®£® á®áâ®¨â ¢ â®¬, çâ® ¢ § ¢¨á¨¬®áâ¨ ®â
¤®«¨ ªà¥¬­¨ï ¢ á«®¥ â¢¥à¤®£® à áâ¢®à  ¨ ¯®áâ®ï­­®©

à¥è¥âª¨ ¢ ¯«®áª®áâ¨ à®áâ  (¤¥ä®à¬ æ¨¨) ∆, 1L-
¨ 3L-¤®«¨­ë ¬®£ãâ à á¯®« £ âìáï ¯®-à §­®¬ã ¤àã£

®â­®á¨â¥«ì­® ¤àã£  ª ª ¢­ãâà¨ ®¤­®£® á«®ï, â ª ¨ ¢
á®á¥¤­¨å á«®ïå.
�à¥­¥¡à¥¦¥¬ á­ ç «  íää¥ªâ ¬¨ à §¬¥à­®£® ª¢ -

­â®¢ ­¨ï. �à¨ ¨§¬¥­¥­¨¨ a|| ®â 5.43 Å ¤® 5.65 Å ¢

á«®ïå £¥à¬ ­¨ï 3L-¤®«¨­ë à á¯®«®¦¥­ë ­¥ ¢ëè¥

1L-¤®«¨­ë, ªà®¬¥ â®£®, ∆-¤®«¨­ë ¢ á«®¥ £¥à¬ ­¨ï

à á¯®«®¦¥­ë ¢á¥£¤  ¢ëè¥ ∆-¤®«¨­ ¢ á«®¥ â¢¥à¤®£®

à áâ¢®à . �âà®¥­¨¥ §®­ë ¯à®¢®¤¨¬®áâ¨ ¯à¨ à §«¨ç-
­ëå a|| ¨ x ã¤®¡­®  ­ «¨§¨à®¢ âì, ¯à¨­¨¬ ï ¢® ¢­¨¬ -
­¨¨ â®«ìª® ­¨¦­¨¥ ¤®«¨­ë ¢ ª ¦¤®¬ ¨§ ¬ â¥à¨ «®¢

(á¬. à¨á. 5). �§ à¨á. 5 ¢¨¤­®, çâ® ¢ ®¡« áâïå 1, 2,
4 ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ ¢ á«®¥ £¥à¬ ­¨ï à á¯®« -
£ ¥âáï ­¨¦¥ ¤­  §®­ë ¯à®¢®¤¨¬®áâ¨ ¢ á«®¥ â¢¥à¤®£®

à áâ¢®à  (â¨¯ 1 ¬®¤ã«ïæ¨¨ §®­),   ¢ ®¡« áâïå 3 ¨ 5 —
­ ®¡®à®â (â¨¯ 2). �â¬¥â¨¬, çâ® ¢ ®¡« áâïå 1, 2 ¨ 4
¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ ¢ á«®¥ £¥à¬ ­¨ï ­ å®¤¨âáï ¢

¬¨­¨¬ã¬ å 3L-¤®«¨­.
�«¥¤ã¥â ®â¬¥â¨âì, çâ® à¨á. 5 ­®á¨â áª®à¥¥ ¨««î-

áâà â¨¢­ë©, ª ç¥áâ¢¥­­ë© å à ªâ¥à, â.¥. ¯®ª §ë¢ ¥â
ª ª¨¥ á¨âã æ¨¨ ¢ §®­¥ ¯à®¢®¤¨¬®áâ¨ ¢ ¯à¨­æ¨¯¥ ¬®-
£ãâ ¡ëâì ¯à¨ à §«¨ç­ëå ¯ à ¬¥âà å £¥â¥à®áâàãªâã-
àë. �â® á¢ï§ ­®, ª ª ã¦¥ ®â¬¥ç «áì, á ¯®£à¥è­®áâìî
¢¥«¨ç¨­ (8) ¨, ®á®¡¥­­® (7),   â ª¦¥ ­¥â®ç­®áâìî ¨á-
¯®«ì§ã¥¬ëå ª®­áâ ­â ¤¥ä®à¬ æ¨®­­®£® ¯®â¥­æ¨ «  ¨

¢¥«¨ç¨­ à §àë¢®¢ §®­ (1). �à®¬¥ â®£®, ¯à¨ á¨«ì­ëå
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�¨á. 5. �à ­¨æë ®¡« áâ¥© ­  ¯«®áª®áâ¨ (a||, x), ¢ ª®â®àëå
­¨¦­¨¥ ¤®«¨­ë §®­ë ¯à®¢®¤¨¬®áâ¨ ¢ á«®¥ £¥à¬ ­¨ï ¨

â¢¥à¤®£® à áâ¢®à  à á¯®« £ îâáï ®¤¨­ ª®¢® ®â­®á¨â¥«ì-
­® ¤àã£ ¤àã£ . �®¤ à¨áã­ª®¬ ¯à¨¢¥¤¥­® ®â­®á¨â¥«ì­®¥

à á¯®«®¦¥­¨¥ ­¨¦­¨å §®­ ¢ £¥à¬ ­¨¨ ¨ â¢¥à¤®¬ à áâ¢®à¥

¤«ï ª ¦¤®© ¨§ ®¡« áâ¥©. � §¬¥à­®¥ ª¢ ­â®¢ ­¨¥ ­¥ ãç¨-
âë¢ «®áì.

¤¥ä®à¬ æ¨ïå (¤® 4%), ¢¥à®ïâ­®, áãé¥áâ¢¥­­ë ­¥«¨-
­¥©­ë¥ ¤¥ä®à¬ æ¨®­­ë¥ íää¥ªâë, ª®â®àë¥ ­ ¬¨ ­¥
ãç¨âë¢ «¨áì. �®íâ®¬ã ¢ ¤¥©áâ¢¨â¥«ì­®áâ¨ £à ­¨æë

®¡« áâ¥© ­  à¨á. 5 ¬®£ãâ à á¯®« £ âìáï ¯®-¤àã£®¬ã
¨, ¡®«¥¥ â®£®, ­¥ª®â®àë¥ ®¡« áâ¨ ¬®£ãâ ®âáãâáâ¢®¢ âì
¨«¨, ­ ®¡®à®â, ¬®£ãâ áãé¥áâ¢®¢ âì ¤àã£¨¥ ®¡« áâ¨ á
¤àã£¨¬ áâà®¥­¨¥¬ (¢ à áá¬ âà¨¢ ¥¬®¬ ­ ¬¨ á¬ëá«¥)
§®­ë ¯à®¢®¤¨¬®áâ¨. �®íâ®¬ã á¨âã æ¨ï ¢ §®­¥ ¯à®-
¢®¤¨¬®áâ¨ âà¥¡ã¥â, à §ã¬¥¥âáï, íªá¯¥à¨¬¥­â «ì­®£®
¨§ãç¥­¨ï.

� á«®ïå Ge ¨«¨ â¢¥à¤®£® à áâ¢®à  ª®­¥ç­®© è¨à¨-
­ë à §¬¥à­®¥ ª¢ ­â®¢ ­¨¥ ã¢¥«¨ç¨¢ ¥â í­¥à£¨î ¬¨-
­¨¬ã¬®¢ §®­ë ¯à®¢®¤¨¬®áâ¨. �®íâ®¬ã ®­® ¯à¨¢®¤¨â
ª ¨§¬¥­¥­¨î £à ­¨æ ®¡« áâ¥© 1–5 ¨, ¢®®¡é¥ £®¢®àï,
ª ¨áç¥§­®¢¥­¨î ­¥ª®â®àëå ¨§ ­¨å ¨«¨ ¯®ï¢«¥­¨î

­®¢ëå.

� áç¥âë, ¨á¯®«ì§ãîé¨¥ ¤ ­­ë¥ [4] ¨ à §­®áâì í­¥à-
£¨© L-¤®«¨­ (7), ¯®ª §ë¢ îâ, çâ® 1L-¤®«¨­  ¢ â¢¥à-
¤®¬ à áâ¢®à¥ à á¯®«®¦¥­  ­¨¦¥, ç¥¬ ¢ Ge ¯à¨ «î¡ëå
x ¨ a||. �®íâ®¬ã áâàãªâãà  Ge1−xSix/Ge ¬®¦¥â ¡ëâì
¯àï¬®§®­­®© ¢ ¨¬¯ã«ìá­®¬ ¯à®áâà ­áâ¢¥, ®¤­ ª® ¯à¨
íâ®¬ í«¥ªâà®­ë ¨ ¤ëàª¨ ¡ã¤ãâ «®ª «¨§®¢ ­ë ¢ à §-
­ëå á«®ïå (â¨¯ 2 ¬®¤ã«ïæ¨¨ §®­). � ª ï á¨âã æ¨ï

á®®â¢¥âáâ¢ã¥â ®¡« áâ¨ 3 ­  à¨á. 5.

� áá¬®âà¨¬ § ¢¨á¨¬®áâ¨ í­¥à£¨© í«¥ªâà®­®¢ ®â

¤¢ã¬¥à­ëå ª¢ §¨¨¬¯ã«ìá®¢ ¢ â®¬ á«ãç ¥, ª®£¤  £¥à-

¬ ­¨© ï¢«ï¥âáï ª¢ ­â®¢®© ï¬®©. � íâ®¬ á«ãç ¥, ª ª
¢¨¤­® ¨§ à¨á. 5, ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ ®¡à §®¢ ­®

3L-¤®«¨­ ¬¨. �ë¡¥à¥¬ á¨áâ¥¬ã ª®®à¤¨­ â, ¢ ª®â®à®©
®á¨ x, y ¨ z á®¢¯ ¤ îâ á ªà¨áâ ««®£à ä¨ç¥áª¨¬¨

­ ¯à ¢«¥­¨ï¬¨ [112̄], [11̄0] ¨ [111] á®®â¢¥âáâ¢¥­­®.
� áá¬®âà¨¬ ¤®«¨­ã, ¨§®í­¥à£¥â¨ç¥áª ï ¯®¢¥àå­®áâì

ª®â®à®© ¢ ®¡ê¥¬­®¬ ¯®«ã¯à®¢®¤­¨ª¥ ¨¬¥¥â ®áì ¢à -
é¥­¨ï ¢¤®«ì [111̄]. �«ï ­¥¥ â¥­§®à ®¡à â­ëå íää¥ª-
â¨¢­ëå ¬ áá wij ¨¬¥¥â á«¥¤ãîé¨¥ ®â«¨ç­ë¥ ®â ­ã«ï
ª®¬¯®­¥­âë:

wxx =
1

9m⊥
+

8

9m||
, wyy =

1

m⊥
,

wzz =
1

9m||
+

8

9m⊥
, wxz = wzx = −

2
√

2

9

(
1

m⊥
−

1

m||

)
,

£¤¥ m||, m⊥ — á®®â¢¥âáâ¢¥­­® ¯à®¤®«ì­  ¨ ¯®¯¥à¥ç-
­ ï ¬ ááë ¢ L-¤®«¨­ å. �à¨¢¥¤¥¬ ¢ëà ¦¥­¨ï ¤«ï

íää¥ªâ¨¢­ëå ¬ áá ¢ â¢¥à¤®¬ à áâ¢®à¥ [5]:

m|| = (1.76−0.18x+0.12x2)m0, m⊥ = (0.1+0.03x)m0.
(14)

�§®í­¥à£¥â¨ç¥áª ï ¯®¢¥àå­®áâì ¤¢ã¬¥à­ëå í«¥ª-
âà®­®¢ ¢ à áá¬ âà¨¢ ¥¬®© ¤®«¨­¥ ¯à¥¤áâ ¢«ï¥â á®¡®©

í««¨¯á. �¤­  ¨§ ¥£® ¯®«ã®á¥© á®¢¯ ¤ ¥â á ¯à®¥ªæ¨¥©
­  ¯«®áª®áâì (111) ®á¨ ¢à é¥­¨ï í««¨¯á®¨¤  ¯®áâ®-
ï­­®© í­¥à£¨¨ á®®â¢¥âáâ¢ãîé¥© ¤®«¨­ë ¢ ®¡ê¥¬­®¬

¬ â¥à¨ «¥. �«ï ¡¥áª®­¥ç­® £«ã¡®ª®© ï¬ë ¨«¨ ¢ á«ã-
ç ¥, ª®£¤  m|| ¨ m⊥ ®¤¨­ ª®¢ë ¢ ª¢ ­â®¢®© ï¬¥ ¨

¡ àì¥à¥, § ª®­ ¤¨á¯¥àá¨¨ ¢ n-© ¯®¤§®­¥ à §¬¥à­®£®

ª¢ ­â®¢ ­¨ï ¬®¦­® § ¯¨á âì ¢ ¢¨¤¥

Em(px, py) = En(0, 0) +
p2
x

2mx
+

p2
y

2my
, (15)

£¤¥

1

mx
= wxx −

w2
xz

wzz
,

1

my
= wyy, (16)

  wij á®®â¢¥âáâ¢ãîâ ¬ â¥à¨ «ã ª¢ ­â®¢®© ï¬ë.

� £«ã¡®ª¨å ¯®¤§®­ å, à á¯®«®¦¥­­ëå ¤ «¥ª® ®â

ªà ï ª¢ ­â®¢®© ï¬ë, ¢®«­®¢ ï äã­ªæ¨ï í«¥ªâà®­®¢
«®ª «¨§®¢ ­  ¢ ®á­®¢­®¬ ¢ ª¢ ­â®¢®© ï¬¥ ¨ § ª®­

¤¨á¯¥àá¨¨ å®à®è®  ¯¯à®ªá¨¬¨àã¥âáï á®®â­®è¥­¨ï¬¨

(15) ¨ (16), £¤¥ ª®¬¯®­¥­âë â¥­§®à  wij ¢§ïâë ¤«ï

¬ â¥à¨ «  ª¢ ­â®¢®© ï¬ë. � ¬¥«ª¨å ¯®¤§®­ å, à á-
¯®«®¦¥­­ëå ¡«¨§ª® ª ªà î ª¢ ­â®¢®© ï¬ë, í«¥ªâà®­
á ¡®«ìè¥© ¢¥à®ïâ­®áâìî ­ å®¤¨âáï ¢ ¡ àì¥à¥ ¨ ¥£®

§ ª®­ ¤¨á¯¥àá¨¨ ®¯¨áë¢ ¥âáï á®®â­®è¥­¨ï¬¨ (15) ¨
(16) á ª®¬¯®­¥­â ¬¨ â¥­§®à  wij ¤«ï ¡ àì¥à . �§
ä®à¬ã« (14) ¢¨¤­®, çâ® ¬ ááë ¢ § ª®­¥ ¤¨á¯¥àá¨¨

(15) ¤®«¦­ë á« ¡® § ¢¨á¥âì ®â á®¤¥à¦ ­¨ï ªà¥¬­¨ï

¢ â¢¥à¤®¬ à áâ¢®à¥. �ää¥ªâ¨¢­ë¥ ¬ ááë (14) ¢¥áì¬ 
á« ¡® § ¢¨áïâ â ª¦¥ ¨ ®â ¤¥ä®à¬ æ¨¨ [5]. �«ï

ç¨áâ®£® £¥à¬ ­¨ï mx ≈ 1.59 ¨ my ≈ 0.1.
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176 �.�. �«¥èª¨­, �.�. �¥ª¨­

�à ¢¨«  ®â¡®à  ¤«ï ®¯â¨ç¥áª¨å

¯¥à¥å®¤®¢

� ¯à¥¤ë¤ãé¥¬ à §¤¥«¥ ¡ë«® ¯®ª § ­®, çâ® ¤­®

§®­ë ¯à®¢®¤¨¬®áâ¨ ¢ £¥â¥à®áâàãªâãà¥ Ge1−xSix/Ge
¬®¦¥â à á¯®« £ âìáï ¢ 3L- 1L- ¨«¨ ¢ ∆-¤®«¨­ å. �
á¢ï§¨ á íâ¨¬ ¢®§­¨ª ¥â ¢®¯à®á: ¬®¦­® «¨, ¨§ãç ï
¬¥¦§®­­ë¥ ®¯â¨ç¥áª¨¥ ¯¥à¥å®¤ë, ®¯à¥¤¥«¨âì ¢ ª ª®©
¨§ ¤®«¨­ à á¯®« £ ¥âáï ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ ¢

£¥â¥à®áâãàªâãà¥. �ë ¯®ª ¦¥¬, çâ® ­  íâ®â ¢®¯à®á

áãé¥áâ¢ã¥â ¯®«®¦¨â¥«ì­ë© ®â¢¥â ¢ â®¬ á«ãç ¥, ¥á«¨
¯®â®«®ª ¢ «¥­â­®© §®­ë ®¡à §®¢ ­ ¯®¤§®­®© âï¦¥-
«ëå ¤ëà®ª.

�ã¤¥¬ à áá¬ âà¨¢ âì á¨¬¬¥âà¨ç­ãî áâàãªâãàã.
�¨¬¬¥âà¨ç­®© ¬ë ­ §ë¢ ¥¬ áâàãªâãàã, ã ª®â®à®©

¨¬¥¥âáï ¯«®áª®áâì á¨¬¬¥âà¨¨ ¢ á¥à¥¤¨­¥ á«®ï £¥à-
¬ ­¨ï. �àã¯¯  á¨¬¬¥âà¨¨ ¢®«­®¢®£® ¢¥ªâ®à  ¤ëà®ª

¢ â ª¨å áâàãªâãà å — D3d. �®«­®¢ë¥ äã­ªæ¨¨

âï¦¥«ëå ¤ëà®ª ¯à¥®¡à §ãîâáï ¯® ¤¢ã§­ ç­®¬ã ¯à¥¤-
áâ ¢«¥­¨î L+

4 +L+
5 ,   «¥£ª¨å — ¯® L+

0 (®¡®§­ ç¥­¨ï ¨§
à ¡®âë [14]). �®¬¯®­¥­â  ¨¬¯ã«ìá , ¢¤®«ì ®á¨ [111]
¯à¥®¡à §ã¥âáï ¯® ¯à¥¤áâ ¢«¥­¨î L−1 ,   ¤¢¥ ¥£® ª®¬-
¯®­¥­âë ¢ ¯«®áª®áâ¨ (111) — ¯® ¯à¥¤áâ ¢«¥­¨î L−3 .

�¥à¥å®¤ë hh−1L

�¥à¥å®¤ë hh−1L ¤®«¦­ë ­ ¡«î¤ âìáï ¢ £¥â¥à®-
áâàãâãà å, ¤«ï ª®â®àëå a|| ¨ x ­ å®¤ïâáï ¢ ®¡« áâ¨ 3
à¨á. 5. �àã¯¯  ¢®«­®¢®£® ¢¥ªâ®à  1L-í«¥ªâà®­®¢ —
D3d,   ¯à¥¤áâ ¢«¥­¨¥, ¯® ª®â®à®¬ã ¯à¥®¡à §ãîâáï

¨å ¢®«­®¢ë¥ äã­ªæ¨¨ — L+
0 . �®«­®¢ë¥ äã­ªæ¨¨

ä®­®­®¢ á ¢®«­®¢ë¬ ¢¥ªâ®à®¬, á®®â¢¥âáâ¢ãîé¨¬ â®ç-
ª¥ 1L §®­ë �à¨««îí­ , ¯à¥®¡à §ãîâáï ¯® á«¥¤ãî-
é¨¬ á«¥¤ãîé¨¬ ¯à¥¤áâ ¢«¥­¨ï¬ [15]: LO — L+

1 ,
TO — L−3 , TA — L+

3 , LA — L−2 . �ë ¨á¯®«ì§ã¥¬

®¡é¥¯à¨­ïâë¥ ®¡®§­ ç¥­¨ï ¤«ï ä®­®­®¢: ¡ãª¢ë L, T
á®®â¢¥âáâ¢ãîâ ¯à®¤®«ì­ë¬ ¨ ¯®¯¥à¥ç­ë¬ ä®­®­ ¬,  
O, A — ®¯â¨ç¥áª¨¬ ¨  ªãáâ¨ç¥áª¨¬. �á¯®«ì§ãï áâ ­-
¤ àâ­ë© ¬¥â®¤ [14,15], ­ å®¤¨¬ á«¥¤ãîé¨¥ ¯à ¢¨« 

®â¡®à  ¤«ï ¤¨¯®«ì­ëå ¯¥à¥å®¤®¢ ¬¥¦¤ã ¯®¤§®­­®©

âï¦¥«ëå ¤ëà®ª ¨ 1L-¤®«¨­®© á ãç áâ¨¥¬ ä®­®­®¢.
� ª ¨ ¢ ®¡ê¥¬­®¬ £¥à¬ ­¨¨, ¯¥à¥å®¤ë á ãç áâ¨¥¬

LO- ¨ TA-ä®­®­®¢ § ¯à¥é¥­ë (¯® ç¥â­®áâ¨). �¥à¥-
å®¤ë á ãç áâ¨¥¬ TO-ä®­®­®¢ à §à¥è¥­ë ¯à¨ «î¡®©

¯®«ïà¨§ æ¨¨ á¢¥â .�¥à¥å®¤ë á ãç áâ¨¥¬ LA-ä®­®­®¢
à §à¥è¥­ë â®«ìª® ¤«ï ä®â®­®¢, ã ª®â®àëå ®â«¨ç­ 
®â ­ã«ï ¯à®¥ªæ¨¨ ¢¥ªâ®à  í«¥ªâà¨ç¥áª®£® ¯®«ï E ­ 

¯«®áª®áâì (111). � ¯à¥é¥­ë ¯¥à¥å®¤ë á ãç áâ¨¥¬

LA-ä®­®­®¢ ¢ â®¬ á«ãç ¥, ª®£¤  ¢¥ªâ®à í«¥ªâà¨ç¥-
áª®£® ¯®«ï á¢¥â®¢®© ¢®«­ë ¯ à ««¥«¥­ ­ ¯à ¢«¥­¨î

[111]. �®¦­® ¯®ª § âì, çâ® ¨ ¢ ­¥á¨¬¬¥âà¨ç­®©

áâàãªâãà¥ â ª¦¥ § ¯à¥é¥­ ¯¥à¥å®¤ hh−1L á ãç áâ¨¥¬
LA-ä®­®­  ¯à¨ E||[111].

�«ï áâàãªâãà á ª¢ ­â®¢ë¬¨ á«®ï¬¨ ¬¨­¨¬ã¬ í­¥à-
£¨¨ 1L-¤®«¨­ë ¨ ¬ ªá¨¬ã¬ ¢ «¥­â­®© §®­ë ­ å®¤ïâ-
áï ¢ ®¤­®© â®çª¥ §®­ë �à¨««îí­ . �¤­ ª® ¤¨¯®«ì­ë¥

®¯â¨ç¥áª¨¥ ¯¥à¥å®¤ë ¡¥§ à áá¥ï­¨ï ¨§ ¯®¤§®­ «¥£ª¨å

¨ âï¦¥«ëå ¤ëà®ª ¢ 1L-¤®«¨­ã § ¯à¥é¥­ë. �¥«®

¢ â®¬, çâ® ¢®«­®¢ë¥ äã­ªæ¨¨ í«¥ªâà®­®¢ ¨ ¤ëà®ª

ç¥â­ë¥ ¯® ®â­®è¥­¨î ª ¨­¢¥àá¨¨ (­  íâ® ãª §ë¢ îâ
¢¥àå­¨¥ ¨­¤¥ªáë + ã ¯à¥¤áâ ¢«¥­¨©),   ¤¨¯®«ì­ë¥

¯¥à¥å®¤ë § ¯à¥é¥­ë ¬¥¦¤ã á®áâ®ï­¨ï¬¨ á ®¤¨­ ª®-
¢ë¬¨ ç¥â­®áâï¬¨. �âà®£® £®¢®àï, íâ¨ à ááã¦¤¥­¨ï

­¥á¯à ¢¥¤«¨¢ë ¤«ï ¯¥à¥å®¤®¢ á ¨§¬¥­¥­¨¥¬ ­®¬¥à 

ãà®¢­ï à §¬¥à­®£® ª¢ ­â®¢ ­¨ï (­ ¯à¨¬¥à, ¤«ï ¯¥-
à¥å®¤®¢ ¨§ ¢â®à®© ¯®¤§®­ë à §¬¥à­®£® ª¢ ­â®¢ ­¨ï

¤ëà®ª ¢ ¯¥à¢ãî ¯®¤§®­ã 1L-¤®«¨­ë). �¡êïá­ï¥âáï
íâ® â¥¬, çâ® ¢®«­®¢ë¥ äã­ªæ¨¨ ¢ ¯®¤§®­ å à §¬¥à-
­®£® ª¢ ­â®¢ ­¨ï á ç¥â­ë¬¨ ­®¬¥à ¬¨ ï¢«ïîâáï

­¥ç¥â­ë¬¨ ¯® ®â­®è¥­¨î ª ¨­¢¥àá¨¨, â.¥. ¢®«­®¢ë¥
äã­ªæ¨¨ í«¥ªâà®­®¢ ¨ âï¦¥«ëå ¤ëà®ª ¢ ç¥â­ëå

¯®¤§®­ å ¯à¥®¡à §ãîâáï ¯® ¯à¥¤áâ ¢«¥­¨ï¬ L−0 ¨

L−4 +L−5 á®®â¢¥âáâ¢¥­­®. �â¬¥â¨¬, çâ® ¢ íâ®¬ á«ãç ¥
á­¨¬ ¥âáï â ª¦¥ ¨ ¯à ¢¨«® § ¯à¥â  ¤«ï ¯¥à¥å®¤®¢ á

ãç áâ¨¥¬ LO- ¨ TA-ä®­®­®¢.

�¥à¥å®¤ë hh−3L

�¥à¥å®¤ ¬ hh−3L á®®â¢¥âáâ¢ãîâ ®¡« áâ¨ 1, 2, 4
­  à¨á. 5. �àã¯¯  ¢®«­®¢®£® ¢¥ªâ®à  3L-¤®«¨­ —
C2h. �®«­®¢ë¥ äã­ªæ¨¨ í«¥ªâà®­®¢ ¯à¥®¡à §ãîâ-
áï ¯® ¯à¥¤áâ ¢«¥­¨ï¬ B+

1 + B+
2 (á¬. �à¨«®¦¥­¨¥).

�®«­®¢ë¥ äã­ªæ¨¨ ä®­®­®¢ á ¢®«­®¢ë¬ ¢¥ªâ®à®¬,
á®®â¢¥âáâ¢ãîé¨¬ â®çª¥ 3L §®­ë �à¨««îí­ , ¯à¥-
®¡à §ãîâáï ¯® á«¥¤ãîé¨¬ ¯à¥¤áâ ¢«¥­¨ï¬: LO —
A+

1 , TO — A−1 +A−2 , TA — A+
1 +A+

2 , LA — A−1 . �¤¥áì
à §à¥è¥­ë ¤¨¯®«ì­ë¥ ¯¥à¥å®¤ë á ãç áâ¨¥¬ LA- ¨
TO-ä®­®­®¢ ¯à¨ «î¡®© ¯®«ïà¨§ æ¨¨ á¢¥â .

� ª¨¬ ®¡à §®¬, ¤«ï ä®­®­®¢ á E||[111] à §à¥è¥­ë
¯¥à¥å®¤ë hh−3L á ãç áâ¨¥¬ LA-ä®­®­®¢ ¨ § ¯à¥-
é¥­ë ¯¥à¥å®¤ë hh−1L. �­â¥à¥á­® ®¯à¥¤¥«¨âì, ç¥-
à¥§ ª ª¨¥ ¯à®¬¥¦ãâ®ç­ë¥ á®áâ®ï­¨ï ¯à®¨áå®¤ïâ íâ¨

à §à¥è¥­­ë¥ ¯¥à¥å®¤ë. �ª §ë¢ ¥âáï, çâ® ®­¨ ¨¤ãâ

ç¥à¥§ á®áâ®ï­¨ï L−4 +L−5 ¨ B−1 +B−2 . �à®¬¥¦ãâ®ç­®¥
á®áâ®ï­¨¥ L−4 + L−5 ¯à®¨§®è«® ¨§ á®áâ®ï­¨ï Γ8 §®­ë

¯à®¢®¤¨¬®áâ¨ ®¡ê¥¬­®£® £¥à¬ ­¨ï,   B−1 + B−2 — ¨§

á®áâ®ï­¨© L−5 + L−4 ¢ «¥­â­®©. � ¨¡®«¥¥ ¢¥à®ïâ­ë¬
¡ã¤¥â ¯¥à¥å®¤ ç¥à¥§ ¯®á«¥¤­¥¥ á®áâ®ï­¨¥, ¯®áª®«ìªã
®­® ­ ¨¡®«¥¥ ¡«¨§ª® ¯® í­¥à£¨¨ ª ¨áå®¤­®¬ã á®áâ®-
ï­¨î ¢ ¢ «¥­â­®© §®­¥. � ®¡ê¥¬­®¬ £¥à¬ ­¨¨ ¨§«ã-
ç â¥«ì­ë¥ ¯¥à¥å®¤ë á ãç áâ¨¥¬ LA-ä®­®­®¢ ¨¤ãâ ¢
®á­®¢­®¬ ç¥à¥§ ¯à®¬¥¦ãâ®ç­®¥ á®áâ®ï­¨¥ ¢ §®­¥ ¯à®-
¢®¤¨¬®áâ¨ Γ−7 [16]. � £¥â¥à®áâàãªâãà¥ íâ¨¬ ¯¥à¥å®¤ ¬
á®®â¢¥âáâ¢ãîâ ¯¥à¥å®¤ë ¯®¤ ¢«¨ï­¨¥¬ ª®¬¯®­¥­â

í«¥ªâà¨ç¥áª®£® ¯®«ï, «¥¦ é¨å ¢ ¯«®áª®áâ¨ 〈111〉, ç¥-
à¥§ ¯à®¬¥¦ãâ®ç­®¥ á®áâ®ï­¨¥ L−0 , ª®â®à®¥ ¯à®¨§®è«®
¨§ Γ−7 . �¥à®ïâ­®áâì ¯¥à¥å®¤  ç¥à¥§ á®áâ®ï­¨¥ L−0
¡®«ìè¥, ç¥¬ ç¥à¥§ á®áâ®ï­¨¥ B−1 +B−2 , ¯®áª®«ìªã ¤«ï
­¥£® ¬¥­ìè¥ à §­®áâì í­¥à£¨© ­ ç «ì­®£® ¨ ¯à®¬¥¦ã-
â®ç­®£® á®áâ®ï­¨©.�®íâ®¬ã ¨­â¥­á¨¢­®áâì ¯¥à¥å®¤®¢
hh−3L á ãç áâ¨¥¬ LA-ä®­®­®¢ ¨ E||[111] ¬¥­ìè¥, ç¥¬
¤«ï ¯¥à¥å®¤®¢ ¯®¤ ¢«¨ï­¨¥¬ E ⊥ [111].
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�¥à¥å®¤ë hh−∆

�â¨¬ ¯¥à¥å®¤ ¬ á®®â¢¥âáâ¢ã¥â ®¡« áâì 5 ­  à¨á. 5.
�àã¯¯  á¨¬¬¥âà¨¨ ¢®«­®¢®£® ¢¥ªâ®à  ∆-¤®«¨­ —
σ. �®«­®¢ë¥ äã­ªæ¨¨ í«¥ªâà®­®¢ ¯à¥®¡à §ãîâáï ¯®
¯à¥¤áâ ¢«¥­¨î B1 +B2 (á¬. �à¨«®¦¥­¨¥). �®«­®¢ë¥
äã­ªæ¨¨ TO- ¨ TA-ä®­®­®¢ ¯à¥®¡à §ãîâáï ¯® ¯à¥¤-
áâ ¢«¥­¨ï¬ A2,   LA- ¨ LO-ä®­®­®¢— ¯® A1. �¨¬¬¥-
âà¨ï à §à¥è ¥â ®¯â¨ç¥áª¨¥ ¯¥à¥å®¤ë á ãç áâ¨¥¬ «î-
¡ëå ä®­®­®¢ á «î¡®© ¯®«ïà¨§ æ¨¥© á¢¥â®¢®© ¢®«­ë.
�¤­ ª® ª ª ¢ ®¡ê¥¬­®¬ ªà¥¬­¨¨ [15], â ª ¨ ¢ â¢¥à¤®¬
à áâ¢®à¥, ª®£¤  ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ à á¯®« £ ¥â-
áï ¢ ∆-¤®«¨­ å, ­ ¡«î¤ îâáï ®¯â¨ç¥áª¨¥ ¯¥à¥å®¤ë

â®«ìª® á ãç áâ¨¥¬ TA- ¨ TO-ä®­®­®¢ [1,10]. �âáãâ-
áâ¢¨¥ ¯¥à¥å®¤®¢ á ãç áâ¨¥¬ ¯à®¤®«ì­ëå ä®­®­®¢ ­¥

á¢ï§ ­® á ¯à ¢¨« ¬¨ § ¯à¥â , â.¥. á á¨¬¬¥âà¨¥© [15].
�®íâ®¬ã ¨ ¢ £¥â¥à®áâàãªâãà¥ Ge1−xSix/Ge, ¢ ª®â®à®©
¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ ­ å®¤¨âáï ¢∆-¤®«¨­ å, ¡ã¤ãâ
­ ¡«î¤ âìáï ¯¥à¥å®¤ë â®«ìª® á ãç áâ¨¥¬ ¯®¯¥à¥ç­ëå

ä®­®­®¢.

� ª«îç¥­¨¥

�¥§î¬¨àãï ¯à¨¢¥¤¥­­ë¥ ¢ëè¥ à¥§ã«ìâ âë, áä®à-
¬ã«¨àã¥¬, ª ª ¨§ ®¯â¨ç¥áª¨å ¨áá«¥¤®¢ ­¨© £¥â¥à®-
áâàãªâãàë Ge1−xSix/Ge ®¯à¥¤¥«¨âì á®áâ®ï­¨ï ª ª®©
¤®«¨­ë ®¡à §ãîâ ¢ ­¥© ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨.
�á«¨ ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ ®¡à §®¢ ­® á®áâ®ï­¨ï-
¬¨ ∆-¤®«¨­, â®£¤  ¯à¥¢ «¨àãîâ ¨§«ãç â¥«ì­ë¥ ¯¥-
à¥å®¤ë á ¨á¯ãáª ­¨¥¬ TO-ä®­®­®¢. � á«ãç ¥, ª®-
£¤  ¤­® §®­ë ¯à®¢®¤¨¬®áâ¨ ®¡à §®¢ ­® á®áâ®ï­¨ï¬¨

ª ª®©-«¨¡® L-¤®«¨­ë, ¯à¥®¡« ¤ îâ ¨§«ãç â¥«ì­ë¥

¯¥à¥å®¤ë á ¨á¯ãáª ­¨¥¬ LA-ä®­®­®¢ [17]. �­¥à£¨¨

TO-ä®­®­®¢, á®®â¢¥âáâ¢ãîé¨å á¢ï§ï¬ Ge–Ge, Ge–Si,
Si–Si, å®à®è® ¨§¢¥áâ­ë [1]. �®íâ®¬ã, áà ¢­¨¢ ï

í­¥à£¨¨ ¡¥áä®­®­­ëå ¯¥à¥å®¤®¢ á ãç áâ¨¥¬ ä®­®­®¢,
¬®¦­® ®â«¨ç¨âì ¯¥à¥å®¤ë ¨§ ∆-¤®«¨­ ®â ¯¥à¥å®¤®¢

¨§ L-¤®«¨­. �«ï â®£® çâ®¡ë ®â«¨ç¨âì ¯¥à¥å®¤ë

¨§ 1L-¤®«¨­ë ®â ¯¥à¥å®¤®¢ ¨§ 3L-¤®«¨­, ­¥®¡å®¤¨-
¬® ¨áá«¥¤®¢ âì ¯®«ïà¨§ æ¨î ¨§«ãç¥­¨ï. �¥à¥å®¤ë
á ãç áâ¨¥¬ LA-ä®­®­®¢ ¨ E||[111] § ¯à¥é¥­ë ¤«ï

1L-¤®«¨­ë ¨ ®á« ¡«¥­ë ¤«ï 3L-¤®«¨­.
�®­¥ç­®, áãé¥áâ¢ãîâ ¨ ¡®«¥¥ ¯àï¬ë¥ ¬¥â®¤ë ¤«ï

®¯à¥¤¥«¥­¨ï â¨¯  ­¨¦­¥© ¤®«¨­ë §®­ë ¯à®¢®¤¨¬®-
áâ¨. � ¯à¨¬¥à, ¨§¬¥à¥­¨¥ ¬ ááë í«¥ªâà®­®¢ ¢¤®«ì

á«®¥¢ ¯à¨ ­ ¡«î¤¥­¨¨ æ¨ª«®âà®­­®£® à¥§®­ ­á . �¤-
­ ª® â ª¨¥ ¨§¬¥à¥­¨ï âà¥¡ãîâ ®ç¥­ì ¢ëá®ª®£® ª -
ç¥áâ¢  áâàãªâãà. �à¥¡®¢ ­¨ï ª ª ç¥áâ¢ã áâàãªâãà

¤«ï ­ ¡«î¤¥­¨ï «î¬¨­¥áæ¥­æ¨¨ §­ ç¨â¥«ì­® ­¨¦¥ ¨

¯®íâ®¬ã ¯à¥¤« £ ¥¬ë© §¤¥áì ¯®¤å®¤ ¬®¦¥â ®ª § âìáï

¡®«¥¥ ¯à¨¥¬«¨¬ë¬.

�¢â®àë áç¨â îâ á¢®¨¬ ¤®«£®¬ ¢ëà §¨âì ¡« £®¤ à-
­®áâì �.�. �®¬ ­®¢ã, �.�. �à«®¢ã, �.�. � ¢à¨«¥­-
ª®, �.�. � «ã£¨­ã ¨ �.�. �®«¤ ¢áª®© §  ¯®«¥§­ë¥

¤¨áªãáá¨¨. � ¡®â  ¢ë¯®«­¥­  ¯à¨ ä¨­ ­á®¢®© ¯®¤-
¤¥à¦ª¥ �®áá¨©áª®£® ä®­¤  äã­¤ ¬¥­â «ì­ëå ¨áá«¥-

¤®¢ ­¨© (£à ­âë 93-02-1.1721, 95-02-05863),   â ª¦¥
�¥¦¤ã­ à®¤­®£® ­ ãç­®£® ä®­¤  ¨ �®áá¨©áª®£® ¯à -
¢¨â¥«ìáâ¢  (£à ­â R8H300).

�à¨«®¦¥­¨¥

� à ªâ¥àë ­¥¯à¨¢®¤¨¬ëå ¯à¥¤áâ ¢«¥­¨© ¤¢®©­ëå

£àã¯¯ C2h ¨ σ. �¡®§­ ç¥­¨ï ¤«ï í«¥¬¥­â®¢ á¨¬¬¥-
âà¨¨ ¢§ïâë ¨§ [18]

� ¡«¨æ  1. C2h

E Q C2 QC2 σ Qσ I QI

A+
1 1 1 1 1 1 1 1 1

A+
2 1 1 −1 −1 −1 −1 1 1

A−1 1 1 1 1 −1 −1 −1 −1
A−2 1 1 −1 −1 1 1 −1 −1
B+

1 1 −1 i −i i −i 1 −i
B+

2 1 −1 −i i −i i 1 −1
B−1 1 −1 i −i −i i −1 1
B−2 1 −1 −i i i −i −1 1

� ¡«¨æ  2. σ

E Q σ Qσ

A1 1 1 1 1
A2 1 1 −1 −1
B1 1 −1 i −i
B2 1 −1 −i i
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Electron and hole spectra and selection rules
for optical transitions in a Ge1−xSix/Ge

Y.Ya. Aleshkin, N.A. Bekin

Institute for Physics of Microstructures,
Russian Academy of Sciences,
603600 Nizhny Novgorod, Russia

Abstract Electron and hole spectra in strained Ge1−xSix/Ge

heterostructures grown on (111) plane have been investigated.

We have shown that conduction band structure may be

determined by studying the photoluminescence polarization.

Selection rules for indirect optical transitions have been found.
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