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ÇÇÖÑÖçàÖ

 

ÉÂÏ‡ÌËÈ fl‚ÎflÂÚÒfl Ó‰ÌËÏ ËÁ Ú‡‰ËˆËÓÌÌ˚ı
Ï‡ÚÂË‡ÎÓ‚ ‚ ÚÂıÌÓÎÓ„ËË ÔÓÎÛ˜ÂÌËfl ˝ÎÂÍÚÓÌ-
Ì˚ı Ë ÓÔÚË˜ÂÒÍËı ÛÒÚÓÈÒÚ‚. àÁ‚ÂÒÚÌÓ, ˜ÚÓ ÏÓÌÓ-
ÍËÒÚ‡ÎÎË˜ÂÒÍËÈ Ge ËÏÂÂÚ ÍËÒÚ‡ÎÎË˜ÂÒÍÛ˛ Â-
¯ÂÚÍÛ ÚËÔ‡ ‡ÎÏ‡Á‡ (Ô‡‡ÏÂÚ Â¯ÂÚÍË 

 

a

 

 = 5.658 

 

Å

 

ÔË 

 

T

 

 = 300 K), ‚ ÍÓÚÓÓÈ ‡‰ËÛÒ˚ ÔÂ‚˚ı ÚÂı ÍÓ-
Ó‰ËÌ‡ˆËÓÌÌ˚ı ÒÙÂ ‡‚Ì˚ 2.450, 4.001 Ë 4.691 

 

Å

 

,
Ëı ÍÓÓ‰ËÌ‡ˆËÓÌÌ˚Â ˜ËÒÎ‡ – 4, 12 Ë 12.

ãÓÍ‡Î¸Ì˚Â ÒÚÛÍÚÛÌ˚Â Ò‚ÓÈÒÚ‚‡ ÍËÒÚ‡ÎÎË-
˜ÂÒÍÓ„Ó Ë ‡ÏÓÙÌÓ„Ó Ge ıÓÓ¯Ó ËÁÛ˜ÂÌ˚ ‡ÁÎË˜-
Ì˚ÏË ÏÂÚÓ‰‡ÏË: ‡ÒÒÂflÌËÂÏ ÂÌÚ„ÂÌÓ‚ÒÍËı ÎÛ˜ÂÈ
Ë ÌÂÈÚÓÌÓ‚, ÒÔÂÍÚÓÒÍÓÔËÂÈ ÔÓÚflÊÂÌÌ˚ı ÚÓÌ-
ÍËı ÒÚÛÍÚÛ ÂÌÚ„ÂÌÓ‚ÒÍËı ÒÔÂÍÚÓ‚ ÔÓ„ÎÓ˘Â-
ÌËfl – EXAFS-ÒÔÂÍÚÓÒÍÓÔËÂÈ (Extended X-ray Ab-
sorption Fine Structure) [1–3].

êÂÁÛÎ¸Ú‡Ú˚ ÔÂ‚˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ ÍËÒÚ‡ÎÎË-
˜ÂÒÍÓ„Ó Ë ‡ÏÓÙÌÓ„Ó Ge ÏÂÚÓ‰ÓÏ EXAFS-ÒÔÂÍÚ-
ÓÒÍÓÔËË ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ‚ [4].

åÌÓ„ËÂ ‡‚ÚÓ˚ [5, 6] ËÒÒÎÂ‰Ó‚‡ÎË ÚÂÏÔÂ‡ÚÛ-
Ì˚Â Á‡‚ËÒËÏÓÒÚË Ô‡‡ÏÂÚÓ‚ ÎÓÍ‡Î¸ÌÓÈ ‡ÚÓÏÌÓÈ
ÒÚÛÍÚÛ˚ Ge ÓÚ ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó Ë ‡ÏÓÙÌÓ„Ó
ÒÓÒÚÓflÌËÈ ‰Ó ÊË‰ÍÓ„Ó. Ç ÎËÚÂ‡ÚÛÂ Ú‡ÍÊÂ ÔË-
‚Â‰ÂÌ˚ ‰‡ÌÌ˚Â ÔÓ Á‡‚ËÒËÏÓÒÚË Ô‡‡ÏÂÚÓ‚ ÎÓ-
Í‡Î¸ÌÓÈ ‡ÚÓÏÌÓÈ ÒÚÛÍÚÛ˚ Ge, ‡ÏÓÙËÁÓ‚‡ÌÌÓ-
„Ó ËÓÌ‡ÏË, ÓÚ ‚ÌÓÒËÏÓÈ ‰ÓÁ˚ [7, 8].

í‡‰ËˆËÓÌÌ˚Ï ÏÂÚÓ‰ÓÏ Ó·‡·ÓÚÍË EXAFS-‰‡Ì-
Ì˚ı fl‚ÎflÂÚÒfl ÙÛ¸Â-ÙËÎ¸Ú‡ˆËfl ËÁ ÌÓÏËÓ‚‡ÌÌÓÈ
ÓÒˆËÎÎËÛ˛˘ÂÈ ˜‡ÒÚË ÂÌÚ„ÂÌÓ‚ÒÍÓ„Ó ÒÔÂÍÚ‡ ÔÓ-
„ÎÓ˘ÂÌËfl ‚ÍÎ‡‰‡ ÌÂÒÍÓÎ¸ÍËı ÔÂ‚˚ı ÍÓÓ‰ËÌ‡ˆË-
ÓÌÌ˚ı ÒÙÂ Ë ÏÌÓ„ÓÔ‡‡ÏÂÚË˜ÂÒÍ‡fl ÔÓ‰„ÓÌÍ‡ ‚˚-
‰ÂÎÂÌÌÓ„Ó ‚ÍÎ‡‰‡. èË ̋ ÚÓÏ Ô‡‡ÏÂÚ‡ÏË ÔÓ‰„ÓÌÍË
fl‚Îfl˛ÚÒfl Ô‡‡ÏÂÚ˚ ·ÎËÊ‡È¯Â„Ó ‡ÚÓÏÌÓ„Ó ÓÍ-
ÛÊÂÌËfl – ‡‰ËÛÒ˚ ÍÓÓ‰ËÌ‡ˆËÓÌÌ˚ı ÒÙÂ, ÒÓÓÚ-

‚ÂÚÒÚ‚Û˛˘ËÂ ÍÓÓ‰ËÌ‡ˆËÓÌÌ˚Â ˜ËÒÎ‡, ÒÂ‰ÌÂ-
Í‚‡‰‡ÚË˜Ì˚Â ÓÚÍÎÓÌÂÌËfl ‡‰ËÛÒÓ‚ Ë Ô‡‡ÏÂÚ˚
‡ÒËÏÏÂÚËË.

Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ ËÒÒÎÂ‰Ó‚‡ÎËÒ¸ Ó·‡Áˆ˚ ÍËÒ-
Ú‡ÎÎË˜ÂÒÍÓ„Ó Ë ‡ÏÓÙÌÓ„Ó Ge, ÔÓÎÛ˜ÂÌÌ˚Â ÏÂÚÓ-
‰ÓÏ ËÓÌÌÓ-ÍÎ‡ÒÚÂÌÓ„Ó ‡ÒÔ˚ÎÂÌËfl ÔÓÓ¯Í‡ ‚
‚‡ÍÛÛÏÂ Ì‡ ÔÓÎËËÏË‰Ì˚Â ÔÓ‰ÎÓÊÍË. èÓÎÛ˜ÂÌ˚
EXAFS-ÒÔÂÍÚ˚ Ì‡ GeK-Í‡Â ÔÓ„ÎÓ˘ÂÌËfl. ÑÎfl
ÓÔÂ‰ÂÎÂÌËfl Ô‡Ì˚ı ÍÓÂÎflˆËÓÌÌ˚ı ÙÛÌÍˆËÈ
(èäî) ËÁ EXAFS-‰‡ÌÌ˚ı ÔÂ‰ÎÓÊÂÌ ÌÓ‚˚È ÔÓ‰ıÓ‰
Í Â¯ÂÌË˛ Ó·‡ÚÌÓÈ Á‡‰‡˜Ë Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ ÏÂ-
ÚÓ‰‡ Â„ÛÎflËÁ‡ˆËË ÔÓ íËıÓÌÓ‚Û Ò ÔÓ·Ì˚ÏË ÙÛÌÍ-
ˆËflÏË. Ç Í‡˜ÂÒÚ‚Â ÔÓÒÎÂ‰ÌËı ËÒÔÓÎ¸ÁÓ‚‡ÎËÒ¸ ÏÓ-
‰ÂÎ¸Ì˚Â èäî ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó Ge. èÓÎÛ˜ÂÌ˚ Ô‡-
‡ÏÂÚ˚ ‰Îfl ÔÂ‚˚ı ÚÂı ÍÓÓ‰ËÌ‡ˆËÓÌÌ˚ı ÒÙÂ
(‰ÎËÌ˚ Ò‚flÁË, ÍÓÓ‰ËÌ‡ˆËÓÌÌ˚Â ˜ËÒÎ‡, ÒÂ‰ÌÂÍ‚‡‰-
‡ÚË˜Ì˚Â ÓÚÍÎÓÌÂÌËfl, ÍÓ˝ÙÙËˆËÂÌÚ˚ ‡ÒËÏÏÂÚ-
ËË) ‰Îfl ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó Ë ‡ÏÓÙÌÓ„Ó ÒÓÒÚÓflÌËÈ
Ï‡ÚÂË‡Î‡.

 

å‡ÚÂÏ‡ÚË˜ÂÒÍËÈ ‡Î„ÓËÚÏ

 

çÓÏËÓ‚‡ÌÌ‡fl ÓÒˆËÎÎËÛ˛˘‡fl ˜‡ÒÚ¸ 

 

χ

 

(

 

k

 

)
ÂÌÚ„ÂÌÓ‚ÒÍÓ„Ó ÒÔÂÍÚ‡ ÔÓ„ÎÓ˘ÂÌËfl Á‡ ä-Í‡ÂÏ ‚
ÔË·ÎËÊÂÌËË Ó‰ÌÓÍ‡ÚÌÓ„Ó ‡ÒÒÂflÌËfl Ò‚flÁ‡Ì‡ Ò
èäî 

 

g

 

(

 

r

 

) ËÌÚÂ„‡Î¸Ì˚Ï Û‡‚ÌÂÌËÂÏ [9, 10]:
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ÑÂÂ‚ 

 

Ë ‰

 

.

 

(2)

(3)

„‰Â 

 

ρ

 

0

 

 – ‡ÚÓÏÌ‡fl ÔÎÓÚÌÓÒÚ¸, 

 

R

 

(

 

k

 

) – Â‰ÛˆËÛ˛˘ËÈ
Ù‡ÍÚÓ, 

 

k

 

 – ‚ÓÎÌÓ‚ÓÂ ˜ËÒÎÓ, 

 

f

 

 (

 

k

 

, 

 

r

 

) Ë 

 

ϕ

 

(

 

k

 

, 

 

r

 

) – ‡ÏÔ-
ÎËÚÛ‰‡ Ë Ù‡Á‡ Ó·‡ÚÌÓ„Ó ‡ÒÒÂflÌËfl, 

 

λ

 

(

 

k

 

) – ÒÂ‰Ìflfl
‰ÎËÌ‡ Ò‚Ó·Ó‰ÌÓ„Ó ÔÓ·Â„‡ ÙÓÚÓ˝ÎÂÍÚÓÌ‡, 2

 

δ

 

1

 

(

 

k

 

) –
Ù‡ÁÓ‚˚È Ò‰‚Ë„ Ì‡ ˆÂÌÚ‡Î¸ÌÓÏ ‡ÚÓÏÂ; 

 

a

 

, 

 

b

 

 – ËÌ-
ÚÂ‚‡Î˚ Á‡‰‡ÌËfl èäî {

 

g

 

(

 

r

 

) = 0 ÔË 

 

r

 

 < 

 

a

 

 Ë 

 

g

 

(

 

r

 

) = 1
ÔË 

 

r

 

 > 

 

b

 

}. ÇÒÂ ÛÔÓÏflÌÛÚ˚Â ÙÛÌÍˆËË ÏÓ„ÛÚ ·˚Ú¸
‡ÒÒ˜ËÚ‡Ì˚ Ò ÔÓÏÓ˘¸˛ ÔÓ„‡ÏÏ˚ 

 

F

 

EFF [3, 10].
ì‡‚ÌÂÌËÂ (1) fl‚ÎflÂÚÒfl ËÌÚÂ„‡Î¸Ì˚Ï Û‡‚ÌÂÌË-

ÂÏ îÂ‰„ÓÎ¸Ï‡ 1-„Ó Ó‰‡, Ë Ì‡ıÓÊ‰ÂÌËÂ Â„Ó Â¯Â-
ÌËfl ÓÚÌÓÒËÚÂÎ¸ÌÓ 

 

g

 

(

 

r

 

) fl‚ÎflÂÚÒfl Ó·‡ÚÌÓÈ ÌÂÍÓ-
ÂÍÚÌÓ ÔÓÒÚ‡‚ÎÂÌÌÓÈ Á‡‰‡˜ÂÈ. é‰ËÌ ËÁ Ú‡‰ËˆËÓÌ-
Ì˚ı ÏÂÚÓ‰Ó‚ Â¯ÂÌËfl ÔÓ‰Ó·Ì˚ı Á‡‰‡˜ – ÏÂÚÓ‰
Â„ÛÎflËÁ‡ˆËË ÓÔËÒ‡Ì ‚ [11].

èË ˜ËÒÎÂÌÌÓÏ Â¯ÂÌËË ËÌÚÂ„‡Î¸ÌÓÂ Û‡‚-
ÌÂÌËÂ (1) ·˚ÎÓ ÔË‚Â‰ÂÌÓ Í ‰ËÒÍÂÚÌÓÈ, Ï‡ÚË˜-
ÌÓÈ, ÙÓÏÂ. Ñ‡ÎÂÂ ·˚ÎÓ ÔÓÎÛ˜ÂÌÓ Â„ÛÎflËÁÓ-
‚‡ÌÌÓÂ Â¯ÂÌËÂ [9, 12]:

(4)

„‰Â 

 

g

 

tr

 

 – ÔÓ·Ì‡fl ÙÛÌÍˆËfl, 

 

B

 

 – ÚÂı‰Ë‡„ÓÌ‡Î¸Ì‡fl
Â„ÛÎflËÁÛ˛˘‡fl Ï‡ÚËˆ‡, ‚‰ÓÎ¸ „Î‡‚ÌÓÈ ‰Ë‡„Ó-
Ì‡ÎË ÍÓÚÓÓÈ Ì‡ıÓ‰flÚÒfl 

 

α

 

 + 2

 

β

 

, ‡ ‚‰ÓÎ¸ ‰‚Ûı ÒÓÒÂ‰-
ÌËı – (–

 

β

 

). á‰ÂÒ¸ 

 

α

 

 Ë 

 

β

 

 – ·ÂÁ‡ÁÏÂÌ˚Â Ô‡‡ÏÂÚ˚
Â„ÛÎflËÁ‡ˆËË. í‡ÍËÏ Ó·‡ÁÓÏ Â„ÛÎflËÁÓ‚‡ÌÌ‡fl
Ï‡ÚËˆ‡ 

 

A

 

*

 

A

 

(

 

1

 

 + 

 

B

 

) fl‚ÎflÂÚÒfl ÔÓÎÓÊËÚÂÎ¸ÌÓ ÓÔÂ-
‰ÂÎÂÌÌÓÈ Ï‡ÚËˆÂÈ, ËÏÂ˛˘ÂÈ Ó·‡ÚÌÛ˛.

ÖÒÎË ÔÓÎÓÊËÚ¸ 

 

g

 

tr

 

 = 0, ÚÓ Ï˚ ÔÓÎÛ˜ËÏ, Ú‡Í Ì‡-
Á˚‚‡ÂÏÓÂ, ÚËıÓÌÓ‚ÒÍÓÂ Â¯ÂÌËÂ. ï‡‡ÍÚÂÌÓÈ
ÓÒÓ·ÂÌÌÓÒÚ¸˛ Ú‡ÍÓ„Ó Â¯ÂÌËfl ·Û‰ÂÚ Ì‡ÎË˜ËÂ ÓÚ-
Ëˆ‡ÚÂÎ¸Ì˚ı ‚˚·ÓÒÓ‚, ÓÍÛÊ‡˛˘Ëı ÓÒÌÓ‚Ì˚Â
ÔËÍË. ëËÚÛ‡ˆËfl ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÛÎÛ˜¯‡ÂÚÒfl, ÂÒÎË
ÔÓ·Ì‡fl ÙÛÌÍˆËfl ÌÂ ÒËÎ¸ÌÓ ÓÚÎË˜‡ÂÚÒfl ÓÚ ËÒÍÓ-
ÏÓÈ èäî; Ì‡ÔËÏÂ, ÔÓÎÓÊÂÌËfl Ï‡ÍÒËÏÛÏÓ‚ ÔË-
ÍÓ‚, Ëı ‡ÏÔÎËÚÛ‰‡ Ë ‰ËÒÔÂÒËfl ÏÓ„ÛÚ ·˚Ú¸ ÌÂÚÓ˜-
Ì˚ÏË, ÌÓ, ÚÂÏ ÌÂ ÏÂÌÂÂ, Â¯ÂÌËÂ (4) ·Û‰ÂÚ „Ó‡Á-
‰Ó ·ÎËÊÂ Í ËÒÍÓÏÓÈ èäî, ˜ÂÏ ÔÓ·Ì‡fl ÙÛÌÍˆËfl.

èË ËÒÒÎÂ‰Ó‚‡ÌËË ÍËÒÚ‡ÎÎË˜ÂÒÍËı Ó·‡ÁˆÓ‚
ÏÂÚÓ‰ÓÏ 

 

EX

 

AFS-ÒÔÂÍÚÓÒÍÓÔËË ‚ Í‡˜ÂÒÚ‚Â ÔÓ·-
ÌÓÈ ÙÛÌÍˆËË ·‡Î‡Ò¸ èäî, ‚˚˜ËÒÎÂÌÌ‡fl ÔÓ ËÁ‚Â-
ÒÚÌ˚Ï ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍËÏ ÁÌ‡˜ÂÌËflÏ.

Ñ‡ÎÂÂ ‚‚Ó‰ËÎ‡Ò¸ ËÚÂ‡ˆËÓÌÌ‡fl ÔÓˆÂ‰Û‡ ÛÚÓ˜-
ÌÂÌËfl ÔÓ·ÌÓÈ ÙÛÌÍˆËË. Ç˚‰ÂÎflÎËÒ¸ Ï‡ÍÒËÏÛÏ˚
(‚˚¯Â 1/4 ‚˚ÒÓÚ˚) ‚ Ó·Î‡ÒÚË ÓÊË‰‡ÂÏÓ„Ó ‡ÒÔÓ-
ÎÓÊÂÌËfl Ë ÏÂÚÓ‰ÓÏ Ì‡ËÏÂÌ¸¯Ëı Í‚‡‰‡ÚÓ‚ Ì‡ıÓ-
‰ËÎËÒ¸ Ô‡‡ÏÂÚ˚ ‡ÔÔÓÍÒËÏËÛ˛˘Ëı „‡ÛÒÒË‡-
ÌÓ‚. Ç Í‡˜ÂÒÚ‚Â ÌÓ‚ÓÈ ÔÓ·ÌÓÈ ÙÛÌÍˆËË ·‡Î‡Ò¸
ÒÛÏÏ‡ Ì‡È‰ÂÌÌ˚ı „‡ÛÒÒË‡ÌÓ‚. Ñ‡ÎÂÂ Ì‡ıÓ‰ËÎÓÒ¸
Â¯ÂÌËÂ Ò ÌÓ‚ÓÈ, ÛÚÓ˜ÌÂÌÌÓÈ, ÔÓ·ÌÓÈ ÙÛÌÍˆËÂÈ

u k( ) kχ k( ) A k r,( ) r,d

b

∞

∫–=

A k r,( ) 4πρ0R k( ) f k r,( ) 2r/λ k( )–[ ] ×exp–=

× 2kr 2δ1 k( ) ϕ k r,( )++[ ]sin ,

g A*A 1 B+( )[ ] 1– A*u A*ABgtr+( ),=

 

Ë Ú.‰. èÓÎÛ˜ÂÌÌÓÂ Â¯ÂÌËÂ ÓÚÎË˜‡ÂÚÒfl ÓÚ (4) ‚‚Â-
‰ÂÌËÂÏ ÓÔÂ‡ÚÓ‡ ÔÓÂÍˆËË 

 

P

 

 Ì‡ ÒÛÏÏÛ „‡ÛÒÒË‡ÌÓ‚:

(5)

èÂ‰ÎÓÊÂÌÌ‡fl ËÚÂ‡ˆËÓÌÌ‡fl ÔÓˆÂ‰Û‡ ÎÂ„ÍÓ
ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl ÔÓ„‡ÏÏÌ˚Ï Ó·‡ÁÓÏ.

 

ùÍÒÔÂËÏÂÌÚ

é·‡Áˆ˚ ·˚ÎË ÔÓÎÛ˜ÂÌ˚ Ì‡ ÏÓ‰ÂÌËÁËÓ‚‡Ì-
ÌÓÈ ÛÒÚ‡ÌÓ‚ÍÂ ìÇç-71-è3 Ò „ÂÚÚÂÌ˚Ï Ì‡ÒÓÒÓÏ,
‚˚ÔÓÎÌÂÌÌ˚Ï ‚ ‚Ë‰Â Ï‡„ÌÂÚÓÌÌÓ„Ó ‡ÒÔ˚ÎË-
ÚÂÎ¸ÌÓ„Ó ÛÒÚÓÈÒÚ‚‡ Ò ÏË¯ÂÌ¸˛ ËÁ Ti [13, 14].
éÒ‡Ê‰ÂÌËÂ ÔÓÎÛÔÓ‚Ó‰ÌËÍÓ‚ÓÈ ÔÎÂÌÍË Ge ÓÒÛ-
˘ÂÒÚ‚ÎflÎÓÒ¸ ÏÂÚÓ‰ÓÏ ËÓÌÌÓ-ÍÎ‡ÒÚÂÌÓ„Ó ‡ÒÔ˚-
ÎÂÌËfl Ì‡ ÔÓÎËËÏË‰ÌÛ˛ ÔÓ‰ÎÓÊÍÛ ‚ ‡ÚÏÓÒÙÂÂ Ar
ÔË ÓÒÚ‡ÚÓ˜ÌÓÏ Ô‡ˆË‡Î¸ÌÓÏ ‰‡‚ÎÂÌËË ıËÏË˜ÂÒ-
ÍË ‡ÍÚË‚Ì˚ı „‡ÁÓ‚ 10–9–10–11 è‡ Ë Ó·˘ÂÏ ‰‡‚ÎÂ-
ÌËË 10–3 è‡. èË ˝ÚÓÏ ‰Îfl ÔÓÎÛ˜ÂÌËfl ‡ÏÓÙÌÓ„Ó
ÒÎÓfl ÔÓ‰ÎÓÊÍ‡ ÔÓ‰‰ÂÊË‚‡Î‡Ò¸ ÔË ÍÓÏÌ‡ÚÌÓÈ
ÚÂÏÔÂ‡ÚÛÂ, ‡ ‚ ÒÎÛ˜‡Â ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÒÎÓfl
Ì‡„Â‚‡Î‡Ò¸ ‰Ó 300°ë. íÓÎ˘ËÌ‡ ÒÎÓfl 0.2–0.5 ÏÍÏ.
ëÚÛÍÚÛÌÓÂ ÒÓÒÚÓflÌËÂ Ó·‡ÁˆÓ‚ ÍÓÌÚÓÎËÓ‚‡-
ÎÓÒ¸ ÏÂÚÓ‰‡ÏË ‡ÒÒÂflÌËfl ÂÌÚ„ÂÌÓ‚ÒÍËı ÎÛ˜ÂÈ Ë
ÏËÍÓ‰ËÙ‡ÍˆËÂÈ.

EXAFS-ÒÔÂÍÚ˚ Ì‡ GeK-Í‡Â ÔÓ„ÎÓ˘ÂÌËfl ·˚ÎË
ÔÓÎÛ˜ÂÌ˚ Ì‡ ÒÔÂÍÚÓÏÂÚÂ êÄë-1 ‚ „ÂÓÏÂÚËË Ì‡
ÔÓÒ‚ÂÚ. àÒÔÓÎ¸ÁÓ‚‡ÎÓÒ¸ ÚÓÏÓÁÌÓÂ ËÁÎÛ˜ÂÌËÂ
ÂÌÚ„ÂÌÓ‚ÒÍÓÈ ÚÛ·ÍË ÅëÇ-27 Ò Mo-‡ÌÚËÍ‡ÚÓ‰ÓÏ.
åÓÌÓıÓÏ‡ÚËÁ‡ˆËfl ÓÒÛ˘ÂÒÚ‚ÎflÎ‡Ò¸ ËÁÓ„ÌÛÚ˚Ï

ÍËÒÚ‡ÎÎÓÏ SiO2 ( ) (ÏÂÊÔÎÓÒÍÓÒÚÌÓÂ ‡ÒÒÚÓ-
flÌËÂ d = 1.18007 Å ÔË T = 300 K) Ò ÙÓÍÛÒËÓ‚ÍÓÈ
ÔÓ àÓ„‡ÌÌÛ. ëÍ‡ÌËÓ‚‡ÌËÂ ÔÓ Û„ÎÛ ÓÒÛ˘ÂÒÚ‚ÎflÎÓÒ¸
„ÓÌËÓÏÂÚÓÏ Éìê-9 Ò ¯‡„Ó‚˚Ï ‰‚Ë„‡ÚÂÎÂÏ (ÏËÌË-
Ï‡Î¸Ì˚È ¯‡„ 0.0025°). ÇÓ ‚ÂÏfl Ò˙ÂÏÍË ~100 ÒÍ‡-
ÌÓ‚ Ì‡·Ë‡Î‡Ò¸ ÒÚ‡ÚËÒÚËÍ‡ ~3 · 106 ËÏÔÛÎ¸ÒÓ‚ Ì‡
ÚÓ˜ÍÛ. èË ˝ÚÓÏ ÒÓÓÚÌÓ¯ÂÌËÂ ÒË„Ì‡Î/¯ÛÏ ~0.2%.
ìÒÂ‰ÌÂÌËÂÏ ÔÓ ÏÌÓ„ËÏ ÒÍ‡Ì‡Ï ·˚ÎË ÔÓÎÛ˜ÂÌ˚
EXAFS-ÒÔÂÍÚ˚ Ì‡ GeK-Í‡Â ÔÓ„ÎÓ˘ÂÌËfl (EK =
= 11104 ˝Ç) ‰Îfl ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó Ë ‡ÏÓÙÌÓ„Ó
„ÂÏ‡ÌËfl ‚ ‰Ë‡Ô‡ÁÓÌÂ 10818–12114 ˝Ç.

êÖáìãúíÄíõ à àï éÅëìÜÑÖçàÖ

àÁ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ‰‡ÌÌ˚ı ·˚ÎË ‚˚‰ÂÎÂÌ˚
ÌÓÏËÓ‚‡ÌÌ˚Â ÓÒˆËÎÎËÛ˛˘ËÂ ̃ ‡ÒÚË EXAFS-ÒÔÂ-
ÍÚÓ‚ ‰Îfl ÍËÒÚ‡ÎÎË˜ÂÒÓ„Ó Ë ‡ÏÓÙÌÓ„Ó Ó·‡Á-
ˆÓ‚. éÌË ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Ì‡ ËÒ. 1 ‚ Ò‡‚ÌÂÌËË Ò
‡Ò˜ÂÚÌ˚Ï ÒÔÂÍÚÓÏ, ‚˚˜ËÒÎÂÌÌ˚ÏË ÔÓ„‡Ï-
ÏÓÈ FEFF [10] ‰Îfl ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó Ge Ò Û˜ÂÚÓÏ
ÏÌÓ„ÓÍ‡ÚÌÓ„Ó ‡ÒÒÂflÌËfl. àÁ ˝ÚËı ÌÓÏËÓ‚‡Ì-
Ì˚ı ÓÒˆËÎÎËÛ˛˘Ëı ˜‡ÒÚÂÈ ÔÛÚÂÏ Â¯ÂÌËfl Ó·-
‡ÚÌ˚ı Á‡‰‡˜ Ò ËÚÂ‡ˆËflÏË Ë ÔÓ·ÌÓÈ ÙÛÌÍˆËÂÈ,
‚ÁflÚÓÈ ‚ ‚Ë‰Â ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ èäî, ·˚ÎË
ÔÓÎÛ˜ÂÌ˚ èäî ˜ÂÚ‚ÂÚÓÈ ËÚÂ‡ˆËË (ËÁ ÔÓ·Ì˚ı
‡Ò˜ÂÚÓ‚ ·˚ÎÓ ‚˚flÒÌÂÌÓ, ˜ÚÓ 4 ËÚÂ‡ˆËË – ÓÔÚË-
Ï‡Î¸ÌÓÂ ÍÓÎË˜ÂÒÚ‚Ó ‰Îfl α = 2β = 0.05). èäî ÔÂ‰-
ÒÚ‡‚ÎÂÌ˚ Ì‡ ËÒ. 2 ‚ÏÂÒÚÂ Ò èäî, ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌ-

gn 1+ A*A 1 B+( )[ ] 1– A*u A*ABgn+( ),=

1340
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ÌÓÈ ËÁ “Á‡¯ÛÏÎÂÌÌ˚ı” ÏÓ‰ÂÎ¸Ì˚ı ‰‡ÌÌ˚ı (‰ÓÎfl
¯ÛÏ‡ 0.5% ÓÚ Ï‡ÍÒËÏÛÏ‡ Ó„Ë·‡˛˘ÂÈ). èÓÎÛ˜ÂÌ-
Ì˚Â Ô‡‡ÏÂÚ˚ ÎÓÍ‡Î¸ÌÓÈ ‡ÚÓÏÌÓÈ ÒÚÛÍÚÛ˚
ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ‚ Ú‡·ÎËˆÂ.

è‡‡ÏÂÚ˚ ÔÂ‚ÓÈ ÒÙÂ˚ ıÓÓ¯Ó ‚ÓÒÒÚ‡Ì‡‚-
ÎË‚‡˛ÚÒfl Í‡Í ËÁ ÏÓ‰ÂÎ¸Ì˚ı, Ú‡Í Ë ˝ÍÒÔÂËÏÂÌ-
Ú‡Î¸Ì˚ı ‰‡ÌÌ˚ı ‚ ÒÎÛ˜‡Â ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÒÓ-
ÒÚÓflÌËfl. Ç ‡ÏÓÙÌÓÏ ÒÓÒÚÓflÌËË ÒÂ‰ÌÂÂ ·ÎËÊ‡È-

1

2

3

0.25

0.20

0.15

0.10

0.05

0.00

–0.05
3 5 15131197

χ(k), ÓÚÌ. Â‰.

k, Å–1

êËÒ. 1. çÓÏËÓ‚‡ÌÌ˚Â ÓÒˆËÎÎËÛ˛˘ËÂ ˜‡ÒÚË EX-
AFS-ÒÔÂÍÚÓ‚ Ì‡ GeK-Í‡Â ÔÓ„ÎÓ˘ÂÌËfl: 1 – ‡ÒÒ˜Ë-
Ú‡ÌÌ‡fl ËÁ ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍËı ‰‡ÌÌ˚ı Ò Û˜ÂÚÓÏ
‚ÍÎ‡‰‡ ÏÌÓ„ÓÍ‡ÚÌÓ„Ó ‡ÒÒÂflÌËfl; 2 – ˝ÍÒÔÂËÏÂÌ-
Ú‡Î¸Ì‡fl ‰Îfl ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÒÓÒÚÓflÌËfl; 3 – ˝ÍÒÔÂ-
ËÏÂÌÚ‡Î¸Ì‡fl ‰Îfl ‡ÏÓÙÌÓ„Ó ÒÓÒÚÓflÌËfl. äË‚˚Â 2 Ë
3 ÒÏÂ˘ÂÌ˚ Ì‡ 0.10 Ë 0.20, ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ.

1

3

4

32

28

24

20

12

4

0
1 2 87643

g(r), ÓÚÌ. Â‰.

16

8

5

2

r, Å

êËÒ. 2. è‡Ì˚Â ÍÓÂÎflˆËÓÌÌ˚Â ÙÛÌÍˆËË: 1 – ‡ÒÒ˜Ë-
Ú‡ÌÌ‡fl ËÁ ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍËı ‰‡ÌÌ˚ı; 2 – ‚ÓÒÒÚ‡-
ÌÓ‚ÎÂÌÌ‡fl ËÁ ‡Ò˜ÂÚÌÓÈ ÌÓÏËÓ‚‡ÌÌÓÈ ÓÒˆËÎÎËÛ˛-
˘ÂÈ ˜‡ÒÚË (ËÒ. 1′, 1);
3 – ‚ÓÒÒÚ‡ÌÓ‚ÎÂÌÌ‡fl ËÁ ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓÈ χ(k) ‰Îfl
ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÒÓÒÚÓflÌËfl (ËÒ. 1, 2); 4 – ‚ÓÒÒÚ‡ÌÓ‚-
ÎÂÌÌ‡fl ËÁ ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓÈ χ(k) ‰Îfl ‡ÏÓÙÌÓ„Ó ÒÓ-
ÒÚÓflÌËfl (ËÒ. 1, 3). äË‚˚Â 2, 3 Ë 4 ÒÏÂ˘ÂÌ˚ Ì‡ 8, 16 Ë
24, ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ.

è‡‡ÏÂÚ˚ ÍÓÓ‰ËÌ‡ˆËÓÌÌ˚ı ÒÙÂ, ÔÓÎÛ˜ÂÌÌ˚Â ËÁ èäî, ÔÓÒÎÂ Â¯ÂÌËfl Ó·‡ÚÌÓÈ Á‡‰‡˜Ë

ìÒÎÓ‚Ëfl R1, Ö N1 α1, Å β1 R2, Å N2 R3, Å N3

äËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍ‡fl
ÏÓ‰ÂÎ¸

2.450 4 0.070 1 4.001 12 4.692 12

ÇÓÒÒÚ‡ÌÓ‚ÎÂÌËÂ
ËÁ ÏÓ‰ÂÎ¸ÌÓÈ χ(k)

2.452 (0.005) 3.92 (0.20) 0.071 (0.010) 0.97 (0.04) 4.008 (0.008) 10.2 (1.0) 4.704 (0.010) 13.5 (1.5)

äËÒÚ‡ÎÎË˜ÂÒÍÓÂ
ÒÓÒÚÓflÌËÂ

2.447 (0.005) 3.86 (0.20) 0.072 (0.010) 0.97 (0.04) 4.008 (0.008) 8.0 (1.0) 4.700 (0.010) 7.2 (1.5)

ÄÏÓÙÌÓÂ ÒÓÒÚÓflÌËÂ 2.460 (0.005) 3.89 (0.20) 0.110 (0.010) 1.26 (0.04) – – – –

é·ÓÁÌ‡˜ÂÌËfl. á‰ÂÒ¸ Ri – ‡‰ËÛÒ˚ ÍÓÓ‰ËÌ‡ˆËÓÌÌ˚ı ÒÙÂ, Ni – ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÍÓÓ‰ËÌ‡ˆËÓÌÌ˚Â ˜ËÒÎ‡, σ1 – ÒÂ‰ÌÂÍ‚‡‰‡-
ÚË˜ÌÓÂ ÓÚÍÎÓÌÂÌËÂ ÏÂÊ‡ÚÓÏÌÓ„Ó ‡ÒÒÚÓflÌËfl, β1 = ÓÚÌÓ¯ÂÌËÂ Ô‡‚ÓÈ ÔÓÎÛ¯ËËÌ˚ ÔËÍ‡ Í ÎÂ‚ÓÈ – ÍÓ˝ÙÙËˆËÂÌÚ ‡ÒËÏÏÂÚËË.
Ç ÒÍÓ·Í‡ı ÛÍ‡Á‡Ì˚ ÔÓ„Â¯ÌÓÒÚË
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¯ÂÂ ÏÂÊ‡ÚÓÏÌÓÂ ‡ÒÒÚÓflÌËÂ ·ÓÎ¸¯Â Ì‡ 0.01 Å,
‡ÒÔÂ‰ÂÎÂÌËÂ ‡ÒÒÚÓflÌËÈ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ¯ËÂ Ë
ËÏÂÂÚ ‡ÒËÏÏÂÚË˜ÌÛ˛ ÙÓÏÛ (ËÒ. 2 Ë Ú‡·ÎËˆ‡),
˜ÚÓ ‚ ÔÂ‰ÂÎ‡ı Ó¯Ë·ÓÍ Ì‡ıÓ‰ËÚÒfl ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË
Ò ‰‡ÌÌ˚ÏË [5–8]. è‡‡ÏÂÚ˚ 2- Ë 3- ÍÓÓ‰ËÌ‡ˆË-
ÓÌÌ˚ı ÒÙÂ ÓÔÂ‰ÂÎfl˛ÚÒfl ÌÂÛ‚ÂÂÌÌÓ (ÍÓÏÂ ÏÂ-
Ê‡ÚÓÏÌ˚ı ‡ÒÒÚÓflÌËÈ), ˜ÚÓ Ò‚flÁ‡ÌÓ Ò ÌÂÛ˜ÂÚÓÏ
‚ÍÎ‡‰‡ ÏÌÓ„ÓÍ‡ÚÌÓ„Ó ‡ÒÒÂflÌËfl (ÓÌ ÓÒÓ·ÂÌÌÓ ‚Â-
ÎËÍ ‰Îfl ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÒÓÒÚÓflÌËfl Ë ÒÛ˘ÂÒÚ-
‚ÂÌÌÓ ÏÂÌ¸¯Â ‰Îfl ‡ÏÓÙÌÓ„Ó).

áÄäãûóÖçàÖ

èÓ‚Â‰ÂÌ˚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Â EXAFS-ËÒÒÎÂ-
‰Ó‚‡ÌËfl ÔÎÂÌÓÍ ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó Ë ‡ÏÓÙÌÓ„Ó
„ÂÏ‡ÌËfl, ÔÓÎÛ˜ÂÌÌ˚ı ÏÂÚÓ‰ÓÏ ËÓÌÌÓ„Ó ÍÎ‡ÒÚÂ-
ÌÓ„Ó ‡ÒÔ˚ÎÂÌËfl. èÓÎÛ˜ÂÌ˚ ÌÓÏËÓ‚‡ÌÌ˚Â ÓÒ-
ˆËÎÎËÛ˛˘ËÂ ˜‡ÒÚË Ë Â¯ÂÌ‡ Ó·‡ÚÌ‡fl Á‡‰‡˜‡ ÔÓ
‚ÓÒÒÚ‡ÌÓ‚ÎÂÌË˛ èäî ÏÂÚÓ‰ÓÏ, ÓÒÌÓ‚‡ÌÌ˚Ï Ì‡
Â„ÛÎflÌÓÏ ‡Î„ÓËÚÏÂ [11] Ò ÔÓ·Ì˚ÏË ÙÛÌÍˆËfl-
ÏË Ë ËÚÂ‡ˆËflÏË. ùÚÓÚ ÏÂÚÓ‰ ÔÓÍ‡Á‡Î Ò‚Ó˛ ˝Ù-
ÙÂÍÚË‚ÌÓÒÚ¸ ÔË Â¯ÂÌËË Ó·‡ÚÌÓÈ Á‡‰‡˜Ë ‰Îfl Ó‰-
ÌÓÍÓÏÔÓÌÂÌÚÌÓ„Ó Ï‡ÚÂË‡Î‡. éÌ ÏÓÊÂÚ ·˚Ú¸ ËÒ-
ÔÓÎ¸ÁÓ‚‡Ì ‰Îfl ËÒÒÎÂ‰Ó‚‡ÌËfl ÏÂÚÓ‰ÓÏ EXAFS-
ÒÔÂÍÚÓÒÍÓÔËË ÎÓÍ‡Î¸ÌÓÈ ‡ÚÓÏÌÓÈ ÒÚÛÍÚÛ˚ ·Ë-
Ì‡Ì˚ı ÒÓÂ‰ËÌÂÌËÈ ‚ ‡ÁÎË˜Ì˚ı ÒÚÛÍÚÛÌ˚ı ÒÓ-
ÒÚÓflÌËflı.
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The Local Atomic Structure of the Crystalline and Disordered Gemanium 
by Data of Exafs-spectroscopy Study

A. N. Deev, R. G. Valeev, Yu. A. Babanov, Yu. V. Rutz, 
P. N. Krylov, V. M. Kobziev

The local atomic structure of crystalline and amorphous Ge layers evaporated by the ion-cluster sputtering
method onto the polyimid substrate was studied by EXAFS. The new approach to solve the inverse EXAFS
problem by Tikhonov’s regularization method with trial function and iterations was proposed. Pair correlation
functions and parameters of the first of three coordination sphere (bond lengths, coordination numbers, mean-
square deviations and asymmetry parameters) for crystalline and amorphous states of material were deter-
mined.


