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QuantumQuantum

ElectronicsElectronics

DivisionDivision Ⱦɢɚɝɧɨɫɬɢɤɚ
 

ɢ
 

ɦɟɬɨɞɵ
 

ɢɫɫɥɟɞɨɜɚɧɢɹ
 ɧɚɧɨɨɛɴɟɤɬɨɜ

 

ɢ
 

ɧɚɧɨɫɢɫɬɟɦ

ȼ.ɂ. ɉȺɇɈȼ

ɆȽɍ
 

ɢɦ. Ɇ. ȼ. Ʌɨɦɨɧɨɫɨɜɚ
Ɏɢɡɢɱɟɫɤɢɣ

 

ɮɚɤɭɥɶɬɟɬ
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ȼ
 

ɧɚɫɬɨɹɳɟɟ
 

ɜɪɟɦɹ
 

ɢɦɟɟɬɫɹ
 

ɨɝɪɨɦɧɨɟ
 

ɱɢɫɥɨ
 

ɦɟɬɨɞɨɜ
ɞɢɚɝɧɨɫɬɢɤɢ

 

ɢ
 

ɦɟɬɨɞɢɤ
 

ɢɫɫɥɟɞɨɜɚɧɢɹ, ɩɪɟɞɧɚɡɧɚɱɟɧɧɵɯ
ɞɥɹ

 

ɨɩɪɟɞɟɥɟɧɢɹ
 

ɪɚɡɥɢɱɧɵɯ
 

ɯɚɪɚɤɬɟɪɢɫɬɢɤ
 

ɢɡɭɱɚɟɦɵɯ
ɫɢɫɬɟɦ. ɉɪɢ

 

ɢɯ
 

ɩɪɢɦɟɧɟɧɢɢ
 

ɧɟɨɛɯɨɞɢɦɨ
 

ɭɱɢɬɵɜɚɬɶ
ɫɩɟɰɢɮɢɤɭ

 

ɨɛɴɟɤɬɨɜ
 

ɧɚɧɨɦɟɬɪɨɜɨɣ
 

ɝɟɨɦɟɬɪɢɢ
 

ɢ
ɨɫɨɛɟɧɧɨɫɬɢ

 

ɩɪɨɬɟɤɚɸɳɢɯ
 

ɜ
 

ɧɢɯ
 

ɩɪɨɰɟɫɫɨɜ.

Ⱦɢɚɝɧɨɫɬɢɤɚ
 

ɧɚɧɨɫɢɫɬɟɦ
 

ɢ
 

ɧɚɧɨɦɚɬɟɪɢɚɥɨɜ
 

ɞɨɥɠɧɚ
ɨɛɟɫɩɟɱɢɜɚɬɶ

 

ɧɚɢɛɨɥɟɟ
 

ɩɨɥɧɭɸ
 

ɢɧɮɨɪɦɚɰɢɸ
 

ɨɛ
 

ɢɯ
ɨɫɧɨɜɧɵɯ

 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ
 

ɢ
 

ɨ
 

ɩɪɨɬɟɤɚɸɳɢɯ
 

ɜ
 

ɧɢɯ
ɩɪɨɰɟɫɫɚɯ.

Ⱦɢɚɝɧɨɫɬɢɤɚ
 

ɢ
 

ɦɟɬɨɞɵ
 

ɢɫɫɥɟɞɨɜɚɧɢɹ
 ɧɚɧɨɨɛɴɟɤɬɨɜ

 

ɢ
 

ɧɚɧɨɫɢɫɬɟɦ
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•
 

Ɉɩɬɢɱɟɫɤɢɟ
 

ɢ
 

ɧɟɥɢɧɟɣɧɨ-ɨɩɬɢɱɟɫɤɢɟ
ɦɟɬɨɞɵ

 

ɢɫɫɥɟɞɨɜɚɧɢɹ
 

ɢ
 

ɞɢɚɝɧɨɫɬɢɤɢ

•
 

ɇɚɧɨɞɢɚɝɧɨɫɬɢɤɚ
 

ɢ
 

ɥɨɤɚɥɶɧɵɣ
 

ɚɧɚɥɢɡ
 

ɫ
ɩɨɦɨɳɶɸ

 

ɷɥɟɤɬɪɨɧɧɵɯ
 

ɢ
 

ɢɨɧɧɵɯ
 

ɩɭɱɤɨɜ

•
 

ɋɤɚɧɢɪɭɸɳɚɹ
 

ɡɨɧɞɨɜɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
 

ɢ
ɫɩɟɤɬɪɨɫɤɨɩɢɹ

Ⱦɢɚɝɧɨɫɬɢɤɚ
 

ɢ
 

ɦɟɬɨɞɵ
 

ɢɫɫɥɟɞɨɜɚɧɢɹ
 ɧɚɧɨɨɛɴɟɤɬɨɜ

 

ɢ
 

ɧɚɧɨɫɢɫɬɟɦ



Ɉɩɬɢɱɟɫɤɨɟ
 

ɪɚɡɪɟɲɟɧɢɟ
Ɉɬ

 

ɦɢɥɥɢɦɟɬɪɨɜ
 

ɞɨ
 

ɧɚɧɨɦɟɬɪɨɜ
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Ƚɥɚɡ
 

–

 

ɪɚɡɪɟɲɚɸɳɚɹ
 

ɫɩɨɫɨɛɧɨɫɬɶ
 

10-4

 

ɦ

Ʌɭɩɚ
 

–

 

ɪɚɡɪɟɲɚɸɳɚɹ
ɫɩɨɫɨɛɧɨɫɬɶ

 

10-5

 

ɦ

Ɉɩɬɢɱɟɫɤɢɣ
 

ɦɢɤɪɨɫɤɨɩ
 

–

 

ɪɚɡɪɟɲɚɸɳɚɹ
 

ɫɩɨɫɨɛɧɨɫɬɶ
 

10-7

 

ɦ

ɋɤɚɧɢɪɭɸɳɢɣ
 

ɦɢɤɪɨɫɤɨɩ
 

ɛɥɢɠɧɟɝɨ
 

ɩɨɥɹ
 

–

 

ɪɚɡɪɟɲɚɸɳɚɹ
 

ɫɩɨɫɨɛɧɨɫɬɶ
 

10-8

 

- 10-9

 

ɦ
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Ɉɩɬɢɱɟɫɤɢɟ
 

ɢ
 

ɧɟɥɢɧɟɣɧɨ-ɨɩɬɢɱɟɫɤɢɟ
 ɦɟɬɨɞɵ

 

ɢɫɫɥɟɞɨɜɚɧɢɹ
 

ɢ
 

ɞɢɚɝɧɨɫɬɢɤɢ

(2)
χ

Surf

Bulk

(2)
χ

ω
n

2ω

Ʉɨɧɮɨɤɚɥɶɧɚɹ
 ɦɢɤɪɨɫɤɨɩɢɹ
ɇɟɥɢɧɟɣɧɨ-

 ɨɩɬɢɱɟɫɤɢɟ
 ɦɟɬɨɞɵ

Ɉɩɬɢɱɟɫɤɚɹ
 ɦɢɤɪɨɫɤɨɩɢɹ:

ɢɧɜɟɪɫɢɹ,

ɧɚɛɥɸɞɟɧɢɟ
 

ɜ
 ɩɪɨɯɨɞɹɳɟɦ

 

ɢ
 ɨɬɪɚɠɟɧɧɨɦ

 ɫɜɟɬɟ, 

ɮɚɡɨɜɵɣ
 ɤɨɧɬɪɚɫɬ, 

ɬɟɦɧɨɟ
 

ɩɨɥɟ
 

ɢ
 ɞɪ.
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Ʉɨɧɮɨɤɚɥɶɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
ȼɨɡɦɨɠɧɨɫɬɢ, ɞɨɫɬɨɢɧɫɬɜɚ, ɨɫɨɛɟɧɧɨɫɬɢ

 ɢ
 

ɨɝɪɚɧɢɱɟɧɢɹ

Ʉɨɧɮɨɤɚɥɶɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ

 

ɨɛɟɫɩɟɱɢɜɚɟɬ

 

ɭɜɟɥɢɱɟɧɢɟ

 

ɤɨɧɬɪɚɫɬɚ
ɢɡɨɛɪɚɠɟɧɢɹ

 

ɡɚ

 

ɫɱɟɬ

 

ɮɨɤɭɫɢɪɨɜɚɧɢɹ

 

ɢɡɥɭɱɟɧɢɹ

 

ɩɨɞɫɜɟɬɤɢ

 

ɫ

 

ɩɨɦɨɳɶɸ
ɨɛɴɟɤɬɢɜɚ

 

ɜ

 

ɦɢɤɪɨɨɛɥɚɫɬɶ

 

ɚɧɚɥɢɡɚ

 

ɢ

 

ɡɚ

 

ɫɱɟɬ

 

ɪɚɡɦɟɳɟɧɢɹ

 

ɞɢɚɮɪɚɝɦɵ

 

ɜ
ɩɥɨɫɤɨɫɬɢ

 

ɧɚɛɥɸɞɟɧɢɹ

 

ɩɟɪɟɞ

 

ɮɨɬɨɞɟɬɟɤɬɨɪɨɦ. Ɍɚɤɨɟ

 

ɭɜɟɥɢɱɟɧɢɟ
ɤɨɧɬɪɚɫɬɧɨɫɬɢ

 

ɩɪɢɜɨɞɢɬ

 

ɤ

 

ɜɨɡɦɨɠɧɨɫɬɢ

 

ɪɚɡɪɟɲɟɧɢɹ

 

ɨɛɴɟɤɬɨɜ, ɢɦɟɸɳɢɯ
ɪɚɡɥɢɱɢɟ

 

ɜ

 

ɢɧɬɟɧɫɢɜɧɨɫɬɢ

 

ɞɨ

 

200:1. 

ȼ ɤɨɧɮɨɤɚɥɶɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ

 

ɧɟɫɤɨɥɶɤɨ

 

ɭɥɭɱɲɚɟɬɫɹ

 

ɪɚɡɪɟɲɟɧɢɟ

 

ɜ
ɩɥɨɫɤɨɫɬɢ

 

ɨɛɴɟɤɬɚ

 

(ɜ

 

1.5 ɪɚɡɚ) ɢ

 

ɞɨɫɬɢɝɚɟɬɫɹ

 

ɜɵɫɨɤɨɟ

 

ɪɚɡɪɟɲɟɧɢɟ

 

ɜɞɨɥɶ
ɨɩɬɢɱɟɫɤɨɣ

 

ɨɫɢ.

Ʉɨɧɮɨɤɚɥɶɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ

 

ɩɨɡɜɨɥɹɟɬ

 

ɜ

 

ɪɹɞɟ

 

ɫɥɭɱɚɟɜ

 

ɩɨɥɭɱɚɬɶ
ɬɪɟɯɦɟɪɧɵɟ

 

ɪɟɤɨɧɫɬɪɭɤɰɢɢ

 

ɨɛɴɟɤɬɨɜ.

Ʉɨɧɮɨɤɚɥɶɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ

 

ɬɪɟɛɭɟɬ

 

ɩɪɢɦɟɧɟɧɢɹ

 

ɫɯɟɦ

 

ɫɤɚɧɢɪɨɜɚɧɢɹ
ɥɢɛɨ

 

ɩɭɬɟɦ

 

ɩɟɪɟɦɟɳɟɧɢɹ

 

ɨɛɪɚɡɰɚ

 

ɥɢɛɨ

 

ɩɭɬɟɦ

 

ɩɟɪɟɫɬɪɨɣɤɢ

 

ɨɩɬɢɱɟɫɤɨɣ
ɫɢɫɬɟɦɵ. ɉɪɢɦɟɧɟɧɢɟ

 

ɫɤɚɧɢɪɨɜɚɧɢɹ

 

ɩɨɡɜɨɥɹɟɬ

 

ɭɜɟɥɢɱɢɬɶ

 

ɩɨɥɟ

 

ɡɪɟɧɢɹ

 

ɩɨ
ɫɪɚɜɧɟɧɢɸ

 

ɫ

 

ɨɛɵɱɧɵɦɢ

 

ɨɩɬɢɱɟɫɤɢɦɢ

 

ɦɢɤɪɨɫɤɨɩɚɦɢ.

ɉɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ
 

ɪɚɡɪɟɲɟɧɢɟ
 

ɤɨɧɮɨɤɚɥɶɧɨɣ

 

ɦɢɤɪɨɫɤɨɩɢɢ

 

ɨɫɬɚɟɬɫɹ
ɬɨɝɨ

 

ɠɟ

 

ɩɨɪɹɞɤɚ, ɱɬɨ

 

ɢ

 

ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ

 

ɪɚɡɪɟɲɟɧɢɟ

 

ɨɛɵɱɧɨɣ
(«ɲɢɪɨɤɨɩɨɥɶɧɨɣ») ɨɩɬɢɱɟɫɤɨɣ

 

ɦɢɤɪɨɫɤɨɩɢɢ.



F(d)
d

ɎɗɍǼȅǻ

ȌȐȈȜȘȈȋȔȈ

șȊȍȚȖȜȐȓȤȚȘ

ȓȈȏȍȘ

ȌȐȈȜȘȈȋȔȈ

șȊȍȚȖ-

 

ȜȐȓȤȚȘ

ȜȖȒȈȓȤȕȣȍ

 

ȗȓȖșȒȖșȚȐ
ȖȉȘȈȏȍȞ

ȖȉȢȍȒȚȐȊ

ȌȐȝȘȖȐȟȕȖȍ

 

ȏȍȘȒȈȓȖ

Ȝ
 

em

Ȝ
 

ex
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Ʉɨɧɮɨɤɚɥɶɧɵɣ
 

ɦɢɤɪɨɫɤɨɩ
ɉɪɢɧɰɢɩ

 

ɞɟɣɫɬɜɢɹ
 

–

 

ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɚɹ
 

ɮɢɥɶɬɪɚɰɢɹ
 ɢɡɥɭɱɟɧɢɹ, ɢɞɭɳɟɝɨ

 

ɧɟ
 

ɢɡ
 

ɮɨɤɭɫɚ

rlat

 

= 0.6Ȝ
NA

rlat

 

= 0.4Ȝ
NA

raxial

 

= 1.4Ȝh
NA2

raxial

 

= 2Ȝh
NA2

ȖȚșȍȒȈȍȔȈȧ

 

ȟȈșȚȤ

 

șȊȍȚȈ
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Ʉɨɧɮɨɤɚɥɶɧɵɣ
 

ɦɢɤɪɨɫɤɨɩ
ɋɚɦɨɟ

 

ɝɥɚɜɧɨɟ
 

ɩɪɟɢɦɭɳɟɫɬɜɨ
 

–

 ɜɨɡɦɨɠɧɨɫɬɶ
 

ɩɨɫɬɪɨɟɧɢɹ
 

ɬɪɟɯɦɟɪɧɵɯ
 

ɢɡɨɛɪɚɠɟɧɢɣ

Ɋɟɤɨɧɫɬɪɭɢɪɨɜɚɧɧɨɟ

 
3D-ɢɡɨɛɪɚɠɟɧɢɟ

 
ɡɟɪɧɚ

 

ɩɵɥɶɰɵ

Ʉɨɧɮɨɤɚɥɶɧɨɟ

 

ɢɡɨɛɪɚɠɟɧɢɟ
ɜɟɡɢɤɭɥ

 

ɜ

 

ɫɢɧɚɩɫɚɯ

ɉɨɜɵɲɟɧɢɟ

 

ɤɨɧɬɪɚɫɬɚ
ɢɡɨɛɪɚɠɟɧɢɹ

 

ɡɚ

 

ɫɱɟɬ

 

ɨɬɫɭɬɫɬɜɢɹ
ɮɨɧɨɜɨɣ

 

ɡɚɫɜɟɬɤɢ

 

ɨɬ

 

ɭɱɚɫɬɤɨɜ, 

ɪɚɫɩɨɥɨɠɟɧɧɵɯ

 

ɧɟ

 

ɜ

 

ɮɨɤɭɫɟ

500ɧɦ
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ɋɜɟɪɯɪɚɡɪɟɲɚɸɳɚɹ
 

ɨɩɬɢɱɟɫɤɚɹ
 ɦɢɤɪɨɫɤɨɩɢɹ

Ɉɬ
 

ɨɩɬɢɱɟɫɤɨɣ
 

ɦɢɤɪɨɫɤɨɩɢɢ
 

ɤ
 

ɨɩɬɢɱɟɫɤɨɣ
 

ɧɚɧɨɫɤɨɩɢɢ

Leica

 

TCS STED

ɉɟɪɜɵɣ

 

ɤɨɦɦɟɪɱɟɫɤɢ

 

ɞɨɫɬɭɩ-

 
ɧɵɣ

 

ɫɜɟɬɨɜɨɣ

 

ɦɢɤɪɨɫɤɨɩ, 

ɩɨɡɜɨɥɹɸɳɢɣ

 

ɢɡɭɱɚɬɶ

 

ɞɟɬɚɥɢ

 
ɨɛɴɟɤɬɨɜ

 

ɫ

 

ɪɚɡɪɟɲɟɧɢɟɦ, 

ɩɪɟɜɵɲɚɸɳɢɦ

 

100 ɧɦ:

-

 

XY-ɪɚɡɪɟɲɟɧɢɟ

 

90 ɧɦ
- Z-ɪɚɡɪɟɲɟɧɢɟ

 

ɨɤɨɥɨ

 

500 ɧɦ
Leica

 

Microsystems, Ƚɟɪɦɚɧɢɹ

ɉɪɢɧɰɢɩ

 

ɞɟɣɫɬɜɢɹ

 
STED:

ɩɪɢɧɭɞɢɬɟɥɶɧɨɟ

 
ɨɛɟɞɧɟɧɢɟ

 
ɜɨɡɛɭɠɞɟɧɧɵɯ

 
ɭɪɨɜɧɟɣ

 

ɥɚɡɟɪɧɵɦ

 
ɢɦɩɭɥɶɫɨɦ

ɋɪɚɜɧɟɧɢɟ

 

STED-

ɢɡɨɛɪɚɠɟɧɢɹ

 

ɢ

 
ɨɛɵɱɧɨɝɨ

 
ɤɨɧɮɨɤɚɥɶɧɨɝɨ

 
ɢɡɨɛɪɚɠɟɧɢɹ

 

ɛɚɤɬɟɪɢɢ



Ʉɨɧɮɨɤɚɥɶɧɵɟ
 

ɦɢɤɪɨɫɤɨɩɵ
Ⱦɜɚ

 

ɩɪɢɦɟɪɚ
 

ɢɡ
 

ɲɢɪɨɤɨɝɨ
 

ɫɩɟɤɬɪɚ
 

ɩɪɢɛɨɪɨɜ, 

ɩɪɟɞɥɚɝɚɟɦɵɯ
 

ɩɪɨɢɡɜɨɞɢɬɟɥɹɦɢ

ɨɛɴɟɤɬɢɜ

Nanofinder

 

S

3D ɫɤɚɧɢɪɭɸɳɢɣ

 

ɤɨɧɮɨɤɚɥɶɧɵɣ

 
ɦɢɤɪɨɫɤɨɩ

 

ɫɨ

 

ɫɩɟɤɬɪɨɦɟɬɪɨɦ
Ɉɞɧɨɜɪɟɦɟɧɧɵɣ

 

/ ɦɧɨɝɨɮɭɧɤ-

 
ɰɢɨɧɚɥɶɧɵɣ

 

ɚɧɚɥɢɡ:
-

 

ɪɚɦɚɧɨɜɫɤɢɟ

 

ɢɡɦɟɪɟɧɢɹ
-

 

ɥɸɦɢɧɟɫɰɟɧɬɧɵɟ

 

ɢɡɦɟɪɟɧɢɹ
-

 

ɢɡɦɟɪɟɧɢɹ

 

ɥɚɡɟɪɧɨɝɨ

 

ɨɬɪɚɠɟɧɢɹ

 

ɢ

 
ɩɪɨɩɭɫɤɚɧɢɹ
ɋɈɅȺɊ

 

Ɍɂɂ, Ȼɟɥɚɪɭɫɶ

Olympus

 

FLUOVIEW

ɋɟɦɟɣɫɬɜɨ

 

ɤɨɧɮɨɤɚɥɶɧɵɯ

 

ɥɚɡɟɪɧɵɯ
ɫɤɚɧɢɪɭɸɳɢɯ

 

ɛɢɨɥɨɝɢɱɟɫɤɢɯ

 

ɦɢɤɪɨ-

ɫɤɨɩɨɜ

 
ɇɚɛɥɸɞɟɧɢɟ

 

ɲɢɪɨɤɨɝɨ

 

ɤɪɭɝɚ

 

ɨɛɴɟɤɬɨɜ:

-

 

ɪɚɛɨɬɚ

 

ɨɞɧɨɜɪɟɦɟɧɧɨ

 

ɫ

 

ɬɪɟɦɹ
ɜɨɡɛɭɠɞɚɸɳɢɦɢ

 

ɥɚɡɟɪɚɦɢ
-ɨɞɧɨɜɪɟɦɟɧɧɨɟ

 

ɞɟɬɟɤɬɢɪɨɜɚɧɢɟ
ɥɸɦɢɧɟɫɰɟɧɰɢɢ

 

ɜ

 

ɱɟɬɵɪɟɯ

 

ɫɩɟɤɬɪɚɥɶɧɵɯ
ɞɢɚɩɚɡɨɧɚɯ

 

ɢ

 

ɜ

 

ɩɪɨɯɨɞɹɳɟɦ

 

ɫɜɟɬɟ
Olympus

 

Optical

 

Co., əɩɨɧɢɹ

MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

(2)
χ

Surf

Bulk

(2)
χ

ω
n

2ω

ɇɟɥɢɧɟɣɧɨ-ɨɩɬɢɱɟɫɤɢɟ
 

ɦɟɬɨɞɵ
 

ɞɢɚɝɧɨɫɬɢɤɢ
 ɩɨɜɟɪɯɧɨɫɬɢ

 

ɢ
 

ɧɚɧɨɫɬɪɭɤɬɭɪ

ȼ
 

ɥɢɧɟɣɧɨɣ
 

ɨɩɬɢɤɟ
 

ɜ
 

ɜɨɥɧɨɜɨɣ
 

ɡɨɧɟ
 

ɨɬɪɚɠɟɧɧɵɣ
 

ɫɜɟɬ
 

ɫɨɞɟɪɠɢɬ
ɢɧɮɨɪɦɚɰɢɸ

 

ɨɬ
 

ɫɥɨɹ
 

ɬɨɥɳɢɧɨɣ
 

ɩɨɪɹɞɤɚ
 

ɞɥɢɧɵ
 

ɫɜɟɬɨɜɨɣ
 

ɜɨɥɧɵ
 

~ 1000 

ɧɦ
 

ɜɤɥɸɱɚɹ
 

ɩɨɜɟɪɯɧɨɫɬɧɵɟ
 

ɫɥɨɢ
 

~ 1 ɧɦ. ɉɨɷɬɨɦɭ
 

ɜɤɥɚɞ
 

ɫɢɝɧɚɥɚ
 

ɨɬ
ɩɨɜɟɪɯɧɨɫɬɢ

 

ɢ
 

ɩɨɜɟɪɯɧɨɫɬɧɵɯ
 

ɧɚɧɨɫɬɪɭɤɬɭɪ
 

ɦɚɥ
 

ɧɚ
 

ɮɨɧɟ
 

ɨɬɪɚɠɟɧɧɨɝɨ
ɫɜɟɬɚ. 

ɉɪɢ
 

ɧɟɥɢɧɟɣɧɨ-ɨɩɬɢɱɟɫɤɨɦ
 

ɨɬɪɚɠɟɧɢɢ
 

ɫɜɟɬ
 

ɦɨɠɟɬ
 

ɫɨɞɟɪɠɚɬɶ
ɢɧɮɨɪɦɚɰɢɸ

 

ɜ
 

ɨɫɧɨɜɧɨɦ
 

ɨɬ
 

ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ
 

ɫɥɨɹ. 

Ɇɟɬɨɞ
 

ɨɫɧɨɜɚɧ
 

ɧɚ
 

ɧɟɥɢɧɟɣɧɨ-

ɨɩɬɢɱɟɫɤɨɦ
 

ɨɬɪɚɠɟɧɢɢ
 

ɫɜɟɬɚ
 

ɫ
ɭɞɜɨɟɧɢɟɦ

 

ɨɩɬɢɱɟɫɤɨɣ
 

ɱɚɫɬɨɬɵ.

ɂɧɮɨɪɦɚɰɢɹ
 

ɨ
 

ɦɨɪɮɨɥɨɝɢɢ, 

ɫɢɦɦɟɬɪɢɢ, ɫɩɟɤɬɪɟ
 

ɩɨɜɟɪɯɧɨɫɬɧɵɯ
ɫɨɫɬɨɹɧɢɣ

 

ɢ
 

ɞɪ. ɢɡɜɥɟɤɚɟɬɫɹ
 

ɢɡ
ɫɩɟɤɬɪɨɜ

 

ɢɧɬɟɧɫɢɜɧɨɫɬɢ
 

ɢ
 

ɮɚɡɵ
ɨɬɪɚɠɟɧɧɨɣ

 

ɜɬɨɪɨɣ
 

ɝɚɪɦɨɧɢɤɢ
ɫɜɟɬɚ, ɢɫɬɨɱɧɢɤɨɦ

 

ɤɨɬɨɪɨɣ
 

ɹɜɥɹɟɬɫɹ
ɩɨɜɟɪɯɧɨɫɬɧɵɣ

 

ɫɥɨɣ
 

ɫ
 

ɬɨɥɳɢɧɨɣ
 

ɧɟ
ɛɨɥɶɲɟ

 

1 ɧɦ.

ɩɨɜɟɪɯɧɨɫɬɧɵɣ

 
ɫɥɨɣ

 

~ 1ɧɦ

ɨɛɴɟɦɧɵɣ

 
ɫɥɨɣ

 

~ 1000ɧɦ



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ɇɟɥɢɧɟɣɧɨ-ɨɩɬɢɱɟɫɤɢɟ
 

ɦɟɬɨɞɵ
 

ɞɢɚɝɧɨɫɬɢɤɢ
 ɩɨɜɟɪɯɧɨɫɬɢ

 

ɢ
 

ɧɚɧɨɫɬɪɭɤɬɭɪ

Ȧ 2Ȧ
Ɏɨɪɦɢɪɨɜɚɧɢɟ

 

ɜɬɨɪɨɣ
 

ɝɚɪɦɨɧɢɤɢ
 

ɫɜɟɬɚ
ɧɚ

 

ɩɨɜɟɪɯɧɨɫɬɢ
 

ɫɜɹɡɚɧɨ
 

ɫ
ɫɢɦɦɟɬɪɢɣɧɵɦɢ

 

ɩɪɚɜɢɥɚɦɢ
 

ɡɚɩɪɟɬɚ
 

ɞɥɹ
ɩɪɨɰɟɫɫɨɜ

 

ɝɟɧɟɪɚɰɢɢ
 

ɜɬɨɪɨɣ
 

ɝɚɪɦɨɧɢɤɢ
ɜ

 

ɨɛɴɟɦɟ
 

ɰɟɧɬɪɨɫɢɦɦɟɬɪɢɱɧɵɯ
 

ɫɪɟɞ. 

Ɉɫɨɛɟɧɧɨɫɬɢ
 

ɦɟɬɨɞɚ:

Ɉɛɥɚɫɬɢ
 

ɩɪɢɦɟɧɟɧɢɹ
 

ɦɟɬɨɞɚ:

Ⱦɢɫɬɚɧɰɢɨɧɧɨɫɬɶ
 

–

 

ɜɨɡɛɭɠɞɟɧɢɟ

 

ɥɚɡɟɪɧɵɦ

 

ɩɭɱɤɨɦ. 
ɇɟɥɨɤɚɥɶɧɨɫɬɶ

 

–

 

ɥɚɬɟɪɚɥɶɧɨɟ

 

ɪɚɡɪɟɲɟɧɢɟ
ɨɩɪɟɞɟɥɹɟɬɫɹ

 

ɲɢɪɢɧɨɣ

 

ɩɚɞɚɸɳɟɝɨ

 

ɩɭɱɤɚ

 

ɨɩɬɢɱɟɫɤɨɝɨ
ɢɡɥɭɱɟɧɢɹ.

ɂɫɫɥɟɞɨɜɚɧɢɟ, ɞɢɚɝɧɨɫɬɢɤɚ
 

ɢ
 

ɤɚɪɬɢɪɨɜɚɧɢɟ
ɩɨɜɟɪɯɧɨɫɬɢ, ɩɨɜɟɪɯɧɨɫɬɧɵɯ

 

ɧɚɧɨɫɬɪɭɤɬɭɪ, 
ɦɟɬɚɦɚɬɟɪɢɚɥɨɜ

 

ɢ

 

ɮɨɬɨɧɧɵɯ

 

ɤɪɢɫɬɚɥɥɨɜ. 



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ɇɚɧɨɞɢɚɝɧɨɫɬɢɤɚ
 

ɢ
 

ɥɨɤɚɥɶɧɵɣ
 

ɚɧɚɥɢɡ
 

ɫ
 ɩɨɦɨɳɶɸ

 

ɷɥɟɤɬɪɨɧɧɵɯ
 

ɢ
 

ɢɨɧɧɵɯ
 

ɩɭɱɤɨɜ

Ʌɨɤɚɥɶɧɨɫɬɶ
 

-

 

ɜ
 

ɞɢɚɝɧɨɫɬɢɤɟ
 

ɷɬɨ
 

ɪɚɡɦɟɪ
 

ɨɛɥɚɫɬɢ
 ɢɡɭɱɚɟɦɨɝɨ

 

ɨɛɴɟɤɬɚ, ɫ
 

ɤɨɬɨɪɨɣ
 

ɪɟɝɢɫɬɪɢɪɭɟɬɫɹ
 

ɫɢɝɧɚɥ, 

ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɣ
 

ɢɡɦɟɪɹɟɦɵɟ
 

ɩɚɪɚɦɟɬɪɵ
 

ɨɛɴɟɤɬɚ. 

ȼɨɡɛɭɠɞɚɸɳɟɟ
 

ɢɡɥɭɱɟɧɢɟ ɉɪɨɞɨɥɶɧɚɹ
 

ɥɨɤɚɥɶɧɨɫɬɶ

ɉɨɩɟɪɟɱɧɚɹ
 

(ɥɚɬɟɪɚɥɶɧɚɹ) 

ɥɨɤɚɥɶɧɨɫɬɶ



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ɂɫɩɨɥɶɡɨɜɚɧɢɟ
 

ɷɥɟɤɬɪɨɧɧɵɯ
 

ɩɭɱɤɨɜ
 

ɞɥɹ
ɞɢɚɝɧɨɫɬɢɤɢ

 

ɢ
 

ɦɢɤɪɨɚɧɚɥɢɡɚ

Ⱦɢɚɝɧɨɫɬɢɤɚ Ɇɢɤɪɨɚɧɚɥɢɡ

ȼ
 

ɨɫɧɨɜɧɨɦ
 

ɭɩɪɭɝɢɟ
 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ
ɇɟɭɩɪɭɝɢɟ

 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ

ɉɪɨɫɜɟɱɢɜɚɸɳɚɹɉɪɨɫɜɟɱɢɜɚɸɳɚɹ
 ɷɥɟɤɬɪɨɧɧɚɹɷɥɟɤɬɪɨɧɧɚɹ

 ɦɢɤɪɨɫɤɨɩɢɹɦɢɤɪɨɫɤɨɩɢɹ
 

((ɉɗɆɉɗɆ) ) 

ɋɤɚɧɢɪɭɸɳɚɹɋɤɚɧɢɪɭɸɳɚɹ
 ɷɥɟɤɬɪɨɧɧɚɹɷɥɟɤɬɪɨɧɧɚɹ

 ɦɢɤɪɨɫɤɨɩɢɹɦɢɤɪɨɫɤɨɩɢɹ
 

((ɋɗɆɋɗɆ))

ɗɥɟɤɬɪɨɧɨɝɪɚɮɢɹɗɥɟɤɬɪɨɧɨɝɪɚɮɢɹ

ɋɩɟɤɬɪɨɫɤɨɩɢɹɋɩɟɤɬɪɨɫɤɨɩɢɹ
 

ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɢɯɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɢɯ
 

ɩɨɬɟɪɶɩɨɬɟɪɶ
 

ɷɧɟɪɝɢɢɷɧɟɪɝɢɢ
 

ɷɥɟɤɬɪɨɧɨɜɷɥɟɤɬɪɨɧɨɜ
 

((ɋɏɉɗɗɋɏɉɗɗ))

ɗɥɟɤɬɪɨɧɧɚɹɗɥɟɤɬɪɨɧɧɚɹ
 

ɨɠɟɨɠɟ--

 
ɫɩɟɤɬɪɨɫɤɨɩɢɹɫɩɟɤɬɪɨɫɤɨɩɢɹ

 

((ɗɈɋɗɈɋ))

ɄɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɬɧɵɣɄɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɬɧɵɣ
 

ɦɢɤɪɨɚɧɚɥɢɡɦɢɤɪɨɚɧɚɥɢɡ
 

((ɄɅɆȺɄɅɆȺ))

ɊɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɵɣɊɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɵɣ
 

ɦɢɤɪɨɚɧɚɥɢɡɦɢɤɪɨɚɧɚɥɢɡ
 

((ɊɋɆȺɊɋɆȺ))

ɏɚɪɚɤɬɟɪɢɫɬ
ɢɱɟɫɤɢɟ

 

ɩɨɬɟɪɢ

 

ɷɧɟɪɝɢɢ

 

ɷɥɟɤɬɪɨɧɨɜ

ɗɦɢɫɫɢɹ

 

ɜɬɨɪɢɱɧɵɯ
ɷɥɟɤɬɪɨɧɨɜ

ɂɫɩɭɫɤɚɧɢɟ
ɷɥɟɤɬɪɨɦɚɝɧ
ɢɬɧɨɝɨ

 

ɢɡɥɭɱɟɧɢɹ



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ɉɪɨɫɜɟɱɢɜɚɸɳɚɹ
 

ɷɥɟɤɬɪɨɧɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
( ɉɗɆ

 

)

ɨɛɪɚɡɟɰ

ɨɛɴɟɤɬɢɜ

ɞɢɚɮɪɚɝɦɵ

ɥɢɧɡɵ

ɷɤɪɚɧ

ɢɡɨɛɪɚɠɟɧɢɟ

ɋɨɨɬɧɨɲɟɧɢɟ
 

Ⱦɟ
 

Ȼɪɨɣɥɹ
 

Ȝ
 

= h/mv

Ʉɪɢɬɟɪɢɣ
 

Ɋɷɥɟɹ

Ⱦɢɮɪɚɤɰɢɨɧɧɵɣ
 

ɩɪɟɞɟɥ
 

ɪɚɡɪɟɲɟɧɢɹ

Į

0.61

n Sin

λδ
α

=
⋅

į
 

= 0,15 ɧɦ

 

ɩɪɢ

 

200 ɤɷȼ
ȁ

 

= 0,0025 ɧɦ

ɋɯɟɦɚ
 

ɉɗɆ
ȿ

 

~ 10ɤɷȼ
 

– 3 Ɇɷȼ

Ɋɟɚɥɶɧɨɟ
 

ɪɚɡɪɟɲɟɧɢɟ
ɨɩɪɟɞɟɥɹɟɬɫɹ

 
ɚɛɟɪɪɚɰɢɹɦɢ

 

ɢ
 

ɞɪɭɝɢɦɢ
ɷɮɮɟɤɬɚɦɢ, 

ɢɫɤɚɠɚɸɳɢɦɢ
 

ɮɨɪɦɭ
ɫɟɱɟɧɢɹ

 

ɷɥɟɤɬɪɨɧɧɨɝɨ
ɩɭɱɤɚ

 

(ɡɨɧɞɚ)



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ɉɪɨɫɜɟɱɢɜɚɸɳɚɹ
 

ɷɥɟɤɬɪɨɧɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
( ɉɗɆ

 

)

ɑɚɫɬɢɰɵ
 

ɤɪɟɦɧɢɹ
 

ɩɨɤɪɵɬɵɟ
 

ɫɥɨɟɦ
 

SiO2

50 ɧɦ

ɇɚɧɨɤɪɢɫɬɚɥɥɵ, 

ɤɜɚɧɬɨɜɵɟ
 

ɬɨɱɤɢ
 

ɜ
 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ
 

ɦɚɬɪɢɰɟ

2 ɧɦ

Ɉɛɪɚɡɰɵ
 

ɞɨ
D ~

 

0.01ɦɤɦ,

ɭɥɶɬɪɚɬɨɧɤɢɟ
ɫɪɟɡɵ

 

ɞɨ
 

10 -

 
100ɧɦ. 



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ɗɥɟɤɬɪɨɧɨɝɪɚɮɢɹ

Ⱦɢɮɪɚɤɰɢɨɧɧɵɣ
 

ɦɟɬɨɞ
 

ɢɡɭɱɟɧɢɹ
 

ɫɬɪɭɤɬɭɪɵ
 

ɜɟɳɟɫɬɜɚ, 

ɨɫɧɨɜɚɧɧɵɣ
 

ɧɚ
 

ɚɧɚɥɢɡɟ
 

ɪɚɫɫɟɹɧɢɹ
 

ɨɛɪɚɡɰɨɦ
 

ɭɫɤɨɪɟɧɧɵɯ
ɷɥɟɤɬɪɨɧɨɜ. ɗɥɟɤɬɪɨɧɵ, ɩɪɨɲɟɞɲɢɟ

 

ɱɟɪɟɡ
 

ɨɛɪɚɡɟɰ
 

( ɬɨɥɳɢɧɨɣ
ɧɟ

 

ɛɨɥɟɟ
 

ɧɟɫɤɨɥɶɤɢɯ
 

ɦɢɤɪɨɧ) ɮɨɪɦɢɪɭɸɬ
 

ɞɢɮɪɚɤɰɢɨɧɧɭɸ
ɤɚɪɬɢɧɭ

 

(ɷɥɟɤɬɪɨɧɨɝɪɚɦɦɭ), ɤɨɬɨɪɚɹ
 

ɪɟɝɢɫɬɪɢɪɭɟɬɫɹ.



ɋɤɚɧɢɪɭɸɳɚɹ
 

ɷɥɟɤɬɪɨɧɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
( ɋɗɆ

 

)

MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ɋɯɟɦɚ
 

ɪɟɝɢɫɬɪɚɰɢɢ
 

ɢɧɮɨɪɦɚɰɢɢ
ɜ ɋɗɆ

ɉɪɨɲɟɞɲɢɟ

 

ɷɥɟɤɬɪɨɧɵ

Ɉɩɬɢɱɟɫɤɢɣ
ɞɟɬɟɤɬɨɪ

Ɉɬɪɚɠɟɧɧɵɟ
ɷɥɟɤɬɪɨɧɵ

ɉɨɝɥɨɳɟɧɧɵɟɟɧɧɵɟ
ɷɥɟɤɬɪɨɧɵ

Ʉɚ
ɬɨ
ɞɨ
ɥɸ
ɦɢ
ɧɢ
ɫɰ
ɟɧ
ɰɢ
ɹ

ȼɬɨɪɢɱɧɵɟ
ɷɥɟɤɬɪɨɧɵ

Ɋɟɧɬɝɟɧɨɜɫɤɨɟ
ɢɡɥɭɱɟɧɢɟ

ɉɟɪɜɢɱɧɵɟ
ɷɥɟɤɬɪɨɧɵ

Ʌɨɤɚɥɶɧɵɣ

 
ɯɢɦɢɱɟɫɤɢɣ
ɫɨɫɬɚɜ

Ɋɟɥɶɟɮ

 

ɩɨɜɟɪɯɧɨɫɬɢ
ɗɈɋ

 

-

 

ɷɥɟɦɟɧɬɧɵɣ
ɫɨɫɬɚɜ

ɏɢɦɢɱɟɫɤɢɣ

 

ɫɨɫɬɚɜ,

ɝɟɧɟɪɚɰɢɨɧɧɨ-

ɪɟɤɨɦɛɢɧɚɰɢɨɧɧɵɟ
ɩɚɪɚɦɟɬɪɵ

Z-ɤɨɧɬɪɚɫɬ,
ɮɚɡɨɜɵɟ

 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ɋɤɚɧɢɪɭɸɳɚɹ
 

ɷɥɟɤɬɪɨɧɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
 ( ɋɗɆ

 

)
(ɩɪɢɦɟɪɵ

 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ)

ɋɗɆ
 

ɢɡɨɛɪɚɠɟɧɢɟ
 

ɨɤɫɢɞɚ
 

ɦɟɞɢɄɨɧɝɥɨɦɟɪɚɬɵ



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ɋɤɚɧɢɪɭɸɳɚɹ
 

ɷɥɟɤɬɪɨɧɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
 ( ɋɗɆ

 

)
(ɩɪɢɦɟɪɵ

 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ)

ɂɡɨɛɪɚɠɟɧɢɟ
 

ɪɚɤɨɜɨɣ
ɤɥɟɬɤɢ

ɒɚɪɢɤɢ
 

Sn, 

ɞɟɤɨɪɢɪɨɜɚɧɧɵɟ
 

Au

ɍɝɥɟɪɨɞɧɵɟ
 

ɧɚɧɨɬɪɭɛɤɢ
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QuantumQuantum
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ɋɤɚɧɢɪɭɸɳɚɹ
 

ɷɥɟɤɬɪɨɧɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
 ( ɋɗɆ

 

)
(ɩɪɢɦɟɪɵ

 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ)

Z-ɤɨɧɬɪɚɫɬ.
Pd-

 

ɤɚɬɚɥɢɡɚɬɨɪ
 

ɧɚ
 

SiO2 
Ʉɨɪɪɨɡɢɹ

 

ɩɨɜɟɪɯɧɨɫɬɢ
 

ɦɟɬɚɥɥɚ



ɗɥɟɤɬɪɨɧɧɵɣ
ɥɭɱ

 

(ɊɗɆ)

Ƚɥɭɛɢɧɚ
 

ɡɨɧɞɢɪɨɜɚɧɢɹ
 

ɩɨɞ
 

ɧɟɩɪɨɡɪɚɱɧɨɣ
 

ɩɨɜɟɪɯɧɨɫɬɶɸ:

 

Min –

 

1ɧɦ;

 

Max –

 

3000ɧɦ.

ɂɡɦɟɪɹɟɦɵɟ
 

ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ
 

ɩɚɪɚɦɟɬɪɵ
 

ɨɛɴɟɤɬɚ, 

ɫɤɪɵɬɨɝɨ
 

ɩɨɞ
 

ɩɨɜɟɪɯɧɨɫɬɶɸ
 

: 

ɩɨ
 

ɜɵɫɨɬɟ
(ɩɨ

 

ɧɨɪɦɚɥɢ
 

ɤ
 

ɩɨɜɟɪɯɧɨɫɬɢ)   –

 

1ɧɦ
 

;

ɩɨ
 

ɝɨɪɢɡɨɧɬɚɥɢ
(ɜ

 

ɩɥɨɫɤɨɫɬɢ
 

ɩɨɜɟɪɯɧɨɫɬɢ) –

 

30ɧɦ

ɨɛɪɚɬɧɨɪɚɫɫɟɹɧɧɵɟ
ɷɥɟɤɬɪɨɧɵ, ɫɨɛɢɪɚɟɦɵɟ

ɜ
 

ɫɩɟɤɬɪɨɦɟɬɪɟ

MSUMSU

ɗɧɟɪɝɟɬɢɱɟɫɤɢɣ
ɫɩɟɤɬɪɨɦɟɬɪ

ɇɟɪɚɡɪɭɲɚɸɳɚɹ
 

ɩɨɞɩɨɜɟɪɯɧɨɫɬɧɚɹ
 

ɦɢɤɪɨ
 

ɢ
 ɧɚɧɨɬɨɦɨɝɪɚɮɢɹ

 

ɜ
 

ɨɬɪɚɠɟɧɧɵɯ
 

ɷɥɟɤɬɪɨɧɚɯ



MSUMSU

ɉɨɞɩɨɜɟɪɯɧɨɫɬɧɚɹ
 

ɦɢɤɪɨ
 

ɢ
 

ɧɚɧɨɬɨɦɨɝɪɚɮɢɹ
 

ɜ
ɨɬɪɚɠɟɧɧɵɯ

 

ɷɥɟɤɬɪɨɧɚɯ

Ɋɟɤɨɧɫɬɪɭɢɪɨɜɚɧɧɨɟ
 

ɬɪɟɯɦɟɪɧɨɟ
 ɢɡɨɛɪɚɠɟɧɢɟ

 

ɷɥɟɦɟɧɬɚ
 

ɦɢɤɪɨɫɯɟɦɵɗɧɟɪɝɟɬɢɱɟɫɤɢɣ
ɫɩɟɤɬɪɨɦɟɬɪ



MSUMSU

QuantumQuantum

ElectronicsElectronics
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ɂɫɩɨɥɶɡɨɜɚɧɢɟ
 

ɢɨɧɧɵɯ
 

ɩɭɱɤɨɜ

ɗɦɢɫɫɢɹ
 

ɢɨɧɨɜ

ɂɨɧɧɵɣ
 

ɩɭɱɨɤ

ɂɨɧɧɨ-ɷɥɟɤɬɪɨɧɧɚɹ
 

ɷɦɢɫɫɢɹ

ɗɦɢɫɫɢɹ
 

ɧɟɣɬɪɚɥɶɧɵɯ
 

ɚɬɨɦɨɜ
 

ɢ
 

ɦɨɥɟɤɭɥ

ɗɥɟɤɬɪɨɦɚɝɧɢɬɧɨɟ
 

ɢɡɥɭɱɟɧɢɟ

Ɇɋȼɂ

Ɇɚɫɫ-ɫɩɟɤɬɪɨɦɟɬɪɢɹ
 

ɜɬɨɪɢɱɧɵɯ
 

ɢɨɧɨɜ

Ɋɚɡɪɭɲɚɸɳɢɣ
 

ɦɟɬɨɞ
ɉɨɫɥɨɣɧɨɟ

 

ɨɩɪɟɞɟɥɟɧɢɟ
 

ɷɥɟɦɟɧɬɧɨɝɨ
ɫɨɫɬɚɜɚ

Ⱦɨɫɬɢɝɚɟɦɨɟ

 

ɪɚɡɪɟɲɟɧɢɟ

 

ɥɨ

 

ɝɥɭɛɢɧɟ

 

1ɧɦ

ɨɛɪɚɡɟɰ



Ɇɚɫɫ-ɫɩɟɤɬɪɨɦɟɬɪɢɹ
 

ɜɬɨɪɢɱɧɵɯ
 

ɢɨɧɨɜ

ǻ
 

= 50ɧɦ

Ʌɚɬɟɪɚɥɶɧɨɟ
 

ɪɚɫɩɪɟɞɟɥɟɧɢɟ
 

Cl

 

ɧɚ
 

ɤɪɢɫɬɚɥɥɟ
 

ɝɚɥɨɝɟɧɢɞɚ
 

Ag



MSUMSU

QuantumQuantum

ElectronicsElectronics
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ɋɤɚɧɢɪɭɸɳɚɹ
 

ɡɨɧɞɨɜɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
 

(ɋɁɆ) ɢ
 ɧɚɧɨɬɟɯɧɨɥɨɝɢɢ

 

–
 

ɤɪɚɬɤɚɹ
 

ɢɫɬɨɪɢɱɟɫɤɚɹ
 ɫɩɪɚɜɤɚ

1959  Ɋ. Ɏɟɣɧɦɚɧ
 

–

 

ɧɚɧɨɬɟɯɧɨɥɨɝɢɹ
 

– 1 ɚɬɨɦ
 

–

 

ɧɨɫɢɬɟɥɶ
 

ɢɧɮɨɪɦɚɰɢɢ.

1966 (1971) ɋɨɡɞɚɧɢɟ
 

ɩɟɪɜɨɣ
 

ɦɨɞɟɥɢ
 

ɬɭɧɧɟɥɶɧɨɝɨ
 

ɩɪɨɮɢɥɨɦɟɬɪɚ
 

(R.Young).

1982

 

ɋɨɡɞɚɧɢɟ
 

ɋɌɆ, ɧɚɛɥɸɞɟɧɢɟ
 

ɚɬɨɦɧɵɯ
 

ɫɬɭɩɟɧɟɤ. (G. Binning, H. Rohrer).

1983  ɋɌɆ
 

ɧɚɛɥɸɞɟɧɢɟ
 

ɚɬɨɦɧɨɣ
 

ɫɬɪɭɤɬɭɪɵ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

Si

 

(111) 7x7

(G. Binning, H. Rohrer, Ch. Gerber, E. Weibel).

1984 ɋɨɡɞɚɧɢɟ
 

ɋɈɆȻɉ
 

(D. Pohl, et al., A. Lewis et al.).

1986

 

ɋɨɡɞɚɧɢɟ
 

ȺɋɆ
 

(G. Binning, C. Quate, Ch. Gerber).

1986  ɇɨɛɟɥɟɜɫɤɚɹ
 

ɩɪɟɦɢɹ
 

ɩɨ
 

ɮɢɡɢɤɟ
 

ɡɚ
 

ɋɌɆ
 

(G. Binning, H. Rohrer).

1987-1989 ɇɚɱɚɥɨ
 

ɦɚɫɫɨɜɨɝɨ
 

ɩɪɨɢɡɜɨɞɫɬɜɚ
 

ɋɁɆ.
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Ɉɫɧɨɜɧɵɟ
 

ɦɟɬɨɞɵ
 

ɫɤɚɧɢɪɭɸɳɟɣ
 

ɡɨɧɞɨɜɨɣ
 ɦɢɤɪɨɫɤɨɩɢɢ

 

ɢ
 

ɫɩɟɤɬɪɨɫɤɨɩɢɢ

• ɋɤɚɧɢɪɭɸɳɚɹ
 

ɬɭɧɧɟɥɶɧɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
 

ɢ
 

ɫɩɟɤɬɪɨɫɤɨɩɢɹ. 

•

 

ɋɤɚɧɢɪɭɸɳɚɹ
 

ɫɢɥɨɜɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
 

( ɚɬɨɦɧɨ-ɫɢɥɨɜɚɹ
ɦɢɤɪɨɫɤɨɩɢɹ

 

ɢ
 

ɫɩɟɤɬɪɨɫɤɨɩɢɹ
 

(ȺɋɆ), ɦɚɝɧɢɬɧɚɹ
 

ɫɢɥɨɜɚɹ
ɦɢɤɪɨɫɤɨɩɢɹ

 

(ɆɋɆ), ɷɥɟɤɬɪɨɫɢɥɨɜɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
 

(ɗɋɆ) ɢ ɞɪ.).

•

 

ɋɤɚɧɢɪɭɸɳɚɹ
 

ɨɩɬɢɱɟɫɤɚɹ
 

ɦɢɤɪɨɫɤɨɩɢɹ
 

ɢ
 

ɩɨɥɹɪɢɦɟɬɪɢɹ
ɛɥɢɠɧɟɝɨ

 

ɩɨɥɹ.

•

 

Ⱦɪɭɝɢɟ
 

ɋɁɆ
 

ɢɫɩɨɥɶɡɭɸɳɢɟ
 

ɪɚɡɥɢɱɧɵɟ
 

ɦɟɬɨɞɵ
 

ɢ
 

ɦɟɬɨɞɢɤɢ: 

ɚɤɭɫɬɢɱɟɫɤɨɟ
 

ɜɨɡɞɟɣɫɬɜɢɟ, ɦɟɬɨɞɢɤɚ
 

ɟɦɤɨɫɬɧɵɯ
 

ɢɡɦɟɪɟɧɢɣ, 

ɪɟɝɢɫɬɪɚɰɢɹ
 

ɬɟɦɩɟɪɚɬɭɪɵ, ɬɨɤɚ
 

ɩɪɨɜɨɞɢɦɨɫɬɢ
 

ɢ
 

ɞɪ. 
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ɉɪɢɧɰɢɩ
 

ɪɚɛɨɬɵ
 

ɚɬɨɦɧɨ-ɫɢɥɨɜɨɝɨ
 

ɦɢɤɪɨɫɤɨɩɚ
(ȺɋɆ)

ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ
 

ɞɜɭɯ
 

ɚɬɨɦɨɜ

r

ɉɨɬɟɧɰɢɚɥ
 

Ʌɟɧɧɚɪɞ-Ⱦɠɨɧɫɚ

( )
12 6

0 0

~
r r

U r B
r r

− −
⎛ ⎞ ⎛ ⎞

−⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

Ɉɬɬɚɥɤɢɜɚɧɢɟ
 

ɉɪɢɬɹɠɟɧɢɟF(d)
d

ɨɫɧɨɜɚɧɢɟ

ɡɨɧɞ ɤɨɧɫɨɥɶ

ɞɟɬɟɤɬɨɪ ɥɚɡɟɪ
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ȺɋɆ
 

ɦɢɤɪɨɫɤɨɩɢɹ.
Ɇɨɥɟɤɭɥɹɪɧɵɟ

 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ
 

ɦɟɠɞɭ
 

ɨɫɬɪɢɟɦ
ɢ

 

ɩɨɜɟɪɯɧɨɫɬɶɸ

(RH)1/2

H

D

d

I

V1

V2

İ1

İ2,

l

ɉɨɥɧɚɹ
 

ɫɢɥɚ
 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ
 

F(d) ɦɟɠɞɭ
 

ɨɫɬɪɢɟɦ
ɢ

 

ɩɥɨɫɤɨɫɬɶɸ
 

ɫɤɥɚɞɵɜɚɟɬɫɹ
 

ɢɡ
 

ɨɛɦɟɧɧɵɯ
 

ɫɢɥ
ɨɬɬɚɥɤɢɜɚɧɢɹ

 

(ɞɥɹ
 

ɪɚɫɫɬɨɹɧɢɣ
 

d ɦɟɧɟɟ
 

0.1-0.3 ɧɦ) ɢ
ȼ-ɞ-ȼ

 

ɫɢɥ
 

ɩɪɢɬɹɠɟɧɢɹ
 

(d > 0.3ɧɦ): 

13 2
( )

( ) ( )

N C R
F d

d d

α π
≈ −

Δ + Δ +

Ɏɨɪɦɭɥɵ
 

ɫɥɭɠɚɬ
 

ɞɥɹ
 

ɨɩɪɟɞɟɥɟɧɢɹ
ɤɨɧɫɬɚɧɬ

 

ɦɟɠɚɬɨɦɧɨɝɨ
 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ
ɢ

 

ɜɵɱɢɫɥɟɧɢɹ
 

ɩɪɟɞɟɥɶɧɵɯ
 

ɜɟɥɢɱɢɧ
ɥɚɬɟɪɚɥɶɧɨɝɨ

 

ɪɚɡɪɟɲɟɧɢɹ
 

ȺɋɆ.

Į

 

-

 

ɤɨɧɫɬɚɧɬɚ

 

ɨɛɦɟɧɧɨɝɨ

 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ,

 

N –

ɱɢɫɥɨ

 

ɚɬɨɦɨɜ, ǻ

 

–

 

ɥɨɤɚɥɶɧɚɹ

 

ɞɟɮɨɪɦɚɰɢɹ. ɋ –

ȼ-ɞ-ȼ

 

ɤɨɧɫɬɚɧɬɚ, R

 

–

 

ɪɚɞɢɭɫ

 

ɨɫɬɪɢɹ.

1. ɘ.ɇ. Ɇɨɢɫɟɟɜ, ȼ.Ɇ. Ɇɨɫɬɟɩɚɧɟɧɤɨ, ȼ.ɂ. ɉɚɧɨɜ, ɂ.ɘ. ɋɨɤɨɥɨɜ., ɀɌɎ, 60

 

(1), 141-148, (1990).

F(d)
d
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Ʌɚɬɟɪɚɥɶɧɨɟ
 

ɪɚɡɪɟɲɟɧɢɟ
 

ȺɋɆ

(RH)1/2

Z

H

D

d

L
I

R

V1

V2

İ1

İ2

Ʌɚɬɟɪɚɥɶɧɨɟ
 

(ɩɪɨɞɨɥɶɧɨɟ) ɪɚɡɪɟɲɟɧɢɟ
 

L 

ɜɵɱɢɫɥɹɟɬɫɹ
 

ɢɡ
 

ɮɨɪɦɭɥɵ
 

ɫɢɥɵ
 

F(d)

100

50

150

1             2            4       6    8  10          20       40    60   80  1000  d, A

L, A R=300A

100A

50A
25A

5A

R=300A

5A

Ɂɚɜɢɫɢɦɨɫɬɶ

 

L

 

ɨɬ

 

ɪɚɞɢɭɫɚ
ɨɫɬɪɢɹ

 

ɢ

 

ɨɬ

 

ɪɚɫɫɬɨɹɧɢɹ

 

ɞɨ
ɩɨɜɟɪɯɧɨɫɬɢ. L – ɨɛɥɚɫɬɶ

 
ɩɥɚɫɬɢɧɵ

 

ɩɨɞ

 

ɨɫɬɪɢɟɦ, 

ɧɚ

 

ɤɨɬɨɪɭɸ

 

ɞɟɣɫɬɜɭɟɬ
70%   ɨɬ

 

ɩɨɥɧɨɣ

 

ɫɢɥɵ

 

F(d)

Ⱦɥɹ
 

ɫɢɥ
 

ɨɬɬɚɥɤɢɜɚɧɢɹ
Ⱦɥɹ

 

ɫɢɥ
 

ɩɪɢɬɹɠɟɧɢɹ
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ɋɩɟɤɬɪɨɫɤɨɩɢɹ
 

ɦɟɠɚɬɨɦɧɵɯ
 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɣ
 

ɜ
 

ȺɋɆ

d,Å d,Å

0.4       0 0         2        4        6        8       10  

10

20

30

40

50

60

400

300

200

100

F, 10-10 H

Ȼɟɡ

 

ɞɟɮɟɤɬɨɜ

Ɂɚɪɹɠɟɧɧɵɟ
ɞɟɮɟɤɬɵ

ɉɨɫɥɟ
 

ɢɡɦɟɪɟɧɢɹ
 

F(d) 

ɨɩɪɟɞɟɥɹɸɬɫɹ
 

ɤɨɧɫɬɚɧɬɵ
ɦɚɬɟɪɢɚɥɨɜ

 

ĮN, CR, ǻ
 

– ɢ
ɩɨɜɟɪɯɧɨɫɬɧɵɣ

 

ɡɚɪɹɞ
 

ɜ
ɧɚɧɨɦɟɬɪɨɜɨɦ

 

ɦɚɫɲɬɚɛɟ

1

2

0

1
2 ( )

1 QQ R C C
ε π
ε
+⎡ ⎤= −⎢ ⎥−⎣ ⎦

13 2
( )

( ) ( )

N CR
F d

d d

α π
≈ −
Δ+ Δ+

ɋɩɟɤɬɪɨɫɤɨɩɢɹ

ɉɨɜɟɪɯɧɨɫɬɧɵɣ
 

ɡɚɪɹɞ

Ⱦɥɹ
 

Al2

 

O3

CR

 

= 1.8 10-28 Ⱦɠ.ɦ, ĮN

 

=  7 10-17 

ɇ\ɧɦ13 , ǻ
 

= 0.24 ɧɦ. 
Ɂɚɪɹɞ

 

Q

 

= 2(1.9±0.4) 10-19 Ʉɭɥ.

1.  Ɇɨɢɫɟɟɜ ɘ.ɇ., Ɇɨɫɬɟɩɚɧɟɧɤɨ ȼ.Ɇ., ɉɚɧɨɜ ȼ.ɂ., ɋɨɤɨɥɨɜ ɂ.ɘ. ɉɢɫɶɦɚ ɜ ɀɌɎ, 15 (20), 5-10 (1989)
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ɋɩɟɤɬɪɨɫɤɨɩɢɹ
 

ɦɟɠɚɬɨɦɧɵɯ
 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɣ
ɜ

 

ȺɋɆ
(ɯɢɦɢɱɟɫɤɚɹ

 

ɢɞɟɧɬɢɮɢɤɚɰɢɹ
 

ɢɧɞɢɜɢɞɭɚɥɶɧɵɯ
 

ɚɬɨɦɨɜ
 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ)

1. Sugimoto

 

Y., Pou

 

P., Abe

 

M. et

 

al., Nature, 446, 64-67, (2007)
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Ʉɨɧɫɬɪɭɤɰɢɢ
 

ɡɨɧɞɨɜ
 

ȺɋɆ

1. ȼ. Ɇɢɪɨɧɨɜ, Ɉɫɧɨɜɵ

 

ɫɤɚɧɢɪɭɸɳɟɣ

 

ɡɨɧɞɨɜɨɣ

 

ɦɢɤɪɨɫɤɨɩɢɢ.-

 

Ɇ. Ɍɟɯɧɨɫɮɟɪɚ, 2004, 143 ɫ.
2. ɂɧɬɟɪɧɟɬ-ɫɚɣɬ ɤɨɦɩɚɧɢɢ «ɇɌ-ɆȾɌ»: http//www.ntmdt.ru
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Ɉɩɪɟɞɟɥɟɧɢɟ
 

ɮɨɪɦɵ
 

ɡɨɧɞɚ, ɤɚɥɢɛɪɨɜɤɚ
 ȺɋɆ, ɬɟɫɬɨɜɵɟ

 

ɫɬɪɭɤɬɭɪɵ

Ɍɟɫɬɨɜɵɟ
 

ɫɬɪɭɤɬɭɪɵ
 

ɞɥɹ
 

ɤɚɥɢɛɪɨɜɤɢ ȺɋɆ
ɢ

 

ɨɩɪɟɞɟɥɟɧɢɹ
 

ɮɨɪɦɵ
 

ɡɨɧɞɨɜ
 

(Ⱥ).  ȺɋɆ
ɢɡɨɛɪɚɠɟɧɢɟ

 

ɷɬɢɯ
 

ɬɟɫɬɨɜɵɯ
 

ɫɬɪɭɤɬɭɪ (ȼ)

Ⱥ ȼ

1. Ⱥ.ȼ. Ɋɚɤɨɜ, ɘ.Ⱥ. ɇɨɜɢɤɨɜ, ɉ.Ⱥ. Ɍɨɞɭɚ, ɂɡɦɟɪɢɬɟɥɶɧɚɹ

 

ɬɟɯɧɢɤɚ, N. 5, ɫ. 13 (2008)
2. ȼ. Ɇɢɪɨɧɨɜ, Ɉɫɧɨɜɵ

 

ɫɤɚɧɢɪɭɸɳɟɣ

 

ɡɨɧɞɨɜɨɣ

 

ɦɢɤɪɨɫɤɨɩɢɢ.-

 

Ɇ. Ɍɟɯɧɨɫɮɟɪɚ, 2004, 143 ɫ.
3. ɂɧɬɟɪɧɟɬ-ɫɚɣɬ

 

ɤɨɦɩɚɧɢɢ

 

«ɇɌ-ɆȾɌ»: http//www.ntmdt.ru
4. G.

 

Dai, F.

 

Pohlenz, T.

 

Dziomba, et

 

al.,

 

Meas. Sci. Technol.,

 

18, p. 415

 

(2007)
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ɉɪɟɰɢɡɢɨɧɧɚɹ
 

ɋɢɥɨɜɚɹ
 

Ɇɢɤɪɨɫɤɨɩɢɹ
 

ɜ
 ɞɢɚɝɧɨɫɬɢɤɟ

 

ɧɚɧɨɫɬɪɭɤɬɭɪ

3.6nm

500nm

0.14μ

1μ

 0.3μ

5μ

0 250 500 750 1000 1250
0,0

0,7

1,4

nm

nm

7Å

Shear -

 

force ɢɡɨɛɪɚɠɟɧɢɟ
 

ɫɬɚɧɞɚɪɬɧɨɣ
 

DVD ɪɟɩɥɢɤɢ
 

(A)

 

ɢ
 

ɦɨɧɨɚɬɨɦɧɵɯ
 

ɫɬɭɩɟɧɟɤ
 

ɝɪɚɮɢɬɚ
 

(HOPG)

 

(B).

A A B

 0.3μ

5μ
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ɉɪɢɦɟɪɵ
 

ȺɋɆ
 

ɢɡɨɛɪɚɠɟɧɢɣ
 

ɨɛɴɟɤɬɨɜ
 

ɧɚ
 ɩɨɜɟɪɯɧɨɫɬɢ

1. ȼ. Ɇɢɪɨɧɨɜ, Ɉɫɧɨɜɵ

 

ɫɤɚɧɢɪɭɸɳɟɣ

 

ɡɨɧɞɨɜɨɣ

 

ɦɢɤɪɨɫɤɨɩɢɢ.-

 

Ɇ. Ɍɟɯɧɨɫɮɟɪɚ, 2004, 143 ɫ.
2. ȿ.ȼ. Ⱦɭɛɪɨɜɢɧ, Ɇ.ɇ. Ʉɢɪɢɤɨɜɚ, ȼ.Ʉ. ɇɨɜɢɤɨɜ, ɢ ɞɪ. Ʉɨɥɥɨɢɞɧɵɣ

 

ɠɭɪɧɚɥ, 66 (6), ɫ. 750 (2004).
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ɉɪɢɦɟɪɵ
 

ȺɋɆ
 

ɢɡɨɛɪɚɠɟɧɢɣ
 

ɨɛɴɟɤɬɨɜ
 

ɧɚ
 ɩɨɜɟɪɯɧɨɫɬɢ
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Ʌɨɤɚɥɶɧɨɟ
 

ɬɪɚɜɥɟɧɢɟ
 

ɩɨɜɟɪɯɧɨɫɬɢ.

ȺɋɆ
 

ɧɚɧɨɥɢɬɨɝɪɚɮɢɹ

Ɋɟɡɭɥɶɬɚɬ
 

ɥɨɤɚɥɶɧɨɝɨ
 

ɨɤɢɫɥɟɧɢɹ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

Si

 

(100) ɫ
 

ɩɨɦɨɳɶɸ
 

ɡɨɧɞɚ
ȺɋɆ

 

(Ⱥ) ɢ
 

ɪɟɡɭɥɶɬɚɬ
 

ɬɪɚɜɥɟɧɢɹ
 

ɨɤɢɫɥɟɧɧɨɣ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

(ȼ)

1. Avouris

 

Ph., Martel R., Hertel

 

T., Sandstrom

 

R.

 

Appl. Phys. A., V.66., P.S659–S667

 

(1998) 
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Ɂɚɞɚɱɢ
 

ɢɡɦɟɪɟɧɢɣ
 

ɜ
 

ȺɋɆ, ɬɪɟɛɭɸɳɢɟ
 ɪɟɲɟɧɢɣ

1. Ɉɩɪɟɞɟɥɟɧɢɟ
 

ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ
ɩɚɪɚɦɟɬɪɨɜ

 

ɨɫɬɪɢɹ
 

ɡɨɧɞɚ
 

ɩɪɢ
 

<R> < 10ɧɦ.

2. Ʌɨɤɚɥɶɧɚɹ
 

ɞɟɮɨɪɦɚɰɢɹ
 

ɨɫɬɪɢɹ
 

ɢ
ɨɛɴɟɤɬɚ

 

ɢɡɦɟɪɟɧɢɣ.

3. Ʌɨɤɚɥɶɧɚɹ
 

ɫɩɟɤɬɪɨɫɤɨɩɢɹ, 

ɨɩɪɟɞɟɥɟɧɢɟ
 

ɯɢɦɫɨɫɬɚɜɚ.

4. ȼɥɢɹɧɢɟ
 

ɨɤɪɭɠɚɸɳɟɣ
 

ɫɪɟɞɵ
(ɜ

 

ɨɬɫɭɬɫɬɜɢɟ
 

ɜɚɤɭɭɦɚ).

5. ɂɡɦɟɪɟɧɢɟ
 

ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ
ɩɚɪɚɦɟɬɪɨɜ

 

ɢ
 

ɬɨɩɨɥɨɝɢɢ
 

ɫɥɨɠɧɵɯ
 

ɨɛɴɟɤɬɨɜ.
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ɂɡɦɟɪɟɧɢɟ

 

ɪɟɥɶɟɮɚ

 

ɩɨɜɟɪɯɧɨɫɬɢ

ȿɫɥɢ

 

ĳ

 

ɜɵɪɚɠɟɧɨ

 

ɜ ɷȼ, ɚ

 

Z

 

ɜ

 

Å,
ɬɨ

 

ȼ

 

= 1.025 Å-1

 

(eV)-1

ɂɡɦɟɪɟɧɢɟ

 

ɩɥɨɬɧɨɫɬɢ

 

ɫɨɫɬɨɹɧɢɣ

ɉɪɢɧɰɢɩ
 

ɪɚɛɨɬɵ
 

ɋɌɆ.
 

Ɍɭɧɧɟɥɶɧɚɹ
 

ɫɩɟɤɬɪɨɫɤɨɩɢɹ
 

(ɋɌɋ)

( )0
B Z

t tj j V e
φ− ⋅Δ≈ ⋅

ɂɡɦɟɧɟɧɢɟ

 

ɪɟɥɶɟɮɚ

 

ɩɨɜɟɪɯɧɨɫɬɢ
ɩɪɢɜɨɞɢɬ

 

ɤ

 

ɢɡɦɟɧɟɧɢɸ

 

ɬɭɧɧɟɥɶɧɨɝɨ

 

ɬɨɤɚ

( ), ,tdj
E x y

dV
ρ≈

Jt

V

Jt

tdj

dV

d

,

Ɍɭɧɧɟɥɶɧɵɣ
Ɍɨɤ

 

Jt

Ɉɫɬɪɢɟ

 

ɋɌɆ

Ɉɛɪɚɡɟɰ

Vt
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ɋɬɪɭɤɬɭɪɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

Si
 

(111)
 

7x7

a

b

8.0nm
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ɋɌɆ/ɋɌɋ
 

ɞɢɚɝɧɨɫɬɢɤɚ
 

ɩɨɜɟɪɯɧɨɫɬɧɵɯ
 ɚɬɨɦɧɵɯ

 

ɫɬɪɭɤɬɭɪ
(ɋɬɪɭɤɬɭɪɚ

 

ɞɨɦɟɧɨɜ
 

ɢ
 

ɞɨɦɟɧɧɵɯ
 

ɝɪɚɧɢɰ
 

ɧɚ
 ɪɟɤɨɧɫɬɪɭɢɪɨɜɚɧɧɨɣ

 

ɩɨɜɟɪɯɧɨɫɬɢ
 

Si(110))

56nm

2 .2 n m

(16x2)
(2x1)

1. Ɉɪɟɲɤɢɧ

 

Ⱥ.ɂ., Ɇɚɫɥɨɜɚ

 

ɇ.ɋ., ɉɚɧɨɜ

 

ȼ.ɂ., Ɋɚɞɱɟɧɤɨ

 

ȼ.ɂ., ɋɚɜɢɧɨɜ

 

ɋ.ȼ., ɉɢɫɶɦɚ

 

ɜ

 

ɀɗɌɎ. 84, (6), ɫ.381-384 (2006)

Si(110)
GaN

 

(0001) + Au
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1.7nm
0 1 2 3 4 5 6

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Distance [nm]

Z
[Å

]

1.7nm
0 1 2 3 4 5 6 7

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Z
[Å

]

Distance [nm]

ɋɌɆ/ɋɌɋ
 

ɞɢɚɝɧɨɫɬɢɤɚ
 

ɩɨɜɟɪɯɧɨɫɬɧɵɯ
ɚɬɨɦɧɵɯ

 

ɫɬɪɭɤɬɭɪ

ɋɌɆ
 

ɢɡɨɛɪɚɠɟɧɢɟ
 

ɩɪɢɦɟɫɧɨɝɨ
 

ɚɬɨɦɚ
 

S

 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

InAs

U=-1,1ȼ; I=30ɩȺ

ɋɌɆ
 

ɢɡɨɛɪɚɠɟɧɢɟ
 

ɩɪɢɦɟɫɧɨɝɨ
 

ɚɬɨɦɚ
 

Mn

 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

InAs

U=+0,8ȼ; I=30ɩȺ
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C60

 

ɧɚ
 

Si(111)-7×7
C60

 

Fɏ

ɋɌɆ
 

ɢɡɨɛɪɚɠɟɧɢɟ
 

ɭɝɥɟɪɨɞɧɵɯ
 ɦɨɥɟɤɭɥ

 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

Si(111)-7×7

1. Oreshkin A.I., Bakhtizin

 

R.Z., Sadowski

 

J.T. et al.

 

ɉɢɫɶɦɚ

 

ɜ

 

ɀɗɌɎ, 86

 

(8), ɫ.594-597

 

(2007)



Ⱦɢɚɝɧɨɫɬɢɤɚ
 

ɚɬɨɦɧɵɯ
 

ɩɪɢɦɟɫɟɣ
 

ɧɚ
 ɩɨɜɟɪɯɧɨɫɬɢ

 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ
 

(GaAs
 

+ Si-Zn) 

U tip > 0;         80 x 80 nm;

MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

ZnZn

Si
Si

Si

 

-

 

donor,      ND

 

= 5 x 10
18

 

cm
-3

Zn -

 

acceptor,  NA

 

= 2 x 10
19

 

cm
-3

1.

 

Domke

 

C., Ebert Ph., and Urban K. Surf. Sci. 415, 285 (1998)
2. Ɇɚɫɥɨɜɚ ɇ.ɋ., ɉɚɧɨɜ ȼ.ɂ., ɋɚɜɢɧɨɜ ɋ.ȼ., ɍɎɇ, 43 (5), ɫ. 575 (2000)

Ɋɚɫɩɪɟɞɟɥɟɧɢɟ
 

ɞɨɩɢɪɭɸɳɢɯ
ɚɬɨɦɨɜ

 

Si

 

ɢ
 

Zn ɜɞɨɥɶ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

ɢ
 

ɩɨ
 

ɝɥɭɛɢɧɟ
ɡɚɥɟɝɚɧɢɹ.

ɋɌɆ
 

ɢɡɨɛɪɚɠɟɧɢɟ
 

ɩɨɥɭɱɟɧɨ
ɩɪɢ

 

4.2K

 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

(110). 

ɇɚɛɥɸɞɚɸɬɫɹ
 

ɬɪɢ
 

ɬɢɩɚ
 

«ɞɟɮɟɤɬɨɜ»

 

Ⱥ, ȼ ɢ ɋ. Ʉɨɧɬɪɚɫɬ
ɫɨɨɬɜɟɬɫɬɜɭɟɬ

 

ɜɟɪɬɢɤɚɥɶɧɨɦɭ
ɪɚɡɦɟɪɭ

 

0.5 nm.

A

B

C



10
-2

10
-1

A-type defect height

Average height

Corrugation height (nm)

0 1 2 3 4
10

-2

10
-1

Layer number

A1

A2

A3

A4

A5

-10 -5 0 5 10

0.1

0.2

0.3

0.4

A3

A2

A1

Corrugation height (nm)

Distance (nm)

ɋɌɆ
 

ɢɡɨɛɪɚɠɟɧɢɟ
 

ɚɬɨɦɨɜ
 

ɩɪɢɦɟɫɢ
 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ

V
TIP

 

= + 1.5 V

 

;    40 x 40 nm
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QuantumQuantum
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ɋɌɆ\ɋɌɋ
 

ɞɢɚɝɧɨɫɬɢɤɚ
 

ɚɬɨɦɧɵɯ
 

ɩɪɢɦɟɫɧɵɯ
 ɫɨɫɬɨɹɧɢɣ

Ɂɚɜɢɫɢɦɨɫɬɶ
 

ɢɡɨɛɪɚɠɟɧɢɹ
 

ɚɬɨɦɨɜ
 

ɩɪɢɦɟɫɢ
 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ
 

(GaAs

 

+ Te) ɨɬ
 

ɝɥɭɛɢɧɵ
 

ɡɚɥɟɝɚɧɢɹ
 

(ɧɚɧɨɬɨɦɨɝɪɚɮɢɹ)

A

B

C

1. A.Depuydt, N.S. Maslova, S.V.Savinov, P.I.Arseev, V.I.Panov, and

 

C.Van

 

Haesendonck, Phys.Rev..B

 

60, 2619 (1999)



Zn

Si

Si

146 Å x 146 Å x 1.48 Å

Zn

Si

Si

Utip

 

> 0;   14.6 x 14.6 nm
2

Utip

 

< 0;  14.6 x 14.6 nm
2

Ɂɚɜɢɫɢɦɨɫɬɶ
 

ɋɌɆ
 

ɢɡɨɛɪɚɠɟɧɢɹ
 

ɩɪɢɦɟɫɟɣ
 

ɨɬ
 

Vt

(GaAs/Si-Zn) 

MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision
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ɋɌɆɋɌɆ
 

ɞɢɚɝɧɨɫɬɢɤɚɞɢɚɝɧɨɫɬɢɤɚ
 

ɝɢɛɪɢɞɧɵɯɝɢɛɪɢɞɧɵɯ
 

ɨɪɛɢɬɚɥɟɣɨɪɛɢɬɚɥɟɣ
 ɩɪɢɦɟɫɧɵɯɩɪɢɦɟɫɧɵɯ

 

ɚɬɨɦɨɜɚɬɨɦɨɜ
 

ɧɚɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢɩɨɜɟɪɯɧɨɫɬɢ

Ⱥɬɨɦ

 

Cr

 

ɡɚɦɟɳɚɟɬ

 

ɚɬɨɦ

 

As

 

ɧɚ

 
ɩɨɜɟɪɯɧɨɫɬɢ

 

InAs(110).

 

ȼɵɬɹɧɭɬɚɹ

 
ɮɨɪɦɚ

 

ɨɪɛɢɬɚɥɢ

 

ɨɛɨɪɜɚɧɧɨɣ

 
ɫɜɹɡɢ

 

Cr

 

ɫ

 

ɪɚɡɦɟɪɨɦ

 

0.5 –

 

0.6 nm 
ɭɤɚɡɵɜɚɟɬ

 

ɧɚ

 

ɩɪɢɫɭɬɫɬɜɢɟ

 

d –

 
ɷɥɟɤɬɪɨɧɧɨɝɨ

 

ɫɨɫɬɨɹɧɢɹ.

1. Ⱥ.ȼ. Ʉɚɪɬɚɜɵɯ, ɇ.ɋ. Ɇɚɫɥɨɜɚ, ȼ.ɂ. ɉɚɧɨɜ

 

ɢ

 

ɞɪ.,

 

Ɏɢɡɢɤɚ

 

ɢ

 

ɬɟɯɧɢɤɚ

 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ.

 

34

 

(4),

 

395 (2000)
2. P.I. Arseyev, N.S. Maslova, V.I. Panov et al. International Journal of Nanoscience, 2

 

(6), 575-584 (2003)

3. F.

 

Marczinowski, J.

 

Wiebe, F.

 

Meier, K.Hashimoto, and

 

R.

 

Wiesendanger, Phys.Rev..B

 

77, 115318 (2008)

1.4 x 1.4 nm

V tip

 

= + 1.05V

2.0nm

ɋɌɆ
 

ɢɡɨɛɪɚɠɟɧɢɹ
 

ɨɪɛɢɬɚɥɟɣ
 

ɩɪɢɦɟɫɧɵɯ
ɚɬɨɦɨɜ

 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

InAs

 

(110) 

Sn Mn



             

-2000 -1000 0 1000

0

5

(d I/d V )/(I/V )

1

21

2

B ia s  [m V ]

ɋɌɆ/ɋɌɋ
 

ɢɞɟɧɬɢɮɢɤɚɰɢɹ
 

ɟɞɢɧɢɱɧɵɯ
 ɚɬɨɦɨɜ

 

ɩɪɢɦɟɫɢ
 

ɜ
 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ: GaAs
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TeSi

1. Ɇɚɫɥɨɜɚ

 

ɇ.ɋ., ɉɚɧɨɜ

 

ȼ.ɂ., ɋɚɜɢɧɨɜ ɋ.ȼ.,
ɍɎɇ, 43 (5), ɫ. 575 (2000)

Zn

             

-2 00 0 -10 00 0 1 00 0

0

5

(d I/d V )/(I/V )

1

21

2

B ia s  [m V ]

-2000 -1000 0 1000

-15

-10

-5

0

5

10

15

B ias [mV]

(dI/dV)/(I/V )

1

2

1

2

3

3

 

Ʉɚɠɞɵɣ
 

ɚɬɨɦ
 

ɩɪɢɦɟɫɢ
 

ɢɦɟɟɬ
 

ɫɜɨɣ
 

(ɫɜɨɣɫɬɜɟɧɧɵɣ
 

ɬɨɥɶɤɨ
 

ɷɬɨɦɭ
 

ɚɬɨɦɭ) 

ɫɩɟɤɬɪ
 

ɬɭɧɧɟɥɶɧɨɣ
 

ɩɪɨɜɨɞɢɦɨɫɬɢ
 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ
 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ.

6 nm

-2 -1 0 1

0

5

1 0

1

2

3

4

5 1

2

3
4

5

(d I /d U ) / ( I /U )

U  sa m p le  (V )

5 .8 n m * 5 .8 n m
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1 2 3

Ɋɢɫ.1 ɑɢɫɬɚɹ

 

ɩɨɜɟɪɯɧɨɫɬɶ

 

ɉɪɨɪɟɚɝɢɪɨɜɚɜɲɚɹ

 

ɫ

 

NH3 ɩɨɜɟɪɯɧɨɫɬɶ

Vs=0,8v Vs=0,8v Vs=3,0v

ɋɌɆ\ɋɌɋ
 

ɩɨɜɟɪɯɧɨɫɬɧɵɯ
 

ɯɢɦɢɱɟɫɤɢɯ
 

ɪɟɚɤɰɢɣ
Si

 

(111)
 

7x7
 

+ NH3

A

B

C

Ɋɢɫ. 2 -

 

V=0,8 v.  ɂɫɱɟɡɚɸɬ
ɢɡɨɛɪɚɠɟɧɢɹ

 

ɱɚɫɬɢ

 

ɚɞɚɬɨɦɨɜ
(ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ

 

ɰɟɧɬɪɚɥɶɧɵɯ)
Ɋɢɫ.3 –

 

V=3,0 v. ɂɡɨɛɪɚɠɟɧɢɹ
ɚɞɚɬɨɦɨɜ

 

ɜɨɫɫɬɚɧɚɜɥɢɜɚɟɬɫɹ.

ȼɵɜɨɞ: ɏɢɦɢɱɟɫɤɢɟ

 

ɫɜɹɡɢ ɧɚ
ɩɨɜɟɪɯɧɨɫɬɢ

 

ɨɛɪɚɡɨɜɚɧɵ

 

ɡɚ ɫɱɟɬ
«ɛɨɥɬɚɸɳɢɯɫɹ»

 

ɷɥɟɤɬɪɨɧɨɜ, ɚ ɧɟ
ɡɚ

 

ɫɱɟɬ

 

ɪɚɡɪɵɜɚ

 

ɜɚɥɟɧɬɧɨɣ ɫɜɹɡɢ
Si

 

–

 

Si.

 

Ɉɛɪɚɡɭɸɬɫɹ

 

Si-H ɫɜɹɡɢ ɧɚ
ɚɞɚɬɨɦɚɯ

 

ɢ

 

Si-NH2 ɧɚ

 

rest ɚɬɨɦɚɯ

A

 

– DOS rest ɚɬɨɦɨɜ

 

ɩɨɫɥɟ
ɪɟɚɤɰɢɢ.

B – (ɩɭɧɤɬɢɪ) DOS ɭɝɥɨɜɵɯ
ɚɞɚɬɨɦɨɜ

 

ɩɨɫɥɟ

 

ɪɟɚɤɰɢɢ
B

 

ɢ

 

C

 

– (ɫɩɥɨɲɧɵɟ

 

ɥɢɧɢɢ)
DOS ɧɟɩɪɨɪɟɚɝɢɪɨɜɚɜɲɢɯ
ɭɝɥɨɜɵɯ

 

ɢ

 

ɰɟɧɬɪɚɥɶɧɵɯ
ɚɞɚɬɨɦɨɜ
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ɋɌɆ

 

ɢɡɨɛɪɚɠɟɧɢɟ

 

ɩɪɢɦɟɫɧɨɝɨ

 

ɚɬɨɦɚ

 

Ɍɟ

 

ɩɪɢ

 

ɪɚɡɥɢɱɧɵɯ
ɬɭɧɧɟɥɶɧɵɯ

 

ɧɚɩɪɹɠɟɧɢɹɯ

 

ɧɚ

 

ɨɛɪɚɡɰɟ. ɋɤɚɱɨɤ

 

ɋɌɆ
ɢɡɨɛɪɚɠɟɧɢɹ

 

ɨɬ

 

ɫɜɟɬɥɨɝɨ

 

ɞɨ

 

ɬɟɦɧɨɝɨ

 

ɜɵɡɜɚɧ

 

ɢɡɦɟɧɟɧɢɟɦ

 

Ʌɋ
ɧɚ

 

ɤɨɧɰɟ

 

ɡɨɧɞɚ. ȼɞɚɥɢ

 

ɨɬ

 

ɞɟɮɟɤɬɚ

 

ɋɌɆ

 

ɢɡɨɛɪɚɠɟɧɢɟ
ɚɬɨɦɧɵɯ

 

ɪɹɞɨɜ

 

ɞɨ

 

ɢ

 

ɩɨɫɥɟ

 

ɫɤɚɱɤɚ

 

ɧɟ

 

ɢɡɦɟɧɹɟɬɫɹ.

ȼɥɢɹɧɢɟ
 

ɥɨɤɚɥɢɡɨɜɚɧɧɨɝɨ
 

ɫɨɫɬɨɹɧɢɹ
 

(ɥɫ) 
ɡɨɧɞɚ

 

ɋɌɆ
 

ɧɚ
 

ɢɡɨɛɪɚɠɟɧɢɹ
 

ɚɬɨɦɨɜ
 

ɢ
 

ɞɟɮɟɤɬɨɜ

0 
   

   
   

4 
   

   
   

 8

(d
I/

dV
)/

(I
/V

)
-2                       0                         2

Sample voltage (V)

Ɍɭɧɧɟɥɶɧɚɹ

 
ɩɪɨɜɨɞɢɦɨɫɬɶ

 

ɧɚɞ
ɛɟɡɞɟɮɟɤɬɧɵɦ

 

ɭɱɚɫɬɤɨɦ
ɩɨɜɟɪɯɧɨɫɬɢ

 

GaAs

 

ɩɟɪɟɞ
(Ⱥ) ɢ ɩɨɫɥɟ (ȼ) ɫɤɚɱɤɚ ɜ
ɋɌɆ

 

ɢɡɨɛɪɚɠɟɧɢɢ

A
B    

-2V    1V 

   
0.5V    0.5V 

5.8 x 5.8 nm

1. A.Depuydt, N.S. Maslova, S.V.Savinov, P.I.Arseev, V.I.Panov, and C.Van Haesendonck, Phys.Rev..B 60, 2619 (1999)



Ɋɚɡɦɟɪɧɨɟ
 

ɤɜɚɧɬɨɜɚɧɢɟ
 

ɧɚ
 

ɚɬɨɦɧɵɯ
 

ɤɥɚɫɬɟɪɚɯ.
(InAs

 

ɞɨɩɢɪɨɜɚɧ
 

Sn, n ≈
 

5×1017

 

cm-3

 

)
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-600 -400 -200 0 200 400 600

0.0004

0.0006

0.0008

0.0010

0.0012
dIt/dUt (a.u.)

Ut (mV)

1

2

Uɡɨɧɞɚ

 

= + 0.5 V
ɉɨɞɪɟɲɟɬɤɚ

 
As

AAB

4 x 4 nm

T=4.2K

Ɉɫɰɢɥɥɹɰɢɢ

 

ɬɭɧɧɟɥɶɧɨɣ

 
ɩɪɨɜɨɞɢɦɨɫɬɢ, ɢɡɦɟɪɟɧɧɵɟ

 

ɋɌɆ\ɋɌɋ
ɧɚɞ

 

ɬɪɟɯɚɬɨɦɧɵɦ

 

ɤɥɚɫɬɟɪɨɦ

 

ɢ

 

ɧɚɞ
ɱɢɫɬɨɣ

 

ɩɨɜɟɪɯɧɨɫɬɶɸ. 



ɄȺɎȿȾɊȺ

 

ɄȼȺɇɌɈȼɈɃ

 

ɗɅȿɄɌɊɈɇɂɄɂ

ɆȽɍ ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ
 

ɩɪɢɦɟɫɧɵɯ
 

ɚɬɨɦɨɜ
 

Si
 

ɧɚ
 

ɩɨɜɟɪɯɧɨɫɬɢ.
(ɚɬɨɦɧɨɟ

 

ɩɟɪɟɤɥɸɱɚɸɳɟɟ
 

ɭɫɬɪɨɣɫɬɜɨ)

«Ɏɢɥɶɦ»

 

ɞɟɦɨɧɫɬɪɢɪɭɟɬ

 

ɢɡɦɟɧɟɧɢɟ

 
ɷɥɟɤɬɪɨɧɧɨɣ

 

ɩɥɨɬɧɨɫɬɢ

 

ɜɛɥɢɡɢ

 
ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɢɯ

 

ɚɬɨɦɨɜ

 

Si

 

ɩɪɢ

 
ɢɡɦɟɧɟɧɢɢ

 

ɧɚɩɪɹɠɟɧɢɹ

 

ɧɚ

 

ɡɨɧɞɟ

 

ɋɌɆ

 

ɫ

 
ɲɚɝɨɦ

 

0.01V.

 

Ʉɚɠɞɵɣ

 

ɚɬɨɦ

 

ɞɜɚɠɞɵ

 
«ɜɤɥɸɱɚɟɬɫɹ»

 

ɢ

 

«ɜɵɤɥɸɱɚɟɬɫɹ». ɗɮɮɟɤɬ

 
ɦɨɠɟɬ

 

ɛɵɬɶ

 

ɨɫɧɨɜɨɣ

 

ɫɨɡɞɚɧɢɹ

 

ɧɨɜɨɣ

 
ɷɥɟɦɟɧɬɧɨɣ

 

ɛɚɡɵ, ɢɫɩɨɥɶɡɭɸɳɟɣ

 
ɨɬɞɟɥɶɧɵɟ

 

ɚɬɨɦɵ

 

ɢ\ɢɥɢ
«ȺɌɈɆɇɈȽɈ»

 

ɤɨɦɩɶɸɬɟɪɚ.
ɋɌɆ

 

ɢɡɨɛɪɚɠɟɧɢɟ
ɞɜɭɯ

 

ɚɬɨɦɨɜ

 

ɩɪɢɦɟɫɢ
A ɢ

 

B

 

ɧɚ

 

ɩɨɜɟɪɯɧɨɫɬɢ
GaAs

Ʉɥɸɱɟɜɵɟ
 

ɫɨɫɬɨɹɧɢɹ
 

ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɢɯ
 

ɚɬɨɦɨɜ.
«ȼɄɅ/ȼɕɄɅ»

 

ɤɚɠɞɵɣ
 

ɢɡ
 

ɚɬɨɦɨɜ
 

ɢɥɢ
 

ɨɛɚ
 

ɫɨɜɦɟɫɬɧɨ.

A B

a bT

�
a

�
b

�
k

ɋɯɟɦɚ

 

ɢɡɦɟɪɟɧɢɣ

ɋɌɆ

3 nm

1. Ⱥɪɫɟɟɜ

 

ɉ. ɋ., Ɇɚɫɥɨɜɚ

 

ɇ.ɋ., ɉɚɧɨɜ

 

ȼ.ɂ., ɋɚɜɢɧɨɜ

 

ɋ.ȼ.  ɀɗɌɎ, 94(1), ɫ.191-199 (2001)
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ɂɡɝɨɬɨɜɥɟɧɢɟ
 

ɢ
 

ɋɌɆ/ɋɌɋ
 

ɞɢɚɝɧɨɫɬɢɤɚ
 

ɧɚɧɨɫɬɪɭɤɬɭɪ, 

ɫɨɫɬɨɹɳɢɯ
 

ɢɡ
 

ɟɞɢɧɢɱɧɵɯ
 

ɦɨɥɟɤɭɥ
 

ɮɭɥɥɟɪɟɧɚ
 

C60

(d
I/

dV
)

-

 

1,0                    0,0                    + 1.0
Tip voltage (V)

0.
2 

   
   

  0
.4

Resonance 
tunneling

effect

Ɍɟɯɧɨɥɨɝɢɹ
 

ɢɡɝɨɬɨɜɥɟɧɢɹ
 

ɧɚɧɨɫɬɪɭɤɬɭɪɵ
 

ɫ
 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ
 

ɋɌɆ:
1. ɇɚɧɟɫɟɧɢɟ

 

ɦɟɬɨɞɨɦ

 

ɅȻ

 

(Ʌɒ) ɞɜɭɯɤɨɦɩɨɧɟɧɬɧɨɣ

 

ɦɨɧɨɦɨɥɟɤɭɥɹɪɧɨɣ

 

ɩɥɟɧɤɢ

 

ɧɚ

 

ɚɬɨɦɧɨ-
ɝɥɚɞɤɭɸ

 

ɩɪɨɜɨɞɹɳɭɸ

 

ɩɨɞɥɨɠɤɭ. 
2. ɉɟɪɮɨɪɢɪɨɜɚɧɢɟ

 

ɦɨɧɨɦɨɥɟɤɭɥɹɪɧɨɣ

 

ɩɥɟɧɤɢ.

3. Ɉɫɚɠɞɟɧɢɟ

 

ɦɨɥɟɤɭɥ

 

C60

 

ɧɚ

 

ɩɨɜɟɪɯɧɨɫɬɶ

 

ɩɥɟɧɤɢ.

4. ɂɫɩɨɥɶɡɨɜɚɧɢɟ

 

ɨɫɬɪɢɹ

 

ɋɌɆ

 

ɞɥɹ

 

ɦɚɧɢɩɭɥɹɰɢɣ

 

ɦɨɥɟɤɭɥɚɦɢ

 

C60

 

ɢ

 

«ɫɬɚɥɤɢɜɚɧɢɹ»

 

ɢɯ

 

ɜ
ɭɝɥɭɛɥɟɧɢɹ. 

ɋɯɟɦɚ

 

ɢ

 

ɋɌɆ

 

ɢɡɨɛɪɚɠɟɧɢɟ

 

ɧɚɧɨɫɬɪɭɤɬɭɪɵ

Ɍɭɧɧɟɥɶɧɚɹ

 

ɩɪɨɜɨɞɢɦɨɫɬɶ

 

ɧɚɧɨɫɬɪɭɤɬɭɪɵ, 
ɫɨɞɟɪɠɚɳɟɣ

 

ɦɨɥɟɤɭɥɭ

 

C60

1.5 nm

C60

1. Ʉɨɥɟɫɨɜ

 

ȼ.ȼ., ɉɚɧɨɜ

 

ȼ.ɂ., Ɏɟɞɨɪɨɜ

 

ȿ.Ⱥ.

 

Ɋɚɞɢɨɬɟɯɧɢɤɚ

 

ɢ

 

ɷɥɟɤɬɪɨɧɢɤɚ, 42, 7, 878-881, 1997
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-0,6 -0,4 -0,2 0,0 0,2 0,4

0,25

0,30

0,35

0,40

0,45

0,50
dI/dU(U), a. u.

Bias voltage,V
ɋɬɪɭɤɬɭɪɚ

 

ɦɨɥɟɤɭɥ

 

Naphthacenequinone
ɪɟɜɟɪɫɢɜɧɨ

 

ɦɟɧɹɟɬɫɹ

 

ɩɪɢ

 

ɢɡɦɟɧɟɧɢɢ

 

ɞɥɢɧɵ
ɫɜɟɬɨɜɨɣ

 

ɜɨɥɧɵ

Form A     Form Bȁ
 

= 400nm          ȁ
 

= 480nm
Form A          Form B 

A

B

ɉɨɜɟɞɟɧɢɟ

 

ɦɨɥɟɤɭɥɹɪɧɨɣ

 

ɩɪɨɜɨɞɢɦɨɫɬɢ

 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ
ɩɨɹɜɥɟɧɢɸ

 

ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ

 

ɩɥɨɬɧɨɫɬɢ

 

ɫɨɫɬɨɹɧɢɣ

 

(vacant 
states) ɜ

 

ɪɟɡɭɥɶɬɚɬɟ

 

ɨɛɪɚɬɢɦɨɣ

 

ɮɨɬɨɪɟɚɤɰɢɢ. 

Ɋɟɜɟɪɫɢɜɧɵɟ
 

ɢɡɦɟɧɟɧɢɹ
 

ɫɬɪɭɤɬɭɪɵ
 

ɢ
 

ɩɪɨɜɨɞɢɦɨɫɬɢ
ɦɨɥɟɤɭɥ

 

ɩɨɞ
 

ɞɟɣɫɬɜɢɟɦ
 

ɫɜɟɬɚ
( ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɟ

 

ɭɫɬɪɨɣɫɬɜɨ
 

ɧɚ
 

ɟɞɢɧɢɱɧɨɣ
 

ɦɨɥɟɤɭɥɟ)

0 5 10 15
0,00

0,02

0,04

0,06

0,08

0,10

1'

1

Tunneling current, nA

Distance, Å

Ɍɭɧɧɟɥɶɧɚɹ

 

ɩɪɨɜɨɞɢɦɨɫɬɶ

 

ɩɥɟɧɨɤ

 

ɅȻ

 

ɜ

 

ɡɚɜɢɫɢɦɨɫɬɢ
ɨɬ

 

ɧɚɩɪɹɠɟɧɢɹ

 

ɧɚ

 

ɋɌɆ

 

ɩɟɪɟɯɨɞɟ

ȼ



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

d 50nm≤Sample

Optical 
pumping

Optical fiber

ɈɩɬɢɱɟɫɤɚɹɈɩɬɢɱɟɫɤɚɹ
 

ɆɢɤɪɨɫɤɨɩɢɹɆɢɤɪɨɫɤɨɩɢɹ
 

ɢɢ
 ɉɨɥɹɪɢɦɟɬɪɢɹɉɨɥɹɪɢɦɟɬɪɢɹ

 

ȻɥɢɠɧɟɝɨȻɥɢɠɧɟɝɨ
 

ɉɨɥɹɉɨɥɹ

tip

ɂɡɦɟɪɟɧɢɟɂɡɦɟɪɟɧɢɟ
 

ɢɢ
 

ɞɢɚɝɧɨɫɬɢɤɚɞɢɚɝɧɨɫɬɢɤɚ
 

ɨɩɬɢɱɟɫɤɢɯɨɩɬɢɱɟɫɤɢɯ
 

ɩɨɥɟɣɩɨɥɟɣ
 ɢɢ

 

ɨɩɬɢɱɟɫɤɢɯɨɩɬɢɱɟɫɤɢɯ
 

ɫɜɨɣɫɬɜɫɜɨɣɫɬɜ
 

ɨɛɴɟɤɬɨɜɨɛɴɟɤɬɨɜ
 

ɫɫ
 ɪɚɡɪɟɲɟɧɢɟɦɪɚɡɪɟɲɟɧɢɟɦ, , ɡɧɚɱɢɬɟɥɶɧɨɡɧɚɱɢɬɟɥɶɧɨ

 

ɩɪɟɜɵɲɚɸɳɢɦɩɪɟɜɵɲɚɸɳɢɦ
 ɞɢɮɪɚɤɰɢɨɧɧɵɣɞɢɮɪɚɤɰɢɨɧɧɵɣ

 

ɩɪɟɞɟɥɩɪɟɞɟɥ. . ȼɵɹɜɥɟɧɢɟȼɵɹɜɥɟɧɢɟ
 ɦɟɯɚɧɢɡɦɨɜɦɟɯɚɧɢɡɦɨɜ

 

ɜɡɚɢɦɨɞɟɣɫɬɜɢɹɜɡɚɢɦɨɞɟɣɫɬɜɢɹ
 

ɫɜɟɬɚɫɜɟɬɚ
 

ɫɫ
 ɧɚɧɨɫɬɪɭɤɬɭɪɚɦɢɧɚɧɨɫɬɪɭɤɬɭɪɚɦɢ. . ɈɛɪɚɛɨɬɤɚɈɛɪɚɛɨɬɤɚ

 

ɢɢ
 

ɩɟɪɟɞɚɱɚɩɟɪɟɞɚɱɚ
 ɨɩɬɢɱɟɫɤɨɣɨɩɬɢɱɟɫɤɨɣ

 

ɢɧɮɨɪɦɚɰɢɢɢɧɮɨɪɦɚɰɢɢ..

ɋ D

1 ɦɤɦ
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110−

310−

510−

710−

210− 110− 010 110 210

Z

Į

k
BE

2Z −

ɉɪɨɯɨɠɞɟɧɢɟ
 

ɫɜɟɬɚ
 

ɱɟɪɟɡ
 

ɞɢɚɮɪɚɝɦɭ
ɫ

 

ɫɭɛɜɨɥɧɨɜɨɣ
 

ɚɩɟɪɬɭɪɨɣ
 

( 2Į
 

«
 

Ȝ
 

)
(ɩɪɢɧɰɢɩ

 

ɪɚɛɨɬɵ
 

ɋɈɆȻɉ)

exp (        )
Zβ
α

− 2Į
 

«

 

Ȝ

( )
2

8 3
~ exp

3 4

k z
j z

α π
π α

⎛ ⎞ ⎛ ⎞−⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

Ɂɚɜɢɫɢɦɨɫɬɶ

 

ɢɧɬɟɧɫɢɜɧɨɫɬɢ

 

ɫɜɟɬɚ, 
ɩɪɨɲɟɞɲɟɝɨ

 

ɱɟɪɟɡ

 

ɞɢɚɮɪɚɝɦɭ

 

ɜ

 
ɦɟɬɚɥɥɢɱɟɫɤɨɦ

 

ɷɤɪɚɧɟ

 

ɨɬ

 

ɫɨɨɬɧɨɲɟɧɢɹ

 

z/Į.
Z –

 

ɪɚɫɫɬɨɹɧɢɟ

 

ɞɨ

 

ɷɤɪɚɧɚ.
J ɭɦɟɧɶɲɚɟɬɫɹ

 

ɧɚ

 

50% ɩɪɢ

 

Z~ Į/2

Z/Į

J/J0

0 < Z < 2Į

1. H. A. Bethe,

 

Phys. Rev.

 

66, 163 (1944)
2. C. J. Bouwkamp,

 

Philips. Res. Rep., 5 (1950)
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ɋɯɟɦɚɬɢɱɟɫɤɨɟ
 

ɢɡɨɛɪɚɠɟɧɢɟ
 

ɭɫɬɪɨɣɫɬɜɚ
 ɋɈɆȻɉ



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

Ⱥɩɟɪɬɭɪɧɵɣ
 

ɡɨɧɞ, ɩɨɥɭɱɟɧɧɵɣ
 

ɦɟɬɨɞɨɦ
 

ɯɢɦɢɱɟɫɤɨɝɨ
 

ɬɪɚɜɥɟɧɢɹ
 

ɫ
 

ɩɨɫɥɟɞɭɸɳɢɦ
 

ɧɚɩɵɥɟɧɢɟɦ
 

ɦɟɬɚɥɥɚ
 

ɧɚ
 

ɟɝɨ
 

ɛɨɤɨɜɭɸ
 

ɩɨɜɟɪɯɧɨɫɬɶ

Ɂɨɧɞɢɪɭɸɳɢɟ
 

ɨɫɬɪɢɹ
 

ɞɥɹ
 

ɫɤɚɧɢɪɭɸɳɟɣ
 

ɦɢɤɪɨɫɤɨɩɢɢ
ɛɥɢɠɧɟɝɨ

 

ɨɩɬɢɱɟɫɤɨɝɨ
 

ɩɨɥɹ

D « Ȝ
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0.4 ɦμ

0.17 ɦμ 1500 o.e. 1100 o.e. 860 o.e.

ɉɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ
 

ɪɚɫɩɪɟɞɟɥɟɧɢɟ
 

ɫɜɟɬɚ
 

ɩɪɨɲɟɞɲɟɝɨ
ɱɟɪɟɡ

 

ɫɭɛɞɥɢɧɧɨɜɨɥɧɨɜɭɸ
 

ɞɢɚɮɪɚɝɦɭ
(ɋɈɆȻɉ

 

ɢɡɨɛɪɚɠɟɧɢɟ

 

ɞɢɚɮɪɚɝɦɵ

 

ɧɚ

 

ɪɚɡɧɵɯ

 

ɪɚɫɫɬɨɹɧɢɹɯ

 

ɨɬ

 

ɡɨɧɞɚ)

ȺɋɆ

 

ɢɡɨɛɪɚɠɟɧɢɟ

 
ɪɟɥɶɟɮɚ

 

ɩɨɜɟɪɯɧɨɫɬɢ

 

ɜ

 
ɨɛɥɚɫɬɢ

 

ɞɢɚɮɪɚɝɦɵ

 

D

ɂɧɬɟɧɫɢɜɧɨɫɬɶ

 

ɫɜɟɬɚ

 

ɞɥɹ

 

ɪɚɡɧɵɯ

 

ɪɚɫɫɬɨɹɧɢɣ

 
H=nλ

 

ɦɟɠɞɭ

 

ɡɨɧɞɨɦ

 

ɋɈɆȻɉ

 

ɢ

 

ɞɢɚɮɪɚɝɦɨɣ

 

D

Height λ/100 λ/10 λ/4

2 λ

D

ɩɥɨɫɤɨɫɬɶ
ɫɤɚɧɢɪɨɜɚɧɢɹ

ɡɨɧɞ

H D

ɫɜɟɬɨɜɨɟ

 

ɩɨɥɟ
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ɋɈɆȻɉ
 

ɢɡɨɛɪɚɠɟɧɢɟ
 

ɦɨɥɟɤɭɥ
 

ɤɪɚɫɢɬɟɥɹ

Ⱥ) ɋɈɆȻɉ

 

ɢɡɨɛɪɚɠɟɧɢɟ

 

ɦɨɥɟɤɭɥ

 

ɤɪɚɫɢɬɟɥɹ, ɭɫɪɟɞɧɟɧɧɨɟ

 
ɩɨ

 

ɩɨɥɹɪɢɡɚɰɢɢ

 

ɜɨɡɛɭɠɞɟɧɢɹ,  
ȼ) ɫɯɟɦɚɬɢɱɟɫɤɨɟ

 

ɢɡɨɛɪɚɠɟɧɢɟ

 

ɦɨɥɟɤɭɥ

 

ɜ

 

ɜɢɞɟ

 

ɞɢɩɨɥɟɣ

1. Betzig

 

E., Chichester

 

R.J. Science, 262, No.5138., P.1422-1424 (1993)
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ɉɨɥɹɪɢɡɚɰɢɨɧɧɵɟ
 

ɋɈɆȻɉ
 

ɷɮɮɟɤɬɵ
 

ɩɪɢ
 ɩɪɨɯɨɠɞɟɧɢɢ

 

ɫɜɟɬɚ
 

ɱɟɪɟɡ
 

ɞɢɚɮɪɚɝɦɵ
 

ɧɚɧɨɦɟɬɪɨɜɵɯ
ɪɚɡɦɟɪɨɜ

a.u.

0

50

100

0.4μ

2μ 2μ 2μ

250a.u. 250a.u.

excitation
 light

analyser analyser

1 2

Topography Optical Optical

nm0 250 500 750 1000 1250 1500

1

0 250 500 750 1000 1250 1500
0

50

100

nm

a.u.

2

1. M.V.

 

Bashevoy, A.A.

 

Ezhov, S.A.

 

Magnitskii,et.al.

 

Proc. SPIE. V.5399., P.38-49

 

(2004) 

Ɉɩɬɢɱɟɫɤɢɟ
 

ɢɡɨɛɪɚɠɟɧɢɹ
 

ɞɢɚɮɪɚɝɦ
 

(B,C)

 

ɢ
 

ɫɟɱɟɧɢɹ
 

ɷɬɢɯ
 

ɢɡɨɛɪɚɠɟɧɢɣ
 

(1,2) 
ɞɥɹ

 

ɨɪɬɨɝɨɧɚɥɶɧɨ
 

ɩɨɥɹɪɢɡɨɜɚɧɧɵɯ
 

ɤɨɦɩɨɧɟɧɬ
 

ɫɜɟɬɚ

A B C



MSUMSU

QuantumQuantum

ElectronicsElectronics

DivisionDivision

113 a.u.

2 ɦμ

19 nm 98 a.u. 150 a.u.

Ʌɨɤɚɥɶɧɵɟ
 

ɦɚɝɧɢɬɨɨɩɬɢɱɟɫɤɢɟ
 

ɢɡɦɟɪɟɧɢɹ
 

ɦɟɬɨɞɨɦ
Ɉɩɬɢɱɟɫɤɨɣ

 

Ɇɢɤɪɨɫɤɨɩɢɢ
 

Ȼɥɢɠɧɟɝɨ
 

ɉɨɥɹ
(ɋɈɆȻɉ

 

ɢɡɨɛɪɚɠɟɧɢɹ
 

ɞɨɦɟɧɨɜ
 

ɢ
 

ɞɨɦɟɧɧɵɯ
 

ɫɬɟɧɨɤ
 

ɩɥɟɧɨɤ
 

ɮɟɪɪɢɬɨɜ-

ɝɪɚɧɚɬɨɜ
 

)

105 a.u. 110 a.u. 55 a.u.

Collection mode

Illumination mode

Topography Domain 1 Domain 2 Domain walls

Domain 1 Domain 2 Domain walls

1. A. A. Ejov D. A. Muzychenko J. S. Toursynov. Phys. Low-Dim. Struct., 2001, No. 3/4, P. 237 ÷ 241.

40nm

0.3µm
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ɋɈɆȻɉ
 

ɥɨɤɚɥɶɧɚɹ
 

ɞɢɚɝɧɨɫɬɢɤɚ
 

ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ
ɪɚɫɩɪɟɞɟɥɟɧɢɹ

 

ɫɜɟɬɨɜɨɝɨ
 

ɩɨɥɹ
 

ɜɛɥɢɡɢ
 

ɧɚɧɨɫɬɪɭɤɬɭɪ

Ɉɛɪɚɡɰɵ
 

(Ⱥ) ɢ
 

ɝɟɨɦɟɬɪɢɹ
 

ɷɤɫɩɟɪɢɦɟɧɬɚ
 

(ȼ)

Ȼ Ȼ

A

A

E

A,Ȼ A,Ȼ

a

Ɂɨɧɞ

ɋɗɆ

 

ɢɡɨɛɪɚɠɟɧɢɟ

 

ɩɨɥɢɦɟɪɧɵɯ

 

ɧɚɧɨɰɢɥɢɧɞɪɨɜ

Ⱥ
ȼ

ɨɩɬɢɱɟɫɤɚɹ
 

ɧɚɤɚɱɤɚ
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ɩɨɜɟɪɯɧɨɫɬɶ

ɩɥɨɫɤɨɫɬɶ
ɫɤɚɧɢɪɨɜɚɧɢɹ

ɨɩɬɢɱɟɫɤɚɹ ɧɚɤɚɱɤɚ

ɡɨɧɞ

h

Ɋɚ
ɫɩ
ɪɟ
ɞɟ
ɥɟ
ɧɢ
ɟ
ɢɧ
ɬɟ
ɧɫ
ɢɜ
ɧɨ
ɫɬ
ɢ
ɗ
Ɇ
ɉ

Ɉɩɬɢɱɟɫɤɚɹ
 

ɧɚɤɚɱɤɚ

Ɍɪɟɯɦɟɪɧɨɟ
 

ɤɚɪɬɢɪɨɜɚɧɢɟ
 

ɥɨɤɚɥɶɧɵɯ
 

ɨɩɬɢɱɟɫɤɢɯ
 

ɩɨɥɟɣ.
ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ

 

ɧɚɧɨɫɬɪɭɤɬɭɪ
 

ɫɨ
 

ɫɜɟɬɨɦ.
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Ɍɪɟɯɦɟɪɧɨɟ
 

ɤɚɪɬɢɪɨɜɚɧɢɟ
 

ɥɨɤɚɥɶɧɵɯ
 

ɨɩɬɢɱɟɫɤɢɯ
 

ɩɨɥɟɣ.
ȼɡɚɢɦɨɞɟɣɫɬɜɢɟ

 

ɧɚɧɨɫɬɪɭɤɬɭɪ
 

ɫɨ
 

ɫɜɟɬɨɦ.

E

1μ

E

1μ

E

1μ

20 nm

Constant height mode

Height: 100 nm 700 nm

500nm 500nm 500nm

E
x

p
e
ri

m
e
n

ta
l

C
a

lc
u

la
te

d

1. ȿɠɨɜ

 

Ⱥ. Ⱥ., Ɇɚɝɧɢɰɤɢɣ

 

ɋ. Ⱥ., Ɇɚɫɥɨɜɚ

 

ɇ.ɋ., ɢ ɞɪ.,ɉɢɫɶɦɚ

 

ɜ

 

ɀɗɌɎ, 82. ʋ 9-10. ɋ. 678-681

 

(2005) 
2. A.A. Ezhov, S.A. Magnitskii, N.S. Maslova, D.A. Muzychenko, A.A. Nikulin, V.I. Panov. International

 

Journal

 

of 
Nanoscience, v.6, n.3/4, p.233-236 (2007)

ɋɩɢɪɚɥɶɧɚɹ

 

ɫɬɪɭɤɬɭɪɚ
ɥɨɤɚɥɶɧɨɝɨ

 

ɨɩɬɢɱɟɫɤɨɝɨ
ɩɨɥɹ

 

(ɨɩɬɢɱɟɫɤɢɟ

 

ɜɢɯɪɢ) 
ɫɜɹɡɚɧɚ

 

ɫ

 

ɪɟɡɨɧɚɧɫɧɵɦ
ɜɨɡɛɭɠɞɟɧɢɟɦ

 

ɤɪɭɝɨɜɵɯ
ɩɨɜɟɪɯɧɨɫɬɧɵɯ

 

ɩɥɚɡɦɨɧɨɜ
ɜɛɥɢɡɢ

 
ɦɟɬɚɥɥɢɡɢɪɨɜɚɧɧɨɣ

ɧɚɧɨɫɬɪɭɤɬɭɪɵ, ɤɨɬɨɪɵɟ
ɢɧɬɟɪɮɟɪɢɪɭɸɬ

 

ɫ

 
ɩɚɞɚɸɳɟɣ

 

ɢ

 

ɨɬɪɚɠɟɧɧɨɣ
ɜɨɥɧɨɣ

 

ɜ

 

ɛɥɢɠɧɟɩɨɥɶɧɨɣ
ɨɛɥɚɫɬɢ

ɉɪɢɦɟɧɟɧɢɹ
 

ɜ
 

ɧɚɧɨɮɨɬɨɧɢɤɟ:

 

ɨɞɧɨɧɚɩɪɚɜɥɟɧɧɵɟ
 

ɷɥɟɦɟɧɬɵ, ɤɨɧɰɟɧɬɪɚɬɨɪɵ, ɪɚɡɜɟɬɜɢɬɟɥɢ
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ɉɪɢɦɟɧɟɧɢɟ
 

ɋɈɆȻɉ
 

ɞɥɹ
 

ɫɜɟɪɯɩɥɨɬɧɨɣ
ɨɩɬɢɱɟɫɤɨɣ

 

ɡɚɩɢɫɢ

ɋɪɟɞɧɢɣ

 

ɞɢɚɦɟɬɪ

 

ɹɦɤɢ

 

50 nm.

Ɍɨɩɨɝɪɚɮɢɹ

Ȝ
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Ȼɥɚɝɨɞɚɪɸ
 

ɡɚ
 

ɜɧɢɦɚɧɢɟ!
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