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ȼɜɟɞɟɧɢɟ 

ɇɢɬɪɢɞ ɝɚɥɥɢɹ, GaN, - ɩɪɹɦɨɡɨɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ ɫ ɲɢɪɢɧɨɣ ɡɚɩɪɟɳёɧɧɨɣ ɡɨɧɵ 

3,4 ɷȼ ɩɪɢ 300 Ʉ, ɤɨɬɨɪɵɣ ɹɜɥɹɟɬɫɹ ɩɟɪɫɩɟɤɬɢɜɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɜ ɪɚɡɪɚɛɨɬɤɟ ɧɨɜɨɝɨ 

ɩɨɤɨɥɟɧɢɹ ɫɜɟɬɨɞɢɨɞɧɨɣ ɢ ɫɢɥɨɜɨɣ ɷɥɟɤɬɪɨɧɢɤɢ. Ƚɥɚɜɧɵɦ ɥɢɦɢɬɢɪɭɸɳɢɦ ɮɚɤɬɨɪɨɦ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ ɜɵɫɬɭɩɚɟɬ ɜɵɫɨɤɚɹ ɩɥɨɬɧɨɫɬɶ ɪɨɫɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɢ 

ɬɨɱɟɱɧɵɯ ɞɟɮɟɤɬɨɜ, ɫɜɹɡɚɧɧɵɯ ɫ ɨɫɨɛɟɧɧɨɫɬɹɦɢ ɩɨɥɭɱɟɧɢɹ ɤɪɢɫɬɚɥɥɨɜ ɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ 

ɩɥɟɧɨɤ ɜ ɩɪɨɢɡɜɨɞɫɬɜɟ ɢ ɥɚɛɨɪɚɬɨɪɢɹɯ. Ʉɨɦɦɟɪɱɟɫɤɢ-ɜɵɝɨɞɧɵɣ ɷɩɢɬɚɤɫɢɚɥɶɧɵɣ 

(ɩɨɫɥɨɣɧɵɣ) ɦɟɬɨɞ ɜɵɪɚɳɢɜɚɧɢɹ ɧɚ ɩɨɞɥɨɠɤɚɯ, ɜɪɨɞɟ ɫɚɩɮɢɪɚ, ɤɚɪɛɢɞɚ ɤɪɟɦɧɢɹ ɢ 

ɞɪɭɝɢɯ, ɜ ɫɢɥɭ ɛɨɥɶɲɨɝɨ ɪɚɡɥɢɱɢɹ ɜ ɩɚɪɚɦɟɬɪɚɯ ɪɟɲɟɬɤɢ ɦɟɠɞɭ ɫɭɛɫɬɪɚɬɨɦ ɢ ɧɢɬɪɢɞɨɦ 

ɝɚɥɥɢɹ, ɚ ɬɚɤɠɟ ɧɚɪɭɲɟɧɢɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɭɩɚɤɨɜɤɢ ɚɬɨɦɧɵɯ ɫɥɨɟɜ ɫɨɡɞɚɸɬ 

ɢɡɛɵɬɨɱɧɵɟ ɧɚɩɪɹɠɟɧɢɹ, ɤɨɦɩɟɧɫɢɪɭɟɦɵɟ ɪɚɡɜɢɬɢɟɦ ɞɟɮɟɤɬɨɜ, ɨɫɨɛɟɧɧɨ ɜ ɦɚɫɫɢɜɧɵɯ 

ɤɪɢɫɬɚɥɥɚɯ. ȼ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, ɞɟɮɟɤɬɵ ɩɪɢɜɨɞɹɬ ɤ ɭɦɟɧɶɲɟɧɢɸ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 

ɢɡɥɭɱɟɧɢɹ ɜ ɫɜɟɬɨɞɢɨɞɚɯ ɢ ɤ ɭɜɟɥɢɱɟɧɢɸ ɬɨɤɨɜ ɭɬɟɱɤɢ. [1-4] 

ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɧɟɞɚɜɧɢɟ ɪɚɛɨɬɵ [5-9] ɩɨɤɚɡɚɥɢ, ɱɬɨ ɫɜɟɠɟɜɜɟɞɟɧɧɵɟ (ɬɨ ɟɫɬɶ 

ɩɨɫɥɟ ɪɨɫɬɚ) ɰɚɪɚɩɚɧɢɟɦ ɢɥɢ ɭɤɚɥɵɜɚɧɢɟɦ ɩɨɜɟɪɯɧɨɫɬɢ ɤɪɢɫɬɚɥɥɚ a-ɜɢɧɬɨɜɵɟ ɞɢɫɥɨɤɚɰɢɢ 

– ɷɮɮɟɤɬɢɜɧɵɣ ɢɫɬɨɱɧɢɤ ɍɎ ɢɡɥɭɱɟɧɢɹ, ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɤɨɬɨɪɨɝɨ ɜ ɧɟɫɤɨɥɶɤɨ ɪɚɡ 

ɩɪɟɜɵɲɚɟɬ ɫɨɛɫɬɜɟɧɧɨɟ ɢɡɥɭɱɟɧɢɟ ɨɛɪɚɡɰɚ (ɫɜɨɛɨɞɧɨɝɨ ɷɤɫɢɬɨɧɚ). ɋɩɟɤɬɪɚɥɶɧɨɟ 

ɩɨɥɨɠɟɧɢɟ ɢ ɮɨɪɦɚ ɩɢɤɨɜ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɡɚɦɟɬɧɨ ɜɚɪɶɢɪɭɸɬɫɹ ɜ 

ɢɫɫɥɟɞɨɜɚɧɢɹɯ ɪɚɡɧɵɯ ɝɪɭɩɩ, ɢ ɩɪɟɞɥɨɠɟɧɵ ɛɵɥɢ ɪɚɡɥɢɱɧɵɟ ɦɨɞɟɥɢ, ɨɛɴɹɫɧɹɸɳɢɟ 

ɧɚɛɥɸɞɚɟɦɨɟ ɹɜɥɟɧɢɟ. ɇɚɩɪɢɦɟɪ, ɜ ɪɚɛɨɬɚɯ ɧɚɲɟɣ ɝɪɭɩɩɵ [5-7] ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɦɨɞɟɥɶ 

ɢɡɥɭɱɚɬɟɥɶɧɵɯ ɩɟɪɟɯɨɞɨɜ ɪɚɫɳɟɩɥɟɧɧɨɣ a-ɜɢɧɬɨɜɨɣ ɞɢɫɥɨɤɚɰɢɢ. ɇɚ ɦɨɦɟɧɬ ɧɚɱɚɥɚ 

ɪɚɛɨɬɵ ɞɚɧɧɵɟ ɩɨ ɹɞɟɪɧɨɣ ɫɬɪɭɤɬɭɪɟ ɞɢɫɥɨɤɚɰɢɣ ɜ ɧɢɬɪɢɞɟ ɝɚɥɥɢɹ ɛɵɥɢ ɧɟɞɨɫɬɚɬɨɱɧɵ 

ɞɥɹ ɭɫɬɚɧɨɜɥɟɧɢɹ ɩɪɢɱɢɧ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ. ɋɬɨɢɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ 

ɧɚɛɥɸɞɚɟɦɨɟ ɹɜɥɟɧɢɟ ɨɬɤɪɵɜɚɟɬ ɜɨɡɦɨɠɧɨɫɬɢ ɞɥɹ ɫɨɡɞɚɧɢɹ ɧɨɜɨɝɨ ɩɨɤɨɥɟɧɢɹ 

ɫɜɟɬɨɢɡɥɭɱɚɸɳɢɯ ɭɫɬɪɨɣɫɬɜ, ɞɥɹ ɱɟɝɨ ɬɚɤɠɟ ɧɟɨɛɯɨɞɢɦɨ ɡɧɚɬɶ ɦɟɯɚɧɢɡɦ 

ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɞɢɫɥɨɤɚɰɢɣ. 

ɐɟɥɶɸ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɩɨɥɭɱɟɧɢɟ ɦɟɬɨɞɚɦɢ ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ 

ɦɢɤɪɨɫɤɨɩɢɢ (ɉɗɆ) ɫɜɟɞɟɧɢɣ ɨ ɫɬɪɭɤɬɭɪɟ ɹɞɟɪ ɫɜɟɠɟɜɜɟɞɟɧɧɵɯ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ, 

ɧɟɨɛɯɨɞɢɦɵɯ ɞɥɹ ɭɫɬɚɧɨɜɥɟɧɢɹ ɦɟɯɚɧɢɡɦɚ ɥɸɦɢɧɟɫɰɟɧɰɢɢ. 

Ɂɚɞɚɱɢ ɪɚɛɨɬɵ: 

1. ɂɡɭɱɟɧɢɟ ɥɢɬɟɪɚɬɭɪɵ ɩɨ ɉɗɆ ɢɫɫɥɟɞɨɜɚɧɢɹɦ ɢ ɢɫɫɥɟɞɨɜɚɧɢɹɦ ɦɟɬɨɞɚɦɢ 

ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɞɢɫɥɨɤɚɰɢɣ ɢ ɞɪɭɝɢɯ ɞɟɮɟɤɬɨɜ ɤɚɤ ɜ ɨɛɳɟɦ ɞɥɹ ɜɫɟɯ ɦɚɬɟɪɢɚɥɨɜ, ɬɚɤ ɢ ɜ 

ɧɢɬɪɢɞɟ ɝɚɥɥɢɹ ɜ ɞɟɬɚɥɹɯ. 
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2. ɉɨɞɝɨɬɨɜɤɚ ɬɨɧɤɢɯ ɨɛɪɚɡɰɨɜ ɫ ɧɚɧɟɫɟɧɧɵɦɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɞɢɫɥɨɤɚɰɢɹɦɢ 

(«ɮɨɥɶɝɢ») ɜ ɩɥɚɧɚɪɧɨɣ ɝɟɨɦɟɬɪɢɢ (plane-view) ɞɥɹ ɉɗɆ ɢɫɫɥɟɞɨɜɚɧɢɹ 

3. ɉɪɨɜɟɫɬɢ ɉɗɆ ɢɫɫɥɟɞɨɜɚɧɢɟ ɞɢɫɥɨɤɚɰɢɣ ɜ ɩɨɥɭɱɟɧɧɵɯ ɨɛɪɚɡɰɚɯ ɞɥɹ 

ɨɩɪɟɞɟɥɟɧɢɹ ɫɬɪɭɤɬɭɪɵ ɹɞɟɪ 

4. Ⱥɧɚɥɢɡ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɢ ɫɪɚɜɧɟɧɢɟ ɫ ɞɚɧɧɵɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɜ 

ɢɫɫɥɟɞɨɜɚɧɢɹɯ ɞɢɫɥɨɤɚɰɢɣ ɦɟɬɨɞɨɦ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ  
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Ƚɥɚɜɚ 1. ɇɢɬɪɢɞ ɝɚɥɥɢɹ: ɫɬɪɭɤɬɭɪɚ ɢ ɫɢɫɬɟɦɵ ɫɤɨɥɶɠɟɧɢɹ 

1.1. Кɪɢɫɬɚɥɥɨɯɢɦɢɹ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ 

Ʉɪɢɫɬɚɥɥɵ ɢ ɩɥɟɧɤɢ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ ɩɪɢ ɜɵɪɚɳɢɜɚɧɢɢ ɦɚɫɫɢɜɧɵɯ ɨɛɪɚɡɰɨɜ ɧɚ 

ɩɨɞɥɨɠɤɚɯ ɪɚɡɥɢɱɧɵɦɢ ɷɩɢɬɚɤɫɢɚɥɶɧɵɦɢ ɦɟɬɨɞɚɦɢ ɢɦɟɸɬ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ1 

ɫɬɪɭɤɬɭɪɧɵɣ ɬɢɩ ɜɸɪɰɢɬɚ (ɝɟɤɫɚɝɨɧɚɥɶɧɚɹ ɫɢɧɝɨɧɢɹ) P63mc [2]. Ⱥɬɨɦɵ ɝɚɥɥɢɹ ɢ ɚɡɨɬɚ 

ɩɥɨɬɧɨ ɭɩɚɤɨɜɚɧɵ ɩɨ ɝɟɤɫɚɝɨɧɚɥɶɧɨɦɭ ɡɚɤɨɧɭ, ɬɨ ɟɫɬɶ ɨɧɢ ɨɛɪɚɡɭɸɬ ɫɥɨɢ, ɜ ɤɨɬɨɪɵɯ 

ɤɚɠɞɵɣ ɚɬɨɦ ɨɤɪɭɠɟɧ ɲɟɫɬɶɸ ɨɞɧɨɢɦɟɧɧɵɦɢ (ɩɨɥɨɠɟɧɢɟ A), ɚ ɫɥɟɞɭɸɳɢɣ ɫɥɨɣ (ɬɚɤɠɟ 

ɨɞɧɨɢɦɟɧɧɵɯ ɚɬɨɦɨɜ) ɫɞɜɢɧɭɬ ɜ ɫɜɨɟɣ ɩɥɨɫɤɨɫɬɢ ɜ ɩɨɡɢɰɢɸ ɦɟɠɚɬɨɦɧɵɯ ɩɪɨɦɟɠɭɬɤɨɜ 

(ɩɨɥɨɠɟɧɢɟ B), ɨɛɪɚɡɭɸɳɢɯɫɹ ɜ ɩɪɟɞɵɞɭɳɟɦ (ɪɢɫ. 1). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ ɦɟɠɞɭ ɞɜɭɦɹ 

ɫɥɨɹɦɢ ɜɨɡɧɢɤɚɸɬ ɞɜɚ ɬɢɩɚ ɩɭɫɬɨɬ: ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɟ, ɤɨɝɞɚ ɚɬɨɦ ɢɡ ɫɥɟɞɭɸɳɟɝɨ ɫɥɨɹ 

ɧɚɯɨɞɢɬɫɹ ɩɨɞ ɦɟɠɚɬɨɦɧɵɦ ɩɪɨɦɟɠɭɬɤɨɦ ɩɪɟɞɵɞɭɳɟɝɨ ɢ ɨɤɬɚɷɞɪɢɱɟɫɤɢɟ, ɤɨɝɞɚ 

ɫɨɜɩɚɞɚɸɬ ɩɭɫɬɨɬɵ ɨɛɨɢɯ ɫɥɨɟɜ. ɉɪɢ ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ ɭɩɚɤɨɜɤɟ ɩɨɥɨɠɟɧɢɟ ɚɬɨɦɨɜ ɜ 

ɩɥɨɫɤɨɫɬɢ ɤɚɠɞɨɝɨ ɬɪɟɬɶɟɝɨ ɫɥɨɹ ɫɨɜɩɚɞɚɟɬ ɫ ɩɟɪɜɵɦ, ɬɨ ɟɫɬɶ ɱɟɪɟɞɨɜɚɧɢɟ ɫɥɨɟɜ ɦɨɠɧɨ 

ɡɚɩɢɫɚɬɶ ɤɚɤ: …ABABA… . ȼ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ ɪɚɡɧɨɢɦɟɧɧɵɟ ɚɬɨɦɵ ɜɡɚɢɦɧɨ 

ɪɚɫɩɨɥɚɝɚɸɬɫɹ ɜ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɩɭɫɬɨɬɚɯ ɞɪɭɝɨɝɨ. 

 

Ɋɢɫɭɧɨɤ 1. Ƚɟɤɫɚɝɨɧɚɥɶɧɚɹ ɩɥɨɬɧɟɣɲɚɹ ɭɩɚɤɨɜɤɚ (ɫɥɟɜɚ) ɢ ɤɭɛɢɱɟɫɤɚɹ (ɫɩɪɚɜɚ) ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ. Ɂɟɥɟɧɧɵɟ 

ɲɚɪɢɤɢ – ɚɬɨɦɵ ɝɚɥɥɢɹ, ɱɟɪɧɵɟ – ɚɡɨɬɚ. Ⱦɜɨɣɧɨɣ ɫɬɪɟɥɤɨɣ ɩɨɤɚɡɚɧɨ ɦɟɠɩɥɨɫɤɨɫɬɧɨɟ ɪɚɫɫɬɨɹɧɢɟ. 

ɋɬɪɟɥɤɚ ɜ ɧɢɠɧɟɦ ɥɟɜɨɦ ɭɝɥɭ ɩɨɤɚɡɵɜɚɟɬ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɨɟ ɧɚɩɪɚɜɥɟɧɢɟ ɩɥɨɬɧɟɣɲɟɣ ɭɩɚɤɨɜɤɢ. 

ȼɚɠɧɵɦ ɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɩɟɪɟɯɨɞɚ ɮɚɡɵ ɜɸɪɰɢɬɚ ɜ ɫɮɚɥɟɪɢɬɨɜɭɸ 

(ɤɭɛɢɱɟɫɤɚɹ ɫɢɧɝɨɧɢɹ). ɋɬɪɭɤɬɭɪɧɵɣ ɬɢɩ ɫɮɚɥɟɪɢɬɚ ɨɬɥɢɱɚɟɬɫɹ ɤɭɛɢɱɟɫɤɢɦ ɡɚɤɨɧɨɦ 

ɩɥɨɬɧɟɣɲɟɣ ɭɩɚɤɨɜɤɢ (ɪɢɫ.1), ɜ ɤɨɬɨɪɨɦ ɤɚɠɞɵɣ ɱɟɬɜɟɪɬɵɣ ɫɥɨɣ ɫɨɜɩɚɞɚɟɬ ɫ ɩɟɪɜɵɦ ɩɨ 

ɩɨɥɨɠɟɧɢɸ ɚɬɨɦɨɜ ɜ ɩɥɨɫɤɨɫɬɢ, ɬɨ ɟɫɬɶ ɫɭɳɟɫɬɜɭɟɬ ɬɪɟɬɶɟ ɩɨɥɨɠɟɧɢɟ ɫɥɨɹ C, ɢ 

ɱɟɪɟɞɨɜɚɧɢɟ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ: …ABCABCA… . Ɍɚɤɠɟ ɤɚɤ ɢ ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ, 

ɚɬɨɦɵ ɨɞɧɨɝɨ ɬɢɩɚ ɪɚɫɩɨɥɚɝɚɸɬɫɹ ɜ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɯ ɩɭɫɬɨɬɚɯ ɞɪɭɝɨɝɨ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, 

ɞɥɹ ɨɫɭɳɟɫɬɜɥɟɧɢɹ ɩɟɪɟɯɨɞɚ ɜ ɩɪɟɞɟɥɚɯ ɧɟɫɤɨɥɶɤɢɯ ɦɨɧɨɫɥɨɟɜ ɦɟɠɞɭ ɫɬɪɭɤɬɭɪɚɦɢ 

ɞɨɫɬɚɬɨɱɧɨ ɫɦɟɳɟɧɢɹ ɫɥɨɹ ɜ ɫɜɨɟɣ ɩɥɨɫɤɨɫɬɢ. 

                                                 
1 Ɋɚɡɪɚɛɨɬɚɧɵ ɦɟɬɨɞɵ ɩɨɥɭɱɟɧɢɹ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɤɭɛɢɱɟɫɤɨɣ ɮɚɡɵ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ [10-13] 
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1.2. Ⱦɢɫɥɨɤɚɰɢɢ 

1.2.1 Ɉɩɪɟɞɟɥɟɧɢɟ ɞɢɫɥɨɤɚɰɢɣ 

ɉɥɚɫɬɢɱɟɫɤɢɟ ɞɟɮɨɪɦɚɰɢɢ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɬɜɟɪɞɵɯ ɬɟɥɚɯ ɨɛɴɹɫɧɹɸɬɫɹ 

ɡɚɪɨɠɞɟɧɢɟɦ, ɞɜɢɠɟɧɢɟɦ ɢ ɪɚɡɦɧɨɠɟɧɢɟɦ ɞɢɫɥɨɤɚɰɢɣ [14]. Ⱦɢɫɥɨɤɚɰɢɢ – ɥɢɧɟɣɧɵɣ 

ɞɟɮɟɤɬ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɟ (ɜ ɭɩɨɪɹɞɨɱɟɧɧɨɦ ɪɚɫɩɨɥɨɠɟɧɢɢ ɚɬɨɦɨɜ) ɢɥɢ 

ɝɪɚɧɢɰɚ ɨɛɥɚɫɬɢ ɧɟɩɨɥɧɨɝɨ ɫɞɜɢɝɚ. Ɉɧɢ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫɹ ɧɚɩɪɚɜɥɟɧɢɟɦ ɥɢɧɢɢ, ɚ ɬɚɤɠɟ 

ɜɟɤɬɨɪɨɦ Ȼɸɪɝɟɪɫɚ (ܾ⃗ ሻ, ɦɨɞɭɥɶ ɤɨɬɨɪɨɝɨ ɪɚɜɟɧ ɩɨɥɧɨɦɭ ɫɞɜɢɝɭ, ɚ ɧɚɩɪɚɜɥɟɧɢɟ ɭɤɚɡɵɜɚɟɬ 

ɫɦɟɳɟɧɢɟ ɫɬɪɭɤɬɭɪɵ. ȼɵɞɟɥɹɸɬ ɬɢɩɵ ɞɢɫɥɨɤɚɰɢɣ ɩɨ ɜɡɚɢɦɧɨɣ ɨɪɢɟɧɬɢɪɨɜɤɟ ɜɟɤɬɨɪɨɜ 

Ȼɸɪɝɟɪɫɚ ɢ ɧɚɩɪɚɜɥɟɧɢɣ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɢ (⃗ݑ ). Ⱦɢɫɥɨɤɚɰɢɢ ɫ ɫɨɧɚɩɪɚɜɥɟɧɧɵɦɢ ⃗ݑ  || ܾ⃗  ɧɚɡɵɜɚɸɬɫɹ ɜɢɧɬɨɜɵɦɢ (ɪɢɫ. 2), ɫ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɵɦɢ ⃗ݑ  ┴ ܾ⃗   – ɤɪɚɟɜɵɦɢ ( ɤɨɬɨɪɵɟ 

ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɤɚɤ ɥɢɲɧɸɸ ɩɨɥɭɩɥɨɫɤɨɫɬɶ, ɪɢɫ. 2). ȿɫɥɢ ɠɟ ɫɨɫɬɚɜɥɹɸɬ ɭɝɨɥ, ɬɨ 

ɞɢɫɥɨɤɚɰɢɹ - ɫɦɟɲɚɧɧɨɝɨ ɬɢɩɚ, ɢ ɧɚɡɵɜɚɟɬɫɹ ɩɨ ɪɚɡɦɟɪɭ ɭɝɥɚ. 

 
Ɋɢɫɭɧɨɤ 2. ɋɥɟɜɚ - ɜɢɧɬɨɜɚɹ ɞɢɫɥɨɤɚɰɢɹ; ɫɩɪɚɜɚ - ɤɪɚɟɜɚɹ ɞɢɫɥɨɤɚɰɢɹ - ɥɢɲɧɹɹ ɩɨɥɭɩɥɨɫɤɨɫɬɶ. 

1.2.2 ɋɜɨɣɫɬɜɚ ɞɢɫɥɨɤɚɰɢɣ 

Ⱦɢɫɥɨɤɚɰɢɢ ɨɛɥɚɞɚɸɬ ɞɜɭɦɹ ɜɚɠɧɵɦɢ ɩɪɢɡɧɚɤɚɦɢ:  

1) ɜɟɤɬɨɪ Ȼɸɪɝɟɪɫɚ ɢɧɜɚɪɢɚɧɬɟɧ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɞɧɨɣ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɢ 

2) ɞɢɫɥɨɤɚɰɢɨɧɧɚɹ ɥɢɧɢɹ ɧɟɩɪɟɪɵɜɧɚ: ɨɧɚ ɦɨɠɟɬ ɡɚɤɨɧɱɢɬɶɫɹ ɧɚ ɞɪɭɝɨɣ ɞɢɫɥɨɤɚɰɢɢ, 

ɫɚɦɨɣ ɫɟɛɟ ɢɥɢ ɧɚ ɫɜɨɛɨɞɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɤɪɢɫɬɚɥɥɚ 

Ɉɞɧɨɣ ɢɡ ɯɚɪɚɤɬɟɪɧɵɯ ɨɫɨɛɟɧɧɨɫɬɟɣ ɞɢɫɥɨɤɚɰɢɣ ɹɜɥɹɸɬɫɹ ɢɯ ɪɟɚɤɰɢɢ, 

ɡɚɤɥɸɱɚɸɳɢɟɫɹ ɜɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɢ ɞɜɭɯ ɤɨɦɩɥɚɧɚɪɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ 

ɬɪɟɬɶɟɣ, ɢɦɟɸɳɟɣ ɫɭɦɦɚɪɧɵɣ ɜɟɤɬɨɪ Ȼɸɪɝɟɪɫɚ. Ɍɨɱɤɚ, ɢɡ ɤɨɬɨɪɨɣ ɜɵɯɨɞɹɬ ɬɪɢ 

ɞɢɫɥɨɤɚɰɢɢ, ɧɚɡɵɜɚɟɬɫɹ ɭɡɥɨɦ (ɪɢɫ.3) ɢ ɞɥɹ ɧɟɟ ɞɟɣɫɬɜɭɟɬ ɚɧɚɥɨɝ ɩɪɚɜɢɥɚ Ʉɢɪɯɝɨɮɚ: 

ɚɥɝɟɛɪɚɢɱɟɫɤɚɹ ɫɭɦɦɚ ɜɫɟɯ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ ɪɚɜɧɚ ɧɭɥɸ. ɇɚɩɪɢɦɟɪ, ɜ ɩɥɨɫɤɨɫɬɢ (0001) 

ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ ɜɨɡɦɨɠɧɚ ɪɟɚɤɰɢɹ ɞɥɹ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ ɬɢɩɚ: ͳ͵ [ʹ̅ͳͳͲ] + ͳ͵ [ͳʹ̅ͳͲ] =  ͳ͵ [ͳ̅ͳ̅ʹͲ] 
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Ⱦɥɹ ɤɚɠɞɨɝɨ ɫɬɪɭɤɬɭɪɧɨɝɨ ɬɢɩɚ ɦɨɠɧɨ ɚɧɚɥɢɬɢɱɟɫɤɢ ɨɩɪɟɞɟɥɢɬɶ ɧɚɛɨɪ 

ɨɪɢɟɧɬɢɪɨɜɨɤ ɷɥɟɦɟɧɬɚɪɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɢ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ (ɝɥɚɜɚ 1.3), ɢ ɚɧɚɥɨɝɢɱɧɨ 

ɦɨɠɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ ɪɟɚɤɰɢɢ ɦɟɠɞɭ ɞɢɫɥɨɤɚɰɢɹɦɢ. 

 
Ɋɢɫɭɧɨɤ 3. ɋɥɟɜɚ - ɫɯɟɦɚ ɭɡɥɚ ɩɨɥɧɵɯ ɞɢɫɥɨɤɚɰɢɣ; ɫɩɪɚɜɚ - ɫɯɟɦɚ ɨɝɢɛɚɧɢɹ ɞɢɫɥɨɤɚɰɢɟɣ ɩɪɢɦɟɫɢ 

Ⱦɢɫɥɨɤɚɰɢɨɧɧɵɟ ɥɢɧɢɢ ɧɟ ɜɫɟɝɞɚ ɩɪɹɦɵɟ, ɨɧɢ ɦɨɝɭɬ ɢɫɤɪɢɜɥɹɬɶɫɹ ɤɚɤ ɜ ɩɥɨɫɤɨɫɬɢ 

ɫɤɨɥɶɠɟɧɢɹ ɨɛɪɚɡɭɹ ɩɟɪɟɝɢɛ (kink), ɬɚɤ ɢ ɜɧɟ ɩɥɨɫɤɨɫɬɢ ɫɤɨɥɶɠɟɧɢɹ- ɫɬɭɩɟɧɶɤɚ (jog). Ɉɧɢ 

ɦɨɝɭɬ ɢɡɝɢɛɚɬɶɫɹ ɜɨɤɪɭɝ ɬɨɱɟɱɧɵɯ ɞɟɮɟɤɬɨɜ (ɩɪɢɦɟɫɢ, ɫɨɛɫɬɜɟɧɧɵɟ ɚɬɨɦɵ ɜ ɦɟɠɞɨɭɡɥɢɹɯ 

ɢ ɜɚɤɚɧɫɢɢ ɚɬɨɦɨɜ ɜ ɫɬɪɭɤɬɭɪɟ, ɪɢɫ.3), ɩɪɢ ɩɪɢɛɥɢɠɟɧɢɢ ɞɪɭɝ ɤ ɞɪɭɝ ɢɡ-ɡɚ ɫɢɥ ɜɡɚɢɦɧɨɝɨ 

ɨɬɬɚɥɤɢɜɚɧɢɹ ɢɥɢ ɩɪɢɬɹɠɟɧɢɹ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ. Ɍɚɤɠɟ ɱɚɫɬɨ 

ɤɪɢɜɨɥɢɧɟɣɧɵɦɢ ɹɜɥɹɸɬɫɹ ɱɚɫɬɢɱɧɵɟ ɞɢɫɥɨɤɚɰɢɢ (ɝɥɚɜɚ 1.4), ɤɨɬɨɪɵɟ ɜɵɫɬɭɩɚɸɬ ɜ ɪɨɥɢ 

ɝɪɚɧɢɰ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ. [14] 

ȼɚɠɧɵɦ ɩɨɧɹɬɢɟɦ ɹɜɥɹɟɬɫɹ ɹɞɪɨ ɞɢɫɥɨɤɚɰɢɢ: ɨɛɥɚɫɬɶ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɜɛɥɢɡɢ ɟё 

ɥɢɧɢɢ ɫ ɧɚɢɛɨɥɶɲɢɦ ɢɫɤɚɠɟɧɢɟɦ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ, ɜ ɩɪɟɞɟɥɚɯ ɤɨɬɨɪɨɣ ɧɟ 

ɪɚɛɨɬɚɟɬ ɥɢɧɟɣɧɚɹ ɬɟɨɪɢɹ ɭɩɪɭɝɨɫɬɢ. Ɉɧɨ ɢɦɟɟɬ ɪɚɡɦɟɪɵ ɩɨɪɹɞɤɚ ɧɟɫɤɨɥɶɤɢɯ ɜɟɤɬɨɪɨɜ 

Ȼɸɪɝɟɪɫɚ ɢɥɢ ɦɟɧɶɲɟ[14-16]. 

Ⱦɢɫɥɨɤɚɰɢɢ ɜɧɨɫɹɬ ɢɡɦɟɧɟɧɢɹ ɜ ɷɥɟɤɬɪɨɧɧɭɸ ɫɬɪɭɤɬɭɪɭ ɬɜɟɪɞɨɝɨ ɬɟɥɚ. ɗɧɟɪɝɢɸ 

ɞɢɫɥɨɤɚɰɢɣ ɦɨɠɧɨ ɪɚɡɞɟɥɢɬɶ ɧɚ ɞɜɟ ɤɨɦɩɨɧɟɧɬɵ, ɨɩɪɟɞɟɥɹɟɦɵɟ ɪɚɫɫɬɨɹɧɢɟɦ ɞɨ ɧɟɟ: 

ɹɞɟɪɧɭɸ ɢ ɭɩɪɭɝɭɸ. ɂɫɯɨɞɹ ɢɡ ɢɫɫɥɟɞɨɜɚɧɢɣ [17-20] ɩɪɨɜɟɞɟɧɧɵɯ ɜ ɤɥɚɫɫɢɱɟɫɤɢɯ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ, ɫɱɢɬɚɟɬɫɹ, ɱɬɨ ɝɥɭɛɨɤɢɟ ɭɪɨɜɧɢ ɫɨɡɞɚɸɬɫɹ ɜ ɫɜɹɡɢ ɫ ɨɛɨɪɜɚɧɧɵɦɢ ɢɥɢ 

ɦɚɥɨ ɤɨɨɪɞɢɧɢɪɨɜɚɧɧɵɦɢ ɫɜɹɡɹɦɢ2 ɜ ɹɞɪɟ ɞɢɫɥɨɤɚɰɢɢ, ɝɞɟ ɧɨɫɢɬɟɥɢ ɡɚɪɹɞɚ 

ɪɟɤɨɦɛɢɧɢɪɭɸɬ ɛɟɡɵɡɥɭɱɚɬɟɥɶɧɨ. Ⱦɚɥɶɧɨɞɟɣɫɬɜɭɸɳɟɟ ɩɨɥɟ ɭɩɪɭɝɢɯ ɧɚɩɪɹɠɟɧɢɣ 

ɜɵɡɵɜɚɟɬ ɢɡɝɢɛ ɜɚɥɟɧɬɧɨɣ ɢ ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ, ɫɨɡɞɚɜɚɹ ɥɨɤɚɥɶɧɵɟ ɨɞɧɨɦɟɪɧɵɟ ɦɟɥɤɢɟ 

ɷɥɟɤɬɪɨɧɧɵɟ ɢ ɞɵɪɨɱɧɵɟ ɫɨɫɬɨɹɧɢɹ, ɝɞɟ ɧɟɪɚɜɧɨɜɟɫɧɵɟ ɧɨɫɢɬɟɥɢ ɡɚɪɹɞɚ ɦɨɝɭɬ 
                                                 
2 ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, M. Kittler ɢ W. Seifert ɜ ɪɚɛɨɬɟ [57] ɩɨɤɚɡɚɥɢ, ɱɬɨ ɤɨɧɬɪɚɫɬ ɨɬ ɞɢɫɥɨɤɚɰɢɣ ɜ Si, 

ɫɜɹɡɚɧɧɵɣ ɫ ɪɟɤɨɦɛɢɧɚɰɢɟɣ ɧɚ ɝɥɭɛɨɤɢɯ ɭɪɨɜɧɹɯ, ɫɢɥɶɧɨ ɡɚɜɢɫɢɬ ɨɬ ɝɟɬɬɟɪɢɧɝɚ ɩɪɢɦɟɫɟɣ ɜɛɥɢɡɢ ɹɞɟɪ 
ɞɢɫɥɨɤɚɰɢɣ. 
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ɫɜɹɡɵɜɚɬɶɫɹ ɜ ɜɢɞɟ ɷɤɫɢɬɨɧɨɜ3, ɤɨɬɨɪɵɟ ɭɱɚɫɬɜɭɸɬ ɜ ɨɩɬɢɱɟɫɤɢɯ ɩɟɪɟɯɨɞɚɯ (ɪɢɫ.4). 

ɇɚɩɪɢɦɟɪ, ɜ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (ɝɥɚɜɚ 2.1) ɦɨɠɧɨ ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɬɶ, ɤɚɤ ɢ 

ɢɡɥɭɱɚɬɟɥɶɧɵɟ (ɫɜɟɬɥɵɣ ɤɨɧɬɪɚɫɬ), ɬɚɤ ɢ ɛɟɡɵɡɥɭɱɚɬɟɥɶɧɵɟ ɩɟɪɟɯɨɞɵ (ɬɟɦɧɵɣ ɤɨɧɬɪɚɫɬ) ɭ 

ɞɢɫɥɨɤɚɰɢɣ. 

 

Ɋɢɫɭɧɨɤ 4. ɋɯɟɦɚ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɞɢɚɝɪɚɦɦɵ c ɜɨɡɦɨɠɧɵɦɢ ɷɥɟɤɬɪɨɧɧɵɦɢ ɫɨɫɬɨɹɧɢɹɦɢ, ɫɨɡɞɚɜɚɟɦɵɦɢ 

ɞɢɫɥɨɤɚɰɢɹɦɢ [21]  

1.3 ɋɢɫɬɟɦɵ ɫɤɨɥɶɠɟɧɢɹ ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ 

ȼ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ ɦɨɠɧɨ ɜɵɞɟɥɢɬɶ ɩɥɨɬɧɵɟ ɚɬɨɦɧɵɟ ɫɥɨɢ (ɬɪɢ ɫɜɹɡɢ c ɚɡɨɬɨɦ 

ɞɥɢɧɧɨɣ ~1,93 Å [24,25]), ɥɟɠɚɳɢɟ ɜ ɩɥɨɫɤɨɫɬɹɯ {0001}, ɛɚɡɢɫɧɚɹ, {ͳ̅2ͳ̅0} ɢ {1ͳ̅00}, 

ɩɪɢɡɦɚɬɢɱɟɫɤɢɟ (ɪɢɫ.5). ɋɜɹɡɢ ɦɟɠɞɭ ɫɚɦɢɦɢ ɫɥɨɹɦɢ – ɫɥɚɛɟɟ ɢ ɛɨɥɟɟ ɩɨɞɜɢɠɧɵɟ 

(ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɫɥɨɹɦɢ ~2,5 Å [24,25]), ɬɨ ɟɫɬɶ ɩɟɪɜɵɟ ɩɨɞɜɟɪɝɚɸɬɫɹ ɞɟɮɨɪɦɚɰɢɹɦ ɢ 

ɪɚɡɪɵɜɭ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɷɥɟɦɟɧɬɚɪɧɵɟ ɞɢɫɥɨɤɚɰɢɨɧɧɵɟ ɥɢɧɢɢ ɛɭɞɭɬ ɪɚɫɩɪɨɫɬɪɚɧɹɬɶɫɹ 

ɢɦɟɧɧɨ ɜ ɦɟɠɫɥɨɟɜɵɯ ɩɪɨɦɟɠɭɬɤɚɯ, ɬɚɤɢɟ ɨɛɥɚɫɬɢ ɧɚɡɵɜɚɸɬɫɹ ɩɥɨɫɤɨɫɬɹɦɢ ɫɤɨɥɶɠɟɧɢɹ. 

Ɍɚɤ ɤɚɤ ɨɧɢ ɩɚɪɚɥɥɟɥɶɧɵ ɩɥɨɬɧɨɭɩɚɤɨɜɚɧɧɵɦ ɩɥɨɫɤɨɫɬɹɦ, ɬɨ ɢɦɟɸɬ ɬɚɤɢɟ ɠɟ ɢɧɞɟɤɫɵ. 

ɋɨɜɨɤɭɩɧɨɫɬɶ ɩɥɨɫɤɨɫɬɢ ɢ ɧɚɩɪɚɜɥɟɧɢɹ ɫɤɨɥɶɠɟɧɢɹ ɧɚɡɵɜɚɟɬɫɹ ɫɢɫɬɟɦɨɣ ɫɤɨɥɶɠɟɧɢɹ. 

                                                 
3 ɗɤɫɢɬɨɧɵ - ɤɜɚɡɢɱɚɫɬɢɰɵ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɷɥɟɤɬɪɨɧɧɨɦɭ ɜɨɡɛɭɠɞɟɧɢɸ, ɦɢɝɪɢɪɭɸɳɟɦɭ ɩɨ ɤɪɢɫɬɚɥɥɭ, 

ɧɨ ɧɟ ɫɜɹɡɚɧɧɨɦɭ ɫ ɩɟɪɟɧɨɫɨɦ ɡɚɪɹɞɚ ɢ ɦɚɫɫɵ. ȼ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ, ɷɥɟɤɬɪɨɧɵ ɢ ɞɵɪɤɢ, ɨɛɪɚɡɭɸɳɢɟɫɹ ɜ ɩɪɨɰɟɫɫɟ 

ɝɟɧɟɪɚɰɢɢ, ɢɫɩɵɬɵɜɚɸɬ ɤɭɥɨɧɨɜɫɤɨɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ. ɗɬɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɩɪɢɜɨɞɢɬ ɤ ɬɨɦɭ, ɱɬɨ ɧɟɪɚɜɧɨɜɟɫɧɵɟ 

ɷɥɟɤɬɪɨɧɵ ɢ ɞɵɪɤɢ ɫɥɟɞɭɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɜ ɤɨɨɪɞɢɧɚɬɧɨɦ ɩɪɨɫɬɪɚɧɫɬɜɟ ɤɚɤ ɫɜɹɡɚɧɧɭɸ ɷɥɟɤɬɪɨɧɧɨ-ɞɵɪɨɱɧɭɸ 

ɩɚɪɭ – ɷɤɫɢɬɨɧ, ɬɨ ɟɫɬɶ ɷɬɨ ɤɜɚɡɢɱɚɫɬɢɰɚ, ɜɨɡɧɢɤɚɸɳɚɹ ɩɪɢ ɛɟɫɬɨɤɨɜɵɯ ɜɨɡɛɭɠɞɟɧɢɹɯ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ. ȼ 

ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɯɚɪɚɤɬɟɪɚ ɫɜɹɡɢ ɫɭɳɟɫɬɜɭɟɬ ɞɜɚ ɬɢɩɚ ɷɤɫɢɬɨɧɨɜ: ɫɜɨɛɨɞɧɵɟ ɷɤɫɢɬɨɧɵ ɛɨɥɶɲɨɝɨ ɪɚɞɢɭɫɚ, 

ɯɚɪɚɤɬɟɪɧɵɟ ɪɚɡɦɟɪɵ ɤɨɬɨɪɵɯ ɞɨɫɬɢɝɚɸɬ ɞɟɫɹɬɤɨɜ ɦɟɠɚɬɨɦɧɵɯ ɪɚɫɫɬɨɹɧɢɣ, ɢ ɫɜɹɡɚɧɧɵɟ ɷɤɫɢɬɨɧɵ ɦɚɥɨɝɨ 

ɪɚɞɢɭɫɚ, ɪɚɡɦɟɪɵ ɤɨɬɨɪɵɯ ɧɟ ɩɪɟɜɵɲɚɸɬ ɨɞɧɨɝɨ ɦɟɠɚɬɨɦɧɨɝɨ ɪɚɫɫɬɨɹɧɢɹ [22,23] 
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ɗɥɟɦɟɧɬɚɪɧɵɟ ɞɢɫɥɨɤɚɰɢɢ ɢ ɢɯ ɜɟɤɬɨɪɵ Ȼɸɪɝɟɪɫɚ ɨɪɢɟɧɬɢɪɨɜɚɧɵ ɜɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢɣ 

ɧɚɢɦɟɧɶɲɢɯ ɬɪɚɧɫɥɹɰɢɣ, ɤɨɬɨɪɵɦɢ ɹɜɥɹɸɬɫɹ ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ - ۃͲͲͲͳۄ ɢ ଵଷ ۃͳ̅ʹͳ̅Ͳۄ, 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɫ- ɢ a-ɬɪɚɧɫɥɹɰɢɢ. ȼɫɟ ɨɫɬɚɥɶɧɵɟ ɜɨɡɦɨɠɧɵɟ ɜɟɤɬɨɪɵ Ȼɸɪɝɟɪɫɚ ɦɨɝɭɬ 

ɛɵɬɶ ɩɪɟɞɫɬɚɜɥɟɧɵ ɤɚɤ ɤɨɦɛɢɧɚɰɢɹ ɢɡ ɭɤɚɡɚɧɧɵɯ ɞɜɭɯ ɝɪɭɩɩ. ɇɚɩɪɢɦɟɪ ɜɟɤɬɨɪ Ȼɸɪɝɟɪɫɚ 

ɜ ɧɚɩɪɚɜɥɟɧɢɢ ሺͳͳ̅Ͳͳሻ ɦɨɠɧɨ ɪɚɡɥɨɠɢɬɶ ɤɚɤ: ሺͳͳ̅Ͳͳሻ = ͳ͵ ሺͳʹ̅ͳͲሻ + ͳ͵ ሺʹͳ̅ͳ̅Ͳሻ + ሺͲͲͲͳሻ 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɦɨɠɧɨ ɜɵɞɟɥɢɬɶ ɫɪɟɞɢ ɷɥɟɦɟɧɬɚɪɧɵɯ ɞɢɫɥɨɤɚɰɢɣ: ɞɜɟ ɜɢɧɬɨɜɵɟ ɢ 

ɞɜɟ ɤɪɚɟɜɵɟ ɜɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢɣ ۃͲͲͲͳۄ ɢ ۃͳ̅ʹͳ̅Ͳۄ, ɚ ɬɚɤɠɟ ɫɦɟɲɚɧɧɨɝɨ ɬɢɩɚ -  60°-ɭɸ 

ɜɞɨɥɶ ۃͳ̅ʹͳ̅Ͳۄ ɫ ɜɟɤɬɨɪɨɦ Ȼɸɪɝɟɪɫɚ ɜɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢɹ ɢɡ ɬɨɣ ɠɟ ɫɟɪɢɢ, ɧɨ ɫɨɫɬɚɜɥɹɸɳɢɦ 

ɭɝɨɥ 60° ɫ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɟɣ. 

ɉɨɞɪɨɛɧɨɟ ɪɚɫɫɦɨɬɪɟɧɢɟ ɜɫɟɯ ɜɨɡɦɨɠɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɢ ɢɯ ɪɟɚɤɰɢɣ ɞɥɹ ɫɬɪɭɤɬɭɪɵ 

ɜɸɪɰɢɬɚ ɩɪɨɜɟɞɟɧɨ ɜ ɪɚɛɨɬɚɯ Ɉɫɢɩɹɧɚ ɢ ɋɦɢɪɧɨɜɨɣ [26,27]. 

1.4 ɑɚɫɬɢɱɧɵɟ ɞɢɫɥɨɤɚɰɢɢ 

1.4.1 Ɋɚɫɳɟɩɥɟɧɢɟ ɞɢɫɥɨɤɚɰɢɣ ɧɚ ɱɚɫɬɢɱɧɵɟ 

ȼ ɩɥɨɫɤɨɫɬɹɯ ɫɤɨɥɶɠɟɧɢɹ ɜɨɡɦɨɠɟɧ ɩɪɨɰɟɫɫ ɪɚɫɳɟɩɥɟɧɢɹ (ɞɢɫɫɨɰɢɚɰɢɢ) 

ɞɢɫɥɨɤɚɰɢɣ ɧɚ ɱɚɫɬɢɱɧɵɟ ɫ ɫɭɦɦɚɪɧɵɦ ɜɟɤɬɨɪɨɦ Ȼɸɪɝɟɪɫɚ ɪɚɜɧɵɦ ɩɨɥɧɨɦɭ, ɧɨ ɫ 

ɦɟɧɶɲɟɣ ɷɧɟɪɝɢɟɣ. Ⱦɪɭɝɢɦɢ ɫɥɨɜɚɦɢ, ɞɜɢɠɟɧɢɟ ɚɬɨɦɚ ɜɞɨɥɶ ɬɪɚɟɤɬɨɪɢɢ ɨɛɪɚɡɨɜɚɧɧɨɣ 

ɱɚɫɬɢɱɧɵɦɢ ɜɟɤɬɨɪɚɦɢ Ȼɸɪɝɟɪɫɚ ɜɵɡɵɜɚɟɬ ɦɟɧɶɲɟɟ ɪɚɫɬɹɠɟɧɢɟ, ɧɨɪɦɚɥɶɧɨɟ ɤ ɩɥɨɫɤɨɫɬɢ 

ɫɤɨɥɶɠɟɧɢɹ, ɱɟɦ ɜɞɨɥɶ ɩɨɥɧɨɝɨ (ɪɢɫ.6) [14]. ɗɧɟɪɝɢɹ ɞɢɫɥɨɤɚɰɢɣ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ 

ɤɜɚɞɪɚɬɭ ɜɟɤɬɨɪɚ Ȼɸɪɝɟɪɫɚ, ɢ ɹɜɥɟɧɢɟ ɪɚɫɳɟɩɥɟɧɢɹ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɤɪɢɬɟɪɢɟɦ Ɏɪɚɧɤɚ 

(ɪɢɫ.6): ɫɭɦɦɚ ɤɜɚɞɪɚɬɨɜ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɞɨɥɠɧɚ ɛɵɬɶ ɦɟɧɶɲɟ 

Ɋɢɫɭɧɨɤ 5. ɉɥɨɫɤɨɫɬɢ ɫɤɨɥɶɠɟɧɢɹ ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ: (a) – c-ɩɥɨɫɤɨɬɶ ɞɥɹ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ ɜɞɨɥɶ - ۃͲͲͲͳۄ ; (b) – a-ɩɥɨɫɤɨɬɶ ɞɥɹ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ ɜɞɨɥɶ ۃͳ̅ʹͳ̅Ͳۄ (c) – m-ɩɥɨɫɤɨɫɬɶ, ɞɥɹ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ 

ɜɞɨɥɶ ۃͳͳ̅ͲͲۄ 
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ɤɜɚɞɪɚɬɚ ɩɨɥɧɨɝɨ, ɬɨɝɞɚ ɪɚɫɳɟɩɥɟɧɢɟ ɜɨɡɦɨɠɧɨ. ɑɚɫɬɢɱɧɵɟ ɞɢɫɥɨɤɚɰɢɢ ɦɨɝɭɬ ɛɵɬɶ ɞɜɭɯ 

ɜɢɞɨɜ: Ɏɪɚɧɤɚ, ɢɥɢ ɫɢɞɹɱɢɟ (ɧɟɩɨɞɜɢɠɧɵɟ), ɨɝɪɚɧɢɱɢɜɚɸɬ ɡɚɦɤɧɭɬɵɣ ɤɨɧɬɭɪ, ɜɧɭɬɪɢ 

ɤɨɬɨɪɨɝɨ ɡɚɤɥɸɱɟɧ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ (ɝɥɚɜɚ 1.4.2), ɢ ɒɨɤɥɢ, ɫɤɨɥɶɡɹɳɢɟ, ɚ ɬɚɤɠɟ ɦɨɝɭɬ 

ɛɵɬɶ ɫɦɟɲɚɧɧɨɝɨ ɬɢɩɚ, Ɏɪɚɧɤɚ-ɒɨɤɥɢ.  

 
Ɋɢɫɭɧɨɤ 6. ɋɯɟɦɚ ɪɚɫɳɟɩɥɟɧɢɹ ɞɢɫɥɨɤɚɰɢɢ ɧɚ ɱɚɫɬɢɱɧɵɟ [14] 

1.4.2 Ⱦɟɮɟɤɬɵ ɭɩɚɤɨɜɤɢ ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ 

ȼ ɨɛɥɚɫɬɢ ɦɟɠɞɭ ɱɚɫɬɢɱɧɵɦɢ ɞɢɫɥɨɤɚɰɢɹɦɢ ɨɛɪɚɡɭɟɬɫɹ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ ɢɥɢ 

ɧɚɪɭɲɟɧɢɟ ɡɚɤɨɧɚ ɩɥɨɬɧɟɣɲɟɣ ɭɩɚɤɨɜɤɢ ɞɥɹ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɫɬɪɭɤɬɭɪɵ, ɷɧɟɪɝɢɹ 

ɤɨɬɨɪɨɝɨ ɦɟɧɶɲɟ ɷɧɟɪɝɢɢ ɹɞɪɚ ɩɨɥɧɨɣ ɞɢɫɥɨɤɚɰɢɢ. ɋɭɳɟɫɬɜɭɸɬ ɪɚɡɥɢɱɧɵɟ ɦɟɯɚɧɢɡɦɵ 

ɨɛɪɚɡɨɜɚɧɢɹ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ, ɧɨ ɩɨ ɯɚɪɚɤɬɟɪɭ ɢɯ ɦɨɠɧɨ ɪɚɡɞɟɥɢɬɶ ɧɚ ɞɜɚ ɬɢɩɚ: 

ɜɧɟɞɪɟɧɢɹ (extrinsic), ɤɨɝɞɚ ɜɨɡɧɢɤɚɟɬ ɥɢɲɧɹɹ ɩɥɨɫɤɨɫɬɶ, ɢ ɜɵɱɢɬɚɧɢɹ (intrinsic), ɫ ɭɯɨɞɨɦ 

ɨɞɧɨɣ ɢɡ ɩɥɨɫɤɨɫɬɟɣ. ɂɯ ɨɛɨɡɧɚɱɚɸɬ ɡɚɝɥɚɜɧɵɦɢ ɛɭɤɜɚɦɢ E ɢ I ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɫ ɰɢɮɪɨɣ 

(ɢɥɢ ɛɟɡ) ɜ ɢɧɞɟɤɫɟ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɦɟɯɚɧɢɡɦɚ ɨɛɪɚɡɨɜɚɧɢɹ. 

ȼ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ ɢɥɢ ɬɨɱɧɟɟ ɜ ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ ɩɥɨɬɧɟɣɲɟɣ ɭɩɚɤɨɜɤɟ ɜɨɡɦɨɠɧɵ 

ɬɪɢ ɬɢɩɚ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ. ȿɫɥɢ ɭɞɚɥɢɬɶ ɩɥɨɫɤɨɫɬɶ B ɜɵɲɟ ɩɥɨɫɤɨɫɬɢ A ɢ ɫɞɜɢɧɭɬɶ 

ɫɥɟɞɭɸɳɢɟ ɧɚ ଵଷ ۃͳͳ̅ͲͲۄ, ɬɨ ɩɨɥɭɱɢɬɫɹ ɞɟɮɟɤɬ I1:  …ܤܣܤܣ|ܣܤܣܤܣ ܣܥܣܥ                 ↓ ↓ ↓ ↓                …  

ɉɪɢ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɦ ɫɞɜɢɝɟ ɨɛɪɚɡɭɟɬɫɹ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ I2:  …ܤܣܤܣܤܣܤܣ ܣܥܣܥ|ܤܣܤܣ…↓ ↓ ↓ ↓              … … 

ɇɚɤɨɧɟɰ, ɩɪɢ ɜɧɟɞɪɟɧɢɢ ɩɥɨɫɤɨɫɬɢ ɋ ɨɛɪɚɡɭɟɬɫɹ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ E:     |…ܣܤܣܤܥܣܤܣܤܣ …    |  
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ȼ ɛɨɥɟɟ ɩɨɡɞɧɢɯ ɢɫɫɥɟɞɨɜɚɧɢɹɯ ɨɩɢɫɚɧɧɵɟ ɞɟɮɟɤɬɵ ɭɩɚɤɨɜɤɢ ɨɬɧɨɫɹɬ ɤ ɛɚɡɢɫɧɨɦɭ 

ɬɢɩɭ ɢ ɜɵɞɟɥɹɸɬ ɬɚɤɠɟ ɬɢɩ I3 ɢ ɩɪɢɡɦɚɬɢɱɟɫɤɢɟ ɞɟɮɟɤɬɵ ɭɩɚɤɨɜɤɢ, ɩɨɞɬɜɟɪɠɞɟɧɧɵɟ ɉɗɆ 

ɢɫɫɥɟɞɨɜɚɧɢɹɦɢ [28-31]. ȼ ɬɢɩɟ I3 ɨɞɢɧ ɢɡ ɫɥɨɟɜ A ɢɥɢ B ɜɫɬɚɟɬ ɜ ɩɨɥɨɠɟɧɢɟ ɋ, ɢ ɬɨɝɞɚ 

ɧɚɪɭɲɟɧɢɟ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɩɥɨɬɧɟɣɲɟɣ ɭɩɚɤɨɜɤɢ ɢɦɟɟɬ ɜɢɞ: ܤܣܤܣܤܥ|ܤܣܤܣ 

Ⱦɟɮɟɤɬɵ ɭɩɚɤɨɜɤɢ ɜ ɩɪɢɡɦɚɬɢɱɟɫɤɢɯ ɩɥɨɫɤɨɫɬɹɯ ɨɤɚɧɱɢɜɚɸɬɫɹ ɧɚ ɛɚɡɢɫɧɵɯ 

ɞɟɮɟɤɬɚɯ ɭɩɚɤɨɜɤɢ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɫɬɭɩɟɧɱɚɬɵɯ, stair-rod, ɞɢɫɥɨɤɚɰɢɣ (ɦɨɞɟɥɶ Drum et al 

[31]). ɗɬɚ ɫɬɪɭɤɬɭɪɚ ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ ɩɨɥɧɵɯ ɞɢɫɥɨɤɚɰɢɣ, ɪɚɫɳɟɩɥɟɧɧɵɯ ɧɚ ɱɚɫɬɢɱɧɵɟ 

ɒɨɤɥɢ, ɥɟɠɚɳɢɯ ɜ ɪɚɡɧɵɯ ɩɥɨɫɤɨɫɬɹɯ, ɧɨ ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ. Ʌɢɧɢɹ ɩɟɪɟɫɟɱɟɧɢɹ 

ɧɚɡɵɜɚɟɬɫɹ ɫɢɞɹɱɟɣ ɞɢɫɥɨɤɚɰɢɟɣ Ʌɨɦɟɪɚ-Ʉɨɬɬɪɟɥɥɚ, ɚ ɫɨɜɨɤɭɩɧɨɫɬɶ ɜɫɟɯ ɞɟɮɟɤɬɨɜ – 

ɫɬɭɩɟɧɱɚɬɨɣ ɞɢɫɥɨɤɚɰɢɟɣ (ɪɢɫ.7). ɋɭɳɟɫɬɜɭɟɬ ɞɪɭɝɚɹ ɦɨɞɟɥɶ, ɩɪɟɞɥɨɠɟɧɧɚɹ Blank et al 

[29] ɢ ɧɚɛɥɸɞɟɧɧɚɹ ɞɥɹ ɩɨɞɨɛɧɨɝɨ ɞɟɮɟɤɬɚ, – ɝɪɚɧɢɰɵ ɧɟɫɨɨɫɬɜɟɬɫɬɜɢɹ ɭɩɚɤɨɜɤɢ. Ɉɧɚ 

ɢɦɟɟɬ ɬɚɤɨɣ ɠɟ ɜɟɤɬɨɪ ɫɦɟɳɟɧɢɹ, ɱɬɨ ɢ ɛɚɡɢɫɧɵɣ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ, ɩɨɷɬɨɦɭ ɨɬɥɢɱɢɬɶ ɟɟ 

ɦɨɠɧɨ ɩɨ ɨɬɫɭɬɫɬɜɢɸ ɫɬɭɩɟɧɱɚɬɵɯ ɞɢɫɥɨɤɚɰɢɣ, ɤɨɦɩɟɧɫɢɪɭɸɳɢɯ ɜ ɦɨɞɟɥɢ Drum et al 

ɪɚɡɥɢɱɢɟ ɜ ɧɚɩɪɚɜɥɟɧɢɹɯ ɢ ɜɟɥɢɱɢɧɟ ɫɦɟɳɟɧɢɹ ɦɟɠɞɭ ɞɟɮɟɤɬɚɦɢ (ɪɢɫ.7). 

ȼɜɟɞɟɧɧɵɟ a-ɜɢɧɬɨɜɵɟ (ɫ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɟɣ ɜɞɨɥɶ ۃͳ̅ʹͳ̅Ͳۄ) ɞɢɫɥɨɤɚɰɢɢ ɦɨɝɭɬ 

ɞɢɫɫɨɰɢɢɪɨɜɚɬɶ ɧɚ 30° ɱɚɫɬɢɱɧɵɟ ɒɨɤɥɢ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɞɟɮɟɤɬɚ I2 ɩɨ ɪɟɚɤɰɢɢ: 

Ɋɢɫɭɧɨɤ 7. ɋɥɟɜɚ – ɫɯɟɦɚ ɨɛɪɚɡɨɜɚɧɢɹ stair-rod ɞɢɫɥɨɤɚɰɢɢ [14], ɡɚɲɬɪɢɯɨɜɚɧɵ ɞɟɮɟɤɬɵ ɭɩɚɤɨɜɤɢ, 

ɡɚɤɥɸɱɟɧɧɵɟ ɦɟɠɞɭ ɱɚɫɬɢɱɧɵɦɢ ɞɢɫɥɨɤɚɰɢɹɦɢ; ɫɩɪɚɜɚ – ɫɨɨɬɧɟɫɟɧɢɟ ɦɨɞɟɥɟɣ ɩɪɢɡɦɚɬɢɱɟɫɤɨɝɨ ɞɟɮɟɤɬɚ 

ɭɩɚɤɨɜɤɢ (ɫɜɟɪɯɭ) ɢ ɝɪɚɧɢɰɵ ɧɟɫɫɨɬɜɟɫɬɜɢɹ (ɫɧɢɡɭ) [28] 
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ͳ͵ [ͳ̅ʹͳ̅Ͳ] = ͳ͵ [ͳ̅ͳͲͲ] + ͳ͵ [Ͳͳͳ̅Ͳ] 
Ɉɫɨɛɟɧɧɨɫɬɹɦɢ ɬɚɤɨɝɨ ɪɚɫɳɟɩɥɟɧɢɹ ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ ɹɜɥɹɸɬɫɹ:  

1) ɪɚɡɥɢɱɢɟ ɜ ɹɞɪɚɯ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ: ɨɞɧɚ ɜɫɟɝɞɚ ɢɦɟɟɬ ɦɟɬɚɥɥɢɱɟɫɤɨɟ ɹɞɪɨ, 

ɚ ɜɬɨɪɚɹ – ɧɟɦɟɬɚɥɥɢɱɟɫɤɨɟ 

2) ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ I2 ɛɭɞɟɬ ɨɛɪɚɡɨɜɵɜɚɬɶ ɫɥɨɣ ɤɭɛɢɱɟɫɤɨɣ ɮɚɡɵ, ɢɦɟɸɳɢɣ ɜ 

ɫɥɭɱɚɟ GaN ɲɢɪɢɧɭ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ~3,2 ɷȼ ɦɟɧɶɲɭɸ, ɱɟɦ ɨɤɪɭɠɚɸɳɢɣ ɞɢɫɥɨɤɚɰɢɸ 

ɨɛɴёɦ (3,4 ɷȼ) [2,32,33]. Ɇɨɠɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ ɹɪɤɨ ɜɵɪɚɠɟɧɧɭɸ ɚɧɢɡɨɬɪɨɩɢɸ 

ɷɥɟɤɬɪɨɧɧɵɯ ɫɜɨɣɫɬɜ (ɨɫɨɛɟɧɧɨ ɜ ɫɨɟɞɢɧɟɧɢɹɯ ɬɢɩɚ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ, ɝɞɟ ɜ ɪɚɡɵ 

ɨɬɥɢɱɚɸɬɫɹ ɢɨɧɧɵɟ ɪɚɡɦɟɪɵ ɚɬɨɦɨɜ). 

1.4.3 Ʌɸɦɢɧɟɫɰɟɧɰɢɹ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ ɜ ɧɢɬɪɢɞɟ ɝɚɥɥɢɹ 

Ɋɚɫɫɬɨɹɧɢɹ ɦɟɠɞɭ ɫɥɨɹɦɢ ɩɥɨɬɧɟɣɲɟɣ ɭɩɚɤɨɜɤɢ ɜ ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ ɢ ɤɭɛɢɱɟɫɤɨɣ 

ɮɚɡɚɯ ɛɥɢɡɤɢ (ɪɢɫ.1). ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɞɟɮɟɤɬɵ ɭɩɚɤɨɜɤɢ ɜ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ (0001) ɜ 

ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ ɹɜɥɹɸɬɫɹ ɫɟɝɦɟɧɬɚɦɢ ɤɭɛɢɱɟɫɤɨɣ ɮɚɡɵ, ɤɨɬɨɪɵɟ ɩɨ ɦɨɞɟɥɢ, 

ɩɪɟɞɥɨɠɟɧɧɨɣ Rebane et al [32] ɢ Rieger et al [33] ɩɪɢɜɨɞɹɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɤɜɚɧɬɨɜɵɯ ɹɦ ɜ 

ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɟ. Ɉɧɢ ɫɨɡɞɚɸɬ ɭɪɨɜɧɢ ɜ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɟ ɜɸɪɰɢɬɚ, ɜ ɤɨɬɨɪɵɯ 

ɥɨɤɚɥɢɡɭɸɬɫɹ ɷɤɫɢɬɨɧɵ. Lähnemann et al [2] ɬɚɤɠɟ ɨɬɦɟɬɢɥɢ, ɱɬɨ ɜ ɫɜɹɡɢ ɫ ɩɨɥɹɪɧɵɦ 

ɧɚɩɪɚɜɥɟɧɢɟɦ ɜɞɨɥɶ ɨɫɢ ɲɟɫɬɨɝɨ ɩɨɪɹɞɤɚ ɪɟɚɥɢɡɭɟɬɫɹ ɫɩɨɧɬɚɧɧɚɹ ɩɨɥɹɪɢɡɚɰɢɹ ɜ 

ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ, ɚ ɢɡ-ɡɚ ɟɟ ɩɪɟɪɵɜɚɧɢɹ ɧɚ ɝɪɚɧɢɰɟ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ ɜɨɡɧɢɤɚɟɬ 

ɡɚɪɹɠɟɧɧɵɣ ɫɥɨɣ ɧɚ ɧɟɣ ɢ ɩɪɢɜɨɞɢɬ ɤ ɷɥɟɤɬɪɢɱɟɫɤɨɦɭ ɩɨɥɸ ɜ ɤɜɚɧɬɨɜɨɣ ɹɦɟ. ȼ ɪɟɡɭɥɶɬɚɬɟ 

ɷɧɟɪɝɢɹ ɷɦɢɫɫɢɢ ɷɤɫɢɬɨɧɨɜ ɢɫɩɵɬɵɜɚɟɬ ɤɪɚɫɧɨɟ ɫɦɟɳɟɧɢɟ, ɧɚɡɵɜɚɟɦɨɟ 

ɤɜɚɧɬɨɜɨɪɚɡɦɟɪɧɵɦ ɷɮɮɟɤɬɨɦ ɒɬɚɪɤɚ (ɪɢɫ.8). 

 
Ɋɢɫɭɧɨɤ 8. ɋɯɟɦɚ ɢɡɦɟɧɟɧɢɹ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɞɥɹ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ ɜɵɱɢɬɚɧɢɹ ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɟ 

(WZ – ɜɸɪɰɢɬ; ZB – ɫɮɚɥɟɪɢɬ, Eex – ɷɧɟɪɝɢɹ ɷɤɫɢɬɨɧɚ, ɨɫɬɚɥɶɧɵɟ ɨɛɨɡɧɚɱɟɧɢɹ ɨɛɳɟɩɪɢɧɹɬɵɟ) [2]  
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1.4.4 Уɡɥɵ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ 

ɑɚɫɬɢɱɧɵɟ ɞɢɫɥɨɤɚɰɢɢ, ɥɟɠɚɳɢɟ ɜ ɨɞɧɨɣ ɩɥɨɫɤɨɫɬɢ, ɬɚɤɠɟ, ɤɚɤ ɢ ɩɨɥɧɵɟ, 

ɪɟɚɝɢɪɭɸɬ ɦɟɠɞɭ ɫɨɛɨɣ, ɧɨ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ «ɪɚɫɲɢɪɟɧɧɵɯ» (ɢ ɫɠɚɬɵɯ) ɭɡɥɨɜ. ɉɨɞɪɨɛɧɨ 

ɨɧɢ ɢɡɭɱɟɧɵ ɞɥɹ ɝɰɤ (ɝɪɚɧɟɰɟɧɬɪɢɪɨɜɚɧɧɵɯ ɤɭɛɢɱɟɫɤɢɯ) ɫɬɪɭɤɬɭɪ, ɝɞɟ ɧɚɲɥɢ ɲɢɪɨɤɨɟ 

ɩɪɢɦɟɧɟɧɢɟ ɞɥɹ ɪɚɫɱɟɬɚ ɷɧɟɪɝɢɢ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ [15,16, 34-38], ɨɫɨɛɟɧɧɨ ɜ ɫɩɥɚɜɚɯ 

ɦɟɬɚɥɥɨɜ, ɩɨ ɤɨɧɮɢɝɭɪɚɰɢɢ ɭɡɥɚ [39,40]. Ⱦɥɹ ɝɰɤ ɫɬɪɭɤɬɭɪ ɜɵɞɟɥɟɧɨ ɧɚ ɨɫɧɨɜɚɧɢɢ 

ɢɫɫɥɟɞɨɜɚɧɢɣ ɜ ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ (ɨɩɢɫɚɧɢɟ ɦɟɬɨɞɚ ɜ ɝɥɚɜɟ 2.2) 

ɞɜɚ ɨɫɧɨɜɧɵɯ ɜɢɞɚ ɪɚɫɲɢɪɟɧɧɵɯ ɭɡɥɨɜ: K ɢ P ɬɢɩɚ, ɚ ɨɫɬɚɥɶɧɵɟ ɪɚɡɛɢɜɚɸɬɫɹ ɧɚ ɢɯ 

ɤɨɦɛɢɧɚɰɢɢ[34,40]. Ɉɛɚ ɢɦɟɸɬ ɬɪɟɭɝɨɥɶɧɭɸ (ɢɥɢ ɛɥɢɡɤɭɸ ɤ ɬɪɟɭɝɨɥɶɧɨɣ) ɮɨɪɦɭ, ɧɨ ɜ K 

ɬɢɩɟ ɡɚɤɥɸɱɟɧ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ ɜɵɱɢɬɚɧɢɹ, ɚ ɜ P ɬɢɩɟ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ ɜɧɟɞɪɟɧɢɹ, ɢ ɨɧ 

ɧɚɯɨɞɢɬɫɹ ɧɚ ɩɟɪɟɫɟɱɟɧɢɢ ɬɪɟɯ ɭɡɥɨɜ K-ɬɢɩɚ ɢ ɦɨɠɟɬ ɛɵɬɶ ɫɠɚɬɵɦ, ɤɚɤ ɧɚ ɪɢɫ.9 ɫɥɟɜɚ, ɬɚɤ 

ɢ ɪɚɫɲɢɪɟɧɧɵɦ ɤɚɤ ɧɚ ɪɢɫ.9 ɫɩɪɚɜɚ. ɂɫɫɥɟɞɨɜɚɧɢɹ ɪɚɫɲɢɪɟɧɧɵɯ ɭɡɥɨɜ ɜ ɞɪɭɝɢɯ 

ɫɬɪɭɤɬɭɪɚɯ [41,42] ɩɨɤɚɡɚɥɨ ɫɯɨɞɫɬɜɨ ɢɯ ɤɨɧɮɢɝɭɪɚɰɢɣ ɫ ɝɰɤ, ɧɨ ɧɟɨɛɯɨɞɢɦɨ ɜɜɨɞɢɬɶ 

ɩɨɩɪɚɜɤɢ ɜ ɪɚɫɱɟɬɵ ɷɧɟɪɝɢɢ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ ɜ ɫɜɹɡɢ ɫ ɛɨɥɶɲɟɣ ɚɧɢɡɨɬɪɨɩɢɟɣ [14]. 

    
Ɋɢɫɭɧɨɤ 9. Ʉɨɧɮɢɝɭɪɚɰɢɹ K (ɫɥɟɜɚ) ɢ P (ɫɩɪɚɜɚ) ɭɡɥɨɜ [34,40]. Ɇɨɠɧɨ ɡɚɦɟɬɢɬɶ, ɱɬɨ P ɭɡɟɥ, ɧɚɯɨɞɢɬɫɹ ɧɚ 

ɩɟɪɟɫɟɱɟɧɢɢ ɬɪɟɯ ɭɡɥɨɜ Ʉ-ɬɢɩɚ, ɬɨɥɶɤɨ ɧɚ ɪɢɫɭɧɤɟ ɫɥɟɜɚ ɨɧ ɫɠɚɬɵɣ, ɚ ɫɩɪɚɜɚ - ɪɚɫɲɢɪɟɧɧɵɣ. Ɂɚɬɟɦɧɟɧ 

ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ ɜɵɱɢɬɚɧɢɹ. 

1.5 ɂɫɫɥɟɞɨɜɚɧɢɣ ɞɢɫɥɨɤɚɰɢɣ ɜ ɧɢɬɪɢɞɟ ɝɚɥɥɢɹ ɦɟɬɨɞɚɦɢ ɩɪɨɫɜɟɱɢɜɚɸщɟɣ 

ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ 

Ƚɥɚɜɧɨɣ ɩɪɨɛɥɟɦɨɣ ɜ ɷɤɫɩɥɭɚɬɚɰɢɢ ɩɟɪɜɵɯ ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ ɭɫɬɪɨɣɫɬɜ, ɫɞɟɥɚɧɧɵɯ 

ɧɚ ɨɫɧɨɜɟ GaN ɜ ɫɟɪɟɞɢɧɟ 1990ɯ, ɫɬɚɥɚ ɜɵɫɨɤɚɹ ɩɥɨɬɧɨɫɬɶ ɪɨɫɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ, 

ɭɦɟɧɶɲɚɸɳɚɹ ɱɢɫɥɨ ɰɢɤɥɨɜ ɪɚɛɨɬɵ (ɪɢɫ.10). ȼɧɢɦɚɧɢɟ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ ɛɵɥɨ ɡɚɨɫɬɪɟɧɨ 

ɧɚ ɦɟɯɚɧɢɡɦɚɯ ɢɯ ɨɛɪɚɡɨɜɚɧɢɹ ɢ ɫɬɪɭɤɬɭɪɟ ɹɞɟɪ, ɫ ɰɟɥɶɸ ɨɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɜɥɢɹɧɢɟ 

ɞɢɫɥɨɤɚɰɢɣ ɧɚ ɩɨɥɟɡɧɵɟ ɫɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɚ. Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨ ɉɗɆ 
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ɢɫɫɥɟɞɨɜɚɧɢɸ (ɨɩɢɫɚɧɢɟ ɦɟɬɨɞɚ ɜ ɝɥɚɜɟ 2.2) ɪɨɫɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɨɛɪɚɡɰɚɯ, 

ɜɵɪɚɳɟɧɧɵɯ ɧɚ ɩɥɨɫɤɨɫɬɢ (0001) ɪɚɡɥɢɱɧɵɯ ɩɨɞɥɨɠɟɤ, ɩɪɢɜɟɞɟɧɵ ɜ [1,43,44].  

ȼɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢɹ ɪɨɫɬɚ (0001) ɪɚɡɜɢɜɚɸɬɫɹ ɩɪɨɪɚɫɬɚɸɳɢɟ ɞɢɫɥɨɤɚɰɢɢ ɪɚɡɧɵɯ 

ɬɢɩɨɜ. ȼ ɫɜɹɡɤɟ ɫ ɧɢɦɢ ɨɛɪɚɡɭɸɬɫɹ ɧɚɧɨɬɪɭɛɤɢ ɲɢɪɢɧɨɣ 3,5-100 ɧɦ, ɧɚɡɵɜɚɟɦɵɟ 

«pinholes» ɢɥɢ ɩɢɬɵ ɜ ɪɭɫɫɤɨɹɡɵɱɧɨɣ ɥɢɬɟɪɚɬɭɪɟ, ɨɧɢ ɢɦɟɸɬ ɮɨɪɦɭ ɤɪɚɬɟɪɨɜ ɧɚ 

ɢɡɨɛɪɚɠɟɧɢɹɯ ɜ ɷɥɟɤɬɪɨɧɧɨɦ ɢ ɫɜɟɬɨɜɨɦ ɦɢɤɪɨɫɤɨɩɚɯ ɢ ɹɜɥɹɸɬɫɹ ɧɟɝɚɬɢɜɧɵɦ ɮɚɤɬɨɪɨɦ 

ɞɥɹ ɥɸɦɢɧɟɫɰɟɧɬɧɵɯ ɫɜɨɣɫɬɜ (ɪɢɫ.10). 

Ʉɪɨɦɟ ɨɩɢɫɚɧɧɵɯ ɜ ɝɥɚɜɟ 1 ɷɥɟɦɟɧɬɚɪɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɩɪɢɡɦɚɬɢɱɟɫɤɨɝɨ ɢ 

ɛɚɡɢɫɧɨɝɨ ɧɚɛɨɪɚ ɨɛɧɚɪɭɠɟɧɵ ɬɟ, ɤɨɬɨɪɵɟ ɢɦɟɸɬ ɩɢɪɚɦɢɞɚɥɶɧɵɟ ɩɥɨɫɤɨɫɬɢ ɫɤɨɥɶɠɟɧɢɹ 

(r – ɬɢɩ ɧɚ ɪɢɫ.10). 

ɇɚ ɝɪɚɧɢɰɟ ɦɟɠɞɭ ɩɨɞɥɨɠɤɨɣ (ɫɚɩɮɢɪɨɦ) ɢ GaN ɞɥɹ ɪɟɥɚɤɫɚɰɢɢ ɧɚɩɪɹɠɟɧɢɣ, 

ɜɨɡɧɢɤɚɸɳɢɯ ɢɡ-ɡɚ ɪɚɡɥɢɱɚɹ ɜ ɫɬɪɭɤɬɭɪɧɵɯ ɩɚɪɚɦɟɬɪɚɯ (~16%) , ɩɪɢ ɞɨɫɬɢɠɟɧɢɢ 

ɨɩɪɟɞɟɥɟɧɧɨɣ ɤɪɢɬɢɱɟɫɤɨɣ ɬɨɥɳɢɧɵ ɨɛɪɚɡɭɸɬɫɹ ɞɢɫɥɨɤɚɰɢɢ ɧɟɫɨɨɬɜɟɬɫɬɜɢɹ («misfit 

dislocations»). Ⱦɥɹ ɜɵɪɚɳɟɧɧɵɯ ɨɛɪɚɡɰɨɜ GaN ɧɚ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɫɚɩɮɢɪɚ 

ɭɫɬɚɧɨɜɥɟɧɨ ɷɩɢɬɚɤɫɢɚɥɶɧɨɟ ɩɪɚɜɢɥɨ (0001)sap//(0001)GaN ɢ [11-20]sap//[10-10]GaN. 

ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɜɨɡɦɨɠɧɵ ɞɜɚ ɬɢɩɚ ɞɢɫɥɨɤɚɰɢɣ ɜɛɥɢɡɢ ɦɟɠɮɚɡɧɨɣ ɝɪɚɧɢɰɵ: ɜɢɧɬɨɜɵɟ ɢ 

60° ɜɞɨɥɶ [11-20], ɤɨɬɨɪɵɟ ɜ ɩɪɨɰɟɫɫɟ ɪɨɫɬɚ ɫɤɨɥɶɡɹɬ ɢɥɢ ɩɟɪɟɩɨɥɡɚɸɬ ɤ ɩɨɜɟɪɯɧɨɫɬɢ 

GaN, ɫɨɡɞɚɜɚɹ ɫɢɫɬɟɦɭ ɪɨɫɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɪɚɡɥɢɱɧɵɯ ɬɢɩɨɜ[43,44]. Ɋɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɩɨ 

ɨɛɪɚɡɰɭ ɫɜɹɡɵɜɚɸɬ ɫ ɧɟɞɨɫɬɚɬɨɱɧɨɣ ɪɟɥɚɤɫɚɰɢɟɣ ɡɚ ɫɱɟɬ ɞɢɫɥɨɤɚɰɢɣ ɧɟɫɨɨɬɜɟɬɫɬɜɢɹ 

ɜɛɥɢɡɢ ɦɟɠɮɚɡɨɜɨɣ ɝɪɚɧɢɰɵ. Ɍɚɤɠɟ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɞɥɨɠɤɢ 

ɤɨɦɩɟɧɫɢɪɭɟɬɫɹ ɡɚ ɫɱɟɬ ɮɨɪɦɢɪɨɜɚɧɢɹ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ, ɨɝɪɚɧɢɱɟɧɧɵɯ ɱɚɫɬɢɱɧɵɦɢ 

ɞɢɫɥɨɤɚɰɢɹɦɢ [43].  

 
Ɋɢɫɭɧɨɤ 10. ɋɥɟɜɚ – ɤɨɧɬɪɚɫɬ ɨɬ ɩɪɨɪɚɫɬɚɸɳɢɯ ɞɢɫɥɨɤɚɰɢɣ ɜ DF ɉЭɆ [1]; ɩɨɫɟɪɟɞɢɧɟ – ɩɢɬɵ ɜ 

ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ; ɫɩɪɚɜɚ – ɩɢɪɚɦɢɞɚɥɶɧɚɹ (r) ɩɥɨɫɤɨɫɬɶ ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ 

Ponce et al [45] ɢɫɫɥɟɞɨɜɚɥɢ ɞɢɫɥɨɤɚɰɢɢ ɜ ɝɨɦɨɷɩɢɬɚɤɫɢɚɥɶɧɨɦ ɨɛɪɚɡɰɟ (ɬɨɧɤɚɹ 

ɮɨɥɶɝɚ GaN ɜɵɪɚɳɟɧɧɚɹ ɧɚ ɦɚɫɫɢɜɧɨɦ ɤɪɢɫɬɚɥɥɟ GaN). ɂɫɩɨɥɶɡɭɹ ɦɟɬɨɞ ɫɥɚɛɵɯ ɩɭɱɤɨɜ 

(WBDF) ɢ ɤɪɢɬɟɪɢɣ g.b, ɛɵɥɢ ɨɩɪɟɞɟɥɟɧɵ ɞɢɫɥɨɤɚɰɢɢ ɛɚɡɢɫɧɨɝɨ, ɩɪɢɡɦɚɬɢɱɟɫɤɨɝɨ ɢ 
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ɩɢɪɚɦɢɞɚɥɶɧɨɝɨ ɧɚɛɨɪɨɜ, ɚ ɬɚɤɠɟ ɞɢɚɝɧɨɫɬɢɪɨɜɚɧɵ ɱɚɫɬɢɱɧɵɟ ɞɢɫɥɨɤɚɰɢɢ ɜ ɩɟɬɥɹɯ, 

ɨɝɪɚɧɢɱɢɜɚɸɳɢɯ ɞɟɮɟɤɬɵ ɭɩɚɤɨɜɤɢ I1. ȼɟɥɢɱɢɧɵ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ ɛɵɥɢ ɪɚɫɱɢɬɚɧɵ 

ɢɫɯɨɞɹ ɢɡ ɩɪɚɜɢɥ ɑɟɪɧɫɚ-ɉɪɟɫɬɨɧɚ, ɫɨɝɥɚɫɧɨ ɤɨɬɨɪɵɦ g.b = m + 1, ɝɞɟ m – ɱɢɫɥɨ ɞɨɱɟɪɧɢɯ 

ɦɚɤɫɢɦɭɦɨɜ ɜ WBDF. ɋɬɨɢɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɛɵɥɢ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɵ ɧɚ ɩɪɚɤɬɢɤɟ 

ɨɫɨɛɟɧɧɨɫɬɢ ɩɪɢɦɟɧɟɧɢɹ ɤɪɢɬɟɪɢɹ g.b ɤ GaN ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɜɸɪɰɢɬɚ: ɩɨɥɧɨɫɬɶɸ ɬɟɪɹɥɢ 

ɤɨɧɬɪɚɫɬ ɬɨɥɶɤɨ ɜɢɧɬɨɜɵɟ ɞɢɫɥɨɤɚɰɢɢ c-ɬɢɩɚ ɩɪɢ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨɫɬɢ  ݃ ɤ ܾ⃗  
(ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɢ) ɢ ɤɪɚɟɜɵɟ a-ɬɢɩɚ ɩɪɢ ɫɨɛɥɸɞɟɧɢɢ ɬɚɤɠɟ  ݃ (ܾ⃗ × ሻ ݑ⃗ = Ͳ, 

ɨɫɬɚɥɶɧɵɟ ɢɦɟɥɢ ɨɫɬɚɬɨɱɧɵɣ ɤɨɧɬɪɚɫɬ ɜ ɚɧɚɥɨɝɢɱɧɵɯ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɭɫɥɨɜɢɹɯ. 

Liu et al [46] ɩɪɨɜɟɥɢ ɫɨɜɦɟɫɬɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɉɗɆ ɢ ɄɅ ɨɛɪɚɡɰɨɜ GaN, 

ɜɵɪɚɳɟɧɧɵɯ ɧɚ r-ɩɥɨɫɤɨɫɬɢ ɫɚɩɮɢɪɚ ɜɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢɹ a (ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ 

ɩɪɢɡɦɚɬɢɱɟɫɤɨɣ ɩɥɨɫɤɨɫɬɢ). ȼ ɪɟɡɭɥɶɬɚɬɟ ɬɚɤɨɝɨ ɤɪɢɫɬɚɥɥɨɝɟɧɟɡɢɫɚ ɨɛɪɚɡɨɜɚɥɨɫɶ 

ɦɧɨɠɟɫɬɜɨ ɪɨɫɬɨɜɵɯ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ I1, ɞɥɹ ɤɨɬɨɪɵɯ ɭɞɚɥɨɫɶ ɭɫɬɚɧɨɜɢɬɶ ɫɩɟɤɬɪɚɥɶɧɨɟ 

ɩɨɥɨɠɟɧɢɟ ɄɅ, ɪɚɜɧɨɟ ~3,41 ɷȼ.  Ȼɵɥɨ ɜɵɞɟɥɟɧɨ, ɱɬɨ ɧɚɛɥɸɞɚɟɦɚɹ ɲɢɪɢɧɚ ɞɟɮɟɤɬɨɜ 

ɭɩɚɤɨɜɤɢ ɜ ɉɗɆ ɡɚɜɢɫɢɬ ɨɬ ɭɝɥɚ ɧɚɤɥɨɧɚ ɩɥɨɫɤɨɫɬɢ, ɢ ɩɪɢ ɩɪɨɟɤɰɢɢ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ 

ɜ «ɪɟɛɪɨ» (edge-on) ɨɧɢ ɟɞɢɧɢɱɧɵ ɢ ɧɟ ɹɜɥɹɸɬɫɹ ɫɟɝɦɟɧɬɚɦɢ ɤɭɛɢɱɟɫɤɨɣ ɮɚɡɵ. Ɍɚɤɠɟ ɞɥɹ 

ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ, ɨɝɪɚɧɢɱɢɜɚɸɳɢɯ ɛɚɡɢɫɧɵɟ ɞɟɮɟɤɬɵ ɭɩɚɤɨɜɤɢ, ɛɵɥɨ ɨɩɪɟɞɟɥɟɧɨ 

ɩɨɥɨɠɟɧɢɟ ɄɅ: ~3,29 ɷȼ, ɢ ɩɪɢɡɦɚɬɢɱɟɫɤɢɦ ɞɟɮɟɤɬɚɦ ɭɩɚɤɨɜɤɢ ɜ ɚ-ɩɥɨɫɤɨɫɬɢ ɛɵɥɨ 

ɩɪɢɩɢɫɚɧɨ ɝɚɥɨ ɜɛɥɢɡɢ 3,33 ɷȼ, ɧɨ ɛɟɡ ɬɨɱɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢɹ ɜɢɞɚ ɞɟɮɟɤɬɚ. 

Ⱦɟɮɟɤɬɵ ɭɩɚɤɨɜɤɢ, ɫɜɹɡɚɧɧɵɟ ɫ ɪɚɫɳɟɩɥɟɧɢɟɦ ɪɨɫɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɛɚɡɢɫɧɨɣ 

ɩɥɨɫɤɨɫɬɢ, ɛɵɥɢ ɢɡɭɱɟɧɵ ɦɟɬɨɞɨɦ ɉɗɆ ɜɵɫɨɤɨɝɨ ɪɚɡɪɟɲɟɧɢɹ (HRTEM) ɜ [28,47]. ȼ [47] 

ɱɚɫɬɢɱɧɵɟ ɞɢɫɥɨɤɚɰɢɢ ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɜ ɩɨɩɟɪɟɱɧɨɦ ɫɟɱɟɧɢɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɟɬɨɞɚ 

ɪɟɤɨɧɫɬɪɭɤɰɢɢ ɜɨɥɧɨɜɵɯ ɮɭɧɤɰɢɣ ɷɥɟɤɬɪɨɧɨɜ, ɢ ɩɨɥɭɱɟɧɧɚɹ ɜɟɥɢɱɢɧɚ ɪɚɫɳɟɩɥɟɧɢɹ 

ɫɨɫɬɚɜɢɥɚ ɨɤɨɥɨ 1 ɧɦ. Ɂɚɯɚɪɨɜ ɢ ɞɪ. [28] ɚɧɚɥɢɡɢɪɨɜɚɥɢ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɢ ɨɫɨɛɟɧɧɨɫɬɢ 

ɞɢɫɥɨɤɚɰɢɣ ɜ ɨɛɪɚɡɰɚɯ, ɜɵɪɚɳɟɧɧɵɯ ɧɚ ɤɚɪɛɢɞɟ ɤɪɟɦɧɢɹ SiC ɱɟɪɟɡ ɛɭɮɟɪɧɵɣ ɫɥɨɣ 

ɧɢɬɪɢɞɚ ɚɥɸɦɢɧɢɹ AlN ɞɥɹ ɫɨɡɞɚɧɢɹ ɩɚɪɚɥɥɟɥɶɧɨɫɬɢ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɯ ɧɚɩɪɚɜɥɟɧɢɣ 

(ɜ ɨɬɥɢɱɢɟ ɨɬ ɭɤɚɡɚɧɧɨɝɨ ɜɵɲɟ ɷɩɢɬɚɤɫɢɚɥɶɧɨɝɨ ɩɪɚɜɢɥɚ ɩɪɢ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɦ ɪɨɫɬɟ ɧɚ 

ɫɚɩɮɢɪɟ). ȼ ɩɨɥɭɱɟɧɧɵɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɩɥɟɧɤɚɯ ɩɪɨɢɫɯɨɞɢɥɨ ɨɛɪɚɡɨɜɚɧɢɟ ɜ ɛɭɮɟɪɧɨɦ 

ɫɥɨɟ ɫ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟɦ ɜ GaN ɛɚɡɢɫɧɵɯ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ ɬɢɩɨɜ I1, I2, I3, ɜɵɬɹɧɭɬɵɯ 

ɜɞɨɥɶ [ͳͳʹ̅Ͳ], ɢ ɢɯ ɩɪɟɪɵɜɚɧɢɟ ɧɚ ɩɪɢɡɦɚɬɢɱɟɫɤɢɯ ɞɟɮɟɤɬɚɯ ɭɩɚɤɨɜɤɢ (ɩɨɫɪɟɞɫɬɜɨɦ 

ɫɬɭɩɟɧɱɚɬɵɯ, stair-rod, ɞɢɫɥɨɤɚɰɢɣ) ɢɥɢ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɹɯ. ɒɢɪɢɧɚ ɪɚɫɳɟɩɥɟɧɢɹ 

ɩɨɥɧɨɣ ɞɢɫɥɨɤɚɰɢɢ ɫ ɜɟɤɬɨɪɨɦ Ȼɸɪɝɟɪɫɚ ଵଷ [ͳͳʹ̅Ͳ] ɧɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 30° ɒɨɤɥɢ ɜ 

HRTEM ɫɨɫɬɚɜɢɥɚ 5,5 ɧɦ. ɗɧɟɪɝɢɹ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ I2, ɨɝɪɚɧɢɱɟɧɧɨɝɨ ɱɚɫɬɢɱɧɵɦɢ 

ɞɢɫɥɨɤɚɰɢɹɦɢ, ɛɵɥɚ ɪɚɫɫɱɢɬɚɧɚ ɫ ɩɨɦɨɳɶɸ ɮɨɪɦɭɥɵ:  
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ߛ =  ଶͳʹ𝜋݀ܽߤ

ɜɵɜɨɞɢɦɚɹ ɫɤɨɪɟɟ ɞɥɹ ɝɰɤ ɫɬɪɭɤɬɭɪ, ɧɚɩɪɢɦɟɪ ɜ [14,48], ɢɡ ɜɡɚɢɦɧɵɯ ɩɪɢɬɹɝɢɜɚɸɳɢɯ ɫɢɥ 

ɢɡɨɛɪɚɠɟɧɢɹ, ɞɟɣɫɬɜɭɸɳɢɯ ɧɚ ɱɚɫɬɢɱɧɵɟ ɞɢɫɥɨɤɚɰɢɢ, ɝɞɟ ߛ – ɭɞɟɥɶɧɚɹ ɷɧɟɪɝɢɹ ɜ ɷɪɝ/ɫɦ2, 

a – ɩɚɪɚɦɟɬɪ ɪɟɲɟɬɤɢ ɜ ɧɦ, ݀ – ɲɢɪɢɧɚ ɪɚɫɳɟɩɥɟɧɢɹ ɜ ɧɦ, ߤ – ɦɨɞɭɥɶ ɫɞɜɢɝɚ ɜ Ƚɉɚ. ɉɪɢ 

ɩɨɞɨɛɧɨɦ ɪɚɫɱɟɬɟ ɷɧɟɪɝɢɢ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ ɜɨɡɧɢɤɚɟɬ ɩɪɨɛɥɟɦɚ ɧɟɨɞɧɨɡɧɚɱɧɨɫɬɢ 

ɦɨɞɭɥɟɣ ɫɞɜɢɝɚ, ɬɚɤ ɤɚɤ ɡɧɚɱɟɧɢɟ ɞɥɹ ߤ, ɨɩɪɟɞɟɥɟɧɧɵɟ ɪɚɡɥɢɱɧɵɦɢ ɦɟɬɨɞɚɦɢ 

(ɦɚɬɟɦɚɬɢɱɟɫɤɢɣ ɪɚɫɱɟɬ, ɪɟɧɬɝɟɧɨɜɫɤɢɟ, ɪɚɫɫɟɹɧɢɸ Ȼɪɢɥɥɸɷɧɚ ɢ ɞɪ) ɧɟ  ɫɨɜɩɚɞɚɸɬ: 

ɜɚɪɢɚɰɢɹ ɢɞɟɬ ɨɬ 24,1 ɞɨ 105 Ƚɉɚ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɜɟɞɟɧɧɵɯ ɜ ɛɚɡɢɫɧɭɸ ɩɥɨɫɤɨɫɬɶ ɞɢɫɥɨɤɚɰɢɣ ɫɨɜɦɟɫɬɧɨ ɦɟɬɨɞɚɦɢ 

ɉɗɆ ɢ ɄɅ (ɪɟɡɭɥɶɬɚɬɵ ɜ ɝɥɚɜɟ 1.6) ɨɩɢɫɚɧɨ ɜ [8,49,50]. ȼ ɩɪɨɜɟɞɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ 

ɪɚɫɳɟɩɥɟɧɢɟ ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɥɢɧɢɣ ɧɟ ɧɚɛɥɸɞɚɥɨɫɶ, ɧɨ ɛɵɥɢ ɨɛɧɚɪɭɠɟɧɵ ɞɟɮɟɤɬɵ 

ɭɩɚɤɨɜɤɢ ɜ ɭɡɥɚɯ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ. ɉɨ ɭɝɥɚɦ ɦɟɠɞɭ ɞɢɫɥɨɤɚɰɢɹɦɢ, ɢɡɜɟɫɬɧɨɣ 

ɫɢɫɬɟɦɟ ɫɤɨɥɶɠɟɧɢɹ ɢ ɩɨɥɭɱɟɧɧɵɦ ɤɨɧɬɪɚɫɬɚɦ ɧɚ ɦɢɤɪɨɝɪɚɦɦɚɯ ɛɵɥ ɩɪɟɞɥɨɠɟɧ 

ɦɟɯɚɧɢɡɦ ɢɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ. Ɉɬ ɨɛɥɚɫɬɢ ɢɧɞɟɧɬɢɪɨɜɚɧɢɹ (ɢɥɢ ɰɚɪɚɩɚɧɢɹ) ɧɚɱɢɧɚɸɬ 

ɫɤɨɥɶɡɢɬɶ ɜɞɨɥɶ ɩɪɢɡɦɚɬɢɱɟɫɤɢɯ ɩɥɨɫɤɨɫɬɟɣ a-ɜɢɧɬɨɜɵɟ ɞɢɫɥɨɤɚɰɢɢ. Ɉɧɢ ɜɛɥɢɡɢ ɮɪɨɧɬɚ 

ɫɜɨɟɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɟɪɟɫɟɤɚɸɬ ɩɨɜɟɪɯɧɨɫɬɶ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɱɟɪɟɡ ɩɟɬɥɢ («quarter 

loop»), ɹɜɥɹɸɳɢɟɫɹ ɭɱɚɫɬɤɚɦɢ ɤɪɚɟɜɵɯ ɢ ɫɦɟɲɚɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ (ɪɢɫ. 11 ɫɥɟɜɚ). Ɍɚɤɠɟ ɜ 

Ratschinski I. et al [49] ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɦɨɞɟɥɶ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɞɥɹ ɫɤɪɟɳɢɜɚɸɳɢɯɫɹ 

ɞɢɫɥɨɤɚɰɢɣ (ɪɢɫ.11 ɫɩɪɚɜɚ). ȼ ɫɥɭɱɚɟ ɞɜɭɯ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ (1 ɧɚ ɪɢɫɭɧɤɟ), ɜɢɧɬɨɜɨɣ 

ɢ ɤɪɚɟɜɨɣ (2 ɧɚ ɪɢɫɭɧɤɟ) ɨɛɪɚɡɭɸɬɫɹ ɩɟɪɟɝɢɛɵ, ɹɜɥɹɸɳɢɟɫɹ 60° ɞɢɫɥɨɤɚɰɢɹɦɢ. Ⱦɥɹ ɞɜɭɯ 

ɤɪɚɟɜɵɯ – ɩɟɪɟɝɢɛɵ ɧɟ ɜɨɡɧɢɤɚɸɬ, ɬɚɤ ɤɚɤ ɜ ɫɢɥɭ ɤɪɢɬɟɪɢɹ Ɏɪɚɧɤɚ ɷɬɨ ɷɧɟɪɝɟɬɢɱɟɫɤɢ ɧɟ 

ɜɵɝɨɞɧɨ (ɝɥɚɜɚ 1.4.1). 

 
Ɋɢɫɭɧɨɤ 11. ɋɯɟɦɵ, ɫɥɟɜɚ - ɩɪɟɞɥɨɠɟɧɧɚɹ ɞɥɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɜɟɞɟɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɧɢɬɪɢɞɟ 

ɝɚɥɥɢɹ; ɫɩɪɚɜɚ - ɜɡɚɢɦɨɞɟɣɫɬɜɢɣ ɧɚ ɩɟɪɟɫɟɱɟɧɢɹɯ ɞɢɫɥɨɤɚɰɢɣ (ɩɨɹɫɧɟɧɢɟ ɜ ɬɟɤɫɬɟ) ɜ [49] 
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1.6 ɂɫɫɥɟɞɨɜɚɧɢɟ ɞɢɫɥɨɤɚɰɢɣ ɜ ɧɢɬɪɢɞɟ ɝɚɥɥɢɹ ɦɟɬɨɞɨɦ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ 

ɂɫɫɥɟɞɨɜɚɧɢɹ [49-52] ɦɟɬɨɞɨɦ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (ɨɩɢɫɚɧɢɟ ɦɟɬɨɞɚ ɜ ɝɥɚɜɟ 

2.1) ɤɚɤ ɪɨɫɬɨɜɵɯ, ɬɚɤ ɢ ɜɜɟɞёɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɪɟɤɨɦɛɢɧɚɰɢɨɧɧɨ-

ɚɤɬɢɜɧɵɦɢ ɹɜɥɹɥɢɫɶ ɞɢɫɥɨɤɚɰɢɢ, ɢɦɟɸɳɢɟ ɛɚɡɢɫɧɭɸ ɤɨɦɩɨɧɟɧɬɭ ɜ ɜɟɤɬɨɪɟ Ȼɸɪɝɟɪɫɚ. 

Ⱦɥɹ 60° ɞɢɫɥɨɤɚɰɢɣ ɜ ɩɥɨɫɤɨɫɬɢ (0001) ɛɵɥɨ ɭɫɬɚɧɨɜɥɟɧɨ ɢɡɥɭɱɟɧɢɟ ɫ ɷɧɟɪɝɢɟɣ 2,9 ɷȼ, 

ɨɫɬɚɥɶɧɵɟ ɬɢɩɵ ɞɢɫɥɨɤɚɰɢɣ ɜ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɢɦɟɥɢ ɬɟɦɧɵɣ ɤɨɧɬɪɚɫɬ ɪɚɡɥɢɱɧɨɣ 

ɢɧɬɟɧɫɢɜɧɨɫɬɢ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɳɢɣ ɨ ɛɟɡɵɥɭɱɚɬɟɥɶɧɵɯ ɩɟɪɟɯɨɞɚɯ. Ɍɚɤɠɟ ɧɚɛɥɸɞɚɟɦɚɹ 

ɠɟɥɬɚɹ ɥɸɦɢɧɟɫɰɟɧɰɢɹ ɛɵɥɚ ɩɪɢɩɢɫɚɧɚ ɬɨɱɟɱɧɵɦ ɞɟɮɟɤɬɚɦ [3,50]. ɉɚɪɚɥɥɟɥɶɧɨ ɛɵɥɨ 

ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɨ ɜɥɢɹɧɢɟ ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɭɱɤɚ ɧɚ ɫɤɨɥɶɠɟɧɢɟ ɜɜɟɞɟɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ. 

Albrecht et al [8] ɨɬɦɟɬɢɥ ɨɬɫɭɬɫɬɜɢɟ ɨɛɨɪɜɚɧɧɵɯ ɫɜɹɡɟɣ ɜ ɚ-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɹɯ 

ɜ ɫɬɪɭɤɬɭɪɟ ɜɸɪɰɢɬɚ. ɋɞɜɢɝɨɜɵɟ ɧɚɩɪɹɠɟɧɢɹ ɩɨ ɨɛɳɟɩɪɢɧɹɬɨɣ ɬɟɨɪɢɢ ɞɨɥɠɧɵ ɩɪɢɜɟɫɬɢ 

ɤ ɢɡɝɢɛɭ ɬɨɥɶɤɨ ɦɚɤɫɢɦɭɦɚ ɜɚɥɟɧɬɧɨɣ ɡɨɧɵ p-ɬɢɩɚ (ɢɦɟɟɬɫɹ ɜ ɜɢɞɭ ɬɢɩ ɨɪɛɢɬɚɥɢ ɜ 

ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɟ), ɫɨɡɞɚɜɚɹ ɫɜɹɡɚɧɧɵɟ ɫɨɫɬɨɹɧɢɹ ɞɥɹ ɞɵɪɨɤ, ɚ ɞɧɨ ɡɨɧɵ 

ɩɪɨɜɨɞɢɦɨɫɬɢ s-ɬɢɩɚ ɧɟ ɩɨɞɜɟɪɝɧɟɬɫɹ ɜɨɡɞɟɣɫɬɜɢɸ. Ȼɵɥɚ ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɚ 

ɥɸɦɢɧɟɫɰɟɧɰɢɹ ɜɜɟɞɟɧɧɵɯ ɰɚɪɚɩɚɧɢɟɦ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɩɨɥɭɢɡɨɥɢɪɭɸɳɟɦ 

ɧɢɬɪɢɞɟ ɝɚɥɥɢɹ ɫ ɩɢɤɨɦ 3,346 ɷȼ, ɫɦɟɳɟɧɧɨɟ ɧɚ ~ 0, 15 ɷȼ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɜɨɛɨɞɧɨɝɨ 

ɷɤɫɢɬɨɧɚ (ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɷɤɫɢɬɨɧɧɭɸ ɲɢɪɢɧɭ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ), ɢ ɞɨɤɚɡɚɧɚ ɟɟ 

ɷɤɫɢɬɨɧɧɚɹ ɩɪɢɪɨɞɚ ɩɨ ɡɚɜɢɫɢɦɨɫɬɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɫɢɥɵ ɜɨɡɛɭɠɞɟɧɢɹ. 

ɉɨ ɱɢɫɥɟɧɧɵɦ ɪɚɫɱёɬɚɦ, ɜɵɩɨɥɧɟɧɧɵɦ Farvacque J. L., Francois Ph. [53], ɝɥɭɛɢɧɚ 

ɡɚɥɟɝɚɧɢɹ ɞɵɪɨɱɧɵɯ ɭɪɨɜɧɟɣ ɧɟ ɦɨɠɟɬ ɨɛɴɹɫɧɢɬɶ ɫɬɨɥɶ ɫɢɥɶɧɨɝɨ ɤɪɚɫɧɨɝɨ ɫɦɟɳɟɧɢɹ 

ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɩɨɥɨɠɟɧɢɹ ɫɜɨɛɨɞɧɨɝɨ ɷɤɫɢɬɨɧɚ. Ⱦɥɹ 

ɭɫɬɪɚɧɟɧɢɹ ɧɟɫɨɨɬɜɟɬɫɬɜɢɹ ɛɵɥɨ ɩɪɟɞɥɨɠɟɧɨ ɢ ɩɨɞɬɜɟɪɠɞɟɧɨ ɬɟɨɪɟɬɢɱɟɫɤɢɦɢ ɪɚɫɱɟɬɚɦɢ, 

ɱɬɨ ɜ ɫɢɥɭ ɛɨɥɶɲɟɝɨ ɩɨɥɹ ɭɩɪɭɝɢɯ ɧɚɩɪɹɠɟɧɢɣ ɧɚ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɹɯ ɨɬɧɨɫɢɬɟɥɶɧɨ 

ɞɪɭɝɢɯ ɜ GaN ɩɪɨɢɫɯɨɞɢɬ ɢɡɝɢɛ p-ɨɪɛɢɬɚɥɢ, ɥɟɠɚɳɟɣ ɜɵɲɟ ɞɧɚ ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ, 

ɫɨɩɪɨɜɨɠɞɚɸɳɢɣɫɹ ɝɢɛɪɢɞɢɡɚɰɢɟɣ s ɢ p ɭɪɨɜɧɟɣ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ ɜɨɡɧɢɤɚɟɬ ɢɡɝɢɛ ɞɧɚ 

ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ, ɜ ɤɨɬɨɪɨɦ ɦɨɝɭɬ ɛɵɬɶ ɫɜɹɡɚɧɵ ɷɥɟɤɬɪɨɧɵ. ȼ ɪɚɦɤɚɯ ɦɨɞɟɥɢ ɞɨɩɭɫɬɢɦ 

ɤɪɚɫɧɵɣ ɫɞɜɢɝ ɧɚ 0,2 ɷȼ ɞɢɫɥɨɤɚɰɢɨɧɧɨɝɨ ɩɢɤɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɜɨɛɨɞɧɨɝɨ ɷɤɫɢɬɨɧɚ. 

Ɍɚɤɠɟ ɜ ɝɪɭɩɩɟ Huang et al [9] ɢɡɭɱɚɥɢɫɶ ɞɢɫɥɨɤɚɰɢɢ, ɜɜɟɞɟɧɧɵɟ 

ɧɚɧɨɢɧɞɟɧɬɢɪɨɜɚɧɢɟɦ. ɉɨɥɨɠɟɧɢɟ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɛɵɥɨ ɩɪɢɩɢɫɚɧɨ 

ɩɢɤɭ ɜ 3,12 ɷȼ, ɫɞɜɢɧɭɬɨɦɭ ɧɚ ~ 0,28 ɷȼ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɜɨɛɨɞɧɨɝɨ ɷɤɫɢɬɨɧɚ. Ⱦɥɹ 

ɨɛɴɹɫɧɟɧɢɹ ɛɵɥ ɩɪɟɞɥɨɠɟɧ ɦɟɯɚɧɢɡɦ ɨɛɪɚɡɨɜɚɧɢɹ ɜɚɤɚɧɫɢɢ ɝɚɥɥɢɹ ɞɜɢɠɟɧɢɟɦ ɫɬɭɩɟɧɶɤɢ 

ɞɢɫɥɨɤɚɰɢɢ, ɤɨɬɨɪɵɟ ɢ ɹɜɥɹɸɬɫɹ ɢɫɬɨɱɧɢɤɨɦ ɩɟɪɟɯɨɞɚ ɡɨɧɚ ɩɪɨɜɨɞɢɦɨɫɬɢ – ɚɤɰɟɩɬɨɪ, 

ɫɨɩɪɨɜɨɠɞɚɸɳɟɝɨɫɹ ɥɸɦɢɧɟɫɰɟɧɰɢɟɣ. 

ȼ ɢɫɫɥɟɞɨɜɚɧɢɹɯ ɨɛɪɚɡɰɨɜ ɫɩɟɰɢɚɥɶɧɨ ɧɟɥɟɝɢɪɨɜɚɧɧɨɝɨ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ ɧɚɲɟɣ 

ɝɪɭɩɩɵ [5-7,54] ɷɮɮɟɤɬɢɜɧɵɦɢ ɢɫɬɨɱɧɢɤɚɦɢ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɹɜɥɹɥɢɫɶ ɧɟ ɬɨɥɶɤɨ 
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ɩɪɹɦɨɥɢɧɟɣɧɵɟ ɭɱɚɫɬɤɢ ɞɢɫɥɨɤɚɰɢɣ (DRL ɧɚ ɪɢɫ.12), ɧɨ ɢ ɬɨɱɤɢ ɢɯ ɩɟɪɟɫɟɱɟɧɢɹ (IRL ɢ 

ɮɨɧɨɧɧɨɟ ɩɨɜɬɨɪɟɧɢɟ IRL-LO ɧɚ ɪɢɫ.12). Ɉɧɢ ɢɦɟɥɢ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɩɨɥɨɫɵ 3,15-3,18 ɷȼ 

ɢ 3,31 ɷȼ ɩɪɢ 70Ʉ, ɬɚɤɠɟ ɞɢɫɥɨɤɚɰɢɨɧɧɚɹ ɩɨɥɨɫɚ ɢɦɟɥɚ ɹɪɤɨ ɜɵɪɚɠɟɧɧɵɣ ɞɭɩɥɟɬɧɵɣ 

ɯɚɪɚɤɬɟɪ, ɫɨɩɪɨɜɨɠɞɚɟɦɵɣ ɮɨɧɨɧɧɵɦɢ ɩɨɜɬɨɪɟɧɢɹɦɢ (DRL-LO, ɪɢɫ.12). ɉɨɥɨɠɟɧɢɟ ɩɢɤɚ 

ɫɜɨɛɨɞɧɨɝɨ ɷɤɫɢɬɨɧɚ ɛɵɥɨ 3,47 ɷȼ ɩɪɢ 70K (FE ɧɚ ɪɢɫɭɧɤɟ 11, NBE, near band edge 

emission, ɧɚ ɪɢɫɭɧɤɟ 13). Ɉɬɧɨɫɢɬɟɥɶɧɨɟ ɩɨɥɨɠɟɧɢɟ ɢ ɲɢɪɢɧɚ FE ɢ DRL – ɩɨɥɨɫ 

ɫɨɯɪɚɧɹɥɚɫɶ ɜ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ 70Ʉ – 300Ʉ, ɚ ɬɚɤɠɟ ɛɨɥɶɲɚɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ DRL 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɦɟɧɶɲɟɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ FE ɩɪɢ ɡɚɩɢɫɢ ɫɩɟɤɬɪɚ ɜ ɨɞɧɨɣ ɬɨɱɤɟ. ȼ [54] 

ɩɨɤɚɡɚɧɨ, ɱɬɨ ɨɛɚ ɩɢɤɚ ɢɦɟɸɬ ɷɤɫɢɬɨɧɧɭɸ ɩɪɢɪɨɞɭ ɢ ɩɪɨɰɟɫɫɵ, ɤɨɬɨɪɵɦ ɨɧɢ 

ɫɨɨɬɜɟɬɫɬɜɭɸɬ, ɹɜɥɹɸɬɫɹ ɤɨɧɤɭɪɢɪɭɸɳɢɦɢ. 

 

 
Ɋɢɫɭɧɨɤ 12. ɉɚɪɚɥɥɟɥɶɧɨ ɩɨɥɭɱɟɧɧɵɟ ɦɢɤɪɨɝɪɚɦɦɵ ɜ ɋЭɆ (ɫɥɟɜɚ) ɢ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (ɜ ɰɟɧɬɪɟ). 

ɋɩɪɚɜɚ – ɫɩɟɤɬɪɵ ɥɸɦɢɧɟɫɰɟɧɰɢɢ, ɩɨɥɭɱɟɧɧɵɟ ɜ ɬɨɱɤɚɯ 1-3, ɨɬɦɟɱɟɧɧɵɯ ɧɚ ɦɢɤɪɨɝɪɚɦɦɟ 

ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜ ɰɟɧɬɪɟ; ɫɧɢɡɭ –ɦɢɤɪɨɝɪɚɦɦɵ, ɩɨɥɭɱɟɧɧɵɟ ɜ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜ 

ɦɨɧɨɯɪɨɦɚɬɢɱɟɫɤɨɦ ɪɟɠɢɦɟ[7].  
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ɇɚ ɪɢɫɭɧɤɟ 12 ɫɧɢɡɭ ɩɪɢɜɟɞɟɧɵ ɦɢɤɪɨɝɪɚɦɦɵ, ɩɨɥɭɱɟɧɧɵɟ ɜ 

ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜ ɦɨɧɨɯɪɨɦɚɬɢɱɟɫɤɨɦ ɪɟɠɢɦɟ. Ɇɨɠɧɨ ɭɜɢɞɟɬɶ, ɱɬɨ ɩɪɢ 

ɩɪɨɩɭɫɤɚɧɢɢ ɞɥɢɧ ɜɨɥɧ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɷɧɟɪɝɢɢ 3,18 ɷȼ (DRL), ɜɢɞɧɵ ɩɪɹɦɨɥɢɧɟɣɧɵɟ 

ɫɜɟɬɥɵɟ ɤɨɧɬɪɚɫɬɵ, ɚ ɩɪɢ 3,31 ɷȼ (IRL) – ɜɢɞɧɵ ɫɜɟɬɥɵɟ ɬɨɱɤɢ. 

Ⱦɢɫɥɨɤɚɰɢɨɧɧɚɹ ɥɸɦɢɧɟɫɰɟɧɰɢɹ ɛɵɥɚ ɭɫɬɨɣɱɢɜɚ ɜ ɲɢɪɨɤɨɦ ɬɟɦɩɟɪɚɬɭɪɧɨɦ 

ɞɢɚɩɚɡɨɧɟ (ɞɨ 420Ʉ, ɪɢɫ 13 ɫɥɟɜɚ.), ɢ ɩɨɥɧɨɫɬɶɸ ɢɫɱɟɡɚɥɚ ɩɪɢ ɨɬɠɢɝɟ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 

ɛɨɥɟɟ 720Ʉ (ɪɢɫ.13 ɫɩɪɚɜɚ). 

   
Ɋɢɫɭɧɨɤ 13. ɋɥɟɜɚ - – ɫɩɟɤɬɪ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɢ 300Ʉ; ɫɩɪɚɜɚ – ɢɡɦɟɧɟɧɢɟ ɯɚɪɚɤɬɟɪɚ 

ɤɚɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɞɜɭɯ ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ ɰɚɪɚɩɢɧ (ɱɟɪɧɵɟ ɠɢɪɧɵɟ ɥɢɧɢɢ) ɩɪɢ ɧɚɝɪɟɜɚɧɢɢ ɞɨ 420Ʉ (b,c) ɢ 

ɡɚɬɟɦ ɩɪɢ ɨɬɠɢɝɟ ɜɩɥɨɬɶ ɞɨ 1000Ʉ(d,e) [54] 

ɂɡɦɟɧɟɧɢɟɦ ɝɥɭɛɢɧɵ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɷɥɟɤɬɪɨɧɨɜ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɤɪɨɦɟ 

ɩɪɹɦɨɥɢɧɟɣɧɵɯ ɥɸɦɢɧɟɫɰɢɪɭɸɳɢɯ ɭɱɚɫɬɤɨɜ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɢ ɬɨɱɟɤ ɢɯ 

Ɋɢɫɭɧɨɤ 14.ɋɜɟɪɯɭ - Ʉɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɹ ɞɢɫɥɨɤɚɰɢɣ ɜɛɥɢɡɢ ɰɚɪɚɩɢɧɵ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɭɫɤɨɪɹɸɳɢɯ 

ɧɚɩɪɹɠɟɧɢɹɯ (ɜ ɜɟɪɯɧɟɦ ɩɪɚɜɨɦ ɭɝɥɭ), ɪɟɝɭɥɢɪɭɸɳɢɯ ɝɥɭɛɢɧɭ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɷɥɟɤɬɪɨɧɨɜ; ɫɧɢɡɭ - ɫɯɟɦɚ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɛɚɡɢɫɧɨɣ ɢ ɩɪɢɡɦɚɬɢɱɟɫɤɢɯ ɩɥɨɫɤɨɫɬɹɯ [54]. 
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ɩɟɪɟɫɟɱɟɧɢɹ, ɬɚɤɠɟ ɩɪɢɫɭɬɫɬɜɭɸɬ ɪɟɤɨɦɛɢɧɚɰɢɨɧɧɨ-ɚɤɬɢɜɧɵɟ, ɧɨ ɧɟ ɢɡɥɭɱɚɸɳɢɟ, 

ɤɪɢɜɨɥɢɧɟɣɧɵɟ ɭɱɚɫɬɤɢ (ɬɨɧɤɢɟ ɬɟɦɧɵɟ ɢɡɨɝɧɭɬɵɟ ɤɨɧɬɪɚɫɬɵ ɧɚ ɪɢɫ.14 ɫɜɟɪɯɭ ɫɩɪɚɜɚ) – 

ɷɬɨ ɩɨɥɭɩɟɬɥɢ ɤɪɚɟɜɵɯ ɢ ɫɦɟɲɚɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ, ɤɨɬɨɪɵɟ ɪɚɫɩɪɨɫɬɪɚɧɹɸɬɫɹ ɨɬ ɰɚɪɚɩɢɧɵ 

ɢ ɫɨɩɪɨɜɨɠɞɚɸɬɫɹ ɜɢɧɬɨɜɵɦɢ ɞɢɫɥɨɤɚɰɢɹɦɢ. ȼɵɯɨɞ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɧɚ 

ɩɨɜɟɪɯɧɨɫɬɶ – ɬɟɦɧɵɟ ɬɨɱɤɢ - ɦɨɠɧɨ ɧɚɛɥɸɞɚɬɶ ɧɚ ɜɫɬɚɜɤɟ ɧɚ ɪɢɫ.14 ɫɥɟɜɚ ɫɜɟɪɯɭ. ɇɚ 

ɨɫɧɨɜɟ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɛɵɥɚ ɩɨɫɬɪɨɟɧɚ ɫɯɟɦɚ, ɢɡɨɛɪɚɠɟɧɧɚɹ ɧɚ ɪɢɫ.14 ɫɧɢɡɭ, ɤɨɬɨɪɚɹ 

ɞɨɩɨɥɧɹɟɬ ɦɨɞɟɥɶ, ɩɪɟɞɥɨɠɟɧɧɭɸ ɜ [49] ɢ ɩɨɤɚɡɚɧɧɭɸ ɧɚ ɪɢɫ.11 ɫɥɟɜɚ, ɩɨ ɤɨɬɨɪɨɣ 

ɜɢɧɬɨɜɵɟ ɞɢɫɥɨɤɚɰɢɢ ɦɨɝɭɬ ɨɛɪɚɡɨɜɵɜɚɬɶ ɩɨɥɭɩɟɬɥɢ ɜ ɛɚɡɢɫɧɨɣ ɢ ɩɪɢɡɦɚɬɢɱɟɫɤɨɣ 

ɩɥɨɫɤɨɫɬɹɯ, ɩɪɢɱɟɦ ɜ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɩɟɬɥɹ ɦɨɠɟɬ ɜɵɯɨɞɢɬɶ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɢɥɢ 

ɡɚɦɵɤɚɬɶɫɹ ɧɚ ɞɪɭɝɭɸ ɞɢɫɥɨɤɚɰɢɸ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɧɚɛɥɸɞɚɟɦɚɹ ɥɸɦɢɧɟɫɰɟɧɰɢɹ ɫɜɟɠɟɜɜɟɞɟɧɧɵɯ a-ɜɢɧɬɨɜɵɯ 

ɞɢɫɥɨɤɚɰɢɣ ɢɦɟɟɬ ɧɟ ɬɨɥɶɤɨ ɪɚɡɥɢɱɧɨɟ ɫɩɟɤɬɪɚɥɶɧɨɟ ɩɨɥɨɠɟɧɢɟ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɯ [5-9,54], 

ɧɨ ɢ ɪɚɡɧɵɣ ɯɚɪɚɤɬɟɪ ɩɨɥɨɫɵ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ. Albrecht et al. [8] ɩɨɤɚɡɚɥɢ 

ɨɞɢɧɨɱɧɵɣ ɞɢɫɥɨɤɚɰɢɨɧɧɵɣ ɩɢɤ ɜɛɥɢɡɢ FE ɜ ɩɨɥɭɢɡɨɥɢɪɭɸɳɟɦ ɨɛɪɚɡɰɟ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ, 

ɩɪɢ ɷɬɨɦ ɜ ɫɬɚɬɶɟ ɭɤɚɡɚɧɨ, ɱɬɨ ɜ ɩɪɨɜɟɞɟɧɧɨɦ ɩɚɪɚɥɥɟɥɶɧɨ ɉɗɆ ɷɤɫɩɟɪɢɦɟɧɬɟ ɹɞɪɨ 

ɫɜɟɬɹɳɢɯɫɹ ɞɢɫɥɨɤɚɰɢɣ ɢɦɟɥɨ ɧɟɪɚɫɳɟɩɥɟɧɧɵɣ ɯɚɪɚɤɬɟɪ (ɤ ɫɨɠɚɥɟɧɢɸ, ɛɟɡ ɩɪɢɜɟɞɟɧɢɹ 

ɞɨɤɚɡɵɜɚɸɳɢɯ ɦɢɤɪɨɝɪɚɦɦ ɉɗɆ). ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɧɚɲɟɣ ɝɪɭɩɩɵ ɜ 

ɫɩɟɰɢɚɥɶɧɨ ɧɟɥɟɝɢɪɨɜɚɧɧɨɦ ɧɢɬɪɢɞɟ ɝɚɥɥɢɹ ɧɚɩɪɚɲɢɜɚɟɬɫɹ ɜɵɜɨɞ ɨ ɪɚɫɳɟɩɥɟɧɧɨɦ 

ɯɚɪɚɤɬɟɪɟ ɹɞɟɪ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ, ɬɟɦ ɛɨɥɟɟ ɩɢɤ IRL ɬɨɱɟɤ ɩɟɪɟɫɟɱɟɧɢɹ ɞɢɫɥɨɤɚɰɢɣ 

ɛɥɢɡɨɤ ɤ ɡɧɚɱɟɧɢɹɦ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɞɥɹ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ I2 [2], ɨɛɪɚɡɭɸɳɟɦɫɹ ɩɪɢ ɬɚɤɨɦ 

ɪɚɫɳɟɩɥɟɧɢɢ (ɝɥɚɜɚ 1.4.2). 

Ⱦɥɹ ɭɫɬɚɧɨɜɥɟɧɢɹ ɩɪɢɱɢɧ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜ ɫɩɟɰɢɚɥɶɧɨ ɧɟɥɟɝɢɪɨɜɚɧɧɨɦ ɧɢɬɪɢɞɟ 

ɝɚɥɥɢɹ ɛɵɥɨ ɧɟɨɛɯɨɞɢɦɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɹɞɟɪ ɜɜɟɞɟɧɧɵɯ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɦɟɬɨɞɚɦɢ 

ɉɗɆ, ɱɬɨ ɢ ɹɜɢɥɨɫɶ ɰɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ.  
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Ƚɥɚɜɚ 2. ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɜɟɞɟɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ: ɨɩɢɫɚɧɢɟ 
ɦɟɬɨɞɨɜ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚ 

2.1 Кɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɹ4
 

Ʉɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɹ – ɫɜɟɱɟɧɢɟ ɜɟɳɟɫɬɜɚ, ɜɵɡɜɚɧɧɨɟ ɨɛɥɭɱɟɧɢɟɦ ɛɵɫɬɪɵɦɢ 

ɷɥɟɤɬɪɨɧɚɦɢ – ɤɚɤ ɦɟɬɨɞ ɨɛɵɱɧɨ ɪɟɚɥɢɡɭɟɬɫɹ ɧɚ ɛɚɡɟ ɫɤɚɧɢɪɭɸɳɟɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ 

ɦɢɤɪɨɫɤɨɩɚ (ɋɗɆ, ɪɢɫ.15), ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɤɨɪɪɟɥɢɪɨɜɚɬɶ ɥɸɦɢɧɟɫɰɟɧɰɢɸ ɫɨ ɫɬɪɭɤɬɭɪɚɦɢ 

ɜ ɨɛɪɚɡɰɟ, ɨɬɜɟɬɫɬɜɟɧɧɵɦɢ ɡɚ ɧɟɟ. Ɍɚɤɚɹ ɤɨɦɛɢɧɚɰɢɹ ɦɟɬɨɞɨɜ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɚɬɶ 

ɪɚɡɪɟɲɟɧɢɟ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɧɦ ɜ ɋɗɆ ɢ ɫɨɬɟɧ ɧɦ ɜ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ, ɩɪɢ ɷɬɨɦ 

ɫɭɳɟɫɬɜɭɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɢɡɦɟɧɟɧɢɹ ɢɡɭɱɚɟɦɨɣ ɝɥɭɛɢɧɵ (ɨɬ ɫɨɬɟɧ ɧɦ ɞɨ 2,5 ɦɢɤɪɨɧ ɜ 

ɧɢɬɪɢɞɟ ɝɚɥɥɢɹ, ɧɚɩɪɢɦɟɪ) ɡɚ ɫɱɟɬ ɜɚɪɶɢɪɨɜɚɧɢɹ ɷɧɟɪɝɢɢ ɩɚɞɚɸɳɢɯ ɷɥɟɤɬɪɨɧɨɜ. 

Ɉɛɪɚɡɟɰ ɫɤɚɧɢɪɭɟɬɫɹ ɩɭɱɤɨɦ ɷɥɟɤɬɪɨɧɨɜ, ɤɨɬɨɪɵɣ ɡɚɦɟɬɧɨ ɩɪɟɜɵɲɚɟɬ ɩɨ ɷɧɟɪɝɢɢ 

ɡɚɩɪɟɳɟɧɧɭɸ ɡɨɧɭ ɢɫɫɥɟɞɭɟɦɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ (ɷɧɟɪɝɢɹ ɩɭɱɤɚ ɷɥɟɤɬɪɨɧɨɜ ɜɚɪɶɢɪɭɟɬɫɹ 

ɜ ɋɗɆ ɨɬ 1 ɞɨ 30 ɤȼ), ɬɨɝɞɚ ɜ ɪɟɡɭɥɶɬɚɬɟ ɤɚɫɤɚɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɨɛɪɚɡɭɟɬɫɹ ɦɧɨɠɟɫɬɜɨ 

ɜɬɨɪɢɱɧɵɯ ɷɥɟɤɬɪɨɧɨɜ (SE), ɥɟɬɹɳɢɯ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɚ. Ɍɨɱɤɚ ɫɤɚɧɢɪɨɜɚɧɢɹ 

ɡɚɞɚɟɬɫɹ ɫ ɩɨɦɨɳɶɸ ɨɬɤɥɨɧɹɸɳɟɣ ɫɢɫɬɟɦɵ, ɷɥɟɤɬɪɨɫɬɚɬɢɱɟɫɤɨɣ ɢɥɢ ɦɚɝɧɢɬɧɨɣ. 

ɂɧɬɟɧɫɢɜɧɨɫɬɶ ɢɡɥɭɱɟɧɢɹ ɜɬɨɪɢɱɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɦɨɠɧɨ ɪɟɝɢɫɬɪɢɪɨɜɚɬɶ ɜ ɞɟɬɟɤɬɨɪɟ 

ɗɜɟɪɯɚɪɬɚ-Ɍɨɪɧɥɢ (ɫɟɬɤɚ ɫ ɩɪɢɥɨɠɟɧɧɵɦ ɧɚɩɪɹɠɟɧɢɟɦ, ɜɵɬɹɝɢɜɚɸɳɚɹ ɜɬɨɪɢɱɧɵɟ 

ɷɥɟɤɬɪɨɧɵ ɜ ɮɨɬɨɷɥɟɤɬɪɨɧɧɵɣ ɭɦɧɨɠɢɬɟɥɶ, Ɏɗɍ) ɢ ɫɬɪɨɢɬɶ ɢɡɨɛɪɚɠɟɧɢɟ ɩɨɜɟɪɯɧɨɫɬɢ, 

ɫɢɧɯɪɨɧɢɡɢɪɨɜɚɜ ɤɨɨɪɞɢɧɚɬɵ ɬɨɱɤɢ ɫɤɚɧɢɪɨɜɚɧɢɹ ɢ ɩɨɥɭɱɚɟɦɵɣ ɜ ɞɟɬɟɤɬɨɪɟ ɫɢɝɧɚɥ, ɬɚɤ 

ɤɚɤ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢɡɥɭɱɟɧɢɹ ɜɬɨɪɢɱɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɨɩɪɟɞɟɥɹɟɬɫɹ ɪɟɥɶɟɮɨɦ ɩɨɜɟɪɯɧɨɫɬɢ. 

 
Ɋɢɫɭɧɨɤ 15. Cɯɟɦɚ ɭɫɬɚɧɨɜɤɢ, ɢɫɩɨɥɶɡɭɟɦɨɣ ɜ ɦɟɬɨɞɟ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ, ɛɟɡ ɭɤɚɡɚɧɢɹ ɩɨɞɪɨɛɧɨɫɬɟɣ 

ɷɥɟɤɬɪɨɧɧɨɣ ɨɩɬɢɤɢ ɋЭɆ 

                                                 
4 ɂɧɮɨɪɦɚɰɢɹ ɩɨ ɦɟɬɨɞɭ ɜɡɹɬɚ ɫ ɫɚɣɬɚ ɩɪɨɢɡɜɨɞɢɬɟɥɹ ɩɨɞɨɛɧɨɝɨ ɨɛɨɪɭɞɨɜɚɧɢɹ http://www.gatan.com 

݁̅ 
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ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɜɬɨɪɢɱɧɵɟ ɷɥɟɤɬɪɨɧɵ ɜɵɡɵɜɚɸɬ ɜɨɡɛɭɠɞɟɧɢɟ ɷɥɟɤɬɪɨɧɨɜ 

ɜɚɥɟɧɬɧɨɣ ɡɨɧɵ, ɟɫɥɢ ɷɧɟɪɝɢɹ ɫɨɩɪɨɜɨɠɞɚɸɳɟɣɫɹ ɪɟɥɚɤɫɚɰɢɢ (ɡɨɧ-ɡɨɧɧɵɟ ɩɟɪɟɯɨɞɵ, 

ɩɟɪɟɯɨɞɵ ɱɟɪɟɡ ɭɪɨɜɧɢ ɞɟɮɟɤɬɨɜ ɢ ɬ.ɞ.) ɥɟɠɢɬ ɜ ɨɛɥɚɫɬɢ ɜɢɞɢɦɨɝɨ ɫɜɟɬɚ, 

ɭɥɶɬɪɚɮɢɨɥɟɬɨɜɨɣ ɢɥɢ ɢɧɮɪɚɤɪɚɫɧɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ (ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɹ), ɬɨɝɞɚ ɟɝɨ 

ɦɨɠɧɨ ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɬɶ, ɢɫɩɨɥɶɡɭɹ ɩɚɪɚɛɨɥɢɱɟɫɤɨɟ ɡɟɪɤɚɥɨ ɞɥɹ ɫɛɨɪɚ ɮɨɬɨɧɨɜ. Ɉɧɨ 

ɜɫɬɚɜɥɹɟɬɫɹ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ ɩɚɞɚɸɳɟɦɭ ɩɭɱɤɭ ɢ ɢɦɟɟɬ ɨɬɜɟɪɫɬɢɟ ɜ ɰɟɧɬɪɚɥɶɧɨɣ ɱɚɫɬɢ 

ɞɥɹ ɩɪɨɯɨɠɞɟɧɢɹ ɷɥɟɤɬɪɨɧɨɜ. ɋɨɛɪɚɧɧɵɟ ɮɨɬɨɧɵ ɱɟɪɟɡ ɫɢɫɬɟɦɭ ɡɟɪɤɚɥ ɩɨɩɚɞɚɸɬ ɧɚ 

ɞɢɮɪɚɤɰɢɨɧɧɭɸ ɪɟɲɟɬɤɭ, ɤɨɬɨɪɭɸ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɜ ɤɚɱɟɫɬɜɟ ɦɨɧɨɯɪɨɦɚɬɨɪɚ. Ɂɚɬɟɦ 

ɮɨɬɨɧɵ ɧɚɩɪɚɜɥɹɸɬɫɹ ɥɢɛɨ ɜ Ɏɗɍ (ɞɥɹ ɍɎ ɢ ɜɢɞɢɦɵɣ ɫɜɟɬ) ɢɥɢ ɉɁɋ-ɤɚɦɟɪɭ (ɞɥɹ ɂɄ). 

ɂɡɨɛɪɚɠɟɧɢɟ ɬɚɤɠɟ ɫɬɪɨɢɬɶɫɹ ɫ ɩɨɦɨɳɶɸ ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɤɨɨɪɞɢɧɚɬ ɫɤɚɧɢɪɭɟɦɨɣ ɬɨɱɤɢ ɢ 

ɩɨɥɭɱɚɟɦɨɣ ɜ ɞɟɬɟɤɬɨɪɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ. 

2.2 ɉɪɨɫɜɟɱɢɜɚɸщɚɹ ɷɥɟɤɬɪɨɧɧɚɹ ɦɢɤɪɨɫɤɨɩɢɹ5
 

2.2.1 Ɉɫɧɨɜɧɵɟ ɩɪɢɧɰɢɩɵ ɉЭɆ ɢ ɜɢɞɵ ɤɨɧɬɪɚɫɬɚ 

ɂɡɨɛɪɚɠɟɧɢɟ ɜ ɉɗɆ ɮɨɪɦɢɪɭɟɬɫɹ ɩɪɨɯɨɞɹɳɢɦ ɱɟɪɟɡ ɬɨɧɤɢɣ ( <200 ɧɦ) ɨɛɪɚɡɟɰ 

ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ ɧɚ ɥɸɦɢɧɟɫɰɟɧɬɧɨɦ ɷɤɪɚɧɟ ɢɥɢ ɉɁɋ-ɤɚɦɟɪɟ (ɪɢɫ.16 ɢ 17). 

Ɋɚɡɪɟɲɟɧɢɟ ɜ ɉɗɆ ɨɩɪɟɞɟɥɹɟɬɫɹ ɞɟɮɟɤɬɚɦɢ ɥɢɧɡ (ɫɮɟɪɢɱɟɫɤɚɹ, ɯɪɨɦɚɬɢɱɟɫɤɚɹ ɚɛɟɪɪɚɰɢɢ 

ɢ ɚɫɬɢɝɦɚɬɢɡɦ), ɜɵɡɵɜɚɸɳɢɦɢ «ɪɚɡɦɵɬɢɟ» ɢɡɨɛɪɚɠɟɧɢɹ, ɚ ɬɚɤɠɟ ɤɚɱɟɫɬɜɨɦ 

ɩɪɢɝɨɬɨɜɥɟɧɧɨɝɨ ɨɛɪɚɡɰɚ. ȼ ɉɗɆ ɞɜɚ ɧɚɛɨɪɚ ɥɢɧɡ: ɨɞɢɧ - ɧɚɞ ɨɛɪɚɡɰɨɦ (ɪɢɫ.16), 

ɩɪɨɟɰɢɪɭɸɳɢɣ ɩɚɪɚɥɥɟɥɶɧɵɣ ɩɭɱɨɤ ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɨɛɪɚɡɟɰ, ɜɬɨɪɨɣ – ɡɚ ɨɛɪɚɡɰɨɦ 

(ɪɢɫ.17), ɫɬɪɨɹɳɢɣ ɢɡɨɛɪɚɠɟɧɢɟ ɨɛɪɚɡɰɚ ɧɚ ɷɤɪɚɧɟ. 

 
Ɋɢɫɭɧɨɤ 16. ɋɯɟɦɚ ɯɨɞɚ ɥɭɱɟɣ ɜ ɉЭɆ ɧɚɞ ɨɛɪɚɡɰɨɦ: ɫɥɟɜɚ - ɧɟɞɨɮɨɤɭɫɢɪɨɜɚɧɧɵɣ ɩɭɱɨɤ, ɫɩɪɚɜɚ 

ɩɚɪɚɥɥɟɥɶɧɵɣ[55] 

                                                 
5 Ɋɟɡɸɦɟ ɦɟɬɨɞɨɜ ɉɗɆ ɜ ɝɥɚɜɚɯ 4.1-4.4 ɫɨɫɬɚɜɥɟɧɨ ɧɚ ɨɫɧɨɜɟ [55, 56], ɦɚɬɟɪɢɚɥɨɜ ɥɟɤɰɢɣ ɋɉɛȽɍ 

(ɘ.ȼ. ɉɟɬɪɨɜ) ɢ ɆȽɍ ɩɨ ɉɗɆ (ɇ.Ƚ. ɑɟɱɟɧɢɧ, http://danp.sinp.msu.ru/dist_obraz.htm) ɢ ɦɚɬɟɪɢɚɥɨɜ ɫɚɣɬɚ 
http://ism-data.misis.ru/index.php/lections/pem. 
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 ɑɚɫɬɶ ɷɥɟɤɬɪɨɧɨɜ ɩɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɱɟɪɟɡ ɨɛɪɚɡɟɰ ɪɚɫɫɟɢɜɚɟɬɫɹ. ɂɡ-ɡɚ ɦɚɥɟɧɶɤɨɣ 

ɬɨɥɳɢɧɵ ɨɛɪɚɡɰɚ ɜɵɯɨɞ ɨɛɪɚɬɧɨ-ɪɚɫɫɟɹɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɧɟɜɟɥɢɤ; ɩɪɨɲɟɞɲɢɟ ɜɩɟɪɟɞ 

ɷɥɟɤɬɪɨɧɵ ɞɟɥɹɬɫɹ ɧɚ ɭɩɪɭɝɨ ɪɚɫɫɟɹɧɧɵɟ, ɢɡɦɟɧɢɜɲɢɟ ɬɨɥɶɤɨ ɧɚɩɪɚɜɥɟɧɢɟ ɫ 

ɦɢɧɢɦɚɥɶɧɵɦɢ ɩɨɬɟɪɹɦɢ ɷɧɟɪɝɢɢ, ɢ ɧɟɭɩɪɭɝɨ ɪɚɫɫɟɹɧɧɵɟ, ɩɨɬɟɪɹɜɲɢɟ ɱɚɫɬɶ ɷɧɟɪɝɢɢ ɧɚ 

ɪɚɡɥɢɱɧɵɟ ɜɬɨɪɢɱɧɵɟ ɩɪɨɰɟɫɫɵ (ɝɟɧɟɪɚɰɢɹ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ, ɜɬɨɪɢɱɧɵɯ 

ɷɥɟɤɬɪɨɧɨɜ, ɩɥɚɡɦɨɧɨɜ, ɮɨɧɨɧɨɜ ɢ ɬ.ɞ.).. Ɋɚɫɫɟɹɧɢɟ ɷɥɟɤɬɪɨɧɨɜ ɜ ɩɟɪɜɨɦ ɩɪɢɛɥɢɠɟɧɢɢ 

ɨɩɢɫɵɜɚɟɬɫɹ ɪɟɡɟɪɮɨɪɞɨɜɫɤɢɦ ɫɟɱɟɧɢɟɦ (ɫ ɭɱɟɬɨɦ ɷɤɪɚɧɢɪɨɜɚɧɢɹ ɢ ɪɟɥɹɬɢɜɢɫɬɫɤɨɣ 

ɩɨɩɪɚɜɤɢ): 𝜎ோሺ𝜃ሻ = ܼଶߣோସ͸Ͷ𝜋ସܽ଴ଶ ݀Ω[ݏ𝑖𝑛ଶ ቀ𝜃ቁ + 𝜃଴ଶͶ ]ଶ 

ɝɞɟ Z – ɦɚɫɫɚ ɹɞɪɚ, ߣோ – ɞɥɢɧɚ ɜɨɥɧɵ ɷɥɟɤɬɪɨɧɚ ɫ ɭɱɟɬɨɦ ɪɟɥɹɬɢɜɢɫɬɫɤɨɣ ɩɨɩɪɚɜɤɢ, ܽ଴ – 

ɛɨɪɨɜɫɤɢɣ ɪɚɞɢɭɫ, Ω – ɬɟɥɟɫɧɵɣ ɭɝɨɥ, 𝜃 – ɭɝɨɥ ɪɚɫɫɟɹɧɢɹ. 

 
Ɋɢɫɭɧɨɤ 17. ɋɯɟɦɚ ɯɨɞɚ ɥɭɱɟɣ ɜ ɉЭɆ ɜ ɩɪɨɟɤɰɢɨɧɧɨɣ ɫɢɫɬɟɦɟ: ɫɥɟɜɚ – ɞɢɮɪɚɤɰɢɨɧɧɵɣ ɪɟɠɢɦ, ɫɩɪɚɜɚ – 

ɪɟɠɢɦ ɢɡɨɛɪɚɠɟɧɢɹ. 

Ⱥɧɚɥɨɝɢɱɧɨ ɫɜɟɬɨɜɨɦɭ ɦɢɤɪɨɫɤɨɩɭ, ɜ ɉɗɆ ɪɟɚɥɢɡɭɸɬɫɹ ɫɜɟɬɥɨɩɨɥɶɧɵɣ ɪɟɠɢɦ, 

bright field – BF, ɢɡɨɛɪɚɠɟɧɢɟ ɫɬɪɨɢɬɫɹ ɥɭɱɚɦɢ, ɦɚɥɨ ɨɬɤɥɨɧɢɜɲɢɦɢɫɹ ɨɬ ɩɟɪɜɨɧɚɱɚɥɶɧɨɝɨ 

ɧɚɩɪɚɜɥɟɧɢɹ ɩɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɱɟɪɟɡ ɦɚɬɟɪɢɚɥ, ɢ ɬɟɦɧɨɩɨɥɶɧɵɣ, dark field – DF, ɫɢɥɶɧɨ 

ɨɬɤɥɨɧɢɜɲɢɟɫɹ (ɪɢɫ.18). Ɉɫɨɛɟɧɧɨɫɬɶɸ ɹɜɥɹɸɬɫɹ ɪɟɠɢɦ ɞɢɮɪɚɤɰɢɢ (ɪɢɫ.17, ɫɥɟɜɚ), ɜ 

ɤɨɬɨɪɨɦ ɜɢɡɭɚɥɢɡɢɪɭɟɬɫɹ ɯɨɞ ɥɭɱɟɣ ɷɥɟɤɬɪɨɧɨɜ ɩɨɫɥɟ ɩɪɨɯɨɠɞɟɧɢɹ ɱɟɪɟɡ ɨɛɪɚɡɟɰ, 

ɩɨɡɜɨɥɹɸɳɢɣ ɫ ɬɨɱɧɨɫɬɶɸ ɞɨ ɝɪɚɞɭɫɨɜ ɨɪɢɟɧɬɢɪɨɜɚɬɶ ɫɬɪɭɤɬɭɪɭ ɢɡɭɱɚɟɦɨɝɨ ɤɪɢɫɬɚɥɥɚ 
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ɨɬɧɨɫɢɬɟɥɶɧɨ ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɭɱɤɚ (ɢɥɢ ɨɫɢ ɦɢɤɪɨɫɤɨɩɚ), ɚ ɬɚɤɠɟ ɫɤɚɧɢɪɭɸɳɢɣ ɪɟɠɢɦ 

(ɋɉɗɆ, ɝɥɚɜɚ 2.2.4), ɜ ɤɨɬɨɪɨɦ ɩɚɞɚɸɳɢɣ ɩɭɱɨɤ ɮɨɤɭɫɢɪɭɟɬɫɹ ɜ ɨɞɧɨɣ ɬɨɱɤɟ ɢ ɫɬɪɨɢɬɫɹ 

ɪɚɫɬɪɨɜɨɟ ɢɡɨɛɪɚɠɟɧɢɟ. ɋɉɗɆ ɬɚɤɠɟ ɩɨɡɜɨɥɹɟɬ ɪɟɝɢɫɬɪɢɪɨɜɚɬɶ ɫɢɥɶɧɨ ɨɬɤɥɨɧɢɜɲɢɟɫɹ 

ɩɭɱɤɢ ɷɥɟɤɬɪɨɧɨɜ ɛɥɚɝɨɞɚɪɹ HAADF (high angle annular dark field detector, ɜɵɫɨɤɨɭɝɥɨɜɨɣ 

ɤɨɥɶɰɟɜɨɣ ɬɟɦɧɨɩɨɥɶɧɵɣ ɞɟɬɟɤɬɨɪ). 

 
Ɋɢɫɭɧɨɤ 18. ɋɥɟɜɚ – ɯɨɞ ɥɭɱɟɣ ɜ BF ɢ DF ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɫɩɪɚɜɚ – ɫɮɟɪɚ Эɜɚɥɶɞɚ ɞɥɹ ɉЭɆ 

ȼ ɉɗɆ ɩɪɢɧɹɬɨ ɜɵɞɟɥɹɬɶ ɞɜɚ ɬɢɩɚ ɤɨɧɬɪɚɫɬɚ: ɚɦɩɥɢɬɭɞɧɵɣ, ɤ ɤɨɬɨɪɨɦɭ ɨɬɧɨɫɹɬ 

ɦɚɫɫ-ɬɨɥɳɢɧɧɵɣ ɢ ɞɢɮɪɚɤɰɢɨɧɧɵɣ, ɢ ɮɚɡɨɜɵɣ [55]. Ⱦɟɥɟɧɢɟ ɹɜɥɹɟɬɫɹ ɭɫɥɨɜɧɵɦ ɢ 

ɧɟɨɛɯɨɞɢɦɨ ɞɥɹ ɨɩɢɫɚɧɢɹ ɦɟɬɨɞɢɤ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɉɗɆ, ɩɨɬɨɦɭ ɱɬɨ ɨɛɚ ɬɢɩɚ ɤɨɧɬɪɚɫɬɚ 

ɜɡɚɢɦɨɫɜɹɡɚɧɵ ɢ ɩɪɢɫɭɬɫɬɜɭɸɬ ɜɦɟɫɬɟ ɧɚ ɩɨɥɭɱɚɟɦɵɯ ɢɡɨɛɪɚɠɟɧɢɹɯ. Ɏɚɡɨɜɵɣ ɤɨɧɬɪɚɫɬ 

ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɦɟɬɨɞɟ ɉɗɆ ɜɵɫɨɤɨɝɨ ɪɚɡɪɟɲɟɧɢɹ (ɩɨɪɹɞɤɚ ɧɟɫɤɨɥɶɤɢɯ ɚɧɝɫɬɪɟɦ), ɢɥɢ 

HRTEM, ɢ ɢɦɟɟɬ ɫɜɨɸ ɫɩɟɰɢɮɢɤɭ, ɬɚɤ ɤɚɤ ɨɧ ɧɟ ɡɚɞɟɣɫɬɜɨɜɚɧ ɜ ɩɪɨɜɟɞɟɧɧɨɦ 

ɢɫɫɥɟɞɨɜɚɧɢɢ - ɟɝɨ ɩɨɞɪɨɛɧɨɦɭ ɨɩɢɫɚɧɢɸ ɧɟ ɛɭɞɟɬ ɭɞɟɥɟɧɨ ɜɧɢɦɚɧɢɟ. ɇɨ ɫɬɨɢɬ ɨɬɦɟɬɢɬɶ 

ɫɥɨɠɧɨɫɬɶ ɜ ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɩɨɥɭɱɟɧɧɵɯ ɤɨɧɬɪɚɫɬɨɜ (ɨɛɵɱɧɨ ɬɨɱɟɤ ɢ ɥɢɧɢɣ, ɤɨɬɨɪɵɟ 

ɠɟɥɚɬɟɥɶɧɨ ɫɨɨɬɧɟɫɬɢ ɫ ɚɬɨɦɚɦɢ ɢɥɢ ɩɥɨɫɤɨɫɬɹɦɢ ɜ ɫɬɪɭɤɬɭɪɟ) ɧɚ ɦɢɤɪɨɝɪɚɦɦɚɯ ɜ 

HRTEM ɛɟɡ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɢ ɪɚɫɱɟɬɚ ɦɨɞɟɥɟɣ ɞɥɹ 

ɢɫɫɥɟɞɭɟɦɨɝɨ ɨɛɴɟɤɬɚ. Ɍɚɤɠɟ ɦɨɠɧɨ ɭɥɭɱɲɢɬɶ ɤɚɱɟɫɬɜɨ ɢɡɨɛɪɚɠɟɧɢɹ HRTEM, ɢɫɩɨɥɶɡɭɹ 

ɫɩɟɰɢɚɥɶɧɵɣ ɤɨɪɪɟɤɬɨɪ ɚɛɟɪɪɚɰɢɣ ɥɢɧɡ. 

Ⱥɦɩɥɢɬɭɞɧɵɣ ɤɨɧɬɪɚɫɬ ɫɜɹɡɚɧ ɫ ɪɚɡɥɢɱɢɟɦ ɜ ɤɨɥɢɱɟɫɬɜɟ ɷɥɟɤɬɪɨɧɨɜ, ɞɨɫɬɢɝɧɭɜɲɢɯ 

ɩɥɨɫɤɨɫɬɢ ɩɨɫɬɪɨɟɧɢɹ ɢɡɨɛɪɚɠɟɧɢɹ ɩɨ ɪɚɡɧɵɦ ɬɪɚɟɤɬɨɪɢɹɦ ɢ ɨɩɪɟɞɟɥɹɟɬɫɹ 

ɧɟɤɨɝɟɪɟɧɬɧɵɦ ɪɟɡɟɪɮɨɪɞɨɜɫɤɢɦ ɪɚɫɫɟɹɧɢɟɦ. ȼ ɤɨɧɤɪɟɬɧɨɦ ɫɟɱɟɧɢɢ ɪɚɫɫɟɹɧɢɹ ɦɨɠɧɨ 

ɜɵɞɟɥɢɬɶ ɦɚɥɨɭɝɥɨɜɨɣ ɞɢɚɩɚɡɨɧ (ɦɟɧɟɟ 5°), ɝɞɟ ɨɫɧɨɜɧɨɣ ɜɤɥɚɞ ɜ ɚɦɩɥɢɬɭɞɧɵɣ ɤɨɧɬɪɚɫɬ 

ɜɧɨɫɹɬ ɪɚɡɥɢɱɢɹ ɜ ɩɥɨɬɧɨɫɬɢ ɢ ɬɨɥɳɢɧɟ ɦɚɬɟɪɢɚɥɚ, ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɤɨɬɨɪɵɯ ɤɨɧɬɪɚɫɬ 

ɬɟɦɧɟɟ ɜ BF ɢ ɫɜɟɬɥɟɟ ɜ DF. ɂɧɬɟɧɫɢɜɧɨɫɬɶ ɩɚɞɚɟɬ ɜ ɨɛɥɚɫɬɢ ɛɨɥɶɲɢɯ ɭɝɥɨɜ ɢ ɤɨɧɬɪɚɫɬ 
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ɨɩɪɟɞɟɥɹɟɬɫɹ ɬɨɥɶɤɨ Z, ɱɬɨ ɢɫɩɨɥɶɡɭɸɬ ɜ ɋɉɗɆ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɦɚɫɫɨɜɨɝɨ ɤɨɧɬɪɚɫɬɚ 

ɜɵɫɨɤɨɝɨ ɪɚɡɪɟɲɟɧɢɹ (ɞɨ ɨɬɞɟɥɶɧɵɯ ɚɬɨɦɨɜ ɬɹɠɟɥɵɯ ɷɥɟɦɟɧɬɨɜ) ɧɚ HAADF ɞɟɬɟɤɬɨɪɟ. 

ȼɚɠɧɨɣ ɪɚɡɧɨɜɢɞɧɨɫɬɶɸ ɚɦɩɥɢɬɭɞɧɨɝɨ ɤɨɧɬɪɚɫɬɚ ɹɜɥɹɟɬɫɹ ɞɢɮɪɚɤɰɢɨɧɧɵɣ [55]. 

Ⱦɢɮɪɚɤɰɢɹ ɷɥɟɤɬɪɨɧɨɜ ɜ ɉɗɆ ɨɩɢɫɵɜɚɟɬɫɹ ɫɯɨɞɧɨ ɫ ɞɢɮɪɚɤɰɢɟɣ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ, 

ɬɚɤ ɤɚɤ ɷɥɟɤɬɪɨɧɵ ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɜɨɥɧɚɦɢ. ɇɨ ɪɚɫɫɟɹɧɢɟ ɷɥɟɤɬɪɨɧɨɜ ɩɪɨɢɫɯɨɞɢɬ ɤɚɤ ɧɚ 

ɹɞɟɪɧɨɣ, ɬɚɤ ɢ ɧɚ ɷɥɟɤɬɪɨɧɧɨɣ ɩɨɞɫɢɫɬɟɦɚɯ, ɬɚɤ ɤɚɤ ɨɧɢ ɡɚɪɹɠɟɧɧɵɟ ɱɚɫɬɢɰɵ ɜ ɨɬɥɢɱɢɟ ɨɬ 

ɤɜɚɧɬɨɜ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɢɡɥɭɱɟɧɢɹ, ɤɨɬɨɪɵɟ ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɬ ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɫ 

ɷɥɟɤɬɪɨɧɧɨɣ ɩɨɞɫɢɫɬɟɦɨɣ. Ⱥɧɚɥɨɝɢɱɧɨ, ɜɜɨɞɹɬɫɹ ɩɨɧɹɬɢɹ ɜɨɥɧɨɜɨɝɨ ɜɟɤɬɨɪɚ ɩɚɞɚɸɳɟɝɨ ݇⃗ 𝑖 ɢ ɞɢɮɪɚɝɢɪɨɜɚɧɧɨɝɨ ݇⃗ ௗ ɩɭɱɤɨɜ, ɜɟɤɬɨɪɚ ɞɢɮɪɚɤɰɢɢ (ɨɛɪɚɬɧɨɣ ɪɟɲɟɬɤɢ)  ݃, ɚ ɜ ɨɛɪɚɬɧɨɦ 

ɩɪɨɫɬɪɚɧɫɬɜɟ ɫɬɪɨɢɬɫɹ ɫɮɟɪɚ ɗɜɚɥɶɞɚ ɫ ɪɚɞɢɭɫɨɦ, ɪɚɜɧɵɦ ɨɛɪɚɬɧɨɣ ɞɥɢɧɟ ɜɨɥɧɵ 

ɷɥɟɤɬɪɨɧɨɜ (ɪɢɫ.15). Ⱦɥɹ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ ɞɥɹ ɤɨɧɫɬɪɭɤɬɢɜɧɨɣ ɢɧɬɟɪɮɟɪɟɧɰɢɢ 

ɬɪɟɛɭɟɬɫɹ ɛɥɢɡɤɨɟ ɫɨɜɩɚɞɟɧɢɟ ɫɮɟɪɵ ɫ ɬɨɱɤɨɣ ɢɥɢ, ɬɨɱɧɟɟ, ɲɚɪɨɦ ɦɚɥɨɝɨ 

(ɩɪɟɧɟɛɪɟɝɚɟɦɨɝɨ) ɪɚɞɢɭɫɚ, ɤɨɬɨɪɵɣ ɧɚɡɵɜɚɸɬ ɜɟɤɬɨɪɨɦ ɨɬɤɥɨɧɟɧɢɹ ݏ , ɬɨɱɤɚ 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɟɪɢɢ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɯ ɩɥɨɫɤɨɫɬɟɣ ɜ ɨɬɪɚɠɚɸɳɟɦ ɩɨɥɨɠɟɧɢɢ 

(ɭɫɥɨɜɢɟ Ȼɪɷɝɝɚ). Ⱥ ɞɥɹ ɷɥɟɤɬɪɨɧɨɜ ɫɮɟɪɚ ɢɦɟɟɬ ɡɚɦɟɬɧɨ ɛɨɥɶɲɢɣ ɪɚɞɢɭɫ, ɢ ɜ ɩɪɢɧɰɢɩɟ 

ɦɨɠɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶɫɹ ɤɚɤ ɩɥɨɫɤɨɫɬɶ, ɚ ɬɚɤɠɟ ɬɨɱɤɢ ɫɬɚɧɨɜɹɬɫɹ ɫɬɟɪɠɧɹɦɢ ɫ ɛɨɥɶɲɢɦ ݏ  
ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɢɮɪɚɤɰɢɢ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ ɜ ɫɢɥɭ ɪɚɡɦɟɪɧɵɯ ɷɮɮɟɤɬɨɜ, ɫɜɹɡɚɧɧɵɯ ɫ 

ɦɚɥɨɣ ɬɨɥɳɢɧɨɣ ɨɛɪɚɡɰɚ. Ɍɨɝɞɚ ɜɟɤɬɨɪ ɨɬɤɥɨɧɟɧɢɹ ݏ  ɢɝɪɚɟɬ ɛɨɥɟɟ ɡɧɚɱɢɬɟɥɶɧɭɸ ɪɨɥɶ 

[55]: ɜ ɨɩɪɟɞɟɥɟɧɧɨɦ ɟɝɨ ɢɧɬɟɪɜɚɥɟ ɜɨɡɧɢɤɚɟɬ ɤɨɧɫɬɪɭɤɬɢɜɧɚɹ ɢɧɬɟɪɮɟɪɟɧɰɢɹ, ɢ ɩɨɷɬɨɦɭ 

ɩɪɢ ɪɚɫɱɟɬɟ ɫɬɪɭɤɬɭɪɧɨɝɨ ɮɚɤɬɨɪɚ ɪɚɫɫɟɹɧɢɹ Fcell ɜ ɨɬɥɢɱɢɟ ɨɬ ɪɟɧɬɝɟɧɨɜɫɤɢɯ ɥɭɱɟɣ ɜ 

ɮɨɪɦɭɥɭ ɜɯɨɞɢɬ ɧɟ ɜɟɤɬɨɪ ɞɢɮɪɚɤɰɢɢ  ݃, ɚ ɜɟɤɬɨɪ 𝐾⃗⃗ = 𝐹௖௘𝑙𝑙 : ݏ+݃  = ∑ 𝑖݂ሺ𝜃𝐵ሻ݁ଶ𝜋𝑖𝐾⃗⃗ ௥𝑖⃗⃗⃗  𝑁
𝑖=ଵ  

ɝɞɟ fi – ɚɦɩɥɢɬɭɞɚ ɪɚɫɫɟɹɧɢɹ ɧɚ i-ɨɦ ɚɬɨɦɟ, ݎ𝑖⃗⃗  – ɪɚɞɢɭɫ-ɜɟɤɬɨɪ i-ɝɨ ɚɬɨɦɚ, 𝜃𝐵 – ɛɪɷɝɝɨɜɫɤɢɣ 

ɭɝɨɥ; ɫɭɦɦɢɪɨɜɚɧɢɟ ɩɪɨɢɡɜɨɞɢɬɫɹ ɩɨ ɜɫɟɦ ɚɬɨɦɚɦ ɜ ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɟ. ɂɧɬɟɧɫɢɜɧɨɫɬɶ 

ɞɢɮɪɚɝɢɪɨɜɚɧɧɨɝɨ ɩɭɱɤɚ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɚ ɤɜɚɞɪɚɬɭ Fcell. ɉɪɢɜɟɞɟɧɧɨɟ ɭɪɚɜɧɟɧɢɟ 

ɹɜɥɹɟɬɫɹ ɱɚɫɬɶɸ ɤɢɧɟɦɚɬɢɱɟɫɤɨɝɨ ɨɩɢɫɚɧɢɹ ɞɢɮɪɚɤɰɢɢ, ɩɪɟɞɩɨɥɚɝɚɸɳɟɟ ɟɞɢɧɢɱɧɨɟ 

ɪɚɫɫɟɹɧɢɟ, ɫɥɚɛɵɣ ɞɢɮɪɚɝɢɪɨɜɚɧɧɵɣ ɩɭɱɨɤ, ɧɟ ɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɢɣ ɫ ɩɪɹɦɵɦ ɩɭɱɤɨɦ, ɢ 

ɫɩɪɚɜɟɞɥɢɜɨɟ ɞɥɹ ɨɱɟɧɶ ɬɨɧɤɢɯ ɤɪɢɫɬɚɥɥɨɜ (≤ ͳͲͲ Å). ɇɨ ɨɧɨ ɩɨɡɜɨɥɹɟɬ ɩɪɟɞɫɤɚɡɚɬɶ 

«ɡɚɩɪɟɳɟɧɧɵɟ ɪɟɮɥɟɤɫɵ» ɢ ɚɧɚɥɢɬɢɱɟɫɤɢ ɜɵɜɟɫɬɢ ɞɢɮɪɚɤɰɢɨɧɧɵɟ ɤɚɪɬɢɧɵ ɞɥɹ 

ɤɪɢɫɬɚɥɥɨɜ ɪɚɡɥɢɱɧɵɯ ɫɬɪɭɤɬɭɪɧɵɯ ɬɢɩɨɜ. Ⱦɥɹ ɷɬɨɝɨ ɩɪɟɧɟɛɪɟɝɚɸɬ ݏ , ɬɨɝɞɚ ɩɪɨɢɡɜɟɞɟɧɢɟ 𝐾⃗⃗ ݎ𝑖⃗⃗  = hxi + kyi +lzi, ɝɞɟ hkl – ɤɨɨɪɞɢɧɚɬɵ ɩɥɨɫɤɨɫɬɢ, ɚ xiyizi – ɤɨɨɪɞɢɧɚɬɵ i-ɝɨ ɚɬɨɦɚ. ȿɫɥɢ 

ɫɬɪɭɤɬɭɪɧɵɣ ɮɚɤɬɨɪ ɪɚɜɟɧ 0, ɬɨ ɪɟɮɥɟɤɫ – ɡɚɩɪɟɳɟɧɧɵɣ, ɢ ɛɭɞɟɬ ɨɬɫɭɬɫɬɜɨɜɚɬɶ ɧɚ 

ɞɢɮɪɚɤɬɨɝɪɚɦɦɟ. 
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Ɋɢɫɭɧɨɤ 19. ɋɯɟɦɚ ɤɨɥɨɧɤɨɜɨɝɨ ɩɪɢɛɥɢɠɟɧɢɹ 

Ⱦɥɹ ɞɚɥɶɧɟɣɲɟɝɨ ɨɩɢɫɚɧɢɹ ɞɢɮɪɚɤɰɢɢ ɜ ɞɢɧɚɦɢɱɟɫɤɨɣ ɬɟɨɪɢɢ ɢɫɩɨɥɶɡɭɟɬɫɹ 

«ɤɨɥɨɧɤɨɜɨɟ» ɩɪɢɛɥɢɠɟɧɢɟ (ɪɢɫ.19), ɤɨɬɨɪɨɟ ɭɱɢɬɵɜɚɟɬ ɷɮɮɟɤɬɵ ɦɧɨɝɨɤɪɚɬɧɨɝɨ 

ɨɬɪɚɠɟɧɢɹ ɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɩɪɹɦɨɝɨ ɢ ɞɢɮɪɚɝɢɪɨɜɚɧɧɨɝɨ ɩɭɱɤɚ [56]. ɉɪɢɛɥɢɠɟɧɢɟ 

ɨɩɢɫɵɜɚɟɬɫɹ ɜ ɞɜɭɯɥɭɱɟɜɨɣ ɝɟɨɦɟɬɪɢɢ: ɨɛɪɚɡɟɰ ɨɪɢɟɧɬɢɪɭɟɬɫɹ ɬɚɤ, ɱɬɨɛɵ ɹɪɤɢɦɢ ɛɵɥɢ 

ɞɜɚ ɪɟɮɥɟɤɫɚ ɜ ɪɟɠɢɦɟ ɞɢɮɪɚɤɰɢɢ ɜ ɨɩɪɟɞɟɥɟɧɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ, ɨɞɢɧ ɢɡ ɤɨɬɨɪɵɯ ɛɭɞɟɬ 

ɩɪɹɦɵɦ ɩɭɱɤɨɦ, ɜɬɨɪɨɣ – ɞɢɮɪɚɝɢɪɨɜɚɧɧɵɦ. Ʉɪɢɫɬɚɥɥ ɪɚɡɛɢɜɚɟɬɫɹ ɧɚ ɤɨɥɨɧɤɢ ɦɚɥɨɝɨ 

ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ, ɨɪɢɟɧɬɢɪɨɜɚɧɧɵɟ ɜɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢɹ ɩɟɪɜɢɱɧɨɝɨ ɩɭɱɤɚ 

(ɩɪɢɧɢɦɚɟɦɨɝɨ ɡɚ ɨɫɶ z), ɩɪɢ ɷɬɨɦ ɞɢɮɪɚɤɰɢɹ ɜ ɤɚɠɞɨɣ ɤɨɥɨɧɤɟ ɢɞɟɬ ɧɟɡɚɜɢɫɢɦɨ ɨɬ 

ɨɫɬɚɥɶɧɵɯ, ɱɬɨ ɭɦɟɫɬɧɨ ɜ ɫɢɥɭ ɧɟɛɨɥɶɲɢɯ ɛɪɷɝɝɨɜɫɤɢɯ ɭɝɥɨɜ ɞɥɹ ɷɥɟɤɬɪɨɧɨɜ (10-2 ɪɚɞ). 

ɉɚɞɚɸɳɢɣ ɥɭɱ (ɪɢɫ.19) ɞɢɮɪɚɝɢɪɭɟɬ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɱɚɫɬɶ ɟɝɨ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɟɪɟɯɨɞɢɬ 

ɜ ɩɭɱɨɤ 1 ɢ ɞɢɮɪɚɝɢɪɨɜɚɧɧɵɣ ɩɭɱɨɤ 2. ɉɭɱɤɢ 1 ɢ 2 ɬɚɤɠɟ ɞɢɮɪɚɝɢɪɭɸɬ ɜɧɭɬɪɢ ɨɛɪɚɡɰɚ ɢ 

ɫɨɡɞɚɸɬ ɥɭɱɢ 3 ɢ 4 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɂɡɦɟɧɟɧɢɟ ɚɦɩɥɢɬɭɞ ɩɭɱɤɨɜ ɜ ɤɨɥɨɧɤɟ dz ɜɵɪɚɠɚɟɬɫɹ 

ɭɪɚɜɧɟɧɢɹɦɢ ɏɨɜɢ-ɍɷɥɚɧɚ: ݀𝜑଴݀𝑧 =  − 𝜋 𝜉𝑔𝜉଴′ 𝜑଴ + 𝜋 ቆ𝑖 − 𝜉𝑔𝜉𝑔′ ቇ𝜑𝑔                   ݀𝜑𝑔݀𝑧 = 𝜋 ቆ𝑖 − 𝜉𝑔𝜉𝑔′ ቇ𝜑଴ + ቆ− 𝜋 𝜉𝑔𝜉଴′ + ʹ𝜋𝑖𝜔ቇ𝜑𝑔 

ɝɞɟ 𝜑଴ ɢ 𝜑𝑔 – ɚɦɩɥɢɬɭɞɵ ɩɟɪɜɢɱɧɨɣ ɢ ɞɢɮɪɚɝɢɪɨɜɚɧɧɨɣ ɜɨɥɧ, 𝜉𝑔 – ɷɤɫɬɢɧɤɰɢɨɧɧɚɹ6 

ɞɥɢɧɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɨɬɪɚɠɟɧɢɸ  ݃, 𝜔=𝜉𝑔ݏ – ɩɚɪɚɦɟɬɪ ɨɬɤɥɨɧɟɧɢɹ ɨɬ ɨɬɪɚɠɚɸɳɟɝɨ 

ɩɨɥɨɠɟɧɢɹ (ݏ  ɩɚɪɚɥɥɟɥɶɧɨ ɧɚɩɪɚɜɥɟɧɢɸ ɩɟɪɜɢɱɧɨɝɨ ɩɭɱɤɚ, ɢ ɜ ɮɨɪɦɭɥɟ ɞɥɹ 𝜔 ɦɨɠɧɨ 

ɡɚɩɢɫɚɬɶ ɜ ɫɤɚɥɹɪɧɨɣ ɮɨɪɦɟ), 𝜉𝑔′  ɢ 𝜉଴′  - ɩɚɪɚɦɟɬɪɵ ɚɧɨɦɚɥɶɧɨɣ ɚɛɫɨɪɛɰɢɢ, ɢɦɟɸɳɢɟ ɫɦɵɫɥ 

ɷɤɫɬɢɧɤɰɢɨɧɧɵɯ ɞɥɢɧ ɞɥɹ ɜɨɥɧ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɜ ɨɬɪɚɠёɧɧɨɦ ɢ 

                                                 
6 ɗɤɫɬɢɧɤɰɢɹ – ɞɥɢɧɚ ɡɚ ɤɨɬɨɪɭɸ ɚɦɩɥɢɬɭɞɚ ɩɚɞɚɸɳɟɣ ɜɨɥɧɵ ɨɞɢɧ ɪɚɡ ɨɛɧɭɥɹɟɬɫɹ, ɚ 

ɞɢɮɪɚɝɢɪɨɜɚɧɧɨɣ ɞɨɫɬɢɝɚɟɬ ɦɚɤɫɢɦɭɦɚ, ɢɥɢ ɧɚɨɛɨɪɨɬ ɩɪɢ ɞɚɥɶɧɟɣɲɟɦ ɩɪɨɧɢɤɧɨɜɟɧɢɢ ɜ ɨɛɪɚɡɟɰ [55].  
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ɩɪɹɦɨɦ ɧɚɩɪɚɜɥɟɧɢɢ. ɉɟɪɜɨɟ ɭɪɚɜɧɟɧɢɟ ɨɩɢɫɵɜɚɟɬ ɢɧɬɟɪɮɟɪɟɧɰɢɸ 1 ɢ 4 ɩɭɱɤɨɜ, ɜɬɨɪɨɟ – 

2 ɢ 3. Ʌɢɧɟɣɧɵɟ ɤɨɨɪɞɢɧɚɬɵ ɜ ɭɪɚɜɧɟɧɢɹɯ - ɛɟɡɪɚɡɦɟɪɧɵɟ ɢ ɧɨɪɦɢɪɨɜɚɧɵ ɧɚ 𝜉𝑔. 

ɉɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɦɨɠɧɨ ɭɩɪɨɫɬɢɬɶ, ɜɡɹɜ ɨɛɪɚɡɟɰ ɤɨɧɤɪɟɬɧɨɣ ɬɨɥɳɢɧɵ t (ɜ 

ɟɞɢɧɢɰɚɯ 𝜉𝑔) ɢ ɩɪɢɧɹɜ ɚɛɫɨɪɛɰɢɸ ɪɚɜɧɨɣ 0: ݀𝜑଴݀𝑧 =  𝜋𝑖𝜑𝑔                   ݀𝜑𝑔݀𝑧 = 𝜋𝑖𝜑଴ + ʹ𝜋𝑖𝜔𝜑𝑔 

Ⱥɧɚɥɢɬɢɱɟɫɤɢɦ ɪɟɲɟɧɢɟɦ ɫɢɫɬɟɦɵ ɛɭɞɟɬ: |𝜑𝑔ሺݐሻ|ଶ = ͳ − |𝜑଴ሺݐሻ|ଶ = ͳͳ + 𝜔ଶ 𝑖𝑛ଶݏ ቀ𝜋ݐ√ͳ + 𝜔ଶቁ 

ɂɧɬɟɧɫɢɜɧɨɫɬɢ ɩɪɹɦɨɣ I0 ɢ ɞɢɮɪɚɝɢɪɨɜɚɧɧɵɯ Ig ɜɨɥɧ ɪɚɜɧɵ ɤɜɚɞɪɚɬɭ 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɚɦɩɥɢɬɭɞ, ɩɨɥɭɱɚɟɦɵɯ ɢɡ ɭɪɚɜɧɟɧɢɣ ɏɨɜɢ-ɍɷɥɚɧɚ (ɩɚɞɚɸɳɚɹ ɜɨɥɧɚ 

ɢɦɟɟɬ ɟɞɢɧɢɱɧɭɸ ɚɦɩɥɢɬɭɞɭ ɜ ɦɨɞɟɥɢ). ȼ ɞɜɭɯɥɭɱɟɜɨɣ ɝɟɨɦɟɬɪɢɢ ɤɨɧɬɪɚɫɬ ɜ BF 

ɨɩɪɟɞɟɥɹɟɬ ɩɪɹɦɨɣ ɩɭɱɨɤ, ɜ DF – ɞɢɮɪɚɝɢɪɨɜɚɧɧɵɣ, ɢ ɢɡɨɛɪɚɠɟɧɢɹ ɹɜɥɹɸɬɫɹ ɜɡɚɢɦɧɨ 

ɞɨɩɨɥɧɢɬɟɥɶɧɵɦɢ ɩɪɢ ɦɚɥɨɣ ɚɞɫɨɪɛɰɢɢ. ɂɡɦɟɧɟɧɢɹ ɩɚɪɚɦɟɬɪɚ 𝜔 ɜɵɡɵɜɚɸɬ ɨɫɰɢɥɥɹɰɢɢ 

ɩɨɥɭɱɚɟɦɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ, ɬɚɤ ɜɨɡɧɢɤɚɸɬ ɫɟɪɢɢ ɩɨɥɨɫ ɫɜɹɡɚɧɧɵɟ ɫ ɢɡɝɢɛɨɦ ɤɪɢɫɬɚɥɥɚ, 

ɧɚɡɵɜɚɟɦɵɟ ɢɡɝɢɛɧɵɦɢ ɤɨɧɬɭɪɚɦɢ. Ɂɚɜɢɫɢɦɨɫɬɶ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɬ t ɩɪɨɹɜɥɹɟɬɫɹ ɜ 

ɬɨɥɳɢɧɧɵɯ ɤɨɧɬɭɪɚɯ ɜ ɤɥɢɧɨɜɢɞɧɵɯ ɤɪɢɫɬɚɥɥɚɯ, ɪɚɫɫɬɨɹɧɢɟ ɦɟɠɞɭ ɫɨɫɟɞɧɢɦɢ ɤɨɧɬɭɪɚɦɢ 

ɨɬɜɟɱɚɟɬ ɢɡɦɟɧɟɧɢɸ ɬɨɥɳɢɧɵ ɧɚ 𝜉𝑔. 

2.2.2 Ʉɨɧɬɪɚɫɬ ɨɬ ɞɢɫɥɨɤɚɰɢɣ ɜ ɉЭɆ 

Ʉɨɧɬɪɚɫɬ ɨɬ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ ɢ ɞɢɫɥɨɤɚɰɢɣ ɬɚɤɠɟ ɹɜɥɹɟɬɫɹ ɞɢɮɪɚɤɰɢɨɧɧɵɦ 

(ɪɢɫ.20): ɢɡɦɟɧɟɧɢɹ ɜ ɩɨɥɭɱɟɧɧɵɯ ɮɨɪɦɭɥɚɯ ɜɧɨɫɹɬɫɹ ɫ ɩɨɦɨɳɶɸ ɜɟɤɬɨɪɚ ɫɦɟɳɟɧɢɣ 𝑅⃗ , 
ɤɨɬɨɪɵɣ ɭɱɢɬɵɜɚɟɬ ɧɟɪɚɜɧɨɜɟɫɧɨɟ ɩɨɥɨɠɟɧɢɟ ɚɬɨɦɨɜ ɜ ɹɱɟɣɤɟ [56]. ɍɪɚɜɧɟɧɢɹ ɏɨɜɢ-

ɍɷɥɚɧɚ ɩɪɢɨɛɪɟɬɚɸɬ ɜɢɞ: 

 ݀𝜑଴݀𝑧 =  − 𝜋 𝜉𝑔𝜉଴′ 𝜑଴ + 𝜋 ቆ𝑖 − 𝜉𝑔𝜉𝑔′ ቇ exp ሺʹ𝜋𝑖݃𝑅ሻ𝜑𝑔                   ݀𝜑𝑔݀𝑧 = 𝜋 ቆ𝑖 − 𝜉𝑔𝜉𝑔′ ቇ exp ሺ−ʹ𝜋𝑖݃𝑅ሻ𝜑଴ + ቆ− 𝜋 𝜉𝑔𝜉଴′ + ʹ𝜋𝑖𝜔ቇ𝜑𝑔 

 

Cɦɟɳɟɧɢɟ, ɜɵɡɵɜɚɟɦɨɟ ɞɢɫɥɨɤɚɰɢɹɦɢ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɟɤɬɨɪɨɦ Ȼɸɪɝɟɪɫɚ ܾ⃗ . Ⱦɥɹ 

ɪɚɫɱɟɬɚ 𝑅⃗  ɱɟɪɟɡ ܾ⃗  ɦɨɠɧɨ ɜɜɟɫɬɢ ɞɜɟ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ: xyz - ɨɬɧɨɫɢɬɟɥɶɧɨ ɩɭɱɤɚ 

ɷɥɟɤɬɪɨɧɨɜ ɢ x’y’z’ – ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɢɫɥɨɤɚɰɢɢ. Ɍɨɝɞɚ ɜ ɲɬɪɢɯ-ɤɨɨɪɞɢɧɚɬɚɯ ɤɨɦɩɨɧɟɧɬɵ 
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𝑅⃗  ɫɦɟɲɚɧɧɨɣ ɞɢɫɥɨɤɚɰɢɢ ɩɪɢ ɪɚɡɞɟɥɟɧɢɢ ܾ⃗  ɧɚ ɤɪɚɟɜɭɸ ܾ⃗ ௘  (ɧɨɪɦɚɥɶɧɭɸ) ɢ ɜɢɧɬɨɜɭɸ ܾ⃗ ௦ 

(ɬɚɧɝɟɧɰɢɚɥɶɧɭɸ) ɤɨɦɩɨɧɟɧɬɵ ɡɚɩɢɲɭɬɫɹ ɤɚɤ: 

               𝑅⃗ ௫′ = − ௕⃗ 𝑒ଶ𝜋 ݃ݐܿݎܽ] ௭′௫′ + ଵଶሺଵ−𝜗ሻ ௫′௭′ሺ௫′ሻ2+ሺ௭′ሻ2]  
               𝑅⃗ ௬′ = ௕⃗ 𝑠ଶ𝜋 ݃ݐܿݎܽ ௭′௫′  
               𝑅⃗ ௭′ = − ௕⃗ 𝑒ଶ𝜋 [ ଵ−ଶ𝜗ଶሺଵ−𝜗ሻ ݈𝑛√ሺ𝑥′ሻଶ + ሺ𝑧′ሻଶ + ଵସሺଵ−𝜗ሻ ሺ௫′ሻ2−ሺ௭′ሻ2ሺ௫′ሻ2+ሺ௭′ሻ2] 

ɝɞɟ 𝜗 – ɤɨɷɮɮɢɰɢɟɧɬ ɉɭɚɫɫɨɧɚ [56]. Ɍɨɝɞɚ ɞɥɹ ɜɢɧɬɨɜɨɣ ɞɢɫɥɨɤɚɰɢɢ ܾ⃗  = ܾ⃗ ௦ ɢ 𝑅⃗ ௫′ = 𝑅⃗ ௭′ = 0, 

ɚ ɞɥɹ ɤɪɚɟɜɨɣ - ܾ⃗  = ܾ⃗ ௘ ɢ 𝑅⃗ ௬′ = 0. ɋɬɨɢɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜ ɬɚɤɨɣ ɡɚɩɢɫɢ ɧɟ ɭɱɢɬɵɜɚɟɬɫɹ 

ɚɧɢɡɨɬɪɨɩɢɹ ɤɪɢɫɬɚɥɥɚ, ɬɨ ɟɫɬɶ ɨɧɚ ɫɩɪɚɜɟɞɥɢɜɚ ɬɨɥɶɤɨ ɞɥɹ ɢɡɨɬɪɨɩɧɵɯ ɤɪɢɫɬɚɥɥɨɜ 

ɤɭɛɢɱɟɫɤɨɣ ɫɢɧɝɨɧɢɢ. 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɭɪɚɜɧɟɧɢɣ ɏɨɜɢ-ɍɷɥɚɧɚ, ɤɨɧɬɪɚɫɬ ɨɬ ɞɢɫɥɨɤɚɰɢɣ ɨɩɪɟɞɟɥɹɟɬɫɹ 

ɜɟɤɬɨɪɧɵɦ ɩɪɨɢɡɜɟɞɟɧɢɟɦ 𝑅⃗  ݃. ɂɫɩɨɥɶɡɭɹ ɩɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɤɨɦɩɨɧɟɧɬ 𝑅⃗ , 
ɦɨɠɧɨ ɡɚɦɟɧɢɬɶ ɷɬɨ ɩɪɨɢɡɜɟɞɟɧɢɟ ɩɚɪɚɦɟɬɪɨɦ g.b = n, ɧɚɡɵɜɚɟɦɵɦ  ɩɨɪɹɞɤɨɦ 

ɢɡɨɛɪɚɠɟɧɢɹ, ɹɜɥɹɸɳɢɣɫɹ ɰɟɥɵɦ ɱɢɫɥɨɦ ɢ ɪɚɜɧɵɣ ɤɨɥɢɱɟɫɬɜɭ ɤɨɧɬɪɚɫɬɨɜ ɨɬ ɨɞɧɨɣ 

ɞɢɫɥɨɤɚɰɢɢ (ɢɧɬɟɝɪɚɥɶɧɚɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɨɫɬɚɟɬɫɹ ɩɨɫɬɨɹɧɧɨɣ). Ɍɚɤɠɟ ɜɚɠɧɵɦ ɮɚɤɬɨɪɨɦ 

ɞɥɹ ɨɩɢɫɚɧɢɹ ɤɨɧɬɪɚɫɬɨɜ ɞɢɫɥɨɤɚɰɢɢ ɹɜɥɹɟɬɫɹ ɢɯ ɩɨɥɨɠɟɧɢɟ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɜɨɛɨɞɧɨɣ 

ɩɨɜɟɪɯɧɨɫɬɢ. Ⱦɢɫɥɨɤɚɰɢɹ ɦɨɠɟɬ ɛɵɬɶ ɩɚɪɚɥɥɟɥɶɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɪɢɫɬɚɥɥɚ, ɩɟɪɟɫɟɤɚɬɶ ɟɟ 

ɢɥɢ ɛɵɬɶ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨɣ ɟɣ. ɋ ɭɱɟɬɨɦ ɩɨɥɨɠɟɧɢɹ ɞɢɫɥɨɤɚɰɢɢ ɜ ɨɛɪɚɡɰɟ ɢ ɧɚ ɨɫɧɨɜɟ 

Ɋɢɫɭɧɨɤ 20. ɋɥɟɜɚ – ɫɯɟɦɚ ɨɛɪɚɡɨɜɚɧɢɹ ɞɢɮɪɚɤɰɢɨɧɧɨɝɨ ɤɨɧɬɪɚɫɬɚ ɨɬ ɞɢɫɥɨɤɚɰɢɣ; ɫɩɪɚɜɚ – ɩɪɢɦɟɧɟɧɢɟ g.b 

ɤɪɢɬɟɪɢɹ ɤ ɫɟɬɤɚɦ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɝɪɚɮɢɬɟ[55] 
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ɜɵɲɟ ɢɡɥɨɠɟɧɧɵɯ ɮɚɤɬɨɪɨɜ (t, 𝜉𝑔, 𝜔, n) ɦɨɠɧɨ ɜɵɞɟɥɢɬɶ ɨɫɧɨɜɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɤɨɧɬɪɚɫɬɚ 

ɞɢɫɥɨɤɚɰɢɣ ɜ ɉɗɆ [56]. 

Ʉɚɤ ɦɨɠɧɨ ɜɢɞɟɬɶ ɧɚ ɪɢɫ. 20 ɧɚ ɝɪɚɮɢɤɟ ɞɢɫɥɨɤɚɰɢɢ ɜ BF ɢɦɟɸɬ ɬɟɦɧɵɣ ɤɨɧɬɪɚɫɬ. 

ȼ DF ɤɨɧɬɪɚɫɬ ɞɥɹ ɞɢɫɥɨɤɚɰɢɣ, ɩɚɪɚɥɥɟɥɶɧɵɯ ɩɨɜɟɪɯɧɨɫɬɢ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɨɬɤɥɨɧɟɧɢɟɦ ɨɬ 

ɬɨɱɧɨɝɨ ɛɪɷɝɝɨɜɫɤɨɝɨ ɩɨɥɨɠɟɧɢɹ (𝜔ሻ. ɉɪɢ ɦɚɥɵɯ ɨɬɤɥɨɧɟɧɢɹɯ (𝜔 ≤ ͳሻ ɜɨɡɧɢɤɚɟɬ 

«ɞɢɧɚɦɢɱɟɫɤɨɟ» DF ɢɡɨɛɪɚɠɟɧɢɟ, ɩɪɚɤɬɢɱɟɫɤɢ ɫɨɜɩɚɞɚɸɳɟɟ ɫ BF. ɉɪɢ ɛɨɥɶɲɢɯ 

ɨɬɤɥɨɧɟɧɢɹɯ (𝜔 > ͳሻ ɜɨɡɧɢɤɚɟɬ «ɤɢɧɟɦɚɬɢɱɟɫɤɨɟ» DF ɢɡɨɛɪɚɠɟɧɢɟ, ɢɦɟɸɳɟɟ ɫɜɟɬɥɵɣ 

ɤɨɧɬɪɚɫɬ ɢ ɞɨɩɨɥɧɹɸɳɟɟ BF. ɉɪɢ ɡɧɚɱɢɬɟɥɶɧɵɯ ɨɬɤɥɨɧɟɧɢɹɯ ɜ DF (𝜔 ≈ ͳͲሻ ɞɢɫɥɨɤɚɰɢɢ 

ɢɦɟɸɬ ɨɱɟɧɶ ɬɨɧɤɢɣ ɤɨɧɬɪɚɫɬ, ɢɫɩɨɥɶɡɭɟɦɵɣ ɜ ɦɟɬɨɞɟ ɫɥɚɛɵɯ ɩɭɱɤɨɜ, weak beam dark 

field – WBDF, ɞɥɹ ɪɚɡɪɟɲɟɧɢɹ ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɫɬɪɭɤɬɭɪ. 

ɍ ɧɚɤɥɨɧɟɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɤɨɧɬɪɚɫɬ ɫɥɨɠɧɵɣ. Ɉɧ ɥɢɛɨ ɨɫɰɢɥɥɢɪɭɟɬ, ɥɢɛɨ 

ɢɡɜɢɥɢɫɬɵɣ ɜɞɨɥɶ ɜɫɟɣ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɢ ɢɥɢ ɧɚ ɤɨɧɰɚɯ, ɩɨɡɜɨɥɹɹ ɨɩɪɟɞɟɥɢɬɶ ɦɟɫɬɚ 

ɜɵɯɨɞɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ. BF ɢɡɨɛɪɚɠɟɧɢɟ ɫɢɦɦɟɬɪɢɱɧɨ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɪɟɞɧɟɝɨ ɫɟɱɟɧɢɹ 

ɤɪɢɫɬɚɥɥɚ ɩɨ ɬɨɥɳɢɧɟ, ɚ DF – ɚɫɫɢɦɟɬɪɢɱɧɨ. Ɉɫɰɢɥɥɹɰɢɢ ɦɨɝɭɬ ɬɚɤɠɟ ɞɚɬɶ ɩɪɟɞɫɬɚɜɥɟɧɢɟ 

ɨ t, ɬɚɤ ɤɚɤ ɢɯ ɩɟɪɢɨɞ ɪɚɜɟɧ 𝜉𝑔 ɩɪɢ Ͳ ≤ 𝜔 ≤ Ͳ,ͷ. 

Ʉɨɧɬɪɚɫɬ ɨɬ ɞɢɫɥɨɤɚɰɢɣ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɵɯ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨ ɛɨɥɶɲɟɣ ɱɚɫɬɢ 

ɨɛɭɫɥɨɜɥɟɧ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɪɟɥɚɤɫɚɰɢɟɣ. Ɉɧ ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ ɢ ɛɨɥɟɟ ɬɟɦɧɵɯ ɢ ɫɜɟɬɥɵɯ 

ɥɟɩɟɫɬɤɨɜ, ɪɚɡɞɟɥɟɧɧɵɯ ɥɢɧɢɟɣ ɨɬɫɭɬɫɬɜɢɹ ɤɨɧɬɪɚɫɬɚ, ɩɚɪɚɥɥɟɥɶɧɨɣ  ݃ ɜ BF . 

ɋɢɦɦɟɬɪɢɱɧɨɫɬɶ ɥɟɩɟɫɬɤɨɜ ɨɩɪɟɞɟɥɹɟɬɫɹ 𝜔, ɩɪɢ ɨɬɤɥɨɧɟɧɢɢ ɨɬ 0 ɩɚɞɚɟɬ. ɉɪɢ n=0 

ɤɨɧɬɪɚɫɬ ɢɦɟɟɬ ɮɨɪɦɭ ɬɟɦɧɨɝɨ ɩɹɬɧɚ. 

ɇɚɛɥɸɞɚɟɦɵɣ ɤɨɧɬɪɚɫɬ ɞɢɫɥɨɤɚɰɢɣ, ɤɚɤ ɦɨɠɧɨ ɡɚɦɟɬɢɬɶ ɧɚ ɝɪɚɮɢɤɟ ɩɨɞ 

ɞɢɫɥɨɤɚɰɢɟɣ ɧɚ ɪɢɫ. 20 ɫɥɟɜɚ, ɫɦɟɳɟɧ ɨɬɧɨɫɢɬɟɥɶɧɨ ɪɟɚɥɶɧɨɝɨ ɩɨɥɨɠɟɧɢɹ ɞɢɫɥɨɤɚɰɢɢ ɧɚ 

ɜɟɥɢɱɢɧɭ ɪɚɜɧɭɸ 𝜔ሺ  ݃ ∙ ܾ⃗ ሻ ɫ ɭɱɟɬɨɦ ɡɧɚɤɚ. Ɍɚɤɠɟ ɤɨɧɬɪɚɫɬ ɦɨɠɟɬ ɛɵɬɶ ɞɜɨɣɧɵɦ (ɬɨɝɞɚ 

ɪɟɚɥɶɧɨɟ ɩɨɥɨɠɟɧɢɟ ɩɨɫɟɪɟɞɢɧɟ). Ⱦɜɨɣɧɵɟ ɢɡɨɛɪɚɠɟɧɢɹ ɜɨɡɧɢɤɚɸɬ ɩɪɢ n=2, 𝜔= 0; ɩɪɢ 

ɦɧɨɝɨɥɭɱɟɜɨɦ ɪɚɫɫɟɹɧɢɢ, ɤɨɝɞɚ ɜ ɨɬɪɚɠɚɸɳɟɦ ɩɨɥɨɠɟɧɢɢ ɧɟ ɨɞɧɚ ɫɢɫɬɟɦɚ ɩɥɨɫɤɨɫɬɟɣ; ɜ 

ɫɢɥɶɧɨ ɚɧɢɡɨɬɪɨɩɧɵɯ ɤɪɢɫɬɚɥɥɚɯ ɩɪɢ n=1; ɞɥɹ ɤɪɚɟɜɨɣ ɞɢɫɥɨɤɚɰɢɢ, ɤɨɝɞɚ n=0 ɢ  ݃ (ܾ⃗ ×⃗ݑ ሻ ≠ 0, ɝɞɟ ⃗ݑ  – ɜɟɤɬɨɪ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɢ, ɚ ɬɚɤɠɟ ɩɪɢ n=1 ɜ ɞɢɫɥɨɤɚɰɢɹɯ, 

ɞɟɤɨɪɢɪɨɜɚɧɧɵɯ ɩɪɢɦɟɫɹɦɢ. 

Ɍɚɤɠɟ ɤɨɧɬɪɚɫɬ ɨɬ ɞɢɫɥɨɤɚɰɢɣ ɢɦɟɟɬ ɲɢɪɢɧɭ, ɤɨɬɨɪɚɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɮɨɪɦɭɥɨɣ: 𝑝 =  ݃ ܾ⃗ ௘ௗ𝑔௘ ݃ ܾ⃗  

 

Ƚɥɚɜɧɵɦ ɢɧɫɬɪɭɦɟɧɬɨɦ ɚɧɚɥɢɡɚ ɞɢɫɥɨɤɚɰɢɣ ɜ ɉɗɆ ɹɜɥɹɟɬɫɹ ɤɪɢɬɟɪɢɣ g.b (ɪɢɫ.20) 

[55,56]. Ɉɧ ɦɨɠɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɜ ɢɡɨɬɪɨɩɧɵɯ ɤɪɢɫɬɚɥɥɚɯ ɢ ɚɧɢɡɨɬɪɨɩɧɵɯ, ɟɫɥɢ 
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ɞɢɫɥɨɤɚɰɢɨɧɧɚɹ ɥɢɧɢɹ ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɚ ɩɥɨɫɤɨɫɬɢ ɫɢɦɦɟɬɪɢɢ ɤɪɢɫɬɚɥɥɚ (ɱɟɦɭ 

ɭɞɨɜɥɟɬɜɨɪɹɟɬ ɝɟɤɫɚɝɨɧɚɥɶɧɵɣ GaN). ȼ ɞɪɭɝɢɯ ɫɥɭɱɚɹɯ ɬɪɟɛɭɟɬɫɹ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɣ 

ɪɚɫɱɟɬ. Ⱦɥɹ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɞɨɫɬɚɬɨɱɧɵɦ ɞɥɹ ɢɫɱɟɡɧɨɜɟɧɢɹ ɤɨɧɬɪɚɫɬɚ ɹɜɥɹɟɬɫɹ 

ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨɫɬɶ  ݃ ɢ ܾ⃗ ; ɞɥɹ ɤɪɚɟɜɵɯ ɬɚɤɠɟ ɬɪɟɛɭɟɬɫɹ  ݃ (ܾ⃗ ×  ሻ = 0. ȼ ɫɥɭɱɚɟ ݑ⃗

ɫɦɟɲɚɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɩɪɢ ɫɨɛɥɸɞɟɧɢɢ ɞɚɧɧɵɯ ɭɫɥɨɜɢɣ ɧɚɛɥɸɞɚɟɬɫɹ ɧɚɢɦɟɧɶɲɢɣ (ɢɥɢ 

ɨɫɬɚɬɨɱɧɵɣ) ɤɨɧɬɪɚɫɬ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɦɨɠɧɨ ɩɪɚɤɬɢɱɟɫɤɢ ɨɞɧɨɡɧɚɱɧɨ ɨɩɪɟɞɟɥɢɬɶ 

ɧɚɩɪɚɜɥɟɧɢɟ ɜɟɤɬɨɪɚ Ȼɸɪɝɟɪɫɚ ɞɢɫɥɨɤɚɰɢɢ ɢ ɟё ɬɢɩ. Ɉɛɴɹɫɧɟɧɢɟɦ ɹɜɥɹɟɬɫɹ ɬɨ, ɱɬɨ 

ɤɨɧɬɪɚɫɬ ɨɬ ɞɢɫɥɨɤɚɰɢɣ ɮɨɪɦɢɪɭɟɬɫɹ ɡɚ ɫɱɟɬ ɫɦɟɳɟɧɢɣ, ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɵɯ ɨɬɪɚɠɚɸɳɢɦ 

ɩɥɨɫɤɨɫɬɹɦ, ɢɫɩɨɥɶɡɭɟɦɵɦ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɢɡɨɛɪɚɠɟɧɢɹ. ɋɦɟɳɟɧɢɟ ɚɬɨɦɨɜ ɜ ɫɚɦɢɯ 

ɩɥɨɫɤɨɫɬɹɯ ɧɟ ɞɚɟɬ ɤɨɧɬɪɚɫɬɚ. ȼ ɉɗɆ ɫɭɳɟɫɬɜɭɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɫɬɚɜɢɬɶ ɜ 

ɞɢɮɪɚɤɰɢɨɧɧɨɦ ɪɟɠɢɦɟ ɤɨɧɤɪɟɬɧɵɟ ɩɥɨɫɤɨɫɬɢ ɜ ɨɬɪɚɠɚɸɳɟɟ ɩɨɥɨɠɟɧɢɟ ɢ ɜɫɬɚɬɶ ɜ 

ɪɚɡɥɢɱɧɵɟ g.b ɭɫɥɨɜɢɹ ɞɥɹ ɚɧɚɥɢɡɚ ɞɢɫɥɨɤɚɰɢɣ. 

2.2.3 Ʉɨɧɬɪɚɫɬ ɨɬ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ ɜ ɉЭɆ 

ɉɥɨɫɤɨɫɬɶ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ ɪɚɡɞɟɥɹɟɬ ɨɛɪɚɡɟɰ ɧɚ ɞɜɟ ɨɛɥɚɫɬɢ, ɫɞɜɢɧɭɬɵɟ ɧɚ 𝑅⃗  
ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɪɭɝ ɞɪɭɝɚ, ɤɨɬɨɪɵɣ ɧɟɨɛɹɡɚɬɟɥɶɧɨ ɤɪɚɬɟɧ ɩɚɪɚɦɟɬɪɭ ɪɟɲɟɬɤɢ ɜ ɨɬɥɢɱɢɟ ɨɬ 

ɜɟɤɬɨɪɚ Ȼɸɪɝɟɪɫɚ [56]. ȼ ɨɛɴɟɦɟ ɤɪɢɫɬɚɥɥɚ, ɤɚɤ ɩɨɤɚɡɚɧɨ ɜ ɝɥɚɜɟ 1.4.2, ɞɟɮɟɤɬ ɨɝɪɚɧɢɱɟɧ 

ɱɚɫɬɢɱɧɵɦɢ ɞɢɫɥɨɤɚɰɢɹɦɢ. 

ɉɪɹɦɚɹ ɢ ɞɢɮɪɚɝɢɪɨɜɚɧɧɵɟ ɜɨɥɧɵ ɩɪɢ ɩɪɨɯɨɞɟ ɱɟɪɟɡ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ 

ɩɪɟɬɟɪɩɟɜɚɸɬ ɫɞɜɢɝ ɮɚɡɵ αSF = 2π|𝑅⃗ ||  ݃|[56]. ɂɡɦɟɧɟɧɢɟ ɚɦɩɥɢɬɭɞɵ ɦɨɠɧɨ ɨɩɢɫɚɬɶ ɫɯɟɦɨɣ 

ɧɚ ɪɢɫ.21. Ɍɨɝɞɚ ɪɚɫɱɟɬ ɤɨɧɬɪɚɫɬɚ ɭɞɨɛɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɦɚɬɪɢɱɧɨɦ ɜɢɞɟ: 

 (𝜑଴ሺݐሻ𝜑𝑔ሺݐሻ) = (ͳ ͲͲ expሺ−𝑖ߙሻ)ܣሺݐଶሻ (ͳ ͲͲ expሺ𝑖ߙሻ)ܣሺݐଵሻ (𝜑଴ሺͲሻ𝜑𝑔ሺͲሻ) 

ሺ𝑧ሻܣ = ܥ (݁𝑥𝑝ʹ𝜋𝑖ߛଵ𝑧 ͲͲ ݁𝑥𝑝ʹ𝜋𝑖ߛଶ𝑧)ܥ−ଵ 

ܥ = ( cos ሺͲ,ͷܽ݃ݐܿݎ𝜔ሻ sin ሺͲ,ͷܽ݃ݐܿݎ𝜔ሻ−sin ሺͲ,ͷܽ݃ݐܿݎ𝜔ሻ cos ሺͲ,ͷܽ݃ݐܿݎ𝜔ሻ) 

ଵ,ଶߛ = − 𝜋 𝜉𝑔𝜉଴′ + 𝑖𝜋 [𝜔 ± √ͳ + 𝜔ଶ − ቆ𝜉𝑔𝜉𝑔′ ቇଶ + ʹ𝑖 𝜉𝑔𝜉𝑔′ ] 
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Ɋɢɫɭɧɨɤ 21. ɋɯɟɦɚ ɩɪɨɯɨɠɞɟɧɢɹ ɩɭɱɤɚ ɱɟɪɟɡ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ 

Ⱦɥɹ ɝɨɪɢɡɨɧɬɚɥɶɧɨɝɨ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ, ɬɚɤ ɤɚɤ 𝑅⃗  – ɩɨɫɬɨɹɧɧɚɹ, ɬɨ ɨɧ ɛɭɞɟɬ ɢɦɟɬɶ 

ɨɞɧɨɪɨɞɧɵɣ ɤɨɧɬɪɚɫɬ, ɬɟɦɧɟɟ ɢɥɢ ɫɜɟɬɥɟɟ ɨɛɳɟɝɨ ɮɨɧɚ Ⱦɥɹ ɧɚɤɥɨɧɟɧɧɨɝɨ ɞɟɮɟɤɬɚ 

ɭɩɚɤɨɜɤɢ ɤɨɧɬɪɚɫɬ ɫɨɫɬɨɢɬ ɢɡ ɫɢɫɬɟɦɵ ɩɨɥɨɫ, ɜɞɨɥɶ ɤɨɬɨɪɵɯ ɫɨɯɪɚɧɹɟɬɫɹ ɝɥɭɛɢɧɚ 

ɡɚɥɟɝɚɧɢɹ. Ⱦɥɹ ɤɚɠɞɨɣ ɥɢɧɢɢ ɩɪɨɢɡɜɨɞɢɬɫɹ ɪɚɫɱɟɬ ɤɨɧɬɪɚɫɬɚ, ɤɚɤ ɞɥɹ ɝɨɪɢɡɨɧɬɚɥɶɧɨɝɨ 

ɞɟɮɟɤɬɚ, ɡɚɥɟɝɚɸɳɟɝɨ ɧɚ ɬɨɣ ɠɟ ɝɥɭɛɢɧɟ. 

2.2.4 ɋɤɚɧɢɪɭɸɳɚɹ ɩɪɨɫɜɟɱɢɜɚɸɳɚɹ ɷɥɟɤɬɪɨɧɧɚɹ ɦɢɤɪɨɫɤɨɩɢɹ 

 
Ɋɢɫɭɧɨɤ 22. ɋɨɩɨɫɬɚɜɥɟɧɢɟ ɞɢɮɪɚɤɰɢɨɧɧɨɝɨ ɪɟɠɢɦɚ ɉЭɆ (ɫɥɟɜɚ) ɢ ɋɉЭɆ, ɯɨɞ ɥɭɱɟɣ ɜ ɋɉЭɆ 

(ɫɩɪɚɜɚ) 

ɂɡɨɛɪɚɠɟɧɢɟ ɜ ɫɤɚɧɢɪɭɸɳɟɦ ɪɟɠɢɦɟ ɮɨɪɦɢɪɭɟɬɫɹ ɫ ɩɨɦɨɳɶɸ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɞɟɬɟɤɬɨɪɨɜ, ɧɚɯɨɞɹɳɢɯɫɹ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɡɚ ɨɛɪɚɡɰɨɦ. ɋ ɬɨɱɤɢ 
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ɡɪɟɧɢɹ ɉɗɆ ɦɢɤɪɨɫɤɨɩ ɧɚɯɨɞɢɬɫɹ ɜ ɞɢɮɪɚɤɰɢɨɧɧɨɦ ɪɟɠɢɦɟ (ɪɢɫ.22), ɱɬɨ ɩɨɡɜɨɥɹɟɬ 

ɬɚɤɠɟ ɬɨɧɤɨ ɨɪɢɟɧɬɢɪɨɜɚɬɶ ɨɛɪɚɡɟɰ [55]. 

ɋɉɗɆ ɢɦɟɟɬ ɪɹɞ ɩɪɟɢɦɭɳɟɫɬɜ ɩɟɪɟɞ ɤɥɚɫɫɢɱɟɫɤɨɣ ɉɗɆ, ɩɨɡɜɨɥɹɸɳɢɯ ɭɥɭɱɲɢɬɶ 

ɤɚɱɟɫɬɜɨ ɢɡɨɛɪɚɠɟɧɢɹ: 

1) Ⱦɥɹ ɩɨɫɬɪɨɟɧɢɹ ɢɡɨɛɪɚɠɟɧɢɹ ɧɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɥɢɧɡɵ ɧɚɯɨɞɹɳɢɟɫɹ ɡɚ ɨɛɪɚɡɰɨɦ (ɪɢɫ.17 

ɢ 22), ɢɯ ɞɟɮɟɤɬɵ ɧɟ ɜɥɢɹɸɬ ɧɚ ɤɚɱɟɫɬɜɨ, ɢ ɪɚɡɪɟɲɟɧɢɟ ɢɡɨɛɪɚɠɟɧɢɹ ɨɝɪɚɧɢɱɢɜɚɟɬɫɹ 

ɬɨɥɶɤɨ ɪɚɡɦɟɪɚɦɢ ɩɭɱɤɚ, ɩɨɥɭɱɟɧɧɨɝɨ ɜ ɫɢɫɬɟɦɟ ɥɢɧɡ ɧɚɞ ɨɛɪɚɡɰɨɦ (ɪɢɫ.16). ȼ ɪɟɡɭɥɶɬɚɬɟ 

ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɪɨɫɜɟɱɢɜɚɟɦɚɹ ɬɨɥɳɢɧɚ ɢ ɨɛɳɚɹ ɪɟɡɤɨɫɬɶ ɩɨɥɭɱɚɟɦɨɣ ɤɚɪɬɢɧɤɢ ɩɪɢ 

ɩɪɚɜɢɥɶɧɨɣ ɮɨɤɭɫɢɪɨɜɤɟ 

2) Ɇɨɠɧɨ ɜɵɛɪɚɬɶ ɦɟɧɶɲɢɣ ɨɛɴɟɦ ɞɥɹ ɜɵɫɬɚɜɥɟɧɢɹ ɜ ɧɟɨɛɯɨɞɢɦɵɟ ɞɢɮɪɚɤɰɢɨɧɧɵɟ 

ɭɫɥɨɜɢɹ (ɱɬɨ ɩɨɥɟɡɧɨ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɭɡɥɨɜ ɞɢɫɥɨɤɚɰɢɣ), ɬɚɤ ɤɚɤ ɨɧɚ ɡɚɞɚɟɬɫɹ ɬɨɥɶɤɨ 

ɪɚɡɦɟɪɚɦɢ ɨɛɥɚɫɬɢ ɫɤɚɧɢɪɨɜɚɧɢɹ 

 

 
Ɋɢɫɭɧɨɤ 23.ɋɜɟɪɯɭ - ɋɪɚɜɧɟɧɢɟ ɞɢɮɪɚɤɰɢɨɧɧɨɝɨ ɤɨɧɬɪɚɫɬɚ ɜ ɋɉЭɆ ɢ ɉЭɆ, ɫɥɟɜɚ ɧɚɩɪɚɜɨ: ɦɢɤɪɨɝɪɚɦɦɚ ɜ 

ɋɉЭɆ ɛɟɡ ɫɨɛɥɸɞɟɧɢɹ «ɩɪɢɧɰɢɩɚ ɜɡɚɢɦɧɨɫɬɢ»; ɦɢɤɪɨɝɪɚɦɦɚ ɜ ɋɉЭɆ ɩɪɢ ɫɨɛɥɸɞɟɧɢɢ «ɩɪɢɧɰɢɩɚ 

ɜɡɚɢɦɧɨɫɬɢ»; ɦɢɤɪɨɝɪɚɦɦɚ, ɩɨɥɭɱɟɧɧɚɹ ɜ ɉЭɆ. ɋɧɢɡɭ - ɩɪɢɧɰɢɩ ɜɡɚɢɦɧɨɫɬɢ ɋɉЭɆ ɢ ɉЭɆ. [55] 
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Ⱦɢɮɪɚɤɰɢɨɧɧɵɟ ɤɨɧɬɪɚɫɬɵ ɜ ɋɉɗɆ ɨɫɥɚɛɥɟɧɵ ɢ ɱɚɫɬɶ ɢɡ ɧɢɯ ɦɨɠɟɬ ɨɬɫɭɬɫɬɜɨɜɚɬɶ 

ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɢɡɨɛɪɚɠɟɧɢɹɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɜ ɤɥɚɫɫɢɱɟɫɤɨɣ ɉɗɆ (ɪɢɫ.23 ɫɜɟɪɯɭ) [55].  

ɋ ɨɞɧɨɣ ɫɬɨɪɨɧɵ, ɭɦɟɧɶɲɚɟɬɫɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢɡɝɢɛɧɵɯ ɢ ɬɨɥɳɢɧɧɵɯ ɤɨɧɬɭɪɨɜ, ɱɬɨ 

ɩɨɥɟɡɧɨ ɩɪɢ ɢɡɭɱɟɧɢɢ ɞɪɭɝɢɯ ɜɢɞɨɜ ɤɨɧɬɪɚɫɬɨɜ. ɇɨ, ɤɚɤ ɜɢɞɧɨ ɧɚ ɪɢɫ.23, ɜɨɡɦɨɠɧɨ 

ɢɫɱɟɡɧɨɜɟɧɢɟ ɱɚɫɬɢ ɞɟɮɟɤɬɨɜ ɧɚ ɦɢɤɪɨɝɪɚɦɦɟ, ɜ ɱɚɫɬɧɨɫɬɢ ɞɢɫɥɨɤɚɰɢɣ. ɉɨɷɬɨɦɭ 

ɜɨɡɧɢɤɚɟɬ ɩɪɨɛɥɟɦɚ ɨɞɧɨɡɧɚɱɧɨɫɬɢ ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɞɢɮɪɚɤɰɢɢ ɢ ɤɨɧɬɪɚɫɬɨɜ ɜ ɋɉɗɆ ɢ 

ɉɗɆ. Ⱦɥɹ ɟɟ ɪɟɲɟɧɢɹ ɩɪɟɞɥɨɠɟɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ «ɩɪɢɧɰɢɩ ɜɡɚɢɦɧɨɫɬɢ»: ɭɝɨɥ ɫɯɨɞɢɦɨɫɬɢ 

ɜ ɤɥɚɫɫɢɱɟɫɤɨɣ ɉɗɆ ்ߙ ɞɨɥɠɟɧ ɛɵɬɶ ɪɚɜɟɧ ɢɥɢ ɛɥɢɡɨɤ ɤ ɭɝɥɭ ɫɛɨɪɚ ɜ ɋɉɗɆ ߚௌ, ɚ ɭɝɨɥ 

ɫɛɨɪɚ ɜ ɤɥɚɫɫɢɱɟɫɤɨɣ ɉɗɆ ߙௌ – ɭɝɥɭ ɫɯɨɞɢɦɨɫɬɢ ɜ ɋɉɗɆ ்ߚ (ɪɢɫ.23 ɫɧɢɡɭ): ்ߙ = ௌߙ ௌߚ =  ்ߚ

ɍɝɨɥ ɫɯɨɠɞɟɧɢɹ ɩɚɞɚɸɳɟɝɨ ɩɭɱɤɚ ்ߙ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ ɛɥɢɡɨɤ ɤ 90° ɢ ɪɟɚɥɢɡɚɰɢɹ 

ɩɪɢɧɰɢɩɚ ɜɡɚɢɦɧɨɫɬɢ ɧɟ ɹɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɨɣ, ɩɨɷɬɨɦɭ ɩɪɨɜɨɞɢɬɫɹ ɫɪɚɜɧɟɧɢɟ ɤɨɧɬɪɚɫɬɨɜ 

ɩɨɥɭɱɚɟɦɵ ɜ ɉɗɆ ɢ ɋɉɗɆ. 

2.3 ɉɨɞɝɨɬɨɜɤɚ ɨɛɪɚɡɰɨɜ ɢ ɨɩɢɫɚɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚ. 

ȼɵɪɚɳɟɧɧɚɹ ɧɚ ɫɚɩɮɢɪɨɜɨɣ ɩɨɞɥɨɠɤɟ (ɬɨɥɳɢɧɨɣ 450 ɦɤɦ), ɧɚ ɩɥɨɫɤɨɫɬɢ (0001), 

ɷɩɢɬɚɤɫɢɚɥɶɧɵɦ ɦɟɬɨɞɨɦ HVPE (hydride vapour phase epitaxy, ɝɢɞɪɢɞɧɚɹ ɝɚɡɨɮɚɡɧɚɹ 

ɷɩɢɬɚɤɫɢɹ), ɫɩɟɰɢɚɥɶɧɨ ɧɟ ɥɟɝɢɪɨɜɚɧɧɚɹ ɤɪɢɫɬɚɥɥɢɱɟɫɤɚɹ ɩɥɟɧɤɚ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ (ɤɚɤ ɜ 

ɢɫɫɥɟɞɨɜɚɧɢɹɯ [5-7,54]), ɬɨɥɳɢɧɨɣ ~ 10 μɦ, ɛɵɥɚ ɢɫɩɨɥɶɡɨɜɚɧɚ ɞɥɹ ɢɡɝɨɬɨɜɥɟɧɢɹ ɨɛɪɚɡɰɚ 

– ɮɨɥɶɝɢ (ɩɚɪɚɥɥɟɥɶɧɨɣ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ) ɞɥɹ ɉɗɆ. Ɇɚɬɟɪɢɚɥ ɫɬɚɧɨɜɢɬɫɹ 

«ɩɪɨɡɪɚɱɧɵɦ» ɞɥɹ ɷɥɟɤɬɪɨɧɨɜ ɧɚɱɢɧɚɹ ɫ ɬɨɥɳɢɧ <200 ɧɦ. Ⱦɥɹ ɷɬɨɝɨ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ 

ɩɨɥɭɱɚɸɬ ɬɨɧɤɭɸ ɨɛɥɚɫɬɶ ɜ ɨɛɪɚɡɰɟ. 

ɇɚ ɩɟɪɜɨɦ ɷɬɚɩɟ ɨɛɪɚɡɟɰ ɭɬɨɧɹɥɫɹ ɝɪɭɛɨɣ ɦɟɯɚɧɢɱɟɫɤɨɣ ɲɥɢɮɨɜɤɨɣ ɫɨ ɫɬɨɪɨɧɵ 

ɫɚɩɮɢɪɚ ɞɨ ɬɨɥɳɢɧ ɩɨɪɹɞɤɚ 100 μɦ. 

ɇɚ ɜɬɨɪɨɦ ɷɬɚɩɟ, ɧɚ ɛɚɡɢɫɧɭɸ ɩɥɨɫɤɨɫɬɶ (0001) ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ ɧɚɧɨɫɢɥɚɫɶ ɫɟɬɤɚ 

ɭɤɨɥɨɜ 6x6 ɜ ɰɟɧɬɪɚɥɶɧɭɸ ɱɚɫɬɶ c ɲɚɝɨɦ 70 μɦ ɢ ɧɚɝɪɭɡɤɨɣ ~600 ɦɇ ɢɧɞɟɧɬɨɪɨɦ 

Ȼɟɪɤɨɜɢɱɚ (ɬɪɟɭɝɨɥɶɧɚɹ ɩɢɪɚɦɢɞɚ, ɪɢɫ.24) ɜ ɧɚɧɨɢɧɞɟɧɬɨɪɟ „Nanoindenter G200“. Ɋɚɡɦɟɪɵ 

ɢ ɩɨɥɨɠɟɧɢɟ ɫɟɬɤɢ ɨɛɭɫɥɨɜɥɟɧɵ ɧɟɨɛɯɨɞɢɦɨɫɬɶɸ ɭɜɟɥɢɱɢɬɶ ɜɟɪɨɹɬɧɨɫɬɶ ɩɨɩɚɞɚɧɢɹ ɭɤɨɥɚ 

ɜ ɬɨɧɤɭɸ ɨɛɥɚɫɬɶ. ɇɚɝɪɭɡɤɚ ɜɵɛɢɪɚɥɚɫɶ ɧɚ ɨɫɧɨɜɟ ɢɫɫɥɟɞɨɜɚɧɢɣ Ratschinski et al [49] ɞɥɹ 

ɦɢɧɢɦɢɡɚɰɢɢ ɨɛɪɚɡɨɜɚɧɢɹ ɬɪɟɳɢɧ, ɬɚɤ ɤɚɤ ɧɢɬɪɢɞ ɝɚɥɥɢɹ ɨɱɟɧɶ ɯɪɭɩɤɢɣ ɦɚɬɟɪɢɚɥ, ɱɬɨ 

ɬɚɤɠɟ ɩɪɢɜɨɞɢɬ ɤ ɨɬɤɚɡɭ ɨɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɬɪɚɞɢɰɢɨɧɧɨɝɨ ɜ ɉɗɆ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɫɨɡɞɚɧɢɹ 

ɥɭɧɤɢ (dimpling). Ɉɛɪɚɡɟɰ ɧɟ ɜɵɞɟɪɠɢɜɚɟɬ ɧɚɝɪɭɡɤɢ ɢ ɥɨɦɚɟɬɫɹ, ɨɫɨɛɟɧɧɨ ɫ ɧɚɧɟɫɟɧɧɨɣ 

ɫɟɬɤɨɣ ɭɤɨɥɨɜ. 
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Ɋɢɫɭɧɨɤ 24. ɋɥɟɜɚ ɧɚɩɪɚɜɨ: ɢɧɞɟɧɬɨɪ Ȼɟɪɤɨɜɢɱɚ; ɮɨɬɨɝɪɚɮɢɹ ɧɚɧɟɫɟɧɧɨɣ ɫɟɬɤɢ ɭɤɨɥɨɜ (ɱɟɪɧɵɟ ɬɨɱɤɢ) ɜ 

ɫɜɟɬɨɜɨɦ ɦɢɤɪɨɫɤɨɩɟ; ɭɤɨɥ (ɨɛɨɡɧɚɱɟɧ ɠɟɥɬɵɦ) ɜ ɭɬɨɧɟɧɧɨɣ ɨɛɥɚɫɬɢ ɜ ɉЭɆ ɜ ɞɜɭɥɭɱɟɜɵɯ ɭɫɥɨɜɢɹɯ. 

ɇɚɤɨɧɟɰ, ɭɤɨɥɨɬɵɣ ɨɛɪɚɡɟɰ ɭɬɨɧɹɥɫɹ ɢɨɧɚɦɢ ɚɪɝɨɧɚ ɜ Gatan PIPS ɩɪɢ ɭɝɥɚɯ 

ɩɚɞɟɧɢɹ 6-8° ɢ ɭɫɤɨɪɹɸɳɟɦ ɧɚɩɪɹɠɟɧɢɢ 5-6 ɤȼ ɞɨ ɨɛɪɚɡɨɜɚɧɢɹ ɥɭɧɤɢ ɫ ɬɨɧɤɢɦɢ 

ɭɱɚɫɬɤɚɦɢ (ɪɢɫ.24 ɫɩɪɚɜɚ), ɩɪɨɡɪɚɱɧɵɦɢ ɞɥɹ ɷɥɟɤɬɪɨɧɨɜ. ɉɨɥɢɪɨɜɤɚ ɩɨɥɭɱɟɧɧɨɣ ɮɨɥɶɝɢ 

ɩɪɨɢɡɜɨɞɢɥɚɫɶ ɬɚɤɠɟ ɢɨɧɚɦɢ, ɧɨ ɫ ɩɨɫɬɟɩɟɧɧɵɦ ɭɦɟɧɶɲɟɧɢɟɦ ɭɫɤɨɪɹɸɳɟɝɨ ɧɚɩɪɹɠɟɧɢɹ 

ɨɬ 3 ɞɨ 0,5 ɤȼ ɩɪɢ ɭɝɥɟ ɜ 3°. 

ɇɚ ɦɢɤɪɨɫɤɨɩɟ Philips CM200 ɫ ɭɫɤɨɪɹɸɳɢɦ ɧɚɩɪɹɠɟɧɢɟɦ ɷɥɟɤɬɪɨɧɨɜ 200 ɤȼ ɛɵɥɚ 

ɨɛɧɚɪɭɠɟɧɚ ɢ ɢɡɭɱɟɧɚ ɜ ɦɚɤɪɨɦɚɫɲɬɚɛɟ ɜɜɟɞɟɧɧɚɹ ɞɢɫɥɨɤɚɰɢɨɧɧɚɹ ɫɟɬɤɚ. ɋɬɪɭɤɬɭɪɚ ɹɞɟɪ 

ɞɢɫɥɨɤɚɰɢɣ ɢɫɫɥɟɞɨɜɚɥɚɫɶ ɜ Zeiss Libra 200FE ɫ ɭɫɤɨɪɹɸɳɢɦ ɧɚɩɪɹɠɟɧɢɟɦ 200 ɤȼ ɜ 

ɤɥɚɫɫɢɱɟɫɤɨɣ ɉɗɆ ɢ ɫɤɚɧɢɪɭɸɳɟɦ ɪɟɠɢɦɟ (ɋɉɗɆ). ɂɫɫɥɟɞɨɜɚɧɢɹ ɜ 

ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢ ɋɗɆ ɛɵɥɢ ɩɪɨɜɟɞɟɧɵ ɧɚ Zeiss Supra 40 VP (ɋɗɆ) ɫ ɩɪɢɫɬɚɜɤɨɣ 

ɞɥɹ ɪɟɝɢɫɬɪɚɰɢɢ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɬɧɨɝɨ ɫɢɝɧɚɥɚ Gatan MonoCL3+. 
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Ƚɥɚɜɚ 3. Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɢ ɨɛɫɭɠɞɟɧɢɟ 

3.1 Ɇɨɞɟɥɶ ɢɡɥɭɱɚɬɟɥɶɧɵɯ ɩɟɪɟɯɨɞɨɜ ɧɚ ɪɚɫщɟɩɥɟɧɧɵɯ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɹɯ 

ɉɟɪɟɞ ɞɚɥɶɧɟɣɲɢɦ ɨɛɫɭɠɞɟɧɢɟɦ ɪɟɡɭɥɶɬɚɬɨɜ ɉɗɆ ɢ ɋɉɗɆ ɫɬɨɢɬɶ ɨɩɢɫɚɬɶ 

ɦɟɯɚɧɢɡɦ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜɜɟɞɟɧɧɵɯ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɣ ɜ 

ɪɚɛɨɬɚɯ ɧɚɲɟɣ ɝɪɭɩɩɵ [5-7,54]. 

Ɇɨɞɟɥɶ Albrecht et al [8] (ɝɥɚɜɚ 1.6), ɧɟ ɩɨɡɜɨɥɹɟɬ ɨɛɴɹɫɧɢɬɶ ɤɪɚɫɧɨɟ ɫɦɟɳɟɧɢɟ 

ɞɢɫɥɨɤɚɰɢɨɧɧɨɝɨ ɩɢɤɚ (DRL) ɧɚ ɪɢɫ. 12 ɢ 13 ɧɚ ɜɟɥɢɱɢɧɵ ɛɨɥɶɲɢɟ 0,2 ɷȼ (ɪɢɫ.26 ɫɥɟɜɚ).  

Ȼɵɥɨ ɩɪɟɞɥɨɠɟɧɨ, ɱɬɨ ɜɜɟɞɟɧɧɵɟ a-ɜɢɧɬɨɜɵɟ ɞɢɫɥɨɤɚɰɢɢ ɢɦɟɸɬ ɪɚɫɳɟɩɥɟɧɧɨɟ 

ɹɞɪɨ, ɬɨ ɟɫɬɶ, ɫɨɝɥɚɫɧɨ ɝɥɚɜɟ 1.4.2 ɢ 1.4.3, ɨɛɪɚɡɭɟɬɫɹ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ I2, ɹɜɥɹɸɳɢɣɫɹ 

ɤɜɚɧɬɨɜɨɣ ɹɦɨɣ ɤɭɛɢɱɟɫɤɨɣ ɮɚɡɵ ɫ ɦɟɧɶɲɟɣ ɲɢɪɢɧɨɣ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ (ɪɢɫ.10). Ɍɨɝɞɚ 

ɪɚɫɳɟɩɥɟɧɢɟ ɞɢɫɥɨɤɚɰɢɨɧɧɨɝɨ ɩɢɤɚ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɪɚɡɥɢɱɢɟɦ ɜ ɨɩɬɢɱɟɫɤɢɯ ɩɟɪɟɯɨɞɚɯ, 

ɫɜɹɡɚɧɧɵɯ ɫ ɚɡɨɬɧɵɦ ɹɞɪɨɦ ɭ ɨɞɧɨɣ ɱɚɫɬɢɱɧɨɣ ɞɢɫɥɨɤɚɰɢɢ ɢ ɝɚɥɥɢɟɜɵɦ – ɭ ɞɪɭɝɨɣ 

(ɫɨɝɥɚɫɧɨ ɝɥɚɜɟ 1.4.2; ɪɢɫ.26 ɫɩɪɚɜɚ). 

ɉɢɤɢ ɨɬ ɬɨɱɟɤ ɩɟɪɟɫɟɱɟɧɢɹ ɞɢɫɥɨɤɚɰɢɣ (IRL) ɢɦɟɸɬ ɞɪɭɝɨɟ ɩɨɥɨɠɟɧɢɟ ɧɚ ɫɩɟɤɬɪɟ, 

ɤɨɬɨɪɨɟ ɛɥɢɡɤɨ ɤ ɡɧɚɱɟɧɢɹɦ, ɩɨɥɭɱɟɧɧɵɦ ɞɥɹ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ I2 ɜ 

ɧɢɬɪɢɞɟ ɝɚɥɥɢɹ [2]. ɇɚ ɩɟɪɟɫɟɱɟɧɢɢ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɨɞɧɨɣ ɩɥɨɫɤɨɫɬɢ, ɤɚɤ 

ɨɩɢɫɚɧɨ ɜ ɝɥɚɜɟ 1.4.2, ɨɛɪɚɡɨɜɵɜɚɸɬɫɹ ɪɚɫɲɢɪɟɧɧɵɟ ɭɡɥɵ. Ɍɚɤ ɤɚɤ ɨɧɢ ɢɦɟɸɬ ɥɢɧɟɣɧɵɟ 

ɪɚɡɦɟɪɵ ɛɨɥɶɲɟ, ɱɟɦ ɲɢɪɢɧɚ ɪɚɫɳɟɩɥɟɧɢɹ ɞɢɫɥɨɤɚɰɢɣ, ɚ ɬɨɱɧɟɟ ɪɚɞɢɭɫɚ ɫɜɹɡɚɧɧɨɝɨ 

ɷɤɫɢɬɨɧɚ (~ 3 ɧɦ [54]), ɬɨ, ɤɚɤ ɛɵɥɨ ɩɪɟɞɥɨɠɟɧɨ, ɩɪɨɹɜɥɹɸɬ ɫɟɛɹ ɤɚɤ 2D ɫɬɪɭɤɬɭɪɚ (ɬɨ ɟɫɬɶ 

ɤɚɤ ɞɟɮɟɤɬ ɭɩɚɤɨɜɤɢ I2 ɦɚɤɪɨɪɚɡɦɟɪɨɜ) ɜ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ, ɜ ɨɬɥɢɱɢɢ ɨɬ 

ɞɢɫɥɨɤɚɰɢɣ, ɩɪɨɹɜɥɹɸɳɢɯ ɫɟɛɹ ɤɚɤ 1D ɫɬɪɭɤɬɭɪɚ. 

ɉɪɨɜɟɪɤɚ ɦɨɞɟɥɢ ɪɚɫɳɟɩɥɟɧɢɹ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ 

ɪɚɫɲɢɪɟɧɧɵɯ ɭɡɥɨɜ ɜ ɬɨɱɤɚɯ ɩɟɪɟɫɟɱɟɧɢɹ ɬɪɟɛɨɜɚɥɚ ɢɡɭɱɟɧɢɹ ɫɬɪɭɤɬɭɪɵ ɢɯ ɹɞɟɪ, ɤɨɬɨɪɨɟ 

ɪɟɚɥɢɡɭɟɬɫɹ ɦɟɬɨɞɚɦɢ ɉɗɆ. 

 
Ɋɢɫɭɧɨɤ 26. ɋɯɟɦɚ ɢɡɦɟɧɟɧɢɣ, ɜɧɨɫɢɦɵɯ ɜ ɫɬɪɭɤɬɭɪɭ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ: ɫɥɟɜɚ - a-ɜɢɧɬɨɜɨɣ ɞɢɫɥɨɤɚɰɢɟɣ ɫ 

ɩɨɥɧɵɦ ɹɞɪɨɦ; ɫɩɪɚɜɚ - ɪɚɫɳɟɩɥɟɧɧɨɣ ɜɢɧɬɨɜɨɣ a-ɞɢɫɥɨɤɚɰɢɟɣ ɫ ɭɱɟɬɨɦ ɷɮɮɟɤɬɨɜ, ɨɩɢɫɚɧɧɵɯ ɜ ɝɥɚɜɟ 1.4.3 

[54] 
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3.2 ɉɚɪɚɥɥɟɥɶɧɨɟ ɢɡɭɱɟɧɢɟ ɭɤɨɥɨɜ ɧɚɧɨɢɧɞɟɧɬɨɪɚ ɜ ɋɉЭɆ ɢ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ 

ɉɨɥɭɱɟɧɧɵɟ ɜ ɪɟɡɭɥɶɬɚɬɟ ɭɬɨɧɟɧɢɹ ɨɛɪɚɡɰɵ ɛɵɥɢ ɢɡɭɱɟɧɵ ɜ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ 

ɞɥɹ ɩɪɨɜɟɪɤɢ ɫɨɯɪɚɧɟɧɢɹ ɫɜɟɬɢɦɨɫɬɢ ɩɨɫɥɟ ɞɥɢɬɟɥɶɧɨɣ ɨɛɪɚɛɨɬɤɢ. Ʉɚɤ ɦɨɠɧɨ ɜɢɞɟɬɶ ɧɚ 

ɪɢɫɭɧɤɟ 25, ɧɚ ɦɢɤɪɨɝɪɚɦɦɚɯ, ɩɨɥɭɱɟɧɧɵɯ ɩɚɪɚɥɥɟɥɶɧɨ ɜ ɋɗɆ, ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢ 

ɋɉɗɆ, ɜɨɤɪɭɝ ɧɚɧɟɫɟɧɧɵɯ ɭɤɨɥɨɜ ɩɪɢɫɭɬɫɬɜɭɸɬ ɩɪɹɦɨɥɢɧɟɣɧɵɟ ɫɜɟɬɥɵɟ ɤɨɧɬɪɚɫɬɵ ɨɬ 

ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɫɟɬɨɤ. Ɍɨɧɤɚɹ ɨɛɥɚɫɬɶ ɧɟ ɞɚɟɬ ɞɨɫɬɚɬɨɱɧɨɝɨ ɫɢɝɧɚɥɚ ɜ 

ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɞɥɹ ɤɨɧɬɪɚɫɬɚ ɫ ɬɨɥɫɬɨɣ ɱɚɫɬɶɸ ɨɛɪɚɡɰɚ, ɧɨ ɦɨɠɧɨ ɪɚɡɝɥɹɞɟɬɶ 

ɜɵɯɨɞɹɳɢɟ ɢɡ ɧɟɟ ɫɜɟɬɥɵɟ ɥɢɧɢɢ. ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɜ ɬɨɧɤɨɣ ɨɛɥɚɫɬɢ ɜ ɋɉɗɆ ɜɢɞɧɨ 

ɪɚɫɳɟɩɥɟɧɢɟ ɞɢɫɥɨɤɚɰɢɣ ɢ ɨɛɪɚɡɨɜɚɧɢɟ ɬɪɟɭɝɨɥɶɧɵɯ ɪɚɫɲɢɪɟɧɧɵɯ ɭɡɥɨɜ (ɞɚɥɶɧɟɣɲɟɟ 

ɨɛɫɭɠɞɟɧɢɟ ɜ ɝɥɚɜɚɯ 3.3 – 3.4), ɱɬɨ ɩɨɞɬɜɟɪɠɞɚɟɬ ɩɪɟɞɥɨɠɟɧɧɭɸ ɦɨɞɟɥɶ 

ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜ ɝɥɚɜɟ 3.1. 

    

    
Ɋɢɫɭɧɨɤ 25. A – ɂɡɨɛɪɚɠɟɧɢɟ ɜ ɋЭɆ ɱɟɬɵɪɟɯ ɭɤɨɥɨɜ ɧɚɧɨɢɧɞɟɧɬɨɪɚ ɧɚ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɧɢɬɪɢɞɚ 

ɝɚɥɥɢɹ, ɠɟɥɬɵɦ ɤɪɭɝɨɦ ɜɵɞɟɥɟɧɚ ɢɫɫɥɟɞɨɜɚɧɧɚɹ ɬɨɧɤɚɹ ɨɛɥɚɫɬɶ ɜ ɋɉЭɆ; B – ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɹ 

ɭɤɨɥɨɜ ɜ ɩɚɧɯɪɨɦɚɬɢɱɟɫɤɨɦ ɪɟɠɢɦɟ ɫ ɮɢɥɶɬɪɨɦ 400 ɧɦ; C- ɬɨɧɤɚɹ ɨɛɥɚɫɬɶ ɜ ɋɉЭɆ BF ɜ ɦɚɤɪɨɦɚɫɲɬɚɛɟ; 

D – ɋɉЭɆ BF ɬɨɧɤɨɣ ɨɛɥɚɫɬɢ ɜɵɞɟɥɟɧɧɨɣ ɩɪɹɦɨɭɝɨɥɶɧɢɤɨɦ ɧɚ ɋ, ɠɟɥɬɵɦɢ ɤɪɭɝɚɦɢ ɩɨɤɚɡɚɧɵ 

ɬɪɟɭɝɨɥɶɧɵɟ ɪɚɫɲɢɪɟɧɧɵɟ ɭɡɥɵ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ. 

 

A B 
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3.3 Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɞɢɫɥɨɤɚɰɢɣ ɜ ɨɛɥɚɫɬɢ ɭɤɨɥɚ ɢ ɨɩɪɟɞɟɥɟɧɢɟ ɢɯ ɬɢɩɚ ɜ ɉЭɆ 

        

        
Ɋɢɫɭɧɨɤ 27. 1 – ɨɛɳɢɣ ɜɢɞ ɭɤɨɥɚ ɜ ɞɜɭɯɥɭɱɟɜɵɯ ɭɫɥɨɜɢɹɯ ɜ ɉЭɆ; 2 –ɭɱɚɫɬɨɤ Ⱥ ɫ ɚɦɨɪɮɧɨɣ ɨɛɥɚɫɬɶɸ ɜ ɭɝɥɟ 

ɤɨɧɬɭɪɚ ɨɬ ɭɤɨɥɚ; 3 – ɭɱɚɫɬɨɤ B ɫ ɨɬɦɟɱɟɧɧɨɣ ɝɪɚɧɢɰɟɣ ɚɦɨɪɮɧɨɣ ɨɛɥɚɫɬɢ ɱɟɪɧɵɦɢ ɫɬɪɟɥɤɚɦɢ; 4– BF 

ɢɡɨɛɪɚɠɟɧɢɟ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɫɟɬɤɢ ɫ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɨɣ ɨɪɢɟɧɬɢɪɨɜɤɨɣ, ɤɪɚɫɧɵɦ ɤɪɭɝɨɦ ɨɬɦɟɱɟɧɵ 
ɜɵɯɨɞɵ ɩɪɨɪɚɫɬɚɸɳɢɯ ɞɢɫɥɨɤɚɰɢɣ 

ɇɚ ɦɢɤɪɨɝɪɚɦɦɚɯ (ɪɢɫ.27), ɩɨɥɭɱɟɧɧɵɯ ɜ ɞɜɭɯɥɭɱɟɜɵɯ ɭɫɥɨɜɢɹɯ ɜ ɉɗɆ, ɜɢɞɧɚ 

ɨɛɥɚɫɬɶ ɜɨɤɪɭɝ ɭɤɨɥɚ ɢɧɞɟɧɬɨɪɚ, ɨɬ ɤɨɬɨɪɨɝɨ ɨɫɬɚɥɫɹ ɬɪɟɭɝɨɥɶɧɵɣ ɤɨɧɬɪɚɫɬ. ɇɚ ɤɪɭɩɧɨɦ 

ɩɥɚɧɟ (ɪɢɫ.27-1) ɡɚɦɟɬɧɵ ɩɟɪɢɨɞɢɱɟɫɤɢɟ ɬɟɦɧɵɟ ɲɢɪɨɤɢɟ ɥɢɧɢɢ ɩɚɪɚɛɨɥɢɱɟɫɤɨɣ ɢ 

ɷɥɥɢɩɫɨɜɢɞɧɨɣ ɮɨɪɦɵ (ɱɚɫɬɶ ɨɬɦɟɱɟɧɚ ɛɟɥɵɦɢ ɫɬɪɟɥɤɚɦɢ), ɢɞɭɳɢɟ ɨɬ ɝɪɚɧɢɰɵ ɨɛɪɚɡɰɚ - 

ɷɬɨ ɢɡɝɢɛɧɵɟ ɤɨɧɬɪɚɫɬɵ, ɫɜɹɡɚɧɧɵɟ ɫ ɭɩɪɭɝɢɦɢ ɞɟɮɨɪɦɚɰɢɢ ɢɡɭɱɚɟɦɨɣ ɩɥɟɧɤɢ. ɇɚ 

ɭɜɟɥɢɱɟɧɧɵɯ ɢɡɨɛɪɚɠɟɧɢɹɯ ɭɱɚɫɬɤɨɜ A ɢ B (ɪɢɫ.27-2 ɢ 27-3 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ) ɦɨɠɧɨ 

ɡɚɦɟɬɢɬɶ ɫɜɟɬɥɵɣ ɪɚɜɧɨɦɟɪɧɵɣ ɤɨɧɬɪɚɫɬ – ɚɦɨɪɮɧɚɹ ɨɛɥɚɫɬɶ ɜɛɥɢɡɢ ɭɤɨɥɚ, ɤɨɬɨɪɚɹ 

ɫɦɟɧɹɟɬɫɹ ɭɱɚɫɬɤɨɦ ɫ ɤɪɢɜɨɥɢɧɟɣɧɵɦɢ ɬɟɦɧɵɦɢ ɤɨɧɬɪɚɫɬɚɦɢ. ɋ ɝɪɚɧɢɰɵ ɷɬɨɝɨ ɭɱɚɫɬɤɚ 

(ɨɬɦɟɱɟɧɚ ɱɟɪɧɵɦɢ ɫɬɪɟɥɤɚɦɢ ɧɚ ɪɢɫ.27-3) ɢɞɭɬ ɪɟɝɭɥɹɪɧɵɟ ɩɪɹɦɵɟ ɥɢɧɢɢ –ɞɢɫɥɨɤɚɰɢɢ. 

1 2 
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Ɉɩɪɟɞɟɥɟɧɢɟ ɧɚɩɪɚɜɥɟɧɢɹ ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɥɢɧɢɣ ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɢɮɪɚɤɰɢɨɧɧɨɣ 

ɤɚɪɬɢɧɵ (ɬɨ ɟɫɬɶ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɯ ɧɚɩɪɚɜɥɟɧɢɣ) ɛɵɥɨ ɩɪɨɞɟɥɚɧɨ ɫ ɩɨɦɨɳɶɸ 

ɢɡɦɟɧɟɧɢɹ ɮɨɤɭɫɢɪɨɜɤɢ ɩɪɨɦɟɠɭɬɨɱɧɨɣ ɥɢɧɡɵ (ɪɢɫ.17) ɜ ɪɟɠɢɦɟ ɞɢɮɪɚɤɰɢɢ, ɬɚɤ ɱɬɨɛɵ 

ɢɡɨɛɪɚɠɟɧɢɟ ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɤɚɪɬɢɧɵ ɨɤɚɡɵɜɚɥɨɫɶ ɧɢɠɟ ɮɨɤɭɫɚ ɥɢɧɡɵ. ɉɪɢ ɩɪɚɜɢɥɶɧɨɣ 

ɧɚɫɬɪɨɣɤɟ ɦɨɠɧɨ ɭɜɢɞɟɬɶ ɜɦɟɫɬɨ ɬɨɱɟɤ-ɪɟɮɥɟɤɫɨɜ – ɞɢɫɤɢ ɫ ɢɡɨɛɪɚɠɟɧɢɟɦ ɨɛɪɚɡɰɚ, ɱɬɨ 

ɩɨɡɜɨɥɹɟɬ ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɨɱɧɨ ɨɩɪɟɞɟɥɢɬɶ ɨɪɢɟɧɬɢɪɨɜɤɭ ɫɬɪɭɤɬɭɪ ɜ ɧɟɦ [55]. ɇɚ ɪɢɫ.27-4 

ɩɨɤɚɡɚɧɚ ɩɨɥɭɱɟɧɧɚɹ ɨɪɢɟɧɬɢɪɨɜɤɚ: ɞɢɫɥɨɤɚɰɢɢ ɪɚɫɩɪɨɫɬɪɚɧɹɸɬɫɹ ɜɞɨɥɶ ۃͳ̅ʹͳ̅Ͳۄ, 
ɨɛɪɚɡɭɹ ɫɟɬɤɭ ɫ 3 ɫɟɪɢɹɦɢ. 

ɇɚ ɜɵɛɪɚɧɧɨɦ ɭɱɚɫɬɤɟ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɫɟɬɤɢ, ɢɫɩɨɥɶɡɭɹ ɤɪɢɬɟɪɢɣ g.b ɢ 

ɢɡɜɟɫɬɧɭɸ ɨɪɢɟɧɬɢɪɨɜɤɭ ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɥɢɧɢɣ, ɛɵɥ ɨɩɪɟɞɟɥɟɧ ɜɟɤɬɨɪ Ȼɸɪɝɟɪɫɚ 

ɞɢɫɥɨɤɚɰɢɣ. Ʉɚɤ ɦɨɠɧɨ ɜɢɞɟɬɶ ɧɚ ɪɢɫ.28, ɤɨɧɬɪɚɫɬ ɨɬ ɫɟɪɢɢ ɞɢɫɥɨɤɚɰɢɣ ɢɫɱɟɡɚɟɬ 

ɩɨɥɧɨɫɬɶɸ (ɡɚ ɢɫɤɥɸɱɟɧɢɟɦ ɢɫɤɪɢɜɥɟɧɢɣ ɜɛɥɢɡɢ ɞɪɭɝɢɯ ɫɟɪɢɣ), ɤɨɝɞɚ ɜɟɤɬɨɪ 

ɞɢɮɪɚɤɰɢɢ  ݃ ɩɟɪɩɟɧɞɢɤɭɥɹɪɟɧ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɢ, ɱɬɨ, ɫɨɝɥɚɫɧɨ ɝɥɚɜɟ 2.2.2, ɝɨɜɨɪɢɬ 

ɨ ɬɨɦ, ɱɬɨ ɩɪɹɦɨɥɢɧɟɣɧɵɟ ɭɱɚɫɬɤɢ – ɜɢɧɬɨɜɵɟ ɞɢɫɥɨɤɚɰɢɢ ɜ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ, 

ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɟɫɹ ɜ ɧɚɩɪɚɜɥɟɧɢɹɯ ۃͳ̅ʹͳ̅Ͳۄ, ɤɨɬɨɪɵɟ ɩɪɢɧɹɬɨ ɧɚɡɵɜɚɬɶ a-ɜɢɧɬɨɜɵɦɢ. 

 
Ɋɢɫɭɧɨɤ 28. A- ɦɢɤɪɨɝɪɚɦɦɚ ɭɱɚɫɬɤɚ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɫɟɬɤɢ ɜ DF c  ݃ = Ͳͳ̅ͳͲ; B - ɦɢɤɪɨɝɪɚɦɦɚ 

ɭɱɚɫɬɤɚ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɫɟɬɤɢ ɜ DF c  ݃ = ͳͳ̅ͲͲ. 

ɂɡɝɢɛɵ ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɥɢɧɢɣ (ɜɧɟ ɭɡɥɨɜ ɢ ɩɟɪɟɫɟɱɟɧɢɣ ɫ ɞɪɭɝɢɦɢ ɞɢɫɥɨɤɚɰɢɹɦɢ, 

ɝɞɟ ɜɨɡɦɨɠɧɨ ɫɤɨɥɶɠɟɧɢɟ 60° ɞɢɫɥɨɤɚɰɢɣ ɩɨ ɦɟɯɚɧɢɡɦɭ, ɨɩɢɫɚɧɧɨɦɭ ɜ [49,54]) ɜɟɪɨɹɬɧɨ 

ɫɜɹɡɚɧɵ ɫ ɩɪɢɦɟɫɹɦɢ, ɩɨɩɚɜɲɢɦɢ ɢɡ ɬɢɝɥɟɣ ɢ ɭɫɬɚɧɨɜɤɢ, ɜ ɤɨɬɨɪɵɯ ɩɪɨɢɡɜɨɞɢɥɫɹ ɪɨɫɬ 

ɩɥɟɧɤɢ, ɜ ɰɟɥɨɦ, ɧɚɛɥɸɞɚɸɬɫɹ ɩɪɨɬɹɠɟɧɧɵɟ ɩɪɹɦɨɥɢɧɟɣɧɵɟ ɭɱɚɫɬɤɢ (ɧɚɩɪɢɦɟɪ, ɧɚ ɪɢɫ 

27-3 ɢ 27-4). 
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Ʉɪɨɦɟ ɜɜɟɞɟɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɬɚɤɠɟ ɜɢɞɧɵ (ɜɵɞɟɥɟɧɵ ɤɪɚɫɧɵɦ ɤɪɭɝɨɦ ɧɚ ɪɢɫ.27-4) 

ɨɬɞɟɥɶɧɵɟ ɬɨɱɟɱɧɵɟ ɤɨɧɬɪɚɫɬɵ - ɜɵɯɨɞ ɩɪɨɪɚɫɬɚɸɳɢɯ ɞɢɫɥɨɤɚɰɢɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ. 

ɇɚ ɦɢɤɪɨɝɪɚɦɦɚɯ ɧɚ ɪɢɫ.29 ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ ɩɟɬɥɢ, ɢɡɨɛɪɚɠɟɧɧɵɯ ɧɚ ɫɯɟɦɟ ɧɚ 

ɪɢɫ.14, ɩɪɢɦɟɪɵ ɤɨɬɨɪɵɯ ɨɬɦɟɱɟɧɵ ɡɟɥёɧɵɦɢ ɤɪɭɝɚɦɢ, ɢ ɩɟɪɟɫɟɱɟɧɢɹ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ 

ɩɟɪɟɝɢɛɨɜ (ɩɪɢɦɟɪ ɨɬɦɟɱɟɧ ɤɪɚɫɧɵɦ ɤɪɭɝɨɦ), ɨɩɢɫɚɧɧɵɯ ɧɚ ɫɯɟɦɟ ɧɚ ɪɢɫ.11, ɚ ɬɚɤɠɟ 

ɨɛɪɚɡɨɜɚɧɢɟ ɪɚɫɲɢɪɟɧɧɵɯ ɭɡɥɨɜ (ɩɪɢɦɟɪɵ ɨɬɦɟɱɟɧɵ ɠɟɥɬɵɦɢ ɤɪɭɝɚɦɢ, ɬɪɨɣɧɨɣ ɭɡɟɥ 

ɨɬɦɟɱɟɧ ɧɚ ɜɫɬɚɜɤɟ 2), ɤɨɬɨɪɵɟ ɡɚɦɟɬɧɵ ɩɨ ɫɢɥɶɧɨɦɭ ɫɜɟɬɥɨɦɭ ɢɥɢ ɬɟɦɧɨɦɭ ɤɨɧɬɪɚɫɬɭ ɨɬ 

Ɋɢɫɭɧɨɤ 29. Ɇɢɤɪɨɝɪɚɦɦɵ, ɩɨɥɭɱɟɧɧɵɟ ɜ ɞɜɭɯɥɭɱɟɜɵɯ ɭɫɥɨɜɢɹɯ ɫ ɪɚɡɥɢɱɧɵɦɢ ɩɪɢɦɟɪɚɦɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ 

ɞɢɫɥɨɤɚɰɢɣ ɢ ɨɛɪɚɡɨɜɚɧɢɟ ɩɟɬɟɥɶ ɢ ɩɟɪɟɝɢɛɨɜ ɩɨ ɫɯɟɦɚɦ ɧɚ ɪɢɫɭɧɤɚɯ 11 ɢ 14 (ɩɨɹɫɧɟɧɢɟ ɜ ɬɟɤɫɬɟ) 
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ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ (ɝɥɚɜɚ 2.2.3). Ɍɚɤɠɟ ɛɟɥɵɦɢ ɤɪɭɝɚɦɢ ɜɵɞɟɥɟɧɵ ɤɨɧɬɪɚɫɬɵ ɨɬ 

ɨɬɞɟɥɶɧɵɯ ɞɟɮɟɤɬɨɜ ɭɩɚɤɨɜɤɢ.  

ȼ ɩɨɤɚɡɚɧɧɵɯ ɦɢɤɪɨɝɪɚɦɦɚɯ ɧɚ ɪɢɫɭɧɤɟ 29 ɧɚ ɜɫɬɚɜɤɚɯ 1 ɢ 2 ɡɚɦɟɬɧɨ ɪɚɫɳɟɩɥɟɧɢɟ 

ɞɢɫɥɨɤɚɰɢɣ ɧɚ ɱɚɫɬɢɱɧɵɟ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɭɡɥɨɜ. ɇɨ ɩɨɞɪɨɛɧɨɟ ɢɡɭɱɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɹɞɟɪ 

ɞɢɫɥɨɤɚɰɢɣ ɢ ɢɯ ɭɡɥɨɜ, ɜ ɫɢɥɭ ɨɬɧɨɫɢɬɟɥɶɧɨ ɛɨɥɶɲɨɣ ɬɨɥɳɢɧɵ ɢɡɭɱɚɟɦɨɣ ɩɥɟɧɤɢ ɢ 

ɢɡɝɢɛɧɵɯ ɤɨɧɬɪɚɫɬɨɜ, ɧɟ ɩɪɟɞɫɬɚɜɥɹɥɨɫɶ ɜɨɡɦɨɠɧɵɦ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɧɨɦ ɨɛɨɪɭɞɨɜɚɧɢɢ ɜ 

ɤɥɚɫɫɢɱɟɫɤɨɣ ɉɗɆ. 

3.4 Ɋɚɫщɟɩɥɟɧɢɟ ɞɢɫɥɨɤɚɰɢɣ ɢ ɞɢɫɥɨɤɚɰɢɨɧɧɵɟ ɭɡɥɵ ɜ ɋɉЭɆ 

   

    
Ɋɢɫɭɧɨɤ 30. A – ɪɚɫɳɟɩɥɟɧɢɟ ɫɜɟɠɟɜɜɟɞɟɧɧɵɯ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɧɚ ɱɚɫɬɢɱɧɵɟ ɜ ɋɉЭɆ BF; B – 

ɬɪɟɭɝɨɥɶɧɵɣ ɭɡɟɥ ɜ ɦɧɨɝɨɥɭɱɟɜɵɯ ɭɫɥɨɜɢɹɯ ɋɉЭɆ HAADF; ɋ – ɭɡɟɥ-ɛɚɛɨɱɤɚ ɜ ɋɉЭɆ BF; D - ɭɡɟɥ-ɛɚɛɨɱɤɚ ɜ 

ɉЭɆ BF 

ɋɤɚɧɢɪɭɸɳɢɣ ɪɟɠɢɦ ɛɵɥ ɢɫɩɨɥɶɡɨɜɚɧ ɞɥɹ ɬɨɧɤɨɝɨ ɢɡɭɱɟɧɢɹ ɹɞɟɪ ɞɢɫɥɨɤɚɰɢɣ. ɇɚ 

ɪɢɫ.30 ɯɨɪɨɲɨ ɜɢɞɧɨ ɪɚɫɳɟɩɥɟɧɢɟ ɧɚ ɱɚɫɬɢɱɧɵɟ ɜ ɬɪɟɯ ɩɚɪɚɥɥɟɥɶɧɨ ɢɞɭɳɢɯ ɞɢɫɥɨɤɚɰɢɹɯ 

ɫ ɲɢɪɢɧɨɣ ɞɢɫɫɨɰɢɚɰɢɢ ~5ɧɦ. Ʉɪɨɦɟ ɬɨɝɨ, ɛɵɥɢ ɨɛɧɚɪɭɠɟɧɵ ɞɜɚ ɬɢɩɚ ɪɚɫɲɢɪɟɧɧɵɯ (ɫ 

ɥɢɧɟɣɧɵɦ ɩɚɪɚɦɟɬɪɨɦ ~ 15 ɧɦ) ɭɡɥɨɜ – ɬɪɟɭɝɨɥɶɧɵɟ (ɪɢɫ.30 B) ɢ ɜ ɜɢɞɟ ɛɚɛɨɱɤɢ (ɪɢɫ.30 

C), ɤɨɬɨɪɵɟ ɨɬɥɢɱɚɸɬɫɹ ɫɜɨɟɣ ɫɬɪɭɤɬɭɪɨɣ ɨɬ ɤɥɚɫɫɢɱɟɫɤɢɯ P ɢ K, ɨɩɢɫɚɧɧɵɯ ɜ ɝɥɚɜɟ 1.4.4, 

ɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɵ ɩɨ ɜɫɟɣ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɫɟɬɤɟ (ɧɚɩɪɢɦɟɪ, ɢɯ ɦɧɨɠɟɫɬɜɨ ɧɚ ɪɢɫ.27 D ɢ 

ɧɚ ɧɢɠɧɟɣ ɦɢɤɪɨɝɪɚɦɦɟ ɧɚ ɪɢɫ.29). 

A B 

C D 
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Ɉɫɥɚɛɥɟɧɢɟ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɤɨɧɬɪɚɫɬɨɜ ɜ ɋɉɗɆ (ɨɩɢɫɚɧɧɨɟ ɜ ɝɥɚɜɟ 2.2.4) ɜ 

ɩɪɨɜɟɞɟɧɧɨɦ ɷɤɫɩɟɪɢɦɟɧɬɟ ɦɨɠɧɨ ɨɰɟɧɢɬɶ ɩɨ ɩɨɥɭɱɟɧɧɵɦ ɩɚɪɚɥɥɟɥɶɧɨ ɜ BF ɜ ɋɉɗɆ ɢ 

ɉɗɆ ɦɢɤɪɨɝɪɚɦɦɚɦ (ɪɢɫ.30 C ɢ D) ɭɡɥɚ-ɛɚɛɨɱɤɢ. ȼɢɞɧɨ, ɱɬɨ ɤɨɧɬɪɚɫɬɵ ɫɯɨɞɧɵɟ, 

ɡɚɦɟɬɧɵɟ ɢɡɦɟɧɟɧɢɹ ɜ ɫɬɪɭɤɬɭɪɟ ɭɡɥɚ ɧɟ ɧɚɛɥɸɞɚɸɬɫɹ. 

  
Ɋɢɫɭɧɨɤ 31. A – ɭɡɟɥ ɛɚɛɨɱɤɚ ɜ BF, ɭɤɚɡɚɧɵ ɧɚɩɪɚɜɥɟɧɢɹ ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɥɢɧɢɣ ɛɟɥɵɦɢ ɫɬɪɟɥɤɚɦɢ; B – ɭɡɟɥ 

ɛɚɛɨɱɤɚ ɜ ɩɪɹɦɨɦ ɩɭɱɤɟ, ɜɢɞɧɨ ɨɬɫɭɬɫɬɜɢɟ ɤɨɧɬɪɚɫɬɚ ɜ ɰɟɧɬɪɟ;  

ɇɚ ɪɢɫ. 31 A ɭɤɚɡɚɧɵ ɧɚɩɪɚɜɥɟɧɢɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɥɢɧɢɣ ɨɬ 

ɭɤɨɥɚ ɢɧɞɟɧɬɨɪɚ. ȼɢɞɧɨ, ɱɬɨ ɞɜɟ ɢɡ ɱɟɬɵɪɟɯ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ, ɨɛɪɚɡɭɸɳɢɯ ɭɡɟɥ, 

ɢɡɝɢɛɚɸɬɫɹ, ɢɡɦɟɧɹɹ ɧɚɩɪɚɜɥɟɧɢɟ ɫɤɨɥɶɠɟɧɢɹ. Ⱦɪɭɝɢɟ ɞɜɟ ɞɢɫɥɨɤɚɰɢɢ ɡɚɦɵɤɚɸɬɫɹ ɜ 

ɰɟɧɬɪɚɥɶɧɨɣ ɱɚɫɬɢ ɭɡɥɚ. ɇɚ ɪɢɫ.31 B, ɝɞɟ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɢɡɨɛɪɚɠɟɧɢɹ ɢɫɩɨɥɶɡɭɟɬɫɹ 

ɩɪɹɦɨɣ ɩɭɱɨɤ, ɤɨɧɬɪɚɫɬ ɜ ɰɟɧɬɪɚɥɶɧɨɣ ɱɚɫɬɢ ɭɡɥɚ ɨɬ ɞɢɫɥɨɤɚɰɢɣ ɨɬɫɭɬɫɬɜɭɟɬ. Ⱦɥɹ ɬɨɱɧɨɝɨ 

ɨɩɪɟɞɟɥɟɧɢɹ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɭɡɥɟ-ɛɚɛɨɱɤɟ ɛɵɥɢ ɩɨɥɭɱɟɧɵ 

ɦɢɤɪɨɝɪɚɦɦɵ ɜ ɪɚɡɥɢɱɧɵɯ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɭɫɥɨɜɢɹɯ ɫ ɨɩɪɟɞɟɥɟɧɢɟɦ   ݃, ɩɨɤɚɡɚɧɧɵɟ ɧɚ 

ɪɢɫ. 32. Ⱦɥɹ ɞɚɥɶɧɟɣɲɟɣ ɨɰɟɧɤɢ ɩɨɥɭɱɟɧɧɨɝɨ ɤɨɧɬɪɚɫɬɚ ɛɵɥ ɜɵɩɨɥɧɟɧ ɪɚɫɱɟɬ ɩɨɪɹɞɤɚ 

ɢɡɨɛɪɚɠɟɧɢɹ n = g.b (ɝɥɚɜɚ 2.2.2) ɜ ɚɛɫɨɥɸɬɧɵɯ ɡɧɚɱɟɧɢɹɯ. ȼɟɤɬɨɪɵ Ȼɸɪɝɟɪɫɚ ɛɵɥɢ ɜɡɹɬɵ 

ɧɚ ɨɫɧɨɜɚɧɢɢ ɢɡɜɟɫɬɧɨɣ ɪɟɚɤɰɢɢ ɪɚɫɳɟɩɥɟɧɢɹ a-ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ: ͳ͵ [ͳ̅ʹͳ̅Ͳ] = ͳ͵ [ͳ̅ͳͲͲ] + ͳ͵ [Ͳͳͳ̅Ͳ] 
Ɇɨɞɭɥɢ ɜɟɤɬɨɪɨɜ ɬɪɚɧɫɥɹɰɢɢ ɫɟɪɢɢ [ͳͳ̅ͲͲ] ɛɵɥɢ ɩɪɢɪɚɜɧɟɧɵ ɤ 1, ɬɨɝɞɚ ɢɡ 

ɝɟɤɫɚɝɨɧɚɥɶɧɨɣ ɫɢɦɦɟɬɪɢɢ ɩɨɥɭɱɚɟɦ, ɱɬɨ ɜɟɤɬɨɪɵ ɬɪɚɧɫɥɹɰɢɢ [ͳͳʹ̅Ͳ] ɩɨ ɦɨɞɭɥɸ ɪɚɜɧɵ √͵. Ɂɚɬɟɦ ɩɨɥɭɱɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɛɵɥɢ ɩɟɪɟɫɱɢɬɚɧɵ ɜ ɰɟɥɵɟ ɱɢɫɥɚ. Ⱦɥɹ ɱɚɫɬɢɱɧɵɯ 

ɞɢɫɥɨɤɚɰɢɣ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɜɨɞɵ: ɧɚɢɛɨɥɟɟ ɫɢɥɶɧɵɣ ɨɞɢɧɨɱɧɵɣ ɤɨɧɬɪɚɫɬ 

(ɤɨɝɞɚ |n|=1) ɩɨ ɪɚɫɱɟɬɚɦ ɩɨɥɭɱɚɟɬɫɹ ɞɥɹ ɭɝɥɨɜ 60° ɦɟɠɞɭ ܾ⃗  ɢ  ݃; ɞɥɹ |n| = 2, 3 ɛɭɞɟɬ 

ɧɚɛɥɸɞɚɬɶɫɹ ɨɞɢɧɨɱɧɵɣ ɫɥɚɛɵɣ ɤɨɧɬɪɚɫɬ, ɬɚɤ ɤɚɤ ɜɬɨɪɨɣ ɢ ɬɪɟɬɢɣ ɩɢɤɢ ɛɭɞɭɬ ɨɫɥɚɛɥɟɧɵ 

ɜ ɫɢɥɭ ݏ ≠ Ͳ, ɢ ɨɧɢ ɫɝɥɚɞɹɬɫɹ ɛɨɥɟɟ ɫɢɥɶɧɵɦ ɤɨɧɬɪɚɫɬɨɦ ɨɬ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ I2; ɩɪɢ n = 0 

(ɤɨɝɞɚ   ݃ = [ͳ̅ʹͳ̅Ͳ])ɤɨɧɬɪɚɫɬ ɛɭɞɟɬ ɨɫɬɚɬɨɱɧɵɦ, ɬɚɤ ɤɚɤ ɱɚɫɬɢɱɧɵɟ ɞɢɫɥɨɤɚɰɢɢ - 

ɫɦɟɲɚɧɧɨɝɨ ɬɢɩɚ ɢ ɧɟ ɢɫɱɟɡɚɸɬ ɩɪɢ g.b = 0 (ɝɥɚɜɚ 2.2.2). 

A B 
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Ɋɢɫɭɧɨɤ 32. Уɡɟɥ-ɛɚɛɨɱɤɚ ɜ ɪɚɡɥɢɱɧɵɯ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɭɫɥɨɜɢɹɯ DF (ɭɤɚɡɚɧɵ ɤɪɚɫɧɨɣ ɫɬɪɟɥɤɨɣ): A –  ݃ = ሺͳ̅ͲͳͲሻ; B -  ݃ = ሺͳ̅ͳͲͲሻ, ɡɟɥɟɧɨɣ ɩɭɧɤɬɢɪɧɨɣ ɥɢɧɢɟɣ ɭɤɚɡɚɧɵ ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɱɟɫɤɢɟ ɧɚɩɪɚɜɥɟɧɢɹ; C -  ݃ = ሺͲͳ̅ͳͲሻ; D -  ݃ = ሺͳ̅ͳ̅ʹͲሻ; E -  ݃ = ሺʹ̅ͳͳͲሻ; F -  ݃ = ሺͳ̅ʹͳ̅Ͳሻ 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɪɚɫɱɟɬɨɜ ɢ ɩɨɥɭɱɟɧɧɵɯ ɤɨɧɬɪɚɫɬɨɜ ɛɵɥɚ ɩɪɟɞɥɨɠɟɧɚ ɫɯɟɦɚ ɭɡɥɚ ɢ 

ɜɨɡɦɨɠɧɵɣ ɜɚɪɢɚɧɬ ɟɝɨ ɨɛɪɚɡɨɜɚɧɢɹ, ɢɡɨɛɪɚɠɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 33. ȼɢɧɬɨɜɵɟ ɞɢɫɥɨɤɚɰɢɢ 

ɪɚɫɩɪɨɫɬɪɚɧɹɸɬɫɹ ɡɚ ɩɟɬɥɹɦɢ ɤɪɚɟɜɵɯ ɨɬ ɭɤɨɥɚ ɢɧɞɟɧɬɨɪɚ, ɩɨ ɦɨɞɟɥɢ ɨɩɢɫɚɧɧɨɣ ɜ ɝɥɚɜɟ 

1.6 (ɪɢɫ.14 ɫɧɢɡɭ), ɩɪɢɱɟɦ ɧɚɩɪɚɜɥɟɧɢɟ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ ɭ ɞɜɭɯ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ, 

ɫɨɩɪɨɜɨɠɞɚɸɳɢɯ ɤɪɚɟɜɭɸ ɩɪɨɬɢɜɨɩɨɥɨɠɧɨ. ɇɚ ɩɟɪɟɫɟɱɟɧɢɹɯ (ɨɬɦɟɱɟɧɵ ɠɟɥɬɵɦ ɤɪɭɝɨɦ 

ɧɚ ɪɢɫ.33 ɫɩɪɚɜɚ) ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ, ɨɬɧɨɫɹɳɢɯɫɹ ɤ 

ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɸ ɪɚɡɧɵɯ ɩɟɬɟɥɶ, ɩɪɢ ɷɬɨɦ ɜɟɤɬɨɪ Ȼɸɪɝɟɪɫɚ ɨɞɧɨɣ ɞɢɫɥɨɤɚɰɢɢ ɧɚɩɪɚɜɥɟɧ 

ɜ ɫɬɨɪɨɧɭ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɟɬɥɢ, ɚ ɜɬɨɪɨɣ ɞɢɫɥɨɤɚɰɢɢ - ɩɪɨɬɢɜ, ɜɨɡɦɨɠɧɨ, ɨɛɪɚɡɭɸɬɫɹ 

ɭɡɥɵ-ɛɚɛɨɱɤɢ ɩɨɫɥɟ ɪɚɫɳɟɩɥɟɧɢɹ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ ɧɚ ɱɚɫɬɢɱɧɵɟ, ɩɪɢɜɨɞɹɳɟɝɨ ɤ 

ɪɚɫɲɢɪɟɧɢɸ ɭɡɥɨɜ ɜ ɬɨɱɤɚɯ ɩɟɪɟɫɟɱɟɧɢɹ. 

    
Ɋɢɫɭɧɨɤ 33. ɋɥɟɜɚ – ɩɪɟɞɥɨɠɟɧɧɚɹ ɫɯɟɦɚ ɢɡɭɱɟɧɧɨɝɨ ɭɡɥɚ – ɛɚɛɨɱɤɢ, ɱɟɪɧɵɟ ɫɬɪɟɥɤɢ – ɜɟɤɬɨɪɵ Ȼɸɪɝɟɪɫɚ 

ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ; ɫɩɪɚɜɚ – ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɞɜɭɯ ɩɟɬɟɥɶ ɜ ɛɚɡɢɫɧɨɣ ɩɥɨɫɤɨɫɬɢ, ɠɟɥɬɵɦ ɨɬɦɟɱɟɧɵ ɦɟɫɬɚ 

ɩɟɪɟɫɟɱɟɧɢɹ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ, ɜ ɤɨɬɨɪɵɯ ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ ɨɛɪɚɡɨɜɚɧɢɟ ɭɡɥɚ-ɛɚɛɨɱɤɢ. Ʉɪɚɫɧɵɟ ɫɬɪɟɥɤɢ – 

ɜɟɤɬɨɪɵ Ȼɸɪɝɟɪɫɚ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ 
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ɍɡɥɵ ɧɚ ɪɢɫɭɧɤɚɯ 30 B ɢ 34 (ɢ ɧɚ ɜɫɬɚɜɤɟ 2 ɧɚ ɪɢɫ.29) ɹɜɥɹɸɬɫɹ ɬɪɟɭɝɨɥɶɧɵɦɢ, ɤɚɤ 

P ɢ K, ɨɩɢɫɚɧɧɵɟ ɜ ɝɥɚɜɟ 1.4.4, ɧɨ ɨɛɪɚɡɭɸɬɫɹ ɨɧɢ ɧɟ ɧɚ ɩɪɟɫɟɱɟɧɢɢ ɫɟɪɢɣ ɞɢɫɥɨɤɚɰɢɣ, ɚ 

ɢɡ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɨɞɧɨɣ ɪɚɫɳɟɩɥɟɧɧɨɣ. ɉɟɪɟɫɟɱɟɧɢɟ ɫ ɞɪɭɝɨɣ ɫɟɪɢɟɣ (ɪɢɫ.34 D) 

ɧɚɯɨɞɢɬɫɹ ɩɪɚɜɟɟ ɨɬɧɨɫɢɬɟɥɶɧɨ ɢɡɨɛɪɚɠɟɧɢɹ ɭɡɥɚ ɢ ɜ ɧɟɦ ɜɢɞɧɵ ɤɨɧɬɪɚɫɬɵ ɬɨɥɶɤɨ ɨɬ 

ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɩɟɬɟɥɶ. ɋɯɟɦɚ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ ɞɥɹ ɭɡɥɚ (ɪɢɫ.34 ɜɧɢɡɭ) ɛɵɥɚ 

ɩɪɟɞɥɨɠɟɧɚ ɢɫɯɨɞɹ ɢɡ ɢɡɜɟɫɬɧɨɣ ɨɪɢɟɧɬɢɪɨɜɤɢ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɢ (ɪɢɫ.34 D, ɛɟɥɚɹ 

ɫɬɪɟɥɤɚ), ɪɟɚɤɰɢɢ ɪɚɫɳɟɩɥɟɧɢɹ (ɝɥɚɜɚ 1.4.2) ɢ ɢɡ ɜɡɚɢɦɧɨɝɨ ɩɨɝɚɫɚɧɢɹ ɞɢɫɥɨɤɚɰɢɣ (ɪɢɫ.34 

A-ɋ), ɧɨ ɬɨɱɧɨ ɞɢɮɪɚɤɰɢɨɧɧɵɟ ɭɫɥɨɜɢɹ ɧɟ ɨɩɪɟɞɟɥɹɥɢɫɶ.  

   

   

 
Ɋɢɫɭɧɨɤ 34. A, B, C – ɬɪɨɣɧɨɣ ɭɡɟɥ ɜ ɪɚɡɥɢɱɧɵɯ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɭɫɥɨɜɢɹɯ ɜ BF, ɧɚ A ɱɟɪɧɵɦɢ ɫɬɪɟɥɤɚɦɢ 

ɨɛɨɡɧɚɱɟɧɵ ɜɵɯɨɞ ɩɪɨɧɢɡɵɜɚɸɳɟɣ ɪɨɫɬɨɜɨɣ ɞɢɫɥɨɤɚɰɢɢ ɢ, ɩɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ, P ɭɡɟɥ ; D – ɨɛɳɢɣ ɜɢɞ ɜ HAADF, 

ɱɟɪɧɨɣ ɫɬɪɟɥɤɨɣ ɭɤɚɡɚɧ ɜɵɯɨɞ ɩɪɨɧɢɡɵɜɚɸɳɟɣ ɪɨɫɬɨɜɨɣ ɞɢɫɥɨɤɚɰɢɢ, ɠɟɥɬɵɦ ɤɪɭɝɨɦ ɩɨɥɨɠɟɧɢɟ ɬɪɨɣɧɨɝɨ ɭɡɥɚ, 

ɛɟɥɨɣ ɫɬɪɟɥɤɨɣ – ɧɚɩɪɚɜɥɟɧɢɟ ɩɨɥɧɨɣ ɞɢɫɥɨɤɚɰɢɢ; ɜɧɢɡɭ – ɫɯɟɦɚ ɬɪɨɣɧɨɝɨ ɭɡɥɚ, 1- ɜɵɯɨɞ ɩɪɨɪɚɫɬɚɸɳɟɣ 

ɞɢɫɥɨɤɚɰɢɢ, 2 – ɜɨɡɦɨɠɧɵɣ ɫɠɚɬɵɣ P ɭɡɟɥ, ɱɟɪɧɵɟ ɫɬɪɟɥɤɢ – ɜɟɤɬɨɪɵ Ȼɸɪɝɟɪɫɚ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ 
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ȼɟɪɯɧɹɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɪɢɫɭɧɤɚ ɜɟɬɤɚ ɭɡɥɚ ɡɚɤɚɧɱɢɜɚɟɬɫɹ ɧɚ ɩɪɨɪɚɫɬɚɸɳɟɣ 

ɞɢɫɥɨɤɚɰɢɢ (ɨɬɦɟɱɟɧɚ ɱɟɪɧɨɣ ɫɬɪɟɥɤɨɣ ɢ ɰɢɮɪɨɣ 1 ɧɚ ɫɯɟɦɟ, ɪɢɫ.34). ȼɨɡɦɨɠɧɨ, ɬɚɤɢɟ 

ɭɡɥɵ ɜɨɡɧɢɤɚɸɬ, ɤɨɝɞɚ ɩɪɨɢɫɯɨɞɢɬ ɩɟɪɟɝɢɛ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɥɢɧɢɢ ɜɛɥɢɡɢ ɪɨɫɬɨɜɨɣ 

ɞɢɫɥɨɤɚɰɢɢ, ɨɪɢɟɧɬɢɪɨɜɚɧɧɨɣ ɜɞɨɥɶ (0001), ɢɥɢ ɩɚɪɚɥɥɟɥɶɧɨɣ ɪɚɫɳɟɩɥɟɧɧɨɣ a-ɜɢɧɬɨɜɨɣ 

(ɤɚɤ ɧɚ ɪɢɫ.29 ɧɚ ɜɫɬɚɜɤɟ 2) ɢ ɨɧ ɜɵɬɹɝɢɜɚɟɬɫɹ ɞɨ ɧɨɜɨɣ ɞɢɫɥɨɤɚɰɢɢ. Ⱥ ɞɥɹ ɤɨɦɩɟɧɫɚɰɢɢ 

ɢɡɦɟɧɟɧɢɹ ɩɨɥɹɪɧɨɫɬɢ (ɚɬɨɦɚ ɜ ɹɞɪɟ) ɞɢɫɥɨɤɚɰɢɢ ɜɟɤɬɨɪɨɜ Ȼɸɪɝɟɪɫɚ, ɨɛɪɚɡɭɟɬɫɹ 

ɞɨɩɨɥɧɢɬɟɥɶɧɵɣ ɫɠɚɬɵɣ ɭɡɟɥ ɧɚ ɩɟɪɟɫɟɱɟɧɢɢ ɞɜɭɯ ɱɚɫɬɢɱɧɵɯ ɨɞɧɨɣ ɜɢɧɬɨɜɨɣ 

ɞɢɫɥɨɤɚɰɢɢ, ɜɨɡɦɨɠɧɨ P-ɬɢɩɚ, ɤɨɬɨɪɵɣ ɨɬɦɟɱɟɧ ɱɟɪɧɨɣ ɫɬɪɟɥɤɨɣ ɢ ɰɢɮɪɨɣ 2 ɧɚ ɫɯɟɦɟ ɧɚ 

ɪɢɫ.34.  
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Ɂɚɤɥɸɱɟɧɢɟ 

ɇɢɬɪɢɞ ɝɚɥɥɢɹ - ɩɟɪɫɩɟɤɬɢɜɧɵɣ ɦɚɬɟɪɢɚɥ ɞɥɹ ɪɚɡɪɚɛɨɬɤɢ ɧɨɜɨɝɨ ɩɨɤɨɥɟɧɢɹ 

ɫɜɟɬɨɞɢɨɞɨɜ ɢ ɞɪɭɝɢɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɭɫɬɪɨɣɫɬɜ. Ʉɚɱɟɫɬɜɨ ɢ ɜɪɟɦɹ ɪɚɛɨɬɵ 

ɤɪɢɫɬɚɥɥɨɜ, ɩɨɥɭɱɚɟɦɵɯ ɤɨɦɦɟɪɱɟɫɤɢ ɜɵɝɨɞɧɵɦ ɩɭɬɟɦ, ɫɬɪɚɞɚɟɬ ɨɬ ɛɨɥɶɲɨɣ ɩɥɨɬɧɨɫɬɢ 

ɞɟɮɟɤɬɨɜ, ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɞɢɫɥɨɤɚɰɢɣ. ɇɨ ɜ ɩɨɫɥɟɞɧɢɯ ɪɚɛɨɬɚɯ ɩɨ 

ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ ɛɵɥɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɫɜɟɠɟɜɜɟɞɟɧɧɵɟ a-ɜɢɧɬɨɜɵɟ 

ɞɢɫɥɨɤɚɰɢɢ ɹɜɥɹɸɬɫɹ ɷɮɮɟɤɬɢɜɧɵɦɢ ɢɫɬɨɱɧɢɤɚɦɢ ɍɎ-ɢɡɥɭɱɟɧɢɹ. Ɉɛɴɹɫɧɟɧɢɟ ɩɪɢɪɨɞɵ 

ɧɚɛɥɸɞɚɟɦɨɝɨ ɹɜɥɟɧɢɹ ɬɪɟɛɨɜɚɥɨ ɢɡɭɱɟɧɢɹ ɹɞɟɪ ɞɢɫɥɨɤɚɰɢɣ ɦɟɬɨɞɚɦɢ ɉɗɆ. 

Ȼɵɥɚ ɪɚɡɪɚɛɨɬɚɧɚ ɦɟɬɨɞɢɤɚ ɢɡɝɨɬɨɜɥɟɧɢɹ ɨɛɪɚɡɰɨɜ ɞɥɹ ɉɗɆ ɢɫɫɥɟɞɨɜɚɧɢɹ ɢ 

ɢɡɭɱɟɧɢɹ ɦɟɬɨɞɨɦ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɫɜɨɣɫɬɜ ɞɢɫɥɨɤɚɰɢɣ, ɜɜɟɞɟɧɧɵɯ ɜ ɛɚɡɢɫɧɭɸ 

ɩɥɨɫɤɨɫɬɶ ɧɚɧɨɢɧɞɟɧɬɢɪɨɜɚɧɢɟɦ. 

ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɨɥɭɱɟɧɧɵɟ ɬɚɤɢɦ ɦɟɬɨɞɨɦ ɨɛɪɚɡɰɵ ɞɚɸɬ ɯɨɪɨɲɭɸ ɜɨɡɦɨɠɧɨɫɬɶ 

ɨɰɟɧɢɬɶ ɜɟɥɢɱɢɧɭ ɷɧɟɪɝɢɢ ɞɟɮɟɤɬɚ ɭɩɚɤɨɜɤɢ I2 ɪɚɡɥɢɱɧɵɦɢ ɦɟɬɨɞɚɦɢ ɪɚɫɱɟɬɚ [39]. 

Ɉɛɧɚɪɭɠɟɧɨ ɜɩɟɪɜɵɟ ɪɚɫɳɟɩɥɟɧɢɟ ɜɜɟɞɟɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɧɚ ɱɚɫɬɢɱɧɵɟ c ɲɢɪɢɧɨɣ 

ɪɚɫɳɟɩɥɟɧɢɹ ~5 ɧɦ ɢ ɨɛɪɚɡɨɜɚɧɢɟ ɢɦɢ ɪɚɫɲɢɪɟɧɧɵɯ ɭɡɥɨɜ ɫ ɡɚɤɥɸɱɟɧɧɵɦ ɦɟɠɞɭ ɧɢɦɢ 

ɞɟɮɟɤɬɨɦ ɭɩɚɤɨɜɤɢ I2. 

Ɉɬɤɪɵɬɵ ɞɜɚ ɧɨɜɵɯ ɜɢɞɚ ɪɚɫɲɢɪɟɧɧɵɯ ɭɡɥɨɜ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ: ɭɡɟɥ-ɛɚɛɨɱɤɚ 

ɢ ɬɪɟɭɝɨɥɶɧɵɣ ɭɡɟɥ, ɨɛɪɚɡɭɸɳɢɣɫɹ ɢɡ ɱɚɫɬɢɱɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɨɞɧɨɣ ɪɚɫɳɟɩɥɟɧɧɨɣ. Ɍɚɤɠɟ 

ɩɪɟɞɥɨɠɟɧɵ ɢɯ ɩɪɢɧɰɢɩɢɚɥɶɧɵɟ ɫɯɟɦɵ. 

ɉɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɚ ɤɨɪɪɟɥɹɰɢɹ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢ ɉɗɆ ɢɡɨɛɪɚɠɟɧɢɣ 

ɞɢɫɥɨɤɚɰɢɨɧɧɵɯ ɫɟɬɨɤ, ɨɛɪɚɡɭɸɳɢɯɫɹ ɜ ɪɟɡɭɥɶɬɚɬɟ ɧɚɧɨɢɧɞɟɧɬɢɪɨɜɚɧɢɹ. 

ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɫɬɪɭɤɬɭɪɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɞɬɜɟɪɠɞɚɸɬ ɦɨɞɟɥɶ 

ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɪɚɫɳɟɩɥɟɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɢ ɢɯ ɭɡɥɨɜ, ɩɪɟɞɥɨɠɟɧɧɨɣ ɜ [5-7,54] ɢ 

ɨɩɢɫɚɧɧɭɸ ɜ ɝɥɚɜɟ 3.1. 

Ⱦɨ ɤɨɧɰɚ ɨɫɬɚɥɚɫɶ ɧɟ ɢɡɭɱɟɧɚ ɫɬɪɭɤɬɭɪɚ ɬɪɟɭɝɨɥɶɧɨɝɨ ɭɡɥɚ, ɚ ɩɪɟɞɥɨɠɟɧɧɵɟ 

ɜɚɪɢɚɧɬɵ ɨɛɪɚɡɨɜɚɧɢɹ ɭɡɥɨɜ ɬɪɟɛɭɸɬ ɩɨɞɬɜɟɪɠɞɟɧɢɹ. Ɍɚɤɠɟ ɧɟɨɛɯɨɞɢɦɨ ɩɪɨɜɟɫɬɢ 

ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɨɛɪɚɡɰɨɜ ɦɟɬɨɞɨɦ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜ ɉɗɆ (TEM CL) ɞɥɹ 

ɬɨɱɧɨɣ ɩɪɢɜɹɡɤɢ ɧɚɛɥɸɞɚɟɦɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɤ ɫɬɪɭɤɬɭɪɚɦ ɜ ɞɢɫɥɨɤɚɰɢɨɧɧɨɣ ɫɟɬɤɟ ɢ 

ɢɡɭɱɟɧɢɟ ɜɜɟɞɟɧɧɵɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɨɛɪɚɡɰɚɯ ɧɢɬɪɢɞɚ ɝɚɥɥɢɹ ɪɚɡɥɢɱɧɨɝɨ ɭɪɨɜɧɹ 

ɥɟɝɢɪɨɜɚɧɢɹ ɞɥɹ ɭɫɬɚɧɨɜɥɟɧɢɹ ɜɥɢɹɧɢɹ ɩɪɢɦɟɫɟɣ ɧɚ ɹɜɥɟɧɢɟ ɪɚɫɳɟɩɥɟɧɢɹ a-ɜɢɧɬɨɜɵɯ 

ɞɢɫɥɨɤɚɰɢɣ ɢ  ɢɯ ɥɸɦɢɧɟɫɰɟɧɰɢɸ, ɢɡ-ɡɚ ɤɨɧɮɥɢɤɬɚ ɪɟɡɭɥɶɬɚɬɨɜ ɫ [8] ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ. 

Ɋɚɛɨɬɚ ɛɵɥɚ ɩɨɞɞɟɪɠɚɧɚ ɝɪɚɧɬɨɦ ɋɉɛȽɍ 11.65.40.2017, DFG 323634749 ɢ ɝɪɚɧɬɨɦ 

G-RISC P-2017b-20. 
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Ȼɥɚɝɨɞɚɪɧɨɫɬɢ 

Ⱥɜɬɨɪ ɜɵɪɚɠɚɟɬ ɛɥɚɝɨɞɚɪɧɨɫɬɶ ɡɚ ɩɨɦɨɳɶ ɜ ɩɨɞɝɨɬɨɜɤɟ ɨɛɪɚɡɰɨɜ, ɡɚ ɩɪɨɜɟɞɟɧɢɟ 

ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɢ ɡɚ ɤɨɧɫɭɥɶɬɚɰɢɢ ɜɨ ɜɪɟɦɹ ɧɚɩɢɫɚɧɢɹ ɪɚɛɨɬɵ ɫɨɬɪɭɞɧɢɤɚɦ ɆɊɐ 

«ɇɚɧɨɬɟɯɧɨɥɨɝɢɢ» ɋɉɛȽɍ: ȼɵɜɟɧɤɨ Ɉ.Ɏ., Ɇɟɞɜɟɞɟɜɭ Ɉ.ɋ., ɍɛɵɣɜɨɜɤɭ ȿ.ȼ., Ⱦɚɧɢɥɨɜɭ 

Ⱦ.ȼ., ɉɟɬɪɨɜɭ ɘ.ȼ. - ɢ ɫɨɬɪɭɞɧɢɤɚɦ Georg-August-Universität Göttingen IV Physical 

Institute: M. Seibt, P. Saring, P.Peretzki, D. Tönnies. Ɍɚɤɠɟ ɚɜɬɨɪ ɛɥɚɝɨɞɚɪɟɧ ɡɚ ɩɨɦɨɳɶ ɜ 

ɪɟɲɟɧɢɢ ɩɪɨɛɥɟɦɵ ɫ ɦɟɯɚɧɢɱɟɫɤɢɦ ɭɬɨɧɟɧɢɟɦ ɨɛɪɚɡɰɨɜ ɫɨɬɪɭɞɧɢɤɚɦ ɤɚɮɟɞɪɵ 

ɤɪɢɫɬɚɥɥɨɝɪɚɮɢɢ ɋɉɛȽɍ ȿɤɚɬɟɪɢɧɟ ɋɢɣɞɪɚ ɢ ɋɢɣɞɪɚ Ɉ.ɂ. ɢ ɡɚ ɩɪɨɜɟɞɟɧɢɟ ɫɚɦɨɝɨ 

ɩɪɨɰɟɫɫɚ ɭɬɨɧɟɧɢɹ ɫɨɬɪɭɞɧɢɤɭ «Ƚɟɨɦɨɞɟɥɢ» ɋɉɛȽɍ Ʉɚɲɤɟɜɢɱ Ɇ.ɉ. 
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