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�®ª «ì­ë¥ ¬®¤ë ã£«¥à®¤ ,  §®â , ª¨á«®à®¤  ¨ ¢®¤®à®¤  ¨§¬¥à¥­ë ¢® ¬­®£¨å â¢¥à¤ëå à áâ¢®à å

¯¥à¥å®¤­ëå ¬¥â ««®¢ ¬¥â®¤®¬ ­¥ã¯àã£®£® à áá¥ï­¨ï ­¥©âà®­®¢.�¨«®¢ë¥ ª®­áâ ­âë ¬¥â ««–¯à¨¬¥áì
¢ëç¨á«¥­ë ¯® íªá¯¥à¨¬¥­â «ì­ë¬ ¤ ­­ë¬ ¨ ¯®áâà®¥­ë ª ª äã­ªæ¨¨ ®â à ááâ®ï­¨ï ¬¥â ««—
¯à¨¬¥áì. �¡áã¦¤ îâáï ª®àà¥«ïæ¨ï íâ¨å äã­ªæ¨© á ¤ ­­ë¬¨, ¯®«ãç¥­­ë¬¨ ¢ â¥®à¨¨ ¯®£àã¦¥­­®£®
 â®¬ ,   â ª¦¥ ¢«¨ï­¨¥  â®¬®¢ ¢­¥¤à¥­¨ï ­  å¨¬¨ç¥áªãî á¢ï§ì ¬¥â ««–¬¥â ««.

�« £®¤ àï à §¢¨â¨î ­¥©âà®­­®© á¯¥ªâà®áª®¯¨¨ ª

­ áâ®ïé¥¬ã ¢à¥¬¥­¨ ­ ª®¯«¥­ ¡®£ âë© íªá¯¥à¨¬¥­-
â «ì­ë© ¬ â¥à¨ « ® «®ª «ì­ëå ¬®¤ å (��) ¢®¤®à®-
¤  [1–13],   â ª¦¥ ª¨á«®à®¤ ,  §®â  ¨ ã£«¥à®¤  [14–26]
¢ ¯¥à¥å®¤­ëå ¬¥â «« å. �� ¤ îâ ¢ ¦­ãî ¨­ä®à¬ -
æ¨î ® ¬¥¦ â®¬­®¬ ¢§ ¨¬®¤¥©áâ¢¨¨ Me–X (X = H,
O, N, C) ¢ â¢¥à¤ëå à áâ¢®à å ¯¥à¥å®¤­ëå ¬¥â ««®¢.
�­¨ ¯®§¢®«ïîâ ­ ©â¨ í¬¯¨à¨ç¥áª¨¥ ¯®â¥­æ¨ «ë Me–
X [9,14], ®æ¥­¨âì ¢¥«¨ç¨­ã ¤¨áâ®àá¨¨ à¥è¥âª¨ ¬¥-
â ««  ­  ¬¥áâ¥ ¢­¥¤à¥­¨ï [14], á¨¬¬¥âà¨î ¨ ª®®à-
¤¨­ æ¨î ¬¥¦ã§¥«ì­®© ¯®§¨æ¨¨, § ­¨¬ ¥¬ãî  â®¬ ¬¨

¢­¥¤à¥­¨ï.
�¥£¨à®¢ ­¨¥ ¯¥à¥å®¤­ëå ¬¥â ««®¢ II–V £àã¯¯ í«¥-

¬¥­â ¬¨ ¢­¥¤à¥­¨ï, ª ª ¯à ¢¨«®, ¯à¨¢®¤¨â ª ãá¨«¥-
­¨î ¬¥â ««¨ç¥áª®© á¢ï§¨, ­¥á¬®âàï ­  ã¢¥«¨ç¥­¨¥

¯ à ¬¥âà®¢ à¥è¥âª¨. �ªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ ¯®
ã¦¥áâ®ç¥­¨î ¬¥â ««¨ç¥áª®© á¢ï§¨ ¤«ï â¢¥à¤ëå à á-
â¢®à®¢ á ¢®¤®à®¤®¬ ¯à¨¢¥¤¥­ë ¢ [27],   ¤«ï ®áâ «ì­ëå
í«¥¬¥­â®¢ ¢­¥¤à¥­¨ï — ¢ [14–24]. �á¨«¥­¨¥ ¬¥â «-
«¨ç¥áª®© á¢ï§¨ ¤«ï ¬¥â ««®¢ ­ ç «  àï¤  ¢ë§¢ ­®

¯®­¨¦¥­¨¥¬ ¯«®â­®áâ¨ á®áâ®ï­¨© ­  ãà®¢­¥ �¥à¬¨

¨§-§  í«¥¬¥­â®¢ ¢­¥¤à¥­¨ï ¨ ã¬¥­ìè¥­¨ï íªà ­¨à®¢-
ª¨ ¬¥¦¨®­­®£® ¯à¨âï¦¥­¨ï [23]. � ª®­æ¥ 3d-àï¤ 
í«¥¬¥­âë ¢­¥¤à¥­¨ï «¨¡® ®á« ¡«ïîâ ¬¥â ««¨ç¥áªãî

á¢ï§ì, ª ª ¢®¤®à®¤ ¢ Pd [27], «¨¡® ­¥ ¨§¬¥­ïîâ

¥¥ ª ª C ¨ N ¢ á¯« ¢ å ¦¥«¥§  [19,26]. �à¨­ïâ®

áç¨â âì, çâ® ®á« ¡«¥­¨¥ á¢ï§¨ ¢ë§¢ ­® ¯®¯ ¤ ­¨¥¬

à §àëå«ïîé¥£® ãà®¢­ï ­  ãà®¢¥­ì �¥à¬¨ [28].

1. �ªá¯¥à¨¬¥­â «ì­ë¥ à¥§ã«ìâ âë

�¨«®¢ë¥ ª®­áâ ­âë Me–X ¢ ­¥áª®«ìª® à §

¯à¥¢ëè îâ â¨¯¨ç­ë¥ á¨«®¢ë¥ ª®­áâ ­âë Me–Me
(â ¡«. 1, 2). �â®¡ë ¯à®á«¥¤¨âì § ¢¨á¨¬®áâì

í­¥à£¨© �� ¨«¨ á¨«®¢ëå ª®­áâ ­â ®â í«¥¬¥­â 

¢­¥¤à¥­¨ï ¨ ¯®«®¦¥­¨ï ¯¥à¥å®¤­®£® ¬¥â ««  ¢

àï¤ã ¯¥à¨®¤¨ç¥áª®© á¨áâ¥¬ë, íªá¯¥à¨¬¥­â «ì­ë¥

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

γX(rMe−X) (à¨á. 1), £¤¥ rMe−X ®§­ ç ¥â à ááâ®ï­¨¥

®â æ¥­âà  ®ªâ í¤à¨ç¥áª®© ¨«¨ â¥âà í¤à¨ç¥áª®©

¯®§¨æ¨¨ ¤® ¡«¨¦ ©è¨å ¬¥â ««¨ç¥áª¨å  â®¬®¢ ¡¥§

ãç¥â  «®ª «ì­®© ¤¨áâ®àá¨¨ ­  ¬¥áâ¥ ¢­¥¤à¥­¨ï. �

á®¦ «¥­¨î, ¢¥«¨ç¨­ë ¤¨áâ®àá¨© ¨§¢¥áâ­ë «¨èì

¯à¨¡«¨¦¥­­® ¨ ª â®¬ã ¦¥ ¤®áâ¨£ îâ ¡®«ìè¨å

§­ ç¥­¨© [29], â ª çâ® ¯®áâà®¥­¨¥ § ¢¨á¨¬®áâ¨ γX ®â

à¥ «ì­ëå à ááâ®ï­¨© Me–X § âàã¤­¨â¥«ì­®. �¤­ ª®
¢ë¡®à ¢ ª ç¥áâ¢¥ ¯ à ¬¥âà  à ááâ®ï­¨ï Me–X ¢

­¥à¥« ªá¨à®¢ ­­®© à¥è¥âª¥ ¨¬¥¥â â® ¯à¥¨¬ãé¥áâ¢®,
çâ® ®­ å à ªâ¥à¨§ã¥â áâ¥¯¥­ì ­¥á®®â¢¥âáâ¢¨ï

à §¬¥à®¢ ¬¥¦ã§¥«ì­®£® ¯à®áâà ­áâ¢  ®¡ê¥¬ã

¢­¥¤àï¥¬®£®  â®¬ .

�¨«®¢ë¥ ª®­áâ ­âë Me–X (ª®«®­ª  5 ¢ â ¡«. 1, 2)
¡ë«¨ ¢ëç¨á«¥­ë ¢ ¯à¨¡«¨¦¥­¨¨ § ¬®à®¦¥­­®© à¥-
è¥âª¨ [15,30] ¤«ï ¢§ ¨¬®¤¥©áâ¢¨ï á ¡«¨¦ ©è¨¬¨

�¨á. 1. � ¢¨á¨¬®áâì á¨«®¢ëå ª®­áâ ­â ¬¥â ««–­¥¬¥â ««
®â ­¥à¥« ªá¨à®¢ ­­®£® à ááâ®ï­¨ï ¬¥¦¤ã  â®¬ ¬¨ ¤«ï

 §®â  (1 ), ª¨á«®à®¤  (2 ), ã£«¥à®¤  (3 ), ¢®¤®à®¤  ¢ â¥âà -
í¤à¨ç¥áª®© ¯®§¨æ¨¨ (4 ), ¢®¤®à®¤  ¢ ®ªâ í¤à¨ç¥áª®© ¯®-
§¨æ¨¨ (5 ), ¢®¤®à®¤  ¢ ®ªâ í¤à¨ç¥áª®© ¯®§¨æ¨¨ £¨¤à¨¤®¢
CeH3 ¨ LaH6 (6 ) ¨ ¢®¤®à®¤  ¢ â¥âà í¤à¨ç¥áª®© ¯®§¨æ¨¨

£¨¤à¨¤®¢ (ªà¨¢ ï �®áá  [6]) (7 ).

23



24 �.�. �ã¬¨­

� ¡«¨æ  1. �®ª «ì­ë¥ ¬®¤ë ¢®¤®à®¤  ¢ â¢¥à¤ëå à áâ¢®à å ¯¥à¥å®¤­ëå ¬¥â ««®¢

�®«®¦¥­¨ï Me–H ~ω, meV rMe−H, Å
γH, �¨â¥à âãà­ ï

104 dyn/cm ááë«ª 

α-TiOH0.03 90 ± 2 2.08 1.55 [1]
α-PdH0.02 68.5± 2 1.95 0.90 [2]
β-V2H 221 ± 5 1.515 9.35 [3]

63 ± 2 2.12 0.76
α-MnH0.07 74 ± 2 1.9 1.05 [4]

�� 108 ± 2 − 2.23 −
123 ± 2 − 2.90 −

α-NiH0.1 110 ± 2 1.76 2.31 [5]
α-CoH0.056 120 ± 2 1.78 2.76 [6]
CeH3 62 ± 2 2.75 0.74 [7]
LaH3 60 ± 2 2.77 0.69 [7]

α-CeH0.04 96.2± 1 2.234 2.66 [8]
α-ScH0.35 103.5, 147.5 1.98 4.49 [9]
α-YH0.07 100, 135 2.15 4.14 [9]
α-ThH0.05 114 ± 5 2.20 3.74 [10]

�� α-TiH0.05 141 ± 1 1.755 5.63 [11,12]
α-ZrH0.05 144 ± 1 1.93 5.96 [11,12]
α-VH0.012 106, 170 1.692 4.79 [13]
α-NbH0.0056 106, 163 1.845 4.20 [13]
α-TaH0.037 114, 154 1.84 4.22 [13]

� à ¨ ¬ ¥ ç   ­ ¨ ¥ . �� (��) — ¢®¤®à®¤ ¢ ®ªâ í¤à¨ç¥áª®¬ (â¥âà í¤à¨ç¥áª®¬) ¯®«®¦¥­¨¨, ~ω — í­¥à£¨ï �� ¢®¤®à®¤ ,
rMe−H — ­¥à¥« ªá¨à®¢ ­­®¥ à ááâ®ï­¨¥ Me–H, γH — ã¯àã£¨¥ ª®­áâ ­âë Me–H.

á®á¥¤ï¬¨. �­®á¨¬ë¥ ¯à¨ íâ®¬ ¯®£à¥è­®áâ¨ ¬®£ãâ

¤®áâ¨£ âì 20%. �¤­ ª® íâ¨ á¨áâ¥¬ â¨ç¥áª¨¥ ®è¨¡ª¨
­¥ ¯à¨­æ¨¯¨ «ì­ë ¤«ï à áá¬ âà¨¢ ¥¬ëå §¤¥áì ®¡é¨å

§ ª®­®¬¥à­®áâ¥©.

�â¨ § ª®­®¬¥à­®áâ¨ á®áâ®ïâ ¢ á«¥¤ãîé¥¬ (à¨á. 1):
1) á¨«®¢ë¥ ª®­áâ ­âë Me–(O, N, C) ¢ ­¥áª®«ìª®

à § ¡®«ìè¥ á¨«®¢ëå ª®­áâ ­â Me–H; 2) äã­ªæ¨¨

γX(rMe−X) ¯à¥¤áâ ¢«ïîâ á®¡®© ªã¡¨ç¥áª¨¥ ¯®«¨­®¬ë
®â rMe−X (à¨á. 2), â ª ¦¥ ª ª ¨ ªà¨¢ ï �®áá  [10], ¯à¨-
¢¥¤¥­­ ï ­  à¨á. 1, 2. �áª«îç¥­¨¥ á®áâ ¢«ï¥â γH ¤«ï

¢®¤®à®¤  ¢ ®ªâ í¤à¨ç¥áª®© ¯®§¨æ¨¨. �â  § ¢¨á¨¬®áâì
­®á¨â íªá¯®­¥­æ¨ «ì­ë© å à ªâ¥à

γH = 0.819 + 6.18 exp−[(rMe−H − 1.57)/0.158]. (1)

2. �¡áã¦¤¥­¨¥ à¥§ã«ìâ â®¢

�à¨ç¨­®© à¥§ª®£® ¢®§à áâ ­¨ï γX(rMe−X) ¤«ï

rMe−X 6 1.9 Å (à¨á. 1), ¯®-¢¨¤¨¬®¬ã, á«ã¦¨â

ãá¨«¥­¨¥ ®ââ «ª¨¢ ­¨ï ¬¥¦ã§¥«ì­ëå  â®¬®¢ ¨§-
§  ¢®§à áâ ­¨ï áâàãªâãà­®£® ­¥á®®â¢¥âáâ¢¨ï, ã¯®-
¬ï­ãâ®£® ¢ëè¥. �¥§ª®¥ ¯ ¤¥­¨¥ γX(rMe−X) ¯à¨

rMe−X > 2.1 Å á¢ï§ ­®, ­ ¡®à®â, á® á¢®¡®¤­ë¬ ¢å®-
¦¤¥­¨¥¬  â®¬  X ¢ ¬¥¦¤®ã§«¨¥. � íâ®¬ ¤¨ ¯ §®-
­¥ rMe−X, ¯®-¢¨¤¨¬®¬ã, áãé¥áâ¢¥­ãî à®«ì ­ ç¨­ ¥â

¨£à âì å¨¬¨ç¥áª ï á¢ï§ì Me–X, ª®â®à ï ®á« ¡¥¢ -
¥â á à®áâ®¬ rMe−X, çâ® ¨ ¯à¨¢®¤¨â ª ã¬¥­ìè¥­¨î

γX(rMe−X).

�®¢¥¤¥­¨¥ ¯à¨¬¥á¥© ¢­¥¤à¥­¨ï ¢ ¯¥à¥å®¤­ëå ¬¥-
â «« å ¡ë«® ®¯¨á ­® ª¢ ­â®¢®-¬¥å ­¨ç¥áª¨ ¢ ¯à¨-
¡«¨¦¥­¨¨ â¥®à¨¨ ¯®£àã¦¥­­®£®  â®¬  [31,32].

�  à¨á. 3, ¢§ïâ®¬ ¨§ à ¡®âë [32], ¯à¨¢¥¤¥­ë í­¥à£¨¨

¯®£àã¦¥­¨ï He, H, N, C, O ¢ £®¬®£¥­­ë© í«¥ªâà®­­ë©

£ § ¢ § ¢¨á¨¬®áâ¨ ®â ¥£® ¯«®â­®áâ¨ n.

�à ¢­¥­¨¥ à¨á. 2 ¨ 3 ¯®ª §ë¢ ¥â ª®àà¥«ïæ¨î ¯®¢¥-
¤¥­¨ï á¨«®¢ëå ª®­áâ ­â γX(rMe−X) ¨ ∆Ehom(n). �®-
¯¥à¢ëå, ïá­®, çâ® ¯ à ¬¥âà r−3

Me−X ­  à¨á. 2 ¯à®¯®àæ¨-
®­ «¥­ í«¥ªâà®­­®© ¯«®â­®áâ¨ n ­  ¬¥áâ¥ ¢­¥¤à¥­¨ï.
�¥©áâ¢¨â¥«ì­®, ¯à¨ ¤¢¨¦¥­¨¨ á«¥¢  ­ ¯à ¢® ¢ àï¤ã
3d-¬¥â ««®¢ ¨å ¢ «¥­â­®áâì ¢®§à áâ ¥â,   ¯ à ¬¥âàë
ªà¨áâ ««¨ç¥áª®© à¥è¥âª¨ ã¬¥­ìè îâáï, çâ® á®®â¢¥â-
áâ¢ã¥â ¢®§à áâ ­¨î n. �  ®á­®¢ ­¨¨ [32] ¬ë ¯à¨¡«¨-
¦¥­­® ®æ¥­¨«¨ n ¤«ï ®ªâ í¤à¨ç¥áª®£® ¬¥¦¤®ã§«¨ï

n = 1.9/VW−Z , (2)

£¤¥ VW−Z — ®¡ê¥¬ ïç¥©ª¨ �¨£­¥à –�¥©âæ . �­ ç¥­¨ï
n ¢ íâ®¬ ¯à¨¡«¨¦¥­¨¨ ¯à¨¢¥¤¥­ë á¢¥àåã ­  à¨á. 2.

�à®¢¥¤¥¬ ¡®«¥¥ ¯®¤à®¡­ë©  ­ «¨§ ¯®¢¥¤¥­¨ï γX

¨ ∆Eemb ¢ § ¢¨á¨¬®áâ¨ ®â ¯«®â­®áâ¨ í«¥ªâà®­­®£®

£ § . �à¨ n → 0 γX(0) → 0, â ª ª ª ¯à¨ íâ®¬

®âáãâáâ¢ã¥â ¢§ ¨¬®¤¥©áâ¢¨¥. �­¥à£¨ï ¯®£àã¦¥­¨ï ­¥
à ¢­  ­ã«î ¤«ï  â®¬®¢ á® áâ ¡¨«ì­ë¬ ®âà¨æ â¥«ì-
­ë¬ ¨®­®¬ [31]. � «¥¥ í­¥à£¨ï ¯®£àã¦¥­¨ï ¯à®å®¤¨â
ç¥à¥§ ¬¨­¨¬ã¬ ¯à¨ n ≈ 0.005 a.u., £¤¥ ®¡à §ãîâáï á¢ï-
§ ­­ë¥ á®áâ®ï­¨ï  â®¬®¢ ¢­¥¤à¥­¨ï á í«¥ªâà®­­ë¬

£ §®¬.
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� ¡«¨æ  2. �®ª «ì­ë¥ ¬®¤ë O, C, N, p-í«¥¬¥­â®¢ ¢ â¢¥à¤ëå à áâ¢®à å ¯¥à¥å®¤­ëå ¬¥â ««®¢

X Me–H ~ω, meV rMe−H,Å
γX, �¨â¥à âãà-

104 dyn/cm ­ ï ááë«ª 

α-VO0.03 91 ± 2 1.515 23.62 [14]
55.1± 1 2.143 8.65

α-VO0.06 86 ± 2 1.530 21.19 [14]
56.7± 1 2.164 9.17

α′-VO0.11 84 ± 2 1.555 20.12 [15]
57.9± 1 2.157 9.56

O
β′-VO0.2 79 ± 5 1.66 17.8 [15]

58 ± 2 2.114 9.73
α-TiO0.04 60.5± 1 2.081 9.83 [16]
α-TiO0.5 54.4± 1 2.135 7.91 [16]
α-ZrO0.05 52.7± 1 2.268 7.92 [16]
α-ZrO0.41 52.3± 1 2.278 7.81 [16]
α-NbO0.03 50.0 2.337 7.13 [17]
α-YO0.03 40, 50 2.541 5.77 [18]

α-FeC0.05 96 ± 4 1.43 19.71 [19]

C
68 ± 2 2.022 9.89

γ-FeMnC0.04 76 ± 2 1.810 12.35 [20]
ThC0.06 43.8± 0.5 2.542 4.10 [21]

α-VN0.02 97 ± 2 1.52 23.48 [14]
70 ± 1 2.14 12.23

β-V2N 80 ± 1 1.99 15.10 [22]
VN 70 ± 1 2.07 12.23 [22]
α-TaN0.02 92.5± 2 1.62 21.35 [23]

60.5± 1 2.342 9.133

N
β-Ta2N 73 ± 1 2.146 13.3 [24]
α-TiN0.05 73 ± 1 2.09 13.3 [25]
α-TiN0.2 71 ± 2 2.097 12.58 [25]
TiN 68 ± 2 2.15 11.54 [25]
ZrN0.3 62 ± 2 2.28 9.59 [25]
γ-FeMnN0.02 78 ± 1 1.80 15.18 [26]
γ-FeMnN0.04 74 ± 1 1.82 13.66 [26]
Mn4N 72 ± 2 1.94 12.94 [26]

� à ¨ ¬ ¥ ç   ­ ¨ ¥ . ~ω — í­¥à£¨¨ �� p-í«¥¬¥­â®¢, rMe−X — ­¥à¥« ªá¨à®¢ ­­ë¥ à ááâ®ï­¨ï Me–X, γX —ã¯àã£¨¥

ª®­áâ ­âë Me–X.

�®, çâ® ªà¨¢¨§­  Eemb ¤«ï ª¨á«®à®¤  «¥¦¨â áã-
é¥áâ¢¥­­® ­¨¦¥ ªà¨¢ëå ¤«ï N ¨ �, ¯à®â¨¢®à¥-
ç¨â ª ª íªá¯¥à¨¬¥­â «ì­ë¬ ¤ ­­ë¬ ¯® å¨¬¨ç¥áª®©

á¢ï§¨ ¢ ª à¡¨¤ å, ­¨âà¨¤ å ¨ ®ªá¨¤ å [31], â ª ¨

ª¢ ­â®¢®-¬¥å ­¨ç¥áª¨¬ à áç¥â ¬ [33], ª®â®àë¥ ¯®-
ª §ë¢ îâ ã¬¥­ìè¥­¨¥ (p-X)–(d-Me)-£¨¡à¨¤¨§ æ¨¨ ¢

àï¤ã C→N→O→H ¤«ï Ti ¨ Ni. �®-¢¨¤¨¬®¬ã, íâ® à á-
å®¦¤¥­¨¥ á¢ï§ ­® á âàã¤­®áâìî ãç¥â  (p-X)–(d-Me)-
£¨¡à¨¤¨§ æ¨¨ ¢ â¥®à¨¨ ¯®£àã¦¥­­®£®  â®¬  [32]. �¤-
­ ª® ¯®áª®«ìªã á¨«®¢ë¥ ª®­áâ ­âë ®¯à¥¤¥«ïîâáï

¢â®àë¬¨ ¯à®¨§¢®¤­ë¬¨ ¯®â¥­æ¨ «  Me–X ¯® rMe−X,
¯®áâ®ï­­ ï á®áâ ¢«ïîé ï ∆Eemb ­¥ áãé¥áâ¢¥­­ 

¤«ï γX.
�à¨ ã¢¥«¨ç¥­¨¨ í«¥ªâà®­­®© ¯«®â­®áâ¨ ®â 0.01

¤® 0.03 a.u. äã­ªæ¨¨ ∆Eemb ¨ γX(r−3
Me−X) ¢¥¤ãâ

á¥¡ï ®¤¨­ ª®¢®: ­ ¡«î¤ ¥âáï ¨å «¨­¥©­ë© à®áâ á

ã¢¥«¨ç¥­¨¥¬ n. � â ¡«. 3 ¯à¨¢¥¤¥­ë ã£«ë ­ ª«®­ 

ªà¨¢ëå ∆Ehom ¤«ï n = 0.03 ¨ γX(r−3
Me−X) ¢¬¥áâ¥

á® §­ ç¥­¨ï¬¨ Zeff ¨§ à ¡®âë [31], ¯®ª §ë¢ îé¨¬¨
íää¥ªâ¨¢­®¥ ç¨á«® í«¥ªâà®­®¢ ¢  â®¬¥, çã¢áâ¢¨â¥«ì-
­ëå ª í«¥ªâà®­­®¬ã £ §ã.�«ï ¢®¤®à®¤  ¢§ïâë ¤ ­­ë¥
¯® â¥âà í¤à¨ç¥áª¨¬ ¯®§¨æ¨ï¬.

� ¡«¨æ  3. �®àà¥«ïæ¨ï íää¥ªâ¨¢­®£® § àï¤  Zeff ¨

¯à®¨§¢®¤­®© í­¥à£¨¨ ¯®£àã¦¥­­®£®  â®¬  dE/dn [33] á
¯à®¨§¢®¤­®© á¨«®¢ëå ª®­áâ ­â dγX/dr

3 ¤«ï ¨§ãç¥­­ëå

¬¥¦ã§¥«ì­ëå  â®¬®¢

�â®¬ Zeff
dE/dn, dγX/dr

3,
eV/a.u. 10−5 eV/Å4

H 0.731 136 290
C 2.97 545 327
N 3.15 590 424
O 3.61 682 453
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�¨á. 2. � ¢¨á¨¬®áâì á¨«®¢ëå ª®­áâ ­â ¬¥â ««–­¥¬¥â ««
®â r−3

Me−X. �¡®§­ ç¥­¨ï â¥ ¦¥, çâ® ¨ ­  à¨á. 1. �  ¢¥àå­¥©
èª «¥ — í«¥ªâà®­­ ï ¯«®â­®áâì ¤«ï ®ªâ í¤à¨ç¥áª®©

¯®§¨æ¨¨ ¢  â®¬­ëå ¥¤¨­¨æ å (a.u.).

�¨á. 3. � ¢¨á¨¬®áâì í­¥à£¨¨ ¯®£àã¦¥­¨ï E ®â í«¥ªâà®­-
­®© ¯«®â­®áâ¨ n [32].

� ª¨¬ ®¡à §®¬, à®áâ γX(r−3
Me−X) ®¡ãá«®¢«¥­ ãá¨«¥-

­¨¥¬ ®ââ «ª¨¢ ­¨ï ¯à¨ ¤¢¨¦¥­¨¨ á«¥¢  ­ ¯à ¢® ¢

àï¤ã ¯¥à¥å®¤­ëå ¬¥â ««®¢, ¯à¨ç¥¬ íâ® ®ââ «ª¨¢ ­¨¥
â¥¬ á¨«ì­¥¥ ­ à áâ ¥â á à®áâ®¬ í«¥ªâà®­­®© ¯«®â­®-
áâ¨, ç¥¬ ¡®«ìè¥  â®¬­ë© ­®¬¥à ¯à¨¬¥á¨.

�¯à¥¤¥«ïé ï à®«ì ®ââ «ª¨¢ ­¨ï ¯®§¢®«ï¥â ­ ¤¥-
ïâìáï ­  ®¯¨á ­¨¥ ¯®â¥­æ¨ «®¢ ¢§ ¨¬®¤¥©áâ¢¨ï Me–
X ¢ à ¬ª å â¥®à¨¨ ¯®£àã¦¥­­®£®  â®¬ . �«ï íâ®£®,
®¤­ ª®, ­¥®¡å®¤¨¬® ª®àà¥ªâ­® ãç¥áâì ª®¢ «¥­â­ãî

á¢ï§ì Me–X, à¥« ªá æ¨î à¥è¥âª¨ ­  ¬¥áâ¥ ¢­¥¤à¥-
­¨ï,  ­¨§®âà®¯¨î í«¥ªâà®­­®© ¯«®â­®áâ¨ ¤«ï ®ªâ -
í¤à¨ç¥áª®© ¯®§¨æ¨¨ ¢ ���-à¥è¥âª¥.
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