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       : -
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  ,   3  30  ,   

  2  (    2    ). 
     , -

           
   [5].      .  -

       ,  
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      , 
      , -

 . 
  ,      -
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        ,  
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1.1       

  
 

      -
,        
    , , , -

,  . 
       -

 .   - ,   ё  -
   ,     ё    

  .      -
,     [7]. 
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,         -
 ( . 1.1).   ,  , -
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     (   ) -

    ,    .  
 

 
 

 1.1 –       BeFeO3 [8] 
 

       -
,       [9].  -

   ,   , -
  ,   « » .    

   ,    ё   
.   , ,   

  . 
      -

 ,    .    
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   ,  -

    .      -
      -  [10]. 

       
 ,    -
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ё      :  -
   ,     -
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       .  -
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 . 
         -

,  ё   –  ,    -
   8      [14]. -

   ё  –  .      
   ё  ,    . 

     , 
 ,   , .  -

       -
 [15].     -

 . 
      ,  -

    ,    
     ,  ,     -
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1.2     
 

      -
.    [16, 17]  , -

   ,    .    
        . 

       ё  
.   –     . 

 ,     -
      ,    

  .  ,    
  , ,     -
  /   ,     [15]. 

       
     ё   . -

      ,  -
  .  ё     -

    .  ё   
      Al2O3.  

        -
      [15].     -

  1967         .  
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      ,   
   .      -

 ,     ,    
     ,  -   

   . 
      -

    .    -
    ,    

.         -
   .    -

      . 
     -

  ,   .   
   ,      -

 ,      -
     . 

       -
  -  , ,    -

 .  ,   -
   ,   ,   

   .   ,   -
      .  

     -
         -

 -  (Fe, Co, Ni)–(Si, B)    Mn, Nb, C, 
Cu.          -

.     ,  -
 ,       . 

     .  
    ,     

   ,   .  
       

  ,   ,    -
 . 

       –    -
 –       .     

        . 
      , 

  « »    . 
       Fe–Ni 

  .    -
, -     .   

       –   
   . 
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   Fe–Ni -    -
 .        

      Co,     -
         

. 
 –     -

  -   ,     . 
       -

,      .   -
 Co, Cu, Ar, Fe, Ni.     .  

       -
     ,    ё  

 [15]. 
      . -

   ,     -
     .  ,    -
 ,      -

 .        
     –    

.        –   -
  . 

 
1.3     

 
        

  .  –  ё   ,  
  –     

(    ) [18].    , -
,       .  

,         
   .     -

 (    )     
  ё   ( . 1.2).     

 –  (  )   (  ). 
 ,        , 

      ё .  -
 1.5–1.7  ,     . 
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 1.2 –     
 

  –   [19],   -
 ,    [20],    -

  ( . 1.3). 
 

 
 

  
 

 1.3 –    :  –   
[19];  –   [20] 

 
         
, ,  .  , , -

 ,         -
 –        -

,       
  [18]. 

      , , ё   
         ( . 1.4). 

      ,    
   .     

     ё     , . . 
    .     -

      ё  .   
    ё     -
 ,       [21–24].  -

,     . 
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    .    ё  

,            
.      [25]. 
ё   ё  ( )  -

   ,     -
  –    . ,   -

     .  ,   
  ,    , –   -
  . ,      

 ,  ,       -
ё ,      ( . 1.5) [26].  -

     ,     -
 [27]. 

 

 

  
   

 
 1.5 – - ё :  –  ;  –    -

  ;  –     
 

       ( )  
  ( ) ё .      

   ( . 1.6, 1.7). 
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 1.6 – - ё :  –  ;  –  ;  – -

  ;  –    
 

    
    

 
 1.7 – - ё :  –  ё ;  –  ;  – 

  ;  –    
 

,      ё    
 .   ,  ,    
  .       

   .      
   ё      (  ,   

, . .     , ),     
      ( ).    ,  

 –   .  
     89 %,     , 

   ,   74 %.  
   71–73 %,    66 % [28]. 
      -

    ,    , -
     [29].      , 
         
  ,    :  ,    . 

       -
 ,  ,      ё -

      ё   , -
,  .  
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1.4  щ     
 

    ё    -
   ,      -

  [30].    -
 ё        -

 .       ё  
    ,    -
 ,   , . -

           
   . 

      , -
     ,  -
      . 

    ё  ,    
   ,   . ,   -

     (    ), -
     [31].     
     ,   -

      . 
    .  

[32] –     ё     -
        .  -

      ,  -
 .  ,   ,    

    15 .      -
      ё  ,  -

 ,  ё      ,  
 . 

      
      –  , -

,   .    -
    ,    : -

         -
  ( . 1.8) [33]. 

      -
ё   .      -

 ,     ,    -
   –     [ .1].   -

   ,        
    . 
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 1.8 –     :  –   

ё ,  –   ё  [33] 
 

,        -
    ,       -

, -     -     -
  [25, 35–37]. 

        
     ( . 1.9, 1.10).   
   -   , , -

 –  ё      . -  -
   ё     , « -

»,   -      -
    [38]. 
 

 
 

 1.9 –        : 1 –   
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3, 4 –     ; 5, 6 –       
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     ё    

 ,  ,  ё       
  .      , 

   ,    . 
 

 
 

 1.10 –        [39] 
 

        . 
         -

   ,   , -
    , ,   – -

  ,   [40, 41].  
       , 

    .    -
, ,    .  ё  -

       -
.      , . . ,   -

   –  [42, 43]. 
     , -

   .    -
 ё      .  

   ,      -
    ,   

     . 
 
1.5      

 
,     -

    ,      , 
   .       

       -
       -

 ,       -
   [15]. 
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  [44]       
: ,        80  1000 . 

 ,       
 .    30     -

 ,       700   , -
   ё  .   ,   

 ,          -
,          ё , 

  .     .  
 ,       -

.       (Molecular 
beam method)   Fe, Co, Ni   .   -

         .  
 ,     8, 9  10   

.     3d  4s.   , 
   , ,      
   3d      4s ,     

 –  3d  [45].  ,     -
 .        . 

,   ,  ,  -
   .  ё    « ё »  

 4s .   ,   3d      
,     .  [44] -
,    3d-    .  

 ,  3d       
 (   ),     ё     

,       .  ,   
–   ,      .  

    ,   3d 
 ё     ,     

      ,   -
   . 

     ,    
   .   ,  -
    ё     -

,        ,  -
    –  ё     [45]. 

  ё    ,    
   ,    ё .    
 .          

 ,        3d . 
       –   

  . 
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 1.11 –       H  -

 T:  –     ;  –      
 

     , -
       .   -
    ,     -
  (  - ),     -

 ,     .   
  ( ё     Ar-F),    

   - .    -
   ,   ,   

ё    .     -
,       . 

 

 
 

 1.12 –       [44] 
 

    ( . 1.13, 1.14). 
   1.13   ,   -

       .  -
     , -

 ,   .  -
  ,         

   ё :      -
.     :     78 

,   120 . 
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 1.13 –        :  –  ; 

 –  ;  –   [44] 
 

 
                   

 
 1.14 –          

 :  –  ;  –  ;  –   [44] 
 

   1.14 –      
      .  -

 ё  .  ,    ,    
 ,     ё .     -

 ,    .   ,  -
  ё     :  

  ,    .   
      . ,  
        -

     ё . 
     ё  ,   -

  .     ,       
  ,     . 

  ,  [44]   ,      
       . 
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 [15] ,    -
      . ,   

        10  , 
    [15]. 

  [46–50]     
    ( . 1.15).   Hc    

  r0 –    . -
      .  

  ,      rc      
,    . 

 

 
 

 1.15 –      ; a, b, n –  
     

 
   ,      -

     ,    -
    .      

  ,     -
   ,       -

    rc,  ,  ,  
     . 

        -
         

[51–54].   ,      
 .     

. - ,  ,  ,    -
,     . - ,   

,     . 
,      55 K.   

    ,   
  .     

      ,  -
,  ,  . 
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     [44],   
     ,    -

 300 . 
     . -

  –  ,      -
    .   

     ;    -
    ,  -

 .      -
     [15].    

 Mn12  Fe8,        
 . 

 
1.6       

  
 

  [55] ,   ё  , ,  
Fe, Fe3O4, CrO2,       

    .    
     ,    .  

   ,     
 ,   ё     . ё  

1961   ,     -
      -    

        [45]. 
 [55]    (    

   ) .      -
   ,    -

 .   ,      
,  : Al2O3, TiO2, CeO2.  -

     ,  -
  .       , 
     ё .  [55] , 
   ё      

 .  
  [55]    : CeO2, Al2O3, 

ZnO, In2O3, SnO2,   ё     .  
 ,    ,  ё  -

 CeO2      ё  -
.  ,    7   ,   ё -
 : a = 5,424 Å  a = 5,413 Å .    

      
FEMEX ( . 1.16). 
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 1.16 –   CeO2  :  – 7 ,  – 15 ,  – 500 

;  –      , ,  [55] 
 

    ё  .    –  
   7  15  .    -

 500 ° .      500     -
,     1 000 ° .    -

   ё   .  
,   ё    7  , 

   : 5,424  5,413 Å .   
 (   )    , 

   ё    . 
ё     ,   – 

.      ё  HfO2, 
TiO2, ZnO [56–58].  ,      -

 ,    ё      -
  .  ,     -

 ,    ё  .  
      (4+  3+),   

 ,        -
  [59].   ,    
      sp- .  ,  

       -
       . 

     Al2O3,  -
  3+.      390 ,  
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,     .   -
      . ё  Al2O3 -
,    ( ) ,    .  

,    CeO2,    , ё  -
 .  ,  ,   . 

 

 
 

 1.17 –    Al2O3   ; ,  –  
;  –  ё   [55] 

 
        -

,  ,        
.  ,      

   ZnO, In2O3, TiO2, MgO  SnO2. 
        

.    GaN  CdN,    
   [60], .   

     ( . 1.18).   -
,      ,   -

 – . 
   ё   CdS.   18 , 25 

.     . 
 [55]  ,     -

  « »   .  -
    , ё     -
  ,   ё .      -

,   ( ,    
    ),     

    ,   . 
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 1.18 – FESEM-   GaN  :  –   

15–20 ;  –   25 – 30 ;  –   150–350 ;  –  -
    , ,  [55] 

  
       ё -

 ,      ё ,  
    .    

 ,        -
   .  ,    

   . 
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2   
 

      , 
  - , ё    

, ё        
  ,     , 

      -
    . 
 
2.1 -  
 

    [44] ( . 2.2)  -   
   ,        -

.       : 
 = ат, (2.1) 

 
 m –  ; 
m  –    . 

-         
    ,    .  

     ,  , -
   ( . .   )  -

 ( . 2.1).       . 
    ,    -

  ,       .   
 ё     ,   -

      .  , 
       .  

 

 
 

 2.1 –   -  [62] 
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        -
   ,     .  -
        -

 .    . . -     « -
»            

 .       .   -
   ,   , -

   .,        
 [61]. 

         -
    ,      .  

   : 
 = 2 2𝑉 , (2.2) 

 
 B – ё   ; 
r –    ; 
V –  . 

B  V    ,  r -
      .    -
 ,   (   ) 

 ,    ё    [63]. 
     - .    

        , 
          

.  
 
2.2 3D-   

 
      , 

     3D Max Autodesk, Auto-
CAD, Blender, .  

    3D-   -
.      AutoCAD   -

    . 3D Max  Blender   
 ,     . 

3D-     : - , -
   ,  - ,     -

     ( . 2.2).  
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 2.2 –    Blender    
  

 
 ,   ,    -

,   .   ё , -
     ,   ,  

  .       -
ё       ё   -

  ё  (a = 3,65 Å  - , a = 2,86 Å  - -
, a = 3,338 Å    Al4C3) 

 
2.3     
 

   ( . SPS, Spark Plasma Sintering) -
     .  

        
 [64, 65]. 

        -
   .    -

     100    50 ,  -
   –    30 . 

     ( . 2.3)  -
 ,   .     -

 ,    .    
       [66]. 
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 2.3 –     ; 1 –  ; 
2 –  ( ) ; 3 –  ; 4 –  ; 

5 – ; 6 – ; 7 –  ; 8 –    
; 9 –    ; 10 –   [67] 

 
      ,  
    ,   -

    .    , -
,  .  ,    

ё       200 º / . 
       -

:   ,     -
,   ,   , -

   . 
 
2.4   ,    

 
       

    (density functional theory, DFT).  
,   ё    ,  -

ё  ё         [68].  ё   
       :  –   

  ё    ,    .  
      (  ё ),  

  (  ё ),       -
      . -

     ,  
    ё     ё  -

 .  
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    ρ(r)  -
    .   -
        -
 E[ρ(r)].         

ё   : 
 [− ,5 · ∆ + 𝑉 ]ψ𝑖 = ε𝑖ψ𝑖 . (2.4) 
 

      ,      
   .    ( )   
 - -  ( ).    ё  -

    ё       
  [69, 70, 71].       -

.         
  .  

       -
    , ё       

,      [72]. 
  :    , 

       ё  
  ,  - . -  

(Muffin-tin-potential) –        ё ;  
  .   ,   ё  

        . 
      , 

        -
 .  

       ( . 2.3) [73]. 
   : I –   (   ) 

  A, B, C, D, E, II –   (   ), III 
–  . 

 

 
 

 2.4 –       -  [72] 
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-     .  I  III : 

  𝑉 = π 𝑉 ̅ 𝑖 ϑ 𝑑ϑ 𝑑φ , (2.5) 

 �̅̅̅� = π 𝑉 ̅ 𝑖 ϑ 𝑑ϑ 𝑑φ , (2.6) 

 
 p –  ; 
r –  ; ϑ , φ  –    p; ϑ , φ  –    ; 

  II     ё  : 
 𝑉𝐼𝐼 = Ω𝐼𝐼 𝑉 ̅ 𝑑 ̅, (2.7) 

 

 Ω II  –   ,  : 
 Ω𝐼𝐼 = 

π
 𝑏 − ∑ 𝑏𝑁= , (2.8) 

 
 N –    ; 
bp –    p; 
b0 –   . 

      ё : 
 [−∇ + 𝑉 ]φ𝑖 = ε𝑖φ𝑖 , (2.9) 
 

  V(r)    VC(r)   VXα(r) . 
  А ё      
 : 

 ат. = π ∑ 𝑅 . (2.10) 

 
n –    ; 
nl –    ; 
R (r) –    . 

      : 
 𝑉ат. = −  𝑍 + 

8π
 ′ ат. ′ 𝑑 ′ + ′ ат.∞ ′ 𝑑 ′ , (2.11) 
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 Z –   . 

     ё    : 
 𝑉 ′ = 𝑉ат. +   ∑  ≠  𝑅  ′𝑉ат.|𝑅 − ||𝑅 − | ′ 𝑑 ′. (2.12) 

 
    : 

 ′ = ат. +   ∑  ≠  𝑅  ′ ат.|𝑅 − ||𝑅 − | ′ 𝑑 ′, (2.13) 

 
     . 
       -

    ( . 2.4). 
 

 
 

 2.5 –         
  . 

 
      

: 
 кр = ат. + ∑  

𝑝𝑅𝑝 ∙ ат.𝑅𝑝+𝑅𝑝− ′ ′𝑑 ′, (2.14) 

 
 Rp –    p; 
np –    . 

       -
 .       

 . 
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       -
   .   ё    ё : 

 = [ ↑ − ↓ 𝑑𝑉 𝑉 ]/ , (2.15) 
 

 N –    ; 
n↑  n↓ -      ; 
V – - . 

 
2.5   

 
       ё  -

   –  .  
       

     ё  .  
        -

     ( . 2.5).   -
      

(      ). -
    -  [45]: 

 λ = 𝑑 ∙ 𝑖 θ (2.16) 
 
 n –   ; 

 –    ; 
d –  ; 
θ –       . 
 

 
 

 2.6 –       -  
 

        -
  ( . 2.6).     

    .        
.         -

 ё  .   ( )  ё   
        .  -

      ,   -
 ,      [74]. 



 

35 

 

 
 

 2.7 –    [75] 
 

       , -
  . ё      , 

  θ   ,      
 θ.           -

        ,  -
     ,  -

,    . 
       -

    ,   -
  ( )     , 

     .    -
    ё ,   -

    ё   . 
      -

  (  )   .  , -
 ( )    ,   

        -
    .     

   –   ,   ё  .  
         

      [76]. 
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2.6    щ   
 

       -
     .     

       
. 

      ( )  -
    .      
   ё  .  -

    H = 6     -
        -

.     ( . 2.7),    
  L.      360 ° [18].  

 

 
 

 2.8 –    : 1 –   ( -
); 2 –   ( ); 3 – ; 4 – ;  
5, 6 –  ; 7,8 – ; 9 – ; 10 –  

 
       (  
)  ,     .    

    ,      -
 . 

         
   : 

  ⃗ = ⃗⃗ ∙ �⃗⃗� . (2.17) 
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  : 
 = ∙ 𝐻 ∙ 𝑖 θ; (2.18) 
 

 M –  , / ; 
H –   , ; 
θ –        . 
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3 ё   
 

       ё  -
    ё       

.       -
     ,      -

  .     , -
   ,      

          . 
 
3.1    Al4C3 

 
  . . .      

  ё   .   – 
        .  -
       

.     :  -
,    ,   

.  ,      
      SPS. -

         -
 ,     .    -

  40 .       100 
.   in situ   : 1 200, 1 400 ° ,  

 , ё   1 400 °   ё    
(   )  1 580 ° .  

, ё    1 200 °    ,  
     ;   -

     . 
  1 400 °    ё      -
       5   -

 .     ,   -
   . ,     

.      1 580 °      30 
,   .  

      -
 .       ё  

 .       
,     -

   .     ( . 3.2) -
    .   ,    

   :   ё     . 
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 3.1 – , ё   1 400 °  
 

 
 

 3.2 –   ,     6 000    
 

 
      -

 (  5–10 %). ,     
,   . 

   ( )    -
  SPECS.     -

 PHOIBOS 150 MCD 9.     -
    AlK-α   

1486,7 .      CasaXPS.  
     -

   .   –   ,  -
    -     – -

    [77]. 
 ё     ( . 3.3)  -

  ,    .   
, , , .  ,   -

 ,  ,        -
     –  , 
        . , 
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,        
 .       ;  -

  ,        . -
     ,        

      ,      
 ,      -

ё  . 
 

 
 

 3.3 –    ё     
 

       -
.      . -

   ё ё   ,  
 . 

     ё    
    Ar+   24 ,    -

  .  :  2,5 ,   
 20 . 

       ,  
ё        ( . 3.4),   

  .    -  .  
 , ,       

.   ,       
284,3 ,    .     

,   . 
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 3.4 –    ё     
   

 
,         -

.       ,   
  ,       .  , 

  
        -

 ( . 3.5).  ,      
 ё     , , ,   -

  , , .     -
    ё   ё  . 

        ( . 3.5) -
,   Al 2p      74,7   72,8 . 
      ,    
 (Al2O3).         

Al4C3.     26 %. 
       ё  -

   ,      -
. 
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 3.5 –       
 

 
      ё   -

 .      -
 Bruker   ё  ( . 3.6)   ( . 3.7)  ё -

 . 
 

 
 

 3.6 –    ,   ё    
 



 

43 

 
 

 3.7 –    ,      
 

 
    ( . 3.8) ,    

 ,     .  
      1  2,  

  . 
 

 
 

 3.8 –      ё     
;      
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 3.1 –   ё   ,     
  

 
 

 3.2 –   ё   ,     -
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 3.3 –     ,     
  

 
 

 3.4 –     ,     
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  ,     ё -
     .     

Al2O3.         
CaCO3,        -

. MgO    ,       
.      MgCO3,   -

    : Al2O3, MgAl2O4, Mg2C3, Mg2Al3, 
Mg3Al12, Mg2C3, Mg.      
Al4C3     ASTM [78],   -

    ( . 5, 6). 
 

 3.5 –    Al4C3   ё     
   Al4 3 

d, Å I, % d, Å I, % 
2,51139 82     2,5001      30,5 
2,24679 80 2,24     3 
2,06729 32 2,08   81 
1,59162   4     1,5992 100 
1,53626 20 1,52     3 

 
 3.6 –    Al4C3   ё    

   Al4 3 
d, Å I, % d, Å I, % 

2,76260 25,7 2,8 100 
2,51894 42,6 2,5   82 
2,48313 14,3   2,49     4 
2,06355 72,0   2,08   32 
1,86667 12,8   1,88   20 
1,51816   9,5   1,52   20 

 
        -

   ,   ,    -
        [45, 79].  

        
 : , ,  (grad 

T, grad p, grad c),     .  , 
,        

- ,   ,  ,  ё  [80]. 
      ,   -

       ,  -
      . 

,    -  , -
          -

 ,   ё  [81].    
 ,      
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       .   
   .   -

 ,      -
.      , , , 
      (covetics) [80].   -

    ,  
     ё  ,   

 .       
  10 %,      ,   -

 . 
,   [15]  ё  ,    

      Fe–Co  Fe–Ni, -
  .     -

 Fe2O3, Co3O4  NiO     1 273 K   
.    Fe–Co  Fe–Ni  122–150  

7,8–105 · 2/  .   , -
    ё . Fe–Ni    ё .  

   ,   ,   -
 ё      ,   -

 . 
,       

     [82, 83].  ,   
     ( , -

), ,    .  -
,       -

   ,     -
    . 

         
,       

    ,  ,  -
 ,  .    -

 .  
  Al4C3   Rh-21 (  a = 3,338 Å, c = 

24,996 Å), 3D-      3.10.  
      [84, 85, 86].   

 ё    7 ,     
Al4C3.    ,    

   3    ,  7  ( . 3.9). 
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 3.9 –      Al4C3   -
   (7 ) 

 
    ,  

    ,  .   -
,       

[18].          ( . 
3.10),         

    ё ,    -
  . 
 

 
 

 3.10 –       Rh-21 
 

   ,   -
     .   -

       ,    
   . 

        -
.   6 ,     ( . 3.11, 

).     :  3  -
  1, 2, 3, 4,    6     1,414  . 
    3  6     -

,          
ё   ( . 3.11, ).     , -

    –   [85]. 
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 3.11 –   :  –  ;  –   
ё  ; 1–6 –   [85] 

 
       

    ,     
 , ,   .    

     ,  –  
  .      -

, , MgAl2O4 ( . 3.12) [88].  MgAl2O4   
  .      . 

,         
,   , -    .  

 

 
  

  3.12 – 3D-    MgAl2O4  
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  .     -
      ,   
 ё  –   ( . 3.13)     [21–24]. 

 

 
 

 3.13 – 3D-    MgAl2O4 [ .26] 
 

,        -
 ( . 3.14). ё      -

. ,     ( . 3.14, )  -
    ( . 3.12)    ё  [86, 87]. 

 

 
 
 

 
 
 

 3.14 –   :  –    ; 
 –   
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      ( . 3.14, ) -
,      4     3 
   .    3-     3  

.   3.14     MgAl2O4,  
     ,   

 4. 
 Al4C3     [84–86],     

  .      
  ,      

 .  
      -

 ( . 3.15).     MgCO3, CaCO3  
       ,    Al4C3. 

 

  
 
 

 
 

 
 

 
  3.15 –  ;  –  MgCO3;  –  CaCO3;  –  

  Al4C3, MgCO3, CaCO3 

 
,         Rh-21 Al4C3 
   .  ,  CO3 ( . 3.15, 

) ,         , 
 ,   .      

  . 
   Al4C3     -

  .     ,    
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        -
    .   – -

 ,        -
   .  ё      

( . 3.16).  
 

 
 

 3.16 –       
        (     

)      10  Al4C3 
 

     -
.            -

.  ,       
,     ё .  

  Al4C3     -
: 0,32–0,58 / . 

     ,    -
 l4 3      ,  -

 .   -  ,  ё    ё  
     . ё   

   ,    
.   ( )    -

,    .  -
    ,  ё    -
 .      -
  ё   [88, 89]. 

: 
1    ,     

  Al2O3 + MgO + , ё   SPS. 
2   3D-   Al4C3. 



 

53 

3.2      
 

        -
        .  

      -
 [44]   ё     . 

   3D-   , -
  ё . ,      

     . 
  -  ё    

  . 3D-      -
     .  -
  ё  γ-Fe  ё     

3,656 Å [30].   ,       -
     , ,   

ё     .   -
   . 

   ё   ,   
    6       -

 ( . 3.17).        -
 ,  -  ( . 3.18–3.20). 

 

 
 

 3.17 –    6  ,   
 

 
 

 3.18 –    13  ,   
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 3.19 –    19  ,   
 

 
 

 3.20 –    44  ,   
 

      -
 ,        -

 . ё        ( -
 2.3–2.13)     QuantumEspresso [90]. 

 ё        
        -

 ( . 3.21). 
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 3.21 –       
       6   

 
        -

         , 
    . ё      

  .  
    : 1,67 / . –  -

     .   ё     
ё       ,    -

       . 
        

,   ё     . ,   -
          

.       
 . . .        

,  ,      ( ,   -
ё ).     3d   4f  ,      

   [44].  
    ё    -
,   .    -

    .   ё      
,        . 
          -

 .   ,    
 [45, 91–93]. 

: 
1         -

ё  . 
2       -

   . 
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   ,     
     ,     -

 [44]. 
 

3.3      
 

      ,   
,       ,  

  .  ,   -
   ё  ё  ,     

. 
 ,      , 

     .  
,      ,    -

ё         (BNd, FeNd). 
        

 ,      . 
     .    

    .    , -
       -  -

 ё .       -
 . ,      -

      . 
    - .  

       -
 -12.      

  [94],   -  [95].  
   [96]    ,  -

    -12  -14    110 13  ( . 
3.22, 3.23).      .  

 -12   ,    -
 .     , -

     . 
   110 13      

[18, 97].      ,  
 ,        150 / 2. 

    ,  ,   
  .       

      .   
 γ-FecMn1- .     .  

        -
  ( . 3.24). 
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 3.22 –   -  -12 
 

 
 

 3.23 –   -  -14 
 

      , -
   ,   -
.       -

  ,       ,   
        [99].  

  [18, 98] ё     -
    ( . 3.25).  

 

 
 

  
 

 3.24 – 3D- :  –     ;  – -
   γ-FecMn1-  

 



 

58 

 
 

 3.25 –      -12 [98] 
 

       ( . 
3.26),      3.2.   -

    ё .   ,    -
     ,    3.27. 

 

  
  

 
 3.26 –   :  – ;  –  [100] 

 

 
 

 3.27 – 3D-   ,      
 ё   [18] 

 
        

    ( . 3.28).   
   – 0,21 / . 
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 3.28 –       
       13   

 
  3D-      

 ( . 3.29). 
 

 
 

 
 

    
 

 3.29 –     :  – ;  – -
;  – ;  – ё  

 
       -

        -
.        12 ё  

    .    20   -
.  – 32 , ё  – 52   . . 

         
  .     -

,      1,47 º,     -
    ё    0,735 º  -
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 .        -
     ,   

 , : 
 = ∙ sin , 5 = ∙ , , (3.1) 
 
 l –      . 

     ,   
, ё   ,     7,35 ° ( . 3.30). -

         70,53 °,   
 ё  352,65 °,   360 °.      -

 ё :      1,47 °.    
  1,47 °   ,      

 ё    ё    ( . 3.31). 
 

 
 

 3.30 –      ,    7,35 °  
 

        
 ё        .   

   .    -
 ,     ,   

 .   :  ,  ё 
   ё   . 

 

 
 

 3.31 –        
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      ,  -
 ,   ё ,    -

  ( . 3.32).     
 ,  [33] ( . 3.33).   ё  -

  ;     .  
   TiO2, BeTiO3 [TiO2 + BeO ].  , -

   -12  -16  Fe86Mn13C [18] ( . 3.34) 
 

 
 

 3.32 – 3D-    
 

 
 

 3.33 – 3D-      
 

 
 

 3.34 –   -12  -16  Fe86Mn13C [101] 
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      . 
       -

    Ni4Ti3, Al4C3 [81, 84, 85, 87].   
         

 ё   ( . 3.11).   . 3.35  -
  ,      .  
     -  -
   ( . 3.36),      

 0,26 / . 
 

 
 

 3.35 – 3D-      10   
 

 3.7 –     10  
   x, Å  y, Å  z, Å 

  1    1,5033    −1,1311 17,566 
  2 −0,9821       0,9032   16,6758 
  3    1,4392       0,1803   14,5026 
  4 −0,7792    −2,1535   15,3629 
  5 −1,7181      0,4178   13,4616 
  6    0,2581    −2,0012   12,1899 
  7    0,7822  1,22   11,3875 
  8 −1,8657    −0,4033   10,1788 
  9    1,2035    −1,1478     9,0538 
10             −0,203   1,77     8,2683 
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 3.36 –       
        10   

 
     (Rh-7)   ( -12) 

    ,  133 , 120  
    ( . 3.37).  

   :   
 ё  ё       ( . 3.38). 

 ,       .   -
      ( . 3.39).   

   z. 
 

 
 

 3.37 –    , 
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 3.38 –     (    -
),        

 

 
 

 3.39 –       ,   – -
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   .   -

         
 [102].      -
    ,   , 

 ,    . [103]. 
      -

 ( , ,   ). ,   
   ё     ,   

.   ,  ,  , -
 .        -

 . 
       

–  .      
  ,   30  500 ,  -

     [44].      
  ,      -

  .       -
  ,      -

  .      
     . 

       
  .      -

     .  , -
      -

 ,    , .  
    , -

   ,    -
     ё   .     -

  ,      -
    .  ё    -

       [15].  
  ё ,    ё   ,  

     –     
 . 

 ,  ,       
,   (  0,22 / .).  -

         
,  ,    .   -

       ,   
     .  

       100   -
 ,   .    -
  ,         
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   .      -
,           

 ( . 3.29).        
0,26 / .   – 0,21 / .   -

    .  ,  ё  
 133-     4,99 / .   

       , 
  ,   ,  -

  .     100–150 
   3,0–3,2 / .    
   [44]. 

:  
1    ,   -

   ,   50–150 . 
2   ,     -

 ,    , -
    [44]. 
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       , -
     .   ё  -

 Al2O3 + MgO   , ё   -
       .  -

    Al4C3  ,  ё   -
 . 

     ,  
ё     .   -

       . 
       -

 .       
   . 
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   Щ  

 
 –    ё . 
 –   ё . 
 – ё   ё . 

-  – ( . Muffin-Tin potential) –  -
      ,   ё   

 (  . ). 
 –   . 

 –   . 
 –  - . 

DFT ( . ) – density functional theory ( .   -
 . 

SPS – spark plasma sintering ( .    ). 
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