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.
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, 
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. 1.1
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.
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. 
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 – .

    

. 
 r :

)/rexp(U ,  – , 
.

: 
 F , 
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; 

 F ,   
,  F  ( .1.2).

        r0 , 
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       ,  r0, 

, 
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 – . 

0
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r

r
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F

F
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, 
. 

, 
  .

1.3. 

  
.

,  ( , ,
), .

  

. , 
 x, y, z ( . 1.3):

                           ox –  a, 2a, 3a, … ma;
                           oy –  b, 2b, 3b, … nb;
                           oz –  c, 2c, 3c, … pc .

cpbnamr .
a , b c   ,   

 –  ( . 1.4).
  ,  ( ) 

. 
, a , b c    

. . 
, 

 ( . 1.3).
 ( ) 

.  , 
, . 

. 
. . 

  :  a, b, c 
, , . 

 ( . 1.4).

a2a
ma

b 2b nb
c
2c

pc

x

yr

z

a

b

c
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       , , 
. 

, 
 ( .1.5).

                                                     
: ,

, ,  (
), , 

. 

 x, y, z. , 
:  = b = c;

=  =  = 90 0, , b,  - , ,  -
.

     . 
:  - 

;  ( ) - 
;  ( ) - 

 ( .1.6).  
14 , 

.

                                                                   

     
, 

, . :
 ( ),  ( ) 

)  ( .1.7).  , 
.

     .  , 
. . 1.8 
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. 
. 

, 
,a b   ( .1.8).

    
. 

. .
, ,

,  – ,
.

     
. 

, 
. 

 ( , ) 
 – .
  ,

, L. , , 
 ( L),  – HKL ,

 –  [[HKL]].
. 

: x, y, z. 
:

                                               x = Ha, y = Kb, z = Lc,
 a, b, c – ; H, K, L – .

      
,  H, K, L. 

: [[HKL]].  (–)
. ,  x = –2a, y = –1b,  z = 3c

: [[ 312 ]].
. 

, . 
 [[HKL]] , .

 [[HKL]] .
: [HKL]. , 

, 
, .
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. 
 A, B, C, . 

:  A, B, C 
, : 1/A, 1/B, 1/C. 

.  D.
A/DH , B/DK , C/DL . 

: (HKL).

          (100)                                   (110)                                        (111)

     , , , 
A =1/2, B = 2, C =1/3.  1/A = 2, 1/B= 1/2, 1/C = 3.  D=
2. : H = 4, K = 1, L = 6. 

: (416).
 ( ) 

222 LKHad ,        a – .
,  H, K, L, 

. 
. 1.9.

1.4. 

. ,

.

  
 ( .1.10).

     , 
, 

, 
.

, 
, 

, 
. , , 

, ,
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. , 
Sin2d  ( . 1.10).      

, 
, :

Sin2dHKL

 dHKL - ,  - 
, k - :  k = ±1, ±2…

  
, 

, . . 

1.5.  

      : 1) ,
; 2)

,
. 3) ; 4)

 5) .
, 

, .

,  – 
.

      .

.   
, ,   . 

,   :
:  13,3 0

, . 
. , 

, 
.  13.3 0

, 

, .
 – 

, . 
 – C,

Fe, Ni, Co, W, Ti, B, Be ., .
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. 
,

. 

 1- .
  . , 

, 
, 

.

2. 

2.1. 

          , 
. 

, , – 
.

, , 
, , 

. 
. 

:
                              dE = TdS – dV + dN ,

 – , dN – ; 
– ; dS  dV – 

. . 
. ,

,  dS = 0  dV = 0.  dE =  dN. 
, dN/dE . , 

  
.

   (x,
y, z)  (Px, Py, Pz) . 

,  

. ,  (
 1023!). 

. , 
, , 
.
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. 
.

: . 
: S =1/2, 3/2. , , .  –

: S = 0, 1. , , .
. 

 « » ( ), 
 « ».

 « » .  « » 
. ,

 N  G , 
.  “ ”  N/G.

,  N/G << 1. 
 (G>>N). 

, 
, 

. . 
,  N/G << 1 

.
 N/G  1 (  G 

 N), , ,
, . ,

 N/G  1, .
, 

, . 
 ( ), 

 G . ,
, .

. .  –
, 

 – .
, 

 N/G<<1. 
 G

, 
). 

.
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2.2. 

, 
, 

. 

                  N(E)dE ,
 E  E + dE, , 

 (  - 
,  – ).

g(E)dE,  dE, 
 – f(E):                   N(E)dE = f(E) g(E) dE                        (2.1)

 f(E) . 
 ( ,

). , 
 g(E)

 f(E).

2.3.  

 (x, y, z)  (Px,  Py,  Pz). 
 x, y, z, Px,  Py,  Pz

 (x, y, z, Px,  Py,  Pz). ,  
. 

 = V p = dx dy dz dpx dpy dpz
. V =  dx  dy  dz

, p =  dpx dpy dpz –
.

  
, V, p, 

.
. 

, , 
 (x, y, z, Px, Py, Pz)  (x+dx, y+dy, z+dz, Px+ dPx, Py+ dPy, Pz+d Pz), 
 dx dy dz dpx dpy dpz  < h3. 

, , 

, 
 h3. 

,
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 = V P = h3.
, 

, . 
, , 

V  V, 
. P =  h3/V.

 (h3

h3/V) .

2.4. 

, 
+d . 

+d . ( . 2.1). ,
,  4 p2dp.

dpp
h

V4dpp4 2
3

p

2

.

, , 
 dp, +d , 

dpp
h

dppg 2
3 .

dp
m
pdE,

m2
pE

2

. 

dEE)m2(
h

V2dE)E(g 2
3

3
.

 g(E) ,

E)m2(
h

V2)E(g 2
3

3 .

, 
E  ( . 2.2).

, 
 m 

 m*. 

.  –

g(E)

0 E
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, , 
, 

. 
  me

*= me.
     , , , 

, . 
, , .

dEE)m2(
h

V4dE)E(g 2
3

3 ;

E)m2(
h

V4)E(g 2
3

3 .

.   n  5 1028 -3,
m = 9,1 10–31 .  n  m 

 105 K. 
, 

.

, 
n.  n  1022 –3 . 

, 

. .

 f(E)  (2.1) 
, , , 

,  –   : 
.

2.5. 

  

 f(E): kT
E

kT ee)E(f                                            (2.2)
 k – ,  - ,  – .

,   :
2

3
2

mkT2
h

V
NlnkT .

 (2.2), :

kT
E2

3
2

M e
mkT2
h

V
N)E(f .
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  ,  fM(E)dE
,  E  E+dE; 

.  fM(E) .2.3..
 E = 0

 E . , 

. 

.
   fM(E)  g(E)dE,

: dEEee)m2(
h

V2dE)E(N kT
E

kT2
3

3

:

dEEe
)kT(

N2dE)E(N kT
E

3 .

     
. 

.2.4. 
E

.

2.6. 

  
:

1e

1)E(f
kT

E                                       (2.3)

 - , 
.

   (2.3) ,  E= 2/1)(f  T 0.
   – 

,  1/2.  (2.3) 
. ,

     ,
, 

. . 2.5 .
     

fM

0 E

kT
E

e

kTe



18

.  N
, 

 N/2. 
. 

 EF, 

. . 
, 
 E<EF , 
 E>EF . ,  T = 0 K

 E<EF   1, 
 E>EF .

F

F

EE0
EE1

)E(f

 (2.3), ,
 T = 0 K = EF.

1e

1Ef
kT

EE F                                        (2.4)

. 2.6.

      (2.4)  g(E)dE, 
:

dEE)m2(
h

V4dE)E(N 2
3

3 .

 N(E) .2.7.

 0  EF, :

2
3

F
2

3

3 E)m2(
h3
V8N .

EF .

3
22

F 8
n3

m2
hE ,

 n = V/N  - . 

N/2

EF

00

0

1

2

-

-

-
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 5 .
  , 

 <E0>  T = 0 K. , 
3E5/3E F0 .

,  TF, 
: F =  F/k. , 

, , 
 kT,  EF. 

 TF 104–105 K. ,  TF
, 

.
     

, 
. , , 

 kT 
 EF, 

 kT,

. 
, 

 kT 
. 

, ,  EF,
, 

. 
. .2.8

 T=0  T>0. , 
 kT

 “ ” ,  EF. 
,  E<EF

,  EF, : 
 kT  0,025 , N/N ‹ 1 %,  T = 1000 K, N/N  = (1– 2) %.

, , 
, 

. 
1%

.
   f (E)g(E)dE

,  N:

0 kT
E

2
1

2
3

3
0 1e

1dEE)m2(
h

V4dE)E(g)E(fN .

. 
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 T:
2

F

2

F E
kT

12
1E .

 kT<<EF, 
 T 

.
   N/G‹‹1 , 

. 
 f(E)

, : f(E)<<1.
, )kT/)Eexp(( >> 1.

  , 
 E = 0, )kT/exp( ››1.  , 

 –
 kT:  – >kT.

  
 kT. , 

)kT/)Eexp(( ›› 1  f (E)

kT
E

kTkT
E

kT
E eee

e

1)E(f .

 (2.2) – -
, , .

  
, 
.

2.7. 

  , , 
, , 

,  « », 
. 

:

1e

1)E(f
kT

E .

.
  ,  T 

  . 
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,
.  S=1 .

.
.

1) .
2) ,  c = 3 108 ,  

:  E = h
= ;

cc
hp , ,  E = pc.

3) , 
, 

. ,
. 

.
    4)  ( )  ( )

. 
.  V

 T
 N0, . 

: 0)dN/dE( T,V . ,

T,V)dN/dE( .  , 
  =  0.

  
. , =0,

, .
 = 0, 

1e

1

1e

1)E(f
kTkT

E .

. 
,  E = . , 

, 
 (

).

3. 

3.1. 

  
. 

. 
. ,
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, 
, 

. 
. , ,

,  3N,  N – 
.

       – ,
 a ,

 ( .3.1 ) , 

 ( . 3.1 ,  1).
, 

 (  2). 
,  (  3) . 

, , 
 ( . 3.1 ): min=2a. 

max, :
                                              max= a

vv2

min

, (3.1)

  v –   .
   

k , 
/2k .  (3.1) , 

                                               =  kv.
, 

), . 
k   

. 3.1 .

a)

a

0
a a

k

)

)

min
)

1
2

3

0
a2 a2

k

)

)

1

2

M
a)

2a
M Mm m

)

)

a

1 12 2
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  , , 
 ( . 3.2 ). 

M,  – m. 
. 3.2 ). :

 k=0, =0. 
, 

. 
 – , , 

. .
     ,  ( . 3.2 ) 

. 
,

. , 
. .3.2

 (1)  (2)
, . , 

 k 
a/2kmax , max

 k = 0,  k 
 kmax.

, 
, 

, .2.2 . 
. 

.

3.2. 

  
. 

 ( .3.1).
, ,

: n/L2n ,      (n = 1, 2, 3…N), L – , N –
.

  Z, n,
, ,  n: n/L2nZ .

 V,   ,   . 
, 3/V4Z .

   = 2 v/ ,   
3

32v2
VZ                                                      (3.2)

 (3.2), 



24

d
v2

V3d)(gdZ 2
32                                              (3.3)

 (3.3) , 
+d . 

2
32v2

V3
d
dZ)(g                                                       (3.4)

 d
, , .  g( )

.
  , 

,  3N,  g( ) 

:
0

N3d)(g ,                                            (3.5)

 – , .
 (3.4)  (3.5) , 

N3
v2

V
32

3

.                                            (3.6)

:
3 2 V/N6v ,

  k =

: k ,           k– .

  
, . 

 ( ) 
.  v3  (3.6)  (3.4)

:

3

2

N9)(g .                                (3.7)

3.3. 

.  
,

.    
,  

, .  i-
, i Ei ..  Ei

. , i: Ei .= Ei .
,  3N , 
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N3

1i
..EE .                                                (3.8)

, ,  N , 
,  3N 

.

 N

.
  , 

, . 
, 

:
)2/1n(En  ,

 – , n = 0, 1, 2 – .
.3.3.

, 
, .

        E .=E ., 
 (3.8),  (

)  .  , 
, 

.

. , , ,
 – . 

, .
: kv/P ,   k  =  2 /  - , v –

, .
   – . , 

.  – ,

. , 
. 

).
, 

1
1

1
1

kTkT ee
Ef                                   (3.9)

0

n=0

n=1

n=2
n=3

n=4

E0=½

E
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     f(E) 
. 3.4. , 

 T

 kT; ,
>kT, 

. , 
 T<

, 
 kT.

, f(E)
, . ,  (3.9) , 

<E .> , .

1.. kTe
E (3.10)

” . 
 3-  ( .3.3), 2/13E3 ; 

,  “ ” 
  .

      
 ( ). 

,
, ,

.
     

.

3.4. 

,  N ,
 3N , 

,  kT (1/2 kT 
 1/2 kT ). 

, , R3NkT3U A . (k – 
, NA – , R – ). 

:

25R3
dT
dUC /( ).

, 
 CV.

f(E)

0 E
kT 2kT 3kT

0,6
0,16 0,05

8
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,  (1819 .) 
, 

 25 /( ). 
. , 

 ( >1) 
 ( .3.5). 

.
     
    3R

         0             0.3             0.6          0.9           1.2                    

       .
  , 

 N  N
, , –

, , – 
.  3N

. , , 
, 

.  3N.
.

 U 
. , 

 d  g( )d  (3.3). 
 (3.10),

,  d
d)(gEdU .. .

, . 
 0 , 
.

0
.. d)(gEU .

 g( )  (3.7)  <E .>  (3.10), 

0 kT

3

3

1e

dN9U  .                                                   (3.11)
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kT/x  1  .  
(3.11) :

T

0
x

3
4

o 1e
dxxTR9UU  ,                               (3.12)

 U = 9R /8 – .

T

0
Tx

3
3

v 1e
T3

1e
xT123RC .                              (3.13)

 CV(T). 
.

 (T<< )
 (3.12)

. 
0

4

x

3

151e
dxx

                 

4
4

0
T

5
UU

 T,  CV:
3

4

V
TR

5
12C  T3 .                                         (3.14)

, 
.

 ( >> )
   x  (3.12) , 

 ex = 1+x+… . 

T

0

2

4

0 3RTdxxT9RUU  T

     R3
dT
dUCV = 25 /( ).

     .
     

, 
. 

, 
(3.13).

, 
:
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      (T<< ) 
, , 

, .  E .,
 T; , 

, 
 T3.  T4,  

 –  T3 ( ).
  

 U  T
. 

, 
, , ,

 T  CV  T ( ).
  , 

, . 

. 
.

3.5. 

C ,

, 
: 

.
  

.3.6). 
 r0, 

 U0 (
 abc). 

. 

 O. ,  2. 
, 

   O.
.3.6  E . 

 2
   1 

. , 
 E .

r0

a’ a
d

c’

c

A’A B’ B
O O’

E

2

<x>

x1 x2

1

U
0

U
(x

)U
0

U
(x

)

b

U
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 U(x)=E  –(U0–U(x)),  2
 x1.  2 

   1 
.  B, 

 x2,  E ,
 U(x)=E

    – (U0–U(x)).
   2 , 

,  f(x),   
 x, 

xf                                 (3.16)
 U(x)

 a bc .3.6), 
2/x)x(U 2                                           (3.17)

 bd,  U
 r0.  x1  x2

 A
 0. 

, 
, 

.
   abc , .3.6,

 bd. , 
. 

 (3.17)  – 3/gx 3 ,
.  (3.16)  (3.17) :

3
gx

2
 x)x(U

32

                                                    (3.18)

2gx x
x
U)x(f                         (3.19)

  , 
 2  (x2>x1).

 2 (  O ) 
 ( ), . 

 <x>.
  , 

, 
.

  . 
,  2 , 
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 (3.19) 
2xgxf .

<f> = 0,  g <x2> = <x>. 
2xgx .                                (3.20)

 (3.18), 

2

x
xU

2

 . 
xU2

x 2 .

 (3.20), 

: 2

)x(Ug2x . 

U(x)  E , 
<U(x)>=<E >.  E=<E >+<U(x)>=2<U(x)>. 

 <x> :
2/gEx .

  , 
 <x>

, E
r

g
r
x

0
2

0
, 

V
0

2
0

C
dT
dE

r
g

dT
xd

r
1

                                          (3.21),

0
2r
g

    , dT
dECv     –  , .

  , 
.

          1) 
E = kT,   CV = k, 

0
2V r
gkC .                                                (3.22)

 g, k, ,  r0
 10–4–10–5, . 

, 
.

2)  CV: 

.
      , ,  (3.22)
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                                = V /3V
 – , V – ,  – 

,  1,5  2,5.

3.6.  ( )

  , 
, . 

, ,

. 
, . 

, 
,
.

; 
.

,  (3.19) .
, 

,
. 

.

, 
. 

, 

. .
.

 r , 2r . 
, , 

. 
, 

 g, 
 g:  g2.

  , 
 < > , . , 

. , 
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n
1

2gn
1

,                                           (3.23)

 n  – .
  

:

vCV
3
1

,

 V  =  V .– , < > – , V –
.

 < >  (3.23), 

2
V

gn
VC

.                                                       (3.24)

,  (3.24)
.

1)  n T, 

2
V

Tg
VC

.                                                    (3.25)

 CV  T, 

, .  (3.25)
 g  V, 

, . 
 V ,  g , 

 ( ) 

.  (2.25)
. . , 

, . 

. , 
=550 /( ), 

 –  (407 /( )).
2)

   T, 
< /20 , 

. ,
 < >, 

. 

 T  CV. 
 CV T3,    T3, .
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. 3.9. T3.  

, 
. , 

n

 < >, 
. 

 n
 T; 

 n
, 

,  T. 

 T ( 1/T).

4. 

4.1. 

     
. ,  1 3 ,  1023 – 1024

,   . 
, , 

. 
. ,

. , 

.
     : 1) 

, , 
;

2) ,
;

3) 
, 

. 
, 

. , 
, 

 ( , ), 
: ,  –

T,K40

T
1

3T

800
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. 
, .

4.2. 

      , , 

.  (Z =
11).  U  r 

.4.1 .
       E . 11

:  1s
 2 ,  2s

– 2 , 2p – 6 , 3s – 1 . 
.  1s, 2s, 2p 

;  3s – ; ,
 3s,  .

       U          U

    3d                                                                                                                                                                 3d
       3p                                                                                                                                              3p
            3s                                                                                                                                    3s

U0

                       2p                                                                                                              2p
                        2s                                                                                                            2s

1s                                                                                                       1s
l

r>>a

. 4.1

      , 
 (r>10–9 ), 

. 
 l  >>  a, a –

. ,
, . 

. ,
 r = 3 ,  3s – 

 1020 .

r
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 r < 10-9  (
=0,43 ) .

 N  [N=(1023 -  1024) -3] 
: l ~

 ( .4.2).  3s–
 3s–

, 
. 

. 
 105 . , 

 10–15 . 
. 

. 
,   –

.

      U
                                                                                                                                    r

   U0

   l

                                                r=a
. 4.2

     
, 

. 
: htE , t – 

 E  E E, E 
. 

, 
E . 

t = 10–8 , 
t/hE

= 6,63·10–34/(10–8 1,6·10–19) ~ 10–7 .
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E 
. , ,

,  ( .4.3). 

, ,  D   (U0–E) l
, 

D=Doexp(- E)2m(U2
o ).                (4.1)

 (4.1)  D0 . 
:

 m = 9.1 10-31 ;         E = 10 ;
l = 10-10 ;                  U0 – E = 10 .

,  V  105

, 0 = V/r  (
, ).

 = 0 D = VD/r.

EU2m2exp
V
r

0 . 

 = 10–15 . 
, E 

 1 .
, 

 107 , 
 ( .4.4). , 

.
U

U0

E
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