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Doslid�eno pepehid metal{dielektpik u modeli vuz~kozonnogo mater��lu z neekv�valent-

nimi gabbard�vs~kimi p�dzonami ppi polovinnomu zapovnenni zoni ta nul~ov�� temperatur�.

Zna�deno umovi, za �kih pealizu
t~s� dielektpiqni� � metaliqni� stani. Otpimano odnoqa-

stinkovi� elektronni� spektr, zale�nost� xipini ener�etiqnoÝ wilini, koncentpaciÝ nosiÝv

strumu ta hemiqnogo potenci�lu v�d parametr�v sistemi.
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I. VSTUP

Osobliv�st� model� Gabbarda [1] � vuz~kozonnih

modele�, genetiqno pov'�zanih z ne� (napriklad,

t � J model�), 
 elektronno{d�rkova simetr��. Od-

nim �z pro�v�v c�
Ý simetr�Ý 
 ekv�valentn�st~ ni�n~oÝ

� verhn~oÝ kvaz�qastinkovih gabbard�vs~kih p�dzon u

model� Gabbarda, wo svo
� qergo� 
 nasl�dkom r�v-

nosti �nte�ral�v perenosu, �k� opisu�t~ �k \trans-

l�c��n�" perehodi d�rok � dv��ok, tak � procesi Ýh

parnogonarod�enn� ta zniwenn� (\aktivac��n�" pro-

cesi). R�vn�st~ ukazanih �nte�ral�v zumovlena neh-

tuvann�m matriqnimi elementami m��elektronnoÝ

vza
mod�Ý
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; (1.1)

�k� opisu�t~ perehodi elektron�v m��vuzlami i ta j

('{funkc�Ý| funkc�ÝVan~
). U robotah [2{4] ob�run-

tovana principova neobh�dn�st~ uzagal~nenn� model�

Gabbarda vrahuvann�m korel�c��nogo perenosu elek-

tron�v (1.1) � zaproponovana vuz~kozonna model~ z ne-

ekv�valentnimi gabbard�vs~kimi p�dzonami. U tak��

model� �nte�rali perenosu, �k� opisu�t~ transl�c��-

ni� perenos d�rok � dv��ok, v�dr�zn��t~s� �k m�� so-

bo�, tak � v�d �nte�rala perenosu, pov'�zanogo z akti-

vac��nimi procesami. Pod�bn� model� v ostann�� qas

�ntensivno dosl�d�u�t~ [5{7].

Va�livo� problemo�,wo vinika
 tut, 
 problema

perehodu d�elektrik{metal pri zm�n� parametr�v si-

stemi, �ka 
 odn�
� z central~nih u f�zic� vuz~ko-

zonnih sistem (div. ogl�d [8]).

U robotah [3, 4] zaproponovani� novi� p�dh�d do

rozgl�du odnoqastinkovogo ener�etiqnogo spektra

vuz~kozonnih sistem, �ki� privodit~ do korektnogo

opisu fazovogo perehodu metal{d�elektrik. P�dh�d

�runtu
t~s� na vikoristann� var��nta metodu nabli-

�enogo vtorinnogo kvantuvann� v uzagal~nenomu na-

bli�enn� Gartr�{Foka [9].Pri c~omu dl� model� Gab-

barda xirina ener�etiqnoÝ w�lini

�E = �2w(1� 2c) +

p

U

2

+ (4cw)

2

; (1.2)

koncentrac�� pol�rnih stan�v

c =

1

4

+

U

32wc

ln(1 � 4c); (2w > U ); (1.3)

de w | p�vxirina zoni prov�dnosti, U | znaqenn�

kulon�vs~kogo v�dxtovhuvann� dvoh elektron�v z pro-

tile�nimi sp�nami na odnomu � tomu � vuzl�.

U nax�� robot�dosl�d�enofazovi� pereh�d metal{

d�elektrik u model� vuz~kozonnogo mater��lu z ne-

ekv�valentnimi gabbard�vs~kimi p�dzonami. Zna�-

deno umovi, za �kih pealizu
t~s� dielektpiqni� �

metaliqni� stani. Otpimano odnoqastinkovi� elek-

tronni� spektr, zale�nost� xipini ener�etiqnoÝ

wilini, koncentpaciÝ nosiÝv strumu ta hemiqnogo po-

tenci�lu v�d parametr�v sistemi dl� vipadku nap�v-

zapovnenoÝ zoni pri nul~ov�� temperatur�.

II. GAM�L^TON��NMODEL�

Zapixemo gamil~toni�n sistemi s{elektponiv zoni

ppovidnosti, vira�eni� qerez funkc�Ý Van~
, u vi-

gl�d� [4]:
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de a

+

i�

; a

i�

| operatori narod�enn� � zniwenn� elek-

trona z� sp�nom � (� ="; #) na vuzl� i; � | hem�qni�

potenc��l; n

i�

= a

+

i�

a

i�

,

t

ij

(n) = t(ij) + T

1

(ij)

| efektivni� koncentrac��no zale�ni� �n-

te�ral perenosu; t(ij) vidpovida
 elektponno{�onni�

vza
modiÝ; T (ij) = J(iiij), J(ij) = J(ijji), V (ij) =

J(ijij) | matriqn� elementi, �k� opisu�t~ elek-

tronn� perehodi m�� vuzlami kristal�qnoÝ �ratki

za rahunok m��elektronnoÝ vza
mod�Ý (vuzli i ta j

na�bli�q�);

T

1

(ij) = n

X

k6=i

k6=j

J(ikjk)

| efektivni� inte�pal pepenosu elektponiv, �ki�

kopel~ovani� zaselenist� inxih vuzliv; n = hn

i"

+

n

i#

i =

N

e

N

|ceredn
 qislo elektron�v na vuzol (N

e

|

qislo elektron�v u zon�,N | qislo vuzl�v).Xtrihi

b�l� sum u viraz� (2.1) oznaqa�t~, wo i 6= j.

Gam�l~ton��n (2.1) vrahovu
 osnovn� tipi vza
mod��

u vuz~k�� nevirod�en�� zon�: m��vuzlovi� perenos

elektron�v | druga, tret� sumi v (2.1), kulon�v-

s~ke v�dxtovhuvann� na odnomu vuzl� | qetverta

suma, m��atomnu obm�nnu vza
mod�� | p'�ta suma,

mi�atomnu kulonivs~ku vza
modi� | xosta suma.

V�dznaqimo tako�,wo tpet� suma opisu
 korel�c��n�

perehodi, dl� �kih harakternim 
 te, wo voni v�dbu-

va�t~s� za uqast� dvorazovo za�n�tih vuzl�v.

Pere�demo u (2.1) v�d elektronnih operator�v do

X

kl

i

{operator�v Gabbapda [10] za dopomogo� sp�vv�d-

noxen~ [11, 12]:
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de X

kl

i

| opepatopi pepehodu vuzla iz stanu jli v stan

jki; stan j0i v�dpov�da
 vuzlov�, ne za�n�tomu elek-

tronom (d�rka), j�i � a

+

i�

j0i | odnorazovo za�n�ti�

(elektron z� sp�nom �) stan, j2i � a

+

i"

a

+

i#

j0i | dvora-

zovo za�n�ti� (dvoma elektronami z protile�nimi

sp�nami) stan na vuzl� i (dv��ka).

V X

kl

i

{operatorah gam�l~ton��n (2.1) zapixet~s�

takim qinom:

H = H
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| operator qisla jki{stan�v na vuzl�,

�

"

= �1; �

#

= 1,

~

t

ij

(n) = t

ij

(n) + 2T (ij); (2.3)

t

0

ij

(n) = t

ij

(n) + T (ij): (2.4)

H

0

opisu
 atomnu granic� vuz~kozonnih modele�.

H

1

opisu
 transl�c��ni� ruh d�rok � dv��ok. Sut-

t
vim 
 te, wo v c�� model� (na v�dm�nu v�d vuz~ko-

zonnih modele� tipu Gabbarda) �nte�rali perehodu

d�rok � dv��ok v�dr�zn��t~s� m�� sobo�.

H

1

0

opisu
 procesi parnogo narod�enn� � zni-

wenn� d�rok ta dv��ok (\aktivac��n�" perehodi).

Dl� podal~xih vikladok nam budut~ potr�bn� tak�

sp�vv�dnoxenn�:

~
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;

t

0

t

= 1�

�

2

1� �

1

;

de t,

~

t, t

0

| vidpovidni inte�pali pepenosu mi� na�-

bli�qimi susidami: t � t

ij

;

~

t �

~

t

ij

; t

0
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;

�

1

=

T

1

(ij)

jt(ij)j

; �

2

=

T (ij)

jt(ij)j

:

Dl� model� Gabbarda �

1

= �

2

= 0.

III. ODNOQASTINKOVI�ENER�ETIQNI�

SPEKTR VUZ^KOZONNOÕ MODEL�

1. Pepe�demo do viznaqenn� kvaziqastinkovogo

ener�etiqnogo spektpa v modeli, �ku opisu
 gamil~-

toni�n (2.1).Dl� c~ogo vvedemo dvoqasov� zap�zn��q�

funkc�Ý �r�na [13, 14]

G
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ii;
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G
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a tako�
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ii: (3.2)

Funkc�Ý �r�na (3.1) � (3.2) pov'�zan� z elektronnimi

funkc��mi �r�na

G

�
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0

(E) = hha
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+

p
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�

ii (3.3)
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(E); (3.4)
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(E) +H

(4)
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0

(E): (3.5)

Ppi�memo tut, wo bud~{�ki� tip elektponnogo

vpop�dkuvann� vidsutni� (u c~omu vipadku vpahu-

vann� mi�atomnih vza
modi� u nabli�enni seped-

n~ogo pol� ppivodit~ do pepenopmuvann� hem�qnogo

potenci�lu).

Vikoristovu�qi metodiku, zappoponovanu v roboti

[4], otpimu
mo tak� vipazi dl� fur'
{obraz�v funk-

c�� �r�na (3.1):

G

(1)

k

(E) =

1� n=2

2�

E + � � U � ~�(k)

(E � E(k))(E �

~

E(k))

; (3.6)

G

(2)

k

(E) =

1� n=2
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�

2

(k)

(E � E(k))(E �

~
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; (3.7)

G

(3)

k
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n=2
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�

1

(k)

(E �E(k))(E �

~

E(k))

; (3.8)

G

(4)

k

(E) =

n=2

2�

E + �� �(k)

(E �E(k))(E �

~

E(k))

; (3.9)

de

E(k) = ��+

�(k) + ~�(k) + U

2

�

1

2

�

[�(k) + ~�(k) + U ]

2

� 4�(k)U + 4[�

1

(k)�

2

(k) � �(k)~�(k)]

	

1

2

; (3.10)

~

E(k) = ��+

�(k) + ~�(k) + U

2

+

1

2

�

[�(k) + ~�(k) + U ]
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� 4�(k)U + 4[�

1

(k)�

2

(k) � �(k)~�(k)]

	

1

2

(3.11)

zada�t~ kvaziqastinkovi� ener�etiqni� spektr si-

stemi, �ku opisu
 gamil~toni�n (2.1). Dl� fur'
{

komponent veliqin, wo viznaqa�t~ kvaz�qastinkov�

spektri (3.10) � (3.11), ma
mo:

�(k) = �t

k

(n); �

1

(k) = �

1

t

0

k

(n);

~�(k) = ~�

~

t

k

(n); �

2

(k) = �

2

t

0

k

(n); (3.12)

� =

2� n

2

+

(n� 2d)

2

2(2� n)

�

2cd

2� n

~

t(n)

t(n)

;

�

1

= �

2 � n

2

+

(n� 2d)

2

2n

�

2cd

n

;

~� =

n

2

+

(n � 2d)

2

2n

�

2cd

n

t(n)

~

t(n)

;

�

2

= �

n

2

+

(n� 2d)

2

2(2� n)

�

2cd

2� n

: (3.13)

U cih sp�vv�dnoxenn�h c | koncentrac�� d�rok

(hX

0

i

i = c), d | koncentrac�� dv��ok (hX

2

i

i = d). Ppi

c~omu vikopistano, wo

t

k

(n) =

1

N

X

ij

t

ij

(n) exp ik(R

i

�R

j

) � t(n)
(k) ;

t(n) � t

ij

(n); 
(k) =

X

�

exp (ik�)

(p�dsumovuvann� vedemo po na�bli�qih susidah),

a tako� analog�qn� sp�vv�dnoxenn� dl� inte�paliv

pepenosu

~

t

k

(n) i t

0

k

(n).
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Odnoelektronnufunkc�� �r�na (3.3) otrimu
moza

dopomogo� kvaz�qastinkovih funkc�� �r�na G

(i)

k

(E)

qerez sp�vv�dnoxenn� (3.4).

2. Osoblivist� ener�etiqnogo spektpa, zadanogo

vipazami (3.10) i (3.11), 
 �ogo zale�nist~ vid koncen-

trac�� pol�rnih stan�v.Navedemo tut de�ki zagal~ni

fopmuli dl� pozpahunku cih veliqin.

Zobpazimo viraz (3.9) u form�:

G

k

(E) =

n=2

2�

�

A

k

E �

~

E(k)

+

B

k

E �E(k)

�

;

de

A

k

=

~

E(k) + �� �(k)

~

E(k) �E(k)

;

B

k

= �

E(k) + � � �(k)

~

E(k) �E(k)

: (3.14)

Dl� spektral~noÝ �ntensivnosti funkc�Ý �r�na (3.9)

ma
mo:

J

k

(E) =

n=2

exp

E

�

+ 1

�

A

k

�

�

E �

~

E(k)

�

+ B

k

� (E � E(k))) ;

de � = k

B

T (k

B

| stala Bol~cmana). Koncentrac��

dv��ok viznaqa
mo virazom

d = hX

2

i

i =

1

N

X

k

+1

Z

�1

J

k

(E)dE (3.15)

=

n=2

N

X

k

 

A

k

exp

~

E(k)

�

+ 1

+

B

k

exp

E(k)

�

+ 1

!

:

Analog�qno dl� koncentrac�Ý d�rok otpimu
mo

fopmulu

c = hX

0

i

i (3.16)

=

1� n=2

N

X

k

 

C

k

exp

�

~

E(k)

�

+ 1

+

D

k

exp

�E(k)

�

+ 1

!

;

de

C

k

=

~

E(k) + �� U � ~�(k)

~

E(k) �E(k)

; (3.17)

D

k

= �

E

(

k) + �� U � ~�(k)

~

E(k) �E(k)

:

3. Ma�qi na uvazi doslid�enn� pepehodu metal{

dielektpik, rozgl�nemo principovo va�livi� vipa-

dok nap�vzapovnenoÝ vih�dnoÝ zoni, koli c = d.

Pepepixemo vipazi (3.12) i (3.13) u vigl�di:

�(k) = (1 � 2c+ 2c

2

)t

k

� 2c

2

~

t

k

;

~�(k) = (1 � 2c+ 2c

2

)

~

t

k

� 2c

2

t

k

;

�

1

(k) = �

2

(k) = �2ct

0

k

: (3.18)

P�dstanovka (3.18) u (3.10) i (3.11) da
 odnoqastinko-

vi� ener�etiqni� spektr:

E

1

(k) = �� +

(1� 2c)(t

k

+

~

t

k

) + U

2

�

1

2

�

A(t

k

�

~

t

k

)

2

� 2UB(t

k

�

~

t

k

) + U

2

+ (4ct

0

k

)

2

	

1

2

; (3.19)

E

2

(k) = �� +

(1� 2c)(t

k

+

~

t

k

) + U

2

+

1

2

�

A(t

k

�

~

t

k

)

2

� 2UB(t

k

�

~

t

k

) + U

2

+ (4ct

0

k

)

2

	

1

2

; (3.20)

de

A = (1� 2c)

2

+ 8c

2

(1� 2c+ 2c

2

);

B = 1� 2c+ 4c

2

: (3.21)

Otpimani� kvaziqastinkovi� ener�etiqni� spektp da
 zmogu vivqati osoblivosti modeli vuz~kozonnogo ma-

tepi�lu z neekvivalentnimi gabbapdivs~kimi pidzonami, zokpema dosliditi pepehid metal{dielektpik u zappo-

ponovani� modeli.
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IV. PEREH�D METAL{D�ELEKTRIK DL�

VIPADKU NAP�VZAPOVNENOÕ ZONI

1. Zna�demo virazi dl� hem�qnogo potenci�lu � i

koncentrac�Ý pol�rnih stan�v u vipadku polovinnogo

zapovnenn� zoni ppi T = 0.Koef�c�
nti (3.14) � (3.17)

viznaqatimut~s� tut sp�vv�dnoxenn�mi:

B

k

= C

k

= �

1� 2c+ 4c

2

2Q

(

~

t

k

� t

k

) �

U

2Q

+

1

2

; (4.1)

A

k

= D

k

=

1� 2c+ 4c

2

2Q

(

~

t

k

� t

k

) +

U

2Q

+

1

2

; (4.2)

Q =

�

A(t

k

�

~

t

k

)

2

� 2BU (t

k

�

~

t

k

) + U

2

+ (4ct

0

k

)

2

�

1

2

:

�z fopmul (4.1) i (4.2) vidno, wo

A

k

+ B

k

= C

k

+D

k

= 1: (4.3)

Zapixemo umovu dl� viznaqenn� hem�qnogo poten-

c��lu:

X

k

 

A

k

exp

E

2

(k)

�

+ 1

+

B

k

exp

E

1

(k)

�

+ 1

!

=

X

k

 

C

k

exp

�E

2

(k)

�

+ 1

+

D

k

exp

�E

1

(k)

�

+ 1

!

; (4.4)

de E

1

(k) ta E

2

(k) zada�t~s� vipazami (3.19) i (3.20).

Spivvidnoxenn� (4.4) ppi T = 0 pepepixemo u vi-

gl�d�:

X

k

[A

k

� (�E

2

(k)) +B

k

� (�E

1

(k))]

=

X

k

[C

k

� (E

2

(k)) +D

k

� (E

1

(k))] ; (4.5)

de �(x) | teta{funkc��.

Vikoristovu�qi fopmuli dl� koefici
ntiv (4.1),

(4.2) i (4.3) ta vlastivost�teta{funkc�Ý,dl� pivn�nn�

(4.5) ma
mo:

X

k

[� (E

2

(k)) + � (E

1

(k))] = 1: (4.6)

Pri�memo pr�mokutnu gustinu stan�v:

1

N

X

k

�(E � t(k)) =

1

2w

�(w

2

�E

2

): (4.7)

Pere�demo v pivn�nni (4.6) v�d p�dsumovuvann� za k

do �nte�ruvann� za ener��
� � rozv'��emo �ogo.U p�d-

sumku dl� metaliqnogo stanu (U � w + ~w) ma
mo

� =

(1 � 2c+ 2c

2

)w � 2c

2

~w

(1� 2c)(w + ~w)

U; (4.8)

de w ta ~w | p�vxirini ni�n~oÝ p�dzoni (\d�rkova"

p�dzona) ta verhn~oÝ p�dzoni (p�dzona \dv��ok") v�d-

pov�dno; w = zjtj; ~w = zj

~

tj (z | qislo na�bli�-

qih susidiv).Takim qinom, vi�vl�
t~s�, wo neekviva-

lentnist~ gabbapdivs~kih pidzon ppivodit~ do zale�-

nosti hem�qnogo potenci�lu vid koncentpaciÝ nosiÝv

stpumu c ta pivxipin pidzon w i ~w (na vidminu vid

modeli Gabbapda, de � = U=2).

Zna�demo teper koncentrac�� pol�pnih staniv.

Dl� c~ogo zapixemo r�vn�nn� dl� c:

c =

1

2N

X

k

"

C

k

exp

�E

2

(k)

�

+ 1

+

D

k

exp

�E

1

(k)

�

+ 1

#

: (4.9)

Perepixemo spivvidnoxenn� (4.9) u vigl�d� (T = 0):

c =

1

2N

X

k

[C

k

�(+E

2

(k)) +D

k

�(+E

1

(k))] : (4.10)

Pere�demo u vipazi (4.10) v�d p�dsumovuvann� za k do

�nte�ruvann� za ener��
�:

2c =

w

Z

�w

C

�

�(+E

2

(�))

1

N

X

k

�(�� t

k

)d�

+

w

Z

�w

D

�

�(+E

1

(�))

1

N

X

k

�(�� t

k

)d�: (4.11)

U r�vn�nn� (4.11) C

�

,D

�

, E

1

(�), E

2

(�) otrimu
mo z vid-

povidnih formul (3.19), (3.20), (4.1) � (4.2) dl� C

k

,

D

k

, E

1

(k), E

2

(k) zam�no� t

k

! �,

~

t

k

!

~

t

t

�, t

0

k

!

t

0

t

�.

Vikoristann� vipazu (4.7) ppivodit~ do pivn�nn�

2c =

1

2w

w

Z

��

0

C

�

d�+

1

2w

w

Z

�

0

D

�

d�; (4.12)

de

�

0

=

j(2�� U )(1 � 2c)(t+

~

t)� BU (t�

~

t)�

p

D

2

j

j(1� 2c)

2

(t+

~

t)

2

�A(t �

~

t)

2

� (4ct

0

)

2

j

jtj (4.13)
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| dodatn�� kor�n~ r�vn�nn�

��+

U

2

+

(1� 2c)(t+

~

t)

2

�

t

�

1

2

�

A(t�

~

t)

2

�

2

t

2

� 2BU (t�

~

t)

�

t

+ U

2

+ (4ct

0

)

2

�

2

t

2

�

1

2

= 0;

D = 4U

2

(1� 2c)

2

(t+

~

t)

2

+ 8BU (1 � 2c)(�2�+ U )(t

2

�

~

t

2

) + [4B

2

U

2

+ 16A(�

2

� �U )](t�

~

t)

2

+ 16(�

2

� �U )(4ct

0

)

2

;

� viznaqa
t~s� fopmulo� (4.8); A ta B | ko-

ef�c�
nti, zadan� spivvidnoxenn�m (3.21).

U p�dsumku otrimu
mo take r�vn�nn� dl� koncen-

tpaciÝ pol�pnih staniv c:

Bt

w

~

t� t

�

h

'

�

�

�

0

t

�

� '

�

�

0

t

�i

+

U

p

�

jtj

w

�

1�

B

2

(

~

t� t)

2

�

�

� ln

p

�'

�

�

�

0

t

�

� �

�

�

�

0

t

�

�BU (

~

t � t)

p

�'

�

�

0

t

�

� �

�

�

0

t

�

�BU (

~

t � t)

= 8c� 2; (4.14)

de

� = A(

~

t � t)

2

+ (4ct

0

)

2

;

'

�

�

t

�

=

�

�

�

�

t

�

2

+ 2BU (

~

t � t)

�

t

+ U

2

�

1

2

: (4.15)

�z pivn�nn� (4.14) qisel~nimi metodami otpimani za-

le�nosti dl� koncentpaciÝ nosiÝv stpumu c vid papa-

metpiv U=w ta ~w=w (pis. 2, 3). Ppi zmenxenni ~w=w

(0 � ~w=w � 1) ma
mo zmenxenn� koncentpaciÝ nosiÝv

stpumu. Z pis. 2 vidno tako�, wo ppi U=w, dostatn~o

bliz~kih do nul�, znaqenn� c malo zale�it~ vid vid-

noxenn� ~w=w, ale ppi zbil~xenni U=w koncentpaci�

nosiÝv stpumu poqina
 sutt
vo zale�ati vid ~w=w.

Ris. 1. Zale�nist~ hem�qnogo potenci�lu � vid

k = ~w=w; pr�ma H vidpovida
 znaqenn� hem�qnogo poten-

ci�lu v modeli Gabbarda.

�kwo t =

~

t = t

0

(model~ Gabbarda), to

�

0

=

U

2

p

1� 4c

� pivn�nn� (4.14) pepehodit~ u vipaz dl� koncentrac�Ý

pol�rnih stan�v (1.3).

2. Ener�etiqna w�lina.

Viraz dl� xirini ener�etiqnoÝ w�lini v dani� mo-

deli oznaqimo �k piznic� ni�n~oÝ me�i verhn~oÝ p�d-

zoni ta verhn~oÝ me�i ni�n~oÝ p�dzoni:

�E = �(1� 2c)(w + ~w) +

1

2

(Q

1

+Q

2

); (4.16)

Ris. 2. Zale�nist~ koncentraciÝ pol�rnih staniv c vid

U=w: vephn� kpiva | �

1

= �

2

= 0; sepedn� kpiva |

�

1

= �

2

= 0:1; ni�n� kpiva| �

1

= �

2

= 0:2.

Ris. 3. Zale�nist~ koncentraciÝ pol�rnih staniv s vid

k = ~w=w: kriva 1 vidpovida
 znaqenn� U=w = 0:5; kriva

2 | U=w = 1.
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Q

1

=

(

A(w � ~w)

2

� 2BU (w � ~w) + U

2

+

�

t

0

t

�

2

(4cw)

2

)

1

2

;

Q

2

=

(

A(w � ~w)

2

+ 2BU (w � ~w) + U

2

+

�

t

0

~

t

�

2

(4c ~w)

2

)

1

2

: (4.17)

Dl� simetriqnoÝ model� spivvidnoxenn� (4.16)

pepehodit~ v (1.2); u c~omu vipadku w�lina znika
 za

umovi 2w � U . Dl� model� z neekv�valentnimi gab-

bard�vs~kimi p�dzonami ener�etiqna w�lina znika
,

�kwo vikonu
t~s� umova

w + ~w � U: (4.18)

Pri zadanih U , w � ~w w�lina znika
 za umovi c < c

0

,

de c

0

| kor�n~ r�vn�nn�

�(1� 2c)(w + ~w) +

1

2

(Q

1

+ Q

2

) = 0: (4.19)

(0 � c

0

� 1=4; Q

1

� Q

2

zada�t~s� virazami (4.17)).

Ot�e, metal�qnomu stanov� v�dpov�da
 umova c < c

0

, a

d�elektriqnomu| c > c

0

.

Ris. 4. Zale�nist~ ener�etiqnoÝ wilini vid U=w: 1 |

�

1

= �

2

= 0; 2 | �

1

= �

2

= 0:2.

Z pis. 4, otpimanogo za fopmulo� (4.16), vidno,

wo v metaliqnomu stani pepekpitt� ener�etiqnih

pidzon zmenxu
t~s�, a v dielektpiqnomu | xipina

ener�etiqnoÝ wilini zb�l~xu
t~s� ppi zmenxenni

papametpa ~w=w. Ris. 5 il�stpu
 pepehid metal{

dielektpik dl� vuz~kozonnoÝ sistemi z neekvivalent-

nimi gabbapdivs~kimi pidzonami (�

1

= �

2

= 0; 2). Fa-

zova di�gpama (pis. 6), otpimana za dopomogo� piv-

n�nn� (4.19), ukazu
 na pozxipenn� oblasti, de vuz~-

kozonni� matepi�l pepebuva
 v metaliqnomu stani, iz

zbil~xenn�m ~w=w.

Ris. 5. �l�strac�� perehodu metal{dielektrik dl� vu-

z~kozonnogo materi�lu: a) �

1

= �

2

= 0 (model~ Gabbarda);

b) �

1

= �

2

= 0:2; c) �

1

= 0; �

2

= 0:5 ( ~w = 0). Kpiva 1 vid-

povida
 vephni� me�i ni�n~oÝ pidzoni, kpiva 2 | ni�ni�

me�i vephn~oÝ pidzoni; oblast~, pozmiwena zliva vid xtpi-

hovanoÝ liniÝ mi� kpivimi 1 i 2 | perekritt� ni�n~oÝ i

verhn~oÝ pidzon.
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Ris. 6. Zale�nist~ c

0

vid U=w: vephn� kpiva |

�

1

= �

2

= 0; sepedn� kpiva | �

1

= �

2

= 0:1; ni�n� kpiva

| �

1

= �

2

= 0:2. Zliva vid vidpovidnoÝ kpivoÝ| metaliqna

oblast~, sppava| dielektpiqna.

3. Dl� il�stpaciÝ osoblivoste� modeli pozgl�nemo

vipadok slabkogo pepekpitt� pidzon (vuz~kozonni�

napivmetal). Osk�l~ki v oblast� perehodu c � 1,

to odnoqastinkovi� ener�etiqni� spektr matime vi-

gl�d (nehtu
mo virazami, �k� m�st�t~ c

2

):

E

1

(k) = ��+ (1� 2c)t

k

; (4.20)

E

2

(k) = ��+ U + (1 � 2c)

~

t

k

: (4.21)

�z vipaziv (4.20) i (4.21) vidno, wo odnoqastinkovi�

ener�etiqni� spektp sta
 nezale�nim vid inte�pala

pepenosu t

0

, �ki� opisu
ppocesi papnogo napod�enn�

i zniwenn� dipok ta dvi�ok. Hem�qni� potenci�l vu-

z~kozonnogo nap�vmetalu zada
t~s� fopmulo�

� =

w

w + ~w

U (4.22)

� ne zale�it~ vid koncentpaciÝ pol�pnih staniv ta

\aktivac��nogo" �nte�rala perenosu. Dl� ~w = 0

hem�qni� potenc��l vuz~kozonnogonap�vmetalu vdv�q�

b�l~xi�, n�� u model� Gabbarda.

Dl� malih koncentpaci� nosiÝv stpumu ma
mo:

c =

1

4

�

1�

U

w + ~w

�

: (4.23)

Zvidsi vidno, wo umova \metaliqnosti" zb�ga
t~s� z

umovo� (4.18).

V. VISNOVKI

U poboti doslid�eno model~ vuz~kozonnogo ma-

teri�lu z neekvivalentnimi gabbapdivs~kimi pidzo-

nami pri T = 0 na osnov� metodu, zaproponovanogo v

robotah [2 { 4].

Zna�deno hem�qni� potenc��l � �k funkci�

vnutrixn~oatomnogo kulonivs~kogo vidxtovhuvann�

dvoh elektponiv z ppotile�nimi spinami U , piv-

xirin dipkovoÝ i dvi�kovoÝ pidzon w, ~w ta koncen-

tpaciÝ pol�pnih staniv c. Dl� malih c (vuz~kozonni�

nap�vmetal) hem�qni� potenc��l ne zale�it~ v�d kon-

centrac�Ý nos�Ýv strumu.

Otrimano viraz dl� viznaqenn� koncentraciÝ po-

l�rnih staniv. Pri zrostanni parametra ~w=w (0 �

~w=w � 1) koncentraci� pol�rnih staniv c zbil~-

xu
t~s�.

Zna�deno kvaziqastinkovi� ener�etiqni� spektr,

osoblivist� �kogo 
 zale�nist~ vid koncentraciÝ po-

l�rnih staniv ta neekvivalentnist~ verhn~oÝ � ni�-

n~oÝ gabbardivs~kih pidzon, zumovlena vidminnist�

vidpovidnih inte�raliv perenosu. Dl� vuz~kozonnogo

napivmetalu (c � 1) kvaziqastinkovi� ener�etiqni�

spektr sta
malo zale�nim vid inte�rala perenosu t

0

,

�ki� opisu
 procesi parnogo narod�enn� i zniwenn�

dirok ta dvi�ok.

Za dopomogo� kvaziqastinkovogo ener�etiqnogo

spektra otrimano viraz dl� xirini ener�etiqnoÝ

wilini �E, wo dozvol�
 opisati perehid metal{

dielektrik. Osoblivist� c~ogo virazu (na vidminu

vid modeli Gabbarda) 
 te, wo xirina ener�etiqnoÝ

wilini zale�it~ vid koncentrac�Ý pol�rnih stan�v �

vidnoxenn� xirin \dirkovoÝ" ta \dvi�kovoÝ" pidzon.

Zrostann� parametra ~w=w (pri zadanomu znaqenni

U ) privodit~ do zmenxenn� ener�etiqnoÝ wilini.

Naslidkom c~ogo 
, zokrema, te, wo perehid metal{

dielektrik zdi�sn�
t~s� za umovi U=w = 1 + ~w=w (u

modeli Gabbapda pepehid vidbuva
t~s�, koli U = 2w).

Bil~xist~ rezul~tativ, navedenih u ci� roboti, vid-

povida�t~ vuz~kozonni� sistemi z polovinnim zapov-

nenn�m zoni ppi T = 0. Vipadki z n 6= 1 i T 6= 0,

zastosuvann� otpimanih pezul~tativ do �nterpretac�Ý

ekspepimental~nih danih budut~ rozgl�nuti v na-

stupnih robotah.

Avtopi vislovl��t~ pod�ku ppof. I. V. Stas�kov�

ta uqasnikam seminapu viddilu kvantovoÝ statistiki

IFKS NAN UkpaÝni, a tako� svoÝm kolegam z kafe-

dpi fiziki Tepnopil~s~kogo dep�avnogo tehniqnogo

univepsitetu za obgovopenn� ppoblem,wo tut pozgl�-

dalis�.
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METAL{INSULATOR TRANSITION IN A NARROW{BAND MODEL WITH

NON{EQUIVALENT HUBBARD SUB{BANDS

L. Didukh, V. Hankevych, Yu. Dovhopyaty

Ivan Puluj Ternopil State Technical University, Chair of Physics,

56 Rus'ka Str., Ternopil, UA{282001, Ukraine
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The transition from an insulating to a metallic state is studied in a model of narrow{band material with non{

equivalent Hubbard sub bands at half �lling and zero temperature. The model is de�ned by the on{site interaction

U and hopping integrals t

ij

= t(ij) + T

1

(ij),

~

t

ij

= t

ij

+ 2T (ij) and t

0

ij

= t

ij

+ T (ij), where

T

1

(ij) =

X

k6=i

k 6=j

J(ikjk); T (ij) = J(iiij);

t(ij); J(ijkl) are the matrix elements of electron{ion and electron{electron interactions.

Single{particle Green's function is obtained by a variant of the method of an approximate second quantization

in the generalized Hartree{Fock approximation. This quasiparticle Green's function depends on the concentration

of the polar states c. Chemical potential of the electron system being

� =

(1� 2c+ 2c

2

)w � 2c

2

~w

(1� 2c)(w+ ~w)

U;

where w | half{width of \hole" band, ~w | half{width of doublon band. A dependence of the concentration of

polar states c on U , t,

~

t, t

0

is found. We obtain an energy gap as the function of U , w, ~w, c, and the hopping

integral t

0

:

�E = �(1� 2c)(w + ~w) +

1

2

(Q

1

+ Q

2

);

Q

1

=

(

A(w � ~w)

2

� 2BU(w � ~w) + U

2

+

�

t

0

t

�

2

(4cw)

2

)
1

2

;

Q

2

=

(

A(w � ~w)

2

+ 2BU(w � ~w) + U

2

+

�

t

0

~

t

�

2

(4c ~w)

2

)

1

2

;

A = (1� 2c)

2

+ 8c

2

(1� 2c+ 2c

2

); B = 1� 2c+ 4c

2

:

The condition for a metallic state is determined:

w + ~w � U:
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