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Ôèçèêèéí èõýíõ îíîëä òýãø õýìèéí øèíæ ÷àíàðûã ãîë áîëãîäîã. Ýíä òýãø õýìèéí á³ë-
ãèéí ò°ë°°ë°ë áîëîõ îïåðàòîðûí àëãåáðûã àøèãëàâ. Òóõàéëáàë, ãàäààä õýëáýðèéí õóâüä ìàø
ýíãèéí ìýò áîëîâ÷, èõýýõýí ã³íçãèé àãóóëãàòàé Ãðàññìàíû àëãåáðûí çàð÷ìûí íýã õýðýãëýýã
õàðóóëàõûã îðîëäñîí áîëíî.

PACS numbers: 12.39.-x, 03.70.+k, 11.10.-z

Ôåðìè ñèñòåìèéí òîõèîëäîëä Ãðàññìàíû àë-
ãåáðûí áàéãóóëàã÷óóäûí õîîðîíäûí õàðüöààã [1]
-ä òîäîðõîéëñíûã áèä [2] -ä àøèãëàñàí. Ýíý àæèëä
ýãýë á°°ìñèéí ñèñòåìèéã àâ÷ ³çýõ çîðèëãûí ³³ä-
íýýñ Ãðàññìàíû õóâüñàã÷ (Ãð.õ) -ä á°°ìèéí êâàíò
òîîã îðóóëàõ ñàíààã äýâø³³ëýâ. Àíõíû a1 Ôåðìè
á°°ì ç°âõ°í °°ðò°° õàðãàëçàõ "õîëüöòîé" áàéæ
áîëîõ á°ã°°ä ýíý íü êîììóòàöèéí õàðüöààã °°ð÷-
ë°õã³é ãýæ àâáàë:

A1 = a1 + C1. (1)

Ýíä C1 íü "õîëüö", A1 - øèíý îïåðàòîðûã Ôåðìè
ãýå.

{Aa, a1} = {a1, a1}+ {C1, a1} = 0

Èéìä {a1, C1} = 0. {A1, a
+
1 } = 1 -ýýñ {C1, a

+
1 } = 0.

Ýäãýýðèéã àøèãëàâàë {A1, A
+
1 } = 1 áà {A1, A

+
1 } =

0 õî¼ðîîñ,

{C1, C
+
1 } = 0, {C1, C1} = 0, C2

1 = 0. (2)

a1 -ä õàðãàëçàõ C1 íü Ãðàññìàíû àëãåáð ³³ñãýõ áà
Ãð.õ áîëíî.
Õýðýâ áîçå îïåðàòîð b1 -èéã àâáàë:

B2 = b2 +D2. (3)

Ýíä D2 íü "õîëüö"áîëíî. �ìí°õòýé àäèëààð îïå-
ðàòîðóóäûí õîîðîíäîõ êîììóòàòîðààñ:

[D2, D
+
2 ] = 0, [D2, D2] = 0, D2

2 = 0. (4)

Ýíý íü b2 -ò õàðãàëçàõ áîçå-Ãðàññìàí þì. �³íèéã
°ìí° [2] -ò àøèãëàñàí á°ã°°ä ôåðìè -Θ1, áîçå
-Θ2 ãýñýí ýíý Ãð.õ íü òóõàéí á°°ìèéí îíöëîãèéã
àãóóëààã³é á³ãäýä èæèëõýí ("ãëîáàëü") øèíæòýé
áîëîõûã òýìäýãëýå.

∗Electronic address: dambasuren@num.edu.mn

Öààø íü õýä õýäýí ò°ðëèéí ôåðìè áà áîçå
á°°ì á³õèé ñèñòåìä:

{Ci, C
+
k } = 0, {Ci, Ck} = 0, C2

k = 0 (5)

{Dl, D
+
n } = 0, {Dl, Dn} = 0, D2

n = 0,

áîëîõûã õÿëáàðõàí õàðæ áîëíî. (1) áà (3) -èéí
òóõàéí òîõèîëäëûã [3] -ò ãàðãàñàí.

Êâàðê, àíòèêâàðê õî¼ðûí õîëáîîñò ò°ë°âèéã ³çüå.

Êàíîíèê õóâèðãàëòûí ôóíêö F íü ar1 êâàðê áà ab2
àíòèêâàðêèéã ar1

†ab2 õýëáýðýýð àãóóëíà. F -ä íèéë-
áýð Ãðàññìàíû çýðýã òýãòýé òýíö³³ áàéõ ¼ñòîé. Òî-
äîðõîéëîëò [2] -îîñ K(a±) = ±1,K(a) = +1 ó÷èð

K(ar1a
b
2) = −1 + 1 = 0,K(Θ0) = 0, F v a21a

b
2 · Θ0

áàéíà. Õóâèðãàëò êàíîíèê áàéõûí òóëä F − F+

-èéã àâíà. Òîâ÷îîð:

F1 = f · (ar1 · ab2 · Cb
2

†
Cr

1
† − hc), (6)

áîëíî. Õî¼ðäóãààð áîëîìæèä:

F2 = f · (ar1
†ab2 · Cb

2

†
Cr

1
† − hc), (7)

áîëíî. Ýíä 1,2 íü êâàíò òîîíóóä, r, b íü êâàðêèéí
°íã°.

K(Cr
1) = −1, K(C2) = +1, K(C2

†
) = −1,

K(F1) = −1 + 1− 1 + 1 = 0, K(F2) = 0.

f -òîîí êîýôôèöèåíò.

Êâàðê ar1 áà àíòèêâàðê ab2 íü Cr
1 áà Cb

2 -ã
(êâàíò øèã) ñîëèëöîõ çàìààð õàðèëöàí ³éë÷ëýë-
öýíý ãýæ àâíà. Áè÷èãëýëèéã õÿëáàð÷èëæ äàðààõ
õýëáýðýýð òîâ÷ëî¼.

Cr
1 = C(1, r), Cr

1 · Cb
2

†
= Θ2(1, r, 2, b),

Cb
2C

r
1
† = Θ+

2 (2b, 1r).
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Èéìä (7) íü

F2 = f · (ar1
†ab2 ·Θ2(1r, 2b)− hc). (8)

Õàóñäîôô-Êåìïáåëëèéí òîìü¼îã àøèãëàí (8) -

ààð ar1, a
b
2 êâàðêààñ αr

1, α
b
2 êâàçèá°°ìä êàíîíèê

õóâèðãàëòààð øèëæèæ, ýíåðãèéí °°ð÷ë°ëòèéã
èëýðõèéëýõ ñòàöèîíàð ò°ë°âèéã (õàðãàëçàõ àòò-
ðàêòîð [4]) òîäîðõîéëîõ çîðèëãî òàâüÿ.
�³íä:

αr
1 = ar1 + f1ab2Θ2(1r, 2b)−

f2
1

2
· ar1Θ+

2 (2b, 1r)Θ2(1r, 2b) (9)

αr
1
† = ar1

† + f1ab2
†
Θ+

2 (2b, 1r)−
f2
1

2
· ar1

†Θ+
2 (2b, 1r)Θ2(1r, 2b)

αb
2 = ab2 + f1a

r
1Θ

+
2 (2b, 1r)−

f2
1

2
· ab2Θ

+
2 (2b, 1r)Θ2(1r, 2b) (10)

αb
2

†
= ab2

†
+ f1a

r
1
†Θ2(1r, 2b)−

f2
1

2
· ab2

†
Θ+

2 (2b, 1r)Θ2(1r, 2b)

×°ë°°ò êâàðê áà àíòèêâàðêèéí Ãàìèëüòîíèàí

H0 = ε1 · ar1
†ar1 + ε2 · ab2

†
ab2

-ãààñ

Ĥ1 = E11a
r
1
†ar1 + E12ab2

†
ab2 + f1(ε2 − ε1)

[
ar1

†ab2 ·Θ2(1r, 2b) + Θ†
2(2b, 1r)a

b
2

†
ar1

]
.

Ñ³³ë÷èéí ãèø³³í íü õàðèëöàí ³éë÷ëýëèéí ýô-
ôåêòèâ ïîòåíöèàë Veff áîëíî. Ýíä Θ±

2 -ààð äóíä-
÷èëàõàä ⟨⟨Veff ⟩⟩ = 0,

E11 = ε1 − (ε1 − ε2) · x1 (11)

E21 = ε2 + (ε1 − ε2) · x1

áîëíî. x1 = f1 · ⟨⟨Θ+
2 ·Θ2⟩⟩, H1 = ⟨⟨Ĥ1⟩⟩.

"Îð÷èí"−òîé ³éë÷ëýëöýõ 1-ð øàòíû ýöýñò
êâàðê, àíòèêâàðêèéí ñèñòåìèéí ýíåðãè °°ð÷ë°ã-
ä°æ (11) áîëîâ. E11 ̸= E21 áîë ýíåðãè çààâàë °°ð÷-
ë°ãä°í°. 2-ð øàòàíä

H1 = E11 · ar1
†ar1 + E21 · ab2

†
ab2

-ýýñ

H2 = E12 · ar1
†ar1 + E22 · ab2

†
ab2.

E12 = E11 −∆1 · x2, E22 = E21 +∆1 · x2

∆1 = E11 − E21 = (ε1 − ε2) · x̂1, x̂1 = 1− 2x1.

E12 ̸= E22 áîë 3-ð øàò ãýõ ìýò÷èëýí ³ðãýëæèëíý.
Ì°í

E12 = ε1 − (ε1 − ε2) ·K2(x1x2)

E22 = ε2 + (ε1 − ε2) ·K2(x1x2)

ãýæ áè÷èæ áîëíî. Ýíä

K2(x1x2) = x1 + x̂2 · x2 = x2 + x̂2 · x1.

áàéõ òóë ýöñèéí ³ð ä³í êàíîíèê õóâèðãàëòûí äýñ
äàðààëëààñ õàìààðàõã³é. n -ð èíòåãðàöèéí äàðàà
E1n = E2n áîë ³³íýýñ öààøèõ õóâèðãàëòàä n -ð
øàòíû ³ð ä³í èíâàðèàíò áàéíà. �°ð°°ð õýëáýë:

∆n = E1n − E2n = 0

E1,n+1 = E1n, E2,n+1 = E2n.

Ýôôåêòèâ ïîòåíöèàë Veff = 0. E1n = E2n

Òîäðóóëáàë:
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ε1 − (ε1 − ε2) ·Kn(x1, x2, . . . xn) = ε2 + (ε1 − ε2)Kn(x1, x2, . . . xn).

Ýíäýýñ ñòàöèîíàð ³åä Kn(x1, x2, . . . xn) = 1/2 áóþó àòòðàêòîð íü àëü íýãýí xi = 1/2-ò õàðãàëçàíà.

Kn(x1, x2, . . . xn) = x1 + x̂1 [1x2 + x̂2 [2x3 + · · · x̂n−2 [n−2xn−1 + x̂n−1xn]]]

Ñòàöèîíàð ³åä Kn(x1, x2, . . . xn) = 1/2, (àëü íýãýí
xi = 1/2 ³åä)

E12 = ε1
1

2
(ε1 − ε2) =

ε1 + ε2
2

, E2n =
ε1 + ε2

2
;

Ç°âõ°í ar1 áà ab2 -èéí ³éë÷ëýëä ýíåðãè õàäãàëàãäà-
íà.
K(ar1

†ab2) = 2, σ = K/2 = 1. (8) -ààð ³³-
ñýõ êâàðê, àíòèêâàðêèéí õîëáîîñò ò°ë°âèéí ñïèí
σ = 1 ó÷èð âåêòîð ìåçîíä õàðãàëçàíà. Îäîî F1,
(6) -èéã àâúÿ.

F1 = f1

[
ar1a

b
2 ·Θ0(2b, 1r)− hc)

]
. (12)

�ìí°õòýé àäèëààð òîîöîîëáîë:

E11 = ε1 − (ε1 + ε2) · x1; E21 = ε2 − (ε1 + ε2) · x1.

(12) -ýýñ K(ar1 · ab2) = 0. σ = K/2 = 0. ar1
áà ab2 íü σ = 0 áàéõ ïñåâäîñêàëÿð ò°ë°â ³³ñãýíý.
Àòòðàêòîðûí öýã íü x = 1/2. Õàðãàëçàõ ýíåðãè
íü:

E1 = ε1 − (ε1 + ε2) ·
1

2
=

1

2
(ε1 − ε2),

E2 = ε2 − (ε1 + ε2) ·
1

2
= −1

2
(ε1 − ε2).

Ñòàöèîíàð ò°ë°â íü õàðèëöàí ýñðýã ýíåðãèòýé
êâàðê, àíòèêâàðêèéí õîñ áîëíî.
Àíõíààñàà ε1 = ε2 áàéñàí áîë õàðèëöàí ³éë÷ëý-

ëèéí ýíý ñóâãààð E1 = E2 = 0 á³òýö ³³ñýõ á°ã°°ä
ýíý íü êàíîíèê õóâèðãàëòàä öààøèä °°ð÷ë°ãä°õ-
ã³é. Ó÷èð íü E1 + E2 = 0 -ààð õÿçãààðëàãäàíà.
Íýìýãäýë ãàäíûí îðîí (áóñàä á°°ìñèéí õ³ðýýë-

ëèéí í°ë°°) àâáàë êâàðê, àíòèêâàðêèéí ñèñòå-
ìèéí ñòàöèîíàð ò°ë°âèéí ýíåðãè °ðã°í ìóæèä
°°ð÷ë°ãä°æ áîëíî.

F2 -èéã àâàõàä:

E11(Θ) = ε1 − (ε1 − ε2) · f2Θ+
2 Θ2

áàéñàí. Ãàäíûí îðîíä ar1 -èéí ýíåðãèéí °°ð÷ë°ë-
òèéã

△ E1 = −(ε1 − ε2) ·Θ+
2 Θ2 · U1,

ab2 -èéã

△ E2 = (ε1 − ε2) ·Θ+
2 Θ2 · V1,

ãýå. U, V íü õàðãàëçàõ êîýôôèöèåíò Èéìä:

E11(Θ) = ε1 − (ε1 − ε2) · (f2
1 + U1)Θ

+
2 Θ2,

E21(Θ) = ε2 + (ε1 − ε2) · (f2
1 + V1)Θ

+
2 Θ2.

Äóíä÷èëàõàä:

x1 = (f2
1 + U1) · ⟨⟨Θ+

2 Θ2⟩⟩,

y1 = (f2
1 + V1) · ⟨⟨Θ+

2 Θ2⟩⟩,

áîëíî. U1, V1 íü äóðûí áîäèò òîî ó÷ðààñ x, y íü
ýåðýã, ñ°ð°ã àëü ÷ óòãà àâàõ áîëîìæòîé.

E11 = ε1 − (ε1 − ε2) · x1, E21 = ε2 + (ε1 − ε2) · y1.

E11 = E21 -ýýñ x1 + y1 = 1 (àòòðàêòîðûí öýã).
Ýíý öýã õóâèðãàëòûí ïàðàìåòð x, y-èéí õàâòãàé
äýýðõ øóëóóí y = −x + 1 -ýýð òîäîðõîéëîãäîíî
(çóðàã.1).

y

x

D

C
B

A

I

IIIII

IV

O

Çóðàã 1:

Ýíåðãèéí °°ð÷ë°ëò, àòòðàêòîðûí öýã³³äèéã
I − IV ìóæ òóñ á³ðò àâ÷ ³çüå. F2 -ð òîäîðõîéëîã-
äîõ ñóâãèéí ε1 áà ε2 -èéí °°ð÷ë°ëòèéã òîéìëîí
³çüå.
1-ð ìóæ (x > 0, y > 0). Øóëóóíû CB õýñýã
(çóðàã.2).
2-ð ìóæ (x > 0, y < 0). Øóëóóíû BA õýñýã
(çóðàã.3).
3-ð ìóæ (x < 0, y < 0)-èéí ÿìàð÷ öýã øóëóóí
äýýð îðøèõã³é. Øóëóóíû BA õýñýã.
4-ð ìóæ (x<0, y>0), Øóëóóíû DC õýñýã (çóðàã.4).
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x

O

x

ε
1

ε
2

Çóðàã 2:

x

O

x

ε
1

ε
2

Çóðàã 3:

F1 -èéã àâàõàä:

E11 = ε1 − (ε1 + ε2)x1,

E21 = ε2 − (ε1 + ε2)y1,

E11 = E21 = 0. Ì°í x1 + y1 = 0 -ýýñ y = −x + 1
(àòòðàêòîð)
I. E11 = E21 = 0, E11 = −E21

x0 =
ε1

ε1 + ε2
, y0 =

ε2
ε1 + ε2

(çóðàã.5), II. çóðàã.6, III. Àòòðàêòîðã³é, IV.
çóðàã.7
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ε
1

ε
2

Çóðàã 4:
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Çóðàã 5:

O

ε
1

ε
2

Çóðàã 6:

Òàëàðõàë

Ýíýõ³³ àæëûã ã³éöýòãýõýä äýìæëýã ³ç³³ëæ
ñóóðü ñóäàëãààíû SST_010/2016 ò°ñëèéã ñàíõ³³-
æ³³ëñýí ØÓÒÑ áîëîí ÁÑØÓÑ ÿàìàíä òàëàðõàë
èëýðõèéëüå.

O

ε
1

ε
2

Çóðàã 7:
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