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Ìåòîäîì òî÷íî¨ äiàãîíàëiçàöi¨ â ìåæàõ ðîçøèðåíî¨ ìîäåëi æîðñòêèõ áîçîíiâ ðîçðàõîâàíî
åíåð åòè÷íèé ñïåêòð îäíîâèìiðíîãî ñêií÷åííîãî éîííîãî ïðîâiäíèêà ç ïåðiîäè÷íèìè ãðàíè÷íè-
ìè óìîâàìè. Äîñëiäæåíî îäíî÷àñòèíêîâó êîðåëÿöiþ, ðîçðàõîâàíî ñòðóêòóðíèé i äèíàìi÷íèé
ñòðóêòóðíèé ôàêòîðè çà òåìïåðàòóðè T = 0. Ïîêàçàíî íàÿâíiñòü äàëåêîñÿæíî¨ îäíî÷àñòèíêî-
âî¨ êîðåëÿöi¨ ó ôàçi òèïó ñóïåðôëþ¨äó (SF). Îòðèìàíi ìàêñèìóìè ñòðóêòóðíîãî ôàêòîðà ïðè
õâèëüîâîìó âåêòîði k = π/a çà ïîëîâèííîãî çàïîâíåííÿ éîííèõ ïîçèöié (ãóñòèíà ρ = 0.5), ÿê i
ìàêñèìóìè äèíàìi÷íîãî ñòðóêòóðíîãî ôàêòîðà â äiëÿíöi ÷àñòîò, ùî çà åíåð i¹þ âiäïîâiäàþòü
øèðèíi çàáîðîíåíî¨ çîíè, ïiäòâåðäæóþòü íàÿâíiñòü óïîðÿäêîâàíî¨ ìîäóëüîâàíî¨ (CDW) ôàçè
çà ρ = 0.5. Íàÿâíiñòü ìàêñèìóìiâ äèíàìi÷íîãî ñòðóêòóðíîãî ôàêòîðà â äiëÿíöi íèçüêèõ ÷àñòîò
çà ρ = 0.25 ïiäòâåðäæó¹ ìîæëèâiñòü ôàçè òèïó ñóïåðôëþ¨äó.
Êëþ÷îâi ñëîâà: éîííèé ïðîâiäíèê, ìîäåëü æîðñòêèõ áîçîíiâ, ñòðóêòóðíèé ôàêòîð, äèíà-

ìi÷íèé ñòðóêòóðíèé ôàêòîð.
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I. ÂÑÒÓÏ

Ïðîòÿãîì îñòàííiõ äåñÿòèëiòü ñïîñòåðiãà¹ìî çðî-
ñòàííÿ çàöiêàâëåíîñòi ñèñòåìàìè íèçüêî¨ ðîçìiðíî-
ñòi òðàäèöiéíî ó ôiçèöi êîíäåíñîâàíèõ ñåðåäîâèù, à
íåùîäàâíî é ó ôiçèöi êâàíòîâèõ ãàçiâ. Ñó÷àñíi äî-
ñÿãíåííÿ â àòîìíié õâèëåâîäíié òåõíîëîãi¨ [1�5], ðå-
àëiçàöiÿ êâàíòîâèõ ãàçiâ ó äóæå àíiçîòðîïíèõ ïàñ-
òêàõ [6, 7], îòðèìàííÿ êîíäåíñàòó Áîçå�Àéíøòàéíà íà
îïòè÷íèõ  ðàòêàõ [8�10] äàëè çìîãó åêñïåðèìåíòàòî-
ðàì îäåðæàòè áàãàòî ðiçíîìàíiòíèõ ñèñòåì, äå çíèæå-
ííÿ ðîçìiðíîñòi ñïðè÷èíÿ¹ ïîÿâó îñîáëèâèõ âëàñòè-
âîñòåé. Îñîáëèâî öiêàâèì ¹ âèïàäîê, êîëè êâàíòîâà
äèíàìiêà ñèñòåìè ñòà¹ êâàçiîäíîâèìiðíîþ. Öÿ ðîáî-
òà ¹ ïðîäîâæåííÿì ïîïåðåäíiõ íàøèõ äîñëiäæåíü ôi-
çè÷íèõ âëàñòèâîñòåé îäíîâèìiðíèõ éîííèõ ïðîâiäíè-
êiâ. Ó ïîïåðåäíiõ íàøèõ ïðàöÿõ óñòàíîâëåíi äiëÿíêè
íàÿâíîñòi ðiçíèõ ôàç äëÿ îäíîâèìiðíèõ éîííèõ ïðî-
âiäíèêiâ çàëåæíî âiä âåëè÷èíè âçà¹ìîäi¨ ìiæ éîíàìè
[11�14]. Ïîêàçàíî ìîæëèâiñòü ïîÿâè ôàçè òèïó ñóïåð-
ôëþ¨äó (SF) (ôàçà ç áåçìåæíî âåëèêîþ (ðîçáiæíîþ)
äîâæèíîþ êîðåëÿöi¨ ìiæ ÷àñòèíêàìè). Ðîçðàõîâàíî
äèíàìi÷íó òà ñòàòè÷íó ïðîâiäíîñòi [15].

Êâàíòîâó ñèñòåìó âçà¹ìîäiéíèõ ÷àñòèíîê ìîæíà
õàðàêòåðèçóâàòè àíàëiçîì ¨¨ ðåàêöi¨ íà ñëàáêå çáóðåí-
íÿ. Ó ìåæàõ òåîði¨ ëiíiéíîãî âiäãóêó êëþ÷îâà âåëè÷è-
íà � äèíàìi÷íèé ñòðóêòóðíèé ÷èííèê, ÿêèé ¹ ôóð'¹-
ïåðåòâîðåííÿì ïðîñòîðîâî-÷àñîâî¨ êîðåëÿöiéíî¨ ôóí-
êöi¨ ãóñòèíà-ãóñòèíà. Çíàííÿ äèíàìi÷íîãî ñòðóêòóð-
íîãî ôàêòîðà äà¹ ïîâíó êàðòèíó ïîÿâè êâàçi÷àñòèíêî-
âèõ ìîä, åíåð iþ ¨õ çáóäæåííÿ, ÷àñ æèòòÿ òà ñåðåäíþ
çàñåëåíiñòü. Öi ìîäè âèçíà÷àþòü êîëåêòèâíi ôëóêòó-
àöi¨ ãóñòèíè ñèñòåìè, à òàêîæ ìîæóòü õàðàêòåðèçó-
âàòè êðèòè÷íó ïîâåäiíêó ïîáëèçó ôàçîâîãî ïåðåõîäó

(äèâ., íàïðèêëàä, [16�18]). Ó êîíäåíñîâàíîìó ñåðåäî-
âèùi äèíàìi÷íèé ñòðóêòóðíèé ôàêòîð ìîæíà âèìiðÿ-
òè çà äîïîìîãîþ íåïðóæíîãî ðîçñiþâàííÿ íåéòðîíiâ.
Ó öié ïðàöi ðîçðàõîâàíî ñòðóêòóðíèé i äèíàìi÷íèé

ñòðóêòóðíi ôàêòîðè. Òåîðåòè÷íèé îïèñ ñèñòåì ç éîí-
íîþ ïðîâiäíiñòþ ïåðåâàæíî  ðóíòó¹òüñÿ íà  ðàòêî-
âèõ ìîäåëÿõ. ×àñòèíà ç íèõ òðàêòó¹ éîíè ÿê ôåðìi-
÷àñòèíêè, õî÷à ïîñëiäîâíiøå îïèñóâàòè éîíè çà äîïî-
ìîãîþ �çìiøàíî¨� ñòàòèñòèêè Ïàóëi [12, 19�31], ó ÿêié
÷àñòèíêè, ç îäíîãî áîêó, ìàþòü áîçîííó ïðèðîäó, à ç
iíøîãî � ïiäëÿãàþòü ïðàâèëàì çàáîðîíè Ôåðìi. �ðà-
òêîâà ìîäåëü ÷àñòèíîê Ïàóëi ïîäiáíà äî ìîäåëi Áîçå�
Ãàááàðäà â íàáëèæåííi �æîðñòêèõ� áîçîíiâ (çà îáìå-
æåííÿ íà ÷èñëà çàïîâíåííÿ ni = 0, 1) (HCB).Æîðñòêi
áîçîíè áóëè ðåàëiçîâàíi åêñïåðèìåíòàëüíî çà íàÿâíî-
ñòi  ðàòêè âçäîâæ 1D òðóá [32].
Ó öié ïðàöi, âèêîðèñòîâóþ÷è ìåòîä òî÷íî¨ äiàãî-

íàëiçàöi¨ äëÿ ñêií÷åííèõ îäíîâèìiðíèõ éîííèõ ïðî-
âiäíèêiâ ç ïåðiîäè÷íèìè ãðàíè÷íèìè óìîâàìè, ó ìå-
æàõ ïiäõîäó æîðñòêèõ áîçîíiâ ðîçðàõîâàíî åíåð åòè-
÷íèé ñïåêòð, äîñëiäæåíî îäíî÷àñòèíêîâó êîðåëÿöiþ,
ðîçðàõîâàíî ñòðóêòóðíèé i äèíàìi÷íèé ñòðóêòóðíèé
ôàêòîðè çà òåìïåðàòóðè T = 0. Äîñëiäæåíî çàëå-
æíiñòü äèíàìi÷íîãî ñòðóêòóðíîãî ôàêòîðà âiä õâè-
ëüîâîãî âåêòîðà é ÷àñòîòè â ðiçíèõ ôàçàõ éîííîãî
ïðîâiäíèêà.

II. ÌÎÄÅËÜ

Éîííi ïðîâiäíèêè ìè îïèñó¹ìî êâàíòîâîþ  ðàòêî-
âîþ ìîäåëëþ â íàáëèæåííi æîðñòêèõ áîçîíiâ. Ðîç-
ãëÿäà¹ìî îäíîâèìiðíèé êëàñòåð ç N ïîçèöiÿìè äëÿ
éîíà ç ïåðiîäè÷íèìè ãðàíè÷íèìè óìîâàìè. Ãàìiëüòî-
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íiàí öi¹¨ ìîäåëi äëÿ ëàíöþæêîâî¨ ñòðóêòóðè (ÿêó òóò
ðîçãëÿäà¹ìî) ìîæíà çàïèñàòè òàê:

Ĥ = t
∑
i

(c+i ci+1 + c+i+1ci)

+ V
∑
i

nini+1 − µ
∑
i

ni +A
∑
i

(−1)ini. (1)

Ìîäåëü âðàõîâó¹ ïåðåìiùåííÿ éîíiâ ìiæ ñóñiäíiìè ïî-
çèöiÿìè (ïàðàìåòð ïåðåíåñåííÿ t) i êîðîòêîñÿæíó âiä-
øòîâõóâàëüíó âçà¹ìîäiþ ìiæ éîíàìè, ùî çàñåëÿþòü
ñóñiäíi ïîçèöi¨ (ïàðàìåòð âçà¹ìîäi¨ V ), à òàêîæ ìî-
äóëþâàëüíå ïîëå A. Ïîëå A ñïðèÿ¹ ìîäóëÿöi¨ â ïðî-
ñòîðîâîìó ðîçïîäiëi éîíiâ ó ò.çâ. âïîðÿäêîâàíié ôàçi
(íàÿâíiñòü òàêî¨ ôàçè çà íèçüêèõ òåìïåðàòóð ¹ õàðà-
êòåðíîþ ðèñîþ ñóïåðéîííèõ ïðîâiäíèêiâ).
Òóò îïåðàòîðè ci, (c

+
i ) ¹ îïåðàòîðàìè æîðñòêèõ

áîçîíiâ, (îïåðàòîðàìè ÷àñòèíîê Ïàóëi). Âîíè îïèñó-
þòü çíèùåííÿ (íàðîäæåííÿ) ÷àñòèíêè â ïîçèöi¨ i,
ni = c+i ci � çàñåëåíiñòü öi¹¨ ïîçèöi¨ (òóò âëàñíi çíà-
÷åííÿ ni äîðiâíþþòü 0 ÷è 1). Îïåðàòîðè íàðîäæåííÿ
òà çíèùåííÿ ÷àñòèíîê Ïàóëi, ùî íàëåæàòü äî ðiçíèõ
ïîçèöié, êîìóòóþòü, ÿê öå âëàñòèâî äëÿ áîçîíiâ:

[ck, c
+
m] = [ck, cm] = [c+k , c

+
m] = 0, k ̸= m, (2)

Ó òié ñàìié ïîçèöi¨ öi îïåðàòîðè çàäîâîëüíÿþòü àí-
òèêîìóòàöiéíi ñïiââiäíîøåííÿ, òèïîâi äëÿ ôåðìiîíiâ:

{cm, c+m} = 1, c+2
m = c2m = 0. (3)

III. ÎÑÍÎÂÍI ÑÏIÂÂIÄÍÎØÅÍÍß

Åíåð åòè÷íèé ñïåêòð ëàíöþæêîâî¨ ñòðóêòóðè ç ïå-
ðiîäè÷íèìè ãðàíè÷íèìè óìîâàìè ðîçðàõîâàíî ìåòî-
äîì òî÷íî¨ äiàãîíàëiçàöi¨. Äëÿ ëàíöþæêà iç N ïîçèöi-
ÿìè â îñíîâíié äiëÿíöi ââîäèìî áàãàòî÷àñòèíêîâi ñòà-
íè |n1, n2 . . . nN ⟩. Ìàòðèöÿ ãàìiëüòîíiàíà, ÿê i ìàòðèöi
ci i c

+
i , áóäó¹òüñÿ íà áàçèñi öèõ ñòàíiâ. Âîíà äiàãîíà-

ëiçó¹òüñÿ ÷èñëîâèì ñïîñîáîì. Öå âiäïîâiäà¹ ïåðåòâî-
ðåííþ:

U−1HU = H̃ =
∑
p

λpX̃
pp, (4)

äå λp � âëàñíi çíà÷åííÿ ãàìiëüòîíiàíà, X̃pp � îïåðà-
òîðè Ãàááàðäà. X̃pp � ïðî¹êöiéíèé îïåðàòîð íà ñòàí
p, îïåðàòîð X̃pq = |p⟩⟨q| ïåðåâîäèòü ñòàí |q⟩ ó ñòàí
|p⟩ (äèâ. [33], à òàêîæ [34]). Òàêå ñàìå ïåðåòâîðåííÿ
çàñòîñîâó¹ìî äî îïåðàòîðiâ íàðîäæåííÿ òà çíèùåííÿ
÷àñòèíîê ó ïîçèöi¨ i íà ëàíöþæêó:

U−1ciU =
∑
pq

Ai
pqX̃

pq, U−1c+i U =
∑
rs

Ai∗
rsX̃

sr, (5)

äå êîåôiöi¹íòè Ai
pq ¹ ìàòðè÷íèìè åëåìåíòàìè îïåðà-

òîðà ci íà íîâîìó áàçèñi.
Äëÿ õàðàêòåðèçàöi¨ ðiçíèõ ôàç íåîáõiäíî ðîçðàõó-

âàòè ðÿä ôiçè÷íèõ âåëè÷èí. Ïîÿâà äàëåêîãî ïîðÿäêó
âêàçó¹ íà íàÿâíiñòü óïîðÿäêîâàíî¨ ôàçè (ôàçè �solid�)

(çîêðåìà ôàçè charge density waves, CDW, ÿêó ìè
îòðèìàëè â ïîïåðåäíiõ ïðàöÿõ [12, 14]). Ñòàí içîëÿòî-
ðà çàñâiä÷ó¹ òàêîæ ïîÿâà ùiëèíè â ñïåêòði. Âàæëè-
âîþ õàðàêòåðèñòèêîþ òàêî¨ ôàçè ¹ êîðåëÿöiéíà ôóí-
êöiÿ ãóñòèíà�ãóñòèíà:

b(l) = ⟨nj+lnj⟩, (6)

i âiäìiííèé âiä íóëÿ ñòðóêòóðíèé ôàêòîð S(k), ùî ¹
¨¨ ôóð'¹-îáðàçîì:

S(k) =
1

N2

∑
lm

eik(Rl−Rm)⟨nlnm⟩, (7)

ç ðîçðàõóíêó íà îäíó ïîçèöiþ  ðàòêè.
Ñòàí ñèñòåìè õàðàêòåðèçó¹òüñÿ òàêîæ îäíî÷àñòèí-

êîâèìè êîðåëÿöiÿìè

ρlm = ⟨c+l cm⟩, (8)

i âiäïîâiäíèì ôóð'¹-îáðàçîì:

n(k) =
1

N2

∑
lm

eik(Rl−Rm)⟨c+l cm⟩. (9)

Äèíàìi÷íèé ñòðóêòóðíèé ôàêòîð âèçíà÷à¹ìî òàê
(äèâ., íàïðèêëàä, [18, 34, 35]):

S(k, ω) = ⟨⟨ρk|ρ−k⟩⟩ω, (10)

ÿê ôóð'¹-îáðàç äâî÷àñîâî¨ òåìïåðàòóðíî¨ ôóíêöi¨ �ði-
íà. Òóò:

ρk =
1

N

∑
j

nje
ik(Rj). (11)

Ó ïðåäñòàâëåííi âòîðèííîãî êâàíòóâàííÿ:

ρk =
∑
q

c+q+kcq, (12)

îïåðàòîð ρk îïèñó¹ çáóäæåííÿ âñi¹¨ ñèñòåìè ç õâèëüî-
âèì âåêòîðîì k, ïåðåõiä ÷àñòèíîê çi ñòàíó ç êâàçiiì-
ïóëüñîì q äî ñòàíó ç êâàçiiìïóëüñîì q + k.
Ó ðåçóëüòàòi îòðèìó¹ìî:

S(k, ω) =
1

N2

∑
jl

eik(Rj−Rl)⟨⟨nj |nl⟩⟩ω. (13)

Ìåòîäîì ðiâíÿíü ðóõó îäåðæàíî âèðàç äëÿ ôóíêöi¨
�ðiíà ⟨⟨nj |nl⟩⟩ω ñèñòåìè, ùî îïèñó¹òüñÿ ãàìiëüòîíi-
àíîì (1), à òàêîæ îòðèìàíî âèðàçè äëÿ âiäïîâiäíèõ
ñåðåäíiõ ó ôîðìóëàõ (9), (7). Óíàñëiäîê ìà¹ìî:

n(k) =
1

N2

1

Z

N∑
s=1

N∑
j=1

eik(Rj−Rs)
∑
pq

As∗
pqA

j
pqe

−βλq . (14)

Ñòðóêòóðíèé ôàêòîð:

S(k) =
1

N2

1

Z

N∑
m=1

N∑
j=1

eik(Rj−Rm)
∑
rq

∑
p

Aj∗
prA

j
pq

×
∑
n

Am∗
nq A

m
nre

−βλr . (15)
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Äèíàìi÷íèé ñòðóêòóðíèé ôàêòîð:

S(k, ω) =
ℏ
2π

1

N2

1

Z

N∑
m=1

N∑
j=1

eik(Rj−Rm)
∑
rq

∑
p

Aj∗
prA

j
pq

×
∑
n

Am∗
nq A

m
nr

e−βλr − e−βλq

ℏω − (λq − λr)
. (16)

Äëÿ äîêëàäíiøîãî àíàëiçó îòðèìàíèõ ó öié ïðàöi ðå-
çóëüòàòiâ íà ðèñóíêàõ 1, 2 íàâåäåíi äåÿêi ç îäåðæàíèõ
ðàíiøå ôàçîâèõ äiàãðàì äëÿ ìîäåëi éîííîãî ïðîâiä-
íèêà, îïèñàíî¨ âèùå [36, 37], i â öié ñòàòòi ïîäà¹ìî
ðîçðàõóíêè õàðàêòåðèñòèê (14), (15), (16) ïðè ïàðà-
ìåòðàõ ìîäåëi, ùî âiäïîâiäàþòü öèì äiàãðàìàì.
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Ðèñ. 1. Ôàçîâà äiàãðàìà îäíîâèìiðíîãî éîííîãî ïðîâiäíè-
êà â (µ′, V ) êîîðäèíàòàõ, (T = 0) [37]

Fig. 1. Phase diagram for a one-dimensional ionic conductor
in the (µ′, V ) coordinates, (T = 0) [37]

0 2 4 6 8 10 12

-12

-8

-4

0

4

8

12

SF

SF CDW

MI

MI

A 

V = 0

'

N =12
N =10

Ðèñ. 2. Ôàçîâà äiàãðàìà îäíîâèìiðíîãî éîííîãî ïðîâiäíè-
êà â (µ′, A) êîîðäèíàòàõ, (T = 0) [37]

Fig. 2. Phase diagram for a one-dimensional ionic conductor
in the (µ′, A) coordinates, (T = 0) [37]

Öi ôàçîâi äiàãðàìè áóëè îòðèìàíi äëÿ N = 10 i
N = 12. Íà ðèñ. 1 ôàçîâà äiàãðàìà ¹ â êîîðäèíà-
òàõ (µ′, V ), ÿêùî A = 0. Ðîçðàõóíêè ïîêàçóþòü, ùî
ðiçíèöÿ â ðîçòàøóâàííi ãðàíèöi ìiæ ôàçàìè (â µ′-
êîîðäèíàòàõ) äëÿ N = 10 i N = 12 ñòàíîâèòü 2�3

âiäñîòêè. Äëÿ ôàçîâî¨ äiàãðàìè â (µ′, A)-êîîðäèíàòàõ
(ðèñ. 2; òóò V = 0) öÿ ðiçíèöÿ ñòàíîâèòü ëèøå 0.5
âiäñîòêà i öÿ äiàãðàìà çáiãà¹òüñÿ ç òî÷íîþ ôàçîâîþ
äiàãðàìîþ, îòðèìàíîþ àíàëiòè÷íî â ïðàöÿõ [24, 26].
Òî÷íèé àíàëiòè÷íèé ðîçâ'ÿçîê îäåðæàíî çàñòîñóâàí-
íÿì ïåðåòâîðåííÿ Éîðäàíà�Âi íåðà, ÿêå ðîáèòü ìî-
æëèâèì ïåðåõiä âiä ãàìiëüòîíiàíà æîðñòêèõ áîçîíiâ
äî ãàìiëüòîíiàíà íåâçà¹ìîäiéíèõ áåçñïiíîâèõ ôåðìiî-
íiâ (ëèøå â îäíîâèìiðíîìó âèïàäêó i ëèøå çà V = 0).
Íà öèõ äiàãðàìàõ ìè îòðèìàëè, ùî øèðèíà äiëÿí-
êè CDW-ôàçè (ó µ′-êîîðäèíàòàõ) çðîñòà¹ ÿê çi çáiëü-
øåííÿì âåëè÷èíè êîðîòêîñÿæíî¨ âçà¹ìîäi¨ V (äèâ.
ðèñ. 1), òàê i âåëè÷èíè ìîäóëþâàëüíîãî ïîëÿ A (äèâ.
ðèñ. 2). Â îñòàííüîìó âèïàäêó ìè îäåðæàëè ëiíiéíó
çàëåæíiñòü âiä ïîëÿ A (ëiíi¨, ùî ðîçäiëÿþòü CDW- i
SF-ôàçè, ìàþòü âèãëÿä µ′ = A i µ′ = −A).
×èñëîâi çíà÷åííÿ âñiõ åíåð åòè÷íèõ ïàðàìåòðiâ

(âêëþ÷íî ç ℏω) ïîäàíî ó âiäíîøåííi äî ïàðàìåòðà
ïåðåíîñó t, i âîíè áåçðîçìiðíi. Åêñïåðèìåíòàëüíi äà-
íi, êâàíòîâî-õiìi÷íi ðîçðàõóíêè, íàïiâåìïiðè÷íi òåî-
ðåòè÷íi îöiíêè ïðîïîíóþòü øèðîêó äiëÿíêó çíà÷åíü
âåëè÷èíè êîðîòêîñÿæíî¨ âçà¹ìîäi¨ ìiæ éîíàìè, V =
3 · 103 . . . 104 cm−1, çàëåæíî âiä îá'¹êòiâ, ÿêi ðîçãëÿ-
äà¹ìî [38�40]. Ïàðàìåòð ïåðåíîñó t íàáóâà¹ çíà÷åíü
ó ìåæàõ 40 . . . 2500cm−1. Çíà÷åííÿ êîíñòàíòè êîðîòê-
îñÿæíî¨ êîðåëÿöi¨ ìiæ ÷àñòèíêàìè ìè ìiíÿëè â øèðî-
êèõ ìåæàõ: V/t = 0, 1, . . . , 10. Äëÿ çðó÷íîñòi ââåäåíî
âåëè÷èíó µ′ = µ − V . Óñi ðîçðàõóíêè âèêîíàíî äëÿ
ëàíöþæêà iç N = 12 i òåìïåðàòóðè, ùî äîðiâíþ¹ íó-
ëåâi (T = 0).

IV. ÑÒÐÓÊÒÓÐÍÈÉ ÔÀÊÒÎÐ

Ñòðóêòóðíèé ôàêòîð S(k) ðîçðàõîâàíî çà ñïiââiä-
íîøåííÿì (15). Ñòîñîâíî âåëè÷èíè n(k), òî åôåêòèâ-
íiøå äîñëiäæóâàòè óíiôiêîâàíó õàðàêòåðèñòèêó, òî-
ìó ó âèðàçi (14) ïîòðiáíî íå âðàõîâóâàòè äîäàíêiâ ç
Rj = Rs, ùî â ñóìi âèçíà÷àþòü ñåðåäíþ çàñåëåíiñòü
éîííèõ ïîçèöié, ïîäiëåíó íà êiëüêiñòü ïîçèöié N , i ¹
îäíàêîâèìè äëÿ âñiõ çíà÷åíü õâèëüîâîãî âåêòîðà. Òà-
êèì ñïîñîáîì ìè ðîçðàõîâóâàëè n′(k):

n′(k) =
1

N2

1

Z

N∑
s=1

N∑
j=1

e
ik(Rj−Rs)
j ̸=s

∑
pq

As∗
pqA

j
pqe

−βλq . (17)

Ìè îòðèìàëè ïiê â n′(k) çà k = 0 i k = π/a ó ôàçi
òèïó ñóïåðôëþ¨äó, ùî âêàçó¹ íà äàëåêîñÿæíó îäíî÷à-
ñòèíêîâó êîðåëÿöiþ (òóò a � ñòàëà  ðàòêè). Íà ðèñ. 3
ïîêàçàíî îòðèìàíó çàëåæíiñòü n′(k) âiä õâèëüîâîãî
âåêòîðà â îêîëi k = π/a â SF-ôàçi é ó âïîðÿäêîâàíié,
ìîäóëüîâàíié CDW-ôàçi çà ðiçíèõ çíà÷åíü âåëè÷èíè
âçà¹ìîäi¨ ìiæ ÷àñòèíêàìè V i âiä ðiçíèõ çíà÷åíü âåëè-
÷èíè ìîäóëþâàëüíîãî ïîëÿ A. Ïiä ÷àñ ðîçðàõóíêiâ ìè
îáìåæèëèñÿ âèïàäêîì N = 12. Ìè íå îòðèìó¹ìî ðîç-
áiæíîñòi n′(k) çà k → 0 ÷åðåç íåâåëèêèé ðîçìið ëàí-
öþæêîâî¨ ñòðóêòóðè, ÿêó òóò ðîçãëÿäà¹ìî. Ó ïîïåðå-
äíiõ íàøèõ ïðàöÿõ (äèâ., íàïðèêëàä, [12, 36]) ïîêàçà-
íî, ùî â îäíîâèìiðíîìó âèïàäêó, ÿêèé ðîçãëÿäà¹ìî,
CDW-ôàçà ðåàëiçó¹òüñÿ ëèøå çà ïîëîâèííîãî çàïîâ-
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íåííÿ éîííèõ ïîçèöié (ãóñòèíà ρ = 1
N

N∑
i=1

⟨ni⟩ = 0.5);

çà ρ = 0 i ρ = 1 ìà¹ìî ñòàí ìîòòiâñüêîãî äiåëåêòðèêà
(MI), çà ðåøòè ïðîìiæíèõ ãóñòèí ìè îòðèìàëè SF-
ôàçó. Ìiæ îïèñàíèìè âèùå ôàçàìè ìà¹ìî êâàíòîâi

ôàçîâi ïåðåõîäè, ÿêùî T = 0, òîáòî çìiíó îñíîâíîãî
ñòàíó ñèñòåìè çi çìiíîþ äåÿêèõ ïàðàìåòðiâ. Íà ðè-
ñóíêó 3 SF-ôàçà çîáðàæåíà çà ãóñòèíè ρ = 0.25, çà
ÿêî¨ çäåáiëüøîãî ìè îòðèìàëè ìàêñèìàëüíi çíà÷åííÿ
n′(k) ïðè k = 0 i k = π/a.
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Ðèñ. 3. Çàëåæíiñòü n′(k) âiä õâèëüîâîãî âåêòîðà. Çëiâà ïðè V = 0, A = 2 i A = 5, ïðàâîðó÷ A = 0, V = 2 i V = 5. Íà
âñiõ ãðàôiêàõ êðèâà 1 � â CDW-ôàçi (ρ = 0.5), êðèâà 2 � â SF-ôàçi (ρ = 0.25)

Fig. 3. Dependence of n′(k) on the wave vector. On the left: for V = 0, A = 2 and A = 5, on the right: for A = 0, V = 2 and
V = 5. On all graphs, curve 1 is in CDW-phase (ρ = 0.5), curve 2 is in SF-phase (ρ = 0.25)
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Ðèñ. 4. Çàëåæíiñòü n′(k = π/a) âiä õiìi÷íîãî ïîòåíöiàëó µ′. Çëiâà êðèâi 1; 2; 3, âiäïîâiäíî, çà A = 0; 2; 5, (V = 0);
ïðàâîðó÷ êðèâi 1; 2; 3, âiäïîâiäíî, çà V = 0; 2; 5, (A = 0)

Fig. 4. Dependence of n′(k = π/a) on the chemical potential µ′. On the left: 1; 2; 3 curves, respectively, for A = 0; 2; 5, (V = 0);
on the right: 1; 2; 3 curves, respectively, for V = 0; 2; 5, (A = 0)
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Íà ðèñ. 4 ïðîêàçàíà çàëåæíiñòü n′(k = π/a) âiä õiìi-
÷íîãî ïîòåíöiàëó µ′, ùî äà¹ çìîãó áà÷èòè çìiíó âåëè-
÷èíè öi¹¨ õàðàêòåðèñòèêè ïðè k = π/a â ðiçíèõ ôàçàõ
i ïðÿìî ïîðiâíÿòè ç ôàçîâèìè äiàãðàìàìè, ùî ¹ íà
ðèñóíêàõ 1, 2.
Îòðèìàíî ìàêñèìóìè n′(k = π/a) â SF-ôàçi é ìiíi-

ìàëüíi çíà÷åííÿ â CDW-ôàçi. Çà íàÿâíîñòi ìîäóëþ-
âàëüíîãî ïîëÿ A-ìàêñèìóìè âóæ÷i, ÿê i ìåæi äiëÿíêè
SF-ôàçè. Çîêðåìà, ÿê ïðèêëàä, ÿêùî A = 5 (V = 0)
(äèâ. ðèñ. 2 i âiäïîâiäíî 4), òî SF-ôàçà ¹ ó âóçüêèõ ìå-
æàõ −5.6 < µ′ < −4.86 i 4.86 < µ′ < 5.6, òîäi ÿê CDW-
ôàçà çàéìà¹ øèðîêó äiëÿíêó −4.86 < µ′ < 4.86, ùî
âiäïîâiäà¹ ùiëèíi â ñïåêòði, i íà âñüîìó öüîìó ïðî-
ìiæêó ñåðåäíÿ çàñåëåíiñòü éîííèõ ïîçèöié äîðiâíþ¹
1/2, (ρ = 0.5). Îïòèìàëüíiøèé ìà¹ âèãëÿä çàëåæíiñòü
n′(k = π/a) âiä ãóñòèíè ρ (ðèñ. 5).
Òóò, çíîâó æ, ÿêùî ρ = 0.5, òî ÷iòêiøå âèäiëÿ¹òüñÿ

CDW-ôàçà çà íàÿâíîñòi ìîäóëþâàëüíîãî ïîëÿ A.
Íàÿâíiñòü ÿê êîðîòêîñÿæíî¨ âiäøòîâõóâàëüíî¨ âçà-

¹ìîäi¨ ìiæ éîíàìè, ùî çàñåëÿþòü ñóñiäíi ïîçèöi¨ (V ),
òàê i ìîäóëþâàëüíîãî ïîëÿ (A), íàâiòü ÿê çàâãîäíî
ìàëèìè çà âåëè÷èíîþ, ñïðè÷èíÿ¹ óòâîðåííÿ ùiëèíè â
ñïåêòði i, âiäïîâiäíî, ïîÿâó CDW-ôàçè çà ïîëîâèííî-
ãî çàïîâíåííÿ éîííèõ ïîçèöié (äèâ. ôàçîâi äiàãðàìè,
ðèñ. 1, 2). Ïîëå A çíà÷íî ñèëüíiøå, íiæ êîðîòêîñÿ-
æíà âçà¹ìîäiÿ ìiæ ÷àñòèíêàìè V , ðîçøèðþ¹ äiëÿíêó
CDW-ôàçè (ó êîîðäèíàòàõ µ′) i ïðèãíi÷ó¹ SF-ôàçó.
Î÷åâèäíî, ñàìå òîìó ìè îòðèìàëè (äèâ. ðèñ. 3�5), ùî
çðîñòàííÿ âåëè÷èíè ïîëÿ A ïðèâîäèòü äî çíà÷íiøîãî
çìåíøåííÿ äàëåêîñÿæíî¨ êîðåëÿöi¨ ìiæ ÷àñòèíêàìè
n′(k = π/a), íiæ âiäïîâiäíå çáiëüøåííÿ âçà¹ìîäi¨ ìiæ
÷àñòèíêàìè V .
Ó öié ñòàòòi ïîäàíî ðîçðàõóíêè ñòðóêòóðíîãî ôà-

êòîðà S(k) ïðè õâèëüîâîìó âåêòîði k = π/a, ÿêèé
õàðàêòåðèçó¹ âïîðÿäêîâàíó CDW-ôàçó (ìîäóëüîâà-
íà ñòðóêòóðà,�øàõîâå� âïîðÿäêóâàííÿ, checkerboard
order). Íà ðèñ. 6 çîáðàæåíî îòðèìàíó çàëåæíiñòü
S(k = π/a) âiä ãóñòèíè ρ.
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Ðèñ. 5. Çàëåæíiñòü n′(k = π/a) âiä ãóñòèíè ρ. Çëiâà êðèâi 1; 2; 3 âiäïîâiäíî çà A = 0; 2; 5, (V = 0); ïðàâîðó÷ êðèâi 1; 2; 3
âiäïîâiäíî çà V = 0; 2; 5, (A = 0)

Fig. 5. Dependence of n′(k = π/a) on the density ρ. On the left: 1; 2; 3 curves, respectively, for A = 0; 2; 5, (V = 0); on the
right: 1; 2; 3 curves, respectively, for V = 0; 2; 5, (A = 0)
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Ðèñ. 6. Çàëåæíiñòü ñòðóêòóðíîãî ôàêòîðà S(k = π/a) âiä ãóñòèíè ρ. Çëiâà êðèâi 1; 2; 3 âiäïîâiäíî çà A = 0; 2; 5, (V = 0);
ïðàâîðó÷ êðèâi 1; 2; 3 âiäïîâiäíî çà V = 0; 2; 5, (A = 0)

Fig. 6. Dependence of n′(k = π/a) on the density ρ. On the left: 1; 2; 3 curves, respectively, for A = 0; 2; 5, (V = 0); on the
right: 1; 2; 3 curves, respectively, for V = 0; 2; 5, (A = 0)
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Ðèñ. 7. Çàëåæíiñòü ñòðóêòóðíîãî ôàêòîðà S(k = π/a) çà ãóñòèíè ρ = 0.5 âiä ìîäóëþâàëüíîãî ïîëÿ A (V = 0) i âiä
âçà¹ìîäi¨ ìiæ ÷àñòèíêàìè V (A = 0)

Fig. 7. Dependence of structure factor S(k = π/a) with the density ρ = 0.5 on the modulating �eld A (V = 0); and on the
interactions between ions V (A = 0)

Îäåðæàíèé ìàêñèìóì S(k = π/a) çà ρ = 0.5
ïiäòâåðäæó¹ íàÿâíiñòü óïîðÿäêîâàíî¨ ìîäóëüîâàíî¨
ñòðóêòóðè CDW-ôàçè. Òàêîæ ïiäòâåðäæó¹òüñÿ òå, ùî
íàÿâíiñòü ìîäóëþâàëüíîãî ïîëÿ A çíà÷íî áiëüøå, íiæ
âçà¹ìîäiÿ V , ñïðèÿ¹ óòâîðåííþ ìîäóëüîâàíî¨ ñòðó-
êòóðè. Íà ðèñ. 7 ïîêàçàíî çàëåæíiñòü ìàêñèìóìó
S(k = π/a), ÿêèé ¹ ïðè ãóñòèíi ρ = 0.5, âiä ïîëÿ A
i âçà¹ìîäi¨ ìiæ ÷àñòèíêàìè V .
ßêùî A = 10 (V = 0), òî êðèâà âæå âèõîäèòü íà

íàñè÷åííÿ, òîäi ÿê çà V = 10 (A = 0) òàêîãî íå ñïî-
ñòåðiãà¹ìî. Çãiäíî ç íàøèìè ðîçðàõóíêàìè äëÿ âèõî-
äó êðèâî¨ íà íàñè÷åííÿ ïîòðiáíà âåëè÷èíà âçà¹ìîäi¨
V > 20.

V. ÄÈÍÀÌI×ÍÈÉ ÑÒÐÓÊÒÓÐÍÈÉ ÔÀÊÒÎÐ

Äèíàìi÷íèé ñòðóêòóðíèé ôàêòîð S(k, ω) ðîçðàõî-
âó¹ìî çà ñïiââiäíîøåííÿì (16). ×àñòîòíà çàëåæíiñòü
S(k, ω) ìà¹ äèñêðåòíó ñòðóêòóðó òà ìiñòèòü ðÿä δ-
ïiêiâ ó çâ'ÿçêó çi ñêií÷åííèì ðîçìiðîì ëàíöþæêà.
Ðîçðàõîâóþ÷è, ìè îáìåæèëèñÿ âèïàäêîì N = 12.
Óâåäåíî òàêîæ ìàëèé ïàðàìåòð ∆ äëÿ ðîçøèðåííÿ δ-
ïiêiâ çãiäíî ç ðîçïîäiëîì Ëîðåíöà δ(ℏω) → 1

π
∆

(ℏω)2+∆2 .
Ó öié ïðàöi ∆ óçÿòî ðiâíèì ∆ = 0.15 ó áåçðîçìiðíèõ
åíåð åòè÷íèõ îäèíèöÿõ. Íà ðèñóíêàõ 8-10 çîáðàæåíî
ðåçóëüòàòè ðîçðàõóíêó çàëåæíîñòi S(k, ω) âiä õâèëüî-
âîãî âåêòîðà òà ÷àñòîòè â ðiçíèõ ôàçàõ i çà ðiçíèõ çíà-
÷åíü êîðîòêîñÿæíî¨ âçà¹ìîäi¨ ìiæ ÷àñòèíêàìè V i ìî-
äóëþâàëüíîãî ïîëÿ A. Íà ðèñóíêó 8 ïîêàçàíî S(k, ω)
ó ìîäóëüîâàíié CDW-ôàçi (ρ = 0.5)äëÿ V = 0; A = 2
i A = 5. Íà âiäïîâiäíié ôàçîâié äiàãðàìi (äèâ. ðèñ.
2) öå âiäïîâiäà¹ µ′ = 0 i âiäïîâiäíî A = 2 ÷è A = 5.
Ó äiëÿíöi ÷àñòîò äëÿ îáîõ âèïàäêiâ îòðèìàíî øèðî-
êèé ìàêñèìóì, ÿêèé ÿâëÿ¹ ñîáîþ ãðóïó ïiêiâ, ùî çà
åíåð i¹þ âiäïîâiäàþòü øèðèíi çàáîðîíåíî¨ çîíè (ùi-
ëèíà â ñïåêòði Eg), ÿêó ëåãêî áà÷èòè íà âiäïîâiäíié
ôàçîâié äiàãðàìi. Çàçíà÷èìî, ùî îäíî÷àñòèíêîâi ñïå-
êòðàëüíi ãóñòèíè, ç âèêîðèñòàííÿì ÿêèõ áóäóâàëèñÿ

ôàçîâi äiàãðàìè (äèâ. [12, 36, 37]) i äèíàìi÷íèé ñòðó-
êòóðíèé ôàêòîð S(k, ω), ìàþòü óçàãàëi ðiçíi îñîáëè-
âîñòi. S(k, ω) âèçíà÷à¹òüñÿ äâî÷àñòèíêîâèìè ïåðåõî-
äàìè. Òîìó íå òðåáà î÷iêóâàòè â óñüîìó àíàëîãi¨ â
¨õíié ïîâåäiíöi.
Äëÿ A = 2 ãðóïà ïiêiâ ¹ íà ïðîìiæêó 4 < ℏω < 6,

äëÿ A = 5 � íà ïðîìiæêó 10 < ℏω < 11 (óñi åíåð i¨ â
îäèíèöÿõ t). ßê âèäíî ç ðèñ. 8, ïîëîæåííÿ îòðèìàíèõ
ãðóï ïiêiâ ïðàêòè÷íî íå çàëåæèòü âiä õâèëüîâîãî âå-
êòîðà k, àëå çi çðîñòàííÿì k ó ìåæàõ 0 ≤ k ≤ π/a
âiäáóâà¹òüñÿ ïåðåðîçïîäië iíòåíñèâíîñòåé ïiêiâ óñå-
ðåäèíi ãðóï é iíòåíñèâíiñòü ¨õíÿ çðîñòà¹, ïî÷èíàþ-
÷è âiä k = 0, äå S(k = 0, ω) = 0. Íèçüêî÷àñòîòíèõ
ïiêiâ íåìà. Àíàëiç åíåð åòè÷íîãî ñïåêòðà ñèñòåìè â
CDW-ôàçi ñâiä÷èòü, ùî â ñïåêòði âiäñóòíi íèçüêîå-
íåð åòè÷íi çáóäæåíi ñòàíè. Çà T = 0 ìà¹ìî ïåðåõî-
äè ëèøå ç îñíîâíîãî ñòàíó â çáóäæåíi. Íàòîìiñòü, â
SF-ôàçi (äèâ. ðèñ. 9), îòðèìàíî íèçüêî÷àñòîòíi ïiêè,
ùî ¹ ïiäòâåðäæåííÿì ìîæëèâîñòi òàêî¨ ôàçè. Âiäïî-
âiäíî, i â åíåð åòè÷íîìó ñïåêòði ìè ìà¹ìî íàÿâíiñòü
íèçüêîåíåð åòè÷íèõ çáóäæåíèõ ñòàíiâ, ó ÿêi ìîæëèâi
ïåðåõîäè ç îñíîâíîãî ñòàíó ñèñòåìè. Ïðàâèëà âiäáî-
ðó, ÿêi âèçíà÷àþòüñÿ ìàòðèöÿìè Alm, ðå óëþþòü, ó
ÿêi ñòàíè âiäáóâàþòüñÿ ïåðåõîäè. Íà ðèñ. 9 çîáðàæå-
íî S(k, ω) â SF-ôàçi äëÿ öèõ æå ïàðàìåòðiâ V = 0;
A = 2 i A = 5, àëå òóò ρ = 0.25, ùî íà äiàãðàìi (äèâ.
ðèñ. 2) âiäïîâiäà¹ µ′ = −2.4 äëÿ A = 2 i µ′ = −5.2
äëÿ A = 5. Â SF-ôàçi ìè îòðèìàëè ìàêñèìóì S(k, ω)
é ó âèñîêî÷àñòîòíié äiëÿíöi, äå ñïîñòåðiãàâñÿ ìàêñè-
ìóì â CDW-ôàçi, àëå òóò âií çíà÷íî âóæ÷èé. Iíòåí-
ñèâíîñòi ïiêiâ, ùî ôîðìóþòü öåé ìàêñèìóì, ñóòò¹âî
ìåíøi, íiæ iíòåíñèâíîñòi íèçüêî÷àñòîòíèõ ïiêiâ. ßê i
ó CDW-ôàçi, ïîëîæåííÿ ìàêñèìóìó ñëàáî çàëåæèòü
âiä õâèëüîâîãî âåêòîðà k.
Íà ðèñ. 10 çîáðàæåíî S(k, ω) â SF-ôàçi äëÿ A = 0;

V = 2 i V = 5, ρ = 0.25, ùî íà äiàãðàìi (äèâ. ðèñ. 1)
âiäïîâiäà¹ µ′ = −3.2 äëÿ V = 2 i µ′ = −5.6 äëÿ V = 5.
Íà âiäìiíó âiä ïîïåðåäíüîãî âèïàäêó ìè îòðèìàëè
çíà÷íî øèðøi ìàêñèìóìè S(k, ω) (ÿêi ñêëàäàþòüñÿ ç
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ãðóï ïiêiâ) ó äiëÿíöi íèçüêèõ ÷àñòîò. Çi çìiíîþ õâè-
ëüîâîãî âåêòîðà k âiäáóâà¹òüñÿ ïåðåðîçïîäië iíòåí-
ñèâíîñòåé ïiêiâ. Øèðîêèé ìàêñèìóì S(k, ω) â SF-ôàçi
çà A = 0 ¹ â òié ñàìié äiëÿíöi ÷àñòîò 0 < ℏω < 5 äëÿ
V = 2 i V = 5 (äèâ. ðèñ. 10) i òàêîæ äëÿ V = 0, ÿêî-
ãî òóò íå ïîäàíî. Ðiçíèöÿ ëèøå â iíòåíñèâíîñòi îêðå-
ìèõ ïiêiâ, ÿêi ôîðìóþòü öåé ìàêñèìóì. Îòæå, âïëèâ

ìiæ÷àñòèíêîâî¨ âçà¹ìîäi¨ V íà ñïåêòðè S(k, ω) çíà-
÷íî ñëàáøèé, íiæ âïëèâ ïîëÿ A. Ó âñiõ âèïàäêàõ ií-
òåíñèâíîñòi íèçüêî÷àñòîòíèõ ïiêiâ (SF-ôàçà) çðîñòà-
þòü çi çðîñòàííÿì õâèëüîâîãî âåêòîðà k íà ïðîìiæêó
0 ≤ k ≤ π/2a i ñïàäàþòü íà ïðîìiæêó π/2a ≤ k ≤ π/a,
¹ i âiäñóòíi çà k = π/a (ÿê i çà k = 0). Iíòåíñèâíîñòi
âèñîêî÷àñòîòíèõ ïiêiâ, ÿêi ¹ â äiëÿíöi åíåð i¨ Eg, ñóò-
ò¹âî çðîñòàþòü íà âñüîìó ïðîìiæêó 0 ≤ k ≤ π/a.
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Ðèñ. 8. Çàëåæíiñòü äèíàìi÷íîãî ñòðóêòóðíîãî ôàêòîðà S(k, ω) âiä õâèëüîâîãî âåêòîðà é ÷àñòîòè çà V = 0 â
CDW-ôàçi (ρ = 0.5). Çëiâà A = 2, ïðàâîðó÷ A = 5. Ðèñóíêàì 1; 2; 3; 4; 5; 6 âiäïîâiäà¹ õâèëüîâèé âåêòîð k =

0.1; 0.25; 0.5; 0.75; 0.9; 1(π/a)

Fig. 8. Dependence of dynamic structure factor S(k, ω) on the wave vector and frequency for V = 0 in CDW phase (ρ = 0.5).
On the left: A = 2, on the right: A = 5. Figures 1; 2; 3; 4; 5; 6 corresponds to wave-vector k = 0.1; 0.25; 0.5; 0.75; 0.9; 1(π/a)
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Ðèñ. 9. Çàëåæíiñòü äèíàìi÷íîãî ñòðóêòóðíîãî ôàêòîðà S(k, ω) âiä õâèëüîâîãî âåêòîðà é ÷àñòîòè çà V = 0 â SF-ôàçi (ρ =
0.25). Çëiâà A = 2, ïðàâîðó÷ A = 5. Ðèñóíêàì 1; 2; 3; 4; 5; 6 âiäïîâiäà¹ õâèëüîâèé âåêòîð k = 0.1; 0.25; 0.5; 0.75; 0.9; 1(π/a)

Fig. 9. Dependence of dynamic structure factor S(k, ω) on the wave vector and frequency for V = 0 in SF phase (ρ = 0.25).
On the left: A = 2, on the right: A = 5. Figures 1; 2; 3; 4; 5; 6 corresponds to wave-vector k = 0.1; 0.25; 0.5; 0.75; 0.9; 1(π/a)
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Ðèñ. 10. Çàëåæíiñòü äèíàìi÷íîãî ñòðóêòóðíîãî ôàêòîðà S(k, ω) âiä õâèëüîâîãî âåêòîðà é ÷àñòîòè çà A = 0 â SF-ôàçi (ρ =
0.25). Çëiâà V = 2, ïðàâîðó÷ V = 5. Ðèñóíêàì 1; 2; 3; 4; 5; 6 âiäïîâiäà¹ õâèëüîâèé âåêòîð k = 0.1; 0.25; 0.5; 0.75; 0.9; 1(π/a)

Fig. 10. Dependence of dynamic structure factor S(k, ω) on the wave vector and frequency for A = 0 in SF phase (ρ = 0.25).
On the left: V = 2, on the right: V = 5. Figers 1; 2; 3; 4; 5; 6 corresponds to wave-vector k = 0.1; 0.25; 0.5; 0.75; 0.9; 1(π/a)
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VI. ÂÈÑÍÎÂÊÈ

Ó ìåæàõ ðîçøèðåíî¨ ìîäåëi æîðñòêèõ áîçîíiâ ìå-
òîäîì òî÷íî¨ äiàãîíàëiçàöi¨ ðîçðàõîâàíî åíåð åòè÷íèé
ñïåêòð îäíîâèìiðíîãî ñêií÷åííîãî éîííîãî ïðîâiäíè-
êà ç ïåðiîäè÷íèìè ãðàíè÷íèìè óìîâàìè. Ìîäåëü âðà-
õîâó¹ ïåðåìiùåííÿ éîíiâ ìiæ ñóñiäíiìè ïîçèöiÿìè
(ïàðàìåòð t), êîðîòêîñÿæíó âiäøòîâõóâàëüíó âçà¹ìî-
äiþ ìiæ éîíàìè (ïàðàìåòð V ), à òàêîæ ìîäóëþâàëüíå
ïîëå A, ùî ñïðèÿ¹ ìîäóëÿöi¨ â ïðîñòîðîâîìó ðîçïîäiëi
éîíiâ. Ó öié ïðàöi äîñëiäæåíî îäíî÷àñòèíêîâó êîðå-
ëÿöiþ, ðîçðàõîâàíî ñòðóêòóðíèé i äèíàìi÷íèé ñòðó-
êòóðíèé ôàêòîðè çà òåìïåðàòóðè T = 0. Ìè îòðè-
ìàëè ïiê õàðàêòåðèñòèêè îäíî÷àñòèíêîâî¨ êîðåëÿöi¨
n′(k) çà k = 0 i k = π/a â SF-ôàçi, ùî ñè íàëiçó¹
ïðî äàëåêîñÿæíó îäíî÷àñòèíêîâó êîðåëÿöiþ. Ïîëå A
çíà÷íî ñèëüíiøå ðîçøèðþ¹ äiëÿíêó CDW-ôàçè (ó êî-
îðäèíàòàõ µ′) i ïðèãíi÷ó¹ SF-ôàçó, íiæ êîðîòêîñÿæíà
âçà¹ìîäiÿ ìiæ ÷àñòèíêàìè V . Î÷åâèäíî, ñàìå òîìó

ìè îòðèìàëè, ùî çðîñòàííÿ âåëè÷èíè ïîëÿ A ïðèâî-
äèòü äî çíà÷íiøîãî çìåíøåííÿ äàëåêîñÿæíî¨ êîðåëÿ-
öi¨ ìiæ ÷àñòèíêàìè n′(k = π/a), íiæ âiäïîâiäíå çáiëü-
øåííÿ âçà¹ìîäi¨ ìiæ ÷àñòèíêàìè V . Äëÿ ñòðóêòóðíî-
ãî ôàêòîðà íàâïàêè : çðîñòàííÿ âåëè÷èíè ïîëÿ A ïðè-
âîäèòü äî çíà÷íiøîãî çáiëüøåííÿ S(k = π/a), íiæ âiä-
ïîâiäíà çìiíà âçà¹ìîäi¨ ìiæ ÷àñòèíêàìè V . Îòðèìà-
íi ìàêñèìóìè ñòðóêòóðíîãî ôàêòîðà, ÿêùî k = π/a,
çà ïîëîâèííîãî çàïîâíåííÿ éîííèõ ïîçèöié (ãóñòè-
íà ρ = 0.5), ÿê i ìàêñèìóìè äèíàìi÷íîãî ñòðóêòóð-
íîãî ôàêòîðà â äiëÿíöi ÷àñòîò, ùî çà åíåð i¹þ âiä-
ïîâiäàþòü øèðèíi çàáîðîíåíî¨ çîíè, ïiäòâåðäæóþòü
íàÿâíiñòü óïîðÿäêîâàíî¨ ìîäóëüîâàíî¨ (CDW) ôàçè
çà ρ = 0.5. Íàÿâíiñòü ìàêñèìóìiâ äèíàìi÷íîãî ñòðó-
êòóðíîãî ôàêòîðà S(k, ω) ó äiëÿíöi íèçüêèõ ÷àñòîò
çà ρ = 0.25 ïiäòâåðäæó¹ ìîæëèâiñòü iñíóâàííÿ ôà-
çè òèïó ñóïåðôëþ¨äó (SF). Ìè ïîêàçàëè, ùî âïëèâ
ìiæ÷àñòèíêîâî¨ âçà¹ìîäi¨ V íà ñïåêòðè S(k, ω) çíà-
÷íî ñëàáøèé, íiæ âïëèâ ïîëÿ A.
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STRUCTURE FACTOR AND DYNAMIC STRUCTURE FACTOR OF ONE-DIMENSIONAL ION
CONDUCTORS

R. Ya. Stetsiv1, O. Ya. Farenyuk1,2
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Using the exact diagonalization technique, the energy spectrum of a one-dimensional �nite ionic
conductor with periodic boundary conditions was calculated within the framework of the extended hard-
core boson lattice model. The model incorporates short-range repulsive interactions between neighboring
ions (V parameter), their transfer (t parameter), and the modulating �eld A, which leads to spatial
modulation of the ion distribution. In this research, we investigate the single-particle correlation and
calculate the structure and dynamic structure factors at temperature T = 0. The peak in the characteri-
stics of the single-particle correlation n′(k) at wave vectors k = 0 and k = π/a was obtained in the
super�uid (SF) phase, which points to long-range single-particle correlation. The A �eld in�uences the
expansion of the region of the CDW phase (in µ′ coordinates) and suppresses the SF phase much more
than the short-range interaction between particles V . This could explain our result that an increase in the
value of the A �eld leads to a more signi�cant reduction of the long-range correlation between particles
n′(k = π/a) than a corresponding increase in the interaction between particles V . In the case of the
structure factor, the opposite e�ect is observed: an increase in the �eld A leads to a more signi�cant
increase in S(k = π/a) compared to the corresponding change in the interaction between particles V .
The presence of an ordered modulated (CDW) phase at ρ = 0.5 is con�rmed by the obtained maxima of
the structure factor at k = π/a for the half-�lled ion positions (density ρ = 0.5), and by the maxima of
the dynamic structure factor in the frequencies range corresponding to the energy of the band gap. The
presence of maxima of the dynamic structure factor S(k, ω) in the region of low frequencies at ρ = 0.25
con�rms the potential existence of a super�uid (SF) phase in the ion conductor. We showed that the
in�uence of the interparticle interaction V on the spectra S(k, ω) is signi�cantly weaker compared to the
in�uence of the �eld A.

Key words: ion conductor, hard-core boson model, structure factor, dynamic structure factor.
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