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Ìè äîñëiäæó¹ìî îäíîâèìiðíi éîííi ïðîâiäíèêè ç äâîÿìíèì ëîêàëüíèì àíãàðìîíi÷íèì ïîòåí-
öiàëîì äëÿ éîíà. Ìåòîäîì òî÷íî¨ äiàãîíàëiçàöi¨ â ìåæàõ ðîçøèðåíî¨ ìîäåëi æîðñòêèõ áîçîíiâ
ðîçðàõîâàíî åíåð åòè÷íèé ñïåêòð é îäíî÷àñòèíêîâi ñïåêòðàëüíi ãóñòèíè îäíîâèìiðíîãî ñêií-
÷åííîãî ïðîâiäíèêà ç ïåðiîäè÷íèìè ãðàíè÷íèìè óìîâàìè; ïîáóäîâàíî äiàãðàìè ñòàíiâ. Îòðè-
ìàíî, ùî íàÿâíiñòü ìîäóëþâàëüíîãî ïîëÿ, ÿê i êîðîòêîñÿæíèõ âiäøòîâõóâàëüíèõ âçà¹ìîäié
ìiæ ÷àñòèíêàìè, ïðèâîäèòü äî ðîçùåïëåííÿ â ¨õíüîìó åíåð åòè÷íîìó ñïåêòði é ïîÿâè ùiëèíè
â äiëÿíöi ïîëîâèííîãî çàïîâíåííÿ. Ïiäòâåðäæåíî íàÿâíiñòü íàäïëèííî¨ ôàçè çà ïåâíèõ çíà÷åíü
õiìi÷íîãî ïîòåíöiàëó ÷àñòèíîê.
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I. ÂÑÒÓÏ

Âàæëèâîþ ïðîáëåìîþ ñó÷àñíî¨ ôiçèêè, ùî âèêëè-
êà¹ âåëèêå çàöiêàâëåííÿ ç áîêó ÿê åêñïåðèìåíòàòîðiâ,
òàê i òåîðåòèêiâ, ¹ äîñëiäæåííÿ ÿâèù ó ñèñòåìàõ iç
éîííîþ ïðîâiäíiñòþ. Óâàãà äî òàêèõ ñèñòåì çóìîâëå-
íà ùîðàç áiëüøèìè ìîæëèâîñòÿìè ¨õ ïðàêòè÷íèõ çà-
ñòîñóâàíü � ÿê òâåðäèõ åëåêòðîëiòiâ, ó êîíäåíñàòîðàõ
é àêóìóëÿòîðíèõ áàòàðåÿõ, ó ìåìáðàíàõ ïàëèâíèõ êî-
ìiðîê [1], ó ðàäiîåëåêòðîíiöi, à òàêîæ ó êîíòðîëüíî-
âèìiðþâàëüíèõ ïðèëàäàõ ñïåöiàëüíîãî ïðèçíà÷åííÿ.
Ñàìå òîìó îñòàííiì ÷àñîì ñèíòåçóþòü óñå íîâi ñïî-
ëóêè ç âèñîêîþ éîííîþ ïðîâiäíiñòþ äëÿ ïîøóêó ìà-
òåðiàëiâ, ñòàáiëüíèõ ùîäî õiìi÷íî¨ é ìåõàíi÷íî¨ äi¨ òà
ç iíøèìè ñïåöèôi÷íèìè âëàñòèâîñòÿìè. ßê ïðèêëàä,
ìîæíà íàâåñòè ñåðiþ ëiòié ïðîâiäíèõ ìàòåðiàëiâ, ñèí-
òåçîâàíèõ íà îñíîâi ïåðîâñêiòíèõ ñòðóêòóð [2�4]. Ïðî-
âiäíiñòü éîííèõ ïðîâiäíèêiâ îñîáëèâî âåëèêà, êîëè
êiëüêiñòü éîíiâ âèÿâëÿ¹òüñÿ çíà÷íî ìåíøîþ âiä êiëü-
êîñòi âóçëiâ, òîáòî ¹ âàêàíñi¨, áàãàòî âóçëiâ âèÿâëÿ-
þòüñÿ âiëüíèìè, ùî ïîëåãøó¹ éìîâiðíiñòü ïåðåñêîêó
éîíà ç îäíîãî âóçëà íà iíøèé. Ó áàãàòüîõ ñóïåðéî-
íiêàõ ïåðåíåñåííÿ çàðÿäó âiäáóâà¹òüñÿ âçäîâæ ëàí-
öþæêîâèõ (îäíîâèìiðíèõ) ñòðóêòóð, ÿê-îò: ó ïðîòîí-
íîìó ïðîâiäíèêó LiN2H5SO4 [5], äåÿêèõ ñóïåðéîííèõ
(ñóïåðïðîòîííèõ) ïðîâiäíèêàõ, çîêðåìà CsHSO4 [6],
êîîðäèíàöiéíèõ ïîëiìåðàõ íà çðàçîê äèãiäðàòó îêñà-
ëàòó çàëiçà Fe(C2O4)×2H2O, íàíîòðóáêàõ [7] òîùî.
Ñòâîðåíî îäíîâèìiðíi ñèñòåìè ç äæîçåôñîíiâñüêèìè
êîíòàêòàìè [8]: îäèí êîíòàêò ó øèðèíó é äåêiëüêà
ñîòåíü òóíåëüíèõ êîíòàêòiâ ó äîâæèíó. Çäåáiëüøîãî
êâàíòîâi ñèñòåìè äîñëiäæóþòü çà íèçüêèõ òåìïåðà-
òóð, êîëè òðàíñïîðòíi âëàñòèâîñòi ñèñòåìè ïåðåâàæíî

âèçíà÷àþòüñÿ ¨¨ îñíîâíèì ñòàíîì. Ðiäøå âèâ÷àþòü
ïðîâiäíiñòü çà âèñîêèõ òåìïåðàòóð, êîëè íå ìîæíà
îáìåæèòèñÿ òî÷íî âèçíà÷åíèìè åëåìåíòàðíèìè çáó-
äæåííÿìè ÷àñòèíîê (äèâ., íàïðèêëàä, [9]). Îñîáëèâèì
êëàñîì éîííèõ ïðîâiäíèêiâ ¹ êðèñòàëè, äå íîñi¨ çàðÿ-
äó � éîíè âîäíþ (ïðîòîíè). Çà íèçüêèõ òåìïåðàòóð öi
êðèñòàëè ¹ ñå íåòîåëåêòðèêàìè àáî ñå íåòîåëàñòèêà-
ìè, à ç ïiäâèùåííÿì òåìïåðàòóðè âîíè ïåðåõîäÿòü ó
ñóïåðïðîòîííó ôàçó; ïðîâiäíiñòü ïðè öüîìó ìîæå çðî-
ñòàòè íà äåêiëüêà ïîðÿäêiâ (äî íèõ íàëåæàòü ñèñòåìè
MeHXO4, äå M = Cs,Rb,NH4;X = S,Se). ×èñëåííi
ñòðóêòóðíi äîñëiäæåííÿ ïîêàçàëè, ùî â íèçüêîòåìïå-
ðàòóðíié ôàçi éîíè (ïðîòîíè) ïåðåáóâàþòü ó ÷iòêî çà-
ôiêñîâàíèõ ïîëîæåííÿõ, òîäi ÿê ó âèñîêîòåìïåðàòóð-
íié ôàçi âîíè ðîçïîäiëåíi ç îäíàêîâîþ éìîâiðíiñòþ
ìiæ äåêiëüêîìà ïîçèöiÿìè â åëåìåíòàðíié êîìiðöi.

Äëÿ òåîðåòè÷íîãî îïèñó ñèñòåì iç éîííîþ ïðîâiä-
íiñòþ íà ìiêðîñêîïi÷íîìó ðiâíi øèðîêî çàñòîñîâóþòü
 ðàòêîâi ìîäåëi. Çà äîâiëüíèõ çàïîâíåíü ëîêàëüíèõ
ïîçèöié ÷àñòèíîê òóò çâè÷àéíî âèêîðèñòîâóþòü ìî-
äåëü Áîçå�Ãàááàðäà (äèâ. îãëÿä [10]). Øèðîêî âèêî-
ðèñòîâóþòü òàêîæ  ðàòêîâi ìîäåëi ÿê íà îñíîâi ñòà-
òèñòèêè Ôåðìi [11�15], òàê i íà îñíîâi �çìiøàíî¨� ñòà-
òèñòèêè Ïàóëi [16�29], ó ÿêié ÷àñòèíêè, ç îäíîãî áî-
êó, ìàþòü áîçîííó ïðèðîäó, à ç iíøîãî � ïiäëÿãàþòü
ïðàâèëàì çàáîðîíè Ôåðìi. �ðàòêîâà ìîäåëü ÷àñòèíîê
Ïàóëi ïîäiáíà äî ìîäåëi Áîçå�Ãàááàðäà â íàáëèæåííi
�æîðñòêèõ� áîçîíiâ (çà îáìåæåíü íà ÷èñëà çàïîâíåííÿ
ni = 0, 1). Iç óðàõóâàííÿì ëèøå îäíîâóçëîâî¨ âçà¹ìî-
äi¨ (U) â îäíîâèìiðíié ìîäåëi Áîçå�Ãàááàðäà îòðèìà-
íî ôàçó ìîòòiâñüêîãî äiåëåêòðèêà (MI) çà öiëèõ çíà-
÷åíü ãóñòèíè (äèâ., íàïðèêëàä, [30]). Çà ïðîìiæíèõ
êîíöåíòðàöié îäåðæàíî ñòàí òèïó ñóïåðôëþ¨äó (SF)
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(ôàçà ç áåçìåæíî âåëèêîþ (ðîçáiæíîþ) äîâæèíîþ áî-
çîííî¨ êîðåëÿöi¨ òà ç âiäñóòíiñòþ ïàðàìåòðà ïîðÿä-
êó, ÿêùî T = 0). Äîäàâàííÿ âçà¹ìîäi¨ áëèæíiõ ñó-
ñiäiâ ïðèâîäèòü äî ïîÿâè çàðÿäîâïîðÿäêîâàíî¨ CDW
(charge density waves) ôàçè ç ïîëîâèííèì çàïîâíåí-
íÿì éîííèõ ïîçèöié. �ðàòêîâà ìîäåëü Ïàóëi (íàáëè-
æåííÿ �æîðñòêèõ� áîçîíiâ) äà¹ çìîãó îïèñàòè ïåðåõî-
äè ìiæ öèìè ôàçàìè (äëÿ îäíîâèìiðíèõ ñèñòåì ëèøå
çà T = 0) âêëþ÷íî çi ñòàíîì òèïó ñóïåðôëþ¨äó (SF)
(íàäïëèííà ôàçà), ÿêèé îòðèìóþòü íàâiòü çà âiäñó-
òíîñòi ïðÿìî¨ âçà¹ìîäi¨ ìiæ ÷àñòèíêàìè [17, 18, 20].
Ó ïîïåðåäíié íàøié ðîáîòi [19] iç âèêîðèñòàííÿì

ìåòîäó òî÷íî¨ äiàãîíàëiçàöi¨ äëÿ ñêií÷åííèõ îäíîâè-
ìiðíèõ éîííèõ ïðîâiäíèêiâ iç ïåðiîäè÷íèìè ãðàíè-
÷íèìè óìîâàìè â ìåæàõ ïiäõîäó æîðñòêèõ áîçîíiâ
ðîçðàõîâàíî îäíî÷àñòèíêîâi ñïåêòðàëüíi ãóñòèíè é
óñòàíîâëåíî äiëÿíêè ðiçíèõ ôàç ñèñòåìè çàëåæíî âiä
âåëè÷èíè ìiæ÷àñòèíêîâî¨ âçà¹ìîäi¨ V òà ìîäóëþâàëü-
íîãî ïîëÿ A. Öÿ ðîáîòà � ïðîäîâæåííÿ ïîïåðåäíüî¨
[19]. Ó öié ïðàöi ìè äîñëiäæó¹ìî îäíîâèìiðíi éîííi
ïðîâiäíèêè ç äâîÿìíèì ëîêàëüíèì ïîòåíöiàëîì äëÿ
éîíà. Çàçâè÷àé öå ïðîòîííi ïðîâiäíèêè â ñèñòåìàõ iç
âîäíåâèìè çâ'ÿçêàìè. Íàøà  ðàòêîâà ìîäåëü æîðñ-
òêèõ áîçîíiâ ìiñòèòü êîðîòêîñÿæíó âçà¹ìîäiþ ìiæ ñó-
ñiäíiìè éîíàìè, éîííå ïåðåíåñåííÿ ÿê óçäîâæ âîäíå-
âèõ çâ'ÿçêiâ iç äâîÿìíèì ëîêàëüíèì ïîòåíöiàëîì, òàê
i ìiæ çâ'ÿçêàìè, à òàêîæ ìîäóëþâàëüíå ïîëå. Òóò, íà
âiäìiíó âiä ïîïåðåäíüîãî âèïàäêó, ìè ìà¹ìî äâi ði-
çíi âçà¹ìîäi¨ ìiæ éîíàìè (íà âîäíåâîìó çâ'ÿçêó, ïà-
ðàìåòð V , i ìiæ çâ'ÿçêàìè, ïàðàìåòð w), à òàêîæ âiä-
ïîâiäíî äâà ðiçíi ïåðåíîñè. Ìåòîäîì òî÷íî¨ äiàãîíàëi-
çàöi¨ ðîçðàõîâó¹ìî åíåð åòè÷íèé ñïåêòð, îäíî÷àñòèí-
êîâi ñïåêòðàëüíi ãóñòèíè é óñòàíîâëþ¹ìî íà îñíîâi
õàðàêòåðó ÷àñòîòíî¨ çàëåæíîñòi ñïåêòðàëüíèõ ãóñòèí
äiëÿíêè íàÿâíîñòi ðiçíèõ ôàç ñèñòåìè çà T = 0 çàëå-
æíî âiä âåëè÷èíè ìiæ÷àñòèíêîâèõ âçà¹ìîäié òà ìî-
äóëþâàëüíîãî ïîëÿ.

II. ÌÎÄÅËÜ É ÎÑÍÎÂÍI
ÑÏIÂÂIÄÍÎØÅÍÍß

Äëÿ îïèñó îäíîâèìiðíèõ éîííèõ (ïðîòîííèõ) ïðî-
âiäíèêiâ iç äâîÿìíèì ëîêàëüíèì àíãàðìîíi÷íèì ïî-
òåíöiàëîì äëÿ éîíà ìè âèêîðèñòîâó¹ìî êâàíòîâó
îäíîâèìiðíó  ðàòêîâó ìîäåëü ó íàáëèæåííi æîðñòêèõ
áîçîíiâ. Ðîçãëÿäà¹ìî îäíîâèìiðíèé êëàñòåð iç N ïî-
çèöiÿìè äëÿ éîíà ç ïåðiîäè÷íèìè ãðàíè÷íèìè óìîâà-
ìè. Óðàõîâó¹ìî äâîñòàäiéíèé ìåõàíiçì ïåðåíîñó ÷à-
ñòèíîê, ÿêîìó âiäïîâiäàþòü äâi êîíñòàíòè ïåðåíîñó:
Ω0, ùî ñòîñó¹òüñÿ ïåðåíîñó ÷àñòèíîê ìiæ äâîìà ïî-
çèöiÿìè a i b íà çâ'ÿçêó, (çîêðåìà, ïåðåíîñ ïðîòîíà
íà âîäíåâîìó çâ'ÿçêó), i ΩR, ÿêà îïèñó¹ ïåðåíîñ ÷à-
ñòèíîê ìiæ ñóñiäíiìè (âîäíåâèìè) çâ'ÿçêàìè. Óïåðøå
òàêà ìîäåëü áóëà çàïðîïîíîâàíà äëÿ ïðîòîííèõ ïðî-
âiäíèêiâ ó ñèñòåìàõ iç âîäíåâèìè çâ'ÿçêàìè â ïðàöi
[31] i ñòàëà âiäîìà ÿê îði¹íòàöiéíî-òóíåëüíà ìîäåëü,
îñêiëüêè ïåðåíîñ ïðîòîíà ìiæ çâ'ÿçêàìè ìîæëèâèé
çàâäÿêè îði¹íòàöiéíèì ðóõàì éîííèõ ãðóï, ùî ôîð-
ìóþòü âîäíåâi çâ'ÿçêè. Ìîäåëü âêëþ÷à¹ âçà¹ìîäiþ

ìiæ íàéáëèæ÷èìè ÷àñòèíêàìè, çóìîâëåíó êîðîòêîñÿ-
æíèì âiäøòîâõóâàííÿì (âiäïîâiäíi åíåð åòè÷íi ïàðà-
ìåòðè: V íà çâ'ÿçêó i w äëÿ ñóñiäíiõ çâ'ÿçêiâ), à òàêîæ
ìîäóëþâàëüíå ïîëå (ïàðàìåòð A). Ïîëå A ñïðèÿ¹ ìî-
äóëÿöi¨ ó ïðîñòîðîâîìó ðîçïîäiëi éîíiâ ó ò.çâ. óïîðÿä-
êîâàíié ôàçi (íàÿâíiñòü òàêî¨ ôàçè çà íèçüêèõ òåì-
ïåðàòóð ¹ õàðàêòåðíîþ ðèñîþ ñóïåðéîííèõ ïðîâiäíè-
êiâ). Ãàìiëüòîíiàí öi¹¨ ìîäåëi äëÿ ëàíöþæêîâî¨ ñòðó-
êòóðè (ÿêó òóò ðîçãëÿäà¹ìî) ìîæíà çàïèñàòè òàê:

H = −µ
∑
i

(nia + nib) + V
∑
i

nianib + w
∑
i

nibni+1,a

+ Ω0

∑
i

(c+iacib + c+ibcia) + ΩR

∑
i

(c+ibci+1,a + c+i+1,acib)

+A
∑
i

(nib − nia). (1)

Îïåðàòîðè ci,α (c+i,α) ó íàøîìó âèïàäêó ¹ îïåðàòî-
ðàìè Ïàóëi, âîíè îïèñóþòü ïðîöåñè çíèùåííÿ é íà-
ðîäæåííÿ ÷àñòèíîê ó ïîçèöi¨ i, α (α = a, b); iíäåêñ i
íóìåðó¹ çâ'ÿçêè, òîìó ni,α = c+i,αci,α � öå êiëüêiñòü
÷àñòèíîê ó öié ïîçèöi¨ (òóò âëàñíi çíà÷åííÿ ni,a i ni,b
äîðiâíþþòü 0 ÷è 1).
×èñëîâèé ðîçðàõóíîê åíåð åòè÷íîãî ñïåêòðà ëàí-

öþæêîâî¨ ñòðóêòóðè ç ïåðiîäè÷íèìè ãðàíè÷íèìè
óìîâàìè âèêîíàíî ìåòîäîì òî÷íî¨ äiàãîíàëiçàöi¨. Ìà-
òðèöÿ ãàìiëüòîíiàíà, ÿê i ìàòðèöi ci,α i c+i,α (α =

a, b), áóäó¹òüñÿ íà áàçèñi áàãàòî÷àñòèíêîâèõ ñòàíiâ
|n1,an1,b . . . nN,anN,b〉. Ìàòðèöÿ ãàìiëüòîíiàíà íà áà-
çi öèõ ñòàíiâ äiàãîíàëiçó¹òüñÿ ÷èñëîâèì ñïîñîáîì. Öå
âiäïîâiäà¹ ïåðåòâîðåííþ:

U−1HU = H̃ =
∑
p

λpX̃
pp, (2)

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. [32], à òàêîæ [33]). Òàêå æ ïåðåòâîðåííÿ çàñòîñî-
âó¹ìî äî îïåðàòîðiâ íàðîäæåííÿ i çíèùåííÿ ÷àñòèíîê
ó ïîçèöi¨ i, α íà ëàíöþæêó

U−1ci,αU =
∑
pq

Ai,αpq X̃
pq, U−1c+i,αU =

∑
rs

Ai,α∗rs X̃sr,

(3)
äå êîåôiöi¹íòè Ai,αpq � ìàòðè÷íi åëåìåíòè îïåðàòîðà
ci,α íà íîâîìó áàçèñi.
ßê i â ïîïåðåäíié íàøié ðîáîòi [19], ìè êîíñòðóþ-

¹ìî äâî÷àñîâi òåìïåðàòóðíi ôóíêöi¨ �ðiíà Gi,α;i,α =
〈〈ci,α|c+i,α〉〉 , ùî ìiñòÿòü iíôîðìàöiþ ïðî îäíî÷àñòèí-
êîâèé åíåð åòè÷íèé ñïåêòð ñèñòåìè. Äëÿ îïåðàòîðiâ
Ïàóëi íàðîäæåííÿ i çíèùåííÿ ââîäèìî ôóíêöi¨ �ðiíà
äâîõ òèïiâ: êîìóòàòîðíó ôóíêöiþ �ðiíà

〈〈ci,α(t)|c+i,α(t′)〉〉(c) = −iΘ(t− t′)〈[ci,α(t), c+i,α(t′)]〉 (4)

òà àíòèêîìóòàòîðíó ôóíêöiþ �ðiíà

〈〈ci,α(t)|c+i,α(t′)〉〉(a) = −iΘ(t− t′)〈{ci,α(t), c+i,α(t′)}〉. (5)
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Îäíî÷àñòèíêîâi ñïåêòðàëüíi ãóñòèíè âèçíà÷àþòüñÿ
óÿâíèìè ÷àñòèíàìè öèõ ôóíêöié �ðiíà:

ρ(ω) = − 1

πN

N∑
j=1

∑
α

Im〈〈cj,α|c+j,α〉〉ω+iε (6)

= − 1

πN

N∑
j=1

∑
α

Im

[
1

Z

∑
pq

Aj,αpq A
j,α∗
pq

e−βλp−ηe−βλq
ω− 1

~ (λq−λp)+iε

]
,

Òóò Z =
∑
p
e−βλp .

ßêùî η = 1, òî îòðèìó¹ìî ñïåêòðàëüíó ãóñòè-
íó êîìóòàòîðíî¨ ôóíêöi¨ �ðiíà (4), à çà η = −1 �
ñïåêòðàëüíó ãóñòèíó àíòèêîìóòàòîðíî¨ ôóíêöi¨ �ðiíà
(5). Ñïåêòðàëüíi ãóñòèíè (6) ìàþòü äèñêðåòíó ñòðó-
êòóðó òà ìiñòÿòü ðÿä δ-ïiêiâ ó çâ'ÿçêó çi ñêií÷åííèì
ðîçìiðîì ëàíöþæêà. ßêùî çáiëüøóâàòè ðîçìið ëàí-
öþæêà (N), òî äåëüòà-ïiêè áóäóòü ðîçòàøîâóâàòèñÿ
ãóñòiøå, ôîðìóþ÷è çà N → ∞ çîííó ñòðóêòóðó. Ïiä
÷àñ ðîçðàõóíêiâ ìè îáìåæèëèñÿ âèïàäêîì N = 12.
Óâåäåíî òàêîæ ìàëèé ïàðàìåòð ∆ äëÿ ðîçøèðåííÿ δ-
ïiêiâ çãiäíî ç ðîçïîäiëîì Ëîðåíöà δ(~ω)→ 1

π
∆

(~ω)2+∆2 .

III. ÄIÀÃÐÀÌÈ ÑÒÀÍIÂ

Ñïåêòðàëüíi ãóñòèíè ðîçðàõîâàíî çãiäíî ç ôîðìó-
ëîþ (6). Àíàëiçóþ÷è çìiíó õàðàêòåðó ÷àñòîòíî¨ çà-
ëåæíîñòi ñïåêòðàëüíèõ ãóñòèí çi çìiíîþ ïàðàìåòðiâ
ìîäåëi, ìè áóäóâàëè äiàãðàìè ñòàíiâ. Âiäïîâiäíî äî
ïðàöü, çîêðåìà [34, 35], õàðàêòåðíîþ ðèñîþ êîìó-
òàòîðíî¨ ñïåêòðàëüíî¨ ãóñòèíè ó ôàçi ñóïåðôëþ¨äó
(SF)(íàäïëèííà ôàçà) ¹ íåïåðåðâíèé ïåðåõiä çà ω = 0
(ùî çáiãà¹òüñÿ ç ïîëîæåííÿì õiìi÷íîãî ïîòåíöiàëó) ¨¨
âiä'¹ìíî¨ ãiëêè, ÿêà çà ω < 0, ó äîäàòíó ãiëêó, ùî
çà ω > 0. Ó çàðÿäîâîâïîðÿäêîâàíié ôàçi (CDW) öi
äâi ãiëêè ðîçäiëåíi ùiëèíîþ, i ìè ìà¹ìî ðîçùåïëåííÿ
ñïåêòðà íà äâi ïiäçîíè. Õiìi÷íèé ïîòåíöiàë çà òàêî¨
óìîâè ¹ â ùiëèíi. Ñåðåäíþ çàñåëåíiñòü ñòàíó 〈n〉 ïðè
öüîìó õiìi÷íîìó ïîòåíöiàëi µ ðîçðàõîâóâàëè çãiäíî çi
ñïåêòðàëüíîþ òåîðåìîþ 〈n〉 =

∫∞
−∞

ρa(ω)dω
eβω+1

, äå ρa �
àíòèêîìóòàòîðíà ñïåêòðàëüíà ãóñòèíà (ãóñòèíà ñòà-
íiâ). Ñòàí CDW õàðàêòåðíèé äëÿ ñåðåäíüîãî ïîëîâèí-
íîãî çàñåëåííÿ ïîçèöié (〈n〉 = 1/2), i ìè ñïîñòåðiãà¹-
ìî, çîêðåìà äëÿ ñèñòåìè ç âîäíåâèìè çâ'ÿçêàìè, ñèòó-
àöiþ, êîëè ïðîòîíè çàñåëÿþòü ëèøå �a�-ïîçèöi¨ ó äâî-
ÿìíîìó ïîòåíöiàëi íà âîäíåâîìó çâ'ÿçêó (àáî âñi ïðî-
òîíè çàñåëÿþòü �b�-ïîçèöi¨) óçäîâæ ëàíöþæêà. Öÿ ñè-
òóàöiÿ âiäïîâiäà¹ ñå íåòîåëåêòðè÷íîìó âïîðÿäêóâàí-
íþ, ïðîòå ìà¹ çàãàëüíiøå çíà÷åííÿ. Ïðîòîíè çàñåëÿ-
þòü ëèøå äåÿêi ç ìîæëèâèõ ïîçèöié (òîäi ÿê iíøi ïî-
çèöi¨ çàëèøàþòüñÿ íåçàéíÿòi), i öå ¹ çàãàëüíîþ ðèñîþ
âïîðÿäêîâàíèõ ôàç, ùî íàÿâíi â ñóïåðéîííèõ êðèñòà-
ëàõ. Ìè íàçèâà¹ìî òàêó ôàçó CDW-ôàçîþ, õî÷à äëÿ
äâîìiíiìóìíîãî ëîêàëüíîãî ïîòåíöiàëó äëÿ éîíà íà
çâ'ÿçêó, ÿêèé ó öié ïðàöi ðîçãëÿäà¹òüñÿ i çäåáiëüøî-
ãî ðåàëiçó¹òüñÿ äëÿ ïðîòîíiâ ó ñèñòåìàõ iç âîäíåâèìè
çâ'ÿçêàìè, ïîäâî¹ííÿ ïåðiîäó  ðàòêè íåìà. Äëÿ éîí-

íîãî ïðîâiäíèêà ç îäíîìiíiìóìíèì ëîêàëüíèì ïîòåí-
öiàëîì ðîçùåïëåííÿ ñïåêòðà ïîÿâëÿ¹òüñÿ çàâäÿêè çà-
ðÿäîâîìó âïîðÿäêóâàííþ ç ïîäâî¹ííÿì ïåðiîäó  ðà-
òêè (äèâ. [19]). Âiäõîäÿ÷è âiä ñåðåäíüîãî çàïîâíåííÿ
ïîçèöié, ìè ïîòðàïëÿ¹ìî â ñòàí òèïó ñóïåðôëþ¨äó.
Âîäíî÷àñ åêñïåðèìåíòàëüíî ñïîñòåðiãà¹ìî çðîñòàííÿ
ïðîâiäíîñòi ñèñòåìè íà äåêiëüêà ïîðÿäêiâ. ßêùî ìè
âiäiéäåìî äàëåêî âiä ñåðåäíüîãî çàïîâíåííÿ ïîçèöié
(íàïðèêëàä, ïîíèæåííÿì õiìi÷íîãî ïîòåíöiàëó µ), òî
îòðèìà¹ìî ïåðåõiä äî ñòàíó, êîëè êîìóòàòîðíà ñïå-
êòðàëüíà ãóñòèíà íå ìà¹ âiä'¹ìíî¨ ãiëêè. Òîäi õiìi-
÷íèé ïîòåíöiàë ¹ íèæ÷å âiä çîíè. Öåé ñòàí íàçèâà-
þòü ìîòòiâñüêèì äiåëåêòðèêîì (MI), îñêiëüêè ïðîòî-
íè ïîòðåáóþòü ïåâíî¨ åíåð i¨ àêòèâàöi¨ äëÿ ¨õ òðàíñ-
ïîðòó. Ñèòóàöiÿ ïîäiáíà äî ñïîñòåðåæóâàíî¨, çîêðåìà,
â îïòè÷íèõ  ðàòêàõ, êîëè âiäáóâà¹òüñÿ ïåðåõiä SF�
MI çà ïðîìiæíèõ êîíöåíòðàöié ÷àñòèíîê. Ñòàí òèïó
ìîòòiâñüêîãî äiåëåêòðèêà ìè îòðèìà¹ìî i êîëè õiìi-
÷íèé ïîòåíöiàë íàä âåðõíüîþ ïiäçîíîþ, òîäi êîìóòà-
òîðíà ñïåêòðàëüíà ãóñòèíà ìà¹ ëèøå âiä'¹ìíó ãiëêó.
Äëÿ òî÷íiøîãî îïèñó ïðîòîííî¨ ïiäñèñòåìè âêëþ÷à-
þòü ó ðîçãëÿä äàëåêîñÿæíi âçà¹ìîäi¨. Îñòàííi iíäóêó-
þòü ñòàí CDW, ùî ñóïðîâîäæó¹òüñÿ çàðÿäîâîþ ìîäó-
ëÿöi¹þ, êîëè íå âñi âiðòóàëüíi âîäíåâi çâ'ÿçêè â åëå-
ìåíòàðíié êîìiðöi çàñåëåíi. Òàêèé ñòàí ¹ àíàëîãîì ñå-
 íåòîåëàñòè÷íî¨ ôàçè â ñóïåðéîííèõ ïðîâiäíèêàõ.
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Ðèñ. 1. Äiàãðàìà ñòàíó îäíîâèìiðíîãî éîííîãî ïðîâiäíèêà
ç äâîÿìíèì ëîêàëüíèì ïîòåíöiàëîì äëÿ éîíà â êîîðäèíà-

òàõ (µ′, A), T = 0

Fig. 1. State diagram for a one-dimensional ionic conductor
with the two minima local anharmonic potential for ions in

the (µ′, A) coordinates, T = 0

Ó öié ïðàöi âñi ðîçðàõóíêè ïðîâåäåíi äëÿ íóëüîâî¨
òåìïåðàòóðè, T = 0. ×èñëîâi çíà÷åííÿ âñiõ åíåð å-
òè÷íèõ ïàðàìåòðiâ (âêëþ÷íî ç ~ω) ¹ áåçðîçìiðíèìè
i ïîäàíi ó âiäíîøåííi äî ïàðàìåòðà Ω0. Åêñïåðèìåí-
òàëüíi äàíi, êâàíòîâî-õiìi÷íi ðîçðàõóíêè, íàïiâåìïi-
ðè÷íi òåîðåòè÷íi îöiíêè ïðîïîíóþòü øèðîêó îáëàñòü
çíà÷åíü âåëè÷èíè êîðîòêîñÿæíî¨ âçà¹ìîäi¨ ìiæ éîíà-
ìè, V = 3 × 103 . . . 104 cm−1, w = 103 . . . 104 cm−1, çà-
ëåæíî âiä îá'¹êòiâ, ÿêi ðîçãëÿäàþòüñÿ [37�39]. Ïàðà-
ìåòðè ïåðåíîñó Ω0,ΩR íàáóâàþòü çíà÷åíü ó ìåæàõ
40 . . . .2500 cm−1. Çîêðåìà, íà îñíîâi åêñïåðèìåíòàëü-
íèõ äàíèõ äëÿ Tc âîäíåâîçâ'ÿçàíèõ ñå íåòîåëåêòðèêiâ
îòðèìó¹ìî V = 5 × 103 . . . 104 cm−1. Ó íàøèõ ðîçðà-
õóíêàõ ìè âèáðàëè ΩR/Ω0 = 0.5, à çíà÷åííÿ êîíñòàíò
êîðîòêîñÿæíî¨ êîðåëÿöi¨ ìiæ ÷àñòèíêàìè ìiíÿëè â
øèðîêèõ ìåæàõ: V/Ω0 = 0, 1, . . . 10, w/Ω0 = 0, 1, . . . 10.
Çàóâàæèìî, ùî çàäà÷à iíâàðiàíòíà ùîäî îäíî÷àñíî¨
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çàìiíè ÷èñëîâèõ çíà÷åíü w ↔ V,ΩR ↔ Ω0. Äëÿ çðó-
÷íîñòi ââåäåíî âåëè÷èíó µ′ = µ− (V + w)/2.
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Ðèñ. 2. Àíòèêîìóòàòîðíà (à) òà êîìóòàòîðíi (á-ã) îäíî÷à-
ñòèíêîâi ñïåêòðàëüíi ãóñòèíè â ðiçíèõ ñòàíàõ îäíîâèìið-
íîãî éîííîãî ïðîâiäíèêà ç äâîÿìíèì ëîêàëüíèì ïîòåíöià-
ëîì äëÿ éîíà çà V = 3, w = 2, A = 4, T = 0, ∆ = 0.25. Ïî-
ëîæåííÿ õiìi÷íîãî ïîòåíöiàëó çáiãà¹òüñÿ ç ïîçèöi¹þ ω = 0

Fig. 2. Anticommutator (a) and commutator (á�ã) one-
particle spectral density for various states of a one-
dimensional ionic conductor with the two minima local
anharmonic potential for ions; V = 3, w = 2, A = 4, T = 0,
∆ = 0.25. The chemical potential level is located at ω = 0

Ìè îäåðæàëè äiàãðàìè ñòàíiâ îäíîâèìiðíîãî éîí-
íîãî ïðîâiäíèêà ç äâîÿìíèì ëîêàëüíèì ïîòåíöiàëîì
äëÿ éîíà äëÿ ðiçíèõ çíà÷åíü âåëè÷èíè âçà¹ìîäi¨ ìiæ
éîíàìè é ìîäóëþâàëüíîãî ïîëÿ. ßê ïðèêëàä íà ðèñ. 1
çîáðàæåíà îòðèìàíà äiàãðàìà ñòàíó çà V = 3, w = 2
çàëåæíî âiä âåëè÷èíè ìîäóëþâàëüíîãî ïîëÿ A , öå
ôàçîâà äiàãðàìà â êîîðäèíàòàõ (µ′, A).

Øèðèíó CDW-ôàçè âèçíà÷à¹ìî âåëè÷èíîþ âçà¹ìî-
äi¨ ìiæ éîíàìè é âåëè÷èíîþ ìîäóëþâàëüíîãî ïîëÿ,
i â öüîìó êîíêðåòíîìó âèïàäêó âîíà íåëiíiéíî çðî-
ñòà¹ çi çáiëüøåííÿì âåëè÷èíè ìîäóëþâàëüíîãî ïîëÿ
çà ìàëèõ ïîëiâ. Çà âåëèêèõ çíà÷åíü âåëè÷èíè ìîäó-
ëþâàëüíîãî ïîëÿ øèðèíà CDW-ôàçè ëiíiéíî çðîñòà¹
ç ïîëåì, i öå ñïîñòåðiãà¹ìî äëÿ âñiõ iíøèõ çíà÷åíü
âåëè÷èíè âçà¹ìîäi¨ ìiæ éîíàìè.

Íà ðèñ. 2 íàâåäåíi àíòèêîìóòàòîðíà (à) é êîìó-
òàòîðíi (á�ã) ñïåêòðàëüíi ãóñòèíè, ùî âiäïîâiäàþòü
öié äiàãðàìi çà A = 4. Çìiíþþ÷è çíà÷åííÿ õiìi÷íî-
ãî ïîòåíöiàëó, ìè ïîòðàïëÿ¹ìî â òó ÷è iíøó ôàçó.
Íà ãðàôiêàõ íàâåäåíi ñåðåäíi çíà÷åííÿ çàñåëåíîñòi
�a�- i �b�-ïîçèöié ó äâîÿìíîìó ïîòåíöiàëi äëÿ êîæíî¨
ç ôàç. Øèðèíó CDW-ôàçè íà äiàãðàìi âèçíà÷à¹ìî
øèðèíîþ ùiëèíè â ñïåêòði. Ó CDW-ôàçi îòðèìó¹ìî
〈na〉 = 0.971, 〈nb〉 = 0.020, òîáòî çàñåëåíèìè ¹ ãîëîâíî
ïîçèöi¨ �a� â äâîìiíiìóìíîìó ëîêàëüíîìó ïîòåíöiàëi
(ÿêùî A = 4).

Ïîëîæåííÿ õiìi÷íîãî ïîòåíöiàëó çáiãà¹òüñÿ ç ïîçè-
öi¹þ ω = 0. Ó CDW-ôàçi õiìi÷íèé ïîòåíöiàë ¹ â ùiëè-
íi, òîäi ÿê â SF-ôàçi çà ω = 0 ìè îòðèìó¹ìî ïëàâíèé
ïåðåõiä iç âiä'¹ìíî¨ äî äîäàòíî¨ ãiëêè êîìóòàòîðíî¨
ôóíêöi¨ �ðiíà.
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Ðèñ. 3. Ôóð'¹-îáðàç äiéñíî¨ ÷àñòèíè êîìóòàòîðíî¨ ôóíêöi¨
�ðiíà çà íóëüîâî¨ ÷àñòîòè (ω = 0) i íóëüîâîãî õâèëüîâî-
ãî âåêòîðà (k = 0), ReGk=0(ω = 0), äëÿ ðiçíèõ çíà÷åíü
âåëè÷èíè âçà¹ìîäi¨ ìiæ ÷àñòèíêàìè é ðiçíèõ çíà÷åíü âå-
ëè÷èíè ìîäóëþâàëüíîãî ïîëÿ: 1 � T = 0.1; 2 � T = 0.2;

3 � T = 0.5; 4 � T = 1; ∆ = 1 × 10−6

Fig. 3. Fourier transform of the real part of commutator
Green's function at zero frequency ( ω = 0) and zero wave
vector (k = 0), ReGk=0(ω = 0), for various magnitudes of the
interaction between particles and the modulating �eld: 1 �
T = 0.1; 2 � T = 0.2; 3 � T = 0.5; 4 � T = 1; ∆ = 1× 10−6

Ó ðîáîòi [36] ïîêàçàíî, ùî ùå îäíîþ îçíàêîþ
íàäïëèííî¨ ôàçè (ôàçà ñóïåðôëþ¨äó) ¹ ðîçáiæíiñòü
ôóð'¹-îáðàçó äiéñíî¨ ÷àñòèíè êîìóòàòîðíî¨ ôóíêöi¨
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�ðiíà çà íóëüîâî¨ ÷àñòîòè (ω = 0) i íóëüîâîãî õâèëüî-
âîãî âåêòîðà (k = 0), ReGk=0(ω = 0)→∞. Äëÿ ñêií-
÷åííîãî ëàíöþæêà, ÿêèé òóò ðîçãëÿäà¹ìî, ìè îòðèìà-
ëè òàêèé âèðàç äëÿ öi¹¨ ñòàòè÷íî¨ ñïðèéíÿòëèâîñòi:

Gk=0(ω = 0) (7)

=
1

N

N∑
i=1

N∑
j=1

[
1

Z

∑
pq

AipqA
j∗
pq

e−βλp − e−βλq
λp − λq + iε

]
.

Ðîçðàõîâàíà òóò ñïðèéíÿòëèâiñòü ReGk=0(ω = 0)
äîñÿãà¹ ìàêñèìàëüíèõ çíà÷åíü ó çîíi ñòàíó ñóïåð-
ôëþ¨äó (SF), ïðîòå íàâiòü çà T = 0 öi çíà÷åííÿ
çàëèøàþòüñÿ ñêií÷åííèìè, ùî ïîâ'ÿçàíî çi ñêií÷åí-
íèì ðîçìiðîì ëàíöþæêà i, ìîæëèâî, ç îäíîâèìiðíi-
ñòþ îá'¹êòà.
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Ðèñ. 4. Äiàãðàìè ñòàíó îäíîâèìiðíîãî éîííîãî ïðîâiäíèêà
ç äâîÿìíèì ëîêàëüíèì ïîòåíöiàëîì äëÿ éîíà â êîîðäèíà-

òàõ (µ′, V ) ïðè A = 0 (T = 0)

Fig. 4. State diagrams for a one-dimensional ionic conductor
with the two minima local anharmonic potential for ions in

the (µ′, V ) coordinates, A = 0 (T = 0)

Íà ðèñ. 3 ïîêàçàíi ðåçóëüòàòè ðîçðàõóíêó ñïðèéíÿ-
òëèâîñòi ReGk=0(ω = 0) çà V = 3, w = 2, A = 4 çà
T 6= 0. ßêùî T = 0 (çà öèõ æå ïàðàìåòðiâ), îòðèìó¹-
ìî ãîñòðèé ïiê ó çîíi ñóïåðôëþ¨äó (íàäïëèííié ôàçi)
i ìàêñèìóì ñïðèéíÿòëèâîñòi äîñÿãà¹ âåëè÷èíè 2024.7
, ùî íà òðè ïîðÿäêè áiëüøå, íiæ çà T = 0.1. Çîíè ði-

çíèõ ôàç çà íàâåäåíèõ âèùå ïàðàìåòðiâ ìîæíà ïåðå-
ãëÿíóòè íà äiàãðàìi ñòàíó íà ðèñ. 1. Íà ðèñ. 3 íàâåäåíi
òàêîæ ðåçóëüòàòè ðîçðàõóíêó çà V = 4, w = 3, A = 0
çà T 6= 0. ßêùî T = 0 çà öèõ ïàðàìåòðiâ, ìàêñèìóì
ñïðèéíÿòëèâîñòi â çîíi ñóïåðôëþ¨äó äîñÿãà¹ âåëè÷è-
íè 636.6, ùî íà äâà ïîðÿäêè áiëüøå, íiæ çà T = 0.1.
Çîíè ðiçíèõ ôàç çà öèõ ïàðàìåòðiâ ìîæíà ïåðåãëÿíó-
òè íà äiàãðàìi ñòàíó íà ðèñ. 4. Iç ïiäâèùåííÿì òåìïå-
ðàòóðè (äèâ. ðèñ. 3) ìàêñèìóì ôóíêöi¨ ReGk=0(ω =
0) ðîçìèâà¹òüñÿ i òåíäåíöiÿ äî çãàäàíî¨ íåñòiéêîñòi
çíèêà¹. Öå ¹ äîäàòêîâèì ñâiä÷åííÿì òîãî, ùî â îäíî-
âèìiðíîìó âèïàäêó íàäïëèííà ôàçà ìîæëèâà ëèøå
çà T = 0.

Îïèñàíi âèùå CDW-, SF- i MI-ôàçè òà ôàçîâi ïåðå-
õîäè ìiæ íèìè äëÿ îäíîâèìiðíî¨ ñòðóêòóðè ìîæëè-
âi ëèøå çà íóëüîâî¨ òåìïåðàòóðè. Ïðîâåäåíi òóò ðîç-
ðàõóíêè äëÿ íèçüêèõ òåìïåðàòóð ïîêàçàëè, ùî ìè
ìîæåìî âèäiëÿòè çîíè iñíóâàííÿ ñòàíiâ òèïó CDW,
SF, MI, ÿê òàêèõ, ó ÿêèõ íàáëèæåíî çáåðiãà¹òüñÿ âè-
ãëÿä ñïåêòðàëüíèõ ôóíêöié, õàðàêòåðíèé äëÿ ôàç çà
T = 0. Ó öüîìó ðàçi ïåðåõiä ìiæ çîíàìè íå ¹ ñïðàâ-
æíiì ôàçîâèì ïåðåõîäîì i ìà¹ êðîñîâåðíèé õàðàêòåð.

Íà ðèñ. 4, 5 çîáðàæåíi îòðèìàíi äiàãðàìè ñòàíó
îäíîâèìiðíî¨ ñèñòåìè çà T = 0, A = 0 çàëåæíî âiä
âåëè÷èíè êîðîòêîñÿæíèõ âçà¹ìîäié ìiæ ÷àñòèíêàìè
V i w.
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Ðèñ. 5. Äiàãðàìè ñòàíó îäíîâèìiðíîãî éîííîãî ïðîâiäíèêà
ç äâîÿìíèì ëîêàëüíèì ïîòåíöiàëîì äëÿ éîíà â êîîðäèíà-

òàõ (µ′, w) çà A = 0 (T = 0)

Fig. 5. State diagrams for a one-dimensional ionic conductor
with the two minima local anharmonic potential for ions in

the (µ′, w) coordinates, A = 0 (T = 0)

Õàðàêòåðíîþ ðèñîþ âñiõ äiàãðàì â êîîðäèíàòàõ
(µ′, V )i (µ′, w) ¹ òå, ùî ëiíiÿ ðîçìåæóâàííÿ ôàç SF�MI
¹ òî÷íî ïðÿìîþ ëiíi¹þ çàëåæíî âiä V ÷è w. Öå ñàìå
ìè ñïîñòåðiãàëè â ïîïåðåäíié íàøié ðîáîòi [19], ó ÿêié
äîñëiäæóâàëè îñíîâíi ñòàíè éîííèõ ïðîâiäíèêiâ. Çà
âåëèêèõ çíà÷åíü âåëè÷èí îáîõ âçà¹ìîäié ìiæ ÷àñòèí-
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êàìè V i w i ïîäàëüøîìó ¨õ çðîñòàííi ëiíi¨ ðîçìåæó-
âàííÿ ôàç CDW�SF i SF�MI ñòàþòü ïàðàëåëüíèìè
é øèðèíà SF-ôàçè ñòà¹ ïîñòiéíîþ, à øèðèíà CDW-
ôàçè (ó µ′-êîîðäèíàòàõ) ëiíiéíî çðîñòà¹ çi çáiëüøåí-
íÿì âåëè÷èíè âçà¹ìîäi¨. Çà ïðîìiæíèõ çíà÷åíü âçà¹-
ìîäié îòðèìàíî íåëiíiéíó çàëåæíiñòü, ¹ äiëÿíêè çâó-
æåííÿ CDW-ôàçè i ìiíiìóìó øèðèíè öi¹¨ ôàçè.

IV. ÂÈÑÍÎÂÊÈ

Ìè äîñëiäæó¹ìî îäíîâèìiðíi éîííi ïðîâiäíèêè ç
äâîÿìíèì ëîêàëüíèì àíãàðìîíi÷íèì ïîòåíöiàëîì äëÿ
éîíà. Çäåáiëüøîãî öå ïðîòîííi ïðîâiäíèêè â ñèñòå-
ìàõ iç âîäíåâèìè çâ'ÿçêàìè. Ìåòîäîì òî÷íî¨ äiàãî-
íàëiçàöi¨ â ìåæàõ ðîçøèðåíî¨ ìîäåëi æîðñòêèõ áîçî-
íiâ ðîçðàõîâàíî åíåð åòè÷íèé ñïåêòð é îäíî÷àñòèíêî-
âi ñïåêòðàëüíi ãóñòèíè îäíîâèìiðíèõ ñêií÷åííèõ ñè-
ñòåì iç ïåðiîäè÷íèìè ãðàíè÷íèìè óìîâàìè çà T = 0 i
âñòàíîâëåíî íà îñíîâi õàðàêòåðó ÷àñòîòíî¨ çàëåæíî-
ñòi ñïåêòðàëüíèõ ãóñòèí iñíóâàííÿ ðiçíèõ ôàç çàëå-
æíî âiä âåëè÷èíè êîðîòêîñÿæíèõ âiäøòîâõóâàëüíèõ
âçà¹ìîäié ìiæ ÷àñòèíêàìè V i w i ìîäóëþâàëüíîãî
ïîëÿ A. Îòðèìàíî, ùî íàÿâíiñòü ìîäóëþâàëüíîãî ïî-
ëÿ A, ÿê i âçà¹ìîäié V i w ìiæ ÷àñòèíêàìè, ïðèâî-
äèòü äî ðîçùåïëåííÿ â ¨õíüîìó åíåð åòè÷íîìó ñïå-
êòði òà ïîÿâè ùiëèíè â çîíi ïîëîâèííîãî çàïîâíåííÿ
(ïîÿâè CDW-ôàçè). Çàðÿäîâïîðÿäêîâàíà CDW-ôàçà
¹ ëèøå çà ñåðåäíüîãî ïîëîâèííîãî çàïîâíåííÿ éîííèõ
ïîçèöié (〈na〉 + 〈nb〉)/2 = 1/2. Âiäõîäÿ÷è âiä ïîëî-
âèííîãî çàïîâíåííÿ, ìè ïîòðàïëÿ¹ìî ó ôàçó ñóïåð-
ôëþ¨äó (SF � íàäïëèííà ôàçà). Ó öié ôàçi íà äå-
êiëüêà ïîðÿäêiâ çðîñòà¹ ïðîâiäíiñòü ñèñòåìè. Äàëå-
êî âiä ïîëîâèííîãî çàïîâíåííÿ îòðèìàíî ïåðåõiä SF�
MI. Çãàäàíi ôàçè é ôàçîâi ïåðåõîäè ìiæ íèìè äëÿ

îäíîâèìiðíî¨ ñèñòåìè áóâàþòü ëèøå çà T = 0. Íàÿâ-
íiñòü íàäïëèííî¨ ôàçè ïiäòâåðäæåíà îäåðæàíèì ãî-
ñòðèì ïiêîì (ìàêñèìóìîì) äiéñíî¨ ÷àñòèíè ñòàòè÷íî¨
ñïðèéíÿòëèâîñòi ReGk=0(ω = 0) çà T = 0. Ïåðåä-
áà÷óâàíó ðîçáiæíiñòü öi¹¨ ñïðèéíÿòëèâîñòi â SF-ôàçi
ReGk=0(ω = 0) → ∞ ìè íå îòðèìàëè, ùî çóìîâëå-
íî ñêií÷åííèì ðîçìiðîì ïðîâiäíèêà i, ìîæëèâî, éî-
ãî îäíîâèìiðíiñòþ. Ïðîòå ìè ïîêàçàëè, ùî çà ìàëèõ
òåìïåðàòóð ìàêñèìóì ReGk=0(ω = 0) íà äåêiëüêà ïî-
ðÿäêiâ ìåíøèé, íiæ çà T = 0 i ç íàñòóïíèì ïiäâèùå-
ííÿì òåìïåðàòóðè ìàêñèìóì ðîçìèâà¹òüñÿ, ùî ñâiä-
÷èòü ïðî òå, ùî â îäíîâèìiðíîìó âèïàäêó íàäïëèííà
ôàçà ¹ ëèøå, ÿêùî T = 0.

Ìè îäåðæàëè ôàçîâi äiàãðàìè ðiâíîâàæíèõ ñòàíiâ
ñèñòåìè çàëåæíî âiä âåëè÷èíè âçà¹ìîäié ìiæ éîíà-
ìè é âåëè÷èíè ìîäóëþâàëüíîãî ïîëÿ. Ïîêàçàíî, ùî
øèðèíà CDW-ôàçè (ó µ-êîîðäèíàòàõ) çáiëüøó¹òüñÿ
çi çðîñòàííÿì âåëè÷èíè ìîäóëþâàëüíîãî ïîëÿ. Çàëå-
æíiñòü øèðèíè CDW-ôàçè âiä êîðîòêîñÿæíèõ âiä-
øòîâõóâàëüíèõ âçà¹ìîäié ìiæ ÷àñòèíêàìè V i w ñêëà-
äíiøà. Çà âåëèêèõ çíà÷åíü âåëè÷èí âçà¹ìîäié ìiæ
÷àñòèíêàìè V i w i ïîäàëüøîãî ¨õ çðîñòàííÿ øèðè-
íà CDW- ôàçè (â µ- êîîðäèíàòàõ) ëiíiéíî çðîñòà¹ çi
çáiëüøåííÿì âåëè÷èíè âçà¹ìîäi¨. Çà ïðîìiæíèõ çíà-
÷åíü âçà¹ìîäié îòðèìàíî íåëiíiéíó çàëåæíiñòü, ¹ äi-
ëÿíêè çâóæåííÿ CDW- ôàçè i ìiíiìóìó øèðèíè öi¹¨
ôàçè. Äëÿ éîííèõ ïðîâiäíèêiâ ç îäíîìiíiìóìíèì ëî-
êàëüíèì ïîòåíöiàëîì äëÿ éîíà (äèâ. [19]) ìiíiìóìó
øèðèíè CDW ôàçè çi çáiëüøåííÿì âåëè÷èíè âçà¹ìî-
äi¨ V (ó öüîìó ðàçi V = w) íå ñïîñòåðiãàëè. Õàðàêòåð-
íîþ ðèñîþ âñiõ îñòàííiõ äiàãðàì ¹ òå,ùî ëiíiÿ ðîçäiëó
SF�MI-ôàç ó êîîðäèíàòàõ (µ′, V ) i (µ′, w) ¹ òî÷íî ïðÿ-
ìîþ ëiíi¹þ çàëåæíî âiä V ÷è w. Öå ïðîñòåæóâàëè i â
ïîïåðåäíié íàøié ïðàöi [19].
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STATE DIAGRAMS OF ONE-DIMENSIONAL ION CONDUCTORS WITH THE TWO MINIMA
LOCAL ANHARMONIC POTENTIAL FOR IONS

R. Ya. Stetsiv1, O. Ya. Farenyuk1,2
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We examine one-dimensional ion conductors with the two minima local anharmonic potential for ions
using an extended hard-core boson lattice model. Energy spectrum and one-particle spectral densities
were calculated using the exact diagonalization method for �nite one-dimensional system with periodic
boundary conditions. It was shown that at T = 0 the repulsive short-range interaction between particles
results in the emergence of a gap in the energy spectrum in the limit of half-�lling of ionic sites (the
emergence of the charge-density-wave phase). A similar e�ect is also created by the in�uence of the
modulating �eld. The charge-density-wave (CDW) phase exists only at half-�lling of ionic sites. When we
walk away from the half-�lling, we get in a super�uid (SF) phase. In this phase, conductivity of the system
grows by a few orders. The above phases and phase transitions between them for a one-dimensional system
exist only at T = 0. We con�rmed the presence of the SF phase by obtaining a sharp peak (maximum) of
the Fourier transform of the real part of commutator Green's function of bosons at k = 0, ω = 0, T = 0.
We did not obtain a predictable divergence of this static susceptibility in the SF phase, which is prede�ned
by the �nite size of the ion conductor and maybe its onedimensionality. However, we showed that at small
temperatures it is a few orders smaller than at T = 0, and with further increases in temperature the
maximum of this susceptibility becomes smeared, which testi�es that in a one-dimensional system a SF
phase is only at T = 0.

We obtained phase diagrams of equilibrium states of the system dependent on the interactions between
ions and the modulating �eld. It is shown that the width of the CDW phase (in µ coordinates) grows with
an increase in the value of the modulating �eld. Dependence of the width of the CDW phase on short-
range interactions between ions is more complex. With large values of the interactions and their further
increase, we obtained a linear dependence of the CDW phase width on the values of interactions between
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particles. With intermediate values of the interactions, narrowing of the CDW phase is possible and a
minimum of its width is observed (in µ coordinates) depending on the values of interactions between ions.
A characteristic feature of all the latter diagrams is that the line separating the SF and Mott insulator
(MI) phases is strictly a straight line depending on the values of interactions between ions.

Key words: ion conductor, hard-core boson model, spectral density, state diagrams.
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