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(Îòðèìàíî 29 âåðåñíÿ 2008 ð.)
Ó ìåæàõ çàïðîïîíîâàíî¨ óíiôiêîâàíî¨ ìîäåëi ñåãíåòîàêòèâíèõ ñïîëóê ñiì'¨ KH2PO4,

íàáëèæåííi ÷îòèðè÷àñòèíêîâîãî êëàñòåðà ç âðàõóâàííÿì êîðîòêîñÿæíèõ i äàëåêîñÿæíèõ
âçà¹ìîäié ðîçðàõîâàíî ïîïåðå÷íi äèíàìi÷íi õàðàêòåðèñòèêè ñåãíåòîåëåêòðèêiâ òèïó
KD2PO4 i àíòèñåãíåòîåëåêòðèêiâ òèïó ND4D2PO4. Ïðîâåäåíî  ðóíòîâíèé ÷èñëîâèé àíàëiç
îòðèìàíèõ ðåçóëüòàòiâ i çíàéäåíî îïòèìàëüíi íàáîðè ìiêðîïàðàìåòðiâ, ÿêi çàáåçïå÷óþòü
äîáðèé êiëüêiñíèé îïèñ íàÿâíèõ åêñïåðèìåíòàëüíèõ äàíèõ äëÿ ñåãíåòîåëåêòðèêiâ òèïó
K(H1−xDx)2PO4 i àíòèñåãíåòîåëåêòðèêiâ òèïó N(H1−xDx)4(H1−xDx)2PO4.
Êëþ÷îâi ñëîâà: êëàñòåðíå íàáëèæåííÿ, ïîïåðå÷íà äèíàìi÷íà ïðîíèêíiñòü, ÷àñè ðåëàêñàöi¨.
PACS: 77.22.Ch, 77.80.-e, 77.84.Fa.

I. Âñòóï

Ìèíóëî ñiìäåñÿò ðîêiâ âiä ÷àñó âiäêðèòòÿ ñåãíåòî-
åëåêòðè÷íèõ âëàñòèâîñòåé KH2PO4. Ïðîòÿãîì öüîãî
÷àñó äîñëiäæåííþ ôàçîâèõ ïåðåõîäiâ i ôiçè÷íèõ õà-
ðàêòåðèñòèê ñåãíåòîàêòèâíèõ ñïîëóê ñiì'¨ KH2PO4

áóëà ïðèñâÿ÷åíà âåëè÷åçíà êiëüêiñòü ðîáiò, à òàêîæ
áàãàòî ìîíîãðàôié òà îãëÿäiâ (äèâ., íàïðèêëàä,
[1]�[15]). Íàéïîìiòíiøîþ îñîáëèâiñòþ ðîçâèòêó ôi-
çèêè ñåãíåòîàêòèâíèõ ñïîëóê òèïó KH2PO4 ¹ òiñ-
íà âçà¹ìîäiÿ ìiæ òåîði¹þ òà åêñïåðèìåíòîì, ÿêà ââà-
æà¹òüñÿ âàæëèâèì äæåðåëîì äîñÿãíóòîãî ñüîãîäíi
ïðîãðåñó â ìiêðîñêîïi÷íîìó îïèñi ¨õ âëàñòèâîñòåé.

Õàðàêòåðíîþ îõíàêîþ ¨õ êðèñòàëi÷íî¨ ñòðóêòóðè
¹ íàÿâíiñòü êîðîòêèõ âîäíåâèõ çâ'ÿçêiâ O�H· · ·O,
ÿêi ç'¹äíóþòü òåòðàåäðè PO4 [4]�[10]. Öi çâ'ÿçêè ¹
äîâîëi ñèëüíèìè i íå çìiíþþòüñÿ ïîìiòíî ç òåìïå-
ðàòóðîþ. Ââàæà¹òüñÿ, ùî ôàçîâi ïåðåõîäè â êðèñ-
òàëàõ ñiì'¨ KH2PO4 òiñíî ïîâ'ÿçàíi iç âïîðÿäêó-
âàííÿì ïðîòîíiâ íà O�H· · ·O çâ'ÿçêiâ, åôåêòèâ-
íèé ïîòåíöiàë ÿêèõ ¹ äâîìiíiìóìíèì. Âèùå òåìïå-
ðàòóðè ôàçîâîãî ïåðåõîäó îáèäâà ìiíiìóìè çàñå-
ëåíi ïðîòîíàìè ñòàòèñòè÷íî ðiâíîìiðíî, à â íèçüêî-
òåìïåðàòóðíié îáëàñòi iñíó¹ ñïîíòàííà àñèìåòðiÿ çà-
ñåëåíîñòi. Â àíòèñåãíåòîåëåêòðèêàõ òèïó NH4H2PO4,
êðiì çâ'ÿçêiâ O�H· · ·O, ¹ ùå N�H· · ·O çâ'ÿçêè, ÿêi
¹ äîâøèìè òà ñëàáøèìè i ïîìiòíî çìiíþþòüñÿ ç
òåìïåðàòóðîþ. Íåçâàæàþ÷è íà òå, ùî öi çâ'ÿçêè íå
áåðóòüñÿ äî óâàãè ó âiäîìèõ äëÿ öèõ êðèñòàëiâ ìîäå-
ëÿõ ïðîòîííîãî âïîðÿäêóâàííÿ, âîíè âñå æ òàêè
ìàþòü áåçïîñåðåäí¹ âiäíîøåííÿ äî îñîáëèâîñòåé

ïðîòîííîãî âïîðÿäêóâàííÿ ó íèõ. Ðîëü öèõ çâ'ÿçêiâ
áóëà ç'ÿñîâàíà ó [16]. Áóëî ïîêàçàíî, ùî âîíè ìîæóòü
ïðèâîäèòè äî åôåêòèâíî¨ àíòèñåãíåòîåëåêòðè÷íî¨
âçà¹ìîäi¨ ìiæ ïðîòîíàìè, ùî çíàõîäÿòüñÿ íà O�
H· · ·O çâ'ÿçêàõ. Öÿ âçà¹ìîäiÿ ìîæå ìàòè i ñåã-
íåòîåëåêòðè÷íèé õàðàêòåð, àëå íå ïîâèííà ïåðåâè-
ùóâàòè ïåâíî¨ ãðàíè÷íî¨ âåëè÷èíè.

Äåòàëüíèé àíàëiç ïîâåäiíêè ôiçè÷íèõ õàðàêòå-
ðèñòèê ñåãíåòîàêòèâíèõ ñïîëóê ñiì'¨ KH2PO4 ñâiä-
÷èòü ïðî òå, ùî içîìîðôíå çàìiùåííÿ àòîìiâ ó
êðèñòàëi KH2PO4 ïðèâîäèòü äî ïîìiòíî¨ çìiíè
éîãî âëàñòèâîñòåé. Âàðòî îñîáëèâî âiäçíà÷èòè, ùî
çàìiíà ïðîòîíiâ äåéòðîíàìè â öüîãî òèïó êðèñòàëàõ
ïðèâîäèòü [4]�[11], [17]�[20] äî iñòîòíî¨ çìiíè ¨õíiõ
òåìïåðàòóð ôàçîâèõ ïåðåõîäiâ, ðóõëèâîñòi äîìåííèõ
ñòiíîê, òåïëîâèõ i äiåëåêòðè÷íèõ âëàñòèâîñòåé. Öi
ðåçóëüòàòè ñâiä÷àòü ïðî âàæëèâó ðîëü âîäíåâèõ
çâ'ÿçêiâ ó ôàçîâèõ ïåðåõîäàõ ó öüîãî òèïó êðèñòàëàõ.

Ñó÷àñíèé ðiâåíü òåîðåòè÷íèõ äîñëiäæåíü ñåãíå-
òîàêòèâíèõ ñïîëóê ç âîäíåâèìè çâ'ÿçêàìè, â òîìó
÷èñëi i ñiì'¨ KH2PO4, áóâ çàïî÷àòêîâàíèé ó [21]�
[27]. Ó öèõ ðîáîòàõ, âðàõîâóþ÷è äîáðå îá ðóíòîâàíó
êîíöåïöiþ ïðî âèðiøàëüíó ðîëü ïðîòîííî¨ ñèñòåìè
ó ôàçîâèõ ïåðåõîäàõ ó êðèñòàëàõ ñiì'¨ KH2PO4,
áóëî îòðèìàíî äëÿ íèõ åôåêòèâíèé ïñåâäîñïiíîâèé
ãàìiëüòîíiàí. Ïðè öüîìó áóëè âçÿòi äî óâàãè êîíôi-
ãóðàöiéíi êîðîòêîñÿæíi êîðåëÿöi¨ ïðîòîíiâ áiëÿ
òåòðàåäðiâ PO4, äàëåêîñÿæíi âçà¹ìîäi¨ ìiæ ïðîòî-
íàìè òà åôåêòè òóíåëþâàííÿ ïðîòîíiâ íà âîäíåâèõ
çâ'ÿçêàõ. Õàðàêòåðíîþ îçíàêîþ ôàçîâèõ ïåðåõîäiâ
ó ñåãíåòîàêòèâíèõ ñïîëóêàõ ñiì'¨ KH2PO4 ¹ âóçü-
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êiñòü òåìïåðàòóðíî¨ îáëàñòi, â ÿêié âiäáóâàþòüñÿ
çìiíè i iñíóþòü îñîáëèâîñòi ¨õíiõ äèíàìi÷íèõ i òåð-
ìîäèíàìi÷íèõ õàðàêòåðèñòèê. Ó çâ'ÿçêó ç öèì íàé-
óñïiøíèé îïèñ òåðìîäèíàìi÷íèõ i äèíàìi÷íèõ âëàñ-
òèâîñòåé öèõ ñïîëóê áóâ äîñÿãíóòèé íà îñíîâi ìåòîäó
êëàñòåðíèõ ðîçâèíåíü [4]-[6], [17]-[20], [25]-[31], ÿêèé
çàâäÿêè ïîñëiäîâíîìó âðàõóâàííþ êîðîòêîñÿæíèõ
êîðåëÿöié ìiæ ïðîòîíàìè íà âîäíåâèõ çâ'ÿçêàõ äà¹
çíà÷íî ïðàâèëüíiøi ðåçóëüòàòè, íiæ íàáëèæåííÿ
ìîëåêóëÿðíîãî ïîëÿ (ÍÌÏ).

Íàïðèêiíöi øiñòäåñÿòèõ ðîêiâ ìèíóëîãî ñòîëiò-
òÿ öåíòð âàãè òåîðåòè÷íèõ òà åêñïåðèìåíòàëüíèõ
äîñëiäæåíü ñåãíåòîàêòèâíèõ ñïîëóê çìiñòèâñÿ äî
ïðîáëåìè äèíàìi÷íèõ ÿâèù [32]-[34]. Â îáëàñòi íèçü-
êèõ ÷àñòîò âåëèêà óâàãà ïðèäiëÿëàñü äîñëiäæåííÿì
äèñïåðñi¨ äiåëåêòðè÷íî¨ ïðîíèêíîñòi ñåãíåòîàêòèâ-
íèõ ñïîëóê, ÿêi äàþòü âàæëèâó iíôîðìàöiþ ïðî
ìåõàíiçìè ôàçîâèõ ïåðåõîäiâ òà îñîáëèâîñòi ¨õ
íèçüêî÷àñòîòíî¨ äèíàìiêè. Íåçâàæàþ÷è íà äîñÿãíóòi
íà òîé ÷àñ óñïiõè â ïîáóäîâi òåîði¨ ñåãíåòîàêòèâíèõ
ñïîëóê òèïó ëàä-áåçëàä, ó òîìó ÷èñëi i ç âîäíå-
âèìè çâ'ÿçêàìè, çà iíòåðïðåòàöi¨ åêñïåðèìåíòàëüíèõ
äàíèõ äëÿ äèíàìi÷íèõ äiåëåêòðè÷íèõ õàðàêòåðèñòèê
ó öèõ ñïîëóêàõ âèêîðèñòîâóâàëèñü ïåðåâàæíî ôåíî-
ìåíîëîãi÷íi ìîäåëi [32]�[34]. Îñòàííi íå äàâàëè ìîæ-
ëèâîñòi âèÿñíèòè ìiêðîñêîïi÷íó ïðèðîäó äèñïåð-
ñi¨ äiåëåêòðè÷íî¨ ïðîíèêíîñòi òà àäåêâàòíî îïèñàòè
âïëèâ ðiçíîìàíiòíèõ ÷èííèêiâ íà õàðàêòåð ¨¨ òåìïå-
ðàòóðíî¨ i ÷àñòîòíî¨ çàëåæíîñòåé. Íå ïðèâåëî äî
âèðiøåííÿ öi¹¨ ïðîáëåìè âèêîðèñòàííÿ ìåòîäèêè
ôóíêöié Ãðiíà [4] òà ìåòîäó ðiâíÿíü Áëîõà [5],
îñêiëüêè ó öèõ ïiäõîäàõ íå âðàõîâóâàëèñü íà íà-
ëåæíîìó ðiâíi âàæëèâi äëÿ öèõ ñïîëóê êîðîòêîñÿæíi
êîðåëÿöi¨ ìiæ ïðîòîíàìè áiëÿ òåòðàåäðiâ PO4.

Âàðòî âiäçíà÷èòè, ùî ïåðåâàæíà êiëüêiñòü ðîáiò
ç òåîði¨ ðåëàêñàöiéíèõ ÿâèù ó ñåãíåòîàêòèâíèõ
ñïîëóêàõ ñiì'¨ KH2PO4  ðóíòó¹òüñÿ íà ñòîõàñòè÷íié
ìîäåëi Ãëàóáåðà [35]. Âïåðøå ìåòîä Ãëàóáåðà äëÿ
ðîçðàõóíêó ïîçäîâæíiõ äèíàìi÷íèõ õàðàêòåðèñòèê
KD2PO4 â ïàðàôàçi áóâ âèêîðèñòàíèé ó [33]. Îäíàê
â öié ðîáîòi íå áóëà âðàõîâàíà äàëåêîäiÿ i íå
îáãîâîðþâàëèñü â ìåæàõ ðîçâèíåíî¨ òåîði¨ íàÿâíi
âiäïîâiäíi åêñïåðèìåíòàëüíi äàíi. Ïiçíiøå ó [36]�
[41] áóëà çàïðîïîíîâàíà ïîñëiäîâíiøà äèíàìi÷íà ìî-
äåëü ñåãíåòîàêòèâíèõ ñïîëóê ñiì'¨ KD2PO4, ÿêà
 ðóíòó¹òüñÿ íà ñòîõàñòè÷íié ìîäåëi Ãëàóáåðà. Ó
ìåæàõ öi¹¨ ìîäåëi â íàáëèæåííi ÷îòèðè÷àñòèíêîâîãî
êëàñòåðà ç âðàõóâàííÿì êîðîòêîñÿæíèõ òà äàëåêî-
ñÿæíèõ âçà¹ìîäié áóëè ðîçðàõîâàíi ïîïåðå÷íi i
ïîçäîâæíi êîìïîíåíòè òåíçîðà äiåëåêòðè÷íî¨ ïðî-
íèêíîñòi i ÷àñè ðåëàêñàöi¨ ñåãíåòîåëåêòðèêiâ òèïó
KD2PO4 i àíòèñåãíåòîåëåêòðèêiâ òèïó ND4D2PO4.
Áóëî ïîêàçàíî [17]-[20], [40, 41], ùî çà íàëåæíîãî
âèáîðó ïàðàìåòðiâ òåîði¨ iñíó¹ çàäîâiëüíèé îïèñ íà-
ÿâíèõ âiäïîâiäíèõ åêñïåðèìåíòàëüíèõ äàíèõ äëÿ
öüîãî òèïó ñåãíåòîàêòèâíèõ ñïîëóê. Ïîòðiáíî òàêîæ
âiäçíà÷èòè, ùî ïîïåðå÷íà ðåëàêñàöiÿ â ñåãíåòîàê-
òèâíèõ ñïîëóêàõ ñiì'¨ KD2PO4 âèâ÷àëàñü i â [14,
42, 43], àëå ¨õ àâòîðàìè íå áóëà âðàõîâàíà äàëåêî-

ñÿæíà âçà¹ìîäiÿ. Áóëà çðîáëåíà â çãàäàíèõ ðîáîòàõ
ñïðîáà îáãîâîðåííÿ íà îñíîâi îòðèìàíèõ òåîðåòè÷-
íèõ ðåçóëüòàòiâ íàÿâíèõ åêñïåðèìåíòàëüíèõ äàíèõ,
àëå âîíà íå áóëà ðåàëiçîâàíà íà íàëåæíîìó ðiâíi.

Íåîáõiäíî çàçíà÷èòè, ùî â ðîçâèíåíié íà îñíî-
âi ñòîõàñòè÷íî¨ ìîäåëi òåîði¨ ðåëàêñàöiéíèõ ÿâèù
â îðòîôîñôàòàõ íå áóëî âðàõîâàíî åôåêòiâ òóíå-
ëþâàííÿ ïðîòîíiâ íà âîäíåâèõ çâ'ÿçêàõ. Ìåòîä æå
Áëîõà äà¹ çìîãó âðàõóâàòè åôåêòè òóíåëþâàííÿ,
àëå  ðóíòó¹òüñÿ íà íàáëèæåííi ñåðåäíüîãî ïîëÿ,
ÿêå â ïðèíöèïi íå ¹ àäåêâàòíèì äî öèõ êðèñòàëiâ.
Ó [44, 45, 46] íà îñíîâi îðèãiíàëüíîãî ïiäõîäó
áóëà ðîçãëÿíóòà â êëàñòåðíîìó íàáëèæåííi äèíà-
ìiêà ñåãíåòîàêòèâíèõ ñïîëóê ñiì'¨ KH2PO4 ç
âðàõóâàííÿì òóíåëþâàííÿ. Áóëî âïåðøå ïîêàçà-
íî, ùî çà áàçèñíîãî âðàõóâàííÿ â ìåæàõ êëàñ-
òåðíîãî íàáëèæåííÿ êîðîòêîñÿæíèõ êîðåëÿöié, äàëå-
êîñÿæíèõ âçà¹ìîäié i òóíåëþâàííÿ (áàçèñíà ñèñ-
òåìà) òà â íàáëèæåííi õàîòè÷íèõ ôàç äàëåêîäi¨
äèíàìi÷íi õàðàêòåðèñòèêè ñåãíåòîàêòèâíèõ ñïîëóê
ñiì'¨ KH2PO4 iñòîòíî âèçíà÷àþòüñÿ åôåêòèâíèì
ïàðàìåòðîì òóíåëþâàííÿ, ÿêèé ¹ çíà÷íî ìåíøèì âiä
âiäïîâiäíîãî ïàðàìåòðà, ÿêèé âõîäèòü â ãàìiëüòîíiàí
ìîäåëi. Ôàêòè÷íî iñíó¹ iñòîòíå ïðèãíi÷åííÿ òóíå-
ëþâàííÿ ïðîòîíiâ íà âîäíåâèõ çâ'ÿçêàõ ó ñåãíå-
òîàêòèâíèõ ñïîëóêàõ òèïó îðòîôîñôàòiâ êîðîò-
êîñÿæíèìè âçà¹ìîäiÿìè. Îäíàê, íà æàëü, âèðàçè
äëÿ äèíàìi÷íèõ (çà k = 0 i ω = 0) i ñòàòè÷-
íèõ õàðàêòåðèñòèê ó [44, 45, 46] íå ¹ óçãîäæå-
íèìè. Öå ïîâ'ÿçàíî ç òèì, ùî äèíàìiêà ñåãíå-
òîàêòèâíèõ ñïîëóê, ÿêi äîñëiäæóâàëèñü ó öèõ ðî-
áîòàõ, ðîçãëÿäàëàñü â ìåæàõ ìåòîäó äâî÷àñîâèõ
òåìïåðàòóðíèõ ôóíêöié Ãðiíà, ðiâíÿííÿ äëÿ ÿêèõ
áóëè ðîç÷åïëåíi ñòîñîâíî äàëåêîäi¨ â äóñi íàáëè-
æåííÿ Òÿáëiêîâà [47]. Ïðè öüîìó âíóòðiøíüîêëàñ-
òåðíi êîðåëÿöiéíi ôóíêöi¨ áàçèñíî¨ ñèñòåìè ïîâ'ÿçàíi
ëèøå äàëåêîñÿæíèìè âçà¹ìîäiÿìè, à êîðîòêîñÿæíi
ìiæêëàñòåðíi êîðåëÿöi¨ â çàïðîïîíîâàíîìó â [44]
ïiäõîäi íå áóëè âðàõîâàíi.

Ïî÷èíàþ÷è ç âiñiìäåñÿòèõ ðîêiâ ìèíóëîãî ñòî-
ëiòòÿ, âåëèêà óâàãà ïðèäiëÿëàñü [48]�[55] äîñëiäæåí-
íþ ìàòåðiàëiâ òèïó Rb1−x(NH4)xH2PO4, â ÿêèõ
çà íèçüêèõ òåìïåðàòóð ðåàëiçó¹òüñÿ ôàçà ïðîòîí-
íîãî ñêëà. Äîñëiäæåííÿ ¨õ òåðìîäèíàìi÷íèõ i äèíà-
ìi÷íèõ õàðàêòåðèñòèê ðîçãëÿäàëîñü ó [56], â ÿêîìó
ðîçðàõóíêè ïðîâîäèëèñü, âèêîðèñòîâóþ÷è ïðîñòi
ìîäåëi ñåãíåòîàêòèâíèõ ñïîëóê ñiì'¨ KH2PO4.
Ëèøå ó [54]�[55] äëÿ îïèñó ñïîñòåðåæóâàíèõ íà
åêñïåðèìåíòi ôàçîâèõ äiàãðàì äëÿ ìàòåðiàëiâ òèïó
Rb1−x(NH4)xH2PO4 áóëî âèêîðèñòàíî êëàñòåðíèé
ïiäõiä. Iíøi õàðàêòåðèñòèêè ó öüîìó ïiäõîäi íå
áóëè ðîçðàõîâàíi. Â òàêèé ñïîñiá òåîðåòè÷íèé îïèñ
òåðìîäèíàìi÷íèõ i äiåëåêòðè÷íèõ âëàñòèâîñòåé ìà-
òåðiàëiâ òèïó Rb1−x(NH4)xH2PO4, â ÿêèõ ìîæëèâèé
ïåðåõiä äî ñòàíó ïðîòîííîãî ñêëà, ç âðàõóâàííÿì
¨õ ñòðóêòóðíèõ îñîáëèâîñòåé i ðiçíèõ òèïiâ âçà¹-
ìîäié äî öüîãî ÷àñó ¹ ñêëàäíîþ íåðîçâ'ÿçàíîþ
çàäà÷åþ ñòàòèñòè÷íî¨ ôiçèêè. Îñîáëèâî àêòóàëüíîþ
ïðîáëåìîþ ¹ ðîçðîáëåííÿ ìiêðîñêîïi÷íî¨ òåîði¨ äëÿ
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öüîãî òèïó ìàòåðiàëiâ i ðîçðàõóíîê íà ¨¨ îñíîâi ¨õ
òåðìîäèíàìi÷íèõ i äèíàìi÷íèõ õàðàêòåðèñòèê. Äëÿ
âèðiøåííÿ öi¹¨ ïðîáëåìè íåîáõiäíà ¹äèíà (ò. çâ.
óíiôiêîâàíà) ìîäåëü äëÿ îïèñàííÿ âïîðÿäêóâàííÿ
ïðîòîíiâ ó ñåãíåòî- òà àíòèñåãíåòîåëåêòðèêàõ ñiì'¨
KH2PO4.

Ó öié ðîáîòi íà îñíîâi çàïðîïîíîâàíî¨ óíiôi-
êîâàíî¨ ìîäåëi ñåãíåòîàêòèâíèõ ñïîëóê ñiì'¨
KH2PO4, â íàáëèæåííi ÷îòèðè÷àñòèíêîâîãî êëàñ-
òåðà ðîçðàõîâàíî ïîïåðå÷íi äèíàìi÷íi õàðàêòåðèñ-
òèêè ñåãíåòîåëåêòðèêiâ òèïó KD2PO4 òà àíòèñåã-
íåòîåëåêòðèêiâ òèïó ND4D2PO4. Ïðîâåäåíî äåòàëü-
íèé ÷èñëîâèé àíàëiç îòðèìàíèõ ðåçóëüòàòiâ i ¨õ ïî-
ðiâíÿííÿ ç âiäïîâiäíèìè åêñïåðèìåíòàëüíèìè äàíè-
ìè äëÿ ñåãíåòîåëåêòðèêiâ òèïó K(H1−xDx)2PO4 i àí-
òèñåãíåòîåëåêòðèêiâ òèïó N(H1−xDx)4(H1−xDx)2PO4.

II. Ïîñòàíîâêà çàäà÷i. Ãàìiëüòîíiàí
ñèñòåìè

Ðîçãëÿäàòèìåìî ñèñòåìó äåéòðîíiâ, ÿêi ðóõà-
þòüñÿ íà O-D...O çâ'ÿçêàõ â äåéòåðîâàíèõ ñåãíå-
òîåëåêòðè÷íèõ (ÄÑÎÔ) i àíòèñåãíåòîåëåêòðè÷íèõ
îðòîôîñôàòàõ (ÄÀÑÎÔ). Ïðèìiòèâíó êîìiðêó Áðàâå
öèõ êðèñòàëiâ ñòàíîâëÿòü äâà ñóñiäíi òåòðàåäðè PO4

ðàçîì ç ÷îòèðìà âîäíåâèìè çâ'ÿçêàìè, ùî íàëå-
æàòü äî îäíîãî ç íèõ (òåòðàåäðà òèïó �A�); âîä-
íåâi çâ'ÿçêè, ùî ïiäõîäÿòü äî äðóãîãî òåòðàåäðà
(òèïó �B�), íàëåæàòü ÷îòèðüîì ñòðóêòóðíèì åëå-
ìåíòàì, ÿêi éîãî îòî÷óþòü (ðèñ. 1).

1

1 22

3

4

1

1

1

2

2

2

b

a

1

1 22

3

4

1

1

1

2

2

2

b

a

à

á

Ðèñ. 1. Ïðèìiòèâíà êîìiðêà êðèñòàëiâ ÄÑÎÔ (à) i
ÄÀÑÎÔ (á). Öèôðè â êðóæå÷êàõ íóìåðóþòü âîäíåâi
çâ'ÿçêè; 1, 2 � ïîëîæåííÿ ðiâíîâàãè äåéòðîíiâ

Ãàìiëüòîíiàí äåéòðîííî¨ ñèñòåìè ÄÑÎÔ i
ÄÀÑÎÔ ç âðàõóâàííÿì êîðîòêîñÿæíèõ i äàëåêî-
ñÿæíèõ âçà¹ìîäié ïiä ÷àñ ïðèêëàäåííÿ çîâíiøíüîãî
åëåêòðè÷íîãî ïîëÿ E1, íàïðÿìëåíîãî âçäîâæ êðèñòà-
ëîãðàôi÷íî¨ îñi a, ìà¹ òàêèé âèãëÿä [27]:

Ĥ1 = − v̄

2
Nχ0

11E
2
1 −

1
2

∑

qfq′f ′
Jff ′(qq′)

σqf

2
σq′f ′

2
+ (2.1)

+
∑

q1q2q3q4





1
2

4∑

ff ′
Vff ′(qq′)

σqf f

2
σqf′f ′

2
+ Φ

σq11

2
σq22

2
σq33

2
σq44

2





×(δRq1Rq2
δRq1Rq3

δRq1Rq4
+ δRq1+r2,Rq2

δRq1+r3,Rq3
δRq1+r4,Rq4

)−
∑

qf

µf1E1
σqf

2
.

Ïåðøèé äîäàíîê ó (2.1) � öå åíåðãiÿ, çóìîâ-
ëåíà ïîëÿðèçàöi¹þ, ùî iíäóêîâàíà çîâíiøíiì
ïîëåì íåçàëåæíî âiä êîíôiãóðàöié äåéòðîíiâ íà
âîäíåâèõ çâ'ÿçêàõ (χ0

11 � �çàòðàâî÷íà� äiåëåêòðè÷íà
ñïðèéíÿòëèâiñòü; v̄ = v

kB
, v � îá'¹ì ïðèìiòèâíî¨

êîìiðêè, kB � ñòàëà Áîëüöìàíà), äðóãèé äîäàíîê
îïèñó¹ åôåêòèâíó äàëåêîñÿæíó âçà¹ìîäiþ ìiæ
äåéòðîíàìè, ùî âêëþ÷àþòü i íåïðÿìó âçà¹ìîäiþ
äåéòðîíiâ ÷åðåç êîëèâàííÿ  ðàòêè [57], òðåòié
äîäàíîê � êîðîòêîñÿæíi âçà¹ìîäi¨ äåéòðîíiâ ïîáëèçó
òåòðàåäðiâ òèïó �À� (ïåðøèé äîáóòîê ñèìâîëiâ
Êðîíåêåðà) i òåòðàåäðiâ òèïó �Â� (äðóãèé äîáóòîê
ñèìâîëiâ Êðîíåêåðà), σqf � îïåðàòîð z-êîìïîíåíòè
êâàçiñïiíà äåéòðîíà, ÿêèé çíàõîäèòüñÿ â q-ié êîìiðöi
íà f -îìó çâ'ÿçêó (σqf = ±1), rf � ðàäióñ-âåêòîð

âiäíîñíîãî ïîëîæåííÿ äåéòðîííîãî çâ'ÿçêó â êîìiðöi.
×åòâåðòèé äîäàíîê îïèñó¹ âçà¹ìîäiþ äåéòðîíiâ iç
çîâíiøíiì åëåêòðè÷íèì ïîëåì E1; µf1 � åôåêòèâíi
äèïîëüíi ìîìåíòè âîäíåâèõ çâ'ÿçêiâ.

Åíåðãi¨ êîðåëÿöié äåéòðîíiâ Vff ′ , Φ ïîâ'ÿçàíi ç
åíåðãiÿìè εs, εa, ε0, ε1 ðiçíèõ êîíôiãóðàöié äåéòðîíiâ
ïîáëèçó òåòðàåäðiâ PO4.

Ó âèïàäêó ÄÑÎÔ

Vs = V12 = V23 = V34 = V41 = −1
2
w1,

Us = V13 = V24 = −ε +
1
2
w1,

Φs = 4ε− 8w + 2w1, (2.2)

äå ε = εa − εs, w = ε1 − εs, w1 = ε0 − εs.
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Ïðè îïèñi ÄÀÑÎÔ â ïîïåðåäíiõ íàøèõ ðîáîòàõ
[20, 27]

Va = V12 = V23 = V34 = V41 =
1
2
ε′ − 1

2
w′1,

Ua = V13 = V24 =
1
2
ε′ +

1
2
w′1,

Φs = 2ε− 8w + 2w1, (2.3)
äå ε′ = εs − εa, w′ = ε1 − εa, w′1 = ε0 − εa.

Iç (2.2) i (2.3) âèïëèâà¹ çâ'ÿçîê ìiæ åíåð-
ãiÿìè ÷àñòèíîê êëàñòåðà ñåãíåòîåëåêòðèêà i
àíòèñåãíåòîåëåêòðèêà:

ε′ = −ε, w′ = w − ε, w′1 = w1 − ε.

Ó öié ðîáîòi ïiä ÷àñ ðîçðàõóíêiâ ôiçè÷íèõ õà-
ðàêòåðèñòèê ÄÑÎÔ i ÄÀÑÎÔ âèêîðèñòîâóâàòèìåìî
ëèøå (2.2), áåðó÷è äî óâàãè ðiçíèé õàðàêòåð âïî-
ðÿäêóâàííÿ äåéòðîíiâ â îáîõ òèïàõ êðèñòàëiâ [27].
Ó çâ'ÿçêó ç öèì ïðîòîííó ìîäåëü ñåãíåòîàêòèâíèõ
ñïîëóê ñiì'¨ KH2PO4 ìè íàçèâàòèìåìî óíiôi-
êîâàíîþ.

Ïðè âèâ÷åííi äèíàìi÷íèõ âëàñòèâîñòåé ÄÑÎÔ
i ÄÀÑÎÔ äàëåêîñÿæíi âçà¹ìîäi¨ ðîçãëÿäàòèìåìî â
íàáëèæåííi ìîëåêóëÿðíîãî ïîëÿ, à êîðîòêîñÿæíi �
â íàáëèæåííi ÷îòèðè÷àñòèíêîâîãî êëàñòåðà, ÿêå
ìîâîþ ìàòðèöü ãóñòèíè ìîæå áóòè çàïèñàíå ó òàêîìó
âèãëÿäi [27]:

ρ0 =
e−βĤ1

Spe−βĤ1
=

e−βĤ
(4)
1A

Spe−βĤ
(4)
1A

· e−βĤ
(4)
1B

Spe−βĤ
(4)
1B

,

β =
1

kBT
,

äå Ĥ
(4)
1A , Ĥ

(4)
1B � ÷îòèðè÷àñòèíêîâi êëàñòåðíi ãàìiëü-

òîíiàíè, ùî îïèñóþòü ïîâåäiíêó äåéòðîíiâ ïîáëèçó
�A� i �B� � òåòðàåäðiâ. Ðiâíîâàæíi ôóíêöi¨ ðîçïîäiëó
äåéòðîíiâ ïîáëèçó �A� i �B� � òåòðàåäðiâ, ÿê ïîêàçàíî
â [44], ó êëàñòåðíîìó íàáëèæåííi ðiâíi. Òîìó äàëi
ðîçãëÿäàòèìåìî ñòàòè÷íi i äèíàìi÷íi âëàñòèâîñòi
ñïîëóê, ÿêi ðîçãëÿäàþòüñÿ ëèøå íà îñíîâi Ĥ

(4)
1A :

Ĥ
(4)sa
q1A = Vs

(σq1

2
σq2

2
+

σq2

2
σq3

2
+

σq3

2
σq4

2
+

σq4

2
σq1

2

)
+ (2.4)

+Us

(σq1

2
σq3

2
+

σq2

2
σq4

2

)
+ Φ

σq1

2
σq2

2
σq3

2
σq4

2
−

∑

f

zxsa
qf

β

σqf

2
.

Åôåêòèâíi ïîëÿ zxsa
qf ìàþòü òàêèé âèãëÿä:

zxs
q1 = β[−∆x

11 + 2νs
c (k0

i )η
(1)
qs +

+
1
2
J11(0)η(1)x

1s +
1
2
J13(0)η(1)x

3s + J12(0)η(1)x
24s + µs

1E1],

zxs
q3 = β[−∆x

31 + 2νs
c (k0

i )η
(1)
qs +

+
1
2
J13(0)η(1)x

1s +
1
2
J11(0)η(1)x

3s + J12(0)η(1)x
24s − µs

1E1],

zxs
q24 = zxs

q2 = zxs
q4 = β[−∆x

24 + 2νs
c (k0

i )η
(1)
qs + (2.5)

+
1
2
J12(0)(η(1)x

1s + η
(1)x
3s ) +

1
2
(J11(0) + J13(0))η(1)x

24s ],

zxa
q13 = −zxa

q1 = zxa
q3 = β[−∆x

q13 + 2νa(kz)η(1)
qa + 2νa

a(0)η(1)x
13a + µa

1E1],

zxa
q24 = zxa

q2 = −zxa
q4 = β[−∆x

q24 + 2νa(kz)η(1)
qa + 2νa

a(0)η(1)x
24a ], (2.6)

äå

η(1)
qs = η(1)

s eik0
iaq = 〈σq1〉 = 〈σq2〉 = 〈σq3〉 = 〈σq4〉,

η(1)
qa = η(1)

a eikzaq = −〈σq1〉 = 〈σq2〉 = 〈σq3〉 = −〈σq4〉,
4νc(k0

i ) = J11(k0
i ) + 2J12(k0

i ) + J13(k0
i ),

4νa(kz) = J11(kz)− J13(kz).

Òóò âåêòîðè k0
i óòâîðþþòü çiðêó {k̂0

i }, ÿêà
âèçíà÷à¹ íàïðÿì ñïîíòàííî¨ ïîëÿðèçàöi¨ i äåôîð-
ìàöiþ êðèñòàëó ïiä ÷àñ ïåðåõîäó â ñåãíåòîåëåêòðè÷íó

ôàçó. Äëÿ ÄÑÎÔ çiðêà {k̂0

i } ñêëàäà¹òüñÿ iç ÷îòèðüîõ
âåêòîðiâ, ÿêi íàïðÿìëåíi âçäîâæ îñåé ±a i ±b [58]:
{k̂0

i } = {ka
i , ka

i , 0}. Ó âèïàäêó êðèñòàëiâ ÄÀÑÎÔ
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{k̂0

i } = kz = 1
2 (b1 + b2 + b3), äå b1,b2,b3 � âåêòîðè

îáåðíåíî¨  ðàòêè [24].
Äèïîëüíi ìîìåíòè çâ'ÿçêiâ ìàþòü òàêó ñèìåòðiþ:

µs
1 = µ11 = −µ31, µ21 = µ41 = 0,

µa
1 = −µ11 = µ31, µ21 = µ41 = 0.

Ó (2.5), (2.6) ∆3, ..., ∆q24 � åôåêòèâíi ïîëÿ,
ñòâîðåíi êîðîòêîñÿæíèìè âçà¹ìîäiÿìè ñóñiäíiõ
ïîçà ìåæàìè êëàñòåðà äåéòðîíàìè. Îäíî÷àñòèíêîâi
ãàìiëüòîíiàíè äåéòðîíiâ çà íàÿâíîñòi ïîëÿ E1 ìàþòü
òàêèé âèãëÿä:

Ĥ
(1)s
q1x =−z̄xs

q1

β

σq1

2
, Ĥ

(1)s
q2x =−z̄xs

q24

β

σq2

2
, Ĥ

(1)s
q3x =−z̄xs

q3

β

σq3

2
, Ĥ

(1)s
q4x =−z̄xs

q24

β

σq4

2
,

Ĥ
(1)a
q1x =−z̄xa

q13

β

σq1

2
, Ĥ

(1)a
q2x =−z̄xa

q24

β

σq2

2
, Ĥ

(1)a
q3x =−z̄xa

q13

β

σq3

2
, Ĥ

(1)a
q4x =−z̄xa

q24

β

σq4

2
. (2.7)

Âèðàçè äëÿ z̄zs
q , ..., z̄ya

q24 îòðèìà¹ìî iç (2.5) i (2.6) çà çàìiíè ∆3, ..., ∆q24 íà 2∆3, ..., 2∆q24.

III. Ñèñòåìè ðiâíÿíü
äëÿ çàëåæíèõ âiä ÷àñó
ôóíêöié ðîçïîäiëó äåéòðîíiâ

Äèíàìi÷íi õàðàêòåðèñòèêè ÄÑÎÔ i ÄÀÑÎÔ âèâ-
÷àòèìåìî, âèêîðèñòîâóþ÷è äèíàìi÷íó ìîäåëü äåéòå-

ðîâàíèõ îðòîôîñôàòiâ, ùî  ðóíòó¹òüñÿ íà iäåÿõ
ñòîõàñòè÷íî¨ ìîäåëi Ãëàóáåðà [35]. Âèêîðèñòîâóþ÷è
ìåòîäèêó, ÿêà ðîçâèíóòà ó [20, 36, 37], îòðèìà¹ìî
òàêó ñèñòåìó ðiâíÿíü äëÿ çàëåæíèõ âiä ÷àñó ôóíêöié
ðîçïîäiëó äåéòðîíiâ:

−α
d

dt
〈
∏

f

σqf 〉 =
∑

f ′
〈{

∏

f

σqf [1− σqf ′ th
β

2
εxs,a

qf ′ ]}〉, (3.1)

äå α � êîíñòàíòà, ùî ìà¹ ðîçìiðíiñòü ÷àñó i åôåê-
òèâíî âèçíà÷à¹ ÷àñîâó øêàëó äèíàìi÷íèõ ïðîöåñiâ;
εxs,a

qf � ëîêàëüíå ïîëå çà íàÿâíîñòi ïîëÿ E1, ùî äi¹ íà
äåéòðîí f -ãî çâ'ÿçêó â q-ié êîìiðöi. Âèêîðèñòîâóþ÷è
ãàìiëüòîíiàí (2.4), îòðèìà¹ìî, ùî

th
β

2
εxs
qf = th

β

2
(εs,a

qf +
zxs
f

β
),

th
β

2
εxa
q1
3

= th
β

2
(εs,a

qf ∓
zxa
q13

β
), (3.2)

th
β

2
εxa
q2
4

= th
β

2
(εs,a

qf ±
zxa
q24

β
).

Òóò âèêîðèñòàíî òàêi ïîçíà÷åííÿ:

εs,a
q1 =−V (

σq2

2
+

σq4

2
)−U

σq3

2
−Φ

σq2

2
σq3

2
σq4

2
,

εs,a
q2 =−V (

σq1

2
+

σq3

2
)−U

σq4

2
−Φ

σq1

2
σq3

2
σq4

2
, (3.3)

εs,a
q3 =−V (

σq2

2
+

σq4

2
)−U

σq1

2
−Φ

σq1

2
σq2

2
σq4

2
,

εs,a
q4 =−V (

σq1

2
+

σq3

2
)−U

σq2

2
−Φ

σq1

2
σq2

2
σq3

2
.

Ïðàâi ÷àñòèíè êîæíîãî iç âèðàçiâ (3.2) íàáóâàþòü
âiñiì ðiçíèõ çíà÷åíü i ìîæóòü áóòè çàïèñàíi ó òàêîìó
âèãëÿäi:

th
β

2
εxs,a
q1 = P xs,a

q1 σq3 + Qxs,a
q1 (σq2 + σq4) + Rxs,a

q1 σq2σq3σq4 +

+Nxs,a
q1 σq2σq4 + Mxs,a

q1 σq3(σq2 + σq4) + Lxs,a
q1 ,

th
β

2
εxs,a
q2 = P xs,a

q2 σq4 + Qxs,a
q2 (σq1 + σq3) + Rxs,a

q2 σq1σq3σq4 +

+Nxs,a
q2 σq1σq3 + Mxs,a

q2 σq4(σq1 + σq3) + Lxs,a
q2 , (3.4)

th
β

2
εxs,a
q3 = P xs,a

q3 σq1 + Qxs,a
q3 (σq2 + σq4) + Rxs,a

q3 σq1σq2σq4 +

+Nxs,a
q3 σq2σq4 + Mxs,a

q3 σq1(σq2 + σq4) + Lxs,a
q3 ,

th
β

2
εxs,a
q4 = P xs,a

q4 σq2 + Qxs,a
q4 (σq1 + σq3) + Rxs,a

q4 σq1σq2σq3 +

+Nxs,a
q4 σq1σq3 + Mxs,a

q4 σq2(σq1 + σq3) + Lxs,a
q4 .
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Ïðèðiâíþþ÷è ïðàâi ñòîðîíè âèðàçiâ (3.2) i (3.4) i âðàõîâóþ÷è, ùî σqf = ±1, îòðèìà¹ìî ñïiââiäíîøåííÿ
äëÿ êîåôiöi¹íòiâ P xs,a

q1 , ..., Lxs,a
q4 ó òàêîìó âèãëÿäi:

P xs,a
qf =

1
8
(lxs,a

qf1 − lxs,a
qf2 + 2mxs,a

qf1 − 2mxs,a
qf2 + nxs,a

qf1 − nxs,a
qf1 ),

Qxs,a
qf =

1
8
(lxs,a

qf1 − lxs,a
qf2 − nxs,a

qf1 + nxs,a
qf1 ),

Rxs,a
qf =

1
8
(lxs,a

qf1 − lxs,a
qf2 − 2mxs,a

qf1 + 2mxs,a
qf2 + nxs,a

qf1 − nxs,a
qf1 ), (3.5)

Nxs,a
qf =

1
8
(lxs,a

qf1 + lxs,a
qf2 − 2mxs,a

qf1 − 2mxs,a
qf2 + nxs,a

qf1 + nxs,a
qf1 ),

Mxs,a
qf =

1
8
(lxs,a

qf1 + lxs,a
qf2 − nxs,a

qf1 − nxs,a
qf1 ),

Lxs,a
qf =

1
8
(lxs,a

qf1 + lxs,a
qf2 + 2mxs,a

qf1 + 2mγs,s,a
qf2 + nγs,a

qf1 + nγs,a
qf1 ),

äå

lxs
f1
2

= th[±β

2
w +

1
2
zxs
f ], mxs

f1
2

= th[±β

2
(ε− w) +

1
2
zxs
f ],

nxs
f1
2

= th[±β

2
(w − w1) +

1
2
zxs
f ],

lxa
q11
32

= th[±β

2
w ∓ 1

2
zxa
q13], lxa

q21
42

= th[±β

2
w ± 1

2
zxa
q24],

mxa
q11
32

= th[±β

2
(ε− w)∓ 1

2
zxa
q13], mxa

q21
42

= th[±β

2
(ε− w)± 1

2
zxa
q24],

nxa
q11
32

= th[±β

2
(w − w1)∓ 1

2
zxa
q13], nxa

q21
42

= th[±β

2
(w − w1)± 1

2
zxa
q24].

Ïðè îòðèìàííi ñèñòåì ðiâíÿíü äëÿ çàëåæíèõ âiä ÷àñó ôóíêöié ðîçïîäiëó äåéòðîíiâ ïîòðiáíî âðàõóâàòè
ñèìåòðiþ ñòàòè÷íèõ ôóíêöié ðîçïîäiëó. Ðîçðàõóíîê öèõ ôóíêöié ó íàáëèæåííi ÷îòèðè÷àñòèíêîâîãî êëàñòåðà
ïðèâîäèòü äî òàêèõ âèðàçiâ:

η
(3)x
1
3s

= 〈σq1σq2σq4〉 = 〈σq2σq3σq4〉; η
(3)x
24s = 〈σq1σq2σq3〉 = 〈σq1σq3σq4〉, (3.6)

η
(2)x
1s = 〈σq2σq3〉 = 〈σq3σq4〉; η

(2)x
3s = 〈σq1σq2〉 = 〈σq4σq1〉; η

(2)x
2
4s

= 〈σq1
2
σq3

4
〉,

η
(3)x
q13a = −〈σq2σq3σq4〉 = 〈σq1σq2σq4〉, η

(3)x
q24a = −〈σq1σq2σq3〉 = 〈σq1σq3σq4〉,

η
(2)x
q1a = 〈σq1σq4〉 = 〈σq2σq3〉, η

(2)x
q2a = −〈σq1σq2〉 = −〈σq3σq4〉, (3.7)

η
(2)x
q13a = −〈σq1σq3〉, η

(2)x
q24a = −〈σq2σq4〉.

Òåïåð íà îñíîâi (3.1) ç âðàõóâàííÿì (3.4) ìîæíà, áåðó÷è äî óâàãè ñèìåòðiþ äëÿ ôóíêöié ðîçïîäiëó (3.6) i
(3.7), îòðèìàòè çàìêíåíi ñèñòåìè ðiâíÿíü äëÿ ÷àñîçàëåæíèõ óíàðíèõ, òåòðàðíèõ i ïàðíèõ ôóíêöié ðîçïîäiëó
äåéòðîíiâ ÄÑÎÔ i ÄÀÑÎÔ çà íàÿâíîñòi ïîëiâ E1:

d

dt




η
(1)x
1s

η
(1)x
3s

η
(1)x
24s

η
(3)x
1s

η
(3)x
3s

η
(3)x
24s

η
(2)x
1s

η
(2)x
2s

η
(2)x
3s

η
(2)x
4s




=




ās
11 ās

12 . . . ās
110

ās
21 ās

22 . . . ās
210

ās
31 ās

32 . . . ās
310

ās
41 ās

42 . . . ās
410

ās
51 ās

52 . . . ās
510

ās
61 ās

62 . . . ās
610

ās
71 ās

72 . . . ās
710

ās
81 ās

82 . . . ās
810

ās
91 ās

92 . . . ās
910

ās
101 ās

102 . . . ās
1010







η
(1)x
1s

η
(1)x
3s

η
(1)x
24s

η
(3)x
1s

η
(3)x
3s

η
(3)x
24s

η
(2)x
1s

η
(2)x
2s

η
(2)x
3s

η
(2)x
4s




+




ās
q1

ās
q2

ās
q3

ās
q4

ās
q5

ās
q6

ās
q7

ās
q8

ās
q9

ās
q10




,
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Ïîïåðå÷íi äèíàìi÷íi âëàñòèâîñòi ñåãíåòîàêòèâíèõ ñïîëóê ñiì'¨ KH2PO4. Óíiôiêîâàíà ìîäåëü

d

dt




η
(1)x
q13a

η
(1)x
q24a

η
(3)x
q13a

η
(3)x
q24a

η
(2)x
q1a

η
(2)x
q2a

η
(2)x
q13a

η
(2)x
q24a




=




āa
q11 āa

q12 . . . āa
q18

āa
q21 āa

q22 . . . āa
q28

āa
q31 āa

q32 . . . āa
q38

āa
q41 āa

q42 . . . āa
q48

āa
q51 āa

q52 . . . āa
q58

āa
q61 āa

q62 . . . āa
q68

āa
q71 āa

q72 . . . āa
q78

āa
q81 āa

q82 . . . āa
q88







η
(1)x
q13a

η
(1)x
q24a

η
(3)x
q13a

η
(3)x
q24a

η
(2)x
q1a

η
(2)x
q2a

η
(2)x
q13a

η
(2)x
q24a




+




āa
q1

āa
q2

āa
q3

āa
q4

āa
q5

āa
q6

āa
q7

āa
q8




,

Â îäíî÷àñòèíêîâîìó íàáëèæåííi ç (3.1) îòðèìà¹ìî
d

dt
η
(1)x
1s = − 1

α
η
(1)x
1s +

1
α

th
1
2
z̄xs
1 ,

d

dt
η
(1)x
3s = − 1

α
η
(1)x
3s +

1
α

th
1
2
z̄xs
3 ,

d

dt
η
(1)x
24s = − 1

α
η
(1)x
24s +

1
α

th
1
2
z̄xs
24 , (3.8)

d

dt
η
(1)x
q13a = − 1

α
η
(1)x
q13a +

1
α

th
1
2
z̄xa
q13,

d

dt
η
(1)x
q24a = − 1

α
η
(1)x
q24a +

1
α

th
1
2
z̄xa
q24.

IV. Ïîïåðå÷íà ðåëàêñàöiÿ â ñåãíåòîåëåêòðèêàõ òèïó KD2PO4

i àíòèñåãíåòîåëåêòðèêàõ òèïó ND4D2PO4

Ðîçãëÿíåìî âèïàäîê ìàëèõ âiäõèëåíü âiä ñòàíó ðiâíîâàãè. Âèäiëèìî â ñèñòåìàõ ðiâíÿíü (3.8)�(3.8) i (3.8)
ñòàòè÷íó i äèíàìi÷íó ÷àñòèíè. Äëÿ öüîãî ïðåäñòàâèìî ôóíêöi¨ ðîçïîäiëó i åôåêòèâíi ïîëÿ ó âèãëÿäi ñóìè
ðiâíîâàæíèõ ôóíêöié çà E1 = 0 i ¨õ âiäõèëåíü âiä ñòàíó ðiâíîâàãè:

η
(1)x
1
3s

= η(1)
s + η

(1)x
1
3st

, η
(1)x
24s = η(1)

s + η
(1)x
24st ,

η
(3)x
1
3s

= η(3)
s + η

(3)x
1
3st

, η
(3)x
24s = η(3)

s + η
(3)x
24st ,

η
(2)x
1s = η

(2)
1s + η

(2)x
1st , η

(2)x
2s = η

(2)
2s + η

(2)x
2st , η

(2)x
3s = η

(2)
3s + η

(2)x
3st ,

zxs
1 = zs + zxs

1t = zs + (4.1)

+[−β∆x
11t +

β

2
J11(0)η(1)x

1st +
β

2
J13(0)η(1)x

3st + βJ12(0)η(1)x
24st − βµs

1E1t],

zxs
3 = zs + zxs

3t = zs +

+[−β∆x
31t +

β

2
J13(0)η(1)x

1st +
β

2
J11(0)η(1)x

3st + βJ12(0)η(1)x
24st + βµs

1E1t],

zxs
24 = zs + [−β∆x

24t +
β

2
J12(0)(η(1)x

1st + η
(1)x
3st ) +

+
β

2
(J11(0) + J13(0))η(1)x

24st ] = zs + zxs
24t, zxs

2t = zxs
4t = zxs

24t,

η
(1)x

q13
24a

= η(1)
qa + η

(1)x
13
24at

, η
(3)x

q13
24a

= η(3)
qa + η

(3)x
13
24at

,

η
(2)x

q1
2a

= η
(2)
1
2a

+ η
(2)x

q1
2at

, η
(2)x

q13
24a

= η
(2)
3a + η

(2)x
13
24at

, (4.2)

zxa
q13 = za

q + zxa
13t = za

q + [−β∆x
q13t + 2βνa

1 (0)η(1)x
13at + βµa

1E1],

zxa
q24 = za

q + zxa
24t = za

q + [−β∆x
q24t + 2βνa

1 (0)η(1)x
24at],

Ñòàòè÷íi ôóíêöi¨ ðîçïîäiëó çà E1 = 0 ëåãêî ðîçðàõóâàòè. Â ðåçóëüòàòi îòðèìàíî òàêi âèðàçè:

η(1)
s =

1
Ds

(sh 2zs + 2b sh zs); η(3)
s =

1
Ds

(sh 2zs − 2b sh zs),

η
(2)
1s =

1
Ds

(ch 2zs − d), η
(2)
2s =

1
Ds

(ch 2zs − 2a + d),

η(1)
a =

1
Da

(a sh 2za + 2b sh za), η(3)
a =

1
Da

(a sh 2za − 2b sh za), (4.3)

η
(2)
1a =

1
Da

(a ch 2za − a− d + 1), η
(2)
2a =

1
Da

(a ch 2za − a + d− 1),

η
(2)
3a =

1
Da

(a ch 2za + a− d− 1).
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Òóò âèêîðèñòàíî ïîçíà÷åííÿ:

Ds = ch 2zs + 4b ch zs + 2a + d,

Da = a ch 2za + 4b ch za + a + d + 1,

a = e−βε, b = e−βw, d = e−βw1 ,

zs =
1
2

ln
1 + η

(1)
s

1− η
(1)
s

+ βνc(0)η(1)
s ,

za =
1
2

ln
1 + η

(1)
a

1− η
(1)
a

+ βνa(kz)η(1)
a .

Ðîçêëàäåìî òåïåð âèðàçè äëÿ êîåôiöi¹íòiâ P xs,a
qf , Lxs,a

qf (3.5) â ðÿä âiäïîâiäíî ïî zzs,a
t , zxs,a

ft ç òî÷íiñòþ äî
ëiíiéíèõ ÷ëåíiâ, íåõòóþ÷è îäíîðiäíèì ïîëåì E1. Â ðåçóëüòàòi îòðèìà¹ìî

P xs
f = P s

0 +
zxs
ft

2
P s

1 , Nxs
f = Ns

0 +
zxs
ft

2
Ns

1 ,

Qxs
f = Qs

0 +
zxs
ft

2
Qs

1, Mxs
f = Ms

0 +
zxs
ft

2
Ms

1 ,

Rxs
f = Rs

0 +
zxs
ft

2
Rs

1, Lxs
f = Ls

0 +
zxs
ft

2
Ls

1,

P xa
q13
24

= P a
0 +

zxa
13
24t

2
P a

q1, Nxa
q13
24

= Na
q0 +

zxa
13
24t

2
Na

1 , (4.4)

Qxa
q13
24

= Qa
0 +

zxa
13
24t

2
Qa

q1, Mxa
q13
24

= Ma
q0 +

zxa
13
24t

2
Ma

1 ,

Rxa
q13
24

= Ra
0 +

zxa
13
24t

2
Ra

q1, Lxa
q13
24

= La
q0 +

zxa
13
24t

2
La

1 .

Êîíêðåòíi âèðàçè äëÿ êîåôiöi¹íòiâ ðîçêëàäó íàâåäåíi â [59]. Ïiäñòàâèìî ðîçêëàäè (4.1), (4.2) i (4.4) â
ñèñòåìè (3.8)�(3.8) i, âèêëþ÷àþ÷è ïàðàìåòðè ∆xs

1t , ..., ∆xa
q24t, îòðèìà¹ìî ñèñòåìó ðiâíÿíü äëÿ ôëþêòóàöiéíèõ

÷àñòèí ðiçíèöåâèõ ôóíêöié ðîçïîäiëó η
(1)x
(1−3)st = η

(1)x
3st − η

(1)x
1st , η

(3)x
(1−3)st = η

(3)x
3st − η

(3)x
1st , η

(2)x
(1−3)st = η

(2)x
3st − η

(2)x
1st

êðèñòàëiâ ÄÑÎÔ:

d

dt




η
(1)x
(1−3)st

η
(3)x
(1−3)st

η
(2)x
(1−3)st


=




as
11 as

12 as
13

as
21 as

22 as
23

as
31 as

32 as
33







η
(1)x
(1−3)st

η
(3)x
(1−3)st

η
(2)x
(1−3)st


−




as
1

as
2

as
q3


 µs

1E1t

kBT
, (4.5)

i ñèñòåìó çàëåæíèõ âiä ÷àñó ôóíêöié ðîçïîäiëó äëÿ ÄÀÑÎÔ

d

dt




η
(1)x
13at

η
(1)x
24at

η
(3)x
13at

η
(3)x
24at

η
(2)x
q1at

η
(2)x
q2at

η
(2)x
q13at

η
(2)x
q24at




=




aa
11 0 aa

13 0 aa
q15 −aa

q15 0 aa
q18

0 aa
11 0 aa

13 aa
q15 −aa

q15 aa
q18 0

aa
31 aa

32 aa
33 aa

34 aa
q35 aa

q36 aa
q37 aa

q38

aa
32 aa

31 aa
34 aa

33 aa
q35 aa

q36 aa
q38 aa

q37

aa
q51 aa

q51 aa
q53 aa

q53 aa
55 aa

56 aa
57 aa

57

aa
q61 aa

q61 aa
q63 aa

q63 aa
65 aa

66 aa
67 aa

67

aa
q71 0 aa

q73 0 aa
75 −aa

75 aa
77 aa

78

0 aa
q71 0 aa

q73 aa
75 −aa

75 aa
78 aa

77







η
(1)x
13at

η
(1)x
24at

η
(3)x
13at

η
(3)x
24at

η
(2)x
q1at

η
(2)x
q2at

η
(2)x
q13at

η
(2)x
q24at




−µa
1E1t

2kBT




aa
1

0
aa
3

aa
4

aa
q5

aa
q6

aa
q7

0




.

(4.6)

Ó (4.5), (4.6) âèêîðèñòàíî òàêi ïîçíà÷åííÿ:

as
11 =

1
α

[−(1 + P s
0 ) + ksP

s
0− βνs

a(0)ksϕs], as
12 =

1
α

(Rs
0 − ksR

s
0),

as
13 =

2
α

(Ms
0 − ksM

s
0 ), as

1 =
1
α

ksϕs,
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as
21 =

1
α

[−(2P s
0− 3Rs

0)+lsP
s
0−βνs

a(0)lsϕs], as
22 =

1
α

[−(3+P s
0 )−lsR

s
0],

as
23 =

2
α

[(−Ns
0 −Ms

0 + Ls
0)− lsM

s
0 ], as

2 =
1
α

lsϕs,

as
31 =

1
α

[(Ns
0 + Ms

0 − Ls
0) + psP

s
0 − βνs

1(0)psϕs],

as
32 =

1
α

[−Ms
0 − psR

s
0], as

33 =
1
α

[−2(1 + Rs
0)− 2psM

s
0 ], as

3 =
1
α

psϕs,

aa
11 =

1
α

[−(1 + P a
0 ) + kaP a

0 − βνa
a(0)kaϕa], aa

13 =
1
α

(Ra
0 − kaRa

0),

aa
q15 =

1
α

(Ma
q0 − kaMa

q0), aa
q18 =

1
α

(−Na
q0 + kaNa

q0),

aa
31 =

1
α

[−(2P a
0 − 3Ra

0)+l1aP a
0−βνa

a(0)l1aϕa],

aa
32 =

1
α

[l2aP a
0−βνa

a(0)l2aϕa], aa
33 =

1
α

[−(3 + P a
0 )− l1aRa

0 ],

aa
34 =

1
α

[−l2aRa
0 ], aa

q35 =
1
α

[(−Na
q0 −Ma

q0 + La
q0)− (l1a + l2a)Ma

q0],

aa
q36 =

1
α

[(−Na
q0 + Ma

q0 + La
q0) + (l1a + l2a)Ma

q0], aa
q37 =

1
α

[l2aNa
0 ],

aa
q38 =

1
α

[La
q0 +l1aNa

q0], aa
3 =

1
α

l1aϕa, aa
4 =

1
α

l2aϕa,

aa
q51 =

1
α

[(−Na
q0 −Ma

q0 + La
q0) + mqaP a

0 − βνa
a(0)mqaϕa],

aa
q53 =

1
α

[Ma
q0 −mqaRa

0 ], aa
55 =

1
α

[−2(1−Ra
0)−mqa2Ma

q0],

aa
56 =

1
α

[−2P a
0 +mqa2Ma

q0], aa
57 =

1
α

[−Qa
0+mqaNa

q0], aa
q5 =

1
α

mqaϕa,

aa
q61 =

1
α

[(−Na
q0 + Ma

q0 + La
q0) + nqaP a

0 − βνa
a(0)nqaϕa],

aa
q63 =

1
α

[−Ma
q0 − nqaRa

0 ], aa
65 =

1
α

[−2P a
0 − nqa2Ma

q0],

aa
66 =

1
α
[−2(1−Ra

0)+nqa2Ma
q0], aa

67 =
1
α

[Qa
0+nqaNa

q0], aa
q6 =

1
α

nqaϕa,

aa
q71 =

1
α

[2La
q0 + qqaP a

0 − βνa
a(0)qqaϕa], aa

q73 =
1
α

[−2Na
q0 − qqaRa

0 ],

aa
75 =

1
α

[−2Qa
0 − qqaMa

q0], aa
77 = − 2

α
,

aa
78 =

1
α

[2Ra
0 + qqaNa

q0], aa
q7 =

1
α

qqaϕa,

äå

ls =
X

(3)
1s

X
(1)
s − 2ϕs

, ps =
X

(2)
s

X
(1)
s − 2ϕs

,

nqa =
X

(2)
q2a

X
(1)
a − 2ϕa

, qqa =
X

(2)
q3a

X
(1)
a − 2ϕa

, l1
2a =

X
(3)
1
2a

X
(1)
a − 2ϕa

,

X
(3)
1s = −(2Qs

1 + Rs
1)η

(1)
s − P s

1 η(3)
s − 2Ms

1η
(2)
1s − Ls

1η
(2)
2s −Ns

1 ,

X(2)
s =−(Ns

1 +Ms
1 +Ls

1)η
(1)
s −Ms

1η(3)
s −(P s

1 +Rs
1)η

(2)
1s −Qs

1η
(2)
2s −Qs

1,

X
(3)
1a = Ra

q1η
(1)
qa − P a

q1η
(3)
qa −Ma

1 η
(2)
1a + Ma

1 η
(2)
2a + La

1η
(2)
3a −Na

1 ,

X
(3)
2a = −(2P a

q1 − 2Ra
q1)η

(1)
qa − (Na

1 − La
1)η(2)

1a − (Na
1 − La

1)η(2)
2a ,

X
(2)
q2a =−(Na

1−Ma
1−La

1)η(1)
qa −Ma

1 η(3)
qa −P a

q1η
(2)
1a +Ra

q1η
(2)
2a +Qa

q1η
(2)
3a −Qa

q1,

X
(2)
q3a =2La

1η(1)
qa −2Na

1 η(3)
qa −2Qa

q1η
(2)
1a +2Qa

q1η
(2)
2a +2Ra

q1η
(2)
3a −2P a

q1.
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Ñèñòåìè ðiâíÿíü (4.5), (4.6) çâîäèìî äî íåîä-
íîðiäíèõ äèôåðåíöiàëüíèõ ðiâíÿíü âiäïîâiäíî òðå-
òüîãî i âîñüìîãî ïîðÿäêiâ ñòîñîâíî η

(1)x
(1−3)st i η

(1)x
13at,

ðîçâ'ÿçêè ÿêèõ çàïèøåìî ó òàêîìó âèãëÿäi:

η
(1)x
(1−3)st=

3∑

i=1

cx
ise

− t
τx

is +

+
µs

1E1t

kBT

(iω)2mx(2) + (iω)mx(1) + mx(0)

(iω)3 + (iω)2mx
2 + (iω)mx

1 + mx
0

,

(4.7)

η
(1)x
at =

8∑

i=1

cx
iae

− t
τx

ia +
µa

1E1t

2kBT

−
7∑

j=0

(iω)jpx(j)

8∑
j=0

(iω)jpx
j

, (4.8)

äå cx
is,a � ñòàëi êîåôiöi¹íòè; τx

is,a � ÷àñè ðåëàêñàöi¨, ÿêi
âèçíà÷àþòüñÿ ñïiââiäíîøåííÿì

τx
is,a = − 1

qx
is,a

,

à qx
is,a � êîðåíi õàðàêòåðèñòè÷íèõ ðiâíÿíü

(qx
s )3 + (qx

s )2mx
2 + (qx

s )mx
1 + mx

0 = 0; (4.9)

(qx
a)5 + (qx

a)4px
4 + (qx

a)3px
3+

+(qx
a)2px

2 + (qx
a)px

1 + px
0 = 0.

(4.10)

Âèðàçè äëÿ êîåôiöi¹íòiâ öèõ ðiâíÿíü íàâåäåíi â
[59].

Äèíàìi÷íó ñïðèéíÿòëèâiñòü ÄÑÎÔ âçäîâæ a-îñi
âèçíà÷àòèìåìî òàê:

χs
11(ω) = χ0s

11 +
µs

1

2v
lim

E1→0

dη
(1)x
(1−3)st

dE1t
=

= χ0s
11 + v̄

(µs
1)

2

v2

1
2T

×

×τx
1sτ

x
2sτ

x
3s[(iω)2mx(2)+(iω)mx(1)+mx(0)]

(1+iωτx
1s)(1+iωτx

2s)(1+iωτx
3s)

=(4.11)

= χ0s
11 +

3∑

j=1

χx
js

1 + iωτx
js

.

Êîìïëåêñíà äiåëåêòðè÷íà ïðîíèêíiñòü äåéòðîí-
íî¨ ñèñòåìè ÄÑÎÔ ìà¹ òàêèé âèãëÿä:

εs
11(ω) = 1 + 4πχs

11(ω) = ε′s11(ω)− iε′′s11(ω), (4.12)

äå

ε′s11(ω) = ε0s
11 +

3∑

j=1

4πχx
js

1 + (ωτx
js)2

,

ε′′s11(ω) =
3∑

j=1

4πχx
jsωτx

js

1 + (ωτx
js)2

.

(4.13)

Äèíàìi÷íà ñïðèéíÿòëèâiñòü ÄÀÑÎÔ âçäîâæ a-îñi
âiäïîâiäíî ìàòèìå âèãëÿä:

χa
11(ω) = χ0a

11 +
µa

1

v
lim

E1t→0

dη
(1)x
13at

dE1t
=

= χ0a
11 + v̄

(µa
1)2

v2

1
T

−
7∑

j=0

(iω)jpx(j)

8∑
j=0

(iω)jpx
j

= (4.14)

= χ0a
11 + v̄

(µa
1)2

v2

1
T

7∑

j=0

[−(iω)jpx(j)]
8∏

j=1

τx
ja

(1 + iωτx
ja)

=

= χ0a
11 +

8∑

j=1

χx
ja

1 + iωτx
ja

.

Âiäïîâiäíî äiåëåêòðè÷íà ïðîíèêíiñòü äåéòðîííî¨
ñèñòåìè ÄÀÑÎÔ

ε′a11(ω) = ε0a
11 +

8∑

j=1

4πχx
ja

1 + (ωτx
ja)2

,

ε′′a11 (ω) =
8∑

j=1

4πχx
jaωτx

ja

1 + (ωτx
ja)2

.

(4.15)

V. Ïîðiâíÿííÿ ðåçóëüòàòiâ ÷èñëîâèõ
ðîçðàõóíêiâ ç âiäïîâiäíèìè
åêñïåðèìåíòàëüíèìè äàíèìè.
Îáãîâîðåííÿ îòðèìàíèõ
ðåçóëüòàòiâ

Ïåðåéäåìî òåïåð äî îïèñó åêñïåðèìåíòàëüíèõ
äàíèõ äëÿ ïîïåðå÷íèõ äèíàìi÷íèõ õàðàêòåðèñòèê
êðèñòàëiâ M(H1−xDx)2XO4 (M = K, Rb, N(H1−xDx)4;
X = P, As) íà îñíîâi îòðèìàíèõ ó ïîïåðåäíiõ
ðîçäiëàõ òåîðåòè÷íèõ ðåçóëüòàòiâ. Âiäçíà÷èìî, ùî
ðîçâèíóòà â ïîïåðåäíiõ ðîçäiëàõ òåîðiÿ, ñòðîãî
êàæó÷è, ñïðàâåäëèâà äëÿ êðèñòàëiâ òèïó MD2XO4.
Åêñïåðèìåíòàëüíi æ äàíi ñòîñóþòüñÿ êðèñòàëiâ
M(H1−xDx)2XO4 iç êîíöåíòðàöiÿìè äåéòåðiþ
x(0 6 x 6 1). Âñòàíîâëåíèé â åêñïåðèìåíòàëü-
íèé ñïîñiá ðåëàêñàöiéíèé õàðàêòåð äèñïåðñi¨ ó
êðèñòàëàõ öüîãî òèïó ε∗33(ν, T ) i ε∗11(ν, T ) [60, 61, 62],
ñëiäóþ÷è [44, 45, 46], ïîâ'ÿçàíèé, íàïåâíî, ç åôåêòîì
ïðèãíi÷åííÿ òóíåëþâàííÿ êîðîòêîñÿæíèìè âçà¹ìî-
äiÿìè. Ó çâ'ÿçêó ç öèì åôåêòàìè òóíåëþâàííÿ ïðî-
òîíiâ íà âîäíåâèõ çâ'ÿçêàõ çíåõòó¹ìî. Ïðè öüîìó
ââàæàòèìåìî, ùî çàïðîïîíîâàíà òåîðiÿ ç óñåðåä-
íåíèìè åôåêòèâíèìè ïàðàìåòðàìè ε(x), w(x),
w1(x), νc(0, x), νa(0, x), µi(x), α(x) ñïðàâåäëèâà
i äëÿ êðèñòàëiâ M(H1−xDx)2XO4. Ââàæà¹ìî, ùî
M(H1−xDx)2XO4 âiäïîâiäàþòü ïàðàìåòðè
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ε(x) = εH(1− x) + εDx,

w(x) = wH(1− x) + wDx,

w1(x) = ∞, (4.1)
µi(x) = µiH(1− x) + µiDx,

äå εH , wH , µiH � ïàðàìåòðè òåîði¨ äëÿ MH2XO4, à
εD, wD; µiD � ïàðàìåòðè äëÿ MD2XO4.

Äëÿ êiëüêiñíî¨ îöiíêè òåìïåðàòóðíèõ i ÷àñòîòíèõ
çàëåæíîñòåé ôiçè÷íèõ õàðàêòåðèñòèê êðèñòàëiâ
M(H1−xDx)2XO4, ðîçðàõîâàíèõ íèæ÷å, íåîáõiäíî
çàäàòè çíà÷åííÿ òàêèõ ïàðàìåòðiâ:

• åíåðãié ïðîòîííèõ i äåéòðîííèõ êîíôiãóðàöié
εH , wH , w1H i εD, wD, w1D âiäïîâiäíî;

• ïàðàìåòðiâ äàëåêîñÿæíî¨ âçà¹ìîäi¨ νa(0)
i νa(kz) ó âèïàäêó êðèñòàëó
N(H1−xDx)4(H1−xDx)2PO4;

• åôåêòèâíèõ äèïîëüíèõ ìîìåíòiâ µ1H , µ1D,
ÿêi ââàæàòèìåìî ëiíiéíèìè ôóíêöiÿìè òåì-
ïåðàòóðè: µ1 = µ0

1 + kµ(T − Tc);

• �çàòðàâî÷íi� äiåëåêòðè÷íi ñïðèéíÿòëèâîñòi
χ0

11H , χ0
11D;

• ïàðàìåòðiâ αH , αD, ùî âèçíà÷àþòü ÷àñî-
âó øêàëó ðåëàêñàöiéíèõ ïðîöåñiâ i ÿêi ââà-
æàòèìåìî ëiíiéíèìè ôóíêöiÿìè òåìïåðàòóðè:
α = [P + R∆T ] · 10−14, ∆T = T − Tc.

Êðiì ïåðåðàõîâàíèõ ïàðàìåòðiâ, â îòðèìàíi
òåîðåòè÷íî âèðàçè ôiçè÷íèõ õàðàêòåðèñòèê âõî-
äèòü îá'¹ì ïðèìiòèâíî¨ êîìiðêè êðèñòàëiâ
M(H1−xDx)2XO4. Âðàõîâóþ÷è ïîðiâíÿíî ñëàáêó
òåìïåðàòóðíó çàëåæíiñòü ñòàëèõ  ðàòêè êðèñòàëiâ
ñiì'¨ KH2PO4 [63], íàìè âèêîðèñòàíi òàêi çíà÷åííÿ
îá'¹ìó ïðèìiòèâíî¨ êîìiðêè äëÿ êðèñòàëiâ
M(H1−xDx)2XO4, îäíàêîâi äëÿ óñiõ çíà÷åíü x:

KH2PO4 � v = 0.1913 · 10−21ñì3 [64], RbH2PO4 �
v = 0.2090 · 10−21ñì3 [65],

KH2AsO4 � v=0.2052 · 10−21ñì3 [63], NH4H2PO4 �
v = 0.2110 · 10−21ñì3 [66].

Áåðó÷è äî óâàãè òåìïåðàòóðíi çàëåæíîñòi ôiçè÷-
íèõ õàðàêòåðèñòèê êðèñòàëiâ M(H1−xDx)2XO4, íà
îñíîâi çàïðîïîíîâàíî¨ ìåòîäèêè [59] çíàéäåíî äëÿ
íèõ îïòèìàëüíi íàáîðè ïàðàìåòðiâ òåîði¨. Îòðèìàíi
çíà÷åííÿ öèõ ïàðàìåòðiâ íàâåäåíi â òàáë. 1�4.

Òàáë. 1. Íàáîðè ïàðàìåòðiâ òåîði¨ äëÿ êðèñòàëiâ K(H1−xDx)2PO4

x Tc
ε

kB

w
kB

νa(0) µ0
1 kµ χ0

11 P R

(K) (K) (K) (K) (esu · cm) ( esu·cm
K ) s s

K

0.00 122.5 56.00 400.0 7.00 4.27 0.0056 0.80 0.55 0.0140
0.64 191.0 79.44 684.0 14.19 5.17 0.0046 0.69 2.82 0.0090
0.84 208.0 86.77 772.8 16.44 5.45 0.0043 0.66 3.52 0.0074
0.93 215.0 90.07 812.8 17.45 5.57 0.0042 0.64 3.84 0.0067

Òàáë. 2. Íàáîðè ïàðàìåòðiâ òåîði¨ äëÿ êðèñòàëiâ RbH2PO4

x Tc
ε

kB

w
kB

νa(0) µ0
1 kµ χ0

11 P R

(K) (K) (K) (K) (esu · cm) ( esu·cm
K ) s s

K

0.00 147.6 60.00 431.0 28.00 3.68 0.0057 1.25 0.60 0.0110

Òàáë. 3. Íàáîðè ïàðàìåòðiâ òåîði¨ äëÿ êðèñòàëiâ KH2AsO4

x Tc
ε

kB

w
kB

νa(0) µ0
1 kµ χ0

11 P R

(K) (K) (K) (K) (esu · cm) ( esu·cm
K ) s s

K

0.00 97.0 35.50 375.0 20.00 4.85 0.0064 0.70 0.65 0.0130

Òàáë. 4. Íàáîðè ïàðàìåòðiâ òåîði¨ äëÿ êðèñòàëiâ N(H1−xDx)4(H1−xDx)2PO4

x TN ε w νa(kz) νa
a(0) µa

1− µa
1+ χ0

11 P R
(K) (K) (K) (K) (K) (esu · cm) (esu · cm) (s) ( s

K )
0.00 148.0 -20.0 470.0 59.88 -40.00 1.70 6.45 0.70 0.95 0.0110
0.98 240.0 -78.8 636.6 87.39 -54.70 1.31 7.29 0.58 5.90 0.0032
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Ðîçãëÿíåìî îñîáëèâîñòi äèñïåðñi¨ êîìïëåêñíî¨
äiåëåêòðè÷íî¨ ïðîíèêíîñòi ε∗11(ν, T ) êðèñòàëiâ
M(H1−xDx)2XO4 ïðè ïðèêëàäàííi ïîïåðå÷íîãî
åëåêòðè÷íîãî ïîëÿ E1. Åêñïåðèìåíòàëüíi äàíi çà

ðiçíèõ çíà÷åíü òåìïåðàòóð i ÷àñòîò äëÿ öèõ êðèñòà-
ëiâ, à òàêîæ ðîçðàõîâàíi íà îñíîâi çàïðîïîíîâàíî¨
òåîði¨ òåìïåðàòóðíi çàëåæíîñòi ε′11(ν, T ) i ε′′11(ν, T ) çà
÷àñòîò âiä ν = 0 Ãö äî 1000 Ãö ïîêàçàíî íà ðèñ. 2�7.
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Ðèñ. 2. Òåìïåðàòóðíà çàëåæíiñòü ε′11 i ε′′11 KH2PO4 çà ðiçíèõ ÷àñòîò ν (ÃÃö): 0 � 〉 [67]; 9.2 − −〉 [60];
138.6−−1, 〉 [61], 〉 [68]; 372.0−−2, 〉 [61]; 576.0−−3, 〉 [61]; 800.0−−5; 1500.0−−6.−−i, ii−−i
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Ðèñ. 3. Òåìïåðàòóðíà çàëåæíiñòü ε′11 i ε′′11 K(H0.36D0.64)2PO4 çà ðiçíèõ ÷àñòîò ν (ÃÃö): 0.0 � 1; 80.0 � 2;
154.2 � 3, 〉 ; 249.0−−4, 〉 ; 372.0−−5, 〉 ; 600.0−−6.−−i[61], ii−−i
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Ðèñ. 4. Òåìïåðàòóðíà çàëåæíiñòü ε′11 i ε′′11 K(H0.16D0.84)2PO4 çà ðiçíèõ ÷àñòîò ν (ÃÃö): 0.0 � 1; 80.0 � 2;
154.2 � 3, 〉 ; 249.0−−4, 〉 ; 372.0−−5, 〉 ; 600.0−−6.−−i[61], ii−−i
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Ðèñ. 5. Òåìïåðàòóðíà çàëåæíiñòü ε′11 i ε′′11 K(H0.07D0.93)2PO4 çà ðiçíèõ ÷àñòîò ν (ÃÃö): 0.0 � 1; 80.0 � 2;
154.2 � 3, 〉 ; 249.0−−4, 〉 ; 372.0−−5, 〉 ; 600.0−−6.−−i[61], ii−−i

Iç ðèñ. 2�5 çðîçóìiëî, ùî ìiêðîòåîðiÿ äà¹ äîáðèé
êiëüêiñíèé îïèñ òåìïåðàòóðíî¨ çàëåæíîñòi ε′11(ν, T )
i ε′′11(ν, T ) äëÿ K(H1−xDx)2PO4 çà âèíÿòêîì [61,
68, 69] äëÿ ε′11(ν, T ) çà x = 0, 0. Ðîçðàõîâàíi çíà-
÷åííÿ ε′11(ν, T ) ó öüîìó âèïàäêó ìåíøi íà ∼ 12 %
âiä åêñïåðèìåíòàëüíèõ äàíèõ. Àëå çàçíà÷èìî, ùî
çíà÷åííÿ ñòàòè÷íî¨ ïðîíèêíîñòi ε11(0, T ) [7, 67, 70]
ìåíøi, íiæ îòðèìàíi â [61, 68, 69] çíà÷åííÿ ε′11(ν, T ),
i ÿêi âèìiðÿíi çà ÷àñòîò, íà ÿêèõ äèñïåðñiÿ ùå íå
ñïîñòåðiãà¹òüñÿ.

Òåìïåðàòóðíèé õiä ε′11(ν, T ) õàðàêòåðèçó¹òüñÿ
â ïàðàåëåêòðè÷íié ôàçi çà T = Tc íåãëèáî-
êèì ìiíiìóìîì, ÿêèé çà çáiëüøåííÿ ÷àñòîòè çìåí-
øó¹òüñÿ. Çà ðîñòó òåìïåðàòóðè âåëè÷èíà ε′11(ν, T )
ïîâiëüíî çðîñòà¹, äîñÿãàþ÷è ìàêñèìóìó, ÿêå çà
ïiäâèùåííÿ ÷àñòîòè çìiùó¹òüñÿ â îáëàñòü âèùèõ
òåìïåðàòóð. Çà çáiëüøåííÿ êîíöåíòðàöi¨ äåéòåðiþ
çíà÷åííÿ ε′ min

11 (ν, T ) çìåíøó¹òüñÿ, íàïðèêëàä, äëÿ
ν = 138, 6 ÃÃö çà x = 0, 0 öÿ âåëè÷èíà äîðiâíþ¹
57,0, çà x = 0, 64 � 42,0, x = 0, 84 � 33,2 i
x = 0, 93 � 31,2. Ó ñåãíåòîåëåêòðè÷íié ôàçi çà
çìåíøåííÿ |∆T | âåëè÷èíà ε′11(ν, T ) äóæå ñëàáêî
çðîñòà¹, à çà |∆T | → 0 ñòðiìêî çáiëüøó¹òüñÿ,

äîñÿãàþ÷è ìàêñèìóìó. Äèñïåðñi¨ ε′11(ν, T ) ó öié ôàçi
ïðàêòè÷íî íå ñïîñòåðiãà¹òüñÿ.

Àíàëîãi÷íà òåìïåðàòóðíà çàëåæíiñòü i ε′′11(ν, T )
ó ñåãíåòîôàçi. Ó ïàðàåëåêòðè÷íié ôàçi çà ÷àñòîò
ñóáìiëiìåòðîâîãî äiàïàçîíó äëÿ ε′′11(ν, T ) âëàñòèâèé
ìiíiìóì çà T=Tc, ÿêèé ó êðèñòàëàõ ç x âiä
0,0 äî ∼ 0, 7 ç ðîñòîì ÷àñòîòè çáiëüøó¹òüñÿ, à
çà íàñòóïíîãî çáiëüøåííÿ x � çìåíøó¹òüñÿ. Çà
çáiëüøåííÿ òåìïåðàòóðè âåëè÷èíà ε′′11(ν, T ) çðîñòà¹,
äîñÿãàþ÷è ìàêñèìóìó, ÿêèé çà x>0, 64 äóæå ñëàá-
êî çàëåæèòü âiä ÷àñòîòè i êîíöåíòðàöi¨ äåéòåðiþ.
Îñêiëüêè êðèâi ε′′11(ν, T ), ÿêi íàëåæàòü äî ðiçíèõ
÷àñòîò, ïåðåòèíàþòüñÿ çà ïåâíèõ ∆T äëÿ âèñîêîäåé-
òåðîâàíèõ êðèñòàëiâ, òî çà çáiëüøåííÿ òåìïåðàòóðè
∆T àíîìàëüíà äèñïåðñiÿ çìiíþ¹òüñÿ íà íîðìàëüíó.

ßê áà÷èìî ç ðèñ. 6, ðîçðàõîâàíi çíà÷åííÿ ε′11(ν, T )
RbH2PO4 äîáðå îïèñóþòü äàíi åêñïåðèìåíòó [78].
Âèìiðþâàííÿ ε′11(ν, T ), âèêîíàíi íà ÷àñòîòi 27 ÃÃö
[71], äàþòü âåëè÷èíè ε′11(ν, T ), ÿêi çíà÷íî áiëüøi
âiä ε11(0, T ) [70]. Íà ÷àñòîòàõ, çà ÿêèõ ïðîâîäèëèñü
äîñëiäæåííÿ â [78], âiäïîâiäàþòü ëèøå ïî÷àòêó
äèñïåðñi¨ ε′11(ν, T ). Åêñïåðèìåíòàëüíi æ [78] êðèâi
ε′′11(ν, T ) ðîçøèòi çíà÷íî ñèëüíiøå, íiæ ðîçðàõîâàíi.
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Ðèñ. 6. Òåìïåðàòóðíà çàëåæíiñòü ε′11 i ε′′11 RbH2PO4 çà ðiçíèõ ÷àñòîò ν (ÃÃö): 27.0 � 1, 〉 [71];
342.0 − −〉 [72]; 381.0 − −2, 〉 [78]; 483.0 − −3, 〉 [78]; 576.0 − −4, 〉 [78]; 1000.0 − −5; 2000.0 − −6; 4000.0 −
−7.−−i, ii−−i
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Ó âèïàäêó êðèñòàëó KH2AsO4 òåìïåðàòóðíà çàëåæíiñòü åêñïåðèìåíòàëüíî îòðèìàíèõ ε′11(ν, T ) i ε′′11(ν, T )
ó [60, 78] àäåêâàòíî âiäòâîðþ¹òüñÿ ðåçóëüòàòàìè ðîçðàõóíêó (ðèñ. 7).
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Ðèñ. 7. Òåìïåðàòóðíà çàëåæíiñòü ε′11 i ε′′11 KH2AsO4 çà ðiçíèõ ÷àñòîò ν (ÃÃö): 9.2 � 1, 〉 [60]; 200.0 − −2;

381.0−−3, 〉 [78]; 483.0−−4, 〉 [78]; 576.0−−5, 〉 [78]; 1000.0−−6.−−i, ii−−i

Ðîçðàõîâàíi é åêñïåðèìåíòàëüíî îòðèìàíi òåì-
ïåðàòóðíi çàëåæíîñòi çà ðiçíèõ ÷àñòîò äiéñíèõ i
óÿâíèõ ÷àñòèí êîìïëåêñíèõ äiåëåêòðè÷íèõ ïðîíèê-
íîñòåé ε∗11(ν, T ) êðèñòàëiâ N(H1−xDx)4(H1−xDx)2PO4

çà x = 0, 0 i x = 0, 98 ïîêàçàíî íà ðèñ. 8, 9.
ßê áà÷èìî, åêñïåðèìåíòàëüíi äàíi ðîáiò [73, 74]
êiëüêiñíî äîáðå îïèñóþòüñÿ çàïðîïîíîâàíîþ òåîði¹þ.

Ðåçóëüòàòè âèìiðþâàíü ó [60, 75] íå êîðåëþþòü iç
äàíèìè, îòðèìàíèìè ó [73, 74, 76]. Çîêðåìà, çíà÷åííÿ
ε′11(ν, T ) [60] çà ν = 9, 2 ÃÃö ¹ áiëüøèìè âiä ñòàòè÷íî¨
äiåëåêòðè÷íî¨ ïðîíèêíîñòi ε11(0, T ) [76] êðèñòàëà
NH4H2PO4. Äèñïåðñiÿ æ ε∗11(ν, T ) ó âèïàäêó x = 0, 98
ó [75] ñïîñòåðiãà¹òüñÿ íà ÷àñòîòàõ ∼ 1010 Ãö, à â
[73, 74] � íà ÷àñòîòàõ ∼ 1011 Ãö.
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Ðèñ. 8. Òåìïåðàòóðíà çàëåæíiñòü ε′11 i ε′′11 NH4H2PO4 çà ðiçíèõ ÷àñòîò ν (ÃÃö): 9.2 � 1, 〉
[60]; 180.0 − −2, 〉 [74]; 300.0 − −3, 〉 [74]; 393.0 − −4, 〉 [74]; 501.0 − −5, 〉 [74]; 1000.0 − −6; 2000.0 − −7. −
−i, ii−−i
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Ðèñ. 9. Òåìïåðàòóðíà çàëåæíiñòü ε′11 i ε′′11 N(H0.02D0.98)4(H0.02D0.98)2PO4 çà ðiçíèõ ÷àñòîò ν (ÃÃö):
0.1 � 1, 〉 [75]; 0.8 − −2, 〉 [75]; 2.0 − −3, 〉 [75]; 4.0 − −4, 〉 [75]; 70.0 − −5; 100.0 − −6;

150.0−−7, 〉 [73, 74]; 210.0−−8,× [73, 74]; 300.0 � 9, 〉 [73, 74]; 540.0−−10, 〉 [73, 74].−−i, ii−−i

Ó òåìïåðàòóðíîìó õîäi ε′11(ν, T ) çà x = 0, 0 i
x = 0, 98 i ε′33(ν, T ) êðèñòàëà ç x = 0, 98 çà ÷àñòîò,
ìåíøèõ âiä äèñïåðñiéíèõ, çà T = TN ñïîñòåðiãà¹òüñÿ
ìàêñèìóì, à çà áiëüøèõ � íåãëèáîêèé ìiíiìóì. Çà
çáiëüøåííÿ ÷àñòîòè ìàêñèìàëüíi çíà÷åííÿ âêàçàíèõ
ïðîíèêíîñòåé çìåíøóþòüñÿ i ïåðåìiùàþòüñÿ â îá-
ëàñòü áiëüøèõ ∆T . Çà òåìïåðàòóðè T = TN çíà-
÷åííÿ ε′33(ν, T ) êðèñòàëà NH4H2PO4 íàáóâà¹ ìàêñè-
ìàëüíîãî çíà÷åííÿ, à çà çáiëüøåííÿ ∆T âåëè÷èíà
ε′33(ν, T ) çìåíøó¹òüñÿ â óñüîìó iíòåðâàëi ÷àñòîò.

Çà òåìïåðàòóðè ôàçîâîãî ïåðåõîäó óÿâíà ÷àñ-
òèíà ïðîíèêíîñòi ε′′33(ν, T ) çà x = 0, 0 íàáóâà¹
íàéáiëüøîãî çíà÷åííÿ çà óñiõ ÷àñòîòàõ. Ìàêñèìàëü-
íèìè çà T = TN ¹ çíà÷åííÿ ε′′11(ν, T ) äëÿ x = 0, 0 i

x = 0, 98, à òàêîæ ε′′33(ν, T ) çà x = 0, 98, àëå çà âèñîêèõ
÷àñòîò çà òåìïåðàòóðè ïåðåõîäó ç'ÿâëÿ¹òüñÿ ìiíiìóì
óÿâíî¨ ÷àñòèíè ïðîíèêíîñòi.

Ðîçðàõîâàíi íà îñíîâi çàïðîïîíîâàíî¨ òåîði¨
÷àñòîòíi çàëåæíîñòi ε′11(ν, T ) i ε′′11(ν, T ) çà ðiçíèõ
òåìïåðàòóð ∆T äîáðå îïèñóþòü åêñïåðèìåíòàëüíi
äàíi ðîáiò [61], [78] äëÿ K(H1−xDx)2PO4, RbH2PO4

i KH2AsO4 i ðåçóëüòàòè âèìiðþâàíü ε∗11(ν, T ) [60]
äëÿ KH2AsO4 (ðèñ. 10�15). Äåùî ãiðøå óçãîäæåííÿ
òåîði¨ i äàíèõ åêñïåðèìåíòiâ [60, 68] äëÿ ÷àñòîòíîãî
õîäó ε′11(ν, T ) îòðèìàíî çà x = 0, 0 i x = 0, 63 äëÿ
K(H1−xDx)2PO4 (ðèñ. 10�11) i äëÿ ε∗11(ν, T ) [71, 72]
êðèñòàëà RbH2PO4 (ðèñ. 14).
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Ðèñ. 10. ×àñòîòíà çàëåæíiñòü ε′11 i ε′′11 KH2PO4 çà ðiçíèõ òåìïåðàòóð ∆T(K): 1 � 1, 〉 [68], 〉 [61], 〉 [60];
50−−2, 〉 [68], 〉 [61], 〉 [60]; 100−−3, 〉 [68], 〉 [61], 〉 [60]; 173−−4, 〉 [68].−−i, ii−−i
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Ðèñ. 11. ×àñòîòíà çàëåæíiñòü ε′11 i ε′′11 K(H0.36D0.64)2PO4 çà ðiçíèõ òåìïåðàòóð ∆T(K) [61]: 1 � 1, 〉 ;

50 − −2, 〉 ; 100 − −3, 〉 ; K(H0.37D0.63)2PO4 çà ðiçíèõ òåìïåðàòóð ∆T(K) [77]: 1 � 1, 〉 ; 50 − −2, 〉 ;

100−−3, 〉 .−−i, ii−−i
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Ðèñ. 12. ×àñòîòíà çàëåæíiñòü ε′11 i ε′′11 K(H0.16D0.84)2PO4 çà ðiçíèõ òåìïåðàòóð ∆T(K) [61]: 1 � 1, 〉 ;

50−−2, 〉 ; 100−−3, 〉 .−−i, ii−−i
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Ðèñ. 13. ×àñòîòíà çàëåæíiñòü ε′11 i ε′′11 K(H0.07D0.93)2PO4 çà ðiçíèõ òåìïåðàòóð ∆T(K) [61]: 1 � 1, 〉 ;

50 − −2, 〉 ; 100 − −3, 〉 ; K(H0.09D0.91)2PO4 ïðè ðiçíèõ òåìïåðàòóðàõ ∆T(K)[77]: 1 � 1, 〉 ; 50 − −2, 〉 ;

100−−3, 〉 .−−i, ii−−i
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Ðèñ. 14. ×àñòîòíà çàëåæíiñòü ε′11 i ε′′11 RbH2PO4 çà ðiçíèõ òåìïåðàòóð ∆T(K): 1 � 1, 〉 [78], 〉 [72], 〉 [71];
10−−2, 〉 [78], 〉 [72], 〉 [71]; 80−−3, 〉 [78], 〉 [72], 〉 [71]; 150−−4, 〉 [78], 〉 [72], 〉 [71].−−i, ii−−i
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Ðèñ. 15. ×àñòîòíà çàëåæíiñòü ε′11 i ε′′11 KH2AsO4 çà ðiçíèõ òåìïåðàòóð ∆T(K): 5 � 1, 〉 [78], 〉 [60];
20−−2, 〉 [78], 〉 [60]; 50−−3, 〉 [78], 〉 [60]; 100−−4, 〉 [78], 〉 [60].−−i, ii−−i

×àñòîòíi çàëåæíîñòi ε∗11(ν, T ) çà x = 0, 0 i x = 0, 98 êðèñòàëà N(H1−xDx)4(H1−xDx)2PO4, ÿêi îòðèìàíi
íà îñíîâi çàïðîïîíîâàíî¨ òåîði¨, à òàêîæ äàíi åêñïåðèìåíòó ïîêàçàíî íà ðèñ. 16, 17. ßê áà÷èìî, ðîçðàõîâàíi
÷àñòîòíi çàëåæíîñòi ε∗11(ν, T ) çà ðiçíèõ òåìïåðàòóð ∆T äîáðå êiëüêiñíî îïèñóþòü åêñïåðèìåíòàëüíi äàíi.
Âiäçíà÷èìî, ùî åêñïåðèìåíòàëüíî îòðèìàíi ÷àñòîòíi çàëåæíîñòi ε∗11(ν, T ) äëÿ x = 0, 98 [74] âiäïîâiäàþòü
îáëàñòi äèñïåðñi¨, à äëÿ x = 0, 0 � äîäèñïåðñiéíié îáëàñòi.
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Ðèñ. 16. ×àñòîòíà çàëåæíiñòü ε′11 i ε′′11 NH4H2PO4 çà ðiçíèõ òåìïåðàòóð ∆T(K) [74]: 0.0 � 1; 1.0 � 2, 〉 ;

35.0−−3, 〉 ; 87.0−−4, 〉 .−−i, ii−−i
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Ðèñ. 17. ×àñòîòíà çàëåæíiñòü ε′11 i ε′′11 N(H0.02D0.98)4(H0.02D0.98)2PO4 çà ðiçíèõ òåìïåðàòóð ∆T(K) [73, 74]:
0.0 � 1; 14.0 � 2, 〉 ; 41.0−−3, 〉 ; 62.0−−4, 〉 ; 101.0−−5, 〉 .−−i, ii−−i

Çà ðîñòó ∆T ÷àñòîòà äèñïåðñi¨ ε∗11(ν, T ) êðèñòàëiâ
KH2PO4 i RbH2PO4 íå çìiíþ¹òüñÿ, à â KH2AsO4

i NH4H2PO4 � íåçíà÷íî çðîñòà¹, à çáiëüøåííÿ
êîíöåíòðàöi¨ äåéòåðiþ x ó K(H1−xDx)2PO4 i
N(H1−xDx)4(H1−xDx)2PO4 ïðèâîäèòü äî çíà÷íîãî
ðîñòó ÷àñòîòè äèñïåðñi¨. Çà çáiëüøåííÿ ∆T ìàêñè-
ìàëüíå çíà÷åííÿ ε′′11(ν, T ) çìåíøó¹òüñÿ.

×àñòîòè äèñïåðñi¨ νT êðèñòàëiâ Ì(H1−xDx)2PO4

çà ∆T = +0 K i çíà÷åííÿ ε′max
11 íàâåäåíi â òàáë. 5.

ßê çðîçóìiëî iç öi¹¨ òàáëèöi, içîìîðôíå çàìiùåííÿ K
→ Rb ìàéæå íå çìiíþ¹ ÷àñòîòè äèñïåðñi¨ ε∗11(ν, T ), à
çíà÷åííÿ ε′11(ν, T ) i ε′′11(ν, T ) çìåíøóþòüñÿ ∼ íà 26 %.
ßêùî P → As, òî ÷àñòîòà äèñïåðñi¨ çìåíøó¹òüñÿ, à
âåëè÷èíà ε∗11(ν, T ) çðîñòà¹ ìàéæå âäâi÷i.

Òàáë. 5. ×àñòîòà äèñïåðñi¨ νT êðèñòàëiâ Ì(H1−xDx)2PO4 i çíà÷åííÿ ε′′max
11

K(H1−xDx)2PO4 RbH2PO4 K(H1−xDx)2AsO4

x=0.00 x=0.64 x=0.84 x=0.93
ν1, ÃÃö 1935 251 174 150 1893 599
ε
′′max
11 23.3 23.5 24.2 24.6 17.2 51.4

Çà çáiëüøåííÿ êîíöåíòðàöi¨ äåéòåðiþ x â êðèñ-
òàëàõ Ì(H1−xDx)2PO4 ÷àñòîòà äèñïåðñi¨ νT çìåíøó-
¹òüñÿ, à çíà÷åííÿ ε′′max

11 íåçíà÷íî çáiëüøó¹òüñÿ, à
â N(H1−xDx)4(H1−xDx)2PO4 � çìåíøó¹òüñÿ. Çàìiíà
K → N(H1−xDx)4 ïðèâîäèòü äî çìåíøåííÿ ÷àñòîòè
ðåëàêñàöi¨.

VI. Âèñíîâêè
Ó öié ðîáîòi íà îñíîâi çàïðîïîíîâàíî¨ óíiôiêîâàíî¨

ìîäåëi ïðîòîííîãî âïîðÿäêóâàííÿ â ñåãíåòîàêòèâíèõ
ñïîëóêàõ ç âîäíåâèìè çâ'ÿçêàìè ñiì'¨ KH2PO4

â íàáëèæåííi ÷îòèðè÷àñòèíêîâîãî êëàñòåðà ç
âðàõóâàííÿì êîðîòêîñÿæíèõ i äàëåêîñÿæíèõ âçà¹-
ìîäié ðîçðàõîâàíî ¨õ ïîïåðå÷íi äèíàìi÷íi õàðàê-

òåðèñòèêè. Ðîçðàõóíîê ôiçè÷íèõ õàðàêòåðèñòèê
÷àñòêîâî äåéòåðîâàíèõ ñïîëóê MH2XO4 ïðîâåäåíî
â íàáëèæåííi ñåðåäíüîãî êðèñòàëà. Ïðîâåäåíî  ðóí-
òîâíèé ÷èñëîâèé àíàëiç îòðèìàíèõ ðåçóëüòàòiâ i
ïîêàçàíî, ùî çà íàëåæíîãî âèáîðó ïàðàìåòðiâ òåî-
ði¨, çàïðîïîíîâàíà òåîðiÿ äà¹ äîáðèé êiëüêiñíèé îïèñ
íàÿâíèõ äëÿ öèõ ñïîëóê åêñïåðèìåíòàëüíèõ äàíèõ.

Âàðòî âiäçíà÷èòè, ùî íà îñíîâi çàïðîïîíîâà-
íî¨ íàìè óíiôiêîâàíî¨ ìîäåëi ïðîòîííîãî âïîðÿä-
êóâàííÿ ó [56] ïðîâîäèëèñü ðîçðàõóíêè ôiçè÷íèõ
õàðàêòåðèñòèê ìàòåðiàëiâ òèïó Rb1−x(NH4)xH2PO4.
Îòðèìàíî çàäîâiëüíèé êiëüêiñíèé îïèñ òåìïåðàòóðíî¨
ïîâåäiíêè äiåëåêòðè÷íèõ ïðîíèêíîñòåé ñïîëóê
K1−x(ND4)xD2PO4 i Rb1−x(NH4)xH2AsO4 çà
ðiçíèõ ÷àñòîò.
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TRANSVERSE DYNAMICAL PROPERTIES OF THE KH2PO4

FAMILY COMPOUNDS. UNIFIED MODEL
R.R. Levitskya, A.S. Vdovycha, I.R. Zachekb

aInstitute for Condensed Matter Physics of National Academy of Sciences of Ukraine,
1 Svientsitskii St., UA-290011 Lviv, Ukraine.
bNational University �Lvivska Politekhnika�,
12 Bandera St, UA-79013 Lviv, Ukraine

Within the proposed uni�ed model for ferroelectric KH2PO4 family compounds transverse
dynamic characteristics of the KD2PO4 type ferroelectrics and the ND4D2PO4 type antiferro-
electrics are calculated in the four-particle cluster approximation taking into account short-range
and long-range interactions. Substantial numerical analysis of the obtained results is carried out
and proper choice of a parameter set provides correct description of the present experimental
data for K(H1−xDx)2PO4 type ferroelectrics and N(H1−xDx)4(H1−xDx)2PO4 type antiferro-
electrics is found.
Keywords: cluster approximation, transverse dynamic permittivity, relaxation times.
PACS: 77.22.Ch, 77.80.-e, 77.84.Fa.
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