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Äèñåðòàöiéíà ðîáîòà ïðèñâÿ÷åíà äîñëiäæåííþ ïðîöåñó ïîøèðåííÿ

ïîâåðõíåâèõ ïëàçìîí-ïîëÿðèòîíèõ õâèëü â ãåòåðîãåííèõ ñòðóêòóðàõ äiåëå-

êòðèê/ìåòàë/äiåëåêòðèê íà ãðàíèöi äiåëåêòðèê/ìåòàë òà âïëèâó íà íèõ

òîâùèíè ìåòàëåâîãî ïðîøàðêó, óìîâè åëåêòðîíåéòðàëüíîñòi òà êóëîíiâñüêèõ

êîðåëÿöié åëåêòðîíiâ ìåòàëó.

Øëÿõîì ìàòåìàòè÷íîãî ìîäåëþâàííÿ çàëåæíîñòi ÷àñòîòè âiä õâèëüîâîãî

âåêòîðà ðîçãëÿíóòî ðiçíi ìåòàëåâi ïðîøàðêè, òàêi ÿê ñðiáëî (Ag), çîëîòî

(Au), àëþìiíié (Al), äëÿ ÿêèõ õàðàêòåðíà âèñîêà êîíöåíòðàöiÿ íîñi¨â çàðÿäó.

Öi ìåòàëåâi ïðîøàðêè çàòèñíóòi ìiæ äiåëåêòðèêàìè, ÿêèìè ìîæóòü áóòè

âàêóóì, SiO2 ÷è iíøi ïîëiìåðíi ñïîëóêè òîùî. Äëÿ çíàõîäæåííÿ ÷àñòîòíîãî

ñïåêòðó (àáî äèñïåðñiéíîãî ñïåêòðó) â óñiõ âèïàäêàõ ïî÷àòêîâî ðîçâ'ÿçó¹òüñÿ

ñèñòåìà ìàêðîñêîïi÷íèõ ðiâíÿíü Ìàêñâåëà äëÿ êîæíîãî îêðåìî âçÿòîãî

ñåðåäîâèùà. Çàñòîñóâàâøè iíòåãðàëüíå ïåðåòâîðåííÿ Ôóð'¹ ñïî÷àòêó çà

÷àñîâîþ çìiííîþ t, à ïîòiì i çà êîîðäèíàòàìè (x, y) â ïëîùèíi ìåòàëåâîãî

ïðîøàðêó äà¹ â ðåçóëüòàòi ñèñòåìó õâèëüîâèõ ðiâíÿíü. Ó âèïàäêàõ, êîëè

ìåòàëåâèé ïðîøàðîê ðîçãëÿäà¹òüñÿ ÿê äâîâèìiðíà åëåêòðîííà ñèñòåìà

äiåëåêòðè÷íà ïðîíèêíiñòü ÿêî¨ çàëåæèòü òiëüêè âiä ÷àñîâî¨ çìiííî¨/÷àñòîòè

(ñèñòåìà õàðàêòåðèçó¹òüñÿ òiëüêè ÷àñîâîþ äèñïåðñi¹þ), õâèëüîâå ðiâíÿííÿ

â îáëàñòi ìåòàëó ìà¹ àíàëiòè÷íèé ðîçâ'ÿçîê. Ó âèïàäêàõ, êîëè æ

äiåëåêòðè÷íà ïðîíèêíiñòü ìåòàëó ¹ òàêîæ ôóíêöi¹þ êîîðäèíàò (ñèñòåìi

âëàñòèâà ïðîñòîðîâà äèñïåðñiÿ) äëÿ îòðèìàííÿ àíàëiòè÷íîãî ðîçâ'ÿçêó

íåîáõiäíî ôîðìóëþâàòè äîäàòêîâi ìîäåëüíi ïðèïóùåííÿ. Îòðèìàíi ðîçâ'ÿçêè,

â êîæíîìó ç îïèñàíèõ âèïàäêiâ, çøèâàþòüñÿ ìiæ ñîáîþ âèêîðèñòîâóþ÷è

óìîâè íåïåðåðâíîñòi åëåêòðîìàãíiòíèõ ïîëiâ íà ãðàíèöÿõ ñåðåäîâèù. Iç öèõ



óìîâ â ïîäàëüøîìó îòðèìó¹òüñÿ äèñïåðñiéíå ðiâíÿííÿ äëÿ îá÷èñëåííÿ çíà÷åíü

÷àñòîòíîãî ñïåêòðó ïëàçìîíiâ.

Äëÿ çíàõîäæåííÿ ÷àñòîòíîãî ñïåêòðó ïëàçìîííèõ õâèëü âàæëèâî

çìîäåëþâàòè ìåòàëåâèé ïðîøàðîê [80]. Ó çíà÷íié êiëüêîñòi ðîáiò ç

äîñëiäæåííÿ ïîøèðåííÿ ïëàçìîííèõ õâèëü ç öi¹þ ìåòîþ âèêîðèñòîâó¹òüñÿ

êëàñè÷íà òåîðiÿ Äðóäå-Ëîðåíöà. Ïîïðè âñi íåäîëiêè öi¹¨ ìîäåëi [80, 81],

çîêðåìà íåõòóâàííÿ âçà¹ìîäi¹þ åëåêòðîíiâ òà iîíiâ  ðàòêè, ïðèïóùåííÿ, ùî

äîâæèíà âiëüíîãî ïðîáiãó åëåêòðîíiâ íå çàëåæèòü âiä òåìïåðàòóðè, öÿ ìîäåëü

äëÿ ìåòàëåâèõ ïðîøàðêiâ, òîâùèíà ÿêèõ íå ¹ íàíîðîçìiðíîþ, äà¹ äîâîëi

õîðîøå óçãîäæåííÿ ç åêñïåðèìåíòàëüíèìè äàíèìè. Ïðè ìàòåìàòè÷íîìó

ìîäåëþâàííi íà ïåðøîìó åòàïi ïëàçìîííèé ñïåêòð ðîçðàõîâàíî äëÿ ìîäåëi

Äðóäå òà ïîðiâíÿíî iç ðåçóëüòàòàìè, îòðèìàíèìè äëÿ êâàíòîâî¨ ìîäåëi

õàîòè÷íèõ ôàç (RPA). Ìåòàëåâèé ïðîøàðîê, â öüîìó âèïàäêó, ðîçãëÿíóòî

ÿê 2D åëåêòðîííó ñèñòåìó ïëîùà ÿêî¨ ¹ áåçìåæíî âåëèêîþ â ïîðiâíÿííi

ç ðîçìiðîì äîñëiäæóâàíî¨ ñèñòåìè âçäîâæ OZ. Ðåçóëüòàòè ìîäåëþâàííÿ

ïîêàçàëè, ùî äëÿ ìàëèõ çíà÷åíü õâèëüîâîãî âåêòîðà çíà÷åííÿ ÷àñòîòíîãî

ñïåêòðó â îáîõ âèïàäêàõ ïðàêòè÷íî ñïiâïàäàþòü, ïðîòå çíà÷íî âiäðiçíÿþòüñÿ

äëÿ áiëüøèõ çíà÷åíü õâèëüîâîãî âåêòîðà. Öi ðåçóëüòàòè óçãîäæóþòüñÿ ç

ðåçóëüòàòàìè îòðèìàíèìè â iíøèõ ïðàöÿõ îãëÿíóòèìè â õîäi âèêîíàííÿ öüîãî

äîñëiäæåííÿ.

Íàñòóïíèì çàâäàííÿì öi¹¨ ðîáîòè áóëî äîñëiäæåííÿ âïëèâó ïðîñòîðîâî¨

äèñïåðñi¨ íà ïîâåäiíêó ÷àñòîòíîãî ñïåêòðó, çîêðåìà äëÿ âèïàäêó àòîìíî-

òîíêèõ ìåòàëåâèõ ïëiâîê. Ó öié ìîäåëi ìåòàë ðîçãëÿäà¹òüñÿ ÿê åëåêòðîííèé

ãàç ïîìiùåíèé ó ïîòåíöiàëüíó ÿìó, ñòiíêàìè ÿêî¨ ¹ äiåëåêòðè÷íi ñåðåäîâèùà.

Öÿ ìîäåëü äîçâîëÿ¹ äîñëiäèòè çàëåæíiñòü äiåëåêòðè÷íî¨ ïðîíèêíîñòi âiä

z êîîðäèíàòè òà âðàõóâàòè çàëåæíiñòü ïîâåäiíêè ÷àñòîòíîãî ñïåêòðó âiä

òîâùèíè ìåòàëó. Îñêiëüêè, â çàïðîïîíîâàíié ìàòåìàòè÷íié ìîäåëi ïîøèðåííÿ

ïëàçìîííèõ õâèëü, ÿê óæå çàçíà÷àëîñü, äèñïåðñiéíå ðiâíÿííÿ çàëåæèòü âiä

ðîçâ'ÿçêó õâèëüîâîãî ðiâíÿííÿ, òî äëÿ îòðèìàííÿ àíàëiòè÷íèõ ¨õ ðîçâ'ÿçêiâ

çàñòîñîâàíî ðîçêëàä ìàãíiòíî¨ íàïðóæåíîñòi ïîëÿ çà ìàëèì ïàðàìåòðîì, äå

ó ðîëi ìàëîãî ïàðàìåòðó âçÿòî âiäíîøåííÿ ìiæ ðåàëüíîþ äiåëåêòðè÷íîþ

ïðîíèêíiñòþ òà ¨¨ óñåðåäíåííÿì ïî z êîîðäèíàòi. Ðåçóëüòàòè îòðèìàíi

ç äîïîìîãîþ ìàòåìàòè÷íîãî ìîäåëþâàííÿ äëÿ ñòðóêòóðè ïàðàìåòðè ÿêî¨



âiäïîâiäàþòü ãåòåðîãåííié ïëàçìîííié êîíôiãóðàöi¨ SiO2/Ag/Si ïîêàçóþòü,

ùî äëÿ ìåòàëåâèõ ïëiâîê, òîâùèíà ÿêèõ âèìiðþ¹òüñÿ â àòîìíèõ ìîíîøàðàõ,

ðåçóëüòàòè äëÿ ìîäåëi ïîáóäîâàíî¨ òóò êðàùå óçãîäæóþòüñÿ ç åêñïåðèìåí-

òàëüíèìè äàíèìè â ïîðiâíÿííi ç ìîäåëëþ Äðóäå òà ïðè çáiëüøåíi êiëüêîñòi

ìîíîøàðiâ ïðÿìó¹ çíèçó äî çíà÷åíü ðîçðàõîâàíèõ â ðàìêàõ ìîäåëi Äðóäå äëÿ

îäíàêîâèõ ôiçè÷íèõ ïàðàìåòðiâ îáëàñòåé äîñëiäæóâàíèõ ñòðóêòóð.

Ïîïðè òå, ùî ïîáóäîâà ìîäåëi, ÿêà äîçâîëèëà âèâ÷èòè âïëèâ òîâùèíè

ìåòàëó íà ÷àñòîòíèé ñïåêòð ïëàçìîííèõ õâèëü íàáëèçèëà ðåçóëüòàòè

ìîäåëþâàííÿ äî åêñïåðèìåíòàëüíèõ äàíèõ, ïîäàëüøå ïîêðàùåííÿ ðåçóëüòàòiâ

ìîäåëþâàííÿ âèÿâèëîñü íåîáõiäíèì. Äëÿ öüîãî áóëî ðîçãëÿíóòî äîäàòêîâi

ìîäåëüíi ïðèïóùåííÿ ùîäî òîãî, ÿêi ôiçè÷íi ÿâèùà òà ïðîöåñè ìîæóòü êðàùå

îïèñàòè îá'¹êò äîñëiäæåííÿ òà ïîêðàùèòè îòðèìàíi ðåçóëüòàòè. Ïðèíàãiäíî

íåîáõiäíî çàóâàæèòè, ùî óñi íàñòóïíi ðîçãëÿíóòi ôiçè÷íi ïðîöåñè ìàþòü

êâàíòîâó ïðèðîäó òà ïîâ'ÿçàíi ç ïîâåäiíêîþ åëåêòðîíiâ â ìåòàëåâié ñèñòåìi

òà ¨õíiì ïðîíèêíåííÿì â çîíè äiåëåêòðèêiâ íà ãðàíèöÿõ äîòèêó ç ìåòàëåâèì

ïðîøàðêîì.

Ç ÷èñëåííèõ äîñëiäæåíü âiäîìî, ùî äëÿ íàíîðîçìiðíèõ àòîìíî-òîíêèõ

ìåòàëåâèõ ïëiâîê êâàíòîâî ðîçìiðíi åôåêòè âiäiãðàþòü ñóòò¹âó ðîëü â

ïîâåäiíöi ìåòàëåâî¨ ñèñòåìè òîìó ëîãi÷íèì ¹ ïðèïóùåííÿ, ùî âðàõóâàííÿ

öèõ åôåêòiâ òàê ñàìî âïëèíóòü íà ïîâåäiíêó ïëàçìîííî¨ õâèëi, ÿêà

ïîøèðþ¹òüñÿ ïî ïîâåðõíi ìåòàëó. Ïî÷àòêîâî çàïðîïîíîâàíî ðîçãëÿíóòè âïëèâ

ïðîíèêíåííÿ åëåêòðîíiâ â øàð äiåëåêòðèêà ÷åðåç êîðåêòíå âðàõóâàííÿ

óìîâè åëåêòðîíåéòðàëüíîñòi â ðàìêàõ ìîäåëi �æåëå� äëÿ ñèñòåìè åëåêòðîíiâ

÷åðåç äîâåäåíèé ôàêò, ÿêèé ïîëÿãà¹ â òîìó, ùî øèðèíà ïîòåíöiàëüíî¨ ÿìè

¹ áiëüøîþ âiä òîâùèíè ìåòàëó. Ó ðiçíèõ ðîçâiäêàõ ïîêàçàíî, ùî òàêå

âðàõóâàííÿ âåäå äî îòðèìàííÿ êîðåêòíèõ çíà÷åíü äëÿ õiìi÷íîãî ïîòåíöiàëó

µ òà îñöèëÿöiéíî¨ êàðòèíè éîãî ïîâåäiíêè â çàëåæíîñòi âiä òîâùèíè ìåòàëó.

Îñêiëüêè âiä õiìi÷íîãî ïîòåíöiàëó çàëåæàòü çíà÷åííÿõ õâèëüîâîãî âåêòîðà

Ôåðìi, ÿêèé â ñâîþ ÷åðãó âèçíà÷à¹ ÷èñëî ðiâíiâ ðîçìiðíîãî êâàíòóâàííÿ

â ìåòàëi. Çàñòîñóâàííÿ îïèñàíî¨ ìîäåëi äî ðîçðàõóíêiâ ïàðàìåòðiâ ñèñòåìè

ïîêàçàëè çíà÷íå ïîêðàùåííÿ óçãîäæåííÿ iç åêñïåðèìåíòàëüíèìè äàíèìè äëÿ

SiO2Ag/Si òà, áiëüø òîãî, ïîêàçàíî, ùî ÷àñòîòíèé ñïåêòð ïëàçìîíà ïîâòîðþ¹

çàëåæíó âiä òîâùèíè õàðàêòåðíó îñöèëÿöiéíó ïîâåäiíêó õiìi÷íîãî ïîòåíöiàëó.



Äîäàòêîâî ïîêàçàíî, ùî õàðàêòåð òàêî¨ êàðòèíè â çíà÷íié ìiði çàëåæèòü âiä

êîíöåíòðàöi¨ âiëüíèõ íîñi¨â çàðÿäó â ìåòàëi. Òàêîæ âiäçíà÷à¹òüñÿ ïîìiòíå

çàòóõàííÿ àìïëiòóäè îñöèëÿöié çi çáiëüøåííÿì òîâùèíè ìåòàëåâî¨ ïëiâêè.

Ïîäàëüøå óäîñêîíàëåííÿ ìîäåëi ïîëÿãà¹ ó ñïðîái âðàõóâàòè âïëèâ

åëåêòðîí-åëåêòðîííî¨ âçà¹ìîäi¨ (êóëîíiâñüêèõ êîðåëÿöié). Â óìîâàõ îïèñàíèõ

ðàíiøå äîñëiäæåíî åëåêòðîííó ñèñòåìó òà çíàéäåíî çíà÷åííÿ äëÿ õiìi÷íîãî

ïîòåíöiàëó ç âðàõóâàííÿì öi¹¨ âçà¹ìîäi¨. Âàðòî òóò îäðàçó çàçíà÷èòè,

ùî ðîçãëÿä âïëèâó êîðåëÿöié îáìåæó¹òüñÿ òóò ¨õ âêëàäîì ó õiìi÷íèé

ïîòåíöiàë òà íåõòó¹òüñÿ öèì âêëàäîì â óñi iíøi ïàðàìåòðè ñèñòåìè.

Îòðèìàíi ðåçóëüòàòè ìàòåìàòè÷íîãî ìîäåëþâàííÿ äàþòü äîáðå óçãîäæåííÿ

ç åêñïåðèìåíòàëüíèìè äàíèìè ïåðåäîâñiì çà ðàõóíîê òîãî, ùî ðîçðàõîâàíi

çíà÷åííÿ äëÿ õiìi÷íîãî ïîòåíöiàëó àòîìíî-òîíêî¨ ìåòàëåâî¨ ïëiâêè íàéêðàùå

âiäïîâiäàþòü ðåàëüíèì äàíèì. Âiäìi÷åíà âèùå îñöèëÿöiéíà ïîâåäiíêà

÷àñòîòíîãî ñïåêòðó ñïîñòåðiãà¹òüñÿ i â öèõ óìîâàõ, àëå õàðàêòåðèçó¹òüñÿ

çíà÷íî áiëüøî¨ àìïëiòóäîþ â çàëåæíîñòi âiä òîâùèíè ìåòàëåâî¨ ïëiâêè òà,

âiäïîâiäíî, êiëüêîñòi ðiâíiâ ðîçìiðíîãî êâàíòóâàííÿ.

Ñóòü äîñëiäæåííÿ ïîøèðåííÿ ïëàçìîí-ïîëÿðèòîííèõ õâèëü â ñòðóêòóðàõ

äiåëåêòðèê/ìåòàë/äiåëåêòðèê â öié ðîáîòi ïîëÿãà¹ ó ïîñëiäîâíîìó ïðîöåñi

ïîáóäîâè ìàòåìàòè÷íî¨ ìîäåëi, ïî÷èíàþ÷è âiä ðîçãëÿäó ìåòàëåâîãî ïðîøàðêó

ÿê 2D ïðîâiäíî¨ ñèñòåìè òà çàñòîñóâàííÿ êëàñè÷íèõ i êâàçiêëàñè÷íèõ ìîäåëåé

ïðîâiäíîñòi äî âðàõóâàííÿ â ôóíêöi¨ äiåëåêòðè÷íî¨ ïðîíèêíîñòi êâàíòîâèõ

åôåêòiâ, ÿêi ðàíiøå íå áðàëèñü äî óâàãè. Òàêèé ïiäõiä äîçâîëèâ ïîêàçàòè ÿê

i â ÿêèõ óìîâàõ äîñòàòíiì ¹ âèêîðèñòàííÿ êëàñè÷íèõ ïiäõîäiâ i ÿêi ¹ ¨õ ìåæi

çàñòîñóâàííÿ, òà ïðè ÿêèõ óìîâàõ âàðòî óñêëàäíþâàòè ìàòåìàòè÷íó ìîäåëü

åôåêòàìè, ÿêi âàæëèâi òiëüêè äëÿ ñèñòåì iç ïåâíîþ ðîçìiðíiñòþ. Ïîêàçàíî,

ùî âðàõóâàííÿ ïðîñòîðîâî¨ äèñïåðñi¨ òà êîðåêòíå çàñòîñóâàííÿ óìîâè

åëåêòðîíåéòðàëüíîñòi äëÿ íàáëèæåííÿ íåçàëåæíèõ åëåêòðîíiâ äà¹ ïîìiòíî

êðàùå óçãîäæåííÿ ç åêñïåðèìåíòîì òà âèÿâëÿ¹ ñïåöèôi÷íó õàðàêòåðíó

ïîâåäiíêó ÷àñòîòíîãî ñïåêòðó. Âiäõiä æå âiä ðîçãëÿäó åëåêòðîííî¨ ñèñòåìè ÿê

íåâçà¹ìîäiþ÷î¨, à òî÷íiøå, âðàõóâàííÿ êóëîíiâñüêèõ êîðåëÿöié, äà¹ íàéêðàùå

óçãîäæåííÿ ç-ïîìiæ óñiõ ðîçðîáëåíèõ ó öié ðîáîòi ìîäåëåé. Îñíîâíèì

ïðàêòè÷íèì çäîáóòêîì ïðîâåäåíîãî äîñëiäæåííÿ ¹ âñòàíîâëåííÿ ôàêòó,

ùî äëÿ àòîìíî-òîíêèõ ìåòàëåâèõ ïëiâîê íåîáõiäíî âðàõîâóâàòè êâàíòîâó



ïðèðîäó ïîâåäiíêè åëåêòðîíiâ â ìåòàëi i öå äîçâîëÿ¹ êðàùå ðîçóìiòè ïðèðîäó

äîñëiäæóâàíîãî ïðîöåñó òà îòðèìàòè ÿêiñíî òà êiëüêiñíî êðàùi ðåçóëüòàòè.

Êëþ÷îâi ñëîâà: ïëàçìîíiêà, ïîâåðõíåâi ïëàçìîí-ïîëÿðèòîíè, äèñïåðñiéíå

ðiâíÿííÿ, äiåëåêòðè÷íà ïðîíèêíiñòü ìåòàëó, àòîìíî-òîíêà ìåòàëåâà ïëiâêà,

ìàòåìàòè÷íå ìîäåëþâàííÿ ïîøèðåííÿ ïîâåðõíåâèõ ïëàçìîí-ïîëÿðèòîíiâ,

åëåêòðîíåéòðàëüíiñòü, êóëîíiâñüêi êîðåëÿöi¨.
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The dissertation is devoted to the research of the process of propagation

of surface plasmon-polariton waves in heterogeneous dielectric/metal/dielectric

structures at the dielectric/metal boundary and the in�uence of metal layer

thickness, electroneutrality conditions, and Coulomb correlations of electrons in

a metal.

Various metal layers, such as silver (Ag), gold (Au), aluminum (Al), which

are characterized by a high concentration of charge carriers, are considered by

mathematical modeling of the dependence of frequency on the wave vector. These

metal layers are sandwiched between dielectrics, which may be a vacuum, SiO2

or other polymeric compounds and the like. To �nd the frequency spectrum

(or dispersion spectrum) in all cases, we initially solved the system of Maxwell's

macroscopic equations for each medium. Applying the integral Fourier transform

�rst for the time variable t and then for the coordinates (x, y) in the plane of

the metal layer results in a system of wave equations. In cases when we consider

the metal layer as a two-dimensional electronic system whose dielectric constant

depends only on the time variable/frequency (the system is characterized only

by a time dispersion), the wave equation in the metal region has an analytical

solution. In cases when the dielectric constant of the metal is also a function

of coordinates (the system is characterized by a spatial dispersion) to obtain an

analytical solution, it is necessary to formulate additional model assumptions.

The obtained solutions in each of the mentioned cases are connected using the

conditions of continuity of electromagnetic �elds at the boundaries of the media.

From these conditions, we obtain the dispersion relation for the calculation of

values of a frequency spectrum of plasmons.

To �nd the frequency spectrum of plasmon waves it is important to model the

metal layer [80]. We used the classical Drude-Lorentz theory for this purpose in



a signi�cant number of works on the study of the propagation of plasmon waves.

Despite all the shortcomings of this model [80, 81] in particular, the neglect of

the interaction of electrons and lattice ions, the assumption that the free path

of electrons does not depend on temperature, this model for metal layers with

thickness bigger than nanoscale gives a fairly good agreement with experimental

data. During mathematical modeling in the �rst stage, the plasmon spectrum was

calculated for the Drude model and compared with the results obtained for the

quantum Random Phase Approximation (RPA) model. In this case, we consider

the metal layer as a 2D electronic system with area that is in�nitely big compared

to the size of the studied system along OZ. The simulation results showed that for

small values of the wave vector the values of the frequency spectrum in both cases

are almost the same but di�er signi�cantly for larger values of the wave vector.

These results are consistent with the results obtained in other works reviewed in

this study.

The next goal of this work was to study the e�ect of a spatial dispersion on

the behavior of the frequency spectrum, in particular for the case of atomically

thin metal �lms. In this model, we considered the metal as an electron gas placed

in a potential well, the walls of which are dielectric media. This model allows

us to investigate the dependence of the dielectric constant on the z coordinate

and take into account the dependence of the frequency spectrum behavior on the

thickness of the metal. Since in the proposed mathematical model, the propagation

of plasmon waves, as already noted, the dispersion relation depends on the solution

of the wave equation. Then to obtain analytical solutions for these equations, we

used the expansion of the magnetic �eld strength into a series on powers of a small

parameter. This parameter is the ratio between the real dielectric constant and

its average value calculated along the z coordinate. Mathematical modeling for

the structure with parameters that correspond to the heterogeneous plasmonic

con�guration SiO2/Ag/Si show that for metal �lms with a thickness that is

measured in atomic monolayers, the results for our model have better agreement

with experimental data compared to the Drude model and with the increasing

number of monolayers goes from the bottom to the values calculated for the Drude

model with the same physical parameters for the areas of the studied structures.

Although the construction of the model, which allowed to study the in�uence



of metal thickness on the frequency spectrum of plasmon waves, brought the

simulation results closer to the experimental data, further improvement of the

simulation results was necessary. To do this, we considered additional model

assumptions as to which physical phenomena and processes can better describe

the object of study and improve the results obtained. It should be noted that

all the following physical processes are quantum in nature and are related to the

behavior of electrons in the metal system and their penetration into the dielectrics

zones at the boundaries of contact with the metal layer.

Numerous studies have shown that for nanoscale atomic-thin metal �lms,

quantum-dimensional e�ects play a signi�cant role in the behavior of the metal

system, so it is logical to assume that these e�ects will also a�ect the behavior

of the plasmon wave propagating on the metal surface. It was initially proposed

to consider the e�ect of electron penetration into the dielectric layer due to the

correct consideration of the electroneutrality condition in the "jellium" model

for the electron system due to the proven fact that the width of a potential

well is greater than the metal thickness. Various investigations have shown that

such consideration yields the correct values for the chemical potential µ and the

oscillating picture of its behavior depending on the thickness of the metal. Because

the values of the Fermi wave vector depend on the chemical potential, which in

turn determines the number of levels of dimensional quantization in the metal. The

application of the described model to the calculations of the system parameters

showed a signi�cant improvement in the agreement with the experimental data for

SiO2/Ag/Si and, moreover, it was shown that the plasmon frequency spectrum

repeats the thickness-dependent characteristic oscillating behavior of the chemical

potential. Additionally, it is shown that the nature of such a picture largely depends

on the concentration of free charge carriers in the metal. There is also a noticeable

attenuation of the amplitude of oscillations with increasing thickness of the metal

�lm.

Further improvement of the model is an attempt to study the in�uence

of electron-electron interaction (Coulomb correlations). Under the conditions

described earlier, the electronic system was investigated and the value for the

chemical potential was found taking into account this interaction. It should be

noted here that the consideration of the in�uence of correlations is limited here by



their contribution to the chemical potential and we neglect this contribution to all

other parameters of the system. The obtained results give good agreement with

the experimental data, primarily because the calculated values for the chemical

potential of the atomically thin metal �lm best correspond to the experimental

data. The above-mentioned oscillating behavior of the frequency spectrum is

observed in these conditions but is characterized by a much larger amplitude

depending on the thickness of the metal �lm and, accordingly, the number of

levels of dimensional quantization.

The essence of the study of the propagation of plasmon-polariton waves in

dielectric/metal/dielectric structures in this work is the sequential process of

building a mathematical model, starting from the consideration of the metal layer

as a 2D conducting system and the application of classical and quasi-classical

conductivity models, which were not previously taken into account. This approach

allowed us to show how and under what conditions the use of classical approaches

is su�cient and what are their limits of application, and under what conditions it

is necessary to complicate the mathematical model with e�ects that are important

only for systems with a certain dimension. Showed that taking into account the

spatial dispersion and the correct application of the electroneutrality condition for

the approximation of independent electrons gives a signi�cantly better agreement

with the experiment and reveals a speci�c characteristic behavior of the frequency

spectrum. The departure from the consideration of the electronic system as non-

interacting, or rather, taking into account Coulomb correlations, gives the best

agreement among all the models developed in this paper. The main practical

achievement of the study is to establish the fact that for atomically thin metal

�lms it is necessary to take into account the quantum nature of the behavior of

electrons in metal and it allows to better understand the nature of the process and

get better and quantitatively better results. The main practical achievement of

the study is to establish the fact that for atomically thin metal �lms it is necessary

to take into account the quantum nature of the behavior of electrons in the metal

and it leads to a better understanding of the nature of the process and yields

qualitatively and quantitatively better results.

Keywords: plasmonics, surface plasmon polaritons, dispersion relation,

dielectric constant of metal, atomically thin metal �lm, mathematical modeling



of surface plasmon-polariton propagation, electroneutrality, Coulomb correlations.
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