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Ïðîâåäåíî òåîðåòè÷íi ïåðøîïðèíöèïíi îá÷èñëåííÿ ñòðóêòóðíèõ, êîëèâíèõ òà äiåëåêòðè÷íèõ
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I. ÂÑÒÓÏ

Ïîòðiéíi íàïiâïðîâiäíèêîâi ìàòåðiàëè çi ñòðóêòó-
ðîþ õàëüêîïiðèòó, ùî íàëåæàòü äî ãðóïè I�III�VI2
(äå I = Ag, Cu; III = Al, Ga, In; VI = S, Se, Te),
ïðèâåðòàþòü çíà÷íó óâàãó íàóêîâöiâ ÷åðåç ñâî¨ öi-
êàâi âëàñòèâîñòi. Ñòðóêòóðíi, åëåêòðîííi òà îïòè÷íi
âëàñòèâîñòi öèõ êðèñòàëiâ ðîáëÿòü ¨õ ïåðñïåêòèâíè-
ìè ìàòåðiàëàìè äëÿ íèçêè çàñòîñóâàíü ó ïðèñòðîÿõ
íåëiíiéíî¨ îïòèêè, äåòåêòîðàõ, ôîòîäiîäàõ, ñîíÿ÷íèõ
êîìiðêàõ òîùî. Çîêðåìà, îäèí iç ïåðñïåêòèâíèõ ìàòå-
ðiàëiâ äëÿ ñîíÿ÷íî¨ åíåð åòèêè CuInSe2 òà ïîâ'ÿçàíà
ç íèì ñïîëóêà Cu(InGa)(SSe)2 (CIGS) ïîêàçóþòü åôå-
êòèâíiñòü ïåðåòâîðåííÿ ñîíÿ÷íî¨ åíåð i¨ 23.4% [1].

Êðèñòàëè ãðóïè, ùî ðîçãëÿäà¹òüñÿ, ÷åðåç çíà÷åí-
íÿ øèðèíè çàáîðîíåíî¨ çîíè, áëèçüêå äî îïòèìàëü-
íîãî ïiä ÷àñ âèêîðèñòàííÿ ñîíÿ÷íîãî ñâiòëà, öiêàâi é
ïåðñïåêòèâíi äëÿ òîíêîïëiâêîâèõ ñîíÿ÷íèõ áàòàðåé.
Ïðîçîðiñòü öèõ ìàòåðiàëiâ ó ñåðåäíié iíôðà÷åðâîíié
äiëÿíöi ñïåêòðà ðàçîì iç âiäñóòíiñòþ öåíòðà ñèìåòði¨
äîçâîëèëè åôåêòèâíå âèêîðèñòàííÿ äåÿêèõ êðèñòàëiâ
(ÿê-îò: AgGaS2, AgGaSe2 òà ií.) ÿê êîìåðöiéíèõ íå-
ëiíiéíîîïòè÷íèõ ìàòåðiàëiâ, ùî äîñòóïíi ñüîãîäíi íà
ðèíêó. Òîìó äîñëiäæåííÿ öi¹¨ ãðóïè êðèñòàëiâ àêòó-
àëüíå ÿê äëÿ àëüòåðíàòèâíî¨ åíåð åòèêè, òàê i äëÿ
ìîæëèâîñòi ¨õ âèêîðèñòàííÿ â iíøèõ ãàëóçÿõ: îïòî-
åëåêòðîíiöi, ìåòðîëîãi¨, àêóñòîîïòèöi òîùî. Êðiì ïðè-
êëàäíîãî àñïåêòó, âèâ÷åííÿ õàëüêîïiðèòiâ äóæå âà-
æëèâå i ç ïîãëÿäó ôóíäàìåíòàëüíî¨ ôiçèêè.

Êðèñòàëè òiîãàëàòó ñðiáëà (AgGaS2) ¹ âiäîìèìè íå-

ëiíiéíîîïòè÷íèìè êðèñòàëàìè. Âiêíî ïðîçîðîñòi êðè-
ñòàëà â iíôðà÷åðâîíié (I×) äiëÿíöi çíàõîäèòüñÿ â ìå-
æàõ 0.45�13 ìêì [2]. Íåëiíiéíîîïòè÷íèé êîåôiöi¹íò
öüîãî êðèñòàëà d36 = 39 ïì/Â, ùî äîçâîëÿ¹ éîãî âè-
êîðèñòîâóâàòè äëÿ ïåðåòâîðåííÿ ÷àñòîòè ëàçåðíîãî
âèïðîìiíþâàííÿ â I×-äiëÿíöi ñïåêòðà [3]. Êðèñòàë ¹
îïòè÷íî âiä'¹ìíèì (no < ne) òà ìà¹ iíâåðñiþ çíàêà
äâîïðîìåíåçàëîìëåííÿ çà äîâæèíè õâèëi λ0 = 500 íì
[4]. Çàáîðîíåíà çîíà äëÿ AgGaS2 çà êiìíàòíî¨ òåìïå-
ðàòóðè ¹ ïðÿìîãî òèïó, i ¨¨ øèðèíà Eg = 2.6 åÂ [5].
Çàçíà÷åíî òàêîæ, ùî êðèñòàëè AgGaS2 ìîæóòü áóòè
âèêîðèñòàíi äëÿ X-ïðîìåíåâî¨ äîçèìåòði¨ [6, 7].
Âiäîìî, ùî ñïåêòðè êîìáiíàöiéíîãî ðîçñiþâàííÿ

(ÊÐ) ñâiòëà òà I×-ñïåêòðè ¹ åôåêòèâíèì çàñîáîì äëÿ
âèâ÷åííÿ ñòðóêòóðè é äèíàìiêè  ðàòêè ìàòåðiàëiâ.
Âîíè äîçâîëÿþòü âèâ÷àòè äîñêîíàëiñòü ñòðóêòóðè,
íàÿâíiñòü äîìiøîê/äåôåêòiâ, äàþòü iíôîðìàöiþ ïðî
çìiíó ñòðóêòóðè ìàòåðiàëó ïiä ÷àñ ôàçîâèõ ïåðåõîäiâ.
Âèêîðèñòàííÿ òåîðåòè÷íèõ äîñëiäæåíü íà áàçi ïåðøî-
ïðèíöèïíèõ ìåòîäiâ äàþòü çìîãó åôåêòèâíî ïåðåä-
áà÷àòè âëàñòèâîñòi ìàòåðiàëó. Íåùîäàâíî çäiéñíåíî
òåîðåòè÷íi äîñëiäæåííÿ ç ïåðøèõ ïðèíöèïiâ äèíàìi-
êè  ðàòêè íèçêè õàëüêîïiðèòíèõ êðèñòàëiâ: CuGaS2
[8], CuGaSe2 [9], CuGaTe2 [10], CuInS2 [11], CuInSe2
[12, 13], AgGaTe2 [14]. Ôîíîííèé ñïåêòð äëÿ êðèñòàëà
AgGaS2 ðàíiøå âèâ÷àëè â ðîáîòi [15].
Íàÿâíi ëèøå êiëüêà åêñïåðèìåíòàëüíèõ ðîáiò, ïðè-

ñâÿ÷åíèõ äîñëiäæåííþ ñïåêòðiâ ÊÐ [16�19]. ×àñòîòè
I× êîëèâíèõ ìîä íàâåäåíi â ïðàöi [21]. Òåîðåòè÷íîìó
âèâ÷åííþ êîëèâíèõ ñïåêòðiâ ïðèñâÿ÷åíà ðîáîòà [20], ó
ÿêié çà äîïîìîãîþ ïðîãðàì Phonon òà CASTEP ðîç-
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ðàõîâàíî äèñïåðñi¨ ôîíîííèõ ñïåêòðiâ òà ÷àñòîò êî-
ëèâíèõ ìîä, îäíàê îá÷èñëåííÿ I× òà ÊÐ-ñïåêòðiâ íå
ïðîâîäèëè. Íàÿâíi åêñïåðèìåíòàëüíi ðåçóëüòàòè äî-
ñëiäæåííÿ âëàñòèâîñòåé äèíàìiêè  ðàòêè êðèñòàëà
AgGaS2 ïîòðåáóþòü äåòàëüíiøîãî òåîðåòè÷íîãî âè-
â÷åííÿ äëÿ ïîâíîãî ðîçóìiííÿ ôîíîííî¨ ïiäñèñòåìè
â ìàòåðiàëi. Òîìó òåîðåòè÷íi äîñëiäæåííÿ äèíàìiêè
 ðàòêè òà êîëèâíèõ ñïåêòðiâ iç ïåðøèõ ïðèíöèïiâ ¹
àêòóàëüíèìè.
Ó öié ïðàöi, âèêîðèñòîâóþ÷è ïåðøîïðèíöèïíi ðîç-

ðàõóíêè, ìè âèâ÷à¹ìî âëàñòèâîñòi åëåêòðîííî¨ i  ðà-
òêîâî¨ ïiäñèñòåì õàëüêîïiðèòíîãî êðèñòàëà AgGaS2.
Óïåðøå ðîçðàõîâàíî ÊÐ òà I×-ñïåêòðè, à òàêîæ ïðî-
âåäåíî ¨õ iäåíòèôiêàöiþ òà ïîðiâíÿííÿ ç åêñïåðèìåí-
òàëüíèìè äàíèìè. Çäiéñíåíî êîìï'þòåðíå ìîäåëþâà-
ííÿ ôîíîííèõ ñïåêòðiâ iç ìåòîþ ¨õ ïîðiâíÿííÿ ç íàÿâ-
íèìè â ëiòåðàòóði ðåçóëüòàòàìè òà âèêîðèñòàííÿ öèõ
ðåçóëüòàòiâ äëÿ ðîçðàõóíêó ÊÐ òà I×-ñïåêòðiâ. Ïðî-
âåäåíî ñèìåòðiéíó êëàñèôiêàöiþ êîëèâíèõ ìîä. Ìåòî-
äîì ëiíiéíîãî âiäãóêó ðîçðàõîâàíî ôîíîííi ÷àñòîòè,
ñïåêòðè I×- êîëèâàíü òà ñïåêòðè ÊÐ, åôåêòèâíi çàðÿ-
äè Áîðíà, à òàêîæ ñòàòè÷íó é îïòè÷íó äiåëåêòðè÷íi
êîíñòàíòè.
Ñòàòòÿ ñêëàäà¹òüñÿ ç ÷îòèðüîõ ðîçäiëiâ. Ó äðóãîìó

ðîçäiëi îïèñàíî ìåòîäèêó çðîáëåíèõ îáðàõóíêiâ òà íà-
âåäåíî îñíîâíi âèêîðèñòàíi ïàðàìåòðè. Òðåòié ðîçäië
âèñâiòëþ¹ ãîëîâíi ðåçóëüòàòè, ¨õ îáãîâîðåííÿ òà ïî-
ðiâíÿííÿ ç íàÿâíèìè ëiòåðàòóðíèìè äàíèìè. ×åòâåð-
òèì ðîçäiëîì ¹ íàéâàæëèâiøi âèñíîâêè ðîáîòè.

II. ÌÅÒÎÄÈÊÀ ÐÎÇÐÀÕÓÍÊÓ

Ó öié ïðàöi ðîçðàõîâàíî êîëèâíi ñïåêòðè êðè-
ñòàëiâ AgGaS2 iç âèêîðèñòàííÿì ïðîãðàìè CASTEP
(CAmbridge Serial Total Energy Package) [22], ÿêà ðîç-
ðîáëåíà íà îñíîâi òåîði¨ ôóíêöiîíàëà ãóñòèíè (DFT)
[23, 24]. Ó ïðîãðàìi ðåàëiçîâàíî ïñåâäîïîòåíöiàëü-
íèé ìåòîä iç ðîçêëàäîì õâèëüîâî¨ ôóíêöi¨ íà ïëî-
ñêi õâèëi. Âçà¹ìîäiþ ìiæ éîíàìè òà âàëåíòíèìè åëå-
êòðîíàìè îïèñàíî çà äîïîìîãîþ íîðìîçáåðiãàëüíî-
ãî ïñåâäîïîòåíöiàëó [25]. Îáìiííî-êîðåëÿöiéíó âçà¹-
ìîäiþ ìiæ åëåêòðîíàìè âðàõîâóâàëè çà äîïîìîãîþ
íàáëèæåííÿ ëîêàëüíî¨ ãóñòèíè (local density approxi-
mation � LDA) ç ïàðàìåòðèçàöi¹þ Ñåïåðëi�Àëäåðà�
Ïåðäþ�Çóí åðà [26, 27]. Âàëåíòíèìè ñòàíàìè â öié ðî-
áîòi ââàæàëè îðáiòàëi Ag 4d10 5s1; Ga 3d10 4s2 4p1, S
3s2 3p4. Îá÷èñëþâàëè åíåð iþ ñèñòåìè ñàìîóçãîäæå-
íèì ðîçâ'ÿçóâàííÿì ðiâíÿíü Êîíà�Øåìà. Êðèòåði¹ì
çáiæíîñòi öèêëó ñàìîóçãîäæåííÿ áóëî äîñÿãíåííÿ ði-
çíèöi âëàñíèõ çíà÷åíü åíåð i¨ E ≤ 2 · 10−7 åÂ òà çái-
æíiñòü ïîâíî¨ åíåð i¨ 10−5 íà äâîõ ïîñëiäîâíèõ iòå-
ðàöiÿõ. Ðîçðàõóíêè ïðîâîäèëè ç åíåð i¹þ âiäñiêàííÿ
ïëîñêèõ õâèëü ðiâíîþ Ecut = 800 åÂ. Iíòå ðóâàëè â
ïåðøié çîíi Áðiëëþåíà ïî k-òî÷êàõ ñiòêè 3 × 3 × 2,
âèáðàíî¨ çà ñõåìîþ Ìîíõîðñòà�Ïåêà [28].
Îá÷èñëþâàëè äèíàìi÷íi âëàñòèâîñòi ìàòåðiàëó ç

âèêîðèñòàííÿì ïiäõîäó ëiíiéíîãî âiäãóêó òåîði¨ çáó-
ðåíü äëÿ ôóíêöiîíàëà ãóñòèíè (density functional
perturbation theory � DFPT) [29]. ×àñòîòè ôîíîíiâ,

iíôðà÷åðâîíi òà ÊÐ-ñïåêòðè, çìiùåííÿ àòîìiâ, ôî-
íîííi ñïåêòðè òà ãóñòèíà ôîíîííèõ ñòàíiâ îòðèìàëè,
âèêîðèñòîâóþ÷è ìåòîä ëiíiéíîãî âiäãóêó.
Ïåðåä óñiìà ðîçðàõóíêàìè ïðîâîäèëè ãåîìåòðè-

÷íó îïòèìiçàöiþ åëåìåíòàðíî¨ êîìiðêè êðèñòàëà. Äëÿ
öüîãî çàñòîñîâóâàëè àë îðèòì Áðîéäåíà�Ôëåò÷åðà�
�îëäôàðáà�Øåííî (BFGS) [30�33], ÿêèé äîçâîëÿ¹
îïòèìiçóâàòè ãåîìåòðiþ êîìiðêè êðèñòàëà ùîäî éî-
ãî ïîâíî¨ åíåð i¨. Ó ïðîöåñi îïòèìiçàöi¨ âèêîðèñòî-
âóâàëè òàêi êðèòåði¨ çáiæíîñòi: ìàêñèìàëüíà ñèëà
3 · 10−2 åÂ/�A; ìàêñèìàëüíèé òèñê 5 · 10−3 ÃÏà; ìà-
êñèìàëüíå çìiùåííÿ àòîìiâ 1 · 10−4 �A.

III. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß

À. Ñòðóêòóðà êðèñòàëà AgGaS2

Åëåìåíòàðíà êîìiðêà êðèñòàëà AgGaS2 ¹ òåòðàãî-
íàëüíîþ áàçîöåíòðîâàíîþ òà íàëåæèòü äî ïðîñòîðî-
âî¨ ãðóïè ñèìåòði¨ I−42d (D12

2d). �ðàòêà ñêëàäà¹òüñÿ ç
16 àòîìiâ i ìiñòèòü ÷èñëî ôîðìóëüíèõ îäèíèöü Z = 4.
Êîìiðêà êðèñòàëà õàëüêîïiðèòó óòâîðåíà ç äâîõ êî-
ìiðîê òèïó öèíêîâî¨ îáìàíêè ç ïðîñòîðîâîþ ãðóïîþ
ñèìåòði¨ T 2

d (òàêèõ êðèñòàëiâ, ÿê CdS, ZnS òîùî) çà-
ìiíîþ êàòiîííî¨ ïiä ðàòêè, ùî ñêëàäà¹òüñÿ ç àòîìiâ
ãðóïè II, àòîìàìè äâîõ òèïiâ I òà III. Íà ðèñ. 1 çîáðà-
æåíî ïåðåõiä âiä êîìiðêè êðèñòàëà ZnS äî AgGaS2.
Iç ðîçãëÿäó êðèñòàëi÷íî¨ ñòðóêòóðè ìîæíà ïîìiòèòè,
ùî âiäñòàíi ìiæ àòîìàìè Ag�S òà Ga�S (ó çàãàëüíî-
ìó âèïàäêó àòîìè òèïó I�VI òà III�VI), ÿêi ìîæíà
ïîçíà÷èòè ÿê dAg-S òà dGa-S, íå îäíàêîâi. Òàêà âiäìií-
íiñòü äîâæèí çâ'ÿçêiâ ¹ ðåçóëüòàòîì êàòiîííî¨ çàìiíè
â êðèñòàëi÷íié  ðàòöi àòîìàìè äâîõ òèïiâ (Zn → Ag
+ Ga). Ó êðèñòàëàõ çi ñòðóêòóðîþ òèïó õàëüêîïiðèòó,
äî ÿêîãî íàëåæèòü äîñëiäæóâàíèé êðèñòàë, ¹ äâà òè-
ïè äåôîðìàöi¨ êðèñòàëi÷íî¨  ðàòêè. Ïåðøèé òèï ïî-
ëÿãà¹ â çìiùåííi àíiîíà ãðóïè VI ó ïëîùèíi x−y, ÿêå
îïèñó¹òüñÿ ïàðàìåòðîì u = 0.25 + (d2Ag-S − d2Ga-S)/a2,
äå dAg-S òà dGa-S � âiäñòàíü êàòiîí�àíiîí äëÿ êðè-
ñòàëà Ag�S òà Ga�S âiäïîâiäíî, a � ïàðàìåòð  ðà-
òêè. Äî äðóãîãî òèïó äåôîðìàöi¨ êîìiðêè âiäíîñÿòü
¨¨ ñïîòâîðåííÿ âçäîâæ íàïðÿìêó z, ÿêå ïîëÿãà¹ â ñòè-
ñíåííi ÷è ðîçòÿãíåííi åëåìåíòàðíî¨ êîìiðêè (çàëåæíî
âiä ñêëàäó ñïîëóêè). Òîäi ïàðàìåòð êðèñòàëi÷íî¨  ðà-
òêè âiäðiçíÿ¹òüñÿ âiä ïîäâiéíîãî çíà÷åííÿ ïàðàìåòðà
a (c 6= 2a). Òàêå òåòðàãîíàëüíå âèêðèâëåííÿ îïèñó¹-
òüñÿ âåëè÷èíîþ η = c/2a. Âiäîìî, ùî âåëè÷èíà öüîãî
ïàðàìåòðà ÷àñòî ¹ êðèòè÷íîþ ïiä ÷àñ âiäáîðó ìàòå-
ðiàëiâ äëÿ ðiçíèõ çàñòîñóâàíü. Çîêðåìà, ó ðîáîòi [34]
ïîêàçàíî, ùî êðèñòàëi÷íi ìàòåðiëè ç ïàðàìåòðîì η,
áëèçüêèì äî îäèíèöi, ìàþòü íàéáiëüøå çíà÷åííÿ òåð-
ìîåëåêòðè÷íî¨ äîáðîòíîñòi ZT .
Ó öié ïðàöi äëÿ ìîäåëþâàííÿ âèêîðèñòàíî åêñïåðè-

ìåíòàëüíi ïàðàìåòðè êðèñòàëi÷íî¨ ñòðóêòóðè, îòðè-
ìàíi ç ðåíò åíîñòðóêòóðíèõ äîñëiäæåíü, ùî îïóáëi-
êîâàíi â [35]. Äëÿ êðèñòàëà AgGaS2 çíà÷åííÿ ïàðàìå-
òðiâ ñïîòâîðåííÿ åëåìåíòàðíî¨ êîìiðêè η òà u íàâåäå-
íî â òàáëèöi 1, à îòðèìàíi êîîðäèíàòè àòîìiâ ó  ðàòöi
íàâåäåíî â òàáëèöi 2.
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Ðèñ. 1. Ñòðóêòóðà êðèñòàëi÷íî¨  ðàòêè êðèñòàëà ZnS çi
ñòðóêòóðîþ öèíêîâî¨ îáìàíêè (òèïó ñôàëåðèò) òà AgGaS2

(òèïó õàëüêîïiðèòó)

Fig. 1. The structure of the crystal lattice of the ZnS crystal
with a zinc-blende structure (sphalerite type) and AgGaS2

(chalcopyrite type)

Ìåòîä a, �A c, �A V , �A3 η u

LDA 5.567 10.461 324.252 0.9395 0.2645

Åêñïåðèìåíò [35] 5.754 10.295 340.85 0.8945 0.3039

Òàáë. 1. Ñòðóêòóðíi ïàðàìåòðè êðèñòàëi÷íî¨  ðàòêè êðè-
ñòàëà AgGaS2

Table 1. Structural parameters of the AgGaS2 crystal unit
cell

Åêñïåðèìåíò [35] LDA

x/a y/b z/c x/a y/b z/c

0 0 0 0 0 0

0 0 1/2 0 0 1/2

0.304 1/4 0.125 0.221 1/4 0.125

Òàáë. 2. Åêñïåðèìåíòàëüíi (âçÿòi ç ëiòåðàòóðè) òà òåîðåòè-
÷íi êîîðäèíàòè àòîìiâ ó ãðàòöi êðèñòàëà AgGaS2 îòðèìàíi

ç âèêîðèñòàííÿì LDA ôóíêöiîíàëó

Table 2. Experimental (taken from the literature) and
theoretical atomic coordinates in the AgGaS2 crystal's unit

cell obtained using the LDA functional

Iç ìåòîþ ãåîìåòðè÷íî¨ îïòèìiçàöi¨ ïðîâåäåíî ðåëà-
êñàöiþ êðèñòàëi÷íî¨  ðàòêè êðèñòàëà. Óïðîäîâæ öüî-
ãî ïðîöåñó çìiíþâàëèñü ÿê ïàðàìåòðè êîìiðêè, òàê i
êîîðäèíàòè àòîìiâ. Ïðè öüîìó ñèìåòðiÿ êîìiðêè çà-
ëèøàëàñü íåçìiííîþ. Îïòèìiçîâàíi ç âèêîðèñòàííÿì
LDA-ôóíêöiîíàëà ñòðóêòóðíi ïàðàìåòðè äîñëiäæóâà-
íî¨ ñïîëóêè íàâåäåíi â òàáë. 1 i 2, ç ÿêèõ âèäíî, ùî
îïòèìiçîâàíi ïàðàìåòðè  ðàòêè, ÿê i î÷iêóâàëîñü, ¹
ìåíøèìè, íiæ åêñïåðèìåíòàëüíi. Öå çóìîâëåíî âiäî-
ìîþ îñîáëèâiñòþ LDA ôóíêöiîíàëà, ÿêà ïîëÿãà¹ â
íàäçâ'ÿçóâàííi (çàíèæåííi äîâæèíè çâ'ÿçêiâ) i ñïîñòå-
ðiãà¹òüñÿ â ìàòåðiàëàõ ðiçíî¨ ïðèðîäè [36�39]. Îòðè-
ìàíà íåäîîöiíêà ïàðàìåòðiâ  ðàòêè ïîðiâíÿíî ç åêñïå-
ðèìåíòîì ñòàíîâèòü δa = 3.2% òà δc = 3.5%, ùî ñâiä-
÷èòü ïðî äîáðå óçãîäæåííÿ ìiæ öèìè äàíèìè. Ïîäi-
áíå çíà÷åííÿ íåäîîöiíêè ïàðàìåòðiâ  ðàòêè äëÿ LDA
ôóíêöiîíàëà ñïîñòåðiãàëîñü ðàíiøå â ðîáîòàõ [40, 41].
ßê âèäíî ç òàáë. 1, ïàðàìåòð òåòðàãîíàëüíî¨ äåôîð-

ìàöi¨ ¹ ìåíøèì çà 1 ÿê äëÿ åêñïåðèìåíòàëüíî¨ ñòðó-
êòóðè, òàê i äëÿ ãåîìåòðè÷íî îïòèìiçîâàíî¨. Çàçíà÷è-
ìî, ùî îïòèìiçîâàíà ñòðóêòóðà ïîêàçó¹ áëèæ÷å çíà-
÷åííÿ ïàðàìåòðà η äî îäèíè÷íîãî, íiæ åêñïåðèìåí-
òàëüíå. Òàêà ïîâåäiíêà ìîæå áóòè ïîâ'ÿçàíîþ ç íåâðà-
õóâàííÿì òåìïåðàòóðíèõ ôëóêòóàöié àòîìiâ, îñêiëü-
êè ðîçðàõóíêè ïðîâîäÿòüñÿ ç âèêîðèñòàííÿì DFT ó
íàáëèæåííi Áîðíà�Îïåíãàéìåðà (ÿäðà àòîìiâ ââàæà-
þòüñÿ íåðóõîìèìè).

Á. Êîëèâíi âëàñòèâîñòi

Ðîçãëÿäàþ÷è êðèñòàëi÷íó ñòðóêòóðó ïiä ÷àñ ñèìå-
òðiéíî¨ êëàñèôiêàöi¨ ôóíäàìåíòàëüíèõ êîëèâàíü, ïî-
òðiáíî áðàòè äî óâàãè ïðèìiòèâíó êîìiðêó. Çìiùåííÿ
àòîìiâ ó êîæíié ïðèìiòèâíié êîìiðöi iäåíòè÷íi, òîìó
îïåðàöiÿìè òðàíñëÿöi¨ ìîæíà çíåõòóâàòè. Âiäïîâiäíî,
ôóíäàìåíòàëüíi êîëèâàííÿ êðèñòàëà âàðòî êëàñèôi-
êóâàòè çà íåçâiäíèìè ïðåäñòàâëåííÿìè ôàêòîð- ãðó-
ïè [42]. ßê ïîâiäîìëÿ¹òüñÿ â ðîçäiëi III.À, êðèñòàë
õàëüêîïiðèòó íàëåæèòü äî ïðîñòîðîâî¨ ãðóïè ñèìå-
òði¨ I − 42d (D12

2d), ÿêà içîìîðôíà äî òî÷êîâî¨ ãðó-
ïè ñèìåòði¨ (D2d) iç ïîðÿäêîì h = 8. Ïðèìiòèâíà êî-
ìiðêà êðèñòàëà AgGaS2 ìà¹ îäèíè÷íi âåêòîðè ïðèìi-
òèâíî¨ êîìiðêè (a, 0, 0), (0, a, 0), (a/2, a/2, c/2) òà ìi-
ñòèòü 8 àòîìiâ. ßê âiäîìî ç ôiçèêè òâåðäîãî òiëà, äëÿ
êðèñòàëi÷íî¨  ðàòêè, ÿêà ñêëàäà¹òüñÿ ç N àòîìiâ, ùî
êîëèâàþòüñÿ, êiëüêiñòü êîëèâíèõ ìîä ñòàíîâèòü 3N .
Äëÿ äîñëiäæóâàíîãî êðèñòàëà N = 8, i êîëèâíå ïðåä-
ñòàâëåííÿ ìiñòèòü 3× 8 = 24 äèñïåðñiéíi âiòêè. Òîìó
â êîëèâíîìó ñïåêòði êðèñòàëà ¹ 24 íîðìàëüíi ìîäè
êîëèâàíü ó öåíòði çîíè Áðiëëþåíà (òî÷êà Ã). Ñåðåä
íèõ ëèøå òðè àêóñòè÷íi ìîäè, à ðåøòà îïòè÷íi. Íà
îñíîâi òåîðåòèêî-ãðóïîâîãî àíàëiçó, âèêîðèñòîâóþ÷è
ôàêòîð-ãðóïó êðèñòàëà, ìîæíà ïðîâåñòè ñèìåòðiéíó
êëàñèôiêàöiþ êîëèâíèõ ìîä. Òàáëèöþ õàðàêòåðiâ òî-
÷êîâî¨ ãðóïè ñèìåòði¨ D2d ïîäàíî â òàáëèöi 3, äå A1

(Ã1), A2 (Ã2), B1 (Ã3) òà B2 (Ã4) � íå âèðîäæåíi ïðåä-
ñòàâëåííÿ, à E (Ã5) ¹ äâi÷i âèðîäæåíèì ïðåäñòàâëåí-
íÿì.
Àíàëiç íà îñíîâi çàãàëüíîãî ìåòîäó äà¹ òàêi íåçâiäíi

ïðåäñòàâëåííÿ àêóñòè÷íèõ é îïòè÷íèõ ìîä ó öåíòði
çîíè Áðiëëþåíà:

Ãvib = 1A1 + 2A2 + 3B1 + 4B2 + 7E. (1)

Òóò A1 � ïîâíîñèìåòðè÷íå ïðåäñòàâëåííÿ (ñèìåòðiÿ
ùîäî âñiõ ïðåäñòàâëåíü); A2 � ñèìåòðè÷íå ùîäî 2S4

i C2 òà àíòèñèìåòðè÷íå ùîäî 2C ′2 òà 2σd; B1 � àíòè-
ñèìåòðè÷íå ùîäî 2S4 i 2σd òà ñèìåòðè÷íå ùîäî C2 i
2C ′2; B2 � ñèìåòðè÷íå ùîäî C2 i 2σd i àíòèñèìåòðè÷íå
ùîäî 2S4 i 2C '

2; E � àíòèñèìåòðè÷íå ùîäî C2. Òðüîì
àêóñòè÷íèì ìîäàì âiäïîâiäà¹ òàêå íåçâiäíå ïðåäñòàâ-
ëåííÿ:

Ãaco = 1B2 + 1E. (2)

Äëÿ îïòè÷íèõ êîëèâàíü ìà¹ìî, ùî Ãopt = Ãvibr−Ãaco.
Òîäi, â ðåçóëüòàòi îòðèìà¹ìî òàêå íåçâiäíå ïðåäñòàâ-
ëåííÿ äëÿ îïòè÷íèõ ìîä:

Ãopt = 1A1 + 2A2 + 3B1 + 3B2 + 6E. (3)
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Ìîäè A1 òà B1 àêòèâíi ó ñïåêòðàõ ÊÐ. B2 i E -ìîäè
¹ àêòèâíèìè ÿê ó ÊÐ, òàê i â I×-ñïåêòðàõ. Ìîäà A2

¹ íåàêòèâíîþ â êîëèâíèõ ñïåêòðàõ. Çãiäíî ç öèì äëÿ
I× òà ÊÐ- ñïåêòðiâ ìàòèìåìî òàêi íåçâiäíi ïðåäñòàâ-
ëåííÿ:

ÃI× = 4B2 + 7E, (4)

ÃÊÐ = 1A1 + 3B1 + 4B2 + 7E. (5)

Çàãàëîì iíòåíñèâíiñòü ïiêiâ ó ñïåêòði ÊÐ ìîæíà
îïèñàòè òàêîþ ôîðìóëîþ:

IÊÐ = I0
ω4

4πc3
α2
ij , (6)

äå αij � òåíçîð ïîëÿðèçîâíîñòi, à i, j = x, y òà z. Òåí-
çîðè ÊÐ äëÿ êðèñòàëà ç  ðàòêîþ òèïó õàëüêîïiðèòó
ïîäàíî â òàáëèöi 4.Òîäi â ñïåêòði ÊÐ äëÿ êðèñòàëà
çi ñèìåòði¹þ D2d iíòåíñèâíèìè ïîâèííi áóòè ïîâíî-
ñèìåòðè÷íi ïîëÿðèçîâàíi êîëèâàííÿ òèïó A1. Ðåøòà
ìîä, äîçâîëåíèõ ó ñïåêòðàõ ÊÐ, ïîðiâíÿíî ç ìîäîþ
A1 áóäóòü ñëàáøî¨ iíòåíñèâíîñòi.

Ó ñïåêòðàõ ÊÐ íàéáiëüø iíòåíñèâíèìè ¹ ñìóãè, ùî
âiäïîâiäàþòü ïîâíîñèìåòðè÷íèì ïîëÿðèçîâàíèì êî-
ëèâàííÿì òèïó A1. Iíøi äîçâîëåíi â ñïåêòðàõ ÊÐ ìî-
äè ìàþòü íèæ÷ó iíòåíñèâíiñòü, íiæ ìîäà A1.

Ìè ðîçðàõóâàëè êîëèâíèé ñïåêòð äëÿ êðèñòàëà
AgGaS2 ó ìåæàõ ôîðìàëiçìó DFPT çà äîïîìîãîþ
ìåòîäó ëiíiéíîãî âiäãóêó. Îïèñ îáìiííî-êîðåëÿöiéíî¨
âçà¹ìîäi¨ åëåêòðîíiâ ïiä ÷àñ îá÷èñëåííÿ ïîâíî¨ åíåð-
 i¨ ñèñòåìè çäiéñíþâàâñÿ LDA ôóíêöiîíàëîì [26, 27].
Âií ïîêàçàâ ñåáå òàêèì, ùî äîáðå îïèñó¹ ÿê îðãà-
íi÷íi, òàê i íåîðãàíi÷íi ñèñòåìè, ÿêi ìiñòÿòü ó ñâî-
¨é ñòðóêòóði ðiçíi õiìi÷íi åëåìåíòè. Òàêîæ äî ïåðå-
âàã ìîæíà âiäíåñòè éîãî ïðîñòîòó, ùî ïðîÿâëÿ¹òüñÿ
â ñóòò¹âî ìåíøîìó ÷àñi îá÷èñëåíü ïîðiâíÿíî ç iíøè-
ìè ôóíêöiîíàëàìè. Ðàíiøå ïðîâîäèëè îáðàõóíêè ÿê
çîííî-åíåð åòè÷íî¨ ñòðóêòóðè, òàê i iíøèõ ôiçè÷íèõ
âëàñòèâîñòåé íåîðãàíi÷íèõ ìàòåðiàëiâ iç âèêîðèñòàí-
íÿì LDA ôóíêöiîíàëà [40, 41, 43], ÿêi ïîêàçàëè äîáðå
óçãîäæåííÿ ç åêñïåðèìåíòàëüíèìè äàíèìè. Ó ðîáî-
òi [14] äîñëiäæåíî ôiçè÷íi âëàñòèâîñòi òà ïðîâåäåíî
ìîäåëþâàííÿ êîëèâíèõ ñïåêòðiâ êðèñòàëà AgGaTe2.

D2d(−42m) E 2S4 C2 2C '

2 2σd Ëiíiéíà Êâàäðàòè÷íà

A1 1 1 1 1 1 x2 + y2, z2

A2 1 1 1 −1 −1 Rz �

B1 1 −1 1 1 −1 x2 − y2

B2 1 −1 1 −1 1 z xy

E 2 0 −2 0 0 (x, y), (Rx, Ry) (xz, yz)

Òàáë. 3. Òàáëèöÿ õàðàêòåðiâ òî÷êîâî¨ ãðóïè ñèìåòði¨ D2d

Table 3. The character table of the D2d point group symmetry

A1 B1 B2 Ex Ey
a 0 0

0 a 0

0 0 b



c 0 0

0 −c 0

0 0 0




0 d 0

d 0 0

0 0 0




0 0 e

0 0 0

e 0 0




0 0 0

0 0 e

0 e 0


Òàáë. 4. Òåíçîðè ÊÐ i ¨õ ïðåäñòàâëåííÿ äëÿ òî÷êîâî¨ ãðóïè ñèìåòði¨ D2d

Table 4. Raman tensors and their representation for D2d point group symmetry

Êîëèâíi ìîäè ó òâåðäèõ òiëàõ ìàþòü ôîðìó õâèëü
iç ÷àñòîòàìè, ùî çàëåæàòü âiä õâèëüîâîãî âåêòîðà (ÿê
åëåêòðîííi åíåð åòè÷íi ðiâíi). Çàëåæíîñòi ω(q) âiäîìi
ÿê äèñïåðñiéíi êðèâi. Íà ðèñ. 2,à çîáðàæåíî ôîíîííi
ñïåêòðè ω(q), ðîçðàõîâàíi âçäîâæ ëiíié, ùî ç'¹äíóþòü
òî÷êè âèñîêî¨ ñèìåòði¨ çîíè Áðiëëþåíà: Z�Ã�X�P�N�
Ã. ßê ìîæíà ïîáà÷èòè, ôîíîííèé ñïåêòð ñêëàäà¹òüñÿ
ç 24 âiòîê, ùî óçãîäæó¹òüñÿ ç êiëüêiñòþ ìîä, îòðèìà-
íèõ iç ñèìåòðiéíîãî àíàëiçó. Iç íèõ 3 ¹ àêóñòè÷íèìè
âiòêàìè, ùî âiäïîâiäàþòü ïîøèðåííþ çâóêó ÿê ω → 0
çà q → 0. Ðåøòà 21 ðîçðàõîâàíà êîëèâíà âiòêà ¹ îïòè-
÷íèìè ìîäàìè. Ñïîñòåðiãà¹òüñÿ íåñóòò¹âà äèñïåðñiÿ
ôîíîíiâ, ÿêà çðîñòà¹ ç íàáëèæåííÿì äî öåíòðó çî-
íè Áðiëëþåíà. Ó òî÷öi Ã âîíà íàéáiëüøà. Íèçüêî-
÷àñòîòíi îïòè÷íi ãiëêè âçà¹ìîäiþòü ç àêóñòè÷íèìè.

Íàéâèùà ÷àñòîòà ôîíîíà ñòàíîâèòü 389 ñì−1 íà ñå-
 ìåíòi ìiæ òî÷êàìè Z�Ã. ßê âèäíî ç ðîçðàõîâàíî¨ ãó-
ñòèíè ôîíîííèõ ñòàíiâ N(ω) (ðèñ. 2,á), äëÿ êðèñòà-
ëà AgGaS2 ñïîñòåðiãà¹òüñÿ äâà ÷àñòîòíi äiàïàçîíè, ó
ÿêèõ íå âiäáóâàþòüñÿ êîëèâàííÿ. Äëÿ òî÷êè Ã öi ïðî-
ìiæêè ¹ âiä 189.4 ñì−1 äî 219.5 ñì−1 òà âiä 255.9 ñì−1

äî 300.27 ñì−1. ×àñòîòè íîðìàëüíèõ êîëèâàíü ïîäàíî
â òàáëèöi 5.

Íà ðèñ. 3 çîáðàæåíî ãóñòèíó ôîíîííèõ ñòàíiâN(ω),
ñïðî¹êòîâàíó íà îêðåìi àòîìè (ïàðöiàëüíó ãóñòèíó
ôîíîííèõ ñòàíiâ). ßê âèäíî ç ðèñ. 3, ãóñòèíó ñòàíiâ
ìîæíà ðîçäiëèòè íà òðè äiëÿíêè � íèçüêî÷àñòîòíó,
ñåðåäíüî÷àñòîòíó òà âèñîêî÷àñòîòíó. Íèçüêî÷àñòîòíà
äiëÿíêà ñïåêòðà, ùî ëåæèòü ó ìåæàõ 0�75 ñì−1, óòâî-
ðåíà êîëèâàííÿìè àòîìiâ ñðiáëà. Ñïåêòðàëüíà äiëÿí-
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êà âiä 75 äî 190 ñì−1, ùî ¹ ñåðåäíüîþ äiëÿíêîþ ôî-
íîííîãî ñïåêòðà, óòâîðåíà ìîäàìè êîëèâàííÿ àòîìiâ
ãàëiþ. Âèñîêî÷àñòîòíà äiëÿíêà êîëèâàíü âiäïîâiäà¹
ãîëîâíî êîëèâàííÿì àòîìiâ ñiðêè. Öi ðåçóëüòàòè äî-

áðå óçãîäæóþòüñÿ ç òåîðåòè÷íèìè ðîçðàõóíêàìè, âè-
êîíàíèìè â ïðàöi [20], ùî ïiäòâåðäæó¹ äîñòîâiðíiñòü
îòðèìàíèõ ó íàøié ðîáîòi ðåçóëüòàòiâ.

Ðèñ. 2. Ôîíîííi äèñïåðñiéíi êðèâi ω(q) (à) òà ôîíîííà ãóñòèíà ñòàíiâ N(ω) (á) êðèñòàëà òiîãàëàòó ñðiáëà AgGaS2

ðîçðàõîâàíi ìåòîäîì ëiíiéíîãî âiäãóêó ç âèêîðèñòàííÿì LDA ôóíêöiîíàëà. Øëÿõ ðîçðàõóíêó âèçíà÷à¹òüñÿ ó íàïðÿìêó,
ùî ç¹äíó¹ íàñòóïíi òî÷êè âèñîêî¨ ñèìåòði¨ çîíè Áðiëëþåíà: Z (1/2 1/2 −1/2), Ã (0 0 0), X (0 0 1/2), P(1/4 1/4 1/4),

N(0 0.5 0)

Fig. 2. The phonon dispersion curves ω(q) (a) and the phonon density of the states N(ω) (b) of a silver thiogalate crystal
AgGaS2 are calculated using the linear response method using the LDA functional. The calculation path is determined in
the direction connecting the following points of high symmetry of the Brillouin zone: Z (1/2 1/2 −1/2), Γ(000), X (0 0 1/2),

P (1/4 1/4 1/4), N (0 1/2 0)

Ìîäà Àêòèâíiñòü LDA ÊÐ [17] åêñï. ÊÐ[19] åêñï. ÊÐ [20] òåîð. I× [21] åêñï.

A1 ÊÐ 300.27 295 297.61 297.20 �

A2 � 255.98 � � 251.51 �

A2 � 356.97 � � 357.91 �

E ÊÐ, I× 33.66/33.65 84.45 64.8 32.02/31.35 65.06

E ÊÐ, I× 100.88/100.84 94.5 91.93 102.07/102.07 96.06

E ÊÐ, I× 161.18/160.90 159.5/160 159.07 166.11/164.11 170.12/157.11

E ÊÐ, I× 238.91/236.99 224/229.5 225.93 244.83/234.83 227.16/221.15

E ÊÐ, I× 334.83/324.25 321.5/346 336.07 357.91/325.89 349.24/321.22

E ÊÐ, I× 376.27/366.43 � 394 380.59/368.92 395.27/367.25

B1 ÊÐ 62.46 54 � 65.04 �

B1 ÊÐ 189.44 190.5 126,7 192.80 �

B1 ÊÐ 337.81 333.5 177.9 339.56 �

B2 ÊÐ, I× 67.79/67.77 64 � 74.72/74.38 �

B2 ÊÐ, I× 225.71/219.41 212/237.5 225.93/208.09 265.85/223.48 244.17/214.15

B2 ÊÐ, I× 376.22/365.24 364/398.5 391.48/362.51 386.26/365.92 383.26/365.25

Òàáë. 5. Ïîðiâíÿííÿ ðîçðàõîâàíèõ ôîíîííèõ ÷àñòîò (â cì−1) ó òî÷öi Ã ç åêñïåðèìåíòàëüíèìè ñïåêòðàìè ÊÐ òà I×
êîëèâàííÿ äëÿ êðèñòàëà AgGaS2 çà êiìíàòíî¨ òåìïåðàòóðè. Äâi ÷àñòîòè ïîäàíî äëÿ äîñëiäæåíü ñïåêòðiâ ÊÐ òà I×

ñïåêòðiâ, ùî âiäïîâiäàþòü LO i TO ìîäàì

Table 5. Comparison of the calculated phonon frequencies (in cm−1) at Γ-point with the experimental Raman and infrared
vibrations for an AgGaS2 crystal at room temperature. Two frequencies are shown for the study of the Raman and infrared

spectra corresponding to the LO and TO modes
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Ðèñ. 3. Ïàðöiàëüíà ôîíîííà ãóñòèíà ñòàíiâ êðèñòàëiâ AgGaS2 ðîçðàõîâàíà äëÿ àòîìiâ Ag, Ga òà S ìåòîäîì ëiíiéíîãî
âiäãóêó ç âèêîðèñòàííÿì LDA ôóíêöiîíàëó

Fig. 3. The partial phonon density of states of AgGaS2 crystals calculated for Ag, Ga, and S atoms using the linear response
method using the LDA functional

Ðèñ. 4. Êîëèâàííÿ ó êðèñòàëi AgGaS2 a) cèìåòði¨ A1; á) ñèìåòði¨ A2; â) ñèìåòðiÿ E; ã) ñèìåòði¨ B1; ä) ñèìåòði¨ B2. Àòîìè
Ag ñèíüîãî êîëüîðó, àòîìè Ga çîáðàæåíi êîðè÷íåâèì êîëüîðîì òà àòîìè S ¹ æîâòèìè êóëüêàìè

Fig. 4. Vibrations in the AgGaS2 crystal a) symmetry A1; á) symmetry A2; â) symmetry E; ã) symmetry B1; ä) symmetry
B2. Ag atoms are blue, Ga atoms are shown in brown and S atoms are yellow balls
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Íà ðèñ. 4 ïîêàçàíî îñíîâíi çìiùåííÿ àòîìiâ äëÿ
îïòè÷íèõ ìîä êðèñòàëà AgGaS2. Àòîìè Ag Ga, òà S
ïîçíà÷åíi êóëüêàìè ñèíüîãî, êîðè÷íåâîãî òà æîâòîãî
êîëüîðiâ âiäïîâiäíî. �õí¹ çìiùåííÿ ïîêàçàíî çåëåíè-
ìè ñòðiëêàìè. Äîâæèíà êîæíî¨ ñòðiëêè ïðîïîðöiéíà
äî âåëè÷èíè çìiùåííÿ àòîìà ùîäî ïîëîæåííÿ ðiâíî-
âàãè. Ó ëiâîìó íèæíüîìó êóòi âêàçàíî íàïðÿìêè ñè-
ñòåìè êîîðäèíàò x, y i z, ÿêi âiäïîâiäàþòü êðèñòàëî-
ãðàôi÷íèì îñÿì a, b òà c. Êîæåí áëîê àòîìiâ, ùî ñêëà-
äà¹ ïðèìiòèâíó êîìiðêó, ðàçîì çi ñòðiëêàìè, ùî âêà-
çóþòü íàïðÿìîê çìiùåííÿ àòîìiâ, õàðàêòåðèçó¹ êîëè-
âàííÿ îäíi¹¨ ìîäè. Íà ðèñóíêó ïîêàçàíî òèïè çìiùå-
ííÿ àòîìiâ äëÿ ï'ÿòè êîëèâíèõ ìîä A1, A2, B1, B2

òà E äîñëiäæóâàíîãî êðèñòàëà. Ó äóæêàõ çàçíà÷åíî
÷àñòîòó âiäïîâiäíîãî êîëèâàííÿ.

Ðèñ. 5. Ðîçðàõîâàíèé (êðèâà 1) ç âèêîðèñòàííÿì LDAôóí-
êöiîíàëó òà òà åêñïåðèìåíòàëüíèé (êðèâà 2) [19] ñïåêòðè

ÊÐ êðèñòàëà AgGaS2

Fig. 5. The calculated (curve 1) using the LDA functional and
the experimental (curve 2) [19] Raman spectra of the AgGaS2

crystal

Ðèñ. 6. Ðîçðàõîâàíi I× ñïåêòðè êðèñòàëà AgGaS2 îòðèìàíi
ç âèêîðèñòàííÿì LDA ôóíêöiîíàëó

Fig. 6. The calculated (curve 1) using the LDA functional and
the experimental (curve 2) [19] Raman spectra of the AgGaS2

crystal

Âèêîðèñòîâóþ÷è ïðîãðàìó CASTEP, îá÷èñëèëè
ñïåêòðè ÊÐ. Iíòåíñèâíiñòü ïiêiâ ÊÐ ðîçðàõîâóâàëè
âáóäîâàíèì ôóíêöiîíàëîì ïðîãðàìè, îñíîâíi äåòàëi
ðîçðàõóíêiâ ÿêèõ íàâåäåíi â ðîáîòi [45]. Øèðèíó ñïå-
êòðàëüíèõ ëiíié çàäàíî òàêèìè ïàðàìåòðàìè, ÿê ðîç-
ìèòòÿ, òåìïåðàòóðà òà äîâæèíà ñâiòëîâî¨ õâèëi ôóí-
äàìåíòàëüíîãî ïó÷êà. Òåîðåòè÷íi ðîçðàõóíêè ñïåêòðà
ÊÐ äëÿ êðèñòàëà AgGaS2 íàâåäåíî íà ðèñ. 5. Îá÷èñëå-
ííÿ ïðîâîäèëè äëÿ äîâæèíè õâèëi ñâiòëà ôóíäàìåí-
òàëüíîãî ïó÷êà, ùî ïàäà¹ íà äîñëiäæóâàíèé êðèñòàë
λ = 514.5 íì òà äëÿ òåìïåðàòóðè çðàçêà T = 293 K.
Íàâåäåíèé ñïåêòð ðîçðàõîâóâàëè â äiëÿíöi ÷àñòîò
ω = 0�400 ñì−1. Ó ñïåêòði íàÿâíà ñåðiÿ ïiêiâ, ùî
âiäïîâiäà¹ êîëèâàííÿì ñòðóêòóðíèõ åëåìåíòiâ êðè-
ñòàëà AgGaS2 (ðèñ. 5 êðèâà 1). Íàéiíòåíñèâíiøîþ,
ÿê áóëî îöiíåíî ç ôîðìóëè 6 òà ñèìåòði¨ òåíçîðà ÊÐ
äëÿ òî÷êîâî¨ ãðóïè ñèìåòði¨ D2d, ¹ ïîâíîñèìåòðè÷íà
ìîäà A1, ùî âiäïîâiäà¹ îá÷èñëåíié ÷àñòîòi êîëèâàíü
300.27 ñì−1. Óñi iíøi àêòèâíi â ñïåêòðàõ ÊÐ ñìóãè
êîëèâàííÿ ìàþòü çíà÷íî íèæ÷ó iíòåíñèâíiñòü ïiêiâ.
Äëÿ ïîðiâíÿííÿ ðîçðàõîâàíèõ ñïåêòðiâ ÊÐ ç åêñïåðè-
ìåíòîì íà ðèñ. 5 íàâåäåíî åêñïåðèìåíòàëüíi ñïåêòðè,
ïîäàíi â ëiòåðàòóði [19] (êðèâà 2). Ïîðiâíþþ÷è åêñïå-
ðèìåíòàëüíó òà òåîðåòè÷íó êðèâi ñïåêòðiâ ÊÐ, áà÷è-
ìî ¨õ äîáðå óçãîäæåííÿ. Çàçíà÷èìî, ùî íàéiíòåíñèâ-
íiøèé ïiê A1 ¹ äåùî çñóíóòèé ó áiê âèùèõ ÷àñòîò íà
âåëè÷èíó ∆ω ≈ 2.7 ñì−1. Òàêèé çñóâ ñïîñòåðiãàëè ðà-
íiøå äëÿ êðèñòàëà β-LiNH4SO4 [43] òà äëÿ êðèñòàëà
AgGaTe2 [14]. Äëÿ êðèñòàëà AgGaTe2 íàéiíòåíñèâíi-
øèé ïiê ñïîñòåðiãàâñÿ çà ω = 135 ñì−1 i òàêîæ âiäïî-
âiäàâ ìîäi A1. Äëÿ öüîãî êðèñòàëà çñóâ ïiêà A1 ùîäî
åêñïåðèìåíòàëüíîãî ñïåêòðà ñòàíîâèâ ∆ω ≈ 5 ñì−1 ó
áiê âèùèõ ÷àñòîò.
Ðîçðàõóíîê I×- ñïåêòðiâ äëÿ êðèñòàëà AgGaS2 ïðî-

âåäåíî, ÿê i ó âèïàäêó ÊÐ ñïåêòðiâ, çà äîïîìîãîþ
âáóäîâàíîãî ôóíêóöiîíàëà ïðîãðàìè CASTEP [45].
Íà ðèñóíêó 6 íàâåäåíî òåîðåòè÷íi iíôðà÷åðâîíi ñïå-
êòðè êðèñòàëà AgGaS2, îá÷èñëåíi â äiëÿíöi ÷àñòîò
ω = 0�400 ñì−1. Äëÿ I× ñïåêòðiâ äîñëiäæóâàíî¨
ñïîëóêè íàéâèùà ÷àñòîòà êîëèâíî¨ ìîäè ñòàíîâèòü
365.24 ñì−1. Ñïåêòð ñêëàäà¹òüñÿ ç ï'ÿòè îñíîâíèõ ïi-
êiâ. Äâà ïiêè çà ÷àñòîò 324.6 ñì−1 i 365.6 ñì−1 ìà-
þòü âèñîêó iíòåíñèâíiñòü, äâà ïiêè ïðè 219.6 ñì−1 òà
236.6 ñì−1 ìàþòü iíòåíñèâíiñòü áëèçüêî 1/4 âiä iíòåí-
ñèâíîñòi íàéâèùîãî ïiêà, i îäèí ïiê çà 160.9 ñì−1 ¹ ç
íèçüêîþ iíòåíñèâíiñòþ. Íàéiíòåíñèâíiøèé ïiê ó öüî-
ìó ñïåêòði çíàõîäèòüñÿ çà ω = 324.25 cì−1, òîäi ÿê
ïiê äåùî íèæ÷î¨ iíòåíñèâíîñòi � çà 365.24 ñì−1. Öi
äâà ïiêè âiäïîâiäàþòü E òà B2 òèïàì ñèìåòði¨, àíàëî-
ãi÷íî äî äàíèõ, îòðèìàíèõ ó ðîáîòi [14] äëÿ êðèñòàëà
AgGaTe2.

Â. Òåíçîð åôåêòèâíèõ çàðÿäiâ Áîðíà òà
äiåëåêòðè÷íi êîíñòàíòè äëÿ AgGaS2

Âàæëèâó iíôîðìàöiþ ïðî òâåðäå òiëî ìîæíà îòðè-
ìàòè iç çàðÿäiâ Áîðíà. Òåíçîð åôåêòèâíèõ çàðÿäiâ
Áîðíà ïîêàçó¹ ìàêðîñêîïi÷íèé åëåêòðè÷íèé âiäãóê
êðèñòàëà íà âíóòðiøí¹ ïåðåìiùåííÿ àòîìiâ ó êðèñòà-

3704-7



Ì. ß. ÐÓÄÈØ, À. I. ÊÀØÓÁÀ, Ï. À. ÙÅÏÀÍÑÜÊÈÉ, Ð. Þ. ÏÅÒÐÓÑÜ òà ií.

ëi. Îäíîðiäíèé çñóâ ïiä ðàòêè êàòiîíà àáî àíiîíà ïî-
ðîäæó¹ ìàêðîñêîïi÷íó ïîëÿðèçàöiþ, àëå íå ñòâîðþ¹
ìàêðîñêîïi÷íîãî åëåêòðè÷íîãî ïîëÿ, îñêiëüêè ïåðiî-
äè÷íiñòü ïiä ðàòîê íå çìiíþ¹òüñÿ. Öi çàðÿäè äàþòü
çìîãó îöiíèòè ñòóïiíü éîííîñòi ìàòåðiàëó, à òàêîæ
ìîæóòü áóòè öiêàâèìè ïiä ÷àñ àíàëiçó LO�TO ðîç-
÷åïëåííÿ i âèçíà÷àþòüñÿ ÿê iíäóêîâàíà ïîëÿðèçàöiÿ
òâåðäîãî òiëà âçäîâæ íàïðÿìêó α(Pα) äëÿ îäèíè÷íî-
ãî çìiùåííÿ àòîìà âçäîâæ íàïðÿìêó β(τk,β), ùî íàëå-
æèòü ïiä ðàòöi k. Çãiäíî ç òåîði¹þ [44, 46], åôåêòèâíi
çàðÿäè Áîðíà äëÿ öåíòðà çîíè Áðiëëþåíà îá÷èñëþþ-
òüñÿ ÿê

Z*
k,αβ = Ω

δPα

δτ q=0
k,β

∣∣∣∣
E=0

, (7)

äå Ω � îá'¹ì åëåìåíòàðíî¨ êîìiðêè, δPα � ïîëÿðèçà-
öiÿ i δτk,β � çìiùåííÿ k-ãî àòîìà â íàïðÿìêó β. Ìàëi
çíà÷åííÿ Z∗ âêàçóþòü íà íåñêîðåëüîâàíå àòîìíå çìi-
ùåííÿ, ùî ñâiä÷èòü ïðî ôàçîâó ñòàáiëüíiñòü. Äëÿ îá-
÷èñëåííÿ åôåêòèâíèõ çàðÿäiâ Áîðíà ìè ðîçãëÿíóëè
íåçàëåæíi çìiùåííÿ äëÿ âñiõ ñêëàäíèêiâ àòîìiâ Ag,
Ga i S. Îòðèìàíî åëåêòðîííèé âíåñîê äî çìiíè ïîëÿ-

ðèçàöi¨ âçäîâæ êîæíîãî íàïðÿìêó. Ðîçðàõóíîê äèíà-
ìi÷íèõ é åôåêòèâíèõ çàðÿäiâ äîñëiäæóâàíîãî êðèñòà-
ëà ïðîâåäåíî â ìåæàõ ñòàíäàðòíî¨ ïðîöåäóðè îá÷è-
ñëåííÿ éîãî êîëèâíîãî ñïåêòðà ç âèêîðèñòàííÿì ïðî-
ãðàìè CASTEP i çà äîïîìîãîþ DFPT, ðåàëiçîâàíîãî
â íié ìåòîäîì ëiíiéíîãî âiäãóêó. Ðîçðàõîâàíi òåíçîðè
åôåêòèâíîãî çàðÿäó Áîðíà (Z∗), ùî îïèñóþòü îäíî-
ðiäíi çñóâè ïiä ðàòîê Ag, Ga òà S ó êðèñòàëi AgGaS2,
âëàñíi çíà÷åííÿ ñèìåòðè÷íî¨ ÷àñòèíè Z∗(λ), à òàêîæ
äèíàìi÷íi çàðÿäè Qd, ùî ¹ ñåðåäíiì çíà÷åííÿì äiàãî-
íàëüíèõ åëåìåíòiâ öüîãî òåíçîðà, ïîêàçàíî â òàáëè-
öi 6. Òåíçîðè åôåêòèâíèõ çàðÿäiâ íàâåäåíi äëÿ îäíî-
ãî àòîìà Ag ç ïîçèöi¹þ 4a (S4), îäíîãî àòîìà Ga ç
ïîçèöi¹þ 4d (S4) (îñêiëüêè iíøi åêâiâàëåíòíi) òà äâîõ
àòîìiâ S ç ïîçèöi¹þ 8d. ßê âèäíî ç òàáëèöi, òåíçî-
ðè ¹ äiàãîíàëüíèìè òà ìàéæå içîòðîïíèìè. Äëÿ òå-
òðàãîíàëüíèõ êðèñòàëiâ, çãiäíî ç ¨õíüîþ ñèìåòði¹þ,
Z∗xx = Z∗yy 6= Z∗zz. Çíà÷åííÿ Z

∗
xx/Z

∗
zz = 1.17 äëÿ àòî-

ìiâ ñðiáëà; Z∗xx/Z
∗
zz = 0.94 � äëÿ àòîìiâ ãàëiþ. Òåíçîð

¹ ìàéæå ñôåðè÷íèì iç íåâåëèêèì òåòðàãîíàëüíèì âè-
êðèâëåííÿì, ÿê i êðèñòàëi÷íà ñòðóêòóðà, ÷åðåç íåâè-
êîíàííÿ ñïiââiäíîøåííÿ c/2a = 1.

Àòîì Z∗ Z∗(λ) Qd

Ag Z∗Ag =

 1.10 0.10 0.00

−0.10 1.10 0.00

0.00 0.00 0.94


1.10

1.10

0.94

 1.05

Ga Z∗Ga =

 2.66 0.23 0.00

−0.23 2.66 0.00

0.00 0.00 2.82


2.66

2.55

2.82

 2.71

S1 Z∗S1 =

−1.64 0.00 0.00

0.00 −2.12 −0.73

0.00 −0.82 −1.88


−1.22

−2.78

−1.64

 −1.88

S2 Z∗S2 =

−2.12 0.00 0.73

0.00 −1.64 0.00

0.82 0.00 −1.88


−1.22

−2.78

−1.64

 −1.88

Òàáë. 6. Ðîçðàõîâàíi åôåêòèâíi çàðÿäè Áîðíà Z∗, âëàñíi çíà÷åííÿ ñèìåòðè÷íî¨ ÷àñòèíè Z∗(λ) i äèíàìi÷íi çàðÿäè Qd
(â îäèíèöÿõ çàðÿäó e) êðèñòàëà AgGaS2

Table 6. Calculated e�ective Born charges Z∗, eigenvalues of symmetrical part Z∗(λ), and dynamical charges Qd (in units of
charge e) of AgGaS2 crystal

Àòîìè ñiðêè ðîçòàøîâàíi â ïîçèöi¨ 8d iç íèæ÷îþ
ñèìåòði¹þ (C2) ïîðiâíÿíî ç àòîìàìè Ag òà Ga. Òî-
ìó ñèìåòðiÿ òåíçîðà Z∗ äëÿ íå¨ ¹ íèæ÷îþ. Àíiîíè
ìàþòü òàêi êîìïîíåíòè òåíçîðà: Z∗S,zz = −1.88, òîäi
ÿê Z∗S,xx, à òàêîæ Z∗S,yy = −1.64 àáî −2.12, çàëåæíî
âiä òîãî, ÿêèé ïàðàìåòð âèêðèâëåííÿ u. Ïðî àíàëîãi-
÷íèé âèãëÿä òåíçîðà Z∗ ïîâiäîìëÿ¹òüñÿ äëÿ êðèñòà-
ëà ZnSnP2 [47]. Òàêîæ ÷åðåç âèêðèâëåííÿ u óçäîâæ
x ÷è y íàïðÿìêó íàñòóïíi íåäiàãîíàëüíi êîìïîíåíòè
ñòàþòü íå íóëüîâèìè:Z∗S,yz = ±0.73, Z∗S,zy = ±0.82,
Z∗S,xz = ±0.73, Z∗S,zx = ±0.82.
Íîðìàëüíi çàðÿäè ñêëàäíèêiâ àòîìiâ êðèñòàëiâ

AgGaS2 òàêi: Ag +1; Ga +3; S −2 (ó çàðÿäàõ e). ßê
âèäíî ç òàáëèöi, ñïîñòåðiãà¹òüñÿ âiäõèëåííÿ äèíàìi-
÷íèõ çàðÿäiâ ùîäî íîìiíàëüíèõ çíà÷åíü âiëüíèõ éîíiâ
1.047, 2.713, −1.88 äëÿ àòîìiâ Ag, Ga òà S âiäïîâiäíî.

Âiäõèëåííÿ âiä íîðìàëüíèõ çàðÿäiâ ãîâîðèòü ïðî äè-
íàìi÷íå ïåðåíåñåííÿ çàðÿäó ìiæ éîíàìè. Äîäàòêîâî
òàêå âiäõèëåííÿ çàðÿäiâ óêàçó¹ íà ñèëüíèé êîâàëåí-
òíèé çâ'ÿçîê ìiæ àòîìàìè â öié ñïîëóöi. Ëiòåðàòóðíi
äàíi ïðî åôåêòèâíi çàðÿäè äëÿ äîñëiäæóâàíîãî êðè-
ñòàëà íàì íå âiäîìi.
Iç äðóãî¨ ïîõiäíî¨ âiä ïîâíî¨ åíåð i¨ ñèñòåìè ïî åëå-

êòðè÷íîìó ïîëi ìîæíà îòðèìàòè äiåëåêòðè÷íó ïðî-
íèêíiñòü ñèñòåìè ε [48]. ßêùî ðîçãëÿäàòè âíåñîê â
åíåð iþ ñèñòåìè ëèøå âiä åëåêòðîííî¨ ïiäñèñòåìè Eel,
äiåëåêòðè÷íèé âiäãóê ¹ ÷èñòî îïòè÷íèì òåíçîðîì äi-
åëåêòðè÷íî¨ ïðîíèêíîñòi ε∞, ÿêèé ìîæíà îòðèìàòè
òàê:

ε∞αβ = δαβ −
4π

Ω

∂2Eel

∂εα∂εβ
, (8)
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äå α i β � iíäåêñè íàïðÿìêiâ ó äåêàðòîâié ñèñòåìi
êîîðäèíàò, à Ω � îá'¹ì ïðèìiòèâíî¨ êîìiðêè. Ñòà-
òè÷íó äiåëåêòðè÷íó ïðîíèêíiñòü ìîæíà ðîçêëàñòè
íà âíåñêè ðiçíèõ ìîä i ïîðàõîâàòè(îá÷èñëèòè) óçà-
ãàëüíåíèì ñïiââiäíîøåííÿì Ëiäåíà�Ñàêñà�Òåëëåðà
(Lyddane�Sachs�Teller � LST).

ε0 = ε∞
∏
m

ω2
LO,m

ω2
TO,m

, (9)

äå ωTO,m � ÷àñòîòà ïîïåðå÷íî¨ îïòè÷íî¨ ìîäè, à
ωLO,m � ÷àñòîòà ïîâçäîâæíüî¨ îïòè÷íî¨ ìîäè. Öå
ñïiââiäíîøåííÿ ðîçðàõîâó¹òüñÿ îêðåìî äëÿ êîæíî¨
ïîëÿðèçàöi¨. Ç âèêîðèñòàííÿì ôîðìàëiçìó DFPT ìè
îá÷èñëèëè òåíçîð åëåêòðîííî¨ ε∞ òà ñòàòè÷íî¨ äiåëå-
êòðè÷íî¨ ε0 ïðîíèêíîñòi äëÿ äîñëiäæóâàíîãî êðèñòà-
ëà. Çãiäíî ç ñèìåòði¹þ êðèñòàëà, òåíçîð ¹ äiàãîíàëü-
íèì iç òàêèìè êîìïîíåíòàìè: εxx = εyy 6= εzz. Ðîçðà-
õîâàíî êîåôiöi¹íòè òåíçîðiâ ε0 òà íàâåäåíî â òàáëè-
öi 7. ßê ñòàòè÷íà, òàê i åëåêòðîííà äiåëåêòðè÷íà ïðî-
íèêíîñòi, ïîäiáíî äî çàðÿäiâ Áîðíà, ìàþòü íåçíà÷íó
àíiçîòðîïiþ (1.03 äëÿ ε∞ òà 0.98 äëÿ ε0). Åêñïåðè-
ìåíòàëüíå çíà÷åííÿ äiåëåêòðè÷íî¨ ñòàëî¨ äëÿ êðèñòà-
ëà AgGaS2 äîðiâíþ¹ 10 [49], ùî äîáðå óçãîäæó¹òüñÿ
iç ñåðåäíiì çíà÷åííÿì ðîçðàõîâàíî¨ â öié ïðàöi ñòàòè-
÷íî¨ äiåëåêòðè÷íî¨ ôóíêöi¨, ÿêå äîðiâíþ¹ 10.095.

ε∞αβ εαβ

ε∞xx = ε∞yy 7.50 εxx = ε∞yy 9.97

ε∞zz 7.31 εzz 10.04

ε∞xx/ε
∞
zz 1.03 εxx/εzz 0.98

Òàáë. 7. Ñòàòè÷íà ε0 òà åëåêòðîííà ε∞ äiåëåêòðè÷íi êîí-
ñòàíòè ðîçðàõîâàíi äëÿ êðèñòàëà AgGaS2 âèêîðèñòîâóþ÷è

LDA ôóíêöiîíàë

Table 7. Static ε0 and electronic ε∞ dielectric constants
calculated for an AgGaS2 crystal using the LDA functional

IV. ÂÈÑÍÎÂÊÈ

Ó öié ðîáîòi ïðîâåäåíî ïåðøîïðèíöèïíi äîñëiäæå-
ííÿ ñòðóêòóðè, êîëèâíèõ õàðàêòåðèñòèê òà äiåëå-
êòðè÷íèõ âëàñòèâîñòåé íàïiâïðîâiäíèêîâîãî êðèñòà-
ëà AgGaS2 çi ñòðóêòóðîþ õàëüêîïiðèòó. Iç âèêîðèñòà-

ííÿì òåîði¨ çáóðåííÿ ôóíêöiîíàëà ãóñòèíè ðîçðàõî-
âàíî ôîíîííèé ñïåêòð, ïîâíó é ïàðöiàëüíi ãóñòèíè
ôîíîííèõ ñòàíiâ òà äèíàìi÷íi ïàðàìåòðè. Ðiâíîâàæíó
êðèñòàëi÷íó ñòðóêòóðó äîñëiäæåíî ç âèêîðèñòàííÿì
LDA ôóíêöiîíàëà. Îïòèìiçîâàíi â ïðîöåñi îá÷èñëåíü
ñòðóêòóðíi ïàðàìåòðè, ÿêèìè ¹ ïàðàìåòðè  ðàòêè òà
ïîëîæåííÿ àòîìiâ, äîáðå óçãîäæóþòüñÿ ç åêñïåðèìåí-
òîì.

Ðåçóëüòàòè ðîçðàõóíêiâ ôîíîíiâ ïîêàçàëè ñòàáiëü-
íiñòü êðèñòàëi÷íî¨ ñòðóêòóðè äîñëiäæóâàíî¨ ñïîëó-
êè. Iç îá÷èñëåíü ôîíîííîãî ñïåêòðà âèïëèâà¹, ùî ïî-
ìiòíà ñóòò¹âà àíiçîòðîïiÿ äëÿ íèçüêî÷àñòîòíèõ àêó-
ñòè÷íèõ âiòîê êîëèâàíü. Òàêîæ ñïîñòåðiãà¹òüñÿ íàÿâ-
íiñòü íèçüêî÷àñòîòíèõ îïòè÷íèõ âiòîê, ÿêi âçà¹ìîäi-
þòü ç àêóñòè÷íèìè. Ç'ÿñîâàíî, ùî ãóñòèíó ñòàíiâ ìî-
æíà ðîçäiëèòè íà òðè äiëÿíêè � íèçüêî÷àñòîòíó, ñå-
ðåäíüî÷àñòîòíó òà âèñîêî÷àñòîòíó, ÿêi óòâîðåíi êîëè-
âàííÿìè àòîìiâ Ag, Ga òà S âiäïîâiäíî. Ðîçðàõîâàíi
òà iäåíòèôiêîâàíi ÷àñòîòè êîëèâíèõ ìîä ó öåíòði çîíè
Áðiëëþåíà (Ã-òî÷êà) ïîêàçàëè õîðîøå óçãîäæåííÿ ç
íàÿâíèìè åêñïåðèìåíòàëüíèìè äàíèìè I× òà ÊÐ ñïå-
êòðiâ òà òåîðåòè÷íèìè äàíèìè, îòðèìàíèìè ç âèêî-
ðèñòàííÿì ïðîãðàìè Phonon. Ïðîâåäåíî ñèìåòðiéíó
êëàñèôiêàöiþ êîëèâíèõ ìîä äëÿ êðèñòàëà ç âèêîðè-
ñòàííÿì òåîði¨ ãðóï.

Ðîçðàõîâàíi òåîðåòè÷íi ñïåêòðè ÊÐ ïîêàçàëè äîáðå
óçãîäæåííÿ ç åêñïåðèìåíòàëüíèì ñïåêòðîì, íàâåäå-
íèì ó ëiòåðàòóði. Ç'ÿñîâàíî, ùî íàéiíòåíñèâíiøèì ó
ñïåêòði ÊÐ ¹ ïiê çà 300.27 ñì−1, ùî âiäïîâiäà¹ ïîâ-
íîñèìåòðè÷íîìó êîëèâàííþ ñèìåòði¨ A1, òîäi ÿê åêñ-
ïåðèìåíòàëüíà ñìóãà äåùî çñóíóòà â áiê âèùèõ ÷à-
ñòîò íà âåëè÷èíó ∆ω ≈ 2.7 ñì−1. Òàêîæ îòðèìàíî
I×-ñïåêòð äëÿ äîñëiäæóâàíîãî êðèñòàëà. Ïîáóäîâàíî
âåêòîðè çìiùåíü àòîìiâ, ÿêi âiäïîâiäàþòü íîðìàëü-
íèì êîëèâàííÿì, àêòèâíèì ó öèõ ñïåêòðàõ. Îöiíêà
òåíçîðà åôåêòèâíèõ çàðÿäiâ Áîðíà òà äiåëåêòðè÷íèõ
êîíñòàíò ó êðèñòàëi AgGaS2 óêàçóþòü íà ¨õíþ çíà÷íó
àíiçîòðîïiþ.
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ÐÎÇÐÀÕÓÍÎÊ ÊÎËÈÂÍÈÕ ÑÏÅÊÒÐIÂ ÊÐÈÑÒÀËIÂ AgGaS2 ÇI ÑÒÐÓÊÒÓÐÎÞ ÕÀËÜÊÎÏIÐÈÒÓ

CALCULATION OF THE VIBRATIONAL SPECTRA OF AgGaS2 CRYSTAL WITH
CHALCOPYRITE STRUCTURE

M. Ya. Rudysh1,2,3,4, A. I. Kashuba4, P. A. Shchepanskyi1,2,4, R. Yu. Petrus4, V. Yo. Stadnyk1, M. Piasecki2
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Ternary semiconductor materials with a chalcopyrite structure belonging to the I�III�VI2 group (where
I = Ag, Cu; III = Al, Ga, In; VI = S, Se, Te) attract considerable attention due to interesting physical
properties. The structural, electronic and optical properties of these crystals make them promising materi-
als for a number of applications in nonlinear optics devices, detectors, photodiodes, solar cells, etc. In this
work, the theoretical �rst-principle calculations of the structural, vibrational and dielectric properties of
an AgGaS2 crystal with a chalcopyrite structure are performed. We report the results of the calculations
of the phonon band structure ω(q), total and partial density of phonon states N(ω), infrared spectra and
Raman spectra, the Born e�ective charge tensor for each atom, and dielectric constants (for ω = 0 and
ω → 0) using the theory of perturbation of the density functional. Theoretical-group analysis of vibrati-
onal modes is carried out and the classi�cation of vibrations in the phonon spectra of the investigated
compound is performed.

The results of the phonons calculations showed the stability of the crystal structure of the studied
compound. It follows from the calculations of the phonon spectrum that there is a signi�cant anisotropy of
low-frequency acoustic branches of vibrations. There is also a presence of low-frequency optical branches
that interact with acoustic ones. It was found that the density of states can be divided into three parts �
low-frequency, medium-frequency and high-frequency regions, which are formed by the oscillations of Ag,
Ga and S atoms, respectively. The calculated and identi�ed frequencies of vibrations modes in the center
of the Brillouin zone (Γ point) showed good agreement with the available experimental data on IR and
Raman spectra and theoretical data obtained using the Phonon program. A symmetric classi�cation of
vibrational modes for a crystal using group theory is performed. Estimation of the Born e�ective charge
tensor and dielectric constants in an AgGaS2 crystal indicates their signi�cant anisotropy.

Key words: AgGaS2, DFPT, phonon, linear response theory, Born e�ective charges, vibrational
spectra.
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