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Áèä ýíýõ³³ àæëààð Áåðëèíèòèéí õàðèìõàéí òîãòìîëóóä, ïüåçî-ýëåêòðèê
êîýôôèöèåíò³³äèéã ab-initio êâàíò ìåõàíèêèéí àðãààð CRYSTAL14 ïðîãðàìì àøèãëàí
òîîöîîëîâ. Áèäíèé òîîöîîëñîí ³ð ä³íã³³ä áóñàä òîîöîîíû áîëîí òóðøèëòûí ³ð ä³íã³³äòýé
ñàéí òîõèð÷ áàéíà. Ò³³í÷ëýí óã ñèñòåìèéí õóâüä ýçýëõ³³í øàõàëòûí ìîäóëü B, øèëæèëòèéí
ìîäóëü G, Þíãèéí ìîäóëü E, Ïóàññîíû õàðüöàà ν áîëîí Äåáàéí òåìïåðàòóðûã òîäîðõîéëîâ.

PACS numbers: 77.84.-s, 62.20.de, 77.65.Bn

I. ÎÐØÈË

Áåðëèíèò áóþó AlPO4 íü ïüåçî-ýëåêòðèê
øèíæ ÷àíàð á³õèé ìàòåðèàë þì. Ïüåçî-ýëåêòðèê
ýôôåêòèéã àòîìûí ò³âøèíä àíõ 1927 îíä Meisner
α-SiO2-èéí æèøýýí äýýð òàéëáàðëàñàí áàéäàã [1].
Ãýâ÷ ýíä êâàðöèéí á³òöèéã õýò õÿëáàð÷èëñàí,
ò³³íèéã èîíû õîëáîîñòîé ãýæ îéðîëöîîëñîí
áàéäàã. Ñ³³ëèéí ³åä õèéãäñýí íèëýýä àæëóóä
Meisner-èéí çàãâàðààð òàéëáàðëàãääàãã³é. Êâàðö
íü õ³÷òýé êîâàëåíò õîëáîîñòîé áàéäàã ó÷èð
ãàäíû öàõèëãààí îðîíä Si-O õîîðîíäîõ °°ð÷ë°ëò
áàãà õàðèí êâàðöàä ÿâàãäàæ áàéãàà ãîë ìåõàíèçì
íü SiO4 òýòðàýäðèéí ýðãýëò ãýäãèéã äèôðàêöèéí
àðãààð òîãòîîñîí áàéäàã [2]. AlPO4 -èéí á³òýö íü
SiO2 -èéí á³òýöòýé ò°ñ°°òýé á°ã°°ä Si -èéí îðîíä
Al áîëîí P -èéí àòîìûã ýýëæëýí áàéðëóóëñàí
òåòðàýäðóóäààñ òîãòîíî. Áèä °ìí° AlPO4 -èéí
çàðèì ôèçèê øèíæ ÷àíàðûí îíîëûí òîîöîî õèéõ
çàìààð P-O õîëáîîñûí õóâüä êîâàëåíò, Al-O
õîëáîîñûí õóâüä èîíû øèíæ ÷àíàðòàé áîëîõûã
³ç³³ëñýí [6]. Èéìýýñ ýíý ñèñòåì íü õèìèéí
õîëáîîñûí õóâüä õîëèìîã øèíæ ÷àíàðòàé. Ì°í
áèä ñèíõðîòðîí öàöðàã áîëîí ìîäóëÿöèéí àðãà
àøèãëàí AlPO4 -èéí óðâóó ïüåçî-ýëåêòðèê
êîýôôèöèåíò³³äèéã òîäîðõîéëñîí [6,7]. Áèä

ýíý àæëààð áåðëèíèòèéí õóâüä ab-initio êâàíò
ìåõàíèêèéí àðãà àøèãëàí õàðèìõàéí òîãòìîëóóä
áîëîí ïüåçî-ýëåêòðèê êîýôôèöèåíòóóäûã òîîöîõ
çîðèëãî òàâüñàí.

II. ÒÎÎÖÎÎÍÛ ÀÐÃÀ ÁÎËÎÍ ÎÍÎËÛÍ
�ÍÄÝÑ

Áèä ab-inito êâàíò ìåõàíèêèéí àðãààð
³íäñýí ò°ëâèéí ýíåðãè, ýíåðãèéí ãðàäèåíò,
ýëåêòðîíû äîëãèîíû ôóíêöóóäûã àøèãëàí
êðèñòàëë ñèñòåìèéí øèíæ ÷àíàðóóäûã òîîöîîëîõ
CRYSTAL14 ïðîãðàìì [8] àøèãëàí AlPO4 -
èéí õàðèìõàéí òîãòìîëóóä, ïüåçî-ýëåêòðèê
êîýôôèöèåíò³³äèéã òîîöîîëîâ. Ýíýõ³³ òîîöîîíä
àòîìûí îðáèòàëààð Ãàóññûí ôóíêö (GTF)
áîëîí B3LYP (Becke-èéí ãóðâàí ïàðàìåòðòýé
ñîëèëöîëûí ôóíêö áîëîí ëîêàë áèø Lee-Yang-
Parr-èéí êîððåëëÿöèéí ôóíêö) õàìèëüòîíèàí
àøèãëàñàí áîëíî. Õàðèìõàéí òîãòìîëóóäûã áèä
ãàæèëò ³³ñãýõ õ³÷äýëèéí ôóíêöýýñ õàìààðàõ
ñèñòåìèéí ýíåðãèéí ïîëèíàìèíàë òîõèðóóëãààñ
îëîõ áîëíî. Ýãýë òîðûí ýíåðãèýñ õàðüöàíãóé
äåôîðìàöèéí ôóíêöààð öóâààíä çàäëàí áè÷üå.
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õàðüöàíãóé äåôîðìàöààð àâñàí õî¼ðäóãààð
ýðýìáèéí óëàìæëàëààð äàðààõè áàéäëààð

èëýðõèéëýãäýíý:

Cij =
1
V0

[
∂2E

∂ηi∂ηj

]
, (2)

17



18 N.Tuvjargal et. al., Theoretical Study of Elastic and Piezoelectric Coe�cients in Berlinite

ýíä V0 íü òýíöâýðò ò°ë°â äýõ ñèñòåìèéí ýçýëõ³³í.
η íü õàðüöàíãóé äåôîðìàöèéí 2-ð ðàíãèéí
ñèììåòð òåíçîð á°ã°°ä Âîéãòèéí òýìäýãëýãýý
àøèãëàí áè÷âýë ij = 1, ..., 6(1 = xx, 2 = yy, 3 =
zz, 4 = yz, 5 = xz, 6 = xy) áàéíà. Áåðëèíèò
íü òðèãîíàëü êðèñòàëë ñèñòåì P3121 ñèììåòðòýé
ó÷èð ³ë õàìààðàõ õóâüñàã÷èéí òîî ö°°ð÷ 6 áîëíî:

Cij =




C11 C12 C13 0 C15 0
0 C11 C13 0 −C15 0
0 0 C33 0 0 0
0 0 0 C44 0 C15

0 0 0 0 C44 0
0 0 0 0 0 C66




.

Ýíä C66 òîãòìîë íü C11 áîëîí C12 -ààð äàðààõè
áàéäëààð èëýðõèéëýãäýíý.

C66 = (C11 − C12)/2.

Ò³³í÷ëýí äîîðõè îéðîëöîîëñîí ýìïèðèê
òýãøèòãýë³³ä àøèãëàí AlPO4-èéí ýçýëõ³³í
øàõàëòûí (B), øèëæèëòèéí (G), Þíãèéí (E)
ìîäóëèóä, ïóàññîíû õàðüöàà (ν) áîëîí òîäîðõîé
÷èãëýëä õ°íäë°í (vs), òóóø (vp) ÷èãëýëä õàðèìõàé
äîëãèîí òàðàõ õóðä çýðãèéã òîîöîîëîâ:

B =
1
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ρ
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√
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ýíä Cij íü õàðèìõàéí òîãòìîë, Sij íü õàðèìõàéí
ìîäóëü, ρ íü íÿãò. Õàðèìõàé äåôîðìàöèéí ìóæèä
øóóä e áîëîí óðâóó d ïüåçî-ýëåêòðèê òåíçîðóóä
íü õàðüöàíãóé äåôîðìàöûí ä³íä ³³ñýõ òóéëøðàë
P áîëîí ãàäíû öàõèëãààí îðîí E -ýýð ³³ñýõ
õàðüöàíãóé äåôîðìàö η -ààñ äàðààõè áàéäëààð
õàìààðíà:

P = e · η, (3)

η = eT · E. (4)

Òóéëøðàëûí êîìïîíåíòóóä íü õàðüöàíãóé
äåôîðìàöèéí òåíçîðûí êîìïîíåíòóóäààð
äàðààõè áàéäëààð èëýðõèéëýãäýíý:
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∑

v

eivηv. (5)

Ýíäýýñ ïüåçî-ýëåêòðèê òåíçîðûã îëáîë:
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, (6)

ýíä i = 1, ..., 3; η íü öýâýð õàðüöàíãóé
äåôîðìàöèéí òåíçîð. CRYSTAL ïðîãðàììûí
õóâüä Âàííèåðèéí ôóíêö ýñâýë Baððè ôàçûí
àðãà àøèãëàí öàõèëãààí òóéëøðàëûã òîîöîîëäîã.
Ïüåçî-ýëåêòðèê òîãòìîëóóäûã Âàððè ôàç ϕl -
ààñ õàðüöàíãóé äåôîðìàöààð àâñàí íýãä³ãýýð
ýðýìáèéí óëàìæëàëààð èëýðõèéëýí áè÷âýë

eiv =
|e|
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∑

l
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∂ϕl

∂ηv
, (7)

áîëîõ áà ýíä ali íü l-ð øóóä òîðûí âåêòîðûí i-ð
êîìïîíåíò.

Øóóä áîëîí óðâóó ïüåçî-ýëåêòðèê òåíçîðóóä íü
õîîðîíäîî äàðààõè õàìààðàëòàé áàéíà.

e = d× C, d = e× S. (8)

Ýíä C íü ñèñòåìèéí ýíåðãèýñ õàðüöàíãóé
äåôîðìàöààð àâñàí õî¼ðäóãààð ýðýìáèéí
óëàìæëàëààð èëýðõèéëýãäýõ ä°ð°âä³ãýýð
ýðýìáèéí õàðèìõàéí òåíçîð áà S = C−1 íü
ä°ð°âä³ãýýð ðàíãèéí õàðèìõàéí ìîäóëèéí
òåíçîð.

III. ÒÎÎÖÎÎÍÛ �Ð Ä�Í

Áèä ýíýõ³³ òîîöîîã á³ðýí ÷°ë°°òýé
òîõèîëäîëä õèéñýí á°ã°°ä ýíý ³åä ýãýë òîð äýõ
àòîìóóä áîëîí òîðûí ïàðàìåòð³³ä íü ãàäíû
³éë÷ëýëýýñ õàìààðàí °°ð÷ë°ãä°í°. Èíãýýä
áèäíèé òîîöîîëñîí õàðèìõàéí òîãòìîë Cij (ÃÏà)
áîëîí õàðèìõàéí ìîäóëü Sij (1/TÏà)-èéã äîð
³ç³³ëýâ:

Cij =




84.13 22.67 25.52 0 10.28 0
0 84.13 25.52 0 −10.28 0
0 0 113.41 0 0 0
0 0 0 46.70 0 −10.28
0 0 0 0 46.70 0
0 0 0 0 0 30.72




,

Sij =




14.02 −3.57 −2.36 0 −3.86 0
0 14.02 −2.36 0 3.86 0
0 0 9.88 0 0 0
0 0 0 23.1 0 7.73
0 0 0 0 23.1 0
0 0 0 0 0 35.13




.

Ýíäýýñ áóñàä õàðèìõàéí òîãòìîëóóäûã îëáîë
ýçýëõ³³í øàõàëòûí ìîäóëü B = 47.18 ÃÏà,
øèëæèëòèéí ìîäóëü G = 36.835ÃÏà, Þíãèéí
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ìîäóëü E = 87.68ÃÏà, Ïóàññîíû õàðüöàà ν =
0.19 áàéíà. Õàðèìõàé äîëãèîí òàðàõ õóðäûã
Êðèñòîôôåëèéí òýãøèòãýë àøèãëàí îëñîíûã
õ³ñíýãò.1-ò ³ç³³ëýâ:

Äîëãèîíû âåêòîð Vp(êì/ñ) Vs1(êì/ñ) Vs2(êì/ñ)
[001] 6.53 4.19 4.19
[010] 5.62 4.41 3.11
[100] 5.71 4.07 3.4
[110] 5.67 4.26 3.23
[101] 6.69 3.71 3.27
[011] 6.46 3.94 3.46
[111] 6.05 3.98 3.73

Äåáàéí òåìïåðàòóð TD íü õàòóó áèåèéí
õàðèìõàé øèíæ ÷àíàðûã äóëààí áàãòààìæ,
õàéëàõ òåìïåðàòóð, ýíòðîïèéí °°ð÷ë°ëò çýðýã
òåðìîäèíàìèê øèíæ ÷àíàðóóäòàé õîëáîäîã
ñóóðü õýìæèãäýõ³³í þì. TD -èéã òîäîðõîéëîõ
íýã ñòàíäàðò àðãà áîë ïîëèêðèñòàëë ìàòåðèàëä
õàðèìõàé äîëãèîí òàðàõ äóíäàæ õóðä vm -èéã
àøèãëàí äàðààõè òýãøèòãýëýýð òîäîðõîéëäîã [9]:

TD =
h

kB

[
3n

4π

(
NAρ

M

)]1/3

vm, (9)

ýíä h Ïëàíêèéí òîãòìîë, kB Áîëüöìàíû
òîãìîë, n ìîëåêóë äýõ àòîìûí òîî, NA Àâîãîäðûí
òîî, ρ íÿãò, M ìîëåêóëûí æèí. vm -èéã äàðààõè
èëýðõèéëëýýð îëîõ áîëíî:

vm =
[
1
3

(
2
v3

p

+
1
v3

s

)]1/3

. (10)

Ýíäýýñ AlPO4 ñèñòåìèéí Äåáàéí òåìïåðàòóð íü
TD = 215.5K ãàð÷ áàéíà. AlPO4 -èéí õóâüä øóóä

eij áîëîí óðâóó dij ïüåçî-ýëåêòðèê òåíçîðóóäûí
õóâüä ñèñòåìèéí ñèììåòðýýñ õàìààðàí ç°âõ°í
õî¼ð ³ë õàìààðàõ ãèø³³íòýé áàéíà:

eij =




0 0 0 −e14 0 e21

e21 −e21 0 0 e14 0
0 0 0 0 0 0


 .

�³íýýñ Baððè ôàçûí àðãà àøèãëàí òîîöîîëñîí
ïüåçî-ýëåêòðèê êîýôôèöèåíòóóä íü e11 = 0.182
êë/ì2, e14 = 0.05 êë/ì2 áîëîí d11 = 0.3.008 ïì/B,
d14 = 0.248 ïì/B áàéíà.

IV. Ä�ÃÍÝËÒ

Áèä ýíýõ³³ àæëààð Áåðëèíèò áóþó
AlPO4 -èéí õàðèìõàéí òîãòìîëóóä áîëîí
ïèåçî-ýëåêòðèê êîýôôèöèåíò³³äèéã ab-initio
êâàíò ìåõàíèêèéí àðãààð CRYSTAL14 ïðîãðàìì
àøèãëàí òîîöîîëîâ. Ò³³í÷ëýí óã ñèñòåìèéí õóâüä
ýçýëõ³³í øàõàëòûí ìîäóëü B, øèëæèëòèéí
ìîäóëü G, Þíãèéí ìîäóëü E, Ïóàññîíû õàðüöàà
ν áîëîí Äåáàéí òåìïåðàòóð çýðãèéã òîîöîîëîâ.
Ýäãýýð òîîöîîíû ³ð ä³íã³³ä íü áóñàä òîîöîîíû
³ð ä³í áîëîí òóðøèëòûí óòãóóäòàé ÷àíàðûí
õóâüä òîõèð÷ áàéíà. Áèä öààøèä ñóïåð òîðûí
îéðîëöîîëîë àøèãëàí íýìýëò òîîöîî õèéõ áîëîí
áèäíèé °ìí° õèéñýí òóðøèëòûí ³ð ä³íã³³äèéã
àøèãëàí AlPO4 -èéí õóâüä ïüåçî-ýëåêòðèê
ýôôåêòèéã àòîìûí ò³âøèíä òàéëáàðëàõ çîðèëò
òàâüæ áàéíà. AlPO4 -èéí õàðèìõàé øèíæ
÷àíàð áîëîí ïüåçî-ýëåêòðèê ýôôåêòèéã á³ðýí
ã³éöýä òàíüæ ìýäñýíýýð ò³³íèé õýðýãëýýíèé
áîëîìæóóäûã íýìýãä³³ëýõ áîëîìæòîé.
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