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1 Ââåäåíèå

Æèäêèå êðèñòàëëû çàíèìàþò ïðîìåæóòî÷íîå ïîëîæåíèå ìåæäó èçîòðîïíûìè âÿçêèìè æèä-
êîñòÿìè è êðèñòàëëè÷åñêèìè òâåðäûìè òåëàìè [1]. Â ñìåêòè÷åñêèõ æèäêèõ êðèñòàëëàõ, êî-
òîðûå ðàññìîòðåíû â ýòîé ðàáîòå, èìååòñÿ ïîðÿäîê â ðàñïîëîæåíèè öåíòðîâ ìàññ ìîëåêóë,
à èìåííî îíè îáðàçóþò ñòðóêòóðó, ñîñòîÿùóþ èç ïëîñêèõ ñëîåâ.

Â çàâèñèìîñòè îò íàïðàâëåíèÿ ïðåèìóùåñòâåííîé îðèåíòàöèè ìîëåêóë âûäåëÿþò ñìåê-
òèêè A, â êîòîðûõ äèðåêòîð n íîðìàëåí ê ïëîñêîñòè ñëîÿ, è ñìåêòèêè C, â êîòîðûõ äèðåêòîð
íàêëîíåí ïîä íåêîòîðûì óãëîì θ. Åñëè â ñìåêòèêàõ C ïðè ïåðåõîäå îò ñëîÿ ê ñëîþ äèðåê-
òîð ïîâîðà÷èâàåòñÿ ïðè ñîõðàíåíèè óãëà θ, òî îáðàçóåòñÿ ñìåêòèê C∗ [3]. Â ñìåêòèêàõ A∗, â
îòëè÷èå îò ñìåêòèêîâ A, èìååòñÿ ñïîíòàííàÿ ïîëÿðèçàöèÿ ñëîåâ.

Ñìåêòè÷åñêèå æèäêèå êðèñòàëëû îáëàäàþò ñïîñîáíîñòüþ îáðàçîâûâàòü ñòàáèëüíûå ïëåí-
êè ìàêðîñêîïè÷åñêèõ ðàçìåðîâ, ñîäåðæàùèå îò äâóõ äî òûñÿ÷ ñëîåâ. Â ðàáîòå ðàññìîòðåíû
ñâîáîäíî ïîäâåøåííûå ïëåíêè.

Ðèñ. 1: Ñìåêòèê A∗, ìîëåêóëû èçîáðàæåíû ïðÿìîóãîëüíûìè ïàðàëëåëåïèïåäàìè, íàïðàâëå-
íèå äèïîëüíîãî ìîìåíòà ïåðïåíäèêóëÿðíî âåêòîðó äèðåêòîðà.

Ðèñ. 2: Ñìåêòèê Ñ∗, ìîëåêóëû èçîáðàæåíû ïðÿìîóãîëüíûìè ïàðàëëåëåïèïåäàìè, íàêëîíåí-
íûìè ê ñëîÿì íà îäèí è òîò æå óãîë, íàïðàâëåíèå äèïîëüíîãî ìîìåíòà ïåðïåíäèêóëÿðíî
âåêòîðó äèðåêòîðà è íîðìàëè ê ñëîÿì.
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2 Óðàâíåíèÿ äâèæåíèÿ ñìåêòèêîâ A∗

Ðàññìàòðèâàåòñÿ ñìåêòèê A∗ ñ ïðèëîæåííûì ê íåìó íåêîòîðûì ýëåêòðè÷åñêèì ïîëåì E,
íàïðàâëåííûì âäîëü îñè x. Ñòðóêòóðà èñêàæåííîãî ñìåêòèêà A∗ ìîæåò áûòü îïèñàíà ñ
ïîìîùüþ ïåðåìåííîé u(r), êîòîðàÿ ïðåäñòàâëÿåò ñîáîé ñìåùåíèÿ ñëîåâ îò ðàâíîâåñíîãî ïî-
ëîæåíèÿ âäîëü îñè z. Íàïðàâëåíèå îñè x ÿâëÿåòñÿ âûäåëåííûì, ïîýòîìó ∂u

∂y
= 0. Â ãàóññîâîì

ïðèáëèæåíèè ñâîáîäíàÿ ýíåðãèÿ èñêàæåíèÿ ìîæåò áûòü çàïèñàíà â âèäå [1,2]

Fb =
1

2

∫ {
B

(
∂u

∂z

)2

+K

(
∂2u

∂x2

)2

+ P0E

(
∂u

∂x

)2
}
dr, (1)

ãäå P0 � äèïîëüíûé ìîìåíò åäèíèöû ïîâåðõíîñòè ïëåíêè, B � óïðóãàÿ ïîñòîÿííàÿ, ñâÿ-
çàííàÿ ñî ñæàòèåì è ðàçðåæåíèåì ñëîåâ, à K � ñ èõ èçãèáîì. Â ñìåêòè÷åñêèõ ïëåíêàõ â
ñâîáîäíîé ýíåðãèè, êðîìå îáúåìíîãî, âàæåí òàêæå è ïîâåðõíîñòíûé âêëàä

Fs =
γ

2

∫ {(
∂u1
∂x

)2

+

(
∂u2
∂x

)2
}
dr⊥, (2)

ãäå γ � ïîâåðõíîñòíîå íàòÿæåíèå, u1 è u2 � ñìåùåíèÿ äâóõ ñâîáîäíûõ ïîâåðõíîñòåé ïëåíêè.
Äëÿ îïèñàíèÿ äâèæåíèé â ïëåíêàõ èñïëüçóåòñÿ äèñêðåòíàÿ ìîäåëü. Â ýòîé ìîäåëè ïëåíêà

ðàññìàòðèâàåòñÿ êàê ñîâîêóïíîñòü óïðóãî ñâÿçàííûõ ñìåêòè÷åñêèõ ñëîåâ. Ñâîáîäàÿ ýíåðãèÿ
ïðèíèìàåò ñëåäóþùèé âèä

F =
Ly
2

∫ {
B

d

N−1∑
n=1

(un+1 − un)2 + dK
N∑
n=1

(
∂2un
∂x2

)2

+ γ

[(
∂u1
∂x

)2

+

(
∂uN
∂x

)2
]

+

+ P0Ed
N∑
n=1

(
∂un
∂x

)2
}
dx, (3)

ãäå Ly � õàðàêòåðíûé ðàçìåð ñèñòåìû âäîëü îñè y, N � ÷èñëî ñëîåâ, d � òîëùèíà ñëîÿ.
Ïðè îïèñàíèè äèíàìèêè ïëåíêè äëÿ êàæäîãî ñëîÿ ïèøåòñÿ óðàâíåíèå äâèæåíèÿ. Â ýòèõ

óðàâíåíèÿõ ñèëà, äåéñòâóþùàÿ íà n-é ñëîé è îòíåñåííàÿ ê åäèíèöå ïîâåðõíîñòè, ñêëàäûâàåò-
ñÿ èç óïðóãîé −(1/d)(δF/δun) è âÿçêîé η3∆⊥(∂un/∂t) ñèë. Â ýòîì ñëó÷àå ñèñòåìà óðàâíåíèé
äâèæåíèÿ èìååò âèä

ρ
∂2u1
∂t2

=
B

d2
(u2 − u1)−K

∂4u1
∂4x

+
γ

d

∂2u1
∂x2

+ η3
∂2

∂x2
∂u1
∂t

+ P0E
∂2u1
∂x2

, (4)

ρ
∂2un
∂t2

=
B

d2
(un+1 − 2un + un−1)−K

∂4un
∂4x

+
γ

d

∂2un
∂x2

+ η3
∂2

∂x2
∂un
∂t

+ P0E
∂2un
∂x2

, (5)

ρ
∂2uN
∂t2

=
B

d2
(uN−1 − uN)−K∂4uN

∂4x
+
γ

d

∂2uN
∂x2

+ η3
∂2

∂x2
∂uN
∂t

+ P0E
∂2uN
∂x2

. (6)

Äëÿ ðåøåíèÿ â âèäå ïëîñêîé âîëíû un(qx, ω)exp(iqxx − iωt) ïîëó÷àåì ñëåäóþùóþ ñèñòåìó
ëèíåéíûõ îäíîðîäíûõ óðàâíåíèé(

ρω2 + iωη3q
2
x −

B

d2
−Kq4x −

γ

d
q2x − P0Eq

2
x

)
u1 +

B

d2
u2 = 0, (7)(

ρω2 + iωη3q
2
x −

2B

d2
−Kq4x − P0Eq

2
x

)
un +

B

d2
(un−1 + un+1) = 0, (8)(

ρω2 + iωη3q
2
x −

B

d2
−Kq4x −

γ

d
q2x − P0Eq

2
x

)
uN +

B

d2
uN−1 = 0. (9)

Ýòó ñèñòåìó óðàâíåíèé óäîáíî çàïèñàòü â ìàòðè÷íîé ôîðìå

Âu = 0, (10)
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ãäå

u =


u1
u2
...
uN

 , (11)

Â =



2x+ 1− α 1 0 . . . 0 0 0
1 2x 1 . . . 0 0 0
...

...
...

. . .
...

...
...

0 0 0 . . . 2x 1 0
0 0 0 . . . 1 2x 1
0 0 0 . . . 0 1 2x+ 1− α


. (12)

Ãäå ââåäåíû ñëåäóþùèå îáîçíà÷åíèÿ

x = −1 +
d2

2B

(
ρω2 + iωη3q

2
x −Kq4x − P0Eq

2
x

)
,

α =
dγq2x
B

.

(13)

Äëÿ íàõîæäåíèÿ ÷àñòîò íîðìàëüíûõ êîëåáàíèé, íóæíî íàéòè êîðíè õàðàêòåðèñòè÷åñêîãî
óðàâíåíèÿ

detÂ = 0. (14)

Ýòî óðàâíåíèå ÿâëÿåòñÿ àëãåáðàè÷åñêèì óðàâíåíèåì äîñòàòî÷íî âûñîêîé ñòåïåíè ïî ω2. Äëÿ
ðåøåíèÿ ýòîãî óðàâíåíèÿ óäîáåí ìåòîä, èñïîëüçóþùèé ñâÿçü ïîëèíîìîâ ×åáûøåâà âòîðîãî
ðîäà Un(x) ñ òðèäèàãîíàëüíûìè ñèììåòðè÷íûìè îïðåäåëèòåëÿìè n-ãî ïîðÿäêà

Un(x) =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

2x 1 0 . . . 0 0 0
1 2x 1 . . . 0 0 0
0 1 2x . . . 0 0 0
...

...
...

. . .
...

...
...

0 0 0 . . . 2x 1 0
0 0 0 . . . 1 2x 1
0 0 0 . . . 0 1 2x

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
. (15)

Õàðàêòåðèñòè÷åñêîå óðàâíåíèå (14) ÿâëÿåòñÿ óðàâíåíèåì îòíîñèòåëüíî ïåðåìåííîé x (13):

(x+ 1− α)UN−1(x)− α
(

1− α

2

)
UN−2(x) = 0. (16)

Êàæäûé êîðåíü ýòîãî óðàâíåíèÿ x(l) ïîçâîëÿåò íàéòè äâå ñîáñòâåííûå ÷àñòîòû:

ω
(l)
± = −iη3q

2
x

2ρ
±

√
(1 + x(l))

2B

ρd2
− η23q

4
x

4ρ2
+
Kq4x
ρ

+
P0Eq2x
ρ

(17)

Ðåøåíèå õàðàêòåðèñòè÷åñêîãî óðàâíåíèÿ (16) ñ ó÷åòîì òðèãîíîìåòðè÷åñêîãî ïðåäñòàâëåíèÿ
ïîëèíîìîâ ×åáûøåâà â ñëó÷àå ìàëûõ çíà÷åíèé α â íèçøåì ïîðÿäêå ïî α èìååò âèä

x(1) = −1 +
α

N
,

x(l) = − cos
(l − 1)π

N
+ 2

α

N
cos2

(l − 1)π

2N
, l = 2, 3, . . . , N.

(18)

Õàðàêòåðíûå çíà÷åíèÿ ïàðàìåòðîâ äëÿ ñìåêòèêà A∗, âõîäÿùèõ â âûðàæåíèå (17):

K ∼ 10−6 äèí, B ∼ 2.5 · 107 ýðã ñì−3, E ∼ 300 Â ñì−1,
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P0 ∼ 10−8 Êë/ñì2, d ∼ 30 · 10−8ñì, γ ∼ 30 ýðã ñì−2.

Äëÿ òàêèõ çíà÷åíèé ïàðàìåòðîâ áûëî ÷èñëåííî ïîëó÷åíî ÷òî âêëàä, âíîñèìûé ïîëåì, â
âûðàæåíèå (17) íè ïðè êàêèõ qx íå ÿâëÿåòñÿ ñóùåñòâåííûì.

Ïðè qx → 0 âñå ñîáñòâåííûå êîëåáàíèÿ ïëåíêè ÿâëÿþòñÿ êîëåáàòåëüíûìè, ïðè ýòîì ÷à-
ñòîòû êîëåáàíèé èìåþò âèä [3]

ω
(1)
± = ±c(1)qx − iω′′,

ω
(l)
± = ±c

(l)

d
− iω′′, l = 2, 3, . . . , N,

(19)

ãäå

c(1) =

√
2γ

ρdN
,

c(l) = 2

√
B

ρ
sin

lπ

2N
, l = 2, 3, . . . , N,

ω′′ =
η3q

2
x

2ρ
.

(20)

Ïåðâàÿ ìîäà ω(1)
± ïðåäñòàâëÿåò ñîáîé ïîïåðå÷íóþ çâóêîâóþ âîëíó. Ñ ðîñòîì çíà÷åíèé qx

Ðèñ. 3: Àêóñòè÷åñêàÿ ìîäà êîëåáàíèé â ñâîáîäíî ïîäâåøåííîé ïëåíêå

ïðîèñõîäèò ïåðåõîä ìîä îò êîëåáàòåëüíûõ ê ðåëàêñàöèîííûì.
Îñíîâíûì òèïîì íèçêî÷àñòîòíûõ êîëåáàíèé ñâîáîäíî ïîäâåøåííîé ïëåíêè ÿâëÿþòñÿ àêó-

ñòè÷åñêèå êîëåáàíèÿ. Â ýòîì òèïå äâèæåíèÿ îñòàþòñÿ íåèçìåííûìè ìåæñëîåâûå ðàññòîÿíèÿ.
Â äàëüíåéøåì áóäåì ïðåäïîëàãàòü, ÷òî â ñìåêòèêàõ C∗ ãëàâíîé ÿâëÿåòñÿ èìåííî àêóñòè÷å-
ñêàÿ ìîäà, â êîòîðîé âñå ñëîè ñìåùàþòñÿ îäèíàêîâî.
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3 Âçàèìíîå âëèÿíèå ôëóêòóàöèé ñìåùåíèÿ è îðèåíòàöèè

â ñåãíåòîýëåêòðè÷åñêèõ ïëåíêàõ

Ýíåðãèÿ èñêàæåíèÿ äèðåêòîðà n â ïðèñóòñòâèè âíåøíåãî ýëåêòðè÷åñêîãî ïîëÿ E = (0, E, 0)
ñ ó÷åòîì êóëîíîâñêîãî âçàèìîäåéñòâèÿ ìåæäó ñëîÿìè èìååò âèä

F =

∫
dr

{
1

2

(
K11(divn)2 +K22(n · rotn)2 +K33[n× rotn]2

)
− (P · E)+

+
1

2

∫
dr1

divP(r)div1P(r1)

|r− r1|

}
, (21)

ãäå K11, K22, K33 � îáúåìíûå ìîäóëè Ôðàíêà.

Ðèñ. 4: Íåïîâåðíóòûé ñìåêòè÷åñêèé ñëîé. Âåêòîð n0 èìååò ïîñòîÿííûé óãîë íàêëîíà θ ê îñè
z. Óãîë ϕ çàäàåò ôëóêòóàöèè äèðåêòîðà.

Äèðåêòîð n0 è c0-äèðåêòîð â íåïîâåðíóòîì ñëîå èìåþò âèä (ñì. Ðèñ. 3)

n0 = (sin θ cos θ, sin θ sinϕ, cos θ),

c0 = (cosϕ, sinϕ, 0) ≈
(

1− ϕ2

2
, ϕ, 0

)
.

(22)

Áóäåì ðàññìàòðèâàòü ïîâåðíóòûé ñëîé, äëÿ êîòîðîãî ïåðåìåííàÿ u(r) çàäàåò ñìåùåíèå ñëîåâ,
ïðè ýòîì

∂u

∂x
= tgα ∼ α,

∂u

∂y
= tgβ ∼ β.

(23)

Ìàòðèöà ïåðåõîäà ê ïîâåðíóòîìó ñëîþ èìååò âèä:

A =

1− α2

2
−αβ

2
−α

−αβ
2

1− β2

2
−β

α β 1− α2+β2

2

 . (24)

Ïðè òàêîì ïðåîáðàçîâàíèè ïîëó÷àåì íîâûé âåêòîð n è ñîîòâåòñòâóþùèé åìó c-äèðåêòîð

c = Ac0 =


1− ϕ2

2
− 1

2

(
∂u
∂x

)2
+ ϕ2

4

(
∂u
∂x

)2 − 1
2
ϕ
(
∂u
∂x

) (
∂u
∂y

)
−1

2

(
∂u
∂x

) (
∂u
∂y

)
+ ϕ− ϕ

2

(
∂u
∂y

)2
+ ϕ2

4

(
∂u
∂x

) (
∂u
∂y

)
(
∂u
∂x

)
+ ϕ

(
∂u
∂y

)
− ϕ2

4

(
∂u
∂x

)
 , (25)
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n = An0 =


sin θ

(
1− α2

2
− ϕ2

2
+ ϕ2

4
α2 − ϕ

2
αβ
)
− α cos θ

sin θ
(
ϕ− ϕ

2
β2 − αβ

2
+ ϕ2

4
αβ
)
− β cos θ

sin θ
(
ϕβ + α− ϕ2

2
α
)

+
(

1− α2+β2

2

)
cos θ

 . (26)

Ñ÷èòàåì íåîáõîäèìûå â (21) êîíñòðóêöèè èç n è ïðîèçâîäíûõ îò n

(divn)2 = sin2 θ

((
∂ϕ

∂y

)2

(1− β2) +

(
∂ϕ

∂z

)2

β2

)
, (27)

(n · rotn)2 = sin2 θ

[(
∂ϕ

∂x

)2

(cos2 θ − α2 cos 2θ) +

(
∂ϕ

∂y

)2

β2 sin2 θ+

+

(
∂ϕ

∂z

)2

(sin2 θ(1− β2 − 2α2) + α2) +

(
∂ϕ

∂x

)(
∂ϕ

∂z

)
sin 2θ(−1 + 2α2 +

β2

2
)

]
, (28)

[n× rotn]2 = sin2 θ

[(
∂ϕ

∂x

)2

sin2 θ(1− α2) +

(
∂ϕ

∂y

)2

cos2 θβ2+

+

(
∂ϕ

∂z

)
(cos2 θ(1− β2) + α2(sin2 θ − cosθ)) +

(
∂ϕ

∂x

)(
∂ϕ

∂z

)
(−β2 + 2(1− α2)) sin θ cos θ

]
(29)

Ïîñ÷èòàåì ñðåäíèå çíà÷åíèÿ < α2 > è < β2 >, êîòîðûå íóæíû äëÿ óñðåäíåíèÿ ýíåðãèè
Ôðàíêà

δF = γ

∫
dr⊥(∇u)2 = γ

∫
dr⊥(α2 + β2), (30)

îòêóäà

< α2 >=< β2 >=
kT

2γSêîðð
. (31)

Îöåíèì ïîëó÷åííûå âåëè÷èíû ñ ó÷åòîì

kT ∼ 4 · 10−14 ýðã, γ ∼ 30 ýðã/ñì2, rêîðð ∼ 10−6 ñì.

Ïîëó÷àåì îöåíêó äëÿ < α2 > è < β2 >

< α2 >=< β2 >∼ 2 · 10−4 � 1.

Ïîñëå óñðåäíåíèÿ èìååì ñëåäóþùóþ ýíåðãèþ Ôðàíêà, îòâåòñòâåííóþ çà äåôîðìàöèþ ñëîåâ:

< F >u=
1

2

∫
dr

{
K11 sin2 θ

(
∂ϕ

∂y

)2

+K22 sin2 θ

((
∂ϕ

∂x

)
cos θ −

(
∂ϕ

∂z

)
sin θ

)2

+

+K33 sin2 θ

((
∂ϕ

∂x

)
sin θ +

(
∂ϕ

∂z

)
cos θ

)2
}

(32)

Â ðåçóëüòàòå óñðåäíåíèÿ òîé ÷àñòè ýíåðãèè Ôðàíêà, êîòîðàÿ îòâåòñòâåííà çà äåôîðìàöèþ
ñîåâ, ïîëó÷èëè, ÷òî íàðÿäó ñ ÷ëåíàìè ∂ϕ/∂x è ∂ϕ/∂y, êîòîðûå âîçíèêàþò â ðåçóëüòàòå ôëóê-
òóàöèé c-äèðåêòîðà óæå â ïëîñêîì ñëó÷àå [3], ïîëó÷àåì ÷ëåí ∂ϕ/∂z.
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