PHYSICAL REVIEW A

VOLUME 32, NUMBER 2

AUGUST 1985

Theory of second-harmonic generation in nematic liquid crystals

Ou-Yang Zhong-can* and Xie Yu-zhang'
Physics Department, Tsinghua University, Beijing 100084, China
(Received 26 November 1984)

In recent years the observation of optical second-harmonic generation (SHG) in nematic liquid
crystal (NLC) MBBA [N-(4-methoxybenzylidene)-4'-n-butylaniline] raised again the question of
whether NLC’s possess centrosymmetry. Lyakhov et al. [Izv. Akad. Nauk SSSR 45, 917 (1981)]
suggested that these observations can only be explained by considering the NLC as noncentrosym-
metric and optically biaxial. In this paper it is shown phenomenologically that even with D, sym-
metry, SHG arising from ee-—e, 0o —e, and oe—o interactions can occur in an aligned NLC.
With curvature strains SHG arising from ee —o0, ee —e, oe —0, 0oe —e, 00 —o0, and 00 — e interac-
tions are all possible. Several experimental observations are satisfactorily explained by the present
calculation. The order of magnitude of the effective susceptibilities estimated from a quadrupole-
moment mechanism agrees with the values obtained by Arakelyan et al. [Mol. Cryst. Liq. Cryst. 71,
137 (1981)] and by Barnik et al. [Mol. Cryst. Liq. Cryst. 98, 1 (1983)]. One may conclude that it is
possible to explain the occurrence of SHG in NLC’s without having to invoke noncentrosymmetry

of the system.

I. INTRODUCTION

In both the Frank elastic continuum theory! and the
Ericksen-Leslie-Parodi  hydrodynamical theory>~* of
liquid crystals, the directions of the director + n and —n
are considered as equivalent to each other. It is well
known that systems with overall inversion symmetry give
no optical second-harmonic generation (SHG).> However,
recently Arakelyan et al.%” reported their new experimen-
tal data on SHG of all six types of interaction in oriented
samples of MBBA [H;CO(C¢H,)CH:N(C¢Hs)C,Hy, or
N-(4-methoxybenzylidene)-4'-n-butylaniline]. They con-
cluded that the oriented MBBA can only have C,[1] or
Ciu[m] symmetry. 'If the nematic liquid crystal (NLC) is
noncentrosymmetric, then the Frank-Ericksen-Leslie-
Parodi theory must be revised completely. However,
many experimental results do agree satisfactorily with the
predictions of that theory. In such a dilemma, it is natur-
al for us to ask whether it is possible to explain the experi-
mentally observed SHG within the framework of the
theory based upon the equivalence of + n and —n.

The elastic constants of NLC’s are of the order of
1077—10=% dyn. An external field of the order of 1
kV/cm or 1 kG would easily induce curvature strains in
NLC’s. In an optical electric field the D, symmetry of
the NLC sample as a whole will easily be broken. Howev-
er, the director field n(r) in an aligned sample is a con-
tinuous function of the space coordinates. In an optical
electric field the local D ; symmetry of the NLC may
still be preserved. With this in mind, we calculate the
second-order susceptibilities of the NLC both in the well-
aligned state and in states with curvature strains. The ef-
fective susceptibilities for different types of interaction are
then deduced. It follows that we can explain the existing
observations of SHG in NLC’s with a quadrupole-
moment mechanism together with an oscillatory director
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mechanism without having to invoke the noncentrosym-
metry of NLC’s as suggested by Arakelyan et al.

In crystals with centrosymmetry, SHG stimulated by
electric quadrupole interaction is very weak, e.g., in calcite
crystal X;;=10""7—10""% esu.® However, estimates
based upon the theory given by Bloembergen et al. ° and
the structure of the MBBA molecule show that the effec-
tive susceptibility may reach an order of magnitude of
10~ esu where the value given by Arakelyan et al.'°
10710 esu and that given by Shtykov ez al.'lis 10~ 12 esu

II. PHENOMENOLOGICAL THEORY

It is well known that all optical phenomena in a loss-
less, nonlinear dielectric medium are governed by the

Maxwell equation®!?
1 82 ~ 41 82 NL
VXVXE+_2—5—2(§'E)=-—:2—¥P 2.1)

To discuss SHG we may write the nonlinear electric po-
larization PN in the form!?

PN =X EjEr +XipaEjErp+ -
(2.2)
i,j,k,0=1,2,3,

where E;;=0E;/dx; and the subscripts 1,2,3 represent
the three components in a Cartesian space coordinate sys-
tem, respectively. (Summation convention is used in the
present calculation.) The nonlinear optical susceptibilities
X®=X;x and X=X, depend upon the symmetry
properties of the medium. For media with centrosym-
metry X*'=0.%

An aligned NLC possesses D, symmetry and its X*
is equal to zero. To find X;j; of an aligned NLC system
we first consider the energy function ——¢= ——P ‘E
= —-X,,HE iE;E; . of the electric polarization Pf of the
system in an electric field E. To find out what kind of
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scalar functions ¢ may take, we introduce a new coordi-
nate system (£,7,3) where

E=(3)"x  +ix,),
77=(%)—1/2(x1——ix2) , (2.3)
3=x; (||n).

Under the unitary transformation (2.3), the function ¢
will take on the new form

¢:Xaﬁ78EaEBE5,'y7 a’B’Y16=§)77;3 . (2.4)

Now ¢ must satisfy the following requirements.'*

(1) The function ¢ is an even function of n on account
of the equivalence of + n and —n.

(2) The number of & and the number of % appeared in
the subscripts of ¢ must be equal to each other, since n is
the C, axis and ¢ is an invariant.'?

(3) The subscript 3 in the function ¢ can only appear in
an even number of times, since any plane perpendicular to
n is a plane of mirror symmetry.

(4) The subscripts £ and 7 are interchangeable, since
any plane containing n is a plane of reflection.

Besides, ¢ is a real function and the components of n are
given by

ng=ng=0, nz3=1. (2.5)

We can easily show that ¢ can only be the linear combina-
tions of the following scalar functions:

(n-VE'n)(E'n)%, (V-E)(E-n)?, (n-VE-n)(E'E),
(n-VE-E)E‘n), (E‘VE-n)(E-'n), (2.6)
(V-E)(E‘E), E-VE'E .

It follows then the nonlinear polarization P}‘"‘ and the
optical susceptibility X,;; for an aligned NLC are given,

|

respectively, by
PY=[4,(En)(n-VE'n)+4,(E'n)V-E
+ A;n-VE-E+ 4,E-VE-n]n
+ As(n*VE'n)E+4+ A4(E-n)n'VE + 47(E-n)VE'n
+ Ag(V-E)E+AgVE-E+4,,E-VE , 2.7)
Xijg=Aninjngng+ Aynin;dpy + Asning 8
+A4nin S + As8;jngn 4 A¢dyning + A78yn;n
+ A8k + A8 8j1 + A 10818 (2.8)

where the A’s are material constants. Notice that the last
three terms of Eq. (2.8) are independent of n. They are
the contributions from the isotropic part of the medium.
Both Bloembergen et al.’ and Wang et al.'® showed that,

-regardless of the detailed mechanism and the models for

the nonlinearity, the nonlinear polarization for an isotro-
pic medium may always be written in the form

For transparent materials the coefficient ¥ is much less
than a and B.° Comparing Eq. (2.7) with Eq. (2.9) we
find that

AS“_-B: A9=2'}’, A10=CZ—B.' (2.10)

Resolkving the applied optical electric field E(r,?) into
its Fourier components by

E(r,t)= i E(r,0,,)exp(—iw,,?) ,

(2.11)
©O_pn=—o0,, Bro,)=Er,—-o0,),

we get the nonlinear polarization P}‘"‘(r,m) as

PiUr,0)= 3 {4[E(r,0,,)1][n VE(r,0—©, ) nln+ 4,[E(1,0,,)n][V-E(r,0 — o, )]n

m

+A4;3[n-VE(r,0 —o,, ) E(r,0,,) In+ 44[E(r,0,, ) VE(1r,0 — 0, )'nln+A4s[n VE(r,0 —,, ) n]E(r,0,,)

+A¢[n"E(r,0,,)][n'VE(r,0 —0,, )] +47[n-E(r,0,,) [ VE(r,0 —@,,)n] + 43[ V-E(1,0 — ©,, ) ]JE(r,0,, )

+A9[VE(r,0 —,, ) E(1,0,, )]+ A 1o[ E(r,0,, ) VE(1,0 — ©,,)]} ,

where the A4’s are functions of w, ®,,, and © —w,, and

Af0,0,0 — @)= A (— 0, — 0,0 —) . (2.13)

It is generally accepted that with curvature strains, the
NLC as a whole is no longer centrosymmetric, yet the
director n(r) at the point r is still the local C_ axis.
Under such circumstances, the X, in Eq. (2.2) is a non-

(2.12)

[

vanishing third-order tensor related to the deformation
Vn(r). Now consider the energy —iy=—P)"E of the
electric polarization PY™ of the NLC with curvature

strains in an electric field E:
Y=Py"E=X; E,E,Ej . (2.14)

Similar to ¢, by preserving the first-order terms of Vn
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only, one may prove that ¢ can only be the linear com-
binations of the five scalar functions:

(n-VnE)E-n)%, (V-n)En), (nVn-E)EE),

(2.15)
(V-n)(E-E)E-'n), (E-Vn-E)E:n) .
Thus we have
P =XxE;Ey , (2.16)

Xijx =Bbinjny +Byn;bjng +Bininjby 4+ B4(V-n)n;n;ny
+Bsb;8i + Bd;jbyx +B78;.b; +Bg(V-n)n; 8
+By(V'n)d;jni +Bo(V-n)8yn; +Byning
+Blzninj,k +Bysnin; +Bnjng;
+Bisngn; j+Benin;; (2.17)

where

b=n'Vn, n;;=0n;/0x; . (2.18)

Obviously, the expressions for the Fourier components of
PJ are similar to P?L(r,w) as given by Eq. (2.12) with
the material-constant B’s being frequency dependent.

III. SHG IN WELL-ALIGNED NLC

Bloembergen et al.® have shown that, for SHG, the
lowest-order nonlinear contribution from the bound elec-
trons in nonmagnetic crystals with inversion symmetry is
the quadrupole-moment source PN (2w):

PN (20)=N(T 4 — Ty 1 Ej(0)ViEf(@) , 3.1)

with

3 3
I‘ij,klz ﬁzz)(z) 2[<0|xixjxkx, |O)
—(0|x,~xj ]0)(0|xkx, i 0)] , (3.2)

where N is the number of unit cells per unit volume of the
crystal, #iw, is some average energy (closure approxima-
tion), and the the summation is over all the electrons in a
unit cell of the crystal. Obviously,

N

X1un=Xan= 140

+3(14—-55,—9S,)y33) s

Tiw=Tiu=Tijn=Tjinx=Cu (3.3)

Let us apply these results to the NLC system. In the case
of an NLC, the summation should be taken over the
valence electrons of the NLC since there is no long-range
translational order in NLC’s. If we write Eq. (3.1) in the
form

PN=Ny mE Vi E; , (3.4)

where N is the number of molecules per unit volume of
the liquid crystal, we then have

Y= —=E 3 140 | xi%; 03¢0 | xex1 | 0)
ijkl ﬁzw(z) ‘ vy ki

— (0] x;x; | 0)€0 | xzx; [0)].  (3.5)

The 12 nonvanishing components of y,;; are

Yuz=Y2n=—%Ynn=—Y22i
Yu3s=Y3311=—Y1313= —V3131 » (3.6)
Y2233=7Y3322= —V2323= — V3232 -

The director n(r) gives the direction of the preferred
orientation of the molecules at the point r.!” The D,
symmetry of the NLC implies that the probability of find-
ing a molecule at r with its long axis making an angle @
with n(r) is a function of cos?6, i.e., f(cos?9). The mac-
roscopic nonlinear susceptibility X;;; (or any fourth-order
tensor Xy with D, , symmetry) may be considered as the
statistical average of the corresponding molecular non-
linear susceptibility y;y;. Naturally ¥ is defined in a
coordinate system (1,2,3) rigidly attached to the molecule
with the 3 axis pointing along the long axis of the mole-
cule. By introducing a new coordinate system (£°,7%,3)
similar to that defined by Eq. (2.3) and the tetrads ijkl
and aByd where i,j,k,1 are unit vectors along (1,2,3) and
a,B,v,8 are unit vectors along (£°,7°3), we can show
that the 21 nonvanishing components X;j; are related to
the y’s by'®

[5(56440S, +954)(V 1111+ V2222) + 4T — 108, 4384 )7 3333+ £ (56 +405, +954)7 12

X3333= %[(21 —308, +95) Y1111+ ¥ 2222) +3(7+20S, + 854 )Y 3333+ (7— 1085, + 38,4 )y 12+ (7458, — 1284)y33]

N
X1122=X0n11=G +‘g‘[(l+252)(7’1122+?’2211)+(1—Sz)(7’1133+7’2233+7’3311+7’3322)] s

N
X1212=X2121=G + ?[( 1428) (Y 1212+ Y2120 + (1 =S)(V 1313+ Y233+ V311 + V3]

: N
X1221=X2112=G + —[(1+28) (Y1221 + V2112) + (1 =S2) (V1331 + Y2332+ Y3113+ V3232)] »

6



1192 OU-YANG ZHONG-can AND XIE YU-zhang 32

N
X1133=X2233=H+'6—[(1+252)(7’1133+7’2233)+(1—Sz)('}’1122+7/2211+1’3311+7’3322)]‘,

N
Xizz=Xpp=H + —6_[( 1428, 0¥ 1313+ 72323) + (1 =S2)X ¥ 212+ Y2121 + Y3131+ V3232)]

N
X1331=X330=H + ‘6‘[( 1428 (Y 13314+ V2332) (1 =SV 1221+ Y2112+ Y3113+ V3223)]

N
Xa31=Xz3=H + Z[( 142803131+ V3232) (1 =S2) (Y 212+ Y2121+ Y1313+ V2323)] S

N
Xa13=Xa3=H +—[(14+28,)(V3113+V3223) + (1 =S (V1221 + Y2102+ Y1331 + Y2332 ] »

6

N
Xa311=X3ap=H +—[(14+28,)0(¥3311 +¥3322) + (1 =820 ¥ 1122+ V2211 + V1133 +V2233) 1 5

6

where

Sy= f_l_l 5(3c0s?0—1)f (cos?0)d (cosO)
=(3(3cos’0—1)) ,

U 4 2 2 |
Sy= f_l +(35c0s*0—30cos*0+3)f (cos“6)d (cosb)
=((35cos*9—30cos’6+3)/8) ,

YR=EYuan+tYeret+Yia+Yane+Y2a21+vY221
(3.8)

Y33=Y1133+ Y1313+ Y1331+ Y2233+ Y2323+ V2332

+V3113+ Y331+ Y3311+ V3223 + V32 + V332,

GE—IZ—O[%(56+4052 +98) (Y1111 +Y2222)

+4(7—1085+3S84)¥3333
— (284805, —3S54)712
—2(7—108,4+3S4)y33]

N
H= Ea[(14~552—9S4)(7’1111+7’2222)

+2(7+58, —1284)73333—(7—10S,+3S4)v 12

—(7455,—128,)y33] .

Here S, is the traditional order parameter and S, is the
order parameter of the fourth order.

On account of Eq. (3.6) we find that only the following
Xijki’s are nonvanishing:

X112=—Xpi2=—X2121=X211

N ‘
='§‘[(1+252)7’1122+(1—Sz)(?’1133+7/2233)] )

(3.9)
X1133=X2233=X3311=X3322

=—Xp313=—X233= —X3131= —X3232

N
= _6‘[2( 1827122+ 2 +82) (Y 1133+ Y2233) ] E

(3.7)

The ten material constants A introduced in Eq. (2.7) are
now given by!®

A1=A44=A¢=A,,=0,
A2:A5='—A3=—-A7

=3 N 1133+ V2233~ 27 122)S2 (3.10)

Ag=—Ag=5N[(Y 1122+ V11334 V2233)
+2(Y 12— Y1133 — 7223352 ] .

They are all independent of S;. Above the clearing point
of the NLC, S,=0, and only Ag and A4, are different
from zero. The nonlinear polarization given by Eq. (2.7)
now reduces to Eq. (2.9) with = —2y and a=p. This is
the same result given by Bloembergen et al.° From their
measurements on crystals with cubic structure and on
fused silica, Wang et al.!® obtained a value of 4 for a/p.
However, the isotropic phase of the NLC is not in the
solid state. We would suggest that measurements of SHG
in a NLC in the isotropic phase will most likely furnish
more useful information. Furthermore, if the structure of
the molecule is isotropic then ¥;1;=%1133=%233. In
such a case, again, only Ag and Ay are different from
zero and independent of s, and S, at any temperature.
This simply means that isotropic molecules do not form
the liquid crystal as it should be.

IV. SHG IN NLC WITH CURVATURE STRAINS

Electric dipoles and quadrupoles will oscillate in an ac
electric field, and so will the director of an NLC in an op-
tical electric field. It was first pointed out by Meyer!®
that it is possible to induce splay (or bend) deformation
and polarization in a liquid crystal by mechanical stress,
an effect called flexoelectricity. The flexoelectric effect
will be largest in liquid crystals with asymmetric mole-
cules reflecting the presence of a dipole moment. Prost
et al.?® showed that flexoelectricity will also exist in
liquid crystals built up of symmetric molecules if one
recognizes the importance of the quadrupole density.
From their observations on SHG in MBBA, Gu et al.?!
concluded that the observed SHG is due to the flexoelec-
tric effect. Taking the flexoelectric effect into considera-
tion, we may write the free-energy density of a NLC in an
electric field E as??
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g=+ |k (V-n)+ky(n V><n)2+k33(n Vn)?— o (E ‘n)?—e;;(V-n)(E-n)—ey;n-VnE 4.1)
where k,,, k,y, and ki3 are the splay, twist, and bend elastic constarits, respectlvely, € =€) —¢€, is the dielectric anisotro-

py, and e, and es;3 are the flexoelectric coefﬁ01ents The equation of motion of the director in a low-frequency electric

field now becomes®
2
25 m+ v m =k ViV m) ks [ (1V XV X0)+ VX (0 x ]

—k33[(V-n)(n-Vn); —njn j(ng; —n; ) +ninen;

1
- -‘;ea(E'n)E; +e11(V;E)'n+e3;3(n-V)E; +(e33—e )[(V'D)E; —(V;n)-E]l=—An; , (4.2)
where 1 =pa2 is the moment of inertia per unit volume of the NLC, a is the typical dimension of a molecule, and the
Lagrangian unknown multiplier A is determined by n-n=1 with the result
2

A=I ?;tl +kimV(Vn) =2k (nV Xn)’ — 2k 33(n-Vn)’+ 2177 €s(E'n)’—(ej;+e33)n'VE'n
+(e1;—e3)[(V-n)(E'n)—n-Vn-E] . 4.3)

Let us now apply Eq. (4.2) to the case where the NLC is in an optical electric field. Following Bloembergen?* we ex-
~ pand n(r,?) into a power series of the optical electric field E:

n(r,t) =nO(r) + 0 V(r,t) 4+ 01, t) + - - -, (4.4)

where n'/(r,?) is proportional to the jth power of E. Substituting Eq. (4.4) into Egs. (4.2) and (4.3) we find the zeroth-
order equation and the first-order equation as

— ki [V(V-0 )] + 2k (0 X0 )V X0'?); —k gy [0 X V(0¥ x0')]; —k33(V-n ) (0¥ V),

+ ka3 O () —n{P) —ks3n, nkmn,jk—l—[k“n(o’ V(V-0'?)— 2k (n?-V xn?)? -2k 33(n'?- Va2 1n¥ =0,
(4.5)
9? 3
Iat n(ll)+7/ 5;’1' Yk [V(V-n')],

+2kp[(0@- VX0 )V x0@); + (0V-V X0 @)V xn®); +(0-Vxn'?)(VxnV),;]
— k[0 V(0 Vxn)+n?x V(0 Vxn?) +0V x V(0 -V xn?)];
— k33 [(V-rO)(n @) £ (V-0 @) nD-Va'®) £ (V-n'")(n@-vn'?)];
ks [n,(mnk, (nil) — “’)+nj(°) (1>(n,(co‘)_nlk)+n] nk](nl(g)_n‘((l)c))]
— k3 (n0mOn{ 5+ 1O n 5+ 0 05 — (e —es)[(V-n')E; —(Vn'?); E]
+e11(VE); 0¥ +e33(n® - VE) + (k1 [0 @ V(V-2") +nV-¥(V-n'?)]
— 4k [(0©-V X 0?0 @V xnD) +(n@-Vxn)(n -V xn®)]
— 4k 5 [(0©-Va©)-(n@-¥a D) + (n@-Vn @) (nV-Vn?) ]} n "
+{(e1; —e3)[(V-nO)E-n®)—n®-Vn®-E]— (e +e33)(n”-VE-n*)}n("
+[ k0 V(V-n©) -2k, (00 VX n @2 —2k33(n V0 ?)?]n{ =0 . (4.6)
For a well-aligned NLC, n'%(r) is independent of r and Eq. (4.5) becomes an identity. Here Eq. (4.6) simplifies to
Iaa—:z +7’1-§—n. —ku[V(V-0')]; —ky[n @ X V(0 OV xn)]; — k3301 n ik + 21 (VE); 0@ 4 e33(n'?-VE;)
+k [0 QV(V-n) O — (e +e33) 0P VED ) V=0. 4.7

Let the Fourier expansions of n'(r,z) and E(r,?) be
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nVrn= [ n"qe) expli(qr—onldgdo,
Ei(r,t)= f_: E;(q,0)expli(q'r—wt)]ldqdo .
One finds that

(4.8)

[1o?+iy 0 —k3(n'?-qPIn"(q,0)—[k11q 0 (q,0)+ie;n'? E(q,0)]g—kx[n'-qxn(q,0)](n" xq)

=ie3;(n'?-q)E(q,0)—[k11qn'V(q,0)+i(e; +e33)n? E(q0)](n®-@n® .  (4.9)

For a given value of q we may choose the three unit vec-
tors (%;,%X,,%3) of the local Cartesian coordinate system as

=%, xn %/ |%,xn'?Y| ,

%,=n"xq/|nVxq]| , 4.10)

,X\3 =n‘°) .

In this local coordinate system, n‘!’ is given by (assuming
ki =kyp=ks;=k)
i

Il(1)( ’w)z____________
4 I0?+iyw—kq*

X {ey;n'®-E(q,0)q+e33(n'¥-q)E(q,®)

—(eq; +e33)[n'YE(q,0)](n?-q)n' ¥} .

(4.11)

Using the typical values k=10"% dyn, y,=10"! P,
A=5%10"° cm, I =10 g/cm, we have ¢ =1.2X10°
cm, kg?=1.44x10* g/cmsec?, Io*=1.42%x10", y,0
=3.8 10, Thus the term kq? can be neglected and Eq.
(4.11) becomes

1

(1)
n(qu)=—"
9 Ia)2+17/1a)

(0)

X {e;1n'?-E(q,w)q+e33(n'?-q)E(q,0)

— (e +e33)[n'”E(q,0)](nP-q)n'”} .

(4.12)

€,(w)

PNY(r,0)=
@ f Al (0 —' ) +iy(w—o')]

The induced polarization P(r,#) and the applied electric
field E(r,?) are related to each other by

P(r,t)=—(—I)E(r,?) ,

1
4ar
where the components of the electric constant € are given
by

€jj =618,-j +6,,n,-nj .

The nonlinear electric polarization PN* which is quadra-
tic in E is given by

PNL(r,t)=z‘;e,,[n<°),n‘”(r,t>]+~E(r,t) ,
(4.13)

[n©,nD], =n@nD 4 nVn(® |
Applying the convolution theorem we have

P(ro)= [ Z%ea(a))[nw),nm(r,w—a)’)]+-E(r,a)’)da)’.

(4.14)

Substituting the inverse transform of Eq. (4.12) into Eq.
(4.14) one finds that

- X {en [E(r,0") VE(r,0 — ') n'P1n'¥ 4 ¢33 [n'?-VE(r,0 — ') E(r,0") ]n‘®

—2(ey; +e3;3 )[E(r,w’)‘n(O)][n(O)'VE(r,co——w')'n(m]n(m—f—eu[E(r,w’)-n(O)][VE(r,w—a)’)'n“))]

+ey[E(r,0') n?][nV-VE(r,0 —0")]}do’ .

(4.15)
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Comparison of Eq. (4.15) and Eq. (2.12) shows that, under the oscillatory director mechanism, the nonvanishing material

constants are

A= —2e+ep3)X, Az=A¢=exnX, Ay=A;=e;X,

(4.16)
Y= € (o)
T 4 l(wo—o' P +iyiw—o)]
Equation (2.13) is automatically satisfied.
For liquid crystals with curvature strains, Eq. (4.7) is no longer satisfied. In this case Eq. (4.6) simplifies to
I%n“’ﬂ/lg n'Y—(ey; —e33) (V-0 )E—(Vn'?)E]l+e;(VE)'n'” +e33(n'”-VE)
+{(e;; —ex)[(V-n )0 E)—n'®-Vn'?-E]—(e}; + 330 V- VEn P}n P =0, 4.17)

where the terms containing elastic constants are neglected. Let n‘'(r,z) be the sum of a deformation-dependent part

n'‘V(r,?) and a deformation-independent part n'"!)(r,z):

n'(r, ) =n"V(r, ) +n"r,2) . (4.18)
One then has
1;2 o'ty ('?t 0’V — (e —e33)[(V-n)E—(Vn'?)-E] +(ey; —e33)[(V-n')(n'OE)—n@-Vn¥-E]n¥=0, (4.19)
2 .
Iga—zn"m‘i‘?/lg Die, (VE)n® +esn® VE—(eq; +e33)(n@-VEn®)n@=0 . (4.20)
|
Equation (4.20) is simply Eq. (4.7) with the elastic con- o €aless(0')—e (0]
stant terms neglected. With the Fourier transformations = Ar[I (0" +iy 0]
1) ® ) ;
n"(r,t)= n"(r,w)exp(—int)dw ,
f—w @21) X[zn(o)b(O) (0) —2V- nO))n 0) (0) (0)
E(r,t)= f_ E(r,0) exp(—iot)dw
0) (
the solution of Eq. (4.19) is given by +(V-n')n V8 —n{Vnf
2 r 00 e3(w)—eq (@)
T Iotive +(V-n8,;n” —nPn"7 . (4.24)

x {[0©Vn©-E(r,0)]n®

—(V-0'O)[E(r,0) nn®

+(V-0'E(r,0)— (Vo) E(r,0)} .

(4.22)
The subsidiary polarization P}™ now takes the form

P (r,0)
= f —‘t—lq-r—ea(w)[n(m(r),n’“)(r,w)]+'E(r,a)—co’)dw’.-

(4.23)

If we write PEL (r,w) in the form
PEL(I',CO)z fX,-jk(w,ca’,cu—cu')
XEj(r,cu’)Ek(‘r,aJ—w’)dw’ ,

then the susceptibility X ;5 will be

When compared with Eq. (2.17) we find that the nonvan-
ishing material constraints are

B2:——B4=2Xl, B8=B9=-—B12=—B16=X’ )

(4.25)
€;(w)exn(0)—e ()]

Ar[I (o' +iy0']

{ -

V. COMPARISON WITH EXPERIMENTS

Optically the NLC is uniaxial with the optical axis
along the direction of the director. In the local Cartesian
coordinate system defined by the three unit vectors
(b/|b],c/|c|,n), where b=n*Vn and c=nXb, the unit
wave vector q§ of the light beam may be written as (Fig. 1)

4=(41,92,93)=(sin6 cos¢,sinf sing,cos0) . (5.1)

The refractive index #n,(0) of the extraordinary beam trav-
eling along the @ direction is given by**

1 !

cos?0/n2+sin?0/n2

n2(0)= S (5.2)
€,+€,G3
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where n,=¢l’?> and n, =€’? are the principal refractive quency. For the second harmonic, we shall denote the

indices of the NLC. The magnitude of the ordinary wave corresPondmg terms with a superscript (2), e.g., 6h2), e?,

/2

vector g,(@) and that of the beam traveling along the 6 e?, a”, 42, e ete.

direction ¢,(6,w) are given, respectively, by For simplicity, let us consider the case of collinear in-
2 teraction:
29) =12 )
foleI=" % |190(@)][g.(6,0)||q . (5.5)
€ eni? (5.3 Here the condition of phase matching is given by
L&)

2
S(0,0)= . 2) gy
? (€, +€,4 2 4:71(0)=44(0)+,(0) , (5.6)

The direction of polarization of the ordinary beam €, and where a,b,c refer to either o or e and 6 is the angle be-

. PPN tween the wave vector and the optical axis (director). Let
that of the beam traveling along the 0 direction €, are, . e
a g g € the incident electric field E(r,w) be

respectively,
~ ! pp0) . E(r,0)=%€,E, exp(iq, 1) +¢€,E, exp(iq, 1) . (5.7
€= (1—gH12 —9290% When we substitute Eq. (5.7) into Eq. (2.12) and write the
result in the form
PR 1 NL A2) .
ee———AT)I,—Z[Euqxqz,f“qqu—61(1—4 D1, 4 P/ Qw)= 3 € X(ab—c)E,E,expli(q,+qp)1],
a,b,c =e,0
h(w)={ el(a))—{—[e”(a))——el(w)]ﬁ -1z, we find the expressions of the effective susceptibility for
different types of interaction ab—sc in the case of an
The dielectric constants ¢, and €, are functions of the fre- aligned NLC as follows:

X(ee—0)=X(00—>0)=X(00—e)=0

X(00—e)=+ zqoh(zw)sm(ze)[Agem (A3 +A49)e?'],

(5.8)
X(0e—>0)=tih () sin(20){g,[A10€—(As+A10)e, 1 +q. [ Age, —(As+ Ag)e 1} ,

X(ee—e)=~+ig.h*(w)h (2w) sin(26) {[(A8+A9+A10)e},2’e”—(A3+A9)e‘f’e,|—(A5+A6+A8+Alo)ef,2’el]e”cos29

10
24

i=1

(A7 +A9)6{|2)€l+(A2+A4+A8 +A10)€&2)€H—

€, sin’0 } .

In thé case of a NLC with curvature strains we have
X(00—0)=—(Bs+Bg+B;)bsing ,
X(00—e)=h (2w){Bse€|?'b cosd cosd
—[Bg(dy+g1)+ (B +B13)(d; cos’d +g sin’p —d | sing cosd —g, sing cos¢)]6(f)sin0} ,
X(0oe—0)=h(w){(Bs+B7)be cosf cos¢ —(Bg+B1y)(d, +g )€, sind
—(B3+By4+Bs+Bjg)g sin +d, cos’p—(d, +g,) sind cosp e, sinf} , (5.9)

X(0e—e)=7h(w)h (20)sin(20)[ — (B, +B1;)(d +83)€{” € cos(2¢) + (B 4+ B4 el e, (d sin’p—g, cos’d)
+(B13 +BIS )6” €l(g2 Sil’l ¢—d1 COSZ¢)]
—5h(0)h (20)sin(20)[2(B1; +B1y )€€+ (B3 + By +Bis +Big)elPe, 1(d, —g, ) sin(24)
—h(@)h (20)[(By+B3+Be+B7+ By +By+ By +Big)e’e, sin?0+ (Bs + B, )e|Pe; cos?0]b sing
X(ee—0)=7h*(w)e)€; sin(20){[(B13+B1s5)d, + (B4 +B1s)g2 ] sin’—[ (B4 +B1)d; +(Bys +Bis)g, Jcos’d
—(B13+ B4+ Bi5+B6)(d, —g,) sing cose }
—h*(@)[(By+Bs+By3+B)s)e] sin?0+ Bsef cos’0]b sing
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X(ee—e)=h*w)h (20){[(B;+Bs~+By3+B1s)e|l el + (B, +B3+Bg-+B;+By, +B1y + B+ Bg)eiPe €, Jsin?0
+(Bs+Bg+ B, )eff)eﬁ cos?0}b cos@ cosd
—h¥()h (20){[Bse V€ + (By + B )|V €, 10?0 + (B4 + By + By + B 1o Je” €’ sin’0}(d, +g1) sind
—5h¥)h (20)[(By; +B12)e el + (B3 +B 14 +B s +B s el €y €1 ]

X [g1 cos’d +(dy +g,)sing cosp +d,sin’p] sin(26)cosé ,

where

d;=c-Vn'b/b% d,=c-Vn-c/b?,

(5.10) . -

g:=b-Vn'b/b? g,=b-Vn-c/b?.

The observations of Arakelyan et al. in 1979 certainly
agree with the results of Eq. (5.8) for the case of a well-
aligned NLC.® Their more careful observations in 1981
confirm, with Eq. (5.9), the case of a NLC with curvature
strains.!°

For the ee—o0 type of interaction, from Egs. (5.1), (5.3),
and (5.6) we find that the angle of phase matching 6y,
satisfies the condition

el(e”—e(f))

c08%0 = (5.11)

6(12)(6”—61) '
For the oe—o type of interaction the angle of phase
matching is determined by

€ E”

2
cos“0,, =
P Eilz) D | 2Dy 2 ¢l

—-1. (5.12)

A least-squares fitting of the refractive indices of
MBBA? yields the dispersion formulas for MBBA at
25°C:

€,=n2=2.680+0.1501/A%
(5.13)
€,=n2=2.266+0.0463 /A2 ,

where the wavelength A is measured in um. The wave-
length of the light beams in the experiments of Arakelyan

/\n

FIG. 1. Relationship between wave vector q and the direc-
tions of polarization €, and €.

l 6,7,10

et a are

Mw)=1.06 um, AM20)=0.53 um .

From Egs. (5.11) and (5.12) we find that the angles of
phase matching are

Opm=132°10" for ee—o interaction ,
Opm =42°40" for oe—o interaction .

They agree very well with the observed values:'°
Opm=130" for ee—0 interaction ,

Opm=43° for oe —o interaction .

In the experiments of Gu et al.?! they found that, in a

NLC with satisfactory alignment, no SHG was detected.
But strong SHG was observed in samples with curvature
strains. In fact, the observed SHG is of the oe—o type.
In their experiment, the light beams are normal to the sur-
faces of the liquid crystal cell. One notices that in the
case of a NLC with satisfactory alignment, 6= .
Under such circumstances the factor sin(26) in the non-
vanishing terms of Eq. (5.8) makes all the X(ab—>c) van-
ishing. This result agrees with their observation of non-
detectable SHG. Gu et al. made an assumption on the
director of the NLC with curvature strains?! (Fig. 2):

n=(0, sin®(x,y), cos®P(x,y)) ,
(5.14)
O =7 sin(kx) exp(—ay) ,

where @ is a small quantity. Here, to first order of ®j, b
is a null vector and we may choose the direction of b

Y
A

FIG. 2. Distorted director field.
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parallel to the x axis. The three unit vectors of the local
coordinate system now become

b/|b| =%,

,=nXZ%;=(0,cos®, —sin®) ,

Py
X

(5.15)

0

Il

0

3=1.

For normal incidence, 6=¢ =+ and Eq. (5.9) gives
X(ee—0)=X(00—0)=X(0e—e)=0,
X(ee—e)=h*w)(20)ei”e}(By+Bs +Bo+B1y)

X ®pa sin(kx) exp(—ay) ,
(5.16)
X(00—e)=h (20)e’ Bg®ya sin(kx) exp( —ay) ,

X(oe—0)=h(w)e (Byg+Bg)Poa sin(kx) exp( —ay) .

Taking Eq. (4.25) into account we have that X(ee —e)=0.
Therefore only SHG of 0o —e and oe —o0 interactions ex-
ists.

Now let us study the refractive indices of MBBA,? we
have

n,(20)>n,(®), n,2w)>n. (o),
(5.17)
n.(w)>n,(®), n,2w)>n,2w) .

The condition of phase matching written in terms of re-
fractive indices becomes

n.(20)=3[n,(w)+ny()],
(5.18)
a,b,c =o,e .

From Egs. (5.17) and (5.18) we see that in MBBA only the
oe—o0 and ee—o0 type SHG can meet the condition of
phase matching. In addition, the fluctuation of the direc-
tor field will cause fluctuation in the refractive index of
the extraordinary beam traveling in the direction perpen-
dicular to the director. And the fluctuation of the refrac-
tive index causes light scattering which makes the obser-
vation of the extraordinary second harmonic difficult.
These may be the reasons why Gu et al. detected only
SHG of the oe —o interaction.

The conclusion that in MBBA only SHG of the oe—o
and ee—o0 type interaction can satisfy the condition of
phase matching agrees with the experimental observations
of Shtykov et al.!»?% They applied a bias field of 14
kV/cm on MBBA cells with planar alignment and cells
with homeotropic alignment and found phase-matching
oe—o0 and ee—o0 type SHG in both cases. After the
withdrawal of the bias field they detected only the oe —o
type SHG. With the bias field on, the director field is dis-
torted either by the dielectric effect (Freedericksz transi-
tion) or by the flexoelectric effect in the NLC cells. And
the withdrawal of the bias field makes the cells restore to
their original uniformly aligned condition. Equation (5.8)
tells us that in a uniformly aligned sample, SHG of the
ee—o interaction is forbidden. Therefore one can only

have SHG of the oe—o interaction.

VI. DISCUSSIONS

To determine the various nonlinear susceptibilities from
the measured intensity of the SH one must decide whether
the nonlinear polarization is of the form X E;E; or
XijxE;E k. The latter expression has the factor Ejj,
therefore, to second order of E, we have

Xegr=XP=gx¥, (6.1)

where g is the magnitude of the wave vector. Using X%,
Arakelyan et al.'® found from their experimental data
that

X'*(MBBA)=(0.5-2)x 107" esu ,
and Shtykov et al.!! gave the value
X3 (MBBA)=1.5x10""? esu .

It is difficult to make a direct calculation on the order
of magnitude of X in the present calculation. However,
Bloembergen et al.’ have shown that, for isotropic ma-
terials, the nonlinear quadrupole-moment source is given
by

3

PN~ ave XPE VB —E;V.E)) (6.2)
where the linear susceptibility X is given by
__2N’e?
X5 olw)= o, (o|x2]0), (6.3)

with N’ the density of the valence electrons in the materi-
al. If we compare Eq. (6.2) with Egs. (2.12) and (3.10)
(with S, =S5,=0) we find that

N _ 3 Ly
3 (Y2 +7rns+vaen)= iN'e (xH*. (6.4)
Consequently we have
3 Ly2
== . , .5
Xeff 4N'e (X )q (6.5)

The linear susceptibility X* may be estimated from the re-
fractive index 7 of the liquid crystal in the isotropic phase
by the well-known Lorenz-Lorentz equation:*’

at—1

242

_3
ey

XL

. (6.6)

The MBBA molecule has two benzene rings (Fig. 3). The
six 7 electrons in each ring may be considered as the free
electrons confined to the conjugated bond. Davydov
et al.?® had examined about 100 different organic com-
pounds with the power method. They found that a large
number of compounds with benzene rings do show strong
SHG. Their result suggests that the conjugated 7 elec-
trons in the benzene ring may be responsible for the SHG.
In fact, it is well known that the delocalized 7 electrons in

OO

FIG. 3. MBBA molecule.
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the conjugated molecules can produce anomalously large
second- and third-order nonlinearities.?>3° It seems, then,
that the polarization of the molecule with benzene rings in
an optical electric field would be determined mainly by
these free 7 electrons in the rings. In this way we may
take each MBBA molecule as having 12 valence electrons.
The density of valence electrons N’ becomes now

__12N°P
=~y
where p is the density of liquid crystal MBBA, M its

molecular weight, and N° the Avogadro’s number. Tak-
ing31 n2=2.25, p=1 g/cm?, and M =267, we find that

X MBBA) =10~ ! esu .

NI

This agrees in order of magnitude with the nonlinear sus-
ceptibility obtained experimentally by Arakelyan et al.
and by Shtykov et al.

In the oscillatory director mechanism Egs. (2.8), (4.16),
and (6.1) lead to

(2)
€11(33)€a 4

—_— (6.7)
dr(Io®+iy o)

Xegr=

For MBBA, if we take??3?
’)/1=08 P, 811(33)=10——4 dynl/z s

e€¥=1, I=10""g/cm ,

o=10"sec™!, ¢=10°cm™!,

we find that X will be of the order of magnitude of
1016 esu, which is too small for observation. However,
the validity of Eq. (4.2) had been verified only in cases of
low frequencies where the molecule is capable of moving
like a rigid body under the action of the applied field. It
is conceivable that a rigid molecule with its heavy mass
will not be able to vibrate in accordance with an applied
optical electric field. Only the electrons of the molecule
are capable to oscillate accordingly. In other words, it is
the electric moment of the molecule that vibrates when it
is acted upon by an optical electric field. So far the
correct equation of motion of the director in a high-
frequency field is still unknown. Frank has pointed out*?
that the exact meaning of the director is still a question
open for investigation. At low frequency, the director
may be considered as the average direction of the long
axis of the NLC molecules. At high frequency, it seems

A )(3

af— o=z

v

FIG. 4. Photovoltaic effect.

that we may take it as the average direction of the electric
moment of the molecules, since n gives the direction of
the optical axis. Under such a point of view the moment
of inertia I in Eq. (4.2) would be the moment of inertia as-
sociated with the motion of the free electrons per unit
volume of NLC. Taking the ratio of the mass of the elec-
tron and the mass of the atom into account, for MBBA,
we would have I~3e X 305 X107 *~10"2—10"1"°
g/cm. Furthermore, if we neglect the absorption of light
in the NLC, the dissipation term with the coefficient ¥, in
Eq. (4.2) may also be omitted. With the other constants
unchanged Eq. (6.7) would also give an order of magni-
tude of 10~ 1—1071° for X .

Now let us consider the case where monochromatic
light of frequency wq is normally incident on a homogene-
ously aligned NLC cell. We may take the director of the
NLC and the direction of polarization of the light beam
as (Fig. 4)

€=(cosd, sing,0) ,
(6.8)
n=(0,1,0) .

Let us write the optical electric field in Dirac 6 functions
as

E(r,0)=E€[8(w,wq) expligx ;) + 8w, —wq) exp( —igx3)] ,
(6.9)

where q is the wave vector. It follows from Eq. (2.12)
that

P;IL(co)=in% {[A7(@,00,0 —wp) sin%p + A o(w,ww — wp) exp( 2igx 3 )8(w — we,wp)

—[A47(®, — g, +w0)sin’p + Ag(@, — wg, @ +wg)] exp( — 2igx 3)8(w +wo, —wq)

+[A7(w, — g0 +wg) sin’p + Ag(w, — g, +wg) }8(w + wo,wo)

—[47(0,00,0 —wp) sin’d + Ag(@,00,0 — ) 18(0 — w9, —wp)] -

(6.10)
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Since PI}IL(w) is parallel to q, there will be no SHG.
However, along the direction of q, P}‘”‘ has a dc com-
ponent:

P}Y(0)=iqEG{[ A7(0, — wo,wp) — A7(0,00, — ()] sin’p
+[A9(07 _wO’wO)_A9(w:wO) —Et)())]} .
(6.11)

In other words, there exists a photorectification or photo-
voltaic effect. Across the NLC layer there is an emf U
given by

U=4rPf"(0)d < Ej <, , (6.12)

where d is the thickness of the NLC layer and I, is the
intensity of the incident beam. The observation of Kamei
etal* on  APAPA  (p-methoxybenzylidene-p'-
aminophenylacetate) seems in agreement with this predic-
tion, at least qualitatively.
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