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Strain-induced three-photon effects such as optical second-harmonic generation and hyper-Rayleigh light
scattering, characterized by electromagnetic radiation at the double frequency of an incident light, are phe-
nomenologically investigated by adopting a nonlinear photoelastic interaction. The relations between the strain
and the nonlinear optical susceptibility for crystal surfaces with point symmetriesnoh 4nd 3n are de-
scribed by a symmetry analysis of the nonlinear photoelastic tensor. We theoretically demonstrate a possibility
of determining the strain components by measuring the rotational anisotropy of radiation at the second-
harmonic frequency. Hyper-Rayleigh light scattering by dislocation strain is also described using a nonlinear
photoelastic tensor. The angular dependencies of light scattered at the double frequency of an incident light for
different scattering geometries are analyzed.

[. INTRODUCTION ment of optical SHG in the reflection geometry. In both
cases, a method using three-photon phenomena is an effec-
The methods of photoelasticity in linear optics are welltive tool for investigating strain-induced effects in solids and
developed for the investigation of strain in solfdsExternal  solid-state structures. A number of publicati®i€were de-
strain applied to a solid leads to a change in the shape angbted to both theoretical and experimental investigations of a
symmetry of a specimeh.Internal strain in composite strain influence on SHG in Si filrfs2171° and GaN
materials—for example, in crystal films on substrates OFjims!518 on different substrateésee also references in the
multilayers—leads to a lowering of the symmetry near therecent review artick?). However, these studies were con-

interfaces and to structural deformations induced by a misfite neq only with calculations and measurements of strain-
between crystal lattice constarft¥he influence of strain on induced resonances in the second harmonic spectra.

the optical properties Of. solids !n the phenomenologica_tl Real crystals contain defects which are the sources of the
framework can be described by introducing a phOtoemsmfong—range strain fields around the structural inhomogene-

term in the dielectric permittivity tensor & ities, for example, such as a dislocatidrfs. These defect-

o induced strains also change the nonlinear optical susceptibil-
€j =€)+ Pijia Uk » (@) ity (NOS) of a crystal, and lead to nonlinear elastic scattering
or hyper-Rayleigh light scatteringHRLS).?? Both three-
formed medium, ang,, anduy are the linear photoelastic photon effects, SHG and HRLS, are characterized by radia-

’ ijkl Kl P tion at the double frequency of an incident light. However,

tensor and the strain tensor, respectively. o . . .
Nonlinear optical methods are widely used for the inves-rad'at'on corresponding to the HRLS, propagates in an arbi-

tigation of real solids, and are usually more powerful thantrary direction, whereas for the SHG it is necessary to satisfy

linear optical methods Therefore, it is necessary to extend the phase-matching conditionsr specular reflectiofin the

the possibilities of photoelasticity for the case of three-waveFaSe of surfaces or nontransparent flmRLS has been
optical interactions. Optical second-harmonic generatior@PPlied for the investigation of inhomogeneous crystals of
. .. . . . . - 23 24 ; 25
(SHO) is very efficient for an investigation of thin films and KH2PO, " Sr_CaTaG0;*" and K _,Li,Ta0;,~ as well as
interfaceS~" The SHG signal is very sensitive to a change ofof inhomogeneous solid films of bacteriorodop&irpoly-
symmetry induced by various physical actions—for examplecrystalline ferroelectric films of RkZrys3Tip 4705,°® and
by strain. Special kinds of internal strainot hydrostatit =~ Langmuir film of Go-2’ Recently, a phenomenological
lead to a lowering of the symmetry of a crystal, i.e., to amodel describing the influence of dislocations on the second-
missing of the inversion centérAs a result, bulk dipole- order NOS tensor was developed by BottormfigjHowever,
active optical SHG should be observed for transparent matén our opinion, this approach does not give an adequate de-
rials in the transmission geometry. From another side, surscription of the influence of the dislocation strain on the
faces and interfaces of centrosymmetric bulk materials areonlinear elastic light scattering even with the correction
characterized by a lower point-symmetry group even in thenade in Ref. 29. A more realistic description of the influence
absence of strain. In this case a more effective method tof dislocation strain on three-photon effects involves the in-
observe strain-induced changes of a surface is the measuteeduction of a nonlinear photoelastic interaction simililar to

where € is the dielectric permittivity tensor of a nonde-
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the model propo_sed by Nels_on and Lax for the description ofnfrared region(with wavelengths\ ,=10.6um and \,,,
the acoustically induced optical SHS. =5.3um) and found that these values are comparable:

In this paper, we present a phenomenological descriptio[\L(Z,O): 1.3x10 ¥ m/V and|pyyyyd=1.2< 107 m/V

. . . . - AXYyZ : XXXY . .

of strain-induced optical SHG and grc_)up—.theoretlcal analysis “"From Eq.(3) it follows that the symmetry properties of
qf the second-or_de_r NOS tensor, taking into account a NONthe nonlinear photoelastic tengoyym are given by the sym-
linear photoelastic |nteract|(_)n like the approach dgveloped ifetry properties of the NOS tensor and the strain tensor. By
Ref. 30. Generally speaking, for both “reflection” and definition, the strain tensow,, is symmetric, i.e.,u;n

“transmission” geometries of SHG observation, the bU|k=um,. As follows from Eq.(2), the second-order NOS ten-

and surface second—qrder nonlinear optical polarlzatlon§ arg,, Xi(jzk) is symmetric between two indicegk), i.e., Xi(jzk)
the sources of radiation at the double frequency of an inci-__ (3 (2,0)

dent light. As pointed by Bottomlegt al.®! it is possible to Xk (the'same IS Va“d. foRiji): Therefore, the nonllpear
separate the bulk and surface contributions to the SHG vighotoelastic tensap;jm is symmetric between two pairs of
measurement of rotational anisotropy at the second-harmon dices (j,k) and (I,m), i.€.. Pijiim= Pikjim = Pijkmi = Pikjmi -
frequency, because these sources of nonlinear polarizationd!€S€ refationships result in a reduction of the number of
are characterized by different point-symmetry groups. Wdrdependent components of each tensc;ré)

consider the influence of strain on tisolarized surface ~ All components of odd rank.tensoxéjk' andpjjm are
optical SHG for the imand an surfaces of a cubic crystal, ©dual o zero in centrosymmetric crystals. However, surfaces

neglecting the bulk contribution to the effect. Nevertheless@d interfaces of centrosymmetric bulk materials are charac-
general formulas in this paper are also applicable to describi€'ized by lower point-symmetry groups. For exampt1)
bulk strain-induced optical SHG. As an example, we inves2nd(111) surfaces of the cubic crystal are described by
tigate HRLS caused by strain induced by the straight edg@nd 3n point-symmetry groups, respectlvelyb In these cases
dislocation. the nonzero components of odd rank tengfﬁ[ ) and Pijkim

This paper is organized as follows. In Sec. Il we consideican be easily calculate@ee Table)L>* _
general relationships for describing strain-induced changes From Egs.(2) and (3) the general expressions for the
of nonlinear polarization and the second-order NOS tensoigomponents of nonlinear polarization in a stressed medium
respectively. In this section we also analyze the change dfan be expressed in terms of the NOS tensor, the strain ten-
the surface symmetry under different kinds of strain, ancsor, and the nonlinear photoelastic tensor. For a sir@é)
discuss the possibility of an observation of this changes vigurface of cubic crystal the nonlinear polarization is deter-
measurements of rotational anisotropy of the SHG. In Sedhined as follows:
lll, we investigate HRLS by the dislocation strain in the 5 2 2
framework of the general approach of nonlinear photoelasPx (2@)=2[PxxadEx(@) + PryyxEy(@) + PrxzzxEz (@) Uy
ticity developed in Sec. Il. Finally, in Sec. IV we summarize +4 E E
the results obtained in the present paper and outline future [Pyl Byl @)Bx(@)
&eergipaectives of strain-induced nonlinear optics in ordered + PxyzxydxyEy( @) E (@) ]

. + [2)(53('?)4' 2(Pxxzxolxxt PxxzyHyy

IIl. NONLINEAR PHOTOELASTIC TENSOR + Dl [Ex(0)Ex(@), (4)

The second-order nonlinear optical polarization _ ) )
PND@(24) at the double frequency of the incident light in Py (20)=2[PyyyyEy(@)+ PyxxyEi(w)
the dipole approximation can be written in the well-known n pyzzsyﬁf(w)]uyfr AL Pyt Ex( @) Eyl( @)

form®
+ pyxzy)“xyEx( 0)E(w)]

PiNL(Zw):Xi(jzk)(—ZwZw,w)Ej(w)Ek(w), 2 20
+ [szjz +2( PyyzyHyy T Pyyzxlxx

wherex{7) is the second-order NOS tensor, &B(tv) is the
electric field of the incident light at the frequeney Within T Pyyzz¥z2) JEy(0) Ey(w), (5
the phenomenological approach an influence of strain on the
second-order nonlinear polarization can be described by th@y"(2w) = (X5 + Poxoolxxt Pzxxyytlyyt Pzxxzblzo) E4()
nonlinear photoelastic tensor. The nonlinear photoelastic in- (20
teraction was used in the description of acoustically induced +(Xzyy + Pzyyotboct PzyyyHyy
optical SHG(Refs. 30 and 3Rand high-order Brillouin light 2 (2,0
sgattering by acoustical phono??ssgimilar to Eq. (1), tﬁe T Payyalad By (0)F (Xzzz + Pazokhon
strain foec_t on the second-order NOS tensor in the linear +Pgzaydlyyt+ pzzzzyzz)Eg(w)
approximation can be presented as

+4[pzxyy>nyEx(w)Ey(w)

+ PoxzxbxEx(0) E (@)
where xjjs~ is the second-order NOS tensor of unstrained n E E 6
crystal, andpjuim is the nonlinear photoelastic tensor. The PeyayblyEy(@)E@)]. ©
authors of Ref. 32 determined the nonzero components dfrom Eqs.(4)—(6) and Table | we can determine the changes
second-order NOS and photoelastic tensors in GaAs in thim nonlinear polarization under different kinds of strain.

2 2,0
Xi(J'k):Xi(jk )+ PijkimUim » ©)

(2,0)
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Table Il summarizes the relations between the components pNL
of the second-order NOS tensgff) and the strain tensasy,

TABLE I. Nonzero components of the nonlinear photoelastic tepgeg, [Pijum iS symmetric between
two pairs of indicegj,k) and (I,m)].

Crystal symmetry Nonzero components®fm

4mm YXXYZXYYXZ YXYXZ=XXYYZ YXZXY=XYZYX YYYYZ=XXXXZ YYZXX=XXZYY
YYZYY=XXZXX YYZZZ=XXZZZ YZZYZ XZZXZ ZXYYX ZYYXX=ZXXYY
ZYYYY=ZXXXX ZYYZZ=ZXXZZ ZYZYZ ZXZXZ ZZZYY=ZZZXX 22277

3m XXXYY XXX YYYYXEYXXXYE — 5 XXXXXE 5 XXXYY

XYYY=XYYXXEXXXX, YYXYYE YYXXOE — 3 XXXXX— 3 XXXYY
XYXYZ= —YYXXZ XXXXZ= —YYYYZ YXXYZ= XYY XZ= XXXXZ~ 2XYXZ

XXXZZ= —YYXZZ= —XYYZZXYZXY=YXZYX= 3 XXZXX- 5 XXZYY
XXZXX=YYZYY, YYZZX=YXZZY=XYZZY= — XXZXZ XZZXX= —YZZY¥%= —XZZYY
ZXYXYE 3 ZXXXX- 3 ZXXYY ZXXYY=ZYYXX ZZZY Y= ZZZXX
ZXXXZ= —ZYYXZ= — ZXYYZ ZXZXX= —ZYZYX= —ZXZYY YYZZZ=XXZZZ
XXZYY=YYZXX YZZYZ=XZZXZ ZYYZ2Z=ZXXZZ ZYZYZ=ZXZXZ 22272

_ (2 2 (2)
p(w)ﬂs(zw)_XyVX'X’EX'(w) + 2Xy'X'ZfEx’(w)Ez’(w)

for 4mm and 3n symmetry classes. +X§/2’)z’z’ E2 (o)

Strain alters the physical properties of a crystal, and leads 2 @ _
to a lowering of symmetry. For example, tt@01) surface of =[(2x}3y~ Xxxx)COS ¢ Sin
a cubic crystal has amMm tetragonal symmetry and changes 2 (2)\ i (2)
into amm2 orthohombic symmetry with application of the  (Xyyy™ 2Xoxy) SIM ¢ COSh+ Xy COS’ b
appropriate stress. Figure 1 illustrates the possible changes of _X<2> sir? <;/>]E2 ()
the symmetry due to stress. This symmetry lowering is xyy X!
clearly seen in the rotational anisotropy of the SHG intensi- +[(X§/§/)z_ x2)sine COS¢+X§ZX)ZCO§ )
ties. For an investigation of rotational anisotropy of the SHG,
we consider the relationships between the second-order NOS — X5, Sin? $1Ew (0)E, ()

(2) (2) ; . ’ ot

tensory;’; and ;¢ in the beam coordinates'y’z" con- 2) (2) o 2
nected with incident and scattered light, and in the crystal +[Xy22C08¢ = X;7,SINP]E; (). (8)

coordinatexyzconnected with the specimen. Wheandz'

axes

relative to thex andy axes, respectively, the-polarized

comp

can be expressed as follows:

P

coincide, and’ andy’ axes are rotated by the angje Equationq7) and(8) are the general formulas for any crystal

symmetry class. These can be simplified for a specific point-
symmetry class of a medium. Substituting the nonzero com-
ponents of the second-order NOS tengéff) into Egs.(7)

and(8), we can determine the nonlinear polarization for the

onent of SHG for botk andp-polarized incident light

NL :X<2,)’ ,Ez,(w) 4mm, mm2, 3m, and m symmetry classeésee Table II).
s(w)=s(2e) - Ayry'y' =y For these various cases the intensities of SHG are illustrated
=[—x2 sir® ¢+X(y2y)y00§¢ in polar coordinates .in Fig... 2. It can be seen from these
) . figures that the SHG intensities definitely reflect the symme-
+ (2X§(x)y+ X§X)X)Sln2 ¢ cos¢ try of a nonlinear medium. Thus symmetry lowering induced

@ @ . 5 by strain can also be found in the rotational anisotropy of the
- (2nyx+ Xxyy) cos ¢sing] Ey’ (), (7) SHG intensity.

TABLE Il. The relation between the strain and the NOS tensor componentsiim dnd 3m symmetry
classes. The NOS tensor components represented by the bold characters are equal to zero in a strain-free
crystal. Because of nonszero NOS tensor components, the crystal no longenrasr8m symmetry.

Components of second-order NOS tensgf)
Components of

strain tensory,, 4mm 3m
XX,YY,2Z XXZXZX YYZ=YZY, ZXX ZYY, 2ZZ XXX XXZ=XZX XYY, YXY=YYX, YYZ=YyzYy,
XZ=2zX XXX, XYY, XZZ, YXY=YYX, ZXZ=ZZX ZXX XZZ, ZXZ=1ZZX, ZYY, ZZX=ZXZ, 2ZZ
yz=zy XXY=XYX, YXX, VYY, YZz, zyz=2z2y XXY=XYX, XYZ=XZY, YXX, YXZ=YZzX,

Xy=yX XYZ=XZY, YXZ=YZX, ZXy=ZYyX ZXY=ZYX, ZYZ=Z71ZY, YYY, YZZ
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=

mm?2

) (b)

strain.

The symmetry class of a crystal imposes restrictions on
the form of the second-order NOS tensor. For therdsym-

metry class the second-order NOS tensor is characterized by

the nonzero componerfs x&J=y{20= 20—, (20) )

(2,00 ,,(20) (20 i ion-
Xzxx = Xzyy » Xzzz - The discrepancy between the relation FIG. 2. The rotational anisotropies of the SHG intensities for the

ships of the second-order NOS tensor components floM4 (), p(2w) polarization configuration ifa) mm2, (b) 3m, and
andmm2 symmetry classes lies in the interchanga ahdy  (c) m crystal surface symmetries, and for th@o) —s(2w) polar-

\ @
4mm i 4mm
FIG. 1. The symmetry changes of aun crystal due to internal
(c)

indices. For example, for symmetry Classmm)(g('g) ization configuration in(d) the m crystal surface symmetry.
9, but for mm2 symmetry classyG# x{59. The

= Xyyz' s
diffeyryence betweery(?, and x?), components of the NOS proximations for botfs(w) —s(2w) andp(w)—s(2w) con-
tensor in a strained medium can be described by the straifigurations for a(001) surface of 4nm cubic symmetry.
tensor and the nonlinear photoelastic tensor as follows: ~ However, when a surface is deformed mom2 symmetry
under stress, the SHG intenslt{2w) no longer vanishes for
Ax(Amm—mmR) = x\2,— x3.= (Puxzi— Pyyzim Uim - p(w)—s(2w) polarization. Taking into account the nonzero
(9) components of the second-order NOS tensor and the nonlin-
ear photoelastic tensor from Ed§) and(8), we obtain the

Taking into account the nonzero components of the nonlin : ;
following equation:

ear photoelastic tensor fom#im symmetry class in Table I,
from Eq. (99 we obtain the following expression for | (2w)0C|PNL (20)|?
Ax(4mm—mn2) (x*9, pjjum, andu,, have nm sym- P(@)—s(20) P(w)—s(20)

metry, while x?> hasmnm2 symmetry: = LA y(4mm—mn2)|?

Ax(4mm—mn2) = (Pyyzx— pxxzy))(uxx_ uyy)- (10 X sir? 2¢| Exr(w)|2| Ezr(w)|2. (11

Naturally, when the symmetry of the medium is changedFrom this equation one can clearly see the fourfold rotational
from 4mm to mm2 due to strain, the change in the SHG anisotropy shown in Fig.(2). From Eq.(11) it follows that
intensity should include the changes of the NOS tensor conthe amount of the symmetry change in the SHG intensities is
ponents in Eqs(7) and (8). There is no SHG in dipole ap- proportional to the difference in the nonlinear photoelastic

TABLE lll. Nonlinear polarization for 4nm, mnm2, 3m, andm symmetry classes.

Symmetry In and out

class polarizations Nonlinear polarizatioPN'(2w)

4mm {w)—s(2w) 0
p(w)—s(2w) 0

mm2 s(w)—s(2w) 0
p(w)—s(2w) — 2 (e i

2 Xxz nyz)Ex’(w)Ez’(w)sm 2¢
3m (@) —5(20) Xy (w)Sin 3
p(w)—3(20) ~ XoooE/ (@)sin 3¢
m S(©)—3(20) ~[Xoux SI &+ (Xgyt 2x)COS ¢]E§(w)sin ¢

p(w)—s(2w) - [Xxyy sir? D+ (X 2nyx)C0§ d)]EX,(a))Siﬂ ¢

—(Xxxz— nyz) Ex (0)E, (w)sin ¢ cose
— XxzzSin ¢E§/(w)




PRB 62 STRAIN-INDUCED THREE-PHOTON EFFECTS 13459

TABLE IV. The Fourier coefficients in Eq14) for the m symmetry crystal class. A\;’s (c;,C,,C4,C5
alsog are equal to zero forr® symmetry.(The asterisk denotes the complex conjugate.

Fourier
coefficient s(w)—s(2w) p(w)—s(2w)
Co 3 (XA X2 Ey (w)]* 3 (2R~ A 28X ) E (@)
Cy 0 — 3 AXZIE (@) Ex(0)Ey(0) +Ef (w)E (w)]
C2 — 1A+ 28 )X 2E, (w)]* 2[(381=22)[Eyo(@)[*+4A[Ey () 2Bz () P10
C3 0 0
Ca 3 (A + 28X ZJE ()] 1[(285=38))[E (0)|*~ 4 |E () PIEx (o) PIXS3
Cs 0 7 AYE (0) A (@)Ey () +ES (0)ES ()]
Co 3 (A28 20 )Xy (@) 3 (At 280850 2AX R E (@)
tensor components and the diagonal components p&nd A1=X§ZX)X+ Xff,)y: Proox kUi Pryyimbim
uyy of the strain tensor. The values of nonlinear photoelastic
tensor componentp;m can be determined from indepen- = (Pxxoxxx™ Pxxxyy) (Uxx— Uyy)
dent experiments: for instance, Boyd, Nash, and Nelson de- +4( _ U (14)
termined the nonlinear photoelastic tensor components by Prooxxz™ Pxxyy2Uxz:
measurements of acoustically induced S#Qhus, if we
have information about the original symmetry of a medium Aom (2 4 () = N
before stress is applied and the rotational anisotropy of the 27 Xoox ™ Xyxy™ ProxxjkUjk ™ PyxyimUim
SHG intensities, the stress components or the relationships 1
between them associated with the symmetry lowering can be zz(pxxxxx— Pxxxyy (Uxx— Uyy)
determined.
For a(111) surface of 3n symmetry, the relationships for +2(Prcxzt Py Uz (15)
the SHG intensity are more complicated. However, they can
be simplified by Fourier transformation. The intensity of the
SHG car.l be written using Fourier coefficients in the follow- A3:X§/2y)z_ Xii)z: Pyy ik~ Proczinblim
ing form:
6 = (pxxzyy_ pxxsz(uxx_ uyy) - 4pxxzxyx21
(2w)= 2, c,cogna). (12) (16)
n=0
Each Fourier componert, of the SHG intensity represents 2
the rotational symmetry of the crystal. Similar to theneh 4= Xxz7= Pxzzjljk= Pxzzol Uxx™ Uyy) T 2Pxzaxdixz -
symmetry case considered above, we can find a connection (17)

between symmetry lowering and the relationships of the

second-order NOS tensor components. Initially, the cubign these notations, SHG intensities can be divided into each
(111 surface has a sixfold symmetry in SHG intensitiesFourier coefficient for each polarization configuration, as
[Fig. 2b)]. This rotational symmetry is broken when strain is presented in Table IValso see Figs. @) and Zd)]. In this

applied. If strain breaks the sixfold rotational symmetry iaple. the first-order terms @, and the real parts of'? are

. . . . . ijk
while maintaining the mirror symmetry, the following com- q,deq for simplicity. From the rotational anisotropy mea-

ponents of the second-order NOS tensor contribute 10 thg,rements of the SHG intensity it is possible to find the
SHG fors(w) —s(2w) andp(w) —s(2w) polarization con- ¢ responding Fourier componemspresented in the Table
figurations: x(2), ¥, x2 2 “and y'2) . For the 3n
xxxr Xxyyr Xyxyr Xxxz» Xyyz IV for both cases 08(w)—s(2w) andp(w)—Ss(2w) polar-
symmetry class, from Ref. 34 we obtain izations. These values, are determined by nonzero compo-
20, Y@@ __ @ @_ @ g nents of the second-order NOS tensor and the latter de-
Xxzz= P Xoox™ 7 Xxyy™ ~ Xyxyr Xyyz— Xxxz pends only on the nonlinear photoelastic tensor and strain
These relationships are also approximately correct innthe tensor. From the values af,, A; in Table IV and Egs.
symmetry class because the changes of components in line@d)—(17), u,,—Uuyy, Uy, can be calculated. These compo-
approximation are usually small. The strain tensor components are obtainable without detailed information about the
nentsuy,, Uyy, U,,, andu,, affect these second-order NOS unstressed susceptibilitxi(jzko) if the symmetry of the un-
tensor components, and we can define the discrepangies stressed medium is well known. It should be noted that the
between relationshipd3) of the components of the second- other off-diagonal stress components can also be determined
order NOS tensor for @ and m symmetry classes, taking from different polarization configurations in a similar man-

into account the nonzero componentspgfm (Ref. 34: ner to that described above.
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lll. HYPER-RAYLEIGH LIGHT SCATTERING
BY DISLOCATION STRAIN

On the other hand, there are some special cases in which

the analytic forms of strain field are already identified. It is
well known that real crystals contain dislocations which are
the source of the long-range strain fiefdS. These strains
also lead to a change of nonlinear optical properties of the
crystal, and can be detected by HRLS. In this section we
present a phenomenological description of HRLS by dislo-
cation strain using the approach developed in Sec. Il.

Let us consider a cubic crystal without an inversion cen-

ter, for example GaAsthe point symmetry 83m—T,), with
the edge dislocation oriented along thexis with Burgers
vector b=(b,0,0). In the crystallographic coordinate basis
Xyz the dislocation strain is characterized by the nonzero

JEONG, SHIN, LYUBCHANSKII, AND VARYUKHIN
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(2,0

Ey’(zwaQ):A Xyzx f(q)cos 2p+ Pyxzyy

X [Uyy(CI)0032 d’_ uxx(q)Sin2 d’]

1 :
+ E ( pxxzxy_ pyyzx;) ny(Q)SIn 2¢

X Ex (0)E, (o); (24)

(iii) s(w)—p(2w): Eu(2w,q)=0, (25

E,(20,9)=A{( pzyyxycos‘2 b+ pzxxxysm2 ?) ny(Q)

+IXEIT () + Paxyyyllyy(A) 1SN 201 EZ(w);
(26)

components of the strain tenseg(r),

b y[x3(3—2v)+y?(1-2v)]

uxx(r):_4ﬂ_(1_v) (x2+y?)? ,
(18)
b y[x3(1+2v)+y?(1-2v)]
Uyy(r) = Ar(1—v) 21 y?)? ., (19
b x(*-y?)
Uyy(r) = An(1—v) 0Cry2)2" (20

wherev is Poisson’s coefficient.

(iv)  p(w)—p(2w):

Ex(20,q) :A{z(pxxzxy00§ P+ pyyzxysm2 ?) uxy(Q)
+H[2) 2 F(A) + Pry 2ot )+ PyxzyyHyy(A) ]
X SN 26} By (@) Ey(0), 27)

E,(2w,q) :A{(pzyyxy00§ b pzxxxySir|2 ¢)ny(Q)

—[XZT(Q) + Paxyroblid D 1SIN 241EZ (w).
(28)

Let us determine the polarization of light scattered at therhe Fourier transform of the dislocation strain tensor com-
second-harmonic frequency in the same rotational geometryonentsuy,,(q) and factorf(q) are determined as

discussed in Sec. Il. Within the slowly varing amplitude ap-
proximation the wave equation for the second-harmonic

electric field can be written 3s

2
w
2iky,, ViEi(20,0)= = 7 xij (N Ej()Ex(w)explig-r),

(21)

whereq=2k,—k,, is the scattering wave vector, while,

1 .
U|m(Q):vjvulm(r)exp(qu)dr. (29
1 _ Ji(q.R)  [g:h
f(q)=vaexmqw)dr:Z%smc{qT), (30)

whereJ,(x) is the first-order Bessel functioR is the diam-

andk,,, are the wave vectors of the fundamental and secondter of the laser spot, is the in-plane component of the
harmonic light, respectively. Using the infinite plane-wavescattering wave vectoq, sinc(x)=sin()/x, and h is the

approximatiort, from Eq. (21) we obtain

A (2) i
Ei<2w,q)=vjvxi,-k(r)EJ-(w)Ek(w)exmqr)dr,
(22

whereA= —iw/cn,, . The integral in Eq(22) is taken over
the interaction volumé&/, andn,,, is the refractive index of
the crystal at the second-harmonic frequency.

thickness of the crystal. As follows from Eq23)—(28), for
different mutual orientations of the beam and crystal coordi-
nate systems, the different components of the nonlinear pho-
toelastic tensor in combination with the second-order NOS
tensor will contribute to the HRLS. For example, in the case
of p(w)—s(2w) geometry from Eq(24), we ascertain that

for =0 the HRLS intensity is determined by bogf*® and
Pijxim tensors, while for¢g= /4 it is determined only by
nonzero components of the nonlinear photoelastic tensor. For

Substituting the nonzero components of the nonlineag(w)—p(2w) and p(w)—p(2w) scattering geometries,

photoelastic tensor for the point-symmetry groupmand
the dislocation stran tensor determined by E@8)—(20)

from Eqgs.(25) and (26) it follows that for =0 the HRLS
intensity is determined only by the components of the non-

into Eq.(22), we obtain the values of the electric fields at thelinear photoelastic tensor, whereas & /4 both tensors

second-harmonic frequency for tise and p-polarized inci-
dent light as follows:

() s(@)—s(2w): E,(20,q)=0; (23)

(i) p(w)—s(2w):

contribute to the HRLS. This rotational anisotropy of the
HRLS allows us to determine the nonzero components of the
nonlinear photoelastic tensor. The angular dependence of the
HRLS is also determined by the Fourier transform of the
dislocation strain and the factoi(q). Substituting Egs.
(18—(20) into Eq.(22), we obtain expressions for the Fou-
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FIG. 3. Angular dependencies of HRLS from a single-edge dislocation for different values of gin@e =0, (b) ¢==/6, (c) ¢
=xl4, (d) ¢p==/3, and(e) ¢p=m/2. (6, and 6, are the incident angle of fundamental light and the scattered angle of double-frequency
light, respectively.

rier transform of the dislocation strain which determine thewhereJy(x) is the zero-order Bessel function, angis the
electric field of scattered radiation at the second-harmonicadius of the dislocation core. The HRLS intensity can be
frequency in Eqs(23)—(28): calculated using Eq923)—(28) in the standard way. The
b angular dependencg@ndicatrix) of the HRLS intensity for
_ Qy 2 the p(w)— s(2w) scattering geometry is shown in Fig. 3 for
U @)= 2mR’q*(v—1) (o[ (3+2¥)(Jo(4. R) = Jo(q.7a)) different values of anglep: ¢=0, ¢=mul6, ¢p=1l4, ¢
5 =x/3, and¢=w/2. In a similar way, using Eq$25), (28),
+6(‘]1(QLR)_Jl(Qer))]+qy[(z”_3)(‘]0(qLR) (30), and (31)—(33), it is possible to plot the indicatrix of
q,h HRLS for s(w)—p(2w) and p(w)—p(2w) scattering ge-
_\]O(qlrd))_Z(Jl(qu)—\]l(qlrd))]}sin((%>1 ometries. As follows from Fig. 3, it is possible to find the
optimal values of the incident anglg, and scattering angle
(3D 0, , to observe the HRLS, and to determine the components
of the nonlinear photoelastic tensor.
bay 2
uyy(q)_ 2’7TR2q4(V_1) {qx[(zv 5)(J0(QL R) JO(qud)) IV. CONCLUSIONS
—6(J1(q,R)—J1(q,rg)] In conclusion, the strain-induced changes in the second-
) order NOS tensor have been phenomenologically investi-
+oy[(2v+1)(Jo(q.R) = Jo(A.rg)) +2(1(q,R) gated by introducing the nonlinear photoelastic tensor. It was

q h) shown that the change of symmetry and related strain com-
z

- Jl(chrd))]}smc( 2

(320  ponents can be determined from measurements of angular
dependencies of SHG. In addition, we applied nonlinear pho-
bq toelastic interaction for the description of HRLS by single-
_ X 2 _ edge dislocation. In a similar way, it is possible to investi-
i 0) 27R2q4(v—1) {0 30(9. R) = J0(0.T) gate HRLS by a screw dislocation. The present
phenomenological theory of HRLS by a single dislocation is

+2(1(a,R)—Ja(a,ra)] valid for crystals with a low dislocation density. In the case
g,h of a high dislocation density, it is necessary to take into
—q§[5+ 6(J41(q, R)—Jl(qud))]}sinL{T), account the distribution of dislocations, their shafmr ex-

ample, dislocation loopsand mutual orientation.
(33 We believe that the methods of strain-induced nonlinear
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optics described in this paper are also very useful for thehe formation or so-called dislocation- and strain-induced
investigation of other kinds of defect structures in crystalsmagnetic domain®*° We hope that these domains can be
and thin solid films on substrates, because such systems awbserved via magnetization-induced SHG, because the non-
characterized by strain of different origins induced by latticelinear optical technique is very sensitive for the observation
mismatch and misfit dislocations located near the film-of peculiarities of magnetic domains and domain wél&
substrate interfacés’l We would like to note recent On the other hand, it should be noted that strain-induced
publication$®3® where enhancement of the SHG signal in aeffects can also be observed with nonlinear optical spectros-
BaTiO;/SrTiO; superlattice was observed. This SHG en-copy. This is connected with strain-induced changes in the
hancement was qualitatively explained with the large strairfrequency dependencies of the NOS tendBr& 1416 1¥irst,
induced by lattice mismatch located near the interfaces in the resonance frequency of a SHG signal induced by surface
superlattice. The similar experimental results of misfit strain(or interface strain shifts relative to the bulk resonance fre-
induced enhancement of SHG in pseudocubicguencies. Second, strain leads to the broadening of corre-
Bay 4851 55Ti05 thin films on the Mg@001) substrates was sponding resonant lines at the second-harmonic frequEncy.
published in Ref. 37. A theoretical model of misfit strain and
misfit dislocation induced SHG, using a nonlinear photoelas-
tic interaction similar to the phenomenological theory of the
strain-induced three-photon effects developed above, was This work was supported by the Creative Research Initia-
proposed in Ref. 38. tives of the Ministry of Science and Technology of Korea

In our opinion there are very interesting and promisingand by INTAS, Grant No. 97-0705. One of the authors
possibilities to study strain-induced SHG and HRLS in or-(l.L.L.) is very grateful to KISTEP for the financial support
dered structures such as magnetic crystals and films. Due tif his visit to Korea, and to CNSM at KAIST for hospitality
magnetoelastic interactions dislocations and strains lead textended during his stay in Taejon.
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