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N\

The authors analyze the feasibility of second-
~harmonic generation (SHG) intensity amplification
in centrosymmetric solids by: _

1o Nonlinear spatial dispersion, related with elecw
tric and magnetic multipolar transitions;

2+ Changes in nonlinear susceptibilities self-indu-
ced by strong laser light intensity; )
3+ Lowering of the intrinsic crystal symmetry - 7928
inversion centre destruction by a DC electric or
maghetic field, or crossed fields; .

4. Coupling between self-light-intensity dependent
effects apd DC applied~field induced effects.
Supplementing hitherto considered SHG mechanisms,
these new processes are described in terms of S-th
and 6é=-th rank polar and axial tensors of electro-
-electric and magneto-electric nonlinear suscepti-
bilities. The nonzero and independent elements of
these new tensors are calculated, thus pinpointing
those classes of centrosymmetric crystals where

SHG can occur with amplified intensity.

INTRODUCTION

: Terhune et al [1] observed weak second-harmonic genera-
tion (SHG) in the,light transmitted by calcite crystal, which
has a centre of symmetry. That earliest experiment was repea-
ted by Bjorkholm and Siegman [2] , who compared the SHG inw
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394 S. KIELICH AND R, ZAWODNY

tensities from calcite and ADP crystal. Wang and Dumifski [3] -
observed SHG in fransmission through thin platelets of glass
and LiF, Bloembergen et al [4] studied SHG in reflection from
a medium with inversion symmetry. This kind of SHG both in

. transmitted and reflected light was hitherto attributed to
electric quadrupole and magnetic dipole polarization [5—10]a

The study of SHG in bodies exhibiting a phase transition
from a state without centre of symmetry to a centrosymmetric
state and vice versa e.gs under the influence of a DC electric
field [11] is of the greatest interest [11, 12]. Recently,

Vogt [13] performed such SHG studies on Sodium Nitrite at the

temperature transition from the ferroelectric state, when the

syminetry is m2m, to the paraelectric state, in which the crys-

tal as a whole has a centre of inversion with the symmetry

mmme Rabin [14] analyzed the conditions for SHG provided by

. the introduction of lattice defects into centrosymmetric cryse—
tals. :

It is & well known fact that in the process of light
self-focusing the refractive index and thus the susceptibility
of the medium become light-intensity dependent [15]. It is the
aim of this paper to show that in the process of SHG as well,
when using strong laser light, the nonlinear susceptibility
tensors become functions of the light intensity. We suggested
and considered this earlier [16] with regard to SHG by isotroe
rie electrically polarized bodies. Since self-induced nonline-
arities occur in all bodies to a larger or lesser degres, the
nonlinear susceptibilities of materials determined by the mete-
hod of harmonics generation [17,18] depend on the light inten=
- sity itself. - , : .

We shall restrict our discussion to SHG in centrosymme=
tric materials, in which the self-induced light-intensity de-
pendence of the nonlinear magneto-electric dipolar and elec-
tric quadrupole susceptibilities are deseribed, respectively, .
by a S5=th rank axial tensor of dipolar magneto-electric suscep—
tibility and a 6=-th rank polar temsor of electric-electric qua=
drupole susceptibility., Besides frequency dispersion, we take
into account the nonlinear spatial dispersion derived in a Pre=
vious theory of multipole transitions f19] » induced in quantal
systems by strong electromagnetic fields. We also discuss ame |,
plification in SHG intensity, due to inversion centre destruce
tion by an external DC electric or magnetic field, and able %o
exhibit coupling with optically self-induced SHG amplification,

SHG IN THE PRESENCE OF INVERSION CENTRE
Quite generally, the total electric polarization of a medium

at the space-time point (r,t) is given by the multipole uxpan-
sion [19] 1
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Eﬁ(!’t)- ng,l (2m_1)!! V [m-1] ..!.?e (Ilt)’ ‘1)
E(m%g,t)denoting 2m-pole electric polarization, and [m-1] an
mﬁjafold contraction be?M?en the spatial differential operator
v and the m~vector P, e« On the other hand, the electric
polarization vector is a function of the electric field:

E(r,t)= Elr,tle™™®Y = Blo,klexp[ifk » ¢ -ot)] , (2)

and of the similarly defined magnetic field B(r,t) of a light
wave, of frequencywand propagation k.
SHG 15 defined by second-order polarization, of the form [19]2

(2hm o o axp(-LZwt)
fe(z.t' = 2y 2 {2o~-1)11{2s~1) 11 °

{('”LX(MS’ (20) [nes] [V T2(z 0l [ v 5Bz )] +

“ee

+ (mLV_(e(MS) 2o)v™ e tr ¢ 5 Biz,0) ]+ ...}, (3)
where (m)z}n+s%2w) is a tensor of 2-~nd order electric multipole
susceptgbili%y at frequency 2w taking }B}Qnﬁggount all 2"+% .
~pole electric transitions, Likewiss, X . {2w) is a tensor
of elegtric multipole susceptibility cofitaffiing contributions
from 2" ~-pole electric and 2 -pole magnetic transitions, in
conformity with the guantum~mechanical formula:

(m} 4 (n+s) 9
mexem (20) = £ Sln,s) al‘ov-cd Sab

{ <a|ﬁh:’| c><c|§(:)|d><d|l_ﬁ(fn) | o> ,

(wcb + 2w + ifcb)(wdb + W+ 1rdb)

<aln (:)I ¢><e |Ii(§) la><aju®)) b>

+
(wca -w - iréa)(mdb + W 4 1rdb)

+

<a|ﬁ(:)|c><c|§(;) |d><d|l\4(’;’)|b>} “

(“ca -w - irca”“d—:a -2W- irda)

where @ is the number density of the medium, 9.4, the statisti-
cal matrix for the transitiga a»b gith Bohﬁ frgquency Wb and
relaxation time M, , ana M'", ﬁé ’ the 2"=pole electrfE and
2 =pole mﬁgpetic %gment ogg?ator of the quantal system, On
writing M ™' instead of ¥ ° din ﬁlsf we get an expression for
the susceptibility tensor e)—(ee {2w), '

Al
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Eqs (1) and (2) dofine the influence of spatial disper-
sion of all orders on SHG, At very high light intensity, the
electric polarization (1) at 2w contains contributions of
higher even orders besides that of 2-nd order {3) . Thus we
can write the total electric polarization at 2w , in a satis-
factory approximation, as: ' /

Poyl2wrl = X{Sp(e0k, TIE (wor) Eyfour) +
+ ngﬁ(Eu.l{..I)Ej (ua?_‘)Bk(u’E) *oeeey (5)

Hence, the tensors of nonlinear 2-nd order electric-electric
and electro~magnetic susceptibility, which are the source of
SHG, depend in general not only on frequency dispersion o but
also on spatial dispersion k and on the incident light in-
tensity I=E(u,;)E‘u,;). For bodies having a centre of inver-
sion we thus get in a satisfactory approximation:

X 998 (24,1, 1) 1{Xe°°k(2w)‘+ X3S 2wk k4

ijk ijk1 ijklmn
+ X;;;ﬁ;:(gw)En(wylﬁ)E:l“ﬁ"lj) +* oo k1,(6)
eenm - M eem eemkk
X ijk(Zu.l_c,I) z Xijk(au) + Xijklm(Zw)klkm +
+ Xl 201E) (o,klEglok) + ooey (7

The expansions [6) and (7?) are expressed formally in such &
manner that the individual susceptibility tensors contain the
respective multipole transition contributions resulting from
Eqe {4) § however, for brevity, we omit thg numerical expansion
coefficients. E.g., the polar tensor Xe.il ‘»ionSiﬁ.‘EE of the
nonlinear electric dipole susceptibilit§d*t (1 y 1142 [y, "0y
tric dipole~quadrupgle tragsition and of the®cle8%ric quadrupo-
lg susceptibility X with elecggéﬁkﬂipole—dipole tran=
sitions, The polar B-th®Rank tensor X° consists in gene-
ral of successive multipolar susceptibii%%?gs with the appro=
priate multipolar transitions,

eeekNon--zero and: independent clements of the polar tensor
X (] are listed in Table I, The numbers of nonzero and mutue
ali§ 1ndapandent elements of the remaining tensors of Eqs (6)
and {7) for centrosymmetric °1asse§e358 given in Table II, The

axial tensor elements‘xi 1, and Xijklm have been tabulated
previously for all classis [20] «

For fields of the form {2} , Maxwell®s equations yield:
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Table 1. - : xe‘ek

Non-gzero and independent e¢lements of the polar tensor 13k1
for all centrosymmetric crystallographical classes.

saak
|C1ass | _ Bl’emex‘xts“, xi;jkl
1 ASXXXX , YYYY 4BTZE $XXYY o YYXX yXYXY p YXYX 4 XYYX , YXXY ¢ XXZZ  BZXX g

| XBXZ ¢ZXZXyXZIX yZXXZ ,YYZZ 4 ZAYY 4 Y2YZ 4 ZYLY 4 YZ2ZY 42YY 2}

B= XXXy , XXYX yXYXX , yXXX 4 YYYX § YYXY o VXYY 4 XYYY pXZ2Y yXZYZ s XYL o
YZZX,YIXT JYXZZ y2ZXY ,EXBY 3 2XYZ 4ZZYX yZYEX (ZYXZ

C=XXXZ ¢ XXBX s XZXX  ZXXX yZZZX  ZTXZ g ZXZZ o XZEZ o XYYZ 4 XYZY 9 X2ZYY 4
zyyx.zyXy.Zny,yyxz.yxyz.yxzy.yyZX.yzyx.yzxy.yyyz.yymy]
YZTY o ZYYY o 222Y 4 2LYZ ¢ BYZL g YHZL g XXYZ g XYXZ g XYZX g XXBY g XTKY
XBYX g JZXX  yXZXy YXXT gZYXX ZXYX $ZXXY; - :

7o

A and B

A

Ut/ m

DExxxx:yyyy,zzzz.xxyyzyyxx,xyxy:yxyx,xyyxzyxxy,xxzzayyzz

| EE22Xy=~22yX (ZXYZR=LYXZ  XLZYR=YBLX y XYLLF=YXZZ  EXLY 2mLYLXy
| XZYZReYIXZ ¢ XXXYS-FYYX § XKYXS=YYXY s XYXX2=JXYY ¢ YXXXS=XYYY

XZXZZYZYT yXBEXTYZZY o ZZXXZLLYY o ZXZX=ZYLY § EXXESZYYE}

ol D

F22222 , DOy Y Yy =Xy Y F XY XJ#XY X ¢ XXYYSTYXX , XYXFZYXYX o XTYX
GEXXXY=myYY X | XXYX+XYXXFFXXX ) y XXYXZ=FYXY s XYXXBwYXYY o

ﬂ} HExxxz:-xyyzz-yxyzz-yyx:,xxzx:-xyzy=-yxzy=-yyzx,xzxx:

| IR Yy Y By XXE T XY XZE=XXYE § YV LY 2= JXEX 2~ XYEXT=XXLY  YLY Y

 DYXXY ¢ XXZLRYYLL JXLXLSYZYZ ¢ XELXZYZLY o ZZXXSELYY o ZXZXBLYZ
| BXXEZZYYZ}

YXXXTwXYYY 9 Z2ZXY==2ZYX y ZXYLEwLYXT y XZLYS=YBLX  XYZZZwYXTZ of
EXZYR=ZYLX  XZYZZ=YLXZ

E=XZYY2eYZXYE=YLYX s LXXXZmLXYYS=Z Y XY == ZYYX}

“I'F and J

| R YEXXTeXZYX2RXLXY o ZYYYS=LYXXZmEXYXZmEXXY

F and G

et

F

:‘Lsxxxx=yyyy=zzzz; M= xxyy=2zxxX=yyzz; Nz yyXX=XX2Z=ZZYY;

55 yXXySXZZX=ZYY2; -

Pz XYXy=zXz2X=yzys; Qs yXyx=xzxz=zyzy; Rzxyyx=zxxz=yzzy;

L, M=N, P=Q and B=S,

L=xxyy+xyxy+xyyx, M=N, P=Q and R=S,
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c o .
Bylowr) = '(G)EklmEl“‘?'-r-’km' (8

,and Bqe (5] can be re-written in the form: |
Prl2onz) = Xy (20nk, TIE (0,1) B ozl 4 (9]

. where we have introduced the tensor of total nonlinear 2-nd
order susceptibility: ) '

T eee ). eem o
X ggel2od) = X{ReokT) - (G)X 320k, 10E, i, (0]

with &), & the Levi-Civita antisymmetric tensor,

REMOVAL OF SYMMETRY CENTRE BY DC FIELDS

An electric field §° or magnetic field 50 acts on a body
in a way to lower its symmetry, i.a. by removal of its centre
of symmetry, thus leading to an enhancement of the SHG pover
from centrosymmetric crystals [4,2] o The nonlinear suscepti-
bilify tensors of Eq, (5) gow become moreover functions of E
or B 4 €ege xi w 2wk, I,E°) s If the DC electric field E° app-
lied to the centrosymmetric crystal ig not excessively strong
one can write, besides (6) and {7) , the following expansions:

. 980 | 9 coee o . o cockke 0
13k 20 DB = Xy g (298) + X TSR R 2wl k D +

- eceecee _0_0_0 eeakee 0,0

eqeeeea O
+ xi(;jk)lmn‘ewmllw’l-dna“’!swn + ee0ey ‘, ‘ .(']1)

een -0 eenee 0,0 .~ cemke o
Xijk(Ew,k,E ) = ijk(lm) (ew,EiEm+1Xijklm(2u)k1Em+aOo ’ (12)
Hitherto, in the interpretation of results of DC electric-field

induced SHG studies, only the first term of (11) was usgd,
Ig the centrosymmetric body is inmersed in a DC -mdgnetic

field By the expansions (6) and (?7) have to be supplemented
with these!

, ceo 0y, eeekm o . eeckmm 0p0,
X 1jk(2¢4,1_<.§ )=1X 1jk1m‘2°°’k1’3m +iX ijkl(mn‘(2w)lemBn+.., (13)

~
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‘eem eemm o eemmm )
1jk(2&|9_1§ I ) = Xi kl(2w)B1 + xi;jk(lm) (Ew)Ble +
aemmee o] L] pemkkm ‘ . o )
+ X{ikrnn (2B Byl k1B (0,k) & X fgpq (Palknk B +eee, (4]

The only available SHG study in the presence of a DC ma-
- gnetic field is for InSb [24] = a material of the class 43m
wvithout centre of symmetry.

" SHG observations can also be performed in crossed DC
electric and magnetic fields [22] . One now has the nonlinear
susceptibilitiess ' -

eae ‘o 0 eseen 0,0 eccemmn 0,0,0
Xijktau,x_c.g B = Xi(;jk)lrﬁz“’Ele + X (Zw)El«BmBn,HS)

1(jk)1lmn)
" @80 o ecenmken , 0,0 eohmee 0 o o
X gy 20k B0E) =1X 3 jx10n 29T B nfn *+ X ;,kl(mﬂ? )B ur (16)

The expansions (12) - (1§) involggé in addition to the
well known tensors X K1® and the ones discus-
sed in Section 2, some new poiﬁr nd a%%am tensors of ranks 5
and 6 for which the numbers of nonzero and independent tensor
elements are given, for centrosymmetric bodies, in Table III,

DISCUSSION AND coucwsions'

By Egs (5) - (16) , the observation and amplification of
SHG from centrosymmetric bodies requires that various new me-
chanisms, related with nonlinear susceptibility tensors of -
ranks 5 and 6, shall be taken into account. This surely complim
cates the problem considerably, However, we now have at our
disposal the experimental possibilities of determining the va-
lues of higher nonlinear susceptibilities [23]. Even when these
values are not available, Tables I ~ III and Egqs (5) - {16)
s5till give us the possibility of ajusting the natural configu~-
ration of the crystal and the direction of incidence and polaw-
risation of the light beam so as to achieve the maximal SHG
signal, »

Existiny studies [3,4 +24] show that second=harmonic ra~
diation is generated chiefly by the surfdce layer, where field
1nhom0geneitlés are far larger than in the bulk of ihe crystal,
This does not apply to plastic crystals or to ones with strucw-
tural phase tnansitions [11 - 13], where conditions favor the
recurrence of ‘the SHG processes considered by us., However, in
bodies with na@ural and induced optical inhomogeneities, not
only SHG but moreover second—harmonic scattering (SHS) takes
place [25 - 28], In general, both in SHG and SHS, 'a periodic
Spatial modulation of the nonlinear susceptibilities intervenes

[29] .

t
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Table II,

The number of non-zero {N) and independent [I) elements of the
nonlinear susceptibility tensors of Egs. (6) and (7).Symmetri-
city in indices is denoted by parenthesses (ises)s

X eenm xeemkk xeemee xeeekee eeekkk
Class ik {11fjml k |Mijkim ij{x1) mn (11ijan)
S O O I ¥ | I N I N I
1 27 |27 | 243 |108 | 243 {243 | 729| 486 | 729 | 216
2/m 13113 | 121 521121 {121 | 365] 244 | 365 | 112
mmm 6| 6 60 24| 60| k0 | 183 | 123 183 60
4/m 131 7 | 117 26 1121 | 61 | 363} 122 | - 351 56
ifomm | 6 3| 56 [ 11| 60| 30 | 183 e2 | 183 | 32
21 9 |'229 361233 | 81 | 715 162 711 72
m 101 4 11412 161116 | 40 | 3591 &2 359 40
6/m 131 7 | 117 201121 | 51 | 363 92 359 40
6/mmm 61 3 56 81 60| 25 | 183 47 183 24
m3 6| 2.1 60 8| 60 { 20 | 183 41 | 183 20
Sm 61 1 48 3] 60 | 10 | 183 21 183 12
h,xh 61 1 48 1] 60 6] 183] 10 183 6
Table III,

The number of nonmzero (N} and lndependent {I) elements of the
nonlinear susceptibility tensors of Eqse {11 - {16).Symmetri-
city in indices is denoted by parenthesses [ises)e

xeeekm x gemrae| o eceege Xeeeemm X 8ecees
Class 1jlkl u ijklmn| *1(3k)imn| *1 (k)2 (mn) | 1 (5kN1mn) |
v |1 vl w1 |n |1 v | T

1 243 1162 [ 7291729 729 | 486 {729 | 324 729 | 180
2/m 121 | BO | 365|365 |365 | 244 1365 | 164 365 92
mmm 60 | -39 11831183 {183 | 123 {183 84 183 48
4/m 1119 40 | 3651183 {363 | 122 |361 82 357 46
4/mum| 58 | 19 [183] 92 [183 62 1183 43 183 | 25
; 231 s4 | 7171243 {715 | 162|713 | 108 709 60
m |14 | 26 359122 |359 82 1359 56 | 359 72
6/m 1419 32 1365|143 1363 %2 |361 60 357 32
6/mmm| 53 15 11831 72 |183 | 47 [183 32 183 18
m3 60 13 11831 61 183 41 1183 28 133 16
m3m 54 | 6 |183] 31 183 21 (183 | 15 183 9
YKy 54 3 {1831 16 1183 10 }183 9 183 4
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Surely some progress in the SHG study of centrosymmetric
crystals can be expected from the latest observations by Yu
and Alfano [30] of double~ and triple~-photon scattering in
diamond crystal, Diamond has the space group {Fd3m) and many
other crystals of the sodium chloride (Fm3m) , cesium chloride
{Pn3m) , cesium fluoride {Fm3m) and perovskite (Pm3m) types ha=
ve the highest symmetry m3m of all known centrosymmetric cryse
tals and it is to be regretted that, expect LiF f}] s they ha-
ve not as yet been used for SHG in transmission, Crystals like
those, and ones belonging to _other centrosymmetric classes es-
pecially mmm, 4/mmm, 6/mmm, 3m should be tested for SHG in the
free fleldless state and for induced SHG in elgctric and ma-
gnetic fields. In the latter case, a particularly interesting
situation arises from Bqs {11) and {14) consisting in the si-
mulataneous coupling between the self-induced light intensity
dependent effect and DC field effect lowering the crystal sym-
metry. These optico-electric and optico-magnetic coupling
effects are especially large in statistically inhomogeneous
bodies, where reorientation of asymmetric microelements can
occur, As is seen from Egs (15) -and (16}, studies of SHG am-
plification in appropriately Selegted cegtrosymmetric crystals
by the method of crossed fields E and B can also prove of 1n-
terest, .

Obviously, examples of SHG phase matching conditions
would have exceeded the limits of this paper. We primarily ‘
hoped: to stimulate interest in more intense, experimental stu-
dies of the structure of centrosymmetric crystals by ‘the metw
hods of SHG,
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