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We present a systematic analysis of the intensity anisotropy of reflected second-harmonic 
(SH) radiation for centrosymmetric crystals of the classes m3m and 432. We discuss the 
possibility of separating out a contribution to the nonlinear-optical signal from a transition 
layer near the surface; this contribution arises from the loss of inversion symmetry. We also 
investigate the question of the uniqueness of such a separation. This surface contribution is 
investigated for the first time for the cleavage plane of germanium. We investigate the 
polarization selection rules for the process of reflection-induced SH generation. The 
connection between breaking of the selection rules and the surface topography is investigated 
experimentally for silicon. A remote nonlinear-optic signal method is suggested for monitoring 
micro-inhomogeneities at the surface of semiconductors and metals. 

INTRODUCTlON 

In the last decade, optical methods for investigating sol- 
id surfaces have undergone significant developement. Appli- 
cation of modulation techniques, which increase the sensi- 
tivity of the recording system, along with the detection of 
giant amplification of optical phenomenon, have made it 
possible to study spectroscopically the surfaces of solids in 
single crystals, rather than in the finely-dispersed state. 
Along with the issue of sensitivity, the problem of principle 
importance with using optical methods is how to separate 
out the surface contribution (where by the "surface" we 
mean a thin layer containing several periods of the crystal 
lattice) from the total volume of the solid which is interact- 
ing with the light, i.e., a layer of thickness -a-' where a is 
the absorption coefficient. This problem is rather easily 
solved for the case of giant Raman scattering of light 
(GRS) ' and for second-harmonic generation by reflection 
from Langmuir films.' In these cases, a monlayer of mole- 
cules forms on the surface, whose properties differ signifi- 
cantly from those of the substrate; these differences allow us 
to distinguish the surface and volume optical responses. 

The nonlinear-optic electroreflectance method devel- 
oped recently makes it possible to isolate the SH signal at the 
surface of metals3 and semiconductors4 as a result of modu- 
lation of the nonlinear properties of the surface by a constant 
electric field. However, this method is most convenient for 
studying the boundary between a semiconductor (metal) 
and an electrolyte, since it requires application of a field with 
an intensity - lo7 V/cm; it is difficult to create such fields 
under other conditions, 

In the general case of an arbitrary medium, experimen- 
tal identification of the optical signal from the surface is al- 
most impossible; however, in some special cases this can in- 
deed be done. In Ref. 5 we find mentioned for the first time 
the possibility that for centrosymmetric semiconductors of 
the class m3m, by virtue of the specific symmetry require- 
ments, the SH signal generated by the near-surface layers on 
the ( 1 1 1 ) face can be separated out. This possibility is relat- 

ed to the fact that in centrosymmetric crystals, SH genera- 
tion in dipole approximation is forbidden, and the volume 
contribution to the reflected SH connected with the quadru- 
pole effects is very small. However, in a layer near the sur- 
face whose thickness is several periods of the crystal lattice, 
the inversion center is absent. This layer possesses a dipole 
quadratic susceptibility, and despite its small thickness can 
give rise to SH comparable to the intensity of the volume 
quadrupolar SH generated by a layer of thickness -a-I. 
The systematic analysis presented below (which is absent 
from Ref. 5) of the symmetry properties of the anisotropic 
nonlinear polarization in crystals belonging to the classes 
m3m and 432 shows that for the ( 11 1 ) surface the nonlinear 
polarization contains both contributions: a dipolar surface 
and a quadrupolar volume contribution, while for a ( 100) 
[or (001 ) ] plane only the volume contribution is present. 

This property of the quadratic polarization also allows us, by 
comparing the reflected SH signals for these two planes, to 
determine the surface contribution. Experimentally, the sur- 
face contribution can be isolated for a cleaved surface6*'; we 
will use the cleavage method in this paper for single-crystal 
germanium. 

GENERATION OF REFLECTED ANISOTROPIC SH IN 
CRYSTALS OF CLASSES m3m AND 432 

In centrosymmetric crystals, the volume quadratic po- 
larization P ( h )  is different from zero only in the quadratic 
approximation, taking into account spatial dispersion, and is 
determined by the expression8 

where xfk, is the quadrupole correction tensor to the qua- 
dratic susceptibility, Ej (a) are the components of the pump 
field, and Vk are the components of the operator V. For a 
plane wave, expression ( 1 ) takes the form 
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where kk are the components of the wave vector of the pump 
within the nonlinear medium. 

In the layer near the surface, there is no center of inver- 
sion, which leads to the appearance in this layer of a dipole 
quadratic polarization 

where& is the nonlinear susceptibility tensor in the interi- 
or of the layer near the surface. Since the thickness of the 
noncentrosymmetric layer d is small and comparable to the 
crystal period, we can introduce the concept of a surface 
polarization 

Pis ( 2 0 )  = lim PiD ( 2 0 )  d 
d-0 

and a surface susceptibility tensor 

= lim X:kd. (4)  
d - 0  

In Fig. 1 we show the geometry of the region near the 
boundary under discussion. A plane pump wave with fre- 
quency w falls on the surface of a nonlinear crystal at an 
angle 8,, to the normal from the linear-medium side. Since 
our investigation is essentially connected with the crystal of 
the layer near the surface, we will consider the reflecting 
surface to be oriented parallel either to the ( 1 1 1 ) or (001 ) 
planes. The vector Eo(w) for the incident wave makes an 
angle $o with the plane of incidence (i.e., the polarization is 
arbitrary). 

Let us choose a laboratory coordinate system xo,yo,zo in 
which the measurement of the intensity of the anisotropic 
SH Z2" (4)) is carried out so as to make the boundary 
between the media coincide with the zo = 0 plane, and the 

FIG. 1. Geometry for the interaction of light waves in the generation of 
SH by a semiinfinite centrosymmetric medium: z < 0 is the linear medium, 
z>0 is the nonlinear medium; O<z<d is the noncentrosymmetric transi- 
tion layer near the surface; z> d is the centrosymmetric volume; %,a2 are 
the angles between the normal to the boundary and the wave vectors for 
the pump radiation k,  and k in the linear and nonlinear media respectiely; 
q2 is the angle between the normal and the wave vector k ,  of the SH 
radiation in the nonlinear medium; E,, E are the pump fields in the linear 
and nonlinear media respectively; $I,, $I are angles between the plane of 
incidence and the vectors E,, and E. 

incident plane coincide with yo = 0; the nonlinear medium 
occupies the half-space zO)O. The angle q, determines the 
rotation of the crystal relative to the laboratory system of 
coordinates. The layer near the surface where the inversion 
symmetry is broken occupies the region O(zo<d. For crys- 
tals of the m3m class, the dielectric permittivity E is isotrop- 
ic; we will assume that it is the same in both the volume and 
the surface of the crystal. The latter assumption is a crude 
one, as is the introduction of a surface susceptibility (4); 
however, it has very little effect on the correctness of the 
final qualitative conclusions, which in essence are based only 
on symmetry considerations. 

Along with the laboratory system, we introduce two 
other systems of coordinates which are closely tied to the 
crystal and rotated relative to the laboratory system. In the 
crystallographic coordinate system xyz, the reflection plane 
z = 0 coincides with the (001 ) crystal plane. In the coordi- 
nate system x'y'z' the reflection plane z' = 0 is the (1  11) 
crystal plane, and the axes x' and y' are directed along the 
crystallographic directions [ 2 i i ]  and [ ~ i i ] .  The axes to, z 
and z' of all three coordinate systems coincide. The rotation 
of the crystal in the laboratory system is defined by the angle 
q, between the xo axis and the x and x' axes. 

To analyze the anistropy in the intensity of the reflected 
SH 12" (q,), it is necessary to know the forms of the tensors 
xSfk, and xZk for the quadratic susceptibilities of the near- 
surface layers on the planes ( 1 1 1 ) and (001 ), and the qua- 
drupole susceptibility xfk, of the class m3m crystal. To de- 
termine the nonzero independent components of these 
tensors, it is convenient to make use of the method of "com- 
plex" coordinates, described, e.g., in Ref. 9, which allows us 
to take into account the symmetry elements of the point 
group of the object under discussion with ease. 

In the crystallographic coordinate system the tensor 
xikc from a class m3m crystal takes the form 

The near-surface layer in the (001) planar possesses 
symmetry 4m, and in the crystallographic coordinate system 
the tensor has the form 

For the ( 1 1 1 ) plane, things become more complicated. 
The face itself, i.e., the outermost monolayer of atoms, has 
symmetry 6mm (Fig. 2) .I0 This centrosymmetric two-di- 
mensional structure contributes no anisotropy to the nonlin- 
ear polarization." However, the loss of inversion symmetry 
refers to several atomic layers beneath the surface; taking its 
loss into account lowers the symmetry of the layer near the 
surface on the ( 11 1 ) plane to 3m.1° In this case, the tensor 
x&, in the coordinate system x'y'z' takes the form 
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FIG. 2. Top view of the ( 1 1  1 ) plane of a class m3m crystal: is the first 
atomic layer, 0 the second. The symmetries of a monolayer with this 
structure belong to the point group 6mm. A threefold axis and m-plane 
are common symmetry elements for two (or a larger number of) such 
layers (point group 3m). 

To determine the independent components of the tensors 
x;~,x$~ ,xfkl, we have taken into account their symmetry 
in the indices of the pump field; in this way we include the 
possibility that the frequency of pump radiation w  may lie in 
the semiconductor absorption band. 

Knowing the form of the tensors (5)-(7), by making 
use of expressions (2)-(4) we can determine the angular 
dependences of the p- and s-polarized components of the 
vector P (20 ) for the volume and surface layers of the ( 1 11 ) 
and (001) planes for arbitrary polarization of the pump ra- 
diation. The corresponding isotropic (i.e., pindependent) 
and isotropic components of P ( 2 w )  are presented in Tables 
I-IV. In these tables we make use of the following notation: 
xfk, are the components of the volume quadrupole suscepti- 
bility tensor in the crystallographic coordinate system; xgk 
are the components of the surface susceptibility tensor in the 
(001 ) plane relative to the crystallographic coordinate sys- 
tem; Xz.k, are the components of ( 1 1 1 ) plane surface sus- 
ceptibility tensor in the x'y'z' coordinate system; I is the po- 

TABLE I. Components of the surface nonlinear polarization for centrosj 
classes m3m and 432 

larization index of the SH radiation; E is the amplitude of the 
pump field in the nonlinear medium; p2,S2 are the angles 
between the surface normal and the wave vectors of this SH 
and pump respectively; $ is the polarization angle for the 
pump radiation in the nonlinear medium; k is the modulus of 
the wave vector of the pump radiation in the nonlinear medi- 
um; cp is the angle of rotation of the crystal in the laboratory 
system of coordinates. The nonlinear polarization at a fre- 
quency of 2w has an analogous form for similar crystallo- 
graphic planes in centrosymmetric crystals of the class 432. 

ISOLATING THE SURFACE CONTRIBUTION 

As is clear from Table 11, there is no anisotropy in the 
second harmonic generation for the (001 )-plane layer near 
the surface, since for any angle $ determining the polariza- 
tion of the pump within the nonlinear medium, the aniso- 
tropic component of P (20) = 0. For $ = 0, i.e., for a p- 
polarized pump, the isotropic component of the s-polarized 
component PS (20) also reduces to zero; consequently, 
there is no surface contribution to Ii:(p) for the plane 
(001 ) . This circumstance is a consequence of the presence of 
a fourfold axis of symmetry in the point group 4m. In its 
turn, the presence of an odd-order axis of axis of symmetry in 
the point group 3m for the plane ( 11 1 ) for $ = 0 causes the 
anisotropic component to appear in the near-surface layer 
when inversion symmetry is destroyed (Table I): 

# a Pp,.(2a) ---X,~,,,~E~ c 0 s ~ t 3 ~  sin 39, 

where 8, is the angle between the normal and the wave vec- 
tor k of the transmitted pump wave and E is the field intensi- 
ty of the pump within the nonlinear medium. The isotropic 
component Pt,, (20) = 0. 

The volume quadratic contribution to the anisotropic s- 
polarized SH is present for p-polarized reflection of the 
pump by both planes. For $ = 0, from Tables I11 and IV it 
follows that the volume polarization on the (001) face 
equals 

Q P,,, (20) = - I /  [ Q Q 
P ~ ~ ~ ~ - 2 y + ~ ~ - ~ ~ ~ ~ ~ ]  kE2 cos2 e2 sin e2 sin 49 

and on the ( 11 1) face 
- Q Q P:, (20) = - 1 ' 2 1 6 [ ~ ~ ~ ~ - 2 ~ = , , - ~ ~ 1  

xkE2 (1-3 sin2 0,) cos e2 sin 3cp, 

rmmetric crystals of 
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Isotropic I Anisotropic 
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E2 x:,,,,. {C0S2 62 c0s2 9 COS 39  

- sin8 $ cos 39  - 2 cos 6 2  cos g sin @ 
x sin 3 9 )  cos cp2 

E2 (- Xlnrx,) ( C O B ~  bp C O S ~  g sin 3 9  
- sin2 I$ sin 39  + 2 cos 932 ros 117 sin 41 
X cos 3 9 )  

P 

s 

Ez  sin 2.6= cos2 I$ cos cp2 + {cosa$ 

(XS,z,z, sin2 932 + x : , ~ , ~ ~  cos2 8 2  

+ x ~ x , x .  sir139] sin p p ]  

EV- 2X~,,. ,t  sin fly sin I$ cos I$) 



TABLE 11. Components of the surface nonlinear polarization for centrosymmetric crystals of 
classes m3m and 432 

TABLE 111. Components of the volume polarization of centrosymmetric crystals of classes m3m 
and 432 

P ; ( h )  (001) 

TABLE IV. Components of the surface nonlinear polarization for centrosymmetric crystals of 
classes m3m and 432 

Anisotropic 

0 

0 

Isotropic -- 

PP(20) (111) 

p 

r 
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Ed [- Xfz,sin2 8% cosa $ cos qa,+ {(x:~, sina % + x:~, COS' 6 2 )  COS~$ 

+ x:, sina $1 sin (PSI 

E* (-2Xfzx sin 6 2  sin Q cos $1 

Anisotropic 

bake$ (xSx. - 2 ~ : ~ ~  - X,,) Q 
x { [ C O S ~ ~  (c0s3 6 2  - 2 sinq8icos.62) 
x 'OS '9- sin8(l, cos '0s '9 -2 cOs* 
X sin rl, cos 2(t2 sin 3q] cos 9 2  + 
+ [~:'sa Q cosa sin 6~ cos 39 - sina $ 
n s l l  6 2  cos 39  - sin 9 cos 11, :ein 262 
x sin 391 sin cp2) 

Q Q E2k. @ (x&.x - 2xmW - x,,) 6 
x [cosa $ (2 sins 6 2  cos 6 2  - cosP 6 2 )  

x sin 39  + sins* con 8 3  sin 39  
- 2 cos $ sin $ cos 202 cos 391 

Isotropic 

PP(Z0) (001) 

Isotropic I Anisotropic 

Aktsipetrov et al. 1 70 

a 

p 

a 

Eak[{cos'$ [I/, sin.62 cosa 6 2  .(- xs,, 
+ 2x&,, + 7xgxU) 4- '18 sin3 & ( ~ 2 ~ ~ ~  

Q - 2 x~~~~ + 2X2vxY)ll+ 111 Sins g sin 6, 

X (xxQrxr - 2 ~ : ~ ~ ~  + ~x:,,,,)J cos 9r 
Q + (cosa $ [111) (XrQrxx - &Zvll+ 2 ~ , ~ ~ , , )  

x cos3 e2 - 11~ (-xLx .t ~ x , Q , ~ ~  
+ 4~~,,.) sinae2 cos + sina$e1/3 

X (xrQrXx - 2~&,,+ 2~,Qbo,) cos 6 2 1  sin 9 2 1  

Eak sin & cosa h sin 29.l/. ( - y e  

+ 2~%,, + x$~x,) 

&ak [(cosa (l, ['/a sin 6 2  cosr 6 2  ( 3 ~ 2 ~ ~ ~  

- 6 ~ 2 ~ ~  + ~fjy,,,) + sinS ~ ~ X ? , ~ , , I  
+ sin9 g sin *a.l/a ( x $ ~ ~ ~  - 2 ~ : ~ ~  

+ 3x2"%,)1) cog 9, + {coba (l, [xxqrxu 
X cos' 6 2  - sin* 6 2  COB 6a(xZXX 

- 2xLW)l + ~2, ,~ ,  fta sina $1 sin ~ a l  

Elk cosfh sin 6 9  cos cl, sin $.'I2 (eXxx 
Q Q - 2xxxyy - Xxuxy) 

Eak [llr ( ~ 2 ~ ~ ~  - 2~%,, - x ? ~ ~ , )  
x (cosa $ cosa 61 sin 6 2  COB 4q- sins 9 
x sin 8 2  cos 4q + 2 sin 26, cos 11, sin 9 
X sin 4q)] COS (pa 

Q Q Eakllr ( ~ 2 ~ ~ ~  - 2xXrvv - Xxux,) 
x {cosP $#in ft2 cora 0 2  rin 4q - sinz 9 
x sin 61 sin 4q-  2 sin 262 cos $ sin (l, 
X cos 491 



where k is the wave vector of the transmitted pump wave. 
The isotropic volume component for both planes equals 
zero. We note that the volume component for both planes, 
( 1 1 1 ) and (001 ), can be expressed by using the same combi- 
nation of components of the tensorxQ. This implies that the 
amplitude values of the anisotropic volume components or 
both faces with the assumed geometry coincide up to a nu- 
merical factor; at the same time, the contribution from the 
layer near the surface for the (001)  plane is absent. These 
symmetry properties of the nonlinear polarization also allow 
us to separate out the surface contribution for the ( 1 1 1 ) 
plane by comparing the amplitude values of the anisotropic 
s-polarized SH for the two faces in the presence of ap-polar- 
ized pump. 

For experimental estimates of the magnitude of the sur- 
face contribution we must pass from the nonlinear polariza- 
tion P ( b )  to the SH field E ( 2 w ) .  This can be done by tak- 
ing advantage of the results of Ref. 12, in which the value of 
E ( b )  was obtained for radiation reflected from a semiinfin- 
ite nonlinear medium: 

431 enh ( 2 0 )  cos cp2-8'" ( a )  cos .6.2 
Ei- P.Q(20) ( 8 )  

e ( 2 o )  -e (o )  s" ( 2 0 )  cos cpz+cosf+o 

at whose surface is an infinitely thin nonlinear film; this cal- 
culation takes into account the limiting condition (4)  by 
using a model layer with broken inversion symmetry: 

where 9.7, is the angle between the normal to the boundary 
surface and the wave vector k2 of the transmitted second 
harmonic wave. It is obvious that experimental estimates 
based on such a crude model of the transition layer can have 
only a semiquantitative character. 

The intensity of the anisotropic SH for the ( 1 1  1 ) plane 
is determined by the expression 

~ ( 1 - 3  sinz&) cos 6~8'" ( o )  

= I;,": ( I l l )  sinz 3 9  ( 1 0 )  
For reflection of radiation from the (001 ) plane, the 

intensity of the anisotropy SH has the form 

e'" ( 2 0 )  cos cp2-elh ( a )  cos eZ x ] sin 4cp 1 '-1; (001) sin2 49. 
e ( 2 0 )  -e (0 )  

In expressions ( l o ) ,  ( 1 1  ), we denote by I:; ( 1 1  1 )  and 
I:; (001 ) the amplitude values of the angular dependence of 
12" (9.7) for the respective planes. Then for the ratio of the 
surface contribution IS ( 1 1  1 ) to the volume contribution 
I v ( l l l )  for the plane ( 1 1 1 )  we have 

Since the volume contribution to the nonlinear polarizatir 
for the ( 1 1  1 ) plane differs from the analogous contribution 
for the (001 ) plane only by a numerical factor, we can also 
obtain IS ( 1 1 1 ) from expression ( 12). We emphasize, how- 
ever, that we have not achieved a unique separation of the 
surface and volume contributions. This lack of uniqueness, 
which arises in ( 12) from the plus or minus sign before the 
first term, is related to the fact that, corresponding to expres- 
sion ( 1 1 ), we determine experimentally only the absolute 
magnitude of the Raman component of the volume tensor 
IX!j"xx - 2X,PXYY - xsXy I, when we measure the SH intensity 
from the (001)  plane, and not is sign. However, in expres- 
sion ( 10) the terms inside the modulus sign can interfere, by 
virtue of which the resulting SH intensity for the ( 1 1 1 ) com- 
ponent will be determined by the signs of these terms. In the 
general case, for complex values of the nonlinear susceptibil- 
ity we must take into account still more carefully the mutual 
phase shift between the individual terms of the nonlinear 
polarization in expression ( 10).  

POLARIZATION SELECTION RULES FOR GENERATING A 
REFLECTED SH; 8-8 FORBIDDENNESS 

It is clear from Tables I-IV that for s-polarized pump 
radiation (the angle $ = ?r/2) the isotropic s-component of 
the nonlinear polarization vector equals zero. This implies 
that when the nonlinear interaction takes place in the s-s 
geometry, there is no isotropic SH for the crystals we are 
studying, i.e., the classes m3m and 432; this applies to the 
surface dipole and volume quadrupole SH to the same de- 
gree. Furthermore, in Ref. 13 we showed the correctness of 
this selection rule for a nonlinear, noncentrosymmetric layer 
of arbitrary symmetry. Thus, s-s forbiddenness is a very 
strong selection rule, related in essence to the assumption of 
a smooth and optically homogeneous boundary between two 
media. However, in experiments on generation of reflected 
SH the isotropic component I :,: is often detected. The rea- 
son for allowing s-s radiation, connected with roughness and 
surface inhomogeneity, will be discussed below. 

EXPERIMENTAL RESULTS 

To determine the surface contributions, we investigated 
the angular dependence of the reflected intensity of the s- 
polarized SH for ap-polarized pump, i.e., I:; (p), the ( 1 1  1 ) 
and ( 100) planes of germanium. The surface of the ( 1 1 1 ) 
face was obtained by cleaving along a crystal plane, in order 
to exclude the creation of a damaged layer near the surface 
which could arise from chemical or abrasive polishing of the 
samples. As for the samples with ( 100) reflection planes, we 
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/%/I:, arb. units 

FIG. 3. Angular dependence of I:; ( p ) / I i ,  the normalized intensity ofs- 
polarized SH light from a cleaved ( 1 1 1 ) surface of germanium, for reflect- 
edp-polarized pump radiation ( I ,  is the pump radiation intensity ); 0- 
experimental values; continuous curve-the function (a sin 34)'. 

used germanium films whose surfaces were prepared by the 
dynamic polishing method. 

Generation of anisotropic reflected SH was observed 
when radiation from a pulsed single-mode Nd3+-YAG laser 
was incident on the surface of single crystal n-Ge, whose 
resistivity wasp = 3fl-cm. The radiation parameters of the 
pump were as follows: wavelength R = 1064 nm, pulse 
length T- 20 nsec, pulse repetition rate v = 12.5 Hz, energy 
density per pulse W-30 mJ/cm2, which is several times 
lower than the threshold energy density for laser annealing 
or generation of periodic surface structures. The angle of 
incidence 8o was - 60", which is optimal for observation of 
reflected SH.I5 The sample could be rotated on an axis per- 
pendicular to the reflection plane, which to a high degree of 
accuracy passed through the center ofthe spot of pump radi- 
ation. SH radiation with R = 532 nm was collected with a 
condensor system at the entrance slit of a double monochro- 
mator, at whose exit it was recorded by a system consisting 
of a photomultiplier and velocity-gated analog-digital con- 
verter. 

In Fig. 3, the dependence 1;: (p) is displayed for the 
( 11 1 ) plane, normalized to the square of the pump power 
It. The angular dependence is well approximated by the 
harmonic function (a sin 3 ~ ) ~  and has seven maxima as we 
rotate the sample through an angle p = 27~. 

FIG. 4. Angular dependence of 1:; (q ) /ZZ  for the ( 100) surface of ger- 
manium; O-experimental values; continuous curve-the function 
(6 sin 

FIG. 5 .  Angular dependence of 1:; (cp)/Zi for the ( 1 1  1 )  plane of an 
epitaxial film of silicon; O-experimental values; continuous curve-the 
function ( c  sin 34)'. 

Analogous dependence for the ( 100) plane using the 
same vertical scale is displayed in Fig. 4. This dependence 
also contains no isotropic component, in correspondence 
with Table IV and is approximated by the function 
(b  sin 4p)2. By measuring these angular dependences, the 
average amplitude values I::' ( 1 11 ) and I;: ( 100) can be 
determined. Substituting the amplitudes obtained in (12) 
and taking into account that for germanium 
E ( W )  = 18.9 + 1.02iande(2w) = 19.3 + 21.li,l6wecanes- 
timate the minimum surface contribution to the generation 
of reflected SH for a cleaved surface. The corresponding cal- 
culations yield a value a& ~ 0 . 2 9 .  The magnitude of the ten- 
sor components corresponding to SH generation by the sur- 
face and volume, also can be estimated:x,.,.,. -4.5 x 10-l5 
esu, Ix,,, - 2xx, - x~~~~ 1 - 5 X 10-13 esu. 

To verify that the s-s forbiddenness condition is fulfilled 
and explain the lifting of this condition, we used an s-polar- 
ized pump and investigated the angular dependence of the 
intensity of reflected s-polarized SH for the ( 1 11 ) surface of 
an epitaxial silicon film. The surface of the epitaxial film of 
silicon grown on a silicon substrate was an extremely high- 
quality homogeneous plane. The dependence of for 
such a film is shown in Fig. 5. In agreement with s-s forbid- 
denness, this dependence does not contain an isotropic com- 
ponent, and is approximated by a curve of the form 
( C  sin 34712. In order to change the surface topography, the 
epitaxial films were etched for several seconds in an SR-4 
solution, which led to the appearance of roughness on a sub- 
micron scale. The dependence of Z$'(p) for such a inhomo- 
geneous silicon surface is shown in Fig. 6, from which it is 
clear that a significant isotropic component has appeared in 
the SH angular intensity, while the anisotropic contribution 

FIG. 6. Angular dependence I:; ( p ) / I :  for the ( 1 1  1 ) surface of an epi- 
taxial film of silicon exposed to a chemical etch in CR-4 solution; 0- 
experimental values. The appearance of the forbidden isotropic compo- 
nent is visible. The continuous curve is the function [ h  + ( c  sin 3q) ' ] .  
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remains practically unchanged. This angular dependence 
can be approximated by a function of the form 
[ h  + (C sin 3 ~ ) ~ ] .  Thus, the generation of roughness of the 
surface by etching and the corresponding optical inhomoge- 
neity of the boundary surface can result in breaking of the s-s 
forbiddenness and the appearance of an isotropic SH in the 
nonlinear interaction geometry under study here. 

CONCLUSIONS 

The analysis we have carried out of the anisotropy in the 
intensity of reflection SH in crystals of class m3m and 432 
shows the possibility in principle of separating out the non- 
linear-optical contribution from the layer near the surface. 

Experimental investigation of a cleaved surface layer in 
germanium allows us to estimate the minimum value of the 
surface contribution with respect to the volume as several 
tens of percent. The question of lack of uniqueness in deter- 
mining the contribution from the surface requires further 
study. 

Investigation of the polarization selection rules for the 
process of reflection SH generation allowed us to establish 
some reasons for the lifting of thes-s forbiddenness, connect- 
ed with the surface topography. Based on the measurement 
of the magnitude of the isotropic SH, a nonlinear-optical 
method can be developed for remote operational control of 
the micro-roughness of the surfaces of metals and semicon- 
ductors. 

In conclusion, the authors are grateful to L. V. Keldysh 
for organizing the work and for valuable comments in the 
course of its execution. Very useful to us were discussions of 
the results and talks with P. V. Elyutin and N. I. Koroteev. 
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