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The symmetry properties of surface second-harmonic generation (SHG) have been studied for com-
pound semiconductor materials, such as GaAs, in which the nonlinear susceptibility of the bulk does not
vanish. The rotation-angle dependence (anisotropy) of the intensity of surface-reflection SHG for singu-
lar as well as vicinal surfaces, with and without surface tensor components, was examined and compared

with the existing experimental results.

I. INTRODUCTION

Surface second-harmonic generation (SHG) has the po-
tential to be a unique tool for studying surface phenome-
na. For surfaces of centrosymmetric materials, such as
those of Si and metals, there has been a resurgence in
studies of surface SHG within this decade or so,' after a
rather long interval since the work of Bloembergen and
co-workers.? This is because in these materials, having a
center of symmetry, bulk SHG is forbidden (within the
electric dipole approximation) and, therefore, SHG is in-
herently surface specific.

In compound semiconductors, on the other hand, a
bulk contribution to SHG is present; to make things
worse, it is well known that GaAs, for example, is one of
the materials having large second-order susceptibilities.
It is therefore necessary to establish a method by which
the surface and bulk contributions can be separated, so
that surface SHG can become a useful method for study-
ing compound semiconductor surfaces. Chang and
Bloembergen® have worked out the incident-angle depen-
dence of the bulk contribution for various combinations
of the azimuthal angle and polarization. Stehlin et al.*
have elucidated possible combinations of the polarization
of incident and second-harmonic light and crystal az-
imuths in which only the surface contribution can be de-
duced for typical low-index surfaces, i.e., (001), (110), and
(111). Sipe, Moss, and Van Driel’ have developed a
theory of rotation-angle dependence of surface SHG from
cubic centrosymmetric crystals. In this paper, we calcu-
late the rotation-angle dependence of the surface SH in-
tensity from noncentrosymmetric cubic crystals: for
low-index surfaces as well as some vicinal surfaces, with
and without surface specific susceptibilities.

More specifically, we wish to show that our prelimi-
nary results® cannot be explained without introducing
surface tensor components, even if a possible misorienta-
tion of the crystal might exist: A different rotational an-
isotropy of the SH intensity distribution [Cg (in the
point-group notation) =m (in the crystal-symmetry
group notation) or lower] would be predicted for the mis-
cut (vicinal) surfaces without a surface contribution. On
the contrary, a C,, (=mm2) symmetry is expected for
the case of a singular surface possessing surface-specific
second-order susceptibility tensors. We would also like
to show that by observing the rotation-angle dependence,
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small differences in the surface contributions are
magnified by interference with the strong bulk com-
ponent.

In this calculation we restrict ourselves to dipolar
second-harmonic generation, because the higher-order
(electric quadrupolar or magnetic dipolar) contributions
are thought to be orders of magnitude smaller than the
electric dipolar contribution.’

II. OUTLINE OF CALCULATION
A. Bulk contribution

It is well known that in crystals with a zinc-blende
structure, such as GaAs, the bulk second-order suscepti-
bility tensor has only one component,

(2) —4,(2) —
Xxyz —Xyzx -

(2) —4(2) —,(2) — (2
szy —szy _nyz —Xzy))c ’ (1
where x, y, and z correspond to the principal axes of the
crystal.>® The transformation law for y'? corresponding

to the rotation of the coordinate system is®
2) — (2)
XIJGB— 2 2 ERyuRaaRBquab » (2)

where R is a 3X3 matrix representing the rotation of the
coordinate system from (u,a,b) to (u,a,B).

We define a new set of coordinates (x',y’,z") and a ro-
tation matrix (R) for a certain crystal-face orientation,
such that the z’ axis is perpendicular to the crystal face,

X
y'|=R|y|, (3)
z

where (x,y,z) represents the principal-axis system of the
crystal ([100], [010], [001]). In Fig. 1 we show the coordi-
nate system.

A new set of coordinates for the (110) singular face, for
example, is obtained by applying the following transfor-
mation:

—-1/v2 1/vV2 0
R,= 0 0o 1]. @)
1/v2 1/v2 0

For a vicinal (001) face tilted by an angle § towards the
direction of an angle ¥ from the [100] axis (x axis), the
rotation matrix can be expressed by
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cos’pcosd+siny  sin(2¢)sin¥(8/2)  cosysind
R = | sin(2¢)sin%(8/2) cos’y+ cos?Ppcosd —sinysind | . (5)
— cosysind siny sind cosd

Following Sipe, Moss, and van Driel,> we define a set of
unit vectors for the incident light beam s, k, and z such
that s and k lie on the crystal face, perpendicular and
parallel to the plane of incidence, respectively, and z =z’
is the surface normal,

s x' sing —cosp O] |x’
k|[=Ry|y'[=|cosp sing O]y’ |. (6)
z z' 0 0 1]z’

Here ¢ is the angle between k and x’, the azimuthal an-
gle. By multiplying all of the relevant matrices, e.g., for
the (110) face R =R4R,, and using Eq. (2), we obtain y
tensor elements in the beam coordinate system (s,k,z).
This new tensor describes the second-harmonic polariza-
tion for an arbitrary face of the crystal by the incident
laser light with an azimuthal angle of @,

Pp)= 3 SABPEED "

where i, /, and m run through s, k, and z. Here, we men-
tion that for a vicinal surface the rotation of the crystal is
assumed to be around the surface normal, not around the
original singular axis, although the latter choice is adopt-
ed in some experiments. > 10

The components of the fundamental field in the medi-
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FIG. 1. Definition of the rotation angle for the singular (001)
face (upper figure) and the vicinal face (lower figure).

|
um are resolved into the following s- and p-polarized
fields:

Es=Eqt,, Ex=f.Eot, E,=f,Eqpt, , (8)

where ¢, and ¢, are the Fresnel coefficients and f, and f
are defined so that if n (index of refraction) were real, f,
and f; would simply be the cosine and sine of the angle of
refraction.’
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FIG. 2. Rotation-angle dependence of the surface SHG from
the (001) face of a GaAs crystal. The incident angle is 60° and
the wavelength of the input light is 532 nm. Only the bulk sus-
ceptibility is considered.
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Similarly, the second-harmonic fields generated by po-
larization of the form of (7) are decomposed into s- and
p-polarized components,

E-Y(Zw): As‘Q’Leﬂ'Ps(zw)
and
E*'= 4,QL 4(F,P*"—F.P2"], 9

where 0=2w/c is the magnitude of the wave vector (in
free space) of the second-harmonic  light,
Lg=(W+2w)~! is the effective phase-matching dis-
tance* with W and w represent the z component of the
wave vectors of the second harmonic and fundamental
light, respectively, in the crystal.

The proportionality constants, A; and A4, (given in
Ref. 5), are independent of the angle of rotation, but are
dependent on the incident angle and optical frequency
through a change in the index of refraction. The
coefficients Fg and F, are defined similarly to f; and f,
for the second-harmonic field. The SH intensity is pro-
portional to the absolute square of E 2%,

B. Surface contribution

For surfaces possessing a certain symmetry, only a few
tensor elements remain nonzero. These surface second-
order susceptibility tensor elements have already been
tabulated.®!! It must be noted that, in general, the sym-
metry axes are not coincident with the principal axes of
the bulk crystal. For example, the singular (001) face has
two mirror planes perpendicular to each other in the
directions of [110] and [110], which are 45° off from the x
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([100)) and y ([010]) axes. The same is true even if the
surface is reconstructed, e.g., 2X4, 4X2, etc. We call the
intersections of the mirror planes with the crystal face £
and 7.

We use the symbol 3 to denote the surface (dipolar)
second-order susceptibilities, and II for surface polariza-
tion, e.g.,

;=0,,EE,, etc., (10)
in the (§,7,2) system.

In a particular case of the (001) face, a rotation matrix
of the form

1/V2 —1/vV2 0
1/v2 1/vV2 0 (11)
0 0 1

must be applied to the II’s in order to obtain the polariza-
tion vector in the (x',y’,z')=(x,y,z) system. Further,
the rotation matrix, R, [Eq. (6)], is multiplied to obtain
the polarization vector in the (s,k,z) system. The
second-harmonic field induced by the sheet of polariza-
tion can be written as’

ElZw) :ASQH(Szw>

s,surf

and (12)

E\X) = 4,Q[F,e(20) 17— F 2],

ysurf

where €(2w) is the dielectric constant at frequency 2.
Here, we dropped the symbol i, which may be included in
the d’s.

TABLE I. Symmetry of surface-reflection SHG from the (001) face.

Tensor Rotational symmetry®
Surface elements® P, —P,, S —Pou Py —Sou Sin — Sout
symmetry xyz (bulk only) 4 4 4 i.a.
Cy, z&E=znm mm?2 mm?2 4 i.a.
(4) zzz,EEz=nmz mm?2 4 4 ia.
C,,°¢ zEE+znm mm?2 mm?2 4 i.a.
(mm?2) EEz+nmz mm?2 4 4 i.a.
zEE—zm),
4 4 4 i.a
§6z— 1z
C, EEE, &M mly mln mln mm?2
(mln) Ezz mly 4 mln ia.
zz§& mln 4 4 i.a.
C, 18, 5€m,
mlE mlE ml§ mm?2
&N, MMM
nzz mlE 4 mlg i.a.
Enz,méz 4 4 mm?2 i.a.
z€ém 4 4 4 i.a.

?Only the suffixes are shown. The tensor elements are invariant under a permutation of the last two

suffixes.

*From C,, below, the resultant symmetry which is obtained by the interference of the bulk plus surface
contributions is presented. The entry i.a. means inactive.

°If 8,¢+9,,,=0 and 9, +9,,, =0, fourfold symmetry is obtained. Individual terms, e.g., 3. cause
overall mm2 symmetry, but also changes the fourfold symmetric “component.”
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II1. RESULTS

In the following calculation, we assume the bulk sus-
ceptibility to be unity, and only the relative magnitude of
the surface susceptibilities with respect to the bulk sus-
ceptibility is taken into account.

Before proceeding to the results, we mention that, ac-
cording to Koopmans, van der Woude, and Sawatzky, !?
we may observe at most the sixfold symmetry in the in-
tensity distribution of SHG, since we take into account
only the dipolar (L =1) second-harmonic (M =2) polar-
izations; then, M +L =3 gives the maximum symmetry
number for the polarization and, therefore, the intensity
(proportional to the square of the polarization) exhibits a
3X2 or sixfold symmetry. However, it must be noted
that, in some cases, even if the surface symmetry is lower
than n-fold, the SH intensity would exhibit a full 2»n-fold
symmetry, depending on which surface tensor element is
nonzero.!> On the contrary, when the observed rotation-
al symmetry of the SHG is low, the tensor elements
which would have given a higher symmetry cannot be ad-
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dressed without resorting to the absolute intensity.

We would also like to mention that in optically flat
faces, even in a nominally singular surfaces, for example,
there exist many local microscopic structures, as have re-
cently been observed by scanning tunneling microsco-
py.-'*!® In such cases, the microscopic symmetry of the
structures, such as monoatomic steps, etc. would allow
some specific tensor element to exist. If the domains con-
sisting of these structures are smaller than the spot size of
the laser radiation, there would be a “superposition” of
the symmetries. That is, we may observe a lower symme-
try than expected if the newly introduced tensor is of
different symmetry.

A. (001) face

Figure 2 shows the rotation-angle dependence of the
SH intensity for a singular (001) face with only the bulk
susceptibility x,,,. For three configurations (P, —P,
Sin—Pow> and Py, —S ) the SH intensity distribution
shows a C,, symmetry, while for S;,—S,, the SHG is
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FIG. 3. Rotation-angle dependence of surface SHG with surface susceptibility of d¢;, = —0.024 (a) and 9., = —0.04 (b), corre-
sponding to 2X 1 and 4 X 6 reconstructions, respectively. The points with error bars are the observed SH intensity for the P;, — P,
case of Ref. 6, normalized at the largest peaks. The angle of incidence is 60° and the wavelength of the input light is 580 nm.
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forbidden.

Table I summarizes the results in cases where surface
susceptibility is present. In Table I, the symmetry for
each polarization condition is classified according to the
d tensor elements, which are allowed in each surface sym-
metry. Here, we mention that we cannot specify a cer-
tain surface tensor element as being responsible for caus-
ing anisotropy, even if the surface symmetry is known,
i.e., there are always plural tensor elements which cause
the same rotational symmetry. Therefore, the determina-
tion of the relevant tensor element(s) must rely upon oth-
er sources of information, e.g., the microscopic surface
structure, which may be obtained either experimentally
or theoretically.

The present authors have observed the rotational an-
isotropy on the (001) surface of GaAs.® They observed a
twofold symmetry only for the P;, — P, case, and a four-
fold symmetry for the S;, —P,, case. Therefore, the
relevant surface d tensor is likely to be 9,,,, 9g,, or 9,,,,
or any combination of them (see Table I). They found
that the amount of this anisotropy changes with the sur-
face reconstruction.

To illustrate the advantage of observing the rotation-
angle dependence, we plot in Fig. 3 the cases with a sur-
face tensor elements of 9., =—0.024 [Fig. 3(a)] and
&€&z =—0.04 [Fig. 3(b)], which closely simulate the ob-
served rotational anisotropy of the 2X 1 and 4 X6 recon-
structed surfaces in Ref. 6, respectively. In Fig. 3,
P, —P, case, the surface-specific SHG is represented at
angles of 0°, 90°, 180°, and 270°, and is very small. How-
ever, the anisotropy, i.e., the intensity difference of the
strong and weak peaks, which is the result of interference
of bulk SHG with surface SHG, is quite discernible. The
curve for the 4X 6 reconstructed surface [Fig. 3(b)] is nu-
merically represented by

la+Bsin(2¢)|? , (13)

with a@=—0.0023+0.0015; and B=0.0142—0.0095i.'
Therefore, the anisotropy [4 Re(a)Re(B)+4 Im(a)Im(B)
=1.84X10"*] is about 25 times larger than the surface-
specific component (|a|?=7.29X10°), allowing one to
easily observe the surface effect. The relative intensities
of the large and small peaks are also reproduced by using
9,,, (0.035 for the 4X6 surface and 0.021 and the 2X1
surface) or d,,, (—0.06 for the 4X6 and —0.036 for the
2X 1 surface), although the relative intensities between
2X1 and 4 X6 differ from the experiment. Although the
tensor elements 9, or 9, also give the same pattern for
the P,,—P,, case, the symmetry for S; —P,, is
different from that found in the experiment in that they
give a C,, (mm2) symmetry instead of a C,(4) symmetry
(see Table I).

Armstrong and co-workers'® 2! have reported the ro-
tational anisotropy for the case of a vicinal (001) face of
GaAs. Figure 4 shows the case of a vicinal (001) surface
tilted toward the [110] direction by 2° (which is the vici-
nal angle of Ref. 18), where the surface contribution is as-
sumed to be absent. For all combinations of the polariza-
tion of input and output beams, we have a mirror symme-
try (C;=m). A large anisotropy is obtained, especially
for the P, —P_, case. The difference in the heights of
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FIG. 4. Rotation-angle dependence of SHG from a vicinal
(001) face tilted toward [110] by 2°. Only the bulk susceptibility
is included. The angle of incidence is 45° and the wavelength of
the input light is 1.06 um.
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the largest and smallest peaks amounts to 70% of the
sum of the two. We also notice that S;, —S,, became al-
lowed, although the intensity is very small (note the
magnification of the figure). When the tilt is in other
directions than [100] or [110], even the mirror symmetry
would be lost.

Here in Fig. 4, we number the peaks from left to right
as 1, 2, 3, and 4. By a comparison of this figure with the
experimental plot (see Ref. 21 as well as Figs. 5 and 6), we
find that in the P;, — P, case, (a) peaks 1 and 3 are too
large compared with peaks 2 and 4; (b) the relative inten-
sity of peaks 1 and 3 is different (peak 3 is too large).
These mismatches are fixed by introducing, for example,
(@) 0,¢¢ (0, O, OT O, also give the same result) and
(b) Ogg (Or Og,ys Oge;s Ogyy) (see Table I). Figure 5 shows
the “best fit” to the experimental result, in which
3,6,=0.006 and 0d.,,=0.01 were used. The apparent
difference in the intensity of peaks 2 and 4 of Ref. 21 can-
not be explained as long as the mirror symmetry (m L) is
present. Since the same is true for the P;,—S,, case,
peaks 3 and 4 must have the same intensity. These
discrepancies may be explained by either a nonideal cut
of the crystal (the direction of the tilt), the domain forma-
tion with different symmetry axis, or possibly other ex-
perimental artifacts, e.g., polarization due to the window
materials. For example, if we set the direction of the tilt
to be off from [110] by 5°, i.e., y=50° not 45°, the calcu-
lated rotation-angle dependence gives a closer fit to the
experimental result, as shown in Fig. 6. In this calcula-
tion, another tensor element of aw=o.02 (which is al-
lowed only in C; symmetry) was also added to improve
the fit for the P, —S,, case. In the present framework
of the theory, there must be four zeros in the rotation-
angle dependence of the SH signal as long as the surface
component does not exceed the bulk contribution. In the
fitting, therefore, we subtracted a constant from each
data point, so that the data points with smallest intensity
be shifted to zero. The surface tensor element g, O¢,,,
O¢ezs Ognny Ozge> Ogyzs OT O,,, may have relevance to the

microscopic structures, such as surface steps of the crys-
9,10,17
tal.” ™

B. (110) and (111) faces

The intensity (bulk contribution) of SHG from the
(110) face is about an order of magnitude larger than that
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from the (001) face. The rotation-angle dependence of
this bulk contribution has been studied experimentally by
Bloembergen,” and was found to be in good agreement
with a model in which only the bulk contribution is
present. For the (110) face, only one reconstruction form,
(1X1), is known. The “reactivity” of this surface, being
a natural cleavage surface, is believed to be low, probably
because of the surface relaxation toward a local structure
represented by the sp? hybridized Ga orbital and the sp*
hybridized As orbital with a lone pair extruding from the
(110) plane with an angle.'® Therefore, not much work
has been done on the SHG change due to a surface
modification.

Figures 7 and 8 show the bulk SHG on a singular and a
vicinal surface of (110) tilted by 0.1 rad (5.7°) toward
[100], respectively. On the (110) surface, the effect of vi-
cinality is much smaller than that on the (001) face.

For (111) faces, much less has been studied by surface
second-harmonic generation. We show, for future refer-
ence, in Figs. 9 and 10, the bulk-only contributions for a
singular surface and a vicinal surface tilted toward [100]
by 0.1 radian, respectively. We note that for the
Sin—Sou and P;, —S,,, cases a full sixfold symmetry is
obtained on the singular surface, while a threefold sym-
metry is observed for the P;, — P, and S;, —P,, cases.
Also for the (111) faces, the effect of vicinality is smaller
than that on the (001) face.®'°

IV. CONCLUSIONS

We have shown that the symmetry in the rotation-
angle dependence of surface second-harmonic generation
gives a clue for determining which surface tensor ele-
ments are involved, although, in general, a unique deter-
mination is not possible. Another advantage of observing
the rotation-angle dependence is that any small surface
contribution is magnified by interference with the strong
bulk component. We have also shown that a small offset
of the crystal cut (vicinal surfaces) causes a significant an-
isotropy for the (001) face.
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