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Polarization-based identification of bulk contributions in surface nonlinear optics
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We show that bulk and surface contributions in second-order surface nonlinear optics of isotropic materials
can be identified unambiguously in a single measurement by their polarization signatures. The signatures
follow from the isotropy of the material and are nearly independent of its linear optical properties. Interference
between the contributions allows their relative magnitudes to be quantified. For second-harmonic generation
from a glass surface, the surface (bulk) contribution dominates the reflected (transmitted) signal by a factor of
~160 (~40). The results also suggest that the inseparable, surfacelike bulk contribution can account for a
significant fraction of the effective surface susceptibility of glass.
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Second-harmonic (SHG) and sum-frequency generation
(SFG) are widely recognized tools to study surfaces and
interfaces.'”* Their main features, surface specificity and
sensitivity to surface conditions, arise from a powerful selec-
tion rule: as second-order nonlinear optical effects, SHG and
SFG vanish in the bulk of materials with inversion symmetry
but can occur at the surface, where the symmetry is broken.!

The selection rule, however, is only valid under the
electric-dipole approximation. Once magnetic-dipole and
electric-quadrupole interactions are taken into account, con-
tributions to SHG or SFG can arise also from the bulk of
centrosymmetric materials."»>>= Although due to higher-
order effects such bulk contributions can be comparable to
(and sometimes dominant over) surface contributions, as the
latter originate from a very thin surface layer.> Whenever
SHG and SFG are used as surface probes, it is essential to
verify that the measured signal does originate from the sur-
face. Separation and quantification of bulk and surface con-
tributions are therefore of utmost importance.

Unfortunately, some components of the bulk response of
isotropic materials are indistinguishable from surface contri-
butions in experiments where the surface cannot be
modified.>”® However, it has been recognized that part of
the bulk response can be identified experimentally.>%-!2
Since all bulk contributions are expected to be of the same
order of magnitude, the separable component allows assess-
ing whether bulk contributions to the measured signals are
significant.!0-13

When present, the separable bulk component leads to ra-
diation that builds up in the medium and therefore depends
on the coherence length of the nonlinear process.” Such de-
pendence can be used to separate the component from sur-
face contributions, e.g., by performing measurements with
different incident angles. The coherence length, however,
usually does not vary strongly over the accessible angles.’
The situation is somewhat simpler when both reflection and
transmission measurements can be performed.>” In the latter
case, the phase-matching condition is better approximated
than in the former, leading to an increased coherence length
and, consequently, a larger bulk contribution.” Absolute com-
parison of reflected and transmitted signals relies, however,
on accurate calibration of the experimental setup and re-
quires detailed knowledge of the linear optical properties of
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the sample. For these reasons, the bulk and surface contribu-
tions have usually been separated by comparing reflected and
transmitted  spectra measured using visible-infrared
SFG.- L1415 In addition to being limited to systems where
the bulk and surface spectra are clearly different, the align-
ment of such experiments is quite involved.'?

In this paper, we show that the separable bulk contribution
and the effective surface contribution of isotropic materials
can be identified in a direct and unambiguous way by de-
tailed polarization measurements of the second-order re-
sponse. Unlike methods relying on coherence length, we
achieve separation from a single measurement, with no need
to compare different signals. Moreover, no prior knowledge
of the linear optical properties of the sample is required be-
cause the polarization signatures are essentially dictated by
symmetry. We apply the technique to determine the relative
magnitudes of the separable bulk contribution and the effec-
tive surface contribution to second-harmonic generation
from a glass surface. This also allows the importance of the
inseparable bulk contribution to the effective surface suscep-
tibility to be estimated.

The theory of SHG at the interface between two isotropic
and centrosymmetric dielectric media has been described
earlier.>0-1216.17 Usually, three regions are defined: the two
bulk media and an interfacial layer (Fig. 1), which is as-
sumed to have in-plane isotropy. A complete description as-
signs different linear optical properties to each region.” As
we shall see, however, the linear properties have only a mar-
ginal effect on our results. To keep the mathematical expres-
sions simple, we assume the refractive indices of all media to
be unity and briefly discuss the effect of the linear properties
separately.

At the interface, the inversion symmetry is broken and
SHG is electric-dipole-allowed.1 In addition, nonlocal
(electric-quadrupole) contributions arise from the rapid
variation of the electric field and of the material properties
across the layer.'®!7 All these effects are described by an
effective surface polarization®'®

P'Qw)=x"E(w,z=0)E(w,z=0), (1)

where E(w,r) is the total fundamental incident field, x and y
are the coordinates in the plane of the surface, and z is along
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FIG. 1. Schematic representation of two-beam SHG at the inter-
face between two isotropic media. Two input beams are incident on
the interface from medium 1 at angles 6; and 6, (positive as
drawn), and SHG light in transmission and reflection is emitted.
The fields are divided into p and s components (parallel and normal
to the plane of incidence, respectively). The coordinate system
(x,y,7) associated with the sample is also shown.

the surface normal. For isotropic surfaces, the tensor x* has
only three independent components:"!® xi =xi =x).
=X§'zy’ X;xx=Xzy.yy’ and X;z”

We neglect the nonlinear response of bulk medium 1, as is
commonly done when this medium is, e.g, air. The polariza-
tion at 2w in the bulk of medium 2 is given by'->6-3

P’Qw,r) = BE(w,r)[V - E(w,r)]+ YV [E(w,r) - E(w,r)]
+8[E(w,r) - V]E(w,r), (2)

where B, y, and &' are material parameters that depend on
the electric-quadrupole and magnetic-dipole tensors of the
medium.>%!2 Integrating Eq. (2) over the space occupied by
medium 2 leads to a form that explicitly shows the depen-
dence of the bulk contributions on coherence length.>%!!

For homogeneous media, the first term in Eq. (2) can be
neglected, since V-E=¢g~!V -D vanishes. As realized by sev-
eral authors,>’”? it is impossible to separate the second term
in Eq. (2) from the component P} of the surface polarization
in experiments that allow no modification of the surface. The
v contribution can therefore be included in the components
Xoxx and X, of the effective surface susceptibility.>”

The third term in Eq. (2) vanishes when a single funda-
mental beam is present in the material but can be accessed
using two input beams, as is typically the case for SFG.2%18
Contrary to surfacelike contributions, it leads to radiation
that builds up in the medium and therefore depends on the
coherence length of the nonlinear process.>'%! We will
show below that this term also displays a polarization depen-
dence which is completely different from that of surface con-
tributions.

We consider a situation in which two noncollinear funda-
mental beams are incident on the surface and a joint (re-
flected or transmitted) SHG signal is detected (Fig. 1).1%20
The total incident field is given by

E(w,r) = E (0,1) + Ex(0,1) = A, ()¢ @k
+ Az(a))e"(“’/c)lgz'r. (3)

The fundamental beams propagate in the x-z plane along

A

k;=sin 6x—cos 67z (i=1,2), with incident angles 6, and 6,
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(Fig. 1). Since the momentum parallel to the surface is con-
served, the generated SHG field is

E,C0,r) = As, (20)e ok, 4)

with 1:13i=sin 0;x+cos 632 (upper sign, transmission; lower
sign, reflection) and sin 63=(sin 6, +sin 6,)/2. The field vec-
tors are expressed in terms of p and s components (respec-
tively, parallel and perpendicular to the plane of incidence)
as A;=A;8+A;,p;. While the s direction is the same for all
beams (§=-¥), the p; directions depend on the propagation

directions of the beams (p;=8 X k).

Let us first consider the SHG field arising from the effec-
tive surface polarization P’. For isotropic media, polarization
effects due to linear light propagation can be neglected. The
p component of the SHG field then arises from the compo-
nents P} and P;, and therefore includes contributions from all
three independent components of x°. The s component of the
SHG field, on the other hand, is proportional to P‘; and is
therefore entirely determined by x},.. A straightforward cal-
culation shows that

P; == 2X,[sin 6;4,,A;, +sin 6,A; A, ]. (5)

Clearly, x;,, only appears as an overall scaling factor. The
polarization dependence of the s-polarized SHG signals is
therefore completely specified by the incident angles of the
fundamental beams.

Inserting Eq. (3) into Eq. (2), we obtain the separable bulk

polarization in medium 2:

P 20.r) =i6 Z[(Ay - kA, + (A, - ko)A Je IRtk T
c

(6)
whose y component is found to be
Pf'(Zw,r) = ié’g(sin 6, cos 6, — cos 6, sin 6,)[A,A,,
— A Ay Je Rtk (7)

The reflected and transmitted s-polarized SHG fields are ob-
tained by using Eq. (7) as a source in the wave equation and
integrating over the portion of space occupied by medium 2.2
This only affects the signal strength, not its polarization de-
pendence, which is specified by the factor [A;,A,,~AA,,]
and does not, therefore, depend on experimental geometry.

To summarize, the polarization signatures of the surface
and bulk contributions are

e sin 6
[Aj Frfece o AjpAss+ ~_2AISA2p (®)
sin 6,
and
[Ay ] "o Ay Ay — AL Ay, )

Clearly, the differences between the signatures are accentu-
ated when 6, and 6, have the same sign.

In the experiments, infrared radiation from a Q-switched
Nd:YAG laser (1064 nm, ~20 mJ, 10 ns, 30 Hz) was used
as a source for SHG. The s-polarized (transmitted or re-
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FIG. 2. Reflected (a) and transmitted (b) s-polarized SHG po-
larization patterns for a poled polymer film. The patterns are essen-
tially identical and determined by the geometry of the experiment,
indicating a response dominated by surface-type electric-dipole
contributions. The solid lines are obtained by matching Eq. (8) to
the signal level with no other fitting.

flected) SHG signal at 532 nm was detected while the polar-
ization of an initially p-polarized input E, (probe) was varied
by a continuously rotating zero-order quarter-wave plate and
the polarization of input E; (control) was held fixed at 45°
from the plane of incidence. Calcite Glan polarizers (extinc-
tion ratio ~4 X 107°) were used to select the polarizations of
the control and SHG beams and to clean the polarization of
the probe beam before the quarter-wave plate. The incident
angles of the control and probe beams were, respectively,
34.2° and 49.1°.

To verify our technique, we measured polarization pat-
terns from a poled polymer film (octadecylamino cyanoazos-
tilbene in PMMA, thickness ~1.4 um) whose second-order
response has electric-dipole origin with the uniaxial symme-
try of an isotropic surface and should therefore follow Eq.
(8). As expected, the reflected and transmitted polarization
patterns are essentially identical (Fig. 2) and entirely deter-
mined by the experimental geometry. We emphasize that the
solid lines in Fig. 2 do not involve any fitting except for an
overall scaling factor used to match the measured signal
level.

We then applied the technique to investigate the origin of
the nonlinear response of a glass surface (BK7). In this case,
the reflected pattern is again well described by the model of
Eq. (8), with no apparent bulk contribution [Fig. 3(a)]. How-
ever, the transmitted pattern is completely different, indicat-
ing strong bulk contributions [Fig. 3(b)]. Although Eq. (9)
[solid line in Fig. 3(b)] reproduces qualitatively the main
features of the observed pattern, a better agreement is ob-
tained by using a linear combination of surface [Eq. (8)] and
bulk [Eq. (9)] contributions to account for their interference:

A3x = [ASS]xurface + S[A?)s]bulk' (10)

The parameter S is a measure of the relative importance of
bulk and surface contributions in the experiment. By fitting
Eq. (10) to the measured transmitted SHG pattern, a value of
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FIG. 3. Reflected (a) and transmitted (b) s-polarized SHG po-
larization patterns for a glass surface (BK7). The effective surface
(separable bulk) contribution dominates the reflected (transmitted)
signal by a factor of ~160 (~40). The solid lines in (a) and (b) are
the predictions of, respectively, Egs. (8) and (9), while the dashed
lines are obtained by fitting Eq. (10) to the data.

S=6.54 is obtained [dashed line in Fig. 3(b)]. In terms of
intensities, this indicates that the signal arising from the bulk
contribution in transmission is approximately 40 times larger
than that from surface contributions.

The differences between transmitted and reflected SHG
polarization patterns can be understood in terms of different
coherence lengths. In our geometry, the coherence length in
BK7 (n=1.507 and 1.519 at 1064 nm and 532 nm, respec-
tively) is approximately 10 wm in transmission and 0.12 um
in reflection.! Therefore, the bulk contribution to the SHG
field is expected to be approximately 85 times larger in trans-
mission. This suggests that a weak bulk contribution should
be observable in the reflected SHG pattern as well. When Eq.
(10) is fitted to the pattern, we obtain a value of S=-0.08
[dashed line in Fig. 3(a)]. This result is in excellent agree-
ment with the coherence length argument, despite the noise
in the experimental data.

The parameter S is a measure of the integrated bulk con-
tribution to the SHG field and can be estimated by integrat-
ing Eq. (7) over the coherence length [. This yields
S=4[.5'"/\, where \ is the fundamental wavelength. Using
the values for S and /. in transmission or reflection and tak-
ing into account the geometrical factors appearing in Egs. (5)
and (7), we obtain the bulk parameter &' =0.76 as referenced
to the effective surface susceptibility. Since all bulk param-
eters are expected to be of the same order of magnitude,'®!3
this indicates that the inseparable y contribution can account
for a significant fraction of the effective surface susceptibil-
ity. This result complements previous work showing that
nonlocal contributions arising from the structural and field
discontinuities at the interface are important in the surface
susceptibility of an air-glass interface.>”!7

As stated above, the polarization signatures of bulk and
surface contributions are almost independent of the linear
optical properties of the media. This is verified by the excel-
lent agreement between the experimentally determined polar-
ization patters and the patterns simulated assuming unity re-
fractive indices (Figs. 2 and 3). When one assigns different
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refractive indices to media 1 and 2, and assumes the index of
the interface layer to be the same as that of medium 2, the
second terms of Egs. (8) and (9) must be multiplied by a
factor

ne

Y (1)
L)

where, e.g., #] is the Fresnel amplitude transmission coeffi-
cient for the s component of E| and the field amplitudes A,
(i=1,2) are evaluated in medium 1. In our case, k=1.03 and
has practically no influence on the results. When the refrac-
tive index of the interface layer is different from that of the
bulk, Eq. (11) needs to be modified. However, it can be
shown that, even in this case, inclusion of the linear optical
properties does not change significantly the polarization sig-
natures provided that the two fundamental beams are applied
at nearly the same angle of incidence.

In conclusion, we have shown that the separable bulk con-
tribution and the effective surface contribution to the second-
order nonlinear response of isotropic materials can be iden-
tified in a direct, unambiguous, and quantitative way in a
single measurement by their polarization signatures. For
second-harmonic generation from a glass surface, the surface
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(bulk) contribution was shown to dominate the reflected
(transmitted) signal by a factor of ~160 (~40). This also
suggests that the inseparable, surfacelike bulk contribution
can account for a significant fraction of the effective surface
susceptibility of glass. We expect our results to have two
complementary applications in surface studies. First, the po-
larization signatures do not depend on the details of the sur-
face, because they follow directly from the isotropy of the
medium and are insensitive to its linear optical properties.
Polarization measurements can therefore be exploited as a
simple and unambiguous way to validate nonlinear surface
and thin-film studies by verifying that there is no bulk inter-
ference in the measured signal. Second, combination of po-
larization measurements with theoretical models of the mul-
tipole tensors will allow fundamental properties of surface
nonlinearities to be studied with unprecedented detail. Al-
though the present results apply to SHG with two noncol-
linear input beams, extension to SFG, which is naturally per-
formed in the same geometry, is straightforward.
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