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This paper presents experiments and in-depth analysis of the imaging of surface acoustic waves by means of
the photoelastic effect. Gigahertz surface acoustic waves, generated by optical pump pulses in a thin gold film
on a glass substrate, are imaged in the time domain by monitoring ultrafast changes in optical reflectivity. We
demonstrate how images of the in-plane acoustic shear strain component can be obtained by measurements
with two different optical probe pulse polarizations incident from the substrate side. © 2010 Optical Society of

America

OCIS codes: 110.5120, 240.6690, 260.1440, 290.5825, 110.7170, 100.0118.

1. INTRODUCTION

A variety of optical techniques have been used to image
electrically excited [1-7] or laser-excited [8-11] surface
acoustic waves (SAWs) on solids and microstructures.
When point-focused laser pulses are used for the SAW
generation, the resulting omnidirectional two-
dimensional wave field can be mapped in the time domain
and then Fourier-analyzed to obtain the in-plane acoustic
dispersion relation [9,12—-14]. This time-domain method,
based on the optical pump-probe technique and interfero-
metric detection, allows SAWs up to ~1 GHz to be imaged
with micrometer spatial and picosecond temporal reso-
lution [12]. Optical interferometry is convenient for such
measurements because of its high (picometer-order) sen-
sitivity to the surface displacement. However, this
method suffers from the drawback of being only sensitive
to the out-of-plane displacement component. Better
knowledge of the strain field would be obtained by a mea-
surement of the in-plane displacement as well.

One way to detect in-plane displacements is through
the photoelastic effect by exploiting optical birefringence.
This has been extensively used in the field of experimen-
tal mechanics to image static stress distributions in the
bulk [15,16]. A typical experimental setup consists of a
pair of crossed polarizers between which a transparent
specimen is positioned, and one observes a pattern of
fringes in optical transmission. This pattern is used to de-
termine the stress distribution. In dynamic photoelastic-
ity the temporal evolution of the stress field is imaged, in-
cluding both longitudinal and shear acoustic wave
propagation [17-21]. These techniques often involve
samples having centimeter or larger dimensions with a
temporal resolution down to ~us. Optical phase retarda-
tions >27 are commonly obtained because the imaged
stress is present over a significantly large portion the
sample.

Similar techniques can be applied to detect stress (or
strain) fields caused by SAWs traveling over regions of
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micrometer-order in size on nanosecond time scales. In
this case, the phase retardation is very small compared to
that in typical photoelasticity measurements. This re-
quires measurement techniques and analysis somewhat
different from those used in conventional photoelasticity
experiments. For example, Miyamoto et al. observed
shear-horizontal SAWs on an electrically driven 800 MHz
SAW filter device with a lateral spatial resolution of sev-
eral micrometers [5]. Yamazaki et al. observed the acous-
tic field caused by point-like optical excitation through
the photoelastic effect with micrometer spatial resolution
and gigahertz bandwidth [22]. They observed a peculiar
pattern on an isotropic thin film on an isotropic substrate,
but the origin of the pattern was not quantitatively clari-
fied. In this paper, we report on a gigahertz SAW imaging
experiment based on the photoelastic effect and develop a
theory to explain the observed pattern. We show how, by
manipulating the optical polarization of the probe beam,
one may isolate and image the in-plane acoustic shear
strain field.

2. EXPERIMENTAL SETUP AND RESULTS

The sample is a crown glass plate of thickness 1 mm
coated with a polycrystalline Au film of thickness 45 nm
by radio-frequency sputtering. Figure 1 shows a sche-
matic diagram of the experimental setup. A mode locked
Ti:Sapphire laser with a center wavelength of 830 nm, a
repetition rate of 76 MHz, and a pulse duration of 150 fs
is used as a light source. The second harmonic (pump,
wavelength of 415 nm) is used for generating the acoustic
waves, whereas the fundamental (probe, wavelength of
830 nm) is used for detection. The energies of the pump
and probe beams are 0.3 and 0.06 nd/pulse, respectively.
The pump light beam is shaped by a spatial filter, and
then focused to a spot diameter of ~2 um onto the sample
at normal incidence with a 50X microscope objective from
the Au film side of the sample. This excites broadband

© 2010 Optical Society of America
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Fig. 1. (Color online) (a) Schematic diagram of the experimental
setup for SAW imaging through the photoelastic effect: pol., po-
larizer; QWP, quarter wave plate; NPBS, non-polarizing beam
splitter. (b) Polarization configurations for the measurement and
the definitions of the polarizations R, L, X, and Y. The x, y, and z
axes are also shown. LCP and RCP, left and right circular
polarization.

SAW pulses with frequency components up to ~1 GHz,
with a peak amplitude at ~500 MHz. The probe light
beam is focused to a spot diameter of ~2 um on the
sample from the substrate side with a second 50X micro-
scope objective, allowing a lateral spatial resolution of the
same order. In this study we measure the probe reflectiv-
ity modulation caused mainly by the strain in the glass
substrate. (The photoelastic response of the Au film is
negligible at the probe wavelength [23,24].) We therefore
expect a signal enhancement through the integration of
the photoelastic response along the depth direction in the
glass substrate. The delay time between pump and probe
pulses is varied from 0 to 13.2 ns using a 0-4 m variable
optical delay line. The probe light spot position is scanned
over the sample surface in two dimensions using a two-
axis rotating mirror and a 4f optical system [12]. The
change in the intensity of the probe light reflected from
the sample is recorded as a function of the delay time and
the probe spot position. To improve the signal-to-noise ra-
tio, the pump optical beam is modulated at 1 MHz, and
the probe beam photodetector output is fed to a lock-in
amplifier working at this frequency. Typical relative
changes in reflectivity are ~10~° with a root-mean-square
noise level of ~1076.

Figure 2 shows images of the optical intensity change
Al at a time 11.7 ns after the pump light pulse arrival at
the sample obtained with right (clockwise, viewed from
the downstream direction) and left (anti-clockwise) circu-
larly polarized probe light incident on the sample. A po-
larizer is placed in front of the photodetector to pass the X
or Y polarization component of the reflected light [see Fig.
1(b)]. We refer to the incident and reflected light polariza-
tions, A and B respectively, using the suffix A-B for quan-
tities such as AI. (Ais chosen as either L or R: left or right
circular polarization; in addition, B may be either X or Y:
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Fig. 2. (Color online) Images of the optical intensity change Al
at a pump-probe delay time of 11.7 ns obtained with various po-
larization configurations for the probe light. The suffix notation
A-B denotes the light polarization that is incident (A) and the po-
larization that is detected (B). A may be either L or R: left or
right circular polarization. B may be either X or Y: linear polar-
ization along x or y axis. The imaged area is 140 um X 140 um.
The outer ring represents the SSLW and the inner ring repre-
sents the RW.

linear polarization along the x or y axis.) The imaged area
is 140 um X 140 um. Concentric rings are clearly ob-
served in Fig. 2. We estimate the phase velocity of the
waves corresponding to the outer and inner rings in Fig. 2
as ~5200 and 2700 m/s. The literature values of the bulk
longitudinal and Rayleigh wave (RW) velocities of crown
glass are 5660 and 3130 m/s, respectively [25], so we iden-
tify these rings as surface skimming longitudinal waves
(SSLWs) and RWs, respectively, with the differences being
attributable to the presence of the Au film [9,26]. The
waveforms depend on direction, giving rise to intriguing
patterns, previously reported by Yamazaki et al. [22]. The
pattern for each ring depends on the probe polarization
configuration. The main aim of this paper is to under-
stand the origin of these patterns.

3. THEORY

In order to quantitatively understand the experimental
images, in this section we develop a theory for the reflec-
tion of a probe beam from an elastically perturbed me-
dium. The reflectance change is caused by the inhomoge-
neous modulation of the permittivity, with contributions
in general from both the photoelastic effect and interface
displacements [27-31].

Consider a monochromatic probe beam with angular
frequency w and wave number 2=w/c in vacuum, where ¢
is the speed of light. Assuming a linear and quasi-static
response for which the temporal variation of the permit-
tivity is much slower than the optical frequency, the elec-
tric field amplitude variation E(r,¢) of the propagating
probe light satisfies the equation

(V2 - grad div + k2e(r,t))E(r,t) = 0, (1)

where e(r,?) is the time and position dependent permit-
tivity tensor, and the time dependence exp(-iwt) of the
electric fields has been omitted. Hereafter the slower time
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dependence in &(r,t) and E(r,t) will not be explicitly ex-
pressed.

We restrict our discussion to normal probe light inci-
dence. The z axis is taken along its propagation direction.
Over the dimensions of the optical probe spot the sample
is assumed to be homogeneous in the xy plane both in the
equilibrium and strained states, and so the local variation
of the permittivity depends on z (and ¢) only. In this case
Eq. (1) is reduced to

{L(2) +k*c(2)}E(z) = 0, (2)

where the differential operator L(z) is defined as

Ploz2 0 0
Lz =| 0 & 0], (3)
0 0 0

and E depends only on z (and ?).

Hereafter we consider a sample consisting of a semi-
infinite isotropic transparent medium (0) with permittiv-
ity ¢© and a semi-infinite isotropic opaque medium (1)
with permittivity ¢¥ contacting each other at z=0. In re-
ality the sample used in the experiment consists of a 45
nm gold thin film evaporated on a 1 mm glass plate. How-
ever, the film is thick enough to be regarded in optical cal-
culations as an infinite opaque medium. In addition, the
glass plate is much thicker than the coherence length of
the optical pulse (~30 um), implying no interference from
light multiply reflected at the substrate interfaces. The
semi-infinite medium approximation is therefore appro-
priate.

The z dependent permittivity e(z) is expressed as the
sum of a homogeneous part g,(z) and an inhomogeneous
part g;;,(2):

8(z) = g(2) + g(2),

91 for z<0
= 4
on(2) eI for z>0, @)

where I is the 3 X 3 identity matrix. The quantity ¢;;, is a
sum of contributions &, from the photoelastic effect and
ggisp from the interface displacement. Even for media that
are isotropic in their unperturbed states, the induced per-
mittivity modulation ¢;;, may in general be anisotropic,
and should therefore be expressed as a second rank ten-
Sor.

In order to solve Eq. (2) for a given ¢, we first obtain a
general solution for the non-perturbed equation

{L(z) + ke, (2)}Ey(2) = 0, (5)
and also a Green’s function G(z,z’) that satisfies
{L(2) + k?¢,(2)}G(z,2") = - 8z - 2")I. (6)

The solution of Eq. (2) is then given by
E=E\z) +k2f G(z,2")ey (2 )E(z')dz'. (7)

When g;;, is small compared to ¢, this can be approxi-
mated to first order as

Saito et al.
E=E\z)+ sz G(z,2")ep (2" Ey(2')dz'. (8)

Note that G and g;;, are non-commutative 3 X 3 matrices.

The solution of Eq. (8) should satisfy the electromag-
netic boundary conditions for probe light incident from
the transparent side. This leads to the following specific
form for E:

p
Ex()
(eik(o)z + roe‘ik(o)z) E,| for z<0
0
E,=
0 < ExO
P E, for z>0,
\ 0
EO _ (1) 2k
=0 0 T o, 0 ©)

where £ = \J'Ek and kY= \J@k are the wave numbers
in media 0 and 1, respectively, and E,, and E,, are the
electric field amplitudes of the incident light. Here, r, and
to are, respectively, the reflectance and transmittance for
the electric field amplitude. The reflectivity (for optical in-
tensity) R is given by |ro|2.

The Green’s function G also depends on the sample
structure and electromagnetic boundary conditions. The
observation point z in Eq. (8) is chosen in medium 0 to be
far enough away from the region where the permittivity is
modulated. In order to calculate the modulation in the re-
flected light, we require G(z,z') for z<0 and z<z'. Ac-
cording to a procedure described elsewhere [31], G can be
shown to be given by

100
Glz,z')=g(z,z)| 0 1 0,
000
jo-ik ¥ ik’ +roe—ik(°)2’ for z' <0
8z,z')= 2% X toet e’ for 2’ > 0.
(10)

Substituting Eqs. (9) and (10) into Eq. (8), the electric
field at the observation point can be written as

E. E.wZ1+EyZg
E(z)= (eik(o)z + roe'ik(o)z) Ey|+ ik E.Z¢+E,Z,y
0 0
ExO
+ 26k Oy (0)rge "2 E,q |, (11a)

0
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ik2 0
_ in )7 _in0,1 9
Z;= 270 f (™% +rege™ % )7epe (2")d2’

z

+ f (toe™ ") 2epe ()2 ¢, (11b)

0
where I=1, ...,6 specifies a component of the tensor &, in

the abbreviated suffix notation (1=xx, 2=yy, 3=zz, 4=yz,
5=zx, and 6=xy). The first term in Eq. (11a) depends on
both the incident and reflected light fields for the unper-
turbed sample. The second term is the photoelastic con-
tribution. This contains an integration over depth of the
permittivity modulation that we abbreviate using the no-
tation Z; of Eq. (11b). The appearance of £ in the x com-
ponent of the electric field and vice versa is a result of the
birefringence converting x-polarized incident light to
y-polarized scattered light, and vice versa. Z; consists of
two terms corresponding to the photoelastic effect in me-
dia 0 and 1. The third term in Eq. (11a) arises from the
interface displacement u,(0) along the z axis. This only
modulates the phase of the reflected light and cannot be
detected through reflectivity measurements as in the
present investigation.

Equation (11a) can be used to calculate the relative re-
flectivity change (AR/R, which is proportional to A in the
measurement) for a configuration which is specified by
the polarization of the incident and analyzed (i.e., de-
tected) probe light. Here we consider some representative
polarization configurations:

(1) Ey=1, E,;=0 (linearly polarized light denoted as
X ) and detection without any analyzer (denoted as U):

(%),
— =2 Re[ — |. (12)
R /vy To

Terms quadratic to Z; are usually too small to be detected
and are neglected hereafter.

(2) E=0, E,;=1 (linearly polarized light Y) and de-
tected without any analyzer:

(%), (%)
— =2 Rel —|. (13)
Ry To

(3) Ey=1, E,y=1 (linearly polarized light at 45° to X,
denoted as 45) and detected as X-polarized light:

AR Z1+Zg
— =2 Re . (14)
R 45-X To

(4) Ey=1, E =1 (same as above) and detected as
Y-polarized light:

AR Zo+7s
— =2 Re . (15)
R /sy To

(5) Ey=1, E,y=-1 [linearly polarized light at 45° to X
in the opposite direction to (3), denoted as 45] and de-
tected as X-polarized light:

(AR) <Z1—Z6)
— =2 Re . (16)
R Ex ro
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(6) Ex =1, Ey=-1 (same as above) and detected as
Y-polarized light:

(AR) (Z2—Z6>
— =2 Re . a7
R zy "o

(7) Ey =1, E, =i (left circularly polarized light, de-
noted by L) and detected as X-polarized light:

AR Z1+iZ6
—_— =2 Re . (18)
R/ x To

(8) Ey =1, Ey=i (same as above) and detected as
Y-polarized light:

%),
— =2 Re . (19)
R/ y To

(9) E =1, E,o=-i (right circularly polarized light, de-
noted by R) and detected as X-polarized light:

<AR) (Zl—iZ6)
— =2 Re . (20)
R /px To

(10) Ey =1, E,y=—i (same as above) and detected as
Y-polarized light:

AR Z2 + lZ6
— =2 Re . (21)
R /py To

One can see that it is possible to extract Zg separately
by subtracting independent measurements:

w{3)-(%), (%),

(), (%)
R 45-Y R 45y

o -2) 2,22,

(22)

Another interesting combination is a sum of independent
measurements:

Z,+7,\ [AR AR

4 Re =) +[=
To Rpx \B /gy

AR AR

= — + | —
Ry \B/px

(),

To proceed further the explicit form of g;;, is required.
For isotropic media, as in the present experiment, the
photoelastic permittivity modulation is given by

&pe,1=P1im + Po(ma + 73),
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8pe,2=P117]2+P12(773+ ),
€pe,3 =P11m5+ Pia(my + 1),

Epe,l =P44771 (I= 4’5’6)5 (24)

where 7; and P;; denote components of the strain and
photoelastic tensors, respectively, in the abbreviated suf-
fix notation. Here we consider &, ; and 7; as functions of
z. Pyyis also a function of z, but it depends only on the
medium in which the point z resides. For an isotropic me-
dium, Pyy=(Py;—P15)/2. It turns out that Zg depends only
on the shear strain component 74, whereas Z; and Z, de-
pend on longitudinal strain components 7;, 79, and 75 in
a relatively complicated way.

We now consider acoustic waves generated at a point
source in a laterally homogeneous isotropic medium and
propagating along the surface of the medium, as in the
present experiment. We make use of Cartesian coordi-
nates (x,y,z) and cylindrical coordinates (r,#,z), with
their origin O at the source point (where x=r cos 6 and
y=r sin #). Using the unit vectors e,, e,, e, and e,, e, e,
for these coordinates, the acoustic displacement u is ex-
pressed as u=u.e.+u,e,+u.e,=ue.+uey+u.e, where
e,=cos fe,+sin fey, e,=—sin fe,+cos fe,. Due to the sym-
metry of the system, u, is always zero, and «, and u, de-
pend only on r and z. The strain components in Cartesian
coordinates can be expressed using displacement compo-
nents in cylindrical coordinates:

u, ) Ur
m= cos” 0+ —sin” 6,

u,
e = o

2 Ur o
sin“ 6+ —cos” 6,

u,

3= Iz )

u, du,
= + sin 6,
& 0z ar

u, du,
75 = + cos 6,

dz Jar

u, u,
76=2 — — |cos O sin 6. (25)
or r

Here, ng=0du,/dx+du,/dy is zero along the x and y axes for
our example of axisymmetric waves. The permittivity
modulation relevant to our experiment is therefore given
by

ou, Uy u, U,
Spe 1= _Pll + _P12 COS2 0+ _P12 + _Pll Sin2 0
’ ar r ar r

u,

+ Py,

dz
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u, u, u, U,
€pe,2 = _Pll + _P12 Sil’l2 0+ P12 + _Pll COS2 %
’ ar r oar r

u,

0z

+ Py,

u, u,
Epe,6 = 2 — — |cos fsin 6. (26)
’ or r

From the expression for &), ¢ in Eq. (26), the images in-
volving Zg obtained in Eq. (22) should exhibit a sin 26 de-
pendence. From the expressions for &), ; and e, 9 in Eq.
(26), the sum image of Z; and Z, obtained in Eq. (23) is
related to

u,

ar

u, u,
€pe,1 T Epe2 = + 7 (P11+ P1o) + ZEPIZ‘ 27

There should thus be no 6 dependence in this sum image.
These results are discussed and compared to experiment
in the next section.

4. DISCUSSION

Before definitively assigning the optical intensity change
in experiment to the photoelastic effect, one should con-
sider the possibility of a contribution from induced
changes in beam divergence [22,32]. Beam divergence
changes can be translated into detected intensity changes
if apertures or irises are present in the detection optics.
In the present experiment no irises are used to filter the
probe beam after reflection from the sample; and, more-
over, we make use of a 50X objective whose aperture is
larger than the diameter of the probe beam. We therefore
expect a negligible contribution from any modulation in
beam divergence.

The glass substrate and Au film used are elastically iso-
tropic and can be regarded as, respectively, transparent
(0) and opaque (1) semi-infinite media. The theory pre-
sented in this paper is thus appropriate for data analysis.

Figure 3(a) shows the image obtained by subtracting
Fig. 2(c) from Fig. 2(a). According to Eq. (22), this should
be proportional to Zg. From Eq. (26), the Zg image is ex-
pected to exhibit an angular dependence given by sin 26.
This is clearly observed in Fig. 3(a): both the rings due to
the RWs and SSLWs show zero intensity for 6=mmx/2
(where m is an integer) and show maxima or minima in
intensity for 0=(2m+1)m/4.

Figure 3(b) shows an image that is obtained by sub-
tracting Fig. 2(b) from Fig. 2(d). According to Egs. (22)
and (26), an image identical to Fig. 3(a) is expected. This
is indeed observed to a good approximation, and so we
conclude that this image originates solely from the shear
strain component g that governs the in-plane ultrasonic
displacement.

Figure 3(c) shows the sum of Figs. 2(a) and 2(b), and
Fig. 3(d) shows the sum of Figs. 2(c) and 2(d). Equation
(27) predicts no 0 dependence for these images. Residual
variations with 6 in these images are therefore attributed
to ellipticity in the shape of the pump light spot, as evi-
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Fig. 3. (Color online) Images of the difference or sum of Al of
Fig. 2. (a), (b) Difference images as defined at the top of each fig-
ure. These are related to the image of 7,,. (c), (d) Sum images.
These are related to 7, 7, and 7,. The imaged area is
140 um X 140 um and the pump-probe delay time is 11.7 ns. The
outer ring represents the SSLW and the inner ring represents
the RW.

denced by an elongation along the x axis of the central
thermally induced spot in Figs. 3(c) and 3(d).

On comparing the subtraction and sum images, the
spatial extent of the SSLW wavepacket along the radial
direction is broader in the former image than in the latter.
It turns out that the RW wavepacket is more efficiently
observed than the SSLW wavepacket in the sum images,
and that the outer thin ring in Figs. 3(c) and 3(d) contain
a dominant contribution from the second RW wavepacket
(generated by the pump light pulse prior the inner RW
wavepacket). This reduction in the SSLW intensity in the
sum image is not understood at present. A detailed analy-
sis would require three-dimensional modeling of the
acoustic strain field and associated photoelastic response,
which is beyond the scope of this paper.

Reproduction of the entire acoustic strain field from the
experimental data would require solving the equation for
u,:

u,

ur
Pl =fr), (28)

with a given f(r). The general solution for u,.(r) is
fr)
u(ry=r| —dr+Cr, (29)
r

where C is a constant. This implies that, if required,
u,(r,z) could in theory be obtained from the experimental
results provided that the z dependence of the strain field
could be measured by some other means [33-36].

5. CONCLUSIONS

In conclusion, we have obtained time-resolved images in
two dimensions of surface acoustic wave (SAW) propaga-
tion on glass through transient optical reflectivity
changes arising from the photoelastic effect. A theoretical
treatment is presented that allows the data to be ana-
lyzed and allows an image that depends solely on the in-
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plane ultrasonic displacement to be extracted. This tech-
nique can detect small strain amplitudes (~107%) over
microscopic depths (<10 um). In the future, it should also
be possible to extend these experimental and theoretical
methods to the analysis of anisotropic samples that ex-
hibit more complicated acoustic and optical properties.
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