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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.
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. INTRODUCTION
variety of optical techniques have been used to image

lectrically excited [1–7] or laser-excited [8–11] surface
coustic waves (SAWs) on solids and microstructures.
hen point-focused laser pulses are used for the SAW

eneration, the resulting omnidirectional two-
imensional wave field can be mapped in the time domain
nd then Fourier-analyzed to obtain the in-plane acoustic
ispersion relation [9,12–14]. This time-domain method,
ased on the optical pump-probe technique and interfero-
etric detection, allows SAWs up to �1 GHz to be imaged
ith micrometer spatial and picosecond temporal reso-

ution [12]. Optical interferometry is convenient for such
easurements because of its high (picometer-order) sen-

itivity to the surface displacement. However, this
ethod suffers from the drawback of being only sensitive

o the out-of-plane displacement component. Better
nowledge of the strain field would be obtained by a mea-
urement of the in-plane displacement as well.

One way to detect in-plane displacements is through
he photoelastic effect by exploiting optical birefringence.
his has been extensively used in the field of experimen-
al mechanics to image static stress distributions in the
ulk [15,16]. A typical experimental setup consists of a
air of crossed polarizers between which a transparent
pecimen is positioned, and one observes a pattern of
ringes in optical transmission. This pattern is used to de-
ermine the stress distribution. In dynamic photoelastic-
ty the temporal evolution of the stress field is imaged, in-
luding both longitudinal and shear acoustic wave
ropagation [17–21]. These techniques often involve
amples having centimeter or larger dimensions with a
emporal resolution down to ��s. Optical phase retarda-
ions �2� are commonly obtained because the imaged
tress is present over a significantly large portion the
ample.

Similar techniques can be applied to detect stress (or
train) fields caused by SAWs traveling over regions of
0740-3224/10/122632-7/$15.00 © 2
icrometer-order in size on nanosecond time scales. In
his case, the phase retardation is very small compared to
hat in typical photoelasticity measurements. This re-
uires measurement techniques and analysis somewhat
ifferent from those used in conventional photoelasticity
xperiments. For example, Miyamoto et al. observed
hear-horizontal SAWs on an electrically driven 800 MHz
AW filter device with a lateral spatial resolution of sev-
ral micrometers [5]. Yamazaki et al. observed the acous-
ic field caused by point-like optical excitation through
he photoelastic effect with micrometer spatial resolution
nd gigahertz bandwidth [22]. They observed a peculiar
attern on an isotropic thin film on an isotropic substrate,
ut the origin of the pattern was not quantitatively clari-
ed. In this paper, we report on a gigahertz SAW imaging
xperiment based on the photoelastic effect and develop a
heory to explain the observed pattern. We show how, by
anipulating the optical polarization of the probe beam,

ne may isolate and image the in-plane acoustic shear
train field.

. EXPERIMENTAL SETUP AND RESULTS
he sample is a crown glass plate of thickness 1 mm
oated with a polycrystalline Au film of thickness 45 nm
y radio-frequency sputtering. Figure 1 shows a sche-
atic diagram of the experimental setup. A mode locked
i:Sapphire laser with a center wavelength of 830 nm, a
epetition rate of 76 MHz, and a pulse duration of 150 fs
s used as a light source. The second harmonic (pump,
avelength of 415 nm) is used for generating the acoustic
aves, whereas the fundamental (probe, wavelength of
30 nm) is used for detection. The energies of the pump
nd probe beams are 0.3 and 0.06 nJ/pulse, respectively.
he pump light beam is shaped by a spatial filter, and

hen focused to a spot diameter of �2 �m onto the sample
t normal incidence with a 50� microscope objective from
he Au film side of the sample. This excites broadband
010 Optical Society of America
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AW pulses with frequency components up to �1 GHz,
ith a peak amplitude at �500 MHz. The probe light
eam is focused to a spot diameter of �2 �m on the
ample from the substrate side with a second 50� micro-
cope objective, allowing a lateral spatial resolution of the
ame order. In this study we measure the probe reflectiv-
ty modulation caused mainly by the strain in the glass
ubstrate. (The photoelastic response of the Au film is
egligible at the probe wavelength [23,24].) We therefore
xpect a signal enhancement through the integration of
he photoelastic response along the depth direction in the
lass substrate. The delay time between pump and probe
ulses is varied from 0 to 13.2 ns using a 0–4 m variable
ptical delay line. The probe light spot position is scanned
ver the sample surface in two dimensions using a two-
xis rotating mirror and a 4f optical system [12]. The
hange in the intensity of the probe light reflected from
he sample is recorded as a function of the delay time and
he probe spot position. To improve the signal-to-noise ra-
io, the pump optical beam is modulated at 1 MHz, and
he probe beam photodetector output is fed to a lock-in
mplifier working at this frequency. Typical relative
hanges in reflectivity are �10−5 with a root-mean-square
oise level of �10−6.
Figure 2 shows images of the optical intensity change

I at a time 11.7 ns after the pump light pulse arrival at
he sample obtained with right (clockwise, viewed from
he downstream direction) and left (anti-clockwise) circu-
arly polarized probe light incident on the sample. A po-
arizer is placed in front of the photodetector to pass the X
r Y polarization component of the reflected light [see Fig.
(b)]. We refer to the incident and reflected light polariza-
ions, A and B respectively, using the suffix A-B for quan-
ities such as �I. (A is chosen as either L or R: left or right
ircular polarization; in addition, B may be either X or Y:

(a)

pol.2 spatial
filter

objective

objective

photo-
detector

delay line

pol.1 QWP NPBS

probe
light pump light

biaxial
rotating
mirror

sample
4f system

crown
glass
substrate

gold film

(b)

pol.1 QWP

pol.2

crown glass
substrate Au film

LCP

RCPprobe
light

pump
light

sample

to detector

NPBS

Y

X

z

x
y

ig. 1. (Color online) (a) Schematic diagram of the experimental
etup for SAW imaging through the photoelastic effect: pol., po-
arizer; QWP, quarter wave plate; NPBS, non-polarizing beam
plitter. (b) Polarization configurations for the measurement and
he definitions of the polarizations R, L, X, and Y. The x, y, and z
xes are also shown. LCP and RCP, left and right circular
olarization.
 inear polarization along the x or y axis.) The imaged area

s 140 �m�140 �m. Concentric rings are clearly ob-
erved in Fig. 2. We estimate the phase velocity of the
aves corresponding to the outer and inner rings in Fig. 2
s �5200 and 2700 m/s. The literature values of the bulk
ongitudinal and Rayleigh wave (RW) velocities of crown
lass are 5660 and 3130 m/s, respectively [25], so we iden-
ify these rings as surface skimming longitudinal waves
SSLWs) and RWs, respectively, with the differences being
ttributable to the presence of the Au film [9,26]. The
aveforms depend on direction, giving rise to intriguing
atterns, previously reported by Yamazaki et al. [22]. The
attern for each ring depends on the probe polarization
onfiguration. The main aim of this paper is to under-
tand the origin of these patterns.

. THEORY
n order to quantitatively understand the experimental
mages, in this section we develop a theory for the reflec-
ion of a probe beam from an elastically perturbed me-
ium. The reflectance change is caused by the inhomoge-
eous modulation of the permittivity, with contributions

n general from both the photoelastic effect and interface
isplacements [27–31].
Consider a monochromatic probe beam with angular

requency � and wave number k=� /c in vacuum, where c
s the speed of light. Assuming a linear and quasi-static
esponse for which the temporal variation of the permit-
ivity is much slower than the optical frequency, the elec-
ric field amplitude variation E�r , t� of the propagating
robe light satisfies the equation

��2 − grad div + k2��r,t��E�r,t� = 0, �1�

here ��r , t� is the time and position dependent permit-
ivity tensor, and the time dependence exp�−i�t� of the
lectric fields has been omitted. Hereafter the slower time

(a) ∆IR-X (b) ∆IR-Y

(c) ∆IL-X (d) ∆IL-Y

-1

(a.u.)

1

0

ig. 2. (Color online) Images of the optical intensity change �I
t a pump-probe delay time of 11.7 ns obtained with various po-
arization configurations for the probe light. The suffix notation
-B denotes the light polarization that is incident (A) and the po-

arization that is detected (B). A may be either L or R: left or
ight circular polarization. B may be either X or Y: linear polar-
zation along x or y axis. The imaged area is 140 �m�140 �m.
he outer ring represents the SSLW and the inner ring repre-
ents the RW.
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ependence in ��r , t� and E�r , t� will not be explicitly ex-
ressed.
We restrict our discussion to normal probe light inci-

ence. The z axis is taken along its propagation direction.
ver the dimensions of the optical probe spot the sample

s assumed to be homogeneous in the xy plane both in the
quilibrium and strained states, and so the local variation
f the permittivity depends on z (and t) only. In this case
q. (1) is reduced to

�L�z� + k2��z��E�z� = 0, �2�

here the differential operator L�z� is defined as

L�z� � �
�2/�z2 0 0

0 �2/�z2 0

0 0 0
� , �3�

nd E depends only on z (and t).
Hereafter we consider a sample consisting of a semi-

nfinite isotropic transparent medium (0) with permittiv-
ty ��0� and a semi-infinite isotropic opaque medium (1)
ith permittivity ��1� contacting each other at z=0. In re-
lity the sample used in the experiment consists of a 45
m gold thin film evaporated on a 1 mm glass plate. How-
ver, the film is thick enough to be regarded in optical cal-
ulations as an infinite opaque medium. In addition, the
lass plate is much thicker than the coherence length of
he optical pulse ��30 �m�, implying no interference from
ight multiply reflected at the substrate interfaces. The
emi-infinite medium approximation is therefore appro-
riate.
The z dependent permittivity ��z� is expressed as the

um of a homogeneous part �h�z� and an inhomogeneous
art �ih�z�:

��z� � �h�z� + �ih�z�,

�h�z� � 	��0�I for z � 0

��1�I for z � 0,
 �4�

here I is the 3�3 identity matrix. The quantity �ih is a
um of contributions �pe from the photoelastic effect and
disp from the interface displacement. Even for media that
re isotropic in their unperturbed states, the induced per-
ittivity modulation �ih may in general be anisotropic,

nd should therefore be expressed as a second rank ten-
or.

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

�L�z� + k2�h�z��E0�z� = 0, �5�

nd also a Green’s function G�z ,z�� that satisfies

�L�z� + k2�h�z��G�z,z�� = − 	�z − z��I. �6�

he solution of Eq. (2) is then given by

E = E0�z� + k2�
−





G�z,z���ih�z��E�z��dz�. �7�

hen �ih is small compared to �h, this can be approxi-
ated to first order as
E � E0�z� + k2�
−





G�z,z���ih�z��E0�z��dz�. �8�

ote that G and �ih are non-commutative 3�3 matrices.
The solution of Eq. (8) should satisfy the electromag-

etic boundary conditions for probe light incident from
he transparent side. This leads to the following specific
orm for E0:

E0 =
�eik�0�z + r0e−ik�0�z��
Ex0

Ey0

0
� for z � 0

t0eik�1�z�
Ex0

Ey0

0
� for z � 0,�

r0 �
k�0� − k�1�

k�0� + k�1�
, t0 �

2k�0�

k�0� + k�1�
, �9�

here k�0�����0�k and k�1�����1�k are the wave numbers
n media 0 and 1, respectively, and Ex0 and Ey0 are the
lectric field amplitudes of the incident light. Here, r0 and
0 are, respectively, the reflectance and transmittance for
he electric field amplitude. The reflectivity (for optical in-
ensity) R is given by �r0�2.

The Green’s function G also depends on the sample
tructure and electromagnetic boundary conditions. The
bservation point z in Eq. (8) is chosen in medium 0 to be
ar enough away from the region where the permittivity is
odulated. In order to calculate the modulation in the re-
ected light, we require G�z ,z�� for z�0 and z�z�. Ac-
ording to a procedure described elsewhere [31], G can be
hown to be given by

G�z,z�� = g�z,z���
1 0 0

0 1 0

0 0 0
� ,

g�z,z�� �
ie−ik�0�z

2k�0�
�	eik�0�z� + r0e−ik�0�z� for z� � 0

t0eik�1�z� for z� � 0.

�10�

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

E�z� = �eik�0�z + r0e−ik�0�z��
Ex0

Ey0

0
� + e−ik�0�z�

Ex0Z1 + Ey0Z6

Ex0Z6 + Ey0Z2

0
�

+ 2ik�0�uz�0�r0e−ik�0�z�
Ex0

Ey0

0
� , �11a�
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ZI �
ik2

2k�0�	�
z

0

�eik�0�z� + r0e−ik�0�z��2�pe,I�z��dz�

+�
0




�t0eik�1�z��2�pe,I�z��dz�
 , �11b�

here I=1, . . . ,6 specifies a component of the tensor �pe in
he abbreviated suffix notation (1=xx, 2=yy, 3=zz, 4=yz,
=zx, and 6=xy). The first term in Eq. (11a) depends on
oth the incident and reflected light fields for the unper-
urbed sample. The second term is the photoelastic con-
ribution. This contains an integration over depth of the
ermittivity modulation that we abbreviate using the no-
ation ZI of Eq. (11b). The appearance of Ey0 in the x com-
onent of the electric field and vice versa is a result of the
irefringence converting x-polarized incident light to
-polarized scattered light, and vice versa. ZI consists of
wo terms corresponding to the photoelastic effect in me-
ia 0 and 1. The third term in Eq. (11a) arises from the
nterface displacement uz�0� along the z axis. This only

odulates the phase of the reflected light and cannot be
etected through reflectivity measurements as in the
resent investigation.
Equation (11a) can be used to calculate the relative re-

ectivity change (�R /R, which is proportional to �I in the
easurement) for a configuration which is specified by

he polarization of the incident and analyzed (i.e., de-
ected) probe light. Here we consider some representative
olarization configurations:

(1) Ex0=1, Ey0=0 (linearly polarized light denoted as
) and detection without any analyzer (denoted as U):

��R

R �
X-U

= 2 Re�Z1

r0
� . �12�

erms quadratic to ZI are usually too small to be detected
nd are neglected hereafter.
(2) Ex0=0, Ey0=1 (linearly polarized light Y) and de-

ected without any analyzer:

��R

R �
Y-U

= 2 Re�Z2

r0
� . �13�

(3) Ex0=1, Ey0=1 (linearly polarized light at 45° to X,
enoted as 45) and detected as X-polarized light:

��R

R �
45-X

= 2 Re�Z1 + Z6

r0
� . �14�

(4) Ex0=1, Ey0=1 (same as above) and detected as
-polarized light:

��R

R �
45-Y

= 2 Re�Z6 + Z2

r0
� . �15�

(5) Ex0=1, Ey0=−1 [linearly polarized light at 45° to X
n the opposite direction to (3), denoted as 45] and de-
ected as X-polarized light:

��R

R �
45-X

= 2 Re�Z1 − Z6

r0
� . �16�
(6) Ex0=1, Ey0=−1 (same as above) and detected as
-polarized light:

��R

R �
45-Y

= 2 Re�Z2 − Z6

r0
� . �17�

(7) Ex0=1, Ey0= i (left circularly polarized light, de-
oted by L) and detected as X-polarized light:

��R

R �
L-X

= 2 Re�Z1 + iZ6

r0
� . �18�

(8) Ex0=1, Ey0= i (same as above) and detected as
-polarized light:

��R

R �
L-Y

= 2 Re�Z2 − iZ6

r0
� . �19�

(9) Ex0=1, Ey0=−i (right circularly polarized light, de-
oted by R) and detected as X-polarized light:

��R

R �
R-X

= 2 Re�Z1 − iZ6

r0
� . �20�

(10) Ex0=1, Ey0=−i (same as above) and detected as
-polarized light:

��R

R �
R-Y

= 2 Re�Z2 + iZ6

r0
� . �21�

One can see that it is possible to extract Z6 separately
y subtracting independent measurements:

4 Re�Z6

r0
� = ��R

R �
45-X

− ��R

R �
45-X

= ��R

R �
45-Y

− ��R

R �
45-Y

,

4 Im�Z6

r0
� = ��R

R �
R-X

− ��R

R �
L-X

= ��R

R �
L-Y

− ��R

R �
R-Y

.

�22�

nother interesting combination is a sum of independent
easurements:

4 Re�Z1 + Z2

r0
� = ��R

R �
45-X

+ ��R

R �
45-Y

= ��R

R �
45-Y

+ ��R

R �
45-X

=��R

R �
R-X

+ ��R

R �
R-Y

= ��R

R �
L-X

+ ��R

R �
L-Y

. �23�

To proceed further the explicit form of �ih is required.
or isotropic media, as in the present experiment, the
hotoelastic permittivity modulation is given by

� = P � + P �� + � �,
pe,1 11 1 12 2 3



w
p
fi
z
m
d
o
p
a

s
p
p
n
t
y
f
p
e
m
p
c
n

H
o
m
b

F
v
p
(
r

T
T
i

4
B
i
s
c
c
i
I
p
o
l
e
b

t
(
s

F
b
p
T
t
(
i

t
a
i
c
s
d

F
(
v
t

2636 J. Opt. Soc. Am. B/Vol. 27, No. 12 /December 2010 Saito et al.
�pe,2 = P11�2 + P12��3 + �1�,

�pe,3 = P11�3 + P12��1 + �2�,

�pe,I = P44�I �I = 4,5,6�, �24�

here �I and PIJ denote components of the strain and
hotoelastic tensors, respectively, in the abbreviated suf-
x notation. Here we consider �pe,I and �I as functions of
. PIJ is also a function of z, but it depends only on the
edium in which the point z resides. For an isotropic me-

ium, P44= �P11−P12� /2. It turns out that Z6 depends only
n the shear strain component �6, whereas Z1 and Z2 de-
end on longitudinal strain components �1, �2, and �3 in
relatively complicated way.
We now consider acoustic waves generated at a point

ource in a laterally homogeneous isotropic medium and
ropagating along the surface of the medium, as in the
resent experiment. We make use of Cartesian coordi-
ates �x ,y ,z� and cylindrical coordinates �r ,� ,z�, with
heir origin O at the source point (where x=r cos � and
=r sin �). Using the unit vectors ex, ey, ez and er, e�, ez
or these coordinates, the acoustic displacement u is ex-
ressed as u=uxex+uyey+uzez=urer+u�e�+uzez, where
r=cos �ex+sin �ey, e�=−sin �ex+cos �ey. Due to the sym-
etry of the system, u� is always zero, and ur and uz de-

end only on r and z. The strain components in Cartesian
oordinates can be expressed using displacement compo-
ents in cylindrical coordinates:

�1 =
�ur

�r
cos2 � +

ur

r
sin2 �,

�2 =
�ur

�r
sin2 � +

ur

r
cos2 �,

�3 =
�uz

�z
,

�4 = � �ur

�z
+

�uz

�r �sin �,

�5 = � �ur

�z
+

�uz

�r �cos �,

�6 = 2� �ur

�r
−

ur

r �cos � sin �. �25�

ere, �6=�uy /�x+�ux /�y is zero along the x and y axes for
ur example of axisymmetric waves. The permittivity
odulation relevant to our experiment is therefore given

y

�pe,1 = � �ur

�r
P11 +

ur

r
P12�cos2 � + � �ur

�r
P12 +

ur

r
P11�sin2 �

+
�uz

�z
P12,
�pe,2 = � �ur

�r
P11 +

ur

r
P12�sin2 � + � �ur

�r
P12 +

ur

r
P11�cos2 �

+
�uz

�z
P12,

�pe,6 = 2� �ur

�r
−

ur

r �cos � sin �. �26�

rom the expression for �pe,6 in Eq. (26), the images in-
olving Z6 obtained in Eq. (22) should exhibit a sin 2� de-
endence. From the expressions for �pe,1 and �pe,2 in Eq.
26), the sum image of Z1 and Z2 obtained in Eq. (23) is
elated to

�pe,1 + �pe,2 = � �ur

�r
+

ur

r ��P11 + P12� + 2
�uz

�z
P12. �27�

here should thus be no � dependence in this sum image.
hese results are discussed and compared to experiment

n the next section.

. DISCUSSION
efore definitively assigning the optical intensity change

n experiment to the photoelastic effect, one should con-
ider the possibility of a contribution from induced
hanges in beam divergence [22,32]. Beam divergence
hanges can be translated into detected intensity changes
f apertures or irises are present in the detection optics.
n the present experiment no irises are used to filter the
robe beam after reflection from the sample; and, more-
ver, we make use of a 50� objective whose aperture is
arger than the diameter of the probe beam. We therefore
xpect a negligible contribution from any modulation in
eam divergence.
The glass substrate and Au film used are elastically iso-

ropic and can be regarded as, respectively, transparent
0) and opaque (1) semi-infinite media. The theory pre-
ented in this paper is thus appropriate for data analysis.

Figure 3(a) shows the image obtained by subtracting
ig. 2(c) from Fig. 2(a). According to Eq. (22), this should
e proportional to Z6. From Eq. (26), the Z6 image is ex-
ected to exhibit an angular dependence given by sin 2�.
his is clearly observed in Fig. 3(a): both the rings due to
he RWs and SSLWs show zero intensity for �=m� /2
where m is an integer) and show maxima or minima in
ntensity for �= �2m+1�� /4.

Figure 3(b) shows an image that is obtained by sub-
racting Fig. 2(b) from Fig. 2(d). According to Eqs. (22)
nd (26), an image identical to Fig. 3(a) is expected. This
s indeed observed to a good approximation, and so we
onclude that this image originates solely from the shear
train component �6 that governs the in-plane ultrasonic
isplacement.
Figure 3(c) shows the sum of Figs. 2(a) and 2(b), and

ig. 3(d) shows the sum of Figs. 2(c) and 2(d). Equation
27) predicts no � dependence for these images. Residual
ariations with � in these images are therefore attributed
o ellipticity in the shape of the pump light spot, as evi-
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enced by an elongation along the x axis of the central
hermally induced spot in Figs. 3(c) and 3(d).

On comparing the subtraction and sum images, the
patial extent of the SSLW wavepacket along the radial
irection is broader in the former image than in the latter.
t turns out that the RW wavepacket is more efficiently
bserved than the SSLW wavepacket in the sum images,
nd that the outer thin ring in Figs. 3(c) and 3(d) contain
dominant contribution from the second RW wavepacket

generated by the pump light pulse prior the inner RW
avepacket). This reduction in the SSLW intensity in the

um image is not understood at present. A detailed analy-
is would require three-dimensional modeling of the
coustic strain field and associated photoelastic response,
hich is beyond the scope of this paper.
Reproduction of the entire acoustic strain field from the

xperimental data would require solving the equation for
r:

�ur

�r
−

ur

r
= f�r�, �28�

ith a given f�r�. The general solution for ur�r� is

ur�r� = r� f�r�

r
dr + Cr, �29�

here C is a constant. This implies that, if required,
r�r ,z� could in theory be obtained from the experimental
esults provided that the z dependence of the strain field
ould be measured by some other means [33–36].

. CONCLUSIONS
n conclusion, we have obtained time-resolved images in
wo dimensions of surface acoustic wave (SAW) propaga-
ion on glass through transient optical reflectivity
hanges arising from the photoelastic effect. A theoretical
reatment is presented that allows the data to be ana-
yzed and allows an image that depends solely on the in-

(a) ∆IR-X − ∆IL-X (b) ∆IL-Y − ∆IR-Y

-2

(a.u.)

2

0

(c) ∆IR-X + ∆IR-Y (d) ∆IL-X + ∆IL-Y

-1

(a.u.)

1

0

ig. 3. (Color online) Images of the difference or sum of �I of
ig. 2. (a), (b) Difference images as defined at the top of each fig-
re. These are related to the image of �xy. (c), (d) Sum images.
hese are related to �xx, �yy, and �zz. The imaged area is
40 �m�140 �m and the pump-probe delay time is 11.7 ns. The
uter ring represents the SSLW and the inner ring represents
he RW.
lane ultrasonic displacement to be extracted. This tech-
ique can detect small strain amplitudes ��10−5� over
icroscopic depths ��10 �m�. In the future, it should also

e possible to extend these experimental and theoretical
ethods to the analysis of anisotropic samples that ex-
ibit more complicated acoustic and optical properties.
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