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Detection of photoinduced electronic, thermal, and acoustic dynamics of gold film
using a transient reflecting grating method under three types

of surface plasmon resonance conditions
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Mechanisms of unusual signal enhancement observed for transient reflecting grating~TRG! experiments are
investigated under three types of surface plasmon resonance~SPR! conditions, where two pump beams only, a
probe beam only, or two pump beams and a probe beam, excite surface plasmon. A gold thin film deposited on
a glass prism is measured in the Kretschmann configuration with a temporal resolution of tens of picoseconds.
The signal under each SPR condition exhibits different characteristic features in signal intensity and transient
behavior unlike the usual non-SPR TRG experiments. Under SPR with pump beams, high conversion effi-
ciency from light to heat allows detection of a TRG signal 11 times larger in magnitude and much lower in
background level than under a non-SPR with them. Under SPR with the probe beam, diffraction caused by
heat-induced spatial modulation as described by complex reflection Fresnel coefficients is theoretically proved
to enhance the TRG signal and to change transient behavior, which provides a way to get selective observation
of heat diffusion near the surface. When both pump and probe beams excite surface plasmons, an additional
signal is observed, almost at the same time as the optical pulse, having 100 times larger intensity than the other
signals, which is due to electrons excited at the gold surface.@S0163-1829~98!02337-6#
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I. INTRODUCTION

Surface plasmon~SP! is an optically excited collective
motion of electrons oscillating under the influence of po
tive lattice ions. It has been drawing attention in vario
fields because it is related to many physically important
fects such as surface enhanced Raman scattering~SERS!
~Ref. 1! and enhancement of second harmonic genera
~SHG!,2 and because it can be well applied to chemical a
biochemical sensors3,4 using an extremely sensitive featu
to a slight surface property change. It is possible to conv
almost all light energy into SP if the light is incident under
surface plasmon resonance~SPR! condition. The strong elec
tric field generated at the surface or interface is the domin
source of enhancement in SERS and SHG and its interac
with molecules on the surface as well as surface roughn
provides the operating principle of the sensors. After the
teraction, almost all SP energy is converted into heat thro
a nonradiative relaxation within a few hundre
femtoseconds.5–7 During the last few decades, many r
searchers have made numerous studies about SP itself a
applications.8–12

If we consider SP-generated heat, it seems a photothe
measurement at a metal surface or a metal/liquid interf
can be made by using a transient reflecting grating~TRG!
method. In a TRG technique, a transient grating is mom
tarily generated by an interference pattern of two coher
PRB 580163-1829/98/58~13!/8428~9!/$15.00
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pump beams crossed at a sample surface or interface an
generated transient grating is detected using the reflec
diffraction of a probe beam. The method has been applie
investigate metal and semiconductor surfaces, multila
films of nanometer thickness and electrochemi
interfaces.13–15 It has provided information about photoex
cited carrier dynamics and heat diffusion in a nanome
scale near interfaces. We have also used the TRG metho
generate and detect the surface acoustic wave~SAW! of over
GHz frequency that is applicable to determination of t
elastic property of the surface.16–18

In our previous paper,19 we reported on TRG signal en
hancement under an SPR condition for the Kretschm
configuration. Under SPR with the pump beams, we
served a signal intensity 11 times larger than that unde
nonresonant condition, which we attributed to high conv
sion efficiency from light to heat. Under SPR with the pro
beam, we also observed unexpected signal enhancemen
companied by a transient wave form change. We qual
tively explained the dominating factor of the enhancemen
a reflectivity modulation term, caused by temperature r
although that term has been neglected in prior research.

In this article, we describe in detail TRG signal enhanc
ment under three types of SPR conditions, namely, SPR
two pump beams only, SPR for a probe beam only, and S
for two pump beams and a probe beam. For the last case
found another enhanced signal with 100 times larger int
8428 © 1998 The American Physical Society
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PRB 58 8429DETECTION OF PHOTOINDUCED ELECTRONIC, . . .
sity than under a non-SPR condition, almost at the same
as the optical pulse, which was observed independently f
a so-called self-diffraction caused by coherent interaction
tween one of the pump beams and the probe beam. The
section describes the SPR-TRG experiment. In Sec.
mechanisms of signal enhancement are theoretically tre
on the basis of a thermally induced change in reflect
Fresnel coefficients. The results of the theoretical calcula
and the experiment are compared and discussed in Sec
Section V summarizes the present work.

II. EXPERIMENT

The experimental arrangement is shown in Fig. 1.
mode-lockedQ-switched Nd:YAG laser~Quantronix, model
416! was used as the light source. A single pulse was
lected from a mode-locked pulse train and was freque
doubled to generate a polarized visible light pulse~wave-
length, 532 nm with a repetition rate of 1.03 kHz and pu
width of 84 ps in full width at half maximum!. A portion of
the light pulse was reflected by a partial reflective mirror
generate a probe pulse. The remainder was halved to ge
ate two pump pulses of the same polarization plane be
they were crossed again, coincident in time, to form an
terference pattern. Each of the pump pulses was less
100 nJ/pulse in its time-averaged intensity at the sample
60 mm in diameter. The arrangement around the sampl
enlarged in Fig. 2. The sample was a 36 nm gold film va
deposited on the surface of a hemicylindrical glass pr
made of fused silica of refractive index 1.460 at 532 nm. T
prism was loaded on a rotary stage to allow the incid
angle of the laser beams to be changed. Angular resolu
was better than 1°. Two pump pulses and one probe p
were incident from the prism side to the gold film, the sa

FIG. 1. Experimental arrangement of the transient reflect
grating method.~HM! half mirror, ~ND! neutral density filter,
~PRM! partial reflective mirror,~PMT! photomultiplier tube, (l/2)
half wave plate. The other optical elements are prisms and mirr
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as in the Kretschmann configuration, which is often used
attenuated total reflection measurements. These three b
were arranged within the same plane so that the incid
angle of the pump beams with respect to the gold film w
slightly different from that of the probe beam. The incide
angle of the pump beams was 1.3% larger than that of
probe beam when the probe beam bisected the pump be
and the crossing angle of the pump beams was 18.3° in
experimental alignment. This difference was negligible at
present experimental accuracy.

The interference pattern by pump pulses was projecte
the prism/gold interface to form the TRG. Grating spaci
was controlled by the crossing angle of the pump pulses
was 1.67mm in this experiment. The probe pulse was inc
dent at the center of the interference fringes after pass
through a computer controlled optical delay line. The pro
beam was 40mm in diameter and less than 10 nJ/pulse
intensity. Polarization of the pump and probe beams could
adjusted asp polarized ors polarized with respect to the
metal surface. This was done using two half wave pla
Diffracted light intensity of the probe beam was monitor
with a photomultiplier tube~PMT! connected to a flexible
light guide, whose entrance was placed at one of the fi

g

s.

FIG. 2. Schematic illustration of the arrangement of the sam
and the laser beams. The two pump beams overlap and form
interference fringe pattern on the gold film/prism interface. T
generated transient grating is detected by the reflecting diffrac
of the probe beam. The incident angles may be varied using
rotary stage.
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8430 PRB 58KATAYAMA, SAWADA, SHEN, AND HARATA
order reflecting diffraction spots. A polarization plate is us
ally placed before the light guide for TRG measurements
order to reduce the scattered light of the pump beams. H
ever, this time it was removed in order to examine the ab
lute signal intensity in measurements of various polarizati
of pump and probe beams. The output signal from the P
was gated and averaged over one millisecond with a bo
integrator~Ortec, 9415, 9425! before analog-to-digital trans
formation for the computer. A TRG response was obtain
on the computer by recording the signal intensity as a fu
tion of the delay time of the probe pulse with respect to
pump pulses. The maximum time window of the observat
was limited to 13.3 ns by the optical delay line length of 4

For a metal film on a dielectric substrate, TRG is gen
ally formed as surface corrugation caused by spatial mo
lation of temperature~thermal grating! and a counterpropa
gating SAW~acoustic grating! having the same wavelengt
as the optical fringe. Heat generation due to light absorp
and nonradiative relaxation followed by thermal expans
generates the thermal grating and the acoustic grating.
observed incident angle dependence of TRG responses u
three types of polarization conditions of two pump bea
and a probe beam:p-polarized pump ands-polarized probe;
s-polarized pump andp-polarized probe; andp-polarized
pump andp-polarized probe. A part of the results are show
in Figs. 4, 6, 8, and 9 for discussion in Sec. IV. For co
parison of the relative TRG signal intensity, peak height w
measured from a baseline, which is the signal level bef
pump pulses irradiate the sample~delay time,0!. Although
gains in the detection electronics were not changed du
each measurement of the angle dependence, positional
rangement of the light guide entrance during the an
change, as well as long term laser stability could influen
the signal intensity. We estimated such an error was less
10%.

III. THEORY

A. TRG signal intensity

From simple considerations, the TRG signal amplitu
STRG is proportional to I PPE

2RP(12RE)2 where PE is
pump beam power density~J/cm2 /pulse! at the metal/prism
interface,I P is probe beam intensity~J/pulse!, and RP and
RE are probe and pump beam reflectivities, respectiv
This is becauseSTRG linearly depends both on the square
the deposited energy density of the pump lightPE(12RE)
and on the reflected light intensity of the probe beamI PRP .
Here we assume that the diameter of the probe beam
smaller than that of the pump beams. Although the dep
dence ofSTRG on I PPE

2 has been verified for a variety o
samples, incident angle-dependent behavior ofSTRG has not
been examined. Angle changes have a large influence
STRG under SPR conditions because reflectivities are q
different, depending on the incident angle. When pump li
excites the SP, we can predictSTRG becomes larger for the
small RE because it is proportional to (12RE)2. However,
under SPR of the probe beam, the above simple consi
ation is not appropriate for the prediction ofSTRG on the
grounds stated in the following section.19
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B. Reflection Fresnel coefficients and SP excitation

To model this system, we start from the Fresnel theory
reflection. As is well known, no light propagating in vacuu
can directly excite SP on a flat surface because light w
vectork for a certain energy photon is always smaller th
that of SP. However, when light is incident from the diele
tric medium of high refractive indexn, SP excitation occurs
at a certain incident angle becausek could ben times larger
in the medium. For SP excitation, we adopted t
Kretschmann configuration,20 which is a three-layer system
consisting of a dielectric medium, a thin metal film of thic
nessd and a second dielectric medium, which is air in th
case. Light is incident from the first dielectric medium wi
an incident angle ofu. SP excitation is confirmed when w
measure reflectivityR as a function ofu, becauseR(u) is the
minimum at the SPR angle. The Fresnel theory predictsR(u)
as follows:

R5r–r* , ~1!

r ~«2!5
r 121r 23exp~ i2k2d!

11r 12r 23exp~ i2k2d!
, ~2!

r i j 5
« ikj2« j ki

« ikj1« j ki
~ i j 512,23!, ~3!

ki5k~« i2«1sin2u!1/2 ~ i 51,2,3!, ~4!

where r is the reflection Fresnel coefficients for the thre
layer structure,« i is the dielectric constant,ki is the wave-
vector component of the electromagnetic field perpendicu
to the interface andr i j is the reflection Fresnel coefficient a
each interface, with the subscriptsi , j corresponding to each
layer.

C. Modified TRG theory taking into account spatial
modulation of reflection Fresnel coefficients

Like the reflectivity, the TRG signal shows the incide
angle dependence. Generally, we can classify reflecting g
ings into two types: amplitude grating and phase grating
spatially periodic modulation of surface displaceme
caused by SAW and thermal deformation, works as a ph
grating, which is generally recognized to dominate the TR
signal generation.21 However, under an SPR condition whe
the probe reflectivity approaches zero, we should conside
additional component since the small reflectivity change
duced by photogenerated heat can work as an efficient
plitude grating. Thus, TRG signal intensitySTRG is expressed
by

STRG5A1~Du!21A2•D1~r 0 ,r 1! ~5!

as a first approximation, whereDu is the amplitude of the
surface displacement normal to the surface,A1 and A2 are
constants depending on experimental conditions, andD1 rep-
resents diffraction efficiency expressed as a function
r 0 ,r 1 , reflection Fresnel coefficients of the probe beam
the pump interference maxima and minima, respective
The first term expresses spatial phase modulation as a r
of surface displacement, which is detected under usual T
experimental conditions. The second term represents l
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PRB 58 8431DETECTION OF PHOTOINDUCED ELECTRONIC, . . .
intensity diffracted by spatial distribution of the reflectio
Fresnel coefficients for the three-layer structure. It is due
spatial modulation of a complex reflectivity coefficient as
result of the photoinduced change in physical properties,
which we concentrate on temperature rise in this case.
shown in the next section, the second term becomes m
larger around the SPR angle.

In the transient grating theory,22 light amplituded1 dif-
fracted to the first reflecting diffraction spot is given by

d15S BI

L D E
0

L

r ~x!expS i2px

L Ddx, ~6!

where BI is the amplitude of the incident beam,L is the
grating spacing, andr (x) is the amplitude of the reflection
along thex direction, which is defined parallel to the gratin
vector. For the prism/gold/air layer structure,r (x) should be
replaced by the reflection Fresnel coefficients. Defin
r0 , r1 , f0 , f1 as the Fresnel amplitude and phase at
strengthened and weakened positions in the grating frin
respectively, we obtain

r ~x!5F S r01r1

2 D1S r02r1

2 D cosS 2px

L D G
3expF i S f01f1

2 D1S f02f1

2 D cosS 2px

L D G . ~7!

The Fresnel amplitude and phase are changed by temper
rise via changes in the complex refractive indexñ5n1 ik of
the metal film. Therefore,

r15r01Dr~Dn,Dk!5r01S ]r

]n
Dn~DT!1

]r

]k
Dk~DT! D ,

~8!

f15f01Df~Dn,Dk!

5f01S ]f

]n
Dn~DT!1

]f

]k
Dk~DT! D , ~9!

whereDT, Dn, andDk are the difference between the pum
interference maxima and minima, of temperature,n and k,
respectively.r0 and f0 are the amplitude and phase of th
reflection Fresnel coefficient at the ambient temperat
without temperature jump and they are calculated with
~2!. We find by numerical evaluation that all derivatives ofr
andf with respect to eithern or k can be treated as constan
for changes inn and k under the present experimental co
ditions. Dn and Dk are functions ofDT and are calculated
by the method in Sec. III D. When we predict the maximu
of a transient,DT is regarded as temperature jump at t
optical interference maxima just after the pump irradiatio
We call this valueDTmax in the following. It is calculated by
dividing the absorbed energy of two pump beams 2I E(1
2RE) by the heat capacity of gold, where heat diffusion
neglected.

With Eqs.~6! to ~9!, we can evaluateD1 as
o

r
s

ch

g
e
s,

ure

e
.

.

D1}d1d1* , ~10!

whered1* is the complex conjugate ofd1 . Angle dependence
of D1 is compared from an experiment in Sec. IV.

D. Method for estimation of optical properties

We evaluateDn and Dk with a method reported in the
literature23 and is summarized as follows. The Drude theo
provides a good approximation for calculating the optic
properties of some meals when band transition is not imp
tant. The optical constants are determined by three qua
ties, namely,vp the plasma frequency of the metal,v the
optical frequency, andvc the electron-phonon collision fre
quency, which is the reciprocal of the relaxation time of t
electrons. Temperature dependence of the optical prope
is dominated by the last term. The complex dielectric co
stant«̃ is related to

«̃5ñ2, ~11!

and is expressed as

«̃512
vp

2

v21vc
22 i

vp
2vc

~v21vc
2!v

, ~12!

wherevc is a function of absolute temperatureT as

vc~T!5Kx5E
0

x z4

ez21
dz, x5

TD

T
. ~13!

Here TD is Debye temperature andK is a constant that is
actually obtained with a knownvc value at a certain tem
perature.

Since the interband transition of gold mainly starts fro
2.5 eV,24 it can be ignored under our pump and probe co
ditions with 2.3 eV photon energy. Using Eqs.~11!–~13!, we
can evaluate the temperature derivatives ofn andk. As their
integrals over temperature rise,Dn andDk are obtained.

FIG. 3. The reflectivity ofp-polarized ands-polarized light for
the prism/gold/air structure vs incident angle. The film thickness
36 nm. The light is incident from the prism side. The best fitt
curves of reflectivity obtained by Fresnel theory are also shown
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IV. RESULTS AND DISCUSSION

A. Reflectivity curve

Angle dependence of reflectivity for the sample is sho
in Fig. 3, both forp-polarized ands-polarized incident light.
Reduction of reflectivity forp-polarized light is due to SP
excitation. The SP angle is 51° and it is not in good agr
ment with the theoretical value, 49°, evaluated as the m
mum of reflectivity calculated with Eqs.~1! to ~4!, where we
use literature values for wavelength 539 nm as«̃526.29
12.04i corresponding toñ50.40212.54i .25 Since metal
films made under different conditions often have differen«̃
due to the difference in defect density, concentration of c
taminants and surface roughness, we carry out curve fit
for the reflectivity curve of thep-polarized light with the
complex dielectric constant as a parameter. We obtaiñ
50.4012.1i as the best fitted value for the film thickness
36 nm. Smooth curves in Fig. 2 are calculated with thisñ
both for p-polarized ands-polarized light. Experimental val
ues are well expressed by the calculation, although a sl
systematical difference still exists. We use the obtaineñ
later in Sec. IV C where we evaluate TRG signal enhan
ment under SPR with the probe beam.

B. TRG signal enhancement under SPR with the pump beams
and non-SPR with the probe beam

If the two pump beams arep polarized and the probe
beam iss polarized in angle-dependent TRG signal measu
ments, we can expect strong signal enhancement due to
with the pump beams as was stated in Sec. III A. Since
flectivity of the pump beams approaches zero at the SP a
as shown in Fig. 2, SP is efficiently excited by the pum
beams and, almost all of the light energy is converted i
heat through the nonradiative relaxation of SP. Under S
with the pump beams, a larger amount of heat deposite

FIG. 4. Transient reflecting grating responses for the prism/g
~36 nm!/air structure at different incident angles of the laser bea
The pump beams arep polarized and the probe beam iss polarized.
The fringe spacing is 1.7mm.
n
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R
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the metal film causes a larger amplitude acoustic and ther
displacement to make the TRG signal larger than for n
SPR conditions.

Angle dependence of TRG signal transients is shown
Fig. 4. For such transients, we subtract their background
nal to make better comparisons for signal wave forms. E
pectedly, the TRG signal intensity is 11 times larger und
SPR with the pump beams~incident angle of 51°! than under
the non-SPR condition of 40° incident angle. Each of t
detected signal wave forms has a similar shape, compose
an exponentially decaying component along with an oscil
ing decay component containing information on the SAW

Furthermore, we find the background signal level d
creases around the SP angle. Figure 5 shows the si
maxima and the background signal levels at various incid
angles. We predict enhancement of the signal quantitativ
using conventional TRG theory as discussed in Sec. III A
this case,I P and PE are constant, and thenSTRG is propor-
tional to RP(12RE)2. These values are also plotted in Fi
5. The experimental values are height adjusted to the th
retical predicted values. Both of them have almost the sa
tendency, except for angles larger than the SP angle.
difference may be caused by reduction of light power at
focused spot and alignment discrepancy of the incid
beams because rotation of the sample could have some
tematical influence on the light intensity per unit area as w
as on the position of the focused spot.

The background in the TRG experiment comes from t
components. One is the electrical background that is cons
and has no influence on the experiment. The other is cau
by scattered light from the solid surface. Since almost all
the light energy is absorbed at the gold surface under S
with the pump beams, scattered light is weakened cau
the background to decrease. Therefore, the signal intensi
larger while the background level is smaller as the incid
angle gets closer to the SP angle.

As previously reported,19,26 the period of the oscillation,
1.7 ns, in Fig. 4 is consistent with that calculated from SA

ld
s.

FIG. 5. Transient reflecting grating signal intensity~d!; back-
ground level ~j!; and theoretical predicted value~m!, RP(1
2RE)2, where RP and RE are reflectivities of pump and prob
beams, respectively, at various incident angles from 37 to 60°.
pump beams arep polarized and the probe beam iss polarized. The
surface plasmon resonance angle is 51°. The experimental va
are height adjusted to the theoretical predicted values.
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velocity 2.8 km/s and grating spacing 1.7mm. The signal
enhancement and the background level suppression en
us to apply this SPR with the pump beams more easily
generate and detect GHz ultrasonics with a tuna
wavelength.26

C. TRG signal enhancement under non-SPR with the pump
beams and SPR with the probe beam

Following the simple consideration described in S
III A, the TRG signal amplitudeSTRG should decrease to
zero when reflectivityRP of the probe beam approaches ze
near the SP angle becauseSTRG is assumed to be propor
tional toRP . If the two pump beams ares polarized and the
probe beam isp polarized, we can expect strong signal su
pression due to SPR with the probe beam at the SP an
However, what we actually observed under SPR with
probe beam is signal enhancement accompanied by tran
wave form change. When the probe beam excites SP,
TRG signal intensity is 11 times larger than under non-S
conditions.

Angle dependence of TRG signal transients is shown
Fig. 6. The enhancement and wave form change are cle
observed. At smaller angles than 46°, the wave forms
made up of an exponentially decaying component along w
an oscillating decay component. Each wave form has a s
lar shape to the corresponding wave form in Fig. 4. Ho
ever, the wave form at 51° shows only an exponential dec
The wave form at 60° has mainly exponential decay conta

FIG. 6. Transient reflecting grating responses for the prism/g
~36 nm!/air structure at different incident angles of the laser bea
The pump beams ares polarized and the probe beam isp polarized.
The fringe spacing is 1.7mm.
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ing a small oscillation. As we mentioned above, this wa
form change cannot be explained by conventional TR
theory.

We introduced a component to modify the TRG theory
Sec. III C. The second term in Eq.~5! expresses diffraction
caused by a spatial change in the reflecting Fresnel co
cients coming from change in refractive and extinction
dexes. Why this component enhances the TRG signal un
SPR with the probe beam is qualitatively explained as res
ing from the SPR condition being very sensitive to chang
in optical properties of the metal film. When the temperatu
distribution causes spatial modulation of the refractive ind
efficiency of SP excitation is critically position-depende
for a probe beam incident around the SPR angle. The res
ant nonuniform absorption of the probe beam causes refl
ing diffraction to increase. It is easy to explain the observ
wave form change if the theory predicts strong signal
hancement under SPR of the probe beam because the d
nant term becomes different. When the (Du)2 term in Eq.~5!
dominates, TRG signal shows an exponential decay al
with an oscillation becauseDu is a mixture of the relaxations
of thermal and acoustic displacements. On the other ha
the TRG signal has exponential decay and no oscillat
when theD1 term dominates because the cooling process
the distributed temperature rise causesD1 , where the acous-
tic waves have no contribution to the TRG signal.

The remaining problem is whether the theory predicts s
ficient enhancement. We calculatedD1 to examine the en-
hancement. The calculation was carried out using the c
plex refractive index of this sample obtained in Sec. IV
and as explained in Sec. III C.

In our experiment,Dn and Dk were calculated as 0.03
and20.018, respectively, for estimatedDTmax of 50 K. We
calculatedD1 at different incident angles and we evaluat
signal intensity by neglecting the surface displacement te
Figure 7 shows the calculated signal intensity and exp
mental results of TRG signal maxima. The experimental d

ld
s.

FIG. 7. Calculated intensity and maxima of the transient refle
ing grating signal at the various incident angles when the pr
beam isp polarized and the pump beams ares polarized. The ex-
perimental values are normalized by the signal at 52°, which is
largest value in the range from 37° to 60°. Amplitude of the the
retical values are height adjusted to the experimental data in o
to make comparison easier.
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are normalized to a unit intensity with the largest value o
served at 52°, while amplitude of the theoretical values
height adjusted to the experimental data in order to m
comparison easier. As shown in Fig. 7, the theory pred
substantial signal enhancement around and above the
angle. From this result we confirm that the mechanism
signal enhancement under SPR with the probe beam is du
spatial modulation of the reflection Fresnel coefficients.

Quantitatively, there are some problems with the theo
The theory predicts the TRG signal intensity diversely
creases just around the SP angle, but we could not obs
such a sharp peak experimentally. As shown in Fig. 7,
adjusting relative intensities, we can plot the experimen
data and the theoretical curves in a manner that they have
same tendency, except just around the sharp peak at th
angle. The peak center is at 49.2° and the full width at h
maximum is 1.0°. We can give some possible reasons.
peak width is so small that we may have accidenta
skipped the appropriate angle range for the stronger enha
ment in the present experiment, scanning the incident a
step by step where the minimum step width was 1°. Anot
reason is that the theoretical values in Fig. 7 depend critic
on Dn andDk values. These values were evaluated with
interband transitions considered to be negligible. There
interband transitions from thed band to the Fermi surface o
their starting energy of 1.9 eV, but this treatment seems
propriate because they are reported to have less influenc
the optical constants than electrons, expressed by the D
theory, around the wavelength 532 nm used in t
experiment.27,28 Further improvement of the angle resolutio
is required to clarify these points.

Another problem with the theory is as follows. If we no
the measured signals for lower angles, the observed inten
takes a minimum at 43° and intensities at 46° and 40° a
and 3 times larger than the minimum, respectively. T
theory also predicts a minimum in the signal intensity
43.7°, but the intensity does not increase so much at lo
angles. The difference between the experimental and the
ical behaviors is caused by omission of the (Du)2 compo-
nent in this calculation. As shown in Fig. 6, these wa
forms contain oscillation by SAW. Then we must consid
the (Du)2 component too, in order to interpret them. A
noted in the following paragraph, intensities of the mix
signal of (Du)2 and D1 components cannot be easily e
plained.

Comparing the three wave forms for 40°, 43°, and 46°
Fig. 6, we see that the wave form at 46° has a differ
oscillation phase than the others. We should recall that
flectivity of p-polarized light had a maximum at 45° a
shown in Fig. 3. That angle is the critical angle of the atte
ated total reflection. Above that angle, the interface-norm
component of the light wave vector in air is converted fro
a real number to an imaginary one. The spatial distribution
the electromagnetic field inside and near the gold film ha
dramatic change at the critical angle. In Eq.~5!, we assumed
a simple superposition between (Du)2 and D1 . This treat-
ment is valid only for some limited cases such as when
of them dominates the TRG signal. Generally, phase cha
at reflection can interfere with that of displacement. We c
explain wave form behaviors near the total reflection an
by taking this interference in phase into account. When
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difference of the deposited heat quantity at each angle
neglected, roughly speaking, light diffracted by SAW kee
its phase during the angle change while that by spatial
tribution of the reflection Fresnel coefficients can change
phase, then the timing of the destructive or constructive
terference has a 180° phase change. Observed results in
6 support the conclusion that the spatial distribution of
reflection Fresnel coefficients has substantial influence on
TRG signal.

From an experimental viewpoint, we can expect to det
signals mainly due to SAW at a smaller angle than the
angle, which deduces the elastic properties. Thermal cha
teristics can be separately deduced from TRG signals
served around the SP angle. It has been difficult to ana
the TRG signal which is a complicated mix of thermal a
acoustic signals, but with these measurements, we can
mate the ratio of thermal and acoustic contributions for a
TRG signal at a given incident angle. The angle depende
measurement using thep-polarized probe beam will enabl
us to separate the components of the TRG signal and it
provide more exact analysis of the characteristic phys
properties of the metal film and a second dielectric mediu
Then the theory presented here sufficiently explains the T
signal enhancement accompanying wave form change q
tatively, although it contains some points for further quan
tative discussion.

D. TRG signal enhancement under SPR with the pump
and probe beams

SP excitation by eitherp-polarized pump or probe beam
enhances the TRG signal. Here we examine the TRG sig
when both pump and probe beams arep polarized. We re-
duced the intensity of the pump beams and the probe bea
30% and 20%, respectively, with respect to the experime
conditions presented above. The expected TRG signal in
sity is reduced to 1.8% compared with the usual conditi
according to the theory in Sec. III. It should be noted th
self-diffraction caused by interference between one of
pump beams and the probe beam is not detected in
present experimental setup because diffraction spots by
diffraction are spatially separated from the spot we used
detect the signal.

Under SPR with the pump and probe beams, the phys
origin of signal enhancement is expected as follows. At fi
an enhanced TRG is gotten because of the high conver
efficiency from light to heat using the SPR with the pum
beams and then the TRG is detected at high sensitivity w
the SPR with the probe beam, where the thermal compon
is selectively enhanced. Transient wave forms measure
three incident angles are shown in Fig. 8. Each of them
fers from the signals presented so far and has a sharp p
whose width is approximately equal to that of the optic
pulse duration, followed by an exponential decay like th
typically observed for the SPR with the probe beam. Bo
the sharp peak and the following component have a m
mum intensity at the SP angle incidence and their intensi
decrease for angles other than the SP angles. This sign
not detected for smaller angles than 45°.

By replacing the optical wave guide for detecting light o
one of the self-diffraction spots, we observed autocorrelat
of the optical pulse. The result is shown in Fig. 9 with one
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PRB 58 8435DETECTION OF PHOTOINDUCED ELECTRONIC, . . .
the TRG signal transients measured under the same ex
mental conditions except for the waveguide setting at an
propriate position. Both traces are intensity normalized
unity. They have different responses and the TRG sig
shows some relaxation. Assuming the signal is made up
some exponential decays convoluted with the incident pu
we carried out fitting of the experimental wave form. T
faster one of the two relaxation times of the signal is de
mined as 1065 ps.

When we consider its physical meaning, electrons in n
thermal equilibrium seem essential. Photoexcited electr
which are not SP itself, are one possible cause of the p
nomena we observed although they are known to relax
gold through electron-phonon coupling within a fe
picoseconds.29 So they seem to have too fast a relaxati
time. Based on the fact that this signal is detected o
around the SP angle and it clearly shows a larger inten
change than the heat relaxation component, we think
signal is caused by the excited electrons made through
relaxation of SP. The 10 ps relaxation time observed co
be caused by a longer mean free path for the excited e
trons induced by SP than that for the normally excited el
trons. We have no clear explanation why the signal was
hanced by such electrons. The electrons generated thr

FIG. 8. Transient reflecting grating responses for the prism/g
~36 nm!/air structure at different incident angles of laser beam
Both the pump beams and the probe beam arep polarized. The
upper and lower graphs show the transient wave forms at 0.3 a
ns, respectively. The former and latter show the first peak and
exponential decay following it, respectively. The signal intens
value of the former corresponds to that of the latter.
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the collective oscillation of electrons, namely SP, mig
change the optical properties more dramatically than th
generated by the simple optical excitation. Measureme
with high time resolution should clarify this and we are no
making them. Anyway we have detected some dynamic
havior of the excited electrons, with almost 100 times larg
intensity, using this configuration, which will be more effe
tive for the measurement of electronic interactions in me
for time scales much shorter than tens of picoseconds.

V. CONCLUSION

We developed a TRG method under three types of S
conditions of two pump beams, one probe beam only,
two pump beams and a probe beam. Each of them g
enhancement in the TRG signal.

When the pump beams excited the SP, the TRG sig
was enhanced quadratically in proportion to the absor
energy amount of the pump beams due to the high efficie
from light to heat via SP. The SPR with the pump bea
provide good signal intensity and low background and
abled us to detect GHz ultrasonics easily.

Under the SPR with the probe beam, the TRG signal w
also enhanced but this enhancement involved a signal w
form change. This signal originated from the spatial refle
tion Fresnel coefficient change caused by the tempera
rise. This component would be a secondary component un
usual conditions, but it became so large around the SP a
that it dominated the signal. Our modified TRG theory qua
tatively explained this phenomenon. TRG signals were u
ally observed as a mix of components affected by heat
SAW relaxation. The enhancement of the pure thermal te
will enable us to separately detect each component.

Under the SPR with the pump beams and the probe be
we detected a component representing dynamics of elect
probably in nonthermal equilibrium and related to SP. T
result may provide a physical insight into SP. This sign
was much larger than any other components, which prom
that this method is preferable for the detection of ultraf

FIG. 9. First peak of the transient reflecting grating signal wh
both pump beams and the probe beam excite surface plasmon
autocorrelation trace of the optical pulse is also shown. Time
adjusted to the time when the autocorrelation trace takes a m
mum.
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electronic interactions in metals.
Each of the three SPR conditions will have applicati

fields of TRG, especially for research on various electron
thermal and acoustic interactions in thin films and at int
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faces of metal-liquid, metal/adsorbate, and so on. Adv
tages of TRG, combined with the excellent sensitivity of S
for interfaces, will lead to acquisition of unique informatio
on nanometer-scale properties.
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