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Mechanisms of unusual signal enhancement observed for transient reflecting F&Bigexperiments are
investigated under three types of surface plasmon resori8fé® 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 surf&@163-18208)02337-4

[. INTRODUCTION pump beams crossed at a sample surface or interface and the
generated transient grating is detected using the reflecting

Surface plasmonSP is an optically excited collective diffraction of a probe beam. The method has been applied to
motion of electrons oscillating under the influence of posi-investigate metal and semiconductor surfaces, multilayer
tive lattice ions. It has been drawing attention in variousfilms of nanometer thickness and electrochemical
fields because it is related to many physically important efinterfaces->*° It has provided information about photoex-
fects such as surface enhanced Raman scatté8EIRS  cited carrier dynamics and heat diffusion in a nanometer
(Ref. 1) and enhancement of second harmonic generatioscale near interfaces. We have also used the TRG method to
(SHG),2 and because it can be well applied to chemical andyenerate and detect the surface acoustic Wa¥é&V) of over
biochemical sensoté using an extremely sensitive feature GHz frequency that is applicable to determination of the
to a slight surface property change. It is possible to converelastic property of the surfacé:*®
almost all light energy into SP if the light is incident under a  In our previous paper’ we reported on TRG signal en-
surface plasmon resonan@&PR condition. The strong elec- hancement under an SPR condition for the Kretschmann
tric field generated at the surface or interface is the dominartonfiguration. Under SPR with the pump beams, we ob-
source of enhancement in SERS and SHG and its interactioserved a signal intensity 11 times larger than that under a
with molecules on the surface as well as surface roughnesmonresonant condition, which we attributed to high conver-
provides the operating principle of the sensors. After the insion efficiency from light to heat. Under SPR with the probe
teraction, almost all SP energy is converted into heat througheam, we also observed unexpected signal enhancement ac-
a nonradiative relaxation within a few hundred companied by a transient wave form change. We qualita-
femtoseconds~’ During the last few decades, many re- tively explained the dominating factor of the enhancement as
searchers have made numerous studies about SP itself andatgeflectivity modulation term, caused by temperature rise,
applicationg~1? although that term has been neglected in prior research.

If we consider SP-generated heat, it seems a photothermal In this article, we describe in detail TRG signal enhance-
measurement at a metal surface or a metal/liquid interfacenent under three types of SPR conditions, namely, SPR for
can be made by using a transient reflecting gratiiBG)  two pump beams only, SPR for a probe beam only, and SPR
method. In a TRG technique, a transient grating is momentor two pump beams and a probe beam. For the last case, we
tarily generated by an interference pattern of two coherenfound another enhanced signal with 100 times larger inten-
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FIG. 1. Experimental arrangement of the transient reflecting
grating method.(HM) half mirror, (ND) neutral density filter,
(PRM) partial reflective mirror(PMT) photomultiplier tube, X/2)
half wave plate. The other optical elements are prisms and mirrors.
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sity than under a non-SPR condition, almost at the same time ®) Side view

as the optical pulse, which was observed independently from

a so-called self-diffraction caused by coherent interaction be- F|G. 2. Schematic illustration of the arrangement of the sample
tween one of the pump beams and the probe beam. The nextd the laser beams. The two pump beams overlap and form an
section describes the SPR-TRG experiment. In Sec. lllinterference fringe pattern on the gold film/prism interface. The
mechanisms of signal enhancement are theoretically treategnerated transient grating is detected by the reflecting diffraction
on the basis of a thermally induced change in reflectiorof the probe beam. The incident angles may be varied using the
Fresnel coefficients. The results of the theoretical calculatiomotary stage.

and the experiment are compared and discussed in Sec. IV.

Section V summarizes the present work.

as in the Kretschmann configuration, which is often used in
Il. EXPERIMENT attenuated total reflection measurements. These three beams
The experimental arrangement is shown in Fig. 1. awere arranged within the same plane so that the incident

mode-lockedQ-switched Nd:YAG lasetQuantronix, model angdle of the pump beams with respect to the gold film was
416 was used as the light source. A single pulse was seslightly different from that of the probe beam. The incident
lected from a mode-locked pulse train and was frequenc@ndle of the pump beams was 1.3% larger than that of the
doubled to generate a polarized visible light puiseve- probe beam when the probe beam bisected the pump beams
length, 532 nm with a repetition rate of 1.03 kHz and pulseand the crossing angle of the pump beams was 18.3° in this
width of 84 ps in full width at half maximum A portion of ~ €xperimental alignment. This difference was negligible at the
the light pulse was reflected by a partial reflective mirror topresent experimental accuracy.

generate a probe pulse. The remainder was halved to gener- The interference pattern by pump pulses was projected at
ate two pump pulses of the same polarization plane beforthe prism/gold interface to form the TRG. Grating spacing
they were crossed again, coincident in time, to form an inwas controlled by the crossing angle of the pump pulses and
terference pattern. Each of the pump pulses was less thamas 1.67um in this experiment. The probe pulse was inci-
100 nJ/pulse in its time-averaged intensity at the sample andent at the center of the interference fringes after passing
60 um in diameter. The arrangement around the sample ithrough a computer controlled optical delay line. The probe
enlarged in Fig. 2. The sample was a 36 nm gold film vapobeam was 4Qum in diameter and less than 10 nJ/pulse in
deposited on the surface of a hemicylindrical glass prisnintensity. Polarization of the pump and probe beams could be
made of fused silica of refractive index 1.460 at 532 nm. Theadjusted ag polarized ors polarized with respect to the
prism was loaded on a rotary stage to allow the incidenmetal surface. This was done using two half wave plates.
angle of the laser beams to be changed. Angular resolutiobiffracted light intensity of the probe beam was monitored
was better than 1°. Two pump pulses and one probe pulssith a photomultiplier tubg(PMT) connected to a flexible
were incident from the prism side to the gold film, the samelight guide, whose entrance was placed at one of the first-



8430 KATAYAMA, SAWADA, SHEN, AND HARATA PRB 58

order reflecting diffraction spots. A polarization plate is usu- B. Reflection Fresnel coefficients and SP excitation

ally placed before the light gui_de for TRG measurements in 15 model this system, we start from the Fresnel theory of
order to reduce the scattered light of the pump beams. Howeflection. As is well known, no light propagating in vacuum
ever, th|S time It was remOVed n Order to examine the abSOCan direct'y excite SP on a flat surface because ||ght wave
lute signal intensity in measurements of various polarizationgectork for a certain energy photon is always smaller than
of pump and probe beams. The output signal from the PMThat of SP. However, when light is incident from the dielec-
was gated and averaged over one millisecond with a boxcatic medium of high refractive inder, SP excitation occurs
integrator(Ortec, 9415, 942Bbefore analog-to-digital trans- at a certain incident angle becauseould ben times larger
formation for the computer. A TRG response was obtainedn the medium. For SP excitation, we adopted the
on the computer by recording the signal intensity as a funcKretschmann configuratioff, which is a three-layer system
tion of the delay time of the probe pulse with respect to theconsisting of a dielectric medium, a thin metal film of thick-
pump pulses. The maximum time window of the observatiomessd and a second dielectric medium, which is air in this
was limited to 13.3 ns by the optical delay line length of 4 m.case. Light is incident from the first dielectric medium with

For a metal film on a dielectric substrate, TRG is gener2n incident angle ob. SP excitation is confirmed when we
ally formed as surface corrugation caused by spatial moduneasure reflectivitik as a function ob, becaus®(6) is the
lation of temperaturdthermal grating and a counterpropa- Minimum at the SPR angle. The Fresnel theory pred¢ty
gating SAW (acoustic gratinghaving the same wavelength aS follows:
as the optical fringe. Heat generation due to light absorption

R=r.r*, 1
and nonradiative relaxation followed by thermal expansion @
generates the thermal grating and the acoustic grating. We 1o+ T oeXp(i 2Kod)

observed incident angle dependence of TRG responses under r(e;)= (2

three types of polarization conditions of two pump beams 1+ 112l 258%R(i 2kzd)

and a probe beanp-polarized pump and-polarized probe;

ki —e.k:
s-polarized pump andp-polarized probe; ang-polarized rij:% (ij=12,23, 3
pump andp-polarized probe. A part of the results are shown EiKjTEK
in Figs. 4, 6, 8, and 9 for discussion in Sec. IV. For com- K= k(s — £,SiO)Y2 (=123, @

parison of the relative TRG signal intensity, peak height was
measured from a baseline, which is the signal level befor@vherer is the reflection Fresnel coefficients for the three-
pump pulses irradiate the samptielay time<<0). Although  layer structureg; is the dielectric constank; is the wave-
gains in the detection electronics were not changed duringector component of the electromagnetic field perpendicular
each measurement of the angle dependence, positional reas-the interface and;; is the reflection Fresnel coefficient at
rangement of the light guide entrance during the anglesach interface, with the subscript§ corresponding to each
change, as well as long term laser stability could influenceayer.

the signal intensity. We estimated such an error was less than

10%. C. Modified TRG theory taking into account spatial

modulation of reflection Fresnel coefficients

Like the reflectivity, the TRG signal shows the incident
angle dependence. Generally, we can classify reflecting grat-
A. TRG signal intensity ings into two types: amplitude grating and phase grating. A
spatially periodic modulation of surface displacement,

From simple considerations, the TRG signal amplitude )
Sire is proportional tolpPge?Rp(1—Rg)?2 where Pg is caused by SAW and thermal deformation, works as a phase

: - grating, which is generally recognized to dominate the TRG
ﬁ::g:lfo ags,?T irs)og\rlgg g %r;s;g/?ﬁeézlijtl;]?pﬁ Stg,ear;\g?gp;ﬁ? signal generatioﬁl._However, under an SPR condition where
Rg are probe and pump beam reflectivities, respectively’.[he _p_robe reflectivity approaches Zero, we Sh.Ol.Jld CO”S'deT an
This is becausSygg linearly depends both on the square of additional component since the small reflectivity ch_a_nge in-
the deposited energy density of the pump light(1— Re) dqced by p_hotogenerated h_eat can work as an efficient am-
and on the reflected light intensity of the probe bdamRp . plitude grating. Thus, TRG signal intensBrs is expressed

Here we assume that the diameter of the probe beam It%y

smaller than that of the pump beams. Although the depen- _ 2 .

dence ofS;rg on 1pPe2 has been verified for a variety of Stre=Ar(AW™+A2-Da(ro.1) ©
samples, incident angle-dependent behavioBgf; has not as a first approximation, wherku is the amplitude of the
been examined. Angle changes have a large influence @urface displacement normal to the surfage,and A, are
Sire Under SPR conditions because reflectivities are quiteonstants depending on experimental conditions,2ncep-
different, depending on the incident angle. When pump lightesents diffraction efficiency expressed as a function of
excites the SP, we can predi8trc becomes larger for the rg,rq, reflection Fresnel coefficients of the probe beam at
small Rg because it is proportional to (ARg)2. However, the pump interference maxima and minima, respectively.
under SPR of the probe beam, the above simple consideif-he first term expresses spatial phase modulation as a result
ation is not appropriate for the prediction 8frg on the of surface displacement, which is detected under usual TRG
grounds stated in the following sectidh. experimental conditions. The second term represents light

lll. THEORY
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intensity diffracted by spatial distribution of the reflection
Fresnel coefficients for the three-layer structure. It is due to 1
spatial modulation of a complex reflectivity coefficient as a
result of the photoinduced change in physical properties, for
which we concentrate on temperature rise in this case. As
shown in the next section, the second term becomes much
larger around the SPR angle.

In the transient grating theofy,light amplituded; dif-
fracted to the first reflecting diffraction spot is given by

o
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where B, is the amplitude of the incident beam, is the
grating spacing, and(x) is the amplitude of the reflection
along thFex dlrl;ecnc_’n’ \;Vhllijr; '.s' ?eﬂned parallel to ;he I%r%tlng the prism/gold/air structure vs incident angle. The film thickness is
vector. For the prism/gold/air layer structurgx) shou € 36 nm. The light is incident from the prism side. The best fitted

replaced by the reflection Fresnel. coefficients. Deﬁningcurves of reflectivity obtained by Fresnel theory are also shown.
Po, P1, Do, ¢1 as the Fresnel amplitude and phase at the

strengthened and weakened positions in the grating fringes,
respectively, we obtain
Po—pP1| 27X
2 A

r(x):HpoZpl N
bo— b1 27X
#2232 eod 27|

xex;{i

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

FIG. 3. The reflectivity ofp-polarized ands-polarized light for

D,ecd,d* , (10)

whered7 is the complex conjugate af, . Angle dependence
of D, is compared from an experiment in Sec. IV.

D. Method for estimation of optical properties

do+ P
2

(7 We evaluateAn and Ak with a method reported in the
literaturé® and is summarized as follows. The Drude theory
rovides a good approximation for calculating the optical
Fbperties of some meals when band transition is not impor-
tant. The optical constants are determined by three quanti-
ties, namely,w, the plasma frequency of the metal, the
optical frequency, and. the electron-phonon collision fre-
ap ap quency, which is the reciprocal of the relaxation time of the
S ANAT) +— AK(AT) |, electrons. Temperature dependence of the optical properties
(8) is dominated by the last term. The complex dielectric con-
stante is related to

p1=potAp(An,Ak)=pgo+

1= o+ Ap(An,Ak) F=h2 (11)
d do .
=¢ot a—nAn(ATHWAk(AT) , (99 and is expressed as
whereAT, An, andAk are the difference between the pump 5 ws el
interference maxima and minima, of temperatureand k, 8:1_w2+w§—' (a)2+a)§)w ) (12

respectively.py and ¢, are the amplitude and phase of the
reflection Fresnel coefficient at the ambient temperaturg o e -
without temperature jump and they are calculated with Eq.
(2). We find by numerical evaluation that all derivativespof 4
and ¢ with respect to eithen or k can be treated as constants w(T)= szfx _
for changes im andk under the present experimental con- oe—1
ditions. An and Ak are functions ofAT and are calculated
by the method in Sec. Ill D. When we predict the maximumHere T is Debye temperature and is a constant that is
of a transient, AT is regarded as temperature jump at theactually obtained with a knowm, value at a certain tem-
optical interference maxima just after the pump irradiation.perature.
We call this valueA T« in the following. It is calculated by Since the interband transition of gold mainly starts from
dividing the absorbed energy of two pump beamg(2 2.5 eV?*it can be ignored under our pump and probe con-
—Rg) by the heat capacity of gold, where heat diffusion isditions with 2.3 eV photon energy. Using Eq$1)—(13), we
neglected. can evaluate the temperature derivatives ahdk. As their
With Egs.(6) to (9), we can evaluat®; as integrals over temperature risén and Ak are obtained.

is a function of absolute temperattfeas

T
dz, x=—. (13
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. . . FIG. 5. Transient reflecting grating signal intensi®); back-
1 0 1 2 3 ground level (W); and theoretical predicted valuéA), Rp(1
Delay time (ns) —Rg)?, whereRp and Rg are reflectivities of pump and probe
beams, respectively, at various incident angles from 37 to 60°. The
ump beams arp polarized and the probe beamsipolarized. The
urface plasmon resonance angle is 51°. The experimental values
are height adjusted to the theoretical predicted values.

FIG. 4. Transient reflecting grating responses for the prism/gol
(36 nm/air structure at different incident angles of the laser beams
The pump beams apepolarized and the probe beamsipolarized.
The fringe spacing is 1.Zm.
the metal film causes a larger amplitude acoustic and thermal
displacement to make the TRG signal larger than for non-
SPR conditions.

A. Reflectivity curve Angle dependence of TRG signal transients is shown in
Fig. 4. For such transients, we subtract their background sig-
nal to make better comparisons for signal wave forms. Ex-

Reduction of reflectivity formp-polarized light is due to SP pectedly, the TRG signal intensity is 11 times larger under

e ; . o ; SPR with the pump beantmcident angle of 51°than under
excitation. The SP angle is 51° and it is not in good agré€e non-SPRpcon(Fj)ition of 40° incidgnt angle. Each of the

ment V‘]’c'th f?het_thteoretllcall ;/a(ljueftﬁ?gy elvattlua;ed ?]S the MiNYetected signal wave forms has a similar shape, composed of
mum ot refiectivity calculated wi qel) to (4), where we an exponentially decaying component along with an oscillat-

use literature values for wavelength 539 nmeas —6.29 . P ;

: ~ 25 o ing decay component containing information on the SAW.
+2.04 corresponding ton=0.402+2.54.™ Since metal Furthermore, we find the background signal level de-
films made under different conditions often have different ...oses around the SP angle. Figure 5 shows the signal

due to the difference in defect density, concentration of CONg44ima and the background signal levels at various incident

taminants and surface roughness, we carry out curve f'tt'ngngles. We predict enhancement of the signal quantitatively

for the reflectivity curve of thep-polarized light with the ,qiny conventional TRG theory as discussed in Sec. Il A. In
complex dielectric constant as a parameter. We obfin ;¢ caselp and Pg are constant, and theBygg is propor-
=0.40+2.1 as the best fitted value for the film thickness of ;- 1o Rp(1—Rg)2 These values are also plotted in Fig.

36 nm. Smooth curves in Fig. 2 are calculated with #his 5 The experimental values are height adjusted to the theo-
both for p-polarized ands-polarized light. Experimental val- atica| predicted values. Both of them have almost the same
ues are well expressed by the calculation, although a slightngency, except for angles larger than the SP angle. The
syste_matlcal difference still exists. We use t_he obtained jitference may be caused by reduction of light power at the
later in Sec. IVC V\_/here we evaluate TRG signal enhancesyq;sed spot and alignment discrepancy of the incident
ment under SPR with the probe beam. beams because rotation of the sample could have some sys-
tematical influence on the light intensity per unit area as well
as on the position of the focused spot.

The background in the TRG experiment comes from two
components. One is the electrical background that is constant

If the two pump beams arp polarized and the probe and has no influence on the experiment. The other is caused
beam iss polarized in angle-dependent TRG signal measureby scattered light from the solid surface. Since almost all of
ments, we can expect strong signal enhancement due to SRR light energy is absorbed at the gold surface under SPR
with the pump beams as was stated in Sec. Ill A. Since rewith the pump beams, scattered light is weakened causing
flectivity of the pump beams approaches zero at the SP angtbe background to decrease. Therefore, the signal intensity is
as shown in Fig. 2, SP is efficiently excited by the pumplarger while the background level is smaller as the incident
beams and, almost all of the light energy is converted intangle gets closer to the SP angle.
heat through the nonradiative relaxation of SP. Under SPR As previously reported®2® the period of the oscillation,
with the pump beams, a larger amount of heat deposited td.7 ns, in Fig. 4 is consistent with that calculated from SAW

IV. RESULTS AND DISCUSSION

Angle dependence of reflectivity for the sample is shown
in Fig. 3, both forp-polarized ands-polarized incident light.

B. TRG signal enhancement under SPR with the pump beams
and non-SPR with the probe beam
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FIG. 7. Calculated intensity and maxima of the transient reflect-
ing grating signal at the various incident angles when the probe
beam isp polarized and the pump beams arpolarized. The ex-
perimental values are normalized by the signal at 52°, which is the
largest value in the range from 37° to 60°. Amplitude of the theo-
retical values are height adjusted to the experimental data in order
. : ' to make comparison easier.
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Delay time (ns) ing a small oscillation. As we mentioned above, this wave
form change cannot be explained by conventional TRG
FIG. 6. Transient reflecting grating responses for the prism/gold¢heory.
(36 nm/air structure at different incident angles of the laser beams. We introduced a component to modify the TRG theory in
The pump beams amepolarized and the probe beampgpolarized.  Sec. Il C. The second term in E¢) expresses diffraction
The fringe spacing is 1.zm. caused by a spatial change in the reflecting Fresnel coeffi-
cients coming from change in refractive and extinction in-

velocity 2.8 km/s and grating spacing Lam. The signal dexes. Why this component enhances the TRG signal under

enhancement and the background level suppression enabl%ER with the probe beam is qualitatively explained as resuit-

us to apply this SPR with the pump beams more easily "9 from the SPR condition being very sensitive to changes

generate and detect GHz ultrasonics with a tunablé(;]. optical properties of the metal f”!“- When the temperature
wavelengti® |§tr]but|on causes spanal m_odulayon of the.r.efracnve index,
efficiency of SP excitation is critically position-dependent
for a probe beam incident around the SPR angle. The result-
ant nonuniform absorption of the probe beam causes reflect-
ing diffraction to increase. It is easy to explain the observed
wave form change if the theory predicts strong signal en-
Following the simple consideration described in Sec.hancement under SPR of the probe beam because the domi-
Il A, the TRG signal amplitudeS;rg should decrease to nant term becomes different. When thieu)? term in Eq.(5)
zero when reflectivityRp of the probe beam approaches zerodominates, TRG signal shows an exponential decay along
near the SP angle becauSggg is assumed to be propor- with an oscillation becausku is a mixture of the relaxations
tional toRp . If the two pump beams arepolarized and the of thermal and acoustic displacements. On the other hand,
probe beam ip polarized, we can expect strong signal sup-the TRG signal has exponential decay and no oscillation
pression due to SPR with the probe beam at the SP anglethen theD, term dominates because the cooling process of
However, what we actually observed under SPR with théhe distributed temperature rise cauBgs where the acous-
probe beam is signal enhancement accompanied by transieiit waves have no contribution to the TRG signal.
wave form change. When the probe beam excites SP, the The remaining problem is whether the theory predicts suf-
TRG signal intensity is 11 times larger than under non-SPHicient enhancement. We calculat®d to examine the en-
conditions. hancement. The calculation was carried out using the com-
Angle dependence of TRG signal transients is shown irplex refractive index of this sample obtained in Sec. IV A
Fig. 6. The enhancement and wave form change are clearnd as explained in Sec. Il C.
observed. At smaller angles than 46°, the wave forms are In our experimentAn and Ak were calculated as 0.035
made up of an exponentially decaying component along witland —0.018, respectively, for estimatedr ., of 50 K. We
an oscillating decay component. Each wave form has a simiealculatedD; at different incident angles and we evaluated
lar shape to the corresponding wave form in Fig. 4. How-signal intensity by neglecting the surface displacement term.
ever, the wave form at 51° shows only an exponential decayrigure 7 shows the calculated signal intensity and experi-
The wave form at 60° has mainly exponential decay containmental results of TRG signal maxima. The experimental data

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



8434 KATAYAMA, SAWADA, SHEN, AND HARATA PRB 58

are normalized to a unit intensity with the largest value ob-difference of the deposited heat quantity at each angle is
served at 52°, while amplitude of the theoretical values araeglected, roughly speaking, light diffracted by SAW keeps
height adjusted to the experimental data in order to makés phase during the angle change while that by spatial dis-
comparison easier. As shown in Fig. 7, the theory predictéribution of the reflection Fresnel coefficients can change its
substantial signal enhancement around and above the gpase, then the timing of the destructive or constructive in-
angle. From this result we confirm that the mechanism oferference has a 180° phase change. Observed results in Fig.

signal enhancement under SPR with the probe beam is due foSupport the conclusion that the spatial distribution of the
spatial modulation of the reflection Fresnel coefficients. reflection Fresnel coefficients has substantial influence on the

TRG signal.

Quantitatively, there are some problems with the theory. i i ,
The theory predicts the TRG signal intensity diversely in- _ FT0M an experimental viewpoint, we can expect to detect

creases just around the SP angle, but we could not obsersdnals mainly due to SAW at a smaller angle than the SP
such a sharp peak experimentally. As shown in Fig. 7, b ngle, which deduces the elastic properties. Thermal charac-

adjusting relative intensities, we can plot the experimental€'istics can be separately deduced from TRG signals ob-

data and the theoretical curves in a manner that they have ttf§"ved around the SP angle. It has been difficult to analyze
same tendency, except just around the sharp peak at the §#¢ TRG signal which is a complicated mix of thermal and

angle. The peak center is at 49.2° and the full width at halfcoustic signals, but with these measurements, we can esti-

maximum is 1.0°. We can give some possible reasons. Th ate the ratio of thermal and acoustic contributions for any
TRG signal at a given incident angle. The angle dependence

peak width is so small that we may have accidentally ) X X
skipped the appropriate angle range for the stronger enhancgl€asurement using thepolarized probe beam will enable

ment in the present experiment, scanning the incident angléS {0 separate the components of the TRG signal and it will
step by step where the minimum step width was 1°. AnotheProvide more exact analysis of the characteristic physical

reason is that the theoretical values in Fig. 7 depend criticallroPerties of the metal film and a second dielectric medium.
onAn andAk values. These values were evaluated with the _hen the theory presented here sufficiently explains the TRG

interband transitions considered to be negligible. There argignal enhancement accompanying wave form change quali-

interband transitions from theétband to the Fermi surface of tatively, although it contains some points for further quanti-
their starting energy of 1.9 eV, but this treatment seems ap@tive discussion.
propriate because they are reported to have less influence on
the optical constants than electrons, expressed by the Drude
theory, around the wavelength 532 nm used in this
experiment”? Further improvement of the angle resolution ~ SP excitation by eithep-polarized pump or probe beams
is required to clarify these points. enhances the TRG signal. Here we examine the TRG signal
Another problem with the theory is as follows. If we note when both pump and probe beams arpolarized. We re-
the measured signals for lower angles, the observed intensitjuced the intensity of the pump beams and the probe beam to
takes a minimum at 43° and intensities at 46° and 40° are 80% and 20%, respectively, with respect to the experimental
and 3 times larger than the minimum, respectively. Theconditions presented above. The expected TRG signal inten-
theory also predicts a minimum in the signal intensity atsity is reduced to 1.8% compared with the usual condition,
43.7°, but the intensity does not increase so much at lowegiccording to the theory in Sec. IIl. It should be noted that
angles. The difference between the experimental and theoreself-diffraction caused by interference between one of the
ical behaviors is caused by omission of thku)?> compo- pump beams and the probe beam is not detected in the
nent in this calculation. As shown in Fig. 6, these wavepresent experimental setup because diffraction spots by self-
forms contain oscillation by SAW. Then we must considerdiffraction are spatially separated from the spot we used to
the (Au)? component too, in order to interpret them. As detect the signal.
noted in the following paragraph, intensities of the mixed Under SPR with the pump and probe beams, the physical
signal of (Au)2 and D; components cannot be easily ex- origin of signal enhancement is expected as follows. At first
plained. an enhanced TRG is gotten because of the high conversion
Comparing the three wave forms for 40°, 43°, and 46° inefficiency from light to heat using the SPR with the pump
Fig. 6, we see that the wave form at 46° has a differenbeams and then the TRG is detected at high sensitivity with
oscillation phase than the others. We should recall that rethe SPR with the probe beam, where the thermal component
flectivity of p-polarized light had a maximum at 45° as is selectively enhanced. Transient wave forms measured at
shown in Fig. 3. That angle is the critical angle of the attenuthree incident angles are shown in Fig. 8. Each of them dif-
ated total reflection. Above that angle, the interface-normafers from the signals presented so far and has a sharp peak,
component of the light wave vector in air is converted fromwhose width is approximately equal to that of the optical
a real number to an imaginary one. The spatial distribution opulse duration, followed by an exponential decay like that
the electromagnetic field inside and near the gold film has #&ypically observed for the SPR with the probe beam. Both
dramatic change at the critical angle. In ES), we assumed the sharp peak and the following component have a maxi-
a simple superposition betweenA ()2 andD,. This treat- mum intensity at the SP angle incidence and their intensities
ment is valid only for some limited cases such as when onéecrease for angles other than the SP angles. This signal is
of them dominates the TRG signal. Generally, phase changeot detected for smaller angles than 45°.
at reflection can interfere with that of displacement. We can By replacing the optical wave guide for detecting light on
explain wave form behaviors near the total reflection angleone of the self-diffraction spots, we observed autocorrelation
by taking this interference in phase into account. When thef the optical pulse. The result is shown in Fig. 9 with one of

D. TRG signal enhancement under SPR with the pump
and probe beams
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FIG. 9. First peak of the transient reflecting grating signal when
both pump beams and the probe beam excite surface plasmon. The
autocorrelation trace of the optical pulse is also shown. Time 0 is
adjusted to the time when the autocorrelation trace takes a maxi-
mum.

the collective oscillation of electrons, namely SP, might
change the optical properties more dramatically than those
generated by the simple optical excitation. Measurements
with high time resolution should clarify this and we are now
-1 0 1 2 3 making them. Anyway we have detected some dynamic be-
Delay time (ns) havior of the excited electrons, with almost 100 times larger
intensity, using this configuration, which will be more effec-
FIG. 8. Transient reflecting grating responses for the prism/goldjye for the measurement of electronic interactions in metals

(36 nmy/air structure at different incident angles of laser beamstq, time scales much shorter than tens of picoseconds.
Both the pump beams and the probe beam molarized. The

upper and lower graphs show the transient wave forms at 0.3 and 3

Signal intensity (arb. units)

ns, respectively. The former and latter show the first peak and the V. CONCLUSION
exponential decay following it, respectively. The signal intensity
value of the former corresponds to that of the latter. We developed a TRG method under three types of SPR

conditions of two pump beams, one probe beam only, and

two pump beams and a probe beam. Each of them gave
the TRG signal transients measured under the same expednhancement in the TRG signal.
mental conditions except for the waveguide setting at an ap- When the pump beams excited the SP, the TRG signal
propriate position. Both traces are intensity normalized tovas enhanced quadratically in proportion to the absorbed
unity. They have different responses and the TRG signagnergy amount of the pump beams due to the high efficiency
shows some relaxation. Assuming the signal is made up dfom light to heat via SP. The SPR with the pump beams
some exponential decays convoluted with the incident pulsegrovide good signal intensity and low background and en-
we carried out fitting of the experimental wave form. The abled us to detect GHz ultrasonics easily.
faster one of the two relaxation times of the signal is deter- Under the SPR with the probe beam, the TRG signal was
mined as 1&5 ps. also enhanced but this enhancement involved a signal wave

When we consider its physical meaning, electrons in nonform change. This signal originated from the spatial reflec-

thermal equilibrium seem essential. Photoexcited electronsgion Fresnel coefficient change caused by the temperature
which are not SP itself, are one possible cause of the phaise. This component would be a secondary component under
nomena we observed although they are known to relax imsual conditions, but it became so large around the SP angle
gold through electron-phonon coupling within a few that it dominated the signal. Our modified TRG theory quali-
picosecond$® So they seem to have too fast a relaxationtatively explained this phenomenon. TRG signals were usu-
time. Based on the fact that this signal is detected onhally observed as a mix of components affected by heat and
around the SP angle and it clearly shows a larger intensit$AW relaxation. The enhancement of the pure thermal term
change than the heat relaxation component, we think thigiill enable us to separately detect each component.
signal is caused by the excited electrons made through the Under the SPR with the pump beams and the probe beam,
relaxation of SP. The 10 ps relaxation time observed couldve detected a component representing dynamics of electrons
be caused by a longer mean free path for the excited ele@robably in nonthermal equilibrium and related to SP. This
trons induced by SP than that for the normally excited elecfesult may provide a physical insight into SP. This signal
trons. We have no clear explanation why the signal was enwas much larger than any other components, which promises
hanced by such electrons. The electrons generated througimat this method is preferable for the detection of ultrafast
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electronic interactions in metals. faces of metal-liquid, metal/adsorbate, and so on. Advan-

Each of the three SPR conditions will have applicationtages of TRG, combined with the excellent sensitivity of SP
fields of TRG, especially for research on various electronicfor interfaces, will lead to acquisition of unique information
thermal and acoustic interactions in thin films and at inter-on nanometer-scale properties.
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