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Recent studies on ultrafast energy transfer at solid/liquid interfaces were reviewed, focusing on our developed
photothermal techniques: femtosecond transient reflectivity (fs-TR) method, femtosecond transient reflecting grating (fs-
TRG) method, and picosecond surface plasmon resonance transient reflecting grating (ps-SPR-TRG) method. Firstly,
Pt/auqoues electrolyte interfaces were measured using the fs-TR method. An ultrafast relaxation component of 20 fs was
first observed in the P/HCI (aq) and Pt/H,SO4 (aq) interfaces, in which the anions (C1~ and SO427) have strong affinity
to the Pt surface. It was suggested that this is due to the scattering of non-thermalized electrons by adsorbed anions.
Secondly, TiO2/KSCN (aq) interfaces were measured using the fs-TRG method. Ultrafast relaxation components (110—
690 fs) were observed in the TRG signals. This marked the first observation of the contribution of nonequilibrium holes
to the energy transfer at TiO,/KSCN (aq) interfaces. Thirdly, Au/NaCl (aq) interfaces were measured using ps-SPR-TRG
method, focusing at both the behavior of hot electrons and thermal diffusion. The results indicated that an ultrafast energy
transfer process occurs prior to the heat diffusion and this process is hindered by the adsorbed ions.

The elementary processes of solid/liquid interface reac-
tions represent a very exciting and important area of sci-
ence and technology. Especially, the energy transfer dynam-
ics at solid/liquid interfaces plays a crucial role in various
processes such as electrode reaction, photocatalysis, pho-
tosynthesis, and corrosion.'™ Understanding of the ultra-
fast charge transfer dynamics at the interface is fundamen-
tally important for designing functional electrode surfaces
and for controlling the interfacial reactions. The contribu-
tion of hot electrons in photo-excited reaction has attracted
much attention because the initial reaction proceeds in ul-
trafast time region when the photo-excited electrons are not
in equilibrium with other electrons. Hot electrons mean
the photo-excited electrons that are not in equilibrium with
other electrons. However, monitoring of the hot electrons at
solid/liquid interfaces accompanies experimental difficulties
because of their buried nature. Actually many investigations
on solid surfaces have been performed using various meth-
ods such as laser spectroscopy, AES, UPS, XPS, whereas few
methodologies have been reported on ultrafast dynamics at
solid/liquid interfaces.*—"*

Photothermal spectroscopy is one of the most useful meth-
ods that allow in situ measurements with high time-resolu-
tion, high sensitivity, and high interfacial selectivity.'*!> This

method utilizes nonradiative relaxation processes of elec-
trons while fluorescence (luminescence) spectroscopy uti-
lizes radiative relaxation processes. It is applicable to un-
modified interfaces because it does not require luminescence
or fluorescence.

Our aim is to investigate the ultrafast dynamics at
solid/liquid interfaces by using photothermal spectroscopy.
Development of spectroscopic methodologies appropriate
for the solid/liquid interfaces are indispensable for the mea-
surements. We have developed high time-resolved pho-
tothermal techniques: femtosecond transient reflectivity
(TR) method, femtosecond transient reflecting grating (TRG)
method, and picosecond surface plasmon resonance (SPR)
TRG method. We have applied these methods to solid sur-
faces and solid/liquid interfaces, and successfully obtained
significant information on photoexcited carriers.'*

In this review, we summarize our recent studies on ultra-
fast dynamics at solid/liquid interfaces using our developed
photothermal techniques, not over the entire broad range of
photothermal spectroscopy.
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1. Observation of Ultrafast Relaxation Process at
Pt/Electrolyte Interfaces by Femtosecond Transient Re-
flectivity (TR) Method

Firstly, transient reflectivity measurement was performed in or-
der to obtain information of ultrafast dynamics at solid/liquid inter-
faces. Transient reflectivity (TR) method simply monitors transient
reflectivity change induced by a pump beam using a probe beam. '
When a sample surface is irradiated by the pump beam, electronic
excitation occurs in the irradiated spot. The excitation brings about
refractive index change, i. e., reflectivity change. Therefore in-
formation on electronic excitation can be obtained by monitoring
the intensity of the reflected light of the probe beam. By using
a femtosecond pulsed laser with an autocorrelation of 170 fs, the
method was successfully extended to 10 femtosecond time region.
Details on experimental setup have been described in our previous
review.”

Hibara et al. measured TR for a polycrystalline Pt thin-film with
thickness of 30 nm immersed in aqueous electrolyte solutions, fo-
cusing the interfacial electronic interaction between Pt and anions
(Fig. 1).!® By using the thin-film instead of bulk Pt, the diffusion
of hot electrons perpendicular to the interface could be prevented.
Three types of aqueous electrolyte solutions were used for the mea-
surement: 0.1 moldm * HCIO4, 0.1 moldm™ H,SO4 and 0.1
mol dm~3 HCI. Since the affinities of CI~ and SO4>™ are stronger
than C10, ", the effect of affinity to the ultrafast dynamics could be
investigated.

Figure 2 shows TR responses at the Pt/electrolyte solution in-
terfaces. The ratio of reflectivity change (OR/R) is on the order of
107 to 10™*. The curves in Fig. 2 correspond to the following
processes. Electrons within the optical penetration depth (less than
15 nm) are excited, and subsequently the excited electrons are ther-
malized within 1 ps. The reflectivity change within 1 ps correspond
to an energy transfer process from the electrons to the Pt lattice
by way of electron-phonon coupling, and that after thermalization
corresponds to electron temperature.

The analysis of the curves was performed considering instrumen-
tal functions. It was found the bi-exponential model was only valid
for the TR responses for pure water and HC104. The TR responses
for HCI and H,SO, were suitably fitted with tri-exponential model.
The fitting parameters are summarized in Table 1. The first and
second components correspond to the electron—phonon coupling
relaxation and heat diffusion, respectively. The relaxation times

Fig. 1. Schematic illustration of the experimental arrange-
ment around the sample cell for femtosecond time-resolved
transient reflectivity measurements. The Pt thin film was 30
nm thick, and aqueous solutions used were 0.1 M HCIOq,
0.1 M HC], 0.1 M H2SO4, and pure water.
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Fig. 2. Transient reflectivity responses at the Pt/aqueous

electrolyte solutions interfaces.

Table 1. Time Constants and Pre-exponential Factors Cal-
culated as Fitting Parameters for the Transient Refiec-
tivity Responses from Pt/Aqueous Electrolyte Solutions

Interfaces
T1(ps) 72(ps) T3 (ps) C G G
Pure water 0.3 60 072 0.28
HCIO4 0.4 100 0.66 0.34
HCl1 0.6 100 0.02 0.03 0.02 095
H;S04 0.7 100 0.02 0.03 0.02 095

of electron—phonon coupling agree with those reported in an early
work of the Pt surface in the UHV.3® On the other hand, the third
component (20 fs) in HCl and H,SO4 was first observed in this
study. The relaxation time 20 fs is much faster than the processes
of electron—phonon coupling, and mechanisms faster than the elec-
tron—phonon coupling should be considered. Itis natural to consider
that this component reflects the strong affinity of the anions to the
Pt surface. It is proposed that the third component is due to non-
radiative relaxation of non-thermalized electrons (NTEs) through
interfacial scattering by adsorbed anions. The NTEs are the elec-
trons which are not in equilibrium with other electrons below the
Fermi level, i. e., do not follow the Fermi distribution. The NTEs
are first excited by incident photons, and they scatter with other
electrons to attain the Fermi distribution. It is considered that this
process is affected by the adsorbed anion and appeared as the third
process.

In summary, the Pt/electrolyte interfaces were measured using
the femtosecond TR method. A novel ultrafast relaxation com-
ponent (20 fs) was found in the PYHCI (aq) and Pt/H,SO4 (aq)
interfaces. It was proposed that this is due to the scattering of non-
thermalized electrons by adsorbed anions.

2. Femtosecond Transient Reflecting Grating (TRG)
Method and Its Application to Monitoring of Ultrafast
Energy Transfer at TiO,/KSCN (aq) Interfaces

As mentioned above, the TR method monitors extremely small
reflectivity changes (GR/R = 10™°—107*). This causes low S/N ra-
tio of the TR signals and experimental difficulties in measurements.
In order to improve S/N ratio of the ultrafast signals, Morishita
et al. developed a femtosecond transient reflecting grating (TRG)
method and successfully applied it to solid/liquid interfaces.”®**

The principle of the transient reflecting grating (TRG) method is
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shown in Fig. 3. Two pump pulses of the same wavelength Apump
cross on a sample surface, to form an optical interference pattern
with a fringe spacing A, A = Apump/2sin 8 where 0 is a pump
beam incident angle normal to the surface. This interference pattern
transforms into a periodical refractive index change, which acts as
a transient diffraction grating. A probe pulse is incident normal
to the grating, and a diffracted light is observed. The intensity of
the diffracted light is monitored as a function of the delay time of
the probe beam. The TRG signal reflects dynamic information on
surfaces such as refractive index change by electronic excitation
and heat generation.

The experimental setup for the TRG method is shown in Fig. 4.
The light source was a regeneratively amplified Ti : Sapphire laser
system which had an auto-correlation of 150 fs, wavelength of 800
nm and repetition rate of 1 kHz. The output beam of the 800 nm
wavelength was partly reflected by a half mirror to generate a probe
beam passing through a computer controlled optical delay line. The
residual beam was frequency-doubled by a BBO crystal to generate
a 400 nm beam which was split into two parts. Each pump pulse
had a spot size of 600 um and the fluency was changed from 2.16
to 4.57 mJem™2. The pump pulse had p-polarization. We wanted
to study how the photo-excited carrier density affects the interface
reaction. The fringe spacing was set to 2.1 um by setting the
incident angle to 5°. Polarizations of the pump and probe beams

Interference fringe spacing A=A /2sin 6
..(4: 400nm)

Pump beam

)\/

Probe beam

Fig. 3.  Schematic illustration of the principle of the TRG
method. Two pump laser pulses excite an interference
fringe at the intersection, which acts as a transient reflecting
grating for a probe beam.
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Fig. 4.  Experimental setup for the femtosecond TRG

method. HM, half mirror ; PD, photodiode.
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were perpendicular to each other. The diffracted light was detected
by a PIN photodiode. The output of the photodiode was fed into a
fast-gated-integrator and its average signal was recorded as a TRG
response.

A sample cell was fabricated for solid/liquid interface measure-
ments. Its optical window was made of quartz glass with optically
flat surfaces and the thickness of the liquid phase could be controlled
by changing the spacers. Controlling the thickness of the liquid
phase was indispensable to improvement of the S/N ratio because
fluctuation of the liquid phase greatly disturbs the measurement. A
solid/liquid interface was prepared by pouring a KSCN (aq) solu-
tion into the sample cell. A TiO; single crystal was attached to the
sample cell. The TiO; single crystal with Rutile structure (001) sur-
faces was purchased (K & R Creation Co., Inc.) and used without
any modification. KSCN was also purchased (Wako Chemical Co.,
Inc.; special grade; 99.5% purity) and used without further purifica-
tion. The concentrations of KSCN (aq) solution were in the range
of 0—20 mM with the pump beam fluency of 4.5 mJ cm™2 We
intended to study how the population of adsorbate on TiO, affects
the behavior of photo-excited carriers.

TRG responses from the interfaces between TiO; and KSCN (aq)
in the range of 0—20 mM are shown in Fig. 5. The S/N ratio of
the TRG signals was improved by decreasing the thickness of the
liquid phase which prevented its fluctuation. The intensity of the
TRG signals was almost the same, regardless of the thickness of the
liquid phase. This indicates that the TRG signals were not from the
bulk solutions but from the interface.

An increase in the TRG signal corresponds to the change in the
refractive index of the sample surfaces induced by the generation
of photoexcited carriers. In Fig. 5, the small fall after the peak
clearly becomes greater with increasing SCN™ concentration and
the small fall is never observed at the TiO,/Hz2O interface. The
time constants of this decay component is summarized in Table 2.
The adsorption of SCN™ ion is not saturated in this concentration
region, and the number of adsorbate increases with increasing con-
centration of SCN ™. Therefore, the increase in the intensity of the
small fall reflects the phenomena involving the adsorbate (SCN™).
The maximum height of the TRG signal is almost constant in all
experiments, which suggests that there is no change in the density

2

TRG responses (normalized)

J |

0 3 6
Time (ps)
Fig. 5. Typical TRG signals from TiO,/SCN™ aq interfaces
with various SCN™ concentrations. The concentrations of

SCN™ are a: 20 mM, b: 15 mM, ¢: 10 mM, and d: 0 mM.
For clarity, the signals are vertically displaced.
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Table 2. Time Constants and Pre-exponential Factors Cal-
culated as Fitting Parameters for the TRG Signals from
TiO,/KSCN (aq) Interfaces
Concentration of KSCN is fixed at 15 mM.

Pump power intensity (mW) 7 (fs) 72 (ps) C G
4 110 173 0.54 046
5 200 137 0.38 0.62
7 450 130 0.22 0.78
8 690 150 0.17 0.83

of pump beam fluency due to self-focusing induced by the SCN™
(aq). These facts indicate that an ultrafast relaxation process of the
photoexcited holes (110—690 fs) occurs at the TiO,/SCN™ (aq)
interfaces.

Figure 6 shows the intensity of the ultrafast decay component
vs the concentration of SCN™. The intensity of the ultrafast decay
component increases with the increase of the SCN™ concentration;
that is, the ultrafast relaxation of the photoexcited holes becomes
dominant with the increase in the number of adsorbed SCN™ ions.
Thus, we can presume that the observed ultrafast decay is mainly
due to ultrafast hole transfer at the interfaces 110—690 fs.

Next, the photoexcited hole dynamics at several pump beam
powers was considered. Figure 7 shows the dependence of the
TRG responses from the TiO2/SCN™ interfaces on the number of
the photoexcited carriers. The concentration of the SCN™ (aq) is
all 15 mM in this experiment. Since the atomic density of the
TiO; is 100 times higher than that of the photoexcited carriers, the
absorption of the solid sample is not saturated even at high power.
The intensity of the TRG signals and the relative number of the
photoexcited carriers which contribute to the interfacial reaction
vs. the pump beam power is plotted in Fig. 8. The intensity of the
TRG signals and the relative number of the photoexcited carriers
increase with the increase of the pump beam power. However, the
coefficients of the increase are not as expected. This means that the
ratio of the ultrafast charge transfer decreases with an increasing
number of photoexcited carriers. This is probably because the path
for the ultrafast charge transfer is controlled by not only the density
of photoexcited carriers but also other factors, such as the number
of adsorbate molecules and the number of lattice defects at the
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Fig. 6. Intensity of the ultrafast decay component vs. the

concentration of SCN™. The intensity of the component
increases with increasing concentration of SCN™.
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Fig. 7. Typical TRG signals from the TiO,/SCN™ aq inter-
faces with various pump beam powers. The intensities of
the pump beam power are a: 4 mW, b: 5 mW, c: 7 mW, d:
8 mW. For clarity, the signals are vertically displaced.
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Fig. 8. Intensity of the TRG signals and the relative intensity
of the fast relaxation component vs. pump beam power.

interface.

The obtained TRG signals are fitted with a double exponential
decay using a least-squares method. The signals are deconvolved
using an instrumental function with fwhm of 250 fs. As shown
in Table 2, the time constant increases with increasing the pump
beam power (110—690 fs), whereas the intensity decreases with
increasing the pump beam power. The increase in the time constants
is probably due to the change in path for the ultrafast charge transfer
as discussed above.

Photoexcited holes exist as non-equilibrium holes on a time scale
of 100 fs after which they undergo an energy dissipation process
via the carrier-carrier scattering. Our experimental results suggest
a role for non-equilibrium holes in the reaction at the TiQ»/SCN™
interfaces. With the increase in the number of photoexcited carriers,
the energy dissipation process becomes dominant and the interfacial
reactive process occurs less, because the rate of the carrier-carrier
scattering process increases, and vice versa. We believe this is the
first observation of the contribution of nonequilibrium holes to the
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reaction at TiOo/SCN ™ interfaces. It is very exciting to note that the
ultrafast nonequilibrium hole transfer in 110—690 fs was observed
here, because it has been thought that nonequilibrium hole transfer
does not occur and only equilibrated holes can be transferred across
an interface. This work indicates that the nonequilibrium holes
should be taken into account in interface reactions. We believe
this result will provide valuable knowledge for designing electrode
surfaces and controlling interfacial reactions.

3. Picosecond Transient Reflecting Grating Method
under Surface Plasmon Resonance (SPR-TRG) and
Its Application to Monitoring of Energy Transfer at
Au/NaCl (aq) Interfaces

Femtosecond TR and TRG studies were performed to reveal ul-
trafast energy transfer processes at solid/liquid interfaces, focusing
on the behavior of hot carriers (electrons and holes). In addition to
such studies, it is highly desirable to observe all the energy transfer
processes including conventional heat transfer processes in exten-
sive time regions. In order to achieve this, picosecond transient
reflecting grating method under surface plasmon resonance (SPR-
TRG) has been developed.”>~2® This method can monitor both elec-
tronic interaction and thermal energy transfer on an extensive time
scale from picosecond to nanosecond. The conventional picosec-
ond TRG method monitors only heat generation via the induced
surface elastic waves.'* By applying the surface plasmon resonance
condition to the TRG method, the signals of hot electrons were suc-
cessfully enhanced and could be detected with a 100-times larger
intensity. The SPR-TRG method allows to directly measure both
ultrafast electronic interactions on a time scale of picosecond and
thermal energy transfer on a time scale of nanosecond. The aim of
this study is to reveal the energy transfer process involving adsorbed
ions at solid/liquid interfaces by observing the effect of adsorbed
ions to the electronic interactions and thermal energy transfer.

The principle and the experimental setup of the SPR-TRG is
the same as described in our previous review, except for the ar-
rangement for the optically exciting surface plasmons as shown in
Fig. 9.2 A mode-locked Q-switched Nd: YAG laser (Quantronix,
model 416) was used as a light source, and the frequency was dou-
bled using a nonlinear optical crystal. The pulse train wavelength
was 532 nm with a repetition rate of 1 kHz and a pulse width of
80 ps in full width at half maximum. The pulse was separated into
pump and probe pulses using partial reflective mirror. The pump
beam was further divided into two beams by a half mirror. The
two pump pulses were crossed and irradiated onto the same spot of
the sample surface so as to coincide in time to form an interference
pattern. The probe pulse was irradiated at the center of the spot after
passing through a computer-controlled optical delay line. The re-
flecting diffracted light was monitored with a photomultipier (PMT)
connected to a flexible light guide, whose entrance was placed at
one of the first order reflecting diffraction spots. The output signal
from the PMT was gated and averaged over one millisecond with
a boxcar integrator before an analog-to-digital transformation for
computer storage. The spot diameters of the pump and probe beams
were 60 and 40 um, respectively.

The sample was a gold film (thickness 40 nm) vapor deposited on
the surface of a hemicylindrical glass prism (LaSF15) with a refrac-
tive index of 1.89. The Kretchmann configuration was employed
as the sample arrangement for the surface plasmon (SP) resonance
(Fig. 9). Two pump pulses and one probe pulse were incident from
the prism side onto the gold film. The sample was loaded on a rotary
stage to allow the incident angle of the laser beams to be changed.
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Rotary stage Reflecting diffraction light
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(b) Side view

Fig. 9. Schematic illustrations of the arrangement of the sam-
ple and laser beams. The two pump beams overlapped and
formed an interference fringe pattern on the gold film/prism
interface. The generated transient grating was detected by
the reflecting diffraction of the probe beam. The incident
angle was kept to the surface plasmon angle, 54 degrees.
The gold/solution interface was prepared using a drop of
NaCl aqueous solution at the focused point.

The incident angle was fixed to the SP resonance angle, which was
larger than the total reflectional angle. The SP was excited only
by the p-polarized light, and was thus controlled by changing the
polarization of the pump and the probe beams with two half-wave
plates.

By applying both the pump and probe beams to the SP resonance
condition, the relaxation signal of hot electrons within several pi-
coseconds can be detected with 100 times larger intensity than the
conventional TRG method.”®*" This decay signal is observed as a
convoluted waveform with an incident pulse whose duration is 80
ps. On the other hand, when only the probe light is under the SPR
condition, no signal for the hot electrons is detected. In this case,
only the temperature rise after relaxation of the hot electrons and the
following thermal diffusion are detected with 20-times larger inten-
sity. In this study, we obtained information on electronic interaction
involving hot electrons from the measurements in which both the
pump and probe beams are under the SP resonance condition, and
information on thermal diffusion across the interface from those in
which only the probe light is under the SP resonance condition.

The Au/NaCl (aq) interfaces were prepared as shown in Fig. 9(b)
using a drop of NaCl (aq) at the focusing point. The concentrations
of NaCl (aq) were 0, 0.01, 0.1, 0.25, 0.5 M. As stated above,
the experiments were carried out under two conditions: the SPR
conditions for both the pump and probe beams, and for only the
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probe beam. The spacing of the induced interference fringes was
2.14 pm for all the measurements.

Figure 10 shows the TRG signals for the Au/water and Au/air
interfaces. Figures 10(a) and 10(b) are the ones under the SP
resonance conditions of both the pump and probe beams, and of
only the probe beam, respectively. The signals were measured
under the same conditions of laser intensity, detector sensitivity,
and optics alignment. The waveforms in Fig. 10(a) include sharp
peaks appearing at the same time as the pulse duration, followed
by an exponential decay. The relaxation times of the exponential
decay are 1 ns for the Au/air interface and over 5 ns for the Au/water
interface. Some oscillations are also observed in the exponential
decay for the Au/water interface. The difference in the waveforms
of (a) and (b) is the peak at time zero.

The peak around time zero is due to the refractive index change
by hot electrons induced by SP.?*?7 The difference in the peak
intensities between the Au/air interface and the Au/water interface
is due to the difference in the signal enhancement factor for the SP
resonance of each interface. The subsequent relaxations after the
peak are due to thermal diffusion perpendicular to the interface. In
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Fig. 10. Transient reflecting grating responses for the gold
(40 nm)/air and gold (40 nm)/water interface when both
the pump and probe beams were under the surface plasmon
resonance condition (a) and when only the probe beam is
under the surface plasmon resonance condition (b). In both
(a) and (b), the waveforms for the gold/water interface are
vertically displaced for clarity. The fitted curves were also
shown for the signals at the gold/water interface.
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Figs. 10(a) and 10(b), oscillations are observed in the relaxation
curve. These were observed only for the solid/liquid interface, and
they these can be attributed to acoustic waves in the liquid phase near
to the interface which were generated by the holographic thermal
conduction from solid to liquid. It is estimated that the wave is
localized approximately within 20 nm from the interface because
the thermal diffusion length for 5 ns is 17 nm. In a word, the
oscillations are due to the density change of the liquid phase close
to the interface induced by an acoustic wave.

In order to examine the influence of the adsorbed ions to the en-
ergy transfer process at the solid/liquid interface, the TRG measure-
ments were performed for Au/NaCl (aq) (0—0.5M, M = mol dm™?)
interfaces under two kinds of SPR conditions as stated above. We
intended to study the effect of chloride ions, which easily adsorbs
to the Au surface.’'—** The result showed a systematic change with
increasing NaCl concentration.

Here we introduce two parameters: A; and A;’. All the wave-
forms were fitted using exponential decay functions. A, is the in-
tensity of the faster component due to the relaxation of hot electrons
on a time scale of picosecond, and A,’ is for the slower component
due to the thermal diffusion. The dependence of A; and A," on
the NaCl concentration is shown in Fig. 11. With increasing the
concentration, A, decreases and A,’ increases.

The physical meaning for the decrease of A is difficult to clarify.
However, it can be said the adsorbed ions have some influence on
the electronic excitation and relaxation process. The increase in
A, is due to the temperature rise in Au phase. The temperature
rise originates in the heat generated by the relaxation of the hot
electrons. This result shows that the heat generation increases with
increasing the number of adsorbed ions. However, the heat gen-
eration should be the same because there is no absorption change
of the sample under the same experimental condition. This dis-
crepancy suggests that an ultrafast interfacial energy transfer take
place prior to the heat diffusion and that this transfer process is
hindered by the adsorbed ions. Our assumption is that hindrance of
the ultrafast interfacial energy transfer by the adsorbed ions results
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Fig. 11. The dependence of the A; (#) and A,’ (@) values on
the NaCl concentration. The tendencies of A; and A;’ are
shown with smooth lines. A; and A" are fitting parameters
for the transient reflecting grating signals with SPR of both
pump and probe beams and only the probe beam respec-
tively. The detailed meanings are explained in the Section
2.
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in the decrease of the interaction between the hot electrons and ad-
sorbed ions (corresponding to the decrease in A;), and the increase
of heat generation (corresponding to the increase in A;). In a word,
there are ultrafast energy transfer processes from the hot electrons
to water molecules, competing with the heat generation of gold.
These results reflect interfacial fundamental processes on a molec-
ular scale. We assume that the initial energy transfer is caused by an
interaction between the polarization and the dipole moment of the
water molecules, and that the initial energy transfer is hindered by
the screening of the transient polarization by the oriented interfacial
water molecules.

4. Conclusions

Ultrafast dynamics at solid/liquid interfaces was investi-
gated using our developed photothermal techniques: fem-
tosecond transient reflectivity (fs-TR) method, femtosecond
transient reflecting grating (fs-TRG) method, and picosec-
ond surface plasmon resonance transient reflecting grating
(ps-SPR-TRG) method. Firstly, Pt/aqueous electrolyte inter-
faces were measured using the fs-TR method. A novel ul-
trafast relaxation component (20 fs) was found in the PYHC1
(aq) and Pt/H,S0O, (aq) interfaces, in which the anions (C1~
and SO427) have strong affinity to the Pt surface. It was
suggested that this is due to the scattering of non-thermal-
ized electrons by adsorbed anions. Secondly, TiO,/KSCN
(aq) interfaces were measured using the fs-TRG method. Ul-
trafast relaxation components (110—690 fs) were observed
for the first time in the TRG signals. This indicates ultra-
fast transfer of nonequilibrium holes occurs and should be
taken into account in interfacial reaction. Thirdly, Au/NaCl
(aq) interfaces were measured using ps-SPR-TRG method,
focusing at both the behavior of hot electrons and thermal
diffusion. The result indicates that there is an ultrafast energy
transfer process, which is affected by adsorbed ions.

In this review, we presented unambiguous evidence of
ultrafast energy transfer process involving hot electrons or
holes at solid/liquid interfaces. Extension of the methodol-
ogy to the femtosecond time region allowed the observation
of ultrafast energy transfer by hot carriers. In particular,
the fs-TRG method achieved the observation of interfacial
ultrafast energy. transfer with high S/N ratio. This owes to
the principle of the TRG method and to the fabrication of
the sample cell. Furthermore, by combining the picosec-
ond TRG method with the SPR condition, the information
on both electronic interaction and thermal energy transfer
was obtained. Although its time resolution is on the order
of picosecond, this method has advantages in the measure-
ments of whole energy transfer process on an extensive time
scale from picosecond to nanosecond. We believe this kind
of work using ultrafast photothermal spectroscopy will con-
tribute significantly to the knowledge of interfacial physical
chemistry. Recently, we have developed a multi-wave fem-
tosecond TRG method using a white light as a probe beam
and a variable light as a pump beam.* This multi-wave TRG
method will allow us to obtain more detailed information on
ultrafast dynamics involving hot carriers.
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