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Direct Measurements of Femtosecond Energy Dissipation Processes of Hot Electrons in a Gold Film

Akihide HIBARA, Tomohiro MORISHITA, Isao TSUYUMOTO, Akira HARATAZ,
Takehiko KITAMORI and Tsuguo SWADA *

Department of Applied Chemistry, School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
1Department of Molecular Science and Technology, Graduate School of Engineering Science,
Kyushu University, 6-1 Kasugakoen, Kasuga, Fukuoka 816-8580, Japan

(Received November 16, 1998; accepted for publication February 23, 1999)

Energy dissipation processes of hot electrons in a gold thin film were measured by a femtosecond time-resolved transient
reflecting grating method. The processes were analyzed using the two-temperature model and the theory of the transient grating
method. It was found that the electron-phonon coupling and thermal diffusion processes could be investigated independently.
Temperature dependence of the electron-phonon coupling factor and the thermal conductivity was investigated quantitatively.
The results suggested that the nonthermal states of hot electrons still contribute to the dissipation processes on time scales of
several picoseconds.
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been demonstrated in many applications, such as elucidation
carrier dynamics in semiconductdfs'? The thermal and
The ultrafast dynamics of photoexcited electrons in metakscoustic properties of metal surfaces have been investigated
have been intensely investigated, using fs-laser techniquéy, ps-TRG measurement$!4) Recently, the TRG method
in order to study nonequilibrium systems and particle-likeinder surface plasmon resonance conditions has also been
behavior of electrons in solids. The thermalization pro- developed® In fs-time-resolved measurements of metal sur-
cesses of the photoexcited electrons were directly measuifades, the TRG method is expected to be useful, especially in
by a two-photon photoemission method, and ultrafast elequantitative treatment of hot electron transport and electron-
tron dynamics on metal surfaces was discugsédThese phonon coupling in the surface plane.
processes have also been measured by a transient reflectingere, we report direct measurements of the energy dissipa-
(TR) method. The TR method measures reflectivity changéisn processes of hot electrons in a gold film of 100 nm thick-
(AR) by electron temperature risé\Te) after the thermal- ness using the fs-TRG method. The gold film was excited
ization. The TR measurements showed that the photoesy high laser fluence~ mJcm~2) and high photon energy
cited electrons before thermalization have ballistic chara¢i,ump = 400 nm). Since the thermalization process can be
teristicd"® and are thermalized within several hundred femregarded as instantaneous on highly excited surf&tebe
toseconds in gold film®. Energy dissipation processes of hothot electrons with electron temperatitewere dynamically
electrons after the thermalization have been analyzed by tmwestigated in our fs-TRG measurements. The energy dissi-
two-temperature model (TTM), based on thermal diffusiopation dynamics of the hot electrons was analyzed by TTM
and electron-phonon couplifg? Intense interest has beenand the theory of the transient grating metAad.
shown toward these two processes, not only in fundamep-
tal physics, but also in short-pulse laser-applications, such
as material processing. However, quantitative treatment hasA schematic figure of the TRG method is shown in Fig. 1.
been difficult, especially for the thermal conductivilyand ~Methodological descriptions for the TRG technique have
the electron-phonon coupling facter When the pump pulse been presented in refs. 10 and 17, so only a summary
is focused on the metal surface and Tagradient is induced is given here. TRG responses are measured by a pump-
in a spot size of severalm scale, the energy dissipation rateprobe technique. Two pump pulses of the same wavelength
of hot electrons by thermal diffusion (i) becomes compa- Apump Cross on a metal surface and form an optical interfer-
rable to that by electron-phonon coupling'¢1,). To quan- ence pattern with the fringe spaciig which is tunable by
tify and separate these rates, it has been necessary to corgf@nging the crossing angle of the two pump pulsgsa®
the initial T, gradient and to measure the energy dissipatioh = Apump/(2Sin6). Thus, the interference pattern along
processes directly. the x-direction excited by p-polarized beams can be writ-
The transient reflecting grating (TRG) method is suitabléen as 2 + | cog2rx/A), wherel is the one-side inten-
for investigating the energy dissipation process of hot elegity of the pump pulse. The temporally generated interfer-
trons. In the TRG method, sample surfaces are excited, wigfice fringes act as a transient diffraction grating. A probe
periodic patterns induced by interference between two puni!lSe ¢probe = 800 nm) is incident normal to the grating, af-
pulses crossing on a sample surface. The periodic pattei§ passing through an optical delay line, and is diffracted by
can be controlled by changing the optical setup (see §2). THee grating. Intensities of the diffracted light are recorded as
fundamental properties of the TRG method, such as diffradRG signals.
tion efficiency and surface selectivity have been well investi- TRG experiments were performed using a regeneratively
gated'® In addition, the usefulness of the TRG method hagmplified Ti:sapphire laser system which had an autocorrela-
tion of 200fs, a wavelength of 800 nm and a repetition rate
*To whom correspondence should be addressed. E-mail addres@ft 1kHz. The pump light was frequency-doubled and split
sawada@hongo.ecc.u-tokyo.ac.jp in two parts. Each pump pulse had a spot size of 600 a
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Herere.p andrp are decay times by electron-phonon coupling
and thermal diffusion, respectively, and are written as

Pump pulse ) 1 G G 5
y_, z-axis PR + o (2a)
1 V(& VT,
/ _ _VWVTe (2b)

D yTe(Te—T)
From egs. (2), (2a) and (2b), the decay timecan be es-
timated by averaging egs. (2a) and (2b) temporally and spa-
tially. To our knowledge, there have been no reports on the es-
timation hot electron energy loss rate including the diffusion
Diffracted light term. In most conventional investigations by TR measure-
=TRG signal ments® eq. (2b) has been neglected. This approximation is
valid only when film thickness is comparable to light penetra-
tion depth and the spot size of the pump beam is sufficiently
fluencel of 0.38 to 2.25 m&m~2, and p-polarization. Initial large to neglect diffusion in the surface plane.
electron temperature3dy) were estimated as 1700 to 4200K  To clarify the thermal diffusion of hot electrons, the diffu-
from the absorbed energy and electronic heat capacity in tsien term was divided into two parts; thermal diffusion in the
detection volume. The fringe spacings were set to 1.1, 1direction of the excitation fringe (parallel to the surface,
2.1 and 2.5wm by controlling the crossing angles. The poaxis in Fig. 1) and that in the thickness direction (perpendicu-
larizations of pump and probe beams were perpendicularltw to the surfacez-axis in Fig. 1). The contributions of these
each other. The diffracted light was detected by a positivero diffusion parts to TRG responses are very different. Un-
intrinsic-negative (PIN) photodiode. The output of the photader our experimental setup of excitation fringe spacings (1.1
diode was fed into a fast-gated-integrator and its average sig-2.5..m) and the 100-nm-thick gold target, decay rates for
nal was recorded as a TRG response. A polycrystalline gdle diffusion part parallel to the surface plane are estimated
thin film deposited on a glass plate was used for the measute-be nearly comparable to the rates of electron-phonon cou-
ments. The reflectivityr of the gold film was measured as 0.4pling. In contrast, decay rates for the diffusion part perpen-
atApump = 400 nm. The penetration depths of the pump beadicular to the surface are much faster because of its higher
(Apump = 400 nm) and the probe beanpfone = 800 Nm) were temperature gradient.
calculated as 16 and 12 nm, respectively. All the experimentsThe calculated temperature distributions alofgand z-
were performed in air at 296 K. directions are shown in Figs. 2(a) and 2(b), respectively. The
full scale of the transverse axis of Fig. 2(a) corresponds to

3. Theory one period of the excitation fringe. The distributions are nu-

To analyze the energy dissipation processes, we used therically calculated by egs. (1a) and (1b) under the excita-
two-temperature model (TTM). The TTM assumes that the tion conditions ofQ = 2.25mJem™, A = 1.1um and the
electron and lattice systems are in local equilibrium, that thmilse width of 200 fs using the values of C;, G and« for
electron temperatur& is not in equilibrium with the lattice Au'®19 (y = 67.6Im3.K2, C = 25 x 10 Im3.K 1,
temperatureT; on a time scale of several picoseconds, an@ = 3.5 x 10W-m—3.K~! andx = 317Wm 1K),
that Te is coupled withT, by electron-phonon coupling. The As shown in Figs. 2(a) and 2(b), the temperature distribution
evolution of the systems can be written as a set of couplatbng thez-axis becomes nearly homogeneous on a time scale

Probe pulse

Pump pulse

Fig. 1. A schematic figure of the TRG method.

differential equations. Namely, of 1 ps while that along th&-axis is still clearly inhomoge-
aTe neous at the delay time of 2 ps. This means that the diffusion
VTeW =V(«VTe) —G(Te—T) + Q, (1a8) occurring perpendicular to the surface is very quickly and has
9T, little effect on the TRG responses. Therefore, the diffusion
=0 = G(Te—T), (1b) term (eq. (2b)) may be regarded as one-dimensional in the di-

rection of the excitation fringex¢axis). Under this condition,

wherey Te andC, are the electronic and lattice heat capaciyq (2) can be transformed by using the theory of the transient
ties, G is the electron-phonon coupling factar,is the ther- grating method?)

mal conductivity, andQ is the energy source term. In eq. (1b), )
diffusion and energy source terms are neglected on the basis -1 .p <2_7T> 3)
of physical considerations. Here, we assume that the elec- Te  Tep A)
tron temperature decay is approximately equal to the tempogghereD is the thermal diffusivity of the hot electrons. Equa-
evolution of T.—T, and it is expressed by an exponential funcggp, (3) means that, , andD can be calculated from the rela-
tion. Under these assumptions, the decay time of the e|eC”1‘R5hship betweem. andA. To obtain thermal conductivities
temperature, can be derived from egs. (1a) and (1b). and electron-phonon coupling fact@srom egs. (2) and (3),

a characteristic electron-temperature should be defined. The
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Fig. 3. TRG responses on a 100-nm-thick gold film with pump fluence of
5000 (b) 7 0.75 and 2.25mém 2 and an excitation fringe spacing of Juin. Solid
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Fig. 2. (a)Temperature distributions for delay times of 0 and 2 ps in the di-
rection of the excitation fringe at the surface. (b) Temperature distributions
in the thickness direction at = 0 in (a). The distributions are calculated
numerically by egs. (1a) and (1b).
0.0 L L
mean initial electron-temperature in the probe volurgavas 0.0 1.0 ) 2.0
chosen as the characteristic temperafth@. Pump fluence (chr%)
4. Results and Discussion Fig. 4. Dependence of the decay times of electron temperatare pump

fluences forA of 1.1 and 2.5:m. Solid line: theoretical values given by
Typical TRG responses with a fringe spacifgf 1.1um eq. (2a).

and pump fluencé of 0.75 and 2.25 mdm~2 are shown in
Fig. 3. The decay curves in Fig. 3 denote only electronic en-
ergy dissipation processes because the generation of longituof 1.1 and 2.5:m is shown in Fig. 4. The solid line shows
dinal and surface acoustic waves observed in ps-TRG mdhe theoretical values aof.., estimated by eq. (2a). The de-
surement®) should occur on a time scale of several tens ofay times forA = 1.1 um are clearly shorter than those for
picoseconds. The solid lines in Fig. 3 are best-fit resultd = 2.5um. This means that the diffusion term in eq. (2)
of an exponential function. The exponential function correaffectst.. To obtain the thermal diffusivityd in eq. (3),
sponds to the decay of the intensity of the diffracted lighthe dependence of the decay time®n the excitation fringe
which is proportional ta/A€)2.1”) For an ambient tempera- spacingsA is shown in Fig. 5. The solid lines in Fig. 5 are
ture of ~300 K, Ac is related to the electron temperature risé¢he least-squares-fitted data of eq. (3). Obtained valu&s of
asAe «x ATe. Therefore, the decay time of the fitted expo-andre., for various pump fluencelsare summarized in Table
nential function corresponds to half the decay time of electrdn Initial electron temperature$.o are calculated from de-
temperaturer.. As shown in Fig. 371, depends strongly on posited energies and temperature-dependent heat capacities.
pump fluencd . Since two time-coincident pump pulses were crossed on the
Dependence of the decay timeson pump fluencd for sample surface in the TRG measuremenksx21 — R) was
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Fig. 5. Dependence of the decay timg®n the excitation fringe spacings TeO (K)

A. Solid lines: least-squares-fitted data of eq. (3). Fig. 6. Dependence of the decay times, on the initial electron tem-

peratureTeo. Solid lines: theoretical values calculated by eq. (2a) for
G = 2.5x 10', 35 x 106, 45 x 101W.m—3.K L.
Table 1. Obtained values @ andre.p for various pump fluencels Initial
electron temperaturelyo are calculated from deposited energies and heat

capacities of the detection volume.

| D Top Teo

(m3em2) (10° m2.s 1) (ps) (K)
0.38 7.2 3.7 1700
0.75 7.4 4.2 2400
1.13 4.9 4.1 2900
1.50 3.3 5.1 3400
1.88 4.0 6.8 3900
2.25 3.2 8.0 4200

reporfY and 05 < n < 1 in another repot? When these
findings are considered, the relationship betw&eand e

(eq. (2a)) is expressed by, o« T" with m < 1. However,

our results appear to show the relationship o T." with

m > 1, which corresponds t& « T' with n < 0. This
suggests that the coupling strength between the electron and
phonon systems becomes weak in the highegion. In ad-
dition, nonthermal states, which have been reported to exist
before thermalization process@sire suggested to affect the
energy dissipation processes even on time scales of picosec-
onds. While nonthermal behaviors of the hot electrons within
a picosecond have been reported by several gro@gthose

chosen as the spatially averaged deposited energy. This son-a longer time scale have not, to our knowkedge, been re-
ple assumption was justified by comparison of the estimat@arted. Nonthermal processes on time scales of picoseconds
Teo and the numerically calculated one.
Our TRG measurements demonstrated that the electronNext, the thermal diffusion process is discussed. The ther-
phonon coupling process could be distinguished from th®al conductivitiesc can be calculated with the thermal diffu-
thermal diffusion on the metal surfaces, as shown in Tabledivities shown in Table | using the relationship= Dy Teo.
This means that the electron-phonon coupling process aRifjure 7 shows the dependencexobn initial electron tem-
thermal diffusion can be investigated independently and quaperature. The error bars in the plot indicate the standard devi-
titatively.
First, we discuss the electron-phonon coupling procestie temperature, its tendency can be explained by the relax-
Dependence of the decay times, on the initial electron tem- ation time approximation (RTA). In a previous repdttthe
peratureTgg is shown in Fig. 6. The error bars in the plottemperature dependencexofvas expressed as

indicate the standard deviations of the fitted values. The the-
oretical values calculated by eg. (2a) are also shown in Fig. 6 K
(solid lines) by using three temperature-independent electron-

phonon coupling factors. The values calculated vi&h=

3.5 x 10*W.m~3.K~1, which was previously reported;2®

are suggested in this paper.

ations of the fitted values. Whenis assumed to depend on

1, yTe
= —UFi
3 FATZ+ BT,

by deviating from ¥= = ATZ+ BT, and a general expression

(4)

of k = (1/3)v§ryTe, whereug is the electron Fermi veloc-

seem to agree with the experimental ones. However, our i, A and B are constants and is the electron relaxation
sults seem to include the systematic errors relative to the théne. Using the experimental value of the electron velocity
retical values. This may correspond to the temperature depdrd2 x 10° m-s™* for v and the temperature coefficient of
dence of the electron-phonon coupling. Although the tempethe thermal resistivity® A is calculated as.6 x 10° K257,
ature dependence @& has been investigated experimentallySincex is assumed to be 317 W1.K~* atT. = 300K ® B
and theoretically by many investigatdfs??the exact depen- is chosen as.8 x 10°K~1.s71. Theoretical values of are
dence has not been clarified. The temperature dependencests®vn in Fig. 7. For the equilibrium state Bf= Tein eq. (4),
been expressed b§ o« T with 1 < n < 3 in one previous the calculated values afagree well with the values found in
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150 T T measurements and analysis, based on TTM, showed that the
electron-phonon coupling process and thermal diffusion can
T be investigated independently and quantitatively. From the
discussion regarding the electron-phonon coupling faGtor
and the thermal conductivity, nonthermal processes on time
scales of picoseconds were suggested. However, some in-
teresting problems as to the hot electron properties, such as
temperature dependences@®fandx, remain. These energy
dissipation processes of hot electrons are expected to affect
the surface displacement dynamics such as the generation of
longitudinal acoustic waves and surface acoustic waves. The
applicability of the TRG method in the investigation of the
surface displacement dynamics has been demonstrated by our

T=Te researcH?% The results of the surface displacement dy-
0 | | namics monitored by the fs-TRG will be discussed elsewhere.
0 2000 4000 6000 Since the photothermal methods, including the TGR method,
have useful properties such as interface selectivity, dynamic
Teo (K) investigations can be applied to more complicated systems.

The fs-TRG method is also expected to be a powerful tool for

Fig. 7. Comparison between experimental and theoretical values of . . . . N
whereo and¢ indicate experimental results for hot electrons and IiteraturHWeStlga‘tIng femtochem|stry at SO|Id/|IC1UId interfacés.

values for equilibrium state (ref. 18), respectively. Solid lines: theoreti-
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