PHYSICAL REVIEW B VOLUME 61, NUMBER 11 15 MARCH 2000-I

Ultrafast two-step thermalization processes of photoexcited electrons at a gold surface:
Application of a wavelength-selective transient reflecting grating method
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We have observed two-step thermalization processes of photoexcited electrons in gold, by using a
wavelength-selective transient reflecting grating method that provides information on carrier dynamics at each
energy state selectively. We detected ultrafast processes arcamilX points in the Brillouin zone. Within 1
ps, two relaxation components (#A0 and 28640 fs) were observed only arourd and only the slower
component was observed for every wavelength. We considered that the two relaxation processes occurred due
to two kinds of electron-electrofe-e scattering predicted from the Fermi-liquid theory, because their decay
times are in good agreement with the times obtained from the theory. We concluded that faster and-glower
scatterings physically correspond to the relaxations of the initially photoexcited electrond gidhrg, and of
nonthermalized electrons at various Brillouin-zone points, respectively.

In recent years, much attention has been drawn to femtgpulse is also incident there, and the complex refractive index
second photoexcited carrier dynamics at solid surfaces, sinahange is detected through the diffracted light of the probe
it was found that they do not obey the Fermi distribution in alight.?* A complex permittivity is often used to express vari-
femtosecond time regidn'! and that they are involved in ous physical properties of solids, and the measured complex
some interfacial chemical reactiotfs}* Such nonequilib- refractive index is equal to the square of the complex per-
rium electrongNE’s) come to a thermal equilibrium through mittivity. In the time region from femtoseconds to picosec-
electron-electron scatterin@-e scattering within electron  onds, the complex permittivity changes in accordance with
gas. Thereafter electrons whose temperature is still higheghe energy distribution of photoexcited carriers, and the the-
than that of the lattice are cooled down to the lattice tem-oretical expressions are discussed as follows.
perature. The NE dynamics, that is, the thermalization pro- The complex permittivity has different expressions ac-
cesses, are not well understood, while the latter processesprding to whether an interband transition occurs or not. In
electron-phonon coupling, have already been clarified in dethis study, we used a white-light continuum that includes
tail. The thermalization processes have been investigatedavelengths corresponding not only to an intraband transi-
with transient reflectivity(TR) and two-photon photoemis- tion, but also to an interband transition. If the energy for a
sion (2PPB methods. It was reported from the TR results wavelength is smaller than that of the interband transition,
that the thermalization time is about 500 fs under the condithe complex permittivity is expressed from the classical
tions of low-power and low-energy excitatiém® On the Drude theory &
other hand, the thermalization time measured with the 2PPE
method ranges from dozens of femtoseconds to a few
hundred®’ Though both methods measure the same thermal- ~ b
ization processes, the obtained thermalization times do not g(w)=1- w(o+ilr)’ @
guantitatively agree. In this paper, we investigate the NE
thermalization processes more fully using a transient reflect-
ing grating (TRG) method. The TRG method, like the TR wherew is the angular frequency of the probe light, is the
method, is an ultrafast photothermal measurement methogjasma frequency of a sample, ant the relaxation time of
but it features a higher sensitivity than the TR method due tdree electrons. When pump pulses excite photoexcited elec-
a lack of background detectidn. %! This time, we improved trons, ther value is varied due to the change of the energy
the TRG method so as to allow selective monitoring of ex-distribution of the electrons. Thus we can detect a complex
cited electrons at each energy state, like the 2PPE methogermittivity change through the value.
by adopting a white-light continuum as a probe pulse. Al- For a wavelength corresponding to an interband transi-
though this improved TRG method is an ultrafast spectroion, the Drude component of the complex permittivity be-
scopic method utilizing four-wave mixing, and has alreadycomes smaller in proportion to the square of the
been applied to solutior’$;?® we have applied it to solid wavelengtif® and instead a component of the complex per-
surfaces for the first time, to our knowledge. mittivity arises, originating in an interband transition. This

In the TRG technique, two crossed-pump pulses are incicomponent mainly determines the complex permittivity
dent at a solid surface and, as a result, the focused spot v&lue. In this case, the permittivity change depends on the
irradiated with a pulse of an interference pattern. The comearrier density at the upper and lower states of the interband
plex refractive index at the spot changes due to a physicdransition. With regard to metals, photoexcited holes at the
property change. After the pump pulses irradiation, a probdower state have a much shorter lifetime than electrons, and
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FIG. 1. Experimental arrangement for the transient reflecting FIG. 2. Transient reflecting grating spectra at various probe de-
grating method using a femtosecond white-light continuum probdays. The measured sample was a vapor-deposited goldtfilok-
pulse. The probe pulse was focused to the 10-mm-thick cell fillechess 100 nm For clarity of the spectrum shape, a smooth line is
with carbon tetrachloride to generate a femtosecond white-lightiso shown for each delay time.
continuum(450—-750 nm The spread reflected diffracted light with

a rainbow of colors was directed to the light guide after bein . . .
focused by the lens. PRM is the partially reflegctivg mirror, and SHgOpt'Cal fiber gnd a,fter being collected and focused_ by the
the nonlinear crystal. lens. The diffraction spectrum was detected using the
PMA-11 (HAMAMATSU ) with a built-in spectroscope and

we neglect them her€. If we assume the carrier density CCD camera. The wavelength resolution of this equipment
fluctuation asAp, the imaginary part of the complex permit- was 2 nm. TRG signals were obtained without using a box-
tivity changes as?%:2° car integrator or a lock-in amplifier; instead the signal was
averaged at each point of the optical delay line. The measur-
ing time for one typical TRG spectrurf200 points: 10 ps

was about 15 min. The polarizations of the pump and probe
UhereD(E ) i h it densy o sie. Th real arof 911 % oot o provent o ottt
the complex permittivity also changes according to the

Kramers-Kronig relation. Using our method, we can Selec_prepared with a vacuum coater, VPC'Z%LVAC)' The
ressure and deposition speed werg 1D °Pa and 0.01

tively observe the relaxation processes of free electrons d / Vel
electrons at a focused energy state, if we select a prop®TVS: respectively.

wavelength corresponding to an intraband transition or an FOr the white-light continuum used this time, interband
interband transition. transitions occur at wavelengths shorter than 640 nm, but not

The TRG equipment is illustrated in Fig. 1. A regenera-longer than this. Thus comparison can be made between the

tively amplified titanium sapphire laser laséEPA-1000: signals for an interband transition and for an intraband tran-
Clark-MXR Inc) was used as a light source. The pulse trainsition. From detailed analyses of the gold band structure in
wavelength was 800 nm, with a repetition rate of 1 kHz andthe literature’®~**we can suppose that two interband transi-
a pulse width of 230 fs, in full width at half maximum. The tions are involved in the probe wavelength region and they
pulse was separated into pump and probe pulses using a paerrespond tal-band to Fermi surface transitions>aandL

tial reflective mirror. The pump pulses were frequencyin the Brillouin zone. Their absorptions begin from 1.94 eV
doubled to a wavelength of 400 n(8.1 eV), and then fur- (640 nm and 2.45 eV(507 nn), respectively. On the other
ther divided into two pulses by a half mirror. The two pump hand, the pump puls&t00 nm: 3.1 eV generates photoex-
pulses were crossed and irradiated onto the same spot of tleéted carriers mainly only due to tHetransition.

sample surface, to coincide in time to form an interference The TRG spectrum at each delay time is shown in Fig. 2.
pattern. The pump intensity was less than 1 m/oer pulse  There are two peaks at 510 nf(2.5 eV) and 620 nm(2.0

at the sample. The probe pulse was focused to a 10-mm-thiakV), and the signal intensity rises to a maximum at 0.2 ps for
cell filled with carbon tetrachloride to generate a femtosecevery wavelength. The peaks at 510 and 620 nm show a
ond white-light continuum after passing through a computerdifferent temporal tendency. It is clear that the former has a
controlled optical delay line. Wavelengths used ranged fronfaster relaxation component. We may consider that the signal
450 nm(2.75 eVj to 750 nm(1.91 e\). The probe pulse was at each peak corresponds to an electron density change in the
irradiated at the center of the spot. The reflected diffractedicinity of the Fermi surface aX andL, because the position
light with a rainbow of colors spread like a fan due to the of each peak is in good agreement with each transition. The
diffraction conditions. It was directed to the entrance of themaximums of the two peaks are more than five times larger
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4 = 40+10 and 28&-40fs. The ratio of 40-fs component in the
e wave forms increases as the wavelength draws nearer to 510
21 3 nm, and decreases moving away from it. For wavelengths
35 = .\&""":— longer than 550 nm, only the 280-fs component is included
ol 4 | in the wave forms.
& » =5 Since these relaxations occurred before electron-phonon

coupling, we can suppose that the processes correspond to
the NE thermalization due te-e scattering. As mentioned
above, NE thermalization dynamics has been measured with

25 the 2PPE and TR methods, but the reported thermalization
@ times measured with each method do not agBR#PE goes
s from dozens to a few hundred femtosecofdand TR typi-
g 2 cally is 500 fs(Refs. 2—5]. Also, a two-step relaxation like
= this result has never been observed. Then we reconsidered
’«;Z Fermi-liquid theory which has been used for an explanation
215 of the thermalization processes. The thermalization time due
é to e-escattering is predicted from theory®as
(o)}
w

1 i K (mkgTe)2+€? 3

7o 1+exp—elKgTe)'

whereT, is the electron temperature at the conduction band,
¢ is the energy of a focused electron measured from the
o - Fermi energy, ank is the e-e scattering constant. Consid-
ering that the pump bean(3.11 e\j excite electrons around

05

0 670 nm the transition atL (2.45 eV}, € equals 0.66 eV just after
photoexcitation, which is much larger th&gT.,, and then
05 Eq. (3) is approximated as #{~Ke?. This equation physi-

cally means that the phase space in the energy rangasof
available fore-e scattering processes. As time passes, the
NE’s around thel point distribute their energy to all other

FIG. 3. Transient reflecting grating responses and fitted curve§/€ctrons due te-escattering. When their energy is reduced
for various probe wavelengths up to 1.8 ps. Each wave form i§0 KsTe' EQ. (3) is approximated as H~K(mkgTe)?,
vertically displaced for clarity. The measured sample was a vaporhich physically means available phase space in the energy
deposited gold filmthickness 100 nin The inset shows a typical range ofkgT.. From these considerations, we now see that
transient reflecting grating response up to 15p®be wavelength two processes are involved in the thermalization processes
510 nm. due toe-escattering.

Using the above approximated equation, the relaxation
in intensity than at 700 nm, the wavelength for the intrabandime due to the fasteg-e scattering is estimated to be 42 fs
transition. This means the refractive index change in(Bg. with K =0.055(eV/fs 1),* and that due to the slowes-e
is larger than that in Eq2). scattering is calculated as 310 fs with the and 7,

To clarify the signal decay, we show some TRG re-=960K; 7, is obtained from the absorbed energy per vol-
sponses at typical wavelengths in Fig. 3. Furthermore, a typiame: 2. 10" (Jm 3pulse’?), and the electronic specific
cal TRG response for 510 nm is given until 15 ps in theheat 6@, (Jm 3K™1). We can conclude that the two ob-
inset. This response shows a 10 ps linear decay, and trhserved relaxations correspond to the thermalization processes
decay is observed for every wavelength. Compared with redue to the above-mentioned two kindsest scattering, be-
sults in the literaturé;*3*we can consider that the linear cause of the good agreement between the theoretical and
decay corresponds to the temperature fall of photoexcitedxperimental time constants. Further, we suggest that the
electrons due to electron-phonon scattering. It was prove@PPE and TR methods have measured the thermalization
using the two-temperature model that this component decaysrocesses for the faster and slowee scattering, respec-
linearly, when the temperature of photoexcited electrons isively.
much higher than that of phonofsLooking at TRG re- We note that the relaxation due to the fastezscattering
sponses within 1 ps we observe two relaxation components observed only around the transitionLatwhile the slower
around 510 nm, that is, the transition lat while only the  e-e scattering is observed for every wavelength. These re-
slower component is observed for every wavelength. Wesults indicate that the fasterescattering occurs only around
made a curve fitting to estimate the time constants. Thé, while the NE's dissipate their energy to other electrons to
square root of a TRG signal was fitted because the signal imake other NE’s in various regions of the Brillouin zone.
proportional to the square of the refractive index change. Th&@hus the slowele-e scattering is observed for every wave-
convoluted function of a double exponential decay plus dength. We summarize the relaxation phenomena as follows:
constant with the incident pulse was used as a fitting funcFirst, the pump bean(3.11 eV} excites electrons at the
tion. The wave forms for every wavelength can be fitted withpoint in the Brillouin zone to about 0.66 eV above the Fermi
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level. Second, the relaxation of NE's occurs due to the fastephonon scattering10 ps. In this study, we made two im-
e-escattering in the vicinity of., and the dissipated energy portant points(1) We detected two-step NE thermalization
is distributed to other electrons in various regions of theprocesses due to two kinds efe scattering(2) We showed
Brillouin zone (40 fs). Third, the newly generated NE's ther- that the thermalization processes were different at each
malize and show a Fermi distributid280 f9. Finally, the  Brillouin-zone point, by selectively monitoring each transi-
raised temperature of the electrons falls due to electrontion band.
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