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Coherent surface phonon at a GaAs„100…-c„8Ã2… surface

Kazuya Watanabe, Dimitre T. Dimitrov, Noriaki Takagi, and Yoshiyasu Matsumoto*
Department of Photoscience, School of Advanced Sciences, The Graduate University for Advanced Studies (Sokendai), Ha

Kanagawa, 240-0193, Japan
~Received 24 January 2002; published 20 June 2002!

Coherent surface phonon at a GaAs(100)-c(832)-Gareconstructed surface has been investigated by time-
resolved second-harmonic generation~TRSHG!. The phonon mode is impulsively excited by an ultrashort laser
pulse and subsequent coherent nuclear motion is monitored through the intensity modulation of the second
harmonics of a probe pulse. Oscillatory traces are clearly observed in TRSHG signals and their Fourier
transformation show two peaks at 8.2–8.6 and 8.9 THz. Fitting these traces with two oscillatory components
shows that the oscillatory signals are contributed by the bulk LO phonon at 8.8 THz and the surface phonon at
6.0–8.6 THz. The relative amplitude of the surface phonon modes is sensitive to sputtering and annealing of
the surface. Clear dips appear at 8.7 THz in the Fourier spectra, which is caused by the initial phase difference
between the surface phonon and the bulk phonon modes. The frequency of the surface component shows red
shifts as the pumping power increases. The shifts are indicative of a marked electron phonon interaction or
anharmonicity of the surface phonon modes.

DOI: 10.1103/PhysRevB.65.235328 PACS number~s!: 68.35.Ja, 78.47.1p, 78.68.1m
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I. INTRODUCTION

There has been an accumulating body of literature dea
with generation of coherent nuclear motion by ultrashort
tical pulses not only in the gas phase1 but also in various
kinds of condensed phases.2–4 Laser pulses with the duratio
sufficiently shorter than the period of a vibrational mo
allow us to excite the mode with a high degree of spatial a
temporal coherence and to follow the nuclear motion direc
in the time domain. Moreover, it has been demonstrated
successive multiple pulse trains enhance selectively the
herent amplitude of a specific mode.5–7

These unique features of the coherent excitation prov
an attractive opportunity for the study of surface react
dynamics. Surface reactions are generally initiated by
excitation of surface phonons and adsorbate vibrations. If
obtain detailed information on the dynamics of nuclear m
tions of surface atoms, we can gain a deeper insight
what vibrational motions are relevant to a reaction. Furth
more, the selective enhancement of a surface phonon m
relevant to the reaction may lead us to control the surf
reaction dynamics. For this purpose, it is necessary to es
lish the method to excite and probe the coherent nuc
motion at a surface.

In contrast to a number of works on coherent bulk phon
excitation reported,3 studies on the excitation of cohere
phonons or vibrations at surfaces are scarce. Recently, C
et al. have pioneered the probe of the coherent surface p
non modes at a GaAs surface and a buried interface by us
time-resolved second-harmonic generation~TRSHG!.8–10

They have succeeded in observing coherent surface pho
at the surfaces of GaAs~110!, GaAs(100)-(431)-Ga, and
GaAs(100)-(631)-As in thetime domain. Several surfac
phonon modes were identified on each surface. In addit
an interface phonon mode between GaAs~100! and native
oxide layers was observed.9

To extend this technique further for the study on surfa
chemical reaction dynamics, one has to examine caref
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the nature of the coherent surface phonon excited by
method in detail. For example, it is important to know ho
the coherent amplitude depends on the excitation laser in
sity. Information on the initial phase of the coherent oscil
tion is valuable for the excitation mechanism. Howev
these issues have not been discussed extensively in the
vious works.

In this work, we focus on TRSHG on a GaAs(100)-c(8
32)-Gasurface. Although some results have been repor
by Changet al. on the clean GaAs~100! surfaces,10 no study
on the c(832)-Ga reconstructed surface has been do
This paper describes new features in TRSHG traces of
surface that has not been reported in the pervious works.
show a clear interference dip in the Fourier power spectra
the TRSHG traces, which is indicative of the initial pha
difference between the bulk and the surface coherent pho
modes. In addition, the contribution of the surface phon
modes depend significantly on the annealing time of
sample, indicating that the observed modes are laterally w
delocalized at the surface. Furthermore, we show the
shift of the surface phonon frequency with increasing
excitation laser power and discuss its possible origins.

II. EXPERIMENT

Figure 1 shows a schematic diagram of the experime
setup used in this study. The experiment was performed w
a UHV chamber evacuated to a base pressure better
3.0310210 Torr by cascaded turbo-molecular pumps. It
equipped with a retractable LEED and a retractable cylind
cal mirror analyzer for Auger electron spectroscopy~AES!. A
GaAs~100! sample~n-type, Si-doped, 1 – 531018 cm23! was
held by a Ta foil welded to Ta wires. It could be heated up
1000 K by resistive heating of the Ta wires, and could
cooled down to 110 K by liquid nitrogen. Sample wa
cleaned by cycles of Ar1 sputtering~1 mA, 500 V! and an-
nealing. The surface condition was checked by LEED a
AES. After the cleaning procedure the surface contamina
©2002 The American Physical Society28-1
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of carbon and oxygen was under the detection limit of A
~less than a few % of surface atoms!. A GaAs(100)-c(8
32)-Ga reconstructed surface was obtained by annea
the sputtered surface to higher than 900 K.

TRSHG signals were measured by basically the sa
method reported by Changet al.8–10 We used a chirped
mirror-compensated femtosecond Ti:sapphire laser~Femto-
source, Femto-pro, 800 nm, 12 fs; 75 MHz, 800 mW! as a
light source. The output laser beam was passed throug
prism pair for compensating further chirping by optical co
ponents mounted between the laser and the sample. A
~30%! of the output beam was used as a probe beam, and
rest was passed through a variable neutral density filter
used as a pump beam. The time delayt between the pump
and the probe pulses was controlled by a compu
controlled mechanical mirror stage with the accuracy of b
ter than 10 fs. The pump and the probe beams were in
duced in the chamber in parallel to each other with a spac
of 7 mm through a window of a 1-mm-thick quartz plan
plate ~the aperture diameter of 20 mm!. Then both of the
beams were focused onto the sample surface by a quartz
of the 100-mm focal length held in the chamber. The in
dence angles of the two beams onto the sample surface
;70°. The electric vectors of the beams were in the in
dence plane~p polarization! parallel with the@0–11# direc-
tion. The p-polarized component of the second harmon
~SH! of the probe beam generated on the sample surface
passed through a band pass filter to reject the fundame
light and detected by a photomultiplier thermoelectric-coo
down to 230 °C. The output signal of the photomultiplie
was amplified by a current preamplifier and fed into a lock
amplifier synchronized with an optical chopper that was
serted in the optical path of the pump beam. Pump-pu
induced changes of the SH intensity were recorded as a f
tion of the pump-probe delay from20.2 to 6 ps with a step
of 26 fs. The time zero was determined by monitoring S
light produced by sum frequency generation of the pump

FIG. 1. Schematic diagram of a TRSHG experimental setup
23532
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the probe pulses. The sample temperature was kept at 1
during the measurements.

III. RESULTS

Figure 2~a! shows a typical TRSHG trace obtained on t
GaAs(100)-c(832)-Gasurface. A clear oscillatory compo
nent is superimposed on the background component wi
rapid rise and a slow decay. The derivative of the curve
Fig. 2~a! is plotted in Fig. 2~b! after subtracting low fre-
quency~,3 THz! components. While a large amplitude o
cillation component appears immediately after the excitat
pulse almost decays withint,1 ps, a small oscillation com
ponent is persistent int.1 ps.

The transient changes are due to the modulation of
effective second-order nonlinear susceptibilityx (2) by the
pump pulses. The origin of thex (2) photomodulation has
been discussed by Changet al.10 Since a bulk GaAs crysta
lacks an inversion symmetry, SHG signals are contribu
both from the bulk and the surface. The pump pulse exc
tion induces the changes in the population distributions
electron and hole in surface electronic bands as well a
bulk bands, resulting in the modulation ofx (2). In addition,
the electric field in a depletion layer near the surface o
semiconductor also contributes SHG signals.11 In this case,
the responsible nonlinear dipole is proportional toEdepx

(3),
whereEdep is the strength of the depletion field andx (3) is
the third-order nonlinear susceptibility. Photocarriers gen
ated by the pump pulse modifyEdep by screening, and
thereby cause the modulation of the SH intensity. Therefo
the background component with the rise and the decay a
from the oscillatory one in Fig. 2~a! reflects the photocarrie
dynamics near the surface region including electron-h
generation, screening, diffusion, trapping at surface sta
and recombination.

FIG. 2. ~a! A typical TRSHG trace taken from a GaA
(100)-c(832) surface. The pump power was 140 mW, and the
signal with p polarization was detected. The incidence plane w
parallel to@0-11# direction.~b! Dotted curve: A derivative curve o
the trace~a!. Solid curve: a simulation curve with two componen
a and b in Eq. ~2!. See text for the parameters employed in t
simulation.
8-2
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Coherent nuclear motion induced by the ultrashort pu
excitation also modulates the SH intensity via hyper Ram
tensorsdx (2)/dql , whereql stands for the normal coordinat
of the l th bulk or surface phonon mode. Since the modu
tion of the SH intensity by the coherent nuclear motion un
the present excitation condition is considered to be sma~a
few percent of the total SH intensity! on GaAs surfaces, the
signal quadratic to the nuclear displacement would be ha
detected. Thus, the observed oscillatory contribution in F
2~a! would be linear to the nuclear displacement.

The coherent phonon oscillation can be described p
nomenologically by the equation of motion of the displac
ment amplitudeQ expressed as12

m* F]2Q~ t !

]t2 12gd

]Q~ t !

]t
1v2Q~ t !G5F~ t !, ~1!

wherev is the phonon frequency,m* is the lattice reduced
mass,gd is a phenomenological damping constant, andF(t)
is the appropriate driving force. WhenF(t) is assumed as a
delta function andgd!v is satisfied, one obtains a solutio
for an underdamped mode with the frequency ofv and the
decay time of 1/gd . The decay time is contributed by a pu
dephasing~transverse relaxation! rate and a population deca
~longitudinal relaxation! rate. In addition, when more tha
two distinct modes overlap each other in the frequency
main, this imhomogeneous broadening increases the d
rate of the coherent amplitude.

Power spectra are obtained by Fourier transformation
the derivative curve in Fig. 2~b!. Here we plot the power in
two different time domains: one in the range from 70 fs
5.8 ps in Fig. 3~a! and the other from 1.0 to 5.8 ps in Fig
3~b!. Two peaks at 8.9 and 8.4 THz are prominent and
sharp dip at 8.7 THz appears in Fig. 3~a!. On the other hand
the power spectrum of a longer delay times after the ra

FIG. 3. The power spectra obtained from the Fourier trans
mations of the TRSHG traces in Fig. 2~b!. ~a! The transformation is
performed for the data in the range from 70 fs to 5.8 ps of
measured~thick curve! and the simulated~thin curve! traces. The
dashed curve represents also the simulated results with the
parameter set for the thin curve except that the initial phases o
componentsa andb are set to be equal (f15f25212°). ~b! The
power spectrum obtained from the experimental data in Fig. 2~b! in
the range from 1.0 to 5.8 ps.
23532
e
n

-
r

ly
.

e-
-

-
ay

f

a

id

damping of the initial large oscillation@Fig. 3~b!# shows only
one peak at 8.8 THz. The frequency of a bulk LO phon
was reported to be 8.8 THz by time-resolved linear reflec
ity measurements of GaAs.13 Chang et al. have also ob-
served the bulk LO-phonon peak at 8.8 THz in the TRSH
measurements,10 in addition to the four surface phono
modes in the region of 6.2–8.2 THz. Thus the peaks at
and 8.4 THz could be assigned to the bulk LO phonon an
surface phonon, respectively. However, some obscure po
remain. The peak at 8.9 THz is quite asymmetric as in F
3~a!, but becomes symmetric and its peak position is sligh
shifted as in Fig. 3~b!. In addition, no surface phonon com
ponent peaked at 8.4 THz was observed by Changet al. at
GaAs(100)-(431)-Ganor-(136)-As surfaces.10

In order to clarify these points, we simulated the observ
oscillatory tracesD(t), with a linear combination of two
underdamped modes, as in Eq.~2!:

D~ t !5A1 sin~v1t1f1!exp~2t/t1!1A2 sin~v2t1f2!

3exp~2t/t2!. ~2!

A simulated curve~solid curve! is superimposed on the mea
sured data in Fig. 2~b!. The employed parameters are as fo
lows: v158.67 THz, t153 ps, f15212°, v258.52 THz,
t250.22 ps, f252128°, and A1 :A251:23. The power
spectrum of the simulated curve is also plotted in Fig. 3~a!. It
is obvious that the essential features of the oscillatory cu
measured by TRSHG are well represented by a linear c
bination of the two underdamped oscillators. Hereafter
denote the first one as thea component that has a decay tim
of about 3 ps and a center frequency at 8.7 THz, and
second one as theb component that has a decay time of 2
fs and a center frequency at about 8.5 THz.

Note that the initial phase of thea components (f1) is
shifted relatively from that of theb component (f2) by
about 120°. The relative phase shift is crucial to obtain
satisfactory simulation of the waveform. The dashed curve

FIG. 4. The Fourier power spectra of TRSHG curves un
various surface conditions: the TRSHG curves were observed
the Ar1 sputtering~a! without annealing the surface,~b! 1 h anneal-
ing at 950 K after the sputtering,~c! 2 h annealing, and~d! 3 h
annealing.
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Fig. 3~a! shows a spectrum of a simulated oscillatory tra
with the same parameters as those for Fig. 2~b! except that
the initial phases of the two components are set to be e
(f15f25212°). In this case, the characteristic dip at 8
THz in the power spectrum disappeared and the two pe
are collapsed into one broad peak. Therefore, it is clear
the asymmetric spectral shape and the slight frequency
of the peak at 8.9 THz and a dip at 8.7 THz in Fig. 3~a! are
due to the interference between thea and theb components.
We will discuss the physical origins of the initial phase d
ference of the two components in detail later.

TRSHG waveforms significantly depend on how the s
face is prepared. Figure 4 shows a series of power spe
obtained with various annealing times after Ar1 sputtering
~500 eV, 1mA, for 5 min, at 270 K!. Right after the sputter-
ing the surface showing a diffuse (131) LEED pattern we
observed only the peak at 8.9 THz; the peak at 8.4 TH
strongly reduced. As the total annealing time after the sp
tering increases, the spectral feature at 7–8.6 THz gro
and finally results in a peak at 8.4 THz. The surfaces giv
the traces in Figs. 4~b!–4~d! all show almost the identica
c(832) pattern. From the two-component quantitati
analysis, we can understand the surface condition de

FIG. 5. The pump power dependence of the Fourier power s
tra of TRSHG traces. Thick curves represent the results taken f
the surface with 3 h annealing after the Ar1 sputtering. The pump
power for each curve is~a! 70 mW, ~b! 140 mW, and~c! 210 mW,
respectively. Thin curves represent the results simulated by the
components analysis with Eq.~2!. The used parameters for the com
ponentsa andb are tabulated in Table I.
23532
e

al

ks
at
ift

-
tra

is
t-
s,
g

n-

dence of the spectra as follows; the amplitude of theb com-
ponent decreases by the surface sputtering and recove
the annealing. Thus, it is likely that theb component is origi-
nated in excitation localized in a few layers near the surfa

Figure 5 shows the excitation power dependence of
power spectra. The sample was annealed at;950 K for 3 h
after sputtering@the condition identical with that of Fig
4~d!#. At the lowest pump power of 70 mW, two peaks a
pear at 8.6 and 8.9 THz, and as the pump power is increa
the lower frequency peak increases in its relative inten
and are shifted to red. All the waveforms under the th
different pump power conditions could be reproduced qu
tatively by a linear combination of two underdamped osc
lators, Eq.~2!. The power spectra of these simulated curv
are also shown in Fig. 5. The parameters used for the si
lations are tabulated in Table I. In the simulated curves, tha
component is always with a decay time of 2–3 ps and wit
center frequency of 8.7–8.8 THz. Differences of the init
phases of thea and b components are 69°, 116°, and 10
for pump power of 70, 140, and 210 mW, respectively, a
these phase differences give a dip at 8.7 THz in each s
trum.

IV. DISCUSSION

A. Origins of the oscillatory components

The observed features of the oscillatory signals appa
in the TRSHG traces are summarized as follows. The os
latory parts are decomposed into two underdamped mo
the componentsa andb. Thea component has a frequenc
of 8.7–8.8 THz and a decay time of 2–3 ps, and appe
irrespective of the surface sputtering and annealing, and
pump power. Thus, this component is assigned to the b
LO-phonon mode. On the other hand, theb component has a
center frequency lower than that of thea component, and
possesses much shorter decay times~200–400 fs!. The b
component is reduced by surface sputtering and recover
intensity by annealing. Thus, theb component is very sensi
tive to long-range regularity of the surface. In addition, theb
component changes its frequency and the width~decay time!
as a function of the pump power.

There are some candidates for the origin of theb compo-
nent: surface phonon, and the bulk plasmon-bulk phon
coupled mode. Here we first discuss the possibility of
bulk plasmon-bulk phonon coupled modes. The coherent
cillation of the electron plasmon-bulk LO-phonon coupl

c-
m

o

TABLE I. Parameters used for the simulations in Fig. 5.

Pump
power
~mW!

a component b component

Center
frequency

~THz!

Decay
time
~ps!

Center
frequency

~THz!

Decay
time
~ps!

Initial phase
difference

betweena and
b ~deg.!

70 8.80 2.8 8.65 0.40 69
140 8.67 3.0 8.52 0.22 116
210 8.66 2.3 8.34 0.24 103
8-4
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COHERENT SURFACE PHONON AT A GaAs(100)-c(832) SURFACE PHYSICAL REVIEW B 65 235328
mode has been observed by transient linear reflection m
surements on GaAs.14,15 Its lower ~L2 mode! and the higher
branch~L1 mode! change their frequencies from 7 to 8 TH
(L2) and from 10 to 15 THz (L1) as the carrier concentra
tion increases from 131017 cm23 to 131018 cm23. In the
current study, the penetration depth of the pump light is
timated to be about 1.5mm. The injected carrier densitie
averaged in the penetration depth are 4.3, 8.6, and
31017 cm23, at the pump power of 70, 140, and 210 mW
respectively. On the other hand, the depth of the surface
gion contributing to the SH signal is estimated to be;130 Å
from the phase matching condition. The injected carrier d
sities averaged in the narrow region are in the range from
to 2031017 cm23. The frequency of theb component does
not mach to those of the electron plasmon-phonon coup
modes expected for those carrier densities. Furthermore
reduction of theb component by sputtering indicates th
this component is sensitive to the topmost 10–20 Å laye
the surface, where the contribution from the bulk mo
would be small. Therefore, theb component is not likely due
to the electron plasmon-bulk LO-phonon coupled modes

Wan et al. have observed a bulk LO-phonon–hole pla
mon coupled mode ofp-type GaAs by Raman spectroscop
in the range from 8.0 to 8.8 THz depending on the h
density.16 The peak frequency of the coupled mode sh
from 8.8 to 8.0 THz as the hole density changes from
31018 to 131019 cm23. Although theb component shows
the similar frequency shift as a function of the pump pow
the employed carrier densities in the current study are alm
one order of magnitude smaller than those reported in R
16. Furthermore, the reduction of the mode by surface s
tering cannot be explained by the bulk-phonon–ho
plasmon coupled mode.

Next, we examine if the surface phonon modes are
sponsible for theb component. In a HREELS study on
GaAs(100)-c(832) surface, the peaks at 7.9, 11.5, and 3
meV ~1.91, 2.78, and 8.66 THz, respectively! have been
observed.17 The frequency of the highest mode ascribed
the Fucks-Kliewer~FK! mode is close to that of theb com-
ponent. However, since the lateral wave vector of the
mode to be excited in the present study should be sma
than 1mm21, the FK mode extends more than 1mm into the
bulk.18 Such a bulklike mode should be insensitive to t
modification of the surface. Thus, if this bulk like mode we
responsible for theb component, it would be difficult to
understand why theb component is so sensitive to surfa
sputtering and annealing. The absence of the contributio
the FK mode in TRSHG measurements has been
claimed by Changet al.8–10 Consequently, we conclude tha
theb component is due to surface phonon modes localize
a few atomic layers near the surface.

We have tentatively assumed so far that theb component
is composed of one damped oscillator. However, the spe
width of theb component is rather broad and its decay tim
is much shorter than that of the bulk LO phonon. Thus, thb
component may be composed of a couple of surface pho
modes. In fact, Changet al. have found four surface phono
modes for GaAs(100)-(431)-Ga and 2(136)-As
surfaces.10 They determined the frequencies of the surfa
23532
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phonon modes by fitting globally the data taken under diff
ent azimuth angles and pump polarization conditions. F
lowing their results, it is conceivable that a couple of surfa
phonon modes contribute to the TRSHG signals in this w
on the GaAs(100)-c(832) surface. However, it is impos
sible to determine uniquely a set of frequencies of phon
modes by fitting the limited data available in this stud
Therefore, we focus on the overall feature of theb compo-
nent without further spectral decomposition.

Since there are no theoretical works available on the s
face phonon modes at the GaAs(100)-c(832) surface, we
are forced to speculate what kind of surface phonon mo
are responsible for theb component. A recent LEEDI -V
analysis showed that the GaAs(100)-c(832) reconstructed
surface consists of rows in the@0-11# direction in which three
adjacent Ga dimers are separated by one missing dim19

From the hyper-Raman selection rule, the allowed mode
the present detection configuration~pin-pout, incidence plane
i@0-11#! are those withA1 or B2 symmetry.10 Among the six
normal modes of the Ga dimer, there are three allow
modes which would contribute to theb component: an out-
of-plane mode of two Ga atoms in phase (A1), an in-plane
mode of two Ga atoms in opposite directions along the dim
bond (A1), and an in-plane mode of two Ga atoms in pha
along the axis perpendicular to the dimer bond (B2).

Changet al.10 found four surface phonon components
8.15, 7.80, 7.46, and 6.46 THz for the GaAs(100)-(4
31)-Ga surface. Since the highest frequency is close to t
of the b component found in the current study, their mod
are likely very similar. In Ref. 10, the authors assigned
component at 8.15 THz to an out-of-plane count
propagating mode of the Ga-As bond between a Ga di
and As atoms in the second layer, whose frequency is hig
than that of the intrinsic mode because of coupling with
electric field associated with the displacement. The sim
surface phonon mode should be at the GaAs(100)-c(832)
surface, and is supposed to be the origin of the main fea
of the b component. The motions of the Ga dimers in t
phonon modes are withA1 or B2 symmetry as discusse
above. Both the GaAs(100)-c(832) and the
GaAs(100)-(431)-Ga surfaces are dominated by the loc
(432) structure. The difference between the two structu
is that the (432) cells are staggered regularly over a wi
region in the former reconstruction, while this arrangemen
disordered in the latter.20 This difference in the structure
would be the reason why the surface mode frequencie
these surfaces do not coincide exactly.

Among the three other modes identified at t
GaAs(100)-(431)-Gasurface by Changet al., the compo-
nents at 7.46 and 6.46 THz are assigned to the modes lo
ized at the third and forth layers because the deduced d
times ~around 1 ps! are relatively longer than those of othe
modes.10 These modes should exist at the GaAs~100!-c~832!
surface in the similar frequency range. Note that some co
ponents appear at 6.0–7.6 THz in Fig. 4~b!, while their rela-
tive intensity diminishes in Fig. 4~d!. One possible explana
tion for this can be as follows. Since the phonon modes
6.0–7.6 THz are localized at the third and fourth laye
these modes may not be so sensitive to the annealing t
8-5
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On the other hand, the majority of theb component is con-
tributed from the motion of the Ga dimer with respect to t
second layer, which is expected to be very sensitive to
homogeneity in the topmost layer. As increasing the ann
ing time, the surface homogeneity is improved and ther
contributions of theb component dominate the signal.

Note that a broad component at around 10 THz in Fig
grows as the pumping power increases. It is not likely due
phonon modes, since no surface phonons possess frequ
higher than that of the bulk LO phonon at the Brillouin zo
center. Thus, we attribute the broad component to the co
butions from photocarriers. The bulk photocarriers in t
near surface region are not responsible for this compon
since the wavefunctions of bulk free carriers decay to z
toward surface. Therefore, this component might be due
plasmon oscillations originating in photocarriers trapped
the surface states of GaAs(100)-c(832) above the Ferm
level.

Here we discuss the initial phases of the observed mo
We observed the surface phonon components exhibit di
ent initial phases from that of the bulk LO-phonon comp
nent. The initial phase of a coherent phonon oscillation
pends on its excitation mechanism.4 Mechanisms for
coherent optical phonon excitation are categorized as eith
Raman or a non-Raman process. In the Raman process
initial phase of coherent nuclear motion depends on
detuning of laser photon energy from the resonant ene
for an electronic transition. It is claimed that the drivin
force is purely displacive foruvR2v0u!dR , but impulsive
for uvR2v0u@dR , wherevR is the resonance frequency o
the electronic transition,v0 is the excitation laser frequency
and dR is the width of the resonance.4 Thus, in the former
case, coherent nuclear motion is described as cos(vt), while
in the latter case, it is described as sin(vt).

On the other hand, some non-Raman processes have
proposed to explain coherent phonon excitation in opa
solids.3,21 One of the most prominent models is denoted
displacive excitation of coherent phonons~DECP!, which is
based on interband excitation from bonding to antibond
states. Since the lattice equilibrium position changes abru
by the excitation, the coherent amplitude is modulated
cos(vt).3 As for the space charge layer in semiconducto
another non-Raman mechanism for coherent bulk L
phonon generation is well accepted, which is based on
ultrafast screening of a depletion field by photocarriers22

The initial phase of the nuclear motion induced by th
mechanism is similar to that of DECP.

Following the discussion given in Ref. 22, the ultrafa
screening of the depletion field at the GaAs(100)-c(832)
surface is expected to be a dominant mechanism for driv
the coherent bulk LO phonon. On the other hand, the ph
difference between thea and theb components clearly indi-
cates that the excitation mechanism of the surface com
nent is different from that of the bulk phonon. In fact, Cha
et al. have claimed that the surface phonon components
generated via the Raman process, since the relative cont
tions of the surface phonon modes depend on the pump
larization and the crystal azimuth angle in the light inciden
plane.8–10
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If the purely nonresonant Raman process were resp
sible for the surface phonon excitation, all the modes sho
show the sin(vt) oscillatory component, and the initia
phases of the surface phonons would be shifted from tha
the bulk phonon byp/2. However, since occupied and uno
cupied surface electronic states are located close to the
gap of the GaAs surface,23 the transition between the tw
states would couple to the resonant Raman excitation of
surface phonons. Therefore, the initial phases of the sur
modes vary as a function of detuning of the photon ene
from that of the relevant resonance. This might be why
relative phase between thea ~bulk! and theb ~surface! com-
ponent does not match top/2 exactly.

B. Excitation power dependence

In the above discussion, theb component is ascribed to
the surface phonons confined in a few atomic layers. H
we focus on the frequency shift of theb component as a
function of the pump power. There are two possible orig
for the frequency shift:~1! the softening of the bonds at th
surface owing to excitation of the surface states and~2! the
anharmonicity of the bonds at the surface.

If electrons~holes! are generated in antibonding~bond-
ing! surface states by photoexcitation, the surface pho
modes are softened. A similar redshift of coherent bulk p
non frequency of tellurium as a function of pumping pow
has been reported.24 The excitation of about 2% of valenc
electrons of bulk Tellurium causes the weakening of the cr
tal lattice and results in the low-frequency shift from 3.6
3.0 THz. In the present case, although the bulk carrier d
sity is too low to modify the bulk phonon frequency, th
two-dimensional~2D! confined surface mode might be pe
turbed by the excess carrier density in the unoccupied
face states. Haightet al.have reported the electron dynami
in the surface states of GaAs~110! by time-resolved two pho-
ton photoemission spectroscopy.25 The excited electrons in
the surface states decay in a few picoseconds. Since the
lar carrier dynamics in the surface states
GaAs(100)-c(832) can be expected, the photocarriers
the surface states survive sufficiently long to affect the s
face phonon frequency.

Next we consider a possible role of the anharmonicity
surface bonds. As has been discussed earlier, the excit
mechanism of the coherent surface phonon on the GaAs
face is considered to be the impulsive Raman scattering.8 In
the classical damped oscillator picture, the amplitude of
induced oscillation would be proportional to the fluence
the excitation laser.3 The coherent phonon amplitude b
comes larger with increase of the excitation power, and
nally the redshift of the phonon frequency is expected by
anharmonicity of the potential at the surface. Therefore,
other possibility for the redshift is due to the anharmonic
of surface bonds.

Generally, the anharmonicity of surface phonon mode
considered to be greater than that of bulk phonon mod
Baddorf et al. have revealed that the anharmonicity for t
motion normal to the surface on a Cu~110! surface, is 4–5
time greater than that in bulk copper.26 However, little is
8-6
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known about the anharmonic constants of the bonds at
GaAs surface. Vermaet al. studied in detail the anharmonic
ity of the GaAs bulk LO phonon by temperature-depend
Raman scattering.27 The LO-phonon line center frequenc
shifts from 297.5 cm21 ~8.92 THz! to 292 cm21 ~8.75 THz!
as the temperature increases from 10 to 300 K. Followin
formulation explored by Balkanskiet al., in which phonon
coupling due to cubic and quartic anharmonic terms
taken into account,28 they estimated the anharmonic co
stants from the temperature dependence of the peak
quency and the line width.

Changet al.have suggested that the coherent phonon a
plitudes observed at the surface and in the bulk are the s
order of magnitudes on the GaAs.10 Since the excitation con
ditions in this study are close to those in Ref. 10, the sit
tion would be similar. Since thea component~bulk LO pho-
non! does not show significant power dependence of
frequency, the employed pump power is not so intense a
realize the anharmonic effect in the bulk. As in Fig. 5, theb
component frequency shifts from 8.6 to 8.3 THz with t
pump power changing from 70 to 210 mW. This shift
larger than that of the bulk mode observed between at 10
300 K, in which occupation at the phonon mode of 300 cm21

increases from;0 to 0.3. It is intriguing that such a larg
shift is induced with the moderate pump power conditio
This could be a manifestation of larger anharmonicity at
surface than that in the bulk.
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V. CONCLUSION

We performed TRSHG measurements on
GaAs(100)-c(832) surface, and identified the surface ph
non mode in the time domain. The surface phonon sig
show dramatic dependence on the surface annealing, w
indicates that the observed mode is sensitive to the lo
range regularity of the surface. Clear interference dips w
observed in the power spectra, which are indicative of
initial phase difference between the bulk and the surf
phonon modes. The surface phonon frequency showed a
shift as the pump power increases. This might be ascribe
the change of the interatomic force constant by the photo
riers in the antibonding unoccupied surface state, or to
anharmonicity of the potential energy curve for the surf
lattice motion.
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