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Coherent surface phonon at a GaA6100)-c(8X 2) surface
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Coherent surface phonon at a GaAs(1@03-x 2)-Gareconstructed surface has been investigated by time-
resolved second-harmonic generati®@®SHG. 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.
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[. INTRODUCTION the nature of the coherent surface phonon excited by this
method in detail. For example, it is important to know how

There has been an accumulating body of literature dealinghe coherent amplitude depends on the excitation laser inten-
with generation of coherent nuclear motion by ultrashort op-ity. Information on the initial phase of the coherent oscilla-
tical pulses not only in the gas phadeut also in various tion is valuable for the excitation mechanism. However,
kinds of condensed phase¥.Laser pulses with the duration these issues have not been discussed extensively in the pre-
sufficiently shorter than the period of a vibrational modeVious works.
allow us to excite the mode with a high degree of spatial and In this work, we focus on TRSHG on a GaAs(106(8
temporal coherence and to follow the nuclear motion directlyX 2)-Gasurface. Although some results have been reported
in the time domain. Moreover, it has been demonstrated thdty Changet al. on the clean GaA400) surfaced? no study
successive multiple pulse trains enhance selectively the c®n the c(8X2)-Ga reconstructed surface has been done.
herent amplitude of a specific mode. This paper describes new features in TRSHG traces of this

These unique features of the coherent excitation provideurface that has not been reported in the pervious works. We
an attractive opportunity for the study of surface reactionshow a clear interference dip in the Fourier power spectra of
dynamics. Surface reactions are generally initiated by théhe TRSHG traces, which is indicative of the initial phase
excitation of surface phonons and adsorbate vibrations. If wdifference between the bulk and the surface coherent phonon
obtain detailed information on the dynamics of nuclear mo-nodes. In addition, the contribution of the surface phonon
tions of surface atoms, we can gain a deeper insight intenodes depend significantly on the annealing time of the
what vibrational motions are relevant to a reaction. Furthersample, indicating that the observed modes are laterally well
more, the selective enhancement of a surface phonon modtelocalized at the surface. Furthermore, we show the red
relevant to the reaction may lead us to control the surfacshift of the surface phonon frequency with increasing the
reaction dynamics. For this purpose, it is necessary to estalexcitation laser power and discuss its possible origins.
lish the method to excite and probe the coherent nuclear
motion at a surface.

In contrast to a number of works on coherent bulk phonon
excitation reported, studies on the excitation of coherent  Figure 1 shows a schematic diagram of the experimental
phonons or vibrations at surfaces are scarce. Recently, Chasgtup used in this study. The experiment was performed with
et al. have pioneered the probe of the coherent surface ph@ UHV chamber evacuated to a base pressure better than
non modes at a GaAs surface and a buried interface by use 8f0x 10~ ° Torr by cascaded turbo-molecular pumps. It is
time-resolved second-harmonic generatiéfiRSHG.2"°  equipped with a retractable LEED and a retractable cylindri-
They have succeeded in observing coherent surface phonooal mirror analyzer for Auger electron spectroscopiS). A
at the surfaces of GaAkl0, GaAs(100-(4x1)-Ga, and GaAg100) sample(n-type, Si-doped, 1510 cm™3) was
GaAs(100-(6x1)-As in thetime domain. Several surface held by a Ta foil welded to Ta wires. It could be heated up to
phonon modes were identified on each surface. In additior,000 K by resistive heating of the Ta wires, and could be
an interface phonon mode between GEA®) and native cooled down to 110 K by liquid nitrogen. Sample was
oxide layers was observéd. cleaned by cycles of Ar sputtering(1 xA, 500 V) and an-

To extend this technique further for the study on surfacenealing. The surface condition was checked by LEED and
chemical reaction dynamics, one has to examine careful AES. After the cleaning procedure the surface contamination

II. EXPERIMENT
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FIG. 2. (8 A typical TRSHG trace taken from a GaAs
(100)c(8X% 2) surface. The pump power was 140 mW, and the SH
signal with p polarization was detected. The incidence plane was
o ) parallel to[0-11] direction.(b) Dotted curve: A derivative curve of
FIG. 1. Schematic diagram of a TRSHG experimental setup.  the trace(a). Solid curve: a simulation curve with two components

. L and B in Eq. (2). See text for the parameters employed in the
of carbon and oxygen was under the detection limit of AES; A in Eq. (2) P ploy

simulation.
(less than a few % of surface atom# GaAs(100)€(8
X 2)-Gareconstructed surface was obtained by annealinghe probe pulses. The sample temperature was kept at 180 K

the sputtered surface to higher than 900 K. during the measurements.
TRSHG signals were measured by basically the same
method reported by Changt al®~'° We used a chirped- IIl. RESULTS

mirror-compensated femtosecond Ti:sapphire lds@mto- ] ) )

source, Femto-pro, 800 nm, 12 fs; 75 MHz, 800 m¥¢ a Figure 2a) shows a typical TRSHG trace.obtalned on the
light source. The output laser beam was passed through @@As(100)€(8x2)-Gasurface. A clear oscillatory compo-
prism pair for compensating further chirping by optical com-nent is superimposed on the background component with a
ponents mounted between the laser and the sample. A pd@Pid rise and a slow decay. The derivative of the curve in
(30%) of the output beam was used as a probe beam, and tfdd- 2@ is plotted in Fig. Zb) after subtracting low fre-
rest was passed through a variable neutral density filter an@uency(<3 THz) components. While a large amplitude os-
used as a pump beam. The time defayetween the pump cillation component appears immediately after the excitation
and the probe pu'ses was Controned by a Computerpulse a|_mOSt decaySWIthHKl pS, a Sma” OSCi||ati0n com-
controlled mechanical mirror stage with the accuracy of betPonent is persistent in>1 ps.

ter than 10 fs. The pump and the probe beams were intro- The transient changes are due to the modulation of the
duced in the chamber in parallel to each other with a spacingffective second-order nonlinear susceptibiligf?) by the

of 7 mm through a window of a 1-mm-thick quartz plane pump pulses. The origin of thg(® photomodulation has
plate (the aperture diameter of 20 mniThen both of the been discussed by Chaegal® Since a bulk GaAs crystal
beams were focused onto the sample surface by a quartz lelgks an inversion symmetry, SHG signals are contributed
of the 100-mm focal length held in the chamber. The inci-both from the bulk and the surface. The pump pulse excita-
dence angles of the two beams onto the sample surface wefien induces the changes in the population distributions of
~70°. The electric vectors of the beams were in the inci-electron and hole in surface electronic bands as well as in
dence plandp polarization parallel with the[0-11] direc-  bulk bands, resulting in the modulation gf?). In addition,
tion. The p-polarized component of the second harmonicsthe electric field in a depletion layer near the surface of a
(SH) of the probe beam generated on the sample surface waemiconductor also contributes SHG sigridln this case,
passed through a band pass filter to reject the fundamenttile responsible nonlinear dipole is proportionala&px“),

light and detected by a photomultiplier thermoelectric-cooledvhereE ¢, is the strength of the depletion field and® is
down to —30°C. The output signal of the photomultiplier the third-order nonlinear susceptibility. Photocarriers gener-
was amplified by a current preamplifier and fed into a lock-inated by the pump pulse modif£ye, by screening, and
amplifier synchronized with an optical chopper that was in-thereby cause the modulation of the SH intensity. Therefore,
serted in the optical path of the pump beam. Pump-pulséhe background component with the rise and the decay apart
induced changes of the SH intensity were recorded as a funérom the oscillatory one in Fig. () reflects the photocarrier
tion of the pump-probe delay from0.2 to 6 ps with a step dynamics near the surface region including electron-hole
of 26 fs. The time zero was determined by monitoring SHgeneration, screening, diffusion, trapping at surface states,
light produced by sum frequency generation of the pump andnd recombination.
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FIG. 3. The power spectra obtained from the Fourier transfor- Frequency (THz)
mations of the TRSHG traces in Figll2. (a) The transformation is
performed for the data in the range from 70 fs to 5.8 ps of the FIG. 4. The Fourier power spectra of TRSHG curves under
measuredthick curve and the simulatedthin curve traces. The various surface conditions: the TRSHG curves were observed after
dashed curve represents also the simulated results with the sarfe Ar* sputtering(a) without annealing the surfacgy) 1 h anneal-
parameter set for the thin curve except that the initial phases of th&'d at 950 K after the sputterinde) 2 h annealing, andd) 3 h
componentsr and 3 are set to be equakf, = ¢,= —12°). (b) The ~ annealing.
power spectrum obtained from the experimental data in Rig.i2
the range from 1.0 to 5.8 ps. damping of the initial large oscillatiofFig. 3(b)] shows only

one peak at 8.8 THz. The frequency of a bulk LO phonon

Coherent nuclear motion induced by the ultrashort pulsvas reported to be 8.8 THz by time-resolved linear reflectiv-
excitation also modulates the SH intensity via hyper Ramaify measurements of GaAS.Changet al. have also ob-
tensorssy(®/ 8q, , whereq, stands for the normal coordinate Served the bulk LO-phonon peak at 8.8 THz in the TRSHG
of the Ith bulk or surface phonon mode. Since the modummeasurgmem@, in addition to the four surface phonon
tion of the SH intensity by the coherent nuclear motion undefodes in the region of 6.2-8.2 THz. Thus the peaks at 8.9
the present excitation condition is considered to be sfaall @nd 8.4 THz could be assigned to the bulk LO phonon and a
few percent of the total SH intensjtpn GaAs surfaces, the Surface phonon, respectively. However, some obscure points
signal quadratic to the nuclear displacement would be hardifemain. The peak at 8.9 THz is quite asymmetric as in Fig.
detected. Thus, the observed oscillatory contribution in Fig3(&@, but becomes symmetric and its peak position is slightly
2(a) would be linear to the nuclear displacement. shifted as in Fig. @). In addition, no surface phonon com-

The coherent phonon oscillation can be described pheROnent peaked at 8.4 THz was observed by Chetrg. at
nomenologically by the equation of motion of the displace-GaAs(100-(4X1)-Ganor-(1x6)-As surfaces.

ment amplitudeQ expressed 48 In order to clarify these points, we simulated the observed
oscillatory tracesD(t), with a linear combination of two
2Q(t) JQ(t) underdamped modes, as in E@):
w* +2y4 +0?Q(t) | =F(1), 1)

at? at

D(t)=A;siN(w t+ ¢p)exp( —t/71) + A,y sin(wot+ ¢@y)
where w is the phonon frequency* is the lattice reduced Xexp(—t/7,). (2
mass,yq is a phenomenological damping constant, &tt)
is the appropriate driving force. Whé¥(t) is assumed as a A simulated curvesolid curve is superimposed on the mea-
delta function andyy,<w is satisfied, one obtains a solution sured data in Fig.®). The employed parameters are as fol-
for an underdamped mode with the frequencywoéind the lows: w1=8.67 THz, 7;,=3 ps, ¢,=—12°, w,=8.52 THz,
decay time of 1J4. The decay time is contributed by a pure 7,=0.22 ps, ¢,=—128°, andA;:A,=1:23. The power
dephasindtransverse relaxatiomate and a population decay spectrum of the simulated curve is also plotted in Fig).3t
(longitudinal relaxation rate. In addition, when more than is obvious that the essential features of the oscillatory curve
two distinct modes overlap each other in the frequency domeasured by TRSHG are well represented by a linear com-
main, this imhomogeneous broadening increases the decdynation of the two underdamped oscillators. Hereafter we
rate of the coherent amplitude. denote the first one as thkecomponent that has a decay time
Power spectra are obtained by Fourier transformation obf about 3 ps and a center frequency at 8.7 THz, and the
the derivative curve in Fig.(®). Here we plot the power in  second one as th@ component that has a decay time of 220
two different time domains: one in the range from 70 fs tofs and a center frequency at about 8.5 THz.
5.8 ps in Fig. 8a) and the other from 1.0 to 5.8 ps in Fig.  Note that the initial phase of the components ¢,) is
3(b). Two peaks at 8.9 and 8.4 THz are prominent and ashifted relatively from that of the3 component ¢,) by
sharp dip at 8.7 THz appears in FigaB On the other hand, about 120°. The relative phase shift is crucial to obtain the
the power spectrum of a longer delay times after the rapidatisfactory simulation of the waveform. The dashed curve in
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WM U U L St A M L dence of the spectra as follows; the amplitude of gheom-
A ponent decreases by the surface sputtering and recovers by
the annealing. Thus, it is likely that thi®component is origi-
nated in excitation localized in a few layers near the surface.
Figure 5 shows the excitation power dependence of the
power spectra. The sample was annealed @50 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 ap-
pear at 8.6 and 8.9 THz, and as the pump power is increased,
the lower frequency peak increases in its relative intensity
and are shifted to red. All the waveforms under the three
! N different pump power conditions could be reproduced quali-
T O Ao S T tatively by a linear combination of two underdamped oscil-
4567891011121314 lators, Eq.(2). The power spectra of these simulated curves
Frequency (THz) are also shown in Fig. 5. The parameters used for the simu-

FIG. 5. The pump power dependence of the Fourier power SIC)eclgs\tlons are tabulated in Table I. In the simulated curvesathe

tra of TRSHG traces. Thick curves represent the results taken fror'ﬁomponent is always with a decay “”.”e of 2-3 ps and Wlth a
the surface wh 3 h annealing after the Arsputtering. The pump center frequency of 8.7-8.8 THz. lefere:’lces ?f the 'n't"il
power for each curve i&) 70 mW, (b) 140 mW, andc) 210 mW, phases of ther and 8 components are 69°, 116°, a}nd 103
respectively. Thin curves represent the results simulated by the tw?r PUMp power of 70, 140, and 210 mW, respectively, and
components analysis with E€@). The used parameters for the com- these phase differences give a dip at 8.7 THz in each spec-

Fourier power (arb. units)

ponentsa and 8 are tabulated in Table 1. trum.

Fig. 3(a) shows a spectrum of a simulated oscillatory trace IV. DISCUSSION

with the same parameters as those for Figp) 2xcept that o )

the initial phases of the two components are set to be equal A. Origins of the oscillatory components

(h1=¢,=—12°). In this case, the characteristic dip at 8.7 The observed features of the oscillatory signals apparent
THz in the power spectrum disappeared and the two peaks the TRSHG traces are summarized as follows. The oscil-
are collapsed into one broad peak. Therefore, it is clear thdatory parts are decomposed into two underdamped modes:
the asymmetric spectral shape and the slight frequency shifhe components and 8. The @ component has a frequency
of the peak at 8.9 THz and a dip at 8.7 THz in Figa)3are  of 8.7—-8.8 THz and a decay time of 2—-3 ps, and appears
due to the interference between thand thes components. irrespective of the surface sputtering and annealing, and the
We will discuss the physical origins of the initial phase dif- pump power. Thus, this component is assigned to the bulk
ference of the two components in detall later. LO-phonon mode. On the other hand, fheomponent has a
TRSHG waveforms significantly depend on how the sur-center frequency lower than that of thecomponent, and
face is prepared. Figure 4 shows a series of power spectfossesses much shorter decay tifi280—-400 f$. The 8
obtained with various annealing times after'Asputtering component is reduced by surface sputtering and recovers its
(500 eV, 1uA, for 5 min, at 270 K. Right after the sputter- intensity by annealing. Thus, th&component is very sensi-
ing the surface showing a diffuse XI11) LEED pattern we tive to long-range regularity of the surface. In addition, ghe
observed only the peak at 8.9 THz; the peak at 8.4 THz igomponent changes its frequency and the widgtay time
strongly reduced. As the total annealing time after the sputas a function of the pump power.
tering increases, the spectral feature at 7—8.6 THz grows, There are some candidates for the origin of fheompo-
and finally results in a peak at 8.4 THz. The surfaces givinghent: surface phonon, and the bulk plasmon-bulk phonon
the traces in Figs. #)—4(d) all show almost the identical coupled mode. Here we first discuss the possibility of the
c(8X2) pattern. From the two-component quantitativebulk plasmon-bulk phonon coupled modes. The coherent os-
analysis, we can understand the surface condition depemillation of the electron plasmon-bulk LO-phonon coupled

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

a component B component
Center Decay Center Decay Initial phase
Pump frequency time frequency time difference
power (THz2) (ps) (THz) (ps) betweena and
(mW) 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
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mode has been observed by transient linear reflection meghonon modes by fitting globally the data taken under differ-
surements on GaA%:®Its lower (L_ mode and the higher ent azimuth angles and pump polarization conditions. Fol-
branch(L, mode change their frequencies from 7 to 8 THz lowing their results, it is conceivable that a couple of surface
(L_) and from 10 to 15 THzI(.) as the carrier concentra- phonon modes contribute to the TRSHG signals in this work
tion increases from X 10" cm 3 to 1x10®¥ cm™3. In the ~ on the GaAs(100x(8x2) surface. However, it is impos-
current study, the penetration depth of the pump light is essible to determine uniquely a set of frequencies of phonon
timated to be about 1..um. The injected carrier densities modes by fitting the limited data available in this study.
averaged in the penetration depth are 4.3, 8.6, and 1Bherefore, we focus on the overall feature of fp&ompo-
x 10" cm~3, at the pump power of 70, 140, and 210 mWw, nent without further spectral decomposition.
respectively. On the other hand, the depth of the surface re- Since there are no theoretical works available on the sur-
gion contributing to the SH signal is estimated to-b#30 A~ face phonon modes at the GaAs(10Q8x 2) surface, we
from the phase matching condition. The injected carrier denare forced to speculate what kind of surface phonon modes
sities averaged in the narrow region are in the range from 6.8re responsible for thg component. A recent LEED-V
to 20X 10" cm™3. The frequency of thgd component does analysis showed that the GaAs(10€)8< 2) reconstructed
not mach to those of the electron plasmon-phonon couplegurface consists of rows in tii@-11] direction in which three
modes expected for those carrier densities. Furthermore, tisliacent Ga dimers are separated by one missing diner.
reduction of theB component by sputtering indicates that From the hyper-Raman selection rule, the allowed modes in
this component is sensitive to the topmost 10—20 A layer othe present detection configurati@m,-poy, incidence plane
the surface, where the contribution from the bulk model[0-11]) are those withA; or B, symmetry® Among the six
would be small. Therefore, the@ component is not likely due normal modes of the Ga dimer, there are three allowed
to the electron plasmon-bulk LO-phonon coupled modes. modes which would contribute to th@component: an out-
Wan et al. have observed a bulk LO-phonon-hole plas-of-plane mode of two Ga atoms in phask, ), an in-plane
mon coupled mode gf-type GaAs by Raman spectroscopy mode of two Ga atoms in opposite directions along the dimer
in the range from 8.0 to 8.8 THz depending on the holebond (A;), and an in-plane mode of two Ga atoms in phase
density!® The peak frequency of the coupled mode shiftsalong the axis perpendicular to the dimer boid)(
from 8.8 to 8.0 THz as the hole density changes from 1 Changet al*® found four surface phonon components at
X 10'8 to 1x 10" cm3. Although the8 component shows 8.15, 7.80, 7.46, and 6.46 THz for the GaAs(}q@
the similar frequency shift as a function of the pump power,x 1)-Ga surface. Since the highest frequency is close to that
the employed carrier densities in the current study are almosif the 8 component found in the current study, their modes
one order of magnitude smaller than those reported in Refare likely very similar. In Ref. 10, the authors assigned the
16. Furthermore, the reduction of the mode by surface spusomponent at 8.15 THz to an out-of-plane counter-
tering cannot be explained by the bulk-phonon—hole{propagating mode of the Ga-As bond between a Ga dimer
plasmon coupled mode. and As atoms in the second layer, whose frequency is higher
Next, we examine if the surface phonon modes are rethan that of the intrinsic mode because of coupling with the
sponsible for the8 component. In a HREELS study on a electric field associated with the displacement. The similar
GaAs(100)€(8x% 2) surface, the peaks at 7.9, 11.5, and 35.8surface phonon mode should be at the GaAs(1@X 2)
meV (1.91, 2.78, and 8.66 THz, respectiveljave been surface, and is supposed to be the origin of the main feature
observed’ The frequency of the highest mode ascribed toof the 8 component. The motions of the Ga dimers in the
the Fucks-Kliewel(FK) mode is close to that of th8 com-  phonon modes are witlh; or B, symmetry as discussed
ponent. However, since the lateral wave vector of the FKabove. Both the GaAs(100¢8x2) and the
mode to be excited in the present study should be smalle€aAs(100-(4X 1)-Gasurfaces are dominated by the local
than 1um™?, the FK mode extends more tharuin into the  (4X2) structure. The difference between the two structures
bulk.*® Such a bulklike mode should be insensitive to theis that the (4<2) cells are staggered regularly over a wide
modification of the surface. Thus, if this bulk like mode wereregion in the former reconstruction, while this arrangement is
responsible for the8 component, it would be difficult to disordered in the lattéf. This difference in the structure
understand why thgd component is so sensitive to surface would be the reason why the surface mode frequencies at
sputtering and annealing. The absence of the contribution dhese surfaces do not coincide exactly.
the FK mode in TRSHG measurements has been also Among the three other modes identified at the
claimed by Changt al®~° Consequently, we conclude that GaAs(100-(4x 1)-Gasurface by Chanet al, the compo-
the 8 component is due to surface phonon modes localized iments at 7.46 and 6.46 THz are assigned to the modes local-
a few atomic layers near the surface. ized at the third and forth layers because the deduced decay
We have tentatively assumed so far that fheomponent times(around 1 psare relatively longer than those of other
is composed of one damped oscillator. However, the spectrahodes:’ These modes should exist at the GEIAX)-c(8x 2)
width of the 8 component is rather broad and its decay timesurface in the similar frequency range. Note that some com-
is much shorter than that of the bulk LO phonon. Thus,8he ponents appear at 6.0—7.6 THz in Figb¥ while their rela-
component may be composed of a couple of surface phonaive intensity diminishes in Fig.(d). One possible explana-
modes. In fact, Changt al. have found four surface phonon tion for this can be as follows. Since the phonon modes at
modes for GaAs(100(4X1)-Ga and —(1X6)-As  6.0-7.6 THz are localized at the third and fourth layers,
surfaces? They determined the frequencies of the surfacethese modes may not be so sensitive to the annealing time.
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On the other hand, the majority of thgzcomponent is con- If the purely nonresonant Raman process were respon-
tributed from the motion of the Ga dimer with respect to thesible for the surface phonon excitation, all the modes should
second layer, which is expected to be very sensitive to thehow the singt) oscillatory component, and the initial
homogeneity in the topmost layer. As increasing the anneaphases of the surface phonons would be shifted from that of
ing time, the surface homogeneity is improved and therebyhe bulk phonon byz/2. However, since occupied and unoc-
contributions of the3 component dominate the signal. cupied surface electronic states are located close to the band
Note that a broad component at around 10 THz in Fig. 59ap of the GaAs surfacé,the transition between the two
grows as the pumping power increases. It is not likely due tétates would couple to the resonant Raman excitation of the
phonon modes, since no surface phonons possess frequerféyface phonons. Therefore, the initial phases of the surface
higher than that of the bulk LO phonon at the Brillouin zonemodes vary as a function of detuning of the photon energy
center. Thus, we attribute the broad component to the contrfrom that of the relevant resonance. This might be why the
butions from photocarriers. The bulk photocarriers in therelative phase between the(bulk) and theg (surface com-
near surface region are not responsible for this componenonent does not match ta/2 exactly.
since the wavefunctions of bulk free carriers decay to zero
toward surface. Therefore, this component might be due to

plasmon oscillations originating in photocarriers trapped in B. Excitation power dependence
the surface states of GaAs(100§8x2) above the Fermi In the above discussion, th@ component is ascribed to
level. the surface phonons confined in a few atomic layers. Here,

Here we discuss the initial phases of the observed modege focus on the frequency shift of th@ component as a
We observed the surface phonon components exhibit diffeffunction of the pump power. There are two possible origins
ent initial phases from that of the bulk LO-phonon compo-for the frequency shift(1) the softening of the bonds at the
nent. The initial phase of a coherent phonon oscillation desurface owing to excitation of the surface states éhdhe
pends on its excitation mechaniémMechanisms for anharmonicity of the bonds at the surface.
coherent optical phonon excitation are categorized as either a If electrons(holeg are generated in antibondiripond-
Raman or a non-Raman process. In the Raman process, the)) surface states by photoexcitation, the surface phonon
initial phase of coherent nuclear motion depends on thenodes are softened. A similar redshift of coherent bulk pho-
detuning of laser photon energy from the resonant energyion frequency of tellurium as a function of pumping power
for an electronic transition. It is claimed that the driving has been reported. The excitation of about 2% of valence
force is purely displacive fofwg— wo|<dg, but impulsive  electrons of bulk Tellurium causes the weakening of the crys-
for |wg— wg|> 8r, Wherewg is the resonance frequency of tal lattice and results in the low-frequency shift from 3.6 to
the electronic transitiony is the excitation laser frequency, 3.0 THz. In the present case, although the bulk carrier den-
and &y is the width of the resonanéeThus, in the former sity is too low to modify the bulk phonon frequency, the
case, coherent nuclear motion is described asatpsihile  two-dimensional2D) confined surface mode might be per-
in the latter case, it is described as sit)( turbed by the excess carrier density in the unoccupied sur-

On the other hand, some non-Raman processes have befite states. Haigtdt al. have reported the electron dynamics
proposed to explain coherent phonon excitation in opaqué the surface states of Ga@40) by time-resolved two pho-
solids®?! One of the most prominent models is denoted agon photoemission spectroscopyThe excited electrons in
displacive excitation of coherent phonofBECP), which is  the surface states decay in a few picoseconds. Since the simi-
based on interband excitation from bonding to antibondindar carrier dynamics in the surface states of
states. Since the lattice equilibrium position changes abruptlsaAs(100)e(8x2) can be expected, the photocarriers in
by the excitation, the coherent amplitude is modulated ashe surface states survive sufficiently long to affect the sur-
cost).® As for the space charge layer in semiconductorsface phonon frequency.
another non-Raman mechanism for coherent bulk LO- Next we consider a possible role of the anharmonicity of
phonon generation is well accepted, which is based on thsurface bonds. As has been discussed earlier, the excitation
ultrafast screening of a depletion field by photocarriérs. mechanism of the coherent surface phonon on the GaAs sur-
The initial phase of the nuclear motion induced by thisface is considered to be the impulsive Raman scattéring.
mechanism is similar to that of DECP. the classical damped oscillator picture, the amplitude of the

Following the discussion given in Ref. 22, the ultrafastinduced oscillation would be proportional to the fluence of
screening of the depletion field at the GaAs(1@@Bx2) the excitation laset. The coherent phonon amplitude be-
surface is expected to be a dominant mechanism for drivingomes larger with increase of the excitation power, and fi-
the coherent bulk LO phonon. On the other hand, the phaseally the redshift of the phonon frequency is expected by the
difference between the and theB8 components clearly indi- anharmonicity of the potential at the surface. Therefore, an-
cates that the excitation mechanism of the surface compather possibility for the redshift is due to the anharmonicity
nent is different from that of the bulk phonon. In fact, Changof surface bonds.
et al. have claimed that the surface phonon components are Generally, the anharmonicity of surface phonon modes is
generated via the Raman process, since the relative contribuensidered to be greater than that of bulk phonon modes.
tions of the surface phonon modes depend on the pump p&addorfet al. have revealed that the anharmonicity for the
larization and the crystal azimuth angle in the light incidencemotion normal to the surface on a @d0 surface, is 4-5

plane®-10 time greater than that in bulk copp@rHowever, little is
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known about the anharmonic constants of the bonds at the V. CONCLUSION

GaAs surface. Vermat al. studied in detail the anharmonic-

ity of the GaAs bulk LO phonon by temperature-dependent We  performed TRSHG measurements on a
Raman scattering. The LO-phonon line center frequency GaAs(100)e(8x2) surface, and identified the surface pho-
shifts from 297.5 c* (8.92 TH2 to 292 cni* (8.75 TH2  non mode in the time domain. The surface phonon signals
as the temperature increases from 10 to 300 K. Following @how dramatic dependence on the surface annealing, which
formulation explored by Balkansiet al, in which phonon jngicates that the observed mode is sensitive to the long-

coupling due to %bic and quartic anharmonic terms argange regularity of the surface. Clear interference dips were
taken into accourtt, they estimated the anharmonic con- 4pqerved in the power spectra, which are indicative of the

stants from the temperature dependence of the peak frsiia phase difference between the bulk and the surface

qguency and the line width. )
Changet al. have suggested that the coherent phonon amph_onon modes. The S“rf"?‘ce phonon frgqugncy showeq ared
shift as the pump power increases. This might be ascribed to

plitudes observed at the surface and in the bulk are the S8Mfe change of the interatomic force constant by the photocar-
order of magnitudes on the GaA%Since the excitation con- . - = 9 ) ) . y P
riers in the antibonding unoccupied surface state, or to the

ditions in this study are close to those in Ref. 10, the situa - .
tion would be similar. Since the componentbulk LO pho- anharmonl_cny of the potential energy curve for the surface
non) does not show significant power dependence of itdattice motion.

frequency, the employed pump power is not so intense as to

realize the anharmonic effect in the bulk. As in Fig. 5, the
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