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Abstract
The general theory and experimental considerations are presented for a novel all-optical time-domain technique for
measuring low frequency vibrational modes of surfaces Žphonons or adsorbate vibrational modes.. A pump-laser pulse
impulsively drives an initial displacement of the surface atoms. The subsequent free-induction decay of the coherent phonon
modes of the surface atoms is detected by time-resolved second-harmonic generation ŽSHG.. The spectral features are
recovered by fitting the time-domain data to exponentially decaying sinusoids. This all-optical probe has advantages over
inelastic particle scattering techniques because it can be applied at buried interfaces. It has signal to noise advantages over
linear and spontaneous Raman techniques. This technique is demonstrated by measurement of surface optical phonon spectra
on the clean GaAs Ž110. –relaxed– Ž1 = 1., GaAs Ž100. – Ž1 = 6., and GaAs Ž100. – Ž4 = 1. in UHV and of a local
monolayer-scale interfacial mode at the buried native-oxide-covered GaAs Ž100.. The chemical sensitivity is demonstrated
by in situ oxidation of the GaAs Ž100. – Ž4 = 6.. The general mechanism of generating coherent surface phonons is discussed
in light of the symmetry selection rules. q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction
Surface phonons, the atomic vibrational modes
localized at surfaces w1x, play a vital role in the
dynamics of surface chemical reactions and in carrier-surface scattering. Substrate surface phonons are
the modes by which most of the thermal energy is
transferred between adsorbates and the substrate under normal reaction temperature conditions Ž300–
1000 K.. In contrast to surface acoustic modes,
surface optical phonon modes have frequencies that
are nearly resonant with adsorbate-substrate vibra)
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tional frequencies Ž5–10 THz.. Moreover, surface
optical phonons have electric dipole moments which
allow them to couple efficiently to adsorbate
charge-transfer states and internal vibrations as well
as to charged particles Žbulk carriers or incident
particles.. There has been considerable recent interest in the coupling of adsorbate vibrational modes to
adsorbate-substrate vibrations w2x, and to substrate
bulk phonons and electronic states w3,4x. The participation of surface and interfacial optical phonon
modes in vibrational relaxation and energy transfer
and in surface-carrier scattering and trapping is relatively unexplored. In this paper, we discuss a novel
time-domain optical technique to study surface
phonon dynamics with femtosecond time resolution.
We have demonstrated this technique on clean w5x
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and buried Žoxide-covered. GaAs surfaces w6x. These
studies open a new window to investigate the role of
interface phonons in interface dynamics such as
bulk-carrier-interface-phonon interaction, interfacecarrier-interface-phonon interaction, non-equilibrium
phonon populations, coherent control of interface
phonons, and surface-phonon-induced surface chemical reactions.
There are various experimental tools for surface
phonon studies. Inelastic particle-scattering techniques have the advantage of being wave-vector
selective. High resolution electron energy loss spectroscopy ŽHREELS. w7,8x and helium atom scattering
ŽHAS. w9,10x are well established techniques and
surface phonon dispersion curves have been measured for a large number surfaces in pioneering work
by H. Ibach and co-workers and J.P. Toennies and
co-workers, respectively. HAS and HREELS in the
impact regime have sub-monolayer sensitivity to surface adsorbates and to surface phonons but can only
probe the vacuumrsolid interface. In the long-range
dipole interaction regime, HREELS has been used to
observe Fuchs–Kliewer ŽF–K. phonons at clean
w11,12x and buried semiconductor interfaces w13–16x
and bulk-like modes w15x and standing wave modes
w17x in thin film overlayers. While F–K phonons and
thin film layer modes are confined to the interfacial
region and may be sensitive to monolayer-scale interfacial properties through the induced interface current w15x, the phonon displacements are dominated
by bulk properties and are not ‘localized’ to the
monolayer scale structure at the interface. In the
long-range dipole interaction regime, HREELS loses
its wave-vector selectivity. HREELS is particularly
useful for detection of optical modes due to the
charge of the electron probe. However, on semiconductor surfaces, the F–K mode dominates the response and it is difficult to observe high frequency
local surface optical modes in the frequency range
near the bulk LO phonon frequency. In HAS the
probe is not charged and HAS is therefore uniquely
sensitive to the acoustic modes. Most of the work
using HAS has examined the frequency range of
- 15 meV Ž- 3.5 THz..
Optical spectroscopies have the advantage that
they can probe buried interfaces as well as UHV
interfaces provided one side of the interface is transparent. However, they can only probe phonons in a

narrow range of Žwave-vector. q-space near the Gpoint Ž q s 0. of the surface Brillouin zone. This does
not allow mapping of the full dispersion curve but
dv
the slope
can be determined by optical
d q qs 0
grating techniques. The latter has been used for
measurements of the speed of sound in thin films
w18,19x. The optical phonon bands are relatively flat
but such a measurement can at least determine if the
G-point is a maximum or minimum energy point
with respect to a given direction in the surface
Brillouin zone and this information can be useful in
comparing the experimentally found mode frequency
with theory. Surface spontaneous Raman spectroscopy w20x, IR absorption spectroscopy ŽIRAS.
w21,22x and more recently visible-IR sum-frequency
generation ŽSFG. w23,24x have been applied broadly
to internal vibrational modes of adsorbates. Excluding hydrogen, only a handful of substrate–adsorbate
vibration modes have been studied by Fourier Transform IRAS w25x. The low frequency modes Ž- 10
THz, 300 cmy1 , 40 meV. are difficult to observe
because the surface Raman susceptibility is too low
Žwithout surface enhancement. to observe over the
wings of the elastic peak and the source and detector
combinations in the Far IR are not sensitive enough
for submonolayer detection. Recently free electron
Far IR sources have been used to obtain adsorbate–
substrate vibrational spectroscopy w26x. New femtosecond-laser-based broadband terahertz radiation
sources and time-domain detection w27,28x may be
used in a more laboratory-scale environment for
surface IR spectroscopy but no such studies have
been reported to date. The only optical study of
surface optical phonons that are localized on the
monolayer scale has been reported for spontaneous
Raman w29x and Resonance Raman Spectroscopy
w30x of Sb monolayers on GaAs Ž110. in UHV. In
general, linear and Raman optical techniques have
shown little sensitivity to surface phonons because
the bulk phonon response dominates the signal.
In the early 1990s, Kurz and co-workers w31,32x
and Ippen and co-workers w33,34x demonstrated the
excitation of coherent longitudinal optical ŽLO.
phonons in bulk semiconductors, semimetals, and
insulators using femtosecond laser pulses and their
detection by time-resolved linear reflectivity. Our
technique is based on those studies. The pump pulse
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drives an initial displacement of the surface atoms
that is time-coherent with respect to the arrival of the
pump pulse. Because we are interested in the surface
phonons, we detect the free-induction decay of the
phonon modes by time-resolved second-harmonic
generation ŽTRSHG.. SHG has a well-established
surface-to-bulk sensitivity for centrosymmetric media due to SHG being dipole-allowed at surfaces but
dipole-forbidden in the bulk w35x. As pointed out by
Shen and co-workers w36x, even on non-centrosymmetric media such as GaAs, there is substantial
surface sensitivity due either to the SH susceptibility
of the surface electronic structure or the ability to
exploit particularly favorable tensor properties of the
SH susceptibility tensor to suppress the contribution
of the bulk.
The period corresponding to 10 THz is 100 fs so
the probe-laser pulse must be shorter than 100 fs to
efficiently detect phonon oscillations of frequency up
to 10 THz in the time domain. In this work we used
35 fs pump pulses to drive and detect phonons in the
3–10 THz range on GaAs surfaces and used various
probe-SH polarization combinations and crystal orientations. We chose GaAs because bulk LO phonons
had been coherently excited by femtosecond laser
pulses and probed by time-resolved linear reflection
by Kurz and co-workers w31,32x. The well-known
bulk LO phonon feature at 8.8 THz could be used as
a relative amplitude standard for our surface phonon
sensitivity. The bulk LO phonon frequency, lifetime,
and dephasing time have been measured as a function of temperature and carrier density in earlier
studies w37–40x.
We will first present the basic experimental and
theoretical details of the measurement. Then we will
present the first localized surface optical phonon
spectra for the native oxide-covered GaAs surface w6x
as well as the clean and reconstructed GaAs Ž110. –
relaxed– Ž1 = 1. w5x, GaAs Ž100. – Ž1 = 6. and GaAs
Ž100. – Ž4 = 1. surfaces. The spectra are unique in
that they first can be sensitive to motion parallel to
the surface and secondly are detected in the frequency region near the bulk LO phonon that is
largely obscured in similar HREELS measurements
by the F–K mode. While the GaAs Ž110. –relaxed–
Ž1 = 1. has been studied by both HAS and HREELS
before, no spectra for the other surface systems have
been reported. In comparison to the previous Raman
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spectroscopy observation of a mode buried under
1–2 monolayers of Sb on GaAs, our monolayer-scale
˚ thick
interface mode is buried under the 50–80 A
native oxide and demonstrates that the technique can
be used in commercially-relevant semiconductoroxide interface geometries. We also present phonon
spectral changes during in situ oxidation of GaAs
Ž100. – Ž4 = 6.. This study establishes the chemical
sensitivity of the technique and in conjunction with
the other surface phonon spectra gives us some
insight into the native-oxide-GaAs Ž100.-interface
phonon. We will then discuss what these studies tell
us about the general applicability of this new probe,
including the driving mechanism, the relative size of
the surface signal compared to the bulk, the relative
merits compared to HREELS, and future possibilities
using this technique.

2. Theory of TRSHG phonon spectroscopy
Our new coherent surface optical phonon spectroscopy w5,6x is based on impulse stimulation of the
phonons with a pump pulse and then detection of the
free-induction decay of the phonon modes by timeresolved second-harmonic generation. We will first
discuss the possible driving mechanisms and then the
detection scheme.
Let us denote the amplitude of the n-th phonon
mode with wave-vector q, by Q n ,q . In the harmonic
approximation, each of the phonon modes obeys:
Q¨ n , q q Ž 2rTn . Q˙ n , q q v n2 Q n , q s Fn , q Ž t . rm n ,

Ž 1.

where Tn , v n , Fn ,q and m n are the n-th mode’s
dephasing time, resonant angular frequency, external
force, and effective mass, respectively. In Eq. Ž1.,
we have suppressed the index q for the dephasing
time, frequency, and effective mass for reasons that
will become apparent. The dispersion of an optical
˚
phonon mode, EvrE q, will be less than 5 THz A.
We apply the force with a pump-laser pulse which
has a lateral dimension given by the beam size and
angle of incidence of the laser. For example, in this
experiment we used a pump pulse with a Gaussian
spatial profile with waist v 0 ; 10 mm, i.e., I Ž r . A
expŽy2 r 2rv 02 .. By Fourier transform, I Ž q 5 . A
expŽyq12v 02r8. and the pump-beam-induced force
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can only have substantial contribution from q 5 ˚ y1. For such a small range
Ž2'2 rv 0 . ; 3 = 10y5 A
of q 5 , dispersion will cause no more than a 1.5 =
10y4 THz inhomogeneous frequency broadening
which is negligible compared to the phonon dephasing rate which is typically ) 0.1 THz. We also do
not expect dispersion in the dephasing rate or effective mass of the mode to be important over this small
range of wave-vectors.
The average motion of the atoms within the
pumprprobe beam area will be the band-integrated
displacements of the n modes, Q n(t), where the
integration is again over the same spatial compo˚ y1 . In thermal equinents roughly q 5 F; 3 = 10y5 A
librium the amplitude of each Q n ,q is given by
Bose–Einstein statistics. Because there is no spatial
coherence between the modes of different q, the
band-integrated displacement for each mode branch
n will be washed out spatially over the probe beam.
Because there is no temporal correlation with the
arrival of the pump pulse, any small displacement on
a given laser-probe pulse will be averaged to zero
over the many pump–probe events that are averaged
in a given experiment. However, each of the q 5
components of the force applied by the pump-laser
pulse is temporally and spatially in phase so all the
q 5 modes of the same branch n will oscillate in
phase. By coherently adding the displacements of
each q 5 mode, the motion behaves as if all energy
were in a single q 5 s 0 mode with an extremely
non-thermal Bose–Einstein occupation number.
The phonon motion will follow the driving force
as in Eq. Ž1. and the formal solution can be easily
derived:

Qn Ž t . s

1

m n√n

t

X

X

n

=sin Ž √n Ž t y tX . . ,

(

X

yŽ tyt .r T n

Hy`d t F Ž t . e

Ž 2.

where √n s v n2 y 1rTn2 . In order to use this as a
spectroscopic tool, we want to observe the free-induction decay of the modes to determine the natural
frequencies and dephasing times of the modes. This
requires that the force not only turn on rapidly
compared to the phonon period and dephasing time

in order to drive a large initial displacement but also
turn off quickly to allow free oscillation. Once the
force is turned off, the phonon amplitude follows
free induction decay and
Q n Ž t . A A n sin Ž √n t y wn . eyt r T n ,

Ž 3.

where the q-integrated initial amplitude of the n-th
mode is A n and the initial temporal phase of the
mode is wn . The initial phase is given by:
`

tan wn s

X

X

X

Hy`d t Ž t . e
`

Hy`

t r Tn

d tX Fn Ž tX . e t

sin√n tX
.

X

r Tn

Ž 4.

cos√n tX

Examination of Eq. Ž4. shows that if the time
duration of the force is much shorter than the phonon
period or dephasing time and applied at t s t F then
wn s √n t F . The absolute value of A n may or may
not be larger than the root-mean-squared amplitude
of the n-th mode ŽA k B T .. However, because this
motion is time-coherent with the arrival of the pump,
it can be detected by signal averaging over many
pump pulses. The formalism above applies even if
the modes are critically damped or overdamped.
However, in this paper, we only detected underdamped modes and the mode frequencies we cite are

(

(

y1

nn s nn2 y Ž 2p Tn . ; nn .
We now turn to the laser-induced driving mechanisms suitable for coherent phonon spectroscopy.
There are four general mechanisms. The first three
were developed to explain ultrashort-laser-pulsed excitation of coherent optical phonon oscillations in
bulk materials. In order for the TRSHG technique to
apply at least one or more of these four mechanisms
must apply to the interfacial system of interest.
In the first two mechanisms, the pump pulse
rapidly increases the carrier density leaving the atoms
suddenly in vibrationally excited positions with respect to the new equilibrium positions of the atoms.
Ippen and co-workers coined the phrase Displacive
Excitation of Coherent Phonons ŽDECP. w33,34x to
describe when the carrier density suddenly changes
the dielectric screening of the atomic bonding potentials. The laser pulse must inject carriers with a
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sufficiently rapid rising edge so the atoms cannot
follow the changing potential adiabatically. This
change is equivalent to changing the equilibrium
lattice constant so only fully symmetric AX or A1
modes can be excited. A second mechanism applies
for semiconductors or interfaces with a built-in surface electric field that induces static lattice displacement by the piezoelectric effect. When the injected
carriers rapidly screen the field, the lattice is suddenly free to oscillate about the field free Žor lower
field. lattice equilibrium positions. Here, the pumplaser pulse must be short enough for the injected
carriers to screen the field on a shorter time scale
compared to the phonon period. Kurz and co-workers
have shown this is the dominant mechanism for
exciting the bulk LO phonons in the depletion region
of GaAs with femtosecond laser pulses w31,32x. One
might expect this mechanism to be particularly useful for studying buried semiconductor interfaces under voltage-biased conditions.
For both DECP and field-screening mechanisms,
the time scale of the force can be made shorter than
the laser-pulse duration by increasing the pump-pulse
intensity. Ippen and Kurz pointed out that a signature
of DECP and field-screening mechanisms should be
that the coherent phonon amplitude is sine- and
cosine-like with respect to the arrival of the pump,
respectively, because the initial displacements are
either zero or a maximum, respectively. Since the
effective ‘start-time’ of the force depends on the
carrier dynamics and pump intensity, the initial phase
of the phonon is somewhat problematic to characterize as sine- or cosine-like with respect to the arrival
time of the pump pulse. A signature of both mechanisms is that the initial phase of oscillation should
shift to earlier time with increased pump intensity.
Another signature is that the coherent phonon motion
is independent of the polarization of the pump pulse
or the orientation of the sample with respect to the
plane of incidence of the pump pulse. Both mechanisms apply when the coherence time of the laser-injected carriers is much shorter than the lifetime of
the initial electronic excitation. In that case we can
neglect electron-phonon coupling during the coherence time and consider the electronic excitation to be
instantaneously in local equilibrium Žall states of
equivalent energy are equally likely. so there is no
memory of the laser polarization or phase.
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In contrast, the remaining two mechanisms depend on both the crystal orientation and the pump
polarization. The third driving mechanism is stimulated Raman excitation ŽSRE.. The force Fn
Ea iŽ1.
j
s 12 ´ 0 Re
Ei Ej) , where Qˆ n is the lattice
E Qˆ n 0
lŽ1.
displacement vector of the n-th mode, a
is the
linear optical polarizability tensor per unit cell, and
E is the laser electric field. The differential linear
polarizability per unit cell is evaluated at the equilibrium point Q n s 0 and is the Raman susceptibility
tensor. The Raman scattering cross-section is proportional to the square of the Raman susceptibility
tensor. This mechanism dominates coherent vibrational excitation of molecules and molecular crystals
w41x. This effect was exploited earlier by Bron and
co-workers to drive coherent LO phonons in bulk
solids with picosecond pulses in coherent anti-Stokes
Raman spectroscopy studies w42x. Because SRE is a
coherent process, the phase of the n-th phonon at
angular frequency v n s v 1 y v 2 is controlled by the
phase of the laser fields EŽ v 1 . and E ) Ž v 2 .. For
excitation with a single femtosecond laser pulse, the
full laser bandwidth must be considered so FnŽ t . is
simply proportional to the laser intensity I Ž t .. The
sign of the force is determined by the Raman susceptibility and the relative phase difference between Ei
and Ej . The fourth driving mechanism is vibrational
excitation through electronic excitation and rapid
de-excitation, i.e., the Franck–Condon effect for
molecules or the generalized Menzel–Gomer–Redhead ŽMGR. type mechanism for surfaces w43–45x.
The atoms accelerate while briefly in the electronically excited state and are vibrationally excited when
the system returns to the ground electronic state.
Both SRE and MGR have Raman selection rules
and the time scale of the applied force does not
depend on pump intensity. In SRE, the pump laser
induces a coherence between the ground and excited
state and the force is only applied during the pumplaser pulse. In MGR, the pump laser induces a
transient population in the excited state. The time
duration of the force will follow the excited state
population. In the linear regime Žsmall peak populat
., this will be simply F Ž t . A eyt r tHy`
tion
I Ž tX .X
X
t rt
e d t where t is the excited state population
lifetime. Since the laser-matter interaction always
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involves induced coherence and population the dominance of SRE or MGR depends on the resonance
conditions, lifetime, and dephasing time of the excited state. If the pump laser induces the initial
electronic excitation by direct photoexcitation and
the de-excitation returns the system to the initial
ground state then the phonon mode that is excited
will follow Raman symmetry rules with respect to
the pump laser field polarization.
More generally, however, MGR can be driven by
secondary electronic excitations of the surface states
induced by other pump-laser-induced surface or bulk
electronic excitations. Recently, for example, ultrafast desorption of adsorbates under femtosecond laser
irradiation has been attributed to multiple MGR excitations involving the hot substrate-electron population w46–48x. Both DIET Ždesorption induced by
electronic transitions. and DIMET Ždesorption induced by multiple electronic transitions. w49x invoke
MGR-like coupling to transfer energy from the substrate electrons to the adsorbate center-of-mass motion. Similarly, carriers driven to interfaces by the
depletion fields in semiconductors can induce interface-state excitations. In these secondary electronic
excitations, the memory of the laser polarization is
lost and any mode that is Raman active can be
excited. In this article, we will assume that we can
neglect these secondary excitations for the purpose
of driving coherent optical phonon oscillations. The
surface or bulk electronic states that make the secondary excitations have lifetimes that are longer than
half the phonon period Ž) 50 fs. so the phonons that
are excited in individual MGR events will not add
constructively and will therefore not be detectable as
coherent phonon oscillations.
We will therefore assume that if the mode amplitudes depend on the polarization of the pump then
the first two mechanisms ŽDECP and field screening.
can be ruled out and that the mode must be driven by
SRE or MGR. Under those conditions, Raman polarization-selection rules must apply and therefore, we

can determine the symmetry of the phonon mode by
examining the amplitudes under various combinations of laser polarization and crystal orientation.
In Tables 1 and 2, we show the character table, IR
activity, and linear, Raman, and hyper-Raman susceptibility-tensor elements associated with each mode
symmetry for the point groups m and mm2. These
are the point groups of the GaAs Ž110. and Ž100.
surfaces, respectively. We see by the Raman tensor
elements, R i jk , for example, that on the Ž110. surface, where x s w001x, y s w110x, and z s w110x, that
the only elements that can excite the AY mode are
R x y y and R z y y . The convention used here is R i jk s
Ea iŽ1.
j rE Q k so the first 2 indices correspond to the
directions of the applied optical fields. The first two
indices may be permuted and are not listed separately in the table. To excite the AY mode, the pump
fields have to be applied to either x and y or z and
y. The latter can be accomplished with a single pump
pulse if the y s w110x is oriented in the plane of
incidence and the pump polarization is p-polarized
Ž E along both y and z .. In Table 3, we show the
symmetry of the modes that can be excited by the
SRE and Žphotoexcited. MGR mechanisms for various crystalline axes in the plane of incidence and
pump polarizations. The principal crystalline axes for
the w100x surface are x s w011x, y s w011x and z s
w100x.
Together the four mechanisms seem applicable to
a wide range of interface systems. Particularly in the
case of SRE and MGR, the driving force can be
resonantly enhanced by tuning the laser frequency to
an electronic state-transition frequency. However,
the electron-phonon coupling still must be large
enough to produce a detectable coherent phonon
oscillation. The spontaneous Raman scattering
cross-section Žproportional to the squared amplitude
of the Raman susceptibility tensor elements. is tabulated for many molecules and crystalline solids. The
electron-phonon coupling per unit volume in bulk
solids is much weaker than in molecules due to the

Table 1
Character tables and associated IR activity, and linear and nonlinear susceptibility tensor elements for the point group m
m

E

sx z

IR

ai j

R i jk

bi jk l

X

1
1

1
y1

Tx , Tz , R y
Ty , R x , R z

xx, yy, zz, xz
xy, zy

xxx, yyx, zzx, xzx, xxz, yyz, zzz, xzz
xyy, zyy

xxxx, xxzx, zzxx, yyxx, yyzx, zzzz, xxzz, zzxz, yyxz, yyzz
xyzy, yzzy, yxxy, yyyy

A
Y
A
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Table 2
Character tables and associated IR activity, and linear and nonlinear susceptibility tensor elements for the point group mm2
mm2

E

C2

sx z

sy z

IR

ai j

R i jk

bi jk l

A1
A2
B1
B2

1
1
1
1

1
1
y1
y1

1
y1
1
y1

1
y1
y1
1

Tz
Rz
Tx ; R y
Ty ; R x

xx, yy, zz
xy
zx
zy

xxz, yyz, zzz
–
zxx
zyy

zzzz, zxxz, zyyz
–
xxxx, xyyx, xzzx
yyyy, yxxy, yzzy

3-dimensional delocalization of both the electronic
and vibrational excitation modes. For surfaces Ž2
dimensions., on the other hand, the electron-phonon
interaction can be intermediate between that for a
molecule and a 3-dimensional solid. Lateral surface
reconstruction and the 5–10% vertical displacement
of the topmost 1–3 atomic layers of most clean
surfaces in ultrahigh vacuum are clearly driven by
the relative strength of the electron-phonon coupling
at surfaces compared to bulk solids. We expect that
the Raman susceptibility per atomic layer of a reconstructed surface should be larger than in the corresponding bulk.
We now turn to our detection scheme. We use the
coherent time-domain analog of stimulated hyperRaman spectroscopy. We detect the interfacial coherent lattice motion using the differential second-order
lŽ2.
ˆ The SH
Ž2 v .rE Q.
optical susceptibility tensor, Ex
electric field is driven by the nonlinear polarization
Pi Ž2 v . at the surface. The SH susceptibility tensor
may be expanded to first order in the phonon displacement:

polarizability is evaluated at the equilibrium point
Ž Q s 0.. Only the q-integrated displacement Q n(t)
will be detectable in this pump–probe experiment as
a function of pump–probe-time delay. The SH intensity is proportional to < P < 2 . Experimentally the oscillatory part of the total SH is small so we ignore
terms of order A2n . After the driving force is ‘off’,
we expect to fit the oscillatory part of the SH
intensity to the form:
S Ž t . A Ý Sn sin Ž v n t y wn . eyt r T n ,

where Sn is a real number and will depend on the
initial coherent phonon amplitude A n and on the
detection geometry through the background SH susceptibility x iŽ2.
jk and hyper-Raman tensor elements
ˆ
Ž
.
Ex iŽ2.
2
v
r
E
Q
jk
n.
In Table 4, we list the symmetry of the modes
that can be detected by the SH probe through the
hyper-Raman tensor. The convention used here is
ˆ
bi jk l s Ex iŽ2.
jk rE Q l . All elements generated by permutations of the first 3 indices have the same symmetry
but have not been listed separately.
In general, the TRSHG surface phonon measurement will have additional pump–probe time-dependent background due to phonons in the near surface
bulk and carrier dynamics in the surface and near
surface bulk. The full expression for the time-depen-

Pi Ž 2 v .

ˆ
s x Ži 2jk. Ž 2 v . q Ý Ex iŽ2.
jk Ž 2 v . rE Q n , q 0 Q n , q
n, q

ž

/

=Ej Ž v . Ek Ž v . .

Ž 5.

The subscripts i, j, k are the indices of the usual
vector projections and the differential second-order

Table 3
Mode symmetry ŽRaman. selection rules for coherent excitation by SRE or MGR mechanisms on GaAs Ž110. and Ž001. surfaces
Pump
polarization

GaAs Ž110.
m

Axis in incident plane

x s w001x

p
s

X

A
X
A

GaAs Ž100.
mm2
y s w110x
X

Ž 6.

n

Y

A qA
X
A

x s w011x

y s w011x

A 1 q B1
A1

A 1 q B2
A1
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Table 4
Mode symmetry Žhyper-Raman. selection rules for detection of coherent motion by time-resolved SHG on GaAs Ž001. and Ž110. surfaces
SH probe
geometry

GaAsŽ110.
m

Axis in incident plane

x s w001x

pi n –po u t
pi n –s o u t
si n –po u t
si n –s o u t

A
Y
A
X
A
Y
A

GaAsŽ100.
mm2
y s w110x

X

X

dent SH polarization in reflection from the surface
must include:
Pi Ž 2 v ,t .
E j Ž z s 0 . Ek Ž z s 0 .
A x Ži 2jk. Ž 2 v . q Ý

Ex Ži 2jk. Ž 2 v .
E Qˆ n , qs0

n

Ex iŽ2.
jk Ž 2 v .

q

E ne

neŽ t . q

Q nS Ž t .
0

Ex iŽ2.
jk Ž 2 v .
E nh

nh Ž t .
S

°

`

H0 ~¢d ze Ž

q

qÝ
n

i k z Ž 2 v . q2 k z Ž v . . z

Ex Ži 2jk. Ž 2 v .

= n e Ž z ,t . q

x Ži 2jk. Ž 2 v , z .

Q nB Ž z ,t . q

E Qˆ n , qs0

Ex iŽ2.
jk Ž 2 v .

0

Ex iŽ2.
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where the first set of terms enclosed in square brackets is the surface SH susceptibility Žsubscript S.
which changes due to pump-induced surface phonons,
electrons, and holes, respectively, while the second
set of terms enclosed in square brackets is the bulk
SH susceptibility Žsubscript B. which changes due to
bulk phonons, electrons, holes, and the DC electric
field Ž E DC ., respectively. The DC electric field is
due to the static arrangement of carriers and can

x s w011x

y s w011x

A 1 q B1
B2
A 1 q B1
B2

A 1 q B2
B1
A 1 q B2
B1

change in time as the injected carriers diffuse and
recombine in the near surface region. The bulk susceptibility is integrated over the bulk media from
z s 0 to ` with the phase-matching factor
expw iŽ k z Ž2 v . q 2 k z Ž v .. z x. This integral is the spatial Laplace transform of the bulk susceptibility. In
centrosymmetric media, the bulk dipole-allowed SH
susceptibility is zero and the surface and bulk
quadrupole-allowed SH susceptibility contribute. In
Si, the bulk quadrupole-allowed susceptibility generates an SH field that is comparable to that from the
SirSiO 2 interface w50x. In non-centrosymmetric bulk
materials like GaAs, there is a non-zero dipole-allowed SH susceptibility. In the depletion region of a
semiconductor there can be significant contribution
from the depletion field and inhomogenous carrier
distribution. The relative contributions from the depletion field Želectric field-induced SHG term. in
comparison to the bulk was studied for the nativeoxide-covered GaAs Ž100. w51x and the enhanced
contribution of the surface electronic states on clean
cŽ4 = 4. and Ž2 = 4. reconstructed surfaces of GaAs
Ž100. has also been reported w52x. In thin film geometries, the spatial dependence of the carriers,
phonon amplitude, and electric field can be complicated so the spatial integral is important.
In transient cases, the bulk SH signal can change
due to carrier relaxation in time or carrier diffusion
in space. In our experiments, we used 850 and 425
nm radiation as the fundamental and second-harmonic
respectively on GaAs. The dielectric constants at
these wavelengths in GaAs make the SH in these
˚ This
experiments sensitive to the topmost 150 A.
short distance is about half determined by the optical
attenuation of 425 nm light in the bulk. In this paper
we will not discuss the carrier dynamics in the
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transient bulk signal. In comparison to time-resolved
linear reflectivity, time-resolved SHG is more sensitive to the carriers closest to the surface where the
most interesting depletion-field physics occurs. A
study of the surface trapping dynamics and carrier
dynamics in the depletion region using the transient
bulk SH signal will be published separately.
Terms like Ex iŽ2.
jk rE n e suggest that the hyper-Raman selection rules for phonons might not apply if
the phonon displacement can also drive a carrier
oscillation n e (t). However, the SH would be moduˆ.
.Ž
lated by the product Ž Ex iŽ2.
jk rE n e E n e rE Q l which
has the same symmetry as the hyper-Raman tensor.
Similarly, the optical phonon could induce an electric field. However, the electric-field-induced SH
also has hyper-Raman selection rules. Thus the hyper-Raman selection rule applies rigorously in detection of phonons by TRSHG.
We note that the hyper-Raman and Raman selection rules that we apply follow the symmetry of the
underlying substrate. On a reconstructed surface, the
overlayer structure can have a different symmetry
from the substrate and if the laser beam only sampled one domain of this surface one would see a
different symmetry. However, because of steps and
other pinning defects, there are many domains and
over a sample size as large as the laser beam Žseveral
mm2 . there are equal numbers of domains in the
different orientations allowed by the bulk symmetry.
Thus, a mode that is observed in TRSHG to have
only a z-dipole moment normal to the surface may
also have an in-plane dipole moment in a single unit
cell of the reconstructed overlayer but this motion is
not detected because of the same in-plane motion in
anti-phased domains. For the reconstructions of GaAs
in this paper the overlayer symmetry is always that
of the substrate.

3. Experimental setup and sample preparation
The experiments were carried out either in air or
under ultrahigh vacuum conditions Žbase pressure
- 2 = 10y1 0 Torr.. Both GaAs Ž110. and Ž100. were
highly n-doped Ž3 = 10 18 Sircm3 . and the depletion
field was calculated to be 740 kVrcm over the
˚ The native-oxide-covered surface
topmost 140 A.

291

was cleaned with solvents ending in methanol. The
clean GaAs surfaces were prepared in UHV by
sequential Arq-ion sputtering and annealing cycles.
The native oxide was removed in situ by cycles of
sputtering at 500 eV at an ion current sufficient to
remove 2–3 monolayers assuming yield of 1 atom
per ion and of thermal annealing at 5408C for 20–30
min thermal annealing. Cycles were continued until
the bulk LEED pattern was observed and the oxygen
Auger electron spectroscopy peak was - 1% of the
Ga Auger peak. The various reconstructions were
obtained with a short 500 eV sputter sufficient to
remove 0.25 monolayers assuming yield of 1 atom
per ion and then 15–20 min of thermal annealing at
various temperatures. The Ž1 = 1. –relaxed reconstruction of GaAs Ž110. was prepared with 5508C
annealing cycles until a sharp LEED pattern appeared. The SH intensity reached a maximum for the
best prepared surfaces and was very sensitive to
adsorbates so we used the SH intensity as a monitor
of surface quality. Subtle changes in the surface
structure that could not be detected by LEED were
detectable by SH. On the Ž100. surface, there is a
rich literature of the many reconstructions that can
be generated by either MBE deposition and annealing, sequential ion bombardment and annealing, or
simultaneous ion bombardment and annealing. We
studied the Ž1 = 6., Ž4 = 6. Ga-rich, and Ž4 = 1.
Ga-rich reconstructions and found that the annealing
temperatures agreed with the nominal temperatures
and in increasing temperature order as in the literature w53x. We used the LEED patterns to orient the
samples with respect to the optical plane of incidence.
The optical experiments were performed using
850 nm, 35 fs laser pulses from a Ti:Sapphire Kerr–
Lens Modelocked laser oscillator with an ; 80 MHz
repetition rate. The weak probe beam was derived
from the pump beam with a beam splitter and the
pump beam was passed through a delay line. Pump
and probe pulses overlapped spatially in a Gaussian
spot with 10 mm waist on the sample surface at
; 458 angle of incidence with a ; 38 angular separation in the plane perpendicular to the plane of
incidence to separate the beams. The secondharmonic generation of the probe beam was detected
as a function of time-delay between pump and probe.
The SH reported throughout this article was detected
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in p-in and p-out geometry. There is of course no
general requirement to do so. The SH was separated
from the fundamental with color and interference
filters and detected with a low noise photomultiplier
tube ŽPMT. cooled to 08C. The pump-induced change
in the probe SH was obtained by processing the
PMT output with a lockin amplifier synchronized to
the mechanical chopping rate of the pump beam. The
typical SH signal from the bulk GaAs was 5 = 10 7
SH photonsrsec for 20 mW average power in the
probe fundamental beam. We detected SH photons
with approximately 7% efficiency yielding a background signal of order 3.5 = 10 6 countrs. The SH
oscillation peak for the bulk LO phonon Žsee Fig. 1
10% of transient DSH. was about 1% of the background or 3.5 = 10 4 countrs. The dark count for the
cooled PMT was 1 countrs so the dominant noise
was due to the laser amplitude fluctuations, the SH
photo-count shot noise, and laboratory electronic
background noise. If we were shot noise limited
alone, we would expect SH background fluctuations
of '3.5 = 10 6 s 1.9 = 10 3 counts to be detected
over 1 s of averaging time on the lockin and the
signal to noise ratio to be ; 19. Improvements scale
as the square root of the averaging time so we would
require a 60 s averaging time per time-delay point to
get a SrN of ; 150 with respect to the peak phonon
amplitude. In the work presented here, we obtained
SrN of ; 50 Ž3 = more noise than shot-noise limit.

Fig. 1. TRSHG signal for native-oxide-covered GaAs Ž100.. The
injected carrier density was 7.2=10 17 rcm3. Left and right insets
show the oscillatory part of the time domain data and the Fourier
power spectrum of the oscillatory part. Data Žsolid. and fit
Ždashed..

in our longest scans in which we rapidly scanned
512 time-delay points and averaged hundreds of
scans over ; 8 hours. Fortunately for these studies,
clean GaAs is not reactive to molecular gases in the
UHV chamber with the ion gauge filament off so the
clean samples could be maintained for long periods
of time. While the phonon spectra were sensitive to
the details of sample preparation, the main features
of the spectra reported here were reproduced in
several measurements and the long-time-scan data
sets were consistent with the short-time-scan data
sets accumulated during the long-time scan.

4. Experimental results and data analysis
Because the most unique advantage of the TRSHG phonon spectroscopy technique is the ability to
use it at buried interfaces, we begin with a measurement of a localized phonon mode at the nativeoxide-covered GaAs Ž100. w6x. In Fig. 1 we show the
typical TRSHG data set. Here we performed the
measurement on the native-oxide-covered GaAs
Ž100. surface held in air. The pump-induced change
in reflected SHG is shown as a function of pump–
probe time delay. We see a rapid change near zero
.
time delay due to carrier injection Ž Ex iŽ2.
jk rE n e ,h and
rapid carrier-induced screening of the depletion field
Ž x iŽ3.
.
jk l El in the bulk. A slow decay follows due to
carrier recombination and diffusion dynamics in the
bulk as well. Ultrafast carrier dynamics in the depletion region is well studied and is known to drive
coherent LO phonon oscillations in the bulk w31x. We
focus presently on the small rapid oscillation on this
background signal Žsee left inset.. The oscillatory
part, SŽ t ., was assumed to be in free-induction decay
after the first 150–200 fs of delay time and we
removed the remaining time-dependent background
by Fourier filtering frequencies - 3 THz. The oscillation amplitude was ; 10% of the pump-induced
TRSHG signal and ; 1% of the total probe SHG
intensity. Because this data was obtained over many
scans, it is clear that the oscillation was coherent
with the arrival of the pump pulse and due to excitation of coherent phonons. In the right inset of Fig. 1,
we show the apodized Fourier power spectrum of
SŽ t . Žsquare of the apodized Fourier transform of
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SŽ t ... The Fourier transform of SŽ t . on a semi-infinite time interval is the sum of complex Lorentzians,
F Ž S,t . A Ý Sn eyi w n Ž v y v n y i Gn .

y1

,

Ž 8.

n

however, the Fourier transform over the finite time
interval of the time-domain data will have spectral
artifacts Žside lobes.. To suppress those artifacts we
used an apodized Fourier transform:
FŽ v. s

t2

Ht S Ž t . g Ž t . e

iv t

dt ,

Ž 9.

1

where the endpoints of the time-domain data are t1
and t 2 , and the apodizing function was g Ž t . s
cosŽ pr2 P Ž t–t 1 .rŽ t 2 –t 1 ... The apodizing function is
a maximum at the beginning of the time interval
when the oscillation is a maximum and is zero at the
end of the time interval when the oscillation has
decayed. While the apodization effects the apparent
frequency resolution in the power spectra shown in
the figures, it does not effect the fits. When we fit
the data in the frequency domain we always compared the apodized Fourier transforms of the timedomain data and of the fit function over the same
time interval. The agreement between the dashed and
solid lines in the time domain assures us that we
have fit the data correctly.
It is important to point out the difference between
coherent spectra and conventional linear optical
spectra. In incoherent linear reflectivity or transmission, a narrow spectral feature shows as a loss of
reflectedrtransmitted intensity from the background
and is proportional to the imaginary part of the
complex Lorentzian susceptibility of the oscillator,
Imw1rŽ v y v 0 q i G .x s yGrŽŽ v y v 0 . 2 q G 2 ..
For oscillators that are coupled to complex electronic
systems ŽFermi resonances, for example., an arbitrary phase of the complex Lorentzian susceptibility
adds to the background and the resulting line-shapes
are called Fano line-shapes. In time-domain spectroscopy, one measures the oscillation as a function
of the pump–probe time delay and the initial phase
of each mode oscillation is set by the driving force
and mechanism that may be different for each mode.
As shown in Eq. Ž3., even if the driving force is a
symmetric function such as a Gaussian during the
pump pulse, the initial phase of the oscillator will
depend on the time duration of the laser pulse in
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comparison to the dephasing time and period of the
oscillator. Only in the limit of an infinitely short
driving force will the phonon motion be pure cosineor sine-like. Thus, the real and imaginary parts of the
F w S(t)x have no a priori relation to the real and
imaginary part of the Lorentzian frequency response.
As a result it only makes sense to plot the Fourier
power spectrum. But since each mode can have a
different initial phase, it is not easy ‘by inspection’
to see the spectral features in the frequency domain
especially when the modes overlap. In Fig. 1 Žright
inset. it is tempting to just pick the 3 frequencies
with the maximum peak heights as the center frequencies of three modes. Instead we rely on our
nonlinear curve fitting routine to find the spectral
parameters. Although there are a lot of fit parameters
Žthe initial phase is now an additional factor compared to incoherent spectroscopy., the time-domain
data is sufficiently rich in detail. In practice the
nonlinear fit converges with reasonable confidence
by iteratively fitting A n and wn to minimize the
chi-square of the time-domain data and nn and Tn to
minimize the chi-square of the frequency domain-derived data. The apodized Fourier transform is needed
to prevent the fit routine from fitting side-lobe artifacts in the frequency domain.
When there are many overlapping peaks we can
further constrain the fits by simultaneously fitting
phonon spectra taken with different excitation geometries. In that case, all spectra are fit with the
same nn and Tn however each spectrum has a different linear combination of modes and therefore must
be fit with different A n and wn . We did this in the
data presented in Figs. 4 and 5. In principle, one
could further constrain the data fits by assuming that
the driving mechanism for a given mode is the same
in all geometries. Then the initial phase wn is independent of the geometry as well and only the mode
amplitudes Žwith sign. differ between the various
measurement geometries. Furthermore, if one assumed the specific driving mechanism, for example
SRE, then one could use Eq. Ž4. and the temporal
profile of F(t) to eliminate wn as an independent
parameter altogether. In these experiments, we did
not know the driving mechanism beforehand and
since two or more mechanisms might operate at the
same time, we did not want to assume that the
driving mechanism was the same in all geometries.
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In principle, we could then use the fit parameters
to display the sum of only the imaginary parts of the
fitted complex Lorentzian susceptibility for each
mode in order to compare to traditional optical absorption spectroscopy. We have not done so here
choosing instead to show the agreement of our fits to
the experimentally derived Fourier power spectra.

5. Buried interface sensitivity: native-oxidecovered GaAs (100)
Even without detailed fitting, the spectrum in the
right inset of Fig. 1 shows 3 clear spectral features.
We examine these features more closely in Fig. 2.
The left side of Fig. 2 shows the apodized power
spectra for various injected carrier densities Ži.e.,
pump fluence.. The photoinjected carrier density at
the sample surface is calculated using the literature
values of the optical constants w54x integrated over
the measured frequency spectrum of our femtosecond laser pulse. We fit the data to 3 modes Ži.e., 12
unknowns.. The highest frequency mode stays fixed
at 8.80 " 0.015 THz, the middle frequency mode
shifts from 8.48 to 8.29 THz, and the lowest frequency mode shifts monotonically from 7.52 to 7.67
THz. The error bar is " 0.004 THz in these fits due

Fig. 2. ŽLeft. Fourier power spectra of the TRSHG of nativeoxide-covered GaAs Ž100.. From smallest to largest amplitude
curve, peak injected carrier densities were: 1.2, 4.8, 7.2, 11, 15,
and 22 Ž=10 17 rcm3 .. ŽRight. Fourier power spectrum of S(t)
data minus the free-induction decay of the 8.80 THz mode
obtained by fit.

to nonlinear coupling with the other parameters. In
order to see the two lower frequency modes more
easily, on the right side of Fig. 2 we have plotted the
apodized Fourier power spectrum of the oscillatory
part of the SH signal, SŽ t ., minus the free-induction
decay of the 8.80 THz mode deduced by fit. The
; 8.4 THz mode is clearly observed as well as the
lack of remaining 8.80 THz mode susceptibility.
The 8.80 THz mode is the well-known bulk LO
phonon mode at q s 0. The mode itself is well
studied by Raman spectroscopy and other techniques. Kurz and co-workers have studied this mode
extensively by femtosecond time-resolved linear reflection and electro-optic measurements and shown
that it is driven by the field-screening mechanism. At
low injected carrier density the LO phonon motion
has a frequency of 8.80 THz because carriers are
swept out of the depletion region. At higher injected
carrier density, the plasma mode of the carriers
remaining in the depletion region or just beyond the
depletion region couple to the LO phonon motion.
The observed 7.5–7.67 THz mode is consistent with
the frequency, frequency shift and dephasing time of
the LO-phonon-electron-plasmon coupled mode w55x.
As more electrons are injected the frequency shifts
toward the bulk TO phonon frequency, 8.0 THz.
Since these are bulk modes, we also observe them
using femtosecond time-resolved linear reflectivity
and similar results have been published by Kurz and
co-workers w56x.
The mode at ; 8.4 THz is a local interfacial
mode confined to a few monolayers of the interface.
The data in Fig. 2 allow us to argue that it cannot be
anything else. It cannot be a pure bulk mode. Our
˚ deep depletion region
excitation region is the 140 A
over the ; 20 mm laser spot diameter. Expansion of
this motion as a superposition of pure bulk modes
can only involve modes with q 5 - 1 mmy1 and
˚ y1 for which there is a gap between
q z - Ž1r200. A
the bulk TO and LO phonon frequencies at 8.0 and
8.8 THz. The ; 8.4 THz mode cannot be the bulk
LO-phonon-electron-plasmon coupled mode which is
observed at frequencies - 8.0 THz.
The ; 8.4 THz mode cannot be a Fuchs–Kliewer
mode. The F–K mode is a phonon mode coupled to
the field induced by the interfacial charge oscillation
that the phonon itself creates at the dielectric discontinuity of the interface. The Fuchs–Kliewer ŽF–K.
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modes have a bulk LO phonon-like lattice displacement that is elliptically polarized and varies sinusoidally along the surface and exponentially into the
bulk as expŽ iq 5 x–q 5 z . w57x. The F–K mode is confined to the surface in the same way that a surface
plasmon is coupled to the field induced by the
surface current. For semiconductors, the F–K mode
can also be strongly coupled to interface plasmon
modes when the displacement vectors and frequencies are well overlapped. The Fuchs–Kliewer mode
dominates HREELS measurements near the bulk LO
phonon features. This is because the wave-function
of the incoming electron in the impact regime is
well-matched to the Fuchs–Kliewer mode displacement Ž q z ; q 5 .. In our experiments, however, we can
only excite modes with q 5 - 1 mmy1 . The F–K
excited modes would extend ) 1 mm exponentially
into the bulk. Since the SH only detects changes in
˚ the SH
the SH susceptibility in the top 150 A,
suppresses detection of the F–K mode by ) 70
compared to HREELS. The depletion-field-screening
mechanism for driving the bulk LO phonons only
˚ depletion region which is also
applies over the 140 A
poorly matched to the F–K mode. If the ; 8.4 THz
mode were spatially extended over ; 1 mm depth,
we would also expect to see it in time-resolved linear
reflection measurements. We have not observed this
mode nor have Kurz and co-workers.
In an earlier publication w6x, we argued that the
; 8.4 THz mode could not be the LO-phonon-hole˚ of the
plasmon coupled mode. The topmost 25 A
interface is indeed hole-rich due to the separation of
the photoinjected carriers in the depletion region.
Raman studies in p-doped GaAs show the bulk
LO-phonon-hole-plasmon coupled mode frequency
shifts continuously from the LO frequency to the TO
frequency as a function of hole density w58x. The
frequency shift occurs abruptly between 4 and 7.5 =
10 18 rcm3 hole density. In subsequent TRSHG experiments on the GaAs Ž110.-native-oxide-covered
surface we have found that there can be a strong
LO-phonon-hole-plasma coupled mode oscillation at
very high injected carrier densities and that frequencies as low as the TO phonon frequency 8.0 THz can
be observed. However, in this experiment on the
Ž100. surface at the lowest injected carriers Ž- 0.5 =
10 18 rcm3 . the observed feature cannot be due to the
bulk LO-phonon-hole-plasma coupled mode. Using
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the most conservative argument, the peak hole amplitude at the interface is - 5 = 10 18 rcm3 and the
hole-plasma coupled mode at these densities should
be ) 8.5 THz. Since the bulk LO phonon amplitude
is negligible at the interface the SHG from the
coupled mode is derived from deeper layers for
which the hole density is even lower. At the lowest
injected carrier density, the interface mode at 8.48
THz dominates. At higher injected carrier density
both the interface and bulk LO-phonon-hole-plasma
coupled mode contribute. Detailed simulations of
these bulk features will be published elsewhere.
Confining our attention to the features observed
for in the two lowest injected carrier densities Ž1.2
and 4.8 = 10 18 rcm3 ., the measured mode frequencies are 8.48 and 8.45 THz, respectively. The dephasing times are 704 " 140 and 618 " 40 fs where
the larger error bar of the former is due to the
relatively small amplitude of the peak with respect to
the noise. This dephasing time is relatively long
when one considers possible disorder at the nativeoxide interface that is well-known to be atomically
abrupt but not epitaxial. We have argued on the basis
of elimination that the mode must be due to an
interface mode localized to the topmost 1–4 atomic
layers Ž2 Ga and 2 As layers.. This assignment is
supported by the large body of results that follow on
the monolayer sensitivity of the SHG signal, the
clean surface spectra, and spectral changes during in
situ oxidation.

6. Sensitivity to monolayer scale local phonons
To fully demonstrate the monolayer sensitivity of
the TRSHG phonon technique, we investigated a
number of clean GaAs surfaces in UHV. In Fig. 3,
we show the Fourier power spectra of the apodized
S(t) for the GaAs Ž001. in the UHV chamber: Ža. the
intact native oxide, Žb. after Arqy ion sputtering and
thermal annealing to 5508C to obtain a well-ordered
Ž4 = 6. LEED pattern, and Žc. after Arqy ion sputtering at 500 eV at 778 angle of incidence corresponding to removal of ; 1.1 GaAs monolayers
assuming the yield was one atom per Arqy ion. The
crystal was oriented with the w011x axis in the plane
of incidence. The pump was s-polarized. As shown
in Tables 3 and 4, we should be able to excite only
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Fig. 3. Fourier power spectra of differential pin – pout TRSHG for
GaAs Ž100. oriented with w011x 5 incident plane and s-polarized
pump. Ža. Native-oxide-covered interface, Žb. after sputtering and
thermal annealing to obtain Ž4=6. LEED pattern, Žc. after Arq-ion
sputtering to remove ;1.1 monolayer equivalents.

A1 modes in this geometry and therefore even though
we could have detected both A1 and B1 modes by
TRSHG, we should only see A1 modes in the coherent phonon spectrum. In this and all subsequent
results reported in this article, the injected carrier
density is adjusted to be around 5 = 10 17 cmy3 . This
eliminated the possibility of detecting spectral features associated with the bulk LO-phonon-electronplasma coupled modes between 7.5 and 7.8 THz and
the bulk LO-phonon-hole-plasma coupled modes between 8.8 and 8.0 THz. The new spectral features
are assigned to local surface phonon modes. The
appearance of new interface-specific Žsurface.
phonon features in curve B and their removal in
curve C demonstrates that the technique is sensitive
to the coherent phonon motion of a few monolayers
of the surface – in this case the reconstructed surface

layers. Examination of curves A and B in the vicinity
of 8.45 THz is consistent with the assignment of the
phonon at the native-oxide interface being localized
to a few Ž1–4. monolayers of the surface. The 8.45
THz mode is removed when the oxide is removed.
Only the pure bulk mode survives after sputtering in
curve C. The Fuchs–Kliewer surface phonon for
clean GaAs Ž100. has been observed in HREELS at
8.71 THz. Here a mode at 8.71 THz would be too
close to the bulk LO phonon Ž8.76 THz. to be
resolved because the spectral linewidth is ; 0.5
THz. As we have discussed above, however, we do
not expect to see the Fuchs–Kliewer mode in TRSHG.
In curve C, the bulk LO phonon peak persists but
the phonon line width is about 30% larger and the
peak height is 2 times lower Žinitial amplitude is
65% of the well-ordered clean surface.. This change
is presumably due to sputter-induced defect formation in the near surface bulk. In numerical simulations following Ref. w32x, we find that the peak LO
phonon displacement occurs in a broad maximum
˚ below the interface. The SH
between 50 and 100 A
sensitivity is of course peaked at the surface. The
change in spectral feature is consistent with removal
of 3–4 atomic layers Ž3–4 atomsrArq ion. and
defect formation with a penetration depth of 20–25
˚ with 500 eV Arq ions. The penetration depth of
A
; 600 eV Arq ions has been previously estimated
˚ w59x. The sputter effiby AES to be ; 10–15 A
ciency depends on the surface structure, local dipole
moments and angle of incidence. The sputter rate
may be more efficient in our case due to the atomic
lattice strain induced by the reconstruction. The author of Ref. w59x was careful to measure the sputtering rate in steady state Žno reconstruction..

7. GaAs (110) – (1 = 1)
In the bulk of zincblende-type compound semiconductors w110x, layers consist of planar zigzag
chains of alternating cations and anions along the
w110x direction w60x. When bulk-like terminated, each
surface atom has 3 nearest neighbors instead of 4
and therefore has one broken or dangling bond. The
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LEED pattern for the thermally annealed GaAs Ž110.
surface shows a relaxed Ž1 = 1. structure. This is the
simplest semiconductor surface reconstruction and
therefore enormous experimental and theoretical attention has been applied to this reconstruction.
Medium-energy ion scattering ŽMEIS. w61x revealed
that the topmost zigzag chains were tilted with the
As anions pointing outward and the Ga–As bond
length was conserved. Scanning tunneling microscopy images verified the lateral arrangement w62x.
To accommodate 3-fold sp 2-hybridized cations one
expects a tilt angle of approximately 288 with respect
to the surface plane. This is supported by a number
of theoretical works which calculate the atomic
structure and phonon spectrum using various approaches to obtain the interatomic force constants
w63–69x. One expects that in addition to the top layer
being tilted, lower layers will also be slightly tilted
as the lattice distortion will propagate from the surface into the bulk. The reconstruction involves at
least 3 atomic layers.
Recently the atomic and electronic structures and
phonon spectra for several clean and adsorbatecovered semiconductor surfaces have been calculated
using first principles Žab initio.. For the GaAs
Ž110. – Ž1 = 1., J. Fritsch, et al. w69x first determined
the atomic relaxation geometry by minimizing the
total energy in a slab configuration consisting of
periodically repeated nine-layer slabs separated by
vacuum equal to three layers. The surface electronic
structure accompanying this calculation was published separately w70x. They determined the harmonic
force constants of the fully relaxed nine-layer slab
using a density-functional perturbation scheme and
used those constants to model the dynamical matrices of a 25 layer slab. For modes dispersed along or
perpendicular to the chains from the surface G-point,
the calculation finds 3 acoustic modes and 6 nearly
dispersionless optical phonon bands. All have AX
symmetry.
Numbering the predicted optical modes from 1
through 6, the lowest frequency optical mode S1 is
predicted to have frequency 3.98 THz and to be
dominated by motion of the topmost Ga atom perpendicular to the chain Ži.e., in the w100x and normal
directions.. The S2 mode at 5.80 THz is predicted to
be dominated by the motion of the topmost As atom
perpendicular to the chain. The S3–S5 modes at

297

7.37, 7.56, and 7.86 THz are predicted to be dominated by opposing Ga–As motion in Ga–As layers 2
and 3 parallel to the plane. The S6 mode at 8.36 THz
is predicted to be dominated by the opposing motion
of the topmost Ga and second layer As perpendicular
to the chains.
Harten and Toennies used HAS to explore the low
frequency modes w71x. They observed two surface
acoustic modes with energies of 5.6 and 7.3 meV at
the surface Brillouin zone. They also observed two
flat bands with energies at 10 and 13 meV. In
HREELS investigations w72,73x the Fuchs–Kliewer
modes at 35.8 meV is observed to dominate the
higher energies. In Ref. w68x, 2 acoustic modes, 3
nearly dispersionless local optical modes 10.5, 16.5,
and 21.5 meV, and the Fuchs–Kliewer mode were
observed. The motion of the 16.5 and 21.5 meV
Ž3.99 and 5.20 THz. were assigned to the S1 and S2
eigenfunctions found in Fritsch et al.’s ab initio slab
model calculations.
Fig. 4 shows the TRSHG data taken in 4 excitation geometries for the GaAs Ž110. relaxed Ž1 = 1.
reconstructed surface. The crystal was oriented either
with the w001x or w110x in the plane of incidence and
the pump either s- or p-polarized. The time-domain
oscillations are shown on the left. The Fourier power
spectra are shown on the right. The fits to the data
are shown in dashed line in the figure and are
essentially indistinguishable from the data Žshown in
solid line.. In Table 5 we list fit values of mode
frequencies and dephasing times as well as the mode
frequencies from HREELS data w73x, the ab initio
calculation by Fritsch, et al. w69x and a tight-binding
total-energy-minimization model calculation w66x.
Other than the bulk mode at 8.76 THz, all the other
modes are localized surface phonon modes. We observe 6 modes in excellent agreement with the number of modes and energies predicted in the ab initio
calculation and we label our experimentally measured modes in the same manner as S1–S6.
We point out that even though there are apparent
peaks in the Fourier power spectrum data at frequencies away from the mode center frequencies Žshown
with arrows., the fits still follow such features very
accurately. For example, a feature with maximum
power spectra amplitude at ; 6 THz appears in
curves B, C, and D. These features cannot be caused
by subtraction errors or noise because it is unlikely
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Fig. 4. Differential pin – pout TRSHG for GaAs Ž110. Ž1=1.
surface. Ža. S(t) vs. pump–probe time-delay and Žb. Fourier power
spectra of S(t) for 4 geometries. A: w001x 5 plane of incidence,
s-pol. pump. B: w001x 5 plane of incidence, p-pol. pump. C: w110x
5 plane of incidence, s-pol. pump. D: w110x 5 plane of incidence,
p-pol. pump. Data in solid lines and results of curve fitting in
dashed lines. Arrows show phonon frequencies obtained from fit.

that they could be reproduced so accurately with a
simple analytical function. These off-line-center features occur because of the interference between the
complex Lorentzian modes and we have chosen to

display the Fourier power spectra rather than to
display individual phases of the complex Fourier
transform. We could have optomized the display for
one mode by displaying the phase of the complex
Fourier transform that shows only the imaginary part
of the Lorentzian susceptibility. This choice would
allow that one mode to be easily distinguished in all
4 curves. However, this choice could only be optomized for one mode at a time. We have confidence
in the fitted values of the mode frequencies and
dephasing times because these parameters are constrained to fit all 4 spectra Ždifferent linear combinations of modes. simultaneously.
Our S1 mode at 4.57 THz is just above the range
of the feature at 3.99 " 0.4 THz peak measured in
HREELS and above the ab initio calculation. The
tight-binding calculation also predicts a 4 THz mode
but instead the phonon displacement is dominated by
bond-length preserving rotation-like motion of the
topmost Ga and As atoms in the direction perpendicular to the chain. We may be detecting the same
mode as in the HREELS measurement or may be
detecting an additional mode that is dominated by
in-plane motion and therefore suppressed in
HREELS.
The S2 mode at 5.41 THz matches the value
measured in HREELS and agrees relatively well
with the ab initio calculation. Our measured value
also agrees with the tight-binding model calculation
which finds two shear modes of the topmost Ga and
As atoms parallel Ž 1AY at 5.32 THz. and perpendicular Ž q 5 at 5.56 THz. to the zigzag chain direction
w110x.
As shown in Tables 3 and 4, only AX modes can
be detected by SH when the x s w001x axis is in the

Table 5
Coherent phonon modes detected on GaAs Ž110. –relaxed Ž1x1. surface
N

Õn ŽTHz.

Tn Žfs.

Sym.

Õn ŽTHz.
Exp’t w73x

Õn ŽTHz.
Theo w69x

Õn ŽTHz.
Theo w66x

S1
S2

4.57 " 0.05
5.41 " 0.04

790 " 140
600 " 150

A
X
Y
A rA

X

3.99 " 0.4
5.20 " 0.25

3.98
5.80

X

–
–
–
–
8.76

7.37
7.56
7.86
8.36
bulk LO

3.94
5.32
5.56
–
–
–
–

S3
S4
S5
S6
B

7.29 " 0.03
7.58 " 0.01
7.85 " 0.01
8.35 " 0.07
8.76 " 0.01

550 " 30
720 " 50
470 " 10
800 " 30
740 " 80

A
X
A
X
A
X
A
–
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plane of incidence. Appearance of a mode in curves
A or B allow us to identify it as AX . Both AX and AY
modes can be detected when the y s w110x axis is in
the plane of incidence. The appearance of a mode
only in this geometry Žcurves C and D. is necessary
but not sufficient to identify the mode as AY . We
required that in order to be ‘not observed’ in A or B,
the fit value of the amplitude had to be less than the
noise level in both curves and found that only our S2
mode could be AY as noted in Table 5.
We observe the 3 modes, S3–S5, with extraordinary agreement with the mode frequencies predicted
by the ab initio calculation. The calculation predicts
this motion to be dominated by in-plane motion in
the second and third layers. These modes are observed to have AX symmetry in agreement with the
ab initio calculation. AX modes Žas shown in Tables
1 and 2. have IR transition moments in both the z
and x directions. Because the motion is largely in
plane, the induced dipole moment in the z direction
is probably relatively small compared to that in the x
direction. These modes were probably not observed
in HREELS because in the impact regime, HREELS
is insensitive to dipole moments parallel to the surface.
One might expect that optical probes would also
have the same insensitivity to parallel motion. This is
true for linear ŽIR. probes especially on metals where
the parallel field at the surface is greatly reduced.
However, for nonlinear optics, the response is due to
a tensor susceptibility with a richness that offers
elements that can be sensitive to parallel motion. For
example, elements with component projections such
Ž .
as Ex zŽ2.
z x rE Q x can generate SH polarization Pz 2 v
perpendicular to the surface due to phonon motion
Q x parallel to the surface. The strong S3–S5 peaks
demonstrate that TRSHG can indeed detect motion
parallel to the surface. Detection of motion perpendicular to the surface is of course always allowed
due to symmetry breaking in the z direction.
The S6 mode at 8.35 THz also agrees well with
the ab initio calculation. This mode should have a
strong dipole moment projection normal to the surface but is not observed in HREELS because of the
dominance of the Fuchs–Kliewer mode.
We note that the resolution and uncertainty in the
assignment of the center frequencies of the modes
are comparable or better than for HREELS. This is
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possible despite the large number of overlapping
features because we simultaneously fit 4 linear combinations of the modes. We use a single set of nn
and Tn to fit the 4 data sets simultaneously so the
number of free parameters is drastically reduced. In
principle, this can be further improved by measuring
the phonon spectra in even more excitation geometries. For purposes of fitting the spectra, this approach is far better than averaging a longer time to
get better SrN on a smaller number of spectra. One
could have probably improved the fits even more by
using the same data collection time but generating 8
linear combinations and only sacrificing 62 in the
SrN. However, this approach only works if the
mode is detected in those 8 geometries, i.e., for fully
symmetric modes. High SrN in individual curves is
needed to determine the symmetry of non-fully-symmetric modes.

8. GaAs (100) – (1 = 6) and – (4 = 1)
The GaAs Ž100. surface is used in the photonic
and semiconductor industries and has been studied
by numerous surface techniques for almost three
decades. Unlike the Ž110. surface, the Ž100. surface
consists of alternating layers of Ga and As atoms so
Ga and As dimerization is expected. The surface
reconstructions depend critically on the preparation
procedure. The surface structures are identified by
their low energy electron diffraction ŽLEED. patterns
w53,74,75x. According to an early work w53x, the
reconstruction progresses from cŽ4 = 4. As-rich
Ž4008C., Ž2 = 4. or cŽ2 = 8. As-rich Ž4508C., Ž1 = 6.
As-rich Ž5008C., Ž4 = 6. Ga-rich Ž5208C., Ž4 = 1.
Ga-rich Ž5408C., to cŽ8 = 2. Ga-rich Ž550-6008C.
and is reversible. On the basis of AES calibrated
against the assignment of 0.5 ML on the GaAs
Ž110. – Ž1 = 1., the As concentration was reported to
be 0.61, 0.52, 0.27, and 0.22 ML for the cŽ2 = 8.,
Ž1 = 6., Ž4 = 6., and cŽ8 = 2. Ga reconstructions,
respectively w53x. As pointed out in later works, the
AES spectrum is sensitive to the exact locations of
the atoms within the layers and the bulk stoichiometry cannot be assumed for underlying layers w76x,
but it is well accepted that annealing at higher
temperatures reduces the surface As concentration.
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STM studies by Biegelsen, et al. have greatly
clarified the unit cell lateral structures that produce
the LEED patterns w77x, while leaving still controversial some details of the atomic arrangement. The
surface identified as Ž1 = 6. in LEED has a Ž2 = 6.
unit cell containing 2 As dimer and 4 As dimer
vacancies aligned along the w011x and arranged along
the w011x Ž=6. direction Žsee Fig. 3 of Ref. w77x.. In
the w011x Ž2 = direction., the dimers are stacked in a
staggered ‘chain’ of dimers with alternating w010x
and w001x displacement. In the missing As dimer
‘trough’ the second layer Ga are believed to form 2
dimers per Ž2 = 6. unit that are similarly staggered
but oriented along w011x. The reported 0.52 ML As
coverage is consistent with the equal numbers of As
and Ga dimers per Ž2 = 6. unit cell. We annealed at
5008C and observed a sharp Ž1 = 6. q Ž1r6. nY )
LEED pattern. STM reveals that these streaks are
from stacking disorder along the w011xŽ2 = . direction. A Ž4 = 12. arrangement of Ž4 = 2. units is
proposed for the Ž1 = 6. q Ž1r4. nY ) structure w78x
but we were careful to note that only the Ž1r6. nY )
streaks were observed in our study.
We prepared our Ž4 = 1. reconstructed surface by
short anneals at 5408C which is just slightly higher
than necessary to make the Ž4 = 6.. We annealed just
enough until we observed no Ž1 = 6. lead spots, no
Ž1r6. nY ) streaks, and no Ž1r2. nY ) streaks or
cŽ8 = 2. spots. A clean Ž4 = 1. LEED pattern can be
produced at lower temperature than the cŽ8 = 2. w79x
but in much of the literature the Ž4 = 1. LEED
pattern is said to be accompanied by weak cŽ8 = 2.
features and therefore the structure is considered a
disordered cŽ8 = 2. w80x. In Biegelsen’s STM study
the Ž4 = 1. is considered a disordered cŽ8 = 2.. The
cŽ8 = 2. consists of Ž4 = 2. unit cells of Ga dimers
and vacancies which are arranged along the Ž4 = . or
Ž8 = . direction with a one unit cell stagger in the
Ž=2. direction. When the two Ž4 = 2. cells are not
staggered then they have Ž4 = 2. periodicity resulting
in the Ž4 = 1. LEED structure. Biegelsen, et al.
proposed that the Ž4 = 2. cell contained 2 dimers and
2 vacancies both oriented along the w110x Ž=2.
direction and arranged along the w011xŽ4 = . directions w77x. This structure is calculated to be the most
stable configuration w81x and follows both Chadi’s
missing dimer model w82x and Pashley’s electron
counting model w83x. Recently a LEED I–V curve

analysis of the cŽ8 = 2. suggested that the basic
Ž4 = 2. cell consisted of 3 inequivalent Ga dimers
and 1 Ga dimer vacancy w84x. In the proposed structure the central dimer is fully dimerized and significantly compressed toward the surface while the two
outer dimers are about half-dimerized and the backbonds are only slightly modified compared to the
bulk. If the latter case is true, then there may be a
‘true’ LEED Ž4 = 1. structure with a Ž4 = 2. cell
containing 2 Ga dimers and 2 vacancies as the As
concentration decreases in a continuous manner from
the Ž1 = 6. through the combination Ž4 = 6. to the
Ž4 = 1. structure. The STM image contrast of the
dimers in the ‘4 = 1’ and cŽ8 = 2. arrangements
appears the same so there is no evidence in STM of
a different local configuration for the two LEED
patterns. However, in examining the STM figures, it
seems surprising that there are no differences caused
by strain in the underlying layers. We wanted to
compare the clean Ž4 = 1. surface to the cŽ8 = 2. in
order to comment on this controversy but found that
our experimental setup could not reach high enough
temperatures to produce a high quality cŽ8 = 2. reproducibly. In either case the Ž4 = 1. structure is
dominated by the local Ž4 = 2. structure with only
Ga dimers on the top layer.
In Fig. 5 we show the Fourier power spectra of
the TRSHG data for the clean GaAs Ž100. surface
with Ž1 = 6. As-rich and Ž4 = 1. Ga-rich reconstructions. We measured 4 excitation geometries with the
sample oriented either with the crystalline w011x or
w011x parallel to the plane of incidence and the
pump-pulse either s- or p-polarized. Clear differences between the Ž1 = 6. and Ž4 = 1. surfaces are
observed in the spectra, but the same number of
modes seems to appear. There are 4 modes between
6 and 8.5 THz. All 4 modes appear in curves A and
C. Examination of Tables 3 and 4 allows us to
conclude that the 4 detected modes must have A1
symmetry. The fitting results are shown in Table 6.
There also appear to be at least 2 modes at
approximately 4 and 5 THz on both surfaces, but we
have not listed values for them in Table 6. At the
largest those mode amplitudes are only a factor of
2–3 over the noise so the fits for those features
cannot be meaningfully constrained by requiring simultaneous fitting of the 4 curves. Because they
appear in curve A for the Ž1 = 6. and curve C for the
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Fig. 5. Fourier power spectra of pin –pout TRSHG from GaAs Ž100. – Ž1 = 6. As-rich and Ž4 = 1. Ga-rich reconstructions. A: w011x 5 plane of
incidence, s-pol. pump. B: w011x 5 plane of incidence, p-pol. pump. C: w011x 5 plane of incidence, s-pol. pump. D: w011x 5 plane of
incidence, p-pol. pump.

Ž4 = 1., these modes must have A1 symmetry and
therefore result in dipole moments perpendicular to
the surface ŽTz ..
HREELS of the GaAs Ž100.-cŽ8 = 2. shows three
features at 7.9, 11.5, and 35.8 meV Ž1.9, 2.78, and
8.66 THz, respectively. w85x. The latter is the
Fuchs–Kliewer phonon mode. The modes we observe are therefore not observed in HREELS, presumably for similar reasons as on the Ž110. surface.
Since these are all A1 modes, the Tz must be too
small to detect by HREELS above the wings of the
F–K mode.
Unfortunately, there are no calculated phonon
spectra with which to compare. The Ž100. recon-

structions involve far more atoms than the Ž110. – Ž1
= 1. so such calculations are non-trivial. However it
is tempting to speculate about the mode displacements on the Ž100. surface by comparing to the
eigenfunctions calculated for the Ž110.. The 4 modes
from 6–8.5 THz all have frequencies near the bulk
LO phonon frequency and are probably due to Ga–As
counter-propagating motion as opposed to adatom or
dimer motion. The highest lying phonon mode at
; 8.15 THz is probably dominated by out-of-plane
counter-propagating motion of the Ga-As bond between the dimer and second layer or second and
third layers below the dimers. Because the induced
polarization of the lattice motion is also in the

Table 6
Coherent phonon modes detected on GaAs Ž100. – Ž1X6. As-rich and – Ž4X1. Ga-rich reconstructed surfaces
N

Ž1X6. As-rich

Ž4X1. Ga-rich

Õn ŽTHz.

Tn Žfs.

Sym

Õn ŽTHz.

Tn Žfs.

Sym

S1
S2
S3
S4
B

6.46 " 0.55
7.46 " 0.01
7.80 " 0.01
8.15 " 0.04
8.81 " 0.01

1040 " 250
1000 " 180
570 " 10
480 " 20
2630 " 90

A1
A1
A1
A1
–

6.20 " 0.66
7.19 " 0.05
7.63 " 0.02
8.12 " 0.02
8.80 " 0.01

960 " 160
690 " 50
1040 " 60
480 " 10
2730 " 150

A1
A1
A1
A1
–
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direction of the displacement Žalong z ., the vibrational frequency will be shifted above the intrinsic
frequency in the same way that the LO phonon
frequency is higher than the TO phonon frequency.
The intrinsic mode frequency might be expected to
be lower than the value of 8.36 THz found on the
fully relaxed Ž110. surface because the Ga–As backbonds are stretched and therefore weakened in order
to accommodate the As–As or Ga–Ga dimerization.
The 3 other modes from 6–8 THz are probably
dominated by in-plane motion of the underlying 2–4
layers. The basic structure of these layers is the same
in the two reconstructions, however, the strains are
different. Examining the dephasing times in Table 6
we note that 2 modes have extremely long dephasing
times of order 1 ps. This is rather surprising considering the possible inhomogeneity of the Ž4 = 1. reconstructed surface. By comparison, the dephasing
times of the bulk LO phonon, the buried nativeoxide-covered interface phonon at this low injected
carrier level, and the longest lived phonon on the
Ž110. – Ž1 = 1. are 2.6, 0.7, and 0.8 ps, respectively.
A phonon mode dominated by the motion of the
topmost 2 layers would be strongly damped by coupling to the surface state. It is therefore likely that
the long-lived 6.20 and 7.63 THz modes on the
Ž1 = 6. and 6.46 and 7.46 THz modes on the Ž4 = 1.
are localized on the third and fourth layers with most
of the displacement amplitude arranged symmetrically in-plane. These two modes would be rather
similar except for the strains induced by the upper 2
layers. Like two coupled oscillators, the two longlived modes may be split in energy by having displacements dominated by relatively more or less
amplitude under the dimer or dimer vacancies.
The remaining modes at 7.19 THz on the Ž1 = 6.
and the 7.80 THz on the Ž4 = 1. have short lifetimes
and are probably strongly coupled to the surface
electronic structure or the disorder in the first 2
layers of the reconstructions. In analogy with the
Ž110. – Ž1 = 1. modes we can speculate that these
modes are dominated by counter-propagating in-plane
motion of the backbonds directly below the dimers
Žbetween layers 1 and 2..
Finally, in analogy with the two low frequency
modes on Ž110. – Ž1 = 1., the 2 or more low frequency modes in the 3–6 THz range on clean Ž100.
are probably shear, stretch, wag, or rotation of the

topmost dimers. Unfortunately, we did not have
enough SrN to detect those modes reliably. If they
are dimer modes, then they are probably well-coupled to the surface electronic structure, especially the
dangling bond states, and therefore short-lived, spectrally broad, and hard to detect.

9. Adsorbate and chemical reaction sensitivity: in
situ oxidation
In Fig. 6 we demonstrate the chemical sensitivity
of the TRSHG phonon technique. We oxidized the
GaAs Ž100. – Ž4 = 6. reconstruction in UHV. LEED
and STM w77x are consistent with this surface having
domains of both the Ž1 = 6. and Ž4 = 1. Ga-rich
reconstructions. We prepared the Ž4 = 6. by annealing at 5208C so this structure should not be confused
with the highest Ga concentration Ž4 = 6. reported
by Xue, et al. w86x. Although our Ž4 = 6. is not a
single domain surface, it is adequate for showing the
chemical sensitivity. On the left of Fig. 6, we show
the Fourier power spectrum of the apodized oscillatory TRSHG and on the right we show the same data
except we have subtracted the best fit bulk LO
phonon feature at ; 8.8 THz Žthe same way we did

Fig. 6. Fourier power spectra of clean GaAs Ž100. – Ž4=6. vs. O 2
exposure ŽLangmuir.. Left: Power spectrum of SŽ t . data. Right:
Power spectra of SŽ t . data minus the fitted free-induction decay
of the 8.80 THz mode. ŽA. clean surface, ŽB. 10 2 L, ŽC. 10 4 L,
ŽD. 10 6 L, ŽE. native-oxide-covered surface in UHV chamber.
The injected carrier density was 1.8=10 17 rcm3. Data Žsolid. and
fit Ždashed.. Curves are offset vertically by tick mark units.
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in Fig. 2.. The spectra are normalized with respect to
the best fit bulk LO phonon oscillation which we
presume to be constant. Curve A is the clean Ž4 = 6..
Curves B–D are obtained after progressively 10 2 ,
10 4 and 10 6 L O 2 exposure. Molecular oxygen is
backfilled into the UHV chamber in the presence of
a lit nude ion gauge filament. Because the Ž4 = 6. is
a mixed domain surface, curves A–D are obtained in
a single run. The native-oxide data Žcurve E. was
measured in the UHV chamber with nominally identical laser conditions as for curves A–D but before
the oxide was removed and the surface was cleaned.
The progression from curve A–D clearly shows submonolayer sensitivity to chemical and structural
changes associated with adsorbates.
Many groups have studied the adsorption of oxygen on GaAs surfaces. At room temperature and up
to 1008C, temperature programmed desorption spectroscopy ŽTPD. w87x and helium diffraction studies
w88–90x have shown that molecular O 2 adsorbs and
creates defects at which subsequent adsorbed O 2 can
dissociate and then bond atomically. The Ga–O bond
is energetically preferred because the surface dimerization creates empty dangling bonds for surface
cations w79,80x which can be filled by the p ) electrons on an oxygen atom and form Ga–O bonds
w91–93x. An ab initio calculation of O atom
chemisorption on reconstructed GaAs Ž100. finds
that the minimum energy configuration occurs when
the O atom is in a nearly bridge-bonded position
between two Ga atoms w94x. The Ga atoms are
˚ from their bulk-terminated ideal
distorted 0.40 A
locations which strains the underlying semiconductor
layer significantly. The O atom is also displaced with
respect to the ideal vertical bridge position in both
in-plane dimensions. This symmetry breaking even
at the first oxide layer causes subsequent oxide
layers to be amorphous. While this calculation predicts the minimum energy configuration, it does not
take into account the dynamics or coverage dependence related to O 2 molecule dissociation. Recent
AES studies suggest that the initial oxidation state at
low coverage Ž- 10 4 L without electronic excitation
due to filaments. proceeds by oxidizing both Ga and
As w95x. If that were the case, the simultaneous As
oxidation could occur by oxidizing the As backbonded to the Ga dimer on the Ž4 = 1. at the same
time the Ga dimer is oxidized. Alternatively, oxida-
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tion could occur simultaneously on the As dimers on
Ž1 = 6. domains and Ga dimers on Ž4 = 1. domains.
Adsorption with a lit filament is known to proceed more efficiently than oxidation without a lit
filament because the filament-excited-O2 molecules
can dissociate more easily on the surface. The authors of Ref. w80x reported that in the presence of a
cold cathode ion gauge Žlit filament. the sticking
coefficient was enhanced by 4 orders of magnitude,
i.e., from 10y9 to ; 10y5 and that under those
conditions a saturated 0.5 ML was obtained in 10 6
L. They found that the Ž110. – Ž1 = 1. oxidized at the
same rate as the Ž100. – Ž4 = 1. with the filament lit.
We used a lit nude ion gauge. In SH intensity vs. O 2
exposure studies in the same experimental configuration on GaAs Ž110. – Ž1 = 1. we found that we oxidized the dangling bonds with Langmuir kinetics at
the rate of Ž1200 L.y1 and then oxidized the backbonds at least 100 times slower after the initial
phase. We therefore expected the Ž100. – Ž4 = 6. to
oxidize at a similar rate and to saturate at 0.5 ML
well before 10 6 L gas exposure.
The room temperature native oxide layer is about
˚ thick. The oxide layer is stoichiometrically
50–80 A
correct but is structurally amorphous. X-ray photoelectron spectroscopy shows that oxides grown at
room temperature contain As-oxides, primarily
As 2 O 3 as evidenced by As 5q and As 3q XPS lines
w96x. Raman scattering shows that elemental As is
only found in native oxide layers grown at or heattreated at elevated temperatures w97–99x. We obtained our native-oxide-covered surface spectra before applying heat.
Because of the excited oxygen, we expect both
molecular and dissociated O atoms are adsorbed
even at the lowest exposures at a rate comparable to
1200 Ly1 . We see that in curve B, after only 100 L
of exposure, there are significant changes in the
surface phonon spectrum. The 8.2 THz mode grows
while the other modes remain constant. The 8.2 THz
mode continues to grow and saturates in amplitude
by 10 4 L. Also in the 6.5–8 THz range, the broad
feature in curve A centered at 7.6–7.7 THz seems to
be redistributed in a way that roughly preserves total
oscillator strength. Both spectral changes are consistent with an efficient oxidation process that is saturated by 10 4 L. These changes are consistent with
our earlier speculation that the 8.15 and 7.80 THz
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modes of the Ž4 = 1. and 8.12 and 7.19 THz modes
on the Ž1 = 6. were dominated by counter-propagating motion of the top-layer dimer and second-layer
atoms. Oxidation should relax the backbonds and
thus significantly change those lines. However, the
other relatively narrow spectral features which we
have tentatively assigned to in-plane motion in the
third and fourth layers would be only shifted and
broadened but maintain their oscillator strength. The
spectra are not sufficiently resolved to distinguish
whether the Ž1 = 6. or Ž4 = 1. oxidizes at a different
rate but the data are consistent with oxidation of the
dimers being saturated by 10 4 L.
Between curves C and D the 6.5–8 THz modes
are hardly changed but the 8.4 THz mode is shifted
and broadened. This might be due to oxidation of
backbonds after the dimers are initially oxidized or
might be due to oxidation of As dimers on the
Ž1 = 6. which might have a different adsorption rate
than the Ž4 = 1.. The authors of Ref. w95x suggest
that molecular oxygen can substitute for As dimers
releasing elemental As that can be oxidized efficiently. Another possibility is therefore oxidation of
the elemental As and the exposed second-layer Ga
on the Ž1 = 6. reconstructed surface.
Between curves D and E, the most dramatic
change is that the mode amplitudes in the 6.5–8 THz
range are reduced to the level of the noise Žsee the
zero-level indicated on right vertical tick-marks of
plot.. On the native-oxide-covered surface, oxygen
˚ into the bulk and the
has penetrated 50–80 A
counter-propagating in-plane modes of the interface
are probably so inhomogenously broadened as to be
undetectable. However, the native-oxide interfacial
mode at ; 8.5 THz is still visible with the same
amplitude as observed with the first 0.5 ML of
adsorbed oxygen.
The local phonon mode of the native-oxidecovered interface must be localized within the topmost 1–4 layers Ž2 layers of Ga and As atoms. in
order for the mode to remain essentially the same
after only 0.5 ML of oxygen adsorption. It must
either involve Ga–O bonds directly or Ga–As
counter-propagating out-of-plane motion that is modified by the first 0.5 ML of oxygen adsorption. If
molecular oxygen can bind substitutionally for the
As dimer Žas speculated by authors of Ref. w95x. then
the oxidation of the Ž1 = 6. could expose Ga atoms

and form the same energetically favored Ga–O–Ga
bond structure that should form on Ga dimers on the
Ž4 = 1.. The ab initio calculation w94x of the bridgebonded oxide predicts a relatively large electronic
charge on the O-atom in the ground state. The
surface state bandgap is larger than the bulk and both
the highest-lying occupied surface state and
lowest-lying unoccupied surface state overlap the
corresponding bulk bands. Thus the counter-propagating Ga–O motion would have a large z-dipole
moment. Moreover, the proposed position of the
O-atom is laterally asymmetric with respect to the
ideal bridge site and compressed normal to the surface. Under electronic excitation Žtypically to a more
delocalized state., the atoms will be accelerated to a
more symmetric and relaxed configuration and this
electronic transition should have a reasonably large
electron-phonon coupling. Since the native oxide of
GaAs Ž100. is known to be disordered and non-epitaxial, it is very surprising to find a sharp interfacial
phonon mode feature at the interface. It seems more
likely that a molecular scale vibrational mode either
directly at or below the Ga–O–Ga interface species
would be sufficiently well-ordered on a local level to
have a narrow spectral feature. The frequency can be
above the bulk TO phonon frequency because of the
polarization enhancement in the z-direction. It seems
less likely that the 8.48 THz mode could be due to
the parallel motion of the third or fourth layer of the
reconstruction. Such motion would have to average
the inhomogeneities of the first 2 layers and would
lead to a broader feature than observed. Moreover,
the strain would have to be extremely large on
average to raise the ‘bare’ force constant to a level
much greater than the bulk TO phonon frequency.

10. Discussion and conclusion
Examination of the A–B and C–D pairs of data in
Figs. 4 and 5 show that when the pump laser is
changed from s- to p-polarization the amplitude of
the coherent surface phonons changes relative to the
bulk phonon amplitude Žwhich should not depend on
polarization.. Only SRE and MGR mechanisms can
depend on the polarization of the laser beam-DECP
and ‘field screening’ depend only on the number of
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electrons excited. Thus all surface modes we detected on clean GaAs were driven at least in part by
SRE or MGR mechanisms. Since all material systems have Raman active modes, the TRSHG technique should be applicable to all material systems
provided the signals are large enough to detect.
For both SRE and MGR, the detected signal
amplitude is proportional to the Raman susceptibility
and to the hyper-Raman susceptibility. Because both
tensors are unknown, it is premature to infer specific
information about the relative amplitudes of various
surface modes. However, it is very clear that the SH
oscillation signals for the coherent surface phonons
are extraordinarily large – the peak heights appear in
the spectra 2–5 times smaller than the bulk LO
phonon signal. Because the surface phonons have
shorter dephasing times however, the initial amplitudes are comparable within a factor of 2 to the bulk
LO phonon signal. We calculated the field screening
dynamics in the depletion region following Ref. w32x
and found the bulk LO phonon amplitude to be a
˚ with a broad maximum from
maximum of 0.01 A
˚ depth and falling rapidly toward the sur50–100 A
face and back of the depletion region. The surface
˚ which is 10
phonons must be localized to ; 5 A,
times fewer atomic layers. Moreover, the Raman
cross-section per layer for the bulk is 40 times too
small to produce the same amplitude generated by
field screening. The ratios of the two susceptibilities
and the peak displacements must give a factor of 400
enhancement for the surface. We expect some enhancement compared to the bulk because the electron-phonon interaction is stronger due to 2-d confinement. We have also found that the SH is enhanced at the laser fundamental by resonance with
the highest lying occupied dangling bond to lowest
lying unoccupied dangling bond interband transition
on the clean surfaces w70x. The SH intensity is about
10 times higher on clean surfaces than on the native
oxide. Interface electronic transitions have been observed by optical second-harmonic generation spectroscopy at the GaNrGaAs Ž100. w100x, ZnSerGaAs,
and Si–SiO 2 interface w101,102x and are near the
bulk transitions. The ab initio calculation indicates
that the semiconductor side of the oxide interface
will be highly strained so a localized electronic state
should be formed and it will have a gap slightly
larger than the bulk w94x. The transition should there-
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fore be resonantly enhanced at the pump and probe
laser frequency and have a large electron-phonon
coupling. A ; 20 = enhancement in both tensors on
both the clean and oxidized surface is therefore
reasonable. So despite the large signal, the surface
˚
atomic displacement is likely only ; 0.005 A.
In comparison to HREELS, TRSHG can detect
modes with displacements parallel to the surface, has
frequency resolution comparable and in many cases
superior to HREELS Žof order 1% energy bandwidth., and can detect modes near the Fuchs–Kliewer
mode which typically dominates semiconductor
HREELS in this frequency range. Although this
technique can only obtain spectra at the center of the
Brillouin zone, the ability to detect all the optical
modes with sufficient resolution is an important advantage, especially on complicated reconstructed surfaces or at buried interfaces. TRSHG can be an
important tool in the next decade in providing new
data that will drive improvements in the theory and
large-scale calculation of interface structure and dynamics. As suggested by these experiments, the optical phonon mode spectra are still a unique probe of
the dynamics of the underlying atomic layers of
reconstructions and are invaluable as a final check
on the accuracy of electronic and atomic structure
calculations.
The most intriguing spectroscopic possibility for
TRSHG is to explore localized modes at buried
interfaces. As pointed out before, only 1 case of a
monolayer-scale localized phonon mode was reported for Sb monolayers on GaAs. Here we reported the second case: an interfacial mode buried
˚ of oxide. We observed that the
under 50–80 A
driving mechanism had Raman symmetry and therefore the driving mechanism is generally applicable to
clean and buried interfaces. We therefore expect
TRSHG to be especially useful in the study of
strained interfacial layers in semiconductor device
and heterostructure geometries.
In the future, we hope to exploit the coherent
control of phonons to study surface phonon coupling
to other phonons, carriers, and surface adsorbates.
Nelson and co-workers demonstrated control of the
amplitude of a selected phonon mode in a-perylene
molecular crystals w103x. Kurz and co-workers
demonstrated the coherent control of bulk LO
phonons in GaAs Ž100. w104x. The same should be
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possible with surface and interface phonons and such
multi-pulse pumping experiments are currently underway in our laboratory. We also hope to use the
ultrafast time-resolution to see changes in the lifetime or frequency of the phonon modes due to
coupling to transient electronic or phonon excitations
w105,106x.
On a purely spectroscopic front, we are also
currently investigating the sensitivity of this technique on metal and insulator interfaces. To this end
we have recently improved the signal to noise by a
factor of '8 compared to the data shown here so we
obtain SrN s 0.94 = the shot noise limit for GaAs.
This was accomplished by reducing the laser and
non-optical electronic background noise by increasing the time-delay scanning rate from 1 to 30 Hz,
using a more stable diode-pumped frequency-doubled Nd:YAG laser instead of an Argon ion laser as
the pump for the fs Ti:Sapphire oscillator, and using
pulse discriminator electronics to condition the
photomultiplier output. For 512 delay times, we can
obtain a SrN of 10 for the surface phonons on GaAs
Ženough to see essential features. in 2.4 m and SrN
of 50 Žas shown in the data in this paper. in 1 hour.
Further improvement can be obtained by increasing
the optical throughput and using more efficient
photo-detectors.
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