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Abstract. We demonstrate new time-domain surface phonotroscopies are based on pump—probe time-resolved second-
and surface electronic spectroscopies. We excite coherent stiarmonic generation (TRSHG). Because they are all-optical
face optical phonons with an ultrashort laser pulse and probechniques they have an advantage over particle probes (elec-
the free-induction decay with time-resolved surface secondron energy loss spectroscopy, helium atom spectroscopy, and
harmonic generation (TRSHG). For both cle@aAg110) photoemission spectroscopy) because they may be used at
and (100) surfaces, the signals are remarkably large arulried interfaces. On the other hand, they have the limitations
we obtain an energy resolution @6, which is compara- of optical techniques, so they can only prdbe 0 phonons

ble to or better than that in HREELS and HAS. The phonorand a superposition over all vertical optical transitions. Even
modes must be Raman active to be driven and hyper-Ramavith these limitations, a new technique sensitive enough to
active to be detected through TRSHG. We obtain timeuse on a variety of surfaces is a welcome and useful addition
domain coherent electron spectroscopy through analysis &b surface science. The number of systems for which low-
the pump—probe cross-correlatiBi and a novel superposi- frequency vibrational spectroscopy is available is in fact quite
tion of the cross-correlation and proBel fields proportional  small and electronic lifetime and dephasing dynamics on sur-
to Epump(®) E;mbe(w) |Eprobe(w)|2- This is much easier to faces is of great current interest. We present experiments on
detect than transient grating, photon echo, or four-wave mixthe GaAsnative oxide interface and on cle@&aAg100) and

ing schemes that use higher-order nonlinearities. We haud10) surfaces in UHV. At this point there is every indica-
applied this technique to measure the energy gap and d#on these techniques can be used on other semiconductor
phasing time of the dangling bond interband transition on thgurfaces.

GaAgq110)-relaxed (X 1) surface. Surface-carrigurface-

phonon interaction plays an important and perhaps dominant )

role in surface carrier dephasing consistent with the larget Coherent optical phonon spectroscopy

electron-phonon coupling on the surface compared to the ] .
bulk. Currently the most widely used techniques for surface

phonon spectroscopy ake atom scattering (HAS) [2] and
high-resolution electron-energy-loss spectroscopy (HREELS)
[3]. Both are surface sensitive and can probe the entire sur-
face Brillouin zone. HAS is less useful for optical phonons
because it cannot probe energies 15 meV. HAS [4] and
Since the advent of the laser, coherent optical spectroscopieREELS [5] studies of the cleafl x 1)-relaxedGaAg110)

have been developed in order to study media which have sigurface have been reported. In the impact regime HREELS is
nals too small to study by traditional absorption or scatteringensitive at the monolayer level. In the long-range Coulomb
spectroscopies [1]. In general, the laser drives a polarizatioregime, HREELS can also be sensitive to buried interfaces
in the medium which is a coherent superposition of states particularly to interface plasmon modes [6—8]. Raman
and the amplitude or relaxation time of that coherence iscattering is generally more applicable at buried interfaces
measured. In frequency-domain techniques, the laser is tunbdcause it is an all optical technique. Raman studies of ox-
through resonance with an optical transition. In time-domaindation of GaAg100) have been reported and the Raman
techniques a short pump pulse excites an initial superposiines for bulk LO phonons, interface strain-inducéa@As

tion of states and a probe pulse detects the free-inductiofO phonons, and crystallinds have been detected [9]. Ra-
decay of the superposition. Here we present two time-domaiman scattering from clean (UHMpaAs surfaces has not
coherent spectroscopies suited to measuring phonon and eldeen reported but both Raman scattering and resonance Ra-
tronic spectroscopy of surfaces and interfaces. The new speatan scattering have been used to study phonons localized

PACS: 68.35.Ja; 78.47.+p; 73.20.-r
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at the interface betwee®b monolayers an@5aAg110) [10, The subscripts, j, k are the indices of the usual vector pro-
11]. Optical techniques such as Fourier transform infraregections, Qn q is the amplitude of then-th phonon mode
spectroscopy [12] and free electron laser based IR spewvith wave vectorg, and the differential second-order polar-
troscopy [13] have been used on molecules adsorbed to cleaability is taken with respect to the phonon polarization unit
surfaces and may also detect low frequency modes at buriegctor and is evaluated at the equilibrium point. In this ex-
interfaces. The phonon bands of the surrounding media mayeriment, we use a laser beam with Gaussian waist around
limit the general usefulness of IR spectroscopy for studies 010m and thus can only excite surface modes with wave vec-
buried interfaces. tor gy < 1um~L. For such small values af, we can ignore

Our new coherent surface optical phonon spectroscopgispersion. In the harmonic approximation, each mode obeys:
[14] is based on impulse stimulation of the phonons with .

a pump pulse and then detection of the free induction deca{n.q + Qn,q/Tn +wﬁ Qn.q=Fnq/ttn, 2)

of the phonon modes by time-resolved second-harmonic gen- o
eration. Itis well known that any transient real or virtual exci-WhereTn, @n, Fnq, andu, are the mode’s dephasing time,
tation of the electronic system can lead to excitation of vibrafesonant angular frequency, external force, and effective
tional modes through electron-phonon coupling. This is permass, and we ignore dispersion for snealln thermal equi-
haps easiest to envision in molecular systems: stimulated REbrium the amplitude ofQyq is given by Bose-Einstein
man excitation (virtual) and Franck-Condon excitation (real)statistics but there is no coherence between the modes of dif-
accelerate atoms from their equilibrium positions in the electerentq, and the contribution to (1) from each mode branch
tronic ground state toward the equilibrium positions in thelS washed out. _ _
electronically excited state [15]. For bulk solids, the electron- However, a coherent force applied to the system can drive
phonon coupling is relatively weak due to the 3-dimensionamodes of differeng in phase. In our experiment, the duration
delocalization of both the electronic and vibrational excita-0f Fn is short compared to the oscillation period and dephas-
tion modes. For surfaces, we expect the electron—phonon if2g time. After 100 fsdelay time, the excited modes of the
teraction to be intermediate between that for a molecule anggme branch oscillate in phase at the same frequency — as if
3-d solids due to localization in two dimensions. Lateral sur2 single mode were excited. We thus expect @ fs the
face reconstruction ane 5% vertical displacement of the SH polarization to have a time-dependence of:

topmost 1-3 atomic layers of most clean surfaces in ultrahigh R

vacuum provide a clear manifestation of the relative strengtf (t) o Xifﬁ)(Zw) + Z <3Xi(,-i)(2w)/ 8Qn,q=o)

of the electron-phonon coupling at surfaces. By exciting with n 0

laser pulses shorter in duration than the vibrational period, the x A, €O 2wnt 4+ @p)e V| (3)
temporally coherent electronic excitation will excite coherent

atomic motion, i.e., coherent phonon motion. One has only twvhere theg-integrated amplitude of theth mode isA, and

find a way to detect this motion. In the early 1990’s, Kurz andhe initial temporal phase of the modezds TheSH intensity
coworkers [16,17] and Ippen and coworkers [18, 19] demonis proportional to P|2. Experimentally the oscillatory part of
strated the excitation of coherent longitudinal optical (LO)the totalSH is small. We can thus ignore terms of ord&f
phonons in bulk semiconductors, semimetals, and insulatoend we expect to fit the oscillatory part of t8# intensity

by using femtosecond laser pulses and their detection by the form:S(t) = S, cog2wnt + ¢n)e"¥ ™, whereS, andg;,
time-resolved linear reflectivity. Here because we are interwill depend on excitation amplitude and geometry &aill
ested in the surface phonons, we detect the free-induction ddepend on detection geometry.

cay of the phonon modes by time-resolved second-harmonic The experiments were carried out either in air or under
generation (TRSHG). Second-harmonic generation has instrahigh vacuum conditions (base pressuzx 10-1° Torr).
trinsic surface sensitivity due to it being dipole-allowed atThe GaAg100) was highly n-doped3(x 108 Si/cm?) and
surfaces and dipole-forbidden in centrosymmetric bulk methe depletion field was calculated to B0 kV/cm over the

dia. Even in non-centrosymmetric media, SHG has proven ttopmostl40A. The native oxide covered surface was cleaned
be surface sensitive and the contribution from the bulk can ofwith solvents, ending with methanol. The cle@aAg100)-

ten be eliminated by using special excitation geometries [20]4 x 6) surface was prepared in UHV by cyclesi60 eV Ar*

We discuss the mechanisms for driving the coherent suien sputtering to remove the native oxide and thermal anneal-
face phonons after the data are presented. Here we coimg at 550°C for 30 min until Auger electron spectroscopy
centrate on the detection. Our experiments are the coheshowed negligible oxygen<(1% oxygen) and low-energy
ent time-domain analog of stimulated hyper-Raman spelectron diffraction (LEED) showed a sharpX#) pattern
troscopy: we detect the interfacial coherent lattice motion{without c(8 x 2) features). The (k 1)-relaxedGaAg110)
using the differential second-order optical susceptibility tensurface was similarly prepared witkr™ ion sputtering and
sor,dx @ (2w)/8Q, whereQ is the lattice displacement vector thermal annealing &50°C until a sharp (1x 1) LEED was
for the q = 0 phonon. TheSH electric field is driven by the observed. We used tl&H intensity as the final indicator that
nonlinear polarizatior, (2w) at the surface. Th8H suscep- the sample was well prepared—tBH intensity is very sensi-
tibility tensor may be expanded to first order in the phonorive to the surface reconstruction quality and was a maximum

displacement: when the surfaces gave the sharpest surface phonon features.
The optical experiments were performed usB&ED nm
) 2 A 35 fslaser pulses from @i:sapphire Kerr—Lens Modelocked
P (2w) = [Xiik (2w) +n2q: <3Xiik (Zw)/aQ”’q>o Q”’q] laser oscillator with a~ 80 MHz repetition rate. The weak

probe beam was derived from the pump beam with a beam
x Ej(w) Ex(w) . (1) splitter and the pump beam was passed through a delay line.
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The pump and probe pulses overlapped spatially in a Gau$srm [sin(t —t")]/(t —t") with width chosen to minimally im-
sian spot with10um waist on the sample surface at45°  pact the phonon features. When we fit the data we iteratively
angle of incidence with & 3° angular separation in the plane compare the time-domain data wi{t) and the apodized
perpendicular to the plane of incidence to separate the beante@mplex Fourier transform of the data a8d) over the same
The second-harmonic generation of the probe beam was d#nite time interval.
tected as a function of time delay between pump and probe. In Fig. 2, the Fourier power spectra of the TRSHG oscilla-
TheSHwas always detected ip-in and p-out geometry. The tion data for the native oxide cover&hAq100) is shown as
SHwas separated from the fundamental with color and interthe injected carrier density is increased (i.e., increasing pump
ference filters and detected with a cooled photomultiplier tubétensity). The photoinjected carrier density at the sample sur-
(PMT). The pump-induced change in the pr&d was ob- face is calculated using the literature values of the optical
tained by processing the PMT output with a lockin amplifierconstants integrated over the measured frequency bandwidth
synchronized to the mechanical chopping rate of the pumpf our femtosecond laser pulse. We fit the data for three
beam. For this laser frequency, t8el measures the nonlinear modes which are clearly visible in the spectra. We find that as
optical response at the interface and also in the top@@A  the carrier density increases the lowest frequency mode shifts
of the GaAsbulk due to both a bulk dipole-allowesH sus-  from 7.52 to 7.67 THz, while the middle frequency mode
ceptibility and DC-field induce&H in the depletion region. shifts from 848 t08.29 THz and the highest frequency mode
The probe depth is determined by optical phase matching arglays at8.80+0.015 THz The quality of the fit is not no-
the optical penetration depth. ticeably effected when we fit all curves simultaneously and
Since one of the main advantages of these new all optieonstrain the frequencies of those two modes to be fixed. The
cal techniques is their potential use at buried interfaces wamplitudes of the three modes are shown in the inset. The
present data from the buri€slaAg100)-native oxide surface 8.78 THzmode is the well-known long wavelength bulk LO
first [21]. In Fig. 1 we show the TRSHG measurement fromphonon mode. The amplitude is saturated because it is driven
theGaAq100)-native oxide surface held in air. We see a rapity rapid screening of the depletion field and the injected car-
change at near-zero time delay due to carrier injection ander density is large enough in all cases to screen the field.
rapid carrier-induced screening of the depletion field. A slowThe ~ 8.4 THz mode grows linearly with the pump intensity
decay follows due to carrier recombination and diffusion dy-and is therefore not driven by field screening. The maxima
namics. Ultrafast carrier dynamics in the depletion region i©f the ~ 8.4 and8.8 THz modes seem to both shift and grow
well studied and is known to drive coherent LO phonon osas a function of injected carrier density-this is however a re-
cillations in the bulk [16]. We focus presently on the smallsult of the coherent superposition of the two features. The
oscillation on this background signal (see left inset). The ostwo modes ar&0° phase shifted from each other so the low-
cillatory part,St), is separated from the background by dis-frequency dispersive tail of the bulk LO phonon mode suscep-
carding the firsi50-200 fsof delay time and Fourier filtering tibility is selectively amplified by coherent addition with the
frequencies< 3 THz The oscillation amplitude is- 10% of  susceptibility of the~ 8.4 THz mode. The mode that shifts
the pump-induced TRSHG signal andl% of the total probe from 7.52 to 7.67 THzis the well-known bulk LO phonon—
SHG intensity. Because this data is obtained over many scanslectron plasmon coupled mode. Both bulk modes have been
it is clear that the oscillation is coherent with the arrival of observed and studied by Kurz and coworkers [17, 22].
the pump pulse and due to excitation of coherent phonons. The mode at- 8.4 THz is a local interfacial mode con-
In the right inset of Fig. 1, we show the Fourier power spec{ined to a few monolayers of the interface. It cannot be a pure
trum of t) (square of the Fourier transform). The complexbulk mode because rp~ 0 phonon modes exist between the
Fourier transform ofS(t) on an infinite time interval is the TO and LO frequencies of@and8.8 THz This mode cannot
sum of complex Lorentzians, however, the complex Fourier
transform over a finite time interval has spectral artifacts. We
suppress those artifacts by using an apodizing functionofth _ =771 < T
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De|ay Time (pS) Fig.2. Fourier power spectra of the TRSHG of native oxide-covered

GaAg100). Frombottom to top curvepeak injected carrier densities were:
Fig. 1. TRSHG signal for native oxide-covereBaAg100). The injected 1.2, 4.8, 7.2, 11, and 2210/ /cm®). Arrows and symbolsindicate cen-
carrier density wag.2 x 107 /cm®. Left and right insets show the oscilla- ter frequencies for the bulk LO phonofl(8.78 TH2), interface phonon
tory part of the time domain data and the Fourier power spectrum of thé© 8.36 TH2), and bulk LO-electron plasma coupling mode 7.62 TH2).
oscillatory part. Datagolid) and fit dashed Inset: mode amplitude vs. carrier density
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be the Fuchs-Kliewer (F-K) or interface plasmon mode at thevas removed and the surface was cleaned. The laser inten-
oxide/semiconductor interface that dominates HREELS [23]sity is reduced to eliminate the LO phonon—electron plasmon
The Fuchs-Kliewer (F-K) mode is a delocalized mode withcoupled mode (i.e., th&.52—7.67 THz mode in Fig. 2). In

a displacement vector that varies sinusoidally along the sucomparing curves A and E, we see new phonon modes that
face and exponentially into the bulk as €xpx —q;z) [24].  must be localized to the-3 monolayersf the surface recon-
The laser spot size only allows excitation of modes withstruction. The progression from curve A to curve D clearly
gy < 1pm~! and therefore any excited modes would extencestablishes the chemical sensitivity of this technique and is
> 1m into the bulk. First, if we detected the F-K mode we consistent with the assignment of the phonon modes being
would expect the mode frequency and dephasing time to déacalized to the reconstructed layers.

pend on the injected carrier density as observed for the bulk Here the modes are not as easily recognized by eye as
LO-electron plasmon coupled mode. In fact, after carefullyin Fig. 2. Arrows indicate the center frequency of the optical
subtraction of the bulk LO phonon mode, the mode is obphonon modes obtained by fitting the data. In addition to it-
served to shift from 818 to 8.29 THz over the full range of erative fitting of the time domain data and derived complex
injected carriers. This is much less than would be expecteHourier transforms, we also constrained the fitting process by
for any bulk LO-phonon-hole plasmon coupled mode or bulkrequiring the mode frequencies to be the same for traces A—
LO-phonon-electron plasmon coupled mode. SecondSkHhe E and we added modes until all traces had reasonabl&fits.
suppresses detection of the F-K mode-b$0 compared to T,, andg, were allowed to vary for the five traces.

HREELS because the excitation is spread ovdrpum while In the inset we show the amplitudes of several of the
the SH is only able to detect perturbations in the topmostphonon modes as a function of oxygen coverage where we
200A. HREELS is able to both excite modes of largeand  take the native oxide to be infinite exposure. The phonon
couple strongly to modes localized closer to the surface. Wenode amplitudes are normalized to the bulk LO phonon mode
must conclude that the 8.4 THzmode is localized to a few at8.78 THz Four surfacginterface modes detected in curve
monolayers at the native oxidgaAsinterface. A decrease while a fifth mode &t36 THz grows continu-

In Fig. 3 we show the Fourier power spectra of the oscil-ously with oxidation. The apparent sharp zero in Curve A
latory TRSHG signals from the cle@®aAg100)-(4x 6) for  at~ 8.5THzis due to the nearly destructive interference of
different oxygen exposures. Oxygen was backfilled into thehe LO phonon peak &8.78 THz and a surface phonon at
chamber in the presence of a lit nude ion gauge filament. AB.15 THz As the surface is oxidized, the amplitude of the
sorption of O atoms produced by cracking molecul@s at  8.15 THzmode decreases and t886 THz mode increases.
the hot filament is known to proceed efficiently. AftHIOL  The 8.36 THz mode adds constructively to the LO phonon
of exposure (curve B) there are significant changes in thenode so the LO phonon mode looks broader on the low
surface phonon spectrum. The native oxide data (curve Hjequency side. When we subtract the LO phonon peak at
was measured in the UHV chamber with nominally identi-8.80 THz we find that the8.36 THz mode present at00 L
cal laser conditions as for curves A-D but before the oxideshifts toward8.5 THz between D and E. It is significant

that the mode a8.36 THz has appreciable amplitude even
at 100 L exposure at which coverage one expects that oxida-
T . e . tion has only occurred on a fraction of the dangling bonds.
3 o ] The mode must be highly localized within the fitst3 layers
Pt of the interface and could involve atoms bonded directly to
Alv. 00" ] oxygen atoms or atoms under stress due to the oxide layer.
0

R In principle the mode frequencies could shift since we can-
G A KR ] ' not distinguish between the decrease of &1 THz mode

2. 4. 6 ; and increase of a ne®36 THz mode and the gradual shift
010710°10 Native of a mode from 8.15 t®B.36 THz However, because the
EXPQSU“? *('-) vob ! z modes have nearly opposite phase suggests they have dif-

ferent displacements and are probably distinct modes. On
the native oxide interface, the linewidth of the8.4 THz

E
] D v,
L’/w_/—_\/\ mode is< 2 x broader than that of the bulk LO phonon in-
dicating that the interfacial phonon is not strongly broadened
| B 7 by inhomogeneities. Since the native oxideGHAK100) is
A =

known to be disordered and non-epitaxial, we can argue that
it is unlikely that the mode is due to stretching modes of
the top mostGa—O atomic layers. The most likely assign-
6 7 8 9 ment is motion of the second and third atomic layers below
the semiconductor-oxide interface at a frequency shifted from
Frequency (THz) the bulk by oxidation-induced stress or strain. It is also pos-
Fig. 3. TRSHG Fourier power spectrum for oxygen @GaAg100)-(4x 6) _S|b|e that the mo_de is always presen'_[ bu_t 'S_Only brouQ_ht
with O, exposures (Langmuir): (A) clean surface, (B L, (C) 10*L,  into resonance with the laser when oxidation induces a dif-
and (D)1C° L, (E) native oxide covered surface in UHV chamber. The in- ferent interfacial electronic structure. Recen8y has been
jected carrier density wak2 x 1017 /cm?. Fourier transform of datasolid) shown to be enhanced at tﬁé/SiOz interface due to reso-
and curve fitting resultdashed. Arrows indicate fit center frequencies at . . . .
7.1, 754, 783, 815, 836 and8.8 THz Inset: surfactbulk LO phonon NNt enhancement with ttie state induced by the interfacial
amplitude ratio for selected modes A (7.54 THz V 7.83THz and O g[ram [25, 26]. There is no reason to preclude such effects for
8.36 TH2) aAs

Amp. Ratio

Fourier Power (arb. u.)
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I values are indicated with arrows in Fig. 4b. The apparent
maxima in the power spectra are shifted fremby inter-
ference with neighboring modes. We fit all 4 curves simul-
taneously constraining, and T, to be fixed. The fit values
are listed in Table 1. The fits to the data are excellent and
the constraint of fitting 4 curves simultaneously gives us an
error bar< 4+0.1 THz despite the large number of free pa-
rameters. Our frequency resolution is better than in HREELS
(1 meV=0.25TH2 which is an important advantage par-
ticularly for complicated surfaces with deep reconstructions
or large unit cells.
The bulk LO phonon mode is present&¥6 THz All
the other modes (1-6) we observe are due to surface phonon
modes localized to the topmost 3 reconstructed layers. The
symmetry of the hyper-Raman tensor allows us to deduce
the symmetry of the modes by measuring 8t¢ in differ-
L ent excitation geometries. The (110) surfacemaymmetry
B and modes are eitheX’ (symmetric) orA” (antisymmetric)
B upon mirror reflection in thez plane. OnlyA” modes can be
detected bySH when thex = [100] axis is in the plane of in-
cidence. Appearance of a mode allows us to identify iRas
Both A" and A” modes can be detected when the- [110]
axis is in the plane of incidence. The appearance of a mode
only in this geometry is necessary but not sufficient to identify
it as A”. The mode identifications are noted in Table 1.
In Table 1 we also list values of mode frequencies from
HREELS data [5], an ab initio calculation [27], and a tight-
I T I T I T I T .
binding total-energy minimization model calculation [28].
0510152025 4 5 6 7 8 9 We observe one mode &i35 THzand three modes between
. 7-8 THzwhich are predicted in the ab initio calculation to be
Delay Time (ps) Frequency (THz) dominated by the opposing motion of the topn®@atand sec-
Fig. 4a,b. Differential pin-pout TRSHG for GaA{110)-(1x 1) surface. ONd layerAs perpendicular to the chains and opposB®As
a Oscillatory part and Fourier power spectra of differentiggi,- pout TR- motion in layers 2 and 3 parallel to the plane, respectively.
SHGI fOL :1 g?[\Etor]IeHs |§r:1 ‘e[Os?lE)IPIaJ\rﬁ,S—pDQ[I-ﬂp(;jrﬂlp-laiieIOOlglll pme. The agreement with theory is extraordinary but may be sim-
geﬁg ir?solig linesand rgsults: o? curF\)/e fi[t)ting idottedplinesygrfowspsho& ply due to there being 4 modes within a narrow frequency
phonon frequencies obtained from fit range. These 4 modes are not observed in HREELS—perhaps
because they are largely polarized in the plane or because the
F-K mode obscures these modes in HREELS. As discussed
above, the F-K mode is suppressed in TRSHG compared to
In Fig. 4 we show TRSHG data for tt@aAg110)-relaxed HREELS.
(1x 1) surface [14]. We studied this system because we The mode at5.41 THz matches the value measured in
can compare our results to published theoretical calculatiotrdREELS and is in relatively good agreement with the value
and HREELS studies. Figure 4a shows the oscillatory pai$.80 THzpredicted in the ab initio calculation for the motion
of the TRSHG data for 4 excitation geometries where thef the topmost As atom perpendicular to the chain. Our meas-
sample is oriented with either the crystallie= [001] or  ured value agrees better with the tight-binding model calcu-
y=[110] axes parallel to the plane of incidence, and forlation in which there are two shear modes of the topn&sst
the pump pulse eithes- or p-polarized. Figure 4b shows andAs atoms parallel (A" at 5.32 TH2) and perpendicular
the power spectra. The dotted lines are the fits andvthe (3A’ at5.56 TH2) to the zigzag chain direction. Interestingly,
the only mode that we detected that could h&fesymmetry
is the5.41 THzmode.
Table 1. Fit results and symmetry of surface phonons observed on We also measure a mode4b7 THzthat is just outside
GaAg110)-relaxed (X 1) and previous HREELS and theoretical values ~the range 08.9+0.4 THzof the HREELS measurement. The
ab initio calculation predicts a mode 4fTHz dominated by
n v /THz T /fs  Sym. Exp't[5] Theo[27] Theo[28] = motion of the topmosGa atom perpendicular to the chain.
The tight-binding calculation predicts a bond-length preserv-

A

. gggigg% gggi gg N 8.76 636 bulk LO ing rotation of the topmogbaandAs atoms in the direction

> 7854001 47010 A 786 perpendicular to the chain, also&aTHz. We may be detect-

3 7584001 720050 @A 756 ing the same mode as in the HREELS measurement or may
4 7294003 550+30 A 7.37 be detecting an additional mode that is dominated by in plane
5 541+004 600:150 A/A” 55+025 5.80 5.32 motion and therefore suppressed in HREELS.

6 4571005 790L140 A 30104 3.8 Sé%i The forceF, that drives the coherent optical phonons can

be due to 4 general mechanisms. The first two involve rapid
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increases in carrier density leaving the atoms suddenly itarge si%nal, the surface atomic displacement is likely only
vibrationally excited positions with respect to new equilib- ~0.005A.
rium positions. Ippen and coworkers have called this mechan- The observation that the driving mechanism is generally
ism Displacive Excitation of Coherent Phonons (DECP) [18applicable (i.e., Raman susceptibility or Franck—Condon ef-
19] when the carrier density changes the magnitude of thiect) suggests that this technique may be used on other sur-
atomic bonding strength. This change is equivalent to chandaces. Although the clea@aAssurface results are resonantly
ing the equilibrium lattice constant so only fully symmetric enhanced, the results on the native oxide covered surface are
A’ modes can be excited. A second mechanism applies farot. It is thus likely that this technique can be used on many
semiconductors with a built-in surface electric field that in-semiconductor surfaces and we are currently exploring if this
duces static LO phonon displacement. When the injected catechnique is sensitive enough to use on metal and insulator
riers rapidly screen the field, the lattice is suddenly free tanterfaces.
oscillate about the field free (or lower field) lattice equilib-
rium positions. Kurz and coworkers have shown this is the
dominant mechanism for exciting the bulk LO phonons in2 Coherent surface electronic spectroscopy
the depletion region 0aAs[16, 17]. A third driving mech-
anism is Stimulated Raman Excitation (SRE). The force isThe same femtosecond time-resolved SHG setup used for
Fon= %eo|aa<1>/aQn|o : EE*, where the differential linear po- coherent phonon spectroscopy can be used for a novel time-
larizability per unit cell is evaluated at the equilibrium point domain coherent surface electronic spectroscopy [31]. The
and is related to the Raman scattering cross-sectionEand basic geometry of pump—probe excitation on the surface is
is the laser electric field. This mechanism dominates coheshown in Fig. 5. Instead of measuring only ti&# field
ent vibrational excitation of molecules and molecular crysproduced by the probe beam, we detect both the pump-
tals [15]. The fourth driving mechanism is vibrational exci- probe cross-correlatio®H intensity and theSH intensity
tation through electronic excitation and rapid de-excitationproduced by the interference between the pump—probe cross-
i.e., the Franck—Condon effect for molecules or the geneicorrelationSH field and the usual prob&H field. In the
alized Menzel-Gomer-Redhead (MGR) type mechanism foplane-wave approximation the cross-correlation and probe-
surfaces [29]. The atoms accelerate while briefly in the elecenly SH fields have different wave vectors and do not inter-
tronically excited state and return to the ground electronidere. However for small Gaussian beams intersecting at small
state vibrationally excited. Both SRE and MGR have Ramarmngles, diffraction provides a range of wave vectors over
selection rules. In all four mechanisms, excitation of a largevhich they may interfere in the far field. This is suggested
coherent phonon oscillation is possible only because the lasgraphically in Fig. 5 by the shaded region for the combined
pulse is short. source polarization. In practice the weak cross-correl&idn
Examination of the A-B and C-D pairs of data in Fig. 4 field radiation is heterodyned with the larger probe-oBly
shows that when the pump laser is changed fonto p-  field and is thus best detected closer to the probe-8ily
polarization theSH signal is different for all surface modes. beam than halfway between the cross-correlation and probe-
Only SRE and MGR mechanisms can depend on the panly beams.
larization of the laser beam — DECP and “field screening” Recently coherent spectroscopy of surface electronic
depend only on the number of electrons excited. Thus altates has been accomplished by interferometric 2-photon
surface modes we detected were driven by SRE or MGRhotoemission [32]. This detects real population created by
mechanisms. two photon absorption and is thus proportional to the square
The detected signal amplitude is proportional to the driv-of pump and probe fields. That technique has the distinct
ing term, which for both SRE and MGR scales as the Raadvantage over this all-optical technique of selection within
man susceptibility and to the sensitivity 8H detection via  k-space. The optical technique described here has the ad-
the hyper-Raman susceptibility. Because both tensors are umantage that it can in principle be used at buried interfaces.
known, it is premature to infer specific information about
the relative amplitudes of various surface modes. However,
it is very clear that theSH oscillation signals for the co-
herent surface phonons are extraordinarily large—-the same
order of magnitude as that for the bulk LO phonons. We
calculated the bulk LO phonon amplitude to @81A over
~50A depth [17]. The surface phonons must be localized

to ~ 5A-10 times fewer atomic layers. Moreover, the Ra- GaAs
man cross-section per layer for the bulk is 40 times too smalffross-corelation

to produce the same amplitude generated by field screening. , B

The ratios of the two susceptibilities and the peak displace- Mxed _=——=

ments must give a factor of 400 enhancement for the sur- prooe Probe 2

face. We expect some enhancement compared to the bulk
because the electron—phonon interaction is stronger due to
2d confinement. We have also found that t8#l is en-
hanced at the laser fundamental by resonance with the highest
lying occupied dangling bond to lowest lying unoccupied
dangling bond interband transition [30]. A 20enhance- Fig. 5. pump-probe beam geometry for surface SHG with small Gaussian
ment in both tensors is therefore reasonable. So despite theams

® (Q))
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As we will discuss below, it is based on the second-orderg 24
nonlinearity and is thus quite similar to two-photon absorp- .2 22
tion. It therefore has signal to noise advantages over surfacg ~ o4
photon echoes or other higher-order nonlinear wave-mixingg > 18]
techniques. £ <7

We consider the case of a 3 level system when the laser@ 107
fundamental frequency is nearly resonant with the optical= 147
transition between lower levels 1 and 2. The time evolu- -1
tion of the density matrix can be solved in the presence of 17
two time-delayed pump and probe electric fields. Using sub2
scripts pump and probe to designate the matrix elements =
driven by the pump and probe fields, the off-diagonal elem£ <

ent p31(t, 2w) o (021,pump~+ P21 probe) (Epump—+ Eprobe)- The

04

cross-correlatiorSH field Ex_cor(20, t) o p21 pumpEprobe+ 14 .
21, probeEpump and the probeSHfield Eprone(2w, t) o 021 probe 100 ' 50 ' 0 ' 20 ' 100
x Eprobe Since p21(t) is a driven wave, the finite response Delay (fs)

gf tthe. Sy%tetm duetr:['o ?Oth ldeplhasmg and thed f;ﬁqulenqyiﬁ. 7a,b.Pgmp—_induceq prob_SHfieId With pgmp—prope qrosg—correlgtion
etuning between the W_O evel resonance an € 1asey field mixed in by diffraction.a Data in circles solid line is a guide
fundamental frequency will broaden and shape the Crosg the eye.b ProbeSH and cross-correlatioisH interference term after
correlation compared to the true autocorrelation of thepackground subtraction and normalization. Dataifoles andsolid line is
pump and probe laser fields. If the laser fields are knows fit

exactly, for example from a Frequency-Resolved Optical

Gating (FROG) measurement [33], one can deconvolve

the measured cross-correlation data and deduce dephas-In Fig. 6 we show the pump—probe cross-correlation sig-
ing times that are as short or even shorter than the laseal measured on the cle@aAg110)-relaxed (k 1) surface
pulse duration. On the other hand, most investigators use UHV at 4 temperatures. We see immediately that the width
the cross-correlation measurement as the autocorrelatiafthe cross-correlation is different at the 4 temperatures. The
to diagnose their pulse duration. In UHV chambers withlaser center wavelength w887 nm Assuming the laser pa-
optical windows, it becomes especially difficult to irra- rameters are the same, the result can only be explained by the
diate samples with transform limited pulses. It thus betemperature dependence of the surface electronic system.
comes necessary to obtain a second measurement (like The cross-correlation alone, however, is not enough to
FROG) which will constrain the fitting procedure so bothknow whether this system can even be described as 3 level
E(t) and p1(t) can be deduced. We choose as our secsystem in which there is a 1 photon resonance with the two
ond measurement the radiation produced by the p&iBe- lower levels. In Fig. 7a we show the probe and migdlin-

field with a small amount of pump—probe cross-correlatiortensity as a function of delay time for the samplel88 K.
signal added by diffraction. Th&8H intensity of this sig- Oscillations are clearly present. The rapid change in the aver-
nal is 1 (2w, t) oc | Eprobe(2w, t) + BEx—cor(2w, t)|2. This sig- ageSH level are due to carrier injection and field screening
nal intensity can be split into the usual proBetinten- dynamics as discussed earlier in this paper. In Fig. 7b, we
sity Iprobe(20, 1) plus the intensity due to the cross-termshow the renormalized mixeSH intensity where we have

I mixed(2w, 1) o EpumpE;robJ Epmbgz. Imixed(2w, t) oscillates  first subtracted the oscillations from the rapidly changing
as co$~ wty) wherety is the pump—probe delay time. It is background and then renormalized for the changing back-
also asymmetric with respect to zero time-delay if the laseground. The oscillation amplitudes are clearly asymmetric
pulse is asymmetric or the material response is finite. Thevith respect to zero time delay. Both cross-correlation and
term proportional tg8? can always be made small enough to probe/mixed SH were measured simultaneously to establish

neglect. the zero of time delay.
FIT
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The resulting curve is then fit using the 3-level systemdephasing for this range of excitations. The only other pos-
model of the material characterized by a single gap energsibilities are surface carrier-bulk carrier coupling and surface
Eq and dephasing tim&. The solid curve in Fig. 7b and the carrier-surface phonon coupling. We can eliminate surface
dashed curves in Fig. 6 are results of the fit. The laser pulsearrier-bulk phonon coupling due to the poor overlap between
electric field is taken to be a chirped sech pulse, that is, théhe two-dimensional surface carrier wave functlon and the 3-d
pulse envelope is calculated by inverse Fourier transform gfhonon. The solid line in the figure is a fit tTﬁ2 =W(2n+
a frequency spectrurg(w — wo) = go(w — wp) explip” (w— 1) whereW is the spontaneous electron and holecattering
w0)3/6) with go(w — wo) being the transform limited spec- rate due to phonon emission and the occupation number for
trum of the pulse envelop&y(t) = sech(t/7). We found phonons of frequencyis n = [exp(hv/kg T) — 1]71. The rate
that the values ofp” and r were relatively close when gives equal weight to phonon absorption and emission pro-
we fitted each temperature pair of data separately so weesses. An excellent fit is obtained withl = 27. 8+3 > THz
further constrained the laser pulse parameters by simultamndv = 5.7+ 1.0 THz where the error bars take into account
eously fitting all 4 temperature sets of data (8 curves irthe relatively larget5% error bar in theT, measurement.
all). We found excellent agreement using= 9.48fs ¢” =  This frequency range is consistent with measured surface
351246fs%, Eg= 14292, 1.4272, 1.4441, anii4501€\,  phonon frequencies. This suggests that surface carrier-surface
and T, = 27.11, 24.74, 18.1415.69fs for the temperatures phonon interaction dominatdsscattering in the dangling
143K, 183K, 243K, and 300K respectively. We included bond bands, however, this fit function only applies if the car-
only 3rd-order dispersion in this analysis. We found that inriers are not at the global band extrema. At the global band
cluding higher-order dispersion did not significantly improveextrema, the carriers can only scatter by absorbing a phonon
the fits or chang&gy andT. and then the carrier-phonon scatterlng cross-section would

The success of the fit especially in the interference patterscale a. The data do not fT o n. In the ab initio surface
is consistent with 1-photon resonance with a 2 level systerslectronic band structure calculation [30], there is a minimum
and no 2-photon resonance. The 1-photon resonance is darergy gap at the surface X point at the global minimum for
to the dangling bond highest occupied to lowest unoccupiethe unoccupied dangling bond but at an intermediate energy
interband transition. Ab initio calculations [30] show thesefor the occupied dangling bond and another energy gap at
bands to be relatively flat witkv 1.5 €V gap energy and that the surfacel"-point where the states are surface resonances
both bands overlap bulk bands near the surfaqeoint. The  with strong bulk character. The former will have dephas-
precision of Eq is high because the interference period ising rate T, 1= Wen+Wh(2n+1) where we have allowed
sensitive to the detuning between the driven and laser freor d|fferent cross-sections for electron and hole scattering.
quencies. However, the absolute accuracy is limited by thén both cases, the dephasing rate WouIdTQ =B+ Cn.
laser center frequency which in this measurement is only 8Infortunately, because we have data for only a small tem-
digits. The measurement can in principle sample all parts gferature range, the data fits this form equally well fonall
the band, however, the measurement is most sensitive to stafesm 2 to 11 THz with B ranging from25-30 THz In ei-
with longest dephasing time (away from tiiepoint) and ther case, surface carrier-phonon scattering is an important
also those with the largest density of states near inflectionarrier dephasing mechanism responsible for half the dephas-
points in the band. It is thus likely that we measure the coing at room temperature if the coherence is at ffpoint
herence of states near the minimum direct gap between tled even more for other scenarios. We note that this is also
dangling bond bands. The apparentincrease in dangling boigst opposite to bulk GaAs where carrier-carrier scattering
gap energy at increased temperature is exactly opposite t®minates carrier-phonon interaction by almost an order of
what occurs for the bulk band gap GBAs magnitude. The carrier-LO phonon coupling timeGaAs

In Fig. 8, we plot the dephasing rat&/T,) vs tempera- is ~ 130fs The reduction to~ 20 fsis consistent with the
ture for the four temperatures. We were not able to deteatelative enhancement of electron-phononinteraction expected
a change in dephasing time when we increased the punip 2-dimensions due to electron [34] and phonon confine-
intensity by factors of 2 and 4. We thus conclude that surment [35]. This observation is clearly consistent with the
face carrier-injected carrier coupling does not dominate thetrong carrier-phonon interaction that is needed to generate

the large coherent phonon oscillations observed in our TR-
SHG experiments.

(0]
o
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3 Conclusion

[e2]
o
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We have demonstrated the use of two time-domain co-
herent spectroscopies using time-resolved SHG to obtain
phonon and electronic spectra. Since TRSHG has already
been shown to be useful in investigations of photo-induced
desorption [36] and reaction, these new capabilities make
TRSHG a much richer tool for examining photochemically
induced phenomena.
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