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Abstract. Ultrafast electronic coherence phenomena of
metallic image-potential states and of silicon dangling-bond
states are discussed. The image states were investigated on
a Cu(100) surface by means of time-resolved two-photon
photoemission (2PPE). Spectroscopical and dynamical infor-
mation about states with high quantum numbers (n≥ 4) were
obtained by the coherent excitation of several eigenstates of
the Rydberg series and detection of the resulting quantum
beats. Electron wave packets that describe the quasi-classical
periodic motion of weakly bound electrons at metal surfaces
could be created by the superposition of several eigenfunc-
tions aroundn = 7. A surface-sensitive purely optical tech-
nique is introduced for the investigation of rapid dephasing
processes of excited dangling-bond states ofSi(111)7×7. The
measurement of the diffracted second-harmonic signal from
a transient population grating yielded decoherence times of
about5 fs.

PACS: 42.50.Md; 73.20.-r; 79.60.-i

Lasers have revolutionized time-resolved spectroscopy not
only because they allow the generation of the shortest light
pulses. Equally important for many applications in atomic,
molecular and condensed matter physics has been the fact that
they provide an intense coherent source of radiation. There
is then a well-defined phase relationship between the wave
functions of the states that are coupled by the interaction with
the light. Generally, coherent spectroscopic techniques that
exploit this phase relationship gain more information than
techniques that rely only on the measurement of intensities.
Among the most well-known examples are coherent Raman
scattering, quantum-beat spectroscopy, and echo and induced
grating experiments [1–3].

There are only a few examples where coherence phenom-
ena have been exploited for surface studies. In a pioneer-
ing application of picosecond infrared-visible sum-frequency
generation, Guyot-Sionnest succeeded in observing the free-
induction decay and photon echo of the long-lived stretching

vibrations ofH/Si(111) and to separate their true homoge-
nous dephasing time from inhomogeneous contributions [4].
Other measurements of free-induction decay of vibrational
excitations have been reported for the systemCO/Cu[5]. The
coherent excitation of surface optical phonons and their de-
tection with optical second-harmonic generation was demon-
strated by Chang, Xu, and Tom [6]. Petek and co-workers
performed interferometric two-pulse correlation measure-
ments in two-photon photoemission from metal surfaces.
They could observe dephasing of hot electrons inCu(111)
on a timescale of the order of5 fs and demonstrate coher-
ent control of electron emission in a Ramsey-fringe-type
experiment [7, 8].

The topic of this paper is coherent phenomena of sur-
face electronic states. In the first part, I am going to give
a somewhat extended account of our recently reported investi-
gations of image-potential states with two-photon photoemis-
sion (2PPE). In an ordinary time-resolved 2PPE experiment,
a short pump laser pulse excites an electron into an interme-
diate state, a subsequent probe pulse emits it into the vacuum.
The kinetic energy and the angle at which the electron leaves
the surface are measured and yield information about the en-
ergy and the parallel momentum of the intermediate state [9–
15]. In the case of high-order image-potential states we have
gone one step further and prepared a coherent superposition
of several intermediate states by the pump pulse. We were
thus able to observe wave-packet dynamics and gain informa-
tion from quantum beat spectroscopy [16, 17].

In the second part, optical second-harmonic generation
(SHG) [18–20] is combined with transient grating techniques
to obtain surface-specific information of ultrafast electronic
dephasing processes. The five-wave mixing process yields
similar information about electron dynamics at surfaces as
time-resolved four-wave-mixing investigations about bulk ex-
citations. The method is demonstrated for dangling-bond ex-
citations ofSi(111)7×7 that could be well characterized with
2PPE and adsorption experiments. With the wide availabil-
ity of high-intensity ultra-short laser pulses, the purely optical
technique could become a valuable tool for the investigation
of ultrafast dynamics at many interfaces.
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1 Coherent 2PPE of image-potential states

Image-potential states are a class of normally unoccupied
electronic states that exist at the surfaces of many single-
crystal metals [21–23]. An electron at a distancez in front
of a metal surface induces an electric dipole field and ex-
periences an attractive force,F(z) =−e2/(2z)2, identical to
the one produced by a positive image charge at−z inside
the metal (Fig. 1). If the metal has a band gap near the vac-
uum energy (in the direction perpendicular to the surface)
then an electron belowEvac may be trapped in the potential
well consisting of the Coulomb-like attractive image potential
V(z)=−e2/4z and the repulsive surface barrier [21]. The re-
sulting quantized electronic states form a Rydberg series with
energiesEn converging towards the vacuum energyEvac:

En = Evac− 0.85 eV

(n+a)2
, n= 1,2, . . . (1)

In this equation the influence of the surface potential on the
binding energy is approximated by a quantum defect 0≤ a≤
0.5. Because the wave functions of image-potential states are
mainly located in the vacuum in front of the surface, the life-
times associated with image states can be significantly longer
than those of electronic excitations in the metal [24, 25].

The image-potential states were investigated for the sur-
faces ofCu(111),Cu(100) andAg(100). The preparation of
the samples and details of the ultra-high vacuum chamber
employed have been described elsewhere [22]. Frequency-
tripled ultraviolet (UV) pulses from a80-MHz femtosecond
Ti:sapphire laser with pulse durations between 75 and95 fs
and a photon energy ofhωa= 4.7 eV were used to excite
electrons out of an occupied state below the Fermi energy
EF into the image-potential states. The photoelectrons were
emitted by the fundamental IR pulses (hωb= 1.57 eV). They
were detected after passing through a hemispherical analyzer
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Fig. 1. Energy-resolved 2PPE spectrum ofCu(100) image-potential states
and corresponding excitation scheme. The data were taken with zero time
delay between the pump pulses (hωa) and the probe pulses (hωb). The pho-
toelectrons were emitted normal to the surface (k‖ = 0); their kinetic energy
is referred to the vacuum levelEvac≡ 0 (Ekin = hωb+ En)

with an energy resolution of30 meVand an angular accept-
ance of±0.6◦ about the surface normal. A typical energy-
resolved 2PPE spectrum obtained fromCu(100) at room tem-
perature is displayed in Fig. 1. It shows three well-separated
peaks corresponding to the emission from the image states
with quantum numbersn= 1,2,3. The coherent phenomena
discussed below were investigated for the high-order states
(n> 3) slightly below the vacuum level. In Fig. 1, these states
are only visible as a shoulder at a kinetic energy of∼ 1.5 eV.

1.1 Dynamics of low-n states

Before we discuss the dynamics of these high-order states
it is instructive to have a look at the relaxation behavior of
the statesn= 1,2,3. For the experiments, the analyzer was
set to a fixed electron energy and the 2PPE intensity was
recorded as a function of the variable time delay between the
UV pump and the IR probe pulses. The decay times deduced
from the correlation traces plotted in Fig. 2 areτ1= 40±6 fs,
τ2= 120±10 fsandτ3= 300±15 fs. In a simplified picture,
the lifetimesτn of the image-potential states are given by the
penetration of the wavefunction into the bulk and the decay
time of excited bulk states of energyEn due to electron–hole-
pair creation [22]. Recent theoretical results that are in good
agreement with our experimental values forτn show that there
is also a substantial near-surface vacuum contribution to the
decay [26]. Both contributions, however, are expected to scale
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Fig. 2. 2PPE cross-correlation traces obtained for the three lower image-
potential states ofCu(100).Dotsrepresent data points;solid linesare results
from density matrix calculations with the intermediate state lifetimes as
indicated [27]. Thedashed linemarks the true cross-correlation between
pump and probe pulses, which was taken in situ by recording the direct
2PPE signal from the occupied surface state ofCu(111). The penetration of
the wave functions of the statesn= 1, 2,3 into the s-p band gap ofCu(100)
is illustrated at the right
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like n3 in the limit of highn as the overlap of the wavefunc-
tions |n〉 with the surface region decreases withn3 [21]. Our
results forCu(100) andAg(100) show that this power law is
indeed valid forn≥ 2 [27].

1.2 Quantum beat spectroscopy

The data of Fig. 2 correspond to the decay of a single eigen-
state. The low-lying image states are well separated and sim-
ultaneous excitation cannot occur for excitation pulses of
95 fsduration. The situation already becomes different when
slightly shorter UV pulses are used and the energy analyzer
is set to detect two-photon photoemission corresponding to
a binding energy below then = 3 state. Results obtained
for a pump pulse durationτUV = 75 fs and a binding energy
EB =−En = 70 meVare plotted in Fig. 3. The data show an
overall decay of the intensity as a function of the pump–probe
delay on a timescale that is similar to the relaxation time of
then= 3 state. This overall decay is superimposed by weak
oscillations with a periodicity of115 fsthat is clearly revealed
after a smoothly decaying curve is subtracted from the data.

This experiment represents a variant of the well-known
quantum beat spectroscopyof closely adjacent states [28].
Our 75-fs pump pulses have a bandwidth of30 meV(meas-
ured full width at half maximum) and are thus able to coher-
ently excite more than one eigenstate of the Rydberg series.
In the simple case of the coherent excitations of two lev-
els n and n+1 the oscillations reflect the beating between
the corresponding wavefunctionsΨn(t)= |n〉exp(−iωnt) and
Ψn+1(t) = |n+1〉exp(−iωn+1t), with ωn = En/h. Provided
there is no loss of coherence, the 2PPE intensityI(t) long
after the pulse will be given by

I(t)∝ |an(t)Ψn(t)+an+1(t)Ψn+1(t)|2 (2)

∝ a2
n+a2

n+1+2anan+1 cos(ωn,n+1t) (3)
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Fig. 3. 2PPE cross-correlation trace obtained for a binding energy that is
slightly less than that of then= 3 state by using an excitation pulse of
75 fs duration and a45-fs IR probe pulse. The weak coherent admixture of
the n= 4 state leads to periodic oscillations of the 2PPE signal as a func-
tion of pump–probe delay (inset). The decay of these quantum beats is only
slightly faster (thin solid line) than expected from the decay of the popu-
lation of both states (dashed line); it corresponds to a pure dephasing time
τ∗34= 900 fs[17]

with the (exponentially) decaying coefficientsan(t) and
an+1(t) and a beat frequency ofνn,n+1 = ωn,n+1/2π =
(En+1− En)/h. The beating period of115 fsin Fig. 3 corres-
ponds to an energy difference of36 meV.

The quantum beats become much more pronounced when
the energy analyzer is set to detect electrons with yet smaller
binding energies. An example corresponding to a binding en-
ergy EB ' 40 meV is displayed in Fig. 4. In this case the
almost transform-limited95-fs sech2 pump pulse predomin-
antly excites electrons into then = 4 and then = 5 states.
The beating period observed for short delays isν−1

4,5= 230 fs.
After 2 psmost of the population in then= 4 state has de-
cayed. The oscillations now reflect the interference of the
amplitudes inn= 5 and the weakly excitedn= 6 state, which
persist at these delays (ν−1

5,6= 430 fs). In general, the Fourier
transform of the raw data with the smooth exponential de-
cay subtracted directly yields the various beating frequencies.
This is shown in the upper right corner of Fig. 4. The two
main frequency components are 4.3 and2.3 THz, which yield
energy differences of17.8 meV and 9.6 meV, respectively.
The deduced values are slightly higher than the theoretical en-
ergy differences expected from (1) with the quantum defect
a= 0.21 that reproduces the experimental binding energy for
then= 1 state.

It must be emphasized that the accurate spectroscopy of
these states in the energy domain would require a resolution
in the meV range, which is difficult to achieve experimen-
tally. In the literature on image-potential states, for example,
the best energy resolution has been reported by Padowitz et
al. [29]. With a time-of-flight electron analyzer these authors
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Fig. 4a,b. Quantum beats observed after the coherent excitation of image-
potential states with quantum numbersn= 4,5,6 (EB ' 40 meV). a The
thick curvecorresponds to the measured 2PPE signal as a function of pump-
probe delay. Thethin line is the result of the density matrix calculation for
the two-photon excitation depicted schematically on the right-hand side of
the figure. Thedashed lineshows the envelopeEa(t) of the exciting UV
pulse. The Fourier transform was obtained after subtraction of a smooth
exponential decay from the measured data and directly gives the beating
frequenciesν45= (E5− E4)/h andν56= (E6− E5)/h between the excited
states.b Relative population of the individual levels resulting from the
calculation and corresponding decay timesτn. (From [15])
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were able to resolve then = 4 state ofXe/Ag(111). With
quantum beat spectroscopy, closely separated lines can even
be resolved in cases where inhomogeneous broadening of
a whole set of levels would principally prevent their spectral
resolution. Additionally, time-resolved coherent spectroscopy
is able to provide information about the relaxation behavior of
the electrons in these states.

A density matrix formalism has been used to quantita-
tively model excitation, decay, and interference of the image-
potential states in a unified way. Briefly, an initial state|0〉
is coupled to several excited states|n〉 = |3〉, |4〉, . . . by the
pump pulse; these are then coupled to a final state| f 〉 by
the probe pulse. The decay of the excited states is taken
into account by lifetimesτn of the population in each state.
In order to limit the number of free parameters, the follow-
ing approximations are made for the present application. (1)
Dephasing without population decay (pure dephasing) is neg-
lected. (2) Power laws are assumed for lifetimesτn ∝ (n+
a)3 and coupling strengthih〈n|µa|0〉 ∝ (n+a)−3. (3) All en-
ergies of excited states are assumed to be given by (1). (4) The
coupling of the excited states to the continuum by the probe
pulse is approximated by a weighted projection of the co-
herent superposition of excited states into the continuum and
convolution with the envelope of the probe pulse. A Gaus-
sian analyzer transmission function, with a power law for the
emission probabilityi

h〈 f |µb|n〉 ∝ (n+a)−3, is used to de-
scribe the detection probability. (5) An important effect to
obtain close quantitative agreement with the experiment is
the availability of a continuum of initial states in the con-
duction band of the metal and the finite energy resolution of
the electron analyzer. It is taken into account by performing
the calculation for different initial states and by incoherently
summing up the obtained intensities.

A fit of the model calculation with excited states from
n= 4, . . . ,8 taken into account is shown in Fig. 4a. Apart
from a trivial scaling factor, the fit has only three variable pa-
rameters: the lifetimeτ4, the quantum defecta and the mean
binding energy of the detected statesEB. Although the last of
these is fixed by the experiment, we observed that the mod-
elling is more sensitive to this parameter than to the accuracy
with which we could control it experimentally (±10 meV).
In view of the approximations involved and the few variable
parameters in the fit, the agreement between the experiment
and the theoretical model is excellent and confirms the valid-
ity of the theoretical description. The deduced quantum defect
is a= 0.15. The lifetime of then = 4 state isτ4 = 630 fs,
which is only slightly smaller than the690 fsobtained by ex-
trapolating fromτ3= 300 fswith the(n+a)3 power law. The
observed slight deviations of the level spacing from the be-
havior predicted by (1) and the exact dependences of the life-
times of the image states on the quantum number are related
to the details of the electronic structure of the surface [22].
The lower part of the figure displays the calculated population
in the statesn= 4,5,6 that mainly contribute to the meas-
ured intensity. The coherent peaks visible forn= 4 andn= 6
are caused by off-resonant excitation of these levels from the
continuum of initial states in the metal. The deduced life-
times are likely to be the longest that have ever been observed
for an electronic excitation on a bare metal surface. For ex-
ample,τ4 = 630 fscorresponds to a Lorentzian linewidth of
Γ ' 1 meV. Of course, the long lifetimes are associated with
weak overlap with bulk electronic states. The resulting low

excitation cross sections have prevented the time-resolved
detection of states beyondn= 2 and the energy-resolved de-
tection of states beyondn= 4 in previous experiments [22–
24, 29].

1.3 Electron wave packets

As the level spacing of the image-potential states decreases
with increasing quantum numbern, their population with
a95-fs pulse leads to the coherent superposition of 5 or more
states. A discussion of the resulting effects in terms of quan-
tum beats would be very complicated and not useful for the
understanding of the dynamics of these weakly bound elec-
trons. Instead, a description in terms of a spatially localized
wave packet is more appropriate.

In space representation the eigenstates|n〉 of the image
potential are given by thes-like radial wave function of the
hydrogen atomRl=0

n (z) multiplied by z and expanded by
a factor of 4 [21]. The coherent excitation of several states
in the vicinity of some central staten out of the initial state
localized at the surface creates a wave packet

ΨWP(z, t)=
∑

n

anzRl=0
n (z/4)e−iωnt . (4)

The temporal and spatial evolution of the probability
|ΨWP(z, t)|2 resulting from calculated coefficientsan ∝ (n+
a)−3 are displayed in Fig. 5 and in the inset of Fig. 6 for two
cases. In the case of the superposition of three levels in the
vicinity of n= 5 by a95-fs pulse the probability|ΨWP(z, t)|2
concentrates at a distance of∼ 90Å from the surface (Fig. 5).
There, it exhibits only weak temporal modulations that are
opposite in phase to the much more pronounced modulations
close to the surface. This example corresponds to the quan-
tum beats depicted in Fig. 4. The spatial dynamics of the wave
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Fig. 5. Calculated temporal evolution of the wave packet created by the co-
herent superposition of three image-potential states in the vicinity ofn= 5
by a 95-fs pulse. The probability|ΨWP(z, t)|2 is concentrated at a distance
of z∼ 90Å from the surface and exhibits only a weak temporal modula-
tion. The variations near the surface are reflected in the oscillations of the
measured 2PPE signal (compare Fig. 4)



387

0 1 2 3 4 5
Pump–probe delay t (ps)

2P
P

E
 s

ig
na

l (
ar

b.
 u

ni
ts

)

Cu(100)

EB = 15 meV 
n = 7 

∆n ~ 4

–

|Ψ(z,t)|2

0.0
0.2

0.4
0.6

0.8
1.0

1.2
1.4

1.6
1.8

2.0
0 100 200 300

z ( )

t (ps)

Fig. 6. Wave-packet excitation of weakly bound image-potential states cen-
tered aroundn= 7 (EB ' 15 meV). Thick linesin the main panel indicate
the recorded 2PPE signal as a function of the delayt of the IR probe
pulse with respect to the exciting UV pulse. The smooth thin line is the
intensity calculated by assuming excitation from a single initial state. The
inset shows the corresponding temporal and spatial evolution of the created
coherent state for the first2 ps. (After [15])

packet is negligible for the description of this experiment.
When the same pulse excites image-potential states in the
vicinity of n= 7, five levels (n= 5, . . . ,9) appreciably con-
tribute to the total amplitude. The wave packet now displays
much more dramatic spatial dynamics. The probability of lo-
cating the electron oscillates back and forth from the surface
(Fig. 6, inset).

For the further discussion it is instructive to note that in
the classical limit the orbiting period of an electron is given
by Tn = 2π/(ωn+1−ωn). A Taylor expansion ofωn ∝ n−2

around the central frequencyωn then becomes

ωn = ωn+ 2π

Tn
∆n− 2π

(2n/3)Tn
(∆n)2+ . . . (5)

where∆n= n−n. When only the harmonic term of (5) is
considered, the wave function (4) can be written in terms of
product of a fast oscillating contribution that is not observable
in the experiment and a term with a periodicity of the classical
revolution timeTn

ΨWP(z, t)= e−iωnt
∑

n

anzRl=0
n (z/4)

×exp
[
−2πi

(
∆nt

Tn
+ . . .

)]
. (6)

The inset of Fig. 6 shows that immediately after the ex-
citation (t ' 0) the electron has a high probability of being
located close to the surface.|ΨWP|2 exhibits the minima and
maxima typical for the Laguerre polynomials that consti-
tute the individual eigenfunctions|n〉 which according to (6)

all add in phase. As time progresses the individual|n〉s get
out of phase and the center of mass of|ΨWP|2 moves away
from the surface. Aftert = Tn/2' 0.4 ps the wavefunction
of neighboring states are added with opposite signs. The am-
plitudes near the surface have completely disappeared and
ΨWP describes an electron located almost200Å away from
the surface. The process then repeats itself with a period of
Tn ' 0.8 ps. Because of the significant dispersion of the levels
described by the higher terms in the Taylor expansion (5), this
repetition is not exact, and the electron becomes delocalized
for t> 2 ps(not shown).

Results corresponding to such a situation were obtained
by performing 2PPE experiments for a binding energy of
EB ' 15 meV. The excited eigenstates are centered around
n= 7. The data displayed in the main panel of Fig. 6 show
a strong correlation feature at delay zero and oscillations that
persist for more than3 ps. The smooth line is the result of the
density matrix calculation with intermediate states between
n= 4 andn= 15 taken into account. In order to reveal the
main features, the effect of the incoherent summation over
different excitations due to the limited energy resolution has
been neglected. Nevertheless, the calculation qualitatively re-
produces the main experimental features quite well.

A comparison of the temporal evolution of the wave
packet reproduced in the inset of Fig. 6 and the 2PPE intensity
shows that the second laser pulse probes the localization of
the oscillating electron. The distance of the wave packet from
the surface is reflected in the strength of the 2PPE signal. For
example, the minima att = 1.1 and1.6 psand the maxima
at 0.9 and1.4 psare clearly correlated with the wave-packet
motion. Deviations between experiment and calculation are
mainly caused by the limited energy resolution of the electron
analyzer (30 meVcompared to a bandwidth of the excitation
pulse of14 meV). For this reason, not all of the detected pho-
toelectrons originate from the coherent excitation of the same
intermediate levels.

Qualitatively, the detection of the wave packet motion by
the probe pulse can be understood from the fact that far away
from the surface the electron is nearly free and cannot absorb
a photon. Only if it is close to the surface, the metal is able
to provide the necessary momentum for photon absorption.
Quantitatively, the larger photoemission matrix element close
to the surface is related to the potential gradient∇zV [30].

Our experiments were not the first ones to detect the
wave-packet dynamics of electrons. A decade ago it was al-
ready possible to use picosecond pulses to create a coher-
ent superposition of atomic Rydberg states with high princi-
pal quantum numbersn [32, 33]. The wave packets, which
have low angular momentum, correspond to a kind of breath-
ing mode [34] but not to the classical limit of the atom
with an orbiting electron [35]. It is a distinct feature of the
present experiment that the wave-packet dynamics corres-
ponds to the classical motion of a weakly bound electron
in front of a (reflecting) metal surface (Fig. 7). Since the
image-state electrons are free to move parallel to the sur-
face and the angle-resolved detector used for the 2PPE ex-
periment selects an electron with well-defined parallel mo-
mentum hk‖ the time axis of Fig. 6 (inset) can be read
as a surface coordinate in the case of off-normal detection
[x(t)= x0+ (hk‖/m)t]. For a slighly off-normal emission of
θ = 1◦, e.g., the parallel velocity of the image-state electron
is hk‖/m=√2Ekin/msinθ ' 0.13Å/fs.
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1.4 Dephasing

In the discussion above we have assumed that the phase re-
lationship between the coherently excited eigenstates remains
fixed after the excitation pulse is over. Their quantum inter-
ference is destroyed only due to the inelastic processes that
cause the population to decay as a function of time. In a real
system there will also be scattering with surface phonons
or defects that involves only small energy transfers [36, 37].
Although the electron stays in the image state the macro-
scopic coherence of the excited-state wavefunction gets lost
when such quasielastic scattering events occur. Our results
suggest that for well-prepared surfaces thesedephasingpro-
cesses are not very important. They would lead to a decay of
the quantum beats that is much faster than the population de-
cay. Analysis of the data from Figs. 3 and 4 shows that this is
obviously not the case.

However, when defects are present on the surface, the
situation changes dramatically. In a systematic study of the
effect ofCO adsorbates it was found, for example, that aCO
coverage of4% of a monolayer already causes rapid dephas-
ing of the quantum beats betweenn = 3 andn = 4 within
60 fs [27]. For higherCO coverage, quantum beats like the
ones shown in Fig. 3 are hardly detectable, although the pop-
ulation decay is comparatively little affected by the presence
of theCO adsorbates.Cu adatoms, on the other hand, lead to
both rapid dephasing and population decay. For further dis-
cussion the reader is referred to the paper by Weinelt et al. in
this issue [38].

2 Diffraction of SHG from a transient grating of excited
dangling bonds

As time-resolved spectroscopy for surface studies, two-
photon photoemission stands out by the excellent characteri-
zation of energy and momentum of the excited intermediate
state, achieved by analyzing the energy and emission angle

of the photoemitted electron. However, the technique is re-
stricted to surfaces in UHV environments. Moreover, it is
difficult to apply under the conditions of high excitations den-
sities that are frequently required to investigate the dynamics
of chemical or structural changes of surfaces. Such condi-
tions may lead to unwanted electron emission by multiphoton
absorption of the pump pulse that destroys the energy and
momentum resolution due to space-charge effects [10].

Purely optical techniques like second-harmonic gener-
ation (SHG) and sum-frequency generation (SFG) [19], on
the other hand, can be applied under these circumstances.
However, transient nonlinear optical effects are sometimes
difficult to interpret microscopically and few studies have fo-
cused on the electron dynamics of surfaces [39–41]. Up to
now, electronic coherence effects have mainly been discussed
in terms of (unwanted) artifacts in SHG/SFG pump–probe
experiments of vibrational energy relaxation or desorption
processes of adsorbates [42, 43].

In this section, we are going to discuss an extension of
SHG that isaimedat the investigation of ultrafast coherent
processes at surfaces and interfaces. Two short interfering
laser pulses create a transient population grating at a surface
which leads to a spatial modulation of its nonlinear suscep-
tibility χ

(2)
s and cause a third pulse to generate SH radiation

in diffraction, which is then detected. In the terminology of
nonlinear optics, the technique is a five-wave-mixing pro-
cess characterized by aχ(4) tensor and as such it is intrin-
sically surface sensitive on centrosymmetric materials. For
a first demonstration, we have excited the dangling bonds of
a Si(111)7×7 surface and measured the dephasing of this ex-
citation due to electron–electron scattering on a10-fs time
scale.

2.1 Diffraction from transient surface gratings

Transient gratings have been widely used for the coherent
spectroscopy of semiconductors and of molecules in liquid
solutions [2, 3]. Two synchronized pump pulses of frequency
ω and wave vectorska and kb produce the electronic exci-
tation. The grating results from the interference of the two
beams, which gives rise to spatial modulation of the linear
absorption. In the case of a surface experiment, the beams
incident in thex-z plane (x denoting a direction parallel,z
perpendicular to the surface) create a grating withk vector
kG= kb,x−ka,x. A synchronized probe pulse of the same fre-
quencyω and wave vectorkp is Bragg scattered from the
transient grating into a direction determined bykd,x = kp,x±
kG. The intensity of the diffracted beam depends on the time
delay between the various pulses and the relaxation behavior
of the electronic system.

The situation becomes most transparent for a resonantly
excited two-level system with transition frequencyω01= ω
in the limit of weak excitation. In this case it is sufficient to
calculate the induced polarizationsP and population changes
N01 in the lowest order of the fieldE from a density-matrix
description [3, 44].

∂

∂t
P(1)j =

iµ

h
Ej − 1

T2
P(1)j , j = a,b (7)

∂

∂t
N(2)

01 =
iµ

h

(
EaP∗(1)b − P(1)a E∗b

)
+c.c.− 1

T1
N(2)

01 (8)
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∂

∂t
P(3)d =−2

iµ

h
EpN(2)

01 −
1

T2
P(3)d (9)

The first two equations show that the spatial modulation of
the population isnot generated directly by an intensity grat-
ing of the interfering pump pulses but by the interference
of the polarization induced by one excitation pulse with the
field of the other. For the generation of the population grating
N(x)= N(2)

01 cos(kGx), whose amplitudeN (2)
01 is assumed to

decay exponentially with time constantT1. It is thus not ne-
cessary that the two excitation pulses overlap in time. Instead
N(2)

01 depends on the ratio of the time delay between the pulses
|tb− ta| and the dephasing time of the polarizationT2. The po-
larization P(3)d induced by the interaction of the probe pulse
with the grating gives rise to the diffracted radiation of fre-
quencyω by dipole emission.

P(3)d (ω) is of third order in terms of the incident fields
and thus not surface specific. Instead of the fundamental
frequencyω of the diffracted pulse we detect its second-
harmonic frequency 2ω. This radiation originates from an
upconversion ofP(3)d (ω) with another probe photon at the
surface. The polarizationP(4)d (2ω) is of fourth order in the
incident fields and dipole-forbidden in the bulk of centrosym-
metric materials. In the experiment discussed below we are
interested in only the dephasing timeT2 and not the relaxation
time T1, which arises from the finite lifetime of the excited
carriers and their diffusion. In this case it is possible to work
with two incident beams and use one of the pump pulses, e.g.
Eb, simultaneously as a probe.

The observed self-diffracted signal is determined by

P(4)s

(
K (+1)

d ; 2ω
)
= χ(4)s : E∗a(ka)E3

b(kb) (10)

K (+1)
d,x = 2kb,x+ (kb,x−ka,x) . (11)

Its intensityId(2ω)∝ |P(4)s (2ω)|2 increases linearly with the
intensity of pulseka and with the third power of the intensity
of pulsekb. Its direction is given by (11) and the relation-
ship K2

d,x+ K2
d,z= ε

(
2ω
c

)2
. There is also a self-diffracted 2ω

signal in the same order radiating into the direction given by
K (−1)

d,x = 2kb,x− (kb,x−ka,x). However, this signal is superim-
posed by the second-order sum-frequency response

P(2)s (KSF; 2ω)= χ(2)s : Ea(ka)Eb(kb) (12)
KSF,x = ka,x+kb,x , (13)

which will completely dominate the 2ω signal in this direc-
tion in the case of a weak grating.

2.2 Excitation ofSi(111) 7×7 dangling bonds

For the discussion of the actual diffraction experiment it is
useful to have some insight into the nature of the relevant
electronic excitations and their influence on the nonlinear
optical response. For this purpose we have performed pump–
probe experiments atSi(111)7×7, using both 2PPE [45] and
SHG [41]. The 2PPE investigations were conducted with the
fundamental and frequency-tripled laser pulses of an am-
plified commercialTi:sapphire laser (Quantronix RGA) op-
erating at a wavelength of800 nmand a repetition rate of
1 kHz. Pulse durations were120 fs at the fundamental (IR)

and150 fsat the third-harmonic (UV) wavelength. Compared
to the investigations of image-potential states, the role of UV
and IR as pump and probe pulses is exchanged; the kinetic en-
ergy of the photoemitted electrons along the surface normal
was measured by time-of-flight detection [45].

Figure 8 shows that the IR pump pulses produce an elec-
tron distribution above the Fermi level in the bulk band gap.
The 2PPE intensity is seen to decay as a function of pump–
probe delay with rates that depend on the energy above the
Fermi level. Since the only allowed states in this energy re-
gion are due to the U1 surface band, which arises from par-
tially occupied adatoms ofSi(111)7×7 [46], we attribute the
observed feature to excitation of this band near theΓ point
and the fast decay to redistribution of the electrons within the
band due to electron–electron scattering [45].

It has been proposed that the unoccupied U1 state is
predominantly responsible for the observed resonant en-
hancement of SHG fromSi(111)7×7 upon excitation with
near infra-red laser light [47]. This state and the occupied
dangling-bond-derived surface statesS1 andS2 are quenched
by most chemisorbates. In the frequency range from 750 to
1100 nmthe nonlinear response is well described by a strong
coverage-dependent term due to the dangling bondsχ

(2)
s,db and

a nonresonant contributionχ(2)s,NR that is only weakly influ-
enced by adsorption [47]

χ(2)s (θ)' χ(2)s,db(1−αθ)+χ(2)s,NR(θ) . (14)

Figure 9 shows three different measurements of theSH
signal as a function of the exposure with molecular oxygen.
The fundamental light was provided by the same laser source
as used in the IR light for the 2PPE experiments. The beam
was split into a weak probe with a fluence of1 mJ/cm2 per
pulse on the sample and a stronger pump beam of14 mJ/cm2.
The beams were incident on the sample under different angles
but without a time delay between the pulses.
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Fig. 8. Left: Transient electron population of usually unoccupied electronic
states ofSi(111)7×7 above the Fermi level (Ekin ' 0.25 eV) generated by
1.55-eV pump pulses and detected by photoemission with4.65-eV probe
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tended Brillouin zone with the excitation produced by the pump pulse and
its relaxation indicated by arrows. S1–S3 and U1, U2 denote surface states;
projected bulk states are hatched
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Trace (b) is the reflectedSH signal from the probe beam
kb, with the pumpka blocked. The signal first decreases as
a function of oxygen exposure; there is a minimum for about
1 Langmuir, then the signal increases again and saturates at
20% of its initial value. This behavior is well understood from
(14). TheSH response of the clean surface is dominated by
χ
(2)
s,db. As more and more dangling bonds saturate as a result of

oxygen exposure the signal decreases monotonously until the
dangling-bond contribution becomes comparable withχ

(2)
s, NR.

A phase shift of about 160 degrees between both contribu-
tions, which are complex quantities, leads almost to a can-
cellation at an intermediate coverage. At high coverage all
dangling bonds are quenched and theSHresponse is given by
χ
(2)
s,NR.

Trace (a) is the reflectedSH signal from the pump beam
ka. Here the minimum occurs for much smaller oxygen cover-
age and the response of the oxygen-saturated surface exceeds
that of the clean surface. Very similar behavior is observed
for the reflected SHG from the probe beam with the cross-
polarized pump beam unblocked. Here, the strong electronic
excitation of the U1 band by the pump pulse that was di-
rectly observed in the 2PPE experiments reduces the relative
strength ofχ(2)s,db as compared toχ(2)s,NR. This is expected for
a resonantly enhanced SHG process with the U1 band act-
ing as an intermediate state [1]. The same effect is exploited
in SFG experiments of vibrational energy relaxation [19, 42].
Experiments with delayed probe pulses show that theSHsig-
nal recovers on a timescale of200 fsto 2 psdepending on the
pump fluence. The corresponding incoherent scattering pro-
cesses, characterized by a population decay timeT1, are not
the subject of this paper [41].

Trace (d) corresponds to theSH signal of the probe beam
self-diffracted in the directionK (+1)

d when boths-polarized
pump and probe beams are incident. The signal is 150 times
weaker than the reflectedSHsignal of the probe beam (b) but
still easily detectable. It decreases monotonously to zero as
a function of oxygen exposure. The fact that this signal does
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Fig. 9. Dependence of theSH signal from Si(111)7×7 on oxygen ex-
posure generated by100-fs pulses with fluences of14 mJ/cm2 (pump)
and 1.0 mJ/cm2 (probe). (a) Specular reflected SHG from the pump
beam ka. (b) Reflected SHG from the probe beamkb with the pump
blocked. (d) Self-diffractedSH signal for parallel polarizations and zero
delay of pump and probe beams. After anO2 exposure of 5 Langmuir
(1 Langmuir= 3.6×1014O2molecules/cm2) all adatom dangling bonds are
saturated at the surface temperature of80 K [48]

not exhibit a minimum for intermediate oxygen exposures is
important because it demonstrates that the main effect of the
interfering pump and probe beams is indeed the generation of
a population grating of theSi dangling bonds. Other possible
excitations that might cause a spatial modulation of theSH
efficiency appear to be weak.

The interpretation of SHG pump–probe experiments may
be complicated by pump-induced changes of the bulk di-
electric constant that effects the SHG process via Fresnel
factors [39, 49–52]. This effect is negligible in the present
experiments because of the weak absorption of silicon at
a wavelength of800 nm. If present, it would result in a spatial
modulation not only ofχ(2)s,db but also ofχ(2)s,NR. The diffracted
SH signal would then be affected by the (destructive) inter-
ference of both contributions to theSHresponse which is not
observed.

2.3 Dephasing of dangling-bond excitation

The pulse durations of100–120 fsused for the above 2PPE
and SHG experiments onSi(111)7×7 are too long for meas-
urements of the extremely fast dephasing processes of the
dangling-bond excitations. For these experiments we used
a cavity-dumpedTi:sapphire system home-built after [53]. It
delivers trains of IR pulses with durations below15 fs and
energies of50 nJat repetition rates up to2 MHz. The pulses
are split with a ratio of 3:7; the two beams are recombined
on the sample at an angle of2◦. Prism pairs compensate for
the broadening of the pulses in passing through the UHV
entrance window and other dispersive elements in the beam
paths. Interferrometric autocorrelation measurements show
that the pulses at the end of the beam path are close to being
transform-limited.

The SFG cross-correlation (12) from cleanSi(111)7×7
measured with this set-up has a half-width of only23 fs
(Fig. 10a). Under the assumption of ideal sech2 pulses this
corresponds to a pulse duration of slightly less than15 fs
on the sample. The correlation trace of the diffracted sig-
nal (Fig. 10b) exhibits a sharper rise; it is asymmetric and its
maximum is shifted to positive delay times. In the case of
negligible dephasing timeT2 one would expect a symmetric
distribution with half-width of19 fs for the sech2 pulses that
produce the SFG signal of Fig. 10a. The best fit with variable
finite decay time yieldsτd= 5.3±1 fs.

Before we can discuss the physical relevance of the de-
duced time-constantτd we have to relate it to the dephasing
time T2. It also has to be explained why the finite response
time of the system that is clearly visible in the diffracted
signal (b) does not appear in the SFG signal (a). If the po-
larization P(1)a created by the pulseka is present when the
delayed pulsekb arrives at the surface, 2ω photons should be
emitted. In fact, this has been exploited in IR-visible SFG ex-
periments to measure the free induction decay of adsorbate
vibrations [4, 5].

In the introduction to the transient grating experiment we
assumed that the system is characterized by one resonantly
excited transition frequencyω01. In this case the polarization
P(4)s would decay with a time constantT2 and the meas-
ured diffracted signalId ∝ |P(4)s |2 with T2/2. However, this
situation is not directly applicable to our experiment. The
7×7 structure ofSi(111) is characterized by inequivalent
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Fig. 10a,b.SFG cross-correlation (a) and self-diffractedSH signal (b) from
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solid line through the data of the cross-correlation (a) and thedashed line
indicate the calculated response of sech2 pulses with a full width at half
maximum of14.9 fs. The shift and asymmetric broadening of the diffracted
signal corresponds to a decay time of5.3 fs [54]

adatoms [46], the U1 band has a width of several100 meV
(cf. Fig. 8), and the valence band provides a wide energy
range for the initial states of excitation. Despite the short
excitation pulses it is reasonable to assume that the inhomo-
geneous linewidth of the transition is larger than the spectral
width of the pulse (∼ 120 meV). Since the different excited
eigenfrequency components evolve at different rates,eiω01t ,
the macroscopic polarizationP(1)a created by the first pulse
will decay to zero within the pulse width, even in the absence
of dephasing collisions. A delayed pulsekb cannot upcon-
vert this polarization and generate 2ω radiation in the direc-
tion KSF,x = ka,x+ kb,x. In such a situation, small changes
of the cross-correlation due to true dephasing processes are
very difficult to detect even by means of interferometric
measurements [55].

The diffracted signal, in contrast, is generated by a pulse
sequence which causes transitions between|0〉 and |1〉. In
this case the second pulse incident att = tb is able to reverse
the phase evolution of the oscillating dipoles created by the
first pulse att = ta= 0. This leads to a so-called photon echo
which is peaked att = 2tb [56]. In the present experiment
the echo signal is not time-resolved. However, as its height
is proportional to exp(−4tb/T2) the echo leads to decay of
the diffracted signal with a time constantT2/4. The dephasing
time corresponding to the decay time of∼ 5 fsis thus∼ 20 fs.

It must be emphasized that this is a preliminary result.
For the precise determination of the dephasing timeT2 it will
be necessary to take the interferometrically measured pulse
shape and model the temporal evolution of the diffractedSH
signal by means of a density matrix calculation. The observed
decoherence time of5 fs is shorter than the pulse duration
of 15 fs. This fact ultimately limits the accuracy with which
T2 can be determined. In the present experiment, however,
the simultaneous measurement of the SFG cross-correlation
(a) guaranties that shift and asymmetry of the diffracted sig-
nal (b) are caused by a finite intrinsic time constant. The
deduced number ofT2∼ 20 fs is smaller than the dephasing

times observed for free-carrier dephasing in bulk semicon-
ductors or semicondcutor quantum wells [3] but larger than
that of metallic systems [13]. Since the charge density in the
dangling bonds ofSi(111)7×7 is intermediate to those cases,
this is the expected behavior.

3 Summary

Two different time-resolved surface spectroscopies that ex-
ploit coherence phenomena have been used to investigate the
ultrafast dynamics of electrons in surface-specific electronic
states.

Two-photon photoemission (2PPE) in combination with
the coherent excitation of several quantum states was used to
study image-potential states on metal surfaces. For aCu(100)
surface it was demonstrated that the spectroscopy of quantum
beats makes previously unresolved high-order states (quan-
tum numbern ≥ 4) experimentally accessible. By exciting
electrons close to the vacuum level, electron wave packets
could be created and detected that describe the quasi-classical
periodic motion of weakly bound electrons.

A purely optical technique was employed for the inves-
tigation of dangling-bond excitations ofSi(111)7×7. Two
pulses of15 fs duration were used to create a transient pop-
ulation grating. It was demonstrated that the finite dephasing
time leads to an asymmetric temporal response of the self-
diffracted second-harmonic signal. The five-wave-mixing
process is characterized by aχ(4) tensor. Like theχ(2) pro-
cesses SHG or SFG, it is dipole-forbidden in the bulk of
centrosymmetric materials and should be applicable at many
surfaces and interfaces. With the technique it is possible to
deduce decay times for homogenously and inhomogenously
broadened systems.
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