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Electron Dynamics of Silicon Surface States: Second-Harmonic Hole Burning on Si(111) 7×××7
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The ultrafast dynamics of electronic excitations of the surface dangling bond states of Si(111) 7×7 has been
investigated by second harmonic generation as a probe of transient spectral hole burning. Spectral holes induced
by a 100 fs pump at' 1.5 eV and their decay are interpreted in terms of electronic dephasing times as short
as 15 fs. This fast time scale together with the strong excitation-induced dephasing observed is interpreted in
terms of carrier-carrier scattering. In addition, strong coupling of the electronic excitation to surface optical
phonons is observed and attributed to the localization at adatom sites of a surface electronic excitation and a
surface phonon mode.

PACS numbers: 78.47.+p,78.68.+m,73.25.+i,73.20.-r

The electron dynamics in solids determines the timescale
and efficiency of charge and heat transport, charge screen-
ing [1, 2], and pathways for excited carrier relaxation [3].
When such processes occur atsurfaces, they can control re-
action pathways in surface photochemistry [4] and increas-
ingly influence the performance of electronic and optoelec-
tronic devices as their dimensions shrink [5]. Furthermore,
on the nanoscale, surface electronic processes critically de-
termine the optical behavior of metallic and semiconducting
nanostructures due to their large surface-to-volume ratio [6].

Despite its importance, few studies have yet addressed the
subpicosecond electron dynamics at surfaces [7–10]. In par-
ticular, with the coherent dynamics occurring on the timescale
of just several tens of femtoseconds, its investigation remains
challenging [9, 10]. An understanding of the evolution of the
non-equilibrium electronic excitation, however, is highly de-
sirable giving access to detailed understanding of the coupling
mechanism between the electrons and between electrons and
nuclear motions [3, 11]. For example, the confinement of sur-
face electronic and vibrational wavefunctions is expected to
yield much stronger electron-phonon coupling than is typi-
cally seen in three-dimensional structures.

The Si(111) surface with its 7×7 reconstruction provides
a high-quality interface with low defect concentration. The
associated dangling-bond states represent electronic states
strongly localized in the surface normal direction. For these
reasons Si(111)7×7 has served as a model system for surface
chemistry [12], surface phase transitions [13] and transport
studies [14]. However, little is known about the electronic dy-
namics at the Si(111)7×7 surface.

In this study we apply surface second-harmonic genera-
tion (SHG) as a probe of transient spectral hole burning, i.e.,
the surface-specific analogue of conventional bulk two-color
pump-probe hole-burning spectroscopy. In this approach, the
widths of the observed spectral holes in the nonlinear response
of the surface correspond directly to the timescales of the elec-
tronic dephasing. The observed spectral holes correspond to
electronic dephasing times as short as 15 fs and are character-
ized by strong excitation-induced dephasing. In addition, with

the main spectral hole separated from the zero-phonon line by
the surface LO-phonon frequency of 570 cm−1, this implies
a strong surface electron-phonon coupling between adatom
electronic and vibrational modes.

The surface second-harmonic response can be expressed
in terms of a local, dipolar second-order source polariza-
tion PPP(2)(2ω) = χ(2)(2ω;ω)E(ω)E(ω) [15, 16], whereχ(2)

denotes the surface nonlinear susceptibility. In the surface-
specific implementation of spectral hole burning, we measure
the SHG from a probe beam as a function of detuning rela-
tive to the pump beam at a fixed wavelength. The second-
harmonic of this probe pulse is then generated by a nonlinear
susceptibilityχ(2)(2ωpr;ωpr;ωpu) that has been modified by
the pump pulse [15, 16].

In the vicinity of the fundamental pump photon energy of
1.54 eV chosen in our experiments, the SHG response of
Si(111)7×7 is characterized by two spectral features as shown
in Fig. 1 [17, 18]. As indicated schematically, the broad low-
energy peak has been identified with a one-photon transition
from the silicon rest atom S2 into the adatom U1 dangling-
bond surface states [17, 18]. In contrast, the feature at a fun-
damental photon energy of 1.7 eV can be attributed to a two-
photon resonance at 3.4 eV [17], which corresponds to the
energy of the bulk E1 transition and the energy between back-
bond bonding S3 and anti-bonding U2 states.

The dangling bond (db) contributionχ(2)
res,0(2ωpr;ωpr) to the

total surface nonlinear susceptibilityχ(2) can be expressed by
a single resonant term due to a pair of surface states|a〉 and|b〉
(i.e., a resonance withωpu∼ ωpr ∼ ωba). The large width of
this db resonance suggests that it is inhomogeneously broad-
ened. The two-photon resonance at about 3.4 eV as well as
any weak, completely non-resonant contributions are summa-

rized by an effective nonresonant contributionχ(2)
NR(2ωpr;ωpr),

which we consider as unaffected by the pump as discussed
below. Experimentally, a strictly sequential pump-probe se-
quence is employed to avoid coherent artifacts. Then, in anal-
ogy to the case of bulk hole-burning spectroscopy, in the pres-
ence of a static inhomogeneous distributiong(ωba) of res-
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onant frequencies much broader than the homogeneous line
width Γba, χ(2) can be expressed as

χ(2)(2ωpr;ωpr;ωpu) = χ(2)
NR(2ωpr;ωpr)+χ(2)

res,0(2ωpr;ωpr)

×
{

1− i
I
Is

Γba

∆+ i2Γba

}
, (1)

where∆ = ωpr−ωpu, χ(2)
res,0(2ωpr;ωpr) is the effective db non-

linear susceptibility in the absence of the pump beam, andI
and Is are respectively the pump intensity and the saturation
pump intensity [16]. The short timescales for incoherent pop-
ulation redistribution of a non-equilibrium electronic distribu-
tion in condensed systems require the hole-burning measure-
ments to be performed transiently.
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FIG. 1: (a) Surface-projected silicon bulk and surface band struc-
ture with adatom (S1 and U1) and rest-atom (S2) dangling-bond
and adatom-back-bond (S3 and U2) surface states. (b) Ball-and-
stick model of surface atoms indicating localized dangling bond
electrons. (c) SHG spectra for clean (solid curve) and hydrogen-
terminated (dotted curve), i.e., dangling bond quenched, Si(111)7×7
(after [17, 18]) and dangling-bond contribution (dashed curve) to the
nonlinear susceptibility. (d) Three-level model for the S2 to U1 one-
photon resonance discussed in the data analysis.

The experiments were performed in an ultrahigh vacuum
(UHV) chamber with a base pressure of< 8× 10−11 mbar.
Samples were cut from wafers of single-crystal, p-doped
(1 − 2 Ω cm) Si and mounted on a liquid-nitrogen-cooled
sample holder with the

[
21̄1̄

]
crystallographic axis oriented

perpendicularly to the optical plane. As verified by low-
energy electron diffraction (LEED) and Auger electron spec-
troscopy (AES), clean and well ordered Si(111)7×7 surfaces
were prepared following established procedures [17].

The pump pulses were taken from a Ti:sapphire
oscillator/regenerative-amplifier system producing 1 mJ,
100 fs pulses atλ = 805 nm at a repetition rate of 1 kHz.
Frequency doubling of the output of aβ-BaB2O4-based
continuum-seeded optical parametric amplifier [19] provided
the probe beam. The pump and probe pulses each had a band-
width of∼ 200cm−1. To ensure uniform pumping, the probe
beam was focussed to a diameter∼ 25% of that of the pump.
As shown schematically in the inset of Fig. 2(a) the pump and

probe beams were incident respectively at47◦ and43◦ with
respect to the sample normal. The fluences at the sample sur-
face were alternately set to 200, 400, 800, and 1600µJ/cm2 for
the pump and about 100µJ/cm2 for the probe beam. Transit-
time differences of the two beams across the beam spot on the
surface effectively reduced the temporal resolution to about
200 fs. With the input pump, probe, and SHG output being
p-, s-, ands-polarized, respectively, the anisotropic nonlinear

susceptibility tensor elementχ(2)
‖‖‖ was probed [15, 16].

The resulting two-color pump/SHG-probe scans shown in
Fig. 2 display a rapid, pump-induced decrease of the probe
SHG signal. The subsequent recovery of the probe SHG sig-
nal on a timescale of several hundred fs provides the timescale
of the relaxation of the excited- and ground-state popula-
tion difference (inelastic scattering). The recovery of both
negative- and positive-detuning data can be fit with single ex-
ponentials within the first several ps with recovery times of
730±160fs and490±90 fs, respectively.
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FIG. 2: Pump-SHprobescans for probe-pump detunings~ωpr−~ωpu
of -29 meV (open circles) and -93 meV (filled squares) at a pump
fluence of 800µJ/cm2. Data are normalized to the SHG signal at a
probe delay of -500 fs. The solid lines serve as guides to the eye. The
gray curve describes the sum-frequency cross-correlation between
pump and probe pulses. Inset: schematic of the experimental layout.

The probe SHG is the result of an interference between the

resonant dangling-bond contributionχ(2)
res(2ωpr;ωpr) and the

effective nonresonant contributionχ(2)
NR(2ωpr;ωpr). In order

to extract the spectral-hole data for the dangling-bond excita-

tions only, the relative phases and magnitudes betweenχ(2)
res

and χ(2)
NR have been determined [22]. Figure 3 shows the

resulting spectral hole induced by the dangling-bond excita-
tion observed at a probe delay of 200 fs. As is particularly
evident from the low-fluence data, the results are character-
ized by a comparably weak hole at zero detuning followed by
a second, more pronounced hole several hundred wavenum-
bers to higher energies. The data can be fit using a modi-
fied version of Eq. (1) that models the effect of the pump as
a pair of spectral holes at probe-pump detunings ofδ = 0 and
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TABLE I: Parameters for the two Lorentzian holes in Eq. 2 used to
fit the data for the pump-induced holes in Fig. 3 withδ = 570cm−1.

Fluence[µJ/cm2] AF [cm−1] ΓF [cm−1] A′F [cm−1] Γ′F [cm−1]
1600 23 (±71

23) 450 (340) 364 (160) 380 (70)
800 80 (10) 255 (30) 100 (10) 120 (20)
400 34 (5) 170 (15) 90 (10) 100 (10)
200 16 (3) 115 (25) 60 (5) 80 (10)

δ = 570±100 cm−1:

χ(2)(2ωpr;ωpr;ωpu) = χ(2)
NR(2ωpr;ωpr)+χ(2)

res,0(2ωpr;ωpr)
×{1− i2πAF/(∆+ i4πΓF)
−i2πA′F/(∆−2πδ+ i4πΓ′F)

}
. (2)

The fit values of the parameters are given in Table I. The fit
was restricted toωpr−ωpu < 2π ·750cm−1, because at larger
detunings the pump-probe trace appeared qualitatively differ-
ent from those in Fig. 2, suggesting that other pumped excited
state must have also contributed to the observed SHG.
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FIG. 3: Measured values of SHpr(τpr = 200fs)/SHpr(τpr =−500fs)
versus probe detuning at several pump fluences. The curves are fits
to Eq. (2) using the parameters of Table I and the experimentally

measured relative magnitudes and phases ofχ(2)
res,0 and χ(2)

NR. The
gray curves show the individual spectral holes from Eq. (2) for the
case of Fpump= 200µJ/cm2.

As seen in Table I, the fitted values ofΓF depend on pump
fluence. The contribution of saturation broadening toΓF was
estimated to be less than∼ 10%at the highest pump fluence.
The width of the zero-detuned hole shows a linear dependence
on pump fluence and translates into a homogeneous dephas-
ing time of the order of tens of femtoseconds as indicated in
Fig. 4, in which the rates have been corrected for contribu-
tions from the pump and probe linewidths. Extrapolation to
zero pump fluence yields an intrinsic homogeneous dephas-
ing time of∼ 100fs.
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FIG. 4: Homogeneous dephasing rates deduced from the two-
Lorentzian fit of the data versus pump fluence. Extrapolation to
zero pump fluence yields an intrinsic homogeneous dephasing time
of ∼ 100fs.

The observation of the deep hole at probe-pump detuning of
570 cm−1 implies strong coupling between the excited adatom
electronic state and the 570 cm−1 surface optical phonon of
Si(111)7×7 [23]. Such coupling can be explained in terms
of the localization of both electronic and phonon modes at
the adatoms. The adatom electronic bands are weakly disper-
sive [24, 25], and STM measurements show that the density of
states associated with the unoccupied adatom-dangling-bond
band U1 is largely localized to the adatom positions in the 7×7
unit cell [26]. Likewise, the optical phonon mode at 570 cm−1

is identified with the out-of-plane motion of the adatoms and
the Si atoms immediately below the adatoms along the sur-
face normal and against each other [23]. The degree of lo-
calization of the electronic and vibrational modes associated
with the adatoms, although perhaps not as pronounced as in
molecular systems, exceeds what one would expect for a two-
dimensional system that is confined in one direction but very
delocalized in the plane. Thus, electron transfer from the
adatoms to the rest atoms at the Si(111)7×7 surface could al-
low for a strong Fr̈ohlich contribution to the electron-phonon
coupling. The absence of a phonon sideband at a probe detun-
ing of -570 cm−1 can be understood by noting that the initial
state for the one-photon resonance in our measurements is as-
sociated with the rest atoms, which are not expected to be cou-
pled to phonon modes associated with the adatoms, and that
at a temperature of 80 K, the thermal population of phonons
at 570 cm−1 is small (nphonon= 4× 10−5). Therefore, the
one-phonon transitions expected in this system are as shown
in Fig. 1(d) with the lower excited state being an excitation of
the adatom dangling bond and the upper excited state being
an excitation of the adatom dangling bond along with coher-
ent excitation of an optical phonon at 570 cm−1. However, in
general and due to the fact that the spectral hole at positive de-
tuning is deeper than the central hole, it can not be excluded
that, e.g., Coulombic coupling of the db excitation to the back-
bond resonance contributes to the observed spectral response.

The deduced intrinsic homogeneous dephasing time of∼
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100 fs can be compared with measurements of the homoge-
neous dephasing rates in the range of 20 to 30 fs determined
for surface or image-potential states of Cu(111) [9, 27]. For
the silicon surface, the lower carrier-charge density would
lead one to expect longer dephasing times as observed here.
Interestingly, the odd number of electrons in the Si(111)7×7
unit cell and the non-zero electron density in the vicinity of
the surface Fermi energy suggest that the Si(111)7×7 surface
may in fact be metallic [24]. Despite that, however, the elec-
tron density in any conduction band at the Si(111)7×7 Fermi
surface is considerably lower than in Cu(111).

The short timescales of homogeneous dephasing derived
from our hole-burning spectra are consistent with the results
from the transient grating experiments of Voelkmannet al. on
Si(111)7×7 [10]. At a fluence of about 400µJ/cm2, as used
in their experiment, our value for the homogeneous dephasing
time of about 40 fs would result in a photon echo decay time
constant of about 10 fs, shorter than the 14 fs pulse length
used in their measurements.

Such rapid dynamics can arise from only a limited num-
ber of mechanisms. The density of defects normally required
to produce rapid dephasing [28, 29] far exceeds the number
expected on clean Si(111)7×7. A time-resolved two-photon
photoemission study of carrier dynamics on Si(100)c(4×
2) suggests that optical-phonon emission via deformation-
potential scattering of excited db electrons can occur on a
timescale of∼ 300 fs [7], but it cannot account for the lin-
ear dependence of the dephasing time on the pump fluence
observed here (Fig. 4). The latter observation suggests that
carrier-carrier scattering is the dominant dephasing mecha-
nism in the regime of higher pump energies. For example,
as observed in studies of hole decoherence on Cu(100), Auger
recombination can occur within tens of fs [9]. Similarly, ultra-
fast photon-echo measurements in GaAs-GaAlAs quantum-
well structures yielded homogeneous dephasing times de-
creasing from 200 to 64 fs with increasing excitation density
[2].

Carrier-carrier scattering might also be a significant contri-
bution to the intrinsic homogeneous dephasing rate. Even in
the limit of a single photoexcited electron-hole pair in the U1

and S2 bands respectively, there are still electrons at or near
the Fermi level in the adatom-derived S1 band. These elec-
trons could account for rapid scattering of coherently excited
carriers. However, as suggested by the photoemission results
cited above as well as our evidence for strong electron-phonon
coupling, scattering with phonons must play an important role
in the zero-fluence dephasing.

In summary, our results offer insight into both ultrafast
carrier-carrier interactions and electron-phonon coupling on
Si(111)7×7. In order to derive the full dynamics of the sys-
tem, measurements of the spectral diffusion are desirable. To
arrive at a more detailed understanding, a more precise knowl-
edge of the Si(111)7×7 surface band structure is needed and
many-body and correlation effects have to be considered.
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