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Electron and coherent phonon dynamics at potassium-covered Cu�111� surfaces have been studied by using
femtosecond time-resolved second-harmonic generation �TRSHG�. At the coverages from 0.22 to 0.35 mono-
layer �ML�, TRSHG traces show the oscillatory component with a frequency of 3.05�0.05 THz. The ampli-
tude of this component decreases as coverage increases higher than �0.35 ML, whereas another oscillating
component with a frequency of 1.26�0.03 THz grows. Both components are ascribed to K-Cu stretching
motion. The spectral changes with coverage suggest that the overlayer structure varies with lateral compres-
sion. The fast transient peak in TRSHG traces at around zero delay changes its sign from negative to positive
when coverage exceeds �0.22 ML. Since the quantum-well state �QWS� is partly filled at around this cover-
age, electrons in the QWS are principally responsible for the transition of the electronic response. Furthermore,
the excitation photon energy dependence of TRSHG traces indicates that the excitation of substrate d-band
electrons, giving rise to rapid charge fluctuations in the QWS, generates the coherent K-Cu stretching vibra-
tion. Consequently, the QWS plays a major role in the electronic and nuclear dynamics induced by pump
pulses at h�=2.2 eV.
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I. INTRODUCTION

Electron confinement is one of the central issues in nano-
scale physics and chemistry. Even at a metal surface, elec-
trons can be trapped in a potential well between the surface
and the vacuum if the metal has a local band gap in the
direction normal to the surface. This electron confinement
gives rise to quantum-well states �QWSs� that form two-
dimensional �2D� electron gases. The interactions between
quasiparticles in the QWS, different from those of bulk met-
als, strongly influence physical and chemical properties of
metal surfaces. Therefore, knowledge of QWSs on metal sur-
faces has a great importance in surface science and nanotech-
nology.

QWSs at alkali-metal overlayers on metals have been ex-
tensively studied experimentally1–11 and theoretically.12–21 A
metallic alkali monolayer introduces new surface electronic
bands. The bands most relevant to bonding at the alkali over-
layer are those originating from the free-electron-like bands
of a freestanding close-packed alkali-atom monolayer: the
s-like lowest and the p-like second lowest bands.22 These
bands maintain the integrity when the monolayer is placed at
a metal surface. On a metal substrate with an s , p-inverted
projected band gap such as Cu�111�, a two-dimensional po-
tential well is formed between the substrate and the vacuum
barrier. Since the p-like band is located in the L band gap of

Cu�111�, it turns out to be a QWS; the wave function is
strongly localized at the surface. The QWS band, unoccupied
in low coverages, is stabilized and partly filled as alkali cov-
erage increases. In contrast, because the s-like band is lo-
cated below the lower edge of the L band gap, this band
becomes a surface resonance and is denoted as an overlayer
resonance �OR�. In addition to these bands, a series of unoc-
cupied image potential states �IPSs� is pinned to the vacuum
level.

Since these electronic states have wave functions confined
more or less at the surface where alkali atoms are located,
charge-density fluctuations in the surface bands strongly af-
fect the vibrational motions of alkali atoms. This was dem-
onstrated in recent theoretical studies;16,17 holes generated at
the occupied QWS of Na/Cu�111� preferentially decay by
inelastic electron-phonon scattering. This strong electron-
phonon coupling was also noted in other metallic quantum
well systems: Ag/V�100� �Ref. 23� and Ag/Fe�100�.24 Thus,
electron-phonon coupling at the metallic quantum well sys-
tems plays an important role in the temporal evolution of
quasiparticles and nuclear dynamics at the surfaces. The
electron-phonon coupling in the QWSs has been mainly ex-
plored through analysis of spectral linewidths in photoemis-
sion and scanning tunneling spectroscopy.4,15–18,20,21 How-
ever, little attention has been paid on how the vibrational
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modes of alkali atoms are excited and decay under the pres-
ence of the QWS.

Femtosecond time-resolved second-harmonic generation
�TRSHG� has been proved to be a powerful technique to
explore electron-phonon coupling at surfaces.25–27 Recently,
we have applied this technique to alkali-covered metal
surfaces.28–34 When the duration of pump-laser pulses irradi-
ated onto a surface is shorter than a period of adsorbate vi-
bration, adsorbates start vibrating coherently because of an
impulsive force. The coherent nuclear motions can be moni-
tored in terms of oscillatory modulations of the second-
harmonic �SH� intensity of probe pulses as a function of
pump-probe delay. Thus, the oscillatory features in the TR-
SHG traces provide information on the vibrational frequency
and the dephasing rate of the vibrational wavepacket created
at the surface; the dephasing rate includes contributions from
population decay and pure dephasing rates.

Previously we reported the excitation mechanism and the
decay dynamics of coherent surface phonons at Na-covered
Cu�111� surfaces.34 At the saturation coverage, sodium atoms
adsorb to form the commensurate hexagonal structure,
�3 /2�3 /2�.14,35 This superstructure has two distinguishable
adsorption sites: threefold hollow and distorted hollow sites.
Theoretical calculations predicted that the Na-Cu stretching
mode is strongly mixed with substrate phonon modes at the
saturation coverage.36 Thus, a wavepacket created along the
Na-Cu stretching coordinate is expected to decay rapidly to
the substrate phonon modes. This was indeed confirmed in
the TRSHG measurements.34

Potassium adatoms also form hexagonal structures on
Cu�111�. However, they are mostly incommensurate to the
substrate lattice. Low-energy electron-diffraction �LEED�
measurements showed that K-K spacing decreases as cover-
age increases, while overlayers at low temperature keep the
orientationally ordered hexagonal structure.37 Thus, the ad-
sorption sites are largely inhomogeneous. Consequently, it is
interesting to investigate how the inhomogeneity in adsorp-
tion sites influences the decay behavior of coherently excited
K-Cu stretching vibration in comparison with Na/Cu�111�.

In this paper, we describe the dynamics of electrons and
coherent phonons at potassium-covered Cu�111� surfaces.
We show that electronic and nuclear responses to a femto-
second laser pulse strongly depend on the energy of the
QWS band with respect to the Fermi level EF. We also dis-
cuss an important role of the QWS band in excitation of the
coherent surface phonons.

II. METHODS

The experiments were carried out in an ultrahigh vacuum
chamber equipped with various instruments for conventional
surface science techniques: Auger electron spectroscopy,
low-energy electron diffraction, and temperature-
programmed desorption. A Cu�111� surface was cleaned by
repeated cycles of sputtering and annealing. Potassium atoms
from a degassed alkali dispenser �SAES Getters� were depos-
ited on the clean Cu�111� surface at 90–110 K. Potassium
coverage �K was monitored in terms of the ratio of Auger
electron emission intensity at 248 eV �K:LMM� to that at

915 eV �Cu:LMM� as a function of deposition time tK.
We used various kinds of light pulses in TRSHG measure-

ments as pump and/or probe pulses. The second-harmonic
output of a Ti:sapphire regenerative amplifier ��=400 nm,
pulse width=130 fs, and repetition rate=1 kHz� pumped
two sets of homebuilt noncollinear optical parametric ampli-
fiers �NOPAs�. The duration of NOPA output pulses was
25–35 fs and the photon energy of NOPAs was tuned from
2.0 to 2.5 eV independently. The fundamental output of the
regenerative amplifier ��=800 nm� was also used as pump
and/or probe pulses. Since a pulse width of 130 fs was too
long for pump, the fundamental output pulses were com-
pressed as follows: the output pulse �0.8 mJ� was focused
with a quartz lens �focal length=1 m� into a cylindrical tube
filled with Kr gas ��2 atm�. This procedure broadened the
spectral width of output pulses as a result of nonlinear ef-
fects. Then, the pulse was compressed with the aid of addi-
tional multiple reflections between a pair of negative group-
velocity dispersion mirrors. The compressed pulse width was
estimated to be 35 fs by using autocorrelation measurements.

The procedure for TRSHG measurements is almost the
same as reported previously.32–34 Pump and probe pulses
with p polarization were focused onto the sample surface at
an angle-of-incidence of �70°. Pump pulses were alternately
blocked with an optical chopper for phase-sensitive detection
of pump-induced changes in the surface SH intensity of
probe pulses. Transient changes in SH intensity �ISH�t� are
defined as �ISH�t�= �ISH�t�− ISH

0 �t�� / ISH
0 �t�, where ISH�t� and

ISH
0 �t� are SH intensities at a pump-probe delay-time t with

and without pump pulses, respectively. All the measurements
were carried out at a sample temperature of 90�5 K.

The potassium coverage dependence of TRSHG traces
was measured with compressed 800-nm pulses as a probe
and the NOPA output �centered at �=565 nm� as a pump.
The excitation photon energy dependence of TRSHG traces
was mainly studied by using the two NOPAs. The first NOPA
used as a probe was fixed at h�=2.2 eV, while the second
NOPA as a pump was tuned from h�=2.0 to 2.4 eV. The
pump photon energy range was extended to 1.55 eV by using
compressed 800-nm pulses. For estimation of pump fluence
at the sample surface, pump pulses were reflected off with a
mirror outside the chamber and the spot profile of pump
pulses was observed with a charge-coupled device beam pro-
filer. A great care was taken to set the distance from the
steering mirror to the beam profiler to be the same as that
from the mirror to the sample surface. The estimated pump
fluence at the sample surface was typically 2–3 mJ /cm2.

Total energies were calculated with the density functional
theory �DFT� method as a function of displacement of a po-
tassium overlayer from a Cu surface. The CASTEP package in
Materials Studio �Accelrys Inc.� was used for the DFT cal-
culations with a plane-wave basis set under periodic bound-
ary conditions.38,39 Ultrasoft pseudopotentials40 were used
for the effective potential of ions. The nonspin polarized ver-
sion of the generalized gradient approximation �GGA-PBE�
�Ref. 41� was employed in calculations of total electron en-
ergy.

Potassium overlayers on Cu�111� were modeled with su-
percells composed of seven layers of fcc-�111� stacked cop-
per atoms, a potassium overlayer, and 20-Å thick vacuum.
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First, we calculated the minimum total energy by relaxing
the potassium overlayer and two topmost Cu layers in geom-
etry optimization procedures. Then, the total energy was cal-
culated as a function of displacement of the overlayer from
the copper surface while the structure of the Cu slab was
kept frozen. The energy difference between those calculated
with and without geometry optimization was estimated to be
less than 3%. The use of the ultrasoft pseudopotentials en-
abled good convergence at a plane-wave energy cutoff of
270 eV. Brillouin zones of supercells, �2�2� and
�3 /2�3 /2�, were sampled by �5�5�1� and �3�3�1�
Monkhorst-Pack grids,42 respectively. Finite temperature
smearing of kBT=0.3 eV was used to diminish the number
of k points necessary for convergence.

III. SURFACE PHONON STRUCTURE AND DECAY
DYNAMICS

A. Potassium coverage and overlayer structure

Auger peak intensity ratios, K�248 eV�/Cu�915 eV�, are
plotted in Fig. 1�a� as a function of deposition time tK. The
growth curve of ratio has a bend at tK�410 s, indicating
that the first layer is saturated at this deposition time and the
second layer grows in tK�410 s. The saturation coverage
was tentatively taken to be 0.40 ML �1 ML is the atomic
density of clean Cu�111� surface, 1.8�1015 cm−2� as in the
LEED study by Fan and Ingantiev.37 Then, we determined all
coverages used in the measurements with tK, assuming that
the deposition rate is constant. As expected, a clear �2�2�
LEED pattern was observed at �K=0.25 ML. This implies
that this calibration method gives reasonably accurate potas-

sium coverage. As �K increased over �K=0.25 ML, the
�2�2� spots split into two and the separation between the
spots increased with coverage up to the first layer saturation.
This is due to formation of orientationally ordered incom-
mensurate hexagonal structures of potassium overlayers.37

Figure 1�b� shows how the SH intensity of 800-nm
�h�=1.55 eV� photons changes as a function of deposition
time. As in other alkali-metal adsorption systems,30–34,43–46

alkali deposition enhances markedly SHG conversion effi-
ciency. The SH intensity at �K=0.40 ML is higher than that
at �K=0 by a factor of �70. Thus, transitions between elec-
tronic states introduced by the alkali overlayer dominate for
generating SH signals over those between substrate bands.
Since the metallic OR band is a primary source of excess
electrons at the surface, the transitions from the OR band
should play a major role in enhancing SH conversion effi-
ciency. In addition, since the QWS band is partly filled at
�K	0.25 ML, electrons in the QWS band also enhance SH
generation efficiency. Therefore, the peaks in Fig. 1�b� could
be due to resonant or near-resonant transitions in which the
surface localized bands, OR, QWS, and IPSs, are involved.

B. Coverage dependence of TRSHG traces

Figure 2 shows typical TRSHG traces at various cover-
ages. The center wavelength of pump pulses was 565 nm
�h�=2.20 eV�, while that of probe pulses was 800 nm �h�

FIG. 1. �a� Ratio of Auger peak intensity at 248 eV �K:LMM�
to that at 915 eV �Cu:LMM� as a function of potassium deposition
time. Dashed curves are drawn as a guide to the eyes. A bend at
�410 s indicates that the first layer is saturated. �b� SH intensity
from Cu�111� as a function of potassium deposition time. The cen-
ter wavelength of incident beam is 800 nm. Dashed and dotted lines
denote potassium coverages of 0.25 and 0.40 ML, respectively.

FIG. 2. Coverage dependence of TRSHG traces for potassium-
covered Cu�111� surfaces measured with pump pulses at h�
=2.20 eV and probe pulses at h�=1.55 eV. Coverages are indi-
cated in the figure. Open circles connected with thin lines are ob-
served results and thick solid curves are fitting results obtained with
Eq. �1�. Fitting parameters are listed in Table I. The bottom is a
TRSHG trace for clean Cu�111� �open circles� and a nonlinear least-
square fitting result with a double exponential function �solid
curve�.
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=1.55 eV�. The TRSHG trace from a clean Cu�111� surface
has a very weak negative peak at t�100 fs. This time pro-
file reflects an electron temperature rise and subsequent de-
cay in the copper substrate.47,48 This is fitted well with a
negative double exponential function with a rise time of 80
fs and a decay time of 94 fs.

Potassium deposition appreciably altered the transient SH
response. TRSHG traces from alkali-covered surfaces are
contributed by population changes in surface and substrate
electronic bands as well as coherent nuclear vibrations at the
surface.32–34,49 The former gives rise to a spike at t�0 ps
and nonoscillatory decaying components extending to
t�2 ps, while the latter emerges as damped oscillatory com-
ponents that are appreciable only at �K	0.22 ML. Here, we
first focus on the nuclear response and discuss the electronic
response in Sec. IV.

The TRSHG traces in t	200 fs were analyzed with lin-
ear prediction singular value decomposition32,50 under the
assumption that the trace is a superposition of damped cosi-
nusoidals and exponential decay functions,

�ISH�t� = �
i

Ai exp�− t/
i
�p��cos��it + �i�

+ �
j

Bj exp�− t/
 j
�e�� . �1�

Here, the i-th damped oscillatory component is characterized
with the frequency �i, the initial phase �i, and the dephasing
time 
i

�p�, and the j-th exponential decay component is char-
acterized with the energy relaxation-time 
i

�e�. The obtained
parameters are listed in Table I, where minor components
with a relative amplitude less than 10% are omitted. The
fitting quality with these parameters is excellent as shown in
Fig. 2.

C. Phonon spectra

Phonon spectra were obtained by Fourier transformation
of the time-domain data in t	200 fs after the background
components were subtracted. Each phonon spectrum at
0.20�K0.35 ML in Fig. 3 shows a single peak at
3.05�0.05 THz. As �K exceeds 0.35 ML, a new peak ap-
pears at 1.26�0.03 THz. The relative amplitudes of the two
components are plotted in Fig. 4 as a function of �K. The

lower-frequency peak increases in its relative amplitude with
�K and becomes dominant at �K�0.38 ML. From now on,
the higher-frequency component at �3.1 THz is denoted as
� and the lower-frequency component at �1.3 THz as �.

Previous studies of high-resolution electron energy loss
spectroscopy �HREELS� reported a loss peak at 13 meV �3.1
THz� �Refs. 51 and 52�; this peak was attributed to the K-Cu
stretching mode. The loss peak shows little energy shift up to
�K�0.3 ML. The frequency and its coverage dependence of
� component observed in the current study are consistent
with the HREELS results.

DFT calculations also support this assignment. Figure 5
shows the total energy of Cu�111�-�2�2�-K calculated as a
function of displacement of a potassium layer from the cop-
per surface. Fitting the calculated results with a Morse func-
tion, we obtained a vibrational frequency of 3.6 THz; this is
close to the observed frequency of 3.05�0.05 THz. Since

TABLE I. Parameters in Eq. �1� obtained by analysis of TRSHG traces in Fig. 2 by using linear prediction
singular value decomposition.

�K

�ML�

1

�p�

�ps�
�1

�THz�
�1

�degree�

2

�p�

�ps�
�2

�THz�
�2

�degree�

1

�e�

�ps�

0.17 0.33

0.22 2.34 3.03 −11

0.25 1.27 3.02 11 0.51

0.30 1.46 3.02 13 0.50

0.32 1.72 3.06 −6 0.53

0.35 1.23 3.03 37 2.28 1.28 15 0.67

0.42 0.89 3.00 6 3.12 1.27 4 0.32

FIG. 3. Fourier amplitude spectra of the oscillatory components
in TRSHG signals �t�200 fs�. Coverages are indicated in the fig-
ure. The amplitudes are normalized at the highest peak in each
spectrum.
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the substrate lattice is frozen in the calculations, the consis-
tency between the calculated and observed frequencies im-
plies that the K-Cu stretching mode is well represented by
oscillating motion of potassium; Cu phonon modes would be
little involved in the stretching mode.

Next, let us focus on the � component observed at �K
	0.35 ML. In the previous HREELS studies, the � compo-
nent was not observed.51,52 This may be partly due to weak
HREELS signals at high coverages, because a dynamic
charge appreciably decreases as a result of large charge re-
distribution in alkali atoms.51,52

The frequencies of adsorbate vibrational modes usually
shift with coverage. As for alkali adsorbates, the continuous
coverage-dependent frequency shifts in the alkali stretching
mode were observed in the HREELS studies of Cs/Ru�0001�
�Ref. 53� and K/Pt�111� �Ref. 54� at room temperature. A
similar tendency was found by the TRSHG study of Cs/
Pt�111� at 110 K.32 The shifts can be explained in part by
dipole coupling among alkali atoms. In contrast, the phonon
spectra in Fig. 3 shows that the frequency change with cov-
erage is not gradual but abrupt. Furthermore, the frequencies
of both the � and � components stay constant in the entire
coverage range observed. Thus, the coverage dependence of
vibrational frequencies in the current study cannot be ac-
counted for by the dipole-dipole coupling among adsorbates.

Since the � component starts growing when the potas-
sium overlayer is close to the saturation, the � component
could be due to the second-layer growth. However, as shown
in Fig. 4, the � component is much stronger than the �
component already at �K�0.40 ML where the surface area
covered with potassium atoms in the second layer is negligi-
bly small. In addition, if the � component were due to the
formation of the second layer, the amplitude of � component
should increase with coverage in comparison with the
nonoscillatory backgrounds that are almost independent of
coverage. However, this was not observed. Therefore, the �
component does not likely originate in the formation of the
second layer.

Frequencies of adsorbate vibrational modes depend on ad-
sorption structures and sites. For example, when a potassium
overlayer on Pt�111� changes its superstructure from �2�2�
to ��3��3�R30°, the frequency of a K-Pt stretching-mode
shifts discontinuously.33 Thus, the abrupt frequency change
could be explained by a change in the overlayer structure.
However, no abrupt changes have been reported in the ad-
sorption structure of potassium on Cu�111�. According to the
detailed LEED analysis,37 potassium overlayers form mostly
incommensurate, but orientationally ordered hexagonal
structures at �K�0.14 ML, while the K-K spacing decreases
with increase in coverage. Therefore, it is difficult to account
for the abrupt frequency change in terms of the gradual
coverage-dependent compression of hexagonal structure.

Compression of the planar hexagonal structure makes mu-
tual repulsion between adatoms appreciable. This may desta-
bilize the planar structure and convert into a corrugated one.
For example, Monte Carlo simulations of potassium adsorp-
tion on Cu�111� showed that an overlayer at 80 K becomes
corrugated even at �K=0.25 ML, where potassium forms a
commensurate �2�2� structure, and tends to form a
bilayer.55 This is a manifestation of the repulsive interaction
between potassium adatoms.

DFT calculations provide a clue for appearance of the �
component. To examine how the mutual repulsion affects the
overlayer structure, we chose a �3 /2�3 /2�-K superstruc-
ture. This superstructure gives the highest coverage among
those of commensurate structures we can handle with our
limited computer resource. The coverage is 0.44 ML, slightly
higher than the tentatively determined saturation coverage of
0.4 ML. The K-K nearest-neighbor distance in this overlayer
is 3.91 Å; this is by 11% smaller than the smallest lattice
parameter for the potassium overlayer observed in the LEED
measurements, 4.4 Å.37 We calculated total electron energy
as a function of displacement of the potassium overlayer
from the surface. The vibrational frequency obtained from
the fitting with a Morse function is 2.8 THz, consistent with
that of the � component.

Although the planar structure is still stablest at �K=0.44
ML, we found a corrugated metastable structure. We took an
overlayer structure model depicted in Fig. 6�a�. In this struc-
ture, potassium atoms on atop sites are displaced along the
surface normal, while those on bridge sites are kept at the
same position as in the optimized �3 /2�3 /2� planar struc-
ture. In Fig. 6�b�, the total energy is plotted as a function of
displacement of potassium atoms on atop sites. It clearly
shows that a local minimum is located at 3.1 Å away from

FIG. 4. Coverage dependence of the relative peak height of the
� �open circles� and � �filled circles� components in the Fourier
amplitude spectra in Fig. 3.

FIG. 5. Total energy of Cu�111�-�2�2�K as a function of dis-
placement of the potassium layer from the copper surface. The right
vertical axis indicates the energy scale for adsorption energy per
potassium atom. The solid line is a fitting result by a Morse func-
tion. The K-Cu distance at the energy minimum is 2.9 Å.
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the equilibrium position of the planar structure. This bilayer
structure is metastable; the energy is higher than that of the
planar structure by 0.12 eV per potassium atom. Because the
barrier height from the metastable configuration to the planar
one is 0.12 eV, potassium adsorbates can form this meta-
stable bilayer structure at a sample temperature of 90 K.
Since atop potassium atoms are much away from the surface
in the bilayer structure, the interaction between the copper
surface and the bilayer becomes weaker than the planar one;
this gives rise to a shallower potential-energy curve along the
surface normal. In fact, the vibrational frequency of bilayer
in Fig. 6 was found from calculations to be 2.7 THz, lower
than that of planar �2�2�-K, 3.6 THz. When bridge potas-
sium atoms are displaced instead of atop atoms, DFT calcu-
lations also showed a local minimum in total energy at
around 3 Å. Therefore, we propose that the lateral compres-
sion with increase in coverage leads to form two domains
near the saturation coverage: the planar domain with a
stretching frequency of �3.1 THz and the bilayer one with a
frequency of �1.3 THz.

D. Decay of vibrational coherence

As in Table I, the decay times of � component range from
1.2 to 1.7 ps at 0.25��K�0.35 ML and those of � compo-

nent are even longer. These are sevenfold longer than the
decay time of Na/Cu�111� estimated from the full-width-at-
half-maximum �FWHM� of the Na-Cu stretching band in the
Fourier spectrum of the TRSHG trace at the saturation
coverage.34 According to the theoretical calculations by
Borisova et al.,36 the Na-Cu stretching mode is strongly
mixed with Cu substrate phonon modes. In addition, because
of two adsorption sites, threefold hollow and distorted hol-
low sites, the local density of phonon bands with the
stretching-mode character is distributed over the wide fre-
quency range from 2.3 to 6 THz. Thus, the fast decay dy-
namics can be due to rapid dephasing of a wavepacket along
the Na-Cu stretching coordinate prepared by coherent exci-
tation of the inhomogeneously distributed surface phonon
bands.

In contrast, the phonon band of the K-Cu stretching mode
in Fig. 3 is much narrower, indicating that the K-Cu stretch-
ing mode is not mixed well with Cu surface phonon modes.
In addition, although potassium atoms adsorb in various ad-
sorption sites as a result of the incommensurate structures,
the inhomogeneity in adsorption sites does not contribute to
the phonon bandwidth. Thus, the rapid dephasing of wave-
packet observed in Na/Cu�111� does not take place.

One of possible decay mechanisms is energy relaxation
by emission of phonons into the substrate. In the elastic con-
tinuum model for ordered commensurate adsorbate layers,56

a surface vibrational damping time is given by �cL /m�0
2na,

where m is the adsorbate mass, na is the adsorbate density,
�0 is the vibrational frequency, � is the substrate mass den-
sity, and cL is the longitudinal sound velocity of the sub-
strate. From this equation, we estimated the vibrational
damping time for the stretching mode at �K=0.25 ML to be
0.46 ps. Because time-domain spectroscopy such as TRSHG
gives the dephasing time T2 that is twice of the population
decay time T1 if the pure dephasing time T2

� is completely
neglected,27,57 the observed damping time to be compared
with that of the elastic continuum model is 0.64 ps. Thus, the
observed decay time is in relative good agreement with the
theoretical estimate. In addition to the decay via one-phonon
emission, electronic frictions may contribute to the decay. As
we discuss in the following sections, electronic excitation
and de-excitation in substrate play an important role in cre-
ation of coherent surface phonons. Thus, the reverse process,
energy dissipation via electron-hole creation in the substrate,
may also be partly responsible for the decay of vibrational
coherence.

IV. ELECTRON DYNAMICS

Electrons excited by a pump pulse contribute to TRSHG
traces particularly at a pump-probe delay of t�0 fs. Figure
7 shows an expanded view of TRSHG traces at −200 t
300 fs at 0.16��K�0.27 ML. SH intensity governed by
the second-order nonlinear susceptibility, ��2�, depends on
various factors: the dipole matrix elements for electronic
transitions, the electronic band structure, and the electron
population of each band.47,58 As noted in Sec. III A, the tran-
sitions between surface electronic bands introduced by the
alkali overlayer mostly contribute to SH intensity. Thus, the

FIG. 6. �a� The structure used for calculations of total energy of
Cu�111�-�3 /2�3 /2�-K. Potassium atoms on atop sites are dis-
placed along the surface normal, while those on bridge sites are
fixed at the displacement given by geometry optimization of the
�3 /2�3 /2� planar structure. �b� Total energy is plotted as a func-
tion of displacement of potassium atoms on atop sites. The right
vertical axis indicates the energy scale for adsorption energy per
potassium atom.
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most relevant factor to the TRSHG signals is pump-induced
changes in populations of the surface electronic bands. Keep-
ing this in mind, we simulated the coverage dependence of
TRSHG traces at −100 t300 fs as follows. We assume
that the change in population of the i-th surface band f i�t�
induced by the pump pulse decays exponentially, f i�t�
=ai exp�−t /
i�, where ai is the relative amplitude and 
i is
the decay time. Then, we calculated TRSHG intensity ISH�t�
by using a convolution integral of f i�t� with Gaussian profiles
of pump and probe pulses, I1�t� and I2�t�, respectively,

ISH�t� = �
t1

t2

I2
2�t� − t�	�

i
�

t1

t

I1�
�f i�t� − 
�d

dt�. �2�

Numerical integration of Eq. �2� was carried out in the range
between t1=−100 and t2=300 fs. Typical simulated results
are depicted in Fig. 7 and the parameters employed in the
simulations are tabulated in Table II. The qualitative features

of coverage dependence of TRSHG traces are well repro-
duced. The discrepancies between experiment and simulation
are largely due to deviations of laser-pulse profiles from the
Gaussian function and the oscillatory component originating
in coherent nuclear vibration superimposed in the experi-
mental data.

The electronic response in TRSHG can be classified ac-
cording to the sign of the peak at t�0 fs: the peak is nega-
tive below �K=0.20 ML, whereas the peak is positive above
�K=0.25 ML. The TRSHG traces at the coverages between
0.20 and 0.25 ML, showing a differential-like profile, are in
the transition from one to the other. Another striking differ-
ence between the two coverage ranges is that the oscillatory
component due to the coherent K-Cu stretching mode is
clearly visible at �K	0.25 ML, but not at �K0.20 ML.
What makes these marked differences? Note that the QWS
band crosses EF when the �2�2� structure completes, i.e.,
�K=0.25 ML.5 Therefore, the QWS plays a decisive role in
causing the differences in both electronic and nuclear re-
sponses in TRSHG.

At �K=0.16 ML, the TRSHG trace at t�0 fs shows an
instantaneous response; this is reproduced by a single nega-
tive component with a decay time of 5 fs.62 As coverage
increases to 0.19 ML, the negative peak grows and slightly
shifts toward larger t, resulting in a decay time of 20 fs.
Since the QWS band is not occupied at these coverages, this
band does not contribute to the negative peaks. Instead, since
the pump photon energy �2.2�0.1 eV� is in near resonance
with one- and two-photon transitions from the occupied OR
to the QWS and to the IPSs, respectively, these transitions
deplete the electron population of the OR band. Conse-
quently, the population depletion reduces SH intensity of
probe pulses, resulting in the negative peak in TRSHG
traces. Although the lifetime of holes in the OR band is not
known, a lifetime of �20 fs is very reasonable, since holes
in the surface resonance can be filled rapidly by bulk elec-
trons.

The differential-like profile at 0.20�K0.22 ML is re-
produced by a linear combination of a negative component
with 
=20 fs and a positive component with 
=40 fs. As
coverage increases further ��K	0.25 ML�, the positive com-
ponent dominates over the negative one. Since the QWS
band is located at around EF in this coverage range,5 elec-
tronic transitions from bulk d bands to the unoccupied s , p
band enhance filling of the QWS band, resulting in increase
in population in the QWS band. Thus, the extra electrons in
the QWS band increase the SH intensity of probe pulses,
giving rise to the positive peak in TRSHG traces.

In the entire coverage range studied, a slow decaying
component with 
=450 fs contributes to the TRSHG traces,
although the contribution is minor in comparison with the
fast decaying components. Since this decay time is compa-
rable to those of electrons and holes near EF,12 the popula-
tion changes in the surface band near EF could be respon-
sible for the slow decay component.

V. EXCITATION MECHANISM OF COHERENT PHONONS

To clarify the electronic transitions responsible for cre-
ation of coherent surface phonons, we measured TRSHG

TABLE II. Parameters for simulations of TRSHG signals by
using Eq. �2�. FWHM of pump and probe pulses are assumed to be
25 and 35 fs, respectively. The values of ai are normalized to satisfy
�i�ai�=1 for each trace.

Coverage
�ML� a1


1

�ps� a2


2

�ps�

0.16 −5 /6 0.005 −1 /6 0.45

0.19 −5 /7 0.02 −2 /7 0.45

0.22 −2 /3 0.02 1/3 0.04

0.25 5/7 0.04 2/7 0.45

0.27 5/8 0.04 3/8 0.45

FIG. 7. Coverage dependence of TRSHG traces observed �solid
curves� and simulated �dotted curves� results for K/Cu�111� near t
=0. Coverages are indicated in the figure. The bottom trace is a
cross correlation trace between pump and probe pulses obtained by
monitoring the sum-frequency signals generated at the sample sur-
face. The simulation results are obtained using Eq. �2� with param-
eters in Table II. The intensities of the simulation results are scaled
to match the experimental ones.
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traces as a function of pump photon energy. Figure 8 shows
variations in the amplitude of � component with pump pho-
ton energy, i.e., the action spectrum. Here we normalized a
peak amplitude of � component by incident photon density.
The amplitude of � component is not detectable at h�
=1.55 eV, but appreciable at h��2 eV. Although the am-
plitude depends on the pump photon energy, its frequency
and decay time showed no definite photon energy depen-
dence.

The transition energies between surface states estimated
from two photon photoemission studies7 are indicated in Fig.
8 as dashed lines. A resonance at 2.32 eV is due to the tran-
sition of QWS→n=3 IPS, while that at 2.19 eV is due to
QWS→n=2 IPS. If these transitions were responsible for
the coherent phonon excitation, the amplitude at 2.19 eV
should be much larger than that at 2.32 eV, because the wave
function of n=2 IPS has a better spatial overlap with that of
QWS than n=3 IPS. However, this expectation is inconsis-
tent with the observed action spectrum. Thus, it is unlikely
that the electronic transitions between the surface states play
a major role in the coherent phonon excitation.

Instead, the action spectrum in Fig. 8 rather resembles the
absorption curve of bulk copper. We estimated the density of
photo-excited carriers N that are generated in the Cu sub-
strate and propagate to the surface by using the following
equation:59

N = IA�1 − exp�− �/D�� , �3�

where I is the incident photon number, A is the absorbance of
the substrate, � is the hot carrier mean-free path, and D
=� /2�k, where � is the wavelength of pump pulses and k is
the extinction coefficient of bulk copper.60 Photon energy
dependences of N for �=10 and 1000 nm are plotted in Fig.
8, where they are normalized by the carrier density at h�
=2.3 eV and scaled to match the oscillation amplitude in the
action spectrum. The action spectrum corresponds well to the

carrier density curve estimated from substrate absorption.
Therefore, the substrate electronic excitation is likely respon-
sible for the coherent phonon excitation.

A similar substrate mediated picture for coherent phonon
generation has been reported for Na/Cu�111�.34 Since the
emergence of � component is concomitant with stabilization
of the QWS band to EF, it is likely that the population
change in the QWS band is responsible for an impulsive
force along the K-Cu coordinate. One possible excitation
path for generating the impulsive force is hole creation in the
QWS. Electron-hole pairs are formed in the substrate by the
d-band→s , p-band transition, followed by subsequent Auger
recombination of an electron in the QWS band with the
d-band hole, resulting in creation of holes in the QWS. An
appreciable coupling between the hole creation at the alkali
derived QWS and surface �or interface� phonon excitation
has been suggested.17 Alternatively, hot electrons created by
the d-band→s , p-band transition are injected into the QWS
above EF. In either case, the rapid change in charge density
at the surface could be a most likely origin for the impulsive
force along the K-Cu stretching coordinate.

The initial phase of the oscillation ��i in Eq. �1�� is
8�17° in average; the phonon oscillation is cos-like. This
indicates that coherent phonons are excited with coupling to
resonantly excited charge-density fluctuations.61 In the
substrate-mediated excitation mechanism stated earlier, the
initial optical transition does not couple to the nuclear mo-
tion directly, but the charge fluctuations induced by rapid
charge transfer following the optical transition drive the co-
herent motion along the K-Cu stretching coordinate.

VI. CONCLUSION

We have studied ultrafast responses of electrons and po-
tassium adatoms to femtosecond pump pulses by measuring
transient intensity modulations in second-harmonic intensity
of probe pulses. Electronic and nuclear responses to the
pump pulse drastically changed at �K�0.25 ML; �1� at be-
low �K�0.25 ML, the TRSHG trace showed a fast negative
peak at t�0 fs, almost instantaneous to the pump pulse at
h�=2.2 eV, without accompanying any oscillatory compo-
nent due to coherent nuclear motions; �2� at above �K
�0.25 ML, the TRSHG trace showed a positive delayed
peak at t�20 fs, followed by an oscillating component with
a frequency of �3 THz due to the coherent K-Cu stretching
vibration. Because the unoccupied QWS band is stabilized
with increase in coverage and partly filled at �K�0.25 ML,
the filling of QWS is mostly responsible for the changes in
electronic and nuclear responses. The action spectrum of the
amplitude of the coherent phonon mode indicates that exci-
tation of d-band electrons to the s , p band right above EF is
relevant to the creation of coherent phonons. Therefore, it is
likely that the coherent phonons are excited by the substrate
mediated process in which holes �electrons� transfer into oc-
cupied �unoccupied� part of the QWS band within the exci-
tation pulse duration.

The oscillatory component due to the coherent K-Cu
stretching vibration showed little coverage dependence of its
frequency and decay time. However, as coverage increases to

FIG. 8. Pump-photon-energy dependence of the amplitude of �
component measured at �K=0.25 ML. The amplitude is estimated
from the peak intensity in Fourier amplitude spectra of the oscilla-
tory components in TRSHG traces. Solid and dotted curves denote
the number of photo-generated carriers N estimated by using Eq. �3�
with �=10 nm �dotted� and �=1000 nm �solid�. The calculated
values of N are normalized by the carrier density at a photon energy
of 2.3 eV. Dashed lines denote transition energies from QWS to
IPSs �n=1, 2, and 3 from left to right�, respectively, estimated from
photoemission data �Ref. 7�.
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the saturation coverage, another component with a frequency
of �1.3 THz grew, while the component with �3 THz di-
minished. The low-frequency mode may be caused by a
structural change of the overlayer as the hexagonal structure
is compressed. In spite of the inhomogeneous adsorption
sites of potassium adatoms in the incommensurate hexagonal
structure, the decay times of both modes were substantially
longer than that observed in the study of Na/Cu�111� at the
saturation coverage. This indicates that the K-Cu stretching
mode is well isolated from Cu surface phonons in compari-
son with the Na-Cu stretching mode.
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