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Femtosecond time-resolved second harmonic generationsTRSHGd has been used to observe vibrational
wavepacket dynamics at a Cs-covered Pts111d surface. The creation and dephasing of vibrational coherence are
monitored via the intensity modulations in the second harmonic of probe pulses as a function of pump-probe
delay. The oscillatory signals are found in TRSHG signals upon the excitations at 580 and 800 nm, which are
the manifestation of nuclear wavepacket dynamics on the surface. The Cs-coverage dependence studied in
detail indicates that the wavepacket dynamics of Cs-Pt stretching modes and Pt surface phonon modes are
responsible for the TRSHG signals. The cos-like initial phase of the oscillatory signals and the coverage
dependence of the initial amplitude suggest that the vibrational coherence is associated with the resonant
excitation between Cs-derived states in the quantum well of the Cs overlayer. The rate of Cs-Pt vibrational
dephasing increases with the surface temperature. This behavior cannot be accounted for by the increasing
contribution from the hot bands of the Cs-Pt stretching mode. Instead, pure dephasing caused by anharmonic
coupling between Cs-Pt stretching and parallel modes in the Cs overlayer is likely the dominant mechanism
for the vibrational dephasing.
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I. INTRODUCTION

The control of molecular dynamics by tailored ultrashort
laser pulses demands detailed information on the creation of
a nuclear wavepacket and its time evolution. In spite of the
growing knowledge on the nuclear wavepacket dynamics in
gases and in bulk solids, the wavepacket dynamics of adsor-
bates on solid surfaces has been scarcely studied. Recently,
time-resolved second harmonic generationsTRSHGd has
been demonstrated to be a powerful tool to investigate the
dynamics of vibrational coherence at solid surfaces.1–3 We
have applied this technique to cesium atoms adsorbed on
Pts111d to observe the vibrational coherence of the Cs
- uPt stretching mode in the time domain.4,5 In our previous
paper,5 we have focused on the dephasing dynamics of the
Cs-Pt stretching mode under the influence of substrate hot
electrons induced by laser irradiation. As the pump laser flu-
ence increases, the dephasing rate significantly increases.
The enhancement of dephasing at high pump fluences is ac-
counted for by elastic and/or inelastic scatterings of hot elec-
trons at Cs on the surface.

To understand the excitation mechanism for the vibra-
tional coherence at the surface and subsequent dephasing dy-
namics, we need more precise information on the behavior of
TRSHG signals. In this paper, we describe the Cs-coverageu
dependence of TRSHG signals obtained from Cs/Pts111d by
using two different femtosecond light sources: the central
frequency of 800 nm with the duration of 130 fs, and
580 nm with the duration of 25 fs. In our previous reports,4,5

the measurements were performed atu,0.27 ML, where the
TRSHG signals representing CsuPt dephasing dynamics
are well fitted by a single exponentially damped oscillating
function as long as pump fluence is moderate. However, in
this paper, we show that TRSHG signals drastically changes
their waveforms asu is varied. Oscillatory signals are ob-

served only inu.0.2 ML and their features depend on the
photon energy of the employed light source. Analysis by
linear prediction singular value decompositionsLPSVDd in-
dicates that not only the Cs-Pt stretching mode, but Pt sur-
face phonon modessRayleigh modesd contribute to the sig-
nals. We discuss the excitation mechanism for the vibrational
coherence based on coverage and wavelength dependences.
We also examine the surface-temperature dependence of TR-
SHG signals, which provides a clue for the origin of dephas-
ing in the Cs-Pt vibrational coherence.

II. EXPERIMENT

The experiments were carried out in an ultrahigh vacuum
sUHVd chamber equipped with a cylindrical mirror analyzer
for Auger electron spectroscopy.4 Cs atoms from a well-
degassed alkali dispensersSAES gettersd were deposited on a
clean Pts111d surface at 110 K. Cs coverages were deter-
mined by Auger electron spectroscopy and work function
measurements. The procedure for TRSHG measurements is
basically the same as previously reported.4 Briefly, near-
infrared s800 nmd laser pulses with the duration of 130 fs
from a Ti:sapphire regenerative amplifiersSpectra Physics,
Spitfire, 1 kHzd were separated into two beams for pump and
probe pulses. Both of thep-polarized beams were focused on
the sample surface in the UHV chamber. Second harmonic
sSHd signals inp-polarization were generated by the probe
beam coaxially, passed through a band pass filter, and were
detected by a photomultiplier tube. A chopper was inserted in
the optical path of the pump beam for the lock-in detection
of pump-induced SH intensity modulations as a function of
the pump-probe delayt. The spatial and temporal overlaps of
the two beams were confirmed by monitoring the sum fre-
quency signals of pump and probe pulses from the sample
surface.
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A home-built noncollinear optical parametric amplifier
sNOPAd was also used as the other light source.6 The NOPA
system was modified to supply two independent outputs by
splitting an OPA pump beams400 nmd into two for pumping
two b-barium boratesBBOd crystals. This provides us two
ultrashort pulse sources tunable from 490 to 720 nm. In this
work, the wavelengths of both of the NOPA outputs were
fixed at 580 nm and used for pump and probe beams. For the
measurements with the NOPA light source, a 1 mm thick
fused silica plate was used as a laser inlet of the UHV cham-
ber for reducing pulse broadening by dispersion through the
optics. The NOPA output energy was,4 mJ/pulse right af-
ter the BBO crystal and the fluence absorbed at the sample
surface was estimated to be,500 mJ/cm2. From the cross
correlation profile of pump and probe pulses at the sample
surface, the pulse duration was estimated to be 25 fs. Here-
after, measurements with the Ti:sapphire fundamental light
are denoted as 800-nm pump, while those with NOPA are
denoted as 580-nm pump.

Throughout this paper, the transient change of SH inten-
sity DSHstd is defined asDSHstd=sSHstd−SH+d /SH+, where
SHstd and SH+ are the SH intensities with and without pump
pulses, respectively. The sample temperature was kept at
110 K during the measurements, if not specified.

III. RESULTS AND DISCUSSION

A. SH intensity vs Cs coverage

The lower panel of Fig. 1 shows the intensity variation in
SH+ of 800-nm pulses while Cs was continuously deposited
onto a clean Pts111d surface. The changes in work function
are also plotted in the upper panel. The work function de-
creases steeply in the beginning of Cs deposition and reaches
a minimum atu,0.25 ML s1 ML=1.531015 cm−2d. The
SH intensity is remarkably enhanced with the Cs deposition
and shows strong maxima atu,0.12 and,0.4 ML. The
strong enhancement in SHG induced by an alkali-metal over-
layer has been commonly observed in the systems of alkali-
metal overlayers on metals. The origins of the enhancement
are attributed to the local-field enhancement at an adsorbate-

vacuum interface and/or interband transitions between two-
dimensional alkali-metal adsorbate induced states.7–12

The prominent peak atu,0.12 ML in Fig. 1 can be due
to a two-photon resonance transition between Cs-induced oc-
cupied and unoccupied states as in the case of Cs on Cus111d
observed by Lindgren and Walldén.9 On the other hand, a
weak hump atu,0.28 ML is likely due to a one-photon
resonance transition between the Cs-induced states, since the
vacuum level is lowered to,1.5 eV above the Fermi level at
this coverage. Inu.0.28 ML, the SH intensity increases
with u owing to the local-field enhancement at the adsorbate-
vacuum interface and/or the interband transitions between
the Cs-induced states. The Cs overlayer becomes metallic in
this coverage range.13 Thus, the Cs-induced states involved
in the SH enhancement are the ones in a quantum wellsQWd
confined within the Cs layer as reported for Na/Cus111d.14

In u.0.4 ML, the SH intensity decreases rapidly, indicating
that the photon energy deviates from the exact resonance of
the interband transition.

B. The origin of TRSHG signals

Several factors influenceDSH, including electron dynam-
ics in the bulk and Cs overlayer, and coherent nuclear wave-
packet dynamics at the surface. Under a crude approxima-
tion, the effective second order susceptibility for SH
generation at the Cs/Pts111d surfacexeff

s2d can be decomposed
into a Cs-derived componentxCs

s2d and a substrate component
xPt

s2d. The photoinduced modulations of these terms can be
expressed in terms of the transient electronic temperature of
Pt substrateTe, the population change in a Cs-derived elec-
tronic banddnk and the nuclear displacement along a vibra-
tional modedQi, wherek andi are the indices for Cs-derived
electronic bands and vibrationalsphonond modes, respec-
tively. If dQi and dnk are small,xeff

s2d can be expanded in
terms of these terms. When we truncate the expansion at the
first order,xeff

s2d is written as

xeff
s2d = uxCs

s2du0 + o
i
U ]xCs

s2d

]Qi
U

0
dQi + o

k
U ]xCs

s2d

]nk
U

0
dnk + uxPt

s2du0

+ dxPt
s2dsTed. s1d

Here, uxCs
s2du0 and uxPt

s2du0 denote the pump-independent parts
of xeff

s2d. The second and third terms are due to the variations
of xCs

s2d by nuclear displacements and by electronic population
changes in Cs-derived states, respectively. The last term rep-
resents the variation ofxPt

s2d by the changes in electronic tem-
perature of Pt substrate. Since SH intensity is proportional to
the square ofxeff

s2d, DSH is mainly determined by the follow-
ing terms:

DSH~ o
i

uxCs
s2du0 ·U ]xCs

s2d

]Qi
U

0
dQi + o

k

uxCs
s2du0 ·U ]xCs

s2d

]nk
U

0
dnk

+ suxCs
s2du0 + uxPt

s2du0d · dxPt
s2dsTed, s2d

where all the smaller second order terms are neglected.
Equation s2d indicates that SH modulations caused by
nuclear wavepacket motion are linear to its displacement.

FIG. 1. Variations in SH intensityssolid curved and work func-
tion changesDf scirclesd as a function of Cs coverage. The wave-
length of the excitation laser is 800 nm.
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C. The coverage dependence of oscillatory signals

TRSHG signals generated from a clean Pts111d surface is
plotted in Fig. 2. At the clean surface, the signals show fast
and slow decaying components. The decaying signals int
.250 fs are well fitted by a double-exponential function
with time constants of 410 fs and 2.76 ps. No oscillatory
signals are detected from the clean surface. Figure 2 also
shows the temporal variations in electronic and lattice tem-
peraturessTe and Tlat, respectivelyd at the Pts111d surface,
estimated by the numerical integration of coupled diffu-
sion equations with the thermodynamic coefficients of bulk
Pt.15 Since the temporal profile ofDSHstd is similar to that
of Te, the signals originate mainly from hot electrons gener-
ated by the transient heating of the Pt substrate, i.e.,
uxPt

s2du0·dxPt
s2dsTed.

Figure 3 shows the coverage dependence of TRSHG sig-
nals from Cs/Pts111d generated by 800-nm pump. Atu
=0.12 ML, although theDSH signals deflect in the direction
opposite to that of the clean surface, the overall temporal

profile of the TRSHG signals is similar to that obtained from
the clean surface. From Eq.s2d, the reversed deflection of
DSH atu=0.12 ML is understood, provided thatuxCs

s2du0 and
uxPt

s2du0 possess an opposite sign to each other anduuxCs
s2du0u

@ uuxPt
s2du0u. Thus, the TRSHG signals atu=0.12 ML also re-

flect the transient changes inTe. Since the Cs-derived terms
grow with u, the contribution of substrate heatingdxPt

s2dsTed
to the signals becomes relatively small.

Upon further increase inu, oscillatory signals were
clearly observed. Foru.0.22 ML, a strong peak att
,0 ps appears in each spectrum. This peak may be due to
the ultrafast dynamics of electrons in Cs-derived unoccupied
statesssee belowd. Since the laser pulse width is not short
enough to distinguish the contributions of nuclear dynamics
from those of electron dynamics, it is difficult to analyze the
oscillatory signals unambiguously. Thus, we focus on the
signals att.250 fs for 800-nm pump, where the contribu-
tions of electron dynamics are negligible.

Figure 4 shows the Fourier transformsFTd spectra of the
oscillatory parts in the TRSHG signals for 800-nm pump at
various Cs coverages. We deduced the oscillatory parts from
the raw data int.250 fs by subtracting background compo-
nents whose frequencies are less than 1 THz. Each FT spec-
trum in Fig. 4 shows a main peak at 2.2–2.4 THz, whose
frequency varies withu. Since the frequencies are close to
those of the Cs stretching modes on Rus0001d s,2.1 THz at
0.2 MLd sRef. 16d and Cus001d s,1.6 THz at 0.27 MLd,17

the main peak is attributed to the CsuPt stretching mode.
Note that there is a clear dip at 2.5 THz in the spectrum at
u=0.22 ML. The dip frequency and its depth change withu.
The appearance of the dip indicates that some other compo-
nents coexist near the frequency of the Cs-stretching mode.

Figure 5 shows the detailed coverage dependence of TR-
SHG signals obtained by 580-nm pump. Although the spec-
tral features are similar to those in Fig. 3, some distinc-
tions are apparent. Each spectrum taken withuù0.26 ML
shows a relatively strong peak att,200 fs, as in the case of
800-nm pump. However, in contrast to Fig. 3, the peak is
well separated in the time domain from the pump pulse
thanks to the much shorter pulse duration in 580-nm pump

FIG. 2. A typical TRSHG tracesopen circled obtained from a
clean Pts111d surface. The fluence of the 800-nm pump pulse ab-
sorbed was 4.5 mJ/cm2. Shown together are the calculated profiles
of electronssolid curved and latticesdashed curved temperatures.
The initial temperature was set to be 110 K. The calculations were
performed for a Gaussian pulse with the duration of 130 fs and the
absorbed fluence of 4.5 mJ/cm2.

FIG. 3. Cs-coverage dependence of TRSHG signals for 800
-nm pump. The pump fluence was 4.5 mJ/cm2 for 0.12 ML and
1.8 mJ/cm2 for the others. The top trace shows a cross correlation
of pump and probe pulses. Zero in intensity for each trace is indi-
cated by a solid bar on the left-hand side.

FIG. 4. Fourier amplitude spectra of the oscillatory parts of
TRSHG signals for 800-nm pump at various Cs coverages. The
spectra are normalized at their peaks.
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than 800-nm pump. Thus, this is not caused by coherent
artifact discussed before,5 but rather reflects nuclear wave-
packet dynamics.

Figure 6 shows the FT spectra of the oscillatory parts in
TRSHG signals for 580-nm pump. These spectra were ob-
tained by the similar procedure as in Fig. 4 except for using
the time-domain data int.50 fs. A strong peak in
2.2–2.4 THz is due to the Cs-Pt stretching mode. Each spec-
trum taken in 0.22,u,0.26 ML andu.0.39 ML shows a
dip at ,2.5 THz and an additional peak in 2.6–2.8 THz. In
the spectra of 0.34,u,0.36 ML, a dip at,2.9 THz is ap-
parent, as in Fig. 4.

When a molecular system is resonantly excited, vibra-
tional wavepacket dynamics can be observed both on the
potential energy surfaces of ground and electronically ex-
cited states.18 In this case, the ground-state wavepacket is
induced by “resonant impulsive Raman scattering” and ex-
pressed as the depletion of initial ground state population

sholed.19,20 Vibrational wavepacket dynamics in both excited
and ground states were reported first on molecular systems
and later on the F centers in KBr21 and halogen-bridged
mixed valence linear chain complexes.22,23

As for Cs/Pts111d, the Cs adlayers showing the oscilla-
tory signals likely form 2D confined QW states. Thus, the
resonant excitation of inter-QW states by an ultrashort pulse
may generate wavepackets both in the ground and excited
states in 2D quantum well. However, the oscillatory signals
in Figs. 3 and 5 are not likely due to the wavepacket motion
in the excited state, since the dephasing time longer than 1 ps
is too long compared with the excited state lifetime of the
adsorbate.24 Thus, the main peak at 2.2–2.4 THz is due to
the wavepacket dynamics of the CsuPt stretching modes in
the ground state.

D. LPSVD analysis

To obtain a deeper insight into the time evolution of
wavepacket dynamics, the time domain data were fit to a
sum of exponentials and exponentially damped cosinusoids
by using the linear prediction singular value decomposition
sLPSVDd based on the procedure described in Refs. 25 and
26. The following functional form of TRSHG signals is as-
sumed in the analysis,

DSH =o
i

Ai cossvit + fidexps− t/tid. s3d

In the analysis, the TRSHG signals int.50 fs st
.0.25 psd are used for 580-nms800-nmd pump, and a con-
stant background is subtracted from each trace prior to the
analysis. The typical fitting results and the LPSVD analysis
are shown in Figs. 7 and 8 foru=0.26 and 0.40 ML, respec-
tively. The LPSVD fittings give 4–5 components whose fre-
quencies range from 0–3 THz. The obtained parameters are
plotted in Fig. 9 and summarized in Tables I and II. Typical
errors are ±2% for frequency, ±10% for dephasing time, and
±14° for initial phase. These were estimated by the statistical
distributions of the fitted parameters obtained in the different
sets of data.

FIG. 5. Cs-coverage dependence of TRSHG signals for 580
-nm pump. The top trace shows a cross correlation trace of pump
and probe pulses. The pump fluence was 0.5 mJ/cm2.

FIG. 6. Fourier amplitude spectra of the oscillatory parts of
TRSHG signals for 580-nm pump at various Cs coverages. The
spectra are normalized at their peaks.

FIG. 7. Fitting resultssupper traced and the LPSVD analysis
slower tracesd of the data atu=0.26 ML by 580-nm pump. Open
circles in the upper trace: the experimental data. Thin solid curve,
2.30 THz damped cosine. Dots, 2.61 THz damped cosine. Dashed-
dotted curve, the summation of the components ofsv /2p ,td
=s0 THz,4.29 psd ands0.72 THz, 0.47 psd. Thick solid curvestopd,
a linear combination of the components plotted below. See Table I
for the details of parameters.
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The components obtained from the fittings are classified
in two types: one is a damped cosinusoid withv /2p
.2 THz and the other below 1 THz. The former originates
from the vibrational wavepacket motions, and the latter from
merely electronic responses. Inu.0.25 ML, the low fre-
quency components witht=200–300 fs contribute largely,
irrespective of the pump wavelength. These rapidly decaying
background components may be ascribed to the ultrafast de-
cay dynamics of electrons excited into a Cs-induced unoccu-
pied QW state, and are likely responsible for the strong peak
observed att,0 in the time-domain data for 800-nm pump.

As described earlier, the damped cosinusoids withv /2p
=2.2–2.4 THz are due to the wavepacket motion of the
Cs-Pt stretching mode. In addition, there are other compo-

nents contributing to the TRSHG traces, 2.5–2.6 THz in
0.23øuø0.29 ML and,2.9 THz in 0.29øuø0.36 ML. In
the following, we discuss the possible origins for these com-
ponents.

In these coverage regions, it is known that alkali-metal
overlayer forms a couple of superstructures,s232d at u
=0.25 ML and sÎ33Î3dR30° at u=0.33 ML.27,28 In u
.0.33 ML, sÎ33Î3d domains are mixed with incommensu-
rate hexagonal domains and atu=0.41 ML, the first layer of
Cs is completed and the incommensurate hexagonal domains
are formed with rotational disorder.27

In the s232d domain, the phonon mode atM̄ of the clean

surface is folded toḠ, so that the phonon mode at the zone
boundary becomes optically active. The frequency of the sur-

face Rayleigh phonon mode atM̄ on Pts111d was reported to
be 10.8 meVs2.6 THzd,29 which is very close to that of the

FIG. 8. Fitting resultssupper traced and the LPSVD analysis
slower tracesd of the data atu=0.40 ML by 580-nm pump. Open
circles in the upper trace, the experimental data. Thin solid curve,
2.23-THz damped cosine. Dots, 2.56-THz damped cosine. Dashed-
dotted curve, the summation of the exponentially decaying compo-
nents oft=3.84 and 0.23 ps, the 0.74-THz damped cosine function.
See Table I for the details of parameters.

FIG. 9. LPSVD fitting parameters as a function of Cs coverage,
sad frequency,sbd dephasing time, andscd initial phase. Open circles
and open triangles are for Cs-Pt stretching modes for 580-nm pump
and 800-nm pump, respectively. Filled circles and filled triangles
are for additional components with frequencies higher than
2.45 THz for 580-nm pump and 800-nm pump, respectively. Typi-
cal errors are ±2% for frequency, ±10% for dephasing time, and
±14° for initial phase. The dashed curve insad shows a fitting result
by Eq. s4d. The dashed horizontal line inscd indicatesf=−180°,
i.e., cos dependence.

TABLE I. Parameters obtained from the LPSVD analysis of
TRSHG signals for 580-nm pump.

u
sML d

v /2p
sTHzd

t
spsd

f
sdegd A

0.23 2.60 0.48 −153 0.28

2.34 4.73 127 0.03

0 1.33 0 0.15

0 0.39 0 −0.54

0.26 2.61 0.48 −145 0.51

2.30 1.30 −193 0.20

0.72 0.47 2 0.18

0 4.29 0 0.10

0.27 2.31 1.81 −197 0.11

2.53 0.36 −154 0.49

0 9.92 0 0.07

0 0.22 0 0.33

0.29 2.89 1.09 −88 0.06

2.47 0.42 −155 0.46

2.33 1.57 −183 0.12

0.76 0.32 −25 0.25

0 0.91 0 0.11

0.34 2.92 0.71 −135 0.10

2.44 0.69 −177 0.39

0.73 0.33 −8 0.32

0.43 3.51 −34 0.01

0 0.76 0 0.18

0.36 2.96 0.55 −189 0.10

2.39 0.70 −170 0.31

0 2.59 0 0.04

0 0.21 0 0.55

0.40 2.56 0.39 −152 0.42

2.23 2.13 −175 0.08

0.74 1.62 −18 0.01

0 3.84 0 0.04

0 0.23 0 0.45
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additional component found in 0.23øuø0.29 ML. Thus, the
additional component is attributed to the Rayleigh mode at
M̄ on Pts111d folded to Ḡ. On the other hand, the frequency
of the surface Rayleigh modes atK̄ on a clean Pts111d sur-
face is reported to be 11.1 meVs2.7 THzd,29 which is com-
parable to that of the additional component in 0.29øu
ø0.36 ML. Thus, by the same token, it is ascribed to the
Rayleigh mode atK̄ on Pts111d folded to Ḡ because of the
Cs-sÎ33Î3d superstructure.

In uù0.39 ML, the additional component becomes
prominent and its frequency decreases, 2.41 THz for
800-nm pump and 2.56 THz for 580-nm pump. In the previ-
ous report,5 we showed that a fast decaying component ap-
pears as the pump fluence increases. This component is at-
tributed to the dephasing by substrate hot electron scattering.
However, the relative amplitude of this component did not
change when the pump fluence was reduced to one-fourth of

that employed in Fig. 8. Thus, this component is not caused
by the substrate hot electron scattering. A possible origin of
the additional component is a Rayleigh phonon mode opti-
cally activated by the incommensurate Cs overlayer or a
Cs-Pt stretching mode at the domain boundaries. In any
case, it is difficult to explain why the relative amplitude of
the component is so large, i.e.,,5 times larger than the
CsuPt stretching mode withv /2p=2.23 THz.

Note that the LPSVD result atu=0.40 sFig. 8d indicates
that the background component witht,400 fs has a large
amplitude. If this background component were due to sub-
strate transient heating, this should match to the TRSHG
signal at the clean surface. Although similar decay time com-
ponents exist on the clean surfacesFig. 2d, the substrate tran-
sient heating cause relatively large constant background that
is absent in Fig. 8. Therefore, this background compon-
ent is not likely due to the substrate transient heating, but
reflect the decay dynamics of photoexcited electrons in
the Cs-derived QW states above the Fermi level. It is note-
worthy that the dephasing time of the 2.56-THz component
s580-nm pumpd is close to those of the background compo-
nent. This indicates that the 2.56-THz component correlates
with the electronic decay in the Cs-derived unoccupied
states. Thus, another possible origin of this component could
be the nuclear wavepacket dynamics of the CsuPt mode in
the electronically excited states of the Cs-derived QW.

E. Oscillation amplitude vs coverage

The initial amplitude of the CsuPt stretching mode with
v /2p=2.2–2.4 THz are plotted in Fig. 10 as a function ofu.
Errors were estimated by the statistical distributions of the
obtained parameters divided by total SHG intensity and were
mainly due to the long-term variation of the laser intensity, in
particular, of the NOPA output. In the case of 580-nm pump,
the amplitude of the CsuPt stretching mode has a peak at
u,0.36 ML. This is consistent with the picture that the cre-
ation of vibrational coherence is enhanced by resonant exci-
tation between the Cs derived electronic states. In the case of
800-nm pump, the amplitude has a broad maximum in
0.26,u,0.38 ML and decreases atu.0.4 ML. This indi-
cates that the pump photon energys1.55 eVd is close but
does not reach to the exact resonance belowu=0.4 ML and
deviate from it owing to a sudden change in the electronic
state with the formation of the Cs incommensurate layer.

F. Phase shift vs coverage

The initial phase of oscillatory signals depends on the
excitation mechanism of vibrational coherence. The initial

TABLE II. Parameters obtained from the LPSVD analysis of
TRSHG signals for 800-nm pump.

u
sML d

v /2p
sTHzd

t
spsd

f
sdegd A

0.22 2.68 0.88 −142 0.09

2.26 1.86 −138 0.06

1.08 0.53 14 0.08

0 0.36 0 −0.78

0.25 2.56 0.51 −123 0.26

2.29 1.47 −174 0.18

0.09 1.21 −123 0.20

0 0.18 0 0.36

0.27 2.30 1.09 −140 0.36

0 4.95 0 0.14

0 0.70 0 −0.19

0 0.24 0 0.31

0.29 2.89 1.09 −97 0.07

2.55 0.87 −141 0.13

2.36 1.14 −174 0.30

0.12 4.31 −130 0.03

0 0.24 0 0.46

0.33 2.89 0.96 −105 0.07

2.38 0.74 −154 0.30

0.52 1.44 35 0.02

0 2.17 0 0.02

0 0.24 0 0.59

0.38 2.77 0.88 −46 0.04

2.29 0.52 −129 0.26

0.29 4.12 −117 0.01

0 0.20 0 0.69

0.41 2.41 0.43 −125 0.30

2.26 1.38 −201 0.14

1.61 1.26 −31 0.04

0.94 3.20 −220 0.02

0.13 1.24 18 0.49

FIG. 10. Variations of an initial amplitude of the Cs-Pt stretch-
ing mode as a function ofu. Filled circles, 800-nm pump. Open
circles, 580-nm pump.
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phase for the CsuPt stretching mode falls in the range of
−180±10° in 0.25,u,0.5 ML for 580-nm pumpfFig.
9scdg. According to the theoretical analysis on impulsive Ra-
man processes,20,30 the initial phase of vibrational coherence
varies as a function of the difference in energy between an
excitation photon and a relevant electronic transition. While
oscillatory signals show cos-like behavior at exact reso-
nance, the initial phase changes as the excitation photon en-
ergy is detuned and finally they show sin-like behavior at
complete off-resonance. The CsuPt stretching mode exhib-
its cos-like behavior rather than sin-like, which is consistent
with the resonance enhanced impulsive Raman excitation
mechanism.

In the case of 800-nm pump for 0.25,u,0.38 ML, the
initial phases of the CsuPt stretching mode fall in
−150±20°. This is close to cos-like behavior. However, the
initial phase changes rather erratically withu in contrast to
580-nm pump. This is because the pulse width in 800-nm
pump s130 fsd is substantially longer than 580-nm pump,
which is 1/3 of the vibrational periods,420 fsd, so that
large errors are unavoidable in the estimations of phases.

G. Frequency shift of the CsAPt mode vs coverage

As shown in Fig. 9sad, the peak frequency of the CsuPt
stretching mode increases slightly asu increases to,0.3 ML
and then decreases asu further increases, irrespective of the
pump wavelength. Klünkeret al.31 studied on the coverage
dependence of the KuPt stretching mode on Pts111d by
high resolution electron energy loss spectroscopy
sHREELSd. The vibrational frequency shows blueshifts in
the low coverage regionsfrom 17 meV at 0.02 ML to
22 meV at,0.16 ML d but shows redshifts when the cover-
age exceeds 0.2 MLsto 18.5 meV at 0.35 MLd. While the
blueshifts in the lower coverages are explained by dipole-
dipole interaction among the adsorbates, the origin of the
redshifts at higher coverages is not clear. The authors specu-
lated that the redshifts are due to the KuPt bond weakening
in the higher coverage region or changes in adsorption sites.
On the other hand, He and Jacobi16 studied the CsuRu
stretching mode on Rus0001d by HREELS, and observed the
similar coverage dependence of frequency as in the study of
K/Pts111d.31 The loss energy increases in the lower cover-
agessfrom 7 meV at 0.03 ML to 8.7 meV at 0.2 MLd, while
it decreases inu.0.2 ML sto 8.2 meV at 0.23 MLd. They
attributed the redshifts in higher coverages to the onset of
metalization of the overlayer.

The coverage dependence of the CsuPt stretching fre-
quency is similar to the alkali atoms on metal surfaces cited
above. Here, we examine the frequency shift by dipole-
dipole coupling. The vibrational frequency shift by dipole-
dipole interaction depends on the coverage as32

v2 = v0
2 +

q0
*Su

Mrs1 + aeSud
, s4d

wherev0 is the vibrational frequency atu→0 ML, Mr is the
reduced mass,q0

* andae are the effective charge at the limit
of zero coverage and the electronic polarizability of an
adsorbate-substrate complex, respectively. We tried to fit the

CsuPt frequencies observed in 0.18,u,0.35 ML showing
blueshifts with Eq.s4d, but the number of data points is not
sufficient to determine parameters in Eq.s4d uniquely. Then,
we tentatively assume that the effective mass of metal atoms
is so large thatMr is approximated byMCs. In this approxi-
mation onlyMCs is relevant to the stretching mode, thereby
v0 for the CsuPt mode is fixed to that estimated for
Cs/Rus0001d, i.e., 1.62 THz.16 This enables us to determine
the best fit parameter set,q0

* =0.32±0.03e0 and ae
=27±8 CV−1 m2. The fitting result is depicted in Fig. 9sad.
The effective charge is rather smaller than those estimated
for KuPt sq0

* =0.56e0d sRef. 31d and CsuRu sq0
* =1.1e0d.16

This is because we neglect the bond weakening effects that
also contribute in this coverage range where the fitting was
made.

H. Temperature dependence of oscillatory signals
and the dephasing mechanism

Here we discuss the dephasing mechanism of the CsuPt
stretching mode. Generally, the dephasing rate of vibrational
coherence of adsorbate on a metal surface is given by

G = geh+ gph + gdep, s5d

wheregeh andgph are dephasing rates by substrate electron-
hole pair excitation and by direct coupling to substrate
phonons, respectively, andgdep is a pure dephasing rate due
to anharmonic coupling to other low frequency adsorbate-
substrate modes or substrate phonon modes.

Figure 11 shows the oscillatory part ofDSHstd obtained at
various sample temperatures. These are the results obtained
by using 800-nm pump atu=0.27 ML where the contribution
of the Pt Rayleigh modes is negligible and the oscillatory
signals are well represented by a single exponentially
damped oscillation function. The frequency and the dephas-
ing rate determined by a standard least- squares fitting with a
single oscillation function are plotted in Fig. 12. As tempera-
ture increases, the frequency decreases, while the dephasing
rate increases.

Grahamet al.33 observed systematic frequency shifts and
line broadenings of frustrated translational modes of CO on
Cus001d as a function of temperature. These results were
attributed to the growing hot bands of the translational
modes whose frequencies are redshifted by the anharmonic-
ity of the lateral COuCu potential curve. Alternatively, the
anharmonic coupling between the nearly twofold degenerate

FIG. 11. Temperature dependence of the oscillatory TRSHG sig-
nals. Sample temperatures are indicated in the figure. The Cs cov-
erage was 0.27 ML, and the absorbed fluence in 800-nm pump was
3.4 mJ/cm2.

FEMTOSECOND WAVEPACKET DYNAMICS OF Cs… PHYSICAL REVIEW B 71, 085414s2005d

085414-7



translational modes can cause the line shape variation ob-
served.

We examine whether the variations in the central fre-
quency and the dephasing rate plotted in Fig. 12 can also be
interpreted by the hot bands as temperature increases. We
adapt a Morse potential function along a CsuPt coordinate.
The transition energy between the adjacent vibrational levels
is given by

DEv = "v0f1 − 2xesv + 4dg, s6d

where xe is an anharmonic coupling parameter andv is a
vibrational quantum number. As temperature increases, the
transitions from higher vibrational states contribute to the
spectra, resulting in a mean transition energy,

DEsTd =
SvDEve

−Esvd/kT

Sve
−Esvd/kT . s7d

As for the incoherent frequency domain spectroscopysi.e.,
He-atom scatteringd, the total linewidth,Gw, including the
contribution of hot bands is given by

Gw =ÎSvfDEv − DEsTdg2e−Esvd/kT

Sve
−Esvd/kT + g0, s8d

where g0 is the temperature independent width. Here, we
assume that all the contributions of the vibrational coherence
with the higher vibrational quantum numbers overlap in-
phase in TRSHG signals, and that the vibrational dephasing
rate is independent ofv. Then, the dephasing rateG is related
to Gw as G=Gw/2. In Fig. 12, the observed peak shifts are
well reproduced by Eq.s7d with an anharmonicity parameter
of xe=0.0054±0.0006 andv0=2.32±0.01 THz. In contrast,
the dephasing rate cannot be reproduced by Eq.s8d with the
samexe. Thus, the temperature dependence of dephasing
rates cannot be interpreted by the simple model that takes
into account only the anharmonic shift in the CsuPt vibra-
tional frequency.

The frequencies of parallelslongitudinald modes in a Cs
adlayer on Cus001d were found in 0–5 meVs0–1.2 THzd by
helium atom scattering.17 The parallel modes of Cs/Pts111d
system likely fall in the similar frequency range. Since the
frequencies are very low, they are populated thermally at the
temperatures used in the current study. Thus, the anharmonic
coupling between the CsuPt stretching mode and the par-
allel modes enhances the dephasing rate as temperature in-
creases. This pure dephasing is likely to be the dominant

mechanism for the temperature dependence of dephasing
rates.

Now we discuss which damping term in Eq.s5d domi-
nates over the others. Since the frequency of the CsuPt
stretching mode is below the maximum phonon frequency of
bulk Pt, the contribution ofgph to the total damping rate
would be large. The friction parameterh' for the damping of
a perpendicular mode via direct coupling to the substrate can
be estimated by using the elastic continuum model by Pers-
son as,34

h' =
mv2na

rdcL
, s9d

wherem is adsorbate mass,rd is the density of substrate,cL
is the longitudinal sound velocity of substrate,na is the num-
ber density of the adsorbate, andv is the oscillation fre-
quency. Introducingm=133 u, v=76 cm−1, and na=0.27
ML in Eq. s9d, we estimategph=h' /2 to be,1.0 ps−1. This
is close to the experimental results.

However, the reduction of the dephasing time is more
significant. The dephasing time of the CsuPt stretching
mode decreases by more than 50% as the coverage increases
up to u=0.38 ML, i.e., from 1/G.1.0 ps at 0.24,u,0.32
ML to 1/G=0.5 ps atu=0.38 ML. According to Eq.s9d, gph
increases linearly to the coverage. Thus, this theory predicts
that the dephasing time atu=0.38 ML to be,63% of that at
u=0.24 ML. The further reduction int would be due to the
increased disorder of the overlayer structure and/or due to
the enhancement of the anharmonic coupling with the paral-
lel modes.

When the first layer of Cs is completed, the dephasing
time is elongated to more than 1.5 ps, indicating that the
linear relation predicted by Eq.s9d between the dephasing
time and the coverage is no longer valid. It has been pointed
out that in an incommensurate layergph could be substan-
tially small due to the destructive interference of emitted
substrate phonons with long wavelengths.34 This mechanism
well explains the sudden change of the dephasing time atu
,0.41 ML.

On the other hand, there would be a substantial contribu-
tion of geh to the total dephasing rate, since Cs strongly
chemisorbs on Pts111d. The amount ofgeh is represented by
the charge fluctuationdn during the vibrational period as,35

geh= pvsdnd2. s10d

Without knowing the amount ofdn, it is impossible to esti-
mate the magnitude ofgeh. Thus, we estimate the upper limit
of dn from the total dephasing rate observed;geh,1 ps−1 at
u=0.27 ML results indn,0.37.

IV. SUMMARY

We have investigated how the nuclear wavepacket motion
of Cs adsorbed on Pts111d depends on Cs coverage and sur-
face temperature by femtosecond time-resolved second har-
monic generation. The oscillatory components in TRSHG
signals are attributed to the vibrational coherence at the sur-
face. The most prominent component is the one in
2.2–2.4 THz caused by the nuclear wavepacket dynamics of

FIG. 12. Temperature dependence of the frequencysopen
circlesd and dephasing ratesfilled squared of the TRSHG oscillatory
signals. Solid curve is a fitting of the frequency shift by Eq.s7d. A
dotted curve is the temperature dependence of the dephasing rate
calculated from Eq.s8d with xe=0.0054 andg0=1.2 ps−1.
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CsuPt stretching in the ground state. For 580-nm pump, the
wavepacket motion of the CsuPt stretching mode appears
at u.0.18 ML and its coherent amplitude has a sharp maxi-
mum in u,0.36 ML. On the other hand, the wavepacket
motion is observed in 0.26,u,0.38 ML with a broad maxi-
mum for 800-nm pump. These features indicate that the vi-
brational coherence is enhanced by the electronic resonant
excitation between Cs derived surface states in the coverage
range.

The LPSVD analysis revealed that the additional compo-
nents with frequency higher than 2.45 THz are contained in
the oscillatory signals. The frequencies of the additional
components are 2.5–2.6 THz in 0.22,u,0.29 ML, and
,2.9 THz in 0.29,u,0.37 ML. These components are as-
signed to the Rayleigh phonon modes of the Pt substrate. In
u.0.39 ML, the other component with frequency of
,2.5 THz gains a large amplitude for 580-nm pump, whose
origin is not clear at this stage.

The frequency of the CsuPt stretching mode shows
blueshifts in 0.18,u,0.35 ML but redshifts in 0.35øu
ø0.41 ML as Cs coverage is increased. This frequency shifts
are determined to the balance between the dipole-dipole cou-

pling among the adsorbates and bond weakening associated
with structural changes. The dephasing time of the CsuPt
mode becomes shorter as the coverage increases until the
first layer is completed. This is attributed to the adlayer
structural change and/or the enhancement in the damping
rate by one-phonon emission to the substrate. The tempera-
ture dependence of the dephasing dynamics and the oscilla-
tion frequency of the CsuPt mode could not be interpreted
simply by contributions of hot bands. Instead, they are pos-
sibly due to pure dephasing by anharmonic coupling between
the CsuPt stretching and parallel modes.
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