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Photoelectrons with excess kinetic energy corresponding to several absorbed photons above the
work function have been measured from atomically clean Cu~110! and Cu~100! surfaces under
ultrahigh vacuum conditions. The power dependence of the photoemission yield does not follow a
simple power law dependence corresponding to the number of photons absorbed. This behavior is
reminiscent of other above threshold ionization~ATI ! or tunnel ionization~TI! processes observed
for atoms in the gas phase. The photoelectrons are generated with laser pulsewidths less than 100
fs in duration and peak powers as low as 100 MW/cm2. These intensities are on the order of 105

times lower than that required to observe similar phenomena in the gas phase. The relatively low
intensities and correlation with surface roughness suggests a contribution from a surface
enhancement mechanism. Thermal heating and space charge effects have been ruled out, and the
possibility of electric field enhancement at the surface due to the coupling of photons into surface
plasmons is discussed. The nonlinear yield and enhancement of the photoemission produced by
short pulse excitation needs to be considered when discussing photoinduced hot electron reaction
channels at metal surfaces. ©1995 American Institute of Physics.
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INTRODUCTION

There exists a great body of research on the topic
above threshold ionization~ATI ! of isolated atoms in the ga
phase. Briefly, ATI is a multiphoton process in which
atom absorbs more photons than the minimum necessar
ionization.1 With laser intensities in the 1013–1014 W/cm2

range, as many as 40 peaks, have been reported in the
tron energy distribution.2 The number of review articles o
this topic is evidence of the experimental and theoretical
terest in this phenomenon.3,4 Despite the great amount o
interest in gas phase ATI, comparatively little has been d
to date concerning ATI at solid surfaces, often called ab
threshold photoemission~ATP!.5

Our work is motivated by the desire to use current A
theories to understand the more complicated behavior
served at a metal surface. Several new considerations ari
a result of the solid state medium. ATI spectra can sh
peaks due to resonances induced by the AC Stark shift
ing from the enormous light field~excited bound states ar
shifted into resonance with an intermediate number of p
tons!. In a metal, however, the continuum band structure p
hibits any sharp features, and only AC Stark shifts into re
nance with surface states and image states5 can produce
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sharp features in the photoelectron spectrum. On the ot
hand, since the occupied density of states in a metal ha
sharp cutoff at the Fermi energy, it is possible to measure
series of plateaus, rather than peaks, separated by the ph
excitation energy. One intriguing possibility present durin
ATP that is not allowed in ATI is that there can be significan
field enhancement at the surface caused by surface plasm
image states, and/or adsorbate induced dipole fields.

A few recent studies in which the classic ATP behavio
of multiple peaks or plateaus separated by the incident ph
ton energy in their photoelectron spectrum from a metal su
face have been reported.5–7 All these previous studies em-
ploy relatively high pulse energy~.100 mJ/cm2/pulse! or
peak intensity~.10 GW/cm2! laser pulses. Together with the
relatively long pulse durations involved, it is difficult to be
sure that these results are not influenced by space cha
effects, i.e., energy gained during the field-free Coulomb e
plosion of the electron cloud on the way from the sample
the detector.8

In this paper we present the first observation of AT
spectra from single crystal copper surfaces in the ‘‘ve
short’’ pulse regime, where very short refers to pulse dur
tions less than;500 fs~Ref. 3!, and we also provide analo-
gies with ATI and tunnel ionization~TI! experiments. Using
pulse durations less than 100 fs, the electrons are produ
with the kinetic energy possessed at the moment of pho
emission, rather than the value that they would attain in
‘‘long pulse’’ ~pulse duration greater than;0.5 ps! measure-
ment, where the electrons can acquire significant amounts
the quiver energy back from the light field due to ponder
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8607Aeschlimann et al.: Surface enhanced multiphoton emission
motive acceleration.4 Furthermore, we ensure that the ave
age number of electrons emitted per pulse is on the orde
one in order to avoid space charge effects as discussed
Petiteet al.8 In the present study, electrons with as much a
eV kinetic energy have been measured. The present wor
unique in that far lower laser pulse energy and peak inten
are used in this study than in previous work. This allows
to rule out several possible competing mechanisms, such
space charge acceleration, transient thermionic emission,
ponderomotive acceleration. Finally, it is necessary to fi
rough spots on the surface when using these low intensit
which indicates that surface roughness plays a critical role
this process.

Apart from the intrinsic interest in the surface–laser fie
interaction that leads to electrons with large excess ene
there are also important surface photochemical issues
which these observations may have an impact. Many pho
processes at metal surfaces have been considered to be
mal in nature~i.e., simple laser heating of the lattice!, espe-
cially when employing high intensity pulsed lasers.9 There
has been an increasing amount of evidence that many
these processes are due to electronic excitations, howe9

Recently, a great deal of attention has been paid to nont
mal photoinduced reactions in which vibrationally and rot
tionally hot desorption products are observed. These h
been observed for one-photon as well as multiphoton exc
tion. In either case, excited electrons are believed respons
for the reactions.10–12

These new observations of true surface photochemis
are generally interpreted as arising from subvacuum el
trons within the metal that couple to excited states of ads
bates at the metal surface. The electronic reaction chann
multiphoton processes is separable from thermal mec
nisms only when short pulses are utilized, that is, on tim
scales shorter than lattice heating from the photoexcited e
trons. For one-photon processes, the electronic and ther
contributions can be separated by using very low intens
illumination,13 but for processes that have a superlinear fl
ence dependence, or when time resolved studies are ca
out with short pulsewidths~,1 ps!, it is necessary to have
high intensity pulses, and the only way to separate therm
mechanisms from the electronic mechanisms is to use v
short pulsewidths~,100 fs!. This has been done successful
by several groups, and brings up the role of large amount
sub-vacuum electrons. The production of potentially lar
numbers of highly reactive sub-vacuum and above-vacu
photoelectrons also needs to be considered in this prob
because these electrons have been shown to efficiently in
act with adsorbate molecules,9,12–17The present work char-
acterizes this aspect of the photophysical processes opera
at the surface, which may also contribute to the surface p
tochemistry.

EXPERIMENT

The laser system used in these studies consists of a
mode-locked Ti:Sapphire laser pumped by about 7.7 W fr
a cw Ar1 laser. This system produces pulses with energy
about 10 nJ/pulse, with a pulsewidth of 70–90 fs at a rep
tion rate of 82 MHz, and is tunable from 750 to 850 nm
J. Chem. Phys., Vol. 10Downloaded¬27¬May¬2005¬to¬128.138.140.67.¬Redistribution¬subje
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Pulse broadening due to the group velocity dispersion of th
uncompensated pulse as it passes through focusing len
and the chamber window leads to a pulse width of roughl
100 fs at the sample. Some of the results presented he
required the use of a regenerative amplifier utilizing chirpe
pulse amplification.18 The amplifier is pumped by an intra-
cavity doubled YLF laser operating at a repetition rate of 1
kHz that provides about 3 W of pump power. The output o
the regenerative amplifier is about 400mJ/pulse before re-
compression, and 180mJ/pulse after recompression, and the
pulse width is roughly 200 fs after recompression for the
studies performed here.

The ultrahigh vacuum system uses standard techniqu
to achieve a base pressure of 2310210 Torr. Our Cu~110! and
Cu~100! samples were cleaned by heating in oxygen to re
move bulk carbon impurities and then further cleaned b
repeated sputter-annealing cycles. We chose Cu because
electronic structure is relatively simple, and has been we
studied. In addition, the laser photon energy of 1.6 eV is to
small to excite eitherd-band electrons or image states by a
one photon process, which might otherwise complicate th
interpretation of the results. The work function of Cu~110! is
4.5 eV, and that for Cu~100! is 4.6 eV. In either case, at least
three photons are required to produce photoemission sin
the photon energy is 1.6 eV. The Cu sample is mounted on
manipulator with five degrees of freedom that allows a vari
ety of angles of incidence of the laser and detector angles
be investigated. The photoelectron spectra were measur
with a 10 cm inner radius hemispherical energy analyze
with 1% relative energy resolution and a 10° acceptanc
angle. The data reported here, with the exception of the p
larization dependence study, were obtained with the surfa
normal parallel to the axis of the detector entrance, and th
laser beam making a 45° angle with the surface normal. Th
crystallographic@010# direction lies in the plane defined by
the laser beam and the surface normal. Transmission energ
of either 10 or 20 V were used, which leads to 100 or 20
meV resolution, respectively. A23.0 to 6.0 V bias is applied
to the sample to eliminate the effects of any stray electri
fields. The applied bias voltage extends the range ofk states
being collected, but contributes less than 0.11 eV uncertain
to the energy resolution since the bias is small and copp
exhibits nearly free electron behavior. The electron kineti
energies reported here have the kinetic energy due to the b
voltage subtracted, and correspond to the kinetic energy
the photoemitted electrons leaving the metal surface.

RESULTS

A schematic representation of the photoexcitation with
the laser fundamental, second harmonic, and third harmon
is shown in Fig. 1. The measured spectra when using th
three different photon energies are shown in Fig. 2. The low
est photon energy, shown ashn1 corresponds to the funda-
mental laser wavelength at roughly 770 nm, or about 1.6 eV
Photon energieshn2 andhn3 are obtained by doubling and
tripling the laser fundamental, respectively. Given the 4.5 eV
work function of Cu~110!, it is seen in Fig. 1 that photoemis-
sion requires three photons at the laser fundamental, or tw
doubled photons, or one tripled photon.
2, No. 21, 1 June 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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8608 Aeschlimann et al.: Surface enhanced multiphoton emission
The cases of one photon and two photon photoemiss
are in complete accordance with expectations, as seen
Figs. 2~a! and 2~b!. That is, the width of the photoemission
spectrum is given by the total photon energy minus the wo
function. The behavior is completely different in the case
which the laser fundamental is used. In particular, rather th
dropping off at the point in energy where three photons ha
been absorbed, the kinetic energy of the photoelectrons
tends 6–8 eV above the vacuum threshold. There are el
trons being emitted whose kinetic energy would correspo
to the absorption of over seven photons. Studies of the la
power dependence of the photoemission yield indicate th
the yield as a function of electron kinetic energy doesnot
follow a power law based on the number of photons th
correspond to the kinetic energy of the emitted electron,
seen in Fig. 3~b!.

As the sample is moved around normal to the directio
of electron emission, hot spots are found at which the ph
toemission yield increases dramatically, on the order of
factor of 100–1000. These hot spots are much smaller th
the laser beam waist at the sample. This was determined
translating the sample from side to side and measuring
distance from 10% of the maximum photoemission yield o
one side of the maximum, through the maximum itself, an
to 10% of the maximum on the other side. Given that th
signal varies with the third power of the laser intensity, th
10% points occur at roughly 50% maximum laser intensit
We measured a distance of 96615 mm as the distance be-

FIG. 1. Schematic representation of one-, two-, and multiphoton photoem
sion spectra from copper. The photon energy of the laser fundamenta
hn1, and that for the second and third harmonics ishn2, andhn3 , respec-
tively, andF is the work function.
J. Chem. Phys., Vol. 102Downloaded¬27¬May¬2005¬to¬128.138.140.67.¬Redistribution¬subject
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tween a 10% photoemission yield on either side of the max
mum. The beam waist~the diameter of the 1/e2 points! at the
sample surface is measured to be about 100mm through
measurements with pinhole apertures which indicates a fu
width at half maximum~FWHM! of roughly 60mm, and
yields an 85mm projection on the surface since it is at a 45°
angle relative to the laser beam. These measurements pla
an upper limit on the size of the hot spots and are consiste
with roughness features that are far smaller than the las
beam spot size.

Polarization studies were carried out on the Cu~100!
sample that support the interpretation of these results
terms of locally rough hot spots. Sincep-polarized light is
more strongly absorbed thans-polarized light, it is necessary
to rotate the sample into an orientation normal to the lase
beam in order to prevent the polarization-dependent absor
tivity from affecting the polarization dependence studies
This causes the sample to be oriented at 45° relative to th
detector entrance and slightly lowers the absolute intensity
the signal, but it does not affect the relative intensities of th
spectra obtained. The polarization was rotated with a hal

is-
is

FIG. 2. One-photon, two-photon, and multiphoton photoemission spect
from Cu~110!. ~a!, ~b!, and~c! are the spectra measured when using photon
energies ofhn3 , hn2 , andhn1 , respectively, as shown in Fig. 1. The peak
laser intensities athn3 , hn2 , andhn1 , are 13104 W/cm2, 13107 W/cm2,
and 13109 W/cm2.
, No. 21, 1 June 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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wave plate such that the position of the beam on the surfa
did not change. It is found that the signal has a twofo
symmetry as a function of polarization rotation. That is, th
maxima~and minima! are separated by 180° of polarization
rotation, but the maxima and minima are not necessar
aligned with the crystallographic axes. Furthermore, if th
crystallographic axes were significantly affecting the sign
level, there would be horizontalandvertical maxima, where
the fourfold symmetry reflect the underlying fcc lattice alon
the @100# direction. There are also secondary maxima an
minima as a function of polarization rotation at more or les
arbitrary polarization. Sometimes hot spots are found th
have maxima with vertical polarization, sometimes wit
horizontal polarization, and sometimes at intermediate po
tions, all with equal probability. This indicates that the roug
spots destroy the order at the near-surface region, and w

FIG. 3. Typical spectra as a function of laser intensity. The intensity depe
dence shown in~a! and~b! are each obtained for about 50% of the hot spot
The laser intensities employed for the five curves are~i! 0.17 GW/cm2, ~ii !
0.28 GW/cm2, ~iii ! 0.41 GW/cm2, ~iv! 0.68 GW/cm2, ~v! 0.89 GW/cm2. The
inset in b displays a log–log plot of the photoelectron yield vs the las
intensity taken while monitoring 0.8 eV electron kinetic energy~solid
circles! and 2.5 eV electron kinetic energy~solid squares!. The slope of the
log–log plot at 0.8 eV is 2.8 and the slope at 2.5 eV is 3.2.
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the light couples into the hot spot it is not affected by the
underlying crystallographic symmetry several tens of Å
away. Figure 4 shows the polarization dependence of th
photoelectron yield for three different hot spots. The solid
lines are the measured data, and the dashed lines are
results of fitting the observed normalized yields to the fol
lowing functional form:

Y5A1 cos
2n~u2f1!1A2 cos

2n~u2f2!1C, ~1!

the yield is given byY. The coefficientsA1 andA2 determine
the maximum contribution from the cos2n~u2f! terms,u is
the amount of rotation of the laser polarization, in degrees
f1 andf2 are the phases for each contribution, also in de
grees. A constant offset is specified byC. The cos2n~u2f!
angular dependence was chosen to describe a dipole exc
tion mechanism with an intensity dependence that varies
the laser intensity taken to thenth power. The parameters for
each of the curves in Fig. 4 are given in Table I. It is ex-
pected thatn should be 3 if the yield depends on the lase
intensity cubed, as is shown in the inset of Fig. 3~b!. This, in
fact, provides a reasonable fit in Figs. 4~a! and 4~b!, but not
Fig. 4~c!. The purpose of plotting the polarization depen-
dence is to demonstrate the varied responses for differe

n-
s.

er

FIG. 4. The solid lines indicate the polarization dependence of three h
spots. A half-wave plate was rotated through 180° in order to rotate the las
polarization through 360°. The laser polarization is along the crystallo
graphic @010# direction at 0°, 180°, and 360°. The dashed lines are th
calculated polarization dependencies using Eq.~1! and the quantities in
Table I.

8609hanced multiphoton emission
, No. 21, 1 June 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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8610 Aeschlimann et al.: Surface enhanced multiphoton emission
roughness features rather than perform a detailed, quant
tive analysis of the functional form that best describes th
polarization dependence.

The twofold symmetry arises because the laser polariz
tion has twofold symmetry and there is a strong, yet ra
domly oriented, polarization dependence for any given h
spot that is not related to the underlying crystal axes. T
polarization dependence of a roughness feature arises fr
the fact that this is a nonlinear process, and if the light pre
erentially couples into a certain orientation on the roughne
feature, then there will be a strong enhancement when
polarization is rotated into that particular orientation. Th
maxima at other angles and the offset from zero seen at so
hot spots could be due to several roughness features w
different orientations that are very close to each other, or
single roughness feature that happens to be able to efficien
absorb light of a variety of polarizations.

We find that the occurrence of hot spots is increas
when the sample is not annealed after sputtering. It is know
that sputtering roughens the surface on a nanometer sca19

and this results in a higher probability of finding surfac
defects for better coupling of the laser field to the surfac
plasmons~see the following!. There is a roughly tenfold in-
crease in the number of hot spots per unit area, and
emission from the hot spots is slightly higher~about a factor
of 2–5! when the sample is not annealed compared to wh
it is.

Semilogarithmic plots of the spectra as a function o
laser intensity for two different spots are shown in Fig. 3
Two types of intensity dependent behavior are observe
Spectra similar to Fig. 3~a!, where the slope changes as th
laser intensity increases, are obtained about half the tim
while the other half of the time the slope is constant as t
laser intensity is increased, as shown in Fig. 3~b!. The inset
in Fig. 3~b! displays a log–log plot of the photoemission
yield vs laser intensity at the two different electron kineti
energies indicated with the arrows. The fact that the slop
on the log–log plot are the same indicates the same pow
dependence at high kinetic energy as at low kinetic ener
even though an additional photons’ worth of energy is a
sorbed. In the perturbative limit of multiphoton processe
the slope of a log–log plot of signal vs laser intensity wi
yield the number of photons involved in the process. Clear
a perturbative description of the photoemission is incorre
and this is exactly analogous to observations of ATI or TI i
the gas phase.3,4

TABLE I. Parameters used to fit the curves in Fig. 4 to the functional for
shown in Eq.~1!. The coefficientsA1 andA2 were constrained to be equal in
parts~a! and ~b!.

Curve A1 A2 f1 f2 n C

Figure 4~a! 0.58 0.58 36 134 3 0.41
Figure 4~b! 0.72 0.72 32 173 3 0.00
Figure 4~c! 0.28 ••• 6 ••• 1 0.68
J. Chem. Phys., Vol. 10Downloaded¬27¬May¬2005¬to¬128.138.140.67.¬Redistribution¬subje
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DISCUSSION

It is necessary to first rule out three possible mechanism
that might be thought to produce the observed spectra befo
discussing the underlying cause of these observations. Firs
the possibility of space charge effects needs to be ruled ou
It is known that electrons that are confined to a small region
in vacuum will all mutually repel each other due to the Cou-
lombic repulsion, that is, space charge. We show that th
space charge effect is not affecting our results. Petite an
co-workers showed both theoretically and experimentally
that if roughly 10 000 electrons are generated in a region th
diameter of the laser beam~100mm! that is roughly 10mm
thick, that they can reach kinetic energies on the order o
2–4 eV.8 We have measured roughly 1 pA of current drawn
through the sample when using moderate laser intensit
~13108 W/cm2!, which corresponds to less than 0.1 electron
being emitted per laser pulse, and, therefore, completel
eliminates the possibility of space charge effects from affect
ing our measurements. Furthermore, when employing the re
generative amplifier, we can increase the power per pulse b
up to four orders of magnitude if desired. Figure 5 clearly
shows the onset of space charge effects on the photoemissi
spectrum. The lower curve corresponds to that obtained a
maximum intensity with the unamplified system, while the
upper two curves demonstrate the measurable effects
space charge at one and two orders of magnitude higher i
tensity. At these higher laser intensities, the spectrum be
comes distorted and develops a notable bump at higher k
netic energy. The fact that these distortions do not occur unt
a factor of 10 above the maximum intensity used in the stud
ies with the unamplified laser provides further evidence tha
we do not need to consider space charge effects on the o
served photoemission spectrum when not using the amplifie
laser system.

m

FIG. 5. The effects of space charge are clearly seen as the laser intensity
increased from 1.03109 ~dotted line! to 2.631010 ~dashed line! to 1.231011

W/cm2 ~solid line!. As space charge effects become greater, a bulge deve
ops in the high energy portion of the spectrum.
2, No. 21, 1 June 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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8611Aeschlimann et al.: Surface enhanced multiphoton emission
The enhanced yield of photoelectrons at higher laser
tensity also needs to be considered. As seen from Fig. 5,
amplified laser conditions which approach the intensities
typical photodesorption experiments, the number of phot
emitted electrons is significant enough to produce spa
charge effects. In this process, some electrons are acceler
toward the detector with higher energy, while an equal num
ber are simultaneously accelerated back toward the surf
and do not escape the surface region.20 These latter electrons
would be available for inducing desorption processe
through well known electron induced desorption mech
nisms, i.e., electron attachment leads to a large amount
vibrational energy in the adbond.12,13,15,17The present study
indicates such a process could be occurring under the inte
laser excitation conditions typically employed. An importan
consideration is the relative contribution of photoemitte
electron-induced desorption relative to other propos
mechanisms. This issue is an important one which needs
be resolved because photoemitted electrons offer an alter
tive, and to a certain extent, simple explanation for the no
linear yields of hot desorption products observed in femt
second laser studies of metal surfaces.

Next, the possibility of thermionic emission is ruled out
Thermionic emission results when the high energy tail of th
Fermi–Dirac distribution of a hot, thermalized electron dis
tribution extends above the vacuum level. For intense optic
pulses of duration shorter than the electron–photon ene
relaxation time~a few ps!, a large thermal nonequilibrium
between the electrons and phonons can be achieved du
the much smaller heat capacity of the electrons. If the ph
toelectron spectra measured here were to represent the h
energy tail of a hot Fermi–Dirac distribution, the photoelec
tron yield would be proportional toe2E/kT and the slope of
the semilogarithmic plots in Fig. 3~b! would yield the under-
lying electronic temperature. The slopes in Fig. 3~b! would
then indicate an electronic temperature of about 7000
which is far too high, given our laser pulse energy of les
than 100 nJ/cm2/pulse and the heat capacity of copper. A
second method to rule out the possibility of thermionic emi
sion is to perform a time resolved experiment using th
pump–probe technique. We find that the photoelectron yie
as a function of pump–probe delay is identical to the thir
order autocorrelation function of the laser pulse as shown
Fig. 6~a!, i.e., the photoelectron yield is determined solely b
the cube of the instantaneous laser intensity which is cons
tent with the slope of three in the inset of Fig. 3~b!. If tran-
sient electronic heating was occurring, then the full width
half-maximum of this pump–probe experiment would b
larger than the FWHM of the third order autocorrelation be
cause the elevated electronic temperature persists for sev
hundred femtoseconds or longer, as measured by other wo
ers using amplified femtosecond laser systems.21,22 Figure
6~b! presents the results of the calculated temperature ris23

of the electron distribution for our experimental conditions
For simplicity, the electronic heat capacity was held fixed
3.33104 JK/m3, rather than letting it be linearly dependen
on temperature, thus, the calculated electronic temperat
rise will actually be overestimated. A thermal conductivity o
80 WK/m was used, and the peak laser intensity, pulse du
J. Chem. Phys., Vol. 102Downloaded¬27¬May¬2005¬to¬128.138.140.67.¬Redistribution¬subjec
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tion ~FWHM!, and spot size were 93108 W/cm2, 100 fs, and
100mm, respectively. The reflectivity and absorption coeffi-
cient were 0.5 and 79mm21, respectively. The electronic
temperature and lattice temperature were not coupled to ea
other for this calculation because it is known that the times
cale for energy relaxation from electronic excitation into the
lattice takes place on a time scale of 1–3 ps,24 which is much
longer than the timescale of interest for this calculation. Th
results of this calculation show that the maximum tempera
ture will be roughly 700 K, which is far lower than a tem-
perature of 7000 K which would be required for a therma
distribution of electrons to produce the measured photoemi
sion spectra~see the aforementioned!. More importantly, if a
thermal mechanism was responsible for the observed ele
tronic distribution, the temperature would remain elevate
for well over a picosecond, which clearly does not agree wit
the pump–probe measurements.

Finally, the possible effect of the laser field itself on the
photoemitted electron energy spectrum needs to be cons
ered. It is known that an electron that is in a very intens
laser field will acquire kinetic energy as it is pushed out o
the region of high laser intensity to low intensity. This effect
is known as ponderomotive acceleration4 and arises from the
Gaussian spatial distribution of the laser beam. The action

FIG. 6. ~a! displays the photoemission yield as a function of delay time
between two equal intensity pulses~solid circles! using the amplified laser
with a 190 fs pulsewidth. The amplified laser was employed because a 2
mm beam diameter could be used, and it was not necessary to search for
spots. The solid line is the calculated third order autocorrelation function fo
a Gaussian pulse with a 190 fs FWHM.~b! is the calculated electronic
temperature rise of the sample when using the unamplified laser.
, No. 21, 1 June 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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8612 Aeschlimann et al.: Surface enhanced multiphoton emission
the spatial intensity gradient is not instantaneous because
electrons must travel a distance on the order of the laser s
size to acquire kinetic energy due to acceleration from t
gradient. For laser pulses shorter than one ps in durat
there is simply not enough time for the electron to gain
significant amount of kinetic energy before the laser pu
has ended.3 Therefore, this mechanism cannot account f
the observed behavior of the photoelectrons.

As discussed in the Introduction, ATI or TI in the ga
phase requires laser intensities on the order of 1014 W/cm2,
whereas the photoemission that we are measuring occu
only 108 W/cm2. The fact that the photoemission occurs at
metal surface, and that it depends on hot spots or surf
roughness, reconciles these two seemingly contradictory
servations. It is well known that a tremendous enhancem
of the electric field at the roughened surface of a metal c
be achieved through excitation of surface plasmons.25 The
excitation of surface plasmons by photons is forbidden a
smooth surface/vacuum interface, because it is not poss
to simultaneously conserve energy and wave vector for b
the photon and surface plasmon.25 The most common way to
overcome this obstacle is to deposit a thin metal film on
dielectric substrate, such as a quartz prism, and direct
light through the dielectric medium rather than throug
vacuum. This allows direct coupling of photons and surfa
plasmons, and is known as the attenuated total reflec
~ATR! method.25 A second method to couple photons an
surface plasmons is to rule a grating on the surface. In
case, the photon wave vector and surface wave vector n
not be equal; efficient coupling can be achieved whene
the difference between the photon and surface plasmon w
vectors are integral multiples of 2p/a, wherea is the grating
constant. In the present study a randomly roughened sur
is used, which can be described in terms of its Fourier co
ponents of a two-dimensional grating, and will thus be ab
to couple photons and surface plasmons over a wide rang
difference in wave vectors.25,26 In addition to providing a
coupling mechanism, surface roughness features can
serve to localize and further enhance the surfa
plasmons.25,26

We deliberately roughened the surface to determine
effect on the photoemission yield. The sample was sputte
with Ar1 ions at kinetic energies from 1 to 3 kV, at 131026

Torr background pressure for 20 min. Girardet al.have per-
formed scanning tunneling microscope studies of a Cu~100!
surface after sputtering with 0.6 kV Ar1 ions, and found
roughness features on a 5–20 nm scale that are on the o
of 1 nm deep.19 The higher energy Ar1 ions used in the
present study will more effectively roughen the surface, lea
ing to features that are the optimum size to maximize t
localized surface plasmon fields.25,26 Studies of surface en-
hanced Raman spectroscopy, or SERS, found that the Ra
yield could be increased by up to 6 orders of magnitude a
roughened silver surface.26 Moskovits discusses SERS an
reasons for the enhancement, and concludes that the la
contribution to the enhancement is due to coupling of t
photons with surface plasmon modesvia random surface
roughness, as described earlier. In order to increase the S
J. Chem. Phys., Vol. 102Downloaded¬27¬May¬2005¬to¬128.138.140.67.¬Redistribution¬subjec
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yield by six orders of magnitude, the electric field woul
have to be enhanced by three orders of magnitude.

Based on these comparisons with previous work, the s
face roughness encountered at the hot spots can increase
electric field enough to cause either ATP or TI. In atom
physics, the reason for the loss of the ATI structure at high
laser energies is tunneling. The electrons interact with t
superposition of the Coulomb potential and the laser induc
electromagnetic field. The maximum of this potential de
creases steadily as the laser field increases. At a critical la
intensity, the electron can periodically tunnel into th
vacuum as a result of the oscillating laser electric field. In th
description of Corkumet al.,27 the electron escapes with
very little excess velocity and then behaves as a free parti
in the laser field. The relevant quantityg is proportional to
the ratio of the laser frequencyv to the electromagnetic field
strengthE:

g5A I P
2UP

5
v

E
•

A2mIP
e

, ~2!

where I P is the ionization potential of the atom,Up is the
ponderomotive potential,m is the electron mass, ande is the
electron charge. This ratio is known as the adiabaticity,
Keldysh parameter and is essentially the ratio of the las
frequencyv to the tunneling frequencyvt .

4 The parameterg
is generally used to separate the multiphoton mechani
~g@1! from the tunneling~g!1! regime.

Using 110 ps long laser pulses with intensities up to 12
GW/cm2, Toth et al. used photoyield measurements to sho
that a transition of pure multiphoton to optical tunneling ma
also occur at a gold surface.28 However, that experiment was
done in the long pulse regime~t.80 ps! where ponderomo-
tive acceleration and space charge broadening can influe
the photoemission spectrum. In contrast to ATP, tunneling
not expected to lead to discrete steps characterized b
width equal to one photon energy. The electron kinetic e
ergy distribution will instead be smeared out due to a spre
in the initial time of tunneling, relative to both the phase o
the laser field and the instantaneous intensity of the field
the time of emission.3 This view is supported by the recen
measurement of Mevelet al.29 who found strikingly similar
behavior to this work for multiphoton ionization of noble ga
atoms.

Optical tunneling from metals surfaces is more comp
cated than from single atoms. The Keldysh parameterg de-
pends critically on the local electromagnetic field strengt
which in our case is significantly enhanced by the couplin
of the laser light into surface plasmons. Tunnel emissio
studies performed with static fields show that roughly 5–1
V/Å ~1011 V/m! is required to allow electrons to tunnel into
the vacuum, which would require a laser intensity of 131015

W/cm2. The laser intensity used in the present studies
107–109W/cm2 which provides 107–108 V/m.30 Therefore, it
is the surface roughness that provides the additional two
three orders of field enhancement with a concomitant four
six orders of magnitude intensity enhancement, which is co
sistent with previous SERS studies utilizing roughened su
faces.
, No. 21, 1 June 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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SUMMARY

We have measured photoelectrons with far more kine
energy than would be expected based on the work functi
of the sample and photon energy used. These results
unique in that they are obtained at lower intensity than sim
lar gas phase studies and other above threshold photoem
sion studies from metals. The role of surface roughness,
defects, is seen to be critical in this process. It should
noted that the production of photoelectrons possessing la
amounts of kinetic energy when employing photon energi
well below the work function has important implications
with respect to photodesorption studies carried out with i
tense laser pulses. One of the reasons that these results
important is that there are several groups investigating
trafast desorption of adsorbates from metal surfaces driv
by subvacuum hot electrons using high intensity femtose
ond lasers.11,31–34 Furthermore, there are other groups tha
observe desorption driven by electrons photoemitted from
surface using ultraviolet light at very low intensities, indicat
ing that it is the electron kinetic energy, not the number o
excited electrons that drives many surface photoinduc
processes.9,13,16,17

The present study measures electrons with significa
amounts of kinetic energy that are generated with phot
energies well below the photoemission threshold using las
intensities at or below those used in many photodesorpti
experiments. Future studies will address whether multiph
ton photoelectrons with excess kinetic energy or spa
charge effects at high fluence make a contribution to t
photodesorption yield measured in the ultrafast photodeso
tion experiments.

The use of a high repetition rate, low pulse energy, u
trafast laser system has allowed data to be obtained tha
free of ambiguities due to thermal heating of the samp
~either electrons or lattice!, space charge effects, or pondero
motive acceleration. Furthermore, the laser intensities us
here are well below those required to produce above thre
old phenomena in the gas phase, and the roughness of
face defects provides the requisite field enhancement at
surface. More important, however, is the fact that we ha
been able to measure photoelectrons with excess kinetic
ergy from copper surfaces with very low pulse energy, inte
sity, and duration, leading to a measurement that is free
contributions from competing processes that are present
earlier studies.
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