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Anomalous photoemission from Ag„100… in the femtosecond regime
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We investigate the nonlinear photoemission from a silver monocrystal with femtosecond laser pulses in a
wide range of photon energies (0.8 eV,hn,6.3 eV). Electrons with high kinetic energy are observed in all
cases of nonlinear photoemission and at intensities much smaller than 1 GW/cm2. In the infrared, the electron
distribution resembles a decreasing exponential, the tail extending up to tens of eV. Athn53.1 eV such
exponential distribution coexists with the Fermi-Dirac distribution due to two-photon emission. An explanation
in terms of nanosize protuberancies, heated by localized surface plasmons cannot be ruled out, but alternative
pictures, however speculative, are worth being considered.

DOI: 10.1103/PhysRevB.67.035428 PACS number~s!: 71.10.Ca, 79.60.Bm
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I. INTRODUCTION

Nonlinear photoemission from metals irradiated with hi
peak power laser pulses has been investigated as soo
picosecond and femtosecond lasers were available.1–4 Pulses
of short time duration are ideal to study the electronic beh
ior since they allow to employ high intensity without heatin
the lattice. Early measurements concentrated on the po
dependence of the yield versus pulse energy and evide
that it changes according to the intensity regime. Bloemb
gen and co-workers explained this complex power dep
dence by introducing the concept of thermally assis
photoemission.2–4 In the last decade two photon photoem
sion ~2PPE! attracted interest as a fundamental tool in t
study of the lifetime and dephasing time of surface states5–8

and has also proved to be a promising technique for the s
of adsorbates.9–11

In this paper we present results on an intriguing asp
associated to photoemission with short pulses which is
yet properly understood and also poorly characterized
fact, irradiation of metals with photons of energyhn smaller
than the work functionW, may lead to the generation o
electrons with a kinetic energy up to severalhn, and with a
spectrum without the discrete steps expected for a multip
ton absorption. This behavior can be observed even at m
erate intensities, as we shall show.

High kinetic energy electron photoemission was first o
served with picosecond pulses, a regime where the inter
tation can be even more difficult.12–15 Using femtosecond
pulses, the authors of Ref. 16 reported for copper the
pected one-photon and two-photon spectra~with a sharp cut-
off on the high kinetic energy side! when the photon energ
was 4.5 and 3 eV, respectively. They still found photoem
sion athn'1.5 eV, but with a featureless spectrum and
electron kinetic energy~KE! extending up to 6–8 eV. In this
case, they attributed the emission to a process similar to
nel ionization in atoms. Since tunnel ionization requir
fields much higher than those of the laser pulse, they p
posed a field enhancement mechanism similar to the
invoked in ‘‘surface enhanced Raman scattering’’ or in ‘‘e
hanced second harmonic generation,’’ namely, surface p
0163-1829/2003/67~3!/035428~10!/$20.00 67 0354
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mons excited by the laser pulse through surface roughn
Also the high kinetic energy part of the spectrum could
attributed to the field associated to surface plasmons:
field would accelerate the electrons once in vacuum thro
the ponderomotive force. Indeed kinetic energies of tens
even hundreds of eV have been recently measured with
rangements specifically chosen and designed to couple
laser pulse to a surface plasmon, such as total internal re
tion at the prism-metal film interface17 or the regular surface
modulation produced by a grating.18

Here we investigate the nonlinear photoemission from
silver monocrystal using a broad range of wavelengths:
side the fundamental pulse from a femtosecond Ti-sapp
laser and its harmonics, we also employed pulses down c
verted in the infrared (hn50.8 eV). In principle, an infrared
~IR! excitation is appropriate to discriminate between mu
photon processes and those mechanism—tunneling and
celeration included—which benefit from a large quiver v
locity. To characterize the surface, we used two-pho
photoemission from image states, taking advantage of
specific information offered by this nonlinear process.

High kinetic energy electrons~hot electrons! are observed
in all cases of nonlinear photoemission and at intensi
much smaller than 1 GW/cm2. Common signature at the dif
ferent photon energies are a yield which scales appr
mately with the third power of the intensity, independently
hn, and a shape of the electron spectrum similar to
Maxwell-Boltzmann distribution, with the high-energy ta
extending up to tens of eV. On excitation with the Ti:Sa
phire second harmonic, the photoemission shows the co
istence of two distributions: a hot electron distribution a
pears on top of the Fermi-Dirac distribution and becom
more relevant at increasing intensities. Various mechani
will be considered to explain photoemission in the IR and
presence of hot electrons. Multiphoton emission can be ru
out, as well as tunneling photoemission and electron ac
eration promoted by surface plasmons. A more realistic p
ture is that of localized-plasmons assisted electron heatin
surface imperfections to temperatures close to 0.5 eV, fr
which thermal emission follows. Some speculative scena
will be also mentioned, legitimated in so doing by the dif
©2003 The American Physical Society28-1
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culty to find a convincing explanation within more conve
tional processes. Finally, we notice that the above feature
nonlinear photoemission could be exploited to produce
bursts of energetic electrons19,20and that, in addition to more
fundamental motivations, the study of hot electrons at m
surfaces and the efforts to clarify the physical mechan
responsible for them can be of relevance in the field of p
tocatalysis.

The paper is organized as follows. In Sec. II we report
experimental arrangement and in Sec. III the results. Disc
sion follows in Sec. IV , while Sec. V is dedicated to surfa
plasmon and roughness. The conclusions are summarize
Sec. VI.

II. THE EXPERIMENTAL SETUP

The measurements are performed on an Ag~100! single
crystal, 83832 mm3 in size, oriented within an error o
62 °. The surface is polished with standard optical metho
The experiments are carried out in an ultrahigh vacuum s
tem at a base pressure better than 5310210 mbar at room
temperature. The first sample~sample No. 1! is cleaned by
two cycles of Ar sputtering and annealing at about 800
The surface quality is tested by means of low-energy e
tron diffraction ~LEED! and Auger spectroscopy. No con
taminants are detected, within the Auger sensitivity and
expected LEED image is observed. After the measureme
the sample was extracted from the vacuum chamber and
lyzed by atomic force microscopy~AFM! in air. We denote
by r a vector that span the plane of the surface and byz a
coordinate normal to it; byh(r) the height profile of the
interface between metal and vacuum as a function ofr and
by hq its spatial transform. The root mean square of
height profile is indicated withhr.m.s.. Different spots, ran-
domly chosen, exhibit a similar roughness, withhr.m.s.
512 nm. The height profile of a 1203120 mm2 spot is
shown in Fig. 1. The power spectrum is rather flat, w
^uhqu2& changing by less than a factor of 2 in the region
q’s comparable to the wavevector of the light (q/2p50.6
22.5 mm21). Some measurements have been performed
a second sample~sample No. 2! which was prepared with the
purpose to test a possible dependence of the feature of
toemission on the roughness of the surface. The surfac
sample No. 2 underwent a more accurate optical polish

FIG. 1. Atomic force microscope images of the surfaces of
samples.~a! Sample No. 1.~b! Sample No. 2. In both figures th
size of the area is 1203120 mm2.
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and, once in the chamber, it was exposed to a softer clea
procedure consisting of five cycles of sputtering and ann
ing at 600 K. Its height profile from AFM is also shown i
Fig. 1 and one can easily appreciate the difference w
sample No. 1. Indeed sample No. 2 showshr.m.s.53
24 nm, and a quite smooth power spectrum.

Femtosecond pulses (tp'150 fs,tp is the pulse tempora
width! at a fundamental wavelength of 0.79mm (hn
51.57 eV) are obtained from a regenerative Ti-sapphire
ser system operated at 1 kHz repetition rate. Second
monic (hn53.14 eV) and fourth harmonic (hn56.28 eV)
are generated through thinb-barium-borate~BBO! crystals,
while tunable ultrashort pulses are obtained from the fun
mental with a traveling-wave optical parametric genera
~TOPG!, based on BBO in type II phase matching. The s
nal wave of the TOPG (hn50.7721.03 eV), together with
its harmonics, allows to obtain light pulses at various f
quencies as required in the experiment. A long focal le
( f 54 m) gently focuses the beam and produces a smo
intensity pattern in the focal plane, where the sample is
sitioned. The intensity pattern is detected with a charg
coupled device~CCD! camera and/or a knife-edge measu
ment performed in an equivalent position in air. Dimensio
and spot sizes reported in the following are taken at the
width at half maximum~FWHM! of the fluence. The diam-
eter of the illuminated area is typically 0.7–1 mm.

The sample is mounted on a sample holder connec
with a ultra highvacuum manipulator with five degrees
freedom. The sample holder is isolated from the chamber
that it can be either grounded or connected to a picoamm
in order to measure the total photocurrent.

The kinetic energy of the photoemitted electrons is m
sured by a time of flight~TOF! spectrometer. Completely
shielded from the external magnetic fields, the TOF sp
trometer is mounted in them-metal experimental chambe
The residual magnetic field inside the experimental cham
and in the TOF spectrometer is smaller than 10 mG. T
TOF parameters have been optimised by electrons traje
ries simulations. After drifting through a 445 mm long fie
free region, the photoelectrons are accelerated onto a pa
multichannel plates and the time of flight is recorded by
multihit time-to-amplitude converter. The active area of t
multichannel plate is 1200 mm2, resulting in a geometrica
acceptance angle of6 2.6 °. The overall electronic noise o
the system is less than 1022 counts/sec and the energy res
lution is expected to be better than 30 meV~at KE
52 eV). The angle betweenb ~the direction of the imping-
ing optical beam! andt ~the TOF axis! is fixed at 30 °. Mea-
surements have been taken with the sample surface per
dicular either tob or to t.

III. RESULTS

A. Reflectivity

The reflectivity measurements at the fundamental wa
length ~790 nm! and the second harmonic~395 nm! are re-
alized collecting the light within a cone with an aperture
4,° around the specular reflection. Taking into acco

e
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Fresnel losses and scattering, we estimate that the lower
its of the Ag sample reflectivity are 0.95 at 790 nm and 0.8
395 nm.

B. Linear photoemission

Figure 2 shows the Fermi edge photoemission spect
excited by the fourth harmonic of the fundamental wav
length. Since the photon energy (hn56.28 eV) is larger than
the work functionW (W'4.6 eV), the photoemission is lin
ear in this case@one photon photoemission~1PPE!# and the
yield is proportional to the pulse energy. The laser Fe
edge spectrum is compared with the Fermi edge dete
with an hemispherical analyzer and excited by a He-I em
sion line athn521 eV. Giving allowance for the obviou
translation in energy, the two spectra can be overlapped q
precisely. By fitting the spectrum with the Fermi-Dirac di
tribution at room temperature, we infer that the energy re
lution of TOF spectrometer is better than 0.06 eV.

C. Nonlinear photoemission

Results of the nonlinear photoemission measuremen
\v53.14 eV are shown in Figs. 3 and 4, those at 1.57
0.8 eV in Figs. 5 and 6, respectively. The photoemiss
geometry is shown in each figure. In the plots reporting
yield @Figs. 3~c!, 5~c!, 6~c!#, the vertical axis shows the pho
toelectrons collected and detected by the TOF. The collec
aperture of TOF is about 1023 strad, and—assuming an iso
tropic emission—the number of ‘‘counts/sec’’ is quite clo
to the number of ‘‘total electrons emitted per pulse.’’ W
checked this numerical coincidence to be approxima
verified by measuring in a few cases the total photoemi
current. We find that the spectra and the yields are not
cially dependent on the polarization direction and on whet
the surface of the sample is normal tot or to b.

Quite interesting is the situation which is observed
irradiating with the second harmonic pulses~Figs. 3 and 4!.
The energy of a photon (hn53.14 eV) is sufficient to pro-
mote 2PPE. Indeed the spectra show a sharp Fermi-edge

FIG. 2. One photon photoemission spectrum obtained with (m)
150 fs pulses athn56.28 eV~fourth harmonic of the fundamenta!
and the time of fligth spectrometer, (s) He I emission line athn
521 eV and the hemispherical analyzer. The dashed line repre
the best fit of the room-temperature Fermi-Dirac distribution to
data.
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KE corresponding to 2hn2W. Moreover, at larger kinetic
energy, a hot electron tail is evidenced. The number of
electrons collected per pulse increase asI 2 when integrated
over the spectrum, while the number of hot electrons, i
those photoemitted with KE.2eV, has an intensity depen
dence close toI 3.

With both infrared radiations~see Figs. 5 and 6! the yield
grows approximately asI 3 ~where I is the peak intensity!
before saturation. The spectrum resembles a decreasing
ponential, with a behavior similar to the hot electron t
observed in the second harmonic spectra. Athn50.8 eV and
at I'1 GW/cm2, we estimate that each pulse photoem
about 104 electrons/cm2 with KE.10 eV.

A Maxwell-Boltzmann distribution is fitted to the ho
electron spectra and the hot electron population ic charac
ized with its temperatureTeff . The values ofTeff are reported
in Figs. 3, 5, 6. We find that for excitation in the visib
Teff'0.620.8 eV, depending on the intensity. The equiv
lent temperature increases to over 2 eV with photon ene

nts
e

FIG. 3. Irradiation:hn53.14 eV, normal incidence.~a! Energy
spectra of photoemitted electrons at different intensities. Das
lines are fits of the exponential function exp(2bE) to the high en-
ergy tails.~b! Plot of the ‘‘effective temperature’’ (Teff) versus in-
tensity. Irradiated area: 0.9 mm2. ~c! Integrated electron yield ver
sus intensity. Each point is obtained from the energy integration
the spectra reported in~a!. The dashed line represent a second or
power dependence on intensity.
8-3
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hn50.8 eV. Two different exponential functions are used
fit the high energy part of the spectrum and two temperatu
are reported in the figure.

D. Emission from image states

Ag(100) has a band structure with a gap in the projec
bulk band structure. Image potential states are positio
within this gap, at 0.53 eV (n51) and 0.16 eV (n52) be-
low the vacuum level and at about 3.90 eV (n51) and 4.27
eV (n52) above the Fermi level.21 In the past these imag
states have been the subject of several studies mainly
cused to elucidate the properties of electrons confined in
dimensions or to inquire about their lifetime.6,7 Features as-
sociated with these states appear in the spectrum of the
toelectrons which are emitted normal to the@100# surface
after having been excited with an adequate photon ene
Usually an angular resolved resonant22 2PPE configuration is
used and, in agreement with the selection rules of the dip
transitions, they are observed only withp-polarized radia-
tion. To measure the surface states features, we set

FIG. 4. Same condition of Fig. 3, except for the incidence an
which is now 30°.~a! Excitation withp-polarized light.~b! Excita-
tion with s-polarized light.
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Ag~100! surface perpendicular to the TOF axis and tune
parametric oscillator so that its fourth harmonic provides
beam with photon energy adjustable around 4 eV. The res
of a measurement are reported in Fig. 7.

Concluding this section, we note that all the data repor
in the figures are obtained with sample No. 1. Measureme
at 0.8 and 1.5mm have been repeated with sample No. 2. W
found no difference in the spectra, and hence no depend
of the data on the sample roughness.

IV. DISCUSSION

A. Absorption

The values ofnr , the refractive index, and ofR, the re-
flectivity of a flat surface, given in the literature are report
in Table I. In the table we also reportRmin , the lower bound-
ary of the reflectivity obtained from our measurement.R dif-
fers from Rmin by a few per cent. The differenceR2Rmin
includes the experimental uncertainty, side scattering~light

e

FIG. 5. Irradiation:hn51.57 eV, normal incidence~a! energy
spectra of photoemitted electrons at different intensities.~b! Plot of
the ‘‘effective temperature’’ (Teff) versus intensity. Irradiated area
1.1 mm2. ~c! Integrated electron yield versus intensity. Each po
is obtained from the energy integration of the spectra reporte
~a!. The dashed line represents a third order power dependenc
intensity.
8-4
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FIG. 6. Irradiation:hn50.8 eV, normal incidence~a! energy
spectra of photoemitted electrons at different intensities.~b! Plot of
the ‘‘effective temperature’’ (Teff) versus intensity. The two tem
peratures represent the two different slopes clearly visible in
spectrum.~c! Integrated electron yield versus intensity. Each po
is obtained from the energy integration of the spectra reporte
~a!. The dashed line represents a third order power dependenc
intensity; Irradiated spot size 0.54 mm2

FIG. 7. 2PPE of then51 image state. Angle of incidence: 30°
Ag~100! surface perpendicular to the TOF axis. Polarization a
photon energy as indicated.
03542
reflected outside the cone of collection! and ‘‘extra absorp-
tion’’ such as the one due to the coupling of the radiation
surface plasmons through roughness.

B. Image states

In Fig. 7, the sharp peak positioned around 4 eV is
signature of then51 image state. It disappears when t
radiation iss polarized, in agreement with the selection rul
of the dipole transitions, and whenhn,3.9 eV. The image
states are confined alongz, the direction normal to the sur
face, and the component of the wave function relative to t
direction depends on the indexn. Along the surface the elec
trons are free, they possess a translational energyEi
5\2ki

2/2m (ki is the momentum parallel to the surface! and,
similarly to any two-dimensional gas, they can be divid
into subbands, one for eachn. The width of the peak in Fig.
7 arises from the instrumental resolution, the spectral wi
of the optical pulse, the dephasing time of the image sta
and the spread in energy of all the states which contribut
it. The latter spread depends on the spread of theirki’s. For a
flat surface perpendicular to the detector axis the sprea
ki’s depends only of the acceptance angle of the detector
if the surface is locally tilted from normal, the spread d
pends on the magnitude of this random tilt. In fact, should
electron originate from a surface which is locally tilted 1
degrees from the normal, it would have a nonvanishingki
and then a KE which is 0.15 eV larger with respect to t
states at the bottom of then51 subband. The width of the
experimental peak associated to then51 state in Fig. 7 is
smaller than 100 meV and this shows that, at the microsco
level, the surface has an average tilt smaller than 10°.

C. Emission and spectrum

The most puzzling aspects are the electrons emitted w
high kinetic energy and, when the exciting radiation is in t
infrared, even the photoemission process itself. We shall a
lyze in the following some of the possible mechanisms.

1. Hot electrons and Coulomb repulsion

Hot electrons were first reported by Farkaset al.12 in con-
junction with 30 ps irradiation athn51.17 eV. Reference 14
suggested that the high KE arose from the explosion of
photoemitted electron bunch due to Coulombic repulsi
Even if confuted in subsequent experiments,15 the possibility

e
t
in
on

d

TABLE I. Refractive index (nr) and reflectivity (R).

hn53.14 eV hn51.57 eV hn50.8 eV

nr
a 0.172 i1.95 0.142 i5.2 0.452 i8.5

nr
b 0.052 i2 0.042 i5.4 0.152 i11

Rc 0.85 0.96 0.99
Rd 0.86 0.98 0.98

aRef. 23.
bRef. 24.
cRef. 25.
dCalculated using the refractive index in Ref. 23.
8-5
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BANFI et al. PHYSICAL REVIEW B 67, 035428 ~2003!
of such mechanism must be considered when irradiating w
pulses since the electrons are emitted in a short bunch
the charge density can easily become rather high. In
present experiment, however, there is sufficient evidenc
rule it out. In fact, we observe hot electrons also at l
irradiation intensity and at yields smaller than 100 electro
shot. An even more convincing argument against Coulom
explosion is offered by Fig. 8, where the spectra athn
53.14 eV and at 6.28 eV are both shown on a log scale.
electrons are absent in the case of linear emissionhn
56.28 eV), in spite of the fact that the total count rate
about 3 times larger than at 3.14 eV.

2. Electron heating and thermal emission

The emission rate of thermal origin is evaluated with t
Richardson equation using the electronic temperature
duced by the laser pulses. The temperature of the electro
calculated with the two-fluid model,1,4 which assumes the
system to be made by an electron gas in equilibrium wit
itself ~this is justified by the short thermalization time amo
electrons! and by the lattice. The energy absorbed from
laser beam is deposited into the electrons of the metal~the
region z,0) according toenmz, with 1/nm the penetration
depth of the evanescent field in the metal. The energ
transferred locally from the electrons to the lattice acco
ingly to the magnitude of the coupling parameterg ~see
Table II!, while each fluid through the respective therm
conductivities provides transport in a diffusion regime. T
parameters adopted in the simulation are listed in Table II
Fig. 9 we plot the predicted temperature at the surface ve
the absorbed fluence. The energy transferred to the la
during the laser pulse is negligible for any reasonable va
of the coupling parameterg. The surface temperatureTs and
the penetration depth 1/nm are almost independent on th
optical frequency. Athn51.57 eV, Ts reaches just 330 K
when I 51 GW/cm2 and 12R50.02 ~absorbed fluence

FIG. 8. Comparison of 1PPE and 2PPE spectra obtained w
similar count rate.
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53 mJ/cm2). The small absorption of Ag, corroborated b
its high thermal electronic conductivity, is the reason of t
small increase of the temperature. As expected, the ca
lated thermal emission turns out to be negligible in most
the intensity range of the experiment and, on the other s
it cannot explain the high ‘‘effective temperature’’ of th
spectrum. A better model could be represented by a very
electron gas~with T'Teff) produced by surface plasmon
limited to an area much smaller than the irradiated surfa
This possibility will be discussed in Sec. V A.

3. Multiphoton emission

When the photon energy is less than the work funct
hn,W, the first mechanism to be considered for photoem
sion is a multiphoton process. The main features of mu
photon emission are the minimum number of photonsnph for
which nphhn.W, the maximum KE of the ejected electron
given by KEmax5nphhn2W, the yield of nPPE scales as
I nph, the intensity necessary to produce a given yield
creases by orders of magnitude withnph. 2PPE measure
ments performed withhn53.14 eV exhibits all these fea

a

TABLE II. Physical parameters of Ag at a wavelength of 39
nm.

l: wavelength~nm! 395
R: reflectivity a 0.86
a: absorptivitya (m21) 6.13107

K: thermal conductivityb ~W/mK! 419
Cl : lattice heat capacityc (J/m3K) 2.63106

g: electronic heat capacityd (J/m3K2) 95
g: electron-phonon couplingd (W/m3K) 106

aRef. 23.
bRef. 26.
cRef. 27.
dRef. 28.

FIG. 9. Plot of the surface temperature~solid line! and of the
consequent thermal emission~dotted line! versus the absorbed flu
ence, as calculated with the two-fluid model and the paramete
the simulation as in Table II. The dashed line represents the sur
temperature calculated assuming no thermal conduction. Pulse
ration 150 fs.
8-6
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ANOMALOUS PHOTOEMISSION FROM Ag~100! IN THE . . . PHYSICAL REVIEW B 67, 035428 ~2003!
tures, and—when plotted versusnphhn—the spectra atnph

51 andnph52 show the same cutoff at the Fermi edge~Fig.
8!.

The interpretation is controversial athn51.57 eV. The
yield scales asI 3, a fact that suggests a three-photon em
sion. However, with respect to the findings athn
53.14 eV, a comparable yield occurs at intensities not m
larger and there is no cutoff or discontinuities in the sp
trum at energies corresponding to KEmax with nph53 ~or
nph54). Photoemission from metals (W'425 eV) on irra-
diation at'1.5 eV has been usually attributed to a multiph
ton process withnph53 or 4, the order depending on th
exact value of the work function and of the photon ener
This assignment is supported by the dependence of the y
on the third or on the fourth power of the intensity. Th
present results, in relation to the magnitude of the laser p
intensity and the shape of the spectrum, question this in
pretation, even if the strength of the argument may not
conclusive~for example, one could invoke temperature e
fects or consider that mechanism of electron accelera
subsequent to its emission could modify and smear the s
trum at 1.57 eV more effectively than at 3.14 eV!.

The ambiguity of interpretation regarding the multiphot
origin of the photoemission disappears athn50.8 eV, where
none of the features of multiphoton emission are observ
At this wavelength the dependence of the yield on inten
is close to a third power~see Fig. 6!, which is certainly
inconsistent with a multiphoton process which should be
least of sixth order.

4. Tunneling ionization

Tunneling ionization was proposed in Ref. 16 to expla
the presence of high kinetic energy electrons in spectra
tained withhn51.6 eV. In a tunneling process, the ener
of the electrons depends on the phase and the amplitud
the field at the instant of emission and can results in a c
tinuum spectrum. In the case of atoms the separation
tween the regime of multiphoton ionization and that of tu
neling is controlled by the Keldysh parameterg
5AWp/2Uq, whereWp is the ionization potential andUq

5 1
4 mvq

2 is the ponderomotive potential,vq the quiver veloc-
ity of the electron, given byvq5eE/mv with E the peak
amplitude of the field andm is the electron mass. The pa
rameterg is usually used to separate the multiphoton mec
nism (g@1) from the tunneling (g!1) regime. An estima-
tion of the photoemission regime at a metal surface can
done by applying the same relations. Givenhn51.57 eV,
W54.5 eV, E5108 V/m ~the corresponding intensity in
vacuum isI 51.5 GW/cm2), it resultsUq5531025 eV and
g5250. Fields'300 times larger are then necessary to p
mote tunneling. Such fields—when the ponderomotive
tential is converted to kinetic energy and the effect of
phase is taken into account—would accelerate the elect
to KE'2Uq'10 eV. It results that emission of hot electro
can only be accounted for by fields much larger than th
associated with the impinging pulse in our experime
Aeshlimann and co-workers invoked to this end surface p
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mons~SP! and suggested surface roughness as the coup
mechanism for their excitation.16

Electrons with high kinetic energy have been recently
ported with arrangements specifically designed to couple
laser pulse to surface plasmons.17,18 Such arrangements ar
based on a grating which modulates the surface depth o
a Kretchmann geometry~total internal reflection at a prism
metal film interface!. As expected, both experiments show
crucial dependence of the yield on the angle of incidence
clear sign that the laser field is being coupled to surfa
plasmons. Back to our case, however, the question is whe
and how the modest ripples of the nominally flat surface
our sample can provide the excitation of SP up to a 13

increase of the field.
We conclude this section with the following summary: b

decreasing the photon energy and increasing the intensity
photoemission moves from a 1PPE to a 2PPE regime
expected. On a further decrease ofhn, it is not observed the
nPPE of higher order, since before reaching the neces
intensities another mechanism of photoemission sets in.
two different physical processes are simultaneously pre
on irradiation with 3 eV photons. The new mechanism
photoemission could be explained by conventional proces
if the fields were much larger than those associate at the l
pulses at the intensities considered in these experiments
in other context of surface physics, the enhancement me
nism based on surface plasmons and surface roughnes
be invoked to this end. The question is whether there is m
ter to accept it and whether there is some independent
dence in favor or against it. This question is the topic of t
next section.

V. SURFACE PLASMONS AND SURFACE ROUGHNESS

The aim of this section is to comment on the role
surface plasmons associated to surface roughness and e
lish whether it is worth to push further the investigation
this direction or whether, as we believe, they are not
crucial elements which can explain the anomalous hot e
trons in the spectrum. It is probably worth saying that e
dences are not always clear cut or definitively conclusive
often occurs when random features—such as roughnes
this case—are involved. We shall first summarize and disc
the magnitude of field enhancement promoted by SP. In
second part we comment on a possible explanation base
SP, either because they promote tunneling and acceler
or because they promote in a few spots a strong elec
heating.

A. Field enhancement by surface plasmons

To describe surface plasmons it is common practice to
a different approach according to the level of scattering a
ultimately, of the surface roughness. SP which propagate
a fairly flat surface, with a scattering that can be treated a
perturbation, are called PSP’s~propagating surface plas
mons!. When the roughness of the surface becomes large
scattering increases and it cannot be treated just as a pe
bation. Plasmon localization is likely to occur, and one ta
of LSP’s ~localized surface plasmons!.
8-7
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1. Propagating surface plasmons

We briefly recall the properties of PSP on an ide
metal surface. Assuming a sharp discontinuity atz50
between the metal (z,0, relative dielectric constant«m)
and the the vacuum (z.0, «v51), the SP field can be
written as

ESP5(
q

AqLqe
i (qr2vqt), ~1!

whereAq is the amplitude of modeq. The direction of the
field and the mode profile alongz are given by

Lq~z!55 S q1
iq

nq
m

zD enq
mz for z,0,

S q1
iq

nq
v

zD e2nq
vz for z.0,

wherez is a unit vector along thez axis and

~nq
m!25q22«mvq

2/c2,

~nq
v!25q22«vvq

2/c2,

«m /nq
m5«v /nq

v .

For largeq, vq levels off atṽ.3.6 eV in Ag, while at small
q’s, q is close to but always somewhat larger thanvq /c.
Making use of the refractive index of Ref. 23, we calcula
that, at hn51.5 eV, the SP field extends up to 1/nm

'500 nm from the surface in the vacuum side and, simila
to the laser field, to a depth 1/nv'20 nm in the metal. Itsz
component, which accounts for the major part of the ene
of the SP, decreases by a factor 25 on crossing the vacu
metal interface. Assume the laser beam to be normal to
surface, with the impinging field given byEL,in
5Re$ELei (kz2vt)%. Due to the large reflection it forms a
almost standing wave in vacuum, with an amplitude'2EL
at 0.4mm from the surface and'0.15EL at the surface.
Direct coupling of the laser field with surface plasmons
not allowed since momentum conservation is not satisfi
but it can occur through surface roughness. The strengt
the coupling with a plasmon of wave vectorq is proportional
to hq , the fourier transform of the roughness height. One
estimate the amplitude ofAq by making use of the AFM data
on hq . The power spectrum is rather flat, with A lorentia
shape that changes smoothly in the region of interest~the
range ofq’s with vq in resonance with the various freque
cies of irradiation! so that coupling to PSP can take place
every photon energy. An estimate of the maximum plasm
energy can be quickly made from absorption. Athn
51.57 eV, attributing the whole difference betweenR and
Rmin to Asp , the absorption of surface plasmon, w
derive from Table I:ASP5R2Rmin50.03~we stress that this
is just the upper limit!. At this wavelength the component o
the field normal to the surface in the vacuum side accou
for almost all the energy of the surface plasmon, whose
03542
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ergy per unit area can be expressed aswSP

5(1/2)«0^uESP
v u2&(2nv)21, whereuESP

v u is the amplitude of
the SP field just at the vacuum-metal discontinuity. Sett
wSP equal to the absorbed laser fluence, given
(1/2)«0cuELu2Aabstp (tp is the pulse duration!, the root mean
square~r.m.s.! value of the plasmon field compared to th
exciting laser field is

ESP
v /EL'AAabsctp~2nv!. ~2!

This result is quite intuitive when considering thatctp
represents the pulse lengthl p . We have neglected plasmo
damping, an assumption quite reasonable since the reson
factor is larger than 100, exceeding the number of opti
cycles in the laser pulse. Substituting the appropriate va
one obtains, athn51.57 eV, ESP

(v)'2EL . The r.m.s. ampli-
tude of the SP field at the surface is then comparable to
laser field. But locally the SP field can be much larger, t
depending on the phases of theq components which enter in
the summation of Eq.~2!. During their lifetime the plasmon
propagates for a length'100 mm. If all the energy of the
plasmon wave which is contained in an area of 1
3100 mm2 could be made to collapse into a spot of sizel2,
one would have a local field enhancement of 100. T
unique possibility of concentrating the energy of an ultraf
excitation of a nanosystem in a small part of the whole s
tem by means of coherent control has been put forward v
recently.29 The effect is based on phase modulation of t
exciting ultrashort pulse and on the propagation propertie
surface plasmons. For an engineered system with an ap
priate geometry and an excitation pulse with a tailored ph
profile, the authors calculate a field enhancement as larg
100. A similar effect should exist to some extend also fo
random system and a pulse with a residual chirp, but
maximum conceivable enhancement is certainly mu
smaller.

2. Localized surface plasmons

Field enhancement by LSP has been studied in relatio
surface enhanced Raman scattering.30–33 Prepared by vapor
deposition, the Ag surfaces can be made rough or smo
according to the substrate temperature and the subseq
annealing. The rough surfaces which promote a large
hancement are made by clusters, typically 10–100 nm
diameter and separated among each other by a distanc
2–3 diameters. Raman enhancement as high as 1052106

have been reported, which suggest that the field has p
which are larger by a factor 20–30 than the average. A si
lar 20-fold increase has been estimated from the enha
ment of the SH observed by moving from a smooth Ag s
face to a rough one. The rough surface was fabricated
electrolytic cycling and consisted of spheroids, about 50
in diameter, covering 5% of the whole area.31. Following Mc
Call et al.,32 rough Ag surfaces prepared on purpose are b
ter modelled by an ensemble of independent spheres tha
an approach based on the ‘‘roughness.’’ At the surface o
small metallic spheres~with diameter sufficiently small so
thatd!l) the field scales according to«m21/«m12. Close
8-8
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to the resonant frequency—attained at«m12'0—the en-
hancement scales approximately as 3/Im(«m). The more ac-
curate calculations of Ref. 33 show that the largest field
hancement ('30) occurs for spheres of 10 nm size a
photon energy around 3.2 eV. The enhancement decreas
6 and moves to longer wavelength for 100 nm spheres,
creasing further for those of 1000 nm size.

Summarizing, we conclude that local field enhanceme
up to 20–30 times the laser field are conceivable in surfa
specifically prepared for this purpose. From the models p
posed it does not seem possible that such enhancement
take place at all the wavelengths, as it would be necessa
justify our results. The surfaces to which such large enhan
ments refer are quite different in terms of roughness from
monocrystal used in our measurements and have been
cifically prepared.

B. Are surface plasmons involved?

SP can give rise to tunneling photoemission and to e
tron acceleration up to the observed KE. However, as p
sented in Sec. III, field enhancement of a few hundreds
needed to this end. As discussed above, this figure is la
than conceivable in the best engineered situations. SP do
really seem to be involved since one would expected so
difference in the spectrum on changing from sample No. 1
sample No. 2, this in view of the different coupling promot
by the roughness.

Concerning LSP, consider an extreme scenario whe
30–40-fold field enhancement takes place in hot spots
very small size. In this situation, it is possible to reach
surface electron temperatureTs'0.5 eV at hn51.57 eV
with a laser intensity of 1 GW/cm2. The thermal emission
rate at this temperature is about 104 particles/mm2. LSP lo-
calized around nanostructures of 100 nm size, with den
104 cm22, could bring to such an emission rate. In the ca
of Figs. 3 and 4, 2PPE would come from the whole 1 m2

cold surface while hot electrons production would be limit
to the 1mm2 surface with high electron temperature.
should be noticed that with such a ratio between the
areas, 2PPE from hot spots is negligible even taking i
account the larger local field and the dependence of 2PP
I 2. Excitation of LSP in the IR should also be more difficu
than at 3 eV, a fact that is not evident in the photoemiss
yield. We notice that an extended nanoroughness can
ruled out from the experimental results. In fact, being a n
linear process, resonant 2PPE is expected to occur prefe
tially where the field is the largest and hence around
localized roughnesses, if present. But emission from a sp
oid, or from a curved surface would be contradictory w
the narrow energy peak of the image state in Fig. 7. Valua
information to this regard could come from a more detai
analysis and further data at low KE. In fact, in their interp
tation of 2PPE from Ag films, the authors of Ref. 34 arg
that, in addition to the direct transitions, the strongly inh
mogeneous field of LSP promotes indirect transitions. T
signature of the latter is the ‘‘rectangular 2PPE spectra’’ t
these authors observe with rough surfaces.
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We would like to mention that photoemission from
gold sample under irradiation of midinfrared pulses
very small intensity has been found by Farkas a
collaborators.35 A tail of high KE in the electron distribution
and the consequent emission has been attributed by the
thors to the peculiar condition one obtains when the collis
time is close to the half cycle of the em field. A furthe
validation of this model has been recently reported.36 How-
ever, we notice that the specific condition of the model
far from being met in any of the cases we considered
present experiment

VI. CONCLUSIONS

We have investigated the linear and the nonlinear pho
emission from a silver monocrystal under short pulse irrad
tion. Decreasing the photon energy from 6.28 to 3.14 eV a
increasing the intensity, the photoemission changes, as
pected, from the one-photon to the two-photon regime.
this regime the spectrum shows the appearance of an e
nential distribution of high kinetic energy electrons on top
the 2PPE Fermi edge. At lower optical frequencies (hn
51.57 and 0.8 eV) this mechanism accounts for all the p
toemission, the spectrum bearing no traces of a multipho
process.

The present data unambiguously show that a multipho
photoemission of third or fourth order has no chance to co
into play since a masking process sets in at lower intens
This new mechanism, which produces electrons with kine
energies up to tens of eV, can be explained by conventio
processes only if the optical fields at the surface are m
larger than the nominal one of the laser. To this end
considered the chances of field enhancement through su
plasmons and surface roughness. Within this frame, a p
sible scenario consists of photoemission of thermal na
from relatively few hot spots, these being made by prot
sions or roughnesses of nanometer size heated by loca
surface plasmons. The problem, however, is open to m
satisfactory interpretations.

However speculative, the picture of a tiny fraction of ele
trons, heated by the laser and decoupled from the majorit
the background at lower energy, is certainly suggestive. S
face effects, and the 2D gas of the image states can be
sidered to this end. Other mechanism we believe worth
vestigating are multielectron processes, whereby the en
of two or more particles is added for a larger energy o
single one.
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