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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 €¥ir<6.3 eV). Electrons with high kinetic energy are observed in all
cases of nonlinear photoemission and at intensities much smaller than 1 &\Waime infrared, the electron
distribution resembles a decreasing exponential, the tail extending up to tens of @v.=/8.1 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.
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[. INTRODUCTION mons excited by the laser pulse through surface roughness.
Also the high kinetic energy part of the spectrum could be
Nonlinear photoemission from metals irradiated with highattributed to the field associated to surface plasmons: this
peak power laser pulses has been investigated as soon feedd would accelerate the electrons once in vacuum through
picosecond and femtosecond lasers were avaifalBulses the ponderomotive force. Indeed kinetic energies of tens and
of short time duration are ideal to study the electronic behaveven hundreds of eV have been recently measured with ar-
ior since they allow to employ high intensity without heating rangements specifically chosen and designed to couple the
the lattice. Early measurements concentrated on the powdaser pulse to a surface plasmon, such as total internal reflec-
dependence of the yield versus pulse energy and evidencéion at the prism-metal film interfatéor the regular surface
that it changes according to the intensity regime. Bloembermodulation produced by a gratifg.
gen and co-workers explained this complex power depen- Here we investigate the nonlinear photoemission from a
dence by introducing the concept of thermally assistedilver monocrystal using a broad range of wavelengths: be-
photoemissio=* In the last decade two photon photoemis- side the fundamental pulse from a femtosecond Ti-sapphire
sion (2PPH attracted interest as a fundamental tool in thelaser and its harmonics, we also employed pulses down con-
study of the lifetime and dephasing time of surface sttBs, verted in the infraredi{r=0.8 eV). In principle, an infrared
and has also proved to be a promising technique for the studyR) excitation is appropriate to discriminate between multi-
of adsorbate$ ! photon processes and those mechanism—tunneling and ac-
In this paper we present results on an intriguing aspecteleration included—which benefit from a large quiver ve-
associated to photoemission with short pulses which is ndbcity. To characterize the surface, we used two-photon
yet properly understood and also poorly characterized. Iphotoemission from image states, taking advantage of the
fact, irradiation of metals with photons of energy smaller  specific information offered by this nonlinear process.
than the work functionw, may lead to the generation of High kinetic energy electronéot electronsare observed
electrons with a kinetic energy up to sevelnad, and with a  in all cases of nonlinear photoemission and at intensities
spectrum without the discrete steps expected for a multiphamuch smaller than 1 GW/cmCommon signature at the dif-
ton absorption. This behavior can be observed even at moderent photon energies are a yield which scales approxi-
erate intensities, as we shall show. mately with the third power of the intensity, independently of
High kinetic energy electron photoemission was first ob-hv, and a shape of the electron spectrum similar to a
served with picosecond pulses, a regime where the interprédaxwell-Boltzmann distribution, with the high-energy tail
tation can be even more difficuif-1°> Using femtosecond extending up to tens of eV. On excitation with the Ti:Sap-
pulses, the authors of Ref. 16 reported for copper the exphire second harmonic, the photoemission shows the coex-
pected one-photon and two-photon spe¢ivih a sharp cut- istence of two distributions: a hot electron distribution ap-
off on the high kinetic energy sidlevhen the photon energy pears on top of the Fermi-Dirac distribution and becomes
was 4.5 and 3 eV, respectively. They still found photoemis-more relevant at increasing intensities. Various mechanisms
sion athv~1.5 eV, but with a featureless spectrum and anwill be considered to explain photoemission in the IR and the
electron kinetic energyKE) extending up to 6—8 eV. In this presence of hot electrons. Multiphoton emission can be ruled
case, they attributed the emission to a process similar to tursut, as well as tunneling photoemission and electron accel-
nel ionization in atoms. Since tunnel ionization requireseration promoted by surface plasmons. A more realistic pic-
fields much higher than those of the laser pulse, they proture is that of localized-plasmons assisted electron heating at
posed a field enhancement mechanism similar to the onsurface imperfections to temperatures close to 0.5 eV, from
invoked in “surface enhanced Raman scattering” or in “en-which thermal emission follows. Some speculative scenarios
hanced second harmonic generation,” namely, surface plasill be also mentioned, legitimated in so doing by the diffi-
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and, once in the chamber, it was exposed to a softer cleaning
procedure consisting of five cycles of sputtering and anneal-
ing at 600 K. Its height profile from AFM is also shown in
Fig. 1 and one can easily appreciate the difference with
sample No. 1. Indeed sample No. 2 shows,s=3

—4 nm, and a quite smooth power spectrum.

Femtosecond pulses{~ 150 fs, 7, is the pulse temporal
width) at a fundamental wavelength of 0.Z8n (hv
=1.57 eV) are obtained from a regenerative Ti-sapphire la-
ser system operated at 1 kHz repetition rate. Second har-
monic (hv=3.14 eV) and fourth harmonich¢=6.28 eV)

FIG. 1. Atomic force microscope images of the surfaces of theare generated through thjg-barium-boratg BBO) crystals,
samples(a) Sample No. 1(b) Sample No. 2. In both figures the while tunable ultrashort pulses are obtained from the funda-
size of the area is 120120 unv. mental with a traveling-wave optical parametric generator

(TOPG), based on BBO in type Il phase matching. The sig-
culty to find a convincing explanation within more conven- nal wave of the TOPGHr=0.77—1.03 eV), together with
tional processes. Finally, we notice that the above features dfs harmonics, allows to obtain light pulses at various fre-
nonlinear photoemission could be exploited to produce ajuencies as required in the experiment. A long focal lens
bursts of energetic electroii$®and that, in addition to more (f=4 m) gently focuses the beam and produces a smooth
fundamental motivations, the study of hot electrons at metaintensity pattern in the focal plane, where the sample is po-
surfaces and the efforts to clarify the physical mechanisnsitioned. The intensity pattern is detected with a charged
responsible for them can be of relevance in the field of phocoupled devicd CCD) camera and/or a knife-edge measure-
tocatalysis. ment performed in an equivalent position in air. Dimensions

The paper is organized as follows. In Sec. Il we report theand spot sizes reported in the following are taken at the full
experimental arrangement and in Sec. Il the results. Discuswidth at half maximum(FWHM) of the fluence. The diam-
sion follows in Sec. IV, while Sec. V is dedicated to surfaceeter of the illuminated area is typically 0.7—1 mm.
plasmon and roughness. The conclusions are summarized in The sample is mounted on a sample holder connected
Sec. VI. with a ultra highvacuum manipulator with five degrees of
freedom. The sample holder is isolated from the chamber, so
that it can be either grounded or connected to a picoammeter
in order to measure the total photocurrent.

The measurements are performed on aril@@ single The kinetic energy of the photoemitted electrons is mea-
crystal, 8<8x2 mnt in size, oriented within an error of sured by a time of flighf TOF) spectrometer. Completely
+2 °. The surface is polished with standard optical methodsshielded from the external magnetic fields, the TOF spec-
The experiments are carried out in an ultrahigh vacuum sysrometer is mounted in thg-metal experimental chamber.
tem at a base pressure better than1® 1° mbar at room The residual magnetic field inside the experimental chamber
temperature. The first samp{sample No. 1is cleaned by and in the TOF spectrometer is smaller than 10 mG. The
two cycles of Ar sputtering and annealing at about 800 K.TOF parameters have been optimised by electrons trajecto-
The surface quality is tested by means of low-energy elecries simulations. After drifting through a 445 mm long field
tron diffraction (LEED) and Auger spectroscopy. No con- free region, the photoelectrons are accelerated onto a pair of
taminants are detected, within the Auger sensitivity and thenultichannel plates and the time of flight is recorded by a
expected LEED image is observed. After the measurementsyultihit time-to-amplitude converter. The active area of the
the sample was extracted from the vacuum chamber and anesultichannel plate is 1200 nfmresulting in a geometrical
lyzed by atomic force microscopfAFM) in air. We denote acceptance angle af 2.6 °. The overall electronic noise of
by p a vector that span the plane of the surface and by the system is less than 18 counts/sec and the energy reso-
coordinate normal to it; byn(p) the height profile of the Iution is expected to be better than 30 me¥t KE
interface between metal and vacuum as a functiop ahd =2 eV). The angle between (the direction of the imping-
by h its spatial transform. The root mean square of theing optical beamandt (the TOF axi$ is fixed at 30 °. Mea-
height profile is indicated withh, ,, . Different spots, ran- surements have been taken with the sample surface perpen-
domly chosen, exhibit a similar roughness, with,  dicular either tob or to't.
=12 nm. The height profile of a 120120 um? spot is
shown in Fig. 1. The power spectrum is rather flat, with
(Ihgl?) changing by less than a factor of 2 in the region of . RESULTS
g’s comparable to the wavevector of the lighg/27=0.6
—2.5 um™1). Some measurements have been performed on
a second sampl@sample No. 2which was prepared with the The reflectivity measurements at the fundamental wave-
purpose to test a possible dependence of the feature of phiength (790 nm and the second harmon{895 nm) are re-
toemission on the roughness of the surface. The surface @flized collecting the light within a cone with an aperture of
sample No. 2 underwent a more accurate optical polishing,® around the specular reflection. Taking into account

Il. THE EXPERIMENTAL SETUP

A. Reflectivity
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FIG. 2. One photon photoemission spectrum obtained wth ( ‘
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Fresnel losses and scattering, we estimate that the lower lim-
its of the Ag sample reflectivity are 0.95 at 790 nm and 0.8 at
395 nm.
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B. Linear photoemission

Figure 2 shows the Fermi edge photoemission spectrum
excited by the fourth harmonic of the fundamental wave-
length. Since the photon enerdgy=6.28 eV) is larger than 10°
the work functionW (W=~4.6 eV), the photoemission is lin- 0.01 0.1 1
ear in this cas¢one photon photoemissidiiPPE] and the Laser intensity (GW/cm?)
yield is proportional to the pulse energy. The laser Fermi
edge spectrum is compared with the Fermi edge detected FIG. 3. Irradiationthy=3.14 eV, normal incidencéa) Energy
with an hemispherical analyzer and excited by a He-I emisspectra of photoemitted electrons at different intensities. Dashed
sion line athr=21 eV. Giving allowance for the obvious lines are fits of the exponential function expgE) to the high en-
translation in energy, the two spectra can be overlapped quif@y tails.(b) Plot of the “effective temperature™{ey) versus in-
precisely. By fitting the spectrum with the Fermi-Dirac dis- tensity. Irradiated area: 0.9 nfm(c) Integrated electron yield ver-

tribution at room temperature, we infer that the energy resoSUs intensity. Each point is obtained from the energy integration of
lution of TOF spectrometer is better than 0.06 eV. the spectra reported i@). The dashed line represent a second order
' ' power dependence on intensity.

Counts/sec
)
11 ||||,|_|l

C. Nonlinear photoemission KE corresponding to Bv—W. Moreover, at larger kinetic

Results of the nonlinear photoemission measurements &nergy, a hot electron tail is evidenced. The number of the
fiw=3.14 eV are shown in Figs. 3 and 4, those at 1.57 aneatlectrons collected per pulse increasd 4asvhen integrated
0.8 eV in Figs. 5 and 6, respectively. The photoemissiorpver the spectrum, while the number of hot electrons, i.e.,
geometry is shown in each figure. In the plots reporting théhose photoemitted with KE2eV, has an intensity depen-
yield [Figs. 3c), 5(c), 6(c)], the vertical axis shows the pho- dence close té>.
toelectrons collected and detected by the TOF. The collection With both infrared radiationésee Figs. 5 and)@he yield
aperture of TOF is about 1§ strad, and—assuming an iso- grows approximately as> (where| is the peak intensily
tropic emission—the number of “counts/sec” is quite closebefore saturation. The spectrum resembles a decreasing ex-
to the number of “total electrons emitted per pulse.” We ponential, with a behavior similar to the hot electron tail
checked this numerical coincidence to be approximatelybserved in the second harmonic spectréhA+=0.8 eV and
verified by measuring in a few cases the total photoemittedt | ~1 GW/cn?, we estimate that each pulse photoemits
current. We find that the spectra and the yields are not cruabout 16 electrons/crh with KE>10 eV.
cially dependent on the polarization direction and on whether A Maxwell-Boltzmann distribution is fitted to the hot
the surface of the sample is normalttor to b. electron spectra and the hot electron population ic character-

Quite interesting is the situation which is observed byized with its temperatur&.;. The values ofl . are reported
irradiating with the second harmonic pulsé@sgs. 3 and 4 in Figs. 3, 5, 6. We find that for excitation in the visible
The energy of a photonh@pg=3.14 eV) is sufficient to pro- T.~0.6—0.8 eV, depending on the intensity. The equiva-
mote 2PPE. Indeed the spectra show a sharp Fermi-edge atemt temperature increases to over 2 eV with photon energy
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2 4 6 8 10 FIG. 5. Irradiation:hvy=1.57 eV, normal incidencés) energy
Kinetic energy (eV) spectra of photoemitted electrons at different intensitigsPlot of

N ] o the “effective temperature” To¢) versus intensity. Irradiated area:
FIG. 4. Same condition of Fig. 3, except for the incidence angle 1 mn?. (c) Integrated electron yield versus intensity. Each point
which is now 30°.(a) Excitation withp-polarized light.(b) Excita-  is optained from the energy integration of the spectra reported in
tion with s-polarized light. (@). The dashed line represents a third order power dependence on
intensity.
hv=0.8 eV. Two different exponential functions are used to
fit the high energy part of the spectrum and two temperatureag(100) surface perpendicular to the TOF axis and tune the

are reported in the figure. parametric oscillator so that its fourth harmonic provides a
beam with photon energy adjustable around 4 eV. The results
D. Emission from image states of a measurement are reported in Fig. 7.

) ] ) Concluding this section, we note that all the data reported
Ag(100) has a band structure with a gap in the projectegy the figures are obtained with sample No. 1. Measurements
bulk band structure. Image potential states are positioneg; o g and 1.5.m have been repeated with sample No. 2. We

within this gap, at 0.53 eVr(=1) and 0.16 eVi§=2) be-  foynd no difference in the spectra, and hence no dependance

eV (n=2) above the Fermi levét. In the past these image
states have been the subject of several studies mainly fo-

cused to elucidate the properties of electrons confined in two IV. DISCUSSION
dimensions or to inquire about their lifetifié.Features as-
sociated with these states appear in the spectrum of the pho-
toelectrons which are emitted normal to thE00] surface The values ofn,, the refractive index, and d®, the re-
after having been excited with an adequate photon energflectivity of a flat surface, given in the literature are reported
Usually an angular resolved resor@r2PPE configuration is in Table I. In the table we also repd®ty;,, the lower bound-
used and, in agreement with the selection rules of the dipolary of the reflectivity obtained from our measureméntlif-
transitions, they are observed only wighpolarized radia- fers from R,i, by a few per cent. The differend®@— R,
tion. To measure the surface states features, we set thecludes the experimental uncertainty, side scatte(ligit

A. Absorption
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10* - TABLE |. Refractive index fi,) and reflectivity R).
a) |
o hv=3.14 eV hv=1.57 eV hv=0.8 eV
n?2 0.17-i1.95 0.14-i5.2 0.45-i8.5
5P nrb 0.05-i2 0.04-i5.4 0.15-i11
3 R® 0.85 0.96 0.99
8 R 0.86 0.98 0.98
@ 10
3 3 “Ref. 23.
© o0 bRef. 24.
3 ‘Ref. 25.
] dcalculated using the refractive index in Ref. 23.
10" g
3 ; 5 A e v reflected outside the cone of collectjomnd “extra absorp-
02 ] | S NP AR, tion” such as the one due to the coupling of the radiation to
10 20 30 40 50 surface plasmons through roughness.
Kinetic energy (eV)
,\ 8 o) ‘ B. Image states
?'i 4 | . In Fig. 7, the sharp peak positioned around 4 eV is the
- J N L o N R signature of then=1 image state. It disappears when the
< 9 LA N S S R radiation iss polarized, in agreement with the selection rules
10* of the dipole transitions, and whénw<3.9 eV. The image
9 | oAt states are confined alormy the direction normal to the sur-
o 10° o & > NS : face, and the component of the wave function relative to this
% o direction depends on the indexAlong the surface the elec-
< 10 = ‘ trons are free, they possess a translational endtgy
3 ‘ zﬁzkﬁ/Zm (k is the momentum parallel to the surfaead,
10" =7 T T T T T T T similarly to any two-dimensional gas, they can be divided
0.1 1 10 into subbands, one for each The width of the peak in Fig.

H T 2 . . . .
Lasarintansity (G 7 arises from the instrumental resolution, the spectral width

of the optical pulse, the dephasing time of the image states
spectra of photoemitted electrons at different intensitigsPlot of f’md the spread in energy of all the states which cpntnbute to
the “effective temperature” T¢) versus intensity. The two tem- it. The latter spread c_iepends on the spread OT t{]ésr Fora
peratures represent the two different slopes clearly visible in théla}t surface perpendicular to the detector axis the spread of
spectrum.(c) Integrated electron yield versus intensity. Each pointK|'S depends only of the acceptance angle of the detector, but
is obtained from the energy integration of the spectra reported iff the surface is locally tilted from normal, the spread de-
(a). The dashed line represents a third order power dependence @¢Nnds on the magnitude of this random tilt. In fact, should an
intensity; Irradiated spot size 0.54 rAm electron originate from a surface which is locally tilted 10
degrees from the normal, it would have a nonvanishing
and then a KE which is 0.15 eV larger with respect to the
states at the bottom of the=1 subband. The width of the

FIG. 6. Irradiation:hv=0.8 eV, normal incidencéa) energy

14 o (hv 375 oV) experimental peak associate_d to the 1 state in Fig. 7 is .
12 smaller than 100 meV and this shows that, at the microscopic
/o khv =4.0eV) level, the surface has an average tilt smaller than 10°.
> 10
§ 8 ""' C. Emission and spectrum
*% 6 ' N st f4'° &v) The most puzzling aspects are the electrons emitted with
8 \ high kinetic energy and, when the exciting radiation is in the
4 N ;f\/\/ \ infrared, even the photoemission process itself. We shall ana-
Ny AN W lyze in the following some of the possible mechanisms.
0 = = 1. Hot electrons and Coulomb repulsion

20 25 30 35 40 45 : .
o Hot electrons were first reported by Farkaisal 12 in con-
Kinetic energy (eV)

junction with 30 ps irradiation atv=1.17 eV. Reference 14
FIG. 7. 2PPE of the=1 image state. Angle of incidence: 30°; suggested that the high KE arose from the explosion of the

Ag(100 surface perpendicular to the TOF axis. Polarization andphotoemitted electron bunch due to Coulombic repulsion.

photon energy as indicated. Even if confuted in subsequent experimelitthe possibility
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TABLE II. Physical parameters of Ag at a wavelength of 395
nm.

BANFI et al.
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FIG. 8. Comparison of 1PPE and 2PPE spectra obtained with
similar count rate.

of such mechanism must be considered when irradiating wit

pulses since the electrons are emitted in a short bunch ary

the charge density can easily become rather high. In th

present experiment, however, there is sufficient evidence t
rule it out. In fact, we observe hot electrons also at low
irradiation intensity and at yields smaller than 100 electrons/

\: wavelength(nm) 395
R: reflectivity 2 0.86
a: absorptivity? (m~1) 6.1x 10’
K: thermal conductivity (W/mK) 419
C,: lattice heat capacit§ (J/nTK) 2.6x10°
y: electronic heat capacify/(J/ntK?) 95
g: electron-phonon coupling (W/m3K) 10°
aRef. 23.

PRef. 26.

‘Ref. 27.

dRef. 28.

=3 mJ/cnt). The small absorption of Ag, corroborated by
its high thermal electronic conductivity, is the reason of the
small increase of the temperature. As expected, the calcu-
fated thermal emission turns out to be negligible in most of
the intensity range of the experiment and, on the other side,
it cannot explain the high “effective temperature” of the
pectrum. A better model could be represented by a very hot
ectron gagwith T~T.4) produced by surface plasmons,

ited to an area much smaller than the irradiated surface.
i’his possibility will be discussed in Sec. V A.

3. Multiphoton emission

shot. An even more convincing argument against Coulombic When the photon energy is less than the work function

explosion is offered by Fig. 8, where the spectrahat

hv<W, the first mechanism to be considered for photoemis-

=3.14 eV and at 6.28 eV are both shown on a log scale. Ho$ion is a multiphoton process. The main features of multi-

electrons are absent in the case of linear emission (
=6.28 eV), in spite of the fact that the total count rate is
about 3 times larger than at 3.14 eV.

2. Electron heating and thermal emission

photon emission are the minimum number of photogsfor
which nphv>W, the maximum KE of the ejected electrons
given by KEn,=nyshv—W, the yield of nPPE scales as
I"eh, the intensity necessary to produce a given yield in-
creases by orders of magnitude with,. 2PPE measure-
ments performed witthv=23.14 eV exhibits all these fea-

The emission rate of thermal origin is evaluated with the

Richardson equation using the electronic temperature in-

18
duced by the laser pulses. The temperature of the electrons | L e e 1016 3
calculated with the two-fluid modéf! which assumes the . e L
system to be made by an electron gas in equilibrium within'g al = - 10" 7
itself (this is justified by the short thermalization time among 2 J— :;—,—;;:::‘_' [ 40%2 §
electrong and by the lattice. The energy absorbed from the § 10* g=# - = [ 0™ %
laser beam is deposited into the electrons of the m¢heal 5 el P b=
region z<0) according toe*"?, with 1/»™ the penetration § j’/ 06 é
depth of the evanescent field in the metal. The energy isg i [ 104 3
transferred locally from the electrons to the lattice accord-y 10° O
ingly to the magnitude of the coupling parametgr(see & 10° ‘,;'3.
Table Il), while each fluid through the respective thermal S S S— S——WEPICT
conductivities provides transport in a diffusion regime. The 0 5 10 15 20 25 §N

parameters adopted in the simulation are listed in Table IlI. In
Fig. 9 we plot the predicted temperature at the surface versus

Absorbed fluence (mJ/cmz)

the absorbed fluence. The energy transferred to the lattice £ g9 piot of the surface temperatuigolid line) and of the

during the laser pulse is negligible for any reasonable valu
of the coupling parametey. The surface temperatuiie and
the penetration depth 4T' are almost independent on the
optical frequency. Athv=1.57 eV, T reaches just 330 K
when 1=1 GW/cn? and 1-R=0.02 (absorbed fluence

%onsequent thermal emissiédotted ling versus the absorbed flu-
ence, as calculated with the two-fluid model and the parameter of
the simulation as in Table II. The dashed line represents the surface
temperature calculated assuming no thermal conduction. Pulse du-
ration 150 fs.
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tures, and—when plotted versmghv—the spectra anp, mons(SF) and suggestec_j s_urface roughness as the coupling

=1 andn,,=2 show the same cutoff at the Fermi edgig. ~ mechanism for their excitatioff.

8). Electrons with high kinetic energy have been recently re-
The interpretation is controversial aw=1.57 eV. The ported with arrangements specifically designed to couple the

yield scales a$®, a fact that suggests a three-photon emisaSer pulse to surface _plasmo"ﬁsll.8 Such arrangements are
sion. However, with respect to the findings dtv based on a grating which modulates the surface depth or on

=3.14 eV, a comparable yield occurs at intensities not muck. Kretchmann geometrjotal intemal reflection at a prism-

larger and there is no cutoff or discontinuities in the spec—metal film interfac As expected, both experiments show a

) . . crucial dependence of the yield on the angle of incidence, a
trum at energies corresponding to Kk with ny,=3 (or P y 9

- T e . clear sign that the laser field is being coupled to surface
nPh_,4)' Photoemission from metaly\(~4—5 eV) on Irra- plasmons. Back to our case, however, the question is whether
diation at~1.5 eV has been usually attributed to a multipho- 5304 how the modest ripples of the nominally flat surface of

ton process witmp,=3 or 4, the order depending on the oyr sample can provide the excitation of SP up to & 10
exact value of the work function and of the photon energyincrease of the field.
This assignment is supported by the dependence of the yield \we conclude this section with the following summary: by
on the third or on the fourth power of the intensity. The decreasing the photon energy and increasing the intensity the
present results, in relation to the magnitude of the laser pulsghotoemission moves from a 1PPE to a 2PPE regime, as
intensity and the shape of the spectrum, question this interexpected. On a further decreasehef, it is not observed the
pretation, even if the strength of the argument may not b&nPPE of higher order, since before reaching the necessary
conclusive(for example, one could invoke temperature ef-intensities another mechanism of photoemission sets in. The
fects or consider that mechanism of electron acceleratiotwo different physical processes are simultaneously present
subsequent to its emission could modify and smear the speen irradiation with 3 eV photons. The new mechanism of
trum at 1.57 eV more effectively than at 3.14)eV photoemission could be explained by conventional processes
The ambiguity of interpretation regarding the multiphoton if the fields were much larger than those associate at the laser
origin of the photoemission disappeardat=0.8 eV, where pulses at the intensities considered in these experiments. As
none of the features of multiphoton emission are observedn other context of surface physics, the enhancement mecha-
At this wavelength the dependence of the yield on intensithism based on surface plasmons and surface roughness can
is close to a third powefsee Fig. 6, which is certainly be invoked to this end. The question is whether there is mat-
inconsistent with a multiphoton process which should be ater to accept it and whether there is some independent evi-
least of sixth order. dence in favor or against it. This question is the topic of the
next section.

4. Tunneling ionization
V. SURFACE PLASMONS AND SURFACE ROUGHNESS

Tunneling ionization was proposed in Ref. 16 to explain ) ) o
the presence of high kinetic energy electrons in spectra ob- The &im of this section is to comment on the role of
tained withh»=1.6 eV. In a tunneling process, the energy Surface plasmons associated to surface roughness and estab-
of the electrons depends on the phase and the amplitude b$h whether it is worth to push further the investigation in
the field at the instant of emission and can results in a conthis direction or whether, as we believe, they are not the
tinuum spectrum. In the case of atoms the separation b&rucial elements which can explain the anomalous hot elec-
tween the regime of multiphoton ionization and that of tun-rons in the spectrum. It is probably worth saying that evi-
neling is controlled by the Keldysh parametey dences are not always clear cut or definitively conclusive, as
=\W,/2U,, whereW, is the ionization potential ant,, ?g?e“ oceurs vvhenl ragd\(/)vm fﬁaltlufr_est—such as rou%h(jr!ess in
= %mvg is the ponderomotive potential, the quiver veloc- thls case.—ta(;e 'an? VIZ ' he sha |rs:[ summ:[ar:jz(le) anSP 'ISClt‘rfs
ity of the electron, given by ,=eE/mw with E the peak € ngn”: e ortie ent ancemen.bpl)romole t'y b. nd N
amplitude of the field andn is the electron mass. The pa- Seconc hparbwe comn;]en on a possiole ?_xp ana:jlon a}se on
rametery is usually used to separate the multiphoton mecha-SP’ either because they promote tunneling and acceleration
nism (y>1) from the tunneling §<1) regime. An estima- or bgcause they promote in a few spots a strong electron
tion of the photoemission regime at a metal surface can bgeatlng.
done by applying the same relations. Givien=1.57 eV, )
W=45 eV, E=10° V/m (the corresponding intensity in A. Field enhancement by surface plasmons
vacuum isl = 1.5 GW/cnf), it resultsU,=5x10"° eV and To describe surface plasmons it is common practice to use
y=250. Fields~=300 times larger are then necessary to pro-a different approach according to the level of scattering and,
mote tunneling. Such fields—when the ponderomotive poultimately, of the surface roughness. SP which propagate on
tential is converted to kinetic energy and the effect of thea fairly flat surface, with a scattering that can be treated as a
phase is taken into account—would accelerate the electrongerturbation, are called PSPipropagating surface plas-
to KE~2U4~10 eV. It results that emission of hot electrons mong. When the roughness of the surface becomes large, the
can only be accounted for by fields much larger than thosecattering increases and it cannot be treated just as a pertur-
associated with the impinging pulse in our experimentbation. Plasmon localization is likely to occur, and one talks
Aeshlimann and co-workers invoked to this end surface plasef LSP’s (localized surface plasmohs
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1. Propagating surface plasmons ergy per unit area can be expressed assp

We briefly recall the properties of PSP on an ideal=(1/2)so(|E&d*)(2v°) !, where|E4d is the amplitude of
metal surface. Assuming a sharp discontinuity zt0  the SP field just at the vacuum-metal discontinuity. Setting
between the metalz< 0, relative dielectric constang,) Wsp equal to the absorbed laser fluence, given by

and the the vacuumz(&0, &,=1), the SP field can be (1/2)eoC|EL|*Aqsry (7, iS the pulse durationthe root mean

written as square(r.m.s) value of the plasmon field compared to the
exciting laser field is
Egp= >, A L e« ) )
=5 Aaba S EL~ VAETy(207). @

whereA, is the amplitude of modeg. The direction of the

field and the mode profile alormare given by This result is quite intuitive when considering that,

represents the pulse length. We have neglected plasmon
damping, an assumption quite reasonable since the resonance
iq m factor is larger than 100, exceeding the number of optical
a+ FZ e for z<0, cycles in the laser pulse. Substituting the appropriate values
one obtains, ahv=1.57 eV,EQ~2E, . The r.m.s. ampli-
iq 0y tude of the SP field at the surface is then comparable to the
a-+ FE A for >0, laser field. But locally the SP field can be much larger, this
q depending on the phases of theomponents which enter in
wherez is a unit vector along the axis and the summation of Eq2). During their lifetime the plasmon
propagates for a lengtlk- 100 um. If all the energy of the
plasmon wave which is contained in an area of 100
X 100 um? could be made to collapse into a spot of siZe
one would have a local field enhancement of 100. The
unique possibility of concentrating the energy of an ultrafast
excitation of a nanosystem in a small part of the whole sys-
tem by means of coherent control has been put forward very
For largeq, w, levels off atw=3.6 eV in Ag, while at small recently’® The effect is based on phase modulation of the
q's, q is close to but always somewhat larger thap/c. exciting ultrashort pulse and on the propagation propertles of
Making use of the refractive index of Ref. 23, we calculateSurface plasmons. For an engineered system with an appro-
that, athv=1.5eV, the SP field extends up to »T/ priate geometry and an excitation pulse with a tailored phase
~500 nm from the surface in the vacuum side and, S‘im”‘,jmyproflle, the authors calculate a field enhancement as large as
to the laser field, to a depth ®/~20 nm in the metal. Itz 100. A similar effect should exigt to some extend_ also for a
component, which accounts for the major part of the energy@ndom system and a pulse with a residual chirp, but the
of the SP, decreases by a factor 25 on crossing the vacuurfi@ximum conceivable enhancement is certainly much
metal interface. Assume the laser beam to be normal to themaller.
surface, with the impinging field given byE, ;, .
=Re[E k2 “DY Due to the large reflection it forms an 2. Localized surface plasmons
almost standing wave in vacuum, with an amplitud@E Field enhancement by LSP has been studied in relation to
at 0.4um from the surface and=0.15, at the surface. surface enhanced Raman scattefhg® Prepared by vapor
Direct coupling of the laser field with surface plasmons isdeposition, the Ag surfaces can be made rough or smooth
not allowed since momentum conservation is not satisfiedaccording to the substrate temperature and the subsequent
but it can occur through surface roughness. The strength efnnealing. The rough surfaces which promote a large en-
the coupling with a plasmon of wave vectpis proportional  hancement are made by clusters, typically 10-100 nm in
to hy, the fourier transform of the roughness height. One canliameter and separated among each other by a distance of
estimate the amplitude &, by making use of the AFM data 2-3 diameters. Raman enhancement as high as 10
on hy. The power spectrum is rather flat, with A lorentian have been reported, which suggest that the field has peaks
shape that changes smoothly in the region of intefd®  which are larger by a factor 20—30 than the average. A simi-
range ofg’s with w4 in resonance with the various frequen- lar 20-fold increase has been estimated from the enhance-
cies of irradiation so that coupling to PSP can take place atment of the SH observed by moving from a smooth Ag sur-
every photon energy. An estimate of the maximum plasmotiace to a rough one. The rough surface was fabricated by
energy can be quickly made from absorption. At  electrolytic cycling and consisted of spheroids, about 50 nm
=1.57 eV, attributing the whole difference betweBrand  in diameter, covering 5% of the whole ar&aFollowing Mc
Rmin t0 Agp, the absorption of surface plasmon, we Call et al,*? rough Ag surfaces prepared on purpose are bet-
derive from Table lAgp= R— R.,;;=0.03 (we stress that this ter modelled by an ensemble of independent spheres than by
is just the upper limijt At this wavelength the component of an approach based on the “roughness.” At the surface of a
the field normal to the surface in the vacuum side accountsmall metallic spheregwith diameter sufficiently small so
for almost all the energy of the surface plasmon, whose erthatd<\) the field scales according &q,— 1/e,,+2. Close

q

Lq(z): (

2_ 2 2,2
(V?) =Q°—epog/cs,
(VZ)ZZqZ—sva/CZ,

m__ v
emlvg=e,lvy.
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to the resonant frequency—attained eg{+2~0—the en- We would like to mention that photoemission from a

hancement scales approximately as 3H4g)( The more ac- gold sample under irradiation of midinfrared pulses at

curate calculations of Ref. 33 show that the largest field envery small intensity has been found by Farkas and

hancement £30) occurs for spheres of 10 nm size andcollaborators?® A tail of high KE in the electron distribution

photon energy around 3.2 eV. The enhancement decreasesand the consequent emission has been attributed by the au-

6 and moves to longer wavelength for 100 nm spheres, ddhors to the peculiar condition one obtains when the collision

creasing further for those of 1000 nm size. time is close to the half cycle of the em field. A further
Summarizing, we conclude that local field enhancementsalidation of this model has been recently reportesiow-

up to 20-30 times the laser field are conceivable in surfacegver, we notice that the specific condition of the model are

specifically prepared for this purpose. From the models profar from being met in any of the cases we considered in

posed it does not seem possible that such enhancements qanesent experiment

take place at all the wavelengths, as it would be necessary to

justify our results. The surfaces to which such large enhance-

ments refer are quite different in terms of roughness from the VI. CONCLUSIONS
monocrystal used in our measurements and have been spe-
cifically prepared. We have investigated the linear and the nonlinear photo-

emission from a silver monocrystal under short pulse irradia-
tion. Decreasing the photon energy from 6.28 to 3.14 eV and
increasing the intensity, the photoemission changes, as ex-
SP can give rise to tunneling photoemission and to elecpected, from the one-photon to the two-photon regime. In
tron acceleration up to the observed KE. However, as prethis regime the spectrum shows the appearance of an expo-
sented in Sec. lIl, field enhancement of a few hundreds argential distribution of high kinetic energy electrons on top of
needed to this end. As discussed above, this figure is largéghe 2PPE Fermi edge. At lower optical frequencids (
than conceivable in the best engineered situations. SP do net1.57 and 0.8 eV) this mechanism accounts for all the pho-
really seem to be involved since one would expected som&emission, the spectrum bearing no traces of a multiphoton
difference in the spectrum on changing from sample No. 1 tgrocess.
sample No. 2, this in view of the different coupling promoted  The present data unambiguously show that a multiphoton
by the roughness. photoemission of third or fourth order has no chance to come
Concerning LSP, consider an extreme scenario where gto play since a masking process sets in at lower intensity.
30-40-fold field enhancement takes place in hot spots ofhjs new mechanism, which produces electrons with kinetic
very small size. In this situation, it is possible to reach energies up to tens of eV, can be explained by conventional
surface electron temperaturgs~0.5 eV athv=1.57 eV 4cesses only if the optical fields at the surface are much
with a laser intensity of 1 GWicfn The thermgl €mISSION  |5rger than the nominal one of the laser. To this end we
rate at this temperature Is about“];ﬁhrtlclesp_m : L.SP lo- .. considered the chances of field enhancement through surface
calized r;wound narjostructures of 109 nm size, with densit lasmons and surface roughness. Within this frame, a pos-
é?“F?:gn; 3 ;r?(lj“i bzrg'géowsouljg ig;?}fg:g%::ﬁhgéhf%ﬁ sible scenario consists of photoemission of thermal nature
' N . - . from relatively few hot spots, these being made by protru-
cold surface while hot electrons production would be limited _. . .
sions or roughnesses of nanometer size heated by localized

to the 1um? surface with high electron temperature. It of lasmons. The problem. however. i f to mor
should be noticed that with such a ratio between the twg™ ' ace PIasmMons. The probiem, NOWEVer, 1S open to more

areas, 2PPE from hot spots is negligible even taking intc?""t'Sf""Ctory mterpretgﬂons. ) ) )

account the larger local field and the dependence of 2PPE on HOWever speculative, the picture of a tiny fraction of elec-
2. Excitation of LSP in the IR should also be more difficult 'OnS, heated by the laser and decoupled from the majority in
than at 3 eV, a fact that is not evident in the photoemissiof"€ background at lower energy, is certainly suggestive. Sur-
yield. We notice that an extended nanoroughness can H@ce effects, and the 2D gas of the image states can be con-
ruled out from the experimental results. In fact, being a nonSidered to this end. Other mechanism we believe worth in-
linear process, resonant 2PPE is expected to occur prefere¥estigating are multielectron processes, whereby the energy
tially where the field is the largest and hence around th@f two or more particles is added for a larger energy of a
localized roughnesses, if present. But emission from a sphefingle one.

oid, or from a curved surface would be contradictory with

the narrow energy peak of the image state in Fig. 7. Valuable

information to this regard could come from a more detailed ACKNOWLEDGMENTS
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B. Are surface plasmons involved?
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