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Observation of above-threshold multiphoton photoelectric emission
from image-potential surface states
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Subpicosecond laser pulses have been applied to investigate multiphoton photoemission from single-
crystal Pt(1 1 1) surfaces. Image-potential surface states on the Pt(111) surface give rise to sharp reso-
nant enhancements in the multiphoton photoemission spectrum which allow for unambiguous identi-
fication of above-threshold peaks.

The phenomenon of above-threshold ionization (ATI)
has been extensively studied in atomic and molecular pho-
toionization, but how the optical physics which leads to
ATI (ponderomotive effect) influences the photoelectric
effect from solids has received comparably little attention.
Two studies of above-threshold photoemission (ATP)
from polycrystalline metal surfaces have recently been re-
ported with moderate' or poor energy resolution. In both
experiments, ATP effects were identified via the detection
of electrons with energy greater than the minimum multi-
photon photoeff'ect energy, E;„=nohv —+, where no is
the minimum number of photons of energy hv necessary
to overcome the work function N. However, the spectacu-
lar series of peaks, separated by hv, characteristic of ATI
from atoms was not observed at all in Ref. 2, and only
suggested in the spectra reported in Ref. 1, due to poor en-
ergy resolution.

In this experiment we study the intensity dependence of
the multiphoton photoemission spectrum from the clean,
single-crystal Pt(111) surface. The unique feature of this
sample is that it is known to possess a special class of sur-
face electronic states known as image-potential states.
These states arise due to the fact that an electron outside
a metal surface can be bound to its image charge, forming
a Rydberg series of states converging on the vacuum level.
These states have the character of a one-dimensional hy-
drogen atom with a potential in the z direction of
V(z) =e /4z, hence a binding energy for the first excited
state of approximately —,', Ry=0.85 eV, where Ry is the
Rydberg constant. Measured image-state binding ener-
gies for a variety of materials and crystalline orientations
actually range ' from 0.4 to 1.0 eV due to the departure
of the crystal dielectric constant from unity as well as the
details of the electron wave-function phase shift upon
reflection at the metal-surface-potential discontinuity.
The binding energy of the n =1 (first excited) image state
on Pt(111) has been reported as 0.63 eV.

When present, image states have a dramatic influence
on multiphoton photoemission spectra. They provide a
very strong intermediate-state resonant enhancement, giv-
ing rise to exceptionally sharp features in the photoelec-
tron spectrum, even when there are no sharp initial-state
features below the metal Fermi level. This property has
made it possible for us to clearly and unambiguously iden-
tify sharp peaks in the photoemission spectrum with ener-

gy greater than E;„asarising due to ATP. Furthermore,
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FIG. I. Multiphoton photoemission spectrum from a Pt(111)
single-crystal surface. The laser intensity was 15 GW/cm'.

due to the extremely simple hydrogenic nature of the
image-state wave functions, the phenomenon of ATP in-
volving image states is highly amenable to a fundamental
theoretical analysis.

A Pt(111) single-crystal sample was held under UHV
conditions (10 ' Torr), and cleaned using sputter-anneal
cycles until a sharp low-energy electron-diAraction pat-
tern was obtained. A dual-jet synchronously pumped dye
laser operating at 680 nm wavelength (1.84 eV photon en-
ergy) was amplified by an excimer-pumped dye laser
amplifier to produce pulses of 100 pJ energy and 500 fs
duration at a repetition rate of 100 Hz. The 1.84-eV light
was used for the multiphoton photoemission study. Elec-
tron energy spectra were recorded by a time-of-flight
spectrometer capable of processing multiple electrons for
each laser shot. Unless specified otherwise, all the spectra
were taken in the normal-emission direction.

Multiphoton photoemission spectra were measured
from the Pt(111) surface for both s- and p-polarized light.
Figure 1 is the photoemission spectrum for p-polarized
light at an intensity of 15 GW/cm . The work function
of Pt(111) is 5.9 eV, and so it takes at least four photons
to excite photoelectric emission. With the same incident
pump intensity, it was found that the number of photo-
electrons produced by the p-polarized light was about 10

10980



OBSERVATION OF ABOVE-THRESHOLD MULTIPHOTON. . . 10981

E

,
C

A
Evac
Ii~2

n=1

dN
dE

(arb. units)

&lllzlllllllllllllllllli~~ Ylllz~~ .„',.....
~&&lllllllllllllllllllllllllllllllllliii

FIG. 2. Schematic energy-level diagram depicting the various
multiphoton processes leading to each of the labeled peaks in the
spectra.
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FIG. 3. Multiphoton photoemission spectrum taken under the
identical conditions as those of Fig. l, except that the laser in-
tensity was increased to 30 GW/cm .

times more than with s-polarized light. The diAerence in
absorption for s- and p-polarized light is only 10% and
cannot explain this substantial difference of the photoelec-
tron yield. However, the result can be understood by
recognizing that the various structures in the p-polarized
spectrum are due to the resonant enhancement of the mul-
tiphoton photoemission by image states (refer to Fig. 2).
Since the dipole moment for image-state excitation is per-
pendicular to the surface, the probability of excitation
with s-polarized light is zero. On the other hand, p-
polarized light can couple the image state with both bulk
initial states and free-electron final states in the vacuum.
Peak 8 at 1.36 eV in Fig. 1 is assigned as three-photon-
resonant, four-photon photoemission via the n =1 image-
potential state. In addition to the polarization depen-
dence, this assignment is confirmed by the sharpness of
the peak, which has a full width at half maximum of 100
meV, the extreme sensitivity of the peak strength to sur-
face cleanliness, and the angular dependence of the peak
signal. Since the potential for electrons outside the sur-
face of a metal is nearly one dimensional, the electrons are
nearly free in the direction parallel to the surface, and,
indeed, the effective mass in the parallel direction for
image-state bands has been measured to be nearly unity
for many materials and crystalline faces. This leads to a
dispersion of the image-state bands upward in energy with
increasing parallel momentum. This leads to a shift of the
image-state peaks upward in energy as the emission angle
moves away from the normal direction, and this is indeed
what was observed.

The broader peak C at 2.15 eV is assigned as three-
photon-resonant, four-photon photoemission via n & 2 irn-
age states. This assignment is based on the strength of the
peak which is even more sensitive to the surface quality
than peak B as weil as its position, which is close to the
vacuum level. In addition to these four-photon reso-
nances, there are weaker structures, D at 2.8 eV and E at
3.3 eV. %e attribute these peaks to above-threshold five-
photon processes based on their high kinetic energy as
well as their intensity dependence. Notice that the sepa-

ration between the peaks 8 and F. is close to one photon
energy.

In Fig. 3, we show the photoelectron spectrum taken at
twice the intensity as that used in Fig. 1, namely, 30
GW/cm . The n =1 peak 8 now appears blueshifted from
1.44 to 1.36 eV, and the spectral width is broader than the
low intensity case. The broadening can be due to space-
charge broadening of the spectrum coming from the
higher density of charge being emitted from the surface
on each shot, or it may possibly be due to ponderomotive
effects. Similar effects have been observed in the subpi-
cosecond above-threshold ionization of atoms. The weak
features D and E in Fig. 1 become more prominent and,
more importantly, the relative strength of the D and E
peaks compared to the 8 and C peaks increases dramati-
cally in the higher intensity spectrum of Fig. 3, as com-
pared to the lower intensity spectrum of Fig. 1.

On the basis of its width, 500 meV, and relative ener-
gy, we assign the 2.8-eV peak D to five-photon, above-
threshold photoemission from the highest bulk valence
band ' of A symmetry. Four-photon photoemission from
this bulk band would be above the photoelectric threshold,
but lies below the 1-eV cutoA' of the spectrometer. Fea-
ture 8 represents the high-energy edge of this peak.

In summary, we have studied above-threshold multi-
photon photoelectric emission from a weil-characterized,
single-crystal surface. Image-potential surface states on
the Pt(111) surface give rise to sharp resonant enhance-
ments in the multiphoton photoemission spectrum, which
allow for unambiguous identification of above-threshold
peaks. The relative simplicity of the image-state wave
functions should allow a detailed theoretical analysis of
the inAuence of ponderomotive eA'ects on the photoelectric
eAect from metal surfaces.

The authors would like to acknowledge fruitful discus-
sions with R. R. Freeman, P. H. Bucksbaum, and H. W.
K. Tom.
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