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Femtosecond Studies of Image-Potential Dynamics in Metals
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We report the first time-resolved studies of image-potential states on Ag(100). Femtosecond
ultraviolet-pump and visible-probe techniques are combined with two-photon photoemission spectroscopy
to measure transient photoemission spectra with femtosecond resolution. The lifetime of the n=1
image-potential state on Ag(100) is observed to be several tens of femtoseconds.

PACS numbers: 78.47.+p, 73.20.—r, 79.60.Cn

image-potential states are a unique class of surface
states created by the Coulombic attraction between an
electron existing outside a material surface, and the elec-
tronic image charge in the solid. The electron is essen-
tially trapped between the image potential on the vacu-
um side and a potential barrier at the crystal surface.
This surface barrier is created by a gap of available bulk
electronic states in the region about the vacuum poten-
tial, and prevents the electron from escaping into the
solid. Image-potential states are of particular interest
because the wave functions exist primarily outside the
material. They form a Rydberg-type series of energy
levels with binding energies Ett —lan approaching the
vacuum level. ' Higher-order wave functions are local-
ized further in the vacuum; thus the lifetime of the states
is expected to increase as n . These states provide a
unique opportunity for the study of dynamics of a two-
dimensional electron gas unaH'ected by phonon scattering
and other processes associated with the crystal lattice.

Shockley first postulated the existence of image-
potential states nearly half a century ago, though he did
not specify the necessary conditions for bound states.
More recently, Echenique and Pendry developed a gen-
eral theoretical treatment based on wave function phase
analysis. Using this approach they predict binding ener-
gies for the hydrogenic series, as well as lifetime
broadening of the states. Inverse photoemission mea-
surements provided the first experimental evidence of
image-potential states in metals, and in the past few

years high-resolution measurements using two-photon
photoemission have identified the n =1 and n =2 states
on surfaces of single-crystal Ag, Cu, and Ni. ' Previ-
ously measured linewidths have suggested that these
states are long lived relative to bulk states with compara-
ble excess energy; however, measurement accuracy has
been limited by instrument resolution and work-function
inhomogeneities. Recent developments in the generation
and amplification of ultrafast laser pulses now enable
direct measurement of excited state lifetimes with fem-

tosecond resolution.
In this paper we present time-resolved studies of

image-potential state dynamics on the (100) surface of
Ag. By combining optical pump-probe techniques with

surface-science techniques we are able to measure tran-
sient photoemission energy spectra with temporal resolu-
tion on the 10-fs time scale. Photoelectron spectra are
generated by use of two-photon photoemission with both
visible and ultraviolet femtosecond pulses. An n=l
image-potential state lifetime of several tens of fem-
toseconds is observed. These studies represent the first
direct measurement of image-potential state lifetimes
and demonstrate that electrons in these states are decou-
pled from the crystal lattice.

The experiments are performed with a femtosecond
laser system consisting of a dispersion-compensated
colliding-pulse mode-locked ring dye laser" and a
copper-vapor laser amplifier' operating at 8 kHz. This
system produces 55-fs pulses with energies of more than
2 pJ per pulse at a center wavelength of 620 nm (2.00
~0.02 eV). The amplified pulses are split into pump
and probe with the probe delayed relative to the pump by
a stepper-motor-driven translation stage. Ultraviolet
pulses of —55-fs duration at 4.00 + 0.04 eV are gen-
erated in the pump arm by frequency doubling of the
visible pulses. We use a very thin (100 pm) potassium
dihydrogen phosate crystal for second-harmonic genera-
tion in order to minimize pulse broadening due to group
velocity walk off between the visible and uv pulses.
Group-velocity dispersion in the uv resulting from optical
elements is compensated by a pair of quartz prisms
placed in the pump arm. The visible and uv pulses are
combined in a collinear geometry and directed into a
vacuum chamber where they are focused onto the sample

by a concave mirror.
The experiments are performed on a single-crystal Ag

sample cut in a (100) orientation within ~ 2'. The
sample was polished and placed in a vacuum chamber
with a base pressure of 10 ' Torr. After repeated cy-
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FIG. l. Energy-level diagram for Ag(100), kii 0, showing
the various photoemission processes via the n 1 state. Lines
(a) and (b) represent uv-visible and uv-uv two-photon photo-
emission; line (c) represents a visible three-photon process.

cles of sputter ion cleaning and annealing, the surface
quality was verified using standard LEED and Auger
spectroscopy. Photoemitted electrons were detected by a
double-pass cylindrical mirror analyzer with an energy
resolution of —180 meV at a pass energy of 10 eV.

Figure 1 shows an energy level diagram for the (100)
surface of Ag. Near kll 0 there is a gap of bulk states
centered about the vacuum energy, creating the neces-
sary boundary condition for image-potential states. Pre-
vious experimental studies of Ag(100) have measured
binding energies of 0.53 and 0.16 ~0.02 eV for the n 1

and n 2 states, respectively. ' Since there are no occu-

pied surface states just below the Fermi energy for the
(100) crystal orientation, the n =1 image-potential state
is populated via nonresonant transitions from occupied
bulk states. These transitions involve either one 4.0-eV
photon or two 2.0-eV photons, and result in a distribu-
tion of excited electrons which extends -70 meV from
the bottom of the n= 1 band. Electrons are then emitted
from the n 1 state by either 2.0- or 4.0-eV photons.
The n 2 state is not populated by these photon energies.
Both visible and uv beams were P polarized and no pho-
toemission was observed with S-polarized light, which is
consistent with the selection rules for electronic transi-
tions from hl to d, l states.

Figure 2 shows photoelectron spectra generated by
photoemission with uv (left) and visible (right) fem-
tosecond pulses at fluences of -0.3 and -0.7 mJ/cm,
respectively. The maximum photoemission intensity is
-95 counts/s (10 electron/pulse) for the uv photo-
emission and -5 counts/s (10 electron/pulse) for the
visible photoemission. Photoelectron energies are mea-
sured relative to the vacuum potential which is deter-
mined by the onset of the photoemission signal. In the
uv photoelectron spectra we observe a peak at -3.5 eV
corresponding to the n 1 image state lying -0.5 eV
below E„„.The relatively large background intensity re-
sults from a variety of processes including two-photon
photoemission from bulk states and one-photon photo-
emission enhanced by nonequilibrium electron heating. '3

In addition, because of the acceptance angle of the cylin-
drical mirror analyzer, the measurement is sensitive to
some states extending in the kll direction. The photo-
electron yield scales as the square of the incident fluence
which is consistent with a two-photon process as well as
a thermally-enhanced one-photon process. The peak in

the visible (2.0 eV) photoelectron spectra also corre-
sponds to the n 1 state. In this case the yield scales as
the cube of the incident fluence, consistent with three-
photon photoemission. The background intensity is rela-
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FIG. 2. Photoelectron spectra from Ag(100) with uv pulses (left) and visible pulses (right). Peak photoemission signals are—10 ~ electron/pulse and —10 3 electron/pulse, respectively.
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tively weak because the 2.0-eV photon energy is

insufficient to photoemit from low-energy bulk states.
To study the dynamics of the n=l image-potential

state we populate the state with a uv (4.0 eV) pulse and
then probe the transient response by photoemitting elec-
trons to the vacuum with a delayed visible (2.0 eV)
pulse. This two-wavelength technique is important in

time-resolved photoemission because it breaks the sym-

metry of standard two-photon photoemission, which al-
lows independent control of polarization and a separation
of pump effects from those of the probe. The added de-

gree of freedom is instrumental in isolating specific elec-
tronic transitions in complicated systems and permits
nearly background-free measurements of electron energy
spectra on a femtosecond time scale. Furthermore, pho-
toemission from image-potential states with a single 2.0-
eV photon is more efficient than photoemission with a uv

photon since more than 90% of the uv energy is absorbed
via d-band transitions. Thus measurements can be per-
formed at the lowest possible uv fluences, thereby limit-

ing the effects of nonequilibrium electron heating gen-
erated by femtosecond pulses, '4 and supressing the two-

(4.0 eV) photon background photoemission signal. We
do observe evidence of three- (2.0 eV) photon photoemis-
sion via the n 1 image state; however, the signal is sub-

stantially lower than the uv-visible two-photon signal
since the process is third order. In all uv-visible mea-
surements the photoemission yield scales linearly with

both uv and visible fiuences, thus confirming the absence
of space-charge effects.

Figure 3 shows a series of two-photon (4.0-eV pump
and 2.0-eV probe) photoemission spectra taken at vari-
ous time delays with positive delay corresponding to visi-

ble femtosecond pulses arriving after the uv pulses. The

uv and visible fluences are -6x 10 and -0.7
mJ/cm, respectively, which generate maximum non-

equilibrium electron temperatures of a few hundred de-
grees. This heating has a negligible effect on our
image-potential state measurements since the uv pump
transitions originate —100 meV below the Fermi level.

The transient photoemission energy spectra show the
dynamics of the image-potential state in both energy and
time. The rising signal at early times indicates the popu-
lation of the image state by the femtosecond uv pulse.
Spectra at later times show the decay of the excited state
within the first 100 fs. The peak appears at —1.5 eV
which corresponds to the n=1 image-potential state lying
-0.5 eV below the vacuum level and is consistent with
previously reported results. ' We measure an energy
width of less than 200 meV, which is close to the resolu-
tion of our cylindrical mirror analyzer. As expected, the
position of this peak remains invariant over the lifetime
of the state. Photoemission from the n=2 state is not
observed since the 4.0-eV pump photon energy is not
sufficient to populate this level.

The background photoelectron spectra (inset, x100
vertical scale) measured at 200-fs delay is shown for
reference. We observe a peak at 1.5 eV resulting from
three- (2.0 eV) photon photoemission via the n =1
image-potential state, and a peak at 3.5 eV corresponds
to two- (4.0 eV) photon photoemission from the n 1

state. At these time delays we do not detect any photo-
emission from the combination of uv and visible pulses.

The transient photoelectron spectra indicate an n= 1

lifetime on the order of the pulse duration. Quantitative
results can be obtained through time-resolved measure-
ments of the photoemission at the peak of the energy dis-
tribution. Figure 4 shows the dynamics of the n =1 state
for electrons near the bottom of the image potential band
(energy analyzer tuned to 1.5 eV). The solid line is a
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FIG. 3. Photoelectron spectra at various time delays show-

ing the dynamics of the image-potential state. Inset (x100
vertical scale): the background spectra at +200-fs delay.
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FIG. 4. Lifetime measurements of the n=1 image-potential
state on a clean Ag(100) surface (solid line) and on an

oxygen-dosed surface (dotted line). Dashed lines are convolved
exponentials with decay times of 15 and 35 fs.
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measure of the image-state lifetime on a clean Ag(100)
surface, and the dotted line is a measure of the photo-
emission from an oxygen-dosed (—3X10 Torr s) sur-
face taken under identical experimental conditions. As
expected, the presence of oxygen on the Ag(100) surface
quenches the image state lifetime and reduces the photo-
emission yield. This measurement is used to estimate the
uv-visible cross correlation width as well as the zero de-

lay in order to quantify the lifetime of the image-
potential state.

The photoemission measurement from the clean sur-
face displays a distinct asymmetry and the peak is shift-
ed toward positive delay (visible following uv) relative to
the measurement of the oxygen-dosed surface. This
clearly demonstrates the finite duration of the measured
lifetime. The asymmetry corresponds to population of
the state with uv pulses and photoemission with delayed
visible pulses. Because of the finite lifetime, electrons
accumulate in the n 1 state after the peak of the uv

pulse, and thus the maximum photoemission yield occurs
after the zero delay. The measurement from the
oxygen-dosed surface is quite symmetric, suggesting that
the image-state lifetime under these conditions is nearly
instantaneous. However, the surface is not saturated
with oxygen (as verified by Auger spectroscopy), and
measurements of the photoelectron energy distribution
width indicate that the lifetime of the n 1 state on the
oxygen-dosed surface is greater than 4 fs.

We can estimate the lifetime of the n 1 image-
potential state on the clean surface by assuming a simple
exponential relaxation. The photoemission response can
then be modeled by convolving the uv-visible cross corre-
lation with a single-sided exponential. The dashed lines
show such a convolution using the oxygen-dosed data
and exponentials of 15- and 35-fs duration. The accura-
cy of the fits is limited because the relaxation time is less
than the pulse duration, and the uv-visible cross correla-
tion is approximate. Nevertheless, from these results we

estimate the n 1 image-state lifetime to be in the range
of 15-35 fs.

In summary, transient dynamics of the n 1 image-
potential state in Ag(100) have been investigated with

femtosecond ultraviolet-pump and visible-probe tech-
niques combined with two-photon photoemission energy
spectroscopy. This novel approach separates the effects
of the pump from those of the probe and permits nearly
background-free measurements of photoelectron energy
spectra with a femtosecond resolution. Our results show

the population of the n 1 image-potential state and the
subsequent relaxation of the electron gas on a time scale
comparable to the pulse duration. High-resolution
pump-probe measurements at specific photoelectron en-
ergies demonstrate an excited state lifetime of several
tens of femtoseconds which is within the range predicted
by theory. ' Additional studies of higher-order states
with a broadband femtosecond uv pump should provide
information about the dynamics of these states and their
coupling to the crystal lattice. Combining femtosecond
pump-probe techniques with angle-resolved photoemis-
sion should allow one to investigate the thermalization
dynamics of the confined two-dimensional electron gas.
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