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Time-Resolved Coherent Photoelectron
Spectroscopy of Quantized Electronic
States on Metal Surfaces

U. Hofer,* I. L. Shumay, Ch. ReuB, U. Thomann, W. Wallauer,
Th. Fauster

Time-resolved two-photon photoemission in combination with the coherent excitation of
several quantum states was used to study the ultrafast electron dynamics of image-
potential states on metal surfaces. For a (100) surface of copper, the spectroscopy of
quantum beats made previously unresolved high-order states (quantum number n = 4)
experimentally accessible. By exciting electrons close to the vacuum level, electron wave

packets could be created and detected that described the
motion of weakly bound electrons. They traveled more than 200

uasi-classical periodic
away from the surface

and oscillated back and forth with a period of 800 femtoseconds.

Photoelectron spectroscopy has developed
into one of the most versatile and successful
tools for surface studies. Particularly attrac-
tive features of this technique are the high
surface sensitivity associated with the low
escape depth of the photoelectrons and the
capability of angle-resolved photoemission
to completely characterize electronic states
in energy and momentum space (I). Re-
cently, these features have been combined
with ultrafast laser excitation for direct
time-domain investigations of electron dy-
namics at surfaces (2). Here, we demon-
strate another facet of this powerful tech-
nique, the investigation of coherence phe-
nomena in real time. In contrast to exper-
imental methods that rely merely on
intensities, coherent spectroscopies offer
the unique capability of accessing not only
the amplitudes but also the phases of the
wave functions of interest (3). This tech-
nique dramatically increases the amount of
information that one is able to obtain about
the temporal evolution of fast processes.
In this report, we discuss the dynamics of
image-potential states, that is, the quan-
tized excited states of electrons that exist in
front of many metal surfaces (4, 5). Using
femtosecond time-resolved two-photon
photoemission (2PPE), we observed the in-
terference between the wave functions of
neighboring eigenstates and the quasi-clas-
sical motion of electron wave packets cre-
ated by the coherent superposition of sev-
eral quantum states. Recently, the imaging
of the static charge density of related sur-
face electronic (ground) states in real space
with the scanning tunneling microscope
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has attracted considerable interest (6); the
present results reveal the dynamical evolu-
tion of excited electrons in real time.

Image-potential states are conceptually
rather simple. An electron at a distance z in
front of a conducting metal surface experi-
ences an attractive force F(z) = —e2/(22)?
identical to that produced by a positive
(mirror image) charge at a distance g inside
the metal (Fig. 1A). If the metal has a band
gap (in z direction) near the vacuum level
E,.. = 0, then an electron below E . may
be trapped in the potential well formed by
the Coulomb-like attractive image poten-
tial V(z) = —e?/4z and the repulsive surface
barrier (4). The resulting quantized elec-
tronic states form a Rydberg series with
energies E|

" —0.85eV
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(1)

converging toward the vacuum energy,
where the influence of the surface poten-
tial on the binding energy Eg = —E, is
approximated by a quantum defect 0 <
a =< 0.5. Experimentally, image-potential
states have been studied with 2PPE on
many metal surfaces including surfaces
covered with adsorbates and metallic
overlayers (5, 7-11). One. photon with
energy fiw, (% is Planck’s constant h di-
vided by 27 and » is the photon frequency
times 2m) excites an electron out of an
occupied state below the Fermi energy Ep
into the image-potential state n. A second
photon with energy fiw, excites the elec-
tron to an energy above E_,_ (Fig. 1). The
electron leaves the surface, and its kinetic
energy E, = fiw, + E,_ is measured. Be-
cause the wave functions of image-poten-
tial states are mainly located in the vacu-
um above the surface, the lifetimes associ-
ated with image states can be significantly
longer than those of electronic excitations

in the metal (11, 12). For Cu(100) and
Ag(100) surfaces, lifetimes between 30
and 40 fs have been reported for the n =
1 state from the measurements of line-
widths (5) and early time-resolved exper-
iments (8). Theoretically, the overlap of
the wave functions |n) with the bulk elec-
tronic states, and thus the lifetime 7, is
expected to scale as n® (4). A sufficiently
long decay time of the excited state pop-
ulation is essential for the experimental
observation of the coherent phenomena
described below. "

The experimental setup consisted of a
80-MH: Ti:sapphire laser system that gen-
erated infrared (IR) pulses of 70-fs dura-
tion. Frequency-tripled 95-fs ultraviolet
(UV) pulses from this laser were used for
the excitation step (fw, = 4.7 eV). The
photoelectrons were emitted by the fun-
damental IR pulses (fw, = 1.57 eV) and
were detected in a hemispherical analyzer
with an energy resolution of 30 meV and
an angular acceptance of +0.6° about the
surface normal. The preparation of the
Cu(111) and Cu(100) samples and details
of the ultrahigh-vacuum chamber have
been described elsewhere (5). The samples
were kept at room temperature. Typical
energy-resolved 2PPE spectra of Cu(100)
obtained for zero delay between the UV
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Fig. 1. (A) Electric field and potential energy dia-
gram of an electron in front of a Cu(100) surface (z
= 0). The potential well formed by the sp band gap
(unshaded area in the metal) and the Coulomb tail
leads to a series of discrete hydrogen-like elec-
tronic states that extend into the vacuum (z > 0).
The squares of the wave functions of the lowest
three states are shown. (B) Energy-resolved 2PPE
spectrum obtained after excitation by photons of
energy fim, and fioy,.
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and IR pulses (Fig. 1B) show three well-
separated peaks corresponding to emission
from the image-potential states n = 1, 2,
and 3 and a shoulder arising from n = 4.

For the time-domain experiments, we
set the electron analyzer to a fixed elec-
tron energy and recorded the 2PPE inten-
sity as a function of the variable delay
between the UV pump and the IR probe
pulses. To measure the true cross-correla-
tion between pump and probe pulses, we
recorded the direct 2PPE signal from the
occupied surface state of a Cu(111) sample
(11) that was mounted on the same hold-
er. The finite lifetimes of the electrons
excited to the image statesn = 1, 2, and 3
of Cu(100) led to a shift and asymmetric
broadening of the correlation traces as
compared to the Cu(111) reference (Fig.
2). The deduced decay times—7; = 40 =
6fs, 7, =110 = 10 fs, and 7; = 300 = 15
fs—increase significantly with n, as ex-
pected theoretically.

Under the present experimental condi-
tions, the measured 2PPE intensity from
each of the levels n = 1, 2, and 3 simply
reflects the temporal evolution of the pop-
ulation of a single quantum state. Coherent
phenomena arising from the simultaneous
excitation of more than one state did not
occur for the widely separated low-n image-
potential states. When states with n = 4
were excited, the bandwidth of our 95-fs
pump pulses (14-meV full width at half
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Fig. 2. The 2PPE cross-correlation traces ob-
tained for the n = 1, 2, and 3 image-potential
states of Cu(100). For positive delays, the UV ex-
citation pulse preceded the IR probe pulse. Dots
indicate measured data points. The solid lines are
the results of density matrix calculations taking
into account one intermediate state with a finite
lifetime T, as indicated. The dashed line marks the
cross-correlation from the Cu(111) reference in
the absence of a resonant intermediate state.

www.sciencemag.org ¢ SCIENCE ¢ VOL. 277 « 5 SEPTEMBER 1997

maximum) became comparable to the en-
ergy separation of the states of the Rydberg
series, and the coherent excitation of more
than one eigenstate became possible, result-
ing in a different dynamical behavior of
these electrons.

The recorded 2PPE intensity corre-
sponding to a binding energy of Eg = 40
meV (Fig. 3A) shows an overall decay of
the intensity on a time scale of roughly 1 ps,
modulated by strong oscillations. This ex-
periment represents a variant of the well-
known quantum-beat spectroscopy of close-
ly spaced states (3). In the simple case of
coherent excitation of two levels |n) and
[n + 1), the oscillations reflect the beating
between the corresponding wave functions
¥, (1) = Inyexp(—iw,t) and ¥, (1) =
In + Dexp(—iw,  t). Provided there is no
loss of coherence, the 2PPE intensity I(t)
long after the pulse is given by

1) = |a,()¥o(0) + aps1(OWor @) (22)

«ay + dnyy + 2aya41CO8(Op pr18)
2b)
with the (exponentially) decaying coeffi-
cients a,(t) and a, . ,(t) and a beat frequen-
cy Of vn,n+1 = 0)“’“4,1/217 = (En+1 - En)/h
(h = 4.136 eV fs).

For Eg = 40 meV, the 95-fs pump pulse
predominantly excites electrons into the
n = 4 and n = 5 states. The beating period
observed for short delays is vz 5 = 230 fs
(Fig. 3A), corresponding to an energy dif-
ference between the states AE, ; = hv, s =
17.8 meV. After 2 ps, most of the popula-
tion in the n = 4 state has decayed. The
oscillations now reflect the interference of
the amplitudes in the n = 5 state and the
weakly excited n = 6 state that persist at
these delays (vi¢ = 430 fs; AEs = 9.6

meV). In general, the Fourier transform of
the raw data directly yields the various
beating frequencies (Fig. 3A, inset). The
two main frequency components are 4.3
and 2.3 THz, which yield energy differenc-
es of 17.8 and 9.6 meV, respectively. The
deduced values are slightly higher than
the theoretical energy differences expect-
ed from Eq. 1 with the quantum defect a =
0.21 that reproduces the experimental
binding energy for the n = 1 state. Similar
results have been obtained for a Ag(100)
surface. It must be emphasized that accu-
rate spectroscopy of these states in the
energy domain would require a resolution
in the millielectron volt range, which is
difficult to achieve experimentally (13).
Additionally, time-resolved coherent
spectroscopy is able to provide informa-
tion about the relaxation behavior of the
electrons in these states.

A density matrix formalism has been
used to quantitatively model excitation,
decay, and interference of the image-po-
tential states in a unified way (14). Figure
3B displays the resulting temporal evolu-
tion of the population in the states n = 4,
5, and 6. The deduced lifetimes are ex-
tremely long for an electronic excitation
on a bare metal surface. For example, 1, =
630 fs corresponds to a Lorentzian line-
width I" = 1 meV. This value of 7, is only
slightly smaller than the value of 690 fs
obtained by extrapolating from 7; = 300 fs
using the n® power law, confirming previ-
ous theoretical predictions (4). The long
lifetimes of high-order image-potential
states are associated with weak overlap
with bulk electronic states. The resulting
low-excitation cross sections have pre-
vented previous time-resolved measure-
ments of states beyond n = 2 (8).

Fig. 3. Quantum beats observed af- g
ter the coherent excitation of image- A
potential states with quantum num-
bersn = 4,5,and 6 (Eg =40 meV).
(A) The thick curve corresponds to
the measured 2PPE signal as func-
tion of pump-probe delay. The thin
line is the result of the density matrix
calculation for the two-photon exci-
tation depicted schematically on the
right side of the figure. The dashed
line shows the envelope €(t) of the
exciting UV pulse. The Fourier trans- ”
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form was obtained after subtraction
of a smooth exponential decay from
the measured data and directly
gives the beating frequencies v, 5 =
Es — EYhand vs g = (E5 — Eg)h
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corresponding decay times 7,,. The coherent peaks visible for n = 4 and n = 6 are caused by off-resonant
excitation of these levels from the continuum of initial states in the metal.

1481



For a binding energy of Eg = 15 meV,
the excited eigenstates are centered
around a mean value of n = 7 (Fig. 4). The
data show a strong correlation feature at
delay zero and oscillations that persist for
more than 3 ps. A discussion in terms of
quantum beats between the states n = 5,
... 9 that significantly contribute to the
measured signal would be complicated and
not useful for understanding the dynamics
of these weakly bound electrons. Instead, a
description in terms of a spatially localized
wave packet is more appropriate.

In space representation, the eigenstates
In) of the image potential are given by the
s-like radial wave function of the hydrogen
atom R'=° () multiplied by z and expanded
by a factor of 4 (4). The coherent excitation
of several states in the vicinity of i = 7 out
of the initial state localized at the surface
creates a wave packet -

Wyp(z,t) = ;a..zRi.=°(z/4) e (3)

This wave function represents the oscilla-
tory motion of the electron in the image
potential in front of the surface. Accord-
ing to the calculated temporal and spatial
evolution of the probability |[Wy,p(z, t)2
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Fig. 4. Wave-packet excitation of weakly bound
image-potential states centered around /i = 7 (Eg
= 15 meV). Thick lines indicate the recorded
2PPE signal as function of the delay t of the IR
probe pulse with respect to the exciting UV pulse.
The smooth thin line is the calculated intensity,
assuming excitation from a single initial state. (In-
set) The corresponding temporal and spatial evo-
lution of the created coherent state for the first 2
ps. The dynamics of the wave packet resembles
the classical motion of an electron oscillating in the
image potential with a period of 800 fs. The max-
imum distance from the surface is ~200 A. The
2PPE signal is correlated with the probability of
finding the electron close to the surface (z = 0).
For the sake of clarity, the finite lifetime and
dephasing of the image-potential states were not
talken into account in the calculation of [¥\ys(z,
)2
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(Fig. 4, inset), immediately after excita-
tion the electron has a high probability of
being located close to the surface. The
probability [Wypl2 exhibits minima and
maxima typical of the Laguerre polynomi-
als that constitute the individual eigen-

functions |n), which all add in phase. As’

time progresses, the individual eigenfunc-
tions shift out of phase, and the center of
mass of |Wypl2 moves away from the sur-
face. By factoring out the fast oscillations
with the center frequency w;_, in Eq. 3
and noting that in the classical limit the
orbiting period of an electron is given by
T, = 2n/(w,,,; — ®,), it is easy to see that
after t = T,/2 = 0.4 ps, the wave functions
of neighboring states add with opposite
signs. The amplitudes near the surface
completely disappear, and W, represents
an electron located more than 200 A away
from the surface. The process then repeats
itself with a period of T = 0.8 ps. Because
of the significant dispersion of the levels
in the Coulomb potential (Eq. 1), this
repetition is not exact, and the electron
becomes delocalized for t > 2 ps.

The second laser pulse probes the lo-
calization of the oscillating electron. Far
away from the surface, the electron is
nearly free and cannot absorb a photon.
Only close to the metal is the substrate
able to provide the necessary momentum
for photon absorption. Quantitatively, the
larger photoemission matrix element close
to the surface is related to the potential
gradient V.V (1). Comparison of the tem-
poral evolution of the wave function and
the 2PPE intensity shows good qualitative
agreement. For example, the minima at
t = 1.1 and 1.6 ps, as well as the maxima
at 0.9 and 1.4 ps, are clearly correlated
with the wave-packet motion, Deviations
between experiment and calculation are
mainly caused by the limited energy reso-
lution of the electron analyzer (30 meV,
compared to a bandwidth of the excitation
pulse of 14 meV). For this reason, not all
of the detected photoelectrons originate
from the coherent excitation of the same
intermediate levels.

The created electron wave packets have
an analog in the Rydberg wave packets of
atomic physics (15). For future surface in-
vestigations, it should be remarked that,
quite generally, wave packets that reflect
the motion of a particle can be created by
short laser pulses if the initial state is well
localized and if the laser bandwidth allows
coherent excitation of several nondegener-
ate eigenstates of the system. In our case,
only metal electrons in the vicinity of the
surface have sufficient overlap with the im-
age-potential states to be excited. The UV
pulse duration of 95 fs corresponds to about
10% of the classical period T;_, = 800 fs.

Computer simulations of Rydberg wave
packets have shown that such a relation
between pulse duration and classical orbit
time may generally be expected to lead to
the “best” wave packets (15).
Time-resolved coherent photoelectron
spectroscopy is not limited to the study of
the electron dynamics of clean surfaces.
Recently, much insight into the dynamics
of gas-phase chemical reactions has been
gained with femtosecond time-resolved la-
ser spectroscopy of coherent states (16).
The ability to probe the evolution of the
wave function of a dissociative or desorp-
tive electronic state in real time is expect-
ed to open avenues in the examination of
the photochemistry of adsorbates. For
chemisorbed species on metal surfaces,
both nuclear motion and electronic ener-
gy flow typically occur on the femtosecond
time scale (17). Therefore, such investiga-
tions will generally require shorter pulse
durations than those used here for rela-
tively long-lived image-potential states.

REFERENCES AND NOTES

1. S. D. Kevan, Ed., Angle-Resolved Photoemission
(Elsevier, Amsterdam, 1992); E. W. Plummer and W.
Eberhardt, Adv. Chem. Phys. 49, 533 (1982).

2. J. Bokor, Science 246, 1130 (1989); R. Haight, Surf.
Sci. Rep. 21, 275 (1995).

3. W. Demtrdder, Laser Spectroscopy (Springer-Ver-
lag, Berlin, 1991).

4. P. M. Echenique and J. B. Pendry, Prog. Surf. Sci.
32, 111 (1990).

5. Th. Fauster and W. Steinmann, in Photonic Probes of
Surfaces, P. Halevi, Ed. (Elsevier, Amsterdam, 1995),
pp. 347-411.

. M. F. Crommie et al., Nature 363, 524 (1993); Ph.
Avouris and I.-W. Lyo, Science 264, 942 (1994).

. K. Giesen et al., Phys. Rev. Lett. 55, 300 (1985).

. R. W. Schoenlein et al., Phys. Rev. B 43, 4688
(1991).

. D. F. Padowitz, W. R. Meny, R. E. Jordan, C. B.
Harris, Phys. Rev. Lett. 69, 3583 (1992).

10. R. M. Osgood Jr. and X. Wang, in Solid State Phys-
ics, H. Ehrenreich and F. Spaepen, Eds. (Academic
Press, San Diego, 1997), vol. 51, pp. 1-80.

11. T. Hertel et al., Phys. Rev. Lett. 76, 535 (1996).

12. M. Aeschlimann, M. Bauer, S. Pawlik, Chem. Phys.
205, 127 (1996); S. Ogawa and H. Petek, Surf. Sci.
357/358, 585 (1996). )

13. In the literature of image-potential states, the best
energy resolution (AE = 5 meV) has been reported
by Padowitz et al. (9), who were able to resolve the n
= 4 state of Xe/Ag(111) with a time-of-flight electron
analyzer.

14. K. Blum, Density Matrix Theory and Applications
(Plenum, New York, 1981).

15. G. Alber and P. Zoller, Phys. Rep. 199, 231 (1991);
M. Nauenberg et al., Sci. Am. 270, 24 (June 1994).

16. A. H. Zewalil, Femtochemistry— Ultrafast Dynamics
of the Chemical Bond, vols. | and Il (World Scientific,
Singapore, 1994). T. Baumert and G. Gerber, Adv.
At. Mol. Opt. Phys. 35, 163 (1995); J. Manz and L.
Woste, Eds., Femtosecond Chemistry (VCH Verlag,
Weinheim, 1995), vols. 1 and 2.

17. R. R. Cavanagh et al., J. Phys. Chem. 97, 786
(1993).

18. We gratefully acknowledge generous support by
K. L. Kompa and thank T. F. Heinz for careful reading
of the manuscript.

o

© o~

20 March 1997; accepted 8 July 1997

SCIENCE ¢ VOL. 277 ¢ 5 SEPTEMBER 1997 ¢ www.sciencemag.org





