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Phase and Energy Relaxation in an Antibonding Surface State: G<Cu(111)
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Electron dynamics induced by direct photoexcitation of the antibonding state on #eu@41)
surface are studied by interferometric time-resolved two-photon photoemission. Femtosecond resolution
pump-probe correlation measurements indicate phase and energy decay, respectively, on 15 and 50 fs
time scales for the Cs antibonding state at 33 K. Both the polarization and phase dynamics are
nonexponential and strongly temperature dependent. The energy dependence of the antibonding state
population dynamics is consistent with Cs photodesorption. [S0031-9007(99)08606-8]

PACS numbers: 73.50.Gr, 78.40.Kc, 79.60.—i

Energy and phase relaxation times of electronically exthus providing a direct method to study the MGR
cited states of atoms and molecules adsorbed on solighotodesorption.
surfaces are important for many physical phenomena in- The ITR-2PP experiment and data evaluation method
cluding surface scattering, photon and electron stimulatedre described elsewhere [16]. Briefly, frequency-doubled
desorption, surface sputtering, and surface photochemisttight from a Ti:sapphire lasei@ = 3.08 eV; 13 fs inten-
[1]. According to the Menzel-Gomer-Redhead (MGR) sity pulse width) is split into equal pump and probe pulses
model [2,3], photodesorption occurs when an adsorbat® a stabilized, scanning Mach-Zehnder interferometer.
is excited to a dissociative antibonding or affinity state, The pump-probe delay is scanned Hy50 fs with an ac-
if the nuclear motion along the reaction coordinate carcuracy of <A/25 corresponding t&d X 1077 s for re-
compete with the electronic deexcitation. Typically, elec-petitive scans. The pulses are focused collinearly to a
tronic quenching of adsorbates on metal surfaces occuspot of 80um on the sample, which is held in an ul-
on a<k10 fs time scale [4—6], which has prevented direct,trahigh vacuum (UHV) chamber (base pressue: X
real-time observation of surface photochemical reactions10~!' Torr). The p-polarized light incident at 30from

Alkali atom-metal surface chemisorption is a modelthe surface normal excites 2PP, which is measured as a
system of practical importance in thermionic emissionfunction of energy ak; = 0 with a hemispherical elec-
and promotion or poisoning in catalysis [7]. Near a metaltron energy analyzer {5angular, and 30 meV energy
surface, alkali atoms experience a repulsive interactiomesolution). The 2PP spectra are measured with single-
of the valence electron with the induced image charge opulse excitation. Electronic relaxation rates are obtained
the ionic nuclear core. As the atom-surface distance ifrom interferometric two-pulse correlation (12PC) mea-
decreased, the valence electrons shift upward in energgurements, where the 2PP current is monitored at a spe-
and hybridize with those of the substrate into bonding andific energy as a function of the pump-probe delay. The
antibonding states [8—10]. Nordlander and Tully haveCu(111) surface is cleaned by a cyclic procedure of Ar
calculated orbital-dependent energies and electron transfsputtering (500 V) and annealing at 700 K. The sample
rates of=2 fs for Cs at 3.01 A (Cu-Cs bond length [11]) temperature is set between 33 and 300 K by a He closed-
above a jellium surface [8]. In agreement with the-cycle refrigerator/heater combination. The Cs is evapo-
ory, an unoccupied antibonding state having a linewidtirated onto a room temperature Cu(111) surface from a
I' = 350 meV at 300 K, which implies a lifetime of 2 fs  SAES getter while maintaining the UHV chamber pres-
according to the Heisenberg relatidiv = 7, has been sure in thel0™!° Torr range. The change in the work
observed in inverse and two-photon photoemission (2PHunction ® is used to calibrate the Cs coverage [17].
spectra of alkali metals on copper [12—-14]. However, A clean Cu(111) surface has a projectedband gap
in a recent study of G<€u(111), Bauert al. measured extending from thd., point at—0.85 eV to theL; point
a significantly longer lifetime of 11 fs by time-resolved at 4.08 eV, which supports a Shockley-type surface state
photoemission [14], implying thatl’ has significant (SS) with an energy of-0.39 eV atk; = 0 [18]. The
contributions from inhomogeneous broadening and/otow lying orbitals of Cs interacting with the Cu(111)
guasielastic [e.g., electron-phonéet p)] scattering. To surface hybridize with the SS and thg band of copper
address this contradiction and to gain a deeper undete form partially occupied bondingB) and unoccupied
standing of the bonding, and electronic relaxation of alkaliantibonding(A) states [9,10]. B is difficult to observe in
atoms on metal surfaces, it is necessary to determine botthotoemission spectroscopy due to its broad width and
the phase and energy relaxation times of the antibondingtlike orbital character [9]; howeven is readily detected
state on C5Cu(111). In this Letter, the electronic relaxa- in 2PP at 3.1 eV in the zero Cs coverage limit [14].
tion is measured by the interferometric time-resolvedAn increase in Cs coverage results in a characteristic
two-photon photoemission (ITR-2PP) technique [15,16]decrease ofP, which modifies the image potential, and
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therefore decreases the energiesAdadnd SS [13,17,19]. 12PC data reflect the phase and energy relaxation when
Therefore, direct SS» A excitation is possible by tuning a three-level system is coupled by two-photon absorp-
the transition into resonance with the excitation light bytion, as shown in Fig. 2(b). One- and two-photon exci-
means of the Cs coverage. tation induces transient linear and nonlinear (quadratic)
The 2PP spectra for near resonant-SSA excitation  polarization. Coherent interaction of the electric field of
in Fig. 1 show interesting features that may be relevant téhe probe pulse with the pump-induced polarization wave
the electronic quenching of. Two peaks labeled as SS leads to interference at the excitation frequeacgnd its
andA are assigned to 2PP from SS and via the intermediateecond harmoni2w. The decay of the quantum mechani-
stateA, respectively. The energy of the S$ A resonance cal phase in the excitation process is deduced by fitting the
and linewidths of both peaks decrease with temperatureenvelopes ofw and 2« oscillations, thus providing ex-
The energies ofb, A, and SS shift by—0.28, —0.19, perimental values o#-i decoherence times for the linear
and+0.18 meV/K, respectively, while, for clean Cu(111), polarizations7,°! and7,'? (designated a%,“) and non-
® shifts by —0.10 meV/K. Thus, the magnitude oﬁ linear polarization7,%”. Once the coherent contribution
for Cs/Cu(111) appears to be anomalous. While thermals known, the incoherent intermediate state population de-
vibrations determine‘z—(}’ for a clean metal surface, the cay is deduced from the phase averaged I2PC [16]. Fit-
larger value for CCu(111) may also reflect a thermal ting these envelopes to a convolution of the instrument
distribution of Cs adsorption sites. Although the atop'®Sponse function with a single exponential decay gives
site is energetically favored [11], a surface-extended x-ra%“_e experimental phase and energy relaxation times in
absorption fine-structure study of/Ru(111) shows that Fig. 3. However, the actual phase and energy decays are
alkali atoms are highly mobile and populate hollow siteshonexponential, so this simple fitting procedure gives only
even at 65 K [20]. A longer, more ionic Cu-Cs bond in @ qualitative representation of the relaxation dynamics.
a hollow site, as compared with an atop site [20], may |nterference fringes in the 12PC scans taken near the
produce a larger surface dipole and, therefore, a largepS— A resonance in Fig. 2(a) persist for60 fs and
change ind peradsorbate. Thus, depopulation of hollow have energy-dependent amplitude modulation (quantum
sites at low temperature should increabe The high
mobility and distribution of Cs in two sites may also
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Cs/Cu(111) at 33 K, which show long phase decay near the
FIG. 1. Temperature dependence of 2PP spectra for 0.02 MISS— A resonance and quantum beats. (b) Simulation based
Cs/Cu(111). on three-level optical Bloch equations (inset).
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of quantum beats o®, which arises from the frequency
difference between the driving field a and the sys-
tem response, i.e., linear polarizations corresponding to the
SS— AandA — P. Experiments and simulations for dif-
ferent values ofA; support this conclusion.

The shift of the SS— A resonance and the energy and
phase relaxation timel and7,“ [15] for 0.11 ML cover-
age of Cs are shown in Figs. 3(a)—3(€) ¢ for the clean
surface is discussed in Ref. [15]). As the temperature is
decreased from 300 to 50 K, the SS peak position is nearly
constant, bul increases from 5.4 to 5.83 eV due to both
the temperature and the photodesorption shifts. At 300 K,
T, near the SS— A resonance is enhanced By 0 fs with
respect to the lifetimes of bulip-band hot electrons at the
same energy [23], which agrees well with a value of 11 fs
reported in Ref. [14]. With decreasing temperature, both
i T, andT,“ increase, with particularly strong changes oc-
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ages show that the increase in lifetimes is due to the surface
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temperature rather than to the energyofvith respect to
the Fermi level. The phase and energy relaxation kinet-
ics belowA are noticeably nonexponential. This is due to
gquantum beating, and a slow incoherent component, which
appears as a delayed rise. The data in Figs. 3(b) and 3(c)
are obtained by forcing single exponential fits to the en-
velopesin Figs. 3(d) and 3(e). At50 K, the derived values
of T, have a maximum at 0.17 eielowA. The nonexpo-
: nential decays and shift of tHg maximum with respect
Wﬁ:’; K5 to A are attributed to the dissociative nuclear motion of
-200-150-100 <50 0 -150 -100 50 0 Cs, as will be described in a future publication. During
Time delay (fs) Time delay (fs) desorption, both the energy afand coupling to the sur-
FIG.3. (a) Temperature-dependent 2PP spectra, Th) [@ce decrease with increasing Cu-Cs distance, resulting in
(c) T,“, (d) phase averaged 12PC, and ¢e)envelopes. Solid @ longerT; below the spectral maximum of. The en-
lines in (d) are single exponential fits, which demonstrate theergy dependence df,“ is also complicated, since it has
nonexponential decay of. contributions from the decoherence of the SS hole And
electron, which at 50 K result in two maxima. These do
beating) that is most prominent for energies beldw not coincide exactly with the SS amdpeaks in Fig. 3(a)
The 12PC at 5.0 eV, where the 2PP is from the butk  because the fits do not account for the quantum beating in
band, serves as an upper limit of the instrument respondeig. 3(e). At 33 K,7,“ is 15 fs, which is consistent with
function, i.e., laser pulse autocorrelation [16]. To under-a deconvoluted linewidth of of 70 = 10 meV.
stand the origin of the quantum beats, the I12PC scans The long phase and energy relaxation times for
are simulated by optical Bloch equations (OBE), a denCs/Cu(111) in Fig. 3 are unprecedented, since the
sity matrix formalism for calculating the time evolution of linewidths of adsorbate resonances on metal surfaces
populations and polarizations induced by optical excitaimply <10 fs lifetimes. For instance, for the=*
tion [15,16]. The I2PC scans in Fig. 2(b) are simulatedderived level of C@Cu(111), at 3.5 eV/i/T = 0.8 fs
for a three-level system, which consists of 3Sand the which is in agreement witlf; < 5 fs from time-resolved
detected portion of the final state free-electron wave conphotoemission [6]. However, for the image potential (IP)
tinuum P, by solving the OBE for the time-integrated states of copper [18], linewidths underestimate lifetimes
population of the final state as a function of pump-probebecause they are dominated by quasielastic, transverse
delay. The continuous bulk contribution is neglected,phase relaxation [18,24]. For @Bu(111), thee-h deco-
since the SS and peaks dominate the 2PP signal. Forherence resulting ifi, < 27, may be induced by both the
the simulation in Fig. 2(b), the laser detuning from thecarrier-phonon scattering, which is significant due to a low
SS— A resonance is\; = 0.13 eV, Ep=0¢eV, E; = Debye temperature of 60 K [11], and dissociative nuclear
hw = A — Ay, andE, = 2hiw = P — A,. The simula- motion. The measuref, is also significantly longer than
tion is performed with the phase and energy relaxatiorihe calculated electron transfer times from the6€s6p,
parameters; = 50 fs, 7, = 15 fs, and7,® = 15 fs.  and5d states to a jellium surfade, = 2) of 0.8, 0.2, and
The simulation qualitatively reproduces the dependencg fs [8], respectively, or the experimental estimates from
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Auger resonant Raman intensities of core-excited, alkalition are without precedent considering the strong inter-

atom-like, rare gases [4,5]. For a surface resonance thesetions of chemisorbed species on metal surfaces. The

are the times for transverse delocalization of the electrononexponential population decay is attributed to the pho-

from the alkali atom into the bulk; however, in the casetodesorption of Cs. The uniquely long lifetimes due to

of a surface state, the projected band gap may prevent thveeak hybridization in the antibonding state between the

delocalization of the electron into the bulk if the adsorbateCs atom in the atop site and Cu(111) surface highlight

interaction withk; # 0 bands is weak. Electrons trapped the importance of symmetry and band structure in the

at the surface can relax only by a longitudinal proces®lectronic quenching of adsorbates. /Cg(111) is an

such ase-e scattering. Lifetimes of the IP states in the excellent system to directly probe the transition state in

L and X gaps of copper, which can exceed 100 fs, argohotodesorption, to investigate the possibility of coherent

proportional to the degree to which their wave functionscontrol of reactions on surfaces, and to probe the nature

penetrate into the bulk and tlee scattering times at the of chemisorption of alkali atoms on metal surfaces.

same energy [18,24,25]. The surface state penetration The authors acknowledge valuable discussions with

depends on its energy arigl dependent detuning from Y. Murata, H. Ishida, D. Menzel, W. Worth, M. Wolf, and
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disordered systems such as Cs and CO on Cu(111), tlend S. Saito, and also M. Weida for critical reading of the

vast difference in lifetimes suggests that the former bearmanuscript. We also acknowledge a NEDO International
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