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Phase and Energy Relaxation in an Antibonding Surface State: CsyyyCu(111)
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Electron dynamics induced by direct photoexcitation of the antibonding state on the CsyCu(111)
surface are studied by interferometric time-resolved two-photon photoemission. Femtosecond reso
pump-probe correlation measurements indicate phase and energy decay, respectively, on 15 and
time scales for the Cs antibonding state at 33 K. Both the polarization and phase dynamics
nonexponential and strongly temperature dependent. The energy dependence of the antibonding
population dynamics is consistent with Cs photodesorption. [S0031-9007(99)08606-8]
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Energy and phase relaxation times of electronically e
cited states of atoms and molecules adsorbed on s
surfaces are important for many physical phenomena
cluding surface scattering, photon and electron stimula
desorption, surface sputtering, and surface photochemi
[1]. According to the Menzel-Gomer-Redhead (MGR
model [2,3], photodesorption occurs when an adsorb
is excited to a dissociative antibonding or affinity stat
if the nuclear motion along the reaction coordinate c
compete with the electronic deexcitation. Typically, ele
tronic quenching of adsorbates on metal surfaces occ
on aø10 fs time scale [4–6], which has prevented direc
real-time observation of surface photochemical reaction

Alkali atom-metal surface chemisorption is a mod
system of practical importance in thermionic emissio
and promotion or poisoning in catalysis [7]. Near a met
surface, alkali atoms experience a repulsive interact
of the valence electron with the induced image charge
the ionic nuclear core. As the atom-surface distance
decreased, the valence electrons shift upward in ene
and hybridize with those of the substrate into bonding a
antibonding states [8–10]. Nordlander and Tully hav
calculated orbital-dependent energies and electron tran
rates of#2 fs for Cs at 3.01 Å (Cu-Cs bond length [11]
above a jellium surface [8]. In agreement with the
ory, an unoccupied antibonding state having a linewid
G ­ 350 meV at 300 K, which implies a lifetimet of 2 fs
according to the Heisenberg relationGt ­ h̄, has been
observed in inverse and two-photon photoemission (2P
spectra of alkali metals on copper [12–14]. Howeve
in a recent study of CsyCu(111), Baueret al. measured
a significantly longer lifetime of 11 fs by time-resolve
photoemission [14], implying thatG has significant
contributions from inhomogeneous broadening and/
quasielastic [e.g., electron-phononse-pd] scattering. To
address this contradiction and to gain a deeper und
standing of the bonding, and electronic relaxation of alk
atoms on metal surfaces, it is necessary to determine b
the phase and energy relaxation times of the antibond
state on CsyCu(111). In this Letter, the electronic relaxa
tion is measured by the interferometric time-resolve
two-photon photoemission (ITR-2PP) technique [15,16
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thus providing a direct method to study the MGR
photodesorption.

The ITR-2PP experiment and data evaluation meth
are described elsewhere [16]. Briefly, frequency-doubl
light from a Ti:sapphire laser (hn ­ 3.08 eV; 13 fs inten-
sity pulse width) is split into equal pump and probe puls
in a stabilized, scanning Mach-Zehnder interferomete
The pump-probe delay is scanned by6150 fs with an ac-
curacy of ,ly25 corresponding to5 3 10217 s for re-
petitive scans. The pulses are focused collinearly to
spot of 80mm on the sample, which is held in an ul
trahigh vacuum (UHV) chamber (base pressure:,5 3

10211 Torr). Thep-polarized light incident at 30± from
the surface normal excites 2PP, which is measured a
function of energy atkk ­ 0 with a hemispherical elec-
tron energy analyzer (5± angular, and 30 meV energy
resolution). The 2PP spectra are measured with sing
pulse excitation. Electronic relaxation rates are obtain
from interferometric two-pulse correlation (I2PC) mea
surements, where the 2PP current is monitored at a s
cific energy as a function of the pump-probe delay. Th
Cu(111) surface is cleaned by a cyclic procedure of A1

sputtering (500 V) and annealing at 700 K. The samp
temperature is set between 33 and 300 K by a He clos
cycle refrigerator/heater combination. The Cs is evap
rated onto a room temperature Cu(111) surface from
SAES getter while maintaining the UHV chamber pre
sure in the10210 Torr range. The change in the work
functionF is used to calibrate the Cs coverage [17].

A clean Cu(111) surface has a projectedL band gap
extending from theL20 point at20.85 eV to theL1 point
at 4.08 eV, which supports a Shockley-type surface st
(SS) with an energy of20.39 eV at kk ­ 0 [18]. The
low lying orbitals of Cs interacting with the Cu(111)
surface hybridize with the SS and thesp band of copper
to form partially occupied bondingsBd and unoccupied
antibondingsAd states [9,10]. B is difficult to observe in
photoemission spectroscopy due to its broad width a
s-like orbital character [9]; however,A is readily detected
in 2PP at 3.1 eV in the zero Cs coverage limit [14
An increase in Cs coverage results in a characteris
decrease ofF, which modifies the image potential, and
© 1999 The American Physical Society 1931
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therefore decreases the energies ofA and SS [13,17,19].
Therefore, direct SS! A excitation is possible by tuning
the transition into resonance with the excitation light b
means of the Cs coverage.

The 2PP spectra for near resonant SS! A excitation
in Fig. 1 show interesting features that may be relevant
the electronic quenching ofA. Two peaks labeled as SS
andA are assigned to 2PP from SS and via the intermedi
stateA, respectively. The energy of the SS! A resonance
and linewidths of both peaks decrease with temperatu
The energies ofF, A, and SS shift by20.28, 20.19,
and10.18 meVyK, respectively, while, for clean Cu(111),
F shifts by 20.10 meVyK. Thus, the magnitude ofdF

dT
for CsyCu(111) appears to be anomalous. While therm
vibrations determinedF

dT for a clean metal surface, the
larger value for CsyCu(111) may also reflect a therma
distribution of Cs adsorption sites. Although the ato
site is energetically favored [11], a surface-extended x-r
absorption fine-structure study of KyCu(111) shows that
alkali atoms are highly mobile and populate hollow site
even at 65 K [20]. A longer, more ionic Cu-Cs bond i
a hollow site, as compared with an atop site [20], ma
produce a larger surface dipole and, therefore, a larg
change inF per adsorbate. Thus, depopulation of hollow
sites at low temperature should increaseF. The high
mobility and distribution of Cs in two sites may also
contribute to the shift and width ofA, and affect the
electronic relaxation. In addition, energy ofF and A
increases with time as a result of irradiation with 3.08 e
light providing evidence of the photodesorption of C
atoms, which is well documented for K/graphite [21,22
The Cs atoms are depleted over the entire surface rat
than just the irradiated area, confirming their high mobili
even at 33 K.

Figure 2(a) shows I2PC scans for 0.11 monolayer (M
CsyCu(111) at 33 K near the SS! A resonance. The

FIG. 1. Temperature dependence of 2PP spectra for 0.02
CsyCu(111).
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I2PC data reflect the phase and energy relaxation wh
a three-level system is coupled by two-photon abso
tion, as shown in Fig. 2(b). One- and two-photon exc
tation induces transient linear and nonlinear (quadrat
polarization. Coherent interaction of the electric field o
the probe pulse with the pump-induced polarization wa
leads to interference at the excitation frequencyv and its
second harmonic2v. The decay of the quantum mechan
cal phase in the excitation process is deduced by fitting
envelopes ofv and 2v oscillations, thus providing ex-
perimental values ofe-h decoherence times for the linea
polarizationsT2

01 andT2
12 (designated asT2

v) and non-
linear polarizationT2

02. Once the coherent contribution
is known, the incoherent intermediate state population d
cay is deduced from the phase averaged I2PC [16]. F
ting these envelopes to a convolution of the instrume
response function with a single exponential decay giv
the experimental phase and energy relaxation times
Fig. 3. However, the actual phase and energy decays
nonexponential, so this simple fitting procedure gives on
a qualitative representation of the relaxation dynamics.

Interference fringes in the I2PC scans taken near
SS! A resonance in Fig. 2(a) persist for.60 fs and
have energy-dependent amplitude modulation (quant

FIG. 2. (a) I2PC scans and 2PP spectrum (inset) for 0.11 M
CsyCu(111) at 33 K, which show long phase decay near t
SS! A resonance and quantum beats. (b) Simulation ba
on three-level optical Bloch equations (inset).
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FIG. 3. (a) Temperature-dependent 2PP spectra, (b)T1,
(c) T2

v , (d) phase averaged I2PC, and (e)v envelopes. Solid
lines in (d) are single exponential fits, which demonstrate t
nonexponential decay ofA.

beating) that is most prominent for energies belowA.
The I2PC at 5.0 eV, where the 2PP is from the bulksp
band, serves as an upper limit of the instrument respo
function, i.e., laser pulse autocorrelation [16]. To unde
stand the origin of the quantum beats, the I2PC sca
are simulated by optical Bloch equations (OBE), a de
sity matrix formalism for calculating the time evolution o
populations and polarizations induced by optical excit
tion [15,16]. The I2PC scans in Fig. 2(b) are simulate
for a three-level system, which consists of SS,A, and the
detected portion of the final state free-electron wave co
tinuum P, by solving the OBE for the time-integrated
population of the final state as a function of pump-pro
delay. The continuous bulk contribution is neglecte
since the SS andA peaks dominate the 2PP signal. Fo
the simulation in Fig. 2(b), the laser detuning from th
SS! A resonance isD1 ­ 0.13 eV, E0 ­ 0 eV, E1 ­
h̄v ­ A 2 D1, andE2 ­ 2h̄v ­ P 2 D2. The simula-
tion is performed with the phase and energy relaxati
parametersT1 ­ 50 fs, T2

02 ­ 15 fs, and T2
v ­ 15 fs.

The simulation qualitatively reproduces the dependen
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of quantum beats onP, which arises from the frequenc
difference between the driving field atv and the sys-
tem response, i.e., linear polarizations corresponding to
SS! A andA ! P. Experiments and simulations for dif
ferent values ofD1 support this conclusion.

The shift of the SS! A resonance and the energy an
phase relaxation timesT1 andT2

v [15] for 0.11 ML cover-
age of Cs are shown in Figs. 3(a)–3(c) (T2

02 for the clean
surface is discussed in Ref. [15]). As the temperature
decreased from 300 to 50 K, the SS peak position is ne
constant, butA increases from 5.4 to 5.83 eV due to bo
the temperature and the photodesorption shifts. At 300
T1 near the SS! A resonance is enhanced by,10 fs with
respect to the lifetimes of bulksp-band hot electrons at the
same energy [23], which agrees well with a value of 11
reported in Ref. [14]. With decreasing temperature, b
T1 andT2

v increase, with particularly strong changes o
curring below 100 K. Experiments at different Cs cove
ages show that the increase in lifetimes is due to the sur
temperature rather than to the energy ofA with respect to
the Fermi level. The phase and energy relaxation kin
ics belowA are noticeably nonexponential. This is due
quantum beating, and a slow incoherent component, wh
appears as a delayed rise. The data in Figs. 3(b) and
are obtained by forcing single exponential fits to the e
velopes in Figs. 3(d) and 3(e). At 50 K, the derived valu
of T1 have a maximum at 0.17 eVbelowA. The nonexpo-
nential decays and shift of theT1 maximum with respect
to A are attributed to the dissociative nuclear motion
Cs, as will be described in a future publication. Durin
desorption, both the energy ofA and coupling to the sur-
face decrease with increasing Cu-Cs distance, resultin
a longerT1 below the spectral maximum ofA. The en-
ergy dependence ofT2

v is also complicated, since it ha
contributions from the decoherence of the SS hole anA
electron, which at 50 K result in two maxima. These
not coincide exactly with the SS andA peaks in Fig. 3(a)
because the fits do not account for the quantum beatin
Fig. 3(e). At 33 K,T2

v is 15 fs, which is consistent with
a deconvoluted linewidth ofA of 70 6 10 meV.

The long phase and energy relaxation times
CsyCu(111) in Fig. 3 are unprecedented, since t
linewidths of adsorbate resonances on metal surfa
imply ø10 fs lifetimes. For instance, for the2pp

derived level of COyCu(111), at 3.5 eV,h̄yG ­ 0.8 fs
which is in agreement withT1 , 5 fs from time-resolved
photoemission [6]. However, for the image potential (I
states of copper [18], linewidths underestimate lifetim
because they are dominated by quasielastic, transv
phase relaxation [18,24]. For CsyCu(111), thee-h deco-
herence resulting inT2 , 2T1 may be induced by both the
carrier-phonon scattering, which is significant due to a l
Debye temperature of 60 K [11], and dissociative nucle
motion. The measuredT1 is also significantly longer than
the calculated electron transfer times from the Cs6s, 6p,
and5d states to a jellium surfacesrs ­ 2d of 0.8, 0.2, and
2 fs [8], respectively, or the experimental estimates fro
1933
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Auger resonant Raman intensities of core-excited, alk
atom-like, rare gases [4,5]. For a surface resonance th
are the times for transverse delocalization of the elect
from the alkali atom into the bulk; however, in the ca
of a surface state, the projected band gap may preven
delocalization of the electron into the bulk if the adsorba
interaction withkk fi 0 bands is weak. Electrons trappe
at the surface can relax only by a longitudinal proce
such ase-e scattering. Lifetimes of the IP states in th
L and X gaps of copper, which can exceed 100 fs, a
proportional to the degree to which their wave functio
penetrate into the bulk and thee-e scattering times at the
same energy [18,24,25]. The surface state penetra
depends on its energy andkk dependent detuning from
the band gap edges [26]. Althoughkk is not defined for
disordered systems such as Cs and CO on Cu(111),
vast difference in lifetimes suggests that the former be
some similarity to the IP states.

According to the density functional calculations o
Ishida and Liebsch, sinceA is formed by the antibonding
hybridization ofs-pz , optical excitation leads to a stron
polarization of the electron density from the Cu-Cs bo
towards the vacuum [9,10,14]. Since most of the elect
density is on the vacuum side of the Cs core [10,1
the lifetime of A is dominated by the depleted electro
density near the surface and the nature of the hybridiza
between the Cs and Cu surface. Hybridization depe
on the symmetry, spatial overlap, and energy denomina
between the interacting orbitals [26]. Sinces and pz

orbitals are totally symmetric with respect to the surfa
normal, A will have the best overlap with the electro
density associated with the totally symmetric SS and ba
edge electrons at theL20 point [27]; however, energy
denominators for both interactions are larges.3 eVd. By
symmetry, Cs atoms at an atop sitecannothybridize with
the px andpy orbitals of Cu, but in hollow sites there i
an additional hybridization with thepx andpy component
of the Q2 band, which is energetically favorable [27
This may explain the shorter lifetimes at higher tempe
tures. For Cu(100) and Cu(110), theD1 and S1 bands,
respectively, are near resonant withA [27]. Furthermore,
these bands will have long tails into the vacuum providi
good overlap with thes andpz orbitals ofA, since all of
their kinetic energy is associated withk'. Significantly,
the lifetime of A is too short to resolve for Cu(100) an
Cu(110) (not shown). The much shorter lifetime
COyCu(111) is probably due to both the shorter Cu
bond length (1.9 Å) and symmetry of the2pp orbital,
which can resonantly interact with theQ2 band. Thus,
the symmetry atop adsorption of Cs on Cu(111) rend
the uniquesurface statecharacter toA, which severely
limits the channels for the phase and energy relaxation

In summary, ultrafast electronic relaxation of Cs a
tibonding state on Cu(111) is studied by interferomet
time-resolved two-photon photoemission. Both the lo
time scale (T1 ­ 11 fs andT2

v ­ 50 fs at 50 K) and the
nonexponential behavior of the phase and energy rela
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tion are without precedent considering the strong inte
actions of chemisorbed species on metal surfaces. T
nonexponential population decay is attributed to the ph
todesorption of Cs. The uniquely long lifetimes due t
weak hybridization in the antibonding state between t
Cs atom in the atop site and Cu(111) surface highlig
the importance of symmetry and band structure in t
electronic quenching of adsorbates. CsyCu(111) is an
excellent system to directly probe the transition state
photodesorption, to investigate the possibility of cohere
control of reactions on surfaces, and to probe the nat
of chemisorption of alkali atoms on metal surfaces.

The authors acknowledge valuable discussions w
Y. Murata, H. Ishida, D. Menzel, W. Worth, M. Wolf, and
U. Höfer, technical support by M. Moriya, M. Matsunami
and S. Saito, and also M. Weida for critical reading of th
manuscript. We also acknowledge a NEDO Internation
Joint Research Grant for the partial funding of the proje

[1] J. W. Gadzuk, Surf. Sci.342, 345 (1995).
[2] D. Menzel and R. Gomer, J. Chem. Phys.41, 3311 (1964).
[3] P. A. Redhead, Can. J. Phys.42, 886 (1964).
[4] A. Sandellet al., Phys. Rev. Lett.78, 4994 (1997).
[5] C. Keller et al., Phys. Rev. Lett.80, 1774 (1998).
[6] L. Bartelset al., Phys. Rev. Lett.80, 2004 (1998).
[7] A. M. Bradshaw, H. P. Bonzel, and G. Ertl,Physics

and Chemistry of Alkali Metal Adsorption(Elsevier,
Amsterdam, 1989).

[8] P. Nordlander and J. C. Tully, Phys. Rev. B42, 5564
(1990).

[9] H. Ishida, Phys. Rev. B38, 8006 (1988).
[10] H. Ishida and A. Liebsch, Phys. Rev. B45, 6171 (1992).
[11] S. Å. Lindgrenet al., Phys. Rev. B28, 6707 (1983).
[12] D. A. Arena, F. G. Curti, and R. A. Bartynski, Phys

Rev. B56, 15 404 (1997).
[13] N. Fischeret al., Surf. Sci.314, 89 (1994).
[14] M. Bauer, S. Pawlik, and M. Aeschlimann, Phys. Rev.

55, 10 040 (1997).
[15] S. Ogawaet al., Phys. Rev. Lett.78, 1339 (1997).
[16] H. Petek and S. Ogawa, Prog. Surf. Sci.56, 239 (1997).
[17] S. Å. Lindgren and L. Walldén, Phys. Rev. B45, 6345

(1992).
[18] E. Knoesel, A. Hotzel, and M. Wolf, J. Electron Spectros

Relat. Phenom.88–91, 577 (1998).
[19] M. Bauer, S. Pawlik, and M. Aeschlimann, Surf. Sci.377–

379, 350 (1997).
[20] D. L. Adler et al., Phys. Rev. B48, 17 445 (1993).
[21] In addition, F and A increase due to possible adsorptio

of impurities and the presence of defects, which makes
difficult to quantify the pure photoinduced effect.

[22] B. Hellsinget al., J. Chem. Phys.106, 982 (1996).
[23] S. Ogawa, H. Nagano, and H. Petek, Phys. Rev. B55,

10 869 (1997).
[24] U. Höfer et al., Science277, 1480 (1997).
[25] E. V. Chulkovet al., Phys. Rev. Lett.80, 4947 (1998).
[26] J. W. Gadzuk, Surf. Sci.43, 44 (1974).
[27] H. Eckardt, L. Fritsche, and J. Noffke, J. Phys. F14, 97

(1984).


