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Decay dynamics of photoexcited alkali chemisorbates: Real-time investigations
in the femtosecond regime
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The inelastic decay time of photoexcited cesium and sodium adsorbed on different single-crystal surfaces
has been investigated by means of time-resolved two-photon photoemission. Especially in the case of cesium,
we observe a surprisingly high lifetime. For Cs(Cl1) we obtain a value of 156 fs. Intra-atomic hybrid-
ization, the specific band structure of the substrate, and adsorption site effects may be responsible for this
behavior. These different mechanisms are discussed in d&ail63-182809)09231-(

[. INTRODUCTION broadening the complex excitation mechanism in a 2PPE
experiment restricts the validity of linewidth measureménts.
A very challenging topic in studying adsorbate dynamics The extension of two-photon photoemission to a pump
on metal surfaces is the investigation of initial steps in reacNd probe mode, that is time-resolved two-photon photo-
tions initiated by photon-induced electronic excitations. TheeMiSSIoN(TR-2PPE, enables us to perform a real-time ex-
high density of electronic states, offered as decay channels fﬁenmen_t to stug)llothefdynamhc proEertlesl_ of o_pt|(r:1ally dexcnled
excited electrons by the conducting band in a metal ectronic states. ' In act both methods, linewidth an rea
. -time measurement, simultaneously probe the dephasing of
quenches the time scales of these nonthermal processes ig|arization and the inelastic lifetime of the excited electron.
the range of just a few femtoseconds. Today, this is the lowetherefore, studies based on a combination of these two
limit of time resolution achievable within real-time experi- methods promise to differentiate to a certain degree between
ments. those two dynamic properties. Just recently this approach has
Most of the attention recently paid to photoexcited adsorbeen successfully applied in Ref. 11. Under consideration of
bate states focuses on the indirect excitation by hot substrateeir 2PPE and TR-2PPE results, the authors were able to
electrons rather than on direct photoinduced excitationconsistently describe the dynamical properties of the (
Stimulated by a variety of different femtosecond laser-=1) image-potential state as observed on &1C0) surface.
induced desorption results, several theoretical investigations In spite of impressive progress in the investigation of the
of hot carrier-induced excitations have been undertakién. electron dynamics of excited volume and surface metallic
turns out that dynamical properties such as the dephasing &tates by TR-2PPE>the study of the lifetime of elec-
the resonance lifetim&g of the adsorbate excitation strongly tronic adsorbate excitations seems to be still quite challeng-
determines the character of the energy transfer from the ele#?9- For a chemisorption system the strong coupling between
tronic, e.g., to a vibrational excitation. In addition, the shortadsorbate excited states and electron-hole pairs of the sub-
lifetimes of electron excitations on metal surfaces suggest iftrate shortens the lifetin; to a few femtoseconds. Hence

general a highly dynamical process, especially with respedf 1S not surprising that TR-2PPE experiments on adgcl)gbate
to the nucleus motion of the adsorbAtelowever, there ex- SYStems have been reported by three groups so™far'®
ists hardly any experimental investigation which can support N€ latter reference is the only one reporting on a lifetime
these studies. The final energy distribution of desorbed mo€ffect as induced by an adsorbate excitation.

ecules, for example, only allows quite moderate conclusions In this paper, we extgnd these results reported for .CS/
on the progressing steps within the entire desorptioncu(lll) to different alkali—noble-metal complexes. That is,

mechanisni—> A deeper insight requires a more direct ac- €Se are the systems Cs(C00, Na/Cu100, and Cs/

cess to the dynamical processes during the initiating stepé9(111- In addition, we applied a method of deeper data

This would in a certain sense be the link between theoreticai"@ysis on these and our earlier results, which will be dis-
calculations and final-state investigations. cussed in detail. It takes into account the dephasing of the

Photoemission is the classical tool to gain insight into thePhotoinduced excitation steps and, therefore, supplies a more

valence electron system of an adsorbate-substrate system. listic picture of the actual 2PPE excitati.on process. Fur-
this case, the linewidth of spectroscopic structures provideZ1€l, We were able to measure the decay time of this adsor-
information on the dynamical properties of the electron sysPat€ state as function of its energy. The discussion of our
tem. In a(one-photo photoemission experiment mainly the res_ults focu_ses_{l) on the mechanism respon_S|bIe for the
lifetime of the left hole at the sample is prob®d two- quite long I!fetlme opserved, anﬁ?) a comparison of the
photon photoemission experime@PPE also allows access results obtained for different alkali—noble-metal complexes.
to dynamical properties of the usually unoccupied interme-
diate state involved. Especially with the spectroscopy of the
surface located image-potential states, this method has An attempt to model experimentdTR-)2PPE data re-
proven itself However, next to inhomogeneous Gaussianquires, first of all, a definition of the system we are looking

Il. 2PPE MODEL AND DATA ANALYSIS
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at. In the present case we are considering an excitation of ahe electronic three-level system with a thermal bath, as of-
electron from a band of occupied metal states into a band dered, e.g., by a surrounding electron gas. It gives rise to
unoccupied states above the vacuum level which couple tphase loss between electron and exciting photon field as well
our electron detector. This process is induced by the success to energy loss of excited electrons. In a dipole approxima-
sive absorption of two photons and, in our case, is mediateglon, the elements off are given by

by an usually unoccupied alkali state at an intermediate en-

ergy lying between this two bands and well below the (R); =E(t)-a; for i#j,
vacuum energy. In each of the four studied systems at the J .
investigated detection angle this intermediate alkali state lies (F); =E,

1 [

in a projected band gap of the substrate electronic structure.

In addition, as the excitation involves the surface-located adg;; is the dipole moment given b{i|f|j). Ei=fiw; is de-
sorbate state, a direct excitation into vacuum stfitegerse  fined by Foli)=Ei). We defined;; (t)=(1/4) - fi;; - E(t).
low-energy electron-diffractiofLEED) stateg is reasonable. The value of¢s;; is a measure for the strength of the respec-

There might be also some contribution to our signal fromjye gptical transition.
the highest occupied alkali orbital acting as initial state, |n the case of a three-level system we obtain a set of nine
which is known to be located around the Fermi edge. Degoypled differential equations:
pending on the respective definition, this state has been
shown to be either almost empty at the investigated low cov- d _
erage or to strongly mix with the bulk conducting barid° giPu= "idudparprd) + &P?'fs: 2
Both views are in line with the assumption of an initial-state
distribution given by an occupied metal band. In the first d .
case any contribution from this state can be assumed to be — p,,= —i-[ h1p12— p21) + P2s(pP3— P23) 1+ d—pg';s,
small compared to contributions from the high-density metal t
band. In the second case a distinction between metal band 3
and alkali state is not really possible any more.

To simulate a 2PPE spectrum, we considered only contri-
butions to our signal arising from the dominant resonant ex-
citation from initial to final state. This means that the elec- g g
tron population of the final state enerdys;,y has been L . diss
assumed to arise only from an initial state of the occupied gtPs~ ' (P12P2s~ b2p12) T1(01~ 03)p1at P13
metal band located at exacty=fw,+hw, below Eg,a, 5)
wherefiw, andfw, correspond to the energies of the two
exciting photons. Off-resonant excitation has been neglected. d . .

With respect to the intermediate state, however, nonresonant giP1z= ~1¢1apar p11) T id23 P13
contributions were taken into account. The TR-2PPE data

(autocorrelation traceswere only evaluated for the maxi- . diss

mum of our 2PPE signal which corresponds in our approach Hilor1— w)p1at P12 (6)
to a resonant excitation between initial state and intermediate

(alkali) states as well as intermediate and final states.

A quantum-mechanical attempt to describe the interaction qiP2= i Pox( P3z— P22) — i P1op13
of an electron system and a time-dependent electromagnetic

field E(t) can be made within the framework of the density-

d H d diss
giPes= | b23(p23—p32) + PTLERE 4

matrix formalism?® In order to describe the dynamical pro- +i(wy— w3)poat &ngs’ @
cesses involved in TR-2PPE, Her& al. applied this for-

malism to a two-level system, representing the initial and d d

intermediate states of the 2PPE procésEhis model can be arPii =apﬁ for i #j. (8)

expanded to a three-level system, corresponding to the ini-
tial, intermedjate,lé'aznd final states, interacting with an elecin this representation, direct coupling between initial and fi-
tromagnetic field 2 The Llouy|lle—von Neum{:mn equation nal states has been neglectet{=0). The dissipative off-
desc”bes the tempOI’a| eVOluUO” Of the denSIty m%mx diagona' termsd/dt)p?fss are due to phase decay during an

d i d excitation betweefi) and|j), and are given by

A A ~ diss

giP= 7 HRPI+ 5™ (1) d .
e _ atPii =—Tijpij
whereH=Hy+V, H, is the Hamilton of the electron sys-
tem, andV the perturbation due to its interaction with the =T +T,.
electromagnetic field. The off-diagonal elements of the den- e
sity matrix p represent the optically induced coherence be-Herel'; andI’; are the phase loss rates of the involved elec-
tween two states, whereas the diagonal elements correspotrdnic wave functions, induced by elastiend inelastic-
to the population of the respective states. The dissipativecattering processes as a result of interaction with the bath.

terms in these equations take into account the interaction c(fd/dt)pidii'SS accounts for the population and depopulation of

C)
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the states due to the inelastic-scattering processes. Assumir [~ ¢ ' : A ! i i
that relaxation of electrons can occur only by decay into the [ Simulaton , ]
ground statd1), we have 2 gl TaFlels 1 .
S | r,=0.04fs"
2 4t 0 .
d diss 1 1 S, 200 100 0 100 200
R _ + — , 2 3 delay A [fs]
di P TRP22 Tﬁna|P33 2 2 i
E ol A
1 1 n L 1 1 L
EpdiSS: _ ipzz -200 -100 0 100 200
dth22 Tr ' delay a [fs]
d . 1 FIG. 1. Calculated autocorrelation trace for a monochromatic
diss_ equal-polarized pump and probe experiment using the density-

atP — T T, Pss X - ) ‘
final matrix formalism. The peak-to-background ratio of the interfero-

metric trace is 8:1. For data analysis we compare the experimental

HereTr and Ty, are the lifetimes of the intermediate state - i the Fourier-filtered trace, as shown in the inset.

|2) and final statd3) due to inelastic decay. If only these
inelastic-scattering processes contribute to the phase loss of a

wave function, its dephasing rate is given By=(1/2T).% critical value with respect to inversion of populatiohFig-

Therefore,T determines the minimum phase loss rate. AnyUré 1 displays a numerical §o|ution for typical parameters as
other contribution, such as defect/impurity scattering orused to simulate our experimental autocorrelation traces. As

(nearly elastit electron-phonon scattering, would incredse with the 'us.ed expgrimental setup no resolution of the inter-
(additional, pure dephasing ferometric interaction between pump and probe pulses could
For weak excitation densities as used in the present worR€ achieved, for comparison, the high-frequency contribu-

the initial state density remains nearly one during the whold!OnS Of the simulated traces were filtered out by Fourier
diss_()  This filtering. The resulting trace is shown in the inset.

excitation and deexcitation processd/dt 4 . .
P S/t piy % To fit our experimental traces by means of solutions of

means that it makes no difference if we consider a close 2)—(8 first att ted t K bl
three-level system with respect to particle conservation or i as.(2)—(8) we first attempte 0 Make reasonaple assump-
ns on as many of the five dynamical parameters

excited electrons can also decay into empty states offered . . .
y PY (TR Tiinai I'12.'23,I'13) as possible. Taking into account

the surrounding electron system. : .
d y g. (9) we can in any case approximalg;~I'; as long as

In comparison to a model based on the assumption th I his b ; f th
the 2PPE process is correctly described by Fermi's golde =L This ecomes Important as soon as one of the
ephasing rates is below our temporal resolution, which is

rule, the density-matrix formalism is a more realistic descrip---F - , .
4 P mainly determined by the temporal width of the exciting

tion of the dynamical process of our 2PPE experinfént. ! . .
Fermi’s golden Rule correctly describes an excitation pro-Iaser pulse of about 40 {sapid dephasing Any dynamical

cess forAE> 27h/t> SE. where AE is the width of the Parameter, which is sufficiently small compared to our pulse
final-state distributionSE the state separation in the final- W'?”(‘)’ does not Chaf‘gelth.e Shapeff’f °“r£“t.°‘5°”§"';‘]“°“ sig-
state distribution, andt the duration of the excitation N&!- 9ur computer simulations confirm thmbvioug behav-

proces€? These conditions are no longer met for an excita-°" In detail we observe that time scales below 2 fs of each

tion into a discrete state at a time scale of 40 fs, as in ouP’ th_e five free parameters show no significan_t change in the
case given by the width of the exciting laser pulsé. detailed shape of the simulated autocorrelation traces, and

Our simulations of 2PPE spectra and TR-2PPE data wergannot be resolved in our experiment. It acts on our mea-

calculated by assuming a temporal evolution of the electroSured signal like an instantaneous decay.

- - . In contrast to this, the simulated 2PPE spectra can be
magnetic field of thel‘?mE(t) _ZEO[glg.(t/TO)Cps@t)]. with quite sensitive to changes even at high dephasing rates. It
g(t/7)=[m cosht/m)] *. Hereg“(t/7y) is the intensity en-

| f th it | | h | width turns out that’;5 plays just a minor role, whereas the line-
velope of the excmn_g aser pulse, _am@it e temporal width iy ang shape are mainly determinedIby andI',;. We
of the laser pulsgry=0.5673,, with 7y, the full width at

_ X find, however, that as long as the dephasing rates of these
half maximum(FWHM) of the pulse shageFor a simula- 1" quantities are sufficiently different, the spectrum is

tion of a time-resolved experiment, pump»and Erobe DUIS%ainIy determined by thiswestdephasing ratésee Fig. 2

have to be considered, and therefofg(t)=Eg-g(t/ In our experiment a rapid phase loss seems to be reason-
Tl)COS@t)‘f‘Eog[(t+A)/T2]COS{w(t+A)]. Here A is the tem-  able for the initial statél) of the 2PPE excitation process as
poral delay between the pump and probe pulses. This forfong as we assume that it is a bulk state of the metallic
accounts for the fact that for the present study single colosubstrate. The strong coupling of bulk states to phonons and
and equal intensity 2PPE modes have been used. The dipdbellk electronic states should give rise to sufficiently high
moments of the different excitation steps were assumed to biephasing rate¥. As a result.I'; reduces the values df;,
equal and independent of initial- and final-state energy. ThendI' 5 to the range of rapid dephasing. In our calculations
product of the optical transition strengté;; and the pulse we setl’;,=1"13=1 fs L.

width 7, is a measure of the achievable populations in the A further parameter that we were able to fix is the inelas-
respective states during an excitation process. To account féic depopulation timeT ;4 in the 2PPE experiment. Consid-
the small transition probabilities in olfR-)2PPE experi- ering the shape of our simulations, we did not observe any
ment and to avoid saturation effects during the simulationdependence on this parameter. For convenience we chose a
the producte;; 7, was chosen to be small comparedrtoa  vanishing decay rate for the final state population,



PRB 60 DECAY DYNAMICS OF PHOTOEXCITED ALKALI . .. 5019

LN B B R R B DL B B B B NN TABLE I. Dynamical parameters we chose to simulate the ex-

s T,=1018", =027 citation process of cesium adsorbed on(Tll) by means of the
s T,=0.4fs",1,,=02fs" Fy! Liouville—von Neumann equations for differefig (andI,y).
P T3 T3 P Tr
>1fst >1fst oo (2*Tg) 1> to be

I'3>0.17fs?  adjusted

a cw Ar' laser. The system delivers transform-limited and
sech temporally shaped pulses of up to 15 nJ/pulse with a
pulse width(FWHM) of 40 fs and a repetition rate of 82
T MHz. The wavelength can be tuned to a range of 740-830
04 06 08 10 12 nm. The linearly polarized output of the Ti:sapphire laser is

1 PR TR NN WV Er— | PR I |
-12 -0 -08 -06 -04 -02 00 02
Energy [eV] frequency doubled in a 0.2-mm-thick beta barium borate

FIG. 2. 2PPE spectra, calculated by means of the LiouviIIe—vonCryStaI to produce UV pulses v =3-3.4eV. The conver-

sion rate is about 10% giving pulse energies of up to 1.5 nJ.

tion of the intermediate staf@). The squares correspond to values ﬁlhe UV beam is sent through a pa'.r of fused SIII.Ca prlsms to
of the numerical solutions, and the unbroken and dashed lines al%recompensate for pulse broadgnlng due to dispersive ele-
fits of a Lorenzian into these data. Rapid dephasing within the firsf"€NtS such as lenses, beam splitters, and the UHV chamber
excitation step at sufficiently low dephasing rate within the secondVindow in the optical path. A group velocity dispersion
step T1>T,9 results in a FWHM determined by, (open (GVD) and intensity loss matchgd interferometric Mach-
squares In addition, the pulse shape is Lorentzian. In the case oZ€hnder setup was used for the time-resol(@amp-probg
I';~T 3 the pulse width cannot be correlated to one of the dephaseXperiment. The pulses were split by a beam splitter to equal
ing rates(solid squares This also results in a distortion of the intensity (pump and probe pulsgsand one path could be
Lorentzian shape. The inset schematically displays the assumed eslelayed with respect to the other by a computer-controlled
citation mechanism involving a band of initial and final states and edelay stage. Before being directed into the UHV chamber
discrete state located inside a band gap. both beams were combined colinearly by a second beam
splitter. Both beams were focused onto the sample mounted
—). Assuming a 2PPE excitation process from a surfacein @ UHV chamber with a base pressure of 80~ **mbar.
located intermediate adsorbate state into a certainly stronghotoemitted electrons were detected by a cylindrical sector
bulk-decoupled vacuum staténverse LEED stafe this  energy analyzer. Each of the presented time-resolved experi-
choice seems to be reasonable. ments on adsorbate excitations was performed in the mono-
Two remaining(free) parameters are left. The first is the chromatic autocorrelated mode, both beams b@nplar-
inelastic lifetime of the intermediate lev€k, corresponding ized. To avoid space-charge effects the number of
to the depopulation of the adsorbate excitation, which is thgghotoemitted electrons per laser pulse were kept in the range
quantity we are interested in. The second parameter is thef one per pulse. In addition a negative bigs4oV was
phase loss rat& ,; of the second excitation step from the applied to the sample. The energy resolution of the analyzer
adsorbate state into the vacuum. Within limits, we can makés 80 meV at 4-eV pass energy, and its angular resolution is
statements about the value of the latter quantity. In the everit6°. The system response function of our experimental
that I' .5 is exclusively determined by the inelastic decay ofsetup(laser autocorrelation curyén a time-resolved 2PPE
the intermediate statéo “pure” dephasing due to elastic experiment was measured either by direct excitation from an
processes the phase loss rate is given By;=1/2T. Any  occupied Shockley surface stdie the case of a Gu11)
further contribution will increase its value. On the other surfacd, as described by Hertelt al,* or by an excitation
hand, assuming a rapid phase loss of the initial sthtg ( from the Fermi edge of a polycrystalline transition metal
>T,2), the upper limit ofl",3 can be deduced from the line- sheet(in our case molybdenum and tantalumounted just

width of the corresponding peak appearing in the 2PPE spe®e€low the single crystal sample, as described in Ref. 25.
trum. The following four systems were investigated during our

To evaluate the inelastic lifetim&g of the cesium exci- studies of alkali excitations at metal substrates: Cs adsorbed
tation, we calculated a set of autocorrelation traces for thesen @ Culll) single-crystal surface, Cs adsorbed on a
two limiting cases of",3 to fit the measured trace. A small Cu(100 single-crystal surface, Na adsorbed on a(XD0)
value ofI',3 thereby gives rise to a broadening of the auto-Single-crystal surface, and Cs adsorbed on &1Ag single-
correlation trace and reduces the fitted depopulation timérystal surface. The copper single crystals were routinely
Tr, Whereas the upper limit of ,; determines the upper cleaned by repeated argon ion sputtering and annealing

value of Tz. Table | summarizes the assumptions on the(1000 V, 800 K. The sample state was checked by Auger
dynamical parameters used for data fitting. and LEED. The silver sample was made by evaporaiting

situ 60-ML Ag onto the clear{100-oriented copper single-
crystal surface. Silver is known to develop a (Afl)-like
closed film at a coverage @>1 ML on Cu100).2° We also

The laser system used for our TR-2PPE experiments wagbserved this type of growth mode using LEED and ultra-
a mode-locked Ti:sapphire laser, pumped by about 9 W fronviolet photoemission spectroscopy. The alkali metals-

Neumann equations. Here the energy zero corresponds to the po

I1l. EXPERIMENT
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? 3.6} s Cs/Cu(100)
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FIG. 3. Left: 2PPE spectra taken for different coverages of sodium adsorbed (@00CuThe work-function change is due to the
increasing number of adsorbed alkali atoms, and serves as a measure for the coverage. The arrow marks the position of the alkali resonance
Right: energy vs coverage dependence of different unoccupied states as observed for cesium adsorlf@d0oanduCyl111). The
observation of ther{=1) image state of Q100 at a coverage below 0.02 ML is possible due to a three-photon photoemission process.

sium and sodiumwere deposited by resistive heated getter(photor) energy, nor due to the energetical shift as function
sources. The pressure during evaporation was maintained of coverage. We therefore exclude the 2PPE process to be
the low-10 °mbar range. All experiments were performed mediated by an intra-atomic excitation between occupied and
at room temperature. As the work function of the substrate isinoccupied adsorbate levels. These observations justify the
very sensitive to alkali adsorption, its change, determined bghoice of a fast dephasing metal bulk state for the initial state
the onset of the 2PPE spectra, served as a measure of timeour simulations.

alkali coverage. In the case of Cs/Qwl) and Cs/C(100),

we estimated the absolute coverage by comparing the mea-

sured changes in work function with calibration curves IV. EXPERIMENTAL RESULTS

Ag(0) in Refs. 27 and 28. No reference data were available
for Na/CU100 and Cs/Agll1ll). However, in our experi-
ments we were in any case in the range of a strongly decreas- Figure 4(left) shows a comparison of the FWHM of mea-
ing work function¢ with increasing coverage. The observed sured 2PPE autocorrelation traces as a function of electron
almost linear dependence @fas function of deposition time energy. We obtained these data from gX) surface cov-
indicates that we are in a coverage regime well below 0.%red with 0.08 ML of cesium. For comparison, the results for
ML,?° and that interaction of neighboring alkali atorfthie  a clean C(111) surface are presente@pen circles The

to depolarization fieldsis small*® Upon alkali adsorption a difference between the two measurements is obvious. We
distinct feature appears in the 2PPE spectra for all four inebserve a pronounced broadening of the autocorrelation
vestigated systems, which can be attributed to an usuallyraces right in the energy region, where we also observe the
unoccupied electronic statsee Fig. 3. Our data presented peak arising from the unoccupied cesium state in our 2PPE
here focus on the dynamical properties of this specific excispectra(Fig. 4, righd. This raw analysis already indicates a
tation. These excited states in alkali-metal complexes hadrastic change in the dynamics of an electron when it is
been investigated and characterized by inverse photoemigxcited into an alkali state instead of an excitation into a bulk
sion (IPE) and 2PPE in several publications before. They areelectronic state of equal energy.

usually attributed to electronic excitation of the alkali adsor- A linewidth analysis of the cesium peak appearing in the
bate and to be derived from iis, valence orbitaf>*? Its ~ 2PPE spectrum limits the dephasing rdtg; to be below
excitation energy(with respect to the Fermi leveshows 0.17 fs ! (Fig. 5). Note that the simulations shown have been
quite a strong coverage dependence. Below about half eonvoluted with a Gaussian resolution function representing
monolayer it shifts by a few eV monotonically toward the the energy resolution of the electron analyzer of 80 meV.
Fermi edge with increasing coveragsee Fig. 3, right>®>  Obviously our simulations only barely fit into the measured
This shift is caused by the depolarization field induced by thdrace. This is probably the result of a strong inhomogeneous
increasing number of surrounding alkali atoms rather than(Gaussiap contribution in the measured spectrum that we
for example, by an overlap of the corresponding adsorbatebserved and which has been reported for alkali states
wave functions® As a consequence no momentum disper-earlier!’:*2 As possible source for this broadening one can
sion of alkali states can be observed at low coverddenis  think, e.g., of the rapid diffusion or vibrational excitations of
point is important to note: the direct interaction betweenthe alkali-substrate bond at room temperature. We are not
neighboring alkali atoms due to the overlap of their waveable to include such effects into our simulations. Qualita-
function can be neglected at the investigated coverages. Nively, however, this additional broadening means that our
indication for a resonant excitation from an occupied discretdinewidth analysis is restricted to an upper limit fBg;. As
state could be observed, neither under changing excitatioalready mentioned in Sec. Il the linewidth of the state in the

A. Cesium adsorbed on Ci111)
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FIG. 4. Full width at half maximum as obtained from the experimental autocorrelation traces of a time-resolved 2PPE experiment and the
corresponding 2PPE spectra. Compared to the cleddlQusurface, the lifetime data show a pronounced peak in the FWHM of the
measured autocorrelation traces, right in the energy region, where we also observe the cesium-induced peak in our 2PPE spectra. This
indicates that the dynamical properties of the respective alkali excitation are quite different to those corresponding to bulk electronic
excitations. The pronounced peak at 6.2 eV of the clean suftfashed spectrunarises from the occupied Shockley surface state. This
feature is, however, strongly quenched due to cesium adsorption.

2PPE spectrum also determines the upper value of the inelagance time of the cesium state to be witAip=15+*6 fs.

tic lifetime Tg as obtained using the Liouville—von Neumann This decay time has to be compared with our estimation of

fitting routine. Therefore, any way to reduce the inhomoge-T.=11 fs given in Ref. 17, which is based on the assumption

neous broadening should also result in a reduction of thishat the excitation process is sufficiently described within the

upper limit for Tz. As mentioned above, the lower limit for framework of Fermi’s golden rule.

the dephasing rate is given b= 1/2Tg. In the following, we present our lifetime data as obtained
For these two limits of',3, Fig. 6 shows the resulting under assumption of the lowest possible dephasing rate for

best fits of numerical to experimental autocorrelation tracesthe second excitation step, which is given By;=1/2T.

at the left for the lower limit ofl",3=1/2T¢ and at the right As we are mainly interested in comparing changes of life-

for [ 3=0.17fs 1. The traces were obtained at a kinetic en-time, the following conclusions remain unchanged despite

ergy coinciding with the maximum of the cesium peak in thethis restriction. Note that an assumption of a higher dephas-

2PPE spectrum. For comparison, the open squares indicajigy rate will result in an extracted higher value Bf.

the laser autocorrelation trace measured by a nonresonant

excitation from the Shockley surface state via a virtual inter- o

mediate state of the clean (11) surface. The unbroken B. Dependence off ¢ on excitation energy

line is a fit giving a laser pulse width of 39.5 fs for the pump  The lifetime of excited bulk states and image potential

and the probe pulse under the assumption of a’spalse  states of metals is quite a strong function of their excitation

shape. energy. This has been predicted theoreticiiff?, and has
For the lower limit ofl",3 an inelastic lifetimeTg for the  been demonstrated in a variety of experimént€-3°
excited Cs of 123fs is acquired, resulting in d',; Little is known, however, about the energy dependence of

=1/2Tg=0.04fs L. For the upper limit of",; the best fitis  the lifetime of an excited adsorbate state. But this knowledge
obtained byTgr=17+3 fs. Therefore, we conclude the reso- could provide insight into the underlying processes for the

. = experiment FIG. 5. Estimation of the upper limit of the

10000 |- - . . .
- memeLv.N: [,=0.15fs" phase loss ratd’,; of the investigated cesium
. ———Lv. N T,,=02 fs" state on C(L11); the filled squares correspond to

the measured 2PPE spectra corrected by the sub-
traction of the linear background. Lines are re-
sults of our density-matrix simulation convoluted
with the resolution function of the used detector
for T,;=0.15fs' (dashed ling and Iy
=0.2fs (unbroken ling. The experimental
trace is obviously disturbed by an additional

= : L A 5 strong Gaussian broadening mechanism. We esti-
5.0 5.5 6.0 65 7.0 matel ,; to be smaller than 0.17 3.
energy [eV]

5000

intensity [counts]
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FIG. 6. Data analysis of a time-resolved 2PPE autocorrelation trace as observed for the excited cesium statel &t suGace. Left:
measured autocorrelation trace compared to calculated tradgs=d and 14 fs for positive delay, assuming that the dephasind rates
exclusively determined by{fz (dashed ling The inset shows the complete autocorrelation trace and the solution of the Liouville—von
Neumann equations fofg=12 fs. Open squares indicate the laser autocorrelation measured by excitation from the Shockley surface state
of the clean C(11) surface. The unbroken line is a fit giving a pulse width of 39.5 fs for the two exciting laser pulses. Right: data evaluation
based on the assumption tHaf; is determined by the line-width of the Cs peak observed in the 2PPE spectrum. The lines indicate traces
calculated forTg=14 and 20 fs.

different decay mechanisms of the resonance state. For ekinction values¢ close tohv, the accessible energy range
ample, if a direct interaction with the substrate electronicmust be limited to excitation energies 2.4€¥—Ef

system(inelastic scattering with substrate electrodemi-  <3.2eV.
nates the decay, we expect an analog dependendg.gn In the tested energy rangAE=0.8eV), we could not
=E—E¢ as observed for bulk electronic excitations. trace any change in the inelastic lifetime within our time

A change of the resonance energy of the alkali state caresolution. The determined lifetimEg stays within a range
be realized easily just by changing the alkali coverage, asf 12+4fs for all four coverages(at TI',3=1/2Tx
already explained in some detail in Sec. lll. Autocorrelation=0.04fs™%).
traces as observed for four different alkali coverages in the
Cs/Cy111) system are shown in Fig. 7. For comparison, the
open squares represent the laser autocorrelation trace as mea
sured by a nonresonant excitation from the Shockley surface The previous described investigations on CgAtd)
state of the C(L11) surface. The inset illustrates the different were extended to other alkali—-noble-metal complexes. The
energetical position of the state with respect to the projectedhoice of the different systems was motivated by the poten-
electronic band structure of the copper substrate. Due to thial to control specific complex properties. Our aim was to
strong one-photon photoemission signal appearing at worgain systematically additional information about the

C. Results obtained for other alkali-noble-metal systems

intensity [normalized]

0 &0 100 150
delayf{fs]

FIG. 7. Lifetime dependence of the cesium excitation as a function of its energetic position with respect to the edggshaitieap
of the Cy111) substrate. The filled symbols display autocorrelation traces for positive delay as observed for four different energies within
a range of approximately 1 eléee the inse¢t The open squares show the measured laser autocorrelation. The lines correspond to simulated
traces forTg=9 and 16 fs, respectivelfor convenience we assuméts=(2* Tg) "*]. The lifetime of the excitation remained constant
within =4 fs in the investigated energy range.
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— Cs/Cu(100)
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FIG. 8. 2PPE(insey and TR-2PPE data for the systems CgAD0 (M) and Na/C@100 () (positive delay. A comparison of the
spectra shows a slight line broadening in the case of Na compared to Cs, already indicating a change in its dynamical behavior. In the case
of Cs/CY100 we observe an inelastic lifetime of264 fs (simulation given by the solid line whereas for Na we cannot resolve any
difference compared to the measured autocorrelation fgigen by the dashed line

coupling/decoupling mechanism between alkali atom andvhole coverage regime we were able to investigate. For in-
substrate. These specific selection wiea change of sub- creasing electron detection anglecreasingk), a strong
strate orientatiorf Cu(111)—Cu(100], (b) a change of ad- dispersion is observable for the direct excitation in the bulk
sorbate(alkali) species (Gs>Na), and(c) a change of sub- (see arroy, whereas no dispersion was found within the de-
strate species (GuAg). We performed measurements on tectedk; range for the excited cesium state.
Cs and Na adsorbed on QW0 and Cs adsorbed on Figure 9b) shows TR-2PPE results for Cs adsorbed on
Ag(111). For all three systems a very distinct feature arisingAg(111). The lifetime effect due to the alkali excitation is
from an excited alkali state appeared in our 2PPE spectra.again quite obvious. A distinct increase in the FWHM of the
autocorrelation trace appears in correlation with the alkali
1. Cs/Cu(100) and Na/Cu(100) peak in the 2PPE spectrum, as observed at 5.5 eV. The con-
. , tribution from the direct bulk excitation channel restricts,
Figure 8 displays TR-2PPE res_ult_s _for C_S and Na adhowever, our conclusions on the absolute value on the life-
sorbeq on CULQO) at the energy coinciding with th_e COITe- time Tg of the excitation. Figure () displays the measured
spondlng peak_|r_1 the 2PPE spectra. AS presented n the 'n_s‘%tWHM of the autocorrelation trace at 5.5 e maximum
this feature arising from the respective alkali excitation ISof the 2PPE intensity due to the cesium resonaasefunc-

clearly visible. The autocorrelation traces correspond agail,aOn of emission angle. Clearly visible is the decreased

to the mta;\IX|mumd_2_PPE |rrl]ten5|té/_ n thedmset_s. To achieveyy v caused by the increased direct excitation contribu-
compar(zji_ N ((:jon 't'ﬁns’; € sodium an cesucjjm cor:/eragqrcbn to the autocorrelation signal intersecting the cesium
were adjusted so that the excitation appeared at the samgq,nance. Hence we are only able to give a lower limit for

energy Ieve!. It is clearly visible that the broadening of thethe decay time of the cesium state. The shape of the autocor-
autocorrelation trace for Na and Cs{€00 compared to the relation traces taken at normal emission fit best with the

system respons@ashed curveis much smaller than in the simulated trace folfg=7 fs (I ys= 1/2Tg). The act

. . . ; ) R= 23= R)- ual reso-
case of Cs/Cli1]) (see Fig. 6. At .f'rSt. S'g.ht f[he inelastic nance timeT of the cesium excitation, however, is defini-
lifetime for those adsorbate species is S|gn|f_|cantly. Shorte{ively longer and is probably in the range of the lifetime we
than for Cs/Cil1). Th? numerically extracted |nela§t|c I|fe- observed for Cs/Qd11). The different resonance times of
time Tg for Cs/Cu100) is 6= 4 fs. We conclude at this point investigated systems are collected in Table Il, as well as

thz.it a cesflum ex0|tat|ohn on thle G@? surflzice dhecayds abt())u(tj the measured linewidth of the corresponding excitation peak
twice as fast as on the ClLl) surface. For the adsorbe in the 2PPE spectrum.

sodium we were not able to resolve any lifetime effect due to
the alkali resonance. As an upper limit for the lifetime a
value of 4 fs can be stated. V. DISCUSSION

2. CsiAg(11l) Such a long lifetime of a photoexcited adsorbate state as
' observed[for Cs/Cy111), Tr=9 fs] is not necessarily an

For a clean A¢l11) surface a distinct feature appears in expected result for a chemisorption system and requires an
the 2PPE spectra arising from direct initial to final state ex-explanation. Even the experimental linewidth of the ob-
citation in the bulk. The origin of this peak has been de-served states in the 2PPE spectra indicates a much longer
scribed in an earlier publication in detéilIt is strongly  depopulation times than predicted in theoretical studies. Un-
broadened in energy. As shown in Figia@ the peak re- der the assumption that this state is derived from a pure
mains under alkali adsorption. It clearly overlaps with theatomic alkali orbital, linewidths in the range of above 1 eV
electron emission signal from the cesium excitation over thavould be expected, resulting in lifetimes far below 742
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FIG. 9. Experimental results for cesium adsorbed ori1Ad): (a) 2PPE spectra taken at different emission angles. 0° corresponds to
normal emission. Note the intersection of the strong dispersing direct excitation with the cesiurtbsft¥HM of autocorrelation traces
as a function of measured electron energy at normal emission. The distinct peak appears again at the energy where we also observe the
cesium-induced feature in our specti@.FWHM of autocorrelation traces as a function of emission angle=a5.5 eV corresponding to the
spectra on the right. The influence of the increased direct excitation contribution to the autocorrelation curve is clearly visible in the decay
of the FWHM. The minimum is slightly shifted to larger angles than expected from the overlap of direct excitation and alkali state. This is
the result of an increased background signal fi@tmort living) bulk excitations ak; values closer to the band-gap edge.

This has to be compared to a measured value of the FWHMolved states away from the surface into the vacuum. The
being not more than 520 meV for the investigated systemsesponsible decoupling from the substrate has to be attrib-
But this value marks only the lower limit for the actual in- uted to the reduced amplitude of the wave function between
elastic lifetime of the resonance stéte. adsorbate and the surfatelt acts as a tunneling barrier
In view of the results as obtained for ther2 resonance between the metal substrate and the excited cesium state.
of a CO molecule adsorbed on copper single-crystal surface§xperimental evidence for the “binding” counterpart lo-
the observed long lifetime of the cesium excitation becomesgated between surface and alkali adsorbate was actually re-
even more remarkable. The lifetime of this CO excitationported in Ref. 46.
still seems to be below the present temporal resolution of Latest theoretical investigations on the system C&CD)
TR-2PPE. According to recent experiments the upper limitseem to confirm the view of hybridization furtf&rHow-
of Ty is estimated to be at 5 f4. ever, the authors concluded that an antibinding character of
In Ref. 17 we have already proposed the effect of intrathe cesium state alone would rather result in lifetimes of just
atomic hybridization, induced by the surface potential of thel fs than of 10 fs. Their calculations indicate that the pro-
substrate, to be a possible explanation for the surprisingljected energy band gap of the substrate supports the decou-
long lifetime of the alkali state. A mixing, for example, 066 pling due to hybridization and leads to such lifetimes we
and 6p, valence levels of cesium, as proposed first by Mus-observe in our experiment. For the @&1) surface, for ex-
cat and Newn$® induces an orientation of one of the in- ample, the projected band gap exhibits from 0.85 eV below

TABLE II. Inelastic lifetimes as observed for the different systems investigated. For completeness we
also add the measured linewidths of the alkali peaks in our 2PPE spectra. Note, however, that the alkali
feature cannot be fitted by a Lorenzian, but it contains strong Gaussian contributions.

Cs/Cy11)) Cs/Ag11]) Cs/Cy100 Na/Cu100

FWHM (eV) 35050 meV <420 meV 40650 meV 52G:50 meV
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FIG. 10. Projected band structure fda)

% Cu(100 and (b) Cu(111). The dashed line indi-
g cates an energy level of an excited alkali state at
5 2.6 eV aboveEg. The momentum distance to
5 real bulk states from the band gap center is much
smaller for C(100 than for Cy111).
-1.5 -1.0 -0.5 0.0 05 1.0 -1.0 -0.5 0.0 05 1.0
@) ki) (b) kil

Er to 4.1 eV aboveE; for zero parallel momentumk(  In contrast to image potential states, a decay of the localized
=0) atT=300K. The reflecting property of the band gap onalkali excitation into bulk states can, within the requirement
electrons at least with momentum aroukg=0 strongly  of energy conservation, in principle also occur at quite high
quenches their interaction with the bulk electronic structurevalues ofk;, outside the band gap. As discussed above, the
A measurement of the 2PPE intensity arising from theorientation of the alkali state gives rise to an increasing tun-
alkali excitation as a function of the laser polarization showsheling gap with increasing values kf. At sufficiently high
that we are dealing with an alkali state which is invariabley values, however, real substrate states become accessible for
under rotation around the surface norfffalve conclude that decay(Fig. 10. Due to thesplike dispersion of the band-

tzefphc()jtoexg_ited State mus:j.belorientﬁd into zwkgrecftion gap edges the distance ky of real substrate states to the
(defined as direction perpendicular to the surfaterefore, center of the surface Brillouin zoné(=0) is a strong func-

n th_e case of cesium, it is ra_ther reasonable that this eXCltgio of energy. It decreases in direction to the bottom of the
tion is derived from the atomics 6p,, or 5d, valence level

of the free atorror a mixing of such StatasAs a result, the band gap. With decreasing excitation energy the decay chan-

o . nels to real state become accessib
minimum separation between adsorbate state and substrate | le already at lower values

along the symmetry axis parallel to the surface normal. Thé® k (Fig. 10, righ}. Consequently we expect an increased

barrier transparency to the bulk is the largest along this didec@y probability and a reduced decay time of the excitation,

rection (at k,=0). This should be the preferential direction respectwel;_ﬁl _ -
for electron tunneling through the potential barrier separating | "€re might exist a competition between the energy de-
the atom and the metal. Exactly this decay process i®endence of the wave-function penetration into the bulk and
strongly quenched by the location of the projected bandhe momentum dependence of coupling to a real states which
gap?’ hinders us from observing a significant change in the lifetime
In view of this explanation it is remarkable that no indi- Tr Of the cesium excitation as a function of excitation en-
cation for any change in the decay time as function of theergy. The assumption that the decay channd{,at0 is by
resonance energy could be detected for C&C1). Such far the dominating decay channel for the cesium excitation
dependence has been theoretically predfétadd also ex- might thus be oversimplifying, as contributions lat#0
perimentally verified® for image potential states. Their dy- have to be taken into account.
namical properties are also supposed to be strongly corre- To compare our results of different alkali adsorption sys-
lated with the reflecting property of a band gap. In particulartems, we have to consider different effects on the decay
these states show a very distinct lifetime dependence as fobability of an adsorbate state. A change of substrate ge-
function of their energetical position inside a band gap. Inometry[ Cu(111)—Cu(100] affects the electron dynamics of
general, the closer these states are located to a band gHye system at least in two ways. As discussed in Sec. IV, the
edge, the shorter their lifetime is. Next to an edge the penprojected band structure of the substrate, mainly the position
etration of the image state wave function into the bulk is farof a band gap, is a very important parameter in terms of
longer than at the center and, therefore, the coupling to thdecoupling the alkali excitation from the bulk. The change
bulk is strongly increased. In a heuristic approach the firsfrom a (111-oriented to a(100)-oriented copper surface
approximation is to set the lifetime inverse proportional tomeans—roughly speaking—an upward shift of the band gap
the penetratiop into the bulk/*°For the =1) image state atk,=0 by approximately 3 eMFig. 10. For a fixed exci-
of Cu(111), for example, a lifetime change of approximately tation energy, this means a drastic change in the position of
60 fs has been reported when its energy position is shifted bthe alkali excitation with respect to the band-gap edges. It is
about 0.5 eV from close to the upper band-gap edge towardot surprising that quite a different behavior in the lifetime
the band-gap centéf.In contrast to our observations for the Ty of the cesium excitation can be observed. In detail, decay
excited cesium state as investigated on &lC0) surface, we channels to real states are obtainable for much smaller mo-
would expect an increase in the lifetime with decreasing exmentum value; for a Cu100 surface than for a Gd11)
citation energy(increasing coverageéoy moving away from  surface. For example, for an excitation energy of 3 eV the
the top edge of the band gap to its cerwge Fig. 7. distance from the surface Brillouin center has been reduced
A significant difference between image potential statesrom aboutk,=0.7 to 0.4 A*.3* For our experimental con-
and alkali states in the low-coverage regime is, howeverditions also the separation in energy of the band-gap edges is
their dispersion irk;. Image potential states exhibit a quite smaller in the case of th€l00) surface. The resulting in-
strong, nearly free-electron-like dispersinwhereas for the crease in wave-function penetration into the bulk stimulates
alkali state at low coverage no dispersion can be obsefved.further the decay of the cesium state.
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Cs/Cu(111) considered as an indicatigbut surely not as a propthat

g the observed peaks for Cs and Na are due to the same exci-
tation. Not only the line shape but also the intensity and
coverage dependence we observe for the alkali excitation in
both cases are very similésee Fig. 8 At least this demon-
dos strates that we have detected quite similar types of excita-
tions. In addition, the calculations of Ref. 47 suggest that it is
not that much the detailed shape of the wave functmg.,
the strength of hybridizatignwhich is responsible for life-
times in the regime of several femtoseconds, but the position
of the excited alkali state regarding the band gap as well as
the overall adsorbate substrate distance which determines the
dynamical properties at these time scales. Therefore, as we
have tuned the position of cesium and sodium excitation to
the same position within the substrate band gap, we can fo-
cus our discussion on the adsorption geometry.

The ionic radiu® of sodium is 1.13 A, compared to 1.81
A for cesium. It is obvious that this should result in a much
deeper penetration into the substrate surface for sodium at-
oms than for cesium atomsee Fig. 11 For the metallic
radius of a copper atom of 1.28 A, we estimated the differ-
ence in the average adsorbate-substrate separation to be al-
most 1 A. Within a simple hard-core model we calculated a

distance from the center of the first surface layer of X00)

FIG. 11. Schematical sketch of the supposed adsorption sites fqgf 1.6 A for sodium and 2.5 A for cesium assuming a four-

the different alkali-metal-metal systems at their highest coordina; - L ;
tion, as investigated within this work, fold hollow adsorption site in both cases. The sodium atom

seems to be almost embedded into th€100) surface. A

In addition the changed adsorption geometry has to bélrther penetration of the sodium cannot be excluded. For
taken into account. The more open structure of th@0-  adsorption of Na on P111), even an entire incorporation of
oriented surface gives way to deeper penetration of the Céie adsorbate into the first substrate layer has been reported
adsorbate into the surface than the closely pa¢kad) sur-  for small coverage®’ We expect a significantly shorter de-
face would allow(as schematically shown in Fig. 11Con-  cay time Ty for the sodium excitation than for the cesium
sequently the tunneling barrier between cesium atom anéxcitation. In particular, an enhanced coupling due to decay
(100)-oriented copper surface is reduced. How effective achannels ak,#0 might again be crucidl’ Our results for
change in the actual adsorbate-substrate separation might &g and Cs/C(L00 support the conclusion that adsorbate-
on the dynamical properties of an alkali excitation has beesubstrate separation has a considerable effect on the decay
shown in a calculation by Muscat and Newns on the 6 dynamics of adsorbate excitations. In addition, the missing
resonance of Cs chemisorbed on Ni. They found a change idifference between the autocorrelation trace of sodium and
the lifetime “broadening” approximately from 700 to 1200 the clean CUL00) surface suggests quite a strong coupling of
meV due to an approach of the adsorbate of just 0.2 A closehe excited resonance state with the substrate as expected
to the surface at reasonable chemisorption distaficgbis ~ from the adsorption site of the sodium.
value corresponds to a lifetime reduction by a factor of about No clear conclusion is allowed about the lifetime results
2. These two effects, the changed band-gap position as weibr Cs/Ag111), as we only have proven knowledge about
as the changed adsorption site, support a decrease in lifetintiee lower limit of Tr. Considering the points mentioned in
of the cesium excitation on a CLO0) substrate compared to the discussion above, the detection of a lifetime comparable
a CU11l) substrate, and is in nice agreement with our ob-to that observed for Cs/Cii11) would not be surprising. The
servations. properties assumed to be responsible for the coupling and

The influence of adsorption geometry on the dynamicadecoupling of an adsorbate state are quite similar for both
properties of alkali excitation might become more evidentsystems. For example, tlep band gap for A¢l11) extends
from the different results observed for Na{CQ0) and Cs/ from about 0.15 eV belovie: to about 3.9 eV above& at
Cu(100), respectively. Obviously, changes which are due tok,=0,>* quite close to the values for ClL1). In addition,

a differing band structure of the substrate do not have to béhe closely packed surface structure suggests an identical ad-
taken into account. The question arises, however, whethesorption geometry in comparison with Cs{Cl1). More ac-

we are dealing with the same kind of alkali excitation. Con-curate results for Cs/A@11) would have given insight into
sidering the intra-atomic hybridization, a sodium atom offersthe influence of the occupied bands of the substrate. The
just a X and a 2, levels to mix. In the case of cesium, for energetical positions of theskbands differ by about 2 eV in
example, a contribution from thed5 valence level is also both systems. Also, some dissimilarities due to the different
reasonablé? and might change the detailed shape of the ex+adii of the substrate atoms might be expected. More exten-
citation wave function compared to the sodium excitation.sive experiments would be desirable, e.g., by means of a
The almost identical 2PPE spectra of both systems can b&vo-color experiment.

Na/Cu(100)
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The question arises of why no similar distinct lifetime  In summary, we have investigated the inelastic lifetime of
effect could be detected for photoexcitation of ORefs. 13  a photoexcited electronic alkali state for cesium and sodium
and 16 absorbed on a Qul1l) and Cy{100 single-crystal adsorbed on different noble-metal surfaces by means of a
surfaces. The conditions which probably give rise to a highreal-time experiment. The observed lifetime range from be-
resonance time also seem to be fulfilled for the CO adsorptow our resolution of 4 fs for Na/GQd00) up to 15+6 fs for
tion system: The CO resonance—as investigated—is in an€s/Cy111). A hybrid character of the investigated state or/
case located inside the band gap. Due to the low desorptioand the positioning of the excitation within a projected band
temperature of CO of about 140 K the bonding between thgap might be possible explanations for the surprisingly high
substrate and CO is rather weak. lifetimes. Both effects cause a strong decoupling from pos-

The key to an explanation for this might be the differentsible decay channels as offered by the bulk electronic struc-
symmetric character of the CO state compared to the alkature of the substrate. In addition, our results clearly indicate
state. The dependence of the 2PPE intensity of this excitatiotihat the adsorbate-substrate distance significantly affects the
on the laser polarization clearly indicates that for CO thedynamical properties of the alkali excitation.
orbital character is ofr symmetry, as supposed égosymme-
try in the case of the alkal®.As a consequence, it is likely
that in addition to the decay channels almost perpendicular to
the surface ,=0), decay channels dt#0 outside the We would like to thank M. Wolf, P. M. Echenique, and J.
band gap become more important. This coupling to reaP. Gauyacq for helpful discussions. This work was supported
states might significantly reduce the lifetinfig of this exci- by the Swiss National Science Foundati@rant No. 21-
tation. 39385.93.
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