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Direct and indirect excitation mechanisms in two-photon photoemission spectroscopy
of Cu(111) and CO/Cu(11))
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It is demonstrated that the dependence of the two-photon photoem{28iBR yield on the polarization of
the exciting laser light provides detailed information about the excitation mechanism and the orientation of
transition dipole moments in the 2PPE process. In particular, it is possible to distinguish betw@&enta
two-photon excitation process, where both electronic transitions are induced by the electric fields at the surface,
and anindirect mechanism, where the first excitation step occurs in the substrate. In the latter process the
intermediate state in 2PPE is populated by scattering of photoexcited hot electrons from the substrate, which
are subsequently photoemitted by the second laser pulse. The analysis is applied to 2PPE from clean and CO
covered C(11). Furthermore, we have derived analytical expressions for the 2PPE signal based on the optical
Bloch equations for a three-level system excited with continuous light beams. They allow us to calculate 2PPE
spectra of surface states for a variety of caf86163-182699)02008-1

[. INTRODUCTION excited electron and its photohole the 2PPE process. For
the indirect mechanism the coherence of the excitation is lost
Two-photon photoemissio(2PPB spectroscopy is a by phase-breaking scattering events and the 2PPE process
powerful experimental technique to investigate the surfacéan be separated into two subsequent steps. Coherent control
electronic structure as well as the dynamics of electrons igchemes, which rely on the phase relation between pump and
normally unoccupied electronic states at surfdcésEarly ~ Probe pulses, are not applicaigor a direct excitation pro-
studies on 2PPE from surfaces have focused on the electr&§ss the transition rates between individual levels are given
dynamics of semiconductdré and spectroscopy of image PY the transition dipole moments and the electric fields at the
potential states on metalé. More recent developments in surface. Within the optical dephasing times of the transitions

ltrafast laser techniaues have opened a rapidly growin ret_he electron dynamics can be controlled by the phase of the
u N ve op pidly growing electric fields”® The time evolution of the 2PPE signal can

search field, where 2PPE has been used with great successbe calculated using optical Bloch equations, which fully de-

study the electron dynamics in adsorbate overlay€nsp- . .
herent excitation of electron wave packésptical dephas- scribe 'ghe (;oherent dy”a?'gszasg wgll as the energy and phase
relaxation in the systerh®01213Thjs treatment has been

m.%’ a}nd phas;: contfrol of electgons mjrénel&jis)h.onon clon;j applied to 2PPE from image potential states. thgymme-
tributions to the surface state dynamicsand spin-resolved 't these states implies that the transition dipole moments

electron relaxation in ferromagnetic systeths. _are oriented along the surface normal, and thus 2PPE is in-
However, in many cases little is known about the excita-

tion mechanism and the transition probabilities in two- probe

photon photoemission. In 2PPE a fitgtump laser pulse 4 &—-— |[f)

excites the sampléesulting in the population of normally Vl\;"\,\

unoccupied electronic stajellowed by excitatontoa fi- | _ _ _ _ _ _ _ _|- __
nal state above the vacuum level by a sec@uabe laser
pulse. Figure 1 schematically illustrates different excitation
pathways in 2PPE. Photoemission can be induced either by a )
sequence oflirect electronic transitions from the initial state V\’\/\/\ P by
|i) to the final statéf), or by anindirect process in which the hv 4
intermediate stat¢k) is populated by scattering and relax-

e indirect >
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direct
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ation of “hot” electrons, which are photoexcited in the sub- Erermi

strate. For example, in 2PPE from a (CLl) [or Ag(111)] ——- i)
surface the firstif=1) image potential state may be popu- o 7

lated either by direct excitation from the occupien=0) e

surface state at the center of the surface Brillouin zone Substrate

(at kH:O)_lo'lZ or via scattering of “hot” substrate electrons g, 1. Direct vs indirect excitation mechanism in pump-probe
into the image stat& The direct excitation process domi- yyo-photon photoemission. For direct excitation the transition rates
nates if the pump-photon energy is close to the energy difpetween the level), |k), and|f) are given by the transition-dipole
ference between then0) and f=1) state!®!? moments and the electric fields at the surface. In the indirect pro-

The direct and indirect excitation mechanisms differ incess the first photon is absorbed in the substrate followed by scat-
the role of coherencéhe phase relation between the photo-tering of a photoexcited electron into the intermediate diate

0163-1829/99/5@)/592610)/$15.00 PRB 59 5926 ©1999 The American Physical Society



PRB 59 DIRECT AND INDIRECT EXCITATION MECHANISMS . .. 5927

duced by the normal component of the electric field. Here w;, and u, ¢ denote the transition-dipole moments be-
In this paper we derive some analytical expressions fotween the electronic statéis, |ky, and|f). Throughout this
the 2PPE signal by solving the optical Bloch equations for gpaper, we only consideral transition-dipole moments. By
three-level system under continuous waesv) excitation.  exploiting the symmetry of the electronic states this expres-
The 2PPE intensity is proportional to a term that determinesion can be simplified. In this paper, we study 2PPE along
the line shape and peak intensities in 2PPE spectroscopy, atite surface normal, therefore the final state is totally sym-
to a term that depends on the polarization of the laser lighietric for all relevant point groups. If, for example, the ini-
(see the Appendijx Here we focus on the polarization de- tial and intermediate states hawesymmetry, the transition-
pendence of the 2PPE signal from electronic states on cleatipole moments are oriented along the surface normal
and carbon monoxid¢CO) covered C(l11) with various (defined as the direction, and thusWiso (wiZuxid)?e,]*.
symmetries. We show that it is possible to discriminate beThe latter expression is obviously totally symmetric for all
tween adirect two-photon excitation process and iadirect  relevant point groups. In general, the transition-dipole mo-
(i.e., substrate mediate@xcitation mechanism in 2PPE as ments may be arbitrarily tilted with respect to the surface
illustrated in Fig. 1. Related studies using polarized lightnormal and may have nonvanishing components in the sur-
have been performed to elucidate the excitation mechanisifiace plane. However, the resulting 2PPE sigffial normal
in surface photochemistdy~*” Our analysis also allows us emission must be invariant under the symmetry operations
to draw conclusions about the orientation of the transitiorof the surface-point group. In order to obtain a symmetrized
dipole moments in the 2PPE process. expression folW,; , we project the electric fielé onto the
The system CO/Gd11) was chosen because the 2PPEtransition momentsw;, and g and calculate[see Eq.
spectra show for the\(3x y3)R30° phase pronounced fea- (A12)]:
tures from the Cu banycigas well as adsorbate induced states )
with o and = symmetry.® This allows us to analyze simul-
taneously the polarization dependence of several states with Wi %1 (i ©) (s € 1.2
different symmetry. In a previous paper on 2PPE from CO/ ) o
Cu(111) the unoccupied CO &% derived resonance has whereX,,, denotes the sum over the different contrlbutlons
been identified at 3.35 eV above the Fermi leVeTime- 0 Wir obtained by applying the symmetry operations of the
resolved photoemission studies have established an upp@¥rface point group simultaneously . and ps. This
limit of 5 fs for the lifetime of the 2r* level?®2' Recently, ~expression is applicable in the case of several intermediate
the manipulation of individual CO molecules on(@a1) in  Statesk), which are degenerate for symmetry reaspsese

scanning tunneling microscopy was found to be induced byn® Appendix, Eq(A12)]. Note that in a direct two-photon
the transient population of the COm2 level by tunneling ~ Process excitation of real and virtual intermediate states may
electrons from the STM tip: contribute to the signaf On the other hand, if the 2PPE

signal originates from different domains on the surface or
from noninteracting initial states one has to average over the
Il. POLARIZATION DEPENDENCE signal intensitiesaccording to the symmetry of the surface

OF THE 2PPE INTENSITY [see Eq(AL13)]:

In a direct two-photon photoemission process the pump 5
pulse induces a direct electronic transition from an occupied Woc;n | (ki ©) (s~ ©) | 13
initial state i) to a normally unoccupied intermediate state Y
|k); subsequently the electron is excited by the probe pulse to T¢ calculate the polarization dependenceViéfthe nor-
a final stateff) above the vacuum level, where it leaves themalized electric fields at the surface must be known. Using
surface(see Fig. 1. This final state can be regarded as anthe Fresnel equations, the componegtse, , ande, of the
“inverse low-energy electron diffractioLEED) state” as  electric field on the vacuum side can be obtained for an

in a one-photon photoemission thedfyin the following we  aprupt interface where the complex refractive index is repre-
consider equal pump and probe pulses, which induce an eleganted by a step functidi:*>24

tric field REE;,(t)e~'“!- e] at the surface; herg;(t) is the

electric-field envelope of the incident laser pulse with center ex=(1-r,)cos0; cosd,

frequencyw ande is the normalized electric field at the sur-

face. The two-photon transition rate to the final statg;, ey=(1+rysind,

which depends on the energy- and phase-relaxation rates and

on the transition matrix elements between the sthjegk), €,=(1+rp)sin®; cosd. 2

and|f), can be calculated by solving the optical Bloch equa- ] o )
tions for a three-level systeM.For the case of cw beams Here,®; is the angle of incidence with respect to the surface

[E(t)=consi we have derived an analytical solution, normal, @ is the polarization angle of the light with respect
which is given in the Appendix. Within the dipole approxi- © the plane of incidencedefined as the-z plang as illus-
mation the dependence of the 2PPE signal on the polariz4f@ted in Fig. 2. The coefficients, andr, which depend on

tion vector is given in the case of one discrete intermediatdn€ complex refractive index+ik and on the angle of inci-
state|k) by [see Eq(A10)]: dence, are the Fresnel reflection coefficientsgfquolarized

(®=0°) ands-polarized (> =90°) light, respectively* Us-
ing the optical constants for coppgn=1.35, k=1.71 at
Wis | (i ©) (s~ €))% (1.9 hv=4.03 eV(Ref. 25], we calculate for the electric fields on
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FIG. 2. Schematic overview of the experimental geometry: The ~FIG. 3. 2PPE spectra recorded wihand p-polarized light for
p-polarized laser beam passes a half wawv@) plate and is incident ~ clean Cui111) (left) and for a (/3% 3)R30°-CO layer on O11)
(in the x-z p|ane on the Clﬂlll) surface under 45° from the sur- (rlght) The energy axes giVe the intermediate state enel’gies. The
face normalthe z axis). The 2PPE signal of photoemitted electrons SPectra are normalized to match the 2PPE intensities at low ener-
is detected along the surface normal as a function of the polarizegies, where the signal is dominated by secondary electrons.
tion angle¢, which is changed by rotating thg2 plate.

vanishing components gfy; within the surface plane the

the vacuum sides,=0.533-i10.308 ande,=0.882+i0.308 transition rate in Eq(3) must be averaged according to the
for p polarization (P=0°) ande,=0.389-i0.356 fors po- ~ symmetry of the surface.
larization (@=90°) at®;=45° angle of incidencé

This classical treatment provides a useful description of IIl. EXPERIMENT
the parallel field componentg ande,, which are continu- _ )
ous across the interface, but resuits in unphysical perpen- The experiments were performed in a UHV chamber

dicular field components due to the abrupt change at th€9quipped with an electron time-of-flight spectrometer for
interface?®2” The strong spatial variations of the perpendicu-2PPE spectroscopy as described elsewHeremtosecond

lar fields may invalidate the dipole approximatigntow-  laser pulses are generated by a 200-kHz Ti Sapphire laser
ever, calculations of the local electric fields for a jellium SYStém pumping an optical parametric amplifi@PA). The
model show that deviations from the classical Fresnel theoryisible OPA output is frequency doubled to generate 70-fs
are only relevant if the photon energy is comparable to théulses with photon energies ohv=4-4.3eV. The
bulk-plasmon energ$f In 2PPE typical photon energies are P-Polarized laser beam passes a half wav@) plate and is
small compared to the bulk plasmon enefgiich is 10 ey incident on the C1y) sample under 45° with respect to the
for Cu). One simple improvement to the classical theory is toSurface normafthez axis), as schematically shown in Fig. 2.
introduce an effective refractive index,<ngg<n;, which ~ Forp polgrlzatlon(s polarization the electric field is parallel
varies smoothly across the interface from its vaiye-1 on  (Perpendicular to the plane of incidencéthe x-z plang.
the vacuum side tm,=n+ik in the bulk*® In this ap- Analysis of the LEED pattern |nd|£ates that tkeaxis is
proximation the intensity of the electric field perpendicularrotated by 15° with respect to thel10] direction of the
to the surface i®2/|ngq> Cu(11) surface. In the experiment the polarization angle
Next we consider the indirect excitation mechanism iniS varied by rotation of thé/2 plate around the axis defined
Fig. 1, where the intermediate stdk is populated via scat- by the laser beam. The ClLL) crystal is cleaned by stan-
tering of photoexcited electrons from the substrate. This prodard procedures. CO is dosed at 88 K up to saturation cov-
cess is similar to the substrate-mediated excitation mech&rage, resulting in a (1:41.4) LEED pattern; subsequent
nism in surface photochemistry induced by hot electrorannealing to 117 K leads to a CQ/gX \/3)R30° phase, as
attachment to unoccupied adsorbate resonafidesthe first ~ described previouslisee Ref. 29 and references thejei!
approximation the population of the intermediate state is pro2PPE spectra are recorded for emission along the surface
portional to the substrate absorbantén the second step of normal(i.e., for an electron wave-vector component parallel
the 2PPE process the electron is excited by the probe pulse to the surfacek,=0).
the final state|f) with a transition rate given by Fermi’s
golden ruleW, ;| (- €)|?, and hence the polarization de- IV. RESULTS AND DISCUSSION

pendence of the 2PPE signal is given by ] ) ]
Figure 3 displays 2PPE spectra recorded wjthand

Wet (A, cog @ +Agsir? )| - €2 (3)  Spolarized light for a clean Qa11) surface(left panel_,hv
=4.25e\) and a (/3 \/3)R30°-CO layer on O@11) (right
Here, A,=(1—|r %) and A;=(1—|rg? denote the sub- panel,hv=4.03e\). The spectra are plotted vs intermediate
strate absorbance fgr and s-polarized light, respectively, state energy, i.e., measured kinetic energy plus work func-
and® is the angle of the polarizatioisee Fig. 2 For copper tion minus once the photon energy. The two peaks on clean
we calculate an absorbance #,=0.75 (A;=0.5) for  Cu(11l originate from the occupiedn(=0) surface state
p-polarized(s-polarized light incident at®;=45°. For non-  and the first (=1) image potential state &t=0.1%*°Both
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states are observed only wighrpolarized light (the small 90 0 90 180
2PPE signal observed farpolarization is attributed to im- w0 A T
perfect polarization The spectra for CO/Ga1l) show pro-
nounced structures from the Qiliband, as well as from
adsorbate induced states. Analysis of the dependence of peak 0.6
positions on the photon energy clearly reveals that all CO-
induced peakglabeled aso, 7, and 27* state originate s
from normally unoccupied staté®.Their binding energies °-2-“\

Cu(111)
s n=0 state
\ o n=1state [

s-pol.

0.4

are 1.45, 2.4, and 3.6 eV abo# for the o, 7, and 27* ‘E 0.0

state, respectively. The COrZ state appears in 2PPE at all ﬁ 100 (8 x43) Corcu(t1)
CO coverages, whereas theand 7 states are observed only B o o state P
for a well-ordered (/3% \/3)R30° structure. In this context, 2 o8- v
the denotation of the two states asand 27* state simply § 06k

means that these states are also observed syithlarized =

light (in contrast to ther state, which is only observed with 04 A

p-polarized ligh}. It does not imply that these states have 0.2}

strict = symmetry, as will be discussed below. While the ool

L 1
90 0 90 180

Angle of polarization ® [deg]

27* state is derived from the unoccupiedr2 orbitals of
the free CO moleculé=?' the o state and ther state are
believed to originate from a folding of Cu bands in the
reduced-surface Brioullin zone due to thé§(>< \/§) over- FIG. 4. (a) Dependence of the 2PPE signal from the 0 sur-
layer structuré® This is consistent with the fact that face state and the=1 image potential state on clean @@1) on
the latter states are only observed for the well-orderedhe polarization anglé (defined in Fig. 2 (b) Same for ther state
(v/3X y/3) structure. Further details of the unoccupied elecof the (y3x3)CO/Cu(111) phase. The dashed lines correspond
tronic structure of the CO/Gli11) system will be discussed to an indirect mechanism, where the primary excitation step occurs
elsewheré? in the substrate and is governed by the absorb#nce A, cogd
The spectra fop- ands-polarized light have been normal- Jr_Assin2 ®. The solid and c_;lotted Iinef, show 2the 2prezdiction for a
ized to equal intensities at low energies, where the 2ppgirect two-photon process induced by and (€, +€j)€;, respec-
signal is dominated by secondary electréBis- Er<1.2ev  vely-
in Fig. 3, right panel These secondary electrons originate
from photoabsorption in the bulk followed by inelastic scat-energies is induced bydirect two-photon excitation mecha-
tering and relaxation processes. On(Cl) the existence of nism with the transition dipole moments oriented along the
a band gap ak,=0 implies that such scattering processessurface normal inboth excitation steps(i.e., wi*= wi’
occur both in the intermediate and the final st@tek,#0) = u,*=u,’=0). This scenario is consistent with the
considering the observed long lifetimes and the intensity ophoton-energy dependence of the lineshapes and intensities
secondary electrons in the 2PPE spettrahe 2PPE signal of the (n=0) and h=1) states as discussed in the Appen-
at low energies is, therefore, assumed to be proportional tdix (see Fig. 6. Consistent results were also obtained in
the substrate absorbance in both excitation sthps, bichromatic 2PPE experiments, where the polarization vec-
xAg?= (A, cos ®+Agsir? ®)?]. Throughout this paper all tors of the pump and probe pulses were varied independently
2PPE spectra are normalized to the secondary-electron intefnot shown. On the other hand, the intensity of the CO-
sity at low energies. For a 2PPE process where both excitanducedo state in Fig. 4b) shows a polarization dependence
tion steps are driven by photoabsorption in the substrate, thigat is clearly different from that of then&0) and (1=1)
normalization procedure would result incanstantnormal-  states. It can be fitted byw=A,, - |e,|? according to Eq(3)
ized intensity as a function of the polarization andleAny  with w, = u;Y=0 [see dashed line in Fig.(d]. This in-
remaining polarization dependence will then indicate thedicates arindirect excitation process where the primary ab-
contribution from a direct excitation process in at least onesorption step lies in the substrafeee Fig. 1L A direct
of the excitation steps in 2PPE. excitation of theo state from an initial statée.g., from
Figure 4 compares the polarization dependence of the nothe Cu d band$ with a dipole moment in the surface
malized 2PPE intensities froita) the (n=0) surface state plane would exhibit a polarization dependence W&
and the 1=1) image potential state on clean @U1) (hv  «(|e,|?+|ey|?)-|e,|? and can be clearly ruled o[gee dotted
=4.03eV and 4.25 eVand (b) of the o state of the CO line in Fig. 4b)].
(/3% /3) phase r=4.03eV). For ther state the second- To rationalize the dominance of the indire@ubstrate
ary electron background has been subtrattee Fig. 3 For  mediated excitation mechanism observed for thestate, we
all these states the intensity is maximal popolarization and  note that this state appears in the 2PPE spectra at lower en-
vanishes fors-polarized light as expected for states with  ergies than the-band peaksee Fig. 3 The o state can thus
symmetry. When the polarization angfe is scanned be- be populated by secondary electrons resulting fidstrand
tweenp ands polarization we find that then=0) and excitations in copper. Such secondary processes can involve
=1) states behave identically and that their intensities areither the decay from higher-lying statésboveEg) or the
nicely fitted byWe|e,|* [solid line in Fig. 4a)]. This reveals relaxation of photogenerated holes in the €Chand(~2 eV
that 2PPE from ther(=0) and f1=1) states at these photon below Eg) which leads to the generation of Auger
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T S R momentsu;, and w ¢ are tilted by®;,=0,;=61° from the
surface normal and rotated within the surface plda=-
muthal angl¢ by ®;,=19.5° and®,;=100° with respect to

the plane of incidence. This means that the components in
the surface plane are oriented almost perpendicular to each

p-pol. s-pol. other in the two excitation stepsb(;— ®;,~80°). The cor-

a)  2n state (14x1.41-COCU(111) responding numbers for the/8x /3)-CO coverage[Fig.

0'6_} ; y I N ; | ; , | S(b)] are ®ik:56°1 ®kf:55°1 (Dik:lGo, andCI>kf=102°

10 L oo 2=t _ mstate for the 27* state andd; =60°, 0 ,;=61°, ®; =17.6°, and
{, state VAV ®,;=102° for ther state, respectively. Note that the polar-

0.9 3 ization dependence of the CO-inducedr’2 and 7 states

cannot be fitted using Eq13). For both states we find non-
P ‘ ) vanishing normal componenis,;*# 0. For afree (noninter-
07 = 5o acting CO molecule oriented perpendicular to the surface
the transition moment for excitation from ther2 orbital to
a final state, which is totally symmetric must be orthogonal
to the molecular axis(i.e., ux*=0). Since in the (/3
X \/3) overstructure the CO moleclikeoriented perpendicu-
lar to the surfacé’ the nonvanishing componenis,*# 0
mean that neither the state nor the 2* state have strictr
symmetry. In the case of therZ state, this is attributed to
O clean Cu(111) hybridization of the CO ™ states with the copper sub-
e (¥3x3)CO strate. As was mentioned above, thestate is believed to
PP (') — 9'0 — 18'0 have mainly copper character. N _
o The exact angles of the transition-dipole moments of the
Angle of polarization ¢ [deg] 27* and ther state depend somewhat on the model, e.g., on
FIG. 5. Polarization dependence of the 2PPE signalapthe whether a backgrqund _iS S_Ubtr"?‘(_:ted' a,md on th,e fact that the
27* level at CO saturation (1:41.4) coverage(b) the = and 2* relevant electric field is identified with the field on the

states on (3% \3)-CO/Cu(111), andc) the Cud-band peak on vacugms_ide[Eq. (2)]. However, it is |mpo§S|bIe to f_|t the
clean C11) and (y3x /3)-CO/Cu(111), respectively. The solid polarization dependence curves of Fig. 5 with van!smr'a@z
and dashed lines are fits of E¢$.2) and(1.3) to the datasee text ~ components. Interestingly, we find that the polarization de-
Note that the 2* level on (y3x y3)-COoverlaps with thev=1  pendence of the CO2* state in the (/3x /3)-CO struc-
image state, which has symmetry. ture [Fig. 5b)] is different compared to saturation coverage
[Fig. 5@)]. In the (/3% 3) structure the normal compo-
electrons’ These secondary electrons exhibit relatively longnents of the transition dipole moments are about 15% stron-
inelastic lifetimes, and thus have correspondingly longger, indicating an additional contribution from a state with
mean-free-path lengths. Excited state population by secon@ymmetry. We attribute this to overlapping peaks of the CO
ary electrons in 2PPEsimilar to substrate mediated excita- 27* state with then=1 image-potential state in the 2PPE
tion in surface photochemisf® may, therefore, be more spectrum at the (3x\/3) coverage. This assignment is
efficient compared to a direct excitation mechanism. backed up by angle-resolved 2PPE measurements for the
We now discuss the polarization dependence of the CO¢\3x \/3)R30°-CO/Cii111) phase, where we observe that
induced 27* and 7 state, and thal-band pealfsee Figs. the 2PPE feature &-Er=3.6€V in Fig. 3 shows a clear
5(a)—5(c)]. Note the differences compared to states with upward dispersion for the-symmetry statéassigned to the
symmetry (Fig. 4). First, we can rule out a substrate- n=1 image-potential state@nd a weak downward dispersion
mediated excitation mechanism; fits to E8) show thatitis  for the CO 27* state!® Compared to clean Gli11) the im-
impossible to explain the data in Fig. 5 by an indirect exci-age state is shifted towards the Fermi level due to a lowering
tation process fomny orientation of the dipole momeny, s  of the work function by 0.5 eV, and its linewidth is consid-
in Eq. (3) even when background subtraction is allowed.erably broader. A similar persistence of an image state upon
Hence, direct excitation in both steps of the 2PPE proces€O adsorption was reported by Tsuei and Johnson for an
must be dominant. The solid lines in Fig. 5 show fits to theorderedc(2x2)-CO layer on C100.3? In this case the
polarization data for alirect excitation mechanism without image state was also found to overlap with the C@*2
any background correction. Herein, we have used(E®), resonance. Very recently, Reuf and co-workers carried out a
which has been symmetrized according to @hg symmetry  detailed time-resolved 2PPE study of the influence of CO
of the Cu111) surface(three mirror planes and rotations adsorption on the dynamics of image state on(100).>
around the surface normal by 120fn general, we find for They found a pronounced increase of the “pure” dephasing
all 7 states and the Cd bands that the transitions dipole rates(see the Appendjxupon CO adsorption. As shown in
moments must have nonvanishing components in the surfacke Appendix, “pure” dephasing can lead to the population
plane but have different orientations in both excitation stepsof an intermediate state by direct excitation, even if the tran-
For the CO 2r* state at saturation coverage we obtainsition from the initial state is not in resonance with the
from the fits[solid line, Fig. %a)] that the transition-dipole pump-photon energ}?. This might explain the fact that the

0.8 -

Normalized Intensity

Cu d-bands

0.8 -
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27 state(and also then=1 image state on they@x \3)  us to determine the influence of energy relaxation, “pure”
coveraggis excited directly in 2PPE with»v=4.03 eV pho- dephasing, and the pump-photon energy on the lineshapes
ton energy, although the copper bulk-band structure has and intensities of “initial state” and “intermediate state”
band gap in thé111) direction aboveE-Ex=—0.85eV. peaks in 2PPE. For the occupied surface state and the first-

Figure Sc) compares the polarization dependence ofimage potential state on ClL1), a good agreement between
the Cu d-band peak on clean Cll) and (/3 the measured and calculated spectra and resonance curves
X \/§)-CO/CL(11]). On the clean surface, the 2PPE signalWas demonstrated.
from thed band is clearly asymmetric aroudg=0°. This is
attributed to the fact that the plane of incidence does not ACKNOWLEDGMENTS
coincide with a mirror plane of the €111 surface(i.e., the The authors would like to thank G. Ertl for generous sup-

[110] direction of the crystal is rotated by 15° with respectport. We thank Th. Fauster for sharing his results prior to
to thex axis in Fig. 2. A fit to Eq. (1.2) yields ©,,=48°, publication.
0,;=58°, ®; =12°, andd,;=121°. Adsorption of the CO

(/3% /3) structure leads to a reduction of the normalized APPENDIX
2PPE signal around=0° (p polarization but no changes _ ) ) _ )
for s-polarized light (b =90°); this effect is even more pro- In this appendix we derive some expressions for 2PPE in

nounced for the saturation coveraget shown. Analysis the case oflirect excitation(where scattering and relaxation
by Eq.(1.2) indicates slightly smaller normal components of of hot substrate eIectr_ons is not |nvol\)'ed'he expressions
the transition-dipole moments for the CO-covered surfacér® based on the optical Bloch equations for a three-level
(0,,=48°, ©,=60°, ®;,=14°, and ®,,=125°. The System. A more general treatment can be found in Ref. 34.
2PPE signal of the-band peak originates from two-photon Here we only discuss 2PPE with cw beams. A lot of infor-
transitions via the projected band gap on(Tii), and there- mation can also be gained by solving the corresponding
fore off-resonant excitation of the image-potential state will€quations for femtosecond laser pulstEbut to our knowl-
contribute to the signal. The latter contribution will be re- €dge, in the general case this can only be done numerically.

duced if the image-state lifetimer{-1/1",) becomes shorter

upon CO adsorptioiisee the Appendix, EqA11) for in- A. 2PPE from one initial state, one intermediate state

cr_easinng]. Finally, we note that the polarization dgta in First we consider the simplest case of a discrete initial

Eg%v es\(/(é:)r Clint h?;sgaZE ggc;,do?){hlezﬁ%{esg,éﬁ;?nigfgzdslIJIBﬁzmegtate and a discrete intermediate state. This scenario applies,
! .g., to the C(1L11) surface, where both the occupied surface

as a background contribution. We thus believe that sever : o .
) . . taten=0 and the first(unoccupied image potential state
intermediate states contribute to 2PPE from thed®@and as n=1 lie in the sp band gap in tH&11) direction of Cu. This

described by Eqs1.2) and(A12). ituation is described by a system consisting of an initial

In summary, we have deyel_oped a swnple _experlmentaitatew an intermediate staté), and a continuum of final
approach to analyze the excitation mechanism in tWO'phOtogtatesH) (f is an index variablg which are identified with

gg?etotfemt\ll\fj:eonn (;fg;? S/:/)(I)?nﬁggolr:ggiclit;t:fxvfngscr:grﬂgﬁgn;ht e states of the free electron in the vacuum. These states are
P igenstates of the unperturbed Hamiltonidg with Hg|i)

indirect (substrate mediate¢dnechanisms, where the inter- —E/[i)=hwi), etc. We assume that there is no coupling

mediate state in 2PPE is populated by photogenerated hqt / ”
electrons from the substrate. In 2PPE from(Tii) and Betvveen the final states, so we can treat the transition to each

state|f) separately, and the problem reduces to a three-level
S}S(lj%t(eljl)mggrt\gnips rrzcejsse;v:';r?orfofhld'Stf;ze Oﬁ“?ﬁgatesystem. The optical perturbation by the laser beams is given
(V3% \3)R30°-CO surface is attributed to population by >

secondary electrons resulting presumably frimand exci-
tations in the substrate. In all other cases that we investigated
in this paper, the direct excitation process prevails. For 2PPE

. . . hereu is the dipole operator ang,mp, €rober @ and
from the CO-induced unoccupied electronic states labeled as o by proger ~ pump:.
2% and  state the transitioir)r dipole moments were foun dwprobeare the electric-field vectors and the frequencies of the

. . ; . . ump and the probe beam, respectively. The state of the
to have different orientations in the first- and second—p P P P y

o o X L electron(in the Schrdinger picture is given by the density
excitation step. Such detglled' insights into the excitation probperatorp(t), whose time evolution is described by the
cess would not be possible if pnly- and p-polarlz_ed _Ilght_ |_iouville—von Neumann equatigh
were used for symmetry analysis. We note that with identica
pump and probe pulses it is not possible to distinguish be- i
tween the first- and the second-transition dipole moment in p=— %[HOJFV,p]JF,-)diSS_ (A2)
the 2PPE proces&u;, and ;). However, this distinction
can be made in bichromatic 2PPE experiments, which for the ) ) , o
(n=0) and (=1) states of the bare Cl11) surface gave Insﬁrj"l% H‘e perturbatioV ?{jud_ljf)'{‘g the definition®.,
results that are consistent with monochromatic 2PPE. =erra " pap, _(Pdifs)ab:e 2" (pdisdap, and Vap

Furthermore, we have derived analytical expressions fof- 1i(a|V|b)e'(va= v yields
the 2PPE spectrum in a variety of cases of direct excitation. ) _

Our expressions, based on the optical Bloch equations, allow Paa=[—1(VapPoaT VacPca) ]+ CC.+ (Pdisdaa (A3)

V(1) == p- Re G+ B8 ™ “Probd ], (A1)
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Pan=1Vap(Paa—Pbb) — i (VacPen— VerPac) + (Pdiss ab where the total dephasing parametéxg and Gy ; were in-
(A4)  troduced to shorten the following equations. To the lowest
order in perturbation theory, i.e., neglecting all saturation
effects, the Liouville-von-Neumann equation, which is now
referred to as optical Bloch equatiotfsthus reduces to:

with a#b+#c+a.

V, P, and p4iss are Hermitian. Here we only consider the
optical transitions fronii) to |k) by the absorption of a pump
photon and fromk) to |f) by the absorption of a probe photon
(i.e., we exclude one-photon excitation frdin to |f), and pi=1, (A8.1)
make the rotating-wave approximatjoiT hus, the only non-
vanishing perturbation matrix elements are

k=M - €YK By — Gypik (A8.2)
Vik:_”/i;—-hepunﬁlpei(wi_wk*'wpumﬁt: Mik.ei“ikt, ] ) Ot~ —
(A5a) pis =My €k By — T Dis (A8.3)
ka=_ll+hem0beei(wk_wf+‘”prob§t:Mkf.eiﬂkft, Pac=[— M- e 1By 1+ cc—Tipuk,  (A8.49)
(A5b)

s iQpit ~ e —iQit ~ ~
Pri=IM s €D — 1My - €7 ik By — Gy (P

and their conjugates, with the shorthand notatidvig, (A8.5)

Mkf y Qik y ankof .

The dissipative termpgissin EQ. (A2) describes the energy
and phase relaxation on a phenomenological basis. These pre=[—iM ;- e %5, J+cc., (A8.6)
relaxation processes are mediated (byinelastic electron
scattering leading to a decay of the populatigy in the — — ,
intermediate state with a rafg, and (i) quasi-elastic scat- WhereMjc andM,; are the complex conjugates bf;, and

tering (e.g., with phonons and defects, or the decay of theVl kr ,SZGSPECtiVGW- Equation#8) can easily be integrated to
photohole inli) to the substrae which leads to a decay of Y'€
the coherence between two levéds and |b) with the so-

called “pure” dephasing rate 4G Gyt /T — (G + T + Gyy)

Pr1=|Mik- My ?

T*=T*+T% . (A6) (Gik®+ Qi) (G + Qi)
To keep the number of parameters small, we neglect the =G+ I+ Gys
energy relaxation in the final stat€’(=0), and thus obtain (G 2+ QD) (T52+ 0,2
for the dissipative terms: ke TRk A '
i B ) N Gix+ It — Gig
(Pdisd k=~ I'prk= ~ (Paissii - (A7.1) (T%24 0, (G 2+ QD)
(Paisd =0, (7.9 N (Gt T = Gip) (T + Gi) >~ Giy?] (A9)
. _ o Tkl - (Gi®+ QA (T2 + QD) (G + Qi) |
(Paisdik=—| Tkt 5 [Pik= ~ GikPik (A7.3)

with Q=0 +Qy;. The measured 2PPE spectrum
(Paisdit =~ LitPit » (A7.4)  I,ppdEf) is proportional toW;;= g as a function of the
final-state energ¥; , times the product(E;) of the density
of final states and the transmission function of the spectrom-
eter. Assumingu,; andT'§ to be independent d;, we get

. [y
(ﬁdiss)kf:_(F:fJF?

Pki=—Gyipks,  (A7.5)

| (Mik - Goump ( Mkt Eprobe |2 2T T+ T
| opp i ws) T (i ws) - Wit (hwi) =T(hwy)- 7 .
I 81 (Gik®+ QA (G2 + QD)
. Iy . [F+4TFTF(CF 4T +TF + T2/ (G2 + Q)
(Gi2+ QA (TH2+ Q42 (TH2+ QD) (G + Qi) ,

(A10)



PRB 59 DIRECT AND INDIRECT EXCITATION MECHANISMS . .. 5933

"

"

=

=]

_e' ~—
5 % 4
g E S
8, n=1 N 3 >
Z E 3
.“_’ T 1 T T T =

[
& 43 44 45 46 47 £
2 £
£ hew [eV] w
o pump a
o
& ~ &
o I‘I=0
6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9
\ n=2 Ef-EFermi [eV]
Mﬁ"‘f N\ FIG. 7. Influence of the “pure” dephasing parametEss, '} ,

T ' I T T J andI'f , and the detuning of the pump beafh, on the 2PPE

62 64 6.6 68 70 7.2 spectrum, calculated with E¢A10). Solid line: fit curve from Fig.
Er-EFermi [6V] 6 without the convolution with the Gaussian. Dashed-dotted line:

Same parameters, except fof ="y =0 andI'f =0.03/fs. Dashed

FIG. 6. Main panel: 2PPE spectrum of @41 at 25 K, mea- line: Same parameters as the solid line, exdept=0.

sured in normal emissionk{=0) with #wpm~=4.74€V and
fiwpope=2.37 €V (dots. The peaks originate from the occupiad
=0 surface state and the unoccuped 1 andn=2 image poten- (FWHM=40 meV) to account for the spectral width of the
tial states. Then=0 andn=1 peaks were fitted with EA10)  |aser pulses and the spectrometer resolution. The measured
(solid line), convoluted with a Gaussian (FWHWMIO meV) to ac-  gpectrum is very well fitted by the pure dephasing parameters
count for the spectral width of the laser pulses and the spectrometgfs _ 0.031/fs, I’} =0.012/fs, and™* =0. The inset of Fig. 6
resolution. Inset: measurédoints and calculatediwith Eq. (A10), Sfllows the measuregoints and calculatedline) resonance

line] resonance curve§, i.e., integrated intensities ofnth@® and curves, i.e., the integrated intensities of the 0 and then

n=1 peaks as a function of the pump-photon energy. =1 peak as a function of the pump-photon energy. Again,

where thew; dependence lies only iTf(Aw;), Qy;, and the measurements are well reproduced by &d4.0). This

Q;; . Equation(A10) is the sum of two Lorentz terms and a Shows that 2PPE from the=0 and then=1 state can be

term proportional to the product of both. The first term in thedescribed as a single direct excitation process, which leads to

sum, which is proportional to 1%, 2+ Q,?), leads to an WO peaks as a consequence of “pure” dephasing in the

“intermediate state peak” at the final state eneigy=E, initial and the intermediate states. o

+hwpope With @ width [full width at half maximum If therg is no “pgre” dephasing in the !r)mal and the

(FWHM)] of 24G,. The second term in the sum, which is intermediate state, i.el;} =I'} =0, the transition ratéV;

proportional to 1/T%%+0Q;2), leads to an “initial-state from Eq.(A10) reduces to

peak” at the final state energi;=E;+#Awpympt 7 @probe

with a width (FWHM) of 24T . If the two peaks are well )

separated, i.e.Q;>G+I'%, the last term in the sum, Wi () = |(Mik'ep“mp)(’fl"f'epr°be)| .

which is proportional to the product of the first and the sec- ' 8-%

ond term, will also resemble a sum of both Lorentz terms N

with appropriate constant factors. In this case, the 2PPE « I's

spectrum will consist of a Lorentzian “initial-state peak” [(rk/2)2+9i2k](r;*2+gi2f '

and a Lorentzian “intermediate-state peak.” If, on the other

hand, the pump beam is in resonance with the transition be-

tweenl|i) and k), i.e., Q;=0, the multiplication of the two which leads to a spectrum consisting of a single Lorentzian

Lorentzian denominators in the last term of E410) will “initial state peak” and no “intermediate state peak.” This

cause a linewidth narrowing of the resonance peak. At thease is shown by the dashed-dotted line in Fig. 7 which is

same time the 16>+, 2) factors will lead to a reso- calculated with the same parameters as the fit curve in Fig. 6,

nance enhancement. except forI'f =I'f =0 andI'f =0.03/fs. For comparison,
Figure 6(main panel shows a 2PPE spectrum of @d1)  the solid line in Fig. 7 repeats the fit curve from Fig. 6

at 25 K measured in normal emissidk, € 0) with two 80-fs  without the convolution with the Gaussian function. The

laser pulses withi wpmg=4.74€V, andfiwyepe=2.37€V  dashed line in Fig. 7 shows the case that the pump beamis in

(dot9.*° The spectrum shows three peaks that originate fromresonance with the transition betwelénand|k), in this case

the occupiedn=0 surface state and the unoccupied 1 fiwpymg=4.52eV. The other parameters are the same as for

andn=2 image-potential states. Tme=0 andn=1 peaks the solid line. A strong resonance enhancement and a pro-

were fitted with Eq(A10) (solid line), setting the lifetime of nounced narrowing of the peak are clearly visible, as was

then=1 state (1I,) to the measured value of 228 The  also observed by Wallauer and Fau¥temnd calculated by

calculated curve was convoluted with a Gaussian functionJeba®”

(A11)
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B. 2PPE from one initial state, several intermediate states The spectrum consists of interfering Lorentzian “intermedi-

Next we consider the scenario of 2PPE from a discreté@€ State peaks” with FWHM's Ohf*k, con:/oluted with a
initial state|i) via several intermediate stat#s, wherek is ~ Lorentz curve with a FWHM of 21 . If I'f <I'\Vk, Eq.
now an index variable. In this case, the contributions from(A15) reduces to
the different intermediate states interfere. This scenario ap-
plies, e.g., to the Qa11) surface when the higher image mD; ( Kik* €pump) ( Kt €probd)| >
potential statesr(=2,3,...) are taken into accougtowever, W(Tws) = YE ; T /2—1Q | : (A16)
the contribution of then=1 state usually dominates, see Fig.

6}. Hbfgr et al.” found fascinating ?nterference effects of_the Thus, with a continuum of initial statefike, e.g., in the
higher image states on C100) in time-resolved 2PPE with o, citation of image potential states on (€00, “pure”

ultrashort(i.e., spectrally_br(_)a)daser pulses. Note, however, dephasing is not necessary for “intermediate state pedks.”
that on C100) the excitation starts from a continuum of

initial states.
We neglect the coupling between the intermediate states,
and restrict ourselves to the case of vanishing “pure”

D. Density of final states and spectrometer transmission

dephasing in the initial and the intermediate staf&s=0, function
¥ =0Vk). Then Eq.(Al11) is generalized to The measured 2PPE spectrum is proportional to the prod-
uct T(E¢) of the density of final states and the transmission
(Mik-epump)(ukf-epmbe)|2 I'F/(8hY) function of the spectrometer. The latter depends on the ge-
Wit (o) = ; T.2410. | %2+ 0.2 ometry of the experiment, in particular on the electric fields
K Ik i if(A12) between the sample and the spectrometer. An idealized situ-

ation is that the region between the sample and the spectrom-

Note that Eq(A12), like Eq.(A1l), leads to a spectrum with eter is kept field free, and the spectrometer accepts all pho-

a single Lorentzian “initial state peak” with a FWHM of toemitted electrons within a certain solid angl€ (which

2AT'7 . In 2PPE from a single initial state, “intermediate may, e.g., be defined by the spot of the laser beams on the

state peaks” will appear only if there is “pure” dephasing in surface and the entrance aperture of the spectroetieere

the initial or the intermediate states. This is a consequence &) does not depend on the kinetic eneigy,=E;— E, 5 Of

energy conservation. the electrons. Thed (E¢) is proportional to the number of
free-electron states withidQ), which lie in a small energy
interval [ E; ,E;+ AE;]. Since the density of free-electron

C. 2PPE from a continuum of initial states states is constant ik space,

If there are several initial statd® (i is now an index
variable, tog, which do not interact among themselves, their T(E()*xAQ-Kk2-

= (A17.)
signals add up to the measured 2PPE spectrum: dE/dk ke

Lppdfion)cT(hop)- > Wig(fior).  (A13)  With

A special case, which was also treated by U&hia,formed _ V2me- Eyn _ V2mg(E;—E 50
by a continuum of initial states with a constant dengity, f h h
where the dipole-matrix elemenjs, and the relaxation rates

I'* and Ty do not depend on the initial-state energy.  and

Again we restrict ourselves to the case of vanishing dephas- 5

ing in the initial and intermediate statesI'{=T§ dE _ A 7ks

=0Vi,k). Thenl,ppdhw;) = T(hw;)  W(Aws) with dk ke me

(A17.2)

(A17.3)

D (Mik - €oump ( Mkt €probe ‘2 Thus,
Kk Fk/2+i((1)i_(1)k+(1)pump)|

D,T*
W(h w¢) = Wf

T(Ef)MAQ kaCAQ' \/Ekin:A‘Q" \/Ef_Evac
(

d(fiw;) AL4 A18)
I‘}kz"'(“)i_wf"'“)probe"— wpump)Z, ( ) . . . .
If a negative-bias voltagel,;,s is applied to the sample

and with the substitutiow = w; — ©t+ ®pumpt @probe (i.e., the electrons are accelerated towards the spectrometer
the acceptance angle of the spectrometer will increase for all
W(% ws) photoemitted electrons, but more for the slow electrons.
Thus, the contribution of low-energy electrons to the mea-

DI’} > (Mik - €oump ( Ms- eprobe)‘ 2 do sured spectrum will increase. On the other hand,gbasitive
853 f - T/2—i(Qp— ) ‘ 'F?2+w2' bias voltage is applied to the sample, the contribution of

low-energy electrons to the measured spectrum will decrease
(A15)  (even to zero folE;<E, -+ €Upiad-
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