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states has been studied by means of time- and energyt =~ /N AU +2ITY)
resolved two-photon photoemission. The loss of coherenag,,. hv meen
in quantum-beat spectroscopy shows directly the influencg ----
of pure dephasing which can be determined also from the
difference between the results of linewidth and decay rate
measurements. We present several examples for the cor-
relation of decay and dephasing with surface defects and
disorder.

Abstract. The dynamics of electrons in image-potential gwidth M=

T

in-
elasticy Tn
scattering

PACS: 73.20.At; 79.60.Dp; 79.60.Ht Ei
Fig. 1. Schematic representation of bichromatic 2PPE. The population of
the intermediate state decays with the lifetime The linewidth contains
The properties of electrons at surfaces and interfaces of soli§gditional contributions from dephasing/Zy
are of both fundamental and technological interest [1-4].
The availability of ultrashort laser pulses has opened the
way to direct time-domain investigations of electron dy-ful analysis of photoemission lineshapes [2], very little is
namics. A particularly powerful experimental technique forknown about phase-breaking scattering events of excited or
surface studies is time-resolved two-photon photoemissioooherent electronic states.
(2PPE) [1,5]. Electrons are excited with a pump pulse into In general, the coherent excitation of energetically close
an intermediate state below the vacuum level and are subskdt separated levels leads to quantum interference between
quently photoemitted by a second time-delayed probe pulshese states. As a consequence, a quantum-beat pattern is ob-
(see Fig. 1). Angle-resolved photoemission yields energy anserved directly in the delay-dependent intensity variation of
momentum resolution, while the pump-and-probe techniquéhe photoemission signal [6]. In the absence of events that
allows one to study the time-dependent relaxation behavior.lead to pure dephasing, the temporal evolution of the wave
Recently, it has been demonstrated that by exploiting copacket is governed by the initial phase relationship and the
herence phenomena phase information about the involvedkcay rate of the states involved.
wave functions can also be extracted with 2PPE. This be- In the presence of quasi-eleastic scattering events which
comes possible either by controlling the time delay betweefeave the electron in its excited state but destroy its phase co-
pump and probe pulses with interferometric precision [5] otherence, the observed quantum interference is damped faster
by coherently exciting a superposition of eigenstates, i.e. atihan the overall intensity decays. Quantum-beat spectroscopy
electronic wave packet [6]. For these schemes to work, it ishus provides a very direct means to study both quasieleas-
not only necessary that the excited states have a suffienttic and inelastic scattering processes of electrons at surfaces
long lifetime but also that their coherence is not rapidlyby 2PPE [7]. An alternative approach is based on the com-
destroyed by quasi-elastic scattering events (so-called puparison of energy- and time-domain 2PPE experiments. In the
dephasing). The most important scattering events, which ease of uncorrelated scattering events both elastic and inelas-
under conditions of low excitation densities — lead to pure detic processes lead to a Lorentzian lineshape with a full width
phasing, are due to the interaction with phonons and with deat half maximum ofl}, = h(1/7,+2/T;). For sufficiently
fects or impurities. While some information about electron-short pump and probe pulses the decay rate of the signal in
phonon interaction as well as about defect and impurity scatime-resolved 2PPE directly yields the lifetimg, and the
tering of occupied surface states has been deduced from camire dephasing tim& can be deduced [7, 8].
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In this article we summarize our recent investigations of

the image-potential states 6fO/Cu(100) andCu/Cu(100) Cu(100)
where several aspects of decay and dephasing induced by @r n=3,4
dered and disordered adsorbate layers have been address%j.

The results demonstrate that single-crystal surfaces offeg % 0.08 ML CO

a relatively simple way to manipulate electronic dephasingg 1=290fs

and decay rates by the controlled adsorption of adatoms argl
molecules. =

Image-potential states are a class of normally unoccupie§
electronic states that can be observed at a variety of singl&
crystal metal surfaces [9, 10]. These states are trapped in ti#
potential well formed by the Coulomb-like attractive image 2

Tq=40fs

%, 0.04 ML CO
1=300fs
Ty=60fs

potential and the repulsive barrier of the metal due to the ba clean

gap in the projected bulk band structure. The resulting eigend T g?é% ‘E

states form a Rydberg series converging towards the vacuug ;i oo

level Eyqc (See Fig. 1) with energies F P
---—J”?fzs gﬁgkpﬂmm

En= Evac—0.85eV/(n+a)%n=12,.... A A
, 0 Time delay (fs) 1000

The quantum defec accounts for the influence of the band Fig. 2. The coherent excitation of the= 3 andn = 4 image-potential states

structure at the surface. For the clean surface the electr(p,gﬁdS fo quantum beats superimposed on the decay afi 1@ popula-

motion parallel to the surface is usually little influenced bytion (dashed line in lower spectrymThe difference curveat the bottom

the surface potential and the electron behaves like a paitlustrates the decay of the phase coherence. ddited line shows the

ticle with the free-electron masa. Because the wave func- cross-correlation between pump and probe pulse

tion is mainly located in the vacuum and its penetration into

the metal is attenuated by the band gap, typical lifetimes of

image-potential states can range from sdifiés (n=1) up  coherent superposition of tlhe= 3 andn = 4 image-potential

to severalps (highern). These long lifetimes together with states leads to oscillations with a period1df7 fs superim-

the close energetic spacing for states with higher quantumposed on the exponential decay of the population (lifetime

numbers are prerequisites for the observation of the coheresf ~ ¢ ~ 330 9. For the clearCu surface the decay of these

phenomena described above. guantum beats (Fig. 2, bottom) occurs with a time constant
Tq of >~ 280fs As the number of defects, i.e. the number of
COmolecules randomly distributed on the surface, increases,

1 Experiment the dephasing rateh2 Ty also increases. As seen from the up-
per curves in Fig. 2, even a small amount@® molecules

The frequency-tripled radiation of &i:sapphire laser was (4% of a monolayer (ML)) is sufficient to effectively destroy

used as a pump pulse, whilst the fundamental radiation wethe initial phase coherence. Oscillations are now only visible

used as probe pulse. Typical pulse widths wéBefs and  up to 200 fsdelay corresponding to a dephasing tifigof

45 fs, respectively. The electrons were detected normal to thé0 fs While the dephasing rate increases drastically for small

surface by means of a hemispherical energy analyzer. Emoverages, the lifetime changes only slightly.

ergy and angular resolution a#® meV and +-0.6°, respec- The decay ratb/t, of then =1, 2, and 3 image-potential

tively. For details of the experimental setup see [11, 12]. Allstates derived from similar time-resolved measurements is de-

spectra were recorded 80 K in order to keep contributions picted in Fig. 3. The transient 2PPE response of the occupied

from electron—phonon scattering small [8, 13, 14]. Thereby,

changes in the phonon spectra, e.g. due@madsorption, can

also be neglected. Thgu samples were prepared by standard

techniquesCO adsorption was monitored via LEED using

a full-screen video system [7]. The evaporation rate and cov- 30

erage ofCuwere calibrated via a quartz microbalance.

N
o

2 The role of defects

Rate (meV)

Lifetime (fs)

As mentioned above, the individual contributions of decayz
and dephasing can be directly visualized by time-resolved 10
coherent 2PPE spectroscopy of higher-order image-potenti&l n=2 100

states. E/E,D/E—Q‘Dﬂza;
Spectra for theCu(100) sample without and with small n=3

1 1 1 1 1
COcoverages are depicted in Fig. 2. For these measurements ~0.0 0.2 0.4
the electron energy analyzer was tuned close to the energy of CO coverage (ML)
the n = 3 image-potential state and the 2PPE intensity wagig 3. pecay rate of then=1,2, and 3 image-potential states for

recorded as a function of pump-probe delay, respectively. Theo/Cu(100) vs.CO coverage

T




surface state o@€u(111) was routinely used to evaluate the
cross-correlation of pump and probe pulse (see dotted line in
Fig. 2), which is essential for the accurate determination of,,
short lifetimes. Up tox 0.4 ML CO coverage the decay rate ‘@
increases linearly witlCO coverage, suggesting that the un-
occupiedCOrelated states in the band gap provide additional
decay channels [15, 16].

Evidently, the slope depends on the quantum nummber
The change of the decay rate with coverage is summarized i
Fig. 4. The observed dependence parallels that for the de-
cay rate of the clean surface. We therefore anticipate simil
decay mechanisms [7, 9].

For the well-separated low-image-potential states the
pulse duration of the excitation pulse 5 fsis too long to
simultaneously excite several states. In this case the elast§
scattering contributions to the linewidth were extracted from-
the comparison of time- and energy-resolved spectra. For low
coverages linewidth and decay rate increase linearly Gh
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exposure. From the difference of the average slopes we defg. 6. Series of energy-resolved 2PPE spectra as a functi@Owxposure

duce a change of dephasing rate4&0+ 150 me\/ML for
then = 1 state [7] (see also Fig. 7).
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Fig. 4. Change of decay rate f@0O/Cu(100) andCu/Cu(100) vs. quantum
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The following simple model allows us to estimate the
contribution of a singleCO molecule. Because of the large
spectral width of the excitation pulse~@8 me\), a cer-
tain distribution of states with different momentumk; on
the image-potential state parabola is coherently excited. The
intermediate state probed in normal emission can thus be
described as a wave packet with the widthk; ~ 0.1A~?
centered ak, = 0. If we assume for simplicity a Gaussian
k;-distribution the resulting spatial extension

(AX)? = 1/4AK] + (hAk /m)*t?
equals25A2 for t = 0 and spreads t8200A? for t = 40 fs

Such a dephasing time @f0fs is observed for then =1
state at 8£0 coverage 0D.04 ML and corresponds to about
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Fig.5. Decay rate vs. linewidth folCO/Cu(100) and Cu/Cu(100). The
dashed linendicates the expected linewidth without dephasing

Fig. 7. Top Linewidth (filled squarey and decay rateopen diamondsfor

the n =1 image-potential state 0Bu(100) as a function o£O exposure.
Bottom Comparison of dephasing ratilléd circles left scale) and LEED
spotwidth 6olid ling, right scale). The coverages for the ordered structures
are given at the bottom in monolayer units of the cl€aif100) surface
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13 moleculesThis very simple model already demonstrates [rrrr T T T T T T
that a few CO molecules are sufficient to destroy phase coher- Cu/Cu(100) 240K O
ence effectively. 200 . } |
The influence of defects can be further illustratedCy ]
homoepitaxy. Copper grows o@u(100) even at low tem-
peratures in a quasi layer-by-layer mode [17]. This is at- i \ ;on=1l
tributed to the neglegible mobility au atoms at low tem-
peratures [18] and implies single adatoms,amgmall island
sizes at low coverages. Similar to the caseC&® adsorp- <100
tion, a linear increase of the decay rate for increasing cov® '

dth (meV

inewi

T
\
1
7
4
=i
!
N
S
R
~
.
\
1
7’
4
—a—
1

erage belowD.05 ML is observed and is again attributed to E ; ﬁ NI <
additional decay channels. While thedependence is simi- & * S N
lar to those observed for clean a@@®-covered surfaces, the & AL S Nt T
absolute values of the slope are more than one order of mag- § | e HTZ
nitude larger (see Fig. 4). This implies that the coupling to 055510 15 —
Cuw-induced defect states is extremely efficient. For further il- Coverage (ML)

lustration we compare in Fig. 5 lifetimes and linewidths forFi 6. Linewidth iled diamonds and decay rateopen squardsfor the
data taken at low coverages. In _contras()@/_ C_Iu(lOO), the n i 1 and decay rate for the=2 (open cirgle$ image-pc?tlential state as
decay rate forCu/Cu(100) contributes significantly to the 5 fynction of Cu-coverage. The films were annealed240 K, deposition
linewidth. Comparison to the dashed line in Fig. 5 (representand measurements were performed.@® K
ing no dephasing) reveals a fraction of abd@% for CO
and55% for Cu. From the combination of the data in Fig. 4
and Fig. 5 we estimate an upper limit for the dephasing ratand distance between two quasielastic scattering events of the
of 740 meVyML for Cw-induced defects. Thus, while the de- electron in the intermediate state. The proportionality intro-
phasing rate fo€O andCu are comparable, the decay ratesduces an average speed 50 meV/(h0.1 A1) = 0.76 A /fs.
differ by more than one order of magnitude. As already disThis speed agrees nicely with the velocity= hAk/m =
cussed, small numbers &0 molecules oiCu adatoms are 1.15A /fs that describes the spread of the Gaussian wave
both believed to be randomly distributed on the surface. Thipacket described above.
allows one to exclude surface morphology as the main cause A somewhat different situation is found f@u homoepi-
of the observed different decay rates. taxy. As quasi layer-by-layer growth is observed even at
It is therefore evident that dephasing and decay rate aflew temperatures, the surface order oscillating v@tncov-
governed by different scattering mechanisms. In other wordgrage. As expected, upon completion of one monolayer
elastic and inelastic scattering probe different surface propethe linewidth of then = 1 image-potential state decreases
ties. (Fig. 8). This is again partially due to the decrease of the
dephasing rate with increasing surface order.
In addition, we observe a comparable decrease of the de-
3 The influence of surface order cay rate of then = 1 andn = 2 image-potential states. This
is not surprising, since for quasi layer-by-layer growth the
Besides modeling different properties of surface defects, thelean-surface situation is nearly regained with the completion
adsorbate systems studied allow one to correlate surface ordgfrone monolayer and the number of disorder-induced defect
to dephasing and decay. states will decrease accordingly.
Figure 6 shows a series of energy-resolved spectra of the
n=1,2, and 3 image-potential states. In contrast to the lin-
ear increase at low coverages, the linewidth of the 1 4 Conclusions
image-potential state varies non-monotonically for higb@r
exposures. Minima of the linewidth are found at®5L e have investigated how defects and surface order affect
(1L=10"°Torrs, and saturation-exposure. For these expofifetime and dephasing rate of image-potential states. The
sures the well-ordered surface structutes 1), c(2x 2)and  jncrease in decay rate can be directly related to the num-
a compressed7~/2 x v2)R45* structure are formed [19]. per of induced unoccupied adsorbate states, i.e. the number
By a combination of linewidth and decay rate (see top pargf inelastic scattering channels. While the absolute values
of Fig. 7) the dephasing rate is extracted. A detailed LEERyary strongly with the system studied, the dependence on
analysis [7] allows one to quantitatively correlate surfacghe” image-potential state quantum numieshows quite
order and dephasing. The spotwidth of the LEED superstrug similar behavior. This suggests that excited-state lifetimes
ture spots and the dephasing rate depicted in the lower pagfe strongly related to the details of the adsorbate—substrate
of Fig. 7 exhibit virtually the same coverage dependenceglectronic band structure. Correlating dephasing and surface
This supports the picture where pure dephasing is causegtder reveals that the main contribution to the dephasing rate
by quasielastic scattering of the electron in the intermediatly quasielastic scattering. This is further demonstrated for
state. For less-ordered overlayers the increase in spotwidthfiggher order image-potential states, where dephasing was di-
Caused by Scattering events W|th Sma” momentum transfer. rect|y probed by Coherent time_reso'ved 2PPE.
The same momentum-change will give rise to dephasing
of an electron in the image-potential state. The inverse OfcknowledgementsSupport by the Deutsche Forschungsgemeinschaft is
the dephasing rate and LEED spotwidth represent the timgratefully acknowledged.
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