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We report time-resolved studies of image-potential states ¢hG@uand Ag100. Femtosecond ultraviolet-
pump and infrared-probe techniques combined with two-photon photoemission have been used to measure
relaxation dynamics afi=1, 2, and 3 image-potential states. We found the lifetimes of these state{TB0Cu
at room temperature to be 4@, 120+ 15, and 30620 fs, respectively. The corresponding values for
Ag(100) are 555,160+ 10, and 366 15 fs.[S0163-182608)06643-0

I. INTRODUCTION ments was limited by instrumental resolution. Time-resolved
2PPE with femtosecond pulses enables a direct measurement
Image-potential states are a class of near-surface state the image-potential-state lifetimes. In principle, the tem-
which are created by Coulombic interaction of an electrorporal resolution in this case is limited only by the available
residing outside a metal surface and its image charge in thser-pulse duration. Time-resolved studies of the image-
solid}? The electron is essentially trapped between the impotential states have been done on2),' %2 Ag(111),*?
age potential on the vacuum side and the surface barrier crgngd C111).23-*The use of femtosecond light pulses with
ated by a gap of available bulk electronic states in the crystalgrge spectral width allows coherent excitation of several

Image-potential states form a Rydberg-type series of energyjgher-order image-potential states, making quantum-beat
levels condensing near the vacuum level with binding eNelgpectroscopy of these states possible.

H ~ 2

giesE,~0.85 eVh®. . . Here we report time-resolved studies of image-potential
Bec_ause these states are normally unpccupled, IMag&iates withn<3 on Cu100 and Ag100. Femtosecond

potential states at metal surfaces were first detected an traviolet-pump and infrared-probe techniques combined

identified experimentally by inverse photoemission . o
-5 : . : with two-photon photoemission have been used to measure
spectroscopy.> The first high-resolution measurements of . ) : .
relaxation dynamics afi=1, 2, and 3 image-potential states.

image-potential states were made with two-photon photo-~"" . L . .
A high laser repetition rate, resulting in a high signal-to-

emission(2PPH on single-crystal Ag, Cu, and Ni surfac®s. . , ) ;
Image-potential states up =4 have been resolved on NOIS€ ratio, high energy resolution, and a small acceptance

Ag(100).” anglg o.f the spectrometer, allowed precise measurement of
Image-potential states are expected to have much longdhe lifetimes of these states.

lifetimes compared to excited bulk states. This is because

image-potential states are located mainly in front of the sur-

face, which keeps the overlap of their wave functions with Il. EXPERIMENT

bulk-state wave functions relatively small. Higher-order

wave functions are located further in the vacuum, and the '€ experiments have been carried out in an ultrahigh-
lifetime of the image-potential states is theoretically VaCUum system at a base pressure better thah(3® Pa at

predicted to increase as®. Because of their simplicity, 0M temperature. The samples were cleaned in the usual

image-potential states provide a useful model for studyingv@y by neon sputtering and heating cycles. The surface qual-
the coupling of surface electronic states to the substrate ity Was certified using low-energy electron diffraction and
the time domain. It is this coupling that governs the crossAuger spectroscopy.
sections and branching ratios of practically all electronically ~The principle of the time-resolved two-photon photoemis-
induced adsorbate reactions at metal surfices. sion spectroscopy of image-potential states is straightfor-
The lifetimes of image-potential states have been deducedard. For both C(L00 and Ag100 surfaces, the vacuum
from their spectral width or line shape in 2PPE level E, . lies in the middle of thesp band gap of the pro-
spectroscopy. However, the accuracy of those measure-jected bulk band structur¢Fig. 1). The UV laser pulse
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FIG. 1. Diagram of the energy levels probed by two-photon
photoemission o100 surfaces of Cu and Ag. Image-potential FIG. 2. Experimental arrangement.
states form a series converging toward the vacuum level which lies

in the middle of the band gap of the projected bulk band structure?nc the fundamental wavelengtltrafast Harmonic System,

E, is the lower-energy edge of the band gap. The hatched are'&prad): UV light with an average power measured at the in-
shows allowed bulk states. In the center, an UV laser pulse exciteRUt window of an UHV chamber of about 40 mW was used

an electron from the bulk sta@) below the Fermi leveEg into an as thg pump beam. The UV pu!se durat[on determined from
image-potential statf), and an IR pulse ionizes the electron into the width of the Cross'correlat'on funCt'on_ of UV and IR

a statdf) in continuum. Simultaneously, an electron can be ionizedPulSes, measur4ed by detecting the 2PPE signal from a clean
directly from the initial state via a two-photon process. The figurecu(lll) surface® as a function of the IR pulse delay, was 95

corresponds to excitation of the=1 state. Two other processes fs. The remaining part of the fundamentdR) radiation

compete with this resonant excitation: IR excitation of electronsfrorn the laser was used to probe population of the image-

into bulk states above the Fermi level with subsequent UV ionizalPOtential states after variable delay. The pufip/) and

tion (this process is shown on the Igfand the off-resonant excita- probe (IR) photon energies used in the experiments were

tion of the image-potential states from other available initial states4'71 and 1.57 eV, respectively, for A0, and 4.48 and

(this process is illustrated on the right 1.49 eV, respectively, for AG00). Group-velocity disper-
sion of the UV pulses, resulting mainly from the input win-

) ) dow of the UHV chamber, was compensated for by an opti-
(fiw,) excites electrons from the occupied st@ebelow the ¢4 compressor consisting of a pair of quartz prisms. The UV

Fermi energyEr to the image-potential stafe) below the  and |R pulses were focused collinearly onto the sample with
vacuum level. Population in the image-potential states can bg 50-cm focal distance concave mirror.

probed in real time by ionizing electrons from image- \ith the estimated laser fluence on the sample less than
potential states to statg$) in continuum by an IR laser 3x10°7 J/cn?, we did not see any space-charge effects in
pulse ¢ wy,) which is delayed in time relative to the excita- the photoelectron spectra. The high repetition rate of our
tion pulse. The whole 2PPE spectrum of the image-potentidhser system ensured a very high dynamic range of 2PPE
states is obtained by scanning the analyzer energy whilatensity measurements. The count rate at the peak ofi the
keeping the photon energies of the pump and probe pulses1 image-potential state was of the order of tounts/s.
fixed. The laser wavelength must be tuned to have the U\his resulted in an unprecedented high signal-to-noise ratio
photon energy lower than the sample work functlﬁpac in our experiments, and made possible precise lifetime mea-
—Eg in order to suppress one-photon photoemission fronfurements.

states below the Fermi level. Two-color 2PPE has the advan- The kinetic energy of the photoemitted electrons was ana-
tage that intensities of the two pulses can be adjusted indd¥Z€d in a sectoral hemispherical analyzer equipped with
pendently to increase the signal amplitude without inducing"re€-lens entrance and exit electrc;n optics. The system had
the space charge at the same tifie. addition, with two- " angular resolution of abott0.6°.© Energy resolution in

color 2PPE one can distinguish between different competing1e presefnlt ;et\yf#}easurements; was abou':c 40 mdthat a palss
excitation processesee Fig. 1 nergy of 1.2 eV. The experiments were performed at norma

In the experiments(the experimental arrangement is emission. Electrons photoemitted from the bottom of the
shown in Fig. 2 we used a self-mode-locked Ti-sapphire image-potential band with nearly zero parallel momenkym

laser (Tsunami, Spectra-Physijcgproducing a continuous have been detected.
train of laser pulsefpulse duration 70 fsat a repetition rate

of 82 MHz, with an average beam power of about 1.1 W.

The laser beam was split into two parts. One part, containing Typical room-temperature 2PPE energy-resolved spectra
80% of the energy, was used to generate the third harmoniof image-potential states on (100), as a function of probe

Ill. RESULTS
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FIG. 3. Two-photon photoemission spectra from(Tl0) taken
at different delays of the IR probe pulse relative to the UV pump
pulse.
| | L | |

pulse delay, are shown in Fig. 3. The spectra show three -200 0 200 400
distinct peaks corresponding to emission from thel, 2, Pump—Probe Delay (fs)

n image- ntial . One clearl h h _ : !
and 3 image-potential states. One clearly sees that, as the FIG. 4. Transient responses of the=1 image-potential states

time delay increases, the intensity of thee1 state decays
first. Whe); the IR probe pulse isydelayed by about 2%/0 fo AQ(100, Cu100, and Culll). The lower trace(also repro-

. . : duced by the dashed li th tradeshe pump-probe
relative to the UV pump pulse, the intensity of the: 2 state uced by the dashed line on the upper trads pump-p

. cross-correlation reference, with a width of 125 fs measured by
dominates the spectrum. At even longer delays rkel time-resolved two-photon photoemission spectroscopy from the oc-

state dlsa-ppears completely, and Fhe intensity of rtheS cupied surface state on (i) in the absence of a resonant inter-
state relative to that of the=2 state increases, showing that megiate state. Also shown are the projected band structures of the
the former lives longer. The signal from time=3 state and corresponding surfaces with the image-potential-state wave func-
its shoulder arising fronrm=4 states persists even at probe tion.

delays as high as 800 fs. These observations are in qualita- ) ) )
tive agreement with the theoretical predictibtisat the life- ~ Probe-pulse duration was typically about 70 fs. The duration

time of image-potential states should increasaasTo mea-  ©f the UV pump pulses was obtained from the cross-

sure the lifetime of a particular image-potential state, thecorrelatlon of the UV and IR pulses measured by time-

energy analyzer was tuned to the desired peak in the Spe[‘:gsolved 2PPE spectroscopy from an occupied surface state

trum, and the relative probe-pump delay was scanned whil@" @ Cy111) sample mounted in_ the UHV chambgr on the
measuring the count rate of the photoelectrons. same holder as the sample being studied. In this case an

The 2PPE cross-correlation traces for the 1 image- electron is ionized from the surface state into the continuum

; through a virtual intermediate state which has a negligible
potential states of AG.00, Cu100), and Cy11l), measured ., . : ;
at room temperature, are shown in Fig. 4. Note that thélfetlme [at the photon energies used, the image state on

maxima of the experimental curves showing the count rate O?U(lll) is far away from resonance with this intermediate

7 . .
the detected photoelectrons as a function of the pump-prob‘tct.Iaté ], and the pump-probe cross-correlation trace is a mea-

delay are shifted to longer probe delays relative to the pea ure IZL‘ tRe UV. and rllR ptélsf duratiotdire::tly at ff[lhef
of the pump-probe correlation function. This shift reflects the>3MpP Ssuming a nyperobolic. secant pulse profiie Tor
oth pump and probe pulses, we deduce an UV pulse dura-

lifetime of the corresponding image-potential state, and ha;

been observed in earlier time-resolved measureni&mtg, 10N Of 94 fs.

The shift becomes larger for image-potential states with

higher quantum numbers. The transient responses have a

shoulder at negative probe delays which comes from the The lifetimes of the image-potential states on clean metal

competing process of IR excitation followed by UV ioniza- surfaces, although longer than the lifetimes of electronic

tion. states in the bulk material, still lie in the femtosecond range.
In order to deduce the lifetimes of the image-potentialThus, when using laser pulses with durations of a few tens of

states, one has to know precisely the duration of both pumfemtoseconds, substantial changes of the image-state popu-

and probe pulses. We measured the duration of the infrareldtion occur on the time scale of the duration of the excita-

probe pulses with an optical autocorrelator based on noncotion pulse. This is particularly true for lower-order image-

linear optical second-harmonic generation. The obtaineghotential states. On the other hand, quantum-beat

IV. THEORETICAL MODEL
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spectroscopy of the image-potential stateshows that the this term changes sign, it starts driving the excited popula-
dephasing of the image-potential-state wave functions otion down!® Thus, the larger the detuning, the faster the
clean surfaces occurs on a rather long time s¢séweral population of the excited state decays. Although the excita-
hundred femtoseconfisConsequently, the rate-equation ap- tion probability is lower for the off-resonant excitation, our
proximation, assuming that the transition dipole moment fol-computer analysis clearly shows that, given the limited en-
lows the applied light fieldor that the phase relaxation time ergy resolution determined by a convolution of the analyzer
T, is much shorter than the energy relaxation tilmg, does  fynction with the spectral width of the prol§tR) pulse, the
not hold, and a theoretical model of the excitation procesgytresonant contribution has a noticeable effect on the de-
must gxpllu_tly take into account dynamic coupling of the qy,ced lifetimes. The off-resonant excitation was taken into
laser field with the transition dipole momeft. account by incoherently summing contributions from initial
This is accomplished by solving the Liouville—von Neu- gates detuned from exact resonance with the image-potential
mann equation state at a given photon energy as far as twice the image-

dp 1 dp potential state linewidth. At the same time, the three-level
)relax’

. E[H"J”(H (1) model adequately takes into account both the step-by-step

ionization through an intermediate image-potential state and
, ) ) . the direct two-photon ionization process.

which governs the evolution of the density matpxin a We made the following further assumptions in the model:
three-level system including an initigbulk) state in the va- ;) we neglected both energy and phase relaxation of the final

lence band of the material below the Fermi level, an imagegiaie in the continuum by settin@,(f )= and y*(f )

potential state, and a state in the continuum where the ion—zo. and (ii) the phase relaxation of the initial state was

izgd electron is detected by t_he eIectronic energy analyz%und to have a small effect on the deduced lifetime of the
(Fig. 1). The quantum system interacts with two laser pU|Se§mage-potential state and was also negleci¢d0)=0. The

having carrier frequenciesu8(UV pump p_ulse and_ w (IR latter approximations allow one to describe the dephasing in
probe pulsg Delay of the IR pulse is varied relative to the the system with one parameter: the dephasing yate) of
UV pulse. The laser pulses are assumed to have a hyperbolfﬁe image-potential state

secant pulse profile, and have an experimentally determined The model does not take into account the competing pro-

p'u'lse duration. The excitgtion.str('ength is assumed t(.) be SuI:'ess which produces photoelectrons with the same kinetic
ficiently low so that Rabi oscillations of the population do energy by two-photon excitation, where the IR pulse gener-

not affect the relaxation dynamics. This assumption iS €Xyias 1ot electrons in the bulk states above the Fermi level and
perimentally substantiated by the fact that longer-lived

! . ; these are ionized by the UV pul$Eig. 1, left diagram As
image-potential states demonstrate purely exponential dec:%/e pointed out above, this process is responsible for the
after excitation(see below Apart from scaling factors, the '

. " ) earance of wings in the transient-response curves at nega-
fit parameters of the model are the position of the signa bp g b g

maximum relative to the experimentally found peak of the ve pump-probe delays fon=1 and 2 image-potential

i ; . “states. These wings have a rather strong influence on the
pump-probe cross-correlation, the phenomenologically Introfitting procedure with the three-level model, and reduce the
duced energy relaxation timdg(n) andT,(f ) of the inter- '

di 4 final d th dephasi achievable precision. The discrepancy between experimental
m*e late *an ina *states, and the true ephasing ralefita and the theory becomes particularly large for the image-
v*(0), y*(n), and y*(f ) of the states, respectively. Here

. otential states on A400 (see Fig. 4
we assume .th‘f"t the decay of the pf_f-dlagonal terms of thg The coherent interaction of the laser field with the in-
density matrix is governed by coefficients

duced electric dipole, which affects the transient dynamics of
the 2PPE signal, occurs ontjuring the excitation pulse. As

.. _ — l . — l . * /3
P =T, O+ T2 (DI, @ soon as the excitation pulse is over, the image-potential-state
with population starts decaying purely exponentially. The decay
rate is independent of any approximations of the theoretical
C*(ij)=y*({)+v*(j). (3  model or exact pulse shape, and is simply the inverse value

of the image-potential-state lifetime. Consequently, if the

We note that the availability of a continuum of initial image-potential-state population lives longer than the excita-
states below the Fermi level on both (@00 and Ag100), tion pulse duration, one can deduce the lifetime from the
from which an electron can be excited into image-potentiakxponentially decaying tail of the transient 2PPE response.
states, and the finite energy resolution of the electrostatighis is clearly seen from Figs. 5 and 6, which show the
energy analyzer plays a crucial role. Indeed, at a given U\pump-probe cross-correlation traces for tve 1, 2, andn
photon energy, electrons can also be excited off-resonance3 states on Q00 and Ag100), respectively, on a loga-
into an intermediate stat€ig. 1, right diagram In this case rithmic scale. Then=2 and 3 response curves have been
the dynamics of the excited-state populatiuring the ex-  scaled to have the same amplitude as that ofthd curve.
citation pulse is governed by the coupling dynamics of the The high count rate of photoelectrons allows one to fol-
laser field with the off-resonance driven transition dipolelow the exponential decay over several orders of magnitude,
moment, and shows a much faster decay with a characteristand determine the lifetimes with high precision. The deduced
time of about — wy) ~1, wherew is the frequency of light lifetimes are close to those obtained by using computer simu-
and wg is the resonance frequency of the transition. Indeedlations with the above theoretical model. Thus one can use
in this case the amplitude of the off-diagonal term of thethe latter for deducing shorter lifetimes by fitting the tran-
density matrix oscillates with the frequency € wy). When  sient two-photon excitation dynamics when the exponential
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model theoretically a complex transient response of the mul-
tilevel quantum system to two-photon excitation. The
broader spectral width of the probe pulses results in a loss of
the energy resolution, which in turn may have an effect on
the decay dynamics of the transient response due to the in-
creased contribution of the off-resonant excitation. It follows
from this discussion that the femtosecond time-resolved
2PPE spectroscopy, as well as any other spectroscopic tech-
nigue with ultrashort light pulses, has intrinsic limits: better
time resolution always means a loss of resolution in energy.
The transient response curves on(2g0) (n=1 and 2
and Cy100 (n=1) show an exponential slope aggative
probe-pulse delays. This tail comes from hot electrons ex-
cited by the IR probe pulse into the bulk states above the
o , Fermi level(Fig. 1), and then ionized by the UV pump pulse.
_500 0 500 1000 The decay of this signal reflects relaxation dynamics of the
Pump-Probe Delay (fs) photoexcited nonequilibrium electron distribution, and has
been studied on single-crystal metals with different surface
FIG. 5. Transient responses of the=1, 2, and 3 image- orientation:>?°-2? By fitting the tails with a single-
potential states on QOO on a logarithmic scale. All curves exponential function, we deduce the hot-electron lifetimes
clearly show that the excited-state population decays exponentially, Ag(100 to be 190 fs aE—Ex=0.90 eV(the energy of
at longer delays: solid lines correspond to exponential functionsy,q intermediate state in the IR-pump and UV-probe 2PPE
exp(-t/T,) decaying with the corresponding lifetimés. The dot- o oqqes producing electrons with the same kinetic energy
dashed lines om=1 curves have a slope corresponding to a life- as those ionized through time=1 image-potential stat@nd
time different from the best fit by-5 fs. The dashed line shows the 145 fs atE— E.=1.27 eV(this lifetime was measured at the
pump-probe cross-correlation reference. . Fe . .
position of then=2 image-potential state in the 2PPE spec-
. . trum). On CUY100 we find a lifetime of 200 fs for hot elec-
decay of the transient response cannot be separated rellaq[%ns excited to states 1.01 eV above the Fermi léwma-
in ime from the pump-probe crqss-correlation. This is thesured at the position of the=1 image-potential state in the
case, for example, with the=1 image-potential state on 2PPE spectruim Our data are in agreement with extrapola-

Cu(11) for WhiCh we find the lifetime of about 15 fs, in tion of the data on lifetimes of hot electrons measured in Ref.
agreement with the results of Ref. 15. 21 at higher energies abo¥:

In principle, one can improve the time resolution by using
shorter laser pulses. However, in this case the larger spectral
width of the pump pulses can lead to excitation of a coherent
superposition of many quantum statésand one has to  The lifetimes of the image-potential states are governed
by the overlap of their wave function with those of the bulk
states. This explains the difference of lifetimes of thel
image-potential states on QD0 and Cy111) surfacegFig.

4). On Cuy11)) the n=1 image-potential state lies at the
upper edge of the band gap. Thus the image-potential-state
wave function decays weakly into the bulk, and its strong
overlap with the wave functions of bulk states gives rise to a
short lifetime. In contrast, on QLOO) and Ag100 the
image-potential states lie close to the middle of the band gap
and their wave functions are strongly damped, resulting in
smaller overlap with bulk states and longer lifetimes.

The theory predicts that the lifetimes of the image-
potential states should increase with the state quantum num-
ber as a+a)3, wherea is the quantum defect related to the
phase of the wave function at the surface. The quantum de-
, fecta is O at the top of the band gap, and reaches its maxi-
1000 mum value of} at the bottom. The energies of the image-
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FIG. 6. Transient responses of the=1, 2, and 3 image- E(n)=E,ac— 0.85eV,(n+a)2, n=12,... . (4)
potential states on AG00 on a logarithmic scale. Solid lines cor- )
respond to exponential functions exg(T,) decaying with the cor- N both CU100) and Ag100) the vacuum level lies near the
responding lifetimed ;. The dot-dashed lines on tme=1 curves ~ Middle of the band gap. The value of the quantum defect can
have a slope corresponding to the lifetime different from the best fi€ deduced from the binding energy of the-1 image-
by +5 fs. The dashed line shows the pump-probe cross-correlatiopotential state. We find=0.21 for Cy100 anda=0.26 for
reference. Ag(100), in agreement with earlier measuremehts.
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1, TABLE I. Lifetimes of the image-potential states on (@00
2000 |- e and Ag100) surfaces(fs).
z
1000 - /: g;(qgg)) ;// ] Experiment  Experimen/I"  Theory
) [ o ]
|‘_: S0 N ] Cu100 n=1 40+67 24+ 5P 30
2 ool a i n=2  120:15° 137
£ - n=3  300+20" 367
S 100k /,i < Ag(100 n=1 55+ 52 31+ 6 26.5
s s ] 25+10
el S ] n=2  160-1CF = 66" 132
s ] 180+20
20 =
] " 3 4 5 6 n=3 360+15°
Quantum number (n+a) aThis work

b
FIG. 7. Comparison of the measured image-potential IifetimesCReference 2.
on CY100) and Ag100 with the theoretical model of Ref. 1, pre- Reference 26.

dicting n® dependence. dReference 7.
*Reference 25.

. . 'Reference 11.
However, experimentally measured energy spacing of the

image-potential states in serié9 cannot be fitted with one gap atk,=0 and energies of the surface states. This model
value of the quantum defeet The quantum-beat spectros- potential accurately reproduces the wave functions of the
copy of the higher-order image-potential stafesllows a image-potential states. Within the heuristic approximétion
precise measurement of energy spacing of states in gdjies the linewidth of an image-potential state is given b¢E,,)
from their beat frequencies. Thus, on (€00, we =p,I'w(E,), wherep, is the penetration of thath image-
measure®f quantum-beat periods Tg,=h/(E,—Ej) potential-state wave function into the bulk, alig{E,) is the
=114 fs,T45=h/(E5s—E4;)=230 fs, andTss=h/(Eg—Es) linewidth of the bulk state at the enerdy,. Assuming a
=430 fs for successive pairs of image-potential states bdinear dependence of the linewidth of the bulk states on en-
tweenn=3 and 6. The values of the quantum defect describergy relative to the Fermi level, the lifetimes of the1 and

ing the measured energy spacings between these image-image-potential states come out to be 25.5 and 132 fs on
potential states lie in the range 0:£8.02, substantially Cu(100), and 26.5 and 132 fs on AB00), respectively?> A
lower than the theoretical valuea€0.25)¢ and the value more detailed analysis of different contributions to the qua-
giving correct binding energyH;=0.57 eV) of then=1 siparticle damping results in a better agreement of theory
state on C(100). The quantum defect giving the experimen- with the experiment for Q@00): recent calculatiorf§ give
tally measured binding energy of time=2 state on C(100)  the lifetimes of 30, 132, and 367 fs far=1, 2, and 3 image-

is a=0.24. This deviation is related to the details of thepotential states, respectively. In Table | we compare avail-

electronic structure of the surfate. able theoretical and experimental data for the lifetimes of the
The lifetimes we measured on (00 at room tempera- image-potential states on QW0 and Ag100).
ture are 464,120+ 10, and 306:20 fs, forn=1, 2, and 3, Experimentally, the lifetimes of the lowimage-potential

respectively. Similarly, on A@00 at room temperature we states have been deduced previously from energy-resolved
find lifetimes of 55¢ 5, 150+ 10, and 366 15 fs forn=1,2, 2PPE spectra on €100 (Ref. 2 and Ag100),” and from

and 3 image-potential states, respectively. femtosecond time-resolved 2PPE on(2g0).'°*2 The in-
In Fig. 7 we compare the experimentally measured life-trinsic linewidth I' could be measured reliably only far
times of the image-potential states on(020 and Ag100) =1 and 2 states because of limited energy resolution of the

with the power lawn®. The experimental points are plotted energy analyzer. It was found that the intrinsic linewidth of
with the corresponding quantum defect values found experithen=1 state on C(100) is 28+ 6 meV, and the linewidths
mentally. Also shown in Fig. 7 are the lifetimes of higher-on n=1 and 2 states on A§00 are 24 and
order statesr(=4, 5, and 6 on C(100 which have been 5+5meV, respectively. Assuming that the intrinsic line-
measured by using coherent quantum-beat spectros€opy. width is governed only by energy relaxation processes, this
is seen that the lifetimes of= 1 and 2 image-potential states would correspond to the lifetime of 245 fs for n=1 state
on Ag(100), and then=1 state on C(100), deviate signifi- on CuU100), and to the lifetime of 3% 6 fs forn=1 state on
cantly from the straight line in Fig. 7, corresponding to theAg(100). We included these values in Table I. No reliable
power-law dependena®. However, the lifetimes of image- lifetime could be deduced from energy-resolved spectrum for
potential states on QLOO) scale with the third-power law n=2 state because of insufficient energy resolution. How-
remarkably well, beginning with the=2 state, whereas the ever, an intrinsic linewidth of 5 meV would give a lifetime
theory based on many-body self-energy formafispredicts ~ of 132 fs, and the lower limit for the lifetime of the=2
a power-law dependence for states witk 5. state on A§100), based on intrinsic linewidth measurements,
Chulkov, Silkin, and Echenig@® calculated the binding is 66 fs.
energies and lifetimes of the image-potential states on On both C@100 and Ag100, our time-resolved mea-
Cu(100 and Ag100) surfaces by using a model potential surements yield longer lifetimes. However, when comparing
accurately reproducing the width and position of the energytime-resolved data with those obtained from the energy-
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resolved spectra, one should take into account that the intrirprobe after UV pumpdelays. With this in mind, we have
sic linewidths of the image-potential peaks in 2PPE spectraneasured the intrinsic linewidth of the=1 state on

is governed not only by energipopulation relaxation but  Cu(100. Taking into account the spectral shape of the laser
also by phase-relaxation processes. Within the approximasulses, our value for the intrinsic linewidth for thre=1
tions we made in the theoretical model, the full width at halfimage-potential state on C100 agrees with earlier
maximum I of the spectrum is related to the image- Measurements. 10-12 o

potential-state lifetimeT; as A'/A=1/T,+2/T5 whereT} ) sstg?eoser:)lﬁlritgla(;b ) byn}zarftl:)rse:cct)?l%“Ii?ntlgura;sg:eld a;gPE

: ) . P -
e o T e (oo, Specoscopy. They repore e 01260 f o e

correlation traces in time-resolved speciithe effect of n=1 state and 18020 fs for then=2 state. Obviously,
L P there is a noticeable difference from our results: we measure
dephasing is rather smallThen, from the above formula,

a substantiallylonger lifetime for the n=1 state (55
one finds the dephasing time. Thus we firgi=120fs for 1 5+s)  and gsho?ter lifetime for the n=2 state (§60
then=1 state on C(L00. Similarly, T; =140 fs for then  +10 fs). Whereas the low count rate in earlier measure-
=1 state on AgLOO). This finding proves our earlier state- ments and sample preparation procedures might have caused
ment that a slow dephasing of the image-potential states doesdiscrepancy in the value of the lifetime measured for the
not allow one to use the rate-equation approximation whem=1 state, we argue that the insufficient energy resolution of
describing the excitation dynamics. the analyzer <180 meV) in Ref. 11 may account for the
We note that we have obtained the above estimates frodonger measured lifetime of the=2 state. Indeed, the en-
the energy-resolved spectra measured with a nanosecond krgy spacing betweem=2 and 3 states on A§00) is about
ser source. One can measure spectra with a femtosecond BZ meV! Thus, when measuring the lifetime of time=2
ser as well. However, in this case the width of the image-state, the authors of Ref. 11 could also see a contribution
potential peaks in the spectrum is a function of the delayirom then=3 state which lives much longer.
between pump and probe pulses: the spectral bandwidth is Comparison of data in Table | shows that théory pre-
|arger when pump and probe pu]ses over|ap in time, an@“CtS shorter lifetimes fon=1 states on both GE[]JOO) and )
becomes narrower when the two pulses are well separate®@(100 surfaces. Agreement between theory and experi-
with an IR pulse delayed relative to the UV pulse. ThisMentis rather good fon=2 states.
change in the bandwidth of the energy-resolved spectral lines
as a function of probe-pulse delay is larger for shorter laser
pulses. A similar effect was observed by Her¢lal?’ on The transient dynamics of the=1, 2, and 3 image-
Cu(111). Schoenleiret al}? also saw spectral narrowing as a potential states on QLOO and Ag100 have been investi-
function of probe delay on AG00. However, they ex- gated using the femtosecond pump-probe technique com-
plained the spectrum narrowing as due to a contribution obined with the two-photon photoemission spectroscopy. The
electrons with parallel momentum which supposedly have digh repetition rate of the laser system enabled orders of
shorter lifetime relaxing to the bottom of the image-potentialmagnitude improvement in the signal-to-noise ratio in our
band. In our measurements the collection angle of the energ@ta compared to earlier measurements, and made possible
analyzer was=0.6°, compared to that of 12° in Ref. 12. reliable measurements of the image-potential states’ life-

Thus we can neglect spectral contributions from electrondMes. , n , -
with transverse momentum. By theoretically fitting the experimental data within the

We attribute the observed linewidth narrowing to the in- framework of the density-matrix formalism in the three-level
terplay between the step-by-step one-photon ionizatiog)ystem, we were able to deduce the lifetimes of these states.

VI. CONCLUSION

through an intermediate state and the direct two-photo n CY100 at room temperature we find the lifetimes to be

L ; ; 0%+ 6,120t 15, and 306 20 fs, respectively. Similar mea-
onization!® The latter contributes a peak in the spectrum . oPY
lonzat ou P ! pectru surements on AQO00 give the lifetimes of 555,160

with the width depending on thE, time of the initial state as ~ . .
well as spectral widths of both the pump and the probe laser 10, and 36&:15fs for n=1, 2, and 3 image-potential

pulses. The direct two-photon process is effective only whertates, respectively. We argue that the lifetimes of the longer-

the two laser pulses overlap. As soon as they the probe puli'é(ing higher-order states can be deduced straightforwardly

is decoupled from the pump pulse at longer delays only th rom the' exponentially decaying tai] of the transient re-
step-by-step process contributes to the spectrum and prgPC"Se: independently of the theoretical model for the exci-

vides information on the exponential decay of the intermedi-ation and ionization dynamics of the image-potential states.

ate state population. Broader spectral width at zero delay ish.Our . ”;at the I|fet|mes. fO.HOW a predicted

thus a manifestation of shof, time of the initial state. Such third-power law hfa) very well, beginning with t_hen

behavior of the 2PPE spectral bandwidth of the image—:?’ state. States with a lower quantum number deylate su_b-

potential peaks as a function of the probe-pulse delay is pres_FantlaIIy from the powe_r-law dependencg. We attribute this

dicted by the three-level theoretical model described abovéj'Schp"’mcy to th? details of the electronic band structure of

Note that the bandwidth of the=0 state on C(11]) is the surfaces studied.

_delay independent, which is what one could expect by t_akmg ACKNOWLEDGMENTS
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