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Ultrafast Electron Dynamics at Cu(111): Response of an Electron Gas to Optical Excitation
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Time-resolved two-photon photoemission is used to directly investigate the electron dynamics at a
Cu(111) surface with 60 fs laser pulses. We find that the time evolution of the photoexcited electron
population in the first image state can be described only by solving the optical Bloch equations to
properly account for coherence in the excitation process. Our experiments also provide evidence that
the dynamics of photoexcited bulk electrons is strongly influenced by hot electron cascades and that the
initial relaxation rates are in agreement with Fermi liquid theory.

PACS numbers: 78.47.+p, 73.25.+i

Ultrafast lasers have been extensively used to studZu(111) is retarded by-17 fs with respect to the time
the relaxation and recombination dynamics of excitedesponse of a two-photon process from the occupied
bulk carriers in semiconductors [1-3] and nonequilibriumsurface state via a virtual intermediate state in the
processes in laser-heated metals [4,5]. In contrast to techp-band gap. The observed response can be successfully
niques based on dynamic changes of macroscopic optinodeled employing the optical Bloch equations, while
cal constants (e.g., transmission, reflection) time-resolved simple (incoherent) rate equation model is inconsis-
photoemission (TRPE) allows direct measurement of tent with the observed linewidth. Thereby, lifetimes
the temporal evolution of the photoexcited electron dis{7,—; = 10 = 3 fs) considerably shorter than the laser
tribution. In metals, where the initial relaxation dynamicspulse duration can be analyzed. We further provide
is governed by ultrafast electron-electr@ne) scattering, evidence that the relaxation dynamics of photoexcited
TRPE experiment have shown that complete thermalizabulk electrons is strongly influenced by cascade processes
tion of the nascent hot electrons to a Fermi distributionvia hot electron scattering with the cold Fermi sea, while
occurs on a time scale comparable to the electron-phonahe initial energy dependent relaxation rates agree with
(e-ph) relaxation timg~1 ps) [5]. Image-potential states predictions from Fermi liquid theory.
at metal surfaces provide an ideal system to study an The experiments were performed with a 200 kHz
excited electron gas and its coupling to a continuum ofTi:sapphire-seeded regenerative amplifier pumping an op-
substrate excitations [6,7]. Time-resolved studies of thdical parametric amplifier (OPA) which outputs femtosec-
image state dynamics, however, provide a challenge duend pulses tunable from 470 to 730 nm [9]. The OPA
to the fast decay of the excitation on the order of few tooutput is compressed to 60 fs pulse duration and a thin
tens of femtoseconds depending on their binding energg200 um) beta barium borate crystal is used to gener-
with respect to the bulk band structure. ate second harmonic (UV) light. The UV and the vis-

For coherent excitation of an electron gas with nearlyible beam are delayed with respect to each other and
transform limited laser pulses the rate of excitation isoverlapped on the sample at°4Bcidence angle polar-
no longer given by Fermi's golden rule and cannot beized within the plane of incidence. The cross-correlation
described by simple rate equations. In order to properlyidth between the visible and UV pulses is 90 fs mea-
account for coherent excitation as well as for energysured directly at the sample. We use a low fluence of
relaxation and dephasing the optical Bloch equations must 30 wJ/cn? in both arms to avoid space charge broad-
be solved [8]. This treatment reveals that the rate otning and to keep the rise of the electronic temperature
excitation isnot the highest when the field strength of very small(AT, < 75 K). Thus our experiment probes
the laser pulse reaches its maximum but rather when thexclusively the nonequilibrated part of the electron distri-
pulse intensity decreases again. In this Letter we showution which hasot thermalized to a Fermi distribution,
that a precise measurement of the delay between tha contrast to previous studies of laser-heated metals [4,5].
time profile of the pulse and the evolution of the excitedThe Cu(111) crystal is mounted and cleaned in a UHV
state population, which critically depends on the energyhamber as described elsewhere [10]. For some experi-
relaxation time(7y), allows us to analyze lifetimes which ments the surface was exposed to CO at 90 K until the
are considerably shorter than the laser pulse duration. work function decreased by 0.2 eV resulting in complete

We use time-resolved two-photon photoemissionquenching of surface and image states. The photoemitted
(2PPE) to investigate the response of an electron gaslectrons are detected withih3° along the surface nor-
to femtosecond excitation dbw excitation densities. mal using the time-of-flight technique.

Our experiments show that the transient population of The electronic structure of the Cu(111) surface exhibits
photoexcited electrons in thé: = 1) image state on an occupied surface state in the-band gap with a
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binding energy of 0.45 eV (at 90 K) for zero parallel shift must be a consequence of the excitation process
momentum(k; = 0) [11]. A schematic energy diagram itself and is attributed to the different time response when
is shown in the inset of Fig. 1. The firet = 1) image a virtual state or a state with a finite lifetime serves
state is located close to the upper edge of §peband as an intermediate in the 2PPE process. It cannot be
gap at 4.1 eV abové& [7]. Because its wave function attributed to the scattering time from bulk stategatt 0
penetrates deeply into the crystal, the image state i the center of the image state band because photoexcited
strongly coupled to electron-hole pair excitations in theelectrons at 4.2 eV abougr will relax on a time scale of
bulk. Figure 1 (right panel) shows a 2PPE spectruniess than 1 fs (see below).

recorded with24iw = 4.2 eV pump andfiw = 2.1 eV For interpretation of the observed time response we
probe pulses in normal emission. The two featuresnodel the 2PPE process by two sequential excitation
arise from the occupied surface state and the normallgteps. The first of these steps corresponds to the excitation
unoccupiedn = 1) image state, respectively. Due to the from the ground statél) to the intermediate stat{2)

lack of intermediate states in the band gap, photoemissiowith a transition frequencwi, (see Fig. 2). The second
from the surface state afj = 0 is a nonresonantwo-  step corresponds to excitation to the final stadewhere
photon process via a virtual state (see inset). (kthe 1)  the electron is photoemitted from the surface. Since
image state can only be populated by electrons fronthe time response of thfinal state population is not of
states withk # 0. The left panel shows the respective relevance, we can restrict the discussion to a simple two
cross-correlation signals from the surface state and thievel system consisting dfi) and [2). The response to

(n = 1) image state as a function of the delay betweera time dependent optical perturbatietr) cofw¢) is then

the UV pump and the visible probe. The full width at described by the optical Bloch equations in the dipole and
half maximum of the image state correlation trace (97 fsyotating frame approximations [8]:

is only slightly broader compared with the surface state

(91 fs). However, the center of gravity of the image state dpn _ ,UJIZ.S(t) (Bro — po) — P22

correlation trace is clearly shifted b+ = 17 fs with dt 2ifi T

respect to the surface state response towards delays where dpin _ pne()

the UV pump pulse precedes the visible probe. This At 2k (p2 = p11)

shift of A7 = 17 = 5 fs has been observed for various 1

pump energies between 4.2 and 4.7 eV. The observed + <i(w12 - w) — 7>ﬁ12’ 1)
2
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FIG. 2. Solution of the optical Bloch equations for the density
FIG. 1. Right panel: 2PPE spectrum from Cu(111) obtainedo,, in the intermediate statf) of a three level system (see
with 4.2 eV pump and 2.1 eV probe pulses. The two featuresnset). Solid lines refer to solutions for resonant excitation
arise from the occupied surface state (SS) and the normallfw = wi,), while the dashed line is the time integrated pulse
unoccupiedn = 1) image state (IS), respectively. A schematic envelope (rate equation limit). For nonresonance excitation
energy diagram of the electronic structure is shown in the insetw;;, — @ = 10I") p,, directly follows the time profile of the
(gray: projected bulk continuum). Left panel: Cross-correlationpulse (dotted line). All curves are normalized to the same
traces obtained for the SS and IS, respectively. maximum height.
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accounts for “true” dephasing, e.g., by elastic scatterprecise measurement of the true time zero employing the
ing. BecauseT; is related to the intrinsic linewidti®  nonresonant two-photon process from the surface state as
by I' = 2/T», it is obvious thatT, cannot vanish for a reference.

a transition with a finite linewidth as observed for the Schoenleiret al. have studied the image state dynamics
image states. However, the frequently used rate equan silver surfaces with TRPE [6]. On Ag(111) the first
tion approach is only valid in the limif,; — 0 where image state lies close to the band edge and is very short
it becomes equivalent to the optical Bloch equationdived, similar to Cu(111). However, the latter experiment
[8]. Our discussion is restricted to small field strengthfailed to resolve the image state lifetime because only
with [7_ [w12e(r)/h]dt < 7, which is satisfied for the changes in the cross-correlatiomidth were analyzed
low fluence used in the experiment. Figure 2 displayg6]. Image state lifetimes on Cu(111) have also been
solutions of the Bloch equations for the excited statededuced indirectly from linewidth measurements which
population p,, calculated for coherent resonant excita-revealed a lifetime broadening = 85 = 10 meV [7].

tion (w = wyy, T» = 2T) with 60 fs sech-shaped laser This corresponds to a lifetime = 4/I" of 8 = 1 fs,
pulses (solid lines). The failure of a simple rate equatiorwhich is in nice agreement with our direct measurement.
model employing Fermi’s golden rule to describe the time The analysis employing the optical Bloch equations
response foicoherentexcitation is seen most clearly by provides a basis to extend our studies to the more
comparison of the solution of Eq. (1) (solid linE, = «)  complicated hot electron dynamics in the bulk. Figure 3
and the time integral of the pulse envelope (dashed linglisplays the time resolved 2PPE signal from photoexcited
T, = », T, = 0). The latter would imply that the rate of hot electrons at different energies abofe obtained
excitation is proportional to the pulse intensity. However,by cross-correlating 2.23 eV (visible) and 4.45 eV (UV)
the solution of the optical Bloch equations (féy = 27,)  laser pulses with 65 fs duration. In order to eliminate
shows that therate of excitation reaches its maximum contributions due to surface and image states the surface
(point of inflection) at times where the pump pulse (dot-was exposed to CO at 90 K. Identical findings for the
ted line) has already passed its maximum. It is preciselglectron relaxation were obtained for5 = E — Ep =

this delay which enhances our sensitivity to the intermedid1.3 eV on clean Cu(111). The zero time delay was
ate state lifetime. For example, for a lifetifig = 20 fs  determined on the clean surface employing the 2PPE
and T, = 2T, the maximum in the excited state popula- signal from the surface state, as discussed above. All
tion is shifted byAr = 27 fs as seen by comparison with
the dotted line in Fig. 2. On the other hand, if the fre-
quency of the perturbatiow is tuned out of resonance

(w12 — w = 10T"), py, follows directly the time profile 300 3 . Fermi Liquid
of the pulse (dotted line). The nonresonant 2PPE proces 100l +' 0.5 fs (E¢/(E - E; )
from the surface state allows, therefore, one to determin ¥
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the true time zero of the pump pulse with respect to the
probe. Since the measured signal is proportional to the
time integrated population in the final std#e, the second @
photoemission step can be treated by convoluting the cal§
culated populatiom,, with the probe pulse. g
For data analysis the pulse width and time zero were&
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first determined from the correlation trace of the surface%‘ Bl
state (Fig. 1) for the nonresonant transitign, — o = 5 03 eV
4T). The measured trace of tie = 1) image state is £ 0.5 eV
then fitted by a correlation trace calculated for resonang’

coherent excitationT, = 27T;) with the relaxation time & 0.7 eV
T, as free parameter. From this analysis we obtain ¢ 0.9 oV

lifetime T, = 10 = 3 fs for the (n = 1) image state on
Cu(111). If the measured linewidth of 85 meV derived  |w&f \ *~Meae 1.5 eV
from 2PPE spectra [7] is included in the analy&ls =
2/T"), we obtain a lower limit for the true dephasing time | | | | |
of Ty > 30fs. We note that a simple rate equation 200 400 600 800
model (i.e., assuming@, ~ 0) yvould yieI(_j T, =20 fs, Pump-Probe Delay (fs)

but the latter model would imply an infinitely broad ) ) )
linewidth, in clear contrast to the experiment. ThusFIG- 3. 2PPE of photoexcited electrons for different energies

b lovi th tical Bloch fi bl relative to Er vs time delay between the 2.23 eV pump and
y eémploying the oplical bloch equations we areé abl€ 45 ey probe pulse. Analysis of the initial rise using the

to analyze _Iifetimes_ considerably shorter _than t_he lasegptical Bloch equations (dashed lines) yields lifetimgs. (@)
pulse duration. This would not be possible without ain agreement with Fermi liquid theory (see inset).
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correlation traces reveal an asymmetry in time indicatindoetween the experimentally obtained;,. and Fermi
that the signal arises predominately from processes whefiguid theory is surprisingly good taking into account
the visible pulse acts as a pump while the UV pulsethat the electronic structure of copper deviates from an
serves as a probe. Furthermore, the relaxation dynamiddeal free electron gas. Since the G# bands lie 2 eV
becomes obviously slower for energies clos&to where below Er, copper may still be regarded as a nearly
the photoemission signal persists for several hundreftee electron metal in the energy range probed by our
femtoseconds. experiment. Other TRPE studies have reported lifetimes

The relaxation of the photogenerated nonequilibriun~2.5 times longer than predicted by Fermi liquid theory
electron distribution is a complicated many-body problem[5,14]. However, in these experiments only the decay
According to Landau’s Fermi liquid theory the lifetime of of the electron distribution was analyzed which is, as we
an excited electrorr,-, is determined by the available have shown, affected by cascade processes.
phase space between the electron enefgyand the In conclusion, we have presented experimental evi-
Fermi level Er and is given byr.-. = 7o[Er/(E — dence that, for coherent excitation of an electron gas by
Ep)]? with 79 = 128/72/3w, [12]. For copper the nearly transform limited laser pulses, excited state life-
plasmon frequency i, ~ 10 eV yielding 7o = 0.5 fs  times—considerably shorter than the pulse duration—can
[13]. On the average electrons will halve their energy pebe determined if the precise time zero of the exciting laser
scattering event and thereby excite electrons from belowulse is known. The sensitivity to the excited state life-
Er into unoccupied states above the Fermi level. As dime is due to a delay in thete of excitation with respect
consequence, secondary electrons originating from thede the temporal profile of the pump pulse. This effect can
scattering processes will populate states wWith- Er <  be readily accounted for by the optical Bloch equations.
hw. The time evolution of the electron distribution is, We acknowledge valuable comments by M. Aeschli-
therefore, not only determined by the decay (loss) ofmann, R. Haight, P. Saalfrank, and inspiring discussions
the initial photoexcited electron distribution but also bywith I. V. Hertel on Bloch’s equations.
cascade processes (gain) from secondary electrons.
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