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Optical Phase Control of Coherent Electron Dynamics in Metals
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The control of electron distribution excited in a metal through optical phase of the excitation
light is demonstrated. Two-photon photoemission from the Cu(111) surface is excited either by a
pair of ,15 fs laser pulses with a mutual delay fixed to an accuracy of60.025 fs, or by a single,
frequency-chirped pulse. As a consequence of optical coherence in the two-photon excitation process,
the photoemission spectra do not only depend on the frequency, as in conventional spectroscopy, but
also on the phase of the excitation light. This may be a general phenomenon in multiphoton ionization.
[S0031-9007(97)04735-2]

PACS numbers: 73.50.Gr, 78.40.Kc, 79.60.– i, 82.65.– i
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The reflection of light and flow of current in response t
external, time-varying fields are defining electronic prope
ties of metals. An electromagnetic wave with a frequen
v , vp (vp is the plasma frequency) is attenuated exp
nentially at the metal-vacuum interface due to the dynam
cal response of electrons. The field creates a microsco
polarization at the surface, which can decay by reem
sion of the field (reflection), or by absorption of a pho
ton (e-h creation). According to the Drude theory, th
reflection and absorption of light by a free-electron met
are described, respectively, by the real and imaginary pa
of the dielectric constant,́svd  1 2 v2

pyvsv 1 iyt0d,
where t0 is the optical relaxation time [1,2]. The free
carrier absorption occurs as a second-order process, wh
a carrier absorbs a photon and simultaneously scatters w
a phonon or impurity to conserve momentum. Elastic sc
tering destroys the phase relation between the excitat
created in the sample and the external field. Thus,t0
is a phenomenological dephasing time. Analysis of fre
carrier absorption in noble metals shows that for visib
light vt0 . 1: For example, for Cu at 400 nm (3.1 eV)
t0 is ,3.5 fs [2], while an optical cycle is 1.33 fs. Thus
the scattering processes described byt0 do not present a
fundamental limit for controlling quantum dynamical re
sponse of electrons in metals by means of the optical pha

Coherent control of quantum dynamics is a rapidly d
veloping field of physical sciences [3]. Demonstration o
control of quantum dynamics in atoms [4], molecules [5,6
molecular crystals [7], and semiconductors [8] has be
achieved with phase-engineered light pulse sequences
chirped pulse excitation [3]. Interference between on
and two-photon excitation has been used for control
electrical currents in semiconductors [9] and the directio
of photoemission from a surface [10]. Optical contro
of electron dynamics in metals and at metallic interfac
also is of great interest in a variety of fields includin
solid state physics, surface science, and for applications
optoelectronics. However, the dephasing time implied
t0, which is less than the currently available laser pul
widths, seems to impose severe limits for demonstrati
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and application of coherent control in metals. Neverthe
less, development of ultrafast interferometric technique
for studying coherent dynamics [8,11] has opened the w
to test the limits imposed by the Drude theory. Rece
time-resolved photoemission studies of Cu(111) demo
strated that the dephasing times of electrons at me
surfaces can exceed 20 fs [10,12]. Here, optical pha
control of the two-photon photoemission process i
Cu(111) is demonstrated by two different methods.

Optical phase, energy, and momentum-resolved me
surements of electron dynamics on,10 fs time scales are
made possible by recent advances in femtosecond la
technology [13] and time-resolved photoemission tec
niques [11,14,15]. In interferometric two-photon time
resolved photoemission (I2PTRP), an ultrashort laser pu
(pump) incident on a metal surface couples electron
bands of the appropriate symmetry inducing a polarizatio
at the surface [11]. This coherent excitation rapidly deca
due to phase relaxation creating an incoherent, nonequil
rium distribution of charge carriers [16]. Polarization an
carrier population decay is monitored by a time-delaye
probe pulse induced photoemission [11,12,17].

Figure 1 shows the optical layout for I2PTRP mea
surements. The second harmonic light (3.1 eV) of
Ti:sapphire laser with,15 fs pulse durationtp excites
two-photon photoemission (2PP) from a single-crystal su
face of Cu(111) under ultrahigh vacuums,10210 Torrd
[11,18]. Photoemitted electron current with specifi
kinetic energy and momentum is detected with a hem
spherical energy analyzer (Vacuum Generators 100A
operating with a nominal 25 meV resolution. Dispersio
in the optical system determines the chirp (time-depende
frequency) of the pulse at the sample. Negative, zer
or positive chirp is set by translating the prism in th
dispersion compensator [19]. A feedback controlle
Mach-Zehnder interferometer generates phase-lock
pump-probe pulse pairs (PPP) with a delay accuracy
6ly50 s60.025 fsd [8,11]. The delay either is scanned
repetitively by6100 fs and the analyzer energy is fixed to
measure the interferometric two-pulse correlation (I2PC
© 1997 The American Physical Society 4649
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FIG. 1. Experimental setup for coherent control of 2PP
Femtosecond laser pulse width and chirp are adjusted w
the dispersion compensator. Translation of the prism int
out of the beam path increases/decreases dispersion to prod
an upchirped/downchirped pulse characterized by a chi
parametera. Minimum chirp a ø 0 (the shortest pulse) is
set by maximizing the 2PP intensity. Generation and dela
scanning of the phase-locked pulse pairs is performed w
the Mach-Zehnder interferometer. The delay is controlled wit
a feedback system originally developed in Ref. [5], and late
adopted for continuous scanning in Refs. [8] and [11]. B
indicates 50% beam splitter.

of photoemission [Fig. 2(a)] [11], or it is fixed at a specific
phase delay and the analyzer energy is scanned to mea
the 2PP spectra [Fig. 2(b)].

The projected band structure of Cu(111) and the exc
tation scheme for 2PP spectra [inset of Fig. 2(a)] show
theL20-L1 band gap, which extends from20.85 to 4.3 eV
at kk  0, and supports two surface states: the occupie
Shockley-type surface state (SS) at20.39 eV [20], and an
image potential state series starting withn  1 state (IP)
at 4.1 eV. Arrows indicate that one-photon absorption
not resonant with interband transitions that conserve m
mentum. In previous modeling of the 2PP process, th
intermediate state was assumed to be virtual, with the
state mostly contributing to the transition moment [11,12
Although this mechanism is probably important near th
SS$ IP resonance [12], it cannot explain the data fo
chirped pulse excitation, as will be shown later. By con
trast, here the intermediate state is described as a cohe
superposition of all states that contribute to free-carrier a
sorption, and the dephasing timesT2 for the single-photon
coherences are identified with thet0 [2]. The dephasing
time for the two-photon coherence between the initial an
the final state, in analogy to single-photon photoemissio
is given by the Lorentzian widthG of the SS. The width of
,55 meV at 300 K implies a dephasing timesT2  2h̄yGd
of 24 fs, which is due mainly to the hole scattering sinc
the electron is propagating freely in the vacuum [20,21].

Interferometric two-pulse correlation measurement
Fig. 2(a) is recorded by scanning the delay while recor
ing the 2PP signal from the SS in intervals of,ly14 [11].
Optical Bloch equations, which describe the response
an atomic system to a time-varying field (time evolution
of induced polarizations and populations) [19], can repro
duce qualitatively the I2PC data with the present excit
tion scheme, or that of Ref. [11]. Simulations show tha
the oscillations with a period of the center frequency o
the excitation light and its second harmonic, respectivel
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FIG. 2(color). (a) I2PC scan measured at the SS resona
and the excitation scheme for modeling the SS photoemiss
(inset, left). Coherence effects in the excitation process res
in oscillations at the center frequency of the lasers1y1.33 fsd
and its second harmonic [11]. (b) Demonstration of cohere
control of two-photon photoemission. Single-pulse excitatio
spectrum is a reference for comparison with phase-lock
pulse-pair excitation. Markers on the expanded interferen
fringes in (a) indicate thetd for measurements in (b).
(c) Simulated SS spectra for the phase delays in (
(d) Calculated time evolution of the spectrum for several valu
of time elapsed after excitationte at td  21 3 2p 1 py2.

arise from single- and two-photon coherences induced
the sample, and that their decay is consistent with deph
ing due to hole scattering on a,20 fs time scale, in ac-
cordance with the photoemission linewidth measureme
[11,20,21]. The observed coherence in the time doma
suggests that the coherent response of the surface sh
also have a signature in the frequency domain. This
demonstrated in Fig. 2(b) with PPP excitation for pum
probe delaystd that range between 27.4–28.4 fs corre
sponding to approximately 21 optical cycles (phase del
is incremented from21 3 2p 2 p in steps ofpy2, i.e.,
,0.33 fs). Simulation of the spectra in Figs. 2(c) an
2(d) is discussed following the results on chirped pul
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excitation. When the PPP are in phasestd  21 3 2pd,
the SS peak hasmaximumintensity and isnarrower than
the single pulse reference spectrum. By contrast, when
delay is reduced by 0.66 fs (p –out-of-phase excitation),
the SS peak intensity isminimumand its width ismaxi-
mum. Finally, the SS intensity is intermediate and th
peak shifted tolower (higher) final state energy fortd 
21 3 p 1 py2s2py2d. The phase induced changes i
the 2PP reflect the Fourier transform of the electric field
the pulse pair, i.e., the spectrum. The effect of the pha
on the spectra may be due to optical interference in
Mach-Zehnder interferometer whentd # tp, or the quan-
tum interference in the sample whentd is comparable to
the dephasing time. Since the intensity of the bulk ban
[the pedestal below the SS in Fig. 2(b)] is not influenced
the phase, the effect cannot be due to optical interfere
in the interferometer, and can only be attributed to the c
herent response of the Cu(111) surface. This demonstr
that the intensity and energy distribution in 2PP spectra c
be manipulated through the optical phase of electric fie
of the excitation light.

Coherent control of 2PP also is demonstrated w
chirped pulse excitation. Figure 3(a) presents a ser
of 2PP spectra with single pulse excitation for differe
values of the chirp, which is calculated from the optic
constants of fused silica [19]. The amount of glass in t
optical path determines the frequency chirp and width, b
not the spectrum of the excitation pulse. The position
the SS peak in the 2PP spectra is blueshifted (redshift
from the position of the unchirped peak by a maximum
,50 meV for up (down) chirp produced by 1 mm transla
tion sa  2.4d of the prism into (out of) the optical path
(see Fig. 1). Further translation of the prism decreases
SS peak shift.

The spectra in Figs. 2 and 3 are simulated by the o
tical Bloch equation method [11,19] assuming the exc
tation scheme in Fig. 2. The spectra are calculated
integrating the final state population over time for speci
excitation fields. The final state energy is varied in di
crete steps to construct a spectrum [12]. Although ma
aspects, such as many-body carrier interactions and r
istic band structure of copper are not included, the sim
lation, nevertheless, provides a qualitative description
the multiphoton excitation process. Figure 2(c) shows t
simulated SS spectra for delays in Fig. 2(b) using the d
phasing times implied by the SS width andt0  10 fs
[11,20]. The calculated spectra qualitatively reproduce t
experimental intensity and frequency shift patterns. B
ter agreement can be obtained by treating the intermed
state as a continuum rather than as a single discrete s
and by convoluting the spectra with the instrumental res
lution functions,80 meVd.

Several calculations also are performed on the tim
evolution of the spectra [Fig. 3(d)] to clarify how the
optical phase affects the intensity and energy distrib
tions in PPP excitation. The final state distributions f
td  21 3 2p 1 py2 in Fig. 2(d) are calculated for sev-
the
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FIG. 3(color). (a) Two-photon photoemission spectra as a
function of the chirp parametera. (b) Simulation of the
spectra in (a). (c) Calculated time evolution of the SS spectrum
for a  3.

eral values ofte, the time elapsed after the center of the
pump pulse has interacted with the surface. For interac
tion times where0 # te, the final state width is signifi-
cantly broader than the bandwidth of the excitation pulses
due to the energy-time uncertainty. Energy is conserved
as the excitation progresses by stimulated emission (re
flection) or by inelastic collisions. The final state genera-
tion is retarded and depends not only on the instantaneou
light field and induced excitation, but also on earlier times
[22]. Whentd fi 0, the relative phase of the pump-probe
pair for each frequency component comprising the exci-
tation light will depend ontd (the frequency components
with the same phase will be separated by1ytd). The in-
phase frequency components will add constructively in the
sample (enhanced two-photon absorption), while the out
of-phase components will add destructively (stimulated re-
flection). Forte $ 20 fs, Fig. 2(d) shows a spectral shift
with respect to the single pulse energy of the SS peak a
a result of constructive and destructive interference below
and above the SS resonance, respectively. The depth
the modulation across the spectrum is governed by the de
phasing time, i.e., the uncertainty broadening.

2PP spectra also are simulated for chirped pulse
excitation, where the electric field is given byEstd 
Esad expf2stytgd2g cosfsvl 1 btdtg. The pulse has a
time-dependent frequency given byvstd  vl 1 b 3 t,
where vl is the center frequency. The dispersion
in the optical system affects mainly the linear chirp,
where b  fays1 1 a2dg s1yt

2
g0d is a constant. Esad 

E0s1 1 a2d21y4 is the electric field amplitude, and
4651



VOLUME 79, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 8 DECEMBER 1997

ly
st
lso

t
on

-
e
er-
ed

y

.

v.

,

tg  tg0s1 1 a2d1y2 is the pulse width. E0 and tg0 are
the amplitude and width of a transform limited Gaussia
pulse, wherea  0. The chirp parametera is negative
(positive) for a downchirped (upchirped) pulse. Th
maximum rate of change of instantaneous frequen
occurs for jaj  1. The chirp changes with width and
amplitude of the electric field envelope of the pulse, bu
not its energy or spectrum.

The calculated 2PP spectra in Fig. 3(b) qualitativel
reproduce the shift of the SS witha. The simulations
show that the peak shift occurs only when the frequen
of the excitation pulse is changing rapidly on the tim
scale of dephasing of single-photon resonances. If t
spectra are calculated with the nonresonant scheme
Ref. [11], the lifetime of the virtual intermediate state
is ,1 fs, since the laser is detuned by 1.4 eV from th
SS$ IP resonance. This is too short to reproduce the S
shifts. The simulation gives the best agreement with th
experimental shift if the two-photon excitation proceed
via the indirect, intraband absorption process, describ
above, witht0 , 10 fs. A greater value oft0 than implied
by the analysis of free-carrier absorption in copper [2
is consistent with exponential damping of the SS charg
density in the bulk, and, thus, weaker coupling to the lattic
[12,20].

For a more intuitive understanding of the relationshi
between the frequency shift and the chirp, several spe
tra are calculated as a function ofte for an upchirped
pulse [Fig. 3(c)]. The rising edge of the pulse excite
a highly asymmetric, redshifted, and broad spectrum, r
flecting the frequency-time structure of the pulse and th
uncertainty principle. The spectrum narrows withte to
conserve energy. However, since the instantaneous f
quency increases with time, the narrowing occurs by stim
lated reflection on the red edge and enhanced two-pho
absorption on the blue edge. If the intermediate state
virtual, the decay of single-photon coherences is too fa
compared to the change in the instantaneous frequency
the interplay between reflection and absorption to cause
spectral shift. Although there are some similarities in ho
the PPP and the chirped pulse excitation influence the fin
state distributions, a distinct difference between the two a
proaches to coherent control is that the Fourier transfor
of Estd (the spectrum) for PPP excitation depends ontd ,
but not on the chirp.

The 2PP spectra clearly demonstrate that the optic
phase can influence electron distribution in the two
photon excitation process, despite dephasing induced
strong Coulomb interactions among the charge carrie
and scattering by phonons and impurities. Cohere
control of electron dynamics in metals and metalli
interfaces may be applied to other phenomena involvin
the flow of charge on atomic scale, for instance, th
charge transfer between a metal surface and adsorb
molecules or the tunneling current in scanning tunnelin
microscopy. Besides demonstrating the coherent cont
4652
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in metals, the present work also is more general
applicable. Since the optical Bloch equations are mo
appropriate for atomic systems, the observed effects a
should occur in atoms, molecules, and semiconductors.

This work was supported in part by NEDO Join
International Research Project on Photon and Electr
Controlled Surface Processes.

Note added.—Recent observation of quantum coher
ence in two-photon photoemission of high-lying imag
potential states on Cu(111) surface suggests that coh
ent control of electrons at metal surfaces can be extend
to picosecond time scales [23].
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