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The polarization dynamics induced by the optical excitation of thes,p-band derived occupied
surface state on Cu(111) are studied by a new technique, interferometric two-photon time-reso
photoemission. The polarization decay due to phase breaking collisions of the charge carriers o
,20 fs time scale is modeled by the optical Bloch equations. The optical phase resolution also all
direct observation of nonlinear polarization oscillations at the harmonics of the excitation frequen
which lead to the surface harmonic generation. [S0031-9007(97)02319-3]

PACS numbers: 73.50.Gr, 78.40.Kc, 79.60.–i, 82.65.–i
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A medium exposed to an electric field will acquire po
larization, which can decay by various scattering mech
nisms or by coherent radiation into the vacuum by th
process known as the free induction decay (FID). Time
resolved measurements of FID and related coherent p
nomena have been performed in atomic [1] and exciton
systems [2], but not in metals. The FID gives the tim
scale on which materials preserve the memory of the op
cal phase of the excitation pulse, and therefore the tim
scale for coherent light-matter interactions. Linear an
nonlinear (surface harmonic generation [3]) reflection o
light are familiar manifestations of coherent phenomena
metal surfaces. However, these processes are gener
thought to be instantaneous [4]. A technique for time
resolved measurement of polarization decay in a me
could permit direct measurements of scattering process
involved in photon absorption and establish the time scal
for coherent light-metal interactions. A deeper unde
standing of polarization decay in metals also is necessa
for the application of coherent control [5] to electron wav
packets at metal surfaces and interfaces, which may
important for the development of ultrafast optoelectron
devices. This Letter presents a new technique, interfer
metric two-photon time-resolved photoemission (I2PTRP
which is used for the first optical phase resolved study
FID at a metal surface.

The common method for estimating phase relaxation
metals is the linewidth analysis in photoemission spect
[6,7]. Typical widths of bulk bands place a lower limit
for phase relaxation times ofø10 fs due to the ultrafast
charge carrier scattering. However, the time scales f
phase-breaking collisions can be considerably longer ne
the Fermi surfaces of metals [8] and in surface stat
that are weakly coupled to the bulk bands [9,10]. Th
recently developed two-photon time-resolved photo
mission technique (2PTRP) is well suited for studyin
the dynamics of charge carriers with a specific energ
and momentum rather than the traditional absorption a
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reflection techniques, which probe the total electroni
response of a metal [11]. The possibility of time-resolve
measurements of phase relaxation rates in metals w
first suggested in 2PTRP studies of hot electrons
Cu(110), and Cu(100) surfaces [12]. Two distinct com
ponents in the two-pulse correlation measurements
hot-electron lifetimes were attributed to the coherent an
sequential two-photon absorption processes. However,
was difficult to separate the polarization and hot-electro
population dynamics since the measurements were i
tegrated over the optical phase. Optical phase-resolv
measurements of two-photon photoemission can be a
complished by interferometric, phase-locked scanning o
the pump-probe delay, which was recently developed fo
coherent control studies of excitons in GaAs quantum
wells [13]. This Letter introduces a general method fo
phase-resolved measurement of polarization dynamic
I2PTRP, which is used to measure the response of
two-dimensional electron gas, the occupiedn ­ 0 surface
state (SS) on Cu(111) to a 15 fs laser pulse excitation.

The apparatus for I2PTRP measurements is describ
in Ref. [12], except for the subfemtosecond resolutio
interferometric scanning of the pump-probe delay use
for phase-resolved measurement of the polarization d
namics. A frequency doubled Ti:sapphire laser produce
15 fs, ,1 nJ pulses at an 82 MHz repetition rate. The
excitation light is centered atvL ­ 400 6 1 nm (3.1 eV)
and it has a bandwidth of110 6 5 meV. An identical,
pump-probe pulse pair with a variable delay of 100 fs i
generated in a Mach-Zehnder interferometer. The dela
is scanned at a 2 Hz rate by a piezoelectrically actuate
stage. The timing of the delay scanning and data acqu
sition is synchronized by a feedback loop to allow the
averaging of repetitive scans. Interference fringes atvL

are monitored through a monochromator as the delay
scanned. A lock-in amplifier compares the phase of th
fringes with a linear ramp driving wave form of the piezo-
electric actuator, and outputs an error signal to a seco
© 1997 The American Physical Society 1339
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(fast) piezoelectrically driven delay. The timing of th
delay scanning relative to the data acquisition is stabiliz
to ,ly20 (,67 as delay) for repetitive scans. Photoemi
sion is measured for electrons with specific energy a
momentum by a hemispherical electron energy analy
with nominal energy and angular resolutions of 25 me
and 5±. Angle resolved photoemission is measured by r
tating the polar angleu of the sample with respect to the
analyzer. The experiments are performed under an ul
high vacuum, at room temperature, using standard surf
preparation techniques [12].

The schematic band structure and wave functions
Fig. 1 are relevant to the interpretation of the photo
mission spectra and polarization dynamics. Then ­
0 surface state in the Shockley-inverted band gap
Cu(111) forms a natural quantum well, where the ele
trons are localized by crystal and image potentials at
metalyvacuum interface. The SS has been of interest
studying surface effects and broadening mechanisms
photoemission spectra [14,15]. The Lorentzian width
the SS at 30 K is 30 meV and it increases with tempe
ture to,55 meV at 300 K due to hole-phonon scatterin
[16,17]. The width has been attributed to the inverse ho
lifetime. However, extrinsic effects such as scattering
the outgoing photoelectrons with impurities and defects
the surface also may contribute to the widths [15]. Sin
the SS has been extensively studied by high-resolut

FIG. 1. The schematic diagram of thekk ­ 0 band structure
and relevant wave functions for two-photon photoemission fro
the SS. The initial and intermediate states are localized mo
at the surface due to theL20 2 L1 band gap [7]. The 2PP
proceeds through a virtual state at 1.4 eV below then ­ 1 IP
state. The final state is an outgoing free-electron wave. On
right is the three-level scheme for the optical Bloch equati
simulation of the polarization dynamics.
1340
e
ed
s-
nd
zer
V
o-

tra-
ace

in
e-

of
c-

the
for

in
of
ra-
g
le

of
at

ce
ion

m
stly

the
on

photoemission measurements, it is possible to compa
the polarization dynamics observed in the interferometr
two-pulse correlation (I2PC) measurements with depha
ing rates deduced from linewidth analysis. Figure 1 show
that for kk ­ 0 the L20 2 L1 band gap extends between
20.85 and 4.3 eV, the SS is at20.39 eV, and there is an
image potential (IP) state series starting withn ­ 1 (IP)
at 4.1 eV [7,14–17]. Lifetimes of SS and IP are dete
mined in part by their coupling to the bulk. The coupling
strength depends on the penetration of surface state w
functions, which are exponentially damped in bulk due t
theL20 2 L1 band gap [7,10]. The excitation laser is de
tuned by 1.4 eV from the SS!IP resonance. Thus, the
two-photon absorption proceeds through a virtual inte
mediate state. The final state for photoemission is a po
tion of a continuum of free-electron-like—outward going
low-energy electron diffraction (LEED)—waves that is
transmitted through the electron energy analyzer. The ph
toemission of the SS at 6.2 eV is dominated by the surfa
photoelectric effect; thus scattering of outgoing electron
in the bulk may not be significant [14].

Figure 2 shows the two-photon photoemission (2PP
spectrum relevant to the discussion of time-resolved me
surements. The spectrum is measured atQ ­ 15± since
this gives the highest SS intensity relative to the bu
bands. The energy of the SS atu ­ 15± is 20.15 eV due
to kk dispersion. Its intensity is maximum at this angle
due to itsE4 dependence on the perpendicular compone
of the electric field at the surface. ForQ . 15±, the SS
density of states extends above the Fermi levelsEFd and
hence its intensity decreases.

Figure 3 shows I2PC measurements atQ ­ 15± when
photoemission is detected from the SS ands-p band
(21.2 eV relative toEF). The I2PC scans near zero de
lay are dominated by interference fringes with a perio
of ,1.33 fs, which corresponds to one optical cycle o
400 nm light. The origin of the interference fringes ma
be the modulation of light intensity by the interferenc

FIG. 2. 2PP spectrum measured atkk ­ 0.15 Å21 sQ ­ 15±d
from Cu(111). Arrows indicate the measurement energies
Figs. 3(a) and 3(b).



VOLUME 78, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 17 FEBRUARY 1997

sm

he
e-
et-
s.
a-

SS
r
e

e
c-
er

can
el
is

ce
dy
s,

s.
el
al
tual

es
te
nd

of
ce

d

e

e

s

a-
s

en-

e

FIG. 3. (a) I2PC measurement from the SS (20.15 eV). (b)
The s-p band (21.2 eV). (c) Simulation of the data in (a)
The I2PC data are averaged for 5000 scans. The ordinate
the I2PC scans is the square root of photoemission counts
emphasize the interference fringes at long delay timesst .
tpd. The inset shows an expanded view of the oscillations
2vL, and highlights the subfemtosecond resolution in the de
scanning.

between the pump and probe pulses in the interferome
or coherent interaction between the pump induced pola
zation in the sample and the probe pulse. The analy
of the coherent response of the conduction band el
trons in Cu from the I2PC measurements requires
knowledge of laser pulse amplitude and phase. This c
be obtained with an interferometric autocorrelation me
surement (IAC) of the laser pulse; however, at prese
there is no method for measurement of IAC of 3.1 e
light at an ,1 nJ level. An upper limit of the pulse
width, tp ­ 15 fs, for the purpose of discussing the po
larization dynamics associated with the SS [Fig. 3(a)] c
be obtained from I2PC measurement from thes-p band
[Fig. 3(b)] [18]. The slower polarization decay rate whe
the initial state is the SS as compared with the IAC r
sults in a significantly broader envelope of the interfe
ence fringes for the I2PC from the SS. There is a cle
trend that the interference fringes persist on a longer ti
scale (.100 fs) as the initial state approachesEF . This
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trend is consistent with a hole-hole scattering mechani
for the phase relaxation, which has asE 2 EFd2 depen-
dence [13,16].

While interference fringes atvL dominate the I2PC
scans, there also are weaker oscillations at2vL (Fig. 3
inset). Oscillations at even higher harmonics ofvL can
be deduced by Fourier transforming the I2PC data. T
harmonic oscillations clearly are due to the material r
sponse, since they are not present in the interferom
ric electric field autocorrelations of the excitation pulse
Thus the evidence that the I2PC scan in Fig. 3(a) me
sures the polarization dynamics upon excitation of the
is that the interference fringes persist for much longe
than in the IAC and the presence of oscillations at th
harmonics ofvL. The observation that the polarization
at vL and its harmonics persist for a longer time than th
excitation pulse implies that linear and nonlinear refle
tion (surface harmonic generation) from a surface, und
some circumstances, maynot be instantaneous.

To further understand these observations, the I2PC s
from the SS is simulated with a phenomenological mod
based on the optical Bloch equations [19]. This analys
helps to identify the necessary conditions to reprodu
the observed phenomena, but cannot treat many-bo
effects, coherent interactions involving continuous band
or nonlocality and coupling of surface and bulk band
Optical Bloch equations are solved for the three-lev
scheme in Fig. 1, where the initial, intermediate, and fin
states for the 2PP process are, respectively, the SS, vir
state continuum at21.4 eV from the IP, and a free electron
wave propagating to the detector. Although all stat
with the correct symmetry contribute to the virtual sta
absorption, the IP state has the smallest detuning a
largest overlap.

The final state population is calculated as a function
pulse delay where the excitation by a two-pulse sequen
is described byEstd cosf√tg 1 Est 2 td cosf√st 2 tdg,
where Estd is the electric field amplitude with assume
sechstd profile and 15 fs width. The wave functioncstd
is a linear combination of the basis functions of th
undisturbed system (withoutE field), cstd ­

P
k akwk.

After transformation into a rotating set of coordinates th
wave function can be written ascstd ­

P
k ckwk , where

ck ­ akeikvt. The differential equations for motion ofck

are
dck

dt
­ 2 iDkck 1

i
2h̄

pk,k21Ẽpstdck21

1
i

2h̄
pk,k11Ẽstdck11 , (1)

where pn,m are transition dipole moments and̃Estd ­
Estd 1 Est 2 tde2i√t . The time-dependent population
arern ­ cp

ncn and polarizations arernm ­ cp
ncm. Equa-

tion (1) is used to derive nine coupled differential equ
tions, which describe the time evolution of population
and polarizations associated with the three levels. The
ergy (T1) and phasesT2d relaxation ofrn and rn,m0 re-
spectively, are included in the usual manner [19]. Th
1341
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differential equations are solved numerically to give th
calculated population in the final state,r2std ­

R
cp

2c2 dt,
as a function of pump-probe delay. The following approx
mations are made in the calculation: (i) Only the neare
state interactions are included, (ii) transition dipole m
ments are all set equal, (iii)D01 ­ 1.4 eV, (iv) T2mn ­
2T1mn , and (v) theT2 ­ 2h̄yG, where G is the inverse
linewidth in photoemission spectra. The last approxim
tion is based on the usual assumption that the linewid
of photoemission from a surface state is determined by
hole lifetime [6,7]. Thus,T21,2 is set to 15.4 fs, correspond
ing to 85 meV width of the IP state [7,10], andT20,1 and
T20,2 are set to 24 fs, corresponding to 55 meV width of th
SS [17].

Figure 3(c) shows the calculated population in the fin
state vs the pump-probe delayr2std. The calculation
reproduces qualitative features of the I2PC scan fro
the SS: The interference oscillations persist on a long
time scale than those of IAC, and oscillations at2vL

increase from a minimum att ­ 0, and dominate at long
pump-probe delayss.40 fsd. The decay of oscillations
at 2vL corresponds to the decay ofr0,2 and is governed
by T20,2 . Since the intermediate state is virtual, the dec
of oscillations atvL due to r0,1 and r1,2 is faster than
T20,1 andT21,2 . The main effect of the decay time ofr1,2
is the ratio of intensities of oscillations atvL and 2vL.
SettingT21,2 ø 15.4 fs reduces the2vL amplitude relative
to that of vL by ,20%. The IP state makes a sma
contribution to the two-photon absorption cross secti
even though the detuning of the laser from the IP sta
is ,16 times larger than its width. Differences betwee
the experiment and simulated polarization dynamics can
attributed to (i) limitations of the model, (ii) the assumptio
of the T2 parameters from the photoemission linewidth
(iii) washing out of interference fringes due to scan-to-sc
fluctuations inDt and imperfect overlap of the beams
(iv) deviations of the pulse from ideal, transform-limite
sechstd profile, and (v) contribution of the sequential 2P
signal to the I2PC scans [12,18].

The following conclusions can be made from the com
parison between the experiment and simulation: (i) T
interference fringes atvL and 2vL in the I2PC from
the SS follow the time dependence ofr0,1, r1,2, andr0,2.
The decay of fringes at2vL closely follows the decay of
r0,2 and is consistent with the SS hole lifetime implie
by the photoemission lineshape analysis. (ii) The I2PTR
technique offers a unique way to measure linear and n
linear polarization dynamics at metal surfaces with pha
energy, and momentum resolution.

In conclusion, the interferometric two-photon photoe
mission technique is developed and applied to coher
polarization dynamics associated with then ­ 0 occupied
surface state on Cu(111). This technique allows the fi
measurement of polarization dynamics at a metal surfa
with energy, momentum, and phase resolution. The de
in the induced polarization is consistent with the hole lif
time of the surface state. The observed oscillations in
1342
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I2PC scans at the excitation frequency and its second ha
monic, which persist on a.100 fs time scale, indicate that
under some circumstances linear and nonlinear reflectio
from a metal surface are not instantaneous. Observation
longer dephasing times than currently available laser pul
widths opens the way to coherent control experiments
metal surfaces. Since long dephasing times are observ
even for emission from the bulk bands, similar observa
tions and coherent control experiments may be possib
for other surfaces of Cu, as well as for other metals. F
nally, this Letter demonstrates the power of the interfero
metric two-photon time-resolved photoemission techniqu
for studying coherent charge carrier dynamics at surfac
of solid state materials.

The authors thank J. J. Baumberg for encourageme
and comments on the manuscript, and N. Moriya
S. Matsunami, and S. Kubota for help in mechanica
construction of the interferometer.

[1] L. Allen and J. H. Eberly,Optical Resonances in Two-
Level Atoms(Wiley, New York, 1975).

[2] A. Honold et al., Phys. Rev. B40, 6442 (1989).
[3] Y. R. Shen, Ann. Rev. Phys. Chem.40, 327 (1989); T. F.

Heinz, Nonlinear Surface Electromagnetic Phenomena
edited by H.-E. Ponath and G. I. Stegeman (North
Holland, Amsterdam, 1991), pp. 353–416.

[4] M. Born and E. Wolf, Principles of Optics(Pergamon
Press, Oxford, 1989).

[5] B. Kohler et al., Acc. Chem. Res.28, 133 (1995); W. S.
Warren, H. Rabitz, and M. Dahleh, Science259, 1581
(1993).

[6] N. V. Smith, P. Thiry, and Y. Petroff, Phys. Rev. B47,
15 476 (1993).

[7] Th. Fauster and W. Steinmann, inPhotonic Probes of
Surfaces,edited by P. Halevi,Electromagnetic Waves:
Recent Developments in ResearchVol. 2 (North-Holland,
Amsterdam, 1995), pp. 347–411.

[8] V. A. Gasparov and R. Huguenin, Adv. Phys.42, 393
(1993).

[9] R. W. Schoenleinet al., Phys. Rev. B43, 4688 (1991).
[10] T. Hertelet al., Phys. Rev. Lett.76, 535 (1996).
[11] R. Haight, Surf. Sci. Rep.21, 275 (1995).
[12] S. Ogawa and H. Petek, Surf. Sci.357–358, 585 (1996).
[13] A. P. Heberle, J. J. Baumberg, and K. Köhler, Phys. Rev

Lett. 75, 2598 (1995).
[14] F. J. Himpsel, Adv. Phys.32, 1 (1983).
[15] J. Tersoff and S. D. Kevan, Phys. Rev. B28, 4267 (1983).
[16] R. Paniagoet al., Surf. Sci.331–333, 1233 (1995);336,

113 (1995).
[17] B. A. McDougall, T. Balasubramanian, and E. Jensen

Phys. Rev. B51, 13 891 (1995).
[18] In Fig. 3(b) weak2vL oscillations indicate that polariza-

tion decay between the initial and final states isnot instan-
taneous. The slowly varying “baseline” is due to the se
quential two-photon absorption; the intermediate states a
1.9 eV hot electrons with a lifetime of,28 fs [S. Ogawa,
H. Nagano, and H. Petek, Phys. Rev. B (to be published)

[19] J.-C. Diels and W. Rudolph,Ultrashort Laser Pulse
Phenomena(Academic Press, San Diego, 1996).


