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The polarization dynamics induced by the optical excitation of sfeband derived occupied
surface state on Cu(111) are studied by a new technique, interferometric two-photon time-resolved
photoemission. The polarization decay due to phase breaking collisions of the charge carriers on an
~20 fs time scale is modeled by the optical Bloch equations. The optical phase resolution also allows
direct observation of nonlinear polarization oscillations at the harmonics of the excitation frequency,
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

A medium exposed to an electric field will acquire po- reflection techniques, which probe the total electronic
larization, which can decay by various scattering mecharesponse of a metal [11]. The possibility of time-resolved
nisms or by coherent radiation into the vacuum by themeasurements of phase relaxation rates in metals was
process known as the free induction decay (FID). Timefirst suggested in 2PTRP studies of hot electrons at
resolved measurements of FID and related coherent ph&u(110), and Cu(100) surfaces [12]. Two distinct com-
nomena have been performed in atomic [1] and excitoniponents in the two-pulse correlation measurements of
systems [2], but not in metals. The FID gives the timehot-electron lifetimes were attributed to the coherent and
scale on which materials preserve the memory of the optisequential two-photon absorption processes. However, it
cal phase of the excitation pulse, and therefore the timevas difficult to separate the polarization and hot-electron
scale for coherent light-matter interactions. Linear andoopulation dynamics since the measurements were in-
nonlinear (surface harmonic generation [3]) reflection oftegrated over the optical phase. Optical phase-resolved
light are familiar manifestations of coherent phenomena ateasurements of two-photon photoemission can be ac-
metal surfaces. However, these processes are generallgmplished by interferometric, phase-locked scanning of
thought to be instantaneous [4]. A technique for time-the pump-probe delay, which was recently developed for
resolved measurement of polarization decay in a metaioherent control studies of excitons in GaAs quantum
could permit direct measurements of scattering processegells [13]. This Letter introduces a general method for
involved in photon absorption and establish the time scaleghase-resolved measurement of polarization dynamics,
for coherent light-metal interactions. A deeper under{2PTRP, which is used to measure the response of a
standing of polarization decay in metals also is necessanwo-dimensional electron gas, the occupieer 0 surface
for the application of coherent control [5] to electron wavestate (SS) on Cu(111) to a 15 fs laser pulse excitation.
packets at metal surfaces and interfaces, which may be The apparatus for I2PTRP measurements is described
important for the development of ultrafast optoelectronicin Ref. [12], except for the subfemtosecond resolution
devices. This Letter presents a new technique, interferanterferometric scanning of the pump-probe delay used
metric two-photon time-resolved photoemission (I2PTRP)for phase-resolved measurement of the polarization dy-
which is used for the first optical phase resolved study ohamics. A frequency doubled Ti:sapphire laser produces
FID at a metal surface. 15 fs, ~1 nJ pulses at an 82 MHz repetition rate. The

The common method for estimating phase relaxation irexcitation light is centered ai; = 400 = 1 nm (3.1 eV)
metals is the linewidth analysis in photoemission spectrand it has a bandwidth dfi0 = 5 meV. An identical,
[6,7]. Typical widths of bulk bands place a lower limit pump-probe pulse pair with a variable delay of 100 fs is
for phase relaxation times k10 fs due to the ultrafast generated in a Mach-Zehnder interferometer. The delay
charge carrier scattering. However, the time scales fois scanned at a 2 Hz rate by a piezoelectrically actuated
phase-breaking collisions can be considerably longer neatage. The timing of the delay scanning and data acqui-
the Fermi surfaces of metals [8] and in surface statesition is synchronized by a feedback loop to allow the
that are weakly coupled to the bulk bands [9,10]. Theaveraging of repetitive scans. Interference fringes at
recently developed two-photon time-resolved photoeare monitored through a monochromator as the delay is
mission technique (2PTRP) is well suited for studyingscanned. A lock-in amplifier compares the phase of the
the dynamics of charge carriers with a specific energyringes with a linear ramp driving wave form of the piezo-
and momentum rather than the traditional absorption andlectric actuator, and outputs an error signal to a second

0031-900797/78(7)/1339(4)$10.00  © 1997 The American Physical Society 1339



VOLUME 78, NUMBER 7 PHYSICAL REVIEW LETTERS 17 EBRUARY 1997

(fast) piezoelectrically driven delay. The timing of the photoemission measurements, it is possible to compare
delay scanning relative to the data acquisition is stabilizedhe polarization dynamics observed in the interferometric
to <A/20 (<67 as delay) for repetitive scans. Photoemis-two-pulse correlation (I2PC) measurements with dephas-
sion is measured for electrons with specific energy andhg rates deduced from linewidth analysis. Figure 1 shows
momentum by a hemispherical electron energy analyzethat for k; = 0 the Ly, — L; band gap extends between
with nominal energy and angular resolutions of 25 meV—0.85 and 4.3 eV, the SS is at0.39 eV, and there is an
and 5. Angle resolved photoemission is measured by roimage potential (IP) state series starting with= 1 (IP)
tating the polar angl@ of the sample with respect to the at 4.1 eV [7,14-17]. Lifetimes of SS and IP are deter-
analyzer. The experiments are performed under an ultranined in part by their coupling to the bulk. The coupling
high vacuum, at room temperature, using standard surfacgrength depends on the penetration of surface state wave
preparation techniques [12]. functions, which are exponentially damped in bulk due to
The schematic band structure and wave functions ithe L,, — Ly band gap [7,10]. The excitation laser is de-
Fig. 1 are relevant to the interpretation of the photoetuned by 1.4 eV from the SSIP resonance. Thus, the
mission spectra and polarization dynamics. The=  two-photon absorption proceeds through a virtual inter-
0 surface state in the Shockley-inverted band gap ofmediate state. The final state for photoemission is a por-
Cu(111) forms a natural quantum well, where the election of a continuum of free-electron-like—outward going
trons are localized by crystal and image potentials at théow-energy electron diffraction (LEED)—waves that is
meta)/'vacuum interface. The SS has been of interest fotransmitted through the electron energy analyzer. The pho-
studying surface effects and broadening mechanisms itbemission of the SS at 6.2 eV is dominated by the surface
photoemission spectra [14,15]. The Lorentzian width ofphotoelectric effect; thus scattering of outgoing electrons
the SS at 30 K is 30 meV and it increases with temperain the bulk may not be significant [14].
ture to~55 meV at 300 K due to hole-phonon scattering Figure 2 shows the two-photon photoemission (2PP)
[16,17]. The width has been attributed to the inverse holspectrum relevant to the discussion of time-resolved mea-
lifetime. However, extrinsic effects such as scattering ofsurements. The spectrum is measure@®at 15° since
the outgoing photoelectrons with impurities and defects athis gives the highest SS intensity relative to the bulk
the surface also may contribute to the widths [15]. Sincéands. The energy of the SSéat= 15° is —0.15 eV due
the SS has been extensively studied by high-resolutioto & dispersion. Its intensity is maximum at this angle
due to itsE* dependence on the perpendicular component
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density of states extends above the Fermi I€#gl) and
hence its intensity decreases.

6 —_ 2> Figure 3 shows I2PC measurement®dat= 15° when
photoemission is detected from the SS amg band
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FIG. 1. The schematic diagram of tiig = 0 band structure
and relevant wave functions for two-photon photoemission from o

the SS. The initial and intermediate states are localized mostly " s0 ss eo s

at the surface due to the, — L, band gap [7]. The 2PP Final State Energy Relative to E, (eV) ’
proceeds through a virtual state at 1.4 eV belowihe 1 IP

state. The final state is an outgoing free-electron wave. On thEIG. 2. 2PP spectrum measuredkgt= 0.15 A~' (@ = 15°)
right is the three-level scheme for the optical Bloch equationfrom Cu(111). Arrows indicate the measurement energies in
simulation of the polarization dynamics. Figs. 3(a) and 3(b).
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N SR T R TS R R trend is consistent with a hole-hole scattering mechanism
@ 12PC from SS for the phase relaxation, which has& — Er)?> depen-
(-0.15 eV)
dence [13,16].

While interference fringes atv; dominate the 12PC
scans, there also are weaker oscillation2at (Fig. 3
inset). Oscillations at even higher harmonicsagf can

be deduced by Fourier transforming the 12PC data. The
1-33R harmonic oscillations clearly are due to the material re-
sponse, since they are not present in the interferomet-
b 1 ric electric field autocorrelations of the excitation pulses.
'Zf_ﬁ_fg%";e;"k Thus the evidence that the I2PC scan in Fig. 3(a) mea-
P sures the polarization dynamics upon excitation of the SS
is that the interference fringes persist for much longer
than in the IAC and the presence of oscillations at the
harmonics ofw,. The observation that the polarization
at w; and its harmonics persist for a longer time than the
excitation pulse implies that linear and nonlinear reflec-
tion (surface harmonic generation) from a surface, under
some circumstances, mayt be instantaneous.
Simulation To further understand these observations, the 12PC scan
from the SS is simulated with a phenomenological model
based on the optical Bloch equations [19]. This analysis
helps to identify the necessary conditions to reproduce
the observed phenomena, but cannot treat many-body
effects, coherent interactions involving continuous bands,
or nonlocality and coupling of surface and bulk bands.
Optical Bloch equations are solved for the three-level
; 'JO‘ AL 2|o T (') T ‘2'0‘ T '4'0‘ i scheme in Fig. 1, where the initial, inter'mediate, and fi.nal
Pump-probe Delay Time (fs) states for .the 2PP process are, respectively, the SS, virtual
state continuum at 1.4 eV from the IP, and a free electron
FIG. 3. (a) I2PC measurement from the SS0(15 eV). (b) wave propagating to the detector. Although all states

The sp band (-1.2 eV). (c) Simulation of the data in (a) with the correct symmetry contribute to the virtual state

The 12PC data are averaged for 5000 scans. The ordinate fosrption, the IP state has the smallest detuning and
the 12PC scans is the square root of photoemission counts ﬁo ’

emphasize the interference fringes at long delay ties-  1argest overlap. o '
7,). The inset shows an expanded view of the oscillations at The final state population is calculated as a function of
2wy, and highlights the subfemtosecond resolution in the delayulse delay where the excitation by a two-pulse sequence

scanning. is described byE(r) co§wt] + E(t — 7)codw(t — 7)],
where E(¢) is the electric field amplitude with assumed

between the pump and probe pulses in the interferometesgctir) profile and 15 fs width. The wave functiafa(z)

or coherent interaction between the pump induced polaris a linear combination of the basis functions of the

zation in the sample and the probe pulse. The analysigndisturbed system (witholE field), ¢(t) = >, aiox.

of the coherent response of the conduction band eledfter transformation into a rotating set of coordinates the

trons in Cu from the 12PC measurements requires th&ave function can be written ag(r) = > ; cr¢x, Where

knowledge of laser pulse amplitude and phase. This car, = aie’*@!. The differential equations for motion of

be obtained with an interferometric autocorrelation meaare

L
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surement (IAC) of the laser pulse; however, at present dex _ _ iNpcp + kak—lE*(l)Ck—l

there is no method for measurement of IAC of 3.1 eV dt 2"

light at an ~1 nJ level. An upper limit of the pulse n i E(t 1
width, 7, = 15 fs, for the purpose of discussing the po- o5 Prkt ek @

larization dynamics associated with the SS [Fig. 3(a)] cawhere p,,,, are transition dipole moments ani(s) =

be obtained from I2PC measurement from e band E(r) + E(t — 7)e '®". The time-dependent populations
[Fig. 3(b)] [18]. The slower polarization decay rate whenarep, = c;c, and polarizations arg,,, = ¢, c,,. Equa-

the initial state is the SS as compared with the IAC re+ion (1) is used to derive nine coupled differential equa-
sults in a significantly broader envelope of the interfer-tions, which describe the time evolution of populations
ence fringes for the I2PC from the SS. There is a cleaand polarizations associated with the three levels. The en-
trend that the interference fringes persist on a longer timergy (7';) and phas€T,) relaxation ofp, and p,,, re-
scale 100 fs) as the initial state approach&s. This spectively, are included in the usual manner [19]. The
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differential equations are solved numerically to give thel2PC scans at the excitation frequency and its second har-
calculated population in the final stage,(7) = [ c>c,dt,  monic, which persist on 2100 fs time scale, indicate that

as a function of pump-probe delay. The following approxi-under some circumstances linear and nonlinear reflection
mations are made in the calculation: (i) Only the nearesfrom a metal surface are not instantaneous. Observation of
state interactions are included, (ii) transition dipole mo-longer dephasing times than currently available laser pulse
ments are all set equal, (iAo = 1.4 eV, (iv) T,,, =  widths opens the way to coherent control experiments at
2Ty, , and (v) theT, = 2i/T", whereT is the inverse metal surfaces. Since long dephasing times are observed
linewidth in photoemission spectra. The last approximaeven for emission from the bulk bands, similar observa-
tion is based on the usual assumption that the linewidttions and coherent control experiments may be possible
of photoemission from a surface state is determined by th#or other surfaces of Cu, as well as for other metals. Fi-
hole lifetime [6,7]. Thus7,,, is setto 15.4 fs, correspond- nally, this Letter demonstrates the power of the interfero-
ing to 85 meV width of the IP state [7,10], aid,, and  metric two-photon time-resolved photoemission technique
T»,, are set to 24 fs, corresponding to 55 meV width of thefor studying coherent charge carrier dynamics at surfaces
SS[17]. of solid state materials.
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