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The possibility of quantum control of surface photochemical reactions is demonstrated for the system of
Cs/Cu(111). Coherent nuclear wave packet motion is induced by resonant dipole excitation with 3.08 eV
light from an occupied surface state intrinsic to the Cu(111) surface to an unoccupied Cs antibonding state
for a Cs atom coverage of 0.1 monolayer. Interferometric time-resolved two-photon photoemission
measurements show that the polarization induced between the two states des@gsfg This makes it

possible to control the position and momentum of the excited state wave packet through the phase of the
excitation field. Quantum control is demonstrated for excitation with phase-rete2€dfs pulse pairs or

single chirped laser pulses. The phase dependence of two-photon photoemission spectra demonstrates the
control of desorptive motion of Cs atoms.

I. Introduction photons leads to efficient scission of the-B bond. Since gas-
phase CH does not appreciably absorb light below 8.5 eV, it
f is remarkable that this process occurs with high selectivity and

fsignificantly lower photon energy on a metélAlthough the
ultrafast dissipation of the electronic excitation on metals favors

A longstanding goal in the field of chemistry, and a central
theme of research in the Moore group, is the laser activation o
nonthermal, bond-specific chemical reactions. The advent o

lasers brought promise of relatively cheap and bright mono- X . L .
chromatic radiation that could potentially induce selective observation of nonthermal chemistry, it is the bane of actively

chemistry otherwise not possible by conventional means. Much manipulating surface processes by quantum control techniques.

research has focused on activation and reaction of specific bonds The understanding of surface photochemistry requires direct
through vibrational excitatioh? A more recent approach is to ~ Probing of the electronhole (e-h) pair creation and relaxation
perform Speciﬁc chemical transformations by active|y manipu_ at adsorbate covered surfaces. Such studies have been greatly
lating the quantum mechanical properties of molecules with advanced by the development of femtosecond time-resolved
light34 The major hurdle to achieving practical laser control two-photon photoemission (TR-2PP) techniqifes analogy
of chemical reactions is the transfer of energy among the variousto multiphoton ionization techniques in the arsenal of gas-phase
nuclear degrees of freedom of a molecule on a subpicosecondsPectroscopy and dynamies] TR-2PP measures the energy
time scalé’® Nevertheless, in the past few years, quantum and momentum-resolved photoemission current following the
control schemes have been proposed and achieved in molecule§Xcitation of a metal with a pumjprobe laser pulse sequence.
of increasing complexity-1! The aim of the present contribution ~ Since the two-photon excitation process can be coherent or
is to demonstrate the coherent manipulation of atomic motion sequential, TR-2PP experiments can distinguish between the
at a metal surface. phase relaxation of the coherent polarizations excited in the
Inducing nonthermal and selective chemistry by electronic Sample and the intermediate state population decay. The quasi-
excitation of adsorbed molecules on surfaces is important in elastic electrorphonon (e-p) scattering mainly contributes to
many practical applications ranging from semiconductor device the phase relaxation, while the inelastic electrefectron
fabrication to catalysi&13When a molecule is adsorbed on a (e—€) scattering also induces population decay. Thus, for
metal, its photochemistry is greatly altered from the gas phaseoccupied and unoccupied states that lie within several eV from
through electronic interaction with the surface. The role of the the Fermi levelEg, TR-2PP can often supplant the traditional
surface is 2-fold: (i) hybridization between the adsorbate and approach of estimating electronic relaxation rates from the
substrate orbitals results in substantially different optical absorp- photoemission line width¥:
tion spectra from those of free molecules; and (ii) strong  Some of the most important findings of TR-2PP experiments
interaction with the substrate causes electronic quenching ofare phase and energy relaxation rates of surface states. The
the adsorbate typically 010 fs time scale, which effectively image and crystal potentials at the surfawacuum interface
competes with the thermalization of the electronic excitation. confine the surface electrons in naturally occurring quantum
Thus, compared with the gas phase, molecules on surfaces camvells for certain ranges of energies and momenta defined by
have substantially different, nonthermal chemistry, albeit with the projected band gaps in the metal band structure. Quantum
minuscule quantum yield$:* A prime example is methane  confinement attenuates the surface state interaction with the
physisorbed on the Pt(111) surface, where thermal activation pulk, resulting in decoherence times-1—100 fs, and lifetimes
only induces desorption at 70 K, while excitation with 6.4 eV in the range of<5—1000 fs1®-23 Of particular interest are the
phase relaxation times, which define the time scales for the
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Figure 1. Schematic of the quantum control experimental apparatus.
Two-photon photoemission is excited from the Cs/Cu(111) surface
either with single or pulse-pair excitation, and detected with a
hemispherical electron energy analyzer. The ptipnobe delayA and
chirp parameter (prism insertion) are the control parameters for
manipulating the coherent polarization in the sample.
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Il. Experimental Section

a. Experimental Apparatus. Figure 1 shows the experimen- Re o)
tal apparatus for the quantum control experiments. A more Cu-Cs
detailed description of the experiment is reported else- Figure 2. (a) Schematic band structure of the Cs/Cu(111) s_urface for
wherel61924 A single-crystal sample of Cu(111) is prepared parallel momentum. Unshao_led area corresponds to the prOJect_ed_ band
within an ultrahigh vacuum chamber by standard methods, and 9P (b) Calculated electric field spectrum for a 19 fs transform-limited

o o . pulse at 3.1 eV, as well as pulse pairs of the same duration but with
modified by deposition of typically 0.1 ML (1 ML (monolayer)  gejays of 30.0 and 30.5 optical cycles. The interference resulting in

corresponds to a Cs covera@es of 4.41 x 10 atoms/crf) modification of the 2PP spectra (optical Ramsey fringes) must occur
of Cs from a SAES getter source. The sample is held at 33 K in the sample, rather than the interferometer, since the pulses have
during the TR-2PP measureme#its?® negligible temporal overlap. (c) Schematic potential energy surfaces

Two-photon photoemission (2PP) is excited with either single for Cs chemisorption on Cu(11%),and calculated change in the
pulses, or phase related pulse pairs from a self-made Ti:sapphire?tibonding state energy witRg,-cs from ref 35. Shaded curves

. . represent the wave packet for the ground state and for dissociative
laser oscillator. The output of the laser is doubled to 400 nm i -in the excited state. The estimated changRdincs 50 fs after

(3.08 eV), providing an 80 MHz pulse train with an average the excitation is 0.07 &8 Depending on the phase of the excitation
power of~40 mW and pulse duration of 19 fs at the sample. field some parts of the propagated wave packet experience constructive
The laser is incident at 30from the normal of the sample interference (enhanced absorption) or destructive interference (stimu-
surface and po|arized in the p|ane of reflection (p_po|arization)_ lated reflection), which forms the. basis for quantum control. At the Cs
The normal component of the energy and momentum resolvedcoverage of the ||or$scent eXpe”mg"I;* :f3'9 eﬁé ;wegual t‘(’j the
2PP signal is recorded with a hemispherical energy analyzerggzdaéggn%?;g'a of Cs atoms, and therefore, t S products
having <28 meV energy resolution.

Coherent polarization dynamics are probed by three different  Figure 2a shows the schematic band structure for the Cs/
methods. Interferometric two-pulse correlation measurementsCu(111) surface as a function of parallel momentimThe
are recorded for a fixed photoelectron energy by continuously L-projected band gap extending fror0.85 to 4.1 eV supports
scanning the pumpprobe delayA with 50 as reproducibility a single occupied (Shockley) surface state SS with a binding
by means of an actively stabilized MacBender interferometer.  energy of—0.39 eV. The photoemission line width gives a lower
Such measurements provide quantitative information on the limit of 44 fs at 30 K for the phase relaxation time of the
phase and population decay rattas described for Cs/Cu(111) optically generated SS hoté.
in refs 25 and 28. For quantum control experiments, 2PP spectra Reference 24 describes the quantum control of 2PP from SS
are recorded with either phase-locked pulse pairs (PPP), wherefor a clean Cu(111) surface through both the PPP, or chirped
A is fixed to better than 50 as, or with single frequency-chirped pulse excitation. The following reviews these quantum control
pulses. The linear chirp is set by the amount of glass in the schemes. The PPP excitation exploits the optical Ramsey fringe
optical pathway by translating one of the prisms of the dispersion effect, which is a coherent interaction of two separate, but phase
compensator into or out-of the optical path. correlated, fields acting on the sample (usually an atom or a

b. Quantum Control of 2PP. Before discussing the quantum  molecule)®* When the delay (i.e., phase) between the pump
control experiments for Cs/Cu(111), it is important to introduce and probe fields interacting with the sample is less that the phase
the band structure and previous quantum control experimentsrelaxation time of the coherent polarization in the sample, the
of the clean Cu(111) surface, as well as the new features thatresulting excitation spectrum depends on the relative phase.
are introduced by Cs adsorption. Since the transform-limited spectral width ok&20 fs excitation
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pulse is broader than the homogeneous line width of[S9( a)
the experimental line widtliS, in single-pulse 2PP spectra is
mainly determined by the laser pulse acting twice on the sample.
When A is comparable or shorter thairS9 1, the coherent
sum of the pump- and probe-excited polarization waves in the
sample will result in interference between various polarization <%
components. Therefore, for two-pulse excitatiﬁ@fp is deter-
mined by A~! rather than the transform-limited width of the
individual pulses. This concept can be understood from the
electric field spectra of the pulse pair when the delay is set to
a n2r multiple of the laser oscillation period at the center
frequencyw, shown in Figure 2b. Whereas the spectrum of a
single pulse has a single peak, the spectra of in-phase pulse L
pairs have constructive interference at the center frequency and T T T T T T e e e
: ) ) 22 2.4 26 2.8 3.0 32
for sidebands (Ramsey fringes) at other frequenmes, vv_henever Intermediate state energy (eV)
the delay corresponds tm @& O, 1, ..)27 cycles. Likewise, b) . R | | | |
destructive interference occurs for those frequency components ~ '° i —— Interferometric 2-puise correlation
where the delay corresponds to£ 0.5, 15, ...)27 cycles. Thus, I 2”335%?2‘ etio adtocortelation
spectral “squeezing” or “dilation” of the spectrum excited in 0.8 1 l
the sample depends on whether or not the excitation is in-phase
for the center frequency. HowevdrsS sets the limit for this
coherent interaction, because it represents the time scale for the
memory of the phase of the excitation field in the sample.

The effect of chirp on 2PP spectra is similar, except that the
phase relationship between different frequency components of
a single pulse depends on the chirp paramate®ince the 0.2 -
sample has no knowledge of the entire pulse until the interaction
is complete, the spectrum of the induced polarization is inversely
related to the interaction time. Energy conservation requires that
during the course of optical excitation an initially broad
distribution must collapse through the coherent emission of the Pump-probe delay (fs)
excess bandwidth, which occurs by destructive interference with gigyre 3. (a) 2PP spectrum of Cs/Cu(111) for approximately resonant
the trailing part of the pulse. Since the sample has memory, thess— A excitation (0.1 ML Cs coverage), and the phase and energy
order of individual frequency components interacting with the relaxation times from interferometric two-pulse correlation séaf.
sample can determine the final 2PP energy distribution. For (b) A representative I2PC scan measured for the intermediate state
nsance, the eacing par o & downchiped pulse (decreasing oy 1252 o, T Sl o s 20 o o cvein e
frequency with time) F:reates a broaq eXCItathn above the Centerrelaxation rates. Arrows indicate the specific delay int?ervals of 10 cyclgz
frequency. The continuous red-shift of the instantaneous fre- oy the control experiments.
quency causes preferentially destructive interference at high
frequencies and constructive interference at low frequencies.packet motion. The excited state lifetime is sufficiently long
The final spectrum is red-shifted when the rate of the frequency (~50 fs) to observe this motion, but too short for a significant
sweep is fast compared to the rate of phase relaxation. Cs desorption yield?28 Since the surface electronic structure

c. Cs Desorption.The intrinsic band structure of Cu(111) in  is sensitive to the CuCs bond lengtiRc,-cs, the wave packet
Figure 2a is modified by the adsorption of Cs atoms. Electronic motion leads to the change in the SSA resonance frequency,
changes such as the introduction of a new unoccupied Cswhich enables direct observation and control of the nuclear
antibonding state (henceforth referred to as A) and reduction motion through TR-2PP techniqué&s?8:3
in the work function® strongly depend o®c¢s32-3* Cs atoms
form a disordered layer at a coverage of 0.1 ML, and therefore, |ll. Results
the energy of A Ea) does not disperse witk.3* Since ® Figure 3a shows a typical 2PP spectrum of the Cs/Cu(111)
determines the image potential, which in turn confines electrons syrface for single, minimum-chirp pulse excitation. On the basis
to the surface, increasircs also decreasds,, and to asmaller  of the band structure in Figure 2a, the peak at 2.66 eV is
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extent, the energy of SS. Therefore, the SSA transition  assigned to the one-photon resonant transition from the SS initial
frequency can be made resonant with the laser either through astate at-0.42 eV to A, followed by one-photon photoemission.
choice ofOcs or k; for the 2PP detection. The assignment is confirmed by tit&:s dependence of 2PP

A novel feature introduced by Cs adsorption is the time spectreZ628
dependence of the surface electronic structure due to Cs atom Figure 3b shows an I2PC scan taken for an intermediate state
nuclear motior?6-2835 Figure 2c presents the qualitative po- energy of 2.52 eV, i.e5-0.14 eV below the SS- A resonance
tential energy surface (PES) for chemisorption of Cs on Cu(111). in Figure 3a, and the envelope of the interferometric autocor-
This schematic is based on properties such as the ionizationrelation of the laser pulse. The 12PC scan shows rapid
potential of Cs atoms, the chemisorption energy, the van der oscillations near\ = 0 that occur approximately at the laser
Waals potential, and the work function of the Cs/Cu(111) frequency, and a slowly decaying component, which dominates
surface?® Photoexcitation induces a large redistribution of charge for longer delays. Compared with the autocorrelation, the
from the Cs-Cs bond to the vacuum side of the Cs atéf substantially broader width of the oscillatory envelope and the
resulting in a strong repulsion that initiates the nuclear wave slow decay to the baseline of the I2PC scan indicate that the
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Figure 4. 2PP difference spectra for several delays corresponding to

n2z optical cycles of the center laser frequenay The vertical line f el - f b h h
represent&a atA = 0 fs. The inset shows the energy shift and Gaussian CONsequence of electronic interference between the coherent

width of the resonance obtained by fitting the difference spectra. polarizations, which decay considerably faster. After the coher-
ence has decayed, the width reflects only the distribution of
decay of both the coherent polarization and the intermediate the nuclear wave packet, and hence, the width increases for
state population is significantly slower than the excitation pulse A > 50 fs.
duration. Analysis of such I2PC scans provides the population  The second approach to quantum control, where a pulse train
and phase relaxation times in Figure’3&° The focus here is  of single, frequency-chirped pulses excites 2PP, is presented in
on the control the Cs atom motion through the manipulation of Figure 5. The frequency chirp of the excitation pulse is
the coherent polarization. _ determined by the total dispersion in the optical system before
Since the coherent polarization decay is slower than the laserthe sample. Linear chirp is described by the chirp paranaeter
pulse, it should be possible to design specific excitation fields which can be calculated by the amount of fused silica inserted
that can influence the position and momentum of the nuclear jnto or out-of the optical path. The chirp parametefetermines
wave packet created through PPP and chirped pulse excitationhe rate of frequency sweep = {a/(1 + a?)}{1/%}, the

sch(_eme§f‘ _ instantaneous frequeney(t) = w, + bt, the pulse widthr =
Figure 4 shows several 2PP-difference spectra of the-SS (1 + a2)12_ and the amplitude of the electric field envelope

A resonance excited with the PPP scheme. The delay betweerg@m) = Ey1 + a?)~1%4, wheret, and Eo are the width and

the two excitation pulses corresponds preciselyridamultiple amplitude of the unchirped pulééThe condition fora = 0,

of the laser oscillation period. The difference is taken between j e transform-limited pulse excitation, is found by translating
the spectra for several delays indicated by arrows in Figure 3b gne of the prisms in the dispersion compensator to maximize
and a long delay of 240 fs, where the two pulses act the 2PP-count rate, which occurs for the maximum field
independently because the polarization and population relax in strength, ie. E(0) = Eo.

the intervening interval. Subtracting this background component e 2pp spectra in Figure 5a show that the antibonding state
from the short-delay spectra isolates components of the excita-neak amplitude, energy, and width depend on both the magni-
tion process where the two pulses act jointly in a coherent or y,4e and sign of the chirp. The changes in the peak position
incoherent manner. As can be seen in Figure 4, the antibondingang the width are quantified in Figure 5b by Gaussian fits of
state peak in the difference spectra shifts to a lower frequencyhe |ine shapes. The peak shift and intensity are larger for
and narrows as the delay is increased. Quantitative information downchirped pulsesa(< 0) than for corresponding upchirped
on the peak position and width is presented in the inset of Figure , jses. Downchirped pulses also give a broader width than the

4, which shows that both decrease with a quadratic depe”denc%orresponding upchirped pulses. This asymmetry with regard
for A < 50 fs. These changes reflect the effect of the Cs atom {4 the sign of the chirp arises from the Cs atom dynamics.

motion on the surface electronic structure, as well as the coherent
interaction of the excitation fields in the sampfewhile the

decrease ifEa With elongation of the CtCs bond is purely a
response of the surface to the nuclear motion, which persists as The PPP and chirped pulse excitation schemes are essentially
long as the excited state population, the spectral squeezing is @¢he same as used for the quantum control of the 2PP electron

IV. Discussion
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distribution from SS for the clean Cu(111) surf&édowever, P PP Y PP PP S TP PAVINY
the 2PP spectra of Cs/Cu(111) show a characteristic asymmetry,
where the excitation witih > 0 ora < 0 enhances the signal
below the SS— A resonance that is not observed for the clean
surface. The asymmetry results from the changes in the surface
electronic structure due to the Cs atom nuclear wave packet
dynamics, and is related to the phase and population relaxation
times in Figure 3a, which peak below the SSA resonance.
The 2PP spectra are sensitive to the wave packet motion because
the SS— A resonance frequency decreases as the@ubond
lengthRey-csincreaseds27.2835The simplest way to model this T T e g A
change is with a linear dissociative potential (constant accelera- Intermediate state energy (eV)
tlon).and a linear .depenc.ience BX on Reu—cs This directly Figure 6. Two 2PP difference spectra fa« = 30.0 and 30.5 optical
predlct§ a quadratlc functional form f&ix(A) as observed and cycles ofw;. The corresponding electric fields are given in Figure 2.
shown in Figure 4728 In-phase excitation enhances the 2PP signal at the-@Sresonance

Let us now consider how the change in the-S® resonance and suppresses it in the wings, creating a displaced wave packet on
frequency affects the coherent dynamics. The excitation of the the excited state, while out-of-phase excitation has the opposite effect,
SS— A transition occurs at the resonance frequency of the Creating a displaced wave packet on the ground state.
unexcited systenm. After a delayA corresponding tm2z it is a dip with secondary peaks below and aba¥eThis occurs
optical cycles ofu, the resonant frequency of the excited system 9y the destructive interference (stimulated reflection) at
_decreases t‘?’_ = o — Ab. For'the same delay, the total phase o', and constructive interference in the low- and high-energy
in terms ofw" is n2z(1 — Ablw’) cycles. Thus, for frequencies \yings The enhancement of the low-frequency components with

other thanw, there is in general a delay-dependent nonzero ggpact to the high-frequency components again reflects the
relative phase between the excitation fields. However, although,, - e packet motion. The stimulated reflection at the-S%

the pump pulse excites a coherent polarization centered,at  o5onance creates a displaced wave packet on the ground PES.

4 — 30.0cyles B
‘‘‘‘‘‘‘‘ 30.5 cyles

2PP difference amplitude

due to the wave packet motioBa(A) changes withA, and 1,5 if the Cu-Cs desorption can be modeled with only a
therefore the induced polarization should have a correspondlngsing|e coordinatéRey-cs (i.€., ignoring phonon creation in the
quadratic frequency chirp. Consequently, although/}athe bulk), it should be possible to devise optical fields to drive
pump and probe fields have relative phaseAti for o', the multiple transitions between the upper and lower PES so as to
evolved polarization field is in-phase with that of the probe laser gnhance the dissociative motion. Furthermore, the severe limits
atw'. for the quantum control of nuclear motion at metal surfaces

This chirp of the induced polarization is responsible for the imposed by the ultrafast electronic relaxation could be overcome
asymmetry in the shifts of the SS A resonance for both the by schemes such as Raman-chirped adiabatic passedpch
PPP and chirped-pulse excitation. In the latter case, therequire only virtual electronic excitation. Therefore, it may be
asymmetry arises from the fact that the dissociative wave packetpossible to manipulate with phase-modulated optical fields a
motion causes a downchirp in the polarization. Since the indUCEdvariety of atomic and molecular processes such as desorption,
polarization can maintain the in-phase relationship with the diffusion, aggregation, alloying, as well as chemical reactions,
excitation field longer during the interaction with a downchirped more efficiently and with higher specificity than it is possible
rather than with an upchirped pulse, the 2PP signal intensity with single transform-limited fields.
and the frequency shift are enhanced for the former.

Let us now consider what these quantum control schemesV. Conclusions

accomplish. With PPP excitation the 2PP signal from A is  ajthough, in general, quantum phase dissipation in metals is
spectrally narrowed and shifted as a functiomofA narrower exceedingly fast, there exist a variety of bulk and surface
spectral distribution can always be achieved by exciting the gyitations that can facilitate quantum phase control of the
sample with a single, reduced bandwidth pulse. More compleX gjectronic and nuclear dynamitsi921.2527The example of slow
fields, such as the PPP scheme, however, are necessary to creajfase relaxation rate for the antibonding state of Cs on Cu(111)
wave packets that are both displaced from the equilibrium s nresently unique; however, as coherent spectroscopic tech-
Reuw-cs and narrowed in width. Likewise, the chirped pulse pigues are increasingly applied to surfaces, further examples
excitation affects the position and momentum of the wave ghould emerge. Detailed studies of alkali-atom-covered metal
packet, as described in a recent quantum and semiclassicalrfaces are already helping to identify the factors that govern
simulation of the molecular FraneiCondon dynamic&! This electronic relaxation on metal surfaces and should provide
can lead to effects such as wave packet focusing on groundimpetus to study other chemisorption and physisorption
and excited PESs, as reported faf Although the Cs product system£5-28.35 The present experiment demonstrates the an-
yield is too small to observ€&,the manipulation of the wave ticipated®3° possibility of quantum control of atomic motion
packet position and momentum with the optical phase should 5y metals. Though the challenge is high, the payoff for using
affect the probability of desorption and the product kinetic ¢gnerent optical fields to manipulate atomic motion in nanoscale
energy distribution. device fabrication, atomic scale device actuation, and molecular
Finally, Figure 6 presents a further demonstration of quantum assembly on surfaces is potentially large.
control with PPP excitation, which suggests how nonclassical
excitation fields can manipulate atoms at surfaces. A dramatic ~Acknowledgment. The authors acknowledge N. Moriya, S.
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