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A theory of coherent excitation of a localized state on an adatom by two-photon photoemission spectroscopy
(TR-2PPE) is presented within a microscopic model and the time-dependent formalism. Coherent oscillation
and incoherent population decay of the excitation are obtained, and are shown to attain well-defined lifetime
constants only in the long-delay limit. In addition, we have found a competing excitation channel via electron
transfer. The theory is applied to Cs/Cu (111), which reproduces a few qualitative features observed in recent
experiments. The effect of atomic motion on the 2PPE spectra, which manifests dominantly as a redshift in the

spectrum, has been analysed.

PACS: 78.47.+p, 78.20. Bh, 68.43. Tj

Ultrafast laser spectroscopy has become a power-
ful tool to probe and control the short-time dynamics
of atoms and molecules in gas phase and condensed
matter environments.[!! Recent experiments using in-
terferometric two pulse correlation (I2PC) scans have
made it possible to generate, resolve and control var-
ious coherent phenomena, including the exciton dy-
namics in quantum wells,?! rovibrational motion in
molecules, [ electronic relaxation in He clusters,*
attosecond pulse generation,® plasma dephasing in
nanoclusters,®! and hole dynamics in metals.[”) In the
probe of nuclear motion in the condensed phase, co-
herent excitation has recently been generated in the
surface bands and adsorbate states. Such local exci-
tations couple strongly to nuclear degrees of freedom,
leading to vibrational excitations and even desorptive
motion.[8 By following the two-photon photoemission
(2PPE) spectra as a function of time delay, the fem-
tosecond atomic motion has been mapped out in the
time domain.

The interpretation and understanding of 2PPE
spectra and I2PC scans has so far been based on
simulations with a three-level model and the optical
Bloch equation (OBE),[! with fitting parameters cho-
sen to mimic the relaxation processes within the sys-
tem. This approach, which treats coherence explic-
itly, is inadequate for describing the coupled electron—
nuclear system in a complex environment, where mul-
tiple channels of excitation and dissipation may coex-
ist and compete on the same timescale. More elabo-
rate models1%:2%] have recently been developed to de-
scribe in greater detail the electronic and/or nuclear
dynamics. These works have not yet, however, con-
sidered quantum coherence, which is central in the
I2PC-type experiments.

In this Letter, we present a theory of 2PPE spec-
tra from a moving atom at the surface, a simple local-
ized excitation in a condensed environment, based on
an extended Anderson-Newns model and the time-
dependent formalism. In particular, we treat coher-
ence and electron—nuclear dynamics on an equal foot-

ing. The atom and the surface were represented by a
resonance state embedded in the substrate continuum.
The two pulses and the atomic motion are treated ex-
plicitly as the time-dependent or position-dependent
coupling. The main results from our formulation in-
clude the following. (1) The dynamics of both the
phase coherence and the incoherent population decay
are obtained. In the long time limit, both components
decay exponentially with well-defined time constants,
fulfilling the identity T = 2T}, which is expected in
the absence of pure dephasing. However, such a sim-
ple relationship does not exist in the intermediate to
short time regime. (2) The effect of atomic motion on
the spectra has been analysed in terms of the time-
dependent and position-dependent quantities. Our
model establishes the dynamical relationship between
the position-dependent coupling and the time-resolved
spectrum. (3) We found that there is a new compet-
ing excitation channel via electron transfer, which was
not considered in the earlier OBE model!®! or more so-
phisticated modelling,['% but comes straightforwardly
from our formulation. We point out that this channel
may contribute significantly to the 2PPE spectra in
certain systems. When applied to the model system,
Cs/Cu(111), our theory reproduces all basic features
of the dynamical spectra observed experimentally.

The laser—electron—atom system is described by an
extended Anderson—-Newns-type model Hamiltonian
as follows

H=H.+ Ve, (1)
H, = ea(t)cica + Z ekchk + Z epc;f,cp
k P
+ Z[vk(t)clck + H.cl], (2)
k
Vem =Y [Ax(t)chex + Hel + > [By(t)che, + Hel,
k

P (3)

where Eq. (2) is the Anderson-Newns modell'?! for a
local resonance state, state a, in a continuum band,
{k}, of the surface. The coupling term wvg(¢) and
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the resonance state energy €,(t) depend on the atom—
surface distance z(t), which is time-dependent as the
atom moves. The final states of the photo-emitted
electrons are represented by a continuum band ({p})
in the vacuum. The laser—surface coupling is mod-
elled by the absorption and emission matrix elements,
A;(t) and By(t), as shown in Eq. (3). The latter can be
factorized into the dipole transition matrix and laser
profile function, i.e. A;(t) = (l|z|a)E4(t)e 7“4t and
B,(t) = (p|z|a)Eg(t)e —iwBt \where E4(t) and Ep(t)
are the envelope functions of the pump and probe
pulses, respectively. An experiment with I2PC scans
can be treated as a special case of this coupling, where
w4 = wp = w and the envelope functions are identical

1
B0 = s
Here 7 is the width of the pulse, and § is the delay
between the two pulses.

The model Hamiltonian of Eq.(2), without laser
coupling, has been widely used to treat a number
of static and dynamical problems,!*3! including dy-
namical charge transfer(!>16 and resonance tunnelling
through a double barrier and an atom.['”] With the
laser coupling terms, it can also be solved with the
time-dependent formalism, if the fields are not ex-
tremely strong. While the detailed solution will be
given elsewhere, we sketch here the major steps and
results briefly. Firstly, the spectral function I(ep, ) =
<c;;cp(t — 00)) of the emitted electrons with final-state
energy €, can be generally expressed as a convolution
of the dipole transitions and a correlation functions of
the atomic state

o= [

- exp[—ie, (¢’ —

(eftz/Q-rz+ef(t76)2/2rzeiu6) (4)

o(t") ek () ea(t"))
t'")]de’'de”. (5)

This result indicates that the correlation function
(el (t)ea(t")) of the excited atomic state contains all
the dynamics beyond the last probe transitions. The
whole problem reduces to deriving this correlation
function of the atomic state, in the dynamical system.

The time evolution of the atomic state was ob-
tained by solving the coupled Heisenberg equations
for the field operators. In the weak coupling limit,
cq(t) can be derived as

:_IZC,/
—Ich/ (#')e —iex(t'~to) gy o

Here the first term describes the pump excitation from
initial state |I) at the surface by the laser pulses, while
the second term describes the electron-transfer excita-
tion caused by tunnelling. The latter channel, which
has not been considered in earlier modelling, comes
straightforwardly from our model. We later discuss
the possible roles of this term, and the conditions that

o(t, ) Ay (e~ —to) g/

this term may contribute to 2PPE. The electron prop-
agator G, is defined by
t

Ga(t.t') = exp ( - /1t iea(t”) +a(t)]dt"). (7)

The resonance energy and the imaginary term depend
generally on the atom—surface distance, and are func-
tions of time if the atom moves. With the classical tra-
jectory approximation, we have £,(t) = £,[2(¢)] and
Ya(t) = ™3 vi(2(t))?5(e — ex). By this expression,
we neglect the laser-induced energy shift of the atomic
level, which should be small if the applied fields are
not extremely strong.

One key quantity characterizing the atomic dy-
namics is the time-dependent population of the res-
onance state. It is in our model given by

t . , 2
:ZA,Q‘/ dt' Gy (t, ") Ea(t,8)e ~ilwtea)t
1 — 00

t . 2
+ Z f(Ek)| / dt’Ga(t7 t’),uk(tl)e —i(wer)t
k —0o0
(8)

If the atomic resonance is far above the Fermi level (for
example, in the Cs/Cu(111) case at low Cs coverage, it
is 3eV above the Fermi level), the contribution from
the second term of Eq.(8) should be small. In this
case, the direct two-photon excitation dominates. The
spectral function corresponding to the direct channel
is given by

I(ep, 6 § A} B?
. 17 2
A(t”, J)e —i(w+e)t

t/
. / dt"G.(t',t")E
(9)

This expression can be easily interpreted as follows.
One electron is first pumped into the resonance state
|a) at time t”. The electron then propagates on the
atom from t” to a later time ¢'. It is then emitted
by the probe pulse at t'. Equations (8) and (9) are
the main formal results of our theory. The solution of
Eq. (9) is in general complicated, as it involves evalua-
tion of the many transition matrices and double time
integrations.

To achieve qualitative physical insight into the
spectral data and the dynamics of the excited elec-
trons, we consider first a special case of 2PPE where
the atom does not move. We have then €,(t) = e,
Ya(t) = v and Gy (t,t') = e ~(eatra)(t=1") " Assuming a
Gaussian laser pulse specified above, one arrives at the
following analytical expression for the 2PPE spectra

dtlEB (tl, 5)6 —i(w—ep)t’

IQPPE(EP) = Ipe 270 —(ep—wp—¢€a)’1? (10)

where Iy = 271'7'2TAB§6'72"'2, with I'y(e) =73, A2S(e—
€1), which measures the cross section for pump exci-
tation. Equation (10) is simply a Gaussian spectrum
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located at one photon energy above the resonance
state. It should be noted that the linewidth of the
spectrum is determined by the duration of the laser
pulse 771, rather than the lifetime of the resonance
state, as in conventional photoemission spectroscopy.
The 2PPE intensity decays exponentially as a func-
tion of delay, which suggests that the lifetime of the
excited state can be obtained by scanning intensity
versus delay in a real-time pump—probe measurement.
In comparison with experiments, Gaussian spectra
have been observed in almost all systems, and the
real-time measurement has been used to extract the
lifetime in both bulk excitations, surface states and
adsorbate states.

For I2PC scans, the analytical expression for non-
moving atoms can be derived only in the long delay
limit, i.e. 4 > 7. In this limit, the profile function
can be approximated by delta functions, F4 = Ep =
8(t) + exp(iwd)d(t — §). Equation (9) then leads to

1
Ilgpc :Z gflA?BIQJ{]' + 2e 278 + 2e -8
1

- [cos(ep — €4) + cos(eq — €1)] + cos(e, — el)}.

(11)

The summation is dominated by the initial states

whose energy is in resonance with the photons, i.e. €, —

€; ~ w. It is also obvious that the photo-emitted elec-

trons are dominated by the states with energy near

resonance with the photons, €, — €, >~ w. Neglecting

the energy dependence of the transition matrix, the

I2PC signal for near-resonant excitations then has the
following simple form

Iiopc = Izp [ao + a3 cos(wd) + az cos(2w6)], (12)

where ap = (1 +2e727%) a; = 4e ™%, ay = 1, and
I, =%, flAlzBf)/& The I2PC scans contain there-
fore a population decay term (the first term) and two
oscillation terms with frequency w and 2w. The lat-
ter corresponds to the coherent oscillation driven by
the pump and probe pulses, and the weak interference
between the initial and final states, respectively. The
exponents in ag and a; attain the physical meaning
as the lifetime for the excited state Ty = (2y)~!, and
the decoherence time T, = ~~!. This justifies the
relation, Ty = 277, as usually expected by the OBE
approach. Such an assignment of time constants does
not exist in the short delay limit, when the dynamics
of the coherent excitations are entangled with those of
the laser pulses.

Figure 1 shows the numerical simulation of a typ-
ical I2PC. Parameters have been chosen to mimic
the Cs/Cu(111) system, where experimental data are
available. Specifically, we used ¢, = 3.0eV and
w = 3.08eV. The laser pulses have a Gaussian enve-
lope with 7 = 13fs. The lifetime of the 6 s resonance
state was chosen to be 50 fs. To simulate a continuous
band, some 80 initial states were chosen at around the
resonance energy. The final state was set to be 6.0eV
above the Fermi level, which is nearly resonant with

the photon energy. The simulated I2PC spectra indi-
cate that the I2PC intensity decays exponentially as
a function of delay. The I2PC signal shows coherent
oscillations at short delays, which die off gradually at
large delays. The dashed line shows the phase aver-
aged envelope of the I2PC. The inset shows the power
spectrum of the I2PC obtained by Fourier analysis.
It exhibits two peaks with frequencies at around w
and 2w, which are oscillations of the coherent polar-
ization, as expected from Eq.(12). Compared to ex-
periment, similar coherent oscillations have been ob-
served on several systems in the I2PC experiment. In
particular, very similar features were observed on both

Cs/Cu(111) and Cs/Ag(111), and Rb/Cu(111).118:19]
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Fig. 1. Intensity of the I2PC scan for Cs/Cu(111). The
two pulses are defined by a field, E(t, §) = ei“t[e —t?/20%
eiw5(t—5)2/272], withw = 3.08eV and 7 = 13fs. The inset
shows the power spectrum of the I2PC.
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Fig. 2. Envelope function of the population decay, ao,

and the coherent oscillations at frequency w, a1, extracted
from the I2PC spectrum shown in Fig. 1.

By fitting the I2PC spectra with the three com-
ponents shown in the power spectrum, we obtain the
envelope function of the coherent oscillations, which
are shown in Fig. 2. It is seen that the w component,
the a; term, decays much slower than the population
decay, the ag term. By fitting the coherent oscillations
at long delays, we can deduce a decoherence time,
Ty = 96fs, which is approximately twice that of the
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lifetime of the excited state, 50 fs, for the Cs/Cu(111)
system.

Now we turn to study the effect of atomic mo-
tion on the 2PPE/I2PC spectra, as observed in re-
cent experiments.[®:18:19] To consider the atomic mo-
tion, one needs to treat the following processes: (i)
the events of electronic transition to the excited state;
(ii) the nuclear motion on the excited state; and
(iii) the quenching of the excited state and the dis-
sipative dynamics when back on the ground-state
potential. While detailed treatments of these pro-
cesses are subjects of their own, we adopt a simple
trajectory approach for atomic dynamics to under-
stand the qualitative features of atomic motion in the
2PPE/I2PC spectra. Thus, we have treated the elec-
tronic excitation—de-excitation cycle using a simple
Monte Carlo approach. To accelerate simulations, we
only simulate those inelastic events involving electron—
atom energy transfer.

il
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Fig.3. Two-photon photoemission spectra versus delay
when the Cs atom moves on the excited state, which is
simply described by an excitation force F' = 0.018 eV /a.u.
A number, 1000, of trajectories of excitation—de-excitation
were simulated.

Figure 3 shows the 2PPE spectra as a function
of delay. We have simulated 1000 events of transi-
tions. Each of these was excited at around ¢ = 0,
where the pump pulse was applied, and their motion
on the excited state was simulated by a driving force
F = 0.018¢eV/a.u., estimated from the Cs/Cu(111)
excited state. The lifetime of the excited state was
simulated stochastically with a mean lifetime of 50 fs
for the Cs atom. It is obvious that the spectra shift
to a lower energy as the delay increases, due to the
desorptive motion of the Cs atom. We assumed an
exponential dependence of the energy as a function
of atom-surface distance, €,(z(t)) = e;e ~**(*)| with
a = 0.44a.u.7 1. The motion on the excited state was
determined by classical molecular dynamics. In Fig. 4,
we have plotted the energy shift as a function of de-
lay obtained from our simulation. The dashed line
represents the experimental data. Good agreement is
found at short delay. Earlier studies with a differ-
ent approach also obtained a similar behaviour.2% At
longer delays, the model gives larger values due to the
fact that we have assumed a simple constant force at
all distances, where in reality the force should die off
at large distances.
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Fig.4. Peak energy shift as a function of delay. The

solid line is from the model simulation in Fig. 3, while the
dashed line is the experimental data.

Finally, we like to point out the possible role of
the indirect excitation channel via electron transfer.
For those states far above the Fermi level, 3eV for
Cs/Cu(111), the probability of electron transfer is
small due to off-resonance. The contribution of the
second channel is probably negligible. However, for
systems whose excitations are closer to the Fermi level,
atomic motion may further lower the atomic state.
Electron tunnelling may lead to auto-neutralization
and excitation, and thus contribute to 2PPE/I2PC. It
will be interesting in the future to investigate the effect
of this channel both experimentally and theoretically.
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