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Laser-driven electron transfer through metal-insulator-metal contacts: Time-dependent
configuration interaction singles calculations for a jellium model

Tillmann Klamroth*
Universität Potsdam, Institut fu¨r Chemie, Theoretische Chemie, Karl-Liebknecht Str. 24-25, D-14476 Golm, Germany
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In this paper we report time-dependent configuration interaction singles calculations modeling the laser-
induced current through a metal-insulator-metal~MIM ! contact. We compare our results to recent experiments
@D. Diesing, M. Merschdorf, A. Thon, and W. Pfeiffer, Appl. Phys. B~to be published!#. We use two jellium
slabs separated by a vacuum region in a one-dimensional model to describe the MIM contact. The contact is
coupled to ultrashort~fs! laser pulses by the semiclassical dipole approximation. We discuss simulated two-
pulse correlation spectra in comparison to experimental results.
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I. INTRODUCTION

Nanoscale contacts are very important for the ongo
miniaturization of electronic devices.1,2 Especially interest-
ing is the electron dynamics and thus charge transfer u
optical excitations in such nanoscale contacts for the fa
cation of photoswitchable devices.

In this paper we simulate recent time-resolved photoc
rent experiments in metal-insulator-metal contacts.3 In these
experiments an Al-Al2O3-Ag contact on a ZnSe substrate4 is
illuminated by two fs laser pulses from the Ag side of t
contact with a photon energy of 1.5 eV and a variable de
time between the two pulses. The laser excitation leads
photocurrent from the silver side of the contact through
insulating layer to the aluminum side. This reflects the f
that 80% of the laser energy is absorbed in the silver s
Information about the excited electron dynamics and th
lifetimes in the silver slab is obtained by measuring t
photoinduced current as a function of the delay time betw
the two laser pulses. The experimental finding is that
laser-induced current through the metal-insulator-me
~MIM ! contact is due to a mixture of two- and three-phot
excitations of electrons on the silver side of the MIM co
tact, which are then injected as hot electrons into the alu
num side. From tunneling spectroscopy the barrier for
silver aluminum oxide interface is known to be 3.9 eV5

which is considerably more than twice the photon energy
1.5 eV. Therefore, the two different processes are identi
as internal photoemission for the three-photon process
tunneling of excited electrons through the insulating bar
for the two-photon process, respectively. Due to electr
electron scattering the involved, intermediate-excited sing
electron states in the silver layer are not stationary but h
finite lifetimes in the order of femtoseconds, which is rep
sented by a strong dependence of the photocurrent on
delay time between the two laser pulses.

These experimental findings have consequences for a
oretical simulation which will be discussed in the followin
Kinetic models for electron excitation and deexcitation
metals like the two-temperature model6 cannot be used here
since no electron temperature can be assumed and cohe
effects are important for the investigated time scales. For
0163-1829/2003/68~24!/245421~7!/$20.00 68 2454
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same reason time-independent Landauer theory for elec
transport7 is not applicable. Many theoretical descriptions
excited electron dynamics at metal interfaces have been
ried out using a one-electron picture. For example, the de
of negative ion resonances on clean~e.g., Refs. 8 and 9! and
adsorbate covered surfaces~e.g., Ref. 10! have been suc-
cessfully modeled. But since the many-electron dynam
especially the electron-electron scattering in the silver la
after laser excitation, is the most important process lead
to the observed photocurrent, one cannot use a one-elec
picture for a theoretical description of such a system. The
fore, a level of theory has to be used which somehow
counts for the electron-electron scattering. Also electron c
relation effects might be quite important for describing the
processes. So for the theory one faces the challenge of s
lating the electron dynamics for a system with a practica
infinite number of degrees of freedom. Hence, the t
choices one has are either to treat the whole system app
mately with as many degrees of freedom as possible or to
a so-called system bath approach, where the total Ha
tonian is split into a small system part treated usually o
high level of theory and a heat bath coupled to it. One
ample for the latter one is the so-called open-system den
matrix approach, which, for example, has been applied to
dynamics of image potential states at metal surfaces.11 We
believe that an approximate treatment of the whole system
favorable here, because the division of the total Hamilton
into a system part and a bath part seems to be quite prob
atic for the description of the dynamics of metal electron

An exact solution of the time-dependent Schro¨dinger
equation is only feasible for very few electrons and theref
for small molecules like H2.12 Most commonly used for the
simulation of many-electron dynamics are the tim
dependent density functional theory13 ~TDDFT!, and the
time-dependent Hartree-Fock method~TDHF!, which was
first introduced for atom-ion collisions14 and later for ioniza-
tion processes.15 TDDFT approaches have been extensive
applied among other systems to nonlinear electron dynam
in metal clusters.16 Here, we want to use a different approa
based on one of the simplest methods to recapture
electron-electron correlation for excited states, the so-ca
configuration interaction singles~CIS! method.17 The CIS
method is a widely used tool in molecular physics and qu
©2003 The American Physical Society21-1
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TILLMANN KLAMROTH PHYSICAL REVIEW B 68, 245421 ~2003!
tum chemistry for approximate calculations of excited sta
with singly excited Slater determinants starting from an u
correlated restricted Hartree-Fock~HF! ground-state wave
function. The general experience is that most excited st
are described qualitatively correctly by this method. Ho
ever, the method fails for states which have a dominant c
tribution of higher order—for example, doubly excited Sla
determinants. This means we can only describe states w
are formed mainly by one-electron excitations and thus o
scattering events between one electron and another ar
cluded in such an approach. This would be problemati
one is interested in the details of the electron-electron s
tering on the way to thermalization after excitation. But w
think, for the charge transfer process under investigation,
important feature is the initial decay and/or dephasing of
single-electron excitation, which seems to be descri
qualitatively correctly in the present model as shown in
following. Since the proposed method is a closed quan
system model—i.e., an approximate solution of the tim
dependent Schro¨dinger equation—it is anyway only suitab
for short-time propagations, where short means before
first major recurrences of the wave function. On the ot
hand, as an advantage, no assumptions about lifetimes d
electron-electron scattering have to be made like in an op
system density matrix description.

In the experiments, MIM contacts consisting of a 15-n
Ag slab separated from a 30-nm Al slab by 2 nm of Al2O3
are used. Clearly such a device cannot be modeled
purely ab initio fashion. Thus in our model calculations w
restrict ourselves to a one-dimensional model, including o
the z direction perpendicular to the metal-insulator-me
contact, which is also the direction of electron flow. Furth
more, we model the two metals by freestanding jellium sla
separated by a 2-nm vacuum gap replacing the insula
layer. Although this is a quite simple model, we believe it
still interesting to investigate whether the basic experime
results can be reproduced in such fashion—e.g., whethe
approximate closed-quantum-system model can be applie
such a situation. Unfortunately a qualitatively more realis
model from a microscopic point of view is numerically
demanding at the present time.

II. THEORETICAL MODEL

A. Hartree-Fock solution

The laser-driven electron dynamics will be expressed
the basis of the restricted Hartree-Fock ground-state S
determinant of the static~field-free! MIM contact and singly
excited determinants derived thereof. As a first step,
therefore need to solve the restricted Hartree-Fock equat

f̂ ~z!c i~z!5« ic i~z!. ~1!

Here c i(z) are the spatial canonical HF orbitals and« i the
orbital energies. The firstN/2 orbitals are occupied with two
electrons of opposite spin, all other orbitals are virtual~un-
occupied!, with N being the total number of electrons. Th
24542
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Fock operatorf̂ (z) includes the kinetic energy of the elec
trons, the external potential (Vext), and the electron-electron
interaction (V̂ee):

f̂ ~z!52
1

2

d2

dz2
1Vext~z!1V̂ee. ~2!

Since we work in a one-dimensional model, the Coulom
interaction, contained inVext(z) and V̂ee, is regularized in
the following way;18 for the latter, this means

V̂ee5 (
b51

N/2

~2Ĵb2K̂b!, ~3!

Ĵbc i~z!5 E dz8Fcb
!~z8!cb~z8!

1

A~z2z8!21c
Gc i~z!,

~4!

K̂bc i~z!5 E dz8Fcb
!~z8!c i~z8!

1

A~z2z8!21c
Gcb~z!.

~5!

The same is done for the external potential, which consist
our model of the attractionVek(z), caused by the uniform
positive-charge backgroundr1(Z) for both jellium slabs,
and a harmonic confinement in both outer vacuum regi
Vb(z), which is added to prevent the electrons from reach
the grid edge in the time-dependent calculations:

Vext~z!5Vek~z!1Vb~z!, ~6!

with

Vek~z!52 E r1~Z!

A~z2Z!21c
dZ, ~7!

r1~Z!5H rAl
1 , ZAl,S1

,Z,ZAl,S2
,

rAg
1 , ZAg,S1

,Z,ZAlg,S2
,

0, otherwise,

~8!

and

Vb~z!5H k@z2~ZAl,12
2zb!#2, z,ZAl,12

2zb ,

k@z2~ZAlg,S2
1zb!#2, z.ZAlg,S2

1zb ,

0, otherwise.

~9!

Here c is chosen to be 1ao
2 , k50.000 012Eh /a0

2 , and zb

5155a0. Sometimes the parameterc is used to fit computed
values to experimental data such as work functions. Ho
ever, sincec has no strict physical meaning, we prefer
keep it fixed and userAl

1 andrAg
1 for fitting ~see below!. The

thicknesses of the aluminum and silver layer areZAl,S2

2ZAl,S1
andZAg,S2

2ZAg,S1
and are chosen according to th

experiments3 as 29.8 nm and 15.3 nm, respectively; s
Fig. 1.
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LASER-DRIVEN ELECTRON TRANSFER THROUGH . . . PHYSICAL REVIEW B68, 245421 ~2003!
The remaining parametersrAl
1 and rAg

1 are formally the
jellium background densities of Al and Ag and are chosen
such a way that the energy of the highest occupied canon
HF orbital for the isolated metal slabs is in the range of
work functions of Al and Ag. Since not much is known abo
the crystallographic lattice orientation of the metal slabs
the contact experimentally, we only consider roughly t
range of possible work functions for typical Al and Ag su
faces. Typical work functions for aluminum areFAl(100)
54.41 eV,FAl(110)54.06 eV, andFAl~111!54.24 eV.19,20

For silver the work functions are a bit larger,FAg(100)
54.64 eV,FAg~110!54.52 eV, andFAg~111!54.74 eV.21,22

Furthermore, we demand the integrated value forr1 to be an
even number, since we use a restricted HF formalism.
takerAl

1 as 0.049 73e/ao andrAg
1 as 0.055 19e/ao . By this

choice, our model consists of 28 electrons in the Al slab a
16 in the Ag slab. The energies of the highest occupied
orbital are24.54 eV ~Ag! and 24.22 eV ~Al ! for the iso-
lated slabs.

The molecular orbitals~MO’s! are calculated by a dampe
self-consistent-field~SCF! scheme, where the Fourier gri
method23–25is applied for the kinetic energy of the electron
We use a grid basis with 1300 points and a grid spacing
1.108 34a0 to represent the MO’s in the RHF calculatio
This means that we include about 274a0 of vacuum on both
outer sides of the jellium slabs in our model. Figure 1 sho
the resulting r1(Z) and r2(z)5 ( i

N/2 2uc i(z)u2 for our
model system. We obtain one-particle energies« i for the
occupied orbitals ranging from20.1807Eh to 20.1551Eh
for the orbitals located on the left side~Al ! and from
20.1938Eh to 20.1671Eh for the ones on the right sid
~Ag!.

Particularly interesting is the nature of the canonical
orbitals for our model system—i.e., how localized they are
the silver and aluminum slabs or in the insulating layer.
we want to express the many-electron dynamics in the b
of singly excited Slater determinants, we have to ensure

FIG. 1. Shown are the positive-charge backgroundr1(z) for
both jellium slabs~dotted line!, the resulting attractive potentia
Vek(z) with the harmonic confinementVb(z) added~dashed line!,
and the resulting HF ground-state electron densityr2(z) for the
model system used. On the left is the Al slab, on the right the
slab, and in between 2 nm (37.8a0) of vacuum.
24542
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our basis provides suitable orbitals for the processes we w
to model: namely, hot electron tunneling and internal pho
emission. Therefore, we computed the partial norm of
orbitals left and right from the midpoint of the vacuum sla
zmid50, r i ,Al

2 /r i ,Ag
2 , and the partial norm inside the barrie

region betweenZAl,S2
andZAg,S1

, r i ,vac,
2 as

r i ,Al
2 5 E

2`

zmid
uc i~z!u2dz, ~10!

r i ,Ag
2 5 E

zmid

`

uc i~z!u2dz, ~11!

r i ,vac
2 5 E

ZAl,S2

ZAg,S1 uc i~z!u2dz. ~12!

Note that these three numbers do not add up to 1 becaus
norm inside the barrier region is counted twice. The resu
for all those orbitals, 22 occupied and the first 76 virtu
orbitals, which are mainly located in the MIM contact—i.e
which are approximately zero in the outer vacuum region
are shown in Fig. 2 as a function of the one-particle energ
relative to the highest occupied silver orbital. The arrows
the right indicate the energy range of single-electron exc
tions from occupied silver orbitals by 1, 2 and 3 times t
photon energy of 1.5 eV. These occupied silver orbitals co
an energy range of'0.73 eV, which is also the arrow
length. As one can see in Figs. 2~a! and 2~b!, the one-photon
excitation leads to orbitals which have only a negligib
probability ~in the order 10210) on the opposite side of the
contact. For the two-photon excitation the orbitals are s
very localized to one or the other side, but they have a m
increased partial norm inside the barrier, which makes th

g

FIG. 2. Shown is the partial norm on the Al side,r i ,Al
2 ~a!, and

on the Ag side,r i ,Ag
2 ~b!, of those canonical HF orbitals, 22 occu

pied and 76 virtual orbitals, which are mainly located in the MI
contact, as a function of the HF orbital energy relative to the ene
of the highest occupied orbital on the Ag side. It isr i ,Al

2 51
2r i ,Ag

2 . ~c! shows the partial norm inside the barrier region. T
arrows on the right indicate the energy ranges for one-, two-,
three-photon excitations of single electrons from occupied sil
orbitals, which cover an energy range of'0.73 eV.
1-3
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TILLMANN KLAMROTH PHYSICAL REVIEW B 68, 245421 ~2003!
suitable as initial states for excited electron tunneling. In
three-photon region around 4 eV the characteristics of
virtual orbitals change dramatically. They become subst
tially delocalized and have a large probability to be inside
barrier. This indicates that an excitation to these orbit
would result in internal photoemission and correspon
nicely to the experimental band offset for the silver alum
num oxide interface of 3.9 eV.5 Also one can see a consid
erable gap in the orbital energies between the highest o
pied orbital and the first virtual orbital. This is a well-know
problem of the HF theory for metallic systems—i.e., the va
ishing density of states around the Fermi level. However
discussed above, the processes investigated here take
far away from the Fermi energy and the expected effec
this shortcoming on the results is very small.

B. CIS states

We use the configuration interaction singles method
calculate excited many-electron wave functions and energ
The wave function is expanded in singly excited Slater
terminants, where one electron is promoted from an occup
orbital a to a virtual orbitalb starting from the HF ground
state Slater determinant. We only include singlet configu
tion state functions~CSF’s! in our expansion,26 since we are
interested in optical transitions and no spin-orbit coupling
included in our Hamiltonian. The CIS states are thus

CCIS,i5C0,iC01 (
aPocc

(
bPv irt

Ca
b

i
1Ca

b . ~13!

Here,C0 is the HF ground-state wave function and1Ca
b is a

linear combination of excitations of thea spin electron from
the spatial orbitala to b (Ca

b) and theb spin electron (Ca
b)

forming a singlet:

1Ca
b5

1

A2
~Ca

b2Ca
b
!. ~14!

The Hamiltonian matrix elements in this basis are
follows:17

^C0uĤ02EHFu1Ca
b&50,

^1Ca
buĤ02EHFu1Cc

d&5~«b2«a!dacdbd2^ abucd &

12^ acubd &, ~15!

with the system Hamiltonian

Ĥo5Vek2
1

2 (
i

d2

dzi
2

1 (
i

(
j . i

1

A~zi2zj !
21c

. ~16!

We get excitation energies and the excited-state wave fu
tions by diagonalizing this Hamilton matrix:

H0CW i5EiCW i . ~17!

The occupied and all virtual orbitals with an energy less th
0.051Eh are included in the expansion. Altogether, the
24542
e
e

n-
e
ls
s
-

u-

-
s

lace
f

o
s.
-
d

-

s

s

c-

n

occupied and 148 virtual spatial orbitals, which are used
excitation, result in a total of 3257 CSF’s and thus in 32
states. The excited-state energies relative to the HF grou
state energies obtained by the CIS calculations are in a ra
from 0.15 to 6.6 eV. A larger calculation with 199 virtua
orbitals gives only a maximal change of 0.015 eV for impo
tant excitation energies up to 4.5 eV.

C. Time propagation

The time-dependent Schro¨dinger equation is solved in or
der to describe the laser-induced electron dynamics. We
the semiclassical dipole approximation to couple the sys
to the laser pulses:

i Ċ~ t !5Ĥ~ t !C~ t !, ~18!

with

Ĥ~ t !5Ĥ02m̂F~ t,z!, ~19!

where m̂5ez is the dipole operator andF(t,z) the electric
field due to the two pulses:

F~ t,z!5 f ~z!$F0,1~ t ! cos@vp~ t2tp,1!#

1F0,2~ t !cos@vp~ t2tp,2!#%. ~20!

The single-pulse envelopes are chosen as cos2 functions:

F0,i5Fmaxcos2F p

2sp
~ t2tp,i !G , ~21!

whereFmax is the maximum field strength andsp the pulse
width for both pulses.tp,i ( i 51,2) is the time where the firs
and second pulses are maximal, respectively. These pu
may be delayed by a timeDt—i.e., tp,25tp,11Dt. Like in
the experiments,\vp is 1.5 eV andsp520 fs. f (z) includes
a z dependence in the electric field to account for the exp
mental situation, where the laser pulse hits the contact fr
the silver side and about 80% of the pulse energy is abso
before reaching the insulator layer. The explicit form off (z)
is chosen as

f ~z!55
1, z.ZAg,S2 ,

exp@2b~ZAg,S22z!#, ZAg,S1,z,ZAg,S2 ,

0.11, ZAl,S2,z,ZAg,S1 ,

0.079exp@2l~ZAl,S22z!#, ZAl,S1,z,ZAl,S2 ,

0.01, z,ZAl,S1 ,
~22!

with b50.002 33a0
21 and l50.003 34a0

21, based on the
experimental findings given in Ref. 5

The time-dependent electronic wave function is expan
in the basis of the CIS states as

C~ t !5 (
i

Di~ t !CCIS,i , ~23!

and the initial wave function is the HF ground-state wa
function C0. The time propagation is done using a split o
1-4
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LASER-DRIVEN ELECTRON TRANSFER THROUGH . . . PHYSICAL REVIEW B68, 245421 ~2003!
erator technique27 during those periods when the first and/
second pulse are ‘‘on.’’ The wave function at timet1Dt is
computed from the wave function at timet as

uC~ t1Dt !&5$exp~2 iĤ 0Dt/2!U†

3exp@2 iF ~ t !mDt#U

3exp~2 iĤ 0Dt/2!%uC~ t !&. ~24!

Here,U is the transformation matrix, which transforms fro
the eigenfunctions ofĤ0 to those ofm̂ f (z). Further,m is the
diagonal dipole operator in its eigenfunction space. The p
sible time stepDt depends strongly on the maximal fie
strengthFmax and varies between 0.05 and 0.01 fs in t
calculations shown here.

After the time t15max(tp,1 ,tp,2)1sp , when two pulses
are over, the wave function can be propagated with arbitr
time steps sinceĤ0 is diagonal in the field-free eigensta
basis:

C~ t2!5exp@2 iĤ 0~ t22t1!#C~ t1!

5 (
i

Di~ t1!exp@2 iEi~ t22t1!#, ~25!

whereEi is the energy of thei th CIS state.

D. Calculation of laser-induced charge transfer

The reduced one-electron density matrixr(z8,z;t) is
computed out of the time-dependent wave function in or
to calculate the charge transfer from Ag to Al during t
propagation:

r~z8,z;t !5N E E •••E C~z8,z2,•••,zN ,v1,•••,vN ;t !!

3C~z,z2,•••,zN ,v1,•••,vN ;t !

3dz2,•••,dzNdv1,•••,dvN . ~26!

Here zi are the spatial coordinates andv i the spin coordi-
nates of the electrons. The electron densityr(z;t) is repre-
sented by the diagonal elements ofr(z8,z;t). The charge
transfer from Ag to Al is

CTAl←Ag~ t !5 E
2`

zmid
@r~z;t !2r~z;t0!#dz, ~27!

wherezmid50 is the midpoint of the vacuum slab.

III. RESULTS

A. Results for DtÄ0

Figure 3 shows the time-dependent charge tran
CTAl←Ag(t) from Ag to Al for zero delay time between
pulses 1 and 2 forFmax543107 V/m, which is the experi-
mental field strength. One can see that the main charge tr
fer occurs during the time of the laser pulse and shortly
terwards. The end of the pulse is indicated by the vert
dotted line. A couple of fs after this time the amount
24542
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charge transfer is more or less oscillating around a cer
value. These oscillations represent back and forth cha
transfer processes, which, however, are much smaller
the initial charge transfer. Therefore, most of the initia
transferred charge density is trapped on the Al side dur
the investigated time scales due to scattering with other e
trons on the Al side of the contact.

The current through the contact is the time derivative
CTAl←Ag(t) as shown in Fig. 3. Because of the highly osc
latory behavior of CTAl←Ag(t), however, this is not a very
practical measure for the laser-induced current. Since in
experiments only time-averaged currents are measured,3 we
compute the average charge transfer from Ag to Al,CTAl←Ag
and take this to be proportional to the laser-induced curr
The averageCTAl←Ag is calculated by averaging CTAl←Ag(t)
over the time interval between 460 fs and 945 fs after
maximum of the first pulse. This time interval is, on the o
hand, beginning sufficiently late after the second pulse
the delay times investigated~up to 100 fs!; on the other hand,
we see no major change of CTAl←Ag(t) on this time scale.
This shows that there is indeed no major recurrence of
wave function as it was directly after the pulse and thus
time interval is short enough to be used in this close
quantum-system model. Extending the propagation time
ther would be unphysical anyway, because then the en
transfer due to electron phonon coupling should become
portant, which is left out completely in our model calcul
tions.

In Fig. 4 the averaged charge transferCTAl←Ag for differ-
ent Fmax and for the zero delay time is shown. Up toFmax

513107 V/m the charge transfer is proportional toFmax
2 ,

which indicates by arguments from time-dependent pertur
tion theory a one-photon process. Nevertheless, the am
of transferred charge is very small for this field streng
Then the slope becomes steeper and steeper, ending
mixture of a ;Fmax

4 behavior ~two-photon process! and a
;Fmax

6 behavior ~three-photon process! for field strengths

FIG. 3. The time-dependent charge transfer from Ag to
CTAl←Ag(t) ~see text! for zero delay time between the two las
pulses forFmax543107 V/m. The end of the pulse is indicated b
the vertical dotted line, the computed average charge transfer f
Ag to Al CTAl←Ag by the dashed line.
1-5
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TILLMANN KLAMROTH PHYSICAL REVIEW B 68, 245421 ~2003!
larger than 23107 V/m. This indicates that the charge tran
fer in this region is mainly caused by a mixture of two- a
three-photon processes as in the experiment, where the
plied field strength was 43107 V/m.

B. Two-pulse correlation

The experimental two-pulse correlation spectra from R
3 is shown in Fig. 5~b! together with the simulated ones~a!.
The photoinduced current and the simulated average ch
transfer, respectively, are displayed as a function of the d
time between the two pulses and the frequency compon
of the signals are shown. The spectrum in~a! is calculated
with the experimental field strength of 43107 V/m. The ex-
perimental spectrum is normalized to the signal at a dela
150 fs, the simulated one to twice the average charge tran
of a single pulse.

One sees a large current for zero delay time between
laser pulses in the experimental spectrum. This curren
about 20 times the current for the nonoverlapping pulses.
a pure two-photon process one would expect the curren
Dt50 to be 8 times@;(2 Fmax)

4# larger than the one fo
two isolated pulses@;2 Fmax

4 #. For a pure three-photon pro
cess the current at zero delay time should be 32 times the
for isolated pulses@;(2 Fmax)

6 vs;2 Fmax
6 #. Therefore,

one concludes that the laser assisted current is due to a
ture of two- and three-photon processes atFmax54
3107 V/m. This is confirmed by the frequency componen
of the spectrum. There one sees a pronounced peak at 2
3 times the photon frequency. After a delay time of about
fs all structure is lost in the experimental spectrum and
signal is nearly constant. This means that by this time m
of the information about the first laser pulse is lost in t
system. One would say in a single-electron picture that m
of the electrons excited by the first laser pulse have rela
back to lower-lying states after this time. One can expect
electron-electron scattering to be the dominant process
such a short time scale, while electron-phonon coupl
should be not so important.

FIG. 4. The average charge transfer from Ag to AlCTAl←Ag ~see
text! as a function ofFmax for zero delay time between the two las
pulses. The dashed lines indicate the slopes one would expect f
ideal one-, two-, or three-photon process.
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The calculated spectrum in Fig. 5~a! has the same overa
structure as the experimental one. It shows a slightly lar
enhancement of about 22 for zero delay time. The calcula
charge transfer is also caused by a mixture of a two- an
three-photon excitation. This can be seen even more cle
by comparing the frequency components of the calcula
and the experimental spectrum, which are in good agr
ment. Therefore, the simulation successfully reproduces
basic charge transfer mechanisms. Like the experime
spectrum, the calculated one shows no major signal re
rences for delay times up to about 75 fs as shown in
graph. Nevertheless, it still has some structure for long de
times compared with the experiment, because only 16 si
electrons are included in our model. Also the simulated s
nal is smaller around zero delay times. This is caused t
large part by the fact that for computational convenience
have chosen cos2 pulses instead of more realistic Gaussi
pulses. Apart from this, we find that already this few ele
trons account for a large part of the electron-electron sca
ing for delay times up to 30 fs, as the time scale of the fi
drop in the signal envelope is quite well reproduced by o
simulations. Therefore, the loss of coherence in the sig
can be simulated for short delay times with a close
quantum-system model. Nevertheless, one has to kee
mind that in the present calculations this is only due to
ternal redistribution of energy and phase and in a clo

an

FIG. 5. „b… The experimental laser assisted current form Ag
Al depending on the delay time between the two laser pulses an
frequency components~Ref. 3!. ~a! The same for the calculate
average charge transfer for the experimental field strength ofFmax

543107 V/m. The experimental spectrum is normalized to the s
nal at a delay of 150 fs, the simulated one to twice the aver
charge transfer of a single pulse.
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quantum system information about the first pulse will ne
be lost. For the same reason we believe one should be
tious in attributing this apparent loss of coherence to po
lation transfer or dephasing, which are only rigorously d
fined in the framework of an open-quantum-system mod

IV. CONCLUSIONS

We computed CIS excited-state wave functions for a o
dimensional jellium model of a (Al-Al2O3-Ag) MIM contact
starting from a canonical restricted Hartree-Fock grou
state wave function. We performed simulations of the las
driven many-electron dynamics in the basis of the CIS w
functions. In general agreement between theory and exp
ment has been achieved, regarding the two spectra show
Fig. 5. The overall structure and therefore the time scale
electron-electron scattering are comparable. Also, the
different contributions to the charge transfer from Ag to
are well reproduced. We believe that the method used is q
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