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We have investigated the time development of excited electronic states of CO molecules adsorbed on the
MgOs001d–s131d surface using a state-of-the-art first principles approach. Density-functional theory is used
to calculate the ground state geometry of the clean surface and of the molecules adsorbed on the surface.
Thereafter, the quasiparticle band structures of bulk MgO, of the MgOs001d–s131d surface, and of CO
adsorbed on the surface are calculated within theGWapproximation. Taking the electron-hole interaction into
consideration the electron-hole excitations and their optical spectrum are obtained from the solution of the
Bethe-Salpeter equation for the electron-hole two-particle Green function. The optical spectra of bulk MgO,
the MgOs001d–s131d surface, and CO adsorbed on the surface are calculated, yielding good agreement with
available experimental data. Finally, based on the solution of the BSE for the adsorbate system
CO:MgOs001d–s131d, the time propagation of molecular excitations is studied employing the time-
dependent Schrödinger equation. An initial CO excitation exhibits a very fast decay due to its coupling to
charge-transfer exciton states between the substrate and the adsorbate. The decay is characterized by a lifetime
of about 1.6 fs, which is a factor of 5 faster than the decay of single-particle states.
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I. INTRODUCTION

Dynamical properties of excited electronic states have re-
cently received a great deal of attention due to their funda-
mental importance in physics and chemistry.1–4 In this con-
text the adsorbate–substrate interaction between molecules
and crystal surfaces is of particular interest.1–4 Such interac-
tion has widely been discussed regarding electronic ground-
state properties, like scattering, catalysis, and crystal growth.
It is of equally high importance for excited states since it
plays a crucial role for fast electronic processes encountered
in short time spectroscopy, photochemistry, or excitation-
induced desorption. An example of excited-state dynamics is
the transfer of localized excitations to other positions in
space due to energetic resonance. For instance, electrons or
holes excited on an adsorbate may transfer into the substrate,
which often causes a fast decay of the particle amplitude on
the adsorbate.5 The decay of single-particle states has been
studied for atoms and molecules on metal surfaces and on
semiconductors.6–8 The strong bonds between the chemically
active substrate and the adsorbate account for the decay pro-
cesses of single-particle states. Insulator substrates, on the
other hand, are often chemically inert and their electronic
levels are off-resonant with those of the adsorbate. This con-
stitutes a barrier for charge-carrier hopping and limits the
possibilty of decay. However, we find that such a barrier for
adsorbate-state decay can be completely absent for two-
particle statessin particular, for excitonsd even if hopping of
single particles is prohibited. As a prototype case, we inves-
tigate the decay of molecular excitations of CO adsorbed on
MgOs001d–s131d by investigating the real-time propaga-
tion of the states. Here we observe a very fast charge transfer
process on a femtosecond time scale.9

For the electronic ground state of many-particle systems,
density-functional theorysDFTd has proven to be a powerful

tool. Accurate results for the ground-state geometry of the
system and electronic one-particle wave functions can be ob-
tained from this theory. Excited electronic states like quasi-
particlesQPd excitations and correlated electron-hole excita-
tions, however, are in general not directly accessible in a
DFT calculation. The state-of-the-art approach to QP excita-
tions is Hedin’s approximationsGWAd,10,11in which the non-
local, energy-dependent electron self-energy is given by a
convolution of the one-electron Green function and the dy-
namically screened Couloumb interaction. Very accurate
quasiparticle properties have been obtained by this method.12

Optical excitations of semiconductors and insulators are
dominated by electron-hole correlation effects which are not
described by the independent-quasiparticle image. It has
been found that the accurate calculation of optical excitations
requires an effective two-body approach, which must take
the electron-hole interaction into consideration.13–17A rigor-
ous approach to optical spectra is the two-body Green func-
tion method.18 The solution of the equation of motion for the
two-body Green functionsthe Bethe-Salpeter equationd
yields coupled excited electron-hole states from which the
optical absorption spectrum can be evaluated. This approach
has been applied to investigate bulk crystals, polymers, and
gas-phase molecules,14–17,19,20 as well as nonconducting-
solid surfaces,21–24 yielding very accurate results.

The adsorption of the CO molecule on ionic surfaces, like
magnesium oxidesMgOd, is of continuous interest in
theory25–29 and experiment.30,31 On the theoretical side, the
adsorption geometries, adsorption energies, and C–O vibra-
tion frequencies are thoroughly studied. However, much less
information is available on the time evolution of excited
electronic states of CO on MgO, so far. In this paper, we
present in detail anab initio calculation of time-dependent
dynamics of excited electronic states of CO adsorbed on the
MgOs001d–s131d surface, where we have recently observed
a very fast charge-transfer process.10 In particular, we com-
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pare the dynamical properties of single-particle statesselec-
trons or holes, respectivelyd with the decay of a correlated
electron-hole pair excitation. The latter turns out to have a
much shorter lifetime on the molecule than the single-
particle states. The reason for this behavior, which relies on
the interplay between band-structure energies and electron-
hole attraction, is analyzed and visualized in terms of the
wave functions of the respective states. A systematic com-
parison of various systemsfi.e., the clean MgOs001d–s1
31d surface, a free-standing monolayer of CO molecules
without the MgO substrate, and the coupled substrate-
adsorbate systemg is used to reveal the details of the under-
lying mechanism of decay and charge transport.9

The paper is organized as follows. In Sec. II, we briefly
summarize the basic theoretic formalism. In Sec. III, we dis-
cuss optical excitations of the MgO bulk crystal, and we
calculate the ground-state geometry of the MgOs001d–s1
31d surface, the corresponding band structure, and the opti-
cal absorption spectrum, thus preparing the basis for discuss-
ing the adsorbate system. In Sec. IV, we investigate the ad-
sorption of CO on MgOs001d–s131d, as well as the band
structure and excitation spectrum of CO:MgOs001d–s131d.
In Sec. V we discuss the time evolution of excited one-
particle states and of electron-hole pair excitations of the CO
molecule when the molecule is coupled to the substrate. A
short summary concludes the paper in Sec. VI.

II. BASIC THEORETICAL FORMALISM

A. Electronic ground state

The ground-state properties of molecules and crystals can
be described within density-functional theorysDFTd using
the local-density approximationsLDA d. The resulting Kohn-
Sham equation is given by

H−
"2

2m
¹2 + Vpssr d + VHsr d + Vxcsr dJcnk

LDAsr d

= Enk
LDAcnk

LDAsr d, s1d

whereVps andVH are the potential of the ions and the Har-
tree potential, respectively. Nonlocal, norm-conservingab
initio pseudopotentials are used in the present work. The
potential for Mg was provided by Fritsch,32 and the poten-
tials for C and O are given by Bacheletet al.33 Solving Eq.
s1d self-consistently yields the LDA band structure, wave
functions, total energy, and forces on the atoms, which we
use to optimize the geometric structure.

Gaussian orbitals are used to construct the LDA basis
sets.34 We use 30 Gaussian orbitals ofs, p, d, ands* type for
all Mg, O, and C atoms. The decay constantssin atomic
unitsd are 0.2, 0.55, and 0.95 for Mg, 0.25, 1.0, and 3.7 for
molecular and substrate O, and 0.15, 0.671, and 3.0 for C.
Gaussian orbitals are also used as basis functions for the
representation of all quantities occurring in the GW self-
energy operator and the electron-hole interaction in the next
section. A suitable choice of decay constants for these basis
functions is given by 0.25 and 0.9 for Mg, 0.35, 1.2, and 4.0
for O, and 0.15, 0.671, and 3.0 for C.

B. Single-particle excitations: Electrons and holes

Quasiparticle excitationsselectrons and holesd can be de-
scribed using many-body perturbation theory,10,11 in which
the self-energy operatorS is expanded in a series containing
the one-body Green functionG1 and the screened Coulomb
interactionW of the system. The first term of the expansion
constitutes the GW approximation:11,34,35

Ssr ,r 8,Ed =
i

2p
E e−iv0+

G1sr ,r 8,E − vdWsr ,r 8,vddv.

s2d

We approximateG1 by the results of the DFT-LDA calcula-
tion. For the frequency dependence ofW we employ a gen-
eralized plasmon-pole approximation. The static partWsv
=0d of the interaction is calculated using the random-phase
approximation sRPAd. After constructing the nonlocal,
energy-dependent self-energy operatorSsr ,r 8 ,Ed, we solve
the quasiparticle equation for periodic systems:34

H−
"2

2m
¹2 + Vpssr d + VHsr dJcnk

QPsr d

+E Ssr ,r 8,Enk
QPdcnk

QPsr 8dd3r8 = Enk
QPcnk

QPsr d, s3d

which differs from the Kohn-Sham equation by replacingVxc
by the self energySsEd. This differencefSsEd−Vxcg consti-
tutes a QP correction to the LDA band structure. For semi-
conductors and insulators, this correction is often in the order
of 1–10 eV. For the systems studied in this paper the LDA
wave functionsucnk

LDAl are already very close toucnk
QPl. We

thus consider QP corrections to the band-structure energies
only, not to the wave functions.

C. Electron-hole excitations

While the GWA yields band structures in good agreement
with experimental data for single-particle excitations, optical
properties cannot be obtained correctly from QP band struc-
tures within an independent-particle picture. This is due to
the interaction between the excited electron and hole occur-
ring in optical excitations. To describe the resulting two-body
correlation effects on optical properties, an effective two-
particle theory is required. The most general procedure for
calculating optical spectra is to consider the equation of mo-
tion of the two-body Green functionG2.

18 This procedure
can be formulated in terms of coupled electron-hole excited
statesuSQl. We expand these states in a basis given by the QP
states as17

uSQl = o
k

o
v

hole

o
c

elec

Avck
SQ uvckl = o

k
o
v

hole

o
c

elec

Avck
SQ âvk

+ b̂c,k+Q
+ u0l,

s4d

whereâvk
+ andb̂c,k+Q

+ denote the operators creating a holesin
valence bandv at wave vectorkd and an electronsin con-
duction bandc at wave vectork +Qd, respectively, in the
many-body ground stateu0l. Q is the total momentum of the
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electron-hole state which, in optical processes, corresponds
to the momentum of the involved photon. Since the photon
wavelength is very large compared to the lattice constant of
crystals, the momentumQ of the exciton created in photo-
absorption is very close to zero. Nevertheless, the direction
of the exciton momentumQ may be important for details of
the spectrum. For shortness sake, we suppress the indexQ at
S in the following equations.

Since the electronic ground states of all systems studied
here fMgO, MgOs001d–s131d, CO, and CO:MgOs001d–
s131dg are given by closed-shell spin-singlet states, the ex-
citations can be classifiedsin the absence of spin–orbit inter-
actiond as singlet-to-singlet and singlet-to-triplet excitations.
We focus on the singlet-to-singlet transitions that are relevant

for the optical spectra. From the equation of motion ofG2,
one obtains the Bethe-Salpeter equationsBSEd of the excited
statesuSl:17,18

sEc,k+Q
QP − Ev,k

QPdAvck
S + o

k8
o
v8

hole

o
c8

elec

kvck uKehuv8c8k8lAv8c8k8
S

= VSAvck
S . s5d

Equations5d can be interpreted as the eigenequation of an
effective two-particle Hamiltonian for correlated electron-
hole states, which is defined asHvck,v8c8k8

eh =sEc,k+Q
QP

−Ev,k
QPddv,v8dc,c8dk,k8+kvck uKehuv8c8k8l. The electron-hole in-

teractionKeh is given by

kvck uKehuv8c8k8l = −E drdr 8cc,k+Q
* sr dcc8,k8+Qsr dWsr ,r 8dcvksr 8dcv8k8

* sr 8d

+ 2 ·E drdr 8cc,k+Q
* sr dcvksr dvsr ,r 8dcc8,k8+Qsr 8dcv8k8

* sr 8d. s6d

The first term of Eq.s6d is a screened, direct electron-hole
interaction term. We evaluate this from the static dielectric
matrix, neglecting dynamical effects.18 This is justified be-
cause the exciton binding energies are small in comparison
to the band gap, which defines the characteristic energy scale
of the dynamics of the dielectric screening. The second term
of Eq. s6d is an exchange interaction term, which describes
the short-range part of the bare Coulomb interaction. The
factor of 2 in this term results from the spin degrees of free-
dom of the singlet-to-singlet excitations studied here.

Once the Bethe-Salpeter Eq.s5d is solved, the obtained
coefficientsAvck

S can be used to evaluate the real-space wave
function of an excited stateuSl,

CSsr e,r hd = o
k

o
v

hole

o
c

elec

Avck
S cvk

* sr hdcck+Qsr ed, s7d

where r e and r h denote the coordinates of the electron and
hole, respectively. Furthermore, the entirety of all excited
states yields the optical spectrum. In particular, the imagi-
nary part of the macroscopic transverse dielectric function,
for instance, is given by17

e2svd =
16p2e2

v2 o
S
Uo

k
o
v

hole

o
c

elec

Avck
S kvk ul ·vucklU2

3dsv − VSd, s8d

where l is the polarization vector of the light andv
= ifHsp,r g /" is the single-particle velocity operatorswhich
corresponds to the current operatord. Here Hsp denotes the
single-particle Hamiltonian.

D. Time-dependent dynamics of electronic excitations

In Sec. V we will consider the time-dependent
Schrödinger equation,

i"
]

] t
uCstdl = HehuCstdl,

for an electron-hole excited-state wave functionuCstdl of the
adsorbate system of CO on MgO.Heh denotes the effective
two-particle Hamiltonian of Eq.s5d of the substrate–
adsorbate system. In all cases discussed in this paper, we will
define an initial state,uCst=0dl, which is usually given by an
eigenstate of the molecule on its own. Taking the coupling to
the MgO substrate into accountswhich is automatically in-
cluded in the HamiltonianHehd, uCst=0dl is no longer an
eigenstate of the coupled substrate–adsorbate system and
will exhibit time propagation. This time propagation of
uCstdl can be investigated by directly integrating the
Schrödinger equation.22 Alternatively, it can also be calcu-
lated by expandinguCst=0dl in all the eigenstates of the
Hamiltonian. If the initial exciton state is mapped onto all
eigenstates of the Hamiltonian, one obtains

uCst = 0dl = o
S

kSuCst = 0dluSl. s9d

SinceHeh is not explicitly time dependent, the solution of the
time-dependent Schrödinger equation is simply given by

uCstdl = expS−
i

"
HehtDuCst = 0dl. s10d

Substituting Eq.s9d into Eq. s10d and noticing thatHehuSl
=VSuSl, uCstdl is given by
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uCstdl = o
S

kSuCst = 0dlexpS−
i

"
VStDuSl, s11d

whereVS is an eigenvalue of the two-particle Hamiltonian
determined by Eq.s5d. Since we evaluate the eigenstatesuSl
anywaysfor analysis and comparison purposesd, the expan-
sion of uCstdl is obtained immediately. If one were just in-
terested in uCstdl only, real-time integration of the
Schrödinger equation as an ordinary differential equation int
would be more economic, thus avoiding diagonalization of
the Hamiltonian.

From Eqs.s7d and s11d it follows that the two-particle
real-space wave function ofuCstdl is given by

Csr e,r h,td = o
k,v,c

Ho
S

Avck
S kSuCst = 0dl

3expS−
i

"
VStDJcvk

* sr hdcck+Qsr ed. s12d

The approach discussed here can also be used to calculate
the time evolution of asingle particle stateuckstdl at wave
vectork. For this case, we get

uckstdl = o
n

kcnk
QPuckst = 0dlexpS−

i

"
Enk

QPtDucnk
QPl. s13d

III. ELECTRONIC EXCITATIONS OF THE MgO BULK
CRYSTAL AND OF THE MgO „001…–„1Ã1…

SURFACE

In this section some basic results concerning the geomet-
ric and electronic structure of MgO and itss001d surface are
briefly summarized to provide the basis of Secs. IV and V.
For further details we refer to Ref. 36.

A. MgO bulk crystal

MgO is an ionic insulator with rocksalt structure, having a
lattice constant ofa=4.21 Å. Figure 1 shows the MgO bulk
band structure, calculated within GWAssolid linesd and LDA
sdashed linesd.

The GW valence band structure consists of four bands,
i.e., one O 2s band sat about218.6 eVd and three O 2p
bandssbetween25.5 and 0 eVd. We label the lowest con-
duction band as Mg 3s, although this classification is not
exactly possible due to significant coupling of the Mg 3s
orbital to other states. The band gap amounts to 4.53 eV
within LDA and 7.79 eV within GWA. The latter is in very
good agreement with the experimental value of 7.83 eV.37

Using the approach presented in Sec. II C, the optical
spectrum can be calculated. Particular attention has to be
paid to the number of valence bands, conduction bands, and
k points for the expansion of the excited statesfcf. Eq. s4dg,
both for the bulk crystal and for the surface systemsssee Sec.
III B d. All data are compiled in Table I.

Initially, we have included the three O 2p valence bands
sv=2–4d and the four lowest conduction bandssc=5–8d,
yielding good convergence of all excitations below about 20
eV. We use 256k pointssi.e., an equidistant grid of spacing
1/832p /a, yielding 512k points in a cube of side length
2p /a, of which 256k points are inside the Brillouin zone of
the fcc structured, yielding a resolution of better than
,0.2 eV in the continuous part of the resulting spectrum.
Figure 2 compares the resultinge2 spectrumssolid lined with
experiment.38

Good agreement between experiment and theory is ob-
tained, with the peak positions being well reproduced. The

FIG. 1. Bulk band structure of MgO, as obtained within GWA
ssolid curvesd and within LDA sdotted curvesd.

TABLE I. Number of valence bandssNVd, conduction bandssNcd, andk points sNkd used in the BSE
calculations for the various systems discussed in this paper. All surface systems are in thes001d–s131d
geometry.

System Nv Nc Nk Dim. Remarks

s1d MgO bulk 3 4 1/2 of 83838=256 3072 Converged

s2d MgO bulk 3 1 1/2 of 83838=256 768 Exciton well represented

s3d MgO surf., six layers 18 24 636=36 15552 Consistent with 1.

s4d MgO surf., six layers 18 6 636=36 3888 Consistent with 2.

s5d CO monolayer 4 3 636=36 432 Convergedu1Pl state

s6d CO:MgO, six layers 4+18 3+6 636=36 7128 Consistent with 4./5.

s7d CO:MgO, four layers 4+12 3+4 636=36 4032 Convergence test

s8d CO:MgO, seven layers 4+21 3+7 636=36 9000 Convergence test

s9d CO:MgO, four layers 4+12 3+4 838=64 7168 Convergence test

s10d CO:MgO, four layers 4+12 3+4 10310=100 11200 Convergence test
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first exciton peak is located at 7.7 eV with very small binding
energys0.1 eVd. To see the effect of the electron–hole inter-
action, the optical spectrum obtained from GWA interband
transitions onlyswithout electron–hole interactiond is plotted
as the dot-dashed curve in Fig. 2, as well. Apparently, the
entire spectrum is significantly affected by the electron–hole
interaction, as expected for a system with weak screening.
Our results are essentially the same as those obtained by
Benedictet al. in a similar calculation.15

The main contributions to the low-energy excitations stem
from transitions into the lowest conduction bandsMg 3sd. It
is thus sufficient to restrict the expansion of Eq.s4d to tran-
sitions from O 2p to Mg 3s, only ssee Table Id when focusing
on the low-energy part of the spectrum. The resulting spec-
trum for bulk MgO is shown by the dashed line in Fig. 2.
Apparently, for energies below 12 eV this spectrum is in
good agreement with the fully converged spectrum, with the
peak positions being reproduced very well. Note, however,
that the amplitude of the spectrum is significantly affected
due to missing optical dipole contributions from the higher
conduction bands. In the case of the MgOs001d–s131d sur-
face and of the CO:MgOs001d–s131d adsorbate system this
means that, as long as we are mainly interested in the ener-
getic positions of low-energy exciton states i.e., below 12 eV,
it will be sufficient to restrict the number of contributing
empty substrate bands to one band per Mg atom in the unit
cell.

B. MgO„001…–„1Ã1… surface

The MgOs001d–s131d surface does not reconstruct and
exhibits weak relaxations, onlysdz=−0.03 Å for the surface
Mg atoms anddz=0.03 Å for the surface O atomsd. We rep-
resent the surface system by a supercell geometry of six
atomic layerss6 Mg atoms and six O atomsd and a vacuum
layer of 12.7 Å. Figure 3 shows the corresponding GWA
band structure.

While most of the states are bulk-like, only the highest
valence bands and the lowest conduction bandssnear theK

pointd are truly localized surface states. As expected for an
ionic system without chemically active dangling-bond sur-
face states, the QP corrections at the surface are very similar
to those in the bulk.

Since the surface is represented by six atomic layersssix
Mg atoms and six O atomsd, 63 as many valence and con-
duction bands have to be taken into account for the optical
excitations to be consistent with the bulk calculationssTable
Id. The case of three valence and four conduction bands in
the bulk calculation of thee2 spectrum would then translate
to 18 valence and 24 conduction bands in the slab represent-
ing the surface. This quadratic scaling with system size leads
to matrices in Eq.s5d that are too demanding to diagonalize
ssee Table Id. Fortunately, as discussed in Sec. III A, we can
reduce the size of the matrix in Eq.s5d by considering one
conduction band per Mg atom, onlysi.e., six conduction
bands in totald, yielding accurate excited-state data below
about 12 eV excitation energy.sWhen the CO monolayer is
adsorbed, three more conduction bands will be included to
account for the molecule states.d

Figure 4 shows the optical absorption spectrum of
MgOs001d–s131d for normal incidence. The spectrum is
dominated by a strong peak below the QP surface band gap
sEgap

surf=8.1 eVd.

FIG. 2. Optical absorption spectrume2
Bsvd of bulk MgO, calcu-

lated from three valence and four conduction bandsssolid curved, as
well as from three valence and one conduction bandssdashed
curved, respectively. The dash–dotted curve shows the independent-
particle spectrum, i.e., without including the electron–hole interac-
tion. A Lorentzian broadening of 0.3 eV has been used. The open
circles denote the experimental result taken from Ref. 38.

FIG. 3. Surface band structure of MgOs001d–s131d, obtained
within GWA. Only the bands that are included in the Bethe-Salpeter
equation are shown. The vertical lines indicate the projected bulk
band structure.

FIG. 4. Optical absorption spectrum of the MgOs001d–s131d
surfacescalculated for normal incidence of lightd is shown as solid
curve. For comparison the independent-particle spectrum, calcu-
lated without electron–hole interaction, is shown as a dashed curve.
Lorentzian broadening of 0.14 eV is included.

FEMTOSECOND DYNAMICS OF EXCITED STATES OF… PHYSICAL REVIEW B 71, 045407s2005d

045407-5



This peak originates from four states that are degenerate
in energy. The detailed analysis of their wave functions
shows that these states are strongly localized at the surface,
i.e., they are surface excitons. The binding energy of the
lowest exciton is 0.6 eV, which is significantly stronger than
the binding energy of the bulk excitons0.1 eVd. The wave
functions of these states are similar to those presented in Ref.
23 for the LiFs001d–s131d surface. In the following section,
these excited states will be coupled with the excitations of
adsorbed CO molecules.

IV. EXCITED STATES OF CO:MgO „001…–„1Ã1…

Before addressing the electronic and optical excitations,
the geometry of the adsorbate system CO:MgOs001d–s1
31d is considered first.

A. Geometry

We start from the previouss131d surface unit cell, which
consists of six substrate layers. We consider the adsorption of
one full monolayer, i.e., one CO molecule in eachs131d
surface unit cellssee Fig. 5d. Minimum total energy is
achieved for vertical adsorption with the molecule C atom
bound to MgsMg–C–Od. Tilted orientations and binding via
substrate O atoms leads to higher energy, while binding via
the O atom of the molecule is repulsive. The optimized ge-
ometry is shown in Fig. 5.

The C–O and C–Mg bond lengths result as 1.13 and 2.3
Å, respectively, in good agreement with earlier embedded-
cluster calculations25,27 and periodic DFT calculations.26,28

The adsorption energy per unit cell amounts to 0.5 eV in
LDA, which is close to the value of 0.3 eV per molecule
given by a previous DFT-LDA calculation using the full-
potential linearized augmented plane-wavesFLAPWd
method.26 Note that LDA usually yields good adsorption ge-
ometries but tends to overestimate adsorption energies. In the
present case of CO:MgOs001d−s131d, DFT calculations
within the generalized gradient approximationsGGAd yield
an adsorption energy of no more than 0.1 eV.27,28Experimen-
tal investigations have reported adsorption energies between
0.15 and 0.43 eV for a single CO molecule on
MgOs001d.30,31

B. Quasiparticle band structure

Figure 6 shows the GW quasiparticle band structure of
CO:Mgs001d−s131d.For comparison, the GW band struc-

ture of an isolated CO monolayersi.e., the same system
without the MgO substrated is shown in the left panel. From
analyzing the wave functions, the states of the combined
system can clearly be identified as molecular statessdis-
played as solid linesd and MgO substrate statessdashed
linesd, respectively. Both in the isolated monolayer and in the
adsorbate system, the CO bands show significant dispersion
caused by intermolecular single-particle coupling of up to 1
eV due to the small distance of 2.98 Å between the mol-
ecules. A tight-binding analysis of this dispersion allows us
to evaluate the single-particle levels of a single CO molecule
on MgO. These are shown in the right-hand panel of Fig. 6,
accompanied by a schematic representation of the MgO
density-of-states. The CO states and the substrate states are
separated in energy. The CO hole statess4s at 218.4 eV, 1p
at 215.3 eV, and 5s at 213.4 eVd are located below the
valence bands of MgOsfrom 213.2 to27.4 eVd. The CO
electron states2p* at 0.7 eVd is located near the MgO bulk
conduction band minimum at 0.4 eV, i.e., it is located at an
energy at which the density of states of the substrate is very
small. There is very little interaction between the molecular
states and the substrate states, leading to weak level repul-
sion. This implies that holes or electrons excited in the mo-
lecular orbitals should have a rather low probability of hop-
ping to the substrate.

It is interesting to note that the CO hole levels of the
adsorbed molecule are higher in energy than those of a single
CO molecule in the gas phase, while the electron level is
lower than in the gas phase. For gas-phase CO we obtain
energies of219.4, 216.9, and213.9 eV for 4s, 1p, and
5s, which are in very good agreement with measured ioniza-
tion energies of219.8,217.0, and214.0, respectively.39 At
the surface, these levels are raised by about 1 eV.sThe 5s
level is raised by 0.5 eV, only, due to level repulsion from the
MgO valence states.d The 2p* level, on the other hand,
which we find at 2.4 eV in the gas phasesas a resonanced, is
loweredby 1.7 eV. This modification is a typical correlation
effect of dielectric screening: Due to the polarizability of the

FIG. 5. Optimal adsorption geometry of CO on MgOs001d–s1
31d sside viewd. Note that the figure shows a planesf100g plane of
the underlying MgO bulk crystald in which second-nearest-neighbor
CO molecules are displayedsat a distance of 4.21 Åd.

FIG. 6. Left panel: GW band structure of an isolated CO mono-
layer, center panel: GW band structure of CO:MgOs100d–s131d,
solid and dashed curves denote CO and MgO bands, respectively.
The energies refer to the vacuum levelfat VBMsMgOd+7.4 eVg.
The vertical lines indicate the projected bulk band structure. Right
panel: onsite energies of the CO bands of the center panel, as ob-
tained by tight-binding analysis, indicating the energetic positions
of a single CO molecule adsorbed on MgO. The numbers given in
brackets denote the onsite energies, allowing the direct comparison
with the energy levels of gas-phase CO.
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substrate the Coulomb interaction inside the molecule is
screened so that the self energy changes. Simply speaking,
additional screening raises the positive correlation energy of
the occupied levels and lowers the negative correlation en-
ergy of the empty states. Consequently the fundamental
HOMO–LUMO gap closes.

C. Electron–hole excitations

The optical excitations of CO:MgOs001d–s131d are cal-
culated from 22 occupied bandssi.e., 18 substrate and four
molecular bandsd and nine empty bandssi.e., six substrate
bands and three molecular bands; cf. Table Id. 36 k points in
the two-dimensional surface Brillouin zonesSBZd are
sampled, which is consistent with the clean MgO surface.
Figure 7 displays the resultinge2

S spectrum for the free-
standing COs001d–s131d film sleft paneld and for the
coupled CO:MgOs001d–s131d system.

The excitation spectrum of the free CO film is dominated
by the u1Pl state at an excitation energy of 7.9 eV, constitut-
ing the onset of molecular excitations. This state will be in
the focus of our time-depending investigations below. The
spectrum of the coupled system, on the other hand, is more
complex. Its onset energy is 4.9 eV, given by two twofold
degenerate exciton states with a binding energy of 1.2 eV.
These states are charge-transfer excitons, i.e., they are
formed from an electron on the molecules and a hole on the
MgO substratessee next paragraphd. Due to the large variety
of substrate hole orbitals, there is a large number of such
charge-transfer states, covering the entire energy range from
4.9 to about 9 eV. In addition to these states, substrate-to-
substrate excitations contribute to the spectrum above
,7 eV, as wellscf. Sec. III Bd. It is important to note that the
u1Pl molecular state is not visible in the spectrum any more
ssee belowd.

The charge-transfer-exciton character of the excitations
can be recognized in their wave functionCSsr e,r hd fsee Eq.
s7dg. To display CS, we calculate the exciton probability
uCSsr e,r hdu2 for a given hole positionr h and show the distri-
bution of the electron relative to the hole, or vice versa.

Note, thatCSsr e,r hd is periodic with respect to simultaneous
lattice translationsRd of both the electronsr ed and the hole
sr hd, i.e., CSsr e,r hd=CSsr e+R ,r h+Rd. On the other hand,
the probability distribution of one of the particles relative to
the other shows a spatial correlation which isnot periodic.

Figure 8 shows such distributions for the lowest excited
state of the free-standing CO filmsi.e., the u1Pl state; left
panelsd and for the lowest excited statesat 4.9 eVd of
CO:MgOs001d–s131d sright panelsd. The upper slowerd
panels display the electronsholed distribution. In the case of
the CO film, the respective other particle is located on the C
atom of the central molecule. In the case of
CO:MgOs001d–s131d, the hole of panelscd is located on
the central atom of the substrate surface layer, and the elec-
tron of panel sdd is located on the central CO molecule.
sLocating the hole on the molecule or the electron on the
substrate gives very low amplitude for the state in question.d
In the case of theu1Pl molecular excitationsleft side of Fig.
8, the hole and the electron are given by the CO 5s and 2p*

orbitals, respectively. The lowest excitation of the coupled
substrate–adsorbate system, on the other hand, has a com-
pletely different composition: The hole consists of O 2px/py
orbitals in the MgO surface layer, while the electron is again
given by the molecular 2p* orbital. Note that, since the CO
is located on top of a Mg atom, locating the hole on one
surface O atom causes electron amplitude on several CO
moleculesfpanel scdg, just as locating the electron on one
molecule causes hole amplitude on several O surface atoms
in panelsdd. Similar distributions, i.e., the electron being on
the molecules while the hole being distributed over substrate
O atoms, is observed for most of the states in the excitation
energy range of 5–9 eV, i.e., most of them are charge-transfer
exciton states involving a transfer of the electron from the
substrate to the molecule.

Since the nature of the charge-transfer excitons of the
coupled system is so different from that of the molecular
u1Pl excitation, it is most interesting to investigate the be-

FIG. 7. Left panel: Optical absorption spectrum of the isolated
CO monolayer, right panel: optical absorption spectrum of
CO:MgOs100d–s131d. A broadening of 0.14 eV is included in the
figure.

FIG. 8. Panelssad and sbd show the distributionsside viewd of
the electron relative to the hole and the hole relative to the electron,
respectively, for the first exciton stateu1Pl sat 7.9 eVd of the iso-
lated CO monolayer. The hole in panelsad and the electron in panel
sbd are both located at the C atom. Panelsscd and sdd show the
distribution sside viewd of the electron relative to the hole and the
hole relative to the electron, respectively, for the first exciton state
sat 4.9 eVd of CO:MgOs001d–s131d. The hole in panelscd is
located at the surface O atom and the electron in panelsdd is located
at the C atom.
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havior of u1Pl when it is coupled to the surface. If the state
were not affected by the substrate, it should show up as a
sharp line in the optical spectrum of CO:MgOs001d–s1
31d, which is truly not the casessee right panel of Fig. 7d.
To analyze the effect of the substrate onu1Pl in more detail,
we define a projected density of excitonic statessPDOSd
GsEd:

GsEd = o
S

ukSu1Plu2dsE − VSd, s14d

whereuSl are all the eigenstates of Eq.s5d for the combined
system CO:MgOs001d–s131d, u1Pl is the first exciton state
sat 7.9 eVd of the isolated CO monolayer, andkSu1Pl is the
overlap between them.

This PDOS is displayed in Fig. 9. Ifu1Pl were an eigen-
state of the coupled CO:MgO system, the PDOS of Fig. 9
would be given by a sharp line. Instead, we observe a very
broad curve around 8.9 eV, with a spectral width of more
than 1 eV. Apparently,u1Pl couples with many other states
uSl, most of which are charge-transfer states involving an
electron on the molecule and a hole in the substrate.

We conclude from these results that the molecular state
u1Pl does not exist as an eigen state in the combined system
CO:MgOs001d–s131d. However, one can imagine that it
might be prepared as an initial state of the free monolayer,
before the interaction with the substrate is turned on at some
time t0. Since the state is then no longer an eigenstate, it will
not persist as it is, but will rather develop into something
different with time. We will discuss this time evolution in
Sec. V.

V. TIME EVOLUTION OF ELECTRONIC EXCITATIONS

We now address the time propagation of the internal ex-
citation of the molecule when it becomes coupled to the
surface. This involves the dynamics of theu1Pl state, as well
as, the dynamics of individual charge carriersselectrons and
holesd of which u1Pl is composed.

A. Dynamics of z1P‹

We constructu1Pl in the free-standings131d CO “film”
scf. left panel of Fig. 7d and consider this as the initial state
of the Schrödinger equation of the coupled system, i.e.,
Csr e,r h,t=0d=Cu1Pl

sCOdsr e,r hd. The time propagation of the

state and its wave function are then given by Eqs.s11d and
s12d. As illustration, Fig. 10 shows the spatial distribution of
the hole with respect to the electron, and vice versascf. Fig.
8d, at various times.

At t=0, the excitation is localized on the molecule by
construction. At later times, the hole starts to hop to the O 2p
orbitals of the substrate. Already after 1 fs a substantial
amount of the hole amplitude has moved to the substrate
surface layer. At still later timesse.g., t=2 fs or t=3 fsd the
hole occupies more and more substrate space. Figure 10 also
indicates that the transfer of the hole into the substrate does
not only occur downwards but also laterally so that the “front
line” resembles a spherical wave. Note that similar to the
distributions shown in Fig. 8, the charge distributions are not
periodic in space but rather show the correlation between the
electron and hole.

In order to see how the exciton propagates along the ver-
tical direction, we define a reduced correlation function be-
tween thez coordinates of the hole and the electron by
xsze,zh,td=euCsr e,r h,tdu2dxedxhdyedyh, i.e., by averaging
the full electron-hole correlation function over the coordi-
nates parallel to the surface.xsze,zh,td thus gives the vertical
distributions of the electron and the hole along the surface
normal. Figure 11 showsxsze,zh,td at various times.zeszhd
denotes the vertical position of the excited electronsholed.

The two vertical and horizontal grid lines on the right and
at the top indicate thez position of the atoms of the mol-
ecules, while the other grid lines indicate the atomic layers of
the six-layer substrate slab. Att=0 the excitation is localized
in the upper right corner by construction, i.e., both the elec-
tron and the hole are located in the molecular adlayer. Al-
ready after 1 fs, however, a significant portion of the hole has
been transferred to the substrate. This transfer becomes even
more pronounced after 2 fs when the hole amplitude on the
molecule is already much smaller than that on the substrate
layers. Note that after 3 fs the hole has reached the bottom of
the slab, which might lead to reflection and interference be-

FIG. 9. Projected density of excitonic statesGsEd ssolid curved
of the molecularu1Pl state in the coupled CO:MgOs100d–s131d
system. For comparison, the excitation energy ofu1Pl of the iso-
lated CO monolayers7.9 eVd is indicated by the dashed line.

FIG. 10. Density distribution of the excited holesstarting from
u1Pld with increasing time forr e at the central molecule. For better
visibility, the charge density values in the substrate have been am-
plified by a factor of 5.
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tween hole waves propagating downwards and upwards inz.
Therefore, no definite conclusions about the propagation be-
havior beyond 3 fs are possible within the present supercell
geometry containing six substrate layersssee discussion be-
lowd.

Figure 11 clearly shows that only the hole transfers into
the substrate while the electron remains on the molecule at
all times. The reason for this behavior resides in the band
structure shown in Fig. 6. Transfer of the electron from the
molecular LUMO levels to the lower conduction bands of
the substrate is not possible since the substrate bands are
much higher in energy. Transfer of thehole from the molecu-
lar HOMO levels to the upper valence bands of the substrate,
on the other hand, is possible. Due to this transfer the hole
gains several eV of energy, which is used to break the strong
electron–hole interactions6 eVd inside the molecule. The
electron–hole interaction of the charge-transfer excitons is
much weakers0.7–2.4 eVd. The possibility to shift band-
structure energysgained by the transferred holed into
electron-hole interaction is the main reason why the excita-
tion si.e., the hole accompanied by the electrond can decay
into substrate-related states. The transfer probability of a
single hole from the molecule into the substrate, on the other
hand, is much lower as we will show below.

B. Survival amplitude

A straightforward way of evaluating the transfer probabil-
ity quantitatively is given by mapping the propagating state
back onto the initial state, which constitutes a survival am-
plitude

Au1Pl
survival

= kCst = 0duCstdl = k1PuCstdl . s15d

The survival amplitude resulting from the system specifica-
tions used so farssix substrate layers, 36k pointsd is shown
in Fig. 12sad by the dashed curve. As discussed above, sys-
tematic falsification of the time propagation may result after
the hole has reached the lower surface of the slab. To address

this, we have evaluated the time propagation in various sys-
tems, with the substrate thickness ranging from two to seven
layers. Data for four, six, and seven layers are shown in Fig.
12sad. A second issue that might influence the survival am-
plitude relates to by thek-space representation of the excited
states. A finitek-space sampling of the surface Brillouin
zone byn3n grid points implies real-space repetition of the
excited state with a periodicity ofn surface lattice constants
in each direction. Since the excited state broadens laterally in
time sFig. 10d, it will mix with its replica after a certain time,
which again might systematically falsify the survival ampli-
tude. Furthermore, the coupling of the initial stateu1Pl with
all other excited statesuSl depends on the representation of
uSl by thek point grid, as well. In order to investigate this,
we have calculated the survival amplitude for the four-layer
system using 36, 64, and 100k points, respectivelyfsee Fig.
12sbdg.

All data show the following common features:sid At early
time st,2 fsd the survival amplitude drops very fast, reach-
ing a value of about 0.3 att=2 fs. As a guide to the eye we
include an exponential decay with a time constant of 1.6 fs,
which may be interpreted as thesinitiald lifetime of the decay
process.sii d Within the first 2 fs, the survival amplitude
shows weak oscillations. These oscillations, i.e., the devia-
tion from strictly exponential decay, are essentially the same
for all layer thicknesses, and are also quite insensitive to the
k-point resolution.siii d After aboutt=2 fs, the survival am-
plitude does no longer show a clear decaying behaviour, but
exhibits some oscillations that depend sensitively on the sub-
strate thickness and on thek-point sampling.

The fast initial decay within the first 2 fs can be under-
stood from the discussion of Figs. 10 and 11, since the de-
caying survival amplitude simply reflects the transfer of the
hole from the molecule to the substrate. The deviation from
exponential decay, i.e., the weak oscillation within the first 2

FIG. 11. Vertical electron-hole correlation function of the singlet
excitation statesstarting fromu1Pld with increasing time.zhszed de-
note the vertical position of the excited holeselectrond. The vertical
and horizontal grid lines indicate thez position of the atoms of the
CO moleculeson the right and at the top, respectively, of each
paneld, as well as the atomic layers of the six-layer substrate slab
son the left and at the bottom, respectivelyd.

FIG. 12. Survival amplitude of the molecular excitation as a
function of timeson a logarithmic scaled. The three curves in panel
a were calculated for the four-, six-, and seven-layer substrate slab,
respectively, using 36k points. The three curves in panelsbd were
calculated for the four-layer substrate slab, using 36, 64, and 100k
points, respectively. The straight dashed line denotes a fit to the
exponential decay as a guide to eye.
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fs, are more complex to analyze. Most importantly, note that
a truly exponential decay cannot be expected. Exponential
decay, as discussed within timedependent perturbation
theory, results from the coupling of an initial state to a con-
tinuum of possible final states. In the present case, however,
the coupling of u1Pl is to the excited statesuSl of the
substrate–adsorbate systemsin particular, the charge-transfer
excitonsd, which donot form a true continuum. Instead, they
form a discrete spectrum, as controlled by the attraction of
the hole to the excited electron in the molecular adlayer and
by the atomic structure of the substrate.

We have analyzed the survival amplitude untilt=100 fs
and observe that it remains well below 0.3 at all times, indi-
cating that the separation of the hole from the electron on the
molecule will persist. The most important observation of our
study is that the very fast decay within the first 2 fs, having
a decay time of,1.6 fs, is the same in all our calculations,
thus constituting a stable and insensitive feature of the decay
mechanism of theu1Pl state. We note in passing that theu3Pl
triplet state behaves in a very similar way, with an even
faster decay time of about 1.0 fs.

C. Details of the hole within z1P‹

The transfer of the hole can be analyzed in even more
detail by averaging the vertical electron-hole correlation
function xsze,zh,td over ze sthe electron stays on the mol-
ecule anywayd, thus arriving azh-dependent probability dis-
tribution for the hole only, changing with time:

rszh,td =E xsze,zh,tddze. s16d

This quantity is shown in Fig. 13 fort between 0 and 4 fs
sfor the six-layer slab, using 36k pointsd.

At t=0, the hole is by construction localized at the CO
molecule. There are three peaks surrounding the CO mol-
ecule, corresponding to the 5s orbital of CO. The largest
amplitude is between the C atom and the Mg substrate atom,
i.e., slightly below the C atom. The outermost peaksslightly
above the O atom of COd has the second-largest amplitude,
while the smallest peak is on the C–O bond. As the time
increases fromt=0 to t=0.4 fs, the first peaksbelow Cd de-
creases while the third peaksabove Od increases, i.e., the
intramolecular charge distribution of the hole changes, shift-
ing hole amplitude from the C atom towards the O atom. In
addition, a small amount of the hole has already moved into
the MgO surface layer. Since the survival amplitude mea-
suressapart from the electrond the overlap of the hole distri-
bution with the initial hole distribution, it is affected by both
mechanismsstransfer towards the substrate and intramolecu-
lar redistributiond. The intramolecular distribution of the hole
continues to fluctuate at later times, as well, as can be seen in
the changes of the relative amplitudes of the three intramo-
lecular peaks, i.e., below C, above O, and between C and O.
Betweent=0 to t=2 fs, the peak below C decreases mono-
tonically in time, while the peak above O does not change
monotonically, i.e., the height ratio between the two peaks
oscillates slightly, which may contribute to the deviation of
the survival-amplitude decay from being strictly exponential.

Another feature concerns the amplitude of the molecular
peak right below the C atom for times between 2 and 4 fs
ssee middle right and lower right panel of Fig. 13d. Appar-
ently, the amplitude of this peakincreasesafter t=2 fs, i.e.
some hole amplitude moves back from the substrate to the
molecule. Therefore,uk1P uCstdlu for t=2.4 fs andt=4 fs is
bigger thanuk1P uCstdlu for t=2 fs, leading to the fluctuations
of the small remnants of survival amplitude aftert=2 fs scf.
Fig. 12d. We note in passing that these features are again
sensitive to thek-point sampling, leading to the quite differ-
ent behavior of the survival amplitude after 2 fs.

D. Dynamics of single-particle excitations

As discussed above, the main reason why the excited hole
can hop from the molecule into the substrate, although it is
off-resonant with the substrate hole states, is due to the in-
teraction with the simultaneously excited electron. Without
the electron, the probability of hopping is much weaker.
Only for holes in the 5s orbital there is slight interaction
with the substrate hole states, leading to the slight level re-
pulsion scf. the discussion of the band structure of Fig. 6d
with the bottom of the valence bands. This interaction causes
a small but nonzero hopping probability. To show this in
detail, we discuss here the time propagation of the CO
single-particle states after the molecule couples to the sub-
strate. We use single-electron or single-hole states of the iso-
lated CO monolayer as the initial stateckst=0d of the
coupled system and then calculateckst.0d using Eq.s13d.
To analyze the data, we evaluate again a survival amplitude
of the states, i.e., the overlap with the initial state,ukckst

FIG. 13. Vertical density distributionrszh,td of the hole of the
CO exciton for increasing time. As counting from the left to the
right, the first six circles denote six atomic layers of the substrate
and the last two solid circles denote the C atom sublayer and the O
atom sublayer of the CO adlayer, respectively. For comparison,
rszh,t=0d is included in every panel.
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=0d uckst.0dlu swhich is now a scalar product between
single-particle states instead of two-particle statesd. We have
found that the CO electron states 2p* and the CO hole states
4s and 1p do not decay at allsfor all k pointsd when the
adlayer is coupled to the substrate. The only exceptions are
CO 5s hole states for wave vectors near theK point, at
which the molecular band becomes slightly resonant with the
substrate valence bandsssee middle panel of Fig. 6d, leading
to some charge transfer into the substrate.

As representative examples, Fig. 14 shows the survival
amplitude of the CO 5s band for three wave vectors:k
=s0.4167,0.4167d2p /a, k =s0.5,0.4d2p /a, and k
=s0.5,0.45d2p /a sa=2.98 Åd. Apparently, these states show
a much slower decayswith typical decay constants of the
order of 8–27 fsd than the decay of the exciton discussed
above. This holds in particular for the hole state at thek
point s0.4167,0.4167d2p /a, which is contained in the 36-
k-point representation of the exciton. This clearly shows that
two-particle dynamics can be completely different from the
dynamics of the contributing single particles and, in the
present case, is much faster.

VI. CONCLUSIONS

We have used a combination of density-functional theory,
many-body perturbation theory, and time-dependent quantum
mechanics to reveal the time evolution of a molecular exci-
tation coupled to a substrate. The system studied here is
given by CO molecules adsorbed on the MgOs001d–s131d
surface. It is characterized by a vertical adsorption geometry
of the CO molecules on top of the Mg atoms with a
Mg–C–O bonding configuration. As the most predominant
molecular excitation, we have investigated theu1Pl singlet-
to-singlet transition, which occurs at an excitation energy of
7.9 eV. This molecular transition involves a hole in the 5s
state and an electron in the 2p* state of the molecule. Both
single-particle states are off-resonant with states of the MgO
substrate and are thus long-lived single-particle states on
their own, even though the molecule as a whole is coupled to
the substrate. Theu1Pl state, however, although being com-
posed from two such long-lived states, shows fast decay into
substrate-related states with only a surprisingly small decay
time of about 1.6 fs. A closer analysis reveals that the decay
occurs into charge-transfer exciton states, composed from an
electron on the molecule and a hole which is distributed over
the substrate. Theu1Pl state thus undergoes a charge separa-
tion, i.e., the electron remains on the molecule while the hole
is transferred into the MgO substrate. The decay time of 1.6
fs associated with this process is a factor of 5 shorter than the
shortest decay time of single-particle processes between the
molecule and the substrate.
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