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Femtosecond dynamics of excited states of CO adsorbed on M@g@m1)-(1X 1)
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We have investigated the time development of excited electronic states of CO molecules adsorbed on the
MgO(001)—(1x 1) 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 (@QD—(1x 1) surface, and of CO
adsorbed on the surface are calculated withinGNgé approximation. 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 MgQ(001)—(1 X 1) 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:MgO(00)—(1x 1), the time propagation of molecular excitations is studied employing the time-
dependent Schrodinger 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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[. INTRODUCTION tool. Accurate results for the ground-state geometry of the
system and electronic one-particle wave functions can be ob-
Dynamical properties of excited electronic states have retained from this theory. Excited electronic states like quasi-
cently received a great deal of attention due to their fundaparticle (QP) excitations and correlated electron-hole excita-
mental importance in physics and chemist/In this con-  tions, however, are in general not directly accessible in a
text the adsorbate—substrate interaction between molecul&§T calculation. The state-of-the-art approach to QP excita-
and crystal surfaces is of particular interk€tSuch interac-  tions is Hedin's approximatiofGWA),****in which the non-
tion has widely been discussed regarding electronic ground®c@l, energy-dependent electron self-energy is given by a
state properties, like scattering, catalysis, and crystal growtfgonvolution of the one-electron Green function and the dy-
It is of equally high importance for excited states since itnaml_cally_ screened_ Couloumb interaction. Very accurate
plays a crucial role for fast electronic processes encountere asiparticle properties have been obtained by this méthod.

: . : L Optical excitations of semiconductors and insulators are
N short time spectroscopy, photochel_”nlstry, or excitation-yo ninated by electron-hole correlation effects which are not
induced desorption. An example of excited-state dynamics escribed by the independent-quasiparticle image. It has

the transfer of localized excitations to other positions iNyeen found that the accurate calculation of optical excitations

space du_e to energetic resonance. For inst_ance, eleCtronSr@buires an effective two-body approach, which must take
holes excited on an adsorbate may transfer into the substralg,e glectron-hole interaction into consideratiért’ A rigor-

which often causes a fast decay of the particle amplitude ogys approach to optical spectra is the two-body Green func-
the adsorbaté.The decay of single-particle states has beenjon method!® The solution of the equation of motion for the
studied for atoms and molecules on metal surfaces and ofo-body Green function(the Bethe-Salpeter equatjon
semiconductor$:8 The strong bonds between the chemicallyyields coupled excited electron-hole states from which the
active substrate and the adsorbate account for the decay proptical absorption spectrum can be evaluated. This approach
cesses of single-particle states. Insulator substrates, on thas been applied to investigate bulk crystals, polymers, and
other hand, are often chemically inert and their electroniqyas-phase moleculé$;1"1920 as well as nonconducting-
levels are off-resonant with those of the adsorbate. This corsolid surfacegl-?*yielding very accurate results.
stitutes a barrier for charge-carrier hopping and limits the The adsorption of the CO molecule on ionic surfaces, like
possibilty of decay. However, we find that such a barrier formagnesium oxide(MgO), is of continuous interest in
adsorbate-state decay can be completely absent for twaheory>2°and experiment?3! On the theoretical side, the
particle stategin particular, for excitonseven if hopping of adsorption geometries, adsorption energies, and C-O vibra-
single particles is prohibited. As a prototype case, we investion frequencies are thoroughly studied. However, much less
tigate the decay of molecular excitations of CO adsorbed oimformation is available on the time evolution of excited
MgO(00D—(1x 1) by investigating the real-time propaga- electronic states of CO on MgO, so far. In this paper, we
tion of the states. Here we observe a very fast charge transferesent in detail ab initio calculation of time-dependent
process on a femtosecond time scale. dynamics of excited electronic states of CO adsorbed on the
For the electronic ground state of many-particle systemsMigO(001)—(1 X 1) surface, where we have recently observed
density-functional theoryDFT) has proven to be a powerful a very fast charge-transfer procé8dn particular, we com-
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pare the dynamical properties of single-particle stadbsc- B. Single-particle excitations: Electrons and holes

trons or holes, respectivelyvith the decay of a correlated 5 aqjiparticle excitation@lectrons and holesan be de-
electron-hole pair excitation. The latter turns out to have & jped using many-body perturbation the# in which
much shorter lifetime on the molecule than the single-yq self-energy operatd is expanded in a series containing
particle states. The reason for this behavior, which relies Othe one-body Green functioB, and the screened Coulomb

the interplay between band-structure energies and eleCtrofieractionw of the system. The first term of the expansion
hole attraction, is analyzed and visualized in terms of the.nstitutes the GW approximatidh3435

wave functions of the respective states. A systematic com-

parison of various systemg.e., the clean Mg@01)—(1

X 1) surface, a free-standing monolayer of CO molecules

without the MgO substrate, and the coupled substrate-

adsorbate systehis used to reveal the details of the under- 2

lying mechanism of decay and charge transfort. We approximates; by the results of the DFT-LDA calcula-
The paper is organized as follows. In Sec. Il, we brieflytion. For the frequency dependenceWfwe employ a gen-

summarize the basic theoretic formalism. In Sec. Ill, we diseralized plasmon-pole approximation. The static palft

cuss optical excitations of the MgO bulk crystal, and we=0) of the interaction is calculated using the random-phase

calculate the ground-state geometry of the MO@)—(1  approximation (RPA). After constructing the nonlocal,

X 1) surface, the corresponding band structure, and the optenergy-dependent self-energy opera¥ér,r’,E), we solve

cal absorption spectrum, thus preparing the basis for discusghe quasiparticle equation for periodic systeths:

ing the adsorbate system. In Sec. IV, we investigate the ad- 22

sorption of CO on Mg@01)—(1x 1), as well as the band _Nh o QP

structure and excitation spectrum of CO: M@D1)—(1 X 1). { 2mV +Vpdr) +VH(r)}¢“k(r)

In Sec. V we discuss the time evolution of excited one-

particle states and of electron-hole pair excitations of the CO + f S(r,r /,E‘n?k ¢Skp(r Nd¥r’ = ESKP%QKP(;), (3)

molecule when the molecule is coupled to the substrate. A

short summary concludes the paper in Sec. VI.

>(r,r',E)= ZI_ J e““’°+Gl(r,r’,E— )W(r,r’, w)dw.
T

which differs from the Kohn-Sham equation by replacing
by the self energy.(E). This difference > (E)-V,.] consti-
tutes a QP correction to the LDA band structure. For semi-
conductors and insulators, this correction is often in the order
A. Electronic ground state of 1-10 eV. For the systems studied in this paper the LDA

: DA Q
The ground-state properties of molecules and crystals Catvr\]/ave functions| ‘”f_‘k ) are already very close tm‘b' we

be described within density-functional theofpFT) using hus consider QP corrections to the band-structure energies

the local-density approximatiofi.DA). The resulting Kohn- only, not to the wave functions.
Sham equation is given by

II. BASIC THEORETICAL FORMALISM

52 C. Electron-hole excitations
| DA
- ;nV2+Vps(r) +Vi(r) + V(1) [ e (1) While the GWA yields band structures in good agreement
LOA LDA with experimental data for single-particle excitations, optical
=B i (1), (1) 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-
éing 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-
ion of the two-body Green functiofs,.'® This procedure
can be formulated in terms of coupled electron-hole excited
Sc,tateﬂ ). We expand these states in a basis given by the QP
States

whereV,s andVy, are the potential of the ions and the Har-
tree potential, respectively. Nonlocal, norm-conservaiy
initio pseudopotentials are used in the present work. Th
potential for Mg was provided by FritséR,and the poten-
tials for C and O are given by Bachelet al*3 Solving Eq.
(1) self-consistently yields the LDA band structure, wave
functions, total energy, and forces on the atoms, which w
use to optimize the geometric structure.

Gaussian orbitals are used to construct the LDA basi
sets®* We use 30 Gaussian orbitals §fp, d, ands’ type for

all Mg, O, and C atoms. The decay constafits atomic hole elec hole elec R

units) are 0.2, 0.55, and 0.95 for Mg, 0.25, 1.0, and 3.7 for [Sp)= 2 > X Asqluck) = 2 > X ASar bl .0l0),
molecular and substrate O, and 0.15, 0.671, and 3.0 for C. k v ¢ k v ¢

Gaussian orbitals are also used as basis functions for the (4)

representation of all quantities occurring in the GW self- ~

energy operator and the electron-hole interaction in the nexwherea;, and bgm denote the operators creating a hote
section. A suitable choice of decay constants for these basislence band at wave vectoik) and an electrorin con-
functions is given by 0.25 and 0.9 for Mg, 0.35, 1.2, and 4.0duction bandc at wave vectork +Q), respectively, in the
for O, and 0.15, 0.671, and 3.0 for C. many-body ground sta{@). Q is the total momentum of the

045407-2



FEMTOSECOND DYNAMICS OF EXCITED STATES OF. PHYSICAL REVIEW B 71, 045407(2005

electron-hole state which, in optical processes, corresponder the optical spectra. From the equation of motionGaf

to the momentum of the involved photon. Since the photorone obtains the Bethe-Salpeter equatiBBE) of the excited

wavelength is very large compared to the lattice constant oftatesS):17-18

crystals, the momentur® of the exciton created in photo-

absorption is very close to zero. Nevertheless, the direction o

of thepexciton mo);nenturQ may be important for details of (EcQ,E+Q - EI?,E)Afck DIDIDY (vek|K=To'c'k >A§’c'k'

the spectrum. For shortness sake, we suppress the @idgx k' o' o

Sin the following equations. = QS/.\fck, (5)
Since the electronic ground states of all systems studied

here [MgO, MgQO(001)—(1x 1), CO, and CO:Mg@001)— Equation(5) can be interpreted as the eigenequation of an

(1x 1)] are given by closed-shell spin-singlet states, the exeffective two-particle Hamiltonian for c%rrelated electron-

citations can be classifigéh the absence of spin—orbit inter- hole states, which is defined a$if} .\ =(Efiq

action as singlet-to-singlet and singlet-to-triplet excitations.—Egﬁ)ﬁvyvréclcrék,k,+<vck|Keh|v’c’k’>. The electron-hole in-

We focus on the singlet-to-singlet transitions that are relevanteractionk®" is given by

hole elec

(vek|K*o'c'k") = - f drdr’ i o(N) Wer krao(DW T ) (£, 4 (1)

+2 f drdr’ () Yok (DO ) s rag(t )i (7). (6)

The first term of Eq(6) is a screened, direct electron-hole D. Time-dependent dynamics of electronic excitations
interaction term. We evalgate this from_ th_e _stat?c_ dielectric |, sec. V we will consider the time-dependent
matrix, neglecting dynamical effect8.This is justified be- Schradinger equation,
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. (6) is an exchange interaction term, which describes .
the short-range part of the bare Coulomb interaction. ThdO" @n electron-hole excited-state wave functjinit)) of the
factor of 2 in this term results from the spin degrees of free-2dsorbate system of CO on Mg@™" denotes the effective
dom of the singlet-to-singlet excitations studied here. two-particle Hamiltonian of Eq.(5) of the substrate—
Once the Bethe-Salpeter E(F) is solved, the obtained ads'orbate. sygtem. In all cases dlscussed in thls_ paper, we will
coefficientsAS, can be used to evaluate the real-space wav&€fine an initial state'(t=0)), which is usually given by an

i i — qeh
lﬁatl‘l’(t»—H W (1)),

function of an excited statiS), eigenstate of the molecule on its own. Taking the coupling to
the MgO substrate into accoufwhich is automatically in-
hole elec cluded in the HamiltoniarH®"), |¥(t=0)) is no longer an

Voreln) =2 2 2 Asqdoc (M) Paoll o), (7)  eigenstate of the coupled substrate—adsorbate system and
k v ¢ will exhibit time propagation. This time propagation of
wherer, andr,, denote the coordinates of the electron and|\p(t)> can be investigated by directly integrating the

hole, respectively. Furthermore, the entirety of all excitedSChrOdInger equatioff. Alternatively, it can also be calcu-

states yields the optical spectrum. In particular, the imagi-IateOI by expandind¥(t=0)) in all the eigenstates of the

nary part of the macroscopic transverse dielectric functiong.am'lt?nt'an' :cft:whel_:n't"’?‘llt ex_cnon Statit's. mapped onto all
for instance, is given By igenstates of the Hamiltonian, one obtains

16/17262 hole elec 2 |\I,(t = 0)> = % <S\If(t = O)>|S> (9)

e(w)= =52 | 2 2 2 A (vk|\ -v|ck) _ _ S _
W s |k v ¢ SinceH®"is not explicitly time dependent, the solution of the
X Sl = Qg ®) time-dependent Schrédinger equation is simply given by

where N\ is the polarization vector of the light and |\If(t)>:exp<— IgHeht>|‘1’(t:0)>- (10
=i[HSP,r]/# is the single-particle velocity operatgwhich

corresponds to the current operatdrere HS? denotes the  Substituting Eq.(9) into Eg. (10) and noticing thatHe"S)
single-particle Hamiltonian. =0dS), |[¥ (1)) is given by
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FIG. 1. Bulk band structure of MgO, as obtained within GWA
(solid curve$ and within LDA (dotted curves

W) =2 (SW(t= 0)>eXp<- I%Qst)|8>, (11
S

where()g is an eigenvalue of the two-particle Hamiltonian
determined by Eq(5). Since we evaluate the eigensta8s
anyway (for analysis and comparison purpogsebe expan-
sion of |¥(t)) is obtained immediately. If one were just in-
terested in [¥(t)) only, real-time integration of the

Schradinger equation as an ordinary differential equatidn in
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IIl. ELECTRONIC EXCITATIONS OF THE MgO BULK
CRYSTAL AND OF THE MgO (00D)—(1X1)
SURFACE

In this section some basic results concerning the geomet-
ric and electronic structure of MgO and (801) 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 of=4.21 A. Figure 1 shows the MgO bulk
band structure, calculated within GW#olid lineg and LDA
(dashed lines

The GW valence band structure consists of four bands,
i.e.,, one O 3 band (at about—18.6 eV} and three O g
bands(between—5.5 and 0 eV. We label the lowest con-
duction band as Mgs3 although this classification is not
exactly possible due to significant coupling of the Mg 3
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%V.

Using the approach presented in Sec. Il C, the optical

would be more economic, thus avoiding diagonalization ofspectrum can be calculated. Particular attention has to be

the Hamiltonian.
From Egs.(7) and (11 it follows that the two-particle
real-space wave function ¢¥(t)) is given by

qf(revrhrt) = E

kw,c

Xexp(— %_Qst)}'/’;k(rh)l/fcmq(re). (12)

{2 ASy (S (t=0))
S

The approach discussed here can also be used to calcu
the time evolution of asingle particle statgy;(t)) at wave
vectork. For this case, we get

(D) = 2 (|t = 0))ex;<— I%EanPt)WSkP)- (13

paid to the number of valence bands, conduction bands, and
k points for the expansion of the excited stdtefs Eq. (4)],

both for the bulk crystal and for the surface systésee Sec.

Il B). All data are compiled in Table I.

Initially, we have included the three pralence bands
(v=2-4) and the four lowest conduction bands=5-8),
yielding good convergence of all excitations below about 20
eV. We use 25& points(i.e., an equidistant grid of spacing
1/8X 2w/ a, yielding 512k points in a cube of side length
21/ a, of which 256k points are inside the Brillouin zone of
e foc structurg yielding a resolution of better than
~0.2 eV in the continuous part of the resulting spectrum.
Figure 2 compares the resultirg spectrum(solid line) with
experiment®

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

TABLE I. Number of valence band@\,,), conduction band$N.), andk points (N,) used in the BSE

calculations for the various systems discussed in

this paper. All surface systems arg 001BR€1 X 1)

geometry.

System N, Nc Ny Dim. Remarks

(1) MgO bulk 3 4 1/2 of 8X8x8=256 3072 Converged

(2) MgO bulk 3 1 1/2 of 8x8x8=256 768 Exciton well represented
(3) MgO surf., six layers 18 24 B6=36 15552 Consistent with 1.
(4) MgO surf., six layers 18 6 B 6=36 3888 Consistent with 2.
(5) CO monolayer 4 3 & 6=36 432 Converge&H} state
(6) CO:MgO, six layers 4+18 3+6 ¥6=36 7128 Consistent with 4./5.
(7) CO:MgO, four layers 4+12 3+4 ¥ 6=36 4032 Convergence test
(8) CO:MgO, seven layers 4+21 3+7 X6 =36 9000 Convergence test
(9) CO:MgO, four layers 4+12 3+4 88=64 7168 Convergence test
(10) CO:MgO, four layers 4+12 3+4 1010=100 11200 Convergence test
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FIG. 2. Optical absorption spectrusﬁ(w) of bulk MgO, calcu- FIG. 3. Surface band structure of Mga1)—(1X 1), obtained

lated from three valence and four conduction bafsdsid curve, as  within GWA. Only the bands that are included in the Bethe-Salpeter
well as from three valence and one conduction bafdisshed equation are shown. The vertical lines indicate the projected bulk
curve), respectively. The dash—dotted curve shows the independenband structure.
particle spectrum, i.e., without including the electron—hole interac- .
tion. A Lorentzian broadening of 0.3 eV has been used. The opeR0INY are truly localized surface states. As expected for an
circles denote the experimental result taken from Ref. 38. 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 laj@xs
Mg atoms and six O atoms6X as many valence and con-
duction bands have to be taken into account for the optical
excitations to be consistent with the bulk calculatiéhable

first exciton peak is located at 7.7 eV with very small binding
energy(0.1 eV). To see the effect of the electron—hole inter-
action, the optical spectrum obtained from GWA interband
transitions only(without electron—hole interactigis plotted

as .the dot—dashgd curve in Fig. 2, as well. Apparently, th?). The case of three valence and four conduction bands in
entire spectrum is significantly affected by the electron—hok?he bulk calculation of the, spectrum would then translate

gfﬁr?ggaﬂé Z;Sree)g;i‘:ﬁgalflor t%esyssz;;n; gghthvgigko%?;?sgén%b 18 valence and 24 conduction bands in the slab represent-
. : entially 15 n¥g the surface. This quadratic scaling with system size leads
Benedictet al. in a similar calculatiort:

The main contributions to the low-energy excitations stemtO matrices in Eq(5) that are too demanding to diagonalize

. . . (see Table)l Fortunately, as discussed in Sec. lll A, we can
from transitions into the lowest conduction bafig 3s). It . P L
. - : . reduce the size of the matrix in E€p) by considering one
is thus sufficient to restrict the expansion of E4) to tran- %) by 9

" X conduction band per Mg atom, onf§.e., six conduction
sitions from O 2 to Mg 3s, only (see Table)lwhen foc_usmg bands in totgl yielding accurate excited-state data below
on the low-energy part of the spectrum. The resulting spec:

: O about 12 eV excitation energgWhen the CO monolayer is
trum for bulk MgO |s_shown by the daShed line in F'g.' 2 adsorbed, three more conduction bands will be included to
Apparently, for energies below 12 eV this spectrum is in

d twith the full d ¢ ith th account for the molecule statgs.
good agreement wi € 1ully converged Spectrum, wi € Figure 4 shows the optical absorption spectrum of

peak positions being reproduced very well. Note, howeverM o -

) T gO(001)—(1x 1) for normal incidence. The spectrum is
that the amplitude of the spectrum is significantly affected :
due to missing optical dipole contributions from the higherdommated by a strong peak below the QP surface band gap

surf_
conduction bands. In the case of the M@OD)—(1X 1) sur- (Egap_s'l eV).
face and of the CO:Mg@®01)—(1 X 1) adsorbate system this 10
means that, as long as we are mainly interested in the ener-
getic positions of low-energy exciton states i.e., below 12 eV, 8r
it will be sufficient to restrict the number of contributing
empty substrate bands to one band per Mg atom in the unit 6l

cell. "y

B. MgO(001)—(1X 1) surface

The MgQ(001)—(1x 1) surface does not reconstruct and gap __ ]
exhibits weak relaxations, onlz=-0.03 A for the surface L
Mg atoms andz=0.03 A for the surface O atomnsNe rep- 4 8 12
resent the surface system by a supercell geometry of six
atomic layers6 Mg atoms and six O atomand a vacuum FIG. 4. Optical absorption spectrum of the M@D1)—(1x 1)
layer of 12.7 A. Figure 3 shows the corresponding GWAsurface(calculated for normal incidence of lighis shown as solid
band structure. curve. For comparison the independent-particle spectrum, calcu-

While most of the states are bulk-like, only the highestlated without electron—hole interaction, is shown as a dashed curve.
valence bands and the lowest conduction banésr thek Lorentzian broadening of 0.14 eV is included.
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Mg _L2.30A — o (07)
o O o & o 0.0 =
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FIG. 5. Optimal adsorption geometry of CO on M@01—(1 _i5 w —1r(159
X 1) (side view. Note that the figure shows a plaj&¢00] plane of o o (188
the underlying MgO bulk crystain which second-nearest-neighbor -20 ’

CO molecules are displayddt a distance of 4.21 A

FIG. 6. Left panel: GW band structure of an isolated CO mono-

This peak originates from four states that are degenerateyer, center panel: GW band structure of CO:M@a0—(1x 1),
in energy. The detailed analysis of their wave functionssolid and dashed curves denote CO and MgO bands, respectively.
shows that these states are strongly localized at the surfacEje energies refer to the vacuum leyat VBM(MgO)+7.4 eV].
i.e., they are surface excitons. The binding energy of thdhe vertical lines indicate the projected bulk band structure. Right
lowest exciton is 0.6 eV, which is significantly stronger thanpanel: onsite energies of the CO bands of the center panel, as ob-
the binding energy of the bulk excitoi®.1 eV). The wave tained by tight-binding analysis, indicating the energetic positions
functions of these states are similar to those presented in Retf @ single CO molecule adsorbed on MgO. The numbers given in
23 for the LIKO0D)—(1 X 1) surface. In the following section brackets denote the onsite energies, allowing the direct comparison
these excited states will be coupled with the excitations of/th the energy levels of gas-phase CO.

adsorbed CO molecules. ture of an isolated CO monolaydi.e., the same system
without the MgO substrajas shown in the left panel. From
IV. EXCITED STATES OF CO:MgO (001)—(1X1) analyzing the wave functions, the states of the combined

. . . ... system can clearly be identified as molecular stdtés-
Before addressing the electronic and optical eXC|tat|onsp|ayed as solid lingsand MgO substrate stateglashed
the QeomePW of th_e adsorbate system CO:N@)—(1 lines), respectively. Both in the isolated monolayer and in the
X 1) is considered first. adsorbate system, the CO bands show significant dispersion
caused by intermolecular single-particle coupling of up to 1
A. Geometry eV due to the small distance of 2.98 A between the mol-

We start from the previoud X 1) surface unit cell, which €cules. A tight-binding analysis of this dispersion allows us
consists of six substrate layers. We consider the adsorption & evaluate the single-particle levels of a single CO molecule
one full monolayer, i.e., one CO molecule in eadnx 1) on MgO. T_hese are shown |n.the nght-hand_ panel of Fig. 6,
surface unit cell(see Fig. 5. Minimum total energy is accompanied by a schematic representation of the MgO
achieved for vertical adsorption with the molecule C atomdensity-of-states. The CO states and the substrate states are
bound to Mg(Mg—C—O). Tilted orientations and binding via S€Parated in energy. The CO hole stdtesat —18.4 eV, I

. : - .at —15.3 eV, and & at —13.4 eV} are located below the
substrate O atoms leads to higher energy, while binding vid '
the O atom of the molecule is repulsive. The optimized ge_valence bands of Mg@rom —13.2 to —7.4 eV). The CO
ometry is shown in Fig. 5. electron stat€27 at 0.7 eV is located near the MgO bulk

The C-O and C-Mg bond lengths result as 1.13 and 2 gonduction band minimum at 0.4 eV, i.e., it is located at an
A, respectively, in good agreement with earlier embeddedENergy at Wh'.Ch the d.en3|'ty of St‘?‘tes of the substrate is very
clhster calculat'ior?§'27 and periodic DFT calculatioré:28 small. There is very little interaction between the molecular

The adsorption energy per unit cell amounts to 0.5 eV ipstates and the substrate states, leading to weak level repul-

LDA, which is close to the value of 0.3 eV per molecule sion. This implies that holes or electrons excited in the mo-
giver,1 by a previous DFT-LDA calcula:[ion using the full- lecular orbitals should have a rather low probability of hop-

; . ; ing to the substrate.
potential linearized augmented plane-wavé&LAPW) ping to't .
method?® Note that LDA usually yields good adsorption ge- It is interesting to note that the CO hole levels of the
ometries but tends to overestimate adsorption energies. In t sorbed mole_cule are higher in energy than those of a smgle
present case of CO:Mg001)—(1x 1), DFT calculations O molecule in the gas phase, while the electron level is
within the generalized gradient approximati@@GA) yield g)r;’;?riéhsagf'_nlghi gals(a %haasrfd—lzfst gas\'/proarsicf waengbtam
an adsorption energy of no more than 0.12é%Experimen- g o " ' =

; - : ; , Which are in very good agreement with measured ioniza-
tal investigations have reported a_ldsorptlon energies betweetslrgn energies of-19.8, ~17.0, and—14.0, respectivel} At
0.15 and 0.43 eV for a single CO molecule on .

MgO(001) 3031 the surface, these levels are raised by about 1(Ehe 5

level is raised by 0.5 eV, only, due to level repulsion from the
MgO valence states.The 27" level, on the other hand,
which we find at 2.4 eV in the gas pha@s a resonanggis
Figure 6 shows the GW quasiparticle band structure ofoweredby 1.7 eV. This modification is a typical correlation
CO:Mg(001) -(1x 1).For comparison, the GW band struc- effect of dielectric screening: Due to the polarizability of the

B. Quasiparticle band structure
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E(eV) E(eV) FIG. 8. Panelga) and (b) show the distributior(side view of

G f I Obtical ab . f the isol dthe electron relative to the hole and the hole relative to the electron,
FIG. 7. Left panel: Optical absorption spectrum of the isolate respectively, for the first exciton stafHI) (at 7.9 eV} of the iso-

CO monolayer, right panel. c_)pt|cal absorp_no_n spectr_um OfIated CO monolayer. The hole in parta) and the electron in panel

(_:O:MgO(lOO)—(lX 1). A broadening of 0.14 eV is included in the (b) are both located at the C atom. Pan@ls and (d) show the

figure. distribution (side view of the electron relative to the hole and the
hole relative to the electron, respectively, for the first exciton state

substrate the Coulomb interaction inside the molecule isat 4.9 eV} of CO:MgQ(001)—(1x1). The hole in panelc) is

screened so that the self energy changes. Simply speakinigcated at the surface O atom and the electron in p@hés located

additional screening raises the positive correlation energy it the C atom.

the occupied levels and lowers the negative correlation en-

ergy of the empty states. Consequently the fundamentl%}‘

HOMO-LUMO gap closes.

ote, thatW(r.,ry) is periodic with respect to simultaneous
attice translationR) of both the electrorir,) and the hole
(rp), i.e,, W{re,rp) =vr+R,ry+R). On the other hand,
the probability distribution of one of the particles relative to
the other shows a spatial correlation whict periodic.
Figure 8 shows such distributions for the lowest excited
The optical excitations of CO:Mg@01)—(1x1) are cal-  state of the free-standing CO filfe., the|'IT) state; left
culated from 22 occupied bandse., 18 substrate and four panel$ and for the lowest excited stat@t 4.9 eV of
molecular bandsand nine empty band§.e., six substrate  CO:MgO(001)—(1x 1) (right panels. The upper(lower)
bands and three molecular bands; cf. Tapl86 k points in  panels display the electrahole) distribution. In the case of
the two-dimensional surface Brillouin zonéSBZ) are  the CO film, the respective other particle is located on the C
sampled, which is consistent with the clean MgO SurfaCEatom of the central molecule. In the case of
Figure 7 displays the feSl}'“”@% spectrum for the free- CO:MgO(001)—(1x 1), the hole of panelc) is located on
standing CQ00D)—1x1) film (left pane) and for the the central atom of the substrate surface layer, and the elec-
coupled CO:Mg@001)—(1x 1) system. tron of panel(d) is located on the central CO molecule.
The excitation spectrum of the free CO film is dominated(l_ocating the hole on the molecule or the electron on the
by the|'IT) state at an excitation energy of 7.9 eV, constitut-substrate gives very low amplitude for the state in question.
ing the onset of molecular excitations. This state will be in|n the case of th¢1H) molecular excitatiorfleft side of Fig.
the focus of our time-depending investigations below. Theg, the hole and the electron are given by the GOahd 27
spectrum of the coupled system, on the other hand, is morerbitals, respectively. The lowest excitation of the coupled
complex. Its onset energy is 4.9 eV, given by two twofold substrate—adsorbate system, on the other hand, has a com-
degenerate exciton states with a binding energy of 1.2 e\pletely different composition: The hole consists of @/,
These states are charge-transfer excitons, i.e., they aegbitals in the MgO surface layer, while the electron is again
formed from an electron on the molecules and a hole on thgiven by the molecular 2 orbital. Note that, since the CO
MgO substratésee next paragraphDue to the large variety is located on top of a Mg atom, locating the hole on one
of substrate hole orbitals, there is a large number of sucBurface O atom causes electron amplitude on several CO
charge-transfer states, covering the entire energy range fromolecules[panel (c)], just as locating the electron on one
4.9 to about 9 eV. In addition to these states, substrate-tanolecule causes hole amplitude on several O surface atoms
substrate excitations contribute to the spectrum abovn panel(d). Similar distributions, i.e., the electron being on
~7 eV, as well(cf. Sec. Ill B). Itis important to note that the the molecules while the hole being distributed over substrate
['IT) molecular state is not visible in the spectrum any moreO atoms, is observed for most of the states in the excitation
(see below energy range of 5-9 eV, i.e., most of them are charge-transfer
The charge-transfer-exciton character of the excitationgxciton states involving a transfer of the electron from the
can be recognized in their wave functidnyre,ry,) [see Eq. substrate to the molecule.
(7)]. To display W5, we calculate the exciton probability Since the nature of the charge-transfer excitons of the
|Wy(re,ry)|? for a given hole positiom,, and show the distri- coupled system is so different from that of the molecular
bution of the electron relative to the hole, or vice versa.]'Il) excitation, it is most interesting to investigate the be-

C. Electron—hole excitations
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FIG. 10. Density distribution of the excited halstarting from

9 12 \1H>) with increasing time for at the central molecule. For better
E (eV) visibility, the charge density values in the substrate have been am-
plified by a factor of 5.

FIG. 9. Projected density of excitonic state¢E) (solid curve
of the moleculadlm state in the coupled CO:Mg@00—(1X% 1)
system. For comparison, the excitation energy(lﬁﬂ of the iso-
lated CO monolaye(7.9 eV is indicated by the dashed line.

A. Dynamics of |'IT)

We construct|11'[> in the free-standinglx 1) CO “film”

. 1 o (cf. left panel of Fig. 7 and consider this as the initial state
havior 01;| 1? V\t'hgnblt Itsh COUDt!e? t? th'te S#rfa}ge'r:f the state of the Schrodinger equation of the coupled system, i.e.,
were not affected by the substrate, it should show up as — ) = CO ; ;
sharp line in the optical spectrum of CO:Mm1)—(1 @(re'rh't__o)_\lfllm (re,r'h). The time Propagauon of the
x 1), which is truly not the casésee right panel of Fig.)7 ~ State and its wave function are then given by Egd) and
To analyze the effect of the substrate\bﬂ) in more detail, (12). As illustration, Fig. 10 shows the spatial distribution of

we define a projected density of excitonic state9O9 the hole \_/vith respect to the electron, and vice véc$aFig.
I'(E): 8), at various times.

At t=0, the excitation is localized on the molecule by

construction. At later times, the hole starts to hop to thepO 2
rE=2 |<31H>|25(E_QS)* (14) orbitals of the substrate. Already after 1 fs a substantial
S amount of the hole amplitude has moved to the substrate
surface layer. At still later timeée.g.,t=2 fs ort=3 fs) 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
. L N . line” resembles a spherical wave. Note that similar to the
This PDOS is displayed in Fig. 9. JfIT) were an eigen-  isirintions shown in Fig. 8, the charge distributions are not

state of the_ coupled CO:Mg.O system, the PDOS of Fig. 9periodic in space but rather show the correlation between the
would be given by a sharp line. Instead, we observe a ver lectron and hole.

broad curve around 8.9 eV, with a spectral width of more ", o ger to see how the exciton propagates along the ver-
than 1 eV. Apparently}"II) couples with many other states .o girection, we define a reduced correlation function be-

|S|>’ tmost oftr\]/vhichlarel charge—trr]a?sfertks‘tatesbi?vczlving @Mween thez coordinates of the hole and the electron by
electron on the molecule and a hole in the substrate. 220 0= 11 o1 20X X dyadyn, i.€.. by averaging

the full electron-hole correlation function over the coordi-

|'TT) does not exist as an eigen state in the'coml':)ined Sys.te%tes parallel to the surfacg(z,,z,,t) thus gives the vertical

g%hyggg?elp));(rtj ;)s :nO\i,;?[\i/aelr,stgr: (;‘at?lelr?;gemri(;:;ll;;/te rolistributions of the electron and the hole along the surface
: . : : normal. Figure 11 showg(z.,z,,t) at various times

before the interaction with the substrate is turned on at som g %(Ze: 20,1 Z(Z)

time ty. Since the state is then no longer an eigenstate, it wil enotes the vertical position of the excited electfbole)
0= L . 9 '9 o The two vertical and horizontal grid lines on the right and
not persist as it is, but will rather develop into something

different with time. We will discuss this time evolution in at the top indicate the position of the atoms of the mol-
Sec. V ' ecules, while the other grid lines indicate the atomic layers of

the six-layer substrate slab. #t 0 the excitation is localized
in the upper right corner by construction, i.e., both the elec-
V. TIME EVOLUTION OF ELECTRONIC EXCITATIONS tron and the hole are located in the molecular adlayer. Al-
ready after 1 fs, however, a significant portion of the hole has
We now address the time propagation of the internal exbeen transferred to the substrate. This transfer becomes even
citation of the molecule when it becomes coupled to themore pronounced after 2 fs when the hole amplitude on the
surface. This involves the dynamics of fiH) state, as well molecule is already much smaller than that on the substrate
as, the dynamics of individual charge carriéetectrons and layers. Note that after 3 fs the hole has reached the bottom of
holeg of which |*IT) is composed. the slab, which might lead to reflection and interference be-

where|S) are all the eigenstates of E¢) for the combined
system CO:Mg@001)—(1x 1), |'II) is the first exciton state
(at 7.9 eV of the isolated CO monolayer, a8|'II) is the
overlap between them.
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FIG. 11. Vertical electron-hole correlation function of the singlet
excitation statéstarting from|1H>) with increasing timez,(z.) de-
note the vertical position of the excited hdkdectron. The vertical 0 1 3
and horizontal grid lines indicate theposition of the atoms of the t (fs)
CO molecule(on the right and at the top, respectively, of each

pane), as well as the atomic layers of the six-layer substrate slab Fl_G' 12', Survival ampl_ltud_e of the molecular exuta_tlon as a
(on the left and at the bottom, respectiveely function of time(on a logarithmic scaje The three curves in panel

a were calculated for the four-, six-, and seven-layer substrate slab,
. . respectively, using 3& points. The three curves in pan@) were
tween hole waves propagating downwards and upwards in .giculated for the four-layer substrate slab, using 36, 64, anck100

Therefore, no definite conclusions about the propagation b?oints, respectively. The straight dashed line denotes a fit to the
havior beyond 3 fs are possible within the present supercelixponential decay as a guide to eye.

geometry containing six substrate layésse discussion be-
low). this, we have evaluated the time propagation in various sys-
Figure 11 clearly shows that only the hole transfers intotems, with the substrate thickness ranging from two to seven
the substrate while the electron remains on the molecule dayers. Data for four, six, and seven layers are shown in Fig.
all times. The reason for this behavior resides in the band2(a). A second issue that might influence the survival am-
structure shown in Fig. 6. Transfer of the electron from theplitude relates to by thk-space representation of the excited
molecular LUMO levels to the lower conduction bands of states. A finitek-space sampling of the surface Brillouin
the substrate is not possible since the substrate bands aene byn X n grid points implies real-space repetition of the
much higher in energy. Transfer of thelefrom the molecu-  excited state with a periodicity af surface lattice constants
lar HOMO levels to the upper valence bands of the substratén each direction. Since the excited state broadens laterally in
on the other hand, is possible. Due to this transfer the holéme (Fig. 10, it will mix with its replica after a certain time,
gains several eV of energy, which is used to break the strongrhich again might systematically falsify the survival ampli-
electron-hole interactiorié eV) inside the molecule. The tude. Furthermore, the coupling of the initial st&f) with
electron—hole interaction of the charge-transfer excitons iall other excited statelS) depends on the representation of
much weaker(0.7-2.4 eV. The possibility to shift band- |S) by thek point grid, as well. In order to investigate this,
structure energy(gained by the transferred holeinto  we have calculated the survival amplitude for the four-layer
electron-hole interaction is the main reason why the excitasystem using 36, 64, and 1@0points, respectiveljsee Fig.
tion (i.e., the hole accompanied by the elecjrean decay 12(b)].
into substrate-related states. The transfer probability of a All data show the following common feature$) At early
single hole from the molecule into the substrate, on the othetime (t<2 fs) the survival amplitude drops very fast, reach-
hand, is much lower as we will show below. ing a value of about 0.3 at=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 tkiaitial) lifetime of the decay
B. Survival amplitude process.(ii) Within the first 2 fs, the survival amplitude

A straightforward way of evaluating the transfer probabil- Shows weak oscillations. These oscillations, i.e., the devia-
ity quantitatively is given by mapping the propagating statefion from strictly exponential decay, are essentially the same

back onto the initial state, which constitutes a survival amfor all layer thicknesses, and are also quite insensitive to the
plitude k-point resolution (iii ) After aboutt=2 fs, the survival am-

_ plitude does no longer show a clear decaying behaviour, but
ATf%”a' =(W(t=0)|¥(t)) = (I[P (1)). (15)  exhibits some oscillations that depend sensitively on the sub-
strate thickness and on thepoint sampling.
The survival amplitude resulting from the system specifica- The fast initial decay within the first 2 fs can be under-
tions used so fafsix substrate layers, 36 pointg is shown stood from the discussion of Figs. 10 and 11, since the de-
in Fig. 12@) by the dashed curve. As discussed above, syseaying survival amplitude simply reflects the transfer of the
tematic falsification of the time propagation may result afterhole from the molecule to the substrate. The deviation from
the hole has reached the lower surface of the slab. To addresgponential decay, i.e., the weak oscillation within the first 2
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fs, are more complex to analyze. Most importantly, note that w0 ! w0 |
a truly exponential decay cannot be expected. Exponential — t=021s — t=1afs f
. o . . el t=04fs || |} -—— t=16fs i
decay, as discussed within timedependent perturbation - I
theory, results from the coupling of an initial state to a con- E ;
tinuum of possible final states. In the present case, however, QU MgO
the coupling of |'TI) is to the excited statesS) of the ——\ lj}
substrate—adsorbate systéim particular, the charge-transfer AORIS SRS S ;
excitong, which donotform a true continuum. Instead, they | = 1=0 i \ t=0 !
. . — t=06fs - i Ol — t=181s |
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 untl100 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 th¢'TI) state. We note in passing that {iH)
triplet state behaves in a very similar way, with an even
faster decay time of about 1.0 fs.

p(Zh, t)

p(Zh, t)

FIG. 13. Vertical density distributiop(z,,t) of the hole of the
C. Details of the hole within ['IT) (_‘,O excitop for_inc_reasing time. As coun_ting from the left to the
right, the first six circles denote six atomic layers of the substrate
The transfer of the hole can be analyzed in even mor@nd the last two solid circles denote the C atom sublayer and the O
detail by averaging the vertical electron-hole correlationatom sublayer of the CO adlayer, respectively. For comparison,
function x(z.,z,,t) over z, (the electron stays on the mol- p(z,,t=0) is included in every panel.
ecule anyway, thus arriving az,-dependent probability dis-

tribution for the hole only, changing with time: Another feature concerns the amplitude of the molecular
peak right below the C atom for times between 2 and 4 fs

p(zpt) :fX(ZerZhvt)dze- (16)  (see middle right and lower right panel of Fig.)12ppar-

ently, the amplitude of this peakcreasesaftert=2 fs, i.e.

This quantity is shown in Fig. 13 for between 0 and 4 fs SOMe hole amplitude moves back from the substrate to the
(for the six-layer slab, using 36 points. molecule. Thereforel(!I1|W(t))| for t=2.4 fs andt=4 fs is

At t=0, the hole is by construction localized at the CO bigger thar(*IT| ¥ (t))| for t=2 fs, leading to the fluctuations
molecule. There are three peaks surrounding the CO mopf the small remnants of survival amplitude after2 fs (cf.
ecule, corresponding to thesSorbital of CO. The largest Fig. 12. We note in passing that these features are again
amplitude is between the C atom and the Mg substrate atonsensitive to the-point sampling, leading to the quite differ-
i.e., slightly below the C atom. The outermost péskghtly ~ ent behavior of the survival amplitude after 2 fs.
above the O atom of Cthas the second-largest amplitude,
while the smallest peak is on the C—-O bond. As the time
increases froni=0 tot=0.4 fs, the first peakbelow O de-
creases while the third pealabove Q increases, i.e., the As discussed above, the main reason why the excited hole
intramolecular charge distribution of the hole changes, shiftcan hop from the molecule into the substrate, although it is
ing hole amplitude from the C atom towards the O atom. Inoff-resonant with the substrate hole states, is due to the in-
addition, a small amount of the hole has already moved intéeraction with the simultaneously excited electron. Without
the MgO surface layer. Since the survival amplitude meathe electron, the probability of hopping is much weaker.
sures(apart from the electrorthe overlap of the hole distri- Only for holes in the & orbital there is slight interaction
bution with the initial hole distribution, it is affected by both with the substrate hole states, leading to the slight level re-
mechanismstransfer towards the substrate and intramolecupulsion (cf. the discussion of the band structure of Fig. 6
lar redistribution. The intramolecular distribution of the hole with the bottom of the valence bands. This interaction causes
continues to fluctuate at later times, as well, as can be seen & small but nonzero hopping probability. To show this in
the changes of the relative amplitudes of the three intramodetail, we discuss here the time propagation of the CO
lecular peaks, i.e., below C, above O, and between C and Gingle-particle states after the molecule couples to the sub-
Betweent=0 tot=2 fs, the peak below C decreases mono-strate. We use single-electron or single-hole states of the iso-
tonically in time, while the peak above O does not changdated CO monolayer as the initial staig(t=0) of the
monotonically, i.e., the height ratio between the two peaksoupled system and then calculagg(t>0) using Eq.(13).
oscillates slightly, which may contribute to the deviation of To analyze the data, we evaluate again a survival amplitude
the survival-amplitude decay from being strictly exponential.of the states, i.e., the overlap with the initial stalt@,(t

D. Dynamics of single-particle excitations
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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
6 8 given by CO molecules adsorbed on the M§Q1)—(1 X 1)

surface. It is characterized by a vertical adsorption geometry

FIG. 14. Survival amplitudéon a logarithmic scajeof the CO  of the CO molecules on top of the Mg atoms with a
50 single hole state ak=(0.4167,0.416)27/a (dashed-dotted Mg—C—O bonding configuration. As the most predominant
curve, k=(0.5,0.42w/a (long dashed curye and Kk molecular excitation, we have investigated tﬁa) singlet-
=(0.5,0.4527/a (short dashed curyen the coupled system con- to-singlet transition, which occurs at an excitation energy of
taining six substrate atomic layers. As a guide to the eye, the thilf.9 eV. This molecular transition involves a hole in the 5
and thick solid lines denote exponential decay with time constantstate and an electron in ther2 state of the molecule. Both
of 8 and 27 fs, respectively. 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

found that the CO electron states2and the CO hole states the substrate. ThETT) state, however, although being com-

4o and Lr do not decay at alifor all k points when the posed from two such Iong-_llved states, sh_oyvs fast decay into
; ; r1c£,ubstrate-related states with only a surprisingly small decay

CO 5o hole states for wave vectors near thepoint, at time of about 1.6 fs. A closer analysis reveals that the decay

which the molecular band becomes slightly resonant with th@ccurs into charge-transfer exciton states, composed from an
substrate valence bantsee middle panel of Fig.)pleading ~ €lectron on the molecule and a hole which is distributed over
to some charge transfer into the substrate. the substrate. ThEII) state thus undergoes a charge separa-
As representative examples, Fig. 14 shows the survivalion, i.e., the electron remains on the molecule while the hole
amplitude of the CO & band for three wave vectork is transferred into the MgO substrate. The decay time of 1.6
=(0.4167,0.416)27/a, k=(0.5,0.427/a, and k fs associated with this process is a factor of 5 shorter than the
=(0.5,0.4527/a (a=2.98 A). Apparently, these states show shortest decay time of single-particle processes between the

a much slower decaywith typical decay constants of the Molecule and the substrate.

order of 8-27 f§ than the decay of the exciton discussed

above. This holds in particular for the hole state at khe

point (0.4167,0.416)27/a, which is contained in the 36- ACKNOWLEDGMENTS

k-point representation of the exciton. This clearly shows that
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