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Adsorbate Vibrational Effects on the Photodesorption of CO from Cu(001)

D. A. Micha* and A. Santana

Quantum Theory Project, Departments of Chemistry and Physicgetsily of Florida,
Gainegille, Florida 32611-8435

Receied: October 3, 2000

We have studied the desorption dynamics of vibrationally excited CO on Cu(001), induced by femtosecond

pulses of visible light. The theory is based on a density matrix approach and the propagation of wave packets
using a basis of two electronic states and a model which includes the distance from CO to the surface, and
the displacement corresponding to a frustrated-translation mode of the adsorbate vibration. The model
incorporates potential energy surfaces from electronic structure calculations and contains dissipation effects
represented by complex potentials. Equations for density amplitudes are solved nonperturbatively with a
propagation procedure valid for large light fluence values. The population of vibrational states of the adsorbed

CO were calculated versus time as it desorbs. Desorption yields are found to be more pronounced for initially
excited vibrational states. Temperature effects are considered for several initial thermal equilibrium distributions

before the arrival of the light pulse.

1. Introduction the CO/Cu(001) system, it is known from experimental Wb?k

that the softest vibrational normal mode is a frustrated translation
of CO parallel to the metal surface, called the T-mode, with a
vibrational energy quantum of 32 cth This mode is excited

at the low temperatures, around 100 K, used in measurements

Accurate quantum mechanical studies of chemical reaction
dynamic$ show that vibrational energy initially stored in
chemical bonds has a large effect on probabilities of reactions

and bond dissociation. This contribution describes the photo- of photodesorption yields. The light pulses are known to be

desorption of CO from the vibrationally excited @u(001)  opqqrhed by the metal, inducing excitations between electronic

a_tdsorbate, foII_owing absorption of a femtos_econd pulse of visible band states, which are then transferred to the adsorbate location
light. The subject of femtosecond desorption of molecules from and lead to bond breaking. For CO/Cu(001), the result of this

Slfhd sgrfzillces has been actwel;(; stud|ed| exp.e”mer:'ta”ybandindirect mechanism is that CO desorbs most probably in its
theoretically in recent years, and several reviews have beeng . g electronic state, while the surface is left electronically

. 5 ]
publishect™ Our treatment is based on a model we have excited, and later on relaxes by electrgghonon coupling:?®
recently developed to account for the dissipative dynamics of We are presently concerned with the effect of initial

Lhese ph%n(()jmenal, n}akm_gkljjse foét(i)egsny rgla(tir;x metﬁﬁd’;' d vibrational excitations on the desorption yields. These excitations
as provided results for yields o esorbed from the ground ¢, ;14 result from heating of the surface, or from preparation of

vibrational state of the system, versus the fluence of the IOl.Jlsethe adsorbate in a specific vibrational state. We assume here
and fp r the delay betweeq arrival qf the pulse and desorption, that the states of interest are the frustrated translations, with
both in good agreement W.'th experimetitand has peen _used vibrational states labeled by the quantum numhber

to predict the effect of chirped pul_ses on desorption yiélds. The sequence of events triggered by absorption of a light

The approach has been generalized to account for relatedpuls’e is as follows, with the * and  symbols signifying

pmheedr?gmgng where bond breaking results from activation of a electronically or vibrationally excited substrates, respectively.
The CO adsorbate sits, at low surface coverage, on top of a light * (i .

Cu atom, with its axis perpendicular to the surface. pThe COw)/Cu(001) CO)/Cu(001)" (light absorption)

vibrational motions of such adsorbates have been extensively  CO(y)/Cu(001)*— CO(') + Cu(001)* (break-up)

studied experimentally for the ground electronic states of several

systems, and involve analysis of the normal modes of the CO(y)/Cu(001)*— Co(y')/Cu(ooﬂ

adsorbaté41> Theoretical studies have also clarified the role (electr.-vib. en. transfer)

of dissipation in the relaxation of vibrationally excited adsor-

bates}®!”and have been the subject of dynamics studies based  cO(")/Cu(001) — CO(@'"")/Cu(001) (vibr. relaxation)

on ab initio electronic structure calculatiol’s?° Recent

theoretical work has dealt with the effect of initial vibrational CO(')/Cu(001j — CO('") + Cu(001) (break-up)

excitation of a metatcarbon bond} vibrational energy dis-

sipation using a density matrix treatm@atand the role of  corresponding, respectively, to absorption of light, break-up in

excitation of the N-O stretch mode in photodesorptighFor the electronically excited state, electronic-vibrational energy
transfer into the ground electronic state, vibrational relaxation
T Part of the special issue “Aron Kuppermann Festschrift”. there, and break-up in the ground electronic state, with the

* Corresponding author. second step being the most probable.
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"""" N pulse, but refer to recent publications for detailed derivatfols
of the theory. We describe the potential energy surfaces and
couplings between electronic states, and the numerical proce-
X dure, and finally results on photodesorption yields. The Conclu-
sion section points out some of the implications of this study
for the treatment of metal surface coverage, and for fundamental
7 studies of chemical bond breaking at metal surfaces.

2. Physical Model for CO/Cu(001) Interacting with a
Short Light Pulse

The Hamiltonian operator for the total system made up of a
moleculeM and substrat&, interacting with lightL, is

H(t) = Hy + Hs+ Hys + Fy () + Hg ) (D)

whereHy, Hs, Hus FAw(t), and Hs(t) are, respectively, the

Figure 1. Partition of the CO/Cu(001) system into primary and Hamiltonians for the free molecule, the substrate, the coupling
secondary regions, and coordinates for the model. between the molecule and substrate, the coupling between the
molecule and light field, and between the substrate and the light
Our model for photodesorption starts with a partitioning of field. However, in cases where the molecule is strongly
the physical system into a primary region including the adsorbed iyteracting with the medium, as in chemisorption, it is more
molecule and nearby metal atoms, and a secondary region withconyenient to redefine the region where a localized dynamics
the remaining metal atoms. The system is described by meansyf interest occurs. Introducing a primary (p) region containing
of a density operator and a self-consistent field treatment of {ne moleculeM and adjacent bath atoms, and a secondary (s)
the interacting regions, which we had previously also applied yegion including the remaining bath and interacting with light,

to photodissociation of polyatomi€&z®In the case of desorp-  the Hamiltonian operator terms are regrouped into the form
tion, where the metal substrate involves many rapidly decaying

excited states, it is acceptable in addition to introduce a H(t) = A°(t) + ﬂsl(t) 2)
stochastic description of the secondary region with an assumed

fast response. The model leads to a time-dependent Liouville-where

von Neumann (L-vN) equation for the density operator with an

(4
()
(4
(J
@

effective Hamiltonian for the primary region, including a P b i N B ~ S i A
dissipative potential terrh?1! An alternative more recent H() = Hy X, IX +H{{BY) + Hd X, a)*(’{B} ®)
derivation using superoperators in Liouville space leads to a _ .

more general description of dissipatith. with X a set of primary degrees of freedom, 4} a collection

The effective Hamiltonian can be expanded in a basis set of of boson-like operators (electretole pairs or phonons)
two electronic states, and expressed in terms of two potential describing excitations of the s-region, and the interactions of
energy surfaces and their couplings, and the mentioned dis-the s-region with light given in the dipole approximation by
sipative potential functions. The potentials were previously
obtained from a combination of electronic structure calculations Hy(®) = — f d 0 (T.H)DT) (4)
within a semiempirical (ZINDO-CI) approximatici, which R
have provided the electronically excited states and transition in terms of the dipole per unit volumBs in the s-region,
dipoles for our model of CO adsorbed on a cluster of Cu atoms, pProjected on the direction of the external electric field with local
and of measured bond distances and energies for the ground/alueeiqc inside the s-region. .
state, and were parametrized for our recent study of the Our treatment starts with with the density operafgt) for
dynamics induced by an intense laser pdi3avo degrees of  the whole system, satisfying the L-vN equation
freedom are included in our treatment, one for the distahce A LA A
between the center of mass of the adsorbate and the substrate, al'/ot = (iR) [HI'(t) — ['(HH] )
the other for the displacement due to parallel vibratian$hese
are shown in Figure 1, which also displays an illustration of
the primary region.

The resulting density matrix differential equations involve 2
x 2 matrixes whose elements are functions of the time and two
space variables. They have been solved using a time-depende
split-operator propagator (SOP) in tirffeand a fast Fourier
transformation (FFT) between space domain and momentum
domain for the space variables. The SOP procedure WaSmedium and averaging over a distribution of initial values of

modified to mclude'an. adFj|t|0naI umtary transfprmaﬂon fagtor the substrate electronic density amplitudes, shown here by a
to account for the dissipation terms in the effective Hamiltonian. J)ar so that

This procedure has provided state populations versus time an

This equation can be rewritten to display energy fluctuation and
dissipative term8! and to incorporate assumptions about the
interaction of p- and s-regions. Strong couplings must be
expected between p- and s-regions when the latter is activated
by light absorption. Therefore a perturbative treatment for their
Nhteraction would not suffice; our approach has been to instead
look for a self-consistent field (or mean field) molecular
approximation, justified by the introduction of a stochastic

distances from which we could extract the yield dependencies 12 1) = IP(1) @ 5t 6
on initial vibrational state of the frustrated-translation (T) mode, ® ® ® ©)
and on the initial temperature of the substrate. at all times. An equation for the p-region density operator can

In the sections that follow we briefly describe our physical then be derived using the assumptions that fluctuation forces
model for CO/Cu(001) interacting with a femtosecond light average to zero on the primary time scale, and that the
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dissipation is instantaneous, to obtain which must yet be expanded in a basis\gfp-electronic states
A o R |P;(Z, X)Oas
arP/ot = (ih)fl[Fp, IP(t)] + (dIP/dt) e
Nel
Fo=H, TG, ) Ye(Z x 0= zlwh(z, X DIPyZ, )0 (14)

with G, = trdHpd 5], and where we have included a dissipative
rate term which follows from the formalisfito be specified.  where the coefficients are nuclear wave functions which satisfy
The procedure we have followed to construct the dissipative a matrix equation.

rate is based on the decomposition of the p-density operator in - gjecironic states were obtained from ZINDO-CI calculations,

terms of amplitudes. Using here normalized amplitud€§t)  which provided potential energy surfaces and transition dipoles
and statistical weighta, for p-statesx, the normalized density  for adiabatic state$The excited state with the largest transition
operator Is dipole in the region of relevant photon energies (around 2 eV)
oo b 0 was selected to form with the ground electronic state a two-
() = zwa|lpa(t) L 240 (8) state basis set, so thht= g, e, giving an adiabatic representation
o

of operators in terms of X 2 matrixes. The matrixes were

then transformed into a diabatic representation with nuclear

wave functions{5,}, to eliminate momentum couplings and
0| o . A b numerically solve the matrix differential equations. The upper
'h&‘#’oﬂ: (Fp = IWY2) Iy ()0 9) index d will be dropped in what follows.

. Ground and excited PES4(Z, X) andVe(Z, x), the diagonal
whereW, is a positive dissipative operator derived from the elements of a matri¥/, can be written in terms of the-6Cu
residual couplingI:i' describing the correlation of motions  distancer = (22 + x9)Y2, wherez=Z — ydco is the distance
between p- and s-regiofid? In terms of the amplitudes  from the Cu atom at the origin of coordinates to the C atom, in
[Wh(t) 0= |whOI[@h(1)|yE(H)TY2 the reduced L-vN equation  terms ofy = Mo/(Mc + Mo) and the equilibrium distancé-o
becomes between C and O. Letting; and r be the values of for

equilibrium valueszg and z in ground and excited states, we

which can be constructed from amplitudg$(t) satisfying

iaa_I:p = (F, — W 2)I*(t) — TP(t)(F, + iW/2) + iK I (10) write
with Vy(Z, x) = Vi{exd —20,(r — ry)] —2exd—o,(r — ry)]} +

o Mco@,(2)%/2 + AV,

Ko =S Wokg WEOMP()] :
o Q,(2) = Q;(2)[1 — tanh(2a,,(Z — Z,)]/2 (15)

— PN P

I W oWl Wl (11) with AVy = 0 and other parameters found in ref 9 for g, e.

Dissipative potentials were given a dependence on atomic

positions consistent with the overlap of substrate and adsorbate

atomic orbitals, of the form

This displays the effect of dissipation and gives a primary
density operator with a time-independent normalization.

A similar equation applies for the s-region. It includes the
interaction with the external electric field of the light pulse,
and leads to a sufis(t) = ['(t) + ['(t) of a term appearing in Wy(Z, X) = W) exf—2a,(r — r))] (16)
the absence of light plus a term due to the interaction with the
light field. This in turn givesGy(t) = Gy + Gi(t), where the  with exponential parameters from ZINDO and preexponential
last term describes the indirect coupling of light to the p-region. factors from experimental values of electronic state lifetimes

In more detaif:12 75 and o, with W) = h/zrg and W = A/, that form the
. diagonal elements of a matriw .°
G'p(t) = —f dzj; dt'Ay(t, t'; 2)Boe(z 1) (12) Diabatic couplings, the off-diagonal elements of ¥end

W matrixes, followed, respectively, from the electronic structure
whereA, is the effective dipole density per unit time describing calculations and from the requirement that the dissipative
a nonlinear response to the local field at a depthside the ~ potential should have nonnegative eigenvalues, and were
metal. For a stochastic s-region, the response is instantaneougarametrized as
and we have thai\(t, t; 2 = 20(t — t)A(z t), which

simplifies the expression for the indirect coupling. A more V(Z, ) = (VY2){1 — tanHo(r — r)]}
explicit form for the effective dipole operator may be found in
ref 12. re=2.— ydeo a7

3. Computational Procedure and

The dynamics of the primary region can be obtained from
the solutions of the operator differential equation WL(Z, X) = [W,(Z, YW,(Z, x)]Y2 (18)
0 ~ ~ N A
'hﬁ YalZ, X, t)Dz (K, + V, + Gy — iW/2)[y2(Z, x, )0 with parameters tabulated in ref 9. Finally the calculated off-
(13) diagonal element of the dipole matr®, was fit with the
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functional form Populations of the electronic statés= e, g evolved from
5 the initial vibrational states. = I, vz, vx were obtained from
D (Z, X) = DoZ{1 — tanh{n(Z — Z )1} (19)

P() = {5,015, (00 (25)
with parameters also listed in ref 9.

Using these matrixes for the potentials, the matrix equation while photodesorption yields followed from
for the nuclear motion amplitudes in the diabatic bdshﬁ(z,

1 % *Xmax,
X)} is Yiu® = [ [ 32 x HI7dZ dx (26)
.0 5 i
'ﬁw(z’ x)=(K+V- EW + Gl)w(z' x 1) (20) whereZp = 9.2 au, is the distance past which desorption occurs.
These populations satisfy the relatin+ Pe = 1 — Pgiss Where
wherey is a column 2x 1 matrix andK, V, W andG' = P4iss IS the dissipation probability relating to energy loss into
—Aeioc(t), with A the matrix of theA effective p-dipole, are 2 the substrate; this is small in our case, so that using instead
x 2 matrixes. normalized wave functions gives the same calculated yields to
The propagation of the density amplitudes is done specifying our accuracy.
first the initial states at= 0 with vibrational quantum numbers Thermal averages at surface temperatlrese given by
vz = 0 andwy, so that only the T normal mode is excited, and ~
the initial state isx = (g, 0, vy), Yyt T) = zwa('DYJa(t)
o

|lp(1(zi X, O)DZ ngyx(Zl X)|q)g(zi X)D
W, = exi(—Ey/ksT)/Q,in(T) (27)

Z,X)= . o - .
wgo”x( ) in terms of the Boltzmann distribution and partition function
N, exp[—03(Z — Z,)*] exp[—adX] H, (v2a, X) Qi for the vibrational modes.
4. Results for Desorption Yields
o2 =40.31 aw’ = 3.78 au (21) P
Calculations were done for an electric field pulse with a
whereyq,,(Z, X) is an eigenfunction oH,, the ground-state ~ Gaussian envelope peaking at a titgeand a carrying wave

Hamiltonian, ancH,,(y) is the sth order Hermite polynomial, ~ With a central wavelengtito = 620 nm,
generated from the first two polynomiat(y) = 1 andHi(y)
= 2y and the recursion formuld,+1(y) = 2yH,(y) — 2vH,-1(y). o 2 |V 4t — to)°
The propagation over time was done within a split-operator e(t)y =2F ? ex _T coqwgt) (28)

(SOP) scheni@repeatedly used at time intervais= to + nAt,
n = 1 to Ns, modified to include a dissipative potentfl.The

X . . . with wo = 272¢/lg, A the pulse width, ané its fluence averaged
time evolution of the wave function fromto t +At is wo 0 P 9

over frequency oscillations. We have get= t, for convenience.
_ For the effective transition dipole operator, we chose the
Wt AD = U+ AL Dy () following form suggested by the theoretical model,

Ut + At t) = exd —i[K + V + G'(t) — iW/2]AtR}  (22)

_ _ _ _ A,=0Dla+ ﬁ(i)z] (29)
in terms of the time-evolution operator for a small time Fo
incrementAt. ~
The SOP factorization can be used repeatedly, first for the with Fo = 1.0 mJ/cm, anda. = 0.40 and8 = 0.28 obtained
dissipative potential to obtain fitting the experimental values for yields Bt= 1.5 mJ/crd
andF = 4.5 mJ/cri.10
U(t + At, t) = U (AU2)U'(t + At, t)U,(A/2) Results were obtained for each initial vibrational quantum
numberyx = 0 to 6 and forvz = 0, starting the calculations at
U (At2) = exd —WALU/(4h)] t = 0 from the ground electronic state= g before arrival of

a pulse with fluencé = 3.0 mJcn?. Thermal averages were
U'(t+ At t) = exp{—i[R +V 4+ G'(t)]At/h} (23) generated for surface temperatuiless 75, 100, 125, and 150
K. Figure 2 shows results for the yields(t) = Y ;Y (t) versus
and next for the time-dependent potent&ft) = V + G!(t so ~ time up to final times of 17 000 au (with 1 fs 41.342 au),

that after which the desorption can be considered as complete. It
A also shows for comparison the shape of the Gaussian pulse,
U'(t + At, t) = exd —iV' () At/(2h)] exd —iK At/A] which illustrates the delay between arrival of the pulse and

exd—iV'()At/(2h)] (24) completion of desorption, with a delay time in agreement with
experiment? The asymptotic values of the yield increase with

which are accurate to ordeét®. Exponentials of 2« 2 matrices vy, except for a slight decreaseat= 1, 2. Figure 3 provides
are easily obtained by diagonalization of the exponents, andagain yields for each vibrational state, but now weighted by
the exponential with the kinetic energy operator follows from the Boltzmann probability at a temperature of 100 K, or
a fast Fourier transform to momentum variables. The propaga-w,Yq(t), and shows that now the vibrational states contribute
tion was done for a grid of points in tliandx variables, and to the yield in the same order as their population values, with
with sufficient time steps to converge to desired accuracies. the ground vibrational state the most populated and also the
Typical propagation parameters are given in ref 9. one giving the largest yield. Finally Figure 4 shows cumulative
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Figure 2. Time evolution of the yields for the individual initial

0.020

0016 |

0012 |

0.008 |

0.004 |

0.000

105, No. 11, 2001

Micha and Santana

v, =1
—--- v =2
——-v=3
—-—v,=4
V=5
v,=6

«~~== pulse envelope |

v, =0

photodesorption is promoted by initially exciting the frustrated-
translation vibrational mode.

Thermal weighting of the initial vibrational states brings the
dependence of yields on initial vibrational states back to the
expected order from an initial Boltzmann distribution, but the
higher efficiency of energy stored in excited vibrational states
means that a deviation from the Boltzmann distribution arises
during the dynamics of photodesorption. Adding over our initial
states and varying the initial surface temperature around 100
K, typical of experiments, gives theoretical results indicating a
slight change in yields as initial temperatures are lowered.

The model employed in the present calculations was previ-
ously used to calculate the nonlinear dependence of photode-
sorbed CO versus laser pulse fluence, and the time dependence
of the desorption process, which showed a delay time between

0 3000

6000 9000 12000 15000

time/au

vibrational states of the frustrated-translation mode.

Figure 3. Yields for initial vibrational states with populations weighted
by the Boltzmann distribution for a surface temperature of 100 K.
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Figure 4. Cumulative yields versus time for several surface temper-
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18000 arrival of the pulse and completion of desorptfdmgth in good

agreement with experiment. The model has been based on
calculated potential energy surfaces and parametrized dissipative
potentials. The potential energy surfaces were obtained for
variable parallel displacements from equilibrium of the adsorbed
CO, from which it was possible to estimate the displacement
force constants for the ground and excited electronic states in
the model. The present results made use of the same model
potentials to predict the effect of initial vibrational excitation

of the T-mode of the adsorbed CO on the photodesorption yields.
These depend on the shape of the potentials, which are only
approximately known, and could change if potentials were more
accurately calculated. The present results nevertheless indicate
that measurements of yields versus initial vibrational states could
provide a valuable probe of interaction potentials which are little
known, particularly for electronically excited states.

Our model is compatible with the assumption that hot
electrons are responsible for the fast response of the metal
substrate to the light pul$é€.In our case the primary region,
which contains both the adsorbate molecule and neighboring
metal atoms, undergoes an electronic rearrangement and electron

transfer consistent with that picture, but more specifically due
to the interaction of this p-region with the electrons of the
excited substrate or s-region. Because of the fast response of
these electrons, our stochastic description leads to the indirect
coupling potential of eq 12, of the forlﬁ'p(t) = Ap(t)Em(t),

with the same shape as the initial pulse. This assumption can
be investigated by considering the nonlinear optical response
of the metal substrate, and some preliminary Wik this
(without electronic relaxation) indeed shows a fast response.
More recent ongoing wof including relaxation due to
electron-electron collisions, indicates that the response shape
is similar to the incoming pulse shape, but delayed as shown in
ref 9 and first found experimentally.Electron relaxation due

to the electror-phonon interaction is too slow (on the scale of
several picoseconds) to affect the desorption which occurs in

0 3000

12000

9000
time/au

6000 15000

18000

about 100 fs.

The optical control of desorption of adsorbates is also of great
interest, and our model has previously predicted a large effect
of chirping of the laser pulse, which could be used to enhance
or suppress desorption of CO from Cu(081)The present

temperatures, and indicates that temperature effects are smalll€Sults add to this the possibility of altering the extent of

5. Conclusions

desorption by preparing the adsorbate in specific vibrational
states, for example by preliminary photoinduced or collision-
induced vibrational excitation of its frustrated-translation mode.

The main result of the present study is the observation that

photodesorption yields of CO from individual initial vibrational
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