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Photodesorption of physisorbed hydrogen molecules
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We have determined rates of direct infrared photodesorption for H2, HD, and D2 physisorbed on low-index
Cu surfaces. This process relies on the dipole activity of transitions from the ground state to continuum states
of the physisorption well. In our calculations a simple functional form for the dipole moment is used, which we
find to reproduce accurately the spectroscopically measured dipole intensities for transitions among bound
states. The calculated rates of direct desorption, induced by blackbody radiation at different temperatures, agree
remarkably well with the measured rates for H2 adsorbed on the terraces of a Cu~510! surface. A calculated
isotope effect on the desorption rate, with a desorption rate for D2 that is about an order of magnitude smaller
than for H2, is also in agreement with observations. For HD, the theory predicts the possibility to induce
resonant photodesorption by using an infrared laser. We have also found that the calculated rate of photodes-
orption induced by an indirect process, involving excitation of substrate phonons, is several orders of magni-
tude smaller than the direct rate.

DOI: 10.1103/PhysRevB.65.205402 PACS number~s!: 68.43.Mn, 73.20.Mf, 67.70.1n, 68.43.Pq
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I. INTRODUCTION

Infrared photodesorption of weakly adsorbed species
been observed in a number of experiments,1–6,11 and differ-
ent mechanisms have been identified or proposed for
desorption processes. In infrared laser photodesorption
periments, Chuang and Hussla identified desorption follo
ing photoexcitation of an internal molecular vibration f
NH3 ~Ref. 1! adsorbed on copper. At high laser intensitie
thermal desorption due to laser-induced substrate hea
was also observed. In an extension of this experiment, w
coadsorbed NH3 and ND3, Husslaet al.2 found no molecular
selectivity of the desorption when the NH3 molecules were
initially excited. This indiscriminant behavior suggests th
the desorption process is thermal. Nonthermal photodes
tion was observed in cases where the photon source is b
body radiation. The interest in this process first arose fr
observations that were made by Chubbet al.,3 in work that
concerned the design of cryopumps. In this study, they fo
that infrared radiation from the room-temperature walls
the ultrahigh-vacuum~UHV! chamber induced desorption o
H2 from the cryosurface. It was estimated that, without
striction of the thermal radiation load on the cryosurface,
photodesorption could reduce the efficiency of the cryopu
substantially. The rate of desorption was found to be in
pendent of the substrate temperature below 4 K, sugges
that the process is nonthermal. In later work,4 these observa
tions were confirmed for a variety of metallic and nonmet
lic surfaces, and it was suggested that the desorption
caused by photon-excited substrate phonons. Further o
vations of blackbody radiation-induced desorption we
made by Cuiet al.5 for molecular hydrogen physisorbed o
graphite, and by Fermet al.6 for HD on LiF~100!. In the
latter case, the measured translational energies of the
orbed molecules were one order of magnitude higher t
that given by the substrate temperature, providing direct
dence of the nonthermal nature of the process. The obse
photodesorption in these cases was also attributed to th
0163-1829/2002/65~20!/205402~15!/$20.00 65 2054
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direct mechanism, involving photon-excited substra
phonons.

A direct process, that relies on dipole-excited boun
continuum and bound-bound transitions of the adsorbat
the adsorption well, was also suggested for pho
desorption.7–10 In the case of a chemisorbed molecule su
as CO on Cu, Jedrzejeket al.8 found, in a theoretical study
based on a one-dimensional, quantum-mechanical mo
that this process required a very large photon intensity
cannot be realized by conventional lasers. The specific c
of photodesorption of a physisorbed molecule by a bou
continuum transition was theoretically studied by Pearlst
and McClelland.9 They derived expressions for the rate
direct photodesorption from the ground state to the c
tinuum states of a Morse potential and calculated photod
orption rates using a model for the dipole moment of2
physisorbed on LiF~001!. A similar theoretical study was
performed by Shiang10 for HF on a LiF~001! surface. How-
ever, in these two studies there were no experimental inp
for the dipole activity and no experimental values for pho
desorption were available.

In a recent paper,11 we presented strong evidence of dire
photodesorption from the good agreement between meas
and calculated photodesorption rates for H2 and D2 phys-
isorbed on the terraces of a Cu~510! surface. The experi-
ments showed that molecules desorb due to thermal radia
from the UHV chamber walls, and desorption rates we
determined by measuring both the pressure required to m
tain a constant surface coverage of adsorbed molecules
the decay of H2 vibrational spectroscopic intensities wit
time. From the spectroscopic measurements, dipole activ
of transitions in the physisorption well were also observ
and intensities for transitions between bound vibratio
states were obtained for H2 , D2, and HD. From these data
we have calculated the rate of direct photodesorption,
duced by blackbody radiation, and found excellent agr
ment with the measured desorption rates. We also estim
the contribution from the indirect phonon-mediated proc
to be negligible.
©2002 The American Physical Society02-1
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In this paper, we present in detail the theory and result
our calculations for H2 and D2 in Ref. 11, and discuss inter
esting results for HD which are of particular relevance
possible infrared laser-induced desorption experiments.
derive expressions for the rate of direct photodesorption
two extreme cases of photon sources; a laser beam
blackbody radiation. The direct rate is determined by
dipole intensity spectrum for transitions between the grou
state and continuum states of the physisorption well, and
calculate these intensities in the time domain by numer
wave-packet propagation. In these calculations, we us
model for the dipole moment which reproduces accura
measured intensities among bound states of the physisor
well. Calculations of the rate of desorption induced by t
indirect process involving excitation of substrate phonons
described and discussed. In this case we also prese
simple argument why the photodesorption rate by absorp
of a single-photon process dominates over the photodes
tion rate for absorption of multiple photons.

The paper is organized as follows. In Sec. II A, we der
expressions for the rate of direct photodesorption by abs
tion of single photons for the two-photon sources and in S
II B we present how the desorption rate from absorption
multiple photons can be calculated. The rate of desorp
induced by the indirect process is then derived in Sec. I
The rate expressions contain spectral functions, which
calculated using a method of wave packet propagation,
scribed in Sec. II D. The propagation takes place on a po
tial energy surface that is described in Sec. II E. The num
cal method of the wave packet propagation is detailed
Appendix B. In Sec. III we describe the experimental pro
dure and observations. In Sec. IV A, we present a dip
moment function and compare dipole intensities calcula
with this function with measured values. The direct rate
photodesorption, calculated with this dipole function, and
indirect rate of photodesorption are presented in Sec. I
and compared to measured desorption rates. Finally, we
some concluding remarks in Sec. V.

II. THEORY

A. Rate of direct infrared photodesorption by absorption of
single photons

In this section we present expressions for the photod
orption rate for a hydrogen molecule physisorbed on a lo
index metal surface in the low-coverage limit via absorpt
of single photons. The rates are derived using first-order
turbation theory for two extreme cases of incident pho
fields. First we consider a field with a definite frequen
angle of incidence, and polarization, corresponding to a s
ation with an incident infrared laser beam, and then we c
sider the case of primary interest here, namely, incid
blackbody radiation. We begin by presenting an appropr
Hamiltonian for the molecule-surface interaction and for
interaction of a physisorbed molecule with the electrom
netic field at a metal surface.

In the case of physisorbed H2 and D2 molecules on a
low-index metal surface, the molecule-surface interaction
relatively simple. Experimental and theoretical studies h
20540
of

r
e
r
nd
e
d
e

al
a

ly
ion
e
re
t a
n

rp-

p-
c.
f
n
.
e
e-
n-
i-
n
-
le
d
f
e
B
ve

s-
-

r-
n
,
-
-
t

te
e
-

is
e

shown that the weak physisorption interaction is essenti
electronically adiabatic and is dominated by its laterally a
rotationally averaged rigid part, and that the intramolecu
vibrational motion is unaffected by the physisorption.12 For
instance, in H2 and D2 beam scattering experiments fro
Cu~100!, the behavior of various selective adsorption res
nances show that lateral and rotational motions of the ph
isorbed molecule are essentially unhindered, since the dis
sions of these resonances with lateral momentum are f
particle-like, and splittings of rotational sublevels a
minute.13 Thus a good zero-order description of the dyna
ics of physisorbed H2 and D2 molecules is obtained by a
Hamiltonian where only the motion of the center-of-ma
coordinatez is hindered by a one-dimensional physisorpti
potentialV0(z). The HamiltonianHz for this motion is then
given by

Hz5
pz

2

2mp
1V0~z!. ~1!

The form of V0(z) is more or less well characterized fo
hydrogen molecules adsorbed on several metal surfaces.
later subsection, we present in detail the form ofV0(z) for
hydrogen molecules physisorbed on Cu~100!, as derived
from experimental and theoretical studies of selective
sorption resonances.14

The electronically adiabatic interaction of HD with th
surface is the same as for H2 and D2, but the mass asymme
try of HD introduces a mechanical coupling between the
brational and rotational motion. For HD, the center of masz
is displaced byd cosu from the center of mass for H2 and
D2, whered5(mD2mH)r 0 /(2(mD1mH)) andr 0 is the in-
termolecular distance andu is the angle between the surfac
normal and the molecular axis. This asymmetry introduce
coupling between the motion ofz and u through V0(z
2d cosu), so that the rotational angular momentumJ is no
longer a constant of motion. The interaction is still axia
symmetric soJz remains conserved. The resulting Ham
tonian for these degrees of freedom for a state with an
muthal angular momentumJz5\mj is now given by

Hz,u5
pz

2

2mp
2

\2

2I F 1

sinu

]

]u S sinu
]

]u D2
mj

2

sin2u
G

1V0~z2d cosu!, ~2!

whereI is the moment of inertia of the molecule.
The interaction of an electromagnetic radiation field w

a physisorbed molecule is strongly influenced by the pr
ence of the metal surface due to the screening by the c
duction electrons. In the physisorption region, which is
cated well outside the outermost atomic plane, the effec
the screening is described by the reflection coefficientsRs
and Rp for s- and p-polarized incident fields, respectively
The coefficients, given by the Fresnel formulas,15 are func-
tions of the angle of incidence, and depend on the subst
dielectric properties. Within classical local optics the bu
dielectric function is given by the Drude expression, whi
for a metal in the infrared spectral range gives a va
2-2
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e!21, resulting in almost perfect reflection withRs'21
and Rp'1, except at near grazing incidence whereRp→
21. In the present case, a local optics treatment is not va
For instance, the low temperature of the substrate give
mean free path of;100 mm for the conduction electrons
which is larger than the wavelength of;40 mm for the
infrared radiation of interest here. However, the conclus
about the reflectivity from local optics is still valid. For in
stance, we find that the application of a nonlocal theory
this case givesuRpu2'0.997 at normal incidence.16

In the infrared frequency range the response of the m
to an external electric field can be modeled simply using
following two approximations. First the wavelength is mu
larger than the size of the molecule and the distance betw
the molecule and the surface, Second, the frequencies in
range are much less than the plasma frequency, so tha
response of the conduction electrons is essentially that
static field. Thus the total electric field in the infrared fr
quency range at the molecule has a negligible tangen
component and a normal component enhanced by a fact
2. With an incident electromagnetic plane wave with wa
vectorq and polarizatione, the resulting total electric field a
the surface is given by

E5Ezẑ52ẑE~q,e!e• ẑ cosvt, ~3!

where E(q,e) is the amplitude of the incident wave,v
5cq, andẑ is the unit normal of the surface. Thus this fie
couples only to the normal component of the dipole mom
of the physisorbed molecule,mp , resulting in an interaction
HamiltonianHdip given by

Hdip52mpEz . ~4!

The dipole moment results from the electronic rearran
ments associated with the physisorption interaction, and s
gests thatmp depends predominantly onz, mp5mp(z),
which enables the perturbation to induce transitions am
translational states of the molecule in the physisorption
tential by absorption of single photons. A particular con
quence of this perturbation is that a molecule may be exc
from the ground state to a continuum state resulting in dir
photodesorption.

With an incident beam of photons with a definite wa
vectorq and polarization directione, we find that the rate of
direct photodesorption by absorption of single photons
given by first order perturbation theory as

Wd~q,e!5sd~q,e!I ~q,e!, ~5!

where I (q,e)5cuE(q,e)u2/8p\v is the photon flux of the
incident beam. At a zero substrate temperature, the cross
tion sd(q,e) for direct desorption of a single molecule
given by

sd~q,e!5
16p2v

\c
~e• ẑ!2Cmp

~v!, ~6!

whereCmp
(v) is the dipole spectral function defined as
20540
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Cmp
~v!5(

m
u^mumpu0&u2d~v2vm1v0!. ~7!

Here u0& is the ground state, and in general the sum is o
bound and continuum statesum& of V0(z) with energiesEm
5\vm , but only the continuum states ofV0(z) with Em
5\v2D.0, whereD52E0 is the binding energy, con
tribute to desorption.

There are a few characteristic features of this desorp
process. The rate is linear in the photon intensity
p-polarized light, whereass-polarized light gives a negligible
contribution. The transition of the molecule is vertical in th
physisorption well, with no change of lateral momentum.
a low substrate temperature the molecules have a small
eral momentum and the angular distribution of the desor
molecules will be sharply peaked in the direction normal
the surface, in sharp contrast to thermally desorbed m
ecules, which show a broad angular distribution.

In blackbody radiation, the energy flux of photons is t
same for all directionsq̂ and polarizationse. The photon flux
within the solid angular elementdV, and with energies in
the interval\v to \v1d(\v), is given by i (q,e)dvdV,
where

i ~q,e!5
n~v!v2

8p3c2
. ~8!

Heren(v)5@exp(\v/kBT)21#21 is the Bose-Einstein distri-
bution function of blackbody radiation photons at a tempe
ture T. The remaining factorsc andv2/8p3c3 are the veloc-
ity of light and the photon density of states, respectively. T
rate of direct photodesorption is then obtained from Eq.~5!
by integrating over the distribution in Eq.~8! for p-polarized
photons with energies\v.D and qz,0, and the result is
given by

Wd
th5

8

3\c3E\v.D
dvn~v!v3Cmp

~v!. ~9!

This expression is closely related to the expression for
rate of photon absorption by a dipole in free space. T
difference is a factor of 2, arising from the normal electr
field intensity being enhanced by a factor of 4 outside
surface and the total photon irradiation being decreased
factor of 2.

B. Photodesorption kinetics and multiple-photon absorption

So far we have considered photodesorption via a bou
continuum state transition by absorption of a single phot
In the presence of a blackbody radiation, we have phot
with energies being resonant with bound-bound state tra
tions in the physisorption well and a photodesorption pa
way involving intermediate bound-bound state transitions
absorption of multiple photons is possible. In this subsect
we provide the necessary theoretical background and
physical simplifications that can be used to estimate the
2-3
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ficiency of this process. We also present our procedure
extract the photodesorption rate from the observed rise in
background pressure.

An appropriate theoretical description of the rate of ph
todesorption by absorption of photons from a surround
bath of blackbody radiation is provided by the Pauli mas
equation. The justification and limitations of this approa
was discussed by Jedrzejeket al.8 In this description, the
time dependence of the rates of populationPm of the various
bound-state levelsm are given by

Ṗm~ t !5(
m8

~Wm,m8
sub

1Wm,m8
IR

!Pm8~ t !

2(
m8

~Wd,m8
sub

1Wd,m8
IR

!Pm8~ t ! ~10!

where the off-diagonal matrix elements of the rate matric
Wm,m8

sub andWm,m8
IR , give the transition rates among the bou

state levels caused by emission and absorption of single
strate phonons, and single photons, respectively.Wd,m8

sub and
Wd,m8

IR are the corresponding bound to continuum state tr
sition rates. The diagonal matrix elements of the rate ma
ces are determined directly by particle conservation fr
their off-diagonal elements.

In the case of the physisorbed hydrogen molecule on c
per, we have a detailed quantitative model for the transit
rates that enables us to calculate the desorpion rates.Wd,m8

IR is
given by Eq.~9!, with the dipole spectral function for th
bound statem and the off-diagonal elements ofWIR are
given in analogous manner by

Wm,m8
IR

5
8

3\c3
n~vm,m8!vm,m8

3 u^mumpum8&u2, ~11!

wherevm,m85(Em2Em8)/\ is a transition frequency. Note
that the emission and absorption processes correspon
negative and positive transition frequencies, respectiv
@n(2v)52(11n(2v)#. In an earlier, combined theoret
cal and experimental study of lifetimes of physisorbed h
drogen molecules, we showed that they are governed
single-phonon emission and absorption processes, and th
a large lateral parallel momentum the bound-continuum tr
sitions induced by the corrugation of the physisorption p
tential also give an important contribution to the lifetime17

In the case of photodesorption by IR photons with essenti
zero momentum and at substrate temperatures be
;10 K, states with a large lateral momentum have a ne
gible population and the latter process is unimportant.
plicit expressions for rates of single-phonon emission a
absorption were given in Refs. 17 and 18!. They have a
structure similar to that of the expressions in Eqs.~9! and
~11!, but with a different boson density of states and mat
element.

In the specific case of photodesorption of physisorbed
drogen molecules, we have a few important physical sim
fications that make it unnecessary to solve Eq.~11! numeri-
cally. At low substrate temperatures, the rate of phon
20540
to
e

-
g
r

s,

b-

-
i-

p-
n

to
ly

-
by
t at
-

-

ly
w
i-
-
d

x

-
i-

n

absorption is much weaker than the phonon emission. F
thermore, the dipole coupling to the photon field is typica
very weak compared to the coupling to the substr
phonons, so thatWd,m8

sub and Wd,m8
IR can be treated by first

order perturbation theory in a similar manner to what w
done by Montroll and Shuler.20 The resulting desorption rat
Rd is then simply given by

Rd5(
m

~Wd,m
sub1Wd,m

IR !Pquasi,m , ~12!

(
m8

~Wm,m8
sub

1Wm,m8
IR

!Pquasi,m850, ~13!

wherePquasi,m is the stationary population of the bound-sta
levels in the absence of bound-to-continuum-state tra
tions. Furthermore, the weak coupling to the photons rela
to the substrate phonons also makes it possible to trea
effect of single-photon emission and absorption onPquasi by
perturbation theory, and the first-order changePquasi

(1) is deter-
mined by

WsubPquasi
(1) 52WIRPquasi

(0) , ~14!

where Pquasi
(0) is the stationary population in the absence

blackbody radiation and bound-to-continuum state tran
tions. The component ofPquasi

(1) that is linearly dependent on
Pquasi

(0) is indeterminate from Eq.~14!, but is determined from
particle conservation. In particular, at zero substrate temp
ture, Pquasi,m

(0) 5dm,0 andPquasi,m
(1) , with m.0, reduce to

Pquasi,m
(1) 5

Wm,0
IR

Gm,m
sub

1
1

Gm,m
sub (

k51

`

$@WOD
sub~Gsub!21#kWIR%m,0

~15!

whereGsub is a diagonal matrix acting on all bound stat
except the ground state,m50, whose diagonal element
Gm,m

sub 52Wm,m
sub are the relaxation rates of the bound sta

due to the interaction with the substrate, andWOD
sub5Wsub

1Gsub. Finally, using Eqs.~13! and~14!, the total desorption
rate can now be expressed in a physical transparent form

Rd5Rd
th1Rd

IR , ~16!

Rd
IR5Rd

IR,(1)1Wd
subPquasi

(1) 1Wd
IRPquasi

(1) , ~17!

whereRd
th5WsubPquasi,m

(0) is the thermal desorption rate in ab
sence of blackbody radiation andRd

IR5WIRPquasi,m
(0) is the

photodesorption rate induced by blackbody radiation. In S
IV B, we will show thatRd

IR is dominated by the photodes
orption rateRd

IR,(1) via bound-to-continuum-state transition
by absorption of single photons and, in particular, that
two-photon desorption rateWd

IRPquasi
(1) is negligible.

Finally, the thermal and the photodesorption rates
single molecules are simply related to measurable quanti
such as the background pressure that is required to main
a constant coverage of adsorbed molecules. For instanc
an equilibrium situation with a constant surface coverage
2-4
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Q molecules per unit surface, the rate of incident molecu
that stick to the surface is equal to the rate of desorb
molecules:

sF5RdQ. ~18!

HereF5p/A2pmpkBT is the flux of incident molecules at
pressurep and s is the sticking coefficient. To maintain
specific surface coverage in the presence of photodesorp
it is just necessary to increase the pressure byDpb from the
background pressure in the absence of radiation where

Dpb5
A2pmpkBT

s
Rd

IRQ. ~19!

C. Rate of indirect photodesorption

This subsection deals with desorption induced by an in
rect process; the field interacts with the dipole momentm l of
the surface substrate ions, and excites substrate phon
which may decay by transferring energy to the translatio
motion of the molecule. We first present the rate of subst
phonon excitation by single-photon absorption, and then
rive the rate of desorption of a single molecule using seco
order perturbation theory.

Our treatment relies on previous studies19,21 based on
electron-energy-loss spectroscopy measurements of the
pole activity of substrate phonons in the surface region o
metal. These studies showed, in particular, that the obse
dipole activity of the phonons at the Cu~100! surface is well
represented by a surface lattice dipole moment per sur
unit cell, given by

m l5e* ~u02u1!, ~20!

wheree* is the screened charge of the ions andu0 and u1
are rigid displacements of the first and second layer, nor
to the surface. Thus only longitudinal phonons, propaga
in a direction normal to the surface, will be excited. The r
wph of excitation of substrate phonons, per surface unit c
by absorption of single photons with\v.D, is then given
by the expressions for dipole excitation in Eqs.~5! and ~9!
when making the substitutionmp→m l . Here,Cm l

(v) is sim-
ply determined from linear-response theory as

Cm l
~v!5

\

p
Im a~v!, ~21!

wherea(v)5m l(v)/Ez(v) is the polarizability of the lat-
tice in the surface region. For the Cu~100! surface, a good
representation of the surface polarizability is obtained from
simple nearest-neighboring interlayer force-const
model.19 As shown in the Appendixes, the imaginary part
a(v), which is related to the power absorbed by the surfa
is then given by

Im a~v!5
32e* 2

Mvmax
2

v̄3A12v̄2 ~22!
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for 0,v̄5v/vmax,1, wherevmax is the maximum longitu-
dinal phonon frequency in the@100# direction.

Some of the excited phonons will cause desorption of
adsorbed molecules. A proper treatment of this desorp
rate is provided by second-order perturbation theory, wh
includes both real and virtual intermediate phonon proces
The interaction between longitudinal phonons, propagat
in a direction normal to the surface, and a single molecu
via the physisorption potential, is well represented by

Hp2 l52u0V08~z!. ~23!

The corresponding second-order expression for the rat
desorption is derived in the Appendixes, and we find that
indirect rate, in terms of the incident photon energy flux,
given by

Wph~q,e!5
16p2vI ~q,e!

\c
~e• ẑ!2CV

08
~v!uh~v!u2. ~24!

HereCV
08
(v) is the force,2V08 , spectral function, defined in

an analogous manner to the dipole spectral function in
~7!, andh(v)5u0(v)/Ez(v) is the linear response ofu0 to
the incident field. The contributions from real and virtu
phonons are given by the imaginary and real parts ofh(v),
respectively. In our lattice-dynamics model of Cu~100!,
uh(v)u2 is given by

uh~v!u25
16e* 2

M2vmax
4

~25!

for 0,v,vmax.
The contribution fromuIm h(v)u2 to the rate in Eq.~24!

can be interpreted as a two-step process. This interpreta
is based on the factorization

Wph
real~q,e!5sph~v!Pabs~q,e!I ~q,e!, ~26!

where

Pabs~q,e!5
wph~q,e!

AscI ~q,e!
5

512pe* 2

McvmaxAsc
~e• ẑ!2v̄4A12v̄2

~27!

and

sph~v!5
Wph

real~q,e!

wph~q,e!
Asc5

2p

M\v max
2

A12v̄2CV
08
~v!

v̄
Asc

~28!

for D,\v,\vmax. HereAsc is the area of the surface un
cell. The factorPabs(q,e) is the probability for a photon to be
absorbed by a longitudinal phonon with energy\v5c\q.
The factorsph(v) is then the cross section for such a phon
to desorb the molecule.

D. Spectral functions

The basic quantities in the expressions@Eqs.~5! and~24!#
for the desorption rates that we need to calculate are
spectral functionsCF(v), whereF5mp andF5V08 , respec-
2-5
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tively. In the case of HD, we had to calculate these spec
functions for a two-dimensional potential,V0@z2d cos(u)#,
so we chose to calculate these functions using a wave-pa
propagation method.22 We also applied this method to H2
and D2 where we only had to propagate a wave packet in
one-dimensional potentialV0(z). This method is based o
the time evolution of an autocorrelation function, and, in t
time domain, the spectral function ofF is directly related to
such a correlation function through

CF~ t !5(
m

e2 i (vm2v0)tu^muFu0&u25^0uF~ t !F~0!u0&.

~29!

Here we have made an expansion in the energy eigenstat
the physisorption potential. However, since the correlat
function can only be calculated for a finite-time interval, w
weightCF(t) with a window functionW(t) before taking the
real part of the Fourier transform:

CF~v!5
1

2p
Re E

0

T

dteivtW~ t !CF~ t !

5(
m

u^muFu0&u2 Re W@v2~vm2v0!#. ~30!

The real part of the Fourier transform of the window fun
tion, ReW(v), is peaked atv50 with a width proportional
to 1/T and with an integrated strength of unity. Thus, f
transitions among bound states,CF(v) will be peaked at the
transition energies,\(vm2v0), and the intensity of a spe
cific transition is now determined by integratingCF(v) over
the corresponding peak whenT is chosen large enough s
that the peaks from the surrounding bound states do not o
lap.

The time evolution of the correlation function in Eq.~29!
can be determined by propagating an appropriate w
packetuc(t)& in the physisorption well with the Hamiltonia
H in either Eq.~1! or ~2!. With uc(t)& given by

uc~ t !&5expS 2
i

\
Ht DFu0&, ~31!

the correlation function can be written in terms of a wav
function autocorrelation function:

CF~ t !5expS i

\
E0t D ^c~ t !uc~0!&. ~32!

In the calculation ofCF(t), we first need to determine th
ground state,uc(0)&5u0p&. A well-established method23 to
calculateu0p& involves the propagation of an initial state th
has a nonzero overlap withu0p&, in imaginary timet5 i t:

uf~ i t!&5expS 2
1

\
~H2E0!t D uf~0!&. ~33!

The overlaps ofuf( i t)& with all states except the groun
state will then decay exponentially in time. The expressio
in Eqs.~31! and~33! also include the ground-state energy
the system. We have determined the eigenenergies by pr
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gating the wave packet,uf(0)& and calculating the wave
function autocorrelation function in an analogous manne
the calculation of the auto correlation function in Eq.~29!. In
Appendix B we describe in detail the numerical method t
we used for the wave-packet propagation, but first we pres
the detailed form of the physisorption potential under co
sideration here; hydrogen molecules physisorbed on
Cu~100! surface.

E. Physisorption potential

The laterally and rotationally averaged part of the pote
tial, V0(z), is governed by Pauli repulsion close to the s
face, while asymptotically it is governed by van der Waa
attraction. In current theoretical descriptions of phy
sorption,24–26 V0(z) is written as a sum of these tw
branches,

V0~z!5VR~z!1VvdW~z!, ~34!

where the repulsive and attractive terms are given by

VR~z!5CR exp~2az! ~35!

and

VvdW~z!52CvdW

f 2@2kc~z2z vdW!#

~z2zvdW!3
, ~36!

respectively. HereCR describes the strength anda the in-
verse range of the repulsive potential,CvdW is the strength of
the van der Waals attraction,kc is related to the inverse siz
of the molecule, andzvdW is the position of the van der Waal
plane. The saturation of the attraction at short distance
described byf 2(x), which is given by

f 2~x!512S 11x1
x2

2 De2x. ~37!

In the present case of a Cu~100! surface, we have used pa
rameters taken from Ref. 13:CR55.21 eV, a51.21a0

21,
CvdW54.74 eV a0

3, kc50.45a0
21, andzvdW50.563a0. With

these values, the resulting bound state levels of H2 and D2
agree well with results from selective adsorption measu
ments. The shape ofV0(z) is shown in Fig. 1. Electron-
energy-loss spectra taken for H2 adsorbed on the~100!-like
terraces of a Cu~510! surface,~discussed in Sec. III!, show
that the vibrational energies, defined henceforth as the t
sition energies between the ground state to excited state
V0(z), practically coincide with those for the flat Cu~100!
surface. Hence the molecules in these two cases experi
similar potentials, which justifies also using the we
characterized Cu~100! potential in calculations for molecule
adsorbed on a Cu~510! terrace.

The isotopic molecules H2, HD, and D2 have the same
electronic configurations and thus the same physisorption
teraction. However, for HD the asymmetric position of t
center of mass introduces a coupling between rotational
vibrational motion@see Eq.~2!#, and we find that in order to
account quantitatively for observed dipole moment inten
ties for transitions to rotational states of this molecule, it
2-6
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necessary to include the anisotropy of the potential, tha
its dependence on the angle,u, between the surface norma
and the molecular axis. Current theory and the obser
splittings~see Sec. III! of the bound-state levels suggest th
the anisotropy is well described by the leading-order an
tropic term in an expansion ofV(z,u) in Legendre functions:

V~z,u!5V0~z!1V2~z!P2~cosu!. ~38!

The anisotropic termV2(z) is written as a linear combinatio
of the repulsive and attractive parts ofV0(z):

V2~z!5bRVR~z!1bvdWVvdW~z!. ~39!

The anisotropy of the van der Waals attraction was calcula
previously27 giving bvdW50.05. With this value and with
bR520.002, both the magnitudes and signs of the splittin
are reproduced.13 Note that the anisotropy is dominated b
the attractive part.

III. EXPERIMENT

In this section, we describe experiments that meas
rates of desorption of H2 and D2 caused by backgroun
blackbody radiation. We have used two different methods
determine the desorption rates. One method relies on vi
tional loss intensity measurements using high-resolu
electron-energy-loss spectroscopy~EELS! and the other on
retarding field measurements of the adsorbate-induced w
function change.11 The latter measurements were perform
in a small side chamber, whose wall temperature could
varied during the experiments. This chamber is directly
tached to the main ultrahigh-vacuum system which oper
at a base pressure in the 10211 Torr range.

The x-ray-aligned (,0.2°) and -polished Cu~510! speci-
men was cleanedin situ by standard procedures involvin
low-energy argon-ion bombardment and heating cycles.
ing helium as a cryogen, the specimen could be cooled
below 10 K, and it was heated resistively. Substrate surf
properties were monitored by low-energy electron diffract

FIG. 1. The isotropic partV0 of the interaction potential for
hydrogen molecules physisorbed on Cu~100!. The energies of the
lowest bound states for H2 are indicated.
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~LEED! and high-resolution EELS, measurements. The cl
Cu~510! surface exhibited the expected LEED pattern, w
split diffraction spots in the@51̄0# direction, corresponding
to an average surface topology with~100!-like terraces that
are five atomic rows wide and separated by~110!-like steps.
Prior to hydrogen adsorption, the specimen was flash he
to 900 K and rapidly cooled (,3 min) to 10 K. The hydro-
gen adsorption was monitored by mass spectroscopy, w
function measurements, and high-resolution EELS. The la
measurements were obtained with use of an electron s
trometer which is a modified version of a construction th
was described elsewhere,28 and has an optimum energy res
lution of about 1 meV.

The electron-energy-loss measurements show that hy
gen molecules adsorb on Cu~510! at low temperature
~around 10 K! in two characteristic stages; the steps are
cupied first and further adsorption populates the terrace11

Figure 2 illustrates this behavior in a series of EEL spec
obtained for specular electron scattering;~a! from Cu~510!,
and ~b! and ~c! from Cu~100!. In ~a! lower curve primarily
the steps~S! are covered and in the upper curve both ste
~S! and terraces~T! are covered with adsorbed H2. The loss

FIG. 2. ~a! displays electron-energy-loss spectra for H2 adsorbed
on Cu~510! at 9 K for initial gas exposures of 0.7 L~lower curve!
and 1.6 L~upper curve!, where 1 L5131026 Torr sec. A smooth
background has been subtracted, and the dashed curves ind
decomposition in step~S! and terrace~T! related features.~b! and
~c! show spectra for full monolayers of H2 and HD, respectively,
adsorbed on Cu~100! at 10 K. All spectra are measured in th
specular direction at a 48° angle of incidence relative to the sur
normal. The electron-beam energies were 1 eV@Cu~510!# and 3 eV
@Cu~100!#, respectively.
2-7
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HASSEL, SVENSSON, BELLMAN, ANDERSSON, AND PERSSON PHYSICAL REVIEW B65 205402
peaks at 9.0, 15.4, and 21.3 meV in the upper curve are
to H2 adsorbed on the~100!-like terraces. These peaks a
most coincide with the 0→1, 0→2, and 0→3 vibrational
transitions observed at 8.9, 15.3, and 20.0 meV in~b! for H2
adsorbed on Cu~100!. Evidently, terrace adsorption close
resembles hydrogen physisorption on a flat Cu~100! surface.
All of the vibrational excitations observed in Fig. 2 are d
pole excited, and the intense overtone excitations are ca
by a strongly nonlinear dipole moment function.29 We also
note that the energy of the dipole-active 0→3 transition for
H2 adsorbed on Cu~100! is quite close to the continuum limi
around 25 meV. The intensities of the 0→1, 0→2, and 0
→3 vibrational transitions provide direct experimental info
mation about the dipole moment function for the H2 ad-
sorbed on Cu~100! and the terraces of Cu~510!.

EELS spectra recorded in the energy range for rotatio
transitions of adsorbed H2 reveal a striking difference be
tween step and terrace-adsorbed molecules on Cu~510!, as
shown in Fig. 3. Molecules adsorbed on the terraces
Cu~510! and on Cu~100! are found to rotate as weakly pe
turbed three-dimensional~3D! rotors, a characteristic featur
of H2 physisorption on flat crystal surfaces. For dense mo
layers of H2 the j 50→2 rotational transition is observe
around 45 meV for Cu~510! @see Fig. 3~a!, upper curve# and
at 43.5 meV for Cu~100! @see Fig. 3~b!# that is close to the
gas-phase value 44.1 meV.30,31 The lower spectrum in Fig
3~a! shows that step-adsorbed molecules exhibit excit

FIG. 3. ~a! displays electron-energy-loss spectra for H2 adsorbed
on Cu~510! at 10 K; in the lower curve, only the steps are covere
in the upper curve, both steps and terraces are covered.~b! shows a
spectrum for a full monolayer of H2 on Cu~100! at 10 K. The
spectra were measured at 54° detection angle for an angle of
dence of 48° from the surface normal and a 3-eV incident elec
energy.
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properties; H2 is adsorbed in two rotor states resembling 2
and 3D rotors. We suggest that the 3D rotor state correspo
to terrace adsorption at the lower step edge, where the m
ecule experiences attraction to both the terrace and the
edge. Density-functional calculations32 showed that the 2D
rotor state corresponds to H2 weakly bonded to a coppe
atom at the step edge.

Desorption of H2 due to background blackbody radiatio
is a pronounced effect for H2 adsorbed on Cu~510!, and we
obtained the spectra by applying an H2 pressure in order to
maintain a fixed H2 coverage. With the vacuum chamber
room temperature~296 K!, a pressure of 431029 Torr is
required to keep the steps, for example, saturated with
sorbed H2. This pressure is independent of substrate te
perature below 13 K, but depends on the temperature of
surrounding wall of the vacuum chamber. At a wall tempe
ture of 240 K the applied pressure required is about a fa
of 2 lower. The specimen temperature is unaffected by
changing radiation load. These observations are consis
with related findings for a number of H2 physisorption
systems,3–6 the desorption is evidently nonthermal, and
induced by the infrared radiation emitted from the walls.

Both step- and terrace-adsorbed molecules on Cu~510! are
desorbed by the thermal radiation. We have determined
sorption rates for both kinds of molecules by simply meas
ing the decay of the 0→1 vibrational peak intensity with
time. It is straightforward to use this method for ste
adsorbed molecules, and such measurements with
vacuum chamber at room temperature are shown in Fig. 4~a!.
The initial gas exposures were 0.5 and 1.0 L~1 L51
31026 Torr sec! for H2 and D2, respectively. The influence
of a low residual H2 (D2) pressure has been corrected fo

;

ci-
n

FIG. 4. ~a! decay of the 0→1 vibrational peak intensity with
time at a background temperature of 296 K for H2(D2) adsorbates
on Cu~510!. S and T denote step and terrace adsorbed molecu
respectively, and the solid curves represent fitted exponential
cays.~b! Corresponding data for an equal mixture of step-adsor
H2 and D2.
2-8
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TABLE I. Dipole moment matrix elementsu^n, j umu0,0&u for hydrogen molecules physisorbed on Cu~100!. Values~a! were calculated
using the dipole moment function in Eq.~40! with b50.9a0

21 andm050.051 D. Values~b! were calculated using a linear dipole mome
function;m5m02m1(z2z0), wherem050.0553 D,m150.0330 D, andz0 is the position of the potential energy minimum.n andj denote
vibrational and rotational quantum numbers, respectively. The unit is Debye.

n, j H2 HD D2

Expt.a Calc.a Calc.~a! Calc.~b! Expt.a Calc.~a! Expt.a Calc.~a!

0,0 0.045 0.026 0.045 0.045 0.047
1,0 0.020 0.016 0.020 0.020 0.018 0.017 0.017 0.018
2,0 0.009 0.006 0.010 0.005 0.008 0.010 0.007 0.009
0,1 0.008 0.007
3,0 0.005 0.006 0.002 0.004 0.005
4,0 0.004 0.001 0.003

aReference 29; the experimentaln, j 53,0 values for H2 and D2 were obtained in the present work.
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The intensity decays in an exponential fashion with tim
I (t)5I 0 exp(2t/t), wheret is the mean lifetime of an ad
sorbed molecule. We obtain desorption rates 1/t, of 7
31023 s21 for H2 and 231023 for D2. Terrace-adsorbed
molecules diffuse easily to unoccupied step sites and ph
desorb. This means that desorption rates for such molec
are not readily measured from spectra like the upper curv
Figs. 2~a!. H2 adsorption at the steps can be prevented, h
ever, via preadsorption of a suitable inert adsorbate.
found that N2 serves this purpose well;33 the molecules ad-
sorb stably at the steps, prevent step adsorption of H2, and
affect the subsequent H2 adsorption on the terraces only ma
ginally as judged from the EEL spectra. The fundamenta
→1 vibrational transition in the physisorption well is ob
served at around 9 and 7 meV for H2 and D2, respectively.
The loss peak intensity decays with a long time constant
can be seen in Fig. 4~a!. The corresponding desorption rate
831024 s21 for H2, and about an order of magnitude low
for D2. Our measurements do not permit a more precise
termination for D2 because of influence from the ambie
gas. The larger rates measured for step-adsorbed H2 and D2
relate qualitatively to a large dipole activity of the vibration
motion.

We also performed measurements for step-adsorbed
ecules with an equal mixture of H2 and D2. The decay of the
0→1 vibrational peak intensities with time is displayed
Fig. 4~b!. The desorption rates are 731023 and 2
31023 s21 for H2 and D2, respectively, that is precisely th
same values as we measured for the pure H2 and D2 layers.
The desorption rates are clearly independent of the isot
composition of the adsorbate layer; an observation tha
entirely compatible with a direct photodesorption process

Desorption rates were also determined using the wo
function change to monitor the coverage of adsorbed hyd
gen. We have performed such measurements at diffe
background temperatures in the small side chamber. Th
data were thoroughly discussed in Ref. 11, and we just s
marize the observations here. For step-adsorbed molec
and the chamber at room temperature, we find rates o
31023 and 231023 s21 for H2 and D2, respectively, val-
ues that agree very well with the corresponding rates
tained from the spectroscopic measurements discu
above. For terrace-adsorbed H2 we obtain the rate 8
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31024 s21 with the chamber at room temperature, confirm
ing the rate we measured from the decay of the 0→1 vibra-
tional intensity. The rate decrease to 531024 s21 when the
background temperature is lowered to 210 K, and increa
to 1531024 s21 at a temperature of 470 K. The desorptio
rate for terrace-adsorbed D2 was so low that we were unabl
to measure it with this method.

IV. RESULTS AND DISCUSSION

The calculation of the photodesorption rates for hydrog
molecules physisorbed on Cu requires a detailed knowle
of the physisorption interaction and the dipole moment fu
tion. The form of this interaction is well-characterized,
already discussed in Sec. II E, while our knowledge of
form of the dipole moment function is much less well dev
oped. Here we show that it is possible to construct a sim
dipole moment function that reproduces the measured
namic dipole moments for various transitions of H2, HD, and
D2 molecules physisorbed on Cu~100!, and also for H2 mol-
ecules physisorbed on the~100!-like terraces of the steppe
Cu~510! surface. Using this dipole moment function, we ca
culate the direct and indirect photodesorption rates for th
two physisorption systems, and make a direct compari
with the measured rates for terrace-adsorbed H2 and D2 dis-
cussed in Sec. III.

A. Dipole activity

At the current level of physisorption theory, it is not cle
how to calculate the dipole moment function for a phy
isorbed molecule in the spatial region of interest, where
have comparable contributions from both Pauli repulsion a
van der Waals attraction. Therefore, we have resorted
simple phenomenological model. We find that the measu
dynamic dipole moments for hydrogen molecules adsor
on Cu can be accurately reproduced using a dipole mom
function, which is exponentially decreasing outside the s
face:

mp5m0e2b(z2z0). ~40!

Herez0 is the position of the potential minimum. Our mot
vation for this functional form is that the overlap between
2-9
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molecular orbital and the tail of a metal electron wav
function decreases exponentially withz. This model repro-
duces very well the measured dipole moment matrix e
ments, as demonstrated in Tables I and II for H2, HD, and D2
physisorbed on Cu~100! and for H2 on the terraces o
Cu~510!, respectively. For both surfaces, the results were
tained by adjusting the parametersm0 and b, so that the
calculation reproduces two of the measured dipole mom
matrix elementsu^numu0&u for H2. In the former case, this
adjustment was done forn50 and 1, and in the latter cas
for n51 and 3. As shown in Tables I and II, we find that o
predicted values for the matrix elements for other transiti
are in good agreement with all measured values. This kin
agreement makes us confident that the model is approp
for calculating direct desorption rates that involve transitio
to the continuum.

In Figs. 5 and 6, we show the calculated dipole spec
functionsCmp

(v) for H2 and D2, respectively, adsorbed o
Cu~100!. Each spectrum consists of two distinct energy

TABLE II. Dipole moment matrix elementsu^numu0&u for H2

physisorbed on the terraces of Cu~510!. Measured values are take
from Ref. 11 and our values were calculated using the dipole
ment function in Eq.~40! with b51.5a0

21 and m050.0342 D.n
denotes the vibrational quantum number. The unit is Debye.

n Calc. Expt.

0 0.032
1 0.021 0.021
2 0.014 0.015
3 0.009 0.009
4 0.006

FIG. 5. Calculated dipole moment spectral functionCmp
(v) for

H2 on Cu~100!. The peaks in the main figure are located at tran
tion energies between the ground state and the bound states
area of a peak is given by the transition dipole moment inten
while its width and height are given by the energy resolution
determined by the time of wave packet propagation in calcula
Cmp

(t). The intensity for energies larger thanD525.5 meV, cor-
responding to transitions to continuum levels, is magnified b
factor of 100.
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gimes corresponding to transitions to bound and continu
states, respectively, and separated by the binding energD
52E0. For \v,D, the spectra consist of isolated peak
each located at the energy for a transition between
ground stateu0& and a bound stateun&, and with the dipole
intensity u^numpu0&u2 given by the peak area. For energi
larger thanD, each spectrum, shown magnified in the ins
instead consists of a continuum of transitions to unbou
states. These continuum spectra are weak, and we find
the square root of the integrated intensities are 0.006 D
0.002 D for H2 and D2, respectively. The spectra directl
indicate the possibility of dipole excitation resulting in d
sorption. A common feature of the spectra is that the dip
intensity decreases more rapidly for D2 than for H2 with
increasing transition energy. This isotope effect derives fr
the fact that the wave functions for the heavier molecule
more localized, which results in smaller wave-function ov
laps. The isotope effect is most pronounced for transition
the continuum states.

From the dipole spectral function for HD, shown in Fi
7, we also find that rotational transitions are dipole active
agreement with the experimental observations. This is m
clearly demonstrated by the peak at 10.3 meV, which deri
from the j 50→1 rotational transition. This dipole-excite
rotational transition is observed at 9.9 meV in the HD sp
trum in Fig. 2~c!. The observed peak is actually the subst
( j ,m)5(1,0) excitation, which as discussed below is shift
to lower energy due to the rotational anisotropy. High
order rotational transitions and combined rotation
vibrational transitions have energies larger thanD
526.4 meV. Such transitions result in resonant peaks su
imposed on the continuum of transitions to translational
bound states, and the oscillatory structure in the spectrum
the inset of Fig. 7 derives from such resonances. For
stance, the peak at 33 meV derives from thej 50→2 rota-
tional transition. These results are not unexpected for
because of the coupling between rotational and vibratio
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FIG. 6. Calculated dipole moment spectral functionCmp
(v) for

D2 on Cu~100!. The peaks in the main figure are located at tran
tion energies between the ground state and the bound states
intensity for energies larger thanD527.1 meV, corresponding to
transitions to continuum levels, is magnified by a factor of 1000
2-10
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motion for this molecule. The good agreement between
calculated and the measured dipole moment also for the t
sition with predominantj 50→1 character, as shown i
Table I, gives additional support for our dipole moment fun
tion. In the calculations for HD, we find that the rotation
anisotropy of the potentialV2 has a substantial influence o
both dipole moment matrix elements and rotational ene
levels. For instance, the matrix element and the energy
the j 50→1 transition changes from 0.007 to 0.005 D a
from 10.3 to 11.2 meV, respectively, when this anisotropy
neglected. For the homonuclear molecules H2 and D2, we
find that the rotational anisotropy of the potential does
influence the results for vibrational transition matrix e
ments and does not result in dipole activity of rotation
transitions.

In general, overtone intensities are caused by a nonlin
dependence ofmp with z, and by the anharmonicities of th
potential. These two contributions are often referred to
electrical and mechanical anharmonicities, respectively.
find that the contribution from electrical anharmonici
dominates. This is demonstrated in Table I, where the o
tone intensities for H2, calculated using a linear dipole func
tion, are shown to be much smaller than those obtained w
the exponential dipole function. One minor effect of the m
chanical anharmonicity is that the ground-state wave fu
tion is centered slightly outside the potential minimum. Th
explains why the ground-state expectation values of the
pole moment is smaller thanmp(z0)5m0, as shown in Tables
I and II. The effect is larger for H2 than for D2, because its
smaller mass makes its wave function less localized in
potential well.

For H2 adsorbed on the terraces of Cu~510!, the dipole
intensities decrease more slowly with the transition ene
than for the Cu~100! surface, as shown from the calculate

FIG. 7. Calculated dipole moment spectral functionCmp
(v) for

HD on Cu~100!. The peaks in the main figure are located at tran
tion energies between the ground state and the bound states
intensity for energies larger thanD526.4 meV, corresponding to
transitions to vibrational continuum levels, is magnified by a fac
of 1000. Due to the intrinsic widths of the resonances in the c
tinuum, these peaks are broader than the peaks for transition
bound states.
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and measured matrix elements in Table II. The larger ov
tone intensities for H2 adsorbed on the terraces than on t
flat surface are caused by its larger electrical anharmoni
that is, a larger value ofb for H2 on the terraces than on th
flat surface. From these results for the dipole activity,
expect the direct photodesorption rate to be higher from
terraces than from the flat Cu~100! surface.

In a previous analysis of the measured dipole mom
matrix elements for hydrogen molecules on Cu~100!,29 the
dipole moment was assumed to originate predomina
from the electronic polarization associated with t
asymptotic van der Waals interaction:mp}(z2zref)

24,
where zref defines a reference plane.34,35 In this model, all
parameters were calculated from known substrate and
lecular electronic properties. Matrix elements were cal
lated by making a Taylor expansion of the dipole mome
from the equilibrium position of the molecule in the groun
state and, as shown in Table I, the calculated matrix elem
were about the same order of magnitude as the meas
values. However, such an expansion can only be use
estimate matrix elements for transitions to the low-lyi
states, and we find that this model is not appropriate
calculating the direct desorption rate.

B. Photodesorption

Our calculated dipole intensities for transitions to co
tinuum states are relatively small, indicating that direct ph
todesorption is a weak process. We find that the rates
desorption, induced by room-temperature blackbody rad
tion, are 1.631024 and 1.231025 s21 for H2 and D2, re-
spectively, adsorbed on Cu~100!. Thus the mean time re
quired to photodesorb an H2 molecule is about 1.5 h and a
order of magnitude longer for D2. It is not at all obvious that
such a weak process gives effects that are observable in
periments. However, we find from Eq.~19! that due to the
direct photodesorption, a H2 background pressure,pb , of
about 1029 Torr is required to maintain full coverage of
Cu~100! surface in an ultrahigh-vacuum chamber at roo
temperature~296 K!. This estimated H2 pressure is in good
agreement with the experimental observations reported
Sec. III.

We find that desorption induced by an indirect phon
process that involves excitations of substrate phonons a
intermediate step is negligible in comparison to the dir
process. Our evaluation of this rate is based on the exp
sion in Eq.~24!, and is determined by the screened charge
the substrate ionse* and the maximum longitudinal phono
frequency normal to the surface,vmax.

36 In the case of a
Cu~100! surface, previous studies of the surface dipole ac
ity of substrate phonons in Ref. 19 revealed that a go
description is obtained withe* 50.015e. The phonon struc-
ture is also well known for Cu, and\vmax was determined to
be 30 meV in the@100#-direction.19,38 With these paramete
values and in the presence of 296-K blackbody radiation,
obtain desorption rates of about 531028 and 631029 s21

for H2 and D2, respectively. These rates are several order
magnitude smaller than the direct rates, and we conclude
the direct process is dominating the photodesorption of
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drogen molecules from Cu~100!. The results are also valid
for the Cu~510! surface, since our EELS experiments sho
that the dipole activity for this surface is similar to Cu~100!.

In order to compare with the experiments described
Sec. III and to identify some characteristic features of
direct photodesorption, induced by blackbody radiation,
have calculated the rate as a function of the radiation t
perature. In Figs. 8 and 9, we show the calculated temp
ture dependencies of the rates for H2 and D2 desorbing from
Cu~100! and from the terraces of Cu~510!, respectively. The
temperature dependence of the rate is determined by
Bose-Einstein photon distribution function and is similar
all cases. At low temperatures,kBT!D, the rate is
Arrhenius-like,Wd}exp(2D/kBT), and at high temperature
kBT@D, it is approximately linear in temperature:Wd}T.
For each surface, the isotope effect of the dipole intensi
has a pronounced effect on the desorption rate; the ra

FIG. 8. Calculated direct photodesorption rate for H2 and D2

physisorbed on Cu~100!, as a function of the blackbody radiatio
temperature.

FIG. 9. Calculated direct photodesorption rate for H2 and D2

physisorbed on the terraces of Cu~510!, as a function of the black-
body radiation temperature. The crosses are experimental value
H2, taken from Ref. 11.
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about an order of magnitude larger for H2 than for D2. The
stronger overtone dipole intensity for molecules on the t
races of Cu~510! than on Cu~100!, results in a larger desorp
tion rate.

Experimentally, we found that background pressures
order 1029 Torr were required to maintain a fixed H2 cover-
age, in agreement with our estimation for the direct pho
desorption process. From the terraces, the molecules w
observed to desorb with rates 531024, 831024, and 15
31024 s21 at wall temperatures of 210, 296, and 370
respectively. These values are in very good agreement
our calculated direct photodesorption rates, as shown in
9. For D2, we observed at 296 K that the desorption rate w
about an order of magnitude smaller than for H2. This find-
ing is also consistent with our calculations.

Desorption rates were also measured in Ref. 3 from
gauge and mass spectrometer observations for low cover
of H2 and D2 on a poorly characterized copper surface. W
the chamber at room temperature, the rates were found t
in the order of 1024 s21 and 1025 s21 for H2 and D2,
respectively. These values are of the same order of ma
tude as our calculated and measured rates of photodes
tion, both from the terraces of Cu~510! and from Cu~100!. In
particular, the magnitude of the isotope effect is similar in
cases. The good agreement between our calculated d
photodesorption rates and measured rates strongly indic
that the photodesorption observed in the experiments are
results of direct processes.

A large photodesorption rate at a given photon energy fl
can be obtained by using a tunable infrared laser as ph
source. The strongest coupling between the field and the
pole moment is obtained with ap-polarized beam at nea

grazing incidence, wheree• ẑ is maximized. However, as
noted previously, the reflection coefficient,Rp , tends to -1 at
near grazing incidence, thus canceling the normal elec
field. From calculations ofRp as a function of incident angle
given in Ref. 16, we find that the optimal configuration
obtained at an angle of incidence of about 84°. With t
arrangement and by tuning the photon energy to just ab
the binding energyD, where the dipole intensity is stronges
the efficiency of the laser in desorbing the molecule is ma
mized. The blackbody radiation, on the other hand, is un
larized, and has an isotropic angular distribution and an
ergy distribution that stretches from zero energy to w
above the energy region where appreciable dipole-indu
desorption occurs. The total energy flux of 296-K blackbo
radiation through a surface is about 50 mW/cm2 with a total
photon flux of about 431018 cm22 s21. With a laser of the
same photon flux and operating under optimal configurati
we find that it is possible to obtain a direct photodesorpt
rate of 2.531023 s21 for H2, a factor of 16 larger than for
the blackbody radiation. The cross section for desorption
however, still small,;10222cm22. This can be compared
with results from experiments with desorption induced
laser photo excitation of internal vibrational modes, whe
cross sections on the order of 10219 cm22 have been
observed.37
for
2-12
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The use of a tunable infrared laser should result in so
interesting effects in desorption of physisorbed HD. T
resonant structure in the continuum part of the dipole int
sity spectrum, shown in the inset of Fig. 7, implies tha
laser can induce resonant photodesorption of HD. This re
nant process should be detectable in experiments.

Finally, we argue that the rate for photodesorption o
hydrogen molecule in the physisorption well should
dominated by the absorption of single photons via a bou
continuum state transition rather than by absorption of m
tiple photons involving bound-bound-state transitions as
termediate steps. This argument is based on the fact tha
relaxation rate of the bound states are several orders of m
nitude larger than the absorption rate of photons provided
room-temperature blackbody radiation. As shown in S
II B, multiple-photon absorption will only be important if i
can substantially change the population of the bound sta
The magnitude of this change is governed by the rela
magnitude of the relaxation rate of the bound states du
emission and absorption of single phonons and the rat
absorption of single photons, respectively. From our ear
study of the lifetimes of the hydrogen molecule in the bou
states of the physisorption well,17 the relaxation rate due to
phonon emission and absorption was found to be ab
1011/s. This rate is 13 orders of magnitude larger than
rate of about 1022/s from the ground state to the first excite
state by absorption of single photons of room-tempera
blackbody radiation that we find from Eq.~11! using the
values for the dipole matrix elements in Table I. This resu
in a population of about 10213 of the first excited state
which is roughly the population at a substrate temperatur
a few K and cannot be compensated for by a correspon
change in the bound-continuum transition rateWdm

IR from m
50 to 1. The relative intensity of the dipole spectral functi
integrated over frequencies corresponding to bou
continuum transitions is about 0.01, and the remaining f
tors such as the expectation value for the dipole moment,
Bose-Einstein distribution function for room-temperatu
blackbody radiation have no strong dependence on the bo
state level.

V. CONCLUDING REMARKS

We have calculated the rate of direct photodesorption
H2 , D2, and HD molecules physisorbed on low-index C
surfaces by absorption of single photons Two extreme lim
of photon sources have been considered: blackbody radia
and an infrared laser beam. In the direct desorption mec
nism, the photon field interacts with the dipole moment
sociated with the motion of the molecule perpendicular to
surface, and excites the molecule from the vibrational gro
state to a continuum state, resulting in desorption. The
sorption rate is then determined by the intensity of the c
tinuum part of the dipole spectrum. In the calculations
have used a functional form of the dipole moment that
physically reasonable. This form very well reproduces
measured dipole intensities for transitions among the bo
states of H2, HD, and D2 in the physisorption well. We also
find that our calculated direct photodesorption rates, a
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function of blackbody radiation temperature, agree rema
ably well with the measured rates for H2 on the terraces of a
Cu~510! surface. The strong isotope effect observed in
dipole spectra, with weaker overtone spectra for D2 than for
H2, resulted in a direct photodesorption rate which is ab
an order of magnitude smaller for D2 than for H2. This result
is also consistent with experimental observations. We a
find that the photodesorption process involving multiple a
sorption of photons via bound-bound state transitions
negligible compared to photodesorption via absorption o
single photon.

For HD, we found that the mechanical coupling betwe
vibrational and rotational motions, introduced by the asy
metric position of the center of mass of this molecule,
sulted in a substantial dipole activity of rotational transition
Measured and calculated values of the dipole strength of
0→1 rotational transition agree remarkably well. Combin
rotational-vibrational transitions were found to give rise to
resonant behavior of the dipole intensity spectrum for tr
sitions to continuum states of the physisorption potent
Thus we predict the possibility of inducing resonant pho
desorption of physisorbed HD by using a tunable infrar
photon source, for example, an infrared laser.

We have also calculated the rate of photodesorption
duced by an indirect process, involving the excitation
single substrate phonons, which was previously propose
a possible mechanism responsible for photodesorption
physisorbed molecules. For our physisorption system,
found, using the measured surface dipole activity of subst
phonons, that the rate of desorption by such a proces
smaller than the direct rate by several orders of magnitu
Our experimental and theoretical results strongly suggest
the observed photodesorption is the result of a direct proc
and we believe that this process can also be effective
other weakly bound and light adsorbates.
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APPENDIX A: DETAILS OF THE INDIRECT DESORPTION
RATE CALCULATION

Here we derive the expression in Eq.~24! for the rate of
indirect desorption of a single molecule on a surface. E
plicit results for the lattice response functions of a Cu~100!
surface that enter this expression and the expression fo
rate of photon absorption by single phonons are also deriv
To ease the presentation we have used periodic boun
conditions in the lateral directions along the surface.

The indirect desorption of a single molecule adsorbed
a surface is a second-order process, and is induced by
interaction between the lattice and the radiation field and
interaction between the particle and the lattice. As discus
2-13
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in Sec. II C, these two interactions are described by the
teraction Hamiltonians

H latt-em52Ne* ~u02u1!Ez ,

Hp-latt52u0V08 ~A1!

whereN is the number of surface unit cells, and we stre
again thatu0 andu1 are the rigid displacements of the fir
and second surface layers, respectively. The rate of des
tion is then given by second-order perturbation theory as

Wph5
16p2

\2c
I ~q,e!~e• z̄!2CV

08
~v!uA1~v!1A2~v!u2,

~A2!

whereA1 andA2 involve intermediate single-phonon state
umlatt&:

A1~v!5Ne* (
mlatt

^0lattuu02u1umlatt&^mlattuu0u0latt&

E0latt
2Emlatt

2\v2 i01
,

~A3!

A2~v!5Ne* (
mlatt

^0lattuu0umlatt&^mlattuu02u1u0latt&

E0latt
2Emlatt

1\v1 i01
.

~A4!

The functionsA1 andA2 are, within linear-response theor
related to the response ofu0 to the fieldEz as

uA1~v!1A2~v!u25uh~v!u2, ~A5!

whereh(v) is the response ofu0 to the fieldEz :

h~v!5
u0~v!

Ez~v!
. ~A6!

This response function anda(v) in Eq. ~21! can be calcu-
lated by solving a one-dimensional set of coupled equati
describing the dynamics of longitudinal phonon propagat
normal to the surface. In a nearest-neighboring interla
force-constant model, the dynamics of the rigid substrate
ers is then governed by

2Mv2u01MV2~u02u1!5e* Ez , ~A7!

2Mv2u11MV2~2u12u02u2!52e* Ez , ~A8!

2Mv2u21MV2~2u22u12u3!50 ~A9!

A

Here M is the mass of a substrate atom, andMV2 is the
force constant between the lattice planes. The maximum
quencyvmax of this phonon branch is given byvmax52V.
Note that the factor ofN in the total force exerted by th
electric field on the rigid substrate layer in Eq.~A1! is can-
celed by the factor ofN in the total mass and the total forc
constants for the rigid displacements of the substrate lay
From the homogeneous equations for the bulk layersi>2,
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we obtain a closed second-order equation for the respo
function x(v), defined byui 11(v)5x(v)ui(v), and with
the solution

x~v!5122v̄21 i2v̄A12v̄2 ~A10!

for 0,v̄5v/vmax,1. Using this result, the inhomogeneou
equations for the two surface layers can be solved, and
lattice response functions are given by

h~v!5
4e*

Mvmax
2

x~v! ~A11!

and

a~v!5
4e* 2

Mvmax
2 ~114v̄228v̄41 i8v̄3A12v̄2!.

~A12!

APPENDIX B: DETAILS OF THE WAVE-PACKET
PROPAGATION

We have used a pseudospectral method39 to solve the two
dimensional, time-dependent Schro¨dinger equation in a dis-
crete variable representation~DVR!.40 The spectral basis is a
direct product of plane waves,eikiz, in the z coordinate and
Legendre functions,Pj (cosu), in theu coordinate. The DVR
points in thez coordinate form a uniform grid, and in theu
coordinate the points are Gauss-Legendre quadrature po
The wave function at a timet5NDt is approximated by the
Trotter formula, and the split-operator approximation for t
short-time propagator:

uc~NDt !&'FexpS 2
i

2\
VDt DexpS 2

i

\
TDt D

3expS 2
i

2\
VDt D GN

uc~0!&. ~B1!

The potential-energy operatorV is a local operator on the
real-space grid, and its effect on the wave function can
evaluated directly on this grid. The effect of the kineti
energy operatorT on the wave function can be evaluate
directly after making a transformation to the spectral rep
sentation, in whichT is local:

^ki j uTuki 8 j 8&5S \2ki
2

2m p
1Ej D d i i 8d j j 8 . ~B2!

Here we have used the gas-phase rotational energies o2,
HD and D2 for Ej .41 Thus the propagation of the wave fun
tion proceeds by repeatedly performing transformations
tween the real-space grid and the spectral grid. In thez co-
ordinate, the forward and backward transformations
performed efficiently by fast Fourier transforms, whereas
the u coordinate these transformations involve small mat
multiplications. The Fourier method introduces implicitly p
riodic boundary conditions in thez direction. Therefore, in
order to have a good description of transitions to the c
2-14
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tinuum states, we have added a complex absorb
potential42 at the grid boundary.

Finally, we present some numerical details of the calcu
tions. The window function that we have used in this work
a variant of the Hanning window function.22 In the DVR, the
grid spacing in each coordinate is determined from the m
mum kinetic energy of the molecule, which is set to be ab
100 meV. In thez coordinate, the grid spacing is then give
by Dzukmaxu,p, while the number of grid points in theu
coordinate is determined by the maximum rotational qu
tum number,j max, from Ej .Emax. In the propagation, the
max

n

n

d,

h

. B

v.

n

20540
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length of one time step must satisfyDt,p/Emax. To meet
these conditions, for H2 we have chosenDz50.55a0 , j max
54, andDt5400 a.u. The absorbing potential starts a
distancez5zmax540a0 from the surface and is given by42

Vabs52 iAN expS 2L

z2zmax
D , ~B3!

whereN513.22 is a constant, whileA andL are both coef-
ficients related to the energies of the system. In this work
have usedL515 a.u. andA51.12Emax.
.
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