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Photodesorption of physisorbed hydrogen molecules
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We have determined rates of direct infrared photodesorption foHB, and D, 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 foy &fdsorbed on the terraces of a(610) surface. A calculated
isotope effect on the desorption rate, with a desorption rate jah&t is about an order of magnitude smaller
than for H, 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.
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I. INTRODUCTION direct mechanism, involving photon-excited substrate
phonons.

Infrared photodesorption of weakly adsorbed species has A direct process, that relies on dipole-excited bound-
been observed in a number of experiménfsitand differ-  continuum and bound-bound transitions of the adsorbate in
ent mechanisms have been identified or proposed for ththe adsorption well, was also suggested for photo-
desorption processes. In infrared laser photodesorption exesorption.*%In the case of a chemisorbed molecule such
periments, Chuang and Hussla identified desorption followas CO on Cu, Jedrzejet al? found, in a theoretical study
ing photoexcitation of an internal molecular vibration for based on a one-dimensional, quantum-mechanical model,
NH; (Ref. 1) adsorbed on copper. At high laser intensities,that this process required a very large photon intensity that
thermal desorption due to laser-induced substrate heatirﬁﬁ””o'f be reallz.ed by conven_tlonal lasers. The specific case
was also observed. In an extension of this experiment, witp! Photodesorption of a physisorbed molecule by a bound-
coadsorbed NEland ND;, Husslaet al? found no molecular continuum transition was t.heorencally ;tudled by Pearlstine
selectivity of the desorption when the Nkhnolecules were and McClelland®. They derived expressions for the rate of

initially excited. This indiscriminant behavior suggests thatc.ilreCt photodesorption from thE’T ground state to the con-
. . tinuum states of a Morse potential and calculated photodes-
the desorption process is thermal. Nonthermal photodesorp-

tion was observed in cases where the photon source is blac _rption rates using a model for the dipole moment of D
o . . i P : hysisorbed on Li01). A similar theoretical study was
body radiation. The interest in this process first arose fro

. 3 - erformed by Shiand for HF on a LiF001) surface. How-
observations that were made by Chuitbal.” in work that g, i these two studies there were no experimental inputs

concerned the design of cryopumps. In this study, they foung,; the dipole activity and no experimental values for photo-
that infrared radiation from the room-temperature walls ofgesorption were available.

the ultrahigh-vacuumiUHV) chamber induced desorption of | 3 recent papéf: we presented strong evidence of direct
H, from the cryosurface. It was estimated that, without re-photodesorption from the good agreement between measured
striction of the thermal radiation load on the cryosurface, theand calculated photodesorption rates for &hd D, phys-
photodesorption could reduce the efficiency of the cryopumpsorbed on the terraces of a (G0 surface. The experi-
substantially. The rate of desorption was found to be indements showed that molecules desorb due to thermal radiation
pendent of the substrate temperature below 4 K, suggestifgom the UHV chamber walls, and desorption rates were
that the process is nonthermal. In later wbthese observa- determined by measuring both the pressure required to main-
tions were confirmed for a variety of metallic and nonmetal-tain a constant surface coverage of adsorbed molecules and
lic surfaces, and it was suggested that the desorption wabke decay of H vibrational spectroscopic intensities with
caused by photon-excited substrate phonons. Further obséime. From the spectroscopic measurements, dipole activities
vations of blackbody radiation-induced desorption wereof transitions in the physisorption well were also observed
made by Cuiet al® for molecular hydrogen physisorbed on and intensities for transitions between bound vibrational
graphite, and by Fernet al® for HD on LiF(100). In the states were obtained for,H D,, and HD. From these data,
latter case, the measured translational energies of the dese have calculated the rate of direct photodesorption, in-
orbed molecules were one order of magnitude higher thaduced by blackbody radiation, and found excellent agree-
that given by the substrate temperature, providing direct eviment with the measured desorption rates. We also estimated
dence of the nonthermal nature of the process. The observéde contribution from the indirect phonon-mediated process
photodesorption in these cases was also attributed to the ite be negligible.
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In this paper, we present in detail the theory and results ohown that the weak physisorption interaction is essentially
our calculations for Hand D, in Ref. 11, and discuss inter- electronically adiabatic and is dominated by its laterally and
esting results for HD which are of particular relevance forrotationally averaged rigid part, and that the intramolecular
possible infrared laser-induced desorption experiments. Weibrational motion is unaffected by the physisorptigror
derive expressions for the rate of direct photodesorption foinstance, in H and D, beam scattering experiments from
two extreme cases of photon sources; a laser beam ar@u(100), the behavior of various selective adsorption reso-
blackbody radiation. The direct rate is determined by thenances show that lateral and rotational motions of the phys-
dipole intensity spectrum for transitions between the groundsorbed molecule are essentially unhindered, since the disper-
state and continuum states of the physisorption well, and weions of these resonances with lateral momentum are free-
calculate these intensities in the time domain by numericaparticle-like, and splittings of rotational sublevels are
wave-packet propagation. In these calculations, we use minute!® Thus a good zero-order description of the dynam-
model for the dipole moment which reproduces accuratelycs of physisorbed bl and D, molecules is obtained by a
measured intensities among bound states of the physisorptidgtamiltonian where only the motion of the center-of-mass
well. Calculations of the rate of desorption induced by thecoordinatez is hindered by a one-dimensional physisorption
indirect process involving excitation of substrate phonons ar@otentialVVy(z). The HamiltonianH, for this motion is then
described and discussed. In this case we also presentgiven by
simple argument why the photodesorption rate by absorption
of a single-photon process dominates over the photodesorp- p§
tion rate for absorption of multiple photons. Hz:2m

The paper is organized as follows. In Sec. Il A, we derive P
expressions for the rate of direct photodesorption by absorpfFhe form of Vy(z) is more or less well characterized for
tion of single photons for the two-photon sources and in Sechydrogen molecules adsorbed on several metal surfaces. In a
Il B we present how the desorption rate from absorption ofiater subsection, we present in detail the formvig{z) for
multiple photons can be calculated. The rate of desorptiomydrogen molecules physisorbed on (DR0), as derived
induced by the indirect process is then derived in Sec. Il Cfrom experimental and theoretical studies of selective ad-
The rate expressions contain spectral functions, which weorption resonancé$.
calculated using a method of wave packet propagation, de- The electronically adiabatic interaction of HD with the
scribed in Sec. Il D. The propagation takes place on a potersurface is the same as fop ldnd D, but the mass asymme-
tial energy surface that is described in Sec. Il E. The numeritry of HD introduces a mechanical coupling between the vi-
cal method of the wave packet propagation is detailed irbrational and rotational motion. For HD, the center of nss
Appendix B. In Sec. Ill we describe the experimental proce-s displaced byj cosé from the center of mass for 2Ha‘nd
dure and observations. In Sec. IV A, we present a dipole,, whered=(mp—my)ro/(2(mp+my)) andr, is the in-
moment function and compare dipole intensities calculatedermolecular distance antlis the angle between the surface
with this function with measured values. The direct rate ofnormal and the molecular axis. This asymmetry introduces a
photodesorption, calculated with this dipole function, and thesoupling between the motion af and 6 through Vo(z
indirect rate of photodesorption are presented in Sec. IV B-d cos¢), so that the rotational angular momentudnis no
and compared to measured desorption rates. Finally, we giM@nger a constant of motion. The interaction is still axially

+Vo(2). @

some concluding remarks in Sec. V. symmetric soJ, remains conserved. The resulting Hamil-
tonian for these degrees of freedom for a state with an azi-
Il. THEORY muthal angular momentud,=7%m; is now given by
A. Rate of direct mfrare_d photodesorption by absorption of pg w2l 1 g ( . J ) m2
single photons H,j=e— = | —— —| sinf— | — —
207 2m, 21 |sing 36 0] sirke

In this section we present expressions for the photodes-
prptlon rate for a hy(_jrogen molecule phy_ss_orped ona IQW- +V,(z—d cosh), 2
index metal surface in the low-coverage limit via absorption
of single photons. The rates are derived using first-order pemwherel is the moment of inertia of the molecule.
turbation theory for two extreme cases of incident photon The interaction of an electromagnetic radiation field with
fields. First we consider a field with a definite frequency,a physisorbed molecule is strongly influenced by the pres-
angle of incidence, and polarization, corresponding to a situence of the metal surface due to the screening by the con-
ation with an incident infrared laser beam, and then we coneuction electrons. In the physisorption region, which is lo-
sider the case of primary interest here, namely, incidentated well outside the outermost atomic plane, the effect of
blackbody radiation. We begin by presenting an appropriat¢he screening is described by the reflection coefficiétyis
Hamiltonian for the molecule-surface interaction and for theand R, for s- and p-polarized incident fields, respectively.
interaction of a physisorbed molecule with the electromagThe coefficients, given by the Fresnel formutasre func-
netic field at a metal surface. tions of the angle of incidence, and depend on the substrate

In the case of physisorbed,Hand D, molecules on a dielectric properties. Within classical local optics the bulk
low-index metal surface, the molecule-surface interaction iglielectric function is given by the Drude expression, which
relatively simple. Experimental and theoretical studies havdor a metal in the infrared spectral range gives a value
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e<—1, resulting in almost perfect reflection wiRg~—1 5
and R,~1, except at near grazing incidence whétg— Cﬂp(w)=% (M| 1£p|0)[*8( @ — Wi+ wo). (7
—1. In the present case, a local optics treatment is not valid.

For instance, the low temperature of the substrate gives
mean free path of-100 um for the conduction electrons,
which is larger than the wavelength ef40 um for the
infrared radiation of interest here. However, the conclusio
about the reflectivity from local optics is still valid. For in-
stance, we find that the application of a nonlocal theory t
this case give$R,|?~0.997 at normal incidenc®.

In the infrared frequency range the response of the met
to an external electric field can be modeled simply using th
following two approximations. First the wavelength is much
larger than the size of the molecule and the distance betwe
the molecule and the surface, Second, the frequencies in thig
range are much less than the plasma frequency, so that t
response of the conduction electrons is essentially that of
static field. Thus the total electric field in th_e.infrared frej ?cules, which show a broad angular distribution.
quency range at the molecule has a negligible tangential '\ )3 ihody radiation, the energy flux of photons is the
component and a normal component enhanced by a factor of A o
2. With an incident electromagnetic plane wave with waveS2Me for all directiong and polarizationg. The photon flux

vectorq and polarizatiore, the resulting total electric field at Within the solid angular elemerti(2, and with energies in
the su?face ig given by g the intervaliw to v+ d(Ahw), is given byi(q,e)dwd(),

where

Aere|0) is the ground state, and in general the sum is over
bound and continuum statg®) of Vy(z) with energiesE,,,
=fhwy, but only the continuum states &f;(z) with E,,
" w—D>0, whereD = —E, is the binding energy, con-
tribute to desorption.
O There are a few characteristic features of this desorption
rocess. The rate is linear in the photon intensity for
i—polarized light, whereaspolarized light gives a negligible
ontribution. The transition of the molecule is vertical in the
hysisorption well, with no change of lateral momentum. At
low substrate temperature the molecules have a small lat-
al momentum and the angular distribution of the desorbed
olecules will be sharply peaked in the direction normal to
fhe surface, in sharp contrast to thermally desorbed mol-

E=E,z=27E(q,€)€- 2 COSwt, 3
n(w)w?

where E(qg,€) is the amplitude of the incident wavey i(9,€)= 8732 ®)
=cq, andz is the unit normal of the surface. Thus this field

couples only to the normal component of_the di.pole momenHeren(w) = [ expfiw/ksT)—1]* is the Bose-Einstein distri-
of the physisorbed moleculg,,, resulting in an interaction pytion function of blackbody radiation photons at a tempera-

HamiltonianH g, given by ture T. The remaining factors and w?/8w3c?® are the veloc-
ity of light and the photon density of states, respectively. The
Haip= — mpE;. 4 rate of direct photodesorption is then obtained from €.

) i by integrating over the distribution in E¢B) for p-polarized
The dipole moment results from the electronic rearrangephotons with energiedw>D andg,<0, and the result is
ments associated with the physisorption interaction, and SUGiven by £

gests thatu, depends predominantly om, w,=wup(2),

which enables the perturbation to induce transitions among g

translational states of the molecule in the physisorption po- th_ f 3

tential by absorption of single photons. A particular conse- Wy 373 hw>den(w)w C“p(w)' ©

guence of this perturbation is that a molecule may be excited

from the ground state to a continuum state resulting in directhjs expression is closely related to the expression for the

photqdesorptlo_n. . o rate of photon absorption by a dipole in free space. The
With an incident beam of photons with a definite wave difference is a factor of 2, arising from the normal electric-

vectorq and polarization directioe, we find that the rate of field intensity being enhanced by a factor of 4 outside the

direct photodesorption by absorption of single photons isurface and the total photon irradiation being decreased by a
given by first order perturbation theory as factor of 2.

W ) = i) I 1 ) 5 . . . . B
o(@.€)=a(q,€)1(q.€) ® B. Photodesorption kinetics and multiple-photon absorption

where(q,€) =c|E(q,€)|?/8mhw is the photon flux of the So far we have considered photodesorption via a bound-
incident beam. At a zero substrate temperature, the cross segontinuum state transition by absorption of a single photon.
tion oq4(q,e€) for direct desorption of a single molecule is |n the presence of a blackbody radiation, we have photons
given by with energies being resonant with bound-bound state transi-
tions in the physisorption well and a photodesorption path-
6w . 2 way involving intermediate bound-bound state transitions by
od(d,€)= Pl Ch 2)°Cy (@), ©) absorption of multiple photons is possible. In this subsection
we provide the necessary theoretical background and the
WhereC#p(w) is the dipole spectral function defined as physical simplifications that can be used to estimate the ef-
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ficiency of this process. We also present our procedure tabsorption is much weaker than the phonon emission. Fur-
extract the photodesorption rate from the observed rise in thihermore, the dipole coupling to the photon field is typically
background pressure. very weak compared to the coupling to the substrate
An appropriate theoretical description of the rate of pho-phonons, so thawzufr’], and W'dRm, can be treated by first-
todesorption by absorption of photons from a surroundingrder perturbation theory in a similar manner to what was

bath of blackbody radiation is provided by the Pauli masteigone by Montroll and Shuléf. The resulting desorption rate
equation. The justification and limitations of this approachr  is then simply given by

was discussed by Jedrzejek al® In this description, the
time dependence of the rates of populatiyn of the various
bound-state levelm are given by Rd:% (W3 + Wit Pquasim (12)

Pr(D) =2 (W2 +WIR )P (t
(1= 2 (Wi Wos ) P (1) > (W + W ) Paasi =0, (13
m

)P (1) (100  whereP,asim is the stationary population of the bound-state
levels in the absence of bound-to-continuum-state transi-
. . .___tions. Furthermore, the weak coupling to the photons relative
wf;;ebre the ofIfF-Qd|ago'naI matrix e!gments of the rate matricesy, ye g pgtrate phonons also makes it possible to treat the
Wi @ndWig o,/ , give the transition rates among the bound gffect of single-photon emission and absorptionRyas by
state levels caused by emission and absorption of single suUBerturbation theory, and the first-order chamjg,is deter-

strate phonons, and single photons, respecti\m@ﬁ, and  mined by

W'dem, are the corresponding bound to continuum state tran-

sition rates. The diagonal matrix elements of the rate matri- WSUth(q%JLSF _WlRPt(q?E’:lsi' (14

ces are determined directly by particle conservation from . . L
their off-diagonal elements. where Pg‘ﬂgsi is the stationary population in the absence of

In the case of the physisorbed hydrogen molecule on copt—?laCkbOdy radiation and(lk))ound-'go-(.:ontinuum state_transi-
per, we have a detailed quantitative model for the transitiorioNs: The component d?q ;g that is linearly dependent on

rates that enables us to calculate the desorpion NS, is Pguasiis indeterminate from Eq(14), but is determined from
given by Eq.(9), with the dipole spectral function for the particle conservation. In particular, at zero substrate tempera-

0)  _— (1) ;
bound statem and the off-diagonal elements of'R are  tUr€ Pquasim= Omo andPgiasi,m With m>0, reduce to
given in analogous manner by

b IR
_2 (WZ?meFW
m

d,m’

WE, 1 &
Pét)asim:%"'m 2 {[\N?)ulg(rsu':ﬁil]kwm}m,o
IR 8 3 |2 1—‘m,m 1—‘m,m k=1
Wm,m’:%n(wm,m’)wm,m'|<m|ﬂp|m >| ) 11 (15)

whereT's'® js a diagonal matrix acting on all bound states

where wm, m'=(Em—En)/# is a transition frequency. Note = .
that the emission and absorption processes correspond féf}fpt the ground staten=0, whose diagonal elements

b .
negative and positive transition frequencies, respectivel m’m:_Wﬁ:m are t.he re!axauon rates of the bu(gund ﬁtt)ates
[N(—w)=—(1+n(—w)]. In an earlier, combined theoreti- duesutt? the mtergchon with the substrate, EW%D:WS.
cal and experimental study of lifetimes of physisorbed hy-t 1" - Finally, using Eqs(13) and(14), the total desorption
drogen molecules, we showed that they are governed bg,alte can now be expressed in a physical transparent form as

single-phonon emission and absorption processes, and that at

_ pth IR
a large lateral parallel momentum the bound-continuum tran- Ra=Rg TRy, (16)
sitions induced by the corrugation of the physisorption po- R oIR.(1) subs (1) Re(L)
tential also give an important contribution to the lifetiffe. R =R+ WPt Wi P 17)

In the case of photodesorption by IR photons with essentiall . . .
zero momentum and at substrate temperatures belo hereRg'= WP is the thermlil deslgrp(téc))n rate in ab-
~10 K, states with a large lateral momentum have a negliS€nce of blackbody radiation arfy”=W"Pg 55 is the
gible population and the latter process is unimportant. ExPhotodesorption rate induced by blackbody radiation. In Sec.
plicit expressions for rates of single-phonon emission andV B, we will show thatRy* is dominated by the photodes-
absorption were given in Refs. 17 and)18hey have a orption rateR}*") via bound-to-continuum-state transitions
structure similar to that of the expressions in E(®.and by absorption of single photons and, in particular, that the
(12), but with a different boson density of states and matrixtwo-photon desorption rat/y*P{) is negligible.
element. Finally, the thermal and the photodesorption rates for
In the specific case of photodesorption of physisorbed hysingle molecules are simply related to measurable quantities,
drogen molecules, we have a few important physical simplisuch as the background pressure that is required to maintain
fications that make it unnecessary to solve B4) numeri-  a constant coverage of adsorbed molecules. For instance, in
cally. At low substrate temperatures, the rate of phonoran equilibrium situation with a constant surface coverage of
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molecules per unit surface, the rate of incident molecule$or 0< w= w/w < 1, Wherew,,, is the maximum longitu-
that stick to the surface is equal to the rate of desorbingjinal phonon frequency in the.00] direction.

molecules: Some of the excited phonons will cause desorption of the
adsorbed molecules. A proper treatment of this desorption
s®=Ry0. (18 rate is provided by second-order perturbation theory, which

_ ) o includes both real and virtual intermediate phonon processes.
Hered = p/2mmykgT is the flux of incident molecules ata The jnteraction between longitudinal phonons, propagating

pressurep and s is the sticking coefficient. To maintain @ ;5 girection normal to the surface, and a single molecule,

;peqiﬁc surface coverage in the presence of photodesorptiog, the physisorption potential, is well represented by
it is just necessary to increase the pressuré py from the

background pressure in the absence of radiation where Hp— 1= —UgVy(2). (23
Irymmea—— The corresponding second-order expression for the rate of
Ap,= 2mMpke T R'dR- (19 desorption is derived in the Appendixes, and we find that the
indirect rate, in terms of the incident photon energy flux, is
given by

C. Rate of indirect photodesorption 2
) ) ) o o 167°wl(q,€) ., )
This subsection deals with desorption induced by an indi- ~ Wyr(d,€)=—— ——(&:2) Cyy(@)|n(w)|*. (24
rect process; the field interacts with the dipole momenof

the surface substrate ions, and excites substrate phonond;erecv(f)(w) is the force,— V|, spectral function, defined in
which may decay by transferring energy to the translationah, analogous manner to the dipole spectral function in Eq.
motion of the molecule. We first present the rate of substratﬁ) and 7(w) = up(w)/E,(w) is the linear response of, to
phonon excitation by single-photon absorption, and then dege incident field. The contributions from real and virtual
rive the rate of desorption of a single molecule using Seco“dphonons are given by the imaginary and real parts(ab)

order perturbation theory. , respectively. In our lattice-dynamics model of (@Q0),
Our treatment relies on previous studi®® based on Aﬂ(w)|2 is given by
il

electron-energy-loss spectroscopy measurements of the

pole activity of substrate phonons in the surface region of a Ge* 2
metal. These studies showed, in particular, that the observed [ 7(w)|?= > 7 (25
dipole activity of the phonons at the QD0) surface is well Wmax
represented by a surface lattice dipole moment per surfacg, 0< W< Wy
unit cell, given by The contribution from/im 7(w)|? to the rate in Eq(24)
. can be interpreted as a two-step process. This interpretation
=" (Ug—Uy), (200 s based on the factorization
. .
wheree* is the screened charge of the ions apdandu; Wﬁal(q,f):Uph(w)Pabs(q,GN(q,G), (26)

are rigid displacements of the first and second layer, normal

to the surface. Thus only longitudinal phonons, propagatingvhere

in a direction normal to the surface, will be excited. The rate Wo(qe  5l2mer?

Wy, Of exm_tatlon 01_‘ substrate phon_ons, per .surface L_mlt cell Pand T, €)= pnd.€) _ 77 (e-2)%0* 11— w2
by absorption of single photons withw>D, is then given Asd(d,€)  McComaAsc

by the expressions for dipole excitation in E¢S) and (9) (27)
when making the substitution,— ;. Here,CMl(w) issim-  and

ply determined from linear-response theory as

opr(©) = sc

(28)

where a(w) = u()/E,(w) is the polarizability of the lat-  for D<7w<#fwmay. HereA is the area of the surface unit
tice in the surface region. For the @00 surface, a good cell. The factoP,{q, €) is the probability for a photon to be
representation of the surface polarizability is obtained from gypsorbed by a longitudinal phonon with eneryy = cq.

simplelg nearest-neighboring  interlayer  force-constanirpe factoro () is then the cross section for such a phonon
model.~ As shown in the Appendixes, the imaginary part of 15 gesorb the molecule.

a(w), which is related to the power absorbed by the surface,
is then given by

Witae 2n ooy
w

th( a. G) e M#A wzmax

h
CM(w):;Im a(w), (21

D. Spectral functions

26*2 __ _ The basic quantities in the expressi¢gs|s.(5) and(24)]
Im a(w)= 5 w3\V1— w? (220  for the desorption rates that we need to calculate are the
®max spectral function€¢(w), whereF = u, andF =V, respec-
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tively. In the case of HD, we had to calculate these spectragating the wave packef(0)) and calculating the wave-
functions for a two-dimensional potentialg[z—d cos@)],  function autocorrelation function in an analogous manner to
so we chose to calculate these functions using a wave-pack#te calculation of the auto correlation function in E29). In
propagation methot? We also applied this method to,H Appendix B we describe in detail the numerical method that
and D, where we only had to propagate a wave packet in theve used for the wave-packet propagation, but first we present
one-dimensional potentialy(z). This method is based on the detailed form of the physisorption potential under con-
the time evolution of an autocorrelation function, and, in thesideration here; hydrogen molecules physisorbed on a
time domain, the spectral function Bfis directly related to Cu(100) surface.
such a correlation function through

E. Physisorption potential

Ce(t)=2, e !(@m=0|(m|F|0)|2=(0|F(t)F(0)|0). The laterally and rotationally averaged part of the poten-

m 29 tial, Vo(2), is governed by Pauli repulsion close to the sur-
face, while asymptotically it is governed by van der Waals

Here we have made an expansion in the energy eigenstatesatfraction. In current theoretical descriptions of physi-

the physisorption potential. However, since the correlatiorsorption?*=2% Vy(z) is written as a sum of these two

function can only be calculated for a finite-time interval, we branches,

weightCg(t) with a window functionw(t) before taking the

real part of the Fourier transform: Vo(2) =VRr(2) +Vygw(2), (34

where the repulsive and attractive terms are given by

1 T
- | ot
Cr(w)= 5=Re fo dte “'W(t)Cr(t) V2)= Coexpt — a2 -

=2 [(mF|0)|*Re W[w—(@n—wo)]. (30)

_ fol 2k(z—Z ygw) ]
The real part of the Fourier transform of the window func- Vyaw(2) = — Cyaw : (36)

3
tion, ReW(w), is peaked ato=0 with a width proportional (2= Zvaw)
to 1/T and with an integrated strength of unity. Thus, for respectively. HereCr describes the strength and the in-
transitions among bound stat€%;(w) will be peaked at the verse range of the repulsive potenti@l,yy is the strength of
transition energiesi (wn— wp), and the intensity of a spe- the van der Waals attractiok, is related to the inverse size
cific transition is now determined by integrati@y(w) over  of the molecule, and, gy is the position of the van der Waals
the corresponding peak whénis chosen large enough so plane. The saturation of the attraction at short distances is
that the peaks from the surrounding bound states do not ovedescribed byf,(x), which is given by
lap.
The time evolution of the correlation function in EQ9)
can be determined by propagating an appropriate wave
packet|#(t)) in the physisorption well with the Hamiltonian
H in either Eq.(1) or (2). With |(t)) given by In the present case of a QW0 surface, we have use_d1 pa-
rameters taken from Ref. 1&z=5.21 eV, a=1.215; ",
i Cuw=4.74 eV a3, k.=0.45, ", andz,qy=0.563,. With
|¢//(t)):ex;{ N %Ht> F|0), (32) these values, the resulting bound state levels pfakid D,

) ] i ] agree well with results from selective adsorption measure-
the correlation function can be written in terms of a wave-ments. The shape 0¥,(z) is shown in Fig. 1. Electron-

2

X
1+x+ =

fo(x)=1— 5

e % (37

function autocorrelation function: energy-loss spectra taken foy, lddsorbed on th€100)-like
i terraces of a C®»10) surface,(discussed in Sec. )| show
CF(t)zex;{—Eot)(z,b(t)|¢(0)>. (32 thqt the vibr_ational energies, defined henceforth' as the tran-
h sition energies between the ground state to excited states of

In the calculation ofCr(t), we first need to determine the Yo(2), practically coincide with those for the flat Q00
ground statel¢x(0)>=|0p>. A well-established methddl to surface. Hence the molecules in these two cases experience

calculate|0,,) involves the propagation of an initial state that similar potentials, which justifies also using the well-
has a nonzero overlap widlﬁ)p> in imaginary timet=i7: characterized Q.00 potential in calculations for molecules

adsorbed on a GG10 terrace.
1 The isotopic molecules }l HD, and D, have the same
| (i T)>=eXF( 7 (H= Eo)T) |4(0)). (33 electronic configurations and thus the same physisorption in-
teraction. However, for HD the asymmetric position of the
The overlaps ofl¢(i7)) with all states except the ground center of mass introduces a coupling between rotational and
state will then decay exponentially in time. The expressionvibrational motionsee Eq(2)], and we find that in order to
in Egs.(31) and(33) also include the ground-state energy of account quantitatively for observed dipole moment intensi-
the system. We have determined the eigenenergies by proptes for transitions to rotational states of this molecule, it is
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FIG. 1. The isotropic par¥/, of the interaction potential for % 1L © |
hydrogen molecules physisorbed on(D20). The energies of the E
lowest bound states for Hare indicated. = Cu(100) HD
x200
1.7
necessary to include the anisotropy of the potential, that is, 0.5+ 74 1
its dependence on the angig, between the surface normal . 99
and the molecular axis. Current theory and the observed 13.6
splittings(see Sec. Il of the bound-state levels suggest that 0
the anisotropy is well described by the leading-order aniso- 0 5 10 15 20 25
tropic term in an expansion &f(z, #) in Legendre functions: ENERGY LOSS (meV)
V(z,60)=V(2)+V,(z)P,(cosh). (38) FIG. 2. (a) displays electron-energy-loss spectra fgradsorbed

on CU510 at 9 K for initial gas exposures of 0.7 (lower curve
The anisotropic ternv,(z) is written as a linear combination and 1.6 L(upper curvg where 1 1I=1x10"° Torr sec. A smooth

of the repulsive and attractive parts \6§(z): background has been subtracted, and the dashed curves indicate
decomposition in stefS and terracegT) related featuresb) and
V5(2) = BrVR(Z) + ByawVvaw(Z). (39 (c) show spectra for full monolayers of,Hand HD, respectively,

. ) adsorbed on QW00 at 10 K. All spectra are measured in the
The anisotropy of the van der Waals attraction was calculateghecylar direction at a 48° angle of incidence relative to the surface

previously’ giving Bygw=0.05. With this value and with normal. The electron-beam energies were 1€W510)] and 3 eV
Br=—0.002, both the magnitudes and signs of the splitting$cu(100)], respectively.

are reproduced’ Note that the anisotropy is dominated by ) )
the attractive part. (LEED) and high-resolution EELS, measurements. The clean

Cu(510 surface exhibited the expected LEED pattern, with

lIl. EXPERIMENT split diffraction spots in th¢510] direction, corresponding
to an average surface topology with0O-like terraces that
In this section, we describe experiments that measurare five atomic rows wide and separated(by0-like steps.
rates of desorption of Hand D, caused by background Prior to hydrogen adsorption, the specimen was flash heated
blackbody radiation. We have used two different methods tao 900 K and rapidly cooled<3 min) to 10 K. The hydro-
determine the desorption rates. One method relies on vibragen adsorption was monitored by mass spectroscopy, work-
tional loss intensity measurements using high-resolutiorfunction measurements, and high-resolution EELS. The latter
electron-energy-loss spectroscofBELS) and the other on measurements were obtained with use of an electron spec-
retarding field measurements of the adsorbate-induced workrometer which is a modified version of a construction that
function changé! The latter measurements were performedwas described elsewhef®and has an optimum energy reso-
in a small side chamber, whose wall temperature could béution of about 1 meV.
varied during the experiments. This chamber is directly at- The electron-energy-loss measurements show that hydro-
tached to the main ultrahigh-vacuum system which operategen molecules adsorb on 10 at low temperature
at a base pressure in the 8 Torr range. (around 10 K in two characteristic stages; the steps are oc-
The x-ray-aligned €0.2°) and -polished G610 speci- cupied first and further adsorption populates the terrices.

men was cleaneth situ by standard procedures involving Figure 2 illustrates this behavior in a series of EEL spectra
low-energy argon-ion bombardment and heating cycles. Usabtained for specular electron scatteriitg); from Cu510),
ing helium as a cryogen, the specimen could be cooled tand (b) and (c) from Cu100). In (a) lower curve primarily
below 10 K, and it was heated resistively. Substrate surfacthe stepqS are covered and in the upper curve both steps
properties were monitored by low-energy electron diffraction(S) and terracesT) are covered with adsorbed,HThe loss
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L B I B B B
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0 0 2'0 4'0 6I0 8IO FIG. 4. (a) decay of the 81 vibrational peak intensity with
time at a background temperature of 296 K fof(H,) adsorbates
ENERGY LOSS (meV) on Cu510. SandT denote step and terrace adsorbed molecules,

respectively, and the solid curves represent fitted exponential de-

FIG. 3. (a) displays electron-energy-loss spectra foraddsorbed  cays.(b) Corresponding data for an equal mixture of step-adsorbed
on Cu510 at 10 K; in the lower curve, only the steps are covered;H, and D,.

in the upper curve, both steps and terraces are covéseshows a

spectrum for a full monolayer of Hon CU100 at 10 K. The  roherties; H is adsorbed in two rotor states resembling 2D
spectra were measured at 54° detection angle for_ an angle of incd 3D rotors. We suggest that the 3D rotor state corresponds
dence of 48° from the surface normal and a 3-eV incident electroq!0 terrace adsorption at the lower step edge, where the mol-
energy. ecule experiences attraction to both the terrace and the step
edge. Density-functional calculatioisshowed that the 2D
peaks at 9.0, 15.4, and 21.3 meV in the upper curve are duetor state corresponds to,Hveakly bonded to a copper
to H, adsorbed on th€100-like terraces. These peaks al- atom at the step edge.
most coincide with the -1, 0—2, and 0—3 vibrational Desorption of H due to background blackbody radiation
transitions observed at 8.9, 15.3, and 20.0 me\bjrfor H, is a pronounced effect for Hadsorbed on G510, and we
adsorbed on QU00. Evidently, terrace adsorption closely obtained the spectra by applying an pressure in order to
resembles hydrogen physisorption on a fla{XD@) surface. maintain a fixed H coverage. With the vacuum chamber at
All of the vibrational excitations observed in Fig. 2 are di- room temperaturé296 K), a pressure of 210 ° Torr is
pole excited, and the intense overtone excitations are causedquired to keep the steps, for example, saturated with ad-
by a strongly nonlinear dipole moment functi&hWe also  sorbed H. This pressure is independent of substrate tem-
note that the energy of the dipole-active-@ transition for  perature below 13 K, but depends on the temperature of the
H, adsorbed on Q.00 is quite close to the continuum limit surrounding wall of the vacuum chamber. At a wall tempera-
around 25 meV. The intensities of the-0l, 0—2, and O  ture of 240 K the applied pressure required is about a factor
— 3 vibrational transitions provide direct experimental infor- of 2 lower. The specimen temperature is unaffected by the
mation about the dipole moment function for the Hd-  changing radiation load. These observations are consistent
sorbed on C(L00 and the terraces of Cbil10). with related findings for a number of ;Hphysisorption
EELS spectra recorded in the energy range for rotationasystems,® the desorption is evidently nonthermal, and is
transitions of adsorbed Hreveal a striking difference be- induced by the infrared radiation emitted from the walls.
tween step and terrace-adsorbed molecules o510y as Both step- and terrace-adsorbed molecules ofb Tl are
shown in Fig. 3. Molecules adsorbed on the terraces oflesorbed by the thermal radiation. We have determined de-
Cu(510 and on C@100 are found to rotate as weakly per- sorption rates for both kinds of molecules by simply measur-
turbed three-dimension&BD) rotors, a characteristic feature ing the decay of the ©:1 vibrational peak intensity with
of H, physisorption on flat crystal surfaces. For dense monotime. It is straightforward to use this method for step-
layers of H the j=0—2 rotational transition is observed adsorbed molecules, and such measurements with the
around 45 meV for C{(b10 [see Fig. 8a), upper curvéand vacuum chamber at room temperature are shown in F&y. 4
at 43.5 meV for C(L00) [see Fig. 8v)] that is close to the The initial gas exposures were 0.5 and 1.0(L L=1
gas-phase value 44.1 mé%?! The lower spectrum in Fig. x10~° Torrseg for H, and D, respectively. The influence
3(a) shows that step-adsorbed molecules exhibit excitingf a low residual H (D,) pressure has been corrected for.

205402-8



PHOTODESORPTION OF PHYSISORBED HYDROGEN MOLECULES PHYSICAL REVIEW68 205402

TABLE I. Dipole moment matrix elementgn,j|«|0,0)| for hydrogen molecules physisorbed on(020. Values(a) were calculated
using the dipole moment function in EG0) with ,6‘=0.9a(§l and uy=0.051 D. Valuegb) were calculated using a linear dipole moment
function; u= puo— p1(z—2p), wherepy=0.0553 D,u;=0.0330 D, andy is the position of the potential energy minimumandj denote
vibrational and rotational quantum numbers, respectively. The unit is Debye.

nj H, HD D,

Expt? Calc? Calc® calc® Expt? Calc® Expt? Calc®
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

8Reference 29; the experimentalj = 3,0 values for H and D, were obtained in the present work.

The intensity decays in an exponential fashion with time,x10"* s~* with the chamber at room temperature, confirm-
I(t)=1oexp(=t/7), where 7 is the mean lifetime of an ad- ing the rate we measured from the decay of the D vibra-
sorbed molecule. We obtain desorption rates, 8f 7  tjonal intensity. The rate decrease tx %0 * s when the
X102 s ! for H, and 2< 102 for D,. Terrace-adsorbed background temperature is lowered to 210 K, and increases
molecules diffuse easily to unoccupied step sites and photqo 15x 10 % s ! at a temperature of 470 K. The desorption

desorb. This means that desorption rates for such moleculggte for terrace-adsorbed,Was so low that we were unable
are not readily measured from spectra like the upper curve ifp measure it with this method.
Figs. 4a). H, adsorption at the steps can be prevented, how-

ever, via preadsorption of a suitable inert adsorbate. We IV. RESULTS AND DISCUSSION
found that N serves this purpose weff;the molecules ad-
sorb stably at the steps, prevent step adsorption ofadd The calculation of the photodesorption rates for hydrogen

affect the subsequenttadsorption on the terraces only mar- molecules physisorbed on Cu requires a detailed knowledge
ginally as judged from the EEL spectra. The fundamental 0of the physisorption interaction and the dipole moment func-
—1 vibrational transition in the physisorption well is ob- tion. The form of this interaction is well-characterized, as
served at around 9 and 7 meV fop, ldnd D, respectively. already discussed in Sec. Il E, while our knowledge of the
The loss peak intensity decays with a long time constant, aorm of the dipole moment function is much less well devel-
can be seen in Fig.(d). The corresponding desorption rate is oped. Here we show that it is possible to construct a simple
8x10° % s lfor H,, and about an order of magnitude lower dipole moment function that reproduces the measured dy-
for D,. Our measurements do not permit a more precise dgamic dipole moments for various transitions of, HID, and
termination for B because of influence from the ambient D, molecules physisorbed on Q00), and also for H mol-
gas. The larger rates measured for step-adsorbeand D,  ecules physisorbed on th{&00)-like terraces of the stepped
relate qualitatively to a large dipole activity of the vibrational Cu(510 surface. Using this dipole moment function, we cal-
motion. culate the direct and indirect photodesorption rates for these
We also performed measurements for step-adsorbed mdwo physisorption systems, and make a direct comparison
ecules with an equal mixture of+and Dy. The decay of the ~With the measured rates for terrace-adsorbedhtl D, dis-
0—1 vibrational peak intensities with time is displayed in cussed in Sec. IIl.
Fig. 4(b). The desorption rates are X0 ° and 2
x 102 s 1 for H, and D,, respectively, that is precisely the A. Dipole activity

same values as we measured for the puseahtl D, layers. At the current level of physisorption theory, it is not clear

The desorption rates are clearly independent of the isotop_iﬁOW to calculate the dipole moment function for a phys-

COTP?S'“O” oft_g;e a_(ilﬁorbdgte Itayﬁr;t %n obs?_rvatlon that Torbed molecule in the spatial region of interest, where we
en IIDre y Cot'f“pa ! te with a |Irec dpto 0 .esgrp lon ptrr?cess. khave comparable contributions from both Pauli repulsion and
esorption rales were alSo determined using the WOrky., gar \Waals attraction. Therefore, we have resorted to a

function change to monitor the coverage of adsorbed hydroéimple phenomenological model. We find that the measured

gen[( We r:ja\t/e perfotrmed _Sl{[(;]h meaﬁur_eamenr:s a; d'f_rl_et:e%namic dipole moments for hydrogen molecules adsorbed
ackground temperatures in the small side chamber. 1NeYs ¢\ can pe accurately reproduced using a dipole moment

datq were thoroughly discussed in Ref. 11, and we just SUMinction, which is exponentially decreasing outside the sur-
marize the observations here. For step-adsorbed molecul ce:

and the chamber at room temperature, we find rates of '
x10 % and 2<10 2 s for H, and D, respectively, val- = e B2 (40)
. . Mp= Mo€ .
ues that agree very well with the corresponding rates ob-
tained from the spectroscopic measurements discussederez, is the position of the potential minimum. Our moti-
above. For terrace-adsorbed, Hve obtain the rate 8 vation for this functional form is that the overlap between a
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TABLE II. Dipole moment matrix elementgn|u|0)| for H, <107
physisorbed on the terraces of G10). Measured values are taken 357
from Ref. 11 and our values were calculated using the dipole mo- 3l
ment function in Eq.(40) with B=1.5a;" and xy=0.0342 D.n
denotes the vibrational quantum number. The unit is Debye. 2.5¢

-~
n Calc. Expt. E 2z
0 0.032 o L5
1 0.021 0.021 3 gl
2 0.014 0.015 o™
3 0.009 0.009 0.5} x 1000
4 0.006 0 J H 3
0575 10 20 30 40 50 60

molecular orbital and the tail of a metal electron wave-
function decreases exponentially with This model repro-
duces very well the measured dipole moment matrix ele- FIG. 6. Calculated dipole moment spectral funct(bpp(w) for
ments, as demonstrated in Tables | and Il for HD, and B, D, on CY100. The peaks in the main figure are located at transi-
physisorbed on QW00 and for H, on the terraces of tion energies between the ground state and the bound states. The
Cu(510), respectively. For both surfaces, the results were obintensity for energies larger thdh=27.1 meV, corresponding to
tained by adjusting the parametess and 8, so that the transitions to continuum levels, is magnified by a factor of 1000.
calculation reproduces two of the measured dipole moment
matrix elementg(n|x|0)| for H,. In the former case, this gimes corresponding to transitions to bound and continuum
adjustment was done farx=0 and 1, and in the latter case states, respectively, and separated by the binding eri@rgy
for n=1 and 3. As shown in Tables | and Il, we find that our = —Eq. For Aw<D, the spectra consist of isolated peaks,
predicted values for the matrix elements for other transitiongach located at the energy for a transition between the
are in good agreement with all measured values. This kind ofround statg0) and a bound statgn), and with the dipole
agreement makes us confident that the model is appropriatetensity |(n|«,|0)|? given by the peak area. For energies
for calculating direct desorption rates that involve transitiondarger thanD, each spectrum, shown magnified in the inset,
to the continuum. instead consists of a continuum of transitions to unbound
In Figs. 5 and 6, we show the calculated dipole spectrastates. These continuum spectra are weak, and we find that
functionsCMp(w) for H, and D, respectively, adsorbed on the square root of the integrated intensities are 0.006 D and

Cu(100). Each spectrum consists of two distinct energy re-0.-002 D for H and D, respectively. The spectra directly
indicate the possibility of dipole excitation resulting in de-

Transition energy (meV)

%107 sorption. A common feature of the spectra is that the dipole
350 ' ' ' ' ‘ intensity decreases more rapidly for, Bhan for H, with
3l ] increasing transition energy. This isotope effect derives from

the fact that the wave functions for the heavier molecule are
more localized, which results in smaller wave-function over-
laps. The isotope effect is most pronounced for transitions to
the continuum states.
From the dipole spectral function for HD, shown in Fig.
7, we also find that rotational transitions are dipole active in
agreement with the experimental observations. This is most
0.5k % 100 ] clearly demonstrated by the peak at 10.3 meV, which derives
J from the j=0—1 rotational transition. This dipole-excited
rotational transition is observed at 9.9 meV in the HD spec-
, , , , , ‘ trum in Fig. 2c). The observed peak is actually the substate
0 10 20 30 40 50 60 (j,m)=(1,0) excitation, which as discussed below is shifted
Transition energy (meV) . . .
to lower energy due to the rotational anisotropy. Higher-
FIG. 5. Calculated dipole moment spectral functiop («) for order rotational transitions and combined rotational-

H, on CU100. The peaks in the main figure are located at transi-Vibrational —transitions .r_]ave energies larger  thed

tion energies between the ground state and the bound states. TRe26.4 meV. Such transitions result in resonant peaks super-
area of a peak is given by the transition dipole moment intensitymposed on the continuum of transitions to translational un-
while its width and height are given by the energy resolution asdound states, and the oscillatory structure in the spectrum in
determined by the time of wave packet propagation in calculatinghe inset of Fig. 7 derives from such resonances. For in-
C,Lp(t)- The intensity for energies larger th&@=25.5 meV, cor- stance, the peak at 33 meV derives from jke0— 2 rota-

responding to transitions to continuum levels, is magnified by dional transition. These results are not unexpected for HD
factor of 100. because of the coupling between rotational and vibrational

54
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35X 1|0-3 . and measured matrix elements in Table Il. The larger over-
) ' ' ' ‘ tone intensities for Kl adsorbed on the terraces than on the
3t ] flat surface are caused by its larger electrical anharmonicity,
that is, a larger value g8 for H, on the terraces than on the
257 ] flat surface. From these results for the dipole activity, we
T> ! expect the direct photodesorption rate to be higher from the
g terraces than from the flat CLOO) surface.
‘A L5p % 1000 1 In a previous analysis of the measured dipole moment
3 | matrix elements for hydrogen molecules on(€20),%° the
o dipole moment was assumed to originate predominantly
0.5 ] from the electronic polarization associated With the
J /\ . asymptotic van der Waals interactioni,(z— Zre) 4
0 where z,¢ defines a reference plaf&® In th|s model, aII
~05L . . . . ‘ parameters were calculated from known substrate and mo-

0 020 0 4% 50 60 lecular electronic properties. Matrix elements were calcu-
ransition energy (meV) . . )
lated by making a Taylor expansion of the dipole moment
FIG. 7. Calculated dipole moment spectral functmpp(w) for  from the equilibrium position of the molecule in the ground

HD on CY100). The peaks in the main figure are located at transi-State and, as shown in Table I, the calculated matrix elements
tion energies between the ground state and the bound states. TH&re about the same order Of magnitude as the measured
intensity for energies larger thab=26.4 meV, corresponding to values. However, such an expansion can only be used to
transitions to vibrational continuum levels, is magnified by a factorestimate matrix elements for transitions to the low-lying
of 1000. Due to the intrinsic widths of the resonances in the constates, and we find that this model is not appropriate for
tinuum, these peaks are broader than the peaks for transitions talculating the direct desorption rate.
bound states.

motion for this molecule. The good agreement between the B. Photodesorption

calculated and the measured dipole moment also for the tran- Our calculated dipole intensities for transitions to con-
sition with predominantj=0—1 character, as shown in tinuum states are relatively small, indicating that direct pho-
Table 1, gives additional support for our dipole moment func-todesorption is a weak process. We find that the rates of
tion. In the calculations for HD, we find that the rotational desorption, induced by room-temperature blackbody radia-
anisotropy of the potentiaf, has a substantial influence on tion, are 1.6¢10"* and 1.2<10°° s ! for H, and D;, re-
both dipole moment matrix elements and rotational energyppectively, adsorbed on CL00. Thus the mean time re-
levels. For instance, the matrix element and the energy foguired to photodesorb an,Hnolecule is about 1.5 h and an
the j=0—1 transition changes from 0.007 to 0.005 D andorder of magnitude longer for DIt is not at all obvious that
from 10.3 to 11.2 meV, respectively, when this anisotropy issuch a weak process gives effects that are observable in ex-
neglected. For the homonuclear molecules dhd D,, we  periments. However, we find from E¢L9) that due to the
find that the rotational anisotropy of the potential does nodirect photodesorption, a jJHbackground pressure,, of
influence the results for vibrational transition matrix ele-about 10° Torr is required to maintain full coverage of a
ments and does not result in dipole activity of rotationalCu(100) surface in an ultrahigh-vacuum chamber at room
transitions. temperatur€296 K). This estimated K pressure is in good

In general, overtone intensities are caused by a nonlineaagreement with the experimental observations reported in
dependence ok, with z, and by the anharmonicities of the Sec. Ill.
potential. These two contributions are often referred to as We find that desorption induced by an indirect phonon
electrical and mechanical anharmonicities, respectively. Wgrocess that involves excitations of substrate phonons as an
find that the contribution from electrical anharmonicity intermediate step is negligible in comparison to the direct
dominates. This is demonstrated in Table |, where the overprocess. Our evaluation of this rate is based on the expres-
tone intensities for b calculated using a linear dipole func- sion in Eq.(24), and is determined by the screened charge of
tion, are shown to be much smaller than those obtained witthe substrate ione* and the maximum longitudinal phonon
the exponential dipole function. One minor effect of the me-frequency normal to the surface,,. >0 In the case of a
chanical anharmonicity is that the ground-state wave func€u(100) surface, previous studies of the surface dipole activ-
tion is centered slightly outside the potential minimum. Thisity of substrate phonons in Ref. 19 revealed that a good
explains why the ground-state expectation values of the didescription is obtained wite* =0.01%. The phonon struc-
pole moment is smaller tham(zo) = uo, as shown in Tables ture is also well known for Cu, anlw 5, Was determined to
| and Il. The effect is larger or Kthan for D,, because its be 30 meV in thg100]- direction®38 With these parameter
smaller mass makes its wave function less localized in thealues and in the presence of 296-K blackbody radiation, we
potential well. obtain desorption rates of abou80 8 and 6x10 ° st

For H, adsorbed on the terraces of GL0), the dipole for H, and D,, respectively. These rates are several orders of
intensities decrease more slowly with the transition energynagnitude smaller than the direct rates, and we conclude that
than for the C(100 surface, as shown from the calculated the direct process is dominating the photodesorption of hy-
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—4

4210 ‘ . . about an order of magnitude larger fop than for D,. The
stronger overtone dipole intensity for molecules on the ter-
55l races of C(610) than on C(100), results in a larger desorp-
’ tion rate.
ol Experimentally, we found that background pressures of
~ order 10 ° Torr were required to maintain a fixed, lover-
T@ H, age, in agreement with our estimation for the direct photo-
%15 ] desorption process. From the terraces, the molecules were
e observed to desorb with ratesxd0 4, 8x10 4, and 15
I X104 s at wall temperatures of 210, 296, and 370 K,
respectively. These values are in very good agreement with
051 D ] our calculated direct photodesorption rates, as shown in Fig.
2 9. For D,, we observed at 296 K that the desorption rate was
% 100 200 300 200 about an order of magnitude smaller than for. Fihis find-
Temperature (K) ing is also consistent with our calculations.

FIG. 8. Calculated direct photodesorption rate for &hd D, Desorption rates were also measure_d in Ref. 3 from ion
physisorbed on Q@00), as a function of the blackbody radiation gauge and mass spectrometer obs_ervatlons for low cover_ages
temperature. of H, and D, on a poorly characterized copper surface. With
the chamber at room temperature, the rates were found to be
in the order of 104 s™! and 10° s ! for H, and D,
for the CU510) surface, since our EELS experiments ShOWrespectively. These values are of the same order of magni-
that the dipole activit for this surface is similar to @00 tude as our calculated and measured rates of photodesorp-

b y i tion, both from the terraces of Ca0) and from C100). In

In order to compare with the experiments described in_ """ . . A
Sec. Il and to identify some characteristic features of th(:'partlcular, the magnitude of the isotope effect is similar in all

direct photodesorption, induced by blackbody radiation, weF@Ses: The good agreement between our calculated direct
have calculated the rate as a function of the radiation temphotodesorptlon rates and measured rates strongly indicates

perature. In Figs. 8 and 9, we show the calculated temperéhat the phqtodesorption observed in the experiments are the
ture dependencies of the rates foy &hd D, desorbing from ~ results of direct processes.

Cu(100 and from the terraces of &0, respectively. The A large photodesorption rate at a given photon energy flux
temperature dependence of the rate is determined by tHe&n be obtained by using a tunable infrared laser as photon
Bose-Einstein photon distribution function and is similar in source. The strongest coupling between the field and the di-
all cases. At low temperatureskgT<D, the rate is pole moment is obtained with p-polarized beam at near
Arrhenius-like,Wqxexp(~D/kgT), and at high temperatures grazing incidence, where-z is maximized. However, as
kgT>D, it is approximately linear in temperaturé/y>T.  noted previously, the reflection coefficieR,, tends to -1 at

For each surface, the isotope effect of the dipole intensitiepear grazing incidence, thus canceling the normal electric
has a pronounced effect on the desorption rate; the rate {&|d. From calculations OR, as a function of incident angle,

given in Ref. 16, we find that the optimal configuration is

drogen molecules from QUO0. The results are also valid

%107 obtained at an angle of incidence of about 84°. With this
1.6 ‘ ' ' + arrangement and by tuning the photon energy to just above
1.4t ] the binding energy), where the dipole intensity is strongest,
the efficiency of the laser in desorbing the molecule is maxi-
L2r mized. The blackbody radiation, on the other hand, is unpo-
ot larized, and has an isotropic angular distribution and an en-
T, ergy distribution that stretches from zero energy to well
20.8r above the energy region where appreciable dipole-induced
2067 desorption occurs. The total energy flux of 296-K blackbody
) radiation through a surface is about 50 mW#anith a total
0.4t photon flux of about 4 10'® cm 2s 1. With a laser of the
same photon flux and operating under optimal configuration,
021 we find that it is possible to obtain a direct photodesorption
0 rate of 2.5<10" 2 s ! for H,, a factor of 16 larger than for

0 100 T 20? K 300 400 the blackbody radiation. The cross section for desorption is,
emperature (K) however, still small,~10 ?cm 2. This can be compared
FIG. 9. Calculated direct photodesorption rate for &hd D, with results from experiments with desorption induced by
physisorbed on the terraces of (G10), as a function of the black- laser photo excitation of internal vibrational modes, where
body radiation temperature. The crosses are experimental values foross sections on the order of T8 cm 2 have been
H,, taken from Ref. 11. observed’
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The use of a tunable infrared laser should result in soméunction of blackbody radiation temperature, agree remark-
interesting effects in desorption of physisorbed HD. Theably well with the measured rates fo, ldn the terraces of a
resonant structure in the continuum part of the dipole intenCu(510 surface. The strong isotope effect observed in the
sity spectrum, shown in the inset of Fig. 7, implies that adipole spectra, with weaker overtone spectra fortian for
laser can induce resonant photodesorption of HD. This resdH,, resulted in a direct photodesorption rate which is about
nant process should be detectable in experiments. an order of magnitude smaller fo,Bhan for H,. This result

Finally, we argue that the rate for photodesorption of ais also consistent with experimental observations. We also
hydrogen molecule in the physisorption well should befind that the photodesorption process involving multiple ab-
dominated by the absorption of single photons via a boundsorption of photons via bound-bound state transitions are
continuum state transition rather than by absorption of mulnegligible compared to photodesorption via absorption of a
tiple photons involving bound-bound-state transitions as insingle photon.
termediate steps. This argument is based on the fact that the For HD, we found that the mechanical coupling between
relaxation rate of the bound states are several orders of magibrational and rotational motions, introduced by the asym-
nitude larger than the absorption rate of photons provided bynetric position of the center of mass of this molecule, re-
room-temperature blackbody radiation. As shown in Secsulted in a substantial dipole activity of rotational transitions.
[I B, multiple-photon absorption will only be important if it Measured and calculated values of the dipole strength of the
can substantially change the population of the bound state§— 1 rotational transition agree remarkably well. Combined
The magnitude of this change is governed by the relativeotational-vibrational transitions were found to give rise to a
magnitude of the relaxation rate of the bound states due teesonant behavior of the dipole intensity spectrum for tran-
emission and absorption of single phonons and the rate dfitions to continuum states of the physisorption potential.
absorption of single photons, respectively. From our earlieThus we predict the possibility of inducing resonant photo-
study of the lifetimes of the hydrogen molecule in the bounddesorption of physisorbed HD by using a tunable infrared
states of the physisorption wéfi,the relaxation rate due to photon source, for example, an infrared laser.
phonon emission and absorption was found to be about We have also calculated the rate of photodesorption in-
10'Ys. This rate is 13 orders of magnitude larger than theduced by an indirect process, involving the excitation of
rate of about 10%/s from the ground state to the first excited single substrate phonons, which was previously proposed as
state by absorption of single photons of room-temperature possible mechanism responsible for photodesorption of
blackbody radiation that we find from E@ll) using the physisorbed molecules. For our physisorption system, we
values for the dipole matrix elements in Table I. This resultsfound, using the measured surface dipole activity of substrate
in a population of about 10" of the first excited state, phonons, that the rate of desorption by such a process is
which is roughly the population at a substrate temperature acdmaller than the direct rate by several orders of magnitude.
a few K and cannot be compensated for by a correspondin@ur experimental and theoretical results strongly suggest that
change in the bound-continuum transition rwéRm fromm  the observed photodesorption is the result of a direct process,
=0 to 1. The relative intensity of the dipole spectral functionand we believe that this process can also be effective for
integrated over frequencies corresponding to boundether weakly bound and light adsorbates.
continuum transitions is about 0.01, and the remaining fac-
tors such as the expectation value for the dipole moment, the
Bose-Einstein distribution function for room-temperature ACKNOWLEDGMENTS
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We have calculated the rate of direct photodesorption for

H,, Dy, and HD molecules physisorbed on low-index Cu

surfaces by absorption of single photons Two extreme limits\ppenp|x A: DETAILS OF THE INDIRECT DESORPTION

of photon sources have been considered: blackbody radiation RATE CALCULATION

and an infrared laser beam. In the direct desorption mecha-

nism, the photon field interacts with the dipole moment as- Here we derive the expression in E@4) for the rate of
sociated with the motion of the molecule perpendicular to thendirect desorption of a single molecule on a surface. Ex-
surface, and excites the molecule from the vibrational groungblicit results for the lattice response functions of a({00)

state to a continuum state, resulting in desorption. The desurface that enter this expression and the expression for the
sorption rate is then determined by the intensity of the conrate of photon absorption by single phonons are also derived.
tinuum part of the dipole spectrum. In the calculations weTo ease the presentation we have used periodic boundary
have used a functional form of the dipole moment that isconditions in the lateral directions along the surface.
physically reasonable. This form very well reproduces the The indirect desorption of a single molecule adsorbed on
measured dipole intensities for transitions among the bound surface is a second-order process, and is induced by the
states of H, HD, and D, in the physisorption well. We also interaction between the lattice and the radiation field and the
find that our calculated direct photodesorption rates, as ateraction between the particle and the lattice. As discussed
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in Sec. Il C, these two interactions are described by the inwe obtain a closed second-order equation for the response
teraction Hamiltonians function x(w), defined byu;, ()= x(w)u;(w), and with
the solution
Hiatt-em= — N€* (Ug—U3) E,,

x(0)=1-20+i20V1—? (A10)

for 0<w= ol w,»< 1. Using this result, the inhomogeneous

whe_reN is the number of su_rfface.umt cells, and we St.ressequations for the two surface layers can be solved, and the
again thatuy andu, are the rigid displacements of the first lattice response functions are given by

and second surface layers, respectively. The rate of desorp-

Hp-ja= —UoVo (A1)

tion is then given by second-order perturbation theory as *
7(w)= x(w) (A11)
16772 2 2 M wrznax
Woh=——1(0,€)(€:2)°Cyr(0)[|As(w) +Ax(w)|?,
ficc 0 and
(A2)
. . . . Ae*x?2 _ _ — —
where.A1 andA, involve intermediate single-phonon states, a(w)= . (1+40?— 8w +i8w3 [1— w?).
|mlatt>- ®max
(O M (MO -
Ug— Ug| Mg (Myayl U
Al(w):Ne*z lattl Y0 11 at Iatt. O+ lat ,
Miatt Eola“— Emlan—ﬁa)— i0 APPENDIX B: DETAILS OF THE WAVE-PACKET
(A3) PROPAGATION

We have used a pseudospectral metfi¢nl solve the two
] dimensional, time-dependent Sctilmger equation in a dis-
+hw+i0" crete variable representatic()DV_R).40 The spectral basis is a
(A4)  direct product of plane waveg! %, in the z coordinate and
Legendre functionsR;(cosé), in the 6 coordinate. The DVR
points in thez coordinate form a uniform grid, and in thée
coordinate the points are Gauss-Legendre quadrature points.
The wave function at a time=NAt is approximated by the

E (Oyatd Uo| Myaee) (Mgt U — U] Opary)

Az( (l)) =N e*
Miatt Eolan_ E

Mt

The functionsA; and A, are, within linear-response theory,
related to the response af to the fieldE, as

2_ 2
[Av(@) +Ax(w)|*=[ (@)%, (AS) Trotter formula, and the split-operator approximation for the
where 7(w) is the response aij, to the fieldE,: short-time propagator:
_ Uo() A6 |(NAL))~ ex;{ - i—VAt)exp{ - i—TAt)
n(w)= E ) (A6) 2% h
This response function and(w) in Eq. (21) can be calcu- _ l_ N
lated by solving a one-dimensional set of coupled equations X ex 2h VAt] [4(0)). (BD)

describing the dynamics of longitudinal phonon propagatin . .
normal to the surface. In a nearest-neighboring interlayef N potential-energy operatdf is a local operator on the
force-constant model, the dynamics of the rigid substrate layt€@l-space grid, and its effect on the wave function can be

ers is then governed by evaluated directly on this grid. The effect of the kinetic-
energy operatoil on the wave function can be evaluated
—Mw?uy+MQ?%(uy—uy)=€e*E,, (A7)  directly after making a transformation to the spectral repre-

sentation, in whichr is local:

—Mw?u;+MQ?(2u;—ug—Uu,)=—€e*E,, (A8) 122
(kij | TIki i) =| =—+E; | 8.5 . (B2)
i i 2mp J ==

—Mw?u,+MQ?(2u,—u;—uz)=0 (A9)

Here we have used the gas-phase rotational energies,of H

HD and D; for E; .* Thus the propagation of the wave func-
Here M is the mass of a substrate atom, avid)? is the  tion proceeds by repeatedly performing transformations be-
force constant between the lattice planes. The maximum freween the real-space grid and the spectral grid. Inzthe-
guencywax Of this phonon branch is given .= 2. ordinate, the forward and backward transformations are
Note that the factor oN in the total force exerted by the performed efficiently by fast Fourier transforms, whereas in
electric field on the rigid substrate layer in E4\1) is can-  the 6 coordinate these transformations involve small matrix
celed by the factor oN in the total mass and the total force multiplications. The Fourier method introduces implicitly pe-
constants for the rigid displacements of the substrate layersiodic boundary conditions in the direction. Therefore, in
From the homogeneous equations for the bulk layer2,  order to have a good description of transitions to the con-
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tinuum states, we have added a complex absorbingsngth of one time step must satisht < 7/E ... To meet
potentiaf? at the grid boundary. these conditions, for Hwe have chosehz=0.55, jmax

Finally, we present some numerical details of the calcula=4, andAt=400 a.u. The absorbing potential starts at a
tions. The window function that we have used in this work isdistancez= z,,,,,= 40a, from the surface and is given ffy
a variant of the Hanning window functidi.n the DVR, the

. 2L

mum Kkinetic energy of the molecule, which is set to be about Vaps™ —1AN ex;{ 77 aﬁ) ,
100 meV. In thez coordinate, the grid spacing is then given m
coordinate is determined by the maximum rotational quanficients related to the energies of the system. In this work we
tum numberj pax, from Ej, o Emax- IN the propagation, the have used. =15 a.u. andA=1.12%E .

(B3)

grid spacing in each coordinate is determined from the maxi-
by Az|Kmad <, while the number of grid points in thé  whereN=13.22 is a constant, whil& andL are both coef-
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