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Rotational and vibrational population of D, desorbing from sulfur-covered Pd100)
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We report rovibrational populations of,Ddesorbing recombinatively from sulfur-covered (FaD). The
palladium surface is poisoned with an ordere@®x2) overlayer corresponding to a coverage @f
~0.5 ML. Desorbing B molecules are detected with ¢11') REMPI via variousB'S | X' Lyman
bands using tunable vacuum ultraviolet laser radiation for the excitation step. Rotational quantund”’states
=0-12 in the vibrational ground ardd =0 to 8 in the first vibrational excited state are measured. Experiments
are performed for surface temperatures in the range ffgm500-800 K. Rotational energies lower and
vibrational energies higher than the corresponding surface temperature are observed. The vibrational energies
are higher than those of molecules desorbing from a clean Pd surface. The experimental results are compared
with quantum dynamical calculations for the desorption gfftdm ap(2x2) sulfur-covered Pd.00) surface,
based on a potential energy surface derived from density functional calculations. While the observed rotational
cooling for molecules in the vibrational ground state is reproduced by the calculations, the vibrational effects
are underestimated.
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[. INTRODUCTION energetic barriers for the dissociative adsorption of hydro-
gen. At thep(2x2) S/Pd100) surface the reaction shows a
The catalytic activity of surfaces is often significantly minimum barrier at the hollow and bridge sites of ab&yt
modified by the presence of coadsorbates. Sulfur atoms aet110 meV, and at the on-top site oneBf=1.2 eV. Cal-
as inhibitors for surface reactions and therefore poison cataulations for thec(2x 2) structure show that at thermal en-
lysts. An understanding of the microscopic mechanisms ofrgies the hydrogen dissociative adsorption is always repul-
surface reactions is developed through the investigation ofive for all adsorption sites. At this surface the reaction at the
model systems, like the associative desorption of hydrogeRollow site shows a minimum barrier of abogt=1.8 eV
from metal surfaces. Experimentally the study of all molecu-and at the on-top site one Bf,=2.5 eV is obtained. For the
lar degrees of freedom—rotational and vibrational energyc(2X2) structure the barriers are thus much higher than for
internal state-specific velocity and angular distributions, andhe p(2x2) sulfur overlayef? For both structures nonacti-
the influence of the spatial alignment of the rotational anguvated reaction paths disappear completely by sulfur adlayers.
lar momentum—yields dynamical information about the re-In this paper we report experimental results on the popula-
action. In a addition to these quantities a theoretical treattion of internal states for molecules desorbing from the sulfur
ment allows one further to investigate the influence of thecovered P@L00) surface and compare these data with high-
location within the surface unit cell on the reaction. At the dimensional quantum dynamic calculations on the PES for
clean palladium surface hydrogen reactions have been extetie p(2X2) sulfur overlayer. The experimental investiga-
sively studied? in the past both experimentafly’® and tions started with a well-ordered(2x 2) sulfur overlayer
theoretically'*~1° The potential-energy surface for the reac- which, however, decreases during an experimental run.
tion on a clean palladium surface shows a significant ener-
getic and geometric corrugation. In particular, reaction paths
without barrier as well as activated paths with barriers up to Il. TECHNICAL DETAILS
E,=200 meV are availabl&!"8This leads to a variety of
interesting dynamical effects, like steering of molecules with
low kinetic energy' and small angular momentdfnto fa- The experiments are performed in an ultrahigh-vacuum
vorable adsorption sites. These calculations predict a signifiechamber pumped by turbomolecular and titanium getter
cant rotational cooling of associatively desorbing hydrogerpumps to a base pressure of less tharl® ' mbar. Order
molecules, in good agreement with experimental reslilts. and cleanliness of the surface are determined by low-energy
For the sulfur poisoned system only a few experimentaklectron diffraction(LEED) and Auger spectroscopy. Adsor-
data are availab®®?®?' Recently a six-dimensional bates are removed when necessary by soft-in sputter-
potential-energy surface®ES has been obtained using a ing at low energy and current density. After sputtering the
density functional approact. High-dimensional quantum surface is allowed to anneal before it is poisoned with sulfur.
calculations of the reaction dynamics on this PES have beeA well-defined sulfur adlayer is produced by dosing the pal-
performed®® These theoretical investigations of the sulfur ladium surface with KS. After dosing LEED and Auger
poisoned palladium surfat&?* predict an increase of the spectroscopy are employed to control the order of the adlayer

A. Experimental method
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and the amount of sulfur deposited. The sulfur coverage ishe vibrational ground state. The ion sighalbserved is then
determined from the Auger peak ratio of sulpHabl eV) connected to the rovibrational state populatidfy”,J”) via
and palladium(330 e\ calibrated at the(2X2) structure. - )

Various preparations show Auger peak ratios @f/1 33, be- l|Rg " 2[Ry [2Syyr K(v',3") x(v",3")N(v",J").
tween 0.65 and 0.75 from which we conclude that a ratio of (1)
0.7 corresponds.to a coverage @6=0.5 ML. Deuterium Here |R? |2 and |RY,”"|? denote the electronic transition
atoms are supplied to the surface of the crystal by atornl(r:'noment and the Franck-Condon factor, respectively, and
permeation through the bulk of the 1 mm thick sample. Th ' '

le i diatively heated to ‘ betw 5030 describes the Hd-London factorK(v’,J’) takes the
sampie IS radiatively heated 1o temperatures between lative detection sensitivity as determined above into ac-
and 800 K. The investigation of the sulfur overlayer with

. count. The influence of the rotational alignment of desorbing

LEED and Auger spectroscopy after each experlmen_tal 'UBholecules is described by the polarization factgp”,J").

has shown that the amount of sulfur decreases during thepis factor compensates for the dependence of the excitation

desorption process. Auger spectroscopy reveals that the sropability on the angle between the transition moment and

fur coverage decreases exponentially in the first 12min t@he polarization of the exciting laser. The alignment of

about a quarter of a monolayer. This coverage then remains,(v”,J") desorbing fromc(2x2)/Pd100 has recently

stable also for longer times. As shown by LEED, the over-peen determined in this Iaborat(fr]y.

layer does not correspond to thé2x2) structure, rather a

c(2x2) structure is still observed, although with largely B. Theory

broadened spots. . .
Rotational state selective detection of desorbing mol- Thg theqretlcal'bgckground of the calculations has been

ecules is performed by (11') REMPI. Deuterium mol- described in detall_ln Ref._ 27. Here we only recall some

: . . T~tr 1 fundamentals. The interaction potential of hydrogen with the

ecuI?erare electronically excited in thB™X, (v".J")  gyifur-covered PAO0) surface has been determined by

—X"24(v",J") Lyman system with vacuum ultraviolet gensity-functional theoryDFT) calculations in the general-

(VUV) laser radiation tunable in the=106-110-nm spec- jzed gradient approximaticff. Theseab initio results have

tral range. The VUV radiation is generated by frequency tri-heen parametrized for the(2x 2) sulfur-covered PA00)

pling the second harmonic of tunable dye laser radiation isyrface by an analytical expression to yield a continuous

krypton and xenon. Rovibrational states in the Lynt@fD)  potential-energy surfacd.This PES has been used in quan-

to (3-0) and(3-1) to (5-1) bands are detected. A second UV tym mechanical coupled-channel calculatidha) which all

photon atA=266 nm ionizes the excited molecules. Thesjx hydrogen degrees of freedom were explicitly taken into

excitation photons and the ionization photonS are both iinaccount; the substrate, however, was kept fixed. This is a

eariy pOiariZEd parallel to the surface normal. The ph0t0i0n$easonab|e approximation Considering the |arge mass mis-

produced are detected by microchannel plates. In order tghatch between hydrogen and palladium.

derive rovibrational populations of the electronic ground |n the quantum mechanical simulations state-specific

state the transition rates for both the excitation and thg_ ionsticking probabilitiesS,(E, ) as a function of the incident

ization step have to be known. The transition probabilitieshormal kinetic energf, are determined. Herestands for a

for the ionization step strongly vary for different rovibra- mylti-index that describes the initial vibrational, rotational

tional (v',J') levels of the intermediate® state?>?° We  and parallel momentum state of the molecule. From these

therefore determine relative ionization probabilities by ob-sticking probabilities vibrational and rotational distributions

serving, at the given laser intensities, the ion yield of D in desorption are derived via the principle of detailed balance

leaving a Knudsen cell with a fixed temperature and thus &r microscopic reversibilit® In detail, the populatiotN,, of

Weii'knOWn BOitzmann State distribution. Adetaiied descrip'the staten in desorption at a Surface temperatureTgfis

tion of this calibration has been given previouslyRota- given by

tional state populations could be determined foy @”

=0-12) in vibrational ground and{J”=0-8) in the first 1

vibrational excited state. Nn(EL) =7 Sh(EL)exfd — (Eq+E,)/KsTs]. ()
Molecules desorbing from the palladium surface are de-

tected at a distance of 20 mm from the surface. Since thélere E; is the kinetic energy perpendicular to the surface,

experiments are carried out with a continuous desorptioifc,, is the energy associated with the internal stdtandZ is

flux, some molecules may reach the detection volume aftethe partition sum that ensures the normalization of the distri-

having thermally equilibrated at the chamber walls. Thisbution. To obtain the mean vibrational and rotational ener-

background is partly suppressed by separating the desorpti@ies in desorption, the appropriate average over the prob-

chamber containing the Pd sample from the detection volabilities N,, has to be performed. Since the substrate is kept

ume, and allowing only the central part of the desorption fluxfixed in the simulation, it does not participate dynamically in

to enter the detection chamber through a 10-mm-diametdhe adsorption/desorption process. Still it is assumed to act as

aperture. The residual background gas is accounted for by heat bath that determines the population distribution of the

taking spectra of the background gas only. Due to its thermamolecular states in desorption.

population atT~300 K this background has a noticeable It had been suggested that the desorbing hydrogen mol-

influence only on the ion signal for moleculesdf=0-5 in  ecules in permeation experiments might not result from the
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recombination of atoms equilibratedn the surface, but
rather from atoms at subsurface sites which recombine anc

PHYSICAL REVIEW B 66, 115405 (2002

Boltzmann distribution T =745 K
" V=0

desorb directly*° For such a mechanism, substrate relax- o V=
ation effects around the subsurface sites would be expectec—
However, subsequent experiments confirmed that the adsorpg’
tion and desorption in all studied hydrogen/metal systems"f
can be related by the principle of microscopic a
reversibility’>>! indicating the subsurface sites play no role < -8f
in the desorption process. In any case, the low estimatec,
hydrogen coverage during the desorption experiments of>
102 would make any direct recombination of hydrogen at- %
oms originating from subsurface sites to a very unlikely — -12
event.

Furthermore, in contrast to the case of semiconductor sur-
faces, hydrogen adsorption on metal surfaces dat$ead
to large surface relaxation effects. Hence {tteonon, as-
sisted sticking mechanism proposed for the hydrogen FiG. 1. Measured rovibrational populatidi(v”,J”) for D, de-
adsorption/desorption on silicon surfatesan also not be  sorbing from S/PELO0) at Ts=745 K. Filled squares: Hv”=0);
operative in the hydrogen adsorption on the sulfur-coveredpen circles: B(v”=1); line: population forTs=745 K.
Pd100 surface. Therefore, the assumption of a fixed sub-

strate in the quantum dynamicgl simulations is welljustified.3gsessment of the rotational energy the population in rota-

The rather large surface unit cell of tg2x2) sulfur-  tional states)”=0-12 is used in both vibrational state$
covered P00 surface requires the use of a large basis set. j anq 1. In cases the experimental sensitivity did not per-
in the expansion of the hydrogen wave function whichpy,it 1o measure a state population directly its value is taken
causes a significant computational effort for the quanturom g fit of the measured data to the two rotational tempera-
coupled-channel calculations. Therefore the quantum dygres as described above. Ag=745 K the rotational en-
namical reaction probabilities have only be calculated for th%rgy in the vibrational ground state amounts (&,
submanifold of even rotational and azimuthal quantum nUM-— 438 <1 and for the vibrational excited state we rgbtain
bersJ aanJ. Thus in the partition sum also only rotational (E,,0=608 cm . The resulting rotational temperatures of
states with even quantum nL_mee}sand m; are mcluded_. T,=630 K andT,,=875 K foru”=0 and 1, respectively,
The error associated with this reduced subset of rotational plotted in Fig. 2.

stateg for the rotation_al and vibrational temperature in de- pq average rotational energies measured at different sur-
sorption has been estimated to be below 2%. face temperatures are shown in Fig. 2. The data obtained for
molecules desorbing in the vibrational ground and the first
vibrationally excited state are shown as filled squares and
open circles, respectively. The full line represents the line of
complete accommodation to the surface temperafige
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I1l. RESULTS AND DISCUSSION
A. Rotational state distribution

Rotational state populations for,Ddesorbing from a
sulfur-covered PA00 surface atT=745 K are shown in
Fig. 1 for both vibrational states”=0 and 1, indicated by
filled squares and opened circles, respectively. The popula¥
tion data displayed in Fig. 1 are averaged oWwer and &
R-branch measurements. The ortho- and paydio com- 7«
mon curves, implying that they are populated statistically. u\f
For an ensemble in thermal equilibrium a Boltzmann plot as g
shown in Fig. 1 should exhibit a linear dependence with a2
slope of (— 1/kgT,o) . As is evident, the rotational state popu-
lation data of the vibrational ground state do not resemble &
Boltzmann distribution. The overpopulation at low)”(
=0-2) and high J”"=10-12) rotational states can clearly
be discerned. It is possible to fit the population distribution
by two Boltzmann temperatures of;=388 K and T,
=1118 K. This composed fit reveals a strong rotational
cooling effect for B in low-J" states, while the higheX’ are
r_otationally heated to a considerable extent. Similar d?stribu— FIG. 2. Rotational energ,, plotted asT,o=E,o/Kg Vs the
tions are observed at all surface temperatures investigatedsurface temperatur&s. Filled squares: Bv”=0); open circles:

To account for the non-Boltzmann behavior of the rota-p,(v”=1); solid line: thermal equilibrium witfT,,=Ts. Theoret-
tional population distribution the average rotational energyical results for H(v”"=0) (dashed ling and H(v"=1) (dotted
(Erop =2 3N(v",J")E,(J") is calculated. For a consistent line) desorbing from th@(2x 2) S/Pd100) surface are also shown.
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Molecules desorbing in the vibrational ground state possess: 10¢
lower rotational energy than expected for molecules equili- r .
brated at the surface temperature. Molecules in the vibra- ;
tionally excited state show a rotational energy higher than®
expected from the surface temperature. Rotational temperas;
tures previously obtained for Dmolecules desorbing in the «
vibrational ground state from clean @00 (Ref. 10 are >
very similar to the present results measured for the @G0 =
surface. Theoretical rotational temperatures calculated for>
thep(2x2) S/Pd100 surface are also shown in this figure. >

1L

¥ 496 K -+ 688 K

The dashed and dotted lines represent the results obtained f_s | e BAT K o 745 K
v”=0 and 1, respectively. For both vibrational states a slight » 4601 K - 801 K
rotational cooling is thus theoretically expected, while a sig- v 644 K

nificantly more pronounced cooling is experimentally mea- ot1l+——0 o 1 1L
sured for the ground state. For molecules desorbing”in °o 1z 3rot;tion5aI ueam'jm s?ate?/“ 10112
=1 theoretically a stronger cooling is expected thandfor k
=0, while experimentally even a rotational heating is 0b-  FIG. 3. N,,/Ng of D,(v"=0,1) desorbing from S/RE00) as a
served. For the clean surface on the other hand a good agrée@nction of the rotational quantum sta® for different surface
ment between the experimental and theoretical results hasmperatures.
been obtained® , o o
One should note, however, that in the present study theo@’Pdloo) surface. They relative sticking probablhty is thus
and experiment have investigated different surface system&/S0 high. Molecules in”=3-7, however, can neither be
The experimental investigations started with a well-ordered€ffectively steered nor have sufficient rotational energy to
half a monolayer coverage of sulfur inc§2x2) structure, Overcome .the barrler. Thelr_ stl_c.kmg probgblhlty is therefore
which decreased during an experimental run to about a qua}c).wer and in adsorptlop a s_|gn|f|cant fracnon is rgfleqted. In
ter of a monolayer. This sulfur adlayer does, however, nofig. 3, the effect of _V|brat|0nall_y assisted sticking is also
form a well-orderedp(2x 2) structure, which is examined demonstrated. Vibrationally excited molecules,(&'=1),
by the theoretical investigations. Furthermore, the calculah@ve a greater desorption probability than thermal molecules
tions shown are performed for,Hwhile the experiments @nd molecules in the vibrational ground stat€ < 0). The
have been carried out with,D J”—deper)dent sticking in”"=1 is s!mllar to the behavior of
As is exemplified in Fig. 1, molecules with low rotational the rotational degree of freedom in the ground state.
states have a greater desorption probability than thermal The rotatlon_al .coollng is caused by the rotatlo.nal ste_erlng
molecules. With increasing’ this probability decreases to a €fféct. The majority of molecules are desorbing in rotational
minimum atJ”~5. With further increasing” the desorption states with low quantum_number and _thus low rotational en-
probability increases again. The fraction of the measure§'9y- The average rotational energy is then lower than ex-
population, Ne,(v",J"), and a population corresponding to pected for queCl_JIes m_thermal _equmbnum at. Mol-_
the surface temperaturiig(v”,J”, To), is proportional to the ecule; desorbing in the first vibrational .state have rqtatlonal
relative desorption probability. For molecules desorbing in€nergies on average larger thag. In this state rotational
the vibrational ground state the results are shown in a semgt€€ring is thus not important to promote dissociative stick-
logarithmic plot in Fig. 3. These results show first a decreaséd- Rather, vibrationally assisted stickfigs the dominant
of the desorption probability up t3"=5 and then an in- meghanlsm to overcome the reaction barrier, see below. In
creasing desorption probability. This behavior is the same fopddition in all rotational states ofv”=1 rotational-
all experimental surface temperatures. The sticking probabifanslational energy transfer supports the reaction.
ity for the reverse process of dissociative adsorption is mea- o o
sured by Gostein and Sftzand calculated by Dinet al3* B. Vibrational state distribution
for the clean B/Pd111) system. At this system both experi-  The vibrational temperature is determined from the rela-
mental and theoretical result show a decrease of the stickingve population in the two vibrational states investigated. Fig-
probability up toJ”"=2-4 and then an increasing sticking ure 4 shows the measured vibrational temperatures for all
probability with increasing)”. This behavior for the desorp- surface temperatures studied as filled circles. The solid line
tion and the adsorption probability can be explained by twarepresents again the line of full accommodation of the vibra-
different reaction processes: the rotational steeéfirand  tional degree of freedom to the surface temperature. All ex-
rotational-translational energy transfer. The process of rotaperimental data show a temperature higher than the corre-
tional steering is dominant for low rotational states. Mol- sponding surface temperature. Obviously, an enhanced
ecules in lowd” statesJ"<2, can effectively be steered to vibrational excitation occurs for recombinative, @esorp-
an adsorption geometry within the surface unit cell whichtion from the sulfur covered R#00) surface. The population
shows a low barrier for reactionSimilarly, molecules in  of thev”=1 state is on average a factor of 3.0 higher than
high-J” states,J”=9, have a sufficient rotational energy to the corresponding thermal population.
overcome, after rotational-translational coupling, any barrier In an earlier experimett we studied the vibrational ex-
in the dissociative adsorption potential on tip€2x2) citation of D, desorbing from a clean palladium surface.
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FIG. 4. Vibrational energg,;, plotted asT,,=E,,/kg vs the FIG. 5. Arrhenius plot of the relative population of@"=1)

surface temperatur€s. Filled circles: experimental results for the 5 a function of inverse surface temperatligg . The straight line

sulfur covered surface; dashed line: theoretical results for th@epresents a least-squares fit to the data with an activation energy of
H,/p(2%x2) S/Pd100 structure; solid line: thermal equilibrium 310 meV.

with Tvib: TS .

Also in this case an excess vibrational population was obhated by paths at sites with a locally lower sulfur coverage.
served. The average overpopulation amounted to a factor (_yyhne an error in the DFT_ Calculatlpns due to the uncertainty
1.76 compared to thermal equilibrium, thus lower than obJn the exchange-correlation functional cannot be excluded_,
served for the sulfur covered surface. For the clean surfac@n error of 2 eV seems to be unreasonably high. The scenario
the vibrational heating is caused adiabatically by the lowerWith the locally lower sulfur coverage dominating the de-
ing of the hydrogen vibrational frequency upon SOrption flux could give a consistent explanation for the de-
dissociationt®?°3%3This bond weakening has a stronger ef- viation between theory and experiment. These sites will
fect on the effective potential of the higher vibrational states?robably still have a higher barrier than at tip¢2x2)
than on the ground state leading to the vibrational heatingS/Pd100 structure, caused by the overall repulsive effect of
This mechanism is dominan“y effective 0n|y when non_SUIfUr, but they will not show barriers in the order of 2 eV.
activated pathways for dissociative adsorption are availabldligh-barrier systems such as, KCu usually show a high
For the sulfur poisoned pa”adium surfaces such nonyibrational efficacﬂfz |eading to a Significant vibrational
activated reaction paths cease to exist. For Q@@ the heating in desorption. This would then explain why the ob-
theoretical PES shows strong curvatures in the reaction patgerved vibrational heating of hydrogen desorbing from the
however, with an early location of the barrférThe strong S/Pd100 surface is larger than the one calculated for de-
curvature favors vibrational excitation in dissociative stick-sorption from thep(2x2)S/Pd(100) surface.
ing while an early barrier reduces the vibrational efficacy. In Fig. 5 the vibrational heating is also shown in an
The theoretical values for the vibrational population obtained?rthenius analysis of the data, where the logarithm of the
from the quantum dynamic calculations on the six-Vibrational population is plotted versus the inverse surface
dimensional energy surface for,Hp(2x2) S/Pd100) are  temperature. From a least-squares fit of the measured data an
shown by the dotted line in Fig. 4. This calculation also yieldactivation energy of 310 meV is derivéstraight line in Fig.
a vibrational heating, but less pronounced than experimerP). The free B molecule shows an excitation energy fdf
tally observed. The dynamical situation is thus different from=1 of 371 meV. At the sulfur covered PDO) surface thus
hydrogen adsorption on copper where a strong curvature ¢& reduction of the vibrational activation energy of @ccurs.
the PES and a late barrier strongly favors vibrationalThis vibrational energy of the already stretched molecule is
excitation®*8 as was experimentally observéd. slightly lower than for dissociation at the clean surface,
Again, we have to point out that the calculations are madavhere a corresponding activation energy of 344 meV was
for the p(2X2) structure whereas the experimental resultsobserved?
are obtained for a surface with changing sulfur coverage. As
already mentioned, the PES for, (2% 2)S/Pd(100) has
also been calculated. However, the calculated PES is almost
purely repulsive with a minimum barrier for dissociation in  We have presented experimental results for the internal
the order of 2 eV. This would mean that hydrogen moleculestate-resolved desorption probability for, Dfrom the
desorbing from this surface should have a kinetic energy 08/Pd100) surface. In the vibrational ground state the average
about 2 eV, while experimentally a mean kinetic energy ofrotational energy of the desorbing molecules is lower than
0.18-0.25 eV has been observeflhe experimental situa- expected for molecules in thermal equilibrium with the Pd
tion, however, does not correspond to a well-ordecé?  surface. Further, the low” states are more populated than
X 2) structure so that associative desorption may be domiexpected for an equilibrium distribution. This rotational cool-

IV. CONCLUSION
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ing can be explained via the principle of detailed balance bysulfur which could be caused by desorption 0§ This

the rotational steering at lod’ and the rotational hindering damaging the well-ordered sulfur adlayer may only be effec-
in adsorption for highed” due to the anisotropy of the un- tive in desorption experiments, where the adsorbed D atoms
derlying potential energy surface. The vibrational temperacome closer to the sulfur atoms. In adsorption experiments
ture in desorption, on the other hand, is significantly largethermal molecules with low kinetic energy do not reach the
than expected for thermal equilibrium with the surface tem-Surface, because of the high repulsive potential barrier at the
perature and larger than the vibrational temperatures ,of DS(2%2) overlayer, molecules with high kinetic energies
desorbing from the clean PtDO) surface. Theoretical quan- MaY; however, also react with adsorbed S atoms leading to a
tum dynamic calculations based on a six-dimensional PE§N@nge of the coverage.

for thep(2x2) S/Pd100) surface can currently not satisfac-
torily describe the experimental results for the reaction on
S/Pd100). Investigations of the sulfur coverage before and We gratefully acknowledge financial support by the Deut-
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