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The role of steps in the dynamics of hydrogen dissociation on Pt (533)
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The dissociative adsorption of,+Hand D, on Pt{533) (P{4(111)x(100)}) has been investigated
using temperature programmed desorption and supersonic molecular beams. Associative desorption
of D, from (100 step sites is observed at lowest exposures in TR&signedB;) at 375 K.
Saturation of this peak & ,,=0.14 corresponds to the filling of half of the available four-fold sites

at the(100) step edge. At higher coverages, additional desorption takes place fr@triltheerraces

in a broad peak below 300 K similar to that observasssigned3; and3,) for the P{111) surface.

The incident kinetic energy;), surface temperaturd (), coverage ©p), and incident angléd)
dependence of the dissociative sticking probabillywas also measured. The initial dissociative
sticking probability &) first decreases with increasing kinetic energy over the range O
<E;(meV)<150 (low energy componehtand subsequently increasdgsgh energy component
Comparison with B dissociation on F111), where &;) increases linearly witlk; , leads to the
conclusion that it is the step sites that are responsible for the low energy component to dissociation
on Pt533). The high energy component is a result of a direct dissociation chanriglLénterraces

of the P{533 surface. The probability of dissociation through the direct channel onih#
terraces is found to be independentTQf. The probability of dissociation through the low energy
component associated with thE0) steps, over most of the rangeBf where it contributes, is also
shown to be independent ®f. Only at the very lowest valu@.6 me\j of E; investigated doeS,

exhibit a(negative temperature dependence. A (88;)? dependencéwhere 0.8 is the measured
saturation coveragef Swith O is observed aE; =180 meV where the direct channel dominates.
However, the dependence bn 0 ; exhibits characteristics similar to those expected for precursor
mediated dissociation &;=16 meV andE;=6.6 meV where the low energy channel dominates.
The angular dependencg(P) scattering in a plane perpendicular to the step direction is
asymmetric about the #33) surface normal at botk;=6.6 meV andg; =180 meV. At 180 meV
So(®) can be understood by considering direct dissociation at(1é4) terrace and100 step

plane. At 6.6 meV,S, tends to scale with total energy. The observed characteristics of the low
energy channel is discussed in the light of modsfzcifically the role steps and defects, precursors
(accommodated and dynamigadnd steerinfjsuggested to account for the low energy component
for H, /D, dissociation and exchange on metal surfaces presenting low activation barriers. At lowest
energies E;=6.6 meV) dissociation through a conventional accommodated precursor takes place.
In addition, more significant proportion of sticking in the range B, (meV)<150 takes place
through an indirect channel involving an unaccommodated precursor dissociating at step sites, and
is unlikely to be accounted for through a steering mechanism.2080 American Institute of
Physics[S0021-960800)71416-4

I. INTRODUCTION dissociation of hydrogen on metal surfaces which exhibit

The dynamics of hydrogen dissociation on metal Sur_relatively low activation barriers to dissociation may be im-

faces has received considerable attention in the last decade Prtant at low incident kinetic energies ,

is attractive experimentally since the process is generally di- Studies of dissociation dynamics using a Maxwellian
rect, and control and measurement of energy partitioned igource has identified two channels to dissociative adsorption
the molecule during dissociative adsorption or associativ@n Ni and Pd surfacesDissociation of H on Ni(111) is
desorption measurements provides access to the potential e¥ttivated and takes place through a direct channel over a
ergy surfacéPES in the region of the barrier. There are also distribution of barrier heights. Dissociation on(NL0) ex-

an increasing number @ initio calculations of hydrogen— hibits an additional nonactivated route which dominates at
metal potentials, and the short trajectory times of the directow incident gas temperatures, and is suggested to be
dissociation or association process has lead to both classicarough a precursor. One of its characteristics is a fafjn
and quantum dynamical simulations on such potentials witith gas temperature. A similatess significant contribu-

an increasing number of degrees of freedom. There is expefifon of this channel was observed on(N)0). Hydrogen dis-
mental evidence, however, that an additional channel to thggciation on PELO0) also was suggested to exhibit a precur-
sor channel with similar characteristics to that observed on
dAuthor to whom correspondence should be addressed. Ni(110. Dissociation on NP97) (Ni{9(111)x (111)}) ex-

0021-9606/2000/112(17)/7660/9/$17.00 7660 © 2000 American Institute of Physics



J. Chem. Phys., Vol. 112, No. 17, 1 May 2000 The role of steps in hydrogen dissociation on Pt 7661

hibits an additional nonactivated and precursor mediatedursor mediated dissociatiprs responsible for the decay in
channel at low gas temperaturesT {,J in addition to the S, with E; observed for Hon Pd100 (Ref. 1) on the basis
direct channel associated with thEl1) planes. The energy of quantum mechanical trajectories carried out oralnni-
dependence and the angular variation of the initial stickingio PES*~*" More recently classical and quantum mechani-
coefficient of H on Pd111) and Pd(110)-(X2) indicated cal simulations on a variety of model potentials have been
that adsorption of hydrogen on palladium occurs through aarried out® in order to investigate the trends in tkg de-
direct and a precursor path, with relatively little difference in pendence o8, with specific reference to the W and Pd sys-
the adsorption properties of tHg11) and the(110 plane®  tems. The results highlight, in addition to the effects of steer-
The existence of nonactivated adsorption channels ofng, the contribution to dissociative sticking of snarled
Pd111) and Pd110 accessible through mobile precursors, trajectories which can result in precursor like behavior in the
and the absence of such channels ofl P and N{111), absence of dissipative processes: The steering assists the
was rationalised in terms of the relative densities of occupiegonversion of normal transitional to parallel transitional, or
Shockley surface staté4.The population of such surface rotational, momentum. This process is enhanced significantly
states on R111) was given as an explanation for the lower by the presence of a molecular well in the PES, and gives
reactivity for H, dissociation on this surface, but the deple-rise to the oscillatiort$*®in the quantum mechanic&, at
tion of the density of such surface states at monatomic tepdow E;. Although these have failed to be observed
we suggest provides potential sites for higher reactivity experimentally;>it is possiblé® that the coherence which
There is, however, no experimental evidence for a stablés required for their existence may be quenched as a conse-
chemisorbed molecular state on Pt, Pd, or Ni surfaces th&tuence of dissipation into electron—hole pairs or phonons.
could account for a precursor mediated channel to dissocialrapping as a result of dissipation through electron—hole pair
tion. Chemisorbed molecular states of hydrogen have alséreation would not result in a strong, dependencé:
been observed on stepped Mi0) and P@510) surfaces once Evidence that steps or defects are important in the dis-
the dissociation channel is blocked by a high coverage ofociation of hydrogen through a molecular precursor on
adsorbed hydrogen atoms. platinum surfaces has been made on the basis of both disso-

A precursor mediated channel was also suggested to exiative sticking measurements on(Ft1) (Refs. 22—2%and

. . . : 25-29
plain theS, component at lovE; which decays with increas- the H/D, exchange reaction on @11) and P(332).
ing energy on various surfaces of #AA direct channel was Indeed it was the suggestion that a mobile precursor was
characterized at highd%; . The same suggestide., direct ~ responsible for the defect mediated channel da B (Ref.
and precursor channels to dissociafioras made in order to 23 that resulted in the calculations made by Muffet
explain similar results found on Y¥00),” but since the indi- which indicated that aE;<<200 meV vibrational zero-point
rect channel appeared to be less significant than the earli§h€rgy release to parallel translation motion could result in a
measurements on the same surfaitewas suggested that ong-lived mobile _molegular precursor state at the surface
steps or defects may be responsible for the dissociation of af{en combined with an inelastic process. More recently, su-
unaccommodated or resonantly trapped precurddre ab-  Personic molecular beam measurem%?r_ﬁ%of the dlssomaf
sence of ar, dependence, the low physisorption well depthtion of D, on P{111) revealed only a direct channel to dis-
expected for hydrogen on tungsten, and the absence of $pciation over the entire range d& investigated. On
chemisorbed molecular state was considered sufficient evP(110)-(1X2) a nonactivated channel associated with the

dence to question the accommodation of a conventional pre/alley or summit sites, in addition to the direct activated
cursor staté.This channelindirect dissociation at stepwas ~ channel on theé111) microfacets, was suggested as respon-

separated from the direct in measurements on W(1g@)- Sible for the decay o8, with E; at low gas temp(_eraturéé.
% 2)CP® and W(100)e(2x 2)N surface¥ through an in- We have garrled out a series of ’nd D, sticking mea-
crease in the direct channel barrier in the surface unit cellSUrements using supersonic molecular beams on(@88t
The indirect channel on this surface, despite having a coveurface. We have chosen this surface which exposes four
age dependence consistent with a precursor type chann@0m wide terraces of11l) structure separated b{100

exhibited practically noT, dependenc&® The results were steps, in order to compare the results with similar measure-

cited as support for indirect dissociation through an unacMents obtamed_ on the @11) surface mea_surer_ne?ﬁé in
commodated precursor at step or defect sites. order to establish the role of the step sites in the overall

Ab initio calculation! of the potential energy surface dissociation dynamics, and establish the dynamical charac-

for H, dissociation on WL00 provided no evidence for a teristics of such a channel if it exists.
molecular precursor state. The PES showed evidence for
high corrugation in both the translational and rotational co-
ordinates, and it was suggested that steering might be re- The apparatus and techniques used for this study have
sponsible for the decay %, with E; at low energie§:’”  been described previousfy>=® The platinum single crystal
Classical and quantum mechanical calculattéh®of H, tra-  was aligned to within 0.5° of thé533) face and the structure
jectories on the \L00) PES confirmed that at low transla- confirmed by LEED. The surface was cleaned initially by
tional energies the dissociation is dominated by strong steecycles of ion bombardment and annealing at 1300 K. The
ing in both the rotational and translation@ver the surface surface temperatureT() was increased during this initial
unit cell) coordinates in an essentially direct process. It hadombardment from 300 to 600 K over 10 cycles. Subsequent
also been suggested that rotational steetrather than pre- cleaning to remove carbon was achieved by exposure to oxy-

I? EXPERIMENT
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FIG. 1. Thermal desorption spectra of, ftom the Pt553 surface. The
coverages ar¢a) ®=0.09; (b) ®=0.11; (c) ©=0.17; (d) ®=0.19; (e) FIG. 2. The initial sticking probability $,) for H, (open markernsand D,
0=0.26; (f) ®=0.32 ML; (g) ®=0.38; (h) ®=0.43; (i) ®=0.53; (j) © (filled markers on P{533 seeded in Ar(squares Ne (circles, and He
=0.6; (k) ®=0.81; () ®=0.9. H, has been dosed a,=120K and the (triangles as a function of hydrogen incident kinetic enelfgy. The beam
heating rate was 1 K. was incident normal to thés33) plane @=0°) andT,=300 K.

gen atT,<300K followed by heating to 1300 K to ensure sorbed at defects induced by the argon bombardment. We
desorption of oxygen, annealing of the surface, and dissoluassign the peak at 380 g; and associate it with recombi-
tion of any residual silicon back into the bulk. Surface ordernative desorption of atomic hydrogen adsorbed at(itgs)

and cleanliness was established by LEED and a comparisasteps of R533. It saturates at a coverage of 0.14
of the TPD of adsorbed oxygen with previous experimental0.02 ML which corresponds to a filling of half of the four-
measurement¥. The molecular beam was generated at afold sites at the100) step edges with atomic hydrogen. It is
nozzle pressure of 0.8—1.2 atmospheres, and constituted leligely that the hydrogen atoms occupy high coordination
than 2% H or D, seeded in argon, neon, or helium. The sites at the inside edge of the step on the basis of HREELS
kinetic energy was measured by time-of-fligiiiOF). Stick-  measurements which show a preference for three-fold hollow
ing probabilities were measured by the reflection detectiorsites on the R111) terrace’® TPD of higher coverages re-

(King and Well$ technique®® sults in additional recombinative desorption of hydrogen be-
low 360 K, the bulk of which is due to the atomic adsorption
Il. RESULTS AND DISCUSSION states at the terrace, but may also includes a contribution

_ from the remaining step sites.
A. Thermal desorption of hydrogen

Hydrogen was dosed using the molecular beam with the
largest final aperture of diameter 4 mm resulting in a bea
diameter at the sample of 10 mm. Subsequent thermal d
sorption was monitored by a quadrupole mass spectrometer The dependence of the initial dissociative sticking prob-
measuring the resulting background pressure rise in the rebility Sy of H, and D, on Pt533 as a function of the
action chamber. Figure 1 shows a series ofthkrmal de- incident kinetic energy ;) of the beam in the range 6.4—
sorption spectra from the @83 surface after dosing the 200 meV is shown in Fig. 2. The data has been obtained with
surface afT;=120K up to saturation coverage at an expo-the beam incident normal to the (B83 surface plane, at
sure of ca. 200 L. Absolute coverages have been estimateli=300 K. The most striking features of the curve are a
from the TPD results and a calculation of the pumping speedecrease inS, with increasing E; in the range O
of the beam chamber for hydrogen. We have estimated th& E; (meV)<100, and a steady increase 3y with increas-
saturation coverage of Hon P{533 at 120 K to be 0.9 ingE; for E;>110 meV. Results for both Xfilled markers
+0.05ML, and atT4=150K (the surface temperature at and H, (open markers were obtained in the region 0
which the S, coverage dependence is measured 0.8  <E; (meV)<100 and indicate that there is 1tor little) ap-
+0.05. The latter value is similar to that found for the parent isotope effect on dissociative sticking at these ener-
P(111) and P(997) surfaces?3° gies. Any mechanism requiring energy dissipation and ac-

Low coverages of hydrogen produce a well-definedcommodated molecular trapping should lead to some isotope
single desorption peak at 380 K. No such peak was observesffect in the trapping probability. There also appears to be no
in TPD at a heating rate of 10 K& for hydrogen on difference between sticking probabilities obtained at Eny
P(111),% or the platinum surface 97 (Ref. 22 which  in this range for different nozzle temperatures with various
has a lower step density of (Ril1) step sites. However, a seed gases shown in Fig. 2 for &sguares Ne (circles, and
high temperature shoulder was observed on an unannealétk (triangles. It appears therefore that it is translational en-
argon bombarded surfa@dassigned ag) at the same tem- ergy that is dominating the dissociative sticking probability
perature. TheB; state was associated with hydrogen ad-at these energies.

. Kinetic energy dependence of dissociative
ea_dsorption
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FIG. 3. The initial sticking probability$,) of D, on P{111) (open markens ]
taken from Ref. 32(triangles and Ref. 33(circles with the beam was 0.2 ¢ T T
incident normal to thg111) plane andTs=300K. The data forS, on 100 200 300 400
Pt(533 as a function of incident enerdy; is shown by the filled markers
(summarized from Fig. 2with the beam was incident normal to tk@33) Surface Temperature Ts/K

plane @=0°) andT,=300 K. Linear fits for the direct contribution on the

Pt(111) surfacegRefs. 32, 33are shown as solid lines, and our estimate for FIG. 4. Initial sticking probability &) of D, on P{533) as a function of
the direct contribution on th¢l11) terraces of R633 is shown by the  surface T at incident energies;=6.6 meV (filled diamond$, E;
dashed line. Subtraction of this direct contribution from the original data=18 meV (filled circles, andE;= 180 mev(filled triangleg. The beam was
provides an estimat@liamonds and dotted lin®f the additional contribu-  incident normal to th&€533) plane @ =0°).

tion at low E; associated primarily with the @33 step sites.

range O<E;(meV)<150. A similar low energy component
ﬁo dissociative sticking of Hand D, with a similar T,
dependence was associated with the steps @0N), with a
comparabldlinearly increasingdirect contribution at higher
Tgasfrom the(111) terrace<. Note also that the observed low
energy component on B83) exhibits the decay 0§, with

E; in the same energy range as the low energy components
on W(100,%” W(100-c(2%x2)Cu2® W(100-c(2x 2)N,*°
Ni(110,' Pd100,! Pd110,% and P¢110).3*

Figure 3 summarizes the results from Fig. 2 obtained o
Pt533 (filled squares and compares them with two inde-
pendent sets of resul{®ef. 32 open circles, Ref. 33 open
triangles obtained for the dependence &f of D, on E; for
the Pt111) surface. The results for @t11) have been ob-
tained with the beam at normal incidence to thé1P1)
plane andT¢ =300 K. Dissociation on Pi11) is character-
ized by a near linear increagines are included to guide the . .
eye for the two sets of datin Sy with E; over the measured _The results pre;ented herfa. fof333 are consistent W'th.
energy range. The main difference between dissociation oWe increased sticking probability obzséerved for a I\I/Iaxweilhan
the P{111) surface and the B33 surface is the additional source .Of H on P(997) over P{111)." It also p.rowd'es' di-
low energy channel in the energy range B; (meV)<100 rect gwdence for an addltlongl channel to dISSOCIatIV'e ad-
evident on R533). We associate this additional contribution sorption through step sites which was invoked to explain the

with the presence of th€l00) steps on the P$33 surface. fhnrlant;:ed raée of Hﬁz exihang_e reart:_tlor: Zt (BBZ) ovl\e/lr
The increase aE;>110meV on RE33) is ascribed to dis- at observed on Ht@ ) surfaces investigated using a Max-
sociation of b on the four atom wide(111) terraces of wellian beam source:

P1(533 through the same channel as evident ddPl). This
channel is believed to be the result of the direct dissociative
chemisorption of the molecule. The increase in sticking with
translational energy is due to the effective opening of a dy-  The initial sticking probability §;) of deuterium was
namical window(perhaps in the dimensions of the surfacemeasured as a function of surface temperature in the range
unit cell) giving access to barriers along nonoptimal reactivel50< T4(K) <400 at incident energieg; of 6.6 meV (dia-
trajectories. monds, 16 meV(circles, and 180 meMtriangles. The re-

On the basis of the trends observed on th@ P sur-  sults are shown in Fig. 4 with linear fits shown for each set
faces for this direct channéFig. 3), we have estimated the of data. At 180 meVS, appears independent of surface tem-
contribution of direct sticking on the111) terraces of perature S, /dT=6x10"°K™1) within experimental er-
Pt(533 by a linear dependenc@lotted ling based on the ror. At this energy we expe¢based on the arguments above
increasing sticking observed on (B33 at energies in llIB) the sticking to be dominated by the direct channel
E; (meV)>110. Subtraction of this function from the mea- on the(111) terrace. This result is consistent with the weak
sured sticking data provides an indicatiffiled diamond$  temperature dependenc@%,/dT,<1x 10 K1) observed
of the additional contribution to dissociative chemisorptionon Pt111) for the same chann®land what one may expect
which we associate with thél00) steps. A polynomial fit even with a recoil contributidhi in view of the mass ratio
(dashed lingis included to guide the eye. The result is thatbetween H or D, and Pt. Only a very weak dependence of
this sticking component clearly decays wihin the energy S, on T4 is observed at 16 meV, withdS)/dTs=5

C. Surface temperature dependence of dissociative
adsorption
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x10 %K L. What is significant about this latter result is that 0.6 T
this corresponds to an ener@y (Fig. 3 where ca 95% of
the sticking is ascribed to a channel associated witl{1b6) 0.5 +
step sites on P533): This is the component that is charac-
terized by a decrease in sticking probability wih (Figs. 2,
3). Only at a very low energy of 6.6 meV do we observe
(Fig. 4 a clearT, dependence 0§,, with dS,/dT=—-4
X10 4K

One possibility is that this low energy channel is the
same over the entirg; range below 150 meV, andy is
increasingly effective at the lowest energies. We suggest ot
however, that there are two separate components to dissoci
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tive adsorption which contribute to the channel in the energy o ‘v * = * * * t——
range O<E;(meV)<150 (Fig. 3): One of these is tempera- @) 00 02 0304 0S 06 07 08
ture dependent and contributes only at very I&wv The Fractional deutrium coverage

other is insensitive to surface temperature and contributes u
to energies of ca. 150 meV. A&; of the order of 6 meV, one
may expect a significant probability of trapping in the phys-
isorption well for H,, even for the case where there is such %2 7]
poor matching of the substrate and adsorbate mdsses. g
)

0.25 -+

ther the change in trapping probability of the physisorbedz
state, or the partition of such a state between dissociation an g
desorption.

It is of interest to compare the temperature dependenciz
of Sy observed for H or D, on other surfaces that exhibit  o.05 +
similar E; dependent dissociative sticking probabilities spe-
cifically in the low energy regime. Hdissociation on both
Ni(997) and Ni(110 (Ref. 2 exhibit negative temperature
dependence for a Maxwellian sourceTgts=300K. No de-  (p)
pendence inS; with T, was detectable at energief;(
=13 meV) where the low energy channel was contributing o.3s +
on W(100).” At the same incident energy(=13 meV) on
W(100-c(2% 2)Cu, where it was suggested that the indirect 03 {
channel was responsible for all of the dissociative sticking,_.
only a very small negativeTg dependence dS,/dTg
=—-3.2x10 *K %) was observed?® Therefore in all cases
and conditions where an indirect channel to dissociation ha:
been suggested primarily on the basis of Ehelependence,
and where specific surface sites are implicated in the dissc:
ciation, either no, or a very small, negative temperature de:
pendence has been reported.

In the case of a Pt11) surface, under conditions it was
suspected that the small proportion of defeetsl(~ %) were
significantly contributing toS,, a very small increase 0 01 02 03 04 05 06 07 08
(dS,/dT,=6x10 5K™1) in S, with T, was reportetffora  (c) Fractional deuterium coverage.

Maxwellian source withl 3,c=291 K. It was also suggested FlG. 5. Sticki . _
that this increase was consistent with valuesSpextracted . . Sticking probability) of D, on the P533 Surffwe asa f_unCt'on of

” o . - A coverage(®). The incident beam energy iA) E;=6.6 meV; (B) E;
(assuming a partition between desorption and dissociation of 18 mev: and(C) E,=180 meV. The fit in(C) is S=S,(0.8-)% The
the H, at a defect sitefrom H,+D, reaction probabilities beam was incident normal to {633 plane @=0°) andT;=150K.
obtained at higher values af, .8
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D. The dependence of dissociative adsorption on

IIIA) as 0.8-0.05, and therefore this value has been taken
coverage

as saturation in the reflection detection measurement at the
The sticking probabilityS(D,) was measured as a func- same surface temperature. The results are shown in Fig. 5. At

tion of deuterium coveragdd(p) at incident energies of 6.6, an energy of 180 meV where we suggest that sticking is

18, and 180 meV and &t,= 150 K with the molecular beam dominated by direct dissociation at the(Ftl) terrace of

at normal incidence to the @33 surface. Saturation cover- Pt(533), there is a decrease iB(D,) with ® [Fig. 5c)]

age atT;=150K has been measured from the TPBec. corresponding to second-order Langmurian behavior, i.e.,
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where the dissociation probability is proportional to the

square of the number of free surface sites. The fit showi 05 1 ..
together with the data in Fig(& corresponds to the function . " - - .
S=5,(0.8-0p)2. At low E;, however, the coverage depen- = . m m Moal
dence ofS, is far from the second order Langmurian depen-% U
dence. It is also not linear, as found for coverage depender § a3,
cies in the direct channel regime on(¥20 (Ref. 7 and o PO . A4, a
W(100-c(2x 2)Cu®? In fact it resembles that one may ex- £ ¢ 0zl e
pect for a precursor route to dissociative adsorption, i.e., § s e o
less sensitive dependence of dissociative sticking on cove £ K - ‘.-"-‘..
age during the initial adsorption. The latter is observed bott = .
at 6.6 meV[Fig. 5a)] and at 18 meV[Fig. 5b)]. Note that e @ e ‘ i, ,
this behavior is observed in the sarg region whereS, A o a0 ) » © R
decreases with increasirtgy (Fig. 3).

In the case of NP97) (Ref. 2 no coverage dependence @ R Incident angle

reported. In the case of Nill), a monotonic decrease &
with @ is reported? consistent with the dominance of a
direct channel on this surfaéd?In contrast a more complex Pt(533
dependence 0§, with ®, was observed on Ki10 and ( )
rationalized on the basis and precursor kinetfcs. similar
trend in the coverage dependenceSgto that observed here
in going from low E; to high E; was observed on Y¥10
(Ref. 7 and on W100)-c(2x 2)Cu?®

E. The dependence of dissociative adsorption on
incident angle

The dependence @&, on the angle of incidenc® was
measured aE;=180meV andg;=6.6 meV atT,=300K,
and the results are shown in Fig. 6. The azimuth of the sca
tering plane was set within 15 degrees to be normal to thi
direction of the step edges, and positive angles are defined .
scattering into the step edge as shown in the inset of Fig. ¢
It is apparent immediately that for both energies, the angula
dependencies are highly asymmetric. The step geomett,

therefore appears to mﬂuen& at. energies where one ex- FIG. 6. The dependence &, on the angle of incidenc®:E;=180 meV
pects the direct channel to dominge80 meV}, and also (triangles and E;=6.6 meV (squares Measurements were made &
under conditiong6.6 me\} where a low energy channel is =300K. The azimuth of the scattering plane was normal to the direction of
dominating dissociation, but in quite a different fashion. the step edges, and positive angles are defined as scattering into the step

Under conditions where direct dissociation dominatesedge as shown in_ the in;et. The contribution to the dire_ct charfael (
the stickin rocess. one mav expect to a first a roximatio:180 meV) associated with th@11) terraces has been estimatenall
gp ' Yy exp pp Bircles using the functiors(®) = (S§*/N) cosi(®+ DY) (see textand this

that the overall process can be separated into two cOmpQuptracted from the experimental data at 180 meV yi&igk) which we
nents. The first is associated with trajectories impinging orassociate with the step sitésircles. This is then fitted with the function

the (111 terrace, and the second is ascribed to trajectorie§(®) =Sy cos(®+d*) (small crosses
impinging on the(100) step. In order to estimate tH&11)
component we have determined from the data obtained on
Pt(111) (Ref. 32 that the angular dependence ®f at 180 [Fig. 6()] which we associate with the.00) step sites. It is
meV depends on cd®. With the value ofS, at normal evident therefore that the contribution that step sites have to
incidence to RiL11) (S5 at 180 meV of 0.32, a function the overall dissociation probability at normal incidence to the
S(®) = (S;N)cos(d+ P has been fitted to the experi- P(533 surface (P =0°) is only about 17%. The maximum
mental data(Fig. 6) by placing the maximum of th€l11l)  in the dependence for the step contribution corresponds to a
contribution at the expected angle ofl4.5° (®11'=14.5°)  large angle. We have fitted thit00 component to a func-
and varyingN. The best fit N=0.94) is excellent at negative tion S(®) =St cos(®+d*%) and find a best fit atb1®
angles where thé¢100) step is shadowed i.e., for angles =—61° andS}°°=0.22. The angleb'%=—61° is signifi-
where the(111) plane will dominate sticking. We have ne- cantly larger than that corresponding to the normal of the
glected any shadowing of tH&é11) terrace by th€100 step (100 plane @=—-40°) and in fact corresponds more
at negative angles, but this will b&12% even at®= closely to the angle® = —75°) corresponding to trajecto-
—60°. ries parallel to thé111) terraces. It is likely therefore that the
Subtraction of the estimatgd11) contribution from the  dissociation site with the lowest activation barrier associated
measuredSy(®) for P{(533 results in a second component with the step is not the four-fold sit@e., in the step surface

(b)
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plane but is atop or bridging the Pt atoms at the step edgestep. Subtraction of the estimate for the direct channel on
It is impossible to analyze th§y(P) data obtained at Pt(533) provides us with an estimate of the contribution aris-
E;=6.6meV in a similar fashion, since we are much lessing from the stepgFig. 3). It is the characteristics of this
sure about the nature of the low energy channels to dissoci@omponent which we will consider specifically in the light of
tion on Pt533). Qualitatively theS(®) dependence is quite the suggestions made in the literature to explain the decay of
flat, indicating a tendency for total energy scaling. This isS, for H, with E; for metal surfaces with low activation
clearly quite distinct from that observed in the direct channebarriers to dissociation.
regime. We also note that there is a tendency for an increasethe possible explanations for the additional step induced
dissociation probability for trajectories into the step edgecontribution are:
(positive angleg although we also note that fdr>40° this
tendency is reversed.
It is interesting to compare th&,(®) result obtained

(i) An extension of the direct channel to low energies
results in steering effects which can provide access to

here on RG33) with the So(®) dependence observed for the  the lowest energy barriers in the PES.

HD exchange reaction on (863.2527 The latter surface ex- (1) ~ The accommodation of a conventional molecular pre-
hibits a slightly less dense array @fL1) steps betwee(l11) cursor at the(l;l) terraces which goes on to dissoci-

terraces. For the thermal beam source at 300 K one mae_/_. ate at a step site. _ _ _

expect the rate of reactidRy to be qualitatively similar to  (iil) ~An indirect channel which provides a short-lived but

the E;=6.6 meV data(Fig. 6) since Ryp*S, in the steady hlghly mobile unac_commodated moIeCL_llar precursor
state modef®?” We do observe an overall increase between which goes on to dissociate at a step site.

So(P)=—60 and 40 but of only ca. 35%. A similar but
much larger increas€95%) is observed inRyp over the
same change in angle on(®33) (the same convention fab
was used to define scattering into the $t&jde also note that () S, decays with E; over the range O

the estimate we make of the absolute sticking probability for <E;(meV)<150 meV. Note that this is the same range

The main characteristics of the additional step induced con-
tribution are:

a thermal source based on the beam data far1RY (Ref. as similar low energy contributions on (200),%7
32) is about 0.07, and for P33 is 0.21. The values ob- W(100)-c(2X 2)CuBOW(100)-c(2% 2)N,°Ni(110),2
tained on the basis oR,p were 0.07 for RiL11) and S, Pd100),* Pd110),® and P¢110).3*

=0.35 for P553.%°?" The effect of steps on both the angu- () 5, is effectively independent of T, at E
lar dependence and the absolute sticking probabilities for —16meV (dS,/dT=5%x10"°K™%), and sshows asilg-
Pt(553) appear much greater than that observed f¢5633), nificant negative dependence at E
despite the greater step density of the latter. Therefore while =6.6meV (dS,/dT=—4Xx104K"Y.

there are some qualitative similarities between the two SYSc) S, depends in a more complex manner®p than the
tems, we are unable to understand the qualitative differences second-order Langmurian dependence one may expect

at present. and indeed observes, at energies where the direct chan-
, L nel is clearly responsible for sticking.
F. The low energy channel to dissociation (d) Sy(P) at 6.6 meV shows a sensitivity to the presence
On Pt{533 the E; dependence indicates that there is a of the step sites through an asymmetry in the depen-
linearly increasing contribution dominating at higher ener- dence. The fact that this dependence is very small in-
gies associated with the (BfL1) terraces. This component dicates a tendency foB, to scale with total energy.
has similar characteristics to those observed for the direct  This contrasts with the higher energgirec) regime
dissociation channel on @t1) (Fig. 3. Further, atE; where S, depends strongly on the normal component
=180 meV where the channel dominates on bott633) of E;.

(Fig. 4 and P¢11)) (Ref. 32, Sy exhibits only a weak de-

pendence off; as one may expect for a direct channel. TheThe T¢ dependence at E;=6meV (dS/dT=-4

coverage dependen&D,) is also characterized by classical X 10" *K™) leads us to believe that at the very lowest en-

second-order Langmurian adsorption behayiBig. 5c)].  ergies, a conventional molecular physisorbed precursor is be-

Finally the angular dependen&g(®) at an energy associ- ing trapped and accommodated. This molecule goes on to

ated with this direct dissociation regime can be understood ipartition between dissociation and desorption at tH&33

terms of two contributions with a cd® dependence, i.e., surface. Calculations of the trapping probability using a hard

that found on the P111) surface for the direct channel under cube model for such a badly mass-matched system predicts

the same conditions. These two contributions correspond tthat trapping into a physisorption well of 30 meV can be

direct dissociation at thél11) terrace and100 step plane. expected at this low energyBecause sticking data is not
An additional contribution to the dissociative sticking on specifically available for P111) surfaces at this low energy,

Pt(533) over Pt111) which we associate with the presence ofit is not clear whether this channel requires steps for disso-

the steps is evident at low values®Bf. A similar difference  ciation, or that it can take place on tli&l1) terrace.

is observed inS, as a function ofT g, for a Maxwellian The main contribution which contributes &, in the

source when comparing 697 and Ni111) surface€ i.e., range G<E;(meV)<150 meV does not exhibit a significant

a direct channel associated with tfiel1) terraces on which temperature dependence. As pointed out previotiSiyhis

is superimposed a low energy contribution induced by thds an energy range over which trapping in a weak phys-
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isorbed precursor is improbable. & =16meV, dS,/dT of even a weak molecular well before the barrier. In addition
=5x10"°K™! on Pt533. What is significant about this the introduction of steps provides a corrugation simply in the
result is that this is for an enerdfig. 3 where ca. 95% of repulsive part of the PES which may result in normal to
the sticking is ascribed to a channel associated witt{xfg) ~ parallel energy conversion. The origin of the step induced
step sites on P533). The absence of a significalt depen-  indirect component on P33 can only be better understood
dence on W100) at E;=13meV,; and particularly on through dynamical simulations on realistic potential energy
W(100)-c(2x 2)Cu atE;=13meV where it was suggested surfaces. These results nevertheless clearly indicate that steps
that steps were responsible for 100% of the dissocidtfon, can give rise to a dissociation channel with characteristics
lead to the suggestion that an indirect channel to dissociatiofimilar to those of the low energy channel observed on a
through an unaccommodated precursor was responsible fe#imber of surfaces exhibiting low activation barriers.
dissociation, and that steps or defects were the active sites.

An additional similarity between the results presented herdV- CONCLUSIONS

for the low energy channel on (B83) and those obtained for Temperature programmed desorption measurements in-
the same channel on @00-c(2x2)Cu (Refs. 8, 9 con-  dicate that associative desorption of fom (100) step sites
cerns the angular dependerfag®). It was concluded that on P{533) is observed from lowest exposures at 375 K and
Sp on W(100-¢(2x 2) Cu surface scaled not with the normal assigned thgs; state. Saturation of this peak takes place at
component of incident energy, but Bscos"’®. A similar  @,=0.14 and corresponds to the filling of half of the avail-
tendency forS, to scale with total energy is observed for able four fold sites at th€100) step edge. Additional asso-
Pt(533). ciative desorption takes place at higher coverages in a broad

The alternative was that steerifiganslational and rota- peak below 300 K. This is associated with desorption from
tional) in the W(100) unit cell resulted in thé&; dependence: the (111) terraces being similar to that observéhd as-
This would also be consistent with the absence of a signifisigneds, and3,) for desorption from the Pt11) surface.
cant T; dependence. The steering model as applied 40 H  The initial dissociative sticking probabilitySp) of H,
dissociation on WL00) (Refs. 11-13 and Pd100 (Refs. and D, first decreases over the range B;(meV)< 150 (low
15-17, 43, however, is not able to explain the low energy energy componehtand subsequently increasésgh energy
channel on R633 since we have shown that it is directly component Comparison with B dissociation on R111),
related to the presence of the step sites. If a steering modalhere &,) increases linearly witlE;, leads to the conclu-
was to explain the present results, the steering would have tsion that it is the step sites that are responsible for the low
be sufficiently strong in the translational coordinate to allowenergy component to dissociation on(333). The high en-
molecules to impinge primarily on the step sites, i.e., transergy component we associate with a direct dissociation chan-
lational steering would be required over the distance associhel on(111) terraces of the P533) surface. The probability
ated with the(111) terrace width. Although we cannot rule of dissociation through the direct channel on ti41) ter-
out this possibility in the absence of trajectory calculationsraces of R633), like Pt(111), is found to exhibit a very small
based on a realistic PES for(583), on the basis of the T, dependenceJ,/dT.=6x10 ®K™1). The angular de-
limited translational steering predicted on (Y80 and pendenceSy(P) scattering in a plane perpendicular to the
Pd100), we consider it unlikely. step direction is asymmetric about thg &3 surface nor-

In cases of late barriers in the two-dimensional PES, thenal atE;=180meV. At 180 meVSy(P) can be success-
lowering of the vibrational zero-point energy resulting from fully analyzed by fitting the cdsb dependencfthe observed
a softening of the H—H bond through interaction of the mol-dependence on @t11) at 180 me\*? for the direct compo-
ecule with the surface results in a dynamical w&ft* The  nent on a(111) terrace. The remainingy,(®) component is
possibilities of redistribution of energy provided an explana-peaked at a very grazing angle, and in a direction far from
tion for temperature independent trapping of éh W(100)  the normal to thg100 step plane. This may indicate that
and provided an explanation for tit®, dependence o,.”  direct dissociation takes place preferentially at an atop or
It was the absence of the required barrier indgbenitio PES  bridged site at the step.
that resulted in the rejection of this mechanism, particularly  We have estimated the contribution to sticking on the
since steering could provide an alternative mechanism. In thé€l11) terraces on P533) to estimate the step induced low
case of RtL11), and(111) terraces on P533), theE; depen- energy component of,. The probability of dissociation
dence of the direct scattering channel indicates that there aterough the low energy channel associated with th@0)
a majority of trajectories which experience a significant ac-steps, over most of the range Bf where it contributes, is
tivation barrier (Fig. 3). Therefore at least in the case of also shown to be independent off{(S,/dTs=5
Pt(533) the possibility of an indirect channel to dissociation X 10 °K%). Only at the very lowest values &;=6 meV
at the (100 step of a resonantly trapped precursor on thedoesS, exhibit a more significantnegative temperature de-
(111) terrace provides a more clear cut possibility. pendence oflS,/dT=—-4x10 *K™1. These results indi-

There are, however, other possible explanations for acate that there are two contributions to sticking below 150
indirect channel which exhibits precursor type behaviormeV. At very low energy, where trapping into the phys-
without the need for significant energy dissipatfGrBteer-  isorbed precursor is possible, a conventional precursor chan-
ing enhanced trapping provides a mechanism for normahel mediated dissociation on(B83. It is the partition be-
translational to parallel translational and rotational energyiween desorption and dissociation which is likely to be
conversion, and this is strongly enhanced with the presencesponsible for theTg dependence of this channel at 6.6
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