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Molecular-beam techniques have been used to probe the dynamical origin of the surface-temperature
(T) dependence of the precursor-mediated dissociative chemisorption of N2 on W(100). Measurements
of the angular and velocity distributions of scattered molecules have revealed that increasing 7T primari-
ly serves to reduce the fraction of precursor molecules that go on to dissociate, by biasing the kinetics in
favor of desorption. In contrast, the trapping probability into the precursor state is found to be relatively
insensitive to this parameter, accounting for <20% of the observed effects.

PACS numbers: 68.45.Da, 79.20.Rf

While it is widely accepted that chemisorption often
proceeds by way of an intermediate, or precursor, state,
the detailed microscope picture of this process is by no
means clear.""> A key step in building such a picture is
to resolve which of several contrasting proposed explana-
tions gives a correct view of the role of surface tempera-
ture in modifying the chemisorption probability.

Precursor-mediated chemisorption is generally viewed
as beginning with an initial gas-surface collision where
incident species either scatter or are trapped into a rela-
tively weakly bound (precursor) state. Often, this step is
not particularly sensitive to occupation of the impact
site, which accounts for the observed insensitivity of
chemisorption probabilities to surface coverage in these
systems.>~7 Those molecules that trap are expected to
rapidly accommodate to the surface temperature, Tj,
which will influence the rates of desorption and of
diffusion to, and chemisorption at, vacant sites.” In prin-
ciple, this model is supported by the fact that chemisorp-
tion, or sticking, probabilities are often found to be sensi-
tive to 7T, in these systems. Indeed, such behavior is
hard to rationalize in terms of alternative *“direct” chem-
isorption models. However, although precursor-based
models are consistent with a sensitivity to surface tem-
perature, the details of this behavior remain controver-
sial. For the case of the clean surface, increasing T can
inhibit chemisorption in at least two dynamically distinct
ways: either by changing the ratio of desorption and
chemisorption rates in favor of the desorption chan-
nel,>”8 or by reducing the trapping probability into the
precursor state. !0

Here we report the results of a molecular-beam study
of this question for the case of the dissociative chem-
isorption of N> on W(100). Although this system is ar-
guably one of most carefully examined examples of
precursor-mediated dissociation, previous workers have
interpreted the surface-temperature dependence for this
process in a variety of ways. Thus Clavenna and
Schmidt® and King and co-workers™>'! have successfully
accounted for rather similar data for this system using

very different models for the origin of the temperature
dependence. In these cases the relevant results con-
cerned sticking versus coverage curves obtained over a
range of surface temperatures. The former group attri-
buted the observed falloff in sticking with increasing T
to changes in the trapping probability into the precursor
state, while the latter assumed this probability to be con-
stant, attributing the entire effect to changes in the frac-
tion of precursors that reevaporate. It would appear that
such measurements alone are insufficient to resolve this
issue.

This difficulty was recognized by Janda ez al.,'® who
examined the angular and velocity distributions of N
scattering from polycrystalline tungsten. The basic idea
was that changes in the trapping probability should re-
sult in an increase in the direct-inelastic-scattering chan-
nel, while precursor molecules that reevaporate should
contribute to a trapping-desorption component. Unfor-
tunately the results of this study were somewhat incon-
clusive, in large part because of the polycrystalline na-
ture of the sample which restricted the effective angular
resolution as well as presenting an unknown distribution
of crystal faces. It was concluded that both variations in
the trapping probability and kinetic competition played
some role, but in the crucial region around 700 K where
the sticking probability drops sharply, it was not possible
to assess which of these factors played a dominant role.
In the present study we overcome some of these dif-
ficulties by employing a single-crystal W(100) target.
We find that the greater effective angular resolution
which we gain by using a single crystal is particularly
useful in resolving the two scattering channels for this
system, and conclude that the primary effect of T is to
change the fraction of percursor molecules that go on to
dissociate. In contrast, variations in the trapping proba-
bility into the precursor state are found to account for
<20% of the observed effects. This picture is thus sub-
stantially closer to the model of King and co-workers,>!!
than to that of Clavenna and Schmidt® or that suggested
by the study of Janda et al.'°
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Experimental techniques and methods follow those
described in detail elsewhere.'>'* Supersonic seeded
beams of N are directed at a W(100) crystal mounted
in a UHV chamber on a manipulator which permits ac-
curate control of the incidence angle and surface temper-
ature. The crystal was prepared and cleaned with use of
standard techniques and gives sharp LEED patterns and
contamination levels below 1% as determined by Auger-
electron spectroscopy. In addition, He scattering gave
a specular peak close to the instrumental resolution.
Beams pass through a high-speed chopper which reduces
the N; flux to 10'3 molecules cm ~% s ™! (10 ~2 mono-
layer per second with unity sticking probability) and pro-
duces ==8-us pulses for time-of-flight measurements
based on a doubly differentially pumped rotatable mass
spectrometer.'>!3  Velocity distributions of scattered
species are extracted by time-of-flight analysis as de-
scribed previously.!®!%!3 In all cases data are obtained
under conditions where surface coverages are <0.03
atomic monolayer, which restricts measurement times to
a few seconds between cleaning cycles.'? Sticking proba-
bilities are determined by a beam-reflection technique
first described by King and Wells,® and described in de-
tail elsewhere. 12

Sticking probabilities and angular and velocity distri-
butions have been determined for this system for a wide
range of conditions; incidence kinetic energy, E;, from
=(0.03 to > 5 eV, incidence angle, 6;, from 0° to 60°;
T, from =100 to 1600 K; and coverages from bare to
saturated surface. Particular emphasis has been placed
on the initial sticking probability, So, corresponding to
the low-coverage limit. This reaches a maximum close
to unity for the lowest kinetic energies and surface tem-
peratures. Increasing energy results in a decrease in Sg
to a minimum value of =0.15 at 0.4 eV, above which it
rises again, approaching 0.5 at 5 eV, at which point there
is little sensitivity to T;. These results suggest that the
dissociation of N; on W(100) proceeds via at least two
dynamically distinct mechanisms. At energies below
about 0.2 eV, a precursor-mediated process dominates,
with a more direct interaction applying to collisions
above about 0.5 eV. Here we are concerned with the
low-energy channel, where the sensitivity to coverage
and to T, are found to be essentially identical to those
reported previously,!! and to be consistent with classical
precursor-type behavior. Absolute values obtained for
S are also found to be in good agreement with reported
measurements for given values of the mean incidence en-
ergy.!!

To clarify the role of surface temperature in the
precursor-mediated case, we have recorded S values to-
gether with angular and velocity distributions for scatter-
ing from the clean surface for a range of temperatures.
Here we wish to estimate the fraction of the total scat-
tered flux, Iix=1—So, going into the trapping-
desorption and direct-inelastic channels, /4 and Ig4;, re-

spectively. If the trapping probability into the precursor
state is @, then we expect Ii\y=a—So and I4=1—a.
Here it is apparent, for example, that if a remains con-
stant as T varies, I will also be constant and I,q4 will
grow to account for the entire increase in 1 —S,. In this
manner we can, in principle at least, quantify the tem-
perature dependence of a, which can then be dis-
tinguished from changes in Sy resulting from changes in
the fraction of precursors which desorb. In practice, this
separation is found to be surprisingly difficult to resolve.
Thus neither the angular nor velocity distributions show
sufficiently clear bimodality to permit unambiguous as-
signments to the two scattering channels based on any
individual distribution.

This behavior is apparent for the case of angular dis-
tributions from the data shown in Fig. 1 which show re-
sults for T, =800 and 400 K, with E; =0.088 eV and
0; =60°. These distributions display the total flux ob-
tained at each scattering angle, 6y, which represents the
corresponding integrated time-of-flight (TOF) signals
multiplied by their respective mean velocities, as ob-
tained from analysis of the form of the TOF waveforms.
Thus such measurements may not always be able to dis-
tinguish the scattering channels and to permit variations
in the trapping probability to be followed. However, in
this specific case we find that the effect of T; can be de-
duced by the subtraction of distributions recorded at
different temperatures. This approach is successful here
for a number of reasons. The angular distribution for
direct-inelastic scattering for this system is much less
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FIG. 1. Angular distributions for N3 scattered from W (100)
for an incidence energy of 0.088 eV and an incidence angle of
60°. Curves a and b were obtained with surface temperatures
of 800 and 400 K, respectively. Also displayed is the result of
subtracting curve b from curve a. This difference curve has
been fitted with a cosine component, region X, and a quasispec-
ular lobe, region Y.
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sensitive to surface temperature than is often the case,
which will be described more fully elsewhere.'® Further-
more, a is in fact rather insensitive to 7. Thus as the
temperature is changed, the shape of the direct-inelastic
part of the angular distribution does not change drasti-
cally, and in this instance subtraction of one angular dis-
tribution from another yields a “difference distribution”
having a clear cosine contribution, together with a fairly
well defined lobular component. The result of the sub-
traction of the angular distributions mentioned above,
recorded at 800 and 400 K, is shown at the bottom of
Fig. 1, together with a fitted curve corresponding to a
cosine form representing the difference in trapping-
desorption components for these two temperatures. Thus
the distribution obtained at 800 K resembles that at 400
K with a substantial additional cosine component plus a
small additional lobular component. If we take similar
pairs of data from 150 to 1600 K, it is possible to resolve
all distributions into cosine and lobular components, pro-
vided that this separation can be made for any one of
them. We assume this to be the case for the 150-K data,
i.e., 1,4(150 K)=0. The angular distribution for this
temperature could, in principle, contain a cosine com-
ponent equivalent to =10% of the incident beam, but
such a value would be inconsistent with the observed
TOF distributions, as discussed below. Next it is neces-
sary to convert in-plane intensities into absolute fluxes,
which could be accomplished by integration over both
in-plane and out-of-plane distributions. However, not
knowing the precise form of the out-of-plane lobular
component, we chose instead to rely on direct calibration
of the cosine component. Specifically, the beam was
scattered from the machined Cu surface of the manipu-
lator (aligned in the same manner as the sample) giving
a cosine angular distribution and a Boltzmann velocity
distribution corresponding to the temperature of the
manipulator (300 K). The intensities obtained in this
manner were then defined as representative of a cosine
component with 100% of the incident flux. The lobular
fraction could then be estimated by subtraction, knowing
that the total scattered flux is 1 —So. It should be noted
that the alternative method to estimate I4; and /4 by in-
tegration over all directions gave consistent results, tak-
ing the out-of-plane width of I4; to be about half of that
for the in-plane distribution.

Figure 2 displays the increase in the cosine component
of the scattered flux recorded on raising 75 from 150 to
1600 K for E; =0.088 eV and 6; =60°. Also displayed
for comparison is the corresponding change in the total
scattered flux, as determined from changes in So. To
complete the picture, we also give an estimation of the
variation of the direct-inelastic-scattering flux over this
range of temperatures based on the difference between
these two curves. Thus on heating the surface from 150
to 1600 K, Sy falls from 0.60 to 0.05, of which S20% is
due to changes in a, the remainder being due to an in-
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FIG. 2. Comparison of the total scattered flux with the
cosine component of this flux and the estimated direct-
inelastic-scattering flux as a function of surface temperature.

crease in the fraction of precursor molecules which
desorb. Although these results strictly apply only to an
incidence angle of 60°, we believe that a similar picture
must hold for other angles, since So(T;) values are
found to be insensitive to 6;. '

The above conclusions are supported by analysis of the
TOF distributions, which are found to be consistent with
the deduced fractions of direct-inelastic and trapping-
desorption contributions. However, satisfactory agree-
ment could only be obtained if the desorption component
was assumed to be somewhat cooler than a Boltzmann
velocity distribution corresponding to 7s. For example,
good agreement was obtained with the assumption of a
Boltzmann distribution having an effective temperature
of T,~0.87,. This observation is qualitatively con-
sistent with previous measurements of Ar desorbing from
Pt(111),'7 and with trajectory calculations of NO
desorption.'® In both cases this translational cooling has
been rationalized on the basis of microscopic reversibility
arguments, wherein the excess of cold species in desorp-
tion mirrors the higher trapping probability for transla-
tionally cold species incident on the surface. In the case
of T;=150 K, no appreciable Boltzmann component
could be discerned. However, this could be because
desorption occurs after a long residence time at this tem-
perature (> 500 us).

The overall conclusion of this study is then that the
primary effect of T; on the precursor-mediated chem-
isorption of N, on W(100) is to reduce the fraction of
precursor molecules that go on to dissociate, by biasing
the kinetics in favor of desorption. The trapping proba-
bility into the precursor state is found to be relatively in-
sensitive to this parameter. This insensitivity is support-



VOLUME 61, NUMBER 8

PHYSICAL REVIEW LETTERS

22 AUGUST 1988

ed by calculations based on a simple cube model. '
However, such calculations also suggest that the situa-
tion could be quiet different for systems in which the in-
cident species and surface atoms have similar masses,
where the motions of the surface atoms would be rela-
tively more important. Our findings indicate that the ap-
proximation made by King and co-workers,>”!! that a is
independent of 7 may be reasonable, although as is ap-
parent from Fig. 1, for example, this is not strictly the
case. Thus we estimate that neglecting the temperature
dependence of a will lead to a =10% overestimation of
the quantity E; — E,, the difference in activation ener-
gies for desorption and dissociation. Finally, we note
that fitting 7,4 with a Boltzmann distribution at 7; may
have caused Janda et al.'® to overestimate the fall in
with increasing temperature. Although an attempt was
made by Janda et al. to account for this effect by using a
1/v weighted Boltzmann distribution, we find this latter
form to be insufficiently flexible and too broad to fit our
TOF distributions.
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