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We have determined the dynamics and energetics of associative desorption of N, from Ru(0001) using
both an experimental technique, laser-assisted associative desorption, and density functional calculations.
These show that N, is preferentially desorbed into very high vibrational states and that the barriers
between gas phase N, and adsorbed N atoms increase from 2 to >3 eV with increasing N coverage on
the surface. This experimental technique is found to be quite insensitive to low barrier steps and defects
which complicate interpretations from other methods of studying high-barrier surface reactions.

PACS numbers: 68.45.Da, 79.20.Ds, 82.30.Lp, 82.65.My

It is well recognized that the activated dissociation of
simple gas phase molecules at metal surfaces is often the
rate-limiting step in many industrially important catalytic
processes. This has stimulated much experimental and
theoretical work over the past several decades in the kinet-
ics and dynamics of activated dissociative chemisorption.
For example, high-pressure experiments can in principle
determine the activation energy for dissociation, although
being very sensitive to the presence of defects and steps,
especially when barriersare high [1,2]. Similarly, molecu-
lar beam techniques have clarified some dynamical issues
in activated dissociative chemisorption, e.g., the role of
precursors versus direct mechanisms, the role of transla
tional versus vibrational energy in promoting dissociation,
etc. When dissociation barriers are very high, however, or
principally along avibrational coordinate, molecular beam
techniques may be difficult to interpret. The dynamics
of dissociative chemisorption has recently been inferred
by laser state-resolved measurements of the time-reversed
process, i.e., associative desorption, and by then invoking
detailed balance [3-5].

In this Letter, we describe a technique which we term
| aser-assisted associative desorption (LAAD) that provides
great insight into the dynamics of associative desorption
and its time-reversed process, dissociative chemisorption.
This technique does not require laser state-resolved detec-
tion and is generally applicable, regardless of the height
of the barrier or whether it is aong a trandational or vi-
brational coordinate. Furthermore, it is quite insensitive to
the presence of defects and steps on the surface and can
be used over a wide range of adsorbate coverages. As an
example of the power of this LAAD technique, we present
adynamical study of theinteraction of N, with a Ru(0001)
surface. Wewill show that these experimental resultsarein
excellent agreement in detail with density functional the-
ory (DFT).

The interaction of N, and N with Ru(0001) has attracted
much attention recently due to the possible role of sup-
ported Ru as an end catalyst for NH; synthesis. The rate-
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limiting step is the dissociative chemisorption of N,. On
Ru(0001), dissociation is strongly activated. Low cover-
age states of N adsorbed on Ru(0001) [#n = 0.25 and
0.33 ML (monolayer)] are well known and have been char-
acterized experimentally [6] and theoretically [7,8]. It has
recently been shown that a series of higher coverage states
are also formed in addition by exposureto aN atom beam,
ultimately saturating at a coverage 6y ~ 1 ML [9]. By
comparing with DFT calculations of the binding energies
of N on Ru(0001) as a function of N coverage it was sug-
gested that all states for Oy = 0.5 were only metastable,
with lifetimes determined by the barrier between gas phase
N, and the adsorbed N.

The essence of the LAAD application described here
is to measure the trandational energy distribution of N,
formed by associative desorption from a Ru(0001) surface
following a laser induced temperature jump. Neglecting
tunneling and coupling to the | attice, we anticipate that the
total energy of the desorbing N, is given approximately by
the barrier height relative to the N, + Ru(0001) asymp-
tote. Because both internal and translational excitationsare
anticipated in this associative desorption [3,5], the over-
all measured trandlational energy distribution represents a
sum of the tranglational distributionsfor each internal state
weighted by the population of that state. If the vibrational
state » = 0 is sufficiently populated to be detected, then
the translational energy observed for this state corresponds
approximately to the barrier height, since rotational exci-
tation is small [5].

After exposure of a Ru(0001) crystal to aN atom beam
to produce a N atom coverage 6y [9], LAAD experiments
were performed by irradiating the surface with a pulsed
Alexandrite laser from Light Age Inc. with a wavelength
of 750 nm and duration 130 ns. Since the wavelength
isin the near IR, laser induced photochemistry is highly
unlikely. Thus, the resulting excitation of the surface is
well described as a thermally induced temperature jump
(T-jump). The surface temperature T, is shown to basi-
cally follow the laser temporal profile [10].
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Sincethe T-jump and resulting N, desorption occur only
for ca 100 ns, time of flight techniques (TOF) can be
used to measure the translational energy distribution. The
desorbing N, was detected normal to the surface with a
differentially pumped quadrupole mass spectrometer. To
determine absolute TOF from the surface to the detector,
extensive calibrations of the TOF delays through the mass
spectrometer were necessary and a convolution over finite
ionizer length performed in the analysis. Most LAAD ex-
periments were performed with N>, due to a lower back-
ground at mass 30. No isotope effect was observed. Many
checks were performed to make sure that no laser damage
[10] occurred on the surface or affected the TOF resultsin
any way.

An example of the TOF distribution for Ni* obtained
by LAAD for an initia coverage 6y = 0.6 is given in
Fig. 1, representing an average of 1800 laser shots spread
over 60 spatial spots on the surface. The yield of N, pro-
duced per laser shot is very small (<1073 ML); therefore
the TOF produced by many laser shots could be averaged
without changing 6y significantly. Since the time win-
dow in the TOF data taking was small (320 ns), raw TOF
data were smoothed using a five point Savitzky-Golay al-
gorithm. The corresponding tranglational energy is given
at thetop of Fig. 1. It isevident that the overall TOF distri-
bution consists of aseries of partialy overlapping narrower
peaks. We assign these individual peaks to desorption of
N3’ in different vibrational states », with the higher vibra-
tional states occurring at longer TOF. Assuming » = 0
is sufficiently populated to be observed in the TOF, then
the high energy threshold corresponds approximately to the
barrier height V™.

In order to test thisinterpretation more quantitatively, we
have developed the following simple model for associative
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FIG. 1. TOF distribution for laser-assisted associative desorp-
tion of N3’ following a T-jump to 875 K. The trandational
energy is indicated on the top axis. The energy of the barrier
V* (relative to gas phase N,) is marked with an arrow.

desorption of N,. Conservation of thetotal energy fromthe
transition state into the desorbed product implies approxi-
mately that Eoy = V* + kgTs = E + &, + 8, where E
isthetranglational energy, ¢, isthe zero point corrected vi-
brational energy, and § reflectsthe energy lossor gain from
translation and vibration to modes of the | attice or other N,
modes (rotation) during the desorption event. We assume
that 6 is given by a Gaussian distribution of width W and
with () = 0. Thetotal desorption probability isasum of
probabilities from individual vibrational states centered at
trandational energies Ey(v) = Eix — m,&,, Where &,
is the lowering of the effective barrier in producing state v
(n, isthe vibrationa efficacy). Thermally averaging this
desorption density leads to

Dy(E,T,) = x/Ee><p<—kas>§e"p<_szTx>
y {p(y>[1 ) erf<E—WEo<>>}} &)

P(v) istherelative probability of desorption into state v.
Identifying the terms inside the { } as the sticking function,
So(E, v), for dissociative chemisorption of the vibrational
state v, leadsto aform for Dy (E, T) known from detailed
balance arguments[11]. Employing that the observed TOF
desorption density is given as Dy(t) = (1/t*)Dg(E, Ty),
Eq. (1) was used to fit the data.

We have used the approach of information theory [12]
to reduce the assignment of valuesto P(v) to one parame-
ter: the so-called vibrational “surprisa” A describing the
dynamical constraints. This approach has been very suc-
cessful in describing detail ed state-resolved atom-molecule
collision experiments in the gas phase [12]. Applica
tion of information theory to associative desorption of
N, gives P(v) = P'(v)exp(—Af,)/Q, where f, =~
e,/Ewe and Q is a normalization constant. PO(v) =
2.5(1 — f,)%?Ey is the dtatistical (microcanonical)
expectation to produce the vibrationa state » given the
total energy E, available for desorption. We assume
that n, = 1 since the low » states are separated in
tranglational energy by ¢,. This assumption is consistent
with a barrier strongly in the vibrational coordinate.

Given the above model, Dy(E, T,) and hence the TOF
distribution are determined by only three parameters, V*,
A, and W, as well as Ty [13]. T, = 875 K for Fig. 1.
The three parameters in the model are well constrained by
the observed TOF distribution. A value of W = 0.1 eV
is necessary from the partial resolution of the individual
v states in the TOF. A must be a large negative number
to make P(v) peak at higher v, i.e., to describe a strong
vibrational inversion. V* is chosen so that the high ki-
netic energy threshold in the model agrees with the experi-
mental TOF. The theoretical curve in Fig. 1 is produced
with the “best fit” parameters W = 0.09 eV, A = —12,
and V* = 2.5 eV. The actua labeling of the » for each
peak is not possible. This produces some uncertainty in
the determination of V*. In this fit, we have assumed that
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desorption of » = 0 definesthethreshold. If A <« —12 s0
that » = 0 is not sufficiently populated to be observed in
desorption, equally good fits to the data are obtained with
V* correspondingly higher. However, when A > —12,
agreement with the experiment is decidedly worse. Thus
we interpret the experiment to say V* = 2.5 eV. Clearly
the signal-to-noise ratio (S/N) also limits the ahility to es-
tablish this lower bound, perhaps by an additional uncer-
tainty of 0.2 eV.

The overall agreement between the model and experi-
ment in Fig. 1 is excellent and clearly demonstrates that
the spacing between the partialy resolved peaks is due to
vibrational excitation. We believe the disagreement in the
peak observed at 55 usin the TOF (predicted at 58 ws) is
due to abreakdown of the assumption 1, = 1 near thetop
of the barrier. Our measurements are fully consistent with
simple adiabatic dynamics anticipated from the ab initio
potential energy surface from DFT calculations [5,9],
where a high barrier was found to lie amost exclusively
along the vibrational coordinate.

State-resolved experiments of associative desorption of
N, from Ru(0001) [5] showed a population inversion be-
tween v = 1 and v = 0, consistent with P(») peaking for
v = 7 as observed by us. Murphy et al. observed desorp-
tion from an individual vibrational-rotational state peak-
ing at low (ca. thermal) translational energies, but also a
tailing to much higher trandational energies, in qualita-
tive disagreement with us. It has been suggested [1] that
these results are strongly influenced by desorption from
steps or defects. Since our results are fully consistent with
anticipated dynamics on the mgjority terrace sites, thisim-
plies that the LAAD measurements are quite immune to
the presence of minority low barrier steps and defects.
The central reason for thisis that during a T-jump of only
100 ns adsorbed N does not have sufficient time to diffuse
to the steps or defects which otherwise might dominate as-
sociative desorption.

LAAD measurements as a function of 6y are given in
Fig. 2. Thereis a decided shift in the TOF distribution to
higher trandlational energies with increasing 6y, and this
is taken as evidence for an increase of the barrier with 6y.
Although vibrational resolution is apparent at higher dy, it
is not observed for the lower Ay. The principal reason for
thisis that, because of the lower desorption yield at lower
O, averaging TOF experiments for several independent N
exposures in addition to averaging each exposure over the
different spatial spots was necessary to achieve S/N. Be-
cause each N exposure produced a dlightly different 6y,
the vibrational resolution was washed out due to the shift
of V* with 6n. Assuming that A = —12 for all 6y, ap-
plication of the model outlined previously gives the lower
boundsto barriers V*(6n) marked in Fig. 2 asarrows. The
justification for assuming a constant A with dy is that the
N-N bond length at the transition state was nearly inde-
pendent of 6y in the DFT calculations. The barriers are
given in Table | and are seen to increase from approxi-
mately 2 eV at low 6y to 3 eV at the highest 6n. A simi-
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FIG. 2. TOF distributions for LAAD of N3’ as a function of
N coverage. The energies of the barriers V* (relative to gas
phase N,) are marked with arrows. LAAD occurred at 800,
875, 1000, and 1700 K for 65 = 0.73, 0.60, 0.48, and 0.23 ML,
respectively.

lar increase in barrier with 8 was indirectly inferred from
thermal desorption measurements as a function of cover-
age [9].

In order to understand the origin of the barrier increase
with O we have performed DFT calculations of the tran-
sition from adsorbed N to gas phase N, as a function of
O~. Figure 3 shows the results of these calculations with
respect to N,(g) and clean Ru(0001). Four consecutive
N, desorption events (A, B, C, and D) are described in a
c(4 X 4) surface supercell which initially accommodates
eight N atoms in its eight hcp sites [14]. The surface su-
percell isrepeated periodically, whereby we effectively in-
vestigate N, desorption in the range 0.25 < 6y = 1.

InFig. 3, the potentia energy levels of the various stages
of the adiabatic N, desorption events are indicated by
open squares (most stable configuration of the surface at a
given coverage), asterisks (transition state for the associa-
tion of two N atoms from neighboring hcp sites), and solid
squares (metastabl e surface configuration including aN di-
vacancy where the desorption took place). Since the time
scale of the LAAD experiment is very short compared to
annihilation of the divacancy, the adsorption barrier, E,, is

TABLE I. Measured (V*) and calculated (E,) values of the
coverage dependence of the energy barrier.

On ML 023 032 048 060 0.73
Vv* eV 18 20 21 25 28

On ML 0.25 e 0.50 e 0.75 1.00
E, eV 21 e 2.2 o 35 4.8
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FIG. 3. Caculated potential energy diagram for desorption
of N, from Ru(0001)-c(4 X 4) initidly at 65 = 1. The in-
set shows (twice) the differential chemisorption energy of N,
Echem (N), and the energy barrier for dissociation at a divacancy
as a function of the Ru 44 band center, ¢,.

evaluated from the level including such a divacancy to the
level of the transition state in the case of the desorption
events A, B, and C. Assigning 6y for each calculated E,
corresponding to the N coveragein the supercell before the
desorption, we obtain the values given in Table 1. Judging
from the table, there is excellent agreement between these
DFT caculations and the values obtained by the LAAD
experiment, both in the magnitude of the barrier and in its
coverage dependence.

It has previously been demonstrated that thereisastrong
correlation of both surface adsorption energies and barri-
ers to dissociation on transition metals with the center of
the metal d bands [15]. In the inset of Fig. 3 we show
for the first time that such a correlation also exists for the
coverage dependence of differential chemisorption ener-
gies and energy barriers. The Ru 4d-band centers e, as a
function of y are constructed as geometrical means of the
first moments of the 4d-projected density of states at Ru
sites neighboring the reaction site. The ¢, at these sites
decrease with 6y, because the Ru atoms have their elec-
tronic 4d states shifted down compared to the clean surface
value as a consequence of the bonding to the preadsorbed
N. Both the atomic chemisorption energies and the energy
barriersincrease with the decrease in e, because the lower
in energy the Ru 44 electrons are, the less they are capable
of interacting chemically with the electronic levels on the
adsorbed N as well as on the transition state [15].

In summary, we have described the application of
LAAD to determine both the dynamics and energetics of
N, associative desorption from Ru(0001). This technique
seems rather immune to complications caused by low-

barrier minority sites. We find that N, is preferentialy
produced in high vibrational states and that the barrier
between gas phase N, and the adsorbed N atoms increases
substantially with #y. Both the energetics and dynamics
are in excellent agreement with DFT calculations for the
process. The DFT calculations show that the origin of
this increase in barrier with coverage can be understood
in terms of coverage dependent shifts of the Ru 4d-band
centers.
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