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Dynamic displacement of N , from Ru (0001) by incident D and H atoms
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Exposing a N covered R(000) surface to a D or H atom beam leads to desorption of the N
molecules. This displacement is kinetically prompt at gllddverages and the process is identified

as dynamic displacement. By showing that the cross section for displacement by D atoms is roughly
twice that for H atoms, we suggest that the mechanism for this dynamic displacement is some
phonon mediated process rather than an electronically nonadiabatic one suggested earlier. As a
contrast, the displacement of Xe adsorbed ofl ) induced by CO adsorption has also been
measured. In this case, the displacement is not prompt and there is a total coverage on the surface
that is necessary to induce desorption of Xe. This seems well described by a thermodynamic
displacement mechanism. @001 American Institute of Physic§DOI: 10.1063/1.1344924

I. INTRODUCTION evidencé In this mechanism it is assumed that molecularly
N, coexists with atomic H on the surface under working

The dissociation of Blon Ru single crystal surfaces has conditions of the catalysigressure and temperatiuréi at-
received much attention in recent years because of the posms attach to B initially forming adsorbed BH and are
sible role of Ru as an end catalyst in the commercial producsequentially added to the fragment untibHy is formed
tion of NH; from N, and H. The rate-limiting step in the which then readily breaks the N—N bond producing JNH
overall catalysis is generally believed to be the dissociativeOFT calculations showed that this actually is a rather low-
chemisorption of N2 There has been, however, a seriousenergy pathway with an overall activation energy of 90
conflict between experiment and theory in the barriers fokJ/mole’ While this seems a very unusual process in terms
this dissociation. High-pressure kinetic studies show that thef conventional heterogeneous catalysis, it should be pointed
overall activation energy for the catalytic synthesis of ammo-out that this is the mechanism of biological nitrogen fixation
nia is ~101 kJ/mole on a RB00Y) surface’ This sets an by some enzymes, where H is supplied by proton transfer.
upper limit to the activation energy for,Nlissociation since The active part of the enzyme where nitrogen bonds and
additional energy is needed under synthesis conditions tgeacts is believed to be a metal—sulfide cluster (M8ge
create free site$On the other hand, the most recent density-and DFT calculations show a low-temperature path for am-
functional theory(DFT) calculations give a barrier for N monia formation by sequential H atom addition.

dissociation on R®001) of 190 kJ/mole(2 eV).*~® This In an attempt to clarify the understanding of ammonia
difference is much greater than expected uncertainties in theynthesis with respect to the above mentioned two models,
DFT calculations. we performed ultrahigh vacuufyHV) experiments where

It has recently been suggested that this discrepancy came exposed Mmolecules adsorbed on a @001 surface to

be explained by defects. It was shown experimentally thaan H-atom beam in the hopes of initiating addition of H to
the (natura) presence of steps on a nominally well preparedN, (i.e., hydrogenationand hopefully ultimately forming
single crystal surface strongly influences thermal rates of disammonia at low surface temperatufg. It has previously
sociation of N on RU 0001 by giving a much lower barrier been observed that an H atom beam does hydrogenate iso-
for N, dissociation at stepsThis strong lowering of the electronic CO adsorbed on R00J) at low T via an Eley—
barrier at step sites was also confirmed in DFT calculatfons.Rideal mechanism to form formyHCO) and formaldehyde
The implication is that these steps or other defect sites ardtHCHO 10
the active ones in real catalysis on catalyst particles as well Unfortunately, when Bladsorbed on R0001) was ex-

as on single crystal surfaces. posed ® a H atom beam, a very efficient displacement of the

Before the role of steps was clarified experimentally andadsorbed N was observed so that it was impossible to ob-
theoretically, a completely alternative reaction pathway waserve any hydrogenation. We cannot, therefore, evaluate
also suggested for ammonia production as a means to resolwhether a hydrogenation processgds+N,/Ru(0001) can
the discrepancy between theoretical and experimental barriccur, only that its cross section must be much smaller than
ers to NH, synthesis on single crystal surfaceBhis mecha-  for the displacement process. Fofgds +CO/RuU0001), the
nism had already been proposed as a catalytic mechanism fdisplacement is endothermic and does not occur so that a
supported Ru particles on the basis of indirect kineticsmall cross section Eley—Rideal hydrogenation can be ob-
served.
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order to understand the mechanism. We find that desorgeollimated to just expose the RA001) sample at an angle of
tion occurs by so-called dynamic displacemEnta  incidence of 4° relative to the surface normal. The beam
mechanism suggested to account for some other cases sifiking the surface was-50% dissociated as determined by
H or O atom driven desorption, e.g.(dh9+0,/P1(111),'  mass spectrometry of the direct beam. The atom Huxas
H(gag+CO/Cu111)*? and CO+O,/Pt111).*% The kinetic  variable between 0.013 and 0.12 ML/s (1 M&/$.58
behavior of dynamic displacement is contrasted with that 10°cm™2s™%) estimated from the initial build up of D)
observed for thermodynamically driven displacement of Xe/atoms on the surface assuming unity sticking of the atoms.
Pt(112) induced by CO adsorption. It has previously beenThe atom buildup was determined from coverages measured
suggested that dynamic displacement is due to electronic eby integrated TPD peaks relative to a saturate(Dh over-
citation of the metal substrate during the adsorption of thdayer of coverage 1 ML® In determining the atom flux we
reactive atont'?In an attempt to clarify whether this nona- corrected for the buildup of atoms due to molecular dissocia-
diabatic mechanism dominates desorption, or whether #on. Although the absolute atom flux is associated with
more conventional phonon mediated process dominates, wseme uncertainty, the relative atom fluxéd vs D) are
have looked at the relative cross sections for desorption dtnown with high accuracy.
H(gag+N,/Ru(0001) vs D(gag+N,/Ru(000)). If a nonadia- In order to fully understand the kinetics of desorption,
batic electronic excitation mechanism dominates, we anticicomparison was made to experiments on Xe desorption from
pate that the cross section for desorption by H will be largePt(111) induced by adsorption of CO from a molecular
than that for D. On the other hand, if a phonon excitationbeam. During these experiments the partial pressures of Xe
mechanism dominates desorption, then we anticipate that trend CO in the chamber were recorded using the QMS in the
cross section for desorption by D will be larger than that formain chamber. The clean (BL1) surface atT;=90K was
H. We find that the D atom cross section is nearly a factor oexposed to a thermal beam of Xe essentially hitting the entire
2 larger than that for H and this indicates that the phonorsurface. For these experimefitswas measured with a type
mechanism must dominate desorption. Our picture is that th& thermocouple. The geometry of the Xe beam source was
H (D) adsorption process creates a hotB) atom. Either the same as described above for thélH atom source. The
this “hot precursor” collides with a nearby Noefore ther-  sticking coefficientS of Xe was constant up until a certain
malizing with the lattice and causes desorption or théDH  coverage®%,, above which the sticking suddenly began to
adsorption causes a strong local phonon excitation in thdecrease. We did not accurately determine the absolute value
lattice which causes desorption of a nearby adsorbed N of ©%,, but it was previously suggested that this occurs at
saturation of the Xe adlayer & y,=0.41 ML.2>?L All Xe
doses presented here were terminated before reaéijpg
Il. EXPERIMENT and the resulting lower coverages were determined relative
The overall experimental apparatus consists of a UHVEC @%e by integrating the sticking probabilitg(t) over the
chamber with sample manipulator, sputter ion gun, AugeIduratlon of the dose. After t.he Xe dqse, a supersonic nozzle
electron spectroscopyAES), low-energy electron diffrac- 2€am of~1% CO seeded in He, with an average transla-
tion, a quadrupole mass spectrome@MS) monitoring the tional energy of 0.42 eV was allowed to hit the surface at
background gas in the chamber, a QMS in a differentiallynormal incidence.
pumped chamber for low-background temperature pro-
grammed desorption(TPD), a rotatable differentially . RESULTS
pumped QMS that can observe all beams including a triplyA. Hydrogenation of N ,?
d|ffer_ent|ally pumped supersonic molecular beam and a dou- Absolutely no NH was observed to desorb into the gas
bly differentially pumped atomic HD) beam produced via a ith the background OMS when exposing a maxi-
microwave discharge. Most aspects of the apparatus, as Wapase wit N 9 P g
; . mally N, covered R(0001) surface atT,~100K (O
as crystal preparation, have been described elsevifitte. TN
The saturation coverage of adsorbegldt RU000D) at ~ —9-25ML) to H atoms. Also no Nbtdesorbed during a
T,~100K was determined to be 0.25 ML by comparing TPD experiment following the dosing. _In addition, we
TPD areas of B desorption from the surface with that ob- !ooked for a product of eventual ammonia decomposition,

tained via CO saturated background adsorption Tat -€- atomic nitrogen. Desorption of molecular nitrogen is
—300K for which =056 ML® This agreed with the ComPpleted at 140 K718 whereas associative desorption of

COo™ 15,22 H
coverage estimated by AES measuring peak to peak ratios dfz (8t ®n=0.29 occurs at~800 K.™"There was no hint

the differentiated signal of N and Ru, normalized to a knownCf an associative desorption feature indicating that no atomic
atomic N-coveragé® This value is slightly less than the nitrogen was present on the surface after exposure to H. In
maximum coverage of-0.35 ML obtained previously aF short, there was absolutely no evidence that atomic H broke
—95K.1718 This may be due to either a slightly highﬁz a N—N bond. In contrast, an efficient desorption of \Was

than assumedvhich was not accurately measured via a type®PServed by exposure to (D).

C thermocouplgor to other inaccuracies in the calibration. ) )

Lower N, coverages were measured by comparing the in'[e—B(']I NZ’T_U(OOOD displacement induced by D

grated TPD signals relative to that for the saturated molecy2@SOrPion

lar adlayer. When a saturated JARu(0001) surface is exposed to a
The H (D) atom beam entering the chamber was wellD-atom beam with a flux of 0.013 ML/s, prompt desorption
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t(s) D-flux: F=0.12 ML/s. Initial Nrcoverage wasd,(N,)=0.25, 0.12, and

0.02, respectively. The fit of the exponential decay is shown as solid black
FIG. 1. Partial pressures of,Mdind D, in the chamber as a function of time, lines.
showing that N is displaced promptly by incident D atoms. D-fluk:
=0.013 ML/s, ®y(N,)~0.25.
Figures 1 and 2 pertain only to the initial rate of dis-
placement. The displacement rate can also be followed when

ithin the ti tant of th i510b q there is extended exposure to the D beam. Figure 3 shows
(within the time constant of the vacuum systeiobserve the displaced B over a long time period for three initial

by the QMS measuring the chamber background as shown i@overages of Nfrom 0.25-0.02 ML and foa D atom flux

Fig. 1. Because we can not mpnltor the D atoms in the Chaméf 0.12 ML/s. It is seen that the displaced signal jumps to
ber because of their adsorption on the chamber walls, wi

i di ated h cident b & maximum value almost immediately and then decays ex-
monitor undissociated £irom the same incident beam as a ponentially to zero. TPD experiments after the long exposure

marker of when the D atoms enter the chamber and strike the" 5 ¢\ 0+ that no B remains on the surface. No delay be-

s_urface._Absquter no delay_ is _observed between the initi fween onset of D adsorption and Misplacement is observed
tion of displacement and the incidence of D on the surface. |

. i . : or any of the initial®4(N,), even for very low N coverage.
the microwave discharge is turned offio atoms in the The decay of the Mdesorption rate is fitted to a simple

bea'r&j Pe%;jcl)irgslceeng;?:eﬁ\lcl)sf '([)hbes?r:?;;?' displacement rate i ?e;]xponential functior® (t) = ®¢ exp(~t/7), where®, is the
the initial N, pressure-jump(P-jump when the D-beam itial N,-coverage. The desorption rate is thus given by:

: ; : i —dO(t)/dt=0oF-0(t), whereo is the cross section for an
strikes the surface. Using this measure, the initial rate of (t) 7 (t) 7

) ) _ . ncident D-atom displacing a Nnolecule F is the atom flux
displacement increases linearly with thg doveragedo(No) o0y 14— oF. The fit of the decay is shown in Fig. 3 as solid
as shown in Fig. 2. For these experiments, the D atom flu

. Black lines.
was increased to 0.12 MLs. Since the desorption rate is described by a simple expo-

nential decay, the desorption rate is also independent of D
coverage on the surface since this increases with exposure
30 time. Otherwise we would have to add a term proportional
to ®p(t) to the rate. The same time-constant=(7.19
described the decay of all three curves. We can thus esti-
. mate the cross section for displacement from=1¢F and
find that o=7.6-10 ®cn? for displacing a N by an inci-
dent D. There is some uncertainty due to the absolute cali-
bration of F.
The absolute probabilitpp that a D atom which adsorbs
onto the surface has induced desorption gf(&t maximum
N, surface coveragehas also been measured by measuring
the number of N molecules desorbed and the number of D
3 atoms adsorbedhia 5 satom dose at low flux0.013 ML/S.
] The number of N molecules desorbed was obtained by
00.00 o005 oo o1 o030 | o5 subtracting the integrated TPI_D signal f9r2 NMemaining
6.(N.) (ML) on t'he surface after D atpm' induced displacement from
o2 the integrated TPD for the initial Ncoverage. The number
FIG. 2. Initial N, pressure{ump as a function of initial Noverage, ~Of D atoms adsorbed was measured by the integrated TPD
Oy(Ny). signal relative to the TPD area of a saturation coverage,
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02=1 ML.*° Using this method, we find thatp=0.5. 25 T iso
A value for pp can also be estimated by noting thag g
=No/A, whereN is the number of B molecules adsorbed 20-
andA the area of the R000J) surface. In terms of coverage
0, this can be written app=0-ny- o, whereng is the
surface atom densityng=1.58 10'°cm ?). In this way,
we estimate thapp~0.3 at® =0.25 MLN,. This is in rea-
sonable agreement to the valuepyf obtained via the abso-
lute direct method, especially given the uncertainties in cali-
brating absolute atom fluxes and coverages required for the 957

comparison. , i , ; : .
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C. Isotope effect for N ,/Ru(0001) displacement 1(s)

In order to clarify the mechanism of Ndisplacement, FIG. 4. CO and Xe chamber partial pressures of a partially Xe covered
we Compared the relative displacement yield for incident Hl?t(lll) surface as afun_ctlon Qf exposure tit® a CO molc_ecular beam. At
toms to that for incident D atoms. In order to make aCCurattlmet0 the CO beam hits an inert quartz flag,tathe flag is removed and
a . o . fhe CO beam strikes the surfacefae desorption sets in and gfthe CO
measurements of the relative yields of the two surfaces, in alleam is shut off.
cases the displacement from a saturatetRN0001) surface
was measured. When using the low flux atom bedm (

~0.013 ML/9, a well-defined N pressure jump reaching an

almost constant level is observed in the displacement beforg,tace the CO sticking probability seems to decrease to
this decays due to a decrease in surface coverage.offs 5105t zero, presumably because the surface is now fully
initial P-jump normalized to the atom-flux is proportional to ¢\ rated with CO.
the cross sectionr for displacement. In this way, it is found The above experiment has been repeated for different
tha_t oploy=1.8, i.e., f[here is a su_bstantial isotop_e _eﬁeCt_i”initiaI Xe coverages showing that the dela,{t;) for
which D atoms are twice as effective as H atoms in inducingypich xe desorption initiates depends upon the initial Xe-
displacement. . coverage. Since this time delay—t,; has no real physical
We have also measured the absolute probahplifyfor  gjgnificance, we instead calculate the amount of CO that is

H atoms to displace Nat the saturation coverage of 0.25 ML . : ty .

by measuring the number of,Nnolecules desorbed and the absorbed during this d.ela@coxftls.@(.t)dt. Figure 5
number of H atoms adsorbed & 5 satom dose at low flux Shows tha® ¢ depends linearly upon initial Xe surface cov-
by TPD in a manner equivalent to that for D atoms. We find®rage- In the limit of low Xe initial coverag&) o extrapo-
py=0.2. Combining this with the previous measurement oflates within the experimental err@principally the imperfect

pp=0.5 obtained by the identical method, we fipg/py, overlap of CO beam with the full surfaceo the CO satura-
— oploy=2.5. This is in good agreement with the relative tion coverage. It is seen that the more Xe adsorbed, the less

measurement, where careful comparisons of the relative inc© is needed to initiate Xe desorption. It is thus necessary to

tial N, P-jumps were made, and thus confirms the stronguild up a sufficient total coverage of CO and M@x.+a
isotope effect. -®co, Whereais a constantbefore the weaker bound Xe is

pushed off the surface.

D. Displacement of Xe /Pt(111) induced by CO

adsorption
Displacement kinetics that strongly contrast with that 05
observed for WRu(000J) by H (D) atoms is the CO induced |
desorption of Xe/RiL11). Figure 4 shows CO and Xe back-
ground partial pressures induced when a weak seeded super- 41 *®
sonic molecular beam of CO is incident upon a partly cov- _
ered Xe/Pfl1l surface at ®y.=0.34 0% ML at Tq £ 034 N
=90K. At timety, the CO beam is initially introduced into _:3
the chamber but strikes a nonreactive quartz flag prior to the & , | .
surface. Removing the flag &t exposes the Xe-covered 8
Pt(111) surface to the CO beam. The initial sticking prob- ®
ability of CO is Sy=0.43, as seen from the decrease in CO 0.19
partial pressuré® The sticking of CO continuously decreases
as CO builds up on the surface. CO dosing continues for 18 0.0 r ' T . Y

s before Xe desorption initiates abruptly at tiftge All the 00 02 04 L06 08 10

Xe then seems to desorb rapidly with CO exposure, with Xe Xe ™ Xe

desorption_ending before the CO beam is turned off aft FIG. 5. CO coverage when Xe desorption sets in as a function of the initial
the same time, as the Xe seems to be fully desorbed from the: coverage before CO exposure starts.
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evident that if the surface is only initially partly covered,

¥ A B R A B then no desorption of the weakly bound species will occur
\& /‘ A \: /‘ upon exposure to the strongly bound one until some critical
A _ total surface coverage is obtained, i.e., there can be a delay in
B AB . e
7 7 displacement with initial exposure. We also note that there
9 should be little isotope effect for this mechanism since ener-
A A B getics are roughly the same for all isotopes.
l i T co I; is evigentI from the fdiSCUSSi/((); jl;St preTIegted tga; the
. riven displacement from XefRtL1) is well describe
LB 4> AABAS by thermodynamic displacement. Both the delay of initial

displacement until a critical coverage is reached and its de-
FIG. 6. Three mechanisms for adsorption-induced desorpi@Collision- ~ pendence on initial Xe coverage are consistent with this pic-
induced desgm,ﬂoﬁ;) r?tynzmécled;E’é;ciesfﬁgw)r;hzggggjﬁéa?iCe é’i::sp'aBﬁZ;k ture. On the other hand, the prompt first ordiergas-phase
Irzgg:.s(?)efirtt;tl)g%rz an% gray letters refert?)after “reactio[r)L” . H or D) d|splac_:ement of Qlfrom Ru000Y) by H (D) and

independence in the rate to initial adsorbeglddverage or
adsorbed H(D) coverage and the existence of an isotope
effect are very strong evidence for a dynamic displacement
mechanism.

Several mechanisms have previously been suggested to The physical basis for dynamic displacement is quite
account for adsorbate desorption induced by incident molunclear. All we know with certainty is that in some indirect
ecules in various experiments and are summarized in Fig. gvay the adsorption energy released when a species from the
For example, collision-induced desorptiéBID) can occur 9as phase forms a strong bond to the surface can cause
for incoming species at high-incident energies where enougRrompt nonthermal desorption of a weakly bound species.
energy is transferred to an adsorbate in a direct collision to It has been suggested? that atomic adsorption from
overcome the adsorbate binding to the surface. In this casé)e gas phase excites in some unspecified manner an elec-
the incoming species usually does not bind to the surfacdronic excitation of the adsorbate which induces desorption.
There are many examples of CID for relatively weakly Electron and photon induced nonthermal desorption of mol-
bound adsorbateé;?® including the CID of N from  ecules from metals is well knowfi,so that this is a reason-
Ru(0001) by incident high-energy Ar or K¥ Another able suggestion. In these cases, the mechanism is generally
mechanism is so-called dynamic displacement in which afliscussed in terms of “hot” electrons, i.e., the creation of
incoming species chemisorbs, releasing the adsorption eglectron-hole pairs by the excitation and their transient scat-
ergy to the adsorbate/lattice. This causes a direct desorptid@ring by the adsorbate. Whatever the details of any elec-
of the more weakly bound adsorbate in some poorlytronic mechanism for dynamic displacement, it must repre-
specified, but nonthermal manner. Several examples no®&ent an electronically nonadiabatic process in which some
exist for this process; e.g., O, N or #D,/Pt111),}*  electron—hole pairs are created by the act of atomic adsorp-
H-+CO/Cu111),*? and CO+0,/Pt(111).*% Hallmarks of this  tion. It is generally accepted that electron—hole pair excita-
process kinetically are that a prompt displacement is inducetion at metal surfaces via interaction with a gas-phase species
of the weakly bound species. The rate is first order in thds only large when charge transfer is involved, e.g., when an
incoming strongly bound gas species but is independent gitomic affinity levele, crosses the Fermi levels of the
the initial coverage of weakly bound species and also ofmetal®=3! The extent of nonadiabatic excitation depends
adsorbed strongly bound spectésDynamics experiments upon the time scale for this charge transfer, i.e., the rate in
have also shown that the desorbed or displaced specigghich e, passes througbe. In the limit of very slow pas-
leaves the surface with both translational energy and internalage, no electronic excitation is anticipated and conversely
states far from thermal equilibriutt:? For use later, we rapid passage implies strong excitation of electron—hole
note that there could be significant isotope effects for thigairs. Since the energy ef, depends upon the distance of
mechanism that depend on its dynamic origin. A thirdthe atom from the surface, this ra@nd hence the extent of
mechanism for displacement is what we call thermodynami@lectron—hole pair excitatigns proportional to the velocity
displacement. It is obvious that if an adsorbate with lowof the atom normal to the surface. This is the origin of the
binding energy is exposed to one of higher binding energymuch discussed isotope effect in sticking of H or D atoms on
then thermodynamics requires that the high binding energynetal surfaces due to electron—hole pafrSince H atoms
species ultimately displace the species with lower bindinghave a higher velocity, they excite more electron—hole pairs
energy, although thermodynamics does not say anythingnd induce more sticking than D atoms. We anticipate ex-
about the rates of these processes. In this scenario, we enwetly the same isotopic behavior if displacement of ik
sion a process in which adsorption of the strongly boundduced by H or D adsorption is due to excitation of electron—
species forces the weakly bound species to a local highdrole pairs, i.e.,op/0cy<<1. Since this is not observed, we
coverage in which its lateral interactions become repulsiveconclude that the dynamic displacement does not have its
When the crowding becomes severe enough, the desorptiarigin in electronic nonadiabaticity.
temperature of the weakly bound species becomes lower Another possible scenario is that even though théH
than the surface temperature and the species desorbs. Itatom is incident at thermal energies0.03 eV}, the adsorp-

IV. DISCUSSION
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