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Observation of metastable atomic nitrogen adsorbed on Ru (0001)
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Exposing a R(0D00)) surface to an atomic beam of N produces a series of different states of atomic

N adsorbed on the surface. For low atom doses, well-known low coverage states are produced, but
for higher atom doses, several previously unknown higher coverage states are sequentially filled.
These states exhibit well defined temperature programmed deso(pf@) peaks which shift to
considerably lower temperatures with N coverage. The highest N coverage obtainable is almost 1
ML N/Ru. Recent density functional calculations demonstrate that the N—Ru energy decreases
significantly with N coverage, and in fact predict that N adsorbate states are not thermodynamically
stable relative to associative desorption at high coverage. The observed high coverage states must,
therefore, be metastable with lifetimes determined by the height of the barrier between gasphase N
and the adsorbed atomic states. Simple analysis of the TPD features in combination with the
theoretical adsorption energies allows us to estimate these coverage dependent barrier heights. We
find that the barrier heights increase significantly with coverage, and this is important in the
metastability of the adsorbed states. A comparison of nitrogen adsorption(680uwith oxygen
adsorption on R@00)) surface is stressed throughout. Z00 American Institute of Physics.
[S0021-9606)0)70705-7

INTRODUCTION than dissociation of Non the surface. Also, the initidzero

coverage dissociative chemisorption of JOis unactivated

There has been considerable interest in recent years g proceeds through a molecular precursor mechahism,
the interaction of both Nand G with ruthenium surfaces. \yhile the dissociative chemisorption of,Ns strongly acti-

One motivation for this interest is the importance of these ey Most theoretical estimates and measurements suggest
systems to catalysis; fZRu for oxidation and B/Ru for the that this barrier is ca. 142 eV at low N coverage$®°In

catilync synthesis of ammonia. In the Iatlter’frUtIr\‘len'umaddition, the N—=N indirect repulsive interaction between ad-
makes a more activéout more expensiyecatalyst for NH sorbed atonfs® is stronger than that for O—O adsorbed

sy?tlheills ,gtohm B‘ﬁnd I;blthatm the cpnvenhonal redu”czd ;ron datoms?'7 presumably because N has three valence electrons/
catalyst. ough catalysis aré n no sense well defined ., interacting with the limited number of Rbband elec-
surfaces, there has been a long history of trying to buil .
: . : rons instead of two valence electrons/atom for O.
understanding based on chemistry at single crystal surfaces, . )
and for Ru, the close packed RB07 surface has been par- The energetics and geometrical structure for a whole se-
X ries of states with different O coverag® §) adsorbed on

ticularly well studied. -
In some ways, the interaction of ,0and N, with RU(OOOD’. “5’11 120 ©o=1, have recently been
Ru(0001) are similar. Both break a strong diatomic bond andcharactenze&. Al are thermodynamically stable, al-
ébough there is a “kinetic barrier” for forming the higher

form strong adsorbate—Ru bonds in the process of dissoci .
tive chemisorption. Both N and O atoms adsorbed orcoverage states. While several lower coverage states for N

Ru(0007) are strongly bound in hcp threefold sites,albeit ad_sorbed on ROOO_]) are now kpown, there has been uncer-
with somewhat different long range structures at low cover!iNty as to the existence of higher coverage states and the

age. Density functional theoDFT) calculations show that Maximum N coverage achievable. Because of the very high
the binding energies for both N and O on(R001) decrease barrier to N dissociation, it is '|mpos.5|ble'to'bU|Id up a high
rather strongly with adsorbate coverdde’ indicating Coverage of adsorbed N by direct dissociation gfithout
strong indirect adsorbate—adsorbate repulsive interaction§)&or contamination. With a thermal dissociation probability
Because both O and N adsorbates interact strongly with th@ Iow as 10*? at room temperature, unreasonably long ex-
localizedd-bands of the Ru, this decrease in binding energyPosures and high pressures are required for background dos-
at higher coverages has been interpreted as due to the need§- “Filament assisted” dissociation of Nl which enhances
“share” the limited Rud-band electrons at higher coverdge. the dissociative sticking by a factor of %,0or decomposition
There are of course significant differences between th€f ammonia, followed by an anneal to a surface temperature
interaction of the two species with R1001) as well. Since Ts=615K has been used to prepare 2x2)—N, Oy
the N=N bond is roughly 4.6 eV stronger than the O—0=0.25 adlayef>!* Similarly, extensive exposure to ammo-
bond, the energetics and dynamics of dissociative chemiria followed by an anneal t@,=525K prepares the (3
sorption are considerably different between the two systemsx y3)R—30°—N, ®y=0.33 adlayel* Both have been well
Dissociation of @ on RU0001) is much more exothermic characterized by low energy electron diffractibEED).* In

0021-9606/2000/112(5)/2507/9/$17.00 2507 © 2000 American Institute of Physics



2508 J. Chem. Phys., Vol. 112, No. 5, 1 February 2000 Diekhoner et al.

addition, a slightly higher N coverage of 0.36—0.44 was alsdhe crystal. The overall thermal time constant for cooling of
obtained by decomposition of ammotfi@r hydraziné®>and  the crystallwhen thermal conductance dominatedhs ca. 1
corresponds to a so-called heavy domain wall structurenin.
(HDW). This structure is thought to be essentially patches of  The crystal was initially cleaned after introduction into
the (V3x\3)R—30° structure with higher density at the vacuum by repeated heating cycles to 1500 K in oxygen (2
domain walls‘**®> An even higher N coverage has been ob-x 108 Torr) followed by flashes to 1600 K in UHV. Heat-
tained by decomposition of ammonia at surface temperaturdag the sample in @results in the removal of C in the form
in a sequence from 500 to 350 K, but because of the loweof CO, and annealing to 1600 K in UHV removes remaining
surface temperature much of the adsorbed N was in the forrchemisorbed oxygen. This is a standard cleaning procedure
of NH, fragmentsl.4 to remove C, the main chemical impurity, from the near
In this article we show that by dosing with an atomic N surface region of Ru. After many such cycles, the sample
beam, a series of different adsorbate N states can be preparg@s judged C-free in the near surface region by the absence
on the RW0001) surface. For low atom beam doses, theof a CO desorption peak following saturated adsorption of
known p(2x2)—N, (v3%Xy3)R—30°—N, and HDW  background @. AES is not sensitive to adsorbed C on Ru
states are produced. However, for higher atom doses we findue to overlap of the C peak with a Ru peak.
sequential filling of several previously unknown and lower Prior to each nitrogen adsorption experiment, this
stability high coverage states, ultimately saturating at a maxiexidation-anneal cycle was also repeated to insure that the
mum coverage of~1 ML N/Ru atom. The results show a sample was free of adsorbed C. Ar ion sputtering was also
very large decrease in the thermal desorption peak temper@eriodically included in the cleaning procedure. No features
tures with coverage so that these high coverage states woulgher than those attributed to Ru were observed by Auger
not be observable with surface temperatures used in previodalysis and indicates that chemical impurities on the surface
experimental procedures to produce adsorbate coverages. are minimal. In particular, there was no observable Fe Auger
Recent DFT calculations for N adsorbed on(8201)  signal, implying that this common bulk impurity in Ru was
(Refs. 4,6,1Bindicate that the higher coverage states are irbelow detectable Auger limits for our sample.
fact not stable relative to associative desorption. The high |n addition to the undetectable level of chemical impu-
coverage states must therefore be metastable, with a lifetimgties on our sample, we also believe the surface defect den-
determined by the height of the barrier between gas phase Nity was quite small. LEED at 300 K showed quite sharp
and the adsorbed N states. Combination of our experimentalbstrate spots with a very low diffuse background. In addi-
TPD results with the DFT calculations allows us to eStimatqion, the specu|ar reﬂectivity of a 300 K He nozzle atom
these coverage dependent barriers. We find that barriers ijeam from the surface at an incident angle of 27° relative to
crease significantly with N coverage and this is in fact athe surface normal was0.9 for a Debye Waller extrapola-
necessary aspect for the metastability of the highest coveragg to T.=0K. Since thermal He atom scattering is very
state. sensitive to surface defects, this high He surface reflectivity
also indicates a very low surface defect density. The surface
defect density was estimated as 0.25% by CO titration. In
EXPERIMENT this procedure, a 0.02 [Langmuip CO dose resulted not
The experiments reported in this article were performeddnly in the usual CO TPD peak at ca. 500 K, but also a small
in a ultra-high vacuun{UHV) system, having a base pres- shoulder at 575 K believed to be due to CO adsorbed at
sure of 1x 10 °Torr. The system consists of a sample ma-surface defects. The relative intensities of the two CO TPD
nipulator with a R@0001) sample, a differentially pumped features allowed an estimate of surface defect density, al-
quadrupole mass spectrometer for careful temperature préhough the nature of these defects is unknown.
grammed desorptiofTPD) from the front surface of the The active nitrogen beam for dosing of the (B001)
crystal, an ion gun for sputter cleaning of the sample, Augesurface was produced by a microwave dischd®jé5 GHz,
electron spectroscopfAES) with a cylindrical mirror ana- 50 W) in high purity N, (99.999% at ca. 1 torr pressure in a
lyzer, low energy electron diffractio(LEED), an additional 1 cm diameter quartz tube. Following the discharge, the ac-
quadrupole mass spectrometer measuring the backgroutiste nitrogen flowed through a 250 mm length of 1.8 mm id
gas in the chamber, a rotatable differentially pumped massapillary tubing into the UHV system and aimed at the
spectrometer, and a triply differentially pumped supersonidRu(000) surface. The capillary tube, which ended some 80
molecular beam. N dosing of the sample was accomplishethm in front of the crystal surface, acted as a single long
via an active nitrogen “beam”. A doubly differentially channel beam source pointing at the crystal and provided
pumped H atom beam source was also used in the expemnodest collimation of the beam onto the sample. The pres-
ments. Much of this system has been described previdtisly.sure build up in the chamber was<11.0~ 7 Torr during nitro-
The ruthenium crystal, 9 mm in diameter and 1 mmgen dosing. The internal of the capillary tube was coated
thick, was aligned and polished within 0.1° of tfi@001)  with phosphoric acid to minimize heterogeneous recombina-
face. A groove was spark eroded on each side of the crystaiion of atoms formed in the discharge on the tube walls as
and the crystal was clamped by Ta pieces mounted onto they flowed into the UHV chamber. The presence of N atoms
water cooled Cu block. A type C thermocouple was presseth the capillary tube was evident from the characteristic
into a small hole, spark eroded in the side of the crystal. Themission of the nitrogen afterglofformed by the gas phase
crystal was heated by electron bombardment on the back gécombination of nitrogen atorsUnfortunately, some im-
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purities are required to produce a significant concentration dfially pumped quadrupole mass spectromé@¥S) with an
atoms in discharge flow systertfsBoth the quartz discharge orifice of 5 mm in diameter placed 2 mm from the sample. In
tube and the phosphoric acid added sufficient oxygen imputhis way we ensure that only species desorbing from the
rity for this purpose. As a result, the active nitrogen beanfront surface are detected by the QMS. Typical linear heating
contained an unavoidabl@nd somewhat variableoxygen rates of the sample were 3 K/s. Only mass 14 and 28 were
impurity. significant peaks in the TPD after atom dosing. Both mass 28
The active species from the microwave discharge thaand mass 14 showed the same behavior. In order to avoid
produces adsorbed N on the (R00) surface is unknown confusion with any possible CO contamination peak, mass
with certainty. Discharges in Ncan produce atoms at a few 14 was usually chosen for detection. To minimize CO ad-
percent level, metastable molecular nitrogen, and vibrasorption during N atom dosing the surface temperafiye
tionally excited ground state molecules. Generally, metawas usually kept at 400 K. Thi§s is above the desorption
stable molecules are quenched in a pusediécharge® The  temperature of CO when N is also adsorbed on the surface.
active nitrogen beam was also investigated by resonantly en-
hanced multiphoton ionization spectroscq®EMPI) using ~ RESULTS
the 2+1 ionization scheme with a laser wavelength of ca.  |pitial experiments involved simply looking at the,N

203 nm?° This sensitive spectroscopy, which vibrationally TPD spectramass 14 following various dosing times from
resolves the Bl, showed that no vibrationally excited species ihe atom beam. For low atom beam do&@s min, a single
produced in the discharge survived the flow down the capilzng proad desorption feature centered at ca. 800 K is ob-
lary tube into the vacuum system. We therefore assume thaerved. This TPD feature is well-known from adsorption
the active species forming adsorbed N on(®01) is the  gyydies using filament assisted dissociation of molecular
atoms produced in the discharge. Assuming that the stickingitrogerp and thermal decomposition of ammofi¢o result
coefficient of the atoms on the surface is unity, we estimate,om the associative desorption of atomic nitrogen on the
an atom flux at the surface of-0.3 ML/min, ~8  Ry0001) surface. At higher atom doses, we find that a series
X 10*?atoms/cri's from the initial build up of N atoms on  of new states are sequentially populated and desorb at lower
the surface. This is consistent with an atom concentration ignd |ower surface temperatures. As we show below, the ad-
the beam of a few percent and is quite typical for dissocia1ayers formed by exposure to only the N atom beam are
tion probabilities quoted for pure Nlischarges. somewhat contaminated by an O impurity so we will not
Because the N atom beam contained an oxygen atomjscuss in detail here the TPD spectra. We simply note at this
impurity, initial experiments showed some build up of ad- stage that due to an apparent increase in N covef@g®
sorbed oxygen as well as adsorbed N on the surface witBoveragg N, desorption features were observed at signifi-
extended beam exposures. We therefore developed a “scrubantly lowerT,. We will show in later experiments that both
bing” procedure to remove the surface O without depletinghigh coverage of N and coadsorption of large O coverage
significantly the surface N coverage. This scrubbing procewith the N each independently produce Idy associative
dure was based on exposure of the surface with adsorbatesdesorption peaks of N
a H atom(D atom beam. Gas phase H atoms react with Auger measurements of the (dand O coverage as a
adsorbed O via an Eley—Rideal reaction to forgOHvhich  function of exposure time to the atom beam allowed us to
readily desorbs from the surfa¢at Ts>200K).* In a simi-  follow the buildup of N(and O quantitatively and is given
lar manner, gas phase H atoms react with adsorbed N atoms, Fig. 1. The relative N coverage was measured by the in-
presumably to form Nkl. Subsequent anneals of the surfacetensity of the 379 eV N peak in the differentiated spectrum,
to Ts=485K ensured that no H or NHremained on the to that of the 231 eV Ru peak, and the relative O coverage
surface after exposure to the H atom beam. The key fact thatas measured by the intensity of the 503 eV peak to that of
made the scrubbing feasible was that the removal rate by gafe 231 eV Ru peak. To calibrate the absolute N coverage,
phase H atoms of adsorbed O was ca. 4 times greater thahe Auger intensities were normalized assuming that the
that for adsorbed N as measured by the disappearance séturation adlayer obtained by extended Nt¢composition
Auger peaks. at 610 K is thep(2x 2)-N, = 0.25 adlayef. This calibra-
The H (or D) atom beam used in this scrubbing wastion agreed within 15% to that obtained comparing the N
formed by a microwave discharge in a manner similar to thaTPD intensity to the CO TPD intensity from a CO saturated
for the N atom beam. The Kor D) atom beam, however, surface atT,=300K (0 .o=0.56) 2 The O coverage was
was well collimated by two stages of differential pumping to calibrated by comparing Auger intensities to that of the
just expose the R000Y) surface. The dissociation efficiency p(2x1) adlayer @ o= 0.50) formed by saturated,Qlisso-
for H, (or D,) in microwave discharges is extremely high, ciative adsorption at 300 K. The ratio of the Auger sensitivi-
and the beam striking the surface wa$0% dissociated as ties for N and O obtained independently was in good agree-
determined by mass spectrometry of the direct collimateanent with the ratio obtained by adsorbing a small amount
beam. The Hor D) atom flux at the surface was estimated as(0.1 L dos¢ of NO, which dissociates fully at low
0.015 ML/sec from the extent of dissociation and the overalcoverage® and results in equal amounts of N and O on the
beam flux at the surfac@etermined by sticking of Hrela-  surface.
tive to a background doge It is clear that dosing by the atom beam yields a higher N
After dosing with the N atom beam, temperature pro-coverage than has been observed previously, but that there is
grammed desorptiofifPD) was performed using a differen- a significant contamination from adsorbed O, particularly for
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] TABLE I. Summary of the experimental preparation procedures for the
1.0 A TPD spectra labele¢h)-(e) in Fig. 1. Values of® for each adlayer were
obtained by comparing the NTPD intensity to that from a saturated CO
adlayer afT;=300 K. ®, was obtained by the Auger intensity normalized
to that for the®,=0.5 adlayer prepared by saturated kackground ad-
sorption.

099 Total coverage

0.8 4

0.7 : -
N-coverage Experiment Preparation procedure Oy 0Of

0.6 1 (@ 2 min N atom beam exposure &f=400 K 029 O

+1 min H atom beam exposure &=400 K

0.5 +Ts=630K surface anneal

0.4 4

Coverage (ML)

(b) 2 min N atom beam exposure &=400 K 038 0
+1 min H atom beam exposure &= 400 K

0.3 - +Ts=535K surface anneal

O-coverage

(c) 2 min N atom beam exposure &=400 K 0.54 0.02
+1 min H atom beam exposure &= 400 K
o +Ts=500K surface anneal

T —T— —T —T (d) 2 min N atom beam exposure &=400 K 0.72 0.07
0 5 10 15 20 25 30

+1 min H atom beam exposure ;=400 K
Dosing time (min) +Ts=485 K surface anneal

+2 min N atom beam exposure &= 300 K
FIG. 1. N coverage, O coverage, and the totat®l coverage in ML/Ru

atom as a function of N atom beam dose time. The open symbols referto N (e) 5 min N atom beam exposure &=400 K 0.86 0.08
and O coverages obtained after scrubHipmpceduree) in Table ). +2 min H atom beam exposure &= 400 K

+T,=485 K surface anneal

+4 min N atom beam exposure &=400 K

+1.5 min H atom beam exposure B{=400 K

longer exposure times. For exposures beyond a few minutes, +Ts=485 K surface anneal
the sum of the N-O coverage is approximately unity. Since +3 min N atom beam exposure =300 K
both preferentially occupy the same hcp 3-fold sftesit is
reasonable that the combined coverage saturde=dt since
repulsive interactions between the adsorbates will certainlhighest coverages were produced by following the above
increase drastically beyond that coverage. It should also bprocedure with an additional final exposure to the N atom
noted that the maximum pure oxygen surface coverage oliseam. This necessarily resulted in a small O atom impurity,
tainable is® o=1.” The apparent displacement of N by O for but at much smaller levels than observed without scrubbing.
high atom dosing is consistent with the stronger Ru—O bond'he preparation recipe for various adlayers labé&do (e),
compared to the Ru—N bondelative to associative desorp- and their N atom and O atom coverages as determined by the
tion of the molecular @ or N,). Our interpretation of these procedures described previously, are given in Table I. For
results is that although the atom beam has predominately Momparison with the dosing without scrubbing, the maxi-
atoms, there is a small O atom impurity as well. Thus, themum N coverage obtained via this procedure and its O im-
N+O atom coverage increases rapidly until the total coverpurity are included in Fig. 1 as the open symbols.
age of N+O is 1. Then, the N is slowly displaced by the O TPD spectra for these lower impurity adlayers formed by
impurity in the beam without increasing the total coverage ofthe scrubbing are given in Fig. 2. Measurement®qf are
N+O. appended at the side of each TPD spectrum. The conditions
For low atom beam doses, several of the well-knownfor the preparationp), and ® of the various adlayers are
LEED structures for N adsorbed on @001 were observed. those given in Table I. In the TPD, we observe a series of
With increasing atom dose, thE2x2) LEED pattern, the desorption peaks filling sequentially with increasing N atom
(V/3x/3)R—30° LEED pattern, and that ascribed to the coverage in the adlayer. While clearly a given desorption
HDW structure were observed. For higher beam dd@ses  peak does shift slightly with changes in N atom coverage,
minutes dose time no LEED structures other than the sub- there seems to be five well defined peaks in the TPD spectra;
strate (1X1) structure were observed, although there was790 K, 635 K, 565 K, 500 K, and 430 K. There also appears
considerable increase in the diffuse background indicatingo be a sharpening of the peaks for lower desorption tempera-
disorder of the surface adlayer. tures. We attribute these results to associative desorption
In order to clarify the nature of a “pure” N adlayer, the from a series of well defined states with different N cover-
O scrubbing procedure described before was employed tage. The TPD spectra for a given adlayer showed no changes
reduce the O contamination on the surface and to build up with time after the initial preparation. This indicates that the
higher coverage of N. A variety of different N coverages adsorbate structures probed during the TPD are at least meta-
were produced on the surface with low O impurity by expo-stable during the time scale of the experiments. Each TPD
sure to the N atom beam, followed by scrubbing with the Hpeak appears to saturate with N coverage before a new peak
atom beam and then annealing to varidygall greater than at lower T emerges. The preparation proceduf@s-(e) of
485 K). Because the anneal to 485 K limits the maximum NTable | and Fig. 2 were chosen to approximately represent
coverage due to thermal desorption of the adsorbed N, thgaturation of each successive peak without filling in the next
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FIG. 2. N, TPD spectra for various coverages of nitrogef adsorbed on eV As the coverage is increased we find a Iarge decrease
RU(0001). The preparation procedures for the curves labéwe(e) are  IN Eges. Since it is entirely possible that the desorption is
given in Table I. more like first-order(at the lower coverage¢shan second-
order, we have also estimated desorption energies using first-
order desorption and the preexponential of Tsai and Wein-
berg (2<10*2s™1). These giveE 4s0f 1.1, 1.3, 1.5, 1.7, and
2.1 eV for the various TPD peaks. All values are within 0.1
eV of those assuming 2nd order desorption. Thus the as-
- sumed order of desorption does not affect the overall conclu-
Only very diffuse LEED pgtternéoth.e_r than the X 1) were sion that as the coverage is increased we find a large de-
observed under preparation conditiof@—(e) and no at- crease inE e

tempt was made to analyze them further. The TPD spectra g5 156 of the high O impurity in the initial experiments

from adlayers formed without the scrubbing were generallyat high coveragébefore scrubbing was introducedt was

similar, except that inten_sities in the higher temperatgfe Nalso interesting to measure the effects of coadsorbed O on
TPD peaks_ dec:le:;sed W'.th expoiure beé/ond ca. 2 m(ljn. q the N associative desorption. Adsorption of N from the beam
A§sqm|ng a gsorptlon peaks are due to second-oraey, ®\~0.25 followed by saturated background exposure to
assquatlve desorption from the majority ter_race sites, cono2 also produced a significant lowering of the Alssociative
\{entlonal Redhead analy?s‘?sal‘l‘ows HS to estimate desprp- desorption peak temperature as demonstrated in Fig. 3. Note,
tion energies E4.9 for each stgte from the desorption however, that there is only a single IoTg peak at~500 K
temperature peaks. These' are given in Table Il. These estic 4 no remaining desorption obNt T.~800 K after dosing
mates us«_ad a preexpo_nennal for de_sorptlon fpr all states cony, 0O, . Under these exposure conditions, the total coverage
S'Steﬂ, with Eqat obtained by Tsai and Wel_nlférgf 1.3 was 0y+0,~0.5. The low N associative desorption tem-
T]l? o5 %, The valuz)oilidegz.o_ ev obtalged here for perature of ca. 500 K when O is present on the surface has
¢ 'eh owe|§t coverage sta': &—k9.29) IS N 9}100 agr(;aement been observed several times previously, e.g., by thermal de-
with earlier experimental work; 1.91 eiRef. 2§ and 1.97 sorption following dissociative adsorption of NO on
Ru(0001),%° but has not been given any discussion or inter-
TABLE II. Analysis of N, TPD spectrum in Fig. 20, is the N atom pretation. No NO TPD was observed under these conditions.

coverage for the preparation procedu@s(e) outlined in the text and Table
I, and obtained by a comparison to CO TPD intensities. These preparation
procedures correspond approximately to the coverage where a given TPBISCUSSION

feature fully saturates 4 is the desorption energy calculated by a simple
Redhead analysis for the given peak assuming second-order desorption ki- S€Vveral low coverage states of N adsorbed of0BOY)

lower Ts desorption peak. LEED studies indicated that
preparation proceduréa) yielded a well definedp(2X2)
pattern, procedurép) gave a (/3x/3)R—30° pattern, and a
coverage betweetb) and(c) gave the HDW LEED pattern.

netics. have been previously well characterized experimentally.
These include thep(2x2)-N, ®y=0.25 adlayer, the

TPD peak(K) On Eqes (€V/molecule (\/3x\/3)R—30°-N, ©=0.33 adlayer, and a higher cover-
790 0.29 2.0 age heavy domain wall structureHDW) consisting of
635 0.37 16 (\/3xy/3)R—30°-N patches with domain walls of locél
ggg 33‘2‘ 1‘3‘ x1)-N structure, ©®\=0.36-0.44 adlayet**> The p(2
430 =086 11 X2)-N is the only stable structure aff;=615K, the

(1/3xy/3)R—30°-N structure is produced at=>525K, and
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the HDW structure al,=420K. LEED (Ref. 4 and STM TABLE Ill. Density functional theory calculations for average N atom ad-

. . orption energie€ for an assumed adlayer structure of coveréye.
(Ref. 23 studies demonstrate that N adsorbs in the HCF?ResuIts are given as eV/atom relative to an origin given by the

three-fold hollow site on the R000D) surface for all known  1/2n,+Ru(0001) asymptote. Resuits are quoted for calculations based on
structures. The LEED experimefigeld a N adsorption dis-  two different exchange correlation functiongfW91 and RPBEand based

tance above the surface plane of ta and demonstrate that ©n the footnotes below. The RPBE results are anticipated to be more accu-
. . rate.
no substrate reconstruction and only modest relaxation oc-

curs upon adsorption. STM experiments involving variableg Ey (eV/atom) PW91 En (eV/atom RPBE
temperature anneals determined the indirect interactions bs—
tw dsorbed N atomsThey obtained a repulsive N—N 17 062 028

een a y of . pu 0.25 ~0.65% —0.77° —0.7 ~0.2¢°
nearest- and second-nearest-neighbor interaction and an ats3 —0.4F —0.10
tractive third-nearest-neighbor interaction. With these indi-0.5 —0.242 —0.19° —0.Z +0.12¢
rect N—N interactions, they were able to rationalize all of the0-75 +0.Z +0.56'

. . a
observed low coverage structures. Of particular |mportancé'0 057 +0.6 08¢

for this work is that the authors conclude that the nearestreference 1.
neighbor interaction must be quite repulsive).2 eV. This  "Reference 6.
means that any higher coverage states must be consideragfference 4. . .
. ased on estimating the RPBE adsorption energy from PWO91 via

less stable than those measured previously. E(RPBE~E,(PW91)+ 0.36 eV.

One curious aspect is that electron energy loss spectrosreference 9.
copy (EELS) studies indicate that the Ru—N vibrational fre-
qguency increases with coverage despite the fact that the
energy/ atom must decrease with coveragé A similar in-  temperature TPD peak. Since scrubbing is a surface process
crease in the vibrational frequency with coverage has bee(Eley—Rideal reaction with H we infer that the lowest tem-
observed for O/R®00) vibrations and attributed to a perature TPD peak is due to repulsive interactions of species
steeper binding well due to repulsive O-0 interactions, deon the surface and not due to a subsurface feature.
spite a lowering of the binding energy due to the same re-  Using “state of the art” density functional theory, the
pulsive interactiorf’ Presumably, the same explanation isadsorption energie&, for a series of known andprevi-
valid for N/Ru000)) adlayers. ously) unknown higher coverage N adsorbate states on the

Our interpretation of the series of TPD spectra is that theRu(0001) have recently been calculat&&? Initial calcula-
broad highest temperature feature is desorption from lowions were based on using the so-called PW91 exchange-
coverage up to and filling the well-knowp(2x 2) adlayer  correlation functionaf:® It has recently been suggested that a
of N adsorbed on R0001) with ®y=0.25. This assignment slightly different functional, the so-called RPBE functional,
is in complete accord with all of the previous studies and wagjives improved adsorption energetiésA summary of the
confirmed by the LEED measurements of preparai@n DFT calculations is given in Table Ill. Calculations with
The lower temperature peaks are interpreted as desorptidoth functionals predict the same important trend, i.e., that
from a series of higher coverage and less stable adlayers tfie binding energy decreases drastically with N coverage.
adsorbed N. The TPD peak at 635 K is assigned as desorpollowing Ref. 28, we assume that the RPBE calculations
tion from the (/3x.3)R—30° adlayer structure witl®, are more accurate and use these for comparison with our
~0.33. This assignment agrees approximately with the meaxperiment. These show that the stability of the adsorbate
sured®,, with the anneal temperature necessary to producstates decreases drastically with N coverage, froth29
this structuré: and with the LEED measurements of prepa-eV/N atom for®y=0.25 to +0.86 eV/N atom for® =1,
ration (b). Previous procedurd$filament assisted” adsorp- relative to the gas phase molecule. Thus states With
tion or NH; dissociation have not been able to resolve a =0.5 are in fact not predicted to be thermodynamically
well defined TPD peak for this state. In approximate agreestable on the surface. These calculations justify fully the
ment with measured®, values, we tentatively assign the qualitative concept of a strong indirect repulsive interaction
peak at 565 K to an adlayer withy~0.5, the peak at 500 K due to the sharing of available Ritband electrons men-
to an adlayer with® y=0.75, and the peak at 430 K to the tioned in the introduction. These DFT calculations are also in
adlayer with®y~1. None of these states have been ob-complete accord with the strong nearest-neighbor N—N re-
served previously and their structure is presently unknownpulsive interaction measured in the STM experimérigace
LEED studies at the higher coverages were inconclusiveéhe high coverage states are not thermodynamically stable, it
since at best very weak and diffuse additional LEED spotss not surprising that they had not been observed previously.
were observed. However, the sharp and well resolved TPD As mentioned in the introduction, the other dominate
peaks do suggest the formation of moderately well definedeature of N/Ru(0001) interactions is the high barrier to
adlayers at a given coverage. The assignment chosen faciliissociation. This barrier results in a very low dissociative
tates comparison of the experimental results with theoreticadticking probability for background N®2° The exact height
calculations of coverage dependent adlayer stability. It is unef the barrier and the resulting thermal dissociation rate for
likely that any N adsorbs into subsurface sites since the obN, on Ru surfaces has been somewhat controversial. Initial
served N coveragéboth by TPD and Augersaturates when molecular beam experiments of, Missociative sticking on
Oy+0,=1. In addition, the scrubbing procedure which Ru(0001) suggested a high dissociation barriere2 eV °
lowered the N coverage slightly, only diminished the lowestbut the experimental data in this work are not consistent with
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several newer, but as yet unpublished, molecular beam
experiments®~32Thus, we are uncertain as to how to evalu-
ate their experiment and conclusions. The thermal depen- 0 1
dence of the rate of the \dissociation on R®00J) at high - =
pressures gives an activation barrier of only 0.4 eV on a AN
reasonably good single crystaHowever, if the(low den-
sity) natural steps on the surface are poisoned by coadsorp- TTTTT? o
tion of Au, a much higher barrier of 1.3 eV is obtaine@ihe N
authors suggest that the rate of dissociation in many experi- i / .
ments is dominated by the defects and that this may account
for much of the discrepancy in comparing various measure-
ments of dissociation rates. Another recent technique that has
evolved to determine barrier heighsnd other dynamic as-
pects is to measure the translational ener@nd internal W W — (0,50
state distribution of molecules formed by associative de- T - — 033
sorption from the surfac&* Recent measurements of, N — 025
formed by associative desorption from [R001) (Ref. 35 1
present a puzzling picture.for the barrier since the energy N, N—}\I N N
dependence of the desorption flux peaks at low translational e
energies(consistent with a low barrigrbut tails to high
translational energiegconsistent with a high barrier The
results are basically interpreted in terms of a very broad bar-
rier distribution(energy dependent sticking functjon FIG. 4. Schematic energy diagram for the interaction gfNd 2N with the
Some of the DFT calculations mentioned earlier haveRu000) surface. The origin of energy is taken as thg-+HRu(0001)

. : -+~ asymptote. The left side is the entrance channel for dissociative chemisorp-
also prObed the full minimum energy path to dISSOCIatlontion. The right hand side is the atomic adsorbed state and is based on the

from gas phase Nto adsorbe_d N ‘?‘toms at a tqtal N/RU pFT RPBE adsorption energiésee Table Ill. The center is the estimate of
coverage of 0.5.These calculations find a path which passesv*(©,) by combining the theoretical adsorption energies with the desorp-

through the known molecularly adsorbed stat&, ( tion energies obtained from the TRBee Table i

=-—0.44eVIN,), through a metastable molecular state

bonded parallel to the surfac&(;s=0.6 eV/N,), through a

barrier with a stretched N—N bond/{ =1.36eV/N) and ing the technique of laser assisted associative desorption

into the N adsorbate stat&y=—0.77 eV/N atom. All en-  which confirm that the barriers increase substantially with

ergies are relative to an origin defined by the infinitely sepa®y 36

rated N+Ru(0001). These initial calculations were based  Figure 4 illustrates the difficulty in preparing the high

on using the PW91 exchange-correlation functional. Use ofoverage states. The prediction that states Wif{=0.5 are

the improved RPBE functional gave a theoretical barriemot thermodynamically stable relative to,NRu(0001)

heightV*=1.9eV? means that it is difficult to prepare such states vjadNsing,
Thus, despite the contradictory experimental evidencegven “filament assisted” adsorption since this process is en-

we agree with Ref. 9 that the barrier at low coverage is highdothermic. More importantly, the barrier to dissociative

=1.4 eV, on terrace sites but that defetsteps, etg.may chemisorption increases substantially at higher coverage so

significantly lower the barrier. We will show evidence below that the energy cost for dissociating bllso increases. How-

that the barrier actually increases significantly above thigver, as Fig. 4 graphically illustrates, dissociating theiN

value of 1.4 eV at higher N coverage. the gas phase provides more than enough energy to readily
Eqed®y) estimated from the thermal desorption experi-overcome all barriers and form all adsorbate states. The fact

ments represents the energy difference between the adsorb#t@t the metastable high coverage states are observed via N

state and the barrieE g {Oy) =V* (0y) —2E\(By). Com-

bining E4.{®y) obtained here from the TPD measurements

with En(®y) from the DFT calculations allows predictions TABLE IV. Best estimates of coverage dependentdissociation barrier

of V*(®,). This is shown in Fig. 4 and numerical values heightsy*(G)N) on RU000) by combinipg TPD experiments and DFT

given in Table IV. It is immediately apparent in Fig.(@nd calculationsE4.{®y) from Table Il assuming the TPD peaks correspond to

v - ) . desorption fron®=0.25, 0.33, 0.5, 0.75 and 1, respectivetyy(®,) from
Table IV) that V* increases with®y. The increase in Table Iil is based on the RPBE values. Barrier heights in eV are relative to

V*(0@y) is, however, less than the decreaseéEjj(@y). Of  the N,+Ru(0001) asymptote.
course, a shifting down of the desorption peak temperatures

A\
'd
o

1 =N s 1,00

) s A
', W — .75

Energy (eV)

Reaction coordinate

with O is the experimental consequence of this fact. Both On V¥ (On) = Baed On) +2En(Oy) (6V)
the existence of this increase # with @ and the magni- 0.25 1.4
tude of its change relative to that & are consistent with 0.33 14
the explanation of the DFT calculations in terms of the ne- 8'?5 ;Z
cessity to share Rd-band electrons at high N coverage. We 10 29

will present elsewhere direct measurementd/6{0,) us-
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FIG. 5. Schematic energy diagram for the interaction g@faith Ru(0002).
The adsorbed atomic state on the right side is based on DFT calculations

adsorption energies. F& ,=0.75 and 1.0, the “kinetic barrier” is indi-
cated ag?).

atom impingement at all and appear metastablexf8® min
implies that they must have a significant surface lifetime.

Diekhoner et al.

thermic, the high coverage states are thermodynamically
stable, in agreement with the DFT calculations. Figure 5
summarizes the energetics obtained for thg/RDi(0001)
system. It has also been observed that at sufficiently high
exposures O atoms can be forced into subsurface ¥ites.
Comparison of Fig. 5 with Fig. 4 highlights the similari-
ties and differences between /Ru(0001) and B/Ru(0001)
interactions. As stated earlier, both dissociation processes are
exothermic at low coverage to produce adsorbed atomic
states on the surface. Because thebOnd is 4.6 eV weaker
than the N bond, the dissociation of Oon RU000)) is
much more exothermic than that of,Neven though the
Ru—=N bond is 1.5 eV stronger than the Ru—O bond. Both
systems support many different adsorbate states of different
coverage up to a maximum coverage @&1. For the(1l
x1)—0 structure, O occupies all available threefold HCP
sites! Since N binds to Ru also in the threefold HCP sites at
lower coveragé,3 we assume that th@ x<1)-N structure also
occupies all available threefold HCP sites as well. The bind-
ing energy decreases wi@ for each and this is described as
an indirect repulsive interaction between the adsorbates due
to the competition for available Rd-band electrofi:*® We
also see that since the binding energy decreases more rapidly
%6r N than for O with coverage, the N—N indirect repulsive
interaction between adsorbed species is stronger than that for
O-0. This is interpreted as due to the fact that N has three
valence electrons/atom interacting with the B{bands in-
stead of two for O. Hence, the competition for Rielec-
trons with coverage is enhanced. Because of the large exo-

It has recently been shown that the thermal activatiorfhermicity and modest indirect repulsive interaction, all

energy for dissociative chemisorption of, dn RU000)) is

adsorbate states of oxygen on(B001) are thermodynami-

lowered at step sites relative to terrddy detailed balance, cally stable. On the other hand, both because of the smaller

this may imply that the thermal desorption enerdigs{®y)

exothermicity and larger adsorbate repulsive interactions,

measured in the TPD experiments are those characteristic 8nly low coverage states for nitrogen on(BQ0) are ther-
desorption from the step sites. However, the relative impormodynamically stable. The relative strengths of thevON,
tance of the steps vs terrace sites in the TPD experimentgonds is also fully in accord with the absence of a barrier to
will depend in a complex way on the step density, coveragegissociation for @ at low coverage and the presence of a
diffusion rate to step sites, heating rate, etc. A model incorlarge barrier for N dissociation. Both systems show, how-
porating all these features is currently being developed. Eveaver, evidence that barriers increase with adsorbate coverage,
if the step sites do dominate thermal desorption, this merelplthough the nature of the barrier at high O coverage is not
implies that the desorption energies determined from thavell characterized.

TPD experiments must be interpreted as lower limits to de-

Given the discussion above about the similarities and

sorption energies from the terrace sites. If this is the casglifferences between the ,MRu(0001) and @+Ru(0001)
then the barriers at the terraces may be somewhat higher thénteractions, we can now rationalize the behavior of Fig. 3

those of Fig. 4 and Table IV.

where coadsorption of O shifts the TPD peak of 1Ag

As mentioned in the introduction, the energetic and geo=0.25 state froml;=790K to T;=500K. Both O and N

metrical structure for a whole series of states of O adsorbelind at the same HCP site. Therefore, the adlayer can exist in
on RU0001) have also recently been studieiWhile the  either phase separated domains or as mixed phases, depend-
lower coverage(2x2)—0, ®5=0.25 and(2X1)—-0, 0o ing upon details of all the lateral interactions. We have no
=0.5 have long been known, newer work has demonstratediay of knowing which situation exists at this total coverage
that (2x2)—30, 05=0.75 and(1X1)—0, ®5=1 are also (Oy+0y=0.5), although a low total coverage forms a
stable on the surface'® There is, however, a “kinetic bar- mixed phasé?® If the adlayer is phase separated, then the O
rier” to the formation of the® ,=0.75 and® =1 states so coadsorbate merely compresses the N layer to patches of a
that either high pressures of,@r indirect methodgNO, local high coverage and this accounts for the lower peak
dissociation are necessary to prepare these states. The natudesorption temperature. However, if a mixed phase exists,
of this “kinetic barrier” is ill defined. It may just be a true then the shifts of the desorption temperature must be due to
energy barrier that occurs at high O coverage, in a similaa repulsive interaction by a coadsorbed O. Since both N—N
manner as the energy barrier fop, Missociation increases and O—O exhibit indirect repulsive interactions that derive
with N coverage. However, since the dissociation is so exofrom the same physical origin(competition for Ru
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