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Coverage, lateral order, and vibrations of atomic nitrogen on Ru(0001)

H. Dietrich, K. Jacobi,® and G. Ertl
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

(Received 13 June 1996; accepted 14 August 1996

The N/RY000) system was studied by thermal desorption spectrosdds), low-energy
electron diffraction(LEED), and high-resolution electron energy-loss spectrosdd{REELS.
Atomic nitrogen was prepared by Nidecomposition at sample temperatures decreasing from 500
to 350 K during NH exposure. A maximum N coverage @{=0.38 could thus be achieveds,

split 2x2 and 2x2 LEED patterns were observed for decreadigg After NH; decomposition and
before annealing the sample to a temperature above 400 K, the surface is composed of adsorbed N,
H, and NH species. This composite layer exhibits a s@@it EED pattern due to domains of size

4 with heavy walls. This phase decays through dissociation of NH leading to sharp first-order type
desorption peaks of Hand N,. From the weak intensity of the(Ru—NH) stretch mode it is
concluded that NH is adsorbed at threefold-hollow sites. The energy of(Bie-N) mode shifts

from 70.5 to 75.5 meV whemd is increased from 0.25 to 0.38. @996 American Institute of
Physics[S0021-960806)01643-1

I. INTRODUCTION II. EXPERIMENT

The synthesis of ammonia from nitrogen and hydrogen ~ The experiments were carried out in an ultrahigh
on iron catalystgthe Haber—Bosch procésis an important ~ vacuum(UHV) apparatus with a base pressure of 1'07_11
industrial catalytic process. The underlying reaction mechambar that was achieved by a pumping line free of il con-

nism consists of dissociative chemisorption of fllowed ~ Sisting of a Ti sublimation pump, a turbomolecularpump
by hydrogenation of N on the surfab&Several groups have With magnetic suspensidieybold, NT340M, a drag pump

studied Ru catalysts which may replace Fe as the catalyst fépalz_ers, TCPOIp and a diaphragm pump. The appa_tratus
. 34 . L consisted of two chambers; the upper chamber contained an
ammonia synthesis? The catalytic decomposition of ammo- .
. R ‘ ) | i thi toxt f bett argon ion gun, a quadrupole mass spectrometer, and a LEED
nia on KU surtaces 1s relevant In this context for a be eroptics. The lower chamber housed a high-resolution electron

unde_rstandi_ng of th.e microscopic_ processes of ammonia SYRnergy loss spectrometéHREELS for recording vibra-
thesis. The interaction of ammonia with the clean and chemigjgnal spectra. The two chambers were separated by a valve
cally modified RW000Y) surface has previously been inves- jn order to keep the lower chamber at a pressure>of@
tigated by Parmeteet al®> and Zhouet al® mbar during preparation of the sample in the upper chamber.
Recently we have shown that the initial sticking coeffi- The HREEL spectrometer was developed and mounted at the
cient for the dissociative adsorption of Nn Ru single crys- laboratory of Ibach! HREEL spectra were taken at an angle
tal surfaces is only1+0.8)x10 2 at room temperatureln  of incidence of 60° with respect to the surface normal and in
order to prepare high coverages of chemisorbed atomic nR Specular geometry. The primary energy was 1.5 eV and the
trogen we used, therefore, the decomposition of,Mttem- ~ €nergy resolution was set to 3.4 meV. Typically, count rates
peratures above the desorption temperature of Niproce- in the elastic peak of aboutdL0® counts/s were achieved.

dure which is well knowr® The decomposition rate has The mass spectrometer was used to perform TDS mea-

. - . surements with a heating rate of 3 K'sFor this purpose the
been found to increase with increasing temperature. Egawa " ; .

9 . . Sample was positioned in front of a short stainless-steel tube
et al” found a maximum decomposition rate at about 560

i . ) ) ) PSNith a diameter of about the sample size so that the ionizer
while the maximum nitrogen coverage is obtained at lowelyt the mass spectrometer accepted predominantly molecules
temperatures. There exists however, contradictory results igyiginating from the sample surface. During the TD measure-
the literature about the maximum coverage of the nitrogennents the mass spectrometer was pumped differentially by
ranging from6y=0.22 (Ref. 10 to ,=0.47° an ion getter pump. The signal fe/m ratios of 2, 14, 17,
Here we use the decomposition of ammonia at sampland 28 were recorded quasisimultaneously to follow the de-
temperatures well above its desorption temperature in ordegorption of hydrogen, nitrogen, ammonia, and carbon mon-
to prepare N coverages as high as possible. We will revisexide. The cracking patterns of,Nand CO differ with re-
the maximum N coverage, which can be achieved, report ofiPeCt 0 mass 14 and, therefore, allowed to distinguish
some new LEED patterns and show that, at lower prepard2€tween CO and Ndesorption. The R000]) single crystal

tion temperatures, NH is incorporated into the N layer. was mounted using W wires in narrow slits on the edges Of.
the sample. The sample temperature was measured by a Ni—

Cr/Ni thermocouple spot welded to the back side of the
dAuthor to whom all correspondence should be addressed. sample. Cleaning of the surface was achieved by repeated
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FIG. 1. TD spectra for a sequence of Nekposures(@) 500 L at 500 K(b) kG, 2. Sample temperature during decomposition of;Mta partial pres-
2500 L at 500 K(c) 3500 L at 500 K,(d) exposure like in Fig. 2 followed ¢ 1o of 5¢10°® mbar vs overall dose of NHin units of langmuir (1
by annealing to 520 K(g) exposure like in Fig. 2. The pressure increase of L=1.33x10"° mbarxs).

mass 14 was recorded.

order process, an activation energy of 130 kJ/mol can be

cycles of sputtering and annealing to 1560 K. The cleanli- . .
y P 9 9 erived for the desorption of tHé, state. For spectrum d the

ness of the surface was verified by LEED and HREELS. Th
H; dose was the same as for spectrum e but the sample was

gas doses are given in units of langmuifl ; .
langmuir=1.33x 10~ mbar 3. Coverages are given relative annealed briefly to reduce the coverage. The nitrogen cover-
ge was determined t6,=0.38. At this dose also thhl,

to the number of substrate surface atoms throughout the p& . .
per g pstate is fully developed with a peak temperature of 680 K.

The TD spectra of thé&l, state are in very good agreement
with published dat® for which an activation energy of 190
Ill. RESULTS kJ/mol was derived.

Figure 3 shows the TD spectra of mass 28 for the highest
coverage displayed in Fig. (spectrum gand the TD spec-

Figure 1 shows the TD spectra of mass(£N, desorp-  trum of mass 2 which was recorded simultaneously. Note
tion) for different ammonia exposures. Mass 14 was chosefhat the intensities in Fig. 3 are not corrected for the different
to discriminate the nitrogen signal against desorption peakgnization probabilities of B (1.0) and H, (0.44). The high
resulting from a possible CO contamination. The values ohoise level is due to the relative short dwell time on mass 2
the nitrogen coveragefy were determined by comparing the and the large background pressure. The hydrogen desorption
nitrogen TDS integrals of mass 28 with the TDS integrals ofsets-in at 380 KH, stat¢ and at 460 K a second peéH ;
mass 28 of a saturated CO coverage at room temperatuggatg emerges almost in parallel with thé; peak of the
which results inf.o=0.56"% The TD spectra a—c in Fig. 1 of nitrogen desorption. The hydrogen desorption is completed

the N, state were prepared by dosing 500 L, 2500 L, andat 540 K. The TD spectra for lower ammonia exposures
3500 L of NH; at 5X10® mbar while the sample was kept at

500 K. These exposures resulted in total nitrogen coverages
of 64y=0.12, 6y=0.24, andfy=0.28. The shift in the peak
temperature in the spectra a—c clearly represents a second-
order desorption behavior as expected from the recombina-
tive desorption of atomic nitrogen. Since the desorption of
nitrogen in spectrum ¢ sets-in at about 550 K, higher expo-
sures(up to 6000 L) of NH; at 500 K did not result in a
higher nitrogen coverage. In order to prepare higher cover-
ages we chose the dosing procedure as sketched in Fig. 2.
First we used the high decomposition rate at high sample
temperatures. Keeping the ammonia pressure constant, we
lowered then the sample temperature stepwise as indicated in
Fig. 2. Directly after this dosing procedure the TD spectrum

e of Fig. 1 was recorded. The total amount of desorbing 600
nitrogen corresponds té=0.47. Spectrum e exhibits a sec- TEMPERATURE (K)

ond, very sharp desorption peak at 500 K, tNg state.

While theN,, state was reported in the literature, this is therig, 3. TD spectra for the maximum exposure of Nib shown in Fig. 2.

first time that theN, state was observed. Assuming a first The pressure increase of mass 14 and mass 2 was recorded simultaneously.

A. Thermal desorption spectroscopy

Lo | —mass1s
e MASS 2

TDS SIGNAL OF MASS 2 and 14
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TABLE I. Coverages of hydrogefd,), NH (6y), and nitrogen(6y) on
Ru(000)) following the decomposition of Nklaccording to the procedure

given in Fig. 2 and annealing to the given temperatures. The last line gives
the observed LEED pattern. HW stands for heavy domain wall structure of

v3 domains.

TemperatureK)

380

460

540

by

eN H
O

LEED

0.22
0.30
0.17

HW

0.0
0.24
0.23

HW

0.0
0.0
0.38

V3

(a) o o 0

show no desorption of hydrogen. Comparing the spectra of =
mass 2 and mass 14 we can distinguish three temperature o o
regions, namely, o

(I) 380 K<T<460 K: only hydrogen desorbs; ° o o °

(I 460 K<T<540 K: hydrogen and nitrogen desorb ©
with high rate;

(111 540 K<T: only nitrogen desorbs.

The amount of desorbing hydrogen can be estimated by
comparing the TDS integrals of mass 2 and mass 28. Taking ° ° o ° ®
the different ionization probabilities of Nand H, into ac-
count, the total amount of fthat desorbs corresponds to a
hydrogen coverage ofj,=0.52+0.05. In region I(ll) an mylo o ' o o
amount of H desorbs which is equivalent #,=0.28(0.24).

The hydrogen desorption in region Il is accompanied by th(?I':IG. 4. Schematic sketches of the LEED-patterns observed after the maxi-
desorption of N whose amount corresponds to ab6y0.1  mum NH, dose according to Fig. 2 and annealing@p420—480 K andb)
(see Tab|e)|_ 540-600 K. The spot positions are calculated according to the models of

The TD spectrum of mass 2 recorded simultaneously'9S- 3@ and 3b).
with spectrum d in Fig. 1 shows no hydrogen desorption.
Although at a first glance the data of Fig. 3 might suggest
that theN; peak of the N TDS data are limited by decom-
position of NH,4 rather than by recombination of 2N The
missing H desorption for spectrum d in Fig. 1 clearly indi-
cates that indeed the latter effect is responsible for therm
desorption at higheg. That means mutual repulsion re-

Further annealing to 520 K resulted in a sharp, unsflit
pattern which is not shown here. From the TD spectra in Fig.
1 the nitrogen coverage after this annealing temperature can

{Be determined t@=0.34.

Heating the sample to higher temperatures,hiespots

. disappeared, and the LEED pattern, schematically shown in
duces the effective surface bond strength gf.NHowever, Fig. 4(b), was monitored. This LEED pattern can again be

above ¢, =0.38 this bond has weakened so much that ther?nterpreted as &3 pattern with split spots, but, contrary to

the N,q species recombine and desorb immediately after for. : . :
mation through dissociation of Ni. Fig. 4@, the tips of the triangles point between the substrate

spots. The split spots are streaked towards tk &pots. So,
the pattern can also be called a splk2 one.
After annealing the sample to 8K a sharp X2 pattern
Figure 4 displays the two different LEED patterns with was observed. This LEED pattern was stable up to 630 K.
split adsorbate spots which we found after the preparatioffrom the TDS measurements we deduce that the coverage
sketched in Fig. 2 and some annealing as noted in the folfter this annealing temperaturefg=0.26 which is in good
lowing. After annealing the sample to 420 K, we foundZ accordance with the coverage 6f=0.25 implied by the
pattern with split adsorbate spdfsig. 4@)]. Thev3 spots are  2X2 LEED pattern. The samex2 LEED pattern could pre-
replaced by equilateral triangles with one spot at every tipviously be prepared by a high exposure tg (N-10° L) at
The tips of the triangles point towards the substrate spot$500 K with the pressure gauge 6n.
This LEED pattern does not change for annealing tempera- The splitv3 LEED patterns can be interpreted as due to
ture <470 K at which the nitrogen desorption staifisg. 1).  hexagonal domain structures formed by domaing3o$truc-
In a series of experiments it was checked that the positions dfire with different sizes and different domain walls, nhamely
the split spots do not vary with coverage. We define a relathe v3 heavy-wall(HW) [Fig. 5a)] and the light-wall(LW)
tive split by dividing the distance between the split spot anddomain structurefFig. 5(b)] as shown by Zeppenfekt al*
the v3 spot by the distance between two nearest-neighbofhe NN distance of the nitrogen atoms across the domains
substrate spots from the substrate. From all taken LEED phawalls is 1 in the HW and 2 in the LW both in units of the
tographs we derived a relative split of 0.148.02. Ru(000)) lattice. From the split of the’3 spots the size and

B. LEED

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996
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(b)

FIG. 5. Schematic sketches of the local structure of(#eheavy-domain

wall v3 and (b) 2X2 structure. Large circles, Ru atoms; small circles, ad-

sorbate atoms. The domain walls are indicated as lines.

the type of the domain walls can be deduced. Making the

reasonable assumption, that N is ordered withiwBastruc-

8947

T T T T T T T T T
L l\__jL_GZOK 4
S
8 r 4
E 510K
[%} - 4
z
w
|_
4 L 4
a
] 480 K *1000
[ - a
2
460 K
'IL'I' .,....,....,..1.0?| |"-|""|j'\TII
0 50 100 150 200 250 300 350 400 450
ENERGY LOSS (meV)

FIG. 6. HREEL spectra for the maximum NHose according to Fig. 2.
After dosing, the sample was subsequently annealed to the indicated tem-
peratures. The primary energy of the electrons was 1.5 eV. All spectra were
recorded in specular geometry with an angle of incidence of 60° with re-
spect to the surface normal.

slightly smaller than the integral coverage &f{=0.47 ob-
tained from the TDS measurements. This difference might
still be within the limits of accuracy, but it might alterna-
tively reflect the fact that about 6% of the surface is covered
by additional X1 domains.

C. HREELS

In order to derive informations on the nature of the ad-
sorbed species we employed HREELS. Figure 6 shows the

ture, the coverage can be determined from the relative spliHiREEL spectra of a surface exposed to by the proce-
Table Il displays a summary of domain sizes, their relativedure as described in Fig. 2. The spectrum recorded after an-

split and the coverage of these structures. Forvhdight-

nealing to 460 K is, besides some difference in intensity,

wall domains the smallest density of N can be achieved foidentical to the spectrum recorded directly after dosing and

domains of size 5 for whiclé,=0.28. For large¥3 domains

shows a main loss at 72 meV and three minor losses at 26,

the coverage increases and the relative shift decrease®0, and 410 meV. The main loss at 72 meV is due to the

Therefore, the observed LEED pattern of Figb)is better
interpreted as a split>22 one due to a heavy-wallX2 do-

known »(Ru—N) vibration!31® The loss at 410 meV is iden-
tified as thew(N—H) vibration>'® and is an indicator for

main structure. As can be seen from Table Il, with increasindN—H groups on the surface. NFind NH; can be excluded
domain sizes the coverage approaches 0.250. The streakisince they are always accompanied with other intense losses

can be explained as due to a distribution of2heavy-wall

which are not detected het&:!” The »(Ru—NH mode,

domains of different size. Figure 5 shows schematic distriwhich is expected at 86 me¥?,is only very weak. It seems

butions of adsorbates in the heavy-wdlldomain[Fig. 5a)]
and in the heavy-wall 22 domain[Fig. 5b)] generating the
LEED patterns of Fig. 4.

The split of the heavy-wal3 LEED pattern we moni-
tored indicates a coverage af,=0.438. This value is

generally to be of faint intensity on R2001).%8 The

S(NH) mode is not visible indicating that NH is standing in
an upright configuration in which this mode is not dipole
allowed?® After annealing the sample from 470 K to 485 K
the intensity of thes(Ru—N) mode is increased by a factor of

TABLE II. A summary of different heavy and light wall domains and their coverage and relative split. The
domain size is given as the distance between two parallel sides of a single domain in units of the Ru next-

neighbor distance.

Domain HW LW HW

size 2X2 33 5v3 w3 V3 5 8 11 V3 4 7 10
Coverage 0.259 0.253 0.252 0.280 0.297 0.301 0.438 0.388 0.370
Relative 0.121 0.159 0.175 0.115 0.072 0.053 0.144 0.083 0.058
split

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996
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— assume that the main amount of desorbing hydrogen is due

BE I il 1 1" to hydrogen coadsorbed with N and NH. Even if hydrogen
7 _ - T ~ _ 10 é does n<_)t coadsorb ?n the presence of N this might well be the
- n .. m VRN E case with NH species.
3 e M " an | & INTENSITY RN 308 Z 2 Region Il (460 K <T<540 K)
= n 1°° g Region |l is characterized by the disappearance of the
E »E A 4 Joa 3 v(N—H) mode in the HREEL spectra, accompanied with the
= A ,kA Al n R jump in the intensity of the{Ru—N) mode and the shamli,
E A ﬁ 302 ¢ peak in the TD spectra. Obviously NH decomposes in this
a ar g 0o - region, and hydrogen desorbs since it is not stable as a coad-
[T =" S v sorbate together with nitrogen. Part of the nitrogen coverage
TEMPERATURE (K) also desorbs. At least a part of this Mleased into the gas

phase is independent of the decomposition of NH since in
spectrum d we monitor nitrogen desorption which is not ac-

FIG. 7. The energy of the(Ru—N) mode and its intensity as a function of companied with hydrogen desorption.

annealing temperature.

3. Region Il (540 K <T)

3. In the same annealing step thé\—H) signal disappears For annealing temperatures exceeding 480 K the inten-
completely. At even higher annealing temperatures th&ity of the (Ru—N) mode drops continuously as the nitrogen
v(Ru—N) vibration loses intensity as shown in Fig. 7. coverage decreases with progressing desorption frorhithe
_ With the disappearance of NH also the mode at 26 me\gtate, The vibrational frequency changes with increasing an-

gains substantially in intensity. The intensity varies with COV-pealing temperature from 75.5 meV to 70.6 meV at low ni-
erage in the same way as th€Ru—N) mode does. Mitchell  yogen coverage. The dipole moment per adsorbed nitrogen
et al.™” observed two dipole active surface phonon modes a4tom was determined by Rauscherall® to 1.06<10 %
18 and 29 meV induced by oxygen atoms on(®0).  aAgm (0.32 D), which is very similar to the dipole moment of
Since both oxygen and nitrog&radsorb in a threefold hol- oxygen adsorbed on R2001) (0.29 D). Since dipole mo-
low site and in a very similar geometry, we attribute the l1ossyent and adsorption geometry of oxygen and nitrégane
at 26_meV to a nitrogen induced s_urface_ phonon. very similar, comparable frequency shifts of théRu—0O

_ Figure 7 shows the HREELS intensity of tRU-N)  anq the (Ru—N) modes are expected. Indeed oxygen ad-
vibration together with the frequency of théRu—N) vibra-  5orped on R(000) shows a shift of 5.8 meV from 66.3
tion as a function of annealing temperature. In regi¢d880 ey at 65=0.25 to 71.9 meV atly=0.519%
K—460 K) the »(Ru-N intensity gains intensity while the From the observations described above we can deduce
(N—H) mode loses about 20% intensity. Parallel to the in-the coverages of the different adsorbates and follow the
crease in intensity the frequency of th€Ru—N) shifts 0 transformation from NH to H and N in the three regidese
higher energy; at 460 K thaRu—N) mode reaches its maxi- Tapje |I). At 380 K a coverage of,=0.22, fy,=0.30, and
mum frequency at 75.5 meV. Region (#60 K-540 K'is 4 —0.17 is on the surface. Heating the sample to 460 K, 0.28
characterized by the jump of th€Ru—N) intensity by factor . of hydrogen desorbs. This hydrogen originates from the
of 3 after annealing to 485 K. At the same annealing step thgysorped hydrogef0.22 ML) and from decomposing NH
1N-H) mode disappears completely. Note that the jump o6 ML). Further heating to 540 K leads to the desorption
does not occur in parallel with the highestRu—-N) fre- 4t 0.1 ML of nitrogen and 0.24 ML of hydrogen. This means
quency at 460 K. that NH decomposes completely, the hydrogen desorbs, and

Combining the HREELS with the TDS results we cang 1 ML of N desorbs also. At 540 K only 0.38 ML of nitro-
address the question of the nature of the adsorbed speciesdgp, are left on the surface.

the three temperature regions. The jump in thex(Ru—N) HREELS intensity after an-
1. Region | (380 K <T<460 K) neal_ing to 470 K(see Fig. 6.might suggest that the amount
i of nitrogen on the surface increases by a factor of about 3.
'21 region | only hydrogen desorbs. Recently, Seetsrhis js not the case and, therefore, not contradictory to the
et al™ have shown that for a nitrogen coverageiR=0.33  Tpg results above, since the HREELS intensity is not nec-
the hydrogen desorption is completed at 320 K. This resulpssarily proportional to the coverage. Instead, the coadsorbed

underlines that the hydrogen desorption states cannot be dw@4 may well have affected the dynamic dipole moment of
to the coadsorption of HIN alone. From HREELS we know  the Ru—N complex.

that NH is present on the surface, but HREELS does not give

the absolute coverage of NH. In region | we observe a dro

of 20% in thev(N—H) intensity. This implies that the des- v. piscussion

orbing hydrogen may partly be due to the decomposition of  First we discuss the maximum N coverage one can
NH. It seems, however, unlikely that the total amount ofachieve on the R000)) surface. With ionization-gauge as-
6,=0.28 originates from the dissociation of NH. We rathersisted dissociation of Nwe have observed a maximum cov-

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996
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erage ofgy=0.25 in accordance with thex2 LEED pattern  tropy term wins in this case and that the formation of heavy
found at 90 K This value is also in agreement with results domain walls was made possible through the stabilization
from another experiment in which Rosowskiall? studied  between the N and NH species in the 2NHN local trimers

a real Ru catalyst on a MgO support in a flow experimentat the corners of the domaimPA N density larger than
using a microreactor. Saturation with chemisorbed N was),=0.33 indicates that locally N1 domains occur.
achieved by flowing M at a pressure of 1 bar for 14 h over At the end of our discussion of the different LEED pat-
the catalyst which was held at 573 K. The dose applied inerns we mention the work of Rauschetral *® which studied
this experiment amounted to<4.0™ L. A saturation value of  the decomposition of hydrazinéN,H,) on Ru0001). At
6y=0.22 was found. 80% of this value was already attainechbout 450 K, i.e., above the last, idesorption peak, when
after 2<10' L. (The value ofgy=0.22 corresponds to curve only chemisorbed N is left on the surface, they observed a
b in Fig. 1) The sample temperature of 573 K was chosen insplit (v3xv3)R 30° pattern in LEED with the tips of the
order to avoid the blocking of surface sites by CO or H. Bulktriangles pointing between the substrate spots. They derived
N does not play a role since the Ru particles are only about g =0.36-0.37 for this state and explained the LEED pattern
nm in diameter so that a large fraction of the Ru atoms is aby superheavy domain walls. The maximuiy they could

the surface. From a kinetic modeling of their resultsprepare is in very good agreement with our result. The split
Rosowskiet al° deduced a sticking coefficient of 18 at | EED pattern is different, however.

300 K. In-an UHV experiment we have recently derived an  yith respect to the HREELS results some remarks have

initial sticking coefficient of (1+0.810 ** at the same 5 pe made, too. The maximal relative intensity of the
temperaturé. The UHV experiment certainly is at the limit WRu-N) mode is 4.%10°% (Fig. 6 and is found for

of its feasibility. 6y=0.38. This is larger than the value of about W 3in

In order to prepare N coverages beyond 0.25 we had 19, gider work!® where we used ionization-gauge assisted
use another method Wh'(,:h was decomp95|t|gsn2?gllll bur  gissociative adsorption of N This confirms that the cover-
case. The Niidecomposition is well studiéd****and also age in Ref. 13 was 0.25 at maximunThis is also in very

dlecor(;wygogtlon at dh|gher tg_mperart]ure;]s_ hhzs been USSbod agreement with the Ru—N frequency which we found
a r;{ea { h hur t)roce ut[e com (ljnes the ng t_ecobmpl)osmonin this work to shift from 71 meV a#y~0.2 to 75.5 meV at
rate at higher temperatures an avoigsissorption by OW-  5,=0.38. In Ref. 13 we have observe¢Ru—N=71 meV
ering the sample temperature at the end of the decompositi . : .

) . S . for all coverages achieved at that time. In the light of our
experiment. The maximum coverage of N-containing species

is 0.47. This value is in agreement with the value reported b);ecent results and also of ionization-gauge assistediséo-

Tsai and Weinber§. The corresponding LEED patterns, ::|at|on on R1010) (Ref. 17)dwe assign the r:jlgher lying
however, are completely different: They observex@22one osses in Ref. 13 tq CH an NH species and not to more
whereas we observe a spiff structure. We also show here loosely bound N'. Sln'ce' N is thgqght to be. adsorbed at a
by HREELS and TDS that under these conditions a larg hreefold-hollow site similar to O it is mteres_tlng to note _that
part of N is in the form of NH, i.e., the Nfidecomposition the energy shift of theXRu—-N mode to higher energies

is not completed yet. Our results also show that such a Iarg\é.('th coverage 1S als_o qglte similar. Cops@ermg the Ru-N
amount is not stable exclusively as\During decomposi- chemical bond the direction of these shifts is not understood

tion pronounced desorption peaks occur for bograNd H,, yet. With increasing coverage the bond to surface is weak-
i.e., if a coverage ofy=0.38 is exceeded through NH de- ened and the potential normal to the surface gets shallower

composition, the surplus N desorbs immediately as The vyhich shogld reduce the frequency of the perpendicular mo-
maximum nitrogen concentration is, however, stable on th&ion Opposite to the experimental result. The direction of the
surface within a N-NH coadsorbate phase. shift is in accordance with that expected for an anticipated
An atom model for the occupation of the HW domain in dipole—dipole interaction. The amount of the shift is also in
Fig. 5a) is not quite obvious. The coverage in Figaf accordance with dipole—dipole interaction at least for Ru-N
which can be easily verified by counting the atoms, is 0.44and neglecting any change in bond strength.
i.e., somewhat smaller than the value of 0.47 derived from A further point is very remarkable. Although for the
TDS. The relative proportion of NH:N is approximately 5:3 lowest curve in Fig. 6 the ratio of NH to N is 5:3 we observe
(Table 1l). In Fig. 5a) there are only 7 adspecies which N0 Ru—NH mode. The existence of NH is well demonstrated
might be distributed between NH and N according to 4:3 oy the N—H stretch mode at 410 meV but the expected
5:2. The density of adsorbed species is very high at the coRU—NH mode at 86 meV is completely absent. This mode is
ners of the domains. These triangles might, on the averagélearly observed when NH is formed by interaction of N and
be occupied by two NH and one N. However, any furtherH."* The only explanation we have so far is derived from an
conclusions on the actual structure of this phase would banalogy to the Cs8CO compound layer. For this system it is
pure speculation. found by LEED structure analy$fsand HREELS(Refs. 26,
After complete decomposition of NH and desorption of 27) that the CO—Ru mode is nearly completely suppressed
hydrogen a value of=0.38 was achieved. According to when CO is shifted from the on-top site in the CO(B201)
Table Il it would be possible to model this density by do- system to the threefold-hollow site in théCs+CO)/
mains of size 7 with heavy walls. We have not observed th&Ru(0001) compound system. From this analogy we would
equivalent LEED pattern which may indicate that the en-conclude that NH is bonded at a threefold-hollow site which
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would confirm the heavy wall domain model presentednearly no intensity. In analogy to th€s+2CO Ru(0001)

above. (2X2) system it is concluded that NH is adsorbed at a
A final remark concerns the maximal density of N which threefold-hollow site which seems to completely screen any

can be achieved on R200Y. At this point there is a large Ru—NH dipole moment.

difference to oxygen. For O/R000) it was first

speculatet??®and recently showf] that an oxygen coverage ACKNOWLEDGMENTS
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