JOURNAL OF CHEMICAL PHYSICS VOLUME 119, NUMBER 10 8 SEPTEMBER 2003

Identification of new adsorption sites of H and D on rhodium (100)
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Exposure of RALO0) to hydrogen(deuterium in atomic form leads to the population of adsorption
sites, not attainable with molecular species. Quantitative thermal desorption spectr6ED&y

high resolution electron energy loss spectroscfi EELS), and density functional theoDFT)
calculations have been applied to investigate these new adsorption sites. In addition to the fourfold
hollow sites(1 ML), which can be populated by dissociative adsorption, occupation of subsurface
sites and the population of additional surface sifes deuterium have been observgthaximum
coverage 3.4 ML In TDS individual adsorption states show up in the form of three different peaks:
Recombination of HD) atoms from hollow sites around 300 K, desorption of subsurface species
between 150-200 K, and recombinative desorption via a molecular precursor at about(ftiz0 K
deuterium only. The exposure of the RbOO surface to atomic HD) leads to a pronounced
roughening of the surface, as evidenced in the HREELS spectra. Zero point corrected adsorption
energies, activation barriers for adsorption, desorption, and diffusion into the subsurface sites, as
well as vibrational energies have been calculated by DFT for a variety of adsorbate configurations
of H and D and compared with the experimental data. 2@3 American Institute of Physics.
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I. INTRODUCTION tip of the STM, due to small energy differences between
adsorption at bridge sites and fourfold hollow sites.

The interaction of rhodium single-crystal surfaces with In this work we focus on the population of individual
small molecules such as,{D,) has been studied exten- adsorption sites of H and D on RI00), using both molecu-
sively, not only because of the relative simplicity of this lar and atomic species for exposure. New features have been
system, but also because of its relevance to heterogeneoubserved in the temperature programed desorpticiPD)
catalysis. The essential results of numerous experintefital spectra, indicating the population of further surface and sub-
as well as theoretical studi€s’®can be summarized as fol- surface sites, in addition to hollow sites, by dosing with
lows: (i) the saturation coverage of dissociatively adsorbedatomic hydrogen and deuterium. Coadsorption and abstrac-
hydrogen on the rhodiurf100) surface was supposed to be 1 tion experiments as well as HREELS investigations have
monolayer(ML) for adsorption at 100 K, with all hydrogen been performed to identify and characterize these new ad-
atoms located in the fourfold hollow positioRsji) the de-  sorption sites. Detailed DFT calculations have been carried
sorption energy at low coverage was determined to be 19—-28ut as well, to support the conclusions drawn from the ex-
kcal/mol#8 (iii) both, the desorption energy and the pre-perimental results.
exponential factor were found to decrease with coverage.

Many comparisons have been drawn with the adjacent tran-
sition metal palladium with respect to the adsorption and!- EXPERIMENTAL DETAILS

desorption behavid®® Contrary to the system hydrogen— The UHV system used for the temperature programed
palladium, subsurface absorption of hydrogen in rhOdi“”Hesorption experiments is equipped with LEEBw energy

has been considered as improbable, because of the weak sfgsctron diffraction, AES (Auger electron spectroscopya

bility of bulk rhodium_—hydridel.ﬁ'_” Recent STM studies of -, jiiplexed mass spectrometer, an extractor ion gdagk

H on RH100 have given peculiar resu_lfé,suggestlng the  hrated with the help of a spinning rotor gateand a doser
occupation of bridge sites and a saturation coverage of 2 Mlgq aomic hydrogen. The doser basically consists of an elec-
However, it has been shown that the observed bridge posfon heam heated tungsten capillary, designed after the con-
tion of the adsorbed hydrogen atoms was influenced by thgepts of Bischler and Bert&?.At a capillary temperature of
about 2000 K, a nearly complete dissociation of the effusing
dElectronic mail: a.winkler@tugraz.at hydrogen can be obtained. A detailed characterization of this
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doser was performed by Eil#t al?! During exposure to
atomic hydroger(deuterium the sample was positioned in  _ 141 B,
front of the doser capillary with a normal angle of incidence. I 104
The circular RIi100) single-crystal sampl€/ mm diameter
was spot welded to molybdenum wires for resistive heating
and mounted on a LNcooled sample holder. The purity of
the sample surface was ensured by regular sputtering witt
Ar* jons at 900 K and annealing at 1020 K for 45 min.
Thermal desorption was carried out, starting from the ad-
sorption temperature of 97 K up to a final temperature of 670
K, with a linear heating rate of 3 K/s. For quantitative evalu- 11
ation of the thermal desorption spectra a calibration device a:
described in Ref. 22 was used. Quantitative TPD additionally
requires an accurate determination of the relevant adsorptiol.
area which contributes to adsorp'tion/desorptior'l. For this €3G 1 Thermal desorption spectfEDS) of H, and D, on RH100), fol-
son, all sample surfaces were first covered with an oxygefbwing molecular exposure. Heating rag=3 K/s. The thick black line
passivation layer according to a procedure described by Thiebrresponds to the saturation coveragéH,,sat.)=1.22 ML=10% [thin
et al,?® to inhibit dissociative adsorption of H By sputter- ~ black line: ©(H;)=1.0ML] and the thick gray line to®(D,,sat.)
ing the front side of the sample and thus selectively remov= 1.21 MLT: 10%. The dotted lines correspond to the following hydrogen
. . . . cqverages: 0.19, 0.27, 0.39, 0.53, 0.78 ML.

ing the oxygen passivation layer, subsequent adsorption an&

desorption could be attributed to the front side only. Care has

also to be taken in the quantitative determination of the nUML ey PERIMENTAL RESULTS—TEMPERATURE

ber of impinging particles by using a hot doser. A detailedorGRAMED DESORPTION (TPD)
description of the experimental procedures to be applied for

quantitative H(D) dosing can be found elsewhere?* A. Molecular H ,/D, exposure on Rh (100)

The HREELS experiments have been performed in a  The first issue to be addressed in this paper concerns the
separate, custom-designed three-level UHV chamber. Thesturation coverage of hydrogen and deuterium ofLE®),
chamber was equipped with a four-grid LEED optics, usedyhen theses species are dosed in molecular form. The
for both LEED and Auger spectroscopy, a mass spectromsample was exposed repeatedly to different amounts of mo-
eter, a doser for atomic hydrogen, and an ErHREELS3lecular hydrogen(deuterium (isotropic exposure and the
spectrometer. The spectrometer is a double-monochromategéspective thermal desorption specff®S) have been ana-
double-analyzer construction using toroidal condensers fofyzed quantitatively, as described in Ref. 22. In Figa)l
the energy-selective elements. An incidence angle of 60° tgeries of desorption spectra as function of different molecular
the surface normal and a primary beam energy of 5.5 e\hydrogen exposure is presented. For comparison, the satura-
were used, with the scattering plane along the0] direc-  tion desorption spectrum for deuterium is also shdgray
tion. Varying the primary energy did not change the spectraine). The line shapes and the characteristic desorption tem-
significantly. The analyzer could be rotated around theperatures of the TDS proved to be in good agreement with
sample for off-specular measurements. The resolution in theghose presented in previous wdtk,including the inverse
spectra presented here was typically 4 meV, as measurégnetic isotope effectKIE) for the 8, state(deuterium des-
from the FWHM of the elastically scattered electrons fromorbs earlier than hydroggnas mentioned in Ref. 8. The
the hydrogen-covered RID0 surface. small desorption peak at 120 K, on the other hand, which we

The RKH100 crystal was cleaned by Arsputtering at  designate as peak, shows a normal isotope effect. In addi-
room temperature and subsequent annealing at 1400 K fortéon, a broad shoulder appears for saturation at the left-hand
few minutes, to restore the surface order. Then, the crystalide of theg; peak. Note that the nomenclature for the indi-
was heated in X 10" " mbar oxygen to remove the residual vidual desorption peaks as used in this work deviates some-
carbon contamination. After flashing to 1300 K to removewhat from that in Ref. 8.
the excess oxygen, a shatpx1) LEED pattern was ob- Whereas good agreement exists with the literature data
tained. Molecular hydrogen exposure was performed wittfor the qualitative features of the desorption spectra, there is
the sample in front of the tungsten capillary which was alsadisagreement between the saturation coverage determined in
used for atomic hydrogen dosing. The high effective hydro-+this work, and the so far accepted saturation coverage of 1.0
gen pressure in front of the capillary should ensure aviL (1.39x 10'°atoms/crd).®® Careful calibration of the
Rh(100 surface with a hydrogen coverage close to saturacoverage by the methods outlined in the Experiment section
tion (1.22 ML) and minimize CO adsorption from the re- yields a saturation coverage of 1.22 Mt10%, both for
sidual gas during the dosing. In order to remove adventitiousiydrogen and deuterium. The spectra for hydrogen saturation
CO adsorbed on the surface prior to the hydrogen exposurél.22 ML) and for 1.0 ML are drawn as thick and thin black
for the HREELS experiments the sample was flashed to 600nes in Fig. 1, respectively. One clearly sees thatdtgeak
K and subsequently cooled down to 150 K within the hydro-and the shoulder of thg; peak start to develop significantly
gen flux. In the case of atomic D) dosing a coverage of only for a coverage above 1 ML. From additional quantita-
approximately 2.3 ML was established. tive analysis of the exposure-coverage data, an initial stick-

Mass 2,4 - Rate [x 10° ML/K
[6)]
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FIG. 2. Thermal desorption spectf&DS) of H, after dosage of atomic H FIG. 4. Thermal desorption specttaDS) after dosage of atomic D on

on RH100). Heating rate8=3 K/s. The hydrogen coverages of the corre- Rh(100). Heating rateg8=3 K/s. The deuterium coverages of the correspond-

sponding curves are as follow&) 1.06 ML; (b) 1.90 ML; (c) 2.27 ML; (d) ing curves are as followsa) 1.55 ML; (b) 1.90 ML; (c) 2.30 ML; (d) 2.94

2.68 ML; (e) 3.02 ML. The hydrogen saturation spectrum following molecu- ML. The deuterium saturation spectrum following molecular exposure

lar exposurdcurve (f)] is shown as a dotted line for comparison. [curve(e)] is shown as a dotted line for comparison. The inset again shows
curves(d) and(e) for better comparison of the peak heights.

ing coefficient of S;=(0.85+-0.15) could be deduced for

adsorption of molecular hydrogen and deuterium on(S;=0.85), a sticking coefficient o8y~ 1.0 is a reasonable
Rh(100), which is in nice agreement with theoretical assumption for adsorption of HD) atoms on R(100). Con-
predictionst® A nearly constant sticking coefficient up to cerning the actual number of incident(sr D) atoms during
about 0.5 monolayers indicates dissociative adsorption via exposure, it should be pointed out that as long as the current

precursor staté. coverage does not exceed the saturation for moleculdoH
D,) exposure, dissociative adsorption from the background
B. Atomic hydrogen exposure on Rh  (100) adds to the amount of directly adsorbed atomiddi D)

rom the doser. Note that the term “exposure” does not have

Exposure of the clean rhodium surface to increasin h ing in th f ic dosi b
amounts of atomic hydrogen via the Bertel-type d#fee- € same meaning |n_t € case o atomic dosing, because a
mixture of directly impinging atoms and molecules from the

sulted in the significant population of a new adsorption site, . ; .
The thermal desorption spectra in Fig.[@urves (2—(e)] Isotropic background contributes to the total amount of im-

show the rise of a new peak for a coverage exceeding th@inging partic!es. The ab;cissa in Fig. 3 give_s the total num-
saturation coverage for dissociative adsorpfiig. 2, curve ~ P€f Of impinging atoms, independent of their angle of inci-
(f)], which we designate a8, peak. The change of the hy- dence and independent of the'lr ;tate in the gas phase
drogen coverage as a function of the exposure to atomi((:molecules or aton):f,The nonvanllshlr?g slope _Of the cover-
hydrogen is presented in Fig.(®pen squardsin addition, age curve for atomic exposure in Fig. 3_|nd|c_ates_ that th_e
the coverage curve for molecular hydrogen exposure i ighest coverage of 3.4 monolayers obtained in this experi-

shown for comparisorfopen triangles Given the already mheng isknt_); thef urﬁ)per Iimilt. Adsokr)ptilon OT thel eddges Snd on
high initial sticking coefficient for dissociative fadsorption the backside ol the sample can ne largely rule ouf[ ecause
only the front side of the sample is exposed to atomic hydro-

gen, and the density of atomic hydrogen in the isotropic gas
1 phase is exceedingly small. Therefore, adsorption on addi-
1 T tional surface sitegbridge, on-top and/or absorption in sub-
3'0'_ B surface sitegoctahedralis necessary to explain this result.
e As we will show in Sec. VII B, the3, peak can be attributed
to subsurface hydrogen.

N
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C. Atomic deuterium exposure on Rh  (100)

& With regard to the subsequent H—D abstraction experi-
ments, the same thermal desorption experiments as described
in the previous section for hydrogen have been repeated with
atomic deuterium. In Fig. 4, a series of thermal desorption
spectra with increasing exposures to atomic deuterium is pre-
sented curves(a)—(d)]. For comparison, the saturation cov-
erage as obtained with molecular exposure is shown as dot-
FIG. 3. Coverage vs exposure relationship for adsorption of molecylar HtEd line [curve (¢)]. The additional; peak, due to atomic

(triangles, atomic H(square} and atomic D(full circles) on RH100). N; exposure as observed for h)_/drogen, also ShOWS_Up for deu-
represents the actual number of impinging H/D atoms during exposure. terium exposure. However, in this case an additional sharp
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desorption peaka peak appears at 125 K for a coverage performed(at a sample temperature 6f100 K). At first, the
exceeding 1.2 ML. This peak seems to be of zero-order kiclean rhodium surface was exposed to atomic hydrogen up to
netics, shifting from 125 K to slightly higher temperaturesan initial coverage of 2.3 ML, in order to occupy adsorption
with increasing coverage. The maximum area of this peaksites in addition to the fourfold hollow sites. The TDS of this
[curve(d) in Fig. 4 and insgtcorresponds to about 0.6 ML. initial situation is shown in Fig. &) as a thin black line. In
Interestingly, coadsorption experiments, as presented in thg second step, the surface was exposed to atomic deuterium.
next section, have specified this feature as a pure surfaggs soon as the sample was turned into the atomic beam, the
peak. The deuterium coverage as a function of atomic Dyppearance of HD and some lih the gas phase indicated
exposure is also shown in Fig. @ull circles). Despite the  that Eley—Rideal abstraction and collision induced reactions
obvious difference of the TDS features for deuterium com-+ggk place, as observed for other H-metal surface
pared to those obtained with atomic hydrogen, the coveraggystemZ>2®Actually, it has been shown both experimentally
versus exposure data of atomic D follows closely those Ofe.g., Ref. 27 and other work by the Epers group and
atomic H. It is also necessary in this context to mentionepretically(e.g., Ref. 28 and other work by Jackson and
previous |nv_est|gat|02§ of coadsorption of Bnd H, With  perssopthat in many cases the HD abstraction is not a pure
CO on rhodium(100,™” where similar TDS features exhib- g6 _Rideal process but rather a Harris—Kasemo prdess,
iting a sharp desorption peak at about 150 K have beef, \ynich 5 hot H-atom precursor is involved in the abstrac-
found. We have therefore performed several coadsorption ®fion reaction. The depleted adsorption sites are immediately

periments with atomic deuteriuthydrogen and CO, where refilled by deuterium, and some D atoms also penetrate into

we could clearly distinguish between the influence of Coad.'subsurface sites. The basic idea of this experiment is that in

sorbed CO and the effect of interest, caused by the atomi e abstraction process only specissorbed on the surface

deuterium itself. In the present case, the residual amount QTill be removed sianificantly and H atoms possibly located
adsorbed CO was far too small to induce desorption of deu- 9 y P y

terium as a sharp peak in the low temperature regime biy: subsurface sites will be removed with much lower prob-
a rearrangement of the GEH/D layer, as suggested by bility. After some time the atomic deuterium exposure was

Richteret al® We would like to emphasize therefore, that the stopped and multiplexed thermal desorption spectra of H

sharp deuterium desorption peak observed at 125 K is a fe#D’ aqd D Werehtakenhwnh th? calibrated masils spectrom-
ture of pure deuterium adsorption. The difference of the de€te'- Figure &) shows the result after very small D postex-

sorption behavior between deuterium and hydrogen in th&0SUre. It is evident that thg, peak of H decreased sig-
low temperature regime is an isotope effect, which will benlflcantly, whereas th@, peak decreased only slightly. With
addressed in the Discussion. increasing postexposure to atomic D the@{ peak vanishes

completely, and also thg, peak starts to decrease slowly
[H, curves in Figs. &), 5(c)]. Finally, after large D expo-
sure the main desorbing species is again molecular deute-
To find evidence for the existence of subsurface-boundium, showing all the features of pure D adsorpti@urve
hydrogen (deuterium, a series of coadsorption/abstraction D, in Fig. 5d)]. The most interesting aspect in this case is
experiments with atomic hydrogen and deuterium has beetihe appearance of the peak in the D spectrum[see Figs.

D. H/D coadsorption and abstraction experiments
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FIG. 6. H and D coverages as a function of atomic D exposure on theFIG' 8. H and D coverages as a function of atomic H exposure on the

hydrogen precovered REDO) surface. The initial hydrogen coverage was deuterium precovered RE00) surface. The initial deuterium coverage was
®,(H)=2.3 ML, as indicated by the circle. The corresponding TDS of the 0;(D)=2.0 ML, as indicated by the circle. The corresponding TDS of the

marked data point&)—(d) are shown in Figs. B—5(d). marked data point&)—(c) are shown in Figs. (&)—7(c).

line] the sample was postdosed with atomic hydrogen. Al-
ready after a very short H postexposure phepeak as well
as thea peak were significantly reducéfig. 7(a)]. The fact

5(c)-5(d)]. The fact that no intermixed HD species are
found, which contribute to ther peak, suggests that the de-

sorblng Ly molecules originate from .the recombmatpn of that thea peak is effectively abstracted again supports the
deuterium atom®n the surface onlyFigure 6 summarizes . . . o
idea that this peak is due to recombination afuaface spe-

the change of the total H and D coverage versus D exposure .
: . Cles The summarized H and D coverage versus H exposure
as calculated from the integrated and calibratgd HD, and P o
- are shown in Fig. 8. All the features are qualitatively the
D, spectra. For small atomic D postexposures a fast decrease . . .
- .srame as for the experiment with reversed isotopes.
of the H coverage can be seen, but as soon as the initia
coverage of 2.3 ML is reduced to about 1.3 fig. 6, label
(b)] further abstraction proceeds much more slowly. As on
can see in the corresponding TDS in Figb)5 the sudden
reduction of the HD abstraction efficiency coincides with the ~ The vibrational spectra of the surfaces investigated are
disappearance of the; peak in the H desorption spectrum. presented in Fig. 9. Curvéa) displays the loss spectrum
The same abstraction experiments have also been perbtained after exposing the R0 surface to molecular hy-
formed with reversed order of the isotopes: Starting with ardrogen at 100 K up to saturation coverage. Hydrogen is

initial deuterium coverage of 2.0 M[Fig. 7(a), thin black  known to adsorb dissociatively in the fourfold hollow sites

V. EXPERIMENTAL RESULTS—HREELS
NVESTIGATIONS

Mass 2,3,4 - Rate [x 10° MUK]

100

150 200 250 300 350 400 450 500

Mass 2,3.4 - Rate [x 10° ML/K]

B, c

100

180 200 250 300 330 400 450 500
Temperature [K]
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T T T T T T T |
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Temperature [K]

FIG. 7. Thermal desorption spectra
(TDS) of H,, D,, and HD, after expo-
sure to different amounts of atomic H
on the deuterium precovered @00
surface. Heating rate3~3 K/s. In
panel(a), the TDS for the initial deu-
terium coveragd ©;(D)=2.0 ML] is
shown as a thin black line. The indi-
vidual H exposures fofa) through(c)
can be deduced from Fig. 8.
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= 18 y quency shift due to the mass difference between hydrogen
HREELS % 1 /' eating®o and deuterium, this mode is identified as a hydrogen vibra-
E=5.5eV, specular g 't /#| 8 A tion. Similar shifts are observed for the broad structure
2 a[ AE § around 130 meV and the peak at 50 meV.
g g E E The intensity of the primary peak, i.e., the number of
8 g elastically scattered electrons per time unit, can be consid-
g ered as a measure of the reflectivity of the surface and hence
of the surface order. Molecularly offered hydrogen forms a
(1x1) overlayer which tends to increase the reflectivity and
hence the elastic count rate by about one tf#id. 9, inset.
A similar effect has also been reported by Richegral.’
Atomic hydrogen, in contrast, seems to roughen the surface
to a large extent, as concluded from the dramatic drop of the
(© primary intensity by a factor of 20. The surface roughening
due to atomic hydrogen exposure is also observable in
LEED, where the sharp integral-order spots of the clean sur-
face become very diffuse, with an intense background char-
acteristic of a rough surface. Note that the surface morphol-
(b) ogy is also reflected in the behavior of the elastic count rate
when the angular position of the analyzer is varied. In the
case of molecular hydrogen dosing the primary intensity de-
creases rapidly when the analyzer is moved away from the
specular direction, which is characteristic of high surface re-
(a) flectivity. Atomic hydrogen exposure, however, results in a
. — i . primary intensity which is independent of the analyzer posi-
0 50 100 150 200 250 tion within a broad angular range. This is further evidence
for the surface roughening after atomic hydrogen treatment.
Energy Loss [meV] The thermal evolution of a Rh0O0) surface exposed to
FIG. 9. High resolution EELS spectra of RI00) after dosinga molecular ~ atomic H as seen in HREELS is shown in Fig.(AQ A
H, (1.2 ML); (b) atomic H (2.3 ML); and (c) atomic D (2.3 ML). All similar heating sequence has also been carried out after deu-
exposures have been pe'rformed at 100 K The inset shows the intensity @&rium exposurgsee Fig. 10B)], and similar effects as de-
Elgitflastlcally reflected primary peak for different surface treatreatsthe scribed below for the hydrogen case are observed. The first
heating ste150 K, Fig. 1@A), curve(b)] does not modify
the vibrational spectrum significantly. On heating to 230 K,
. . . however, major differences can be detecf{&dly. 10A),
on the RK100 surface, as evidenced by the distinct vibra- curve(9)]. In particular, the loss energy range from 20 to 100

tional feature at 84 meV. This peak can be associated with i aff d ident f Il reducti p
the Rh—H stretching vibration and has also been reported inmev s a eptt_a mpst, as evl ept rom an overafire uc.tlon 0
the literaturé" The two peaks at 235 and 255 meV are Cluemtensny within this regime. This is most clearly seen in the
to the C—O stretching vibrations of adventitious carbon mon-mset _Of Fig. 10A). These spectra_l changes are difficult to
oxide adsorption in bridge and on-top positions,quam'fy because of the overlap with the frustrated CO trans-

respectively. Since the intramolecular C—O stretching vibra- lations perpendicular to the surface_, which are also I70cated in
tion has a very large dynamic dipole moment, even smalf1€ région around 50 meV. According to Richtral,” the -
amounts of adsorbed CO appear quite prominently in th&© thermal desorption has its maximum at 500 K. The in-
vibrational spectrum. The spectrum after the exposure tdensity reduction around 50 meV is therefore not due to the
atomic hydrogen is significantly different from the one ob-"émoval of carbon monoxide from the surface, but has to be
tained after molecular dosage, as seen in Fig).9he loss correlated mainly Wlth desor_blng hydrogen species. The
feature at 84 meV is replaced by a broad structure with th@ther remarkable point after this heating step to 230 K is the
center of mass at about 50 meV and a large tail to higher losdisappearance of the hydrogen-associated peak at 200 meV.
energies, and a broad structure at around 130 meV. Furthefinally, a band at around 110 meV starts to emerge, which
more, a vibrational mode at 200 meV has developed. As afevelops into a sharp peak upon heating to room tempera-
additional effect of the atomic hydrogen exposure the adiure. The surface species responsible for this peak could not
sorption of CO in the on-top site is suppressed, while théoe identified so far, but it disappears again after heating the
bridge-bonded CO intensity remains unchanged. surface to 500 Ksee Fig. 10A), curve(e)]. This last heating

In order to facilitate the peak assignment, experimentstep results in a loss spectrum without any hydrogen-derived
were also performed with atomic deuterium. The loss specstructures. Obviously the surface has been cleaned from the
trum of Fig. 9c) shows that the 200 meV feature, which hasadsorbed hydrogen species, but is still very rough, as one can
been observed for atomic hydrogen dosing, has shifted teee in the inset of Fig. 9. The primary beam intensity, which
150 meV. Taking into consideration & vibrational fre- has dropped dramatically after the atomic hydrogen dosing,

QN O

Nom. Intensity [a.u.]
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FIG. 10. (A) High resolution EELS spectra after dosing 2.3 ML atomic H on
Rh(100 at 100 K (a), and subsequent heating f® 150 K; (c) 230 K; (d)

300 K; and(e) 500 K. The inset displays the thermal evolution in the energy
loss range 20—-100 meV with extended scal@®. High resolution EELS
spectra after dosing 2.3 ML atomic D on @00 at 100 K(a), and subse-

° (d)

o (a)

()

(©

¥ (e)

quent heating tgbh) 150 K; (c) 230 K; (d) 300 K; and(e) 500 K.
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remains low even after heating to 900 K. The surface rough-
ness could only be removed by annealing at 1400 K, where
the original surface order could be re-established. The loss
spectra of Fig. 1), recorded after the Rh00) surface was
exposed to atomic D at 100 K, confirm the pattern discussed
for the H-exposed RH00) surface. Heating to 150 K has
little effect [curve (b)], but heating to 230 K removes the
D-induced structure at 150 md\¢urve(c)]. After heating to
500 K all structures have disappeared apart from a small
peak at 250 meV, which is due to readsorption of a small
amount of on-top CO from the background atmosphere.

V. FUNDAMENTALS OF THEORETICAL MODELING

Density functional theoryDFT) calculations have been
carried out with thevIENNA AB INITIO SIMULATION PACKAGE
(VASP).30-32\asp is a plane wave-based density functional
code employing the projector augmented wave meffigd.
cutoff energy for the expansion of the plane waves of 250 eV
was found to be sufficient for an accurate description. For
exchange and correlation, generalized gradient corrections
(GGA) according to Perdewt al>* were applied. Although
this functional underestimates the binding energy of the free
molecule (without zero-point energi¢sdy 183 meV(4.544
eV, compared to 4.727 eVit was shown in the past that
energy differences between various adsorption configurations
can be determined with much higher accuracy. This is related
to the fact that the local density approximatitaso in its
gradient-corrected forjrworks best for systems with small
density gradients. The calculation of binding energies, how-
ever, requires the calculation of a free spin-polarized H atom
and the free-K molecule, both systems where this is not
fulfilled. For adsorbate systems on the other side, the energy
of the molecule is only used as reference and any error in the
total energy of the molecule means only a shift in the adsorp-
tion energy, and most errors due to the density gradient at the
surface cancel out when comparing the energies of similar
adsorption structures.

The rhodium (100 surface was modeled by an eight-
layer slab, separated idirection by a vacuum equivalent to
seven substrate layers. Most of the calculations were per-
formed with ap(2X 2) cell containing four atoms per layer,
the positions of which were fully optimized for the surface
and subsurface layer. The Brillouin zone was sampled by a
grid of (5X5) k points. Adsorbate frequencies were calcu-
lated from the forces due to finite displacemefis-+0.03
A) of each of the H atoms in all Cartesian coordinates. On
the basis of these frequencies zero point energies have been
calculated. For the calculation of diffusion and dissociation
barriers a transition state search with the nudged elastic band
method was performett.

VI. RESULTS—DFT CALCULATIONS

Using the setup described in the previous section, nu-
merous calculations for configurations with on-surface and
subsurface hydrogen were performed. The chqsgix 2)
unit cell determines the periodicity of the investigated con-
figurations, and hence limits the accessible adsorbate cover-
ages to multiples of 0.25 ML.
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TABLE |. Zero point energit_%SEE"EE)‘. adsorgtion energiesElyd, and  for the adsorbates in thp(2x2) cell, we can calculate a
zero point corrected adsorption energi&(, ED,., compare the textfor zero point energy-corrected adsorption eneifgy each iso-

various adsorption configurations of H and(&ll energies in meV/atom t ith t to th f th h | |
Zero point energy for the free molecules :HL33 meV/atom B: 94 meV/ Ope with respect 1o the energy o € gas phase molecule

atom. Eq(H,) (also including zero point energly
Coverage Sites  Ef = Bass  Ehis  Ehs
0.25 1h 100 71 535 568 558 R P
1b 160 113 536 509 517 Ehs=—| Etato — Etor— 5 Eo(H2) |,
0.50 2h 103 72 541 572 563 n 2
0.75 3h 103 73 535 566 557 L3
b 17 18 s s a0 with ESE=EN"+ 53 fo.
1.25 4ht1b 128 90 428 433 432
5b 174 123 477 436 448
4h+1t 122 86 447 458 454
4h+10 113 80 388 409 403  The corresponding values for deuterium are obtained using
1.50 4h+2b 139 98 35 350 351  the by a factor of/2 lower frequencies of the heavier isotope.
6b 180 127 434 388 401 While in the hollow site all modes are rather 088
jhhjzzct) ﬁg gg ?‘;i 328 4 3%%39 meV perpendicular to the surface and 48 meV for the frus-
dhiimol 134 95 374 373 373  trated translatiop frequencies for bridge adsorbed hydrogen
1.75 4h+3b 143 101 301 292 205 are significantly highef163 meV perpendicular to the sur-
7b 185 131 429 377 393 face and 125 and 32 meV for the frustrated translations;
4h+3t 142 00 329 320 323 gompare Table )l This leads to a difference in zero point
200 aht-4b 164 16 261 230 239 energies for the two adsorption sites of 60 meV, which in
8b 193 137 414 354 371 . .
ahtat 146 103 200 278 281  turn favors the fourfold site. These zero point corrected ad-
4h+2m 148 105 292 277 281 sorption energies are also compiled in Table I. In this table

the adsorption energy per atom for the most favorable adsor-
bate configuration at a certain coverage is marked in bold.
We find that up to a full monolayer the adsorption energy
remains almost constant, and the hollow site is the favored
adsorption position. The close energies of bridge and hollow
The adsorption energyEgy9 of a particular configura-  sites are consistent with recent quantitative LEED studies of
tion determines the average energy gain per adsorbate witein et al® for H on RH100), which have shown that their
respect to the gas phase, and is given by data could be described well only by assuming a mixture of
hollow and bridge H atoms on the surface.
1 n Going beyond 1 ML by adsorbing an additional H atom
Eads EMH—EM— SE(H) |, in a bridge site weakens the bond strength of the neighboring
adsorbates, which are pushed by about 0.32 A towards the
bridge sites. This distortion costs energy, and hence the mean
where Et“(",t:H is the total energy of the final configuration, adsorption energy of configurations with less adsorbate—
containingn H atoms in thep(2x 2) unit cell(i.e., coverage adsorbate repulsiotbb or 4h+t) is higher. This trend con-
®=n/4ML), E{\(")t is the total energy of the initial clean metal tinues up to the highest investigate coverage of 2 ML.
surface, ande(H,) is the total energy of the free ,Hnol- In Fig. 11 the highest adsorption energies for each cov-
ecule in the gas phase. Each configuration is described by ieyage are visualized. In this plot we have introduced another
occupied sites within thp(2x 2) surface cellh: hollow, b:  quantity, dE,4s, Which takes into account the sequential
bridge, t: top, o: octahedral subsurface ksit@ Table | we character of the adsorption/desorption process. During ad-
have compiled our results for several configurations betweenorption a single molecule encounters a surface at a certain
0.25 and 2 mL. From these values one learns that at theoverage, while the mean adsorption energy characterizes the
lowest investigated coverage of 0.25 ML, the bridge site isconfiguration at a given coverage as a whole. Similarly, in
lowest in energy. However, this is not completely true, sinceTPD the desorption energy of a single molecule from the
due to the high frequencies and the low mass of hydrogeradsorbate covered surface is probed. This differential heat of
zero point corrections to the energy become crucial. By caladsorptiondE,q{ ®) at coverageé can be approximated via
culating the complete frequency spectrum of Biodesw; finite differences from our calculations &4 ®)

A. Energetics

(O+50)(Exgqd®+50))—(0—60)(Egqd®—00))
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TABLE IlI. Calculated vibrations for different adsorption configuratighshollow sites, b: bridge, t: on top, o:
octahedral, mol: molecular adsorbeter hydrogen on R{L00), divided into modes with eigenvectors predomi-
nantly perpendicular to the surface () and such paralleld;). Frequencies for out-of-phase vibraticat the
Brillouin zone boundaryare given in brackets to indicate the dispersion of the phonon band. At 1.25 and 1.5
ML the additional modes located mainly on the nonhollow adsorbed species are printed in bold face. In the case
of a series of neighboring vibrational modes we have described them by a frequency range.

Configuration(flat surface
(2x2 cell)

5261

w, (meV) w; (meV)
0.25 ML in hollow (1h) 88 48
1 ML in hollow (4h) 91(82) 58(65)
0.25 ML in bridge(1b) 163 125, 32
1 ML in bridge (4b) 169164 123(110), 36(61)
2 ML in bridge (8b) 173167 153132, 7891,6)
1.25 ML (4h+b.) 159, 137130, 88(85) 103 92(102), 72, 63(68), 20(48)
1.25 ML (4h+t) 255, 92(87) 57, 37(82)
1.25 ML (4h+o0) 111, 91(84) 75, 58-73
1.50 ML (4h+20.) 104, 88(81) 96, 33-81
1.50 ML (4h+mol.) 208 111(90) 305 43-74,32(13)
Configuration metal adatom
(2x2 cell)
One H atom on-top 236 38
Dimer on-top 159 365, 89
2 H on-top 243 22-48
Configuration with metal dimer
(3%3 cell)
One atom bridging 171 121, 47
One atom on-top 236 34

with §®=0.125 ML. Analogously, this quantity can be cal- 1 ML, there is a pronounced drop around the measured mo-
culated from the zero point corrected adsorption energies fdecular saturation coverage. This drop is related to the above-

H and D, yieldingd E!!

H<anddEL,., respectively. While this

mentioned adsorbate—adsorbate repulsion after all hollow

energy gain per incoming adsorbate is almost constant up tsites have been occupied, and is even more pronounced for
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FIG. 11. Average adsorption energies per atdfg{, and the respective
zero point energy corrected value§, and E, for H and D for the most
favorite configurations calculated in@2x2) cell for coverages varying
between 0.25 and 2 Mkcompare the bold face values in Tab)e Addi-
tionally shown is the differential heat of adsorptidi,ys, determining the
energy gain during adsorption at a given coverégempare with the text

zero point corrected values. At even higher cover@aggch

is not accessible with molecular dos)ndjE increases again,
since the energy cost of destroyingetd h structure was
already paid at lower coverage. In tH& curves in Fig. 11

the isotope effect also can be traced nicely: while deuterium
desorbs earlier up to 1 MLAED,<dEL,), the ordering
changes for the higher coverage regime. In addition to sur-
face species, we also investigated adsorption in subsurface
sites. These positions afap to a total coverage of 2 ML

less favored than surface species, but can be accessed via

atomic adsorbates due to their high kinetic energies, as will
be discussed later.

B. Vibrations

For the calculation of the zero point energy a complete
determination of the frequency spectra was necessary. Table
Il compiles some exemplary results. The frequencies at 0.25
ML were already mentioned before; both the frequencies for
bridge and hollow adsorbed species agree with the findings
of the present HREELS investigation and previous studies
(Refs. 5 and 8 for hollow and Ref. 6 for bridgeéwith in-
creasing coverage the frequencies shift up and in addition to
that not only the gamma point but also the zone boundary
becomes accessible by our calculations, and we get also in-
formation on the dispersion of the phonons. Both the upshift
of the frequencies with increasing coverage and the width of
the dispersion agree with the experimental results in Ref. 5.
In the table we have also included some data for coadsorp-

tion structures based on a full ML of hollow adsorbed hydro
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gen (0=1.25 ML: 4h+b, 4h+t, 4h+o; ©®=1.5 ML:4h  maxima shifting from 360 K to 320 K with increasing cov-
+mol.). This has two effects on the spectrum: First, the ad-erage 3; peak. This peak originates from the associative
ditional adsorbate adds modes to the spectrum. On-top adlesorption of H(D) atoms located in hollow sites. This is
sorption leads to the highest mode perpendicular to theorroborated by our HREELS investigations, which show a
surface(255 meV, followed by bridge(159 me\j and sub-  strong loss at 84 meV after saturation of the(Fd0) surface
surface adsorptioil14 me\j. The last mode is in the ex- by using molecular hydrogerig. 9, curve(a)]. This loss is
pected frequency regime for subsurface adsorgtompare in good agreement with literature datand also with our
H on Ni(111) in Ref. 36. The molecular species, adsorbed calculated vibrational energies for H in fourfold hollow po-
on top of a Rh atom, is characterized by flséghtly weak- sitions(see Table .
ened intramolecular mode around 305 meV and a frequency A qualitative inspection of the8; peak shape and the
perpendicular to the surface of 208 meV. Second, the freshift of the peak maxima indicates a second-order desorption
guencies of the hollow adsorbed species become perturbedaction. Quantitative evaluation of the spectra using the
and broadenedEspecially in the case of subsurface absorp-methods by Parker, Jones, and Kebr King®® yields a
tion, a slight buckling of the surface layer leads to a broaddesorption energy of 20 kcal/m@870 meV/moleculg for
band ranging from 58 to 73 meV (33 to 81 meV) for onesmall coverage, which decreases with increasing coverage.
(two) subsurface hydrogerfrinally, in order to account for However, the pre-exponential factor also changes over sev-
the roughening of the surface observed in the HREELS exeral orders of magnitude. This is known as the “compensa-
periments, we investigated several configurations includingion effect,” which has been described in detail in the
Rh adatoms or dimers on top of the flat surface and calculiterature®*~*? The main message of this result is that in
lated the corresponding frequencies for hydrogen adsorptiormany cases the Polanyi—Wigner equation is just too simple
to describe the desorption rate properly. A simulation of the
VII. DISCUSSION desorption spectra according to the statistical mechanics
model by Payne and Kreuz&, using our calculated
(coverage-independeneadsorption energiesTable ) and
) N k frequenciegTable Il), as well as the experimentally obtained
species are used for dosiriig. 1: A small peak located coverage dependence of the sticking coefficient, produced

around 120 K(a peak and a dominant peak at 320 K3{( 4 o )
peak, with a broad shoulder extending to 180 K. There iSQesorptlon spectra which fit quite well the experimental data

agreement in the literature that titg peak stems from re- in shape and peak position.

combinative desorption of D) atoms located in fourfold . A peculiar feature of ths, p_egk _'S the inverse kinetic
hollow sites® The a peak, which is only weakly pronounced isotope effect for the peak position: Deuterium desorbs at

saturation at a temperature 8—10 K lower than hydrogen.

to increase significantly after postadsorption of EOWe Wﬂﬂs is a result of the different zero point energies for hydro-
gen and deuterium in the adsorbed phase and in the gas

have demonstrated that we can induce a similar desorptio .
: . . phase, as shown in Table I. It turns out that for the fourfold
peak without CO coadsorption, but by exposure to atomi . .
ollow sites the zero point energy does not depend strongly

deu_terlum only. This peak WI|| be correlated with recomb|-On the coverage. For example, between 0.25 and 1 ML the
native desorption of atoms via a molecular precursor state. In ; .
zero point energy per hydroggadeuterium atom changes

our experiments with atomic hydrogen and atomic deuteriun?rom 100 to 104 meM71 to 74 meV, respectively. For the
exposure we can significantly populate a new desorptior];nree molecules the calculated zéro point er.1ergies are

peak (3,) located around 170 K, which we attribute to de- Eg‘(free)= 133meV and Eg(free)z 94 meV peratom, re-

sorption of subsurface species. In the following we will dis- : . . . )
oo . . . spectively. Since the adsorption potential well depth is the
cuss the individual desorption peaks in detail and corroborate . . .
. . . same for hydrogen and deuterium, the difference in the ef-
the conclusions with DFT calculations. . 2 ) .
fective activation barrier for hydrogen and deuterium desorp-
A. The B,-desorption peak tion is given by: AEg=Ef(free)— EJ—EQ(free)+EJ
=E" —ED . (see Table)l This yields an activation barrier
for desorption at 1 ML which is about 9 meV/atom higher for

The desorption spectra for hydrogédeuterium from
Rh(100) exhibit two different desorption peaks, if molecular

One essential prerequisite for the identification of indi-

vidual desorption peaks is the quantitative determination o han f . hi i :
the coverage. In particular, for hydrogen and deuterium thiglydrogen than for deuterium. This energy difference is about

is a tricky venture. Most of the techniques commonly use % Of, the calculated desorption energy for H gnd D in hol-
for this purpose€XPS,LEED cannot be successfully applied low sites (5_68 meVi/atom, .559 meV/ato)m_Slmllar!y, the

in this case. Thermal desorption spectroscopy is a powerfuf1Peak shift in the desorption spectra of Figl71K) is also
method to detect hydrogen, but calibration of the spectra alsBP0Ut 2% of the mean desorption temperature of 320 K.
requires a lot of precautions. Most often the saturation of a

TD spectrum is arbitrarily chosen as 1 monolayt ), as
also done for the hydrogeideuterium—Rh(100) case® With
our quantitative TD$? however, we have obtained a satura- ~ Above 1 ML, the additionally adsorbed hydrogéior

tion coverage of 1.220.1 ML, both for exposure with hy- molecular dosingdesorbs in the lower temperature range of
drogen and deuterium molecules. The series of hydrogeh00-280 K, in the form of a rather sharp peak at 12QaK
spectra with different exposure exhibits quite symmetricpeak and a small, broad peak around 200 K. Up to about
peaks up to 1 ML(thin dotted lines in Fig. I with peak 0.25 ML can be contained in these states. However, by dos-

B. The B,-desorption peak
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ing with hydrogen or deuterium in atomic form one can in- 'Z‘gg

crease the population of these low temperature peaks signifi 540 free Ha*4h (3n)

cantly. The characteristics of this type of exposure is ggg "~.§\

twofold: First, it is well known that exposure with hydrogen __ 1.s0 EAN

or deuterium in atomic form can lead to the population of E e SN >
subsurface site¥:*~*'This is due to the fact that possible 3 1203 |se=uE, \ 8
activation barriers existing between surface sites and subsurg 190 '\ 4h+1b 4h+10 S
face sites can be more easily overcome by impinging atoms¥ o.60 k LE
because of the high initial potential energy of half of the 2323 I<‘
dissociation energy2.25 eV/atom. The same argument also 0.00] |

holds for the population of additional adsorption sites on the 501 %free H,+4h @y " 4D 3h+10

surface, which also could not be occupied due to a possible -0.60-
high activation barrier for dissociation. Second, impinging
atoms may react with adsorbed atoms in the form of Eley-|G. 12. Energy-path diagram describing the adsorption of hydrogen mol-
Rideal reactions, hot atom abstraction reactions, or collisiogcules and atoms on a precovered RY) surface. The initial configuration
induced desorption reactioﬁ% This can be utilized tae- (1/2 free H+0.75 ML or 1.0 ML on surfacedefines the zero point of the
lectivel d bed ) . f h : Ienergy scale. The change of the energy as function of the reaction coordinate
m_ove S? eCt'Ve_y adsorbed species rom_ the suriace, O'_q % shown as a thick0.75 ML) and thin line(1 ML precoverage In the
without influencing the absorbed species in subsurface sitasibsurface region, the larger energy wells correspond to octahedral intersti-
significantly. The desorption spectra following atomic hydro-tial sites of the first and second subsurface layers; the small minima in

gen exposure{Fig. 2) cIearIy show the grovvth of an extra between correspond to tetrahedral subsurface sites.

peak, labeled,, in addition to the, peak. The maximum  7(¢)]; hydrogen desorbs at somewhat lower temperature than
coverage @i+ f3,) obtained after exposure of geyterium in thes, state. These results suggest that imping-
8X 10'*H-atoms/c is 3.4 monolayers. A similar behavior jng atoms might actually force already adsorbed or absorbed
is observed for atomic deuterium dosing. The additionaltoms into deeper sites. A similar behavior of this “stamp-
sharp extra peakex peak which appears in this case will be jng” has already been observed in the case ofh adsorp-
discussed later. From the coverage-exposure c(Fig 3 tion on Pd100).4849
one can assume that even more than 3.4 ML hydrogen and \we have performed DFT calculations for the potential
deuterium can be accumulated @n) the RH100) sample.  energies of a number of adsorption configurations and tran-
This is a good indication that thg, state stems from the sijtion state configurations, to get a better understanding of
recombination of hydrogerdeuterium initially located in  the energies needed to move an atom from a surface site into
subsurface sites. The coadsorpti@ibstraction experiments g subsurface site. In Fig. 12 we show the calculated potential
as shown in Fig. 5 and Fig. 7 confirm these assumptionsenergy for a H atom as a function of the reaction coordinate
Impinging D atoms on a RR00 surface initially covered from a surface site into an octahedral subsurface site for two
with 2.3 ML hydrogen remove hydrogen preferentially from different scenarios: Starting with four atoms in hollow sites
the B, state[Fig. 5a@]. Note that the emptied sites are im- (4h) the removal 6a H atom into an octahedral subsurface
mediately refilled by impinging D atoms; therefore, the cov-site (final situation: 3h-10) requires an activation energy of
erage of thes, state is always close to 1 ML. Of course, about 1.16 eV. The energy difference between the final and
some D atoms penetrate into the surface, contributing to ¢he initial state is 0.78 eV. For the transfer of a bridge hydro-
slight increase of the total coverage in tfg state. Upon gen from the otherwise saturated surfddé+1b) into the
extended D exposure hydrogen is finally also removed fronsubsurface sité4h+10), an activation barrier of 0.58 eV has
the B, state, probably due to some site exchange betweetd be surmounted. The energy difference between initial and
subsurface sites and temporarily empty surface sites durininal state is 0.20 eV. The activation barrier which has to be
the impingement of atomic species or by a hot atom mechasvercome to move an atom from an octahedral subsurface
nism via subsurface H atoms. In Fig. 6 it is demonstrated thagite into the octahedral site of the next layer underneath is
the removal of surface hydrogeiB{) is very fast, whereas 0.42 eV. These energies can be easily raised by the kinetic
the removal rate of H from subsurface sitg®,) is smaller  energy of the impinging atoms in the interaction region,
by a factor of 100. which is about half of the dissociation ener@y25 eV/atom
Further inspection of Figs.(B), 5(c) shows that thes, plus the initial kinetic energy according to the temperature of
peak for H has a rather long tail towards higher tempera-the hot doseK2000 K, E,;,=2kT=0.34 eV/molecule). The
tures. This is an indication that th® desorption is diffusion hydrogen atom in the octahedral site is located in a potential
limited. Apparently the subsurface species are not only lowell which is 0.22 eV above zero with respect to the energy
cated close beneath the surface, but are also distributed of 3H, molecule in the gas phagendothermic heat of so-
deeper layers. This assumption is supported by the observéation). However, this metastable state is confined in this site
differences in the3,-peak maxima as function of the dosing by activation barriers of the order of 0.3—0.4 eV, and there-
sequence with H and D. If the surface is first dosed with Hfore stable at low temperatures. The calculated heat of solu-
and then with D, the3, peak for deuterium starts at lower tion (0.22 e\) is in reasonable agreement with the literature
temperature than for hydrogen in ti® state[Figs. 5b),  value of 0.28 e\?°
5(c)]. In the case of impinging H atoms on a previously Exposure to atomic Hor D) results further in a pro-
D-covered surface this behavior is revergddgs. 7a)—  nounced roughening of the RI00) surface, as indicated by

Reaction Path
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the reduction of the intensity of the elastic peak in HREELS

by one order of magnitudésee Fig. 9, inset Interestingly, 127 AE 20169 eV j
this roughening does not influence tj#g desorption peak et A Y i
upon atomic exposure, as one can see by comparison of Fig 004+ /\ 1
1 and Fig. 2. The result of the surface roughening, however,%‘ 000 /\.

is a decrease of the dipole scattering intensity in the S 4] free H,+4h \ i
HREELS experiment. This is caused by two different effects: g 008 -0.088 6V ]
(i) the specular scattering direction is quenched leading tolg oz ] " mol. state +4h 1
spatially diffuse scattering, as indicated by the observed ]

broad angular distribution of the primary peak, &iid the 016 ]
so-called surface selection rule reduces on a rough surface 020 Raiadaibrevsy
on average, the perpendicular components of the dynamic -0.24

dipole moments. In off-specular scattering geometry the im- Reaction Path

_paCt scatteri_ng meChamsm_dominates over the_ dipole scattefig. 13. Energy-path diagram for adsorption of an(B,) molecule on an
ing mechanisni! and the dipole excited vibrations become Rh(100) surface, precovered with 1.0 ML of hydrogéth-config).
suppressed relative to the nondipole processes in the loss

spectra. This suggests that the loss spectra of Figs.add o
in metal coordination complexes, and we suggest that the

9(c) are dominated by nondipole processes. This loss of di g ] _ :
polar intensity may be responsible for the fact that theloss feature at-200 meV is due to Rh—hydride vibrations of

H-induced loss feature at 84 meV is not clearly visible in theParticular low-coordinated RH) units.
spectra of the atomic H-exposed ®A0) surface. The broad _
tail of loss intensities up te-170 meV loss energies indi- C- The a-desorption peak

cates that a broad distribution of dipole and nondipole al- The most interesting feature for exposure with atomic
|0Wed Vibl‘ations from many inequivalent H adsorption SiteSSpecies is the Strong deve'opment Of Mesorption peak
contributes to this spectral region. Table Il shows that manyround 120 K for deuterium. On the other hand, a corre-
vibrations of H in hollow- and bridge-type Rh sites are pOS'Sponding hydrogen peak does not show up for atomic hydro_
sible in the region from~30-170 meV. Moreover, overtones gen exposure, a|th0ugh a small peak exists upm]fec[“ar

of H vibrations, which have been observed by Ricleteal®  exposurein this temperature range. Some information con-
for H on the flat RIt111) surface, are likely to become more cerning the nature of this peak can again be obtained from
prominent on the roughened surface, contributing to the higldoadsorption experiments. In Figid we see that after suf-
energy end of the loss tajsee the broad feature between ficient exposure of an initially hydrogen covered surfé2.@
~120-160 meV, Fig. 9, curvéd) and Fig. 10A)]. ML) with atomic deuterium thea peak appears. But,

A comparison of the temperature behavior of the lossyhereas both thes; peak and theB, peak show at least
spectra(Fig. 10 with the corresponding desorption spectrasome isotopic mixing into kl, HD, and B, the a peak is a
(Figs. 2 and #suggests that the loss intensity fron80—-170  pure D, peak. If the equivalent experiment is performed with
meV may be related to some extent with tBe hydrogen  reversed isotope@H impinging on a surface covered with 2
(deuterium state. An explicit association with particular sub- ML of deuterium, the « peak is quickly attenuated at the
surface H(D) sites is however difficult. The DFT calcula- very beginning of H exposurgFig. 7(a)]. These data clearly
tions have found a range of vibrational frequencies fromindicate that thew peak stems from a surface species. The
~30-111 meV as a result of H in octahedral subsurface sitegeculiar desorption behavior of thestate(phenomenologi-
below a H-saturated surfacgsee Table IN. This is well  cally close to zero order desorptipmowever, indicates that
within the range of the significant loss intensities experimendesorption does not take place in form of a simple single-
tally observed. It has to be noted that the vibrations of substep recombination reaction.
surface H species are generally very weak in HREELS ex- To support these assumptions we have performed DFT
periments due to the screening of the surrounding metatalculations of the reaction path from the initial free mol-
atoms and thus are difficult to detéf£53 ecule above a hydrogen-covered surféteviL in fourfold

The loss peak at 202 meV on the atomic H saturatedhollow siteg into the final, dissociatively adsorbed stésee
Rh(100 surface has a corresponding loss~&t50 meV on  Fig. 13. The final state is characterized by two hydrogen
the atomic D saturated surface and the clos@tmatio of the  atoms on top in addition to the four H atoms in hollow sites,
two loss energies confirms its assignment aéDh derived.  which has been found to be one of the energetically most
The calculated vibrational modes in Table Il give no clearfavorable configuration for the coverage of 1.5 ML. In the
indication on the origin of this loss, but some guidance maycase ofmolecular dosingactivation barriers have to be over-
be obtained from the tabulated experimental frequencies afome for dissociative adsorption, which are inhibiting ad-
metal hydride coordination compountfsin transition metal  sorption of thermal molecules. However, with atomidB)
complexes metalRu,Rh,Pt—hydrogen stretching vibrations these adsorption sites can be easily populated. From the one-
have been observed as low as 200 meV for dihydrides, whildimensional potential energy diagraiffig. 13) one can de-
the stretching vibrations in monohydrides occur at higheduce that the rate of recombinative desorption of H atoms
frequencies. On the roughened (RB0) surface individual will be significantly influenced by the molecular precursor
low-coordinated Rh adatoms may be in a similar situation astate. The population in the precursor state will always be
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high during desorption, and the desorption spectra will re{a)
semble a coverage-independent desorptiero order de-
sorption. The calculations are also in agreement with the
observed isotope effect for thestate in the saturated,tand

D, desorption spectrgFig. 1). Due to different zero point
energies in the molecular state and the transition state, the
effective activation barriers for desorption from the molecu-
lar state are 98 meV/molecule for hydrogen and 119 meV/
atom for deuterium, respectively.

In the case of molecular dosing only a small population(b)
of the « state can be attaindd-0.05 ML) due to the calcu-
lated high activation barriers for adsorption of about 130
meV/molecule for hydrogen and 116 meV/molecule for deu-
terium, respectivelyzero point energy correctgdBy using
atomic speciedor dosing, no activation barrier has to be
overcome and a much higher coverage of about 0.6 ML can
be achieved. At sufficiently low adsorption temperature the
“saturation” coverage could even be higher. Actually, de-
sorption of molecularly adsorbed hydrogen in the tempera¢c)
ture range 70—-130 K has indeed been observed in some in-
stances, particularly for stepped surfacéPd210),%®
Ni(510°9].

The question of course now arises why the pronounced
a peak only appears for atomic deuterium exposure, but not
for atomic hydrogen exposure. This is most probably corre-
lated to the specific type of exposure. If atoms impinge on a
surface, not only adsorption but also abstraction takes place
simultaneously. The equilibrium coverage in the case of
atomic exposure depends on the cross section for abstractiofal)
Typically, for atomic hydrogen exposure on metal surfaces
with adsorption energies of about 1 eV/molecule, the ab-
straction probability is much smaller than the sticking prob-
ability at empty sites, and therefore the equilibrium coverage
is always close to saturatidi.In the case of the weakly
bound « state and a possible high cross section for abstrac-
tion, the equilibrium coverage for this state will be much
smaller than saturatio:>®In addition to that, the cross sec-
tion is typically isotope dependent, in particular if hot-atom
abstraction is the dominant proce§° In such a case the
incoming atoms are temporarily trapped in the surface poten-
tial well by converting sufficient normal energy into parallel

Identification of new adsorption sites of H and D 5265
Exposure of the Ri100 surface to molecular hydro-
gen or deuterium leads to dissociative adsorption
mainly in fourfold hollow sites. Desorption from these
sites proceeds around 300 K with a second-order-like
desorption characteristicgg peak. The maximum
coverage of 1.22 ML, as obtained by molecular dosing,
hints at some additional population of other sites. Hy-
drogen adsorption in fourfold hollow sites is character-
ized by a vibrational loss energy of 84 meV.

Exposure of RLO0O) to atomic hydrogendeuterium
leads to a pronounced roughening of the surface as
evidenced by the HREELS experiments and to the
strong population of theg8, peak in TDS. The maxi-
mum coverage 8, + B»,) obtained is 3.4 ML. By coad-
sorption of H and D and thereby selective abstraction
of surface species only, we can identify tAe peak as
being the result of surface recombination of subsurface
species.

The HREELS spectra of the atomic HD) exposed
surfaces are distinguished by nondipole excited pro-
cesses on the rough surfaces, which lead to a broad
region of enhanced loss intensity but without pro-
nounced loss peaks. It is suggested that this is the result
of many different inequivalent adsorption sites. A loss
peak at~200 meV(~150 meV for D is discussed in
terms of a metal—dihydride-like stretching vibration of
undercoordinated RH), units on the rough RL00
surface.

Exposure of RfL00) to atomic deuterium leads, in ad-
dition to the population of subsurface sites, to an extra
sharp desorption peala-peak at about 120 K. This
peak exhibits close to zero order desorption kinetics.
By coadsorption/abstraction experiments we have iden-
tified this peak as being due to recombination of sur-
face species. DFT calculations have shown that these
species desorb via a molecular precursor state. The rea-
son that this peak cannot be observed for hydrogen is
possibly linked to the larger cross section for abstrac-
tion during atomic H dosing, compared to atomic D
dosing.
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