
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 Rh~100! to hydrogen~deuterium! in atomic form leads to the population of adsorption
sites, not attainable with molecular species. Quantitative thermal desorption spectroscopy~TDS!,
high resolution electron energy loss spectroscopy~HREELS!, and density functional theory~DFT!
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 sites~for deuterium! have been observed~maximum
coverage 3.4 ML!. In TDS individual adsorption states show up in the form of three different peaks:
Recombination of H~D! atoms from hollow sites around 300 K, desorption of subsurface species
between 150–200 K, and recombinative desorption via a molecular precursor at about 120 K~for
deuterium only!. The exposure of the Rh~100! surface to atomic H~D! 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. ©2003 American Institute of Physics.
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I. INTRODUCTION

The interaction of rhodium single-crystal surfaces w
small molecules such as H2(D2) has been studied exten
sively, not only because of the relative simplicity of th
system, but also because of its relevance to heterogen
catalysis. The essential results of numerous experiment1–9

as well as theoretical studies10–15 can be summarized as fo
lows: ~i! the saturation coverage of dissociatively adsorb
hydrogen on the rhodium~100! surface was supposed to be
monolayer~ML ! for adsorption at 100 K, with all hydroge
atoms located in the fourfold hollow positions;5 ~ii ! the de-
sorption energy at low coverage was determined to be 19
kcal/mol;4,8 ~iii ! both, the desorption energy and the pr
exponential factor were found to decrease with covera
Many comparisons have been drawn with the adjacent t
sition metal palladium with respect to the adsorption a
desorption behavior.10,15 Contrary to the system hydrogen
palladium, subsurface absorption of hydrogen in rhodi
has been considered as improbable, because of the wea
bility of bulk rhodium–hydride.16,17 Recent STM studies o
H on Rh~100! have given peculiar results,18 suggesting the
occupation of bridge sites and a saturation coverage of 2
However, it has been shown that the observed bridge p
tion of the adsorbed hydrogen atoms was influenced by

a!Electronic mail: a.winkler@tugraz.at
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tip of the STM, due to small energy differences betwe
adsorption at bridge sites and fourfold hollow sites.

In this work we focus on the population of individua
adsorption sites of H and D on Rh~100!, using both molecu-
lar and atomic species for exposure. New features have b
observed in the temperature programed desorption~TPD!
spectra, indicating the population of further surface and s
surface sites, in addition to hollow sites, by dosing w
atomic hydrogen and deuterium. Coadsorption and abst
tion experiments as well as HREELS investigations ha
been performed to identify and characterize these new
sorption sites. Detailed DFT calculations have been car
out as well, to support the conclusions drawn from the
perimental results.

II. EXPERIMENTAL DETAILS

The UHV system used for the temperature program
desorption experiments is equipped with LEED~low energy
electron diffraction!, AES ~Auger electron spectroscopy!, a
multiplexed mass spectrometer, an extractor ion gauge~cali-
brated with the help of a spinning rotor gauge19!, and a doser
for atomic hydrogen. The doser basically consists of an e
tron beam heated tungsten capillary, designed after the
cepts of Bischler and Bertel.20 At a capillary temperature o
about 2000 K, a nearly complete dissociation of the effus
hydrogen can be obtained. A detailed characterization of
3 © 2003 American Institute of Physics
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5254 J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Pauer et al.
doser was performed by Eiblet al.21 During exposure to
atomic hydrogen~deuterium! the sample was positioned i
front of the doser capillary with a normal angle of incidenc
The circular Rh~100! single-crystal sample~7 mm diameter!
was spot welded to molybdenum wires for resistive heat
and mounted on a LN2 cooled sample holder. The purity o
the sample surface was ensured by regular sputtering
Ar1 ions at 900 K and annealing at 1020 K for 45 mi
Thermal desorption was carried out, starting from the
sorption temperature of 97 K up to a final temperature of 6
K, with a linear heating rate of 3 K/s. For quantitative eva
ation of the thermal desorption spectra a calibration devic
described in Ref. 22 was used. Quantitative TPD addition
requires an accurate determination of the relevant adsorp
area which contributes to adsorption/desorption. For this
son, all sample surfaces were first covered with an oxy
passivation layer according to a procedure described by T
et al.,23 to inhibit dissociative adsorption of H2 . By sputter-
ing the front side of the sample and thus selectively rem
ing the oxygen passivation layer, subsequent adsorption
desorption could be attributed to the front side only. Care
also to be taken in the quantitative determination of the nu
ber of impinging particles by using a hot doser. A detail
description of the experimental procedures to be applied
quantitative H~D! dosing can be found elsewhere.21,24

The HREELS experiments have been performed in
separate, custom-designed three-level UHV chamber.
chamber was equipped with a four-grid LEED optics, us
for both LEED and Auger spectroscopy, a mass spectr
eter, a doser for atomic hydrogen, and an ErHREELS
spectrometer. The spectrometer is a double-monochrom
double-analyzer construction using toroidal condensers
the energy-selective elements. An incidence angle of 60
the surface normal and a primary beam energy of 5.5
were used, with the scattering plane along the@100# direc-
tion. Varying the primary energy did not change the spec
significantly. The analyzer could be rotated around
sample for off-specular measurements. The resolution in
spectra presented here was typically 4 meV, as meas
from the FWHM of the elastically scattered electrons fro
the hydrogen-covered Rh~100! surface.

The Rh~100! crystal was cleaned by Ar1 sputtering at
room temperature and subsequent annealing at 1400 K
few minutes, to restore the surface order. Then, the cry
was heated in 131027 mbar oxygen to remove the residu
carbon contamination. After flashing to 1300 K to remo
the excess oxygen, a sharp~131! LEED pattern was ob-
tained. Molecular hydrogen exposure was performed w
the sample in front of the tungsten capillary which was a
used for atomic hydrogen dosing. The high effective hyd
gen pressure in front of the capillary should ensure
Rh~100! surface with a hydrogen coverage close to satu
tion ~1.22 ML! and minimize CO adsorption from the re
sidual gas during the dosing. In order to remove adventiti
CO adsorbed on the surface prior to the hydrogen expos
for the HREELS experiments the sample was flashed to
K and subsequently cooled down to 150 K within the hyd
gen flux. In the case of atomic H~D! dosing a coverage o
approximately 2.3 ML was established.
Downloaded 29 Sep 2003 to 129.27.158.114. Redistribution subject to A
.

g

ith

-
0
-
as
ly
on
a-
n

iel

-
nd
s
-

r

a
he
d
-

1
tor
or
to
V

a
e
e

ed

r a
al

h
o
-
a
-

s
re,
0

-

III. EXPERIMENTAL RESULTS—TEMPERATURE
PROGRAMED DESORPTION „TPD…

A. Molecular H 2 ÕD2 exposure on Rh „100…

The first issue to be addressed in this paper concerns
saturation coverage of hydrogen and deuterium on Rh~100!,
when theses species are dosed in molecular form.
sample was exposed repeatedly to different amounts of
lecular hydrogen~deuterium! ~isotropic exposure!, and the
respective thermal desorption spectra~TDS! have been ana
lyzed quantitatively, as described in Ref. 22. In Fig. 1~a!
series of desorption spectra as function of different molecu
hydrogen exposure is presented. For comparison, the sa
tion desorption spectrum for deuterium is also shown~gray
line!. The line shapes and the characteristic desorption t
peratures of the TDS proved to be in good agreement w
those presented in previous work,4,8 including the inverse
kinetic isotope effect~KIE! for the b1 state~deuterium des-
orbs earlier than hydrogen!, as mentioned in Ref. 8. The
small desorption peak at 120 K, on the other hand, which
designate asa peak, shows a normal isotope effect. In ad
tion, a broad shoulder appears for saturation at the left-h
side of theb1 peak. Note that the nomenclature for the ind
vidual desorption peaks as used in this work deviates so
what from that in Ref. 8.

Whereas good agreement exists with the literature d
for the qualitative features of the desorption spectra, ther
disagreement between the saturation coverage determin
this work, and the so far accepted saturation coverage of
ML (1.3931015atoms/cm2).3,5 Careful calibration of the
coverage by the methods outlined in the Experiment sec
yields a saturation coverage of 1.22 ML610%, both for
hydrogen and deuterium. The spectra for hydrogen satura
~1.22 ML! and for 1.0 ML are drawn as thick and thin blac
lines in Fig. 1, respectively. One clearly sees that thea peak
and the shoulder of theb1 peak start to develop significantl
only for a coverage above 1 ML. From additional quanti
tive analysis of the exposure-coverage data, an initial st

FIG. 1. Thermal desorption spectra~TDS! of H2 and D2 on Rh~100!, fol-
lowing molecular exposure. Heating rateb53 K/s. The thick black line
corresponds to the saturation coverageQ(H2 ,sat.)51.22 ML610% @thin
black line: Q(H2)51.0 ML] and the thick gray line toQ(D2 ,sat.)
51.21 ML610%. The dotted lines correspond to the following hydrog
coverages: 0.19, 0.27, 0.39, 0.53, 0.78 ML.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ing coefficient of S05(0.8560.15) could be deduced fo
adsorption of molecular hydrogen and deuterium
Rh~100!, which is in nice agreement with theoretic
predictions.13 A nearly constant sticking coefficient up t
about 0.5 monolayers indicates dissociative adsorption v
precursor state.4

B. Atomic hydrogen exposure on Rh „100…

Exposure of the clean rhodium surface to increas
amounts of atomic hydrogen via the Bertel-type doser20 re-
sulted in the significant population of a new adsorption s
The thermal desorption spectra in Fig. 2@curves ~a!–~e!#
show the rise of a new peak for a coverage exceeding
saturation coverage for dissociative adsorption@Fig. 2, curve
~f!#, which we designate asb2 peak. The change of the hy
drogen coverage as a function of the exposure to ato
hydrogen is presented in Fig. 3~open squares!. In addition,
the coverage curve for molecular hydrogen exposure
shown for comparison~open triangles!. Given the already
high initial sticking coefficient for dissociative H2 adsorption

FIG. 2. Thermal desorption spectra~TDS! of H2 after dosage of atomic H
on Rh~100!. Heating rateb53 K/s. The hydrogen coverages of the corr
sponding curves are as follows:~a! 1.06 ML; ~b! 1.90 ML; ~c! 2.27 ML; ~d!
2.68 ML; ~e! 3.02 ML. The hydrogen saturation spectrum following molec
lar exposure@curve ~f!# is shown as a dotted line for comparison.

FIG. 3. Coverage vs exposure relationship for adsorption of molecula2

~triangles!, atomic H ~squares!, and atomic D~full circles! on Rh~100!. Ni

represents the actual number of impinging H/D atoms during exposure
Downloaded 29 Sep 2003 to 129.27.158.114. Redistribution subject to A
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(S050.85), a sticking coefficient ofS0'1.0 is a reasonable
assumption for adsorption of H~D! atoms on Rh~100!. Con-
cerning the actual number of incident H~or D! atoms during
exposure, it should be pointed out that as long as the cur
coverage does not exceed the saturation for molecular H2 ~or
D2) exposure, dissociative adsorption from the backgrou
adds to the amount of directly adsorbed atomic H~or D!
from the doser. Note that the term ‘‘exposure’’ does not ha
the same meaning in the case of atomic dosing, becau
mixture of directly impinging atoms and molecules from t
isotropic background contributes to the total amount of i
pinging particles. The abscissa in Fig. 3 gives the total nu
ber of impinging atoms, independent of their angle of in
dence and independent of their state in the gas ph
~molecules or atoms!. The nonvanishing slope of the cove
age curve for atomic exposure in Fig. 3 indicates that
highest coverage of 3.4 monolayers obtained in this exp
ment is not the upper limit. Adsorption on the edges and
the backside of the sample can be largely ruled out beca
only the front side of the sample is exposed to atomic hyd
gen, and the density of atomic hydrogen in the isotropic
phase is exceedingly small. Therefore, adsorption on a
tional surface sites~bridge, on-top! and/or absorption in sub
surface sites~octahedral! is necessary to explain this resu
As we will show in Sec. VII B, theb2 peak can be attributed
to subsurface hydrogen.

C. Atomic deuterium exposure on Rh „100…

With regard to the subsequent H–D abstraction exp
ments, the same thermal desorption experiments as desc
in the previous section for hydrogen have been repeated
atomic deuterium. In Fig. 4, a series of thermal desorpt
spectra with increasing exposures to atomic deuterium is
sented@curves~a!–~d!#. For comparison, the saturation co
erage as obtained with molecular exposure is shown as
ted line @curve ~e!#. The additionalb2 peak, due to atomic
exposure as observed for hydrogen, also shows up for d
terium exposure. However, in this case an additional sh

FIG. 4. Thermal desorption spectra~TDS! after dosage of atomic D on
Rh~100!. Heating rateb53 K/s. The deuterium coverages of the correspon
ing curves are as follows:~a! 1.55 ML; ~b! 1.90 ML; ~c! 2.30 ML; ~d! 2.94
ML. The deuterium saturation spectrum following molecular expos
@curve~e!# is shown as a dotted line for comparison. The inset again sh
curves~d! and ~e! for better comparison of the peak heights.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 5. Thermal desorption spectr
~TDS! of H2 , D2 , and HD, after expo-
sure to different amounts of atomic D
on the hydrogen precovered Rh~100!
surface. Heating rateb53 K/s. In
panel~a!, the TDS of the initial hydro-
gen coverage @Q i(H)52.3 ML# is
shown as a thin black line. The indi
vidual D exposures for~a! through~d!
can be deduced from Fig. 6.
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desorption peak~a peak! appears at 125 K for a coverag
exceeding 1.2 ML. This peak seems to be of zero-order
netics, shifting from 125 K to slightly higher temperatur
with increasing coverage. The maximum area of this p
@curve~d! in Fig. 4 and inset# corresponds to about 0.6 ML
Interestingly, coadsorption experiments, as presented in
next section, have specified this feature as a pure sur
peak. The deuterium coverage as a function of atomic
exposure is also shown in Fig. 3~full circles!. Despite the
obvious difference of the TDS features for deuterium co
pared to those obtained with atomic hydrogen, the cover
versus exposure data of atomic D follows closely those
atomic H. It is also necessary in this context to ment
previous investigations of coadsorption of D2 and H2 with
CO on rhodium~100!,3,6 where similar TDS features exhib
iting a sharp desorption peak at about 150 K have b
found. We have therefore performed several coadsorption
periments with atomic deuterium~hydrogen! and CO, where
we could clearly distinguish between the influence of co
sorbed CO and the effect of interest, caused by the ato
deuterium itself. In the present case, the residual amoun
adsorbed CO was far too small to induce desorption of d
terium as a sharp peak in the low temperature regime
a rearrangement of the CO1H/D layer, as suggested b
Richteret al.6 We would like to emphasize therefore, that t
sharp deuterium desorption peak observed at 125 K is a
ture of pure deuterium adsorption. The difference of the
sorption behavior between deuterium and hydrogen in
low temperature regime is an isotope effect, which will
addressed in the Discussion.

D. HÕD coadsorption and abstraction experiments

To find evidence for the existence of subsurface-bou
hydrogen ~deuterium!, a series of coadsorption/abstractio
experiments with atomic hydrogen and deuterium has b
Downloaded 29 Sep 2003 to 129.27.158.114. Redistribution subject to A
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performed~at a sample temperature of;100 K!. At first, the
clean rhodium surface was exposed to atomic hydrogen u
an initial coverage of 2.3 ML, in order to occupy adsorpti
sites in addition to the fourfold hollow sites. The TDS of th
initial situation is shown in Fig. 5~a! as a thin black line. In
a second step, the surface was exposed to atomic deute
As soon as the sample was turned into the atomic beam
appearance of HD and some H2 in the gas phase indicate
that Eley–Rideal abstraction and collision induced reacti
took place, as observed for other H–metal surfa
systems.25,26Actually, it has been shown both experimenta
~e.g., Ref. 27 and other work by the Ku¨ppers group! and
theoretically~e.g., Ref. 28 and other work by Jackson a
Persson! that in many cases the HD abstraction is not a p
Eley–Rideal process but rather a Harris–Kasemo proce29

in which a hot H-atom precursor is involved in the abstra
tion reaction. The depleted adsorption sites are immedia
refilled by deuterium, and some D atoms also penetrate
subsurface sites. The basic idea of this experiment is tha
the abstraction process only speciesadsorbed on the surface
will be removed significantly and H atoms possibly locat
in subsurface sites will be removed with much lower pro
ability. After some time the atomic deuterium exposure w
stopped and multiplexed thermal desorption spectra of2 ,
HD, and D2 were taken with the calibrated mass spectro
eter. Figure 5~a! shows the result after very small D poste
posure. It is evident that theb1 peak of H2 decreased sig-
nificantly, whereas theb2 peak decreased only slightly. Wit
increasing postexposure to atomic D the H2 b1 peak vanishes
completely, and also theb2 peak starts to decrease slow
@H2 curves in Figs. 5~b!, 5~c!#. Finally, after large D expo-
sure the main desorbing species is again molecular de
rium, showing all the features of pure D adsorption@curve
D2 in Fig. 5~d!#. The most interesting aspect in this case
the appearance of thea peak in the D2 spectrum@see Figs.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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5257J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Identification of new adsorption sites of H and D
5~c!–5~d!#. The fact that no intermixed HD species a
found, which contribute to thea peak, suggests that the d
sorbing D2 molecules originate from the recombination
deuterium atomson the surface only. Figure 6 summarizes
the change of the total H and D coverage versus D expos
as calculated from the integrated and calibrated H2, HD, and
D2 spectra. For small atomic D postexposures a fast decr
of the H coverage can be seen, but as soon as the in
coverage of 2.3 ML is reduced to about 1.3 ML@Fig. 6, label
~b!# further abstraction proceeds much more slowly. As o
can see in the corresponding TDS in Fig. 5~b!, the sudden
reduction of the HD abstraction efficiency coincides with t
disappearance of theb1 peak in the H2 desorption spectrum

The same abstraction experiments have also been
formed with reversed order of the isotopes: Starting with
initial deuterium coverage of 2.0 ML@Fig. 7~a!, thin black

FIG. 6. H and D coverages as a function of atomic D exposure on
hydrogen precovered Rh~100! surface. The initial hydrogen coverage wa
Q i(H)52.3 ML, as indicated by the circle. The corresponding TDS of
marked data points~a!–~d! are shown in Figs. 5~a!–5~d!.
Downloaded 29 Sep 2003 to 129.27.158.114. Redistribution subject to A
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line# the sample was postdosed with atomic hydrogen.
ready after a very short H postexposure theb1 peak as well
as thea peak were significantly reduced@Fig. 7~a!#. The fact
that thea peak is effectively abstracted again supports
idea that this peak is due to recombination of asurface spe-
cies. The summarized H and D coverage versus H expos
are shown in Fig. 8. All the features are qualitatively t
same as for the experiment with reversed isotopes.

IV. EXPERIMENTAL RESULTS—HREELS
INVESTIGATIONS

The vibrational spectra of the surfaces investigated
presented in Fig. 9. Curve~a! displays the loss spectrum
obtained after exposing the Rh~100! surface to molecular hy-
drogen at 100 K up to saturation coverage. Hydrogen
known to adsorb dissociatively in the fourfold hollow site

e
FIG. 8. H and D coverages as a function of atomic H exposure on
deuterium precovered Rh~100! surface. The initial deuterium coverage wa
Q i(D)52.0 ML, as indicated by the circle. The corresponding TDS of t
marked data points~a!–~c! are shown in Figs. 7~a!–7~c!.
a

-

FIG. 7. Thermal desorption spectr
~TDS! of H2 , D2 , and HD, after expo-
sure to different amounts of atomic H
on the deuterium precovered Rh~100!
surface. Heating rateb;3 K/s. In
panel~a!, the TDS for the initial deu-
terium coverage@Q i(D)52.0 ML# is
shown as a thin black line. The indi
vidual H exposures for~a! through~c!
can be deduced from Fig. 8.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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on the Rh~100! surface, as evidenced by the distinct vibr
tional feature at 84 meV. This peak can be associated w
the Rh–H stretching vibration and has also been reporte
the literature.5–7 The two peaks at 235 and 255 meV are d
to the C–O stretching vibrations of adventitious carbon m
oxide adsorption in bridge and on-top position
respectively.7 Since the intramolecular C–O stretching vibr
tion has a very large dynamic dipole moment, even sm
amounts of adsorbed CO appear quite prominently in
vibrational spectrum. The spectrum after the exposure
atomic hydrogen is significantly different from the one o
tained after molecular dosage, as seen in Fig. 9~b!. The loss
feature at 84 meV is replaced by a broad structure with
center of mass at about 50 meV and a large tail to higher
energies, and a broad structure at around 130 meV. Fur
more, a vibrational mode at 200 meV has developed. As
additional effect of the atomic hydrogen exposure the
sorption of CO in the on-top site is suppressed, while
bridge-bonded CO intensity remains unchanged.

In order to facilitate the peak assignment, experime
were also performed with atomic deuterium. The loss sp
trum of Fig. 9~c! shows that the 200 meV feature, which h
been observed for atomic hydrogen dosing, has shifted
150 meV. Taking into consideration aA2 vibrational fre-

FIG. 9. High resolution EELS spectra of Rh~100! after dosing~a! molecular
H2 ~1.2 ML!; ~b! atomic H ~2.3 ML!; and ~c! atomic D ~2.3 ML!. All
exposures have been performed at 100 K. The inset shows the intens
the elastically reflected primary peak for different surface treatments~see the
text!.
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quency shift due to the mass difference between hydro
and deuterium, this mode is identified as a hydrogen vib
tion. Similar shifts are observed for the broad structu
around 130 meV and the peak at 50 meV.

The intensity of the primary peak, i.e., the number
elastically scattered electrons per time unit, can be con
ered as a measure of the reflectivity of the surface and he
of the surface order. Molecularly offered hydrogen forms
~131! overlayer which tends to increase the reflectivity a
hence the elastic count rate by about one third~Fig. 9, inset!.
A similar effect has also been reported by Richteret al.7

Atomic hydrogen, in contrast, seems to roughen the surf
to a large extent, as concluded from the dramatic drop of
primary intensity by a factor of 20. The surface rougheni
due to atomic hydrogen exposure is also observable
LEED, where the sharp integral-order spots of the clean
face become very diffuse, with an intense background ch
acteristic of a rough surface. Note that the surface morph
ogy is also reflected in the behavior of the elastic count r
when the angular position of the analyzer is varied. In
case of molecular hydrogen dosing the primary intensity
creases rapidly when the analyzer is moved away from
specular direction, which is characteristic of high surface
flectivity. Atomic hydrogen exposure, however, results in
primary intensity which is independent of the analyzer po
tion within a broad angular range. This is further eviden
for the surface roughening after atomic hydrogen treatme

The thermal evolution of a Rh~100! surface exposed to
atomic H as seen in HREELS is shown in Fig. 10~A!. A
similar heating sequence has also been carried out after
terium exposure@see Fig. 10~B!#, and similar effects as de
scribed below for the hydrogen case are observed. The
heating step@150 K, Fig. 10~A!, curve~b!# does not modify
the vibrational spectrum significantly. On heating to 230
however, major differences can be detected@Fig. 10~A!,
curve~c!#. In particular, the loss energy range from 20 to 1
meV is affected most, as evident from an overall reduction
intensity within this regime. This is most clearly seen in t
inset of Fig. 10~A!. These spectral changes are difficult
quantify because of the overlap with the frustrated CO tra
lations perpendicular to the surface, which are also locate
the region around 50 meV. According to Richteret al.,7 the
CO thermal desorption has its maximum at 500 K. The
tensity reduction around 50 meV is therefore not due to
removal of carbon monoxide from the surface, but has to
correlated mainly with desorbing hydrogen species. T
other remarkable point after this heating step to 230 K is
disappearance of the hydrogen-associated peak at 200
Finally, a band at around 110 meV starts to emerge, wh
develops into a sharp peak upon heating to room temp
ture. The surface species responsible for this peak could
be identified so far, but it disappears again after heating
surface to 500 K@see Fig. 10~A!, curve~e!#. This last heating
step results in a loss spectrum without any hydrogen-deri
structures. Obviously the surface has been cleaned from
adsorbed hydrogen species, but is still very rough, as one
see in the inset of Fig. 9. The primary beam intensity, wh
has dropped dramatically after the atomic hydrogen dos

of
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FIG. 10. ~A! High resolution EELS spectra after dosing 2.3 ML atomic H
Rh~100! at 100 K ~a!, and subsequent heating to~b! 150 K; ~c! 230 K; ~d!
300 K; and~e! 500 K. The inset displays the thermal evolution in the ene
loss range 20–100 meV with extended scales.~B! High resolution EELS
spectra after dosing 2.3 ML atomic D on Rh~100! at 100 K ~a!, and subse-
quent heating to~b! 150 K; ~c! 230 K; ~d! 300 K; and~e! 500 K.
Downloaded 29 Sep 2003 to 129.27.158.114. Redistribution subject to A
remains low even after heating to 900 K. The surface rou
ness could only be removed by annealing at 1400 K, wh
the original surface order could be re-established. The
spectra of Fig. 10~B!, recorded after the Rh~100! surface was
exposed to atomic D at 100 K, confirm the pattern discus
for the H-exposed Rh~100! surface. Heating to 150 K ha
little effect @curve ~b!#, but heating to 230 K removes th
D-induced structure at 150 meV@curve~c!#. After heating to
500 K all structures have disappeared apart from a sm
peak at 250 meV, which is due to readsorption of a sm
amount of on-top CO from the background atmosphere.

V. FUNDAMENTALS OF THEORETICAL MODELING

Density functional theory~DFT! calculations have been
carried out with theVIENNA AB INITIO SIMULATION PACKAGE

~VASP!.30–32 VASP is a plane wave-based density function
code employing the projector augmented wave method.33 A
cutoff energy for the expansion of the plane waves of 250
was found to be sufficient for an accurate description. F
exchange and correlation, generalized gradient correct
~GGA! according to Perdewet al.34 were applied. Although
this functional underestimates the binding energy of the f
molecule~without zero-point energies! by 183 meV~4.544
eV, compared to 4.727 eV!, it was shown in the past tha
energy differences between various adsorption configurat
can be determined with much higher accuracy. This is rela
to the fact that the local density approximation~also in its
gradient-corrected form! works best for systems with sma
density gradients. The calculation of binding energies, ho
ever, requires the calculation of a free spin-polarized H at
and the free-H2 molecule, both systems where this is n
fulfilled. For adsorbate systems on the other side, the ene
of the molecule is only used as reference and any error in
total energy of the molecule means only a shift in the adso
tion energy, and most errors due to the density gradient a
surface cancel out when comparing the energies of sim
adsorption structures.

The rhodium~100! surface was modeled by an eigh
layer slab, separated inz direction by a vacuum equivalent t
seven substrate layers. Most of the calculations were
formed with ap(232) cell containing four atoms per laye
the positions of which were fully optimized for the surfac
and subsurface layer. The Brillouin zone was sampled b
grid of ~535! k points. Adsorbate frequencies were calc
lated from the forces due to finite displacements~D560.03
Å! of each of the H atoms in all Cartesian coordinates.
the basis of these frequencies zero point energies have
calculated. For the calculation of diffusion and dissociati
barriers a transition state search with the nudged elastic b
method was performed.35

VI. RESULTS—DFT CALCULATIONS

Using the setup described in the previous section,
merous calculations for configurations with on-surface a
subsurface hydrogen were performed. The chosenp(232)
unit cell determines the periodicity of the investigated co
figurations, and hence limits the accessible adsorbate co
ages to multiples of 0.25 ML.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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A. Energetics

The adsorption energy (Eads) of a particular configura-
tion determines the average energy gain per adsorbate
respect to the gas phase, and is given by

Eads5
1

n S Etot
M :H2Etot

M 2
n

2
E~H2! D ,

where Etot
M:H is the total energy of the final configuration

containingn H atoms in thep(232) unit cell ~i.e., coverage
Q5n/4 ML), Etot

M is the total energy of the initial clean met
surface, andE(H2) is the total energy of the free H2 mol-
ecule in the gas phase. Each configuration is described b
occupied sites within thep(232) surface cell~h: hollow, b:
bridge, t: top, o: octahedral subsurface site!. In Table I we
have compiled our results for several configurations betw
0.25 and 2 mL. From these values one learns that at
lowest investigated coverage of 0.25 ML, the bridge site
lowest in energy. However, this is not completely true, sin
due to the high frequencies and the low mass of hydrog
zero point corrections to the energy become crucial. By c
culating the complete frequency spectrum of 3n modesv i

TABLE I. Zero point energies (E0
H ,E0

D), adsorption energies (Eads), and
zero point corrected adsorption energies (Eads

H , Eads
D , compare the text! for

various adsorption configurations of H and D~all energies in meV/atom!.
Zero point energy for the free molecules H2 : 133 meV/atom D2 : 94 meV/
atom.

Coverage Sites E0
H E0

D Eads Eads
H Eads

D

0.25 1h 100 71 535 568 558
1b 160 113 536 509 517

0.50 2h 103 72 541 572 563
0.75 3h 103 73 535 566 557
1.00 4h 104 74 539 568 559

4b 167 118 517 483 493
1.25 4h11b 128 90 428 433 432

5b 174 123 477 436 448
4h11t 122 86 447 458 454
4h11o 113 80 388 409 403

1.50 4h12b 139 98 356 350 351
6b 180 127 434 388 401

4h12t 135 95 392 390 391
4h12o 116 82 277 294 289

4h11mol 134 95 374 373 373
1.75 4h13b 143 101 301 292 295

7b 185 131 429 377 393
4h13t 142 100 329 320 323

2.00 4h14b 164 116 261 230 239
8b 193 137 414 354 371

4h14t 146 103 290 278 281
4h12m 148 105 292 277 281
Downloaded 29 Sep 2003 to 129.27.158.114. Redistribution subject to A
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for the adsorbates in thep(232) cell, we can calculate a
zero point energy-corrected adsorption energy~for each iso-
tope! with respect to the energy of the gas phase molec
E0(H2) ~also including zero point energy!

Eads
H 5

1

n S Etot,0
M :H2Etot

M 2
n

2
E0~H2! D ,

with Etot,0
M :H5Etot

M :H1
1

2 (
i 51

3n

\v i .

The corresponding values for deuterium are obtained us
the by a factor ofA2 lower frequencies of the heavier isotop

While in the hollow site all modes are rather low~88
meV perpendicular to the surface and 48 meV for the fr
trated translation!, frequencies for bridge adsorbed hydrog
are significantly higher~163 meV perpendicular to the su
face and 125 and 32 meV for the frustrated translatio
compare Table II!. This leads to a difference in zero poin
energies for the two adsorption sites of 60 meV, which
turn favors the fourfold site. These zero point corrected
sorption energies are also compiled in Table I. In this ta
the adsorption energy per atom for the most favorable ad
bate configuration at a certain coverage is marked in b
We find that up to a full monolayer the adsorption ener
remains almost constant, and the hollow site is the favo
adsorption position. The close energies of bridge and hol
sites are consistent with recent quantitative LEED studies
Klein et al.18 for H on Rh~100!, which have shown that thei
data could be described well only by assuming a mixture
hollow and bridge H atoms on the surface.

Going beyond 1 ML by adsorbing an additional H ato
in a bridge site weakens the bond strength of the neighbo
adsorbates, which are pushed by about 0.32 Å towards
bridge sites. This distortion costs energy, and hence the m
adsorption energy of configurations with less adsorba
adsorbate repulsion~5b or 4h1t! is higher. This trend con-
tinues up to the highest investigate coverage of 2 ML.

In Fig. 11 the highest adsorption energies for each c
erage are visualized. In this plot we have introduced ano
quantity, dEads, which takes into account the sequent
character of the adsorption/desorption process. During
sorption a single molecule encounters a surface at a ce
coverage, while the mean adsorption energy characterize
configuration at a given coverage as a whole. Similarly,
TPD the desorption energy of a single molecule from
adsorbate covered surface is probed. This differential hea
adsorptiondEads(Q) at coverageQ can be approximated via
finite differences from our calculations ofEads(Q)
dEads~Q!5
~Q1dQ!~Eads~Q1dQ!!2~Q2dQ!~Eads~Q2dQ!!

2dQ
,

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 29 Se
TABLE II. Calculated vibrations for different adsorption configurations~h:hollow sites, b: bridge, t: on top, o
octahedral, mol: molecular adsorbate! for hydrogen on Rh~100!, divided into modes with eigenvectors predom
nantly perpendicular to the surface (v') and such parallel (v i). Frequencies for out-of-phase vibration~at the
Brillouin zone boundary! are given in brackets to indicate the dispersion of the phonon band. At 1.25 an
ML the additional modes located mainly on the nonhollow adsorbed species are printed in bold face. In th
of a series of neighboring vibrational modes we have described them by a frequency range.

Configuration~flat surface!
~232 cell! v' (meV) v i (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! 169~164! 123 ~110!, 36~61!
2 ML in bridge ~8b! 173~167! 153~132!, 78~91,61!
1.25 ML ~4h1b.! 159, 137~130!, 88~85! 103, 92~102!, 72, 63~68!, 20~48!
1.25 ML ~4h1t! 255, 92~87! 57, 37~82!
1.25 ML ~4h1o! 111, 91~84! 75, 58–73
1.50 ML ~4h12o.! 104, 88~81! 96, 33–81
1.50 ML ~4h1mol.! 208, 111~90! 305, 43–74,32„13…

Configuration metal adatom
~232 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
~333 cell!

One atom bridging 171 121, 47
One atom on-top 236 34
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orp-
ro
with d Q50.125 ML. Analogously, this quantity can be ca
culated from the zero point corrected adsorption energies
H and D, yieldingdEads

H anddEads
D , respectively. While this

energy gain per incoming adsorbate is almost constant u

FIG. 11. Average adsorption energies per atom (Eads, and the respective
zero point energy corrected valuesEads

H and Eads
D for H and D! for the most

favorite configurations calculated in ap(232) cell for coverages varying
between 0.25 and 2 ML~compare the bold face values in Table I!. Addi-
tionally shown is the differential heat of adsorptiondEads, determining the
energy gain during adsorption at a given coverage~compare with the text!.
p 2003 to 129.27.158.114. Redistribution subject to A
or

to

1 ML, there is a pronounced drop around the measured
lecular saturation coverage. This drop is related to the abo
mentioned adsorbate–adsorbate repulsion after all ho
sites have been occupied, and is even more pronounce
zero point corrected values. At even higher coverage~which
is not accessible with molecular dosing! dE increases again
since the energy cost of destroying the 4 h structure was
already paid at lower coverage. In thedE curves in Fig. 11
the isotope effect also can be traced nicely: while deuter
desorbs earlier up to 1 ML (dEads

D ,dEads
H ), the ordering

changes for the higher coverage regime. In addition to s
face species, we also investigated adsorption in subsur
sites. These positions are~up to a total coverage of 2 ML!
less favored than surface species, but can be accesse
atomic adsorbates due to their high kinetic energies, as
be discussed later.

B. Vibrations

For the calculation of the zero point energy a compl
determination of the frequency spectra was necessary. T
II compiles some exemplary results. The frequencies at 0
ML were already mentioned before; both the frequencies
bridge and hollow adsorbed species agree with the findi
of the present HREELS investigation and previous stud
~Refs. 5 and 8 for hollow and Ref. 6 for bridge!. With in-
creasing coverage the frequencies shift up and in additio
that not only the gamma point but also the zone bound
becomes accessible by our calculations, and we get also
formation on the dispersion of the phonons. Both the ups
of the frequencies with increasing coverage and the width
the dispersion agree with the experimental results in Ref
In the table we have also included some data for coads
tion structures based on a full ML of hollow adsorbed hyd
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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gen ~Q51.25 ML: 4h1b, 4h1t, 4h1o; Q51.5 ML:4h
1mol.!. This has two effects on the spectrum: First, the
ditional adsorbate adds modes to the spectrum. On-top
sorption leads to the highest mode perpendicular to
surface~255 meV!, followed by bridge~159 meV! and sub-
surface adsorption~114 meV!. The last mode is in the ex
pected frequency regime for subsurface adsorption@compare
H on Ni~111! in Ref. 36#. The molecular species, adsorb
on top of a Rh atom, is characterized by the~slightly weak-
ened! intramolecular mode around 305 meV and a freque
perpendicular to the surface of 208 meV. Second, the
quencies of the hollow adsorbed species become pertu
and broadened.Especially in the case of subsurface abso
tion, a slight buckling of the surface layer leads to a bro
band ranging from 58 to 73 meV (33 to 81 meV) for o
(two) subsurface hydrogen. Finally, in order to account for
the roughening of the surface observed in the HREELS
periments, we investigated several configurations includ
Rh adatoms or dimers on top of the flat surface and ca
lated the corresponding frequencies for hydrogen adsorp

VII. DISCUSSION

The desorption spectra for hydrogen~deuterium! from
Rh~100! exhibit two different desorption peaks, if molecul
species are used for dosing~Fig. 1!: A small peak located
around 120 K~a peak! and a dominant peak at 320 K (b1

peak!, with a broad shoulder extending to 180 K. There
agreement in the literature that theb1 peak stems from re
combinative desorption of H~D! atoms located in fourfold
hollow sites.5 Thea peak, which is only weakly pronounce
in the case of dosing with molecular species, has been sh
to increase significantly after postadsorption of CO.4,7 We
have demonstrated that we can induce a similar desorp
peak without CO coadsorption, but by exposure to atom
deuterium only. This peak will be correlated with recomb
native desorption of atoms via a molecular precursor state
our experiments with atomic hydrogen and atomic deuter
exposure we can significantly populate a new desorp
peak (b2) located around 170 K, which we attribute to d
sorption of subsurface species. In the following we will d
cuss the individual desorption peaks in detail and corrobo
the conclusions with DFT calculations.

A. The b1-desorption peak

One essential prerequisite for the identification of in
vidual desorption peaks is the quantitative determination
the coverage. In particular, for hydrogen and deuterium
is a tricky venture. Most of the techniques commonly us
for this purpose~XPS,LEED! cannot be successfully applie
in this case. Thermal desorption spectroscopy is a powe
method to detect hydrogen, but calibration of the spectra
requires a lot of precautions. Most often the saturation o
TD spectrum is arbitrarily chosen as 1 monolayer~ML !, as
also done for the hydrogen~deuterium!–Rh~100! case.8 With
our quantitative TDS,22 however, we have obtained a satur
tion coverage of 1.2260.1 ML, both for exposure with hy-
drogen and deuterium molecules. The series of hydro
spectra with different exposure exhibits quite symme
peaks up to 1 ML~thin dotted lines in Fig. 1!, with peak
Downloaded 29 Sep 2003 to 129.27.158.114. Redistribution subject to A
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maxima shifting from 360 K to 320 K with increasing cov
erage (b1 peak!. This peak originates from the associativ
desorption of H~D! atoms located in hollow sites. This i
corroborated by our HREELS investigations, which show
strong loss at 84 meV after saturation of the Rh~100! surface
by using molecular hydrogen@Fig. 9, curve~a!#. This loss is
in good agreement with literature data5 and also with our
calculated vibrational energies for H in fourfold hollow po
sitions ~see Table II!.

A qualitative inspection of theb1 peak shape and th
shift of the peak maxima indicates a second-order desorp
reaction. Quantitative evaluation of the spectra using
methods by Parker, Jones, and Koel37 or King38 yields a
desorption energy of 20 kcal/mol~870 meV/molecule! for
small coverage, which decreases with increasing cover
However, the pre-exponential factor also changes over s
eral orders of magnitude. This is known as the ‘‘compen
tion effect,’’ which has been described in detail in th
literature.39–42 The main message of this result is that
many cases the Polanyi–Wigner equation is just too sim
to describe the desorption rate properly. A simulation of
desorption spectra according to the statistical mecha
model by Payne and Kreuzer,43 using our calculated
~coverage-independent! adsorption energies~Table I! and
frequencies~Table II!, as well as the experimentally obtaine
coverage dependence of the sticking coefficient, produ
desorption spectra which fit quite well the experimental d
in shape and peak position.

A peculiar feature of theb1 peak is the inverse kinetic
isotope effect for the peak position: Deuterium desorbs
saturation at a temperature 8–10 K lower than hydrog
This is a result of the different zero point energies for hyd
gen and deuterium in the adsorbed phase and in the
phase, as shown in Table I. It turns out that for the fourfo
hollow sites the zero point energy does not depend stron
on the coverage. For example, between 0.25 and 1 ML
zero point energy per hydrogen~deuterium! atom changes
from 100 to 104 meV~71 to 74 meV!, respectively. For the
free molecules the calculated zero point energies
E0

H~free)5133 meV and E0
H~free)594 meV per atom, re-

spectively. Since the adsorption potential well depth is
same for hydrogen and deuterium, the difference in the
fective activation barrier for hydrogen and deuterium deso
tion is given by: DEdes5E0

H~free)2E0
H2E0

D~free)1E0
D

5Eads
H 2Eads

D ~see Table I!. This yields an activation barrie
for desorption at 1 ML which is about 9 meV/atom higher f
hydrogen than for deuterium. This energy difference is ab
2% of the calculated desorption energy for H and D in h
low sites ~568 meV/atom, 559 meV/atom!. Similarly, the
b1-peak shift in the desorption spectra of Fig. 1~7 K! is also
about 2% of the mean desorption temperature of 320 K.

B. The b2-desorption peak

Above 1 ML, the additionally adsorbed hydrogen~for
molecular dosing! desorbs in the lower temperature range
100–280 K, in the form of a rather sharp peak at 120 K~a
peak! and a small, broad peak around 200 K. Up to ab
0.25 ML can be contained in these states. However, by d
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ing with hydrogen or deuterium in atomic form one can
crease the population of these low temperature peaks sig
cantly. The characteristics of this type of exposure
twofold: First, it is well known that exposure with hydroge
or deuterium in atomic form can lead to the population
subsurface sites.36,44–47This is due to the fact that possib
activation barriers existing between surface sites and sub
face sites can be more easily overcome by impinging ato
because of the high initial potential energy of half of t
dissociation energy~2.25 eV/atom!. The same argument als
holds for the population of additional adsorption sites on
surface, which also could not be occupied due to a poss
high activation barrier for dissociation. Second, impingi
atoms may react with adsorbed atoms in the form of Ele
Rideal reactions, hot atom abstraction reactions, or collis
induced desorption reactions.26 This can be utilized tore-
move selectively adsorbed species from the surface o,
without influencing the absorbed species in subsurface s
significantly. The desorption spectra following atomic hydr
gen exposure~Fig. 2! clearly show the growth of an extr
peak, labeledb2 , in addition to theb1 peak. The maximum
coverage (b11b2) obtained after exposure o
831018H-atoms/cm2 is 3.4 monolayers. A similar behavio
is observed for atomic deuterium dosing. The additio
sharp extra peak~a peak! which appears in this case will b
discussed later. From the coverage-exposure curve~Fig. 3!
one can assume that even more than 3.4 ML hydrogen
deuterium can be accumulated on~in! the Rh~100! sample.
This is a good indication that theb2 state stems from the
recombination of hydrogen~deuterium! initially located in
subsurface sites. The coadsorption~abstraction! experiments
as shown in Fig. 5 and Fig. 7 confirm these assumptio
Impinging D atoms on a Rh~100! surface initially covered
with 2.3 ML hydrogen remove hydrogen preferentially fro
the b1 state@Fig. 5~a!#. Note that the emptied sites are im
mediately refilled by impinging D atoms; therefore, the co
erage of theb1 state is always close to 1 ML. Of cours
some D atoms penetrate into the surface, contributing
slight increase of the total coverage in theb2 state. Upon
extended D exposure hydrogen is finally also removed fr
the b2 state, probably due to some site exchange betw
subsurface sites and temporarily empty surface sites du
the impingement of atomic species or by a hot atom mec
nism via subsurface H atoms. In Fig. 6 it is demonstrated
the removal of surface hydrogen (b1) is very fast, whereas
the removal rate of H from subsurface sites (b2) is smaller
by a factor of 100.

Further inspection of Figs. 5~b!, 5~c! shows that theb2

peak for H2 has a rather long tail towards higher tempe
tures. This is an indication that theb2 desorption is diffusion
limited. Apparently the subsurface species are not only
cated close beneath the surface, but are also distribute
deeper layers. This assumption is supported by the obse
differences in theb2-peak maxima as function of the dosin
sequence with H and D. If the surface is first dosed with
and then with D, theb2 peak for deuterium starts at lowe
temperature than for hydrogen in theb2 state @Figs. 5~b!,
5~c!#. In the case of impinging H atoms on a previous
D-covered surface this behavior is reversed@Figs. 7~a!–
Downloaded 29 Sep 2003 to 129.27.158.114. Redistribution subject to A
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7~c!#; hydrogen desorbs at somewhat lower temperature t
deuterium in theb2 state. These results suggest that impin
ing atoms might actually force already adsorbed or absor
atoms into deeper sites. A similar behavior of this ‘‘stam
ing’’ has already been observed in the case of H~D! adsorp-
tion on Pd~100!.48,49

We have performed DFT calculations for the potent
energies of a number of adsorption configurations and tr
sition state configurations, to get a better understanding
the energies needed to move an atom from a surface site
a subsurface site. In Fig. 12 we show the calculated poten
energy for a H atom as a function of the reaction coordin
from a surface site into an octahedral subsurface site for
different scenarios: Starting with four atoms in hollow sit
~4h! the removal of a H atom into an octahedral subsurfa
site ~final situation: 3h11o! requires an activation energy o
about 1.16 eV. The energy difference between the final
the initial state is 0.78 eV. For the transfer of a bridge hyd
gen from the otherwise saturated surface~4h11b! into the
subsurface site~4h11o!, an activation barrier of 0.58 eV ha
to be surmounted. The energy difference between initial
final state is 0.20 eV. The activation barrier which has to
overcome to move an atom from an octahedral subsur
site into the octahedral site of the next layer underneat
0.42 eV. These energies can be easily raised by the kin
energy of the impinging atoms in the interaction regio
which is about half of the dissociation energy~2.25 eV/atom!
plus the initial kinetic energy according to the temperature
the hot doser~2000 K, Ekin52kT50.34 eV/molecule). The
hydrogen atom in the octahedral site is located in a poten
well which is 0.22 eV above zero with respect to the ene
of 1

2 H2 molecule in the gas phase~endothermic heat of so
lution!. However, this metastable state is confined in this s
by activation barriers of the order of 0.3–0.4 eV, and the
fore stable at low temperatures. The calculated heat of s
tion ~0.22 eV! is in reasonable agreement with the literatu
value of 0.28 eV.50

Exposure to atomic H~or D! results further in a pro-
nounced roughening of the Rh~100! surface, as indicated by

FIG. 12. Energy-path diagram describing the adsorption of hydrogen m
ecules and atoms on a precovered Rh~100! surface. The initial configuration
~1/2 free H210.75 ML or 1.0 ML on surface! defines the zero point of the
energy scale. The change of the energy as function of the reaction coord
is shown as a thick~0.75 ML! and thin line~1 ML precoverage!. In the
subsurface region, the larger energy wells correspond to octahedral int
tial sites of the first and second subsurface layers; the small minim
between correspond to tetrahedral subsurface sites.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the reduction of the intensity of the elastic peak in HREE
by one order of magnitude~see Fig. 9, inset!. Interestingly,
this roughening does not influence theb1 desorption peak
upon atomic exposure, as one can see by comparison of
1 and Fig. 2. The result of the surface roughening, howe
is a decrease of the dipole scattering intensity in
HREELS experiment. This is caused by two different effec
~i! the specular scattering direction is quenched leading
spatially diffuse scattering, as indicated by the obser
broad angular distribution of the primary peak, and~ii ! the
so-called surface selection rule reduces on a rough surf
on average, the perpendicular components of the dyna
dipole moments. In off-specular scattering geometry the
pact scattering mechanism dominates over the dipole sca
ing mechanism,51 and the dipole excited vibrations becom
suppressed relative to the nondipole processes in the
spectra. This suggests that the loss spectra of Figs. 9~b! and
9~c! are dominated by nondipole processes. This loss of
polar intensity may be responsible for the fact that
H-induced loss feature at 84 meV is not clearly visible in t
spectra of the atomic H-exposed Rh~100! surface. The broad
tail of loss intensities up to;170 meV loss energies indi
cates that a broad distribution of dipole and nondipole
lowed vibrations from many inequivalent H adsorption si
contributes to this spectral region. Table II shows that ma
vibrations of H in hollow- and bridge-type Rh sites are po
sible in the region from;30–170 meV. Moreover, overtone
of H vibrations, which have been observed by Richteret al.5

for H on the flat Rh~111! surface, are likely to become mor
prominent on the roughened surface, contributing to the h
energy end of the loss tail@see the broad feature betwee
;120–160 meV, Fig. 9, curve~b! and Fig. 10~A!#.

A comparison of the temperature behavior of the lo
spectra~Fig. 10! with the corresponding desorption spec
~Figs. 2 and 4! suggests that the loss intensity from;30–170
meV may be related to some extent with theb2 hydrogen
~deuterium! state. An explicit association with particular su
surface H~D! sites is however difficult. The DFT calcula
tions have found a range of vibrational frequencies fr
;30–111 meV as a result of H in octahedral subsurface s
below a H-saturated surface~see Table II!. This is well
within the range of the significant loss intensities experim
tally observed. It has to be noted that the vibrations of s
surface H species are generally very weak in HREELS
periments due to the screening of the surrounding m
atoms and thus are difficult to detect.36,52,53

The loss peak at 202 meV on the atomic H satura
Rh~100! surface has a corresponding loss at;150 meV on
the atomic D saturated surface and the close toA2 ratio of the
two loss energies confirms its assignment as H~D! derived.
The calculated vibrational modes in Table II give no cle
indication on the origin of this loss, but some guidance m
be obtained from the tabulated experimental frequencie
metal hydride coordination compounds.54 In transition metal
complexes metal~Ru,Rh,Pt!–hydrogen stretching vibration
have been observed as low as 200 meV for dihydrides, w
the stretching vibrations in monohydrides occur at hig
frequencies. On the roughened Rh~100! surface individual
low-coordinated Rh adatoms may be in a similar situation
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in metal coordination complexes, and we suggest that
loss feature at;200 meV is due to Rh–hydride vibrations o
particular low-coordinated Rh~H)2 units.

C. The a-desorption peak

The most interesting feature for exposure with atom
species is the strong development of thea-desorption peak
around 120 K for deuterium. On the other hand, a cor
sponding hydrogen peak does not show up for atomic hyd
gen exposure, although a small peak exists uponmolecular
exposurein this temperature range. Some information co
cerning the nature of this peak can again be obtained f
coadsorption experiments. In Fig. 5~d! we see that after suf
ficient exposure of an initially hydrogen covered surface~2.3
ML ! with atomic deuterium thea peak appears. But
whereas both theb1 peak and theb2 peak show at leas
some isotopic mixing into H2 , HD, and D2, thea peak is a
pure D2 peak. If the equivalent experiment is performed w
reversed isotopes~H impinging on a surface covered with
ML of deuterium!, the a peak is quickly attenuated at th
very beginning of H exposure@Fig. 7~a!#. These data clearly
indicate that thea peak stems from a surface species. T
peculiar desorption behavior of thea state~phenomenologi-
cally close to zero order desorption!, however, indicates tha
desorption does not take place in form of a simple sing
step recombination reaction.

To support these assumptions we have performed D
calculations of the reaction path from the initial free mo
ecule above a hydrogen-covered surface~1 ML in fourfold
hollow sites! into the final, dissociatively adsorbed state~see
Fig. 13!. The final state is characterized by two hydrog
atoms on top in addition to the four H atoms in hollow site
which has been found to be one of the energetically m
favorable configuration for the coverage of 1.5 ML. In th
case ofmolecular dosingactivation barriers have to be ove
come for dissociative adsorption, which are inhibiting a
sorption of thermal molecules. However, with atomic H~D!
these adsorption sites can be easily populated. From the
dimensional potential energy diagram~Fig. 13! one can de-
duce that the rate of recombinative desorption of H ato
will be significantly influenced by the molecular precurs
state. The population in the precursor state will always

FIG. 13. Energy-path diagram for adsorption of an H2 (D2) molecule on an
Rh~100! surface, precovered with 1.0 ML of hydrogen~4h-config.!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



re

h

t
u

eV

ion

30
u

e
ca
th
e-
ra

e

ce
n
re
n
la
o
ti
e

ab
b
g

ra
ch
-
m

te
el
t

e
o
m

d
nt

p

ge

a
re

-
ion
e
like

g,
y-
r-

as
the

ion

ce

ro-
oad
o-
sult
ss

of

-
tra

cs.
en-
ur-
ese
rea-
n is
ac-
D

ds
he

,
the

5265J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Identification of new adsorption sites of H and D
high during desorption, and the desorption spectra will
semble a coverage-independent desorption~zero order de-
sorption!. The calculations are also in agreement with t
observed isotope effect for thea state in the saturated H2 and
D2 desorption spectra~Fig. 1!. Due to different zero point
energies in the molecular state and the transition state,
effective activation barriers for desorption from the molec
lar state are 98 meV/molecule for hydrogen and 119 m
atom for deuterium, respectively.

In the case of molecular dosing only a small populat
of the a state can be attained~;0.05 ML! due to the calcu-
lated high activation barriers for adsorption of about 1
meV/molecule for hydrogen and 116 meV/molecule for de
terium, respectively~zero point energy corrected!. By using
atomic speciesfor dosing, no activation barrier has to b
overcome and a much higher coverage of about 0.6 ML
be achieved. At sufficiently low adsorption temperature
‘‘saturation’’ coverage could even be higher. Actually, d
sorption of molecularly adsorbed hydrogen in the tempe
ture range 70–130 K has indeed been observed in som
stances, particularly for stepped surfaces@Pd~210!,55

Ni~510!56#.
The question of course now arises why the pronoun

a peak only appears for atomic deuterium exposure, but
for atomic hydrogen exposure. This is most probably cor
lated to the specific type of exposure. If atoms impinge o
surface, not only adsorption but also abstraction takes p
simultaneously. The equilibrium coverage in the case
atomic exposure depends on the cross section for abstrac
Typically, for atomic hydrogen exposure on metal surfac
with adsorption energies of about 1 eV/molecule, the
straction probability is much smaller than the sticking pro
ability at empty sites, and therefore the equilibrium covera
is always close to saturation.26 In the case of the weakly
bounda state and a possible high cross section for abst
tion, the equilibrium coverage for this state will be mu
smaller than saturation.57,58 In addition to that, the cross sec
tion is typically isotope dependent, in particular if hot-ato
abstraction is the dominant process.59,60 In such a case the
incoming atoms are temporarily trapped in the surface po
tial well by converting sufficient normal energy into parall
energy. A hot atom can react with an adsorbed atom, and
reaction product~molecule! will immediately desorb from
the surface, even at low temperature, due to the excess
ergy stored in the hot atom. The diffusion length for a h
hydrogen atom might be larger than for a deuterium ato
due to its smaller mass. In the case of the weakly bouna
hydrogen the removal by hot-atom abstraction is appare
so fast that no net uptake of hydrogen can take place.

VIII. SUMMARY

Quantitative thermal desorption spectroscopy~TDS!,
high resolution electron energy loss spectrosco
~HREELS!, and density functional theory~DFT! calculations
have been applied to investigate the adsorption of hydro
and deuterium on Rh~100!. By using hydrogen~deuterium!
in atomic form, one can populate adsorption sites which
not attainable with these species in molecular form. The
sults can be summarized as follows:
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~a! Exposure of the Rh~100! surface to molecular hydro
gen or deuterium leads to dissociative adsorpt
mainly in fourfold hollow sites. Desorption from thes
sites proceeds around 300 K with a second-order-
desorption characteristic (b1 peak!. The maximum
coverage of 1.22 ML, as obtained by molecular dosin
hints at some additional population of other sites. H
drogen adsorption in fourfold hollow sites is characte
ized by a vibrational loss energy of 84 meV.

~b! Exposure of Rh~100! to atomic hydrogen~deuterium!
leads to a pronounced roughening of the surface
evidenced by the HREELS experiments and to
strong population of theb2 peak in TDS. The maxi-
mum coverage (b11b2) obtained is 3.4 ML. By coad-
sorption of H and D and thereby selective abstract
of surface species only, we can identify theb2 peak as
being the result of surface recombination of subsurfa
species.

~c! The HREELS spectra of the atomic H~D! exposed
surfaces are distinguished by nondipole excited p
cesses on the rough surfaces, which lead to a br
region of enhanced loss intensity but without pr
nounced loss peaks. It is suggested that this is the re
of many different inequivalent adsorption sites. A lo
peak at;200 meV~;150 meV for D! is discussed in
terms of a metal–dihydride-like stretching vibration
undercoordinated Rh~H)2 units on the rough Rh~100!
surface.

~d! Exposure of Rh~100! to atomic deuterium leads, in ad
dition to the population of subsurface sites, to an ex
sharp desorption peak~a-peak! at about 120 K. This
peak exhibits close to zero order desorption kineti
By coadsorption/abstraction experiments we have id
tified this peak as being due to recombination of s
face species. DFT calculations have shown that th
species desorb via a molecular precursor state. The
son that this peak cannot be observed for hydroge
possibly linked to the larger cross section for abstr
tion during atomic H dosing, compared to atomic
dosing.
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