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Unusual disordering processes of oxygen overlayers on Rh„111…: A combined diffraction study
using thermal He atoms and low-energy electrons
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The temperature-dependent behavior of the Rh~111!-~232!-1O phase was investigated by He-atom scatter-
ing ~HAS! and low-energy electron diffraction. The adsorption system undergoes an order-disorder phase
transition atTc528065 K, with critical exponents found to be consistent with the four-state Potts model.
Beyond the phase transition the HAS specular peak intensity exhibits a strong and reversible increase. This
finding points toward a reduction of the surface charge-density corrugation induced by the phase transition
itself. Around 160 K, hydrogen adsorbed on the Rh~111!-~232!-1O surface reacts with oxygen to form water,
and drives the overlayer in an out-of-equilibrium condition which is characterized by a dramatic domain-wall
proliferation.@S0163-1829~97!09807-X#
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I. INTRODUCTION

The Rh~111!-O system has been studied qu
extensively.1,2 In particular, the catalytic properties of th
surface were widely addressed. Indeed, the extreme rea
ity of this surface to CO and H2 has to be considered it
crucial characteristics. While an elucidation of the elem
tary reaction steps on this surface is of great importance,
extreme reactivity of rhodium has so far prevented an
haustive and reliable characterization of the O overlayer s
tem, most notably its temperature-dependent behavior. S
eral unexplained findings were reported in the literature
was found, for instance, that the O-~232! structure under-
goes a two-step irreversible disordering process by hea
the sample above a temperature of 280 K.2 A previous low-
energy electron-diffraction~LEED! study indicated that the
~232!-O structure becomes disordered upon electron irra
tion for less than a minute.3

In this paper we present the results of a combined
atom scattering~HAS! and LEED investigation on the
Rh~111!-O system. These two diffraction techniques can
regarded as complementary to some extent. HAS is
tremely sensitive to the presence of surface defects, an
allows us to study the surface structure in a very gentle w
without introducing additional surface contaminants due
outgassing filaments. These attributes are of great im
tance in the study of the O-Rh~111! surface, which is easily
attacked by CO and hydrogen. Moreover, the transfer w
of the HAS apparatus exceeds 1000 Å, so that this techn
is particularly suited for studying phase transitions. The
quisition of a complete HAS diffraction pattern, however,
quite cumbersome and time-consuming, since each poin
reciprocal space has to be projected onto the aperture o
detector stage by rotating the sample. LEED, on the o
hand, is capable of monitoring in parallel the complete d
550163-1829/97/55~7!/4717~6!/$10.00
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fraction pattern. This feature has been of great value in
study of a touchy system such as Rh~111!-O.

The present paper is organized as follows. Section
briefly describes the experimental setups used in this stu
In Sec. III we report HAS and LEED results of the tw
distinct ordered~232! phases that oxygen forms on Rh~111!,
and compare them with the available structural models fr
the literature. Section IV deals with the order-disorder ph
transition of the low-coverage oxygen~232! overlayer,
while in Sec. V a transient disordering process is doc
mented and discussed which takes place at a temperatu
low as 180 K. We conclude this paper with a summary.

II. EXPERIMENT

The He scattering and diffraction measurements~Trieste!
were performed with an apparatus4 which is characterized by
a fixed deflection angle of 110° and an overall angular re
lution of 0.135°. The transfer width of the apparatus exce
1000 Å. The sample was mounted on an manipulator w
six degrees of freedom and a very high angular resolu
~,0.01°! that enabled us to align the surface-crystallograp
directions precisely in the scattering plane, and to perfo
high-resolution momentum scans along particular directio
Further details of the He beam apparatus can be foun
Ref. 4. The structure and the order of the surface were m
tored by measuring the He beam intensity in a continu
mode using a beam energy of 19 meV, i.e., the He gas
cooled to liquid-nitrogen temperature prior to~adiabatic! ex-
pansion. The typical base pressure in the sample stage
1.5310210 mbar. The sample could be heated up to 1150
and cooled down to 150 K with liquid nitrogen.

The LEED measurements~Berlin! were conducted in an
other UHV chamber~base pressure 2.0310210 mbar during
4717 © 1997 The American Physical Society
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4718 55H. OVER et al.
the measurements! equipped with facilities for Auger elec
tron spectroscopy~AES!, thermal desorption spectroscop
and LEED. LEED intensities were measured on line with
four-grid LEED optics and a computer-controlled vide
LEED system,5 taking the integrated spot intensities from
fluorescent screen. The temperature of the Rh~111! sample
could be varied from 1500 to 45 K using liquid He.

The main contaminants on the Rh~111! surface were sul-
fur and carbon. Sulfur could be easily removed by sputter
the sample for several minutes at 850 K with Ar~1-kV,
2-mA beam current! and subsequently flashing to 1050 K
Using HAS, the onset of annealing of defects caused by s
tering was determined to be 1020610 K by monitoring the
specular beam intensity, that increases abruptly approac
this temperature. The carbon contamination at the sur
reacts to CO when exposing the sample to 2.031027 mbar
oxygen at 760 K for some minutes. To remove the surf
oxygen by titration, the chamber was backfilled wi
2.031027-mbar hydrogen at a fixed sample temperature
750 K. This procedure ensures that no additional carbon
regated from the bulk to the surface, since the sample t
perature chosen was below 800 K, the onset of carbon
gration from the bulk. The cleanliness was either checked
the specular He beam intensity~Trieste! or with AES ~Ber-
lin!. The same cleaning procedure was applied in both la
ratories, also using the same Rh~111! sample to ensure com
parable experimental conditions.

III. „232…-1O AND „232…-2O STRUCTURES

The O-Rh~111! system exhibits two ordered structures
O coverages of 0.25 and 0.50 ML, both showing an appa
~232! diffraction pattern. A coverage of 1 ML correspond
to a concentration of adparticles equal to that of Ru atom
the topmost layer. In order to determine the optimum2
doses necessary to produce these overlayer structures
monitored the LEED and HAS intensities of the~1/2, 0!
beam as a function of oxygen dose~cf. Fig. 1!. Both methods
indicated the optimum~232!-1O structure to be prepared

FIG. 1. He diffraction and LEED intensities of the~1/2,0! beam
dependent on the O exposure. At 0.7 L oxygen a~232!-O phase is
formed and at saturation a high-coverage~232!-2O phase is
formed.
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an exposure of 0.7 L and 273 K. He diffraction is much mo
sensitive than LEED to the ordering and disordering proc
which is involved in the transition from the low-coverage
the high-coverage~232! structure. This fact explains th
sharpness of the HAS~232!-1O feature in Fig. 1, compare
to the LEED one.

A recent quantitative LEED analysis6,7 of these oxygen
phases revealed that oxygen atoms reside in both cases i
fcc-hollow site and that the~232!-2O is not a honeycomb
~232! structure, but actually a~231!-O structure. The appar
ent ~232! pattern of the~231! phase results from the equa
presence of three~231! domains rotated by 120°.

IV. ORDER-DISORDER PHASE TRANSITION

The Rh~111!-~232!-1O system is in principle a good can
didate to investigate order-disorder phase transitions. S
oxygen on Rh~111! has been shown to occupy fcc sites pre
erentially, from a symmetry argument one would expect
find a continuous~232!→~131! order-disorder phase tran
sition falling into the universality class of the four-state Po
model. In fact, the order-disorder transition of the~232!-1O
phase on Ru~0001! does belong to the four-state Potts un
versality class.8 On the related Ni~111! surface, however, the
classification of the order-disorder transition of the~2
32!-1O phase is still a matter of debate.9,10 To study the
order-disorder transition of the~232!-1O surface on
Rh~111!, we measured both the width and intensity of t
half-order HAS peak as a function of the sample tempe
ture. One-dimensional angular profiles of the~1/2,0! beam
were collected along the direction perpendicular to@11̄0#.
These measurements, however, were complicated by
high reactivity of the oxygen overlayer to hydrogen and C
that are inevitably present in the residual gas. In order
minimize the influence of the oxygen depletion on the pe
profile measurements~in particular at temperatures abov
300 K!, we reprepared the optimum~232!-1O structure after
each profile acquisition run; this could be easily acco
plished by redosing oxygen until the known count rate at l
temperature is restored. In doing so, the oxygen cover
could be kept constant within 1% during the series of pro
measurements.

The procedure for fitting the He diffraction profiles wa
the following. At temperatures below the critical temperatu
Tc , the profiles were well described by a Gaussian funct
with constant widths. For temperatures aboveTc , the profile
was considered as a Voigt profile, i.e., a convolution of
low-temperature Gaussian function and a Lorentzian fu
tion with variable half-width. The full width at half maxi-
mum ~FWHM! of the ~1/2,0! spot, depending on the tem
perature, is summarized in Fig. 2. The half-order diffracti
spot exhibits a strong broadening with increasing tempe
ture which was fitted by a power law of the reduced tempe
ture, i.e., @(T2Tc)/Tc#

n.The optimum parameters wer
found to beTc528065 K and n50.6760.01, in excellent
agreement with predictions according to the four-state P
model ~n52/3!. The critical temperature was found to b
extremely sensitive to oxygen coverage: An oxygen dep
tion of 5% in the overlayer induced a lowering of the critic
temperature by about 30 K.

Similar measurements were also performed with LEE
On cooling the~232!-1O from 360 to 100 K~cf. also Fig. 5,
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55 4719UNUSUAL DISORDERING PROCESSES OF OXYGEN . . .
bottom panel!, the LEED peak profiles were measured a
function of temperature both along theGM direction and
perpendicular toGM . In both directions the analysis yields
critical exponent ofn50.7060.02 and a critical temperatur
of 28065 K, i.e., in nice agreement with the HAS results

The temperature dependence of the half-order peak in
sity depends on both the critical behavior of the transit
and the ‘‘Debye-Waller’’ damping. Usually, it is possible
extract the Debye-Waller damping by fitting the temperat
dependence of the peak in the low-temperature range
will be shown in Sec. V, at low temperatures the Rh~111!-~2
32!-1O system is pushed into a transient out-of-equilibriu
condition by hydrogen reaction to water. This proce
heavily modifies the temperature dependence of the h
order diffraction spots~see Fig. 4! and therefore precludes
reliable determination of the Debye-Waller factor. This o
servation forced us to use only the raw data for extracting
critical exponentsb andg. The experimental half-order pea
intensity, shown in Fig. 2, was then fitted using the expr
sion

I ~T!5H Autu2b1B2utu2g1C2 , t,2a

D, utu,a t5
T2Tc
Tc

B1utu2g1C1 , t.a.

By a systematic variation of the value ofa, we were able to
evaluate the temperature range in which finite-size effe
alter the critical behavior. The fitting procedure was repea
for different values ofa, ranging from 0.01 and 0.04. It wa
found that the critical exponentb andg and the critical tem-
peratureTc do not change fora.0.025. The values ofb and
g determined by this procedure were 0.1360.01 and 1.4
60.3, respectively, while the critical temperature turned
to beTc527565 K, consistent with the value found by th
evaluation of the FWHM data. While the obtained value
the critical exponentn compares very well with the one ex
pected for a continuous phase transition in the four-s
Potts universality class, i.e., 2/3, the values ofb andg devi-
ate appreciably from the expected values~1/12 and 7/6!. This

FIG. 2. Experimental~0,1/2! HAS peak intensity and width as
function of temperature~circles and squares, respectively!. The fit-
ting curves are indicated as full lines. The white area beneath
intensity best-fit curve corresponds to the temperature range@2a,a#
in which the finite-size effect affects the critical behavior.
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disparity could be due to the Debye-Waller factor, which w
not properly taken into account in the evaluation of t
temperature-dependent peak intensity. On the other hand
cannot exclude that the found values of the critical expone
b and g may point toward an order-disorder transition d
ferent from the four-state Potts model. In particular, a fin
occupation probability of non-fcc sites may change the cr
cal behavior of the transition.

Moreover, a peculiar feature of this phase transition ha
be taken in consideration. Approaching the order-disor
phase transition, all the HAS diffraction peaks are expec
to decrease, due to enhanced surface disorder. This beh
is usually observed, such as for the~132!-Pt~110! decon-
struction transition11 and for the Rh~111!-CO(A3
3A3)R30°order-disorder phase transition.12 In Fig. 3 the
temperature-dependent HAS intensities of the~1,0! and~0,0!
beams are compared. The~1,0! beam suffers only a sligh
decrease upon passing the transition temperature, while
intensity of the specular beam dramatically increases
about a factor of 3. This behavior is completely reversib
and therefore cannot simply be explained by oxygen leav
the surface either into the bulk region or into the gas pha
It is important to notice that a similar~but less pronounced!
behavior was observed by Bellmanet al.13 for the ~2
32!→~231! phase transition of the Rh~110!-O system. A
quite similar behavior was also reported by Meliet al.14 for
the system Ge~111!-c~238!. The persistence of the intege
order peaks beyond the phase transition was interprete
that case as evidence of an order-order phase transition:
high-temperature phase would accordingly display differ
surface corrugation, probably due to a higher degree of
tallicity of the surface layer, explaining the increase
specular peak intensity. Takeuchi, Selloni, and Tosat
calculations15 and other experimental findings16 predicted a
metallization of the Ge~111! at high temperature, but accom
panied by a complete disordering of the surface layer. In
case of the Rh~111!-~232!-1O system we can exclude a
order-order~232!→~131! phase transition for two reason
First, the broadening of the half-order diffraction beam p
files proves the disordered character of the high-tempera

he
FIG. 3. He diffraction intensities of the~0,0! and~1,0! beams as

a function of temperature. The specular beam intensity show
dramatic increase upon crossing the critical temperature.
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4720 55H. OVER et al.
phase in the form of antiphase domains proliferation. S
ond, an ordered~131! surface structure is not compatib
with a uniform oxygen coverage of 0.25 ML. One cou
speculate that~131! ordered domains form, leaving mo
~75%! of the surface uncovered. By additional O2 dosing at
275 K, where the steep increase of the specular peak in
sity occurs, one should then be able to accommodate m
than 0.5 ML of oxygen on the surface. This, however, w
not the case, as always the~232!-2O structure with global
coverage of 0.5 ML appeared instead. Furthermore, we tr7

to obtain a~131! oxygen overlayer on Rh~111! by dosing
NO2 at 600 K, following the procedure previously applied
the Ru~0001! surface.17 No ~131! structure was observed
instead a;~737! coincidence pattern evolved indicating o
ide formation. It was argued that the~131! oxygen structure
on Rh~111! is energetically less favored than oxygen pe
etration, due to the strong expansion of the first layer
distance even at O coverages,0.5 ML. The increase of the
specular beam intensity can therefore not be ascribed t
order-order phase transition.

One might also speculate that the closing of the~232!
diffraction channels—due to the disordering process—co
cause an increase of the specular beam. This point of vie
nevertheless far from being convincing. In fact, if this we
the case, the increase of the specular beam intensity sh
be a general feature of an order-disorder phase transi
while this is not the case. Since the disappearance of
~232! superstructure is associated with a disordering p
cess, an increase of the diffuse scattering is expected, ra

FIG. 4. HAS and LEED intensities of the~1/2,0! beam as a
function of temperature. Upon heating, a distinct minimum is o
served at about 230 K. The onset of the decrease in intensi
accompanied by desorption of water, while the increasing flan
related to an annealing of the O overlayer. When the~232!-1O
surface is subsequently cooled, no such effect is observed.
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than an increase of the specular beam intensity. Also, it is
very likely that the ~232! diffraction channels are really
closed, since the diffraction experiments indicated a bro
ening of the peaks and not their disappearance.

The enormous increase of the specular peak intensit
HAS points toward a smoothing of the surface charge d
sity induced by the disordering process. This leads to a
duction of the surface corrugation and therefore to an
crease of the specular beam direction. The smoothenin
the surface charge density might—but not necessaril
correspond to a kind of surface metallization. Since HAS
extremely sensitive to the outermost charge density,
change in the surface electron density might be quite sm
and rather difficult to detect with other more direct tec
niques.

We also performed LEEDI -V measurements as a func
tion of temperature, in order to check whether the atom
geometry at the surface does change during the phase
sition, i.e., top-layer relaxation, adsorption sites, etc. Sin
no differences between theI -V curves taken at 200 and 28
K were detectable within the experimental accuracy, the
served increase of the specular He beam intensity shoul
related to subtle changes in the overlayer charge den
rather than to transition-induced changes of the local ads
tion geometry. Remarkably, the same intensity enhancem
of the specular HAS beam was observed in the ord

-
is
is

FIG. 5. In addition to the LEED intensity, the FWHM of th
~1/2,0! beam of the~232!-1O phase was measured. Upon heatin
the beam broadens substantially, and subsequently narrows a
The maximum of broadening of the~1/2,0! spot coincides with the
minimum of the intensity. Upon cooling, the temperature dep
dence of the beam width is that expected for the ordinary ph
transition. The critical temperature lowers appreciably, proba
due to oxygen loss.
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55 4721UNUSUAL DISORDERING PROCESSES OF OXYGEN . . .
disorder phase transition of the Rh~110!-~232!-1O surface.13

How this effect is correlated with an overlayer disorderi
process is so far not clear, so that theoretical and fur
experimental investigations are mandatory.

V. TRANSIENT OUT-OF-EQUILIBRIUM STATE

As mentioned in Sec. IV at low temperatures the~2
32!-1O overlayer reveals a peculiarity caused by hydrog
contamination of the surface. Figure 4 shows the tempera
behavior of both the HAS and LEED~1/2,0! beam intensi-
ties. While heating the sample, the~1/2,0! beam intensity
runs through a distinct minimum at 230 K that is not pres
during subsequent cooling. This intensity decrease was
companied by a strong broadening of the half order profi
as seen by LEED. In Fig. 5 the FWHM of the~1/2,0! LEED
beam is shown both during heating and cooling. Upon co
ing, the half-order beam width decreases monotonically
the expected way, due to the ordinary phase transition at
K. By contrast, upon heating, the beam profile starts
broaden quite suddenly around 150 K, reaches a maxim
around 230 K, and subsequently narrows. This behavior
dicates that between 150 and 250 an irreversible disorde
process takes place which is characterized by a substa
proliferation of antiphase domain walls in the~232!-1O
overlayer. To further elucidate this behavior, a therm
desorption~TD! spectrum of water~see Fig. 6! was taken.
This TD spectrum indicates the formation and desorption
water at around 160 K, which points toward the presence
hydrogen as contaminant in the O overlayer. Obviously,
drogen from the residual gas adsorbs onto the~232!-1O
overlayer at low temperatures without reacting off the ox
gen; note that cooling the sample takes about 15–30 m
and during this time hydrogen is accumulated at the surfa
When the sample temperature approaches 160 K, hydro
reacts with oxygen and forms water which leaves the surf
immediately. The temperature at which the~1/2,0! beam in-
tensity runs through a minimum varies with the amount

FIG. 6. TD spectrum of water from the Rh~111!-~232!1O sur-
face. The TD spectrum displays a maximum around 160 K. T
amount of oxygen leaving the surface due to water desorption
evaluated to be less than 5% of the~232!-1O structure.
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hydrogen adsorbed at low temperature. A quantitative ev
ation of the TD spectrum reveals that the amount of oxyg
leaving the surface in the form of water is less than 5% of
~232!-1O overlayer. It is this small quantity of water leavin
the surface that causes the disordering of the O overla
The actual mechanism determining this disordering proc
is not easy to figure out. In order to gain more insight in
this phenomenon, we performed the following measureme
illustrated in Fig. 7. We recorded the LEED~1/2,0! beam
intensity during heating up to 240 K, at which temperatu
the intensity reaches its minimum~full circles in Fig. 7!; we
then kept the temperature fixed at 240 K and monitored
~1/2,0! beam intensity as a function of time~empty circles in
Fig. 7!. The intensity increases with time in an exponent
way, eventually recovering the value reached at the sa
temperature during cooling~cf. Fig. 4!. This measuremen
clearly demonstrates that the disordered state is transient
that the process takes place under out-of-equilibrium con
tions. For each temperature between 150 and 250 K we
assume that the points in the heating curve~Figs. 4 and 5! are
out-of-equilibrium states, while those of the cooling cur
are the corresponding equilibrium states. It is known t
defects or impurities in otherwise ordered overlayers are a
to introduce both~i! a lowering of the critical temperature
and~ii ! a change in the order and/or the universality class
the overlayer phase transition.18 Furthermore, it is also con
ceivable that the observed transition is not continuous bu
first order even without defects@case~iii !#. In the following
we show that none of these effects is able to account for
observed~disordered! transient state. Indeed, a lowering
the critical temperature~from 280 to 250 K! due to a 5%
depletion of the oxygen overlayer can be seen from the c
ing curve. Nevertheless, case~i! is unable to explain the re
covery of the ordered overlayer after domain-wall prolifer
tion, i.e., the transient character of this process.

The discussion of case~ii ! is more subtle. One might sup
pose that defects induce the phase transition to becom
first order, displaying some hysteresis behavior. To be a fi

e
as

FIG. 7. Upper curve: LEED intensity of the~1/2,0! beam as a
function of time during heating~filled circles! and the recovery of
the ordered O overlayer at 240 K~empty circles!. The full line is the
best-fit curve to an exponential function of the intensity during
covery. Lower curve: the actual temperature during the meas
ment.
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4722 55H. OVER et al.
order transition, the hysteresis has to show—as happ
upon heating—a supercooling effect, i.e., the ordered ph
should pertain even beyond the critical temperature, u
some nucleation causes the transition to occur. By contra
our case, the overlayer becomes disordered below the cri
temperature and subsequently recovers the equilibriu
ordered phase. This phenomenon does therefore not
semble a hysteresis process typical of a first-order transit

Case~iii ! can easily be excluded since the observed h
teresis in the temperature-dependent diffraction data exh
the wrong direction. The hysteresis should only narrow
introducing defects in the overlayer.

To understand the transient behavior, one should reca
scenario where water formation and desorption leave
overlayer in an out-of-equilibrium condition. When the ra
of water desorption slows down and the temperature is s
ficiently high, the surface overlayer anneals, i.e., recovers
equilibrium-ordered phase. The transient state is charac
ized by a domain-wall density associated with an appare
higher temperature~i.e., T.Tc5280 K!. This fact might
provide an important clue about the mechanism. As wa
formation is an exothermic process, a fraction of the react
enthalpy could be used to disorder the O overlayer loca
The thermalization of the overlayer is, of course, almost
stantaneous~time scale of atomic vibrations!, and is not as-
sociated with an appreciable increase of the surface temp
ture, but the time necessary to recover the ordered overl
is governed by the much slower diffusion process. Moreov
even a very small fraction of the produced energy suffices
induce domain-wall proliferation, as the phase-transit
temperature of this system is quite low~280 K, correspond-
ing to about 25 meV!. In order to verify the proposed mecha
nism, it would be desirable to apply a local probe techniq
such as scanning tunneling microscopy. As a final remark
note that no water formation was detected for the~232!-2O
phase, even upon deliberate hydrogen deposition at low t
peratures.
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VI. CONCLUSION

A combined LEED and HAS investigation of the
temperature-dependent behavior of the Rh~111!-O system
was presented. The~232!-1O phase on Rh~111! undergoes
an order-disorder transition at 28065 K. The critical param-
eter derived from the FWHM is compatible with the four
state Potts universality class. Along with the phase transitio
an enormous increase of the HAS specular beam intensity
a factor of 3 was observed that points toward a reduction
the surface charge-density corrugation during the disorder
process. The change in the surface corrugation could a
affect the temperature dependence of the half-order be
intensity, which then would explain the observed deviatio
of the critical parametersb and g from the expected four-
state Potts values. It is also possible that this phase transi
differs from the four-state Potts model, for instance, due to
finite occupation probability of non-fcc sites beyond th
critical temperature. Hydrogen adsorbed on the~232!-1O
structure at low temperatures~,150 K! reacts with oxygen
to form water at about 160 K. This process drives th
~232!-1O system into a transient out-of-equilibrium stat
characterized by a dramatic proliferation of antiphase d
main walls. We guess that the two-step irreversible pha
transition observed by Thiel and co-workers2 might also be
due to contamination by hydrogen.
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