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Unusual disordering processes of oxygen overlayers on Rtl1): A combined diffraction study
using thermal He atoms and low-energy electrons
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The temperature-dependent behavior of thélRH)-(2X2)-10 phase was investigated by He-atom scatter-
ing (HAS) and low-energy electron diffraction. The adsorption system undergoes an order-disorder phase
transition atT.=280+5 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 theg RI)-(2X2)-10 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.[S0163-182607)09807-X]

[. INTRODUCTION fraction pattern. This feature has been of great value in the
study of a touchy system such as(Rhl1)-O.

The RH111)-O system has been studied quite The present paper is organized as follows. Section Il
extensively:? In particular, the catalytic properties of this briefly describes the experimental setups used in this study.
surface were widely addressed. Indeed, the extreme reactin Sec. Ill we report HAS and LEED results of the two
ity of this surface to CO and ihas to be considered its distinct ordered2x2) phases that oxygen forms on R 1),
crucial characteristics. While an elucidation of the elemengnd compare them with the available structural models from
tary reaction steps on this surface is of great importance, thge literature. Section IV deals with the order-disorder phase
extreme reactivity of rhodium has so far prevented an eXtransition of the low-coverage oxyget2x2) overlayer,
haustive and reliable characterization of the O overlayer sysyhile in Sec V a transient disordering process is docu-
tem, most notably its temperature-dependent behavior. Seynented and discussed which takes place at a temperature as

eral Unexplained ﬁndings were reported in the literature. “IOW as 180 K. We conclude this paper with a summary.
was found, for instance, that the @x2) structure under-

goes a two-step irreversible disordering process by heating
the sample above a temperature of 286 K.previous low-
energy electron-diffractiodLEED) study indicated that the
(2x2)-0 structure becomes disordered upon electron irradia- The He scattering and diffraction measuremdifiseste
tion for less than a minuté. were performed with an apparatushich is characterized by

In this paper we present the results of a combined Hea fixed deflection angle of 110° and an overall angular reso-
atom scattering(HAS) and LEED investigation on the lution of 0.135°. The transfer width of the apparatus exceeds
Rh(111)-O system. These two diffraction techniques can bel000 A. The sample was mounted on an manipulator with
regarded as complementary to some extent. HAS is exsix degrees of freedom and a very high angular resolution
tremely sensitive to the presence of surface defects, and ({0.019 that enabled us to align the surface-crystallographic
allows us to study the surface structure in a very gentle waylirections precisely in the scattering plane, and to perform
without introducing additional surface contaminants due tchigh-resolution momentum scans along particular directions.
outgassing filaments. These attributes are of great impofurther details of the He beam apparatus can be found in
tance in the study of the O-Rhl1) surface, which is easily Ref. 4. The structure and the order of the surface were moni-
attacked by CO and hydrogen. Moreover, the transfer widthiored by measuring the He beam intensity in a continuous
of the HAS apparatus exceeds 1000 A, so that this techniquamode using a beam energy of 19 meV, i.e., the He gas was
is particularly suited for studying phase transitions. The ac€ooled to liquid-nitrogen temperature prior (@diabati¢ ex-
quisition of a complete HAS diffraction pattern, however, is pansion. The typical base pressure in the sample stage was
quite cumbersome and time-consuming, since each point ih.5x10 1° mbar. The sample could be heated up to 1150 K
reciprocal space has to be projected onto the aperture of ttend cooled down to 150 K with liquid nitrogen.
detector stage by rotating the sample. LEED, on the other The LEED measurement8erlin) were conducted in an-
hand, is capable of monitoring in parallel the complete dif-other UHV chambetbase pressure 2010 ° mbar during

Il. EXPERIMENT
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an exposure of 0.7 L and 273 K. He diffraction is much more

T,4=273 K sensitive than LEED to the ordering and disordering process
which is involved in the transition from the low-coverage to
(2x2)-20 the high-coveragg2x?2) structure. This fact explains the
(2x2)-10 HAS / sharpness of the HA@X2)-10 feature in Fig. 1, compared
to the LEED one.

=3

J{/“’Mw A recent quantitative LEED analy$i6 of these oxygen

phases revealed that oxygen atoms reside in both cases in the
fcc-hollow site and that th€2<2)-20 is not a honeycomb
(2X2) structure, but actually €x<1)-O structure. The appar-
ent(2xX2) pattern of thg(2xX1) phase results from the equal
presence of thre€x1) domains rotated by 120°.

(1/2,0) Intensity (arb. units)

J IV. ORDER-DISORDER PHASE TRANSITION
0 T The RH111)-(2X2)-10 system is in principle a good can-
0 10 20 30 40 didate to investigate order-disorder phase transitions. Since
Oxygen dose (L) oxygen on RIi111) has been shown to occupy fcc sites pref-

erentially, from a symmetry argument one would expect to
find a continuoug2x2)—(1x1) order-disorder phase tran-
sition falling into the universality class of the four-state Potts
model. In fact, the order-disorder transition of &< 2)-10
phase on R{®001) does belong to the four-state Potts uni-
versality clas€.0n the related NiL11) surface, however, the

FIG. 1. He diffraction and LEED intensities of tli&/2,0 beam
dependent on the O exposure. At 0.7 L oxyge(2:d2)-O phase is
formed and at saturation a high-covera@®x2)-20 phase is
formed.

the measurementequipped with facilities for Auger elec- Y . v
tron spectroscopyAES), thermal desorption spectroscopy, classification of the order-disorder transition of tk2
and LEED. LEED intensities were measured on line with a>2)-10 phase is still a matter of debdt€’ To study the
four-grid LEED optics and a computer-controlled video- Order-disorder transition of the2x2)-10 surface on
LEED systent, taking the integrated spot intensities from a RN(111), we measured both the width and intensity of the
fluorescent screen. The temperature of thé1RE sample nalf-order HAS peak as a function of the sample tempera-
could be varied from 1500 to 45 K using liquid He. ture. One-dimensional angular profiles of 2,0 beam
The main contaminants on the @A) surface were sul- Were collected along the direction perpendiculaf 1d0].
fur and carbon. Sulfur could be easily removed by sputtering?;_hese measurements, however, were complicated by the
the sample for several minutes at 850 K with Ar-kV, igh reactivity of the oxygen overlayer to hydrogen and CO
2-uA beam current and subsequently flashing to 1050 K. that are inevitably present in the residual gas. In order to
Using HAS, the onset of annealing of defects caused by sputhinimize the influence of the oxygen depletion on the peak
tering was determined to be 10200 K by monitoring the ~ Profile measurementén particular at temperatures above
specular beam intensity, that increases abruptly approaching0 K), we reprepared the optimu(@x2)-10 structure after
this temperature. The carbon contamination at the surfacgach profile acquisition run; this could be easily accom-
reacts to CO when exposing the sample t0x20 ' mbar  Plished by redosing oxygen until the known count rate at low
oxygen at 760 K for some minutes. To remove the surfacéemperature is restored. In doing so, the oxygen coverage
oxygen by titration, the chamber was backfilled with could be kept constant within 1% during the series of profile
2.0x10 "-mbar hydrogen at a fixed sample temperature ofmeasurements.
750 K. This procedure ensures that no additional carbon seg- The procedure for fitting the He diffraction profiles was
regated from the bulk to the surface, since the sample tenthe following. At temperatures below the critical temperature
perature chosen was below 800 K, the onset of carbon milc, the profiles were well described by a Gaussian function
gration from the bulk. The cleanliness was either checked byvith constant widths. For temperatures abdye the profile
the specular He beam intensityrieste or with AES (Ber-  Was considered as a Voigt profile, i.e., a convolution of the
lin). The same cleaning procedure was applied in both labdow-temperature Gaussian function and a Lorentzian func-
ratories, also using the same (Rh1) sample to ensure com- tion with variable half-width. The full width at half maxi-
parable experimental conditions. mum (FWHM) of the (1/2,0 spot, depending on the tem-
perature, is summarized in Fig. 2. The half-order diffraction
spot exhibits a strong broadening with increasing tempera-
ture which was fitted by a power law of the reduced tempera-
The O-RH111) system exhibits two ordered structures atture, i.e., [(T—T.)/T.]”.The optimum parameters were
O coverages of 0.25 and 0.50 ML, both showing an apparerfound to beT,=280+5 K and »=0.67+0.01, in excellent
(2x2) diffraction pattern. A coverage of 1 ML corresponds agreement with predictions according to the four-state Potts
to a concentration of adparticles equal to that of Ru atoms imodel (v=2/3). The critical temperature was found to be
the topmost layer. In order to determine the optimum O extremely sensitive to oxygen coverage: An oxygen deple-
doses necessary to produce these overlayer structures, wen of 5% in the overlayer induced a lowering of the critical
monitored the LEED and HAS intensities of th&/2, 0 temperature by about 30 K.
beam as a function of oxygen do&é#. Fig. 1). Both methods Similar measurements were also performed with LEED:
indicated the optimun(2x2)-10 structure to be prepared at On cooling the(2x2)-10 from 360 to 100 K(cf. also Fig. 5,

Ill. (2x2)-10 AND (2x2)-20 STRUCTURES
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function of temperaturécircles and squares, respectivelyhe fit-
ting curves are indicated as full lines. The white area beneath the
intensity best-fit curve corresponds to the temperature rengea]
in which the finite-size effect affects the critical behavior.

FIG. 3. He diffraction intensities of th@,0) and(1,0) beams as
a function of temperature. The specular beam intensity shows a
dramatic increase upon crossing the critical temperature.

bottom panel the LEED peak profiles were measured as
function of temperature both along tH&M direction and
perpendicular td'M. In both directions the analysis yields a
critical exponent ofv=0.70x0.02 and a critical temperature
of 280£5 K, i.e., in nice agreement with the HAS results.

adisparity could be due to the Debye-Waller factor, which was
not properly taken into account in the evaluation of the
temperature-dependent peak intensity. On the other hand, we
cannot exclude that the found values of the critical exponents

The temperature dependence of the half-order peak interfé and y may point toward an order-disorder transition dif-

sity depends on both the critical behavior of the transition rent from the four-state Potts model. In particular, a finite
and the “Debye-Waller’ damping. Usually, it is possible to occupation probability of non-fcc sites may change the criti-

: o cal behavior of the transition.
S)e(trgﬁtjg]necgeot;yter{gvale!\i\i(di?]rqﬁg]gl]ot\;\)//- :'et:r']nge:gfuircgﬁraetures Moreover, a peculiar feature of this phase transition has to
wiIFbe Shown in Secpv at low tem eratufes the(RhL)-(gz " " De taken in consideration. Approaching the order-disorder

ORI per. ... phase transition, all the HAS diffraction peaks are expected
X2)-10 system is pushed into a transient out-of-equilibrium

to decrease, due to enhanced surface disorder. This behavior

condition by hydrogen reaction to water. This processfls usually observed, such as for thex2)-P(110 decon-

heavily modifies the temperature dependence of the hal Struction  transiiod and  for the RE111)-CO(\3

order diffraction spotgsee Fig. 4 and therefore precludes a
pots 9.4 b x \/3)R30°order-disorder phase transitithin Fig. 3 the

reliable determination of the Debye-Waller factor. This ob- q g X . ¢ q
servation forced us to use only the raw data for extracting thiémPerature-dependent HAS intensities of th@) and(0,0
eams are compared. Tlig,0 beam suffers only a slight

critical exponent® andy. The experimental half-order peak q ) h " Hile th
intensity, shown in Fig. 2, was then fitted using the expres9€¢réase upon passing the transition temperature, while the
intensity of the specular beam dramatically increases by

ston about a factor of 3. This behavior is completely reversible,
Alt|2+B_|t|"7+C_, t<-a and therefore cannot simply be explained by oxygen leaving
the surface either into the bulk region or into the gas phase.

T-Tc It is important to notice that a simildbut less pronounced

I(T)={ D, Jtj<a t=

T, behavior was observed by Bellmaetal’® for the (2
B.|t|7+C,, t>a. X2)—(2X1) phase transition of the Rh10-O system. A

' quite similar behavior was also reported by Mefial}* for
By a systematic variation of the value af we were able to the system G@11)-c(2x8). The persistence of the integer-
evaluate the temperature range in which finite-size effectsrder peaks beyond the phase transition was interpreted in
alter the critical behavior. The fitting procedure was repeatethat case as evidence of an order-order phase transition: The
for different values of, ranging from 0.01 and 0.04. It was high-temperature phase would accordingly display different
found that the critical exponerft and y and the critical tem-  surface corrugation, probably due to a higher degree of me-
peratureT . do not change foa>0.025. The values g8 and  tallicity of the surface layer, explaining the increase of
v determined by this procedure were 001 and 1.4 specular peak intensity. Takeuchi, Selloni, and Tosatti's
+0.3, respectively, while the critical temperature turned outcalculation$® and other experimental findinspredicted a
to beT,=275+=5 K, consistent with the value found by the metallization of the G@ 11) at high temperature, but accom-
evaluation of the FWHM data. While the obtained value ofpanied by a complete disordering of the surface layer. In the
the critical exponeni compares very well with the one ex- case of the R{111)-(2X2)-10 system we can exclude an
pected for a continuous phase transition in the four-staterder-order(2x2)—(1Xx1) phase transition for two reasons.
Potts universality class, i.e., 2/3, the valuesBadind y devi-  First, the broadening of the half-order diffraction beam pro-
ate appreciably from the expected val@@d2 and 7/§. This  files proves the disordered character of the high-temperature



4720 H. OVERet al. 55

(O/1) WHMA (0'7/1)

(1/2,0) Intensity (arb. units)
(1/2,0) Intensity (arb. units)
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FIG. 4. HAS and LEED intensities of th€l/2,0 beam as a

function of temperature. Upon heating, a distinct minimum is ob-  FIG. 5. In addition to the LEED intensity, the FWHM of the
served at about 230 K. The onset of the decrease in intensity i6L/2,0 beam of the(2x2)-10 phase was measured. Upon heating,
accompanied by desorption of water, while the increasing flank ighe beam broadens substantially, and subsequently narrows again.
related to an annealing of the O overlayer. When (P&2)-10 The maximum of broadening of tH&/2,0 spot coincides with the

surface is subsequently cooled, no such effect is observed. minimum of the intensity. Upon cooling, the temperature depen-
dence of the beam width is that expected for the ordinary phase

phase in the form of antiphase domains proliferation. Sectransition. The critical temperature lowers appreciably, probably
ond, an ordered1x1) surface structure is not compatible due to oxygen loss.
with a uniform oxygen coverage of 0.25 ML. One could
speculate that1x1) ordered domains form, leaving most than an increase of the specular beam intensity. Also, it is not
(75%) of the surface uncovered. By additiona} @osing at  very likely that the(2x2) diffraction channels are really
275 K, where the steep increase of the specular peak intelosed, since the diffraction experiments indicated a broad-
sity occurs, one should then be able to accommodate morning of the peaks and not their disappearance.
than 0.5 ML of oxygen on the surface. This, however, was The enormous increase of the specular peak intensity in
not the case, as always tligx2)-20 structure with global HAS points toward a smoothing of the surface charge den-
coverage of 0.5 ML appeared instead. Furthermore, we'triecsity induced by the disordering process. This leads to a re-
to obtain a(1xX1) oxygen overlayer on Rti11) by dosing duction of the surface corrugation and therefore to an in-
NO, at 600 K, following the procedure previously applied to crease of the specular beam direction. The smoothening of
the RU000Y) surface’ No (1x1) structure was observed, the surface charge density might—but not necessarily—
instead a~(7X7) coincidence pattern evolved indicating ox- correspond to a kind of surface metallization. Since HAS is
ide formation. It was argued that tli#x 1) oxygen structure extremely sensitive to the outermost charge density, this
on RH111) is energetically less favored than oxygen pen-change in the surface electron density might be quite small,
etration, due to the strong expansion of the first layer Rrand rather difficult to detect with other more direct tech-
distance even at O coverage$.5 ML. The increase of the niques.
specular beam intensity can therefore not be ascribed to an We also performed LEED-V measurements as a func-
order-order phase transition. tion of temperature, in order to check whether the atomic
One might also speculate that the closing of {Bx2) geometry at the surface does change during the phase tran-
diffraction channels—due to the disordering process—couldgition, i.e., top-layer relaxation, adsorption sites, etc. Since
cause an increase of the specular beam. This point of view iso differences between thHeV curves taken at 200 and 280
nevertheless far from being convincing. In fact, if this wereK were detectable within the experimental accuracy, the ob-
the case, the increase of the specular beam intensity shousgrved increase of the specular He beam intensity should be
be a general feature of an order-disorder phase transitiomelated to subtle changes in the overlayer charge density
while this is not the case. Since the disappearance of thether than to transition-induced changes of the local adsorp-
(2X2) superstructure is associated with a disordering protion geometry. Remarkably, the same intensity enhancement
cess, an increase of the diffuse scattering is expected, rathef the specular HAS beam was observed in the order-
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FIG. 6. TD spectrum of water from the RIL1)-(2X2)10 sur-  the ordered O overlayer at 240(&mpty circle$. The full line is the
face. The TD spectrum displays a maximum around 160 K. Thebest-fit curve to an exponential function of the intensity during re-
amount of oxygen leaving the surface due to water desorption wasovery. Lower curve: the actual temperature during the measure-
evaluated to be less than 5% of t{&x2)-10 structure. ment.

disorder phase transition of the @10)-(2x2)-10 surface?3 hydrogen adsorbed at low temperature. A quantitative evalu-
How this effect is correlated with an overlayer disorderingation of the TD spectrum reveals that the amount of oxygen
process is so far not clear, so that theoretical and furthdeaving the surface in the form of water is less than 5% of the

experimental investigations are mandatory. (2X2)-10 overlayer. It is this small quantity of water leaving
the surface that causes the disordering of the O overlayer.
V. TRANSIENT OUT-OF-EQUILIBRIUM STATE The actual mechanism determining this disordering process

is not easy to figure out. In order to gain more insight into

As mentioned in Sec. IV at low temperatures tf#2 this phenomenon, we performed the following measurements
X2)-10 overlayer reveals a peculiarity caused by hydrogerillustrated in Fig. 7. We recorded the LEEQ/2,0 beam
contamination of the surface. Figure 4 shows the temperatuiigtensity during heating up to 240 K, at which temperature
behavior of both the HAS and LEEL/2,0 beam intensi- the intensity reaches its minimufull circles in Fig. 7; we
ties. While heating the sample, tl{&/2,0 beam intensity then kept the temperature fixed at 240 K and monitored the
runs through a distinct minimum at 230 K that is not present(1/2,0 beam intensity as a function of tinfempty circles in
during subsequent cooling. This intensity decrease was aé-ig. 7). The intensity increases with time in an exponential
companied by a strong broadening of the half order profilesvay, eventually recovering the value reached at the same
as seen by LEED. In Fig. 5 the FWHM of t{#/2,0 LEED  temperature during coolin¢cf. Fig. 4. This measurement
beam is shown both during heating and cooling. Upon cool¢learly demonstrates that the disordered state is transient, and
ing, the half-order beam width decreases monotonically irthat the process takes place under out-of-equilibrium condi-
the expected way, due to the ordinary phase transition at 28fibbns. For each temperature between 150 and 250 K we can
K. By contrast, upon heating, the beam profile starts tcassume that the points in the heating cuiivigs. 4 and bare
broaden quite suddenly around 150 K, reaches a maximumut-of-equilibrium states, while those of the cooling curve
around 230 K, and subsequently narrows. This behavior inare the corresponding equilibrium states. It is known that
dicates that between 150 and 250 an irreversible disorderingefects or impurities in otherwise ordered overlayers are able
process takes place which is characterized by a substantia introduce both(i) a lowering of the critical temperature,
proliferation of antiphase domain walls in th@x2)-10  and(ii) a change in the order and/or the universality class of
overlayer. To further elucidate this behavior, a thermal-the overlayer phase transitidfFurthermore, it is also con-
desorption(TD) spectrum of watefsee Fig. § was taken. ceivable that the observed transition is not continuous but of
This TD spectrum indicates the formation and desorption ofirst order even without defecfgase(iii)]. In the following
water at around 160 K, which points toward the presence ofve show that none of these effects is able to account for the
hydrogen as contaminant in the O overlayer. Obviously, hy-observed(disorderedl transient state. Indeed, a lowering of
drogen from the residual gas adsorbs onto tB&2)-10  the critical temperaturéfrom 280 to 250 K due to a 5%
overlayer at low temperatures without reacting off the oxy-depletion of the oxygen overlayer can be seen from the cool-
gen; note that cooling the sample takes about 15-30 miring curve. Nevertheless, cagg is unable to explain the re-
and during this time hydrogen is accumulated at the surfacecovery of the ordered overlayer after domain-wall prolifera-
When the sample temperature approaches 160 K, hydrogeion, i.e., the transient character of this process.
reacts with oxygen and forms water which leaves the surface The discussion of cag@) is more subtle. One might sup-
immediately. The temperature at which tti#2,0 beam in-  pose that defects induce the phase transition to become of
tensity runs through a minimum varies with the amount offirst order, displaying some hysteresis behavior. To be a first-
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order transition, the hysteresis has to show—as happens VI. CONCLUSION
upon heating—a supercooling effect, i.e., the ordered phase . . I
should pertain even beyond the critical temperature, until A combined LEED and HAS investigation of the
some nucleation causes the transition to occur. By contrast iffmPerature-dependent behavior of the(Ri)-O system
our case, the overlayer becomes disordered below the critic¥{@S Presented. Thex2)-10 phase on Ri11) undergoes
temperature and subsequently recovers the equilibriun@" order-disorder transition at 286 K. The critical param-
ordered phase. This phenomenon does therefore not réfer derived from the FWHM is compatible with the four-
semble a hysteresis process typical of a first-order transitiorstate Potts universality class. Along with the phase transition,
Casel(iii) can easily be excluded since the observed hysan enormous increase of the HAS specular beam intensity by
teresis in the temperature-dependent diffraction data exhibit® factor of 3 was observed that points toward a reduction of
the wrong direction. The hysteresis should only narrow bythe surface charge-density corrugation during the disordering
introducing defects in the overlayer. process. The change in the surface corrugation could also
To understand the transient behavior, one should recall affect the temperature dependence of the half-order beam
scenario where water formation and desorption leave thintensity, which then would explain the observed deviation
overlayer in an out-of-equilibrium condition. When the rate of the critical parameterg and y from the expected four-
of water desorption slows down and the temperature is sufstate Potts values. It is also possible that this phase transition
ficiently high, the surface overlayer anneals, i.e., recovers thgifers from the four-state Potts model, for instance, due to a
equilibrium-ordered phase. The transient state is charactefmite occupation probability of non-fcc sites beyond the
ized by a domain-wall density associated with an apparentlyritical temperature. Hydrogen adsorbed on tB&2)-10
higher temperaturdi.e., T>T;=280 K). This fact might  structure at low temperaturés:150 K) reacts with oxygen
provide an important clue about the mechanism. As watefo form water at about 160 K. This process drives the
formation is an exothermic process, a fraction of the reaction2x2)-10 system into a transient out-of-equilibrium state
enthalpy could be used to disorder the O overlayer locallycharacterized by a dramatic proliferation of antiphase do-
The thermalization of the Overlayer iS, of course, almost in'rnain walls. We guess that the two-step irreversible phase

stantaneoustime scale of atomic vibrationsand is not as-  transition observed by Thiel and co-workemsight also be
sociated with an appreciable increase of the surface tempergge to contamination by hydrogen.

ture, but the time necessary to recover the ordered overlayer
is governed by the much slower diffusion process. Moreover,
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