
PHYSICAL REVIEW B 15 OCTOBER 1997-IIVOLUME 56, NUMBER 16
Order-disorder phase transitions of oxygen on Rh„100…

A. Baraldi, V. R. Dhanak,* G. Comelli,† K. C. Prince, and R. Rosei†

Sincrotrone Trieste SCpA, Padriciano 99, I-34012 Trieste, Italy
~Received 30 July 1996; revised manuscript received 21 February 1997!

The adsorption and ordering of oxygen atoms on the Rh~100! surface have been investigated by spot profile
low-energy electron diffraction measurements as a function of coverage and temperature. Three oxygen in-
duced structures were observed:p(232), c(232), and (232)p4g. Using the intensity and the full width
at half maximum of the diffraction spots, the (232)p4g→c(232) and c(232)→(131) order-disorder
phase transitions have been characterized and the phase diagram mapped out. The (232)p4g→c(232)
transition is assigned to the two-dimensional Ising universality. The role of the adsorbate-adsorbate interactions
in the formation of the ordered phases and the kind of defects involved in the order-disorder phase transitions
are discussed.@S0163-1829~97!06935-X#
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I. INTRODUCTION

When atoms or molecules adsorb on a surface, they in
act not only with the substrate but with each other as well
noninteracting lattice gas would always give rise to
p(131) structure only, whereas, adsorbate-adsorbate in
actions can cause the formation of other ordered structu
The symmetry of these superstructures is determined by
qualitative nature of the interactions. For chemisorbed s
tems, lateral interactions between adsorbed atoms or m
ecules, due to long-range dipole-dipole interactions or in
rect electronic interactions, are generally an order-
magnitude weaker than the adsorbate-surface interac
particularly at low coverage. In this surface coverage ran
the influence of lateral interactions on the energy of the la
is of minor importance, but the statistical distribution of t
adsorbates in space deviates from the behavior of a noni
acting system.1 The factors which govern the lattice-gas sy
tem have important consequences for the kinetics of ads
tion and desorption, ordering processes, order-disorder p
transitions, and chemical reactions on surfaces.

The system O/Rh~100! is a good candidate for investiga
tion of these phenomena. It is known from previo
studies1–9 that at room temperature on the~100! rhodium
surface oxygen forms three different ordered structures
p(232) at 0.25 ML, an intermediatec(232), and a
(232)p4g at saturation~0.5 ML!. For all structures, oxygen
sits in the fourfold hollow site position; in thep4g structure,
the substrate additionally reconstructs by rotation of the f
Rh atoms nearest to each oxygen atom.

In this paper, we report measurements of low-energy e
tron diffraction~LEED! superlattice spot intensities and sp
profiles in the whole oxygen coverage range. The absenc
a (131) structure at high oxygen coverage implies that
lateral nearest-neighbor interactions are strongly repuls
limiting the saturation coverage to 0.5 ML. The (232)p4g
structure, consisting of ac(232) arrangement of oxygen
atoms on a reconstructed substrate, requires a short-r
next-nearest-neighbor repulsive interaction in addition to
attraction required forp(232) island formation at low cov-
erage.

We observe two phenomena: ap(232)→c(232)
560163-1829/97/56~16!/10511~7!/$10.00
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transition, interpreted previously5 as an Ising-like order-
disorder phase transition withTc5450 K, as well as a serie
of (232)p4g→c(232) andc(232)→(131) transitions
at temperatures which are coverage dependent. The ana
of the critical exponents shows that the (232)p4g→
c(232) transition belongs to the two-dimensional~2D!
Ising universality class.

Only a few phase diagram studies of oxygen on me
surfaces have been reported previously, for exam
O/W(110),10 O/Ni~111!,11 O/Ni~100!,12,13 and O/Ru~001!.14

In the next section we describe the experimental te
niques used, and in Secs. III A and III B we present the
sults of constant temperature and constant coverage spot
file measurements, respectively. In the last section the res
are discussed.

II. EXPERIMENT

The experiments were carried out in a mu-metal UH
chamber~base pressure of 1310210 mbar!, equipped with a
spot profile analysis~SPA!-LEED system~Omicron GmbH!
which has an instrumental transfer width larger than 750 Å
an electron-beam energy of 115 eV.15 The Rh crystal was cu
and mechanically polished to within 0.5° of the~100! direc-
tion. Initially, it was prepared in the UHV chamber by man
cycles of 2 keV Ar1 bombardment, annealing to 1170 K an
oxygen treatment at 970 K to remove residual carbon. A
this cleaning procedure, the LEED spots from the Rh surf
were symmetric and had a full width at half maximu
~FWHM! under antiphase conditions of;0.005 Å21, which
indicates that the average terrace width on the surface wa
least 500 Å. Previous scanning tunnel microscope~STM!
measurements6 on the same sample also showed large
terraces and we can conclude that the sample contain
negligible density of defects like steps, which introduce
displacement along the normal to the surface.

Before oxygen exposure, the Rh sample was flashed
600 K to remove any CO or H adsorbed from the bac
ground. Spot profile measurements of the oxygen-indu
half order diffraction beams were performed in two differe
ways: ~i! at constant temperature while dosing oxygen a
10 511 © 1997 The American Physical Society
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10 512 56BARALDI, DHANAK, COMELLI, PRINCE, AND ROSEI
pressure of 531029 mbar; ~ii ! at constant oxygen coverag
while raising the temperature.

For the first case the sample temperature was kept
stant to within61 K. In the second case, to compensate
the loss of adsorbed oxygen due to reaction with hydroge
CO from the ambient, a partial pressure of oxygen in
10210 mbar range was maintained during the experiments

that the intensity and FWHM of the (1,1
2 ) and (1

2 , 1
2 ) spots

after repeated heating/cooling cycles was reproducible.
SPA-LEED was operated at 58 eV electron-beam ene

which corresponds roughly to maxima of the (1,1
2 ) and (1

2 , 1
2 )

spot intensities.

III. RESULTS

A. Constant-temperature measurements

Figure 1~a! compares the intensity variations of the (1,1
2 )

and (1
2 , 1

2 ) beams~filled and empty circles, respectively! as a
function of the oxygen exposure. Four regions can be dis
guished, corresponding to different ordering of the overl
ers: ~i! (131), where neither extra spots are visibl
~ii ! p(232), with both spots showing an intensity with
maximum around 0.65 L (1 L51.3331026 mbar s);

~iii ! c(232), where only the (12 , 1
2 ) spot is present;

~iv! (232)p4g where both spots display a continuous inte
sity increase.

The FWHM of the diffraction spots, shown in Fig. 1~b! is
reduced at the maxima of the spot intensity for t
p(232) and (232)p4g structures, indicating good orde
ing.

FIG. 1. Intensity~a! and FWHM~b! vs dose~Langmuir! for the

(1,1
2 ) ~filled circles! and the (12 , 1

2 ) ~open circles! spots obtained
dosing oxygen at a pressure of 531029 mbar and atT5400 K.
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In order to calibrate the oxygen coverage, we used pre
ous x-ray photoemission spectroscopy~XPS! measurements
of the oxygen uptake, performed in another chamber
with the same sample. The XPS uptake data are show

Fig. 2 together with the (1,1
2 ) spot intensity. Assuming tha

the maximum intensity of thep(232) half-order spots cor-
responds to 0.25 ML, the coverage was calibrated up to s
ration.

This calibration allowed us to plot in Figs. 3 and 4, r

spectively, the intensities of the (1,1
2 ) and (1

2 , 1
2 ) spots,

I 1,1/2(U) and I 1/2,1/2(U), as a function of the oxygen cover
age for different temperatures, ranging from 325 to 800
The intensities have not been corrected for the Debye-Wa
factor because its value is strongly dependent on sur
structure and coverage. Two distinct regions can be dis
guished in the spectra:~i! from 0 to 0.35 ML and~ii ! from
0.35 ML to saturation.

For temperatures below 450 K, both spots grow in inte
sity above 0.15 ML, reach a maximum at 0.25 ML, and th
decrease from 0.25 to 0.35 ML. This is associated with
formation of thep(232) ordered phase. At slightly highe

temperatures, the (1,1
2 ) spot disappears while the (1

2 , 1
2 ) spot

is still present though reduced in intensity. These results
consistent with the existence of thep(232)→c(232)
order-disorder phase transition described in our previ
work.5 The high-temperature phase is disordered in the se
that order is reduced because the order parameter c

sponding to the (1,1
2 ) diffraction spots has vanished but th

( 1
2 , 1

2 ) order parameter is nonzero. In real space, this imp
that the oxygen atoms are disordered with respect t
p(232) lattice. We return to this point below in the discu
sion of defects and surface Burgers vectors.

At very high temperature, but still below the oxygen d

sorption temperature of 840 K, the (1
2 , 1

2 ) spot almost van-
ishes.

FIG. 2. O 1s photoemission intensity~dotted curve! and (1,12 )
spot intensity ~filled curve! vs dose ~Langmuir!. Oxygen pres-
sure: 531029 mbar; T5370 K.
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56 10 513ORDER-DISORDER PHASE TRANSITIONS OF OXYGEN . . .
Above 0.35 ML both spots grow in intensity for increa
ing oxygen coverages at all temperatures. Two featu
should be noted: ~i! as the coverage approaches 0.5 ML
sharp increase in intensity of both spots occurs;~ii ! compar-
ing intensities relative to coverage for different temperatur
a sharp decrease with increasing temperature is visible.

These data allow us to draw the qualitative phase diag
represented in Fig. 5. In principle, phase diagrams should
determined by measuring the intensity versus tempera
curves at various constant coverages using the temperatu
the respective inflection points as transition temperatures
phase boundaries. Since the absolute coverage cannot b
termined in our SPA-LEED system, we have used the p
toemission data as described above and have assumed
the sticking coefficient is independent of temperature in
termining the coverage used for the phase diagram.

B. Constant coverage measurements

As shown previously5 the stoichiometricp(232) ordered
structure undergoes an order-disorder phase transition
critical temperatureTc of 45065 K. The p(232)→
c(232) transition was found to be second order and belo
to the 2D-Ising universality class. In this section we conc
trate our attention on the temperature dependence of
(232)p4g phase.

FIG. 3. Intensity of the (1,12 ) spot as a function of oxygen cov
erage at different substrate temperatures.
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An order-disorder phase transition also occurs for
(232)p4g structure as seen by the variation with tempe
ture of the fractional order spots’ intensity. Some data for

(1,1
2 ) spot are presented in Fig. 6. The spot intensity h

been corrected for the Debye-Waller factor by measuring
removing the temperature dependence of the intensity at
temperature. The thermal diffuse background was subtrac

FIG. 4. Intensity of the (12 , 1
2 ) spot as a function of oxygen

coverage at different substrate temperatures.

FIG. 5. Phase diagram sketch. The continuous line defines
border betweenc(232) and (131) phase; the dashed line a po
sible separation.
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10 514 56BARALDI, DHANAK, COMELLI, PRINCE, AND ROSEI
The point of inflection of the intensity curves, shown
Fig. 6~a!, coincides approximately with the onset of sp
broadening in Fig. 6~b! and is identified with the temperatur
Tc of the order-disorder phase transition. Data shown refe
(232)p4g layers with different oxygen coverages rangi
from 0.42 to 0.5 ML. Higher oxygen doses correspond
higher transition temperatures. The effect of disorder due
nonstoichiometry is thus to reduce the transition temperat

The continuous change of the intensity across the tra
tion is indicative of second-order behavior. The critical e
ponents were extracted by fitting the data to appropriate
pressions, for example,

I;u~T2Tc!/Tcu2b, T,Tc .

The exponentb is associated with the long-range-ord
parameter. AboveTc intensity persists due to scattering fro
critical fluctuations, i.e., short-range order. The exponeng
associated with the susceptibility was extracted using the
pression

I;u~T2Tc!/Tcu2g, T.Tc .

Finally, the temperature dependence of the FWHM ab
Tc reflects the critical behavior of the correlation lengthn
through the expression

FIG. 6. Normalized peak intensity and FWHM vs temperatu

of the (1,12 ) diffraction spot for the (232)p4g at different oxygen
coverages between 0.42 and 0.5 ML. Solid circles, measured
intensity corrected by the Debye-Waller factor; open circles, m
sured FWHM.
t
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FWHM;u~Tc2T!/Tcun, T.Tc .

We first calculatedTc and the exponentn from the
FWHM temperature dependence; depending on the oxy
coverage,Tc varies from 510 to 810 K. The latter value
very close to the oxygen desorption temperature~840 K!.
The other exponents were then extracted from the inten
data and are summarized in Table I.Tc values extracted from
the width analysis are in agreement with the values obtai
from the intensity data within the average error of68 K.

The results allow us to exclude the four-state Potts mo
universality class, for instance, as the values ofn, b, anda
are inconsistent. Within the error bars, the exponents
consistent with either the Ising class or the three-state P
class for all temperatures below 660 K. The three-state P
model is inappropriate as it requires three values of the s
~within the language of statistical magnetic models!, while in
our case only two are available due to the fourfold symme
of the surface. We therefore conclude that the (232)p4g
→c(232) transitions belong to the Ising class at all cove
ages.

The (1
2 , 1

2 ) curves~not shown! reach the inflection point a
temperatures which are always about 20 K higher than

corresponding (1,12 ) spot temperature, measured from t
same layer. This is in agreement with the measurement
constant temperature, plotted in Figs. 3 and 4, where

( 1
2 , 1

2 ) spot appeared at higher temperatures than the (11
2 )

spot. For this reason we believe that there are two ord
disorder phase transitions: (232)p4g→c(232) and a
successivec(232)→(131), occurring about 20 K highe
in temperature.

Only the data at relatively low coverage have been c
sidered in the evaluation of the critical exponents. The d
analysis atTc.720 K is strongly influenced by the stoich
ometry of the system. Figure 6~a! clearly shows that even a
this temperature, thep4g structure undergoes a phase tra
sition, but we cannot exclude a possible loss of some oxy

ak
-

TABLE I. Measured and calculated critical exponents for t
nonstoichiometric (232)p4g→c(232) phase transition. ‘‘calc.’’
indicates values derived from the experimentally determined ex
nents.

Exponent

Tc temperature
rangea

~K!
Measured

value
Theoretical
Ising value

n
510–560 1.0760.24

1
600–660 0.9860.28

b
500–550 0.12160.010

0.125
600–660 0.12360.011

g
500–550 1.6760.28

1.75
600–660 1.7060.56

a ~calc.!
510–550

20.14 60.48
0.08 60.28 0

600–660 0.0460.56

h ~calc.!
510–550
600–660

0.23 60.05
0.25 60.07

0.25

aSinceTc varies with the oxygen coverage, we have grouped
results according toTc value.
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56 10 515ORDER-DISORDER PHASE TRANSITIONS OF OXYGEN . . .
because we are very close to the desorption temperature
T.720 K we obtained values for theb parameter ranging
from 0.14 to 0.16, i.e., a little higher than the Ising value
0.125. However, the critical exponentsn and g extracted
from the measurements are consistent with those expe
for the 2D Ising universality class at these coverages.

Landau theory predicts that only two exponents are in
pendent while the others can be determined from the uni
sal scaling relations:

dn522a,

a12b1g52,

h52b/n,

whered52 for surfaces.
The theoretical value of the critical exponenta associated

with the specific heat change at the phase transition is z
and we can evaluate it from the data using either of the
two equations, since we have measuredg, b, andn indepen-
dently. The exponenth associated with the correlation func
tion can be calculated from the third equation and is con
tent with the Ising class. The values of the critical expone
obtained from this analysis are shown in Table I, and are
agreement with the theory for an Ising transition, althou
the error bars are fairly large fora.

An independent measure ofa can be obtained from the
integrated intensity of the half-order spots, which follows t
equation:

I ~ t !5A01A1t6B21utu12a1••• ,

where

t5uT2Tcu/Tc .

This approach is valid only when the range of integrat
over k is large enough and the temperature range is c
enough toTc . The critical exponenta determined by fitting
the expression is 0.0260.04 in the whole coverage range
the (232)p4g structure, in close agreement with the val
for the Ising universality class.

A final point worth considering is the effect of imperfe
tions of the substrate and defects. These finite-size eff
smear out the phase transition in temperature and leav
intensity tail above an averageTc . The fluctuation correla-
tion length Lc increases asT→Tc according to the
expression16,17

Lc;a@ uT2Tcu/Tc#
2n,

wherea is the lattice constant. The theory predicts that o
for domain size greater thanLc , as in our case, is the ex
pression valid.Lc is ;200 Å, a is 2.69 Å, andTc is between
500 and 850 K. The shift in measured critical temperat
due to these defects is

DT5ALc
2nTc ,

where the constantA is about 1.25. Thus finite-size effec
could cause a downward shift of the measuredTc by about
3–5 K, which is within the range of the experimental erro
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IV. DISCUSSION

We first consider the nature and range of the oxyg
oxygen interactions. These interactions can be mediated
the metallic substrate over a distance of up to several lat
constants. The experimental evidence for adlayer orde
well below a half-monolayer coverage indicates that lon
range interactions among the adsorbed oxygen atoms e
at least over distances corresponding to third-nearest ne
bors.

In the experimentally measuredI 1,1/2(Q) and I 1/2,1/2(Q)
curves, Figs. 3 and 4, the fractional-order beam intensi
become so weak at coverages below 0.15 ML that both
beam sharpness and theI (Q) curve are difficult to evaluate
This implies that the tendency for island formation is n
strong, and so the interaction energy with the fourth-nea
neighbor,W4nn, Fig. 7, and longer distances, is less than
thermal energyKBT. At low coverage (,0.15 ML) the O
adatoms can be almost randomly distributed over the surf
in one of the four equivalent sublattices that exist for t
p(232) structure, in a sea of disordered lattice gas of l
density.

As the coverage increases above 0.15 ML, the quadr

form of the (1,12 ) spot intensity curve in Fig. 3 indicates tha
island growth is occurring. As noted above, the tendency
not strong, indicating that the attractive interactionW3nn is
weak. Comparison between this experiment and adsorp
performed at lower temperature~150 K! indicates that the
process of ordering of thep(232) structure is not signifi-
cantly affected by the temperature, so the transitions
served are in equilibrium and not kinetically limited.

At coverage greater than 0.25 ML there are two possi
mechanisms for thep(232) to evolve into thec(232)
structure. Oxygen atoms could be added at random site
form nuclei for domains ofc(232) without disturbing the
coherence of the surroundingp(232) structure. In this case
the nuclei are pointlike. Alternatively, the additional atom
can form extended structures that are locallyc(232) and
that break the translational symmetry of surroundi

FIG. 7. Adsorbate-adsorbate oxygen interactions.Wnn, W2nn,
etc. refer to the nearest-neighbor, second-nearest-neighbor, et
teraction energies. Lines indicate the interaction distance.
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10 516 56BARALDI, DHANAK, COMELLI, PRINCE, AND ROSEI
p(232) domains. This would imply diffusion of one do
main with respect to the other.

The nonlinear decrease in the fractional-order LEE
beam intensity with coverage forQ.0.25 ML, evident in
Figs. 3 and 4, favors the second mechanism. Random
sorption of extra atoms onc(232) sites in thep(232)
units cell would give only a linear decrease in the spot

tensity. The broadening of the FWHM of the (1,1
2 ) diffrac-

tion spot, which is characteristic of thep(232) structure, is
also consistent with symmetry breaking. The evidence th
fore points to the formation of extended defects as the
step in the formation of thec(232) structure.

The transitionp(232)→c(232) at constant tempera
ture and varying coverage thus appears to be a continu
i.e., second order, transition mediated by heavy dom
walls. Over most of its existence range, thec(232) phase is
nonstoichiometric and partly disordered.

From the point of view of interaction energies, the form
tion of thec(232) after thep(232) structure indicates tha
W2nn is repulsive.

Thec(232) in principle has a local coverage of 0.5 ML
but before reaching this coverage the structure transform
(232)p4g. Thus thec(232) is always nonstoichiometric

As seen in Fig. 3 the (1,1
2 ) spot, characteristic of the fina

(232)p4g geometry, starts to grow below 0.5 ML. Th
means that extra atoms locally induce the substrate re
struction, while other parts of the surface are still covered
c(232) in small islands. It should be noted by comparis
with the XPS uptake curve in Fig. 2, that the final region
ordering occurs over a wide range of exposures very clos
the saturation coverage of oxygen. This implies that a s
nificant cooperative ordering effect takes place in the fi
stage of chemisorption, i.e., above 0.42 ML, which is
duced by the addition of a small number of oxygen adato
to a nearly saturated oxygen overlayer at this temperatu

The (232)p4g structure has islands at least 200 Å wid
larger than for thep(232), which are;150 Å. This pro-
vides further evidence for the good substrate quality. On
small percentage of defects~like steps, vacancies, contam
nants, etc.! is sufficient to break the long-range order.18

Some phase diagrams show asymmetry around a stoic
metric coverage, i.e., 0.25 ML for thep(232) phase, and
theoretical studies have concluded that many-body inte
tions are of fundamental importance to describe t
asymmetry.19 In our case, the symmetry of thep(232)
phase around 0.25 ML indicates that the approximation
the lattice-gas model in this range of coverages is adequ
This means that the Ising spin model with pairwise inter
tions is a sufficiently good approximation for the prese
system at coverages,0.35 ML.

The interpretation of the mutual O-O interaction at hi
coverage is more difficult. A lattice-gas description is ina
propriate for a substrate that reconstructs in the presenc
the overlayer. For the (232)p4g case we should in fac
consider the contribution arising from the elastic distortio
of the substrate and the consequent changes in the elect
properties of the surface. While thep(232) structure is
symmetric with respect to coverage, we cannot determ
whether thep4g structure is so because continued dos
does not increase the coverage. This is attributed to str
d-
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repulsive interactions for oxygen atoms on adjacent s
which forbids adsorption. The influence of repulsive intera
tion between neighboring adsorbates is also confirmed by
low-temperature shoulder in thermal-desorption spectra
tained by Salanov and Savchenko.20

One question which arises is why oxygen induces ap4g
structure on Rh, but not on neighboring metals such as
Cu, and Pd. For the analogous reconstruction induced b
and C on Ni~100! Reindl, Aligia, and Bennemann21 con-
cluded that for atomic radii larger than a critical value,
substrate reconstruction occurs. On Ni~100!, N and C induce
a p4g structure, but O which is larger does not. In our ca
the Rh-Rh distance~2.78 Å! is greater than the Ni-Ni dis-
tance~2.49 Å! and the critical radius in this case would b
bigger and greater than the oxygen covalent radius.

As noted above, both the (232)p4g→c(232) and the
p(232)→c(232) transitions appear to belong to the Isin
universality class. Disordering at the critical temperature
then described in terms of the vanishing of the free energ
formation for a particular type of defect, which therefo
proliferates. In our previous work, we described the defe
associated with thep(232)→c(232) transition as domain
walls of surface Burgers vectorb5a8(110), wherea8 is the
surface lattice parameter. The microscopic model of t
transition is of an ordered,p(232) structure of coverage
0.25, at low temperature with oxygen atoms located in
fourfold hollow sites. Just above the critical temperature
c(232) structure has the same coverage and short-ra
order exists, but the long-range (232) order parameter@cor-

responding to the (1,1
2 ) spots# has vanished.

Similarly, the (232)p4g structure transforms to
c(232) by the creation of defects and just above its critic
temperature consists of short-rangep4g ordered regions
separated by defects. The oxygen atoms remain on four
hollow sites and are ordered with respect to one another.
long-range ordering of the Rh atoms in their rotated positio
disappears.

For thec(232)→(131) transition we were not able to
determine the universality class because the critical temp
ture is too close to the desorption temperature. If we assu
that it is also Ising-like, the only possible defects are tho
with Burgers vectorb5a8(100) anda8(1̄00) illustrated in
Fig. 8. The defect is either stoichiometric~negative Burgers
vector! or has a locally lower concentration of oxygen~posi-
tive Burgers vector!. This immediately provides insight into
why thec(232) with coverage,0.5 can disorder: it does
so by the formation of the second kind of defect. AtQ
50.5, thec(232) structure can transform to a (131) only
by means of defects of the typea8(1̄00). These require oxy-
gen atoms on strongly repulsive, nearest-neighbor sites.

The effect of nonstoichiometry on the critical exponen
can be discussed within the framework of Fisher renorm
ization theory.22 The variation of concentration from 0.5 ca
be regarded as a ‘‘hidden variable,’’ and in three dimensio
at least, the exponentsa, b, andg are renormalized by divi-
sion by (12a). Sincea is small, the change in the critica
exponent is small, and in the present work, the error bars
too large to permit the observation of an effect.

As noted above, the data concerning the process of di
dering of thep4g structure to ac(232) structure is not
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completely clear due to the proximity of the desorption te
perature. However atQ50.5, the p4g can disorder to a
c(232) by rotation of the motif of 4 Rh atoms and on
oxygen atom. Mechanistically, this is unlikely to proceed v
the creation of localized defects, as neighboring doma
would interact strongly by Rh-Rh atom repulsion. Instea
the angle of rotation of each motif could go to zero contin
ously by vibrational excitation until the average angle
zero. If this is so, the angle of rotation would be identifie

FIG. 8. Surface defects in thec(232) structure, with their re-
spective surface Burgers vectors.
i

i

-

s
,

with the spin parameter in magnetic terminology, and t
appropriate model is theXY model, which has nonuniversa
exponents.

V. CONCLUSIONS

The phase diagram of the O/Rh~100! system has been
described semiquantitatively and the phase transitions fr
the c(232) andp4g phases to disordered states have be
characterized. The (232)p4g→c(232) transition has
measured critical exponents which are consistent with t
Ising model over all of the existence range of thep4g.

Emphasis has been placed on the microscopic mechan
for the transition. For example, at constant temperature a
increasing coverage, thep(232) converts to thec(232)
structure by the formation of extended defects which a
heavy domain walls. Possible defects involved in th
c(232)→(131) transition have been described. The natu
of the c(232) phase has been investigated and is found
be nonstoichiometric and partly disordered over most of
existence range. The results have been interpreted in term
adsorbate-adsorbate interaction, both for the kinetics of f
mation of the ordered phases and for the dynamics of dis
dering.
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