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An order-disorder transition of oxygen adsorbed on the Rh~100! surface has been studied by means of spot
profile analysis low-energy electron diffraction~SPA-LEED!. The p(232)→c(232) transition has been
found to belong to the Ising universality class, with critical temperature 45065 K. Careful consideration of the
profile broadening allows the determination of the type of defect implicated in the disordering process, and it
is defined in terms of a surface Burgers vector. Furthermore, the thermodynamic parameters allow an energy/
unit length to be associated with these defects.

I. INTRODUCTION

Oxygen on Rh~100! has been studied by several groups,
and three low-energy electron-diffraction~LEED! patterns
have been reported:p~232!, c~232!, andp4g.1–8 This last
structure was not observed in early work, but is known to be
sensitive to the presence of impurities and surface disorder.9

It was originally assigned to the space grouppgg by Oed
et al.,2 but the LEED pattern due to two domains of apgg
structure is indistinguishable from a single domain ofp4g.
Recent scanning tunneling microscopy~STM! work has con-
firmed that it is in factp4g.8 In the present work we are
concerned with a phase transition between thep~232! and
c~232! structures.

The field of two-dimensional~2D! phase transitions on
surfaces has been reviewed by Bauer10 and Persson,11 among
others. In a second-order transition, an order parameter goes
continuously to zero and vanishes at some critical tempera-
tureTc . At this temperature, the free energy for creation of a
particular defect vanishes, and it is the proliferation of de-
fects which causes the loss of order.

Although long-range order disappears, short-range order
remains,12 and is observable as residual diffraction intensity.
This structural model was proposed by Schneider and Stoll,13

and is now generally accepted. In a recent review, Persson11

illustrated a structure which consists of ordered regions of
the low-temperature phase separated by well-defined bound-
aries or defects. The diffraction spots are of course broad-
ened as the ordered domains are small. Only in a few cases
have the types of defect been identified: they cannot be
pointlike defects, as these do not destroy long-range order.
Instead, they must be extended defects, which can be classi-
fied by associating a Burgers vector with them. This has been
done by Princeet al.14 for the case of the Au~110!
~132!→~131! ~Ref. 12! and O/Rh~110! ~232!pgm→~132!
~Ref. 15! transitions.

Another approach to identifying the type of defect asso-
ciated with the loss of order is to consider the possible
equivalent sublattices of a system.11 The transfer of an atom
from one sublattice to another is regarded as a fundamental
excitation of the system with which an energy is associated.
We will return to this point in the analysis of the data below.

It should also be noted that the fractional-order spots may
also shift from the Bragg position during disordering. This

has been described in detail by Fenter and Lu16 for a sub-
strate of rectangular symmetry, and provides further informa-
tion about the nature of the defects involved in disordering.

One of the achievements of the study of second-order
transitions has been the classification of systems into univer-
sality classes, and these have been conveniently listed by
Bauer.10 The first example of a surface phase transition be-
longing to the 2D Ising universality class was reported by
Campuzanoet al. for a clean surface,12 and by Wang and Lu
for a chemisorbed layer,17 while the first example of a three-
state Potts transition was O/Ni~111!.18 Within a universality
class, measured quantities such as intensity and peak width
vary with temperature as a power law with well-defined ex-
ponents. The point-group symmetry of the present system,
O/Rh~100!, is C4v for the three adsorbate-induced structures
which have been observed. This implies that the possible
universality classes are the HeisenbergXY class with cubic
anisotropy ~nonuniversal exponents! or the Ising class
~which is the special case of then-state Potts model, with
n52!. Furthermore, phase transitions between structures be-
longing to certain pairs of space groups cannot be second
order: well-defined ‘‘selection rules’’ have been stated by De-
onarine and Birman.19 For the present system, the high-
temperature, high-symmetry phase must have a unit cell with
half the area of the low-temperature phase.

II. EXPERIMENT

The experiments were carried out in a mu-metal UHV
chamber pumped by a combination of turbo and ion pumps,
maintaining a base pressure better than 8310211 mbar. The
chamber is equipped with an Omicron spot profile analysis
~SPA!-LEED, based on the design of Henzler,20 which al-
lows the measurement of LEED spot intensity profiles. The
use of a channel electron multiplier, mounted behind a
100-mm aperture, in a flat screen, makes it possible to use an
electron-beam current of less then 0.1mA, minimizing dam-
age to the adsorbate layer under investigation. An electro-
static octopole field is used to deflect the pattern into the
multiplier, with a deflection range of630° and an angular
resolution of 0.1°. The transfer width of the apparatus is
better than 700 Å at an energy of 115 eV.21

The sample was cleaned by cycles of Ar1 bombardment
at 3 keV and 570 K, and annealing in oxygen~10 min at
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131028 mbar! at 1070 K. The sample was then flashed to
1200 K and, while cooling, reduced in hydrogen~531027

mbar! in order to remove any residual oxygen. X-ray photo-
emission spectroscopy~XPS! has shown that this cleaning
procedure results in a C- and O-free surface,6,7 and a sharp
~131! LEED pattern is obtained. The average~131! island
size was evaluated from the full width at half maximum
~FWHM! of a diffraction spot, and was greater than 500 Å in
both main crystallographic directions.

Immediately before oxygen exposure, the sample was
flashed to 600 K to remove any residual adsorbed hydrogen
or CO. Thep~232! oxygen overlayer was obtained by ex-
posing the clean Rh surface to 0.65 L~1 L51.331026

mbar s! of O2 at room temperature. To compensate for oxy-
gen loss due to a reaction with hydrogen from the ambient,
oxygen was left flowing during the experiments~pressure in
the 10210-mbar range! to maintain a constant coverage. The
flow was calibrated by adjusting the partial pressure until the
peak intensity at a chosen temperature remained the same
after a heating/cooling cycle. The SPA-LEED was operated
at 58-eV electron-beam energy, which corresponds roughly
to maxima for the~12,

1
2! and ~1,12! spot intensities.

III. RESULTS

A typical sequence of spectra for the~1,12! spot is pre-
sented in Fig. 1. The data were collected by recording the

spot profile at different temperatures while slowly heating
the p~232! overlayer.

In Fig. 2 are plotted the peak intensity and peak width
against sample temperature for the~1,12! and~ 12,

1
2! spots. The

peak intensity~defined as the peak maximum! and width
~defined as full width half maximum! have been obtained by
fitting the spot profiles with a convolution of a Lorentzian
and a Gaussian function, after background subtraction~ob-
tained by a linear fit of the tails of the peaks!. All data have
been corrected for the Debye-Waller attenuation factor, de-
termined by fitting the spot intensity decay well below the
transition temperature, in a range between 170 and 270 K. It
is clearly seen in Fig. 2 that the two peaks behave differently.
The ~1,12! spot, characteristic of thep~232! pattern only,
shows a sharp drop in intensity around 450 K and it vanishes
above 500 K. The~12,

1
2! spot also drops in intensity around

450 K but does not disappear, and stays constant up to the
highest temperature measured~650 K!.

The drop in intensity of the~1,12! spot is accompanied@see
Fig. 2~b!# by a broadening of the peak from 0.04 Å21 below
the transition to about 0.16 Å21 above it, whereas the~12,

1
2!

peak width stays nearly constant. We therefore interpret the
data as ap(232)→c(232) second-order phase transition.
The fact that the~ 12,

1
2! spots remain is entirely consistent with

symmetry requirements, as ap(232)→p(131) transition,
for instance, cannot be second order.19

By fitting the data in Fig. 2, it is possible to determine the

FIG. 1. Spot profiles measured along the@01# direction at an
energy of 58 eV, as a function of temperature.

FIG. 2. ~a! Peak intensity of the~1, 1
2! and ~12,

1
2! spots as a

function of temperature. The full line is a fit of a power lawutu2b for
t,0 and utu2g for t.0, wheret is the reduced temperature~see
text!. ~b! Full width at half maximum~along the@01# direction! of
the ~1, 12! and~12,

1
2! spots. Symbols as in~a!. The full line is a fit of

a power lawutun of the region close to the transition~see text!
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critical exponentsb, g, and n of the transition, related re-
spectively to the order parameter, susceptibility and correla-
tion length.10,11 The values ofb, g, and n unequivocally
identify the universality class to which the transition belongs.
The fitting procedure was as follows.

First, the peak width broadening of the~1,12! peak was
fitted by a power lawutun, wheret is the reduced tempera-
ture, defined as (T2Tc)/Tc . Second,b was evaluated by
fitting the spot intensity below the critical temperatureTc
~obtained by the previous step! with utu2b. Finally, the spot
intensity aboveTc , fitted by utu2g, yeildedg. We obtained a
value of 45065 K for Tc , and forb, g, and n the values
reported in Table I, which are in very good agreement with
the values predicted by the 2D Ising model. The errors asso-
ciated with the estimated values are the statistical errors of
the fit, taking into account the uncertainties of the single data
points.

The curves resulting from the fitting procedure are super-
imposed on the experimental data in Fig. 2. The deviation of
the fit curve from the measured peak width curve at high
temperatures can be attributed to an experimental artifact, as
at high temperatures the peak broadens beyond the experi-
mentalk range used to measure the peak shape, and therefore
the width is systematically underestimated. This problem is
aggravated by the fact that the intensity has dropped consid-
erably and it is not easy to estimate the peak width~see Fig.
1!. For this reason the fit of this curve has been performed in
a limited temperature range~T,500 K!.

It is possible to obtain an independent confirmation of the
universality class to which the transition belongs~and of the
value of Tc! by determining the value of the parametera
which gives the best agreement with the data. This can be
obtained by fitting the temperature dependence of the peak
area~rather than the peak height used before! to the expres-
sion

I ~T!5A7B6utu12a2A1t1••• ,

where6 refers toT larger or smaller thanTc , respectively.
10

Experimental data and the fit are reported in Fig. 3. The
value of thea parameter obtained from the fit, reported in
Table I, is found to depend strongly on the temperature range
aroundTc used in the fitting procedure. This variation has
been included in the error associated witha. Within this
error, good agreement with the 2D Ising value is achieved.

IV. DISCUSSION

When the domain diameter is smaller than the transfer
width, as it is in our system, superposition of the diffraction

amplitudes due to domains of different phase causes broad-
ening of the diffraction spots. As noted above, point defects
do not cause broadening, so we can exclude these as a source
of our experimental line broadening. The defects generated
in the phase transition are responsible both for the destruc-
tion of long-range order, which goes to zero at the critical
temperature, and for the broadening of the~1,12! spots. The
type of extended defects involved in the present line broad-
ening can be labeled with surface Burgers vectors.14 The
condition for broadening to occur is14

Dk•bÞ2np,

whereDk is the wave number change of the scattered beam,
andb is the Burgers vector.

For the~1,12! spots, we can write the diffraction vector in
three dimensions as

G5
2p

a8
~0,1,12 !,

where a8 is the ~131! surface lattice parameter, equal to
a/&, and a is the conventional lattice parameter. Then
broadening may be caused by defects with Burgers vectors
of type

b5a8@001#, b5a8@011# and b5a8@01̄ 1̄#.

~We have introduced the bars to indicate defects which are
commonly called light walls, i.e., one in which the local
stoichiometry is reduced.! Examples of these defects~com-
monly denoted domain walls! are illustrated in Fig. 4. For
the p~232! structure, defects with b5a8@011# and
b5a8@01̄ 1̄# @see Figs. 4~b! and 4~c!# do not cause broaden-
ing of the ~12,

1
2! spot: only the other type does so. This is

clear from the broadening condition above

Dk•b5
2p

a8
a8@kz ,

1
2 ,

1
2 #•@0,1,1#52p.

FIG. 3. Integrated intensity of the~1, 1
2! spot; full line: fit with

equationI (T)5A7B6utu12a2A1t, see text.

TABLE I. Comparison between theoretical~2D Ising! and ex-
perimental values for the critical exponents of thep(232)→c(2
32) order-disorder transition.

Exponent
Theory

~2D Ising! Experiment

b 0.125 0.12060.008
g 1.75 1.7060.20
n 1 1.01 60.12
a 0 0.04 60.12
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The stronger broadening of the~1, 1
2! spot compared with

~ 12,
1
2! is taken to indicate that indeed defects of type

b5a8@011# or b5a8@01̄ 1̄# cause the observed broadening:

Dk•b5
2p

a8
a8@kz,1,

1
2 #•@0,1,1#53pÞ2np.

However, no shift of the fractional-order spots was observed,
an effect which can be used to distinguish between the two
types of defects~b! and ~c!.16 It is therefore concluded that
there are equal numbers of these defects, or that they are
decorated with extra atoms in such a way that neither one
pure type nor the other occurs.

The broadening of the diffraction spots with increasing
temperature is symmetric in both the~10! and ~01! crystal-
lographic directions, as expected for a~100! surface. No
splitting of the diffraction spots was observed, indicating that
there is no preferential domain size. The mean width of the
p~232! domains varies from 160 Å at 370 K to 30–40 Å
above the transition temperatureTc .

The domain size at low temperature is determined by de-
fects which occur during formation. It has been shown that
the critical temperature can be corrected approximately for
these finite-size effects:22,23

DT5aL2nTc ,

whereDT is the reduction in measured critical temperature
from the idealTc , a is a constant;1.25, andL is the domain
size in lattice constants of the~131! substrate. Since in our
casen51, this yields a correction of;10 K.

For a pure Ising transition of the typep(232)
→c(232), the~ 12,

1
2! spot should not broaden at all. In real-

ity, some slight broadening from the initial value does occur.
This is assigned to the finite quality of the sample, i.e., the
presence of some steps or slight deviation from stoichiom-
etry.

The transition can also be considered from the point of
view of energetics. For aq-state Potts model, a square lattice
and J.0 ~attractive interaction!, the critical temperature is
given by the condition

FexpS J

KBTC
D21G25q,

whereKB is the Boltzmann constant, andJ is an energy.10

The value ofq is 2 for a 2D Ising phase transition, giving
a value ofJ equal to 4362 meV/atom. This represents the
energy/atom of the fundamental excitation involved in the
loss of order of the system. The fact that the exponents agree
so well with the Ising values supports the basic assumption
of the Ising model that nearest-neighbor interaction is domi-
nant. We therefore identifyJ with the interaction energy per
atom at the core of the defect, due to the fact that the local
environment is no longer that of the orderedp~232!. Fur-
thermore, this gives directly the energy per unit length of the
defect, which is 43/2.873257.5 meV/Å. To our knowledge
few experimental determinations of the energyJ have been
performed, so it is difficult to compare our result with the
literature. In any case, a value of 0.2 eV/atom was deter-
mined for the order-disorder transition on Si~111!,24 while
Roelofset al.25 calculated energies of just 2–10 meV/atom
for defects on Au~110!. The chemical bonding of these two
clean surfaces is rather different from that in the present
adsorbate system, but the energy is of the same order of
magnitude.

V. CONCLUSION

We have demonstrated that the oxygen inducedp~232!
structure on Rh~100! undergoes a phase transition to a
c~232! structure. This transition belongs to the two-
dimensional Ising universality class. By careful analysis of
diffraction profile data we have been able to define the type
of defect which proliferates at the critical temperature. Ther-
modynamic analysis permits the association of an energy per
unit length with this defect, which is thus crystallographi-
cally and energetically defined.
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