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O/Rh(100) p(2x2)—c(2x2) order-disorder phase transition
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An order-disorder transition of oxygen adsorbed on thélR6) surface has been studied by means of spot
profile analysis low-energy electron diffractid®PA-LEED. The p(2X2)—c(2X2) transition has been
found to belong to the Ising universality class, with critical temperature-4bK. 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.

. INTRODUCTION has been described in detail by Fenter and®lLfor a sub-
strate of rectangular symmetry, and provides further informa-
Oxygen on RKL00 has been studied by several groups,tion about the nature of the defects involved in disordering.
and three low-energy electron-diffractighEED) patterns One of the achievements of the study of second-order
have been reporteq(2x2), c(2x2), andp4g.~8 This last  transitions has been the classification of systems into univer-
structure was not observed in early work, but is known to besality classes, and these have been conveniently listed by
sensitive to the presence of impurities and surface disdrderBauer-® The first example of a surface phase transition be-
It was Origina”y assigned to the Space grqmgg by Oed |Onging to the 2D |Sing Universality C|aSS was reported by
et al,2 but the LEED pattern due to two domains opgg Campuzanet al.for a clean surfact and by Wang and Lu
structure is indistinguishab'e from a Sing'e domainmfg_ for a chemisorbed IayéF,Wh"e the first example of a three-
Recent Scanning tunne"ng microsc(f@/TM) work has con- state Potts transition W?.-S O:(Nlﬂ.l .18 W|th|n .a. Universality )
firmed that it is in factp4g.? In the present work we are class, measured quantities such as intensity and peak width
concerned with a phase transition between ph@xz) and vary with temperature as a power law with well-defined ex-
c(2x2) structures. ponents. The point-group symmetry of the present system,
The field of two_dimensiona(ZD) phase transitions on O/Rf’(lOO), is C4U for the three adsorbate-induced structures
surfaces has been reviewed by Béﬁand PerssoH; among which have been observed. This Implles that the pOSSible
others. In a second-order transition, an order parameter go&#iversality classes are the HeisenbXrg class with cubic
continuously to zero and vanishes at some critical temperaanisotropy (nonuniversal exponentsor the Ising class
ture T, . At this temperature, the free energy for creation of a(which is the special case of thestate Potts model, with
particular defect vanishes, and it is the proliferation of de-n=2). Furthermore, phase transitions between structures be-
fects which causes the loss of order. longing to certain pairs of space groups cannot be second
A|though |0ng_range order disappearS, Short_range Ordé?l’de!': We”'deﬁr.]ed “selection rules” have been stated by De-
remains' and is observable as residual diffraction intensity.onarine and Birma? For the present system, the high-
This structural model was proposed by Schneider and Stoll, temperature, high-symmetry phase must have a unit cell with
and is now generally accepted. In a recent review, Petssonhalf the area of the low-temperature phase.
illustrated a structure which consists of ordered regions of
th_e low-temperature phgse s_eparated by well-defined bound- Il EXPERIMENT
aries or defects. The diffraction spots are of course broad-
ened as the ordered domains are small. Only in a few cases The experiments were carried out in a mu-metal UHV
have the types of defect been identified: they cannot behamber pumped by a combination of turbo and ion pumps,
pointlike defects, as these do not destroy long-range ordemaintaining a base pressure better thas18 ! mbar. The
Instead, they must be extended defects, which can be classihamber is equipped with an Omicron spot profile analysis
fied by associating a Burgers vector with them. This has bee(SPA-LEED, based on the design of Henzfrwhich al-
done by Princeetall* for the case of the AW10 lows the measurement of LEED spot intensity profiles. The
(1X2)—(1x1) (Ref. 12 and O/RIi110 (2X2)pgm—(1X2) use of a channel electron multiplier, mounted behind a
(Ref. 15 transitions. 100-um aperture, in a flat screen, makes it possible to use an
Another approach to identifying the type of defect asso-electron-beam current of less then @A, minimizing dam-
ciated with the loss of order is to consider the possibleage to the adsorbate layer under investigation. An electro-
equivalent sublattices of a systéfriThe transfer of an atom static octopole field is used to deflect the pattern into the
from one sublattice to another is regarded as a fundamentatultiplier, with a deflection range 0o£30° and an angular
excitation of the system with which an energy is associatedresolution of 0.1°. The transfer width of the apparatus is
We will return to this point in the analysis of the data below. better than 700 A at an energy of 115 @V.
It should also be noted that the fractional-order spots may The sample was cleaned by cycles of Asombardment
also shift from the Bragg position during disordering. Thisat 3 keV and 570 K, and annealing in oxygé&0 min at
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KA function of temperature. The full line is a fit of a power 1&4” for

t<0 and|t| " for t>0, wheret is the reduced temperatutsee

FIG. 1. Spot profiles measured along fft&] direction at an  text). (b) Full width at half maximum(along the[01] direction of

energy of 58 eV, as a function of temperature. the (1, 3) and(3, 3) spots. Symbols as i@). The full line is a fit of
a power law|t|” of the region close to the transitiqgeee text

1x10°8 mbay at 1070 K. The sample was then flashed to
1200 K and, while cooling, reduced in hydrogésix 10’
mbay in order to remove any residual oxygen. X-ray photo-
emission spectroscop{XPS) has shown that this cleaning

procedure results in a C- and O-free surfaéand a sharp peak intensity(defined as the peak maximurand width

1X1) LEED pattern is obtained. The averafex1) island ! i . .
éize )vvas evaﬁuated from the full width atgrlﬁ;lf maximum (Qefmed as full width half maximuirhave been obtained by

: : ._fitting the spot profiles with a convolution of a Lorentzian
FWHM) of a diffract t ter th A ; ; :
E)oth ma?ir? C%/dsltarlﬁ)cglr(;gﬁﬁod'iraerl?ig\:]a: greater than 500 Inand a Gaussian function, after background subtradiitn
Immediately before oxygen exposure, the sample wa ained by a linear fit of the tails of the peakall _data have
flashed to 600 K to remove any residual adsorbed hydroge een corrected for the Debye-Waller attenuation factor, de-

or CO. Thep(2X2) oxygen overlayer was obtained by ex- :ermiQed kt)y fittingt the spot intensti)tytdecayl\;vgll b((jalg;votlr;elt
posing the clean Rh surface to 0.65(L L=1.3x10 ¢  Tansttion temperaiure, in a range between - /4 an ;

mbar $ of O, at room temperature. To compensate for oxy- is clearly seen in Fig. 2 that the two peaks behave differently.
gen loss due to a reaction with hydrogen from the ambient! '€ (1,3) spot, characteristic of thp(2x2) pattern only,
oxygen was left flowing during the experimerifsessure in $hows a sharp drop in intensity around 450 K and it vanishes
the 10 %mbar ranggto maintain a constant coverage. The 220V€ 500 K. The(3,3) spot also drops in intensity around

flow was calibrated by adjusting the partial pressure until th:hSOh K tbtUt does tnot disappear, gr;(d stays constant up to the
peak intensity at a chosen temperature remained the sa TES demperature Tea;sar(e&!i ) ; n
after a heating/cooling cycle. The SPA-LEED was operate e drop in intensity of thél,3) spot is accompaniddee

at 58-eV electron-beam energy, which corresponds roughl h 9. 2b)Jby a bro%denlgglg%hebpeak fron;] 0. Oﬂ&?]éow
to maxima for the(3,3) and(1,3) spot intensities. € transition to about above it, whereas the;,)

peak width stays nearly constant. We therefore interpret the
data as ap(2><2)—>c(2><2) second-order phase transition.
The fact that thé€3,3) spots remain is entirely consistent with
symmetry requirements, aspg2Xx2)—p(1x1) transition,

A typical sequence of spectra for tti#,3) spot is pre- for instance, cannot be second ortfr.
sented in Fig. 1. The data were collected by recording the By fitting the data in Fig. 2, it is possible to determine the

spot profile at different temperatures while slowly heating
the p(2X2) overlayer.

In Fig. 2 are plotted the peak intensity and peak width
against sample temperature for iig}) and(3,3) spots. The

Ill. RESULTS
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TABLE |. Comparison between theoretic@D Ising and ex- 1.0
perimental values for the critical exponents of {2 X 2)—c(2
X 2) order-disorder transition.
—~ 0.8 .
Theory £
Exponent (2D Ising Experiment 5
2
B 0.125 0.126:0.008 s 06 T
y 1.75 1.70+0.20 3
v 1 1.01 +0.12 3
a 0 0.04 +0.12 & 04r . 1
9
critical exponentsB, vy, and v of the transition, related re- T 02} .
spectively to the order parameter, susceptibility and correla- N
tion length!®!! The values ofB, y, and v unequivocally e
identify the universality class to which the transition belongs. 0.0 350 400 450 500 550
The fitting procedure was as follows. Temperature (K)

First, the peak width broadening of ti&,}) peak was
fitted by a power lawt|”, wheret is the reduced tempera-  Fig. 3. Integrated intensity of the, 2) spot; full line: fit with
ture, defined asT—T)/T.. Second,3 was evaluated by equationl (T)=AFB. [t|*” “—Ayt, see text.
fitting the spot intensity below the critical temperaturg N
(obtained by the pr_evious St)%’zlith .|t|2B' Finally, th? spot amplitudes due to domains of different phase causes broad-
intensity aboveT,, fitted by|t|”?, yeildedy. We obtained a  gping of the diffraction spots. As noted above, point defects
value of 45@=5 K for T¢, and for B, y, and v the values 4 not cause broadening, so we can exclude these as a source
reported in Table I, which are in very good agreement withsf oy experimental line broadening. The defects generated
the values predicted by the 2D Ising model. The errors assqy the phase transition are responsible both for the destruc-
ciated with the estimated values are the statistical errors gfy, of long-range order, which goes to zero at the critical
the fit, taking into account the uncertainties of the single dat"t‘emperature and for thé broadening of i) spots. The
points. type of extended defects involved in the present line broad-

The curves resulting from the fitting procedure are SUP€Taning can be labeled with surface Burgers vectbrshe
imposed on the experimental data in Fig. 2. The deviation o5 dition for broadening to occur'fs

the fit curve from the measured peak width curve at high
temperatures can be attributed to an experimental artifact, as AK-b 2N
at high temperatures the peak broadens beyond the experi- '

mentalk range used to measure the peak shape, and therefofgere Ak is the wave number change of the scattered beam,
the width is systematically underestimated. This problem is;ngp is the Burgers vector.

aggravated by the fact that the intensity has dropped consid- gq, the(1,3) spots, we can write the diffraction vector in
erably and it is not easy to estimate the peak widte Fig.  tnree dimensions as
1). For this reason the fit of this curve has been performed in
a limited temperature rang& <500 K). o
It is possible to obtain an independent confirmation of the G=—1(0,1,)),
universality class to which the transition belor(ged of the a

value of T,) by determining the value of the parameter herea’ is the (1x1) surf latti rameter |t
which gives the best agreement with the data. This can pgnerea Is ihe surtace latlice parameter, equal to
zy\/?, and a is the conventional lattice parameter. Then

obtained by fitting the temperature dependence of the pe . !
area(rather than the peak height used befdethe expres- ag;ot;a/lggnmg may be caused by defects with Burgers vectors

sion
H(T)=AFB.|t|* “—Agt+--- b=a’[001], b=a’[011] and b=a’[011].

; 0
where= refers toT larger or smaller thafl;, respectively” (e have introduced the bars to indicate defects which are
Experimental data and the fit are reported in Fig. 3. Th&ommonly called light walls, i.e., one in which the local
value of thea parameter obtained from the fit, reported in stoichiometry is reducelExamples of these defectsom-
Table I, is found to depend strongly on the temperature rangg,oniy denoted domain wallsare illustrated in Fig. 4. For
aroundT, used in the fitting procedure. This variation has o D(2x2) structure, defects withb=a'[011] and
been included in the error associated with Within this b=a'[011] [see Figs. é)) and 4¢)] do not cause broaden-
error, good agreement with the 2D Ising value is achieved.ing of the (3, 1) spot: only the other type does so. This is

clear from the broadening condition above
IV. DISCUSSION

in di - 2w
‘When the domain diameter is smaller than the transfer Ak-b= =+ a'[k,,},]-[0,1,0=2.
width, as it is in our system, superposition of the diffraction a
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(@) (b () ity, some slight broadening from the initial value does occur.
This is assigned to the finite quality of the sample, i.e., the
gp%%g %%’ i ‘g E i '; i i' i @ presence of some steps or slight deviation from stoichiom-
etry.
e eiee oo 49 e

2 »; % The transition can also be considered from the point of

@%W view of energetics. For g-state Potts model, a square lattice
@%&4% W?I*?t% and J>0 (attractive interaction the critical temperature is
&&&3 ‘/\—‘/\I—/g) ‘J fz Q) given by the condition

b=a'[001] b=a'[011] b=a'[0171] 3
exp( KBTC) -1

whereKj is the Boltzmann constant, addis an energy?
The stronger broadening of thH@, ) spot compared with ~ The value ofg is 2 for a 2D Ising phase transition, giving
(&, 1) is taken to indicate that indeed defects of typea value ofJ equal to 432 meV/atom. This represents the
b=a’'[011] or b=a’[011] cause the observed broadening: €nergy/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 identify with the interaction energy per
However, no shift of the fractional-order spots was observedgiom at the core of the defect, due to the fact that the local

an effect which can be used to distinguish between the tw@nyironment is no longer that of the orderp®x2). Fur-

types of defectgb) and (c)." It is therefore concluded that thermore, this gives directly the energy per unit length of the
there are equal numbers of these defects, or that they affefect, which is 43/2.8%2=7.5 meV/A. To our knowledge
decorated with extra atoms in such a way that neither ong, experimental determinations of the enetgpave been
pure type nor the other occurs. o . performed, so it is difficult to compare our result with the

The broadening of the diffraction spots with increasingjiterature. In any case, a value of 0.2 eV/atom was deter-
temperature is symmetric in both ti20) and (01) crystal-  mined for the order-disorder transition on(&i1),2* while
lographic directions, as expected for(200 surface. No  Roelofset al? calculated energies of just 2—10 meV/atom
splitting of the diffraction spots was observed, indicating thatfo, defects on A@L10). The chemical bonding of these two
there is no preferential domain size. The mean width of thgjean surfaces is rather different from that in the present
p(2X2) domains varies from 160 A at 370 K to 30-40 A g4sorbate system, but the energy is of the same order of
above the transition temperatufe. magnitude.

The domain size at low temperature is determined by de-
fects which occur during formation. It has been shown that

~

2
:q’

FIG. 4. Structure models of defects with their corresponding
surface Burgers vectors.

2
Ak-b= G a'[k,1,3]-[0,1,]=37+#2n.

the critical temperature can be corrected approximately for V. CONCLUSION
. 23 .
these finite-size effects: We have demonstrated that the oxygen indupézix 2)
AT=al—"T structure on RfL00) undergoes a phase transition to a
= o

c(2X2) structure. This transition belongs to the two-
whereAT is the reduction in measured critical temperaturedimensional Ising universality class. By careful analysis of
from the idealT ., a is a constant-1.25, and_ is the domain diffraction profile data we have been able to define the type
size in lattice constants of thH&x 1) substrate. Since in our of defect which proliferates at the critical temperature. Ther-
casev=1, this yields a correction of10 K. modynamic analysis permits the association of an energy per
For a pure Ising transition of the typa(2x2) unit length with this defect, which is thus crystallographi-
—¢(2X%2), the(3, 3) spot should not broaden at all. In real- cally and energetically defined.
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