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Twin spin model of surface phase transitions in OÕW„110…
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A model describing surface phase transitions in an O/W~110! system is proposed. The model is based on the
hourglass structure of adsorption sites of oxygen on tungsten surface. The hourglass structure of the site in the
O/W~110! system has been confirmed by quantum mechanical density functional theory~DFT! calculations.
The results of DFT calculations indicate that the saddle point at the center has the energy 0.2 eV higher than
two symmetric minima. An essential ingredient of the model is the assumption that the interaction of O atom
with the other O atom, located in nn site, lifts the degeneracy of the two energy minima, converting the
hourglass structure of the adsorption site to a single state site. The O/W~110! adsorption model can be
projected onto a system consisting of double spins distributed on a two-dimensional square lattice. The prop-
erly chosen two-body interactions in the square lattice double-spin system are capable of recovering all phase
transitions that are observed in the O/W~110! system. Due to well known mapping between spin and the lattice
gas systems, the proposed model can be used to describe multidomain structure in the O/W~110! system.
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I. INTRODUCTION

The analysis of the physical properties of gases adso
on solid surfaces continue to be an important area of b
theoretical and experimental research. These systems a
tractive to the theoreticians due to the fact, that wide vari
of the adsorbate two-dimensional~2D! lattices and possible
interadsorbate interactions allows one to test various assu
tions built into plethora of available phase transformat
models, and compare the results with experimental availa
data.1–28Oxygen on tungsten~110! surface is one of the mos
studied model adsorption systems. The existence of differ
coverage dependent, phases allows one to study various
nomena: phase structure and phase coexistence, cond
tion, kinetics of ordering as well as equilibrium and far fro
equilibrium diffusion processes.1–28

The lattice-gas model with properly chosen interact
constants is believed to describe properly phase transit
existing in the O/W~110! system. There are several sugge
tions for the set of interaction constants.8–14 The basic mod-
els that have been proposed in the literature to desc
O/W~110! are constructed using square lattice gas with co
peting nearest-neighbor and next-nearest-neigh
interactions.5–16 The absence of the particle-hole symme
in the experimentally observed phase diagram suggests i
duction of at least three-body interactions to the model. T
strength of these three-body interactions has to be of
same order as that of the two-body forces.5–16 This implies
that three-body interactions are of relevance for the wh
phase diagram, not only its low-density part. In this pap
0163-1829/2001/65~4!/045404~9!/$20.00 65 0454
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however, we show that the asymmetry of the phase diag
can be reproduced when instead of three-body interacti
the simple lattice gas model is expanded by an additio
particle state. The existence of various states of the s
adsorbed particle can be explained by the change of the
ergetic structure of the adsorption site resulting from the
teraction with the oxygen atom located in nearest neigh
site.

The adsorption site at W~110! surface has hourglas
shape1,3 suggesting that the center and the symmetric tw
triply coordinated positions are possible candidates for
location of O adatom. It follows from the existence of sit
exchange domain superstructures, observed by use of
energy electron diffraction14,15,29 and scanning tunneling
microscopy16 that oxygen adatom occupies one of the tw
ends of this space, i.e., triply coordinated locations. Th
conclusions have been confirmed by the detailed analysi
high resolution core-level photoelectron spectroscopy~PS!
measurements.29,30 It has been shown that sequence of qua
tum states denoted as O1, O2, and O3, corresponds to
location of single O atom in triple coordinated site creati
on W-O quantum state.29 The O2 and O3 states are creat
due to localization of two and three O atoms close to W at
for higher coverages. The O2 state corresponds top(231)
structure whereas O3 corresponds top(232) and (131)
structures, observed by the low-energy electron diffract
~LEED! pattern.29 In case of the central position the s
quence of the energies should be different, reflecting the
istence of two different pairs of W-O neighbors. The absen
of such observation strongly favors the model of twin sy
©2001 The American Physical Society04-1
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metric positions. Those two positions can, in principle, ha
the same energy.

The energy landscape studies above were suppleme
by kinetic measurements.29 These results show that O atom
are immobile at 360 K and have low mobility at 598 K. Th
energy barrier for O diffusion at 0.3 ML coverage is abo
0.61 eV.3,5–7 The barrier depends on coverage, for covera
of 0.56 ML the barrier increases to 0.96 eV.29

The double-well model has been used in Refs. 15 and
in order to describe those physical properties of O/W~110!,
in which degeneracy of ordered state plays an important r
We draw on this model here in construction of a novel latt
gas model, analysis of which shows existence of experim
tally observed phases. Contrary to previous works no th
body interactions are needed to describe full phase diag
The price we pay is the abandoning of the simplicity of tw
state~0–1! lattice gas, which is replaced by that with thre
different states. Such three-state model can be easily
pressed in terms of two Ising spins attached to each la
site.31

To determine the energy of the adsorbed single O atom
W~110! surface we have performed quantum mechanical
culations in density functional theory~DFT! formulation us-
ing cluster model of W~110! surface. The model and th
results of the DFT calculations are presented in Sec. II
Sec. III the model for O/W~110! is introduced including dis-
cussion of the choice of the interaction constants and in
action dependent site structure. This is followed by
analysis of the equilibrium lattice gas properties by mean
the Monte Carlo simulations, and subsequently by the m
field analysis and the discussion of the properties of the
tem, including the existence of ordered phases. These re
are summarized in the last section of the paper.

II. QUANTUM MECHANICAL DFT CALCULATIONS:
ATOMIC CLUSTER APPROACH

In order to determine the most favorable lattice sites
adsorption of oxygen on W~110! surface we have used th
finite cluster model for representation of the infinite surfa
It is well known that the cluster models suffer of the signi
cant numerical errors and poor size convergence with res
to the absolute energy values and bonding energies.32–35

Relative energies are, however, obtained with much sma
errors; therefore one can determine more precisely the m
favorable lattice sites and the energy barriers.

Quantum mechanical~QM! many body Schro¨dinger equa-
tion was solved using density functional theory formalis
based on Hohenberg-Kohn36 and Kohn-Sham theorems.37

The QM equations were solved using commercialDMOL

package distributed by MSI Inc.38 The DFT method replace
multidimensional linear equation by nonlinear equation
electron density. This transformation requires expression
all terms in Hamiltonian in function of the electron densi
This reduction is exact for all terms in Hamiltonian wi
exception of the exchange and correlation terms. The la
terms were expressed in Becke approximation for the
change energy39 and the Lee-Yang-Parr~LYP! approximation
for correlation energy.40 In numerical solution procedure
04540
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employed inDMOL package,38 the continuous electron den
sity distribution is represented on finite number of the latt
points. In general higher number of the grid points allows
better representation of the density distribution, on the ot
hand, it puts higher requirements for the available compu
memory and the CPU speed. Therefore careful choice of
computational grid is crucial for proper representation of
electron density. The nonlinear matrix equations, with ma
elements corresponding to the electron density at the
points, have been solved using iterative procedure
Newton-Raphson scheme. During iterations, the W ato
positions were relaxed to the minimum energy locations. T
iteration/relaxation procedure has been terminated after
two following conditions were fulfilled simultaneously: th
electron density change was not higher than 1024 eV and
energy change was not higher than 231025 eV. In most of
the calculations up to 20 iterations were necessary to re
convergence.

The quantum mechanical calculations were performed
ing total or partial freeze of the W atomic cores. The to
freeze of the atomic cores led to the divergence of
Newton-Raphson iteration procedure. Only when the ex
nal atomic shell is considered explicitly in the DFT solutio
the iteration procedure converged. This indicates that
electron belonging to the cores of W atoms play a very i
portant role in bonding of tungsten crystals. The clus
model, which we used as a representation of infinite W~110!
surface consisted only of one atomic layer with lattice sy
metry corresponding to W~110! surface.

The total number of atoms was 16. The arrangemen
the tungsten atoms, the possible lattice sites for oxygen
sorbed on the surface and the transition paths between
sites are shown in Fig. 1. The calculation begins with

FIG. 1. The geometry of the W cluster used for QM calcu
tions: circles corresponds to W atoms; the lines denote path use
determination of the energy barriers; double arrows indicate pre
ential path for the jumps between the minimum energy location
4-2
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TWIN SPIN MODEL OF SURFACE PHASE . . . PHYSICAL REVIEW B 65 045404
cluster where tungsten atoms were located in the lattice s
corresponding to tungsten lattice constant equal to 3.14
Then the W atoms were relaxed toward minimal energy
sition using adiabatic approximation for quantum mechan
calculations. The relaxation procedure preserved the sym
try of the cluster and kept all the atoms in one plane. T
relaxations of the W atomic positions led to the finite latti
of about 3.0 Å lattice constant. The difference is caused
finite size of the use of one layer only and finite size of t
cluster.

The total energy of the system consisting of single O at
and W cluster has been calculated by localizing the O at
In order to find the minimum, the total energy of the syste
has been calculated using the intervals distance betwee
O atom and the tungsten plane equal to 0.2 Å. The exam
of such energy vs W-O distance curve, calculated for
oxygen located above the center of the W cluster, has b
presented in Fig. 2. The energy curve shows that O atom
strongly attracted by the W cluster. The minimum ene
point lies at the distance about 1.3 Å from the W surface a
corresponds to the energy about 6 eV below the energy
has oxygen atom far away from the surface. This ene
counted twice for O atoms gives 12 eV, which is way abo
the O2 dissociation energy equal to 5.08 eV. That indica
that O2 adsorption on W~110! surface has no energy barrie
which is similar to adsorption of O2 on Al surface.35 This is
in agreement with the assumptions made by Ynzunzaet al.29

that adsorption of O2 on W~110! surface leads to immediat
dissociation of the oxygen molecule.

We were looking for the lowest energy positions of t
oxygen adatoms and for the optimal path for the adatom
to site jump. The first result is the basis of the static mode
the oxygen adatom layer. The second result determines

FIG. 2. Total energy of the cluster vs O-W distance, calcula
by QM DFT procedure. The oxygen atom is located above
center of the cluster. The points represent the calculated values
line is inserted to guide the eye.
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barriers for jump and is a necessary step for the calculat
of the dynamical properties of the O/W~110! system, that
will be the subject of our next work. Both energies can
obtained by analyzing the adiabatic total energies. The t
energies have been calculated for three different paths, a
the W~110! surface. These paths, labeled~a!, ~b!, and ~c!,
correspond to the long and short diagonal and the edge o
rhombus. The energy of the system was obtained for
points separated by 0.2 Å. The results are presented in F
3, 4, and 5 for paths~a!, ~b!, and ~c!, respectively. In Figs.
3–5, the points correspond to the calculated values, the l

d
e
the

FIG. 3. The results for the path~a!. The energy of the O atom a
a function of its position along longer diagonal of the rhombu
points are the calculated values of the energy and line is the p
nomial fit.

FIG. 4. The results for the path~b!. The energy of the O atom a
a function of its position along shorter diagonal of the rhomb
points are the calculated values of the energy and line is the p
nomial fit.
4-3
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result from the polynomial fit to the calculated data.
The energy calculated for the path~a!, i.e., along the

longer diagonal of the rhombus, presented in Fig. 3, has
deepest minima corresponding to the localization of the
atom symmetrically, at the distance about 0.45 Å from
center of the rhombus. This position is in quite good agr
ment with the results of LEED measurements of Ynzun
et al.29 For O1 structure they obtained the shift 151.67 Å.
In our case we have to subtract from center-W distan
equal to 2.12 Å the calculated value 0.45 Å, which giv
exactly the same value. We feel that so good agreement
little bit fortuitous.

At the center of the rhombus, the energy is about 0.2
higher. There is a possibility of a very shallow minimum
the center, of the depth of about 0.02 to 0.03 eV, which
below accuracy of our calculations. Again the height of t
central barrier of 0.2 eV is in agreement with the temperat
dependent PS measurements of Ynzunzaet al.29 They ob-
served that at 598 K the O atom is still located at trip
coordinated site. The height of the barrier equal to 0.2 eV
sufficient to explain the observed effect. For larger distan
from the center of the rhombus, the energy steeply rises u
about 1.4 eV. The energy is so high that the direct transi
of the O atom along this path can be neglected in analysi
the diffusion processes.

There is also no contradiction between the height of
central energy barrier and the measurements of the an
ropy diffusion coefficient.17 Diffusive behavior of particles in
two-well adsorption site structure has been discussed in
41. It has been shown that the diffusion anisotropy is giv
by41

Dyy

Dxx
5

r

r 12 Fb

aG2

. ~1!

FIG. 5. The results for the path~c!. The energy of the O atom a
a function of its position along the side of the rhombus: points
the calculated values and line shows polynomial fit.
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It is determined by the branching ratior 5M /I , whereM is
rate for intersite jump andI is rate for jumps out of the site
a and b denote the dimensions of the underlying unit ce
(b/a)252 for W~110!. The branching ratio r
>exp(0.3 eV/kT), and changes fromr 560 to 105 within the
range of observed temperatures. That is in agreement
experimental measurements of the diffusion anisotropy
O/W~110! being close to 2.17

The energy curve corresponding to path~b!, i.e., along the
shorter diagonal of the rhombus, is presented in Fig. 4. T
energy has the minimum at the center of the rhombus
increases quickly for the distances up to 1 Å. At the loc
ization on top over W atom, very high maximum exists. T
height of this maximum is roughly the same as for the p
vious path, which again leads to the conclusion that this p
can be neglected in the simulation of the diffusion process

The last energy curve corresponds to path~c!, i.e., the
path along the side of the rhombus, is shown in Fig. 5. T
curve has two maxima corresponding to the positions of
O atom on top of W atoms. The energy has the minimum
the center, roughly 0.8 eV below the energy level of t
maxima. From these results, i.e., comparing the energy
ference for path~a! which was 1.3 eV and for the path~b!
i.e., 0.8 eV one can conclude that the energy of the bar
for the transition across the line connecting two W atoms
about 0.5 eV. This is in basic agreement with the diffusi
barrier equal to 0.6 eV, derived from the temperature dep
dence of the oxygen diffusion on the W~110! surface.5–7

The QM calculations sketched above allows us to draw
set of conclusions as to the possible O atom migration
namics on the W~110! surface

~i! The only relevant possible path of the jumps of the
atoms is that across the side of the rhombus, as indicate
the double arrow in Fig. 1.

~ii ! The absolute minimum of the energy~adsorption site!
is shifted by about 0.45 Å from the center of the rhombu

~iii ! The difference of the energy between the absol
minimum and the center of the rhombus is relatively sm
about 0.2 eV.

The interactions with the closest near-neighbor~NN!O
adatoms can displace the O atoms from these locations, l
ing to the disappearance of the energy minima far, and lo
ization of O atom close to the center of the rhombus.

III. TWO SPIN LATTICE MODEL
AS A DESCRIPTION OF SINGLE ADLAYER

Consider now a single O/W~110! adlayer. According to
the experimental results15–23 it has two basic ordered phase
and several coexistence regions. There is transition from
ordered to (231) striped phase at the low density part of t
phase diagram. This transformation is believed to be of s
ond order at higher temperatures and it becomes the
order one with wide coexistence region when the system
cooled. Such behavior can be explained when one assu
two types of adparticle interactions, both of similar streng
attractive between nearest neighbors and repulsive betw
next-neighboring sites. The presence of second neighbo
teractions causes that this model is not related to any kn

e

4-4
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analytically solvable systems. Numerical analysis shows
it reproduces phase changes very well up to density 0.5,8

Unfortunately higher adatom concentrations lead to a n
phase (232) which has no reverse copy at low densitie
Such phase can be modeled in existing lattice gas system
adding three particle interactions, which breaks particle-h
symmetry~present in every lattice gas model with two-bo
interactions!. Three-body interactions, that have to be add
to the Hamiltonian to reproduce measured static propertie
oxygen layer, are strongly repulsive. Their strength is of
same order as two previously introduced interactions.11–13

These interactions, and shape of resulting phase diagram
pend on the details of the model—for example, on the cho
of sites connected by three body interactions.11–13 Since ex-
perimental data are very incomplete, it is very hard to c
clude which of thesead hoc constructions is close to th
reality. The physical consequence of the lack of the partic
hole symmetry is the existence of the surface stress. We h
seen in our DFT calculations that the surface of tungste
very soft. The oxygen atom drags tungsten atoms close
ward its position, and because of this it has indirect, bes
direct influence onto other adatoms. Such indirect interac
can have effectively three-body character.

The above interpretation is, however, not the only o
possible. The same physics can be explained assuming
the adatom can be in one of three possible states chose
agreement with all direct and indirect interactions with t
host lattice and with neighboring particles. Assuming that
can use a very simple pattern of adatom interactions,
leads, in a robust way, to the proper sequence of the ad
bate phase transitions. The other advantage of such a m
is the existence of various domains which correspond
those observed experimentally in Refs. 13 and 14.

The construction of our new model is as follows. T
oxygen atom can be placed in one of the three possible
cations. Two of them are having the same low energy
correspond to positions at opposite ends of hourglass s
between tungsten atoms. These two closely located en
minimums A and B are separated by small energy barri
Third possible locationC is at the saddle point between the
minimums, as shown in Fig. 1. An oxygen adatom, located
this place has an additional energyV equal to the barrier for
jump between two triply coordinated minimumsA and B.
Hence the positionC is not energetically favored for a singl
separated adatom, far from the other neighbors~low-density
situation!. When the density increases the interactions w
other atoms can change that situation, and result in ma
that very position energetically favorable.

Now, assuming that the double occupancy is forbidden
see that the adatom occupying one adsorption site can b
one of three statesA,B,C, or that the site is empty 0. There
fore there are four possible states available to the adatom
given lattice site. These four states can be represented by
~fictitious! spins (s,s)5(61,61). the spin arrangement
corresponding to our four states are~1,21! describes stateA,
~21,1! describes stateB, ~1,1! describes stateC, and
~21,21! denotes the empty site.

We found it more convenient to introduce yet anoth
variable, the product ofu5ss. Its valueu561, discrimi-
04540
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nates between both minimaA,B, for whichu521, and other
two statesC, 0 with u51. Variablesu ands allow us to write
the system Hamiltonian as

H5
1

2
J(

~ i j !
uisisj1

1

8
J2 (

NNN
uiuj2

1

4
J8(

3n
~uiuj11!sisj

1
1

4
@V2m18~J2J8!#(

i
~ui11!si

1
1

4
~V1m24J2!(

i
ui2E0 , ~2!

where~ij ! means summing overi and j being nearest neigh
bors, NNN means summing over all next-nearest neighb
3n over third-neighbor pairs, andm is chemical potential.
Note that pair~i,j! and ~j,i! are counted as independent. Th
last termE0520.25V10.75m22J12J820.5J2 is the en-
ergy of unoccupied site. First term in Eq.~2! describes state
dependent interactions between nearest neighbors, it ca
rewritten as

1

2
J(

~ i j !
uisisj

5
1

4
J(

~ i j !
@~11ui !~11uj !sisj2~12ui !~12uj !sisj #,

~3!

where it is easily seen that it describes repulsion betw
adatoms inC state, attraction betweenAA and BB, and re-
pulsion betweenA andB. The second term of Eq.~2! means
that variableui has tendency to order antiferromagnetica
for every second site. The third term of the Hamiltoni
causes those particles in the next nearest neighboring r
do interact, and prefer to occupy the same stateA or B.
Nonzero potentialV means that state configurationui5si
51 representing stateC has higher local energy.

Equation~2! can be rewritten in terms of density variable
using relations

ni
A5 1

4 ~12ui !~11si !, ~4!

ni
B5 1

4 ~12ui !~12si !, ~5!

ni
C5 1

4 ~11ui !~11si !, ~6!

whereni
A , ni

B , ni
C50,1 are occupied atA, B, andC states.

Several simple relations such as Eq.~3!, ni
A2ni

B5(1
2ui)si /2, andni

A1ni
B5(12ui)/2 can be helpful in deriving

the following form of the Hamiltonian:

H52J(
~ i j !

~ni
A2ni

B!~nj
A2nj

B!1J2 (
NNN

~ni
A1ni

B!~nj
A1nj

B!

14J(
~ i j !

ni
Cnj

C22J8(
3n

ni
Cnj

C2J8(
3n

~ni
A1ni

B!

3~nj
A1nj

B!1V(
i

ni
C2m(

i
~ni

A1ni
B1ni

C!. ~7!
4-5
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We can go also one step further and use just one vari
ni5ni

A1ni
B1ni

C . For low densities our Hamiltonian ca
then be written in terms ofn. This Hamiltonian contains then
three-body interactions and improving its validity for high
densities requires addition of even higher multiparticle int
actions. In that fashion one can establish connections w
the many-body Hamiltonians discussed in Ref. 31.

IV. EQUILIBRIUM SOLUTIONS

To analyze the details of our model we choose the follo
ing interaction constantsJ251.5J, J8520.1J, and V5J
(J.0.1 eV). The values are chosen in such a way as
reproduce the diluted lattice gas model properties with fi
neighbors interaction strengthJ0521, second neighbors
J0850.806 and third neighborsJ09520.203.8 The gross fea-
tures of the phase diagram, types of phases that are pre
can be seen from the plot of mean density^n&5S ini /N vs
chemical potentialm. We show in Fig. 6 the dependence
mean density on chemical potential at two temperatu
kBT50.55J andkBT50.35J. All these curves have been ca
culated using Monte Carlo simulations with periodic boun
ary conditions. Transition to (231) phase is of the secon
order at higher temperatures and of the first order at lo
temperatures. For higher densities the system undergoes
sition to (232) squared phase. It seems that transition fr
(231) to (232) phase is also of second order for high
and of first order for lower temperatures. Phase diagram
densities higher than1

2 is dominated by squared (232)
squared structure, and coexistence regions of (231) and
(232) and (232) and (131) structures. We can see th
there are generally two ordered phases: (231) striped and
(232) squared. Lines in stripped phase consist of partic
in the A or B state only. Squared phase is built byA- or
B-type lines andC-type particles added in rows between o
cupied lines. The mechanism of creation of squared ph
follows from the relation between the coupling constants
various states. Repulsion between theA particle and its next-
nearest neighbor in theA state is so large, that one of th
adatoms is pushed up into theC state, especially when ther
are more than one next neighbors. StateC has higher energy
equal toV for separate particle, however its interaction e
ergy is lower. Adatom at stateC repels its nearest neighbo

FIG. 6. Mean densityn vs chemical potential forkBT50.55J,
kBT50.35J, and system size 20320
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that is in stateC, and this is the mechanism of creation
(232) state.

Analysis of energy differences for various ordering sho
that at temperature close to 0 phase transitions are as foll
first from low-density disorder to (231) at m152J22J8,
second to (232) at m25V22J8, and third to dense (1
31) phase at lower value of twom354J222J22J8 or
m385V18J28J8. We can see in Fig. 6, that forkBT
50.35J transition points are not far from those calculated
T50.

To calculate order parameter for both ordered phases
31) and (232) we divide the lattice into four sublattices
Comparison of density in four sublattices allows us to tell t
difference between striped and squared phases. In Fig. 7
have plotted order parameter calculated as sum of abso
values of differences between sublattice mean dens
^na&54(S i Psubni)/N and global mean densityDna5^na&
2^n&, all multiplied by signs of these differences:

m5
1

2 )
a51

4
~Dna!

u~Dna!u(a
4

u~Dna!u. ~8!

The defined above order parameterm equals 1 for an idea
ordering of stripped phase, andm52 3

4 for an ideal squared
phase. In Fig. 7 we compare this order parameterm for our
model, with that for a simple 021 lattice gas with corre-
sponding interaction constants. We can see that up to
mean densityn5 1

2 plots for both models are quite close
each other. The difference shows up at higher densit
where squared phase emerges.

The ordering of the surface phase can be studied by us
low-energy electron diffraction~LEED!.19–23The intensity of
LEED diffraction pattern depends on the square of the or
parameterm85 1

2 (^n1&1^n2&2^n3&2^n4&). The sequence
of 6 signs in this order parameter definition is related to
orientation of the surface. There are many experimental d
for temperature dependence of the LEED intensity O
system.19–23The study of the (231) structure at perfect or
dering n50.5 density has been even used to find critic
exponents of the transition.23 We show in Fig. 8 the tempera
ture dependence of the order parameterm8 for mean density

FIG. 7. The density dependence of the order parameterm for
our model@at kBT50.55J ~circles! andkBT50.35J ~crosses!# com-
pare with that for a simple lattice gas model~dashes forkBT
50.55J, and squares forkBT50.35J!. Curves have been calculate
for 20320 samples.
4-6
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n50.25, 0.5, and 0.75. It can be seen that transition temp
tures as well as the overall shape of curves agrees with
perimental data. More extensive calculations are neede
obtain critical exponents. Moreover even if the phase d
gram topology is stable under small changes of model
rameters, critical exponents can be more sensible.12 The
angle distribution of LEED intensity reflects distribution
island size.15,21Again island size distribution within the pre
sented here model needs much more precise numerical s
The model should be interesting for the study of order
dynamics, as it gives the degeneracy of ordered phase
31) equal to 8, and not 4 as lattice gas models. On the b
of our simulations we can only say that the domains that
formed have no tendency to elongate in one or ano
direction.8

We have analyzed our model numerically for one parti
larly chosen set of its parameters. We have checked, h
ever, that this model is quite stable, and the main feature
the phase diagram are retained as long asV,4J222J.
When this condition is not fulfilled the model exhibits on
one transition, namely, the (231) phase. When the value o
the potentialV is low, the (231) phase disappears and th
only ordered dense phase is the (232). When in additionJ
and J8 are of comparable strength two (232) phases, rare
and dense, appear in the phase diagram. Finally, when
field that in Eq.~2! is coupled to variables( i(11ui)si is
changed, and is given byh51/4(2m28J28J8), we have
model with one rare (232) phase only. In Fig. 9 we show
examples of above described above realizations of
model. As double well structure of the adsorption site w

FIG. 8. Order parameterm8 as a function of temperature, fo
fixed mean density of the system. Full circles are plotted for den
n50.5, open circles forn50.75, and triangles forn50.25. System
size is 50350.
04540
a-
x-
to
-

a-

dy.
g
(2
is

re
er

-
w-
of

he

ur

exclusion principle of double occupancy, can be found
other than O/W~110! systems, i.e., H/W~110! the model can
be adapted to a description of such system. As it can be s
in Fig. 9 different phase diagrams can be realized by cha
ing our model parameters.

V. MEAN FIELD ANALYSIS

In this section we show the mean field analysis of o
model resulting with a qualitative description of the syste
properties. We found it convenient to write the mean fie
equations for the variables~in obvious notation following
Sec. II!:

^sa&5
4

N (
i Pa

si ;^s
a&5

4

N (
i Pa

s i ;^u
a&5

4

N (
i Pa

ui . ~9!

In order to describe symmetry of all phases we divide latt
into four sublattices numbered bya51,2,3,4. Mean field
equations can be derived using relation

^sa&5
($si ,ui %

si exp@2bH~si ,ui ^s
a&,^sa&,^ua&!#

($si ,ui %
exp@2bH~si ,ui ^s

a&,^sa&,^ua&!#
,

~10!

where in the HamiltonianH ~2! all spins butsi and ui are
replaced by their mean values at corresponding sublat
Equations for̂ sa& and^ua& are analogous. Note that even
s i5uisi at each site, their average values are independ
because of the correlations existing in the system. There
we have twelve mean field variables for which we can wr
the following set of equations:

^ua&5
X1Y2Z2V

X1Y1Z1V
,

^sa&5
X2Y2Z1V

X1Y1Z1V
,

ty

FIG. 9. ^m& plotted versusm for different realizations of our
model. From left to right~a! single ordered (232) rare phase. Data
for V50 andh151/4(2m24J24J8) at kBT50.35J shown as the
dotted line.~b! Two ordered phases, rare and dense (232), both for
V50, J50.27J2 , J850.33J2 , at kBT50.33J2 shown as the full
line. ~c! Same but forV522J; at kBT50.35J; shown as the dot-
dashed line.~d! (231) phase forV53J, J25J and kBT50.35J
shown as the dashed line.
4-7
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^sa&5
X2Y1Z2V

X1Y1Z1V
, ~11!

where

X5exp~bj1bk1bh!,

Y5exp~2bj2bk1bh!,

Z5exp~bj2bk2bh!,

V5exp~2bj1bk2bh! ~12!

and

j52
J

2
~^s&a21^s&a4!1J8^s&a2

1

4
~V2m18J28J8!,

k52
J

2
~^s&a21^s&a4!1J8^s&a2

1

4
~V2m18J28J8!,

h52J2^u&a32 1
4 ~V1m24J2!. ~13!

In all these formulas superscripta2 means sublattice o
neighboring sites in thex direction,a4 in they direction, and
a3 means the sublattice of sites in diagonal direction froma.
At high temperatures we can assume that variable^u& is the
one that spontaneously orders, whereas the others are d
dered. When additionally we assume that(a(^s&a1^s&a)
5(a^u&a50, which corresponds to mean density equal
0.75 we can reduce Eqs.~11! to

^u&a5tanh~2bJ2^u&a32Dm!, ~14!

whereDm5m2m0 andm0 fulfills the following condition:

cosh~bj1bk!5exp~2m0/2!cosh~bj2bk!. ~15!

The variable^u& behaves as order parameter of simp
Ising antiferromagnetic system, and it couples toDm as in an
antiferromagnet subject to external field, hence the sec
order transition should be expected at high temperatu
When temperature becomes lower we have

^s&a5^u&a tanh@2bJ~^s&a21^s&a4!#, ~16!

with additional condition̂ s&a252^s&a4. We can see tha
sign of coupling can change depending on the sign of
^u&a variable ensuring proper ordering in the squared pha
More detailed analysis of the order parameter^s&a2^s&a2
04540
or-

o

nd
s.

e
e.

dependence onDm shows that the system should behave li
ferromagnet, hence the first order transition is expected
low temperatures.

VI. SUMMARY

We have analyzed a single adlayer of oxygen atoms on
~110! surface. In the first part of our work we have presen
results of a quantum mechanical DFT-cluster calculations
single oxygen atom adsorbed at W~110! surface. We evalu-
ated the energy as a function of adatom position at its e
getically optimal distance from the tungsten surface.
have found that adsorption site is shifted by about 0.45
from the center of rhombus formed by W atoms. That me
that there are two equivalent, energetically degenerated
tom positions, separated by barrier of about 0.2 eV. T
barrier is small compared with the minimal energy differen
DE50.5 eV that particle has to overcome when it jumps
the next adsorption site. Our calculations confirmed two-w
structure of adsorption site, and large difference between
ergy barriers for jumps inside and out of the site. These
sults are in good agreement with the LEED measurement
Ynzunzaet al.29 and the temperature dependence of PS~Ref.
29! and the O diffusion on W~110! surface.5–7

Two-well structure of oxygen adsorption site is the ba
for, experimentally observed,15,16 multidomain pattern of or-
dered phases. We assumed that the third relatively small
rier between two minima inside single site can be easily
moved by interactions with neighboring atoms. Thus in so
specific configurations of neighbors, the energy minimu
can be shifted. On the basis of such a scenario we h
constructed three-state lattice gas model for O/W~110! sys-
tems. We have shown that our new model describes all
served phases, and does it for relatively small number
parameters. No three-particle interactions are assume
needed. In addition to the usual phase diagram studies,
model permits one to study ordered structures with hig
degeneracy of existing domains. We have shown exam
for one specific choice of interacting constants. We obse
that topography of the phase diagram is quite stable un
change of the relative strength of interaction constants.
more detailed analysis of transition temperatures both al
mean field and Monte Carlo analysis as in Ref. 12, and
tailed comparison with LEED data19–23 should establish
more precisely the model parameters. Simplicity of inter
tion constants set allows one to analyze dynamics of
system, assuming additional barrier for jump at the sad
point that completely changes diffusion vs density relation42

More detailed analysis of diffusion properties of the mode
under study now.
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