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Model of adsorbate-induced missing-row reconstructions of the„110… surface of fcc metals

P. J. Kundrotas,* S. Lapinskas,* and A. Rosengren
Department of Theoretical Physics, The Royal Institute of Technology, S-100 44 Stockholm, Sweden

~Received 24 April 1997!

A microscopic model for missing-row reconstructions~MRR’s!, induced by atoms adsorbed in the threefold
fcc hollow sites on the~110! surface of fcc metals, is proposed. The adsorbate subsystem is accounted for in
the model by including interactions between dipoles, each formed by an adsorbate atom and its neighboring
metal atoms. The phase diagram of the model has been calculated employing the Monte Carlo and cluster
variation methods. We find overall agreement between our results and the experimental data on MRR’s of
fcc~110! surfaces.@S0163-1829~97!01436-7#
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The ~110! surface of most fcc transition metals shows
strong tendency to reconstruct, either spontaneously~Au, Pt,
and Ir!, or in the presense of adsorbates~Pd, Ag, Cu, Ni,
Rh!.1 The rapid development of new experimental tec
niques, such as scanning tunneling microscopy~STM!,
which makes it possible to obtain atomic resolution imag
of surfaces, has provided a large body of information on t
subject previously not available. It is well known that atom
adsorbed on the~110! surface of the fcc metals induce tw
main types of reconstruction depending on which kind of s
available to the adsorbate atoms is occupied. If atoms
adsorbed in the so called long-bridge sites of the fcc~110!
surface, the reconstruction is then either of the (231)
added-row type with metal-adsorbate-metal chains along
@001# direction with each second row missing, or of the
33) paired-row reconstruction with each third row of th
metal atoms in the@11̄0# direction missing and the adsorba
atoms being in between the paired rows. This type of rec
struction is caused mostly by nitrogen,2 oxygen,3 and some-
times by other adsorbates.4 Another type of reconstruction i
the (13n) missing-row reconstruction~MRR! where atoms
are adsorbed in the so called threefold fcc hollow sites~here-
after for brevity calledA sites! on the@111# microfacets of
the surface, with two metal-adsorbate bonds to the top-la
and one bond to the second-layer metal atoms. In this c
the rows of the metal atoms in the@11̄0# directions are ac-
companied by zig-zag chains of adsorbate atoms and
nth row is missing. This type of reconstruction is observ
when the fcc~110! surface is covered by hydrogen5 or
oxygen.6–9

There is still a lack of microscopic models which provid
an understanding of the origin of this surface phenomen
Although some simple models were proposed10 for the sim-
plest (132) reconstruction on pure fcc~110! surfaces, they
fail, however, to describe the more complicated adsorb
induced fcc~110! MRR. In this paper we present a mode
exploring the particular case of the oxygen-induced MRR
the Rh~110! surface which is a convenient object for theor
ical studies since recent STM and low-energy electr
diffraction experiments have disclosed the changes of
surface structure with increasing amounts of adsor
oxygen.7,8 The O/Rh~110! surface at oxygen coveragecO
50 shows the unreconstructed (131) structure and furthe
exhibits the (13n) ~n52,3,4 atcO5 1

2 , 2
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spectively! MRR’s and finally atcO51 ML the surface is
again unreconstructed.8 One of these structures is schema
cally presented in Fig. 1.

The inclusion of the adsorbate subsystem in a mode
usually made by using a lattice gas model of two or mo
interpenetrating sublattices,11 but, in the case of O/Rh~110!
MRR there is another possibility. Because of the asymme
clusterlike bonding between Rh and O atoms~see Fig. 1! it is
plausible to model the oxygen subsystem by assigning
effective ‘‘spin’’ variable s i561,0 to each ‘‘elementary
fragment’’ of the surface composed of twoA sites and one
half of each of the neighboring top-layer Rh atoms~Fig. 2!.
From a physical point of view these ‘‘spins’’ may be inte
preted as the projection on the~110! plane of the dipole
moment formed by the oxygen atom together with two to
layer Rh atoms and one second-layer Rh atom. Then
Hamiltonian of our model might be written as follows:

H5(
i j

Ji j s is j1(
i j

Ki j ninj1D(
i

ni . ~1!

Here ni51(0) if a Rh atom occupies the surface sitei ~or
not!, andKi j andJi j are the pair interactions between the R
atoms and the O-Rh dipoles, respectively. The chemical
tential of the system,D, has contributions from the bulk an
from external factors such as, e.g., partial pressure of
adsorbate gases. The dipole situated just below sitei ~Fig. 2!
is given the same site indexi .

FIG. 1. (132) MRR on the O/Rh~110! surface. Rh atoms are
shown as large open and shaded circles and small black ci
denote oxygen atoms. The lighter the shade the closer to the su
the atom is.
6486 © 1997 The American Physical Society
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Long zigzag chains of adsorbate atoms imply that wit
an ‘‘elementary fragment’’ of the surface one~andonly one!
of the two A sites is always occupied. This allows us
exclude from consideration two of the four configuratio
shown in Fig. 2, namely, those with bothA sites occupied or
empty. Then, taking also into account thats i50 if ni50, the
relationni's i

2 roughly holds and the Hamiltonian~1! can be
rewritten in the form

H5(
i j

Ji j s is j1(
i j

Ki j s i
2s j

21D(
i

s i
2 . ~2!

The Hamiltonian~2! resembles the Hamiltonian of the s
called Blume-Emery-Griffiths~BEG! model, a model origi-
nally proposed for describing phase separation and super
ordering in He3-He4 mixtures.12 The parameterD in Eq. ~2!
controls the total number of top-layer metal atoms^s i

2&
'cO . An ordering at^s i

2&Þ1,0 exists in the model if the
relation for nearest-neighbor~NN! interactions uKi j

NNu
.uJi j

NNu holds.13 This relation, indeed, makes sense from
physical point of view for the O/Rh~110! system assuming
that the interactionsJi j are of dipole-dipole origin and henc
should be weaker than theKi j interactions of Coulomb origin
which describe the correlations in the arrangements of the
atoms. Here, we have seemingly arbitrary chosenuKi j

NNu
53uJi j

NNu. Note, however, that for the topology of the pha
diagram the only important point here is thatuKi j

NNu
>3uJi j

NNu as follows from mean-field calculations13 later con-
firmed by cluster-variation calculations.14

There are two types of ordering in the system conside
First, the Rh atoms are ordered in a chainlike manner, a
second, the zig-zag arrangement of the oxygen atoms m
‘‘antiferromagnetic’’ ordering of the O-Rh dipoles along th
@11̄0# direction. Moreover, the ordering of dipoles in th
@001# direction is of the ‘‘ferromagnetic’’ type~Fig. 1!.
Thus, in the notations of Eq.~2!,

Jx
NN.0, Jy

NN,0, Kx
NN,0, Ky

NN.0. ~3!

FIG. 2. The four possible arrangements of oxygen atoms o
two A sites and the corresponding schematic representations o
signed dipoles. The notation of atoms is the same as in Fig. 1
small open circle denotes an emptyA site. The ‘‘elementary frag-
ment’’ of the surface is outlined.
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Hereafter the indicesx andy denote@11̄0# and @001# direc-
tions, respectively. It should be noted that for the sake
simplicity here we restrict ourselves to the caseuJx

NNu
5uJy

NNu and uKx
NNu5uKy

NNu but the results obtained are no
subject to qualitative changes with varyinguJy

NNu and uKy
NNu

in a wide range with respect touJx
NNu and uKx

NNu.
In order to describe the MRR’s atcO5 2

3 ML and cO
5 1

3 ML interactions between the next-nearest-neighbor
~NNN! Rh rowsKy

NNN as well as between dipoles belongin
to NNN Rh rowsJy

NNN also should be accounted for~here we
take Ky

NNN50.5Jx
NN and Jy

NNN520.05Jx
NN). So, the model

for the oxygen-induced (13n) MRR’s on the Rh~110! re-
duces to a BEG-like model on the square lattice with ani
tropic NN and NNN interactions.

In order to calculate the phase diagram of the model~2! at
finite temperaturesT we have employed cluster-variatio
~CVM! and Monte Carlo~MC! methods. Technical details o
the methods used can be found elsewhere~for the modified
version of CVM used in the present paper Ref. 15, for M
e.g., Ref. 16!. The CVM results were obtained using a si
point basic cluster, extended in they direction, composed of
two adjacent square plaquettes. MC simulations were p
formed on a square lattice of typical size 42342 with peri-
odic boundary conditions using the Metropolis algorithm a
Glauber dynamics.

The calculated (T,D) phase diagram is shown in Fig. 3
The (133) phase with stoichiometric concentration^s i

2&st

5 2
3 ML shows ‘‘magnetic’’ ordering within the whole inter

val of existence of this phase. To the contrary, the (233)
phase~two out of three rows of metal atoms are missin!
with ^s i

2&st5 1
3 ML does not exhibit ‘‘magnetic’’ ordering

down to the lowest temperatures we were able to calcul
This is easily understood since, once ordering of the m
atoms is imposed by theKi j ’s, the subsystem of dipoles i
nothing but a system of noninteracting one-dimensional
tiferromagnetic Ising chains, which, of course, does not
hibit any phase transition at finite temperatures.

er
as-
A

FIG. 3. The phase diagram as a function of temperature
chemical potential obtained by CVM~lines! and MC ~circles! at
Ky

NN52Kx
NN53Jx

NN andKy
NNN50.5Jx

NN , Jy
NNN520.05Jx

NN . Solid
and dashed lines represent the first- and second-order ph
transition lines, respectively.
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There are two kinds of the (132) phase in the phas
diagram. At low temperaturesT/Jx

NN&0.7 ‘‘magnetic’’ or-
dering does exist while at high temperatures the ‘‘magnet
subsystem is disordered with a preserved MRR-like orde
of metal atoms@the phase (132)para#. The transition line
between these two phases is of the second order and i
most flat. This transition is the order-disorder phase tra
tion of the rectangular spin-1

2 Ising model with fixed posi-
tions of spins interacting throughJx

NN and Jy
NNN . The

transition temperatureTc obtained by the CVM (Tc /Jx
NN

50.775) and MC~0.740! at D/Jx
NN51.5 is in good agree-

ment with the exact value~0.7413! calculated from Onsag
er’s equation.17

The phases (231) and (131) at their stoichiometric
concentrations correspond to fully occupied and empty s
tems, respectively. At off-stoichiometric concentrations th
are short fragments of metal rows which become lon
when approaching the critical line. The only difference
that in the (231) phase these fragments are accompanied
the corresponding zig-zag chains of adsorbate atoms.
transition between these two phases in the limitD→
2` (^s i

2&51) also corresponds to the transition in the tw
dimensional spin-12 Ising model. The value obtained by th
CVM Tc /Jx

NN52.467 is slightly above the exact valu
~2.269! due to the presence of NNN interactions.

Our MC results show strong first-order phase transitio
(132)↔(133) and (132)↔(233) with wide hysteresis
in the ^s i

2&(D) dependence, and̂s i
2& jumps from one sto-

ichiometric value to another without the system being in a
intermediate state. The CVM results are more complica
due to their higher resolution. They show that the syst
does not undergo transition directly from the (133) @or (2
33)# to the (132) phase. Instead, there are two first-ord
lines close to each other with unreconstructed (231) phase
@or (131)# in between. The recent observation18 of a mixed
phase between the (133) and (132) phases on O/Pt~110!
confirms the results of our calculations.

FIG. 4. The phase diagram of the O/Rh~110! surface as a func-
tion of temperature and oxygen coverage obtained by CVM. T
notation of the phases and the values of interaction constants ar
same as in Fig. 3. Unmarked regions represent two-phase reg
between corresponding ‘‘pure’’ phases.
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The (T,cO) phase diagram~see Fig. 4! has a more com-
plicated structure than the (T,D) diagram due to~i! the pres-
ence of two-phase regions instead of single first-order li
in the (T,D) diagram and~ii ! the steep̂ s i

2&(D) dependence
in the vicinity of some phase transitions. The (132) phase
exists only within a narrowcO interval aroundcO5 1

2 ML
contrary to the wide range ofD values for which this phase
is stable~Fig. 3!. This implies, that, in real experiments, th
adsorbate partial pressure might change considerably bu
number of atoms adsorbed on the surface would remain
most the same thereby preserving the shape of the (132)
MRR. The phases (133) and (233)para, in turn, are found
to be stable within rather widecO intervals. We suggest, tha
this explains why there are so far no experimental obse
tions of fully ordered MRR’s atcO between1

2 and 2
3 ML, but

for the O/Rh~110! system MRR’s were observed atcO
> 3

4 ML. 7 These phases were interpreted as (13n) MRR’s
with n>4.8 Our results, however, suggest that they are no
ing but an off stoichiometric either (133) MRR or (231)
phase. Indeed, for instance, islands of (133) MRR’s with
some rows, empty at stoichiometry, and filled by Rh ato
are clearly seen in the STM image of O/Rh~110! at cO
5 3

4 ML ~see Fig. 2 of Ref. 7!. Another simple argumen
confirming our point of view stems from the fact that inte
actions also between third-~fourth-, etc! neighboring Rh-Rh
rows must be introduced in our model in order to descr
the (13n) phases withn>4, and this seems unreasonab
from a physical point of view. A reconstructed phase with
periodicity 3 in the@001# direction and with a random distri
bution of oxygen atoms was observed on the O/Rh~110!
surface19 at cO5 1

3 ML though no clear structural model wa
proposed then. We believe that this observed phase is
(233) phase obtained in our calculations at low oxyg
coverages

Thus, our model describes all MRR’s observed on
O/Rh~110! surface. Moreover the recently observed9 oxygen-
induced (233) MRR on Pd~110!, is an indication that our
model has a general application for the adsorbate-indu
MRR of the fcc~110! surface with atoms adsorbed in theA
sites. It should be noted, however, that it is premature
draw quantitative conclusions about transitions temperatu

e
the
ns

FIG. 5. The total number of particles^s i
2& vs the chemical po-

tential for the model~2! without ~n! and with~s! the dipole-dipole
interactions taken into account. The data were obtained from
runs of 20 000 MCS/S atT/Jx

NN50.5 andKy
NN52Kx

NN53Jx
NN .
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56 6489BRIEF REPORTS
from our calculations. This would require at least one int
action constant to be known. This in turn could be det
mined, e. g., by comparing experimentally obtained value
phase transition temperatures with our normalized valu
Unfortunately, almost all the experimental data available
the literature are obtained at room temperature only.

The large body of experimental observations shows
the zigzag fashion arrangement of the atoms, adsorbed in
A sites, is surprisingly stable depending neither on wh
metal exhibits the MRR of its~110! surface, nor on the kind
of adsorbate atoms. This might be an indication that
dipole-dipole interactions stabilize the MRR usually not o
served on pure fcc~110! surfaces~except for Pt, Ag, and Ir!.
.
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Our calculations support this point of view. We perform
calculations of thê s i

2&(D) dependence for the model~2!
with only NN interactions taken into account. As could
seen from Fig. 5, there is aD interval ~in this case we con
sider D as an ‘‘external field’’ coming from the bulk only!
where the surface remains unreconstructed if the dip
dipole interactions are not accounted for, but with these
teractions taken into consideration the surface exhibits a
32) MRR.
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