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Model of adsorbate-induced missing-row reconstructions of th€110) surface of fcc metals
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A microscopic model for missing-row reconstructididRR’s), induced by atoms adsorbed in the threefold
fcc hollow sites on thé¢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[S0163-182607)01436-7

The (110 surface of most fcc transition metals shows aspectively MRR'’s and finally atco=1 ML the surface is
strong tendency to reconstruct, either spontanedusly Pt,  again unreconstructédOne of these structures is schemati-
and In, or in the presense of adsorbat@x, Ag, Cu, Ni, cally presented in Fig. 1.

Rh).! The rapid development of new experimental tech- The inclusion of the adsorbate subsystem in a model is
niques, such as scanning tunneling microscd®TM),  usually made by using a lattice gas model of two or more
which makes it possible to obtain atomic resolution imagesnterpenetrating sublatticé$ but, in the case of O/Rh10)

of surfaces, has provided a large body of information on thisvMiRR there is another possibility. Because of the asymmetric
subject previously not available. It is well known that atomsclusterlike bonding between Rh and O atofsese Fig. 1it is
adsorbed on th€110) surface of the fcc metals induce two plausible to model the oxygen subsystem by assigning an
main types of reconstruction depending on which kind of siteeffective “spin” variable o;=+1,0 to each “elementary
available to the adsorbate atoms is occupied. If atoms ar®agment” of the surface composed of twho sites and one
adsorbed in the so called long-bridge sites of thgft0  half of each of the neighboring top-layer Rh atoffg. 2).
surface, the reconstruction is then either of thex(@  From a physical point of view these “spins” may be inter-
added-row type with metal-adsorbate-metal chains along thgreted as the projection on th@10 plane of the dipole
[001] direction with each second row missing, or of the (2 moment formed by the oxygen atom together with two top-
X 3) paired-row reconstruction with each third row of the layer Rh atoms and one second-layer Rh atom. Then the
metal atoms in th¢110] direction missing and the adsorbate Hamiltonian of our model might be written as follows:

atoms being in between the paired rows. This type of recon-

struction is caused mostly by nitrogémmxygen® and some-

times by other adsorbatésAnother type of reconstruction is H=2 Jjoioj+ > Kijninj+AX n;. N

the (1xn) missing-row reconstructiofMRR) where atoms ! ! '
are adsorbed in the so called threefold fcc hollow sitese-

after for breV|t_y calledA siteg on the[111] microfacets of not), andK;; andJ;; are the pair interactions between the Rh
the surface, with two metal-adsorbate bonds to the top-layef, "= o - o 'ihe O-RN dipoles, respectively. The chemical po-

?hned r(())Cves %?rlggonfgg |s§t% Omng':ﬁyt?{é%?tg:r:gi@ﬁ's Igréh:;a%gntial of the systemA, has contributions from the bulk and
éhom external factors such as, e.g., partial pressure of the

companied by zig-zag chains of adsorbate atoms and ea ; . ! o
nth row is missing. This type of reconstruction is observedfadsorbalte gases. The dipole situated just below $Fe. 2

when the fc€110) surface is covered by hydrogeror Is given the same site index

Heren;=1(0) if a Rhatom occupies the surface sitgor

oxygen®~®

There is still a lack of microscopic models which provide
an understanding of the origin of this surface phenomenon. '.’ @
Although some simple models were propoSdor the sim- : .’
plest (1X2) reconstruction on pure f¢£10 surfaces, they L o< ]
fail, however, to describe the more complicated adsorbate- L >

induced fc€110 MRR. In this paper we present a model,
exploring the particular case of the oxygen-induced MRR on
the RH110 surface which is a convenient object for theoret-
ical studies since recent STM and low-energy electron-
diffraction experiments have disclosed the changes of the
surface structure with increasing amounts of adsorbed FiG, 1. (1x2) MRR on the O/RKL10 surface. Rh atoms are
oxygen7‘8 The O/RI{110 surface at oxygen coveragr, shown as large open and shaded circles and small black circles
=0 shows the unreconstructedX1) structure and further denote oxygen atoms. The lighter the shade the closer to the surface
exhibits the (xn) (n=2,3,4 atco=3, 5, and2 ML, re-  the atom is.
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FIG. 2. The four possible arrangements of oxygen atoms over . .
two A sites and the corresponding schematic representations of as- F!G- 3. The phase diagram as a function of temperature and
signed dipoles. The notation of atoms is the same as in Fig. 1. I@r'\\‘?\‘mlcal ,eh?tem',\?hll Obta'”h?,?N by C\LINWneNs?\‘Nand MC (f\",zc'es) at
small open circle denotes an empysite. The “elementary frag- Ky — —Kx =3J" andKy™"=0.53,", J;™"=—0.05),". Solid
ment” of the surface is outlined. and dashed lines represent the first- and second-order phase-
transition lines, respectively.
Long zigzag chains of adsorbate atoms imply that within —
an “e|ementary fragment” of the surface Omdorﬂy One Hereafter the indices andy denote[ll()] and [001] direc-
of the two A sites is always occupied. This allows us to tions, respectively. It should be noted that for the sake of
exclude from consideration two of the four configurationssimplicity here we restrict ourselves to the cakR|
shown in Fig. 2, namely, those with bofhsites occupied or  =[J)"| and [K}™|=|K{N| but the results obtained are not
empty. Then, taking also into account that=0 if n,=0, the  subject to qualitative changes with varyihg\‘{ww and [KJ"|
relationn;~ o roughly holds and the Hamiltonig) can be  in a wide range with respect {dY~| and |K™|.
rewritten in the form In order to describe the MRR’s aip=3 ML and cgq
=1 ML interactions between the next-nearest-neighboring
H=3 Jyoi0,+ Kija'izo'j2+A2 o2. @ (NNN) Rh rowus:: as well as between dipoles belonging
] ] i to NNN Rh rowsJ,, " also should be accounted fdrere we

NNN _ NKI NNN_ _ NN
The Hamiltonian(2) resembles the Hamiltonian of the so take K, _O'EJ.X and J, O'O?JX ). So, the model
called Blume-Emery-Griffith§BEG) model, a model origi- for thetoxy%egc-;lr}qkuced (§>lln) NtlﬁR S on tr:ettRI(lllc_)?mre- .
nally proposed for describing phase separation and superﬂu@écis NONaand N-l\;Ne'rngraect%?]s € square fatlice with aniso-
ordering in Hé-He mixtures:® The parameted in Eq. (2) Fr: order to caIcuIaIte the Ihastle diagram of the m¢@eht
controls the total number of top-layer metal atofis?) . b 9 -
— A deri 2210 exists in th del if th finite temperaturesT we have employed cluster-variation
NCO,' n ordering at<‘7i>,¢ ' eX|sts.|n the _mo e 'Nh} e (CVM) and Monte CarldMC) methods. Technical details of
relamn for 1Qeaf_eSt'“e'9hb9'(NN) interactions [Kj the methods used can be found elsewHése the modified
>|Jii"| holds.™ This relation, indeed, makes sense from ayersion of CVM used in the present paper Ref. 15, for MC,
physical point of view for the O/RI10) system assuming e.g., Ref. 16 The CVM results were obtained using a six-
that the interactiond;; are of dipole-dipole origin and hence point basic cluster, extended in thedirection, composed of
should be weaker than tfi; interactions of Coulomb origin two adjacent square plaguettes. MC simulations were per-
which describe the correlations in the arrangements of the Rfprmed on a square lattice of typical size>422 with peri-
atoms. Here, we have seemingly arbitrary cho$kf|  odic boundary conditions using the Metropolis algorithm and
=3/J\"|. Note, however, that for the topology of the phaseGlauber dynamics.

diagram the only important point here is thaK™| The calculated T,A) phase diagram is shown in Fig. 3.
>3|JHN| as follows from mean-field calculatiohidater con-  The (1x3) phase with stoichiometric concentrati¢a?)®t
firmed by cluster-variation calculation$. =% ML shows “magnetic” ordering within the whole inter-

There are two types of ordering in the system consideredval of existence of this phase. To the contrary, thex®)
First, the Rh atoms are ordered in a chainlike manner, angghase(two out of three rows of metal atoms are missing
second, the zig-zag arrangement of the oxygen atoms meansth (aiz)S‘:% ML does not exhibit “magnetic” ordering
“antiferromagnetic” ordering of the O-Rh dipoles along the down to the lowest temperatures we were able to calculate.
[110] direction. Moreover, the ordering of dipoles in the This is easily understood since, once ordering of the metal
[001] direction is of the “ferromagnetic” type(Fig. 1). atoms is imposed by thk;;’s, the subsystem of dipoles is
Thus, in the notations of Eq2), nothing but a system of noninteracting one-dimensional an-
tiferromagnetic Ising chains, which, of course, does not ex-

IN>0, JN<o0, KN<0, KIN>o0. (3 hibit any phase transition at finite temperatures.
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Oxygen coverage, ¢, (ML) FIG. 5. The total number of particldsr?) vs the chemical po-

tential for the mode(2) without (A) and with(O) the dipole-dipole
FIG. 4. The phase diagram of the O{RhO0) surface as a func- interactions taken into account. The data were obtained from MC

tion of temperature and oxygen coverage obtained by CVM. Thauns of 20 000 MCS/S af/Jy"=0.5 andK "= —KiN=33".
notation of the phases and the values of interaction constants are the . .
same as in Fig. 3. Unmarked regions represent two-phase regions, 1€ (T;Co) phase diagranisee Fig. 4 has a more com-
between corresponding “pure” phases. plicated structure than thd'(A) diagram due tdi) the pres-
ence of two-phase regions instead of single first-order lines
. . in the (T,A) diagram andii) the steedo?)(A) dependence
. There are two kinds of the (f\,iNZ) pha“se n thg,,phase in the vicinity of some phase transitions. TheX2) phase
d|agram. At IO\.N tem_peratu_re‘E/JX =0.7 magne‘tilc or- ,exists only within a narrowcq interval aroundco=3 ML
dering does_ exist while at h'gh temperatures the _magnetic contrary to the wide range df values for which this phase
subsystem is disordered with a p[,gf'e“’ed MRR—_I|_ke or_denngs stable(Fig. 3). This implies, that, in real experiments, the
gf metal tak;coms[tthe p;\ase (.1(23: thﬂ. The t:jans:jnon I|r(1je_ dsorbate partial pressure might change considerably but the
etween these two phases Is of the second order and IS gff,mper of atoms adsorbed on the surface would remain al-
most flat. This transition is the order-disorder phase transic, -t the same thereby preserving the shape of the2(1
tion of the rectangular spig-Ising mgﬂel with I‘i’zﬁ\(‘ed posi- MRR. The phases (£3) and (2x3)"2 in turn, are found
tions of spins interacting througll, ™ and J, ©". The e staple within rather wide, intervals. We suggest, that
transition temperaturd’ obtathaﬂ by the CVM Tc/J; this explains why there are so far no experimental observa-
=0.775) and MC(0.740 at A/J,"=1.5 is in good agree- tions of fully ordered MRR’s at,, betweens and2 ML, but
ment with the7 exact valu€0.7413 calculated from Onsag- for the O/RIK110) system MRR’s were observed aty
er's equatiort. _ o =2 ML." These phases were interpreted ax () MRR’s
The phases (1) and (1x1) at their stoichiometric

: | with n=428 Our results, however, suggest that they are noth-
concentrations correspond to fully ocpupled and empty SySng but an off stoichiometric either (43) MRR or (2x1)
tems, respectively. At off-stoichiometric concentrations therephase. Indeed, for instance, islands ofx@) MRR’s with

are short fragments of metal rows which become longegome rows, empty at stoichiometry, and filled by Rh atoms
when approaching the critical line. The only difference isg g clearly seen in the STM image of OMRRO at co
thatin the (2<1) phase these fragments are accompanied by 2 \1| (see Fig. 2 of Ref. ¥ Another simple argument

the corresponding zig-zag chains of adsorbate atoms. Thenfirming our point of view stems from the fact that inter-
transition between these two phases in the linit-

> e actions also between thirdfourth-, etg neighboring Rh-Rh
—o ({of)=1) also corresponds to the transition in the two-

. : also ( . rows must be introduced in our model in order to describe
dimensional spiry Ising model. The value obtained by the the (1xn) phases witm=4, and this seems unreasonable

CVM T./JN=2.467 is slightly above the exact value from a physical point of view. A reconstructed phase with a

(2.269 due to the presence of NNN interactions. periodicity 3 in the{001] direction and with a random distri-
Our MC results show strong first-order phase transitiongution of oxygen atoms was observed on the QIRD

(1X2)<(1x3) and (1X2)«(2x3) with wide hysteresis surfacé® atco,=2% ML though no clear structural model was

in the (0?)(A) dependence, angir?) jumps from one sto- proposed then. We believe that this observed phase is the

ichiometric value to another without the system being in any(2x 3) phase obtained in our calculations at low oxygen

intermediate state. The CVM results are more complicatedoverages

due to their higher resolution. They show that the system Thus, our model describes all MRR'’s observed on the

does not undergo transition directly from thex(8) [or (2  O/Rh110) surface. Moreover the recently observedygen-

X 3)] to the (1X2) phase. Instead, there are two first-orderinduced (2<3) MRR on Pd110), is an indication that our
lines close to each other with unreconstructeck @ phase model has a general application for the adsorbate-induced
[or (1X1)]in between. The recent observatidof a mixed MRR of the fc¢110) surface with atoms adsorbed in the
phase between the &3) and (1x2) phases on O/Pt10)  sites. It should be noted, however, that it is premature to
confirms the results of our calculations. draw quantitative conclusions about transitions temperatures
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from our calculations. This would require at least one inter-Our calculations support this point of view. We performed
action constant to be known. This in turn could be detercalculations of the{o?)(A) dependence for the modé®)
mined, e. g., by comparing experimentally obtained values ofyith only NN interactions taken into account. As could be
phase transition temperatures with our normalized valuesseen from Fig. 5, there is A interval (in this case we con-
Unfortunately, almost all the experimental data available ingiger A as an “external field” coming from the bulk onlly

the literature are obtained at room temperature only. where the surface remains unreconstructed if the dipole-
The large body of experimental observations shows thagjinole interactions are not accounted for, but with these in-

the zigzag fashion arrangement of the atoms, adsorbed in thgactions taken into consideration the surface exhibits a (1

A sites, is surprisingly stable depending neither on whichy 2) MRR.

metal exhibits the MRR of it$110) surface, nor on the kind

of adsorbate atoms. This might be an indication that the This work was supported by The Swedish Natural Science

dipole-dipole interactions stabilize the MRR usually not ob-Council and The Swedish Royal Academy of Sciences. P. K.

served on pure f¢@10) surfaceqgexcept for Pt, Ag, and Jr s indebted to the Knut and Alice Wallenberg Foundation.
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