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Elastic and chemical contributions to the stability of magnetic surface alloys on Ru(0001)
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We have used density-functional theory to study the miscibility and magnetic properties of surface alloys.
Our systems consist of a single pseudomorphic layer of M, N,_, on the Ru(0001) surface, where M =Fe or Co,
and N=Pt, Au, Ag, Cd, or Pb. Several of the combinations studied by us display a preference for atomically
mixed configurations over phase-segregated forms. We have also performed further ab initio calculations to
obtain the parameters describing the elastic interactions between atoms in the alloy layer, including the effec-
tive atomic sizes at the surface. We find that while elastic interactions favor alloying for all the systems
considered by us, in some cases chemical interactions disfavor atomic mixing. We show that a simple criterion
(analogous to the Hume-Rothery first law for bulk alloys) need not necessarily work for strain-stabilized
surface alloys because of the presence of additional elastic contributions to the alloy heat of formation that will
tend to oppose phase segregation. We find that magnetic moments are significantly enhanced with respect to

the bulk elements.
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I. INTRODUCTION

It has been known since ancient times that alloying two
metals can give rise to a new material with properties that are
improved over those of the constituent metals. For example,
alloys can have superior mechanical or magnetic properties,
an increased resistance to corrosion, or constitute good cata-
lysts. However, not all pairs of metals form stable alloy
phases. The rules governing alloy formation in the bulk were
first formulated by Hume-Rothery.! The first of these empiri-
cal laws states that if the atomic-size mismatch is greater
than 15%, phase segregation is favored over the formation of
solid solutions. Thus, many pairs of metals are immiscible
(or nearly so) in the bulk.

In recent years, it has become apparent that surface sci-
ence can extend the chemical phase space available for the
search for new alloy systems. It has long been known that
bulk alloys exhibit surface segregation so that the chemical
composition at the surface can differ considerably from that
in the bulk. However, the field of surface alloying gained
additional interest when it was discovered that even metals
that are immiscible in the bulk can form stable surface alloys
as a result of the altered atomic environment at the
surface.>* These alloys display atomic mixing that is con-
fined to the surface layer or, in some cases, the top few
layers. These results were explained by Tersoff,’ who argued
that in cases where there is a large size mismatch, as a result
of which the energetics are dominated by strain effects, al-
loying will be disfavored in the bulk but favored at the sur-
face.

Subsequently, another class of surface alloys has emerged,
where two metals that differ in size are co-deposited on a
third metal of intermediate size. In such systems, any single-
component pseudomorphic layer will be under tensile or
compressive stress (that may or may not be relieved by the
formation of dislocations);® however if the two elements
were to mix, the stress would presumably be considerably
relieved. Thus, the strain imposed by the presence of the
substrate promotes alloying in the surface layer. Some
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examples of such strain-stabilized surface alloys are an
Ag-Cu monolayer on Ru(0001),° Pd-Au/Ru(0001),'° and
Pb-Sn/Rh(111)."

Hitherto, the guiding principle in the search for such sys-
tems has been the rule of thumb that the (bulk) nearest-
neighbor (NN) distance of the substrate should be the aver-
age of the NN distances of the two overlayer elements.
However, this simple criterion does not necessarily work.
For example, Thayer et al.'>'3 have studied the Co-Ag/
Ru(0001) system. At first sight, this system would seem to be
a good candidate for the formation of a strain-stabilized sur-
face alloy since the NN distance for Ag is larger than that of
Ru by 8%, while that of Co is smaller by 7%. However,
instead of forming an atomically mixed structure, it was
found that the stable structure consisted of Ag droplets sur-
rounded by Co. After doing a combined experimental and
theoretical study, these authors concluded that chemical
bonding between Ag and Co is disfavored in this system, and
the observed structure results from a lowering of stress at the
boundary between Co and Ag islands.

In this paper, we examine ten different bimetallic systems
on a Ru(0001) substrate. Some of the questions that we hope
to address include: (i) is it only the mean size of the over-
layer atoms that matters, or do individual sizes also matter?
(ii) can one develop a criterion based on atomic size that will
predict whether or not a surface alloy will form? (iii) how
different are atomic sizes at the surface compared to those in
the bulk? (iv) what is the relative importance of elastic and
chemical interactions? (v) what role does magnetism play?

The bimetallic systems we have considered all consist of
one magnetic metal M (Fe or Co) and one nonmagnetic
metal N (Pt, Ag, Au, Cd, or Pb), co-deposited on Ru(0001) to
form a surface alloy of the form M N,_./S, where S denotes
the Ru substrate. Such systems, involving one magnetic and
one nonmagnetic element, are of interest because alloying
can, in some cases, improve magnetic properties. Con-
versely, in some applications,'*!3 one would prefer that in-
stead of mixing at the atomic level, the system should spon-
taneously organize into a pattern consisting of alternating
domains of the magnetic and the nonmagnetic element.
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TABLE 1. Values in A of (ay+ay)/2, the average of the
nearest-neighbor (NN) spacings of M and N in their bulk structures.
By comparing these numbers with ag, the NN distance of Ru in the
bulk=2.70 A, one expects Co-Au and Co-Ag to form stable alloys,
and Pb alloys to be unstable. In this table, all the values used are
experimental values, taken from Ref. 21.

Pt Au Ag Cd Pb
Fe 2.63 2.69 2.69 2.73 2.99
Co 2.64 2.70 2.70 2.75 3.01

Ru(0001) was chosen as the substrate, in part because of its
intermediate NN distance, and in part because its hardness
and immiscibility with the other elements make it less likely
that the alloy elements will penetrate into the bulk. The bulk
NN distances, a,,, of the two magnetic metals Fe and Co, are
about 7%—-8% less than ag, the NN separation in the Ru
substrate, while all five nonmagnetic metals we have consid-
ered have bulk NN distances, ay, larger than that of Ru.
However, the N metals we have chosen display a large varia-
tion in size: the NN distance in Pt is approximately 3% more
than that in Ru, while in Pb the discrepancy is 26%. Accord-
ingly, only Fe-Pt and Co-Pt fall within the 15% range of the
Hume-Rothery criterion for bulk alloys; alloys of Fe and Co
with Au and Ag fall slightly outside this range, while those
with Cd and Pb fall well outside the range. If there is a
size-dependent trend that determines whether or not alloying
is favored, then one might hope that it will show up upon
examining these ten systems. In Table I, we have given the
average NN separation, (ay+ay)/2, using experimental val-
ues for the bulk metals. Upon examining how close these
values lie to ag=2.70 A, one might expect (using the simple
criterion mentioned above) that Fe-Au, Fe-Ag, Co-Au, and
Co-Ag might be good candidates for forming strain-
stabilized surface alloys, and Fe-Cd, Co-Cd, Fe-Pt, and
Co-Pt may be possibilities, but Fe-Pb and Co-Pb surface al-
loys should be highly unlikely to form. As we will show
below, these simple-minded expectations are not necessarily
borne out.

Of the ten systems we consider in this paper, we are aware
of previous studies on only two of them: Co-Ag/Ru(0001)
(Refs. 12 and 13) and Fe-Ag/Ru(0001)."> In both these cases,
it was found that chemical interactions dominate over elastic
ones, and the atomically mixed phase is disfavored.

II. COMPUTATIONAL DETAILS

Our calculations are done using ab initio spin-polarized
density-functional theory with the PWscf package of the
Quantum-ESPRESSO distribution.'® However, in order to
gauge the effects of magnetism, we have also performed
some calculations in which spin polarization is suppressed. A
plane-wave basis set is used with a kinetic-energy cutoff of
20 Ry. The charge-density cutoff value is taken to be 160 Ry.
Ultrasoft pseudopotentials'” are used to describe the interac-
tion between ions and valence electrons. For the exchange-
correlation functional, a generalized gradient approximation
(GGA) of the Perdew-Burke-Ernzerhof form'® is used. As all
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the systems are metallic, the Methfessel-Paxton smearing
technique'? is used with the smearing width equal to 0.05 Ry.

Convergence with respect to the basis size and the k-point
grid has been carefully verified. For the bulk structure calcu-
lations, we have used the common crystal phase of each
element. The k points used for Brillouin-zone integrations
form an 8 X 8 X 8 Monkhorst-Pack grid?® for bulk calcula-
tions, and a 4 X4 X 1 grid for surface calculations. To study
the surface properties, the supercell approach is used, with a
unit cell that includes a slab and some vacuum layers. The
slab used corresponds to a 2 X2 surface unit cell, and con-
tains six Ru layers to model the substrate. Our results for the
energetics were obtained with one alloy overlayer (deposited
on one side of the substrate) and seven vacuum layers (ap-
proximately 17.4 A); we have allowed the alloy overlayer
and the three topmost layers of Ru to relax, using Hellmann-
Feynman forces. However, when performing calculations to
see how the surface stress of monolayers of M or N on §
varied with in-plane distance, the monolayer was deposited
symmetrically on both sides of the slab, and the central lay-
ers of the slab were held fixed, while the outer layers on both
sides were allowed to relax.

The (0001) surface of Ru is a closed-packed surface, on
which typically one of the hollow sites, either hexagonal-
closed packed (hcp) or face-centered cubic (fec), is energeti-
cally preferred. We have allowed for both possibilities. The
use of a (2X2) unit cell enables us to study five different
compositions as shown in Fig. 1. Because of the small size of
the unit cell, there is only one distinct configuration corre-
sponding to each composition.

In this particular study, we have considered only a single
pseudomorphic ordered layer of an alloy on the substrate
slab. Our assumption that the monolayer (of either a single
metal or an alloy) remains pseudomorphic was motivated by
the general observation that reconstruction in the overlayer
occurs only after a certain critical thickness of deposited ma-
terial. For most systems studied previously consisting of a
single metal on Ru(0001), it is found that the first overlayer
of the metal does not reconstruct. However, Ag on Ru(0001)
is an exception, in which a misfit dislocation structure has
been observed, even for submonolayer films.°

III. RESULTS AND DISCUSSION

The substrate element, Ru, has the hcp structure in the
bulk. Upon optimizing the geometry for bulk Ru, using the
experimental c¢/a ratio of 1.584, we obtain a (which is also
the NN distance ag) as 2.74 A, which is close to the experi-
mental value of 2.70 A.2! For bulk Fe, Co, Pt, Au, Ag, Cd,
and Pb we obtain NN distances a=af"}¢ of 2.47, 2.49, 2.83,
2.93, 2.95, 3.04, and 3.56 A, respectively. Again, all these
numbers match very well with the corresponding experimen-
tal values. The calculated magnetic moments for bulk Fe and
Co are 2.36 and 1.71up per atom, respectively, which are
comparable with the corresponding experimental values of
2.22 and 1.72up per atom.

For a single-component monolayer on Ru(0001), we find
that both the magnetic elements prefer to occupy the hcp
sites; occupying instead the fcc sites costs about 75 meV per
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FIG. 1. (Color online) Top views of the systems studied, for x=(a) 1.00, (b) 0.75, (c) 0.50, (d) 0.25, and (e) 0.00. The rhombi (solid green
lines) indicate the boundaries of the 2 X 2 surface unit cell. S denotes the substrate atoms (gray) and M and N denote magnetic (blue) and

nonmagnetic (orange) elements, respectively.

surface atom. However, for all the nonmagnetic elements,
with the exception of Pt, we find that the fcc site is very
slightly favored over the hcp one, with an energy difference
of the order of 4 meV per surface atom. In the rest of this
paper, we work with the structures corresponding to the fa-
vored site occupancies for each system.

Upon depositing the single-component monolayers of ei-
ther M or N on Ru(0001), and relaxing the geometry, we find
that d,,, the interplanar distance between the overlayer and
the topmost Ru layer, varies significantly depending upon the
element constituting the overlayer. Our results for d, are
given in Table II; they may be compared with 2.17 A, which
is the value of dX',,, the interplanar distance in bulk Ru. We
see that for the M elements, di,<dpy,, whereas for the N
elements, d;,>dny,. We also see a similar pattern upon ex-
amining our results for the surface stress of these systems
(see Fig. 2): the M/Ru systems are under tensile stress,
whereas all the N/Ru systems are under compressive stress.
All these findings are consistent with the idea that the M
atoms at the Ru surface would like to increase their ambient
electron density, whereas the opposite is true for the N at-
oms; this is what one would expect from simple size consid-
erations using the values of a{}; for all the metals.

For the surface alloys, we find that in every case consid-
ered by us, the hcp site is favored over the fcc site. The
difference in energy between the two sites varies from 10 to
70 meV per surface atom. Upon relaxing the alloy structures,
we find that the surface layer can exhibit significant buck-

TABLE II. Results for the value of d,, the interplanar distance
between the overlayer and topmost Ru layer, for single-component
monolayers of M or N on the Ru(0001) substrate. It is interesting to
compare these results with d§$k=2.17 A, which is the value of the
interlayer distance in bulk Ru.

Elt. Fe Co Pt Au Ag Cd Pb

d,(A) 208 201 230 249 245 251 255

ling; this follows the trends expected from the atomic-size
mismatch between the constituent elements. Thus, Pt alloys
do not show any visible buckling, while Pb alloys show the
maximum amount of buckling among all the N’s studied (see
Fig. 3).

The total magnetic moment per magnetic atom, M, is
plotted in Fig. 4 as a function of fractional composition, x.
Note that these moments include induced moments on the
“nonmagnetic” overlayer atoms and the substrate atoms. In
some cases, these induced moments are found to be appre-
ciable. In most of the cases, the topmost layer of Ru atoms is
spin polarized ferromagnetically with a magnetic moment
ranging from 0.01 to 0.2up per atom. It is interesting to note
that in all cases, with the single exception of Co-Pb/Ru, there
is a significant enhancement in magnetic moments, with re-
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FIG. 2. Results for o*"f, the diagonal component of the surface
stress tensor, for a single-component monolayer of either M or N on

Ru(0001), as a function of the lattice mismatch, defined as
(a—ag)/ (a;as). Note that for the magnetic elements, a <ag, and the

surface stress is found to be tensile (negative), while for the non-
magnetic elements, a>ag, and there is compressive (positive) sur-
face stress.
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FIG. 3. (Color online) Relaxed geometries for surface alloys
with x=0.25 for (a) Fe-Pt, (b) Fe-Ag, and (c) Fe-Pb. Here, gray, red,
purple, green, and blue spheres represent Ru, Fe, Pt, Ag, and Pb
atoms, respectively. Note that the amount of buckling increases pro-
gressively, in keeping with what one would expect upon consider-
ing the mismatch between the atomic sizes of the constituent
elements.

spect to bulk Fe or Co. For Pt alloys, the enhancement in
M is most marked (because of significant moments induced
on the Pt atoms); and there is a clear trend, where M, de-
creases monotonically as x in increased; this is in agreement
with the Stoner argument. For all other cases, M, does not
vary appreciably with x. In future work, we plan to analyze
our results further to obtain a complete understanding of the
magnetic behavior displayed by these systems.

The stability of an alloy phase relative to the phase-
segregated phase can be determined by calculating the for-
mation energy AH, which is defined as follows:

AH = Eslab(Mle—x/S) _xEslab(M/S) - (1 _x)Eslab(N/S),
(1)

where Eg,,(A/S) is the ground-state energy per surface atom
for a single layer of A on the substrate S. When AH is nega-
tive, the two metals prefer to mix rather than to segregate,
and hence the alloy phase is more stable.

Our results for AH as a function of composition from
spin-polarized calculations are presented in Fig. 5 (solid
lines). Note that in all cases, we find that AH is roughly
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FIG. 4. (Color online) Results for how magnetic moments
change upon alloying: the total magnetic moment per ‘“‘magnetic
atom” M is plotted as a function of the fractional composition x.
The panels (a) and (b) contain results for Fe and Co alloys, respec-
tively. For comparison, the magnetic moments of Fe and Co in their
bulk structures are shown by dotted lines.
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FIG. 5. (Color online) Ab initio results for AH, the formation
energy per unit surface area: for each composition, the formation
energy is plotted as a function of x, the fraction of the magnetic
element M. The solid and dashed lines show the results obtained
from spin-polarized and non-spin-polarized calculations, respec-
tively. The panels on the left and right contain results for Fe and Co
alloys, respectively. Note that Pb alloys are the most stable, fol-
lowed by Pt, and Ag alloys are the least stable.

symmetric about x=0.5, suggesting that pairwise interactions
are dominant. For both Fe and Co, alloys with Ag are found
to be the least stable and alloys with Pb appear to be the most
stable. However, though Fe and Co have almost the same
af)illi, the values of AH, and even the order of stability, are
not identical in the two cases. Similarly, despite having very
close values of af,i]li, Au and Ag display very different be-
havior: alloys of the former are stable, whereas Fe-Ag alloys
are right at the boundary of stability, and Co-Ag alloys are
unstable. These observations support the view that chemical
effects may, in some cases, be quite important—and even
dominate over elastic interactions. Our finding that atomic-
level mixing is disfavored for Fe-Ag and Co-Ag is in keep-
ing with the observations of previous authors.!'>!3!15 We point
out that our results underline the fact that (ay+ay)/2=~ag
need not necessarily be a good criterion for atomic-level
mixing to be favored (see Table I).

We analyze in detail the miscibility trends for AH ob-
tained from spin-polarized calculations. It is generally ac-
cepted that there are two main contributions to the stability
of such surface alloys: an elastic contribution and a chemical
contribution.'???> We would like to separate out the two, if
possible. In order to do so, we assume that the elastic inter-
actions are given by a sum of NN contributions, with each
pairwise term taking the form of a Morse potential,

V;j(r) = A§{1 — exp[- A (r - b') 11, (2)

where r is the distance between the NN atoms i and j, b” is
the equilibrium bond length, and Ag and A are parameters
related to the depth and width, respectively, of the potential
well.

For each composition, the elastic energy is written as the
sum of individual bond energies of the Morse form, by
counting the total number of M-M, N-N, and M-N bonds in
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each (2 X 2) unit cell. Accordingly, for x=0.25, 0.5, and 0.75,
we obtain the elastic contribution to the formation energy as

AHSIES =6Vynlas) = 3Vyylas) —3Vyp(ag), (3)
AI'I(e)lgo = SVMN(aS) - 4VMM(aS) - 4VNN(aS) s (4)
AHGSs = 6Viynlas) — 3Viu(as) = 3Vyy(ag). (5)

Note that Egs. (3) and (5) are identical, i.e., within our
model, the elastic interactions lead to a AH® that is symmet-
ric about x=0.5. It is also important to note that for bulk
alloys of M and N, there are no terms analogous to the sec-
ond and third terms on the right-hand sides of the above
equations. Due to the presence of the substrate, these terms
have to be evaluated not at ¥ or ™V (where they would
lead to a zero contribution) but at the substrate spacing ag. As
a result of this, one can expect mixing rules to be quite
different for surface alloys than for bulk alloys; we will re-
turn to this point further below.

In order to evaluate Egs. (3)—(5), we need values for the
Morse parameters Ay, A, and b, which appear in Eq. (2). We
obtain these by computing the surface stress, 0", for each
single-component monolayer as a function of the in-plane
bond length /. In principle, this could be obtained by com-
pressing or expanding a monolayer of M or N on S. How-
ever, this would make the overlayer incommensurate with
the substrate, leading to a surface unit cell which is too large
for practical computation. Hence, we instead compress or
expand the whole slab to perform calculations at different /.,
and then subtract out the contribution from the substrate lay-
ers to the total stress so as to get the surface stress at each
lxy.23 In order to carry out this procedure, we separate out the
various contributions to the stress in the slab, as follows:

(O_V,slab)LZ — 20_surf(lxy) + (na _ 3)0_V,bulk£

XX XX 2
2
c 21,

+ E|:U)‘(/);bmk _ O_XZ,bulk 36)62) :| ) (6)

Here, 0/ is the aa component of the “volume stress” for

the slab (i.e., it has dimensions of force per unit area, as
opposed to the surface stress, which has dimensions of force
per unit length) for a slab with n, atomic layers and length L,
(which includes the vacuum) along z, O‘“Uﬁ(lxy) is the surface
stress at an intraplanar bond length /,,, and oV s the aa
component of the volume stress for a bulk Ru cell that has
been stretched or compressed in-plane to the same /,, as the
slab. In the equation above, the volume stresses have been
multiplied by the corresponding lengths along the z direction
so as to obtain quantities that have the same dimension as
surface stress. Note that these geometrical factors are specific
to the hcp structure; ¢ is twice the interlayer distance along
z=[0001] direction for bulk Ru. The left-hand side of Eq. (6)
consists of the stress for the slab with (n,—2) substrate layers
sandwiched between the two overlayers. As d, is relaxed on
both sides of the slab, within a nearest-neighbor approxima-
tion, this stress has contributions from (a) intralayer bonds in
the two overlayers; this is the first term on the right-hand
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FIG. 6. ¢*""f versus [,, for Au/Ru(0001): The value of o' at
each [,, is computed by compressing or stretching the complete
slab, and then subtracting out the contribution of substrate layers.
The data points are fitted by an expression derived from a Morse
potential, to get the values of Ay, A, and b for Au-Au bonds. The
dots represent ab initio results, while the solid curve is the Morse
fit.

side of Eq. (6), (b) (n,—2) sets of intralayer substrate bonds,
and (c) (n,—3) sets of interlayer substrate bonds. We can
group these latter two terms as (i) (n,—3) sets of interlayer
+intralayer terms, and (ii) one additional set of intralayer
terms. The first of these, i.e., the term corresponding to (i), is
related simply to the xx component of the stress in a bulk Ru
crystal; this is the second term on the right-hand side of Eq.
(6). Finally, since interlayer terms but not intralayer terms
contribute to /"™, but both interlayer and intralayer terms

contribute to a’vz’bmk, in order to obtain an expression for (ii),

XX
one can deduce the contribution to o™ from intralayer

terms alone, by comparing appropriately scaled values of
V.bulk V-oulk. this is the last term in Eq. (6). Thus the

o, and oy ' .
surface stress is now given by the expression

2
o™ 1) = l ( U;/),Cslab) L.—(n,~2) U)\(/);bulk ¢ + O_Z/Z,bulk l_x_v_ .
7 2 2 < 3¢

()

The Morse parameters for an i-i bond can be extracted
from the plot of o*"' versus I, for each single-component
overlayer of M or N on the Ru surface. As an example, our
results for the variation in surface stress with in-plane strain,
for a monolayer of Au on Ru(0001), are shown in Fig. 6;
qualitatively similar curves are obtained for other elements.
The value of b or b™" is given by the value of /,, at which
the graph crosses the x axis, while the values of Ay and A,
are obtained by fitting the curve to an expression derived
from a Morse potential. The values thus obtained for all
seven overlayer elements are given in Table III. The value of
b serves as a measure of the effective size of an atom i
when placed on the Ru(0001) surface. Note that for both the
magnetic elements M, bMM g smaller than a s, whereas for all
the nonmagnetic elements N considered by us, bV is greater
than ag. However, the values of b are found to be different
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TABLE III. Values for the Morse parameters for M-M and N-N
interactions, as deduced from surface stress calculations. The last
column contains our values for the calculated nearest-neighbor
spacing for M or N in their bulk structures. These may be compared
with our values for b, which is the preferred interatomic spacing for
a monolayer of M or N on Ru(0001).

M/N A (eV) A (AT b (A) at™ (A)
Fe 0.1309 2412 2.56 247
Co 0.5827 2.052 2.37 2.49
Pt 0.6744 1.817 2.79 2.83
Au 0.4341 1.797 2.90 2.93
Ag 0.3638 1.669 2.92 2.95
cd 0.6564 1.680 2.79 3.04
Pb 0.2027 1.563 3.42 3.56

from af<, in some cases quite significantly so. This differ-

ence is due to the presence of both the surface (i.e., no neigh-
bors above) and the substrate (different neighbors below). It
is interesting to note that for Fe/Ru(0001), b>af¢, whereas
for all the other elements, b<a{y. This is presumably be-
cause Fe in the bulk form has the body-centered cubic (bcc)
structure with a coordination number of 8, whereas all the
other elements have either the fcc or hep structure with 12-
fold coordination. As a result, only for Fe are the overlayer
atoms more effectively coordinated when placed on a Ru
surface. However, apart from such general observations, we
were unable to discern any simple relationship connecting
the values of b and af™f.

It remains to obtain the Morse parameters for M-N bonds.
In analogy with the Lorentz-Berthelot mixing rules, the M-N
bond parameters are assumed to have the form pN=(pMM
+6") 12, AMN=\AYMAGY, and AYN=VATMAYN, An exami-
nation of our results for the surface stress o**"! of the mixed
alloy phases suggests that these approximations do not intro-
duce large errors. For example, we consider the cases of
alloys of Fe with Pt (the smallest N) and Pb (the largest N):
we compare our values of o for Fey,sPty7s/Ru and
Fe(,5Pbj75/Ru obtained from ab initio results (0.028 and
1.211 eV/A?, respectively) with those obtained using the
Lorentz-Berthelot mixing rules (0.026 and 1.312 eV/ A2, re-
spectively); the values from the two approaches match well.
We believe that while some of the (slight) discrepancy is due
to the use of the mixing rules, some may also be due to our
assumption that the interatomic interactions have the form of
a Morse potential. In Table IV we have tabulated the values
of bMN_ These should be compared to the bulk Ru NN spac-

TABLE 1IV. Values of bV, obtained by taking the average of
preferred nearest-neighbor spacing on the surface; these values
should be compared to our calculated value of 2.74 A for the NN
distance on the Ru substrate.

pMN (A) Pt Au Ag Cd Pb
Fe 2.67 2.73 2.74 2.67 2.99
Co 2.58 2.63 2.64 2.58 2.89
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FIG. 7. (Color online) Results for the elastic contribution to the
formation energy: AH®? is plotted as a function of fractional com-
position x, for (a) Fe and (b) Co alloys, for both spin-polarized
(solid lines) and non-spin-polarized calculations (dashed lines).
Note that, from elastic considerations, spin polarization always
makes mixing less favorable.

ing (=2.74 A). It is also instructive to compare the values in
Table IV with those in Table I; one finds that there is no
dramatic change upon accounting for altered surface sizes.

Our results for the elastic contribution to the formation
energy, evaluated using Egs. (3)—(5), are displayed in Fig. 7
(solid lines). We find that for all ten combinations considered
by us, elastic interactions always favor mixing of the two
overlayer elements, in accordance with the predictions by
Tersoff.’

At first sight, our most surprising result appears to be our
finding that for both magnetic elements, the Pb alloys are the
most stable, though upon examining Table I or Table IV, one
might think that this is unlikely. However, this is because for
surface alloys, unlike bulk alloys, the phase-segregated
forms can cost a high elastic energy because of the presence
of the substrate. Since pseudomorphic Pb/Ru(0001) costs a
great deal in elastic energy, the mixed form is correspond-
ingly favored. In order to make this argument clearer, in Fig.
8, we have separated out the individual contributions to the
right-hand side of Eq. (4). The first (M-N) term is always
positive, while the second (M-M) and third (N-N) terms are
always negative. In order for AH to be negative, the first
term should be small (the simple mixing rule applies only to
this term), while the second and third terms should be large
in magnitude. The first term is found to follow the expecta-
tions from an elementary consideration of sizes (either at the
bulk or at the surface): Ag and Au alloys are the most fa-
vored, followed by Pt and Cd, and then Pb. It is interesting to
note that both Cd and Pt alloys have roughly the same con-
tribution from this first term; this is because Cd undergoes a
relatively large contraction in size at the surface, relative to
the bulk. A Co monolayer on Ru(0001) is relatively unhappy
(i.e., the contribution to the elastic part of the formation en-
ergy is significant and negative), and a Pb monolayer on
Ru(0001) is extremely unfavorable energetically. As a result
of these two facts, elastic interactions favor the formation of
Co-N alloys over Fe-N alloys, and lead to the high stability
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FIG. 8. The various contributions [from Eq. (4)] to AH®™® in
units of meV/A?2, for x=0.5, for the spin polarized case. The upper
panel is for Fe-N and the lower panel is for Co-N alloys. Contribu-
tions from M-N, M-M, and N-N bonds are displayed separately. All
the histograms have been plotted on the same scale, to make com-
parison easier. Note the very high negative contribution from Pb-Pb
bonds for both Fe-Pb and Co-Pb alloys.

against phase segregation of M-Pb alloys. However, one
should be cautious in interpreting these results since we have
made the assumption that the alloys as well as phase-
segregated monolayers remain pseudomorphic. For the al-
loys, this is probably a valid assumption since the elastic
energy is small, i.e., the stress is unlikely to be high enough
to drive the overlayer to relax. Despite the significant elastic
energy contained in a Co/Ru(0001) monolayer, it does not
reconstruct.2* However, for Pb/Ru(0001), the very high elas-
tic energy makes it seem possible that this system might
reconstruct, presumably via a network of misfit dislocations;
we are not aware of any experimental information on this
system. Thus, the high stability we obtain for M-Pb alloys
may be misleading; the stability would be lowered if the
phase-segregated form were to reconstruct (since the third
term in the elastic energy would then be decreased in mag-
nitude).

Finally, in Fig. 9 (solid lines), we display our results for
the chemical contribution to the formation energy AH®"™,
obtained by subtracting out the data in Fig. 7 from that in
Fig. 5. When only chemical interactions are considered, Fe
alloys are more favorable than Co alloys; we will show fur-
ther below that this can be attributed to the larger magnetic
moment of Fe. From this plot, we note that the stability of Pt
alloys is largely due to the favored chemical bonds between
Fe-Pt and Co-Pt ; this is consistent with the fact that these
systems also form bulk alloys. The Ag alloys are not stable
because Co-Ag and Fe-Ag bonds cost very high chemical
energy, which cannot be offset by elastic energy; this too is
consistent with previous results.!>!315 Also note that Fe-Au
bonds favor mixing, whereas Co-Au bonds cost chemical
energy, which explains the particular order of stability ob-
served in the ab initio results.

How does magnetism affect miscibility? Previous studies
have shown that magnetism can affect mixing in surface
alloys.? To examine this issue, we have also performed non-
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FIG. 9. (Color online) The chemical contribution to the alloy
formation energy, as a function of fractional composition x, for (a)
Fe and (b) Co surface alloys on Ru(0001). The solid lines show the
results from spin-polarized calculations and the dashed lines are for
non-spin-polarized calculations.

spin-polarized (NSP) total-energy calculations on these sys-
tems. The dashed lines in Fig. 5 show the NSP results for AH
as a function of x. For all the systems, except for Co-Cd and
Co-Pb, mixing is more favorable when the systems are spin
polarized (SP) than when magnetism is suppressed, which is
in accordance with earlier observations.?> As a result, Fe-Ag
alloys, which are at the boundary of miscibility when spin
polarized, are immiscible in the absence of magnetism. The
difference between SP and NSP results is more pronounced
for Fe alloys than for Co alloys (with the single exception of
Fe-Pb), which can be attributed to the higher magnetic mo-
ments on the Fe-N/Ru(0001) systems. It is interesting to
note that the two systems (Co-Cd and Co-Pb) for which the
miscibility is increased upon suppressing the spin polariza-
tion are also the only two systems for which M, per mag-
netic atom is less for the alloy phases than for M/Ru.

We now repeat our computation of elastic and chemical
contributions to AH, for the NSP case. As expected, for Fe
and Co, the NSP values of b—the effective size on the sur-
face (=2.45 and 2.36 A, respectively)—are less than the SP
ones (see Table III). The percentage decrease is more for Fe
(~4%) as compared to Co (~0.4%), which can be attributed
to the higher magnetic moment of the Fe monolayer. The
computed elastic contribution to the NSP AH is plotted in
Fig. 7 (dashed lines). It shows that when elastic effects alone
are considered, spin polarization disfavors mixing. On exam-
ining the separate contributions to AH®? from M-M, N-N,
and M-N bonds, we find that the main reason for the reduced
miscibility of SP phases is that the M monolayer is relatively
less stressed when spin polarized. The difference between the
SP and NSP values of AH is more for Fe alloys than for Co
alloys, as a direct consequence of the larger decrease in b for
Fe.

The chemical contribution to the heat of formation,
AH®™ for NSP alloys is plotted in Fig. 9 (dashed lines). It
is interesting to note that in the absence of magnetism the
chemical interactions for Fe and Co are rather similar. This
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implies that the presence of magnetic moments alters the
chemical interactions to a great extent. In general, when con-
sidering the chemical contribution terms, spin polarization
promotes mixing in all the cases, except for Co-Cd and Co-
Pb. For chemical interactions also, the difference between
the SP and NSP values of AH is more for Fe alloys than for
Co alloys because of the larger magnetic moment on Fe al-
loys.

From our analysis, it appears that while considering the
effects on miscibility as one switches on spin polarization,
chemical interactions generally drive the system toward mix-
ing (AHSE™ < AHSSY), while elastic interactions do the op-
posite (AHS2>AHS3,). The changes in the chemical inter-
actions are more in magnitude, and hence the systems are
more miscible when magnetized, except for the two combi-
nations (Co-Cd and Co-Pb) where both elastic and chemical
interactions raise AH upon switching on spin polarization.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have attempted to gain an understanding
of the factors governing the energetics of strain-stabilized
surface alloys, by performing ab initio calculations on ten
combinations involving a magnetic and a nonmagnetic metal
co-deposited on a Ru(0001) substrate. In many cases, we find
the surface alloy to be stable against phase segregation, even
though the constituent elements are immiscible in the bulk.

We have also studied some of the magnetic properties and
observe enhanced magnetic moments for the surface alloys
as compared to bulk magnetic moments. The effects of mag-
netism on the miscibility of these alloys have also been stud-
ied. In general, we observe that magnetism promotes mixing.

We find that the results for miscibility do not correlate
with expectations based upon the simple argument that the
mean atomic size should be as close as possible to the sub-
strate lattice spacing. One reason for this is that though elas-
tic interactions are an important mechanism governing sta-
bility, chemical interactions can also play a crucial role. In
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some cases, the latter are large enough to disfavor atomic-
level mixing, even if it helps in lowering the elastic energy.
A second complicating factor is that unlike for bulk alloys,
for such strain-stabilized surface alloys, the phase-segregated
forms can also cost elastic energy. Thus, there are three fac-
tors that determine whether or not mixing takes place at the
atomic level: (i) the elastic energy of the alloy phase, (ii) the
elastic energies of the phase-segregated monolayers on the
substrate, and (iii) chemical interactions. Further, all three of
these factors can be affected by the presence of magnetism.
Because of this complicated situation, a simple criterion,
analogous to the first Hume-Rothery rule for bulk alloys,
does not seem possible for such systems.

We have also found that effective atomic sizes on the Ru
substrate are not equal to the bulk size; in some cases this
difference is small, while in other cases it is large. Several
alloys involving a magnetic and a nonmagnetic element on a
Ru(0001) surface are found to be stable against phase segre-
gation; this is primarily because the effective size of the
magnetic elements is smaller than the nearest-neighbor dis-
tance in the substrate, while that of the nonmagnetic ele-
ments is larger, even after accounting for altered sizes at the
surface. Of the systems we have considered, we feel that
Fe-Au, Fe-Cd, and Co-Cd are particularly promising candi-
dates that would be worth experimental investigation. In
these systems, both chemical and elastic interactions pro-
mote alloying. We have also found that surface alloys involv-
ing Pb and either Fe or Co appear to be very resistant to
phase segregation; however, this conclusion is dependent on
our assumption that a monolayer of Pb on Ru(0001) does not
reconstruct, which may or may not be valid.
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