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The energetics of various surface alloys of manganese on c@pp®rare calculated and their stability
against clustering and/or interdiffusion is determined byabrinitio method. The interplay between stoichi-
ometry, chemical, and magnetic ordering allows for a large variety of ordered alloys; only two are found to be
stable against clustering: a 33% alloy and a 50% alloy of antiferromagnetically ordered Mn chains. Thermo-
dynamic considerations indicate that only the 33% alloy will be formed at temperatures typical for epitaxial
growth. The results are compared to recent scanning tunneling microscopy experiments.

I. INTRODUCTION constant and a\(3x y3)R30° superstructure on a Cil1)
substraté? A recent STM study> however, suggested that

The study of magnetically stabilized surface alloys haghese phases were not pure Mn overlayers, but a Mn/Cu sur-
attracted much experimental and theoretical interest in théce alloy. In this work it was shown that for submonolayer
past decade. Most work has been done on surface alloys ¢ipverages near step edges a Mn/Cu alloy with an expanded
the (100 (Refs. 1-5 and (110 (Ref. 6 surfaces of Cu, Ag, n-plane lattice constant and a/gx y3)R30° structure is
and some transition metals. Of all investigated systems, théSible at the surface; in the subsurface layer an alloy of yet
Mn/Cu surface alloy on the QLOO) surface has attracted unknown structure was proposed. An experimental study of
most attention: this surface alloy has been characterized with€ (111 surfaces of PvBMn layered systemS and a sub-

low-energy electron diffractidn(LEED) and scanning tun- fﬁggirfggilculatldﬁ gave evidence for a magnetic alloy on

neling microscop¥ (STM), and theoretical workexplained e . . . L .

and confirmed these experimental results. No straightforwar The aim of this work is the investigation of various Mn
. -SE EXp . ) 9 gurface alloys on the Qu11) surface, their magnetic struc-

extension of the insights gained from these surfaces to th

111 surf £f s | ible: the cl ki re, relaxations, and their stability. These alloys were se-
(111 surfaces of fcc crystals is possible: the close packing Ofected such as to include all combinations of nearest-

the (111_) layers will reduce the substantial re_laxations Ok?'neighbor interactions in the basic triangle of the two-
served in the more open surfaces and the triangular latticgimensjonal lattice. From earlier work on Mn surface alloys
formed by the hexagonal symmetry of the surface causegp CU100 (Ref. 3 and Ag100) (Ref. 8 we expect that
new possibilities of magnetic ordering of the atoms. Thisthese interactions dominate the energetics of these alloys,
work provides a theoretical investigation of the possibility of and that the selected alloys are the most relevant ones. We do
the formation of a manganese surface alloy on th€l€l)  not include the investigation of a Mn bilayer nor a bilayer-
surface. alloy formation as this has not been observed so far for Mn/
The stability of the(100) and (110 surface alloys was Cu(100 or Mn/Cu110 and the number of possible mag-
attributed to a magnetic effect in these alloys: the lower conetic and compositional configurations we would have to
ordination and the missing nearest-neighbor magnetic atonisvestigate to make definite predictions is very large. First
lead to an enhancement of the magnetic moment as well as &eps in this direction have recently been made by Abt and
an outward relaxation of these atoms that reduces the cooBliigef for Mn on Ag(100).
dination even more. The preferred magnetic ordering of Mn With total-energy calculations we probe the stability
on an Ad100) surface in an alloy as well as in a monolayer @gainst cluster formation at Fhe surface .and against wetting
was found to be antiferromagnefi€ Therefore, we have to b_y the substrate. In our studies we consider only the energy
keep in mind the possibility of the formation of noncollinear differences between alloy and wetted alloy or clustered sur-

structures on the hexagonélll) surfaces. Alloys of high face, i.e., the kinetic and dynamic aspects of the formation of
these states; the path and energy barriers of the exchange

Mn content could form interesting combinations of magnetic X
and structural ordering. processes between the involved atoms are not captured. The

An investigation of the growth of Mn on R000D) (Ref. paper is qrganized as follows: After a short description of the
9) and 1111 (Ref. 10 has shown that thin films of Mn computatlpnal meth'od we present the result; for glctl)
grown epitaxially on these surfacéas compared to thicker surface with and Wlthout_Mn oyerlayer and investigate the
layer9 have an enhanced magnetic moment. The ordering ndt_an_c_y for the Mn to d|ff_use into the bulk. We study th_e
these moments is unknown, but experiment shows that th ssibilities of alloy formation on .the sgrface as well as in
are not coupled ferromagnetically. For thicker layé&rsre e deepe.r layers anq conclude with a simple thermodynami-
than four monolayejsMin reconstructs to form close packed €@ modeling of the disordered Mn/Cu surface alloy.
layers. The lattice constant of Ir is 6% larger than that of Cu, Il METHOD
so we expect that Mn fits onto the Cu substrate. On the other '
hand, Tianet al!! reported on epitaxial Mn films grown on We used the full potential linearized augmented plane
Pd111) and found similar phases with a 6.3% larger latticewave methotf (FLAPW) in thin fim geometry as imple-
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FIG. 1. Models of the cleaf®)
and the(one monolayerMn cov-
ered(b) Cu(111) surface and films
with one monolayer Mn in the
subsurface(c) and subsubsurface
(d) layer. Alloys with 33%, 50%,
and 66% Mn are shown iife)—

:d12 (g). Thick dashed lines indicate
3 the two-dimensional unit cell, and
d;; is the interlayer distance be-
tween the layers andj.
(@)
mented in therLEUR program. Our calculation is based on 2. One ferromagnetic monolayer Mn on the surface
the density functional theory in the generalized gradient ap- and in the subsurface layers

proximation(GGA) as formulated by Perdeet al*® Using a To see if a(ferromagnetit monolayer of Mn is stable on

scalar-relativistic Hamiltonian we employed a plane wavey,e ¢(111) surface or if Mn prefers to diffuse into the bulk
cutoff of k,f%x:4.0 a.u. ~ for the wave functions an@max or inner layers of the Cu substrate, i.e., Cu prefers to wet the
=13.5 a.u.” for the charge density. The muffin-tin radii 1 monolayer, we replaced the first, second, or third layer of
were 2..18 a.u. for both Cu an_d I\./In..The angulay n"!omentun@he Cu film with Mn layergFig. 1(b)—(d)]. We denote these
expansion of the charge density inside the muffin-tin sphereg, ~tures as CCCMMn in the surface laygrand CCMC
was truncated aky,,=8. For thek)-space integration, 45, 5nq cMCC(Mn occupies the sub- and subsubsurface layer,

15, and 8 speciak) points were used in the irreducible \ogpeciively. Again, all layers were allowed to relax but no
wedge of the two-dimensional Brillouin zones of the unit ;o rygation, reconstruction, or in-plane relaxation was per-
cells containing 1, 2, and 3 surface atoms, respectively. Apnitted.

structure was considered relaxed when all the fdfoms the We compare the relaxations of the Mn layer systems with
atog;sr c\;vl?rr?:aslgj?ggcr):s]axelur::g rrgﬁgllt:;érs of metal embedthe uncovered, relaxed (c:gé]d (dgggted g:CCC:g:QZand caleu-
ded in a semi-infinite vacuum to simulate the surface. For th late the quantityD;; = (d; dij°°9/di*° for the Mn
lateral lattice constants we use the values obtained from
bulk calculation. We determined a lattice constantagf'
=6.83 a.u., which is in very good+{0.2%) agreement with

%verlayer and likewise for the buried Mn layers. From Table

Awe see that the Mn overlayer expands almost 5% outwards,
and also the inner interlayer distances are affected by this
expansion. This expansion is driven by the magnetism of the

the experimental value. Mn overlayer, since a nonmagnetic calculation shows almost
no differences in relaxation as compared to the uncovered
lll. RESULTS Cu(111) surface. This expansion can also be seen in the sur-
_ face alloys of the(111) surface (see beloyw and of the
A. Surface segregation Cu(110)<(2%2)-Mn (Ref. 6 and Cu(100)e(2x 2)-Mn
1. Clean Cu(111) surface (Ref. 1) surface alloys.

As a first step we calculate the relaxation of a cléamn-
covered Cu(111) surface and compare these results with TABLE I. Changes in the relaxatior);) of a Cu111) surface
other data. We allow all layers to relax and minimize theWith Mn in the surfacg CCCM), subsurfacéCCMC), and subsub-
forces exerted on the atoms. Compared with the idealk- surfa_lce_(CMCC) layer and the magnetlc momenpt within the
truncated interlayer spacinglc(111), the first two Cu layers r'nufflnftln spheres of the Mn atoms in the structurally relaxed con-
contract byAd]_z: (d12_ dCu(lll))/dCu(lll): —0.5% [Cf F|g flguratlons.

1(a)]. The second and third layers are also contracted by a
tiny Ad,;=—0.3%. Compared to the more open (CO)
(Ad,=—4%) or the C@l10 (Ad;,=—8%), these relax-

Dy, D3 D34 Dus M
(%) (%) (%) (%) (units of ug)

ations are very small. An experimental stiffiyof the cccwm 4.89 2.15 1.91 1.11 3.15
Cu(111) surface reported a contraction of the first two layersccmc 1.81 3.09 0.90 0.13 2.85
of Ad;,=—0.7% and a calculatidfwithin the local density cmcc 0.78 2.84 2.99 1.15 2.60

approximation indicated a value &fd;,= —1.27%.
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FIG. 3. Top: Four magnetic configurations of an (#hl) layer:
p(1x1)-F, (2x1)-AF (V3% 3)R30°-AF, and (/3
X \/3)R30°-120°. Bottom: Magnetic and compositional configura-
-05 \ tion of the calculated ferromagnetic and antiferromagnetic surface
‘alloys with 33%, 50%(F-chain and AF-chain structureand 66%

~ FIG. 2. Energy of several calculated magnetic and composi{ggos-F, 66%-AF Mn. The unit cells used in the actual calculation
tional configurations of Mn layers on and in @d1). The  g.qindicated by thick dashed lines.

(2% 1)-AF monolayer and the alloy are shifted with respect to the

ferromagnetic CCCM structure by their respective stabilization en- . . i ,

ergy. CCCM denotes a Mn covered Cu surféEeg. 1(b)], while configuration with two atoms per unit cell, and the eé\e

CCMC and CMCC indicate that Mn is in the subsurfdEeg. 1(c)] state, a coplanar noncollinear\/ix \/§)R30°-120° state

or subsubsurface lay¢Fig. 1(d)], respectively. with three atoms per unit cell. We included in addition a
collinear (3% y/3)R30°-AF structure, which is a particular

In this calculation we assume that the magnetic ordering"€ar combination of the ferromagnetic andellstate. The
of the Mn atoms is ferromagnetic and with this restriction weMagnetic structures are shown in the top row of Fig. 3. From
find magnetic moments as indicated in Table I. When wehe total-energy calculations we find the rather surprising re-
compare the magnetic moment of the Mn overlayer orSUlt that the columnar antiferromagneticX2)-AF configu-
Cu(112) with the results of thé100) surface’ the more open  ration is the most stable. Compared with the ferromagnetic
(100 surface induces a higher moment of 3u45compared solution it is stabilized by 0.28 eV per Mn atom and 0.04 eV
to 3.05u for the (111) surface. Consequently, the moment More stable than the@x \3)R30°-AF ordering. Also, the
of Mn decreases as it moves deeper into the bulk to2;63 noncollinear Nel structure, (/3% 3)R30°-120°, is almost
in the subsurface layer and 2/84 in the subsubsurface 0-09 eV ‘higher in energy than the columnar AF
layer. From the total-energy calculation we $E&. 2) that conﬂgurqﬂorﬁ This may suggest that an even more compli-
Mn layers are also more stable when they are covered by Cgated spin structure will be the actual ground statend we
layers. This wetting energhEy,=E,—Eg, defined as the have to keep in mind that our r_eferen_ce point of energy for
difference between the energy of an interlayEf)(and an the full monolayer coverage might still be a few meV too

overlayer Eg), is similar to the results for ferromagnetic Mn high_. _ o
on the C100 surface® Since the (X1)-AF configuration is by far the most

stable collinear magnetic state of a Mn overlayer on
Cu(111), we now investigate the stability of this configura-
tion against wetting. As we will discuss later for the alloys in
more detail, the relaxations of the different magnetic struc-
The magnetic structure of Mn on Cill) may be rather tures are quite similar; the same is found for the overlayers.
complicated. From previous calculations of Mn on(020)  Thus, assuming no change of the relaxations when going
(Ref. 3 we know that Mn favors the(2X 2) antiferromag- from the ferro- to the antiferromagnetic over- and interlayers,
netic order. From this result we conclude that the nearestwe calculated the total energies of X2)-AF Mn in the
neighbor exchange coupling between Mn atoms within a Mrsecond and third layers of CLL1). The energies obtained by
monolayer will be antiferromagnetié\F). An antiferromag- these calculations are shown in Fig. 2. We see, that in all
net on a triangular lattice, as provided by ti41) surface of layers this configuration is more stable than the ferromag-
Cu, is a prototypical example of a frustrated spin systemnetic one, but the energetic differences are smaller in the
Frustration is the origin for a number of diverse phenomenaleeper layers. From our calculations we derive that energeti-
such as noncollinear magnetism. Indeed the magnetic grourwhlly the Mn monolayer is not stable at the surface. This
state of Mn on C(1.11) is unknown. The magnetic properties supports the suggestitfithat the interpretation of the LEED
of these triangular antiferromagnets are typically describedlata of Mn on C(111) (Ref. 12 should be based on a more
in terms of the classical Heisenberg model. Investigating theomplex structural model. But the energy difference between
Heisenberg model with nearest, next-nearest, and next-nextie covered and uncovered Mn monolayer of 0.03 eV is
nearest neighbor exchange coupling constants with respect sonall enough so that it could also be likely that a kinetic
the possible magnetic ground-state structures, we found thrdmrrier stabilizes the Mn overlayer on the (Clil) surface.
commensurate magnetic phases to be considered: the ferro- The magnetic moments of these X2)-AF configura-
magnetic state with one atom per surface unit cell as distions differ a little bit from than their ferromagnetic counter-
cussed above, the columnar antiferromagnetix {2-AF  parts: the moments decrease from 345t the surface to

3. Antiferromagnetic monolayers of Mn on the surface
and in the subsurface layers
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TABLE II. Magnetic momentu, relaxation of the Mn atoms of 0.39 a.u. is only 0.09 a.u. smaller than that for the Mn in
AZyy,, relaxation of the first two layerdd;,, and energy of for-  the (100)-oriented 50% surface alloy and almost identical to
mation per atomAEg for ferromagnetiqF) and antiferromagnetic  the (110-oriented one(0.38 a.u.. One has to be careful
(AF) Mn/Cu alloys. when comparing these results, since the latter two were ob-
tained in the local density approximati¢ghDA). This may

(unitslu of 1g) ?az.l’il/l; ?021)2 (QE\F/) underestimate the relaxations, as it was shown to yield
smaller magnetic momentdn the GGA, the magnetic mo-
33% F 3.68 039 -04 -10 ment of the(100) surface alloy is 3.84g, while in LDA it is
50% F 3.53 029 -02 46 only 3.64. The LDA value for th¢110 alloy is 3.8+ and
AF 3.59 028 -0.2 —24 our LDA calculation yields 3.5&g for the 33%(111) alloy
66% F 3.55 025 +0.5 139 so that the general rule, that magnetic moments in a close
AF 3.41 028 12 29 packed surface are smaller than on open ones is still con-

_ _ _ _ served on thé¢111) surface.

#The relaxations for the 50% antiferromagnetic chain were taken The moments of the 50% and 66% alloys are smaller,

from the ferromagnetic 50% alloy. since the numbers of nearest-neighttidN) Mn atoms are 2

and 3, respectively, and the Mn overlay6rNN Mn atom$g

has an even smaller moment of 3ulh Also the outward

relaxation of the Mn atoms becomes smaller, which fits into

the picture of the magnetovolume effect. As the Mn atoms

move outward in the 33% and 50% alloys, the first two Cu
In the case of thé100) and the(110 Cu surfaces, the layers resume almost the same distance as in the clean

formation of a surface alloy was observed experimentallyCu(111) surface.

and theoretically. To investigate the possibilities of surface- From the formation energies of Table Il we see that the

alloy formation on the(111) surface, we calculate the or- 339 alloy is stable against clustering and the valier

dered Mn/Cu layers depicted in Figlel—(g), which include - _10 meV indicates stability at lower temperatures. The

all structural (;ombinations of ne'arest—.neighbor. interactionsferromagnetiC 50% (X 1) arrangementF-chain structure

in the basic triangle of the two-dimensional lattice plus oneg 4jready unstable against clustering and the ferromagnetic

ad(_iit_ional configuration i_n order 1o ind_ependently check theBG% (V3% \/3)R30° structure is highly unstable. But when
validity of the neares_t-ne|g_hbor approximation. Starting fromwe switch from this structure to the antiferromagnetic con-
these structural configurations we included all magnetic con:.

figurations as shown in Fig. Gottom with ferromagnetic figuration we gain 110 meV. This large stabilization is not
and antiferromagnetic nearest-neigbor exchange interactiondN€XPected, since the energy difference between the ferro-
As the magnetic interaction of the 33% alloy is a next_and antiferromagnetic Mn overlayers was already 279 meV
nearest-neighbor interaction, with tiny energy differences t?6" Mn atom. There, four ferromagnetic NN Mn-Mn cou-
the ferromagnetic configuration it is not important in the con-Plings were changed to antiferromagnetic coupling, while in
text of this work. Thus it is not subject to further investiga- the case of the 66% surface alloy only three bonds were
tions and has been ignored. Note that our total-energy calc@anged- . .

lations neglect the kinetic effects that may stabilize or This suggests that the F-chain alloy could gain up to 75

2.82ug in the subsurface and 2.4§ in the subsubsurface
layer.

B. Alloy formation

prevent the formation of the alloy. meV when the Mn chains couple antiferromagnetically, and
this would be the most stable surface alloy. Indeed, we cal-
1. Ordered surface alloys culated this AF-chain structure and found a stabilization en-

We define the formation energy of an alloy withe Mn ~ €rgy (&s compared to the ferromagnetic allayf 70 meV,
as AEp=Ea1oY—[xECCCMy (1 — x)ECCCY| | where all ener- yleldmg a formation energy of-24 meV. Thus, the forma-
gies have to be taken per surface atom. Our sign conventiof#n of this antiferromagnetic chain of Mn on a Q11
is such tha\Ex<0 means that alloy formation is energeti- surface is, from an energetic point of view, highly favorable.
cally favored, while, ifAE->0, phase separation is pre- Whether this alloy can be actually found on a surface de-
ferred. ForEC““M we have to take the magnetic ground-statepends, of course, on the kinetic barriers and entropic effects
configuration, i.e., the antiferromagnetic overlayer. To elimi-in the actual formation process.
nate the effects from differently sized unit cells, we calcu- One could speculate how an antiferromagnétic even
lated ES“CC and ferromagneticE“““M for a (2x1) and  noncollineay arrangement of the Mn atoms in the 33% alloy
(V3% \/3)R30° cell and compared only energies of unit cellswould alter the stability of this alloy. But in this case, as the
of the same size. The alloy atoms are allowed to relax permagnetic interaction is a next-nearest-neighbor interaction,
pendicular to the surface but again no in-plane relaxationve expect only tiny energy differences and did not investi-
was taken into account. gate this configuration.

The magnetic moments, relaxations, and the formation Along with the stabilization due to antiferromagnetic cou-
energies of the configurations are listed in Table Il. The 33%pling of the Mn atoms we notice another interesting phenom-
Mn alloy can be compared to the Mn/C®0 and (110 enon. On thg100 and (110 surfaces it has been observed
surface alloys, since there are no nearest-neighbor Mn-Maxperimentally and theoretically that the formation of(&
interactions. Indeed, the outward relaxationeasured from X 2) Mn/Cu surface alloy causes a drop of the work function
the Cu position in the surface planef the Mn atomAZy,,, A® as indicated in Fig. 4. We observe, that for a 50% Mn
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stable against wetting or interdiffusion into the bulk. Never-
00l ———", e theless we note that these interdiffusion energies are small
e and a stabilization of these surface alloys by kinetic barriers
" is probable. Also in the case of Mn alloys on (@00 sur-
4 faces a small negative wetting energy was found; neverthe-
] less these alloys can be observed in experiment.

We also calculated the stability of the 50% alloys against
interdiffusion. For the AF-chain structure an energy of 63
meV per Mn atom is gained when the Mn atoms are in sub-
surface positions. Interestingly, for the same ferromagnetic
alloy this energy amounts to 99 meV per manganese atom.

-06,5 7 5 55 00 Here, we observe the same trend_s as those fpr the full Mn
% Mn monolayers, where also the antiferromagnetic monolayer
was far more stable against wetting than the ferromagneti-

FIG. 4. Work-function change&®=® ™"~ & upon alloy-  cally ordered one.
ing of a CyY11l) surface with Mn. The solid line connects the
ferromagnetioF) structures, the dashed line the antiferromagnetic 3. Disordered surface alloys
(AF) solutions. Results for th€100) (Ref. 1) and (110 surfaces
(Ref. 6 are also indicated.

In recent STM experimenttéat 320 K it was found that at
kinks, single Mn atoms are incorporated in the(TLL) sub-
strate and form a seam of a Mn/Cu alloy near the step edge.
In the initial stage of growth, isolated Mn atoms were ob-

: . €erved in the substrate that formed a two-layer alloy at higher
moment should be responsible for .th's change, the SmaIIE‘t,roveralg:jes whose composition in the subsurface layer could
moment on the111) surface results in a smaller effect. not be detected. The surface layer showed clear indication of

Results for the 33% and 66% ferromagnetic alloys are, vin/Cu alloy with a (/3% y3)R30° structure compatible

also in line with this observation when we take into accoun{ ...~ " 329, alloy. The in-plane lattice constant was ex-

¥2§:Sa ;&?ﬁggﬁ%ﬁ?rg%\:rﬁggclzzg/s 3;2;8"63:25\2 (:;'rnostoanded by 9.4% with respect to the Cu surface and exhibited
: 9 0 y an additional dislocation network with a larger periodicity.

pgmc:anngti:?\;rghgv\gﬁ;kglr“;(:'sog \?vg?kmflﬁni?iirﬁh:\fetQGSSnrﬂ];e\r/- For a better understanding of the initial stages of alloy
Y Y formation a qualitative description of the Cu-rich side of the

hIg\?virilgzgé?ee&il;%§?£?$f6rk function are quite sensitiveDhase diagram of the disordered surface alloy would be de-
g d Sirable. To this end, we employ a very crude cluster variation

to the magnetic ordering, the magnetic moments and the re- ethod? to get an idea of the miscibility gaps in the phase

laxation are rather insensitive quantities in this respect. Th%iagram of the two-dimensional surface alloy. Employing

magnetic moment of the ant|ferromagngt|c 66% alloy 'Sthe natural iteration method for a ternary aflbyve treat the
Ol'lj’“B Iov(\;erhthan thatdof tre cqrresaonhdmg ferromagrcl)eggtwo magnetically inequivalent Mn atoms as different species,
?Oy’ and the outward relaxation of the Mn atoms 0. keeping in mind that the actual, binary phase diagram of the
arger. Mn/Cu surface alloy is only a cut through this ternary dia-
gram, where the ratio of spin-up to spin-down Mn atoms
minimizes the free energy.

In the last section we have shown that a 33% surface Ignoring the Cu substrate and considering only the top-
alloy in \3x /3 arrangement and an antiferromagnetic 50%most layer containing the Mn/Cu alloy we can decompose
alloy in the (2x 1) structure are stable against clustering onthis Mn/Cu surface lattice into trianglégk, where the indi-
the Cu111) surface. First, we will investigate the stability of cesijk indicate whether a Cu or a Mn atofwith spin up or
the 33% alloy against interdiffusion into the bulk, since thisdown) can be found on the three corners of the triangle.
resembles most closely the limiting case of the diffusion ofThen, in a very simplified model, it is possible to associate
an isolated atom into the bulk. The energetics of a single Mrenergiese;; with these triangles, so that the total energies
atom in the sub- or subsubsurface layer is also important fol,y; of the different ordered surfaces can be written as sum of
the formation of other subsurface alloys. The stability ofthese energie€ = Zw;;y€j; . The weights or cluster prob-
these alloys will be discussed at the end of this section.  abilities w;;, give the number of trianglesjk) that can be

As we did in the case of the Mn over- and interlayers, wefound for the surface alloy with the ener@y,;. Since these
substituted the subsurface and subsubsurface layer of theeights are different on surfaces with different stoichiometry
film with the Mn alloy and calculated the total energies of and/or magnetic order, knowing a setf;, we can calcu-
these arrangements. In this case we did not relax the strutate thee;j .
tures, but used the interlayer distances as shown in Table I. The same procedure can be applied to our films that in-

The energies obtained by this procedure are shown in Figlude, in addition to the surface alloy, some layers of
2. When a Mn atom moves from the surface to the subsur€u(111) substrate. We still can use the total enerdigs
face layer, the energy gain is 84 meV, and when put into thérom different surface alloys, but we have to use the unre-
subsubsurface layer the gain is almost 90 meV. The magaxed structures to make the decomposition in #hg's.
netic moment is reduced to 3 45. This indicates that— With these energies, we can try to predict the energies of
although stable against clustering—the 33% alloy is nobther ordered and disordered surface alloys.

alloy the work-function change is smaller than in the previ-
ous two cases, but since the formation of a large magneti

2. Subsurface alloys
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900 - ‘ ‘ ‘ - T oe® % over all cluster probabilities where the cluster contains two
« spinodal o e e0 Cu and one Mn atom, we find that at this concentration
800 - o binodal o e o0 - 71(273 K)=0.66. With falling temperature;; increases to
reach a value close to unity. This corresponds to the ordered
700 | o . oo (V3% {/3)R30° arrangement of the 33% Mn surface alloy.
Defining 7, as the sum over all cluster probabilities where
600 - ° . ool the cluster contains one Cu atom and two Mn atoms of op-
X, posite spin, we can characterize the ordered antiferromag-
“ 500 | o . o netic 50% alloy byzn,= 7,=0.5. The 50% alloy—although

metastable at temperatures above 300 K—shows no ten-
dency to order as an antiferromagnetic chain structure. These

400 1 ° * “ results are consistent with the experimental observations of
the initial stages of alloy formation, where locally only an

300 ¢ ° . € ordered 33% Mn surface alloy withy8x 3)R30° struc-
ture was found.

200 : : : : : : : : :

0 01 02 03 04 05 06 07 08 09 1
X (Mn) IV. SUMMARY
FIG. 5. Phase diagram for the disordered Mr(Clii) surface In this paper we investigated the possibilities of surface-

alloy obtained by triangle cluster approximation. The binodal line isalloy formation for Mn on a C(1.11) surface. Neglecting any
indicated by open diamonds, and the spinodal curve by full circlestemperature and kinetic effects we found that an ordered
The ratio of Mn atoms with up or down spins is 1:1. 33% alloy with a (/3% /3)R30° structure and a 50% alloy
forming antiferromagnetic chains are stable against cluster-
We can identify six different configurations that can being at the surface. Thermodynamic considerations indicate
extracted from the eight collinear structures shown in Fig. 3that the 50% alloy will not be formed at temperatures typical
triangles that contain 0, 1, 2, and 3 atoms of Mn, the latteffor epitaxial growth. Both alloys and the Mn overlayer are
two with two different magnetic states. As a test we can tryunstable against wetting by Cu, but the wetting energies are
to calculate the energy of the 50% alloy from the 33% andsmall. This indicates that—depending on the actual condi-
66% alloys and predict an energy that is 13 meV per surfacdons of growth—such surface alloys or, as seen in STM
atom off the self-consistently calculated value. From this dif-experiment$? more complex bilayer alloys can be formed.
ference we conclude that the error of the triangle approximaThe theoretical and experimental investigation of these struc-
tion is in the range of relaxation energies that cannot beures leaves plenty of room for future investigations.
included in the formalism. This also suggests that we can
only expect a qualitative description of the phase diagram.
In Fig. 5 we plot the phase diagram for the Mn/(Ci11)
surface alloy. The minimal free energy was always found for The authors gratefully acknowledge support from the
an alloy with an equal amount of spin-up and spin-down MNnTMR network Contract Nos. EMRX-CT96-0089 and
atoms. At the experimentally relevant temperatures the disFMRX-CT-0178 and from the Deutsche Forschungsgemein-
ordered phase is stable up to a Mn concentration of approxischaft Grant BL444/1-1. One of &.B.) thanks the Center
mately 33%. If we define an order parameigras the sum for Materials SciencéCMS) for use of computing facilities.

ACKNOWLEDGMENTS

*Electronic address: G.Bihimayer@fz-juelich.de 11D, Tian, H. Li, S.C. Wu, F. Jona, and P.M. Marcus, Phys. Rev. B
IM. Wuttig, Y. Gauthier, and S. Blyel, Phys. Rev. Letf70, 3619 45, 3749(1992.
(1993. 12D, Tian, A.M. Begley, and F. Jona, Surf. Sci. Le®73 L393
2M. Wuttig, S. Junghans, T. Flores, and S. @ Phys. Rev. B (1992.
53, 7551(1996. 13g, Gallego, C. Ocal, M.C. Moz, and F. Soria, Phys. Rev. 35,
3s. Bligel, Appl. Phys. A: Mater. Sci. Procest3, 595 (1996. 12 139(1997).
4T. Asada and S. Blyel, Physica B237-238 359 (1997). 143, Gallego, L. Chico, and M.C. Mimz, Phys. Rev. B57, 4863
50. Rader, W. Gudat, C. Carbone, E. Vescovo, SgBIuR. Kizs- (1998.
ges, W. Eberhardt, M. Wuttig, J. Redinger, and F.J. Himpsel,lSE. Wimmer, H. Krakauer, M. Weinert, and A.J. Freeman, Phys.
Phys. Rev. B55, 5404(1997). Rev. B24, 864(1981); M. Weinert, E. Wimmer, and A.J. Free-
6Ch. Ross, B. Schirmer, M. Wuttig, Y. Gauthier, G. Bihlmayer, = man,ibid. 26, 4571 (1982.
and S. Bligel, Phys. Rev. B57, 2607 (1998. 163.P. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jackson, M.R. Ped-
’s.c. Hong, M. Kim, and A.J. Freeman, J. Appl. Phg8, 7016 erson, D.J. Singh, and C. Fiolhais, Phys. Rev.4g 6671
(1998. (1992.
8R. Abt and S. Blgel, Philos. Mag. B78, 659 (1998. 17R.0Yu, D. Singh, and H. Krakauer, Phys. Rev4B 6411(1991).
9A.S. Arrot, B. Heinrich, S.T. Purcell, J.F. Cochran, and K.B. 18S.A Lindgren, L. Wallde, J. Rundgren, and P. Westrin, Phys.
Urquhart, J. Appl. Phys61, 3721(1987). Rev. B29, 576 (1984.

10\ .L. O'Brien and B.P. Tonner, J. Vac. Sci. Technol18, 1544  '°Th. Rodach, K.-P. Bohnen, and K.M. Ho, Surf. S2B6, 66
(1995. (1993.



4732 G. BIHLMAYER, PH. KURZ, AND S. BLUGEL

20ph, Kurz, G. Bihimayer, and S. Biel, J. Appl. Phys87, 6101 142, 68(1999.
(2000. 23R. Kiguchi, Phys. Rev81, 988 (1951).
21ph. Kurz, K. Hirai, and S. Blgel (unpublishedl 24R. Kiguchi, Acta Metall.25, 195 (1976.

223, schneider, A. Rosenhahn, and K. Wandelt, Appl. Surf. Sci.

PRB 62



