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Comparison between a bilayer surface ordered alloy and an ideal Mn monolayer on Fe01)
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A recent proton-induced Auger electrons experiment indicates that significant interfacial alloying occurs
during the growth of the first monolayer of Mn on (B61). Here we report on the stability of a two-
dimensional2D) Mn-Fe surface alloy versus a perfect Mn monolagidt.) on F€001). Our calculations are
performed with a cell of two inequivalent atoms per plane throughlamitio tight-binding linear muffin-tin
orbital method in the atomic-sphere approximation. A 2-ML-thick ordered dHe, 5 surface alloy is shown to
present an antiferromagnetic configuration in the Mn sublattice. The mean magnetic moment on the Mn atoms
in this 2D Mn-Fe surface alloy is shown to be higher as compared to that of a perfect Mn monolayer on
Fe(001) in the antiferromagnetic(2x 2) configuration[S0163-182609)04334-9

[. INTRODUCTION ferrimagnetic spin configuration in Mn monolayers on
Fe001). They predicted a magnetically drivea(2X2)
Magnetism of ultrathin metallic films on magnetic sub- buckling reconstruction. Also Handschuh and @ati* have
strates is a subject of great current activity both experimenfound that thec(2x2) ferrimagnetic state is the stable
tally and theoretically because of its importance in undersolution for one ML of Mn on F&01). Within the semi-
standing the interfacial magnetism for this type of systemempirical tight-binding method, Veget al*® and Pizzagalli
in addition to its relevance in magnetoresistive devices. Thet al}* also showed that on a F@®1) substrate, the
ultrathin Mn films on F€01) has been one of the exten- Mn monolayer prefers the(2x 2) ferrimagnetic configura-
sively studied systems. However, the experimental resultson. Using the interface Green’s-function technique based
are contradictory. On the one hand, ferromagnetic resonanamn a tight-binding linear muffin-tin orbital method, Mirbt
measurementshave shown no indication of ferromagnetic et al® found that the interfacial magnetic coupling between
order, and it was concluded that Mn on(6@1) may be Mn and Fe changes from parallel for the monolayer to
either nonmagnetic or antiferromagnetic. On the other handantiparallel for the bilayer, where the two Mn layers couple
from x-ray photoelectron spectroscopy dati, was con- antiferromagnetically. However, according to Wu and
cluded that each Mn atom in the Mn{B@1) system Freemart® this magnetic configuration for a Mn bilayer is a
may have a large local magnetic moment. Magneto-opticainetastable state; they found a ground state where the
Kerr effect (MOKE) measurements by Purcedt al®> and  magnetic moment of the surface Mn layer aligns antiparallel
x-ray magnetic circular dichroism(XMCD) results by with that of the interfacial Mn layer and the @®81) sub-
Andrieu et al*®° have confirmed the ferromagnetic coupling strate.
between Mn atoms and a Fe substrate. Recently spin- Recently, using the Korringa-Kohn-Rostoker-Green's
polarized electron-energy-loss spectroscbp¥MCD,”®  function method, arab initio study of the alloying process
x-ray absorption, and resonant photoemission spectro$coptias been performed by Nonasall’ in the dilute limit for
have been performed for a monolay®tL ) and a submono- 3D atoms on the R801) surface. For all 3D transition-metal
layer of Mn on F€001). All these experimental results show impurities on F€01) these authors found a strong tendency
that, for a submonolayer, a large magnetic moment oror a direct exchange mechanism within the first surface
each Mn atom was observed with an antiferromagnetidayer. The Mn impurities strongly repel each other on neigh-
coupling to the Fe substrate whereas the net Mn magnetiooring positions within the first layer.
moment vanishes for a Mn monolayer. More recently proton-  Previously Elmouhssinet al8 investigated five possible
induced Auger-electron spectroscopy has been performespin configurations for the Mn monolayer on(B@l) using a
by Igel et all for the topmost layer of epitaxial Mn films tight-binding linear muffin-tin orbital methoB-LMTO) in
on F€100. These authors have found that significantthe atomic-sphere approximatioASA). They found that the
interfacial alloying occurs during the growth of the first two lowest configurations in energy, namet{2x2) and
monolayer of Mn on Fg00), while the second monolayer p(2x2)7 (the up-arrow] indicates that the magnetization
grows as a pure Mn film. Alloy formation at the interface of the Mn layer points in the same direction as compared to
strongly affects the magnetic ordering in ultrathin films orthe Fe substrate opare nearly degenerate and that these two
may even lead to a complete disappearance of the magnetionfigurations lead to different interfacial magnetic cou-

moment. plings and mean surface magnetizations.
So far, theoretical investigations have been performed In this short paper we determine the stability of the bi-
only for an ideal Mn monolayer or a Mn bilayer on(#80).  layer surface-ordered allgyMn sFey 5], /Fe(001) versus an

Through full-potential linearized augmented-plane-wave calideal Mn monolayer at the surface i.e., Mn{6@1) using a
culations, the possibility of in-plane antiferromagnetic orderscalar-relativistic version of thek-space TB-LMTO
has been analyzed by Wu and FreefManith the c(2x2) method*®>?°within ASA. The paper is organized as follows.
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TABLE I. The magnetic moments distribution of the Mn ML in  We assume the magnetic coupling between Fe atoms in the
the three considered magnetic configurations and for the correalloy bilayer and F@01) substrate to be parallel. Within
sponding Fe substrate layers.(Eg and Fé¢l) represent the Fe these assumptions, all magnetic calculations are performed.
central-layer atom and interfacial-layer atom, respectively. Data inn grder to make a reliable comparison between the total
parentheses for F€) in c(2X2) state corresponds to the moment energies of all these configurations, we choose the same unit
for the atom under M¢2). cell [c(2% 2) unit cell] and the same number &fpoints in
the irreducible Brillouin zonéBZ). For thek-space integra-

Mre(c) MrFe(2)  Mre(-)  MFe() Mmn() Mmn2  tion we used the tetrahedron metfdtf and an increasing
p(1x1)| 217  2.20 2.39 148 -3.23 -3.23 nhumber ofk points, until final convergence was obtained for
p(1x1)] 221 292 219 1.50 3.40 3.40 847k points in the irreducible BZ.
c(2x2) 2.15 219 23®.23 122 312 -3.44

Ill. RESULTS AND DISCUSSION

The model and the formalism used in our analysis are given The local magnetic moments 0{2x2), p(1x1)7, and
in Sec. II. Section Il shows our calculated results. Sectior?(1X1)| magnetic configurations for one Mn monolayer on
IV is devoted to some concluding remarks. Fe(001) are shown in Table I. The local magnetic moments
of the [Mng sFe) 5], bilayer on F€001) are shown in Table
Il. As we mentioned in Sec. Il, we modeled the system by a
2-ML-thick ordered 2D alloy with MgpsFe, s composition

Our calculations are based on the density-functionaper ML. In this case, by considering two inequivalent atoms
theory in the local spin-density approximation. We used theper plane within two surface planes we had to start, in prin-
local exchange-correlation potential of von Barth andciple, with 2* magnetic configurations as input parameters in
Hedin?® The Kohn-Sham equations are solved self-order to be very general. However, we restricted ourselves to
consistently in the TB-LMTO-ASA approach. In the work of solutions with all the Fe atoms ferromagnetically aligned.
Elmouhssineet al!® five possible magnetic configurations Only Mn atoms were expected to be ferromagnetically or
were considered for an ideal surface monolayer with fourantiferromagnetically coupled to Fe atoms so that we re-
inequivalent atoms per plane. Here we add and calculate th@ained with four configurations as input parameters as
case of § Mng sFe, 5], /Fe(001)-ordered surface alloy. shown in Fig. 1, i.e.(i) Mn(S)T and Mn(S-1) (alloy I); (ii)

The Mn monolayer on the F@01) system is modeled by Mn(S)|, and Mn(S-1) (alloy II); (i) Mn(S)] and
a nine-layer(001) slab consisting of a seven-layer (B61) Mn(S-1)| (alloy I11); and(iv) Mn(S)] and Mn(S-1) (alloy
film and one Mn ML on each side of the Fe film, with two V). X(S) andX(S-1)(X=Mn, Fe) represent th¥ surface-
inequivalent atoms per layer, hence allowing for the descriptayer and subsurface-layer atom, respectively. The Fe sub-
tion of ac(2x2) structure. Two successive slabs are sepastrate determines the orientation of the (8fl) magnetic
rated by five layers of empty spheres, using the supercethoments. Only magnetic configuration with ferromagnetic
technique. This number of empty spheres is found to be sufeoupling between Fe substrate and (@l survive after
ficient to obtain well-separated noninteracting sldbthus  self-consistency. Therefore, alloy Il and alloy IV magnetic
the charge is vanishing in the central layer of the emptyconfigurations with antiferromagnetic coupling between
spheres and there is no dispersion alongzthais direction.  Mn(S-1) and FéS-1) atoms converge, respectively, towards
The Mn atoms are located at the ideal bcc Fe atom sites. Thadloy | and alloy 1l with ferromagnetic coupling between
equilibrium lattice constant and the magnetic moments foMn(S-1) and F€S-1) atoms. For the alloy Il configuration,
ferromagnetic bcc Fe are found to be 5.29 a.u. and2;16 the magnetic moments of the subsurface-layeiSFe and
respectively:® Mn(S-1) atoms are substantially diminished to only 1.5 and

The[Mng sFey 5], /Fe(001) system is modeled by a nine- 1.2ug. This decrease of the magnetic moments at the sub-
layer (001) slab consisting of a five-layer F@g01) film and  surface layer can be seen in the case of Mn bilayer on
two ML of ordered Mn sFe, 5 alloy on each side of the Fe Fe001) systems>'® On the other hand, due to the band
film. Five layers of empty spheres are also used as previouslyarrowing at the surface layer by reducing the coordination
considered. Both cases, ie., Mn{f@) and number, the magnetic moments of(Bpat the surface layer
[Mng sFey s]./Fe(001), have the same number of Fe and Mn(2.6ug) is substantially enhanced with respect to the mo-
atoms. The distances between all layers are those of bulk Feent in the corresponding bulk Fe of 2/4%. For alloy |

Il. CALCULATION METHOD

TABLE I1l. The magnetic moment distribution of the atoms in a 2-ML-thick and ordered alloy
[Mng sFey 5], /Fe(001) atoms for the two converged magnetic configuraiibigs 1) and for the correspond-
ing Fe substrate layers. @ represents the Fe central-layer atom.(Bjnand F&S) label the Mn and Fe
surface-layer atom, respectively. k8t1) and FéS-1) represent the Mn and Fe subsurface-layer atom,
respectively. Data in parentheses fof@eand Fél-1) correspond to the moment for the atom under(§In
Data in parentheses for #€&) correspond to the moment for the atom unde(S8.

MFe(C) MFe(l-2) MFe(l-1) MFe(s-1) MMn(s-1) MFe(s) HMMn(s)

Alloy | 2.21(2.29 2.252.28 2.102.05 1.72 0.31 2.75 3.25
Alloy 11 2.13(2.2)) 2.232.2) 2.182.195 1.50 1.20 2.60 -3.33
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FIG. 1. Schematic representation of the four investigated magl00 MeV whereas, as we mentioned befa(&x 2) mag-
netic configurations for 4Mn, sFe, 5], bilayer on Fé001). Solid net|c configuration is more stable than alloy Il one. A similar
(dashedl circles correspond to the surface Mn and Fe atésub-  result has been obtained recently by @i in the case of
surface Mn and Fe atosThe arrows indicate the direction of the Mn MLs on Cu001). This clearly shows that magnetism is

momentsX(S) andX(S-1) (X=Mn, Fe) represent th¥ surface-  very important in order to stabilize the(2x2) magnetic
layer and subsurface-layer atom, respectively. Alloy Il and alloy configuration.

IV configurations converge towards alloy | and alloy 1l configura-

tions, respectively.

configuration, the magnetic moments of the subsurface-layer IV. CONCLUDING REMARKS

FeS-1) _and Mn(S-1) atoms also diminished; especially the | this paper, following the paper of Iget al,'° we dis-
magnetic moments of subsurface-layer (&) atom are ¢yssed the stability of a 2D Mn-Fe ordered surface alloy with
very small (0.3g). Figure 2 reports the relative energies of 5 o ML thickness on RE01) substrate. Alloy II with
the p(1x1)[, alloy 1l, p(1x1)T and alloy | versus the \n(s)| and Mn(S-1) was shown to be the ground state of
c(2x2) ground-state energy. THE1x 1)1 andp(1X1)]  ihe alioyed configurations. Its energy was found to be only 7
configurations are, respectively, about 81 and 232 m eV above thec(2x 2) ground state obtained for one Mn

higher in energy W'th respect to_tm(2><2) one, in go_od ML on Fe001). Therefore, it is expected that alloying be-
agreement with previous theoretical restiftsigure 2 dis- . ) .
tween Mn and Fe will be present at the Mn-Fe interface in

X .
plays clearly that(2x2) and alloy Il are almost degenerate agreement with Igeét al® However, from a mean surface

in energy. The alloy Il configuration is only 7 meV above the
c(2x2) one. This means that in experiment at room tem- magnetization point of view there is a big difference between

perature the magnetic structure may be modified by subti@0th nearly degenerate ground states. Forc#@<2) con-
differ- figuration the mean magnetic moment of the Mn atoms is
ences of temperature (30R=25 meV) and relaxation shown to be as small as 0/p whereas it is 1.0&g for the
(~10 meV)* Both alloy Il and c(2x2) configurations alloy 1l configuration. Therefore, we suggest that very pre-
have the same magnetic profile, i.e., in-plane antiferromagCisé XMCD and MOKE experiments might be able to dis-
netic order at the surface IayEmetween Mn and Fe atoms Criminate between them. From our calculation for
for alloy Il and between Mn atoms fa(2x 2)] and in-plane  [Mng sF&, 5], bilayer on F€001), we obtained a ground-state
ferromagnetic order at the sublaydetween Mn and Fe at- magnetic configuration with antiferromagnetic coupling be-
oms for alloy Il and between Fe atoms fof2x 2)]. More-  tween Mn atoms at nearest-neighboring positions. This anti-
over, in both cases the magnetic moments of the Mn atoms d&rromagnetic coupling has been obtained by other autfors.
nearest neighboring position@lloy II) and next nearest Therefore, we believe that this antiferromagnetic coupling

neighboring positiofc(2X2)] are coupled antiferromag- will remain true when changing the alloy composition.
netically. Purely ferromagnetic configurations for Mn atoms

are unlikely.
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