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Comparison between a bilayer surface ordered alloy and an ideal Mn monolayer on Fe„001…

M. Taguchi, O. Elmouhssine,* C. Demangeat, and J. C. Parlebas
IPCMS-GEMM, UMR 7504 CNRS, 23, rue du Loess, F-67037 Strasbourg Cedex, France

~Received 30 March 1999!

A recent proton-induced Auger electrons experiment indicates that significant interfacial alloying occurs
during the growth of the first monolayer of Mn on Fe~001!. Here we report on the stability of a two-
dimensional~2D! Mn-Fe surface alloy versus a perfect Mn monolayer~ML ! on Fe~001!. Our calculations are
performed with a cell of two inequivalent atoms per plane through anab initio tight-binding linear muffin-tin
orbital method in the atomic-sphere approximation. A 2-ML-thick ordered Mn0.5Fe0.5 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 antiferromagneticc(232) configuration.@S0163-1829~99!04334-9#
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I. INTRODUCTION

Magnetism of ultrathin metallic films on magnetic su
strates is a subject of great current activity both experim
tally and theoretically because of its importance in und
standing the interfacial magnetism for this type of syst
in addition to its relevance in magnetoresistive devices. T
ultrathin Mn films on Fe~001! has been one of the exten
sively studied systems. However, the experimental res
are contradictory. On the one hand, ferromagnetic resona
measurements1 have shown no indication of ferromagnet
order, and it was concluded that Mn on Fe~001! may be
either nonmagnetic or antiferromagnetic. On the other ha
from x-ray photoelectron spectroscopy data,2 it was con-
cluded that each Mn atom in the Mn/Fe~001! system
may have a large local magnetic moment. Magneto-opt
Kerr effect ~MOKE! measurements by Purcellet al.3 and
x-ray magnetic circular dichroism~XMCD! results by
Andrieu et al.4,5 have confirmed the ferromagnetic couplin
between Mn atoms and a Fe substrate. Recently s
polarized electron-energy-loss spectroscopy,6 XMCD,7,8

x-ray absorption, and resonant photoemission spectrosc9

have been performed for a monolayer~ML ! and a submono-
layer of Mn on Fe~001!. All these experimental results sho
that, for a submonolayer, a large magnetic moment
each Mn atom was observed with an antiferromagn
coupling to the Fe substrate whereas the net Mn magn
moment vanishes for a Mn monolayer. More recently prot
induced Auger-electron spectroscopy has been perfor
by Igel et al.10 for the topmost layer of epitaxial Mn films
on Fe~100!. These authors have found that significa
interfacial alloying occurs during the growth of the fir
monolayer of Mn on Fe~100!, while the second monolaye
grows as a pure Mn film. Alloy formation at the interfac
strongly affects the magnetic ordering in ultrathin films
may even lead to a complete disappearance of the mag
moment.

So far, theoretical investigations have been perform
only for an ideal Mn monolayer or a Mn bilayer on Fe~100!.
Through full-potential linearized augmented-plane-wave c
culations, the possibility of in-plane antiferromagnetic ord
has been analyzed by Wu and Freeman11 with the c(232)
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ferrimagnetic spin configuration in Mn monolayers o
Fe~001!. They predicted a magnetically drivenc(232)
buckling reconstruction. Also Handschuh and Blu¨gel12 have
found that thec(232) ferrimagnetic state is the stab
solution for one ML of Mn on Fe~001!. Within the semi-
empirical tight-binding method, Vegaet al.13 and Pizzagalli
et al.14 also showed that on a Fe~001! substrate, the
Mn monolayer prefers thec(232) ferrimagnetic configura-
tion. Using the interface Green’s-function technique bas
on a tight-binding linear muffin-tin orbital method, Mirb
et al.15 found that the interfacial magnetic coupling betwe
Mn and Fe changes from parallel for the monolayer
antiparallel for the bilayer, where the two Mn layers coup
antiferromagnetically. However, according to Wu a
Freeman,16 this magnetic configuration for a Mn bilayer is
metastable state; they found a ground state where
magnetic moment of the surface Mn layer aligns antipara
with that of the interfacial Mn layer and the Fe~001! sub-
strate.

Recently, using the Korringa-Kohn-Rostoker-Green
function method, anab initio study of the alloying process
has been performed by Nonaset al.17 in the dilute limit for
3D atoms on the Fe~001! surface. For all 3D transition-meta
impurities on Fe~001! these authors found a strong tenden
for a direct exchange mechanism within the first surfa
layer. The Mn impurities strongly repel each other on neig
boring positions within the first layer.

Previously Elmouhssineet al.18 investigated five possible
spin configurations for the Mn monolayer on Fe~001! using a
tight-binding linear muffin-tin orbital method~TB-LMTO! in
the atomic-sphere approximation~ASA!. They found that the
two lowest configurations in energy, namelyc(232) and
p(232)↑ ~the up-arrow↑ indicates that the magnetizatio
of the Mn layer points in the same direction as compared
the Fe substrate one! are nearly degenerate and that these t
configurations lead to different interfacial magnetic co
plings and mean surface magnetizations.

In this short paper we determine the stability of the
layer surface-ordered alloy@Mn0.5Fe0.5#2 /Fe(001) versus an
ideal Mn monolayer at the surface i.e., Mn/Fe~001! using a
scalar-relativistic version of thek-space TB-LMTO
method,19,20 within ASA. The paper is organized as follow
6273 ©1999 The American Physical Society
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The model and the formalism used in our analysis are gi
in Sec. II. Section III shows our calculated results. Sect
IV is devoted to some concluding remarks.

II. CALCULATION METHOD

Our calculations are based on the density-functio
theory in the local spin-density approximation. We used
local exchange-correlation potential of von Barth a
Hedin.21 The Kohn-Sham equations are solved se
consistently in the TB-LMTO-ASA approach. In the work o
Elmouhssineet al.18 five possible magnetic configuration
were considered for an ideal surface monolayer with f
inequivalent atoms per plane. Here we add and calculate
case of a@Mn0.5Fe0.5#2 /Fe(001)-ordered surface alloy.

The Mn monolayer on the Fe~001! system is modeled by
a nine-layer~001! slab consisting of a seven-layer Fe~001!
film and one Mn ML on each side of the Fe film, with tw
inequivalent atoms per layer, hence allowing for the desc
tion of a c(232) structure. Two successive slabs are se
rated by five layers of empty spheres, using the super
technique. This number of empty spheres is found to be
ficient to obtain well-separated noninteracting slabs,18 thus
the charge is vanishing in the central layer of the em
spheres and there is no dispersion along thez-axis direction.
The Mn atoms are located at the ideal bcc Fe atom sites.
equilibrium lattice constant and the magnetic moments
ferromagnetic bcc Fe are found to be 5.29 a.u. and 2.16mB ,
respectively.18

The @Mn0.5Fe0.5#2 /Fe(001) system is modeled by a nin
layer ~001! slab consisting of a five-layer Fe~001! film and
two ML of ordered Mn0.5Fe0.5 alloy on each side of the F
film. Five layers of empty spheres are also used as previo
considered. Both cases, i.e., Mn/Fe~001! and
@Mn0.5Fe0.5#2 /Fe(001), have the same number of Fe and
atoms. The distances between all layers are those of bulk

TABLE I. The magnetic moments distribution of the Mn ML i
the three considered magnetic configurations and for the co
sponding Fe substrate layers. Fe~C! and Fe~I! represent the Fe
central-layer atom and interfacial-layer atom, respectively. Dat
parentheses for Fe~C! in c(232) state corresponds to the mome
for the atom under Mn~2!.

mFe(C) mFe(I-2) mFe(I-1) mFe(I) mMn(1) mMn(2)

p(131)↓ 2.17 2.20 2.39 1.48 -3.23 -3.23
p(131)↑ 2.21 2.22 2.19 1.50 3.40 3.40
c(232) 2.15 2.19 2.34~2.23! 1.22 3.12 -3.44
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We assume the magnetic coupling between Fe atoms in
alloy bilayer and Fe~001! substrate to be parallel. Within
these assumptions, all magnetic calculations are perform
In order to make a reliable comparison between the to
energies of all these configurations, we choose the same
cell @c(232) unit cell# and the same number ofk points in
the irreducible Brillouin zone~BZ!. For thek-space integra-
tion we used the tetrahedron method22,23 and an increasing
number ofk points, until final convergence was obtained f
847 k points in the irreducible BZ.

III. RESULTS AND DISCUSSION

The local magnetic moments ofc(232), p(131)↑, and
p(131)↓ magnetic configurations for one Mn monolayer o
Fe~001! are shown in Table I. The local magnetic momen
of the @Mn0.5Fe0.5#2 bilayer on Fe~001! are shown in Table
II. As we mentioned in Sec. II, we modeled the system b
2-ML-thick ordered 2D alloy with Mn0.5Fe0.5 composition
per ML. In this case, by considering two inequivalent ato
per plane within two surface planes we had to start, in pr
ciple, with 24 magnetic configurations as input parameters
order to be very general. However, we restricted ourselve
solutions with all the Fe atoms ferromagnetically aligne
Only Mn atoms were expected to be ferromagnetically
antiferromagnetically coupled to Fe atoms so that we
mained with four configurations as input parameters
shown in Fig. 1, i.e.,~i! Mn(S)↑ and Mn(S-1)↑ ~alloy I!; ~ii !
Mn(S)↓, and Mn(S-1)↑ ~alloy II!; ~iii ! Mn(S)↑ and
Mn(S-1)↓ ~alloy III !; and~iv! Mn(S)↓ and Mn(S-1)↓ ~alloy
IV !. X(S) andX(S-1)(X5Mn, Fe) represent theX surface-
layer and subsurface-layer atom, respectively. The Fe s
strate determines the orientation of the Mn~S-1! magnetic
moments. Only magnetic configuration with ferromagne
coupling between Fe substrate and Mn~S-1! survive after
self-consistency. Therefore, alloy III and alloy IV magne
configurations with antiferromagnetic coupling betwe
Mn~S-1! and Fe~S-1! atoms converge, respectively, towar
alloy I and alloy II with ferromagnetic coupling betwee
Mn~S-1! and Fe~S-1! atoms. For the alloy II configuration
the magnetic moments of the subsurface-layer Fe~S-1! and
Mn~S-1! atoms are substantially diminished to only 1.5 a
1.2mB . This decrease of the magnetic moments at the s
surface layer can be seen in the case of Mn bilayer
Fe~001! systems.15,16 On the other hand, due to the ban
narrowing at the surface layer by reducing the coordinat
number, the magnetic moments of Fe~S! at the surface layer
(2.6mB) is substantially enhanced with respect to the m
ment in the corresponding bulk Fe of 2.16mB . For alloy I

e-

in
lloy
-

m,
TABLE II. The magnetic moment distribution of the atoms in a 2-ML-thick and ordered a
@Mn0.5Fe0.5#2 /Fe(001) atoms for the two converged magnetic configurations~Fig. 1! and for the correspond
ing Fe substrate layers. Fe~C! represents the Fe central-layer atom. Mn~S! and Fe~S! label the Mn and Fe
surface-layer atom, respectively. Mn~S-1! and Fe~S-1! represent the Mn and Fe subsurface-layer ato
respectively. Data in parentheses for Fe~C! and Fe~I-1! correspond to the moment for the atom under Mn~S!.
Data in parentheses for Fe~I-2! correspond to the moment for the atom under Fe~S-1!.

mFe(C) mFe(I-2) mFe(I-1) mFe(S-1) mMn(S-1) mFe(S) mMn(S)

Alloy I 2.21~2.24! 2.25~2.28! 2.10~2.05! 1.72 0.31 2.75 3.25
Alloy II 2.13~2.21! 2.23~2.21! 2.18~2.15! 1.50 1.20 2.60 -3.33
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configuration, the magnetic moments of the subsurface-la
Fe~S-1! and Mn~S-1! atoms also diminished; especially th
magnetic moments of subsurface-layer Mn~S-1! atom are
very small (0.3mB). Figure 2 reports the relative energies
the p(131)↓, alloy II, p(131)↑ and alloy I versus the
c(232) ground-state energy. Thep(131)↑ andp(131)↓
configurations are, respectively, about 81 and 232 m
higher in energy with respect to thec(232) one, in good
agreement with previous theoretical results.12 Figure 2 dis-
plays clearly thatc(232) and alloy II are almost degenera
in energy. The alloy II configuration is only 7 meV above t
c(232) one. This means that in experiment at room te
perature the magnetic structure may be modified by su
differ-
ences of temperature (300K[25 meV) and relaxation
(;10 meV).12 Both alloy II and c(232) configurations
have the same magnetic profile, i.e., in-plane antiferrom
netic order at the surface layer@between Mn and Fe atom
for alloy II and between Mn atoms forc(232)# and in-plane
ferromagnetic order at the sublayer@between Mn and Fe at
oms for alloy II and between Fe atoms forc(232)#. More-
over, in both cases the magnetic moments of the Mn atom
nearest neighboring positions~alloy II! and next neares
neighboring position@c(232)# are coupled antiferromag
netically. Purely ferromagnetic configurations for Mn atom
are unlikely.

In order to investigate the effect of the formation of loc
magnetic moments, we calculate also the total energy of
@Mn0.5Fe0.5#2 bilayer on Fe~001! and one Mn ML on Fe~001!
systems for the nonmagnetic solution. Our results reveal t
for the nonmagnetic solution, the@Mn0.5Fe0.5#2 bilayer on
Fe~001! is more stable than the one Mn ML on Fe~001! by

FIG. 1. Schematic representation of the four investigated m
netic configurations for a@Mn0.5Fe0.5#2 bilayer on Fe~001!. Solid
~dashed! circles correspond to the surface Mn and Fe atoms~sub-
surface Mn and Fe atoms!. The arrows indicate the direction of th
moments.X(S) andX(S-1) (X5Mn, Fe) represent theX surface-
layer and subsurface-layer atom, respectively. Alloy III and al
IV configurations converge towards alloy I and alloy II configur
tions, respectively.
er
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100 meV whereas, as we mentioned before,c(232) mag-
netic configuration is more stable than alloy II one. A simil
result has been obtained recently by Blu¨gel24 in the case of
Mn MLs on Cu~001!. This clearly shows that magnetism
very important in order to stabilize thec(232) magnetic
configuration.

IV. CONCLUDING REMARKS

In this paper, following the paper of Igelet al.,10 we dis-
cussed the stability of a 2D Mn-Fe ordered surface alloy w
a 2 ML thickness on Fe~001! substrate. Alloy II with
Mn(S)↓ and Mn(S-1)↑ was shown to be the ground state
the alloyed configurations. Its energy was found to be onl
meV above thec(232) ground state obtained for one M
ML on Fe~001!. Therefore, it is expected that alloying be
tween Mn and Fe will be present at the Mn-Fe interface
agreement with Igelet al.10 However, from a mean surfac
magnetization point of view there is a big difference betwe
both nearly degenerate ground states. For thec(232) con-
figuration the mean magnetic moment of the Mn atoms
shown to be as small as 0.16mB whereas it is 1.07mB for the
alloy II configuration. Therefore, we suggest that very p
cise XMCD and MOKE experiments might be able to d
criminate between them. From our calculation f
@Mn0.5Fe0.5#2 bilayer on Fe~001!, we obtained a ground-stat
magnetic configuration with antiferromagnetic coupling b
tween Mn atoms at nearest-neighboring positions. This a
ferromagnetic coupling has been obtained by other autho25

Therefore, we believe that this antiferromagnetic coupl
will remain true when changing the alloy composition.
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FIG. 2. Relative energyE2Ec(232) for five magnetic configu-
rations in units of meV. The zero energy corresponds to thec(2
32) state. The small energy difference betweenc(232) and alloy
II configurations indicates that the two solutions are nearly deg
erate ground states.
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24S. Blügel, Appl. Phys. A: Mater. Sci. Process.63, 595 ~1996!.
25S. Meza-Aguilar, O. Elmouhssine, H. Dreysse´, and C. Demangea

~unpublished!.


