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alloy are killed �−0.04�B�. Mn overlayer and 1–2 ML surface alloy always present a large rippling, in quali-
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I. INTRODUCTION

In recent years, in the solid-state community it has be-
come popular to use the term spintronics to denote materials
or devices whose interesting physical properties are deter-
mined by the spin of electrons rather than the electron
charge. In this context a particular effort has been devoted to
study magnetic nanostructures due the specular magnetic
properties displayed by surface nanoaggregates as an effect
of the reduction in the dimensionality and of the coordination
number. Vaz et al.1 reviewed the results of recent experimen-
tal and theoretical studies of well-characterized epitaxial
structures based on Fe, Co, and Ni to illustrate how intrinsic
fundamental properties such as the magnetic exchange inter-
actions, magnetic moment, and magnetic anisotropies change
markedly in ultrathin films as compared with their bulk
counterparts, and to emphasize the role of atomic-scale struc-
ture, strain, and crystallinity in determining the magnetic
properties. The study of the magnetic moment of thin fcc Ni
films, particularly for the Ni/Cu interface, has been consid-
ered in some detail by several authors fuelled in large mea-
sure by the discrepancy in the reported observation of the Ni
magnetic moment with film thickness.

Among the elements that are candidate to be used into
novel spintronic devices, Mn has attracted considerable in-
terest due to its high magnetic moment. However, in order to
be useful for spintronic applications, Mn atoms must be sta-
bilized ferromagnetically, e.g., by coupling with a ferromag-
netic substrate. To provide a valuable solution to this prob-

lem a specific effort was devoted to study two-dimensional
Mn monolayer in contact with metallic substrates.2,3 Surface
atoms display not only an enhanced magnetization due to the
reduced coordination but, in general, also present a signifi-
cant outward relaxation that may contribute to enhance their
magnetic moment. It is therefore of paramount importance to
establish the morphologic structure of thin films of Mn on
ferromagnetic substrates such as Fe, Co, of Ni, and if these
Mn films are ferromagnetic �FM� or antiferromagnetic �AF�
coupled with the substrate.

Usually, thick layers of ferromagnetic element are epitaxi-
ally grown on nonmagnetic substrate of similar lattice pa-
rameter, as is the case of Ni and Co magnetic layers that are
grown epitaxially on Cu substrate. Thin �Mn� magnetic lay-
ers are then grown on the top of these heterostructures �Ni/
Cu�. The Cu seed layer do not affects the Mn overlayers
because the Ni substrate is thick enough. However the �Cu�
substrate can indirectly influence the magnetic of surface
layer since it determines the lattice parameter in the plane
parallel to the surface.

The Mn/Co/Cu�001� structure has been experimentally
studied by O’Brien and Tonner,4 showing that Mn layers on
top of ferromagnetic Co display an high-spin state. Later
Choi and co-workers,5 on the basis of Kerr effect measure-
ments and low-energy electron-diffraction data, suggested
the existence of a Mn-Co surface alloy with c�2�2� ordered
structure. Both works provide evidence that when the thick-
ness of Mn layer is larger than one monolayer �ML� the Mn
ferromagnetic order decrease dramatically. Recently, Chan
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and co-workers6 have deposited 6 MLs of Co on Cu�001�
surface, and then they have deposited a 4 ML Mn layer on
top of Co MLs with a mask placed in front of the sample.
Although the signal obtained by x-ray magnetic circular di-
chroism �XMCD� was relatively weak, the ferromagnetic or-
der between Co and Mn layers was clearly detected. Theo-
retical investigations on the Mn/Co/Cu�001� system
confirmed that the Mn0.5Co0.5 alloy is the state with mini-
mum energy.7,8

Here we carry out a systematic study of the Mn/Ni/Cu
system using the plane-wave self-consistent field �PWSCF�
code9,10 with pseudopotential �based on the spin-resolved
density-functional theory�, for �001�, �111�, and �011� crys-
tallographic faces. This code takes into account the optimi-
zation of the geometry. Our research is motivated by the
availability of a considerable amount of experimental results
of Mn films on Ni substrates.11–15 Wuttig et al.11 studied by
low-energy electron diffraction �LEED� Mn-Ni film epitaxi-
ally grown on Ni�001� by deposition of 3–4 Mn MLs above
550 K, finding an ordered Mn-Ni films with tetragonal struc-
ture with a pronounced corrugation of 0.30�0.02 Å at the
Mn-Ni film surface �Fig. 1�. Later, a comparative investiga-
tion on Mn films grown on Cu�001� and Ni�001� substrates
was performed by O’Brien and Tonner16 by using XMCD
and soft x-ray absorption spectroscopy. The authors observed
a large buckling of surface atoms on both substrates while a
ferromagnetic order was detected only on Mn film on Ni
substrate. For both Mn/Cu and Mn/Ni systems, the same
authors also measured an enhancement of the magnetic mo-
ment of Mn atoms, due to the localization of the Mn 3d
orbitals. They concluded that Mn is in high-spin d5 state and
that the buckling originates from the increasing atomic radii
of Mn due to the change in electronic structure.

In a recent work, De Santis and co-workers15 have shown,
by using quantitative x-ray-diffraction analysis, that the
deposition of about half a ML on Ni�110� at 440 K, produces
an ordered c�2�2� phase where the deposited atoms occupy
the substitutional sites of the outermost layer with a check-
board arrangement. This surface Mn-Ni ML presents a large
rippling, with Mn shifted outward. This c�2�2� ordered
structure is observed over a large temperature range �from
room temperature to above 440 K�. It is expected that a
high-spin state of Mn is associated with this structure by
analogy with similar surface alloys.

Experimentally, it is difficult to achieve a perfect pseudo-
morphic growth. In fact, in general, at finite temperature, the
growth of films is affected by two phenomena: �i� the diffu-
sion of atoms at the surface, which may lead to formation of
clusters and �ii� the interdiffusion of the adatoms into the
substrate, which may lead to the formation of bulk alloys or
clusters of film atoms covered by substrate atoms.

More recently, Bala et al.17 have focused on electronic
and magnetic properties of nanosystems of early 3d transi-
tion metals. It has been noted that for systems such as MLs
of Mn, the smaller values of equilibrium nearest-neighbor
distance �dnn� favor ferromagnetic ordering while larger val-
ues favor antiferromagnetic ordering. Through ab initio
density-functional calculations on a Mn monolayer deposited
on Fe�001� to which a top layer of O is added, Zenia et al.18

have investigated the effect of oxidation on the Mn-Fe mag-

netic coupling. The clean Mn surface is found to be in an
in-plane antiferromagnetic order with moments of 3.98�B
and −4.39�B on the two inequivalent atoms, the subsurface
Fe moments being smaller than in the bulk case. Structural
relaxation in the clean surface case yields a small buckling
on the Mn overlayer as result of different couplings between
Mn moments and Fe substrate ones.

The purpose of this work is the exploration and the com-
parison of the magnetic maps displayed by epitaxial Mn thin
films and Mn-Ni surface alloys �in the 1–2 ML range� on Ni
thick films, that are grown epitaxially on Cu substrates, with
�001�, �111�, and �011� crystallographic orientations. We are
not aware of any comparative ab initio calculations, with
geometry optimization, for these systems. The manuscript is
organized as follows. In Sec. II we comment on the compu-
tational model. In Secs. III and IV we present our results and
a discussion, respectively, for Mn-based systems on Ni sub-
strate: Mn monolayer and Mn-Ni ordered surface alloy �one-
and two-layers thick� on a Ni substrate. Section V is devoted
to the summary.

II. COMPUTATIONAL MODEL

Spin-polarized calculations have been carried out on
Mn/Ni epitaxially grown on fcc Cu in �001�, �111�, and �011�
directions �chosen as the z Cartesian axis�, by using the
pseudopotential PWSCF code.10 The experimental lattice pa-
rameter of fcc Cu �=3.614 Å� is used because the Ni are
growing epitaxially on nonmagnetic Cu substrate. Ni has a
smaller lattice parameter as Cu �Ref. 1� so that it is necessary
to carry out relaxation calculations in the z direction with Cu
lattice parameter in the plane.

The fcc Ni clean surface, Mn metallic overlayer, Mn-Ni
ordered alloy one-layer thick and Mn-Ni ordered alloy two-
layers thick on fcc Ni �for �001�, �111�, and �011� crystallo-
graphic faces� are modeled, using the repeated slab
geometry.19 All these systems are modeled by a 13-layer slab
consisting of �i� 13-layers fcc Ni film for the clean surface,
with one atom per layer; �ii� 11 layers of Ni atoms sur-
rounded at each surface by a Mn monolayer; �iii� 11 layers of
Ni surrounded at each surface by a Mn-Ni ordered alloy, one
monolayer thick; �iv� nine layers of Ni atoms surrounded at
each surface by a Mn-Ni ordered alloy, two-layers thick. The
films are separated by five layers of vacuum, i.e., the distance
between the two films in the periodically repeated cell is
9.03 Å �17.06 a.u.�. This empty space is sufficient to prevent
interaction between slabs which is controlled through vanish-
ing dispersion in the direction perpendicular to the slab and
vanishing charge in the central layer of the empty space. The
calculations are performed with two inequivalent atoms per
layer for the Mn overlayer and for 1–2 ML ordered
Mn0.5Ni0.5 alloy on fcc Ni.

In our calculation we first compute the solution of the
self-consistent Kohn-Sham equations which describe a va-
lence electron in the potential created by the periodic lattice
of pseudonuclei �described by ultrasoft pseudopotentials
generated by using the scheme proposed by Vanderbilt20� and
by all the other valence electrons, and then we determine the
forces acting on each atom. Forces and stress tensor are ob-
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tained from the Hellmann-Feynman theorem. The equilib-
rium geometry of the system is obtained by the condition
that the forces acting on individual nuclei vanish. This self-
consistent cycle is repeated until complete equilibrium ge-
ometry is obtained.

For �001�, �111�, and �011� crystallographic faces, the re-
laxation is only performed on the �001�, �111�, and �011�
directions, respectively, taken as z axis. The plane-wave ba-
sis set is determined by a 35 Ry �476.20 eV� kinetic-energy
cutoff while a 560 Ry �7619.2 eV� cutoff was used for the
augmentation density. We used generalized gradients of
GGA-PW-91 functional.21 The ionic degrees of freedom are
relaxed using a conjugate gradient minimization scheme un-
til all components of all forces are smaller than 10−3 Ry /a.u.
Brillouin-zone integrations were performed using �12�12
�2� grids of special points.

For the majority �↑ � and minority �↓ � electronic spins we
have computed the density of states projected on atomic or-

bital �PDOS�. For each atom we have integrated the PDOS
of both spins, up to the Fermi energy. The magnetization in
each atom is obtained by the difference PDOS�↑ �
−PDOS�↓ �. The sum PDOS�↑ �+PDOS�↓ � gives the contri-
bution of each atom to the density of states of valence elec-
trons. The total number of electrons per cell computed in this
way has a numerical error of 0.4% that gives an estimation of
the numerical accuracy of the magnetization moment per
atom.

III. RESULTS

We have carried out a systematic calculation on the mag-
netic map of the following systems, in equilibrium geometry:
�i� clean Ni surface; �ii� Mn monolayer; �iii� Mn-Ni surface
alloy; and �iv� the bilayer surface alloy on a Ni substrate.
Calculations have been done in the collinear approach.

A. Clean Ni surface

Magnetic moments �in �B� and �z interlayer spacings �Å�
with respect to the previous layer located in the bottom, are
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FIG. 1. Structural model of Mn-Ni bulk alloy. �a� Overview,
where the unit cell is set by the square in doted lines. �b� Interplanar
distances obtained by Wuttig et al. �Ref. 11�.
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FIG. 2. Magnetic moments �in �B� and equilibrium geometry of
a Mn overlayer on Ni/Cu�001�. There are two inequivalent atoms on
each layer. “S-6” is the center of Ni film with 11 planes. S is the
surface plane containing the Mn atoms. Magnetic moments of each
atom are in circles and squares, in dashed and solid lines. Interplane
distances are given in Å. J=S-1 , . . . ,S-6.

TABLE I. Magnetic moments �in �B� and �z interlayer spacings �Å� with respect to the previous layer
located in the bottom, in the case of a clean Ni surface for �001�, �111�, and �011� crystallographic faces. The
center of slab is noted by 0.00.

�001� �111� �011�

�z
�Å�

�
��B�

�z
�Å�

�
��B�

�z
�Å�

�
��B�

Ni1 1.64 0.75 1.97 0.71 1.07 0.81

Ni2 1.73 0.67 2.00 0.70 1.29 0.69

Ni3 1.71 0.66 2.01 0.66 1.22 0.67

Ni4 1.71 0.64 2.00 0.65 1.22 0.67

Ni5 1.71 0.66 2.00 0.66 1.24 0.66

Ni6 1.71 0.66 2.01 0.66 1.23 0.69

Ni7 0.00 0.65 0.00 0.66 0.00 0.64
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compiled in Table I, in the case of a clean Ni surface for
�001�, �111�, and �011� crystallographic directions, respec-
tively. The clean Ni surface presents a contraction of the first
surface plane with 1.64, 1.97, and 1.07 Å for the interlayer
distance between the surface and the subsurface, respec-
tively, for �001�, �111�, and �011� faces. The interlayer dis-
tance at the center of the substrate is of 1.71, 2.01, and
1.23 Å for �001�, �111�, and �011� crystallographic faces,
respectively. The intrinsic ferromagnetic coupling of Ni is
clearly shown for these three faces. The Ni atoms at the
surface exhibit a high magnetic moment �0.75�B for the
�001� face, 0.71�B for the �111� face, and 0.81�B for the
�011� face� compared to those obtained at the center of the Ni
substrate �0.65�B for the �001� face, 0.66�B for the �111�
face, and 0.64�B for the �011� face�. The enhancement of the
magnetic moment at the Ni top layer is clear as expected.

This enhancement is due to the Ni band narrowing at the
surface and is similar to that found on the �001� surface of

Ni.22,23 This predicted large inward relaxation at the surface
is in qualitative agreement with Spišák and Hafner results22

but contrasts with the weak outward relaxation deduced from
LEED experiment24 or with the homogeneous fcc structure
of the Ni films found in the more recent work.25 Possible
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FIG. 3. Magnetic moments (in �B� and equilibrium geometry of
a Mn overlayer on Ni/Cu�111�. There are two inequivalent atoms on
each layer. S-6 is the center of Ni film with 11 planes. S is the
surface plane containing the Mn atoms. Magnetic moments of each
atom are in circles and squares, in dashed and solid lines. Interplane
distances are given in Å. J=S-1 , . . . ,S-6. Ni2a and Ni2b atoms ex-
perience a different environment in �111� crystallographic face and
this explains why they have different magnetization.
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sources of the disagreement was discussed by Spišák and
Hafner.22 It was concluded that there is a surfactant effect
during the formation of the Ni films on Cu�001� and that the

surfactant effect eliminates the discrepancy between theory
and LEED experiments.

B. Mn monolayer on a Ni substrate

Magnetic moments �in �B� and �z interlayer spacings �Å�
with respect to the previous layer located in the bottom, are
compiled in Figs. 2–4, in the case of a Mn ML on Ni for
�001�, �111�, and �011� crystallographic directions, respec-
tively.

For �001�, �111�, and �011� crystallographic faces a much
more complex result appears in a Mn ML on fcc Ni; half of
the Mn atoms noted MnSb are located at 1.70, 1.99, and
1.07 Å for �001�, �111�, and �011�, respectively, from the Ni
subsurface layer. The other half of MnSa atoms are strongly
pushed outward; they are located at 0.05, 0.06, and 0.10 Å
for �001�, �111�, and �011�, respectively, from the MnSb at-
oms. On these figures three facts are clearly shown: �i� the
Mn monolayer on Ni presents a clear antiferromagnetic be-
havior for �001�, �111�, and �011� faces; �ii� the magnetic
moments on the Ni atoms in the subsurface layer are clearly
depressed; and �iii� the magnetic moments on the two types
of Mn atoms are almost equal in magnitude �3.74�B and
−3.74�B for �001�, 3.49�B and −3.42�B for �111�, and
3.99�B and −3.98�B for �011��. We have noted that Mn at-
oms with positive �negative� magnetic moment are pushed
outward �inward� for �001�, �111�, and �011� crystallographic
faces. It must be remembered here that bulk Mn is of anti-
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ferromagnetic type26–28 and thus, in principle, a Mn mono-
layer should present a purely antiferromagnetic behavior. On
the other hand, Mn is in contact with Ni which is a strong
ferromagnet; thus a strong induced polarization of Mn by the
Ni substrate is present. These two effects �antiferromagnetic
bulk Mn and Ni induced ferromagnetism� compete and lead
to the behavior displayed in Figs. 2–4. Moreover, as dis-
cussed by Hafner and Spisak,26 in the case of Mn monolayer
on Fe�100� these two effects lead to noncollinearity in the
Mn overlayer. It is clearly shown that the magnitude of the
antiferromagnetic coupling found here depends on crystallo-
graphic faces.

It is to notice that, in the case of Mn monolayer on
Ni�001� face, the metastable solution with FM coupling be-
tween Mn inequivalent atoms has an energy �per supercell
used in the present simulation� that is 0.19 Ry higher than the
AF genuine ground state. The relaxed FM state presents a
total force that is lower than the AF one by 0.8 mRy/a.u. The
magnetic moments on the two types of Mn is dramatically
different �3.38�B and 0.58�B�. By using XMCD measure-
ments, O’Brien and Tonner16 predicted a ferromagnetic cou-
pling for the Mn monolayer on Ni�001�.

The Mn overlayer on fcc Ni�001� exhibits an AF coupling
between Mn inequivalent atoms with enhanced magnetiza-
tion from both Mn inequivalent atoms �cf. Figs. 2, 5, and 8�.
The magnetic moments of Ni atoms in the S-1 subsurface
plane are smaller than the magnetic moments of Ni atoms in
the other subsurface planes. This magnetic behavior is ob-

served also in �111� and �011� faces �cf. Fig. 3 for �111� face
and Fig. 4 for �011� face�. It can be explained by the cou-
pling of NiS-1 atoms with the Mn atoms at the surface that
presents magnetic moments oriented in opposite directions.

Figures 5–7 show the PDOS of MnSa atom on the “S”
surface plane for �001�, �111�, and �011� faces, respectively.
For �001� face, around the Fermi level �EF�, the electronic
spectrum of PDOS is entirely dominated by 3d states. The s
orbitals contribute to tail at high binding energies and to the
peak at about −3.5 eV for the majority-spin states. The p
states merely produce a low, structureless background to the
3d DOS extending from −5 eV up to EF. For �111� and
�011�, similar observations have been shown, i.e., the contri-
bution of d electrons is more important than the s and p ones.
The local density of states �LDOS� is drawn in Figs. 8–10 for
�001�, �111�, and �011� faces, respectively, for the majority-
and minority-spin contributions. A simple analysis reflects
the different character of Mn atoms occupying the crystallo-
graphically inequivalent sites and reveals drastic differences
in the local electronic structure. For �001�, �111�, and �011�
faces, while the LDOS from the MnSa majority-spin states is
strongly structured and displays a deep minimum at the
Fermi energy, that from the MnSa minority-spin states one
shows rather little structure. On the MnSa sites carrying the
largest magnetic moments we find an almost completely
filled majority d band and a strongly depleted minority band.
However, for the MnSb atoms, while the LDOS from
minority-spin states is strongly structured and displays a
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FIG. 9. �Color online� Local spin density of states up and down of MnSa and MnSb on S plane, NiS-1a and NiS-1b on S-1 plane, and NiS-6a

and NiS-6b on S-6 plane, of the system consisting of a Mn monolayer deposited on Ni�111�, �see Fig. 3�. The Fermi level �EF� is set at 0.
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deep minimum at EF, that from majority-spin states one
shows rather little structure, compared to the MnSa LDOS.
On the MnSb sites carrying the largest magnetic moments,
but opposite in magnitude to MnSa ones, we find an almost
completely filled spin-down d band and a strongly depleted
spin-up d band. The AF coupling between Mn overlayer at-
oms and the fact that Mn atoms are strongly magnetized are
clearly exhibited for �001�, �111�, and �011� faces �cf. Figs.
8–10�.

C. Mn-Ni surface alloy on a Ni substrate

Magnetic moments �in �B� and �z interlayer spacings �Å�
with respect to the previous layer located in the bottom, are
compiled in Figs. 11–13, in the case of a Mn-Ni ordered
alloy one-layer thick on Ni for �001�, �111�, and �011� crys-
tallographic directions.

For �001� face, an atomic corrugation at the surface plane
is shown; Ni atoms noted NiSb are located at 1.70 Å from
the Ni subsurface layer whereas Mn atoms noted MnSa are
strongly pushed outward. These Mn atoms are located at
0.26 Å from the NiSb atoms �cf. Fig. 11�. For �111� face, an
atomic corrugation at the surface plane is shown; Ni atoms
noted NiSb are located at 1.96 Å from the Ni subsurface
layer whereas Mn atoms noted MnSa are strongly pushed
outward. These Mn atoms are located at 0.14 Å from the
NiSb atoms �cf. Fig. 12�. For �011� face, an atomic corruga-

tion at the surface plane is shown; Ni atoms noted NiSb are
located at 1.08 Å from the Ni subsurface layer whereas Mn
atoms noted MnSa are strongly pushed outward. These Mn
atoms are located at 0.25 Å from the NiSb atoms �cf. Fig.
13�. In Figs. 11–13 three facts are shown: �i� the Mn-Ni
ordered alloy one-layer thick on Ni presents a ferromagnetic
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coupling; �ii� Ni atoms noted NiSb are reduced magnetic mo-
ments than Ni atoms in other planes for �001� and �111�
faces, and �iii� Mn atoms are in the high-spin state �4.11�B,
3.84�B, and 4.14�B, respectively, for �001�, �111�, and �011�
faces�.

For �001�, �111�, and �011� crystallographic faces the
Mn-Ni alloy 1 ML on Ni exhibits a FM coupling between
Mn and Ni atoms �cf. Figs. 11–13, respectively�. The Mn
magnetic moment is large �4.11�B, 3.84�B, and 4.14�B, re-
spectively, for �001�, �111�, and �011� faces�, in good agree-
ment with Bala et al.17 Indeed, they predicted the MLs of Sc,
Cr, and Mn to be highly magnetic with fairly large magnetic
moment per atom whereas the Ni one is reduced magnetic
moment �0.58�B and 0.50�B, respectively, for �001� and
�111� faces� in comparison to the bulk value. This trend is
already observed in the case of Mn-Co 1 ML on Co�001� by
M’Passi-Mabiala et al.8

The FM coupling between Mn and Ni atoms, obtained in
the present calculations, for �001�, �111�, and �011� faces, is
in good agreement with both magnetic measurements16 and
electron spectroscopy,11 and with Spišák and Hafner calcu-
lated results.29

D. Bilayer surface alloy on a Ni substrate

Magnetic moments �in �B� and �z interlayer spacings �Å�
with respect to the previous layer located in the bottom, are
displayed in Figs. 14–16, in the case of a Mn-Ni ordered
alloy two-layers thick on Ni for �001�, �111�, and �011� crys-
tallographic directions.

For �001� face, a ripple at the surface and subsurface
planes is observed. At the subsurface plane, Mn atoms noted
MnS-1a are located at 1.75 Å from the Ni atoms in S-2 layer
whereas Ni atoms noted NiS-1b are weakly pushed outward
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the surface plane about 0.03 Å from the MnS-1a atoms. At
the surface plane, Ni atoms noted NiSb are located at 1.68 Å
from the NiS-1b subsurface atoms. Mn atoms noted MnSa are
strongly pushed outward. These Mn atoms are located at
0.14 Å from the NiSb atoms �cf. Fig. 14�. Also, we observe:
�i� a FM coupling between Mn and Ni atoms in subsurface
and surface planes, respectively; �ii� a layered AF sequence
is found in the Mn-Ni ordered alloy two-layers thick; �iii�
MnSa atoms at the surface are in an high-spin state in com-
parison to the magnetic moments obtained for the MnS-1a
atoms at the subsurface �4.00�B against 3.43�B�, and �iv�
NiSb magnetic moments at the surface are killed �−0.04�B�
whereas at the subsurface NiS-1b magnetic moments are weak
�0.23�B�.

For �111� face, a ripple at the surface and subsurface
planes is also observed. At the subsurface plane, Mn atoms
noted MnS-1a located at 2.06 Å from the Ni atoms in S-2
layer whereas Ni atoms noted NiS-1b are weakly pushed out-
ward the surface plane about 0.02 Å from the MnS-1a atoms.
At the surface plane, Ni atoms noted NiSb are located at
2.06 Å from the NiS-1b subsurface atoms. Mn atoms noted
MnSa are strongly pushed outward. These Mn atoms are lo-
cated at 0.14 Å from the NiSb atoms �cf. Fig. 15�. Also, we
observe: �i� a FM coupling between Mn and Ni atoms in
subsurface and surface planes, respectively; �ii� a layered FM
sequence is found in the Mn-Ni ordered alloy two-layers
thick; �iii� MnSa atoms at the surface are in an high-spin state
in comparison to the magnetic moments obtained for the
MnS-1a atoms at the subsurface �3.90 against 3.48�B�, and
�iv� NiSb �NiS-1b� magnetic moments at the surface, i.e.,
0.48�B �at the subsurface, i.e., 0.58�B� are marginally lower
as compared to bulk values.

For �011� face, a ripple at the surface and subsurface
planes is also observed. At the subsurface plane, Mn atoms
noted MnS-1a located at 1.19 Å from the Ni atoms in S-2
layer whereas Ni atoms noted NiS-1b are weakly pushed out-
ward the surface plane about 0.05 Å from the MnS-1a atoms.
At the surface plane, Ni atoms noted NiSb are located at
1.13 Å from the NiS-1b subsurface atoms. Mn atoms noted

MnSa are strongly pushed outward. These Mn atoms are lo-
cated at 0.25 Å from the NiSb atoms �cf. Fig. 16�. Also, we
observe: �i� a FM and an AF coupling between Mn and Ni
atoms in subsurface and surface planes, respectively; �ii� an
AF coupling between Mn atom nearest-neighboring posi-
tions is found in the Mn-Ni ordered alloy two-layers thick;
�iii� MnSa atoms at the surface are in an high-spin state in
comparison to the magnetic moments obtained for the MnS-1a
atoms at the subsurface �−4.30�B against 3.53�B�, and �iv�
NiSb and NiS-1b magnetic moments �at the surface and at the
subsurface, respectively� are weak �0.30�B and 0.10�B, re-
spectively�.

The corrugation observed in the case of Mn-Ni ordered
alloy one-layer thick is in agreement with experimental re-
sults done by Wuttig et al.11 and De Santis et al.,15 for �001�
and �011� faces, respectively. The subsurface reveals weak
corrugation of Mn atoms. We believe that these transformed
structures should be closely related with the magnetic prop-
erties of the film surface. As discussed in Ref. 22 at the
surface the lower coordination of the atoms leads to a nar-
rowing of the d bands and an enhanced moment in magnetic
materials. In the Mn surface alloys, this d-band narrowing
may be increased by outward buckling. It has been shown by
Wuttig et al.11 that the strong corrugation of 0.30�0.02 Å
found for the Ni�001� c�2�2�Mn surface alloy formed after
deposition of 4 ML Mn is due to the enhanced magnetic
moment of the Mn atom.

The Mn-Ni ordered alloy two-layers thick on Ni�001� pre-
sents a layered AF sequence �cf. Fig. 14� in agreement with
previous calculations done by Spišàk and Hafner29 but at odd
with experimental results16 showing evidence of a FM cou-
pling. Antiferromagnetic coupling between Mn atom nearest-
neighboring positions is depicted for �001� and �011� faces.
However, the Mn magnetic moment is parallel to Ni one at
the interface. Mn magnetic moment is large whereas Ni one
is reduced magnetic moment. This small Ni moment is a
result of frustration effects.

The formation energy for the 1 ML Mn-Ni alloy calcu-
lated by the Blügel formula30 is about −385, −35, and
−31 mRy, respectively, for �001�, �111�, and �011� crystallo-
graphic faces, showing evidence of the surface-alloy forma-
tion. We point out that the 2 ML Mn-Ni alloy is more stable
than the Mn overlayer by about 250 mRy in the case of �001�
face, and by about 58 mRy in the cases of �111� face.
Whereas for �011� face, the Mn overlayer is more stable than
the 2 ML Mn-Ni alloy by about 22 mRy.

It should be pointed out that the Ni atoms belonging at the
top of Ni film �i.e., Ni1a and Ni1b for both 1 ML Mn-Ni
ordered alloy and Mn overlayer on Ni/Cu�111� and, Ni2a and
Ni2b for 2 ML Mn-Ni ordered alloy on Ni/Cu�111�� experi-
ence a different environment in �111� crystallographic face
and this explains why they have different magnetization. But
this is not the same case with both �001� and �011� crystal-
lographic orientations, where Ni atoms experience a same
environment.

IV. DISCUSSION

By assuming that the magnetism of one atom is mainly
determined by the interaction with its neighbor atoms �in the
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following discussion, the term FM or AF coupling of an
atom with another is intended with one of its neighbors, also
if the term “neighbors” is omitted�, we can infer from the
data we obtained the following rules, that can explain, at
least qualitatively, all our results.

In general, we have: �i� Ni atom couples ferromagneti-
cally �FM� with a neighbor Ni atom; �ii� Mn atom couples
FM with a neighbor Ni atom but antiferromagnetically with a
neighbor Mn atom; �iii� in the case where the above rules
generate a “conflict of interest” �COI�, �i.e., an atom couple
FM with some neighbor but AF with other neighbors�, the
atom tends to reduce the magnetization; �iv� the magnetiza-
tion of the atom follows, as a first �and very rough� approxi-
mation, the magnetic orientation of the majority of neigh-
bors, but, in addition to this “majority rule,” the
magnetization is also strongly influenced by the distance, the
number, and the symmetry arrangement of the neighbors.

We recall that, for each substrate orientation, the unit cell
considered is made of two atoms per layer, that are labeled a
and b. However, different geometries and different neighbors
arrangements correspond to different orientations �see Fig.
17�.

The �001� surface presents the more symmetric arrange-
ment: each a �b� atom at the surface has in the surface layer
�hereafter denoted as the S layer� four b �a� atoms as neigh-
bors, at a distance aCu /�2, and four a �b� atoms as next-
nearest neighbor at a distance aCu while the same a �b� sur-
face atom has in the subsurface �hereafter denoted as the S-1�
layer, two a and two b atoms as neighbors.

The �011� surface has a less symmetric arrangement; each
a �b� atom at the surface �S layer� has in the surface layer �S
layer� two b �a� atoms as nearest neighbors �at distance
aCu /�2� and two a �b� atoms at slightly larger distance �aCu�.
As for the �001� case, an a �b� atom at the �011� surface has
in the subsurface �S-1� layer two a and two b atoms as neigh-
bors.

The �111� surface presents a quite a different situation;
each a �b� atom at the surface has six nearest neighbors: two
of them are a �b� and four of them are b �a�. The a �b� atom
at the surface has only three neighbors in the subsurface
layer; two are b �a� atoms one is a a �b� atom.

With this in mind we can try to explain the difference in
the magnetization in the three surfaces.

A. Ni clean surface and Mn-Ni monolayer

The cases of Ni clean surfaces and the surfaces with a
Ni-Mn monolayer considered in the present work are

straightforward since there are no Mn-Mn neighbors, no
atom presents COI, and all atoms are FM coupled. In fact, all
the three orientations of the slabs present the same behaviors
�see, Table I and Figs. 11–13�, with small differences in the
magnetization of surface atoms that can be explained by the
different distances between the surface and the subsurface
layers; the magnetization of Mn �or Ni� surface atom de-
creases as the interlayer distance increases.

B. Mn monolayer

The three cases of Mn surface monolayer are more com-
plexes since Mn tends to couple AF with the other Mn atom
but FM with the substrate. For simplicity, in the following,
we discuss only the case of a atoms in the surface or subsur-
face layers when the same discussion can be straightfor-
wardly applied to the case of b atom �in general, by simple
exchanging the label a↔b�.

In the case of �011� surface, each MnSa atom has, in the
surface layer, as neighbors two b atoms at the distance
aCu /�2 �while the other two a atoms are at aCu�, the AF
interaction prevails and the MnSa atom is AF coupled with
the MnSb atom; the absolute value of the magnetic moment
of Mn atom on �011� surface is larger than the magnetic
moment presented by Mn atoms on the �001� and �111� sub-
strates. For the �011� orientation, the subsurface Ni atoms
present a COI since they have two Mn neighbor atoms at the
surface that present a FM moment and two other Mn neigh-
bor surface atoms with AF moments. As a consequence, the
NiS-1 atoms reduce their magnetic moments up to a negli-
gible value.

In the case of Mn monolayer on the Ni �111� surface a
majority law apply: the energetically favored configuration is
the one with AF coupling of Mn a and b atoms, which pro-
duces an arrangement where a Mn atom has, as nearest
neighbors, four Mn atoms in the AF configuration and only
two FM Mn atoms. In the subsurface S-1 layer the Ni atoms
are FM coupled with the others Ni but the peculiar symmetry
of this orientation produce an important difference: one
NiS-1b atom has as neighbors in the surface layer two FM Mn
a atoms and one AF Mn b atom, and, according to the ma-
jority law, presents a magnetic moment that is reduced with
respect to the bulk value �due to the COI with the Mn b
atom�, but it is still significant, �0.26�B. For the other NiS-1a
atom, the COI is more pronounced since NiS-1a has as neigh-
bors in the surface layer one FM Mn a atom and two AF Mn
b atoms; as a consequence, the magnetic moment of NiS-1a
atom is only �0.13�B, i.e., one half of the magnetic moment
of the NiS-1b atom.

Finally, we discuss the case of a Mn monolayer on
Ni�001� substrate, that is, similar to the case of the two ori-
entations discussed above. The MnSa �MnSb� atom at the sur-
face has four nearest neighbors MnSb �MnSa� atoms and it is
coupled AF with them according to the general rule �ii�. Ni
atoms in the subsurface layer are coupled FM with all Ni
neighbor atoms in the S-1 and in the S-2 layers but they are
in COI with the Mn atoms of the surface: the NiS-1a �NiS-1b�
atoms are coupled FM with two neighbors Mn atoms at the
surface and AF with the two other neighbors Mn atoms at the
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v
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(c)

FIG. 17. Schema representing basis vectors �v and w of the
supercell in the x-y plane. �a� For �001� face with v=aCu; �b� for
�111� face with v=aCu /�2 and w=� 3

2aCu; and �c� for �011� face
with v=aCu and w=aCu /�2.
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surface. As a consequence the NiS-1 atoms tend to reduce
their magnetic moments according to rule �iii� and to present
a magnetization oriented as the substrate according to rule
�iv�. For the case of Mn monolayer, we note that the absolute
magnetization on MnS atoms on �001� substrate is interme-
diate with respect to the absolute magnetization MnS on dif-
ferent oriented substrates considered and the magnetization
of NiS-1 atoms on �001� substrate is also intermediate with
respect to the average of the magnetization of NiS-1 on �011�
and on �111� substrates. These trends confirm the validity of
the qualitative rules �i�–�iv� states at the beginning of this
section.

C. Mn-Ni bilayer

The case of Mn-Ni bilayer is less straightforward since in
some cases, there are atoms presenting the COI. According
to the rules exposed above, in the case of a Mn-Ni bilayer,
the Mn atom at the subsurface tends to couple FM with the
Ni atoms in the S-1 and S-2 layers, for all the three orienta-
tions considered, as can be noticed looking to Figs. 14–16,
where the data relative to the three surface orientations are
displayed. In the case of �001� and �011� substrates, the Mn
at S-1 couples AF with the two surface Mn neighbor atoms
�rule �ii��. The surface Ni is in COI since it tends to couple
FM with two surface Mn with magnetic moment down and
to couple FM with the four subsurface atoms �two Mn and
two Ni� with magnetic moment up. As a result, the magnetic
moment of Ni is reduced �about one half for the �011� sur-
face� or becomes negligible �for the �001� surface�, accord-
ing to rule �iii�. For �111� orientation, the Mn subsurface
atom has, as neighbors in the surface layer, two Ni atoms and
one Mn atom; according the majority rules the FM interac-
tion with the two NiS atoms prevails �in fact, the NiS atom
has the larger magnetic moment with respect to the other NiS
atoms on substrates with different orientations, displayed in
Figs. 14 and 16�. Considering only the interaction with the
neighbors, now, each surface MnSa atom is coupled FM with
four surface Ni and with two subsurface Ni while it is
coupled AF only with one subsurface Mn �and FM with two
neighbor MnSa atoms according to the symmetry of the unit
cell chosen�. According to the majority rule �i.e., rule �iv��
the FM coupling prevails, explaining the results displayed in
Figs. 14–16.

V. SUMMARY

We have reported on, by using the ab initio techniques, a
systematic study of structural and magnetic properties of
Mn/Ni system grown epitaxially on Cu substrate, in crystal-
lographic faces with Low-Miller indices, using the spin-
polarized calculations within the density-functional approach

of Kohn and Sham, with generalized gradient approximation,
by the pseudopotential PWSCF code. We have found, for
�001� face, an AF coupling for Mn overlayer on Ni with large
magnetic moments �3.74�B and −3.74�B� in both inequiva-
lent Mn atoms. The Ni subsurface atoms adjacent to Mn
surface atoms are equivalent and reduced magnetic moments
than those values obtained for other subsurface planes. Struc-
tural relaxation has shown that the half of Mn atoms �with
large magnetic moment� are pushed outward whereas the
other half one �with less magnetic moment� are pushed in-
ward, in qualitative agreement with Zenia et al.18 results.

The 1 ML surface alloy has shown a FM coupling be-
tween Mn and Ni surface atoms, with a large magnetic mo-
ment �4.11�B� on Mn sites. An atomic corrugation at the
surface is shown, where Mn �Ni� surface atoms are pushed
outward �inward�, in qualitative agreement with experimen-
tal measurements.11 About 2 ML surface alloy, a layered AF
sequence and an AF coupling between Mn atom nearest-
neighboring positions are obtained. The Mn �Ni� surface at-
oms are large �less� magnetic moment �−4.00�B and
−0.04�B, respectively�. A large buckling on Mn atoms is
always obtained.

The influence of crystallographic faces on above struc-
tural and magnetic properties is also the key point in the
present work. For �111� and �011� faces, AF coupling is
found for Mn overlayer on Ni with an enhanced magnetic
moment from both Mn inequivalent atoms. The Mn atom
shows a large polarization �3.84�B and 4.14�B, respectively,
for �111� and �011� faces� with, a FM coupling with Ni atoms
in the case of 1 ML surface alloy on Ni. Mn surface-alloy
atoms are strongly pushed outward, in agreement with De
Santis et al.15 results. In the case of 2 MLs surface alloy, a
layered FM sequence is obtained for �111� face whereas an
AF coupling between Mn atom nearest-neighboring posi-
tions are found for �011� face. We have also noted a rippling
at the surface with Mn atoms showing a strong outward.
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