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Evolution of the Fe-Co magnetism and magnetic proximity effects in alternate
Fe/Co monolayers on nonmagnetic Cu3Au(001)
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Magnetic heterostructures with ferromagnetic/nonmagmetic interfaces are very interesting materials due to
the possibility to switch the magnetization, to control the induced magnetic moment, and also due to interfacial
effects. The tuning of the spin-orbit coupling in magnetic materials allows engineering new spintronic devices.
Using density functional theory, the induced local magnetic moments in copper and gold surface atoms of
Cu3Au(001) due to the deposited alternate magnetic Fe and Co monolayers were studied. To observe the tuning
mechanism, the spin density of the FeCo/Cu3Au(001) as a function of the number of deposited magnetic
monolayers was extensively investigated. The Fe/Co deposition induces a hybridization between electronic
states of the magnetic and nonmagnetic interface atoms, generating a broadening in d bands of the deposited
material, engineering the magnetic moments of the interface atoms. This observed hybridization elucidates the
charge variation in the interface atoms for stacking sequences starting with Fe or with Co as the first magnetic
layer in direct contact with the Cu3Au(001) substrate. By performing the spin-charge density calculations, we
demonstrated that this magnetic induction occurs only for the nonmagnetic Cu-Au atoms at the Cu3Au(001)
surface.

DOI: 10.1103/PhysRevB.106.214430

I. INTRODUCTION

Magnetic nanostructured materials are very relevant to
technological applications [1,2], as sensing technologies
[3], and memory devices [4], among others [5–7]. In
ferromagnetic/nonmagnetic (FM/NM) heterostructures, the
magnetic properties of the FM material are of fundamental
importance, but also the induced magnetism of NM materials
due to proximity with ferromagnets may play a significant
role, and both aspects have been extensively studied [8]. It has
been shown, for instance, that induced magnetic moments can
affect the spin Hall effect, spin transport, and spin damping
properties, and such effect can play an important role in the
magnetization dynamics in layered heterostructures for new
spintronics devices [9–11]. A better understanding of the evo-
lution of the magnetism in FM/NM heterostructures certainly
contributes to spintronics and related phenomena [12], and
should lead to important improvements in these fields [13].

For ultrathin films and layered nanostructures, the possi-
bility of tailoring the magnetic anisotropy has been a topic
of particular scientific interest for a long time, since a large
perpendicular magnetic anisotropy (PMA) is a key feature
for spintronic devices [14–16]. For Fe-Co ultrathin films, the
influence of alloy composition and tetragonal distortion on
PMA, induced by epitaxial growth on NM substrates, has been
intensively investigated [17–20]. The anisotropic magnetic
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properties of FeCo alloys were also calculated by Kota and
Sakura [21] using ab initio investigations, and their results
show that besides the degree of tetragonal distortion, chemical
ordering is also important for PMA [22–24]. The engineer-
ing of magnetic properties of FeCo-based structures can be
achieved by controlling the thickness of the materials on the
substrate [25,26], playing a key role in the dynamic magnetic
properties [27]. Very recently, simulations for FeCo/Ir [28]
have also shown that structural relaxations and chemical com-
positions are important in the coupling and magnetism of the
Fe and Co atoms.

Cu and Cu-alloys in fcc-substrates are among the main
NM surfaces often used for the epitaxial growth of 3d
FM ultrathin films, to investigate magnetovolume and struc-
tural effects [29,30], exchange bias [31,32], and tuning of
the magnetic anisotropy [33]. Ordered Cu3Au(001) is one
of the important NM substrates frequently used in the in-
vestigation of the correlation between the structural and
magnetic properties of epitaxial FM 3d metal and alloy
layered nanostructures [34,35]. It has been suggested as
a promising substrate for the growth of ordered Fe/Co
films with a large PMA [36], due to their interatomic
distance [37].

The structural and magnetic properties of alternate Fe/Co
monolayers epitaxially grown on Cu3Au(001) [29,38], a sys-
tem that results in chemically ordered Fe/Co ultrathin films
with a tetragonally distorted L10 structure, have been pre-
viously studied [39–41]. In this system, the growth-induced
ordering plays also an important role in the different con-
tributions boosting PMA [42]. The pulsed laser deposition
technique was used to epitaxially grow the magnetic L10 FeCo
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surface interspersed with Cu and Ni layers [43], where the
magnetic moments (MMs) and the magnetic anisotropy are
increased by replacing the Cu by Ni. The magnetic anisotropy
in epitaxial Ni/Cu3Au(001) thin films was modulated by in-
serting an ultrathin Cu interlayer, combined with strain fields
[44].

For FeCo, their spin-orbit coupling (SOC) remains an in-
triguing challenging task and theoretical studies have been
devoted to understand and to enhance the FeCo magnetic
properties [18]. The SOC has a relativistic origin, coupling
the spin and angular orbital MMs, giving rise to a spatial
anisotropy. Taking into account SOC interaction, Kebaili et al.
[28] investigated the spin and orbital MMs as a function of
Fe-Co chemical composition.

The discovery of the spin Hall effect [45,46] opened up a
wide field to design new spintronic devices [47,48]. Spin-orbit
torques are an emerging technology to manipulate the spin and
orbital magnetization, electronic transport, SOC, phonons,
magnons, and polarons [49]. The spin MMs switching by
applying external fields and bias in antiferromagnetic (AF)
Mn2Au are yielding promising theoretical and experimental
studies [50–53]. The spin magnetization in magnetic MLs
at room temperature by spin-orbit torques has been reported
[54], allowing one to increase the spin-orbit torque efficiency
in the light of surface anisotropy [55]. Spin injection at mag-
netic and NM interfaces is a ruling factor to modulate the
electronic transport, where the geometrical stacking yields
important studies and applications, as the spin mixing conduc-
tance [56]. Spin currents in layered magnetic nanostructures
are generating scientific endeavors to engineer the spin-orbital
Hall conductivity [57]. Moreover, AF materials are nowadays
strong candidates for future spintronic and memory devices,
and, in this field, Mn2Au is one of the most promising an-
tiferromagnet for real-world spintronics [58,59]. Therefore,
new studies on magnetic induction in Au atoms by proximity
effect at metallic interfaces may be relevant also for layered
magnetic systems based in the AF Mn2Au [52,53,60]. Mag-
netism of NM atoms at interfaces by proximity effects may
influence the magnetic anisotropy and also the damping, and
could eventually play an important role in the magnetization
dynamics in magnetic heterostructures for technological ap-
plications [61].

The hybridization of d orbitals by the proximity effects at
a FM/NM interface influences the electronic and magnetic
properties of both materials, and the NM can become FM
in thin films and multilayers where the density of states is
enhanced by band narrowing [62,63]. Hybridization with Co
gives rise to a magnetic moment in the interfacial atoms
of the noble metals Cu, Ag, and Au [64–66]. An induced
magnetization has been observed in Cu atoms in layered sys-
tems like Fe/Cu [67], FeCo/Cu [42], Co/Cu [68], Gd/Cu
[69], or CoPt/Cu [70] multilayers, and also in Cu nanopar-
ticles embedded in Co [71]. There are different studies on
induced spin polarization in metallic Au atoms in Fe/Au
multilayers [72,73], and also a recent report on spin po-
larization of Cu (and Au) atoms in five-ML (monolayer)
Fe-Co/Cu3Au(001) [74].

The theoretical investigations at atomistic level based on
ab initio density functional theory (DFT) are an efficient tool
to understand and predict new properties of the interaction be-

tween the FeCo FM and NM systems. Also, DFT calculations
were used to understand the experimental results of induced
MMs in the Cu layer inserted between Co and Pt materials,
where the coupling between the dxz and dyz above and below
Fermi energy raises the perpendicular anisotropy [30]; how-
ever, the authors noted that the induced orbital MMs and the
copper density of states near the Fermi level are quite small,
suggesting that the Stoner [75] conditions for ferromagnetism
are not satisfied for Cu and the proximity effects are a key
factor to induce the MM in the copper layer.

Although recent works studying the magnetism of alter-
nate Fe/Co monolayers (5 ML) grown on NM Cu3Au(001)
were reported [41,74], a ML-resolved study of the Fe and
Co magnetism, and a deep understanding of the hybridization
between the electronic states of the magnetic Fe/Co layers
and the NM surface of the Cu3Au(001) system is not yet
presented. Besides the evolution of the Fe/Co magnetism, our
aim is to also present the study of the influence of Fe and Co
MLs on the Cu3Au(001) substrate, since NM Cu3Au(001) is
a material that has been experimentally used as an interesting
substrate often used for epitaxial growth of magnetic layers
[41,44,74]. Investigations motivated by experimental results
allowed us to obtain a deep understanding of the induced local
magnetization.

The structure of the present work is as follows: theo-
retical and computational details are presented in Sec. II.
The constructed epitaxial structures are displayed in Sec. III.
The effect of the magnetic MLs deposition is presented in a
comparative way with the pristine NM surface and with the
cases of the freestanding Fe and Co monolayers and the FeCo
freestanding double layer. A detailed discussion of the elec-
tronic structure, which describes the evolution of the magnetic
moments in the alternate Fe and Co MLs deposition on the
Cu3Au(001) substrate, and the magnetic induction in the NM
Cu and Au interface atoms is presented. Spin-resolved density
of states and Bader charges are also discussed to further clarify
the structures studied. Finally, in Sec. IV are presented the
conclusions of this study.

II. THEORETICAL APPROACH
AND COMPUTATIONAL DETAILS

The present work employs ab initio simulations based
on density functional theory [76] within the spin-polarized
generalized gradient approximation (GGA) [77] with the
Perdew-Burke-Erzenhof (PBE) exchange-correlation energy
functional [78,79], which provides an accurate description of
the studied properties of the system in focus, such as lattice
parameters and evolution of MMs [80,81]. The Kohn-Sham
equations were solved using the projector augmented-wave
(PAW) method [82,83], as implemented in the Vienna ab
initio simulation package (VASP), version 5.4.4 [84,85], which
is used to describe the electron-ion interactions with the
PAW projectors Au(5d106s1), Cu(3d104s1), Fe(3d74s1), and
Co(3d4s1), where the valence states are shown in parenthe-
ses. The calculated geometries of auricupride (Cu3Au), iron
(Fe), and cobalt (Co) were obtained by using the scalar-
relativistic approximation to describe the valence electrons,
i.e., the spin-orbit coupling was not taken into account for the
valence states. However, the SOC within the noncollinear spin
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methodology was introduced in our studies [86] to investigate
the magnetic properties [87], as suggested by Andersen [88].

The ab initio modeling carried out in this work addressed
questions raised by chemical order, i.e., alternate deposition
of epitaxial Fe and Co MLs on Cu3Au(001). Within this
framework, the challenging task is to understand and compute
the interface properties between the NM layer and deposited
magnetic MLs. From experimental observations, the iron and
cobalt are grown layer by layer on Cu3Au [41]. In bulk form,
Cu3Au shows a fcc structure, while both, iron and cobalt,
present bcc geometries. Our calculations use the Cu3Au(001)
surface to deposit a sequence of alternate magnetic MLs be-
cause this Cu3Au(001) surface offers an interesting template
in which epitaxial MLs can be deposited, following the same
stacking of the Cu3Au(001), namely, the first deposited layer
stacks as the Cu layer, the second as the top Cu3Au(001),
keeping registry with the Cu3Au(001) lattice spacing.

In order to understand the interface properties of
Fe(Co)/Cu3Au(001), the equilibrium bulk structures were
first calculated, and hence, atomic force relaxations. For the
surfaces, only atomic forces are calculated. The equilibrium
geometries for the Cu3Au, Fe, and Co bulk structures were ob-
tained by the minimization of the stress tensor by using a plane
waves extension cutoff of 800 eV, while for atomic forces
optimization 466 eV was employed, which is 12.5% larger
than the cutoff energies recommended by the VASP package.
The number of plane waves used in the stress tensor mini-
mizations (atomic force optimizations) increases (decreases)
the computational cost of the computation. For the Brillouin
zone integration, we used a k mesh of 9 × 9 × 9 for the cubic
bulk and 9 × 9 × 1 for the surfaces in the optimizations, while
double of these values were used for the electronic properties,
such as density of states and charge density investigations.
The Gaussian smearing method of 0.01 eV was employed
to define the electronic states occupation, and 10−7 eV was
adopted as the self-consistent electronic convergence crite-
rion, where the equilibrium geometries were reached when all
the forces were smaller than the 0.008 eVÅ−1 on every atom.
To characterize the spin interactions due to the stacking of
the magnetic MLs on the NM layer, the difference between
the minority and majority spins (�ρ↑↓ = ρ↑ − ρ↓) were
calculated.

A systematic study was undertaken, in order to understand
the effect of the alternate deposition of magnetic MLs of
Fe and Co on the (001) surface of Cu3Au. The interesting
epitaxial new systems constructed in this exercise allows the
comparison with some experimental results performed in such
systems [41,74]. First, the equilibrium lattice constants for
Cu3Au, Fe, and Co in bulk phases were converged to 3.78,
2.83, and 2.80 Å, respectively. The Cu3Au(001) surface pro-
vides a very interesting template to grow layered materials,
in particular magnetic materials, such as Fe and Co. The
structure of such surface offers geometrical constraints to
the deposited layers, providing interesting geometrical and
magnetic behavior. The Cu3Au(001) structure is a stacking se-
quence of alternate Au-Cu and Cu-Cu layers. The deposition
of magnetic MLs on this surface also offers some interesting
geometrical guides to the newly formed structures. The first
deposited ML (and all odd MLs) stacks similarly to the Cu-Cu
layer, while the second and the even layers stack as Cu-Au

planes. The Cu3Au(001) surface was modeled by a fcc[001]
slab converged using spin-polarized calculations with 5 Au
and 13 Ce, resulting in 18 atoms, where the slab terminations
are composed by Au-Cu in a nine-layer symmetric structure.
The iron and cobalt were also calculated in the (001) surface,
where each magnetic ML was simulated with only two atoms
of the same species, Fe and Co. This geometrical ordering
influences how the MMs behave. This work considers the
experimental situation where the Cu3Au(001) surface is used
as a template to force the deposited MLs to have the same
stacking of the underlying structure and forcing them to the
Cu3Au(001) lattice spacing separation with consequences to
their magnetic behavior.

III. RESULTS

To understand the effect of the deposition of magnetic
MLs on the Cu3Au surface, freestanding MLs of Fe and Co
with interatomic spacing (da-a = 2.67 Å), provided by the
Cu3Au surface template, were calculated. These MLs with
MMs (Fe ML = 3.09 µB and Co ML = 2.10 µB) should be
upper limits for the MMs of the deposited MLs, since they are
freestanding. Freestanding FeCo double layer with MMs (Fe
DL = 2.75 µB and Co DL = 1.66 µB) were also calculated,
which should also be upper bounds for the FeCo and CoFe
deposited double layers (DLs), following the same reasons.
After this exercise, the magnetic behavior of the alternate
Fe and Co MLs deposited on the Cu3Au(001), up to a total
thickness of six MLs, was investigated. Figure 1 shows some
of the studied structures, where gold, copper, iron, and cobalt
atoms are shown in yellow, brown, red, and blue, respectively.
The positive isosurface used in these images was 13.8 e Å−3,
represented by blue.

A. Layer-by-layer deposition of Fe/Co and induced
magnetization in Cu and Au atoms

In Fig. 2, the relaxed Cu3Au(001) surface is presented. In
the clean substrate, the surface copper atom suffers a displace-
ment of 0.17 Å in the out-of-plane direction in comparison
with the gold in-plane positions, shown in the left panel. With
the deposition of one ML of Fe(001), the equilibrium position
of the Cu surface atoms returns to the in-plane position of the
Au atoms, as shown in the right panel. These findings are in
good agreement with Ref. [89].

Therefore, the deposited magnetic material aligns the Au-
Cu atoms of the interface and also adjusts the interplanar
distance between the top and bottom layers. In addition, the
first deposited Fe (Co) magnetic ML, which has a Cu-type
stacking on Cu3Au(001), converged to a vertical distance
of 1.90 Å (1.85 Å) from the NM surface. For the two lay-
ers FeCo (CoFe), the distance between the magnetic layer
and the NM ML was 1.96 Å (1.93 Å), where the MLs are
separated by 1.44 Å (1.39 Å). For FeCoFe (CoFeCo), three
magnetic MLs, the distance between the first magnetic ML
and the NM surface, is 1.95 Å (1.80 Å), where the dis-
tances between the magnetic atoms are dFe-Co = 1.66 Å and
dCo-Fe = 1.45 Å (dCo-Fe = 1.54 Å and dFe-Co = 1.46 Å). The
different converged vertical distances from iron and cobalt to
the Cu3Au(001) surface influence the hybridization between
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FIG. 1. Calculated structures and magnetic isosurface for the
FeCo free-double layer, Cu3Au(001), and the sequence of al-
ternate magnetic MLs (Fe, Co) deposited on the NM sub-
strate: Fe(001), Co(001), FeCo(001), CoFe(001), FeCoFe(001),
CoFeCo(001), FeCoFeCo(001), and CoFeCoFe(001). The used iso-
surface is 13.8 e Å−3, shown in blue.

the NM and magnetic interface atoms, allowing one to study
the tuning of the MMs of the interface atoms.

To understand the effect of the deposition of magnetic MLs
on the NM Cu3Au(001) surface, the local density of states
(LDOS) for the surfaces with and without the deposited mag-
netic double-layer FeCo(001) were calculated, as depicted
in Fig. 3, where the upper panels show the average LDOS,
per atom, for all copper (d-Cu states, left panel) and gold
(d-Au states, right panel), whereas the bottom panels show the
LDOS for the surface copper (d-Cu-T, in the left) and gold
ML (d-Au-T, in the right). These figures show the influence
of the magnetic materials on the copper and gold states. There
is a clear shift of both Cu and Au LDOS to lower energies
with respect to the Fermi energy (blue), as compared with the
Cu3Au(001) in the absence of the magnetic material (red).
This significant difference is due to the interaction between

FIG. 2. In the left panel is represented the free Cu3Au(001) sur-
face, and in the right panel is shown the Cu3Au(001) surface with
one-ML Fe deposited. The DFT calculation indicates, for the free
Cu3Au(001), a corrugation of 0.17 Å.

the Cu/Au surface atoms and Fe/Co overlayer charge den-
sities, which induces magnetism in the NM interface atoms.
The induced MM is higher in the copper than in the gold
surface atoms due to their occupied d states near the Fermi
energy. Also, this behavior of the d-copper and d-gold surface
atoms with and without the iron-cobalt MLs is due to the
hybridization with d states of the magnetic material, which
can be varied with the increase in the number of magnetic
MLs.

To further understand the trends and evolution of the mag-
netic properties of the deposited magnetic layers and their
effect on the Cu3Au interface atoms, the LDOS, per atom,
were calculated for freestanding MLs and for depositions of
single layers of Fe(001) and Co(001), as presented in Fig. 4,
and also the freestanding DL and for DL depositions (Fe/Co
and Co/Fe) on the Cu3Au(001), shown in Fig. 5. In these
figures, the yellow panels denote the LDOS for free-ML and
DL atoms; gray color panels, the deposited magnetic MLs;
and, in cyan, the bottom panels depict the copper and gold
surface atoms. The red (blue) line identifies the iron (cobalt).
The freestanding MLs show higher LDOS intensity (Fig. 4)
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in comparison with the single deposited magnetic MLs. Also,
the calculated MM of 3.09 µB (2.10 µB) for the free Fe (Co)
contrasts with the 2.93 µB (1.93 µB) MM of the deposited mag-
netic atoms, which evidence the effect of the hybridization
between the deposited Fe/Co and the Cu3Au(001) surface
atoms.

In the case of the deposited DLs (Fig. 5), the Fe/Co and
Co/Fe free-DL LDOS depicted in the top panel contrast with
the deposited MLs. In the case of deposited FeCo (left panel)
magnetic MLs, the hybridization of Fe with the NM surface
and second deposited Co ML provides a decrease of its MM
(2.60 µB), while the top Co ML with a free surface, hybridizes
differently with the sandwiched first Fe layer, showing a
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following the stacking order of the calculated surface. Red lines for
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higher MM (1.70 µB). The case of deposited CoFe (right
panel) is similar, the Co ML lowers its MM to 1.49 µB, while
the iron MM in the second layer is increased.

The two cases discussed so far have a very interesting
comparison indicated by the behavior of the freestanding
ML and DL. The d-band widths of the freestanding ML
and DL are determinant to the behavior of their deposited
counterparts. Since Cu, and especially Au, have larger d-band
widths, the hybridization with the single ML is less effec-
tive than the case of the DL. The hybridization of CoFe in
the free-DL presents larger d-band width, which signals that
this is a dominant factor influencing the effects of the DL
deposition on the Cu3Au(100). Therefore, the information
from the freestanding cases, although hypothetical structures,
helps the understanding that the hybridization of the magnetic
MLs with the surface upon deposition is strongly influenced
by their pure magnetic effect and the hybridization inducing
MMs in the Cu and Au interface atoms is enhanced in the case
of the free DL.

In the cases of three and four alternate Fe/Co MLs, de-
picted in Figs. 6 and 7, along with the previous ones show an
overall tendency. The odd numbered structures have the MM
for the first ML smaller than the free ML, but enhanced when
compared with the even structures, and their top layer with a
free surface also displays larger MMs. In the case of an odd
number of deposited layers, the MM starts higher and the top
layer is always higher than the even cases. This is a result of
different hybridization between the d-Fe and d-Co with the
Cu3Au(001) atoms, shown in the upper panels of Figs. 6 and
7. The interaction with the surface atoms changes the elec-
tronic distribution of the magnetic atoms, providing a widen-
ing in the local density of states in the energy region of the d-
Fe and d-Co electronic states. The interaction with the surface
lowers the average MM as compared with either of the free
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FIG. 7. The gray upper panels present, in the left (right), the local
density of states per atom of each deposited ML, starting with Fe
(Co). The bottom panels show the local density of states for the cop-
per (left) and gold (right) surface MLs calculated with the FeCoFeCo
(red) and CoFeCoFe(001) (blue) deposited magnetic MLs.

MLs. Also, both calculations introduce differences between
the minority and majority spins, that induced localized MM
for the copper and gold interface atoms. By increasing the
number of magnetic MLs, the induced MM varies according
to the interface atoms. Thus, the increase in the number of
magnetic MLs induces a stronger localized MM in the cooper
and gold interface atoms, as well as provokes the tuning of the
magnetic properties of the iron and cobalt, depending on the
first ML. The details for four Fe/Co MLs are shown in Fig. 7.

The case of three MLs deposition of FeCoFe (CoFeCo),
shows an increase in the MM values of the first and third
layers, and the second ML has lower its MM due to inter-
action at both sides. In the case of FeCoFe, the spin MMs for
in-plane iron are 2.75 µB and 2.88 µB and for Co is 1.59 µB.
For CoFeCo, the spin MMs for in-plane Co are 1.60 µB and
1.80 µB and for the middle Fe ML 2.52 µB. The average MM
values for each atom type, obtained with these stackings are
2.82 µB for Fe and 1.59 µB for Co for the case of FeCoFe, and
2.52 µB for Fe and 1.70 µB for Co in the case of CoFeCo.

For the four deposited MLs, namely, FeCoFeCo and CoFe-
CoFe, the structure with Fe as first layer, the spin MMs for
in-plane Fe are 2.68 µB and 2.54 µB, while the spin MMs for
in-plane Co are 1.58 µB and 1.77 µB. In the structure with Co
as first layer, the spin MMs for in-plane Fe are 2.57 µB and
2.85 µB, while the spin MMs for in-plane Co are 1.55 µB and
1.62 µB. Note that, in both structures, the first and top MLs
tend always to higher values than the intermediate MLs, that
tend to maintain similar values of MMs. These MMs give
average values 2.61 µB for Fe and 1.68 µB for Co in the case
of FeCoFeCo and Fe 2.71 µB and Co 1.58 µB in the case of
CoFeCoFe.

It is interesting to note that, in the case of an odd num-
ber of deposited layers, the MM starts higher and the top
layer is always higher than the even cases. The Cu shows
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FIG. 8. Evolution of the spin MM for Cu and Au atoms of the
Cu3Au(001) substrate, and for the Fe/Co MLs. In the left (right)
panels, the magnetic ML in direct contact with the NM substrate is
composed by Fe (Co) atoms.

higher interaction with the magnetic MLs than the Au atoms,
independent of chemical order, and it is stronger when the first
ML is composed by Fe atoms.

The overall behavior of the MM evolution for increasing
Fe/Co stacking displays some interesting features. It has some
geometrical trends. Odd structures show the highest MM in
the first and topmost layers as compared to the even numbered
structures. The first ML interacts with the Cu3Au(100). The
intermediary magnetic MLs interact with the other magnetic
species, tending to show MM values in the range of 2.50 ±
0.02 µB for the Fe MLs, and 1.6 ± 0.02 µB for Co MLs. The
topmost magnetic ML has always the higher MM since it has
a free surface, but odd number MLs have higher MMs for
the topmost ML. Due to the small interlayer distances, the
magnetic MLs induce a local MM in the copper and gold inter-
face atoms, where these induced MMs vary with the number
and the chemical order of magnetic MLs. In this sense, we
can induce and tune a localized MM in the copper and gold
interface atoms and in the magnetic atoms. The first deposited
magnetic ML has a stronger hybridization with the copper and
gold surface ML. The second magnetic ML interacts mainly
with the first and third magnetic MLs, which is similar for
more layers. Thus, the stacking sequence order allows one to
tune the induced MM.

The full evolution of the average MM, per atom type, upon
stacking sequences of the deposited magnetic MLs, starting
either with Fe or Co as the first magnetic ML in direct contact
with the Cu3Au(001) substrate, can be seen in Fig. 8. These
are very relevant results since they are the values that can
be compared with experimental results from x-ray absorption
spectroscopy and x-ray magnetic circular dichroism (XMCD)
measurements. The bottom-left panel indicates the structures
starting with the Fe ML (Stack A), from one (A1) up to
six (A6) Fe/Co MLs. In these cases, the behavior of the
Fe MM oscillates showing higher values when this is the
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top layer but displaying an overall decreasing behavior with
the increasing number of alternate Fe MLs. The behavior
for Co MLs is similar. The bottom-right panel presents the
structures starting with the Co ML (Stack B), from one (B1)
up to six (B6) MLs. The overall behavior of the Fe and Co
magnetization follows the same trends, but the Co average
MM shows a higher oscillation. The top panels of Fig. 8
show the induced MMs for the Cu and Au interface atoms.
In the top-left panel, the induced MM for the copper and gold
surface atoms increases up to three magnetic MLs, which is
the FeCoFe structure, the structure where the first and the last
magnetic MLs are composed by Fe atoms, and then starts to
decrease. The right panel, associated with structures starting
with Co, shows an oscillating behavior. This behavior follows
the oscillation of the total MM due to the Co atoms, which is
higher for one (Co), three (CoFeCo), and five (CoFeCoFeCo)
deposited MLs. The spin-charge density is more localized for
Co than for Fe, therefore the effect of the first magnetic ML
is dominant in these cases. In addition, in the top-right panel,
the stronger MM is reached when the stacking is composed
by three magnetic MLs, CoFeCo. Therefore, in both cases,
the three MLs induce the highest MMs in Cu and Au, and in
these cases, the Cu MM is always larger than the Au MM.

For the magnetic moments, the results of our calculations
are in good agreement with the experiments for five alternate
FeCo MLs epitaxially grown on Cu3Au(001) [74], where it
was reported that the experimental 3d-spin MMs average, at
300 K, for Fe, Co, and Cu, when the first ML is composed by
iron, are 2.11 µB, 1.50 µB, and 0.02 µB, respectively. The cal-
culated 3d-spin MMs (0 K) are 2.75 µB, 1.69 µB, and 0.07 µB.
When the first ML is composed by cobalt, the obtained 3d-
spin MMs at 300 K are 2.05 µB, 1.47 µB, and 0.02 µB, while
measurements at 30 K gave 2.43 µB, 1.70 µB, and 0.02 µB, and
the theoretical values at 0 K are 2.63 µB, 1.73 µB, and 0.04 µB.
The XMCD and DFT for the in-plane orbital MMs also show
a good agreement, where 0.15 µB (0.19 µB), 0.25 µB (0.27 µB),
and 0.001 µB (−0.001 µB) are the experimental measurements
at 300 K when the Fe (Co) are in the first deposited ML,
while 0.25 µB, 0.34 µB, and −0.002 µB measured at 30 K when
the cobalt is at the interface. Also, 0.07 µB (0.06 µB), 0.07 µB
(0.09 µB), and 0.001 µB (−0.002 µB) are the theoretical results
for Fe, Co, and Cu with iron (cobalt) at the interface. DFT
calculations obtained s- and p-Fe/Co spin states with antifer-
romagnetic alignment with respect to the d states in the case
of the magnetic atoms, which contributed to the total MM.
From the experimental results, in the particular case of Co,
performed for two temperatures, it is clear that the calculated
values (0 K) have to be larger. Considering this point, the
comparison between the experiments and theory was rather
satisfactory.

For six-ML Fe/Co on Cu3Au(001), the authors in Ref. [41]
measured the spin (orbital) MMs at room temperature and
obtained 2.13 µB (0.29 µB) and 1.57 µB (0.33 µB), while
our theoretical findings are 2.59 µB (0.06 µB) and 1.58 µB
(0.07 µB), respectively. More details can be found in the Sup-
plemental Material [90], where Table S1 reports the average
of MM per ML and Table S2 reports the spin and orbital MM
average, up to six ML Fe/Co.

Figure 9 represents the calculated work function for the
clean Cu3Au(001) surface (red line) and with deposition of
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FIG. 9. Calculated electrostatic potential as a function of growth
direction (z). The difference between the electrostatic potential and
Fermi energy is the work function (�), calculated for Cu3Au(001)
and Fe(001) deposited MLs (top panel) and Cu3Au(001) and
FeCo(001) deposited MLs (bottom panel).

Fe (blue line) and FeCo (green line) magnetic layers. The
work function [�(z)] is defined as the difference between the
vacuum (Ev) and Fermi (Ef) electrostatic potential energies,
�f(z) = Ev − Ef. The work function is the energy required
to remove one electron from the slab to the vacuum region.
As expected, the higher work function of the unpolarized
material [�(z) = 6.70 eV] indicates that it is easier to remove
one electron from the surface with one ML Fe deposited
[�(z) = 6.00 eV]. Thus, by performing the deposition of the
magnetic ML on the NM surface, the work function decreases
(Fig. 9, top panel). However, increasing the number of the
magnetic MLs further, the work function remains practically
the same (Fig. 9, bottom panel). This result goes in line with
the deposited magnetic structures, which are stable but less
stable than the Cu3Au(001) surface. In addition, a small mis-
alignment in the growth direction between the work function
of the structures without magnetic overlayer and with one
deposited iron ML was observed, while the surface with two
magnetic MLs shows practically the same behavior of one
deposited iron ML. This difference is more pronounced at
the surface of the Cu3Au(001) and disappears in the center
of the slab, which tends to the bulklike behavior, depicting the
corrugation reported in Fig. 2.

B. Spin-charge density investigations

DFT allows one to converge the charge density for the
FeCo/Cu3Au(001) polarized system. The spin-charge density
(the difference between the spins majority and minority) dis-
plays the MMs which are localized on a specific atom. In
our case, the spin-charge density investigation indicates the
induction of the MM in the Cu and Au atoms due to the
deposition of the magnetic layers. The results for one ML Fe
(left) and Co (right) are presented in Fig. 10. As expected,
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FIG. 10. Charge-density calculations. The horizontal planes in-
dicate the spin-charge density for Fe, in left panel, and Co, in the
right panel.

the spin-charge density calculations show the strong MM for
Co and Fe atoms, as represented by the surface image at the
magnetic ML planes. It is worth noticing that the MMs are
almost circular, representing the orbitals and the chemical
bonds where the electrons can be found. In addition, the
decrease of induced MMs in the Cu and Au surface atoms
and MMs induction were clearly noted, vanishing in the plane
of the central atoms of the calculated slab, where this region
shows the same trends of the bulk phase. The regions denoted
by yellow and green colors in the horizontal planes of the
spin-charge density indicate the magnetic induction in the
gold and copper, where the Cu atoms suffer a higher MM
induction than the Au atoms. The orange regions show the
absence of MM. Also, the induced MMs in the Cu3Au(001)
surface atoms are higher when the first deposited magnetic
ML is composed by iron atoms. The distance between each
plane of atoms and the atomic positions in the slab determine
the hybridization between the top and bottom MLs, changing
the values of the MMs.

C. Charge flow: Bader analysis

The induced MMs in the Cu and Au surface atoms modify
the chemical environment surrounding these interface atoms.
The hybridization between the NM and magnetic atoms of the
interface changes the electron occupations and the electron
density of the slab, altering the electron-electron and electron-
ion Coulomb interactions, revealing a charge transfer between
the interface atoms. In consequence, the atoms of the calcu-
lated slab show a new electronegativity and electropositivity
when the magnetic atoms are deposited on the NM surface.
This new chemical environment is investigated by the Bader
charge [91] calculation, which is an investigation of electron
density topology [92,93]. Thus, we investigated the charge
flow in the Cu3Au(001) surface atoms due to the magnetic
layer deposition. The effective Bader charge (QB

eff) is given
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FIG. 11. Effective Bader charges for the Cu3Au(001) surface
atoms (QCu-T

eff ) and (QAu-T
eff ), and also for copper (QCu-C

ef ) and gold
(QAu-C

eff ) atoms in the center of the slab, as a function of the number of
deposited magnetic MLs. The left panel shows magnetic deposition
when the first ML is composed by Fe (A1) and the right panel
displays the case of first Co (B1) ML. The surface without Fe (Co)
magnetic ML is indicated by A0 (B0) and the deposition starts with
one ML A1 (B1) up to five MLs A5 (B5).

by the difference between the electrons valence (Zval) and the
charge confined in the Bader volume (QB), QB

eff = Zval − QB.
The left panel of Fig. 11 depicts the effective Bader charge
for Stack A (Fe, the first ML) and the right panel displays
the case of Stack B (Co, the first ML). The results are also
reported in Table S3 of the Supplemental Material [90], where
in the upper (bottom) part are the results for the iron (cobalt)
in the first deposited ML. The charge transfer in the copper
(Cu-T) and gold (Au-T) surface atoms is reached when the
magnetic MLs are deposited on the Cu3Au(001) surface. The
effective Bader charge for the pristine Cu3Au(001) surface
atoms is 0.18 e and −0.40 e for Cu-T and Au-T, respectively,
indicating that the gold attracts more charge density around
it than the copper atoms. Moreover, when the first iron ML
is deposited, the Cu-T becomes less electropositive (0.06 e),
while the Au-T (−0.68 e) becomes more electronegative in
comparison with the Cu3Au(001) without the magnetic mate-
rial deposition. Also, when the first magnetic ML is composed
by cobalt atoms, the effective Bader charges for Cu-T and
Au-T are 0.13 e and −0.59 e, respectively. Thus, in this case,
the changes in effective Bader charge for Au-T are greater in
comparison with the case when Fe is deposited on the NM
surface. The first magnetic ML induces a charge transfer in
the Cu3Au(001) surface atoms, with Cu-T (Au-T), becoming
more cationic (anionic). Also, the modification of the effective
Bader charge is mainly due to the first magnetic ML, and more
ML depositions do not change the effective Bader charge
significantly. The effective Bader charges in the center of the
slab for copper (Cu-C) and gold (Au-C) are very similar to the
effective Bader charges for the structure without the magnetic
MLs. Thus, these findings further confirm that the charge
transfer occurs only in the surface atoms, in accordance with
our spin-charge density investigations (see Fig. 10).

IV. CONCLUSIONS

The understanding of local magnetic moment formation in
materials is crucial to designing new nanodevice applications.
The control of the MM in heterostructured materials is crucial
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to functionalize the magnetic properties of interest. However,
a comprehensive characterization of localized MMs in spin-
polarized structures grown on magnetic and NM structures,
and of proximity effects in FM/NM interfaces is still limited
in the literature. Using theoretical investigations at atomistic
level within density functional theory, a systematic study of
the evolution of the MMs due to the epitaxial growth of al-
ternate Fe and Co monoatomic layers, up to six MLs, starting
with either metal, and as a function of the number of magnetic
layers was performed aiming also to understand the induction
of MMs on the Cu3Au(001) surface atoms. We found that the
deposition of the Fe/Co magnetic stacks on the NM surface
induces a localized MM in the Cu and Au atoms of the
Cu3Au(001) surface. Also, the induced MM is stronger when
the first magnetic MLs are composed by Fe atoms. In addition,
by increasing the number of magnetic MLs, an oscillation of
the average MMs as a function of thickness was observed.
Finally, the charge calculations within the spin-charge density

and effective Bader charge confirm the induced MM in the
Cu and Au of Cu3Au(001) surface atoms. Our results show
good agreement with available experimental data [41,89] for
Fe, Co, and Cu atoms in alternate Fe/Co on Cu3Au(001).
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