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ABSTRACT: Tuning the magnetic properties of materials is
a demand of several technologies; however, our microscopic
understanding of the process that drives the enhancement of
those properties is still unsatisfactory. In this work, we
combined experimental and theoretical techniques to
investigate the handling of magnetic properties of FeCo thin
films via the thickness-tuning of a gold film used as an
underlayer. We grow the samples by the deposition of
polycrystalline FeCo thin films on the Au underlayer at room
temperature by a magnetron sputtering technique, demon-
strating that the lattice parameter of the sub-20 nm thickness
gold underlayer is dependent on its thickness, inducing a stress up to 3% in sub-5 nm FeCo thin films deposited over it. Thus,
elastic-driven variations for the in-plane magnetic anisotropy energy, Ku, up to 110% are found from our experiments. Our
experimental findings are in excellent agreement with ab initio quantum chemistry calculations based on density functional
theory, which helps to build up an atomistic understanding of the effects that take place in the tuning of the magnetic properties
addressed in this work. The handling mechanism reported here should be applied to other magnetic films deposited on different
metallic underlayers, opening possibilities for large-scale fabrication of magnetic components to be used in future devices.
KEYWORDS: magnetic properties, thin films, strain, ab initio calculations, FeCo, Au underlayer

1. INTRODUCTION

Polycrystalline magnetic films have promising applications in
several technological fields such as data storage media, sensors,
and other devices.1,2 Thus, several studies have been reported
with the aim to control the magnetization, in particular, the
tuning of the magnetic anisotropy hardness, which can be
accessed by the study of the magnetic anisotropy energy,
Ku.

3−5 The tuning of the magnetic anisotropy has been the
focus of the scientific community in the last decades,6

demonstrating the possibilities of a directional control of the
hard axis by (i) cold-rolling, (ii) magnetic annealing under
application of an external magnetic field, and (iii) magnetic
quenching, in which the material is cooled below the Curie
temperature, TC, in the presence of a magnetic field.
Recently, several new methods for manipulation of the

magnetic anisotropy are emerging, for instance, (i) magnetic
anisotropy control by the obliquely underlayer deposition,7 (ii)
topography,8 and (iii) application of an external electric field.5

One additional possibility to tune the magnetic properties is
the application of strain fields, which is present in many
prominent applications, such as the enhancement of
ferroelectricity in BaTiO3 thin films,9 controlling the

magneto-optical response of BiFeO3,
10 generating spin-

currents in quantum spin Hall systems,11 and the electric
field survey exchange bias in a Co90Fe10/BiFeO3/SrRuO3/
PMN-PT heterostructure under different tensile regimes.12

Furthermore, the tuning of the strain provides the path to
improve the efficiency of some technological nanodevices such
as fuel cells, ionic batteries, and so forth.13−15 However, our
atomistic understanding of the interface is far from satisfactory,
particularly because of the challenges to obtain a direct
correlation between strain and the local environment as well as
for the thickness-dependent stiffness.16

Hitherto, magnetic alloys are promising candidates for
materials to integrate future magnetic devices because of the
possibility to tune their magnetic properties and size during the
growth process.17 Among several possible combinations to
obtain thin-film alloys, FeCo is considered a suitable choice
because of its specific magnetic properties6 such as large
permeability and very high saturation magnetization.18 Also, it
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can be easily attached to noble-metal surfaces such as Au19 and
Ag.20−22 In this context, Wu et al. employed first-principles
density functional theory (DFT) calculations to understand
the giant uniaxial magnetic anisotropy energy and magnetic
moments in tetragonal FeCo alloys as a function of the alloy
concentration.23 The versatile templating and phase trans-
formation of the tetragonal FeCo leads to the structure
distortion which tunes its magnetic moment.24 Recently, Li et
al. summarized the research progress on the magnetic
properties of tetragonal FeCo alloys.25

The influence of the underlayer substrate was investigated
by Lu et al. using FeCo/Ru films (Ru-underlayer) obtained by
sputtering deposition,26 where they identified an increased
magnetic anisotropy induced by the Ru-underlayer thickness.
Furthermore, a similar result was obtained with a Ta-
underlayer.27 Along with that, Winkelmann et al. demonstrated
that tetragonally distorted FeCo alloys grown on the Pd(001)
film have a high saturation magnetization and a high uniaxial
magnetic anisotropy energy for determined values of the lattice
distortion and alloy composition.28 These results demonstrate
the influence of the underlayer in the magnetic properties of
deposited thin films, opening a possibility for magnetic
anisotropy handling. However, a clear understanding of the
underlayer influence on the properties of deposited thin films
is lacking in the literature. Thus, the combination of ab initio
DFT calculations and experimental measurements has the
potential to improve our atomistic understanding in this field.
The tuning of the magnetic properties opens the possibility

of a fine optimization of some devices having FeCo alloys in
their composition. For example, one can mention the
enhancement of the microwave absorption properties, which
is a challenge in FeCo−graphene capsules29 and FeCo hybrid
nanorings.30 Concerning FeCo/Au systems, previous studies
have investigated the magnetic properties such as the
magnetization saturation and the magnetic anisotropy.31

However, the influence of the Au underlayer on the magnetic
properties of the overlayer alloy was not completely elucidated.
Moreover, a special attention should be given to the interface
effect, where the interdiffusion can occur.27,32,33 In addition,
the analysis of orbital magnetization and magnetic dipole
moment is crucial to describe the Ku properties.

34 Because of
the symmetry breaking, the Ku in thin films is strongly different
from the bulk phase.35 In particular, the complex endeavors to
understand the magnetic properties of the nano-alloys with a
strong magnetocrystalline anisotropy boosted applications in
high density data storage devices,36−40 where a high saturation
magnetization is required for the writing and heading process,
and also, a strong Ku to overcome the superparamagnetic
limit.41

Here, we report experimental measurements combined with
ab initio DFT calculations to understand the Au underlayer
influence on the structural and magnetic properties of the
Fe20%Co80% (≈5 nm thickness) polycrystalline films. The
FeCo/Au films were grown on Si substrates by the magnetron
sputtering process with different Au underlayer thicknesses.
We concluded that the lattice parameter of the Au-underlayer
increases with the increase of underlayer thickness, which
affects the strain of the FeCo alloy deposited over it. Stretches
up to 3% were observed for the FeCo alloy. Additionally, we
demonstrated a high dependence of the FeCo magnetic
properties on the strain. Thus, summing these effects, the Au-
underlayer thickness acts as a handling mechanism for the
magnetic properties of the alloy deposited over it.

2. EXPERIMENTAL APPROACH
The FeCo (5 nm) thin films with gold thickness (ω) from 5 to 20 nm
were deposited at room temperature by direct current (dc)
magnetron sputtering process, at 8.6 × 10−3 mbar argon pressure,
using the sputtering targets of Fe20%Co80% (99.9%) and Au (99.9%)
disks onto polycrystalline 1 cm × 1 cm silicon wafer. In order to study
the structural properties of the thin films, by X-ray diffraction (XRD)
measurements, no capping was introduced in the structure and, after
the deposition, the samples were stored in vacuum environment to
avoid oxidation process. XRD measurements were carried out on all
the samples, using the commercial diffractometer Rigaku model
Ultima IV, with Cu Kα radiation (λ = 1.541 Å).

To extract the structural parameters such as grain size, residual
strain, bonding distances, dFe−Co, lattice parameters, a, as a function of
the Au-underlayer thickness of both phases, we performed the
Rietveld refinements on all grazing angle X-ray diffraction (GXRD)
patterns. The Bragg reflections peaks shape was emulated using the
Lorentzian function implemented within the GSAS (General
Structure Analysis System) software,42 where the full width at half
maximum (fwhm), β, were accessed by the following equations: β = Y
tan θ + X/cos θ (where X and Y are refinements parameters).

The line broadening induced by the instrumental influence was
improved by discriminating the standard sample-linewidth (Si single
crystal) from the studied sample-one. Adopting that the final
linewidth, β, is univocally related to the crystallite size, ⟨D⟩, and the
residual strain, ε, through the equation

β θ λ ε θ=
⟨ ⟩

+K
D

cos( ) 4 sin( )
(1)

where K is a dimensionless factor that depends on the particle shape
(K ≈ 0.9 case of spherical one). The ⟨D⟩ and ε parameters can be
estimated from the linear fit after plotting β cos(θ) as a function of
sin(θ) (the Williamson−Hall plot). Further details are described in
the Supporting Information.

The atomic force microscopy (AFM) was used to study the surface
morphology for the FeCo (5 nm)/Au (5−20 nm) thin films. Room
temperature hysteresis and magnetization versus the angle curves
were carried out in order to determinate the magnetic dependence of
the FeCo films with the gold seed layer thickness, using the
commercial vibrating sample magnetometer system of the Lakeshore.
Conversion electron Mössbauer spectroscopy (CEMS) measurement
was carried out in order to study the dependence of the iron
neighborhood as the increase of the gold thickness and magnetic
preferential orientation.

3. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

Our ab initio calculations were based on spin-polarized DFT
within the formulation proposed by Perdew−Burke−Ernzerhof
(PBE) for the exchange−correlation energy functional,43

which provide an accurate description of the physical
properties addressed in this work such as alloys, lattice
parameters, magnetic anisotropy energies, and so forth.6,44−46

The Kohn−Sham equations were solved using the all-electron
projected augmented-wave method,47,48 as implemented in the
widely used Vienna Ab initio Simulation Package (VASP),
version 5.4.4.49,50 The equilibrium geometries for all
calculations were obtained using the scalar-relativistic approx-
imation to describe the valence electrons, that is, spin−orbit
coupling (SOC) was not taken into account for the valence
states, however, the SOC within the non-collinear spin
approach was considered to calculate the magnetic properties.6

For all calculations, we employed a self-consistent electronic
convergence criteria of 10−6 eV, while the optimized structures
were obtained once the atomic forces are smaller than 0.010
eV Å−1 on all atoms.
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The ab initio modeling of the experimental problems
addressed in this work is a challenge due to the presence of
the FeCo-alloy/Au interface, and hence, we employed few
insights from the experimental results to reduce the computa-
tional cost. For example, from experimental observations,
Figure 1, the FeCo alloys are deposited on the face-centered

cubic (fcc) Au(111) surface, and forms a body-centered cubic
(bcc) structure stacked along the bcc[110] direction, that is,
the FeCo-alloy is terminated by a FeCo(110) surface. Thus, to
understand the effect of the number of layers on the lattice
parameters of the Au(111) thin film, which is expected to

affect the FeCo magnetic properties, we employed the repeated
slab Au(111) geometry using a 1 × 1 surface unit cell, a
vacuum thickness of 15 Å, and from 3 (4.07 Å thickness) up to
15 (28.5 Å thickness) layers in the slab.
In contrast with standard surface calculations,51 we relaxed

the interlayer distances among the layers and the planar lattice
constants using constrained stress tensor calculations for each
slab with the aim to obtain an average lattice constant, aav, as a
function of the number of layers in the slab. For this task, we
employed the effective coordination number (ECN) con-
cept,52 which provides the average interatomic distance dav. As
the bulk Au adopts a fcc structure, the average lattice constant
can be estimated as =a d2av av .
Using the FeCo composition employed in the experiments,

namely, Fe20%Co80%, we construct a slab with 3 × 3 bcc(110)
surfaces, 5 layers (9 Fe and 36 Co atoms), and a random
distribution of the Fe and Co based on the special
quasirandom structure (SQS) method.53,54 A vacuum layer
of 15 Å separates the periodic images of the slabs. With the aim
to obtain the unstrained geometry for the FeCo slab, we
relaxed this system performing constrained stress tensor
calculations, which affects the planar lattice parameters of the
slab. This geometry was used as a reference to investigate the
magneto-elastic properties for the FeCo alloy, once the lattice
strain is introduced by the modification of the planar lattice
constants using scaling factors from 0.97 up to 1.03,
corresponding to strains from −3 up to 3%. The geometries
were fully relaxed for each value of strain. Further computa-
tional details, a detailed description of the effective
coordination concept, and the atomic positions of the relaxed
and unstrained FeCo alloy are reported in the Supporting
Information.

4. RESULTS AND DISCUSSION
4.1. Structural Characterization. Figure 1a,c shows the

room-temperature grazing incidence XRD (GIXRD) patterns
of the FeCo (5 nm)/Au (5−20 nm) thin films and the XRR
measurement for the FeCo (5 nm)/Au (15 nm) thin film,
respectively. The last confirms the multilayer thicknesses,
where the fit (red line) was done considering three layers as
exhibited in the inset of Figure 1c, and using Parratt’s
formalism-based package. The obtained values of the
thicknesses of the Au (14 ± 2 nm) and FeCo (3 ± 2 nm)
after the fit are in agreement with the nominal values
determined by the quartz crystal microbalance throughout
the deposition. Meanwhile, the fist visual inspection of the
fwhm of the diffraction peaks in Figure 1a displays a decreasing
tendency as the thickness increases. This effect can be
attributed to both residual strain and/or grain size
modifications, as it is discussed subsequently. The analysis of
the Bragg-peak positions allowed the identification of Au-phase
(space group Fm3̅m) and FeCo-phase (space group Pm3̅m)

Figure 1. Panel (a) depicts the GIXRD of FeCo (5 nm)/Au (5−20
nm) thin-films. Panel (b) indicates the Rietveld refinement for the
FeCo (5 nm)/Au (15 nm) thin film, where the experimental (Exp),
calculated (Cal), and the differences are indicated (Exp−Cal). The Au
and FeCo individual phases are also showed. Part (c) represents the
X-ray reflectometry (XRR) measurement for the FeCo (5 nm)/Au
(15 nm) thin film. In the inset, a schematic view of our system is
indicated.

Table 1. Structural Parameters Obtained by Rietveld Refinement: Lattice Parameters, a, Fe−Co Average Bond Lengths, dFe−Co,
Mean Grain Size, ⟨D⟩, and Residual Strain

gold ⟨D⟩

thickness (nm) a (Au) (Å) a (FeCo) (Å) dFe−Co (Å) (Au) (nm) strain (Au) (%) strain (FeCo) (%)

5 4.0720 ± 0.0014 2.8241 ± 0.0026 2.4458 4.8(5) 1.5408 0.8150
10 4.0743 ± 0.0008 2.8272 ± 0.0024 2.4487 6.0(5) 0.7801 1.1961
15 4.0771 ± 0.0003 2.8326 ± 0.0019 2.4613 10.6(5) 0.7784 2.4419
20 4.0787 ± 0.0002 2.8405 ± 0.0015 2.4833 11.0(5) 0.7745 3.0816
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formation. The [111] and [110] reflections are the highest
peaks in the Au and FeCo phase, respectively.
Rietveld refinements were performed on the GXRD

patterns, using the Lorentzian function, which is implemented
within the GSAS software. A typical refinement of the FeCo (5
nm)/Au (15 nm) thin film is shown in Figure 1b, where the
observed and calculated intensity data are denoted by Y Exp
and Y Calc, respectively. The solid line in the bottom
represents the difference between them (Y Exp−Calc).
Individual calculated diffraction patterns for Au and FeCo
are also shown. The results are displayed in Table 1. The
lattice parameters for both polycrystalline phases show a clear
dependence of the gold thickness increase; see Table 1.55,56

The lattice parameter of the gold phase increases, getting close
to gold bulk’s lattice value because of the lattice relaxation
effect by the thickness increase.57 There is a surface residual
strain for each thickness of the Au underlayer, which is
reflected on the grain size and coalescence stress resulting from
the nucleation and the growth processes during formation of
polycrystalline thin films. The last is inherited by the FeCo
slab.
As is shown, an increase in the strain of the gold underlayer

leads to a decrease in its lattice constant, while the structural
parameters of the deposited FeCo tag along with this reduction
due to intermetallic interface elastic processes, consequently a
reduction of the Fe−Co average bond lengths. Moreover, it is
worth to note that the FeCo phase shows a strong increase rate
of its lattice parameter when compared with the gold phase
one. This behavior is clearly observed by the relative variation
of the lattice parameter, Δa/a, of the gold (≈0.16%) compared
with the FeCo phase (≈0.58%). Meanwhile, the mean grain
size ⟨D⟩ of the gold phase shows an increase with the gold
thickness along with the reduction of its residual strain, as
shown in Table 1. This behavior suggests that the crystallinity
of the gold phase is significantly improved with an increment
of its thicknesses, driven by the diffusion on grain boundaries.
Similar behaviors were reported in the literature, such as in
Al58 and InP59 films. As a result of the increase of the gold
thickness, the FeCo strain shows an increasing behavior
inherited by the gold-phase relaxation.
4.2. Magnetic Properties of the FeCo Alloy. Hysteresis

loops at room temperature were carried out for all four
samples’ thickness, and the experimental results for these
measurements are presented in Table 2. As can be seen, the

magnetic saturation, Ms, shows a slightly variation, which can
be attributed to changes in the strain. Figure 2 shows the
room-temperature magnetization, M, versus magnetic field, H,
in-plane for the easy and hard axis for all samples. The
coercivity field for the thinner film ≈143 Oe is higher to the
expected for FeCo alloys prepared by a classical sputtering
method60 (50−100 Oe), concluding that a thin gold-

underlayer can increase the Hc. At the same time, for
subsequent thicknesses, the coercivity field reflects a
progressive decreasing, as shown in Table 2, which strongly
suggests a tuning of the coercive field by the control of the
underlayer thickness. Furthermore, the anisotropy field, Hk,
and the anisotropy energy, Ku, decrease as the gold thickness
increases, which were calculated through the hard hysteresis
loop (field which magnetization reach the saturation) and Ku =
MsHk/2, respectively.
In order to correlate the strong dependence of the magnetic

properties of the FeCo film induced by gold-underlayer
thickness, the structural characterization was performed by
XRD. A clear coercivity dependence can be seen in the inset of
Figure 2d on the residual strain of the FeCo alloy. This
behavior is in agreement with the magnetoelastic effect due to
the internal strain,26,27 originated by the mismatch of the
lattice parameters of the Au and FeCo.
The surface topography characterization was performed in

the both extremes of the thin films and determined by the
AFM measurements, as is shown in Figure 3a,b. In these
images, a notary surface roughness decrease is clearly observed,
and this reduction is quantified and estimated to be 4.8 to 2.6
nm as the Au thickness increases, which is in agreement with
the relief of the residual strain of the gold phase, inducing a
bigger residual stress of the FeCo phase observed by XRD

Table 2. Magnetic Saturation, Ms, and Coercivity Magnetic
Field, Hc, Magnetic Anisotropy Field, HK, and Anisotropy
Energy, Ku, Obtained by the Loops as a Function of the
Gold Thikness, ω

Ω (nm) Ms emu/cm
3 Hc (Oe) HK (Oe) Ku 10

5 erg/cm3

5 4805 143(5) 477(30) 11.4
10 5129 113(5) 411(30) 9.9
15 4920 49(5) 382(30) 9.2
20 3560 25(5) 329(30) 5.4

Figure 2. Normalized magnetization, M/Ms, as a function of the
applied magnetic field, H, displayed by the easy and hard axis
hysteresis loops from 5 to 20 nm gold-underlayer thickness (a−d). (e)
Dependence of the coercivity field with the mean grain size and the
residual strain of the FeCo phase obtained by XRD. (f) 3D full system
showing the direction of the applied magnetic field.
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measurements. Additionally, scanning electron microscopy
(SEM) images were carried out in the above analyzed samples
(w = 5 nm and w = 20 nm), as shown in Figure 3c,d, and after
a visual inspection, the film with a thinner gold-underlayer
presents a more black-white contrast, which can be associated
with more roughness observed by AFM measurements. Also,
energy-dispersive spectroscopy (EDS) measurements were
carried out in both samples in order to analyze the chemical
composition, and those of Si, Co, Fe, and Au were determined;
the Si element was associated with the silicon substrate. On the
other hand, special attention can be given to the Au peak
located at 2.2 keV, which displays a clear increase; this fact is in
good concordance with the gold-underlayer phase thickness
increase.
Figure 4 shows the room-temperature CEMS for the FeCo

(5 nm)/Au (5 nm) film. The fit of the Mössbauer spectrum

was carried out using the histogram method of the NORMOS
DIST program, and it is fitting with two distributions, one
corresponding to a sextet because of magnetically ordered Fe
ions in a layer (84%), with mean magnetic hyperfine field, Bhf,
at 33 T, isomer shift (δ) at 0.00 mm s−1 and linewidths (Γ) at
0.29 mm s−1, which are in good agreement with Fe20%Co80%.

61

Furthermore, the angle, θ, formed by the Mössbauer γ-ray
direction and the hyperfine magnetic field give information of

the anisotropy direction,62 which can be obtained by means of
the relative intensities R23 of the lines 2 and 3 (or lines 5 and
4), which is 4 sin 2θ/(1 + cos(2θ)). Mössbauer spectra is
undoubtedly a fingerprint of the in-plane magnetic field
response shown in the previous Hysteresis plots. Hence, it
reinforces our argument about the parallel or in-plane magnetic
anisotropy.
This value was esteemed at ∼75°, evidencing the majority

in-plane anisotropy, according to the magnetic measurements.
Likewise, this result is in agreement with the magnetic force
microscopy images (Figure S2), where for the FeCo (5 nm)/
Au (5 nm) film shows weak magnetic domain in-plane
configuration, which is decreasing as the increase of the gold
underlayer thickness, those show weak perpendicular aniso-
tropy, which decreases with the increase of the gold. On the
other hand, the other distribution of doublets, shown in Figure
4 (16%), evidences paramagnetic Fe3+ ions probably located in
the interface region.63

4.3. Ab Initio Investigation of the Au(111) Under-
layer. From the experimental characterization, we obtained a
dependence of the lattice parameter of the Au-underlayer on
its thickness, as shown in Table 1, which is a crucial result to
explain the behavior of the magnetic FeCo properties. Our
samples were grown using the magnetron sputtering technique,
and hence, there are two possible origins for the changes: (i)
the existence of a surface and (ii) the presence of intrinsic
defects, such as vacancies. Thus, we check these two
possibilities using ab initio calculations.
First, aiming to understand the dependence of the lattice

parameter on the slab thickness, we changed the number of
gold layers from 3 to 15 in the slab and obtained the evolution
of the average lattice parameter, aav, with the slab thickness, ω,
for the fully relaxed structures in Figure 5a, where the

Figure 3. (a,b) Top and lateral view of the AFM images for 5 and 20
nm Au-underlayer/FeCo films, respectively. (c,d) Corresponding top
view of the SEM images. In the insets, the elemental EDS analyses are
included.

Figure 4. Room-temperature CEMS spectra corresponding to the
FeCo (5 nm)/Au (5 nm) film. The continuous curves represent the
best fit to the experimental data obtained by two distributions,
corresponding to sextet and doublet distributions. The inset
represents the magnetic hyperfine probability of the sextet
distribution.

Figure 5. Ab initio calculations for the gold underlayer. (a,c)
Investigation of the lattice parameter and ECN as a function of the
gold thickness (ω). Theoretical values are represented by blue circles,
whereas experimental data are represented by green squares. The inset
in panel (a) shows an expression for aav in Å. Panel (b) shows the
lattice parameter as a function of the vacancy concentration for the Au
bulk (without surfaces). In panel (d), the relative energy for Au
monovacancies created in the first four layers of the Au(111) surface
is shown.
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theoretical results are represented by circles, and the
experimental measurements were represented by squares.
Usually, the PBE functional overestimates46 the bond length
up to about 2%, and hence, we multiply the DFT-PBE lattice
parameter by a scaling factor f = a0

Exp/a0
PBE, where a0

Exp (aPBE) is
the lattice parameter for Au bulk obtained from the experiment
(DFT calculations).
Such a procedure was necessary to allow a direct comparison

between theory and experiment. Despite the experimental
results already showing a trend of the lattice parameter, that is,
growing as the sample thickness increases, we predict a
dramatic change of the lattice parameter as the number of
layers decrease, which could be verified even experimentally by
a more precise atomic layer by layer laser molecular beam
epitaxy. Both of them, the theoretic and experimental data,
were fitted by a plain hyperbolic law which accounts for the
behavior of the lattice parameter from the bulk to the few
layers regime.
As mentioned, the presence of point defects is another

possible source of changes in the lattice parameter of the Au-
underlayer. Thus, in order to investigate this possibility, we
employed a 3 × 3 × 9 Au periodic supercell and created
monovacancies, removing Au atoms from it in positions which
are randomly determined. Note that in this particular set of
calculations, we employed the supercell approach without
surfaces, neglecting the surface effects. Later, to optimize the
volume of the supercell with stress tensor calculations, we
calculated the evolution of the average lattice parameter, aav,
with the monovacancy concentration x, depicted in panel (b)
of Figure 5. Our results demonstrated a subtle decrease of aav
with x, leading us to conclude that the presence of defects
shortens bond lengths, being an additional factor for the
surface effects presented in panel (a). However, high vacancy
concentrations were necessary to generate larger variations in
aav.
We investigated also the case in which a vacancy is located in

the outermost surface layers. For that, we employed a 3 × 3
Au(111) surface unit cell with nine layers in the slab and
created a single vacancy in several positions surrounding the
surface. All these calculations were relaxed with constrained
stress tensor calculations. In Figure 5d, we show the relative
energy of a monovacancy as a function of its position, that is,
close to the surface of the inner layers of the Au(111) surface.
From our DFT calculations, we conclude that the mono-
vacancies positioned in the outermost layer are highly
energetically unfavorable, being 0.75 eV higher in energy in
comparison to monovacancies in the layer neighboring the
edge layer, which is the lowest energy position. Furthermore,
defects created in the bulk region are 0.12 eV more energetic
in comparison with the ground state. Considering that
monovacancies at the surface miss 9 chemical bonds, whereas
inner monovacancies miss 12 chemical bonds, the number of
chemical bonds plays a fundamental role in the energetic
stabilization of Au thin films.
The shortening of the lattice parameter demonstrated in the

experiments and corroborated with DFT-PBE calculations
could be straightforwardly understood, considering the metallic
nature of the chemical bonds in Au. In the Au bulk, each atom
contributes with one (6s1) valence electron and makes 12
chemical bonds. Thus, each chemical bond is established by 2/
12 electrons once two Au atoms are involved. However, for the
surface gold layers, the Au atoms have only nine chemical
bonds, despite maintaining the number of valence electrons.

Such a situation increases the number of electrons per
chemical bond in the overall system, resulting in an
enhancement of the strength of each chemical bonds. The
final effect is the shortening of the lattice parameter generated
by a strengthening of the chemical bonds.
Thus, the presence of surfaces or defects leads to a

decreasing of the average coordination, aav, which will result
in decreasing of its average lattice parameter. Figure 5c depicts
the average ECN as a function of the layer thickness, showing
that the ECN increases with the number of Au layers, tending
to the bulk phase, that is, ECN = 12. Despite these calculations
carried out for gold layers, these results can be extrapolated for
polycrystalline thin films.

4.4. Theoretical Model for the FeCo Thin Film Alloy.
Our experimental data show a bcc(110) surface of FeCo
interfacing an fcc(111) surface of Au. The elastic effect that we
are evidentiating in this work is a strain induced in the FeCo
thin-film alloy which is originated by the lattice parameters of
the Au-underlayer, being, as a matter of fact, an interface effect.
However, the complexity of this interface is a drawback for an
ab initio investigation, as we expect the presence of roughness
and reconstructions at the interfaces. Furthermore, the Au-
underlayer considered in our experiments reaches 20 nm in
thickness, turning the explicit description of the FeCo/Au
interfaces a problem highly complicated for ab initio
simulations. Thus, to make the problem feasible, we investigate
the effects of planar strain in the FeCo alloy without the
explicit inclusion of the Au-underlayer. In this way, we can
correlate the theoretical results with the experimental ones
through the value of the strain.
Our theoretical model describing the FeCo alloy was

constructed from the SQS methodology and consists of a
slab with five layers. The FeCo slab width has 9.62 Å, which is
much thinner than the experimentally realized alloy. Figure 6a

compares the Fe−Co bond length, d̅Fe−Co, taken from theory
and experiments. Despite some small deviations of less than
0.3%, there is a strong agreement, including the increasing of
d̅Fe−Co with similar slopes. Thus, it is expected that the
theoretical model, despite its small width in comparison with
the experimental realized one, will capture the main character-
istics.

4.5. Tuning the Magnetic Anisotropy. In the potential
utilization of the methods reported in this work in the
fabrication of future magnetic devices, an important point is
the magnetic anisotropy hardness. Because hard magnetic

Figure 6. (a) Average Fe−Co bond lengths; (b) in-plane magnetic
anisotropy energy as a function of the strain for the FeCo alloy.
Theoretical values are represented by blue circles, whereas
experimental data are represented by green squares.
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anisotropies are required to avoid the thermic loss of
information, while at the same time soft magnetic anisotropies
are wanted for fast data processing, a fine control of the
hardness of the magnetic anisotropy is an essential challenge.
In this regard, we present in this section our results for the
magnetoelastic properties of the FeCo thin film alloy.
We find a high dependence of the in-plane magnetic

anisotropy energy3,64 on the planar strain of the FeCo alloy,
accessed from both theory and experiments and shown in
Figure 6b. The theoretical data for the magnetic anisotropy
energy was obtained from the total energy difference between
configurations with different spin orientations. In the particular
case of the in-plane anisotropy, Ku = E∥

x − E∥
y , where E∥

x(y) is the
total energy constraining the spin in the x(y) direction.64

Moreover, the SOC within the noncollinear spin approach was
considered.6 On the other hand, the experimental data for the
magnetic anisotropy energy was calculated through a hard
hysteresis loop, as discussed in Section 4.2. Additional
experimental details are reported in the Supporting Informa-
tion.
The region experimentally assessed was enclosed by the

dashed box. Again, we found an excellent agreement between
theory and experiment, demonstrating the suitability of the
theoretical model proposed in this work. In addition, beyond
experimental data’s availability region, we also investigated the
Ku for the strain in the compressing regime. Surprisingly, the
DFT calculations predicted a rich Ku spectrum. Thus, the
handling of the magnetic properties via an underlayer width
could control not only the hardness of the magnetic anisotropy
but also the direction of the magnetization of the FeCo/Au
systems. Such a controlling mechanism opens several
possibilities for applications in future devices, as memories,
with the possibility of large-scale fabrication.

5. CONCLUSIONS

In summary, polycrystalline thin films of FeCo (≈5 nm) were
grown on the Au-underlayer with thicknesses up to 20 nm by a
magnetron sputtering technique. We found that the magnetic
properties of the FeCo alloy is controlled by their FeCo strain
inherited by the golden phase. These behaviors were associated
with the magnetoelastic effect. Systematic ab initio simulations
of the Au-underlayer reveal that the presence of the surface and
vacancies in thinner gold films are a ruling factor to the
reduction of its lattice constant. Also, for the values of strain
accessed in our experiments, 0.8−3.1%, we found that the
measures of the magnetic anisotropy energy are in good
accordance with theoretical calculations performed with a free-
standing FeCo alloy. Such agreement shows that despite the
presence of grain boundaries and a FeCo/Au interface, the
strain is the most important factor for the tuning of the
magnetic anisotropy energy.
In addition, analyzing the theoretical Ku beyond the

experimental data availability region, we predicted a rich Ku

dependence on the strain, allowing a strain-driven control of
both the intensity and the direction of the magnetic anisotropy.
The mechanism proposed in this work can be extended,
systematically, to other alloy compositions deposited on
different metallic underlayers, opening the possibility of growth
systems with a desirable magnetic properties using a technique
allowing large-scale production.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.8b14736.

Further computational details and the FeCo alloy
geometry (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: juarez_dasilva@iqsc.usp.br.

ORCID
Luís Cabral: 0000-0002-4834-0552
Leonardo Villegas-Lelovsky: 0000-0002-3408-3612
Matheus P. Lima: 0000-0001-5389-7649
Juarez L. F. Da Silva: 0000-0003-0645-8760
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank E. D. Guarin Castro for technical assistance with the
figures. The computational simulations were performed using
the computational resources of the Centro de Cie ̂ncias
Matemat́icas Aplicadas a ̀ Induśtria (CeMEAI) supported by
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