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Abstract

First-principles total energy calculations and scanning tunneling microscopy experiments were
performed to study the surface reconstruction of the magnetostrictive FesGa alloy. The inverse
magnetostrictive behavior was evaluated in the bulk by compressing and stretching its lattice
parameter, showing an increase in magnetic moments as strain increases. Surface analysis
demonstrates two thermodynamically stable surfaces, the (1x1) and (3x1). The (1x1) is an ideal
FeGa terminated surface, whereas the (3x1) is also FeGa terminated but it has a first-layer Fe
atom substituted by a Ga atom every three unit-cells, forming a row-like surface structure.
Tersoff-Hamann scanning tunneling microscopy simulations were obtained and compared with
experimental results. We found good agreement between theory and experiment, in which the
distance between rows is ~12.3 A. Theoretical findings suggest that the substrate-induced strain
may increase the stability of the (3x1) reconstruction. Analysis of the magnetic moments in the
reconstructions showed that their behavior is affected by a surface effect, as well as by the
inverse magnetostriction of the structure. A good understanding of the surface reconstructions of

FeGa is an important step towards further improvements in magnetic storage devices and sensors.

Keywords: Ga/Fe atomic exchange, strain, thermodynamic stability, magnetic moment

enhancement.
1. Introduction

Although magnetism can be considered as a well-studied phenomenon, there is current
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important research on several magnetic features, such as topological magnetism [1], magnetic
fluids, magneto electrochemistry, and characteristics of magnetic materials [2]. The ability to
change the magnetization when strain is applied, and when it is released, allows one to create
wireless, passive sensors that can detect applied force [3], stress [4], and even strain [5], all of
which can then be applied in technological devices. Particularly in the medical field, inverse
magnetostrictive sensors have been used for measuring the load on biomedical implants and
devices and creating scaffolds for bone-tissue engineering [6,7], as well as monitoring the strain
on a bone plate [8], the degradation of artificial bones in-vitro [9], and the tensile force on
sutured wound sites [10], to mention some examples. Also, sensors for many different chemicals
can be created by using electrodeposition to produce coatings of magnetostrictive materials.
Some of the chemicals that these sensors can successfully detect are carbon dioxide [11],
ammonia [12], glucose [13], ricin [14], avidin [15], and staphylococcal enterotoxin B [16].
Additionally, because of its mechanical response to a magnetic signal, magnetostrictive materials
may also be used as magnetic and magneto-optic actuators [17,18]. The inverse magnetostriction
effect in some materials can be used to develop advanced ultra-thin spintronic nanodevices with
customized electronic and magnetic properties by local strain engineering and ultra-low-power
magnetoelectric memory devices [19,20]. Finally, a changing magnetic field can be used in
conjunction with a magnetostrictive material to produce vibrations. Such vibrators have already
been proposed [21,22], and they can be used in a wide range of applications: anything from

machining hard materials [23], structural vibration control [24,25], to making a motor [26,27].

Among the magnetic alloys, Galfenol (FeiooxGax) has more desirable mechanical
properties than Terfenol-D (TbxDyi-xFez), the most common magnetostrictive material used in

engineering [28]. Galfenol has sufficient ductility for sensor and actuator applications [29], and



films made out of it may be used to develop magnetic sensors for high-temperature applications

with superior performance to that of the current ones [30].

In the past several years, there have been many studies regarding Galfenol’s magnetic
and mechanical properties [31,32,33]. Particularly, Mandru et al. [34] investigated the growth
and magnetic properties of varying-composition FeGa when deposited onto non-magnetic and
antiferromagnetic substrates. Substrate-induced perpendicular magnetic anisotropy was present
in the samples grown onto antiferromagnetic substrates, similar to the case of FeGa grown on
ZnSe/GaAs(001) [35]. In addition, row-like surface structures were observed by scanning

tunneling microscopy (STM) for high Ga contents.

Out of all the samples investigated in Ref. [34], we focus on the one containing 23.6 +
2.4 at.% Ga and prepared at 320 °C. Given the growth temperature and also the Ga content and
its uncertainty, this sample is in the compositional range where either only the ordered D03 phase
or a mixture of mostly D03 and a disordered A2 phase can occur [36]. Nevertheless, it has been
reported that DO; and another ordered phase, B2, may coexist, depending on the thermodynamic
history of the sample [37]. An example of this is the work by Eddrief et al. [38], where a B2
phase was formed at ~180 °C due to Ga-Ga pairing along the [001] direction. The reported B2-
like structure is similar to D03, differing only on the position of the Fe and Ga atoms on the (002)
plane [39]. However, considering their energetics [39], we choose the D03 as the main candidate

to host the observed row structures.

In this paper, we simulate the D0s3-FesGa by spin-polarized density functional theory
(DFT) and explore the inverse magnetostriction by straining the lattice and observing the impact

on the magnetic moment carried by Fe and Ga. Additionally, we build upon previous work to



describe the surface structures responsible for the row-like patterns on the D03-Fe;Ga(001) by
means of thermodynamic stability analysis and STM experiments. Our results indicate two stable
surface structures: an ideal (1x1) FeGa terminated surface and a (3x1) FeGa terminated
reconstruction with an atomic Ga/Fe exchange (a Ga atom takes an Fe atom’s place on the
surface) every three unit-cells, leading to the formation of Ga channels, as evidenced in the
calculated STM images, which agrees very well with the experimental STM images. The
magnetic moments of the atoms of both surfaces are discussed taking into consideration both the
surface and the inverse magnetostrictive effects. The rest of the paper is organized as follows: In
section 2 we describe the methodology, in section 3 we present and discuss the results, and

finally, in section 4 we summarize and present some perspectives.

2. Materials and methods

Spin-polarized calculations were performed using the Plane-Wave Self-Consistent Field code as
implemented in the Quantum ESPRESSO package [40]. The exchange-correlation energy was
calculated based on the Generalized Gradient Approximation (GGA) by employing the Perdew—
Burke—Ernzerhof (PBE) parametrization [41]. Ultrasoft scalar-relativistic pseudopotentials were
used in all calculations [42]. DFT+U calculations were performed on the bulk structure since the
Fe atoms typically have strongly correlated electronic states due to their localized d orbitals.
However, this its use was discarded because it does not correctly describe the physical properties
of the system. We present more details about this in section S.1 of the supplementary section.
The kinetic energy cut-off for wavefunctions and charge density were set to 45 and 360 Ry,
respectively. The atomic relaxations and self-consistent calculations were performed using
Brillouin-zone Monkhorst-Pack I'-centered grids of (10x10x10) k-points for the bulk, and

(10x10x1), (5x10x1), and (3x10x1) k-points for the (1x1), (2x1) and (3x1) surfaces,



respectively [43]. Methfessel-Paxton broadening with a smearing width of 1 x 10 Ry was used
[44]. The bulk structure was energetically and structurally optimized and the lattice parameters
used for the rest of the paper are a, ¢ = 4.09, 5.81 A for the DO; phase, which are in excellent
agreement with the reported values a, ¢ = 4.10, 5.79 A [39, 45]. The improved tetrahedron
method as implemented by Blochl et al. [46] was used to calculate the total and projected Density
of States (DOS). The magnetic moment of each atom was analyzed for the DO; phase at strains
ranging from -1% to +3% both, iso- and anisotropically. The Surface Formation Energy (SFE)
formalism adapted from Qian, Martin, and Chadi was used to determine the most stable surface
reconstruction [47]. The supercell method was employed to simulate the surface reconstructions,
with a thickness of 7 atomic layers per surface (~0.87 nm) and leaving empty spaces of ~11 A to
separate the surfaces in order to avoid interaction with their equivalent surfaces generated due to
the imposed periodicity. Finally, STM images as implemented by Tersoff-Hamann were
obtained for the most stable surfaces at 4 A with a bias voltage of +2.0 V [48], as utilized in the

experiments presented in Ref. [34].

The 48 + 4 nm-thick sample was prepared at 320 °C in a custom-built molecular beam
epitaxy system with a base pressure of 1.0 x 10-1° Torr. Sample composition was determined ex-
situ by Rutherford backscattering spectrometry and crystalline properties were determined by X-
ray diffraction and reflection high-energy electron diffraction. Further details regarding growth
characterization can be found in Ref. [34]. The sample was transferred in-situ to a second ultra-
high vacuum chamber housing a custom-built room temperature scanning tunneling microscope.
Imaging was done with etched tungsten tips that had been previously annealed in vacuum to

remove oxide.

3. Results and Discussions



3.1. Magnetic Properties of the Fe3;Ga Bulk Structure

Bulk FesGa was studied in the D03 phase, which has a face-centered tetragonal (FCT)
structure [39], see Fig. 1(a). Different magnetic configurations of the FeGa alloy were
structurally relaxed and the electronic properties of the ferromagnetic structure (the most stable
one) were also analyzed. Note that since these results are not the main focus of this study, they

are presented in section S.2 of the supplementary section.

We now proceed to analyze the inverse magnetostrictive behavior of the D03 structure
[see Fig. 1(b)] considering that in Ref. [34] FeGa is grown on MnN substrates. The DO0s structure
was strained up to 3% and the impact on the magnetic moments was calculated. For the sake of
completeness, we also compressed the system by 1%. Isotropic and anisotropic (in-plane) strains
were analyzed. The magnetic moments increase linearly as a function of the strain within the
region examined for both cases. This smooth change of the magnetic moments has been
previously reported on FesGa [37], the very similar FesNi [49,50], other Fe-alloys such as
FesInNy [51], and FesC [52]. Interestingly, Fe(1)’s magnetic moment is always greater than
Fe(2)’s. This phenomenon is associated with the weak Fe-Ga hybridization in the Fe(2) atoms
(as shown in Fig. S2(b) in Supplementary information). The inverse magnetostrictive behavior of
Fe;Ga alloys can be attributed to the presence of nonbinding Fe d-states around the Fermi level.

A more detailed explanation of this phenomenon has been given in Ref. [53].

The row-like structures experimentally found on the sample deposited onto
antiferromagnetic MnN in Ref. [34] are not caused by the inverse magnetostriction of the FesGa
alloy nor the lattice mismatch induced by the substrate. They are more likely to be a series of

surface reconstructions. The assessment of this idea is discussed in the following sections.



3.2. Stability of the FesGa(001) Surfaces

Different possible reconstruction models are considered in our analysis. They include not
only the Fe-, and ideal FeGa-terminated surfaces, but also structures with ad-atoms, and with
Fe/Ga substitutions. Since we are dealing with different numbers of atoms, the total energies of
these systems are not comparable. Therefore, we use the surface formation energy (SFE) to study
their relative stability [47,54]. To apply this formalism, we must consider thermal equilibrium
between vacuum (reservoir), surface, and bulk. So each change in energy due to the addition or
removal of atoms is registered by their corresponding chemical potentials. For condensed phases,
chemical potentials are defined as the total energy per atom of their most stable bulk structure

[47]. The expression for the SFE in the proposed systems is:

7 7 7 U 7
SFE =—[Esjap — Wpuik (G NFe +75762) —BY (S Npe =5 N65)] (D)

where A is the surface area, Eqap is the final energy of each surface, nr. and ng, are the numbers
of atoms of each element present in the surface, and pre, 16, and ppac are the chemical potentials
of the Fe, Ga, and D03-Fe3Ga bulk structures, respectively. The SFE was plotted from Ga-rich (—
AH¢ < Ap < 0) to Fe-rich conditions (0 < Ap < AH¢ ), where AHy is the Fe3sGa formation enthalpy,
defined as AHf = 3pre + HGa — Hbuik, Which defines the allowed growth limits. The formation
enthalpy was found to be 0.188 eV/FesGa unit (D03 phase), which is in agreement with the
reported value of 0.416 + 0.328 eV/Fe3Ga unit [55]. A positive value under this definition means
that the D03 phase is more stable than its constituents (Fe and Ga chemical potentials), otherwise

if negative.

Figure 2 illustrates the supercells the proposed surface reconstructions are based on.

They are labelled as follows: (reconstruction periodicity).(metal added).(position of



adsorption/substitution). The notation ax and sx (x=1,2,3) stands for adsorption and substitution
positions on the surfaces, respectively [see Figs 2(a,b)]. Hence, reconstructions A.Fe.a; and
A.Fe.a; have (2x1) periodicities with an Fe atom adsorbed in positions a; and ay, respectively
(Fig. S3 in Supplementary information). The same goes for A.Ga.a; and A.Ga.a; but with Ga
atoms. Reconstruction A.Ga.s; has a (2x1) periodicity with a Ga atom substituting the Fe atom in
position s;. Similarly, reconstructions B.Fe.a3 and B.Ga.a3 have (3%1) periodicities with Fe/Ga
atoms adsorbed in position as, respectively. Finally, reconstructions B.Fe.s; and B.Ga.s3 have
(3x1) periodicities with Fe/Ga atoms substituted in positions s and s3, respectively, see Fig. S3
in the supplementary section. Notice that adsorption positions can be filled with both metals
whilst substitutions only with one. This happens because one atom replacing another one of the
same element leaves the surface unchanged. Inversion symmetry was kept in every cell,

therefore having two equivalent surfaces.

Results of the stability analysis are plotted in Fig. 3, where the lowest energy values are
related to the most stable surfaces. There is a clear trend in the data. For non-strained lattice
parameters [Fig. 3(a)], the ideal Fe-terminated surface [A in Fig. 2(a)] is always less stable than
the FeGa-terminated surface (B in Fig. 2(b)). Moreover, if Fe is added (either by substituting or
adsorbing it) to any of the surfaces they become less favorable, and the opposite happens by
adding Ga. Neither A nor any of its modified structures with (2x1) periodicities are stable for
any chemical potential. On the other hand, the stable surfaces are the ideal FeGa-terminated (B)
with a (1x1) symmetry for Fe rich conditions and the (3x1) reconstruction induced in the FeGa-
terminated surface by making it Ga rich. In this case, an Fe atom of the first layer has been
exchanged by a Ga atom, which leads to a stable structure [B.Ga.s3 reconstruction in Fig. 2(¢c)].

This surface is stable from Ga intermediate to Ga rich conditions. The stability range of this



reconstruction was expected since this surface has a deficit of Fe in the first layer. Note that Fe
adsorbed on the Fe-terminated surface is the least stable reconstruction. In this case, a (2x1) unit
cell was used. However, if we start with the Fe layer in a larger unit cell, adding Fe ad-atoms
would be unfavorable as adding Fe atoms increases the formation energy. In the case of a Ga
replacement, this would improve the stability, but so little Ga is being added that it would be
approximately equal to the ideal Fe SFE. Furthermore, for more densely Ga-substituted Fe
surfaces, the SFE is still significantly higher than the ideal and substituted FeGa terminations.
Therefore, we focus on the FeGa termination and the atomic substitutions that could give rise to
the observed row-structure. Fe adsorbed on the FeGa terminated surface diminishes its stability.
Fe substitution on the FeGa-terminated surface is also unstable. Note that the structures stabilize
as they increase their Ga content. It is therefore expected that Ga layers could be engineered in
this system. Similar results reporting stable Ga layers have recently appeared in the literature

[56].

We next analyze the effect of strain on the stability of the surface [Fig. 3(b)]. Generally
speaking, in an experimental growth procedure, the film may experience an elongation or
contraction of its lattice parameter until a critical thickness in order to match the one imposed by
the substrate. Here we simulate a maximum strain of 3% induced to the D0s-Fe3Ga surfaces, and
analyze how it affects the stability of the favored models. Such difference in lattice mismatch is
small enough to assure epitaxial growth with a minimum quantity of defects at the interface.
Induced strain (~3%) reduces the growth limit imposed by the formation enthalpy, from 0.188 to
0.156 eV/Fe3Ga unit. Stable models were also fully optimized (structurally and energetically
without any restriction) with the new lattice parameter. Note that the (1x1) FeGa terminated

surface experiences a decrease in stability, being achievable just for very Fe-rich conditions. On



the other hand, the (3%1) B.Ga.s3 structure gains stability and is favored for almost all growth
conditions, see Fig. 3(b). These results indicate that the extra Ga atoms on the (3%1) surface may
help to stabilize the (3x1) reconstruction in the ultra-thin film limit. In the experiment, whether
the surface of the film has a strained or an optimal lattice parameter depends on its thickness. If
the film is above a certain critical thickness, the lattice parameter at the superficial layers will not
be strained and will have its optimal value. In any case, for both scenarios the (3x1)

reconstruction is the most stable for the conditions used in the experiment (Ga-rich).

3.3 Scanning tunneling microscopy analysis: DFT and experimental data

Since one of the goals of this work is to explain the row-structure appearing in the D0s3-
FesGa thin films, we proceed to compare the theoretical Tersoff-Hamann STM (TH-STM)
images with the experimental results. In the Fe-Ga phase diagram, films containing 15 to 23 at.%
Ga grow in a mixed phase of disordered A, and ordered tetragonal D0;. Above 23 at.% Ga,
phases of DO0s; and potentially B2 coexist [57]. The samples were prepared under Ga
concentrations of ~23 at.% Ga, which favors predominantly the DO; phase as explained before.
From the bulk crystalline phase diagram, accessing the different phases depends critically on the
formation temperatures and quenching rates [57,58]. For example, B»-like clusters were observed
within A» in thin films, at concentration of ~15 at.% Ga. [38] While these formation windows
can be similar for thin-film growth, it is worth reminding that in the theoretical phase diagram,

the D03 is the stable phase for our considered case of 23.6 at.% Ga [58].

As mentioned before, STM investigations revealed row-structures on FeGa thin films

with ~23 at.% Ga concentration [34], similar to the rows found on the L10-MnGa/ n,-Mn3N»

bilayer [59], or on Mn3N2(010) [60]. A well-ordered (3%1) structure with a row spacing of 12.8 +



0.5 A (narrow rows), and a dislocated (4.5x1) structure with a row spacing of 18.6 £ 0.5 A (wide
rows) were observed, see Fig. 4a. Through the use of DFT and TH-STM images, we are able to
untangle the makeup of these previously-observed row structures.

Since the A; structure is a-Fe with random Ga substitutions, it would seem unlikely that
an ordered surface structure would emerge. If this row-structure does arise from an A phase, it
would be a (6x1) and (9%1) surface structure for the narrow and wide rows respectively. This
would be a scenario with larger surface unit cells and many equivalent unoccupied substitution
sites between the rows, leading one to suspect this as an unlikely scenario given the high
concentration of Ga and the well-ordered surface. Therefore, we investigate the D03 phase as the
candidate to host the row-structure.

Theoretical TH-STM images of the two lowest energy (3%1) and (1x1) structures are
computed [Figs. 4(c-d)] and compared to the experimental STM images [Figs. 4(a-b)]. The (3x1)
reconstruction produces a pronounced row-structure. Fast Fourier Transforms (FFT) of the
experimental and theoretical STM images are shown in Figs. 4(e-g). A line of dense k-points
corresponds to the (3x1) row-structure, as indicated by the green arrows in Fig. 4(e,f). The FFT
of the (3x1) TH-STM image has additional weaker k-points in a square array (see blue arrow)
corresponding to the underlying FeGa surface structure while the FFT of the experimental STM
image lacks the additional weaker k-points. However, this is to be expected because to first order,
the STM reciprocal space points with the smallest k-vector magnitudes usually dominate the
image. A similar behavior has been observed in Mn3Ny(010) surfaces, where row-like
reconstructions are easily seen, but their underlying atomic resolution is more difficult [60].
Further STM measurements are necessary to image the row-patterns atomic arrangement seen in

the theoretical STM image [Fig. 4(c)]. The FFT of the ideally terminated (1x1) FeGa surface



shows a square array of 4 k-points indicated by the blue arrow in Fig. 4(g). Overall, good
agreement is achieved between the experimental STM and TH-STM images, enabling us to
propose the (3x1) row-structure as a Ga-substituted FeGa-terminated surface.

From the previous work [34], the XRD measurements showed a tetragonally distorted
cubic cell (~2%) with an in-plane lattice parameter of 4.045 = 0.02 A, which corresponds to a
(3x1) spacing of 12.13 = 0.06 A [34]. While the measured surface lattice parameter is larger than
that expected from XRD, however to within error, the STM row spacing measurement is in
agreement with the XRD estimate of the row-spacing. The XRD is an average measurement of
the lattice from the bulk to the film, while the STM measurement is local to the surface. The
presence of the dislocated wide rows often coexists with the narrow rows (see Fig. 4(a) marked
by N W N), which could account for the slightly larger (to within error) row spacing.
Furthermore, from the STM measurement we do not have evidence to suggest any strain present
on the surface lattice, while we know the bulk of the lattice is slightly distorted. The TH-STM
images are calculated from the ideal unstrained case and compared to the experimental STM
images. We know from SFE calculations that straining the lattice improves the favorability of the
Ga substituted (3x1) lattice which leads us to believe the tetragonal distortion would not change
the (3x1) assignment.

Further experimental and theoretical investigations are needed to untangle the details of
the (4.5%1) row-structure. We suspect this is a Ga-substitution given the SFE trend and that wide
rows can coexist within narrow rows as seen in Fig. 4(a). In the event that a DO; phase-based
surface does not satisfactorily explain the (4.5x1) row-structure or the non-periodic region
shown in Fig. 4(a), it is hypothesized that the B2-like phase could be present at the surface

producing the previously mentioned structures. There are additional regions without periodic



structure, as indicated by the dotted light blue borders, which coexist with the (3%1) structure.
These regions without periodic structure could be nano-crystalline inclusions of A2 [34], or the
ideal FeGa-terminated layer. Further work should be done to increase the resolution of the row-
structures and regions without periodic structure to pin down additional details that cannot be
achieved from this analysis. While we have evidence to believe the rows are hosted by the DO0s-
FesGa crystal, the SFE calculations follow in suit with this assumption, it nevertheless begs for

additional resolution as also observed in the Mn3N> system [60].

3.4 Magnetic Moments Analysis

The FesGa (001) surfaces present a ferromagnetic behavior with its main contributions
coming from Fe atoms. Ga atoms make a small contribution but in the opposite direction. Figure
5 shows the magnetic moment analysis per surface layer, from the surface to the bulk layers, for
the non-strained (optimized), and strained lattice cases (as a reminder, the maximum induced
strain is of the order of 3%). The values of the bulk magnetic moments for Fe(1) and Fe(2) atoms
are also included for comparison, as horizontal solid (optimized structure) and dashed (strained
structure) lines, respectively. In the latter structure, the strain is applied to each atomic layer with

the same value.

Figure 5(a) shows that the (1x1) surface experiences an increase in the superficial Fe(1)
atom’s magnetic moment due to the formation of the surface. The absence of some of the
neighboring atoms and subsequent relaxation of the surface increases its magnetic moment by
~0.5 pp/atom in comparison to the bulk. The Fe(2) atoms in the second (Fe-only) layer
experience a similar surface effect, but reducing their magnetic moment by ~0.05 pg/atom in

comparison to the bulk. This surface phenomenon affects the layers that are closer to the surface,



and it is negligible after the second layer. The farther the layers are from the surface, the more
they behave as in the bulk structure. The strained surface shows basically the same behavior,
with the difference that the inverse magnetostrictive effect of the FesGa causes the overall
magnetic moment to increase by ~0.02 pg/atom and ~0.04 pp/atom in the Fe(1) and Fe(2) bulk

layers, respectively.

Figure 5(b) shows the behavior of the Fe magnetic moments for the (3x1) reconstruction .
Here, three effects modify the magnetic behavior of the first layer: the previously mentioned
surface and inverse magnetostrictive effects, and the Fe-for-Ga substitution effect. The latter is
the reason why this structure is the most stable one, according to the analysis performed in
Section 3.2. Interestingly, the incorporated Ga atom on position s3 has a magnetic moment with a
smaller magnitude (-0.09 pg) than the other Ga atoms on the surface layer (-0.23 pg). This
difference in the value of the surface Ga magnetic moments may be due to hybridization with the
neighboring Fe atoms, and to the interaction with the neighboring Ga atoms of the first layer,
which shows an increase in its magnetic moment magnitude (-0.28 ug). For clarification, see Fig.
2(c) (B.Ga.s3 model) and Fig. S4 in supplementary information. Again, note that the Fe(2) atoms
at the strained surface layer have a larger magnetic moment in comparison to the ones of the
non-strained (optimized) surface due to the inverse magnetostriction present in the structure. The
surface phenomenon vanishes on the third layer and the magnetic moments resemble those of the
bulk. Similar behavior is seen for deeper layers. The increase in magnetic moments due to strain
becomes more apparent when getting farther away from the surface and closer to the bulk. In this
reconstruction, the magnetic moments increase by ~0.04, and ~0.08 ps/Fe atom in the Fe(1) and
Fe(2) bulk atoms, respectively. Finally, it is shown that the magnetic moments of the bulk Fe(2)

layers with strained lattice parameters are ~0.1 pp different from the strained-bulk values



calculated in section 3.1. Here we have presented a comprehensive analysis of the substrate-
induced strain in the stable surfaces. However, the effect of the interaction between the film and
substrate atoms at the interface needs to be untangled to have the full knowledge of the change in

magnetic properties due to different substrates, as reported in Ref. [34].

At the surface, the crystal’s translational symmetry is broken, which intuitively results in
an alteration of the material properties within that region. This surface effect has been observed
experimentally on magnetic materials such as Co [61] or ferrite [62] nanoparticles. The surface
effect may result from a combination of various factors, being the most relevant ones: the
symmetry breaking of the crystal structure, dangling bonds, surface strain, or even different
chemical and physical structures of internal and surface parts of the structure [62]. However,
considering that the D03-Fe3Ga is ferromagnetic and the atomic spins’ direction were fixed in the
calculation, the surface effect present on both surfaces is probably caused due to an e, orbital
reconstruction (similar to the one observed in manganites [63,64]) and the enhancement of the

magnetic anisotropy which results from surface anisotropy (particularly in the B.Ga.S3; model).

In Ref. [34], the average magnetic moment for the sample with 23.6 at.% Ga [measured
by vibrating sample magnetometry (VSM) at room-temperature] was found to be 1.83 +/- 0.23
us/Fe atom (red solid line in Fig. 5). This value is slightly lower than the values found here.
However, this is to be expected considering that the VSM measurements provide an average
value for the whole film, which can potentially include: i) much lower magnetic moments given
by the material in the first several nm from the interface with MnN, or ii) lower magnetic

moments from other areas (not sampled by STM) that may not have an ordered structure.

4. Conclusions



This paper presented ab initio calculations together with experimental STM
measurements to study the FesGa(001) surfaces. The magnetic moment behavior of the bulk D03
phase was studied when expanding the unit cell isotropically and anisotropically (in-plane), and
it was associated with a weak Fe-Ga hybridization on the Fe layers. An FeGa-terminated (1x1)
surface and a row-like (3x1) FeGa terminated surface, with a first-layer Fe exchanged by Ga
atom each three unit cells, are the thermodynamically stable structures. Theoretical and
experimental STM images were compared and found to be in good agreement. Theoretical
findings suggest that when strain is induced within the stable surfaces, the (3x1) reconstruction
turns to be the only favored structure, demonstrating that extra Ga atoms may help to stabilize
the rows. A strong surface effect was observed in the magnetic moments, being prominent for
the first two layers and vanishing for deeper layers. Our study is a step towards the
understanding of the magnetostrictive FesGa atomic reconstructions. The tunable magnetic
properties of this material make it a candidate to be used as part of magnetic heterojunctions with

potential applications in spintronics devices.
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7. Figures
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Fig. 1. Results from the bulk structure calculations. (a) Atomic structure of the magnetostrictive D0s3-
Fe;Ga alloy. Dark blue, light blue, and green spheres represent the Fe(1), Fe(2) and Ga atoms,
respectively. Crystallographic axes are added for the sake of spatial orientation. (b) Fe magnetic moments
vs strain plots. Continuous and dashed lines correspond to isotropic and in-plane applied strain,

respectively. Perpendicular dot-dash-dot lines indicate the strains applied to D03-Fe;Ga by different
substrates: 2.48%, 2.71%, and 2.94% for Mn3N,, MgO, and MnN, respectively.
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Fig. 2. Top and side views of the proposed surface terminations and the most stable reconstruction. (a) A
is an ideal Fe-only terminated (1x1) surface. (b) B is an ideal FeGa-terminated (1x1) surface. Positions ai,

a2, a3 stand for adsorption sites and si, sz, s3 stand for atomic substitutions. (¢) Configuration B.Ga.s3 is a
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B surface with a Ga substitution in position s3. Dark blue, light blue, and green spheres represent the

Fe(1), Fe(2) and Ga atoms, respectively.
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Fig. 3. Surface Formation Energies as defined in Eq. (1) for (a) the proposed FesGa(001) surfaces, A and

B are the ideal non-reconstructed surfaces, respectively (full nomenclature of the models is defined in

section 3.2), and (b) effect of the maximum strain on the stability (~3%) for the most stable models (B
and B.Ga.s3).
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Fig. 4. Experimental and theoretical STM images of the D03-Fe3Ga surface. (a) Experimental STM image
showing two row-structures, a well-ordered set of narrow rows (3x1) are indicated with a white N and a
set of wide rows (4.5x1) are indicated by gray W. Regions without periodic structure are marked by a
light blue dotted line. Atomic contrast was enhanced by Laplacian filtering. (b) Zoomed view of the
experimental (3x1) row-structure. (c) Tersoff-Hamann-STM image of a (3%1) Ga substituted ideal FeGa
termination layer of the FesGa crystal showing a row-structure in good agreement with the experiment. (c)

Tersoff-Hamann-STM image of the ideal (1x1) FeGa termination. (e-g) FFT of the experimental and



theoretical STM images in (b-d) respectively. A dense line of k-points indicates the row-structure (green

arrows), while the (1x1) lattice can be seen as a square lattice of k-points (blue arrows).
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Fig. 5. Analysis of the surface magnetic moments per layer for the non-strained (optimal) and strained
(~3%) lattice parameters on the (a) (1x1) and (b) (3x1) reconstructions. Horizontal solid and dashed lines
show the values of the magnetic moments from the bulk calculations of Fe(1) and Fe(2), respectively. The

red solid line represents the average experimental magnetic moment. Fe(1) and Fe(2) are the same as
labeled in Fig. 1.



Atomic description of the row-like
domain patterns on D0 _-Fe Ga.

Theo. M_N__REC RS S ORORE
TNy

PN

SPNGN

RO

- Garow ;'}\Ah <

*%;\%ﬁ"?
S NI LN
RSN

N’rﬁ-

#4@’/\

/
#***#*#*#*#*#*\

'>‘ ;
128 +0.5 A &$f¢%¢z
RN
2NN

SN

¢$¢$¢

NN






