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Towards tailored magnetic anisotropy:
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In previous experiments, thin films of L10 FeNi with different surfaces, including (001), (110) and
(111), were produced and studied. Each surface defines a different alignment of the crystallographic
tetragonal axis with respect to the film’s plane, resulting in different magnetic anisotropies. In this
study, we use density functional theory calculations to examine three series of L10 FeNi films with
surfaces (001), (010), and (111), and with thicknesses ranging from 0.5 to 3 nm (from 4 to 16 atomic
monolayers). Our results show that films (001) have perpendicular magnetic anisotropy, while (010)
favor in-plane magnetization, with a clear preference for the tetragonal axis [001]. We propose
calling this type of in-plane anisotropy fixed in plane. A film with surface (111) and a thickness of
four atomic monolayers has the magnetization easy axis almost perpendicular to the plane of the
film. As the thickness of the (111) film increases, the direction of magnetization rotates towards a
tetragonal axis [001], positioned at an angle of about 45◦ to the plane of the film. Furthermore,
the magnetic moment of ultrathin films increases by a maximum of 5%, and the most significant
changes in spin and orbital magnetic moments occur at a depth of about three near-surface atomic
monolayers. The presented results could be useful for experimental efforts to synthesize ultrathin
L10 FeNi films with different surfaces. Ultrathin L10 FeNi films with varying magnetic anisotropies
may find applications in spintronic devices.

I. INTRODUCTION

The ordered L10 FeNi was first discovered in neutron
bombarded specimens [1–3] and later identified in sam-
ples cut from meteorites [4, 5]. However, the body-
centered tetragonal L10 structure was found earlier in
other binary compounds, such as CoPt and FePt [6]. The
name tetrataenite of L10 FeNi is related to its tetrag-
onal structure and the term taenite used for Fe-Ni fcc
phase [7]. Studies of natural L10 FeNi samples from vari-
ous meteorites [4, 5, 8–12] are being conducted in parallel
with research on ordered FeNi thin films produced in lab-
oratories. Takanashi, co-author of numerous papers on
L10 FeNi thin films [13–29], summarized investigations
of ordered FeNi thin films in a 2017 topical review [30].
The study of Takanashi et al. was complemented by
other experimental groups [31–36]. Mandal et al. con-
cluded the experimental characteristics of bulk and thin-
film L10 FeNi in a 2023 review article [37].

Measurements of L10 FeNi films with thickness less
than 5 nm [38, 39] give an important context for the cal-
culation results we present in this work. Kojima et al. [39]
have presented the dependence of order parameter, mag-
netization, and magnetic anisotropy on the number of
monolayers. For thicknesses of about 10 atomic mono-
layers (∼1.5 nm), low values of both the order parameter
and the uniaxial magnetic anisotropy constant were ob-
served [39].

The magnetic properties of the L10 FeNi phase are
as follows: Curie temperature of about 830 K [11],
magnetic moment of about 1.7 µB atom−1 [34], upper
limit of magnetocrystalline anisotropy constants (K1)

∗ Corresponding author: werwinski@ifmpan.poznan.pl

of 1.3 MJ m−3 [3, 40], and room-temperature coercivity
(Hc) of 95.5 kA m−1 (1.2 kOe) [11]. The transformation
of FeNi from an ordered to a disordered phase occurs at a
temperature of 593 K (320oC) [40, 41]. Whereas, obtain-
ing samples with high values of the long-range order pa-
rameter (S) is difficult [30]. For L10 FeNi (001) films with
a thickness of 50 × (Fe atomic monolayer / Ni atomic
monolayer), the highest observed value of S is 0.48 [30].
The uniaxial magnetic anisotropy constant (Ku) depends
on S [30], and S equal to 0.48 corresponds to Ku of
0.7 MJ m−3 (7.0 × 106 erg cm−3) [30]. Since this value
of Ku is smaller than the shape anisotropy (2πM2

s
) esti-

mated for FeNi films as 0.9 MJ m−3 (9.0 × 106 erg cm−3),
it has not been possible to manufacture FeNi (001) films
with a perpendicular magnetic anisotropy so far [30].
However, Takanashi et al. estimated that increasing the
order parameter S above 0.7 should raise the Ku above
the shape anisotropy value [30].

The properties of the L10 FeNi bulk phase were also in-
vestigated using density functional theory (DFT) [11, 42–
55]. The computational method has been used to deter-
mine, among others, the magnetocrystalline anisotropy
energy (MAE) of a perfect L10 FeNi crystal [42–45, 47],
to study the effect of chemical disorder [48, 52–54],
and to predict how different substitutions affect the
MAE [46, 50, 51].

Despite extensive experimental work on L10 FeNi thin
films and numerous computational studies on L10 FeNi
bulk, L10 FeNi magnetic thin films have not been mod-
eled from first principles. Only the adsorption of ethylene
(C2H4) [56] and hydrazine (N2H4) [57] on the L10 FeNi
(111) surface were calculated from DFT. However, mag-
netic L10 thin films were studied with DFT for other L10

phases, such as FePt, CoPt, and MnGa [58–63]. In this
work, we study ultrathin L10 FeNi films, continuing our
DFT investigation of L10 phases [47, 63, 64],

http://arxiv.org/abs/2404.03416v1
mailto:werwinski@ifmpan.poznan.pl


2

After discussing bulk and thin films, the third form of
the L10 FeNi phase are nanoparticles with the average
particle size of a few tens of nanometers [65, 66]. As for
thin films, no DFT calculations have been performed so
far for L10 FeNi nanoparticles. Although this would be
possible, as shown, for example, in work on L10 PtZn,
PtCo, and Pt(Ni/Co) nanoparticles [67–69]. However,
the L10 FeNi nanostructure was investigated using micro-
magnetic simulations, and the effect of the shape of the
nanoparticle on the maximum energy product (BHmax)
was determined [70, 71].

Although considerable progress has been made in the
production of bulk L10 FeNi phase [72–74], practical ap-
plications of this material are yet to come. Noteworthy
are the low price of FeNi constituent elements and the
high value of its magnetic anisotropy constant at room
temperature. Relatively good semi-hard magnetic prop-
erties suggest that L10 FeNi may find use as a permanent
magnet that does not contain rare-earth elements [37, 75–
77]. Moreover, atomic-scale layering implies the pos-
sibility of using L10 FeNi thin films in spintronic de-
vices [30, 62]. Practical applications for ordered L10 FeNi
nanoparticles are also expected [65, 66].

In this work, the first-principles calculate were made
for ultrathin L10 FeNi films with surfaces (001), (010)
and (111). The study aims to determine the films’ mag-
netic moments and magnetic anisotropies. Answering
the question of how they depend on the thickness and
type of surface can help obtain FeNi films with differ-
ent types of magnetic anisotropy, such as perpendicular,
tilted, or fixed in-plane. Although perpendicular mag-
netic anisotropy is fairly well known, it is worth briefly
discussing the other two types.

In 2005, a system with the magnetization direction
tilted from the plane of the film was prepared experimen-
tally, and it was shown that deflecting it to 45◦ minimizes
the value of the switching magnetic field [78, 79]. Since
the magnetization direction of L10 crystals agrees with
the tetragonal axis, a natural candidate for systems with
tilted anisotropy are L10 (111) films. Previous experi-
ments on the L10 FePt (111) films showed that the direc-
tion of magnetization is tilted by 33-36° from the plane
of the film, i.e., it points roughly in the direction of the
tetragonal axis [80]. In our computational work on FePt
ultrathin films, we also dealt with this issue [63]. Here,
we will determine the magnetization angle for L10 FeNi
(111) films.

Just as the tetragonal axis alignment leads to per-
pendicular magnetic anisotropy in films (001) and tilted
magnetic anisotropy in films (111), in films (010), it re-
sults in an unconventional type of in-plane anisotropy
that has a preferred direction in the film plane. We al-
ready postulated that such a uniaxial configuration could
be called fixed in-plane magnetic anisotropy, as opposed
to conventional in-plane [63]. 20 nm L10 FeNi (110)
films with a tetragonal axis in the plane of the film were
experimentally obtained in 2023 and showed order pa-
rameter S of 0.6 and magnetic anisotropy constant of
0.55 MJ m−3 [28]. Experimental work on isostructural

FIG. 1. Unit cell series of L10 FeNi thin films with (001),
(010), and (111) surfaces and thickness from 4 to 16 atomic
monolayers; from 0.5 to 2.7 nm for (001) and (010) films and
from 0.6 to 3.1 nm for (111) films. On the right, 16-monolayer
unit cells were repeated several times in two directions in
the plane of the film to visualize the layered character of the
models. The vacuum height (at least 30 Å) has been reduced
in the figures to save space.

L10 FePt (010) films are also known [81–85]. In this work,
we will determine the magnetic easy axis of L10 FeNi
(010) films.

II. CALCULATIONS’ DETAILS

We prepared models of L10 FeNi (001), (010), and
(111) thin films in the thickness range from four to six-
teen atomic monolayers, see Fig. 1. To keep the concen-
tration of Fe and Ni equal, we considered only films with
an even number of monolayers. As a starting point for
modeling thin films, we used a unit cell of the L10 FeNi
bulk phase (s.g. P 4/mmm, a’ = 3.56/

√
2 ∼ 2.52 and

c = 3.58 Å) [47]. We added a minimum of 30 Å vac-
uum to all unit cells of the thin films in the direction
perpendicular to the film plane.

For the prepared models, calculations were performed
using the full-potential local-orbital (FPLO18.00-52)
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TABLE I. Structural data of L10 FeNi (001), (010), and
(111) thin films consisting of 16 atomic monolayers. The c

parameters of the computational unit cells include a vacuum
of at least 30 Å. The thicknesses (without vacuum) of the
considered (001), (010), and (111) films are 27, 27, and 31 Å,
respectively. Unit cell parameters (a, b, c) are given in Å.

(001) (010) (111)
s.g. P 4mm s.g. P mma s.g. P 12/m1

a b c a b c a b c

Atom 2.52 2.52 56.85 3.56 3.58 56.70 2.52 4.38 60.89

Fe 0.00 0.00 -0.484 -0.25 0.00 0.484 0.00 0.335 -0.483
Ni 0.50 -0.50 0.484 0.25 0.50 0.484 0.50 -0.165 -0.483
Fe 0.00 0.00 0.453 0.25 0.00 0.453 0.00 0.004 -0.449
Ni 0.50 0.50 -0.453 -0.25 0.50 0.453 -0.50 -0.496 -0.449
Fe 0.00 0.00 -0.422 -0.25 0.00 0.422 0.00 -0.327 -0.416
Ni 0.50 0.50 0.422 0.25 0.50 0.422 -0.50 0.173 -0.416
Fe 0.00 0.00 0.390 0.25 0.00 0.391 0.00 0.343 -0.382
Ni 0.50 0.50 -0.390 -0.25 0.50 0.391 -0.50 -0.157 -0.382
Fe 0.00 0.00 -0.359 -0.25 0.00 0.360 0.00 0.012 -0.348
Ni 0.50 0.50 0.359 0.25 0.50 0.360 -0.50 -0.488 -0.348
Fe 0.00 0.00 0.328 0.25 0.00 0.328 0.00 -0.321 -0.315
Ni 0.50 0.50 -0.328 -0.25 0.50 0.328 -0.50 0.180 -0.315
Fe 0.00 0.00 -0.296 -0.25 0.00 0.297 0.00 0.353 -0.281
Ni 0.50 0.50 0.296 0.25 0.50 0.297 -0.50 -0.147 -0.281
Fe 0.00 0.00 0.265 0.25 0.00 0.266 0.00 0.010 -0.248
Ni 0.50 -0.50 -0.266 -0.25 0.50 0.266 0.50 -0.489 -0.248

code [86, 87] within the density functional theory (DFT).
The exchange-correlation potential in the Perdew-Burke-
Ernzernhof (PBE) form was used [88]. The atomic po-
sitions of the films were optimized using forces in a
spin-polarized approach, with a convergence criterion of
10−3 eV Å−1. Table I shows space groups, calculated
Wyckoff positions, and unit cell parameters of the ex-
ample 16-monolayer films. The prepared (001) and (010)
films cover the thickness range from 0.5 to 2.7 nm, while
the (111) films span from 0.6 to 3.1 nm (all values de-
termined as the distance between the atomic positions of
the surface sites).

The k-mesh was considerably densified in the next step,
to determine the accurate magnetocrystalline anisotropy
energy (MAE) values. For (001) and (010) films, a k-
mesh of 60 × 60 × 5 was assumed, and for (111) films,
a k-mesh of 60 × 30 × 5. For Brillouin zone integra-
tion, the tetrahedron method was chosen. For scalar-
relativistic calculations, a 10−6 density convergence cri-
terion was used. After self-consistent scalar-relativistic
calculations, one iteration of fully-relativistic calculations
was performed for the selected quantization axes. Such
fully-relativistic solutions were used to determine mag-
netic anisotropy energies and energy dependencies as a
function of the quantization axis (magnetization) direc-
tion. As demonstrated [89], this approach leads to suffi-
ciently accurate results, significantly reducing computa-
tion time. Calculations of the energy dependence of the

magnetization direction were performed for 10-monolayer
films (010) and (111) using unit cells with space group
P1. For (111) films, having established that the energy
minimum is in the (100) plane, calculations were carried
for directions varying in this plane every 2◦. The direc-
tion of easy magnetization was then determined using
third-degree polynomial fitting.

The unique implementation of the fixed spin mo-
ment method in a fully-relativistic approach allowed us
to determine the dependence of the magnetocrystalline
anisotropy energy on the spin magnetic moment. We
performed these calculations with the PBE exchange-
correlation functional in the generalized gradient ap-
proximation (GGA), as well as with the Perdew-Wang
(PW92) functional in the local density approximation
(LDA) [90].

Because the DFT implementation used in this work is
based on the linear combination of atomic orbitals, it was
possible to perform population analysis using Mulliken’s
method [91]. We used the VESTA code to prepare draw-
ings of the structures [92]. We discussed the limitations
of the models adopted and the approximations used in
our previous article on ultrathin films of L10 FePt [63].

III. RESULTS AND DISCUSSION

While much is already known about L10 FePt [63]
and L10 CoPt [93] ultrathin films, systematic research
on L10 FeNi ultrathin films has yet to be conducted,
and we hope this theoretical work can be a signpost
in that direction. Although several experimental works
have already touched on ultrathin L10 FeNi films below
5 nm, the results obtained so far [38, 39] give only a
fragmentary picture. In contrast, much is already known
about L10 FeNi thin films with a thickness of about 100
atomic monolayers (about 18 nm), as such a thickness
was favored in experiments of Takanashi et al. [13–30].
As in the case of bulk L10 FeNi, the researchers also
tried to obtain the highest magnetic anisotropy for the
L10 FeNi thin films. The goal is for the uniaxial magnetic
anisotropy to exceed the shape magnetic anisotropy value
(2πM2

s
∼ 0.9 MJ m−3 [39]), which will yield perpendic-

ular magnetic anisotropy in (001) films. However, this is
hindered by insufficient ordering of L10 structure, which
significantly reduces the hypothetical maximum attain-
able value of uniaxial anisotropy Ku. So far, it has been
possible to obtain L10 FeNi (001) films with an order
parameter S of about 0.5 [39]. Kojima et al. predict
that Ku will exceed the shape anisotropy only above S
around 0.6 [39]. In addition to the lack of complete L10

ordering, the films are also not perfectly periodic but
contain grains that further negatively affect the magnetic
anisotropy. For the L10 phase, it is assumed that three
basic nanocrystal variants are present in a single sample,
and their main crystallographic axes do not necessarily
point in the same direction [54].

Although the vast majority of previous work on
L10 FeNi films has explored a geometry in which alter-
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FIG. 2. Differences between film energy and bulk energy, cal-
culated for L10 FeNi films with (001), (010), and (111) sur-
faces. Calculations were performed using the FPLO18 code
with the PBE exchange-correlation functional.

nating Fe and Ni monolayers are oriented in the plane of
the film [surface (001)] [13–30], this is neither the only
nor the most energetically favorable possibility. Another
type of arrangement of atomic monolayers is an orienta-
tion perpendicular to the surface of the film [e.g., surface
(110) or equivalent surfaces (010) and (100)]. In 2023, by
denitridation of FeNiN(110) films, the 20 nm L10 FeNi
(110) films were obtained and indicated relatively large S
of 0.6 and Ku of 0.55 MJ m−3 [28]. Also in 2023, 30 nm
L10 FeNi (111) films were produced [36]. Although the
order parameter S was not determined for (111) films,
Nguyen et al. describe them as ordered, which is further
suggested by the high Ku value of 1.15 MJ m−3.

Although other surfaces are also possible, this work
focuses only on surfaces (001), (010), and (111). Even
though the prepared and calculated models allow us to
understand numerous properties of layered systems, they
have significant limitations, which can only be overcome
in a more advanced approach. Namely, the models con-
sidered include neither disorder of L10 structure nor mi-
crostructure and describe the films without the substrate
or capping layer. However, the lack of a substrate can be
simultaneously an advantage, as it allows for the deter-
mination of the properties of the FeNi film itself, which
would be difficult in the experiment.

III.1. Energetic stability

The total energy of the films decreases with thickness,
tending asymptotically to the bulk value, see Fig. 2. Over
the considered range, the most energetically stable films
are (111), then (010), and last (001), with the energy of
the (111) surface being much lower than the other two.
Previously, the same order was determined for the sur-
faces of L10 FePt and L10 CoPt films [94]. This result
identifies a suboptimal energy condition for (001) surface
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FIG. 3. Averaged spin magnetic moment as a function of
the number of atomic monolayers of L10 FeNi ultrathin films.
The dashed horizontal line indicates the corresponding result
calculated for bulk L10 FeNi [47]. The FPLO18 code with
the PBE exchange-correlation functional was used for calcu-
lations.

formation and a preference for (111) surface. Moreover,
a significant increase in total energy per atom with a de-
crease in the number of monolayers suggests difficulties in
obtaining uniform ultrathin films and an energetic pref-
erence for forming thicker systems.

III.2. Magnetic moments

In this work, we determined magnetic moments, mag-
netization directions, and magnetic anisotropy energies
of considered films. Figure 3 showing the dependence
of the averaged spin magnetic moment on the number
of monolayers resembles the total energy plot, see Fig. 2.
The values of magnetic moments decrease asymptotically
to the values calculated for bulk [47], which is typical be-
havior for magnetic films. It was observed experimentally
for Fe [95] and calculated for FePt [63], for example. The
effect originates in elevated magnetic moment values on
several (about three in our case) near-surface monolayers.
Since our models have two surfaces (top and bottom), it
is only above a film thickness of about six atomic mono-
layers that a central section of the film, with magnetic
moments close to bulk value, begins to form. Further
growth in thickness increases the contribution from the
central region.

Figure 4 presents the spin and orbital magnetic mo-
ments on individual atoms along film thickness. We
can see the mentioned increase in magnetic moments on
about three surface monolayers and values close to the
bulk value in the central region [47]. The highest values
of spin (and orbital) magnetic moments are on the sur-
face (010), which correlates with the highest average spin
moments in Figure 3. Magnetic moments on the surfaces
are elevated throughout the thickness range considered;
the central region vanishes only below about six mono-
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FIG. 5. Magnetocrystalline anisotropy energy of the bulk
L10 FeNi as a function of the spin magnetic moment. Cal-
culations were performed using the FPLO18 code with the
LDA PW92 and GGA PBE exchange-correlation potentials.
Circles represent equilibrium results.

layers. Unlike the (010) and (111), the model of (001)
film has asymmetrical top and bottom surfaces (one side
ends in an Fe monolayer and the other in Ni). Hence, the
observed asymmetry in the (001) results in Figure 4.

Figure 4 also shows excess electrons on Fe and Ni atoms
along the thickness of films, which were calculated using
the Mulliken’s approach [91]. As is the case for magnetic
moments, in the central region of the films the excess elec-
tron (hole) values are close to those for bulk FeNi, while
for about three surface monolayers they show large devi-
ations from bulk value. We observed similar behavior in
the results of additional calculations performed without
spin polarization, confirming the primary role of charge
transfer in the formation of perturbations in the near-
surface monolayers. Furthermore, the deviations in ex-
cess electrons on FeNi surfaces (ranging from about -0.02
to 0.15 on Fe sites) are much smaller than those calcu-
lated previously for FePt surfaces (ranging from about
-1.0 to 1.0 on Fe sites) [63]. This indicates higher stabil-
ity of FeNi surfaces.

III.3. Magnetic anisotropy

For ultrathin films of L10 FeNi, we observed an increase
in the magnetic moment only to about 5% over the bulk
value. The magnetic anisotropy of thin films can differ
much more. In the case of magnetic anisotropy, we are
interested in both the value of the magnetic anisotropy
energy and the direction of magnetization relative to the
plane of the film (magnetic easy axis). We expect that
since the films under consideration have an L10 structure
with a unique tetragonal axis, the direction of magneti-
zation will be along or close to this axis. This means that
perpendicular, in-plane, and tilted magnetic anisotropy
should be observed for the films (001), (010), and (111),
respectively.

For bulk L10 FeNi, the MAE of 0.34 MJ m−3
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(24 µeV atom−1) determined from the GGA is much
lower than the maximum determined values of ex-
perimental magnetic anisotropy constants of up to
1.3 MJ m−3 [40]. The discrepancy may be due to the
temperature for which the DFT calculations are done
(by definition, 0 K) or the limitations of the GGA. Fur-
thermore, in our work on bulk L10 FePt, we pointed
out that the values of MAE and magnetic moment are
correlated [64], and the latter depends on the choice of
the exchange-correlation potential. To show this cor-
relation also for bulk L10 FeNi, we performed calcula-
tions of the dependence of MAE on a fixed spin mo-
ment for LDA and GGA functional. Figure 5 shows
that for L10 FeNi the equilibrium values of magnetic
moments and magnetocrystalline anisotropy energies ob-
tained in the PW92 and PBE approximations differ only
slightly. Moreover, the MAE value depends on the mag-
netic moment, and in both approximations it has a max-
imum above 1.5 MJ m−3 for a reduced magnetic mo-
ment of about 1.35 µB atom−1. The presented relation
of MAE and magnetic moment may explain the discrep-
ancy between the experimentally determined Ku values
above 1 MJ m−3 at room temperature and the calculated
MAE values below 0.5 MJ m−3 at 0 K. Namely, Ku can
also indirectly depend on temperature via temperature-
mediated reduction of magnetization. Such interpreta-
tion is supported by calculations of the MAE depen-
dence on temperature for L10 Fe0.56Ni0.44, showing low-
ered MAE at low temperatures and MAE maximum near
room temperature [54]. Furthermore, Ku measurements
of L10 FeNi films performed at 35 K reveal much lower
Ku values (< 0.2 MJ m−3) than typical results obtained
at room temperature [33].

We will begin our discussion of the magnetic anisotropy
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culations were performed using the FPLO18 code with PBE
exchange-correlation potential. The horizontal dashed line
indicates the angle value between the vector [001] normal to
the plane of the Fe/Ni atomic monolayers and the vector [111]
normal to the film’s surface.

of L10 FeNi films with the best-known (001) films. As
in the previous experiments [13–30], we also expect for
them the perpendicular magnetic anisotropy. The rela-
tion of total energy and magnetic moment on the number
of monolayers suggest that also for magnetic anisotropy
energy we should expect a dependence that converges
asymptotically to the bulk value. However, as we can
see in Fig. 6, although the anisotropy energy of the (001)
films converges to the bulk value, this is accompanied by
pronounced oscillations. This type of MAE behavior has
been observed in several previous calculations for ultra-
thin films [58, 63, 96–99]. Oscillations of uniaxial mag-
netic anisotropy have also been observed experimentally
for ultrathin bcc Fe and fcc Co films with periods of 5.9
and 2.3 atomic monolayers, respectively [100]. They are
due to quantum well states situated around the Fermi
level [100] and come from the quantum size effect ap-
pearing in small enough systems. The positive values
of the magnetic anisotropy energies for films (001), as
defined as E010 − E001, indicate a preference for orien-
tation of the direction of magnetization perpendicular to
the plane of the (001) film. However, the result obtained
does not clearly identify perpendicular anisotropy, since
for this, the uniaxial anisotropy energy must exceed the
energy of shape anisotropy (2πM2

s
∼ 0.9 MJ m−3 [39]).

This criterion is not met in case of our computational
results. Nevertheless, uniaxial anisotropy is expected to
overcome the shape anisotropy in experiments where the
determined Ku value is up to three times higher than the
GGA value calculated here.

For films (010) with Fe/Ni monolayers aligned perpen-
dicular to the plane of the film (bookshelf arrangement),
we expect an axis of easy magnetization in the direction
of the crystallographic tetragonal axis, that is, in the
plane of the film. Indeed, this direction of magnetization
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FIG. 8. Evolution of magnetic anisotropy energy with magnetization direction for 10-monolayer films of L10 FeNi (010) (a)
and (111) (b). The calculations were performed using the FPLO18 code with PBE exchange-correlation functional.

is the most energetically stable in this case, see Figs. 6
and 8. Since magnetization has a clear preference in the
direction of the tetragonal axis [001], this is not a typical
case of in-plane magnetic anisotropy. For distinction, we
propose to call it fixed in-plane magnetic anisotropy. As
in the case of the (001) films discussed above, we also ob-
serve oscillations in the magnetic anisotropy energy due
to the quantum size effect. Furthermore, as mentioned,
bookshelf-type FeNi films with a (110) surface were ob-
tained in 2023 experimentally, but the dependence of the
magnetization anisotropy in the plane of the films was
not investigated [28]. It is then not clear how shape
anisotropy will affect uniaxial anisotropy in this case.

Finally, we will discuss the magnetic anisotropy of
(111) films. We do not present for them the depen-
dence of the anisotropy energy on the number of mono-
layers. Because, as we show, the direction of magnetiza-
tion changes with film thickness and is tilted to the film
surface. For L10 FeNi (111) films, the angle of the normal
to the alternating Fe and Ni monolayers (the tetragonal
axis [001]) to the out-of-plane direction [111] is 45.615o.
This value specifies the axis of easy magnetization within
the limits of thick films. For ultrathin films, we expect a
deviation of the magnetic easy axis from the tetragonal
axis [001]. The determined direction of the magnetic easy
axis for film (111) with a thickness of 10 atomic mono-
layers (1.85 nm) is deviated from the [111] direction by
23.8◦, see Fig. 8. Figure 7 shows that the direction of
the easy axis converges asymptotically to the hypothet-

ical value of 45.615o for the thick (111) films. Whereas,
for the thinnest films, the easy axis approaches the out-
of-plane direction [111]. Although it might be counterin-
tuitive, perhaps it is the ultrathin L10 FeNi films (111),
rather than (001), that will allow for the practical realiza-
tion of perpendicular magnetic anisotropy? In their favor
is the highest energy stability among the three surfaces
considered, and the positive results of recent experiments
confirming the high values of both the order parameter
S and the anisotropy constant Ku (1.15 MJ m−3) [36].
On the other hand, with the uniaxial anisotropy con-
stant tuned in such a way that it only slightly exceeds
the shape anisotropy and the direction of the easy axis
at 45◦ to the surface, the L10 FeNi (111) thin films can
become excellent systems for switching devices.

IV. SUMMARY AND CONCLUSIONS

The computational results presented here extend pre-
vious research on L10 FeNi films to include the thinnest
films with thickness from 0.5 to 3 nm. Among the films
with (001), (010) and (111) surfaces, the latter is the
most energetically preferable. Reducing the thickness of
ultrathin films raises the magnetic moment by about 5%.
In films (001) and (010), the direction of easy magnetiza-
tion follows the direction of the crystallographic tetrag-
onal axis and is perpendicular to and in the plane of the
film, respectively. At the same time, the alignment of the
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easy axis in the (010) film plane is unusual in that it is
strongly anisotropic in the plane, clearly preferring the
direction of the tetragonal axis [001]. For thicker (111)
films, the direction of the easy axis of magnetization is
consistent with the direction of the tetragonal axis [001]
(at the angle of about 45◦ to the normal to the plane).
However, for ultrathin (111) films, it deviates from [001]
towards [111] direction (normal to the plane). By this,
the magnetic anisotropy of the thinnest (111) films re-
sembles perpendicular anisotropy.

The unique anisotropic properties of L10 FeNi films
may find application in new spintronic devices, as in the
case of L10 FePt films. However, the uniaxial magnetic
anisotropy for the L10 FeNi films is an order of magnitude
lower than for the L10 FePt films and competes with the
shape anisotropy. Still, the lower magnetic anisotropy
constant may be preferable for some applications, and the

significant price difference between nickel and platinum
may also favor FeNi films.
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