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The tetragonal Fe,N/BiFeO3(001) heterostructures aimed at simultaneously gaining the perpendicular
magnetic anisotropy (PMA) and high spin polarization have been investigated by the first-principles
method. It is found that Fe,N with Fe,Fep termination is better for achieving interfacial and inner PMA
simultaneously than (Feg),N termination. When the positions of interfacial Fe, and Fej relative to Fe in
BiFeO; are changed, the PMA in Fe,N transforms into the in-plane magnetic anisotropy. Especially, PMA
in Fe,N near the heterointerfaces depends on the direction of ferroelectric polarization in BiFeOs;. Finally,
the interfacial and inner PMA of Fe,N along with high spin polarization appear in the stable Fe,Fe/Fe-O,
case owing to the 3d-3d orbital hybridization. These results provide the opportunities for developing

multifunctional spintronic devices.
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I. INTRODUCTION

Perpendicular magnetic anisotropy (PMA) has attracted
much attention because of its potential applications in
magnetic random access memories (MRAM) [1,2].
Ferromagnetic PMA electrodes demand a smaller critical
current to switch the magnetization in a spin-transfer-torque
MRAM (STT MRAM) [3], which is very important in
energy-efficient devices. So far, PMA appears in distinct
systems, such as the interfaces between magnetic Co and
heavy nonmagnetic transition metals due to 3d-5d orbital
hybridizations [4] and the individual Os adatom on the MgO
surface in the stable adsorption sites [5], etc. PMA in the
magnetic tunnel junctions (MTJs) are investigated in the
experiments and theoretical calculations [3,6]. However,
most of the ferromagnets with PMA have relatively low
spin polarization, while the high spin-polarized electrodes
are necessary for the multifunctional spintronic devices.
Therefore, exploring PMA in the highly spin-polarized
ferromagnets can establish the foundations for the high-
performance spintronic devices.

Ferromagnetic Fe,N with a cubic perovskite-type lattice
[7,8] has a high Curie temperature of 760 K, a large spin
polarization of nearly 100% [9], and excellent chemical
stability. Fe,N is a soft ferromagnet with a large saturation
magnetization and a low coercivity. All of these character-
istics benefit MTJs, where a large tunnel magnetoresistance
is achieved in Fe,;N-based MTJs [10]. PMA in Fe,N is
meaningful to the related magnetic devices, especially the
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energy-efficient STT MRAM [3]. Recently, the tetragonal
distortion has been demonstrated to induce the PMA in the
cubic ferromagnets because the magnetization can be
aligned at the tetragonal axis [11]. So, we attempt to
produce the tetragonal distortion in Fe,N by forming the
heterostructures, which is an effective approach to induce
PMA in various materials [4,6,12]. The interplay of charge,
spin, lattice, and orbital degrees of freedom at the hetero-
interfaces provides a solid ground for PMA [13]. Moreover,
magnetic anisotropy (MA) in the heterostructures can be
modulated by the intrinsic interfacial conditions [14,15],
current and electric field [16,17].

Different from the common heavy metals and MgO [3-6],
we choose BiFeO; (BFO) as a substrate to introduce the
tetragonal distortion in Fey,N, which is the only known
room-temperature single-phase multiferroic phase with a
G-type antiferromagnetic order [18]. Experimentally, the
lattice constants of tetragonal BFO are a = 3.770 A and
c¢/a = 1.233[19,20], which has a small ab-lattice mismatch
of 0.7% with cubic Fe,;N (a = 3.795 A) [21]. Tetragonal
BFO in space group P4mm has a large spontaneous
ferroelectric polarization of 150 ,uC/cm2 [19,22], a large
charge transfer excitation [23], and a large resistance change
in the ferroelectric tunnel junctions [20]. If the tetragonal
BFO could induce a high PMA in the spin-polarized Fe,N,
the large ferroelectric polarization in BFO can further
modulate the high spin-polarized PMA [20,24], which will
expand the practical applications in the multifunctional
spintronic devices and the physical prospects of the high
spin-polarized PMA [18]. In this paper, we investigate
the PMA and spin polarization of the tetragonal Fe,N/
BFO(001) heterostructures with different terminations,
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interfacial atomic positions, and ferroelectric polarization. It
is found that the interfacial and inner PMA in Fe,N along
with a high spin polarization appears in the Fe,Feg/Fe-O,
model thanks to the 3d-3d orbital hybridization.

II. CALCULATION DETAILS AND MODELS

The calculations are performed in the Vienna ab initio
simulation package based on the projector augment-wave
pseudopotentials and Perdew-Burke-Ernzerhof flavor of the
spin-polarized generalized gradient approximation [25,26].
The convergence criteria for the energy and atomic forces are
set to 107 eV and 0.02 eV/A, respectively. The energy
cutoff for the plane-wave basis setis 500 e V. In the z direction,
a 15-A vacuum space is used to separate the interaction
between periodic images in the tetragonal Fe,N/BFO
heterostructures. The Brillouin zone is sampled with I'-
centered 5 X 5 X 5,9 x 9 x9,and 5 x 5 x 1 k-point meshes
for bulk BFO(2 x 2 x2), Fe,N(1 x1x 1), and Fe,N/
BFO(v/2 x v/2) supercells, respectively. Additionally, the
tested on-site Coulomb repulsion of U = 4.5(0.0) eV is
included for Fe 3d states in BFO(Fe;N) [27]. Four
Fe,N/BFO models including 7-layered Fe,N and 7-layered
BFO along the [001] direction are built with a p(v/2 x /2)
periodicity (Fig. 1). The fabrication methods of epitaxial
heterostructures, such as the pulsed laser deposition and
molecular beam epitaxy [28-30], have been improved
significantly and have reached atomic-scale precision.
Meanwhile, the epitaxial tetragonal BFO and Fe,N films
have been experimentally fabricated [20,29,31], so the
tetragonal Fe,N/BFO with a small lattice mismatch may
be realized in the experiments. Therefore, by assuming that
Fe,N grows on the tetragonal BFO, we fix the xy-plane lattice
constants of the tetragonal Fe,N/BFO heterostructures at
BFO’s values. Atoms at the bottom three layers of BFO are
fixed at its bulk position, and other atoms are fully relaxed.

The cohesive energy is defined as Wy, = Epe,N +
Egro — Ere,N/Bro> Where Epe N pro 18 the total energy of
heterostructures, and Ege,x and Eggg represent the energy
of the same supercells containing either Fe,N or BFO parts.
A larger W, suggests a more stable structure. The charge-
density difference is also calculated by subtracting the
charge densities of the isolated BFO and Fe,N from the
heterostructures. Magnetic anisotropy energy (MAE) is
calculated by considering the spin-orbit coupling (SOC)
[1,2]. In order to label the PMA and in-plane MA (IMA),
the total MAE is decomposed over different orbital 4 of
atom [ with the so-called canonical formulation [1,2]
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where n%"(E) and nl}(E) are the density of states on the
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FIG. 1. Structures and charge-density difference of Fe,N/BFO

heterostructures for (a),(b) FeyFep/Fe-0,, (c),(d) (Fep),N/
Fe-0,, (e),(f) FegzFe,/Fe-O,, (g),(h) Fe,Fez/0,-Fe models
(isosurface value 0.006 e/f\3). Side views of bulk Fe,N and
BFO. Fe,, Feg, and N of bulk Fe,N are located in the corner,
face-centered, and body-centered sites, respectively. The Fe, site
(Fey site, N site) indicates that Fe, (Feg, N) atoms in the Fe,N-I
layer are at the top of Fe in the BFO-I layer. The gray arrows
indicate the polarized direction of BFO. The yellow (blue)
isosurfaces represent the charge accumulation (depletion).
(i) Total and partial DOS for bulk Fe,N and BFO. Ep =0 eV.

magnetization orientations, and a is the in-plane lattice
constant. The MAE of atom i is obtained with A for all of
the orbitals [2]

MAE; = } "MAE,,. (2)
A

then the sum of MAE; over all of the atoms gives the total
MAE [2]. Based on the layer- and orbital-resolved MAE
method, we analyze the MAE layer distribution of Fe,N
in different Fe,N/BFO models. Besides, the spatial spin
polarization (SSP) is defined as

where the n?m (r,z,¢€) is the spin-up (spin-down) charge
density in real space with an energy interval of [e, E], at
position r and a distance z from the layer VII in Fe,N [32].
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III. RESULTS AND DISCUSSION

First, the characteristics of bulk BFO and Fe,N are
analyzed in detail. The relaxed BFO has c¢/a = 1.233,
which is identical with the experimental results [20]. The
z-directional Bi-O4 (Fe-Op) planar displacement of 0.792
(0.673) A is consistent with previously calculated results,
where O4 and Oy in the O octahedron locate at the FeO,
plane and apical site, respectively [19]. In Fig. 1(1), the total
and partial DOS of BFO are similar to previously calculated
results [27]. The calculated band gap of 1.93 eV is consistent
with previously calculated 1.90 eV [27]. The Fe magnetic
moments of +4.18up are in good agreement with exper-
imental 4.34up and calculated 4.18u5 [27,33]. Herewith, the
atoms and z-directional lattice constant of Fe,N are fully
relaxed, but the xy-plane lattice constants are fixed at BFO’s
values. In Fig. 1(i), the total DOS of the ab-fixed Fe,N at E
still mainly comes from the spin-down channel. The strong
hybridization between N p and Fep d states in the energy
range from —8.5 to —5.0 eV results in a smaller Fez moment
of 2.31 upgthanFe, of 2.95 up, see Fig. 1(i), which is similar
to the fully relaxed Fe,N [21]. These results demonstrate that
the calculations are reliable. Next, we will focus on the
tetragonal Fe,N/BFO heterostructures.

Since Bi** is volatile as BFO grows in experiments, the
FeO, termination of BFO is considered in all of the tetragonal
Fe,N/BFO models. In Fig. 1(a), the probably stable
Fe,Fep/Fe-O, model is set up, where the Fe 4 (Fe ) positions
in the interfacial I layer are analogous with Bi(O) cases due to

TABLE IL.

their similar corner (face-centered) sites in bulks. Then, in
Figs. 1(e) and 1(e), we further build the (Feg),N/Fe-O,
model with specific (Fep),N terminations and the
FegFe, /Fe-O, model with different interfacial atomic posi-
tions. Furthermore, we change the direction of ferroelectric
polarization of BFO in the tetragonal Fe,;N/BFO hetero-
structures, as shown in Figs. 1(g) and 1(g).

In Table I, the calculated cohesive energy indicates that
the Fe Fep/Fe-O, and Fe,Fegz/0O,-Fe models are more
stable than the other two cases. The label “FN-I-Fe,” refers
to Fe, in layer I which locates in Fey;N. Meanwhile, the
same definitions will be used in the whole text. Although the
atoms in both FN-I and FN-VII layers exhibit apparent z-
directional polar displacements, see the insets of Fig. 2(e),
the interfacial FN-I layer exhibits more obvious displace-
ments than the surface FN-VII of each model. In Fig. 1, an
apparent charge accumulation exists between BFO-I-Fe and
its apical (Fe,4, Fep, or N) atoms in the related models. The
above results reveal a strong but various interfacial effect in
four Fe,N/BFO models.

In Fig. 3(a), Fe4N in the Fe,Feg/Fe-O, model shows
PMA in all the seven layers, where the maximum PMA is
—5 erg/cm?. The maximum PMA is stronger than Fe of
3 erg/cm” in the Fe/MgO interfaces [6]. However, in
Fig. 3(b), FeyN in the (Fep),N/Fe-O, case only shows
PMA in the FN-I and FN-II layers. In Figs. 2(e) and 2(e),
the evident FN-I displacements and charge accumulations
between BFO-I-Fe and FN-I-N demonstrate that the strong
interfacial coupling exists in the (Fe),N/Fe-O, model. The

The calculated spin magnetic moment of interfacial atoms without and with SOC for each model. The double values for

Fe, (Fep) moments in one position are due to the antiferromagnetic properties of BFO. Differences of spin magnetic moments along
[100] and [001] are less than 0.001 yup for each atom. The values of z1-z3 (see Fig. 2) indicate the distances of I-III, III-V, and V-VII

layers in Fe,N along [001]. W, is the cohesive energy.

Model Bulk  FeyFep/Fe-O,  (Feg),N/Fe-O, FegFe, /Fe-0, Fe,Fep/0,-Fe
Moments (up) BFO-I-Fe  +4.177 3.827/—3.799  4.098/ — 3.460 3.950/ — 3.939 3.652/ — 3.650

BFO-II-O, +0.218 —0.188/0.192 —0.178/0.211 —0.174/0.182 0.077/ — 0.035
FN-I-Fe, 2950  2.912/2.911 . ~0.155/1.078 3.294/3.307
FN-I-Fep 2.329 2.493/2.610 0.431/0.398 2.950/2.909 —2.582/ —2.778

FN-I-N e e —0.016/ — 0.006 . -
FN-II-Fe, e e —2.882/ —2.889 . e
FN-II-Fep 2.281 2.008/1.940 0.785/1.096 —1.950/ —2.031 2.250/2.209

FN-II-N 0.022 —0.015/0.019 e 0.028/0.029 0.000/ — 0.003

Moments (45) including SOC  BFO-I-Fe 3.832/ —3.803 4.092/ —4.051  3.933/—3.885  3.710/ —3.650

BFO-II-O4 —0.175/0.180 —0.186/0.187 —0.185/0.196 0.096/ — 0.063
FN-I-Fe, 2.912/2.912 e —1.103/ —0.388 3.415/3.415
FN-I-Fep 2.496/2.610 0.072/0.072 2.853/2.853 —2.654/2.817

FN-I-N e 0.029/ —0.032 e e
FN-TI-Fe, . —0.338/ — 0.338 -
FN-I-Fep 1.979/1.979 1.727/ — 1.452 1.835/1.834 —2.087/ —2.087

FN-II-N —0.012/0.021 e —0.001/ —0.001 0.020/0.031

z1 (A) 3.802 3.919 3.831 4.205

2 (A) 3.827 3.770 3.800 3.725

23 (A) 3.817 3.828 3.810 3.510
Weon (€V) 3.929 —1.721 0.802 7.381
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FIG.2. Relaxed geometries of (a) Fe,Fep/Fe-O,, (b) (Feg),N/
Fe-0,, (c) FegFe,/Fe-O,, and (d) Fe,Fep/O,-Fe models.
(e) The z-directional Fe(Bi)-O and Feg-Fe,(N) polar displace-
ments in one layer. Distances between BFO-I and FN-I hetero-
interfaces (d;,.,) are displayed.

strong interfacial coupling makes its z1 distance much larger
than z2, z3, and a(3.770 A), as shown in Fig. 2(b) and
Table I. We suggest that the prominent tetragonal distortion
from FN-I to FN-III layers probably favors to the layer-
resolved PMA of FN-I and FN-II in the (Feg),N/Fe-O,
case. However, the tetragonal distortion cannot totally
determine MA because the interfacial couplings also have
a dramatic influence on MA. So, the Fe,Fep termination is
better for obtaining the interfacial and inner PMA than
(Feg),N. Therefore, we will further change the interfacial
conditions in the Fe,Fep-terminated models.

In Figs. 1(e) and 1(e), the FegzFe, /Fe-O, and Fe,Fey/
Fe-O, models have the same termination, but the positions
of FN-I-Fe, and FN-I-Fep are changed with respect to
BFO-I-Fe. In Fig. 3(c), Fe4;N in the FezFe, /Fe-O, model
shows IMA, which is the opposite of the PMA in the
Fe,Fep/Fe-O, case because of the different interfacial
exchange couplings. Herewith, the orbitals such as d,, and
d. are defined by considering the unit cell sides of the
heterostructures. In the FN-I layer of Fig. 4(a), the highest
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FIG. 3. Layer-resolved MAE of each model with GGA + U +
SOC calculations.
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FIG. 4. (a) DOS of Fe atoms and (b) its orbital-resolved MAE
at FeAFeB/Fe-O2 (left panel) and FegFe,/Fe-O, (right panel)
heterointerfaces with GGA + U + SOC calculations.

peak of partial DOS comes from FN-I-Fey in the Fe,Feg/
Fe-O, model and FN-I-Fe, in the FegFe,/Fe-O, case,
respectively. However, the highest peak is located at
—0.23 eV for both Fe,Fegz/Fe-O, and FegFe,/Fe-O,
cases. Especially, BFO-I-Fe d» and FN-I-Feg d,, show
an obvious hybridization at —0.23 eV in the Fe,Feg/
Fe-O, model, but in Fig. 4(a), the hybridization disappears
in the FezFe,/Fe-O, case. On the contrary, in the right
panel of Fig. 4(a), d» (d._y) states of BFO-I-Fe and
FN-I-Fe, strongly hybridize in the energy range from
—2.05 to —0.75eV in the FezFe,/Fe-O, model.
Meanwhile, in Figs. 1(f) and 1(f), a large charge accumu-
lation appears at the interfacial Fep site and Fe, site in the
two models, respectively. So, the FezFe, /Fe-O, interfaces
show a stronger interaction between BFO-I-Fe and
FN-I-Fe,, which makes it a different MA from the
Fe,Feg/Fe-O, model, although the two models contain
almost the identical distortions in Fig. 2. Furthermore, in
Table I, the two models contain almost the same z3, which
is the z-directional distance between the FN-V and FN-VII
layers. Therefore, the same atomic component and similar
tetragonal distortion from FN-V to FN-VII layers exists in
the two models. All of these results indicate that different
MAE between the FegFe,/Fe-O, and Fe,Feg/Fe-O,
models can mainly be ascribed to the distinct interfacial
exchange interactions near the FN-I layer, rather than the
surface effect near the FN-VII layer [34].
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The orbital-resolved MAE of FegFe,/Fe-O, and
Fe,Fey/Fe-O, models are totally distinct. In Fig. 4(a),
BFO-I-Fe d, hybridizes with FN-I-Fe, d,. (d..) and
FN-I-Fep d,, at —0.23 eV in the Fe,Fez/Fe-O, model.
In Fig. 4(b), the hybridized d,, and d,, are the main
contribution of d-resolved MAE in FN-I-Fe, and
FN-I-Fej, respectively. In the FegFe,/Fe-O, model,
FN-I-Fe, d,2_,» states that hybridize with BFO-I-Fe make
a larger contribution to the d-resolved MAE than FN-I-Fe,
in the Fe,Fey /Fe-0, case [Fig. 4(b)]. These results suggest
that the interfacial 3d-3d hybridization between BFO-I-Fe
and FN-I-Fey (Fe, ) are essentially associated with the PMA
of Fe,Fey/Fe-O, and IMA of FegFe, /Fe-O,. In Fig. 4(a),
although the partial DOS of d,, and d,, overlap, the two
orbitals are not completely equivalent and their contribu-
tions to MAE are different [Fig. 4(b)], which may be
associated with the massive charge reconstructions owing
to the interfacial coupling [Figs. 1(f) and 1(f)]. Meanwhile,
in Fig. 4(b), MAE differences of d,, and d, in the Fe Fep/
Fe-O, model are distinct from the FezFe,/Fe-O, case,
which is owing to their distinct interfacial couplings. In
Table I, another important point is that the magnetic
moments of the (Feg),N/Fe-O, and FegzFe, /Fe-O, mod-
els decrease remarkably, where the ferromagnetic order of
Fe,N is destroyed. However, the ferromagnetic order of
Fe,N is maintained in the stable Fe,Feg /Fe-O, case, where
the whole Fe,N region exhibits PMA, which is significant
to spintronic devices.

In order to utilize the ferroelectric character of tetragonal
BFO, we change the direction of ferroelectric polarization
of tetragonal BFO in the Fe,Fe /Fe-O, case [Fig. 1(a)] and
the opposite-polarized direction in the Fe,Fey/O,-Fe
model [Fig. 1(g)] is built. In Figs. 3(d) and 3(d), the
interfacial FN-I layer transforms from PMA in the
Fe,Fey/Fe-O, model into IMA in the Fe,Fey/O,-Fe
model. According to MAE and magnetic moments of each
atom, in Figs. 5(b) and 5(b), we draw the diagrams of
Fe,N’s magnetic order in the Fe,Feyz/Fe-O, and
Fe,Fey/0,-Fe models, respectively. The ferromagnetic
order of Fe,N is clearly damaged in the Fe,Feg/O,-Fe
model and Fe, tends to be an antiferromagnetic order
[Fig. 5(b)]. However, the weak PMA and broken ferro-
magnetic order of Fe,N in the Fe,Fey/O,-Fe case is very
different from the high PMA and ferromagnetic order in the
Fe,Fep/Fe-O, case. The large difference reveals that the
Fe,Fez/BFO-based MTJs might exhibit the controllable
high and low magnetoresistance by changing the direction
of ferroelectric polarization in BFO [3,10]. Besides, in
Table I, the tetragonal distortion of the Fe,Feg/O,-Fe
model is more prominent than the (Feg),N/Fe-O, model.
However, in Fig. 3(d), the FN-I layer in the Fe,Fey/O,-Fe
model still shows the in-plane MA owing to the specific
interfacial exchange interaction. In four heterostructures,
the smallest interfacial distance appears in the Fe,Feg/
O,-Fe model [Fig. 2(e)], which is tightly related to the

(a) Fe,Fe /Fe-O,
v V. VI oV

o o oe@ o QO=»o«Q
° <0 o> O~
(c) Surface Fe,N
o~ O+ O °0
Q>0 Q=0 o O .
o Fe
O 0»6 g O O»O (BFO)
o Bi
(100, M)
g. ;'- o Fe,
é, g ° Feg
(100,M )

(MAE, Moment) o N

FIG. 5. The magnetic order of (a) Fe,Fey/Fe-0O,, (b) Fe,Fey/
0,-Fe, (c) slab, and (d) bulk Fe4N, based on the MAE and
magnetic moment with GGA + U + SOC calculations. The slab
Fe,N is extracted from the Fe,Fep/Fe-O, model. Fep in
Fe,Fep(001) and (Fep),N(001) planes are defined as Feg(i)
and Fep(ii), respectively. M, (M_) indicates the magnetic
moment with positive (negative) values.

strong charge accumulation of BFO-I-O [Fig. 1(h)]. The
high activity of BFO-I-O atoms may be the nominal
oxidation states of Fe atoms [7,8].

Aimed at analyzing the magnetization of Fe,N before and
after attaching BFO, we further calculate the moment
direction of bulk and slab Fe,;N. Three nonequivalent Fe
ions of Fe,, Fep(i), and Fep(ii) appear in the ab-fixed bulk
Fe,N, which is consistent with previous results [7,8]. The
magnetic moment of Fe,, Feg(i), and Feg(ii) in bulk Fe,N is
2.95, 2.33, and 2.28up, respectively. In Fig. 5(d), Fey
exhibits IMA, Fey (i) shows weak PMA and Feg (ii) presents
a strong PMA along the [001] direction. Particularly, in
Fig. 5(d), the MAE of Fe, and Feg(i) in bulk Fe,N is
apparently disadvantaged, as compared with FN-I-Fe, and
FN-I-Fey in the Fe,Feg /Fe-O, model [Fig. 4(b)]. In the slab
of Fe,N, both IMA and PMA exist and the ferromagnetic
order is broken in layer I. However, in Fig. 5(a), Fe,N in the
Fe,Fep/Fe-O, model shows PMA and the ferromagnetic
order in the whole region. The distinct PMA of Fe,N in bulk,
slab, and Fe,Fey/Fe-O, structures demonstrates the BFO’s
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great influence on the magnetic characteristics of Fe,N and
reflects the advantage of Fe,N/BFO heterostructures.

Our intention is to realize PMA and high spin polarization
simultaneously, so we will distinguish the spin-up and spin-
down DOS under the GGA 4 U + SOC calculations and
study the spin polarization of the advantaged Fe,Fey /Fe-O,
case. Figure 6(a) shows the spin-distinguished DOS calcu-
lated by GGA + U + SOC, which is reliable and consistent
with GGA + U. In Fig. 6(a), FN-I-Fe, (Feg) has a spin
polarization of nearly 100% (85%), and other atomic spin
polarization (ASP) in Fe,N are high. According to GGA + U
calculation, we further investigate the spatial distribution of
spin polarization in the energy intervals of [Er — 0.4 eV,
Er]land [Er, Er + 0.4 eV]. Considering the Fermi level can
be tuned by many means, such as doping the substrate or
applying a gate voltage [35], the spin polarization in the two
energy intervals are analyzed. In Fig. 6(b), the SSP results

(a) GGA+U ) GGA+U+SOC
Q
ﬂma A@/\gﬂ <
| BFOlFe BFO-I-Fe v N=)
52 2 2
L x
" N
o0
@ Q
w
5 2 N
>
= o
5° 0 Ak
FN-I-Fe, FN-I-Fe, ‘%\)
28 %6 4 20 2 28 b 4 2 0 2
Energy (eV)
BFO-I FN-I
(b)/—H o Fe,
below below
o FeB
o N
LJN0)
° Fe
(BFO)
o Bi

-70%

FIG. 6. (a) DOS of Fe atoms in the Fe,Fep/Fe-O, interface
with GGA + U and GGA + U + SOC calculations, where pos-
itive (negative) values in the vertical axis represent spin-up and
spin-down states. Ep = 0 eV. SSP of the BFO-I and FN-I layer in
the (001) plane are shown in (b), and SSP in the (100) plane with
a location of 0.5a are depicted in (c), under GGA + U calcu-
lation. The energy intervals of [Er—0.4 eV, Er] and [Ep,
Er 4+ 0.4 eV] match with the below and above labels of (b)
and (c), respectively. The relaxed Fe,Fep/Fe-O, model is
displayed in (c).

indicate that the high spin polarization is widely distributed in
the FN-I layer and BFO-I-Fe, which is in good agreement
with the above ASP results. Moreover, in Fig. 6(c), the whole
Fe,N part in the Fe, Fey /Fe-O, model shows a high SSP. Our
results indicate that the high spin polarization and PMA
simultaneously appear in the Fe,Fey/Fe-O, model, which
will provide an efficient spin-polarized current and improve
the performances of spintronic devices, such as STT MRAM.

IV. CONCLUSION

In summary, we study the PMA and spin polarization of
the tetragonal Fe,N/BFO(001) heterostructures by the
first-principles method. The main conclusions can be
summarized as follows: (i) Fe4,N exhibits PMA in all the
Fe,N atomic layers of the Fe,Fey/Fe-O, model, but
shows PMA only in the FN-I and FN-II layers of the
(Feg),N/Fe-0O, case, revealing that the Fe,Fe termination
is better for achieving the interfacial and inner PMA
than (Feg),N. (ii) As the position of interfacial Fe, and
Fep relative to BFO-Fe changes, PMA of Fe4N in the
Fe,Fep/Fe-O, case transforms to IMA in the FegzFe,/
Fe-O, case. (iii)) MA of the FN-I layer highly depends on
the polarized direction of BFO. (iv) The interfacial and
inner PMA of Fe,N along with high spin polarization
appears in the stable Fe,Fep/Fe-O, case owing to the
interfacial 3d-3d orbital hybridization. It is found that the
termination, interfacial atomic position, and ferroelectric
polarization of BFO play an important role on PMA of the
tetragonal Fe,N/BFO heterostructures. The above results
lay the foundations for developing the novel multifunc-
tional spintronic devices. So, we hope that the theoretical
prediction on PMA and high spin polarization can stimulate
further experimental research.
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