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We report a first-principles study of electronic structures, magnetic properties, and the tunneling-
magnetoresistance (TMR) effect of a series of ferromagnetic nitride MyN (M = Fe, Co, Ni)-based
magnetic tunnel junctions (MTJs). It is found that bulk Fe,N reveals a half-metal nature in terms of the A,
state. A perpendicular magnetic anisotropy is observed in the periodic system Fe,N/MgO. In particular, the
ultrahigh TMR ratio of over 24 000% is predicted in the Fe,N/MgO/Fe,N MTJ due to the interface
resonance tunneling and relatively high transmission for states of other symmetry. Besides, the large TMR
can be maintained with the change of atomic details at the interface, such as the order-disorder interface, the
change of thickness of the MgO barrier, and different in-plane lattice constants of the MTJ. The physical
origin of the TMR effect can be well understood by analyzing the band structure and transmission channel
of bulk Fe,N as well as the transmission in momentum space of Fe,N/MgO/Fe,N. Our results suggest that
the Fe,N/MgO/Fe,N MTJ is a benefit for spintronic applications.
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I. INTRODUCTION

The tunneling-magnetoresistance (TMR) effect observed
in a magnetic tunnel junction (MTJ) has been extensively
studied during the past decades due to its promising
application in magnetic read heads and magnetic random
access memory [1-7]. A typical MTJ consists of an
insulator layer sandwiched by two ferromagnetic layers.
The TMR ratio is an important device merit of an MTJ.
Tremendous effort has been devoted to obtain a higher
TMR ratio. In particular, the high TMR ratio predicted in
Fe/MgO/Fe by first-principles calculations has aroused
the investigations of MgO-based MTJs [8,9]. Intriguingly, a
room-temperature TMR ratio in excess of 600% has been
achieved experimentally in a CoFeB/MgO/CoFeB MTJ
[10]. Many electrode and barrier materials have been
investigated to improve the MTJ device performance, such
as Co,MnSi [11], MnGa [12], and Fe;Si [13] electrodes
as well as spinel oxides [14], SrTiO5 [15], and GaO [16]
barriers.

Here, we propose one class of promising electrode
materials, namely, ferromagnetic nitrides M4;N (M = Fe,
Co, Ni). This choice is motivated by several merits of the
materials. First, Fe,N has low coercivity, high chemical
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stability, high electrical conductivity, and a high Curie
temperature (761 K) [17-20], which are favorable for
the application of spin-transfer-torque-based magnetic
random access memory [21,22]. Second, it is found that
the Fey,N/BiFeO; heterostructure [23] possesses a high
perpendicular magnetic anisotropy, which is a benefit for
high thermal stability, and low critical current density
switching in the next-generation high-density nonvolatile
memory [24,25]. Third, Fe,N possesses a perovskite
structure which can be epitaxially grown on most oxide
substrates such as SrTiO; and MgO [26-30]. Last, the spin
polarization of Fe,N is as large as 59% (at 7.8 K), as
confirmed by point contact Andreev reflection [31].
Experimentally, Sunaga and Tsunoda observe a large
TMR ratio of —18.5% under a finite bias in the
Fe,N/MgO/CoFeB MT]J [26]. Furthermore, Komasaki et al.
observe an even larger TMR ratio of —75.1% under a finite
bias in the Fe,N/MgO/CoFeB MTJ [32]. Also, Tsunoda,
Chiba, and Kabara report a TMR ratio of —18.5% in the
Fe,N/MgAl,0,/CoFeB MTJ [29]. These works indicate
the feasibility of using Fe,N as the electrodes of MTlJs.
Moreover, CosN and NiyN are also synthesized by molecular
beam epitaxy and magnetron sputtering techniques [33,34].
On the other hand, the electronic structures and magnetic
properties of bulk M,N (M = Fe, Co, Ni) [19,20,35-40] and
the magnetic properties of Fe,N/oxide (MgO, BaTiO;, and
BiFeO;) heterostructures are theoretically investigated from
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first-principles calculations [39]. However, a theoretical
study on the TMR effect and spin-dependent transport in
the nitride (M4N, M = Fe, Co, Ni) -based MTIJs is still
lacking. It is the purpose of this paper to investigate the TMR
effect and magnetic anisotropy in these nitride-based heter-
ostructures by means of first-principles calculations.

II. COMPUTATIONAL METHODOLOGY

First-principles calculations are performed using the
projector-augmented-wave method [41] as implemented
in the Vienna ab initio simulation package [42-44]. An
energy cutoff of 500 eV and Perdew-Burke-Ernzerhof [45]
generalized-gradient approximation for the exchange-
correlation functional are used throughout. Structural relax-
ations are performed using a 10 x 10 x 1k-point mesh
for MyN/MgO/M ;N (M = Fe, Co, Ni) MTJ until the
force on each atom is smaller than 0.01 eV/A and
the total energy converged to less than 1 x 107 eV. The
magnetic anisotropy energy (MAE) of a periodic system
Fey,N(5 ML)/MgO(5 ML) (ML represents monolayer)
is calculated using the force theorem approach [46,47].
The MAE is defined as the energy difference between
the magnetic moment aligning in the in-plane and out-
of-plane orientations. For the precise calculations of the
MAE, a higher-energy convergence of 1 x 107% eV and a
15 x 15 x 1k-point mesh are adopted. According to the
recipe of the second-order perturbation theory by Wang,
Wu, and Freeman [48], the MAE of Fey,N(5 ML)/
MgO(5 ML) can be approximated to the sum of the
following two terms:

AE™ = E(x) - E~(2)
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where + and — are the majority- and minority-spin states,
respectively, and o (1) and E, (E,) represent the occupied
(unoccupied) eigenstate and corresponding eigenenergy,
respectively. The matrix element differences between two
different orbitals are listed in our previous paper [47].
Equations (1) and (2) are used to interpret the dominant
contributions to the MAE from the partial density of states.

The quantum transport calculations are performed using
the Nanodcal package [9], which is based on the state-of-
the-art technique by combining the real-space density-
functional theory with the Keldysh nonequilibrium
Greens function formalism. The spin-polarized conduct-
ance G, is given by the Landauer-Biittiker formula

ZT (k. Er), (3)

k

where T,(k|, Ep) is the transmission coefficient at the

Fermi level E with spin ¢ (6 = 1, ) and transverse Bloch
wave vector k|| = (k,, k), e is the electron charge, and / is
the Planck constant. A 10 x 10k mesh and a 100 x 100k
mesh are used for self-consistent calculations and evalu-
ating the conductance, respectively. The generalized-
gradient approximation as parameterized by Perdew,
Burke, and Ernzerhof is used for the exchange-correlation

potential [45].

III. RESULTS AND DISCUSSION

A. Structure of bulk M4N and M,N/MgO
heterostructure

Bulk Fe,N has a cubic antiperovskite structure, and the
experimental lattice constant is 3.795 A [49], as shown in
Fig. 1(a). There are two different “Fe”” atoms, in which one
locates at the corner (Fe;) and the other locates at the face
center (Fey). It is clear that the bonding lengths between
Fe;-N and Fey-N are different, and the electron hybridi-
zation between Fep and N atoms is expected to be more
pronounced due to the shorter bond length. To explore the
role of the N atom in Fe,N, we also calculate bulk fcc Fe
with the same lattice constant of Fe4N, which can be simply
viewed as taking the N atom away from FeyN. It is
theoretically reported that the fcc Fe sustains in a stable
ferromagnetic phase when the lattice constant is larger than
3.640 A [50]. The bulk CouN and NiyN are also calculated
as a comparison, and the optimized lattice constant is 3.730
and 3.740 A, respectively.

The structure of the Fe;N/MgO heterostructure is also
investigated. The in-plane lattice constant is selected as
3.795 A, which is the same as bulk Fe,N. The formation
energy of the Fe-Fe termination with Fe; on top of O is
—12.526 eV, which is at least 3 times smaller than other
termination configurations, including the Fe-Fe termination

FIG. 1.

Atomic structures of (a) Fe,N and (b) MgO (red, blue,
green, light blue, and pink balls represent Fe;, Fey;, N, Mg, and
O atoms, respectively). (c) Optimized atomic structure of the
Fe,N/MgO/Fe,N MTJ model; the transport direction is along
the ¢ axis.
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TABLE I. Charge (in units of ¢) and magnetic moment (in units of up) distribution of bulk fcc Fe and bulk M4N.

fcc Fe Fe,N CoyN NigN
Atom FCI Fe]] Fe] Fen N CO] COH N Nl] Ni]] N
Charge (e) 8.00 8.00 7.80 7.62 6.35 8.79 8.67 6.19 9.85 9.68 6.10
Moment (up) 2.74 2.74 2.94 2.32 0.02 1.92 1.45 0.09 0.71 0.30 0.04
Spin polarization —47.7% —54.3% —82.7% —-52.5%

with Fey; on top of O, Fe-N termination with Fe; on top of
0, and Fe-N termination with Fey; on top of O. Therefore,
the Fe-Fe termination with Fe; on top of O is preferred
with respect to the other three termination configurations,
which is the same as the reported result in Ref. [38]. The
optimized Fe-O distance at the interface is found to be
1.993 A. A periodic system Fe,;N(5 ML)/MgO(5 ML) is
used to calculate the MAE. The MT]J consists of two semi-
infinite Fe,N electrodes sandwiching seven monolayers of
MgO as a barrier shown in Fig. 1 and is used to calculate
the magnetic transport property. The lattice mismatch
between CoyN(NiyN) and MgO is very large [51-53],
and the CoyN- and NiyN-based heterostructures are used
for a comparison with the Fe,N-based heterostructure.

B. Electronic structure and magnetism of bulk M4N

We first calculate atom-resolved charges, magnetic
moments, and spin polarizations of fcc Fe and bulk
M N (M = Fe, Co, Ni) as reported in Table I. The effective
nuclear charges of atoms are obtained from the Bader
charge analysis [54]. It is seen that the effective nuclear
charge of Fey is slightly larger than that of Fey. This is
expected due to the relatively larger hybridization between
Fer; and N. The magnetic moment of Fey (Feyp) is slightly
increased (reduced) in comparison to Fe in fcc Fe. The
acquired magnetic moment in N is negligible in all cases.
Moreover, the atom-resolved magnetic moment for Fe,N
agrees well with previous results [37]. On the other hand,
the spin polarizations for all systems are negative as
expected from the 3d-orbital exchange spin splitting.
The calculated spin polarization of Fe,;N is —54.3%, which
is in consistent with the point-contact Andreev reflection
result [31]. The spin polarization for CoyN is —82.7%,
which is larger than that of Fe,N and Ni,N.

To understand the above magnetic properties, we plot the
partial density of states (PDOS) in Fig. 2. For all systems,
the DOS of minority spin is larger than that of majority spin
in the vicinity of the Fermi level, which in turn results in the
negative spin polarization as listed in Table I. As shown in
Fig. 2(b), the occupied states of majority-spin Fe;-3d states
(from —1 to —4 eV) and the unoccupied states of minority-
spin Fe;-3d states (in the range of 0-2 eV) are more than
those of Fey-3d states, which means that the spin splitting
of Fe;-3d is larger than that of Fey-3d. Correspondingly, the
magnetic moment of the Fe; atom is larger than that of Fey;.
The electrons filling in the valence band vary with the 3d

element due to the different effective nuclear charges. Since
the effective nuclear charge for Co is larger than Fe, the
Fermi level for Co4N is much closer to the DOS peak of
minority spin [see Figs. 2(b) and 2(c)]. Thus, the spin
polarization for Co4N is larger than for Fe,N.

Figure 3 shows the symmetry-resolved band structures
of fcc Fe and bulk M4;N (M = Fe, Co, Ni). The band is
along the transport direction (I'-X). For fcc Fe, the
majority-spin A; band crosses the Fermi level, as shown
in Fig. 3(a). Thus, fcc Fe reveals a half-metal nature in
terms of A, state along the transport direction, which is
similar to bcc Fe [55]. For FeyN, the minority A; and the
doubly degenerate A5 bands cross the Fermi level, while no
majority bands cross the Fermi level along the transport
direction, as shown in Fig. 3(b). This indicates that Fe,N
reveals a half-metal nature in terms of both A; and Aj
states. For bulk CoyN and NiyN, only the minority-spin As
bands cross the Fermi level, as shown in Figs. 3(c) and 3(d).

C. Magnetic anisotropy energy of M,N/MgO

The calculated MAE of the periodic system Fe,N/MgO
is 0.856 meV, which is different from the isotropic bulk
Fe,;N. The calculated results show that the MAEs of the
atoms with the same symmetry are the same. It is noticed
that the MAE of all the Fe; atoms are positive and only the
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FIG. 2. PDOS of Fe-3d, Co-3d, Ni-3d, and N-2p orbitals and
the total DOS of (a) fcc Fe, (b) FeyN, (c) Co4N, and (d) NigN.
Note that the PDOS of the N-2p orbital is multiplied by a factor
of 10 in order to be shown clearly.
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FIG. 3. Symmetry-resolved band structures of (a) fcc Fe,

(b) FeyN, (c) Co4N, and (d) NiyN, respectively. The Fermi level
Ep is set to zero.

interface Fey atoms possess a positive MAE. As shown in
Fig. 4(a), the interface Fe; and Fey; atoms (labeled as Fe;-1
and Fey-1) provide the largest contribution to the positive
MAE, while the middle layer Fey; atoms (Fey-3) provide
a negative contribution to the MAE. Therefore, the
perpendicular magnetic anisotropy of Fe,N/MgO is an
interfacial effect. It is interesting that not only do Fe; and
Fep provide different contributions to the MAE, but also
the MAE of Fey in different layers are also different. The
different MAEs of these atoms are discussed in the following.

0.5
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0.1}
0.0

-0.1

(a) (©)

s-oa
c-"oq

MAE (meV)

|
IS
N

-0.3

FIG. 4.

Figure 4(b) depicts the orbital-resolved MAE of the three
representative Fe atoms, such as Fe;-1, Fey-1, and Fep-2.
For Fej-1, the matrix element difference between d,, and
d > shows the largest positive value, and the matrix element
difference between d,, and d,, also has a large contribu-
tion, which results in the out-of-plane easy magnetic axis in
Fe;-1. For Fey-1, the matrix element difference between d,,
and d,2_» provides the largest positive contribution to the
MAE, while the matrix element difference between d,, and
d > provides only a small positive contribution to the MAE.
For Fep-2, the positive contributions from the matrix
element difference between dx), and d2_» are small, and
the matrix element difference between d,, and d_> shows a
large negative value, which results in the in-plane easy
magnetic axis in Fey-2. To further shed light on the origin
of the different contributions to the MAE from different Fe
atoms, we combine the density of states and Eqgs. (1) and (2)
to analyze the mechanism.

It can be concluded from Eqs. (1) and (2) that
the occupied and unoccupied orbitals in the vicinity of
the Fermi level contribute the most to the MAE. Among the
occupied and unoccupied orbitals in the vicinity of the
Fermi level, the energy differences between dy; and d;’j

of Fer-1 [AE, in Fig. 4(c)] and d‘;;_yz and df; of Fey-1
[AE; in Fig. 4(c)], as well as dy; and d;’; of Fey-2 [AE5 in
Fig. 4(c)] are small, which means that they contribute the
most to the MAE of the three different Fe atoms. It is

known that the matrix element differences to the MAE

J———
——dyz(xz)
az?
dxty?

: Fe ‘N/N{gO_Fe]—Il

Fe ‘N/NllgO_Fen—l 1

(a) Atom-resolved MAE of periodic system Fe,N(5 ML)/MgO; atoms in different layers are labeled with the number.

(b) d-orbital-resolved MAE of the selective Fej-1, Fep-1, and Fey-2 atoms. (c) DOS of the d orbitals of the above three atoms.
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ratio is defined as TMR = (Gpc — Gapc)/Gapc, Where
Gpc and Gppc are the total conductance for the magne-
tizations of two electrodes in parallel (PC) and antiparallel
(APC) configurations, respectively. The spin-dependent

GIT,C, G%,C, GLPC, and G/ixpc as well as the TMR for four

2 W, 7 ! MTJs are listed in Table I1. For fcc Fe/MgO/fcc Fe, G/ is
' : larger than Gﬁc due to the slow decay of the majority-spin
®) A, state through the MgO barrier, as confirmed from the
" band structure [see Fig. 3(a)]. Furthermore, Glpc and GXPC
2 o2 —_72_~ 0 £ are significantly reduced due to the half-metallicity of the
E . A, state, and a TMR ratio of more than 1000% is observed
g 04 5 z due to the A spin spin-filtering effect. The spin-dependent
N transport property of fcc Fe/MgO/fcc Fe MTJ is similar to
~0.6 71DN;., : F— that of the becc Fe/MgO/bce Fe MTJ [8]. In the case of
Layer index Fe,N/MgO/Fe N, G[T,C is smaller than Gﬁc and the
conductance in PC is about 2 orders of magnitude larger

FIG.5. Atom-resolved MAE of (a) Coy,N(5 ML)/MgO(5 ML)

and (b) NiyN(5 ML)/MgO(5 ML) and d-orbital-resolved MAE
of a (c) Co;j-1 and (d) Nij-1 atom.

between the same spins are opposite to that of opposite
spins [47]. Therefore, the matrix element difference
between d,. and d,» shows a positive contribution to the
MAE of Fe;-1 and a negative contribution to the MAE of
Fe;;-2, respectively. For other matrix element differences
between two occupied and unoccupied orbitals of Fe,
atoms can also be well discussed from Egs. (1) and (2)
and the corresponding density of states.

Furthermore, we calculate the magnetic anisotropy energy
of the periodic system Co,N(5 ML)/MgO(5 ML) and
NiyN(5 ML)/MgO(5 ML). The calculated MAEs of
CoyN/MgO and NiyN/MgO heterostructures are 0.390
and —2.052 meV, respectively. Combining the atom- and
orbital-resolved MAE calculations, we find that the positive
and negative MAE:s of the two periodic systems mainly come
fromthe d,, and d,2_,: orbitals of the Coy-1 atomand the d .
and d. orbitals of the Nij-1 atom, as shown in Fig. 5.
Therefore, the out-of-plane easy axis of Co,N/MgO and in-
plane easy axis of NiyN/MgO are also an interfacial effect.

D. TMR effect and spin-dependent transport

The MTJ model used for performing quantum transport
calculations for the MTJs is shown in Fig. 1(c). The TMR

TABLE II

than that in APC. Consequently, an ultrahigh TMR ratio of
more than 20000% is obtained in Fe,N/MgO/Fe N, which
is significantly larger than that of fcc Fe/MgO/fcc Fe.

For a comprehensive understanding of the above
spin-dependent conductance and TMR effect, we plot
the distribution of transmission coefficients in the two-
dimensional Brillouin zone (BZ), as shown in Fig. 6. For
fcc Fe/MgO/fcc Fe, the majority spin in PC shows broad
peaks around the center of the BZ due to the slow decay
from the A; state [Fig. 6(a)], while the minority-spin
transmission in PC is characterized by sharp peaks
[Fig. 6(b)] at some special k| points, which come from
the interface resonant transmission. As evident from the
band structure shown in Fig. 3(b), there are no incoming
majority-spin A; states at the Fermi level for FeyN.
Therefore, for the Fe,N/MgO/Fe,N MT]J, the majority-
spin transmission in PC is negligible around the center of
the BZ. In contrast, the minority-spin tunneling shows large
peaks around the center of the two-dimensional Brillouin
zone. Note that, although the transmission around the
center of the BZ is negligible for a minority spin in PC,
the transmission originating from the contribution of inter-
face resonant states is very large. Besides, there are also
several areas regularly distributed in the BZ that reveal a
relatively high transmission for states of other symmetries
[green and yellow parts in Fig. 6(e)].

Spin-dependent conductance G, (in units of e?/4) and TMR ratios (in percent) for a series of MTJs.

GgC and Glﬁc are the majority-spin and minority-spin conductance in PC, respectively. GLPC and Gipc are the
majority-spin and minority-spin conductance in APC, respectively. The majority spin and minority spin refer to the
left electrode.

Structure Gllc G#C GI\PC G}APC TMR (%)
fcc Fe/MgO/fcc Fe 2.01 x 1075 0.09 x 1073 9.49 x 1077 9.33 x 1077 1014
Fe,N/MgO/Fe,N 0.81 x 1075 547 x 1075 1.26 x 1077 1.28 x 1077 24711
Co,N/MgO/CoyN 0.14 x 1073 2.49 x 1075 1.40 x 107 0.53 x 107° 1269
NiyN/MgO/NiyN 0.89 x 1073 1.53 x 1073 7.18 x 1077 7.79 x 1077 1514
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FIG. 6. The kj-resolved transmission coefficients of (a)—(c) fcc
Fe/MgO/fcc Fe, (d)—(f) Fe,N/MgO/Fe,N, (g)—(1) Coy,N/MgO/
CouN, and (j)—(1) NizZN/MgO/NiyN MTJs under zero bias. (a),
(d), (g), and (j) show majority to majority in PC. (b), (e), (h), and
(k) show minority to minority in PC. (c¢), (f), (i), and (I) show
majority to minority or minority to majority in APC.

The calculated TMR ratio of CoyN/MgO/CosN and
NiyN/MgO/NiuN MTIJs is 1269% and 1514%, respec-
tively, which is much smaller than that of the FesN/
MgO/Fe,N MTIJ. As listed in Table II, the conductance
in an antiparallel channel of Co,N- and NiyN-based MTJs
is much higher than that of the Fe,N/MgO/Fe ;N MT]J,
which may be the reason why the TMR of the Co4N- and
NiyN-based MTJs is much smaller than that of the
Fe,N/MgO/FeyN MTJ. As is known, the lattice mismatch
between Co,N(NiyN) and MgO is very large, that would
prevent real experimental heterostructure growth [51-53].
It is supposed that the insertion of a buffer layer in the
middle of Co4N(NiyN) and MgO may be a good strategy
to synthesize the stable Cos,N- and NiyN-based MgO
barrier heterostructure. As mentioned above, the anisotropy
of the Coy,N/MgO and NiyN/MgO systems is not always
perpendicular. Therefore, only the Fe,N/MgO/Fe,N MTJ
is fully discussed in this paper.

It is known that the interface resonant state is very
sensitive to the atomic details of the interface [56].
Therefore, we calculate the transport properties and
TMR of Fe,N/MgO/Fey,N MTJs with various interface
conditions, including disorder at the interface, different
barrier thicknesses, and several in-plane lattice constants.
First, in order to investigate the effect of disorder at the

interface on the TMR of MTlJs, we calculate the magnetic
transport property of the nonrelaxed Fe,N/MgO(7 ML)/
Fe,N MTJ, which corresponds to an interface-ordered
MT]J. The results show that, though the calculated TMR
ratio for the interface-ordered MTJ decreases compared to a
disordered MTJ (24 711%), it is still as high as 10 100%.
Then, in order to investigate the influence of the barrier
thickness on the TMR, the thickness of the MgO barrier of
a nonrelaxed MTJ is set as 5 and 9 ML, besides the above-
mentioned 7 ML. For the nonrelaxed Fe,N/MgO(5 ML)/
FeyN and Fe,;N/MgO(9 ML)/Fe,N MTIJs, the calculated
TMR ratio is as high as 13 027% and 8140%, respectively.
Results indicate that, for nonrelaxed Fe,N/MgO(5 ML)/
FeyN, Fey,N/MgO(7 ML) /FeyN, and Fe,N/MgO(9 ML)/
Fe,N MT]Js, the conductance for a minority channel in the
parallel configuration is still very high compared with the
conductance of the other three channels. Therefore, for
the interface-disordered or -ordered Fe,N/MgO/Fe,N MTJ
and Fe,N/MgO/Fe,N with different barrier thicknesses,
the TMR can maintain a high value. Last, three different
in-plane lattice constants for a nonrelaxed FeyN/
MgO(7 ML)/Fe,N MTJ are used in our calculations to
investigate the influence of in-plane lattice constants on the
TMR. The three in-plane lattice constants are selected as
3.795 A (the lattice constant of Fe,N), 4.211 A (lattice
constant of MgO), and 4.000 A (average lattice constant of
FeyN and MgO). In this part, first of all with the fixed in-
plane lattice constants we optimize the out-plane lattice
constants of Fe,N and MgO, and then we optimize the
interface distance between Fe,N and MgO. Figure 7 dis-
plays the kj-resolved transmission coefficients for MTJs
with three different in-plane lattice constants. It can be seen
that the dominant contribution to the high conductance
comes from the PC-down channel. In order to clarify
the high conductance of the PC-down channel for the
Fe,N/MgO/Fe N system, we separate the contributions
from Delta-symmetry filtering, resonant states (red parts),
and other states of other symmetries (green and yellow parts)
in Fig. 6(e). It is found that the contributions to the
conductance in the PC-down channel from other states of
other symmetries are as high as 59.74%. Therefore, the high
conductance in Fig. 6(e) comes not only from the resonant
states, but also other states of other symmetries provide large
contributions. Similarly, other states of other symmetries
also play an important role for the conductance in the PC-
down channel of ordered Fe,N/MgO/Fe,N MTJs with
different in-plane lattice constants, as shown in Figs. 7(b),
7(e), and 7(h). Besides, it can be seen from the transmission
around the Gamma point in Figs. 7(e) and 7(h) that the
A;-symmetry tunneling transmission occurs when the in-
plane lattice constants increase to 4.000 and 4.211 A.

As is known, the transmission coefficient of Fey;N/
MgO/FeyN in the BZ should be related to the transmission
channel of bulk Fe,N. Therefore, to shed light on the above
issues, we calculate the transmission minority channel of
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FIG.7. The kj-resolved transmission coefficients of an ordered
Fe,N/MgO/Fe,N MTJ with different in-plane lattice constants
(a)—(c) a=3.795 A, (d)—(f) a =4.000 A, and (g)—(i) a =4.211 A.
(a), (d), and (g) show majority to majority in PC. (b), (e), and
(h) show minority to minority in PC. (c), (f), and (i) show
majority to minority or minority to majority in APC.

bulk Fe,N with different lattice constants as a function of k|
at the Fermi level and the corresponding minority band
structure, as shown in Fig. 8. It is clear that the regularly
distributed areas (green and yellow parts) in Fig. 7(b)
correspond to the transmission channels of e?/h (green
parts) and 2e?/h (yellow parts) in Fig. 8(a). Similarly, the
areas regularly distributed in Figs. 6(e), 7(e), and 7(h) also
correspond to the transmission channel of bulk Fe,N in
Figs. 8(a)-8(c). As shown in Figs. 7(b), 7(e), and 7(h),
these regular areas also provide a non-negligible contribu-
tion to the conductance of ordered Fe,N/MgO/Fe,N with
different lattice constants. Furthermore, Figs. 8(a)-8(c)
show that the transmission channel of bulk Fe,N with
different in-plane lattice constants is in range 0-4.
Meanwhile, with the in-plane lattice constant increases,
the transmission channel at the same k point also changes.
For example, the transmission channel at (k, = 0.08,
k, =0.08) [in the unit of 2z/a, black circle in
Figs. 8(a)-8(c)] of FeyN with an in-plane lattice of
3.795, 4.000, and 4.211 A is 0, 3, and 4, respectively
(in the unit of e?/h), and the transmission channel at
(k, = 0.45, ky, = 0.12) [red circle in Figs. 8(a)-8(c)]is 1, 1,
and 2, respectively. Figures 8(d)-8(f) show the minority
band structure of bulk Fe,N from (0.08, 0.08, 0) to (0.08,
0.08, 0.5) for in-plane lattice constants of 3.795, 4.000, and
4211 A. As shown in Figs. 8(d)-8(f), when the in-plane
lattice constant of bulk Fe,N is equal to 3.795, 4.000, and
4211 A, branches of the band which cross the Fermi level
are 0, 3, and 4, respectively, which induces the change of

a=3.795 A a=42114A

{

-1
1 (0.08, 0.08, 0.00) (0.08, 0.08, 0.50)

(N

0.5

0.0

-5

-1.0

-1.5 =1 -1.5
(0.45,0.12,0.00) (0.45, 0.12, 0.50) (0.45,0.12,0.00) (0.45,0.12, 0.50) (0.45,0.12, 0.00) (0.45, 0.12, 0.50)

FIG. 8. Transmission minority channel of bulk Fe,;N with in-
plane lattice constants of (a) 3.795, (b) 4.000, and (c) 4.211 A.
The minority band structure of bulk Fe,;N (d)-(f) from (0.08,
0.08, 0.00) to (0.08, 0.08, 0.50) and (g)—(i) from (0.45, 0.12, 0.00)
to (0.45, 0.12, 0.50) with different in-plane lattice constants.

the transmission channel at (k, = 0.08, k, = 0.08) from 0
to 3 and 4 [57]. Similarly, the change of the transmission
channel at (k, = 0.45, k, = 0.12) can also be explained by
the minority band structure in Figs. 8(g)-8(1).

For the practical application of a MTJ-based device, the
output voltage V, is another important parameter. V is
defined as Vo = V;,(Gpc — Gapc)/Gpc, where V), is the
applied bias. The bias dependence of the TMR and V,; can
be obtained through the spin-dependent current 7, which is
given by the Landauer formula

o= [ TAE VI = ) = FAE = . 4

1

where e is the electron charge, % is the Planck constant, f;
(f,) is the Fermi distribution function of the left (right)
electrode, y; (u,) is the electrochemical potential of the left
(right) electrode, and y; — u, = ¢V,. The TMR ratio under
a finite bias is defined as TMR = (Ipc — Izpc)/Iapc, With
Ipc (I zpc) being the total current for a MTJ in PC (APC).
Figure 9 shows the bias dependence of the TMR ratios of
Fe,N/MgO/Fe,N and fcc Fe/MgO/fcc Fe MTJs. For
Fe,N/MgO/Fe,N, the TMR decreases monotonically with
the bias and the TMR is still close to 2000% under the bias
of 11 mV. In the case of the fcc Fe/MgO/fcc Fe MTJ,
though the TMR oscillates with the bias slightly, it still
maintains up to a larger bias. For example, the TMR is still
over 800% under the bias of 11 mV. Moreover, V
monotonically increases with the increase of V,, for both
of the MTJs. Because of the larger TMR ratio for
Fe,N/MgO/Fe,uN, the V, of Fe,N/MgO/FeyN is larger
than that of fcc Fe/MgO/fcc Fe.
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FIG. 9. Bias-dependent TMR ratio of Fe,N/MgO/Fe,N (black
curve) and fcc Fe/MgO/fcc Fe MTJs (blue curve). The inset
indicates a bias-dependent output voltage of Fe,N/MgO/Fe,N
(black curve) and fcc Fe/MgO/fcc Fe MTJs (blue curve).

IV. CONCLUSION

In summary, we investigate the electronic structures and
magnetic properties of M,N (M = Fe, Co, Ni), the MAE of
the M4;N/MgO heterostructure, and the spin-dependent
transport properties of M,N/MgO/M ;N (M = Fe, Co,
Ni) MTJs by means of first-principles calculations. The
effective nuclear charges and magnetic moments in bulk
Fe,N are slightly different from those in bulk fcc Fe. Bulk
fcc Fe reveals a half-metal nature in terms of the majority-
spin A, state, while bulk Fe,N reveals a half-metal nature in
term of minority-spin A; and As states. Interestingly, the
perpendicular magnetic anisotropy is observed in the peri-
odic system Fe,;N/MgO. More importantly, the ultrahigh
TMR ratio of over 24 000% is predicted in a relaxed
Fe,N/MgO/Fe,N MTJ under zero bias due to interface
resonance states and a relatively high transmission for states
of other symmetries. Furthermore, the large TMR ratio can
be maintained with the change of atomic details at the
interface, such as the order-disorder interface, the change of
thickness of the MgO barrier, and different in-plane lattice
constants of the MTJ. Moreover, the TMR of the
Fe,N/MgO/Fe,;N MTJ can maintain up to nearly 2000%
in the bias of 11 mV. Our results provide some fundamental
understanding of spin-dependent transport through nitride-
based perpendicular magnetic tunnel junctions and suggest
that a perpendicular Fe,N/MgO/Fe,N MTJ can possess a
large TMR effect, which is useful for the design of MTJ-
based spintronic devices.
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