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Pushing a uniaxial magnetic anisotropy (K,,) up to an order of meV per atom in bulk structures composed
of only 3d magnetic elements with large saturation magnetization (uMs) and Curie temperature (7,)
has been a long-term goal of hard permanent magnet and spintronics studies. Herein, using ab initio
calculations, we predict an unexpectedly large K, up to 1/2 meV/formula unit in B2-ordered tetragonal
FeCo, which is even comparable to or more than 50% of those for the currently known permanent magnetic
materials with 4d, 5d, and 4f orbitals. This large K, is associated with an interplay mechanism of the Jahn-
Teller-like tetragonal distortion induced by doping with an interstitial 2p-electron element, herein nitrogen
as an example, and the strong orbital hybridization between 3d and 2p states. Our findings demonstrate
the feasibility of significant enhancements on the magnetic anisotropy and energy product of 3d magnetic
metals through the interstitial doping with 2p-electron nonmetal elements.
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I. INTRODUCTION

The recent development in rare-earth free permanent
magnet and spintronics research fields requires break-
through that pushes a uniaxial magnetic anisotropy (K,,)
beyond. In particular, there have been tremendous efforts
to enhance K, up to an order of meV per atom in 3d
magnetic metals, which possess large saturation magne-
tization (uoMy) and Curie temperature (7,), without the
inclusions of 4d-to-5d heavy transition metal (TM) or 4f
rare-ecarth (RE) elements. Researchers have focused on
body-centered cubic (bcc) Fe and FeCo alloys to address
this issue, because of their relatively cheap cost and simple
fabrication compared with other commercial hard mag-
netic materials, including CoPt(Pd) and FePt(Pd) [1-4].

Despite their large poM; and high 7., however, such a
high-symmetry cubic structure exhibits a very small K,
typically in the order of eV per atom. Moreover, in these
3d magnetic metals, the absolute value of K, is largely
limited by the intrinsic natures of weak spin-orbit cou-
pling (SOC) and orbital angular momentum (L). Thus,
a favorable approach to enhancing K, resides in reduc-
ing symmetry as the energy levels of d orbitals evolve
in different crystal symmetries [5]. Such a modification
of the energy levels of d orbitals, particularly around the
Fermi level (EF), in turn, determines K,, according to the
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perturbation theory [6,7]. Herewith, for the bcc lattice
(c/a =1) of Fe or B2-ordered FeCo, the cubic symme-
try splits five d orbitals into doublets (e,) and triplets
(t2¢) [Fig. 1(a)]. When the symmetry decreases (c/a # 1),
additional Jahn-Teller-like splitting offers a greater degree
of electronic-energy-level freedom. More specifically, the
tetragonal distortion further splits these e, and 75, levels
into two irreducible representations: e, into two singlets
ay (dy2_,2) and by (d.2) and f, into a singlet b, (dyy) and
a doublet e (d,..), as illustrated in Fig. 1(b), where their
relative order depends on whether c/a is greater or smaller
than unity.

Based on this argument, an unexpectedly large K, up to
0.8 meV /atom was first predicted in body-centered tetrag-
onal (bct) FeCo with a c¢/a ratio of 1.20—1.25 and 60
at. % Co [8]. In subsequent experiments [9—11], such a
tetragonal distortion in FeCo films has been well achieved
by epitaxial growth techniques using lattice mismatching
substrates, such as Pd(001) [9,10], Rh(001) [10], Ir(001)
[10], and Pt(001) [11]. The strength of the tetragonal dis-
tortion (i.e., ¢/a ratio) and thereby the absolute value of
K, depend on the choices of the substrate and the film
thickness of the FeCo sample and the concentration x
in Fe;_,Co,. Furthermore, the induced tetragonal distor-
tion in FeCo films is feasible only with a limited film
thickness a few nanometers thick [9—11]. However, such
a nanometer-scaled thickness is insufficient for the prac-
tical usage in permanent magnetic materials at the bulk
scale.

© 2019 American Physical Society
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bct-FeCoN (c/a > 1)

(b) FIG. 1. (a),(b) Schematic pre-
i sentation of the Jahn-Teller-like
=.3p-ze splitting of d-orbital energy lev-

els of FeCo across the bce-to-bet

transition under N doping. In the

— by=xy atomic structure, while the yel-
=yz, Xz low and white spheres represent

the Fe and Co atoms, respec-
tively, the smaller blue spheres
are the N-dopant atoms. In the
cubic symmetry (bcc with ¢/a =
1), the d orbitals split into the
high-lying doublets (e,) and low-

lying triplets (#,,). Tetragonal dis-

tortion (bct with ¢/a > 1) further
splits e, into a; and by; t, splits
into a singlet b, and a doublet
e. (c) The formation energy H;
and (d) tetragonal distortion c/a
ratio of FeCoN, as a function
of x. In (d), the two horizontal
dashed lines denote the ¢/a corre-
sponding to the cubic phases, bcc
(¢c/a=1) and fcc (c/a = 1.41).
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In this paper, we propose a promising approach that
leads to the possibility of breaking the high-symmetry
cubic lattice of B2-ordered FeCo in bulk form by inter-
stitially doping with 2p-electron elements, in N as an
example. The resulting tetragonal phase of FeCoN; alloys,
where x is the relative atomic ratio of an interstitial N to Fe
(or Co) in the formula unit (f.u.) cell, exhibits an unexpect-
edly large uniaxial K, up to approximately 0.5 meV/f.u.
with the easy magnetization axis along the long-axis direc-
tion. The underlying mechanism is discussed in terms of
the energy level changes in two short-axis d-orbital states,
dy, and d,2_,>, which are coupled by SOC, driven by the
Jahn-Teller-like tetragonal distortion and the strong 3d-2p
hybridization. In addition, the exchange interaction and
Curie temperature are estimated in connection with the
mean-field approximation.

II. METHODOLOGY

We use density functional theory (DFT) calculations
within the projector-augmented-wave (PAW) pseudopo-
tential method [12], as implemented in the Vienna ab
initio simulation package (VASP) [13]. The exchange cor-
relation functional is treated with the generalized gradient
approximation (GGA) by Perdew, Burke, and Ernzerhof
(PBE) [14]. The primitive unit cell structures of 1 x 1 x 1
B2-ordered FeCo (x = 0) and FeCoN (x = 1) are shown
in Figs. 1(a) and 1(b), respectively. For FeCoN, with

The inset shows the optimized lat-
tice parameters a (circle) along
the short axis and ¢ (square) along
the long axis.

025 050 0.75 1.00

x in FeCoN,

x =0.074, 0.125, 0.25, 0.5, and 0.75, 2 x 2 x 2 (16-
atom FeCo) and 3 x 3 x 3 (54-atom FeCo) supercells are
adopted. In the supercell structure, the N is embedded as
interstitial doping, as the dissolved N or B atoms occupy
the octahedral interstices in experiments for (FeCo);4N,
[15,16], (Fep7Co03)1-xBx [17], and «”-Fe;¢N, samples
[18]. There are two distinguishable interstitial sites in B2
FeCo: the octahedron center surrounded by 4 Fe and 2 Co
(denoted as a 4-Fe coordinated octahedron) and the octahe-
dron center surrounded by 4 Co and 2 Fe (4-Co coordinated
octahedron). Our calculations show that the 4-Fe coordi-
nated octahedron is more favored than the 4-Co coordi-
nated one by an energy difference of about 0.5 eV/N, in
agreement with the previous calculations [19]. For each x,
we then consider various possible distribution patterns of
the N dopant atoms within the 4-Fe octahedron and results
shown in the following paragraphs refer to the most favor-
able phase. More specifically, the N dopant atoms prefer
the 4-Fe coordinated octahedron with the Fe atoms lying
on the (001) plane (or a-b plane), rather than the simultane-
ous two interstitial sublattices on the (001) and (100)/(010)
plane (or a-c/b-c plane), in uniform distribution over a
unit cell. As an example, we show five different distri-
butions of the interstitial N atoms in 3 x 3 x 3 unit cells
of FeCoNy 74 in Fig. 2: (a) first nearest neighbor (1NN)
4-Fe coordinated octahedrons with the Fe atoms lying on
the (001) plane, denoted as 1NN 4-Fe@(001); (b) second
NN 4-Fe coordinated octahedrons with the Fe atoms lying
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on the (001) plane [2NN 4-Fe@(001)]; (c) third NN 4-Fe
coordinated octahedrons with the Fe atoms lying on the
(001) plane [3NN 4-Fe@(001)]; (d) third NN 4-Fe coordi-
nated octahedrons with the Fe atoms lying on the (001) and
(100) plane [3NN 4-Fe@(001)@(100)]; and (e) third NN
4-Fe coordinated and 4-Co coordinated octahedrons [3NN
4-Fe@4-Co@(001)]. The relative energies of INN 4-
Fe@(001), 2NN 4-Fe@(001), 3NN 4-Fe@(001)&(100),
and 3NN 4-Fe4-Co@(001) with respect to the most
stable 3NN 4-Fe@(001) are approximately 0.033, 0.028,
0.067, and 0.418 eV/N, respectively. For 2 x 2 x 2 (3 x
3 x 3) supercells, we use an energy cutoff of 500 eV and
a9x9x9(5x5x5) k-point mesh to relax the struc-
tures and ionic coordinates until the largest force acting
on each atom becomes less than 1072 eV/A. The Gaus-
sian smearing method with a small smearing (0.05 eV) and
dense k points (15 x 15 x 15) are used in the noncollinear
calculations for the 2 x 2 x 2 supercell, which are suffi-
cient to provide well-converged values of K,. The SOC
term is included in a second-variational way employing
scalar-relativistic calculations of the valence states [20].

III. RESULTS AND DISCUSSION

The structural phase stability of B2-ordered FeCo, upon
the addition of N-dopant atoms, is first explored. The phase
stability versus phase decomposition into end member

yyyy
yy

FIG. 2. (a)He) Different dis-
tributions of the interstitial N-
dopant atoms in 3 x 3 x 3 unit
cells of FeCoN, when x = 0.074.
The notation of the atomic sym-
bol is the same as used in Fig. 1.
In each configuration, the octahe-
drons with the N-dopant atom at
the center are indicated.

f

3NN 4-Fe@(001)

3NN 4-Fe®4-Co@(001)

compounds can be described thermodynamically by the
change in the Gibbs free energy [21,22],

AG(T,P,N;) = AH(T,P,N,;) — TAS(T, P,Nj)
+ PAV(T,P,N), (1)

where H is the total energy of the system and 7, S, P, and V'
are the temperature, entropy, pressure, and volume of the
system, respectively. &; is the number of atom species i
(i.e., i = Fe, Co, and N) in the unit cell. We follow a recipe
proposed by Ong ef al. [21,22], where the compositional
phase diagram can be constructed using the convex hull
with the condition 7 = 0 K. On the other hand, the PAV
term is relatively small and thus usually neglected. Thus,
as AG = AH at 0K, the formation energy (/) can be
formulated as

compound Z /~L1 i

2N

where u; is the chemical potential of atom species i. The
chemical potential 1; can be estimated as the total energy
of the elemental ground state at 0 K.

The calculated Hy of FeCoN, as function of x is shown
in Fig. 1(c). The negative H; means the favorable forma-
tion of the single crystalline structure of FeCoN, against
the phase separation into the bulk phases of its constituent

Hy = @
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elements, i.e., bcc-Fe, hep-Co, and N, in the gas phase.
For FeCo, the cubic (c/a = 1) is the most stable structure
as B2 is the ground-state phase, where Hy is about —55
meV/atom. For FeCoN,, the magnitude of H; decreases
as x increases and changes its sign to positive at x =
0.5-0.75. Thus, the B2-ordered phase of FeCo is still ener-
getically stable upon the N doping with no more than 1/2
N-atom/f.u., which corresponds to 20 at. % N. Since the
formation affinity computed in the present study is valid
only at 0K, an acceptable amount of the N dopants in
practice would be more limited at an elevated temperature.
Experiments, for instance, reported that Feq 9Cog ; [15] and
a-Fe [18] can accommodate the N dopants up to 12.5 at.
% and still retain their o phase but with significant tetrag-
onal distortion (i.e., bct). Furthermore, it is experimentally
shown that the stability of the a”-Fe 4N, phase can be sub-
stantially enhanced by a Co addition [16]. We thus expect
that in low-temperature experiments the amount of the N
dopants could reach or even exceed more than 12.5 at. %
N in FeCo with 50 at. % Co.

In Fig. 1(d), we show the tetragonal distortion c/a ratio
of FeCoN, for the different x. The inset shows the cor-
responding lattice parameters a along the short axis and
¢ along the long axis. Our optimized a of FeCo in its

ground-state B2 phase is 2.844 A, in good agreement with
the previous theories [23,24] and experiments [25]. The
N addition further expands the lattice along the c axis, by
up to approximately 25% (¢ = 3.58 A), but reduces a up
t0 2.69 A at x = 0.5. As a result, the ¢/a ratio increases
linearly with x, reaching the largest value of 1.32 at x =
0.5, and remains the same for x > 0.5. Notably, such an
induced tetragonal distortion of FeCo by the N doping
is indeed substantial to yield a considerable K, therein,
as addressed later. We would like to further note that the
obtained c/a values of 1.1-1.3 at x = 0.125-0.5 (or 620
at. % N) would be optimal, at least in our objective of inter-
est; otherwise, one acquires another high-symmetry phase,
i.e., face-centered cubic (fcc), as ¢/a increases further to
1.41. As indicated in Fig. 1(d), the atomic structure of
FeCo undergoes a phase transition from bcc to bet upon the
small addition of N and tends to transform to a fcc phase
at large x.

Figure 3(a) shows the total spin magnetic moment (1)
per f.u. and atom-projected moment (mf ), for FeCoN,.
The B2 FeCo exhibits a highest m; of 4.5415/f.u., where
mt® and m® are 2.78 and 1.76up, respectively. Our
results reproduce those reported in experiments [25-27]
and previous theories [8,19,23,24,28]. Both the Fe and Co

FIG. 3. (a) Spin magnetic

Ap (e)

moment my and (b) charge dif-
ference Ap of the Fe, Co, and
N atoms in FeCoN, as function
of x. In (a), the total magnetic
moment per formula unit cell
(fu.) is also shown in the filled
square. (c) Side and (d) top view
of the isosurface plot of the charge
redistribution AQ for FeCoNy 5.
For simplicity, only the octahe-
dron centered at the dopant N site
surrounding by the 4 Fe (yellow
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respectively.

0.50 0.75 1.00

x in FeCoN,,

054085-4



PREDICTION OF POSSIBLE RARE-EARTH FREE PERMANENT...

PHYS. REV. APPLIED 11, 054085 (2019)

moments in FeCoN, decrease with x, resulting in reduced
magnetization to 4.17up/f.u. at the practically acceptable
(i.e., x =0.25 or 11.1 at. % N) and 3.90uz/fu. at the
upper limit of N contents, x = 0.5 or 20 at. % N. Note
that, even at the theoretically acceptable range of N at 0
K (< 20 at. % N), the magnetic moments of all Fe and
Co sites are still higher or comparable with those of bulk
bee-Fe (2.2up) and hep-Co (1.6up). Overall, our results
of 4.54-3.90up/fu. (or oMy =2.3-1.8 T) at x = 0-0.5
are greater by more than 10%, compared with the cur-
rent best permanent magnet Nd,Fe 4B (1.61 T) [29]. The
decrement in magnetism is mainly due to the suppressed
magnetic moments of the INN Fe and Co atoms to the
N site, which we denote as Fe;ny and Cojn. On the other

hand, the magnetic moments of the 2NN Fe and Co to the
N site (Fe,n and Copy) almost preserve those in FeCo. A
similar phenomenon is found in previous full-potential cal-
culations for C and N-doped FeCo [23,30]. These reduced
moments of the Fejy and Coy atoms can be understood by
the charge transfer/redistribution [19] and the Fe(Co) 3d-
N 2p hybridization [23,31], as discussed in the following
paragraphs. In addition, induced moments at the N-dopant
sites are rather small, of the order of 0.01-0.02 5.

We show the relative charge (Ap) with respect to the
nominal charge in Fig. 3(b). The nominal charges of Fe,
Co, and N atoms in their bulk forms are 8, 9, and 5
e, respectively. For better analyses, we illustrate the a-
¢ and a-b plane projected electron redistribution maps,

(a) 1 (b) 1 FIG. 4. The d-orbital PDOS of
— — the (a) Fe and (b) Co atoms for B2
i E FeCo. The same for the (c) Fen,
o o (d) Coin, (e) Fean, and (f) Con
T 0 § 0 atoms for FeCoNy j25. (g) The s-
2 D and p-orbital PDOS of the N-
8 n dopant atom for FeCoNy j5. The
A 8 Fermi level is set to zero energy.
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AQ = Q(FeCoN,) — Q(FeCo) — xQ(N), in Figs. 3(c) and
3(d) for FeCoNy 125, respectively. For FeCo, the charge
transfer of 0.24 e occurs from Fe to Co because of the
larger electronegativity of Co (1.9) than Fe (1.8). This
result is a consequence of the upward shift of the minority-
spin states of Fe toward the high-energy region across Er
due to the Fe d-Co d hybridization, which explains the
enhanced moment of Fe in FeCo with respect to its bulk
value (2.2up). For FeCoN,, the calculated Ap exhibits
a trend similar to my; the Ap decreases with x for both
Fe and Co. Consequently, a significant amount of charge
of 1.5-1.6 e is accumulated in the N-dopant site, regard-
less of the doping concentration. The electronegativity is
much larger in N (3.0) than in Fe and Co. In particular,
the Fe;y and Cojn atoms deplete more charge to the N-
dopant site than the Feyy and Coon [Figs. 3(b)-3(d)]. In
the analyses below, this charge transfer occurs mainly in
the majority-spin electronic state, which in turn reduces the
spin exchange splitting of Fe and Co atoms.

Figures 4(a) and 4(b) show the partial density of states
(PDOS) of the Fe and Co d-orbital states for B2 FeCo,
respectively. In B2 FeCo, the cubic symmetry splits the Fe
and Co d-orbital states into doublets (e, ) and triplets (f5).
For both Fe and Co, these 3d states are completely filled in
the majority-spin states, while the minority-spin states are
divided into the occupied and unoccupied two major parts.
In particular, the Co #,, states have more occupancies in the

(a) bcc «——— bet fcc (b) bcc

minority-spin states than the Fe #,,, as Co holds one more
electron than Fe in an ideal case. Thus, the spin moment
difference of approximately 1up between the Fe and Co
sites is mainly associated with the dissimilar energy levels
in the minority-spin low-lying f,, states.

In tetragonal symmetry, the e, and #,, states split into
two singlets a; (d,2_,2) and by (d.2) and one singlet b,
(dyy) and one doublet e (dy.,.), respectively. However, in
the presence of N-2p electronic states, such a simple crys-
tal field splitting not only affects the absolute value of the
3d energy levels, but also the hybridization between 3d and
2p orbital states. Obviously, from comparison in Figs. 4(c)
and 4(d) of the Fe;n/Con PDOS and Figs. 4(e) and 4(f)
of the Fe,n/Coon-PDOS, the orbital hybridization between
the Fe;n/Coin-3d and N-2p states is evident. Both the
majority- and minority-spin 3d states of the Fe;y and Cox
atoms are broadened compared to the corresponding states
of Feyy and Copn. In particular, as produced by the 3d-
2p hybridization, the dense minority-spin PDOS-d,>_,»
states of the Fe |y [Fig. 4(c)] and Co;n [Fig. 4(d)] and the
majority-spin N-p states [Fig. 4(g)] across Er are most
prominent.

The N-doping driven bcc-bet transition accompanies
an extremely large uniaxial K,. The calculated K, val-
ues of FeCoN, are shown in Fig. 5(a) for the different x.
Here, K, is determined as K, = E, — E., where E, and
E. are the total energies with magnetization along the

bct FIG. 5. (a) Uniaxial magnetic
anisotropy K, and (b) anisotropy

0.6 6
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a- and c-axis direction, respectively. The validity of this
total energy estimation is also double checked with the
force method [32]: K, = Zo,k[e(n, k)g — e(n, k).], where
e(n, k), and e(n, k). are the eigenvalues of occupied states
in the Hamiltonian for the a- and c-axis magnetization,
respectively. For B2 FeCo, the concept of uniaxial mag-
netic anisotropy between the a and ¢ axis is not relevant,
owing to their indistinguishable crystallographic lattices.
For FeCoN,, the K, increases rapidly with x up to x =
0.5, reaching a maximum value of approximately 0.5
meV/fu., and then decreases further. The positive sign in
K, stands for a uniaxial magnetic anisotropy with the easy
magnetization along the long-axis (or c-axis) direction.
Our calculated K, ranges from approximately 0.2
meV/fu. at ¢/a = 1.1 to approximately 0.5 meV/f.u. at
c/a = 1.32, which are roughly within the same order of
0.1-0.4 meV/atom at c¢/a = 1.1-1.25 in previous ab initio

(@

calculations for the tetragonally distorted FeCo without N
[8,33]. The authors mentioned that these values in FeCo
are notably exceeded compared with the corresponding
results for 4d Pd- and 5d Pt-included compounds, such as
FePd, FePt, and CoPt (cf. Fig. 2 and references in Ref.
[8]). On the other hand, in recent experiments [34], a K|,
value of 2.1 MJ m~> was reported in FeCo films with 10 at.
% Al doping, where c¢/a = 1.21. This result is also within
the range of our values of 1.5-3.0 MJ m™—> (or 0.26-0.49
meV/fu.) at ¢/a = 1.16-1.32. We further would like to
emphasize that K, of FeCo with 20 at. % N is more than
60% of the measured value (4.5 MJ m~3) at 300 K for
Nd,Fe4B (which is often referred to as the most efficient
permanent magnet with large K,, thus far) [29].

As poM and K, are known, we next determine the
intrinsic hard magnetic properties such as anisotropic field
H, and hardness parameter . According to the empirical

FIG. 6. (a) Energy- and k-
resolved distribution of the d,,

\ /\/ amEa : (black) and d,>_,> (blue) orbital
i Da) characters of the minority-spin
/ // \,\- bands for the Fe (left) and Co

- % ' (right) atoms in B2 FeCo. The
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Xy (right) of FeCoN, for (b) x =
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equation by Kronmiiller ez al. [35-37], the coercivity uoH.
is given by

MOHC = O(MJOI—]a - DeffMSa (3)

where « 1s the microstructure constant and D is an effec-
tive local demagnetizing factor. In most magnets, these
parameters are scaled less than a value of 1,1.e., « < 1 and
Degr < 1 [35,38,39], the absolute value of which depends
on the shape and size of the grain, temperature, and other
extrinsic quantities. On the other hand, as an intrinsic quan-
tity, H, can directly be obtained by noH, = 2K, /M;. Also,
the magnetic hardness parameter « is expressed by [35]

K 1/2
= () @

The typical hard magnetic materials have « values often
no less than 1 (k > 1) [35]. The square and circle sym-
bols in Fig. 5(b) display results of woH, and « of FeCoN,
for x < 0.5, respectively. The main trend of K, of FeCoN,
versus x is well preserved for both noH, and «, as large K|,
and small poM; are favored to enhance them. More specif-
ically, values of uoH, and k increase with x and reach 4.2

T and 1.1 at 20 at. % N, respectively. The corresponding
woH.’s are thus 0.48—1.17 T when both « and Dy vary
within 0.2—0.5. Note that an available experimental poH.
of 0.6 T obtained for 10 at. % Al doped FeCo [34] is within
this range. Furthermore, depending on the dopant amount,
the FeCoN, could be referred to as semihard (0.5 < « < 1)
or hard (« > 1).

In order to illustrate the origin of K,, we further
decompose K, into the atom and d-orbital resolved com-
ponents by the SOC energy difference for the a- and
c-axis magnetization, AEy. = E%  — ES . Here, Egc =
(B2 )2m*A) (/P [dV(r) /dr]L - S), where V(r) is the spher-
ical part of the effective potential within the PAW sphere,
and L and S are orbital and spin operators, respectively.
The expectation value of Ej, is twice the actual value of
the total energy correction to the second order in SOC, i.e.,
K, = 1/2AEqy [40,41]. Our calculations indicate that the
second-order perturbation theory is a reasonable approx-
imation as the total K, values overall agree within a
few-percent accuracy with those obtained from the atom
projected calculations. The other 50% of the SOC energy
translates into the crystal-field energy and the formation
of the unquenched orbital moment [42]. For FeCoN ;»s,
we find that K, (Fe;n) and K, (Cojy) are 0.19 and —0.1
meV, respectively, while K,,(Fe;n) and K,,(Coyy) are 0.17
and 0.1 meV. These K, values of all Fe and Co atoms
increase consistently as x increases. Notably, for x = 0.5,
Fe atoms still provide dominant contributions (0.35 meV),
three times more than Co (0.12 meV), to the total K,,.

In Figs. 5(c) and 5(d), we show the d-resolved K,
enhancements of Fe and Co atoms in the presence of N,

AK,(X) = K,(Xin) — K,(Xon), for FeCoNj 125, respec-
tively. It is obvious, as seen in Fig. 5(c), the AK),(Fe) arises
primarily from the pairs of the short-axis d states coupled
by SOC, through the (xy|L.|x* — y?) matrix element, as
addressed in the perturbation theory [6,7]. These short-
axis d orbitals are directly involved in the hybridization
with the N-2p electrons on the same a-b plane, as dis-
cussed in Fig. 4. On the other hand, the SOC involving the
long-axis d orbitals provides small negative contributions.
The positive contribution by the (xy|L.|x* — y2) decreases
significantly in AK,,(Co) [Fig. 5(d)], compared to the Fe,
while the other components are more or less preserved.

To get more insight, we show the energy- and k-resolved
distribution of the d-orbital band characters of the Fein
and Cojy atoms in FeCoN, in Figs. 6(a)-6(d) for x =
0-0.5, respectively. For simplicity, only the short-axis (on
the a-b plane) orbital bands of the dy, and d,>_» states
in the minority-spin state are emphasized. For the spin-
channel decomposition of K, we follow a recipe by the
previous full-potential calculations for FeCo with 3.125
at. % N doping, where the spin down-down ({ ) chan-
nel contributes predominantly (more than 70%) to the total
K, over the other spin channels, i.e., spin up-down 71|
and up-up 11 [23]. From the band analyses, we sketch a
schematic diagram of the energy levels (¢) of the d,, and

(@ E
£
> F
L =T
= -
r 0F
%
w =
& =
A
= | . 1 . !
0.00 0.25 0.50
x in FeCoN,
(b) 2 -
ok
I E
I
= | . 1 L \
0.00 0.25 0.50
x in FeCoN,
FIG. 7. (a) Energy levels of the occupied d,2_,> and unoccu-

pied d,, orbital states relative to Er at the I' point of the Fey
(filled) and Coiy (unfilled) atoms in FeCoN,. The Fermi level is
set to zero in energy. (b) The absolute value Ae of the SOC split
energy between the occupied d,2_,» and unoccupied dy, states of
the Fey (filled) and Coy (unfilled) atoms.
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TABLE 1. Parameters S; and S; and the calculated energy dif-
ferences A, A;, and A; (eV), and the exchange constants Jj;
(meV) of B2 FeCo for different i-j pairs.

Si 5 Aj A Aj Jij
Fel-Col 2 32 -245 —138 —1.69 25.8
Fel-Fe2 2 2 —2.89 —1.38 —1.38 —4.1
Fel-Fe3 2 2 —3.01 —1.38 —1.38 —7.8
Col-Co2 372 32 =319 —-1.69 —1.69 10.6
Col-Co3 372 32 —3.38 —1.69 —1.69 0.2

d,2_,» orbital states at the I point [Fig. 7(a)]. For B2 FeCo,
these d-orbital states of Fe and Co atoms are overlapped at
the I" because of the orbital hybridization between the Fe d
and Co d states. Whenx > 0, both the occupied d,2_,» and
unoccupied d,, states shift toward Er as x increases. In par-
ticular, the Ep-toward shift is more significant in Fe than
in Co. The absolute value of the SOC split energy between
the occupied and unoccupied states, Ag = E2_,2 — Exy, is
also plotted in Fig. 7(b). The Ae¢ value for Fe and Co of
B2-FeCo is 1.9 eV. As x increases in FeCoN,, the Ae¢
decreases and reaches values of 0.5 eV for the Fe;n and
1.2 eV for the Cojy at x = 0.5. The presence of the N
dopant develops the strong short-axis orbital hybridization
with the Fe atoms in the same a-b plane, rather than with
the more isolated Co in the long axis (c axis). We thus con-
clude that the relative change of the energy split levels in
the two short-axis d-orbital states coupled by SOC mainly
determines the K,, of (FeCo)N compounds.

From a practical viewpoint, 7. has to be sufficient
enough to maintain intrinsic permanent magnetic proper-
ties and energy product. We finally estimate 7, using the
standard approach in the Heisenberg model of the mean-
field approximation according to T, = 2Jy/(3kg) [43,44],
where Jy is the exchange coupling integral and kg is
the Boltzmann’s constant. From the classical Heisenberg
model, the exchange energy per unit cell with N magnetic
sublattices can be expressed as [45]

LA
Ee = 7 Z Z nizij Ji; SiSj (5)

i=1 j#i=1

where n; is the number of the ith sublattice, z; is the
number of neighboring sites in the jth sublattice to the
ith sublattice, and Jj; is the exchange coupling constant
between two spins §; at the 7 site and §; at the j site. From
the above expression, the exchange integral J;; can then be
formulated by [45]

Ay — A= A

‘]l” = s
4niZijSiSj

(6)

where Aj; is the energy difference between the excited
state, where both the spins S; and S; in the unit cell are

inverted, and the ground state (i.e., FM), and A, (A ) refers
to the spin reorientation of only a single sublattice i (7).
To reorient the magnetic moment, we use the constrained
local moment approach. In the constrained calculations, we
first adjust the magnitude of the Fe and Co moments in
B2 FeCo to those obtained from the self-consistent calcu-
lations by controlling the Wigner-Seitz radius. The same
values of the Wigner-Seitz radius for Fe (0.72 A) and Co
(0.99 A) atoms are then adapted for all FeCoN,. For each
spin rearrangement, we have fully relaxed the ionic posi-
tions while keeping the lattice constants of the ground state
FM phase. For reference, we show the parameters S; and
S; and the calculated values of A;;, A;, and A; in Table I
for B2 FeCo. All the possible short-range exchange inter-
actions between the different Fe and Co sites within the
3NN are explicitly considered as J;; becomes negligibly
small from the 4NN [46]. Thus, Jj is linear combinations
Ole»jl»NN, Jy%NNy J;NN’ and JO — Zz:l Z;NNJ;?NN

We first inspect the validity of our calculations of J
and 7, with the reference system, bcc-Fe. For bec-Fe,
we find that values of JINR, JZNN " and J2NN are 16.8,
0.9, and —1.4 meV, respectively. The positive and nega-
tive values of Jj; indicate the preference of parallel and
antiparallel couplings of §; and §;, respectively. With
2NN =8, z2NN, = 6, and YK, = 12, Jy = 0.124 eV and
T. =962 K for bce-Fe. Out T, is in reasonable agree-
ment with the previous theories (900—1200 K) [43,47,48]
and experiments (1040-1045 K) [49-51]. Results of Jj
and 7, for FeCoN, are shown in Figs. 8(a) and 8(b) for
x < 0.5, respectively. In Fig. 8(a), we also show the cal-
culated values of the normalized exchange parameters,
namely, ziolcofrelcots Zrel-Fer/felFe2s Zol-cor/Col-Cozs
ng:EFﬂJSCIN]_\LCp and Zggﬁcw](}:yﬁcw in the unfilled sym-
bols. For better visualization, the schematic of these
exchange couplings is illustrated in Fig. 8(c) for B2 FeCo.
Note that, for the cases of x > 0, where c/a > 1, the
exchange interactions along the ¢ and a axes are not
identical.

For B2 FeCo, we find that the calculated values of J;
and T, are 0.155 eV and 1195 K, respectively. As shown
in Fig. 8(a), JiNN,; and JEN.., provide positive contri-
butions to Jy, whereas JFZé\ln}eZ and Jggf_\{:ﬂ do contribute
negatively. More specifically, while the dominant con-
tribution to Jy comes mainly from the 1NN interaction
(i), the 2NN and 3NN interactions cannot be ignored
for determining Jy and 7. Notably, our predicted T, agrees
(within 5%) with an experimental value of 1253 K [52,53],
superior to the previous calculations (7. = 1660—1670 K)
that take into account only the 1NN Fe-Co interaction [47].
In a trend similar to JNX..,, both Jy and 7. of FeCoN,
decrease with x, reaching their minima of Jy = 0.117 eV
and 7. =905 K at x = 0.5. Values of 7. (9051195 K)
of (FeCo)N compounds thus fulfill the basic requirement
of high-performance permanent magnetic materials (7, >
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B2 FeCo (x =0)

550 K), as proposed in Ref. [54]. The enhanced tetrag-
onal distortion and volume expansion by the N dopants
could cause reduction of the exchange interactions and
Curie temperature, as the neighboring magnetic moments
weaken effects (such as the overlap of 3d wave functions)
when separated farther [46].

IV. CONCLUSION

In summary, we report results of first-principles cal-
culations on an unexpectedly large uniaxial magnetic
anisotropy up to approximately 0.5 meV/f.u. with the
easy magnetization along the long-axis direction in B2-
ordered tetragonal FeCo. The present study provides a
viable route to achieve intrinsic hard magnetic properties
(i.e., large magnetization and uniaxial magnetic anisotropy
at the same time) by breaking the high-symmetry structure
with a suitable interstitial doping of 2p-electron elements.
Through single-particle energy spectra analyses with spin-
orbit Hamiltonian matrix elements, the underlying mech-
anism is discussed in connection with the substantial
changes in the spin-orbit coupled d-orbital states projected
on the short-axis plane, d,, and dxz_yz, induced by the
large tetragonal distortion and the strong 3d-2p hybridiza-
tion. We hope that our prediction inspires subsequent

FIG. 8. (a) Exchange cou-
pling constants J; (unfilled
symbols) and exchange integral
Jo (filled square) and (b) Curie
temperature 7, of FeCoN, for
x < 0.5. In (b), the dashed line
at T, = 550 K is referred to as a
threshold of high-performance
permanent magnetic materi-
als, as proposed in Ref. [54].
(c) Schematic representation of
the exchange coupling interac-
tions in B2 FeCo. Red arrows
bridging between the numbered
spheres (Fe, yellow spheres;
Co, white spheres) represent
the five distinct exchange inter-
actions within the third nearest
neighbors: Fel-Col as one first
nearest neighbor, Fel-Fe2 and
Co1-Co2 as two second near-
est neighbors, and Fel-Fe3 and
Co1-Co3 as two third nearest
neighbors.

Threshold

0.25 0.50

X in FeCoN,

experimental investigations of rare-earth or heavy-metal
free high-performance permanent magnets and spintronics
materials.
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