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1.  Introduction

Over the last two decades, spin-transfer torque magnetic 
random-access memory (STT-MRAM) has received increasing 
attention and has been the focus of spintronics research. Due 
to their high density, low power consumption, and non-vol-
atility, STT-MRAMs are considered to be one of the prom-
ising contenders for next-generation universal memory [1]. 
The basic unit of a STT-MRAM is magnetic tunnel junction 
(MTJ), which comprises a thin non-magnetic insulating layer 
sandwiched between two ferromagnetic layers. For a techno-
logically efficient MTJ, high tunnel magnetoresistance (TMR) 
ratio, low switching current, and high thermal stability are the 
key requirements [2, 3]. High TMR ratios were reported for 
MgO-based MTJs with FeCo, FeCoB and FePt electrodes [4, 5].  
Despite the success of these electrode materials, there is still a 
need for exploring a variety of materials. In the present study, 
we investigate the feasibility of transition metal (TM) substi-
tuted Fe2P in pursuit of a new class of electrode materials for 
the STT-MRAM application.

Fe2P stands out as a particularly interesting material, due 
its known sufficiently large value of saturation magnetic 
moment and large magnetocrystalline anisotropy energy 

(MAE) [6]. In addition Fe2P is composed of low-cost and 
widely available elements. However, due to its low Curie 
temperature (TC) of 216 K [7], stoichiometric Fe2P is imprac-
tical for room temperature applications. Earlier studies have 
shown great enhancement in TC, either by substitution on Fe 
or on P sites [7–10], making them useful for room temper
ature applications. Interesting magnetic behaviour have been 
reported for Mn, Cr, Co and Ni substitutions of Fe2P using 
Mössbauer spectroscopy [7, 11–15]. Very small substitutions 
of Mn, (Fe1−xMnx)2P (for x  <  0.015) induce metamagnetism 
and for x  >  0.03 it is antiferromagnetic. Similar results are 
reported for Cr substitution [7, 14]. Contrary to Mn and Cr 
substitutions, addition of Co in Fe2P enhances TC to a max-
imum of 480 K at x  =  0.3 [13]. Similar behaviour is observed 
for (Fe1−xNix)2P compounds with TC reaching to maximum 
(342 K) at about x  =  0.1 [14, 16]. Further, presence of very 
small amount of Cu impurities are found to greatly enhance 
the TC [17]. Besides, substituting P with B, Si and As signifi-
cantly increases the TC [8–10].

Due to simplicity in the synthesis and abundance of mat
erial, magnetic applications frequently make use of Fe-based 
alloys. Given its importance, many theoretical and exper
imental efforts are devoted to studying the structural and 
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magnetic properties of Fe2P-based alloys. However no efforts 
have been made so far in a direction where non-stoichiometric 
Fe2P may find a ‘softer’ magnetic application such as switching 
component [18–21] in magnetic devices. In the present study, 
we rationalize the attainability of such an application.

In the first part of this work, we examine the effect of Co, 
Ni, Cu and Zn substitution on the magnetic moment and MAE 
of Fe2P using first-principles calculations based on density 
functional theory (DFT). In the second part, we investigate 
its potential for MRAM application through the calculation 
of TC and TMR ratios, considering Cu substituted Fe2P as an 
exemplar. We discuss our findings following a brief outline of 
the computational methods.

2.  Computational details

We performed first-principles calculations using the pro-
jector-augmented wave (PAW) method [22] in the frame-
work of DFT as implemented in VASP code [23, 24]. The 
exchange-correlation energy of electrons is treated within a 
generalized gradient approximated functional (GGA) of the 
Perdew–Burke–Ernzerhof (PBE) [25] parameterized form. 
Interactions between ionic cores and valence electrons are 
represented using PAW pseudo-potentials, where 4s, 3d elec-
trons for TMs (Fe, Co, Ni, Cu, and Zn) and 3s, 3p  electrons for 
P are treated as valence. Plane-wave basis set with a kinetic 
energy cutoff of 500 eV and an energy convergence criteria 
of 10−6 eV are used. A uniform mesh of 9 × 9 × 5 k-points 
used for Brillouin zone sampling of the unit cell provided suf-
ficient accuracy. The MAE is calculated using magnetic force 
theorem given by,

MAE =

occ∑
i

∑
k

ε(êhard, k)−
occ∑

i

∑
k

ε(êeasy, k)� (1)

where ε(êhard/easy, k) is energy of the ith band when the mag-
netization is pointed either along the hard/easy direction. 
Heisenberg exchange coupling constants (Jij) are calculated 
using spin-polarized relativistic (SPR) Korringa–Kohn–
Rostoker (KKR) Green’s function method, as implemented 

within SPRKKR package [26]. Using the Heisenberg model, 
exchange Hamiltonian is given by,

Ĥ = −
∑
i�=j

Jijêiêj,� (2)

where, êi and êj are the unit vectors along the direction of 
local magnetic moment on atomic site i and j  respectively. The 
exchange parameters can be obtained from the energy differ-
ence between two different magnetic configurations using the 
formulation of Liechtenstein et al [27]. An angular momentum 
cutoff of lmax = 3 and 30 complex energy points are used for 
the expansion of Green’s function. The energy convergence 
criteria of 10−5 is used for self-consistent cycles. Equilibrium 
lattice parameters obtained from the ab initio simulation are 
used to calculate exchange interaction parameters.

Curie temperature (TC) is obtained from the Monte Carlo 
(MC) simulation using uppsala atomistic spin dynamics 
(UppASD) package [28], where we use the Hamiltonian in 
the following form,

H = −
∑

ij

Jijeiej − Ku

∑
i

(ei · e)2
� (3)

where e is the unit vector along the direction of the easy axis 
and Ku is the uniaxial anisotropy constant which are reported 
in table 2. We have used a 12 × 12 × 12 supercell with peri-
odic boundary condition. At each temperature, 25 000 MC 
steps are performed for equilibration using the magnetic con-
figuration of the previous temperature as the starting point. 
After the equilibration, the measurements are performed by 
using additional 50 000 MC steps.

3.  Results and discussion

Initial structure of Fe2P is taken from the experimental data 
[29] and is optimized by full relaxation of the unit cell and 
atomic positions. Fe2P crystallizes in hexagonal C22 structure 
with space group P6̄2m [30]. The unit cell is composed of 
three formula units with three Fe atoms occupying 3f  sites 
(FeI), remaining three Fe atoms in 3g sites (FeII), two P atoms 
occupying 2c sites (PI) and one P atom in 1b site (PII). FeI 

Table 1.  Calculated local and total magnetic moment (in µB f.u.−1)) 
for Fe2P and (Fe1−xMx)2P, x  =  1/6. µFeI and µFeII are average local 
magnetic moment at FeI and FeII sites, respectively. µM  represents 
local magnetic moment of M atom substituted at FeI or FeII sites.

Site µFeI µFeII µM µtotal

Fe2P — 0.83 2.23 — 3.01

(Fe1−xCox)2P FeI 0.75 2.13 0.37 2.71
FeII 0.88 2.30 0.87 2.66

(Fe1−xNix)2P FeI 0.59 2.03 0.12 2.43
FeII 0.88 2.18 0.28 2.39

(Fe1−xCux)2P FeI 0.42 1.90 0.004 2.15
FeII 0.82 1.93 0.04 2.07

(Fe1−xZnx)2P FeI 0.27 1.75 −0.04 1.88
FeII 0.77 1.53 −0.12 1.75

Table 2.  Calculated MAE(in MJ m−3) along with magnetic easy 
and hard axes for Fe2P and (Fe1−xMx)2P with x  =  1/6.

Site
Easy 
axis

Hard 
axis MAE

Fe2P — 001 100 2.38

(Fe1−xCox)2P FeI 001 100 0.96
FeII 001 100 0.91

(Fe1−xNix)2P FeI 100 010 0.47
FeII 001 100 0.70

(Fe1−xCux)2P FeI 100 001 1.26
FeII 001 100 0.87

(Fe1−xZnx)2P FeI 100 001 0.62
FeII 001 100 0.74
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atom is surrounded by four P atoms, whereas FeII atom is sur-
rounded by five P atoms, and so referred as tetrahedral and 
pyramidal sites, respectively. Computed lattice constants 
(a  =  5.81 and c  =  3.43 ̊A) agree well with the reported exper
imental values (a  =  5.87, and c  =  3.46 Å) [29].

An early x-ray diffraction experiment on (Fe1−xMx)2P 
alloys (where M is a TM) by Fruchart et al [7] revealed Fe2P-
type hexagonal structure for x � 0.2. Therefore, we took the 
optimized nine-atom basis cell of Fe2P and one out of six 
Fe atoms, either from FeI site or FeII site is substituted by a 
TM resulting in the formula (Fe1−xMx)2P, with x  =  1/6 and 
M  =  Co, Ni, Cu and Zn. To examine the site preference of the 
solute M atoms in (Fe1−xMx)2P, we compared the total ener-
gies for both cases, i.e. with M atom at FeI and FeII sites. For 
(Fe1−xCox)2P, total energy is lower by 67 meV f.u.−1 when 
Co occupies FeI site. This is in agreement with the earlier 
Mössbauer studies [7, 31] which disclosed the preferential 
filling of tetrahedral site. Same trend is obtained for Ni substi-
tution where the energy difference is 21 meV f.u.−1, which is 
in accordance with the experimental finding, where Ni atoms 
occupy FeI site preferentially, for x in the range 0 � x � 0.3, 
but FeII site for x  >  0.7 [7, 12, 32]. In case of (Fe1−xCux)2P 
and (Fe1−xZnx)2P, our calculations predict that Cu and Zn sub-
stitutes Fe preferentially at pyramidal site, for which there are 
no previous data available for comparison.

3.1.  Magnetic moment and anisotropy

Table 1 presents the total and local magnetic moments calcu-
lated for 3f  and 3g sites for Fe2P and (Fe1−xMx)2P. Calculated 
total magnetic moment for Fe2P (3.01 µB f.u.−1) agrees well 
with the experimental value (3.27 µB) [33]. The local magnetic 
moments computed for 3f  and 3g sites (0.83 and 2.23 µB) are 
also in accordance with earlier reports (0.96 and 2.31 µB f.u.−1) 
[33]. For Co substitution total magnetic moment decreases to 
2.71 µB f.u.−1, which is comparable with the experimental 
value of 2.47 µB f.u.−1 reported for (Fe0.70Co0.30)2P measured 
at 12 K [15]. For Ni substitution, computed value is 2.43 µB 
f.u.−1, which is consistent with the experimental value of 
2.14 µB f.u.−1 measured at 4 K for (Fe0.75Ni0.25)2P [12]. The 

agreement between our calculation and experimental values 
are acceptable as magnetic moments are found to decrease 
monotonically with increase in x, for Co and Ni substitu-
tions [12–14]. The predicted µtotal for Cu and Zn substitu-
tions are 2.07 and 1.75 µB f.u.−1, respectively. Table 2 lists 
the MAE estimated for pristine and TM substituted Fe2P. For 
Fe2P, computed MAE is 2.38 MJ m−3, which is very close to 
experimentally determined value of 2.32 MJ m−3 measured at 
low-temperature [34]. Further, our calculation reproduces the 
observed c-axis as the magnetization easy axis. From table 2 it 
is evident that for all TM substitutions, the calculated MAE is 
lower than that of Fe2 P. Kumar et al [13] reported the decrease 
in MAE for Co substitution up to 10% in the hexagonal phase 
and then progressive increase with increasing Co in the ortho-
rhombic phase. For Ni substitution, Fujii et al [14] through 
their experiments revealed a monotonic decrease in MAE 
with increase in x and dropping to zero at x  =  0.3. Thus, our 
results are in accordance with these experimental findings. For 
Cu and Zn substitutions there are no previous experimental 
reports available and our calculations predict their MAE to be 
0.87 and 0.74 MJ m−3, respectively. Figure 1 illustrates the 
variation of MAE and total magnetic moment for Fe2P and 
(Fe1−xMx)2P. As seen from the figure total moment decreases 
linearly as we move from Fe to Zn, and MAE is reduced for 
all TM substitutions. The decrease in MAE of Fe2P due to TM 
substitutions can be explained in terms of optimal band filling 
as MAE is known to be predominantly influenced by band 
filling. The MAE reaches its peak value close to the electron 
count corresponding to pure Fe2P and decreases as it deviates 
from the optimal electron count. This is explained in detail 
by Zhuravlev et al [35], where they discuss the strategy for 
maximizing the magnetocrystalline anisotropy by tuning the 
alloy content of Fe2P. Similar to Fe2P, lower energy structures 
of TM substituted Fe2P also have [0 0 1] as magnetization 
easy axis. Since these alloys have TC above room temperature  
[13, 14, 16, 17] and magnetic easy axis oriented along 
[0 0 1] direction, they can be used in perpendicular magnetic 
recording applications. From the above discussions, it is quite 
evident that TM substituted Fe2P could be a potential can-
didate for the MRAM application. In the next sections, we 

Figure 1.  Calculated MAE and magnetic moment for pristine and TM substituted Fe2P.
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Figure 2.  Calculated exchange constants for Fe2P (a)–(b) and (Fe1−xCux)2P (c)–(e).
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further investigate its competence for the same by determining 
TC and TMR ratios, considering Cu substituted Fe2P as an 
exemplar.

3.2.  Exchange interaction constants and TC

Results of interatomic exchange constants for pristine and 
Cu-substituted Fe2P obtained using the SPR-KKR package 
as a function of distance are shown in figure  2. Using cal-
culated magnetic moments and exchange constants as input 
data, MC simulations are performed by employing the 
metropolis algorithm. The transition probability between two 
states (s and s′) in Markov chain W(s → s′) is represented 

by W(s → s′) = min
{

1, e−
∆E
KBT

}
, ∆E = Es′ − Es is the dif-

ference in energy of the corresponding states. The simulated 
temperature-dependent normalized magnetization plots for 
pure and Cu substituted Fe2P are shown in figure  3. The 
obtained data points are fitted using the Curie-Bloch equa-
tion [36] given by,

m(τ) = (1 − τγ)
β ,� (4)

where τ = T
TC

 is the reduced temperature, γ  a phenomeno-
logical constant, and β is the critical exponent. The choice 
of equation (4) stems from the fact that Fe2P related systems 
do not behave like pure classical magnets [30]. In the limit, 
γ = 1, the equation  (4) reduces to one which is usual for 
a classical ferromagnet. The fitted value of TC for Fe2P is 
207  K, which is in good agreement with the experimental 
value of 216 K [7], and that for Cu-substituted Fe2P is 353 K 
(see figure  3). Although previous experiments revealed an 
increase in TC of Fe2P due to the presence of Cu impuri-
ties [17], quantifiable results are not available in the litera-
ture. The origin of the larger value of TC for Cu-substituted 
Fe2P can be understood from figure  2. It can be seen that 
for the pure case, the strongest interaction is FeII–FeII type 
and is about 17 meV. The major interaction between the two 
different Fe sublattices, viz. between FeI and FeII is about 
9 meV. While in the case of Cu-substituted Fe2P, there are 
three irons (FeI, FeII, FeIII), among which the most promi-
nent interaction is between the FeIII sites which is about 
24 meV. Also, there is a relatively stronger inter-sublattice 

Figure 3.  Monte Carlo simulation for temperature dependent magnetization (normalized to saturation magnetization) as a function of 
temperature for (a) Fe2P and (b) (Fe1−xCux)2P.

Figure 4.  Ball and stick model of magnetic tunnel junction consisting of (Fe1−xCux)2P and MgO.

J. Phys.: Condens. Matter 32 (2020) 195804
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interaction (between FeI and FeIII) about 12 meV. It is to be 
noted that in both cases, intra-sublattice exchange interac-
tion plays a dominant role.

We have also determined Gilbert damping parameter, α for 
bulk pristine and Cu-substituted Fe2P. The magnetic damping 
parameter is an important factor in determining the perfor-
mance of magnetic devices. A high damping parameter is 
essential for devices requiring high switching speeds [37], 
whereas low value is desired to achieve low critical switching 
current. The calculation of α is based on the ab initio Green’s 
function technique and linear response formalism as imple-
mented in SPRKKR package. We have used a k-point grid 
consisting of 2800 points in the irreducible Brillouin zone 
for the self-consistent calculation, while a much denser grid 
with 800 000 points is used for the calculation of α. The effect 
of finite temperatures on α is treated using an alloy-analogy 
model which deals with the thermal displacement of atoms in 
a quasi-static manner. The α of pristine and Cu-substituted 
Fe2P computed at 60 K is 0.032 and 0.038, respectively. Note 
that in the present work we have calculated intrinsic contrib
ution to the damping. However, in practical applications, 
extrinsic contributions caused by spin pumping [38] or modi-
fied electronic structure at the interface may dominate the 
damping [39].

3.3. Tunnel magnetoresistance (TMR)

MTJs consisting of MgO as an insulating barrier, with varying 
thicknesses (2, 4 and 6 atomic layers) sandwiched between 
pristine or Cu-substituted Fe2P layers are considered for 
the estimation of TMR ratios. A supercell approach is used 
and MgO(0 0 1) is rotated by 45◦ with respect to Fe2P(0 0 1) 
to match the lattice. The in-plane lattice parameter of the 
supercell is fixed to that of Fe2P and therefore MgO experi-
ences a strain of  ∼5%. Figure 4 shows schematic of modelled 
(Fe1−xCux)2P(0 0 1)/MgO(0 0 1)/(Fe1−xCux)2P(0 0 1) MTJ. 
TMR ratios are estimated using Julliere’s model [40] which 
correlates TMR and polarization by the relation,

TMR =
2P1P2

1 − P1P2
� (5)

where, P1 and P2 are spin polarization values of left and right 
electrodes respectively. P is calculated from the spin depen-
dent density of states n at the fermi energy EF using the 
equation,

P =
n↑(EF)− n↓(EF)

n↑(EF) + n↓(EF)
.� (6)

Calculated TMR ratios for pristine and Cu-substituted 
Fe2P for varied MgO layer thicknesses are listed in table 3. As 
apparent from the table, TMR ratios of Fe2P are almost dou-
bled with Cu substitution. For (Fe1−xCux)2P with six atomic 
layers of MgO, a TMR ratio as large as  ∼120% is obtained. 
Earlier studies involving perpendicular CoFeB/MgO systems 
have demonstrated higher TMR ratios along with reasonable 
STT switching critical current density and faster switching 
speeds [41–45]. Recently TMR ratio as high as 249% has 
been achieved for a bottom-pinned perpendicular-MTJ stack 
with atom-thick W layers and double MgO/CoFeB interfaces 
patterned into nanopillars [46]. While the TMR ratio pre-
sented in this work is comparatively low, it could be enhanced 
by selecting the appropriate spacer, bridging [46] and cap-
ping layers [47] with suitable thicknesses. Hence, from our 
calculations, we predict that TM substituted Fe2P could be a 
promising candidate for the STT-MRAM application. We are 
not aware of any published report on the use of Fe2P-based 
materials towards this application, and the results presented 
here may provide the basis for further development of a new 
class of electrode materials for MTJs.

4.  Conclusions

In summary, we have studied the magnetic properties of TM 
substituted Fe2P using first-principles calculations based on 
DFT. Our calculations show that Co, Ni substitutes Fe prefer-
entially at the tetrahedral site, whereas Cu and Zn substitute 
at the pyramidal site. For all TM substitutions, the total magn
etic moment is less than that of pristine Fe2P and decreases 
linearly as we move from Co to Zn substitution. Fe2P retains 
[0 0 1] as magnetization easy axis for TM substitutions, how-
ever, it shows a reduction in MAE. For Cu-substituted Fe2P, 
TC is calculated to be 353 K. TMR ratio as large as  ∼120% 
is predicted for MTJ with MgO as an insulating barrier. Our 
calculations thus disclose the significant potential of TM sub-
stituted Fe2P to be used as a component for STT-MRAM. The 
results presented here may serve as a groundwork for more 
detailed experimental and theoretical efforts towards Fe2P-
based materials for MRAM application.
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