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New diluted magnetic semiconductors represented by Li(Zn,Mn)As with decoupled
charge and spin doping have received much attention due to their potential
applications for spintronics. However, their low Curie temperature seriously restricts
the wide application of these spintronic devices. In this work, the electronic structures,
ferromagnetic properties, formation energy, and Curie temperature of Cu doped LiMgN
and the corresponding Li deficient system are calculated by using the first principles
method based on density functional theory, combined with Heisenbergmodel in theMean-
Field Approximation. We find that the Cu doped systems have high temperature
ferromagnetism, and the highest Curie temperature is up to 573K, much higher than
the room temperature. Li(Mg0.875Cu0.125)N is a half metallic ferromagnet and its net
magnetic moments are 2.0 μc. When Li is deficient, the half metallic ferromagnetism
becomes stronger, the magnetic moments increase to 3.0 μc. The bonding and differential
charge density indicate that the half metallic ferromagnetism can bemainly attributed to the
strong hybridization between N 2p and doped Cu 3d orbitals. The results show that Cu
doped LiMgN is a kind of ideal new dilute magnetic semiconductor that will benefit
potential spintronics applications.
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INTRODUCTION

In the modern information technology, the transmission and processing of information mainly use
the charge of electrons, while the storage of information mainly uses the spin of electrons. The two
degrees of freedom are independent of each other. Diluted magnetic semiconductors (DMS) utilize
the electron’s charge and spin degrees of freedom simultaneously to achieve novel quantum
functionalities, which can combine the properties of semiconductor with ferromagnetism and
have potential applications in spintronics (Ohno, 1998). Therefore, the designed spintronic devices
have the advantages of lower energy consumption, faster running speed and smaller volume (Zutic
et al., 2004; Dietl, 2010; Kacimi et al., 2014). However, there are some insurmountable difficulties for
traditional III-V group based dilute magnetic semiconductors prepared by doping transition metals.
For example, since the magnetic moments and carriers are provided by the same doped element, the
binding effect of the spin and charge precludes the possibility of tuning electric and magnetic
properties individually (Kaczkowski and Jezierski, 2009). The heterovalent substitution of Mn2+ into
Ga3+ leads to severely chemical solubility of the magnetic ions (Potashnik et al., 2001). The average
solubility for Mn is less than 1%, and only metastable films can be formed, resulting in that it is
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difficult to study the origin and mechanism of magnetism in
dilute magnetic semiconductors Potashnik et al., 2001). Besides,
the impurity ions often have higher ionization energy, restricting
the contribution of free carriers in the system (Yan et al., 2007).

To overcome these difficulties, Mašek et al. (2007)
theoretically proposed a kind of new diluted magnetic
semiconductor Li(Zn,Mn)As based on I-II-V group elements,
wherein magnetism due to isovalent substitution can be
decoupled from carrier doping with excess/deficient Li
concentrations. Deng et al. (2011), Jin et al. (2013) successfully
prepared polycrystalline Li(Zn,Mn)As bulk materials with TC as
high as ∼50 K. Muon spin rotation measurements have
established that the magnetically ordered volume reaches 100%
below TC, and the magnitudes of the ferromagnetic exchange
coupling and the ordered moment are comparable to those of
(Ga,Mn)As (Deng et al., 2011). Sato et al. (2012) theoretically
calculated the electronic structures of Mn doped LiZnAs, LiZnP
and LiZnN, and found that introduced Li vacancies could
strongly suppress spinodal decomposition, induce
ferromagnetic interaction and improve Tc in these systems.
Following this, a series of new generation diluted
ferromagnetic semiconductors, e.g., “111” type Li(Zn,Mn)P
(Deng et al., 2013; Ding et al., 2013) and Li(Cd,Mn)P (Han
et al., 2019), “122” type (Ba,K) (Zn,Mn)2As2 (Zhao et al., 2013;
Zhao et al., 2014),“1111” type (La,Ca)(Zn,Mn)SbO (Ding et al.,
2014), and “32522” type (Sr3La2O5)(Zn,Mn)2As2 (Man et al.,
2014), were successfully synthesized. A number of progresses of
these new DMSs have been made on both fundamental studies
and potential applications. Among them, the highest Tc is 230 K
of the (Ba,K)(Zn,Mn)2As2 system (Zhao et al., 2014). However, it
remains below room temperature.

Improvement of TC is always a fundamental issue for diluted
ferromagnetic semiconductor materials. To explore new dilute
magnetic semiconductor materials with better performance, in
this work, the electronic structures, ferromagnetic properties,
formation energy, and Curie temperature of Cu doped LiMgN
and the corresponding Li deficient system are investigated by
using the first principle calculation method based on density
functional theory (DFT), combined with Heisenberg model in the

Mean-Field Approximation. We find that the Cu doped systems
have high temperature ferromagnetism, the highest Tc is up to
573 K, which indicate that Cu doped LiMgN is a kind of ideal new
dilute magnetic semiconductor.

COMPUTATIONAL DETAILS

LiMgN is an antifluorite structure (Kuriyama et al., 2002) with
the lattice constant a � b � c � 4.955 Å, belongs to the space
group F-43 m. It can be prepared by the reaction of Li, Mg and
N2 at high temperature (800°C) (Kuriyama et al., 2002). The
LiMgN tetrahedral lattice can be viewed as a zinc blende MgN
binary compound, analogous to GaN, filled with Li atoms at
tetrahedral interstitial sites near N. In the present work, a 2 × 2 ×
1 (48 atoms) supercell of ZB-type LiMgN was constructed,
containing 16 Li, 16 Mg and 16 N atoms, as shown in
Figure 1A. Two Mg atoms were substituted by two Cu
atoms, thus the doping concentration was 12.5%. When one
Cu atom was fixed, another Cu atom was selected three
asymmetric positions for comparison (as shown in
Figure 1B). One Li atom closest to the Cu atom was
removed in order to introduce a Li vacancy (VLi) in the 2 ×
2 × 1 supercell.

All the first-principles calculations were carried out with the
Cambridge Serial Total Energy Package (CASTEP) code (Segall
et al., 2002) based on the density functional theory (DFT)
method. The periodic boundary conditions were applied in all
calculations, and the generalized gradient approximation (GGA)
in Perdew Burke Ernzerhof (PBE) (Perdew et al., 1996) was
performed to deal with the electronic exchange-correlation
potential energy. In order to reduce the number of the plane
wave basis vectors groups, the plane-wave ultrasoft pseudo
potential (USPP) method (Vanderbilt, 1990) was implemented
to describe the interaction between ionic core and valence
electrons. The valence electronic states were Li:2s1, Mg:2p63s2,
N:2s22p3 and Cu:3d104s1, respectively. The cut-off energy for the
plane-wave was 400 eV, and the Monkhorst-Pack mesh was 3 ×
3 × 6 for the integral calculation of the total energy and charge

FIGURE 1 | Supercell structures of LiMgN with 48 atoms: (A) LiMgN, (B) Li(Mg0.875Cu0.125)N.
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density in the Brillouin zone. The self-consistent convergence
accuracy was set at 2.0 × 10−6 eV/atom. The structures of each
doped configuration were optimized before the calculations of
total energies and the electronic structures.

RESULTS AND DISCUSSION

Electronic Structures
In order to achieve the equilibrium lattice constants, the
structures of Li1-y(Mg1-xCux)N were optimized firstly. The
geometry optimization curves are plotted in Figure 2. It can
be seen that the optimized lattice constant for LiMgN is 5.04 Å,
which is slightly overestimated comparing with the experimental
value (4.955 Å) (Kuriyama et al., 2002). The optimized lattice
constants of Li (Mg0.875Cu0.125) and Li0.9375 (Mg0.875Cu0.125) N
are 5.02 and 5.01 Å respectively, slightly less than that of the pure
LiMgN.

Pure LiMgN is a direct band gap semiconductor. The
valence band is mainly composed of N-2p, Mg-2p state

and Li-2s electronic states, and the conduction band is
mainly composed of Mg-2p and Mg-3s electronic states.
Figure 3 shows the spin polarized energy band structures
of Cu doped LiMgN and the corresponding Li deficient
system, and the inset is enlarged views of the vicinity of
Fermi level. It can be seen in Figures 3A,B that some impurity
levels are introduced near the Fermi level by Cu doping. In
the majority-spin bands, the impurity bands merge into the
valence band top, and the Fermi level still lies in the band gap,
so the majority-spin bands remain semiconducting nature.
While in the minority-spin bands, the Fermi level penetrates
through the impurity bands, resulting in that two of the
impurity levels cross the Fermi level, which demonstrates
that the minority-spin bands exhibit metallic properties. So
the Cu doped LiMgN system becomes a half-metallic material
with 100% spin-polarized ratio of conduction electron. The
spin-flip band gap is 0.13 eV (shown in Table 1). Figures
3C,D are the energy band structures of Cu doped LiMgN with
Li vacancies. They are similar to that of Cu doped LiMgN,
indicates that Li0.9375(Mg0.875Cu0.125)N also exhibits half
metallic property. However, the minority-spin bands are
somewhat different. The impurity levels across the Fermi
level increase to three, and the spin-flip band gap increases to
0.22 eV, which indicates that the more robust half-metallic
behavior to lattice deformation and temperature for Li
deficient system.

Figure 4 shows the density of states (DOS) of Cu doped
LiMgN and the corresponding Li deficient system. It can be seen
in Figure 4A that the sub-bands crossing the Fermi level mainly
come from Li-2s, N-2p and Cu-3d states of the minority-spin.
Besides, one can also note that a resonance peak appears near the
Fermi surface, indicating that the electron orbitals of Li-2s, N-2p
and Cu-3d states have strong sp-d hybridization near the Fermi

FIGURE 2 | The relative energy as a function of lattice constants for Li1-
y(Mg1-xCux)N.

A B C D

FIGURE 3 | The spin polarized band structures of Li(Mg0.875Cu0.125)N (A,B); and Li0.9375(Mg0.875Cu0.125)N (C,D). Inset: Enlarged views near Fermi level.

TABLE 1 | The band gaps (Eg), the spin-flip/half-metallic gaps (HM gap), magnetic
moments (M), and formation energies (Ef) of Li1-y(Mg0.875Cu0.125)N.

Li1-y (Mg1-xCux)N Eg (eV) HM gap (eV) M (μB) Ef (eV)

Li(Mg0.875Cu0.125)N 2.23 0.13 2.0 1.98
Li0.9375(Mg0.875Cu0.125)N 1.98 0.22 3.0 3.56
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level. The t2g energy level split from Cu-3d states of the minority-
spin is pushed across the Fermi level, which makes it become a
half-filled state. This causes that the states of the majority-spin are
slightly more than those of the minority-spin, resulting in the net
magnetic moments. The calculated net magnetic moments are
2.0 μc for Li(Mg0.875Cu0.125)N as shown in Table 1. Figure 4B
shows that when Li is deficient, the DOS of Li-2s, N-2p and Cu-3d
states near the Fermi level increase obviously. This indicates that
the Li vacancies enhance the sp-d orbital hybridization. The t2g
energy levels are pushed further above the Fermi level, which
makes none of the three levels is occupied by electrons. This
increases the spin-flip band gap and net magnetic moments for
Li0.9375(Mg0.875Cu0.125)N. The formation energy of the two
systems is also calculated and shown in Table 1. The stability
of the doped system decreases slightly with respect to pure
LiMgN.

Ferromagnetism and Bonding
To explore the magnetic properties of the systems, the
ferromagnetic and antiferromagnetic coupling energy of Li1-
y(Mg0.875Cu0.125)N with different Cu doped position are
calculated and shown in Table 2, where EFM is the
ferromagnetic coupling energy of the systems, EAFM is the
antiferromagnetic coupling energy, and ΔE is the difference
between the ferromagnetic and antiferromagnetic coupling
energy. It can be seen obviously that ΔE < 0 for each doped
position, indicating that the ferromagnetic order is more stable
than the antiferromagnetic order. The Cu doped LiMgN systems
are half-metallic ferromagnet. To further understand the
ferromagnetic properties of Li1-y(Mg0.875Cu0.125)N, the
variation of ΔE with the distance between two Cu atoms is
plotted in Figure 5A. It can be seen that ΔE decreases with
the distance, implying that the half-metallic ferromagnetism

FIGURE 4 | The density of states of Li(Mg0.875Cu0.125)N (A); Li0.9375(Mg0.875Cu0.125) (B).

FIGURE 5 | The energy difference of the ferromagnetic and antiferromagnetic state (A) and the Curie temperature (B) as a function of the two doped Cu atoms
distance for Li1-y (Mg0.875Cu0.125)N.
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become stronger as the two Cu atoms is closer. Moreover, when Li
is deficient, the half-metallic ferromagnetism is further enhanced.

The ideal DMS should have Curie temperature (Tc) higher
than the room temperature. The Curie temperature of the Cu
doped LiMgN systems is estimated by using the Heisenberg
model in the Mean-Field Approximation (Sato et al., 2003):

KB•Tc � 2ΔE/3x (1)

where x is the number of doped particles, ΔE is the difference
between the ferromagnetic and antiferromagnetic coupling
energy, and KB is the Boltzmann constant. The variation of Tc
with the distance between two Cu atoms is shown in Figure 5B. It
can be seen that Tc of the doped systems is significantly enhanced
when Li is deficient, and the maximum Tc is up to 573 K, much
higher than the room temperature. Which shows that Cu doped
LiMgN is a kind of ideal new dilute magnetic semiconductor that
will benefit potential spintronics applications.

Table 3 shows the bond length and charge population overlap of
the doped systems. It is found that the numbers of the charge
population overlap for the Li-N and Mg-N bonds in pure LiMgN
are negative, which indicates that they are ionic bonds. For Cu doped
system, the numbers of the charge population overlap for Li-N and

Mg-N bonds decrease. Meanwhile, the number of the charge
population overlap for Cu-N bond is positive, demonstrating the
covalent nature for the Cu-N bond, which is due to the strong
hybridization between N 2p and doped Cu 3d orbitals. In general, the
radius of Cu ion is larger than that of Mg ion. However, the bond
length decreases for Cu doped system because of the Cu-N covalent
bond nature, resulting in that the lattice constant also decreases.When
Li is deficient, the numbers of the charge population overlap for Li-N
and Mg-N bonds further decreases, whereas that of Cu-N bond
further increases. This indicates thatmore charges transfer from the Li
and Mg atoms to the Cu and N atoms, resulting in that the covalent
nature for the Cu-N bond become stronger.

Figure 6 shows the charge density for Li1-y(Mg1-xCux)N along
(2,2,1) plane. It can be seen that the values of charge density around
Li and Mg atoms (Figure 6B) also decrease compared with those of
pure LiMgN (Figure 6A). Besides, we can find that the charges
transfer from the Li andMg atoms to the Cu and N atoms, resulting
in that the interaction between Cu andN atoms is stronger than that
between Mg and N atoms. When Li is deficient, the charges further
transfers and the interaction between Cu and N atoms become
stronger. These results indicate that the effect of Cu doping on the
ferromagnetic properties and bonding of the doped system is mainly

TABLE 2 | The ferromagnetic and anti-ferromagnetic coupling energy of Li1-y(Mg0.875Cu0.125)N with different Cu doped position.

Li1-y (Mg1-xCux)N Cu atoms distance (nm) EFM (eV) EAFM (eV) ΔE = EFM

- EAFM (meV)

Li(Mg0.875Cu0.125)N-1 0.500 −23988.64142 −23988.56416 −77.26
Li(Mg0.875Cu0.125)N-2 0.354 −23988.84502 −23988.74593 −99.09
Li(Mg0.875Cu0.125)N-3 0.707 −23988.67494 −23988.58214 −92.80
Li0.9375(Mg0.875Cu0.125)N-1 0.500 −23796.27993 −23796.13969 −140.24
Li0.9375(Mg0.875Cu0.125)N-2 0.354 −23796.48006 −23796.33201 −148.05
Li0.9375(Mg0.875Cu0.125)N-3 0.707 −23796.38217 −23796.30667 −75.50

TABLE 3 | The charge population overlap and bond length of the chemical bonds for Li1-y(Mg1-xCux)N.

Li1-y (Mg1-xCux)N Chemical bonds Charge population overlap Bond length (Å)

LiMgN Li-N −0.02 2.182
Mg-N −0.03 2.182

Li(Mg0.875Cu0.125)N Li-N −0.11 2.173
Mg-N −0.08 2.173
Cu-N 0.70 2.173

Li0.9375(Mg0.875Cu0.125)N Li-N −0.12 2.169
Mg-N −0.25 2.169
Cu-N 0.71 2.169

FIGURE 6 | The maps of charge density for Li1-y(Mg1-xCux)N in (2,2,1) surface. (A) LiMgN; (B) Li(Mg0.875Cu0.125)N; (C) Li0.9375(Mg0.875Cu0.125)N.
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attributed to the strong hybridization between N 2p and doped Cu
3d orbitals.

CONCLUSION

In this work, the electronic structures, ferromagnetism, formation
energy, and Curie temperature of Cu doped LiMgN and the
corresponding Li deficient system are calculated by using the first
principles method based on density functional theory, combined with
Heisenberg model in the Mean-Field Approximation. We find that
the Cu doped systems exhibit half-metallic ferromagnetism, which is
helpful for spin injection. The net magnetic moments for
Li(Mg0.875Cu0.125)N are 2.0 μc. When Li is deficient, the half-
metallic ferromagnetism becomes stronger, the magnetic moments
increase to 3.0 μc. The density of states, bonding and charge density
indicate that the half-metallic ferromagnetism can be mainly
attributed to the strong hybridization between N 2p and doped Cu
3d orbitals. Besides, we also find that the highest Curie temperature is
up to 573 K when Li is deficient, much higher than the room
temperature. These results indicate that Cu doped LiMgN is a

kind of ideal new dilute magnetic semiconductor and will benefit
potential spintronics applications.
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