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a b s t r a c t

MnN systems have been widely used to investigate Mn incorporated into Ш–V compounds, which combines 
the spin and electron charge as promising diluted magnetic semiconductors (DMS). However, few experi
ments have demonstrated the magnetic transformation of MnN with lattice constant changes, although it 
has been mentioned many times in previous theoretical calculations. In this study, we synthesize MnN 
single crystal under high pressure and temperature. Furthermore, we perform high-pressure resistance, 
magnetic resistance and synchrotron radiation on MnN single crystal/polycrystalline and observe the first- 
order phase transition accompanied with antiferromagnetic (AFM) to ferromagnetic (FM) magnetic struc
ture transition under 34 GPa. The experimental result and first-principles calculations reveal the same 
magnetic and structural transition of MnN in the compression process from equilibrium volume 18.2 
to16 Å3. An analysis of electronic structure and magnetic interactions in terms of the Heisenberg 
Hamiltonian indicates a strong FM coupling in the [001] plane due to the double exchange mechanism of 
Mn eg orbitals. With the reduced Mn-N bond length under high pressure, the enhanced FM double exchange 
interactions could induce the magnetic transition from AFM to FM and subsequently lead to a structural 
transition from a face-centered tetragonal structure to a cubic structure. These findings provide the foun
dations for GaMnN or MnN layer DMS.

© 2022 Elsevier B.V. All rights reserved. 

1. Introduction

In recent years, the integration of electron charge and spin as 
promising materials for innovative spin-based devices has attracted 
the attention of the scientific community. Of particular interest are 
diluted magnetic semiconductors (DMS), where the transition metal 
Mn is incorporated into Ш–V compounds, for example, GaMnN, 
(MnN)1/(GaN)1, (MnN)1/(AlN)1, etc [1–6]. However, the synthesis of 
DMS is extremely difficult owing to the easy formation of metal 
clusters in these alloys. Furthermore, it is not yet possible to control 
the magnetism in DMS, i.e., ferromagnetic or antiferromagnetic. 
Several theories have been proposed to explain the nature of 

magnetism in these alloys [7–10]. But the effect of substituting Mn 
on the cation site on the magnetism is not well established. For this 
task, several ab initio studies of the MnN system are available that 
are well related to Mn doped in GaN and other Ш–V alloys, as Mn 
atoms in MnN can be found in the same local environment as in 
diluted alloys [11,12]. Therefore, the study of MnN will provide a 
better understanding of the nature of Mn coordinated with N 
in DMS.

Under MnN systems, the crystal structure of MnN at ambient 
pressure is the tetragonally distorted NaCl-type with anti
ferromagnetic (AFM) configuration along the [001] direction consists 
of ferromagnetic (FM) layers, with 3.3 µB of Mn lying in the [001] 
plane [13]. Moreover, the structure and magnetic ordering could be 
changed with lattice expansions as predicted by first-principles 
calculations [14,15]. For example, the wurtzite structure with larger 
equilibrium lattice constants has a ground state of FM, and the zinc 
blende structure has the ground state of AFM along the [100] di
rection, respectively. To investigate the relation between the lattice 
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constant and magnetic properties experimentally, a high tempera
ture has been applied on the MnN system. Unfortunately, the mag
netic transition (AFM to FM) was not accompanied by the first-order 
phase transition. This is because N escaped from the sample and the 
alloys transitioned to Mn3N2 in the high temperature range [16]. 
Suzuki et al. measured the high-temperature X-ray diffraction of 
MnN under a high pressure of 3.0 GPa, to prevent N from escaping 
from the MnN system [17,18]. Nonetheless, the relationship between 
the MnN magnetic moment and lattice constant is not well de
scribed and explained. Therefore, the study and description of this 
relationship is crucial to the design and synthesis of DMS.

In this study, we synthesized a MnN single crystal under high 
temperature and pressure and studied the lattice constant under 
high pressure to avoid N from escaping from MnN crystals. The ex
perimentally measured lattice constants were well reproduced in 
our first-principles calculations. Combining both experiment and 
theory, we conclude that as the pressure increased, a first-order 
structural phase transition occurred at 34 GPa, accompanied with an 
AFM to FM transition. Our findings will be important in the synthesis 
of DMS and in determining whether metal clusters exist in DMS.

2. Materials and methods

We used the 6 × 600 t high pressure machine and the pyr
ophyllite as the pressure medium. The method of pressure mea
surement is accomplished by the change of metal resistance when 
the metal appears solid to solid phase transition under different 
pressure. In this paper, we used Bi(Ⅰ-Ⅱ) and Ba(Ⅱ-Ⅲ) phase transition. 
The oil pressure corresponding to the pressure points of 2.55 GPa 
and 5.5 GPa can be obtained through the metal Bi and Ba. 
Temperature measurement is establishment of the thermocouple 
and quantification of the press heating power relationship, the 
thermocouple is in direct contact with our sample.

High–purity MnCl2 (> 99.9%) and Ca3N2 (> 99.9%) powders in the 
molar ratio of MnCl2:Ca3N2 = 3:1 were homogeneously mixed and 
compacted into cylindrical pellets, graphite furnace and pyrophyllite 
in turn. Putting the assembly into a cubic press. Then put the cy
linder into the BN thermal insulation layer, and BN thermal insula
tion layer in a graphite furnace. To obtain metastable MnN, the 
reactants were slowly heated to 1000 °C (5 ℃/min) and 5.5 GPa for 
30 min. The run products were washed with distilled HCl to remove 
the byproduct CaCl2 and unreacted MnCl2, followed by drying in an 
oven at 348 K.

High-P synchrotron X-ray diffraction experiments were per
formed using a diamond-anvil cell (DAC) in the Beijing Synchrotron 
Radiation Facility (BSRF). The obtained polycrystalline MnN was 
ground into powder and loaded into a sample chamber made of T301 

stainless-steel gasket with neon as the pressure-transmitting 
medium. A few ruby balls were loaded into the same sample 
chamber to serve as the internal pressure standard. The collected 
angle-dispersive X-ray diffraction data were analyzed by integrating 
two-dimensional images as a function of 2θ using the program Fit2D 
to obtain the conventional, one-dimensional diffraction profiles.

The electronic transport properties (RT and MR) of MnN single 
crystal with high pressure up to 41 GPa were measured using four- 
probe electrical conductivity methods in a DAC made of CuBe alloy. 
The diamond culet was 300 µm in diameter. Au wires with adia
meter of 18 µm were used as electrodes. A T301 stainless steel gasket 
was compressed to 40 µm with a 150-μm hole. The cubic BN applied 
as an insulating layer was pressed into this hole. A small center hole 
of 100 µm in diameter was drilled to serve as the sample chamber, 
where NaCl fine powder served as a pressure-transmitting medium, 
and a piece of MnN single crystal of dimensions 75 µm × 100 µm 
× 25 µm was loaded. The ruby was loaded simultaneously as a 
pressure marker.

Structural relaxation by energy minimization and electronic 
structure calculations for different magnetic configurations were 
performed using the full-potential linearized augmented plane- 
wave method implemented in WIEN2k [19–21]. We used the gen
eralized-gradient approximation with Perdew–Burke–Ernzerhof 
(GGA-PBE) exchange-correlation energy and 4000 k-point meshes 
for the Brillouin zone [22,23]. The muffin-tin radii were 2.00 a.u. and 
1.60 a.u. for Mn and N, respectively [24]. The maximum modulus for 
the reciprocal vector Kmax was chosen such that RMT*Kmax = 7.0 and 
Gmax= 12.

3. Results and discussion

The X-ray diffraction data of MnN are shown in Fig. 1(a) and 
analyzed by the Rietveld method using the General Structure Ana
lysis System software package [25–27]. We identified that the MnN 
ground state structure belongs to the face-centered tetragonal lattice 
and F4/mmm space group. The value of the lattice constants 
(a=4.221 Å, c=4.137 Å) are larger than those reported by Lihl et al. and 
Otsuka et al. Furthermore, the ratio of the lattice constant (c/a=0.98) 
is almost same as those by Lihl et al. and Otsuka et al., thus sug
gesting that the atomic ratio of manganese to nitrogen is almost 1:1 
[28,29]. The face-centered tetragonal conventional cell can be 
transformed into the body-centered tetragonal primitive cell by 
using a simpler cell selection method (See SM (supplemental ma
terial) Fig. S1), so which is not conventional Bravis crystal system. In 
this paper, in order to more obvious compare the structural trans
formation between face-centered tetragonal lattice and face-cen
tered cubic, we chose the face-centered tetragonal lattice instead of 
the body-centered tetragonal lattice. To investigate the relationship 
between the lattice constant and magnetic properties, high-pressure 
synchrotron X-ray diffraction was performed on the MnN 

Fig. 1. Rietveld refinement of X-ray diffraction pattern and phase transition under 
high pressure of MnN. (a) The X-ray diffraction pattern of MnN at room temperature 
with λ = 1.5405 Å, black dots are raw observed data in the lab [I(obs)], and the red line 
is the calculated XRD data of MnN [I(calc)]. The difference curve [I(obs)-I(calc)] is 
shown at the bottom in blue. (b) High-pressure synchrotron X-ray diffraction with 
λ = 0.6199 Å of MnN under 0.75 GPa and 34.5 GPa. The face-centered tetragonal (F4/ 
mmm) ambient phase transition to the face-centered cubic (Fm-3m) phase under 
34.5 GPa.
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polycrystalline in a DAC with neon as the pressure medium and ruby 
chip for pressure calibration, as shown in SM Fig. S2. As the pressure 
increases from 0 to 46 GPa, high-pressure synchrotron X-ray dif
fraction indicates that the pressure-induced structure transition 
should occur at 34 GPa from the face-centered tetragonal (F4/mmm) 
ambient phase to the face-centered cubic (Fm-3 m) phase, which is 
clearly shown in Fig. 1(b), and the atom coordination of Mn and N 
are shown in SM Table 1. The compressibility of MnN calculated by 
the equation of state (EOS) is shown in SM Fig. S3. The MnN is 
structurally stable up to 34 GPa; when the pressure is larger than 
34 GPa, a phase transition to cubic unit cell occurred. A fit to the 
third-order Birch–Murnaghan EOS of the tetragonal unit cell yields 
the bulk modulus B0 = 198.1 GPa and B0 = 190.4 GPa for another 
cubic unit cell. After phase transition, MnN demonstrated poorer 
compressibility.

Reliable resistivity data are always important to understand the 
electronic states. Specifically, the magnetic field dependence of re
sistivity offers an option in electron–electron and electron–spin in
teractions. As shown in SM Fig. S4, the temperature dependence of 
resistivity (RT) is measured up to 41 GPa. The resistivity of MnN 
increases with pressure and always indicates a metal behavior, thus 
suggesting that the electron structure does not change with the first- 
order phase transition. The magnetic field dependence of magnetic 
resistance (MR) at 250 K under various pressures up to 41 GPa is 
shown in Fig. 2(a). The evolution of the MR shows sharp decreases in 
34 GPa, 38 GPa, and 41 GPa, indicating a magnetic transition with the 
first-order phase transition. According to Marques et al., accom
panied with the strain and compression of the lattice parameters, an 
AFM to FM transition will be observed for the zinc blende polytype 
and wurtzite structure of MnN [14]. Our experimental data and DFT 
calculations also present an AFM to FM transition for the NaCl-type 
structure of MnN with the compressed lattices remaining constant 
under high pressure. To examine this AFM to FM transition. We 
measured the temperature-dependence magnetic moment (MT) of 

MnN samples, and the AFM to FM transition was observed around 
Tc= 32 K. It is noteworthy that both the low temperature and high 
pressure compress the lattice constant. Consequently, with the lat
tice constants decreased, the AFM to FM transition of the MnN 
samples occurred under 32 K or 34 GPa. Supported by the DFT cal
culation below, our result is sufficient to approve this magnetic 
phase transition from AFM to FM of MnN. Suzuki et al. reported the 
relationship between the lattice constant and magnetic properties of 
MnN using high temperature; however, the magnetic transition was 
not accompanied with the first-order phase transition, because N 
escaped from MnN [12–14]. Compared to using a low/high tem
perature, a high pressure ensures the stability of the N atoms in 
MnN. It is well known that, transition metal nitride (TMNx) is diffi
cult to be synthesized with ideal stoichiometric ratio (x = 1) and high 
nitrogen content (x  >  1). Since 2003, Zeer et al. have successfully 
synthesized Zr and Hf high nitrogen content compounds, c-Zr3N4 

and c-Hf3N4 by using diamond anvil under 15.6–18 GPa, 
2500–3000 K. This shows N-atoms should not escape in DAC tech
niques as compared to the traditional effect of heating. we have 
measured MnN again after decompressing from high pressure (see 
SM Fig. S5). It can be seen that the synchrotron radiation diffraction 
of MnN after pressure decompress from high pressure to 0.1 GPa is in 
good overlap with the synchrotron radiation of unpressurized MnN 
in intensity and diffraction peak, which indicates that the N atom 
does not escape under high pressure, and also indicates that the 
phase transition of MnN under high pressure is reversible. Moreover, 
high pressure technique provides not only the pressure dependence 
MR, RT, and X-ray diffraction, but also the structural-related origin of 
the transport properties under various pressures. All of these data 
are important to understand the structure and magnetics transition.

We now discuss the relationship between the lattice constants 
and magnetic transition. As shown in Fig. 2(c), in the magnetic 
structure according to Suzuki et al., each Mn-ion has twelve nearest- 
neighboring Mn-ions coupled by superexchange interactions 

Fig. 2. (a) Temperature dependence of MR at 250 K (5Tesla) under various pressures up to 41 GPa; Inset figure is temperature dependence of MR at 250 K (0–5Tesla) under various 
pressures up to 41 GPa. The circle represents the original magnetoresistance data at different pressures. (b) Temperature dependence of DC magnetization of MnN with H = 0.1 T. 
(c) Antiferromagnetic and ferromagnetic structure of MnN with face-centered tetragonal lattice. (d) The ratio of a′ and b′ (Mn–Mn bond length) as well as the lattice constants a 
and c.
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through the intermediate N-ions with a Mn–N–Mn bond angle of 
90°. Four of these Mn-ions are on the same ab plane, and couple 
ferromagnetically with the central Mn-ion. Eight are on adjacent 
planes, and couple antiferromagnetically with the central Mn-ion. 
Furthermore, there are six next-nearest-neighboring Mn-ions cou
pled ferromagnetically with the central Mn-ion by a 180° super
exchange interaction via the N-ions [17,18]. For simplicity, we 
consider here only the nearest-neighbor Mn-ions and define J1a as 
the exchange interaction of the central Mn-ion with the eight Mn- 
ions in the adjacent planes and J1b as that with the four Mn-ions in 
the same ab plane and denote the corresponding bond lengths as a′ 
and b′, respectively. With increasing pressure, the lattice constants a 
and c decrease and the Mn–Mn bond lengths vary accordingly. We 
found that for pressures below 34 GPa, a′/b′ <  1, and the coexisting 
ferromagnetic J1b and antiferromagnetic J1a yields an AFM magnetic 
structure of MnN as observed at ambient pressure. While for pres
sures above 34 GPa, we obtain a cubic structure with the Mn–Mn 
bond length a′/b′= 1. The ferromagnetic exchange coupling J1a=J1b 

yields a FM phase in this high pressure regime. The transition from 
antiferromagnetic to ferromagnetic J1a should be related to the 
competition of the superexchange coupling between Mn t2g spins 
and the double exchange mechanism due to the presence of con
ducting eg electrons. The latter becomes dominant at pressures. 
Therefore, MnN exhibits an AFM-to-FM transition accompanied by a 
first-order structural transition. These relationships are well ex
amined by first-principle calculations in the following.

The structural and magnetic transitions of MnN under high pres
sure were investigated by first-principles calculations using the gen
eralized-gradient approximation with the Perdew–Burke–Ernzerhof 
(GGA-PBE) exchange-correlation potential for different magnetic con
figurations. The settings of FM, AFM1 and AFM2 configurations are 
shown in Fig. 3(a). At ambient pressure, the AFM ordering along the 

[001] direction (AFM1) was found to be the ground state for the face- 
centered tetragonal MnN. The GGA-PBE calculated equilibrium volume 
V0 of 18.2 Å3 is larger than those of previous works but c/a = 0.98 is in 
good agreement with the previous theoretical calculations and neutron 
diffraction experiment [30]. As shown in Fig. 3(b), the calculated lattice 
constants with varying pressure were in excellent agreement with the 
experimental measurements and confirmed a transition from the face- 
centered tetragonal to cubic structure at high pressures. Correspond
ingly, as shown in Fig. 3(c), the total energy of the FM state decreases 
faster than that of the AFM1 state with increasing pressure and an 
AFM-FM magnetic transition was found as the volume is compressed 
to 16 Å3, which corresponds to a pressure of 34 GPa, consistent with the 
experimental MR data. PBE calculations of MnN with experimental 
lattice constants were also performed for different magnetic states. As 
shown in Fig. S6, the magnetic transition from AFM to FM occurred at 
34 GPa, in good agreement with the experimental data. As a conclusion, 
the first-principle calculations indicate that the structural transition 
should be accompanied with the AFM-to-FM transition. We should 
note that at the magnetic transition, the optimized a/c ratio with AFM1 
phase still shows a tetragonal lattice, but the given lattice constants are 
very closed to the cubic phase. Thus, it is expected that the transition 
should be a weak first-order structural transition induced by the AFM- 
FM transition.

To discuss the relationship between the lattice constants and the 
magnetic transition, the magnetic exchange interactions were cal
culated using the classical Heisenberg model:

= < >H J S Sij ij i j

The J values in MnN with compressed volume are shown in 
Fig. 3(d). For MnN with face-centered tetragonal structure, the 
magnetic interactions between Mn atoms can be discussed with J1a 

and J1b [11,31–33]. At ambient pressure, the J1a between Mn-ions in 
adjacent planes is dominated by the AFM superexchange coupling 
(J1a = −9.6 meV) due to half-filled t2g orbitals [34], while the 

Fig. 3. (a) The FM, AFM1 and AFM2 configurations. The superlattice of body-centered tetragonal primitive cell are plotted for clearly illustration of the magnetic configurations. 
(b)Total energy vs. volume of MnN for FM, AFM1, and AFM2 states. (c) The optimized lattice constants considering FM, AFM1, and AFM2 states vs. volume and the comparison with 
experimental data. (d) The exchange parameter J1a and J1b calculated from the Heisenberg model with the optimized lattice constants vs. volume. (e) The magnetic moments of 
Mn atom for FM, AFM1, and AFM2 states with the optimized lattice constants vs. volume.
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ferromagnetic J1b originates from the 90° Mn–N–Mn double-ex
change interactions inside the ab plane involving the Mn eg state and 
N-p orbitals (dpσ hybridization) (J1b = 33 meV) [35]. The FM double 
exchange interactions are larger than the AFM interactions, implying 
a strong hybridization between the Mn-eg orbitals and the N-p or
bitals. For the cubic structure above 34 GPa, the lattice constants 
change to c/a= 1 with equal Mn–N bond length along the [001] di
rection and in the same [001] plane. For the 12 nearest-neighbor 
Mn–Mn coupling, competition exists between superexchange (AFM) 
and double-exchange (FM) interaction, resulting in a slight FM 
coupling (J1a = J1b = 3.5 meV), as shown in Fig. 3(d). In fact, the An
derson–Hasegawa model [36] predicts the FM double exchange ra
ther than AFM superexchange when only one eg electron exists per 
Mn atom. Therefore, the ground state of the rock-salt structure is FM. 
We should note that the fact J1b = 0 at the transition could be arti
ficial due to our much simplified model. In reality, one should also 
consider the next-nearest-neighbor Mn-ions and the exact value of 
J1b will be corrected. However, the qualitative variation of both J1a 

and J1b with pressure is verified by the special AFM and FM config
urations below and above 34 GPa.

To rationalize the structure transition from the face-centered 
tetragonal structure to cubic rock-salt structure under high pressure, 
we can illustrate it in two steps: first, the competition between 

magnetic interactions results in the ground state magnetic ordering 
with the compressed volume; next, the structure is stabilized in 
terms of minimized energy with the ground magnetic configuration. 
Thus, with the magnetic transition from AFM to FM under high 
pressure, a shear strain from the magnetic force is applied onto the 
(001) plane that induces the structural transition, in accordance with 
the experimental finding.

Fig. 3(e) presents the magnetic moments of MnN under high 
pressure for different magnetic configurations. As was shown, the 
magnetic moments decrease with pressure, owing to the enhanced 
Mn-d and N-p coupling resulted from the decreased Mn–N bond 
length. The magnetic moments were found to decrease from 3.18 μB 

to 1.94 μB of the AFM1 state, and decrease from 3.34 μB to 2.27 μB for 
the FM state with the compressed volume from 19.3 Å3 to 14 Å3, thus 
supporting an enhanced double exchange mechanism at high pres
sures.

The electronic structures of MnN under high pressure were fur
ther investigated. Fig. 4 shows both band structure and partial 
density of states (PDOS) of the AFM state under 31 GPa and FM state 
of MnN under 35 GPa in terms of the Mn d eg, Mn d t2g, and N p 
states, respectively. Both of the band structure of AFM and FM states 
reveal the metal nature of MnN under high pressure. For the DOS of 
AFM state, the spin-up DOS on one Mn equals the spin-down DOS on 

Fig. 4. (a) Partial density of states (PDOS) of the AFM state under 31.8 GPa with the experimental lattice constants (b) Partial density of states (PDOS) of the FM state under 
34.5 GPa with the experimental lattice constants.
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the other Mn. Thus, only one of two Mn atoms is shown. As shown in 
Fig. 4(a), the majority filled t2g bands lie entirely below the Fermi 
level from − 4–0 eV with three electrons while the minority spin t2g 

bands are pushed above the Fermi level from 0 eV to 2 eV. The ma
jority eg is filled with only one electron from − 1–0 eV, while the 
minority eg is above the Fermi level. Moreover, the eg bands have 
both spin up and spin-down contributions to the bonding states 
with N-p orbitals below the Fermi level from − 7 eV to − 4 eV. For the 
PDOS of the FM state, the spin-up DOS is the same as the spin-down 
DOS; thus, the DOS of two Mn atoms are as shown in Fig. 4(b). The 
DOS of the FM state is similar to that of the AFM state. These results 
suggest that MnN remains a metallic state in the whole pressure 
range and support our discussions concerning the origin of the ex
change interactions among nearest-neighboring Mn-ions.

4. Conclusion

In summary, we combined DAC techniques and first-principle 
calculations to study the relationship between phase and AFM-to- 
FM transition with the change in the MnN lattice constant. We ob
served experimentally that it is necessary to apply a high pressure 
up to 34 GPa, and as the lattice constant decreased the first-order 
phase transition and AFM-to-FM transition occurred. The first- 
principles calculations indicated that the structural transition of 
MnN under high pressure from the face-centered tetragonal struc
ture to the cubic structure was driven by magnetic forces owing to 
the magnetic transition from AFM1 to FM. The strong FM double- 
exchange interactions arising from the Mn d eg state and N-p state 
were crucial in determining the magnetic structures in MnN. Our 
results suggested that both the Mn doping to the Ш–V compounds 
and the MnN layers in DMS will present the FM state, if these in
clusions were strained; if the system was exposed to an extremely 
strong hydrostatic strain, the system will present an FM state. 
Furthermore, if DMS were present in the FM ground state in the 
range of the AFM lattice constant, it is highly likely that the Mn atom 
clusters exist in these alloys. Finally, these findings provided the 
groundwork for future studies of DMS of Ш–V compounds and 
highlighted the potential opportunities for the design of electron 
charges and spin materials.
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