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Recently, we successfully synthesized the nitrogen-deficient manganese antiperovskites AlNxMn3

with the very high ferromagnetic Curie temperatures TC up to 818 K [Lin et al., Appl. Phys. Lett.

98, 092507 (2011)]. In order to figure out the role of nitrogen for the magnetism, in the present

work, we performed a theoretical investigation on AlNxMn3 through the first-principles calculation

based on density functional theory. The results show that AlNxMn3 have the ferromagnetic ground

states, and the total magnetic moments in a cell are enhanced with decreasing the nitrogen

concentration. Based on the calculations of band structure and density of states, we showed the

influence of nitrogen concentration on magnetism for AlNxMn3: The decreasing of nitrogen

concentration from ideal AlNMn3 moves the spin-down bands towards the high energy remarkably,

which enhances the exchange splitting energy DEex; on the other hand, nitrogen deficiency reduces

the Mn-N hybridizations, which makes the 3d electrons of Mn tend to occupy the spin-up states.

The nitrogen deficiency reduces the Mn-N hybridization, which narrows Mn-d bands and enhances

the spin polarization. Furthermore, we estimated TC of AlNxMn3, and found the calculated TC can

be scaled by spin fluctuation temperature TSF, suggesting AlNxMn3 belong to the spin fluctuation

system. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4774314]

I. INTRODUCTION

Antiperovskites compounds AXM3 (A, main group ele-

ments; X, carbon, boron, or nitrogen; M, transition metal)

were extensively studied in recent years due to the abundant

physical properties such as superconductivities,1,2 giant mag-

netoresistance (MR),3,4 large negative magnetocaloric effect

(MCE),5,6 giant negative thermal expansion,7,8 magnetostric-

tion,9 and nearly zero temperature coefficient of resistiv-

ity.10,11 The common technique for producing AXM3 sample

is solid-state synthesis from the parent materials. The prepa-

ration must perform in oxygen-free environments, some-

times need high pressure, for example, the synthesis of

CdCNi3.2 However, even in these strict conditions, it is still

hard to obtain the stoichiometric compounds. Due to the

small atomic mass of C and N, it is hard to detect the concen-

tration of them accurately. Therefore, researchers often la-

beled their sample with a nominal stoichiometry obtained by

the ratio of parent materials, or denoted with a nominal stoi-

chiometry as AX16dM3 with approximate value of d.12,13,17

The properties of AXM3 are very sensitive to the X stoichi-

ometry,14,15 thus an inaccurate stoichiometry easily leads to

misinterpretation.16 Therefore, precise detections must be

developed and applied to the compounds; on the other hand,

researchers need to figure out the role of X for the properties

of AXM3.

Recently, we successfully synthesized the manganese

nitride antiperovskites AlNxMn3.17 AlNxMn3 show a soft fer-

romagnetic (FM) property with the FM Curie temperatures

TC up to 818 K, much higher than the theoretically estimated

value (250 K)18 and TC of Mn4N (740 K).19,20 As the prob-

lem we mentioned before, we labeled the stoichiometry with

x¼ 1. 0, 1.1, and 1.2 using the ratio of parent materials. But

the lattice variety of them is only about 0.17%. Thus, we

consider the real concentration of them must be very close to

each other. Even the nominal N-concentrations are larger

than 1, the real concentration should be equal to or less than

1, which means the samples with x¼ 1.2 may be nitrogen

deficient.

In order to figure out the role of nitrogen for the magne-

tism, in the present work we performed a theoretical investi-

gation on AlNxMn3 (x ¼ 0 � 1) through the first-principles

calculation based on density functional theory (DFT).

AlNxMn3 show FM ground states, and the nitrogen defi-

ciency enhances the total magnetic moment. Based on the

calculated band structure and density of state (DOS), we find

the decreasing of nitrogen concentration from ideal AlNMn3

moves the spin-down bands towards the high energy, which

enhances the exchange splitting energy DEex; on the other

hand, the nitrogen deficiency reduces the Mn-N hybridiza-

tions, which makes the 3d electrons of Mn tend to occupy

the spin-up states. It can be concluded that the nitrogen defi-

ciency reduces the Mn-N hybridization and narrows Mn-d
bands, and thus enhances the spin polarization. Furthermore,

we estimated TC for AlNxMn3. For the ideal AlN0:917Mn3,

the estimated TC is 835 K, which can be reasonably com-

pared with the experimental value. The magnetic properties

in the nitrogen-deficient AlNxMn3 can be described by a spin

fluctuation system. By comparing the calculated TC with ex-

perimental values, we evaluated the real stoichiometry of our

previously synthesized AlNxMn3.
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II. COMPUTIONAL DETAILS

The calculations were performed by pseudopotential

plane-wave method, formalism implemented in the ABINIT

code.21–23 The exchange-correlation functions are treated

using the generalized gradient approximation (GGA) accord-

ing to the Perdew-Burke-Ernzerhof24 parametrization. The

norm-conserving pseudopotentials of Hartwigsen-Goedecker-

Hutter (HGH) form25 were used. Electronic wave functions

are expanded with plane waves up to a high energy cutoff

(Ecut) of 100 Ha. Brillouin zone sampling is performed on a

Monkhorst-Pack (MP) mesh26 of 12� 12� 12: The self-

consistent field (SCF) calculations were considered to be con-

verged when the total energy of the system was stable within

10�6 eV per cell. Nonmagnetic (NM), FM, and antiferromag-

netic (AFM) states were tested in the study.

III. RESULTS AND DISCUSSION

The structures of the manganese nitride antiperovskites

AlNxMn3 (x ¼ 0 � 1) were fully optimized for different

magnetic configurations (Fig. 1). The SCF calculations show

that the FM ground states have the lowest total energy. The

optimized lattice parameters and magnetic moments in a for-

mula unit are shown in Fig. 2. For AlNMn3, the lattice pa-

rameter is 3.793 Å, which is close to the lattice parameter

calculated by Ouyang et al.,18 a little bit underestimated

compared with the experimental results17 (less than 2%).

The lattice parameters of AlNxMn3 decrease with

decreasing the nitrogen concentration, and the magnetic

moments vary with an opposite trend. The calculated total

magnetic moment of AlNMn3, the compound without nitro-

gen deficiency, is the minimum value of 3:09lB=f:u:, which

is close to the previous theoretically estimated value.18 The

maximum total magnetic moment is obtained in the hypo-

thetic nitrogen-free compound AlMn3 with a value of

6:33lB=f:u:. The role of nitrogen for magnetism will be dis-

cussed later.

We calculated the electronic band structure of AlNMn3

along the high symmetry directions in the Brillouin zone.

The total and site-projected l-decomposed DOS of AlNMn3

were also investigated. Here, we show the band structure and

DOS of AlNMn3 with NM state in Fig. 3. Bands from �8 eV

to �5 eV are mainly from the N-2p and Mn-3d states with

strong hybridizations characteristic. From �4 eV to 2 eV,

there are hybridizations between N-2p and Mn-3d states, and

the Mn-3d states contribute predominately to the bands,

which suggest the itinerant nature of Mn-3d electrons.18

There is a peak of DOS figure, which makes the DOS at

Fermi level NðEFÞ higher than 8 states/eV. Such a high

NðEFÞ can lead to magnetic instability.

In order to clarify the role of nitrogen for magnetism,

we calculated the total and site-projected l-decomposed DOS

of AlNxMn3 with the FM ground states. The DOS of

AlNxMn3 shows similar shape (Fig. 4). The exchange split-

ting energy DEex between the spin-up and spin-down bands

is estimated from the DOS figures and listed in Table I. Simi-

lar to the total magnetic moment, DEex is enhanced by nitro-

gen deficiency. The trends can be understood through the

rigid band model: The loss of nitrogen reduces the electrons

in the system, which makes the Fermi level low. The

decreasing of Fermi energy can be seen as the states move

toward the high energy side. From Fig. 4, it can be seen that

the loss of nitrogen does not move the spin-up state effec-

tively, but makes the spin-down states move to high energy

levels remarkably. Therefore, the nitrogen deficiency enhan-

ces the exchange splitting.

We compared the electronic properties of the ideal

AlNMn3 and the nitrogen deficient AlN0:5Mn3 following Sie-

berer et al.16 The electronic structure of AlN0:5Mn3 was cal-

culated using a doubled unit cell, Al2N1Mn6. Fig. 5 show the

projected DOS for FM AlNxMn3 with x¼ 0. 5 and x¼ 1. In

the supercell Al2N1Mn6, the six Mn atoms are divided into

FIG. 1. The schematic structure of manganese nitride antiperovskite

ANMn3.

FIG. 2. The calculated lattice parameters and magnetic moments in a for-

mula unit of AlNxMn3.

FIG. 3. (a) The band structure of AlNMn3 with NM state. The colored lines

denote the bands cross the Fermi level. (b) The density of states of AlNMn3

with NM state.
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three types: Mn1 denotes the Mn atoms without nitrogen

neighbor, Mn2 denotes the Mn atoms with only one neigh-

boring nitrogen, and Mn3 denotes the Mn atoms with two

neighboring nitrogen.

The difference of the three types of Mn atoms is the

strength of Mn-N hybridization. The lower the number of

neighboring nitrogen, the weaker is the Mn-N hybridization.

From Fig. 5(a), it can be seen that the weaker Mn-N hybrid-

ization leads to higher DOS of spin-up electrons and lower

DOS of spin-down electrons. It suggests that for a weak

Mn-N hybridization, the 3d electrons of Mn tend to occupy

the spin-up states.

Different nitrogen vacancy arrangements may affect the

electronic structure and magnetic property. Therefore, we

compare the electronic structures of AlN0:75Mn3 with 3 dif-

ferent nitrogen vacancy arrangements. The calculation is

using a 2� 2� 2 supercell (Al8N6Mn24), the distances

between the nearest nitrogen vacancy is a (vacancies locate

at (0.5, 0.5, 0.5) and (0.5, 0.5, 1.5)),
ffiffiffi
2
p

a (vacancies locate at

(0.5, 0.5, 0.5) and (0.5, 1.5, 1.5)), and
ffiffiffi
3
p

a (vacancies locate

at (0.5, 0.5, 0.5) and (1.5, 1.5, 1.5)), respectively. The mag-

netic moments and NðEFÞ for nitrogen vacancy arrangements

FIG. 4. The density of states for AlNxMn3 with FM states for (a) x¼ 0, (b)

x¼ 0.25, (c) x¼ 0.5, (d) x¼ 0.75, and (e) x¼ 1.

TABLE I. Calculated parameters of AlNxMn3: exchange splitting energy DEex, density of states at Fermi level for each Mn atom N"MnðEFÞ and N#MnðEFÞ, mag-

netic moment per a Mn atom m, exchange integer I, Stoner temperature TS, spin fluctuation temperature TSF, Curie temperature TC, and TC=TS ratios.

DEex N"MnðEFÞ N#MnðEFÞ m I TS TSF TC

(eV) (states/eV/Mn) (states/eV/Mn) (lB=Mn) (eV) (K) (K) (K) TC=TS

x¼ 0 1.73 0.71 1.21 2.10 0.82 5019 751 735 0.15

x¼ 0.25 1.65 0.57 0.89 1.98 0.83 4787 1379 1280 0.27

x¼ 0.5 1.60 0.42 0.95 1.86 0.86 4642 1713 1528 0.33

x¼ 0.75 1.40 0.31 0.70 1.51 0.93 4062 1856 1577 0.39

x¼ 0.833 1.28 0.34 0.80 1.33 0.96 3714 1183 1082 0.29

x¼ 0.875 1.14 0.33 0.81 1.23 0.92 3307 1088 991 0.30

x¼ 0.916 1.11 0.36 0.75 1.17 0.94 3220 895 835 0.26

x¼ 1 0.84 0.51 0.85 1.01 0.82 2437 659 617 0.25

FIG. 5. The projected DOS for AlNxMn3 with FM states for (a) x¼ 0.5 and

(b) x¼ 1.
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change slightly for different nitrogen vacancy arrangements

(not shown here). In fact, in a localized system, such as tran-

sition metal oxides, the vacancy may change the distance

between the magnetic atoms, or cut off the interaction medi-

ate of magnetic atoms. But in an itinerant system, the va-

cancy influences magnetism mainly by changing the number

of itinerant electrons. When the vacancy distance is a,

around the vacancy, there are two Mn1 and four Mn2 of the

total 24 Mn atoms. For the other two cases, there are zero

Mn1 and six Mn2 of the total 24 Mn atoms. Such small dif-

ference could not lead a large variation for the number of

itinerant electrons. In the real sample with good quality, the

vacancies are randomly distributed. The vacancy arrange-

ments must be a combination of the mentioned three cases.

Therefore, our calculation can qualitatively describe the

electronic property of real sample.

Thus, we figure out the role of nitrogen for magnetism:

(a) With nitrogen concentration decreasing, the spin-down

states move towards the higher energy remarkably, which

enhances the exchange splitting energy DEex; (b) The loss of

nitrogen reduces the Mn-N hybridization, which makes the 3d
electrons of Mn tend to occupy the spin-up state. According to

the Stoner criterion, a larger value of NðEFÞ (non-magnetic

state) makes electrons more polarized. In our case, the nitro-

gen deficiency enhances the NðEFÞ (non-magnetic state),

which is due to the reduced Mn-N hybridization and the

resulting narrowing of the Mn-d bands. Therefore, the nitro-

gen deficiency enhances the spin polarization. Sieberer et al.16

reported a similar case for AlCxNi3 and GaCxNi3.

In our previous experimental work, the AlNxMn3 sam-

ples show very high Tc up to 818 K, and it seems the nitrogen

deficiency enhances TC. Here, we estimated the TC of

AlNxMn3 (x¼ 0, 0.25, 0.5, 0.75, and 1) using the widely

used model derived by Mohn and Wohlfarth27

T2
C

T2
S

þ TC

TSF
� 1 ¼ 0; (1)

where TS is Stoner temperature derived from Stoner model

of itinerant electron magnetism, which can be approximately

estimated using the relation28,31

TS ¼
DEex

4kB
: (2)

And the spin fluctuation temperature TSF is given by27

TSF ¼
m2

10kBv0

; (3)

where the exchange enhanced susceptibility v0 derived by

Wohlfarth29 and Gersdorf30 can be expressed as

v�1
0 ¼

1

2l2
B

1

2N"MnðEFÞ
þ 1

2N#MnðEFÞ
� I

" #
; (4)

where m is the magnetic moment of a Mn atom, and I is the

Stoner exchange integer given by DEex ¼ Im.32 Our calcu-

lated parameters and critical temperatures are listed in Table I.

As expected, TS � TC, since the Stoner excitations (also

called single-particle excitation) are thought to destroy mag-

netic order scale with TF (Fermi temperature) and are thus too

much weak at normal temperature to create any sizable

effect.32 All the ratios TC=TS < 0:5 suggest the AlNxMn3

belong to the spin fluctuation system.27 Therefore, TC can be

scaled by TSF, which is directly determined by m, N"MnðEFÞ,
and N#MnðEFÞ listed in Table I. As mentioned above, the vari-

ety of m is due to the influence of nitrogen concentration. The

changes of N"MnðEFÞ and N#MnðEFÞ can be attributed to the var-

iation of the DEex and location of EF, which originate from

the influence of nitrogen, too. As the nitrogen concentration is

close to 1, the nitrogen deficiency enhances the TC, which is

coincident with our previous experimental results. The maxi-

mum TC is established as x¼ 0.75, and with further reducing

the nitrogen concentration, the calculated TC decreases.

The predicted TC is shown in Fig. 6. The estimated TC

for the ideal AlNMn3 is 617 K. The measured TC of our pre-

viously synthesized nitrogen-deficient samples are 818, 802,

and 774 K, which are close to the estimated TC of AlNxMn3

for x¼ 0.916 with the value of 835 K. Thus, the real concen-

tration of nitrogen for our previously synthesized AlNxMn3

can be estimated between x¼ 0.92 and x¼ 0.95. The experi-

mental lattice variety of the synthesized samples is only

about 0.17%, which is consistent with such small nitrogen

concentration difference. Clearly, the magnetic property of

AlNxMn3 is very sensitive to the nitrogen concentration.

IV. CONCLUSION

In conclusion, we performed a theoretical investigation

on antiperovskite nitrides AlNxMn3 through the first-

principles calculation based on DFT theory. Different mag-

netic states were tested, and it turns out that AlNxMn3 (x¼ 1

to x¼ 0) show FM ground states. The total magnetic

moments in a cell increases with the decreasing of nitrogen

concentration. Based on the calculated band structure and

DOS, the role of nitrogen for magnetism is figured out. The

nitrogen deficiency reduces the Mn-N hybridization, which

narrows Mn-d bands and enhances the spin polarization.

Using Mohn and Wohlfarth’s model,27 we estimated TC for

AlNxMn3. Our results suggest the magnetism of AlNxMn3

can be described by spin fluctuation theory. By comparing

the theoretically estimated and experimental value of TC, we

evaluated the real concentration of the nitrogen for the

FIG. 6. The theoretically estimated and experimental TC of AlNxMn3.
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sample synthesized previously. Evidently, nitrogen plays a

very important role on the magnetic properties of the manga-

nese nitride antiperovskites AlNxMn3.
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