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Abstract  

First-principles-based simulations are conducted to investigate magnetic properties and 

topological spin textures in the anti-perovskite Mn4N ferrimagnet. A magnetization 

compensation temperature, resulting from a competition between different Mn sublattices, is 

found in this system, when under thermal equilibrium.  Striking metastable topological states are 

also discovered, including nanometric hedgehog-anti-hedgehog pairs that originate from 

frustrated exchange interactions rather than the usual Dzyaloshinskii-Moriya interaction.  

 



 

Antiperovskites have the same crystallographic structure as perovskites, but with cations and 

anions having inverted positions. For instance, in the prototypical BaTiO3 perovskite, the O 

anions are three times more numerous than the Ba or Ti cations, while in the Sr3SnO 

antiperovskite [1], Sr cations are thrice more present than O anions (or Sn cations).  

Antiperovskites can display promising properties such as superconductivity [2] and topological 

band gaps [3–5]. In particular, Mn4N is a ferrimagnetic antiperovskite, because Mn cations at 

different sites have unequal magnetic moments (it can be viewed as having the Mn3MnN 

stoichiometry with Mn ions on different sublattices). It is receiving growing attention, due to its 

perpendicular magnetic anisotropy (PMA) and ultrafast response to external field [6–15].  

Ferrimagnets can have many promising features, such as a so-called magnetization compensation 

temperature at which the total magnetization (MS) vanishes, as a result of cancellation between 

magnetic moments of different sublattices. Compensation temperatures have been found in, e.g., 

rare-earth iron garnets [16–19], rare-earth orthoferrites and orthochromates [20,21], and 

amorphous rare-earth transition-metal compounds [22–25]. One importance of such 

compensation temperature is to give rise to the antiferromagnetic-like dynamics in ferrimagnets 

and lead to high-speed domain walls motion [22,26]. Magnetization switching is easily achieved 

with faster domain walls which makes such materials a promising candidate for high-density 

data storage. Furthermore, ferrimagnets with small MS and PMA allow them to host ultrasmall 

and fast skyrmions at room temperature [22–24], which is promising for achieving high-density, 

low-cost, and energy-efficient skyrmionic device technology. 

In contrast, we are not aware that magnetization compensation temperature and magnetic 

topological defects have been reported in any antiperovskite ferrimagnet. Finding them in, e.g., 

Mn4N will open a new door to designing spintronic devices.  One may also wonder what are 

their driving mechanisms. Are these hypothetical topological defects generated by a mechanism 

that differs from the dipole-dipole interactions [27] or Dzyaloshinskii-Moriya interactions [28]? 

If yes, finding such a mechanism will deepen the understanding of topologies and magnetism. 

The goal of this Letter is to provide an answer to all these open questions by performing first-

principles calculations and ab-initio based Monte Carlo simulations. We reveal the existence of a 

sizeable magnetization compensation temperature that is driven by the different temperature 

behavior of three types of magnetic Mn ions when Mn4N is in thermal equilibrium. We also 

report the discovery of metastable topological states, including nanometric hedgehog-anti-

hedgehog pairs (HAPs), that are induced by frustrated exchange interactions.  

Here, we used first-principle-based approaches to study the magnetic properties of Mn4N. As 

revealed by the neutron diffraction experiment of Ref. [15], two types of magnetic configurations 

can exist in Mn4N. The one shown in Fig. 1a is denoted as the Type-B structure. It possesses 

spins of Mn I and Mn II that are parallel to each other while being antiparallel to the spins of Mn 

III (A,B). The second one has been coined Type-A and exhibits spins of Mn II and Mn III that 

are parallel to each other and antiparallel to those of Mn I. Our first-principles calculations 



conducted at 0K predict that the Type-B structure has lower energy than Type-A – as consistent 

with Refs [7,15].  

We construct the following spin Hamiltonian for Mn4N: 

,    (1) 

with 

 

 

,   (2) 

where , ,  represent energies from the diagonal exchange coupling, 

Dzyaloshinskii-Moriya interaction (DMI) [29], and single-ion anisotropy (SIA) [30], 

respectively. The sum over <i,j> and NN denote the different magnetic pairs and maximum 

nearest-neighbor interactions that are considered here, respectively. The sum over i runs through 

all magnetic sites. Spins (S) are set to be 1 and their values are absorbed by the magnetic 

exchange coupling (J) parameters.    

All considered magnetic parameters are determined from density functional theory (DFT, see 

Supplemental Material) and are shown in Tables 1 and 2, while the schematics of the magnetic 

exchange interactions are shown in Fig. 1(b). To accurately predict magnetic properties, it is 

necessary to include interactions up to the 4th nearest neighbors (such interactions are denoted as 

J41, J42), which corresponds to a distance of 4.755Å. Note that 5th and 6th nearest-neighbor 

interactions have been considered as shown in Supplemental Material. The last column of Table 

1 reports the energy contribution of each J coupling parameter of the total energy of the Type-B 

ferrimagnetic ground state with respect to the paramagnetic state, as resulting from the use of the 

Hamiltonian of Eqs. (1) and (2). 

Table I shows that the J11’s are positive and thus favor an antiparallel arrangement between the 

first-nearest neighbor (1NN) Mn II and Mn III(B) ions, as consistent with the ferrimagnetic 

Type-B structure. Similarly, the J12’s adopt positive values, which are in-line with the antiparallel 

alignment between 1NN Mn I and Mn III(A) spins within Type-B. The J14’s are negative and 

therefore push the 1NN MnI and MnII ions to adopt a parallel alignment, which once again 

favors Type-B. On the other hand, the J13’s coupling parameters are positive and therefore would 

prefer to have spins of 1NN Mn III(A) and Mn III(B) ions to be antiparallel to each other. This 

tendency contrasts with the arrangement of such spins within Type-B, which explains why it 

induces a positive (unfavorable) change in energy with respect to the paramagnetic structure. The 

J13 coupling parameters, and any other exchange parameters that lead to an increase in energy of 

the Type-B structure (with respect to the paramagnetic state), will be called here frustrated 



exchange parameters [31]. We found that the parallel alignment between Mn III(A) and Mn 

III(B) ions within Type-B mainly originates from the strong positive J11 and J12 (indirect) 

interactions.  

Moreover, second nearest neighbor (2NN) exchange coupling parameters between in-plane Mn I 

- Mn I pairs (J21), in-plane Mn III(A) - Mn III(A) pairs (J22), in-plane Mn III(B) - Mn III(B) pairs 

(J23), out-of-plane Mn I - Mn I pairs (J24), and out-of-plane Mn II - Mn II pairs (J25), are all 

negative and thus favor ferromagnetic (FM) interactions between these pairs, as consistent with 

Type-B (cf Fig 1(b)). On the other hand, the exchange coupling parameters between out-of-plane 

Mn III(B) - Mn III(B) pairs (J26) and in-plane Mn (II) - Mn (II) pair (J27) are positive and lead to 

a raise in energy with respect to the paramagnetic state. J26 and J27 are thus also frustrated 

exchange parameters. The strongest-in-magnitude magnetic exchange coupling interaction in the 

Mn4N system is the 2NN interaction between in-plane Mn I - Mn I pairs, namely the J21 term that 

has a -90.1 meV value. Table 1 also reveals that the 3rd nearest neighbor (3NN) and the 4th 

nearest neighbor (4NN) magnetic exchange coupling parameters are weaker than the exchange 

coupling parameters of 1NN and 2NN. In particular, 3NN J parameters between Mn II - Mn I 

pairs (J31) and Mn III(A) - Mn III(B) pair (J32) are negative and the 4NN parameter between Mn I 

- Mn III(A) pairs (J42) is positive, with all these three J31, J32, and J42 coefficients, therefore 

favoring Type-B. On the other hand, the exchange parameter between Mn II – Mn III(B) 4NN 

pairs (J41) is a frustrated exchange parameter.  

The extracted DMI vectors for 1NN interactions are almost negligible (as consistent with the fact 

that 1NN spins are aligned almost parallel to each other and there is no heavy element to induce 

strong spin-orbit coupling), as indicated by Table 2, and the magnitude of the DMI vectors is 

about three orders of magnitude smaller than the 1NN J parameters. Table 2 also shows the SIA 

parameters for all types of Mn ions. The SIA of Mn II is the strongest one and is two orders of 

magnitude smaller than the strongest J value while being of the same order as the strongest DMI 

parameter.  

Monte Carlo (MC) simulations [32] with a conjugate gradient (CG) method [33] are performed 

using the DFT extracted magnetic parameters of Tables 1 and 2 and the Hamiltonian of Eqs. (1) 

and (2), to predict magnetic properties of Mn4N (see Supplemental Material). Figure 2a shows 

the specific heat while Figure 2b reports the total normalized magnetization, both as a function of 

temperature. The specific heat exhibits one peak at a Curie temperature TC of around 700K, 

which is in good agreement with the experimental value of 745K [6], which testifies the accuracy 

of our calculations. Figure 2b also shows that, at TC, each magnetic sublattice begins to be 

spontaneously magnetized toward positive values for the Mn I and Mn II atoms but negative 

ones for the Mn III atoms, as consistent with Type-B. Below TC and down to about 500K, the 

magnetizations from the Mn I and Mn II sublattices dominate, making the total magnetization 

positive. However, the magnitude of the magnetization of the Mn II sublattice increases much 

smaller than that of the Mn I and, especially, Mn III sublattices as the temperature lowers. As 

shown in Fig. 2(b), the total magnetization changes its sign at a compensation temperature, TM, 

of around 496K. We are not aware of any findings of TM in this system. However, there is a 

recent observation of a sign-flip of the anomalous Hall resistance between 498K and 573K [34] 



in Mn4N thin films on GaN, which may be consistent with our predicted TM. Note also that a 

magnetization compensation temperature was measured in Mn4N doped with Co and Ni [35,36], 

and was also determined to be alterable by epitaxial strain [19] (see Supplemental Material for 

details).  

In addition to the ferrimagnetic Type-B ground state, metastable states, consisting of HAPs [37], 

were identified from MC calculation results (HAPs were, e.g., observed in MnGe [37] and 

MnSi1-xGex [38] compounds, but never in antiperovskites). The spin texture and distribution of 

topological charge, Q, of HAPs are shown in Fig. 3 for a small temperature, using the definition 

of Berg and Lüstcher [39] for discrete lattice spins [40]. The hedge and anti-hedgehog each have 

a ~  area in the (x,y) plane, and the distance between the bottom of one defect to the top 

of the other defect forming the pair is ~  along the c-axis. Figure 3b shows a hedgehog-anti-

hedgehog lattice, with the overall distance between the core of the hedgehog in one pair and the 

core of the anti-hedgehog in the nearest pairs (illustrated by the black arrows in Fig. 3b) being 

.  Such nanometric topological defects are appealing for nanoelectronics (cubic-lattice 

skyrmion was observed to be ~3nm in MnGe [37]) and could lead to novel functionality and 

devices [41]. We are not aware of any previous finding of topological states in Mn4N. The spins 

of the hedgehog and anti-hedgehog predicted here have components parallel to the surface, in 

addition to the whirling of spins around its core, which is reminiscent of the hedgehog and anti-

hedgehogs found in MnGe [37] and MnSi1-xGex [38]. Note that the energy differences between 

topological spin textures shown in Fig. 3(a) and (b), respectively, and the ferrimagnetic Type-B 

ground state are rather small, namely about 3 meV/Mn. and 0.5 meV/Mn, respectively. It is thus 

likely that these topological states can be observed by applying a magnetic field, as similar to the 

three-dimensional chiral magnetic texture called the hedgehog lattice seen under external 

magnetic field in MnGe compound [37,38]. 

Let us find out the microscopic origin behind these topological states. We thus calculate the 

relative decomposed energy contributions of each J parameter toward the formation of HAPs 

shown in Fig. 3a with respect to the ferrimagnetic ground state, as displayed in Fig. 4. Two 

exchange frustrated J parameters, namely J26 and J41, have a negative decomposed energy 

(negative energies represent the tendency toward the metastable HAPs’ phase).  We also ran MC 

calculations followed by the CG method from the metastable state shown in Fig. 3a, but with the 

flipping of the signs of the frustrated J26 and J41, to nullify the magnetic exchange frustration in 

the system (i.e., such change in sign does not make them frustrated anymore). We find that the 

HAPs then disappear and only the ferrimagnetic ground state is found. We also find that J41 is the 

main contributor to the formation of HAPs pairs, as consistent with Fig. 4 revealing that J41 has 

about 4 times lower decomposed energy contribution with respect to J26. 

Furthermore, the decomposed energies of SIA of Mn II and Mn III have negative values (see 

Figs. 4(f)) and thus favor the formation of the topological state too. The decomposed energy of 

SIA of Mn II is calculated to not only be the strongest but also to contribute to the formation of 

HAPs on a scale that is comparable to that of J26. However, switching off these SIA coefficients 

in the MC simulations does not make the HAPs disappear, thus indicating that they are much less 

important than J41 to create and stabilize these topological pairs. 



Figure 4(e) also reports the decomposed energy contributions of the DMI vectors. The DMI 

vector (D13), corresponding to an interaction between the 1NN Mn III(A) and Mn III(B) ions, 

with these two types of ions also sharing the frustrated J13 parameter, has negative energy and 

thus further contributes to the stabilization of the topological state. However, this contribution is 

rather weak since the decomposed energy of D13 is about three orders smaller than the 

decomposed energies of J26 and J41 interactions. In fact, we numerically checked the effect of 

DMI vectors on the formation of the HAPs by not considering them in our MC simulations and 

did not find any noticeable change from it: these pairs remain even when all DMI coefficients are 

switched off, therefore demonstrating that DMI is not the main contributor for these topological 

pairs. This result is remarkable since DMI is typically the microscopic reason behind the 

stabilization of (non-collinear) topological states such as skyrmion [42], anti-skyrmion [43], and 

bimerons [44–46]. Our numerical experiments indicated above, along with Fig. 4, reveal that it is 

the frustrated J41 parameter (and to some lesser extent the frustrated J26 coefficient too) that 

stabilizes such pairs in Mn4N. Our present finding allows to connect antiperovskites with (i) 

some other systems such as NiGa2S4, Bi3Mn4O12(NO3), Gd2PdSi3, GdRu2Si2, and Pd/Fe/Ir (111) 

for which the competition between magnetic exchange interactions that go beyond nearest-

neighbor interaction stabilizes skyrmion lattices [31,47–56] and (ii) with pyrochlore lattice for 

which a recent work [57] predicted that hedgehog lattice can be induced by frustration. Other 

topological states were also observed in our MC calculations. An example shown in the 

Supplemental Material is a skyrmion tube having a diameter of ~ 10Å and propagating in the 

entire supercell.  

In summary, magnetic properties and topological spin textures of antiperovskite ferrimagnet 

Mn4N were investigated by ab-initio based simulations. The main results are: (1) a sizeable 

magnetization compensation temperature,  TM, exists within the ferrimagnetic Type-B structure 

(this TM may be tuned towards 300K by growing Mn4N thin films on various substrates, as 

predicted for epitaxial films made of rare-earth iron garnet systems [19]); (2) nanometric-sized 

hedgehog-anti-hedgehog pairs were revealed; (3) with these topological states being stabilized 

by frustrated exchange coupling between 4NN Mn II and Mn III(B) ions. Such predictions thus 

indicate that frustration can play a critical role to largely reduce the size of topological defects 

(i.e. to reach nanometric-sized), which is of large benefits to advanced spintronics. We hope our 

predictions will motivate experimental confirmations of such TM and hedgehog-anti-hedgehog 

pairs in antiperovskites and will be put to use to design novel spintronic devices.     
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Couplings Jxx Jyy Jzz E 

J11 68.410 68.490 68.380 -136.759 

J12 58.500 58.200 59.000 -117.999 

J13 18.800 18.800 17.600 17.600 

J14 -72.510 -72.510 -73.050 -73.049 

J21 -90.100 -90.200 -90.200 -45.100 

J22 -50.400 -50.400 -50.400 -25.200 

J23 -42.800 -42.600 -43.076 -45.100 

J24 -34.000 -34.000 -35.000 -8.750 

J25 -1.340 -1.340 -2.300 -0.575 

J26 5.800 5.600 5.800 2.900 

J27 9.010 8.970 8.480 4.240 

J31 -1.800 -1.800 -1.800 -25.200 

J32 -0.400 -0.400 -0.400 -0.800 

J41 -5.300 -5.300 -5.300 21.200 

J42 4.600 4.600 4.600 -18.400 

 

Table 1. Calculated magnetic exchange coupling parameters of Mn4N up till 4th nearest-neighbor 

Mn-Mn pairs. E is the energy contribution of each J parameters in the total energy of the 

ferrimagnetic ground state with respect to the paramagnetic state per unit cell. (unit: meV) 

 

  Dx Dy Dz 

D11 0.050 -0.185 0.005 

D12 0.000 -1.050 0.050 

D13 -0.050 -0.050 -3.900 

D14 0.050 -0.055 0.000 

  Axx Ayy  

Mn I 0.020 0.000  

Mn II -2.620 -2.640  

Mn III -0.620 -0.020  

 



Table 2. Calculated DM interactions of the first nearest-neighbor Mn-Mn pairs and SIA 

parameters of Mn4N (unit: meV).  

 

Figure 1. Panel (a) illustrates the schematic of atomic arrangements and Type-B magnetic 

arrangement in the Mn4N unit cell. The spins of the Mn III atoms are arranged antiparallel to the 

spins of the Mn I and Mn II atoms. Panel (b) shows the 2x1x2 supercell of Mn4N where it 

displays all the different J parameters that are considered in this study. The frustrated exchange J 

parameters are colored in black.  

Figure 2. Magnetic properties, as predicted from MC simulations. Panel (a) shows the specific 

heat (arb. units) and panel (b) displays the normalized total magnetic moment, as well as, the 

individual magnetic moments, as a function of a temperature. Note that the normalization of the 

individual magnetic moments in Panel b is done to reproduce their DFT values at 0K.   

Figure 3. Distribution of topological charge Q and spin textures of two different states possessing 

hedgehog anti-hedgehog pairs, as found from MC simulations at low temperatures. Panel (a) and 

(b) show a state with two and four of such pairs, respectively, within the used supercell. The red 

and blue colors represent opposite signs for Q, and the arrows represent the spin patterns. Note 

that all the blank spaces within the supercell consists of the ferrimagnetic ground state of Mn4N.  

Figure 4. The relative-decomposed energy contributions of all J parameters for 1NN (a), 2NN 

(b), 3NN (c), 4NN (d), DMI (e) and SIA (f) for the hedgehog anti-hedgehog pairs shown in Fig. 

3a. The relative decomposed energies of J parameters, DMI vectors and SIA that have negative 

values are shown via stripe patterns. 
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