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ABSTRACT:  

One of the specific subjects in frustrated magnetic systems is the phenomenon 

coupled with noncollinear magnetism, such as zero or negative thermal expansion 

(ZTE or NTE) in antiperovskite compounds. The first-principles calculations and 

neutron powder diffraction (NPD) are used to reveal the control of the noncollinear 

Γ5g antiferromagnetic (AFM) structure and corresponding thermal expansion 

properties in Mn3Zn0.875X0.125N (X = Mn, Ge, and Sn). Based on the optimal 

exchange-correlation functional, our results demonstrate that X (X = Mn, Ge, and Sn) 

doping at Zn site could stabilize the noncollinear Γ5g AFM structure and produce 

magnetovolume effect (MVE). The predictions of Γ5g AFM ground state and MVE is 

further verified by the NPD results of Mn3Zn0.83Mn0.15N0.99. Intriguingly, this special 

magnetic structure with strong spin-lattice coupling can be tunable to achieve ZTE 

behavior. On the basis of these results we suggest that frustrated magnetic systems 

with noncollinear Γ5g AFM structure of Mn atoms in Mn3ZnN series of compounds 

are favorable candidates for a new class of ZTE material. 

 

KEYWORDS: noncollinear magnetism, thermal expansion, spin-lattice coupling, 

antiperovskite 
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1. INTRODUCTION 

Recent years, frustrated magnetic systems, in which competing interactions 

between spins preclude simple magnetic orders, have become a stimulating research 

topic because of the presence of extraordinary magnetic properties such as highly 

degenerate ground states, novel phase transitions, and noncollinear ordering.1-7
 One 

of the specific subjects in this field is the phenomenon coupled to noncollinear 

magnetism. For example, the multiferroic behaviors, caused by an incommensurate 

cycloidal order combined with spin-orbit coupling, was found in manganite 

perovskites RMnO3 (such as R = Tb and Dy).8, 9 Also, colossal magnetoresistance 

and quantum anomalous Hall effects were observed due to the effect of unusual 

noncollinear and even noncoplanar spin textures.10-12 Owing to such diversity of 

phenomena associated with noncollinear ordering, the exploration in models, 

materials, and artificial structures related to noncollinear ordering has developed into 

a very spirited field of investigation.10, 13-15 

The triangular magnetic lattice is the most obvious example of geometrically 

frustrated magnetic system.16 Notably, Mn-based antiperovskite compounds with 

triangular magnetic lattice show a variety of magnetic structures accompanied with 

fascinating physical properties. A large magnetic entropy change was observed near 

magnetic transition from paramagnetic (PM) to unusual magnetic state, such as P1 

symmetry noncollinear ferrimagnetism (FIM) in Mn3Cu0.89N0.96 and a canted 

ferromagnetic state in Mn3GaC.17-19 Giant magnetostriction was reported in the 

tetragonally distorted ferromagnetic phase of antiperovskite Mn3SbN and Mn3CuN.20, 

21  Besides, unusual magnetic hysteresis in Mn3Sb1-xSnxN and giant 

magnetoresistance in Mn3GaC were found.22, 23 More importantly, the antiperovsktie 

compounds with noncollinear Γ5g antiferromagnetic (AFM) structure where the Mn 

local magnetic moments on the (111) plane form clockwise or counterclockwise 

configuration show attractive behaviors, including giant barocaloric, flexomagnetic, 

piezomagnetic, Invar-like, and negative thermal expansion (NTE) etc.24-29  
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Among these manganese antiperovskites, Mn3ZnN with Γ5g AFM phase, which 

has the strong spin-lattice coupling, is one of the most promising material as a single 

compound displaying zero thermal expansion (ZTE) from the perspective of 

functionality and cost.27, 30 Fruchart et al. reported that Mn3ZnN was characterized by 

two distinct magnetic transitions: at 183 K, a high-temperature (high-T) PM state 

changes to an intermediate-T Γ5g AFM state with a sudden lattice expansion upon 

cooling; with further cooling, another magnetic transition from Γ5g AFM to low-T 

collinear AFM phases occurs at 140 K, accompanied with a sharp lattice contraction.19, 

31 Moreover, from the current neutron powder diffraction (NPD) result of Mn3Zn0.99N 

reported by our group, the coexistence of Γ5g AFM and low-T collinear AFM phases 

was observed in the intermediate-T region.27 Recently, intermediate-T Γ5g AFM phase 

that controls ZTE and has a larger volume (compared with PM phase) was found to be 

tunable by chemical substitution at Zn site, such as Ge or Sn.27, 32, 33 On the other 

hand, reliable methods of the unconstrained noncollinear first-principles study was 

well established34-36 and widely adopted for explaining and predicting physical 

properties of materials.25, 34, 37 In this study, the first-principles study based on 

various exchange-correlation (EC) functionals has been developed in order to get the 

reasonable ground state of Mn3ZnN. Based on the preferred EC functional PW91, 

both Γ5g AFM ground state and magnetovolume effect (MVE) are confirmed in X 

doped Mn3Zn0.875X0.125N (X = Ge or Sn), which qualitatively agrees to the 

experimental results. The prediction that Mn doping at Zn site could induced the Γ5g 

AFM ground state is verified from our NPD results of Mn3Zn0.83Mn0.15N0.99. 

Additionally, the observed ZTE behavior originated from spin-lattice coupling in 

Mn3ZnN series of compounds with Γ5g AFM phase provides a new feasible way to 

obtain ZTE materials. 
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2. COMPUTATIONAL AND EXPERIMENTAL METHODS 

 

 

Figure 1. Crystal and magnetic phases of Mn3ZnN for (a) antiperovskite crystal structure and 

noncollinear Γ5g AFM and (b) collinear AFM structures. 

 

Computational methods 

Density functional theory (DFT) was performed here using the projector 

augmented-wave (PAW) method initially proposed by Blöchl. 38  For fully 

unconstrained noncollinear magnetic structures we used the execution of Kresse and 

Joubert39 in Vienna Ab-initio Simulation Package (VASP) code within local density 

approximation (LDA)37 and generalized gradient approximation (GGA)25. Among the 

available GGA functionals, we selected two commonly used and popular standard 

functionals PW91 40  and PBE 41 , respectively. Besides, as specially developed 

functionals for calculations on solids and solid surfaces, AM0542 and PBEsol43 were 

also employed. The cutoff energy of 500 eV and Gamma-centered k points with a 

3×3×3 grid were used. The noncollinear Γ5g magnetic structure with the spins on the 

(111)-plane was applied. The nonmagnetic supercell with total magnetic moment 

being zero was adopted to mimic a high-temperature paramagnetic (PM) phase.26 

Based on the unit cell of Mn3ZnN shown in Figure 1(a), a supercell containing 

2×2×2 primitive unit cells was adopted. Furthermore, in order to get the 

composition of Mn3Zn0.875X0.125N (X = Mn, Ge, and Sn), the chemical formula 

Mn40Zn7XN8 supercell was used in our calculations by the substitution of X for Zn 
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atom at the site (0.5, 0.5, 0.5). 

The radial distribution function (RDF), g(r), is very important for studying the 

structure of Mn40Zn7XN8. The RDF can be expressed as: 

( ) 2

( )
=

4
n nN r V

g r
r drNπ

                                     (1) 

where Nn(r) and Vn are the mean numbers and mean volume of atoms between r to 

r+dr around an atom, N is the numbers of atoms.44 For Mn40Zn7XN8, after optimizing 

the structure using VASP code, the RDF (Zn/X-Mn around X) is calculated by the 

VMD software.45 

Experimental methods 

Polycrystalline sample of the nominal composition Mn3Zn0.80N was prepared by 

solid-state reaction in vacuum (10-5 Pa) using Mn2N and Zn (3N) as the starting 

materials.27 The real composition determined by Rietveld analysis of NPD data at 

room temperature is Mn3Zn0.83Mn0.15N0.99. NPD data at 10 K to 250 K were collected 

using the BT-1 high-resolution neutron powder diffractometer at NIST Center for 

Neutron Research (NCNR). A Cu (311) monochromator was used to produce 

monochromatic neutron beam with wavelength of 1.5403 Å. The intensities were 

measured with a step of 0.05° in the 2θ range of 5°-162° to determine the crystal and 

magnetic structures and reveal thermal expansion properties. The crystal and 

magnetic structures were refined by Rietveld method with the General Structure 

Analysis System (GSAS) program.46 The neutron scattering lengths used in the 

refinement were -0.375, 0.568, and 0.936 (×10-12 cm) for Mn, Zn, and N, respectively. 

The crystal and magnetic structures of Mn3ZnN are shown in Figure 1.27 

 

 

3. RESULTS AND DISCUSSION 

As shown in Figure 1(a), Mn3ZnN possesses an antiperovskite crystal structure.19, 

27 The noncollinear Γ5g AFM magnetic structure clarified by Fruchart19 [see Figure 

1(a)] was adopted for the simulation of Mn3ZnN.47 Table 1 lists the structural and 
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magnetic parameters of antiperovskite Mn3ZnN obtained using different EC 

functionals with Γ5g AFM magnetic structure. The calculated equilibrium lattice 

constants a0 correspond to 3.702, 3.781 and 3.790 Å for the EC functionals LDA, 

AM05 and PBEsol, respectively, which are underestimated compared with the 

experimental value of 3.912 Å at 151 K in the literature.27  Moreover, our calculated 

a0 value is 3.860 Å for the case of PW91 and 3.871 Å for PBE functional, which is in 

good agreement with previously reported results, i.e., 3.912 Å. Similarly, the 

reasonable magnetic moments m of the Mn atoms, 2.60 µB/atom for PBE and 2.51 

µB/atom for PW91, are close to the experimental value of 2.61 µB/atom at 151 K.27 In 

particular, the values of a0 and m using PBE are close to the previously calculated 

results 3.870 Å and 2.63 µB/atom.47 These characteristics with diverse EC functionals 

indicate that PBE and PW91 are better than others for the current study of Mn3ZnN. 

 

Table 1. Results of the calculated equilibrium lattice constants a0 and magnetic moment m 

with different EC functionals compared with experimental data. 

 
LDA AM05 PBEsol PBE PW91 Experiment 

a0 (Å) 3.702 3.781 3.790 3.871, 3.87044 3.860 3.91227 

m (µB) 2.21 2.10 2.16 2.60, 2.6344 2.51 2.6127 

 

As referred above, Mn3ZnN shows phase separation behavior [collinear AFM 

shown in Figure 1(b) and Γ5g AFM phases] from 140 K to 177 K.48 Herein, the 

collinear AFM phase is marked as MPTE in Figure 1(b) as the positive thermal 

expansion (PTE) behavior was observed within this magnetic structure.27 Next, we 

will focus on the discussion of both Γ5g and MPTE AFM phases using the PBE and 

PW91 EC functionals. It was found that the cases of PW91 and PBE EC functional 

show different ground states. The total energy of the Mn3ZnN as a function of the 

lattice constant for Γ5g and MPTE AFM phases are shown in Figure 2. As seen from 
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Figure 2(a), the total energy of the Γ5g magnetic structure is 0.008 eV/f.u. (f.u. is the 

abbreviation of formula unit) lower than that of the MPTE state at their optimal lattices 

using PBE, which is qualitatively in agreement with the previously calculated 

results.47 This indicates that magnetic ground state is Γ5g AFM structure in the case of 

PBE EC functional. However, instead of Γ5g AFM phase, the MPTE ground state 

should be observed because this phase was confirmed below 140 K from NPD 

result.27, 48 Importantly, as shown in Figure 2(b), the MPTE ground state is obtained in 

the case of PW91, indicating the PW91 EC functional should be selected for the 

simulation of Mn3ZnN.  

 

Figure 2. Total energy of the Mn3ZnN as a function of the lattice constant for Γ5g AFM and MPTE 

phases using (a) PBE and (b) PW91 EC functionals. 

 

Based on the calculated results by PW91 EC functional, the total energy of the 

MPTE 0.014 eV/f.u. is lower than that of Γ5g AFM state at their optimal lattices. 

Generally, phase separation behavior can be resulted from the thermodynamic 

competition between phases with nearly identical free energies.48, 49 For Mn3ZnN, 
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the total energy of Γ5g AFM phase and that of MPTE phase is close, and the energy 

difference 0.014 eV/f.u. is far less than those (similar energy difference) in other 

antiperovskite compounds (0.463 eV/f.u. for Mn3.25Ni0.75N
26 and 0.22 eV/f.u. for 

Mn3GaN25) without phase separation phenomenon. Therefore, the phase separation 

observed between 140 K and 177 K might be attributed to the competition between 

Γ5g AFM and MPTE phases due to the nearly identical energy of both phases. On the 

other hand, the equilibrium lattice constant of the MPTE state is 3.809 Å in the case of 

PW91, which implies a lattice contraction of 0.051 Å (∆a/a = 0.013) from the Γ5g to 

MPTE AFM state. This qualitatively agrees with the observed Γ5g → MPTE first-order 

phase transition in Mn3ZnN with a Δa/a of ～0.006.27 The calculated value of ∆a/a 

is slightly greater than the observed values. However, it does not affect the qualitative 

analysis of phase transition because such disagreement always exists in the current 

density functional theory calculation of antiperovskite compounds.25, 26 

 

Figure 3. (a) The energy difference ∆E between EMPTE and EΓ
5g (EMPTE-EΓ

5g) and (b) the 

equilibrium lattice constant a of Γ5g AFM and PM phases for Mn3ZnN and Mn3Zn0.875X0.125N (X= 

Mn, Ge, and Sn) compounds using PW91 EC functional. 

 

To further study the control of these two magnetic structures, the X doping at Zn 

site is adopted as Mn3Zn0.875X0.125N (X = Mn, Ge, and Sn). Based on the results of 

total energy at equilibrium lattice displayed in Figure S1, Figure 3(a) shows the 
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energy difference ∆E between EMPTE and EΓ
5g for Mn3ZnN and Mn3Zn0.875X0.125N (X= 

Mn, Ge, and Sn) using PW91 EC functional. Negative ∆E indicates that the MPTE 

AFM phase is favorable; otherwise Γ5g AFM structure should be stable. It can be seen 

that the ∆E values change from negative to positive with X doping at Zn sites, 

corresponding to -0.014, 0.066, 0.02, and 0.02 eV for Mn3ZnN, Mn3Zn0.875Mn0.125N, 

Mn3Zn0.875Ge0.125N, and Mn3Zn0.875Sn0.125N, respectively. This suggests that X doping 

could stabilize the special Γ5g AFM phase as the ground state in Mn3Zn0.875X0.125N. 

Moreover, as shown in Figure 3(b), the equilibrium lattice constants of Γ5g AFM 

phase are 3.861 Å and 3.874 Å for Ge doped and Sn doped compounds, respectively, 

which are comparable to the experimental values of 3.909 Å for Mn3Zn0.9Ge0.1N at 

202 K32 and 3.930 Å for Mn3Zn0.8Sn0.2N at 265 K33. The calculated lattice constants 

of the PM phase become 3.758 Å for Mn3Zn0.875Ge0.125N and 3.772 Å for 

Mn3Zn0.875Sn0.125N, signifying that the lattice contraction (∆a/a) 0.027 for Ge doping 

and 0.026 for Sn doping could be observed with magnetic transition from Γ5g AFM to 

PM phase. These characteristics qualitatively agrees to the experimental results, e.g., 

antiperovskite compounds Mn3Zn1-xXxN with X (X = Ge and Sn) doping have been 

found to contain Γ5g AFM ground state and exhibit NTE (ZTE) behavior that caused 

by MVE effect.27, 32, 33 This suggests that we could make a prediction on the 

antiperovskite compounds with Γ5g AFM ground state using PW91 EC functional. On 

the other hand, for Mn doped Mn3Zn0.875Mn0.125N, the Γ5g AFM ground state and 

MVE effect are also predicted, which will be discussed in the following experimental 

section.  
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Figure 4. (a) Crystal structure showing the first (1st) and second (2nd) nearest shells (Zn/X-Mn) 

around X atom for Mn3ZnN and Mn3Zn0.875X0.125N (X= Mn, Ge, and Sn). (b) Corresponding 

radial distribution function and (c) magnetic moment per Mn atom for 1st and 2nd shells. 

 

The MPTE-Γ5g AFM (collinear-noncollinear) phase transition induced by X 

doping at Zn positions inspires us to explore the influence of doping on the structural 

changes in Mn3Zn0.875X0.125N (X = Mn, Ge, and Sn) because the magnetic phase 

transitions led by degenerating spin states around the ground state might be found due 

to the local lattice distortion.16, 50
 The RDF of the first (1st) and the second (2nd) 

nearest shells (Zn-Mn, Mn-Mn, Ge-Mn, and Sn-Mn) around X atom for Mn3ZnN and 

Mn3Zn0.875X0.125N (X= Mn, Ge, and Sn) are shown in Figure 4(b). For the 1st shell, the 

peaks are weakened and the shift of peak position occurs with X doping in Mn3ZnN. 

These characteristics indicate that the geometrical distortion could be produced by X 

doping at Zn sites. However, only the tiny change is found with X doping for the 2nd 

shell, implying that the geometrical distortion induced by doping could mainly locate 

near the doped site. On the other hand, the magnetic moment per Mn atom for the 1st 

and 2nd shells is shown in Figrue 4(c). It can be seen that the X doping has more 
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influence on Mn magnetic moment in the 1st shell compared with those in the 2nd shell. 

For the 1st shell, the values of Mn magnetic moment mMn are 2.13, 2.42 and 2.49 

µB/Mn for X = Mn, Ge, and Sn, respectively, smaller than 2.51 µB/Mn in Mn3ZnN. 

However, slightly larger values of 2.58, 2.56, and 2.52 µB/Mn are observed for 

Mn3Zn0.875Mn0.125N, Mn3Zn0.875Ge0.125N, and Mn3Zn0.875Sn0.125N, respectively, in the 

2nd shell. Notably, in antiperovskite compounds, the spin-lattice coupling of the Γ5g 

AFM phase was confirmed by NPD results.26, 27 Moreover, a decrease in the Mn 

magnetic moment (unpaired Mn 3d electrons) was found with Ge doping due to Ge 4p 

- Mn 3d orbital hybridization.51 For the compounds with Mn doping, the contraction 

(relative expansion) of the 1st (2nd) shell caused by geometrical distortion may be 

coupled to Mn magnetic moment, resulting in the decrease (increase) of mMn. For 

Mn3Zn0.875Ge0.125N and Mn3Zn0.875Sn0.125N, the tiny variation of mMn in the 2nd shell is 

observed with insignificant geometrical distortion, while the deceasing mMn in the 1st 

shell might be produced by the contribution from p-d (Ge 4p - Mn 3d, Sn 5p - Mn 3d) 

orbital hybridization and the spin-lattice coupling. However, details of these 

complicated contributions still need further investigations. Furthermore, combined 

with the discussions of the magnetic moment changes induced by X doping, some 

detailed analyses for the geometrical distortion of Mn3Zn0.875X0.125N are shown in the 

Support Information. 

The MPTE-Γ5g AFM phase transition with X doping will be studied based on local 

lattice distortion. Firstly, we will focus on the nature of MPTE in Mn3ZnN. Generally, 

the simply collinear antiferromagnetic ordering is impossible in a two-dimensional 

triangular lattice.52 We suggest that the MPTE, which AFM lays are perpendicular to c 

axis, might be formed by the effect of the anisotropy energy in Mn3ZnN. Similarly, as 

a typical material of triangular lattice antiferromagnet, CuFeO2 forms an Ising-like 

4-sublattice (↑↑↓↓) collinear AFM ordering due to the effect of the anisotropy energy 

when the easy-axis anisotropy is sufficiently large. 1, 7, 10, 16, 52, 53 Noticeably, these 

collinear AFM orderings are contrary to the typical noncollinear ordered structure of 
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triangular lattice antiferromagnet where the three spins align at 120° from each other 

in the basal plane, such as the Γ5g AFM phase in Mn3ZnN.1, 54 Moreover, the 

spin-wave softening may be found as the collinear-noncollinear magnetic phase 

transition occurs in triangular lattice antiferromagnet. For the typical material CuFeO2, 

The spin-wave gap is observed to decrease by substituting Al3+ ions for Fe3+. When 

the Al concentration is greater than 1.6%, the collinear AFM phase becomes unstable 

and a noncollinear phase appears.52, 55, 56. Additionally, it is clear that the local lattice 

distortion caused by the difference of ionic radii between the doped element (e.g. Al3+) 

and Fe3+ significantly affects the spin states in CuFe1-xGaxO2.
50 Therefore, it is 

proposed that, for geometrically frustrated Mn3Zn0.875X0.125N, a similar spin-wave 

softening accompanied by local lattice distortion might be observed due to X doping, 

which could lead to the collinear-noncollinear magnetic phase transition.  

 

 

Figure 5. (a) Neutron powder diffraction patterns of Mn3Zn0.83Mn0.15N0.99 at 10 K. The crosses 
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show the experimental intensities (Iobs), the upper solid line shows the calculated intensities (Icalc), 

and the lower solid line is the difference between the observed and calculated intensities (Iobs-Icalc). 

The vertical lines indicate the angular positions of the nuclear (top row), MnO (second row), and 

the magnetic (third row) Bragg reflections. (b) Relationship between the lattice variation and 

phase fractions for the sample Mn3Zn0.83Mn0.15N0.99. Solid symbols represent phase fractions and 

open symbols depict lattice constants. Curves are guides to the eye. (c) Temperature dependence 

of the lattice variation a(T)-aT(T), ordered magnetic moments (mMn) of the Γ5g AFM structure, and 

r(T) for Mn3Zn0.83Mn0.15N0.99.  

 

In order to verify the prediction that Mn doping at Zn site could induce the Γ5g 

AFM ground state, the sample with refined compositions of Mn3Zn0.83Mn0.15N0.99 was 

synthesized and analyzed by NPD method. Figure 5(a) shows the NPD pattern of 

Mn3Zn0.83Mn0.15N0.99 at 10 K. The NPD pattern could be fitted well with a structural 

model of cubic symmetry and the Γ5g AFM model, as shown in Figure 1(a). For 

Mn3ZnN, it has been investigated previously, with a MPTE magnetic ground state and a 

combination of Γ5g and MPTE AFM phases between 140 K and 177 K. Noticeably, our 

NPD study indicates that the ground state phase becomes Γ5g symmetry in 

Mn3Zn0.83Mn0.15N0.99, suggesting that we could stabilize the Γ5g AFM phase by Mn 

doping at Zn site. Moreover, the refined lattice constant a and AFM moment of Mn 

are 3.90274 Å and 2.60 µB/Mn, respectively, in Mn3Zn0.83Mn0.15N0.99, which are less 

than the values 3.912 Å and 2.61 µB/Mn in Mn3Zn0.99N.27 This is in qualitative 

agreement with the calculated results that Mn doping could induce the decreasing of a 

and mMn in Mn3Zn0.875Mn0.125N. On the other hand, the evolution of lattice constant 

and phase fractions with temperature is taken into consideration, as shown in Figure 

5(b). Table S1 gives more details for the refined structural parameters of 

Mn3Zn0.83Mn0.15N0.99 compound at some representative temperature. For the phase 

fractions, the transition from Γ5g AFM to PM is incomplete, and the Γ5g phase fraction 

decreases gradually upon further heating and coexists with the PM phase between 130 
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and 140 K. Figure S3 provides supplementary details about the evolution of the NPD 

pattern with temperature. In addition, the MVE effect with magnetic transition from 

Γ5g AFM (large volume) to PM (small volume) phases is observed as the previously 

calculated prediction. More importantly, the ZTE behavior is observed below 140 K 

within Γ5g AFM phase, corresponding to the coefficient of linear thermal expansion αl 

= 3.47×10-7 K-1. This demonstrates that the ZTE behavior can be obtained by 

achieving the Γ5g AFM phase in antiperovskite compounds.26, 27 

Figure 5(c) gives the temperature dependence of the ordered magnetic moments 

(mMn) of Γ5g AFM structure. The abrupt contraction in the volume is observed when 

mMn suddenly drops rapidly. This indicates a close correlation between the anomalous 

volume variation and the magnetic ordering, confirming the lattice is coupled to the 

Mn magnetic ordering.26 Additionally, more details for the correlation between 

thermal expansion behaviors and intensities of the magnetic peak are shown in Figure 

S4 in the Supporting Information. In order to further investigate the spin-lattice 

coupling in the Γ5g AFM phase, we assume that αT(T) = αPTE(T) where αT(T) and 

αPTE(T) are defined as the coefficient of the usual thermal expansion contributed by 

the lattice vibration in the ZTE (blow 140 K) and PTE region (above 140 K), 

respectively. And the lattice constant aT(T) can be obtained from the fitting curve of 

PTE constants above 140 K using the cubic function (shown in the equation (1) of 

Supporting Information).26, 27 Indicating a(T) as the observed lattice constant, we take 

the difference ∆am(T ) =a(T)-aT(T) to isolate the effect of the NTE. As shown in the 

Figure 5(c), it can be seen that ∆am(T) of Mn3Zn0.83Mn0.15N0.99 at ZTE region 

decreases modestly with increasing temperature, but approximately at the same rate as 

the ordered moment decreasing. Therefore we define a ratio r(T) =∆am(T)/mMn(T) as 

the extent of the NTE effect connected with the magnitude of the ordered moment 

mMn(T). For Mn3Zn0.83Mn0.15N0.99, the ratio r(T), which is found to be a linear 

function with an extremely low coefficient value of -1.0822×10-5, is approximately 

independent of T at the ZTE region. This reveals a strong spin-lattice coupling 
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phenomenon for Γ5g AFM phase in Mn3Zn0.83Mn0.15N0.99, which has also been 

confirmed in Mn3ZnxN, Mn3Zn0.41Ag0.41N and Mn3+xNi1-xN antiperovskite 

compounds with Γ5g AFM phase.26, 27 This spin-lattice coupling could balance the 

contribution of the lattice vibration, and then produce ZTE behavior. 

 

 

4. CONCLUSION 

In summary, we have theoretically demonstrated that X doping at Zn site in 

Mn3Zn0.875X0.125N (X = Mn, Ge, and Sn) could stabilize the noncollinear Γ5g AFM 

structure, and experimentally verify the prediction of Γ5g AFM ground state (with Mn 

doping) that can be tunable to achieve ZTE behavior. Our calculated results with 

diverse EC functionals indicate that PW91 is the best one compared with others for 

the current study of Mn3ZnN. Moreover, Γ5g AFM ground state and NTE behavior 

that caused by MVE effect are confirmed in X (X = Ge, Sn, and Mn) doped 

Mn3Zn0.875X0.125N. The reasons for collinear-noncollinear magnetic phase transition 

induced by doping are discussed based on local lattice distortion. In addition, from the 

NPD results of Mn3Zn0.83Mn0.15N0.99, the predicted Γ5g AFM ground state and the ZTE 

caused by strong spin-lattice coupling are observed. The present study suggests that 

frustrated triangular magnetic systems with noncollinear Γ5g AFM ground state are 

promising candidates for ZTE material with strong spin-lattice coupling in 

antiperovskite compounds. 
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