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In this work we critically evaluate methods for treating electrons correlation effects in 

multicomponent carbides using a GGA+U framework, addressing doubts from previous 

works on the usability of density functional theory in the design of magnetic MAX phases. 

We have studied the influence of the Hubbard U-parameter, applied to Cr 3d orbitals, on the 

calculated lattice parameters, magnetic moments, magnetic order, bulk modulus, and 

electronic density of states of Cr2AlC, Cr2GaC, and Cr2GeC. By considering non-, ferro-, and 

five different antiferromagnetic spin configurations, we show the importance of including a 

broad range of magnetic orders in the search for MAX-phases with finite magnetic moments 

in the ground state. We show that when electron correlation is treated on the level of the 

generalized gradient approximation (U = 0 eV), the magnetic ground state of Cr2AC (A = Al, 

Ga, Ge) is in-plane antiferromagnetic with finite Cr local moments, and calculated lattice 

parameters and bulk modulus close to experimentally reported values. By comparing GGA 

and GGA+U results with experimental data we find that using a U-value larger than 1 eV 

results in structural parameters deviating strongly from experimentally observed values. 

Comparisons are also done with hybrid functional calculations (HSE06) resulting in an 

exchange splitting larger than what is obtained for a U-value of 2 eV.  Our results suggest 

caution and that investigations need to involve several different magnetic orders before lack 

of magnetism in calculations are blamed on the exchange-correlation approximations in this 

class of magnetic MAX phases.  
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1. Introduction 

Conventional density functional theory (DFT) within the local density approximation (LDA) and the 

generalized gradient approximation (GGA) poorly describes strongly correlated electron materials, 

e.g. transition metal oxides and nitrides [1-6]. as the electrons are incorrectly overdelocalized which 

results in an inaccurate description of relative energies, magnetic ground states, and electronic 

structure (converts what should be an insulator to a metal). In fact, for such materials the many 

electrons in partially filled d or f orbitals are inherently localized on each metal atom. By introducing 

the on-site Coulomb repulsion U applied to localized electrons like 3d or 4f, i.e. DFT+U approaches, 

results are improved [7-10]. However, for compounds with delocalized states, e.g. intermetallic 

phases and transition metal carbides, the use of ordinary LDA and GGA give good results. The 

question is what exchange-correlation approximations are the most reliable for investigations of 

Cr2AC (A = Al, Ga, Ge) phases? 

Cr2AC belong to a group of inherently nanolaminated thermodynamically stable materials known as 

the Mn+1AXn (MAX) phases (n = 1 – 3). These are comprised of transition metal (M) carbide or nitride 

(X) sheets (Mn+1Xn) interleaved by a single layer of an A-group element [11, 12]. For n = 1, the 

hexagonal structure, which belongs to the P63/mmc space group, give a M-X-M-A-M-X-M-A atomic 

layer stacking in the c direction ([0001]). The MAX phases combine ceramic and metallic 

characteristics, and with suggested tunable anisotropic transport properties [13] in combination with 

magnetism, they may have potential as functional materials within, e.g., sensor and spintronics 

applications. Moreover, layered magnetic materials are attractive for fundamental physics 

investigations and applications exploiting the spin rather than the charge of the electrons, such as for 

giant magnetoresistance (GMR) effects [14].  

Inspired by our theoretical prediction [15], magnetism has now been observed experimentally in 

MAX phase materials [16-24]. Up to date, a few different MAX phases experimentally indicate ferri- 

or ferromagnetic (FM) behaviour [16-19, 21-23]. Alloying Cr-based MAX phases with Mn results in 

a magnetic state depending on composition [16, 19, 23], where (Cr0.75Mn0.25)2GeC display FM 

response up to at least 300 K [16]. Most recently, a MAX phase with Mn as sole M-element 

(Mn2GaC)  was also synthesized as a heteroepitaxial thin film, with FM response up to 230 K [17]. 

Even though the Cr based MAX phases Cr2AlC, Cr2GaC, and Cr2GeC are vital in providing phase 

stability and a retained structure upon magnetization through alloying with Mn, their respective 

inherent magnetic ground state, if any, are not unambiguously identified. Further understanding of the 

magnetic ground states and associated transitions are required for these virgin materials, to enable 

improved understanding of the effects of alloying, and, in turn, potentially allow tuning of their 

magnetic properties.  
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Theoretical studies of magnetic MAX phases often include only non-magnetic (NM), FM, and one 

antiferromagnetic (AFM) state [25-33]. The descriptions in the literature of the AFM states 

considered are often vague, but may be interpreted as alternating M-layers of spin up and spin down, 

possible to fit into a single MAX phase unit cell. Furthermore, different approaches in terms of 

electron correlations beyond the standard LDA and GGA functionals have been considered, in 

particular including an additional and adjustable Hubbard U-term [28, 29, 31-34]. By doing so, both 

FM and AFM ground states have been theoretically predicted for Cr2AlC and Cr2GeC with a magnetic 

moment between 0.01 and 1.79  𝜇𝐵 per Cr atom [28, 29, 31-33]. This can be compared to 

experimentally measured magnetic moment of only ~0.002 and ~0.05 𝜇𝐵 per Cr atom in Cr2AlC, and 

with a transition temperature of 73 K, interpreted as very weak FM or canted AFM spin configuration 

[18, 24]. However, any motivation why one needs to use +U approaches, in terms of physical reasons, 

is rarely seen. It is well known that GGA+U works reasonably well for strongly correlated materials 

like transition metal oxides and nitrides. The question is if electron correlations in MAX phases in 

general, and Cr2AC in particular, are strong enough that +U methods are required. This double 

uncertainty, both of the nature of the magnetic ground states and the question if strong electron 

correlations needs to be considered or not, has caused doubts on the usability of first-principles 

calculations in the development of magnetic MAX phases. 

In this study we address these questions using first-principles density functional theory (DFT) to 

search for the magnetic ground state of Cr2AlC, Cr2GaC, and Cr2GeC. We include NM, FM, and 

multiple AFM configurations, also comprising AFM states with anti-parallel spins within the Cr-

layers. Simultaneously, we also explore the effect of electron correlation approximation on predicted 

magnetic ground state, crystal structure, and bulk modulus. We show that both the magnetic 

configurations as well as how the electron correlation effects are approximated have an impact on the 

calculated results. We discuss the findings and the suitability of the approximation in a comparison 

with experimental results. 

2. Computational details 

For the 1×1×1 unit cell (8 atoms), three AFM configurations were considered: single layer AFM with 

spins changing sign for every M-atom layer, corresponding to the AFM[0001]1 spin configuration, 

and double layer AFM ordering with two consecutive M-layers with the same spin direction, before 

changing sign upon crossing an A or X layer (AFM[0001]2
𝐴 and AFM[0001]2

𝑋, respectively). In order 

to allow for AFM configurations with antiparallel spins within one M-layer, 2×1×1 unit cells are 

required (in-AFM1 and in-AFM2). All considered spin configurations are illustrated in Fig. 1. Details  

of their crystal structure with specified spin configuration can be found in Appendix.  
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Figure 1. (Color online) Schematic illustration of six ordered collinear magnetic structures considered 

for Cr2AC where (a) is FM, (b) AFM[0001]2
𝐴, (c) AFM[0001]2

𝑋, (d) AFM[0001]1, (e) in-AFM1, and 

(f) in-AFM2. To clearly distinct the different AFM configurations they are represented by a supercell 

consisting of 4×4×1 unit cells (128 atoms in total). 

 

Our DFT calculations were performed using the projector augmented wave (PAW) [35] method as 

implemented within the Vienna ab-initio simulation package (VASP) [36, 37]. We have used the 

generalized gradient approximation (GGA) as parameterized by Perdew,Burke, and Ernzerhof (PBE) 

in its spin-polarized form [38, 39]. In addition we also used the rotationally invariant approach to 

GGA+U, applied onto the Cr 3d electrons, as proposed by Dudarev [8, 40]. In this formalism the 

onsite Coulomb parameter U and the exchange parameter J are combined into a spherically averaged, 

single effective interaction parameter, U – J, which does not depend on their individual values. In the 

following we will refer to this effective interaction parameter as 𝑈𝑒𝑓𝑓. We have also performed hybrid 

exchange-correlation functional calculations (HSE06) with a screening parameter µ of 0.2 Å-1 [41-

43].  The magnetic moments are calculated by projecting the plane-wave states into the PAW spheres 

of the Cr atoms.  

We have performed the reciprocal-space integration within the Monkhorst-Pack scheme [44] with 

23×23×7 and 13×23×7 k-point mesh for 1×1×1 and 2×1×1 unit cells, respectively, together with a 

plane-wave cutoff energy of 400 eV. The calculated total energies were converged within 0.1 

meV/atom in terms of k-point sampling and cutoff energy. Cr2AC phases were relaxed in terms of 

unit-cell volumes, c/a ratios, and internal parameters in order to minimize the total energy. The 

structures were considered to be converged with respect to ionic displacements when the total energy 

difference between two ionic steps were less than 0.02 meV/atom and the forces acting on the atoms 

were smaller than 0.02 eV/Å. Bulk modulus B0 was determined by fitting the energy-volume curves 

with a Birch-Murnaghan equation of state. 
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3. Results and discussion 

A comparison of the relative energies for all here considered magnetic states of Cr2AC (A = Al, Ga, 

Ge) is presented in figure 1(a - c), for which no correlation of the Cr d electrons beyond the GGA is 

applied, i.e. 𝑈𝑒𝑓𝑓 = 0 eV. The energy for each spin configuration is given relative to the NM energy 

minimum, 𝐸0
NM, as calculated by Δ𝐸(𝑉) = 𝐸(𝑉) − 𝐸0

𝑁𝑀(𝑉0). For both Cr2AlC and Cr2GaC all 

magnetic states but in-AFM1 are close to degenerate with the NM configuration. Cr2GeC, on the other 

hand, show three magnetic states clearly distinct from NM, i.e. AFM[0001]2
𝑋, in-AFM1, and in-

AFM2. Still, for all three Cr2AC phases, the in-AFM1 is found to have lowest energy, -3 meV/atom 

for Cr2AlC, -4 meV/atom for Cr2GaC, and -8 meV/atom for Cr2GeC, respectively, where the latter is -

4 meV/atom relative to AFM[0001]2
𝑋. 

Figure 2(d - f) shows the energy of different magnetic configurations of Cr2AC (A = Al, Ga, Ge) 

relative to the NM state for exchange correlations approximations with 𝑈𝑒𝑓𝑓 equal to 0, 1 and 2. The 

energy is hence given by Δ𝐸(𝑈𝑒𝑓𝑓) = 𝐸0
𝑚𝑎𝑔

(𝑈𝑒𝑓𝑓) − 𝐸0
𝑁𝑀(𝑈𝑒𝑓𝑓), where 𝐸0

𝑚𝑎𝑔
(𝑈𝑒𝑓𝑓) and 

𝐸0
𝑁𝑀(𝑈𝑒𝑓𝑓) are the equilibrium total energies of the magnetic and NM states, respectively, for a given 

value of 𝑈𝑒𝑓𝑓. The details for 𝑈𝑒𝑓𝑓 = 0 is also shown in panel (a - c). For 𝑈𝑒𝑓𝑓 = 1 eV the magnetic 

states are, in general, no longer degenerate with NM. All Cr2AC display a clear spread in ΔE. Again, 

in-AFM1 is found as the magnetic state of lowest energy with Δ𝐸 = -32, -43, and -55 meV/atom for A 

= Al, Ga, Ge, respectively.  

Since most magnetic states are no longer degenerate with NM, an assessment of the ground state can 

be improved by comparing in-AFM1 with the second most stable state, i.e. the state closest in energy. 

For Cr2AlC, in-AFM2 is found +13 meV/atom higher in energy, whereas AFM[0001]2
𝑋 is found at 

+10 and +4 meV/atom higher energy for Cr2GaC and Cr2GeC, respectively. Note that the order for the 

three magnetic states of lowest energy of Cr2GeC is equivalent for 𝑈𝑒𝑓𝑓 = 0 and 1. At values of 𝑈𝑒𝑓𝑓 

= 2 eV, the energies of the magnetic states are well below 𝐸0
NM.  

Figure 1 shows the importance of including a broad range of possible spin configurations [45] when 

searching for the magnetic ground state. If only NM, FM and AFM[0001]1 would have been 

accounted for, these would for 𝑈𝑒𝑓𝑓 = 0 be degenerate, and only by using the +U approach would it 

be possible to stabilize a state with finite local Cr moments [28, 29, 31-34, 46].  For a moderate 

correlation of the Cr d electrons, obtained with 𝑈𝑒𝑓𝑓 = 1 eV, in such a subset of magnetic 

configurations, FM would be found lowest in energy for Cr2AC, as previously suggested in literature 

[28]. 
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Figure 2. (Color online) (a) to (c) show total energy versus volume curves for considered magnetic 

states of Cr2AlC, Cr2GaC, and Cr2GeC using GGA. Note that all energies are given with respect to the 

energy minimum of NM, 𝐸0
NM. (d) to (f) show the energy difference for minimum energies E0 of 

considered magnetic states relative 𝐸0
NM versus 𝑈𝑒𝑓𝑓 of Cr2AlC, Cr2GaC, and Cr2GeC. The 

considered magnetic states are NM (×), FM (+),AFM[0001]2
𝐴 (∆), AFM[0001]2

𝑋 (∇), AFM[0001]1 

(○), in-AFM1 (■), and in-AFM2 (♦). The solid horizontal lines at ∆𝐸 = 0 corresponds to 𝐸0
NM. 

 

Figure 3 shows the local magnetic moment per Cr atom (absolute values) versus U for considered 

magnetic states of Cr2AC. In regular GGA calculations, 𝑈𝑒𝑓𝑓 = 0 eV, the local moments tend to be 

zero when using the 8 atoms unit cell alone (1×1×1), except for AFM[0001]2
𝑋 of Cr2GeC. By 

expanding the unit cell to  2×1×1 and hence allow for in-plane AFM interactions, i.e. in-AFM1 and 

in-AFM2, non-zero local moments is found for all A with a magnitude from about 0.2 to 0.9 𝜇𝐵 per Cr 

atom. For 𝑈𝑒𝑓𝑓 = 1 eV, non-zero magnetic moments is observed for all magnetic states but 

AFM[0001]1 Cr2AlC and Cr2GaC. The energetically favorable magnetic configuration in-AFM1 

shows an almost linear increase in moment with increasing 𝑈𝑒𝑓𝑓 for all A. This can be compared with 

previous theoretical studies of Cr2AlC where NM, FM, or AFM[0001]1 have been identified as low 

energy state [25, 28, 32]. The latter two were found only through use of the DFT+U method (𝑈𝑒𝑓𝑓 = 1 

eV) with a resulting Cr moment of 0.9 𝜇𝐵 and 0.55 𝜇𝐵, respectively. Recent measurements of Cr2AlC 

show a net magnetic moment of ~0.002 𝜇𝐵 per Cr atom, indicating a very weak FM ordering or an 
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AFM state with spins slightly canted. Further studies are thus needed to reveal the magnetic structure, 

though the here predicted AFM ground state of these phases are within a first approximation 

consistent with the experiments. 

 

Figure. 3. (Color online) Absolute value of magnetic moment per Cr versus 𝑈𝑒𝑓𝑓 for considered 

magnetic states of (a) Cr2AlC, (b) Cr2GaC, and (c) Cr2GeC. 

The question of which approximation for electronic exchange and correlation effects that is best 

suited to describe a particular material is complex. In particular in a GGA+U framework, if the value 

of 𝑈 is used as a free fitting parameter, it is important to have several different experimental 

observations to use as comparison. Here we use the experimentally measured a and c lattice 

parameters and the bulk moduli B0 of the three different Cr2AC (A = Al, Ga, Ge) MAX phases for this 

purpose. 

The calculated lattice parameters a and c in different magnetic states and for different values of 𝑈𝑒𝑓𝑓 

are given in Fig. 4. The experimental values from literature are shown as dashed horizontal lines [47-

52]. For 𝑈𝑒𝑓𝑓 = 0 eV the low energy state in-AFM1 expands a by 0.2, 0.3, and 0.4 % and c by 0.2, 

0.1, and 0.0 % as compared to the NM state of A = Al, Ga, and Ge, respectively. The calculated lattice 

parameters of in-AFM1 are slightly underestimating the experimental values by 0.0 to 0.3 % for a and 

by 0.6 % for c, with Cr2GeC being closest. Such underestimations, although small, are not common 

for GGA calculations in general which instead tends to overestimate lattice parameters, in contrast to 

the local density approximation (LDA) which underestimates them [53, 54]. 

For 𝑈𝑒𝑓𝑓 = 1 eV two general observations can be made; (i) both a and c increases as compared to 

𝑈𝑒𝑓𝑓 = 0 eV, and (ii) there is an increased spread of the lattice parameters since we do not any longer 

have degenerate states, as shown in Fig. 2. Compared to experiments, the lattice parameters of the low 

energy state in-AFM1 are overestimated by 0.3 to 0.7 % for a, and -0.1 to +0.7 % for c. The second 
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lowest energy state, in-AFM2 (A = Al), show an a identical with experiment and underestimates c by 

0.4 %, For A = Ge and Ga, AFM[0001]2
𝑋, a is overestimated by +2 and +3 %, respectively. For 𝑈𝑒𝑓𝑓 

= 2 eV, the calculated lattice parameters are drastically different from experimentally obtained values, 

e.g. about +3.5 % for AFM[0001]1 Cr2GeC. Hence, based on lattice parameters only, a reasonable 

value of 𝑈𝑒𝑓𝑓 for describing Cr2AC, if necessary, should be between 0 and 1 eV. 

 

Figure 4. (Color online) Lattice parameter a (top panels) and c (bottom panels) versus 𝑈𝑒𝑓𝑓 for 

considered magnetic states of (a) Cr2AlC, (b) Cr2GaC, and (c) Cr2GeC. Solid horizontal lines show 

experimental reference values for Cr2AlC [47-49], Cr2GaC [47, 50, 51], and Cr2GeC [47, 49, 52].  

Figure 5 shows the calculated bulk modulus B0 versus 𝑈𝑒𝑓𝑓. Without correlation effects, in-AFM1 

were found with lowest B0 for all A (~8 % lower than NM). Use of GGA+U results in a decrease of 

B0. This decrease correlate rather well with the increased volume (a and c in Fig. 3) and resulting 

increase of magnetic moments in Fig. 3. The comparison of calculated B0 with measured values is not 

trivial and has caused discussion in previous work for the example Cr2AlC [28, 34, 45], Different 

experimental techniques give diverse results, as shown for Cr2AlC and Cr2GeC, where the larger 

values are obtained using a diamond anvil cell (DAC) [47]. For Cr2GaC only one value was found 

[47]. Still, the experimental and theoretical values of B0 for the low energy configuration in-AFM1 of 

Cr2AlC and Cr2GeC, are within 10 GPa (7%) for 𝑈𝑒𝑓𝑓 = 0 eV. For 𝑈𝑒𝑓𝑓= 1 eV, the three magnetic 

configurations of lowest energy (in-AFM1, in-AFM2, AFM[0001]2
𝑋) underestimates B0 compared to 
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DAC-measured values, except for in-AFM2 Cr2AlC. In calculations using a larger value of 𝑈𝑒𝑓𝑓, i.e. 

2 eV, B0 of in particular Cr2GaC deviates drastically from the experimental value with an 

underestimation of more than 38 %. However, within this work we use a MAX phase structure with 

no defects or impurities, which might not reflect the experientially evaluated sample. Here performed 

test calculations show that A- and C-vacancies in Cr2AC lower B0 for in-AFM1 and NM, up to 5% for 

12.5% vacancy concentration on the A- or C –site. That is, if the experimental samples would contain 

C- or A-vacancies, the discrepancies in B0 with vacancy free GGA+U calculations (𝑈𝑒𝑓𝑓 > 1 eV) 

becomes even more striking. 

 

Figure 5. (Color online) Bulk modulus B0 versus 𝑈𝑒𝑓𝑓 for considered magnetic states of (a) Cr2AlC, 

(b) Cr2GaC, and (c) Cr2GeC. Solid horizontal lines show experimental reference values for Cr2AlC 

[47, 55], Cr2GaC [47], and Cr2GeC [47, 52] 

In Fig. 6, we present calculated density of states (DOS) for in-AFM1 Cr2AlC using GGA+U, with 

𝑈𝑒𝑓𝑓 = 0, 1, and 2 eV, and hybrid functionals (HSE06). For HSE06 we used the equilibrium structure 

of in-AFM1 Cr2AlC obtained for 𝑈𝑒𝑓𝑓 = 1 due to calculated lattice parameters close to measured 

values. The peak below -10 eV corresponds to C 2s. Cr 3d – C 2p hybridization dominates in the 

range -8 to -4 eV. Above the pseudogap, i.e. the minimum in energy just above the Cr 3d – C 2p 

hybridization, there is Cr 3d – Al 2p hybridization. States close to the Fermi level (Ef) corresponds to 

non-bonding Cr 3d electrons. With increasing 𝑈𝑒𝑓𝑓 the localization of the Cr 3d electrons are 

gradually increased. This mainly affects Cr 3d states close to Ef leading to an enhanced spin 

polarization as seen both by the increased separation of the spin up and spin-down Cr 3d peaks below 

and above Ef and by the increased local moment of Cr. The DOS for in-AFM1 of Cr2GaC and Cr2GeC 

both show similar behavior as Cr2AlC. 
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The calculated DOS and local moment obtained with HSE06 in panel (d) would here correspond to 

the use of 𝑈𝑒𝑓𝑓 > 2. Use of HSE06 on Cr2GeC has been shown to result in Cr local moments of 3 𝜇𝐵 

and too large equilibrium volumes compared to experimental values (~10%) [29]. The use of hybrid 

functionals is known to solve issues like band gap predictions in semiconductors. However for 

metallic systems, such as MAX phases, its use is questionable as the exchange splitting is 

significantly overestimated which leads to an overestimation of the predicted magnetic moment [56].  

 

Figure 6. (Color online) Total and Cr-d density of states (DOS) for in-AFM1 Cr2AlC using GGA+U 

with 𝑈𝑒𝑓𝑓=0, 1, and 2 eV (a – c) and hybrid exchange-correlation functionals, HSE06 (d). The total 

DOS, partial DOS of Cr-d states (spin up) and Cr-d states (spin down) are represented by the grey 

shaded area, solid red line and dashed blue line, respectively. Dashed vertical line indicate the Fermi 

level at 0 eV. 

4. Conclusions 

In conclusion, we have studied the interplay of spin configuration and the approximation used for 

electron correlations, GGA and GGA+U, on the calculated lattice parameters, magnetic moments, 

magnetic order, bulk modulus, and electronic density of states of Cr2AlC, Cr2GaC, and Cr2GeC. By 

considering NM, FM, and five AFM configurations, including two in-plane AFM, we show the 

importance of including a broad range of magnetic orders in a search for the ground state. We find 
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that the lowest magnetic state in all considered materials have antiparallel spins within each Cr-plane. 

Our calculations suggests that this class of Cr-based carbide MAX phases cannot be considered as 

strongly correlated systems since both GGA and GGA+U with 𝑈𝑒𝑓𝑓 ≤1 eV gives calculated lattice 

parameters and bulk modulus close to experimentally reported values, if low-energy in-plane AFM 

magnetic states are considered. For larger values of the U-parameter (𝑈𝑒𝑓𝑓 > 1 eV) the structural 

parameters deviate strongly from experimentally observed values. The lack of magnetism in 

theoretical investigations of Cr2AC cannot solely be blamed on the exchange-correlation 

approximations, but can also be related to the magnetic orders considered. We therefore suggest that 

use of +U methods should be treated with great care until further experimental data is available to 

validate its significance for studies of magnetic MAX phases 
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Appendix A 

For completeness we also present the spin configurations used to describe FM and the five AFM 

configurations for M2AX phases in table A1 and A2. 

Table A1. Primitive translation vectors Pi and atomic coordinates for the 1×1×1 M2AX unit cell used 

to calculate FM, AFM[0001]1, AFM[0001]2
𝐴, and AFM[0001]2

𝑋 spin configurations. Spin up and spin 

down for individual M atoms are indicated by (+) and (–), respectively.  

Type x y z 
Spin configuration 

FM AFM[0001]1 AFM[0001]2
𝐴 AFM[0001]2

𝑋 

P1 𝑎 2⁄  −𝑎 √3 2⁄  0     

P2 𝑎 2⁄  𝑎 √3 2⁄  0     

P3 0 0 𝑐     

M 𝑎 2⁄  − 𝑎 (2√3)⁄  −𝑧𝑐 + + + + 

M 𝑎 2⁄  𝑎 (2√3)⁄  𝑧𝑐 + – + – 

M 𝑎 2⁄  𝑎 (2√3)⁄  (1 2⁄ − 𝑧)𝑐 + + – – 

M 𝑎 2⁄  − 𝑎 (2√3)⁄  (1 2⁄ + 𝑧)𝑐 + – – + 

A 𝑎 2⁄  − 𝑎 (2√3)⁄  𝑐 4⁄      

A 𝑎 2⁄  𝑎 (2√3)⁄  3𝑐 4⁄      

X 0 0 0     

X 0 0 𝑐 2⁄      
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Table A2. Primitive translation vectors Pi and atomic coordinates for the 2×1×1 M2AX unit cell used 

to calculate in-AFM1 and in-AFM2 spin configurations. Spin up and spin down for individual M 

atoms are indicated by (+) and (–), respectively.  

Type x y z 
Spin configuration 

in-AFM1 in-AFM2 

P1 𝑎 −𝑎√3 0   

P2 𝑎 2⁄  𝑎 √3 2⁄  0   

P3 0 0 𝑐   

M 𝑎 2⁄  − 𝑎 (2√3)⁄  −𝑧𝑐 – + 

M a − 2𝑎 √3⁄  −𝑧𝑐 + – 

M 𝑎 2⁄  𝑎 (2√3)⁄  𝑧𝑐 + + 

M a −𝑎 √3⁄  𝑧𝑐 – – 

M 𝑎 2⁄  𝑎 (2√3)⁄  (1 2⁄ − 𝑧)𝑐 + + 

M a −𝑎 √3⁄  (1 2⁄ − 𝑧)𝑐 – – 

M 𝑎 2⁄  − 𝑎 (2√3)⁄  (1 2⁄ + 𝑧)𝑐 – + 

M a − 2𝑎 √3⁄  (1 2⁄ + 𝑧)𝑐 + – 

A 𝑎 2⁄  − 𝑎 (2√3)⁄  𝑐 4⁄    

A a − 2𝑎 √3⁄  𝑐 4⁄    

A 𝑎 2⁄  𝑎 (2√3)⁄  3𝑐 4⁄    

A a −𝑎 √3⁄  3𝑐 4⁄    

X 0 0 0   

X 𝑎 2⁄  − 𝑎 √2⁄  0   

X 0 0 𝑐 2⁄    

X 𝑎 2⁄  − 𝑎 √2⁄  𝑐 2⁄    
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