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We systematically perform density-functional theory (DFT) calculations for all possible Mn+1AXn (MAX)
phases with transition metal M=Sc to Au (excluding Tc), A in group IIIA-IVA, X=C, N, and n = 1, 2, 3, a
total of about 1200 systems. The thermodynamic stability is determined by comparing the formation enthalpy
(at 0 K) against all possible combinations of unary, binary, and ternary boundary phases (available from online
DFT databases). Thereby, we identify 124 so far unknown phases (in terms of both experimental synthesis and
other theoretical predictions), of which 54 are carbides and 70 are nitrides. Among all stable MAX phases, we
identify nine with magnetic properties. In addition to already known and synthesized magnetic phases (Cr2AlC,
Cr2GeC, Cr2GaN, and Mn2GaC), we predict five more MAX phases with magnetic ordering [Mn2A(=Ge, Sn)C,
Cr3A(=Ga, Ge)N2, and Cr4A(=Ge)N3]. Evaluating previously suggested descriptors for the stability of MAX
phases [valence electron concentrations (VECs), differences in atomic radius difference �Rat , and differences in
electronegativities �χ ], we find that �Rat does not correlate with stability and stable phases are characterized
by VEC < 5.5, �χ > 1.5. The reverse is, however, not true; for example, a MAX phase with VEC < 5.5 and
�χ > 1.5 is not necessarily stable.
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I. INTRODUCTION

Layered ternary transition metal carbides and nitrides,
combining properties of metals and ceramics, are known
as MAX phases [1]. They are denoted by the general for-
mula Mn+1AXn, where M is a transition metal, A belongs
to group III-IVA elements, X can be carbon and/or nitro-
gen, and n varies from 1 to 3 and represents the number
of M6X octahedra layers in the crystal structure (Fig. 1).
Owing to their high stiffness, strength, and resistance to
oxidation, some of MAX phases are used as structural materi-
als in high-temperature oxidative environments [2–4]. They
are also considered promising materials for electrical and
thermal contacts due to their high electrical and thermal
conductivities [5,6]. Over the past few years, the interest
in MAX phases has resurfaced as a result of the discov-
ery of MXenes—two-dimensional transition metal carbides,
nitrides, and carbonitrides—upon chemical etching of A lay-
ers from a MAX precursor [7–9]. The significance of MAX
phases as starting materials for MXene synthesis has caused
vigorous efforts to expand the MAX family, both theoreti-
cally and experimentally [10–19]. In principle, this is possible
because MAX phases offer a broad chemical space which
can be exploited to incorporate “novel” transition metals or
A elements into the structure and to fine-tune the properties
(magnetism, exfoliability, etc.).

High-throughput computational approaches coupled with
thermodynamic analysis can significantly accelerate the
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search for material design and provide guidance for exper-
iments. This approach has been employed for finding new
MAX phases. One of the early works was done by Dahlqvist
et al., who calculated formation enthalpies relative to all
possible competing phases to predict the stabilities of cer-
tain MAX phases (A=Al, X=C and N, and M=Sc, V, Ti,
etc.) [10]. Recently, another study using high-throughput
density-functional theory (DFT) reported on the stabilities
of nontraditional MAX compositions with nonconventional
elements at the A site, e.g., Cu, Au, Cd, etc. [20]. Using the
total DFT energies of the competing phases from the Open
Quantum Materials Database (OQMD) [21,22], they calcu-
lated formation enthalpies which are positive in magnitude for
M2AlC (M=Ti, Cr, V) even though they have been synthe-
sized. Consequently, the criterion for the stability limit was
set to be +120 meV/atom, which can lead to overpredicting
the stability limits. Few other works focused on evaluating
the stabilities of double MM′AX phases as solid solutions
or M-site ordered structures [19,23–26]. These studies em-
ployed thermodynamic treatments and made use of online
DFT databases, e.g., OQMD [21,22], that can easily be in-
tegrated into the high-throughput workflow. In the majority
of these reports, a major focus is put on carbides compared to
nitrides (this also holds for experimental work). Therefore, the
number of predicted and synthesized nitrides is less than that
of carbides [27]. To date, a study that thoroughly investigates
all possible transition metal MAX phases including carbides
and nitrides with various n in its entirety and provides reliable
guidelines for choosing compositions for experimental syn-
thesis is still lacking. Moreover, online DFT databases are also
rapidly expanding with new hypothetical phases. Therefore,
it is important to evaluate the stability of MAX phases with
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FIG. 1. Thermodynamic (meta)stability of individual MAX

phases is inferred by the sign and magnitude of the calculated max-
imum formation enthalpies, relative to all possible combinations of
known competing phases, including unaries, binaries, and ternaries,
that are present in the M-A-X phase diagram [top panel; see Eq. (1)].
Boundary phases are retrieved from MP [28] and OQMD [21,22].
The bottom panel contains crystal structures of (3 × 3 × 1) super-
cells of n = 1, 2, and 3 MAX phases along with other exemplary
unary, binary, and ternary phases.

an updated set of competing phases. In this study, we intend
to address this problem by evaluating the thermodynamics of
MAX phases on the basis of the latest collection of com-
peting phases that are available in DFT databases, i.e., the

Materials Project (MP) [28] and OQMD [21,22]. To reliably
determine stability, the uncertainty introduced by using the
online database is minimized. Our predictions have excel-
lent agreement with experiments, showing the accuracy of
the overall methodology. Using the approach, we screen for
(meta)stable MAX phases composed of M transition metals
from Sc to Au, A in group IIIA-IVA, and X=C and N. This
is accomplished by evaluating the formation enthalpies of
MAX phases relative to all potential competing (boundary)
phases accessible via OQMD [21,22] and MP [28]. On the
basis of comparison with the experiment, a threshold value of
formation enthalpy for (meta)stability is obtained. Using this,
we predict 214 (meta)stable MAX phases, of which 90 have
been synthesized or predicted by others so far. Furthermore,
valence electron concentration (VEC) analysis suggests that
all stable MAX phases are characterized by VEC below 5.5;
the reverse, however, is not true.

II. METHOD

A. Thermodynamic approach

We characterize the stability of a MAX phase in terms of
its maximum (absolute) formation enthalpy �rH relative to
all (unary, binary, and ternary) competing phases (CPs; see top
panel of Fig. 1) that are accessible via the materials databases
of MP [28] and OQMD [21,22]. Given the total DFT energy
εMAX of a MAX phase, the maximum formation enthalpy is
defined as

�rH = max

{
εMAX − ∑

r ∈ CP crεr

Natoms

∣∣∣∣
all possible combinations of CPs

}
, (1)

where cr and εr represent the balancing coefficients and total
DFT energies per formula unit, respectively. In Table S1 in
the Supplemental Material we list all unaries, binaries, and
ternaries available for the Ti-Al-C system and a few pos-
sible combinations of reference phases, including balancing
coefficients as an example [29]. In Table S2, we present
a complete list of competing phases that are considered in
the thermodynamic stability evaluation, along with the most
competing phases for each MAX phase that has �rH �
+150 meV/atom [29].

B. Efficient evaluation of competing phases

The evaluation of the maximum formation energy �rH
[Eq. (1)] requires the calculation of total energies for a huge
number of possible competing phases (about 10 000 in to-
tal). These calculations are circumvented by the following
two-step procedure. In the first step, we crudely approximate
the total energy of a phase in GPAW by exploiting available
data from MP [28] and OQMD [22]. An estimate of the total
energy of a competing phase is obtained by summing up the
reported formation enthalpy � f Hdb from the databases and
our calculated total energies of elemental reference phases εel,

εest
r = � f Hdb +

∑
elements

celεel, (2)
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where cel represents the proportions per formula of an el-
emental constituent. The estimates are used to compute
the maximum formation energy of each MAX phase. In
the second step, we explicitly compute the total ener-
gies of those boundary phases of every MAX phase for
which �rH < +150 meV/atom. With this filter, the number
of explicit DFT calculations for boundary phases reduces
to about only 160. Eventually, �rH is reevaluated using
the explicitly computed total energies of these boundary
phases.

C. Computational details

High-throughput DFT calculations are performed in a
spin-polarized electronic state within the framework of the
projector augmented wave [30] using the open-source DFT
code GPAW [31,32] in conjunction with the atomic simula-
tion environment [33]. Electronic exchange-correlation (XC)
interactions are provided by the generalized gradient approx-
imation (GGA) in the parametrization of Perdew, Burke,
and Ernzerhof (PBE) [34]. To converge formation enthalpies,
an energy cutoff of 1200 eV for the plane-wave expan-
sion of the wave functions along with k meshes with a
density of 4 Å is used for MAX phases. The structural
relaxation including the positions and cell was done un-
til forces and stresses converged within 0.01 eV Å−1 and
0.01 eV Å−3, respectively. For electronic self-consistency it-
erations, the default criteria of GPAW are used for convergence.
Convergence studies have been performed separately for a
few MAX phases to ensure the variance of total energy
within an error bar of 0.1 meV/atom (see the Supplemen-
tal Material [29], Fig. S1). For each individual unary and
a selection of competing phases, the convergence of the k
mesh was also done until energy differences were within
0.5 meV/atom.

To include the contribution of magnetism in the forma-
tion enthalpies and to determine the magnetic properties of
MAX phases, spin-polarized DFT calculations were initially
performed for all 1200 MAX compositions in the ferromag-
netic (FM) state. The phases that preserved net magnetization
during structural optimization were later on subjected to a
magnetic ground state search by calculating the total DFT
energies of all possible symmetrically unique magnetic spin
configurations in FM and antiferromagnetic (AFM) orderings
within a conventional unit cell. Figure 2 presents all symmetri-
cally nonequivalent magnetic configurations that are possible
in a conventional unit cell of M2AX and M3AX2 (MAX)
phases (for M4AX3, see the Supplemental Material [29],
Fig. S7). Naturally, the lowest energy configuration is selected
for the final analysis of formation enthalpy and represents the
predicted ground state ordering at 0 K. As for the competing
phases, spin-polarized DFT calculations are performed only
if a phase possesses nonzero magnetic moments according to
the data present in online DFT databases (i.e., MP or OQMD).
At the beginning of the electronic self-consistency cycle, the
magnetic moments are initialized at the highest possible ox-
idation state of elements and are allowed to vary during the
cycle. Only GGA without U approximation is employed for
all calculations because identifying appropriate U values for

(a) (b)

FIG. 2. All symmetrically unique spin configurations of
(a) M2AX- and (b) M3AX2-type MAX phases considered that
are possible within a primitive cell. The unique configurations
of a M4AX3-type MAX phase are provided in Fig. S7 in the
Supplemental Material [29].

each MAX phase and competing phase is out of the scope of
the current study.

III. RESULTS AND DISCUSSION

A. Stability criterion

We first determine a threshold value for calculated forma-
tion enthalpies, below which a MAX phase may be considered
metastable. Figure 3 shows calculated values of �rH for
a number of MAX phases. MAX phases that have been re-
ported in the literature are separated by a dashed horizontal
line from MAX phases for which only unsuccessful attempts
are known to date (unfortunately, unsuccessful attempts are
typically not reported in the literature, so we here rely on
private communication with colleagues working experimen-
tally [38]). Most of the stable MAX phases show a negative
value of �rH . The maximum (positive) calculated value is
18 meV/atom (for Zr2AlC). Concerning unstable (not syn-
thesized) MAX phases, our data are fairly limited. While
Nb2AlN shows a maximum formation enthalpy as large as
100 meV/atom, a value as low as 4 meV/atom is found
for Hf2AlN. Thus, a sharp boundary between unstable and
(meta)stable is not defined. Using the maximum calculated
value of +20 meV/atom (rounded from +18 meV/atom)
and allowing for 10 meV/atom error due to the PBE XC
functional and pseudopotentials (see the Supplemental Mate-
rial [29], Fig. S8), we determined that calculated formation
enthalpies of up to +30 meV/atom may indicate poten-
tial (meta)stability and will consider that a threshold. To be
more specific, we divide stability into three categories: (I)
most likely stable if �rH < −10 meV/atom, (II) most likely
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FIG. 3. Validation of the maximum formation enthalpy �rH as
a descriptor for thermodynamic stability. For 65 experimentally re-
ported MAX phases, only 7 MAX phases show a positive value of
�rH . Thermodynamic (meta)stability is indicated by �rH < +30
meV/atom (marked by the vertical dotted line). The compositions
in the bottom part are known to synthesize (taken from Refs. [27,35–
37]), while the two at the top could not be synthesized despite several
experimental attempts [38].

unstable if �rH > +30 meV/atom, and (III) potentially sta-
ble or metastable if −10 < �rH < +30 meV/atom.

B. MAX phase stability

Figure 4 lists all MAX carbides (top panels) and nitrides
(bottom panels) that belong to either category I (CI; �rH <

−10, dark red background color) or category III (CIII; �rH <

+30, light red or green background color). The full data set
of all considered MAX phases is given in Sec. S2 of the
Supplemental Material [29]. MAX phases that have been ex-
perimentally verified are highlighted by a solid green frame;
MAX phases that have been predicted on the basis of previous
calculations but for which no successful synthesis has been
reported are highlighted by black frames.

We find that out of all 1200 possible MAX phases con-
sidered here, only 77 are predicted to be stable (�rH <

−10 meV/atom) within CI, and 137 may be considered
metastable or, at best, potentially stable (−10 < �rH <

+30 meV/atom) in CIII. Out of these, 65 have been re-
ported experimentally. Moreover, 25 MAX phases have been
predicted by others but have not been synthesized yet. The
rest of the phases, 986 in total, are predicted to be unstable
(�rH > +30 meV/atom), making up category II (CII). In

total, our calculations add 124 (CI and CIII) new potential
MAX phases. Out of these, 7 (0 CI, 7 CIII) are M2AC, 22 (10
CI, 12 CIII) are M3AC2, and 25 (4 CI, 21 CIII) are M4AC3; 9
(1 CI, 8 CIII) are M2AN, 30 (2 CI, 28 CIII) are M3AN2, and
31 (9 CI, 22 CIII) are M4AN3.

C. Origin of (in)stability with increasing MX layers

The influence of the number of MX layers on the stability
can be easily studied with the formation enthalpy �E f (not
to be confused with the maximum formation enthalpy �rH)
calculated against unary constituents,

�E f = εMAX − ∑
i ciεi

Natoms
, (3)

where c is a stoichiometric amount of a constituent element i
in a given MAX phase. Figure 5(a) shows the dependence of
the formation enthalpy (with respect to the constituents) on the
number of layers n in Al-based MAX carbides. Like for �rH
(see the Supplemental Material [29], Fig. S6), two distinctive
trends are found but are more clearly distinguishable: (1) a
slight or no decrease in �E f with n in early transition metals
(Sc, Ti, V; blue points) indicates an increase in stability with
the addition of an MX layer, and (2) on the contrary, late tran-
sition metals (Cr and onwards; green points) have an increase
in �E f with increasing n, pointing towards a reduction in the
stability with the addition of an MX layer. To understand the
origin of these distinctive trends in the formation enthalpy,
formation enthalpies with respect to constituents of A- and
X-centered trigonal prism and octahedral configurations of
M, respectively, are evaluated. These configurations are the
building blocks of a MAX crystal structure [see the inset in
Fig. 5(b)]. Figure 5(b) shows calculated formation enthalpies
of 3d transition metals with Al and C. In early transition
metals (Sc, Ti, V; blue bars), �E f of an MX6 octahedron
is significantly lower than that of an MA6 trigonal prism,
indicating a gain in energy from adding more MX layers.
However, this energy gain is partially compensated due to
distortion of the MX6 octahedron [40] when placed together
inside a MAX structure. So the overall effect would show up
only as a slight or no decrease in the formation enthalpy (and,
consequently, stability) of the corresponding MAX phases
when increasing the number of MX layers. Conversely, late
transition metals (Cr and onwards; green bars) form ener-
getically unfavored MX6 octahedrons compared to trigonal
prisms. This means there is no gain in energy by adding
further MX layers. Additionally, the energy contribution due
to octahedral distortion is also positive. This results in a rise
not only in formation enthalpy but also in positive values
(unstable).

The origin of the difference in formation enthalpies of early
and late transition metals with carbon is the availability of
valence electrons, which is known in the literature for binary
transition metal carbides [41,42]. If a sufficient number of
valence electrons are available to fill the bonding hybridized
states of M(d p)-C(sp), the formation energy decreases due to
stronger bonding and is observed in early transition metals.
On the contrary, late transition metals have an abundance
of valence electrons that also occupy antibonding hybridized
states and bond weakly with C. This is also backed by the
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FIG. 4. Maximum formation enthalpies �rH for various MAX carbides and nitrides of type n = 1, 2, 3 composed of different M and A
elements; �rH < +30 meV/atom indicates potential (meta)stability. The red (turquoise) shaded background of individual entries indicates a
negative (positive) maximum formation enthalpy; the intensity increases with increasing (absolute) magnitude. MAX phases that have been
reported experimentally [27,35–37] and theoretically by others [26,39] are further highlighted by green and black frames, respectively. We
note that only the M and A elements for which stable combinations exist are listed here; the full list of all considered MAX phases is provided
in Sec. S2. of the Supplemental Material [29].

fact that late transition metals do not form stable binary MC
rocksalt crystal phases [43].

Based on the relative difference in the formation enthalpies
of MX6 and MA6 building blocks, some crucial observations
related to thermodynamic stability can be deduced. If M2AC
is stable, then higher n MAX phases will also be stable on the
condition that �E f of the MX6 octahedron is lower than that
of the MA6 trigonal prism. For example, all MAX composi-
tions in Ti-Al-C and V-Al-C are (meta) stable.

D. Stability descriptors

As mentioned above, an excess of valence electrons seems
to cause a reduction in the stability. In this respect, VEC, as
defined by Eq. (4), has been demonstrated in the literature to
have a correlation with the stability of MAX phases [20,44],

thus making it one of the necessary criteria for stability:

VEC =
∑

M,A,X mivi

Ntotal
. (4)

Here, m is the number of M, A, and X atoms in a formula
unit, and v is the number of valence electrons of a particular
element. The transition metals are treated to contain noble gas
+ n valence electrons (e.g., Sc has Ar + 3 valence electrons);
for the nonmetallic elements, including C and N, the group
number determines the number of valence electrons. Ntotal

is the total number of atoms per formula unit. Here, we try
to investigate and validate a correlation between VEC and
the stability of ternary MAX carbides and nitrides. Figure 6
shows the relationship between VEC and �rH for all MAX
compositions studied here. It is observed that a specific region
in VEC is preferred by the MAX phases that are stable or
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(a)

(b)

FIG. 5. (a) The effect of varying the number of MX layers as
defined by n on formation enthalpy with respect to unary constituents
(�Ef ) of Al-containing MAX carbides of 3d transition metals. Two
different behaviors are visible: (1) an increase in �Ef for late transi-
tion metals, e.g., Cr, Fe, etc., and (2) a decrease or negligible change
in �Ef with n. The color coding marks the respective trend. (b) Cal-
culated formation enthalpies with respect to unary constituents of
the C- and Al-centered octahedron (O) and trigonal prism (T), re-
spectively, which are the building blocks of a MAX phase (see the
inset).

metastable (CI and CIII); that is, all the stable or metastable
phases lie below 5.5 VEC. Above this limit, the phases are
unstable, as indicated by large positive values of �rH . This
instability is known to be caused by the gradual filling of

(a)

(b)

FIG. 6. (a) Correlation of the valence electron concentration
(VEC) per atom with the maximum formation enthalpy �rH of all
1200 compositions studied in this work. (b) Usage and validation
of VEC as a potential instability descriptor for identifying unstable
ordered and disordered double MM′AX phases that have been stud-
ied by others [19,26]. In (b) �rH (at 0 K) and �rGsol (at 2000 K)
are plotted for ordered and disordered phases, respectively. �rGsol is
the free energy of a disordered phase (solid solution) at a particular
temperature (solid solution) and is defined in detail in Ref. [19]. The
vertical line marks the (meta)stability limit at (a) 30 meV/atom and
(b) 60 meV/atom as used in Ref. [19] for (dis)ordered phases. All
the unstable phases in (a) have VEC above ∼5.5 electrons/atom
(horizontal dashed line), which is verified by (b), demonstrating VEC
as a general thermodynamic instability descriptor. The color gradient
of the scatter is the same as in Fig. 4.

the antibonding states in a MAX phase, a well-known phe-
nomenon for binary carbides and nitrides [42] that has also
been investigated fairly well for ternary MAX phases [45].
However, we emphasize that VEC < 5.5 is only a necessary
criterion, not a sufficient one; many entries are present for
VEC < 5.5 that have positive and high (> +30 meV/atom)
�rH , indicative of their instability. The VEC does not seem
to have a direct correlation with �rH and thus cannot fully
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(a)

(b)

FIG. 7. Relationship of (a) radius differences �Rat and (b) elec-
tronegativity differences �χ of M, A, and X atoms, with maximum
formation enthalpy �rH and VEC. �Rat values are scattered
throughout the �rH range. Below �χ of ∼1.5 (horizontal dashed
line), the majority of the phases are unstable; an indirect correlation
with �rH and VEC exists. The vertical line marks the (meta)stability
limit at +30 meV/atom. The electronegativities and atomic radii are
taken from data available in PYMATGEN [46].

describe the stability. However, based on Fig. 6, the VEC can
give an initial indication of the potential (meta)stability of a
MAX phase and can thus partially describe stability.

To fully describe the stability, descriptors in addition to
VEC are necessary. One such descriptor discussed in the lit-
erature [44] is the atomic radius differences of M and A. We
have screened atomic radius differences �Rat and, addition-
ally, electronegativity differences �χ as potential descriptors,
as shown in Figs. 7(a) and 7(b), respectively. Out of these
two, only �χ indirectly correlates with �rH ; that is, all
stable or metastable phases (except two) have �χ above 1.5.
Similar to VEC, this criterion is also not sufficient to fully
describe the stability as many unstable entries are present in
the �χ > 1.5 region. Therefore, combining both descriptors

moderately improves the predictive power. Unfortunately, �χ

is also strongly correlated with VEC [Fig. 7(b)], and it is not
possible to directly apply �χ for predicting double MM′AX
phases because of an additional parameter χM′ in this case. It
is ambiguous whether similar values of χ for M and M′ or
their average or weighted average above an unknown thresh-
old matters for stability.

Nevertheless, based on Fig. 6, VEC can be used as an
instability descriptor to rule out a big chunk of unstable MAX
phases. A favorable region in VEC suggests that a low-valence
metal can be doped with a high-valence metal to incorporate
the latter into the MAX structure to fine-tune properties of
interest.

Figure 6(b) shows VEC as a potential descriptor of instabil-
ity for double MM′AX phases. Double MM′AX phases have
two transitional metals at the M site, distributed randomly
or in a certain order. Due to configurational degrees of free-
dom, using DFT calculations to predict stable phases requires
immense effort. Having a descriptor that can correlate with
�rH for such phases is significant. Here, in an attempt to find
such a descriptor, we validate and test VEC for predicted or
already synthesized double MM′AX phases to date that are
found in the literature [19,26]. Figure 6(b) contains VEC vs
the maximum formation enthalpy �rH of ordered phases and
maximum free energy �rGsol (which includes entropic contri-
butions, defined in [19]) of disordered double MM′AX phases
of type (M, M′)n+1ACn(n = 1, 2, 3). (The data for the plots
were obtained from Refs. [19,26]. Moreover, compositions
that are unconventional, i.e., have the transition metal at the
A site, are excluded in the current analysis.) VEC is found
to be below 5.5 for all predicted or existing MM′AX phases,
verifying VEC is a potential instability descriptor. Therefore,
VEC can be used to prescreen a huge chemical space of
double-M-containing MM′AX to narrow down the search for
potential phases more efficiently without performing any DFT
calculations.

E. Magnetic MAX phases

Figure 8 shows the magnetic moment of MAX phases that
are found to be magnetic in either the FM or AFM state. Out
of 214 (meta)stable MAX phases (CI and CIII), 9 phases are
predicted to be magnetic, 4 of which have already been exper-
imentally synthesized [47–50]. Cr2AlC and Mn2GaC (which
exist only as a thin film) have FM ordering; the former is a
weak FM with 0.01μB/Cr, that agrees fairly well with exper-
iments [47,51], while the latter has a high magnetic moment
of 1.88μB/Mn. However, Mn2GaC was found experimentally
to have noncollinear AFM ordering [52] and theoretically to
have a 2.0μB/Mn magnetic moment [53]. This discrepancy
between our result and experiment is caused by not consider-
ing noncollinear AFM configurations in our magnetic ground
state search procedure. The energy difference between the FM
and noncollinear AFM configurations is reported to be as little
as 1 meV/atom [53].

The rest of the phases are antiferromagnetically ordered
with a zero net magnetization, except for Cr3GaN2 and
Cr4GeN3, which have unequal opposing magnetic moments
along the z axis, so that a net magnetization remains, marking
them as ferrimagnetic (FiM). Here, we predict, for the first
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FIG. 8. Calculated magnetic moments of numerous MAX phases
that are found to be magnetic, out of 1200 compositions studied here.
The experimentally synthesized compositions are denoted by a check
pattern. FM, AFM, and FiM represent ferromagnetic, antiferromag-
netic, and ferrimagnetic order, respectively. The label at the top of
each bar is the total magnetization. All the symmetrically unique spin
configurations of a M2AX-and M3AX2-type MAX phase are shown
in Fig. 2, whereas that of a M4AX3-type MAX phase are provided in
Fig. S7 in the Supplemental Material [29].

time, two ferrimagnetic MAX phases. The magnetic ground
spin configuration of the AFM MAX phases is also indicated
in Fig. 8, and all possible magnetic spin configurations are
shown in Fig. 2 and in Fig. S7 of the Supplemental Material
[29]. Cr2GaN and Cr2GeC have an AFM-I magnetic ground
state, while Mn2(A=Ge,Sn)C and Cr3GeN2 have an AFM-III
magnetic ground state.

In total, we found five new magnetic MAX phases (three
are AFM and two are FiM) that are potentially (meta)stable,
including a M4AX3 type of MAX phase.

IV. CONCLUSION

In this work, we have carried out high-throughput DFT
calculations to screen about 1200 MAX compositions for

potential (meta)stability. Out of these compositions, 124 new
phases are predicted to be (meta)stable in the sense of hav-
ing negative or only slightly positive maximum formation
enthalpies relative to boundary phases. Out of these phases,
54 and 70 are carbides and nitrides, respectively. Only five of
the predicted phases are found to have long-range magnetic
order and contain Cr and Mn as M transition metals. Among
the previously suggested descriptors of stability, we found that
only VEC and �χ correlate with stability. It was found that
a region in VEC and �χ that lies below ∼5.5 and above
∼1.5 is preferred by all stable and synthesized MAX phases.
Any phase that is found outside of these limits is unstable,
as indicated by the positive and high magnitude of �rH .
However, the reverse is not true. VEC has been successfully
validated for all double MM′AX phases that are known or
predicted to date, suggesting it is useful for providing an
initial firsthand guess about the stability of a MAX phase
without doing any theoretical or experimental work. Further-
more, based on the VEC, it was suggested that the inclusion
of late transition metals (e.g., Fe, Ni, Co, etc.) can be made
possible by doping the M site with a low-valence transition
metal (e.g., Sc, V, Ti). Using �χ for double MM′AX is
ambiguous due to the introduction of an additional parameter,
χM ′ .
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