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Predictions of attainable compositions of layered
quaternary i-MAB phases and solid solution MAB
phases†

Martin Dahlqvist * and Johanna Rosen*

MAB phases are layered materials combining metallic and ceramic attributes. Their ternary compositions,

however, have been limited to a few elemental combinations which makes controlled and tailored pro-

perties challenging. Inspired by the recent discovery of Mo4/3Y2/3AlB2 and Mo4/3Sc2/3AlB2 i-MAB phases,

i.e., quaternary layered MAB phases with in-plane chemical order, we perform an extensive first-principles

study to explore formation of chemical order and solid-solutions upon metal alloying of M2AB2 phases of

1092 compositions (M from group 3 to 9 and A = Al, Ga, In, Si, Ge, Sn). This large dataset provides 39

chemically ordered (i-MAB) and 52 solid solution (MAB) phases that are predicted to be thermo-

dynamically stable at typical synthesis temperatures, of which a majority have not yet been experimentally

reported. The possibility for realizing both i-MAB and solid solution MAB phases, combined with the mul-

tiple elemental combinations previously not observed in these boride-based materials, allows for an

increased potential for property tuning and potential chemical exfoliation into 2D derivatives.

Introduction

The spurred interest in layered ternary transition metal
borides like M2AlB2 (M = Cr, Mn, Fe in space group Cmmm),1–6

M3AlB4 (M = Cr in space group Immm),3,7,8 M4AlB6 (M = Cr in
space group Cmmm),5,7 MAlB (M = Mo, W in space group
Cmcm),9–11 and M4AlB4 (M = Cr in space group Immm)12 comes
from the discovery of, e.g., magnetocaloric properties,4 high-
temperature oxidation resistance,13 and electrocatalytic
properties.14,15 Another potential area is to use these materials
as precursors for being exfoliated into two-dimensional (2D)
counterparts, MBenes, however, realization of individual
single-layer sheets remains a quest.14,16–20

In 2015 these phases were collectively coined MAB phases
by Ade and Hillebrecht due to their resemblance with layered
carbide and nitride MAX phases, where M is an early transition
metal, A is mostly a group 13 or 14 element (e.g. Al, Ga, and
Si), and X is C and/or N.5 MAB phases typically have an ortho-
rhombic crystal structure, but with the recent addition of
Ti2InB2 in space group P6̄m2, hexagonal symmetry was intro-
duced to the family.21 In a follow-up theoretical work, five

M2AB2 and two M3AB4, all with a hexagonal crystal structure,
were predicted to be stable.22

The attainable chemistries in synthesized MAB phases have
for a long time been limited to A = Al and M = Cr, Mo, W, Mn,
and Fe, apart from the recently discovered Ti2InB2. A route for
expanding attainable compositions of MAB phases is through
alloying by adding a fourth element on M, A, or B sites. This
allows for property tuning and has been realized for dis-
ordered solid-solution MAB phases (Mo1−xWx)AlB and
(Mo1−xCrx)AlB with Cmcm symmetry,23,24 (Fe1−xMx)2AlB2 (M =
Fe, Co) and (Mn1−xCrx)2AlB2 with Cmmm symmetry.25–28 and
(Mn1−xCrx)3AlB4 with Immm symmetry.25 Potential out-of-plane
ordering with alternating M-layers based on one M-element only
have been investigated theoretically in the Cr3AlB4 crystal struc-
ture (with Immm symmetry) although experimental verification
is awaiting.29 Alloying on the A-site has been less explored with
limited solubility of Si (x ≥ 0.03) in MoAl1−xSixB.

30

Alloying has been demonstrated as an attainable path
towards expanding chemistries in materials resembling the
MAB phases (MAX phases) resulting in either a solid solution
or a chemically ordered (o-MAX with two metals ordered out-
of-plane and i-MAX with two metals ordered in-plane) distri-
bution of the alloying elements.31–33 In a similar way, an
ordered distribution of alloying elements is possible in MAB
phases other than disordered solid solutions. Recently, we con-
sidered metal alloying as a path towards expanding the attain-
able chemistries in orthorhombic and hexagonal M2AlB2

phases, and discovered two in-plane ordered MAB phases,
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Mo4/3Y2/3AlB2 and Mo4/3Sc2/3AlB2,
34 coined i-MAB in analogy to

i-MAX.35 This finding was accompanied with theoretical stabi-
lity predictions of an additional 13 chemically ordered i-MAB
phases and 16 solid solution MAB phases. This exemplifies
alloying as a prospective path towards expanding the MAB
phase chemistries, which combined with the various MAB
structures would allow for a range of possibilities when it
comes to novel elemental combinations, bond modification,
and property tuning. Bond modification in a MAB phase could
for example allow for potential conversion into its 2D deriva-
tive, in the same way as conversion of i-MAX to i-MXene.36

In this work we use a systematic theoretical approach which
includes high-throughput stability predictions to demonstrate
an expansion of the possible chemistries for quaternary M2AB2

phases, (M′1−xM″x)2AB2, beyond A = Al, by exploiting metal
alloying. We consider both chemically ordered (i-MAB) and a
solid solution distribution of M′ and M″, the latter by consider-
ing both the Cmmm and P6̄m2 space group symmetries. We
considered a 2 : 1 ratio of M′ and M″ motivated by the in-depth
investigation in ref. 34 where further details can be found. In
short, a 2 : 1 ratio allows in-plane chemical ordering, as con-
firmed in experiments. A ratio diverging significantly from
2 : 1, such as 3 : 1 or 1 : 1, will likely give a solid solution, if
such composition is stable. In a previous report, the related in-
plane ordered i-MAX phase (Mo2/3Sc1/3)2AlC were investigated
and it was demonstrated that small compositional deviations
from the ideal 2 : 1 ratio is possible while still maintaining the
i-MAX structure, however, diverging composition is detrimen-
tal for MXene formation.37

Guided by thermodynamic stability calculations, we
confirm the stability for experimentally known i-MAB and
solid solution phases. More importantly, beyond A = Al we also
predict an additional 24 stable i-MAB phases and 36 stable
solid solutions yet to be experimentally confirmed. We investi-
gate the impact from choice of element (M′, M″, and A) and
the effect of size and electronegativity of M′, M″ and A for the
formation of chemically ordered i-MAB or solid solution MAB
phases. We also propose guidelines for which elemental com-
binations to use in search for novel i-MAB and solid solution
MAB phases. This study reveals that alloying is viable path
towards novel elemental combinations to allow for potentially
tuneable and advantageous properties.

Method

All first-principles calculations are performed by means of
density functional theory (DFT) using the Vienna ab initio simu-
lation package (VASP) version 5.4.1.38–40 The projector augmen-
ted wave method is used with the generalized gradient approxi-
mation (GGA) as parameterized by Perdew–Burke–Ernzerhof
(PBE).41–43 In systems with Cr, Mn, Fe, and Co, we used the
spin-polarized GGA version and energy is taken for the lowest
ferromagnetic and antiferromagnetic configurations sampled
within the unit cell. Further details are given in Fig. S1 and S2.†
For structural relaxation, the Brillouin zone was integrated by

Monkhorst–Pack special k-point sampling, with a density of
0.05 Å−1 with a plane-wave energy cut-off of 400 eV.44 The con-
vergence of formation enthalpy with respect to the k-point
density and plane-wave energy cut-off is shown in Fig. S3.† The
convergence criterion for self-consistency is reached when satis-
fying an energy convergence of 10–6 eV per atom and force con-
vergence of 10–2 eV Å−1. Density of states (DOS) and crystal
orbital Hamilton population (COHP) were retrieved using the
LOBSTER code45–48 where the calculated band-structure energy
is reconstructed into orbital interactions. Positive COHP values
indicate an antibonding interaction, and negative COHP values
indicate a bonding interaction. Details about calculating elastic
moduli are provided in ESI.†

The composition in focus is M2AB2 which in its ternary
form have been reported in an orthorhombic Cmmm and hex-
agonal P6̄m2 structure, where M is a transition metal and A an
A-group element, see Table S1† for reported ternary M2AB2

phases. In this work we have considered M from group 3 to 9;
Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Fe, Co, and Ni,
along with A elements; Al, Ga, In, Si, Ge, and Sn. Solid solution
or chemical disorder of M′ and M″ are modelled on the M sub-
lattice for the two known M2AB2 crystal structures, i.e., with
Cmmm and P6̄m2 space group symmetries, using the special
quasi-random structure (SQS) method.49 Convergency tests
show that supercells with 120 atoms or more give a qualitat-
ively accurate representation and a quantitative convergency in
terms of calculated formation enthalpies, equilibrium
volumes, and lattice parameters.

We assess the thermodynamic stability of a phase by com-
paring its energy relative to competing phases in the ternary or
quaternary system of interest. This will give information
whether the phase is energetically favoured or prefer decompo-
sition into other competing phases. The most competing set
of competing phases, denoted equilibrium simplex, is identi-
fied using a linear optimization procedure50,51 which have
been proven successful to confirm already experimentally
materials as well as predicting the existence of new ones.51–56

The stability of a phase is quantified in terms of the formation
enthalpy ΔHcp by comparing its energy to the energy of the
equilibrium simplex according to

ΔHcp ¼ E½ðM′1�xM″xÞ2AB2� � E½equilibrium simplex�: ð1Þ

A phase is concluded stable when ΔHcp < 0. Here E
[(M′1−xM″x)2AB2] represent the chemical order of lowest energy
being chemically ordered M′4/3M″2/3AB2 or solid solution
(M′1−xM″2)2AB2. However, when T ≠ 0 K, the contribution from
configurational entropy for a disordered distribution of M′ and
M″ on the M sublattice in (M′1−xM″2)2AB2 will decrease the
Gibbs free energy, ΔGsolidsolution

cp , as approximated by

ΔGsolid solution
cp ½T� ¼ ΔHsolid solution

cp � TΔS: ð2Þ

The entropic contribution ΔS, assuming an ideal solution
of M′ and M″ on the M-sites, is given by

ΔS ¼ �2kB½y lnðyÞ þ ð1� yÞlnð1� yÞ�; ð3Þ
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where kB is the Boltzmann constant and y is the concentration
of M″ on the M-sublattice. Additional temperature effects, such
as lattice vibrations, were not considered, as such contri-
butions, significant or not for individual phases, tend to
cancel out in the calculated stability.57

Visualization of atomic structures was done with the VESTA
code.58

Results and discussion
Considered models for quaternary MAB phases

In a recent work, we investigated the thermodynamic stability
upon metal alloying in M2AlB2 phases, and predicted 15
chemically ordered phases as well as 16 solid solutions to be
stable. The study included experimental verification of chemi-
cally in-plane ordered Mo4/3Y2/3AlB2 and Mo4/3Sc2/3AlB2 i-MAB
phases.34 Here we expand the possible compositions by also
including A = Ga, In, Si, Ge, and Sn. We have considered an M′

and M″ ratio of 2 : 1 based on the stoichiometry of the quatern-
ary i-MAB phases.34 Moreover, this ratio also allows for a good
description of possible solid solutions upon alloying in a
general quaternary (M′1−xM″2)2AB2 phase as exemplified by the
reported synthesis of (Mn1−xCrx)2AlB2 with a Cmmm space
group symmetry.25 We have considered three different distri-
butions of M′ and M″, illustrated in Fig. 1, motivated by to date
reported quaternary (M′1−xM″2)2AB2 structures and the detailed
search for possible chemical ordering conducted in ref. 34; (i)
solid solution in the orthorhombic M2AB2 structure with
Cmmm space group symmetry, (ii) solid solution in the hexag-
onal M2AB2 structure with P6̄m2 space group symmetry, and
(iii) in-plane chemical order in i-MAB with four different space
group symmetries (P6̄2m, P6̄2c, R3̄m, C2). The R3̄m structure is
shown in Fig. 1c and it is also the structure assigned for the
synthesized Mo4/3Y2/3AlB2 and Mo4/3Sc2/3AlB2 i-MAB phases
in ref. 34. Note that in the i-MAB phase, M″ is extended
toward the A-layer, in turn displaying an ideal Kagomé lattice
while the boron layers are hexagonal. For further details, see
ref. 34.

Stability of quaternary MAB phases – chemical order vs. solid
solution

Fig. 2a–f show the trends in thermodynamic stability for 1092
unique chemical compositions. Note that the results for A = Al
have previously been presented in ref. 34. For each A element
(A = Al, Ga, In, Si, Ge, Sn), a heatmap is shown where M′ and
M″ are assembled according to the periodic group of the M
elements. The background color represents the calculated
thermodynamic stability for chemical order of lowest energy,
with a blue region representing stable phases (ΔHi-MAB or
ΔGsolid solution < 0). ΔHi-MAB is evaluated at 0 K while ΔGsolid

solution is evaluated at 2000 K by considering the contribution
from configurational entropy to the Gibb’s free energy, using
eqn (3), for solid solution (M′0.67M″0.33)2AB2. This choice is
motivated by a typical synthesis temperature of 1000 to
1800 °C (1273 to 2173 K) for M2AB2 and (Mn1−xM′′0.2)2AlB2 (M″

= Cr, Fe).5,17,25,26,59–61 We use a symbol representation to
denote the structure of lowest energy at a temperature of
2000 K; solid solution Cmmm (open square), solid solution
P6̄m2 (open hexagon), and i-MAB phases with P6̄2m (filled
right triangle), P6̄2c (filled left triangle), R3̄m (filled up tri-
angle) and C2 (filled down triangle) symmetries. In addition,
experimentally known quaternary phases are marked by green
squares for solid solution Cmmm MAB phases25,26,59 and
orange squares for ordered i-MAB phases.34 A complete list of
synthesized phases can be found in Tables S2 and S3.† Results
evaluated at 0 K, i.e., without contribution from configura-
tional entropy to the solid solution phases, is shown in
Fig. S4.† Here it should be noted that experimentally known
solid solution (M′1−xM″x)2AlB2 Cmmm phases are predicted to
be not stable at 0 K (Fig. S4†), and stable when evaluated at
2000 K (Fig. 2). This emphasizes the importance of including
configurational entropy for disordered solid solution phases
when evaluating the stability.

All four experimentally reported solid solution
(M′0.67M″0.33)2AlB2

25,26,59 are predicted to be stable, as well as
the recently discovered Mo4/3Sc2/3AlB2 and Mo4/3Sc2/3AlB2

Fig. 1 Schematic illustration of various elemental distributions in qua-
ternary 212 MAB phases upon metal alloying of M’ and M’’. (a) solid solu-
tion with Cmmm space group symmetry, (b) solid solution with P6̄m2
space group symmetry, and (c) chemically ordered i-MAB with R3̄m
space group symmetry. M’, M’’, A, and B elements are represented by
blue, red, grey, and green atoms, respectively.
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i-MAB phases.34 Fig. 2g–i shows statistics for stable occur-
rences of M′, M″, and A elements for all considered chemical
configurations. In total, 39 i-MAB phases are predicted stable,
i.e., with ΔHcp < 0, along with 52 stable solid solutions, i.e.,
with ΔGsolidsolution

cp < 0 and ΔGsolidsolution
cp < ΔHcp, out of which

15 have a Cmmm symmetry and 37 a P6̄m2 symmetry.
Results for A = Al, which have been published elsewhere,34

reveal 15 thermodynamically (Fig. 2a) and dynamically

(Fig. S5–S19†) stable i-MAB phases with in-plane chemical
ordering. Out of these, eight i-MAB phases have a calculated
ΔHcp < −25 meV per atom, i.e. are herein judged to be signifi-
cantly below zero, including M′4/3M″2/3AlB2 (M″ = Mo, Mn, Fe
and M″ = Sc, Y), W4/3Y2/3AlB2 and Mn4/3Zr2/3AlB2. The 16 solid
solution Al-based phases predicted stable at 2000 K are domi-
nated by the Cmmm symmetry, 14 compositions, combining
metals mainly from group 6 to 9.

Fig. 2 (a–f ) Calculated formation enthalpy ΔH (order) or and Gibbs free energy of formation (solid solution) evaluated at 2000 K for A = Al, Ga, In,
Si, Ge, and Sn. Number of atomic elements in stable i-MAB and solid solution MAB phases for (g) M’, (h) M’’, and (i) A.
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For the 11 i-MAB phases predicted thermodynamically
stable (Fig. 2b) for A = Ga, nine is concluded to also be dyna-
mically stable (Fig. S20–S30†). Out of these, three are identified
with ΔHcp < −25 meV, including M′4/3Sc2/3GaB2 (M′ = Mn, Fe)
and Fe/3Y2/3GaB2. These phases are accompanied by 10 stable
solid solutions with P6̄m2 symmetry, exemplified by
(Ti0.67Nb0.33)2GaB2 with ΔGsolidsolution

cp = −24 meV per atom.
For A = In (Fig. 2c), only one i-MAB phase, Sc4/3Mo2/3InB2, is

found to be stable, but just barely so, with ΔHcp < −3 meV per
atom. Its dynamical stability is shown in Fig. S31.† More inter-
esting are the 12 solid solutions with P6̄m2 symmetry pre-
dicted stable, out of which six have ΔGsolidsolution

cp < −25 meV
per atom, including (Ti0.67M″0.33)2InB2, (Zr0.67Hf0.33)2InB2 (M″

= Hf, Nb), and (Hf0.67M″0.33)2InB2 (M″ = Ti, Zr, Nb).
When A is from group 14, similar results are found. For A =

Si, eight i-MAB phases are predicted to be thermodynamically
stable (Fig. 2d), out of which four fulfil ΔHcp < −25 meV per
atom, including M′4/3Sc2/3AlB2 (M′ = Cr, Mn) and M′4/3Y2/3AlB2

(M′ = Mo, Mn). Dynamical stability of these are demonstrated
in Fig. S32–S39.† Only one solid solution is found stable,
(Cr0.67Mn0.33)2SiB2, with Cmmm symmetry. For A = Ge and Sn,
four i-MAB phases and 13 solid solutions with P6̄m2 symmetry
are predicted stable (Fig. 2e and f). Out of these, two i-MAB
phases are found with ΔHcp < −25 meV per atom,
Sc4/3Mo2/3GeB2 and Sc4/3W2/3GeB2. Five solid solutions have
ΔGsolidsolution

cp < −25 meV per atom, including (Sc0.67Nb0.33)2AB2

(A = Ge, Sn), (Nb0.67Sc0.33)2GeB2, (Ti0.67Hf0.33)2SnB2, and
(Hf0.67Ti0.33)2SnB2. All four thermodynamically stable i-MAB
phases are dynamically stable (Fig. S40–S43†).

In summary, the 39 i-MAB phases predicted thermo-
dynamically stable, i.e. with ΔHcp < 0, are mainly found for A =
Al, Ga, and Si combined with M′ = Sc, Cr, Mn, Mo and M″ = Sc
and Y. Out of these, 36 i-MAB phases are also concluded as
dynamically stable as seen by the calculated phonon dis-
persion (Fig. S5–S43†). The three dynamically unstable i-MAB
phases have M′ = Sc in common (Fig. S20–S21 and S33†).
Stable solid solutions with P6̄m2 symmetry are mainly found
for A = Ga, In, Ge, Sn combined with M′ and M″ from group 4
and 5. The 15 stable solid solution MAB phases with Cmmm
symmetry are found for the traditional transition metals from
group 6 to 9 and primarily for A = Al. These results illustrate
that quaternary MAB phases, in the form of i-MAB or as solid
solution, is a most prospective path towards expanding the
attainable chemistries and structures which, in turn, allow for
tuning potential. This highlights the value of computational
materials discovery for accelerating exploratory synthesis in
new chemical spaces. A complete list of stable i-MAB and solid
solution phases are given in Table S4.†

Crystal symmetry and chemical order/disorder

An intuitive picture whether chemical order or solid solution is
preferred for quaternary MAB phases is shown in Fig. 3 for the

Fig. 3 Calculated formation enthalpy (i-MAB) or Gibbs free energy of formation at 2000 K (solid solution MAB phase) of M’4/3M’’2/3AB2 as function
of energy difference between i-MAB and solid solution MAB for all A. The symbol represents the symmetry of lowest energy and colouring rep-
resents the atomic size difference between M’ and M’’. Experimentally known i-MAB phases are indicated by orange hexagons and solid solution
MAB phases with Cmmm symmetry by green squares.
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1092 compositions considered, where the calculated stability,
represented by the lowest value of ΔHi-MAB or ΔGsolid solution is
shown as function of the energy difference between chemically
ordered i-MAB and solid solution MAB (lowest energy of
Cmmm or P6̄m2), ΔHi-MAB − ΔGsolid solution. The coloring rep-
resents the atomic size difference between M′ and M″ (see
Table S7† in for values used) while the symbol used represent
the structure of lowest energy at 2000 K; hexagon for hexagonal
i-MAB or solid solution, and square for orthorhombic solid
solution structures. All reported synthesized i-MAB phases are
marked by orange hexagons and solid solution MAB phases
with Cmmm symmetry by green squares.

Thermodynamically stable i-MAB phases encompass 39
unique compositions which are found in the lower left quad-
rant of Fig. 3, among which a majority fulfill the atomic size
criteria rM″ > rM′ as indicated by the blue color. This includes
the two synthesized i-MAB phases, both comprised of metal
atoms with an atomic size difference, rM″ > rM′, of at least
0.2 Å. Stable i-MAB phases are mainly represented by M′ = Sc,
Cr, Mn, Mo and M″ = Sc and Y, and A = Al, Ga, Si (see Fig. 2g–
i). This results thus illustrates that there are many prospective
i-MAB phases remaining to be experimentally discovered. A
complete list of chemistries for stable i-MAB phases is found
in Table S4.† Not stable, or at best metastable, i-MAB phases
are found in the upper left quadrant of Fig. 3.

All of the reported synthesized MAB phases with solid solu-
tion of M′ and M″ (Table S2†) are found stable and found in

the lower right quadrant of Fig. 3. Here the atomic size differ-
ence of M′ and M″ is small and typically in the range −0.2 Å <
rM′ − rM″ < 0.2 Å. There are more than 48 hypothetical solid
solution MAB phases fulfilling this criterion, a complete list
thereof is found in Tables S5 and S6,† which demonstrate that
there are a vast number of phases remaining to be experi-
mentally verified. The upper right quadrant represents not
stable, or at best metastable, solid solution MAB phases.

Hexagonal symmetry – impact from atom size and
electronegativity

To identify the attributes governing the preference for chemi-
cal order in the i-MAB structure or solid solution disorder in
the P6̄m2 structure (both with hexagonal symmetry), we look at
the size and electronegativity of M′ and M″. Fig. 4a shows the
energy difference ΔE of i-MAB compared to solid solution
P6̄m2 evaluated at 2000 K as function of the size difference
between M′ and M″, ΔrM, where ΔE < 0 indicates favored
i-MAB. Overall, ΔE is found to be correlated with the size
difference, with a solid solution favored for similar size of M′

and M″ while a larger difference favors i-MAB. This is most
pronounced when M″ is larger than M′, i.e., ΔrM < 0. The
experimentally known i-MAB phases are found in the region
ΔrM < −0.2 Å. For all six A elements, the i-MAB is in general
energetically favored when M′ is smaller than M″ as shown in
Fig. 2b. Solid solution is typically favored when rM′ ≈ rM″ or
more specifically within a −0.2 Å < rM′ − rM″ < 0.2 Å range.

Fig. 4 Energy difference ΔE between i-MAB and solid solution P6̄m2 as function of (a) size difference of M’’ and M’ and (c) electronegativity differ-
ence of M’’ and M’. Box- and swarmplots for ΔE categorized by difference in (b) size and (d) electronegativity of M’’ and M’ where negative and posi-
tive values are shown in blue and red, respectively.
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Next, in Fig. 4c we look at ΔE of i-MAB and solid solution as
function of the electronegativity difference between M′ and M″,
ΔρM. Again, the region with ΔE < 0 indicates favored i-MAB
and is mostly found in the region when ΔρM > 0. There is no
apparent correlation between ΔE and ΔρM, as compared to ΔE
and ΔrM in Fig. 4a, with data being more scattered. However,
the majority of energetically favored i-MAB are identified for
M″ being more electronegative than M′, including the recently
discovered Mo4/3Sc2/3AlB2 and Mo4/3Sc2/3AlB2 i-MAB phases.34

Impact from choice of A, as shown in Fig. 4b and d, indi-
cate a larger tendency for favouring i-MAB for A = Al, Ga, and
Si, while both A = In and Sn favour formation of solid solu-
tions. Note that both In and Sn have a larger atomic size than
Al, Ga, and Si (Table S7†). This result resembles the impact
from size of A as demonstrated for i-MAX phases.32

Solid solution MAB phases – impact from size and
electronegativity

Next, we consider the solid solution MAB phases by compar-
ing the orthorhombic Cmmm and hexagonal P6̄m2 sym-
metries. Again, we choose to look at the size and electro-
negativity differences of M′ and M″ and possible impact from
choice of A element. Fig. 5a shows the energy difference ΔE
of solid solutions Cmmm and P6̄m2 as function of the size
difference between M′ and M″, ΔrM, where ΔE < 0 indicates
favored Cmmm. Here we find that Cmmm in general and the

synthesized phases in particular are all found within
−0.2 Å < rM′ − rM″ < 0.2 Å. Hexagonal P6̄m2 is almost always
favored when rM′ − rM″ < −0.2 Å or rM′ − rM″ > 0.2 Å but is
also found within −0.2 Å < rM′ − rM″ < 0.2 Å. Impact for
various A in Fig. 5b shows that A = Al is the element to go
for if Cmmm symmetry is wanted, while P6̄m2 is favored for
the other A elements. It should be noted that results in
Fig. 5 do not give any information regarding the stability of
the material. This can be found in Fig. 2 and explicitly in
Tables S4E–S6.†

In Fig. 5c we look at ΔE as function of the electronegativity
difference between M′ and M″, ΔρM. Again, the region with ΔE
< 0 indicates favored Cmmm while ΔE > 0 indicates favor for
P6̄m2. Here no clear region of ΔρM is identified. Neither can
any clear correlation be found for various A, as shown in
Fig. 5d.

Summarizing key results governing the formation of chemi-
cal ordering in i-MAB or solid solution, we find that for all
systems, i-MAB is statistically the preferred structure when the
size of M′ is larger than M″ combined with M″ being more elec-
tronegative than M′. Comparing the difference in size (Fig. 3,
4a and b) and electronegativity (Fig. 4c and d) indicates that
the former has a larger impact than the latter. The Hume-
Rothery rules states that if there is a large enough difference in
size and electronegativity between two atomic species, chemi-
cal order is preferred, whereas for minute differences solid

Fig. 5 Energy difference ΔE between solid solution MAB phases with Cmmm and P6̄m2 symmetry as function of (a) size difference of M’’ and M’

and (c) electronegativity difference of M’’ and M’. Box- and swarmplots for ΔE categorized by difference in (b) size and (d) electronegativity of M’’

and M’ where negative and positive values are shown in blue and red, respectively. Experimentally reported solid solution MAB phases with Cmmm
symmetry are marked in panel (a) and (c).
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solution is favored.62 Metal alloying in 212 MAB phases thus
partly fulfills the Hume-Rothery rules as demonstrated by pre-
ference for i-MAB only when M″ is larger than M′, as indicated
by the blue colour in Fig. 3 and the left part of Fig. 4a. When
M′ and M″ is of similar size, solid solution is the energetically
favoured order. It should be noted that the original Hume-
Rothery rules are restricted to binary compounds. For higher
order systems, specific rules need to be established for each
system alone since they are dependent on the crystal structure,
its sublattices and elements involved, as demonstrated herein
and elsewhere.32,63,64

Properties of selected i-MAB phases

We choose to focus on the impact that different A-elements
may have on the electronic and mechanical properties for
selected i-MAB phases, namely Mo4/3Y2/3AB2 with A = Al, Ga,
Si. These materials were chosen motivated by the M′ + M″ com-
bination being predicted stable for three different A-elements
(Fig. 2) and that Mo4/3Y2/3AlB2 have been synthesized. Note
that the space group symmetries of lowest energy – P6̄2c, R3̄m,
C2 – are close to degenerate in energy. Hence, for simplicity we
here only include the R3̄m structure for a comparison of the
properties. Data for P6̄2c and C2 can be found in the ESI.†

The calculated electronic structure in terms of density of
states (DOS) for selected i-MAB phases, with A = Al, Ga, Si in
space group R3̄m, are plotted in the upper panels of Fig. 6. The
change of A-element does not significantly affect the overall
electronic structure, with the most notable change arising
from a shift in the Fermi level for A = Si as compared to A = Al
and Ga. This can be related to Si having one additional

valence electron. For A = Al and Ga there are no significant
qualitative difference which can be explained by the equivalent
valency of Al and Ga. DOS for the other symmetries is shown
in Fig. S44–S46 in ESI.† Due to the similarities in structure
and layering, they are qualitatively equivalent with the results
obtained for R3̄m.

All i-MAB phases show an evident metallic character with a
finite number of states at and around the Fermi level. This is
also reflected in the electronic band-structures (Fig. S49–S57†)
where a multitude of bands are crossing the Fermi level, along
with a lack of significant anisotropy, which further confirms
the metallicity of these materials.

The corresponding COHP analysis is plotted in the bottom
panels of Fig. 6 for selected key interactions. The results show
that all three i-MAB phases are found to be close to optimized
from a bonding perspective. A slight but notable change in the
distribution of bonding and antibonding states can be
observed when going from Al and Ga to Si. Most states at and
in the vicinity of the Fermi level can be attributed to non-
bonding Mo-d. Additional bonding characteristics for the
other symmetries is shown in Fig. S47–S48.†

The similarities and differences between the phases can
also be quantified by integrating the occupied states of the
COHP curve (ICOHP) and then comparing the contribution (in
percentage) of the pairwise interactions with respect to the net
(total) integrated bonding within each i-MAB phase. This is
seen in Fig. 7a. The calculations reveal that the Mo–B and B–B
interactions contributes the most as compared to Mo–A, Y–B,
Y–A and A–A. Here it is also demonstrated that the bonding in
Mo4/3Y2/3AlB2 and Mo4/3Y2/3GaB2 contribute similarly for all

Fig. 6 Calculated total and atomic density of states (DOS) and total and projected crystal overlap Hamilton population (COHP) analysis for (a)
Mo4/3Y2/3AlB2, (b) Mo4/3Y2/3GaB2, and (c) Mo4/3Y2/3SiB2 of space group R3̄m.
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interactions. This in comparison with Mo4/3Y2/3SiB2 where a
slight increase for Mo–Si and a decrease for Si–Si is observed.
Note that the multiplicity for each type of interaction is
included in the net contribution. Individual bond strengths
and comparison between different interactions may differ, but
these do not change the identified overall trends in bonding.

The similar bonding characteristics among the three stable
Mo4/3Y2/3AB2 i-MAB phases – with A = Al, Ga, Si – is also
reflected in Fig. 7b, where bulk modulus B, Young modulus E,
and Shear modulus G is shown. When comparing Al, Ga and
Si, we find only minor differences, although the bulk modulus
is slightly larger for A = Si. Fig. S58 and Table S8† further
shows that these results are independent of the assigned sym-
metry. A more detailed analysis of impact from different
metals in M′4/3M″2/3AlB2 on mechanical properties can be
found in ref. 65.

Conclusion

In summary, through a systematic theoretical study of the
phase stability of quaternary (M′1−xM″x)2AB2 (212) MAB phases
upon alloying between M′ and M″ from group 3 to 9 (Sc, Y, Ti,
Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Fe, Co) combined with
various A-elements (Al, Ga, In, Si, Ge, Sn), we confirm all
experimentally synthesized phases to date with both chemical
order (i-MAB) and solid solution disorder. Importantly, beyond
A = Al we also predict an additional 21 thermodynamically and
dynamically stable i-MAB phases and 36 stable solid solutions
(1 with Cmmm symmetry and 35 with P6̄m2 symmetry). These
hypothetical phases remain to be experimentally verified, and
synthesis is encouraged. Preference for order or solid solution

upon metal alloying in 212 MAB phases are dictated mainly by
the size difference between the alloying metal elements.
Ordered i-MAB phases are energetically favoured when M″ is
larger than M′ by at least 0.2 Å. This is typically fulfilled for M′

= Cr, Mo, Mn, or Fe combined with M″ = Sc or Y, and with A =
Al, Ga, and Si. Phases with similar size of M′ and M″ show pre-
ference for solid solution, with Cmmm being favoured for A =
Al while P6̄m2 being favored for A = Ga, in, Ge, and Sn. Further
investigation of selected i-MAB phases promising for syn-
thesize reveals that different A-elements only have minor
impact on the bonding characteristics and hence similar pro-
perties are expected. This study demonstrates that alloying is
viable path towards novel elemental combinations to extend
the frontier of MAB phase chemistries which, in turn, allows
for potentially tuneable and advantageous properties.
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