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Theoretical predictions of phase stability for
orthorhombic and hexagonal ternary MAB
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In the quest for finding novel thermodynamically stable, layered, MAB phases promising for synthesis, we
herein explore the phase stability of ternary MAB phases by considering both orthorhombic and
hexagonal crystal symmetries for various compositions (MAB, M,AB,, M3zAB,4, M4AB,4, and M4ABg where
M = Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Fe, and Co, A = Al, Ga, and In, and B is boron). The
thermodynamic stability of seven previously synthesized MAB phases is confirmed, three additional
phases are predicted to be stable, and 23 phases are found to be close to stable. Furthermore, the

Received 16th December 2021, crystal symmetry preference for forming orthorhombic or hexagonal crystal structures is investigated

Accepted 11th April 2022 where the considered Al-based MAB phases tend to favour orthorhombic structures whereas Ga- and
In-based phases in general prefer hexagonal structures. The theoretically predicted stable MAB phases

along with the structural preference is intended to both guide experimental efforts and to give an insight
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Introduction

MAB phases are members of the nanolaminated crystal com-
pound family. In addition to being layered borides, which, as of
late, have attracted renewed interest due to their important
properties, ie., exfoliation potential towards two-dimensional
(2D) materials," high melting points and high hardness.>
The mechanical properties of borides in general make them
prominent candidates in application areas such as cutting
tools® and other wear-resistant coatings,”” which motivates
the investigation of new stable MAB phases. The possibility of
exfoliating MAB phases into their two-dimensional counter-
parts has been investigated theoretically.*® Experimentally,
partial etching has been demonstrated,”"" and only recently,
Jie et al. successfully demonstrated the synthesis of a 2D
transition metal boride Mo;,4B, ,T, by selectively etching Y
and Al from the in-plane ordered (Mo,/3Y4,3),AlB, and Sc and Al
from (Mo,/35¢1/3),AlB,." The discovery of Mos,4B,_,T, boridene
suggests a wealth of future 2D materials.

Similar to MAB phases are the well-known nanolaminated
MAX phases, where X, in contrast to B, refers to carbon and/or
nitrogen.'” Like MAB phases, MAX phases are composed of
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into the stability for different crystal symmetries of MAB phases.

alternating M-X layers interleaved by A-layers. These materials
can be exfoliated into 2D MXenes with potential for use in
energy storage and electromagnetic shielding.'*'*

Both MAX and MAB phases were discovered in the 60s."*>"°
MAX phases have since then been demonstrated to encompass
a large variety of chemical compositions,'” in contrast to MAB
phases which include fewer elemental combinations but with a
larger structural variation. One of the general formulae of MAB
phases is M,,4;AB,,, which covers most compositions where M
corresponds to a transition metal, A represents a Group 13
element, B is boron and n = 1, 2, and 3. Generally, MAB phases
have alternating stacks of M-B layers interleaved by A-layers.
However, additional multilayered compositions which do not
fit this general formulation are MAB and M,4AB, comprised of
double layers of A- and M-elements, respectively.

The stoichiometries considered in this work are based on the
synthesized MoAIB and WAIB with orthorhombic space group
symmetry (Cmcm); CrAlB,, Mn,AlB, and Fe,AlB, (Cmmm),
Cr;AIB, (Pmmm) and Cr,AlB, (Cmmm), respectively.'® Additionally,
in 2019, the field of ternary MAB phases expanded with the
discovery of Cr,AlB, with orthorhombic space group symmetry
(Immm)"® and Ti,InB, with hexagonal symmetry (P6m2)."° The
discovery of a hexagonal MAB phase demonstrated that hypothe-
tical MAB phases may potentially crystallize in either orthorhom-
bic or hexagonal symmetry depending on its composition. Our
intention is to demonstrate that theory can be used to elucidate
compositions favouring a certain symmetry and more importantly
if it is stable and thus a suitable candidate for future synthesis.
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In this work we have performed a screening study on
stability for various MAB phase compositions (MAB, M,AB,,
M;AB,, M,AB,, and M,AB;) by considering both known and
manually designed orthorhombic and hexagonal crystal structure
symmetries. This is in order to reveal any possible expansion of
the family of ternary MAB phases. The screening study includes
metals M = Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Fe, and Co
and the A-elements A = Al, Ga, and In. We verify the stability for
seven experimentally known MAB phases and predict the
hypothetical Hf,InB,, Zr,InB, and Mo,AIB, to be stable. 23
additional phases are found to be close to stable.

Furthermore, additional pathways have previously been
suggested as a substitute to thermodynamical stability calculations
for identifying candidate MAB phases. Zhang et al. used descriptors
like atomic size and electron concentration in an attempt to
identify stable MAX phases.>® Shen et al. used a similar approach
when investigating magnetic MAB phases.”' Additionally, similar
methods have been used in an attempt to effortlessly identify the
material properties.?>>* We challenge the use of such an approach
since we find no distinct relation between the considered descrip-
tors and their calculated phase stability.

Theoretical details
Density functional theory calculations

All first principles calculations were performed based on den-
sity functional theory (DFT) along with the projector augmen-
ted wave potential (PAW) method>**® with a plane-wave cutoff
energy set to 400 eV. The Vienna Ab Initio Simulation Package
(VASP) version 5.4.1 was utilized®’?® with the electronic
exchange-correlation interactions described by the generalized
gradient approximation (GGA) as parameterized by Perdew-
Burke-Ernzerhof (PBE).** The use of different exchange
correlation functionals has been demonstrated to have a minor
influence on the formation enthalpy.*® Spin-polarization was
considered for phases including Cr, Mn, Fe and Co elements in
which all non-equivalent collinear magnetic spin configurations
within the unit cell were considered for the competing phases.
Magnetic spin configurations modelled for the MAB phase
structures considered in this work are shown in Fig. S1-S4
(ESIt). The lowest energy spin configuration for each magnetic
MAB phase is given in Table S1 (ESIt) where a majority of the
phases (43 out of 60) are found to have an AFM configuration as
the lowest energy. The identified spin configuration with the
lowest energy represents the energy of the considered phase. It
should be noted that a potential spin configuration of lower
energy for the MAB phase will only stabilize the phase further,
i.e., the stable MAB phase predicted here will remain stable even
if the detailed magnetic ground state has not been identified.
The Brillouin zone was sampled using the Monkhorst-Pack
scheme with a k-point density of 0.1 A~".*' The chosen k-point
density and cutoff energy is motivated from the formation
enthalpy convergence calculations seen in Fig. S5 (ESIY).
All structures were relaxed with respect to volume, shape, and
internal atomic positions until an energy convergence of 10~ ° eV
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Fig. 1 Structural symmetries of the herein considered layered boride
compositions, M,AB,, M3AB4, M4ABs, MAB and M4AB,, for structures with
(a) orthorhombic and (b) hexagonal symmetry. The space group symmetry
is denoted for each structure. Elements M, A, and B are represented by
blue, grey, and green atoms.

per atom and a force convergence of 10~> eV A~ was reached.
Density of states (DOS) and crystal orbital Hamilton population
(COHP) were calculated using the LOBSTER**™® code where
the calculated band-structure energy is reconstructed into orbital
interactions. VESTA was used for visualizing the atomic
structures.>®

The MAB compositions in focus are MAB, M,AB,, M;AB,,
M,AB, and M,ABg in both orthorhombic and hexagonal space
group symmetries, as shown in Fig. 1. The orthorhombic
structures consist of the zigzag chains of boron while the
hexagonal structures have boron in a flat honeycomb lattice.
The hexagonal M;AB,, M,;ABs, MAB and M,AB, are hypothetical
structures inspired symmetrically by the hexagonal Ti,InB,,
where the considered composition and the stacking sequence
is equivalent to their orthorhombic counterpart. The additional
hypothetical hexagonal crystal structures of different stacking
sequences were designed for the double layered MAB and
M,AB, compositions which can be observed in Fig. S6 (ESIT).
The energy representing a specific phase is the crystal structure
with the lowest energy. In this work we considered M from
Groups 3 to 9; Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Fe, and
Co along with A elements; Al, Ga, and In, resulting in a total of
210 unique compositions and 420 MAB phases; ie., at each
composition the MAB phase is represented by both orthorhombic

This journal is © the Owner Societies 2022
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and hexagonal crystal structure symmetries. Additional informa-
tion related to the considered crystal structures illustrated in Fig. 1
is found within Tables S2-S4 (ESIY).

Phase stability calculations

In this work, we express the stability of a MAB phases using
two different variables evaluated at 0 K: formation energy®”~*°
and formation enthalpy.’’"** For a general M,A,B, phase, the
formation energy, AE; is calculated using

AE; (MxAsz) = E(MxAsz) — XEm — YE5 — ZEp, 1)

where E(M,A,B,) and E; represents the calculated total energy of
M,A;B, and single elements i = {M, A, B} in their ground-state
crystal structure, respectively.

The second approach builds on comparing the energy of a
general M,A,B, phase with respect to all possible linear combi-
nations of competing phases present in the ternary M-A-B
material system using an energy convex hull construction.
At a given M,A,B, composition, the convex hull consists of
competing phases that have an energy lower than any other
combination of phases. Note that by definition, M,A,B, is not
part of the convex hull construction. This set of competing
phases represents the most favourable decomposition and is
identified using a linear optimization procedure. This
approach has previously been successful, both confirming
experimental known materials as well as predicting new
materials.*’™*> The set of most competing phases, commonly
referred to as the equilibrium simplex, for a general MA;B,
composition, is obtained by solving

min E, (bM,bA,bB) = inEi (2)

where b™, b*, b® denotes the amount of each element M, A and
B, and x; and E; denotes the amount and energy for a competing
phase i. The minimized energy E.,, representing the set of most
competing phases, is then used to calculate the formation
enthalpy, AH,,, for M,A;B, using

AH p(M,AyB;) = E(M,A)B;) — min E,, (3)

where E(M,A;B,) and E,, is the calculated total energy of the M,A;B,
phase and a linear combination of the identified equilibrium
simplex, respectively. M,A;B; is considered stable if AH., < 0 and
not stable, or at best metastable, if AH,, > 0. Competing phases
considered in this work were acquired from public databases such
as OQMD,***” Materials Project*® and Springer Materials.*

Results and discussion
Theoretical phase stability of MAB phases

We start by evaluating different viewpoints for calculating
stability at 0 K in Fig. 2 by comparing the formation energy,
AE; (eqn (1)), and the formation enthalpy, AH,, (eqn (3)). The
data represent the space group with the lowest energy for each
M,A;B, composition. Experimentally synthesized phases are
represented by black squares.

This journal is © the Owner Societies 2022
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Fig. 2 Formation enthalpy, AH.p, as a function of the formation energy,
AEg, for 210 MAB phase compositions. The data represent the space group
with the lowest energy being either of hexagonal or orthorhombic
symmetry. Synthesized phases are marked by a black square, hypothetical
phases predicted stable (AH., < 0) are marked by a blue circle, and
hypothetical phases predicted not stable or at best metastable (AH., > 0)
are marked by a red circle. The metastable region 0 < AH., < +17 is
denoted by the grey region.

Fig. 2 demonstrates the use of formation energy, AE, to be a
rather poor indicator when predicting thermodynamical stabi-
lity, compared to the formation enthalpy, AH,. Out of the 210
considered MAB phase compositions, all but two are found
with AE; < 0. This indicates that 208 phases are stable with
respect to decomposition into its constituent elements M,
A and B. When formation enthalpy, AH,,, is considered, only
10 phases are identified as thermodynamically stable with
AH., < 0. It is apparent that even though AEf could indicate
the stability of a phase it may be far from stable when compared
to all competing phases in the material system. Out of the nine
experimentally synthesized MAB phases, marked with black
squares in Fig. 2, seven are found to be stable and two close to
stable within 0 < AH,, < +17. We use this information to define
a metastable region, represented by a grey area in Fig. 1, where
the upper limit is decided by the experimentally verified Cr,AlB¢
with AH., = + 17 meV per atom. With this in mind, AH,, is
motivated as the better descriptor to be used for predicting the
phase stability of hypothetical MAB phases yet to be synthesized.

Formation enthalpies of the M,AB,, M;AB, and M, AB systems

The considered MAB phases in this work, illustrated in Fig. 1,
can be divided into two subgroups based on their structural
appearance; (i) M,AB,, M3AB, and M,AB¢ which only differ in
the thickness of the M-B layer and can thus be described with
the general M,,,;AB,,, formula where n =1, 2, 3 and (ii) MAB and
M,AB, with double layers of A and M, respectively.

We start by investigating the thermodynamic stability of the
M,,+1AB,,, phases with M = Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W,

Phys. Chem. Chem. Phys., 2022, 24,11249-11258 | 11251
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Mn, Fe, Co and A = Al, Ga, and In. Both orthorhombic and
hexagonal structures are considered (see Fig. 1). Fig. 3 shows an
overview of the calculated formation enthalpy AH., for
M,,;1AB,,, with the corresponding identified equilibrium
simplex listed in Table S5 (ESIT). The thermodynamic stability
is visualized using a heat map where the background colour
represents AH,, for the symmetry structure with the lowest
energy where blue colour indicates a stable phase (AH., < 0).
A symbol representation is herein used to denote the structure
of lowest energy; square for orthorhombic symmetry and
hexagon for hexagonal symmetry. Experimentally synthesized
phases are illustrated by a black square or a hexagon.

In Fig. 3a, we note that all experimentally known M,AB,
phases are found to be stable, i.e., the orthorhombic M,AIB,
with M = Cr, Mn, Fe and hexagonal Ti,InB,. In addition, two
hypothetical phases are predicted to be stable with a hexagonal
structure symmetry, Zr,InB, and Hf,InB,. These predictions are
consistent with ref. 50. Hence, experimental verification is
encouraged. Furthermore, four additional phases of the
M,AB, composition are predicted to be close to stable, 0 <
AH., < 17 meV per atom, ie., Ti,AlB,, Ti,GaB,, Nb,GaB, and
Y,InB,.

For M;AB, and M,ABs compositions in Fig. 3b and c, only
two phases are experimentally known, Cr;AlB, and Cr,AlBg.
These are found to be close to stable with AH,, =4 and 17 meV
per atom, respectively. No phase is predicted stable, but 12
phases are found to be close to stable, 0 < AH, < 17 meV per
atom, and includes the hypothetical phases with the hexagonal
symmetries: TiAlBs, TizGaB,, TiyGaBs, TizInB,, TiInBg,
Zr3InB,, Zr,InBg, Hf,AlBg, Hf,GaBg, H,InBs, Nb;GaB,, Nb,GaB.
This is in contrast to a previous study where Tiz;AlB,, Ti;GaB,
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and Ti;InB, were reported as thermodynamical stable. This
discrepancy, between our results with those in ref. 10, can be
associated with the limited consideration of competing phases
being A = Al, Ga, In, TiB, and Ti;B, in ref. 10 whereas in this
work all known phases within each ternary system are
considered. This example demonstrates the importance of an
extensive analysis including all competing phases for
conclusive theoretical predictions.

In Fig. 3, M from Groups 3 to 5 mainly results in hexagonal
symmetry with the lowest energy and this is for all considered
A-elements and M,,1AB,, compositions. Similar observations
can be made for group 6 metals with A = Ga and In. Out of the
126 compositions in Fig. 3, 97 are identified with hexagonal
symmetry of lowest energy. Orthorhombic symmetries are
mainly found for A = Al.

Formation enthalpy of MAB and M,AB, systems

The following section focuses on the MAB phases with double
layers of A and M, ie., the MAB and M,AB, compositions.
Again, both orthorhombic and hexagonal symmetries are con-
sidered (see Fig. 1). Fig. 4 shows an overview of the calculated
formation enthalpy AH,, for MAB and M,AB,, with the corres-
ponding identified equilibrium simplex listed in Table S6
(ESIt). Again, the thermodynamic stability is visualized using
a heat map with the background colour representing AH,, for
the symmetry with the lowest energy, where the blue colour
indicates thermodynamical stability (AH,, < 0), and the
structure of lowest energy is represented by a square for orthor-
hombic symmetry and a hexagon for hexagonal symmetry.
Experimentally synthesized phases are marked by a black
square.
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In Fig. 4a, only two MAB phases are found to be stable,
MoAIB and WAIB, both with orthorhombic symmetry, and
formation enthalpies AH., = —47 and AH., = —22 meV per
atom, respectively. Both MoAIB and WAIB have also been
synthesized.'® Two additional phases, CrAlB and MoGaB, are
found to be close to stable with AH., =9 and 13 meV per atom,
respectively. Similar to M,,+;AB,,, in Fig. 3, the majority of MAB
phases are identified with the hexagonal symmetry as the
energetically preferred crystal structure of the considered
M,AB, phases in Fig. 4b, only two are predicted to be stable,
the already synthesized Cr,AlB;, of orthorhombic symmetry
(AH., = —12 meV per atom)'® and the hypothetical Mo,AlB,
(AH, = —1 meV per atom). Five additional M,AB, phases are
identified to be close to stable, i.e., Ti AlB,, W,AIB,, Mn AIB,,
Fe,AlB,, and Hf,InB,.

A noteworthy observation in Fig. 4b is the energetically
preferred crystal structure for M,AB, phases is dominated by
the orthorhombic symmetry, in contrast to M,,;AB,, and
MAB where the majority of phases are found with hexagonal
symmetry. This is observed for all A-elements. Fig. 4 shows that
46 out of the 84 considered phases resulted in a crystal
structure of hexagonal symmetry with the lowest energy.

The general observation from Fig. 3 and 4 is that hexagonal
symmetries are typically preferred for M of Groups 3 to 5 and
orthorhombic symmetries for A = Al. However, it should be
noted that the displayed information only represents the crystal
symmetry with the lowest energy. We therefore choose to further
inspect the difference in energy between the hexagonal and
orthorhombic symmetries as a step towards attaining an under-
standing of the preferred symmetry with various compositions

This journal is © the Owner Societies 2022

and chemistries. Fig. 5 demonstrates the energy difference,
AE(symmetry) = E(ort) — E(hex), where AE > 0 indicates the
hexagonal symmetry to be of lowest energy and is thus favoured
whereas AE < 0 indicates the orthorhombic symmetry to be
favoured.

In Fig. 5 we find that most structures with A = Al yields an
orthorhombic symmetry with the lowest energy. This contrasts
with A = Ga and In where the hexagonal symmetry is the
dominating symmetry with the lowest energy. For M,,1AB,,
phases (blue colours), the energetic preference for the hexago-
nal symmetry is found to generally increase in the series Al-Ga-
In. Phases with M from Group 4 and 5 for A = Ga and In always
have the hexagonal space group symmetry with the lowest
energy. The exception among the compositions considered
here is found for M,AB,, where the orthorhombic symmetry
is most common and this is true for all considered A-elements.
Note that M,AB, have double-layered M (see Fig. 1) and thus
their layer sequence differs from the other considered
compositions.

From the results in Fig. 5 we find some trends both among
the structural compositions like M,,.;AB,,, and for different M
and A. One hypothesis for this may be related to their under-
lying binary substructures. A short survey of experimentally
binary metal borides reveal that hexagonal structures are more
common at high boron content while orthorhombic structures
are mainly observed at lower boron content. A summary of
experimentally metal boride binary phases and their space
group symmetries are listed in Table S7 (ESIf). This underlying
feature may in part explain the observed trends in Fig. 5. To
reveal other tendencies which may explain the trends in Fig. 5,
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we try to find any correlation between AE(symmetry) and the
atomic size, electron concentration and electronegativity.
However, no clear correlation is found, as shown in Fig. S6 (ESIt).
In an initial attempt to explain the results of the symmetry
preference in Fig. 5, we performed a bonding analysis for a
selected set of M,AB, phases with M = Sc, Ti, V, and Cr and A =
Al and In, considering both hexagonal and orthorhombic symme-
tries using the Local Orbital Hamiltonian Suit Towards Electronic
Structure Reconstruction (LOBSTER) code.*** The total density
of states (DOS) and its correlation with the total crystal orbital
Hamiltonian population (COHP) for the considered M,AB, phases
is shown in Fig. S8 and S9 (ESIt). Furthermore, the total inter-
action within any of the considered orthorhombic symmetries is
always greater than the hexagonal structure and this is indepen-
dent of M or A, shown in Fig. S10 (ESIt). At this level, no distinct
correlation between the populated anti-bonding and bonding
states can be made in analogy with the symmetry preference in
Fig. 5. A closer analysis of individual bonds, shown in Fig. S11
(ESIY), reveal stronger In-In bonds for the hexagonal structure as
compared to the orthorhombic structure (~2.5 €V stronger). For
phases with A = Al, the M-A bonds seem to play a more significant
role, especially in Sc,AlB, and Cr,AlB,, which both favours the
orthorhombic symmetry. The brief bonding analysis of the
selected phases considered herein indicates that the A-element
interactions to play a crucial role in the symmetry preference.
Further attempts to enlighten the symmetry preference is
made by comparing the calculated DOS and COHP of hexagonal
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Fig. 5 The energy difference between the orthorhombic and hexagonal crystal symmetries, AE(symmetry), as a function of M for (a) A = AL, (b) A = Ga,
and (c) A = In. AE > 0 represent the hexagonal symmetry of lowest energy and AE < O the orthorhombic symmetry of lowest energy. The colours
represent different compositions where M,.1AB,, compositions are in gradients of blue and double layered compositions in red. The experimentally
known structures of orthorhombic symmetry are marked with a square and hexagonal symmetry with a hexagon. The theoretically predicted stable

and orthorhombic symmetries for the Ti,InB, and Cr,AlB,
phases, shown in Fig. S12 and S13 (ESI{) along with a detailed
analysis. For Ti,InB, we find that the major difference between
considered symmetries is the location of the Fermi level, which is
close to a minimum for the hexagonal structure. For the orthor-
hombic structure there are many antibonding states just below
the Fermi level which costs energy. This indicates overall why the
hexagonal symmetry is lower in energy as compared to the
orthorhombic structure. For Cr,AlB,, with the orthorhombic
symmetry of lower energy than the hexagonal one, we find that
the Cr 3d states around the Fermi level are non-bonding for
the orthorhombic structure while being antibonding for the
hexagonal structure. The latter have a destabilizing impact on
its energy. This analysis gives a first glimpse of the electronic and
bonding differences of M,AB, and could, at least in part, explain
the difference between hexagonal and orthorhombic symmetries.

Prediction using atomic size and electron concentration

The procedure for evaluating the thermodynamical stability of
a given phase requires comparison of energies with a set of
competing phases and can thus be quite demanding, especially
when multiple compositions and elemental combinations are
to be investigated. In order to determine the stability of a
certain phase, its energy must be compared with the energy
of all competing phases as done in Fig. 3 and 4. This procedure
may be considered to be computationally demanding. Hence,
alternative routes may be tempting to use for fast discovery of
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new materials. One suggested approach is the so-called struc-
ture mapping methodology where the atomic size and electron
concentration are used as descriptors for effortless predictions
of a materials formability>*>' or its properties.*>>* Here we
choose to test this hypothesis for predicting a material’s
possible existence or formability by using the same analysis
as proposed in ref. 20 and 21. Adopted values of experimental
atomic radii and number of valence/itinerant electrons for M,
A, and B are retrieved from the ref. 51-53 and listed in Table S8
(ESTH).

The atomic size ratio of M- and A-element for M,A,B,, as
defined in ref. 20 is given by

|Rm — Ral

Atomic size ratio =
Rm

4

where Ry and R, is the atomic radius of elements M and A,
respectively. Furthermore, the electron concentration (EC) for
M,A,B,, defined in ref. 20, is given by

Electron concentration =

(VEC)yitm + (e/a) ana + (VEC)gng
nm + na + ng ’

()

where (VEC); is the number of valence electrons of element i,
where i = M, B, and (e/a), is the itinerant electrons of the
A-element. n; symbolizes the elemental concentration for j = M,
A, and B. Note that since the covalent M-B bonding is com-
monly stronger than the metallic M-A and B-A bonds, (VEC); is
applied to the i = (M, B)-site elements while (e/a), is used for the
A-element. All approximations made are based on the approach
suggested in ref. 20. In addition, we also include information
from the stability predictions presented in Fig. 2—4 to find out if

o Experimentally
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there is any correlation between these distinctly different
approaches.

Fig. 6 shows the atomic size ratio as a function of electron
concentration for all 210 compositions and where the difference
between the two panels is how each data point is coloured. All
experimentally synthesized phases are marked by black circles.
In ref. 21, Shen et al. defined two lines to distinguish the most
|Rim — Ra|

A
thus separating formable from non-formable phases which have
been included within Fig. S7 (ESIt). Similarly, Zhang et al
introduced similar regions when investigating stability trends
of MAX phases in ref. 20 As demonstrated in Fig. S14-519 (ESI¥)
for each separate composition, using such lines is a rather crude
approximation and do not give any valuable information.

In Fig. 6a, the data points are correlated with the calculated
formation energy (eqn (1)) represented by a blue colour scale
depending on its value. Note that 208 out of 210 phases are
considered stable according to the AE; approach. The large
number of predicted stable phases in Fig. 6a in relation with
the actual few experimentally synthesized phases indicate the
AE; approach to be a very crude approximation to the phase
stability. One may speculate that the different compositions
and structures considered herein and in ref. 21, may have an
impact on the uncorrelated results. Corresponding figures for
each considered composition are shown in Fig. $14-519 (ESIf)
where tendencies for a decrease in AE; may correlate with a
decrease of EC.

In Fig. 6b we include information from the calculated
formation enthalpy (eqn (3)) to the atomic size ratio and the
EC relationship. The corresponding colouring represents the
value of AH, and range from blue (stable) to red (not stable).

stable region, governed by < 0.4 and an EC < 5.5,

AE, (eV/atom) synthesized AHcp (meV/atom)
-10 -08 -06 -04 -02 00 -100 0 100 200 300
1 1 | 1 1
a) | b |
0.30 0.30
® X [&] (A-b. ~ s)
0.25 - ®e o8 o 0.25 - 0 %05 o°
o ) ‘ §
% S 2% L2 ® ): (€]
= 020 - e e 0.20
) MoalnB, FezAIB: MoalnB, Fe2AIB:
N @®e , o © ®0, o
015 4 _ TazAlB; v . 015 4 _ TazAlB; )
9 o, o' ) P 600 o QWGP 0 ®
£ v \f’_‘ os &’ @ (5 xe
S 010 A YO0 o} 0.10 - L
< 0 W¥MB O 0 @}
1 a ®
0.05 - . 0.05 -
T:ulnB‘. .\4. .. Q TizInB2
A %3 08%e -
0.00 A - 0.00
T T T T T T T T T T
5 6 7 8 9 5 6 7 8 9

Electron concentration

Fig. 6 The atomic size ratio as a function of the electron concentration where each data point represents the symmetry structure of lowest energy for
all M,A, B, phases. Each data point in (a) and (b) is coloured based on their calculated AE; and AH.,, respectively. Experimentally synthesized phases are
marked with a black circle. For comparison, four phases are explicitly marked: the synthesized and stable Fe,AlB, and the hypothetical Mo4InB,4 with
similar size ratios and electron concentrations and the synthesized Ti>InB, and far from stable Ta,InB, of the same composition.
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The situation in Fig. 6b is very different as compared to Fig. 6a.
There is no correlation at all between the predicted stability
and the atomic size, in additon to the EC, which verifies the
uncertainty of using structure mapping methodology for
materials predictions, at least for MAB phases. This becomes
even more clear in Fig. S12 and S13 (ESIt) showing individual
plots for each unique MAB composition. The only distinct
result found is that a large enough atomic size ratio

Rm - R . . .
(% > 0.15) combined with a high EC (EC > 8) does
4

result in phases far from being stable (AH., > +140 meV per
atom). Thus, the use of the structure mapping methodology for
fast prediction of new materials gives misguiding information
about possible phases suitable for future synthesis. This is
explicitly demonstrated for two MAB phases of similar atomic
size ratio and EC, Mo,InB, and Fe,AlB,. Note that Fe,AlB, is
identified as stable (—78 meV per atom) indicated by the blue
colour, and it has also been synthesized as indicated by the
black circle. This is in contrast to the hypothetical Mo,InB,
which is far from being stable as indicated by the red colour
(+107 meV per atom) yet has a similar size ratio and EC to
Fe,AlB,. Additional contradictions between stable and unstable
phases may be found within the M,AB, system as demonstrated
by comparing the experimentally verified Ti,InB, (—21 meV per
atom) and the far from stable Ta,InB, (+177 meV per atom)
both of which have similar size ratios and EC.

Based on the result shown in Fig. 6 and Fig. S12, S13 (ESI+),
it is demonstrated here that even though it is tempting to use
the structure mapping methodology for effortless predictions it
does not reveal any valuable information about the possible
existence or formability of MAB phases. It should be stressed
that complete phase stability calculations, as shown in Fig. 3
and 4, are thus needed for reliable predictions of MAB phases, as
demonstrated from verified stability for those already synthe-
sized to date. Furthermore, the phase stability calculations also
predict stable and close to stable phases not yet synthesized
where experimental synthesis attempts are encouraged.

Conclusions

We have performed phase stability calculations on a total of 420
phases comprised of hexagonal and orthorhombic space group
symmetries with MAB, M,AB,, M;AB,, M, AB, and M,ABs
compositions where M = Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo,
W, Mn, Fe, and Co and A = Al, Ga, and In. The thermodynamical
stability of the investigated compounds was evaluated in terms
of both formation energy and formation enthalpy. The two
alternative frameworks were compared and the formation
enthalpy, AH,, is demonstrated as a superior alternative when
evaluating the thermodynamical stability. 10 phases are pre-
dicted to be thermodynamically stable, out of which seven have
previously been synthesized while Zr,InB,, Hf,InB, and Mo,AlB,
are awaiting experimental verification. An additional 23 phases
are close to stable (0 < AH., < 17 meV per atom). By comparing
the energy of orthorhombic and hexagonal structures we find
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that the majority of the M;.,AB,, phases are found having the
hexagonal symmetry of lowest energy when A = Ga and In while
orthorhombic symmetry is of lowest energy when A = Al. Similar
observations were made for the double layered MAB phases
where the M,AB, systems favour the orthorhombic symmetry.
We have also critically examined the proposed structure map-
ping methodology for the fast prediction of new materials where
the idea is to use the atomic size ratio and electron concen-
tration as predictive descriptors. We conclude that it is an
inappropriate approach which gives misguiding information
about possible candidate phases for synthesis with no correla-
tion at all to the calculated thermodynamical stability. This
demonstrates the complexity of phase stability predictions and
that shortcuts can give skewed results.
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