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Ternary transition metal carbides and nitrides in the so-called MAX phases constitute a rich family of
compounds that host interesting electronic and magnetic properties, and thus, these materials have been drawing
increasing levels of attention. Similar ternary boride compounds, the MAB phases, have been studied much less
despite being equally if not more promising. In this paper, we investigate Fe,AB, and Mn,AB, (A = Al, Si, Ga,
and In) ternary layered transition metal borides with orthorhombic, hexagonal, and tetragonal crystal structures
using first-principles density functional theory (DFT). We assess the reliability of different exchange-correlation
functionals for the accurate prediction of the material properties of MAB phases. In addition to the electronic
and crystal structures of Fe,AB, and Mn,AB, (A = Ga, In, and Si), we predict the dynamical and thermo-
dynamic stabilities against the competing phases. We conducted bonding analysis to comprehend the bonding
characteristic between different atoms, which provides a fundamental understanding whether the exfoliation of
these compounds into so-called two-dimensional MBene structures is likely or not. In addition to spin-polarized
DFT+U calculations, which predict ordered magnetic moments, our DFT+embedded dynamical mean field
theory calculations predict a significant degree of electronic correlations in the paramagnetic phase of these
compounds. These calculations also predict the formation of fluctuating magnetic moments before the onset of

a magnetic order in the MAB compounds like an earlier report on the MAX compound Mn,GaC.

DOI: 10.1103/PhysRevMaterials.6.124005

I. INTRODUCTION

Owing to their high melting points, hardness, electrical and
thermal conductivities, inertness in many corrosive environ-
ments, and magnetic properties, transition metal borides have
found uses in diverse applications, including wear-resistant
coatings, cutting tools, thermal diffusion barriers, ohmic con-
tacts, heterogeneous catalysis, high-temperature aerospace
components, high-temperature electrodes, concentrated so-
lar absorbers, permanent magnets, and primary battery
electrodes [1].

Among the borides, MAB phases are layered ternary or
quaternary compounds, where M stands for a transition metal
element, A indicates a group III-A or IV-A element, and B
is boron. MAB structures are composed of M-B sublattices
interleaved by A-atom monolayers or bilayers. With the gen-
eral formula (MB),A,,(MB,), (n =0, 1, 2,...; m =1, 2,
3,...; M = transition metal; A = Al, Ga, In, Si,...), the rich
chemistry of MABs offers impressive versatility and flexi-
bility in designing materials with diverse properties. MAB
materials emerge when one substitutes M (transition metal)
and A elements (from group-III-A and IV-A) in the MAB
phase. While the experimentally identified MAB phases with
M,AIB, crystallize in the orthorhombic Cmmm structure,
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TipInB, was predicted to have a hexagonal crystal struc-
ture [1,2]. In contrast to MAX phases, which are layered,
hexagonal, early transition metal carbides and nitrides, there
is a much more limited number of MAB phases. However,
MAB phases crystallize in different crystal structures depend-
ing on the composition. This diversity of crystal structures
strongly suggests that the properties of MAB phases are tun-
able through the crystal structure and composition control.
Tuning the chemical composition offers an additional degree
of freedom in the quest for stable materials with physical
and chemical properties, appealing for both fundamental re-
search and technological applications. Also, the thickness of
the boride layers, the number of metal layers in between the
boride layers, and the orientation of the boron subunits imply
the superiority of MAB phases over MAX ones, with the
thickness of the carbide component as the only variable for
tuning the material properties.

Fe,AlB, is an already synthesized ferromagnetic (FM)
MAB phase with a Curie temperature of 270-320 K [1,3].
Fe,AlB, has been widely studied due to its magnetocaloric
behavior, excellent strength, high Curie temperature, etc. [3].
Mn;,AlB; is another already synthesized MAB compound,
which is FM at low temperatures, but it exhibits an anti-
ferromagnetic (AFM) order at room temperature [4,5]. The
transition temperature of the AFM phase of Mn,AlB, was
reported as 313 &= 2 K [4]. In this paper, we exploit the chem-
ical diversity and the crystal structure engineering of MAB

©2022 American Physical Society
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phases, aiming to predict MAB phases and their exfoliation
possibilities into magnetic MBene monolayers. We vary the A
elements of Fe,AB, and Mn;AB, compounds and study the
stability. We select Al, Si, Ga, and In as the A element and
reveal the magnetic properties, dynamical, mechanical, and
phase stabilities of the aforementioned materials.

An additional interesting question about the MAB phases
is their proximity to a magnetic quantum critical point.
While many of these compounds are magnetically ordered,
formation of local moments above the magnetic ordering
temperature would suggest that even the compounds that do
not magnetically order may be easily driven into a magnetic
phase through doping. (This is the case in the MAX compound
Cr,GeC, which becomes a robust FM when Mn doped and
hence is considered close to a FM quantum critical point
[6].) To assess this possibility, we also performed density
functional theory (DFT) + embedded dynamical mean field
theory (eDMFT) calculations and calculated the (Szz) expecta-
tion value in the paramagnetic phase.

II. COMPUTATIONAL METHODS

We carried out collinear spin-polarized first-principles cal-
culations based on DFT as implemented in the Vienna Ab
initio Simulation Package (VASP) [7-10]. The electron-ion
interactions were considered by employing the projector
augmented-wave method [11,12] with an energy cutoff value
of 500 eV. The generalized gradient approximation (GGA)
within Perdew-Burke-Ernzerhof (PBE) formalism [13,14]
was employed. The strongly constrained and appropriately
normalized (SCAN) [15] meta-GGA functional and GGA+U
(U = 04 eV) [16] were also considered to assess the impact
of different methods on the properties of MAB phases. Meta-
GGA functionals also consider the kinetic energy density of
the noninteracting electrons, which has been demonstrated to
improve on the standard GGA functional in several systems
with various types of bonding. [17-20].

The energy convergence criterion was set to 1076 eV /cell,
while the force convergence criterion of the ionic steps was
102 eV/A. Tighter criteria were used for phonon and elastic
constant calculations. Here, I'-centered 16 x4x 16, 16 x 16 x8,
and 16x16 x 8 Monkhorst-Pack k points were used for the
structural relaxations of orthorhombic, hexagonal, and tetrag-
onal phases, respectively. The supercell approach and the

force-constant method were employed to calculate the phonon
dispersion using the PHONOPY code [21]. A 4x1x4 (4x4x2)
supercell for orthorhombic (hexagonal and tetragonal) struc-
ture(s) with k-points mesh of 4 x 4 x 4 was constructed to
calculate the resulting forces on the perturbed atoms. The elas-
tic constants were determined by using the density functional
perturbation theory (DFPT) as implemented in the VASP code
[22].

We also performed charge self-consistent DFT+eDMFT
calculations using the Rutgers DFT+eDMFT implementation
and the continuous time quantum Monte Carlo impurity
solver [23-25]. All DMFT calculations are performed at fixed
temperature of 8 = 1/kgT = 50 eV~!, which corresponds
to T =232 K. The hybridization window is chosen to be
F10 eV near the Fermi level, and U = 10eV andJ = 0.7 eV,
which have been previously shown to work well in early
3d transition metals for this implementation [26]. This
value is much larger than that used in DFT+U and possibly
other DFT+DMFT implementations due to the fact that the
dynamical screening processes are explicitly considered in
DFT+DMFT, and compared with the other DMFT implemen-
tations where the 4 U correction is often applied on a Wannier
orbital, the implementation we use employs projections
onto atomic orbitals of often smaller volume. A discussion
of the predicted correlation strength and comparisons with
angle-resolved photoemission spectroscopy (ARPES) studies
on MAX phases is presented in Sec. IV. The bandwidth
renormalization factor is calculated from the imaginary part
of the self-energy on the imaginary axis [27], as explained in
Ref. [28], using the first five Matsubara frequencies.

III. RESULTS AND DISCUSSION

The PBE-GGA exchange-correlation potential, known to
inaccurately predict the electronic and magnetic properties
of many well-known transition metal compounds, has been
widely used for studying the properties of the MAB materi-
als. Since the Mn and Fe elements contain d electrons, we
attempted to investigate how the onsite Coulomb potential can
affect the structure of the Fe;AB, and Mn,AB, materials. Due
to the lack of a systematic guideline to determine the U pa-
rameters, we conducted a search to determine the appropriate
U values that properly reproduce the structural parameters of
experimentally synthesized Fe,AlB, [29] and Mn,AlB, [30].

TABLE I. The lattice constants (a, b, and c) and magnetic moment per Fe or Mn atom (u) calculated with the PBE-GGA, PBE-GGA+U,
and SCAN methods. Here, U values are given in electronvolts. An AFM configuration is considered for Mn, A1B,, where the lattice parameter

is doubled in the ¢ direction. We present half of the ¢ parameter.

Material Parameter Experiment U=0 Uu=2 U=3 U=4 SCAN
Fe,AlB, a(A) 2.92 292 291 291 293 2.88
b(A) 10.99 11.03 11.00 10.99 11.02 10.91
c(A) 2.86 2.85 2.88 2.88 2.90 2.85
©(ug) 1.05-1.32 [31,32] 1.38 1.65 1.71 1.95 1.59
Mn,AlB, a(A) 292 2.89 3.00 3.01 3.05 2.95
b(A) 11.04 11.13 11.10 11.14 11.18 11.06
cA) 2.89 2.83 3.07 3.22 3.53 2.90
u(ug) 0.71 [4] 0.74 3.09 3.57 3.92 2.54
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FIG. 1. Side and top views of the M,AB, materials with (a) or-
thorhombic, (b) hexagonal, and (c) tetragonal crystal symmetries. In
the top row, the longest lattice parameter and corresponding axis are
shown. Bottom row denotes the projection of the atoms on a plane
perpendicular to the longest axis. Green, purple, and dark yellow
spheres represent the B, A, and M atoms, respectively.

We computed the lattice parameters, cell volumes, and mag-
netic moments on transition metals of these two materials
using GGA+U with different U values (U = 04 eV), as well
as SCAN, as summarized in Table I. Our GGA+U method
was introduced by Dudarev et al. [16] and is an effective U
approach where only U is defined as Ugg = U — J. In this
expression, J is set to zero; then Ugyx = U. Especially the
lattice parameters of Mn, AIB, are significantly overestimated
when we use GGA+U with a large U value. PBE-GGA
(U = 0) predicts structural parameters that are much closer
to the experimental values for Fe; AlB, and Mn,AlB,. While
GGA is appropriate to compute structural parameters, the
prediction of magnetic properties may require the proper treat-
ment of d orbitals which are the main source of magnetism in
the examined structures. However, the PBE-GGA functional
is also found to be better choice among the considered func-
tionals for the prediction of magnetic moments on Fe and Mn
atoms.

A. Crystal symmetries and structures

We considered three different crystal symmetries, namely,
orthorhombic (Cmmm), hexagonal (P-6m2), and tetragonal
(P-4m2), for Fe, AB; and Mn; AB, materials. The experimen-
tally realized Cr, AlB,, Mn,AlB,, and Fe, AIB, MAB phases
crystallize in the orthorhombic (Cmmm) structure [33,34].
Moreover, Ti;InB, was discovered to have hexagonal sym-
metry [2]. In this paper, we also considered a tetragonal
crystal symmetry. This structure is included with the aim to
realize a two-dimensional (2D) MBene with tetragonal sym-
metry from the parent tetragonal MAB phase. A tetragonal
MBene monolayer with promising magnetic properties has
been computationally reported [35]. Representative unit cells
of orthorhombic, hexagonal, and tetragonal crystal structures
are shown in Fig. 1.

A closer look indicates that the B atoms in the orthorhom-
bic structure form one-dimensional zigzag chains extending

along the x direction, which are connected by transition metal
atoms along the z direction. On the contrary, the B atoms form
a honeycomb structure (on the xy plane) sandwiched between
two atomic layers formed by the transition metal atoms in the
hexagonal structure. For the tetragonal structure, the B atoms
reside on the two different planes in the z direction. These two
planes are connected by M-B bonds. The B-B bond lengths of
orthorhombic and hexagonal structures are as small as 1.7 A
due to direct B-B bonding, whereas that of tetragonal coun-
terparts are >2.5 A. Depending on the magnetic order (i.e.,
FM vs AFM) and the A element, the smallest Fe-Fe and Mn-
Mn distances in the hexagonal phase are ~2.50-2.60 A and
2.55-2.70 A, respectively. The predicted MAB phases have
a layered morphology with an internal structure of alternate
stacking of A element planes and M, B, sheets along the y axis
for the orthorhombic phase and the z axis for the hexagonal
and tetragonal phases. Therefore, in principle, one can synthe-
size 2D MBenes using any of these structures with different
crystal symmetries by etching out the A layers like the synthe-
sis of MXenes from MAX phases. However, we should note
that the etching process of MAB phases is very challenging
and may require very different experimental conditions.

B. Energetic and magnetic properties

After determining the crystal structures and symmetries,
we studied different spin configurations to find out the lowest
energy magnetic states of Fe,AB, and Mn,AB, materials. We
considered five collinear AFM orderings for the orthorhombic
and hexagonal structures, while four different AFM spin con-
figurations were used for the tetragonal structure, as shown in
Figs. 2—4. We labeled the AFM configurations as AFM-iO,
AFM-iH, and AFM-iT, where i represents the index and O,
H, and T denote the orthorhombic, hexagonal, and tetragonal
crystal symmetries, respectively. We considered both inter-
layer (between M-B layers) and intralayer (within an M-B
layer) AFM coupling. For instance, in AFM-30, the neigh-
boring M-B layers are coupled AFM. However, AFM-50
includes both interlayer and intralayer AFM couplings. As a
first step, we determined the magnetic ground state (GS) using
PBE-GGA, PBE-GGA + U, and SCAN. We summarize the
magnetic GSs of the considered materials as a function of the
functional in Table II and the Appendix. Before discussing
the considered materials, we took experimentally sensitized
FM orthorhombic Fe,AlB, and Mn;AlB, as representative
systems to assess the functional dependence of magnetic mo-
ment on the transition metal atoms. For Fe, AIB,, the reported
low-temperature magnetization values vary between 1.00 and
1.32 g /Fe depending on the synthesis method [31,32].

Table II summarizes the GGA-PBE-calculated relative en-
ergies of all structures and magnetic states with respect to the
lowest-energy structures. For instance, for Fe,GaB,-O (i.e.,
orthorhombic Fe,GaB,), the lowest-energy magnetic state is
FM, and itis 0.117 eV /f.u. more stable than the nonmagnetic
(NM) state. It can be noted that the NM states of all the con-
sidered materials have higher total energies than both FM and
AFM states. Thus, Fe,AB, and Mn; AB, compounds are ei-
ther FM or AFM materials depending on the crystal structure
and the type of A element. As an example, Fe,GaB, exhibits
FM as the lowest-energy magnetic state for orthorhombic
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FIG. 2. Ferromagnetic (FM) and antiferromagnetic (AFM) spin configurations for the orthorhombic crystal structure. Green, purple, and

dark yellow spheres represent the B, A, and M atoms, respectively.

structure, while hexagonal and tetragonal Fe,GaB, have AFM
state as the lowest-energy magnetic configuration. Consider-
ing all crystal symmetries and magnetic structures for Fe-Ga
based MAB phases, AFM-1H is the GS structure (i.e., AE =0
in Table II). Fe,InB, possesses the AFM-1H spin configu-
ration as the GS structure, whereas the FM state is the GS
structure for Fe,SiB, with orthorhombic symmetry (FM-O).
AFM-1H is the lowest-energy structure for Fe,GaB, and
Fe,InB,, and FM-O is for Fe,SiB,, regardless of the used
functionals.

While Ga and In favor the hexagonal structure for Fe-based
MAB systems, considering Si as an A element can facilitate
the formation of the orthorhombic structure. Therefore, we
can realize either orthorhombic or hexagonal crystal structures
by selecting the appropriate A element. Similarly, hexago-
nal Mn,GaB, is FM (FM-H), while Mn;InB, and Mn,SiB,
have AFM-3H and AFM-60 as GSs, respectively. In each
transition metal-A element combination, the tetragonal phase
is energetically unfavorable with a large positive energy dif-
ference (AE) with respect to the hexagonal and orthogonal
phases. Comparably, using Si as an A element may ease
the synthesization of the tetragonal phase due to the small
energy difference with orthorhombic or hexagonal structures
(Table IT). However, there are other tetragonal bulk structures
of MAB phases with different crystal structures which have
computationally been found to be stable, and some of them
have been synthesized such as MsAB, compounds where M is
typically Mn, Fe, or Co, and A can be Si, Ge, or P [36-38].

Our GGA-PBE calculations predict a value of 1.37 ug/Fe
with fair agreement with experiment. Adding U or using
SCAN increases the magnetic moment from the U = 0 value

o‘
AFM-1H

AFM-2H

by 0.2-0.3 ug/Fe. In a previous work, the SCAN functional
was shown to severely overestimate the magnetic moments
in an itinerant electron FM [39]. We found a similar result
for Fe,AlIB, which is an itinerant electron FM. Mn,AlB,
becomes a canted AFM (or AFM-60 shown in Fig. 2) <390 K
with a magnetic moment of 0.71 yz per Mn atom [4]. Ac-
cording to our calculations with GGA, the AFM configuration
is by 42 meV/f.u. more stable than the FM phase. For the
experimentally predicted AFM configuration, the magnetic
moment is found to be 0.74 uz /Mn, which agrees well with
the experimental measurements. When the U parameter varies
as 2 - 3 — 4 eV, the magnetic moment on Mn atoms in
the AFM configuration changes as 3.09 — 3.57 — 3.92 uy.
SCAN makes a better prediction with a value of 2.56 ug
than GGA + U. Fairly good agreement of lattice parameters,
magnetic GSs, and magnetic moments with the experiment
suggests that the PBE-GGA functional is appropriate to inves-
tigate Fe- and Mn-based MAB phases. In the rest of this paper,
we only discuss results obtained within PBE-GGA (U = 0).

C. Dynamical stability

To examine the dynamical stability of the predicted MAB
phases, we computed phonon dispersion curves for the GS
structures. Since the PBE-GGA (with U = 0) functional is
sufficient to understand the structural and magnetic proper-
ties of the considered MAB phases, the phonon dispersions
shown in Fig. 5 were obtained using PBE-GGA (with U = 0)
calculations. The absence of imaginary frequencies in the
phonon dispersion spectra highlight the dynamical stability of
the six considered systems in their respective GS magnetic

AFM-3H AFM-4H

FIG. 3. Ferromagnetic (FM) and antiferromagnetic (AFM) spin configurations for the hexagonal crystal structure. Green, purple, and dark

yellow spheres represent the B, A, and M atoms, respectively.
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FIG. 4. Ferromagnetic (FM) and antiferromagnetic (AFM) spin configurations for the tetragonal crystal structure. Green, purple, and dark

yellow spheres represent the B, A, and M atoms, respectively.

configuration. Since Ga and In are in the same column of the
periodic table, MAB phases with those elements have very
similar dispersion relations. Also, the maximum frequency of
the optical phonons decreases as we move from Ga to In. This
behavior is attributed to the fact that the vibrational frequen-
cies are inversely proportional to the mass of atoms (In is ~2 x
heavier than Ga) and directly proportional to the stiffness of
the bonds. For Fe,SiB, (FM-O) and Mn,SiB, (AFM-50),
even though the Fe atom is slightly heavier than the Mn atom,
the frequencies of the two highest optical phonon branches
are at slightly larger frequencies in the former. However,

in other branches, we have the reverse situation. These two
systems have the same type of crystal structure but possess
different magnetic GSs, which affects the force constants.
Therefore, due to the small mass difference between Fe and
Mn, a detailed force constant analysis should be done to
make a reliable comparison. Similarly, Fe,InB, (AFM-1H)
and MnyInB, (AFM-3H) have similar frequency values for
the same kind of phonon branch. Only the branches between
10 and 17 Thz exhibit substantially different variation over the
Brillouin zone in these two systems where the vibrations of In
and metal atoms are located.

TABLE II. GGA calculated relative energy (eV/f.u.) of NM, FM, and AFM phases with respect to the lowest energy magnetic states. In
the last column, AE represents the energy difference with respect to GS for each transition metal-A element (Si, Ga, In) combination.

Structure NM FM AFM-1 AFM-2 AFM-3 AFM-4 AFM-5 AFM-6 AE

Fe,AlB,-O 0.142 0.000 0.025 0.075 0.038 0.125 0.089 — 0.000
Fe,AlB,-H 0.115 0.108 0.000 0.093 0.079 0.115 0.114 — 0.400
Fe,AlB,-T 0.315 0.010 0.100 0.209 0.000 0.168 — — 1.306
Fe,SiB,-O 0.106 0.000 0.022 0.111 0.080 0.106 0.106 0.101 0.000
Fe,SiB,-H 0.024 0.024 0.000 0.024 0.009 0.024 0.024 - 0.008
Fe,SiB,-T 0.226 0.007 0.014 0.129 0.000 0.109 — — 0.787
Fe,GaB,-O 0.117 0.000 0.033 0.049 0.007 0.103 0.049 0.042 0.255
Fe,GaB,-H 0.155 0.143 0.000 0.123 0.102 0.147 0.147 — 0.000
Fe,GaB,-T 0.320 0.017 0.104 0.230 0.000 0.177 — - 1.294
Fe,InB,-O 0.170 0.064 0.093 0.088 0.000 0.108 0.016 0.048 0.313
Fe,InB,-H 0.167 0.157 0.000 0.128 0.119 0.163 0.161 — 0.000
Fe,InB,-T 0.319 0.006 0.082 0.238 0.000 0.175 — — 1.565
Mn,AlB,-O 0.056 0.038 0.056 0.053 0.056 0.056 0.024 0.000 0.000
Mn,AlB,-H 0.178 0.000 0.112 0.178 0.076 0.102 0.177 — 0.556
Mn,AlB,-T 0.057 0.032 0.055 0.056 0.000 0.052 - - 1.563
Mn,SiB,-O 0.075 0.070 0.072 0.072 0.072 0.040 0.027 0.000 0.000
Mn,SiB,-H 0.103 0.001 0.002 0.086 0.000 0.068 0.104 — 0.140
Mn,SiB,-T 0.160 0.076 0.159 0.157 0.000 0.156 — — 1.037
Mn,GaB,-O 0.079 0.062 0.079 0.079 0.078 0.079 0.029 0.000 0.085
Mn,GaB,-H 0.213 0.000 0.064 0.213 0.066 0.119 0.248 — 0.000
Mn,GaB,-T 0.097 0.027 0.095 0.097 0.000 0.088 — — 1.331
Mn,InB,-O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.304
Mn,InB,-H 0.383 0.031 0.031 0.327 0.000 0.266 0.305 — 0.000
Mn,InB,-T 0.272 0.000 0.252 0.272 0.012 0.196 — — 1.420
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FIG. 5. Phonon spectrum of the ground state structures of MAB phases, obtained with PBE-GGA (with U = 0) calculations.

D. Mechanical properties

To shed some light on the mechanical stability, we
calculated the elastic constants using DFPT. The elastic
constants provide crucial information about the elastic de-
formation behavior of a solid. First of all, the elastic
constants (C;;) of the materials should satisfy the Born-
Huang criteria [40] if the material is mechanically stable. The
mechanical stability criteria for the orthorhombic structures
areC; >0,(i=1,2,3,4,5,6), C;1Con — C122 > 0, CnCsz —
C223 > 0, C33C11 — C321 > O, and C11C22C33 + 2C12C23C31 —
C1C% — C»C3, — C33C% > 0. Similarly, the stability criteria
for the hexagonal materials are as follows Cy > 0,Cy; —
|C12] > 0, and (Cyy + C12)Cs3 — 2C123 > 0. All the GS struc-
tures shown in Table III comply with the above requirements.
Therefore, our predicted materials are mechanically stable.
The elastic constants decrease when moving from Si —
Ga — In. For the hexagonal phase, the calculated elastic

constant Cj; (which is equal to Cyy) is larger than the other
principal elastic constant C33. Owing to the existence of strong
boron-boron bonds, the hexagonal MAB crystals are harder
to compress along the axes x and y than along the axis z.
Similarly, the existence of the zigzag B-B chains along the
x direction of the orthorhombic structures results in large
elastic constants along this direction. We also calculated the
elastic modulus (Y), bulk modulus (K), shear modulus (G),
and Poisson’s ratio (v) by employing the Voigt-Reuss-Hill
approximation [42—44], as mentioned in Table IV. It is clear
that Ga-based materials have higher Y, K, and G values than
that of In-based materials. In our previous paper, we showed
that the M-A and B-A bond lengths (Bader charge transfer)
increase (decreases) when A changes as Al - Ga — In in
M,AB, compounds [45]. Thus, stronger Coulomb attraction
within M-Al and B-Al bonds are available than that of Ga-
and In-related bonds. The stronger bonds in M,AlB, provide

TABLE III. The elastic constants (C;;) in gigapascals for the GS structures.

Material GS Cl 1 C12 C13 C22 C23 C33 C44 C55 C(,(,
Fe,AlB, [41] FM-O 447.0 170.1 133.9 402.7 156.4 334.6 140.2 166.3 156.2
Fe,SiB, FM-O 427.8 202.9 154.6 433.5 179.1 326.2 51.6 136.9 83.58
Fe,GaB, AFM-1H 387.0 118.8 86.9 387.0 87.0 337.8 134.1 84.4 84.4
Fe,InB, AFM-1H 357.0 118.9 70.4 357.0 70.4 301.7 73.0 119.0 119.0
Mn,AlB,; [41] AFM-60 486.0 193.5 132.1 413.1 140.0 478.4 152.2 192.2 186.9
Mn,SiB, AFM-50 436.4 189.0 114.7 482.1 140.5 266.2 90.4 147.5 112.8
Mn,GaB, FM-H 370.9 121.0 84.9 370.9 84.9 334.6 106.0 106.0 125.0
Mn,InB, AFM-3H 350.5 105.3 61.2 350.5 61.2 273.9 68.0 68.0 122.6
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TABLE IV. The Young modulus (Y), bulk modulus (K), shear modulus (G) in gigapascals, Pugh’s ratio (G/K), and Poisson’s ratio (v) for

the GS structures.

Material GS Y (GPa) K (GPa) G (GPa) G/K v

Fe,AlB, [41] FM-O 347.2 231.8 138.8 0.60 0.25
Fe,SiB, FM-O 246.5 247.5 92.4 0.37 0.33
Fe,GaB, AFM-1H 280.4 187.7 112.1 0.60 0.25
Fe,InB, AFM-1H 250.4 169.1 99.9 0.59 0.25
Mn,AlB, [41] AFM-60 407.1 256.0 164.8 0.64 0.23
Mn,SiB, AFM-50 296.9 219.0 116.5 0.53 0.27
Mn,GaB, FM-H 293.7 183.5 117.5 0.64 0.23
Mn,InB, AFM-3H 241.7 156.8 97.2 0.62 0.24

higher Y, K, and G values than those of M;GaB; and M;InB,.
We calculated the Pugh’s ratio (G/K) to investigate the brittle
or ductile property of the materials. As a result of the high
K of Si-based MAB phases, they exhibit a lower G/K ratio.
Therefore, Al-, Ga-, and In-related M>AB, compounds have
higher ductility relative to the Si-related counterparts. Me-
chanical properties are tunable in regard to the selection of
the A element and the crystal structure. Comparing our calcu-
lated elastic constants with available computational literature,
we noticed general agreement in terms of trends [46,47].
However, the value of the elastic constant calculated in the
literature may be different than our values. This discrepancy is
mainly due to missing correct spin configurations in previous
work.

We should also note that there have been no experimentally
determined C;; values for even Fe;AlB, and Mn,AlB,. The
room temperature experimental Young’s moduli of Mn;AlB,
is 243 GPa, which is ~60% smaller than the predicted the-
oretical value [30,41]. Such a large discrepancy may not be
explained solely due to the presence of 10 vol. % impurities
in the experimentally measured sample and approximations
implemented in the DFT calculations. In addition, the DFT
calculations on some of the other MAB phases do not
predict the experimentally measured elastic properties [1].
Since the synthesis of high-purity MABs is challenging, a
proper comparison between experiment and theory becomes
harder.

E. Thermodynamic stability

To reveal the stability of M;AB, compounds, we cal-
culated the formation energy and enthalpy. The formation
energy AEgm can be determined from the DFT computed
total energy of M»AB, relative to the most stable bulk
phases of constituent elements (i.e., M, A, and B) using the
following reaction; 2M + A + 2B — M,AB,. From this re-
action, we defined AFE¢m = E[M;AB,] — 2E[M] — E[A] —
2E[«-B]. Here, E[M,AB;], E[M], E[A], and E[«a-B] are the
total energy of the optimized structure of M>AB,, M, A, and
crystalline «-B. Also, AFEim < 0 ensures that the target
compounds are energetically stable against decomposing into
the constituent elements. The calculated AEg,., values, re-
ported in Table V, are <—0.9 eV /unit cell, which indicates
that M>AB, compounds are stable.

Since the calculated AEjy, values may be misleading
in the interpretation of thermodynamical stability of com-

pounds, we also studied the formation enthalpy (AH) of the
above MAB phases with respect to the competing phases to
investigate whether these materials can be realized experi-
mentally. Indeed, the latter is a more reliable indicator when
predicting the stability. The formation enthalpy was cal-
culated via the following expression: AH = E[M,AB;] —
E[competing], where E[M;AB;] is the total energy of the
MAB phase, and E[competing] is the total energy of all
competing phases. We collected the stable competing phases
from the Materials Project database [5]. Table V shows the
most competing phases and the corresponding AH o values.
Negative (positive) AH indicates the relative stability (insta-
bility) of MAB phases with respect to the competitive phases.
In other words, the more negative (positive) AH implies
the higher (smaller) chance for the experimental synthesis
of the predicted MAB phases. First of all, our calculations
confirmed that two experimentally synthesized compounds
Fe,AlB, and Mn;,AlB; have negative formation enthalpies.
It was reported that 80% of the inorganic compounds are ex-
pected to be stable if AH < 0.036 eV /atom [34,48]. Fe,GaB,
and Mn,SiB, exhibit AH much closer to 0.036 eV /atom.
More importantly, Mn,GaB, has AH = 0.016 eV /atom.
When considering AH < 0.036 eV/atom as the phase sta-
bility criterion, we can propose that there is a possibility
of synthesizing Fe,GaB,, Mn,GaB,, and Mn,SiB,. In other
words, they can be experimentally synthesizable even though
their AH values are positive. Our calculated AH values and
GS predictions mainly agree with work which investigated the
stability of orthorhombic and hexagonal M, AB, phases [49].

F. Bonding analysis

MAB phases can serve as precursors to MBene mono-
layers by removing the A layers. However, up to date, no
completely exfoliated MBene nanosheets akin to MXenes
have been successfully prepared, indicating that the chemi-
cal bonding in MAB phases must be different from that of
MAX ones. MXenes are produced by selectively chemically
etching the A elements from the parent MAX phase using,
typically an aqueous HF solution. In the literature, selective
etching processes have been employed to derive boron-based
2D MBene materials from MAB phases such as M, AlB,,
and M4AlIB4 (where n = 1-3) using HCI, HF, NaOH, and/or
LiF-HCI etchants [50-52].

The etching location in MAB phases depends on the bond
strength between the atoms. To evaluate the bond strengths in
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TABLE V. The most competing phases and the corresponding formation enthalpies (AH) for the GS structures given in Table III. GS
stands for the lowest-energy crystal and spin structure of the respective compound.

AH AFE¢om
Material GS Most competing phases (eV/atom) (eV/cell)
Fe,AlB, [34] FM-O FeAlg, AlB,, FeB —0.078
Fe,SiB, FM-O Fe,B;, FeSi, FeB 0.107 —1.268
Fe,GaB, AFM-1H Fe,B;, FeB, FeGaj; 0.037 —1.467
Fe,InB, AFM-1H FeB,In 0.129 —0.900
Mn,AlB; [34] AFM-60 Mn4Aly;, MnB, MnB, —0.060
ansiBz AFM-50 Mn4Si7, Mn3 B4, MHB4 0.039 —1.833
Mn,GaB, FM-H MnGay, Mn3;B4, Mn,B 0.016 —1.684
Mn,InB, AFM-3H Mn;By4, Mn;B,In 0.104 —1.105

the considered MAB phases, we employed the crystal orbital
Hamilton population (COHP) analysis [34]. In the COHP
analysis, we split the band-structure energy into bonding,
nonbonding, and antibonding contributions using localized
atomic basis sets. The energy integration of all COHPs for
a pair of atoms up to the Fermi energy (ICOHP) can be used
to qualify bond strength [53]. The Local Orbital Basis Suite
Towards Electronic-Structure Reconstruction code is utilized
for the COHP calculations with the pbeVaspFit2015 basis set
[54-56].

It should be noted that the ICOHP mainly measures the
strength of the covalency of a bond. A lower ICOHP value
corresponds to a stronger covalent bond. Table VI summarizes
ICOHP values for Fe,GaB,, Mn,GaB,, and Mn,SiB, because
these compounds have much higher synthesization chances
than other compounds. To elucidate the impact of crystal
structure on the nature of covalent bonding, we included all
three crystal symmetries for the considered MAB phases.
As the strength of a chemical bond depends on the distance
between the atoms, the ICOHP values vary as a function of
atom-atom separation. For instance, while the ICOHP value is
<—5.81 eV for the B-B bond in the hexagonal and orthorhom-
bic phases, it reduces to values ~—0.30 eV in the tetragonal
phase where the B-B interatomic distance is much larger than
the hexagonal and orthorhombic phases (1.7 vs 2.5 A). Our
COHP analyses find that Fe-Fe and Mn-Mn bonds display a
weak covalent nature regardless of the crystal symmetry and

spin configuration. Fe-B or Mn-B bonding exhibits a fair crys-
tal structure dependency. The strength of covalent bonding
between transition metal and B atom enhances H - O — T
owing to the fact that the M-B bond length decreases as
T — O — H. In the orthorhombic structures with Ga as the
A element, the transition metal-Ga bond is very weak with
ICOHP values ~—0.01 eV. It may be inferred that the etching
out of Ga from the corresponding MAB phases may lead to the
formation of MBenes. However, when one considers the B-Ga
bonding, which is strong (such as for the Fe case) as a result
of direct bond formation, it can be unlikely to isolate intact
MBene layers by etching out the Ga layer from the parent
compound.

However, in the hexagonal phase, the transition metal
layer separates the B layer from the A layer, thereby leading
to a weak covalent interaction. Considering the lowest-
energy crystal structures and spin configurations for each
transition metal-A element combination (i.e., Fe,GaB,-AFM-
1H, Mn,GaB;,-FM-H, and Mn,SiB,-AFM-50), our ICOHP
analysis found that the possible etching position within cor-
responding MAB phases depends on the compound. For
instance, in H-Fe,GaB,, the Fe-Ga bond is stronger than
Fe-B, meaning that this compound prefers to be separated
between the Fe and B layers. However, O-Mn,SiB, with
AFM-50 prefers to be etched out from the Mn-Si bond.
However, the M-A bonds are stronger than the M-B ones
in H-Fe,GaB, and H-Mn,GaB,, suggesting that it may be

TABLE VI. Integrated COHP (in electronvolts) up to the Fermi level for different bonds in M,AB,, where M = Fe and Mn, and A = Ga
and Si. Here, SC stands for the lowest-energy spin configuration of the respective compound. We only considered the compounds with AH <
40 meV/atom (i.e., Fe,GaB,-AFM-1H, Mn,GaB,-FM-H, and Mn,SiB,-AFM-50). We also included the other crystal structures of these
compounds to understand dependency of bonding on the crystal structure.

MAB Phase SC M-M M-B M-A B-A B-B A-A

H-Fe,GaB, AFM-1H —0.19 —1.28 —1.43 —-0.32 —6.61 —1.44
O-Fe,GaB, FM-O —0.10 —1.40 —0.01 —-3.32 —6.39 —1.84
T-Fe,GaB, AFM-3T —0.20 —2.40 —0.99 -3.10 —-0.39 —1.46
H-Mn,SiB, AFM-3H —0.28 —1.36 —1.89 —0.30 —6.26 —-0.95
0O-Mn,SiB, AFM-50 —0.20 —1.50 —1.30 —4.23 —5.81 —1.44
T-Mn,SiB, AFM-3T —-0.30 —2.37 —1.30 -3.97 —-0.41 —0.85
H-Mn,GaB, FM-H —0.28 —1.43 —1.49 —0.26 —6.48 —1.38
O-Mn,GaB, AFM-50 —-0.20 —1.65 —0.01 —0.01 —6.35 —1.80
T-Mn,GaB, AFM-3T —0.25 —2.57 —1.10 —2.40 —0.36 —1.49
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FIG. 6. The possible location for the separation of MAB crystals with (a) orthorhombic, (b) hexagonal, and (c) tetragonal. Green, purple,

and dark yellow spheres represent the B, A, and M atoms, respectively.

hard to isolate the M-B layer from the corresponding MAB
phases via etching the A layer without affecting the integrity
of the MBene. Similarly, the M-B bond is stronger than the
M-A bond, but the B-A bond is stronger than both in O- and
T-Mn,SiB,, which makes it complicated to isolate an intact
MBene layer.

G. Work of separation

To shed more light on the etching process in the MAB
phases, we also calculated the work of separation. In this
process, we separated the MAB crystals from different iden-
tified positions which are denoted in Fig. 6. We separated
the orthorhombic crystal (1) between the transition metal
and A layers [called E-Ol in Fig. 6(a)], (2) between two
boron layers within the M-B slab (E-O2), and (3) between
the transition metal and B layers (E-O3). Similarly, E-H1

Fe,AlB2

Energy (eV)
o

Energy (eV)
<)

R ZT

Hexagonal Fe,GaB,

(E-H2) in Fig. 6(b) represents the separation of the crystal
between the transition metal and A layers (transition metal
and B layers) for the hexagonal crystal structure. For the
tetragonal phase, we identified two positions, namely, E-T1
(between transition metal-B and A layers) and E-T2 (between
two transition metal-B layers within the M-B slab). For H-
Fe,GaB,; in the AFM-1 configuration, our calculations found
that the separation from E-H1 (i.e., breaking of the Fe-Ga
bond) is energetically more favorable than E-H2 by 0.208
eV/A2, which contradicts the COHP calculations where we
predicted that the Fe-Ga bond is stronger than the Fe-B bond.
This discrepancy can be explained by counting the number
of bonds broken in E-H1 and E-H2, which is three (six) in
the former (latter) case. We obtained similar behavior for FM
hexagonal Mn,GaB,, where the separation from E-H1 is more
favorable than E-H2 by 0.160 eV /A2, Finally, for orthorhom-
bic Mn;SiB,, our ICOHP and work of separation calculations

Orthorhombic Fe,GaB,

FIG. 7. The spectral functions of borides Fe, AlB,, Fe,GaB,, and Mn,AlB,, as well as the MAX compound Cr,AlC for comparison, from
DFT+eDMFT. The DFT+LDA band structure is also shown as blue lines.

124005-9



EDIRISURIYA M. DILANGA SIRIWARDANE et al.

PHYSICAL REVIEW MATERIALS 6, 124005 (2022)

predicted consistent results, where the Mn-Si bond is weaker
than the Mn-B and B-B bonds. However, due to stronger B-Si
interaction, the separation of this compound from E-O1 seems
to be challenging. Our results indicate that the B-A bond
strength is one of the main factors for challenging exfoliation
of MAB compounds into MBenes.

H. DMFT calculations

To assess the strength of correlations in the paramagnetic
phase of the MAB materials, we performed DFT+eDMFT
calculations. The Kohn-Sham DFT-based approaches can re-
produce magnetically ordered phases as well as phases where
atomic magnetic moments do not exist. Unlike these ap-
proaches, DFT+eDMFT can reproduce paramagnetic phases
of transition metal-based compounds, where the local mag-
netic moments exist but are fluctuating [25].

In Fig. 7, we show the spectral functions of borides
Fe, AlB,, Fe,GaB,, and Mn,AlB, as well as the MAX com-
pound Cr,AlIC for comparison. ARPES measurements on
Cr, AlIC show that this material has nonnegligible correlation-
induced mass enhancement, which leads to an overestimation
of the bandwidth by DFT [57]. Our DFT+eDMFT results
confirm this observation and show that the electronic struc-
tures of all the MAB compounds we considered deviate from
the DFT predictions by comparable amounts to Cr, AIC. How-
ever, the bandwidth renormalization with respect to DFT
Z = mjpr/mypr as calculated from the linear part of the
electronic self-energy is only in the range of Z ~ 0.65-0.75
in all compounds, which indicates that these materials are not
very strongly correlated Fermi liquids. The strength of the
mass renormalization we observe is roughly in line with the
values reported for Fe, AlB, in Ref. [58] from the comparison
of experimental data with DFT results. However, we do not
predict a strong deviation from the Fermi-liquid behavior. We
also note the relatively diffuse nature of the bands and the
nonzero values of the imaginary parts of the self-energies near
zero (not shown), as observed in another DMFT study on the
MAX compound Mn,GaC as well [59].

In the hexagonal M,AB, structure with space group P6m2,
the transition metal is on the 24 Wyckoff position with site
symmetry of 3m. This splits the d orbitals into 2 + 2 + 1,
where the (xz,yz) doublet is ~2 eV lower in energy than
the other d orbitals. In the orthorhombic phase with space
group Cmmm, the site symmetry of the transition metal ion
is reduced to 2mm (Wyckoff position 4 j), which splits all 5 d
orbitals. Nevertheless, the most significant energy splitting is
still between xz and yz orbitals (which are no longer degener-
ate) and the other 3 d orbitals. There is no significant orbital
selectivity in the self-energy near zero, and the slope of the
self-energy for all orbitals is comparable at the temperature
we considered (T ~ 213 K).

In all the compounds we studied using DFT+eDMFT, the
expectation value of the square of the spin (SZZ) in the para-
magnetic phase is in the range 0.9-1.2, despite the different
numbers of d electrons in each compound. As a result, all
the studied compounds are in the intermediate spin range.
Note that this is the magnitude of the fluctuating magnetic
moments in the paramagnetic phase and is expected to be
smaller than the ordered moment in the magnetically ordered

phases predicted by DFT. Our results are in line with the
DMEFT predictions on the paramagnetic phase of the AFM
compound Mn,GaC, which has a spin moment of (Szz) =1.7
on the Mn site [59]. While the local moment in the MAB
compounds is usually smaller than that in Mn,GaC by DMFT
[59], it is nevertheless nonnegligable. This suggests that these
compounds form fluctuating local magnetic moments above
the magnetic transition temperatures, and even if they were
not magnetically ordered, they would be reasonably close to a
magnetic quantum critical point and be driven into magnetic
ordering by doping, as is the case in Cr,GeC [6].

IV. CONCLUSIONS

In summary, we investigated three different crystal struc-
tures, namely, orthorhombic, hexagonal, and tetragonal, for
Fe,AB, and Mn,AB, MAB phases with A = Ga, In, and
Si. To properly treat d electrons of Fe and Mn atoms,
we considered three different methods, namely, PBE-GGA,
PBE-GGA+U, and SCAN. Our calculations depicted that
the structural and magnetic properties of experimentally
sensitized Fe, AlB, and Mn,AIB, are well described by PBE-
GGA, meaning that semilocal functionals are appropriate for
MAB phases. Depending on the M and A elements, we can re-
alize different crystal structures with various magnetic states.
The phonons and elastic coefficient calculations suggest that
the considered MAB phases are dynamically and mechan-
ically stable. We found that orthorhombic and hexagonal

TABLE VII. Magnetic GS predicted using PBE+U (where
U =0,2,and 3 eV) and SCAN.

Material U=0 Uu=2 U=3 SCAN
Fe,AlB,-O FM FM FM M

Fe,AlB,-H AFM-1 AFM-1 AFM-1 AFM-1
Fe,AlB,-T AFM-3 AFM-3 FM AFM-3
Fe,SiB,-0O FM FM M M

Fe,SiB,-H AFM-1 AFM-1 AFM-1 AFM-1
Fe,SiB,-T AFM-3 FM M FM

Fe,GaB,-O FM FM AFM-6 M

Fe,GaB,-H AFM-1 AFM-1 AFM-1 AFM-1
Fe,GaB,-T AFM-3 AFM-3 AFM-3 AFM-3
Fe,InB,-0O AFM-3 AFM-5 AFM-5 AFM-5
Fe,InB,-H AFM-1 AFM-1 AFM-1 AFM-1
Fe,InB,-T AFM-3 AFM-3 AFM-3 AFM-3
Mn,AlB,-0O AFM-6 AFM-6 AFM-6 AFM-6
Mn,AlB,-H M AFM-1 AFM-1 AFM-1
Mn,AlB,-T AFM-3 AFM-3 AFM-3 AFM-3
Mn,SiB,-O AFM-6 AFM-6 FM AFM-6
Mn,SiB,-H AFM-3 AFM-1 AFM-1 AFM-1
Mn,SiB,-T AFM-3 AFM-3 AFM-3 AFM-3
Mn,GaB,-0O AFM-6 AFM-6 AFM-6 AFM-6
Mn,GaB,-H FM AFM-1 AFM-1 AFM-1
Mn,GaB,-O AFM-3 AFM-3 AFM-3 AFM-3
Mn,InB,-O NM AFM-5 AFM-6 AFM-5
Mn,InB,-H AFM-3 AFM-1 AFM-1 AFM-1
Mn,InB,-T FM AFM-3 AFM-3 AFM-3
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MAB phases are energetically favorable over the tetrago-
nal one for all M and A elements. The formation enthalpy
computed relative to competing phases shows that hexagonal
Mn,GaB, has a higher chance of experimental realization,
followed by hexagonal Fe,GaB, and orthorhombic Mn;SiB,.
We characterized the bond strength between various atoms
by computing ICOHP. Moreover, the work of separation was
computed. The calculated work of separation values indicate
that the MAB phases which have a high chance of experimen-
tal realization are preferably separated between the transition
metal and A element layers, which makes it possible to form
MBenes from the parent compounds. However, the computed
ICOHP values suggest that it may be hard to isolate intact
MBene layers by etching A layers from the MAB phases. Gen-
erally, the B-A bond strength obstructs the exfoliation process.
DFT+eDMFT calculations suggest that these materials are
not strongly correlated; nevertheless, all of them seem to
have significant magnetic moments in the paramagnetic phase.
While these moments are smaller than those in the magnet-
ically ordered phases, so the exchange field is important in

stabilizing larger spins, they indicate that even the materials
that do not spontaneously order would likely be driven into a
magnetic phase by doping.
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APPENDIX

In Table VII, we notice that the magnetic GS depends to
some extent on the functional. Increasing the U parameter
favors the AFM exchange interaction either within or be-
tween the nearest Fe/Mn-B layers. Regardless of functional,
the hexagonal and tetragonal Fe-based MAB phases mainly
prefer the AFM configuration as the lowest-energy magnetic
order.
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