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Stability and mechanical properties of W;_.Mo,B,4, (x = 0.0-1.0) from first principles
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Heavy transition-metal tetraborides (e.g., tungsten tetraboride, molybdenum tetraboride, and molybdenum-
doped tungsten tetraboride) exhibit superior mechanical properties, but solving their complex crystal structures
has been a long-standing challenge. Recent experimental x-ray and neutron diffraction measurements combined
with first-principles structural searches have identified a complex structure model for tungsten tetraboride that
contains a boron trimer as an unusual structural unit with a stoichiometry of 1:4.2. In this paper, we expand
the study to binary MoBy, and ternary W;_,Mo,B,, (x = 0.0-1.0) compounds to assess their thermodynamic
stability and mechanical properties using a tailor-designed crystal structure search method in conjunction with
first-principles energetic calculations. Our results reveal that an orthorhombic MoB,, structure in Cmcm sym-
metry matches well the experimental x-ray diffraction patterns. For the synthesized ternary Mo-doped tungsten
tetraborides, a series of W;_,Mo, By, structures are theoretically designed using a random substitution approach
by replacing the W to Mo atoms in the Cmcm binary crystal structure. This approach leads to the discovery
of several W;_,Mo, B, structures that are energetically superior and stable against decomposition into binary
WB,; and MoB, ». The structural and mechanical properties of these low-energy W,_,Mo, By, structures largely
follow the Vegard’s law. Under changing composition parameter x = 0.0—1.0, the superior mechanical properties
of W,_Mo,B4, stay in a narrow range. This unusual phenomenon stems from the strong covalent network
with directional bonding configurations formed by boron atoms to resist elastic deformation. The findings offer
insights into the fundamental structural and physical properties of ternary W;_,Mo, B, in relation to the binary
WB,,/MoB,, compounds, which open a promising avenue for further rational optimization of the functional
performance of transition-metal borides that can be synthesized under favorable experimental conditions for

wide applications.
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I. INTRODUCTION

Boron-rich transition-metal compounds attract significant
fundamental interest and hold great promise for industrial
applications due to their mild synthesis conditions, ther-
mal stability, chemical inertness, and prominent mechanical
properties [1-4]. Their outstanding mechanical properties are
attributed to a favorable combination of high valence elec-
tron density originating from transition-metal atoms and a
strong covalent bond network formed by boron atoms [5-11].
Among such compounds, intense experimental and theoretical
studies have focused on the nominal heavy transition-metal
tetraborides (TMBy,), e.g., tungsten tetraboride (WBy4), molyb-
denum tetraboride (MoB4), and molybdenum-doped tungsten
tetraboride (W;_,Mo,B4, x = 0.0-1.0), with a high boron
concentration and superior asymptotic load-independent hard-
ness close to 30 GPa, which are outstanding among transition-
metal compounds [12-18].

These nominal TMB4 compounds were long assumed to
have a hexagonal prototype structure with P63/mmc sym-
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metry and four formula units per cell that produces x-ray
diffraction (XRD) data in agreement with measured re-
sults [15,16,19-24]. However, the structure of TMB,4 was
subsequently proposed to have a defective TMB4 with an
identical W stacking sequence and a partial absence of boron
atoms (P63 /mmc-4u TMB3) [8,15,21,22,24-26], based on the
thermodynamic superiority and almost identical XRD patterns
compared with P63/mmc-4u TMB,. Such uncertainty in the
structural assignment stems from the insufficient ability of the
traditional XRD technique to detect exact atomic positions
and the chemical contents of boron that has a very small
X-ray scattering cross section compared with the much heavier
tungsten atoms. Recently, advanced experimental measure-
ments combining x-ray and neutron diffraction techniques
provided strong evidence for the existence of boron trimers
(triangular Bs unit) occupying partial W vacant sites, and
proposed that the resulting compound has the stoichiometry
of “WBy,” [15]. Subsequently, our crystal structure search
has identified a viable crystal structure containing triangular
B3 units in the highest boride of tungsten WBy4 , adopting the
Cmcm symmetry with a 104-atom unit cell [23].

Similar to tungsten tetraboride, the structural assignment
and chemical composition of the experimentally synthesized
boron-rich molybdenum tetraboride (described as MoBy,
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MoBj3, or Mo;_,B3) [24-29] have been plagued by the same
puzzling issues concerning structural identification and as-
signment, which require further in-depth exploration of this
series of materials. Considering the similar atomic radii of W
(1.37 A) and Mo (1.36 A), chemical bonding patterns, and
phase diagram, it is reasonable to adopt the similar structural
assignment containing boron trimers in the chemical stoi-
chiometry of 1:4.2 for molybdenum borides.

The use of binary and higher borides as starting materials
has provided a variety of synthetic products with flexible
chemical combinations. Experimentally, the synthesized Mo-
doped tungsten tetraborides possessing a wide range of Mo
concentrations varying from 0 to 50 at. % (W;_Mo,B4
with x = 0.00-0.50) with tunable hardness were recently re-
ported [16]. The formation processes of the substitutional
solid solutions usually occur because they are thermodynami-
cally favorable. These studies offer important impediments to
explore thermodynamically stable ternary W,_,Mo,B4, com-
pounds for the fundamental understanding of their physical
properties.

In this paper, candidate structures of MoB,4, were theoret-
ically investigated using a highly effective structural search
method as implemented in the CALYPSO code that has been
widely used in predicting diverse crystal structures [23,30—
39]. The obtained results show that, similar to WB,,, the
constructed MoBy, structure with a 104-atom orthorhombic
unit cell in Cmcm symmetry possesses the lowest energy
within this defined chemical stoichiometry, and this crystal
structure well reproduces the experimental XRD patterns [24].
No imaginary phonon modes are seen in the entire Brillouin
zone, confirming the dynamic stability of the constructed
MoB,; structure. We then designed a series of structures for
Wi_Mo,B,, via random substitution by replacing W for Mo
atoms with 1:4, 2:3, 3:2, and 4:1 ratios in the prototypical
Cmcm-WBy, structure. The relation of formation enthalpy
versus composition for W;_,Mo,B4, was evaluated with re-
gard to two end members WB4, and MoB,, through the
construction of a ternary convex hull, which helps identify
several stable W;_,Mo,B4, structures. Subsequent exami-
nation of the structural and mechanical properties of these
low-energy structures W;_,Mo,B4, shows that these prop-
erties largely follow the Vegard’s law [40]. The current work
establishes a comprehensive understanding of W;_,Mo,B4,
ternary compounds and opens a promising avenue for fur-
ther exploring many other transition-metal borides that likely
harbor different thermodynamically stable structures with ex-
cellent mechanical properties.

II. COMPUTATIONAL METHODS

Calculations reported in this paper were performed
within the framework of the density functional theory with
the Perdew-Burke-Ernzerh generalized gradient approxima-
tion [41] exchange-correlation potential as implemented in
the Vienna ab initio simulation package (VASP) code [42].
The projector augmented wave (PAW) [43] was used to de-
scribe the electron-ion interaction with 2522p1, 4p65524d6,
and 5p®6s25d* for the valence electron configurations of
B, Mo, and W atoms, respectively. A plane-wave kinetic
energy cutoff of 600 eV and a Monkhost-Pack k mesh

with a grid spacing 27 x 0.04 A~' were used for the
total-energy calculations, with the convergence set to 1
meV/atom. We used a specially designed search method
utilizing structural constraints based on our in-house devel-
oped CALYPSO software to search for structures containing
void sites or substituted atoms/units [23,30-35], which have
been successfully applied to predict the crystal structure of
superhard materials, including elemental, binary, and ternary
compounds [44—48]. The generated crystal structures of sto-
ichiometric MoB,, were based on the superlattices (e.g.,
2x3x1,1x3x2,1x2x3,1x1x6,and 6x1x1)
of hexagonal P63/mmc-4u MoBj. The boron trimers and
molybdenum atoms are randomly distributed on the original
molybdenum atomic positions to achieve the chemical stoi-
chiometry of MoBy, (e.g., Mo1gB4, and MoygBg4) in the first
generation.. The identified boron triangular B3 units (trimers)
from previous experiments are considered as structural motifs
or molecular units in the search process. We employed the
Z-matrix method [49] to represent the rigid boron trimers,
which can be only rotated or moved as whole units during
our search algorithm. The prior experimentally known knowl-
edge of the specific structural motifs significantly reduces
the configuration space of the candidate structures and thus
increases the efficiency towards the target structure. The pop-
ulation size in a generation is set to 20, and 20—40 generations
are performed in each search process. The structural propor-
tion generated by the discrete particle swarm optimization is
set to 60%. The use of total energy as the fitness function
in the search process guaranteed the search to evolve to-
wards energetically favorable structures. Phonon calculations
were performed using the direct supercell method as imple-
mented in the PHONOPY code [50], with forces obtained by
the Hellmann-Feynman theorem [51,52], for a simulation cell
containing 2 x 1 x 2 unit cells with a total of 416 atoms. The
displacement amplitude of 0.01 A is used to evaluate force
constants in the phonon calculations. A plane-wave kinetic
energy cutoff of 600 eV and a Monkhost-Pack & mesh with
a grid of 2 x 1 x 2 in reciprocal space were used for the
self-consistent calculations, with the energy convergence set
to 1079 eV /atom. The simulated XRD patterns are obtained
using the Reflex modules of CASTEP in Materials Studio. The
mechanical properties (i.e., elastic constants, bulk moduli,
shear moduli, and Young’s moduli) were determined by an
efficient strain-energy method [53]. The Bader charge analy-
sis was carried out to determine charge exchanges between
atoms based on the quantum theory of atoms in molecules
(QTAIM) [54-57].

III. RESULTS AND DISCUSSIONS

We have carried out a systematic structural search for the
chemical stoichiometry of MoB4, using our tailored crystal
structure search approach CALYPSO method [23] in conjunc-
tion with first-principles total-energy calculations. With the
currently defined chemical stoichiometry, our results iden-
tified a large 104-atom orthorhombic unit cell in Cmcm
symmetry that possesses the lowest energy [Fig. 1(a)]. This
structure is identical to that of the highest boron content
tungsten borides [23]. This outcome is expected considering
the similar atomic radii of W (1.37 A) and Mo (1.36 A) and
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FIG. 1. Crystal structure of the 104-atom Cmcm MoBy, ; contain-
ing 20 molybdenum and 84 boron atoms, which are labeled by large
and small spheres, respectively. Different atomic layers (A, B, C,
D) were labeled with different cross sections/colors, in which the
A and B layers can be transformed into the C and D layers by proper
symmetry operations. (b) Balls in the A and B layers of different
colors represent the extent of the gain or loss of charge based on a
Bader charge analysis.

their identical valence electrons that generate similar chemical
bonding patterns between transition-metal and boron atoms.
The phonon dispersion curves for MoB,4, were calculated to
check for dynamical stability. The results given in Fig. 2(a)
show an absence of imaginary frequencies, which confirms
that Cmcm-MoBy 5 is dynamically stable. We further analyzed

o
9]

Frequency (THz)
s

(b)

Energy (eV)

FIG. 2. Calculated phonon dispersion curves and density of
states (a) and electronic band structures and density of states (b) of
the Cmcm-MoBy, ;.
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FIG. 3. The convex hulls of molybdenum borides (a) and
W,_Mo,B,, (b) with bcc Mo and «-B, and WB, ; and MoB,, as the
reference states, respectively. Solid (open) symbols represent stable
(metastable) structures. These representative structures are generated
by substituting Mo for the W atom based on five nonequivalent
Wyckyoff sites.

the contribution of Mo and B atoms to the phonon frequency
by checking the phonon density of states of MoBy4 ;. The vi-
brations of Mo and B atoms mainly contribute to the low- and
high-frequency modes, respectively, stemming from the much
greater mass of Mo than that of B atoms. Visible amounts
of the density of phonon states from the boron atoms ap-
pear in the low-frequency vibrational modes, stemming from
the bonding interaction between the Mo and B atoms. The
calculated electronic band and density of states presented in
Fig. 2(b) show that MoBy4, is metallic owing to multiple
energy bands crossing the Fermi level. The majority of the
electronic states near the Fermi level come from the B-2s,
B-2p, and Mo-4d electrons that form sp-d hybridization. It
is noted that the electronic band structure is characterized by
the formation of a pseudogap (deep valley) located near the
Fermi level that helps to stabilize the crystalline phase via the
hybridization of relevant electronic orbits [58].

We have constructed the convex hull of Cmcm-MoBy, in
Fig. 3(a) by calculating the formation enthalpy values based
on various stable and metastable structures relative to the
end members of bcc Mo and «-B to judge the thermody-
namics stability. Previous theoretical investigations identified
three thermodynamic ground-state phases for molybdenum
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FIG. 4. Comparison of the simulated XRD patterns of the
Cmcm-MoB, ; with x-ray wavelength of 0.4337 A and experimental
XRD spectrum for boron-rich molybdenum boride [24].

borides, namely /4,/amd-MoB («¢-MoB), R3m-MoB,, and
Pmmn-MoBs [27-29]. Meanwhile, several metastable phases,
with enthalpy lying closely above the convex-hull line at
zero temperature, are also experimentally synthesized at high
temperatures and exist at ambient conditions. For example,
the calculated formation enthalpies of metastable phases of
14/m-4u Mo,B and Cmcm-4u (B8-) MoB are 15.5 and 10.7
meV /atom above the convex hull, respectively. Previous cal-

culations showed that the configurational entropy is beneficial
for stabilizing transition-metal borides, making it energeti-
cally favorable at finite temperatures [23,28,46]. It is noted
that the formation enthalpy of Cmcm-MoB,, lies extremely
close (4.4 meV /atom) above the convex-hull line that is lower
than the values for the synthesized /4 /m-4u Mo, B and Cmcm-
4u MoB at zero temperature, which suggests the likelihood of
the synthesis Cmcm-MoBy4 » under similar conditions [59-62]
and its thermodynamic stability at room temperature.

It is noted that these early articles in the literature re-
ported the experimental synthesis of boron-rich molybdenum
borides [25,26] to provide the refined structural models for the
synthesized samples. Here, we have simulated XRD patterns
of Cmcm-MoBy,; and directly compared the results with the
recent experimental XRD patterns for boron-rich molybde-
num boride [24], as shown in Fig. 4. A close examination
reveals that the main peaks of Cmcm-MoB4, match well
with the experimental data, indicating the currently proposed
Cmcm-MoBy » phase may be present in the synthesized speci-
mens. Some weaker peaks at 4.3°-5.5°, 6.3°, and 13.5° are not
present clearly in the experimental data that are likely to hide
in the background. We expect that our study will stimulate
experimental investigation by neutron diffraction techniques
to further explore the existence of boron trimers and the stoi-
chiometry for molybdenum tetraborides.

To design molybdenum-doped tungsten tetraboride,
ternary crystal structures were systematically constructed
based on the MoB4,/WBy4, structural model using a
substitution method. The optimized structural details
(e.g., lattice parameters and atomic positions) for these
Wi _Mo,Bs, with the various Mo and W orderings are
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FIG. 5. Crystal structures of (a) Wy 2MoggBa.2, (b) WpaMog B2, (¢) Wp6Mo0p4Ba42, and (d) WosMog,B4». Pertinent descriptive infor-

mation for these structures can be found in the caption of Fig. 1.
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FIG. 6. The calculated (a) volumes, (b) densities, (c) elastic
composition.

almost identical due to the similar atomic radii and valence
electrons of W and Mo atoms, leading to a set of energetically
close phases and thus generating a flat structural potential
energy surface. Our results show the possibility of forming
an ideal solid solution for the previously synthesized phases,
especially at high sintering temperatures. To reveal the
relative stability of W;_,Mo,B4, (x is the fraction of
Mo in the combination), we also evaluate whether the
combined structures of W;_,Mo,B4, are thermodynamically
more favorable compared with WB4, and MoBy4,. The
thermodynamics stability of W;_Mo,Bs, compounds
is determined by calculated relative formation enthalpy.
After sufficient structural relaxation, the relative enthalpy of
formation of the combined structure of W_,Mo,B4, was cal-
culated using the following formula, AH(W;_.Mo,B4,) =
H(Wl_xMOxBALZ) — (1 — x)H(WB4,2)—xH(M0B4_2), where
a negative AH indicates that the structure is energetically
favorable compared with decomposition into MoB4, and
WB,,. The relative formation enthalpy of W;_,Mo,Ba4,
with the lowest energy versus the composition is presented
in Fig. 3(b). The results show that a considerable proportion
of combined structures is energetically advantageous to
the separate end-member binary structures. Our theoretical
results show that the ternary W;_,Mo,Bs compounds
with Mo concentrations above 50 at. % are synthesizable
in principle, stemming from the similar atomic radius,
electronegativity, and bonding characteristics of W and Mo
atoms. The most stable structures and atomic arrangements in
the transition metals and boron layers for each stoichiometry
of W;_,Mo,By4, are plotted in Fig. 5. It is noted that the
Mo atoms tend to locate close to boron trimers, while the
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constants, and (d) elastic moduli of W;_,Mo,B4, (x =0.0-1.0) vs

reverse applies to W atoms in ternary W;_,Mo,B4,. This
phenomenon stems from the significant difference in the
electropositivity of W and Mo atoms that measures their
ability to donate valence electrons. Our results show that
each boron trimer together with its two adjacent hexatomic
rings forms a B15 unit with typical three-center two-electron
(3c-2e) bonding configurations, resulting in a net bonding
effect and sharing a chemical bond among the boron trimers
that is nearly electrically neutral. Compared with the boron
atoms in the hexatomic rings, there is little charge gain for the
boron atoms in the trimers. The Mo atoms donate less valence
electrons to boron compared to the W atoms, and thus prefer
to be located closer to the boron trimers.

To elucidate the structural and mechanical properties
of W;_,Mo,B4,, we summarize in Fig. 6 the calculated
volumes, densities, elastic constants,and elastic moduli of
Wi_xMo,B,, with the lowest energy as a function of com-
position. The volumes of these combined phases with linear
interpolation between WBy4, and MoBy, approximately fol-
low the Vegard’s law. Although small deviations from the
linear behavior are observed, it is noted that there is no signifi-
cant change in the theoretical values. The densities obeyed this
law with a nearly linear behavior under changing composition.
These elastic constants satisfy the criterion for mechanical
stability. The superior elastic constants show a slightly down-
ward trend with the decreasing content of the W atoms.
From WBy, to MoB,;, the bulk, shear, and Young’s moduli
decrease by 5.9%, 3.8%, and 4.3%, respectively. Compared
with the significant decrease of density (about 32%), the dis-
tinct elastic moduli gently and monotonously change within
a narrow range since the strong covalent network formed by
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boron atoms plays a crucial role in strengthening the chemical
bonding to resist elastic deformations. These findings uncover
the mechanisms for the high measured hardness of these
boron-rich transition-metal borides. These results provide a
comprehensive understanding of the structural and physical
properties of the combined structures of W;_,Mo,B4,, which
opens a promising avenue for further exploring many other
ternary borides with thermodynamic stability, which may host
tunable physical properties.

IV. SUMMARY

In summary, we have systematically investigated the struc-
tural and physical properties of binary MoB,, and ternary
Wi_xMo,Bs> (x = 0.0-1.0) compounds that contain boron
trimers. The comparison of simulated and experimental XRD
patterns shows that the currently proposed Cmcm-MoBy , is
a competitive candidate structure for the synthesized boron-
rich molybdenum borides. By a random structural substitution
method, several ternary W;_,Mo,B4, structures with lower
formation enthalpy have been identified to be stable against
decomposition into binary WB,4 ; and MoBy », suggesting that
the ternary compound can be synthesized from a thermody-
namic perspective. The reported structural and mechanical
calculations demonstrate that the basic physical properties of

these low-energy structures W;_,Mo,B4, largely follow the
Vegard’s law. Compared with the significant decrease of den-
sity (about 32%) from WB4, to MoBy,, the elastic constants
and moduli of W;_,Mo,B4, gently and monotonously fluc-
tuate within a narrow range, sustained by the common strong
covalent network formed by boron atoms that plays a crucial
role in strengthening the chemical bonding to resist elastic
deformations. The present results offer a fundamental under-
standing of structural and physical properties of boron-rich
transition-metal borides containing unusual boron trimers and
are expected to stimulate further synthesis efforts to explore
this broad class of ternary compounds with tunable superior
mechanical functionalities.
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