PHYSICAL REVIEW B 105, 094104 (2022)

Orthorhombic ScB; and hexagonal ScBg with high hardness

Kaixuan Zhao ®,' Qianyi Wang,'! Wenjing Li,' Qiuping Yang,! Hong Yu,' Fanjunjie Han,'
Hanyu Liu®,>" and Shoutao Zhang ® '+

I Centre for Advanced Optoelectronic Functional Materials Research and Key Laboratory for UV Light-Emitting Materials

and Technology of Ministry of Education, Northeast Normal University, Changchun 130024, China
2International Center for Computational Method & Software and State Key Laboratory of Superhard Materials,
College of Physics, Jilin University, Changchun 130012, China

® (Received 16 November 2021; revised 12 January 2022; accepted 22 February 2022; published 8 March 2022)

Transition metal borides (TMBs) have received great interest since these intriguing borides could be consid-
ered potential applications for designing exotic materials with distinguished properties such as superhardness.
The search for TMBs regarding high hardness value remains urgent. Given that Sc is the lightest transition
metal element that often exhibits unique properties, in this paper, we undertake a comprehensive investigation
of the Sc-B system at high pressures using the state-of-the-art structure search method within the framework of
first-principles electronic structure. As a result, our structure searches identified several stable Sc-B phases (i.e.,
ScB, ScBsj, ScBy, and ScBs) as well as a metastable ScBg. Strikingly, among these scandium borides, Pnma
ScBj; contains a boron framework with open channels, while ScBg possesses interlinking boron trimer units.
Remarkably, our simulations suggest the hard features of Pnma ScBs and P63mc ScBg with high simulated
Vickers hardness values of 38.3 and 39.8 GPa, respectively, which are mainly attributed to their peculiar strong
covalent boron network. The excellent stability and high hardness of ScB; and ScBg render them promising
candidates for superhard materials. Additionally, an orthorhombic boron allotrope 0-B; is predicted by removing
Sc from Pnma ScBs, where this structure exhibits an estimated hardness value of 24.9 GPa and superconducting
critical temperature 7. of 2.9 K at 1 atm. In this paper, we advance the existing knowledge of TMBs as well as
provide implications for the search for TMBs with unique properties.
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I. INTRODUCTION

Boron-based materials previously were found to exhibit
fantastic structures and intriguing properties such as super-
hardness and superconductivity, enabling them to become
enchanting candidates for practical applications, mainly dom-
inated by the peculiar electron deficiency of boron [1,2]. To
date, a plethora of boron allotropes with excellent hardness
have been proposed [1,3—5]. For instance, nonmetallic «-B
[6] with an icosahedron basic building block shows a high
hardness value of 44.8 GPa [3]. A higher hardness value of
58 GPa has been observed in insulating y-B,g [6], which
contains dumbbell-like B, cations and icosahedral B, anions
[7]. Thereafter, y-B,g has further been identified to have a
low hardness value of ~30 GPa [8]. Metallic a-Ga-type boron
with the modification of B, icosahedra has a superhard value
of 61.6 GPa [3]. On the other hand, boron allotropes with
appealing properties can be acquired from predicted metal
borides via the removal of metal atoms. Recently, based on
precursors /4/mmm NaB4 and Pm Na;B; with open boron
channels, two boron allotropes were denoted as I4/mmm By
and Pm Bj7, which not only has the estimated superconduc-
tivity of 19.8 and 15.4 K but also exhibits calculated hardness
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values of 27.3 and 26.8 GPa [9]. Very recently, a tetragonal
t-B with the cage structure produced from predicted -MnB
has been shown to possess the highest critical temperature of
43 K among elemental superconductors at ambient pressure
[10]. However, access to boron-based solids with superior
mechanical properties just by exploring boron allotropes is
limited. Thereby, much effort has been devoted to the investi-
gation of metal borides [2,11].

Transition metal borides (TMBs), a typical class of borides
with high valence-electron density and strong covalent bonds,
have evoked substantial interest due to their ability to be can-
didates for superhard materials [12—15]. Until now, numerous
hard and superhard TMBs solids with abundant structures
and physical properties have been synthesized [16—19] or
predicted [20-23]. For instance, synthesized layered ReB;
with puckered boron networks at ambient pressure has ultra-
incompressibility with an average hardness value of 48
GPa under a load of 0.49 N [16,24]. Also, OsB, with an
orthorhombic Pmmn structure has been experimentally pro-
posed as an ultra-incompressible hard material [25]. Further,
WB, has been measured to show Vickers hardness values
from 43.3 to 28.1 GPa at low and high loads, respectively
[26]. Recently, the predicted superhard WB5 has been shown
to not only possess a Vickers hardness value of 45 GPa and a
high fracture toughness value of 4 MPa - m®* but also to have
good stability at ambient pressure and high temperature [27].
Meanwhile, 3d transition metal tetraborides with unusual,
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interlinked rthomboid four-membered boron units also elu-
cidate impressive mechanical features [28]. The Pnnm-
structured CrBy is estimated to have a high Vickers hardness
value of 48 GPa [18]. However, it shows the converged
hardness value of 23.3 GPa [29]. Orthorhombic FeB,; with
Pnnm symmetry was synthesized in a multi-anvil experi-
ment, supporting that the previously predicted orthorhombic
structure not only has superconductivity <2.9K but also
possesses the high nanoindentation hardness value of 62(5)
GPa [30]. Subsequent theoretical studies have further re-
vealed that FeBy is a hard material with a hardness value of
11.7-32.3 GPa [31]. Regarding rare-earth borides, two high-
pressure superconductive phases with Cmmm and I4/mmm
symmetry were recently found in YBg¢ stoichiometry, in which
I4/mmm YBg has a Bjs unit [32]. Afterward, a hexago-
nal R-3m phase of YBg was predicted to be more stable
than the synthesized cubic Pm-3m YBg at ambient pres-
sure and to have a calculated Vickers hardness value of
37.0 GPa [33]. In addition to these intriguing mechanical
properties, superconductivity is also observed in TMBs. For
example, recent theoretical work has proposed a trigonal
LaBg with boron clathrate structure containing a B¢ cage,
which has superconducting critical temperatures of ~20K
at ambient pressure and 5 K at 70 GPa [34]. Meanwhile, LaBs,
containing the clathrate boride with a Byg cage, has also been
predicted and successfully synthesized at high pressure and
temperature, exhibiting the estimated superconductivity of 14
K at 1 atm [35]. Moreover, more boron-rich ZrB, composed
of a ZrB,, polyhedron has the measured Vickers hardness of
40 GPa under the load of 0.49 N [36]. In view of the above
descriptions, TMBs play a vital role in designing superhard
materials.

Scandium (Sc), as a first member of transition-metal ele-
ments, not only possesses the lightest mass but also has rich
valence electrons favoring the formation of diverse scandium
borides. A series of Sc-B compounds have been synthesized,
including ScB; [37], ScB» [38], ScBys [39], and ScBg [40].
Particularly ScB, with P6/mmm symmetry has hardness val-
ues of 41.4-42.1 GPa [41,42]. More B-rich F m-3m-structured
ScBj, has been found to exhibit superhard characteristics
with the hardness value of 41.7 GPa [43,44]. Presently, the-
ory prediction plays an important role in hunting scandium
borides. A monoclinic compressed C2/m phase of ScB, has
been found to be transformed from ambient-pressure P6/mmm
ScB; [45]. Recently, the predicted high-pressure phase C2/m
ScBj3 has been found to have outstanding mechanical prop-
erties with hardness of 37.1 GPa [42]. More recently, ScB4
has been discovered to undergo a pressure-induced phase
transition from orthorhombic Cmcm to Pnma phase, having
calculated hardness values of 34.5 and 31 GPa, respectively
[46]. However, detailed information, such as the high-pressure
phase diagram and structures with superior properties of
the Sc-B system, remains unknown thus far. Simultaneously,
most TMBs encompass heavier transition metal elements than
scandium. These factors further encourage us to search for
emerging scandium borides as good candidates for light tran-
sition borides superhard materials.

In this paper, we present a comprehensive study of Sc-B
binary compounds with versatile Sc,B, (x =1, y = 1-6, 12;
x=2,y=1,3;and x = 3,y = 2) compositions through first-

principles structure search. Interestingly, we identify several
stable phases (i.e., ScB, ScBs, ScBy4, and ScBs) as well as a
metastable ScBg phase. Especially as boron content increases,
unique boron arrangements are predicted. Importantly, cal-
culations show that Pnma ScB; and P6s3mc ScBg exhibit
dynamic and thermal stabilities at ambient pressure. More
importantly, further study reveals the Vickers hardness values
of 38.3 and 39.8 GPa for Pnma ScB3; and P63mc ScBg, respec-
tively, implying that both are potential superhard materials.
Moreover, the stress-strain analysis of Pnma ScBj3 and P63mc
ScBg reveal the crucial role of the rugged boron framework in
determining their mechanical properties.

II. COMPUTATIONAL DETAILS

Based on the stoichiometric ratios of given elements Sc
and B and considered pressures, we implement the exten-
sive search of crystal structures of the Sc-B system by
exploiting the CALYPSO package [47,48], whose effective-
ness has been demonstrated in finding stable or metastable
states of investigated systems [49-57]. Structural optimiza-
tion and calculations of electronic properties are carried
out in the framework of density functional theory (DFT)
[58,59] as implemented in the Vienna Ab initio Simulation
Package code [60]. The electron exchange-correlation effects
are depicted by the generalized gradient approximation [61]
with Perdew-Burke-Ernzerhof [62] functional. The projec-
tor augmented-wave [63] pseudopotentials with 3523 p®3d'4s?
(Sc) and 252p' (B) treated as valence electrons are exploited
to describe the electron-ion interaction. The availability of
the selected pseudopotentials is examined by adopting the
full-potential linearized augmented plane-wave method as im-
plemented in the WIEN2K code [64] with the equation of
states of P6/mmm-structured ScB, (Fig. S1 in the Supple-
mental Material [65]). Energy convergence can be further
confirmed by using a cutoff energy of 800 eV and choos-
ing a k-point grid [66] with a reciprocal space resolution of
277 % 0.03 A~'. Phonon dispersion calculations are performed
in the PHONOPY code [67] with the supercell method [68].
The ab initio molecular dynamics (AIMD) simulations with
NVT (N is the number of particles, V is volume, and T is
temperature) ensemble using the Nosé-Hoover method [69] is
used to evaluate the thermal stability of studied Sc-B phases at
different temperatures. The Voigt-Reuss-Hill approximation
[70] is used to estimate the bulk modulus, shear modulus,
and Young’s modulus. The elastic constants are calculated via
the stress-strain approach [71]. More details for computational
information can be found in the Supplemental Material [65].

III. RESULTS AND DISCUSSION
A. Phase stability of Sc-B compounds

To search for high-pressure structures in the Sc-B system,
we conduct a broad range of structural searches with simula-
tion cell size up to 4 f.u. for Se,B, (x =1,y = 1-6, 12; x = 2,
y =1, 3; x =3, y = 2) stoichiometries at selected pressures
of 1 atm, 50, 100, 200, and 300 GPa, and a temperature of 0
K. Subsequently, the structure with the lowest energy for each
Sc,B, composition is chosen to calculate its formation energy
relative to the elemental solids Sc [72-74] and B [6]. The
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FIG. 1. Pressure stability regions of stable Sc-B phases over a
pressure range from 1 atm to 300 GPa. Different colored horizontal
bars represent thermodynamic stability pressure ranges of multiple
Sc-B phases.

convex hull diagram at different pressures is further con-
structed through the resulting formation energies (Fig. S2 in
the Supplemental Material [65]). The compounds sitting on
the solid line are viewed as the thermodynamically stable
phases, while compounds located on dotted lines are thermo-
dynamically unstable and decompose into other energetically
stable chemical components [75]. Moreover, the previously
reported Sc-B phases including R-3m ScB [42], P6/mmm
ScB, [37], C2/m ScBj [42], Pnma ScBy4 [46], Cmcm ScBy
[46], and Fm-3m ScBj, [38] are adopted to calculate their
formation energies with respect to reference phases at ambient
pressure. As shown in Table S2 in the Supplemental Material
[65], both P6/mmm ScB, and Fm-3m ScBi, show negative
formation energies at ambient pressure, which indicate that
previously synthesized structures are thermodynamically sta-
ble. In contrast, R-3m ScB, C2/m ScBs, Pnma ScB4, and
Cmcm ScB4 have positive formation energies, suggesting that
these structures are thermodynamically unstable. These re-
sults are in good agreement with the convex hull diagram
of the Sc-B system at 1 atm (Fig. S2 in the Supplemental
Material [65]). To accurately determine the pressure range
of each stable Sc-B phase, we further establish the pressure-
composition phase diagram. As shown in Fig. 1, Imma ScB
is predicted to become stable in the pressure range of 133.8—
275.1 GPa. For B-rich ScB,, the low-pressure P6/mmm [37]
and high-pressure C2/m [45] phases are well reproduced, in-
dicating the reliability of our structure search. Moreover, the
transition pressure of 207.2 GPa is in good agreement with
the previously reported results [45]. The Pnma ScBs is stable
from 31.0 GPa and converts to the Cmcm phase at a higher
pressure of 99.3 GPa. As the B content increases, previously
proposed Pnma ScBy is found to be transformed into /4/mmm
ScBy [46] >111.0 GPa. For more B-rich ScBs, Cmcm ScBs
is stable from 83.9 to 150.1 GPa. For the most B-rich ScB»,
the previously known Fm-3m phase [38] is also identified and
has a stability pressure range from 1 atm up to 40.6 GPa.
Notably, further simulations illustrate that P63mc-structured
ScBg has formation enthalpy of 11 meV/atom above the con-
vex hull relative to neighboring reference phases Pnma ScB3
and y-Byg [6] at 50 GPa (Table S3 in the Supplemental Mate-
rial [65]). It is found that the synthesized metastable materials
account for 20% of the synthesized materials in the organic

crystal structure database. Some of these metastable materi-
als have formation energies of ~50 meV /atom [76,77]. The
above analysis demonstrates that P63mc ScBg is metastable.
Its stability will be discussed in detail later. Furthermore, to
examine the dynamic stabilities of predicted Sc-B phases,
we calculated their phonon spectra. It is noted that there
is no imaginary phonon frequency in predicted structures,
indicating that they are dynamically stable (Fig. S3 in the
Supplemental Material [65]).

B. Geometric configurations

Among these identified Sc-B phases, ScB has an or-
thorhombic structure [space group Imma, 4 fu. per cell,
Fig. 2(a)]. This structure can be viewed as the face-sharing
stacking of the ScBy dodecahedron. Each Sc atom is sur-
rounded by nine B atoms with Sc-B distance of 2.18-2.58 A
at 200 GPa. Here, B atoms exhibit one-dimensional zigzaglike
chains with a B-B bond length of 1.53 A, which further con-
stitute a sandwich structure with Sc atoms along the ¢ axis
[Fig. 2(b)].

For B-rich ScBs, its low-pressure phase crystallized into
an orthorhombic structure in Pnma symmetry [4 f.u. per cell,
Fig. 2(c)], which consists of the ScB3 polyhedron with Sc-B
distances of 2.27-2.50 A at 50 GPa. Three types of B sites are
found in this structure, namely, B1, B2, and B3. Interestingly,
Pnma ScB3 not only contains a boron triangle consisting of
B1, B2, and B3 atoms with distance of 1.67—1.84 A but also
has a quadrilateral boron unit comprising B1 and B2 atoms
with bond length of 1.82—1.84 A. These edge-sharing three-
and four-membered boron units are linked by B1-B3 bonds
with distance of 1.73 A and further form a boron framework
with open channels along the b-axis direction, where Sc atoms
are staggered. Upon further compression, ScB3 undergoes a
phase transition to another orthorhombic Cmcm structure [4
f.u. per cell, Fig. 2(e)]. Evidently, the face-sharing ScB5 dec-
ahedron as the basic building block of this structure comprises
one Sc and its neighboring 15 B atoms with Sc-B distance
of 2.06-2.50 A at 300 GPa. Meanwhile, there are three in-
equivalent B positions (i.e., B1, B2, and B3). Interestingly,
B1 and B2 atoms form a two-dimensional buckled layer with
two kinds of B1-B2 bond lengths of 1.59 and 1.61 A at 300
GPa, whereas B3 atoms have a serrationlike chain structure
with slightly short B3-B3 bond length of 1.53 A. These two
kinds of boron arrangements are linked by B1-B3 bonds with
equal distance of 1.56 A and further constitute the whole B
skeleton.

For B-rich ScBy, the predicted high-pressure phase adopts
a tetragonal structure with /4/mmm symmetry [2 f.u. per
cell, Fig. 2(g)], which is isostructural to those of I4/mmm-
structured LiB4 [78] and NaBy4 [9]. This structure is composed
of a face-sharing ScB ;g dodecahedron with Sc-B distance of
2.05-2.52 A at 300 GPa. Interestingly, these B atoms form an
open framework with B-B bond lengths of 1.58 and 1.89 A,
while the Sc atom is located at the center of the boron frame-
work [Fig. 2(h)].

With further increase in B content, ScBs adopts an or-
thorhombic structure with space group Cmcm [4 fu. per
cell, Fig. 2(i)], where each Sc atom is surrounded by 17
neighboring B atoms with Sc-B distance of 2.18-2.43 A at
100 GPa. This structure consists of ScB;7 octahedron via the
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FIG. 2. Crystal structures of predicted Sc-B phases. (a) /mma ScB with ScBy polyhedron at 200 GPa. (b) Zigzag B chain in /mma ScB.
(c) Polyhedron view of Pnma ScBj at 50 GPa. (d) Pnma ScB; with face-sharing B units. (e) Cmcm ScB; containing ScBjs unit at 300 GPa.
(f) Cmcem ScBj with boron layer and boron chain. (g) 74/mmm ScBy at 300 GPa with ScB g polyhedron. (h) Open B framework in I4/mmm
ScBy. (i) The coordination number of Sc atoms is 17 in Cmcm ScBs at 100 GPa. (j) Cage-type B structure in Cmcm ScBs. (k) Metastable

P63mc ScBg with ScBig-polyhedral unit at 50 GPa. (1) Interconnecting triangular B; motif in P63mc ScBg.

face-sharing packing arrangements. It is worth noting that the
three-dimensional clathratelike B frame with bond lengths of
1.58-1.80 A.

For stoichiometry ScB¢ with high B concentration, its
metastable phase exhibits a hexagonal structure [space group
P6smc, 2 f.u. per cell, Fig. 2(k)]. It should be noted that
each Sc atom has 18 coordinations with Sc-B distances of
2.29-2.51 A at 50 GPa. There are two distinct B positions in
the conventional cell of P63mc ScBg, namely, B1 occupying
Wyckoff site 6¢ (0.4078, 0.2039, 0.1156) and B2 locating at
Wyckoff site 6¢. Strikingly, both B1 and B2 (0.8796, 0.7592,
0.4116) atoms form B triangle units with equal B1-B1 dis-
tance of 1.65 A and the same B2-B2 distance 1.77 A at
50 GPa, respectively. Further, these B trigons interconnected
through B1-B2 bonds with bond lengths of 1.68 and 1.76 A
are assembled into the boron network, in which each B2 atom
is coordinated by adjoining threefold B1 atoms [Fig. 2(])].

C. Dynamic and thermal stabilities

To validate whether these predicted Sc-B phases can be
recoverable to ambient pressure, their phonon calculations

at 1 atm are performed. Strikingly, only Pnma ScBjs and
P63smc ScBg are dynamically stable with the absence of
imaginary phonon modes in their respective Brillouin zone
[Figs. 3(a) and 3(b)]. The phonon density of states (PHDOS)
of Pnma ScBj3 show the phonon dispersion curves can be
divided into two regions: high-frequency modes >25.3 THz
mainly arise from the vibrations of B atoms, whereas low-
frequency ones <21.3 THz come from the coupled vibrations
of Sc and B atoms [Fig. 3(c)]. Comparatively, the phonon
dispersion curves of P63mc ScBg contain five separate groups,
including low-frequency acoustic branches <7.8 THz mainly
provided by the coupled vibrations between Sc and B atoms,
medium-frequency optic ones (10.3-21.6, 22.7-24.5, and
25.7-26.4 THz) originating from the vibrations of B atoms,
and high-frequency optic ones >29.9 THz dominated by B
atom vibrations [Fig. 3(d)]. Subsequently, we conduct AIMD
simulations to examine the thermal stabilities of Pnma ScBj
and P63mc ScBg at the temperature range of 300-1000 K
with the time step of 1 fs and supercells of 96 and 112
atoms for ScBj3 and ScBg, respectively. The simulated results
demonstrate that Pnma ScB3; and P63mc ScBg remain stable
at 300 K (Fig. S4 in the Supplemental Material [65]) and

094104-4



ORTHORHOMBIC ScB; AND HEXAGONAL ScBg ...

PHYSICAL REVIEW B 105, 094104 (2022)

a S b . — —
( ) 25 %ﬂc":}b ( ) 30 1 — ' i
R P BT T
§20 (e g
E ; g2
»15 ] ] Z
1 | 1 [ =3
: g1
=3 1 =3
g1 ‘ : — = 10
B i | o B
A .
: | E 5
OF Z TY S XU R 0
(©) s
34
N
= |
B3 i
g I
g il |
<2 | “ I
8 [ Il
I |
a | |
=1 || I
™ | | Il
\ | ‘ '
0 L / U\ /|
0 5 10 15 20 25 0 5 10 15 20 25 30
(e) Frequency (THz) Frequency (THz)
6000 740 6000
2 5000 5000
I ] o
o 40007 = 40005
2 ’_-, 2 -]
& g 8 £
2 3000 £ 2-780 3000 £
= g 2
P g 3 "
E 20002 £ 20002
-800
1000 1000
0 -820 0
0 0 2 4 6 8 10

MD Time (ps) MD Time (ps)

FIG. 3. Calculated phonon dispersion curves of (a) Pnma ScBj
and (b) P63mc ScBg at 1 atm. Phonon density of states (PHDOS)
of (c) Pnma ScB; and (d) P63mc ScBg at 1 atm. The free energy
fluctuations of (e) Pnma ScB; and (f) P6smc ScBg vary with the
time step of the molecular dynamics simulation at 1000 K. The
inset indicates the resultant snapshot of the simulated system after
10 ps.

even higher temperature of 1000 K [Figs. 3(c) and 3(d)].
Furthermore, the terminal structures at 10 ps of Pnma ScB3
and P63mc ScBg in the insets imply that they keep the struc-
ture integrity (Fig. S4 in the Supplemental Material [65]).
Moreover, the calculated elastic constants for orthorhombic
Pnma ScB; and hexagonal P6smc ScBg demonstrate that
they meet the mechanical stability based on Born stability
criteria [79] (Table S4 in the Supplemental Material [65]).
In view of the above analysis, Pnma ScBj3 and P63mc ScBg,
once synthesized under pressure, are likely to be accessi-
ble to ambient conditions. In addition, the removal of metal
atoms from metal-containing compounds has become a viable
way for obtaining elemental allotropes [9,10,80,81]. Surpris-
ingly, an orthorhombic B allotrope Pnma B, named o-B;
is gained via removing Sc atoms from Pnma-structured ScB3
and retains B arrangements analogous to that of Pnma ScB3
(Fig. S5(a) in the Supplemental Material [65]). Its dynam-
ical stability at ambient pressure is further checked (Fig.
S5(b) in the Supplemental Material [65]). Meanwhile, o-B,
exhibits good thermal stability at temperatures of 300 and
1000 K (Figs. S6(a) and S6(b) in the Supplemental Material
[65]).
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FIG. 4. Projected density of states (PDOS) of Sc and B atoms in
(a) Pnma ScBj and (b) P63mc ScBg at 1 atm. The vertical dashed line
denotes the Fermi energy. Crystal orbital Hamiltonian population
(COHP) of (¢) Pnma ScBj3 and (d) P63mc ScBg. The horizontal
dashed line represents the Fermi level. Electron localization function
(ELF) of (e) Pnma ScB; and (f) P6;3mc ScBg at 1 atm.

D. Electronic properties and chemical bonding

The intriguing structures of Pnma ScBj3 and P63mc ScBg
further inspire us to investigate their electronic properties. The
computed electronic band structures and projected density of
states (PDOS) simulations suggested the metallic features of
Pnma ScB3 and P63mc ScBg at 50 GPa (Fig. S7 in the Sup-
plemental Material [65]). Interestingly, when decompressed
to ambient pressure, Pnma ScB; and P63mc ScBg maintain
metal characteristics [Figs. 4(a) and 4(b)]. The PDOS analysis
of ScB3; and ScBg show that the Sc 3d orbital near the Fermi
level plays a dominant role in their metallicity. Meanwhile,
there is pronounced overlap between Sc 3d and B 2p below
the Fermi level, implying the strong interaction between Sc
and B atoms. In addition, other predicted compressed Sc-B
compounds are also metallic phases (Fig. S7 in the Supple-
mental Material [65]).

To understand interatomic interactions, we further cal-
culate the crystal orbital Hamilton populations (COHPs) as
implemented in the LOBSTER code [82,83] of adjacent Sc-B
and B-B pairs in Pnma ScB3 and P63mc ScBg at 1 atm. In gen-
eral, the negative and positive COHPs represent the bonding
and antibonding states, respectively. As illustrated in Fig 4(c),
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the COHP of B-B has apparent negative ones below the Fermi
energy for Pnma ScBs, suggesting that B-B interactions dom-
inate structural stability. Further decomposed COHPs indicate
that the B-atom interactions predominantly originate from the
overlap of B 2p orbitals, whereas the orbital overlap of Sc 3d
and B 2p dominate the ones between Sc and B atoms (Fig. S8
in the Supplemental Material [65]). Additionally, the integral
COHPs (ICOHPs) up to the Fermi level can measure the
bond strength. The resultant ICOHPs of Sc-B and B-B pairs
are —1.965 and —2.969 eV /pair, respectively, demonstrating
that B-B interactions are distinctly stronger than that of Sc-B
(Table S6 in the Supplemental Material [65]). Similar results
are also observed in P63mc ScBg [Fig. 4(d)].

To further unveil the chemical bonding feature of Pnma
ScBj3 and P6smc ScBg, their electron localization functions
(ELFs) at 1 atm are calculated. As illustrated in [Figs. 4(e)
and 4(f)], evident electron localization exists between boron
atoms, indicating the formation of strong B-B bonds with
covalency. In comparison, ionic bonds are formed between
Sc and B atoms, which is in accordance with the above
PDOS analysis and supported by further Bader charge analy-
sis (Table S7 in the Supplemental Material [65]). Overall, the
structural stabilities of ScB3 and ScBg are mainly attributed to
the contribution of Sc-B ionic bonds and strong B-B bonding.
In addition, the ionic Sc-B and covalent B-B bondings are
also found in other predicted Sc-B phases (Fig. S9 in the
Supplemental Material [65]).

Meanwhile, electron structure analyses show that 0-Bi;
exhibits a metallic character at ambient pressure (Fig. S10 in
the Supplemental Material [65]). Stimulated by the metallicity
of 0-B», we explore its superconductivity at 1 atm through the
Allen-Dynes modified McMillan equation [84,85], adopting a
representative Coulomb pseudopotential p* of 0.1 within the
framework of the Bardeen-Cooper-Schrieffer [86] theory. The
electron-phonon coupling study reveals that 0-Bj; is a super-
conductor with a critical temperature 7. of 2.9 K at ambient
pressure (Table S8 in the Supplemental Material [65]).

E. Mechanical properties

The robust dynamical, thermal, and mechanical stabilities
at atmospheric pressure and strong covalent boron frames of
ScBj3; and ScBg motivate us to investigate their mechanical
properties at ambient pressure. Using the empirical model
H, = 2.0(k*G)**-3.0 (k = G/B, G is shear modulus, B
is bulk modulus) [87], the Vickers hardness values of Pnma
ScBj3 and P63mc ScBg are calculated to be 38.3 and 39.8 GPa,
respectively (Table S4 in the Supplemental Material [65]),
which are marginally higher than 37.0 GPa of recently re-
ported YBg [33] and comparable with that of ZrB, [36]
(40 GPa) and WB4 [26] (43 GPa) under the load of 0.49
N. Most interestingly, the rigidity values of Pnma ScBj3 and
P63mc ScBg are comparable with 40 GPa of the standard
criterion of superhard materials [88-91]. Furthermore, the
fracture toughness is estimated by the following empirical
model: Kic = aV'/°G(B/G)'/? [92], where « denotes the en-
hancement factor accounting for the degree of metallicity, and
V is the volume per atom in units of cubic meters. For insu-
lators, semiconductors, carbides, nitrides, and borides, o = 1.
The calculated results show that Pnma ScBs and P6smc ScBg

have fracture toughness values of 2.97 and 2.95 MPa m®?, re-
spectively (Table S4 in the Supplemental Material [65]), both
of which are comparable with TiC [92] (3.10 MPa m®?), SiC
[92] (3.11 MPam®?), and B4C [92] (2.91 MPam®?). More-
over, the calculated densities of Pnma ScB3; (3.70 g/cm3)
and P63mc ScBg (3.26 g/cm?) are comparable with or lower
than that of diamond (3.52 g/cm?), respectively (Table S4
in the Supplemental Material [65]). These results indicate
that they are promising lightweight incompressible superhard
materials. Furthermore, we recalculate the Vickers hardness
of previously proposed Sc-B compounds including R-3m
ScB [42], P6/mmm ScB, [37], C2/m ScBs [42], Pnma ScBy4
[46], Cmcm ScBy4 [46], and Fm-3m ScB, [38] and find that
P6/mmm ScB,, C2/m ScB3;, Cmcm ScBy, and Fm-3m ScB,
exhibit high hardness values comparable with 40 GPa, sug-
gesting that they are also potential candidates for superhard
materials (Table S5 in the Supplemental Material [65]). Over-
all, ScB,, ScB3, ScB4, ScBg, and ScB;; compounds can be
considered candidates for experimental synthesis. Interest-
ingly, 0-B; has an estimated Vickers hardness of 24.9 GPa
(Table S4 in the Supplemental Material [65]), which is higher
than c-By4 [4] (23.1 GPa) and slightly lower than /4/mmm By
[9] (27.3 GPa) and Pm By; [9] (26.8 GPa). Additionally, it
has a calculated fracture toughness of 2.37 MPam®> (Table
S4 in the Supplemental Material [65]). These indicate that
0-B, is also an underlying hard elemental material and fur-
ther demonstrate that the three-dimensional boron framework
plays a critical role in the mechanical properties of Pnma
SCB3.

Based on the high hardness of Pnma ScBs and P6smc
ScBg, we further perform the in-depth study of their me-
chanical properties through the stress-strain relationships,
which can accurately depict the ideal tensile/shear strengths,
structural deformation, and breaking mechanisms of materi-
als under various loading strain conditions [93—103]. Here,
we firstly carry out the calculations of tensile strength of
Pnma ScBj along a selected series of high-symmetry crys-
tallographic directions to investigate the resistance ability
to the tension. The strong tensile stress responses in [100],
[010], [001], [110], [011], and [111] are revealed to have
peak stresses at 48.0, 35.0, 24.3, 28.5, 28.4, and 25.4 GPa,
respectively, which indicate that the ideal tensile strength
of Pnma ScBj3 is 24.3 GPa [Fig. 5(a)]. The corresponding
[001] is the weakest tensile direction, making (001) the easy
cleavage plane. It is noted that the tensile stress at the strain
of 0.08 in the [001] direction drops sharply relative to the
peak value, which is dominantly attributed to the breaking of
B1-B2, B3-B4, B5-B6, and B7-B8 bonds acting as the main
load-bearing components [Fig. 5(f)]. It can be also clearly
elucidated that these equal boron-boron distances of 3.26 A at
a tensile strain of 0.08 are obviously >1.92 A in the structure
at equilibrium [Fig. 5(e)]. Further stress-strain relations of
Pnma ScBj under shear strains in the (001) plane along [110],
[100], and [010] shear slip directions are examined [Fig. 5(b)].
Interestingly, ScB; exhibits an almost isotropic stress
response in a small shear deformation range. With further
increase in strain, different shear stress peak values occur
in the (001)[110] (24.5 GPa at a strain of 0.14), (001)[100]
(20.9 GPa at a strain of 0.12), and (001)[010] (27.4 GPa at a
strain of 0.16) directions, exhibiting obvious anisotropic stress
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FIG. 5. Stress-strain relations of Pnma ScBj under different (a) tensile and (b) shear deformations. Stress-strain relations of P63mc ScBg
under different (c) tensile and (d) shear deformations. (e) Structure of Pnma ScB; at ¢ = 0. (f) Structure of Pnma ScBj at ¢ = 0.08 under
tensile stress. (g) Structure of Pnma ScB; at ¢ = 0.13 under shear stress. (h) Structure of P63mc ScBg at ¢ = 0. (i) Structure of P63mc ScBg
at ¢ = 0.19 under tensile stress. (j) Structure of P6;mc ScBg at ¢ = (.28 under shear stress.

response [Fig. 5(b)]. The lowest shear stress with a peak value
of 20.9 GPa is found in the (001)[100] direction, accompanied
by a sudden drop past the peak to 9.5 GPa at a strain of
0.13. To better understand the underlying mechanism, the
strain-dependent bond lengths are calculated (Fig. S11(b) in
the Supplemental Material [65]). It can be illustrated that the
B1-B2, B3-B4, B5-B6, and B7-B8 bond lengths are appar-
ently elongated from 1.92 A (e=0)t02.12 A (e =0.12). As
shear strain increases to 0.13, corresponding B1-B2, B3-B4,
B5-B6, and B7-B8 distances show a dramatic increase from
1.92 to 3.60 A, implying the breaking of these bonds and thus
leading to the significant reduction in shear stress [Fig. 5(g)].

By contrast, regarding P63mc ScBg, the stress peak values
are 25.5, 25.5, 50.5, 25.3, 33.7, and 33.9 GPa under the [100],
[010], [001], [110], [011], and [111] tensile deformations
[Fig. 5(c)], which suggest that the ideal tensile strength of
P63mc ScBg corresponds to the [110] deformation with the
lowest peak value of 25.3 GPa, illustrating that the (110) plane
is the easy cleavage plane. The lowest tensile stress is slightly
>24.3GPa of Pnma ScB; and comparable with 28.4 GPa
of ZrN [104]. Interestingly, the [110] tensile stress gradually
reduces after the peak at ¢ = 0.11 and the extended tensile
strain range is observed, which is in stark contrast with Pnma
ScBs. This unusual behavior in P6s3mc ScBg correlates with
its high coordination structural units. Meanwhile, the strain
induces the elongation of B1-B2 and B3-B4 bonds under the
tensile deformation along the [110] direction (Fig. S11(c) in
the Supplemental Material [65]), which indicates that B1-
B2 and B3-B4 bonds are the major load-bearing bonds. The
slightly large drop in stress occurs at a tensile strain of 0.19,
which is associated with the apparent increase up to 2.94 A
of B1-B2 and B3-B4 distances (Figs. 5(i1) and Sll(c) in
the Supplemental Material [65]). This distance is apprecia-
bly >1.89 A of P63mc ScBg at equilibrium [Fig. 5(h)]. The

stress responses under shear strains in the (110) easy cleavage
plane of P63mc ScBg are next assessed [Fig. 5(d)]. Interest-
ingly, the isotropic shear stress responses along (110)[001],
(110)[111], and (110)[110] directions are observed in a small
range of strains and show progressive enhancement. Upon
further shear deformations, the calculated peak at a strain of
0.27 along the (110)[111] shear direction is 41.3 GPa, which
is even higher than the Vickers hardness of P6smc ScBg.
The weakest shear stress (i.e., ideal shear strength) of 27.9
GPa is present in the (110)[001] direction at a strain of 0.19
and comparable with 28.2 GPa in the (110)[110] direction.
Meanwhile, the phonon calculations for two configurations
of P6smc ScBg at ¢ = 0.19 in the (110)[001] and (110)[110]
shear directions are performed. As demonstrated in Fig. S12
in the Supplemental Material [65], they remain dynamically
stable due to the absence of imaginary phonon frequency.
Additionally, the shear stress responses of P63mc ScBg under
(001)[010], (001) [100], and (001)[110] directions are also
examined (Fig. S13 in the Supplemental Material [65]), whose
stress peak values are all 27.9 GPa (Table S9 in the Sup-
plemental Material [65]). This further confirms that P6s3mc
ScBg has the weakest shear stress in the (110)[001] direction
as well as the (001)[010], (001) [100], and (001)[110] direc-
tions. Therefore, the ideal shear strength of P63mc ScBg is
higher than its ideal tensile strength (25.3 GPa). Over the peak
value, the shear stress in the (110)[001] direction exhibits a
slow decrease in comparison with the other two shear slip
directions, which is in sharp contrast with that of Pnma ScB3.
With increasing strain, the steep drop in shear stress in the
direction of (110)[001] occurs at € = 0.28, which is identical
to that along the (110)[111] direction. The abrupt reduction
in stress can be elucidated by the B1-B10, B3-B4, B5-B6,
B5-B7, B8-B9, and B11-B11 bond breaking, as revealed by
the significant elongation of their bond lengths (Figs. 5(j) and
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S11(d) in the Supplemental Material [65]). Further analysis
demonstrates that there is no B-B bond breakage parallel to
the (110) plane under shear deformation along the (110)[001]
direction [Fig. 5(j)]. By contrast, two B-B bonds (B3-B4 and
B9-B17 bonds) parallel to the (001) plane have broken under
shear deformation along the (001)[010] direction (Fig. S13(c)
in the Supplemental Material [65]). Overall, the superior me-
chanical properties of P63mc ScBg and Pnma ScBj are mainly
ascribed to the strong boron frameworks with the special atom
arrangement patterns.

IV. CONCLUSIONS

In the quest for potential superhard materials, we achieve
a systematic study for Sc-B compounds at ambient and high
pressures via advanced structure search and DFT calcula-
tions. Intriguingly, we report several unforeseen stable phases
including ScB, ScBj3, ScBy4, ScBs, and a more boron-rich
metastable ScB¢ phase. Here, Pnma ScB3 has an open boron
framework, whereas ScBg possesses interconnecting boron
trigons. Furthermore, Pnma ScB3 and P63mc ScBg exhibit
good dynamic and thermal stability at ambient pressure. No-

tably, the high Vickers hardness values of 38.3 and 39.8 GPa
are obtained in Pnma ScB3; and P63mc ScBg, respectively, il-
lustrating that they are promising superhard materials. Further
ideal strength investigation clearly reveals the deformation
mechanism of Pnma ScB3 and P63mc ScBg, which is primar-
ily contributed by the strong covalent bonds between boron
atoms. Moreover, an orthorhombic boron allotrope 0-B, with
potential hardness and superconductivity is gained from Pnma
ScBj after the removal of Sc atoms. The insights gained from
this paper are of assistance to deepen the understanding of
scandium borides and enhance the enrichment of the family
of superhard TMBs.
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