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Abstract Boron-rich yttrium borides are an exceptional group of compounds not only with excel-

lent mechanical properties, but also with particular superconducting and thermoelectric properties.

Although the Y–B compounds with integral components have been extensively investigated exper-

imentally and theoretically, the yttrium borides with the fractional stoichiometries are rarely

observed. Herein, utilizing a combination of the CALYPSO method for crystal structure prediction

and first-principles calculations, we made an investigation on a broad range of stoichiometries of

yttrium borides. An extraordinary stable Y2B5 compound possessing the fractional stoichiometry

with the monoclinic P121/c1 phase is firstly uncovered. Structurally, the P121/c1-Y2B5 crystalline

consists of the distorted B6 octahedrons and seven-member B rings. Remarkably, the B–B covalent

network following the increment of the boron content in six concerned yttrium borides undergoes

an increasing dimension, quasi one-dimensional chain ? two-dimensional B ring ? a combination

of two-dimensional B ring and three-dimensional B6 octahedron ? three-dimensional B24 cage.

According to a microscopic hardness model, P121/c1–Y2B5 is considered as an incompressible

and hard material with the hardness of 18.83 GPa. More importantly, Fm-3 m-YB12 can be classi-

fied into an ultra-incompressible material with the appreciable Vickers hardness of 33.16 GPa. The

present consequences can provide important insights for understanding the complex crystal struc-

tures of boron-rich yttrium borides and stimulate further experimental synthesis of novel multifunc-

tional materials with the fractional compositions.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the past decades, transition-metal borides (TMBs) have attracted

widespread attention because of the high hardness, ultra-

compressibility, high melting points, excellent thermal stability and

superior electrical properties (Ma et al., 2017; Lu et al., 2020; Liang

et al., 2019; Jothi et al., 2018; Levine et al., 2009; Zhang et al.,

2012). These highlighted properties make them possess a wide range

of applications, for instance, in cutting and polishing tools, coating

materials, abrasives, etc (Gu et al., 2021; Cumberland et al., 2005).

Among these TMBs, boron rich compounds, have received a lot of

attention and are regarded as the potential superhard materials such

as ReB2 (48 GPa by 0.49 N) (Chung et al., 2007), OsB2 (37 GPa)

(Weinberger et al., 2009), CrB4 (48 GPa) (Niu et al., 2012), WB4 (43

GPa) (Mohammadi et al., 2011), MnB4 (35–37 GPa) (Gou et al.,

2014) and FeB4 (62 GPa) (Gou et al., 2013). However, access to

boron-rich TMBs with high hardness just by exploring the borides with

the integral ratios of B/TM is limited. Thereby, much effort has been

devoted to the investigation of the boron-rich TMBs having the frac-

tional stoichiometries. Two promising superhard compounds, IrB1.1

and RhB1.1 (Latini et al., 2010); experimentally fabricated by applying

the pulsed laser deposition technique, have the extraordinarily high

hardness values of 43 and 44 GPa, respectively. Subsequent theoretical

investigations have further demonstrated that Nb2B3 is a superior hard

material with a hardness value of 33.5 GPa (Pan and Lin, 2015). Mean-

while, Li et al. unveiled two fractional stoichiometries in the Ti–B sys-

tem, Ti3B4 and Ti2B3, which possess the calculated hardness values of

32.2 and 33.7 GPa (Li et al., 2015). Recently, W2B3 with the P21/m

symmetry and W2B5 having the R3m phase, have been calculated to

exhibit the latent ultra-incompressibility with the Vickers hardness val-

ues of 31.7 and 36.5 GPa (Zhao et al., 2018). In view of the above

descriptions, the boron-rich TMBs with fractional stoichiometries play

an important role in designing superhard materials. In consequence, to

better disclose more boron-rich TMBs with superhard character, it is

earnestly needed to study probe into the boron-rich TMBs not only

with the integral ratios but also with the fractional stoichiometries.

The yttrium borides are probably the technologically most impor-

tant binary system among the transition metal borides. The boron-rich

compounds in the Y–B binary system exhibit particular superconduct-

ing properties (Xu et al., 2007; Lortz et al., 2006; Wang et al., 2018)

and have been considered to be attractive candidates as high tempera-

ture thermoelectric materials (Hossain et al., 2015; Sauerschnig et al.,

2020). On account of the outstanding properties of boron-rich yttrium

borides and their applications in various fields, great efforts have been

devoted to probe into them both experimentally and theoretically. So

far, five different stoichiometric compositions in the Y–B binary sys-

tem (YB2, YB4, YB6, YB12, and YB66) have been confirmed from

experimental measurements (Liao and Spear, 1995). The YB2 com-

pound crystallizes into the AlB2-type structure with space group of

P6/mmm, which is classified into the hexagonal crystalline system.

Song and co-workers (Song et al., 2001) revealed that YB2 is a param-

agnetic compound and the temperature dependence of magnetic sus-

ceptibility obeys excellently the Curie-Weiss law above 20 K. For the

YB4 compound, the previous investigations (Villars and Cenzual,

2007; Jäger et al., 2004; Waškowska et al., 2011) uncovered that it

has a tetragonal P4/mbm configuration with the high bulk moduli

(185 GPa). YB6 was proposed to possess the cubic Pm-3 m phase under

ambient pressure, which is similar to CaB6 (Xu et al., 2007; Lortz

et al., 2006; Liao and Spear, 1995). Moreover, previous first-

principles calculations demonstrated that the most stable phase under-

goes a high-pressure phase transition with the transition order of Pm-

3 m? Cmmm? I4/mmm with the corresponding transformation pres-

sures of 3.2 and 35.8 GPa (Wang et al., 2018). Very recently, Ding et al.

discovered a novel R-3 m structure of YB6, which is more stable than

the experimentally synthesized Pm-3 m phase, with a considerable

hardness of 37 GPa (Ding et al., 2021). Consensus has been reached

on that the YB12 (Shein and Ivanovskĭ, 2003; Czopnik et al., 2005)
and YB66 (Seybolt, 1960; Richards and Kaspar, 1969; Oliver and

Brower, 1971; Günster et al., 1998; Mori and Tanaka, 2006) com-

pounds adopt the cubic Fm-3 m and Fm-3c phases, respectively.

Besides the aforementioned five Y–B compounds, the other boron-

rich yttrium borides-YB25 (Tanaka et al., 1997), YB48 (Hossain

et al., 2015), YB56 (Higashi et al., 1997; Oku et al., 1998), and YB62

(Higashi et al., 1997), have also been studied in experiment. However,

up to now, few studies have been focused on the crystalline structures

of yttrium borides with fractional stoichiometric ratios. Therefore, we

aim to corroborate whether there are stable structures with the frac-

tional stoichiometries in the binary Y–B compounds. On the other

hand, the rich phase diagram arises another issue: are there novel

stable phases of Y–B crystals with unpredictable physical properties

could not be uncovered in the preceding research? Consequently, these

doubts inspire us to explore whether other stoichiometries of yttrium

borides on the boron-rich side could be stable under ambient pressure,

especially for the Y–B compounds with the fractional compositions.

In the present work, we comprehensively probe into the stable and

metastable phases of yttrium borides with eleven stoichiometries based

on an unbiased CALYPSO structural search method in conjunction

with first-principles calculations under pressure of 1 atm. In addition,

the structural features, mechanical properties, chemical bonding and

hardness of typical stable yttrium borides are also systematically pre-

dicted. Four experimentally fabricated structures (YB2, YB4, YB6,

and YB12) (Song et al., 2001; Jäger et al., 2004; Czopnik et al., 2005)

have been successfully reproduced, which substantiate the reasonabil-

ity of our structure search methodology. Notably, a novel Y2B5 com-

pound containing the fractional component with the monoclinic P121/

c1 structure is firstly discovered under atmospheric pressure. This

P121/c1-Y2B5 phase possesses the distorted B6 octahedrons and

seven-member B rings. More importantly, as the B content increases,

the B–B covalent network exhibits an increasing dimension, namely,

quasi one-dimensional chain ? two-dimensional B ring ? a combina-

tion of two-dimensional B ring and three-dimensional B6

octahedron ? three-dimensional B24 cage. This phenomenon is firstly

uncovered in six considered yttrium borides (YB, YB2, Y2B5, YB4,

YB6 and YB12). The P121/c1-Y2B5 phase is observed to be an incom-

pressible and hard material with the hardness of 18.83 GPa. More

importantly, the Fm-3 m-YB12 structure can be regarded as an ultra-

incompressible material with a considerable Vickers hardness of

33.16 GPa.

2. Computational methods

To intensively obtain the stable and metastable crystalline
structures of yttrium borides with a variety of compositions

(YmBn, m/n = 2/1, 3/2, 1/1, 3/4, 2/3, 1/2, 2/5, 1/3, 1/4, 1/6,
and 1/12), we carried out an unbiased structure prediction
on the basis of the particle swarm optimization algorithm as

implemented in the CALYPSO code (Wang et al., 2010;
Wang et al., 2012). This methodology is effectively capable
of discovering the stable or metastable phases only relying

on the given components, which has been corroborated with
the successfully predicted examples from element solid to bin-
ary and ternary systems under ambient and high pressures (Lv

et al., 2011; Wang et al., 2020; Jin et al. n.d.; Zhang et al., 2017;
Zhang et al., 2022; Sun et al., 2020; Chen et al., 2021). The
structure predictions were conducted using simulation cells
containing up to four formula units (f.u.) at atmospheric pres-

sure. The detailed description on this search algorithm can be
found in the related literatures (Wang et al., 2010; Wang et al.,
2012).

The subsequent structural optimizations and electronic
structure calculations were performed based on density func-
tional theory within the generalized gradient approximation



Fig. 1 The convex hull diagram of the Y � B binary system

under ambient pressure. The solid line expresses the ground-state
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(GGA) of the Perdew � Burke � Ernzerhof (PBE) exchange–
correlation functional, as executed in the Vienna ab initio sim-
ulation package (VASP) (Kresse and Furthmüller, 1996;

Perdew et al., 1996). Plane-wave basis sets and the projector
augmented wave (PAW) method were applied to describe the
electron–ion interactions with 4s24p65s24d1 and 2s22p1

regarded as valence electrons for Y and B atoms, respectively
(Kresse and Joubert, 1999). A kinetic cutoff energy of 800 eV
for the expansion of the wave function into plane waves and

proper Monkhorst � Pack k-meshes were selected to insure
that all the enthalpy calculations were well converged within
1 meV/atom (Monkhorst and Pack, 1976). The formation
energy (DG), relative to the elemental solids (hexagonal a-Y
and rhombohedral a-B with space groups of P63/mmc and
R-3 m, respectively) (Spedding et al., 1961; Decker and
Kasper, 1959), was estimated at atmospheric pressure on the

basis of the equation below:

DGðYmBnÞ ¼ ½GðYmBnÞ �mGðYÞ � nG Bð Þ�= mþ nð Þ ð1Þ
where G= U+ PV – TS is the total Gibbs free energy of each
composition, and DG is the formation energy per atom of the

given compound. Herein, G, U, P, V, T and S denote the Gibbs
free energy, internal energy, pressure, volume, temperature,
and entropy, respectively. It is noted that G reduces to the

enthalpy (H = U + PV) at 0 K (Feng et al., 2008). The pho-
non spectra were computed by employing the direct supercell
approach as conducted in the Phonopy code (Parlinski et al.,
1997; Togo et al., 2008), which aims to verify the dynamical

stability of the considered crystal structures. To assess the ther-
mal stability of the considered Y–B compounds, ab initio
molecular dynamics (AIMD) simulations using NVT (N is

the number of particles, V is volume, and T is temperature)
ensemble were conducted using the Nosé–Hoover chain ther-
mostat (Martyna et al., 1992) at 300 K for 10 ps with a time

step of 2 fs. The crystal orbital Hamilton populations (COHP)
and integrated crystal orbital Hamilton populations (ICOHP)
are performed as implemented in the LOBSTER code

(Dronskowski and Bloechl, 1993; Maintz et al., 2016) to ana-
lyze the interatomic interactions. The elastic constants were
determined by calculating stress tensor generated by applying
a small strain to an optimized unit cell. Moreover, the bulk

modulus (B), shear modulus (G), Young’s modulus (E), and
Poisson’s ratio were thus derived from the
Voigt � Reuss � Hill (VRH) approximation (Hill, 1952).

The hardness of the considered yttrium borides was estimated
with the Tian model (Tian et al., 2012).

3. Results and discussion

3.1. Convex hull and phase stability

In the first step, structure searches of solid yttrium and boron
were implemented under atmospheric pressure. Remarkably,

the well-known hexagonal a-Y (P63/mmc) (Spedding et al.,
1961) and rhombohedral a-B (R-3 m) (Decker and Kasper,
1959) phases observed in experiments for solid yttrium and
boron were successfully reproduced within the CALYPSO

methodology, confirming the feasibility of our calculations.
A following structure prediction on the Y–B compounds with
eleven components (Y2B, Y3B2, YB, Y3B4, Y2B3, YB2, Y2B5,

YB3, YB4, YB6, YB12) was made by utilizing the CALYPSO
method in combination with first-principles method at ambient
pressure. The phase stability at 0 K can be judged based on the
formation enthalpy per atom in YmBn, which can be calculated

as follows:

DH ¼ HðYmBnÞ �mHðSolidYÞ � nHðSolid BÞ½ �=ðmþ nÞ ð2Þ
Here, DH is the relative formation enthalpy per atom for

the yttrium boride with the YmBn composition and E (YmBn)

is the total energy per formula unit of this compound. More-
over, E (Solid Y) and E (Solid B) denote the equilibrium
enthalpies of each Y and B atom situated in the respective

ground state (Spedding et al., 1961; Decker and Kasper,
1959). On the basis of the above formula, the lowest enthalpy
structures of each above components in the Y–B binary system

were further confirmed, whose crystal structures are depicted
in Fig. S1 of the supplementary information with the corre-
sponding structural information summarized in Table S1.

To verify the relative stability of the lowest enthalpy struc-

tures of each composition in the Y–B binary system, the con-
vex hull of the Y–B system at 0 K under ambient pressure is
constructed in Fig. 1. In addition, the lattice parameters, a, b

and c, cell volume per formula unit V, total enthalpies per for-
mula unit H and formation enthalpies per atom DH for the
lowest formation enthalpy of each compositions of the

Y � B binary system are summarized in Table S2. Any phase
whose formation enthalpy located exactly on the convex hull is
considered as energetically stable, both against decomposition
into the elements and into any combination of other binary

compounds, and thus synthesizable in principle experimentally
(Ghosh and A.van de Walle, M. Asta, , 2008; Zhang et al.,
2009). As displayed in Fig. 1, only four compounds sit exactly

right on the curves of the convex hull, namely, P6/mmm-YB2,
P121/c1-Y2B5, P4/mbm-YB4 and Fm–3 m-YB12, declaring that
they are thermodynamically stable. Among them, P6/mmm-

YB2, P4/mbm-YB4 and Fm–3 m-YB12 have been already fabri-
cated in the laboratory (Song et al., 2001; Jäger et al., 2004;
Czopnik et al., 2005); nevertheless, the Y2B5 compound with

the monoclinic P121/c1 configuration is a novel ground-state
form acquired within our structure search calculations. More
convex hull.
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importantly, this new structure is a thermodynamically stable
phase and possesses an unprecedentedly fractional stoichiome-
try in the Y–B binary system. Aside from the aforementioned

four stable components lying on the convex hull, we also focus
on the low-enthalpy metastable phases, which are situated
marginally above the convex hull lines. From Fig. 1, the

Cmcm-YB and Pm–3 m-YB6 structures lie above the convex
hull by 14 and 17 meV, respectively, which illustrates both
compounds could be synthesized under particular temperature

and pressure conditions. To further evaluate the thermal con-
tributions to the formation free energy, we constructed the
convex hull of the Y–B system under ambient pressure at the
temperatures of 300, 1000 and 2000 K, along with that at

0 K, as summarized in Fig. S2. At 300 and 1000 K, the stable
compounds are also P6/mmm-YB2, P121/c1-Y2B5, P4/mbm-
YB4 and Fm–3 m-YB12. Additionally, the Cmcm-YB and

Pm–3 m-YB6 structures also slightly lie above the convex hull.
Therefore, P6/mmm-YB2, P121/c1-Y2B5, P4/mbm-YB4 and
Fm–3 m-YB12 are stable and Cmcm-YB and Pm–3 m-YB6

should be classified into metastable phases under ambient pres-
sure at the temperature range of 0–1000 K. In the next step, we
computed the phonon dispersion curves of six considered

phases containing four stable configurations (P6/mmm-YB2,
P121/c1-Y2B5, P4/mbm-YB4 and Fm–3 m-YB12) and two
low-enthalpy metastable phases (Cmcm-YB and Pm–3 m-
YB6), as presented in Fig. 2. It should be pointed out that

our phonon calculations confirm the dynamical stabilities of
six concerned yttrium borides with the evidence of the absence
of any imaginary frequencies over the entire Brillouin zones.

Moreover, we have also conducted AIMD simulations to eval-
uate the thermal stability of six concerned yttrium borides at
the temperature of 300 K with the time step of 2 fs and super-

cells of 144, 81, 112, 160, 56 and 52 atoms for Cmcm-YB, P6/
mmm-YB2, P121/c1-Y2B5, P4/mbm-YB4, Pm–3 m-YB6, and
Fm–3 m-YB12, respectively, as depicted in Fig. S3. The com-

puted consequences substantiate that all six yttrium borides
keep stable at the temperature of 300 K.

3.2. Detailed crystalline structural characteristics

To look into the structural characters of six yttrium borides
considered (Cmcm-YB, P6/mmm-YB2, P121/c1-Y2B5, P4/
mbm-YB4, Pm–3 m-YB6, and Fm–3 m-YB12), we optimize their

unit cell and draw the detailed structural diagrams in Fig. 3.
Next, we probe into the detailed structural features according
to the order of the increasing boron content. For the Cmcm-

YB crystal, the unit cell contains four Y and four B atoms
(see Fig. 3 (a)). In this crystalline structure, each Y atom is sur-
rounded by six B atoms with two B atoms at a separation of
2.610 Å and four B atoms at a separation of 2.724 Å, forming

a bottom regular triangular prism. The B atoms exhibit the zig-
zag arrangement along the c axis with the equal B–B bond
length of 1.705 Å. In addition, the adjacent zigzag B chains

are parallel to each other. These results indicate that the boron
framework in the Cmcm-YB structure contains the zigzag B
chains. Next, the hexagonal P6/mmm-YB2 phase in the AlB2-

type structure (see Fig. 3(b)) contains the alternating B layers
and Y layers within an intriguing B6–Y–B6 sandwiches stack-
ing order along the c axis. It should be noted that each Y atom

is located at the center of a regular hexagonal column with an
equal Y–B bond distance of 2.710 Å and B atoms form parallel
hexagonal planes with the equal adjacent B–B bond length of
1.903 Å. Thus, the boron network in the P6/mmm-YB2 crystal
consists of the planar hexagonal B rings. The newly predicted

P121/c1-Y2B5 structure (Fig. 3(c)) belongs to the monoclinic
crystal system and is composed of eight Y atoms and twenty
B atoms. Y atoms take the Wyckoff 4e positions, (0.232,

0.193, 0.627) and (0.242, 0.815, 1.253), while B atoms
occupy-five nonequivalent sites in this unit cell, the Wyckoff
4e (0.503, 0.674, 0.540), 4e (0.501, 0.089, 1.410), 4e (0.503,

0.038, 1.174), 4e (0.074, 0.990, 0.925), and 4e (0.686, 0.002,
1.041) positions. In the P121/c1-Y2B5 structure, one Y atom
is surrounded by twelve B atoms with the Y–B separations
varying from 2.613 to 2.993 Å and the B–Y–B angles varying

between 33�and 157�. Furthermore, this structure also con-
tains distorted B6 octahedrons and seven-member B rings in
one plane. Interestingly, the B6 octahedron consists of three

different rectangles with the equal B–B bond length of the
reciprocal opposite sides. Six B–B bond lengths are 1.786,
1.791, 1.794, 1.797, 1.808 and 1.816 Å, respectively. In the

seven-member B ring, two equal B–B bond lengths are
1.722 Å, two equal B–B bond lengths are 1.723 Å, one B–B
bond length is 1.780 Å. In the meantime, another two different

B–B bond lengths, 1.786 and 1.794 Å, overlap with two equa-
torial B–B bond lengths of the B6 octahedrons. The conse-
quences demonstrate that the boron framework for the P121/
c1-Y2B5 structure is best described as distorted B6 octahedrons

and seven-member B rings. In the tetragonal P4/mbm-YB4

polymorph (Fig. 3(d)), each Y atom is linked by 18 adjacent
B atoms with four B atoms at a separation of 2.727 Å, four

B atoms at a separation of 2.741 Å, four B atoms at a separa-
tion of 2.825 Å, four B atoms at a separation of 2.856 Å, and
two B atoms at a separation of 3.069 Å. This crystal is also

composed of slightly distorted B6 octahedrons and seven-
member B rings in a plane. In this B6 octahedron, there exist
two equal rectangular pyramids and each rectangular pyramid

is composed of four identical isosceles triangles: eight lateral-
edge B–B distances are 1.751 Å and four B–B distances in
the basal surface are 1.811 Å. In the seven-member B ring,
there exit four B–B distances of 1.718 Å, two B–B distances

of 1.811 Å and one B–B distance of 1.746 Å. Simultaneously,
the B–B distance of 1.811 Å is overlapping with the B–B dis-
tance in the basal surface of rectangular pyramid in B6 octahe-

dron. In consequence, the boron construction of the P4/mbm-
YB4 polycrystalline is constituted by slightly distorted B6 octa-
hedrons and planar seven-member B rings. For the cubic Pm–

3 m–YB6 configuration, as presented in Fig. 3(e), one Y atom
possesses 24 adjacent B atoms with the equal Y–B distance of
3.010 Å. Moreover, this phase consists of two-dimensional
eight-member B rings and regular B6 octahedrons with the

equal B–B distance of 1.745 Å. In the planar eight-member
B rings, there are four B–B bond lengths of 1.631 Å and four
B–B bond lengths of 1.745 Å, declaring a slightly distorted pla-

nar eight-member B ring. Hence, the boron configuration for
the Pm–3 m-YB6 structure can be characterized as slightly dis-
torted planar eight-member B rings and regular B6 octahe-

drons. In the cubic Fm–3 m-YB12 polymorph, one Y atom is
located at the center of the particular B24 cage with all the
equal Y-B distance of 2.786 Å (Fig. 3 (f)). Furthermore, the

special B24 cage is constructed from eight planar hexagons
and six standard squares. In a two-dimensional hexagon, there
are three B–B bond distances of 1.789 Å and three B–B bond
distances of 1.722 Å. Based on the rounded analyses of the



Fig. 2 Phonon dispersion curves of six considered Y–B compounds: (a) Cmcm–YB, (b) P6/mmm–YB2, (c) P121/c1–Y2B5, (d) P4/mbm–

YB4, (e) Pm–3 m–YB6 and (f) Fm–3 m–YB12.
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structural characters for six considered Y–B compounds, the

B–B network of these six considered yttrium borides also
undergoes a range of transformation with the increasing B
concentration: zigzag B chains ? planar hexagonal B
rings ? distorted B6 octahedrons and planar seven-member

B rings ? slightly distorted B6 octahedrons and planar
seven-member B rings ? regular B6 octahedrons and planar
eight-member B rings ? B24 cages. The results above demon-

strate that the boron framework for six considered Y–B com-
pounds transform from quasi one-dimensional chain to two-
dimensional B ring to a combination of two-dimensional B

ring and three-dimensional B6 octahedron to B24 cage as the
B content increases, revealing the increasing dimension with
the increasing B concentration in yttrium borides. Simultane-

ously, the Y–B distances in these six yttrium borides vary from
2.610 to 3.010 Å, which are larger than the sum (2.44 Å) of the
covalent radii of Y (r = 1.62 Å) and B (r = 0.82 Å), revealing
the inexistence of Y–B covalent bonding interaction. More-

over, the range of B–B bond lengths (1.631–1.903 Å) of the
boron network is comparable to that of a-B (1.669–2.003 Å)
(Li et al., 1992) and c-B (1.661–1.903 Å) (Oganov et al.,
2009); implying a B–B covalent network in six studied yttrium

borides. Overall, the boron network in six considered Y–B
compounds should have B–B covalent bond.

3.3. Electronic properties and bonding features

The intriguing structural features for six focused yttrium bor-
ides (Cmcm-YB, P6/mmm-YB2, P121/c1-Y2B5, P4/mbm-YB4,

Pm–3 m-YB6, and Fm–3 m-YB12) further arouse our curiosity
of exploring their electronic properties and bonding features.
Following, we computed the band structures and density of

states with the corresponding figures depicted in Fig. 4. Obvi-
ously, all the Y–B compounds present the metallic characters



Fig. 3 Crystal structures of six considered Y–B compounds: (a) Cmcm–YB, (b) P6/mmm–YB2, (c) P121/c1–Y2B5, (d) P4/mbm–YB4, (e)

Pm–3 m–YB6 and (f) Fm–3 m–YB12. The red and blue spheres represent Y and B atoms, respectively.
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with the evidence of some energy bands crossing the Fermi
level (EF). In addition, the total density of states (TDOS) near

the Fermi level is largely contributed by the Y–4d and B–2p
states. The unremarkable hybridization phenomenon between
the Y–4d and B–2p states near the Fermi level reflects the rel-

atively weak interaction between Y and B atoms. Meanwhile,
the occupied electronic states in the valence region are domi-
nated by B–2 s and B–2p states, while partial contributions

from the Y atoms is trivial can be neglected. This indicates that
the valence electrons of Y are mostly transferred to the B
atoms and that the Y–B interaction in six considered Y–B

compounds possesses the ionic character. To further explore



Fig. 4 Band structures and density of states for six considered Y–B compounds: (a) Cmcm–YB, (b) P6/mmm–YB2, (c) P121/c1–Y2B5, (d)

P4/mbm–YB4, (e) Pm–3 m–YB6 and (f) Fm–3 m–YB12.
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the bonding nature of six studied yttrium borides, we com-
puted their electron localization function (ELF) (Becke and
Edgecombe, 1990; Savin et al., 1992), as plotted in Fig. 5.

From Fig. 5, it is clearly seen that high electron localization
exists in the region between B atoms, declaring the strong B–
B covalent bonding within the boron framework in six consid-

ered yttrium borides. In comparison, ionic bonding is formed
between Y and B atoms, which is in consistent with the afore-
mentioned DOS analysis and corroborated by the further
Bader partial charge analysis (see Table 1) (Bader, 1994),

which stems from large amounts of charge transferred from
Y to the B–B covalent network. To further clarify the relative
bond strength between Y–B and B–B covalent framework for

six concerned yttrium borides at ambient pressure, we have
calculated the crystal orbital Hamilton population (COHP)
and integral crystal orbital Hamilton population (ICOHP) as

executed in the LOBSTER package (Dronskowski and
Bloechl, 1993; Maintz et al., 2016); as displayed in Fig. 6.
The predicted ICOHPs of B–B pair is much larger than that
of Y–B pair, demonstrating that the B–B interaction is much

stronger than that of Y–B. In short, we can speculate that
the chemical bonding in six concerned yttrium borides com-
prises of positively charged metal Y cation and negatively

charged B–B covalent framework. This bonding configuration
can also be found in other metal borides, such as MgB2

(Tateishi et al., 2019), YB6 (Wang et al., 2018) and YB12

(Czopnik et al., 2005).

3.4. Mechanical properties and Vickers hardness

Based on the robust thermal and dynamical stabilities under

atmospheric pressure, as well as particular structural charac-
ters and strong covalent B–B frames, it is necessary to gain
insight into the mechanical properties of six considered yttrium



Fig. 5 Three-dimensional electron localization functions (ELFs) with an isosurface 0.77 and two-dimensional ELFs on the

corresponding planes for six considered Y–B compounds. (a) Cmcm–YB (100), (b) P6/mmm–YB2 (001), (c) P121/c1–Y2B5 (100), (d) P4/

mbm–YB4 (001), (e) Pm–3 m–YB6 (001) and (f) Fm–3 m–YB12 (111).
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borides (Cmcm-YB, P6/mmm-YB2, P121/c1-Y2B5, P4/mbm-
YB4, Pm–3 m-YB6, and Fm–3 m-YB12) which are important

parameters for assessment as promising near-superhard or
hard materials for engineering applications. Thus, we com-
puted their elastic constants by employing the strain–stress

method (Lu et al., 2010), as displayed in Table 2. Furthermore,
the elastic constants can also be used to verify the mechanical
stabilities of the materials. It is found from Table 2 that all the
six considered yttrium borides meet their corresponding

mechanical stability standard (Wu et al., 2007), confirming
their mechanical stabilities. Based on the calculated elastic
constants, the bulk modulus (B), shear modulus (G), Young’s

modulus (E), B/G, Poisson’s ratio (m) and Debye temperature
(H) for six considered Y–B compounds were further estimated
within the Voigt–Reuss–Hill method (Connétable and
Thomas, 2009), as presented in Table 2. Beyond the present
computed consequences, Table 2 also lists the previous theo-

retical results of P4/mbm–YB4 (Fu et al., 2014) and Pm–
3 m–YB6 (Romero et al., 2019) for comparison. It can clearly
be found that the calculated results in present work are consis-

tent with the reported theoretical consequences (Fu et al.,
2014; Romero et al., 2019); confirming the reliability of the
present calculations. The predicted values of C11; C22, and
C33 for six considered crystals are considerable, illustrating

that they possess very strong incompressibility along a, b,
and c axis, respectively. C44 is another significant parameter
which is indirectly related to the indentation hardness of a

material. As presented in Table 2, these four compounds stud-
ied (P6/mmm-YB2, P121/c1-Y2B5, P4/mbm-YB4, and Fm–3 m-
YB12) exhibit relatively high C44 values (>100 GPa), uncover-



Table 1 Calculated Bader charges of Y and B atoms in six

considered Y–B compounds. d represents the amount of charge

transferred from Y atom to B atom.

Composition Space group Atom Change value (e) d (e)

YB Cmcm Y 9.89 1.11

B 4.11 –1.11

YB2 P6/mmm Y 9.45 1.55

B 3.78 –0.78

Y2B5 P121/c1 Y 9.46 1.54

B 3.62 –0.62

YB4 P4/mbm Y 9.29 1.71

B 3.43 –0.43

YB6 Pm-3 m Y 9.13 1.87

B 3.31 –0.31

YB12 Fm-3 m Y 9.22 1.78

B 3.15 –0.15

Fig. 6 The crystal orbital Hamilton population (COHP) curves for (

YB4, (e) Pm–3 m–YB6 and (f) Fm–3 m–YB12. The dotted vertical line

An unexpectedly stable Y2B5 compound 9
ing a strong strength of resisting the shear deformation. On the
contrary, the remainder two compounds considered, Cmcm-
YB and Pm–3 m-YB6, have relatively low C44 values (<100

GPa), reflecting the weak shear strength.
As is generally known, the bulk modulus B of a material is

an index of the ability to resist uniform compression. The

higher bulk modulus B of a material corresponds to the stron-
ger ability in resisting uniform compression. From Table 2, the
computed bulk modulus varies from 78 to 222 GPa. Among

these six compounds studied, Fm–3 m–YB12 has the highest
bulk modulus of 222 GPa, which is slightly less than that of
common hard materials such as a-Ti3B4 (234 GPa) (Zhao
et al., 2018) and b-Ti3B4 (235 GPa) (Zhao et al., 2018); Cmcm-

HfB4 (239 GPa) (Chang et al., 2018); Cmcm-ZrB4 (234 GPa)
(Chang et al., 2018); Fe3C (226.8 GPa) (Jang et al., 2009)
and TiC (242 GPa) (Gilman and Roberts, 1961). To our

knowledge, compared with bulk modulus, the shear modulus
and Young modulus of a material exhibit stronger correlation
with the hardness (Fulcher et al., 2012). As presented in

Table 2, the Fm–3 m-YB12 phase possesses the largest shear
modulus (195 GPa) and the highest Young modulus (453
GPa), revealing that this polycrystalline is expected to be the

hardest compound among all the yttrium borides. In addition,
a) Cmcm–YB, (b) P6/mmm–YB2, (c) P121/c1–Y2B5, (d) P4/mbm–

at 0 eV denotes Fermi energy level.



Table 2 Calculated elastic constants Cij (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), B/G,

Poisson’s Ratio m, Debye temperature H (K), and Vickers hardness Hv (GPa) of six considered yttrium borides.

Cmcm- YB P6/mmm-YB2 P121/c1-Y2B5 P4/mbm-YB4 P4/mbm-YB4 Pm-3 m -YB6 Pm-3 m -YB6 Fm-3 m -YB12

C11 158 376 319 436 454a 447 455b 411

C12 59 57 37 78 80a 36 38b 128

C13 10 91 38 46 33a

C15 –34

C22 101 327

C23 29 66

C25 12

C33 277 339 305 431 442a

C35 9

C44 35 163 122 107 108a 31 21b 243

C46 9

C55 48 92

C66 54 70 128 132a

B 78 173 136 182 182a 173 176b 222

G 51 151 106 139 144a 74 64b 195

E 127 350 253 333 342a 194 171b 453

B/G 1.52 1.15 1.28 1.31 2.35 1.14

m 0.23 0.16 0.19 0.19 0.18a 0.31 0.34b 0.16

H 400 743 660 818 874a 648 1166

Hv 9.31 27.49 18.83 22.29 7.34 5.49b 33.16

a Reference Fu et al., 2014.
b Reference Romero et al., 2019.
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another important parameter, B/G, is normally used to evalu-
ate the ductility of a material. The high B/G ratio of a material

(>1.75) can be classified into a ductile material while the low
B/G ratio of a material (<1.75) corresponds to a brittle mate-
rial (Pugh, 1954). In the view of classification rule, the Pm–

3 m-YB6 compound possesses a B/G ratio of 2.35, demonstrat-
ing the ductile feature, while the other five crystals have B/G
ratio < 1.75, suggesting brittle behaviors. The Poisson’s ratio

m is a critical target to estimate the degree of the directionality
for the covalent bonds. As displayed in Table 2, the fact that
the Poisson’s ratio m for six focused yttrium borides (except
for YB and YB6) are relatively low (<0.20) confirms their

strong covalent bonding. Mechanical properties (in particular,
hardness of a solid) are connected with thermodynamic param-
eters, including Debye temperature, specific heat, thermal

expansion, and melting point (Abrahams and Hsu, 1975). In
this concept, the Debye temperature (H) is one of the funda-
mental parameters for the characterization of materials and

the hardness of a solid. Therefore, the Debye temperature
(H) could be estimated on the account of the elastic constants
at low temperature (Ravindran et al., 1998; Anderson, 1963).
In Table 2, the derived Debye temperature (H) in YB12 can

reach 1166 K, which is higher than those of ReB2 (755.5 K)
(Aydin and Simsek, 2009), FeB4 (1089 K) (Zhang et al.,
2013), TcB4 (1050 K) (Zhao and Xu, 2012), ReB4 (824 K)

(Zhao and Xu, 2012). The Debye temperature value of YB12

is situated between that of superhard material ReB2

(755.5 K) and diamond (2230 K), indicating that YB12 should

be harder than these superhard materials mentioned above (ex-
cept for diamond).

In the view of the large shear modulus G, Young modulus E

and Debye temperature H coupled with the small values for
the B/G ratio and Poisson’s ratio m as tabulated in Table 2,
the Fm–3 m–YB12 crystal may be expected to have high hard-
ness among the Y-B compounds. We now further explore the
Vickers hardness for six considered yttrium borides (Cmcm-

YB, P6/mmm-YB2, P121/c1-Y2B5, P4/mbm-YB4, Pm–3 m-
YB6, and Fm–3 m-YB12) with the microscopic hardness model
proposed by Tian et al (Tian et al., 2012). The Vickers hard-

ness of complex crystals can be estimated by the following
formula:

Hv ¼ 0:92K1:137G0:708 ð3Þ
Herein, K = G/B, B and G represent the bulk modulus and

shear modulus of the crystal. The calculated consequences for
six concerning yttrium borides are summarized in Table 2. The
fact that the present hardness values of 22.29 and 7.34 GPa for

the P4/mbm-YB4 and Pm–3 m-YB6 crystalline structures are
respectively consistent with the experimental value of YB4

(27.4 GPa) (Zaykoski et al., 2011) and the previous theoretical

result for YB6 (5.49 GPa) (Romero et al., 2019) confirms the
reliability of our calculations. The novel P121/c1-Y2B5 struc-
ture possesses a hardness value of 18.83 GPa, which
approaches that of the famous hard material Al2O3 (20 GPa)

(Andrievski, 2001), revealing the hard character. More impor-
tantly, the Vickers hardness value for YB12 can reach 33.16
GPa, which is higher than those of WB4 (31.8 GPa) (Gu

et al., 2008), WC (30 GPa) (Haines et al., 2001); BP (33
GPa) (Andrievski, 2001); b-Si3N4 (30 GPa) (Andrievski,
2001), and TiC (32 GPa) (Guo et al., 2008), close to the lower

limit of superhard materials (40 GPa). The analysis on the
hardness of the YB12 compound suggests this crystal has the
ultra-incompressible nature and can be regarded as a promis-

ing superhard material. Compared with the other four consid-
ered yttrium borides (P6/mmm-YB2, P121/c1-Y2B5, P4/mbm-
YB4, and Fm–3 m-YB12) with higher hardness values (>18
GPa), the Cmcm-YB and Pm–3 m-YB6 configurations possess

the lower hardness values of 9.31 and 7.34 GPa. In general, the
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origin of differences in hardness is related not only to the
strengths of B–B covalent bonds but also to the configuration
of the boron framework. The Cmcm-YB phase with low hard-

ness value can be ascribed to the zigzag B chain without the
formation of the complex boron network, such as planar and
three-dimensional covalent framework. Contrary to the

Cmcm-YB phase, the Pm–3 m-YB6 crystal accompanied with
the low hardness value should be attributed to the intrinsic
ductile and soft character, which stems from the weak banana

bond within the B6 octahedron (Zhou et al., 2015). Thus, the
strong covalent B–B bond as well as the complex B–B covalent
network are responsible for the high hardness, high shear mod-
ulus, high Young’s modulus as well as low Poisson’s ratio for

four considered yttrium borides (P6/mmm-YB2, P121/c1-Y2B5,
P4/mbm-YB4, and Fm–3 m-YB12).

4. Conclusions

To sum up, the exploration of the stable and metastable structures of

boron-rich yttrium borides is a widely concerned subject in the funda-

mentally and practically functional materials because of their uniquely

mechanical, superconductive and thermoelectric properties. In the pre-

sent work, based on the CALYPSO prediction method coupled with

the first-principles calculation, we conducted a systematical investiga-

tion on the stable and metastable configurations in the Y–B binary sys-

tem, especially on the boron-rich side. In addition to four

experimentally known phases, P6/mmm–YB2, P4/mbm–YB4, Pm–

3 m–YB6 and Fm–3 m–YB12, we uncover a new stable Y2B5 compound

with the monoclinic P121/c1 phase. In particular, the P121/c1–Y2B5

phase is a solely stable phase within an unprecedentedly fractional sto-

ichiometry in the Y–B binary system. Structurally, the P121/c1-Y2B5

crystalline contains the distorted B6 octahedron and seven-member B

ring. Moreover, the computed formation enthalpy, elastic constants,

and phonon dispersion curves verify that the P121/c1–Y2B5 structure

is energetically, mechanically, and dynamically stable, respectively.

Further analysis on the bond length, density of states, electron local-

ization function, Bader charge and crystal orbital Hamilton popula-

tion (COHP) reveals that the bonding pattern in P121/c1–Y2B5 can

be deemed as a combination of positively charged metal Y cation

and negatively charged B–B covalent framework. Surprisingly, as the

B content increases, the B–B bonding form in six concerned yttrium

borides undergoes an increasing dimension, quasi one-dimensional

chain ? two-dimensional B ring ? a combination of two-

dimensional B ring and three-dimensional B6 octahedron ? three-di

mensional B24 cage. Based on a microscopic hardness model, the Vick-

ers hardness value of P121/c1–Y2B5 is 18.83 GPa, indicating an incom-

pressible and hard material. More interestingly, Fm-3 m-YB12 can be

classified into an ultra-incompressible material with the significant

hardness of 33.16 GPa. The high hardness for both phases can be

attributed to the strong covalent B–B bond as well as the complex

B–B covalent network. We anticipate that our work can motivate

future experimental and theoretical investigations on the newly pre-

dicted boron-rich yttrium borides.
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Jäger, B., Paluch, S., Wolf, W., Herzig, P., Zogał, O.J., Shitsevalova,

N., Paderno, Y., 2004. Characterization of the electronic properties

of YB4 and YB6 using
11B NMR and first-principles calculations. J.

Alloy. Compd. 383, 232–238.

Jang, J.H., Kim, I.G., Bhadeshia, H.K.D.H., 2009. Substitutional

solution of silicon in cementite: a first-principles study. Comput.

Mater. Sci. 44, 1319–1326.

Y.Y. Jin, J.Q. Zhang, S. Ling, Y.Q. Wang, S. Li, F.G. Kuang, Z.Y.

Wu, C.Z. Zhang, Pressure-induced novel structure with graphene-

like boron-layer in titanium monoboride, Chin. Phys. B 10.1088/

1674-1056/ac9222.

Jothi, P.R., Yubuta, K., Fokwa, B.P.T., 2018. A simple, general

synthetic route toward nanoscale transition metal borides. Adv.

Mater. 30, 1704181.

Kresse, G., Furthmüller, J., 1996. Efficient iterative schemes for

ab initio total-energy calculations using a plane-wave basis set.

Phys. Rev. B 54, 11169–11186.

Kresse, G., Joubert, D., 1999. From ultrasoft pseudopotentials to the

projector augmented-wave method. Phys. Rev. B 59, 1758–1775.

Latini, A., Rau, J.V., Teghil, R., Generosi, A., Alberini, V.R., 2010.

Superhard properties of rhodium and iridium boride films. ACS

Appl. Mater. Interfaces 2, 581–587.

Levine, J.B., Tolbert, S.H., Kaner, R.B., 2009. Advancements in the

search for superhard ultra-incompressible metal borides. Adv.

Funct. Mater. 19, 3519–3533.
Li, D., Xu, Y.N., Ching, W.Y., 1992. Electronic structures, total

energies, and optical properties of a-rhombohedral B12 and a-
tetragonal B50 crystals. Phys. Rev. B 45, 5895–5905.

Li, P., Zhou, R., Zeng, X.C., 2015. Computational analysis of stable

hard structures in the Ti–B system. ACS Appl. Mater. Interfaces 7,

15607–15617.

Liang, H., Peng, F., Guan, S., Tan, L., Chen, H., Lei, L., He, D., Lu,

C., 2019. Abnormal physical behaviors of hafnium diboride under

high pressure. Appl. Phys. Lett. 115, 231903.

Liao, P.K., Spear, K.E., 1995. The B�Y(boron�yttrium) system. J.

Phase Equilib. 16 (6), 521–524.

Lortz, R., Wang, Y., Tutsch, U., Abe, S., Meingast, C., Popovich, P.,

Knafo, W., Shitsevalova, N., Paderno, Y.B., Junod, A., 2006.

Superconductivity mediated by a soft phonon mode: specific heat,

resistivity, thermal expansion, and magnetization of YB6. Phys.

Rev. B 73, 024512.

Lu, C., Kuang, X.Y., Wang, S.J., Zhao, Y.R., Tan, X.M., 2010.

Theoretical investigation on the high-pressure structural transition

and thermodynamic properties of cadmium oxide. Europhys. Lett.

91, 16002.

Lu, C., Gong, W., Li, Q., Chen, C., 2020. Elucidating stress-strain

relations of ZrB12 from first-principles studies. J. Phys. Chem. Lett.

11, 9165–9170.

Lv, J., Wang, Y., Zhu, L., Ma, Y., 2011. Predicted novel high-pressure

phases of lithium. Phys. Rev. Lett. 106, 015503.

Ma, T., Li, H., Zheng, X., Wang, S., Wang, X., Zhao, H., Han, S., Liu,

J., Zhang, R., Zhu, P., Long, Y., Cheng, J., Ma, Y., Zhao, Y., Jin,

C., Yu, X., 2017. Ultrastrong boron frameworks in ZrB12: a

highway for electron conducting. Adv. Mater. 29, 1604003.

Maintz, S., Deringer, V.L., Tchougréeff, A.L., Dronskowski, R., 2016.

LOBSTER: A tool to extract chemical bonding from plane-wave

based DFT. J. Comput. Chem. 37, 1030–1035.

Martyna, G.J., Klein, M.L., Tuckerman, M., 1992. Nosé-Hoover
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