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ABSTRACT

On the basis of the current theoretical understanding of boron-based hard superconductors under ambient conditions, numerous studies have
been conducted with the aim of developing superconducting materials with favorable mechanical properties using boron-rich compounds.
In this paper, first-principles calculations reveal the existence of an unprecedented family of tetragonal pentaborides MBs (M = Na, K, Rb,
Ca, Sr, Ba, Sc, and Y), comprising By cages and centered metal atoms acting as stabilizers and electron donors to the boron sublattice. These
compounds exhibit both superconductivity and high hardness, with the maximum superconducting transition temperature T, of 18.6 K
being achieved in RbBs and the peak Vickers hardness H, of 35.1 GPa being achieved in KBs at 1 atm. The combination of these properties is
particularly evident in KBs, RbBs, and BaBs, with T values of ~14.7, 18.6, and 16.3 K and H, values of ~35.1, 32.4, and 33.8 GPa, respectively.
The results presented here reveal that pentaborides can provide a framework for exploring and designing novel superconducting materials
with favorable hardness at achievable pressures and even under ambient conditions.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157250

I. INTRODUCTION

Superconducting and superhard substances have been at the
forefront of fundamental research and industrial applications. High-
pressure syntheses and theoretical predictions' '~ have been per-
formed to investigate the superconductivity of various materials
such as copper/iron-based superconductors, '* as well as conven-
tional Bardeen-Cooper—Schrieffer (BCS) superconductors. In view
of the tremendous advances that have been achieved in enhanc-
ing the transition temperatures of conventional phonon-mediated
superconductors, especially of highly compressed hydrides, it is nat-
ural to investigate superconductivity in other lightweight materials.
This class of compounds containing light elements are excellent
candidates for superhard materials."”

Borides have attracted considerable attention in research into
superconductivity and hardness because of the diversity of their
crystal chemistry.'® In early work, Japanese scientists reported
superconductivity of MgB, at 39 K under ambient pressure,’

fueling enthusiasm for a search for high-temperature supercon-
ductivity in the compressed borides.'” ** Polycrystalline MgB, syn-
thesized by high-pressure sintering is a superhard material® with
Vickers hardness H, up to 4109.5 kg/cmz. Thus, the idea of devel-
oping novel superhard materials using borides and with desired
characteristics has gained traction.'"”**"** B¢C is a superconduct-
ing and superhard material, with a transition temperature T. of
~12.5 K and an H, of ~48 GPa at ambient pressure.”” Theoretical
studies™ have revealed that a-BeBs is superconducting and super-
hard with T, of 9 Kand H, of 46 GPa. At high pressure, the predicted
T. and H, of 3-BeBs are up to 24 K and 31 GPa, respectively. Du
et al” performed electron-phonon coupling (EPC) and mechanical
calculations demonstrating that ScBe phases have estimated transi-
tion temperatures and hardnesses of ~2.2-5.8 K and 16.2-27.3 GPa
under extreme conditions. Lately, Liu’s group have designed a novel
class of clathrate-like superconductors, MB;, with superior hard-
ness, among which the T, and H, of KB; were estimated to be 26.2 K
and 22.5 GPa at 1 atm. On the basis of previous results,'® borides
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tend to be hard or superhard materials, with these properties being
derived from the covalent boron sublattice. However, although there
have been extensive attempts to find high-temperature boron-based
superconductors, theoretical and experimental success is yet to be
realized. The lower T values of two- or three-dimensional borides
compared with those of compressed hydrides has motivated us to
perform a systematic investigation in this exciting field with a view to
finding a new type of superconducting structure with high hardness.

Yttrium borides form various stoichiometries with excellent
thermoelastic, electronic, and mechanical properties, which can be
systematically applied in various industries.'*””*! YB,, YB4, YBs,
YB1,, and YBgg are stable under ambient conditions, with H, around
25.3-40.9 GPa.'*">" Furthermore, the T, values of YBs and YBy,
are 1.8-12.8 and 4.7 K."*** We have performed extensive ran-
dom structure searches for stable or metastable YB,_1» compounds
under high pressures and have discovered a novel superconduc-
tor, yttrium pentaboride, with a T, of 12.3 K. In YBs, B atoms are
strongly covalently bonded to each other within B,y cages, with Y
atoms occupying the centers of these cages and acting as electron
donors. A new group of pentaborides, MBs (M = Na, K, Rb, Ca,
Sr, Ba, and Sc), isomorphic to the predicted YBs, have also been
estimated to exhibit high superconducting transition temperatures
(Temax = 18.6 K) and hardness (Hymax = 35.1 GPa). This study lays
the foundation for exploring new classes of hard boron-based super-
conductors and provides valuable guidance for further experimental
syntheses.

Il. COMPUTATIONAL DETAILS

High-pressure structural predictions of YB;_;; were per-
formed as implemented in the AIRSS code® at pressures of
1 atm, 50 GPa, and 100 GPa,® generating ~10000 structures
randomly. The CASTEP code,”” on-the-fly pseudopotentials, the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approxima-
tion (GGA)* exchange-correlation functional, and 4s*4p®4d"5s>
(Y) and 2522171 (B) valence electrons were used during the ran-
dom structure searches and geometrical optimizations. The kinetic
energy cutoff and k-spacing were fixed appropriately at 800 eV
and 27 x 0.03 A™! in structure optimizations. Electronic charac-
ters were calculated using the Vienna Ab initio Simulation Package
(VASP)* and the all-electron projector-augmented wave method
(PAW) pseudopotentials. The ab initio molecular dynamics (AIMD)
simulations were carried out in the framework of the Nosé~Hoover
method.”’ The phonon dispersions were calculated with the super-
cell approach*! as used in the phonopy code.”” Electron-phonon
coupling was computed by the Quantum ESPRESSO package,*’
using a norm-conserving scheme with an energy cutoff of 80 Ry, a
k-mesh of 24 x 24 x 24 and a g-mesh of 4 x 4 x 4. The supercon-
ducting transition temperatures of MBs were approximated with the
Allen-Dynes modified McMillan equation®

L= 9o | 1.(34(1+/1) ’
1.2 A—u*(1+0.621)

(1)
where p* is the Coulomb pseudopotential, and w,g is the logarith-
mic average frequency and is defined as follows:

Wlog = €XP [% f d;woczF(w) In w]. 2)
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The EPC constant A can be calculated as follows:
2
1=2 f CE@) 4, 3)
w

The elastic constants were computed using the VASP code, apply-
ing the strain-stress method. The mechanical moduli and H,
were derived from the elastic constants using the Voigt-Reuss-Hill
approximation®” and the model proposed by Chen et al.*®

lll. RESULTS AND DISCUSSION

We investigated structures under ambient pressure and repro-
duced the previously known phases of YB,, YB4, YBg, and YBia,
confirming the reliability of our predictions. The lattice parameters
of the optimized structures are consistent with known experimen-
tal findings,'® as presented in Table S1 (supplementary material).
The formation enthalpies AH of the predicted YB,1, stoichiome-
tries were calculated with respect to the pure elements at 1 atm,
50 GPa, and 100 GPa [see Fig. 1(a)], from which the convex hull
was constructed. The known R3m, Pnnm, and Cmca structures
for boron”” and the hep, dhep, and P6,22 structures for yttrium*®
were adopted in their corresponding stable pressure. The results
revealed that YB,, YBy4, and YBy,, as expected, are stable at atmo-
spheric pressure. Cubic YBe is metastable at ~31 meV/atom above
the convex hull, which does not show that our calculations are unre-
liable or that the material cannot be synthesized experimentally.
The fact that the compound is in a metastable state means that the
predicted effect can be observed in actual high-temperature experi-
ments.”” At 50 GPa, the stable configurations remain the same, and
I4/mmm-YBs emerges on the convex hull. Hexagonal YB, emerges
as the most stable compound in the studied pressure ranges all
along. With the pressure increased to 100 GPa, the stable struc-
ture of YB4 changes to C2/m. Meanwhile, YB;, deviates from the
tieline and decomposes into YBs and B, whereas another unre-
ported boron-rich composition P4/mmm-YBs is close to the convex
hull (~35 meV). The phonon bands of these structures manifest
their dynamic stability, since the no imaginary frequency appears
in the Brillouin zone (see Fig. S1, supplementary material). In the
following discussion, the novel YBs structure is the main focus
because it has relative high symmetry and is recoverable to ambient
pressure.

Yttrium pentaboride adopts a tetragonal P4/mmm space group
[see Fig. 1(b)], where B atoms occupy 4n and 1d positions bond-
ing to each other within the By cage [see Fig. 1(c)], and Y atoms
lies at the crystallographic 1b position occupying the centers of the
Bao cages. This structure is similar to that of cubic YBs, in which B
atoms constitute a boron octahedral network. The straight chains
of boron octahedrons are arranged in a three-dimensional frame.
This three-dimensional clathrate-like B,y structure with metal atoms
filling the B cages is also found in NaBs, KBs, RbBs, CaBs, SrBs,
BaBs, and ScBs through isostructural metal atom replacement at
100 GPa, with each material showing thermal stability (see Fig. S2,
supplementary material). Phonon calculations reveal their dynamic
stability at ambient pressure (Fig. S3, supplementary material). The
electron localization function (ELF)* was calculated to map the
electron pair probability and understand interatomic interactions.
No charge localization appears between boron and metal atoms, pro-
viding evidence for M-B ionic bonding (see Fig S4, supplementary
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FIG. 1. (a) Enthalpies of formation of predicted YB,_+ as functions of B concentra-
tion at 1 atm, 50 GPa, and 100 GPa. Open, half-filled, and filled symbols represent
unstable, metastable, and stable stoichiometries, respectively, relative to the ele-
mentary substance. (b) Crystal structures of P4/mmm-YBs. (c) The By unit. Y and
B atoms are presented as golden and green spheres. The cutoff distance between
B-B bonds is 2.0 A.

material). Bader charge analysis was also performed to calculate
the transferred charge between atoms (see Table S2, supplementary
material). The metal atoms serve as electron donors to the boron
sublattice, which is also supported by the ELF results. The ELF val-
ues between B-B bonds in the three-dimensional frameworks of
the metal pentaborides are larger than 0.7, implying the formation
of covalent bonds. Among them, the ELF between two adjacent
boron octahedrons is approximately equal to or even greater than
0.9, which is greater than that between B5 (the B atom shared
between adjacent boron octahedrons) and its neighboring atoms,
which has a range of 0.7-0.8. The integrated crystal orbital Hamil-
ton population (ICOHP) of adjacent B-B pairs with bond lengths
of 1.6-2.0 A was calculated using the LOBSTER package’' to fur-
ther confirm their covalent characteristics. The negative ICOHP
values of B-B pairs in the above structures indicate B-B covalent
interactions. As displayed in Fig. S5 (supplementary material), the
ICOHP values of B1-B2 (B3-B4) pairs in MBs are in the range
of —7.8 to —5.4 eV/pair, which indicates strong covalent bonding.
The B1-B3 (B1-B4, B2-B3 or B2-B4) bonds are fairly strong, with
ICOHP values of —5.4 to —2.7 eV/pair, stronger than or approx-
imately equal to that of B5-B1 (B5-B2, B5-B3, or B5-B4, -3.6
to —2.9 eV/pair) bonds. The ICOHP values are consistent with
the ELF results.

A high electronic density of states (DOS) is a guideline for suc-
cessful searches for new superconducting materials, and therefore
the projected DOS of MBs at atmospheric pressure was calculated.
Note that all the studied compounds are metallic, as presented
in Fig. 2. In the alkali metal (AMBs) and the light alkaline earth
metal (AEMBs) pentaborides, the greatest contribution to the DOS
close to the Fermi energy Ey is provided by the B-p orbital [see
Figs. 2(a)-2(e)], although the M-d orbital at E; does play a non-
negligible role in their metallicity. (It should also be mentioned that
the electronic DOS of alkali metal pentaborides has a van Hove
singularity near Ef, implying fairly strong electron-phonon inter-
actions associated with boron phonon modes.) By contrast, in BaBs
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FIG. 2. Calculated electronic projected DOS for P4/mmm-MBs (M = Li, Na, K, Rb,
Ca, Sr, Ba, Sc, and Y) at 1 atm. The black line where the energy is equal to zero
is the Fermi level.

and the rare-earth borides ScBs and YBs, the DOS values are dom-
inated by both the M-d and B-p orbitals [see Figs. 2(f)-2(h)]. In
addition, ScBs exhibits a particularly high DOS at the Fermi level
(see Fig. S6, supplementary material).

The conclusions regarding the electronic DOS are further con-
firmed by the results for electron-phonon coupling (EPC). The
calculated Eliashberg spectral function «’F(w) and the EPC para-
meter A(w) at ambient pressure are shown in Fig. 3. Clearly, EPC
in the AMBs, BaBs, and ScBs is much more prominent than in the
light AEMBs and YBs. The calculated EPC values, logarithmic aver-
age phonon frequency wjog, electronic DOS near the Fermi energy
N(Ey), and superconducting transition temperatures T. are pre-
sented in Table I. The estimated A values of NaBs and KBs are 0.73
and 0.64, respectively, and the corresponding values of T, are 17.5
and 14.7 K when the Coulomb potential parameter y* equals 0.1.
According to the phonon DOS (PHDOS) illustrated in Figs. 3(a)
and 3(b), vibrations can be separated into low-frequency and high-
frequency regions. The low-frequency modes (<8 THz) contribute
52% and 35%, respectively, comprising a mixture of vibrations from
M (M = Na and K) and B atoms. EPC calculation for RbBs gives a
relatively large A of 0.78, which is primarily associated with the high-
lying frequencies (>6 THz) of boron (~63%) [see Fig. 3(c)], yielding
an estimated T. of 18.6 K. The estimated T. values for CaBs and
SrBs are 6.6 and 6.8 K, respectively. For the calculated A of 0.49
and 0.50, as presented in Figs. 3(d) and 3(e), the high-frequency B
vibrational modes contribute about 88% and 90%, respectively. The
high wiog and N(Ey) values cannot considerably improve T, whereas
the weak electron-phonon interaction limits the superconductiv-
ity of these compounds. In BaBs, i is slightly lower than in the
CaBs and SrBs phases. However, T reaches 16.3 K, flowing from the
higher A of 0.73. The contribution of 88% to the total EPC is closely
related to the high-frequency vibrations. As can be seen, although
ScBs has a stronger EPC interaction and higher N(Ey) than the other
pentaborides, its wjog is quite low, which is caused by A and is not
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FIG. 3. Eliashberg spectral function a?F(w), EPC parameter A(w), and PHDOS of MBs at 1 atm.

favorable to T.. The estimated superconducting transition temper-
ature is ~14.2 K. YBs is also predicted to be superconducting, with
a T. of 12.3 K, and corresponding wi,g and A of 403.8 K and 0.66,
respectively. We note that the T, values of borides are not strongly
dependent on the contributions of the DOS of boron atoms to the
total DOS at the Fermi energy or the electron-phonon interactions
of boron to the total A.

Compared with high-temperature hydrogen-based supercon-
ductors, it is obvious that the EPC parameter A and Wog of the
borides are much lower owing to the higher mass of boron. How-
ever, only a limited difference is observed in N(Ey), a manifestation
of the fact that it is the low values of A and wjog that lie at the root
of the poorer superconductivity of the borides. However, borides
can be stabilized at attainable pressures or even ambient pressure,
indicating their higher application potential.

To investigate the mechanical characteristics of the MBs com-
pounds, we calculated their elastic constants C; under ambient
conditions, from which we derived the bulk modulus B, shear mod-
ulus G, Young’s modulus Y, Poisson’s ratio v, and Vickers hardness,
as presented in Table II. We estimated the hardness of the novel
pentaborides to accurately evaluate their incompressibility using
Chen’s theoretical model*® as follows:

Hv _ z(kZG)OASSS _ 3, (4)

where k is the ratio of the shear modulus to the bulk modules
(Pugh’s modulus ratio). It is found that the calculated H, of the MBs
compounds is in the range of 7.9-35.1 GPa, with KBs showing the

TABLE I. Calculated EPC parameter A, logarithmic average phonon frequency wiog,
electronic DOS at the Fermi level N(E;), and superconducting transition temperature
T¢ of PA/mmm-MBs, with a Coulomb pseudopotential * = 0.1 at 1 atm.

Boride A Wlog N(Ey) (states R}f1 fu™) T, (K)
NaBs 0.73 454.3 4.94 17.5
KBs 0.64 535.6 5.05 14.7
RbBs 0.78 420.0 5.07 18.6
CaBs 0.49 604.7 5.15 6.6
SrBs 0.50 574.9 5.21 6.8
BaBs 0.73 420.4 6.07 16.3
ScBs 0.90 242.1 7.51 14.2
YBs 0.66 403.8 5.67 12.3

highest hardness, which can be attributed to its high values of k and
G. Other pentaborides RbBs, CaBs, SrBs, and BaBs exhibit supe-
rior mechanical properties, with H, above 30 GPa. Furthermore,
charge transfer affects the hardness. From the §(e) values of the
metal atoms in MBs with high hardness (H, > 30 GPa) presented in
Table S2 (supplementary material), one finds that the metal atoms in
AMBs and AEMB; transfer approximately (0.6-0.7)e and (1.2-1.4)e,
respectively. It seems that this is a reliable new way to identify hard
superconducting materials among metastable structures with high
symmetry.
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TABLE II. Calculated elastic constants C; (GPa) and derived bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus Y (GPa), Poisson’s ratio v, and hardness Hy
(GPa) at ambient pressure. The elastic constants of all the MBs compounds satisfy the mechanical stability criterion.5?

Borides C11 C33 C44 C65 C12 C13 B G Y v HV
NaBs 421.2 398.6 74.9 113.6 112.9 8.1 165 117 284 0.21 18.7
KBs 424.4 331.7 125.4 181 53 30.3 155 155 384 0.13 35.1
RbBs 340.5 323.7 119.1 177.2 85.5 24.3 141 139 314 0.13 324
CaBs 541.1 415.7 107.8 158.1 51.5 15.8 183 159 370 0.16 30.0
SrBs 504.7 347.7 116.5 193.7 46.6 33.9 173 162 370 0.14 33.1
BaBs 399.5 330.1 133.4 207.4 92.2 40.2 162 156 355 0.14 33.8
ScBs 530.8 433 53.8 100.6 107.3 52.7 211 108 276 0.28 11.1
YBs 564.2 375.2 59.6 162.5 78.7 49.7 202 123 307 0.25 15.8

IV. CONCLUSIONS

Our extensive structure searches combined with first-principles
calculations have revealed the appearance of a metastable clathrate-
like Byo structure in tetragonal MBs (M = Na, K, Rb, Ca, Sr, Ba,
Sc, and Y), adopting P4/mmm symmetry. In this structure, metal
atoms act as donors to transfer charges to B, and B atoms form
a three-dimensional boron octahedral covalent network. Density
of states calculations show that the pentaborides are metallic and
that the electronic states occupying the Fermi level come mainly
from boron atoms. Calculated electron-phonon couplings and elas-
tic constants indicate that the cage-like Byg structure can be viewed
as a structural model for hard superconductors, with an estimated
highest T. of 18.6 K and a maximum H, of 35.1 GPa at 1 atm. It
is worth mentioning that KBs, RbBs and BaBs are superconduct-
ing and hard materials, in which the corresponding superconducting
critical temperatures are estimated to be around 14.7, 18.6, and
16.3 K and the Vickers hardness to be 35.1, 32.4, and 33.8 GPa,
respectively. Our work provides a reference for future experiments
and demonstrates that metastable borides hold considerable promise
as superconductors with superior hardness at achievable pressures.

SUPPLEMENTARY MATERIAL

See the supplementary material for supplementary figures and
tables.
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