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es and superconductor discovery
in XB2 (X = Sc, Ti, V, Cr, and Tc)†

Jingjing Meng, a Pengyu Zheng,a Yiran Peng,a Rui Liu,a Ying Yanga

and Zhiping Yin *ab

With extensive structure searches for XB2 (X = Sc, Ti, V, Cr, and Tc) under pressures up to 100 GPa, we

uncovered that the crystal structures of these compounds with the lowest enthalpy have the same space

group (P6/mmm) as MgB2 at ambient pressure. Among them, ScB2, TiB2 and VB2 are dynamically stable at

ambient pressure, but they do not superconduct. CrB2 becomes dynamically stable at 108 GPa and shows

superconductivity with a transition temperature (Tc) of 26.0 K. TcB2 is not dynamically stable until 9 GPa. At

20 GPa, it has a Tc of 23.5 K. Further calculations indicate that CrB2 and TcB2 are also thermodynamically

stable, suggesting that it is highly likely that they can be synthesized successfully in the laboratory. We

found that transition metal atoms (Cr/Tc) dominate soft phonon vibrations and make significant

contributions to the electron–phonon coupling (EPC) and superconductivity in CrB2/TcB2, which is in

strong contrast to the case of MgB2, where high-frequency B vibrations dominate the EPC and

superconductivity. Our work enriches the understanding of superconductivity in transition metal borides.
1 Introduction

Searching for high transition temperature (high-Tc) supercon-
ductors has been an active research area in condensed matter
physics and material sciences for a long time. Since the
discovery of superconductivity in 2001, MgB2 has attracted the
attention of researchers worldwide. Extensive work has been
done on this compound,1–14 including some impressive theo-
retical investigations that have provided important insights.1–5,14

MgB2 is a conventional BCS superconductor with a Tc of 39 K.15

First-principles calculations have revealed its electronic struc-
ture, phonon spectra, and EPC.3,12,13 As a metallic layered
compound10 withmultiple bands crossing the Fermi level, MgB2

comprises fully ionized Mg atoms5 and exhibits strong covalent
bonds among B atoms within its honeycomb layer. Moreover,
this compound manifests metallic bonds between different B
layers, contributing to its distinctive characteristics.3 Further
research indicates that the E2g mode involving the in-plane
vibration of two boron ions in opposite directions contributes
signicantly to its superconductivity.2 Given the remarkable
performance of MgB2, researchers have turned to investigating
other boride compounds,16–35 such as LiBC and Ca–B, Be–B, and
Y–B binary compounds. Many materials, for example, B24,
MgB6, GaB5, InB6, and CaB6, have been conrmed to be
ced Quantum Studies, Beijing Normal
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, Ministry of Education, Beijing Normal

tion (ESI) available. See DOI:

the Royal Society of Chemistry
superconductors.16,19,20,29,36 However, the Tc of these supercon-
ductors is generally much lower than that of MgB2.

Transition metal borides have usually appeared as superhard
materials in previous studies. For example, TiB2, the compound
with the lowest density and highest hardness among the metal
borides, is an important modern ceramic material.37 In recent
years, with an improvement in experimental equipment,
researchers have been able to obtain newmaterials under very high
pressures in the laboratory. For example, in 2015, SH3 was
synthesized and compressed up to 250 GPa experimentally by A.
Drozdov et al. using a diamond anvil cell (DAC),38 which has a Tc
value between 191 K and 204 K at 200 GPa.38,39With this technique,
a transition-metal boride MoB2 was experimentally discovered at
about 100 GPa, which sparked great excitement among researchers
because it has a high Tc of 32 K.36 This breakthrough indicates it
would be interesting to investigate other transition metal borides.

In this work, we search the crystal structures of ve transi-
tion metal borides (ScB2, TiB2, VB2, CrB2, and TcB2) under
pressures up to 100 GPa using an efficient structural prediction
method called Crystal Structure Analysis by Particle Swarm
Optimization (i.e., the CALYPSO code).40–42 We nd that the
crystal structures of XB2 (X = Sc, Ti, V, Cr, and Tc) with the
lowest enthalpy have the same space group (P6/mmm) as MgB2

at ambient pressure. Among them, ScB2, TiB2 and VB2 are
dynamically stable without superconductivity at ambient pres-
sure. CrB2 and TcB2 become dynamically stable under 108 GPa
and 9 GPa, respectively. CrB2 and TcB2 are conventional
superconductors with high EPC strength and superconducting
temperatures up to 26.0 K (at 108 GPa) and 23.5 K (at 20 GPa),
respectively. The strong electron–phonon coupling comes
RSC Adv., 2024, 14, 10507–10515 | 10507
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mostly from low-frequency acoustic phonon modes involving
mainly vibrations of the transition metal atoms, whose d elec-
trons dominate electronic states around the Fermi level. This is
in strong contrast to MgB2 whose moderate electron–phonon
coupling is mainly contributed by B atoms. Interestingly, the
electron–phonon coupling and superconducting temperature
in TcB2 show very weak pressure dependence in the studied
pressure range of 20–100 GPa.
2 Computational methods

We explore the crystal structures of XB2 (X = Sc, Ti, V, Cr, and
Tc) from ambient pressure to 100 GPa using xed composition
calculations with cells containing 1–4 formula units imple-
mented in the CALYPSO code.40–42 In this study, the number of
generations is set to 50, and the population size is set to 30.
Crystal structures are generated randomly in the rst genera-
tion. In each subsequent generation, 60% of the structures are
generated from the lowest-enthalpy structures provided by the
previous generation; the remaining 40% are generated
randomly.

The CALYPSO soware employs a set of special structural
evolution techniques.40–42 However, it relies on third-party
soware to optimize and compute the enthalpies of the
crystal structures generated by CALYPSO. In this study, we
employ the VASP code43,44 to relax the structures with the
generalized gradient approximation (GGA)45 employing the
projected augmentation wave method.46 We employ a plane-
wave cut-off energy of 420 eV and k-mesh with a grid spacing
of 0.20 Å−1. The relaxation continues until the forces on all
atoms become smaller than 10−3 eV Å−1 while maintaining an
electronic self-consistency threshold of 10−6 eV per cell.

Finally, we select the crystal structure with the lowest
enthalpy of each composition under various pressures
produced by CALYPSO and calculate their electronic properties
using VASP. To further investigate the lattice dynamics and
electron–phonon coupling of these materials, we employ
density functional perturbation theory (DFPT)47 implemented
in the QUANTUM ESPRESSO48 package to compute these
properties. The Perdew–Burke–Ernzerhof (PBE)49 exchange-
correlation function is utilized, along with 18 × 18 × 18 Mon-
khorst–Pack k-point grids. Norm-conserving PBE pseudopo-
tentials50 with a cutoff energy of 90 Ry are used for wave
functions. Dynamical matrices are calculated on a 6 × 6 × 6 q-
point mesh. Finally, we estimate the superconducting critical
temperature (Tc) using the Allen–Dynes–McMillan equation51

with a typical value of the Coulomb pseudopotential m* = 0.1.
3 Theoretical background

According to the Bardeen–Cooper–Schrieffer (BCS) theory of
superconductivity, there is a relationship among the super-
conducting transition temperature Tc, the typical phonon
energy hui and interaction strength N(0)V:52

Tc = 1.14huiexp[−1/N(0)V]. (1)
10508 | RSC Adv., 2024, 14, 10507–10515
here, N(0) is the electronic density of states at the Fermi level; V
is the pairing potential arising from the electron–phonon
interaction.

Since the BCS theory was proposed,53 signicant advances
have been made in comprehending the role of the electron–
phonon interaction in normal and superconducting metals.52

Among them, the Eliashberg equations represent the state of the
art in the theory of conventional superconductivity.52 Subse-
quently, the most extensive study of the relation between
microscopic theory and observed superconducting transition
temperature was made by McMillan. The McMillan equation is
a signicant accumulation of microscopic information on
strong-coupling superconductors by solving the nite-
temperature Eliashberg theory to nd Tc.51 The total EPC
constant l is obtained via the isotropic Eliashberg function:51,52,54

a2FðuÞ ¼ 1

2pNðEFÞ
X
qn

d
�
u� uqn

� gqn

uqn

; (2)

l ¼ 2

ð
a2FðuÞ

u
du ¼

X
qn

lqn; (3)

The parameter l, which roughly corresponds to N(0)V in the
BCS theory, serves as a dimensionless measure of the strength
of a2F.

a2F(u) is the Eliashberg function, F(u) is the phonon density
of states, a2 is an average of the electron–phonon interaction,
N(EF) is the DOS at the Fermi level, uqn is the phonon frequency
of the nth phonon mode with wave vector q, and gqn is the
phonon linewidth, which can be estimated by51

gqn ¼
2puqn

UBZ

X
k;m;n

���gnkn;kþqm

���2dð3kn � EFÞ � d
�
3kþqm � EF

�
; (4)

where UBZ is the volume of the rst Brillouin zone, 3kn and 3k+qm

indicate the Kohn–Sham energy and gnkn,k+qm represents the
screened electron–phonon matrix element. lqn is the EPC
constant for phonon mode qn,51,52,54 which is dened as:

lqn ¼
gqn

pћNðEFÞuqn
2
; (5)

Tc is estimated using the McMillan–Allen–Dynes formula:51

Tc ¼ ulog

1:2
exp

� �1:04ð1þ lÞ
l� m*ð1þ 0:6lÞ

�
; (6)

The hysteretic Coulomb pseudopotential m* in eqn (6) is set
to a typical value of 0.1, and the logarithmic average of the
phonon frequencies ulog is dened as51

ulog ¼ exp

�
2

l

ð
a2FðuÞ ln u

u
du

�
: (7)

4 Results and discussions

In our structural searches, ScB2, TiB2 and VB2 are dynamically
stable at ambient pressure with no imaginary frequency in their
© 2024 The Author(s). Published by the Royal Society of Chemistry
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phonon–dispersion curves (shown in Fig. S1†). Table SI† shows
that their formation enthalpies are −0.85, −1.08, and −0.73 eV
per atom, respectively. The EPC strength is 0.28 for ScB2, 0.1 for
TiB2 and 0.3 for VB2, which are too weak to support conven-
tional superconductivity in these materials. Information on
their crystal structures is shown in Table SI.†

The phonon–dispersion curve of CrB2 has imaginary
frequencies under pressures until 108 GPa. For TcB2, it turns to
be dynamically stable at 9 GPa. However, the phonon–disper-
sion curves of TcB2 exhibit a signicant soening at 9 GPa and
10 GPa (shown in Fig. S2†), suggesting that the structures may
be unstable in the laboratory. Therefore, we discuss the physical
properties of TcB2 at 20 GPa as being typical. In the following,
we will focus on investigating the crystal structures, electronic
properties, lattice dynamics and superconductivity of CrB2 at
108 GPa and TcB2 at 20 GPa.

4.1 Physical properties of CrB2

4.1.1 Crystal structure and electronic properties. The
primitive cell of CrB2 contains one Cr atom and two equivalent B
atoms with lattice constants a= 2.80 Å and c= 2.62 Å at 108 GPa.
As shown in Table 1, the intralayer B–B bond length is 1.61 Å, and
the bond length for the nearest Cr–B is 2.08 Å. The electron
localization function (ELF) value for B–B bonds is calculated to
Table 1 Lattice parameters, formation enthalpy, bond length for the nea
logarithmic average phonon frequency (ulog), and the estimated Tc for C

Compound

Lattice
parameters (Å)

l

ulog

(meV) Tc (K)a c

CrB2 2.8 2.62 1.4 21.2 26.0
CrB2 2.75 2.56 0.75 38.9 18.3

Fig. 1 (a) Calculated band structure, (b) total DOS, and projected DOS ne
150 GPa are also plotted for comparison). The cyan and pink broad ban

© 2024 The Author(s). Published by the Royal Society of Chemistry
be 0.82 (as shown in Fig. S3†), indicating their covalent bonding
nature. The ELF value between the nearest Cr–B atoms is
approximately 0.55, suggesting a metallic character. As pressure
increases, a reduction in lattice parameters is observed. Speci-
cally, at 150 GPa, the lattice parameter a decreases to 2.75 Å and c
decreases to 2.56 Å. The intralayer B–B bond length is also
reduced to 1.59 Å, while the bond length for the nearest Cr–B is
reduced to approximately 2.04 Å. The formation enthalpy of
compound AxBy is dened as DH = (HAxBy

− xHA − yHB)/(x + y),
where HAxBy

, HA, and HB are the enthalpies of compound AxBy,
element A and element B, respectively. The values are −1.30 eV
per atom and −1.36 eV per atom for CrB2 at 108 GPa and
150 GPa, respectively, indicating that it is an exothermic reaction.
Therefore, it is highly likely that CrB2 can be synthesized exper-
imentally from a thermodynamic point of view.

To analyse electronic properties, we plot the band structure
and electronic density of states (DOS) in Fig. 1. Herein, we
project Cr-d orbitals and B-p orbitals (relevant to our discus-
sion) onto the band structure. The orbital-resolved band struc-
ture shows metallic characteristics with three bands crossing
the Fermi level. The DOS reveals that overlaps between the two
elements are moderate, and the total DOS at the Fermi level is
1.49 states per eV. As can be seen in Fig. 1, Cr-d orbitals play
a dominant role around the Fermi level. Since the EPC
rest Cr–B and intralayer B–B bonding, the calculated EPC strength (l),
rB2 at 108 GPa and 150 GPa

Pressure (GPa)
Formation enthalpy
(eV per atom)

Bond lengths (Å)

B–B Cr–B

108 −1.30 1.61 2.08
150 −1.36 1.59 2.04

ar the Fermi level of CrB2 at 108 GPa (band structure and total DOS at
ds reflect the amounts of Cr-d and B-p orbital character.

RSC Adv., 2024, 14, 10507–10515 | 10509
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Fig. 2 Fermi surfaces of CrB2 in the first Brillouin zone at (a) 108 GPa
and (b) 150 GPa.

Fig. 4 Pressure dependence of Tc, ulog, and l in CrB2.
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parameter l corresponds roughly to N(EF)V in the BCS theory,
we can speculate that Cr-d orbitals near the Fermi level are
closely related to EPC and superconductivity in CrB2. Compar-
ison of band structures at 108 GPa and 150 GPa reveals that
most bands around the Fermi level remain unchanged except
those near the A point, resulting in nearly identical Fermi
surfaces. Therefore, the pressure has little effect on its Fermi
surfaces. However, a decrease of approximately 8.1% in the total
DOS at the Fermi level is observed at 150 GPa from that at
108 GPa (Fig. 2).

4.1.2 Lattice dynamics and electron–phonon coupling. To
explore the lattice dynamics and potential conventional super-
conductivity of CrB2, we calculate and show in Fig. 3 the phonon
dispersion, phonon density of states (PhDOS), Eliashberg
spectral function, a2F(u), and EPC integral, l(u). As can be seen
from phonon dispersion curves, there are no imaginary
frequencies in the whole phonon–dispersion curves of CrB2,
indicating that CrB2 at 108 GPa is dynamically stable. The
PhDOS reveals that the low-frequency region (below 45 meV) of
the phonon–dispersion curves is primarily contributed by the
vibration of the Cr atom, while higher frequencies above 62meV
are mainly attributed to the vibrations of the two equivalent B
atoms. Due to the signicant difference in atomic mass between
Cr and B, there is a gap between low-frequency acoustic and
Fig. 3 (a) Phonon spectra, (b) total and projected phonon DOS, (c) Eliash
at 108 GPa. Red solid circles represent the mode-dependent EPC with t

10510 | RSC Adv., 2024, 14, 10507–10515
high-frequency optical phonon branches. As can be seen from
the Eliashberg spectral function a2F(u) and EPC l(u), low-
frequency vibrations of Cr atoms contribute more than 90%
of the total EPC. This is mainly because the electronic states
around the Fermi level are dominated by Cr-d electrons. From
the mode- and momentum-resolved EPC lqn shown in Fig. 3(a),
it is evident that the total EPC comes mainly from the acoustic
phonon modes near the q point (0.167, 0.167, and 0.5), which
involves primarily Cr atoms moving along the c direction.

With increasing pressure, as shown in Fig. 4, Tc rises slightly
at 110 GPa and later shows a decreasing tendency. According to
the phonon dispersion curves with the strength of mode- and q-
resolved lqn illustrated in Fig. 5, all phononmodes shi towards
higher frequencies with increasing pressure, as expected.
Meanwhile, there is an apparent decrease in the aforemen-
tioned strong electron–phonon coupling of the acoustic phonon
mode around the q point (0.167, 0.167, and 0.5) with increasing
pressure, accompanied by hardening of the corresponding
phonon mode. Taking 108 GPa and 150 GPa for example, the
logarithmic average phonon frequency (ulog) increases from
berg spectral function a2F(u) and lðuÞ ¼ 2
Ð
a2FðuÞ=udu (right) for CrB2

he radius proportional to the respective coupling strength.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Phonon spectra of CrB2 at different pressures: (a) 108 GPa, (b) 110 GPa, (c) 120 GPa, (d) 130 GPa, (e) 140 GPa, and (f) 150 GPa. The radius of
the red solid circle is proportional to the mode-dependent EPC strength (the scaling factors of coupling strength for 120, 130, 140, and 150 GPa
are enlarged by a factor of 2.5).
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21.2 meV to 38.9 meV, whereas the EPC parameter (l) decreases
from 1.40 to 0.75, as shown in Table 1. As a result, Tc decreases
from 26 K to 18.3 K.
4.2 Physical properties of TcB2

4.2.1 Crystal structure and electronic properties. The
crystal structure of TcB2 we obtained at 20 GPa differs slightly
from the structure used by E. Deligoz and coworkers at ambient
pressure.55 As shown in Table 2 and Fig. S3,† the lattice
parameters of TcB2 are a = 2.9 Å and c = 3.31 Å at 20 GPa. The
intralayer B–B bond is 1.68 Å with an ELF value of 0.83, which is
typical for covalent bonding. The nearest Tc–B distance is 2.36 Å
with an ELF value of about 0.5, which shows a metallic char-
acter. With increasing pressure, lattice parameters become
smaller. At 100 GPa, the lattice parameters decrease to a = 2.76
Å and c = 3.15 Å. The intralayer B–B bond length becomes 1.59
Å, and the nearest Tc–B distance is 2.24 Å. The formation
enthalpies of TcB2 are−0.31 eV per atom and−0.87 eV per atom
at 20 GPa and 100 GPa, respectively, which are also exothermic
reactions. Therefore, TcB2 can be synthesized experimentally
from a thermodynamic point of view at 20 GPa and 100 GPa.

As shown in Fig. 6, the electronic structure of TcB2 is similar
to that of CrB2. The DOS near the Fermi level is mostly
contributed by Tc-d orbitals, whereas the B-p orbitals contribute
Table 2 Lattice parameters, formation enthalpy, bond length for the nea
logarithmic average phonon frequency (ulog), and the estimated Tc for T

Compound

Lattice
parameters (Å)

l

ulog

(meV) Tc (K)a c

TcB2 2.9 3.31 1.61 16.7 23.5
TcB2 2.76 3.15 0.97 26.8 20.6

© 2024 The Author(s). Published by the Royal Society of Chemistry
only a rather small portion. The band structure with four bands
crossing the Fermi level shows metallic characteristics. The
total DOS at the Fermi level is 1.34 states per eV at 20 GPa.
Compared with CrB2, the DOS of TcB2 is not so localized and is
more evenly distributed around the Fermi level. With increasing
pressure from 20 GPa to 100 GPa, the total DOS at the Fermi
level decreases by 10.5%. The band shiing around the Fermi
level is more pronounced than that in CrB2. The most signi-
cant distinction among the Fermi surfaces can be observed in
the blue region shown in Fig. 7, where an enlargement occurs
around these sheets under increasing pressure. Furthermore,
there is an increase in size for the spherical Fermi surface
centered at point A.

4.2.2 Lattice dynamics and electron–phonon coupling.
Previous studies56 have shown that TcB2 is a fairly hardmaterial.
In 2012, Deligoz and collaborators investigated the vibrational
properties of TcB2,55 whereas the electron–phonon coupling and
superconducting properties are still unknown. In this part, we
study the phonon dispersion, PhDOS, Eliashberg spectral
function, a2F(u), and EPC integral l(u) of TcB2 to explore its
electron–phonon coupling and superconducting properties. As
shown in Fig. 8, the overall features of the phonon dispersion
curves are similar to those of TcB2 in Deligoz's paper.55 TcB2 at
20 GPa is dynamically stable with no imaginary frequencies in
rest Tc–B and intralayer B–B bonding, the calculated EPC strength (l),
cB2 at different pressures

Pressure (GPa)
Formation enthalpy
(eV per atom)

Bond lengths (Å)

B–B Tc–B

20 −0.31 1.68 2.36
100 −0.87 1.59 2.24

RSC Adv., 2024, 14, 10507–10515 | 10511
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Fig. 6 (a) Calculated band structure, (b) total DOS, and projected DOS near the Fermi level of TcB2 at 20 GPa (band structure and total DOS at
100 GPa are also plotted for comparison). The cyan and pink broad bands reflect the amounts of Tc-d and B-p orbital character.

Fig. 7 Fermi surfaces of TcB2 in the first Brillouin zone (a) at 20 GPa
and (b) at 100 GPa.

Fig. 8 (a) Phonon spectra, (b) total and projected phonon DOS, (c) Eliash
at 20 GPa. Red solid circles represent the mode-dependent EPC with th

10512 | RSC Adv., 2024, 14, 10507–10515
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its phonon spectra. The high-frequency optical modes come
mostly from the vibrations of B atoms, while the vibrations of Tc
atoms mainly contribute to the low-frequency acoustic modes.
Around 20 meV, a distinct gap exists between the low-frequency
acoustic and high-frequency optical phonon modes. We note
that there are some subtle differences between the phonon
spectra in Fig. 8 and that reported in ref. 55. The most notable
difference is that our phonon spectra soen more severely in
acoustic branches, which is usually caused by strong electron–
phonon interaction. Indeed, as shown in Fig. 8(c), the inte-
grated electron–phonon coupling l(u) grows rapidly in the low-
frequency region (0–24.6 meV), which makes a dominant
contribution (about 88%) to the total EPC l of 1.61. The high-
berg spectral function a2F(u) and lðuÞ ¼ 2
Ð
a2FðuÞ=udu (right) for TcB2

e radius proportional to the respective coupling strength.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08746h


Fig. 9 Pressure dependence of Tc, ulog, and l in TcB2.
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frequency part (24.6–127 meV) dominated by vibrations of B
atoms contributes only about 12%. We nd an acoustic mode
around point L that contributes signicantly to the EPC, which
mainly involves vibrations of the Tc atoms moving along the
[1 2 0] direction.

When the pressure increases from 20 GPa to 100 GPa, while
the logarithmic average phonon frequency ulog increases, the
Fig. 10 Phonon spectra of TcB2 at different pressures: (a) 20 GPa, (b) 30 G
and (i) 100 GPa. The radius of the red solid circle is proportional to the m

© 2024 The Author(s). Published by the Royal Society of Chemistry
total EPC l and superconducting temperature Tc decrease with
pressure, as shown in Fig. 9. Fig. 10 shows the phonon spectra
with mode- and momentum-dependent EPC lqn of TcB2 at
different pressures from 20 GPa to 100 GPa. It is evident that all
the phonon modes are shied to higher frequencies with
increasing pressure. As shown in Table 2, the logarithmic average
phonon frequency increases from 16.7meV at 20 GPa to 26.8meV
at 100 GPa, whereas the total EPC l decreases from 1.61 to 0.97,
and the superconducting temperature Tc decreases from23.5 K to
20.6 K correspondingly. In contrast to CrB2, the aforementioned
most important phonon mode, i.e., the acoustic phonon mode
around point L dominated by in-plane vibrations of the Tc atoms,
shows little change in the mode-dependent EPC lqn and almost
no hardening of the phonons with increasing pressure. Instead,
the EPC lqn of the lowest acoustic phonon along G–A and around
point H decrease substantially with increasing pressure, which is
responsible for the corresponding reduction of the total EPC and
EPC l and superconducting temperature Tc as the pressure
increases. As a result, the decreasing rate of the total EPC l with
increasing pressure in TcB2 is only half the value in CrB2 (0.008/
GPa vs. 0.015/GPa). More importantly, this leads to amuch slower
rate of decrease of the superconducting temperature Tc of 0.036 K
GPa−1 in TcB2 compared to 0.18 K GPa−1 in CrB2 over the pres-
sure range studied.
Pa, (c) 40 GPa, (d) 50 GPa, (e) 60 GPa, (f) 70 GPa, (g) 80 GPa, (h) 90 GPa,
ode-dependent EPC strength.
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5 Conclusion

We carried out an extensive structure search and found that all
ve XB2 (X = Sc, Ti, V, Cr, and Tc) crystallize in the P6/mmm
space group under pressures up to 100 GPa. UnlikeMoB2, which
has a structural phase transition at 70 GPa, none of the XB2 (X=

Sc, Ti, V, Cr, and Tc) undergoes a phase transition below
100 GPa. Among them, ScB2, TiB2, and VB2 are dynamically
stable at ambient pressure but are not conventional supercon-
ductors. On the other hand, CrB2 becomes dynamically stable
when it transforms into a conventional superconductor at
108 GPa with a critical superconducting temperature Tc of 26.0
K. With increasing pressure, its Tc rises slightly at 110 GPa and
gradually decreases to 18.3 K at 150 GPa. TcB2 is also
a conventional superconductor within the pressure range 20–
100 GPa, with less dependence of Tc on pressure. Its Tc is 23.5 K
at 20 GPa and 20.6 K at 100 GPa. In addition, the negative
formation enthalpy and absence of imaginary phonon
frequency suggest that it is possible to synthesize both CrB2 and
TcB2 successfully in experiments.

In both CrB2 and TcB2, the electronic states around the
Fermi level mainly come from the d electrons of the transition
metal atoms Cr/Tc, suggesting the electron–phonon coupling
is dominated by the transition metal atoms instead of boron
atoms, in strong contrast to MgB2 where the EPC comes
mainly from the B atoms. Most of the strong total EPC (l > 1)
in both CrB2 and TcB2 comes from the low-frequency acoustic
phonon modes involving vibrations of the transition metal
atoms, which is similar to the case of MoB2.36 In CrB2, the
acoustic phonon mode around q = (0.167, 0.167, and 0.5) with
Cr atoms moving along the c-axis has dominated the EPC
mode, which decreases rapidly with increasing pressure. On
the contrary, in TcB2, the acoustic phonon mode around the L
point (0.5, 0, and 0.5) with Cr atoms moving in the ab-plane
has dominated the EPC mode, which shows very weak pres-
sure dependence. As a result, the superconducting tempera-
ture in TcB2 has very weak pressure dependence. Combined
with the relatively low pressure of 20 GPa and high Tc of 23.5 K,
TcB2 is perhaps the most interesting transition metal boride
studied so far.
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