Showcasing research from the group of Dr Shuxiang Yang \

e .
at Zhejiang Lab and Prof. Peng Zhang at As featured in:

Xi'An Jiaotong University, China

Discovery of superconductivity in technetium borides at U
moderate pressures PCCP 25

This research conducted thorough investigations on the
superconductivity, mechanical properties and phase stability
of the technetium-boron binary system. Five unprecedented

Caly ,
g pesany N B

< % A% e
superconducting technetium-borides were discovered at Pﬂ@ e “\“_n X
. . WG e
moderate or even ambient pressure, representing a fresh - &%
group in the family of superconducting metal-borides. .
The 4d-electrons of technetium play a dominant role for .

the electron-phonon coupling in these superconducting

technetium-borides, in contrast with MgB,. The various S Slvscare Ve, e Arene) @ el

structures and stoichiometries of these superconducting Phys. Chem. Chem. Phys.,
technetium-borides suggest rich possibilities in looking for 2024, 26,16963.
other superconducting transition-metal borides. \\ 4

® ROYAL SOCIETY rsc.li/pccp PCCP

- OF CHEMISTRY Owner Societies

Registered charity number: 207890



¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Discovery of superconductivity in technetium

".) Check for updates‘
borides at moderate pressuresy

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 16963 Xiangru Tao,#* Aigin Yang,i® Yundi Quan,® Biao Wan,” Shuxiang Yang*© and

Peng Zhang (2 *°

Advances in theoretical calculations have boosted the search for high-temperature superconductors,
such as sulfur hydrides and rare-earth polyhydrides. However, the required extremely high pressures for
stabilizing these superconductors has handicapped further implementation. Based upon thorough
structural searches, we identified a series of unprecedented superconducting technetium borides at
moderate pressures, including TcB (P6s/mmc) with a superconducting transition temperature of T. =
20.2 K at ambient pressure and TcB, (P6/mmm) with T. = 23.1 K at 20 GPa. Superconductivity in these
technetium borides mainly originates from the coupling between the low-frequency vibrations of
technetium atoms and the dominant technetium-4d electrons at the Fermi level. Our work therefore
presents a fresh group in the family of superconducting borides, whose diversified crystal structures
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1 Introduction

The discovery of superconductivity in mercury' motivated a century-
long race for higher-temperature superconductors. Owing to the
progress in theoretical calculations,”” numerous high-temperature
superconducting hydrides have been discovered in the past decade,
including H,S (T ~ 191-204 K at 200 GPa)®” and LaH,, (T. ~ 274~
286 K at 210 GPa) with record-high superconducting transition
temperatures.> ™! However, the stable presence of these supercon-
ducting hydrides requires very high pressures, which largely limits
their potential implementations.">™*

Among all Bardeen-Cooper-Schrieffer (BCS) superconductors,
borides represent a unique category with superconductivity at
relatively low pressures. MgB, has the highest superconducting
transition temperature, 7. = 39 K, among all BCS-type super-
conductors at ambient pressure.'® At present, the discovered bulk
superconducting borides with the same stoichiometry as MgB,
include CaB, (T. ~ 50 K'© or 9.4-28.6 K’ at ambient pressure,
theory), NbB, (T, ~ 9.2 K at ambient pressure, experiment'®>°),
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suggest rich possibilities in the discovery of other superconducting transition-metal borides.

OsB, (T, = 2.1 K at ambient pressure, experiment>'), RuB, (7, =
1.6 K at ambient pressure, experiment®'), ScB, (T, = 1.5 K at
ambient pressure, experiment®?), WB, (maximum 7, = 15 K at
100 GPa, experiment®®), ZrB, (T, = 5.5 K at ambient pressure,
experiment®®), SiB, (7, = 21 K at ambient pressure, theory®®) and
MoB, (T. = 32 K at 100 GPa, experiment®®). Superconducting
borides with other stoichiometries include X;B; (X = Re and Ru
with T. = 3.3 and 2.6 K, respectively, at ambient pressure,
experiment”*®), Re;B (7. = 4.8 K at ambient pressure,
experiment®®), X,B (X = Mo, Re, Ta and W with T, = 5.1, 2.8,
3.1 and 3.2 K, respectively, at ambient pressure, experiment®”),
XB (X = Hf, Nb, Mo, Ta and Zr with T, = 3.1, 8.3, 0.5, 4.0 and
2.8-3.4 K, respectively, at ambient pressure, experiment®’), FeB,
(T, = 2.9 K at ambient pressure, theory and experiment**°), XB;
(X = Na, K, Rb, Ca, Sr, Ba, Sc and Y with T, = 17.5, 14.7, 18.6, 6.6,
6.8, 16.3, 14.2 and 12.3 K, respectively, at ambient pressure,
theory®'), BeBg (T. = 24 K at 4 GPa, theory’®), CBg (T = 12.5 K
at ambient pressure, theory®®), MgBs (T. = 9.5 K at 32.6 GPa,
theory*®), ScBg (in P24/m-, C2/m- and Cmcm-structure with T, =
5.8 K at ambient pressure, 2.2 K at 500 GPa, and 2.6 K at 800 GPa,
respectively, theory®®), XBg (X = Nb, La, Th and Y with T, = 3.0, 5.7,
0.74 and 7.1 K, respectively, at ambient pressure, experiment?”),
XB, (X = Li, Na, K, Mg, Ca and Sr with T, = 21.6, 18.3, 26.2, 29.3,
7.7 and 12.7 K, respectively, at ambient pressure, theory*®), RbBg
and RbBg (T, = 7.3-11.6 K and 4.8-7.5 K at ambient pressure,
respectively, theory®’), YBs (T, = 7.2 K at ambient pressure,
experiment®®), LaBg (T, = 14 K*° or 20 K*° at ambient pressure,
theory), XB,, (X = Nb, La, Th, Y and Zr with T, = 3.0, 5.7, 0.74, 7.1
and 5.8 K, respectively, at ambient pressure, experiment®”*'™*%),
ternary borides like SrB;C; (T, = 22 K at 23 GPa, theory and
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experiment’®), or even quaternary borides RbYbB¢C, and
RbBaBgC; (both with T. ~ 71 K at ambient pressure, theory*’).

There have been extensive efforts in searching for similar
metal-boride superconductors since the discovery of MgB, as
presented above. Unfortunately, the outcomes have been dis-
couraging in that the T. values of most metal borides are much
lower than that of MgB,. However, the recent experimental
discovery of superconducting MoB, with T, = 32 K at 100 GPa>®
has ignited further enthusiasm in looking for superconducting
transition-metal borides at lower pressures or even at ambient
pressure. In addition, the superconducting mechanism of MoB,
is suggested to be very different from MgB,. In MgB, the B-p
electrons play a dominant role in its superconductivity,*®*” while
in MoB, its Mo-4d electrons contribute majorly.?**® This raises
two essential questions: (1) Can we find other superconducting
transition-metal borides neighboring to MoB,, with T, at least
above 10 K and at moderate pressures? (2) Does the super-
conducting mechanism of MoB, apply to other superconducting
transition-metal borides? To answer these two questions, we
decided to work on borides of technetium, which comes imme-
diately after molybdenum in the periodic table.

Although technetium is rare in nature, technetium-based
compounds have been investigated in multiple disciplines in
the past. ATcOj; perovskites (where A = Ca, Sr, Ba) have attracted
extensive interest due to their extremely high antiferromagnetic
Néel temperatures (750-1200 K).*°™> First-principle calcula-
tions have predicted a stable structure of ternary compound
Tc,AlB, with Cmcm symmetry at ambient pressure.>® Recently,
technetium hydrides were theoretically predicted and then
experimentally synthesized under high pressure.’*>>

Technetium borides have been extensively investigated due
to their outstanding mechanical properties.>®”°® Three techne-
tium borides have long been synthesized experimentally at
ambient pressure,’® Tc;B (Cmcm) with an orthorhombic struc-
ture, and Tc,B; (P6s/mmc) and TcB, (P6s/mmc, Vickers hardness
38.4 GPa’® or 39.4 GPa’”) with hexagonal structures. Later
theoretical calculations also proposed three stoichiometries of
TcB, TcB; and TcB4.®>7%7° First-principle DFT calculations by Li
et al.®® suggested that hexagonal TcB (P6m2) could be energeti-
cally stable. Structural searches by Wu et al.”* found a thermo-
dynamically stable TcB (Cmcm) structure above 8 GPa. Later
structural searches by Zhang et al.”® led to the argument that
TcB (P3m1, Vickers hardness 30.3 GPa) could be energetically
more stable than the above two structures. Structural predictions
by Van Der Geest et al.”® suggest there are two thermodynamically
stable structures, TcB (Pnma) and TcB, (P6s/mmc), at 30 GPa.
First-principle DFT calculations by Miao et al” reported a
thermodynamically stable TcB; structure (P6m2, Vickers hard-
ness 29 GPa) above 4 GPa. Structural searches by Ying et al.”>”>
suggested two structures, TcB; (P6m2, Vickers hardness 30.7 GPa)
and TcB, (P6;/mmc, Vickers hardness 32.4 GPa), that are thermo-
dynamically stable at 0 and 100 GPa, respectively. However, the
discussions of possible superconductivity in technetium borides
are totally absent.

In this paper, we choose to search the technetium-boron
binary system for new superconductors. A comprehensive
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phase diagram of all thermodynamically stable technetium
borides up to 180 GPa has been derived. We also found five
superconducting technetium borides possessing metastable
states for the first time, including TcB (P6s/mmc), TcB, (P6/
mmm), Tc,B (I4/mcm), TcsB (P4/mmm) and TcB (Cmcem), that
remain dynamically stable at low or even ambient pressures.
The mechanical properties of these superconducting techne-
tium borides have been investigated as well.

2 Methods

The structure prediction for technetium-boron binary crystals
is performed by the CALYPSO package.”” The crystal structures
and the X-ray diffraction (XRD) patterns are generated by the
VESTA package. The electronic structures and the phonon
properties are calculated using the QUANTUM-ESPRESSO (QE)
package.”® The plane-wave kinetic-energy cutoff and the charge
density energy cutoff are 100 Ry and 400 Ry, respectively. An
optimized norm-conversing pseudopotential with valence elec-
tron configurations of Te-4p°® 4d®> 5s® and B-2s” 2p' and a
Methfessel-Paxton smearing”® width of 0.02 Ry is used.

The dynamic matrix and the electron-phonon coupling (EPC)
constant 4 are calculated using the density functional perturba-
tion theory.® The superconducting transition temperature is
estimated following the Allen-Dynes modified McMillan
equation,®

o 1.04(1 + 4)
L= ™ | 40620

1)

in which 1 is the average EPC parameter, oy is the logarithmic
average frequency, and the Coulomb pseudopotential®* u* = 0.12.
Mechanical properties including Vickers hardness are estimated
following models by Chen et al. and Tian et al.**** Calculation
details are given in the ESL¥

3 Results and discussion
3.1 Convex hull and phase diagram

We have done variable-composition and fixed-composition struc-
ture searches in the Tc-B system at pressures of 0, 90 and
180 GPa. Thermodynamically stable structures and the derived
composition-pressure phase diagram are presented in Fig. 1.
Three existing technetium borides at ambient pressure, Tc;B
(Cmem), Te,Bs (P6s/mmc) and TcB, (P6s/mmc), have been success-
fully identified. Tc;B (Cmcem) is thermodynamically stable up to
180 GPa in our study. In contrast, Tc,B; (P63/mmc) and TcB, (P6s/
mmc) stop being energetically favorable above 60 GPa and
139 GPa, respectively, and a new TcB, (I4,/amd) thermodynami-
cally stable phase shows up above 170 GPa. Two previously
predicted structures, TcB; (P6m2)’>”* and TcB, (P6;/mmc),”"”>
also have been found in our calculations, and these structures are
thermodynamically stable above 2 and 35 GPa, respectively. We
found a TcB (P2,) structure that is thermodynamically stable
above 24 GPa, then transfers into a Pmn2, structure at 63 GPa,
and finally into the previously predicted Pnma structure’® at
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Fig. 1 (a) Formation enthalpies of predicted structures in the technetium—boron binary system at 0 GPa, 90 GPa and 180 GPa. Thermodynamically
stable structures are marked by red-filled dots on the convex hull (black solid line); thermodynamically metastable structures are marked by a blue 'x". The
composition ratio is defined by NB/(NTC + Ng), where Ng and Nr_represent the number of atoms in the formula unit. (b) Composition—pressure phase
diagram of thermodynamically stable structures in the technetium—boron binary system.

160 GPa. We also discovered technetium borides with two new
stoichiometries, Tc;B, and Tc,B. Tc;B, (C2/m) is thermodynami-
cally stable above 151 GPa. The Tc,B (C2/m) structure is thermo-
dynamically stable above 23 GPa, then transfers into an Fddd
structure at 60 GPa. The crystal structure information and the
XRD patterns of all thermodynamically stable phases are pre-
sented in Table S4 and Fig. S4 of the ESL{

3.2 Superconductivity of thermodynamically metastable
technetium borides

We have examined potential superconductivity in the predicted
technetium borides, including all thermodynamically stable
structures and the thermodynamically metastable structures
within a range of 300 meV above the convex hull. A total of five
thermodynamically metastable technetium borides have been
found to be superconducting at 180 GPa, including TcB,
(P6/mmm, 42 meV per atom above the hull), TcB (P6s/mmc,
255 meV per atom above the hull), Tc,B (I4/mcm, 2 meV per

atom above the hull), Tc;B (P4/mmm, 248 meV per atom above
the hull) and TcB (Cmcm, 25 meV per atom above the hull).
These five superconducting technetium borides stay dynami-
cally stable at decreased pressures. The minimum dynamically
stable pressures of TcB, (P6/mmm) and TcB (Cmcm) are 20 and
30 GPa, respectively, while TcB (P6s/mmc), Tc,B (I4/mcm) and
Tc;B (P4/mmm) are dynamically stable even at ambient pressure.

The superconducting transition temperatures of the techne-
tium borides are presented in Fig. 2, together with the transition
temperatures of other known superconducting metal borides that
have been measured experimentally for benchmarking. As shown
in Fig. 2b, the superconducting transition temperatures of the
technetium borides in our study increase at decreased pressure.
Although the superconducting transition temperatures of all five
technetium borides are always lower than these of MgB, "> and
MOoB,,”° they are higher than the superconducting transition
temperatures of other metal borides in Fig. 2a at their lowest
dynamically stable pressures. In addition, TcB, (P6/mmm) and TcB

o b)[®
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Fig. 2 (a) Superconducting transition temperatures of metal borides at ambient pressure measured experimentally. (b) Superconducting transition
temperatures of TcB, (P6/mmm), TcB (P6s/mmc), TcoB (I14/mcm), TcsB (PA/mmm) and TcB (Cmcm) as a function of pressure, together with the
superconducting transition temperatures of MgB, at ambient pressure, and MoB, and WB, at 100 GPa, measured experimentally (red diamonds).
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Table 1 Total electronic density of states (DOS) at the Fermi level N(Eg),
EPC parameter /, logarithmic average frequency m.g, and superconduct-
ing transition temperature T, of the superconducting technetium borides
at their lowest dynamically stable pressures

Space N(Eg) (states
Formula group P (GPa) per eV per f.u.) 1 g (em™) T, (K)
TcB, P6/mmm 20 1.41 1.85 125.1 23.1
TcB P63/mmc 0 1.63 1.56 126.1 20.2
Tec,B IA/mem 0 1.75 0.85 165.1 10.9
Tc;B Pi/mmm 0 2.85 0.92 162.9 12.9
TcB Cmcm 30 1.05 0.96 135.5 11.5

(P63/mmc) have higher superconducting transition temperatures at
100 GPa than WB, with T, = 15 K.

We also present the superconducting transition tempera-
tures of the five technetium borides at their lowest dynamically
stable pressures, together with their total electronic DOS at the
Fermi level N(Eg), the EPC parameter 1 and the logarithmic
average frequency ., in Table 1. TcB, (P6/mmm) has the
highest superconducting transition temperature of 23.1 K at
20 GPa, which comes from its largest EPC parameter of / = 1.85.
In contrast, TcB (Cmcm) has a much lower superconducting
transition temperature of 11.5 K at 30 GPa due to its small EPC
parameter of 4 = 0.96. The superconducting transition tempera-
tures of TcB (P6s/mmc), Tc,B (I4/mcm) and Tc;B (P4/mmm) at
0 GPa are 20.2, 10.9, and 12.9 K, respectively. Although the EPC
parameters A of these metastable technetium borides are not
small, their logarithmic average frequencies w,g are rather low
with a maximum of 165.1 em™*, which limits their supercon-
ducting transition temperature. This is in sharp contrast with
MgB,, which has a smaller /4 value of 0.87 but a much larger wjqg
value of 504 cm ™', and the highest BCS-type superconducting
transition temperature of 39 K at ambient pressure.®®

The thermodynamically metastable nature of the discovered
superconducting technetium borides doesn’t necessarily
exclude their experimental synthesis. Metastable materials
have long been synthesized and implemented,®® typically like
fullerene Cgp. As for superconductors, DFT calculations predict
NdH, (P63/mmc) has a formation enthalpy that is 35 meV per
atom above the convex hull at 150 GPa, yet it has been
successfully synthesized with T. ~ 4.5 K.*” Several metastable
borides have been predicted to be superconducting in recent
structural searches. Xia et al. discovered thermodynamically
metastable CB, with a superconducting transition temperature
of 12.5 K at ambient pressure.*® Zhang et al also found
thermodynamically metastable RbBg (Pm3m) and RbBg (Immm)
with superconducting transition temperatures of 7.3-11.6 and
4.8-7.5 K at ambient pressure, respectively.’” These works
further validate the importance and necessity of our discoveries
of superconducting technetium borides.

3.3 Crystal structures

The crystal structures of the five superconducting technetium
borides in our study are presented in Fig. 3. TcB, (P6/mmm)
shares exactly the same crystal structure with MgB, and MoB,.
TcB (P63/mmc) has a TiAs-type structure, in which the rhombus
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Tc-layers are AB-stacking along the c-axis and the rhombus
B-layers are sandwiched between the neighbouring Tc-layers.
Tc;B (P4/mmm) has square Tc-layers stacking in an ABB-pattern
along the c-axis, and the square B-layers are located between the
two Tc-layers of the BB-pattern. Tc,B (I4/mcm) consists of
square Tc-layers AB-stacking along the c-axis, where the neigh-
bouring Tc-layers are twisted by 37.2 degrees. The B-layers in
Tc,B (I4/mcm) are sandwiched between the neighbouring
Tc-layers as well. In TcB (Cmcm), the square Tc-layers stack in
an ABCD-pattern along the b-axis, and the B atoms form zig-zag
chains along the c-axis between the AB and CD Tc-layers. The
angle of the zig-zag chain of the B atoms is around 108.8 degrees.
Crystal structure information and the XRD patterns of the super-
conducting technetium borides are presented in Table S3 and
Fig. S3 of the ESL}

3.4 Electronic structures

The electronic DOS of superconducting technetium borides at
their lowest stabilizing pressure are presented in the left column of
Fig. 4. The electronic DOS of all technetium borides share certain
features. The total DOS at the Fermi level are dominated by the
states of the Tc-4d bands. Although the B-2p DOS have consider-
able weight away the Fermi level, its contribution is minor at the
Fermi level, if not zero. The B-2s DOS almost vanish around the
Fermi level, which makes the B-2s bands almost irrelevant for
electronic conduction. Our DOS results for technetium borides
have a close resemblance to those for the transition-metal boride
MOoB,,”® while they are in obvious contrast to results for the alkali-
earth-metal boride MgB, “**” and the alkali-metal boride RbBg.*”
In both MgB, *®*” and RbBg,*” the major DOS at the Fermi level
are contributed by the B-p bands. But in both the superconducting
technetium borides of our study and MoB,,*® the 4d electronic
states play dominant roles around the Fermi level.

The electronic band structures, the partial DOS of the Tc-4d
orbitals and the Fermi surfaces of the superconducting tech-
netium borides are presented in Fig. S2 of the ESL For all five
superconducting technetium borides, either their band struc-
ture or their Fermi surface show obvious electronic dispersion
in three dimensions. Typically, for example, TcB,, which shares
the same crystal structure as MgB, and MoB,, has a three-
dimensional Fermi surface like MoB,,**®*® while being distinct
from the quasi-two-dimensional Fermi surface of MgB,.*”"*

3.5 Dynamic stability and electron-phonon coupling

The phonon spectra, the PHDOS, the Eliashberg functional
o’F(w) and the corresponding integrated EPC constant /. of the
superconducting technetium borides at their lowest dynamically
stable pressures are presented in the right column of Fig. 4. There
is no sign of an imaginary frequency in the phonon spectra of all
five superconducting technetium borides, which proves the
dynamic stability of these structures at the corresponding pres-
sures. The distribution of the PHDOS and the Eliashberg spectral
functional o®F(w) of the superconducting technetium borides
show clear separation between the low-frequency phonon modes
of the heavier Tc atoms and the high frequency phonon modes of
the lighter B atoms. This enables us to separate the integrated

This journal is © the Owner Societies 2024
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Fig. 3 Crystal structures of superconducting technetium borides. (a) TcB, (P6/mmm), (b) TcB (P6s/mmc), (c) TcoB (14/mcm), (d) TesB (P4/mmm) and (e)
TcB (Cmcm). The technetium and boron atoms are represented by spheres of coral and green colors, respectively.

EPC constant / into two parts, the EPC from the Tc atoms 47, and
the EPC from the B atoms Ag. The ratio of EPC from oscillation of
the Tc atoms relative to the total EPC, /ir/4, are 0.883, 0.910,
0.873, 0.907 and 0.911 for TcB, (P6/mmm), TcB (P63/mmc), Tc,B
(14/mcm), TczB (P4/mmm) and TcB (Cmcm), respectively. It
indicates that superconductivity in these five technetium borides
mainly originates from the coupling between the Tc-4d electrons
and the low frequency phonon modes of the Tc atoms.

The superconducting mechanism of our predicted technetium
borides is similar to that in the transition-metal boride MoB,,
whose superconductivity mainly originates from the coupling
between the Mo-4d electrons and the low frequency Mo-phonon
modes.>® However, the superconducting scenarios in the alkali-
earth-metal boride MgB, “>*” and the alkali-metal boride RbBg>’
are very different in that the couplings between the B-2p electrons
and the high-frequency B-phonon modes play dominant roles. At
least three isotopes of technetium have reasonably long half-lives
(Tc-97, Tc-98 and Te-99 at 4.2 x 10°, 6.6 x 10° and 2.13 x 10° years,
respectively). Therefore, we suggest experiments on the isotope
effects of technetium to examine our prediction.

Observations in the phonon spectra, PHDOS and EPC of the
superconducting technetium borides are consistent with their
relatively smaller logarithmic average frequency wj as listed in
Table 1, since Tc atoms are much heavier than B atoms. The
enhanced / plus small w,; characteristics of TcB, have also
been seen in the iso-structural superconductor TIBi, of heavy
atomic mass,” with 7 = 1.4, wig = 37 cm ' and rather low

This journal is © the Owner Societies 2024

T. = 5.5 K. Recent work suggests that the introduction of
hydrogen atoms into the non-superconducting transition-
metal boride Ti,B, will result in superconducting Ti,B,H,
(T. = 48.6 K at ambient pressure), through expansion of the
frequency range of the phonon spectrum and consequently
enlarged electron-phonon coupling.”® Similar hydrogenation
probably helps in elevating the superconducting transition
temperatures of technetium borides by the enlarged w)g.
Another interesting observation on the discovered super-
conducting technetium borides is that the Fermi levels of TcB,
and TcB fall closely above the peak positions of their DOS, as
shown in Fig. 4. Since the EPC in technetium borides is con-
trolled by the coupling between the Tc-4d electrons and the
oscillation of the Tc atoms, slight hole-doping could lower the
Fermi level, thus enhancing the effective number of electrons
participating in the superconducting pairing and therefore
increasing the superconducting transition temperatures.

3.6 Hardness

We also calculated the Vickers hardness of the discovered
superconducting technetium borides as presented in Table 2.
At ambient pressure, TcB (P6;/mmc), Tc,B (I4/mcem) and Tc;B (P4/
mmm) have Vickers hardness values of 2.8-4.8, 11.8-13.0 and
10.0-11.3 GPa, respectively. The Vickers hardness values of TcB,
(P6/mmm) and TcB (Cmcm) are 9.8-11.3 GPa and 12.2-13.7 GPa at
pressures of 20 and 30 GPa, respectively. The superconducting
technetium borides in our study have lower hardness values than
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Fig. 4 Total and partial electronic DOS, phonon dispersion relation, phonon density of states

(a) TcB, (P6/mmm, 20 GPa), (b)

TcB (Cmcm, 30 GPa).

(d) TcsB (P4/mmm, 0 GPa) and (e)

TcB (P63/mmc, 0 GPa), (c) TceB (I14/mem, 0 GPa),
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Table 2 Vickers hardness of superconducting technetium borides at their
lowest dynamically stable pressures

Formula Space Group P (GPa) Hychen" (GPa) Hyrmian®" (GPa)
TcB, P6/mmm 20 10.6 12.0
TcB P63/mmc 0 2.8 4.8
Tc,B I4/mcm 0 11.8 13.0
TcsB P4/mmm 0 10.0 11.3
TcB Cmcem 30 12.2 13.7

those previously stated for superconducting superhard borides,
for example RbBg (Pm3m, Vickers hardness of 19.7 GPa at
ambient pressure) and RbBg (Immm, Vickers hardness of 36.9
GPa at ambient pressure).’” Other mechanical parameters includ-
ing elastic constants Cj, bulk modulus B, and shear modulus G at
their lowest dynamically stable pressures were also calculated.
Mechanical stability criteria® related to the elastic constants of
these superconducting technetium borides are fulfilled as pre-
sented in the ESL{

4 Conclusions

In summary, we have conducted thorough structural searches in
the technetium-boron binary system. An updated composition-
pressure phase diagram for technetium borides at up to 180 GPa
have been derived, including two new stoichiometries as Tc;B,
and Tc,B. More importantly, we also found five unprecedented
superconducting technetium borides that remain dynamically
stable at moderate or even ambient pressures. Among these
thermodynamically metastable superconducting technetium bor-
ides, TcB, (P6/mmm) has the highest superconducting transition
temperature of 23.1 K at 20 GPa, and TcB (P6s;/mmc) has the
highest superconducting transition temperature of 20.2 K at
ambient pressure. The superconductivity in these technetium
borides mainly originates from the coupling between the domi-
nant presence of Tc-4d electronic states around the Fermi level
and the low-frequency vibrational modes of the technetium
atoms, which are closely analogous to another transition-metal-
boride MoB,. Our calculations not only identified that super-
conducting TcB, (P6/mmm) has the same crystal structure as
MgB, and MoB,, but also led to the discovery of a series of
superconducting technetium borides with diversified crystal
structures. This work proves the rich structures and stoichiome-
tries in superconducting technetium borides at high pressures,
thus indicating the necessity for extended research in the dis-
covery of new superconducting transition-metal borides.
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