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Jiajun Wang,'?> Muyao Wang,? Xiaohan Liu,” Man Jiang,*" and Liangliang Liu? '
1SDU-ANU Joint Science College, Shandong University, Weihai, Shandong 264209, People’s Republic of China

2Key Laboratory for Special Functional Materials of Ministry of Education, School of Materials Science and Engineering,

Henan University, Kaifeng 475004, People’s Republic of China

3Department of Nuclear Engineering and Technology, School of Energy and Power Engineering, Huazhong University of Science and

Technology, Wuhan 430073, People’s Republic of China
® (Received 22 March 2023; revised 28 June 2023; accepted 29 June 2023; published 19 July 2023)

A recent experiment of polycrystalline WB, with hP3 (space-group 191, prototype MgB,) and hP12 (space-
group 194, prototype WB,) structures was reported to realize 17-K superconductivity (SC) at 90 GPa, and the
hP3 structure is believed to be responsible for this emergent SC. However, a microscopic understanding of
what makes the hP3 structure so different from the hP12 structure and why the hP3 can feature such strong
electron-phonon coupling (EPC) SC is still missing. Here, based on first-principles calculations, we found that
in the hP3 structure, W d orbitals contribute most to electronic occupation near the Er, and d_> orbitals of two
neighboring W atoms have some hybridization to form weak o bonds. The further EPC analysis indicates that
the dominant d_> states are strongly coupled with the out-of-plane phonon modes by stretching the W-Wo bond,
thereby yielding a large superconducting gap and high 7. of ~35 K. By contrast, for the hP12 structure, two
neighboring W atoms are isolated without charge hybridization to form the covalent bonds, and, accordingly,
their phonon modes become very stiffened, which cannot effectively couple to W d orbital states associated
with a lower T; of ~4 K. Therefore, our findings not only provide an explanation for the emergent strong EPC
SC in the hP3 structure, but also have important implications for the design of high-7.. superconductors among

transition metal borides.
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I. INTRODUCTION

Hexagonal layered MgB,, discovered by Akimitsu and
co-workers in 2001, is a well-known phonon-mediated su-
perconductor with a transition temperature 7. ~ 39 K [1],
and the B-B o-bonding state was demonstrated to play a
central role in the superconducting pair via coupling with the
in-plane stretching modes of the B layer [2-8]. Subsequently,
a great deal of effort has been devoted into searching for
and designing more boride superconductors in order to obtain
higher 7; by substituting Mg atoms or partially doping other
elements into MgB, experimentally and theoretically [9-12].
For instance, a well-known case is CaB,, and theory predicted
that isostructural CaB, hosts the stronger electron-phonon
coupling (EPC) than that of MgB, with T up to 48 K [13],
whereas, unfortunately, it is difficult for experiment to synthe-
size due to the poor thermodynamic stability. Doping with Ba
in MgB,, the obtained Mg, sBagsB, was predicted to have
superconductivity (SC) at the ~60 K [14], and we are not
aware of experimental progress on this prediction. To date, as
we know, MgB, remains to host the experimentally confirmed
the highest 7; among all boride superconductors.
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Recently, Pei er al. carried out the high-pressure experi-
ment to explore the SC of transition diboride MoB, and found
high pressure drives it from the R3m phase transition into
P6/mmm phase, which exhibits very strong EPC SC with T
up to ~32 K under 90 GPa [15,16]. Inspired by the experi-
mental finding of MoB, SC, more recently, Lim et al. [17] and
Pei et al. [18] also study the superconductivity of isoelectronic
compound WB, under pressure, respectively. Lim synthesized
large-grain polycrystalline WB, samples with hP3 (P6/mmm)
and hP12 (P63 /mmc) structures, and under the combined ef-
fect of these two structures at the grain boundary, the obtained
T. is ~17 K at 90 GPa [17]. The detailed analysis implies
that the hP3 structure, the isostructure to MgB,, was believed
to play a key role in the emergency of the 17-K SC for
polycrystalline WB, since the hP3 structure was theoretically
predicted to have T; of 25-40 K, whereas, the T, of P63/mmc
phase is only ~1 K [17,19]. However, a microscopic under-
standing of what makes the hP3 structure so different from the
hP12 structure and why the hP3 can feature such high T is still
missing. It is, therefore, necessary to investigate the salient
electronic, bonding, and phononic properties of the hP3 and
hP12 structures from which large EPC is derived.

In this paper, first-principles calculation within the
anisotropic Migdal-Eliashberg (M-E) theory [20,21] was car-
ried out to study the superconducting mechanism of hP3 and
hP12 structures. It is found that, in the hP3 structure, W d
orbitals have the large electronic occupation near the Er, and
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especially d> orbitals of two neighboring W atoms have some
hybridization, forming the weak o bonds. The detailed EPC
analysis indicates that the dominant d,» states are strongly
coupled with the out-of-plane phonon modes by stretching the
W-Wo bond, giving rise to a large superconducting gap of
8 meV, and, thus, obtaining 7; up to ~35 K. Although for the
hP12 structure, two neighboring W atoms are isolated without
charge hybridization to form the covalent bonds, and accord-
ingly their phonon vibrations get very stiffened, which cannot
effectively couple with W d states associated with obtaining
a low T of 4 K. Doubtlessly, our present findings not only
elucidate the microscopic mechanism of the emergent high 7
in the hP3 structure, but also provide a guidance to design
more high-7; boride superconductors.

II. CALCULATIONAL METHODS

Our density functional theory (DFT) calculations were
performed using the Vienna ab initio simulation package
with the projector augmented-wave method [22-24]. The
generalized-gradient approximation functional of Perdew-
Burke-Ernzerhof (PBE) [25] was used to deal with the
exchange-correlation energy, and a plane-wave basis was
taken with a kinetic-energy cutoff of 600 eV. The k-space inte-
gration was performed with 21% (21 x 21 x 7) k-point grid for
the hP3 (hP12) structure optimization, and all atoms were al-
lowed to relax along the calculated forces until all the residual
force components were less than 0.005 eV /A. The subsequent
lattice dynamics and EPC calculations were carried out by
using the QUANTUM ESPRESSO (QE) package [26] with the
optimized norm-conserving Vanderbilt pseudopotentials [27]
and a plane-wave cutoff of 80 Ry. Here, we used 6° (6 x
6 x 4) g-point grid for the phonon computation of the hP3
(hP12) structure. The anisotropic M-E equations with a typi-
cal Coulomb pseudopotential parameter of = 0.13 and 0.15
[15,28] are employed to calculate the superconducting gap
and estimate the 7. as implemented in the electron-phonon
Wannier (EPW) code [29], and the interpolated k-point grid of
50 x 50 x 40 and g-point grid of 25 x 25 x 20 are used in
the superconducting calculations.

III. RESULTS

We first begin by optimizing the hP3 WB, structure using
the PBE calculations. Figures 1(a) and 1(b) show the opti-
mized structure at 90 GPa, and the obtained lattice parameters
area=b=2.857Aandc=3.117 A, respectively. In the bulk
structure, W atoms are intercalated between two B-B layers,
occupied at the honeycomb center. Based on the crystal-field
analysis (W site: Dg, point group), W 5d orbitals can be
splitted into a singlet aj, (d2), and two doublets e, (dx,
and d;) and ey (dyy and d,>_y2). The calculated projected
band structure (Pband) is shown in Fig. 1(c). It is seen that
there are four bands (denoted as n = 1-4) across the Eg, and
W d orbitals contribute most to the electronic states at the
Er. Compared with other orbitals, the singlet d» orbital is
the most dominant component of the states, which has some
hybridization to the B p, orbitals along the k-path L-V-N-K
with a relatively small energetic dispersion, and, thus, to form
double Van Hove singularities (VHSs) associated with two
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FIG. 1. (a) Side view and (b) top view of the hP3 structure under
90 GPa. (c) Calculated band structure with projected onto the atomic
orbitals. The inset of (c) is the distribution of d.» states on the Fermi
surface (FS) using the color scale in the range of [0, 0.6]. (d) Partial
density of state (PDOS). A closeup of the total DOS around the Ef is
given in the inset of (d). (e) Calculated partial charge density plotted
on the (110) surface of the 2* supercell. The center of the o bonds
between two neighboring W atoms are marked by ”X.” (f) Brillouin
zone of the primitive cell.

large localized peaks in the DOS below the Ef [see Figs. 1(c)
and 1(d)]. It is noted that such double VHSs are also ob-
served in the isostructural MoB, [16]. Figure 1(c) displays the
projected states of the dominant d orbital on the FS sheets,
which are extensively distributed on the FS sheet of the band
n=1, exhibiting anisotropic distribution.

In the following, we plot the partial charge density distri-
bution in the range from —0.1 to 0.1 eV [see Fig. 1(e)] since
the formation of Cooper pairs are just related to the electronic
charges near the Ep. It is displayed that the charges are mainly
located around W atoms, and the d,. orbitals of two neigh-
boring W atoms have some hybridization to be connected by
weak o bonds, having a saddle point of charge density at
this middle with value of 0.10 e~ /A3. This W-W ¢ bond is
also confirmed by the calculated crystal orbital Hamiltonian
population (COHP) [30-32] in Fig. 2(a) shows that the COHP
curve for the neighboring W-W is negative below the Er, and
the integrated COHP up to Ef is —0.86 eV /pair, clearly in-
dicating there are bonding states between two neighboring W
atoms. Meanwhile, as the pressure increases, Fig. 2(b) shows
the values of integrated COHP are increased and accord-
ingly the strength of the W-W o bond gets an enhancement.
Additionally, it is noteworthy that this d,» driven-o bond is
also observed between two neighboring Mo atoms of the
MoB, with the hP3 structure under high pressure, and since
the isoelectronic compounds WB;, and MoB, exhibit the
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FIG. 2. (a) The calculated projected COHP for the two neighbor-
ing W atoms evolve as a function of pressure. (b) The corresponding
values of integrated COHP at different pressures. Here, a negative
COHP indicates bonding states and positive COHP indicates anti-
bonding states.

similar band structure, electronic DOS, and bonding nature
(see Figs. 1 and 2 of Ref. [15]), naturally, they would have
the similar phonon vibrations, EPC, and SC as discussed
below.

We then turn to examine the phonon modes and EPC of
the hP3 structure using the density functional perturbation
theory calculation [38]. Figure 3(a) shows the atom-mode
projected phonon spectrum. It is revealed that there is a small
gap of ~25 meV between high-frequency optical branches
and low-frequency acoustic branches. The optical branches
almost come from the contribution of the B vibration. We
note that because the B p orbitals are mainly located at the
low-energy level and have low electronic occupation near the
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FIG. 3. (a) Phonon spectrum projected on atomic in-plane (x/y)
and out-of-plane (z) vibrations. (b) Phonon spectrum with projection
of EPC strength A,, using the color scale in the range of [0,6], and
the isotropic Eliashberg function o> F @ with integrated EPC constant
Alw). (c) Atomic displacements of e mode I, labeled as indicated in
(a). Here, since mode I corresponds to the ¢g-point coordinate of about
number (3, 1, 1), a3 x 3 x 2 supercell was employed to fold this
g point into the Brillouin-zone center. The arrows on W/B atoms
indicate vibrational directions. (d) The unfolding band structure (red
points) with the atomic displacements of mode I, plotted along the
same k path of equilibrium structure in the primitive cell (bottom
black lines) to facilitate comparison.

Er, these B vibration modes cannot effectively coupled with
B electronic states, and the obtained g-vector EPC parameters
Ag,v are all very small [see Fig. 3(b)]. By contrast, the low-
frequency acoustic modes driven by W vibrations give rise to
the large EPC strength. Especially, along the g-path A-L-H,
the W out-of-plane vibrations experience a sharp softening,
and the corresponding mode I produces the strongest EPC by
stretching and compressing the weak W-W o bonds along the
z direction [see Figs. 3(b) and 3(c)]. This is further identified
by the fact that the d2-driven band across the Ef, e.g., states
near the VHS, obviously moves up as the W atomic displace-
ments according to the unfolding band dispersion in Fig. 3(d).
The underlying physics is that if a phonon can be strongly
coupled with FS states, it will produce a large energetic shift
in k for states near Eg [39].

Next, in order to quantitatively evaluate the EPC strength,
we further calculated the isotropic Eliashberg spectral func-
tion o?F (w) to obtain the total EPC constant A based on
Eq. [40]: M(w) = 2wa dwa’F (w)/w. The calculated total A
value is 2.02. From Fig. 3(b), it is found that the o> F (w) ex-
hibits a huge peak around the low-frequency region derived by
W phonon modes, yielding a sharp increase in A(w), and in-
tegrating the contribution of three acoustic phonon branches,
the obtained X value is 1.85, occupying more than 90% of the
total A, indicating that the emergent strong EPC almost come
from the contribution of the acoustic branches.

Since there typically exist several bands crossing Er and
atomic orbitals exhibit the anisotropic distribution on the FS,
here, the anisotropic M-E equations were used to evaluate
the k-resolved EPC parameter A, to reflect the coupling
strength of the phonons with each electron band and the
anisotropic nature of superconducting gap A, as employed
in MgB, superconducting analysis [4], and the tight-binding
Hamiltonian with the maximally localized Wannier function
reproduces well the electronic bands obtained using the DFT
calculation [see Fig. S1 of Supplemental Material [33]] as
implemented in the EPW code. Figures 4(a) and 4(b) show
the distribution of A, and A, on the FS. It is noted that the
Ank strength on the FS exhibits significant anisotropy and are
scaled with the weight of W d,. states on the FS. Accordingly,
the W d, states on the FS give rise to the large supercon-
ducting gap Ak, and noted that Ap’s are closely correlated
with A, i.e., the larger Ay strength, the higher Ax. Then,
normalized quasiparticle DOSs was calculated to compare
with the experimental tunneling conductance directly based
on the %F‘“) = Re[+()] [41]. Figure 4(c) shows there

INZCN

is only a pair of peaks, corresponding to a single supercon-
ducting gap. As the increase of temperature 7', the value of
gap gradually decreases to zero at the ~35 K using the p*
= 0.13, and, thus, the obtained T; of the hP3 structure is
35 K [see Fig. 4(d)]. If u* = 0.15 was used to calculate T,
and the value is ~30 K. Therefore, the estimated 7. of the
hP3 structure is located 30-35 K with u* = 0.13-0.15. The
similar superconducting nature also happens in MoB, that d.2
states are strongly coupled with softened out-of-plane modes
by stretching ¢ bonds, resulting in high 7, SC, which would
deepen our understanding of the important role of d,.-driven
o bond in the SC of transition metal boride. Furthermore, we
consider the effect of pressure on the SC of the hP3 structure,
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FIG. 4. Calculated k-resolved (a) EPC constant A,; and (b) su-
perconducting gap A, (at 2.5 K) on the four FS sheets represented
by the color scale. (c) The normalized quasiparticle DOSs at 2.5 K.
(d) Energy distribution of the anisotropic superconducting gap A
versus T for WB,.

and the detailed results are shown in Figs. S2 and S3 of the
Supplemental Material [33]. It is noted that with the increase
in the pressure, the EPC parameters 1, , and the obtained total
EPC constants A all get reduced. Accordingly, the values of
estimated 7, get decreased and is ~24 K at 150 GPa. Our
further analysis reveals that the hardness of phonon vibration
and reduction of the electron-phonon matrix element My ;4
play key roles in the decrease in T, and the detailed discussion
are shown in Fig. S3 of the Supplemental Material [33].

In the following, in order to reveal why there is weak EPC
SC in the hP12 structure, we also calculate the electronic
bonding and EPC properties to compare with those of the
hP3 structure under 90 GPa. The hP12 structure has the space
group of P63/mmc with part of the B layers buckled [see
Fig. 5(a)], and based on the crystal-field analysis (W site: D3,
point group), W d orbitals are splitted into a singlet a;, (d.2)
and a quartet e, (d>_, dyy, dy;, and d,;). Figures 5(c) and
5(d) display the calculated Pband and PDOS. It is noted that
in both the hP12 and the hP3 structures, W d orbitals all have
large electronic occupation, whereas, the difference is that for
the hP12 structure, the d,» orbital has a small contribution
to the states at Eg, and the other four d orbitals, i.e., the
quartet e,, exhibit larger electronic occupation. Especially,
the d,; orbital contribute most to Fermi surface states, and
meanwhile, no VHS was observed in total DOS near Ef [see
Fig. 5(d)]. We also plot the partial charge-density distribution
in the range from the —0.1 to 0.1 eV as shown in Fig. 5(b),
and it is seen that two neighboring W atoms are isolated with-
out charge hybridization, indicating there are no the covalent
bonds between neighboring W atoms in the hP12 structure.
It is also verified by the calculated the integrated COHP with
the positive value of 0.53 eV /pair [see Fig. 5(e)]. This result
demonstrates that the difference in the point symmetries and
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FIG. 5. (a) The side view of the hP12 structure under 90 GPa.
(b) The calculated partial charge density. Calculated band structure
(c) and partial DOS (d) with projected onto the atomic orbitals. (e)
Total DOS associated with projected to W and B atoms.

crystal fields of W atoms between the hP3 and the hP12
structures give rise to the different orbital spilt, electronic
distribution, and bonding nature, thereby yielding different
SCs as discussed below.

These different electronic structures and bonding nature
of the hP3 and hP12 structures reflect the different phonon
vibrations and the EPC strength. From the atom-mode pro-
jected phonon spectra in Figs. 3(a) and 6(a), the similarity
is that the low-frequency acoustic branches below 25 meV
are dominated by the vibrations of W atoms, and the high-
frequency parts arise from the vibrations of the B layers.
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FIG. 6. (a) Phonon spectrum projected on atomic in-plane (x/y)
and out-of-plane (z) vibrations. (b) Phonon spectrum with projection
of EPC strength A, using the color scale in the range of [0,6], and
the isotropic Eliashberg function o> F @ with integrated EPC constant
M(w). (c) Calculated k-resolved superconducting gap A, (at 1 K) on
the FS sheets represented by the color scale. (d) Energy distribution
of the anisotropic superconducting gap A versus 7.
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The difference is that for the hP12 structure, low-frequency
acoustic branches including in-plane and out-of-plane modes
all have very flat energetic dispersion, exhibiting atomlike
vibrations. These stiffened phonon modes cannot effectively
couple with the W d states of the FS, and thus, all acoustic
modes have very small values of 1, , as shown in the phonon
spectrum with the projected A, , of Fig. 6(b). The obtained
total EPC A is only 0.36, much lower than A = 2.02 of the hP3
structure, and accordingly, the states on the FS also produce
smaller superconducting gap A,; with the maximum value
of ~0.7 meV [see Fig. 6(c) and Fig. S4 of the Supplemental
Material [33]]. As the increase in the temperature 7', the value
of the gap decreases to zero at the ~4 K using u* = 0.13, and
the obtained T; of the hP12 structure is 4 K [see Fig. 6(d)],
close to previous report of T, = 1 K [17,19]. Therefore, com-
bining the electronic bonding and phononic properties of both
the hP3 and the hP12 structures, it clearly shows that in the
hP3 structure due to the hybridization of the d orbital, two
W atoms are connected with a weak o bond, and the W d.
states are strongly coupled with softened out-of-plane modes
by stretching o bonds, resulting in a large superconducting
gap and, thus, high 7;. Although, in the hP12, the W atoms
exist in isolation without charge hybridization between two
neighboring W atoms, and accordingly their phonon modes
are all very stiffened, which cannot effectively couple to their
d orbital states, obtaining a small 7;. This result undoubtedly
not only well explains why the hP3 could have strong EPC
SC, but also points to the fact that although the hP3 WB,
has essentially different electronic structures, bonding nature,
and phonon vibrations with the isostructure MgB,, both sys-
tems indeed reflect the similar superconducting nature that the
metallic o bonds can give rise to strong EPC SC. Additionally,
we also study the electronic structures of the hP6 (space-group

P63/mmc) and the hP3 ReB, (space-group P6/mmm), and
find these are no d2-driven o covalent bonds in both structures
[see Fig. S5 of the Supplemental Materials [33]], which may
be able to explain why there is no SC in ReB,. These findings
would provide an important guidance to search for and design
more high-T;. superconductors among transition metal borides
by inducing covalent o bonds between transition metals in the
future research.

IV. SUMMARY

In conclusion, we have clearly displayed the different elec-
tronic bonding and phononic properties between the hP3 and
the hP12 structures by the first-principles calculation, and
reveal that the strong EPC SC in the hP3 originates from the
strong coupling of the d states with the out-of-plane phonon
modes by stretching o bonds, whereas, in the hP12 structure,
the stiffened phonon modes of the W atoms cannot effectively
couple to the W d orbital states with T; very low. Our findings
not only could deepen our understanding of the microscopic
mechanism of emergent strong EPC SC in hP3 WB,, but also
point out a route how to design more high-7;. superconductors
among transition metal borides.
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