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Structural and electronic properties of Na-B-H compounds at high pressure

Xing Li®,"" Xiaohua Zhang ®,!" Aitor Bergara®,>3* Yong Liu®,' and Guochun Yang

1,F

IState Key Laboratory of Metastable Materials Science & Technology and Key Laboratory for Microstructural Material Physics of Hebei
Province, School of Science, Yanshan University, Qinhuangdao 066004, China
2Departamento de Fisica, Universidad del Pais Vasco-Euskal Herriko Unibertsitatea, UPV/EHU, 48080 Bilbao, Spain
3Donostia International Physics Center (DIPC), 20018 Donostia, Spain
4Centro de Fisica de Materiales CFM, Centro Mixto CSIC-UPV/EHU, 20018 Donostia, Spain

® (Received 22 August 2022; revised 11 October 2022; accepted 28 October 2022; published 9 November 2022)

Ternary hydrides are ideal candidates for high-temperature superconductivity. However, their electronic prop-
erties correlate strongly with the charge transfer between their consistent elements. In this work we propose nine
Na-B-H compounds, which combines charge modulation between Na and B/H atoms with pressure, with unusual

structural motifs and interesting electronic properties. In the metallic Pmma NaBHj;, with both ionic and covalent
frameworks, formed by H atoms bonded to Na/B atoms, a low-frequency phonon dominated superconductivity
is predicted with a T; of 86.8 K, distinct from the high-frequency H-derived superconductivity associated with
covalent H-based skeletons or H cages/sheets in superhydrides. Furthermore, in nonmetallic NaBH,, (n = 1, 2,
and 6) and R-3m NaBH3, the B atom exhibits an sp*-hybridized feature analogous to the C atom, resulting in the
formation of several alkanelike B-H motifs, such as a graphanelike layer and an ethane-shaped molecule. Our
work presents an important step toward the understanding of metal borohydrides.

DOI: 10.1103/PhysRevB.106.174104

I. INTRODUCTION

The search for high-temperature superconductors remains
a hot topic in condensed matter physics. Since Ashcroft pro-
posed that compressed H-rich hydrides have the potential to
achieve high-temperature superconductivity [1], binary hy-
drides have been extensively explored [2-5]. Interestingly,
two recent discoveries, covalent hydride H3S (203 K at 155
GPa) [6,7] and clathrate hydride LaH;y (260 K at 188 GPa)
[8,9], have updated the record of the superconducting transi-
tion temperature (7;), and have also revived the expectation
of exploring room-temperature superconductors. Until now,
many high-7; superconductors have emerged in nonmetal
and metal hydrides, e.g., the theoretically predicted 110 K
for H3Se at 250 GPa [10], 83 K for PH3 at 200 GPa [11],
104 K for HyTe at 170 GPa [12], 206 K for NaH¢ at 100 GPa
[13], 263 K for MgH, at 300 GPa [14], 266 K for CaHy at
300 GPa [15], 234 K for HfH;( at 250 GPa [16], 270 K for
TbHj( at 250 GPa [17], 303 K for YH;( at 400 GPa [18],
329 K for ThH;g at 350 GPa [19], and the experimentally
confirmed 215 K for CaHg at 172 GPa [20], 262 K for YHy
at 182 GPa [21], 115 K for CeHy at 95 GPa [22], 161 K for
ThH;( at 175 GPa [23], and others. Their common feature is
that high-frequency phonons, contributed by H-based covalent
skeletons and H cages/sheets, are responsible for the super-
conductivity. However, extremely high pressures are required
to stabilize most of them, which restricts their immediate
applications and remains a challenge [24].
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Building on the success of binary hydrides, ternary hy-
drides have substantial prospects for achieving low-pressure
high-temperature superconductivity, due to the unexpected
“chemical precompression” and a set of potential crystal
structures that could be stabilized [24,25]. Ma et al. proposed
a design strategy for high-T; superconductors by introducing
additional electrons into the already known binary hydrides
with abundant H, or Hs; molecules via metal doping; and
successfully predicted a clathrate-type Li,MgH,; with an
exciting 7 of 473 K at 250 GPa [26]. Additionally, room-
temperature superconductivity of 556 K at 180 GPa has been
recently observed in the La-B-N-H system [27], whereas the
corresponding chemical compositions and crystal structures
have not been resolved yet. So far, a plethora of ternary can-
didate hydrides with high-T; values have been proposed, such
as CaYHj, (258 K at 200 GPa) [28], (La, Y)H;p (253 K at
183 GPa) [29], LaBHg (156 K at 55 GPa) [30], and BaSiHg
(71 K at 3 GPa) [31]. Interestingly, several types of isostruc-
tural hydrides present different stability regions, with diverse
electronic and superconducting properties, as observed in
MC,Hg (M = Na, K, Mg, Al, and Ga) [32] and AXHg (A =
Sc, Ca, Y, Sr, La, Ba, and X = Be, B, Al) [24], indicating that
the correct selection of constituent atoms is crucial.

For transition metal hydrides, their superconductivity de-
pends not only on the number of electrons in d/ f orbitals but
also on the transferred charge from the transition metal atom
to hydrogen [33,34]. If a large amount of d/f electrons con-
tribute to states at the Fermi level (Eg), the hydrides usually
show quite low 7. values, such as 0.3 K for Fe,SH3 at 173
GPa [35], 27.6 K for MgVH, at 150 GPa [36], and 52.9 K
for ScYHg at 200 GPa [37]. On the other hand, if the trans-
ferred electrons from the transition metal atom are enough to

©2022 American Physical Society
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break the H, molecule, the hydrides present high 7; values
due to the large H-dominated states at Er and high-frequency
H-derived vibrations. Consequently, the d/f electron mod-
ulation in transition metal hydrides plays a crucial role in
realizing high-temperature superconductivity, becoming quite
a complicated task.

In contrast to transition metals, alkali metals, with low
atomic mass, simple s electronic channels, and strong
electron-donating ability, have recently received considerable
attention in the design of superconducting ternary hydrides.
As it has been shown in Li-P-H [38,39] and Li-Si-H [40]
systems, and in Li;MgH ¢, the incorporation of Li atoms as an
electron dopant has become an effective route to improve the
stability and superconductivity. Furthermore, after inserting
Na/K atoms, the semiconducting CH4 molecule becomes a
metal and a superconductor at low pressure (<50 GPa) [32].
Additionally, the insertion of alkali metals in the lightweight
B-H system, which presents a maximum 7; of 37.3 Kin C2/c
BH,; below 300 GPa [41], can also greatly enhance the T up
to ~100 K or more, as shown in Li;BHg [42], and designed
AB>Hg (A = K, Rb, and Cs) [43,44]. In addition, various B-H
motifs can be stabilized in Li-B-H compounds, including BH
linear chains, BH, zigzag chains, BH; molecules, and BHg
octahedra [42]. However, Na, the intermediate alkali metal
between Li and K, with an unusual chemical identity [45],
has been rarely explored in the design of ternary hydrides.

Our previous work has demonstrated that Na not only sta-
bilizes distinctive boron cages in Na-B compounds, but also
generates superconducting boron allotropes (e.g., [4/mmm
B4 and Pm B;;) after the removal of Na atoms [46]. Re-
cently, a distinct NaHg compound has been proposed by Zurek
et al. [47], with a T, comparable to the well-known CaHg
[13], but with a different structure. These results give us a
high motivation to explore the ternary Na-B-H system under
pressure. In this work we perform a first-principles structure
prediction study on the Na-B-H system at 100, 200, and
300 GPa, and identify several metallic and semiconducting
structures. Pmma NaBH; shows an interesting framework,
and presents an unexpected low-frequency phonon-dominated
superconductivity. Pmmn NaB3Hs, a compound derived from
the insertion of Na atoms into P6/mmm BH, presents a much
higher T; than the prototype BH. The unusual nonmetallic
feature in Na-B-H compounds under pressure is associated
with the presence of carbonlike structural units, such as alkane
formed by B atoms. Overall, distinct chemical compositions,
crystal structures, and electronic properties presented in the
Na-B-H system will inject a great impetus into the exploration
of new metal borohydrides.

II. COMPUTATIONAL DETAILS

The particle swarm optimization algorithm implemented
in the CALYPSO code has been recognized as an impor-
tant method to discover unknown compounds [3]. Here, the
variable-composition structure search is performed for the
Na-B-H system at selected pressures of 100, 200, and 300
GPa. The calculations of structural relaxations and electronic
properties are carried out with the Vienna ab initio simulation
package (VASP) code [48] based on the framework of den-
sity functional theory (DFT). The Perdew-Burke-Ernzerhof

(PBE) [49] generalized gradient approximation is chosen
for the exchange-correlation functional. The projector aug-
mented waves (PAWSs) with 2s22p63s1, 2s22p1, and 1s!
electrons are adopted as valence electrons for Na, B, and
H atoms, respectively [50]. The kinetic cutoff energy of
700 eV and Monkhorst-Pack scheme with a k-point grid of
27 % 0.03 A~ in the Brillouin zone are adopted to ensure an
enthalpy convergence of less than 1 meV/atom. The electron
localization function (ELF) [51] is used to describe both the
electronic distribution and chemical bonding. Phonon calcula-
tions are performed by using the supercell finite displacement
method in the PHONOPY code [52]. Superconducting prop-
erties are investigated via electron-phonon coupling (EPC)
calculations implemented in the QUANTUM ESPRESSO package
based on the density functional perturbation theory (DFPT)
[53].

III. RESULTS AND DISCUSSION

Here, we extensively explore the low-enthalpy structures
with stoichiometries of NaB,H, (x = 1-8, y = 1-8, 1-4 for-
mula per simulation cell) and construct the ternary phase
diagrams at 100, 200, and 300 GPa (Fig. 1). To accurately
determine the thermodynamic stabilities of ternary Na-B-H
compounds, their formation enthalpies are estimated relative
to the already known stable structures of elemental solids
[45,54-56] and binary compounds [41,46,47,57] (see the
Supplemental Material for more details [58]). As shown in
Fig. 1, eight chemical compositions are identified to be ther-
modynamically stable (e.g., NaBH, NaBH,, NaBH3, NaBHy,
NaBH6, NaBsz, NaB3H3, and NaB4H4), in which Pnma
NaBH, has been reported experimentally [59]. Additionally, a
metastable Cm NaB3H4 compound, with a formation enthalpy
of 19 meV/atom at 100 GPa, that is within the experimen-
tal synthesis (<50 meV) [60], is also considered due to its
interesting structure and properties, as will be discussed be-
low. Only NaBHj; experiences a structural phase transition
from R-3m to Pmma with pressure. Additionally, we have
also considered the already reported structural templates of
K/Rb/Cs B,Hg [43,44] by replacing the alkali metal atoms
with Na atoms. However, all of them have shown to be ther-
modynamically unstable as a consequence of their positive
formation enthalpy. The absence of imaginary vibrational
modes in phonon dispersion curves demonstrates that the pre-
dicted phases are dynamically stable (Fig. S1 [58]).

Based on the structural features and electronic properties
(Fig. S2 [58]), the predicted Na-B-H compounds can be di-
vided into two groups: metals (NaBH; with Pmma symmetry,
NaB,H,, NaB3;Hj3, and NaB4H,) and semiconductors (NaBH,
NaBH,, NaBHj; with R-3m symmetry, NaBHg, and NaB3Hy).

For metallic phases, in Pmma NaBHj3 [Fig. 2(a)], B atoms
can coordinate with four H atoms (BH4), and H atoms have
two nonequivalent sites, labeled as H1 and H2 [Fig. 3(a)].
Note that the neighboring H1 atoms are paired with each
other via a weak covalent bond, however the H2 atoms do not
get paired. Interestingly, the BH4 units are interconnected by
sharing H1-H1 pairs and H2 atoms in the ac plane, and B-B
bonds along the b axis, forming a channel-type covalent B-H
framework [Fig. 2(a)]. Na atoms are located in the channel,
and coordinate with 12 H atoms, resulting in a nested ionic
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FIG. 1. Convex hulls of the Na-B-H system derived from the calculated formation enthalpies (AH) relative to stable elemental solids and
binary compounds at (a) 100 GPa, (b) 200 GPa, and (c) 300 GPa. All stable compositions are represented by five-pointed stars, and a metastable
compound is represented with a pentagon, whereas the colored dots denote the magnitude of the relative AH of the thermodynamic unstable

phases.

network in the B-H framework [Fig. 2(a)]. Therefore, both the
covalent B-H/B bonds and ionic Na-H ones are responsible for
the structural stability.

On the other hand, the B/H ratio in the other three metallic
phases is the same, and their stoichiometries can be written
as Na(BH), (n = 2, 3, and 4). Moreover, their structural fea-
tures are also similar [Figs. 2(b)-2(d)]. Specifically, each B
atom is covalently bonded to a H atom. Meanwhile, all B
atoms aggregate into wrinkled layers in the ab plane, with
a hypercoordination characteristic, as a result of the electron
deficiency attributed to B [69]. Accordingly, as observed in
Ibam BH, corrugated B-H layers are formed [57]. Na atoms
are embedded between the B-H layers via ionic Na-H inter-
action; as a consequence, along the ¢ axis Na(BH), exhibit a
staggered distribution of ionic Na-H layers with covalent B-H
ones (Fig. S3 [58]).

(a) Pmma NaBH, (b) Pmmn NaB,H,

FIG. 2. The crystal structures of (a) Pmma NaBH; at 300 GPa,
(b) Pmmn NaB,H, at 300 GPa, (c) Pmmn NaB3;H; at 200-300 GPa,
and (d) P4/n NaB4H, at 200 GPa. The cyan, green, and pink spheres
represent Na, B, and H atoms, respectively. To explicitly show the
characters of chemical bonds, covalent bonds are shown in solid and
bold lines, while ionic bonds are shown in dashed and narrow lines.

Among the four metallic compounds (Fig. S2), NaBHj3,
with a unique structural framework and the highest H content,
attracts our attention to explore its electronic properties. The
calculated projected density of states (PDOS) reveals that its
metallicity is mainly derived from the B 2s/2p, H1 1s, and
H2 1s states [Fig. 3(b)]. Moreover, these electronic states form
several steep bands along the X-I', Z-T-Y, and U-R direc-
tions, and an electron pocket around the S point near the Fermi
energy (Er) [Fig. 3(c)], reflecting a large electronic DOS,
which might enhance its electron-phonon coupling (EPC)
[70].

Then we have investigated the superconducting properties
of Pmma NaBHj. The calculated EPC parameter A is 1.25
at 300 GPa [Fig. 3(d)], which is significantly higher than 0.6
for C2/c BH, at 250 GPa and slightly lower than 1.49 for
Pm-3m NaHg at 200 GPa [13,41]. Combining the Eliashberg
spectral function a?F (w) and phonon density of states (PH-
DOS), we conclude that the low-frequency vibrations (below
35 THz) contribute 72% to the total A, whereas the medium-
frequency vibrations associated to H1 and H2 atoms (35-76
THz) and the high-frequency vibrations from H1 atoms (76—
114 THz) contribute 23% and 5%, respectively [Fig. 3(d)].
The fact that the contribution of H1 at high frequencies is
greater than that of H2 can be attributed to the stronger bind-
ing strength of B-HI1 than B-H2 [Fig. 3(a)]. Based on the
phonon dispersion curves with A weights, the strong EPC in
the range 0-35 THz is mainly related to the phonon soften-
ing of acoustic branches at the X point and along the X-T"
direction [Fig. 3(e)], which can be associated to the Fermi
surface nesting, as supported by the sharp peaks in the Fermi
surface nesting function £(Q) [Fig. 3(f)] [71]. Therefore, the
superconductivity of Pmma NaBHj3 originates mainly from
the coupling of B 2s/2p and H 1s electrons with the lattice
vibration modes at low frequencies, which contrasts with the
well-known H-derived high-frequency dominated supercon-
ductivity in superhydrides (e.g., H3S, LaH,o, and Li,MgH )
[6,8,26]. Since the Allen-Dynes modified McMillan equation
is suitable for superconductors with A < 1.5 [66], we use it to
estimate the T, of Pmma NaBH3, and obtain a result of 86.8 K
at 300 GPa with a typical Coulomb pseudopotential parameter
of u* = 0.1 [72,73], which is higher than 55 K of P4/mmm
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FIG. 3. (a) The ELF, (b) the PDOS, (c) the projected electronic band structure, (d) Eliashberg spectral function a>F (@), EPC parameter
A(w), and PHDOS, (e) the phonon dispersion curves (the magnitude of A indicated by the thickness of the red curves), and (f) the Fermi surface
nesting function £ (Q) of Pmma NaBHj3 at 300 GPa. (g) «’F (w), A(w), PHDOS, and (h) the phonon dispersion curves with A weights of Pmmn
NaB;3Hj at 200 GPa. (i) The T¢, A, and the logarithmic average phonon frequency (wiog) values of Pmmn NaB3Hz and P6/mmm BH at 200

GPa.

NaAlHg and comparable to 89 K of Pm Ca,;B,H 3 at 300 GPa,
with a much higher H content [74,75].

On the other hand, an unexpected structural similarity of
B-H layers (Fig. S4) with the same B/H ratio appears in
P6/mmm BH and NaB3Hj, inspiring us to explore the role
of Na atoms on the structure and physical properties. From a
structural point of view, NaB3Hj can be obtained by inserting
Na atoms into the B-H layers in P6/mmm BH and breaking
the symmetric hydrogen bonds. In turn, we build a hypo-
thetical NagB3Hj structure removing Na atoms in NaBs;Hj.
After structural relaxation, NagB3H; actually converges into
P6/mmm BH [57]. Then, we investigate the superconducting
properties of NaBsH3; and P6/mmm BH at 200 GPa. The
predicted A value of NaB3Hj is 1.16, where phonon vibrations
below 26.4 THz contribute 92% to the total A [Fig. 3(g)], so
that, similar to P6/mmm BH (the coupled B-H vibrations be-
low 31.2 THz contribute 61.6% [57]), low-frequency phonon
vibrations still play a crucial role in the EPC [Fig. 3(h)].
Comparing T, A, and wjeg values of NaB3H3 and P6/mmm
BH, we conclude that, after inserting Na atoms, A is doubled
but wi is significantly reduced [Fig. 3(i)]. The competition
between A and wi,, causes the increase of 7. (47.8 K of
NaB3Hj3 vs 18.8 K of BH), indicating that A plays a dominant
role in the evolution of 7;, which is inseparably associated

with the softening of low-frequency phonons [Fig. 3(h)]. As
a consequence, the role of heavier Na atoms is to induce the
low-frequency phonon softening.

In nonmetallic NaBH, (y=1, 2, 3, and 6) phases, B
atoms are more likely than H atoms to get the electrons
transferred by Na atoms, forming B-H morphologies analo-
gous to alkanes, named as B-alkanes (Fig. 4). In detail, in
R-3m NaBH [Fig. 4(a)], B atoms form wrinkled honeycomb
layers in the ab plane. H atoms are bonded to B atoms on
both sides of the honeycomb layer alternately, resulting in a
graphanelike B-H motif, named B-graphane [76]. In Pnma
NaBH, [Fig. 4(b)], B atoms form a saturated alkane-shaped
BH,; chain (B-alkane chain). In R-3m NaBHj; [Fig. 4(c)], B
and H atoms are in the ethane configuration (BH3BHj3, B-
ethane), making it the first example in B-H systems, which
contrasts with the double-bridging diborane molecule. In R3m
NaBHg [Fig. 4(d)], there appear methanelike BH4 molecules
(B-methane), and H, molecules. Overall, a common feature
in the semiconducting phases is that each B atom captures an
electron donated by Na and behaves like a C atom (a Na/B
ratio of 1:1), presenting a sp> hybridization and showing a
tetrahedral coordination with the surrounding B and H atoms
[42,77]. On the other hand, as the H content increases, the
B-H motifs show a tendency to reduce the dimensionality,
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(a) R-3m NaBH (b) Pnma NaBH, (c) R-3m NaBH;

FIG. 4. The crystal structures of (a) R-3m NaBH at 200 GPa, (b) Pnma NaBH, at 100 GPa, (c) R-3m NaBHj; at 200 GPa, (d) R3m NaBH¢
at 100-300 GPa, (e) Cm NaB3;H, at 100 GPa, and (f) the B;H4 monolayer of Cm NaB;H, at 100 GPa. The cyan, green, and pink spheres
represent Na, B, and H atoms, respectively.

from two-dimensional (2D) layers to 1D chains and then to charge distribution. Additionally, the calculated PDOS reveals
0D molecules. that B atoms are sp3 hybridized [Fig. 5(b)]. In this case, all

Here, NaBHg is taken as an example to illustrate this fea- the constituent atoms can satisfy the octet rule, which leads
ture. As can be seen in Fig. 5(a), the ELF isosurfaces of the  to semiconducting properties. The same is true in NaBH,
BH, molecule in NaBHg and the CH4 molecule show a similar (y=1, 2, and 3) compounds (Fig. S2). With increasing
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FIG. 5. (a) The ELF isosurfaces with a value of 0.75 of CHy, and the BH4 unit in NaBHg. (b) The PDOS associated to the B atom in
NaBHg. (c) The band-gap evolution of NaBH, NaBH;, NaBHg, and NaB3;H,4 with pressure. (d) The ELF isosurfaces with a value of 0.75 in
the B;H4 monolayer in Cm NaB3;H,. (e) The PDOS associated to inequivalent B, and H atoms in NaB3;Hy. (f) The electronic band structures
of NaB3;H, under different pressures.
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pressure on these compounds, their band gaps gradually de-
crease [Fig. 5(c)], due to the decreasing interatomic distance
which enhances the dispersion of the electronic bands. NaBH,
is an exception, whose structure cannot be maintained at high
pressure.

Compared with NaBH, (y =1, 2, 3, and 6), the small
Na/B and B/H ratios (<1) in Cm NaBsHy [Fig. 4(e)] drive
a single-layer B-H formation [Fig. 4(f)], which consists of a
building block of B;Hy, where B atoms are five coordinated
[Fig. 5(d)]. Even if each Na atom in NaB3H, can provide
an electron, B atoms still do not have enough electrons to
form two-center two-electron (2¢-2¢) covalent bonds. In other
words, B atoms are in the multicenter bond form, which is a
common feature of B atoms [69]. Based on the analysis of the
solid state adaptive natural density partitioning (SSAINDP)
[78] and the ELF [Figs. S5 and 5(d)], B; and HB, triangles are
in 3c-2e bonds, and B1-H1, B2-H2, and B1-B2 present 2¢-2¢
bonds. The PDOS shows that NaB3sHj is also a semiconductor
[Fig. 5(e)], which can be attributed to the separation of B3Hy
units by saturated B1-B2 covalent bonds [79]. The band gap
of NaB3H,4 gradually increases with pressure in the range
100-300 GPa [Fig. 5(f)], which is in contrast with NaBH,
[y =1, 3, and 6; Fig. 5(c)].

IV. CONCLUSIONS

In summary, we have systematically explored the energy
landscape of the Na-B-H system at 100, 200, and 300 GPa
using a first-principles structure prediction, and identified nine
stable compounds, four metallic phases, and five semicon-
ductors. In the metallic phases, the H-richest Pmma NaBHj;
exhibits an exciting 7. of 86.8 K at 300 GPa, mainly orig-
inating from the contribution of low-frequency vibrations,

different from high-frequency H-dominated superconductiv-
ity in superhydrides. The low-frequency phonon dominated
superconductivity is also confirmed in the comparative analy-
sis of Pmmn NaB3H; and P6/mmm BH. On the other hand,
a B atom captures the electron provided by each Na atom
in NaBH, (y =1, 2, 3, and 6) to form diverse B-alkanes
(e.g., B-graphane, B-alkane chain, B-ethane, and B-methane),
behaving as a C atom, which is responsible for its semicon-
ducting character. Our work is an important step to understand
the role of alkali metals in the electronic and superconducting
properties of borohydrides.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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