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Ambient-pressure high-7, superconductivity in doped boron-nitrogen
clathrates La(BN)s and Y(BN)s
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LaH;y exhibits the near-room-temperature superconductivity, but the high fabrication pressure exceeding
200 GPa limits the possibility of its experimental research and application. To examine the feasibility of
high-temperature superconductivity at ambient pressure in light-element compounds, we study the crystal
structure, metallization, and electron-phonon interaction of M(BN)s (M = La and Y) with LaH,y-like clathrate
configuration, based on the first-principles calculations. The result shows that adopting B and N to substitute H,
the strong sp* hybridization between B and N greatly reduces the pressure to keep the dynamical stability. We
predict that the strong electron-phonon coupling exists in M(BN)s and the 7, values of La(BN)s and Y(BN)s
reach 69 and 59 K at ambient pressure, respectively. As a result, the high-temperature superconductivity at
ambient pressure in clathrate BN compounds has been proved theoretically, which provides a way to lower the

work pressure of hydride superconductors.
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I. INTRODUCTION

Since superconductivity was discovered by Onnes more
than 100 years ago [1], exploring materials with higher
superconducting transition temperature (7;) has been one
of the topics in condensed matter physics. Recently, great
breakthroughs have been achieved in dense hydrides. Sul-
fur hydride was predicted to have a 7, of 204 K at high
pressure of 200 GPa [2]. And experiments have confirmed
the superconductivity of sulfur hydride with 7, ~ 203K
at 155 GPa [3]. Subsequently, superconductivity close to
0°C, T, ~ 250-260 K, was observed in lanthanum hydride at
180-170 GPa [4,5]. Moreover, superconductivity over 0 °C,
T. ~ 287K, was observed in a carbonaceous sulfur hydride
system at 267 GPa [6]. Most recently, superconductivity in
excess of 200 K was also observed in other hydrides, such
as 262 K in yttrium superhydride at 182 GPa [7], 243 K in
yttrium hydride at 201 GPa [8], 224 K in YHg at 166 GPa
[9], 215 K in CaHg at 172 GPa [10], 210 K in calcium su-
perhydride at 160 GPa [11], and 253 K in lanthanum-yttrium
ternary hydrides at 183 GPa [12]. These findings indicate that
light-element compounds such as hydrides are potential high-
temperature or room-temperature superconductors. However,
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a problem that cannot be ignored is that the pressure con-
ditions required to produce such a superconducting critical
temperature are very harsh. The stable pressure point is above
100 GPa or even 150 GPa for most hydrides with high-7; val-
ues. Such high-pressure conditions are hard obtain in general
laboratories and also limit the potential technological applica-
tions for these high-temperature superconductors. Therefore,
it is highly desired to explore light-element high-temperature
superconductors at lower pressures even at ambient pressure.

There are usually two ways to reduce the phase tran-
sition pressure: one is to explore new structures, and the
other is to replace elements on the existing structures.
Some typical works have attracted much interest. In some
metal-intercalated molecular crystals, the high-7,. supercon-
ductivity below 1 megabar was predicted, such as 84 K in
MgCH, with P4/nmm space group at 75 GPa [13], 98 K
in Li;BHs with Fm3m space group at 100 GPa [14],
44 K in Ba(CHy)3 with Amm?2 space group at 90 GPa [15],
146 K in KB,Hg with Fm3m space group at 12 GPa [16],
55 K in MgC,Hg at 40 GPa, and 67 K in MgC,Hg at 80 GPa
with Fm3m space group [17]. In some ternary metal hydrides
with clathrate structures and Fm3m space group, the transition
pressure is reduced below 100 GPa and the 7, is maintained
at a high level. For example, LaBHg can exhibit the super-
conductivity of 126-156K at 50-55GPa [18,19]. LaC,Hg
can also be superconducting at 70 GPa with T, = 69K [20].
Even LaBeHg can superconduct at 20 GPa and maintain 7,
close to 158 K [21], as well as the T, ~ 126 K of SrSiHg at
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27 GPa [22]. Additionally, in covalent nonmetallic hydrides,
Cl-doped H3S, HgSCI, the transition pressure can be reduced
below megabar and the superconductivity above 150 K can be
maintained [23].

However, most of the above hydrogen-rich compounds are
formed under specific conditions; maintaining stability re-
quires a certain pressure, so these systems are difficult to exist
stably at ambient pressure. Replacing hydrogen with other
light elements is considered a feasible way to realize high-7;
superconductivity at ambient pressure, since the ambient-
pressure superconductivity was predicted in Ca(BC)3 (7, ~
48 K) [24], Sr(BC); (T, ~ 40-44K) [24,25], Ba(BC)s (T, ~
43 K) [25], and Bags5Sros5(BC)s (T, ~ 75K) [26], respec-
tively. Similar to these M (BC)s (M represents metal element)
[24-26] where H in CaHg [27] is replaced by B and C, we
also reported the superconductivity at ambient pressure by
substituting B and N for H in CaHg. By tuning metal, we
predicted that M (BN); with more dopants has higher 7, than
M s(BN)3 at ambient pressure, such as 72 K of AI(BN); [28]
comparing with 47 K of Alys(BN)3 [29]. Given the sp* bond-
ing that forms in BN frameworks, the covalent states enhance
the stability at low pressures. Different from CaHg, LaH g is
another high-temperature superconductor with cage structure,
and even its 7T, is higher than that of CaHg [27,30]. So does the
hydrogen in LaH;y have high-temperature superconductivity
at ambient pressure after being replaced by B and N? To
answer this question, we have studied the stability, electronic
structures, dynamic properties, and electron-phonon interac-
tions of La(BN)s and Y(BN)s at ambient pressure based on
first-principles calculations.

II. COMPUTATIONAL DETAILS

At ambient pressure, the structural optimizations and self-
consistent energy calculation were carried out by employing
the Vienna ab initio simulation package (VASP) [31,32] based
on the exchange-correlation functional of generalized gra-
dient approximation in versions of Perdew-Burke-Ernzerhof
[33] and projector augmented wave (PAW) pseudopotentials
[34]. The plane-wave cutoff energy was set as 600 eV. In
the optimization process, convergence thresholds were set
as 107> eV in energy and 10~ eV/A in force. The k-point
interval distribution of Monkhorst-Pack was 0.03 A~! for
structural optimization and 0.02 A~! for self-consistent en-
ergy calculation, respectively.

By employing the QUANTUM ESPRESSO package (QE)
[35,36], we calculated phonon frequencies and electron-
phonon interactions of La(BN)s and Y(BN)s. The cutoff
energy of 80 Ry was used for wave functions. The PAW-
type pseudopotentials for B, N, and La (B.pbe-n-kjpaw-
psl.1.0.0.UPF, N.pbe-n-kjpaw-psl.1.0.0.UPF, and La.pbe-
spfn-kjpaw-psl.1.0.0.UPF) were used in the QE code. The
k-point grid of Monkhorst-Pack of 12x 12x 12 was used in the
phonon spectral calculations, and the double k-point grid was
used in the calculation of the electron-phonon interaction ma-
trix element. In both VASP and QE codes, the same functional
was selected. Forces and stresses for the converged structures
were optimized and checked to be within the error allowance
of the VASP and QE codes. Based on the calculated Eliashberg
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FIG. 1. (a) Crystal structure of M(BN)s. (b) and (c) are cor-
responding to ELF on the (110) plane of La(BN)s and Y(BN)s,
respectively.
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Furthermore, T, was estimated by the Allen-Dynes-corrected
McMillan equation [37], expressed as
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In the modified McMillan equation, w* represents the

Coulomb pseudopotential which was taken as 0.1 in our cal-
culations. wjog is the logarithmic average of phonon frequency,
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The factor f1f> depends on the A, u*, wioe, and mean-square
frequency (w7) [37].

III. RESULTS AND DISCUSSION

Figure 1(a) shows the crystal structural characteristics of
M(BN)s (M = La and Y). The symmetry of the crystal is
reduced to F43m from Fm3m when the H atoms in cage are
replaced by B and N atoms. Under periodic conditions, the
cages overlap and repeat in three crystal directions. Different
from the clathrate structure formed by H atoms in LaH [30],
(BN)s cage exhibits a slight distortion due to the polar cova-
lent bonding between B and N. The optimized crystal lattice
constants of La(BN)s and Y(BN)s are a = b = ¢ = 7.008 A
and a = b = ¢ = 6.950 A at ambient pressure, respectively.
There are three kinds of B-N bonds in (BN)s cage: B-N bonds

104508-2



AMBIENT-PRESSURE HIGH-T;: SUPERCONDUCTIVITY ...

PHYSICAL REVIEW B 106, 104508 (2022)

—
[Y)
-

Energy (eV)

/\/ N\ T

L UW L KuUx0 4 6

FS for #1

FIG. 2. (a) Calculated band structure along high-symmetry
k-point paths of La(BN)s and total and projected DOS on atoms.
Three bands crossing Fermi level are marked as #1, #2, and #3.
(b) Fermi surfaces corresponding to #1, #2, and #3 bands crossing
Fermi level, respectively.

with B as tetrahedral center (dg), B-N bonds with N as tetra-
hedral center (dn), and B-N bonds linking two tetrahedrons
(d). For the undoped case, these three bond lengths of dg, dx;,
and d are 1.519, 1.612, and 1.582 A, respectively. When La
doping, La(BN)s, these three bond lengths increase to 1.570,
1.650, and 1.646 A, respectively. For Y(BN)s, they are 1.555,
1.636, and 1.634 A, respectively. La has a greater influence
on the B-N bonds than Y. The electron localization functions
(ELFs) shown in Figs. 1(b) and 1(c) depict the bonding feature
in M(BN)s. The polar covalent bonding forms between B
and N with sp* hybridization, which is the main reason that
M (BN)s can be stabilized at ambient pressure. Metal La and
Y exist in the form of ionic bonding. Based on the Bader
charge calculation [38,39], the charge transferred from M to
(BN)s cage is 1.15¢ per La for La(BN)s and 1.30e per Y
for Y(BN)s, respectively. The charge transfer in M (BN)s is
stronger than that in MH;( [40]. The strong anion-cation inter-
action increases the Madelung energy of the ionic component
of the M-BNs bonding, which also increases the stability of
M(BN)s.

(BN)s clathrate crystal without doping metal is an insulator
with a band gap of 4.13 eV. However, when the metal doped
into (BN)s cage, the Fermi level shifts toward a higher energy
level because of the existence of charge transfer from metal to
(BN)s sublattice. The metallization of La(BN)s and Y(BN)s
is demonstrated by electronic structures shown in Figs. 2 and
3, respectively. For La(BN)s, there are three half-filled bands
crossing the Fermi level in Fig. 2(a), correspondingly forming
the electron- and holelike Fermi surfaces (FSs). As shown
in Fig. 2(b), band #1 forms the typical holelike FS sheets
while bands #2 and #3 form the complicated near-electronlike
FS sheets. The electronic density of states (DOS) projected
on atomic orbitals indicate that the electronic states near the
Fermi level mainly come from La 5d, La4f, B 2p, and N 2p
electrons. However, the contribution of La 5d electrons to the
DOS values at Fermi level [N(EF)] is obviously the largest

2 4 6
DOS (states/eV)

FS for #1

FIG. 3. (a) Calculated band structure along high-symmetry
k-point paths of Y(BN)s and total and projected DOS on atoms.
Two bands crossing Fermi level are marked as #1 and #2. (b) Fermi
surfaces corresponding to #1 and #2 bands crossing Fermi level,
respectively.

in La(BN)s, which is different from LaH,( at 250 GPa where
the contribution of H s electrons to N(Ef ) is larger than that of
La, and even the contribution of La 4 f is larger than that of La
5d [30]. The N(EF) for La(BN)s is about 1.25 states/eV /f.u.,
which is obviously larger than 0.74 states/eV/f.u. of LaH|g
at 250 GPa [30]. For Y(BN)s, only two bands cross the Fermi
level. As shown in Figs. 3(a) and 3(b), band #1 leads to a com-
plicated FS sheet containing electron and hole characteristics
while band #2 results in the electronlike FS sheets. Every
element contributes to the electronic states near Fermi level,
but Y 4d contributes the most similar to that in La(BN)s. The
N(EF) for Y(BN)s is about 1.33 states/eV /f.u., which is also
larger than 0.88 states/eV/f.u. of YH( at 250 GPa [30]. For
phonon-mediated superconductors, the bigger N(Er) values
implies the stronger superconductivity in M (BN)s.

To examine the possible high-7. superconductivity, we
investigated phonon characteristics and electron-phonon cou-
pling (EPC) interactions of La(BN)s and Y(BN)s. Figure 4
presents the phonon spectra along high-symmetry k-point
paths, projected phonon density of states (PhDOS) on ele-
ment, Eliashberg spectrum function o> F (), and EPC integral
Mw). As shown in Figs. 4(a) and 4(d), the absence of
imaginary frequencies in phonon spectra indicates that both
La(BN)s and Y(BN)s are dynamically stable at ambient pres-
sure. Comparing with hydrides, the phonon frequencies of
boron-nitrogen compounds are visibly lower; less than 1200
cm~! in La(BN)s and Y(BN)s. Combining with the PhDOS
shown in Figs. 4(b) and 4(e), the metal atoms mainly con-
tribute to phonon modes in the low-frequency regions below
320 cm™~! for La and below 150 cm~! for Y. In addition, the B
and N atoms dominate the vibrational modes in the frequency
ranges of 100-1050 cm™! of La(BN)s and 150-1130 cm™!
of Y(BN)s;. However, the PhDOS indicates that vibrations of
B and N atoms above 1000 cm™' are very weak. Based on
the bonding analysis above, we can identify that at around
900 cm~! for La(BN)s and 950 cm~! for Y(BN)s, the modes
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FIG. 4. Calculated phonon spectra along high-symmetry k-point
paths, projected PhDOS on element, Eliashberg spectrum function
a’F (), and EPC integral A(w). (a)—(c) correspond to La(BN)s,
while (d)—(f) correspond to Y(BN)s.

are mainly induced by B-N stretching vibrations in BNy
unit, while around 760 cm~! for La(BN)s and 780 cm™! for
Y(BN)s, the modes are owing to B-N stretching vibrations in
NBy unit and the linking vibrations between BN, and NB4
units. The phonon modes in the middle-frequency region of
100-600 cm™! for La(BN)s and 150-650 cm™! for Y(BN)s
originate B-N bending vibrations and the coupling among
(BN)s cages. The EPC interactions were explored by cal-
culating the Eliashberg spectral function a?F (w). The total
EPC constant A is obtained by the EPC integral shown in
Figs. 4(c) and 4(f). Then, based on the A and the logarithmic
average of phonon frequency wiog, the superconducting tran-
sition temperature 7, was further estimated by using Eq. (3).
The superconducting parameters are summarized in Table 1.
The total A at ambient pressure is 2.28 for La(BN)s and 2.39
for Y(BN)s, respectively, which is comparable with those
of LaH;p and YH;y as shown in Table 1. In La(BN)s, the
contribution of La (by charge transfer) to total A is about
45.9%, and the contribution of (BN)s cage is about 54.1%.
In Y(BN)s, the contribution of Y (by charge transfer) to total
A is about 41.2%, and the contribution of (BN)s cage is about

58.8%. Thus, the phonon vibration of the La or Y atom has an
important influence on the EPC constant of M (BN)s. How-
ever, in LaH;o, the La atom only contributes to 12% of the
total EPC constant [41]. When u* = 0.1, the T is predicted as
69.2 K for La(BN)s and 59.1 K for Y(BN)s at ambient pres-
sure, respectively. It is found that the parameter of Coulomb
pseudopotential has little effect on 7, as shown in Table I. As
a comparison, for (BN); cages with CaHg-like structure, Y
doping [ Y(BN)3] is unstable at considered pressures, while La
doping [La(BN)3] is only stable above 170 GPa [28]. In sharp
contrast, La and Y dopings in (BN)s cage can be stabilized at
ambient pressure and realize the superconducting transition 7,
near 70 or 60 K, respectively. The distinction in stability and
superconductivity between doped (BN)s and (BN); clathrates
is mainly due to the difference of structures after doping. The
B-N bond lengths are 1.707 and 1.694 A in La-doped and
Y-doped (BN); clathrates, respectively. However, in La-doped
and Y-doped (BN)s cages, the B-N bond lengths are shortened
to the ranges of 1.570—1.650 and 1.555-1.636 A, respectively.
The strong interaction caused by the change of B-N bond
length may be the key for M(BN)s to stabilize and exhibit
high-temperature superconductivity at ambient pressure.

As a result, both La(BN); and Y(BN)s with structural
characteristics similar to LaH;¢ are suggested to be super-
conducting at ambient pressure with 7. of 69.2 and 59.1 K,
respectively. The superconducting critical temperature is close
to the liquid nitrogen temperature region. Unfortunately, these
T, values are still lower than those of hydrides. This situation
is not consistent with the higher N(Er) and the comparable
EPC constant in M(BN)s with MHjy. Analyzing the super-
conducting parameters in Table I, we can find that the main
reason for the 7, of BN compounds being lower than that of
hydrides is that BN compounds have much lower wjog values.
And this wyog value is related to the compactness (or pressure)
of the material. In the pursuit of low-pressure and high-7,
superconductivity, it seems to be a contradiction. However,
with M(BN)s as a preliminary test, the feasibility of high-
temperature superconductivity at ambient pressure has been
explored. We predict that the wye value can be increased
through further chemical precompression such as changing
the type and concentration of dopants, so as to further im-
prove T, at ambient pressure or at low pressures. Finally,
the thermodynamical stability has been examined to analyze
the possibility of experimental synthesis of La(BN)s and
Y (BN)s. The enthalpy of formation was calculated at ambient
pressure by assuming several possible decomposition paths
such as element phases [42], binary borides [42], nitrides [42],

TABLE 1. Superconducting parameters of La(BN)s and Y(BN)s at ambient pressure.

System Pressure A Wiog N(Er) T. T.
(GPa) (K) (states/eV /f.u.) (K, u =0.13) K, u=0.1)

La(BN)s 0 2.28 335.3 1.25 63.0 69.2
Y(BN)s 0 2.39 270.2 1.33 55.7 59.1
LaHo* 250 2.29 1253 0.74 257 274
YH,,° 250 2.58 1282 0.88 305 326
aRef.[30].

"Ref. [30]
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FIG. 5. Calculated possible decomposition enthalpies relative to
the enthalpy of M(BN)s (M = La and Y).

and boron nitrides (c-BN [29,43,44], h-BN [29,43,45], r-BN
[29,43,46], and w-BN [29,43,47]). The zero-point energy ef-
fect has also been taken into account in the calculation of
enthalpies. Figure 5 shows the enthalpy difference between
M(BN)s and decomposition products, referenced to the en-
thalpy of M(BN)s. The result indicates that both La(BN)s
and Y(BN)s are thermodynamically metastable. The maxi-
mum of enthalpy difference between M(BN)s and M + BN
compounds is about 0.9 eV/atom. However, this does not
completely rule out the possibility of experimental synthesis
of this predicted M (BN)s with the clathrate structure. Some
clathrate structures with high formation energy have been
reported to be successfully experimentally synthesized. For
example, the calculated formation energy of clathrate Ig 5Siyq s
is above convex hull 0.13 eV/atom [48], and the calculated
formation energy of SiBg and Cg could reach 0.289 eV /atom
[49] and 0.350 eV /atom [50], but all compounds mentioned
above have been successfully synthesized [51-53]. Encourag-
ingly, the enthalpy of La(BN)s is less than those of La + B +
N and 1/2(LaBg + La 4 4B + 10 N), while the enthalpy of

Y(BN)s is less than those of Y +B + N, 1/3(YB, +2Y +
3B + 15N), and YB; + 3B + 5N, respectively. These results
suggest that these two materials can be synthesized for these
special reaction routes under certain conditions.

IV. CONCLUSION

In summary, in order to explore the high-temperature su-
perconductivity at ambient pressure, we have constructed a
(BN)s clathrate structure with B and N elements by mimick-
ing the H cage structure in LaH, and then doped with metals
La and Y to observe the crystal characteristics, electronic
structures, dynamic properties, and electron-phonon interac-
tions within the framework of the first principles. With the
help of charge transfer from metal to (BN)s cage, La(BN)s
and Y(BN)s exhibit good metallic features at ambient pres-
sure. The strong sp® hybridization between B and N atoms
drives the stability of M(BN)s at lower pressure compared
with MH,o. The phonon spectra also confirm that M (BN)s is
dynamically stable at ambient pressure. Although the phonon
frequencies are greatly reduced after B and N replace H,
the EPC constant A remains at an order of magnitude com-
parable to MH,y, such as 2.28 for La(BN)s and 2.39 for
Y(BN)s. T, is predicted to be 69.2 K for La(BN)s and 59.1 K
for Y(BN)s, respectively. The low wy,, value causes the T
of M(BN)s to be lower than those of LaH;y and YH,( at
250 GPa. However, we have revealed the feasibility of high-
temperature superconductivity at ambient pressure of BN
compounds with LaH;o-like structure. Furthermore, we infer
that the 7. of clathrate BN compounds can be improved by
changing dopants.
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