
Absence of sizable superconductivity in hydrogen boride: A first principles study

Antonella Meninno1,2∗ and Ion Errea1,2,3
1Centro de F́ısica de Materiales (CSIC-UPV/EHU),

Manuel de Lardizabal Pasealekua 5, 20018 Donostia/San Sebastián, Spain
2Fisika Aplikatua 1 Saila, Gipuzkoako Ingeniaritza Eskola, University of the Basque Country (UPV/EHU),

Europa Plaza 1, 20018 Donostia/San Sebastián, Spain and
3Donostia International Physics Center (DIPC),

Manuel de Lardizabal Pasealekua 4, 20018 Donostia/San Sebastián, Spain

The recently synthesized hydrogen boride monolayer in the Cmmm phase is a promising super-
conductor due to its similarity to MgB2 and the large hydrogen content in its structure. Making use
of first-principles calculations based on density functional theory, we study its electronic, vibrational,
and superconducting properties and conclude that, despite the expectations, hydrogen boride does
not have a sizable superconducting critical temperature. The presence of hydrogen in the system
alters the boron-boron bonding, weakening the electron-phonon interaction. We have studied the
effect of enhancing the critical temperature by doping the system, but the inclusion of electrons or
holes reveals ineffective. We attribute the small critical temperature of this system to the vanishing
hydrogen character of the states at the Fermi level, which are dominated by boron p states. Our
results hint at a possible relation between the presence of a large proportion of hydrogen-like states
at the Fermi level and a large superconducting critical temperature in hydrogenated monolayers.

I. INTRODUCTION

The observation of high temperature superconductiv-
ity in hydrogen-based superconductors, with critical tem-
peratures (Tc’s) surpassing 200 K, is one of the most as-
tonishing results in physics of the last years. Some ex-
amples of such “superhydrides” are H3S [1], with a maxi-
mum Tc of 203 K at 155 GPa; LaH10 [2, 3], with Tc = 250
K at 150 GPa; YH9 [4, 5], reaching a Tc of around 250 K
at approximately 200 GPa; and YH6 [5, 6], with Tc = 224
K at 166 GPa.

The actual challenge is to reduce the pressure at which
superconductivity occurs in superhydrides, with the ulti-
mate goal of understanding if high-Tc superconductivity
is possible at ambient pressure for these type of com-
pounds. Interestingly, the enhancement of supercon-
ductivity by hydrogen absorption is a well known phe-
nomenon, observed for example in palladium and tho-
rium hydrides at ambient pressure [7, 8]. In both cases,
the superconducting critical temperature of the original
element (Pd or Th) increases from around 1 K up to
approximately 10 K in the stoichiometric hydride.

The role of hydrogen in enhancing the Tc has been
further studied in the context of monolayers at ambient
pressures. In previous theoretical works based on first
principles calculations, it has been shown that a MgB2

monolayer, which has a critical temperature of 39 K in
the bulk [9], can reach a Tc of 69 K after hydrogena-
tion [10], and that p-doped graphane, a hydrogenated
graphene monolayer, reaches a critical temperature of
around 80 K even if graphene itself is not superconduct-
ing [11]. Other two-dimensional materials were hydro-
genation has been predicted to enhance Tc are gallenene,
Mo2CH2, Mo2NH2, and W2NH2 [12, 13]. Hydrogenated
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monolayers offer thus a promising platform to synthe-
size high-Tc hydrogen-based compounds at ambient pres-
sures, overcoming the limits of the high-pressure super-
hydrides.

The recently synthesized stoichiometric hydrogen
boride monolayer (HB) [14] is a promising superconduc-
tor [15]. HB was obtained with a procedure of wet chem-
ical exfoliation at ambient pressure from MgB2 through
ion-exchange treatment, and it is believed to adopt a
quasi-hexagonal structure with a boron honeycomb layer
reminiscent of the structure of MgB2, with H atoms out
of plane (see Fig. 1) [14–16]. The structure of HB ob-
served experimentally seems to adopt a Cmmm space
group as anticipated by ab initio crystal structure pre-
diction calculations [17]. More recently, different poly-
morphs of hydrogen and boron have been synthesized in
the two-dimensional limit [18], showing the potential of
“borophane” to form different stable compounds at the
nanoscale and broaden its applications in nanodevices.

Despite its semimetallic character [15], Cmmm HB is
a good superconducting candidate for several reasons.
Mainly because several parent “borophene” monolayers
have been predicted to have Tc’s of around 20 K [19] and
hydrogenation, as mentioned above, is expected to en-
hance it. Also, because the bonding nature of boron in
Cmmm HB is reminiscent of the sp2 bonding in MgB2,
which is crucial for its large Tc, even if hydrogen has
a large impact on the band structure of the compound
[15]. In general, there are three main reasons why hy-
drogenation can enhance the superconductivity of two-
dimensional materials [13]: i) the presence of hydrogen
can induce changes in the phonon spectrum of the host
monolayer; ii) new hydrogen modes can make the aver-
age phonon frequency increase, which is proportional to
Tc; and iii) charge transfer from hydrogen to the mono-
layer can boost the density of states at the Fermi level.
Hydrogen boride in its Cmmm phase at least will be af-
fected by the two first points, potentially enhancing its
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superconducting behavior, although it is true that hy-
drogenation in this case seems to reduce the number of
electrons at the Fermi level [15]. Anyway, it has recently
been shown that the total density of states (DOS) at
the Fermi level does not correlate at all with the criti-
cal temperature in hydrogen-based superconductors [20],
meaning that systems with low DOS at the Fermi level
can still have high critical temperatures. The goal of
the present work is to determine the potential supercon-
ductivity of Cmmm HB through first principles calcu-
lations based on density-functional theory (DFT), while
contributing to the understanding of the mechanism that
governs the enhancement of Tc in hydrogenated monolay-
ers. We have also analyzed the possibility of enhancing
the critical temperature of the system by doping.

The paper is organized as follows. In section II we
overview the theoretical framework of the calculations
performed, in section III we present the results of our
calculations, in section IV we analyze and interpret the
results further, and in section V we summarize the re-
sults.

II. COMPUTATIONAL DETAILS

All computations have been performed using DFT
within the Quantum ESPRESSO package [21, 22],
making use of the Perdew-Burke-Ernzerhof (PBE)
parametrization of the exchange-correlation functional
[23]. The electron-ion interaction has been modeled mak-
ing use of ultrasoft pseudopotentials, including 2s2 and
2p1 electrons of boron in the valence. The self-consistent
DFT computation has been performed with a grid of
42×42×1 k points for the integrals over the Brillouin zone
and a Methfessel-Paxton first-order spreading smearing
of 0.02 Ry [24]. A kinetic energy cutoff of 50 Ry has
been used for the plane-wave basis and a 500 Ry cutoff
for the charge density. In order to avoid spurious interac-
tions, we have left a vacuum between monolayer replicas
of 35 a0. Phonon frequencies have been computed in the
harmonic approximation within density-functional per-
turbation theory (DFPT) [25, 26]. Dynamical matrices
have been calculated explicitly in an 8×8×1 grid of q
points, and we have used Fourier interpolation to obtain
the phonon spectrum.

The electron-phonon interaction has been computed
within DFPT. The electron-phonon contribution to the
phonon linewidth [27] can be approximated at low tem-
peratures as

γν(q) =
2πων(q)

Nk

∑
nn′k

|gνn′k+q,nk|2

× δ(εn′k+q − εF )δ(εnk − εF ), (1)

where εnk is the energy of an electron in the band n and
wave number k, ων(q) the frequency of a phonon in the
mode ν and wave number q, εF is the Fermi energy, Nk

the number of k points in the sum, and gνn′k+q,nk are the
electron-phonon matrix elements associated to the scat-
tering of electrons with band energies εnk and εn′k+q with

a phonon of frequency ων(q). Superconducting proper-
ties can be then calculated with the Eliashberg function

α2F (ω) =
1

2πN(εF )Nq

∑
νq

γν(q)

ων(q)
δ(ω − ων(q)), (2)

where N(εF ) is the density of states at the Fermi energy
and Nq the number of q points in the sum. For instance,
the electron-phonon coupling constant λ is the ω → ∞
limit of the so-called integrated electron-phonon coupling
constant

λ(ω) = 2

∫ ω

0

α2F (ω′)

ω′
dω′. (3)

We have estimated Tc by solving the Allen-Dynes equa-
tions [28–30], choosing the effective Coulomb potential
µ∗ between 0.08 and 0.12.

The calculation of the electron-phonon properties has
been done by making use in Eq. (1) of a 60×60×1 grid
of k points and an 8×8×1 grid of q points in Eq. (2). To
approximate the delta functions in Eq. (1), we have used
Gaussians with a broadening of 0.002 Ry. The k-point
grid yielded converged λ values even with such a small
broadening of the Delta functions.

We have also studied the possibility of enhancing su-
perconductivity by doping the system. We have doped
the system by directly inserting or removing electrons
and solving the Kohn-Sham equations, or including an
external electric field in the calculations as it corresponds
to a field effect transistor (FET) doping setup [31, 32].
After doping, the crystal structure has been relaxed again
until the forces and the strain tensor vanish. We have
repeated the procedure subtracting electrons from the
system. We have recomputed the electron and phonon
bands, as well as the electron-phonon coupling with the
inclusion of extra electrons or holes. The inclusion of
the electric field in the calculations gave electronic band
structures in agreement with those obtained with direct
inclusion of electrons, validating the simpler approach.
Therefore, here we report exclusively the results obtained
by direct addition and subtraction of electrons.

III. RESULTS

a. Non doped case

a.1. Structure and bonding

We describe the centered rectangular lattice of Cmmm
hydrogen boride in the primitive cell as shown in Fig. 1,
which includes two boron and two hydrogen atoms. In
this description the two basis vectors a and b have the
same length, which according to our DFT relaxations
has a value of a = b = 5.739a0. The angle between
them is γ = 59.33◦. All boron atoms form a quasihexag-
onal honeycomb-like lattice and the hydrogen atoms sit
at a distance d from the boron plane. More precisely the
boron atoms are at α(a + b) and (1 − α)(a + b), while
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FIG. 1. Different views of the crystal structure of the hydro-
gen boride (HB) monolayer in the Cmmm phase. The lattice
parameters are indicated, together with the γ angle

FIG. 2. Electron localization function (ELF) for the non doped
HB monolayer. In the top panel the z = 0 plane is represented,
while in the bottom panel the y = 0 plane (putting the origin
of coordinates at the position where the lattice vectors in Fig.
1 start).
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FIG. 3. Electronic band structure (left panel) and density of states (DOS) (right panel) for Cmmm hydrogen boride. The
bands and DOS are also plotted with electron and hole doping. The projection of the DOS onto atomic orbitals is also included.

the hydrogen atoms sit at 1/2(a+b)±dk̂, where k̂ is the
unitary vector in the out-of-plane direction. According
to our calculations α = 0.328 and d = 1.828a0. All the
parameters that determine the structure are summarized
in Table I. The obtained structural parameters are in
agreement with previous calculations [15, 16].

As illustrated by the calculated electron localization

function (ELF) presented in Fig. 2, the presence of hy-
drogen affects the B-B bonding significantly. In a sys-
tem like MgB2, where the B layer is perfectly hexagonal,
all boron atoms are covalently bonded at a distance of
3.34 a0 [15]. The presence of hydrogen, however, changes
the bonding pattern by shortening the B-B covalent that
does not have a hydrogen atom above and below, while
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a (a0) α γ d (a0)

Non doped 5.739 0.328 59.33◦ 1.828

Doped electrons 5.739 0.326 59.36◦ 1.810

Doped holes 5.739 0.330 59.27◦ 1.838

TABLE I. Structural parameters of Cmmm HB in the non
doped and doped cases.

increasing the B-B length in the other bond due to the
creation of a bridging B-H-B bond [33]. In fact, the pres-
ence of hydrogen destroys the covalent bond between the
boron atoms by creating this bridging bonding. The B-B
distances in the covalent bond are 3.25 a0 while 3.44 a0
between those affected by the B-H-B bonding.

a.2. Electronic bands and Fermi surface

The band structure and the density of states (DOS)
projected onto atomic orbitals are plotted in Fig. 3. The
bands, which are in agreement with previous DFT and
tight-binding results [15, 16], show a semimetallic char-
acter, with a hole pocket at Γ and an electron pocket at
Y, with two distinct bands crossing the Fermi level. The
character of these two bands is mainly associated to the
boron p orbitals. The hole pocket at Γ is coming from in-
plane px and py orbitals, while the Y pocket from boron
pz [15].

The contribution of hydrogen to these bands that cross
the Fermi level is scarce. Looking at the DOS pro-
jected onto atomic orbitals, we can see that hydrogen
contributes to the DOS at the Fermi level only a 1.6%.
The DOS at the Femi level is thus dominated by boron
p orbitals. Bands above approximately 2 eV above the
Fermi level at Γ do have, on the contrary, some consid-
erable H character.

The hole pocket centered at Γ and the electron pocket
centered at Y are evident in the Fermi surface of Fig. 4.
Both pockets are ellipsoidal, but, due to the semimetallic
character of HB, the area enclosed by the pockets is small.
Indeed, the system is not far from an insulating state, as
it has been suggested that a gap can be opened with a
small strain [34].

a.3. Phonons and electron-phonon coupling

We have calculated the phonon bands and the phonon
DOS (PDOS), as well as the projection of the PDOS onto
boron and hydrogen atoms (see Fig. 5). As expected for a
2D material [35], the flexural out-of-plane acoustic mode
has a quadratic dispersion due to rotational symmetry.
The phonon spectrum has three distinctive regions. Be-
low∼700 cm−1 there are three acoustic and another three
optical modes. These modes show, in general, a mixed
character between hydrogen and boron. The hydrogen
character of these low-energy modes comes from the vi-
brations of H atoms along the y direction. At higher en-

ergies, between approximately 750 cm−1 and 1100 cm−1,
there are two isolated phonon bands that describe in-
plane boron vibrations, reminiscent of the E2g modes
that are strongly coupled to the electrons in the simi-
lar MgB2 [36–38]. For comparison, the energy of the E2g

mode in MgB2 is around 600 cm−1 [39], smaller than
the analogous modes in HB. The remaining four phonon
modes appear after a large energy gap above 1500 cm−1

and have a dominant hydrogen character, with vibrations
along the x and z directions.

As we can observe in Fig. 6, where the Eliashberg
function α2F (ω) and the integrated electron-phonon cou-
pling constant λ(ω) are shown, phonon modes with en-
ergies between 500 and 1000 cm−1 contribute more to
the electron-phonon coupling. The modes mainly con-
tributing to the peaks in this energy range involve boron
and hydrogen displacements, as well as the in-plane pure
boron modes, analogous to the E2g of MgB2. There is
another significant peak at around 1500 cm−1, related to
hydrogen-character modes, but, as expected, the lower
frequency modes are the ones that contribute most to the
electron-phonon coupling. Unfortunately, the integrated
electron-phonon coupling λ reaches a very low value of
approximately 0.2, which yields a very low superconduct-
ing Tc of only 11 mK.

b. Doped cases

The DOS of 2D materials is energy independent in the
free electron-like limit and, thus, since λ is proportional
to N(εF ), doping is expected to not affect the electron-
phonon coupling constant. However, there are examples
in the literature where electrostatic doping has been used
to induce superconductivity in two-dimensional materials
such as amorphous bismuth [40] or the LaIO3/SrTiO3

interface [41], in analogy to the common behavior of the
cuprates [42]. Also, this FET doping mechanism has been
used to induce and tune supercconductivity in transition
metal dichalcogenides [43], for instance in MoS2, where
doping induces first an insulator to metal transition, and
a superconducting state at further electron doping, with
a Tc that can reach a value as high as 10 K [44].

Motivated by these experimental results and the pos-
sibility of FET doping two-dimensional materials in the
laboratory, we have studied the effect of both electron
and hole doping in the structural, electronic, phononic,
and superconducting properties of Cmmm HB, with the
hope that its low Tc may be enhanced. In the follow-
ing we report the results obtained with electron and
hole doping, which will be referred as the electron/holes
doped cases respectively. We dope the system with 0.075
electrons(holes) per unit cell, which corresponds to a
9.39× 1013 electrons(holes)/cm2.
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FIG. 4. Fermi surfaces for the non doped system (left), the one doped with electrons (center), and the one with holes (right)
for Cmmm HB. High-symmetry points are marked in green. Reciprocal lattice vectors a∗ and b∗ are included as well. The
path used for the calculation of the electronic bands and phonon spectra is illustrated.
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b.1. Structure and bonding

By relaxing the structure before with DFT in the
doped system, we can determine how the structure and
the bonding are affected when extra electrons or holes
are included in the system. The modified structural pa-
rameters are summarized in Table I. Doping leaves the
lattice parameter a unvaried, but increases the γ angle
when electrons are added and decreases it if, instead, ex-
tra holes are present. Similarly, the distance of hydrogen
from the plane decreases in the electron doped case, while
increases in the hole doped case. These results suggest
that electron doping strengthens the B-B and B-H-B co-
valent bonds.

b.2. Electronic bands and Fermi surface

We report the electronic bands, together with the
DOS, in Fig. 3. We observe that, as expected, the con-
duction bands of the electron doped case tend to go down
with respect to the non doped case, while the bands of
the holes doping tend to go up with respect to the non
doped case. The effect is that in the electron doped case
the hole pocket at Γ decreases and the electron pocket
at Y increases. The opposite happens in the hole doped
case. This effect is clear in the Fermi surface in Fig. 4.
The character of the bands is barely affected by the dop-
ing and the percentage of H states in the DOS at the
Fermi energy remains minimal, as in the non doped case.
Indeed, with the doping values assumed, N(εF ) remains
practically unchanged, which is reasonable given the con-
stant DOS in the vicinity of the Fermi level.

b.3. Phonons and electron-phonon coupling

As we can see in Fig. 5, electron or hole doping barely
affects the lowest six phonon modes. The differences
become more appreciable for the isolated two boron in-
plane bands in the frequency range between 750 and 1100
cm−1. Electron doping increases the splitting between
these two modes, while whole doping decreases it. Fi-
nally, the hydrogen-dominated modes at high energies
are softened in the electron doped case and hardened in
the hole doped case.

Taking a look at the values of the Eliashberg function
α2F (ω) and the integrated electron-phonon coupling con-
stant λ(ω), plotted in Fig. 6, we can see that in the doped
cases still the modes in the 500-1000 cm−1 range are those
with the most important contribution to λ. However,
specially the low-energy acoustic modes, are more cou-
pled to the electrons in the whole doped case. Also the
modes in the 500-1000 cm−1 range seem to be more prone
to the electrons in the doped cases. We attribute these
differences to the change in the electron-phonon coupling
matrix elements and not to the shift of the phonon fre-
quencies. The slight changes in the bonding pattern can
explain a subtle change of the electron-phonon matrix el-
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ements themselves. Nevertheless, doping, either hole or
electron, is not able to enhance λ sufficiently to reach
a sizable critical temperature in HB. The value of Tc in
the hole doped case is 21 mK. Thus, despite the oppo-
site is the case in other systems, doping does not seem to
be an efficient strategy to increase the critical tempera-
tures in hydrogen boride, at least, in the Cmmm phase
synthesized experimentally.

IV. DISCUSSION

Neither the non doped nor the doped HB present a
sizable superconductivity in the Cmmm phase. This can
be traced to a variety of reasons. It has been recently
argue [20] that hydrogen-based compounds can reach a
high Tc when an electronic bonding network between lo-
calized units is created. The networking value φ, which
was defined as the highest value of the ELF that creates
an isosurface spanning through the whole crystal in all
three Cartesian directions, measures precisely that net-
work. Interestingly, φ correlates better than any other
descriptor with Tc. By multiplying the networking value
with the fraction of hydrogen in the compound Hf (0.5
for HB) and with the third root of the hydrogen fraction
of the total DOS at the Fermi energy HDOS, i.e. defining
ΦDOS = φHf

3
√
HDOS, a rather good correlation was ob-

tained between ΦDOS and Tc, capable of estimating the
critical temperature with the empirical [20]

Tc = (750ΦDOS − 85)K (4)
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equation. Here we assume that the networking value in
a 2D system should be determined by the highest value
of the ELF that creates an isosurface that expands in
the whole crystal in the plane. This is a natural expan-
sion of the original definition of φ due to the lack of the
third dimension. With this adapted definition we obtain
φ = 0.53, a rather large value. However, the fact that
the hydrogen fraction of the DOS at the Fermi level is
so low in this system suppresses all the Tc according to
Eq. (4), both in the undoped and doped cases. Our
conclusion is based on a natural expansion of the ideas
on Ref. [20], and has given a result that is indeed cor-
rect. Further study is necessary to understand if this
expansion also works on other two-dimensional materi-
als. However our conclusion seems consistent with the
fact that in hydrogenated MgB2, where the presence of
hydrogen practically doubles the critical temperature, an
H-character band crosses the Fermi level, giving rise to
hydrogen character at the Fermi level [10].

Furthermore, the presence of hydrogen alters the bond-
ing of the boron layer creating the B-H-B bridges. This
fact suppresses the electron-phonon coupling of the boron
in-plane modes due to the large impact that the presence
of hydrogen has in the band structure [15, 16]. Therefore,
the presence of hydrogen also suppresses the electron-
phonon coupling in the boron layer itself. Hydrogen dop-
ing of borophene is not thus favoring the emergence of

high-temperature superconductivity in hydrogen boride,
it has the opposite effect at least in the Cmmm phase.

V. CONCLUSIONS

From the results of our analysis we can conclude that,
despite the large expectations in the literature [15], hy-
drogen boride is not a strongly coupled superconductor
mainly because of the weak hydrogen character of the
density of states at the Fermi level and the effect of the
presence of hydrogen in the bonding of the boron layer.
The Tc values are not sizable, below 1 K, even if the sys-
tem is doped. Our results suggest that, for hydrogenated
monolayers, there is a possible correlation between hav-
ing electronic states at the Fermi level with hydrogen
character and being a high-temperature superconductor.
Further studies on hydrogenated monolayers need to be
performed to confirm this idea.
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