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Superconductivity of graphenelike hydrogen in H2He at high pressure
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The structural diversity of hydrogen under high pressure is crucial for understanding its physical properties,
especially for the superconductivity. Here, a combination of crystal structure prediction and first-principle
calculations has predicted a metastable H2He at ultrahigh pressure of 800 GPa, where H atoms are arranged in
graphenelike structure. H2He shows weak superconductivity with critical temperature of 4 K, which significantly
increases to 155 and 201 K at electron doping of 0.6 and 1.2 e, respectively. Analysis suggests that the enhanced
superconductivity is closely associated with the graphenelike H sublattice. The doped electrons almost transfer
to H sublattice, inducing the increased H-derived density of states at the Fermi level, as well as their coupling
with the phonon modes of graphenelike H layers. The current results could stimulate the experiment to search
for more diverse hydrogen species at high pressure and provide a feasible way to design high-Tc superconductors
as well.
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I. INTRODUCTION

Many efforts [1–5] have sought to find superconductors
after Onnes firstly discovered superconductivity in 1911 [6].
The established microscopic mechanism for describing the
conventional superconductivity is Bardeen-Cooper-Schrieffer
(BCS) theory [7]. According to this theory, metallic hydro-
gen would exhibit great superconductivity due to high Debye
temperature and the strong electron-phonon coupling [8–11],
however, the experimental metallization of hydrogen remains
a significant challenge [10,12,13], with a recent report claim-
ing its synthesis at 495 GPa [14].

As an alternative, metallization could be achieved at much
lower pressure in hydrogen-rich materials due to “chemi-
cal precompression” [15]. Of the many structural predictions
for high-Tc compounds, some have been subsequently syn-
thesized (e.g., H-S [16–18], LaH10 [19–22], Y-H [23–27],
Ce-H [28,29], and CaH6 [30–32]). These hydrides have re-
vealed several new structural units for hydrogen other than
atomic H and molecular H2: examples are H3, H4, H5, H8,
H10 [1], H12 tube [33], and H cages [19,23,24,30,34,35].
Particularly promising are H-cage hydrides with extremely
high predicted Tc : examples are 303 K in binary YH10

(at 400 GPa) [19,23] and 473 K in ternary Li2MgH16 (at
300 GPa) [35]. The good superconductivity of the latter is
obtained by doping extra electrons from Li atoms into binary
hydrides MgH16, breaking down the H molecules to atomic
hydrogen [35].

Using the next lightest element, helium, may be another
promising route in developing hydrogen superconductors. De-
spite helium being generally unreactive at ambient conditions,
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recent studies have reported weakly bonded van der Waals he-
lium compounds (e.g., NH3He [36], HeN4 [37], HeFeO2 [38],
HeFe [39], HeH2O [40,41], and Na2He [42]). Compressing
He and H, the two simplest and most abundant elements in
the universe, is crucial to develop new condensed matter theo-
ries [15,43,44] and provide insights into the internal structure
of the giant planets. For example, a new theory on the phase
separation of H2 and He shows that He can generate gravita-
tional energy that drives planetary dynamics and contributes
to the luminosity observed in Saturn [45]. Additionally, the
miscibility of H with He or other planetary constitutes (H2O,
NH3, and CH4) can significantly affects to the physical prop-
erties, e.g., diffusivity and conductivity [36,40,46,47]. Recent
experiment shows spectral evidence for mixtures of H2 and
He [48], however, it was later challenged by Raman spec-
troscopy that the reported chemical association is in fact
from N2 contamination [49]. These two conflict experiment
results motivate the subsequent theoretical studies [50,51],
which both exclude the existence of stable H-He compounds
at high pressure based on the first-principle calculations. Very
recently, another theoretical work proposed that He and H
could form stable van der Waals compound (H2)3He below
8 GPa [52], while this structure is a wide gap insulator, in-
dicating higher pressure is needed if we aim to obtain the
metallic H-He compounds. Moreover, considering zero elec-
tronegativity of helium, it is interesting to know whether the
intercalation of He atoms could facilitate the formations of
new hydrogen motifs under extra high pressure, and if so,
whether compounds are good superconductors.

Here, by performing a systematic structural search for
HxHe (x = 1–12) at 800 GPa, we identify a dynamically
stable hexagonal structure (h-H2He), which displays an inter-
esting metal hydrogen graphenelike motif. Electron-phonon
calculations show this structure to exhibit weak supercon-
ductivity, which could be significantly enhanced by n-type
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doping. Our results are expected to guide the discovery of new
metallic hydrogen motifs under high pressure with tunable
superconductivity through electron doping.

II. COMPUTATIONAL DETAILS

Our search for binary H-He crystalline structures em-
ploys structural prediction up to four formula units using
particle-swarm optimization algorithm (CALYPSO) [53–55].
CALYPSO is one of the most efficient methods for struc-
tural prediction and has successfully predicted stable or
metastable ground-state structures for various systems at high
pressure [16,19,23,24,56]. We have performed structure sim-
ulations for stoichiometries HxHe (x = 1–12) with 1 to 4
formula at 800 GPa. In structure prediction runs, each gener-
ation contains 50 structures. More than 2000 structures were
sampled for each prediction and the structure prediction can
be stopped when another ∼ 1000 structures were generated
after finding the lowest-energy structure. The following struc-
ture relaxations and electronic properties are calculated using
density functional theory implemented in VASP code [57].
The exchange-correlation potential is adopted for the gen-
eralized gradient approximation (GGA) [58] in the form of
the Perdew-Burke-Ernzerhof (PBE) [59] functional. The all-
electron projector augmented wave [58] method is used with
valence electrons of 1s1 and 1s2 for H and He, respectively.
The Monkhorst-Pack k-points [60] with a grid density of
0.2 Å−1 were chosen to make a total energy convergence
of better than 1 meV per atom. The cutoff energy for the
expansion of the wave function in the plane wave basis was
set to 1000 eV. The electron-phonon coupling (EPC) for
all structures were performed by using the linear response
theory through QUANTUM-ESPRESSO code [61] with ultrasoft
pseudopotentials and a kinetic cutoff energy of 100 Ry. The
pseudopotentials were obtained from the PSlibrary (1.0 ver-
sion) [62,63] using H 1s1 and He 1s2 valence electrons and
the PBE exchange-correlation functional with cutoff radii of
0.75 and 0.6 for H and He, respectively. The q mesh of 4 ×
4 × 2 and k mesh of 16 × 16 × 8 for the H2He in the first
Brillouin zone were used in the EPC calculations.

III. RESULTS AND DISCUSSION

On the basis of the predicted H2-He solid structures, we
indeed identify a group of H-He compounds (e.g., HHe,
H2He, H3He, and H5He), which contain interesting graphene-
like hydrogen motifs (see Fig. 1 and Fig. S1 [64]), although
they are energetically unstable with respect to elements with
inclusion of zero-point energy (ZPE) (Figs. S2 and S3).
Among these, H2He is the only metallic compound with
high symmetry, which is a general property in high-Tc su-
perconductors [23,65]. For other different stoichiometries, we
perform the same structural search to identify the best struc-
ture and all the structure parameters are shown in Tables S1
and S2. One can see that for hydrogen-rich HxHe (x � 4)
compounds, most of them adopt low symmetry P1, which is
not favorable for possessing high-Tc superconductivity. Thus,
hereafter the discussions will focus on the H2He, which may
show potential superconductivity.

FIG. 1. (a) and (b) are structural configurations of P6̄ phase of
H2He at 800 GPa in side and top view, respectively. (c) Two dimen-
sional ELF of P6̄ phase of H2He. The small blue and large orange
spheres represent H and He atoms, respectively.

H2He was previously reported to be dynamically unstable
at ambient pressure [52], while we predict three candidate
structures for H2He adopting P6̄, Cmmm and P6/mmm sym-
metry, among which P6̄ is the most stable structure (Fig. S3).
Moreover, P6/mmm is dynamically unstable with imaginary
frequencies in phonon dispersions (Fig. S4), thus we choose
the P6̄ phase as a representative to investigate the electronic
properties of H2He. This novel phase of H2He with P6̄ sym-
metry displays a distorted well-known MgB2 structure [66],
namely, comprising alternating H and He layers [Fig. 1(a)],
where the H atoms form a graphenelike sublattice [Fig. 1(b)].
However, unlike graphene, the H-H distances in the honey-
comb slightly vary between 0.8 and 0.81 Å, thus distorting the
hexagons [Fig. 1(b)]. The H-H distance is slightly elongated
compared with that in pure solid H2 (0.74 Å) and the strong
covalent bonding between two H atoms is evidenced by the
electron localization function (ELF) [Fig. 1(c)]. Note that a
metastable phase in LiH2 [67] is proposed to adopt the same
structure as MgB2 [66], however, the H-H distance (1.16 Å at
800 GPa) in the H layer is too long to form a covalent bond.
In fact, pure solid hydrogen displays pronounced layerlike
characters and graphene layers emerge in some metastable
structures in solid hydrogen at high pressure [68].

Previous studies have demonstrated that two criteria have
to be satisfied for finding higher-Tc BCS superconductors in
highly compressed hydrides: (i) A large total DOS at Fermi
level (E f ), and (ii) a high contribution of H-derived DOS.
Distinctive features of hydrides are the transparency of the
mechanism of their superconductivity, and close agreement
between predictions and experiments [3]. We assume that
the H2He is a typical BCS superconductor, whose supercon-
ductivity could be theoretically well described. In order to
investigate the superconductive potential of H2He, we first
calculated its electronic band structures and DOS [Fig. 2(a)].
The weak metallic features are revealed by only a few bands
crossing E f and also confirmed by the low occupation at the
E f (0.055 eV−1 per cell), which obviously violates criteria (i).
However, H atoms dominating the total DOS which satisfies
criteria (ii) indicates possible high superconductivity if the
total DOS at the E f can be greatly increased by adding extra
electrons.
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FIG. 2. (a) Calculated electronic band structure of P6̄ H2He. (b) Phonon dispersions, projected phonon density of states (PHDOS),
Eliashberg spectral function α2F (ω), and electron-phonon coupling parameter λ of P6̄ H2He. (c) The calculated Tc logarithmic average phonon
frequency ωlog and λ with respect to dopant concentration.

The dynamic stability of pristine H2He is evidenced by ab-
sence of any imaginary frequencies [Fig. 2(b)]. The vibration
modes of pristine structure [Fig. 2(b)] are easily divided into
two parts: Below 2000 cm−1, hybrid vibrations originate from
H and He atoms, whereas at 2000-4500 cm−1, there are al-
most exclusively vibrations of the H atoms. To investigate the
structure’s superconductivity, we calculate Eliashberg spec-
tral function α2F (ω) and integrated EPC strength λ(ω). The
resulting EPC parameter λ is 0.44 and the high-frequencies
(> 2000 cm−1), derived from combinational vibration of H-
bending and stretching modes, contribute about 39% to the
total λ. We use a typical value of Coulomb pseudopotential
μ* = 0.1 to estimate the Tc value by using Allen-Dynes
modified McMillian equation [69], yielding a total Tc = 4 K.
The weak superconductivity is understandable, considering
the low DOS occupation at E f .

Electron doping can raise Tc evidenced by several stud-
ies [70–73] with the extra electrons being compensated
by a uniform neutralizing background using a jellium
model [74–78]. It is interesting and promising that the effect
of doping on the EPC-driven superconductivity is expanded
to be applicable to recently discovered hydrides under high
pressure [3]. For example, the Tc could be significantly in-
creased from 84 K to 148 K in CeH9 by 0.3 hole doping [79].
Another example is FeH5 [71], which exhibits no supercon-
ductivity in pristine structure and becomes a superconductor
through different concentrations of electron doping, with the
maximum Tc of 40 K by 0.5 e doping. We thus attempt to use
n-type doping to improve the superconductivity of H2He if
an extra electron can be mainly attracted by H atoms, which
could satisfy the criteria (ii).

As expected, the superconductivity is significantly en-
hanced by electron doping [Fig. 2(c)], which is greatest
(201 K) in 1.2 e-doped H2He. To clarify the origin
of enhanced superconductivity, the modification of crys-
tal structures, electronic properties, and electron-phonon
coupling after doping will thus be discussed in detail
below.

Crystal structures. Under different concentrations of elec-
trons, both the lattice constants and atomic structures were
fully relaxed. The structure maintains its P6̄ symmetry after
adding 0.2 e [Fig. S5(a)], but more electrons (0.4–1.2 e)

lead to a lower-symmetry Pm structure [Figs. S5(b)-(e)] after
full structural relaxation. The average length of H-H bond
lengths is slightly elongated from 0.81 Å (pristine structure) to
0.85 Å (1.2 e-doped structure), which can be attributed to the
accepted extra electron. This is quite normal in compressed
hydrides [19,23,24], where the transferred charge resides in
the H2 antibonding orbital, and thus lengthens the intramolec-
ular bond.

Electronic propert ies. Figures 3(a)–3(c) show the elec-
tronic band structures of H2He when doping electrons with
values of 0.2, 0.6, and 1.2 e, respectively. As expected, the
DOS at E f correspondingly increases with increasing electron
doping as compared with pristine structure (0.055 eV−1 per
cell), namely, 0.12, 0.33, and 0.36 eV−1 per cell for 0.2, 0.6,
and 1.2 e doping, respectively. Moreover, similar to pristine
structure [Fig. 2(a)], the DOS occupations at E f are dominated
by H atoms, but with much larger values. The higher the value,
the greater the possibility of the formation of Cooper pairs that
may contribute to enhance Tc. For 0.2 e doping [Fig. 3(a)],
E f is shifted upward as compared to pristine band structure
[Fig. 2(a)], and the higher doping levels due to the structural
distortion alter the overall band structure as several bands
emerge along the A-K direction and disappear along the M-L
direction at E f [Figs. 3(b) and 3(c)].

Electron- phonon coupling. For the doped structures, the
frequencies are also divided into two parts with boundary at
2000 cm−1 [Fig. 4(a)-4(b) and Fig. S6], analogous to that of
pristine structure. However, the resulting λ values are grad-
ually increased with increasing doping [Fig. 2(c)], especially
in the 1.2 e-doped structure, whose λ is up to 1.35, triple that
of pristine H2He (0.44). Two distinct peaks at 1300 and 2000
cm−1, as highlighted by the gray area in Fig. 4(c), lead to a
pronounced increase of λ, which arise from H-stretching and
bending modes. Note that the contribution to the λ from the
vibrations of H atoms exclusively (>2000 cm−1) exceeds 50%
in all the doped structure, which is substantially larger than
that of pristine structure (39%). The combined increases λ and
PDOS of H atoms at E f significantly enhanced Tc [Fig. 2(c)],
which is greatest (201 K) in 1.2 e-doped H2He. When we
continue to increase the doping electron to 1.5 e, the structure
is dynamically unstable [Fig. S6(d)], which indicates that it is
not accessible to dope too many electrons in H2He.
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FIG. 3. Calculated electronic band structure of P6̄ H2He for (a) doping 0.2 electrons, (b) 0.6 electrons, and (c) 1.2 electrons.

When replacing freely rotating molecules in hydrogen-IV
with He, Xe, and Ne atoms, we obtain the same P6/mmm
symmetry. For H2Xe, previous study predicted that Cmcm
is the only energetically stable phase below 300 GPa [80],
we thus calculated the enthalpies of these two phases as a
function of pressure [Fig. S7(a)] and found that Cmcm is still
the most stable phase even at high pressure. Additionally, it
is a superconductor with a maximum Tc of 26 K at 400 GPa
and decreases with increasing pressure [80], while this phase
only contains H2 molecules [Fig. S7(b)]. It is not surprising
that Xe could form stable hydrides at high pressure, since it is
the most chemically active noble gas, while P6/mmm H2Ne
is energetically unstable respective to elements just like He.
Additionally, it is dynamically unstable with displaying imag-
inary phonon frequencies (Fig. S8), which is not under our
consideration any more.

Transition metal atoms have diverse d electron configura-
tions, which can be used as the electron donators. A further
investigation used electron-donating transition metals Sc and
Ti as substitutes for He atoms. The space group of the H2Sc
and H2Ti structure evolves to P6/mmm (the isostructure of
MgB2), and the H-H distance in the graphenelike hexagons
have the same length of 1.22 Å (Fig. S9). Interestingly, the
P6/mmm H2Sc has been previously proposed to possess Tc

of 4 K at 300 GPa [81]. While for H2Ti, the Cmma phase
is stable above 78 GPa, with Tc of 5.7 K at 250 GPa [82].

We then calculated the relative enthalpy of H2Ti for these two
phases and found that P6/mmm phase is stable above 480 GPa
(Fig. S10). Bader analysis shows that both Sc and Ti atoms
will transfer about 0.5 electron to the graphene H. Compared
with H2He, both H2Sc and H2Ti have greater total DOS at E f ,
however, the contribution of H atoms to the DOS occupations
are negligible (Fig. S11), which fails to fit the criteria (ii), thus
only increases the superconducting temperature of Sc and Ti
replacing H2He from 4 K to about 10 K (Fig. S12). These
results further demonstrate the necessity of two criteria for
attaining high-Tc superconductors.

IV. CONCLUSIONS

In summary, our extensive first-principle structural
searches for the H-He system under high pressure have iden-
tified a metastable h-H2He structure. This structure adopts
a distorted MgB2 structure, comprising alternating hexago-
nal hydrogen layers and He layers. Further electron-phonon
calculations demonstrate the H2He exhibits weak supercon-
ductivity due to the low DOS at E f , which can be effectively
tuned through n-type doping. Tc can be significantly enhanced
to 155 and 201 K for doping 0.6 and 1.2 e, respectively, where
the high-Tc superconductivity originates from synergetic ef-
fects of increased H-derived DOS at E f and electron-phonon
coupling related to the vibration modes of H atoms. Our

FIG. 4. Phonon dispersions and PHDOS of P6̄ H2He (a) with doping 0.6 electrons, (b) with doping 1.2 electrons. (c) Shows Eliashberg
spectral function α2F (ω)/ω and λ for different dopant concentration. Shaded regions in (c) show the significant contribution of two strong
peaks of α2F (ω)/ω to λ.
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findings suggest that high pressure can lead to exotic hydrogen
motifs in hydrides, whose superconductivity is tunable by
electron doping.
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