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Observation of high-temperature superconductivity in compressed sulfur hydrides has generated an
irresistible wave of searches for new hydrogen-containing superconductors. We herein report the prediction
of high-T. superconductivity in tellurium hydrides stabilized at megabar pressures identified by first-
principles calculations in combination with a swarm structure search. Although tellurium is isoelectronic
to sulfur or selenium, its heavier atomic mass and weaker electronegativity makes tellurium hydrides
fundamentally distinct from sulfur or selenium hydrides in stoichiometries, structures, and chemical
bondings. We identify three metallic stoichiometries of HyTe, HsTe,, and HTes, which are not predicted or
known stable structures for sulfur or selenium hydrides. The two hydrogen-rich H;Te and HsTe, phases
are primarily ionic and contain exotic quasimolecular H, and linear H; units, respectively. Their high-T,
(e.g., 104 K for H,Te at 170 GPa) superconductivity originates from the strong electron-phonon couplings
associated with intermediate-frequency H-derived wagging and bending modes, a superconducting
mechanism which differs substantially with those in sulfur or selenium hydrides where the high-frequency

H-stretching vibrations make considerable contributions.
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A recent breakthrough finding in the field of
superconductivity is the observation of remarkable high-
temperature superconductivity (7', up to 203 K) in hydro-
gen sulfide (H,S) under pressure [1]. This was achieved by
a direct investigation on a theoretical prediction of high-T'.
superconductivity in compressed solid H,S within the
framework of Bardeen-Cooper-Schrieffer (BCS) theory
[2,3]. The superconductive mechanism of H,S and its
possible decomposition at high pressures were then
explored extensively [4-9]. Besides these efforts, other
new superconductors have been sought in relevant hydro-
gen-containing compounds. Selenium (Se) hydrides have
been predicted to exhibit high 7. in the range of 40-131 K
at megabar pressures [10,11].

Tellurium (Te) is the next group-VIA element iso-
electronic to S and Se. Its larger atomic core and weaker
electronegativity than S and Se means that Te will exhibit a
rather different chemistry. For instance, H,S [12] and H,Se
[13] are stable as gas molecules and as solids at ambient
pressure, but H,Te gas molecules are unstable and rapidly
decompose into the constituent elements (above —2 °C) [14].
Thus far, no stable solidified Te hydride has been reported.

Pressure can fundamentally modify the chemical reac-
tivity of an element or compound. For instance, it can over-
come the reaction barrier of hydrogen and certain substances
to form stable hydrides (e.g., noble metal hydrides [15,16],
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LiHg [17], NaHg [18], and CaHg [19], etc.). Thus, high
pressure may allow Te hydrides to be synthesized from a
mixture of Te and H,. As to the superconductivity, on one
hand one may argue that Te hydrides may not be good candi-
dates for high-T, superconductors because the low Debye
temperature caused by Te with high atomic mass might
suppress the superconductivity. On the other hand, low-
frequency vibrations (soft phonons) associated with heavy
Te can enhance electron-phonon coupling (EPC) [20], as
seen from the higher 7', (up to 80 K) predicted for SnH, [21]
than for SiH, (up to 17 K) [22] and GeH, (up to 64 K) [23].
We herein extensively explore the high-pressure phase
diagram of Te hydrides by using the swarm-intelligence
based structural prediction calculations [24,25]. Distinct
from S and Se hydrides, Te hydrides exhibit a unique poten-
tial energy landscape, where the unexpected stoichiometries
of HyTe, HsT,, and HTe; emerge as stable species at mega-
bar pressures. HyTe is so far the most H-rich stoichiometry
reported in the family of chalcogen hydrides. The H-rich
H,Te and H5T, compounds are primarily ionic, and consist
of novel quasimolecular H, and linear H; units, respectively,
both of which are metallic and show high-temperature
superconductivity with 7, reaching 104 K (i.e., HyTe at
170 GPa). Our work provides clear guidance for future
experimental exploration of potential high-temperature
superconductivity in Te hydrides under pressure.
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We employ the in-house developed CALYPSO structure
prediction method, which is designed to search for the
stable structures of given compounds [24,25], for the inves-
tigation of phase stability of Te hydrides at high pressures.
The details of the search algorithm and its applications are
described elsewhere [24,26-28]. The underlying energetic
calculations are performed with the plane-wave pseudopo-
tential method as implemented in the VASP code [29]. The
Perdew-Burke-Ernzerhof generalized gradient approxima-
tion [30] is chosen for the exchange-correlation functional.
The electron-ion interaction is described by projector-
augmented-wave potentials with the 1s' and 5s?5p* con-
figurations treated as valence electrons for H and Te,
respectively. During the structure search, an economy set
of parameters is used to evaluate the relative enthalpies of
the sampled structures on the potential energy surface; a
kinetic cutoff energy of 500 eV and Monkhorst-Pack &
meshes with grid spacing of 2z x 0.03 A" are then adopted
to ensure the enthalpy converges to better than 1 meV /atom.
The phonon spectrum and EPC of the stable compounds
are calculated within the framework of linear response theory
through the Quantum-ESPRESSO code [31].

We focus our structure search on H-rich compounds
that are promising candidates for higher-7'. superconduc-
tivity [32]. The energetic stabilities of a variety of H,Te,
(x =1-8 and y = 1-3) compounds are evaluated by their
formation enthalpies relative to the products of dissociation
into constituent elements (AH) at 0, 50, 100, 200, and
300 GPa, as depicted in Fig. 1 and the Supplemental Material
[33]. At 0 GPa, no stoichiometry is stable against elemental
dissociation, consistent with the fact that there is no solid
H-Te phase at ambient conditions. This situation preserves
up to 100 GPa, but accompanied with greatly decreased
AH magnitudes, implying a tendency of H-Te compounds
being stabilized under further compression. Indeed, at
200 GPa, all the stoichiometries become energetically
favored over elemental dissociation, and stable stoichiom-
etries of HyTe, HsTe,, and HTe emerge on the convex hull.
At 300 GPa, in addition to these three species, another stable
stoichiometry of HTe; appears in the H-poor regime. Finding
these unexpected stable H-Te stoichiometries is distinct
from the actual stabilization of H;S/H;Se, HS/HSe, and
HS,/HSe, in S and Se hydrides [see Fig. 1(a)] [9,10]. As
discussed later, all four stable H-Te compounds are metallic
in their stable pressure regions [Fig. 1(b)].

The most H-rich stoichiometry, H,Te, was predicted to
crystallize at above 162 GPa in a hexagonal structure (space
group P6/mmm), consisting of H-sharing 12-fold TeH,,
octahedrons [Fig. 2(a)]. An unusual structural feature of
this phase is that the short H-H contact (~0.85 A at
200 GPa) between two octahedrons forms a quasimolecular
H, unit. The electron localization function (ELF) between
two H atoms within the H, unit is high (~0.9), indicating a
strong H-H covalent bond. The longer H-H bond length
than that of a free H, molecule (0.74 A) is attributed to an
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FIG. 1. (a) Formation enthalpies (AH) of various H-Te com-

pounds with respect to decomposition into constituent elemental
solids at 100-300 GPa. Data points located on the convex hull
(solid lines) represent stable species against any type of decom-
position. The results of H-S [9] (open circles at 250 GPa) and H-
Se [10] (open squares at 300 GPa) systems are shown for
comparison. (b) Pressure ranges in which the corresponding
structures of different stoichiometries are stabilized. The phases I
(P3,21), V (Im — 3m), VI (I4/mmm), and VII (Fm — 3m) of Te
[37], and the P6;m and C2/c structures of solid H, [38] are used
for calculating AH. The hull data remain essentially unchanged
with the inclusion of zero-point energies (see the Supplemental
Material [33]).

accepted charge of ~0.44¢ per H, donated by Te (see the
Bader charge analysis of the Supplemental Material [33]),
which resides in the H, antibonding orbital, and thus
lengthens the intramolecular bond. Note that this charge
transfer is a prerequisite for forming quasimolecular H units
in compressed hydrides, as reported for LiH,, (n = 2, 6,
and 8) [17], CaHg [19], GeH, [23], and SnH, [21,39].
No electron localization is found between H and Te in the
ELF, indicating the ionic nature of H-Te bonding.

Upon compression, the P6/mmm structure of H,Te
transforms into a more energetically favored R-3m structure
at 234 GPa. This is a first-order transition, and it is
accompanied by an increase of the coordination number
of Te from 12 to 14 with the formation of H-sharing TeH 4
octadecahedrons [Fig. 2(b)]. There are two types of H atoms
that occupy two different 2¢ Wyckoff sites: atoms labeled
H1 are shared by four Te atoms, whereas the H2 atoms are
coordinated by three Te atoms and meanwhile bond with
another H2 atom to form a quasimolecular H, unit with a
bond length of ~0.86 A (at 300 GPa). We found a weak
pressure dependence of the intramolecular H-H bond length
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FIG. 2. Structures of stable H-Te compounds at high pressures
derived from the CALYPSO structure search: (a),(b) H,Te in the
P6/mmm and R-3m structures, respectively; (c) HsTe, in the
C2/m structure; (d),(e) HTe in the P4/nmm and P6s;/mmc
structures, respectively; (f) HTe; in the C2/c structure. Small and
large spheres represent H and Te atoms. Solid lines depict the unit
cells of the structures. See the Supplemental Material [33] for
more detailed structural information.

for both the P6/mmm and R-3m phases, similar to those
reported for other compressed hydrides [17,21,23,39].

The energetically favored structure of HsTe, (stable above
165 GPa) has a C2/m symmetry [Fig. 2(c)], consisting of the
puckered layers, where Te atoms at the 4i sites are threefold
coordinated by two inequivalent H atoms (H1 and H3) at also
the 4i sites. Another type of H atom (H2) at the 2c sites is
accommodated between two puckered layers and connects
with two H1 atoms to form unexpected linear quasimolecular
H; units. The two H-H covalent bonds in the H; unit have
lengths of ~0.92 A, with a maximal bonding ELF of ~0.8 at
200 GPa. The formation of H; units is accompanied by a
similar charge transfer from Te to H as described above. Note
that such linear H; units are often found in gas molecules
[40—43], but rarely observed in solid phases (e.g., BaHg [44]
and H-rich Rb compounds [45]).

The next stoichiometry, HTe (stable above 140 GPa),
adopts a PbO-type structure [space group P4/nmm,
Fig. 2(d)] composed of edge-sharing TeH,-tetrahedron
layers, which is isostructural with that of Fe-based super-
conductor FeSe [46] and Se hydride of HSe [10]. With
increasing pressure, a more stable NiAs-type structure

[space group P63/mmc, Fig. 2(e)] emerges at 286 GPa;
its coordination number increases from 4 to 6. The H-poor
HTe; stoichiometry (stable above 260 GPa) adopts a
structure of C2/c¢ symmetry [Fig. 2(f)], in which two
inequivalent Te atoms (at the 4c¢ and 8 sites) and H atoms
(at the 4e sites) form interpenetrating polymeric networks.
Each H atom is sixfold coordinated by Te.

The electronic band structure and density of states (DOS)
of all the above stable H-Te phases (Figs. 3 and S4) exhibit
metallic features. To probe the role Te plays in determining
electronic structures of the H-rich species (e.g., H,Te), we
calculate the band structure of a hypothetical H, Te system
by removing the Te from the lattice, leaving the H sublattice
unchanged. A uniform compensated background charge
(6¢/Te) is applied to preserve the total valence electrons
of the system. The resultant band structure [red dashed lines
in Fig. 3(a)] is similar to that of actual H4Te (solid black
lines). This indicates that the Te atoms mainly act as
electron donors, consistent with the ionic character of H-Te
bonds. This is in sharp contrast to the S and Se hydrides, in
which strong covalent H— S/H — Se bonding dominates
[4,10]. Both H,Te and HsTe, [Fig. 3(b)] show a strong
DOS peak originating from Te-p and substantial H-derived
states around the Fermi level (E). A “flat band-steep band”
feature [47] appears around the E; [Fig. 3(a)]. These
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in the P6/mmm structure at 200 GPa. The red dashed lines
represent the band structure of the H sublattice with a uniform
compensated background charge. (b) Projected density of
states for H,;Te and HsTe, in the C2/m structure at 200 GPa.
(c)—(e) Fermi surfaces of HyTe.

FIG. 3. (a) H,Te
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are typical features that favor strong EPC, and thus
high-T, superconductivity. The Fermi surface of H,Te
[Figs. 3(c)-3(e)] does not show any visible nesting feature.
The evaluated carrier concentration parameter, r, [48], of
H,Te and H5Te, at 200 GPa are 5.20 and 4.05, respectively.
These values are comparable to those of alkali metals
(3.2-5.7), but much higher than that of the hypothetical
monoatomic phase of solid hydrogen (1.6) [49].

We then performed phonon and EPC calculations for three
H-rich species of H,Te, HsTe,, and HTe to probe their
potential superconductivity. The absence of any imaginary
frequency in the phonon spectra clearly indicates the
dynamical stability of all the predicted H-Te phases. The
calculated EPC parameters, 4, for H,Te, HsTe,, and HTe at
200 GPa are 1.46, 1.14, and 0.58, respectively. The 1 values
of HyTe and HsTe, are comparable to those predicted
for H,S [2] and H3S/H;Se [4,10], indicating fairly strong
EPC in the Te hydrides. Interestingly, A decreases almost
linearly with decreasing H content in the order of H,Te >
HsTe, > HTe (see the Supplemental Material [33]). This
underlies the dominant role of H involvement in controlling
the EPC of H-containing materials [32].

Figure 4 shows the projected phonon DOS, Eliashberg
EPC spectral function a?F(w), and its integral A(w) for
H,Te and HsTe,. For the P6/mmm-H,Te [Fig. 4(a)], the
low-frequency translational vibrations from the heavy
Te atoms (below 10 THz) contribute 22% of the total A.
The high-frequency stretching modes associated with the
quasimolecular H, units (70-80 THz) contribute only 5%
of 1. The main contributor to the EPC (72% of A) originates
from the midfrequency H-Te wagging and H-Te-H bending
vibrations (10-50 THz). Similarly, for the R-3m-H,Te
[Fig. 4(b)], the mid-lying H wagging and bending modes
contribute 73% of the total A, whereas the high-lying
vibrations from H, units contribute only 3%. A similar
trend applies to HsTe, [Fig. 4(c)], where the contribution of
the high-lying vibrations of the linear H; units to the total A
is quite small (<5%). These results highlight that midfre-
quency H-derived phonons and low-frequency vibrations
from Te atoms are mainly responsible for the EPC in the
H-Te systems. The involvement of massive Te atoms
softens these phonon modes, from which the strong
EPCs originate. This superconductive mechanism is not
unusual by seeing those in SnH, [21,33] and CaHg [19] that
contain similar quasimolecular H, /H, units. However, the
mechanism is apparently different to that in H-S and H-Se
systems, where the high-frequency H-stretching vibrations
make a large contribution to the overall EPC [2,4,10]. This
distinctive EPC feature is clearly reflected in the different
phonon linewidth data shown by H,Te vs H3S/H;Se
(as shown in the Supplemental Material [33]).

The superconducting 7, of the predicted stable H-rich
compounds is evaluated through the Allen-Dynes modified
McMillan equation [50] by using the calculated logari-
thmic average frequency, w,,, and a series of Coulomb
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FIG. 4. Calculated projected phonon density of states (lower
panels), Eliashberg EPC spectral function o® F(w) and its integral
A(w) (upper panels) of (a) HyTe (P6/mmm) at 200 GPa, (b) HyTe
(R-3m) at 300 GPa, and (c¢) HsTe, (C2/m) at 300 GPa.

pseudopotential parameters, ux, from 0.1 to 0.2 [51]
(as summarized in the Supplemental Material [33]). At
ux = 0.1, the resultant 7', values are 99, 58, and 19 K for
H,Te, HsTe,, and HTe at 200 GPa, respectively. The highest
T.of HyTeis attributed to its strong EPC (1 = 1.46) and high
g (929.1 K). For HyTe and HsTe,, we find a negative
pressure dependence of T'.. This results from the decrease
of 4 under compression, even though w,,, increases due to
phonon hardening. In the established stable pressure regions
for all the phases [Fig. 1(b)], the maximum 7, of 104 K using
ux = 0.1 (or 95 K for ux = 0.13) occurs in Hy Te at 170 GPa.
The actual T, may be enhanced further as a result of the
multiband effect [52,53] given the different kinds of Fermi
surface sheets shown in Figs. 3(c)-3(e).

Although Te is isoelectronic to S and Se, we hereby
observe entirely different stoichiometries and stable struc-
tures of compressed Te hydrides compared with S/Se
hydrides. Two novel stable stoichiometries of HyTe and
H;Te,, with exotic quasimolecular H, /Hj; units, are iden-
tified; they are not seen in S/Se hydrides [9,10]. This sharp
distinction originates from the fundamentally different
chemical bonding of the H-Te system from that in
H—S/H —Se. The S and Se have smaller atomic cores
and larger Pauling electronegativities (2.58 and 2.55) than
Te, and thus are favorable for forming strong covalent
bonds with H in S/Se hydrides. In contrast, in the Te
hydrides, owing to the larger atomic core of Te and its
smaller electronegativity (2.1), substantial charge transfers
from Te to H. As a result, the H-Te bond is primarily ionic.
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Upon appearance of the additional charges on the anionic H
atoms, substantial energy can be reduced via the formation
of H-H covalent bonds. This may be the physical mecha-
nism of the stabilization of the quasimolecular H, /H; units
in the H-rich compounds. The existence of these quasi-
molecular units accommodates more H, and thus explains
the emergence of the highest known H content in H,Te of
any chalcogen hydride.

The two H-rich hydrides (Hy;Te and HsTe,) are prom-
ising superconductors, with predicted 7. of up to 104 and
58 K, respectively. The EPC feature responsible for the
superconductivity is substantially different from that in
superconducting S/Se hydrides. We expect that our pre-
dictions of stable Te hydrides and their superconducting
properties will stimulate future experimental studies on the
synthesis of Te hydrides to probe their high-temperature
superconductivity at high pressures. The diverse properties
disclosed for Te hydrides here are a useful contribution to
our in-depth understanding of the behaviors of super-
conducting chalcogen hydrides at megabar pressures.
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