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ABSTRACT: The high-pressure structures and superconductivity of iodine-doped hydrogen 

have been studied by ab initio calculations. Above 100 GPa, we discover a stable phase with 

Pnma symmetry in the H2I stoichiometry that consist of monatomic iodine tube trapping 

hydrogen molecule units. Interestingly, H2 molecule units dissociate and form a novel atomic 

phase with R-3m symmetry at 246 GPa. Further electron-phonon coupling calculations predict 

critical temperature of superconductivity Tc to be 3.8 K for Pnma phase and 33 K for R-3m phase 

at 240 GPa. Significantly, the Tc of R-3m phase is enhancement approximately 8 times than that 

of Pnma phase, which is mainly attributed to H2 molecules are broken exhibiting a atomic 

character in R-3m phase. 

Keywords: atomic phase, superconductivity, high-pressure, ab initio calculations, hydrogen-

iodine system 
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INTRODUCTION 

Back in the year 1935, Wigner and Huntington proposed that molecular hydrogen would 

dissociate into an atomic phase with metallic properties at high pressures1. Over thirty years later, 

Ashcroft (1968) predicted that the atomic metallic hydrogen would be a room-temperature 

superconductor2. Ever since this prediction, the high pressure structures, metallization and 

superconductivity of hydrogen have been extensively studied and the steps will never stop. 

Following more recent advancements in structure prediction methods, a atomic phase with 

I41/amd symmetry similar to the phase IV of cesium is found3. This structure is stable above 490 

GPa with critical temperature Tc of 365 K4, 5. Unfortunately, the metallization of solid hydrogen 

has still not been observed up to 360 GPa in experiment6, 7. One of the important topics is how to 

reduce the metallic pressure of hydrogen system. In 2004, Aschroft8 suggested that hydrogen-

dominated compounds can metallize at much lower pressures than pure hydrogen, and may be 

potential high temperature superconductors. In these systems, other components can be viewed 

as "impurities", and the hydrogen is chemically precompressed by “impurities”.  

From then on, a large number of efforts have focused on searching for the likely high-

temperature superconductors in hydrogen-rich materials. Theoretical investigations revealed that 

the group IVA hydrides present high temperature superconductivity at high pressures, e.g. 16~75 

K for SiH4
9, 10, 64 K for GeH4,11 62~80 K for SnH4 

12, 13, 139 K for Si2H6 
14. Besides the naturally 

existed hydrides, more attentions are paid to the new hydrogen-rich compounds appear at high 

pressures. New H2-containing van der Waals compounds SiH4(H2)2
15 and GeH4(H2)2

16 were 

predicted to be superconductors with high Tc values of 107 K and 90 K at 250 GPa, respectively. 

Superconductivity was also reported in another new metal hydride LiH6
17, KH6

18, and CaH6
19, 

where Tc reach 65 K at 160 GPa, 82 K at 300 GPa, and 235 K at 150 GPa, respectively. Recently, 
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the novel sulfur hydrides H3S20, 21 was predicted theoretically to be a high-temperature 

superconductor with Tc reaching as high as 191 ~ 204 K at 200 GPa, which has been approved 

by the subsequent high-pressure experiment,22 yielding a research hotspot in condensed matter 

physics and material science. 

Iodine hydrides can be an interesting subject of this study. The only known iodine hydride is 

HI with a complex triclinic P-1 structure at low temperature and ambient pressure23. At high 

pressure, HI undergoes three transition by experiment measurements: an insulator to metal 

transition, a molecular to atomic phase transition, and an additional transition in which I2, I3- 

complex and alloy of metallic hydrogen H2-xIx would be appear24, 25. After that HI is seldom to be 

studied under high pressure.  

What happened to HI at high pressures? Whether the H-rich hydrogen-iodine compounds are 

stable and have high Tc at high pressures. To answer these questions, we study the high-pressure 

stability of different stoichiometric HI3, HI2, and HnI (n=1-6) and further explore their 

superconductivity by ab initio calculations. Results show that HI is unstable, while three new 

energetically stable stoichiometries (H2I, H4I, and H5I) are uncovered at high pressure. More 

recently, A. Shamp and E. Zurek predicted the crystal structures and superconductivity of iodine 

polyhydrides below 200 GPa.26 They also found stoichiometries H2I, H4I, and H5I, and estimated 

Tc of H2I and H4I to be 7.8 and 17.5 K at 100 GPa, respectively. In the present work, we found a 

metallic atomic phase with R-3m symmetry in H2I at 246 GPa, which is approximately one-half 

of the currently suggested pressure of atomic metallic hydrogen. Moreover, the Tc of atomic 

phase is estimated to be 33 K at 240 GPa which is improved nearly 8 times than that of H2I-

Pnma phase containing qusia-H2 molecules.  
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COMPUTATIONAL METHOD 

To obtain stable structures for hydrogen-iodine system, we conducted structure prediction 

based on the particle swarm optimization algorithm as implemented in CALYPSO27, 28. The 

underlying structure relaxations were performed using the projector augmented waves (PAW) 

method29, as implemented in the Vienna ab initio simulation package VASP code30. The 

electron-ion interaction was described by the PAW potentials taken from the VASP library with 

1s1 and 5s25p5 as valence electrons for H and I atoms, respectively. The generalized gradient 

approximation of Perdew-Burke-Ernzerhof31 was used to describe the exchange-correlation 

potential. The energy cutoff of 500 eV and k-mesh of 2π×0.03 Å-1 within the Monkhorst-Pack 

scheme were chosen to ensure that the total energy is well converged to better than 1 meV/atom. 

Lattice dynamics and electron-phonon coupling have been computed with QUANTUM-

ESPRESSO32. The plane-wave pseudopotential method with norm-conserving potentials were 

used. Convergence tests gave a suitable value of 80 Ry kinetic energy cutoff. The q-point mesh 

in the first BZ of 5×5×3 for H2I-R-3m, 3×5×3 for H2I-Pnma and 7×7×7 for H4I-P6/mmm 

structures were used in the interpolation of the force constants for the phonon dispersion curve 

calculations. A denser k-point mesh 20×20×12 for H2I-R-3m, 20×20×12 for H2I-Pnma and 

28×28×28 for H4I-P6/mmm structures were adopted. The hybrid functional HSE0633, 34 was used 

to calculate the band gaps of H5I-P2221 structure, together with a cutoff energy of 720 eV and 

norm-conserving pseudopotentials, implemented in the CASTEP code35. 

RESULTS AND DISCUSSION 

The variable-cell structure prediction simulations are performed with considering the unit cells 

sizes from 1 to 4 formula units (f.u.) for HI3, HI2, HnI (n=2-6), and 1 to 8 f.u. for HI between 10 
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and 300 GPa. The calculated formation enthalpies of identified ground state structures for H-I 

system at 50, 100, 150, 200, 250 and 300 GPa are provided in Fig. 1. The reference level is 

hydrogen and iodine in their most stable forms at the pressure specified.3, 36-38 The convex hull is 

plotted in solid line and connects the thermodynamically stable compositions, which can be 

synthesized experimentally in principle. At 50 GPa, H5I is the only stable composition, as shown 

in Fig. 1. When the pressure increases to 100 GPa, a new composition H2I occurs. At 150 GPa, 

both of H2I and H4I emerge on the convex hull, while H5I is already unstable and decomposes 

into H4I and H2. Moreover, H2I and H4I are remain stable up to 300 GPa, and H2I is the global 

minimum compound above 150 GPa. It is noted that HI is absent on the convex hell because it 

decomposes into solids H2 and I2 at about 6.7 GPa, as shown in Fig. S1. In addition, HI3, HI2, 

and H6I are also absent on the convex hull, indicating they are unstable in the whole pressure 

range. The zero-point energy (ZPE) is not included in the calculation of the formation enthalpies 

of H-I system (Fig. 1a). To investigate the vibrational effects on the phase stability, ZPEs of H2I, 

H4I and H5I are estimated using the quasi-harmonic approximation at 50, 100, 200 and 300 GPa, 

as shown in Fig. S2. It is found that the inclusion of ZPEs significantly lowered the formation 

enthalpies, but the stability of these compounds remains unaltered. 

The stable pressure ranges and crystal structures of our predicted three stable compounds (H2I, 

H4I and H5I) are shown in Fig. 1b and Fig. 2, respectively. H2I is stable at 100 GPa with space 

group Pnma. In this structure, iodine atoms form a tube network that trap hydrogen molecules 

units (H-H contact of 0.802 Å) in channels, as depicted in Fig. 2a. The shortest distance of H-I is 

2.089 Å at 100 GPa, suggesting the weak interaction between H and I. In addition, the shortest 

distance of I-I is 2.887 Å, as compared with 2.906 Å in atomic phase of iodine (Fm-3m) at 100 

GPa38. We have also found a competitive structure with Cmcm symmetry, and the enthalpy of 
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Cmcm is only 10 meV/f.u. higher than that of Pnma, as shown in Fig. 3. Since this is a 

metastable structure, we will not discuss it in the following text. Further compression to 246 GPa, 

a distinctive structure with R-3m symmetry occurs, in which iodine atoms and hydrogen atoms 

form puckered 2D nets with edge-shard H6I units, as shown in Fig. 2b. Strikingly, the shortest H-

H distance at 260 GPa is 1.10 Å, much longer than intramolecular bond length ~0.756 Å in 

molecular phase (Cmca) of solid H2, and close to the H-H bond length ~1.05 Å in atomic phase 

(I4/amd) of solid H2 at this pressure. The longer H-H bond length indicates that they are in the 

form of atomic phase other than molecular phase.  

In addition, to understand the molecular interactions, the nearest intramolecular and 

intermolecular bond distances of H2I as functions of pressure are depicted in Fig. 3b. The 

intermolecular bond lengths of H1-H2, H1-I1 and I1-I2 decrease with increasing pressure, while 

the intramolecular bond length of H1-H1 increases in the Pnma phase. It is indicating that the 

strength of H-I interaction with increasing pressure elongates intramoleulcar covalent bonds for 

H2 molecular units. Then, the H2 molecules dissociated to hydrogen atoms at about 250 GPa, and 

the structure is reconstructive with R-3m symmetry. It is also noted that the bond length of H1-I1 

and I1-I2 are continuation, whereas the bond length of H-H change abruptly at the phase 

transition pressure.  

To further understand the bonding nature of the Pnma and R-3m phases, we calculated the 

electron localization function (ELF), as depicted in Fig. 4. High ELF values indicate paired 

electrons, i.e., lone pairs (close 1.0) and covalent bonds (>0.75), whereas values around 0.5 

indicate a uniform electron gas. Not surprisingly, the highest ELF values are found in the region 

of H and I lone pairs. In the Pnma phase, one can see ELF values of 0.9 between two H atoms 

within the unit, indicating a strong covalent feature. In the case of R-3m phase, the value of ELF 
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between the nearest H-H, H-I, and I-I is about 0.5~0.6, indicating that covalent bond is non-

existent, which is more likely a atomic phase with a uniform electron gas.  

H4I is predicted to possess a hexagonal P6/mmm structure which is stable above 110 GPa, 

which is the same with A. Shamp and E. Zurek predicted.26 In this structure, iodine atoms 

occupy lattice sites forming 1-D chain along the c axis and the H2 molecular units (H-H contact 

of 0.803 Å) also parallel to the c axis, as shown in Fig. 2c. For H5I, it adopts a P2221 symmetry 

which becomes stable with respect to decomposition into solids H2 and I2 at about 20 GPa (Fig. 

S3a). At 114 GPa, it decomposes into H4I (P6/mmm) and H2 (Fig. S3b). H5I-P2221 is consisted 

of zigzag rectangular chains built from [I–H–I] units and H2 molecular units, as shown in Fig. 2d. 

In the rectangular chains, H situates at the middle of two I atoms leading to symmetric hydrogen 

bonds. Further analysis of ELF shows the moderate values (0.8) between H and I, suggesting 

covalent bond (Fig. 3). The lattice parameters of these stable structures at different pressures are 

listed in Table S1 of the supplementary information.  

The electronic band structure and band gap for all stable structures at selected pressures are 

also explored, as depicted in Fig. 5. The H2I-Pnma, H2I-R-3m, and H4I-P6/mmm are good metals 

with the band cross the Fermi level. The band structure of H2I-Pnma is analogous to H4I-

P6/mmm, but different from H2I-R-3m, which is due to H atoms arrangement. The band gaps of 

H5I-P2221 structure are calculated by performing HSE06 hybrid functional. It is an insulator with 

an indirect band gap of 2.892 eV at 20 GPa. The band gap for the P2221 structure decreases with 

increasing pressure and closes at approximately 100 GPa.  

To explore the possible superconductivity of H-I system at high pressures, the electron phonon 

coupling (EPC) λ and logarithmic average phonon frequency ωlog are calculated, as shown in 
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Table SII. The resulting λ of H2I-R-3m is 0.59 at 260 GPa; the ωlog calculated from the phonon 

spectrum is 1384.5 K. The superconducting critical temperature Tc was estimated by using the 

Allen-Dynes-modified McMillan equation39 . Using the Coulomb 

pseudopotential µ* of 0.1 and 0.13, the Tc for H2I-R-3m are obtained in the range of 21.6 K to 

30.8 K at 260 GPa. Similarly, the calculated Tc for H2I-Pnma at 100 GPa and H4I-P6/mmm at 

120 GPa reaches 5.3 K and 9.9 K, respectively. Furthermore, the Tc for the three structures as a 

function of pressure are calculated, as listed in Table I. The results show that for H2I-R-3m, Tc 

decreases with increasing pressure. While for H2I-Pnma and H4I-P6/mmm, Tc first decrease and 

then increase as pressure increasing. 

To study the underlying superconducting mechanism, the Eliashberg spectral function α2F(ω) 

and integrated λ for H2I-Pnma, H2I-R-3m and H4I-P6/mmm phases are presented in Fig. 6. The 

absence of any imaginary frequency indicates their dynamical stability. Three separate regions of 

phonon bands are clearly recognized, which are also suitable for the other H-rich compounds. 

The low-frequency bands come mainly from the lattice vibrations of the heavy I atom, the 

intermediate-frequency region are due to H–I–H bending and H-I wagging vibrations, high-

frequency are mostly related to the H2 molecular stretching modes.  

For H2I-R-3m phase, low-frequency I vibrations (below 12 THz) contribute approximately 

22.7% in total λ, whereas the intermediate-frequency (31-55 THz) contribute 77.3% of λ. Note 

that there is no high-frequency vibration because H2 molecular units disappear. This result 

highlights that H-derived bending and wagging modes play a significant role in 

superconductivity. The physical mechanism is similar to those in H3S (Im-3m) and CaH6 (Im-3m), 

where intermediate-frequency vibrations dominate the superconductivity. These materials have 

( )
( )






+−
+

=
∗ λµλ

λω
62.01

104.1exp
2.1

log
CT
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the same characteristics that they all possess atomic phase with high Tc. For H2I-Pnma phase, the 

low-frequency I vibrations (< 9 THz), intermediary-frequency (16-38 THz) and high-frequency 

H2 units frequency (> 91 THz) contribute 54.6%, 39.8%, and 5.6% to the EPC, respectively. And 

for H4I-P6/mmm phase, the low-frequency, intermediary-frequency and high-frequency provide 

a contribution 34.9%, 55.7%, and 9.4% of the total λ, respectively. It is found that in the H2I-

Pnma and H4I-P6/mmm containing H2 molecular units, the intermediary-frequency and low-

frequency vibrations are mainly responsible for λ, while the contribution of H2 vibration is small. 

The superconductivity mechanism of H2I-Pnma and H4I-P6/mmm is similar to that of SiH4(H2)2 

and GeH4(H2)2,15, 16 where they all have H2 molecular units. 

To further study what can improve the superconductivity, some physical parameters between 

Pnma and R-3m phases in H2I at 240 GPa are compared. As mentioned above, Pnma phase has 

H2 molecular units, while in R-3m phase H2 molecular units disappear and form atomic phase. 

Firstly, DOS values at Ef of R-3m phase (3.3×10-2 states/eV/Å3) is nearly 1.5 times larger than 

that of Pnma phase (2.3×10-2 states/eV/Å3). Secondly, the values of EPC λ and ωlog of R-3m 

phase are also 1.5 times as much as that of Pnma phase, as shown in Table I. The enhancement 

of EPC λ, ωlog, and DOS values lead to an increase of Tc for R-3m phase to 33 K which is 

approximately 8 times larger than that of Pnma phase (3.8 K). As a comparison, the R-3m is 

alike with other hydrogen-rich compounds, in which the H2 quasi-molecules have been broken, 

such as H3S and CaH6. While the Pnma structure is resemble to high-pressure structures of 

SiH4(H2)2 and GeH4(H2)2, where they posses H2 molecular units. Although the Tc of SiH4(H2)2 

(107 K) and GeH4(H2)2 (90 K) are high, they still smaller than the atomic phase of H3S (200 K) 

and CaH6 (235 K). We think that if the H2 molecular in these hydrogen-rich systems are broken, 

the superconducting transition temperature Tc will be increased by several times.  
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CONCLUSION 

In summary, the structures, stability, metallization, and superconductivity of iodine hydrides at 

high pressures are investigated by ab initio calculations. Three stoichiometries of H2I, H4I and 

H5I are uncovered at high pressures. H2I with Pnma symmetry is stable above 100 GPa which 

contains H2 molecule units. Interestingly, H2 molecules units are broken and form a novel atomic 

phase with R-3m symmetry at 246 GPa. Electron-phonon coupling calculations show that the Tc 

of Pnma and R-3m phases are 3.8 K and 33 K at 240 GPa, respectively. Significantly, the Tc of 

atomic phase R-3m is raised 8 times than that of Pnma, because the physical parameters of EPC 

λ, ωlog, and DOS values at Ef related with Tc are enhancement in atomic phase R-3m.  
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Captions of figure 

Fig. 1 (a), Formation enthalpies of H-I system with respect to decomposition into constituent 

elemental solids under pressure. Dashed lines connect data points, and solid lines denote the 

convex hull. (b), Predicted pressure-composition phase diagram of H-I system  

Fig. 2 Structures of stable stoichiometries in H-I system. (a) H2I-Cmcm. (b) H2I -R-3m. (c) H4I-

P6/mmm. (d) H5I-P2221. Purple and pink spheres represent I and H atoms, respectively. 

Fig. 3 (a) Calculated enthalpy differences of Cmcm, P1, Pnma, and R-3m phases in H2I relative 

to Cmcm phase as a function of pressure. (b) The nearest neighbor distances of H-H, H-I, 

and I-I in H2I as a function of pressure. 

Fig. 4 The calculated ELF of (a) H2I-Pnma for (010) plane, (b) H2I-R-3m for (110) plane, (c) 

H2I-R-3m with isosurface value of 0.7, (d) H4I-P6/mmm for (001) plane, (e) H5I-P2221 

contain a H-I square, (d) H5I-P2221 with isosurface value of 0.8. 

Fig. 5. Electronic band structure for (a) H2I-Pnma at 100 GPa, (b) H2I-R3m at 260 GPa, and (c) 

H4I-P6/mmm at 120 GPa. The dashedline indicates the Fermi level. (d) The evolution of 

band gaps of the H5I-P2221 with increasing pressure.  

Fig. 6. Phonon dispersion curves, phonon density of states (PHDOS) projected on I and H atoms, 

and Eliashberg spectral function α2F(ω) together with the electron-phonon integral λ(ω) for 

(a) H2I-Pnma at 100 GPa, (b) H2I-R3m at 260 GPa, and (c) H4I-P6/mmm at 120 GPa.  
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Table I The phonon frequency logarithmic average (ωlog), EPC parameter (λ), and critical 

temperature Tc (μ*= 0.1 and 0.13) for H2I and H4I at different pressures. 

Phase P(GPa) ωlog(K) λ Tc(K)µ*=0.1 Tc(K)µ*=0.13 
H2I 100 552.6 0.472 5.30 3.00 

Pnma 150 729.2 0.427 4.32 2.12 
 200 834.6 0.403 3.67 1.62 
 240 917.7 0.398 3.77 1.62 

H2I 240 1366.2 0.611 33.05 23.55 
 R-3m 260 1384.5 0.594 30.82 21.57 

 300 1465.8 0.548 25.09 16.53 
H4I 120 792.9 0.500 9.92 6.04 

P6/mmm 160 898.5 0.474 8.80 5.01 
 200 960.4 0.476 9.57 5.48 
 250 981.0 0.493 11.26 6.70 
 300 849. 4 0.525 12.48 7.92 
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Fig. 1 
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Fig. 2 
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Fig.3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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