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Abstract

High pressure ground-state phases of crystalline diborane (B2H6) and their stability against

decomposition into B and H are investigated by calculations within density functional theory.

Although B2H6 is thermodynamically unstable to phase separation into B and H in the intermediate

pressure range, it is re-stabilized beyond 350 GPa. The candidate structures are then Pbcn and

Cmcm, though at the level of the harmonic approximation the latter has some imaginary-frequency

phonons. Both structures are metallic with quite high density of states at the Fermi energy. An

estimate of superconducting transition temperature Tc is carried out for the Pbcn structure by

using the extended McMillan formula, and the resulting Tc reaches around 100 K.

PACS numbers: 74.62.Fj, 74.70.Ad, 71.30.+h
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Compressing hydrogen-rich compounds may yield new pathways in approaches to attain-

ing a metallic state of hydrogen itself at high pressures1–3. The advantage of treating hydrides

rather than pure hydrogen lies in the idea that because of possible chemical pre-compression

the metallization of hydrides tends to require lower pressure than those expected for hydro-

gen. An example of recent interests is SiH4, whose properties at megabar pressures have

been well investigated theoretically4–7 and experimentally8–10. Save for CH4 the hydrides

of Group 14 are not thermodynamically stable, though they are kinetically persistent. Al-

though a stable metallic phase of SiH4 has not been found up to 200 GPa as yet8–10, it is

expected that SiH4 metallizes between 200 and 300 GPa5,10. This predicted pressure is lower

than that of the equivalent for hydrogen. Indeed, hydrogen is known to be insulating or

even semiconducting at least up to 320 GPa under static compression11–13.

One of the interests in the metallic form of hydrogen and its metallic compounds is the

possibility of high-Tc superconductivity
2,3,14. The motivation tempts one to investigate the

hydrides of the first-row p elements because of their low masses and strong electron-ion

interactions. A drawback in considering these hydrides is that the metallization pressure

still tends to be high, and indeed may even be higher than in hydrogen. For example,

this tendency is experimentally observed for CH4, which is not metallic at least up to 300

GPa15,16. Also, the common high-hydride NH3 is not predicted to be metallic below 500

GPa from recent first-principles calculations17. These observations are of relevance and

specifically within a view of the tendency towards a localized character of 2p electrons.

Yet, as one possible exception, it may be worth examining the light element system

B2H6, which was recently compressed up to 50 GPa at room temperature with three new

solid phases then being found from analysis of optical measurements18. Since BH3 tends

to form B2H6, B2H6 can be considered the simplest compound in extensive boron hydrides,

which are known to possess the curious valence structure, namely, three-center bond19,20. As

with most Group-14 hydrides, B2H6 has a positive heat of formation but is kinetically stable

at normal conditions. One of the more noticeable properties of B2H6 is its notably high

polarizability. The Goldhammer-Herzfeld (GH) criterion21, which is based on the Clausius-

Mossotti equation, then predicts that an insulator-to-metal transition should take place

when the volume per molecule vM satisfies vM = (4π/3)α for high symmetry structures,

where α is the static linear dipole-polarizability of a single molecule. According to our

estimate from the density functional perturbation theory (DFPT)22, the value of α of a
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B2H6 molecule is 6.14 Å3 (or 41.4 a30) when the largest component is taken. The GH relation

then gives rs = 1.51 for the onset of metallization. Here rs is the standard linear measure

of inverse average valence electron density. For the sake of comparison, a similar analysis

can be carried out for H2 and NH3, whose largest components of α are 1.03 and 2.56 Å3,

respectively. Then, from the GH relation, the metallization density of H2 is rs = 1.51, and

that of NH3 is rs = 1.29. These densities of B2H6, H2, and NH3 roughly correspond to 90,

120, 150 GPa, respectively, from our density functional calculations. As expected, the GH

criterion is insufficiently accurate to predict the absolute value of the transition density, for

as noted experimentally hydrogen remains non-metallic even around 320 GPa11–13. However,

the criterion strongly suggests that B2H6 may metallize at a lower pressure and therefore

may also have more of a tendency to reveal a highly metallic character than will H2 and

NH3.

Accordingly, in this paper, we investigate B2H6 at high pressures by theoretical means.

Calculations are carried out by using density-functional theory within the generalized gradi-

ent approximation (GGA)23. Initially the system is taken as static. We have used planewave

basis sets and the projector augmented-wave method24, and have utilized VASP to imple-

ment the computations25. The number of k-points is taken to be nk = (40Å)3/vcell, where

vcell is the volume of the unit cell, with a Fermi-distribution smearing of the temperature of

kBT = 0.1 eV. The cutoff energy has been set at 950 eV for pseudopotential whose outermost

cutoff radii are taken to be 0.582 Å for B and 0.423 Å for H.

In the present study, we mainly investigate structures where the primitive cell contains at

most two B2H6 molecules (Z = 2). In searching for stable structures, we first set up several

trial structures at low density, rs ∼ 2.2. Then, by increasing the density step by step from

rs ∼ 2.2 to rs ∼ 1.18, we have also examined the phases at megabar pressures. The enthalpy

of candidate structures obtained in this manner is shown, per valence electron, in Fig. 1,

together with the enthalpy of a disproportionated system consisting of B and H phases.

Looking ahead, we will find that some of the hydrogen related phonons have energies as

high as 3000 cm−1 (or about 0.37 eV); the enthalpy differences in Fig. 1 are characterized

by ∼0.02 eV. So far as the static B2H6 system is concerned, the lowest-enthalpy structure

transforms according to P21/c → Pna21 → P21/m → Pbcn33. It turns out, however, that

the disproportionated system has lower enthalpy than the B2H6 phases from about 40 to 350

GPa. Thus, B2H6 crystal becomes unstable as the pressure is increased, but is re-stabilized
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FIG. 1: (color online). The ground-state enthalpy of solid B2H6 (per valence electron) for a

static-nuclei system, shown as a difference from that of the P21/m structure. The enthalpy of

a decomposed system consisting of B and H phases is also presented, where the α-B12 (R3m)26,

γ-B28 (Pnnm)27, and α-Ga (Cmca)28 structures are considered for B phase, and the Pca21
29,

C2/c30, Cmca-1230, Cmca31, and Cs-IV (I41/amd)32 structures for H phase.

beyond 350 GPa; its structure is Pbcn. Possible stabilization against disproportionation at

high pressures was previously pointed out by Barbee et al.34 for BH3, though the structures

for B, H, and BH3 selected by them have a somewhat higher enthalpy. Even for Group-14

hydrides, similar tendencies for elemental separation has also been predicted5,35. Despite

the instability below 350 GPa, it is also worth mentioning that all the above structures

have neither isolated protons nor proton pairs; instead, every proton appears to be closely

attached to B ions33. This implies that these B2H6 structures, some of which are even

metallic, may exist as metastable phase below 350 GPa.

The densities of states per valence electron of the P21/c, Pna21, P21/m, and Pbcn struc-

tures are shown at selected pressures in Fig. 2 the lower energy regions generally displaying a

nearly free electron character. While the P21/c structure is semiconducting, the other three
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FIG. 2: The densities of states of (a) the P21/c structure at rs = 1.5, (b) the Pna21 structure at

rs = 1.4, (c) the P21/m structure at rs = 1.31, and (d) the Pbcn structure at rs = 1.27.

structures are metallic. Within the GGA, band-overlap metallization appears to take place

at 120 GPa, in the Pna21 phase. The extent of the band overlap, however, does not increase

greatly as pressure is increased, and even at 220 GPa is just 1.2 eV. Since the bandgap is well

known to be underestimated in the GGA, the actual metallization might happen only after

transition into the P21/m phase, where significant band crossing is found. But a remarkable

finding here is that in the Pbcn phase, the density of states at the Fermi energy is notably

high. In addition, the electronic states near the Fermi surface seem to be well delocalized

since there is no evidence of sharp peak in the density of states in the vicinity of the Fermi

energy. Given that we are dealing here with light elements with high dynamic energies the

consequences of this for superconductivity are interesting, a matter we take up below.

The structure of the Pbcn phase is shown in the top panels of Fig. 3. One can no longer

identify a molecular-like picture which, as a matter of fact, is already lost at lower pressures

in the Pna21 phase33. Every proton now bridges two B ions, forming a B-H-B bond and

the network of B-H-B bonds then make up a plane, where a nearly hexagonal arrangement

of atoms can be observed. Subsequently each plane is connected to its neighboring planes
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FIG. 3: (color online). The top and side views of the Pbcn structure at rs = 1.27 (360 GPa) (top

panels), and its partial electron density (bottom panels). The partial electron density is constructed

from the Kohn-Sham states whose energy lies between εF −0.5 eV and εF +0.5 eV. The isosurface

is taken for the average value, 0.0232 Å−3.

through zig-zag B-B bonds. Though the structure has planar character, the electronic

state remains notably three dimensional as revealed in the density of states (Fig. 2(d)). It

is interesting to note that analogous properties are also predicted for SiH4
7 and PbH4

35.

The partial electron density, which is constructed from the states near the Fermi energy,

is presented in the bottom panels of Fig. 3, where an isosurface is taken for the average

value. The partial density is found to be delocalized through the B-H-B and B-B bonds

and is higher around the B-H-B bonds than around the B-B bonds. Thus, the electronic

states near the Fermi surface have significant overlap with the protons which, importantly,

indicates that electrons around the Fermi energy may undergo crucial interactions with the

protons and, in turn, with any associated high-frequency phonons.

For the Pbcn structure, we have carried out frozen phonon calculations with the Phonopy
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FIG. 4: (color online). The density of phonon modes (DPH) of Pbcn structure at rs = 1.27 (360

GPa): (a) total value (per B2H6); (b) partial value (summed in each atomic type).

code36, by using a 2× 2× 2 supercell containing 128 atoms. The resulting total and partial

densities of phonon modes are presented in Fig. 4. The density of phonon modes shows a

clear ω2 dependence at small ω, and no imaginary frequency modes are found. Hence, the

Pbcn structure is stable within the harmonic approximation. Also, notice that the maximum

frequency is fairly high as mentioned earlier. In fact it reaches ∼ 3000 cm−1 (0.37 eV), and

this value is comparable to that of the Raman active vibron (pair stretching mode) observed

in solid hydrogen at ∼320 GPa11. The high frequency modes are attributed almost entirely

to the motions of protons, as seen in Fig. 4(b). In particular, the modes from 2200 to 3000

cm−1 have motions such that protons are displaced along the B-H-B bonds within each

plane. From the density of phonon modes we can determine the average zero point energy

(ZPE) per formula unit (B2H6) and per valence electron; these are, respectively, 2.21 eV

and 0.184 eV.

The above key findings in the Pbcn structure, namely, the large density of states at the

Fermi energy, the significant overlap of partial electron density on the protons, and the high

average energy of the phonons, all suggest that the Pbcn phase may exhibit fairly high

temperature superconductivity. To examine this point further, we have estimated Tc using
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FIG. 5: (color online). The integrand of λ (i.e. λ′(ω) ≡ 2α2F (ω)/|ω|) of the Pbcn and Cmcm

structures at rs = 1.27 (360 GPa). In the abscissa, the region below zero means that the frequency

is imaginary.

the standard McMillan formula37 along with the Allen-Dynes corrections38. The electron-

phonon coupling is analyzed within DFPT, and we have used the ABINIT package39 for

this purpose. In the computations, a norm-conserving pseudopotential is utilized, where the

cutoff radii for B and H are 0.89 and 0.68 Å, respectively, and the cutoff energy is set to

1224 eV. The number of k-points is taken to be 10× 20× 16 for the orthorhombic cell with

a=4.588 Å, b=2.405 Å, and c=2.765 Å. With the Coulomb parameter set, for example, to

µ∗ = 0.13, the estimated Tc is about 125 K at 360 GPa. Since there is uncertainty in the

choice of µ∗, we have also examined the dependence of Tc on µ∗ and it appears that even if

µ∗ is increased to 0.2, Tc still reaches 90 K. (As a guide, the dependence of Tc on µ∗ is shown

in Ref. 33). The electron-phonon interaction parameter is λ = 1.32 and the logarithmic

average phonon frequency is ωlog = 1270 K. The λ is seen to be rather large, being just a

little smaller than that of lead (λ = 1.55)38. Yet, the Tc of the Pbcn is much higher than

that of lead (7.2 K) mainly, of course, as a consequence of the quite large ωlog.

Figure 5 shows the integrand of λ, namely, λ′(ω) ≡ 2α2F (ω)/ω, where α2F (ω) is the

Eliashberg spectral function. In the Pbcn structure, there exist no soft phonon modes which

can cause drastic increases of λ′(ω) at small ω. Put in other terms, the fairly large λ in the

Pbcn structure arises from the entire spectrum of λ′(ω). Indeed, chiefly due to the large

density of states at the Fermi energy, the size of λ′(ω) is appreciable over a wide range of

frequency (though it inevitably decays at higher frequency because of the factor of 1/ω).

This character of λ′(ω) is thus favorable for achieving high ωlog with λ kept large. Actually,
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λ′(ω) is the weight function for obtaining 〈logω〉, namely, 〈logω〉 =
∫
dω log ω · λ′(ω)/λ.

In the Pbcn structure, the decay of λ′(ω) below 400 cm−1 and the persistence of λ′(ω)

up to 3000 cm−1 attributable to the high-frequency phonons thus lessen the weight at low

frequencies and helps raise ωlog.

At this point we now turn to the Cmcm structure, whose enthalpy is fairly close to that

of Pbcn (Fig. 1). The Cmcm structure is very similar to the Pbcn structure, and is likewise

highly metallic. But in fact, at the harmonic level the Cmcm structure has a phonon mode

with imaginary frequency at the zone boundary, and the consequent unstable motion then

leads to the eventual distortion into the Pbcn structure33. The magnitude of the imaginary

frequencies is at most ∼250 cm−1 at 360 GPa, and hence not so substantial given the

light mass of hydrogen and its much higher modes. It means that a possible stabilization

of the Cmcm structure originating with anharmonicity cannot be ruled out, if the even

order anharmonicities are particularly significant (in which case the self-consistent harmonic

approximation may be a plausible alternative). In Fig. 5, the λ′(ω) of the Cmcm structure

is also shown. The impending instability within the harmonic approximation causes λ′(ω) to

grow drastically around ω = 0, and this behavior usually results in a considerably diminished

ωlog. However, it is interesting to note that the λ′(ω) is otherwise very similar to that of the

Pbcn structure beyond 500 cm−1. If the instability is indeed removed by anharmonicity, and

consequently λ′(ω) at low frequencies is lessened, the Cmcm structure could also possess

the same scale of Tc as that of the Pbcn structure.

Lastly, we return to the likely effects of ion dynamics on the location of the phase transi-

tion around 350 GPa. As noted above, we have estimated the ZPE from the frozen phonon

calculations within the harmonic approximation. The ZPEs of the P21/m and Pbcn struc-

tures at 350 GPa are 0.183 and 0.184 eV per valence electron (2.20 and 2.21 eV per B2H6),

respectively, and are thus significant. Since the difference between the two is rather small,

however, the transition pressure from the P21/m structure to the Pbcn structure is not

greatly affected by considering the ZPE. We have also examined the ZPE regarding B

(Cmca) phase and H (Cmca) phase at 350 GPa. The ZPEs of the B and H phases are

0.069 and 0.309 eV per valence electron, respectively. The ZPE of the decomposed system

(B+H) is then 0.189 eV per valence electron, which is 0.005 eV higher than that of the Pbcn

structures. Hence, the pressure of thermodynamic stabilization of the Pbcn structure should

not be notably raised even if the ZPE is considered.
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By way of summary, we have investigated crystalline B2H6 at high pressures using den-

sity functional theory. Our results suggest that B2H6 becomes stable against separation

into elemental B and H beyond 350 GPa, though metastable (metallic) phase may exist at

pressures below this. The proposed candidate structure is the Pbcn structure there, but

possibly the Cmcm structure if the anharmonicity is significant. In both of the structures,

the density of states at the Fermi energy is large, the average phonon energy is high (the

ZPE reaching 2.2 eV per B2H6), and the contribution of states associated with hydrogen

to the overall states near the Fermi energy is substantial. By way of an estimate we have

also examined the superconducting transition temperature from McMillan’s formula with

Allen-Dynes correction. The estimated Tc in the Pbcn phase is characteristically of the size

of 100 K, which is rather high for superconductivity driven by electron-phonon coupling.

The pressure of the transition into the Pbcn or Cmcm structure is indeed high (350 GPa),

but it may be noted that this pressure is close to the current capability of diamond anvil

cells.

We have mentioned earlier the comparison of B2H6 with NH3, both under compression.

It may also be useful to point out that there exists an intermediate system, namely BH3·NH3

(which necessarily has a permanent dipole moment) and this is presently under investigation

with respect to its high pressure properties. Currently the metal with the lowest melting

point (∼78 K) is Li(NH3)4 the addition of Li to NH3 lowering the melting point of ammonia

by about 100 K. The fact that ammonia takes up lithium so easly might well be related to

its permanent dipole moment, something B2H6 lacks. Nevertheless it might be of interest

to examine possible stoichiometric additions of Li to B2H6 particularly we suggest, at high

pressures. (The melting point of B2H6 is much lower than that of NH3). Similar suggestions

might then be raised for Li additions to BH3·NH3, which as noted above, does possess a

dipole moment.
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