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Abstract

The quasiparticle and optical properties of BeH2 are computed by means of the

all-electron GW approximation in conjunction with the projector augmented

wave (PAW) method. The GW approximation, through the calculation

of the self-energy and the optical dielectric function in the random phase

approximation, shows that BeH2 is a large band gap insulator. The results are

discussed in view of future experiments.

1. Introduction

The search for new materials with suitable properties in view of hydrogen storage is a

continuous challenge, bridging the gap between fundamental science and applied physics.

Some of the most promising candidates are the light metal hydrides, like MgH2, NaAlH4,

and LiBH4, among many others [1, 2]. Several key features to obtain usable hydrogen-based

fuel cells are already known. For example, the need for an efficient absorption/desorption

dynamic of hydrogen is clear, as is the need for the materials used in applications to be

inexpensive. A material which has recently drawn attention along these lines is beryllium

dihydride (BeH2). Although this compound is difficult to prepare in pure crystalline form, it

presents many interesting features in view of technological applications. BeH2 is of interest

for hydrogen storage due to its low mass and high hydrogen content. However, its toxicity

limits its use enormously at present, except maybe as a rocket fuel in outer space. Also,

varying the amount of hydrogen in BeH2 together with alloying can possibly lead to properties

relevant for switchable mirror technology, like for the parent compound MgH2 [3, 4]. For

all these reasons, there has recently been a renewal of interest in beryllium hydride in the

scientific community [2, 5–8]. In particular, several authors [9, 10] have predicted the ground-

state properties of BeH2 using density functional theory (DFT). Also, these authors have been
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able to reproduce from an ab initio calculation the correct experimental structure [11] and to

predict a series of structural modifications under pressure, but we are not aware of any study

of excited states. Since experiments like photoemission, inverse photoemission, as well as

optical spectroscopy, are usual tools to probe the electronic structure of materials, we decided

to conduct an investigation of the excited-state properties of BeH2.

Our paper is organized as follows. In the next section, we briefly review the methods

used in this work, namely the GW approximation (GWA) to the self-energy and the dipolar

approximation to the dielectric constant. Then, we present the quasiparticle band structure as

well as the dielectric function of BeH2; the self-energy correction and the optical spectra are

discussed. Finally we summarize and offer our conclusions.

2. Formalism

The purpose of the GW approximation [12, 13] is to overcome the difficulty of the DFT in

the calculation of the excited state properties. Within this formalism, the usual Kohn–Sham

equations are replaced by quasiparticle (QP) equations written as (the QP energies and QP

wavefunctions being denoted respectively En(k) and ψkn(r))

(T + Vext + Vh)ψkn(r) +

∫

d3r ′ �(r, r′, En(k))ψkn(r
′) = En(k)ψkn(r), (1)

where T, Vext, Vh, and � are, respectively, the kinetic energy operator, the external potential

due to the ion cores, the average electrostatic (Hartree) potential, and the electron self-energy

operator. This last quantity is written as the product of the one-electron Green’s function G and

the screened Coulomb interaction W [12, 13]:

�(r, r′, ω) =
i

2π

∫

dω′ G(r, r′, ω + ω′)eiδω′

W (r, r′, ω′), (2)

where δ is a positive infinitesimal. The quasiparticle energies En(k) are then obtained by a

first-order expansion of the self-energy:

Re En(k) = ǫn(k) + Znk × [〈�kn| Re �(r, r′, ǫn(k))|�kn〉 − 〈�kn|V
DFT
xc (r)|�kn〉] (3)

and the renormalization factor Znk corresponds to

Znk =

[

1 −

〈

�kn

∣

∣

∣

∂

∂ω
Re �(r, r′, ω = ǫn(k))

∣

∣

∣
�kn

〉

]−1

. (4)

Since the evaluation of the screened Coulomb interaction W is computationally heavy, we

have not used the random-phase approximation (RPA) as implemented in [14] but rather the

plasmon-pole (PlP) approximation, which avoids the calculation of the full dielectric function

as implemented in [15]. Therefore the imaginary part of the self-energy is not accessible for the

present work, but since we are interested mainly in the quasiparticle band structure and in the

optical properties, this is not an important limitation. Apart from a slight overestimation of the

interband transitions (see [14]) the produced quasiparticle energies are in good agreement with

the full GW-RPA for ‘sp’ materials. Then, we use the calculated QP eigenvalues to compute

the optical properties. The macroscopic dielectric function (when ignoring local field effects)

is written as

ǫ(ω) = ǫ1(ω) + iǫ2(ω) = lim
q→0

ǫ0,0(q, ω). (5)

Following the general formulation of Adler and Wiser [16–18], the dielectric function

ǫG,G′(q, ω) in the RPA is given by

ǫG,G′(q, ω) = δG,G′ −
8π


|q + G||q + G′|
l,m,k

[nlk−q − nmk]M lm
G (k, q) M lm

G′ (k, q)
∗

ǫ
qp

lk−q − ǫ
qp

mk + ω + iδ
(6)
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Figure 1. GGA band structure (full lines) and quasiparticle corrections (red dots) for BeH2. The

top of the valence state is at the zero of the energy scale.

where δ is a positive infinitesimal, nmk and ǫ
qp

mk being respectively the occupation number and

the one-particle energy for a state specified by the band index m and the wavevector k. The

matrix elements M lm
G (k, q) are written as

M lm
G (k, q) = 〈�k−ql |e

−i(q+G)r|�km〉. (7)

In the numerical procedure, we first calculate the imaginary part of the dielectric

function ǫ2(ω). The Brillouin zone (BZ) integration is conducted by using the tetrahedron

method [19, 20] as described in [21]. Finally, the real part of ǫ(ω) is obtained by using a

Kramers–Kronig transformation.

This method has been used successfully for a wide range of materials [22–24] in the

past. In particular, our implementation has been successfully applied to a number of important

materials for hydrogen storage like LiH [25] and MgH2 [26]. It is therefore quite reliable, and

in the next section we present our results concerning BeH2.

3. Results and discussion

As presented in the previous section, the present GW implementation is a perturbative theory

(see equation (3)). We have therefore to conduct a standard DFT calculation to be used as a

basis for the GW calculation. For this purpose, we used the projector augmented waves method

(PAW) [27] to calculate the ground state of BeH2. In the low-pressure phase, this compound

crystallizes in the Ibam space group (number 72) with 18 atoms per primitive cell. For all

our calculations, we used the experimental lattice parameters [11] and the generalized gradient

approximation (GGA) of Perdew et al [28] for the exchange–correlation potential. This part of

the calculation is very similar to the one already performed elsewhere [9, 10] and will not be

presented in this paper. We prefer therefore to concentrate on the calculation of the excited-state

properties.

In figure 1 we present the GGA (full lines) and GW (dots) band structures for BeH2 along

some high-symmetry directions of the BZ. All the convergence parameters of our calculation

have been carefully optimized to produce reliable results: we used a k-point mesh of 3 × 3 × 3,

the size of the matrix W representing the screened interaction is 249×249, and 100 bands were

used for the summation over conduction bands.

It is found that BeH2 is a direct band gap insulator at the high-symmetry point X, the value

of the band gap being 5.78 eV within the GGA and 8.27 eV within the GW approximation.

Our GGA result is in good agreement with the value of 5.51 eV reported in [10]. In fact,
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Figure 2. Quasiparticle correction EQP − EGGA as a function of EGGA for BeH2.

Table 1. Quasiparticle energies of interband transitions in eV at the high-symmetry points Ŵ, X, R,

W, S, and T for BeH2. The value corresponding to the minimum gap is underlined.

GGA (eV) GW (eV)

Γv → Γc 6.64 9.37

Xv → Xc 5.78 8.27

Rv → Rc 6.35 8.92

Wv → Wc 7.57 10.49

Sv → Sc 7.00 9.71

Tv → Tc 7.15 9.96

the eigenvalues of the last valence band at several high-symmetry points (X, R, and some

points along the Ŵ → X and W → S directions) are almost degenerate, making it difficult

to determine the exact nature of the band gap. Even if the band gap is in fact indirect, the

difference in energy from that of the smallest direct band gap would be so small that it will

make no difference in view of applications. In table 1, we provide the values of the transition

energies for a set of high-symmetry points, which is useful for a detailed comparison with

future photoemission experiments. As for the energy band gap, the values of the transitions are

all enhanced when using the GW approximation instead of the GGA.

Contrary to common assumptions, the GW correction is not always strictly equivalent to

a rigid shift [29]. This is illustrated for the present case in figure 2, where the quasiparticle

correction EQP − EGGA is shown as a function of EGGA.

For the valence band (state below 0 eV for EGGA), it is seen clearly that the correction

is more important for the states deep in energy than for the top of the valence band, but the

overall correction can be easily fitted by a linear function. However, for the conduction band

the behaviour seems to be highly irregular. Some points clearly cannot be fitted by a linear

function; this can be related to different localization of the electron as a function of the k points

in the BZ (see [29] for a discussion of the GW correction for different kinds of states). Also,

notice that the bandwidth is increased when using GW in comparison with GGA, which is an

effect observed previously [30].

In this paragraph we focus on the optical properties of BeH2. Since optical spectroscopy

is an important probe for studying the electronic structure of materials, precise ab initio

calculations are therefore needed to compute optical spectra to be able to compare the results

to experiment. We have consequently used the formalism presented above to calculate the

dielectric function of BeH2, as presented in figures 3 and 4.
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Figure 3. Real and imaginary dielectric functions for BeH2 averaged over the three nonequivalent

directions.

Figure 4. Real and imaginary dielectric functions for BeH2 for each direction (x, y, and z).

The three dielectric functions (one for each nonequivalent direction), as presented in

figure 4, do not show any distinguishable features; therefore we will only comment on the

averaged dielectric function (figure 3). To avoid the heavy computation of GW quasiparticle

energies for a large number of k points and bands, we mimic the self-energy effect by a scissor

shift of 2.49 eV, which corresponds to the correction at the X point. The shape of the imaginary

part is characterized by a sharp increase around 9 eV, corresponding to a sudden increase of the

number of available transitions around this energy, as can be seen from the band structure. The

dielectric function shows some peaks, but these are difficult to correlate with the band structure

due to the high number of bands lying in the same range of energy. Also the static dielectric

constants are found to be 3.1 without the quasiparticle corrections (not shown here) for the

eigenvalues, and 2.6 when using the QP shift. This classifies BeH2 as a large band gap insulator,

as already seen from the band structure. However to get a meaningful value, one should either

include local field effects (related to non-diagonal elements of the dielectric matrix and ignored

here) in the DFT calculation or include both excitonic (the electron–hole interaction that occurs

when promoting the excited electrons from the valence band to the conduction band) and local

field effects together with the self-energy correction. This was not attempted here due to the

heavy computational task that it would represent.
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4. Conclusion

We have presented a study of the quasiparticle and optical properties of BeH2. It is found

that the band gap is predicted to have a value of approximately 8.3 eV, and that it occurs at

the high-symmetry point X. Concerning the optical properties, the dielectric function shows a

sharp increase of oscillator strength around 9 eV, consistent with the calculated band structure.

We hope that this work will stimulate more experiments on this topic. In particular, the

results presented here can be directly compared to photoemission experiments as well as

optical spectroscopy. An interesting topic would be to investigate the effect of pressure on the

quasiparticle spectra and for the different structures. Also, the sequence of structural transitions

predicted in [10] can be reproduced experimentally by using high-pressure facilities.
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