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Abstract: Based on the all-electron full-potential linearized augmented plane wave within density functional theory

calculations dispersion of the electronic band structure, total and the angular momentum resolved projected density of

states, the shape of Fermi surface, the electronic charge density distribution and the optical response of the intermetallic

LiBe compound are performed. Seeking the influence of the different exchange correlations on the ground state properties

of the intermetallic LiBe, calculations are performed within four types of exchange correlations, namely the local density

approximation, general gradient approximation, Engel–Vosko generalized gradient approximation and the modified

Becke–Johnson potential. It has been found that replacing the exchange correlations exhibit insignificant influence on the

bands dispersion, density of states and hence the optical properties. The obtained results suggest that there exists a strong

hybridization between the states resulting in covalent bonds. The Fermi surface is formed by two bands and the center of

the Fermi surface is formed by holes. The electronic charge density distribution confirms that the charge is attracted toward

Be atoms and the calculated bond lengths are in good accordance with the available experimental data. To get deep insight

into the electronic structure, the optical properties are investigated and analyzed in accordance with the calculated band

structure and the density of states.

Keywords: LiBe; Intermetallic compound; Electronic band structure; Fermi surface; Electronic charge density

distribution
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1. Introduction

The interaction between lithium and beryllium, which are

the lightest elemental metallic solids, has been studied with

a view to unravel bonding trends and formation of dimmers

[1–3]. Jones [4] has calculated the binding energy curves

for the 2Sigma? and 2Pi states of LiBe, LiMg and LiCa

using the density functional theory (DFT). Xu et al. [5]

have investigated the electronic, vibrational and super-

conducting properties of LiBe alloy in the P21/m structure

under pressure using first-principle calculations. Recently,

Galav et al. [6] have performed an ab initio calculations

using CRYSTAL package within the local density ap-

proximation (LDA) and gradient approximation (GGA) to

study structural and electronic properties of LiBe. They

have reported the bulk modulus, lattice parameters and

pressure derivative of the bulk modulus of LiBe compound.

Feng et al. [7] have studied the emergent reduction in

electronic state dimensionality in dense ordered LiBe al-

loys, by using VASP code within GGA. They have cal-

culated the static-lattice internal energies of both Be–Li-

ordered alloys and the elements at given densities. Fischer

et al. [8] have calculated the electric-dipole, potential en-

ergy and electronic transition moment functions from

highly correlated multireference configuration interaction

(MRCI) electronic wave-functions for low-lying doublet

and quartet states of the simplest heteronuclear metal di-

atomic, LiBe and the isoelectronic ion Be2
?. Also they

have calculated the ground state of LiBe, which has been*Corresponding author, E-mail: maalidph@yahoo.co.uk
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found to be bound by 0.31 eV. They have reported that the

MRCI values for the equilibrium bond length are about

2.619 Å, which agrees well with the experimental value

(2.59 Å). Ling et al. [9] have performed DFT calculation to

study the equilibrium geometry and the electronic proper-

ties of Ben and LiBen clusters.

It is clear from the above that there exist a number of

band structure calculations for LiBe compound using dif-

ferent methods. We have noted that all the calculations are

based on non-full potential methods. It would, therefore,

seem a natural extension to do more accurate calculations

based on full-potential methods. Therefore, we have ad-

dressed ourselves for comprehensive theoretical calcula-

tions based on the DFT within all-electron full-potential

method to calculate the electronic band structure, elec-

tronic charge distribution, total and the angular momentum

resolved projected density of states (DOS), Fermi surface

and the optical properties for LiBe compound. The inves-

tigation of the optical properties brings deep insight to

understand the origin of the electronic band structure.

Therefore, we are interested to calculate the optical prop-

erties of the investigated compound. The calculations are

performed using four exchange correlation potentials in

order to ascertain the effect of exchange correlation on the

electronic structure and hence the optical properties. In this

calculation, we have employed the state-of-the-art all-

electron full-potential linear augmented plane wave

(FPLAPW) method, which has proven to be one of the

most accurate methods for the computation of the elec-

tronic structure of solids within DFT [10–15].

2. Details of calculations

This work was devoted to study the interaction between

lithium and beryllium. LiBe crystallizes in monoclinic

space group P21/m. The lattice constants are a = 1.898 Å,

b = 3.204 Å and c = 4.041 Å, the unit cell contains four

atoms [7]. In the unit cell, Li atom was situated at (0.49797,

0.75000, 0.12165) and Be at (0.19160, 0.75000, 0.60034)

with a = c = 90� and b = 80.50� [7]. In Fig. 1, we il-

lustrated the crystal structure of the intermetallic com-

pound LiBe. To investigate the ground state properties of

LiBe compound, the state-of-the-art all-electron full-po-

tential linear augmented plane wave (FPLAPW) method as

implemented in WIEN2k code [16] within DFT was em-

ployed. Using GGA [17], we relaxed the geometry by

minimizing the forces acting on each atom. We assumed

that the structure was totally relaxed when the forces on

each atom reached values\1 mRy/a.u.

Form the relaxed geometry, we calculated the ground

state properties of LiBe compound. The exchange–corre-

lation potential was solved using the LDA [18] and GGA,

which were based on exchange–correlation energy opti-

mization to calculate the total energy. In additional, we

used Engel–Vosko generalized gradient approximation

(EV-GGA) [19], which was able to reproduce better ex-

change potential at the expense of less agreement in the

exchange energy. This approach yielded better band split-

ting compared to LDA and GGA. For better results, we

used the recently modified Becke–Johnson potential (mBJ)

[20], which optimized the corresponding potential for

electronic band structure calculations. To solve the Kohn–

Sham equations, a basis of linear APW’s was used. In the

muffin-tin (MT) spheres, the potential and charge density

were expanded in spherical harmonics with lmax = 8 and

nonspherical components up to lmax = 6. In the interstitial

region, the potential and the charge density were repre-

sented by Fourier series. Self-consistency was obtained

using 200 k
*

points in the irreducible Brillouin zone (IBZ).

The self-consistent calculations were converged since the

total energy of the system was stable within 10-5 Ry.

3. Results and discussion

3.1. Electronic band structure dispersion and density

of states

The electronic band structure along the high symmetry

directions C ? Y ? C ? Z ? C ? B ? D of the

monoclinic structure [21] for the intermetallic compound

LiBe is investigated using four types of exchange–corre-

lation potentials namely LDA, GGA, EVGGA and mBJ.

Fig. 1 Fragment of the crystal structure of intermetallic LiBe

compound
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We would like to mention here that in our previous works

[22–25], we have calculated the electronic stature, linear

and nonlinear optical susceptibilities using FPLAPW

method within mBJ on several systems, whose electronic

structure, linear and nonlinear optical susceptibilities are

known experimentally. In those previous calculations, we

have found very good agreement with the experimental

data. Thus, we believe that our calculations reported in this

paper within mBJ, would produce very accurate and reli-

able results. Therefore, we present only the results obtained

from mBJ as illustrated in Fig. 2(a). Figure 2(b) exhibits

the Brillouin zone of LiBe. It is clear that moving from

LDA ? GGA ? EVGGA ? mBJ shows insignificant

influence on the bands dispersion. In all cases, we have

found that there are two bands cross-Fermi level along the

directions C ? Y ? C ? Z and C ? B ? D of the

symmetry points of BZ. In general, our calculated elec-

tronic band structure shows reasonable agreement with that

obtained by Galav et al. [6]. The similar features are also

observed by Xu et al. [5] at 80 and 100 GPa in monoclinic

LiBe. Our calculation show that the top of the valence band

is about 5.0 eV above EF in reasonable agreement with

previous result [6].

In order to inspect the hybridization and the types of

orbitals, which control the overlapping around Fermi level,

we investigate the total and the angular momentum re-

solved projected DOS for LiBe compound. In the DOS

calculation, the step size (dE) is taken to be 0.002. The total

DOS are plotted using four types of the exchange–corre-

lation potentials, which confirm our previous observation

that there is insignificant influence, when we move from

LDA ? GGA ? EVGGA ? mBJ as represented in

Fig. 3(a). Therefore, we select to show the mBJ results to

represent the partial DOS as shown in Fig. 3(b). The cal-

culated partial DOS exhibits that Be-s/p and Li-s/p states

control the overlapping around Fermi level. The DOS at

Fermi level N(EF) is determined by the overlap between

these states. The values of N(EF) for the total and partial

DOS are listed in Table 1, which show that N(EF) of Be-

p[N(EF) of Li-p[N(EF) of Li-s[N(EF) of Be-s. These

values suggest that the overlapping is strong enough,

indicating that the metallic nature of the investigated

compound and Be atom shows the highest DOS at the

Fermi energy compared to Li atom in good agreement with

the previous work of Galav et al. [6] and Feng et al. [7].

Using the existing values of N(EF), one can obtain the

electronic specific heat coefficient (c), which can be de-

termined by using the expression,

c ¼ 1

3
p2NðEFÞk2B; ð1Þ

where N(EF), is the DOS at Fermi energy and kB is the

Boltzmann constant. The calculated c for the total and

partial DOS are listed in Table 1, which shows that c of Be-
p[ c of Li-p[ c of Li-s[ c of Be-s is in consistence with

the values of N(EF).

The calculated partial DOS enables us to identify the

angular momentum character of the various structures and

the overlapping around Fermi level. The Fermi level is

situated at 0.0 eV. Following Fig. 3(b), one can see that

below Fermi level, in the energy range between -9.0 up to

-6.0 eV, there exists a strong hybridization between Li-

s and Li-p states, whereas above the Fermi level, Li-p ex-

hibits a strong hybridization with Be-p state. In the energy

region between 2.0 and 4.0 eV, Li-s state hybridizes with

Be-s state. We would like to mention that the strong hy-

bridization may lead to covalent bonds between the atoms.

Fig. 2 The calculated electronic band structure of intermetallic LiBe

compound using four exchange correlation potentials (LDA, GGA,

EVGGA, mBJ); (a) The results obtained from mBJ along the high

symmetry directions the red and blue colors just to highlight the

bands which cross the Fermi level and (b) Brillouin zone of LiBe
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The partial DOS extending from -8.0 eV up to Fermi

level exhibits that Be-p state posseses the highest contri-

bution (0.22 electron/eV), then Be-s state (0.1 electron/eV),

Li-p state (0.06 electron/eV) and Li-s state (0.02 electron/

eV), indicating that there are some electrons from Li-s/p and

Be-s/p are transferred into valence bands and contribute to

covalence interactions due to the strong hybridization be-

tween the states. To support this statement, we have taken a

deep careful look at electronic charge density distribution of

LiBe, which are plotted in (1 0 0) and (1 0 1) crystallo-

graphic planes in Fig. 4(a) and 4(b). It is clear that Li atom

surrounding by red area, indicating that (according to the

thermoscale) there is a zero charge around this atom, while

there is green area surrounding Be atom indicating partial

charges accumulated around Be atom. According to the

nuclear charge for Be (?4e) and Li (?3e), the 1 s core of Be

atom has small spatial extent than that of Li and from the

electro-negativity difference between Li (0.98) and Be

(1.57), one can see that the charge is attracted toward Be

atoms, which is clearly shown by the red (0.0000) and green

(0.6000) colors according to charge density scale corre-

sponds to the maximum charge accumulation site. The

calculated distance between Li–Be atoms is about 2.55 Å,

which agrees well with the experimental value (2.59 Å)

[26] and the previous theoretical results 2.545 Å [27],

2.619 Å [26] and 2.607 Å [28].

3.2. Fermi surface

Based on the calculated electronic band structure, there are

two bands crossing Fermi level, which forms the shape of

Fermi surface for LiBe compound. The Fermi level is de-

termined via the Kohn–Sham eigenvalue of the highest

occupied state. The shape of Fermi surface is represented

in Fig. 5(a)–5(c). Figure 5(a) and 5(b) represent Fermi

surface’s shape formed by band number 5 and 6, respec-

tively, which consists of the partial DOS at Fermi level,

whereas Fig. 5(c) exhibits the shape of Fermi surface,

which consist of empty areas that represent the holes and

shaded areas corresponding to the electrons. It is clear that

at the center of Brillouin zone, the Fermi surface is shaped

from holes, whereas the Fermi surface at the other sym-

metry directions is shaped from both of holes and electrons.

The shape of Fermi surface helps to predict the magnetic,

electrical, thermal and optical properties of the metallic and

semimetallic materials.

3.3. Optical properties

The calculations of the optical dielectric function involve

the energy eigenvalues and electron wave-functions, which

are natural outputs of band structure calculations. Since

LiBe crystallizes in monoclinic structure, there are only

five nonzero components of the optical dielectric tensors,

Fig. 3 (a) Calculated total density of states using LDA, GGA,

EVGGA and mBJ; (b) calculated partial density of states Li-s/p and

Be-s/p using mBJ

Table 1 Calculated density of states at Fermi level N(EF) for LiBe,

Li-s/p and Be-s/p states along with the calculated electronic specific

heat coefficient (c)

N(EF) LDA GGA EVGGA mBJ

N(EF)@LiBe (states/Ry/cell) 10.05 9.86 9.63 9.62

N(EF)@Li-s (states/Ry/cell) 0.14 0.13 0.13 0.13

N(EF)@Li-p (states/Ry/cell) 0.75 0.72 0.68 0.72

N(EF)@Be-s (states/Ry/cell) 0.04 0.04 0.04 0.04

N(EF)@Be-p (states/Ry/cell) 1.25 1.22 1.17 1.15

c@LiBe (mJ/mole-K2) 1.74 1.71 1.67 1.66

c@Li–s (mJ/mole-K2) 0.02 0.02 0.02 0.02

c@Li-p (mJ/mole-K2) 0.13 0.12 0.12 0.13

c@Be-s (mJ/mole-K2) 0.01 0.01 0.01 0.01

c@Be-p (mJ/mole-K2) 0.22 0.21 0.20 0.20
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which completely characterize the linear optical properties.

We have concentrated only on the major components,

corresponding to an electric field perpendicular and parallel

to the c-axis. The corresponding optical dielectric functions

are exx(x), eyy(x) and ezz(x). The imaginary parts e2
xx(x),

e2
yy(x) and e2

zz(x) representing dispersion of the optical

function are calculated using the following expression [29]:

eij2 xð Þ ¼ 8p2�h2e2

m2V

X

k

X

cv

fc � fvð Þ p
i
cv kð Þp j

vc kð Þ
E2
vc

� d Ec kð Þ � Ev kð Þ � �hx½ �
ð2Þ

where m, e and ⁄ are the electronic mass, electronic charge

and Planck’s constant, respectively. fc and fv represent the

Fermi distributions of the conduction and valence bands,

Fig. 4 The electron charge density distribution was calculated for; (a) (1 0 0) crystallographic plane and (b) (1 0 1) crystallographic plane

Fig. 5 Calculated Fermi

surface; (a) for band # 5; (b) for
band # 6; (c) for shape of Fermi

surface
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respectively. The term pcv
i (k) denotes the momentum

matrix element transition from the energy level c of the

conduction band to the level v of the valence band at

certain k-point in the BZ and V is the unit cell volume.

Since the LiBe is intermetallic compound, there are two

contributions to optical dielectric function: the intra-band

(Drude term) and inter-band transitions [30] giving by

eij2 xð Þ ¼ eij2intra xð Þ þ eij2inter xð Þ ð3Þ

¼ xij
Ps

x 1þ x2s2ð Þ þ
8p2�h2e2

m2V

X

k

X

cv

fc � fvð Þ p
i
cv kð Þp j

vc kð Þ
E2
vc

� d Ec kð Þ � Ev kð Þ � �hx½ �
ð4Þ

and

xij2
P ¼ 8p

3

X

kn

#ij2
knd eknð Þ ð5Þ

where xP is the anisotropic plasma frequency [31], s is the
mean free time between collisions and ekn is En(k) - EF

and #kn
ij is the electron velocity. The values of the plasma

frequency are listed in Table 2. The imaginary part of the

optical dielectric function is calculated with and without

inclusion of the Drude term. We have found that the Drude

term has significant effect at energies B1.0 eV. The sharp

rise below 1.0 eV is due to the Drude term. The dispersion

of the imaginary part of the optical dielectric function for

different incident light polarizations [1 0 0], [1 0 1] and [0

0 1] with respect to the crystalline axes is presented in

Fig. 6(a). It is observed that the two polarizations at [1 0 0]

and [0 1 0] directions exhibit isotropic behavior at the

energy range of 0.0–3.0 and 9.0–12.0 eV, while it shows

considerable anisotropy in the energy range of 3.0–9.0 eV.

The third polarization [0 0 1] direction shows considerable

anisotropy with both [1 0 0] and [0 1 0] polarizations.

The calculated electronic band structure and partial DOS

help to analyze the optical transitions that are responsible

for the spectral structures in e2
xx(x), e2

yy(x) and e2
zz(x) in

accordance with the optical selection rules. In order to

identify these spectral structures, we need to look at the

magnitude of the optical matrix elements and the angular

momentum character of the bands. These spectral struc-

tures correspond to the electric-dipole transitions between

Li-s/p and Be-s/p bands in the valence and conduction

bands. The observed spectral structures of e2
xx(x), e2

yy(x)
and e2

zz(x) correspond to those transitions that have large

optical matrix elements.

These transitions are labeled according to the spectral

peak positions in Fig. 6(a). For simplicity, we have labeled

the transitions in Fig. 6(a), as A, B and C. The transitions

A, B and C are responsible for the structures for e2
xx(x),

e2
yy(x) and e2

zz(x) in the spectral ranges of 0.0–4.0,

4.0–8.0 eV and 8.0–12.0 eV, respectively. From the ima-

ginary part of the optical dielectric function, we can obtain

the real part using the Kramers–Kronig relations [30].

These are illustrated in Fig. 6(b). It confirms the existence

of the considerable anisotropy between e1
zz(x) and both of

e1
xx(x) and e1

yy(x).
Using the calculated dispersion of imaginary and real

parts of the dielectric function, we have evaluated other

optical properties such as reflectivity spectra R(x), ab-

sorption coefficients I(x) and refractive indices n(x).
Figure 6(c) exhibits the reflectivity spectra of LiBe com-

pound. It is clear that this compound exhibits high reflec-

tivity (unity) at low energies and thereafter drops to form

the first reflectivity minima between 4.0 and 8.0 eV con-

firming the occurrence of a collective plasmon resonance.

The depth of the plasmon minimum is determined by the

imaginary part of the dielectric function at the plasma

resonance and is representative of the degree of overlap

between the inter-band absorption regions. The absorption

coefficient as illustrated in Fig. 6(d), shows that the in-

vestigated compound has zero absorption at low energy

(B1.0 eV) confirming that this compound possesses high

reflectivity (unity), thereafter the absorption increase

rapidly with increasing the energy of the incident photons.

The calculated refractive indices nxx(x), nyy(x) and nzz(x)
as represented in Fig. 6(e), exhibits high values of the re-

fractive indices at low energies and thereafter drop to lower

values. Again it shows that there exists a considerable

anisotropy between nzz(x) and the other two components

nxx(x) and nyy(x) along [1 0 0] and [0 1 0] polarization

directions.

4. Conclusions

We have relaxed the geometry of LiBe, taken from the

X-ray diffraction data of Feng et al. [7] by minimizing the

forces acting on each atom and we have assumed that the

structure is totally relaxed when the forces on each atom

reach values less than 1 mRy/a.u. From the resulting re-

laxed geometry, we have calculated the ground state

properties of the intermetallic LiBe using the all-electron

full-potential linearized augmented plane wave within four

types of exchange correlations potentials, these are LDA,

Table 2 The calculated xP
xx, xP

yy and xP
zz when e1

xx(x), e1
yy(x) and

e1
zz(x) cross-zero

xc xP
xx xP

yy xP
zz

LDA 9.199 8.860 6.445

GGA 9.274 8.922 6.526

ECGGA 9.389 8.930 6.556

mBJ 9.399 8.945 6.566
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Fig. 6 (a) Calculated e2
xx(x), eyy2 xð Þ and ezz2 xð Þ (light solid curve-

blue color online) spectra. (b) Calculated e1
xx(x), eyy1 xð Þ and ezz1 xð Þ

spectra; (c) calculated Rxx(x), Ryy(x), and Rzz(x), along with our

measured total R(x); (d) calculated absorption coefficient Ixx(x),
Iyy xð Þ and Izz xð Þ spectra. The absorption coefficient in 104 s-1; (e)
calculated refractive indices nxx(x), nyy xð Þ and nzz xð Þ spectra
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GGA, EVGGA and mBJ. It has been found that moving

from LDA ? GGA ? EVGGA ? mBJ shows in-

significant influence on the calculated properties. The dis-

persion of the electronic band structure, total and the

angular momentum resolved projected DOS suggest that

there exists a strong hybridization between the sates re-

sulting in covalent bonds. The Fermi surface is formed by

electrons and holes. The electronic charge density distri-

bution confirms that the charge is attracted toward Be

atoms and the calculated bond lengths are in good accord

with the available experimental data. The optical properties

are investigated and analyzed in accordance with the cal-

culated band structure and the DOS in order to get deep

insight into the electronic structure.
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