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A study of the electronic properties of ErB2 compound by using the PBE
approximation and PBE0 hybrid functional
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We report calculations from first principles to determine the structural and electronic properties of ErB2 compound using the Density Func-
tional Theory (DFT) and the Full-Potential Linearized Augmented Plane Waves (FP-LAPW) method. For the description of the electron-
electron interaction, the Generalized Gradient Approximation Perdew-Burke-Ernzerhof (GGA-PBE) and PBE0 Hybrid Functional were
employed. From the density of states (DOS), it is found that the addition of a fraction of the exact Hartree-Fock exchange energy, in the
PBE approximation, evidence the localization of the 4f -Er orbitals, which favors electronic spin polarization of these orbitals in the ErB2

compound. The PBE0 scheme is justified because it best describes the electronic and magnetic properties of strongly correlated systems than
the PBE approximation.

Keywords: DFT; structural properties; electronic structure; diboride.

Reportamos ćalculos de primeros principios para determinar las propiedades estructurales y electrónicas del compuesto ErB2, usando la
teoŕıa del funcional densidad (DFT: Density Functional Theory) y el método ondas planas aumentadas y linealizadas en la versión del
potencial completo (FP-LAPW: Full-Potential Linearized Augmented Plane Waves). Para la descripción de la interacción electŕon-electŕon,
se emplea la aproximación del gradiente generalizado de Perdew, Burke y Ernzerhof (GGA–PBE: Generalized Gradient Approximation–
Perdew-Burke-Ernzerhof) y el funcional hı́brido PBE0. A partir de la densidad de estados (DOS: Density of States), se encuentra que la
adición de una fracción de la enerǵıa de intercambio exacto de Hartree-Fock, en la aproximación PBE, evidencia la localización de los
orbitales 4f del Er, lo cual favorece la polarización de los espines electrónicos de estos orbitales en el compuesto ErB2. El esquema PBE0 se
justifica porque describe mejor las propiedades electrónicas y magńeticas de los sistemas fuertemente correlacionados que la aproximación
PBE.

Descriptores: DFT; propiedades estructurales; estructura electrónica; diboruro.

PACS: 71.15.Ap; 71.15.Mb; 71.15.Nc; 71.20.Eh

1. Introduction

Since the discovery of superconductivity in MgB2 compound
with AlB2-type hexagonal crystal structure, at critical tem-
peratureTc ∼ 40 K [1], the research both experimental and
theoretical has been intensified [2–6]. This last fact aroused
a considerable interest in diboride compounds based on tran-
sition metals and rare earth elements [7–10].

The borides based on rare-earth elements have a wide va-
riety of thermodynamic, structural, electronic and magnetic
properties that make them attractive from the standpoint of
science and technology. For example they are refractory, pos-
sess high hardness, high metal conductivity and high melting
point [11]. Additionally borides such as tetraborides XB4,
hexaborides XB6, and dodecaborides XB12, in all cases X

represents a rare earth metal, are a class of materials ex-
hibiting various magnetic phenomena related with electronic
spins off -type orbitals [12–14]. Within this family of ma-
terials, XB2 diborides constitute a group of compounds with
AlB2-type crystal structure, integrated by hexagonal layers
composed of rare earth element atoms alternating with layers
of hexagonal boron atoms [15, 16]. Experimental studies in-
dicate that these compounds can be synthesized only at high
pressures [17]. Matovnikovet al [18], developed a synthe-
sis method using high pressure for a short time, followed by
an annealing process with low temperatures, thus synthesized
TbB2, ErB2, TmB2 and LuB2 with a 97% purity. Have been
studied some properties such as heat capacity, enthalpy, en-
tropy and Gibbs free energy [19–21], phonons [22], anoma-
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lous thermal expansion, magnetic phase transitions [23–25],
magnetocaloric effects [26], and isothermal sections of the
phase diagram of some of these compounds [27–29].

Theoretical studies concerning to the structural and elec-
tronic properties of these materials are limited. Can be cited
works based on the functional density theory (DFT) using
the local density approximation (LDA) carried out for DyB2,
HoB2, ErB2, TmB2, YbB2 and LuB2 by Fan et al. [8] ,
and for TmB2 by Mori et al [24], by using pseudopotential
plane waves (PP-PW) and full-potential nonorthogonal local-
orbital (FPLO) methods, respectively. A recently work by
Duanet al [30], reports DFT calculations employing PP-PW
and the Generalized Gradient Approximation Perdew-Burke-
Ernzerhof (GGA-PBE), for elastic constants of 24 AlB2-type
compounds, which include the diborides based on rare earth:
SmB2, GdB2, TbB2, ErB2, TmB2, YbB2 and LuB2.

From the theoretical point of view, as pointed Fanet
al. [8] in their work, it should be noted that in this type
of compounds, the presence off orbitals of rare earth ele-
ment implies strong electronic correlation that theoretically,
is not adequately described with the local density approxi-
mation (LDA) or generalized gradient (GGA). In this case,
it becomes necessary to employ exchange-correlation func-
tionals, such as LDA + U or GGA-PBE0 [31,32], taking into
account this feature of thef orbitals.

In this work, we present a study of the electronic prop-
erties of the ErB2 compound, using the full-potential linear
method of augmented plane waves (FP-LAPW) employing
exchange-correlation functionals with the LDA, GGA-PBE
and GGA-PBE0 parameterizations, within the formalism of
the theory of density functional. The paper is organized as
follows, Sec. 2 provides a brief description of the crystal
structure and the calculation conditions. In addition, there is
a description of the LDA, GGA-PBE and GGA-PBE0 func-
tionals. In Sec. 3 we show the obtained results, and finally,
in Sec. 4 we present the conclusions.

2. Computational details
2.1. Crystal Structure

The ErB2 crystallizes in AlB2-type hexagonal crystal struc-
ture with P6/mmm (# 191) space group. In this structure, the
Er atom is located within the unit cell at (0,0,0) and the B
atoms at

(
1
3 , 2

3 , 1
2

)
and

(
2
3 , 1

3 , 1
2

)
positions.

The crystal structure shown in Fig. 1, in which B atoms
are layered graphite type, with alternating layers of Er. Each
Er atom has twelve B atoms as first neighbors, six in the top
and six on the lower plane. To build the cell is necessary
two Er layers and one of B, perpendiculars to thec axis. The
distance between the B atoms is greater than the distance be-
tween the Er atoms.

2.2. Calculation Conditions

Calculations are performed within the framework of Density
Functional Theory (DFT), using the Full-Potential Linearized

FIGURE 1. Crystal structure of the ErB2 compound. The large
spheres (in gray) represent the Er atoms and small spheres (colored
cyan) atoms of B.

Augmented Plane Waves (FP-LAPW) method as imple-
mented in theWien2k software package [33]. Exchange-
correlation effects are treated using the local density approxi-
mation (LDA) [34], the Generalized Gradient Approximation
Perdew-Burke-Ernzerhof (GGA-PBE) [35] and PBE0 hybrid
functional [31,32].

In the LAPW method the cell is divided into two types
of regions, centered atomic spheres at nuclear sites and inter-
stitial region between the non-overlapping spheres. Within
the spheres atomic, the wave functions correspond to linear
combinations of products between radial and spherical har-
monic functions, while in the interstitial region, the func-
tion expands as a linear combination of plane waves. The
charge density and potential are expanded in spherical har-
monics up tolmax = 10, within the atomic spheres, and the
wave function in the interstitial region is expanded in plane
waves with cutoff parameter Kmax = 8.00/rMT; whererMT

is the smallest radius of the atomic sphere in the unit cell
and Kmax limits the kinetic energy,~2k2/2m, of plane waves
with |k| ≤ Kmax. To ensure convergence in the integration
of the first Brillouin zone, are used 95k-points in the irre-
ducible part of the first Brillouin zone. The integrals over
the Brillouin zone are solved using thek-point special ap-
proximation of Monkhorst-Pack [36]. The self-consistency
is achieved by requiring that the convergence of the total en-
ergy is less than10−4 Ry. For expanding the potential in the
interstitial region is considered Gmax = 12.00. Muffin-tin
radios used for Er and B wererMT-Er = 2.20 andrMT-B = 1.60,
respectively.

2.3. LDA, GGA-PBE and PBE0 Approximations

The LDA formalism is simple and involves replacing the
exchange-correlation energy at each point for an uniform
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electron gas,εxc, [34]. In this approach, the exchange-
correlation energy depends only of the density and is given
by:

Exc =
∫

ρ(~r)εxc[ρ(~r)]dv (1)

In LDA the exchange–correlation effects are local, that is,
dependent only of the value of the electron density at each
point.

To improve the description is necessary to include the
density gradient effects. In this description, referred as GGA,
is taking into account the density as the density variation
around each point:

Exc =
∫

ρ(~r)Fxc[ρ(~r),∇ρ(~r)]dv (2)

whereFxc is calledexchange-correlation functional. Some
of the most commonly GGA functionals used are: Perdew-
Wang 86 (PW86) [37, 38], Becke-Perdew (BP) [39], Lee-
Yang-Parr (LYP) [40], Perdew-Wang 91 (PW91) [41, 42],
Perdew-Burke-Ernzerhof (PBE) [35], and Revised Perdew-
Burke-Ernzerhof (RPBE) [43]. Most of the functionals con-
tain a set of parameters as to replicate the energies of a se-
rie of atoms. Among them, the PW91 functional is the only
purely ab initio, as it was built using data from the uniform
electron gas and exact conditions. The PBE functional cor-
rects some defects of the PW91 functional, but the resulting
energies are practically the same. The RPBE functional mod-
ifies the exchange local part of PBE functional. The LDA and
PBE functional provide incorrect descriptions in compounds
possessingd andf localized electrons, for example, in tran-
sition metals and rare earth elements, respectively [24, 44].
The hybrid functionals contain a fraction of Hartree-Fock ex-
change. Becke [45] showed that the expression

Exc =

1∫

0

dλExc,λ, (3)

whereλ is an interelectronic parameter with a strong cou-
pling, allows building correlation-exchange functional ap-
proximations. The first approach was a linear interpolation

Ehyb
xc =

1
2

(
Ex + EDFT

xc,λ=1

)
(4)

whereEx the exchange energy of the non-interacting system
and the second term is the exchange-correlation energy of the
interacting real system. After a third parameter was included
for the hybrid functional [46]. Subsequently, Becke [47] pro-
posed that a single coefficient was sufficient to determine the
contribution of Hartree-Fock to DFT exchange

Ehyb
xc = EDFT

xc + a0

(
Ex − EDFT

x

)
(5)

Perdewet al. [48] showed that the optimum value of the co-
efficient must be taken as1/4.

The PBE0 hybrid functional [31, 32] uses the PBE-GGA
for EDFT

xc . Novaket al. [44, 49] proposed an improvement
to describe strongly correlated electrons by subtracting the
LDA or GGA exchange energy functional corresponding to
the subspace of the states of the correlated electrons and to
add the Hartree-Fock expression. This method calledexact
exchangefor correlated electrons was implemented in the
Wien2k code. Tranet al. [50] constructed an exchange-
correlation energy functional of the PBE0 hybrid form

EPBE0
xc = EPBE

xc [ρ] +
1
4

(
EHF

x [ψsel]− EPBE
x [ρsel]

)
(6)

whereψsel and ρsel are, the wave function and the corre-
sponding electronic density for selected electrons, respec-
tively. In this functional a fraction of HF exchange replaces
the PBE-GGA exchange for selected electrons. Electronic
correlation is represented by the part of the PBE correlation.

In this work, we used LDA, PBE-GGA and the hybrid
PBE0 functionals for ErB2 compound. We have selected the
4f electrons of Er to buildEHF

x [ψsel] andEPBE
x [ρsel] indi-

cated in the Eq. (6).

TABLE I. Lattice parameters calculated in this work, theoretical values of other authors and experimental values reported for ErB2. Lattice
parameters are reported of the structure at equilibrium (a, c/a), the minimum volume V0, the bulk modulus B0, the minimum energy E0,
and the magnetic moment per cellµ.

Reference Method a (Å) c/a V0 (Å) B0 (GPa) E0(eV) µ (µ0/cell)

This work FP-LAPW: LDA 3.168 1.191 32.78 168.81 -11.085 2.66

This work FP-LAPW: GGA-PBE 3.247 1.182 35.02 148.71 -14.896 2.70

This work FP-LAPW: GGA-PBE0 3.260 1.166 34.98 168.33 -13.713 3.07

[8] PP-PW: LDA 3.28 1.155 – – – –

[30] PP-PW: GGA 3.268 1.158 – – – –

[18] Experimental 3.268 1.157 – – – –

[22] Experimental 3.268 1.157 – – – –

[29] Experimental 3.265 1.155 – – – –

[52] Experimental 3.271 1.156 – – – –
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FIGURE 2. Total and partial density of states for ErB2 with
the LDA parameterization (top), GGA-PBE (middle) and GGAG-
PBE0 (bottom). Are shown the contributions of thep-B, d-and
f -Er states with red, green and blue shaded area, respectively. The
black color line represents the total density of states. The zero of
the energy is taken as the Fermi level.

3. Results and discussions

3.1. Structural Properties

To determine the structural parameters, the total energy is
computed for different values of cell volume. The lattice pa-
rameters of the crystal structure, at equilibrium, are obtained
by minimizing the energy as a function of volume. To per-
form this, we fit the obtained energy, by the equation of state
of Murnaghan [51]. From this fit, we get the lattice parameter
a, the ratioc/a, the minimum volume V0, the bulk modulus
B0 and the minimum energy E0.

The calculated values in this work, the theoretical values
reported by other authors and some available experimental
values are shown in Table I.

The difference between our value of the lattice parame-
ter a and other theoretical reports does not exceed 3.5 % for
the LDA calculation [8]. The difference from the theoretical
value GGA [30] is of the order of 1 %.

With respect to the experimental values, the difference of
our LDA and GGA values is less than 3.2 %. The GGA-PBE0
value obtained in this work differs around 0.3 % compared to
the experimental values.

Additionally, LDA calculation of the ratioc/a differing
by less than 3.2 % compared to the theoretical value reported
by Fanet al. [8]. The GGA-PBE result is less than 2.1 %,
compared with the value of Duanet al. [30]. By compari-
son, with respect to the experimental values, the difference
in the GGA and LDA calculations does not exceed∼ 3%.
Our GGA-PBE0 value differs about 1 % of the experimental
value.

B0 values are obtained for the range of values correspond-
ing to the monocrystalline silicon (130-160 GPa) and AISI
304 stainless steel (187-200 GPa) [53], indicating the ErB2

is a relatively rigid material. This property, due to the strong
bonds that exist between boron atoms present in the AlB2-
type hexagonal structure, makes it attractive for potential ap-
plications in devices operating at high temperatures.

3.2. Electronic Properties: Density of states (DOS)

The total (DOS) and partial (PDOS) density of states calcu-
lated for ErB2 are shown in Fig. 2. The calculations were car-
ried out considering spin polarization (DOS calculated with
spin up and down polarization). In this figure we consider
only the orbitals that have the greatest contribution to the
Fermi level. It is observed that in all three cases the com-
pound exhibits metallic behavior, due to the presence of half
full atomic orbitals crossing the Fermi level.

From the qualitative point of view, the LDA and GGA-
PBE parameterizations produce similar results for the spin
up polarization, the largest contribution to the Fermi level is
mainly due top-B andd-Er states, whilef -Er states are lo-
cated between energy∼ -3.5 eV and∼ -1.0 eV. For spin down
polarization, the largest contribution at the Fermi level is due
to f -Er states in the energy region∼ -1.5 eV and∼ 0 eV.

This result explains why the LDA and GGA-PBE mag-
netic moment values, in Table I, are quite close (difference
of 0.04µ0/cell). For the GGA-PBE0 calculations we found
notable differences with respect to LDA and GGA-PBE. The
density of electronic states GGA-PBE0 shows thef -Er local-
ized states before the Fermi level in the region from∼ -6.0 eV
to∼ -2.5 eV for spin up polarization, and between∼ -4.0 eV
to∼ -1.5 eV for spin down polarization. Is not observed a sig-
nificant mixing with other states of the valence band outside
this region. Thus,f -Er states, particularly the 4f are highly
localized and can only interact via a RKKY (Ruderman-
Kittel-Kasuya-Yosida) interaction as noted by Moriet al.[24]
on a theoretical and experimental study of ferromagnetism
and electronic structure of TmB2.
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In the region -4 eV< E < EFermi there are contributions
from 2p states of B and 5d of Er. The latter, crossing the
Fermi level and are responsible for the metallic character of
the material. This feature distinguishes the calculated DOS
with GGA-PBE0 those obtained from LDA and GGA-PBE
in which f -Er states with spin down polarization cross the
Fermi level.

For the energy values of∼ -1.0 eV and∼ -2.0 eV two
peaks are observed that are characteristic of the diboride com-
pounds based on rare-earth elements. This behavior is consis-
tent with the results of Moriat al. [24] for TmB2 and YbB2.

It can be noted, moreover, that the differences between
the derived DOS from the LDA, GGA- PBE and GGA-PBE0
parameterizations, must be, as explained Nourmohammadi
et al. [44], in which the exchange splitting using PBE0 in-
creases, causing that the localization of magnetic electrons
(mainly the 4f of Er) is greater, and that the values of the lat-
tice constant at equilibrium, and magnetic moment predicted
by GGA-PBE0 be slightly greater than the results of GGA-
PBE and LDA as shown in Table I.

4. Conclusions

Were determined structural and electronic properties of the
ErB2 compound, using the linearized augmented plane wave
scheme in the version of the full potential and density func-
tional theory. It was found that the effect of adding a frac-
tion of the exact exchange energy of Hartree-Fock in PBE
approximation, evidence the localization of 4f orbitals of Er,
which favors electronic spin polarization of these orbitals in
the ErB2 compound. This explains the increase in the total
magnetic moment PBE0 (3.07µ0/cell) compared to the total
magnetic moment in PBE (2.70µ0/cell).
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