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ARTICLE INFO ABSTRACT

Up to date, the electronic structure properties of amorphous lanthanum hexaboride, a-LaBg, were not yet
investigated, and the thermodynamic and mechanical properties of crystalline lanthanum hexaboride (c-LaBg)
were studied incompletely. The goal of this work was to fill these gaps in the study of lanthanum hexaborides. The
electronic and phonon structures, thermodynamic and mechanical properties of both crystalline and amorphous
lanthanum hexaborides (c-LaBg, a-LaBg, respectively) were investigated within the density functional theory. An
amorphyzation of c-LaBg gives rise to the metal — semiconductor transition. The thermal conductivity decreases
on going from c-LaBg to a-LaBg. The elastic moduli, hardness, ideal tensile and shear strengths of a-LaBg are
significantly lower compared to those of the crystalline counterpart, despite the formation of the icosahedron-like
boron network in the amorphous phase. For c-LaBg, the stable boron octahedrons are preserved after the failure
under tensile and shear strains. The peculiarity in the temperature dependence of heat capacity, Cp(T), at 50K is
explained by the availability of a sharp peak at 100 cm ™! in the phonon density of states of c-LaBg. An analysis of
the Fermi surface indicates that this peak is not related to the shape of the Fermi surface, and is caused by the
vibration of lanthanum atoms. In the phonon spectrum of a-LaBg, the peak at 100 cm™! is significantly broader
than in the spectrum of c-LaBs, for which reason the anomaly in the C,(T) dependence of a-LaBg does not appear.
The calculated characteristics are in good agreement with the available experimental data.
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1. Introduction incompletely. In fact, their investigation is in an infant stage. In partic-

ular, Nabauer [1] reported the results of the investigations of the a-LaBg

Lanthanum hexaboride, LaBg, crystallizing with a simple cubic
structure (space group Pm3m, No. 221) is very promising material for
industrial applications due to its high thermal stability, melting tem-
perature, hardness and chemical stability [1-3]. LaBg is widely used as an
electron emitter with a low work function (~2.4-2.6eV) [3] and as a
standard reference material for the calibration of the line position of
powder diffraction instruments [1-4].

Up to date, bulk LaBg was comprehensively explored, whereas the
films based on this material were studied to a lesser extent [5]. LaBg films
have been prepared by using different deposition techniques. The crys-
talline (c), polycrystalline (pc) and amorphous (a) films were prepared
depending on a procedures used and deposition conditions [5-7]. In
contrast to the c- and pc- LaBg films, the amorphous films are studied
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films deposited on the GaAs substrates with the (100) orientation. The
films were deposited by magnetron sputtering an amorphous LaBg target.
It was found that the structural and electrical properties of the deposited
films strongly depended on the parameters of the deposition process.
Choi et al. [2] used the local microheating of amorphous LaBg films to
achieve a micrometer-sized thermionic electron emission source with the
maximum current density of 1.2 A/cm?.

Theoretical investigations of c-LaBg were concentrated on the anal-
ysis of its electronic structure and bonding configuration. A compre-
hensive review of the theoretical studies up to 2005 year was done in
Ref. [8]. Below we note only the more recent works. The optoelectronic
properties of c-LaBg were calculated using first-principles molecular dy-
namics simulations [9]: the dielectric functions, refractive index,
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reflection spectra, optical conductivity, absorption spectra, and energy
loss function were analyzed. The optical properties of Yb-doped LaBg
were investigated by first-principles calculations within the framework of
the density functional theory (DFT) [10]. The electronic structure, pho-
nons and optical properties of c-LaBg as functions of pressure were
studied by using first-principles calculations [11]. First-principles cal-
culations [12-15] were carried out to investigate the elastic constants of
rare-earth hexaborides. The electronic structures, mechanical and ther-
modynamic properties of alkaline-earth hexaborides were calculated
from first principles using DFT combined with the quasi-harmonic
approximation [16]. The quality of the experimental charge densities
for LaBg and BaBg was evaluated by comparison with theoretical charge
densities [17].

This brief report points to that, despite the substantial amount of
experimental and theoretical information accumulated on LaBg, some
important questions have not been yet addressed. Among them it is worth
mentioning the following: 1) there are no theoretical investigations of the
thermodynamics properties of c-LaBg and its mechanical properties were
studied incompletely; 2) up today, the electronic, thermodynamics and
mechanical properties of a-LaBg were not yet investigated. Therefore, we
focused our attention on these questions. In this work we aim at filling
these gaps in studying the properties of both c- and a-LaBg in the
framework of a first-principles approach.

2. Computational details

First-principles calculations within the density functional theory
(DFT) were carried out for the 7-atom cubic cell (stoichiometric c-LaBg),
the 6-atom cubic cell (substoichiometric c-LaBs) and the 56-atom
supercell (a-LaBg) using the Quantum-ESPRESSO code [18]. The valence
states for La and B were 5s, 5p, 5d, 6s, 6p, 4f and 2s, 2p, respectively. We
consider the La 4f states as the valence ones, since they were found to
contribute to the density of states near the Fermi level [19,20]. The
calculations were performed using periodic boundary conditions and the
generalized gradient approximation (GGA) of Perdew, Burke and Ern-
zerhof (PBE) [21] for the exchange-correlation energy and potential.
Vanderbilt ultra-soft pseudo-potentials were used to describe the
electron-ion interaction [22]. The criterion of convergence for the total
energy was 107 Ry/formula unit (i.e., 1.36-107° eV/formula unit). In
order to speed up the convergence, each eigenvalue was convoluted by a
Gaussian with a width 6=0.02 Ry (0.272eV). The integration in the
Brillouin zone (BZ) was done on a set of special k-points determined
according to the Monkhorst-Pack scheme using a non-shifted meshes (12
12 12) for c-LaBg and (2 2 2) for a-LaBg. The cut-off energy of 30 Ry
(408 eV) was used. All initial structures were optimized by simulta-
neously relaxing the supercell basis vectors and the atomic positions
inside the supercells using the Broyden-Fletcher-Goldfarb-Shanno
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(BFGS) algorithm [23]. The relaxation of the atomic coordinates and of
the supercells was considered to be complete when atomic forces were
less than 1.0 mRy/Bohr (25.7 rneV/f\), stresses were smaller than
0.05 GPa, and the total energy during the structural optimization itera-
tive process was changing by less than 0.1 mRy (1.36 meV).

The quantum molecular dynamics (QMD) calculations of the initial
56-atoms structure were carried out with fixed unit cell parameters and
volume (NVT ensemble, constant number of particles-volume-
temperature). The structure was first equilibrated at 5000 K for 3 ps,
and then the melts were cooled down to 300K during 30 ps. The time
step was 20 atomic units (about 10715 s). The system temperature was
kept constant by rescaling the velocity (tolerance ~ £50 K). The varia-
tion of the total energy was controlled during each temperature step. The
final structure reached its time-averaged equilibrium during the initial
calculation time of about 1.8 ps, and afterwards, the total energy of the
structures fluctuated only slightly around that equilibrium value. In the
case of large-scale QMD simulation, a reduced k-points mesh (2 2 2) was
used in order to save computing time without compromising on accuracy.
After the QMD equilibration at 300 K, the resultant structure was opti-
mized by simultaneously relaxing the supercell basis vectors and the
atomic positions inside the supercells using the BFGS algorithm.

Both the electronic and phonon densities of states (DOS and PHDOS,
respectively) were calculated with the tetrahedron method implemented
in the “Quantum-ESPRESSO” code. The PHDOSs for both c-LaBg and c-
LaBs were calculated in the framework of the Density-Functional
Perturbation Theory (DFPT) [24]. To calculate the phonon density of
states of the amorphous LaBg phase, the PHONOPY code was used [25].

The elastic moduli of the crystalline and amorphous phases were
investigated using the “ElaStic” code [26]. The Vickers hardness was
estimated using calculated Young's moduli in the framework of the
approach [27].

The tensile stress—strain relations were calculated using by elongating
the 56-atom supercells along the c-axis [(001)-direction] in incremental
steps, followed by fixing the c basis cell vector and simultaneously
relaxing the a- and b-basis cell vectors, and the positions of the atoms
within the supercell. The stress of the structures under the shear strain
(001)[100] was calculated as follows: first, an incremental shear
distortion was imposed, then the basis supercell vectors and the atomic
coordinates were relaxed with fixed angles. For both tensile and shear
strains the structural parameters at a previous step were used to calculate
the Hellmann-Feynman stress for the next step.

3. Results and discussions
In Fig. 1, we show the supercells of c-LaBg and a-LaBg. One can see

that the cubic crystalline structure of c-LaBg (space group Pm3m, No.
221) consists of the boron octahedron network in which the lanthanum

(c)

Fig. 1. (2 x 2 x 2) translated cell for c-LaBg (a); supercell for a-LaBg (b); the fragment of a boron icosahedron in a-LaBg (c). Large and small circles are La and B atoms, respectively.
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atoms are embedded. The calculated lattice parameter of 4.155A is
consistent with the experimental value of 4.157 A [4]. In the case of the
amorphous structure, the lanthanum atoms are chaotically distributed,
and the B-B network is amorphous and consists of the icosahedron
fragments (cf. Fig. 1c). Here it should be noted that the similar boron
network was observed for amorphous AIMgB, 4-based materials [28]. The
structural functions (PCF, g(®)), presented in Fig. 2, confirm the amor-
phous structure of a-LaBg: the peaks in the pair correlation functions and
bond angle distributions for the amorphous structure are smearing
compared to those for the crystalline counterpart. The nearest neighbour
B-B correlations in a-LaBg are close to those in c-LaBg.

The densities of states of both the crystalline and amorphous struc-
tures are shown in Fig. 3. For c-LaBg, the detail information about the
origin of the main peaks was done in Refs. [8,9,11]. Therefore, for this
phase, we note only that the peaks around —17.5 eV and —15.0 eV are
originated from La 5p and B 2s+2p states, respectively. The DOS in the
ranges from —11.0 eV to —7.0 eV and from —7.0 eV to —2.0 eV is
constituted by the B 2s+2p — La 5d and B 2p — La 5d bonding states,
respectively. Finally, the DOS above the Fermi level originates mainly
from the antibonding B 2p - La 5d states and the La 4f states. Fig. 3a
shows that the La 4f states form a sharp peak at 2.0 eV above the Fermi
level. Here it should be noted that the distribution of the La states shown
in Fig. 3 is consistent with that reported in Refs. [19,20] for other
La-based compounds. In Table 1, the local partial Lowdin charges (Q;)
and effective charges (Qef) for the La and B ions in the crystalline and
amorphous LaBg are summarized. For the sake of comparison, we present
also the charges that where calculated neglecting the La 4f states. Taking
into account of the La 4f core-level states in the band structure calcula-
tions was found to lead to a reduction of the effective charges. The
effective charges decrease on going from c-LaBg to a-LaBe. The latter is
supposed to be due to a reduction of the La-B bond lengths because of a
randomization of the surrounding of the La atoms after amorphization
(cf. Fig. 2). For both the phases, the charge is transferred from the La ions
towards the B ions, indicating the availability of the ionic component in
chemical bonding.
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Fig. 2. Pair correlation functions (PCF) and bond angle distribution (g(®)) for c-LaBg
(dashed line) and a-LaBg (solid line).
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Fig. 3. Total and local partial density of states (DOS) for crystalline (a—c) and amorphous
(d) lanthanum hexaborides. The vertical line denotes the Fermi level.

Table 1

Lowdin local partial charges (Q;) and effective charges (Qe) for the La and B ions in c-LaBg
and a-LaBg (in e). The charges calculated without allowing for the La 4f states are in the
parentheses.

Phase Species Qs Qp Qa Q¢ Qrot Qet
claBg la 2.04 6.46 1.63 0.27 10.40 +0.60
(2.05) (6.48) (1.75)  (0.00)  (10.28)  (+0.72)
B 0.61 2.49 0.00 0.00 3.10 -0.10
0.62) (2.50) (0.00)  (0.00) (3.12) (-0.12)
alaBs La 2.08 6.45 1.77 0.26 10.56 +0.44
B 0.63 2.44 0.00 0.00 3.07 -0.07

For the amorphous phase, all the DOS peaks are smearing, and the
Fermi level shifts towards the DOS minimum that separates the bonding
and antibonding states (cf. Fig. 3b). Taking into account the fact that the
states in the DOS minimum of amorphous semiconductors are localized
[29], one can suggests that a-LaBg will show semiconductor properties. It
follows that amorphization of c-LaBe will lead to the change of the
metallic conductivity to semiconductive one.

The Fermi surface for c-LaBg is shown in Fig. 4. The 14th band is
located around the Fermi level, and the Fermi surface of this band con-
sists of the semi-spherical electronic shits aligned along the I' - X direc-
tion. The thorough analysis of the Fermi surface enabled us to aim at
conclusion that it did not show any nesting regions that could give rise to
phonon anomalies.

In Fig. 5 we show the phonon spectra of crystalline and amorphous
lanthanum borides. The comparison of the calculated phonon density of
states for c-LaBe with the experimental spectra is done in Fig. 6. Our
PHDOS agrees well with the phonon spectrum calculated in Ref. [10] (not
shown here). The characteristic feature of the spectra is the availability of a
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Fig. 4. Fermi surfaces of the 14th band for c-LaBg.
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Fig. 5. Phonon densities of states (PHDOS) for: c-LaBg determined by using DFPT (a); c-
LaBs determined by using DFPT (b); a-LaBg calculated with the help of the PHONOPY
code (c).
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Fig. 6. Experimental and calculated spectra for c-LaBg: Raman spectrum [30] (a); Point
contact spectrum [31] (b); Calculated PHDOS smoothed with a fast Fourier transform
(FFT) filter (c).
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sharp peak at 100 cm ™. This peak is shown also in the spectrum of sub-
stoichiometric LaBs (cf. 5b). Given the shape of the Fermi surface, we
suppose that this peak is not related to the Fermi surface, and it can be
caused by the vibration of the lanthanum atoms that are heavier than the
boron atoms. In the case of the amorphous structure, a-LaBg, the sharp
PHDOS peaks are smeared. Nevertheless, the feature at 100 cm ™! is shown.

Coming back to Fig. 6, one can see that, for c-LaBg, the theoretical
PHDOS does not reproduce correctly the peak at 200cm™! in the
experimental spectra. However, this peak is observed in the PHDOS of c-
LaBs (cf. Fig. 5b), for which reason we suggest that the boron vacancies
can give rise to the feature around 200 cm ™.

The calculated and experimental heat capacities (Cp) as functions of
temperature for both the crystalline and amorphous phases are presented
in Figs. 7 and 8. The variation of entropy (S) with temperature is shown
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Fig. 7. Specific heat C, vs. temperature T for c-LaBg: 1- Ref. [32], 2- the result of our
calculations, 3- Ref. [33], 4- Ref. [34], 5- Ref. [2]. In the insert, the CP/T3 ration is shown
as a function of temperature (T is in the natural logarithmic scale) for the curves 2 and 5.
The curve 6 is the C,(T) dependence for a-LaBg.
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Fig. 8. Calculated (solid line) and experimental [35] (dashed line) specific heat C;, vs.
temperature T for c-LaBg. In the insert, the calculated and experimental [36] entropies for
c-LaBe (in unit of the gas constant, R) are presented as functions of temperature. The
calculated Cp(T) curve for a-LaBg is denoted as dotted line.
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Table 2
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Calculated elastic constants (c;;) for c-LaBs, Hill bulk modulus (By), Hill shear modulus (Gy), Hill Young modulus (Ep), hardness (H), Byy/Gy ratio and Poisson’ ratio
(v) for pc-LaBg and a-LaBe. In the parentheses and braces, the experimental and theoretical values of other authors are presented, respectively. For the comparison,
the experimental values of Vickers hardness (Vk) and Knoop hardness (Hy) were included. All the values of the moduli are in GPa.

Phase c11 Cio C44 By Gy Eny Bu/Gu v H
c-LaBg 472 26 87 174 129 310 1.35 0.20 18.8
pc-LaBg (453)* (18.2)% (90)* 174 {133)¢ (185)¢ {1.31}¢ {0.20}" @asy’

{46634 {3734 {88}¢ {174)¢ {1313" {319}° {1.33)" a9
{473}° {243¢ {92}¢ ar4" {128} {315)" {1.35)
{474)" {240 (90}‘_‘ {173} {450}
{454} {32y {91}
a-LaBg 129 76 191 1.70 0.25 11.2
@ Ref. [37].

b Ref. [38], Hy.
© Ref. [39], Hy.
4 Ref. [40].
© Ref. [41].
f Ref. [42].
8 Ref. [43].
b Ref. [12].
! Ref. [15].

in Fig. 8. For c-LaBg, the experimental dependence of the heat capacity
has an abnormal behavior at 50K [2,32-34]. The calculated Cy(T)
dependence shows the same behavior. We calculated the C,(T) function
with and without the peak at 100~ cm in the PHDOS (not shown here)
and arrived at a conclusion that the mentioned peculiarity at 50K is
caused by the peak at 100 cm ! in the phonon density of states. Both the
calculated C,(T) and S(T) dependences are in agreement with the cor-
responding experimental functions.

Coming back to the amorphous lanthanum hexaboride, we see that
the peculiarity at 50 K in the C,(T) dependence disappears. This is caused
by the smearing of the peak at 100 cm™! in the PHDOS of a-LaBg (cf.
Fig. 5). Fig. 8 shows that, in the temperature range of 0-1000 K, the heat
capacity of a-LaBg is higher compared to that of c-LaBg. It follows that the
thermal conductivity of lanthanum hexaboride will decrease after the
amorphization of the crystalline material. This finding is confirmed by
the results of the calculations of the Debye temperature (see below).

The elastic constants for c-LaBg, pc-LaBg and a-LaBg were calculated
using the “ElaStic” code [26]. The calculated elastic constants for c-LaBg,
as well the bulk, shear, Young moduli, Poisson's ratio and hardness for
polycrystalline and amorphous LaBg are presented in Table 2. For c¢- and
pc-LaBg, the calculated values are in the good agreement with the cor-
responding experimental and theoretical characteristics. The elastic
moduli and hardness of amorphous LaBg are lower compared to those of
pc-LaBg approximately by 30-40%. An analysis of the atomic configu-
ration of the crystalline and amorphous phases of LaBg (cf. Fig. 1) shows

that the boron octahedrons fail, and the boron icosahedron-like frag-
ments form during amorphization. However, the formation of the dis-
torted icosahedron-like boron network does not lead to strengthening
lanthanum hexaboride.

The hardness of the materials was determined at equilibrium, how-
ever, their hardness were measured during deformation, i.e., in a non-
equilibrium state. We calculated the stress-strain curves for both c-LaBg
and a-LaBg. The calculated curves are shown in Fig. 9. The ideal tensile
and shear strengths (the maximum stress before failure) were
42.1 GPa and 28.1 GPa, respectively, for c-LaBg, as well as 13.2 GPa and
13.7 GPa, respectively, for a-LaBg. These values are higher compared to
the calculated hardnesses (cf. Table 2). It follows that our estimation of
the hardness is quite plausible. For c-LaBg, we determined the Young's
modulus from the tensile stress-strain curve at the strain equal to 0.04 (cf.
Fig. 9). The estimated Young's modulus is 431 GPa that is very close to
the experimental value of 428 GPa for LaB¢ single crystal [43]. The
microhardness of the (001) plane of LaBg single crystal under a load of
0.98 N was found to be 25 GPa [44]. This value is comparable with the
ideal shear strength of 28.1 GPa for c-LaBg (cf. Fig. 9). The latter com-
parison is based on the fact that the ideal shear strength of a material
correlates with its hardness [45].

The B/G ratio provides the information about the ductility of a ma-
terial: it will be ductile, if the B/G ration will be higher than 1.75,
otherwise it will be brittle. The values of Poisson's ratios v correlate with
B/G. A material will be ductile provided v > 0.26 [37]. The values of the
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30 20
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Fig. 9. Stress-strain relations for c-LaBag (triangles) and a-LaBag (circles).
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(b)

Fig. 10. Atomic configurations of c-LaBg in the equilibrium (a), and after failure under tensile strain (b) and shear strain (c). The large and small circles are lanthanum and boron atoms,

respectively.

Bp/Gy ratio and Poisson's ratio for pc- LaBg and a-LaBg are also sown in
Table 2. The values of By/Gy of both the pc- and a-phases of LaBg are
lower than 1.75 and 0.26, respectively, indicating that these materials
should be brittle. However, since for a-LaBg the values of By/Gy (1.70)
and v (0.25) approach 1.75 and 0.26, respectively, one can expect that it
will exhibit the mechanical properties that will be close to those of a
ductile material.

The mechanism of the failure of c-LaBg under tensile and shear strains
can be understood from Fig. 10, where the atomic configurations of c-
LaBg at different stages of strains are shown. It is clearly seen that the
failure of the structure occurs due to breaking inter-octahedron B-B
bonds, and the boron octahedrons remains undistorted at that.

It is well known that, in thermodynamics and mechanics, an impor-
tant fundamental parameter of materials is Debye temperature @p. Since
we have calculated already the elastic moduli, it is appropriate to use
these values to estimate the Debye temperature. Therefore we used the
standard method that is based on the knowledge of elastic constant data,
transverse and longitudinal sound velocities [46]:

k(3 [Np]) (1 2 1 o
Tk \drm | M 3 v ’

Vi = (GH/p)l/27

6p

vi = ([Bu + 4Gy /3p))",

where h/kg have the usual meanings of quantum mechanics, n is the
number of atoms in the molecule, N4 is Avogadro's number, p is the
density, M is the molecular weight, v; is the transverse sound velocity and
v1 is the longitudinal sound velocity, By and Gy are the Hill bulk modulus
and Hill shear modulus, respectively (cf. Table 2).

In Table 3, we present the calculated density (p), transverse (vy),
longitudinal (v;) and average (vp) sound velocities and Debye tem-
peratures (®p) for the crystalline and amorphous phases of LaBg. The
experimental results on @p for c-LaBg are also shown. The experimental
values of ®p are strongly scattered. One can see that the calculated
Debye temperature for c-LaBg agrees well with ®p reported in Refs. [32]

Table 3
Density (p), transverse (vy), longitudinal (v;) and average (vy,) sound velocities and Debye
temperatures (Op) for the crystalline and amorphous phases of LaBg.

Phase p (g/cm®) v; (m/s) v (m/s) Vi (m/s) 0p (K)

c-LaBg 4.72 5230.3 8565.8 5775.4 791
(212-885)°
(773)" (773)°

a-LaBg 4.52 4098,4 7134.9 4551.7 615

2 Ref. [47].

b Ref. [32].

© Ref. [48].
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and [48] (within 2.5%). Unfortunately, we did not find any experi-
mental and theoretical results on the Debye temperature of a-LaBg. We
would like to remind that a higher Debye temperature is associated
with a larger thermal conductivity. Owing to the low density and
structural disorder, the value of ©p for a-LaBg is lower compared to the
Debye temperature for c-LaBg. This means that the thermal conduc-
tivity of the amorphous phase will be worse than the crystalline
material.

4. Conclusions

We calculated the electronic properties, phonon structure, thermo-
dynamic properties, elastic constants and mechanical properties of
crystalline and amorphous lanthanum borides using a first principles
pseudopotential method and molecular dynamics realized in the
“Quantum ESPRESSO” code. The amorphous material represents the
random distributed La atoms embedded into the amorphous
icosahedron-like boron matrix. In contrast to c-LaBg, the amorphous
phase is suggested to show semiconductor properties. For c-LaBg, an
analysis of the calculated phonon spectra and the Fermi surface in-
dicates that the sharp peak at 100 cm™! in the phonon density of states
is not related to the shape of the Fermi surface. It was shown that the
feature at 50 K in the C,,(T) dependence is caused by the availability of
this peak in the phonon spectrum. The calculated elastic moduli and
hardness for the polycrystalline LaBg structure are higher approxi-
mately by 30-40% compared to those of the amorphous counterpart.
This tendency is observed also for the ideal tensile and shear strengths,
which is due to the failure of boron octahedrons in the amorphous
phase. The failure of c-LaBg occurs mainly because of the breaking of
the inter-octahedron boron bonds, and the boron octahedrons remain
undistorted at that. For crystalline and polycrystalline LaBg, the
calculated elastic moduli, hardness, Debye temperature, phonon den-
sity of states as well as the dependences of heat capacity and entropy on
temperature are in good agreement with the corresponding experi-
mental characteristics. We hope that the results of our calculations will
useful for the technologists working in the field of the synthesis of LaBg
for its application as an electron emitter and a hard material for wear-
resistant coatings.
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