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The theoretical study of the structure and specific properties of the (NH4)2BeF4 crystal is carried out within the
framework of the DFT. The band-energy structure of the (NH4)2BeF, crystal in paraelectric phase is calculated
and discussed. The edge of the fundamental absorption of the crystal is assumed to be associated with direct
transitions in the center of Brillouin zone. The real and imaginary parts of the dielectric function as well as
spectral dependence of the principal refractive indices of the crystal are calculated. Experimental study of the
refractive indices dispersions of the grown crystal is carried out; the calculated dependances reveal good

agreement with experimental data. Theoretical elastic coefficients Cj; are calculated. The anisotropy of optical
and elastic properties, which is important for possible applications, has been highlighted by means of the 2D and
3D graphs. The presented results should be very useful for future anisotropy-based implementations of the

crystal.

1. Introduction

Crystals which are transparent in the visible region of the spectrum
are attractive objects of study for scientists due to their potential prac-
tical use in optical electronics devices. Transparency in a wide spectral
range, mechanical stability, absence of phase transitions in the working
area, and a high laser damage threshold are important characteristics of
materials needed for their use in electromagnetic radiation modulators,
laser technology, piezoelectric transducers, sensors, etc. An important
class of materials which are transparent in the optical region of the
spectrum are crystals belonging to the A;BX4 group. Previously, some
crystals of this group have been studied, and many of them were found
to have a series of phase transitions that are accompanied by changes in
crystal symmetry and, as a consequence, their physical properties [1-5].
The influence of structural transformation on the optical properties was
studied for a row of AyBX4 crystals like K3SO4 [6], LiNH4SO4 [7,8],
K1.75(NH4)0.25504 [9]. It was also shown a significant effect of isomor-
phic substitutions and impurities addition on the electronic structure

and optical parameters of A;BX4 crystals [9-11] like in a case of some
semiconductors [12,13]. The study of such an effect can be used for
predicting new materials with predetermined properties.

A promising representative of the ApBX4 group is ammonium tetra-
fluoroberyllate crystal (AFB), (NH4)2BeF,. It can be grown from aqueous
solution by temperature lowering method [14]. Structural studies of the
crystal were conducted in Refs. [15-18]. AFB reveal three possible
crystalline phases. At low temperatures, the crystal is in the ferroelectric
phase with the Pcn2; space group symmetry. At a temperature of T =
176 K [16] there is a phase transition from the ferroelectric phase to
incommensurate phase [15] with a modulation vector q = 0.5 a* [19].
An incommensurate phase is observed up to T = 182 K. At this tem-
perature, the crystal began transition to the paraelectric phase with the
Pmcn space group symmetry.

Previously, reported were studies of uniaxial pressure on phase
transitions and temperature-spectral-pressure dependences of the
refractive properties of (NH4)oBeF4 crystal [20]. According to the
spectral-temperature behavior of the refractive indices and
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birefringence of ABF, there is a birefringence sign inversion (an isotropic
point) in a crystal, which reveals isospectrality and can be controlled
using uniaxial mechanical pressures. The phenomenon of isotropic point
in AFB can be used in thermometry and pressure sensing [21], and for
different types of electromagnetic radiation control devices [22,23].

Additionally (NH4)oBeF, reveals good piezo-optical properties [24].
Spectroscopic studies of the AFB crystal doped with Co?" have been
reported in Ref. [25], and a consistent theoretical simulations of the
absorption spectra using exchange charge model of crystal field have
been performed.

Beside the considerable interest to the crystal, the fundamental study
of the electronic structure of the AFB for room-temperature phase has
not been reported in the literature, to the best of our knowledge. Only
the band-structure study of the AFB crystal in the ferroelectric phase
(low temperature phase) was performed so far [26]. Therefore, study of
the electronic properties of FBA remains relevant. In particular, the in-
terest in such a study is enforced by the possible peculiarities in the
electronic spectrum of the crystal owing to the presence of light atoms in
the structure, and fluorine. The latter can reveal strong chemical action
and, as a consequence, significantly affect the properties of the material.

The work is devoted to the first-principles study of the electronic
structure, optical spectra and elastic properties of FBA crystals, and
experimental study of the spectral dependences of refractive indices at
room temperature. The paper consists of three sections. The second
section provides details of the synthesis and experimental studies, as
well as a description of the methodology and parameters used for the
calculations. The third section is devoted to the coverage of the results of
calculations, their discussion and comparison with the experimental
results. At the end of the article the main conclusions are made.

2. Methods of calculation and experimental technique
2.1. Crystal growing and refractive index measurements

The FBA crystals was grown from the aqueous solution using the
temperature lowering method. Commercially available (NH4),BeF4 salt
of high purity (99.98%) was dissolved in the distilled water. The solu-
tion was filtrated, poured into the container and placed into the ther-
mostat where crystallization was carried out. The saturated solution was
cooled from 60 °C to 20 °C. The temperature decreasing was controlled
by the microcontroller with precision AT = 0.1 °C. Obtained crystal
revealed good optical quality and had a well-defined crystallographic
shape with dimensions about 38 x 25 x 18 mm.

Measurements of the refractive indices n;(A) was performed using the
standard immersion method with an accuracy not less than 2 x 10~%.
The method is well suited for the AsBX4 crystals study and is described
for instance in Refs. [7,8,10]. The refractive indices of studied crystals
were measured on thin plates cut from large single crystal using dia-
mond saw. Oriented plates with thickness approximately 0.1-0.2 mm
and with parallel faces was polished using diamond paste. As immersion
liquid the mixture of gasoline and isopropyl alcohol was used.

2.2. Computational details

Calculation of the electronic structure and physical properties of
(NH4)2BeF, crystal was performed using CASTEP program [27]. The
program is based on the density functional theory (DFT) [28,29]. The
method implemented in the program combines the pseudopotential
approach together with the plane waves, which makes it fast and widely
used in chemistry and solid-state physics. The ultrasoft pseudopotential
was used for ionic core description. For the valence electrons, the
following electronic configuration was used: H 1s%; Be 25% N 252 2p% F
2s% 2p°. The cut-off energy, which controls the number of plane waves
was set at 400 eV. Integration over the 1st Brillouin zone was performed
at points of the 3 x 3 x 2 k-mesh chosen by Monkhorst-Pack scheme
[30]. The values of cut-off energy and k-mesh used for calculations were
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obtained from preliminary test of total energy convergence. The solution
of the Kohn-Sham equations is self-consistent in the method. The
self-consistent procedure was performed until the preliminary set cri-
terion of 2 x 1077 eV was reached. The generalized gradient approxi-
mation (GGA) together with Perdew-Burke-Ernzerhof (PBE)
parametrization were used for description of quantum effects of ex-
change and correlation [31]. The method is well tested on a row of
isomorphic to AFB crystals of ApBX4-group, showing good agreement of
calculated results with available experimental data (see e.g. Ref. [7]).
The crystal structure was optimized before the calculations of electronic
structure and  physical properties. The  Broyden-Flatcher
-Goldfarb-Shanno algorithm (BFGS) was applied for optimization of
the experimental structure [32]. The procedure was performed with the
following convergence criterion: maximum force 3 x 1072 eV/A;
maxjn}um stress 5 x 1073 GPa; maximum atomic displacement 1 x
107" A.

3. Results and discussion
3.1. Crystal structure of (NH4)2BeF4 crystals

First, let as consider the structural peculiarities of the close relative of
AFB, the ammonium sulfate (AS) crystal, physical properties of which
are far more studied. The crystalline structure of AS compound in the
room-temperature phase [NH4]2[SO4] rt,0P28,62 [33] is the same as in
the low-temperature phase [NH4]2[SO4] 1t,0P36,33 [34] and can be
represented as stacking of [SO4] 2'(orange tetrahedra) and [NH4]™ (blue
tetrahedra) ions. Accordingly, the second coordination environment
(SCE [35]) of anion atoms for these compounds are in the form of a
hexagonal analogue of a cuboctahedron, as presented in Fig. 1. As can be
seen from Fig. 1, the nearest coordination environment (NCE [36]) of
anion atoms in both compounds is in the form of a deformed trigonal
prism with one additional atom against the side face.

The structure of AFB compound, [NH4]2[BeF4] rt,0P28,62 [17] or its
split version [NH4l2[BeF4],0P76,62 [18] is represented by a similar
second coordination environment and nearest coordination environ-
ment for anion atoms. During the temperature decreasing occurs the
lowering of symmetry within identical space groups both in
[NH4]2[BeF4] 1t,0P56,33 [17] and corresponding sulfate. As can be seen
from the NCE of cation atoms within the SCE of anions of the
[NHy4]2[BeF4] rt and [NH4]2[SO4] rt crystals (Fig. 2), at almost identical
ionic radiuses of F~ and 02~ the interatomic distances F — H are reduced
compared to the corresponding O — H distances. This may indicate
different conditions for the location of [NH4]" cations within the same
type of anionic sublattices, that can be traced on the example of the
studied physical properties of materials based on these compounds.

Before calculating the electronic parameters, such as density of states
and band-energy structure, as well as other physical properties of the
material, the obligatory geometric optimization of the structure was
performed. In this work, we performed a complete geometric optimi-
zation, which includes the search for equilibrium lattice parameters and
the coordinates of atoms that correspond to the ground state of the
system. During the optimization procedure, the symmetry of the unit cell
was constrained. The parameters of the crystal lattice of the ammonium
fluoroberylate crystal obtained by geometric optimization are shown in
Table 1. Here, for comparison, given is the experimental data of X-ray
analysis taken from the literature [17].

As seen from Table 1, the optimized using the GGA functional crystal
lattice parameters are close to the experimental ones. For the optimized
geometry observed is overestimation of the lattice parameters, and as a
result the increased cell volume. Previously, such overestimation was
observed for the LINH4SO4 [7], K2SO4 [37], LiNaMogO3 [38] crystals,
and other, and can be referred to a general characteristics of GGA-based
optimization. The a lattice parameter of the AFB crystal almost coincides
with the experimental data (deviation is <1%). Parameters b and ¢ show
stronger deviation, 16% and 5%, respectively. This may indicate the
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[NH4]2[BeF4] rt,0P28,62

[NH4]2[BeF4] 1t,0P56,33

Fig. 1. Stacking of atoms within SCE in the structure of [NH4]5[SO4] and [NH4]2[BeF4] compounds.

2191 2385

[NH4]o[BeF4] rt,0P28,62

[NH4]2[SO4] rt,0P28,62

Fig. 2. The NCE of cation atoms within the SCE of anions in the structure of
[NH4]2[SO4] rt and [NH4]2[BeF4] rt compounds.

Table 1
Experimental and optimized unit cell parameters of (NH4),BeF, crystal in the
paraelectric phase.

Parameter Experiment [17] Calculation (GGA)
Space group no. 62 62

a, A 7.531 7.587

b, A 5.874 6.830

¢, A 10.399 10.941

v, A3 460.02 566.95

z 4 4

strong interaction between ions in direction of a-parameter, while the
weakest bonding is in the direction of b-parameter, leading to unit cell
deformation in the corresponding direction. The general deviation of the
lattice volume of the optimized crystal structure is 23%.
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3.2. Electronic structure

Electronic band structure defines majority of physical processes in
materials. Its study is useful for explanation and interpretation of the
already obtained experimental results of AFB. For the calculation of the
band structure the optimized structural parameters of the crystal were
taken as initial data. The band structure of (NH4)2BeF,4 was calculated at
the high-symmetry points of Brillouin zone and along the lines that
connect them in the following direction: ' 5 Z->T—->Y—->S—>X->U—
R. The electronic band structure of (NH4);BeF, crystal calculated with
GGA functional is shown in Fig. 3. The structure of the first Brillouin
zone is depicted on insert of Fig. 3. The band structure is built in the
energy range from —22 eV to 15 eV and this range can be divided into
two regions. The valence band consists of a set of narrow bands located
near —20 eV, —16 eV, —5 €V and in the energy range from 0 to —3 eV.
These bands become wider with the approaching of the top of valence
band. The topmost band is the widest in the valence band. All levels of
the valence band are nearly flat. Considering the low dispersion of
levels, it can be concluded that the top of valence band is located at I'

E, eV

-20

r z T Y S X U R

Fig. 3. Calculated band structure of (NH4)»BeF, crystal. The structure of Bril-
louin zone for orthorhombic crystal is shown on insert. The coordinates of high-
symmetry points are following: I (0; 0; 0); Z (0; 0; 0,5); T (—0.5; 0; 0.5); Y

(—0.5; 0; 0); S (—0.5; 0.5; 0); X (0; 0.5; 0); U (0; 0.5; 0.5); R (—0.5; 0.5; 0.5).
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point of Brillouin zone. A low dispersion of energy levels was previously
shown for other crystals of A;BX4 like LiNH4SO4 (a- and p-modifica-
tions), LiNaSOy4, K 75(NH4)0 25504, K2SOy4, etc. and is related to quite
significant isolation of structural complexes in crystals, which for the
case of AFB crystal are the NH4 and BeF, tetrahedra. Particularly, it can
be explained by the fact, that the atoms inside the NH4 and BeF4 com-
plexes are bonded by strong covalent bonds, and hence, the corre-
sponding tetrahedra interact by ionic bond.

Conduction band of the crystal consists of a wide band from 6.3 eV to
14 eV and is characterized by the significant dispersion of four lowest
energy levels. Electron levels at higher than 10 eV energies reveal a low
dispersion similarly to the valence-band’s levels. The bottom of con-
duction band is located at the center of Brillouin zone. Therefore, one
can conclude, that fundamental edge of the crystal is formed by the
direct I'y — I, electronic transitions. The band gap value estimated from
the calculated with the GGA functional band structure is equal to 6.39
eV. Unfortunately, the experimental fundamental absorption edge
study, from which the exact band gap value can be obtained is unknown
by now. It is a known fact that when calculating the band-energy
structure within the formalism of the density functional theory with
using GGA functional, the band gap is underestimated [38,39]. This
underestimation, as reported in the literature, can reach 50% of the true
value obtained from the experiment. In some cases, for narrow-band
semiconductors, it may erroneously give a zero value of E,. In
Ref. [8], the band-energy structure of B-LiNH4SO4 crystal was studied
and it was estimated that values of the band-gap underestimation for
materials of A;BX4 group are near 2 eV. Therefore, we predict that the
band gap value E, for (NH4)2BeF, crystal should be close to 8 eV. Any
other theoretical studies of the (NH4)2BeF, crystal at room temperature
(paraelectric phase) are absent in the literature, however, previously
calculations were performed for the AFB crystal in the ferroelectric
phase. For the low-temperature phase of the crystal, calculated using the
same approach band gap value is Eg = 6.79 eV [26]. It follows that as the
temperature increases and transition from the ferroelectric phase to the
paraelectric phase through the incommensurate phase takes place, the
band gap of the crystal increases.

In general, the band structure of (NH4)oBeF, crystal is very similar to
that of studied recently sulfate-group crystals. Here, the theoretical
studies of LiNH4SO4 [8], LiNaSO4 [40], K1.17[NH4]0.25504 [9], and other
crystals of ABSO4 group showed similar flatness of valence bands. The
lowest levels of conduction bands of these crystals also reveal the highest
dispersions with the conduction band bottom located at I' point. The
previous experimental study of XPS and XES spectra for LINH4SO4 in o-
[7]1 and B- [8] modifications, and KoSO4 [10] crystal showed perfect
agreement of experimental spectra with the calculated using GGA
functional band structures and spectra of partial density of states, con-
firming the high suitability of the applied method for study of such
materials. The band structure of the isostructural to AFB (NH4)2SO4
crystal has quite similar dispersion, but the band gap is of indirect type.
The lowest calculated bandgap value for ammonium sulfate crystal is
equal to 4.6 eV, being 1.79 eV smaller than for (NH4);BeF4 crystal.
Therefore, the increasing of band gap value at substitution SO4 — BeF4 is
observed.

Calculated using GGA functional total density of states (DOS) and
partial density of states (PDOS) are depicted in Fig. 4. The main peak for
N atom in the PDOS spectra is located at —5 €V and corresponds to 2p-
electrons. Near —15 eV 2s-states of nitrogen are represented by the peak
of low intensity. 1s-states of H are presented in the valence band at —5
eV and —16 eV, hybridized with the nitrogen states. The main contri-
bution of hydrogen atoms is in the conduction band. The main contri-
bution of beryllium atoms is represented by the 2s states in the bottom of
the conduction band. The F-2s states are presented in the spectrum at
—20 eV by the intensive peak. The F-2p states form the highest valence
levels. As evidenced from the PDOS spectra the fundamental absorption
edge of (NH4)2BeF, crystal is likely to be formed by the transition from
the F-2p states to 2s-states of beryllium.
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Fig. 4. DOS and PDOS of (NH4);BeF, crystal calculated using GGA functional.

As additional study of the electronic properties of AFB, Mulliken and
bond population charges were calculated. This allows to obtain useful
information on chemical bonding, which can be extracted from the
atomic charges and bond population analysis using the Mulliken
formalism. The calculation of charges is based on the method of linear
combination of atomic orbitals (LCAO), and the implementation of this
method was carried out by Segall et al. [41,42]. The atomic populations
for (NH4)2BeF4 crystal were calculated using the GGA functional and are
collected in Table 2. Deviation of the effective charges in crystal from
ones expected from the chemical formula can testify about dominating
covalent character of the chemical bonding and strong hybridization of
bonds in (NH4)2BeF4 crystal.

The shortest cation-anion distances for the constituent atoms of the
(NHy4)2BeF4 compound together with bond overlap populations calcu-
lated using GGA functional are collected in Table 3. The maximum
population of N — H bond in AFB is 0.62. At the same time, Be — F
bonds has population 0.31. To additionally analyze the type of bonding,
we calculated the ionicity of bonds using the following equation

Ipe—r)
fi=l—e" 7" @
here P is overlap population, and P, is overlap population of purely
covalent crystal and is equal to 1. The equality of the f; parameter to 1
indicates an ionic bonding type, while zero value indicates a pure co-
valent bonding type. The calculated values of the bonds ionicity are also
given in Table 3. As can be seen from the table, the crystal has a
covalent-ionic type of chemical bonding with a large contribution of
ionic component. Atoms in the [NH4] and [BeF4] structural complexes
are joined by covalent bonding, although [BeF4] tetrahedra reveal a
high degree of ionic component in Be — F bonding. The [BeF,4] and
[NH4] complexes interact with each other by the ionic bonds.

Similar conclusions can be drawn from the consideration of

Table 2
Atomic populations (by Mulliken) (in units of the proton charge) of the con-
stituent atoms of (NH,4),BeF, crystal.

Species s p d Total Charge (e)
H 0.58 0.00 0.00 0.58 0.42

Be 0.17 0.56 0.00 0.72 1.28

N 1.66 4.36 0.00 6.01 —-1.01

F 1.95 5.71 0.00 7.66 —0.66
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Table 3
Lengths and overlap populations of the shortest atomic bonds and bond ionicity
of (NH4),BeF, crystal.

Bond Population Length (A) fn
H—N 0.62 1.04759 0.46
Be —F 0.31 1.60791 0.89

electronegativity of atoms. For the NH4 tetrahedra the difference in the
electronegativities of the N and H atoms is equal Ay = 0.9. A small value
of electronegativity difference indicates a significant fraction of cova-
lency in the N — H chemical bond in the corresponding tetrahedra. For
BeF, complexes the electronegativity difference between the Be and F
atoms is Ay = 2.5, that is usual for bonds with the significant fraction of
iconicity. The consideration of the chemical bond character shows the
agreement between the calculation of bond populations and electro-
negativity differences analysis.

For clarity, we calculated the charge distribution near the corre-
sponding structural units. Fig. 5 shows the charge density cross-section
along the N — H and Be — F bonds. As one can see, the distribution of the
electronic charge in NH4 tetrahedra is characterized by the deformation
together with the strong overlapping of electronic clouds of N and H
atoms, respectively. Such distribution is typical for directed covalent
type of chemical bond. In BeF, tetrahedra charge density is of spherical
shape, confirming almost purely ionic bonding between the F and Be
atoms. This fact is in consistency with the results of the bond charge
population analysis and analysis of the electronegativities.

3.3. Optical spectra

AFB is known to be a transparent dielectric crystal [20]. According to
the symmetry, the crystal is biaxial and its optical indicatrix is charac-
terized by three different refractive indices. Unfortunately, experimental
studies of AFB in a wide spectral range are lacking in the literature, thus
theoretical study of optical spectra are performed in this work.

Optical properties of solids can be described by dielectric function
e(w), which is the complex function e(®) = €1(®) + iea(w), where &1(®)
and ey(o) are real and imaginary parts of dielectric function, respec-
tively. This function is related with other optical functions, like refrac-
tive index n(w), extinction coefficient k(w), absorption coefficient a(w),
optical conductivity o(w), etc. The absorption processes are associated
with the imaginary part of dielectric function e5(®) [43]. The latter can
be estimated by integration of elements of dipole matrix operator be-
tween the filled states of valence band and empty levels of conduction
band

Fig. 5. Cross-sections of charge density for N — H and Be — F bonds of the
(NHy4),BeF, crystal calculated using GGA functional.
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where e is the electron charge, Q is the unit cell volume; y}, and y; are
the wave functions of the conduction band and valence band in k-space,
respectively; g is the dielectric permittivity of vacuum; u is the incident
photon polarization vector; r is the operator of electron position, and E is
the photon energy. The real part of the dielectric function €;(®) is related
to its imaginary part eo(w) and can be obtained from it using the Kra-
mers—Kronig relation [44]
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Due to anisotropy of crystalline materials the dielectric function
describing it is a tensor quantity. According to the symmetry of
(NH4)2BeF,, the crystal should be characterized by three different ey, €y,
and ¢, values. Fig. 6 shows the dielectric functions of the (NH4),BeF,4
crystal calculated in this work for polarized light and for the 0-35 eV
energy range. As one can see, the dielectric function possesses a signif-
icant anisotropy. Its values are close for X and Z directions in the low-
energy range and for the Y and Z directions at higher energies. The
static dielectric constant (w — 0) obeys the following inequality &, > €,
> gy and is equal to ey = 1.255, ¢, = 1.236, and &, = 1.250. The main
peak in the imaginary dielectric function e5(w) referred to the transition
of the electron from the top of the valence band to the bottom of the
conduction band when absorbing a quantum of light with energy cor-
responding to the band gap is located at the energy of ~7.9 eV. It cor-
responds to I', — T transition. This peculiarity is marked as a on e3(®)
spectra (Fig. 6 b). By analyzing the band structure, one can conclude,
that low-frequency peaks denoted as a and b correspond to 2p — 2s
electron transition between fluorine and beryllium atoms, respectively.
The ¢ and d peculiarities that contributes to e3(w) spectra at higher en-
ergies correspond to the 2p — 1s electron transitions from nitrogen to
hydrogen atoms inside the NH4 tetrahedra, respectively. According to
this, one can conclude that the BeF4 complexes give main contribution to
e9(m) in the low-energy range of the spectrum. The results obtained for
AFB crystal at room temperature are pretty close to the results obtained
by us for ferroelectric phase of AFB crystal at low temperature [26].

Using the equation

n(w) 4)

\/(sl(m)2 + ez(w)z) B +e1(w)
2 ;

the values of refractive indices n can be obtained from the spectra of the
dielectric function. Fig. 7 shows the spectral dependence of the refrac-
tive indices n(o) in the spectral range from 200 to 800 nm. The refractive
indices of the crystal obey the following sequence n, > ny > n, in this
spectral region and the dispersion of refractive indices is normal (dn;/dA
<0, fori=X, Y, and Z). The refractive indices for X and Z directions are
close to each other and reveal almost the same dispersion in all spectral
range. Such a characteristic can indicate possibility to induce a bire-
fringence sign inversion or isospectrality in the crystal by the tempera-
ture changing, applying of stresses or electric field.

In order to confirm these results, we have grown the (NH4)2BeF4
crystal and performed the refractive index measurements. Photograph of
the large single crystal obtained (approximately 38 x 25 x 18 mm in
size) is presented on the insert of Fig. 7. The crystal was homogenous
and of a good optical quality. The experimental results on the refractive
indices for FBA crystal at room temperature are also depicted in Fig. 7. It
can be seen from the figure, that the refractive indices nx ~ nyz, and in the
spectral range from 200 to 800 nm ny is a bit smaller than the refractive
index in X direction. These results are in good agreement with the
theoretically calculated data. The experimental data shows that the
refractive indices from the calculations are underestimated. This
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Fig. 6. Real and imaginary parts of dielectric functions of (NH,)2BeF, crystal calculated using GGA functional.
work from the Taylor series decomposition of the total energy E(V, 8) of
143 the investigated system with respect to the unit cell volume V, similarly
as was done in Refs. [39,45] using the expression
1
. E(V,8)=E(Vy,0) + Vo (Zr,»éiéi +5 chjaigiaj;) +0(5), (6)
.40 i ij

T T T
500 600 700

A, NM

T T
300 400 800

Fig. 7. Calculated and experimental refractive indices for (NH4),BeF, crystal.

underestimation can be caused by the disregard in current calculations
of indirect optical transitions, frozen phonons, as well as absence of
quasiparticles like excitons etc.

3.4. Elastic properties

State-of-the-art methods based on DFT allow not only electronic-
structure and optical properties calculations. Possible is also to obtain
elastic properties of solids, which are of a great interest from both a
fundamental and applied point of view. Elastic properties are related
with the sound velocities, heat transport, microcracks etc. In general,
elastic properties can be characterized by Hooke’s law, which for
anisotropic materials has the following form

6;; = Cijuéu 5)
where 6;; is mechanical stress tensor, Cjj the elastic coefficients, g the
deformation tensor. As a result of convolution only 36 components from
total 81 components remain. Since the (NH4);BeF; belongs to the
orthorhombic symmetry class, the linear elastic coefficients forma 6 x 6
symmetric matrix having 12 non-zero components for orthorhombic
phase, which than can be reduced to nine independent components (C11,
Ca2, C33, C44, Css, Ce6, C12, C13, and C3).

The Cj coefficients for the (NH,)2BeF, crystal are obtained in this

81

where E(Vy, 0) is the energy of the unstrained system, Vj is the equi-
librium volume, 7; is an element of the stress tensor, and §; is the Voigt
index [45]. The calculated elastic coefficients Cj; obtained for AFB
crystal using GGA functional are given in Table 4. Born criterion was
used to test the mechanical stability of the crystal structure [46]:

Cy > O,sz > 0,C3 > 0,Cyy > 07C55 > 07C66 >0
[Ci1 +Cn+ Cyi +2(Cio+ Ci3 + C3)] >0

(Cll +Cpp — 2C12) >0

(C[] + C33 — 2C13) >0

(sz + C33 — 2C23) >0

)

By inspecting Table 4, one can see that the elastic coefficients satisfy
Born criterion (7). It means that the crystal is mechanically stable. The
low values of the elastic coefficients indicate that (NH4)oBeF4 crystal is
relatively mechanically soft. The maximum elastic coefficients compo-
nent is C33 = 55.9 GPa, while the lowest one is Cgg = 5.11 GPa. The main
elastic coefficients form the following row C33 > C1; > Cap. As one can
see, the shear components are significantly smaller than the
compressional.

The experimental study of the elastic properties of AFB was reported
by A. Garg et al. [47]. In Table 4 the experimental elastic coefficients of
(NH4)2BeF4 crystal are shown for comparison. As one can see, both sets
of data are quite similar showing a good agreement between the
calculated Cj; values and reported previously data. Table 4 depicts also
the corresponding calculated and experimental elastic coefficients of
isostructural (NH4)2SO4, given for comparison.

Elastic compliance matrix is related with elastic coefficients matrix
as Cj = Sy L. The calculated and reported earlier experimental elastic
compliance components are listed in Table 5.

The Young’s moduli E,, E, and E, can be obtained from elastic
compliance coefficients S; using following relations: E, = ST1, E, = S33,
E, = S§3}. Poisson’s ratios can be calculated as v;j = S;;/S;. The obtained
characteristics for AFB are given in Table 6.

In order to characterize the elastic properties of polycrystalline ma-
terial, the elastic modulus is often used. For this purpose, the bulk
modulus B and shear modulus G should be calculated. Generally, those
moduli are estimated from the Voigt-Reuss-Hill (VRH) model. The Voigt
and Reuss scheme define respectively the maximum and minimum
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Table 4
Elastic coefficients Cj; (in GPa) of (NH4)2BeF, crystal calculated using GGA functional.
Method Cn Cao Ca3 Cas Css Ces Cr2 Ci3 Ca3

(NHy4)2BeF4 GGA 36.8 39.4 55.9 6.2 7.6 5.1 10.1 22.5 19.3
(NH,4),BeF4 Exp.” 38.2 35.6 24.5 9.6 10.1 7.9 17.8 15.2 14.1
(NH4)2SO4 GGAP 43.9 50.8 28.0 2.7 3.4 7.4 18.4 11.1 15.1
(NH4)2S04 Exp.° 35.2 29.7 36.0 9.5 7.0 10.3 14.1 15.7 17.3
2 Ref. [47].
b Ref [48].
¢ Ref [49].

Table 5

Elastic compliance coefficients S;; (in GPa ') of (NH,);BeF, crystal calculated using GGA functional.
Method S11 Saz S33 Saq Sss Se6 S12 S13 Sa3
GGA 0.0362 0.0308 0.0267 0.1622 0.1320 0.1957 —0.0026 —0.0136 —0.0096
Exp.” 0.0390 0.0410 0.0600 0.1040 0.0990 0.1270 —0.0130 —0.0170 —0.0150
@ Ref. [47].

Table 7
Table 6 able

Young modulus E; (i = x, y, and 2) (in GPa) and Poisson’s ratios v; (i, j = x, ¥, 2)
calculated for (NH4),BeF, crystals using GGA functional.

i E; Vij

x 27.62 Vxy 0.071 Vxz 0.377
y 32.51 Vyx 0.084 Vyz 0.312
z 37.47 Vax 0.511 Vay 0.360

Elastic bulk B and shear modulus G for polycrystalline (NH,4),BeF,4 (in GPa) and
experimental data for comparison.

Parameter Voigt Reuss Hill

Calc. Exp. Calc. Exp. Calc. Exp.
B 26.20 21.40 23.81 20.2 25.00 20.8
G 9.12 9.50 7.70 9.0 8.41 9.3

limits of these moduli. In Table 7 the bulk moduli B and shear moduli G
received by Voigt and Reuss schemes are given. The available experi-
mental data is shown for the comparison. The Hill values are arithmetic
mean of Voigt and Reuss values. The calculated By, Bg, By and Gy, Gg,
Gy are in good agreement with the literature data.

The Pugh’s ratio By/Gy reflects the brittleness or ductility of a ma-
terial and its critical value is 1.75. If Pugh’s ratio is larger than 1.75, the
material is ductile; otherwise, it is brittle. Calculated for (NH4)2BeF4
crystal ratio is By/Gy = 2.97, indicating that the crystal is ductile.

In order to evaluate the degree of anisotropy of the material’s elastic
properties, the anisotropy factors A;, A, Az, universal anisotropy index
AY, as well as bulk Ag and shear Ag anisotropy indices were calculated.
The shear anisotropic factor for the (100) shear planes between the
[011] and [010] directions is

4Cy

P S
"0+ Cy - 20

(®

for the (010) shear planes between the [101] and [001] directions is

4C55

P -
2T Cn+ Cp — 2G5

9

and for the (001) shear planes between the [110] and [010] directions is

planes is almost the same in the crystal. The lower A3 value shows
stronger deviation and higher anisotropy in (001) plane.
The bulk Ap and shear Ag anisotropy indices can be calculated using
the following equations
By — By Gy — Gg

Ap=—"-——x100%,Ac =
s e = G T Gr

x 100%. an
By + Bg

Here, Ap and Ag are equal to O for isotropic material, while for highly
anisotropic material these values can increase up to near 100%. For
(NH4)2BeF4 anisotropy indices Ap = 4.8% and Ag = 8.4%, indicating
that the shear anisotropy is greater than the bulk anisotropy. The uni-
versal anisotropy index taking into account both the shear and bulk
anisotropy can be calculated as

U GV BV
A _SG—R+B—Rf6. 12

The calculated value of AY = 1.02051 for (NH,),BeF, indicates sig-
nificant anisotropy of elastic properties of this material.

The additional straightforward method to depict the anisotropy of
the material’s elastic properties is to plot 3D surfaces of Young’s and
bulk modulus. Young’s modulus and bulk modulus for the orthorhombic
material can be obtained from the following equations

1

B= [(Sl] + S8+ Sl})l% + (S +S»n+ Sz})lé +(Sin+ 83+ 533)@7 )

Ay=—0—————. 10
TCh+Cp 20, (10) a3

The values of Aj, Ay, and A3 for an isotropic structure are equal to

one, and their deviation from unity is a measure of the degree of me-
E=[Sul} +2SpBE + Splt + 2S5 BE + Sull + 251321 + Sl + SssBE + Sesl212] a4

chanical properties anisotropy. The calculated values of anisotropy
factors for (NH4)2BeF4 crystal are Ay = 0.514, A = 0.535, and A3 =
0.365. Therefore, the shear anisotropy in the (100) and (010) shear

where S;; is the elastic compliance, I3, I, and I3 are the directional co-
sines. The spatial distribution of the Young’s modulus and bulk modulus
for AFB is shown in Fig. 8. As one can see, the Young’s modulus has a
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Fig. 8. 3D surface representation of the Young’s modulus E (a), and bulk modulus B (b), and planar projections of the (100), (010) and (001) planes of the Young’s
modulus E (c) and Bulk modulus B (d) of (NH4),BeF, crystal plotted for the GGA-calculated elastic compliance.

significant anisotropy, which is higher than bulk modulus’ anisotropy.
The planar projections of the Young’s modulus have a flower-like shape.
One can see, that the Young’s modulus in the (001) plane has greater
anisotropy then in (100) and (010) planes. It is easy to see from the
planar projections that (100) and (010) planes projections are almost
identical and possess large anisotropy. At the same time, bulk modulus
in (001) plane has a smaller value than in two other planes and has a
shape of circle conforming the isotropic behavior of bulk modulus.

4. Conclusions

Theoretical study of the band-energy structure of (NH4),BeF4 crystal
in paraelectric phase was performed in the present work using first-
principles calculations within the framework of density functional the-
ory for the first time. Ammonium fluoroberylate crystal was found to be
a direct-bandgap dielectric crystal with a band gap located at point I'.
The calculated band gap value is 6.39 eV. It was found that the
replacement of structural complexes [SO4] with [BeF4] leads to an in-
crease in the value of band gap obtained using GGA method by 1.79 eV.
The origin of the energy bands in the crystal was determined from the
calculation of the partial density of electronic states. It was found that
the top of the valence band is formed by 2p states of fluorine, while the
bottom of the conduction band is formed by 2s states of beryllium. Thus,
the edge of fundamental absorption of the crystal should be formed by F-
2p — Be-2s transition, which occurs inside the BeF4 tetrahedra.

As seen from the Milliken charges and bonds population of the
crystal, bonds inside the NH4 and BeF,4 complexes are covalent with an
ionic fraction. The Be — F bond reveals higher ionicity than N — H
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bond. These statements are further confirmed by the calculated electron
density distribution and electronegativities analysis.

The calculated optical functions for the crystal show a significant
anisotropy. The static dielectric constant (w — 0) obeys the following
inequality &, > e, > ¢y and is equal to &, = 1.255, ¢, = 1.236, and ¢, =
1.250. It is shown that the real part of the dielectric function and
refractive indices in the optical region of the spectrum in the X and Z
directions are close to each other, and the birefringence sign inversion or
isospectrality of the crystal can be expected to be induced by tempera-
ture, stress, or electric field. The experimental study of the spectral
dependence of refractive indices for grown AFB crystal was performed.
The calculated values of refractive indices were found to be smaller than
the experimental ones, yet the position of the dispersion curves agree
with the experimental and dispersive changes are quantitatively close
for both the calculated and experimental results.

The elastic coefficients and elastic compliance matrix were obtained
from the theoretical study of the elastic properties of (NH4)2BeF4 crystal.
The obtained values of C; were shown to be in good agreement with
previously published experimental data. From the obtained results,
Young’s modulus E, Poisson’s ratios v, as well as polycrystalline bulk B
and shear G moduli were calculated for the crystal. The degree of elastic
properties anisotropy is shown through the calculated anisotropy co-
efficients. The 3D surfaces of Young’s modulus E and bulk modulus B
spatial distribution show that Young’s modulus has a higher anisotropy
than bulk modulus. The greatest anisotropy of Young’s modulus is
observed for (001) plane.
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