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1. Introduction

Compounds containing beryllium in combination with
nitrogen, fluorine, chlorine, bromine and iodine atoms are
of practical interest as materials with a wide band gap
and semiconductor properties. At the same time, they
can also be considered as a basis for searching for their
closest, but more complex structural analogues combining
the properties noted above. From the point of view of
atomic coordination, the closest candidates are crystals with
the structure of chalcopyrite or antichalcopyrite, and in
terms of composition, the most promising among beryllium
binary compounds are crystals BesN,, BeF,, BeCl,, BeBr,
and Bel,.

Beryllium dinitride BesN; is used in refractory ceramics
and nuclear reactors [1], and two structural modifica-
tions have been experimentally established for it: cubic
(a-BesNy) [2,3] phase, stable under normal conditions,
containing tetrahedra BeN4 with common angles and edges,
and hexagonal (B-BesN,) a high-temperature phase ob-
tained from the a-phase at temperatures above 1400°C [4]
containing, in addition to the tetrahedra BeNy, links
BeNj. Calculations for the hypothetical high pressure phase
(y-BesNy), performed within the framework of the density
functional theory by the method of linear combination of
atomic orbitals [5], showed that p-Be;N, can be derived
from a-BesN, and S-BesN, at very high pressures: 125
and 86 GPa, respectively.

Beryllium difluoride BeF, is used for the most ef-
ficient synthesis of beryllium metal [6], as well as in
biochemistry as a phosphate simulator and, in an alloy
with lithium fluoride, as a coolant in nuclear reactors.
Anhydrous beryllium fluoride (BeF,) has a much greater
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polymorphism [7] than BesN,, it can crystallize in phases
similar to silicon dioxide (SiO;), including in the cristo-
balite structure (B-SiO;), consisting of tetrahedra BeF4
connected by vertices. Since the structure of B-SiO, is
similar to the structure of chalcopyrite (CuFeS;), consisting
of three sublattices [8,9], where each atom is tetrahe-
drally surrounded by atoms of a different sort, you can
choose crystals a-Be;N, and BeF, as starting materials
for modeling a triple diamond-like hypothetical compound:
BesN; + BeF, — Be,NF. With the ordered filling of the cor-
responding sublattices, a Be,NF crystal with the structure
of antichalcopyrite [10] is obtained, in which the N and F
atoms are placed in cationic sublattices, and the Be —atoms
in anionic.

Beryllium dichloride BeCl, is used in medicine to
diagnose tuberculosis, beryllium dibromide BeBr, in combi-
nation with diethyl ether is an extremely active catalyst for
organic bromination reactions, and beryllium diiodide Bel,
is used to produce high-purity beryllium [11].

The beryllium compounds discussed above have suf-
ficiently similar characteristics, which allows us to con-
sider them as a common basis for constructing an iso-
cationic series of triple diamond-like hypothetical com-
pounds Be,NF, Be,NCl, Be,NBr and Be,NI, and the
purpose of this work is a theoretical study of the
electronic and vibrational characteristics of these crys-
tals based on the application of first-principle calculation
methods.

2. Calculation method

Calculations of the electronic structure and dynamics of
the lattice of crystals Be,NA were performed within the
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framework of the density functional theory [12,13] in a
local approximation to describe the effects of exchange and
correlations [14] using the Quantum Espresso application
package [15]. Two types of pseudopotentials were used
to describe the electron-ion interaction: norm-preserving
pseudopotentials with valence configuration 2s? and 2s?2p?
were used for Be and N atoms; for anions F, Cl, Br, I —
ultra-soft pseudopotentials [16] in the configuration ns>np>,
n=2,3,4,5 To represent single-particle functions and
electron density, the basis of plane waves with energies
100 Ry and 1000 Ry, respectively, was used; integration over
the Brillouin zone was performed by the method of special
points on the k-Monhorst-Pack grid [17] with dimension
4 x4x4  The complete optimization of the crystal
geometry, including the lattice parameters and the positions
of atoms in the cell, was performed using the quasi-
Newtonian Broyden-Fletcher-Goldfarb-Shanno (BFGS) [18]
method.

3. Results and discussion

The structure of the antichalcopyrite, Fig. 1, is the
Hnversion of the” chalcopyrite structure — the spatial
symmetry group 1-42d — D13 — Ne 122 [19] with by
replacing anions in the formula ABC, with cations, ie.
ABC, subject to formal valence rules. The unit cell contains
8 atoms (Z =2) located in positions with coordinates:
Be — (u,a/4,¢/8), (—u,—a/4,c/8), (—a/4,u, —a/8),
(a/4, —u, —c/8); N — (a/2,a/2,0), (a/2,0,c/4), A —
(0,0,0), (0,a/2,c/4). As an initial approximation, the
ideal chalcopyrite structure was used to determine the
structure of the crystals under study, for which the
lattice parameters a and € = 2a were determined using
the values of the covalent radii of the corresponding
atoms, and the value of u=0 was set for the offset of
cations. The results of geometry optimization are presented
in Table 1.

As can be seen, the main parameters of the crystal
structure of Be,NA exhibit a characteristic series depen-
dence, increasing with the increase in the atomic number
of the halogen, and their changes correlate well with the
corresponding changes in the atomic radii of halogens,
which is expressed most noticeably during the transition
from Be,NF to Be;NClL

The band structure Be,NA calculated for the most
symmetric directions of the Brillouin zone, as well as the
spectra of the total and projected density of states are

Table 1. Crystal structure parameters Be;NA

BexNA [ a,A | c,A | c/a| u |BeN,A|Be-A A
Be,NF | 3.974 | 7977 | 2007 | 0323 | 1573 1.906
Be,NCI | 4468 | 8380 | 1.876 | 0367 | 1.642 2244
Be,NBr | 4619 | 8570 | 1.856 | 0384 | 1.663 2373
Be,NI | 4811 | 8938 | 1.858 | 0408 | 1.700 2.560

Figure 1. Crystal structure Be;NA (A=F, Cl, Br, I).

shown in Fig. 2, where the vertex of the valence band is
taken as the origin of the energy reference. Despite the
differences in details that appear in the overall picture of
the band structure when moving along a series of Be;NA,
the composition of atomic states indicates a significant
similarity in the electronic structure of the crystals under
consideration. At the same time, in the valence region,
the full width of which varies in the range Be,NA in
the range from 24.0 to 16eV, three groups of zones
can be distinguished. The zones of the first group,
located in the range from 0.0 to 8.0eV, have a mixed
character and are formed by p-states of nitrogen atoms
with predominant contributions in the upper part, and
p-states of halogen with the maximum contribution in
the lower part; at the same time, for Be,NF, a small
gap is observed at energies of the order of —4.0eV. The
zones of the second group are located at a depth of
about —12.0eV and in composition almost completely
correspond to the s-states of nitrogen atoms. The third
group of zones is formed by s-states of halogen atoms,
while their energies consistently increase from —24.0
to —12.0eV, where in the case of Be,NI, it merges with
the zones s-nitrogen states whose position is practically
unchanged.

All compounds Be,NA, as follows from Fig. 2, are
dielectrics with the band gap width 4.47 (Be,NF), 3.33
(BeaNCl), 2.73 (BeaNBr) and 1.9 eV (Be,NI). These values
are underestimated due to a well-known feature of the local
approximation of the density functional theory. To estimate
more realistic values, a semi-empirical ratio can be used to
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Figure 2. Zone structure, total and projected density of states Be;NA (A =F, Cl, Br, I).

correct for the band gap width [20]:

Ag, eV = 9;()3,
£
which, considering the results of Table 2, gives the values
7.23 (BeaNF), 540 (BeyNCl), 4.50 (BeyNBr), 3.18eV
(BezNI).

Thus, it can be concluded that the zone structure is
similar in basic features to the zone structure of crystals
with the structure of (anti)chalcopyrite.

To analyze the type and features of the chemical bond
in the compounds Be,NA in this paper, maps of electron
density distributions, Fig. 3, as well as electronic localization
functions (ELF) are used [21-23], fig. 4. As can be seen
from Fig. 3, all crystals are characterized by an almost
complete absence of charge in the vicinity of beryllium
atoms and a sufficiently strong localization of charge in
the vicinity of nitrogen and halogen atoms, and for the
latter it is maximal in the Be,NF crystal. This indicates
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that all the compounds under consideration by the type
of chemical bond are largely ionic. At the same time,
when moving along the Be,NA series, as a consequence
of the increased hybridization of the p-states of nitrogen
and halogens (Fig. 3), there is an increasingly noticeable
tendency to generalize the charge between all three types
of atoms, as indicated by the general contour covering
them with a noticeable charge value, as well as a change
in the shape of electronic clouds of nitrogen and halogen
atoms, which become more elongated towards the atoms of
beryllium.

The features noted above can also be observed on the
maps ELF Be,NA, Fig. 4, in which, in addition to the
strong localization of electrons in the vicinity of nitrogen
and halogen atoms, the presence of a covalent component
of a chemical bond is manifested in the polarization of the
ELF cloud of a nitrogen atom with the predominant local-
ization on the N—Be line, as well as in the enhancement
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Figure 4. Electronic localization function (ELF) in Be;NA (A= F, Cl, Br, I).

of the degree of localization of electrons on the Be—A line,
which in all cases exceeds the value of 0.25, characteristic
of a homogeneous electron gas.

The results of calculating the response to an external,
homogeneous electric field and collective offset of atoms
performed for compounds Be,NA include permittivity ten-
sors, effective Born charges and phonon spectra.

In Table 2 and 3 represent the values of the main
components of the permittivity tensors (sl‘l’f’f) and the
effective Born charges, including the isotropic parts
(800’0 = (2830’0 + 8?’0)/33 <Zatom> = (Eizatom,ii>/3)~

As can be seen, the permittivity tensors differ in the
degree of anisotropy, but have a general tendency to increase

it in the series Be;NA, which is consistent with an increase
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Table 2. Dielectric constants of crystals Be;NA

Be;NA e eﬁ" e> s(i sﬁ £°

Be,NF 344 | 324 | 337 | 1341 | 538 | 10.74
Be;NCl1 | 463 | 419 | 448 | 1380 | 610 | 11.23
Be;NBr | 546 | 480 | 524 | 1516 | 6.75 | 1236
Be,NI 773 | 638 | 7.28 | 20.14 | 861 | 1630

Table 3. Effective charge tensors Be;NA (A =F, Cl, Br, I)

Z Be,NF Be;NCl Be;NBr Be;NI
Zaxx —1.499 —1.450 —1.469 —1.580
Zazz —1.243 —0.934 —0.785 —0.512
Zaxy —0.028 —0.033 —0.020 —0.071
(Za) —1414 —1.278 —1.241 —1.223
ZN xx —2.129 —-2.610 —2.898 —3.441
IN,zz —-2.199 —2479 —2.667 —3.018
N xy —0.002 —0.123 —0.190 —0.283
(Zn) —-2.152 —2.567 —2.812 —3.301
ZBe,xx 1.794 2.133 2372 2.846
ZBe,yy 1.822 1.896 1932 1.996
ZBe,zz 1.729 1.710 1.730 1.760
ZBeyz —0.160 0.018 0.077 0.149
ZBe,2y —0.230 —0.065 0.007 0.109
(Zge) 1.781 1913 2012 2.201

in the covalent nature of the bond, as already noted above.
In relation to effective charges, the following features can be
noted:

a) the degree of anisotropy increases with the transition
from Be,NF to Be,;NI and is the strongest for halogen
atoms, for which the ratio of transverse (xx) and longi-

tudinal (zz) components varies from 1.2 to 3.1, in contrast
to the corresponding values of 0.97—1.14 for nitrogen atoms
and 1.04—1.62 and beryllium;

b) the values of the effective charges in the series from
BesxNF to Be,NI differ from the nominal ones, indicating,
again, the presence of a covalent component of the chemical
bond, but systematically approach them, which is most
pronounced for the isotropic part of the tensors;

c) the presence of nonzero nondiagonal tensor compo-
nents allows us to estimate the degree of spatial extent of
the effective interaction with the crystalline environment,
and for halogen atoms it is limited to the nearest neighbors,
and for nitrogen and beryllium atoms we can talk about
an increase in the influence of the second, etc. neighbors,
and when changing the halogen from fluorine to chlorine,
as follows from Table 3, the roles of these atoms are
changing. The above features are determined by the
electrochemical parameters of the atoms and correlate well
with the values of electronegativity Be (1.6), N (3.0), F (4.0),
C1(3.0), Br(2.8), I(2.5), and in addition, allow consider
Be,;NCl as a boundary connection in the series Be,NA.

The vibrational spectrum of compounds Be,NA contains
24 modes (8 atoms in an elementary cell). For the center
of the Brillouin zone (point I'), the complete vibrational
representation can be decomposed by irreducible as

I'vib =A; +2A; +3B; +4B; +7E,

at the same time, 3 modes of type (B, + 1 E) belong to
acoustic, and the remaining 21 — to optical vibrations,
which, with the exception of the hidden Aj-modes, are
active in the infrared spectra (I: B, E) and Raman spectra
(R: Ay, By, By, E). The oscillation frequencies at the point T
are given in Table. 4, including splitting of longitudinal
(LO) and transverse (TO) optical modes; at the same time,
according to symmetry, oscillations of the type A; and A;

Table 4. Oscillation spectrum Be;NA (A = F, Cl, Br, 1) in the center of the Brillouin zone (I') (em™')

Symmetry Be,NF Be,NCl Be;NBr Be;NI Activity
A 657 510 460 379 R
A 985 581 822 751

645 860 563 521
B; 819 673 632 570
491 435 424 400 R
303 285 201 173
B, 1183/1084 983/916 929/864 839/776
LO/TO 571/518 561/514 556/510 529/546 I+R
372/445 301/336 251/281 225/254
E 932/993 782/846 736/807 658/739
LO/TO 700/771 593/647 551/563 490/487
484/513 460/497 441/482 414/454 4R
355/336 285/282 270/270 275/276
329/284 265/276 239/242 228/224
230/261 242/245 177/177 147/147
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Figure 5. Phonon spectra Be;NA (A =F, Cl, Br, I), total and projected frequency density (thin and bold lines, respectively).

are caused by the movement of only atoms of the cationic
sublattice (contributions of Be atoms are 100%), and the
rest are of a mixed nature.

The full phonon spectra of Be;NA are shown in Fig. 5
and, in general, have a fairly general character, due to
the crystal-chemical similarity of the compounds under
consideration, and do not contain regions with imaginary
frequencies, which indicates their stability. In all cases,
the spectrum is divided into two well-defined regions:
low-frequency in the range up to 200cm~!, where the
oscillations are almost entirely due to the movement of
the heavy sublattice of halogen atoms, and high-frequency,
corresponding to the collective vibrations of the atoms of the
light subsystem, whose contributions in the entire frequency
range are competing. A relatively small transition region of
the spectrum containing contributions of all three types of
atoms is present for Be;NF and Be,NCl, but it shrinks very
quickly and practically disappears for Be;NBr and Be,NI,

in the spectrum of which, in addition, a gap appears. An
increase in the mass of halogen atoms leads to a systematic
decrease in the full width of the oscillation spectrum, which
varies from ~ 1200 to ~ 850 cm~!.

4. Conclusion

The first-principle calculations performed for the group of
hypothetical crystals Be;NA (A = F, Cl, Br, 1) show that the
crystals are stable in the structure of antichalcopyrite and are
dielectrics whose band gap width decreases monotonically
with the increase in atomic halogen numbers, up to
values characteristic of semiconductors; and by the type
of chemical bond Be,NA should be attributed to strongly
ionic compounds, but with a noticeable contribution of the
covalent component. The above-mentioned features, as well
as the analysis of a number of other characteristics, including
dielectric constants, effective charges and parameters of

Physics of the Solid State, 2023, Vol. 65, No. 1



Electronic structure and lattice dynamics of Be;NA (A = F, CI, Br, |)... 79

vibrational spectra, thus allow us to classify the compounds
considered as promising for the targeted synthesis of
materials with specified properties.
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