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1 | INTRODUCTION

Julio R. Sambrano® |

Antonio C. Hernandes® |

Abstract

Ba;MgNb,0Oy is a double perovskite niobate with a trigonal structure with
space group Ds,’. Such a niobium-based compound has a great potential for
applications as microwave dielectrics in the telecommunication industry. In
this work, we report the lattice dynamics calculation results using a Short-
Range Force Field Model and Density Functional Theory to represent the opti-
cal phonon modes at I'-point of the Brillouin zone. The classical method uses
the nearest neighbor interactions through the interatomic force constants to
describe the local order for Raman and infrared spectra. At the same time,
density functional theory methods took into account two functionals (PBE and
B3LYP) in order to provide the optical modes through second derivatives of the
total energy. In both methods, theoretical optical modes are in good agreement
with reported experimental data. The combination of both classical and quan-
tum theoretical methods provided basis for a systematic discussion on the ori-
gin of the optical modes including the prediction of the dielectric tensor. We
believe that this work presents useful information about the structural and
vibrational characterization of Ba;MgNb,Oy perovskite and possible targeting
for its application as microwave dielectrics for the communication technology.
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important requirements should be fulfilled: a high dielec-
tric constant at microwave (gg > 50) for device miniaturi-

During the past decades, the telecommunication industry
has experienced a profound revolution after the invention
of the internet and widespread data transmission includ-
ing the global positioning system, internet of things, mili-
tary monitoring, and wireless in mobiles."* A key point
for such technologies was the microwave dielectrics to
design filters and resonator circuitry operating between
300 MHz and 300 GHz.> For a good performance, three

zation; low dielectric loss (tan §), which means a high-
quality factor (Q, X f = f/tan §; f is the resonance fre-
quency) for selectivity in the case of filters; and thermal
stability (zy oc Af/AT ~ 0 ppm°C™") to enable data trans-
mission at room condition or under extreme condition
without detuning, as the case of geostationary satellites.*
However, the achievement of reasonable values for these
quantities is always a challenge from a materials science
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point of view. For instance, the incorporation of a dopant
or substitution may not only lead to a high dielectric con-
stant but also usually brings losses in perovskite
compounds.

Examples of high-performance microwave dielec-
trics are the complex perovskites containing long-range
structural ordering at B-site, which can be in the 1:1
(A;B'B'0Og) or 1:2 (A3B'B",0o) forms. This process
breaks the aristotype cubic symmetry O,' into new
ones such as 0,° and D, space groups, respectively,
which provides a reduction in the dielectric loss. It
should be mentioned the case of Ba;MgTa,0y perov-
skite with & = 24, Q X f = 430 THz and
=38 ppm°C~".> Its main hindrance concerns the use
of tantalum oxide, which has a high cost due to its
limited resources. An alternative has to become the
niobium-based compounds in view of the chemical
similarities between Nb and Ta, besides the low cost
of niobium in global marketing.® This metal and its
ore are abundant, and they can be found mainly in
the neighborhood of Araxi, Brazil.” For this reason,
several research groups have devoted their attention to
BazMgNb,Oy in the last years. This perovskite has
es = 31, Q x f = 46 THz, and 7 = 18 ppm°C ">’
being worse for application than the tantalum-based
composition. On the other hand, these microwave
properties can be improved from an atomic level by
doping/substitution'®"* or from a microscopic level in
light of news strategies in ceramic processing, includ-
ing the solid-state synthesis, chemical synthesis, and
non-equilibrium sintering methods.***

Within the scope of the atomic level, the microwave
properties can be assessed from the vibrational spectros-
copy. Raman spectroscopy is a recognized local sensitivity
tool for probing the B-site ordering or phase transition
induced by octahedral tilting in complex perovskites.'>™*’
At the same time, the reflectance infrared spectroscopy
may provide intrinsic dielectric properties carried out by
the ionic polarization.'®*' This information is useful
because it can estimate the atomic level origin of the
dielectric tensor and dielectric loss from the polar pho-
non modes.** Therefore, it is very desirable to have a
complete description of the vibration patterns during
each transition allowed in Raman and infrared spectros-
copies. Such a description may be performed using group
theory and Cartesian coordinates analysis, but without
the accurate evaluation of the eigenvalues. The quantum
mechanical methods are also useful to precisely evaluate
the vibration patterns and their energies.”® Classical
methodologies based on a local description of the inter-
atomic bonds and harmonic approximation usually pro-
vide interesting insights into the electronic structure and
its role in the vibrational spectra.**

In this work, we devoted our attention to describe the
optical phonon mode in niobium-based ordered perov-
skite with chemical formula Ba;MgNb,Oy. We combined
both classical and quantum methods based on Short-
Range Force Field Model (SRFFM) and Density Func-
tional Theory (DFT), respectively, in our analysis.
Although previous works have already reported the elec-
tronic and vibrational properties using DFT procedures
in this system,*° we focused here on the derivation of
the dielectric tensor and the dielectric strength for each
polar phonon. Besides, to our knowledge until now, liter-
ature does not provide any work concerning the force
field studies on the optical modes at I'-point in 1:2
ordered trigonal Ba;MgNb,Oy perovskites. Indeed, we
already described the vibrational spectra in some com-
pounds including NdA1O,*” CdTiO3,?**° Ba,MgWO,,*
Ba;CaNb,0,,*! Fe,TiOs,** and BiOBr.** We aim to com-
bine both classical and quantum methodologies to get
further insights into the optical phonon description in
barium magnesium niobate, which is a promising mate-
rial for microwave applications. Based on our results, we
also discussed the effects of disorder on the phonon
spectra.

2 | NUCLEAR SITE GROUP
ANALYSIS

Ba;MgNb,Oy (BMNO), as an example of the 1:2 aris-
totype ordered perovskite structure, has a trigonal lattice
within Ds,> space group (P-3ml, N° 164) in which
a, = 5.77544(5) A and ¢, = 7.08762(1) A.>* Such a com-
pound has 15 atoms per unit cell (n = 15), leading to
45 degrees of freedom (3n). Based on the I'-point symme-
try operations belonging to the D;; point group, one
should expect the next irreducible representations: the
non-degenerate (A4, Ay, Az, and Aj,) and double-
degenerate (Eg and E,) representations. Table S1 summa-
rizes the fractional atomic coordinates and Wyckoff site
symmetry for Ba, Mg, Nb, and O atoms. The I'-point nor-
mal modes have the total representation
IroraL = 441 © Ay © SE; © 24, © 8A,, @ 10E,. In
particular, Mg and Nb atoms are located at 1b (Ds4) and
2d (Cs,) as sketched in Figure 1b,c, respectively. It means
that the [MgOg] octahedra have more symmetrical sur-
roundings than [NbOg] ones. This trend tends to activate
Raman modes at 2d asymmetrical position
(A1g @ E; © Ay, @ E,). Therefore, Nb displacements con-
tribute to the Raman spectrum, which does not occur in
the Mg case. Ba and O located at 2d and 6i also have
Raman active A4 and Eg-type irreducible representation.
From this site distribution, nine Raman (44, ® 5E,) and
16 infrared (7A4,, ® 9E,) modes should be observed in



FERRER ET AL.

Journal of

I WILEY_| 2

()

® OBa
® Mg
® Nb

FIGURE 1 (a)Atomic stacking in 1:2 ordered trigonal
Ba;MgNb,Oy perovskite representing the ordered stacking
sequence -Mg-Nb-Nb-Mg-Nb-Nb- along the {001}, direction.

(b) [MgOg] and (c) [NbOg] octahedra and their respective D34 and
C;, site symmetry within the trigonal space group Dy (P-3m1, N°
164). Structural representation was drawn with the ATOMS
software®! taken the structural data in Lufaso et al.** [Colour figure
can be viewed at wileyonlinelibrary.com]|

the vibrational spectra of BMNO system at room
condition.

The crystal structure of trigonal 1:2 lattice derives
from the cubic 1:1 aristotype unit cell within 0, (Fm-
3m, N° 225) space group for the ordered perovskites.>
Due to the large differences in charge and atomic radius
of B and B” atoms, the trigonal emerges from stacking of
planes along the {111}, direction of cubic cell in the
sequence —B'-B"-B"-B'-B"-B"-. Such a symmetry lower-
ing induces an increase in the number of phonon modes
for trigonal perovskites. In particular, the cubic 1:1 perov-
skite has four Raman (A, ® E, ® 2F,,) and four infrared
(4F,,) modes in the first Brillouin zone. In a previous
work,* two of us already described the optical phonons
using SRFFM in Ba,MgWOg that is a remarkable exam-
ple of 1:1 ordered perovskites. Its irreducible representa-
tion contains two triple degenerate F,,, which is splitted
into 2A;, @ 2E, for the trigonal lattice. The A,; and E,
phonons from cubic are maintained in the trigonal unit
cell, and the other three modes arise due to the special
features of the P-3 ml space group, that is, mainly con-
cerning its anisotropy along the c-axis, as shown in
Figure 1la.

RAMA
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3 | COMPUTATIONAL METHODS

3.1 | Classical calculations
The classical method was implemented on the package
written by Dowty as a framework to solve the secular
equation |F — AG™'| = 0, which contains the Wilson's GF-
matrix for the lattice dynamics calculations.>® A complete
description of the molecular vibration theory can be
found in Wilson, Decius, and Cross.>’ The secular equa-
tion carries information on the chemical bonds by means
of the potential energy matrix F, besides atomic data by
the kinetic energy matrix G. In such a way, the first-order
vibrational spectra can be approached using the first-
neighbor approximation based on the local atomic struc-
ture that obeys the Hooke's law: the valence (K;)-, repul-
sive (F;)-, and angle (H;)-type force constants, that is, the
SRFFM. This method has proven its effectiveness in
describing the vibrational properties of several com-
pounds, including rare earth orthovanadates AVO,,*®
alkaline earth molybdates AM00Q,,* cubic pyrochlore,*
CdTiO; ilmenite,*® and bismuth oxyhalide as BiOBr.*
Here, valence and repulsive forces (both stretching)
accounting the chemical bonds in the F matrix are not
enough to describe the transverse vibrations in the lat-
tice, explaining the use of bending forces (angles). The
stretching forces are related to the bonds between the
nearest neighbors Ba-O, Mg-O, Nb-O, and O-O,
whereas the bending forces are defined by angles bonds
0-Ba-0O, Ba-O-Mg, Ba-O-Nb, O-Mg-0O, O-Nb-0, and
Mg-0O-Nb. The complete set of force constants employed
to parametrize the local structure of BMNO is summa-
rized in Table 1. The value of each force constant was
obtained by the least-square fitting by comparing with
the experimental data extracted from Diao.> The solu-
tion of the secular equation also allowed us to obtain the
eigenvectors that represent the atomic motions for each
phonon mode, and they are represented in Figures 2 and
S1-S2, respectively, for Raman and infrared activities.
The second important information from the secular equa-
tion is the potential energy distribution (PED) coefficient
describing the weight of each force constant for a particu-
lar eigenvalue (the actual vibrational frequency), as listed
in Table S2. This coefficient is useful to understand the
local origin of the vibrational modes.

3.2 | Quantum calculations

Quantum models were also performed to study the vibra-
tional modes of the Ba;MgNb,0o. The models were cre-
ated based on the DFT using PBE" and B3LYP***
functionals implemented on CRYSTALI7 package.***
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TABLE 1

Multiplicity, interatomic distance or angle, and force constant values employed to parameterize the potential energy matrix

F in the framework of the short-range force field model for describing the vibrational spectra in ordered Ba;MgNb,Og perovskite

Force constant Between atoms Multiplicity
Valence

K, Bal(2d)-01(3e) 3
K, Bal(2d)-02(61) 6
K Bal(2d)-02(6i) 3
K, Ba2(1a)-01(3e) 6
Ks Ba2(1a)-02(6i) 6
Ks Mg(1b)-02(6i) 6
K, Nb(2d)-01(3¢) 3
Kg Nb(2d)-02(61) 3
Repulsive

F, 01(3e)-01(3e) 4
F, 02(61)-02(6i) 2
F; 02(6i)-02(61) 2
Angle

H; Bal(2d)-02(6i)-Mg(1b) 1
H, Bal(2d)-02(6i)-Mg(1b) 2
H; Ba2(1a)-02(6i)-Mg(1b) 1
H, Bal(2d)-01(3e)-Nb(2d) 2
Hs Bal(2d)-01(3e)-Nb(2d) 2
H, Ba2(1a)-01(3e)-Nb(2d) 4
H, Bal(2d)-02(6i)-Nb(2d) 1
Hy Bal(2d)-02(6i)-Nb(2d) 2
H, 01(3e)-Bal(2d)-01(3e¢) 3
Hiyo 01(3e)-Bal(2d)-02(6i) 6
Hip, Mg(1b)-02(6i)-Nb(2d) 1
H,, 02(6i)-Mg(1b)-02(61) 6
His 01(3e)-Nb(2d)-01(3e) 3
Hy, 02(6i)-Nb(2d)-02(61) 3

In this work.

The barium, magnesium, niobium, and oxygen atomic
centers were defined by S-RSC,* 6-311G(d),**
POB_TZVP,* and 6-311G(2d)** all-electron basis sets,
respectively. The calculations were conducted with the
truncation criteria for the Coulomb and exchange series
controlled by a set of five thresholds (1077, 1077, 1077,
107%, and 107°%), and shirking factors set of 8 and 8 for
Pack-Monkhorst and Gilat net, respectively. The Raman
and infrared phonons were determined from numerical
second derivatives of the total energy. Dielectric constant
and phonon intensities were performed with a
perturbative treatment in the presence of an electric field
perturbation according to the coupled perturbed Hartree-
Fock/Kohn-Sham method.***” Both Raman and infrared

Distance (A)/angle ©) Force constant value (N cm )?

2.883 0.063
2.888 0.037
2.922 1.312
2.888 0.231
2.871 0.134
2.107 0.060
2.096 0.681
1.931 0.394
2.888 0.086
2.819 0.606
2.956 0.384
87.95 0.669
88.86 0.148
89.42 1.093
88.03 0.878
91.97 0.894
90.00 0.519
88.68 1.821
91.13 0.364
60.11 0.370
58.87 0.413
176.63 0.041
89.10 0.051
87.08 0.127
93.80 0.064

spectra were generated and are shown in Figure 3, as cal-
culated by PBE and B3LYP functionals.

4 | RESULTS AND DISCUSSION

4.1 | Raman modes

The Raman modes determined from the SRFFM, by
interatomic force constants of Table 1, and by DFT
methods, are summarized in Table 2. Such modes are
compared with the experimental bands obtained by Diao
et al.>®> As a result, a good agreement was found between
both sets of vibrational data. The symmetry attribution
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FIGURE 2 Sketches of the A, ;-like modes

Raman modes (A, and E,) of the R

ordered Ba;MgNb,Oq perovskite as /

calculated using the short-range force

t 3ot}

field model and density functional Y ;;' ®
theory (PBE functional). The green, t ) ? 3
blue, purple, and red spheres represent ﬁ ,‘
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from DFT was in accordance with those ones experimen-
tally obtained. In Figure 2, we sketched the eigenvectors
of Raman active modes obtained after solving the secular
equation. The same vibration patterns were obtained
from DFT methods. For each mode, there are two pic-
tures representing the projection of the trigonal unit cell
along (100),, and (001),, planes. In those figures, we also
compared the calculated wavenumbers obtained from
both classical and quantum methods (only those derived
from PBE functional). From classical calculations, the
PED coefficients for each Raman mode are summarized
in Table S2, which is helpful to interpret correctly the
details on the lattice vibrations in BMNO perovskite. The
calculated phonon modes referred through the text con-
cern those estimated from the classical method.

The highest order wavenumbers of BMNO are
strongly dependent on the internal vibrations of [NbOg]
octahedra. In particular, the Raman mode Alg(4) centered
at 730 cm™' (expt.: 789 cm™') has major contributions
coming from repulsive interactions F, (PED ~ 34%) and

167 cm?

164 cm™

F3; (PED ~ 21%) between O-0O, besides the valence K3
(PED ~ 16%) and angle H, (PED ~ 14%) force constants.
It should be mentioned that H; is described by angle
bond Ba-O-Nb that elucidates the role of Nb atom. A
second point here is that repulsive forces F, and F; only
concern oxygen at 6i sites because they are the only ones
allowed for moving during for Raman activity. In
Figure 2, the Ba (at 2d) and Nb atoms move in opposite
directions, keeping the D;; symmetry of the unit cell.
Besides, the movements of oxygen anions at 6i sites also
maintain all the symmetry operations within the D4
point group invariant, seen in the projection along (001)y,
plane. Therefore, Alg(4) mode represents a breathing-type
vibration of oxygen octahedra.

In the literature, this breathing mode has been used
for probing both structural orderings at long-range and
local disorder.'>*¥%° For instance, the dielectric loss at
the microwave regime is well correlated with the degree
of ordering in BasB'B",0, perovskite."> Because the
ordering has a local description within the trigonal unit
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FIGURE 3
(c) infrared reflectance spectra as calculated using DFT methods
(PBE and B3LYP functionals) for the 1:2 ordered Ba;MgNb,0q
perovskite [Colour figure can be viewed at wileyonlinelibrary.com]|

(a) Raman, (b) infrared absorbance, and

cell, the microwave properties could be directly associ-
ated with optical phonons, particularly A;; breathing
mode. The evidence for this fact comes from PED coeffi-
cients that depend on Nb atoms located at 2d sites
through the H, force constant. This fact is in accordance
with the result reported by Blasse et al. on the sensibility
of A;; mode to detect local change in first-neighbors of
niobium octahedra.”® Any variation in crystallographic
sites due to partial order, when B’ and B” may exchange
their positions (antisite defect), is directly reflected into
peak parameters including position v, width I', and inten-
sity Ip. Such experimental results were already reported
for other examples of 1:2 perovskites, such as
Ba;CaNb,0,* and Ba;(Co,Zn,Mg)Nb,0,.*°

In the partial 1:2 ordered samples, two-phonon
behavior for Alg(4) mode usually appears, in which two
defined peaks in the wavenumber range 650-900 cm™
are always presented.”’ > The first one and less intense

TABLE 2
modes (A, and E,) at room condition for the ordered Ba;MgNb,0q

List of experimental and calculated Raman active

perovskite investigated in this work

o (cm™)
N° EXPT.? SRFFM® PBE® B3LYP®
Ag-like mode
1 105 127 98 102
2 263 255 266 271
3 437 418 428 450
4 789 730 778 800
E,-like mode
1 105 105 103 103
2 174 164 167 167
3 299 294 292 303
4 385 393 378 397
5 551 588 562 555

Abbreviations: ©, mode position (in units of cm™); EXPT.: experi-
mental; SRFFM: Short-Range Force Field Model; PBE: Perdew-
Burke-Ernzerhof; B3LYP: Becke, 3-parameter, Lee-Yang-Parr.

*In Diao et al.?*

*In this work.

has its origin still on debate, and the second one is the
Alg(4) from trigonal lattice, that is, the breathing-type
vibration. Recently, Ma et al. designated the first one as
symmetric stretching coming from localized 1:1 domains
in coexistence with 1:2 regions.*”>* This conclusion was
supported by other previous works on partial disordered
samples such as Ti-doped Ca;B'B"’,0,°> and
(Ba1,S1,)3CaNb,0,."¢ The Raman peak from 1:1 domains
has less energy than the 1:2 peak from the trigonal lat-
tice, which can be explained taking into account the dif-
ferent neighbors around Nb>* cations. In the 1:1 cubic
case, the surrounding is octahedrally symmetrical in
which one [NbOg] is linked to six [MgOe] octahedra,
whereas in the trigonal phase, such an environment has
asymmetries described by the point group C;,, as
sketched in Figure 1c. This fact is enough to change the
reduced mass (m*) and force constant and, then, the pho-
non position.

The Eg(4) mode located at 393 cm™' (expt.
385 cm™') resembles more a twisting vibration with
contribution from Kz (PED ~ 12%, Nb-O) force con-
stant, repulsive force constants F, and F; due to oxy-
gen motions at 6i sites. This mode also involves the K;
(PED ~ 29%, Ba-O) stretching bond and angle bond
H,; with Mg®* cations. It is also interesting to notice
that the Nb and Ba, both at 2d sites, are allowed to
move only through a- or b-axis. Another important
feature of this mode is its origin: Indeed, it is
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originated from the splitting of the F,, Raman mode
(twist vibrational of oxygen octahedra, see the case of
Ba,MgWO;>) from cubic 1:1 perovskite into A, & E,
in the trigonal lattice. The Alg(3) mode centered at
418 cm™' (expt.: 437 cm™') carries out its origin from
the cubic 1:1 structure given the asymmetrical
stretching in [BO,4] plane combined with a twisting for
apical oxygens in the octahedra. In this motion, the
main contributions are stretching force constants Kj
(PED ~ 45%) and Kg (PED ~ 14%) accounting for Ba-
O and Nb-O bonds, respectively. Such a mode has also
a dependence of the Mg atom due to the angle bond
H, (PED ~ 12%, Ba-O-Mg), although this atom is for-
bidden to move as a consequence of its Ds; site sym-
metry (at 1b position).

This splitting is experimentally more visible in low
wavenumber regions, typically 60-120 cm™'. Unfortu-
nately, for BMNO, such a splitting does not occur due to
an accidental degeneracy of Eg(l) and Alg(l) modes (expt.:
105 cm™!). However, in materials as Ba3MgTazOg56 or
Ba;CaNb,0,," the splitting can be observed more
clearly, although the positions of both peaks are very
close (Ad ~ 3-5 cm™). Then, both low wavenumber
modes E,"” and A, can be used for probing the
achievement of 1:2 ordering in these complex perovskites
based on their splitting behavior. As shown in Figure 2,
the A;," phonon at 127 cm™ (expt.: 105 cm™) has all
the atomic displacements along the c-axis and mainly
involving angle bonds with barium atoms such as Hg
(PED ~ 10%, Ba-O-Nb) and H,, (PED ~ 19%, O-Ba-0).
A surprising contribution to this mode comes from the
K; force constant describing the Nb-O bond with a PED
coefficient of 19%. For comparison, in Ba;MgTa,0,, the
Alg(l) mode is centered at 107 cm™' and seems not to
depend on the B’ mass.”” It is possible that this mode
may change when variation in force constant takes place
due to electronic processes including covalent interaction
between Nb/Ta and O. Similarly, the Eg(l) mode centered
at 105 cm™' (expt.: 105 cm™') is also a lattice vibration
concerning the translational motion of Ba atoms along
the a- or b-axis of D, trigonal unit cell combined with a
small twisting of [MgOg] octahedra. For this reason, this
Raman mode has contributions coming from bonds H;
(PED ~ 33%) and H,q (PED ~ 12%), which implicate in
the Ba-O-Mg and O-Ba-O angles, respectively.

Another phonon mode also presented in cubic 1:1
ordered perovskite is the E,* centered at 588 cm™'
(expt.: 551 cm™"). It has a very low intensity that requires
long time acquisition for its better characterization.
Indeed, several authors disregarded its occurrence in the
very first Raman works on the 1:2 perovskites; in par-
tially ordered samples, it can occur a floating base line
that overlaps this peak in intensity.” Such a vibration
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resembles more an octahedral breathing combined with
twisting vibration, being dependent on the stretching K;
(PED ~ 29%) and repulsive F, (PED ~ 18%) and F;
(PED ~ 12%) force constants, besides the angles bonds H;
(PED ~ 10%, Ba-O-Mg) and H, (PED ~ 20%, Ba—O-Nb).

The remaining Raman modes in BMNO are particular
features of the 1:2 trigonal structure, and they can be
seen as motions arising from symmetry lowering. The
first one, E,® at 164 cm™" (expt.: 174 cm™"), mainly con-
cerns Nb movements along the a- or b-axis with contribu-
tion coming from stretching K, (PED ~ 31%, Nb-O) and
angle bond Hy (PED ~ 17%, Ba—O-Nb). At the same time,
the A;,” mode located at 255 cm™" (expt.: 263 cm™") has
Nb motions through the c-axis in the opposite direction.
Here, the PED contributions arise from stretching force
constants K5 (PED ~ 11%, Ba-0) and K; (PED ~ 16%,
Nb-0), besides angle bonds containing Ba—O-Nb (H,,
Hs, and H,). The third one at 294 cm™* (expt.: 299 cm™)
is the Eg(3) mode concerning twisting vibrations of
[MgOg] and [NbOg] octahedra, mainly dependent on the
Ky stretching force constant (PED ~ 23%, Nb-0). These
bands also appear with low Raman intensity, and they
are used as a probe to check the 1:2 structural ordering
achievement.

4.2 | Infrared modes

Concerning infrared activity, the main technique to char-
acterize the polar phonons is the near-normal reflectance
infrared spectroscopy, typically in the wavenumber inter-
val of 50-4,000 cm™!. Such a technique takes advantage
of the Fresnel relation between dielectric constant (g)
and reflectance signal (R), as follows:

2

R(p) = [ L= W

CVe@) +1

such that the dielectric function is extracted from the
reflectance spectrum. Here, the description of () can be
done using the three-parameter classical model or by the
four-parameter semi-quantum model.*> An important
observation is that the dielectric constant may come from
a single crystal; in this case, polarized light may be useful
to select the species of polar phonons given their symme-
try. For the BMNO, these species are the extraordinary
(Ay,-type) and ordinary (E,-type) modes with atomic
vibrations constrained to the ¢ and ab planes of the D3y
trigonal unit cell, respectively.

However, the €(0) function may represent an effective
dielectric constant describing a composite containing a
matrix and inclusions (i.e., particles); for instance, a
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ceramic piece in which inclusions and matrix are the
grains and pores,”® respectively. The percolation thresh-
olds of both matrix and inclusion should be manipulated
to correctly describe the composite system. A particular
case concerns a highly dense ceramic with porosity below
1-3%: Here, the effect of the matrix on the dielectric func-
tion is almost neglected. As a result, the polar phonons of
the inclusions can be extracted in an unpolarized form,
that is, without designations of the symmetry species. In
this situation, ab initio calculations have become a funda-
mental tool to interpret and assign the reflectance infra-
red spectra in materials obtained only in their
polycrystalline form.*

Beyond the description of symmetry for each polar
phonon mode, the DFT calculations also provide some
useful information regarding the complex dielectric ten-
sor in view of its value at low and high frequency
domains, that is, the static (e5) with ionic contributions
and the electronic (e,,) part, respectively. The calculation
can discriminate the vibrational contribution (dielectric
strength) to static dielectric tensor for each polar mode. It
can be evaluated by considering the following description
to the dielectric tensor:

" " A7 Z1iZxi
8328&"‘5 v Izzkj’ (2)
o Ve U

where V. and v, denote the unit cell volume and eigen-
value for the kth polar phonon (in this case, the transver-
sal mode: Qr¢), respectively. In that summation, the
coefficient in the numerator depends on the Born effec-
tive charge tensor (Z,;*) and the eigenvector () of the
polar mode, as follows:

Z1i=) Zujlhtai)- (3)
aj

The dielectric strength AeY can be, therefore, defined as

Al = 477.'21{1-21{]'
€k—7 2 -
c U

(4)

For the BMNO, the infrared phonon modes were cal-
culated by both SRFFM and DFT methods. The set of
interatomic force constants in Table 1 was also
employed to generate the infrared modes in Table 3.
The PED contributions for each polar mode are also
listed in Table S2. From the DFT calculations, the
dielectric strength Ae in Equation 4 for each polar
mode was estimated. In this way, the static and high
frequency dielectric tensors were determined by

Equation 2 as derived by two functionals used here.
Both functionals show reasonable agreement for the
A,, extraordinary values to the dielectric tensor with
e = 274 and 25.7, respectively. Otherwise, the E,
ordinary values depicted some differences in this ten-
sor with e = 41.6 and 49.8, respectively. Such a dif-
ference may be explained in terms of the covalence
between Nb and O atoms and how both methods are
capable of parameterizing this feature. The effective
dielectric tensor or its average value (g) can be esti-
mated from the dielectric tensor through the principal
axes: (g) = (2&° + &°)/3, as listed in Table 3. These
values from PBE and B3LYP functionals can be directly
compared with those obtained in polycrystalline sam-
ples. In the literature, the dielectric constant derived
from microwave measurements in BMNO samples usu-
ally reaches 32, whereas from reflectance infrared spec-
troscopy, these values are around 39, in close
agreement with those estimated from DFT methods.*

The infrared spectrum of single perovskite ABO; in
its cubic phase is explained as follows: Three polar modes
are expected in its O,' (Pm-3m, N° 221) unit cell, and
they receive special names: Last (A-[BO;] external vibra-
tion), Slater (out-of-phase B motion relative to oxygens),
and Axe ([BOg] stretching).® In the aristotype 1:1 cubic
perovskite A,B'B”Og, a fourth polar mode appears in the
infrared spectrum as a Slater-type, see for instance the
case of Ba,MgWO,.*® The Last and Slater modes present
the greatest dielectric strength to the dielectric tensor due
to their special vibration features.®® In the case of trigonal
1:2 perovskites, the group theory predicts 16 infrared
modes split into two polarizations: 7A,, and 9E,, as we
discussed previously. Similar to the Raman modes, this
increase in the number of polar modes is a consequence
of the symmetry lowering concerning the 1:2 structural
ordering.

From Table 3, the lowest wavenumber mode A,,
located at 113 cm ™" (expt.: 104 cm™") resembles external
vibrations of Ba at 1la site against [MgOs] and [NbOg]
octahedra, which represent a typical Last-type polar
mode (expt.: Ae,’”’ = 1.78). The main contribution to this
vibration comes from the Ks force constant (PED ~ 54%,
Ba-0) and angle bond Hg (PED ~ 27%, Ba-O-Nb). One
may note that the A, mode at 205 cm™! (expt.:
212 cm™') has the major contribution to the dielectric
constant among the extraordinary phonons (expt.:
Ae® = 12.86), which is partially corroborated by DFT
calculations using both PBE and B3LYP functionals,
because the A,,® mode at 319 cm™" (expt.: 333 cm™)
would also have a great contribution to the dielectric
tensor. The first one involves the Kg valence force con-
stant (PED ~ 15%, Nb-O) and angle bond Ba-O-Nb
(H;, PED ~ 44%), and it represents the displacements

@
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TABLE 3
Density Functional Theory (PBE and B3LYP functionals)

RAMA
SPECTROSCOPY

Infrared optical constants of the ordered Ba;MgNb,O, perovskite calculated from Short-Range Force Field Model and

Experimental® Calculated®
SRFFM PBE B3LYP
N° L2710 210 Agy 270 270 Agy () Agy
A,,-like mode
104 106 1.78 113 90 2.16 95 1.46
2 212 220 12.86 205 135 9.42 141 8.60
3 333 363 0.20 319 276 10.01 268 9.59
4 391 405 0.14 385 327 0.15 333 1.17
5 431 451 0.02 450 421 0.09 442 0.06
6 554 603 0.63 550 564 1.15 571 0.91
7 683 729 0.01 735 784 0.01 803 0.01
SiAey 15.63 ez 4.43 £t 3.87
el 27.42 el 25.67
E,-like mode
149 161 10.19 105 112 0.27 111 0.67
2 174 178 1.77 141 137 15.46 127 26.71
3 223 266 3.67 218 160 0.23 158 0.43
4 276 316 2.11 295 201 17.66 198 15.43
5 317 330 0.11 330 256 1.82 269 1.49
6 367 387 0.18 379 315 0.50 298 0.31
7 405 427 0.01 398 398 0.02 417 0.01
8 501 526 0.53 508 484 0.37 489 0.17
9 610 681 0.09 592 612 0.67 615 0.63
SiAey 18.68 e’ 4.56 et 3.97
£ 4.30 g5 41.57 g5 49.82
€ 38.61 (€) 36.85 () 41.77

Note. These values are also compared with the experimental ones extracted from Diao et al.*®
Abbreviations: Q7o and £y, transversal and longitudinal infrared modes (in units of cm™Y); Agy, dielectric strength of the kth polar mode;

€., high frequency dielectric constant; e, static dielectric constant; (e), average value of the dielectric constant.

“In Diao et al.?®
*In this work.

of Nb atoms against the oxygens. The second one con-
cerns out-of-phase displacement of [MgOg] against Ba
atoms, which has contributions coming from the Kj
force constant (PED ~ 30%, Ba-O) and angle bonds
between Ba-O-Mg, that is, H; (PED ~ 11%) and H;
(PED ~ 41%).

The remaining extraordinary polar modes have
almost negligible effects on the static dielectric tensor
(i.e., Ag; < 1). For instance, those A,,® and A, at
385 and 450 cm™' (expt. 391 and 431 cm™'), respec-
tively, resemble more bending-type modes involving
the [BOg] octahedra as described by the angle bonds
between O-Nb-O, Ba-O-Nb, and Ba-O-Mg. The

phonons A,,® and A, above 500 cm™' represent

the asymmetric stretching of [MgOg] and [NbOg] octa-
hedra. The first one at 550 cm™ (expt.. 554 cm™) is
mainly dependent on the B’ site properties due to the
K; stretching force constant (PED ~ 50%, Nb-O). The
second one located at 735 cm™' (expt.: 683 cm™') also
has a contribution from both Mg and Nb atoms in
view of the angle bonds H; (PED ~ 10%, Ba-O-Mg)
and H, (PED ~ 13%, Ba-O-Nb). However, this mode
mainly has oxygen motions due to the F, (PED ~ 32%)
and F; (PED ~ 30%) repulsive force constants.
Regarding the ordinary E, polar phonons, their
vibration patterns lie on the ab planes within the Dsy4
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trigonal unit cell. Here, the lowest wavenumber modes
E, Y and E,® located at 105 and 141 cm™' (expt.:
149 and 174 cm™') denote external vibrations of Ba
atoms against [BO3] molecular groups as parameterized
by the force constants K, (PED ~ 11%, Ba-O), K;
(PED ~ 16%, Ba-0), Hs (PED ~ 16%, Ba-O-Nb) and
K, (PED ~ 17%, Ba-0), K; (PED ~ 10%, Nb-0), H,
(PED ~ 13%, Ba—O-Mg), Hy (PED ~ 15%, Ba-O-Nb),
respectively, affecting the static dielectric constant
(expt: Ae,” = 10.19). In the wavenumber range
between 200 and 450 cm™}, the polar modes from Eu(3)
up to E,7 possess almost the same behavior regarding
different species of bending-type motions of [MgOg]
and [NbOg] octahedra. Similar to the extraordinary
modes, the ordinary ones above 500 cm™', that is,
E,® and E,® at 508 and 592 cm™' (expt.: 501 and
610 cm '), also denote asymmetrical stretchings of
[BO¢] octahedra, and they are mainly dependent on
the B’ (Nb) site features given the force constants K,
Hs, Hg, and H,. In a way, the infrared spectra of 1:2
trigonal perovskites keep similarities with those for 1:1
cubic or even for the single perovskites in its aris-
totype phase in light of the wavenumber regions for
external-, bending-, and stretching-type vibrations.

5 | CONCLUSIONS

In this work, we combined two theoretical methods
based on classical and quantum approaches to describe
in details the phonons with optical activity
(Topricar, = 441z © 5E; © 7A5, © 9E,) in a complex
perovskite with 1:2 structural ordering at B-site and
general formula Ba;MgNb,Oq. For the classical meth-
odology, the SRFFM was used by taking into account
the nearest neighbor interactions through force con-
stants to describe the local order for Raman and infra-
red spectra. Using the PED coefficients, the role of
each force constant on the optical modes was esti-
mated. At the same time, DFT methods with two func-
tionals, PBE and B3LYP, were also applied to provide
the optical phonons in Ba;MgNb,Oy perovskite. The
CPHF method was employed to derive the calculated
dielectric tensor and the dielectric strength for each
polar mode. Calculated optical modes are in good
agreement with those experimentally obtained by Diao
et al.>> We argued that disorder effects in trigonal 1:2
perovskite occurring as antisite defects between B’ and
B" cations can be identified using both Raman and
infrared spectroscopies. This partial occupancy intro-
duces variation in the [NbOg] octahedral environment
and then generating a two-phonon behavior for the
A, breathing-type mode. At the same time, the partial

occupancy may introduce damping effects that gradu-
ally change the crystal symmetry from trigonal D34 to
cubic Oy, and then affecting the number of Raman and
infrared active modes.
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