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Abstract—The crystal lattice vibrational frequencies in the center of the Brillouin zone have been determined
with the Raman spectroscopy method. The lattice vibrational frequencies, the phonon density of states, elastic
and piezoelectric moduli, Born dynamic charges, and high-frequency dielectric constant have been calculated
using the density functional method. All calculated quantities have been compared to the experimental data. A
model of a nonpolar paraelectric phase for this compound, as well as a mechanism of the formation of domain
in it, has been proposed. The polarization in the experimentally observed polar phase has been calculated.
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1. INTRODUCTION

Crystals with the structure of a stable modification
of strontium tetraborate o.-SrB,O, (SBO) are known
for a long time [1, 2]. Other representatives of this
structure type PbB,O; and EuB,O; [3], as well as a
quite recently revealed high-pressure phase 3-CaB,0,
[4], are also known. The structure of these crystals
belongs to the rhombic system with the Pnm?2,; polar
space group and has a number of structural features
rare for borate compounds: their crystal structure is
based on a three-dimensional network formed only
from boron—oxygen tetrahedra and oxygen three-
coordinated in boron is present in some structural sites
[5]. For this reason, their atomic density is high for
borate compounds. These structural features in SBO
and PbB,O; crystals are possibly manifested in high
(for substances with not too high melting temperature)
velocities of bulk acoustic waves [6—8].

In last decades, SBO crystals have attracted signif-
icant interest owing to their relatively high nonlinear
optical coefficients, wide transparency window (up to
130 nm), and high resistance to optical damage.
Owing to these properties, these crystals are very
promising for nonlinear optical conversion of radia-
tion in the far ultraviolet spectral range [7, 9, 10].
However, the birefringence of the SBO crystal is small,
which complicates the achievement of angular match-
ing for such a conversion in a single-domain sample.
In the case of ferroelectric crystals, phase matching
can be achieved owing to quasi-synchronism by creat-
ing a domain structure with a certain period and with
the opposite direction of the polarization in domains
[11]. At present, there are no experimental data con-
firming ferroelectric phenomena in SBO crystals.
However, the SBO crystal has a unique feature,
because such domain (twin) structures spontaneously

appearing in these crystals in the process of their
growth were revealed [12, 13]. However, these
domains cannot be repolarized by really achievable
electric fields. Thus, the magnitude of the polariza-
tion, as well as the mechanism of the formation of
domains in SBO crystals, remains unknown.

A fairly large amount of information on the elastic,
piezoelectric, and vibrational properties of the crystals
of this family has been already collected [6—14], but
this information for the SBO crystal is insufficiently
complete. In particular, the elastic constants of this
crystal were measured in [8] and the experimental val-
ues of some piezoelectric constants were presented in
[7]. Information on the vibrational spectra of the SBO
crystal is apparently absent.

The aim of this work is to experimentally determine
the limiting vibrational frequencies and to theoreti-
cally calculate the dynamics of the crystal lattice, elas-
tic and piezoelectric constants, and magnitude of the
polarization of the SBO crystal.

2. RAMAN SPECTRA

The SrB,O; crystal was grown by the Czochralski
method from a melt with the stoichiometric ratio; the
details of the growth process can be found in [12].

The experimental cell parameters and coordinates
of ions [2] are summarized in Table 1 (the first row for
each ion). The unit cell contains two molecular units.
The structure of the crystal is shown in Fig. 1.

The polarization Raman spectra were performed at
room temperature (295 K) with a Horiba Jobin Yvon
T64000 spectrometer in the 90° scattering geometry.
The spectrometer operated in the dispersion subtrac-
tion mode with an input-slit spectral resolution of
2 cm~!. An Ar* laser (a wavelength of A = 514 nm) was
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Table 1. Lattice parameters and relative coordinates of the atoms of the SBO crystal in the rhombic polar phase

Pnm2, a=4.4145A b=10.6827 A c=4.2234A
Wikoff position X y z

exp. 0.71205 0.07090

Sr 2a calc. 0.66820 0 0.00760
ideal. 0.66666 0.16666

exp. 0.32256 0.24907 0.06532

B(1) 4b calc. 0.32800 0.24930 0.05848
ideal. 0.33333 0.25000 0.04166

exp. 0.17443 0.12193 0.53942

B(2) 4b calc. 0.17510 0.11990 0.54860
ideal. 0.16666 0.12500 0.54166

exp. 0.85540 0.14109 0.61244

o(1) 4b calc. 0.87080 0.15270 0.58960
ideal. 0.83333 0.12500 0.66666

exp. 0.63322 0.27714 0.20812

0(2) 4b calc. 0.61710 0.29010 0.23050
ideal. 0.66666 0.25000 0.16666

exp. 0.27481 0.64664

0(3) 2a calc. 0.23660 0 0.64180
ideal. 0.33333 0.66666

exp. 0.22508 0.13528 0.20324

0(4) 4b calc. 0.26150 0.14440 0.23540
ideal. 0.16666 0.12500 0.16666

used to excite the scattering spectrum. The radiation
power on the sample was 80 mW, which corresponds to
a laser radiation density of 250 W/cm?. We use the
standard notation [15] to describe the geometry of
Raman scattering. The decomposition of the vibra-
tional representation into irreducible representation
in the center of the Brillouin zone has the form

r = 19Al + 17A2 + 17Bl + 1932.

Fig. 1. Structure of the SrB4O; crystal in the rhombic
phase with the Pnm?2, space group.
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Optical modes A4,, B, and B, are polar and active in
both Raman and infrared spectra. Nonpolar modes 4,
are only Raman active. Figure 2 shows the vibrational
spectrum in various scattering geometries. Table 2 pre-
sents the measured vibrational frequencies.

3. DYNAMICS OF THE CRYSTAL LATTICE

The lattice dynamics, high-frequency dielectric
constant, Born dynamic charges, and elastic and
piezoelectric properties were calculated within a non-
empirical ionic-crystal model including the dipole and
quadrupole polarizabilities of ions. The details of the
model were given in [16]. All calculations were per-
formed for the experimental lattice parameters. Some
vibrational frequencies calculated with the experi-
mental coordinates of ions (see Table 1) were imagi-
nary. To eliminate these unstable vibrational modes,
we used the coordinates of the ions in the unit cell
slightly different from the experimental values. These
coordinates are presented in Table 1 (second row for
each ion), where it can be seen that these changes in
the coordinates of the ions are insignificant. The cal-
culated frequencies in the center of the Brillouin zone
are given in Table 2. According to Table 2, some calcu-
Vol. 115
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lated frequencies in the range from 200 to 800 cm~! are
in satisfactory agreement with the experimental val-
ues, whereas discrepancy between the calculated and
experimental values in the range of 500—600 cm™!
reaches about 30%. The frequencies below 100 cm™!
and above 1000 cm™', as well as some frequencies
inside this range, are not observed experimentally. Fig-
ure 3 shows the phonon densities of states in the entire
Brillouin zone and partial densities of states of each
ion. The following feature of the calculated density of
states is noteworthy: as can be seen in Fig. 3, in the
low-frequency range below 100 cm™!, strontium ions
are predominantly displaced in the vibrational eigen-
vectors, whereas the displacements of oxygen and
boron ions are negligibly small compared to the dis-
placements of strontium ions. The situation in the
vibrational spectrum above 100 cm™~! is inverse.

Table 3 summarizes the calculated components of
the tensor of Born dynamic charges. The calculated
elastic constants and dielectric constant are given in
Table 4 in comparison with the experimental data [7,
8]. According to this table, agreement between the cal-
culated and experimental elastic properties of the SBO
crystal is satisfactory except for the shear elastic con-
stants C,, C;5, and C,;, for which the calculated and
experimental values differ by a factor of 2. The calcu-
lated piezoelectric constants are e;5 = 0.71 C/m?, ey, =
0.22 C/m?, ey, = 1.23 C/m?, e5, = 1.03 C/m?, and
e;; = 1.93 C/m? Table 4 presents the piezoelectric
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Fig. 2. Raman spectra of the SrB4O5 crystal in the rhombic
phase.

moduli d;, = ¢,(Cy)~" in comparison with the existing
experimental values [7].

4. SPONTANEOUS POLARIZATION

The structure of the SBO crystal includes a frame-
work of oxygen tetrahedra with a boron ion in each of
them that are connected with each other through ver-
tices. This framework contains quite large cavities with
strontium ions (Fig. 1).

Table 2. Extreme vibrational frequencies (in inverse centimeters) of the SBO crystal in the rhombic polar phase

A, Ay B, B,
exp.

calc. exp. calc. exp. calc. exp. calc.

TO LO
102 146 13 102 90 262 46 263 53
150 182 62 153 120 280 130 281 72
191 260 204 192 203 364 231 363 201
281 282 240 262 240 431 263 416 212
292 360 253 280 312 442 367 439 252
361 416 322 294 341 491 392 491 329
430 433 349 325 381 514 435 535 349
490 490 397 362 413 581 477 555 381
633 580 421 431 441 635 502 582 433
707 632 442 490 479 610 633 502
750 708 455 580 544 733 726 587
815 808 533 634 554 766 818 645
886 553 819 762 791 703
988 734 886 794 901 835
765 969 978 960
962 982 1090 975
975 1119 1051
1073 1107
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Fig. 3. Calculated total and partial phonon densities of states of the SBO crystal.

To calculate the polarization in strontium tetrabo-
rate, we assume that this crystal has a paraelectric
phase with a higher symmetry although such a phase
has not yet been observed experimentally in this com-
pound and compounds isostructural to it. The struc-

Table 3. Components of the tensor of dynamic Born
charges of the SBO crystal in the polar phase in the units of
the elementary charge

Z, Z, Z
Z, 2.87 0.00 | —0.04
Sr z, 0.00 3.17 0.00
Z —0.05 0.00 2.63
Z, 3.03 | —085 | —0.27
B, Z, —0.11 2.68 0.25
Z. 023 | —0.56 4.22
Z, 3.81 024 | —0.16
B, Z, —0.59 3.74 | —1.08
Z 0.05 0.20 3.31
Z, —3.68 178 | —0.04
o} Z, 1.74 | —2.09 0.26
VA 049 | —006 | —1.07
Z, —240 | —074 | —0.79
0, z, —1.05 | —1.28 0.82
Z —0.40 1.00 | —3.60
Z, —1.36 0.00 | —0.24
0, Z, 0.00 | —4.89 0.00
Z —0.27 0.00 | —1.21
Z, —1.51 | —0.63 1.09
0, Z, —0.51 | —2.20 1.53
Z. 0.81 1.64 | —3.59
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ture of the paraelectric phase is as follows. As was
mentioned above, the structure of strontium tetrabo-
rate is based on the framework of boron—oxygen tetra-
hedra. All these tetrahedra are distorted, but they can
be made regular by quite slightly displacing oxygen
atoms, as can be seen in Fig. 1. In this case, the lattice
parameters are expressed in terms of the length of the
edge of this regular tetrahedron as

r/3, b=4r, ¢ =r.J8/3.

Expressing the lattice parameters in terms of the
length of the edge of this regular oxygen tetrahedron
and making the necessary displacement of oxygen
atoms, we obtain the regular structure framework with
new regular cavities. A strontium ion is placed in the
center of each such cavity and a boron ion is placed
inside each tetrahedron. Thus, we obtain an idealized
structure in the polar phase with the same Pnm2, sym-
metry space group and also with two molecules in the
unit cell. The coordinates of the ions in this idealized
structure are presented in Table 1 (third row for each
ion). According to this table, the maximum displace-
ments of the ions necessary for obtaining such an ideal
structure are no more than 1 A.

An important feature of this structure (see Fig. 4a)
is that each tetrahedron in it can be completed to a tri-
angular bipyramid consisting of two regular tetrahe-
dra, which are connected with each other by the edge
perpendicular to the c axis of the crystal and one of the
tetrahedra contains the boron ion, whereas the other
does not contain it. It can be clearly seen that this ideal
structure is really based on the framework consisting
not of tetrahedra, but of bipyramids connecting with
each other through edges. The unit cell of the crystal
contains eight bipyramids. If each boron ion is dis-

a =

Vol. 115 No.3 2012



VIBRATIONAL SPECTRA AND ELASTIC PIEZOELECTRIC AND POLARIZATION 459

Table 4. Elastic moduli C;;

rhombic polar phase

I/

g

piezoelectric moduli d;;, and high-frequency dielectric constant ¢; of the SBO crystal in the

Cj, GPa, calc. Cj, GPa, exp. [8] d;, pm/V, g, calc. dy, pm/V, g, exp. [7]
C,, =318 C,1=304=x4 € = 4.38 & = 3.01
C,=132 Ci,=70=%35 g, =428 g,y =2.97
Ci;=90 C3=49t29 g,, = 4.66 g,,=3.03
C,, =370 Cy; =268+ 1 d;s=8.16 —
Cyy=114 Cy;=55+33 dyy =2.08 —
C;3=355 Cy;3=378+3 dy; =2.33 dy =131
Cyy =106 Cyy=139%2 dy =0.51 dy3=1.62
Css =87 Css=12014 dy; =4.68
Ces =124 Ces=13312

Table 5. Energy and contributions to it for the experimental and ideal structures of the SBO crystal with the subtracted
energy and the corresponding contributions for the disordered paraelectric phase

EtOt’ eV ECouls eV EShOtJ eV Edip’ eV Eqda eV
Eeypr €V —6.81 —32.92 16.30 10.62 —0.46
Eigeats €V —1.86 _3.48 —0.40 2.02 0.06

placed from the tetrahedron where it is located in the
bipyramid to the other tetrahedron in the same bipyr-
amid, neither translational nor point symmetry of the
ideal structure is changed; only the direction of the
polarization of the crystal is changed to opposite.

Thus, in view of the above discussion, it is reason-
able to assume that the paraelectric phase of strontium
tetraborate is a structure in which boron ions in each
bipyramid equiprobably occupy the positions inside its
regular tetrahedra (Fig. 4b). In this case, the coordi-
nates of oxygen and strontium ions correspond, as
before, to “ideal” values presented in the third row of
Table 1. Such a structure belongs to the nonpolar
rhombic space group Pnmm with two molecules in the
ideal crystal; i.e., the disordering of boron ions in two
positions does not change the translational symmetry
of the crystal.

To estimate the depth of the minimum, the posi-
tion of the boron ion inside the tetrahedron, and the
energy barrier between two equiprobable positions of
boron in the bipyramid, we calculated the total energy
of the ideal structure as a function of the displacement
of the boron ion along the ¢ axis of the crystal (i.e.,
along the line connecting the opposite vertices of the
bipyramid) from one tetrahedron to the other. In this
case, the strontium and oxygen ions remained in the
ideal positions. This total energy for various volumes
of the unit cell is shown in Fig. 5, where it can be seen
that the minimum energy at the equilibrium volume
corresponds to the boron position displaced from the
center of the tetrahedron toward its base; in this case,
the energy barrier between two boron positions in the

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

bipyramid is 0.22 eV. When the volume of the cell
decreases (increases), which corresponds to the appli-
cation of the positive (negative) hydrostatic pressure,
the minimum energy corresponds to the larger
(smaller) displacement of boron from the center of the
tetrahedron and the energy barrier between two boron
positions in the bipyramid increases (decreases).

It is noteworthy that, when the symmetry of the
ideal crystal is reduced owing, e.g., to the displace-
ment of strontium ions from the center of the cavity,
the symmetric potential with two minima for the
boron ion naturally becomes asymmetric and the
depth of the minimum depends strongly on the dis-
placement of strontium, as is illustrated in Fig. 6.

We now discuss the energy properties of ideal disor-
dered, ordered, and experimentally observed struc-

(b)

Fig. 4. (a) Idealized structure of the SBO crystal in the
Pnm?2, polar phase, the dotted tetrahedron is an empty tet-
rahedron in a bipyramid and (b) two positions of the boron
ion in the Pnmm nonpolar phase.

Vol. 115 No. 3 2012
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Fig. 5. Change AE = E — E; in the total energy of the SBO
crystal measured from the energy E| of the crystal where
boron ions are placed in the centers of bipyramid versus the
relative displacement of boron ions parallel to the polar axis
at equilibrium volumes of the unit cell of (solid curve) 92.6,
(dashed curve) 101.6, and (dash—dotted curve) 86.9 3,

tures. The total energy of the ideal crystal in which the
boron ion equiprobably occupies two equilibrium
positions in the bipyramid is approximately estimated
as follows. As was mentioned above, the unit cell of the
crystal contains eight regular bipyramids; in each of
these bipyramids, boron is located inside in one of two
tetrahedra. Then, the energy F,, of the disordered
Pnmm phase can be evaluated by averaging the calcu-
lated energies of the structures of 28 = 256 configura-
tions. The corresponding value is F,, = —404.79 eV
(disregarding the self-energy of the ions) and consists
of the following contributions: the Madelung energy

Efvom = —463.38 eV, the short-range interaction energy
Ez]v1 = 74.8 eV, the dipole energy Ef:\i,p =—15.65¢eV, and

the quadrupole energy Eff = 0.76 eV. Table 5 presents

the differences between the energies, as well as indi-
vidual contributions to these differences, of the non-
polar disordered phase and polar ordered ideal and
experimentally observed phases. As can be seen in this
table, the energy differences are negative and large in
absolute value, and the main contribution to these dif-
ferences comes from the Madelung energy. Thus, the
results of this calculation shows that the temperature
of the phase transition from the polar ordered phase to
a hypothetical nonpolar disordered phase should be

Table 6. Differences AE of the total energies of the phases
with the structures a-SrB4O; and B-BaB,O, for various
borate crystals

SrB4O7
—0.04352

CaB4O7
—0.16864

PbB,0,
—0.01360

BaB4O7
0.25840

AE, eV
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Fig. 6. Change AE = E — E| in the total energy of the SBO
crystal measured from the energy £ of the crystal where
boron ions are placed in the centers of bipyramid versus the
relative displacement of boron ions parallel to the polar axis
at a displacement of (solid curve) 0, (dashed curve) 0.12, and
(dash—dotted curve) 0.29 A of the strontium ions from the
ideal positions in the structure with the Pnmm symmetry.

very high, much higher than the melting temperature

T = 1273 K of the SBO crystal.

The existence of the BaB,O; crystal in the B phase
with the nonpolar symmetry space group Pmnb and
four molecules in the unit cell [17] can be an addi-
tional reason in favor of the proposed model of the
paraelectric phase. The cell parameter a in the BaB,0O;
structure is twice as large as this parameter in the
SrB,O; structure, the parameters b and ¢ in both struc-
tures are fairly close, boron ions in one half of this
doubled cell in BaB,O, occupy the same positions in
the bipyramids as in SrB,O, (lower part of the bipyra-
mid in Fig. 4b), and boron ions in the other half
occupy the opposite positions in the bipyramids
(upper part of Fig. 4b). Thus, in terms of the model of
the disordering of boron ions in the compounds under
consideration, “antiferroelectric” ordering occurs in
the experimentally observed BaB,O; structure. It is
noteworthy that the calculation performed in this work
shows that the energies of the structures with the fer-
roelectric and antiferroelectric types of ordering of
boron ions and with subsequent displacements of oxy-
gen ions and cations are close for SrB,0O,, CaB,0-,
PbB,O;, and BaB,O; compounds (isomorphic under
the assumption of the paraelectric phase with the
Pnmm symmetry), as can be seen in Table 6. This
closeness of the energies of the ferroelectric and anti-
ferroelectric states can also indicate that it was reason-
able to assume that these compounds have a paraelec-
tric phase. It follows from Table 6 that a polar state is
implemented in SrB,0,, CaB,0,, and PbB,O,,
whereas the antipolar state occurs for the BaB,O;
compound in complete agreement with the experi-
mental situation [2—4, 17].

Vol. 115

No.3 2012



VIBRATIONAL SPECTRA AND ELASTIC PIEZOELECTRIC AND POLARIZATION

The spontaneous polarization per unit volume of
the unit cell in the observed polar phase within the
model under consideration can be calculated as the
sum of three terms:

P = Py + P, +P, = 114 uC/cm’.

Here Py, = 41 nC/cm? is the sum of the dipole
moments associated with the ordering of boron ions
inside of one of the tetrahedra of the bipyramid (the
disordering of boron ions in two equivalent positions
in the bipyramid can be treated as the disordered of the
in two
states, see Fig. 4b), P,,, = 69 nC/cm? is the polariza-
tion calculated as the sum of the products of the nom-
inal charges of ions by their displacements under the
distortion of the ideal polar structure to the experi-
mentally observed structure, and P, =4 uC/cm?is the

polarization owing to the dipole distortions of the
electron density of ions.

dipole moment of the bipyramid 133*02-6‘

5. CONCLUSIONS

The limiting vibrational frequencies of the crystal
lattice of the a-SrB,O; crystal have been measured
with the Raman spectroscopy method.

The total vibrational spectrum of the crystal lattice,
elastic and piezoelectric constants, Born dynamic
charges, and high-frequency dielectric constant have
been calculated within the nonempirical ionic-crystal
model. The calculated properties of the SBO crystal
are in satisfactory agreement with the experimental
data. The performed calculation reproduces large lon-
gitudinal components of the experimentally observed
elastic constants. The existing discrepancy between
the calculated and measured values of some shear
components of the elastic constants and piezoelectric
moduli can be attributed both to the roughness of the
used ionic-crystal model in application to compounds
with a boron atom and to the inaccuracy of the exper-
imental determination of these quantities (shear elas-
tic moduli and piezoelectric constants for low-sym-
metry structures are determined with large errors). To
explain the experimentally observed domain structure
in the SBO crystal appearing in the process of growth,
we have proposed the model of a hypothetical cen-
trosymmetric paraelectric phase with the Pnmm sym-
metry space group in which boron ions are disordered
in tow equiprobable equilibrium positions in the BOs
regular bipyramid. Comparison of the energies of the
crystal calculated for the ordered ideal and experi-
mentally observed structures with an estimate of the
energy of the crystal in the paraelectric phase shows
that the differences of the energies of the ordered
phases (ideal and experimental) from the energy of the
paraelectric phase are several ten thousands degrees,
which is much higher than the melting temperature of
the SBO crystal and, therefore, the phase transition
from the polar Pnm?2, phase to the nonpolar Pnmm
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phase cannot be observed. The assumption of the
hypothetical nonpolar paraelectric phase allowed the
calculation of the spontaneous polarization in the
experimentally observed structure; this spontaneous
polarization is about 114 uC/cm?, which is several
times larger than the polarization in the classical ferro-
electric compound BaTiO;.
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