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Crystalline materials play an important role in modern physics and electronics. Therefore,
the demand for crystals with functional properties is increasing strongly, due to the technical
advance in different fields: telecommunications, computer devices, lasers, semiconductors, sensor
technologies, etc. At the first stage, natural minerals (e.g., quartz) were widely used as piezoelectric
and optical material. Later on, after the creation of the first laser, interactions between lasers and
materials have been investigated: radiation at the double the frequency of a ruby laser was observed
as the fundamental light passing through a quartz crystal [1]. This phenomenon became a substantial
contribution to the field of quantum electronics and nonlinear optics. However, natural single crystals
usually have insufficient purity, size, occurrence, and homogeneity, or do not even exist in nature. That
is why the material scientists began to develop important basic materials with the desirable properties.
As an example, at the beginning of the 1960s, this resulted in Czochralski growth of Y3Al5Oy; crystals,
referred to as YAG, which is the progenitor of the large group of synthetic materials belonging to the
structural type of natural garnet family A3B,(SiO4)3 [2]. Owing to a reasonable growth technology,
these crystals and their numerous derivatives including transparent nano-ceramics are dominating the
elemental base for solid-state laser engineering and various practical applications.

In the meantime, natural and even highly technological synthetic crystals have reached the limit
of their potential for fast-progressing science and engineering. The creation of new crystals with
predictable structures and, therefore, desirable physical characteristics is restrained by the theoretical,
methodological, and technical problems connected with their crystallization from multicomponent
systems. Among them, more than 1000 representatives of the anhydrous borate family are listed
in the Inorganic Crystal Structure Database [3]. These compounds are characterized by the great
variety in their crystal structures, caused in the linkage of planar BOs—triangles and BO4—tetrahedra
as fundamental structural units. This also leads to glass formation in viscous borate-based melts.
Therefore, investigations of “conditions—composition-structure-properties” relationships can help
to develop the technology of single crystal components for high performance electronic and optical
devices for industrial, medical and entertainment applications. These research works have quickly
opened a new field of materials science.

Most of the borate materials attract considerable attention owing to their remarkable characteristics
and potential applications. For instance, they demonstrate nonlinear optical and piezoelectric
effects (CSB305, LiB305, CSLiBﬁO]O, KBQQBO3F2, SI‘QBQQBO7, K2A1213207, Ca4GdO(B03)3, B-BaBZO4,
R,CaB;(Oq9, RM3(BO3),, where R — rare-earth elements; M — Al, Cr, Ga, Fe, Sc) [4-6], etc., luminescent
(RBO3) [7-9] and magneto-electrical properties (RFe3(BO3)s, RCr3(BO3)s, HoAl3(BO3)s, TbAl3(BO3)s)
which appear to be multiferroic materials, i.e., they can be used as magnetoelectric sensors, memory
elements [10-13], etc.

Comparatively recently, great attention has been paid to orthoborate crystals co-doped with Er
and Yb is associated with their potential as efficient active media solid-state lasers emitting in the
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spectral range 1.5-1.6 um [14,15]. Due to high phonon frequencies (more than 1000 cm'), efficient
energy transfers from Yb to Er ions take place in these crystals that is one of the crucial conditions
for efficient laser action in Er-Yb co-doped materials. First of all, the laser sources in this spectral
range are of great interest because of the several reasons: (1) Their emission is eye-safe since it is
absorbed by cornea and does not reach retina; (2) it has low losses in atmosphere and quartz fibers;
(3) room temperature sensitive detectors exist in this spectral range. Diode-laser pumping with high
brightness and efficiency and long lifetime implies opportunities for the development of compact laser
sources with unprecedented out parameters in different modes of operation for practical applications.
Mode-locked lasers emitting in the spectral range 1.5-1.6 pm with high repetition rate are especially
useful as pulse generators for high bit rate optical networks.

Single crystalline thin layers of (Er,Yb):YAl3(BO3)s, Er:YAl3(BO3)s and Yb:YAl3(BO3)4 on the
undoped borate substrates also are of great interest due to their device potential. Because of the
difference in the refractive index of thin film and substrate, grown epilayer exhibits waveguide
properties. Potential applications of active waveguides are systems of integrated optics for high-speed
signal processing.

Thus, borate crystals with huntite type structure including their derivatives are attractive for
different technological applications because of their favorable physical and chemical properties like
stability, high transparency, high thermal coefficient, and in particular a very high non-linear optical
coefficient, making it the ideal active medium for realizing self-doubling diode pumped solid-state
lasers. Wide isomorphous substitutions in R positions make it possible to extend new generation
functional devices based on these solids.

In this Special Issue, different aspects of multifunctional borate materials are discussed: from
ortho- and oxyorthoborates to compounds with condensed anions and from their nonlinear optical
and laser properties to piezoelectric characteristics. For example, ]. Dawes and coworkers investigated
liquid-phase epitaxial growth of the neodymium-doped YAl3(BOs), optical waveguides as potential
active sources for planar integrated optics [16]. E. Cavalli and N. Leonyuk also analyzed the emission
properties of the same orthoborate family [17]. Selected excitation, emission, and decay profile of
rare earth-doped YAl3(BO3)4 crystals were measured and compared with those of the concentrated
compounds. The effects of the energy transfer processes and the lattice defects, as well as the ion-lattice
interactions are considered taking into account the experimental results. J. Buchen at al. compared
twinning in YAl3(BO3) and KAl B,Oy crystals, which may degrade crystal quality and affect nonlinear
optical properties [18]. Space-resolved measurements of the optical rotation related to the twin structure
were made, in order to compare the quality of these ortho- and polyborate crystals to select twin-free
specimens. The piezoelectric ringing phenomenon in Pockels cells based on the beta barium borate
crystals was analyzed by G. Sinkevicius and A. Baskys [19]. It was estimated that piezoelectric ringing
in this metaborate crystal occurred at the 150, 205, 445, 600, and 750 kHz frequencies of high voltage
pulses. F. Chan et al. also reported single crystal growth and electro-elastic properties of x-BiB3Og and
BiyZnB, Oy crystals with the largest effective piezoelectric coefficients being in the order of 14.8 pC/N
and 8.9 pC/N, respectively [20]. Finally, G. Kuzmicheva et. al. reviewed structural aspects and
crystallochemical design of orthoborates belonging to huntite-type family [21]. Particular attention
was paid to methods and conditions for crystal growth, affecting a crystal real composition and
symmetry. A critical analysis of literature data made it possible to formulate unsolved problems in
the materials science of rare-earth orthoborates, mainly scandium borates, which are distinguished by
an ability to form internal and substitutional (lanthanide and Sc atoms), unlimited and limited solid
solutions depending on the topological factor.

Complex investigation of phase formations in multi-component borate melts and the study
of crystal growth conditions for novel high-temperature borates will provide a scientific base for
development of growth technologies with device potential. On the other hand, investigations of
crystal “conditions—composition-structure—properties” relationships in complex borate melts with
anion polymerizations can help to create a physico-chemical base for crystal growth technology of
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high performance electronic and optical devices and components with a variety of industrial, medical,
and entertainment applications. In the meantime, these relationships can help to estimate an affinity of
synthetic borate materials with their natural prototypes and structural analogs.

The structural stability of many silicates, phosphates, and germanates also depends on the
delocalization of formal charges of the A,On, (A = Si,Ge,P) anions as a result of their polymerization.
The regular variations in their structural motifs make it possible to forecast (optimistically, more or less)
new phase systems for the synthesis of advanced materials as well, because currently most of these
single crystals are not available in good size or quality. A further analysis of these inorganic polymer
structures will set out judicious ways towards a better understanding of the growth mechanisms of
multifunctional crystals, and this Special Issue is intended to fill this gap in the field.

Acknowledgments: The Guest Editor thanks all the authors who made this Special Issue possible and the Crystals
publishing staff for their assistance.
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Abstract: We investigated the fabrication of neodymium doped thin film optical waveguide-based
devices as potential active sources for planar integrated optics. Liquid-phase epitaxial growth was
used to fabricate neodymium-doped yttrium aluminum borate films on compatible lattice-matched,
un-doped yttrium aluminum borate substrates. We observed the refractive index contrast of the
doped and un-doped crystal layers via differential interference contrast microscopy. In addition,
characterization by X-ray powder diffraction, optical absorption and luminescence spectra
demonstrated the crystal quality, uniformity and optical guiding of the resulting thin films.

Keywords: thin film crystal growth; epitaxial layer growth; multifunctional borate crystals; planar
optical waveguides

1. Introduction

Integrated optics and photonics are increasingly important for optical signal processing in many
applications. They rely on the development of compact, robust planar optical devices. Integrated
optics employ waveguides as the building blocks for optical components, which are then connected
into circuits [1]. In particular, integrated optical systems using waveguide-based components typically
include active devices such as lasers and modulators that are integrated into photonic circuits. In each
case, the structure must be designed to guide and confine the light within the active region of the device
via the careful design of the refractive index contrast between the cladding and the active layer. Optical
waveguides are described as single mode or multimode, based on the properties of the structure, as
determined by the refractive index and dimensions of the guiding layer and substrate or cladding [2].
Active waveguide devices offer particular advantages over their bulk counterparts, because the optical
confinement increases the intensity of the signal and pump light within the waveguide, hence ensuring
that the amplification or nonlinear optical frequency conversion is more efficient than comparable bulk
devices [3]. Here, we consider multimode active planar dielectric devices.

Fabrication of planar waveguide devices has been accomplished by a variety of approaches [3].
For example, the refractive index inside a dielectric material may be modified using nonlinear
multiphoton processes [4,5], or ion-exchange [6]. In another approach, two crystals may be optically
polished and then thermally bonded to achieve strong adhesion between the crystal layers [7].
This typically requires careful polishing to ensure that the active layer is sufficiently flat and thin.
Epitaxial growth processes [8], such as liquid phase epitaxy (LPE) [9], pulsed laser deposition [10],
molecular beam epitaxy (MBE) [11], hydrothermal epitaxy [12], metal oxide chemical vapor deposition
(MOCVD) [13], and halide vapor phase epitaxy (HVPE) [14], enable the production of high-quality
crystalline materials, which are practical for waveguide fabrication.

There has been long-standing interest in multifunctional-doped borate laser crystals [15-24],
which are used in compact robust lasers emitting fundamental or self-frequency-doubled wavelengths,
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with Q-switched, mode-locked or continuous wave operation. The thermal conductivity of these
crystals facilitates the operation of the lasers at high power and in thin disk geometries [25-27].
In addition, un-doped borates have been adopted for nonlinear optics [28,29]. This has led to a
new drive for improved growth techniques for these crystals. Various approaches to optimize the
crystal growth—the choice, preparation, mixing of the flux, and the temperature profile—have been
reported [15-17]. There is a balance between the relatively slow growth of the crystals, and the control
of the crystal phase and uniformity, due to the formation of crystal twins [30,31]. However, following
an early report of epitaxial film growth [32], there has been recent interest in developing borate
crystals for waveguide devices that are compatible with integrated optics. This geometry enables
the concentration of the light in the active layer to enhance both the amplification and the optical
nonlinearity of the device [33-36].

The liquid phase epitaxial growth technique has several advantages compared with other
waveguide fabrication techniques. The layers are grown isothermally with homogeneous composition,
so the quality of the epitaxial layer is comparable with that of bulk materials. The interface between
the thin film and the substrate exhibits a step profile in the refractive index, whereas other waveguide
fabrication techniques typically lead to graded index profiles. Generally, the modes propagating inside
a multimode step index profile structure have a uniform effective index, whereas for a graded index
profile, different modes have a different effective index. The thickness of the waveguide structure can
be controlled accurately by the growth duration and growth temperature. Finally, liquid phase epitaxy
is adaptable for any single crystalline layer or active dopant, using an appropriate flux system and
growth conditions [8].

We investigated liquid phase epitaxy as an effective growth method for Nd:YAl3(BO3)4 (Nd:YAB)
thin films on compatible lattice-matched un-doped borate substrates. The resulting films, whose lattice
constants are consistent with R32 crystal symmetry, exhibit very good optical properties. Differential
interference contrast microscopy, X-ray powder diffraction and optical absorption and luminescence
spectra were used to characterize the optical quality and uniformity of these thin films.

2. Crystal Growth

2.1. Crystal Growth Methods

The flux system for the Nd:YAB epitaxial growth was chosen to be K;Mo3O1g with excess Y,03
and B,O3 [16]. This flux system offers advantages, because it has lower volatility than the PbF,-3B,O3
flux system, and excess Y03 and B,O3 were added to the initial flux to suppress AlsBOg inclusions
and to compensate for the volatility of B,O3 during crystal growth [16]. The mix for the growth was
calculated as 8 at. % Nd/(Nd + Y) with 24.4 wt. % of Nd:YAB in the solution. The solvent composition
was 91.9 wt. % of KoMo3Oqg + 5.4 wt. % ByO3 + 0.25 wt. % Y,0Oj3. All the chemicals were obtained
from local suppliers and heat-treated in a 300 °C furnace to remove adsorbed water before weighing.
They were completely ground and mixed in the platinum crucible (5 cm diameter) and heated in an
electric resistance furnace at 1150 °C for 24 h. The temperature was then dropped to about 1000 °C
to find the actual saturation point by repeated seeding. The seed was settled to the mid part of the
solution to ensure a homogeneous temperature gradient.

The substrate for the thin film growth needs to be selected carefully. It must permit reasonable
lattice matching with the epitaxial layer to avoid strain due to lattice mismatch, and it must ensure a
refractive index contrast, so that the active layer is the guiding layer with a higher refractive index.
We selected un-doped YAI3(BO3)4 (YAB), as it satisfies these criteria well. We also determined that a
neodymium fraction of 8% permitted waveguide confinement, without excessive lattice mismatch.
The calculated refractive index contrast for 8 at % Nd dopant is 0.0632 for n, and 0.0608 for n. [16].
Figure la shows the prismatic faces {1120} and {2110} and the rhombic face {0111} for Nd:YAB, along
with the crystal axes in Figure 1b. Previous liquid phase epitaxial growth of NdAB yielded thin films
of good quality using Gdg s9Lag 41 Al3(BO3)4 substrates with growth rates of around 1 pm/min [32].
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Figure 1. (a) The growth habit of Nd:YAB crystals and (b) the hexagonal crystal axes for the crystals.

The substrates were cut on the rhombic face {0111} from bulk YAB crystals grown in our own
laboratory and that of Professor N. Leonyuk. The surfaces of the substrates were left unpolished.
The substrates were dipped vertically into the melt with platinum wire wrapped around the top of
the substrates. The {0111} cut pure YAB substrate (typical dimension 1 mm x 2 mm x 5 mm) was
introduced and placed in the centre of the flux in the crucible.

Liquid phase epitaxial growth of thin films is typically similar to that of bulk crystals. The
temperature is selected to be below the saturation point to allow the thermodynamic growth of layers
with the same orientation as the substrate while immersed in a super-saturated solution. At conditions
that are close to equilibrium, the deposition of the crystal on the substrate is slow and uniform. In our
case, the temperature was initially set to 1 °C above the saturation point to smooth and dissolve the
surface (which becomes the substrate—film interface) and the temperature was then ramped down to
4 °C below the saturation point (around 1000 °C) to start thin film growth. The growth rate was about
5 pum per hour at this temperature, as seen in Figure 2. This growth condition was chosen to ensure the
thermodynamic growth regime and avoid any risk of spontaneous nucleation, which appears to occur
for AT of 8 °C or more. After growth, the substrate was carefully removed from the flux and slowly
cooled down to room temperature over 24 h. Bulk Nd:YAB crystals were also grown in our lab using
the liquid phase epitaxy technique in the same solution. The solution mix was the same as for the thin
film growth, with a small YAB seed.

Growth Rate (um/hour)
=
1

o T T T T T T T
2 4 6 8 10 12 14
AT (°0)

Figure 2. Nd:YAB crystal growth rate on the rhombic face seed crystal versus temperature below
saturation AT (°C).
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2.2. Results of Crystal Growth

Figure 3a shows an image of an as-grown Nd:YAB bulk crystal, with the growth facets visible,
grown for two weeks under similar conditions as the thin films, with the temperature ramping down
by 0.5 °C per day. Figure 3b shows an as-grown Nd:YAB crystalline thin film with un-doped YAB
substrate that has been side-polished and imaged by a differential interference contrast microscope
(Olympus BX60, Olympus Life Science, Sydney, Australia). The Nd:YAB thin film layer appears as
a uniform, smooth blue stripe in the microscope image with a sharp change and an apparent phase
contrast with the pure YAB substrate, which suggests a step-like refractive index profile. The film
thickness was measured to be 71 4= 0.5 pm. The film shown in Figure 3b was obtained after epitaxial
growth for 12 h at the conditions specified above. The as-grown thin film sample was transparent and
homogeneous with a smooth surface. No noticeable crystallites of the monoclinic form of Nd:YAB
were obtained, as discussed in Ref [35]. We attribute this to the moderate Nd dopant fraction and the
lower temperature growth process that we used.

= ?%ll e

—-—"I ;

(a) (b)

Figure 3. (a) As-grown bulk Nd:YAB crystal and (b) differential interference contrast image of the
Nd:YAB thin film and YAB substrate in cross-section.

3. Crystal Characterization Methods and Results

Crystal Characterization Results

X-ray powder diffraction was used to characterise the crystallographic structure, and the results
were compared with the diffraction patterns in an existing database. The X-ray powder diffraction
(XRD) pattern of ground Nd:YAB bulk crystals grown by top-seeded solution growth was measured
using a D/max-rA type X-ray diffractometer (Rigaku, Rigaku Americas Corp, The Woodlands, TX
USA) with CuK« radiation (A = 1.54056 A) at room temperature, and is shown in Figure 4. The X-ray
powder diffraction pattern of the Nd:YAB crystals was found to be consistent with the reference pattern
of YAl3(BOs3)4 and (JCPDS card No. 15-117) [37], indicating that the neodymium dopant does not
significantly perturb the lattice and the crystal belongs to the R32 space group. The lattice parameters
were calculated by the least-squares method.

According to the X-ray diffraction data, the calculated lattice constants of the Nd:YAB crystals
werea=b=9298 A and ¢ = 7.2406 A. In comparison with the data presented in Ref [16], the measured
lattice constants of the bulk Nd:YAB crystal were close to those of Ndy 09 Y(.91Al3(BO3)4, which were
9.295 A and 7.236 A. Thus our crystal properties are consistent with 9 at. % N dopant concentration
within experimental error. Lattice constants of YAB crystals with different dopants are listed in Table 1.
Assuming that the thin film has a similar Nd concentration to that of the bulk crystal, the lattice
mismatch of the as-grown Nd:YAB thin film is about 0.11% and 0.2% for the lattice constants a and c,
respectively. From optical microscopy and visual inspection, the Nd dopant distribution in the film
appeared uniform. This is expected, as the solute concentration does not vary significantly during thin
film growth.
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Figure 4. X-ray powder diffraction for as-grown Nd:YAB crystal.

Table 1. Lattice parameters of YAl3(BO3),.

Crystals a(A) c(A) Reference
YAB (JCPDS No. 15-117) 9.2872 7.2433 [37]
Ndo.09 Y091 Al3(BO3)4 9.295 7.236 [16]
NdAI;(BO3)s 9.365 7.262 [16]
Nd:YAB crystal 9.298 7.2406 This work

The substrate crystal surface quality is shown in Figure 5a before thin film growth, and it shows
the rough unpolished surface, which was smoothed in the initial period at a higher melt temperature.
Figure 5b shows the as-grown crystalline film image in cross-section. The epitaxial growth results in a
smooth surface with no additional crystallite formation. For the purposes of crystal characterization,
the absorption spectrum of a 2 mm x 4 mm x 1.1 mm slice cut and polished from a bulk Nd:YAB
crystal was measured using a Cary 5E spectrophotometer. This was compared with the absorption
along the guiding direction of the epitaxial layer, as measured in the set up shown in Figure 6. Figure 7a
shows the (unpolarised) absorption spectrum of bulk Nd:YAB (thickness 1.1 mm) in the wavelength
range 300-1000 nm. There are six main absorption peaks in the spectrum at 360, 528, 588, 750, 809, and
882 nm, which may be assigned according to Reference [16]. The uncorrected absorption spectrum for
the thin film is illustrated in Figure 7b. The absorption peak positions and features are similar to those
for the bulk sample. The drifting base line is attributed to the wavelength response of the detector in
the Ocean Optics HR2000 spectrometer.

(b)

Figure 5. (a) Microscope images of substrate surface (5x) and (b) after growth thin film surface (20x)
for Nd:YAB on a YAB substrate. The substrate is held vertically in the flux.
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Figure 6. Experimental setup for measuring absorption spectra along guiding direction.
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Figure 7. (a) Absorption spectrum of a polished slice of bulk Nd:YAB and (b) uncorrected absorption
spectrum of Nd:YAB crystalline thin film, along the guiding direction, showing intensity peaks at 588,
750 and 808 nm, attributed to transitions from 4Io /2 to 4Gs /2 4, /2 and 2Hy /2, respectively.

The near-infrared fluorescence spectra of the Nd:YAB thin film (thickness 71 pm), and a bulk
Nd:YAB crystal sample at room temperature, are overlaid in Figure 8. This spectrum was obtained by
coupling light from an 808 nm diode laser into the thin film and focussing the output by a lens into a
fibre-coupled spectrometer. The 887 nm, 1062 nm and 1339 nm peaks correspond to the fluorescence
of the *Fs /2 level into the 4y /2 44 /2, and I3 ,2 multiplets, respectively. The room temperature
fluorescence peak at 1062 nm is very strong, and the bandwidth (FWHM) of the 1062 nm peak is about
10 nm. The fluorescence spectrum of the thin film Nd:YAB crystal is well-correlated with that of the
bulk Nd:YAB sample.
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Figure 8. Luminescence spectrum of Nd:YAB thin film overlaid with that of the bulk Nd:YAB sample.
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A near-field image of the Nd:YAB thin film luminescence emitted from the end of the waveguide,
as longitudinally pumped by the 808 nm diode laser, is shown in Figure 9. This was captured by a CCD
camera (Pulnix, JAI Pulnix, Sydney, Australia) through a 1064 nm band pass filter. The camera was
coupled to a laser beam analyser (Spiricon LBA100A, Ophir-Spiricon Photonics, West North Logan,
UT, USA). The luminescence image size is about 71 um in the guided direction and 400 pm in the
unguided direction. Two subsidiary images, probably due to back reflections, are also observable to
the upper left. This image shows strong evidence of effective guiding within the epitaxial film layer.

Figure 9. Luminescence image of Nd:YAB thin film (image artefacts to the upper left).
4. Discussion and Conclusions

Nd:YAB planar waveguides with 9% Nd dopant were successfully grown by the top-seeded
solution method from the K;Mo301p and B,Oj3 flux system. The growth rates were measured and the
growth conditions and procedure were selected for high-quality film growth in the thermodynamic
regime. Nd:YAB thin film layers were obtained at 4 °C below the saturation temperature, with a
growth rate about 5 um/h on an un-doped {0111} YAB substrate. The growth of the thin films occurred
over about 12 h, with additional time for cooling. The as-grown thin films have good surface and
optical quality and homogeneity, and exhibit effective waveguiding of the strong luminescence at
1062 nm. Future measurements of optical gain and transmission losses in the devices are planned.
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Abstract: The piezoelectric ringing phenomenon in Pockels cells based on the beta barium borate
crystals was analyzed in this work. The investigation results show that piezoelectric ringing is
caused by multiple high voltage pulses with a frequency in the range from 10 kHz up to 1 MHz.
Experimental investigation of frequency response and Discrete Fourier transformation was used
for analysis. The method of piezoelectric ringing investigation based on the analysis of difference
of real and simulated optical signals spectrums was proposed. The investigations were performed
for crystals with 3 x 3 x 25 mm, 4 x 4 x 25 mm and 4 x 4 x 20 mm dimensions. It was estimated
that piezoelectric ringing in the beta barium borate crystal with dimensions of 3 x 3 mm x 25 mm
occurred at the 150, 205, 445, 600 and 750 kHz frequencies of high voltage pulses.

Keywords: Pockels cell; piezo-electric ringing; beta barium borate

1. Introduction

A wide variety of optical modulators are used in laser applications [1-7]. However, only
modulators based on electro-optic and acousto-optic principles are used for high power laser system
applications. The electro-optic modulation principle is based on the Pockels effect, which presents the
change of refractive index in non-centrosymmetric crystals under the influence of an external electric
field. The change in refractive index induces a polarization change of a beam that travels though
the crystal of the Pockels cell. This feature allows us to use the Pockels cell as a voltage controlled
half-wave plate [8].

Acousto-optic modulation principle is based on Debye-Sears effect combined with Bragg
configuration. The mechanical oscillation of piezoelectric wafer on the side of the crystal creates
pressure, which increase the refraction, diffraction and interference inside the crystal [8,9]. This effect
allows us to employ the acousto-optic modulator as a beam deflector.

The property of any optical modulator is the ability to let through or shut out the laser beam
that travels through the modulator. The measure of this property for the electro-optic modulators
is contrast ratio; for the acousto-optic modulators - diffraction efficiency. Electro-optical modulators
contrast ratio varies from 1000:1 to 2000:1 [10-12] and acousto-optic modulators diffraction efficiency
from 30 % to 80 % [4,13-15].

An essential parameter of optical modulators is the rise and the fall time of the modulator. The rise
and fall time of electro-optical modulators can reach 10 ns [4,12] and it varies from 200 ns down to 56 ns
for acousto-optic modulators [14,15]. It should be noted that the rise and fall time of the acousto-optic
modulator depends on the sound velocity in the crystal and the waist diameter of the beam [14].
The rise and fall time of an electro-optical modulators based on the Pockels cell is defined by the rise
and fall time of the high voltage pulse that is applied to the modulator. The required amplitude of the

Crystals 2019, 9, 49; doi:10.3390/ cryst9010049 14 www.mdpi.com/journal/crystals
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pulse for operation of any type of Pockels cell depends on the material, dimensions of the crystal and
wavelength of the laser beam that travels through the Pockels cell crystal [16,17].

There are two types of Pockels cells: transverse and longitudinal [8]. For longitudinal Pockels cells,
half-wave voltage (amplitude of pulse, at which the laser beam polarization has been rotated by 90°)
may vary from 4kV to 10 kV [18]. For transverse Pockels cells, half-wave voltage varies between 1 kV
and 8 kV [19,20]. Pockels cell rise/fall time depends on two factors: capacitance of the crystal and
applied voltage rise/fall time. In order to achieve a shorter duration of rise/fall time of the Pockels
cell, it is necessary to decrease the values of these parameters. The capacitance is determined by the
dimensions and material of the crystal; therefore, the main way for the reduction of the rise/fall time
of Pockels cell is improvement of the electronics of the high voltage driver. There are only a few
usable concepts for high voltage driver design: metal-oxide-semiconductor field-effect transistors
(MOSFET) or bipolar avalanche transistors connected in series [21]. The high voltage drivers based on
the MOSFETs connected in series provide the laser beam modulation frequency up to 1 MHz with the
30 ns rise/fall time of pulse and adjustable pulse width [22-27]. The bipolar avalanche high voltage
drivers allow us to achieve rise time from 7 ns down to 240 ps [28-35]. However, the fall time of the
pulse generated by the bipolar avalanche high voltage drivers may be 10 times longer than the rise
time of the pulse. Another drawback is that practically, it is not possible to adjust the pulse width.
The highest width of high voltage pulse is around 7 ns [35] and the highest achieved frequency is
200 kHz [28].

Pockels cells are characterized by higher contrast ratio and shorter duration of rise/fall time
in comparison with the acousto-optic modulators. However, the high voltage pulses with the
short rise/fall duration can cause piezoelectrical ringing that induces acoustic waves in Pockels
cell crystal. If acoustic waves are not suppressed, they are reflected back inside of the Pockels cell
crystal. This phenomenon introduces the elasto-optic effect, which can cause the reduction of Pockels
cells contrast ratio [11,36-39]. This effect has to be investigated in order to find the ways how to reduce
the impact of the piezoelectric ringing on the contrast ratio. The beta barium borate (BBO) crystals are
usually used for the implementation of Pockels cells. There are many works dedicated to the analysis
of effects in BBO crystals, e.g., [11,40-43]. However, the piezoelectric ringing phenomenon in Pockels
cells with BBO crystals was mentioned in merely one research [11] and there are none dedicated to the
analysis of high voltage pulse frequency impact on piezoelectric ringing phenomenon.

The investigation results of piezoelectric ringing of the Pockels cells with BBO crystals that operate
in high voltage pulse frequency range from 10 kHz up to 1 MHz are presented. The method of the
piezoelectric ringing investigation based on the spectrum analysis of difference of real and simulated
optical signals is proposed. The investigations are performed for the crystals with 3 x 3 x 25 mm,
4 x4 x 25mm and 4 x 4 x 20 mm dimensions.

2. Investigation Procedure

Pockels cells based on the BBO crystals were investigated experimentally. A block diagram of
simplified single pass contrast ratio measurement setup is given in Figure 1. A 1064 nm wavelength
diode-pumper solid state (DPSS) laser with 1.5 mm beam diameter and 2 W power was used in this
setup. Half-wave plate with antireflective (AR) coating at 1064 nm was used to alter beam polarization
of the DPSS laser. Glan-Taylor polarizing prism was selected for its high extinction ratio, which is
higher than 100,000:1 [44]. This prism is used in order to let through only the p-polarized beam.
The optical attenuator in combination with half-wave plate was employed in order to adjust the power
and to avoid the saturation of photodetector. Laser beam from the first Glan-Taylor polarizing prism
travels through the Pockels cell and after that to the second Glan-Taylor prism. The light intensity
was detected via a high-speed Si photodetector (DET10A /M, Thorlabs, Newton, NJ, United States,
2013). It must be noted that the phases of the first and the second Glan-Taylor polarizing prisms were
mutually turned by 90°, i.e., the second Glan-Taylor polarizing prism was used as an analyzer.
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Figure 1. Single pass contrast ratio measurement setup, where DPSS - diode-pumper solid state.

Bipolar high voltage power supply (PS2-60-1.4, Eksma Optics, Vilnius, Lithuania, 2015) was used.
It provided positive and negative output voltage 1 kV to 1.4 kV. A potential difference of 2.8 kV was
possible with this device. Voltage was supplied to the bipolar high voltage driver (DPD-1000-2.9-Al,
Eksma Optics, Vilnius, Lithuania, 2015), which produced high voltage pulses and operated on the
MOSFET connected in series principle. Pulse width adjustment from 100 ns up to 5 us was achieved
with this driver model. High voltage pulse rise/fall edge duration from 8 ns down to 4 ns was
achievable at pulse frequencies up to 1 MHz. Frequency and duration of the high voltage pulses was
assigned via pulse generator (9530, Quantum composers, Bozeman, MT, United States, 2014).

High voltage pulses from bipolar high voltage driver were supplied to the Pockels cell. When the
voltage was applied to the Pockels cell, the output signal of the photodetector became high. When no
voltage was applied to the Pockels cell, photodetector output signal was low. Oscilloscope sampled
the voltage on the output of the photodetector and captured the oscillograms. The intensity of the laser
beam that was recorded by the photodetector can be calculated by [45]:

I = Isin? g , (€]

where I is the intensity of incident light and I' is phase retardation, which is calculated using equation:

- 27‘[L1”l%1‘,‘jV

Y @

where L is the crystal length, n is the refractive index, Tjj is the electro-optic coefficient, V is the voltage
applied, A is the wavelength of the laser beam and 4 is the crystal thickness.

Contrast ratio was calculated using the intensity value of optical signal, which was captured by
the oscilograms, applying equation [46]:

= ®)

where:

1 fh
Imax = 7/ ud(t)dt ’ (4)
to — tpw Ji
1 tp
Inin = —— | Ua(t)dt, ©)
tp = tpw Jtp
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where Uy(t) is the voltage of photodetector, fg is moment at which the optical pulse starts, f is the
width of optical pulse and t, is the period of the pulses. Imax and Iy are the average of maximum
and minimum intensity of the optical signal in the input of the photodetector.

The contrast ratio of Pockels cells was measured in the high voltage pulse frequency range 10 kHz
up to 1 MHz. Oscilloscope data were sampled and the frequency was changed with the step of 3 kHz
automatically via software developed by the authors.

Measurements were performed for the the BBO Pockels cell crystals with the following
dimensions:

e 3mm X 3mm X 25 mm
e 4mm X 4mm X 25 mm

e 4mm X 4mm x 20 mm

3. Investigation Results

Photodetector signal oscilograms for Pockels cells with BBO crystals of 3 x 3 x 25 mm,
4 x4 x 25mm and 4 x 4 x 20 mm dimensions were captured at high voltage pulses in ranges from
10 kHz to 1 MHz with 3 kHz steps. Photodetector signal for Pockels cell with 3 mm x 3 mm x 25 mm
BBO crystal is presented in Figure 2. Additionally, the simulated square wave signal of photodetector is
presented in Figure 2. The simulation was performed using LabVIEW software (National Instruments,
Austin, TX, United States, 2016) the model used for simulation did not take into account the
piezoelectric ringing phenomenon of the Pockels cell crystal.
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Figure 2. Real and simulated photodetector signal for Pockels cell with 3 mm x 3 mm x 25 mm beta
barium borate (BBO) crystal at frequencies of high voltage pulses: (a) 150 kHz; (b) 180 kHz; (c) 205 kHz;
(d) 445 kHz; (e) 600 kHz; (f) 750 kHz.

The photodetector signal was close to the simulated square wave signal, just at the 180 kHz high
voltage pulse frequency (Figure 2b). This showed that the piezoelectric ringing did not occur at the
180 kHz frequency. However, in all other oscillograms that are presented in Figure 2, optical signal
was distorted as compared to the simulated square wave signal. Distortion of the photodetector
signal was the consequence of the piezoelectric ringing phenomenon. Oscilograms presented in
Figure 2a,c—f show that the period of oscillations caused by the piezoelectric ringing phenomenon
depended on the high voltage pulse frequency. The highest distortion of the optical signal was
recorded at the 600 kHz high voltage pulse frequency (Figure 2e). This happens because the frequency
of the piezoelectric ringing coincided with the frequency of high voltage pulses in this situation and,
therefore, some resonance occurred.

The signals caused by the piezoelectric ringing oscillations at 150 kHz, 205 kHz, 445 kHz, 600 kHz
and 750 kHz frequencies were analyzed using discrete Fourier transform (DFT):

N-1 ,
y(f) _ Z xnef]ann/N (6)
n=0

where n =0, 1,2, ..., N—1, x is input sequence, N is the number of elements of x and y is the
transform result.

Spectrums of real and simulated photodetector signals at the 180 kHz high voltage pulse frequency
obtained using DFT are presented in Figure 3a. The difference of real and simulated photodetector
signal spectrums was calculated to evaluate the spectrum inequality. The result of calculation is
presented in Figure 3b. This showed that spectrums of real and simulated signals were close to each
other. This fact proves that no piezoelectric ringing oscillations occurred at frequencies up to 11 MHz
if the high voltage pulses with 180 kHz were used for the Pockels cell control.

The differences of real and simulated photodetector signal spectrums calculated for the signals
obtained at the 150 kHz, 180 kHz, 205 kHz, 445 kHz and 750 kHz high voltage pulse frequencies are
presented in Figure 4. The results for 600 kHz frequency are not displayed, since the subtraction result
was very high, and therefore, the imaging of the graph would be worsened.
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Figure 3. (a) Spectrums of real and simulated photodetector signals; (b) result of spectrum subtraction.
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Figure 4. Real and simulated signals spectrums subtraction at 150 kHz, 180 kHz, 205 kHz, 445 kHz
and 750 kHz high voltage pulse frequencies.

The highest amplitudes of spectrum components obtained for 150 kHz high voltage pulse
frequency were observed at 150 kHz and 450 kHz; for 205 kHz at 205 kHz with a lot of lower
amplitude components, for 445 kHz at 445 kHz and 890 kHz, and for 750 kHz at 750 kHz.

The piezoelectric ringing in the Pockels cell with BBO with dimensions of 3 X 3 x 25 mm occurred
if the spectrum components of the high voltage pulses were near the resonant frequencies of 445kHz,
600 kHz or 750 kHz. Therefore, the acoustic wave suppressors designed for these frequencies had to
be applied.
The dependences of Pockels cell BBO crystals contrast ratio on applied high-voltage pulse
frequency was obtained by processing the captured oscilograms data using the contrast ratio
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Equation (3). The obtained dependences of 3 x 3 x 25 and 4 x 4 x 25 mm Pockels cell BBO crystals

contrast on applied high-voltage pulse frequency are presented in Figure 5.
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Figure 5. The dependences of Pockels cell BBO crystals contrast ratio on applied high-voltage pulse
frequency for crystals with various dimensions: 1—4 x 4 x 25 mm; 2—3 x 3 x 25 mm.

The obtained results for Pockels cell with 3 x 3 x 25 mm BBO crystal show that piezoelectric
ringing occurred and, because of this, the contrast ratio decreased at 150 kHz, 205 kHz, 445 kHz,
600 kHz and 750 kHz high voltage pulse frequencies. Spectrum analysis shows that piezoelectric
ringing at the 150 kHz and 205 kHz frequencies was caused by the third harmonic of high voltage
pulses. It is seen (Figure 5) that resonant frequencies depended on the size of the BBO crystal aperture.
The resonances of smaller crystal occurred at higher frequencies. When aperture of crystal changes
from 3 to 4 mm, the lowest resonance frequency decreased by 36 kHz at the 114 kHz frequency,
while for the highest resonance frequency it decreased by 195 kHz at the 550 kHz frequency.

It is seen that with the decreasing of BBO Pockels cell crystal length from 25 mm to 20 mm,
the resonance frequency shifted slightly (Figure 6).
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Figure 6. The dependences of Pockels cells BBO crystal contrast ratio on applied high-voltage pulse
frequency for crystals with various dimensions: 1—4 x 4 x 20 mm; 2—4 x 4 x 25 mm.
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4. Discussion

The novel method of piezoelectric ringing analysis of Pockels cells with BBO crystals, which is
based on the subtraction of real and simulated photodetector signals spectrums, allows us to observe
spectrum components caused by the piezoelectric ringing phenomenon.

The obtained results for Pockels cell with 3 x 3 x 25 mm BBO crystal show that piezoelectric
ringing occurred and, because of this, the contrast ratio decreased at 150 kHz, 205 kHz, 445 kHz,
600 kHz and 750 kHz high voltage pulse frequencies. Spectrum analysis shows that piezoelectric
ringing at the 150 kHz and 205 kHz frequencies was caused by the third harmonic of high voltage pulses.
The frequencies at which the piezoelectric ringing occurred depend on the size of the BBO crystal
aperture. The piezoelectric ringing of smaller crystal occurred at higher frequencies. When aperture
of crystal changed from 3 to 4 mm, the lowest frequency decreased by 36 kHz at 114 kHz frequency,
while for the highest resonance frequency it decreased by 195 kHz at the 550 kHz frequency.

The highest distortion of the optical signal was recorded at the 600 kHz high voltage pulse
frequency. This happened because the frequency of the piezoelectric ringing coincided with the
frequency of high voltage pulses in this situation, and therefore, some resonance occurred.

The method for piezoelectric ringing suppression in Pockels cells with BBO crystals has to be
developed to decrease the impact of this phenomenon on the contrast ratio of Pockels cell.
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Abstract: The luminescence properties of RAl3(BO3)4 (RAB, with R = Pr, Eu, Tb, Dy, Tm, Yb) huntite
crystals grown from K;MozOj flux were systematically characterized in order to investigate their
excitation dynamics, with particular reference to the concentration quenching that in these systems is
incomplete. To this purpose, selected excitation, emission, and decay profile measurements on diluted
R:YAB crystals were carried out and compared with those of the concentrated compounds. The
effects of the energy transfer processes and of the lattice defects, as well as the ion-lattice interactions,
have been taken into consideration in order to account for the experimental results.

Keywords: borate crystals; luminescence; rare earth spectroscopy

1. Introduction

Borate crystals of the huntite family with the general formula RX3(BO3)4 (R = lanthanide ions,
X = Al, Ga, Fe, Cr) have been the subject of both fundamental and technologically oriented studies [1,2]
for more than fifty years. The ability to grow good optical quality single crystals at relatively
low temperatures [3], the insensitivity of the huntite structure to the cation replacement, and the
presence of a single lanthanide site with defined local symmetry make these materials very suitable
for investigations of the structure of the energy levels and the de-excitation mechanisms of the active
ions [4,5]. Furthermore, the combination of favorable chemical and physical characteristics like stability,
hardness, high UV transparency, and nonlinear optical properties make them attractive for application
in several fields: lasers [6,7], scintillators [8], phosphors [9,10] and so on. In general, these crystals
require active media, usually constituted by a transparent host matrix, like YAI3(BO3)4 or YGa3(BO3)s,
containing luminescent ions in low amounts. This not only for cost reduction purposes, but also because
high concentrations of active ions can result in emission quenching effects, a consequence of energy
transfer processes whose efficiency depends on the ion nature and on the characteristics of the host.
For these reasons, research activity has mainly focused on doped materials (YAl3(BO3)4:R%*, hereafter
R:YAB, is the most popular) and less attention has been dedicated to the study of the spectroscopic
properties of concentrated compounds. Nevertheless, the limited number of investigations carried
out on these materials has provided interesting information concerning the effectiveness and the
mechanisms of the excitation transfer [11,12], the effect of the rare earth substitution on the structural
properties [13], and the development of microchip lasers [14,15]. Consequently, we felt it would be
interesting to revisit part of the existing literature and to extend it to unexplored members of the
RAI3(BO3)4 (RAB) family, in order to provide a general picture of their emission properties and of the
effects of concentration and structure on their luminescence performances.

Crystals 2019, 9, 44; doi:10.3390/ cryst9010044 24 www.mdpi.com/journal/crystals
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2. Materials and Methods

2.1. Crystal Growth and Structural Properties

The RAB and R:YAB crystals (R = Pr, Eu, Tb, Dy, Tm, Yb) were grown from K,Mo3O;¢-based flux
melts in the 1150-900 °C temperature range. The details of the growth procedure are well described
in several papers [3,5,13]. The flux growth technique, adopted because the RAB compounds melt
incongruently, entails the unavoidable contamination of the crystals by flux components. Investigations
in this area have demonstrated that only Mo ions in the tri-, penta- or hexavalent oxidation state are
present at a level of some relevance (0.1-0.5%) [1]. The crystals used for the spectroscopic experiments
are in the form of rods up to 2 x 1 x 1 mm?3 in size and free from inclusions. Based on X-ray powder
diffraction studies [16], the first twelve RM3(BOj3)s borate crystals synthesized by Ballman in 1962 [17]
were classified structurally as part of the huntite family, CaMg3(CO3)4, R32 space group (Table 1).

Table 1. Crystallographic characteristics of RAl3(BO3)4 (space group R32) [1].

Borate ad) c(A)

YAI3(BO3),  9.288(3)  7.226(2)
PrAl3(BOs); 9.357(3)  7.312(3)
EuAl;(BO;)s  9.319(3)  7.273(3)
TbAI3(BO3)s 9.297(3)  7.254(3)
DyAl3(BO3);  9.300(3)  7.249(3)
TmAl;(BO3), 9.282(3)  7.218(3)
YbAI3(BO3), 9.278(3)  7.213(3)

Unlike the carbonate mineral structure, which has only trigonal modification (space group
R32), the rare-earth-aluminum borates containing large R-cations are represented by three polytypic
modifications with space groups R32, C2/c and C2 (Table 2).

Table 2. Unit cell parameters of monoclinic RAl3(BO3), modifications.

Borate a(d) b (A) c(A) B, degree  Sp. Gr. Ref.
PrAl3(BO3)y  7.272(2)  9.362(2)  11.145(3) 103.49 C2/c [18]
BuAl;(BOs);  7.270(4)  9.328(6)  11.074(4) 103.17 C2/c [18]
EuAl;(BOs)s  7.230(2)  9.322(4)  16211(4)  90.72(2) 2 [19]

TbALy(BO3)s  7.220(3)  9.312(4)  11.072(4)  10320(3)  C2/c [19]

In previous studies [19,20], these polytypes are described in terms of the OD-theory. In this case,
monoclinic polytypes are represented in accordance with the transformation of rhombohedral R-cell
to monoclinic C-cell with g = 113° for both C2/c and C2 space groups. The crystals investigated in
this work belong to the R32 polytype. In the hexagonal huntite lattice, the R3* sites have six-fold
oxygen coordination and trigonal prismatic geometry with D3 point symmetry. The AI** ions occupy
octahedral sites and the B* ions are surrounded by three oxygen atoms with triangular geometry
(Figure 1a).
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Figure 1. (a) LnAB crystal structure (elaborated using the VESTA software [21]); (b) variation of the
cell parameters (taken from Reference [1]) as a function of the Ln3* ionic radii (from Reference [22]).

The Ln®* sites are well separated from one another, the R*-R** minimum distance being of
the order of 5.8-5.9 A. This limits energy transfer and concentration quenching processes. It is
interesting to note that the cell parameters increase linearly with the ionic radius of the rare earth ions.
This dependence can be formalized by the following equations:

a (A) =875+ 0.61-r (A) 1)

c(A) — 652+ 0.79-r(A) )

It would be interesting to verify if this model could be extended to other members of the huntite
family. Despite their phenomenological nature, they can be useful in different circumstances, like in
predicting lattice parameters of unknown compositions, estimating thermodynamic properties, testing
data, etc. [23].

2.2. Spectroscopic Measurements

The emission spectra and the decay profiles were measured at room temperature using
an Edinburgh FLS1000 (Edinburgh Instruments, Livingston, UK) or a Jobin-Yvon FluoroMax 3
spectrofluorimeter (Horiba, Kyoto, Japan).

3. Results

3.1. PrAB

The emission properties of PrAB were investigated by Koporulina [24] and Malyukin [12].
They observed two band systems centered at 610 and 650 nm, ascribed to the 'D,—3H, and 3Py—3Hg
transitions, respectively. An accurate inspection of the spectra shown in Figure 2a allows the assignment
of some additional transitions.
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Figure 2. (a) Excitation (monitored wavelength: 613 nm) and emission (excitation at 450 nm) spectrum
of PrAB and of Pr’*:YAB. (b) Energy levels scheme and de-excitation mechanisms.

The excitation spectra were assigned to the transition from the 3H, ground state of Pr3* to
the excitation levels indicated in Figure 2a. The spectral components were significantly broadened
(FWHM~35-40 cm ™! for the most intense transitions) and the comparison with the emission of the
diluted compound evidenced the complete quenching of the emission from the 'D; level, usually
predominant in the spectra of the diluted materials [25]. These features are both related to the
high content of Pr3* ions. The quenching of the !D, emission can be ascribed to a cross-relaxation
mechanism, 'D,, *Hy —'Gy, 3F4 (process one in Figure 2b), which is resonant and then effective. It is
even because the 'D; level is efficiently populated through multi-phonon relaxation from the >Py one,
with the gap between the two levels being of the order of 3500 cm~! and then bridgeable by 34 high
energy phonons (the phonon cut-off of YAB is 1070 cm~! [26]), and also through cross-relaxation
(process two shown in Figure 2b). In addition, the cross-relaxation mechanism depopulating the
3Py state °Py, 3Hy —1Gy, Gy, process three in Figure 2b) was not resonant and less efficient.
The combination of these effects meant that only the 3Py emission was observed in the spectrum
of the concentrated crystal.

3.2. EuAB

The excitation and emission spectra of EuAB are reported in Figure 3a. They were consistent with
the spectra of the diluted Eu:YAB [9] and Eu:GAB [27] and were assigned accordingly. The excitation
spectra were assigned to the transitions from the 7Fy ground state of Eu®* to the excited levels indicated
in Figure 3a. The spectral features were relatively narrow (FWHM~20 cm~! for the most intense
transitions) indicating that the ion-ion interactions were relatively limited. The EuAB spectra were
measured by Kellendonk et al. [11] at liquid helium temperature, in order to demonstrate the presence
of Eu®* ions in non-regular sites. In their investigation concerning the concentration quenching of
the emission, these authors individuated three possible non-radiative mechanisms depleting the 5D0
emitting level: diffusion-limited migration within the regular Eu®* system, energy transfer between
ions in regular and non-regular crystallographic sites, migration to quenching centers and transfer to
Mo ions present as unwanted impurities. The presence of Eu* in non-regular sites was consistent
with the observation of some extra features in the excitation spectra, revealed through comparison
with the excitation spectra of the diluted material (see Figure 4). The decay profile of the luminescence,
shown in the inset of Figure 3a, is not exponential and can be well reproduced by a two-exponential
function with time constants of 112 and 304 us, whereas the fit based on the diffusive model of
Yokota-Tanimoto [28] does not work.
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Figure 3. (a) Excitation (monitored wavelength: 613 nm) and emission (excitation at 394 nm) spectrum
of EuAB. (b) Energy levels scheme and de-excitation mechanisms.

This behavior is consistent with the presence of different non-radiative processes, resulting in an
overall decrease of the quantum yield to about 22% (estimated according to the ratio of the decay times
of the concentrated and diluted crystal), with the radiative lifetime of the °Dy emitting level being

1.35 ms, as shown in Figure 4.

Intensity (a. u.)

—— YABEu 1%
- EuAB

Wavelength (nm)

| ESS .
00 05 10 15 20 25
time (ms)

YABEu 1%
t=1353 ps

W
0 5 10 15

time (ms)

Figure 4. Comparison between the excitation spectra of Eu>*:YAB and EuAB, and decay profiles of
their luminescence.

This value was longer than that reported by Kellendonk (1.12 ms) [11]. Considering that EuAB is

a fully concentrated material, its efficiency can be considered relatively high.
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3.3. TbAB

Apart from the decay profiles, the excitation and emission spectra of TbAB (Figure 5a) were
practically identical to those of Th:YAB 3% and were consistent with previous literature [29,30].
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Figure 5. (a) Excitation (monitored wavelength: 548 nm) and emission (excitation at 375 nm) spectrum
of TbAB. Inset: decay profiles of the Tb:YAB and TbAB emission. (b) Energy levels scheme and
de-excitation mechanisms.

The observed emission transitions originated from the 5D, excited state, those from the D5 one
were quenched through the 5Ds, "Fg —°D 4, ’Fy cross-relaxation mechanism, as shown in Figure 5b.
The excitation spectra were attributed to the transition from the "Fg ground state of Tb>* to the excited
levels indicated in Figure 5a. The temporal profiles of the luminescence were a single exponential and
the time constant reduced by less than 50% on passing from the concentrated to the diluted material.
Together with the absence of any differences in the structure of the spectra, this means that Tb3*
occupies a single site in the huntite lattice, in contrast to Eu®*. In light of the possible energy transfer
mechanisms, the comparison between the EuAB and TbAB spectral properties allowed us to infer that
the presence of active ions in non-regular or defective sites plays an important role in reducing the
efficiency of the material.

3.4. DyAB

To the best of our knowledge, this is the first study to report the excitation and emission spectra,
as well as the decay profile, of the luminescence of DyAB (see Figure 6a). The strongest feature
was in the yellow region, ascribed to the 4F, /2%6H13 /2 transition and interesting for phosphor and
laser applications. Similar to the EuAB case, the emission spectrum did not change on passing from
the diluted to the fully concentrated compound, whereas the excitation one evidenced a significant
broadening and the presence of some extra lines. Thus, it is reasonable to suppose that, in this case, a
small part of the doping ions also lie in non-regular sites. It is also important to note that the emitting
level can be depleted non-radiatively through a cross-relaxation process (*Fg 2, ®Hys/2 —(°F3/2, °Fy /2),
(°Hyg 5, ®F11,2)), shown in Figure 6b. This nearly resonant mechanism accounted for the fast decay
of the DyAB emission, whose time constant (2.2 pus) was much shorter than that of the 3% doped
Dy:YAB (548 us).
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Figure 6. (a) Excitation (monitored wavelength: 575 nm) and emission (excitation at 351 nm) spectrum
of DyAB. Inset: decay profiles of the Dy:YAB and DyAB emission. (b) Energy levels scheme and
de-excitation mechanisms.

3.5. TmAB

The excitation and emission spectra of TmAB are reported in Figure 7a.
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Figure 7. (a) Excitation (monitored wavelength: 450 nm) and emission (excitation at 358 nm) spectrum
of TmAB. (b) Energy levels scheme and de-excitation mechanisms.

The luminescence spectrum was measured upon direct excitation into the 'D, emitting level.
It is largely in agreement with the findings reported by Malakhovskii et al. [31], who, however, did
not perform excitation or decay time measurements. The corresponding spectrum of Tm:YAB (3%),
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is shown for the sake of comparison. The maximum intensity of both spectra is normalized to one.
The emission spectrum presented a relatively strong band in the blue region, assigned to the D, —3F,
transition, with other features being only barely appreciable at 480 nm ('D,—3Hs, nearly absent) and
at 665 nm (1G4—3F,, weaker in the TmAB spectrum). The blue transition overlapped a broad band
whose origin is unknown, but is probably due to impurities (Ce>*?). With respect to the emission of
the diluted compound, aside from being weaker, it was also relatively broader. The decay profiles were
strongly non-exponential in both the diluted and concentrated samples, with the average decay times
being 11 ps in the former case and 5 ns in the latter. Considering that the radiative decay time of the D,
level is 71 ps [32], it can be concluded that efficient non-radiative processes contributed to depleting
the emitting levels. In addition to the energy migration presumably active in TmAB, nearly resonant
cross-relaxation processes also occur, as shown in Figure 7b. As a consequence, the concentration
quenching, even if incomplete, is rather strong in this material.

3.6. YbAB

The optical spectra of Yb3*-doped YAB have been extensively investigated [33,34] because of the
attractiveness of this material for solid-state laser applications. The spectra, shown in Figure 8a for
comparison, were in agreement with previous results. As the intensity of the YbAB emission is rather
low, it has been amplified in Figure 8 for the sake of comparison. The spectrum was consistent with
that published by Popova et al. [35]. However, the decay profile is reported here for the first time.
The observed transitions were broadened mainly because of the strong electron-phonon coupling
typical of the Yb3*-doped materials. However, the structure of the spectra was different from that
of the diluted crystal. In particular, the relative intensity of the excitation and emission bands in
the 950-1025 nm range, namely in the vicinity of the 0-0 line at 10188 cm~! (982 nm), was much
lower. This is mainly a consequence of reabsorption effects, involving Yb3* ions lying in regular and
non-regular sites. In fact, it is known that the optical spectra of Yb®" in YAB are significantly affected
by the presence of active ions replacing AI** or located near to impurities like Mo®>* [34-36].
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Figure 8. (a) Excitation (monitored wavelength: 1038 nm) and emission (excitation at 940 nm) spectrum
of YbAB. Inset: decay profiles of the Yb:YAB and YbAB emission. (b) Energy levels scheme and
electronic transitions.
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In YbAB, the concentration of these defective species was certainly much higher, as were their
effects on the optical features. The build-up in the emission temporal profile and the very short
decay constant (23.6 ps versus 680.5 ps for the diluted crystal, see inset of Figure 8) are consistent
with the occurrence of energy transfer and migration processes involving active ions located in
different environments.

4. Discussion and Conclusions

The emission properties of several members of the RAB (R = lanthanide ion) family were
investigated. In these materials, the concentration quenching of the luminescence was incomplete, due
to the fact that the crystal sites occupied by the active ions were well separated from one another and
the energy transfer processes responsible for the quenching were significantly limited. This finding
is in agreement with previous studies [11]. The comparison with the spectra of diluted R*:YAB
has provided information about the quenching degree and the factors responsible for the creation
of non-radiative de-excitation pathways. Efficient cross-relaxation channels reduce the emission
efficiency of PrAB and TmAB by more than 90%, and their spectra present features ascribable to defect
centers and of difficult attribution. The spectra of EuAB and DyAB are rather similar to those of
the diluted crystals, but the efficiency is quite high in the former case (22%) and very low (0.4%) in
the latter. The mechanism responsible for the quenching of the EuAB emission is the migration to
killer centers, whereas that of the Dy AB emission is a cross-relaxation mechanism. The emission of
TbAB decreases only by about 50% with respect to the diluted crystal, as a consequence of migration
processes. Amongst the studied compounds, this is by far the most efficient. Finally, in the case of
YbAB, it must be considered that the absorption and emission processes take place between only two
electronic states, which are strongly coupled with the lattice. This implies a significant broadening of
the spectral features that favors reabsorption processes. This effect is further enhanced by the presence
of Yb3* ions in non-regular lattice sites, whose involvement in migration processes results in the
reduction of the emission efficiency to about 3%, with respect that of the diluted material. The above
considerations are briefly summarized in Table 3.

Table 3. Summary of the luminescence features of the investigated compounds.

Borate Emitting Level Efficiency Quenching Mechanism
PrAl3(BO3), 3Py n.d. Cross-relaxation
EuAl3(BO3)4 5Dy 22% Migration
TbAI3(BO3)4 5Dy 51% Migration
DyAl;(BO3)y 4Fy/n 0.4% Cross-relaxation
TmAI3(BO3), D, 7% Cross-relaxation, migration
YbAIl3(BO3), 2F5 /2 4% Migration, reabsorption

In the instance that no data were available in the literature or in the absence of agreement between
the published data, the quantum efficiencies were evaluated using the decay times of the diluted
crystal as a rough estimation of the radiative lifetimes. Consequently, they must be considered as
indicative only. As a final consideration, it can be concluded that the concentration quenching in this
class of materials is higher when the emitting level is non-radiatively depleted through cross-relaxation
mechanisms, which mostly involve regular centers. In contrast, the migration, dependent to a larger
extent on the presence of lattice defects, plays a comparatively minor role. The fact that the quenching
was incomplete in the fully concentrated RAB crystals is a consequence of the relatively long distance
between the active centers in the huntite lattice.

A better characterization of the energy transfer processes involved in the quenching mechanisms
could be performed through low temperature spectroscopic measurements, whereas growth
experiments in different solvents, like BaO-B,O3 or Li;B4Oy, could be of help for a more detailed
identification of the non-regular active ions. Future work is being planned in these directions.
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Abstract: The non-centrosymmetric bismuth-based oxyborate crystals have been extensively studied
for non-linear optical, opto-electric and piezoelectric applications. In this work, single crystal
growth and electro-elastic properties of x-BiB3Og (x-BIBO) and Bi,ZnB,O7 (BZBO) crystals are
reported. Centimeter-sized o-BIBO and BZBO crystals were grown by using the Kyropoulos method.
High resolution X-ray diffraction tests were performed to assess the crystal quality. The full-width
at half-maximum values (FWHM) of the rocking curves were evaluated to be 35.35 arcsec and
47.85 arcsec for «-BIBO and BZBO samples, respectively. Moreover, the electro-elastic properties of
a-BIBO and BZBO crystals are discussed and summarized, based on which the radial extensional and
the face shear vibration modes were studied for potential acoustic device applications. The radial
extensional mode electro-mechanical coupling factors k, were evaluated and found to be 32.0% and
5.5% for x-BIBO and BZBO crystals, respectively. The optimal crystal cuts with face shear mode were
designed and found to be (YZt)/—53° (or (YZt)/37° cut) for «-BIBO crystal, and (ZXt)/+45° cut for
BZBO crystal, with the largest effective piezoelectric coefficients being in the order of 14.8 pC/N and
8.9 pC/N, respectively.
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1. Introduction

Oxyborate crystals are important multi-functional crystal materials with comprehensive
performances in non-linear optical (NLO), laser, and piezoelectric fields [1-6]. In recent years,
the oxyborate crystals, especially the bismuth-based oxyborate crystals, have been paid a great deal of
attention for exploring and designing new optical and piezoelectric devices, due to the abundant B-O
groups and the bismuth lone pair structure [7,8].

The bismuth-based oxyborate compounds were first discovered in 1962 from the Bi,O3-B,O3
binary phase diagram, where the Biy4B,O39, Bi3B,O9, BizB501,, BiB3Og, and BipBgO15 crystals were
discovered and confirmed [9-13]. Among these compounds, the monoclinic x-BiB3Og (-BIBO) crystal
was reported to be a valuable NLO material, showing an excellent second harmonic generation (SHG)
effect, comparable to the commercialized KTiOPO, (KTP) crystal [13,14]. Furthermore, active studies
were performed for new NLO crystal materials in the ternary Bi;O3-MO-B,Oj3 system (MO is metal
oxide), and a new non-centrosymmetric crystal Bi,ZnB,O7 (BZBO) with orthorhombic symmetry
was obtained [15,16]. To date, the a-BIBO and BZBO crystals have been successfully grown in labs,
and their NLO and piezoelectric properties have been discussed [17-21]. However, there remains
problems during the single crystal growth, and critical growth parameters have not been optimized yet,
especially for the x-BIBO crystal. The electro-elastic properties and the piezoelectric vibration modes
of the -BIBO and BZBO crystals are worth studying further. For example, the radial extensional and
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face shear vibration modes are useful for exploring new acoustic wave devices based on the lamb
waves and guided waves [22-24].

In this paper, the monoclinic «-BIBO and orthorhombic BZBO crystals grown by using the
Kyropoulos method with modified thermal profiles, are studied. The electro-elastic properties,
including the dielectric, elastic, electromechanical and piezoelectric properties of the o-BIBO and BZBO
crystals were compared comprehensively, taking advantage of the impedance method. The radial
extensional and face shear vibration modes for a-BIBO and BZBO crystals were evaluated for potential
acoustic wave device applications.

2. Experimental Section

2.1. Single Crystal Growth

The «-BIBO and BZBO crystals are all congruent compounds and can be grown by using
the Kyropoulos method. Firstly, polycrystalline a-BIBO and BZBO powders were synthesized
by traditional solid-state reaction technique. The raw materials were weighted according to their
stoichiometric ratio (molar ratio of Bi;O3: H3BO3 = 1:6 for «-BIBO and Bi;O3:ZnO:H3BO; = 1:1:2 for
BZBO crystals). To prepare the polycrystalline «-BIBO powders, 1.0 mol% H3BOj3 in excess was added
to the raw materials in order to compensate for the evaporation of the B,O3 during the solid-state
reaction and crystal growth processes, which was proved to be in favor of growing high quality x-BIBO
single crystals. Secondly, the raw materials were ground and dry mixed thoroughly for more than
12 h (YGJ-5KG, no use of ball milling), then they were pressed into column blocks. The blocks were
sintered at 400 °C for more than 4 h in order to decompose the H3BO3 completely, then charged into
a platinum (Pt) crucible (¢ = 10 cm, H = 12 cm). The crucible was 70% fulfilled with the sintered
polycrystalline blocks and loaded into a programmable controlled furnace, which was progressively
heated up to 800 °C above the melting points of the a-BIBO and BZBO compounds. Thirdly, the melts
were homogenized with a Pt stirrer for more than 24 h, and then kept for 48 h to ensure the uniformity
of the melt in the crucible. Fourthly, the temperature was then slowly decreased down to an appropriate
temperature for the seeding and crystal growth process.

The principal component of the crystal growth equipment is a tube furnace with electric stove
wire as the heating source. The furnace is designed with a special and stable temperature gradient
along the axial direction. The schematic diagram of the crystal growth equipment is shown in Figure 1a.
It is known that the thermal profile is crucial for crystal growth. Prior to the single crystal growth,
the thermal gradient should be determined. In this work, for evaluation of the thermal gradient, the
temperature was measured from the bottom of the crucible to the top, and then from the top back to
the bottom. To ensure the accuracy of the measurement, the temperature gradients were measured at
different temperature points and for each measurement, the dwelling time was kept for 10-15 min.
Figure 1b,c present the optimized temperature gradient distributions in the furnace for «-BIBO and
BZBO crystals, respectively.

According to our experiments, we found that the axial temperature gradient is sensitive to the
growth of BZBO and «-BIBO crystals, since the growth temperature range of these crystals is quite
narrow (~4 °C). A narrow axial temperature gradient of <2 °C/cm in the modified thermal profile is
beneficial for growing BZBO and «-BIBO crystals stably, thereby improving the crystal quality. In this
study, the desired temperature gradients were controlled to be <1 °C/cm and <2 °C/cm approach
to the surface of the «-BIBO and BZBO melts, respectively. To avoid the emergence of poly-crystals,
a very low cooling rate (0.1-0.5 °C/day) was adapted during the crystal growth.
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Figure 1. The schematic diagram of the crystal growth furnace (a) and the temperature gradient in the
furnace used for x-BiB3Og (x-BIBO) (b) and Bi, ZnB,0Oy (BZBO) (¢) crystals.

During the crystal growth process, a bi-directional rotation was adopted to improve the
homogeneity of the melt. However, due to the high viscosity, the viscous forces induced by the
melt would increase with increasing crystal dimension, which would damage the neck between the
crystal seed and bulk crystal [12]. Thus, an appropriate rotation rate should be applied. During the
growth of a-BIBO and BZBO crystals, a medium rotation rate of 1015 rpm was adapted and controlled.
The crystal growth period was selected to be 2 to 8 weeks. When the crystal reached the expected
dimension, it was pulled out of the melt slowly and hung over the melt for 1-2 h, then cooled down
to room temperature with a low rate of 5-20 °C. Figure 2 presents the as-grown a-BIBO and BZBO
crystals with distinguished habitual facets. Though some impurities (polycrystalline raw materials)
adhered on the surface, the total crystals were transparent inside. The impurities were generated when
pulling the crystal out of the melt.

Figure 2. The as-grown «-BIBO (a) and BZBO (b) single crystals.
2.2. High-Resolution X-Ray Diffraction

The qualities of the grown «-BIBO and BZBO crystals can be evaluated by using the
high-resolution X-ray diffraction (HRXRD) method. In our study, the HRXRD tests were performed
using a Bruker-axs D5005HR diffractometer (Bruker-axs, Karlsruhe, Germany) equipped with a
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two-crystal Ge (220) monochromator set for Cu-Ka1 radiation (A = 1.54056 A). The accelerating voltage
and tube current were 20 kV and 30 mA, and the step time and size were 0.1 s and 0.001°, respectively.
The measured crystal wafers were (010) facet for a-BIBO crystals and (001) facet for BZBO crystals,
with both sides polished.

2.3. Characterization of Electro-Elastic Properties

The number of independent electro-elastic constants is relevant to the crystal symmetry. It is
clear that the «-BIBO belongs to the monoclinic symmetry with point group 2, while the BZBO
crystal possesses orthorhombic symmetry with point group mm2. The related lattice parameters for
a-BIBO and BZBO crystals are presented in Table 1 [15,25]. Therefore, the electro-elastic constants
of «-BIBO and BZBO crystals are very different. The electro-elastic constants of these crystals were
characterized by using the impedance method. The related crystal cuts, vibration modes, and equations
for evaluating the independent dielectric, elastic, electromechanical, and piezoelectric constants were
studied and reported in our previous work [18,21]. For the radial extensional mode, the effective
electromechanical coupling factors k, were evaluated by measuring the Y- and Z-oriented discs for
a-BIBO and BZBO crystals, respectively. The disc-shaped samples (6 pieces), with different dimension
ratios, were prepared and vacuum-sputtered with platinum films (100-200 nm) on the two parallel faces.
The capacitance, resonance and anti-resonance frequencies of the prepared samples were measured
and recorded by using the multi-frequency LCR meter (Agilent 4263B) and impedance-phase gain
analyzer HP4194A.

Table 1. Crystal lattice parameters for x-BIBO and BZBO crystals [15,25].

Empirical Formula «-BiB3Og Bi,ZnB, 07
Formula weight 337.41 616.97
symmetry monoclinic orthorhombic
space group c2 Pba2
a(A) 7.116 (2) 10.8268 (4)
b (A) 4.993 (2) 11.0329 (4)
c(A) 6.508 (3) 4.8848 (2)
V (A3) 222.69 583.49 (19)
z 2 4
density (Mg/m?) 5.033 7.036

3. Results and Discussion

3.1. Crystal Quality Evaluation

The crystal quality was assessed by using the HRXRD method. Figure 3 gives the rocking curves
of the two oxyborate crystals, where the crystal samples for a-BIBO and BZBO crystals were selected
and prepared from the parts away from the seeding region. The diffraction peaks were symmetrical
and the full-width at half-maximum values (FWHM) were obtained and found to be 35.35 arcsec and
47.85 arcsec for a-BIBO and BZBO crystals, respectively. In order to characterize the homogeneity of
the growth crystal, the HRXRD tests for different parts (away from the seeding region and close to
the seeding region) of BZBO crystals were performed. The FWHM values for the crystal parts away
from the seeding region were found smaller for both the «-BIBO and BZBO crystals. The relative high
FWHM value of the BZBO crystal sample prepared from the seeding region indicates that the initial
growth process is vital for high quality crystal growth. It was also found that the crystal quality would
improve as the crystal grows. In this study, the crystal samples were prepared from the good quality
parts to get rid of the possible effects of crystal defects.
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Figure 3. Rocking curves of the (010) wafers for a-BIBO (a) and (001) wafers for BZBO (b).
3.2. Electro-Elastic Constants

The electro-elastic constants for a-BIBO and BZBO crystals, measured at room temperature, are
summarized in Table 2. Compared to the BZBO crystal, the x-BIBO showed stronger piezoelectric
response, where the longitudinal piezoelectric charge coefficient dy; was found to be 40 pC/N.
In contrast, the BZBO crystal exhibited relatively weak piezoelectric properties, the largest piezoelectric
charge coefficient was found for d3;, being —6.4 pC/N, and the largest elastic compliance was obtained
for ses, being 20.5 pm?/N. The large piezoelectric activity of «-BIBO crystal was presumed to be
associated with the large structure distortions and net dipole moments. Figure 4 exhibits the schematic
crystal structures for a-BIBO and BZBO crystals, where the «-BIBO crystal consists of one type of Bi-O
octahedron, while the BZBO crystal possesses two types of Bi-O octahedra. Different from the x-BIBO
crystal, the directions of the dipole moment for the two types of Bi-O octahedra in BZBO crystal
were partly offset, which weakened the piezoelectric response in BZBO crystal, thus the effective
piezoelectric coefficients for BZBO crystal were lower than the «-BIBO crystal [21,26,27].

Table 2. The electro-elastic constants of a-BIBO and BZBO crystals measured at room temperature [18,21].

Elastic Compliances sf} (pm2.-N—1)

511 512 513 515 522 523 825 533 835 S44 846 555 566
BIBO 362 —480 29 17.9 850 —2.6 —238 102 9.3 65.0 11.5 26.5 19.1
BZBO 82 -39 -15 \ 118 -35 \ 82 \ 173\ 172 205
Elastic Stiffnesses ciE]. (10 N-m~—2)
11 c12 13 C15 €22 €23 C25 33 C35 Ca4 Ca6 Cs55 C66
BIBO 124 6.1 1.0 —-3.2 4.7 —-0.9 0.4 157 =70 1.7 —-1.0 8.8 5.9
BZBO 17.0 7.4 6.3 \ 13.1 6.9 \ 16.4 \ 5.8 \ 5.8 49
Relative Dielectric Permittivities slTj/eg
€11 €13 €2 €33
BIBO 12.0 —-14 8.4 13.8
BZBO 36.8 \ 18.5 18.3
Piezoelectric Charge Coefficients d;; (pC/N)
diy dis di6 dy dx dos dog  dos ds1 dsz ds3 dsg d36
BIBO 109 \ 139 16.7 40.0 25 \ 4.3 \ \ \ 18.7 13.0
BZBO |\ 1.4 \ \ \ \ =55\ 25  —64 11 \ \
Electromechanical Coupling Factors k;; (%)
k14 ks k16 ka1 koo ko3 kg ks ks k3p k33 kaq ke
BIBO 13.1 \ 30.9 321 50.0 9.2 \ 9.6 \ \ \ 21.0 26.9
BZBO \ 18 \ \ \ \ 107\ 88 145 31  \ \

39



Crystals 2019, 9, 29

(b)

{i ®

® @

)

Figure 4. Crystal structures of BZBO (a) and «-BIBO (b) crystals.
3.3. Characterization of Radial Extensional Vibration Mode

For the acoustic wave devices, there are many kinds of acoustic modes that can be utilized in
a very wide frequency range (kHz~GHz). Among these acoustic waves, the lamb wave has been
extensively studied [28-30]. The lamb wave can be excited using the radial extensional vibration
mode. For the «-BIBO and BZBO crystals, the electromechanical coupling factor k;, relevant to the
radial extensional vibration mode, was evaluated experimentally. The disc-shaped samples with
different ratios were prepared for determining the k, values. Using the empirical equation [31],
as well as the measured resonant and anti-resonant frequencies, the radial extensional vibration mode
electromechanical coupling factors kj, for a-BIBO and BZBO crystals, were obtained.

Figure 5 shows the obtained k, values for the Y-oriented «-BIBO and Z-oriented BZBO crystal
discs. The small inset gives the recorded impedance-frequency spectra for the radial extensional
vibration modes. It was observed that the difference of resonant and anti-resonant frequencies for
the radial extensional mode of «-BIBO was larger than that of BZBO crystal. The k, values were
determined to be in the order of 32.0% and 5.5% for the x-BIBO and BZBO crystals, respectively.

3.4. Characterization of the Face Shear Vibration Mode

The face shear vibration mode could excite the guided wave along the crystal dimensional
orientation, which could also be used for sensor application. According to the IEEE standard on
piezoelectricity, there are three possible independent face shear mode piezoelectric coefficients in
crystal, i.e., d14, dos, and dze. In this work, the face shear vibration modes of x-BIBO and BZBO crystals
were discussed, taking advantage of the anisotropy of crystal materials. In order to design the optimum
crystal cuts with large piezoelectric coefficients, the orientation dependences of the d14, das, and d3
corresponding to the XY, YZ, and ZX crystal cuts respectively were investigated (rotation angle around
physical X-, Y-, and Z-axes was varied from —90° to 90°). Results are given in Figures 6 and 7.

For a-BIBO single crystal, as shown in Figure 6, the shear mode piezoelectric coefficient dys was
found to be more sensitive to the rotation angle, compared with di4 and d3s. The variations of the
dq4 and d3¢, rotated along the three physical axes, were symmetrically distributed, referring to the
rotation angle at 0°. The piezoelectric coefficient dp5 changed from —13 pC/N to 4.3 pC/N, and from
—10.9 pC/N to 4.3 pC/N, as the angle rotated around the X- and Z-axes, respectively. In contrast, the
largest piezoelectric coefficient dps (YZ cut) was obtained and found to be in the order of 14.8 pC/N
and —14.8 pC/N, when the rotation angle reached at 37° and —53° around the Y-axis (the small inset
of Figure 6), respectively, more than two times that of langasite crystal (d14 = —6.01pC/N) [32].
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Figure 6. Orientation dependence of piezoelectric coefficient rotated around X-, Y- and Z-axes for
a-BIBO crystals. The small inset shows the crystal cuts (YZt/37° and YZt/—53°) with largest dy5 value.

The face shear mode piezoelectric coefficients d14, dps and ds for BZBO crystal are also studied
and the results are given in Figure 7. The BZBO crystal was found to show very limited face shear
modes, due to the crystal symmetry. The effective face shear mode piezoelectric coefficients dy4, dps and
d3e were only observed when rotated around the physical Z-axis. The effective piezoelectric coefficient
d14 equaled to the dys, as a function of rotation angle around the Z-axis. The largest values were found
to be +3.5 pC/N when the rotation angles reached +-45°. Differently, the piezoelectric coefficient d3¢
varied from —8.9 pC/N to 8.9 pC/N, when the rotation angle shifted from —90° to 90°. The maximum
value of d3g (ZX crystal cut) was determined to be in the order of £8.9 pC/N when the rotation angle
approached to +45°. Thus, the optimal face shear mode piezoelectric crystal cuts were found to be
(ZXt)/£45° for BZBO crystal, as presented in the small inset of Figure 7.
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4. Conclusions

In this study, single crystal growth of bismuth-based oxyborate crystals «-BIBO and BZBO was
introduced. The quality of the x-BIBO and BZBO crystals grown by the Kyropoulos method was
assessed using the HRXRD method. The results indicate that the crystals part aways from the seeding
region exhibiting high crystal quality. The electro-elastic properties of x-BIBO and BZBO crystals were
evaluated at room temperature taking advantage of the impedance method, where the x-BIBO crystal
showed stronger piezoelectric response than the BZBO crystal. In addition, the radial extensional and
face shear vibration modes were studied. The radial extensional electromechanical coupling factors
ky were evaluated to be 32.0% and 5.5% for «-BIBO and BZBO crystals, respectively. Furthermore,
the optimal face shear mode crystal cuts were obtained and found to be (YZt)/—53° and (YZt)/37° for
a-BIBO crystal, and (ZXt)/£45° cuts for BZBO crystal. These crystal cuts are a potential for acoustic
wave device application.
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Abstract: Many borate crystals feature nonlinear optical properties that allow for efficient frequency
conversion of common lasers down into the ultraviolet spectrum. Twinning may degrade crystal
quality and affect nonlinear optical properties, in particular if crystals are composed of twin domains
with opposing polarities. Here, we use measurements of optical activity to demonstrate the
existence of inversion twins within single crystals of YAl3(BO3)s (YAB) and K,Al,B,O7 (KABO).
We determine the optical rotatory dispersion of YAB and KABO throughout the visible spectrum
using a spectrophotometer with rotatable polarizers. Space-resolved measurements of the optical
rotation can be related to the twin structure and give estimates on the extent of twinning. The reported
dispersion relations for the rotatory power of YAB and KABO may be used to assess crystal quality
and to select twin-free specimens.

Keywords: NLO crystals; frequency conversion; second harmonic generation; YAB; YAl3(BO3)s4;
KABO; KAl B,Oy; optical activity; optical rotatory dispersion; inversion twin

1. Introduction

A series of borates with the general formula RAI3(BO3)s (R =Y or rare earth element (REE))
adopts the crystal structure of the carbonate mineral huntite, CaMg3(CO3)4 [1-3]. In this structure type,
the coplanar arrangement of [BOs]*~ groups amplifies the intrinsic nonlinear dielectric susceptibility of
the [BO3]*~ group and combines it with strong birefringence and a spectral transparency that extends
into the ultraviolet (UV) region [4-6]. YAI3(BO3)4 (YAB) is transparent down to about 170 nm [7,8]
and shows an acceptable effective nonlinear optical (NLO) coefficient [9]. The refractive indices of
YAB permit phase matching for several types of frequency conversion to UV light including second
harmonic generation (SHG) from 532 nm to 266 nm [7-9]. In contrast to many other NLO borates, YAB
is non-hygroscopic and hard (Mohs hardness 7.5 [2]) as compared to f-BaB,O4 (BBO) [10], LiB3Os
(LBO) [11], and CsLiB¢Oqg (CLBO) [12]. Albeit not a huntite borate, the material K, Al,B,O; (KABO)
shares many of the advantages of YAB [13,14]. Both YAB and KABO are free of toxic elements, such as
beryllium, an essential component of other proposed NLO materials including SroBe;B,O7 (SBBO) [15]
and KBe;BO3F, (KBBF) [16,17]. The combinations of suitable optical, chemical, and mechanical
properties turn YAB and KABO into promising crystals for NLO applications in the UV spectral region.

Both pure and REE-doped YAB crystals, however, typically show a lamellar microstructure as
revealed by X-ray diffraction topography [18], surface etching patterns [19,20], and atomic force
microscopy [21]. A similar microstructure has been detected in crystals of the borate huntite
Yo.57Lag.725¢2.71(BO3)4 (YLSB) [22,23]. Based on these observations, the lamellae have been interpreted
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as polysynthetic inversion twins with reflection on {1120} planes as the twin operation and adjacent
twin domains sharing planes parallel to {1011} [18,21,24]. This twin law, i.e., reflection on {1120} with
domain boundaries parallel to {1011}, also describes Brazil twins in low-quartz (x-SiO5) (e.g., [25,26]).
Similar twins involving reflection on planes perpendicular to the crystallographic a axis, like {1120},
have also been suggested for SBBO [27], which is structurally similar to KABO [13,14]. Note that for
the space groups of YAB (R32 [1]), KABO (P321 [13]), and low-quartz (P3;21), these twin laws generate
merohedral twins [24] (twinning by merohedry [28]) that are not readily detected by conventional
X-ray diffraction techniques. As these space groups share the same acentric and enantiomorphous
crystal class (32), however, reflecting the crystal structure on planes perpendicular to the a axes not
only inverts the polar two-fold axes along a but also converts the right-handed polytype of each
structure into its left-handed counterpart and vice versa.

The domain structures of Yb:YAB and Nd:YAB have been shown to severely affect the SHG output
at 532 nm by partially back-converting second harmonic light along interfaces between domains of
opposing polarity [29,30]. Stacks of periodically inverted polar domains can, however, convert light to
higher harmonics via quasi-phase-matching [31] as experimentally demonstrated using, for example,
artificially twinned low-quartz crystals [32,33]. Indeed, accidental quasi-phase-matching has also
been observed in Yb:YAB and Nd:YAB crystals with as-grown twin domains of suitable shape [29,30].
For crystals of class 32, inversion twins also affect the optical activity of twinned crystals as right-
and left-handed domains rotate the electric field vector in opposing senses. To relate an observed
optical rotation to inversion twinning, however, the unaffected or intrinsic rotatory power of the crystal
species needs to be known. We determined the intrinsic rotatory powers of YAB and KABO as a
function of the wavelength using a spectrophotometer with rotatable polarizers and applied the results
to characterize the intracrystalline microstructure of these borates. Within individual YAB and KABO
crystals, we found changes in the sign and magnitude of the optical rotation revealing inversion twins
composed of right- and left-handed domains.

2. Materials and Methods

2.1. Crystal Growth and Sample Preparation

YAB crystals were grown by the top-seeded solution growth (TSSG) technique from YAB solutions
based on the solvent systems Li,O-WO3-B,O3 [34] and Li,O-Al,03-B,03 [8]. Depending on the
solvent, the habitus of the YAB crystals varied between stubby and prismatic with the positive
rhombohedron {1011} and the trigonal prisms {1120} and {1120} as dominating crystal faces. In all
YAB crystals, a central zone of inclusions extended along the pulling direction. A KABO crystal
was synthesized by TSSG from a NaF solution [35,36] with a small excess of B,O3. The crystal did
not develop flat crystal faces and contained polycrystalline regions similar to previous reports on
KABO crystals grown from NaF flux [36]. Platelets with an orientation approximately perpendicular
to the trigonal symmetry axis (crystallographic ¢ axis) were cut from YAB and KABO crystals and
ground down close to designated thicknesses using alumina powder. The platelets were then oriented
perpendicular to the ¢ axis to better than 9" using X-ray diffraction in a Laue backscattering geometry
and double-sided polished to plane-parallel sections using colloidal silica slurry. Section thicknesses
were determined with a digital micrometer giving an accuracy of about 0.005 mm.

2.2. Measurement of the Rotatory Power at Different Wavelengths

In an optically active crystal, an incident linearly polarized light wave splits into two elliptically
polarized waves with opposite senses of rotation, left (L) and right (R), that propagate through the
crystal with different velocities according to their refractive indices ny, and ng. At each point along the
propagation path through the crystal, the different wavelengths of the two elliptically polarized waves
give rise to a phase shift 2¢ between the angles by which the dielectric displacement vectors of the
two waves have been rotated. The phase shift 2¢ is proportional to the difference in refractive indices
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and increases with the optical path length L through the crystal. As a result, the polarization of the
combined wave that leaves the crystal is rotated by an angle ¢ with respect to the polarization of the
incident light wave (e.g., [37,38]):
o= (L A ng)L 1)
where A is the wavelength of the light wave outside the crystal. The rotatory power or specific rotation
is defined as [39]:
p=gyL="U1R) 6

For the definition of the sense of rotation and the sign of the rotatory power, see the standard
reference by Glazer and Stadnicka [39]. YAB, KABO, and low-quartz are optically uniaxial, and
we focus here on the optical activity for light propagation along the optical axis, i.e., parallel to the
crystallographic ¢ axis.

To measure the angle of rotation ¢ as a function of wavelength A, we used a PerkinElmer
Lambda 1050 spectrophotometer equipped with rotatable calcite polarizers. A schematic draft of the
setup is shown in Figure la. Polychromatic light emitted by deuterium (A < 320 nm) and tungsten
(A > 320 nm) lamps was sent through a double-stage monochromator based on holographic gratings
and polarized by a motorized rotatable polarizer. A series of apertures was used to collimate the
light beam to an effective aperture of about 1 mm on the crystal surface. The light was transmitted
through the plane-parallel crystal section and through a second polarizer placed behind the crystal,
the analyzer, and was detected with a photomultiplier (A < 820 nm) or an InGaAs photodiode
(A > 820 nm). Polarizers were crossed by setting the rotation angle of the first polarizer to ¢ = 0
and by manually rotating the analyzer so as to minimize the transmitted intensity. We crossed the
polarizers for a wavelength of A = 1100 nm to avoid bias by ambient light that might have entered the
spectrophotometer during the alignment procedure.
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Figure 1. Experimental setup for the measurement of the optical rotatory power. (a,b) Arrangement of
optical components in the spectrophotometer and for a setup using a laser as the light source. L: light
source (deuterium or tungsten lamp in (a) and He-Ne laser in (b)), M: monochromator, P: rotatable
polarizer, C: optically active crystal, A: rotatable analyzer, D: detector. (c) Transmittance through
polarizer and analyzer (PA) and through polarizer, YAB crystal, and analyzer (PCA) recorded with the
spectrophotometer as a function of the polarizer angle.
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At a given wavelength, the polarizer angle ¢ was scanned from 10° to 330° in steps of 0.15° and
the light intensity Tp-, transmitted through polarizer (P), crystal (C), and analyzer (A) was recorded
for 0.2 s at each step. Then, the crystal was removed from the beam path and the scan was repeated to
measure the light intensity Ty, transmitted through polarizer and analyzer only. Transmitted light
intensities T* were recorded as transmittances relative to a reference beam path and were corrected
for the inherent polarization of the incident beam and potential polarization-dependent sensitivities
of the detectors using an additional polarization scan with only the polarizer in the beam path (Tp).
Observed transmittances T* were corrected as follows:

Tpoa— < TF > Thn— < Ty >
PCA 0 and Tpy = -PA 0

3
Tp— <T; > Tp— <T; > ®)

Teca =
where < Tjj > is the mean transmittance for a polarization scan with the beam path blocked. Figure 1c
shows the corrected transmittances Tpca through a YAB crystal at 600 nm and 300 nm as a function of
the polarizer angle i together with the corrected transmittance scans Tpa (1) without the crystal section.

For each wavelength, the corrected transmittance scans Tpca () and Tpa (¢) were fit to functions
of the form
T(p) = ATsin?(p —€) + T(e) 4)

with the polarizer extinction angle € at which the transmittance is reduced to the minimum value T(¢)
of the respective scan. AT measures the amplitude of the variation in transmittance along a polarization
scan. Note that the three parameters €, T(e), and AT are constrained by more than 2000 data points of
each transmittance scan. The angle ¢ by which the plane of polarization of the incident light beam is
rotated by the optically active crystal is equal to the absolute difference |epca — €pa |- Accordingly, the
magnitude of the rotatory power is given as

lo] = |epca —epal/L. @)

To determine the optical rotatory dispersion p(A), the measurements and analysis were repeated
as described above for incident light of different wavelengths between 300 nm and 900 nm. Based
on repeated measurements at the same wavelength, we estimate observed rotatory powers to be
reproducible within 0.1° mm~".

Our approach of measuring the optical rotation angle as a function of wavelength shares some
similarities with recently reported methods that are either based on channeled spectra recorded using
a spectrophotometer with crossed polarizers [40,41] or that employ a motorized rotatable analyzer
followed by a transmission grating to disperse the light onto a linear CCD array for simultaneous
detection over a range of wavelengths [42]. Here, we combined the high spectral resolution and wide
spectral range of the spectrophotometer with the high angular precision provided by polarization
scans. By following the procedure outlined above, the transmission properties of a given pair of
polarizers are readily calibrated without need to accurately cross them by hand.

2.3. Space-Resolved Measurements of the Optical Rotation

To detect potential variations in optical rotation within individual crystals, plane-parallel crystal
sections were mounted onto a three-axis stage and aligned with their polished faces perpendicular to
the beam of a He-Ne laser with 2 mW output power. Rotatable Glan-Thompson polarizers were placed
in the beam path before (polarizer) and after (analyzer) the crystal section. Light transmitted through
the polarizer, crystal, and analyzer was detected with a power meter. Figure 1b shows a scheme of
the setup. The analyzer extinction angle € was determined with and without the crystal section in
the beam path by manually rotating the analyzer so as to minimize the transmitted light intensity by
reading off the angle from the vernier scale on the analyzer mount. Again, the difference |epca — €pa |
equals the angle ¢ by which the crystal rotates the plane of polarization of the laser. By moving the
crystal with the three-axis stage, the rotation angle ¢ was measured at different positions through the
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crystal section. The diameter of the laser beam limited the lateral spatial resolution to about 1 mm.
Repeated measurements that aimed to reproduce both the position on the crystal section as well as the
extinction angle € at that position showed the observed rotation angles ¢ to be precise within 0.1°.

3. Results

3.1. Low-Quartz, a-SiOy

An oriented low-quartz crystal with plane-parallel polished faces perpendicular to the
crystallographic ¢ axis and a thickness of 4.817(5) mm served as a reference to assess the accuracy
of our measurements of the rotatory power at different wavelengths using the spectrophotometer.
Figure 2 compares our results with previous measurements [43] and calculations [44] of the rotatory
power of low-quartz. We described the optical rotatory dispersion using a semi-empirical formalism
based on the theory of circular dichroism [39,45]:

p=A/(A=A)). (6)

The constant A captures the strength of dispersion, while A; is the wavelength of an optically
active electronic transition [39]. While more elaborate formulations for the optical rotatory dispersion
of low-quartz have been proposed [45-47], we found the simple expression (6) to accurately describe
our experimental data within their uncertainties. By fitting Equation (6) to our experimental results,
we obtained A =7.17(3)° mm and Ay = 129(1) nm. Inter- and extrapolating our results using these
parameters in the dispersion relation (6) gave excellent agreement with literature data on the rotatory
power of low-quartz, even at wavelengths in the deep UV where the rotatory power is strongly
affected by dispersion and outside the spectral range accessible with the spectrophotometer (Figure 2).
This result demonstrates the accuracy of our method to determine the rotatory power at different
wavelengths using a spectrophotometer.

l low-quartz, a-SiO,
_ 400 | | Lowry (1935) ]
£ Devarajan & Glazer (1986) |
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Figure 2. Optical rotatory dispersion of low-quartz, a-SiO,. Lowry (1935): measurements [43];
Devarajan & Glazer (1986): calculation [44]; this study: measurements and fit to data.

49



Crystals 2019, 9, 8

3.2. YAB, YAI3(BO3)4

In the case of YAB, the measurement of the rotatory power is complicated by inversion twins that
might reduce the observed rotatory power to values below the intrinsic rotatory power. When a light
wave traverses a sequence of left- and right-handed domains, their individual contributions to the
observed optical rotation angle ¢ will partly cancel each other out and thereby result in underestimation
of the rotatory power. We searched for a YAB crystal containing a large tentative single domain that
provided the longest possible optical path length along the ¢ axis. We then measured the optical
rotation angle through this domain at different wavelengths. The crystal was then reground and
polished to shorten the optical path length along the ¢ axis without changing the crystal orientation,
and the measurement of the optical rotation angle was repeated. In total, we measured optical rotation
angles at 11 different wavelengths for five different optical path lengths on the same domain. In case
the domain contained any twin lamellae with opposite senses of rotation, every change in the optical
path length should have changed the relative proportions of left- and right-handed domains along the
optical path and hence, the observed rotatory power. For the selected domain, we did not observe
significant changes of the rotatory power when the optical path length changed.

Figure 3a shows the measured optical rotation angles ¢ for different wavelengths as a function
of the optical path length L. For a given wavelength, the observed rotation angles display a linear
relation with the optical path length. In particular, the highest rotation angles are observed for the
longest optical path lengths. These observations suggest that the probed crystal volume was composed
of a single domain and that the observed rotation angles were not affected by lamellae of inversion
twins. To extract the dispersion relation of the rotatory power of YAB, we analyzed the complete data
set of pairs of rotation angles ¢ and optical path lengths L using a modified version of Equation (6):

¢ = AL/ (A* = A}). @)

a b
60 ; . . ; ; 40 el s
b YAB, YAL(BO,),
g 300 YAB, YAL;(BO,); 3.5F aa crystal 1(2 sections) E
50 < 400 . :ata ] E crystal 2
%- g 500 t 9_5- 30 cr)|rs;i15lo3[6]| 1 1
B —p=3 ® mm-
@ OF g0 o gt F _ |
2 2 700 2
5 30f & S 20} ]
S o S
S 20} g 1°F ]
6 e}
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optical path length L/mm
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Figure 3. Optical rotation angles of YAB measured on domains with different optical path lengths.
In (a), the lines show the result of simultaneously fitting a dispersion relation to the observed rotation
angles at all wavelengths and path lengths shown in (a). The red line in (b) shows the fitting result of
(a) for a wavelength of 632.8 nm. The shading indicates propagated uncertainties on fitted parameters.

Note the linear relation between observed rotation angles and path lengths in (a) and the agreement of
the fit with measurements at 632.8 nm on very thin domains in (b).
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A fit to all data in Figure 3a gave A = 1.32(2)° mm and A; = 149(4) nm. The corresponding
dispersion curve is shown in Figure 4 together with rotatory powers, as calculated from the observed
rotation angles.

To consolidate the results on the rotatory power of YAB obtained from measurements on a single
large domain using the spectrophotometer, we searched for single domains of suitable size to be probed
using the experimental setup with a He-Ne laser as the light source (see Section 2.3 and Figure 1b).
The combination of the spatially confined laser beam with the three-axis stage allowed us to precisely
navigate to and determine the optical rotation angles on small crystal volumes. Figure 3b compiles
the results of measurements on single domains distributed over four crystal sections that were cut
from three different YAB crystals. Note the good agreement between measurements on small domains
with short optical path lengths using the laser setup and those on the large domain performed with
the spectrophotometer. At the wavelength of the He-Ne laser (A = 632.8 nm), the parametrization
of the dispersion relation of YAB derived above gives an optical rotatory power of p(632.8 nm) =
3.50(6)° mm~1.
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Figure 4. Optical rotatory dispersion of YAB (YAl3(BO3)4) and KABO (K;Al;B,O7). For YAB, rotatory
powers were measured on the same domain for five different optical path lengths (see also Figure 3a).
For KABO, rotatory powers were measured at three different locations on the same crystal section.

3.3. KABO, KyAl,B,07

The rotatory power of a KABO crystal with a thickness of 0.717(5) mm was measured along the c axis
at 11 different wavelengths and at three different locations. The results are shown in Figure 4 together with
the rotatory powers of YAB. Analysis of the KABO data with Equation (6) gave A = 0.80(1)° mm and Ay =
148(3) nm. Based on this dispersion relation, KABO rotates the plane of polarization by 2.10(3)° mm !
at a wavelength of A = 632.8 nm. The parameters for the dispersion relations of low-quartz, YAB, and
KABO are compiled in Table 1.
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Table 1. Dispersion relations for the optical rotatory power of low-quartz, YAB, and KABO.

Dispersion Relation ¢

Crystal

v ACmm A m)  ply Cmm™Y
Low-quartz, a-5iO, 7.17(3) 129(1) 18.69(9)
YAB, YAl3(BO3), 1.32(2) 149(4) 3.50(6)
KABO, K,ALB,O;  0.80(1)  148(3) 2.10(3)

" p = A/(A*— A3); " rotatory power at A = 632.8 nm.
4. Discussion

4.1. Relation between Optical Activity and Crystal Structure

From a microscopic point of view, optical activity arises from a chiral arrangement of polarizable
electron density. In crystals of the enantiomorphous crystal classes, the periodicity of the atomic
structure often results in helical arrangements of atoms or larger structural units such as coordination
polyhedra. The geometrical characteristics of such helices have been related to the sign and magnitude
of the rotatory power in a number of inorganic compounds [39,44,48]. The dispersion of the rotatory
power arises from transitions between electronic states that involve those orbitals that host the optically
active electron density [39]. The wavelength or energy of optically active transitions therefore contains
information on the structural units that contribute to the optical activity.

The crystal structure of low-quartz is composed of [SiO4]*~ tetrahedra that share corners to form
helices along the c axis. Indeed, the absorption wavelength derived from the dispersion relation of the
rotatory power of low-quartz (Table 1) agrees well with observed and computed energy separations
of about 10 eV between occupied and unoccupied orbitals of [SiO4]*~ tetrahedra [49]. The crystal
structures of YAB and KABO are more complex. In YAB, helices of [AlOg]°~ octahedra wind along the
c axis and are linked to each other by planar [BOz]°~ groups and slightly twisted [YOu°~ prisms [50].
In addition to planar [BO3]*~ groups, the polyhedral framework of KABO contains tetrahedral
[A1O,4]°~ groups and irregularly coordinated K" cations [13]. The absorption wavelengths in the
dispersion relations of both YAB and KABO compare best with predicted energy gaps between
occupied and unoccupied orbitals of the [BOsI?~ group with a magnitude slightly above 8 eV [4,51].
Electronic transitions in octahedral [Al1Og4]°~ and tetrahedral [A1O4]°~ groups are expected at higher
energies [49,52]. We therefore conclude that the optical activity of YAB and KABO arises mainly from
the arrangement of [BO3]3~ groups. Since most of the polarizable electron density concentrates around
oxygen atoms that are shared with other structural units, a more complete approach to explain the
optical activity should take into account the crystal structure as a whole [39,44].

We further note that the dispersion of the rotatory power might provide an alternative way to
estimate the intrinsic absorption edge of optically active crystals. Even small amounts of impurities or
defects may cause strong absorption of light at energies below the absorption edge and may therefore
mask the absorption edge in conventional spectroscopic experiments. In contrast, optically active
electronic transitions follow different selection rules [39] that limit the influence of impurities on
the dispersion of the rotatory power. In YAB and KABO, for example, substantial absorption of UV
radiation has been observed at energies well below the expected absorption edge and is attributed to
impurities of Fe** [7,8,53]. As a result, YAB and KABO crystals become effectively nontransparent at
wavelengths below 170 nm and 180 nm, respectively [8,53]. Based on the dispersion of the rotatory
power, however, we tentatively locate the intrinsic absorption edge at around 150 nm (Table 1),
in excellent agreement with first-principle calculations on the electronic structure of the [BO3]3~
group [4,51].

4.2. Changes in Sign and Magnitude of Optical Activity within YAB and KABO Crystals

Figure 5 shows sections of YAB and KABO crystals cut perpendicular to the ¢ axis, i.e., perpendicular
to the the optical axis. The sections were viewed between crossed polarizers. To generate a visible contrast
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between right- and left-handed domains, however, the analyzer was rotated to bring one type of domain
into extinction, a technique also used to visualize Brazil twins in low-quartz [25,26]. In YAB (Figure 5a),
domain boundaries are inclined relative to the ¢ axis and appear blurred. In the KABO section, domain
boundaries give rise to sharp contrasts (Figure 5b), indicating an orientation of the boundaries parallel to
the c axis.

To demonstrate that the contrast between domains in the images indeed arises from opposing
signs of optical activity, we measured the apparent rotatory power p* at different locations on the
crystal sections using the setup with the He-Ne laser (Section 2.3 and Figure 1b). The results are
superimposed on the images as the color-coded ratio of apparent to intrinsic rotatory power p*/|p|
at a wavelength of 632.8 nm. A spatial correlation exists both between domains in extinction (dark)
and positive apparent rotatory powers (orange) and between bright regions and negative apparent
rotatory powers (blue). Changes in sign of the apparent rotatory power across the crystal sections
demonstrate the presence of right- and left-handed domains within individual YAB and KABO crystals.
As proposed for YAB [18,21], we interpret these domains as inversion twins and note, to the best of
our knowledge, that inversion twins have not previously been detected in KABO crystals.

e &

(0001) L =1.07 mm

(0001) L = 0.60 mm e T——

4mm

Figure 5. (a) YAB and (b) KABO crystals cut perpendicular to the ¢ axis. The crystal sections are viewed
between slightly decrossed polarizers as schematically indicated by the diagrams showing the relative
orientations of the polarizer (P) and analyzer (A) for each image. Note the congruence of domains
that are in extinction positions in the upper panel of (b) and appear bright in the lower panel and vice
versa. The colored rings give the positions for measurements of the apparent rotatory power. The size
of the symbols reflects the approximate diameter of the laser beam. Rings are colored according to the
relative apparent rotatory power at a wavelength of 632.8 nm, as indicated by the color scale in (a).
Note the correlation between the extinction behavior and the sign of the apparent rotatory power.

While dark and bright domains in the KABO section give apparent rotatory powers close to 1
and —1, respectively, a whole range of intermediate values is observed in the YAB section. Reduced
magnitudes of the apparent rotatory power are best explained by contributions of both right- and
left-handed domains to the crystal volume probed by the laser beam. Fine lamellar intergrowths of
the right- and left-handed domains can be found in both crystal sections (Figure 5). In the case of
YAB, this microstructure most certainly corresponds to polysynthetic inversion twinning, which was
reported in earlier studies using different imaging techniques [18-21,24]. Domain boundaries that
are inclined with respect to the light path may also lead to a superposition of wedges with opposing
signs of rotation and thereby reduce the observed rotation angle. In principle, the magnitude of
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the ratio p*/|p| corresponds to the volume fraction of one type of domain within the probed crystal
volume. Any quantitative estimate would require knowing the exact geometry and internal intensity
distribution of the light beam inside the crystal, a task we did not attempt here. Our descriptions for
the dispersion relations of the rotatory power of YAB and KABO, however, facilitate such estimates to
be done at different wavelengths, offering an inexpensive and practicable method to assess the extent
of inversion twinning.

Depending on the actual twin law, a pattern of domains with exactly opposing polarities can be
formed in different ways. In crystal class 32, a reflection on planes perpendicular to the polar a axes
will result in a pattern with domains of exactly opposing polarities and, at the same time, convert the
right-handed polytype into the left-handed one (and vice versa). This would correspond to so-called
Brazil twins in low-quartz. As with Dauphiné twins in low-quartz, domains with opposing polarities
could also result from twinning by a two-fold rotation around the ¢ axis. Such a two-fold rotation
around the ¢ axis, however, would not invert the sense of optical rotation. The domains visible in the
YAB and KABO crystals shown in Figure 5 are therefore inversion twins that require reflection as twin
operation. Our observations of right- and left-handed domains complement earlier analyses of the
microstructure of YAB crystals that proposed reflection on {1120} planes as twin operation [18,21].
This twin law generates domains with opposing polarities, and the resulting microstructure is expected
to strongly affect the NLO properties of twinned YAB crystals [21,24,30].

5. Conclusions

We developed and tested a simple method to measure the rotatory power of optically active
crystals at different wavelengths using a spectrophotometer with rotatable polarizers. This method
was applied to determine the optical rotatory dispersion of the NLO borate crystals YAB and KABO. In
both YAB and KABO, the absorption wavelengths of optically active electronic absorptions reflect the
electronic structure of the [BO3]3~ group, suggesting that the optical activity arises mainly from the
arrangement of borate groups in the crystal structures of these materials. By probing different locations
in oriented crystal sections with a He-Ne laser beam, we found the sign and magnitude of the optical
rotation to vary within individual YAB and KABO crystals. The variations in apparent rotatory power
correlate with the microstructure of the crystals when viewed between crossed polarizers. We explain
these changes in sign and magnitude of the apparent rotatory power with right- and left-handed
domains that form inversion twins. In combination with proposed twin laws, such inversion twins
might affect the NLO properties of YAB and KABO crystals if polar axes of adjacent domains point in
opposite directions. The here-derived dispersion relations for the rotatory power of YAB and KABO
facilitate fast and inexpensive assessment of the extent of inversion twinning. Based on quantitative
measurements of the rotatory power, a direct measurement of the degree of twinning of the investigated
crystal volume and the selection of high-quality (twin-free) crystal specimens is now possible.
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Abbreviations

The following abbreviations are used in this manuscript:

BBO

ﬁ-BaBzO;;

CLBO CSLiBéOlO
KABO K,AlLB,O;
KBBF KBe2B03F2

LBO
NLO
REE

LiB305
nonlinear optical
rare-earth element

SBBO SrzBQszO7

SHG

second harmonic generation

TSSG  top-seeded solution growth

uv
YAB

ultraviolet
YAIl3(BO3),

YLSB  Yqs7Lag725¢2.71(BOs)s
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Abstract: Huntite-family nominally-pure and activated /co-activated LnM3(BO3)s (Ln = La-Lu, Y;
M = Al Fe, Cr, Ga, Sc) compounds and their-based solid solutions are promising materials for
lasers, nonlinear optics, spintronics, and photonics, which are characterized by multifunctional
properties depending on a composition and crystal structure. The purpose of the work is to establish
stability regions for the rare-earth orthoborates in crystallochemical coordinates (sizes of Ln and
M ions) based on their real compositions and space symmetry depending on thermodynamic,
kinetic, and crystallochemical factors. The use of diffraction structural techniques to study
single crystals with a detailed analysis of diffraction patterns, refinement of crystallographic site
occupancies (real composition), and determination of structure-composition correlations is the
most efficient and effective option to achieve the purpose. This approach is applied and shown
primarily for the rare-earth scandium borates having interesting structural features compared with
the other orthoborates. Visualization of structures allowed to establish features of formation of
phases with different compositions, to classify and systematize huntite-family compounds using
crystallochemical concepts (structure and superstructure, ordering and disordering, isostructural and
isotype compounds) and phenomena (isomorphism, morphotropism, polymorphism, polytypism).
Particular attention is paid to methods and conditions for crystal growth, affecting a crystal real
composition and symmetry. A critical analysis of literature data made it possible to formulate
unsolved problems in materials science of rare-earth orthoborates, mainly scandium borates, which
are distinguished by an ability to form internal and substitutional (L and Sc atoms), unlimited and
limited solid solutions depending on the geometric factor.

Keywords: huntite family; rare-earth scandium borate; optical material; crystal growth; rare-earth
cations; X-ray diffraction (XRD); crystal structure; solid solution; order—disorder

1. Introduction

Modern scientific and applied materials science requires both an appearance of new materials
with a desired combination of functional properties and an improvement and optimization of physical
parameters and structural quality of the known materials, which have already proven themselves in
practice, with further control of their properties using external (growth and post-growth treatment
conditions) or internal (activation, isomorphic substitution) effects. Isomorphic substitutions and
activation are different in the concentration of ion(s) introduced into a crystal matrix and effects
produced. Isomorphic substitution is a powerful and flexible way to obtain a desired physical
parameter of material by a targeted change in the composition of specific crystal structure. Activation is
one of the necessary and relatively simple technological actions for the appearance, modification, and
improvement of crystal properties by introduction (sometimes, over stoichiometry) of small amounts
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of impurity ions into a crystal matrix that contributes to a self-organization and self-compensation
of system’s electroneutrality. It is possible that dopant ions introduced into a crystal structure in
low concentrations over stoichiometry are distributed over crystallographic sites in a different way
than those introduced in high concentrations in the case of formation of solid solutions. However,
low content of dopant ions can lead to significant changes in both local and statistical structures, in
particular, in crystal symmetry. In this paper, all the above-mentioned aspects are reviewed for the
huntite family compounds, interesting and important materials from both applied and scientific points
of view, with the main focus on single-crystal objects, a detailed study of which can obtainin reliable
information about the internal structure of materials.

Complex orthoborates of rare-earth metals with the general chemical formula LnM3(BO3)4, where
Ln3* =La-Lu, Y and M3+ = Al, Ga, Sc, Cr, Fe, belong to the huntite family (huntite CaMg3(CO3)4, space
group R32 [1]). Depending on the composition and external conditions, they can have both monoclinic
(space groups C2/c, Cc, and C2) and trigonal (space groups R32, P321, and P3,2) symmetry with the
presence (space group C2/c) or absence of center of symmetry.

The most widely known and studied representatives of the huntite family compounds are
aluminum borates LnM3(BOj3)4 with the M3+ = Al The LnAl3(BO3), crystals with the Ln®* =Y, Gd, Lu
doped with the Nd, Dy, Er, Yb, Tm (for example, [2,3]) and co-doped with the Er/Tb, Er/Yb, Nd/Yb
ions (for example, [4,5]), as well as single-crystal solid solutions in the YAl3(BO3)4 — NdAl3(BO3)y
system [6], are promising materials for self-frequency-doubled lasers. YAl3(BO3), crystals doped
with the Er®* or Yb%* ions are widely used in medicine and telecommunications as laser materials
with a wavelength of 1.5-1.6 um [4,5]. The LnAl3(BOg3), crystals with the Ln®* = Tb, Ho, Er, Tm
exhibit a magnetoelectric effect (HoAl3(BO3)y is a leader among these compounds) (for example, [2,7]).
The LnAl3(BO3); compounds with the Ln3* = Gd, Eu, Tb, Ho, Pr, Sm are used as phosphors (for
example, [8,9]): the YAl3(BOj3)4 crystals doped with the Eu’* and Tb?* ions is an environmentally
friendly material for a white LED, having high intensity and luminescence power and low cost [10];
those doped with the Tm3" and Dy®* are able to be tuned from blue through white and ultimately
to yellow emission colors and are attractive candidates for general illumination [11]; those doped
with the Sm®* ions, as well as GdAl3(BO3)4:Sm>*, can be used as promising materials for orange-red
lasers [8]. The simultaneous generation of three basal red—green-blue colors is obtained from a lone
GdAl3(BO3)4:Nd?* bi-functional laser and optical nonlinear crystal [12], which is also of interest for
the development of high-quality and bright displays.

Rare-earth gallium borates LnM3(BO3)4 with the M3 = Ga are poorly studied. The LnGaz(BO3)y4
crystals, in particular LnGaz(BO3)4 :Tb3* with the Ln®* =Y or Gd, are prominent luminescent materials
with plasma-discharge conditions, converting a vacuum ultraviolet radiation into a visible light that can
be used in high-performance plasma display panels and television devices [13]. In addition, gallium
borates can be considered as promising materials not only for luminescent and laser applications, but
also for use in spintronics: a large magnetoelectric effect was found in the HoGa3(BO3)4 [14].

Rare-earth borates LnM3(BOj3); with the magnetic ions M3* = Fe or Cr, which are characterized
by the presence of two interacting magnetic subsystems (3d- and 4f- ions) in the crystal structure, are
even less studied. A long-range antiferromagnetic spin order of the Cr3* subsystem is observed
in the NdCr3(BO3), single crystals at Ty = 8 K [15]. A phase transition from paramagnetic to
antiferromagnetic state was found in the EuCr3(BOs)4 crystals at Ty ~ 9 K [16]. In addition, a
magnetic phase transition is also observed in the SmCr3(BO3)4 at T. = 5 = 1 K [17]. In a number of
rare-earth ferroborates, a significant magnetoelectric effect was found [18,19], which makes it possible
to attribute them to a new class of multiferroics [18]. Maximum magnetoelectric and magnetodielectric
effects were recorded for the NdFe3(BOj3)4 and SmFe3(BOj3)4 crystals [19,20]. Such materials can be
used as magnetoelectric sensors, memory elements, magnetic switches, spintronics devices, high-speed
radiation-resistant MRAM memory, etc.

Rare-earth scandium borates LnM3(BOj3), with the M3+ = Sc demonstrate an anomalously low
luminescence concentration quenching, which is caused by the large distance between the nearest
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Ln ions (~6 A), and, hence, these compounds are promising high-efficient optical media that can be
used in photonics, in particular, to create a diode-pumped compact lasers covering various optical
spectral regions [21,22]. Currently, the best materials for medium-power solid-state miniature lasers
are undoped and Cr3+-doped NdSc3(BOs)4 [22,23]. They are characterized by a high efficiency of
laser transitions, on the one hand, and detuning of almost all cross-relaxation transitions, on the other.
In addition, the NdSc3(BOs3)4 crystals have a high non-linear dielectric susceptibility. Hence, in these
crystals, it is possible to convert an infrared radiation of the neodymium laser into a visible one along
a certain crystal orientation relative to the propagation of laser radiation. A miniature laser emitted in
a green spectral region can be created based on the NdSc3(BO3)4.

As can be seen from the short literature review on properties and possible areas of application of
the huntite-family borates, these materials are characterized by a combination of different functional
properties in one compound. In turn, physical and chemical properties are due to a real composition
and crystal structure, influenced by initial composition (the type of rare-earth metal and the nature of
M metal), synthesis conditions, and external effects.

Determination of structure of huntite-family rare-earth borates becomes very important, since
a possible structural transition from one space group to another can be accompanied by a loss (or
acquisition) of the center of symmetry and results in an acquisition (or loss) of nonlinear optical
and magnetoelectric properties. Sardar et al. [24] found that the introduction of 5 at % Nd3* ions
(2.3 x 102 cm3; activation) into the LaSc3(BO3), crystal leads to a change in symmetry from the
space group C2/c to C2, i.e., to a transition from a centrosymmetric to a non-centrosymmetric structure.
In addition, it was shown that the introduction of Nd3* ions in a concentration more than or equal
to 50 at % to the LaSc3(BOg3)4 crystal (solid solution) results in the space group transition from
C2/c to R32 [25]. A comprehensive study of solid solutions in the system NdCr3(BOs3)4 (sp. gr.
C2/¢)-GdCr3(BO3)4 (sp. gr. R32) using spectroscopic methods showed that the NdxGd;_Cr3(BO3)4
borates with x < 0.2 have essentially trigonal non-centrosymmetric structure (sp. gr. R32), and already
in the case of 20% Nd concentration in the crystals, an additional large content of the monoclinic phase
(sp. gr. C2/c) is observed [26].

Knowledge of a precise real composition of crystals is no less important. Bulk crystals, usually
obtained by the most technological melt methods, can have a homogeneous composition only for
compounds with the congruent melting (CM). However, an activation of crystal or a synthesis of
mixed crystals (solid solutions) leads to a deviation of a real composition from the CM one. In addition,
a real composition of grown crystal, taking into account compositions of all crystallographic sites,
usually differ from that of initial charge (melt). However, in the overwhelming majority of cases,
observed physical properties of materials are ‘attributed” to initial charge composition that leads to
incorrect conclusions about correlations in the fundamental triad ‘composition-structure-properties’.

Thus, to improve properties of huntite-family single crystals and expand the scope of their
application as well as to synthesize and create materials with a required combination of operating
parameters, it is necessary to know a precise real crystal composition, structural effects, and
crystallochemical limits of existence (stability limits) of a compound or solid solution with a specific
symmetry. This is the motivating force for the research, the results of which are reported on here.

Currently, various approaches are developed to avoid time-consuming searches for materials with
a specific crystal structure and desired physical parameters and to optimize and simplify ways of their
obtaining. One of the most effective techniques is a type of crystal engineering which is shown here
for the huntite-family compounds. In this approach, the ‘composition-structure-property” correlations
for a specific class of materials as well as possible structural types with chemical element sets formed
crystal structure, coordination environment of atoms in the structure, nature of chemical bond between
different atomic groups, etc. are analyzed. When forecasting new structures or describing the known
ones, it is necessary to take into account crystallochemical characteristics of atoms or ions in the
structure, namely, a radius, an electronegativity, a formal charge, and hence a coordination number and
bonds between the components. An approach described is one of the main driving forces in the applied
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crystallochemistry—a section of materials science, which combines knowledges from fundamental
crystallochemistry and specialists in other scientific fields dealing with materials. One of the main
tasks of applied crystallochemistry is an investigation of functional correlations of the form of P = P(X),
where X is a material and P is a property. In this case, properties are considered depending on the
crystallochemical individuality of the components in a number of related compounds. A computer
design of such structures involves a generation of polyhedra, a search for possible packages with the
following determination of all required structural parameters.

2. Materials and Methods

In this review, single crystals are predominantly described and a preference is given to X-ray
diffraction research techniques—a powerful tool to determine fundamental characteristics of an
object, in particular, a real composition and structure, with a high degree of accuracy and reliability
and to reasonably relate functional properties to a composition and structure depending on the
prehistory of crystals (composition of initial charge, growth and post-growth treatment conditions).
A crystallochemical approach based on the knowledge of basic laws of structure formation and
correlations between real composition, structure, growth conditions, and physical properties of
materials, makes it possible to optimize a search for new promising compounds and to improve
functional properties of the known ones. The use of information technologies applied crystallochemical
models for a subsequent creation of mathematical models and specialized programs on their basis
accelerates a transition from theory to practice, and further to a technology to grow material with
controlled properties.

The LnM3(BO3)4 crystals, where Ln®* =La-Lu, Y, M®* = Al, Fe, Ga, Cr, melt incongruently and
are usually obtained by the flux method from the high-temperature solutions both via spontaneous
crystallization and using a seed, which is described in detail in [21,27-29]. The use of the flux method,
as the most suitable for growing such crystals, has a significant drawback—an incorporation of flux
components into the growing crystal. The K;Mo3019p—B,O3 mixed flux is usually applied to grow
huntite-family borates [21,27,30], however, the Mo ions easily incorporate into a crystal, which leads to
an appearance of a near ultraviolet absorption band that inhibits the use of these nonlinear optical
crystals at short wavelength [21,27,31]. In addition, crystals have low growth rate and small sizes
(1-20 mm), which leads to an impossibility of obtaining bulk samples of good optical quality suitable
for further use. In [21,32,33] only, the relatively large LnM3(BO3)4 crystals, in particular, YAl3(BO3)s
and GdAl3(BO3)4, up to 45 mm in size have been synthesized by the top-seeded solution growth
(TSSG) method.

In addition, it should be noted that the polycrystalline gallium borates with the Ln = La, Nd,
Sm, Gd, Ho, Y, Er, and Yb were sintered in Pt crucible in air atmosphere at T = 575-1050 °C from
pellets made from LnyO3, GapO3, and B,O3 oxide powders [34]. As a result, the dominant metaborate
Ln(BO,); for the Ln = La and Nd, huntite LnGaz(BOj3)4 for the Ln = Sm, Gd, Ho, Y and Er, the new
dolomite YbGa(BO3),, the intermediate LnBO3 and GaBO3 phases were identified by X-ray powder
diffraction measurements.

A significant advantage of the LnSc3(BO3)s4 scandium borates is a possibility of synthesis of
large-sized single crystals using the Czochralski technique (Ln = La, Ce, Pr, Nd; in particular, [35]).
Wherein, the degree of congruence of LnSc3(BOj3)s decreases from La to Nd [35], and compounds
with the Ln =Y and Gd melt incongruently [36,37]. Durmanov et al. [33] developed the modified
heating assembly served to effectively control both the process of possible condensation of B,O3
vapors on the surface of the growing crystal and thermal gradients over the crucible and in
the melt. It guaranteed synthesis of high-quality optical LaSc3(BO3)4 single crystals (both pure
and doped with the Nd, Yb, Er/Yb, Er/Yb/Cr, Pr), CeSc3(BO3)s, PrSc3(BO3)s (both pure and
doped with the Nd), NdSc3(BO3)4, as well as solid solutions, in particular, those with the general
chemical compositions (Ce,Nd)Sc3(BO3)s, (Ce,Gd)Sc3(BO3)s, (Nd,Gd)Sc3(BO3)4, (Ce,Nd,Gd)Sc3(BO3)4,
(Ce,Y)Sc3(BO3)s, Ce(Lu,Sc)3(BO3)4, (Ce,Nd)(Lu,Sc)3(BO3)4.
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Single crystals with the general composition LnSc3(BO3)4 (L1 = La, Ce, Pr, Nd, Tb), in particular,
with the initial charge compositions LaSc3(BO3)s, CeSc3(BO3)s, Pr1.1S¢2.9(BO3)s, Pri255¢2.75(BO3)4,
NdSc3(BO3)s, Ndj255¢275(BO3)s, TbSc3(BO3)s and single-crystal solid solutions with the initial
compositions (La,Nd)Sc3(BO3)s, (Ce,Nd)14xSc3_x(BO3)s, (La,Pr)Sc3(BO3)s, La(Sc,Yb)Sc3(BO3)s,
La(Sc,Er)SC3 (803)4, La(SC,EI',Yb)SC3(BO3)4, (Ce,Gd)SC3(B03)4, (Ce,Gd)1+XSC3,X(BO3)4,
(Nd,Gd)1x5¢3-x(BO3)s,  (Ce,Nd,Gd)Sc3(BO3)s,  (Ce,Y)1.4xSc3x(BO3)s,  (Ce,Lu)14xSc3«(BO3)s,
(Ce,Nd,Gd)1+xSc3-x(BO3)s (Ce,Nd,Lu)1+xSc3_x(BO3)s, described in this work, having averaged
diameter of 15-25 mm and length of 30-150 mm were grown by the Czochralski technique in Ir
crucibles at pulling rate 1-3 mm/h and seed rotation 8-12 rpm. An Ir rod of 2 mm in diameter was
initially used as a seed. Oriented single-crystal seeds were cut from the crystals grown on the Ir rod.
The seed was oriented so that its optical axis coincided with the pulling axis (within a few degrees).
The methodology for Czochralski growth technique used to synthesis LnSc3(BO3)4 crystals (Ln = La,
Ce, Pr, Nd, Tb) as well as single-crystal solid solutions is given in [38,39].

According to the literature data, a crystallization of LnM3(BO3)4 compounds (Ln** = La-Lu, Y;
M3+ = Al, Fe, Ga, Cr) ina specific space group was found using different techniques, namely, diffraction
methods (D), infrared spectroscopy (IR), absorption spectroscopy (AS), transmission spectroscopy
(TS), Raman spectroscopy (R); in addition, temperatures of structural phase transitions between forms
with different space groups were determined using specific heat measurements (SH) and differential
thermal analysis (DTA) [1,15,16,26,27,34-37,40-89] (Table 1). In several works [36,49], the structures
of the compounds were declared solely on the basis of a comparison of the experimental diffraction
patterns with those given in the structural databases without any detailed structural analysis. In the
overwhelming number of cases, the crystal structures (first of all, coordinates of atoms) of the samples
were refined by the full-profile Rietveld method on polycrystalline samples obtained by the solid-state
reaction (LnFe3(BOj3)4 with the Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, (Y), Ho; LnGaz(BO3)4 with
the Ln = Sm, Gd, Y, Ho, Er) [34,53] or on single crystals synthesized by the flux method and ground
to a powder (LnAl3(BO3)4 with the Ln = Nd, Sm, Eu, Gd, Tb, Dy, (Y), Ho, Er, Yb; LnFe3(BO3)4 with
the Ln = Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, (Y), Ho; LnGaz(BO3)4 with the Ln = Gd) [1,54,56,59,61,66,68].
Assignment of a series of rare-earth orthoborates (LnAl3(BO3)s with the Ln = Nd, Eu, Gd, Tb, Dy, (Y),
Ho, Er, Tm, Yb; LnFe3(BO3)4 with the Ln = Eu, Gd, Y; LnCr3(BO3)4 with the Ln = Sm, Eu, Gd, Tb, Dy;
LnGaz(BO3),4 with the Ln = Nd, Eu, Gd, (Y), Ho) to the space group R32 is performed on powdered
single crystals obtained by the flux method using IR spectroscopy coupled with the group-theoretical
analysis [26,42,45,51,70,71,73], temperature-dependent high-resolution optical absorption Fourier
spectroscopy and Raman spectroscopy (LnFe3(BO3)s with the Ln = Pr, Nd) [57,58,60].

Crystal structures of single crystals were refined within the framework of the huntite structure
(space group R32) for the LnAl3(BO3)s (Ln = Nd, Sm, Eu, Gd, (Y), Tm, Yb), LnFe3(BO3)s (Ln = La, Nd,
Eu, Gd, Er), LnGaz(BO3)4 (Ln = Nd, Eu, Ho), LnSc3(BO3)4 (Ln = La, Ce, Pr, Nd, Sm, Eu) by the X-ray
diffraction (XRD) analysis (Table 1). It should be noted that in some literature sources (in particular,
in [27]) it was not indicated on which samples, single-crystal or polycrystalline, a structural analysis
has been performed; in [15,36,37,80], any methodology of structural studies is absent, the method
of investigation, X-ray diffraction, being indicated only. Neutron diffraction study performed on
powdered samples with the initial compositions YAl3(BO3)4, Y0 88Erg12Al3(BO3)4, Yo 5Erg5Al3(BO3)s,
Y0.5Ybo5Al3(BO3)s, and Yy g4Er g1 Ybg 15Al3(BO3)4, grown by the topseeded high temperature solution
method, crystallized in the space group R32 [90]. Due to the fact that the neutron scattering amplitudes
both for Er (b = 7.79 fm) and for Yb (b = 12.433 fm) are much greater than that for Al (b = 3.449 fm),
according to the Rietveld calculations, it can be stated that the Er>* and Yb3* ions occupy the Y3* sites.
For the above-mentioned compounds, positional parameters have been refined only [90].
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’

Resuts of XRD study of the Czochralski-grown single crystals and solid solutions (“Enraf-Nonius”
CAD-4 single-crystal diffractometer; room temperature; AgKy, MoK or CuKy; size, ~ 0.1 x 0.1 x
0.1 mm3) with the initial compositions LaSc3(BO3)4, CeSc3(BO3)y, Pr11Scp.9(BO3)s4, Pry255¢s 75(BO3)y4,
NdSc3(BO3)s, Nd1255¢275(BO3)s, TbSc3(BO3)y and (La,Nd)Sc3(BOs3)s, (CeNd)14xScs—x(BO3)y,
(La,Pr)Sc3(BO3)4, La(Sc,Yb)Scs3(BO3)4, La(Sc,Er)Scs(BO3)y, La(Sc,Er, Yb)Sc3(BO3)y, (Ce,Gd)Sc3(BO3)y4,
(Ce,Gd)1:4xSc3-x(BO3)s, (N, Gd)14xSc3-x(BO3)s,  (Ce,Nd,Gd)Sc3(BO3)s,  (Ce,Y)14xSc3x(BO3)s,
(Ce,Lu)14+xSc3—x(BO3)s, (Ce,Nd,Gd)14xSc3-x(BO3)s (Ce,Nd,Lu)14xSc3_(BO3)s, performed by our
scientific group, are given in [35,76,82,83,85,89,91] and [35,84,86,87,91], respectively, and in the present
work. To reduce an error associated with an absorption, the XRD data were collected over the entire
Ewald sphere. The unit cell parameters are determined by an auto-indexing of the most intense
25 reflections. Furthermore, a detailed analysis of diffraction reflections, including low-intensity
ones, was carried out to find a possible superstructure either with the multiple-increased unit cell
parameters and another symmetry or with another symmetry only. In the case of a small number
of reflections that do not obey the extinction rules of the chosen space group, these reflections were
not taken into account when refining a crystal structure. In case of a large number of ‘forbidden’
reflections, a crystal structure was solved by direct methods or/and the Paterson method taking into
account all diffraction reflections. The preliminary XRD data processing was carried out using the
WinGX pack [92] with a correction for absorption. The atomic coordinates, anisotropic displacement
parameters of all atoms, and occupancies of all the sites (except for the B and O ones) were refined
using the SHELXL2013 software package [93], taking into account the atomic scattering curves for
neutral atoms. The structural parameters were refined in several steps: initially, the coordinates
of ‘heavy” atoms (Ln and Sc), and then those of ‘light” atoms (O and then B) were refined together
with the atom displacement parameters in isotropic and then anisotropic approximations; finally, the
occupancies of the Ln and Sc sites were refined step by step.

In the review, for the visualization and comparison of crystal structures (ball-and-stick and
polyhedral models) and individual polyhedra as well as for the calculation of structural parameters
(all interatomic distances, bond angles, etc.) of the huntite-family compounds and solid solutions
with different symmetry, the improved and augmented computer program for the investigation
of the dynamics of changes in structural parameters of compounds with different symmetry has
been applied [94]. Theoretical diffraction patterns have been created using the DIAMOND [95] and
specialized software developed for diffraction pattern indexing taking into account a selection of
background level for rhombohedral and hexagonal cells of the huntite structure and a refinement of
unit cell parameters using different sets of diffraction reflections: CPU, Intel core i3; RAM, at least 4 GB;
Code, C#; OS: Windows 7 with the installed Microsoft. NET Framework 4.0 or higher; Size: 32 768 b.

3. Results

3.1. LuM3(BO3)4 (M = Al, Fe, Cr, Ga, Sc) Compounds

All the known literature data on symmetry of the huntite-family compounds, determined mainly
by diffraction and spectroscopic methods on both polycrystalline and single-crystal samples, are
systematized and given in Table 1 and Figure 1. It can be noted that almost all compounds having
the general composition LnMj3(BO3)4 with the M3* = Al, Fe, Cr, Ga, Sc have a modification with the
huntite structure (space group R32).

The situation looks different if only the results of X-ray study of single crystals are taken into
account (Figure 2): the compounds with the general composition LnM3(BO3)y with the M3* = Al u Sc
are most fully represented; a modification with the huntite structure (space group R32) prevails.
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Figure 1. Space groups for the compounds with the general composition LnMj3(BO3)s with the
M?3* = Al, Fe, Cr, Ga, Sc (according to the literature data given in Table 1).
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Figure 2. Space groups for the single crystals with the general composition LnMj3(BOs3)4 with the
M3* = Al, Fe, Ga, Sc (according to the literature data on X-ray diffraction experiments given in Table 1).

In the crystal structure of the huntite CaMg3(COs)4 (space group R32, a = 9.5027(6), ¢ = 7.8212(6) A,
Z =3) (Figure 3), the Ca?* jon (rc, V! = 1.00 A according to the Shannon system [96]) is located in the
center of a distorted prism with the CN Ca = 6 (CN, coordination number). The upper triangular
face of prism is rotated with respect to the lower one by an angle ¢ = 9.596° (¢ = 0° in the regular
trigonal prism), the Ca-O interatomic distances being the same. The Mg?* ion (ry;"! = 0.72 A)
is located in the center of a distorted octahedron with three different Mg—O interatomic distances
(CN Mg =2 + 2 + 2). Crystallochemically-different B1 and B2 ions occupy the centers of isosceles
(CN B1 =1 + 2) and equilateral (CN B2 = 3) triangles, respectively. The MgOg octahedra are joined
by the edges and form twisted chains extended parallel to the c axis (the 31 axis). The B2 atoms are
located at the two-fold axes in triangles between the chains from the MgOg octahedra, forming a
‘spiral staircase” around the 3; axes. Different chains are connected by the CaOy trigonal prisms and
BO; triangles, where each individual CaOg and BO3; group connects three chains [55,65]. Figure 3
shows the XY and XZ projections of huntite-type unit cell of LnM3(BO3), (space group R32) as a
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ball-and-stick model (Figure 3a,b) and polyhedra (Figure 3c,d) as well as fragments of the structure,
including the main coordination polyhedra (Figure 3e,f), and individual coordination polyhedra for all
crystallochemically-different atoms in the crystal structure (Figure 3g—i).

N ,_r

(@) (b)

(g) (h) (i)

Figure 3. The unit cell of the LnMj3(BO3), structure (space group R32) projected onto the (a) XY
and (b) XZ planes; Combination of the coordination polyhedra projected onto the (c) XY and (d) XZ
planes; Combination of selected coordination polyhedra projected onto the (e) XY and (f) XZ planes;
Coordination polyhedra for the (g) Ln, (h) M, (i) B1 and B2.
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A topological correspondence of the Ca?*Mg?*3(CO3)*~4 and Ln3*M3*3(BO3)>~4 formulas, a
similar coordination environment of the C** and B3* ions, a possibility of the compensation of system
electroneutrality, and a presence of the Ca?* and L%, MgZJr and Sc3+, Mngr and M3* = Al, Ga, Fe ions in
the Goldschmidt-Fersman diagonal series should lead to the isostructurality of the Ca2+Mg2+3(C03)4_4
and Ln**M3*3(BO3)?~4 compounds (more precisely, these compounds are isotype, as evidenced by
the lack of similarity in structures, typical of isostructural compounds [91]) despite the fundamental
difference in the crystallochemical properties (dimensions, electronegativity values, formal charges).

It should be noted that the Cr3* ions are surrounded by six O atoms, forming the regular CrOg
octahedra (CN Cr = 6) in the crystal structures of oxides due to the electronic structure (non-binding
configuration is symmetric to the octahedral field of ligands - d.?), unlike distorted MOg octahedra in
the huntite structure (another example confirmed that the Ca>*Mg?*3(CO3)*~ 4 and Ln3*Cr3*3(BO3)3 4
compounds are isotype). Hence, in the structure of the activated La3*Sc>*3(BO3)3~4:Cr* crystal, the
symmetry of the ScOg polyhedra, which include Cr3* ions, as well as that of the whole crystal changes.
This is confirmed by the XRD analysis of the La**Sc>*3(BO3)>~4 and La®*Sc>*3(BO3)?~4:Cr single
crystals, grown by the Czochralski method, with the monoclinic (space group C2/c) and triclinic
(space group P1 or P1) symmetry, respectively [76]. In the latter case, quite a lot of reflections with
the I < 30(I) are not indexed in the monoclinic syngony, and taking into account these reflections,
the refined unit cell parameters of the LaSc3(BO3)4:Cr were found to be a = 7.7356(4), b = 9.8533(8),
c=12.0606(8) A, x = 89.981(6), B = 105.437(5), v = 90.045(6)°, in contrast to those of the LaSc3(BO3)s,
a=7.727(1),b = 9.840(1), c = 12.046(3) A, p = 105.42(2)°.

In the CaCO3-MgCO; system, the CaCO3 (a ~ 4.99, ¢ ~ 17.08 A; space group R3¢, Z = 6)
and CaMg(COs), (@ =~ 4.80, ¢ ~ 16.00 A; space group R3, Z = 3) compounds with calcite and
dolomite structures, respectively, are known. The Ca?* and Mg?* ions occupy regular and distorted
octahedral sites in the calcite and dolomite structures, respectively, with an ordered arrangement
of the Ca?* and Mg?* ions along the 3-fold axis, which leads to a decrease in the symmetry of
CaMg(CO3), compared to the CaCOj. Based on the transformed compositions (CaCO3 = Cay(CO3)s,
CaMg(CO3); = CapMgy(CO3)4) and addiction of Ln3* ions to predominantly trigonal-prismatic
(Ln = La-Gd) or octahedral (Ln = Tb-Lu; as well as M3* ions) coordination [35], it is possible that
compounds with the initial composition Ln3*M3*3(BO3)3~ 4 can have dolomite-like and calcite-like
structures with an ordered arrangement of Ln® and M3* ions over the octahedral sites both
separately (full positional ordering) and jointly (partial positional ordering). This can be expected,
for example, for the Ln®*M3*3(BO3)%~ 4 with the Ln = Tm (rtp, ' = 0.88 A) or Yb (ry, V! = 0.87 A) in
combination with the M3* = Cr (rc, V! = 0.615 A) or Ga (rg, ! = 0.620 A), for which Arp . = ~0.25 A,
forming the dolomite-type structure (Arcamg = 0.28 A), and for the Ln®*M3+5(BO5)3~ 4 with the
Ln = Tb (rp, V' = 0.92 A) in combination with the M3* = Sc (rg.V! = 0.745 A) (Arppse. = ~0.175 A),
forming the calcite-type structure. Indeed, a polycrystalline sample with the initial composition
Yb3*Ga3*3(BO3)3~4, which was sintered between 575 and 1050 °C [34], and a single crystal with the
initial composition Tb3*Sc3*3(BO3)? 4, obtained by the Czochralski method [35,83], crystallize with a
decrease in symmetry, but with the same unit cell parameters, forming superstructures to dolomite
with the space group R3 (2 = 4.726(3), c = 15.43(2) A) and calcite with the space group R3 (a =4.773(5),
c=15.48(1) 10%), respectively. The XRD analysis of Tb3+Sc3+3(BO3)3 4 single crystal allowed to reveal
additional diffraction reflections 140! with the /i + | = 21, which are absent for the space group R3c
and possible for the space groups R3 and R3. For the crystals obtained, a non-synchronous second
harmonic generation was not observed, which indicates the space groups R3.

Single crystals with the initial composition LnSc3(BO3), with the Ln = La [74,75], Ce [81], Pr [80,88],
Nd [77,80,88], Sm [80,88], Eu [88], obtained by the flux method (the NdSc3(BO3)4 were grown by the
Czochralski method [77]), and also with the Ln = Gd [36,37] and Y [36,37], grown by the TSSG method,
have a modification with the huntite structure (space group R32) (Figures 1 and 2). Fedorova et al. [78]
as well as Li et al. [25] and Ye et al. [31] could not obtain a stable modification of LaSc3(BO3)4 with the
space group R32 by solid state reaction (LaSc3(BO3)s samples with the space group C2/c have been
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obtained) and by a high-temperature solution method, respectively, suggesting that this phase seems
to be metastable or stable in a narrow temperature range. It should be noted that the space group R32
for the LnSc3(BO3)4 with the Ln = La [74,75], Ce [81], Pr [88], Nd [77,88], Sm [88], Eu [88] is determined
by the single crystal XRD study, whereas for the Ln = Gd, (Y), the space group R32 is stated in [36,37]
without any experimental confirmation, noting only that single crystals grown by the TSSG method
exhibited well developed facets having the form of rhombohedral prisms characteristic of the space
group R32.

For the crystals grown by the Czochralski method from the initial charges with the compositions
Pl‘l‘lsCZ'g (B03)4 (PSB—]l) and Pr1,25Sc2_75 (BO3)4 (PSB—125) (Al‘pr_sc =0.245 A), NdSC3 (BO3)4 (NSB—lO)
and Ndj 755¢5.75(BO3)s (NSB-1.25) (Arng_ge = 0.235 A), a symmetry decrease from the space group
R32 to P321 or P3 (Figures 1 and 2) was found by the XRD analysis (it should be noted that the
value Arng_sc (A) is less than the critical value Arp,_y = ~0.25 A, at which the derivatives of the
huntite structure are formed; Arp,_g¢ (A) is actually at the stability limit). The extinction laws for an
overwhelming number of diffraction reflections witness a crystallization of these compounds in the
space group R32. However, 60% of the additional reflections with the I > 30(I) are described within
the framework of the superstructure having the huntite unit cell parameters, but with the space group
P321 or P3 (the structures were solved in the space group P321) with the & + k = 3n, [ = 2n + 1 for
Ikl [82]. In crystal structures with the space group P321 (Figure 4) compared with those with the space
group R32 (Figure 3), the Ln and Sc crystallographic sites (Figure 3a—f), are split into two (Figure 4a—f),
Ln1 and Ln2 (Figure 4g), sites with a distorted trigonal-prismatic oxygen environment and two, Scl
and Sc2 (Figure 4h), sites with a distorted octahedral oxygen environment, respectively.
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Figure 4. Cont.
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Figure 4. The unit cell of the PrSc3(BO3)4 (PSB-1.1 and PSB-1.25) structure (space group P321) projected
onto the (a) XY and (b) XZ planes; Combination of the coordination polyhedra projected onto the (c) XY
and (d) XZ planes; Combination of selected coordination polyhedra projected onto the (e) XY and (f)
XZ planes; Coordination polyhedra for the (g) Prl and Pr2, (h) Sc1 and Sc2, (i) B1-B4.

In addition, the number of B crystallographic sites is also increased in the structure with the space
group P321 (Figure 4i) compared with the R32 one (Figure 3i). A comparison of the XZ projections
of the structures with the space groups R32 (Figure 3b) and P321 (Figure 4b) indicates an alternation
of layers of atoms La, Sc-B, O-La, Sc (Figure 3b) and Lal, Sc1-B, O-La2, Sc2-B, O (Figure 4b) and
corresponding polyhedra (Figure 3d,f and Figure 4d,f) along the Z axis.

The refined crystal compositions can be written as [(Pro419Sco.0s14)(1)]Pro5(2)Sc3(BO3)s
((Pro.9195¢0.081(4))S¢3(BO3)4) (PSB-1.1) and [(Prg.4245¢0.076(4))(1)1Pr0.5(2)Sc3(BO3)4 (Pro.9245¢0.076(4))Sc3(BO3)4)
(PSB-1.25) [82], from which it follows that a symmetry decrease is caused by the distribution of (Pr, Sc)
“atoms” and Pr atoms over two trigonal-prismatic sites (partial positional ordering) (Figure 4). Results of
the XRD analysis with a refinement of positional and atom displacement parameters of single crystals
with the initial composition PrSc3(BO3)4, obtained by the flux method, are given in [88]. On the basis
of systematic absences hkil: -h + k + [ # 3n and a successful refinement of the data for crystal, the space
group was determined to be R32; the real composition of the crystal (i.e., the refinement of the site
occupancies) was not determined [88].

Crystals with the initial compositions NdSc3(BO3)4 (NSB-1.0) and Nd 255¢2 75(BO3)s (NSB-1.25)
with the space group P321 (in Figures 1 and 2, it is given as P321*) have the refined compositions
NdSc3(BO3)4 and (Ndo.500(1)[Ndo.4105¢0.090(20)(2)1S¢3(BO3)4 (Nd0.9105¢0.090(20))Sc3(BO3)4), respectively.
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These structures differ from each other (Figures 5 and 6) by an additional presence of the Sc ions in the
trigonal-pyramidal Nd2 sites in the NSB-1.25 structure. It should be noted that the NSB structure is
represented by right (NSB-1.0) (Figure 5a—f) and left (NSB-1.25) (Figure 6a—f) forms.
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Figure 5. The unit cell of the NdSc3(BO3)s (NSB-1.0) structure (space group P321) projected onto the
(a) XY and (b) XZ planes; Combination of the coordination polyhedra projected onto the (c) XY and
(d) XZ planes; Combination of selected coordination polyhedra projected onto the (e) XY and (f) XZ
planes; Coordination polyhedra for the (g) Nd1 and Nd2, (h) Scl and Sc2, (i) B1-B4.
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Figure 6. The unit cell of the NdSc3(BO3)4 (NSB-1.25) structure (space group P321) projected onto the
(a) XY and (b) XZ planes; Combination of the coordination polyhedra projected onto the (c) XY and
(d) XZ planes; Combination of selected coordination polyhedra projected onto the (e) XY and (f) XZ
planes; Coordination polyhedra for the (g) Nd1 and Nd2, (h) Scl and Sc2, (i) B1-B4.

The NdOy coordination polyhedra in the NSB-1.0 structure (Figure 5g) are more distorted than
those in the NSB-1.25 one (Figure 6g), and the ScOg polyhedra in the NSB-1.0 structure (Figure 5h) are
more regular (especially the Sc10g polyhedron) than those in the NSB-1.25 one (Figure 6h). It confirms,
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firstly, a difference in their real compositions and, secondly, a ‘stress removal” in the NSB-1.25 structure
due to the presence of Sc atoms in trigonal-prismatic polyhedra.

Compared to the PSB structures (Figure 4), in the NSB-1.0 structure (Figure 5), the ScOg coordination
polyhedron (Figures 4h and 5h) and one B polyhedron (Figures 4i and 5i) are less distorted, as well as the
@ rotation angle in the Ln204 coordination polyhedron is smaller (Figures 4g and 5g), which is caused by
the presence of Sc atoms in the Pr site in the PSB structures.

As a result of the analysis of Figures 5 and 6, it can be concluded that the crystals grown
by the Czochralski method from the charges with compositions NdSc3(BO3); (NSB-1.0) and
Ndj 255¢2 75(BO3)s (NSB-1.25) are characterized by the different structure disordering compared
to the Prq.15¢79(BO3)4 (PSB-1.1) and Prj 255¢ 75(BO3)4 (PSB-1.25); NSB and PSB are isotypic structures
(space group P321) (Figures 4-6). The differences are related to a distribution of the Ln and Sc ions over
the trigonal-prismatic sites, resulting in another type of structure, namely, unequal Nd104 and Nd2Og
trigonal prisms in the NSB compared to the PSB structures and a different character of the changes in
the interatomic distances in these polyhedra, primarily, the Nd(Pr)2-O4 1 Nd(Pr)2-O1 ones [82]. The
differences in the PSB-1.1, PSB-1.25, NSB-1.0, NSB-1.25 structures can be traced, for example, on their
XZ projections (Figures 4b, 5b and 6b), paying attention to the B and O atoms.

Depending on the composition and growth conditions, the huntite-family compounds have
monoclinic modifications (Figures 1 and 2) with the centrosymmetric space group C2/c (Figure 7) and
non-centrosymmetric space groups Cc (the extinction laws are the same as those for the space group C2/c)
(Figure 8) and C2 (Figure 9) (the extinction laws are the same as those for the space groups C2/m, Cm).
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Figure 7. The unit cell of the LnM3(BO3)4 structure (space group C2/c) projected onto the (a) XZ, (b) XY,
(c) YZ planes; Combination of the coordination polyhedra projected onto the (d) XZ, (e) XY, (f) YZ
planes; Combination of selected coordination polyhedra projected onto the (g) XZ, (h) XY, (i) YZ planes;
Coordination polyhedra for the (j) L1, (k) M1 and M2, (1) B1 and B2.

The space group C2/c is known for the LnAl3(BO3)4 with the Ln = Pr, Nd, Sm, Eu, Tb, Ho (the
structure is refined, for example, in [97]); LnFe3(BO3)4 with the Ln = Nd; LnCr3(BOs3)4 with the Ln = La,
Pr, Nd, Sm, Tb, Dy, Ho; LnSc3(BOg3)4 with the Ln = La, Ce, Pr (Table 1). The centrosymmetry was
determined by spectroscopic studies using a factor-group analysis of vibrations (for the LnAl3(BO3)4
with the Ln = Pr [42], Nd [42,45]; LnFe3(BOs3)4 with the Ln = Nd [45]; LnCr3(BOs3), with the Ln = La
(Figure 10), Pr, Tb, Dy, Ho [70,71], Nd [26,45,70,71], Sm [70,72]). The LnSc3(BO3)4 crystals with the
Ln = La, Ce, obtained by the Czochralski method, crystallize in the centrosymmetric space group
C2/c), according to a study of their nonlinear optical properties [35]. The XRD investigation of the
CeSc3(BO3)4 microcrystal with the space group C2/c indicates the similarity of charge and as-grown
crystal compositions [82].
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Figure 10. (a) Theoretical and (b) experimental diffraction patterns for the & - LaSc3(BO3)y structure
(space group C2/c).

In the crystal structure with the space group C2/c (Figure 7) the Ln atom is located at the center
of a distorted trigonal prism (CN Ln = 2 + 2 + 2) (Figure 7j); the upper triangular face of prism is
rotated with respect to the lower one by an angle ¢ = 8°. The Scl and Sc2 atoms are located in
distorted octahedra (CN Sc1=2+2+2,CNSc2=1+1+1+1+1+1) (Figure 7k), and the Bl and
B2 atoms are at the centers of scalene triangles (CNB1=1+1+ 1, CN B2=1 + 1 + 1) (Figure 71). A
comparison of crystal structures with the space groups R32 (Figure 3) and C2/c (Figure 7) shows their
similarity (the same set of polyhedra; however, in the structure with the space group C2/c, there are
two crystallochemically-different Sc atoms rather that one as in the structure with the space group
R32) (Figure 3g,h,I and Figure 7j,k,1), on the one hand, and differences (the polyhedra in the structure
with the space group C2/c are more distorted), on the other hand, i.e., the structure with the space
group C2/c is more disordered compared to the R32. A similar alternation of layers of atoms ... Ln,
Sc-B, O-Ln, Sc and Ln, Sc2-B, O-Sc1-B, O-Ln, Scl, Sc2-B, O in the structures with the space groups

79



Crystals 2019, 9, 100

R32 (XZ projection; Figure 3b) and C2/c¢ (XZ projection; Figure 7a) and the corresponding polyhedra
(Figure 3d,f and Figure 7d,g) should be mentioned.

The low temperature phase y-LaSc3(BO3)s crystallizes in the space group Cc (a = 7.740(3),
b =9.864(2), c = 12.066(5) A, B = 105.48(5)°) (Figure 8) [79], but there is no information on how
its noncentrosymmetry was determined. The y-LaSc3(BO3), single crystal was grown by the TSSG
method from a flux and its structure was solved by direct method and refined by full-matrix least
squares without any refinement of real crystal composition [79]. In the structure with the space group
Cc (Figure 8), which is positionally and structurally disordered compared with the «- LaSc3(BO3)4
modification with the space group C2/c (Figure 7) the Scl, Sc2, and Sc2 atoms are located in distorted
octahedra (CN Sc=1+1+1+1+1+ 1) (Figure 8k), and the B1, B2, B3, and B4 atoms are at the
centers of scalene triangles (CN B =1 + 1 + 1) (Figure 81). According to Wang et al. [79], in the crystal
structure of y- LaSc3(BO3)4 (space group Cc), the La atoms are at the centers of distorted octahedra
withthe CNLa=1+1+1+1+1+ 1. However, according to the rotation angle ¢ = 14° between the
upper and lower faces (Figure 8j), which is larger than that in the structure with the space group C2/c
(Figure 7j), the La polyhedron is a trigonal prism, since it is nominally considered that a polyhedron
with the CN = 6 is a distorted trigonal prism or a distorted octahedron in the angle ranges 0° < ¢
<<~ 30° or ~30° < @ < 60°, respectively. Actually, based on a structure with the space group C2/c,
the Sc2 crystallographic site (Figure 7a—i) is ‘split” into two sites, Sc2 and Sc3 (Figure 8a—i), the B1 site
(Figure 71) is ‘split” into the B1 and B2 sites (Figure 8l), and the B2 site (Figure 71) is ‘split” into the B3
and B4 sites (Figure 81) with the formation of a structure with the space group Cc. Hence, a transition
from the centrosymmetric structure with the space group C2/c to non-centrosymmetric structure with
the space group Cc is obliged to ‘split’ sites (see, for example, Figures 7f and 8f). In the structures with
the space groups C2/c and Cc, a similar alternation of layers of atoms and polyhedra with these atoms
is observed on XZ projections: Ln, Sc2-B, O-Sc1-B, O-Ln, Scl, Sc2-B, O (Figure 7a,d) and Ln, Scl,
Sc2-B, O-Ln, Sc2, Sc3-B, O-Ln, Sc2, Sc3-B, O-Ln, Scl, Sc3-B, O (Figure 8a,d).

Fedorova et al. [78], based on a complete correspondence (the space groups C2/c and Cc belong
to the same diffraction symmetry group with the same extinction laws) of the diffraction patterns of
powdered a-LaSc3(BO3)4 (space group C2/c) and y- LaSc3(BO3)4 (space group Cc), obtained by solid
state synthesis and heat-treated at temperatures from 1000 to 1350 °C, concluded that the LaSc3(BO3)4
crystallizes in the space group C2/c. The experiment described does not allow choosing one of two
space groups correctly.

The unit cell parameters of single crystal grown from the charge having composition
(Pr11S¢29)(BO3)4 (a = 7.7138(6), b = 9.8347(5), ¢ = 12.032(2) A, p = 105.38(7)°) [83] are similar to
those for the LaSc3(BO3)4 and CeSc3(BO3)4 (a =7.7297(3), b = 9.8556(3), c = 12.0532(5)A, 3 =105.405(3)°)
with the space group C2/c [82]. The extinction laws for the overwhelming number of diffraction
reflections correspond to the space group C2/c or Cc (h + k = 2n for hkl, h = 2n, | = 2n for hOl, k = 2n
for Okl, h + k for hkO, h = 2n for h00, k = 2n for 0kO, | = 2n for 00/). Non-synchronous second harmonic
generation was observed for these crystals, which indicates a non-centrosymmetric space structure Cc.
A small amount of additional reflections with the I > 30(I), typical for the space groups C2/m, C2 or
Cm (h + k = 2n for hkl, h = 2n for hOl, k = 2n for Okl, h + k for hk0, h = 2n for h00, k = 2n for 0k0), most
likely, space group C2 as a subgroup of C2/c, is observed.

The space group Cc was not found for the LnM;3(BO3)s with the M = Al, Fe, Cr, Ga. For the
LnAl3(BO3)s with the Ln = Pr, Nd, Eu, Gd, a modification with the space group C2 (a = 7.262(3),
b=9.315(3),c = 16.184(8)A, 3 =90.37° for the GdAl3(BO3)s) [47] was revealed. In the crystal structure
of LnAlz(BO3)4 with the space group C2 (Figure 9), five crystallochemically-different Al atoms are
located at distorted octahedra (CN All, Al3, Al4, AI5=1+1+1+1+1+1,CNAI2=2+2+2)
(Figure 9k) and seven crystallochemically-different B atoms have a trigonal environment, two of which
are isosceles triangles and the rest ones are scalene (Figure 91) [41]. The Ln (Gd) atoms occupy distorted
trigonal prisms withthe CNLn1=1+1+1+1+1+1and CNLn2=2+2 +2, and the rotation angle is
¢ ~20° (Figure 9j), i.e., significantly higher than that for other modifications of huntite-like structures.
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This feature of the LnAl3(BOs)4 crystal structure with the space group C2, which is the most disordered
amonyg all the huntite-like structures described (Figure 9a-i), does not exclude a tendency to reorganize
a trigonal prism into an octahedron, accompanied by a decrease in the polyhedron volume and degree
of its filling [98,99]. It may be the reason or one of the reasons for an absence of this structure for the
LnSc3(BO3)4 compounds. Nevertheless, a comparison of monoclinic compounds with the space groups
C2/c (Figure 7), Cc (Figure 8), and C2 (Figure 9) indicates their identical structural features: ‘layers’
of atoms and polyhedra (Figure 7a,d, Figure 8a,d, Figure 9a,d), a connection of the LnOg trigonal
prisms and ScO6 octahedra through the BOj3 triangles (Figure 7g-i, Figure 8g—i, Figure 9g—i). The same
structural features can also be observed for the compounds with the space groups R32 (Figure 3) and
P321 (Figures 4-6).

Based on the experimental data available to date, it is possible to limit the region of stability of the
phases with the general composition LnM3(BO3)4, having the huntite-like structures, as a correlation
between the type of Ln ion and the difference between the ionic radii of Ln and M ions (Figure 11).

n Al3+
Lu . > Fe“;+
Yb- » .. o o
Tm- > = A Ga
Er - » > = < s
Ho- » »ou | ® Mg
(Y){ « A > = v Non-huntite family compound
Dy - » > =
5 Tb{ » -
Gd- < » []
Eu- < » > =
Sm- < » > =
Nd 4 » > B
Pr < ° > =
[Cal]+ *
Ce < >
La- < ° > v

T T T T T
0.15 020 0.25 030 035 040 045 0.50
VI VI
A(an = I'M )9 A

Figure 11. The stability region for the phases with the general composition LnMj3(BO3)4 with the
M?3* = Al, Fe, Cr, Ga, Sc given as correlation between the type of Ln ion and the difference between the
ionic radii of Ln and M ions.

In the coordinates given in Figure 11, the huntite CaMg3(CO3)4 (space group R32) is located closer
to the LnSc3(BO3)4, which may explain a formation of superstructures with full or partial ordering of
atoms over the crystallographic sites (positional ordering) accompanied by a symmetry decrease in
both CaCO3-MgCOj3 and L103-5¢,03-B,O3 system. In addition, there are other structural features of
rare-earth scandium orthoborates.

For polycrystalline and single-crystal samples with the general composition LnSc3(BO3),, for
which the 1, Yrgc V! (A) value is in the range of 0.285 (Ln = La) — 0.155 (Ln = Y) (i.e., with the
minimum Arpv (A) values among all the huntite-like structures) (Figure 11), a probability of
obtaining compounds with the stoichiometric composition LnSc3(BO3)4 decreases, starting with the
Ln = Nd (Arng.sc = 0.235 A). A distinctive feature of samples with the Ln = Sm (Argpy.sc = 0.215 A),
Eu (Argysc = 0.215 A), and Gd (Argg.sc = 0.195 A) should be a formation of internal solid solutions
in the form (Ln,Sc)Sc3(BO3)s (matrix ions are redistributed over different crystallographic sites
resulting in a formation of antisite defects). In samples with the Ln from Tb (Aryy.g. = 0.175 A)
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to Lu (Arpysc = 0.110 A), internal solid solutions in the form (Ln,Sc)(Sc,Ln)3(BO3)4 will probably be
formed. A formation of internal solid solutions can lead to a decrease in symmetry due to a positional
disordering of the Ln and Sc cations, which may ultimately results in the compounds going beyond
the limits of the stability region of the huntite-family phases (Figure 11).

The data on the symmetry of compounds with the general composition LnSc3(BO3)s are
contradictory, in particular, for the modifications with the space group R32. A difficulty of revealing the
space group P321, which was found for the PSB and NSB as a result of a comparison the experimental
diffraction patterns with those given in databases and by the refinement of crystal structures of
polycrystalline samples or powdered single crystals by the full-profile method (it is usually used in
practice), is associated with the almost complete similarity of theoretical diffraction patterns for the
space groups R32 and R321 (Figure 12a,b). The differences relate only to the intensities of individual
reflections, shown in Figure 12a,b in a circle.
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NSB-1.25
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Figure 12. Theoretical diffraction patterns for the (a) huntite structure (space group R32),
(b) superstructure of the huntite structure (space group P321), (c) structure with the space group P3;21;
Experimental diffraction patterns of powdered single crystals (space group P321): (c) Pr; 1Scp.9(BO3)s
(PSB—ll), (d) NdSC3 (BO3)4 (NSB—lO), (e) Nd1'255C2.75(BO3)4 (NSB—125)

Figure 12d—f show the experimental diffraction patterns of powdered PSB-1.1, NSB-1.0, and
NSB-1.25 crystals with the space group P321, from which their similarity (with a certain redistribution
of the intensities of a series of reflections) and an analogy with the theoretical diffraction patterns
is also seen. In order to establish the space group, R32 and P321, in which the rare-earth scandium
orthoborates crystallize, it is necessary to perform, for example, a single-crystal XRD experiment with
an analysis of intensities of reflections, as was performed for the PSB and NSB crystals [82].

3.2. Solid Solutions of Rare-Earth Scandium Borates

The symmetry of solid solutions in the LnSc3(BO3)s — L1n"Sc3(BO3)4, LnSc3(BO3)4 — Ln’Sc3(BO3)4 —
ScScs(BO3)4 (space group R3c), LnSc3(BO3)s — Ln'Sc3(BO3)4 — Lin”"Sc3(BO3)4 systems is determined by
the space group and the ratio of the system components. In the LaSc3(BO3)4-CeSc3(BO3)4 system, as
well as in the LaSc3(BO3)4 — PrSe3(BO3)s and CeSc3(BO3)4 — PrSc3(BO3)4 systems, provided that the
PrSc3(BO3)4 crystallizes in the space group C2/c, a formation of a continuous series of solid solutions
with the space group C2/c should be expected. Limited solid solutions, which can be based on the
compounds that actually exist, are formed in systems where the final members of solid solution
belong to different symmetries (monoclinic and trigonal) (Figure 11). This obvious crystallochemical
conclusion, based on the theory of isomorphic mixing, is confirmed experimentally (Table 2).
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3.2.1. LaSc3(BO3)4-NdSc3(BO3)4 Systern

The XRD study of the (Laj_yNdy)Sc3(BO3)s (LNSB) solid solutions (x = 0.0-0.3) grown
by the Czochralski method showed their crystallization in the space group C2/c [35,87]. The
non-centrosymmetric trigonal phase R32 was discovered only in some crystals with high Nd*
concentration (x > 0.5) [100]. A trigonal symmetry was found only for NSB crystal (Ir seed). For LSB
(Ir seed) as well as (Ndg5Lag5)Sc3(BOs3)4 and (Ndg1Lag9)Sc3(BO3), with the LSB seed, a monoclinic
symmetry was established. It confirms a role of a seed in symmetry of grown crystals.

Symmetry of LNSB solid solutions (x = 0 to 1) obtained by the solid-state reaction and the flux
method, was demonstrated by DTA, X-ray diffraction, second-harmonic generation, and fluorescence
lifetime measurements [25]: for x = 1.0, i.e., for NdSc3(BOg3)4, only trigonal phase existed, and for
x < 0.5, in the LNSB sample, two phases, with the space group R32 or C2/c, were obtained depended
on the crystallized temperature (according to powder XRD, the phase with the space group R32 could
be formed below 1100 °C). For the LSB (x = 0), the pure trigonal phase was difficult to obtain from
the solid-state reaction. For example, in the LSB sample sintered at 1000 °C for 2 h, the huntite-family
monoclinic phase and LaBO3 were found.

3.2.2. LaSc3(BO3)4 -«GdSc3(BO3)4» System

Polycrystalline La,Gd;_,Sc3(BO3)s (LGSB) solid solutions were obtained by the conventional
solid-state reaction [101-104], and single-crystal ones were grown by the high-temperature TSSG
method using the LigB4O9-LiF as a flux [101,102] and Czochralski method [103,104] (Table 2).
A crystallization of polycrystalline samples in the space group R32 for 0.20 < x < 0.80 was
established [101,102]. According to the XRD analysis, a single crystal grown by the high-temperature
TSSG method crystallizes in the space group R32 and have the composition Lag 78Gdg 20Sc3(BO3)s,
refined using a full-matrix least-squares refinement on F? (SHXLXL-97) using the occupancy factor for
the La site fixed to a value that was determined from the ICP elemental analysis [101]. The composition
of the single crystal grown by the Czochralski method from the charge Lag ¢78Gdg5725¢2.75(BO3)y4 is
determined by the inductively coupled plasma atomic emission spectrophotometry (ICP-AES) method
to be Lag 64Gdg 415¢2.95(BO3)s (space group R32) [103]. In addition, the LGSB single crystals were
obtained by the Czochralski method from the charge with initial composition Lag 75Gdo 55¢2.75(BO3)a
without refinement of crystal real composition [104].

According to [101], as a result of investigation of polycrystalline LGSB samples, it was revealed
that the stoichiometry of the single trigonal phase followed the relationship of Sc/(Gd + La) = 3
and the deviations from these values afford additional peaks of impurities in the X-ray powder
diffraction patterns. Therefore, Gd occupies the La site rather than Sc site [100]. It is confirmed
by the Gheorghe et al. [103]: according to the ICP-AES method, the stoichiometry of Sc is close to 3.
According to [103,104], for polycrystalline La;_,GdySc3(BO3)4 solid solutions, it was established that
the structural changes from monoclinic (space group C2/c¢) to trigonal (space group R32) is complete
for a Gd content larger than 0.3. The XRD investigation of a series of single crystal LGSB solid solutions,
grown in 3:1 wt/wt LiBO, /Laj _,GdySc3(BO3)4 solvents or a 20 wt% CaF; flux, showed that the R32
structural integrity is maintained for 0.3 < x < 0.7 [88].

3.2.3. LaSc3(BO3)4 -«YSc3(BO3)4» System

Polycrystalline and single-crystal LayY;_,Sc3(BO3)s (LYSB) solid solutions were obtained by
the solid-state reaction [31,102,105] and the high-temperature TSSG method using a lithium-borate
flux [31,102,105-108], respectively (Table 2).  An investigation of phase equilibria in the
LaBO3-ScBO3-YBOj3 system [31,102,105] allowed to establish the limits of existence of huntite-type
trigonal (space group R32) Y,La,Sc;(BO;3), solid solutions: 0.29 < x < 0.67, 0.67 <y < 0.82, and
2.64 <z <3.00. Selected initial compositions of samples within the trigonal-huntite region of the phase
diagram are given in [31,102,105] (Table 2). The space group R32 has been determined for these
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samples by the powder XRD, and then was proven on the basis of the X-ray single-crystal refinement
of structure of Lag 7Y 575¢2.71(BOs)s. Occupancy factors for the La and Sc sites were fixed to the
values that were determined by ICP elemental analysis, as deviations from these occupancies afforded
increased residuals in the least-squares refinements. The solid solution with the trigonal symmetry,
grown by the TSSG method, had an average composition Lag g2 Y0.3345¢2 84(BO3)s, determined by the
ICP-AES [109].

According to the refinement of atomic coordinates and displacement parameters of LYSB structure
of single crystal using a full-matrix least squares refinement on F? (SHELXL-97) [31], its composition
can be written as Lag 7,Y(575¢2.71(BO3)4 (space group R32), occupancy factors for the La, Y and Sc
sites being fixed to the values determined by ICP-AES elemental analysis. Based on the comparison
of cell volumes for the compositions Lag 77Y(285¢2.95(BO3)s and Yy 47Lag755¢2 78(BO3)4 (La, Y, and
Sc occupancies were determined by ICP-AES elemental analysis), in which the La concentrations
are similar, the higher Y concentration of Lag 75Y( .47 Sc2.78(BO3)4 (V = 670.5(1) A3) relative to that of
Lag 77Y0285¢2.95(BO3)s (V = 666.35(9) A3) leads to a 0.6% increase in cell volume, which can only occur
if the Y atom substitutes the small Sc site [31]. The structure of Lag 75Y(255¢c3(BO3)4 single crystal
(space group R32) grown by the flux method was determined [108]. After full-matrix refinement with
isotropic displacement coefficients on each atom, the occupancies of the La and Sc sites were refined.
No significant change in the Sc occupancy factor was observed, so it was subsequently fixed to unity.
Occupancy of the La site was significantly reduced, indicating occupation of Y on the La site. On the
basis of the systematic condition —h + k + [ = 3n for the hkil, the statistical analysis of the intensity
distribution, packing considerations, and the successful solution and refinement of the structure, the
crystal was found to form in the non-centrosymmetric space group R32.

3.2.4. LaSc3(BO3)4 -«ErSc3(BO3)4» System

Durmanov et al. [35] selected the optimal compositions of charge with a B,O3 deficiency, which
prevents its deposition on the surface of the growing crystal, since liquid B,O3 drains into the high
temperature region and dissolves the growing crystal. As a result, optically qualitative activated
LaEr( 0065¢2.994(BO3)3 8 and LaErg 9155¢2 985(BO3)3 8 crystals with the space group C2/c were obtained
by the Czochralski method. Based on the crystallochemical similarity of Er with the Lu and Tb atoms,
which, according to the XRD investigations, enter the Sc site [87], Durmanov et al. [35] suggested that
the Er3* ions also replace the Sc3* ones. An increase in the concentration of Er3* ions in the initial melt
above 12 at % can lead to cracking of crystals and a change in their symmetry.

3.2.5. LaSc3(BO3)4 -«YbSc3(BO3)4» System

The optimal compositions of the charge with the lack of B,O3 to grow optically-qualitative crystals
with the space group C2/c by the Czochralski method are LaYby 155¢2 85(BO3)3.8, LaYbg 35¢27(BO3)s 3,
LaYbg 365¢2.64(BO3)3 8 [35]. Durmanov et al. [35] suggested that the Yb3* ions enter the Sc site based on
the crystallochemical similarity of Yb with the Lu and Tb, which, according to the XRD investigations,
occupy the Sc sites [87]. The maximum allowable concentration of Yb®* ions to grow laser crystals
is 10 at % (1.3 x 10%! cm™3); higher concentration cannot be achieved using the growth technology
described in [35].

3.2.6. LaSc3(BO3)4 -«LuSc3(BO3)4» System

Polycrystalline and single-crystal solid solutions with the initial composition LayLuySc,(BO3)4
(x +y + z = 4) were obtained by the solid-state reaction and the high-temperature TSSG method with a
LigB4Og flux [110], respectively (Table 2). According to single-crystal XRD measurements, the solid
solution having the composition Lag 5L 665¢2.39(BO3)4, determined from the ICP elemental analysis,
has been found to crystallize in the space group R32. Li et al. [110] suggested that the Lu atoms replace
not only the La atoms in the trigonal prisms but also the Sc atoms in the octahedra; the formula for
demonstrating Lu-atom substitution can be written as (Lug g5Lag.95)(Lug15¢2.39)(BO3)s.
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3.2.7. LaSc3(BO3)4 -«BiSc3(BO3)4» System

Solid solutions with the general composition LayBiySc,(BO3)4 were obtained in the form of
polycrystals and single crystals using the solid-state reaction [111] and the spontaneous crystallization
method using the Bi;O3-B,03 as a flux [111,112], respectively (Table 2). Xu et al. [111] established
that the single trigonal phase covers the composition range of 0.27 < x < 0.52, 0.67 < y < 0.82, and
2.74 <z <2.95. According to Xu et. al. [111], the Bi atoms replace not only the La atoms in the trigonal
prisms but also the Sc atoms in the octahedra, and, hence, the general composition can be written
as (Laj_,Biy)(BiySc3—)(BO3)s. The unit-cell volume (V) varies with the sizes of both the trigonal
prism and the octahedron, and it can be expressed in the equation by using atomic radii (R) and
appropriately weighted occupancies for the Bi, La, and Sc atoms. Based on the equation given in [111],
an approximately linear relationship between the effective concentration (Ceff) and V was obtained,
which indicates that the Bi atoms do indeed appear to be distributed across both sites. For the single
crystal with the composition Lag goBig 275¢2.91(BO3)4, determined from the ICP-AES elemental analysis,
the space group R32 was found using the XRD analysis [111] (Table 2).

Single-crystal Lag 91 Big 215cp 83(BO3)4 solid solution, obtained by the spontaneous crystallization,
the composition of which was checked with the energy dispersive spectra standardless analysis, has
the trigonal structure with the space group R32, atomic sites and isotropic displacement factors being
refined without any refinement of site occupancies [112] (Table 2).

3.2.8. CeSc3(BO3)4-NdSc3(BO3)4 System

Single-crystal solid solution with the composition of the initial charge (Ceq 53Ndg 645¢2.83)(BO3)a,
grown by the Czochralski method, crystallizes in the space group P321 [35]. A comparison of the
unit cell parameters, atomic coordinates, and interatomic distances of this phase with those for the
NdSc3(BO3),4 allowed to receive the composition (Cep5Ndy 5(1))Sc3(BO3)4. The structure disordering of
(Ceg5Ndg5(1))Sc3(BO3)4 is more pronounced compared with the NdSc3(BO3)4 [35].

3.2.9. CeSc3(BO3)4-«GdScs3(BO3)4» System

Single-crystal solid solutions obtained by the Czochralski method from the charges having
compositions (Cep gGdp2)Sc3(BO3)s, (Cep7Gdp3)Sc3(BO3)s, and CepogGdp355¢2.75(BO3)4 crystallize in
the space group P321 (Table 2). According to the XRD analysis of microcrystals, 67% of diffraction
reflections do not obey the extinction laws of the space group R32, but they are indexed in the
space group P321, i.e., in the superstructure relative to the huntite structure. A refinement of
the crystal structure of solid solutions with the nominal compositions (Cep goGdg20)Sc3(BO3)4 and
Ce.9Gdp 355¢2.75(BO3)4 based on the strongest reflections (33%) in the subcell with the space group R32,
i.e., in the huntite structure (atomic coordinates, atomic displacement parameters, occupancies of all
crystallographic sites except for B and O ones), showed that their compositions can be described
as (Cep.8032)Gdo.091(4)5¢0.106(4))5¢c3(BO3)s (R = 3.04 %) and (Ceq.g49(1)Gdo.024(1)5¢0.027(1))S¢3(BO3)4
(R =1.93 %), respectively. The refined crystal compositions correlate with the unit cell parameters
(rce>rgg>rsc), which are indicators of a composition. A refinement of the structure of the microcrystal
with the nominal composition (CepgyGdp20)Sc3(BO3)s in the space group P321 (i.e., taking into
account all diffraction reflections, both strong and weak, but with the I > 30(I); R = 3.13%)
allowed writing the composition as (Ceg 4853yGdo.0095¢0.006))(Ce0.465(6)Gd0.0175¢0.018)Sc3(BO3)4 or
(Ce.950(3)Gd0.0265¢0.024)Sc3(BO3)4 (Tables 3 and 4).
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Table 4. Main interatomic distances in the structure of of (Ce( goGd 20)Sc3(BO3)4 solid solution in the
space group R32 and P321 according to the XRD data (AgK«).

Parameter Space Group R32 Parameter Space Group P321
Cel/Gd1/Sc Cel/Gd1/Sc
-6x01 2.450(3) -6 x 02 2.443(3)
Ce2/Gd2/Sc
-3 x 04 2.417(3)
-3x01 2.484(3)
[Ce2/Gd2/Sc-Olay. 2.4505
Scl Scl
-2x01 2.059(3) -2 x 07 2.091(3)
-2x03 2.118(3) -2 x 04 2.110(3)
-2x02 2.148(4) -2x03 2.211(3)
[Sc1-Olav. 2.129 [Sc1-Olav. 2.134
Sc2
-1x02 2.035(3)
-1x01 2.041(3)
-1x05 2.113(3)
-1x03 2.124(3)
-1x 06 2.129(2)
-1x07 2.149(2)
[Sc2-Olay. 2.0985
B1 B1
-1x02 1.33(1) -2 x 01 1.378(4)
-2x01 1.368(5) -1x05 1.412(8)
1.355 [B1-Olav. 1.389
B2
-1x03 1.289(6)
-1x02 1.325(5)
-1x 04 1.401(5)
[B2-Olav. 1.338
B2 B3
-3 x 03 1.369(5) -3 x 06 1.375(4)
B4
-3x07 1.360(3)

3.2.10. CeSc3(BO3)4-«YSc3(BO3)4» System

A refinement of the crystal structure of the Czochralski-grown powdered crystal with the initial
composition Cej 25 Y 35¢ 45(BO3)4 by the Rietveld method in the huntite subcell with the space group
R32 (the proper space group is P321: 67% of diffraction reflections do not obey the extinction laws
of the space group R32) showed its real composition as (Cep 73 Y0.22(2))Sc3(BO3)4 [35]. A decrease in
the Ce site occupancy was observed (the form factor or atomic factor is proportional to the atomic
number), which indicates a partial replacement of the Ce atoms by the Y ones, and the presence
of Sc atoms in this site has not been considered. The XRD analysis of the cation sites, except
for the B site, in the structure of micropart of the same crystal (space group R32) resulted in the
composition (Cepg95(1)Y0.002(1)5C0.003(1))Sc3(BO3)4 (R = 7.73 %), i.e., with the absence of Y atoms in the
Sc site. Different compositions refined for powder and single-crystal samples can be explained by the
heterogeneity of bulk crystal composition.

3.2.11. CeSc3(BO3)4-«LuSc3(BO3)4» System

A refinement of structure of the powdered sample in the space group R32 (the proper space group
is P321) using the full-profile method showed that the composition of the Czochralski-grown crystal

93



Crystals 2019, 9, 100

can be written as Ce(Lug 17(1)Sc2.83)(BO3)4 with a presence of the Lu ions in the octahedral sites of
the structure together with the Sc ones [35]. The XRD analysis of the structure of micropart of the
same crystal confirmed the presence of Lu atoms in the octahedral site, but with a lower content:
Ce(Sc2.910(30)Lu0.090)(BO3)4 (R = 5.95%).

3.2.12. PrSc3(BO3)4 -NdSc3(BO3)4 System

A solid solution with the charge composition (Prpg9Ndg 115¢2.9)(BO3)s grown by the Czochralski
method crystallizes in the space group P321 [83].

3.2.13. PrSc3(BO3)4-«YSc3(BO3)4» System

A solid solution with the general composition PryYySc,(BO3)4 grown by the TSSG method using
eutectic LiBO,-LiF as a flux crystallizes in the space group R32, as determined by the XRD on the
powder sample [113] (Table 2). According to scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM/EDX), a peripheral part of the crystal has the composition Prg94Y(095¢2.97(BO3)s,
while the composition of the central part of the crystal is Prp93Y(105¢296(BO3)s [113]. It should be
noted that the unit cell parameters of samples from two parts of the crystal with almost identical
compositions are significantly different, although there is a tendency for the parameters to increase
with increasing Pr content (rp, > ry) (Table 2).

3.2.14. NdSC3 (BO3 )4—<<GdSC3(BO3 )4 » System

The XRD analysis of the Czochralski-grown crystals with the initial compositions Nd; 125Gdg 1255¢2 75(BO3)4
(the refined composition (NdpgGdgy(1))Sc3(BO3)s was evaluated by comparing the structural
parameters of this phase with those for the NdSc3(BOs3)s), Ndi0aGdg2sSco7(BO3)s, and
Nd.91Gdg39Sc27(BO3)s showed their crystallization in the space group P321 [35].

3.2.15. NdSC3(BO3)4-<<YSC3(B03)4>> System

Single-crystal solid solution with the charge composition NdxYySc,(BO3)4 was grown by the
TSSG method [113]. The space group R32 was established by the powder XRD method. According to
the SEM/EDX, a periphery part of the crystal has the composition Ndg ¢ Y(215¢2.93(BO3)s, while the
region under the seed is Nd g7Y0.185¢2.95(BO3)4. A situation is similar to that found for solid solutions
in the PrSc3(BO3)4-«YSc3(BO3)4» system: significant differences in the unit cell parameters of samples
taken from different parts of the crystal with almost identical compositions (taking into account a
measurement error) are found, a noticeable correlation between the unit cell parameters and the Y
content (rng > ry) being observed.

3.2.16. CeSC3 (BO3)4-NdSC3(BO3)4-<<GdSC3 (BO3)4>> System

The XRD study of a solid solution grown by the Czochralski method showed that its structure has
the huntite subcell with the space group R32 (Table 2). In this case, a limited number of weak diffraction
reflections go into a superstructural trigonal cell with parameters doubled with respect to the huntite
ones: A = 2ag3p, C = 2cg3; [35]. The single-crystal XRD analysis of a solid solution with the charge
composition Ce( 74Ndg 30Gdp 145¢2.8(BO3)4 and estimated composition (Ceg 57Ndg 25Gdp.18)Sc3(BO3)s
revealed a significant number of superstructure reflections with the space group P321 [35]. Durmanov
et al. [35] believe that the choice of the initial melt composition and growth conditions may rule out
a formation of superstructure in the (Ce,Nd,Gd)Sc3(BO3)4 solid solution; among these compositions
may be found a congruent melting one.

3.2.17. CESC3 (BO3)4—NdSC3(BOg)4—<<LU.SC3(BO3)4>> System

A large number of maximally-split reflections was revealed as a result of XRD investigation of a
small chip of the Czochralski-grown crystal with the initial composition Ce; 2Ndg g5Lu035¢2.45(BO3)4.
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The unit cell parameters determined by an auto-indexing the most intense 21 reflections correspond to
the huntite cell with the parameters ars, = 9.776(6), cr32 = 7.937(5) A [35]. In the interval of interplanar
distances d = 2.32-3.14 A, weak and diffuse reflections, along with the strong ones, were found. The unit
cell parameters determined from 18 reflections in the same interval of interplanar distances were found
tobea’ =7.895, 1/ =9.749, ¢ =16.817A, = 90.23°, B = 89.95°, v = 90.18°. The obtained triclinic unit cell
is a pseudo-monoclinic one (space group A2) with the parameters correlated with those of the huntite
cell: a’ = cg3p, b’ = br3o, ¢’ = 2ar3,c0s30°, & ~ 90°, B ~ 90°, v ~ 90°. However, two weak (the intensities
are 44 and 65 times less than the intensity of the strongest reflection in the above-mentioned interval)
and diffuse (peak width are 1.56° and 2.73°) reflections were not indexed with these parameters.
Taking into account one weak (44 times weaker than the strongest reflection) and diffuse (width is
1.56°) reflection, the 4’ unit cell parameter doubles: a” = 24’, b” = b/, ¢” = ¢’. However, the second
reflection remained non-indexed with these parameters. A superstructure with the unit cell parameters
a', b, " was also found for the solid solution with the composition (Cey g0Gdg20)Sc3(BO3)4 [84].

3.2.18. LaSc3(BO3)4-«ErSc3(BO3)4»-«YbSc3(BO3)s» System

Durmanov et al. [35] selected the optimal compositions of the melt to obtain crystals by the
Czochralski method (Table 2). According to the XRD analysis, all grown crystals have a monoclinic
symmetry, probably the space group C2/c. Based on the previous studies [76], Durmanov et al. [35]
suggested that the Er>* and Yb3* ions replace the Sc>* ones, and their maximum concentration in the
initial melt should not exceed 12 at %, since a higher content may affect the cracking of crystals and
change the symmetry (similar to solid solutions in the LaSc3(BO3)4 — «ErSc3(BO3)4» system).

Thus, huntite-family solid solutions of rare-earth scandium borates crystallize either in a
monoclinic symmetry with the centrosymmetric space group C2/¢ (in many works, the centrosymmetry
is not confirmed) or in a trigonal one with the non-centrosymmetric space groups R32 (requires
confirmation) or P321. In most cases, due to methodological difficulties of the XRD experiment, the
site occupancies were not refined for the structures under investigation, especially when several
cations with close atomic scattering factors occupy one crystallographic site. However, an elemental
analysis and a crystallochemical approach made it possible to suggest the most likely composition
from different compositions of solid solutions.

4. Crystallochemical Features of the Huntite Family

The variety of compositions and different symmetries found for the huntite-family compounds
and solid solutions allows to make their classification and systematization based on crystallochemical
phenomena such as isomorphism (an ability of a system to form equivalents), morphotropy (a
change in a crystal structure for a regular series of compounds having similar formula composition),
polymorphism (an adaptability of a structure to external influences), and the adjacent polytypism (an
ability of a substance to crystallize in various modifications with different packing of structural
elements along one axis). Surely, there are no clear boundaries between them, but in the first
approximation, this approach allows identifying general structural features and finding fundamental
differences in the group of compounds or solid solutions.

In addition to the possibility of forming continuous or limited solid solutions (the unlimited
(perfect) and limited (imperfect) isomorphism) and internal ones (preferably for rare-earth
scandium borates), a morphotropy is characteristic of the huntite-family compounds. The
main reason for the morphotropy, in this case, is the size factor, namely, a change in the
ionic radius of the Ln cation (LnAl3(BO3)s—LnGaz(BO3)s—LnSc3(BO3)s) (Figure 1) or M cation
(LaAlg(B03)4—LaFe3(BO3)4—LaCr3(BO3)4—LaSC3(B03)4, TbA13(BOg)4—TbF€3(BO3)4—TbCI'3(BO3)4—
TbGa3(BO3)4—TbSC3(BO3)4, YbA13(BO3)4—YbF€3(BOg)4—YbCI‘3(B03)4—YbGa3(BO3)4) (Figure 11) [114]).
The morphotropic series include nominally-pure and activated samples, for example, LaSc3(BO3)4
(space group C2/c) — LaSc3(BO3)4:Cr3* (space group P1 or P1) (an electronic structure factor) [76] and
LaSc3(BO3)4 (space group C2/c) — LaSc3(BO3)4:Nd3* (space group C2) (a size factor) [24].
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The polymorphic transition from the space group P3;21 to the R32 one (from a low-symmetric to
a high-symmetric modification) with increasing temperature is known for the LnFe3(BO3), with the
Ln = Eu-Er, Y [53,56-58,60,62-68] (Figures 1 and 13).

Y

@Pe 0 Q0

(a) (b)

(d)

1

(g (h) (U]

Figure 13. The unit cell of the GdFe3(BO3)4 structure (space group P3121) projected onto the (a) XY
and (b) XZ planes; Combination of the coordination polyhedra projected onto the (c) XY and (d) XZ
planes; Combination of selected coordination polyhedra projected onto the (e) XY and (f) XZ planes;
Coordination polyhedra for the (g) Gd, (h) Fe, (i) B1-B3.

In the LnFe3(BO3)4 structure with the low-temperature modification (space group P3,21) with
the unit cell parameters (Figure 13a,b) similar to those for the huntite (space group R32) (2 = 9.5305,
¢ =7.5479 A for the GdFe3(BO3)y), the polyhedra (Figure 13c-i) are the same as those in the structures of
huntite-like compounds: a trigonal prism for the Ln (Figure 13g), an octahedron for the Fe (Figure 13h),
and three triangles for the B atoms (in the huntite structure, there are two crystallochemically-different
B atoms) (Figure 13i). A comparison of the XZ projections of the structures with the space groups R32
(Figure 3b) and P3,21 (Figure 13b) shows a similar alternation of atoms along the Z axis (Ln, Sc-B,
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O-Ln, Sc-B, O) and polyhedra (Figure 3d,f and Figure 13d,f), but with corresponding gaps in the
structure with the space group P3;21 (compare Figures 3¢ and 13c and Figures 3d and 13d) due to the
absence of the second helical axis.

The space group P3,21 was derived for the GdFe3(BO3), structure (90 K) from the systematic
extinctions and was discriminated from other candidate space groups that comply with the same
extinction conditions during the structure determination process; the polarity of the structure actually
chosen (space group P3121) was determined by Flack’s x refinement [63]. Using circularly polarized X
rays at the Dy L3 and Fe K absorption edges, Nakajima et al. [115] established that the single-crystal
DyFe3(BO3)y, which has the chiral helix structure of Dy and Fe ions on the screw axes, belongs to the
left-handed space group P3,21, and this is in accord with the results on soft x-ray diffraction at Dy M5
absorption edge [116].

With an appropriate choice of the origin of the coordinates for the LnFe3(BO3)4 unit cell (on
the Gd atom, Figure 13b), the topological similarity of the structures with the space groups R32 and
P3,21 is observed. At the same time, the high-temperature modification is more symmetrical than the
low-temperature one, which is typical of polymorphism [117].

For phases with the compositions (Ln,5c)Sc3(BO3)y and LnSc3(BO3z)s, a polymorphic
“order-disorder” phase transition (if the space group R32 is proven for these compounds) from
the space group P321 (a disordered structure with a partial or full ordering of the Ln%* and Sc**
ions over two trigonal-prismatic sites and that of the Sc>* ions over two octahedral sites) to the
space group R32 (an ordered structure with a statistical arrangement of the Ln%* and/or Sc3* ions
in one trigonal-prismatic site and that of the Sc>* ions in one octahedral site) can be assumed with
increasing temperature.

On the other hand, it is possible that a kinetic ‘order-disorder’ phase transition (see, for
example, [118,119]) occurs for rare-earth scandium orthoborates, i.e., a partially ordered phase (space
group P321) is formed in the stability region of the disordered phase (space group R32) (a positional
‘ordering-disordering”) under an influence of kinetic (growth) factors. Growth dissymmetrization, as a
rule, affects local parts of a crystal (hence, no more than 67 % of diffraction reflections, which did not
correspond to the space group R32, were found), i.e., there is a different correlation between unit cells
with different symmetries (a peculiar volume defect).

A necessary condition for this kind of ordering in the structure is, first of all, the presence of sites
jointly occupied by several crystallochemically-different atoms and their concentration. For example,
an increase in the content of Yb activator in the scheelite-family (Nag5Gdg5)MoO4:Yb crystals grown
by the Czochralski method leads to an increase in the degree of structure deviation from the space
group I41/a and an increase in the orthorhombic distortion of the resulting superstructure [120]. For
the (Nag5Gdg5)MoOy: 10% Yb crystals, ~50% of reflections, which are not inherent in the scheelite
centrosymmetric space group I41/a, but typical for the non-centrosymmetric space group P4, was
revealed by the XRD experiment [120]. It should be noted that only ~ 4% of such reflections was
found for the (Nag5Gd5)WO4: 10% Tm crystals (rgq > rtm > ryp), and (Nag 5Bip 5)MoOy crystallizes
in the space group I4 [121]. An ordering depends on the growth method and synthesis conditions
(for the Czochralski method: crystallization, cooling, and annealing rates; annealing and quenching
temperatures; growth atmosphere, etc.). Indeed, an increase in growth rates from 4 to 6 mm/hour
reduces a degree of structure ordering for the (Naps5Gdos5)WO, crystal. The cooling rate of the
crystals has a similar effect: a decrease in the cooling rate contributes to the formation of ordered
non-centrosymmetric (Nag5Gdg 5)WO, and (Nag 5Gdg5)WO,:Yb crystals (space group I4) [122]) Hence,
a growth disymmetrization is most pronounced in conditions close to equilibrium.

According to [46,123], for the LnAl3(BO3)s compounds, a modification with the space group
R32 is formed at low temperatures (~880-900 °C), phases with the centrosymmetric C2/c symmetry
crystallize in the higher temperature region, up to 1040-1050 °C, and a further temperature increase
leads to a formation of the most disordered and metastable non-centrosymmetric modification with
the C2 symmetry. It can be seen that structurally disordered modifications with low symmetry are
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formed at elevated temperatures, which contradicts the rules of polymorphism, but it is characteristic of
polytypism [124]. Inclusions of one polytype in another were revealed for the LnAl3(BO3), with the Ln
= Nd and Gd by the IR spectroscopy using a factor group analysis for vibrations of the B-O bond [45].
Moreover, the structure of the monoclinic SmAl3(BO3), crystal contains significant fragments of the
trigonal polytype, and the structure of the trigonal NdAl3(BOs3)4 have a high content of domains of the
monoclinic polytype. However, this conclusion was not confirmed by structural studies.

The unit cell parameters of the huntite structure with the space group R32 (the hexagonal cell:
ar3p = br3p # cr3p) and those of the huntite-family structures are related as (Figure 14):

o acye = 0.666[c*r3y + (ar32c0830°)2 112, bey /e = brap, ccaje = 0.666 [(2cr32)? + (ar3rcos30°)?]1/2
(space group C2/c: a = 7.7297(3), b = 9.8556(3), ¢ = 12.0532(5) A, p = 105.405(3)°) [82];

o acyc=0.666[c?Rap + (AR32c0830°)21Y2, by e = bran, ccaje = [(2.5cra2)? + (ar32c0830°)%]/2 (space
group C2/c: a =7.227(3), b = 9.315(3), ¢ = 21.688(3) A, B = 95.90(2)°) [97];

o acy = 0.666[c?ray + (AR32c0830°)21"2, bey = brap, 3 = 1.333[(1.25cR32)? + (ar32c0830°)]1/2 (space
group C2: a =7.262(3), b = 9.315(3), ¢ = 16.184(8) A, B = 90.37°) [47].

It follows that two unit cell parameters are the same for the huntite-like structures, and the third ¢
parameter is correlated with the other two.

Ceae
(c=21.688(3) A)

<0010>%
<—

(A R32c0s30°

Figure 14. Genetic correlations between the unit cells for the huntite family compounds.

According to the results of the XRD analysis of the micropart of the crystal with the initial
composition Ndj 255¢; 75(BO3)s (NSB-1.25), the unit cell parameters determined by auto-indexing of
21 reflections (10h0, 000) in the interval of interplanar distances d = 2.01-8.14 A, correspond to the
primitive trigonal cell with the crs; parameter doubled with respect to the huntite one (2 = ag3; = 9.74,
¢ = 2cgz = 15.83 A) [89]. In the interval of interplanar distances d = 3.96-4.00 A, several diffuse
reflections with a width of 1.23-1.4° were found (the remaining reflections of approximately the
same intensity had a width of 1.05°). Taking them into account (25 reflections), a primitive trigonal
cell with the doubled ag3; and cg3, parameters (A = 2ag3, = 19.526(3), C = 2cg3; = 15.838(2) A), as
for the (Ceq 41(4)Nd.46Gdo.13)Sc3(BO3)4, was obtained. It should be noted that the refinement of the
NSB-1.25 composition in the space group R32 by the Rietveld method allowed to find its composition
as NdSc3(BOs)s. An analysis of the atom displacement and positional parameters (first of all, for
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the B2 atoms) indicates a structure different from the huntite with the space group R32. A similar
diffraction picture was observed for the solid solutions in CeSc3(BO3)s - NdSc3(BO3)4 - «GdSc3(BO3)s»
and CeSc3(BO3)4 - NdSc3(BO3)4 - «LuSc3(BO3)s» systems.

As a result of quenching of rare-earth aluminum orthoborates with the trigonal symmetry, in
addition to the huntite-type modification (space group R32), a structural state with a full structural
disorder in the alternation of layers along the c axis was revealed in the single-crystal diffraction
patterns (diffuse bands on the reciprocal lattice along the c* parameter) [46]. In the diffraction patterns
of monoclinic phases (space groups C2/c and C2), weak diffuse reflections, which should be absent
due to extinction of space group reflections of the matrix structures, were also observed.

All the above-mentioned experimental facts, namely, a presence of diffuse areas along with the
point ones in the diffraction patterns, a presence of strong diffraction reflections with a high symmetry,
the similar ag3, and bgz, parameters and the cr3; parameter, which can be represented as a linear
combination of vectors (for classical polytypes, the similar a and b parameters and the ¢ one multiple
to minimum) meet the general principles of polytypism and are optimally described in terms of OD
(order—disorder) theory [125].

The main factors for the formation of polytypes for the LnAl3(BOs)s are a crystallization
temperature (thermodynamic factor), a crystallization rate and a cooling rate in the flux method
(kinetic factor), and a nature of the Ln cation and a 11, /14 ratio (crystallochemical factor) [27]. For the
LnAl3(BO3)4 with the Ln = Pr — Gd, two polytypic modifications with the space groups R32 and C2/c
occur: for the Ln = Pr and Nd, a monoclinic structure is more stable; for the Ln = Sm, Eu, and Gd, a
trigonal modification is more stable, a monoclinic phase is formed in the flux at high temperatures
and concentrations only. In the case of orthoborates with the Ln = Tb - Lu and Y, a modification with
the huntite structure is only stable [123]. Beregi et al. [97] concluded that the starting crystallization
temperature is a dominant factor in formation of the trigonal and monoclinic symmetry: for the phase
with the nominal composition Eug 2 Tbg 12Gdg g6Al3(BO3)4, a higher (1080 °C) and lower (1060 °C)
starting temperatures led to an appearance of modifications with the space groups C2/c (a = 7.227(3),
b=9.315(3), c = 21.688(3) A, B = 95.90(2)°) and R32 (a = 9.294(2), ¢ = 7.251(2) A), respectively.

Rare-earth scandium orthoborates, unlike other huntite-family rare-earth borates, exhibit a slightly
different structural behavior. For example, for the LaSc3(BO3)y, three modifications are known: a
low-temperature (space group Cc, is a subgroup of the space group C2/c and it is absent for other
rare-earth orthoborates), a medium-temperature (space group R32; as was mentioned above, this
group is denied by many researchers) and a high-temperature (space group C2/c) ones. The order of
realization of the symmetry by the scandium borate crystals with increasing temperature is clearly
different from that found for rare-earth aluminum borates: the most symmetrical structure crystallizes
at high temperatures. It is quite possible that rare-earth scandium orthoborates are characterized
primarily by polymorphs, although polytypes are also possible.

5. Conclusions

A critical analysis of the data on growth and structural diagnostics (composition, structure) of
the huntite-family compounds and solid solutions indicates the most complete and consistent data
obtained for rare-earth aluminum orthoborates. Based on the results of investigation of the LnAl3(BO3)4
crystals with the Ln = Pr — Lu, Y obtained by the flux method (spontaneous crystallization and
crystallization on a seed) with different solvents, a theory of polytypism is expanded (for example, [46])
due to the fact that all modifications known to date have been obtained and structurally characterized
for aluminum orthoborates. The largest number of publications is devoted to activated and co-activated
YAI3(BO3)4 crystals with the space group R32. Monoclinic modifications are referred less often, and
their centrosymmetry or non-centrosymmetry was not proved but only stated for almost all rare-earth
orthoborates. In addition, structural single-crystal studies for the LnCr3(BO3)4 having also a variety of
modifications are absent to date, a symmetry being affected by the borate:solvent ratios in the batch
during the spontaneous crystallization from a flux (Figure 1).
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Crystal structures for almost all phases were determined (refined) using the X-ray experiment
(there are several works on the neutron experiment, in particular [56,61,66-68]). The occupancies for the
Ln and M sites were not refined (with a few exceptions), they often were fixed to those determined from
the ICP elemental analysis. The real composition, obtained by refining the Ln and Sc site occupancies
in structures of the LnSc3(BO3)y crystals with trigonal and monoclinic symmetries, is generally not
coincide and coincide with the charge composition, respectively. As a result, a congruent melting for
the monoclinic phases is possible.

Many questions remain to the rare-earth scandium orthoborates, since it is possible to find
literature data with the opposite results on existence or absence of different modifications, in particular,
a realization of the trigonal phases with the space group R32 or P321. This is primarily due to the fact
that these phases are obtained by different methods under different conditions, and quite possibly, this
modification can be obtained by a specific growth method under specific synthesis conditions. We
failed to obtain the huntite-family LnSc3(BO3)s compounds with the Ln = Sm and Gd by the solid-phase
synthesis of the corresponding oxides at the T = 1000, 1250, 1500 °C and T = 1500 °C, respectively,
although in the literature, there is data on the synthesis of the LnSc3(BO3); compounds with the
Ln = Sm, Eu, Gd, Y. An X-ray study of single crystals with the nominal composition LnSc3(BO3)s with
the Ln = La, Ce, Pr, Nd, Tb and numerous solid solutions, grown by the Czochralski method, with the
subsequent crystallochemical analysis of the results obtained, makes it possible to doubt the possibility
of obtaining the LnSc3(BO3)4 with Ln = Sm, Gd, Eu, Y by this method. Although internal solid solutions
with these components are possible to obtain by a careful selection of the initial charge compositions
and synthesis conditions.

When crystals are grown by the Czochralski method from melts at high temperatures, their
symmetry depends on a composition and sintering temperature of a charge; a type, composition,
symmetry, and orientation of a seed; a growth atmosphere, rotation, and pulling rates, as well as on an
efficiently control both processes of B,O3 vapors condensation on the growing crystal and temperature
gradients above the crucible and in the melt [35]. It should be noted that the LnSc3(BO3)4 can easy
change its symmetry (group—subgroup), therefore a structural experiment should be performed on
single-crystal objects with the analysis of diffraction reflections, including low-intensity ones (the
use of high-resolution transmission electron microscopy and synchrotron radiation is also can be
carried out), and the refinement of crystallographic site occupancies, i.e., real crystal composition.
The refinement of structures by the full-profile method is correct only when using a developed
methodology with criteria formulated to attribute the structure to the space group R32 or P321. This
is important for establishing correlations between symmetry, real composition of objects and growth
methods and conditions; correct explanation of functional properties observed; direct growth of
crystals with a required combination of physical parameters, as well as for clarifying and summarizing
crystallochemical data for the huntite family compounds and other functional materials.
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