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Abstract

We report the growth of BaZrO; single crystals by the optical floating zone technique and the
investigation on its flux growth using BaB,0, as a solvent. 6-mm long colorless and transparent
single crystals were obtained with a mirror furnace without the need for post-treatment annealing.
Its properties are determined and compared with those of two commercial crystals grown by the
tri-arc Czochralski method. The chemical composition was investigated using glow discharge
mass spectrometry (GDMS) and secondary ion mass spectrometry (SIMS), which indicate minor
impurities of Sr, Hf, Ca and Ti, with maximal concentrations for Sr and Hf in the range of 0.3-0.5

% at. The optical band gap determined by UV-visible spectroscopy is found to be ~4.8 eV and



CrystEngComm

indicates the high quality of the BaZrO; crystals grown by the optical floating zone technique.
Raman spectroscopy at ambient conditions and at low temperatures down to 4.2 K reveals a
relatively sharp second-order spectrum and does not reveal any structural phase transition.
Prospective high-temperature solution growth using BaB,O, self-flux was investigated and led to
150-200 um BaZrO; crystals. This solvent opens the way to grow BaZrOj at half its melting point
by the flux method.

1. Introduction

Perovskites with general formula ABO; are an important family of multifunctional materials [1]
and exhibit a broad variety of outstanding properties, which are widely used in various
technological applications such as Solid Oxide Fuel Cells (SOFC) [2, 3], steam electrolysis [4],
substrates for multiferroic materials [5, 6], piezoelectricity [7-13] or catalysis [14-16]. Among
different perovskite compounds, barium zirconate BaZrO; (BZO) has attracted renewed interests
as a high-temperature proton conductor [17], a dielectric material for wireless communication
applications [18], a substrate for thin-film growth [19, 20] and as an inert crucible for
superconductors crystal growth [21]. Owing to its large lattice constant, high melting point, low
thermal expansion coefficient, low dielectric loss, and low thermal conductivity [22-24], BaZrO;
has become popular for both fundamental research and device applications. More particularly,
BaZrO; is known to be used in lead-free BaTiOs-based (BCTZ) [25] solid solutions which exhibits
high piezoelectric response [26], whereby its role in the polarization mechanisms at the phase
convergence region of this system remains poorly understood [27]. For a better understanding of
the remarkable piezoelectric response of BCTZ solid solution, it is of great importance to measure
the intrinsic properties [24] of BaZrOj; single crystals in order to comprehend and to model more
accurately BaTi0;-CaTiO3-BaZrO; phase diagram as previously reported [28-30].

To the best of our knowledge, there are only a few publications available on the investigation of
BaZrO; single crystal growth [31-34]. Single crystals are usually colored, small in size and their
properties vary dramatically with the growth method. Because of the very high congruent melting
point of BaZrO; in the range of 2500 °C-2700 °C [35-37], the growth of high-quality BaZrO;
single crystal demands suitable techniques which avoid the contamination of single crystals by

conventional container-using methods such as Czochralski and Bridgman methods. The skull-
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melting method has been used, but led to fractured millimeter-sized crystals featuring a strong

orange color [34].

In this work, we present the first — to the best of our knowledge — crystal growth of BaZrO; by
optical floating zone and flux technique. In the former case, millimeter-sized boules grown from
BaZrO; melt at 2700 °C were obtained. A (100)-oriented single crystal plate was successfully
extracted and its properties were compared to those of commercial crystals with the same
orientation. Chemical properties have been investigated through GDMS and SIMS. The band gap
energy has been investigated by optical spectroscopy on the different single crystals. On the other
hand, by using BaB,0, flux, we were able to grow sub-millimetric single crystals at half the
melting point of BaZrO;. Finally, Raman spectroscopy was performed on single crystals obtained
by both the flux and the optical floating zone methods. Results are discussed by comparing the

data from literature and those obtained on commercial samples.

2. Characterization methods

Three sets of BaZrOj; single crystals are characterized in this paper: 1) flux grown single crystals,
i1) crystals obtained with the crucible-free optical floating zone technique using a mirror furnace,
labelled BZO#1, from which a (100)-oriented plate was extracted, and 1ii) two (100)-oriented
commercial single crystals, labelled BZO#2 and BZO#3, purchased from Crystal Base Co.Ltd.
and grown by tri-arc Czochralski method.

Laue back-scattering patterns were recorded using a CCD-camera device (Photonic Science dual

lens coupled X-rays Laue system) after a 3—5 mn stationary crystal irradiation with polychromatic
X-rays supplied by a molybdenum anode. The Orientexpress software [38] was used for pattern
indexing. Single crystals obtained with mirror furnace were cut along (100) direction with a
diamond wire saw with an absolute accuracy less than 1°.

Exhaustive trace element chemical analysis (75 elements except C, H, O, N) was performed by
Glow Discharge Mass Spectrometry (GDMS) on an as-grown single crystal grown by mirror
furnace (BZO #1). GDMS model VG9000 was used with the instrumental uncertainty in between
about 20 % from traces (ppb wt) to 0.1 wt%. Measurements were performed under a pressure of

104-10-3 mbar at liquid nitrogen temperature.
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Samples BZO#1, #2, and #3 were analyzed using a CAMECA SC Ultra SIMS instrument with O,"
primary ion beam to enhance the ionization of the impurities studied. Impact energy for O," was
1 keV with incidence angle of 64°. A beam current of 50 nA was set over a 250 pm? area and ions
detected from a 30 um diameter region at the center of the crater. Analyses were performed under
high vacuum conditions with chamber pressure of approximately 1 x 10-® mbar. They were carried
out at low mass resolution. Then, the contribution of “8Ca on mass 48 was deduced from the
intensity measured for 4°Ca. Samples were sputtered up to a 1 pum deep. Sputtering rate was
determined by sputtering a region for an extended span of time so that the crater was sufficient to
be measured despite the surface roughness. The sputtering rate obtained was 0.08 nm.s™!.

Optical transmittance of BaZrO; (100)-oriented single crystals from 200 nm to 3000 nm was
recorded with a Cary 5000-UV-vis-NIR spectrometer and a resolution of 1 nm.

Micro Raman spectra were recorded in a backscattering geometry on a Renishaw in Via micro-
Raman spectrometer. Two excitation laser lines were used: the 442 nm line of a He-Cd laser with
an output power of 58 mW, and the 785 nm line of a Renishaw laser diode with an output power

of 9 mW.

3. Results and discussion

3.1 Crystal growth by the optical floating zone technique

Feed rods were prepared with BaZrO; commercial powder (Fox-Chemicals GmbH, 99.9 %) with
impurity contents less than 0.006 at.% for Al,O; , 0.0025 at.% for SiO,, 0.0021 at.% for SrO,
0.008 at.% for Fe,O5 and 0.007 at.% for Na,O+K,0. The powder was sealed in a rubber tube and
pressed under hydrostatic pressure around 50 MPa. Compacted cylindrical rods were then sintered
in a horizontal furnace at 1200 °C for 24 hours under air atmosphere leading to sintered feed rods
about 6.5 mm in diameter and 65 mm in length. X-ray diffraction performed on crushed pieces of
sintered rods confirmed the presence of the cubic perovskite BaZrO; phase without any detectable
secondary phases.

BaZrO; was grown using a four-mirror furnace equipped with xenon arc lamp (3 kW) (CSI FZ-T-
12000-X_VI-VP, Crystal Systems Incorporated, Japan). The crystal growths were carried out

under dynamic argon atmosphere with pressure in the range of 5-6 bar. A polycrystalline BaZrO;
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sintered rod was used as a seed. Once a good quality boule was obtained, a crystal seed was used
for subsequent growths. The crystal boules were obtained with a growth rate of 18-25 mm.h-!. The
two rods, the feed rod and the seed, were counter rotated at a rate of 5—15 rpm.

Despite the use of a high gas-pressure, a white colored deposition was observed on the quartz tube
surrounding the feed rod and the seed rods, indicating the evaporation of BaO during the growth
process as usually observed in zirconia-based systems [39-41] at high temperature. The as-grown
BaZrO; boules were polycrystalline and mostly opaque and white colored (Fig. 1(a)) at the ends
close to the seed, at the beginning of the growth. As the growth progressed, the boules produced
single crystals and developed facets. Without any post-treatment annealing, as-grown single
crystals are transparent to visible light, colorless and size up to 6 mm long (Fig. 1(b)). A single
crystal, namely BZO#1, about 1.99 x 1.80 x 0.6 mm? (Fig. 1(c)) oriented along (100) (Fig. 1(d))
was extracted from the boule and optically polished for further investigations. Its properties were
compared to those of two commercial samples, BZO#2 and BZO#3, (Fig. 1 (e) and (f)) purchased
from Crystal Base company (Japan).

Fig. 1: (a) Portion of a BaZrO; boule grown by the floating zone method. (b) 6-mm long BaZrO;
single crystal extracted at the end of the boule. (c) Cut and (100)-oriented BaZrO; single crystal
(BZO#1) ~ 1.99 x 1.80 x 0.6 mm? (d) Back-scattered Laue diffraction pattern of BaZrOs single
crystal with (100) orientation. Red dots correspond to the calculated Laue pattern. (e) BZO#2

commercial sample. (f) BZO#3 commercial sample.
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3.3 Chemical analysis

The concentration of impurities in a 0.269 g-BZO#1 single crystal was measured by GDMS. The
result of main impurities contents is summarized in Table 1. Dominant impurities in BZO#1 were
found to be Ca, Sr, Ti, and Hf and belong to the ITA and IVB columns of the periodic table of the
elements, like Ba and Zr, respectively. Solid solutions in between these impurities and BaZrO; are
easily formed [11, 25] so that they can be incorporated in the perovskite matrix with ease. On the
contrary, we note that Al, Si, K and Fe impurities, as foreign elements from those of the IIA and

IVB columns, present very low contents compared to those in the raw material (see 3.1).

Element B Mg Al Si P S Cl K Ca Fe Ti Sr Hf

BZO#1 08 34 62 473 15 7 156 45 1794 1.3 370 1420 3001

Table 1: GDMS analysis results of the impurity content in a 0.269 g BZO#1 single crystal (ppm
at.).

Figure 2 shows the secondary ion yield variations observed as a function of sputtering time t; under
oxygen bombardment into BaZrO; samples BZO#1, BZO#2 and BZO#3. t, is directly proportional
to the distance z normal to the samples surface (about 120 nm in Fig. 2). From the results shown
in figure 2, the intensities of most ions stabilize quite rapidly, except Ti and Ca in BZO#2 and
BZO#3 single crystals. Comparison between crystals shows a higher Ca and Ti secondary ion
intensity in BZO#1 than in BZO#2 and BZO#3, and an opposite trend for the Sr concentration.
The prominence of Sr, Ca, Ti and Hf impurity elements observed by GDMS is thus confirmed by
SIMS analysis
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The SIMS intensities are not proportional to the elemental concentrations but depend on factors
like ionization yields and matrix effects. In particular, alkali and alkaline-earths ionize very easily
so that Ca and Sr produce a more intense signal than Hf, even at lower concentrations. It is
therefore not possible to be quantitative with SIMS alone, but we can combine SIMS with the
GDMS results known for BZO#1 in order to derive the main impurity concentrations for BZO#2
and #3. Under the assumption that the concentration of the main elements Ba, Zr and O is identical
between all samples (identical matrices for the three samples studied), the secondary ion intensity
for impurities scales linearly with concentration. Therefore, we can use the GDMS/SIMS
measurements on BZO#1 as a calibration to determine the concentrations in BZO#2 and BZO#3.

Hence, we determined the concentrations for the main impurities (Hf, Sr, Ca and Ti) by rescaling

Fig. 2: SIMS depth profile (raw data) analysis of all samples.

their SIMS intensity with respect to the Zr intensity. The results are reported in Table 2.
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Hf Sr Ca Ti
BZ0O#1 3001 1420 179 370
BZO#2 2791 5157 32 4
BZO#3 2937 4426 28 3

Table 2: Summary of the main impurity contents (ppm at.) for the three single crystals derived

from GDMS and SIMS measurements.

Effective segregation coefficients of impurities depend on the growth rate as theoretically
predicted by Burton et al.[42]. Here, we can assume that the growth velocities in the mirror furnace
(18-25 mm.h') are substantially larger than the pulling velocities used for Czochralski growth of
oxides, which commonly range within a few mm.h-!. As experimentally referenced by Fukuda et
al.[43], effective segregation coefficients tend to be 1 for high pulling speeds. They are usually
lower than 1 for foreign ions [42], so that impurities are rejected at the liquid-solid interface during
the growth and their contents increase progressively into the liquid during the growth. In the
present work, owing to the high pulling velocity employed, impurities with effective segregation
coefficient lower than 1 have been incorporated in a larger amount within the crystal grown with
a mirror furnace than those grown in a tri-arc Czochralski furnace. On the contrary, impurities with
effective segregation coefficients higher than 1, are incorporated in a lower amount with the mirror
furnace grown crystal. Considering that the raw materials are of the same minimum purity (3N),
we can reasonably conclude that the effective segregation coefficient of Sr in the A site of BaZrO;
perovskite is higher than 1, similarly to what can be deduced from the sign of the solidus and
liquidus curves of the BaTiO;-SrTiO; perovskite system [44]. In the same way, effective
segregation coefficients of Hf, Ca and Ti are lower than 1, as previously referenced for Ca and Ti

in BaZrO;-based perovskite solid solutions [45].

3.3 Physical properties
3.3.1 Optical properties

Figure 3 shows the transmittance of the three samples BZO#1, #2 and #3. BaZrO; single crystals
are essentially transparent in the visible and NIR regions and exhibit a sharp absorption edge in

the near-UV. BZO#2 is remarkably different from the other crystals in that it exhibits a strong
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absorption band in the lower part of the visible spectrum, with a main peak around 800 nm, which
is consistent with the blueish color of the crystal (see photo Fig. 1(e)). This blueish color and the
absorption band can likely be attributed to differences in oxygen stoichiometry, as previously
shown for example on Laj sNa, sTiO; [46].

BaZrO; is expected to have an indirect gap according to most electronic structure calculations
reported in the literature [47-50], with a conduction band minimum at the I" point (0,0,0) and a
valence band maximum at the R point (!2,2,2), where the phonon energies can be as high as 100
meV [24, 51]. These computations also suggest a relatively flat valence band, with a local
maximum at I" only 250 meV lower than the absolute maximum, where direct transitions would
be allowed. One study even reports a direct band gap at I' [52].

Experimentally, the nature and the value of the band gap can in principle be determined by the
Tauc plot, i.e. plotting (0.hv)!" as the function of the energy hv, where a is the absorption
coefficient and r equals 'z or 2 for, respectively, a direct or indirect gap. The absorption can be
determined from the transmittance T, reflectivity R, and thickness d of the samples using the
relation T = (1-R)%exp(-ad) [53]. We neglect reflectivity in the following. The absorption edge is
expected to exhibit a linear regime for r=1/2 or r=2, depending on the character of the gap. Fig. 3
(b) and (c) show the Tauc plots for the three crystals, whereby the blueish BZO#2 appears very
different from the two others. Colorless BZO#1 and BZO#3 exhibit a linear region in both plots,
and extrapolations of this linear region gives gap values that are very similar for the two samples:
4.89/4.86 eV for r=1/2 (hypothesis of the direct gap) and 4.76/4.74 eV for r=2 (hypothesis of the
indirect band gap) for BZO#1/#3 respectively. Those values, consistent between the two samples
and very close to each other, seem to confirm the indirect character of the gap, but also the
existence of direct transitions allowed at a hardly higher energy, as suggested by computations. In
addition, both crystals show a pronounced Urbach tail linked to near-edge defects states. In BZO#2,
this appears so dominant that no linear region can be identified.

In the present work, the value of ~4.8 eV matches the 4.1-4.8 eV reported in a study of BaZrO;
powders prepared with various degrees of disorder [49], and the 5.0 eV found on a similar study
with powder prepared by solid state reactions [54]. On the other hand, it is much higher than the
3.8 eV reported in [55] a study of powders obtained by the sol-gel route. As commonly observed,
many computations underestimate the band gap value (3.2 eV in Refs. [48, 50, 56]).
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Fig. 3: (a) Optical transmission spectra of BaZrOj; single crystal of BZO#1, BZO# 2, BZO#3 in a
wide wavelength range. (b) and (c¢) Tauc plots with, respectively, r=1/2 and r=2.

3.3.2 Raman spectroscopy analysis

BaZrOj is cubic with the space group Pm3m and has no first-order Raman-active phonon mode.
In spite of this, an intense Raman spectrum is usually observed [31, 57, 58], in a way that is
reminiscent of other cubic perovskites (SrTiO; [59], KTaO; [60]). Second-order scattering
processes involving combinations of two phonons usually explains it.

Figure 4 (a) shows the Raman spectra of BZO#1, BZO#2 and BZO#3 single crystals measured at
ambient conditions in parallel scattering geometry. The spectra present a comparable signature,
which are similar in their main features to the few spectra reported in the literature [31, 57, 61].
Raman spectra were collected upon cooling down to 4.2 K (Fig. 4 (b)). The comparison of the
spectra at low and room temperatures does not show any indication for a phase transition. Slight

changes, such as a subtle sharpening of the bands, very small shifts in their positions, or the general

10

Page 10 of 25



Page 11 of 25

CrysttngComm

weakening of the low frequency bands can all be attributed to thermal effects. The emergence of
a couple of very weak and thin peaks can be noticed, but have to be attributed to extrinsic effects
and defects. This is demonstrated by the observation that they are found at different positions in
BZO#1 grown in the present work and in the commercial BZO#2 and BZO#3 samples. Such
spurious Raman lines are not uncommon in perovskites [62], but cannot be assigned conclusively

here.

[ (a) Room temperature 739 —— BZO#1 |
i — BZO#2 7
i —— BZO#3 1

Intensity (arb. units)

200 400 600 800 1000 1200
Raman shift (cm™)

Fig. 4: Raman scattering spectra of BaZrOj; single crystals measured with a 442 nm excitation at
(a) ambient temperatures and (b) at 4.2 K. The positions of the main peaks are indicated. The stars

mark the weak lines emerging at low temperature, as discussed in the text.

3.1 Investigation on BaZrO; growth with BaB,0, as a potential flux

11
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The flux method from high temperature solution is investigated in order to decrease the
crystallization temperature of BaZrO;. As suggested by the BaTiO;-BaB,04 phase diagram
referenced by Goto et a/ . [63] and because B ions cannot be inserted into the BaTiOs lattice as a
foreign element, BaB,0O4 (BBO) could be used as a suitable self-flux [19] to grow BaTiO; at
temperatures as low as 942 °C, which is more than 650 °C below the BaTiO; melting point (T¢=
1618 °C). Although the detailed BaZrO5;-BBO phase diagram is unknown, we assumed that the
BaZrO;-BBO system exhibits the same phase diagram feature than that of BaTiO;-BBO because
of the chemical similarity of Ti*" and Zr*" cations. Therefore, BaZrO;:BBO mixtures were
investigated for different molar ratios such as 10:90, 20:80, 30:70, 35:65, 40:60 and 50:50, in order
to characterize the solubility of BaZrO; in BBO. The BBO flux was prepared by solid state reaction
[64] by mixing BaCOj; (Alfa Aesar, 99.95 %) and B,0; (Alfa Aesar, 99.98 %). Then, BBO was
mixed with BaZrO; commercial powder (Fox-Chemicals GmbH, 99.9 %). 10 g ball-milled
mixtures were placed into a platinum crucible tightly covered with a platinum lid and placed in a
large alumina crucible. A two-heating-resistive-zone furnace was used to achieve a 1°C.cm’!
longitudinal thermal gradient. The process was performed in the following steps: i) an increasing
temperature ramp of 120 °C.h-! up to 1350 °C, with a 1-hour dwelling time at this temperature, ii)
a decreasing ramp with 1 °C.h"! down to 1250 °C, and finally, iii) the mixtures were cooled down
at a rate of 30 °C.h-! down to room temperature. The mass of the crucible containing the mixtures
was monitored all along the thermal process.

In all cases, a strong volatilization as well as flux creeping outside of the crucible were observed
with a loss of approximatively one half of the total weight of the loads.

In the lower-BaZrOj;-content solutions corresponding to 10:90, 20:80 and 30:70 BaZrO;-BBO
mixtures, no BaZrO; crystallites were detected. In the particular case of 10:90 BaZrO;-BBO
solution, millimeter-sized yellow single crystals (Fig. 5(a)), with (111)-natural facets (Fig. 5(b)).
corresponding to rhombohedral BaZr(BOs), (BZB) phase, were extracted from the solidified
solution.

Higher-BaZrOs-content solutions corresponding to 35:65, 40:60 and 50:50 BaZrO;-BBO mixtures
displayed two solidified zones with white and brown colors (Fig. 5(c)). In the brown zone, BaZrO;
single crystals were successfully obtained (Table 3) and their structure has been confirmed by

single crystal XRD with space group Pm3m and a=4.18 A.

12
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The largest BaZrOj; crystals that can show a rectangular-like face with a size up to 150-200 pm
(Fig. 5(d)) were found in the brown zone from the 35:65 BaZrO;-BBO solution where yellow BZB
micrometric crystals with triangle-like shape are also detected. Crystallites with micrometric-sized
were detected in 40:60 and 50:50 BaZrOs-BBO solutions.

XRD diffractograms (Fig. 6) display BaZrOs;, Ba;B,0s and BZB phases in both white and brown
zones with a higher proportion of BaZrOs in the brown zone where rectangular single crystals were
detected and collected. Micro-Raman spectroscopy was performed on the as-grown crystals from
the 35:65 BaZrO5;-BBO solution (Fig. 7). Crystals with large flat facets exhibit a spectrum that
matches previously reported Raman spectra of BaZrOs [31, 57, 61] as well as the spectra shown
in Fig. 4. Finally, as we obtained only BZO, BZB and Ba,B,0s phases in the brown zone where,
respectively, their structures are cubic (ICDD N°006-0399), rhombohedral (ICDD N°056-0239)
and monoclinic (ICDD N°024-0087), it is worth noticing that crystals with natural rectangular
faces observed on figure 1b features typically the habit of crystals belonging to orthogonal
coordinate systems, so that brown rectangular single crystal shown in figure 5(d) can only
correspond to cubic BaZrO;. In the same way, yellow triangular crystal shown in figure 5(d)

corresponds to rhombohedral BZB.

The spectrum of BZB [61] was also confirmed, consistently with the XRD analysis. Some
additional spectral features are observed but cannot not be conclusively identified. In particular,
they do not match the Raman spectrum expected from the BBO flux [56] or ZrO, [65]. We may
tentatively attribute it to the Ba,B,0O5 detected in XRD, but no reference Raman spectrum is
available in the literature to confirm this hypothesis. We conclude that a chemical reaction occurs
between BZO and BBO, which leads to the formation of BZB and Ba,B,0s5 at 1350 °C, and it is
described by the following equation:
2BaB,0, + BaZrO, ﬂ)BaZr(BQ )2 + Ba, B, 0

Furthermore, in an attempt to increase the crystal size by avoiding the flux creeping and its
volatilization from the solution, a crystal growth was performed with BaZrO;-BBO 35:65 molar
ratio under controlled atmosphere in a sealed and gas-proof platinum assembly for saturating the
vapor pressure as previously reported by Albino et al[66]. The same thermal protocol was
performed as above-mentioned. After thermal process, XRD analysis revealed the presence of

BaZrO;, BBO and BZB compounds in the solidified solution (see insert of Fig. 8) without any

13
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BaZrO; single crystal visible under a microscope (X64). This confirms that the use of a sealed
atmosphere prevents the decomposition of BBO into Ba,B,0s but not the formation of BZB, and
this points out that the solubility of BaZrO; in BBO is very low and below the XRD detection
limit. In addition, this highlights that the flux volatilization was the driving force governing the
growth of BaZrO; obtained in the tightly lid-covered crucible.

Finally, we noted that the formation of BZB is systematically observed, whatever the platinum
assembly used. The chemical reaction in between BBO and BaZrO; decreases the amount of the
latter in the BBO-based solution, partly impeding then its growth at 1350 °C. Hence, a growth
attempt was performed with BZB as a self-flux with BaZrO;-BZB 50:50 molar ratio. BZB was
synthesized by solid state reaction [67] and mixed to BaZrO; commercial powder. The load was
held in an open iridium crucible under argon atmosphere for 12 h at a temperature in a 1550 °C-
1640 °C range, as determined through pyrometric measurement. A strong volatilization of the
solution was observed, prohibiting the growth of BaZrO; single crystal from BZB flux. Indeed,
XRD analysis (Fig. 9) revealed the presence of only BaZrO; and ZrO, phases resulting likely from
the decomposition of BZB at high temperature. We infer that the high thermal chemical stability

of BaZrO; makes it difficult to dissolve in the investigated Ba-based flux of the present work.
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Fig. 5: Flux growth with 35:65 BaZrO5;-BBO solution: (a) BaZr(BO;), (BZB) single crystals
grown from 10:90 BaZrO;-BBO solution with (b) (111)-natural faces highlighted in a Laue pattern
(red dots correspond to theoretical pattern whereas white dots correspond to experimental pattern).
(111) rhombohedral faces correspond to (001) hexagonal face, noted (H001). (c¢) Crucible
containing the 35:65 BaZrO;-BBO solution exhibiting the BBO flux (white zone) and the BZO
crystals (brown zone). (d) Zoom on BZO single crystals (brown zone) with a rectangle-like shape.

A yellow BZB crystal with a triangle-like shape is detected.
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Fig. 6: XRD patterns of crushed sample extracted from the brown zone (red pattern) and the white

zone (black patterns) obtained from the flux growth attempt into a tightly lid-covered platinum

crucible with 35:65 BZO-BBO solution.

Mixture BaZrO;:BBO (mol%) Presence of BZO BZO crystals typical size
10:90 x x
20: 80 x x
30:70 x x
35:65 v ~150pm
40 : 60 v ~10pum
50 : 50 v ~10um

Table 3: Mixtures of BaZrO;-BaB,0, with different molar ratio together with the typical size of

BZO crystals grown in the tightly lid-covered crucible.

16

Page 16 of 25



Page 17 of 25

CrysttngComm

»
2t 4
3 4
o BaZrO,
| = - -
8 :
2 ? ]
B L : 4
= 2
g : |
k= 5

i J\ BZB |

" 1 " 1 " 1 L 1 L 1 " 1 " 1
0 200 400 600 800 1000 1200 1400

Raman shift (cm™)
Fig. 7. Selected Raman spectra recorded in different parts of the flux grown crystals with a 785
nm excitation line. (a) and (b) show two representative spots where the spectra of BaZrO; and
BZB can be observed as indicated in (c), together with other spectra showing mixed cases and

Raman bands (marked with a star) that are tentatively assigned to Ba,B,0s.
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Fig. 8: XRD pattern of crushed sample from the flux growth attempt into a sealed platinum crucible
with 35:65 BZO-BBO solution. In insert: view of the load after the thermal process. No crystal

was detected.
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Fig. 9: XRD pattern of crushed sample from the flux growth attempt into an open iridium crucible

with 50:50 BZB-BZO solution.
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4. Conclusion

The growth of BaZrO; by the optical floating zone technique and its investigation by the flux
method are reported for the first time. BaZrO; boules have been successfully grown by optical
floating zone technique with single crystal sizes up to 6 mm long. They are transparent, colorless
and have been shaped as millimeter-sized plate oriented along (100) direction. Four dominant
elements that can make easily solid solutions with BaZrO; were observed through GDMS and
SIMS analysis: Ca, Ti, Sr and Hf, whereas other foreign elements contents are drastically
decreased compared to their initial content in the raw material. This highlights that optical floating
zone method is a suitable technique for removing foreign impurities from oxide crystals contrary
to oxide crystals classically grown with a highly polluting environment, such as refractory
ceramics and metallic crucibles, inducing a higher impurities contents with the same or a higher
raw material purity [68-70]. Optical measurements performed on BaZrO; single crystal exhibit a
high optical band gap energy of ~4.8 eV, most probably indirect, although direct electronic
transitions are only slightly higher in energy. Raman study revealed a second-order spectrum, with
sharp features. This Raman spectrum does not change significantly down to the lowest temperature
measured (4.2 K). The availability of large single crystals opens the possibility for fundamental
studies of BaZrO;, notably its dynamics at the macroscopic and local scales.

Finally, the flux method using BaB,0, solvent enables to grow 150-200 pm-sized single crystals
at half the melting point (1350 °C) of BaZrO;. Crystals size and quality are restricted by the
formation of BaZr(BOs);, which has been revealed by Raman spectroscopy and XRD diffraction.
While it is demonstrated that BaZrO; solubility is poor in BaB,0O,4 flux, this self-flux growth

approach makes possible to crystallize this highly refractory material at low temperatures.
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