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Phase equilibria that are relevant for the growth of Bi,MO, have been studied experimentally, and the
ternary phase diagrams of Bi,O3-PdO,-Pd and Bi,Oz-Cu,O-CuO and its isopleth section Bi,Oz-CuO were
redetermined. It is shown that every melting and crystallization process is always accompanied by a redox
process at the phase boundary and that for both title compounds, the valence of the transition metal is
lowered during melting. Vice versa, during crystal growth, O, must be transported through the melt to the
phase boundary. Based on these new insights provided by our thermodynamic studies, Bi,CuO, single
crystals with a length of up to 7 cm and a diameter of 6 mm were grown by the OFZ technique to be used
for investigations of magnetic, electronic and thermal transport properties. The grown crystals were
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1 Introduction

Over the last decades, transition-metal (M) oxides containing
MO, square-planar environments in their structure have
attracted interest due to their fascinating structure based
electronic and magnetic properties.”> Compared to
tetrahedral and octahedral coordination, the square planar
geometry is rarely found in transition metal oxides because it
is thermodynamically less stable.'” However, MO, square
planar coordination is typically encountered in d* and d°
electron configurations, for example in Pd, Pt or Cu-based
compositions, where it is favorable for electronic ground
states.” The structure of Bi,M>*0, (M = Pd, Cu) is composed
of such MO, units forming staggered chains along the c-axis.”

In the past few decades, Bi,CuO, has been extensively studied
and has first come into the focus of the high temperature
superconductivity community as a non-superconducting
structural relative due to its shared CuO, motifs.* Since then, it
continues to be of fundamental interest as a low-dimensional S
= 1/2 Heisenberg antiferromagnet exhibiting a plethora of
intriguing phenomena including controversially discussed low-
temperature anisotropic magnetic ground state properties that
have been studied by bulk magnetization,” Raman,’
antiferromagnetic resonance® or neutron scattering techniques,”

“ Helmholtz-Zentrum Berlin fiir Materialien und Energie, Hahn-Meitner-Platz 1,
14109 Berlin, Germany. E-mail: nora.wolff@helmholtz-berlin.de

b Leibniz-Institut fiir Kristallziichtung, Max-Born-Str. 2, 12489 Berlin, Germany

¢ Institut fiir Physik und Astronomie, Universitit Potsdam, Karl-Liebknecht-Strafie
24-25, 14476 Potsdam, Germany

3230 | CrystEngComm, 2021, 23, 3230-3238

characterized by powder X-ray diffraction, Laue, magnetization and specific heat measurements.

the observation of magnetically-induced ferroelectricity,® and a
recent prediction of the realization of a topologically non-trivial
double-Dirac metal in Bi,CuO, under pressure.9 In addition, Bi,-
CuO, has recently been investigated as a photocathode material
for photoelectrochemical water splitting'®"" or even for gas-
sensing applications."?

The isostructural system Bi,PdO, has also recently
attracted attention following experimental and theoretical
work on the thermoelectric properties of similar oxide
materials with square planar PdO, units.*'* Theoretical
work by He et al'® proposed favorable thermoelectric
properties of Bi,PdO, arising from a combination of its
peculiar electronic band structure mainly related to the
involved Pd*" d,. orbitals and a low lattice thermal
conductivity. The latter has been ascribed to the presence of
heavy Bi** ions in the crystal structure whose 6s> electron
lone pairs are thought responsible for contributing to
additional phonon scattering and anharmonic effects.

The tetragonal P4/ncc crystal structure of Bi,MO,, which is
shown in Fig. 1, consists of square-planar MO, units and
asymmetrically distorted BiOg octahedra.’®'® The MO, units
are stacked along the c-axis, forming tunnels along [001] and
[110] with the BiOg octahedra."®

In order to study magnetic, electronic or thermal transport
properties in detail at a fundamental level, the use of large
high quality single crystals (of either Bi,CuO, or Bi,Pd0O,) is
required. Knowledge of the thermodynamic processes and
the relevant phase diagrams are essential for crystal growth.

Despite numerous studies on the crystal structure and low
temperature magnetic properties of Bi,CuO, in the
past,>®1772% there is still no consensus on the Bi,O;~CuO

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) 3D tetragonal crystal structure of Bi;MO,4 and (b) projection
along the c-axis (green = Bi, black = Cu/Pd, red = O) (drawn with
VESTA®).

phase diagram and thus the growth conditions required for
large, centimeter-sized, high quality Bi,CuO, single crystals.
In the existing literature, the phase diagrams are very
contradictory”° and often the growth conditions are
insufficiently detailed.

The phase diagram of Bi,PdO, was proposed in 1979 by
Kakhan et al.** and apart from the work by Arpe and Miiller-
Buschbaum'® on that system discussing single crystal X-ray
diffraction on tiny single crystal samples, to our knowledge
no reports on crystal growth of larger single crystals, growth
conditions or detailed thermodynamic investigation of Bi,-
PdO, exist.

The present work therefore focuses on the thermodynamic
investigations and the crystal growth of Bi,M>'0, (M = Cu, Pd).
Phase diagrams that are relevant for the growth of the title
compounds are redetermined. We will show that pseudobinary
systems of Bi,0;-CuO (-PdO) are insufficient to describe the
growth process, rather Cu,O (or Pd, respectively) has to be
included for a satisfactory description of the experimental
results. Redox processes that occur at the phase boundary
during melting and crystallization of the Bi,MO, phase were
investigated. The grown crystals were characterized by powder
X-ray diffraction (XRD), Laue, magnetization and specific heat
measurements, demonstrating the excellent quality of the
crystals synthesized in this work.

2 Experimental
2.1 Thermodynamics

Investigations on the pseudobinary Bi,O;-CuO and the ternary
Bi,0;-Cu,0-CuO phase diagrams are based on powder

This journal is © The Royal Society of Chemistry 2021
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mixtures of the raw materials with concentrations between pure
Bi,0; (Sigma-Aldrich, 5N purity) and 80 mol% CuO (Alfa Aesar,
2N7 purity) in Bi,O3. Simultaneous thermogravimetric (TG) and
differential thermal analysis (DTA) measurements (TG-DTA)
were carried out with a Netzsch STA 409C on the powder
mixtures placed in Al,O; crucibles in air at heating and cooling
rates of 10 K min™". In addition, a grown Bi,CuO, single crystal
was measured using a Netzsch STA 449 F3 with differential
scanning calorimetry (DSC-TG) and the sample was placed in a
platinum crucible with a lid. For this measurement, an oxygen-
enriched atmosphere with flowing 66.7% O, + 33.3% Ar and
heating and cooling rates of 5 K min™" were used.

The study of the thermodynamic properties of Bi,PdO, was
carried out on phase pure Bi,PdO, powder obtained by the solid
state reaction of a mixture in a stoichiometric ratio of Bi,Oj
(Sigma-Aldrich, 5N purity) and PdO (Alfa Aesar, 3N purity),
sintered three times for 24 h at 740 °C in air with intermediate
grindings. Phase purity was confirmed by powder XRD under
ambient conditions. TG-DTA measurements were carried out
with a Netzsch STA 449 F3 in platinum crucibles at heating and
cooling rates of 10 K min™". The gas flow was set using a mass
flow controller to deliver atmospheres containing 10%, 20%,
80% and 100% O, in Ar, respectively. The phase composition
was additionally studied by means of high temperature XRD
measurements performed in air up to 1000 °C using a Bruker
D8 Advance diffractometer with Cu-K, radiation, equipped with
a high temperature oven chamber (Anton Paar HTK 1200 N)
and a LynxEye detector for rapid data acquisition.

2.2 Crystal growth

In preparation for the crystal growth, polycrystalline rods of
Bi,CuO, were prepared by mixing Bi,O; and CuO powders in
a 1:1 molar ratio followed by sintering in air for 24 h at 725
°C. After this first sintering step, the powder was ground in
an agate mortar and sintered again for 24 h at 750 °C. XRD
phase analysis confirmed that a single-phase, pure Bi,CuO,
phase resulted from this annealing process. The sintered
material was then reground and compacted in cylindrical
rubber balloons and pressed for three minutes at 2 kbar in a
cold isostatic press (Engineered Pressure International NV,
Belgium). To increase the rod density, the pressed rods were
sintered again for 24 h at 750 °C. The final rods were on
average about 11 cm long and 6 mm in diameter and had an
estimated density of 85% of the theoretical value.

All growth experiments were carried out in an optical
floating-zone (OFZ) furnace from Crystal System Corporation
(type FZ-T-10000-H-VI-VPO) using polycrystalline feed and
seed rods. The furnace consists of a four-mirror setup in
which 300 W halogen lamps and a fused silica protection
tube were used. For Bi,CuO,, an air flow of 0.3 1 min™" was
used as the growth atmosphere, and the Bi,PdO, growth
experiments were done in a flowing oxygen atmosphere
(because the TG measurements in Fig. 5 revealed a
significantly stronger tendency to lose oxygen for this
compound). Seed and feed rods were rotated in opposite

CrystEngComm, 2021, 23, 3230-3238 | 3231
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directions at 30 rpm and at 20 rpm, respectively. To ensure
stable growth conditions without cracks, growth rates
between 5 and 6 mm h™" were employed.

The grown crystals were characterized by XRD and Laue
measurements. XRD data on crushed single crystal pieces
mixed with a LaBg standard were used to determine the
lattice parameters of the grown crystals. Magnetization
measurements using a Magnetic Property Measurement
System (MPMS by Quantum Design Inc.) were carried out
between 1.9 K and 350 K on two single crystals with a mass
of 40.79 mg and 19.0 mg with a magnetic field applied along
the ¢ or a axis, respectively, for comparison with previously
published results and for confirmation of the crystal quality.
Low temperature specific heat data between 2 and 100 K were
collected in zero field with the standard adiabatic-relaxation
technique using the heat capacity option of a Physical
Property Measurement System (PPMS by Quantum Design
Inc.) on a 7.95 mg sample.

The crystal growth of Bi,PdO, in the OFZ was also attempted.
For this, polycrystalline rods were prepared from a powder
mixture of stoichiometric ratios of Bi,O; and PdO that were
sintered 2 times at 740 °C in air with intermediate grindings
until a single-phase Bi,PdO, powder was obtained. The feed
and seed rods were then prepared analogously to those of Bi,-
CuO, and underwent a final sintering step at 740 °C. The rods
were 6 cm long and 6 mm in diameter. The density of the rods
was estimated as 75% of the theoretical density, resulting in
slightly less compact rods than those of Bi,CuOj,.

3 Results and discussion

3.1 Thermodynamics

3.1.1 Bi,CuO,. In the past few decades, the system Bi-Cu-
O has been investigated several times. Unfortunately, there

View Article Online
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are many contradictory phase diagrams for the Bi,0;-CuO
system in the literature,”'° and in some references CuBi, O,
is additionally described as an existing phase.>’ In many
phase diagrams, the liquidus line is represented as a dashed
line due to the reduction process of CuO, which makes it
impossible to interpret the measured data clearly.

From our previous investigations on copper oxide
compounds, it is known that copper oxide based melts always
contain Cu" and Cu*'.*'* Bi,CuO, contains Cu®*" which is
stabilized by low temperature T and high oxygen partial
pressure p(O,) which are the conditions where DTA with
powder mixtures of Bi,O; and CuO was performed. For
powders with a CuO concentration of 0 < x < 0.5, two
endothermal effects with constant onsets at T, = 732 + 5 °C
and Teye = 761 £ 5 °C were found, originating from the a-8
transition of Bi,Oj3 (ref. 35) and the eutectic of Bi,O; with Bi,-
CuO,, respectively. The position of the liquidus could be
derived from a bend in the DTA curve only for some samples.

Samples with x > 0.45 showed one clear endothermal
effect around Tj,er = 851 + 10 °C which could be attributed to
the (almost, see below) peritectic melting of Bi,CuO,.
However, the width of this DTA peak (AT = 40 K) did not
allow us to discriminate if this effect is really related to
peritectic decomposition (like suggested by Hrovat and
Kolar®®) or to congruent melting of Bi,CuO, with another
eutectic towards CuO which is just 5 K below the congruent
melting point (like suggested by Kakhan et al.*®).

Despite this ambiguity, these preliminary results allowed
successful OFZ growth experiments with 1:1 (molar) Bi,O;:
CuO rods. A small (24.66 mg) Bi,CuO, single crystal that
resulted from the growth experiments was investigated in
more sensitive DSC-TG measurements in an atmosphere with
a higher oxygen concentration to stabilize Cu**. The results
are shown in Fig. 2. During the first heating, the melting peak
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Fig. 2 Bi,CuO, single crystal TG-DSC measurement (1st and 2nd heating + 1st cooling at 5 K min™) in flowing 66.7% O, + 33.3% Ar. Solid lines:

DSC, dashed lines: TG.
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of the Bi,CuO, compound appears at 855 °C and is connected
with a mass loss of Am/m = -0.41% in the associated TG
curve. Bi*" can be considered to be stable under the
experimental conditions used here. Then, the experimental
Am/m can be attributed to a formal reaction Bi,CuO, — Bi,O;
+ CuOyp g + 0.07 O,, because 0.07 O, corresponds to a mass
loss of 0.41% (some Cu*" is reduced to Cu*). One can assume
that Cu®" is stabilized in solid Bi,CuO, and exists in
equilibrium with Cu’ in the melt, with a composition that is
close to the eutectic composition in the Cu,O-CuO system.*’

This reduction process CuO — Cu,O continues with
further heating, which means that overheating during a
crystal growth experiment should be avoided. Experiments in
a pure oxygen atmosphere are also not recommended
because this increases the liquidus temperature (see Fig. 1 in
ref. 37). During the cooling process, the sample gets partially
reoxidized (Am/m = +0.15%), connected with an additional
small exothermal DTA peak. This is clearly not due to
crystallization but results simply from the oxidation Cu,O +
10, — 2CuO with AH = -8122 ] per gram O, (ref. 38) (the
sensitivity calibration to convert the peak area of 5.1 pV s
mg ' to that enthalpy increment in Fig. 2 was performed at
T; = 801 °C by melting NaCl). Crystallization of the sample
occurs with strong supercooling below 700 °C, which is out
of the scale of this figure.

Clear evidence for the incongruent nature of melting Bi,-
CuO, is obtained from the second heating of the same
sample, which is shown by the middle curve in Fig. 2. The
additional peak at Ty = 727 °C results from the o-J transition
of Bi,O; (ref. 35) and the eutectic of Bi,O; with Bi,CuOy,, as
observed in the previous TG-DTA measurements with
unreacted powders.
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If Bi,CuO, were to melt congruently, these two additional
peaks would not appear in a second heating run. It should be
noted, however, that Bi,CuO, is also not melting simply
peritectically, because this would imply the formation of a
melt under the release of another solid phase (which would
be CuO here). Here, however, the gas phase is inevitably
involved in the melting process.

Data from FactSage®® databases and from the
literature®”**° for Bi,CuO, and the CuO,-Bi,O; melt were
refined to describe the experimental data that are reported
here, and an isopleth section CuO-Bi,O; of the phase
diagram was obtained (Fig. 3). The eutectic point was
measured at around 7.5 mol% CuO and 761 °C, and is in
good agreement with some literature data.””>°

Fig. 4 shows the system as a concentration triangle of
Bi,03-Cu,0-CuO at elevated temperatures in air. The red
lines show an isothermal section above Tj,., = 857 °C. On the
Bi,0;-CuO side of the phase diagram, only the crystallization
phase field of CuO is visible. Immediately below the
peritectic temperature of 856 °C, the Bi,CuO, crystallization
phase field begins to expand (the blue phase field in Fig. 4).
This field begins slightly above the 0.5 composition of pure
Bi,CuOy, which indicates the peritectic melting of this phase.

3.1.2 Bi,PdO,. So far, only scarce and contradictory
thermodynamic data on the Bi,O;-PdO system can be found
in the literature. Hrovat et al. reported that Bi,PdO, melted
incongruently at 845 °C with decomposition into the liquid
phase and PdO, which in turn dissociates to elemental Pd
and oxygen above 800 °C."' In contrast, investigations by
Kakhan et al. revealed congruent melting of Bi,PdO, at 855
°C.*> They report 803 °C as the temperature of the
dissociation of PdO to Pd metal and oxygen. The melting
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Liquid

Bi2CuOa4 +
Liquid

800

Bi2CuQ. + 5-Bi20s

Bi2CuOs4 + CuO

700 | ]
Bi2CuOa4 + a-Bi203
600 L . . .
0 0.2 0.4 0.6 0.8 1
Biz0s CuO

Fig. 3 Bi,O3s-CuO isopleth section through the system Bi,O3z-CuO-Cu,0O for p(O,) = 0.21 bar.
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Fig. 4
Bi,CuO,4 decomposes.

temperatures of Bi,PdO, at around 850 °C are in good
agreement with our TG-DTA measurement in an atmosphere
containing 20% O,, where the onset temperature of the
melting peak was defined at 847.7 °C (Fig. 5).

TG-DTA measurements in atmospheres containing
between 10 and 100% oxygen revealed that the starting
melting process (the onset of DTA curves) is always
accompanied by a mass loss. Both effects shift to higher
temperatures with increasing p(O,). For example, at 10% O,
(p(0,) = 0.1 bar), the melting and immediate PdO reduction
starts at 826 °C while at 100% O, the reaction starts at 895
°C (Fig. 5). The mass losses are only reversible under
sufficiently high p(0,), e.g. under pure O,. Under low p(O,),
the sample mass never returns to the original value, as
shown by the red dotted line in Fig. 5.

These observations can be discussed on the basis of the
simplified predominance diagram of Bi-Pd-O, in Fig. 6 that
was calculated with FactSage.’® Unfortunately, the target
phase Bi,PdO, itself is not contained in the given databases.
To enable its appearance in the diagram, its thermodynamic
data were approximated by the sum of the constituents Bi,O3
and PdO (Hess' law), with an additional formation enthalpy
of —20 k] mol™". Another assumption had to be made
regarding the molten phase (lig). For the calculation in
Fig. 6, we assumed an ideal miscibility between Pd(liq) and
Bi,Os(liq) because it is well accepted that palladium and
silver behave similarly from the chemical point of view*? and
bismuth oxide forms a eutectic with this metal, with a certain
degree of miscibility between the liquid metal and oxide.*?

3234 | CrystEngComm, 2021, 23, 3230-3238
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Isothermal sections through the Bi,O3-Cu,O-CuO system above (857 °C, red) and below (856 °C, blue) the peritectic temperature where

The diagram shows that under the given experimental
conditions, bismuth always exists as Bi’'. Palladium, in
contrast, can exist as Pd*", Pd*', or as metallic Pd’. The
formation of Bi,PdO, stabilizes the divalent Pd*" and free
PdO does not appear in the predominance diagram because
it dissociates above 800 °C.** This also explains the observed
mass loss during melting. A peritectic melting process Bi,-
PdO, — PdO + lig would lead to a Bi,Os-rich melt under the
release of solid PdO. In contrast, the melting observed here is
described by the reaction Bi,PdO, — Pd + 10, + liq. This
latter reaction cannot be reversed as easily as the first one
because it requires the uptake of free oxygen from the
atmosphere. Obviously, this is only possible in very oxygen
rich atmospheres, but not for 10% O, in Ar as shown in
Fig. 5 for the blue and red dotted lines, respectively. In
particular, the loss of one oxygen atom per formula unit of
Bi,PdO, via PAO — Pd + %02 would result in a theoretical
mass loss of 2.7% which is in good agreement with the TG
curves in Fig. 5.

The stability of the phases in the system Bi-Pd-O, as a
function of the oxygen partial pressure and temperature can
be qualitatively described in the predominance diagram as
shown in Fig. 6. The vertical lines depict the different
melting processes and the phase transition of Bi,O; at 730
°C. In particular, the previously discussed melting of Bi,PdO,
corresponds to the phase boundary Bi,PdO,/liq + Pd.

High temperature XRD measurements revealed the
presence of elemental Pd in the melt above 860 °C which
does not dissolve even at higher temperatures. This

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 TG heating curves of Bi,PdOy, in five different atmospheres from 100% O, to 10% O, in Ar (O, concentration given as a parameter). For the
measurements at 100% (blue) and 10% O, (red), DTA heating and TG cooling curves are shown additionally.

elemental Pd makes the crystal growth method used in this
work unsuitable, since Pd interferes in the melt zone.
Alternative growth methods using a crucible could be
advantageous for Bi,PdO, but further research needs to be
done on this.

For stable growth, it is crucial that the elemental Pd is
reoxidized during crystallization. Our TG-DTA measurements
showed that at least 80% O, in the atmosphere is necessary
to achieve complete reoxidation.

Typical binary Bi,O;-PdO phase diagrams from the
literature®”> must be used with caution because PdO is
actually reduced, and is hence not a valid component of the
system. Our TG-DTA measurements show that additional

melting peaks in a second heating cycle occur even in 100%
O, (not shown in Fig. 5), irrespective of Pd seemingly being
reoxidized during the first cooling. These additional peaks
can be assigned to the Bi,O; phase transition and the
eutectic line, which in turn implies the peritectic melting of
the Bi,PdO, phase. However, the melting of Bi,PdO, can only
be viewed correctly in the Bi-Pd-O ternary system, since the
melting and crystallization are connected to redox processes.
It should be noted that the ternary system depends strongly
on the atmospheric conditions. A complete thermodynamic
assessment of this ternary system, which would adjust Fig. 6
quantitatively to the experimental data, is beyond the scope
of this paper.

Bi,O, + PdO,

Q
N

Ifg [p((?2)lbar]

Bi,0,(s2) + PdO;

Bi,0, + Pd

iqg+ P

lig + Pd ]

500 600

700 300 300

Temperature (°C)
Fig. 6 Phase stability in the system Bi-Pd-O,. An enthalpy of 20 kJ mol™ was assumed for the reaction Bi,Os + PdO — Bi,PdO,.
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3.2 Crystal growth

The growth of Bi,CuO, single crystals was performed by
taking into account the results of our above-described
thermodynamic investigations. Even though Bi,CuO, melts
incongruently (Fig. 3), higher growth rates (up to 6 mm h™)
than usually possible with incongruently melting compounds
can be used. This is probably enabled by the strong tendency
of the melt to supercooling, allowing crystal growth below
the equilibrium melting temperature from a stoichiometric
equimolar melt. XRD measurements of the initially
crystallized material revealed that indeed not CuO, but Bi,-
CuO, is formed. The growth of Bi,CuO; from a
stoichiometric melt is supported because it melts only
slightly peritectically. It should be noted that in some other
systems even Czochralski crystal growth proved to be possible
significantly below the equilibrium melting point. Kouta
et al. demonstrated the growth of B-BaB,0, (stable below 920
°C) from a stoichiometric melt that is in equilibrium with the
high-temperature a-BaB,0, at 1095 °C, 175 K above that of
the a-p transition.*

A growth rate of >5.5 mm h™" leads to a stable growth,
and less cracks occur. So far, there are only a few
publications on the crystal growth of Bi,CuO, and in most
works lower (typically 3 or 5 mm h™" (ref. 8, 46)) or higher (10
mm h™" (ref. 8, 46-48)) growth rates were used, which could
be a reason for cracking. It is also described that a growth
rate of 10 mm h™ improves the growth process because the
low surface tension of the melt is problematic, but the crystal
quality is lower.**® In some experiments, excess CuO*® or a
pure oxygen atmosphere® was used, which is, as described in
our Thermodynamics section, not advantageous for the
growth. The experiments in this work showed that the growth
is most stable and crack-free crystals are obtained at a rate of
6 mm h™. When using polycrystalline seeds, however, the
first grown 15-20 mm are always completely covered with
cracks.

Although a growth rate of 6 mm h™" leads to crack-free
growth, the CuO, equilibrium in the melt cannot adjust fast
enough. During the growth, CuO is removed from the melt,
which leads to an increase in the Cu,O/CuO ratio. This in
turn leads to an increase in the liquidus temperature (see
Fig. 1 in ref. 37). Therefore, the lamp power must be adjusted
continuously, even if only in very small steps, during the
growth experiments. The typical power of 300 W lamps
during an experiment was, for example, between 30.80-
31.67%.

Taking into account the thermodynamic investigations of
this work and based on the chosen growth parameters and
instrumental conditions, it was possible to grow Bi,CuO,
crystals with lengths of up to 7 cm and diameters of 6 mm
(Fig. 7). The crystals show a rough surface in the later stages
of the growth which is probably related to Cu,O deposition.
However, a clear proof of this assumption could not be
provided by XRD and XRF measurements. Laue
measurements along the crystal length show a constant
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Fig. 7 Bi,CuQ, single crystal with excess copper oxide on the surface
in the later stages of the growth (top) and Laue measurement
confirming the [120] growth direction (bottom).

orientation, which proves that the grown materials are single
crystalline. The preferred growth direction of the crystals is
along [120] (Fig. 7), but this is only the case in 3 of 4 grown
crystals, and the cleavage is typically along (001), since the
interatomic distances are larger in this direction, resulting in
a weaker bond."® The lattice parameters were refined using
powder X-ray diffraction data on crushed single crystal
pieces. It was found that Bi,CuO, crystallizes in the
tetragonal space group P4/ncc (130) with the lattice constants
a = 8.501(1) A and ¢ = 5.818(4) A, which are in good
agreement with the crystal refinement by Yamada et al."®

Magnetic susceptibility y = M/H and specific heat data on
the single crystal samples of Bi,CuO, as a function of
temperature are shown in Fig. 8. In agreement with earlier
studies,®*®%%°°  the temperature dependence of the
susceptibility upon cooling is characterized by an increase of
x(T) leading to a broad hump with a maximum in x(7) at ~50
K, followed by an abrupt drop at around 43.8 K signaling the
onset of the long-range antiferromagnetic order at that
temperature (i.e. the Néel temperature, Ty), and by a further
decrease before an upturn below about 25 K. The emergence
of the long-range antiferromagnetic order at Ty ~ 43.8 K is
further corroborated by the sharp /-like anomaly in the
specific heat (Fig. 8 inset) obtained in zero field. The
magnetic susceptibility is, also consistent with earlier
reports,®'®>° anisotropic with a larger susceptibility along
the ¢ axis than along directions perpendicular to it, and it is
highly field-dependent for applied fields of <1 T along the a
axis below Ty (not shown here). Our magnetization and
specific heat data therefore show that our Bi,CuO, single
crystals are of high crystalline quality.

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Temperature dependence of the magnetic susceptibility x(T) in
a magnetic field of 1 T applied along two perpendicular directions,
along the ¢ and a axes in Bi,CuQ,, respectively. The inset shows the
a-like specific heat anomaly associated with the antiferromagnetic
ordering at Ty ~ 43.8 K.

It was not possible to grow Bi,PdO, crystals by the OFZ
technique, because the elemental Pd prevents the formation
of a melt zone (as discussed in the Thermodynamics section).

4 Summary and conclusions

Phase equilibria that are relevant for the growth of the title
compounds were studied experimentally, and a
semiquantitative description in terms of the ternary systems
Bi,0;-CuO-Cu,O or Bi,0;-PdO,-Pd, respectively, was given.
High-quality Bi,CuO, single crystals with lengths of up to 7
cm and diameters of 6 mm were grown by the OFZ
technique. Based on the results of the Laue, magnetization
and specific heat measurements, we confirm the excellent
quality of our grown samples. The growth of Bi,PdO, by the
OFZ technique is precluded, since the elemental Pd prevents
the formation of a melt zone and other techniques such as
the Czochralski method should be used for the growth of this
material.

It could be shown that pseudobinary systems of Bi,O;-
CuO (-PdO) are insufficient to describe the growth process,
because every crystallization or melting process of the Bi,M>'-
0O, phase is accompanied by a redox process that can only be
accounted for in the ternary systems. The melting processes
of Bi,CuO, and Bi,PdO, are often called “peritectic”, which is
not totally true: a peritectic reaction follows the scheme solid
(1) — solid (2) + melt. In contrast, the melting/crystallization
of the compounds in this study has the scheme Bi,CuO, =
CuO + (Bi,0; + CuO,) melt + O, or Bi,PdO, = Pd + (Bi,O; +
Pd) melt + O, under the involvement of the gas phase. We
recommend for this type of melting the term “exaperitectic”
(greek: eCarpion = to exhaust).

For both title compounds, the valence state of the
transition metal is lowered during melting (Cu** — Cu*' +

This journal is © The Royal Society of Chemistry 2021
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Cu” or Pd** — Pd°) under the release of free oxygen.
Consequently, O, must be transported through the melt to
the phase boundary during the crystal growth process to
ensure the crystallization of high-quality stoichiometric Bi,-
CuO, and Bi,PdO,. This is a process that limits the growth
rate. When using a growth rate of 6 mm h™, as in the case of
our Bi,CuO, growth experiments, the CuO, equilibrium in
the melt cannot adjust fast enough, which leads to an
increase of the liquidus temperature. During this growth
process, the lamp power needs to be adjusted continuously.
In the case of Bi,PdO,, other growth techniques are
recommended, as the reoxidation of the elemental Pd needs
more time and besides the formation of a melt zone is
prevented.
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