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Investigation of the crystal growth of CuO
from the CuO-Bi,0, system
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The relationship between properties and structure in high-temperature superconducting copper
oxides has stimulated the investigation on the properties of single crystal CuO. The phase
diagram of CuO-CuBi,0,4 has been established by improved thermogravimetric analysis (ITGA),
differential thermal analysis (DTA) and X-ray diffraction. The crystallization temperature of CuO
was determined by ITGA and the dependence of crystallization temperature on cooling rates
showed about 20 °C supercooling in the crystal growth of CuO from the CuO-Bi, 03 system.
Using the theory of crystal growth under stable state conditions, an initial kinetic analysis of seed
crystal dissolution was also performed on the ITGA data. Using the phase diagram and the ITGA
information, large crystals have been grown near the surface of the high-temperature solution or

the bottom of the crucible by a combination of ITGA and the top-seeding method.

1. Introduction
CuO belongs to the monoclinic space group, C2/c,
Z =4 [1]. Each copper atom is nearly rectangularly
coordinated by four. oxygen atoms forming a CuOy,
plate, in which the copper-oxygen interaction is
similar to that at the Cu (2) site of YBa,Cu;0,_,.
Ribbons of side-sharing (CuQ,) plates extend along
the [1 10] direction. In addition, each oxygen atom is
enclosed in a tetrahedron of copper atoms, generating
further ribbons along [110]. Although CuO is an
insulating material, the interest in the relationship
between the physical properties and the structure of
the high 7, cuprate materials has stimulated many
studies on single-crystal CuQ, such as magnetism [2],
electric field gradient [3] and neutron diffraction [4].
CuO is subject to incongruent melting with loss of
oxygen at 1026 °C in air [5]

CuO - CUZO -+ 1/202 (1)

Single crystals of CuQ, therefore, have to be grown by
the flux method. KF [6], PbCl, + PbF, [7] and
MoO; + V,05 + K,COj5 [8] have previously been
used as the flux, producing small or long dendritic
crystals. Recently, we have studied the application of
BaO and of Bi,Oj; as flux to grow CuO crystals. As is
well known, BaO and Bi,0j; are common components
of the high T, superconducting materials and the
most useful self-flux for crystal growth of the super-
conducting Y-Ba-Cu-O, Bi-Sr—Ca-Cu-O and
BaPb,; _.Bi,O; families. A study of the CuO-BaO
and CuO-Bi,0; systems will be of assistance in un-
derstanding the crystal growth not only of CuQO, but
also of the related superconducting materials. The
phase diagram and crystal growth of CuO from BaO
flux have been reported elsewhere [9]. Here, some results
of a physico-chemical investigation of the crystal growth
of CuO from the CuO-Bi,0; system are described.
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A phase diagram of CuO-Bi,O; was published in
1966 [10], which showed only one compound,
CuBi O+, to exist in the system. After initial studies of
crystal growth, we thought it necessary to establish the
CuO-rich part of the phase diagram by differential
thermal analysis (DTA) and improved thermo-
gravimetric analysis (ITGA). Used in situ for crystal
growth, ITGA can provide important information on
crystal growth, including the crystallization temper-
ature and kinetic analysis of crystal growth, crystal
dissolution and flux evaporation. It has also been
applied in physico-chemical research of the crystal
growth of various superconducting materials [11-16].
After determination of the crystallization temperature,
crystal growth is initiated by introducing a seed crys-
tal or a wire as the nucleation centre. The process of
crystal growth is traced by the thermogravimetric
curve and is terminated by lifting the crystal out of the
solution above the eutectic temperature.

2. Experimental procedure

The chemicals were BDH Laboratory Reagent Grade
99% Bi,05 and BDH “Analar” 98% CuQO. Two fur-
naces with electrical balances were used for ITGA and
crystal growth. One was a vertical tube furnace with
an SiC spiral heating element, whose temperature was
regulated by a Eurotherm controller combined with
a digital programmer made in Clarendon Laboratory.
The other one was a three-zone tube furnace wound
by Pt—Rh wires. The zone temperatures were separate-
ly controlled by Eurotherm 818 controller-program-
mers. Pt—PtRh thermocouples were used to control
and measure the temperature. Alumina or platinum
crucibles were used. After a long period of crystal
growth, the alumina crucible was seriously attacked,
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showing the platinum crucible to be more suitable for
the CuO-Bi,O; system. For improved thermog-
ravimetric analysis, a platinum wire or seed was im-
mersed into the high-temperature solution to act as
the nucleation or growth centre, and a curve showing
the apparent weight was recorded by a chart recorder.
A thermocouple underneath the crucible was used to
measure the temperature. For the phase diagram, the
eutectic temperature was determined by DTA in an
alumina crucible heated at 10°C min~! in air. The
thermal effect of the liquidus line was too small to be
detected by DTA. ITGA was therefore utilized for
determination of the liquidus line and the crystalline
phase was identified by X-ray diffraction. An 80 g mix-
ture with starting composition of CuO:Bi,O; =1:1
(mol) was charged in an alumina crucible. After
measuring the crystallization temperature by ITGA
using a platinum wire as a probe under a cooling rate
of 200°C h™! in air, a certain amount of CuO was
added to the system. After holding at high temper-
ature for 20h to form a completely dissolved and
homogeneous solution, measurement was again per-
formed. In this way the liquidus line was obtained in
the range between 50 and 73.3 mol % CuO. Mean-
while, the crystallization temperature was measured at
different cooling rates or by a seed crystal in the
solution with the same concentration. The dissolution
of a seed crystal was also recorded at a constant
temperature with superheating.

3. Results and discussion

3.1. CuO-CuBi,04 phase diagram

According to the published diagram of CuO-Bi,0;
[10], we first chose the starting composition of
0.43Cu0-0.57Bi,0; to grow CuQ crystals. No CuO
crystal was obtained. Instead we found crystals of
CuBi;04, which were not shown in the phase
diagram. Fig. 1 shows the X-ray diffraction powder
pattern of CuBi,O,. It was therefore necessary to
establish a new phase diagram by ITGA and DTA
experiments.

Fig. 2 shows the phase diagram of CuO-CuBi,O,.
X-ray diffraction showed that the crystalline phase
grown from the starting composition of
CuO:Bi;0; = 0.5:0.5 (mol) is CuBi,O,. If the ratio of
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Figure 1 X-ray diffraction powder pattern of CuBi,0,.
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CuO:Bi,0; was higher than 0.33:0.47 (mol), the cry-
stalline phase was CuO. The phase diagram is a typi-
cal eutectic system, in which the eutectic temperature
is around 845°C and the eutectic composition is
located in CuO:Bi,O; = 0.53:0.47 (mol). A wide
liquidus range exists for crystal growth of CuQ, and
the liquidus line represents the solubility of CuO in
the flux system. Fig. 3 shows that the solubility, S,
at various temperatures T follows the Arrhenius
expression

S = Sexp(— H/RT) 2)

in which H is the heat of crystallization of CuO-in the
system, which is determined to be 52.1 kcal mol~?! by
the method of least squares, and R is the gas constant.

3.2. Crystallization temperature

In Fig. 4 a typical ITGA curve shows the crystalliza-
tion and dissolution of CuO on an immersed platinum
wire in the flux system Bi,O3;—CuO. Above the crystal-
lization temperature, the whole system was completely
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Figure 2 The phase diagram of the CuO-CuBi,O, system.
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Figure 3 Solubility of CuO in the CuO-CuBi,0, system.
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Figure 4 Chart record showing crystallization and dissolution of
CuO crystals in the 0.73Cu0-0.27Bi,0; system by ITGA.

dissolved and the TG signal stayed at a constant level
with some fluctuation caused by convection. As nu-
cleation started on the platinum wire during cooling,
surface tension at the solid-liquid interface led the
curve to deviate from the base line. As crystals grew on
the wire, the apparent weight rapidly rose, because of
the difference in densities between solid and liquid.
The fluctuation in weight also became larger. A crys-
tallization temperature of 949 °C was clearly deter-
mined for the system 0.73Cu0-0.27Bi,O; under
a cooling rate of 100°C h™*. During successive heat-
ings, the weight decreased as the crystals dissolved,
returning finally to the base line.

Fig. 5 shows the ITGA curve of a seed crystal in the
solution with the same concentration. Above the crys-
tallization temperature, the apparent weight de-
creased because of the dissolution of the seed crystal.
As the temperature cooled down below the crystalliza-
tion temperature, the weight increased as the crystal
grew in size.; The crystallization point of 966 °C, meas-
ured with a seed, is higher than the crystallization
temperature measured by the immersed platinum wire
because of more supercooling in the latter case. The
faster the cooling rate, the lower the apparent crys-
tallization temperature. Fig. 6 shows the dependence
of crystallization temperature on the cooling rates,
which indicates about 20 °C supercooling at high tem-
perature. At a low temperature at the end of crystal
growth, supercooling can become larger because of
the high viscosity of the system.

3.3. Kinetic analysis of seed dissolution

For the seed-dissolution experiment, a platinum cru-
cible with 150 g mixture of 0.70Cu0-0.30Bi,O; was
used. The crystallization temperature was determined
by the ITGA-seeding method. Dissolution of a 0.30 g
seed crystal was carried out for nearly 2 h at constant
temperature with a superheating of about 7°C and the
apparent weight was recorded. Suppose the dissolu-
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Figure 5 The ITGA curve for a seed crystal in the melt.
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Figure 6 Dependence of crystallization temperature on cooling
rates. (@) Value obtained by seeding.

tion process is limited by solute diffusion in the high-
temperature solution and there is a diffusion layer
with thickness & on the surface of the crystal. By
solving the solute diffusion equation in the stable state
[17], we have the rate of dissolution of the seed per
unit area of surface

Vo= —(D/8)kAT/(1 = Cy) ()

in which the diffusion coefficient D = D,
exp( — E/RT), E is the diffusion activity energy, k, the
temperature coefficient of solubility, AT the super-
heating and C, the concentration of bulk solution.
The dissolution rate is given by

AM/At = — K(T)M?*3 ~ A(T) + B(T)AM (4)
where

K(T) = kikop*AT/(1—Ci)(Do/8)exp(— E/RT)

)

A(T) = - K(T)M§? (6)

B(T) = 23K(T)M3? ™)

in which k, is the surface-to-volume ratio of the seed,
p the density of the crystal, M, the initial weight of the
seed and AM = M, — M(t) is the loss of the crystal
weight during dissolution.
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TABLE I Crystal growth of CuQO by top-seeding

Experiment Starting composition Crucible Seed position Slow cooling Crystals
CuO Bi,O,  Weight Range Rate Weight Size
{mol) (mol) ] O (°Ch™) (8 (mm)
1 0.73 0.27 101 AL O, Near the surface 966900 1-0.5 13 30 diameter
x 4-1 (thickness)
2 0.70 0.30 150 Pt Near the base 957-900 0.5 20 22x20x8
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Figure 7 Relative dissolution loss as a function of dissolution rate at
constant temperature.

Fig. 7 shows the relation between AM /At and AM,
which indicates that the dissolution rate is linearly
dependent on the dissolution loss at a constant tem-
perature or constant superheating under the stable
state conditions. As a result, K(T'), the function of the
temperature, can be obtained from the linear depend-
ence. From Equation 5 we have

In[K(T)/AT] = C — E/RT ©)
C = [kip'ky/(1 —C;)]1Do/d ©)

As a result, a plot of In[K(T')/AT7 as a function of
1/T is still a straight line. From the slope and the
intercept, the diffusion activity energy, E, can be deter-
mined and the diflusion rate parameter K4 = D/8 can
be calcuiated. Both are important parameters for crys-
tal growth. In order to grow high quality single
crystals, the growth rate must be controlled at a stable
state. If the crystal growth rate is also limited by solute
diffusion, the stable growth rate has a formula similar
to Equation 3 and the effect of different degrees of
supercooling can be estimated [17].

3.4. Crystal growth by top-seeding

Using the phase diagram of CuO-CuBi,0, (Fig. 2),
suitable starting compositions were chosen for crys-
tal growth by top-seeding from alumina or platinum
crucibles. After complete dissolution and homogeniz-

5048

"H!HIHII:‘ii.iI (25
R

FRRERRRDDRRR FRRR L

; ti;:}'jé .

Figure 8 Crystals of CuO grown on the seed.

ation at high temperature, the saturation temperature
was determined in situ by the ITGA-seed method.
Crystal growth was then carried out by top-seeding at
a slow cooling rate. The crystals could be separated
from the flux by hot-pouring above the eutectic tem-
perature. Table I summarizes the experimental condi-
tions and the results of the growth of CuO crystals.
Experiment 1 was performed in the spiral SiC tube
furnace with temperature gradient of — 4°Cem™!
{cooler at the surface than at the bottom). A crystal lid
with a shining black surface was grown on the seed
near the surface of the solution. Experiment 2 was
performed in the three heating-zone furnace with tem-
perature gradient of 1°C cm ™! (hotter at the surface
than at the bottom). As a result, a crystal block of
many crystals, shown in Fig. 8, was grown from the
seed near the bottom of the crucible. The saturation
temperatures of 966 and 957 °C, which were measured
by the seed for the 0.73Cu0-0.27Bi,O; and
0.70Cu0-0.30Bi,0; systems, respectively, were about
20°C higher than the crystallization temperature
measured by the platinum wire (Fig. 2) at fast cooling
rate because of the supercooling. As the temperature
decreased, the degree of supercooling became larger.

4. Conclusions

1. The CuO-CuBi,O, phase diagram has been
established by improved thermogravimetric analysis
and by differential thermal analysis.

2. ITGA is very useful not only for determination of
the crystallization temperature, but aiso for kinetic
study of crystal dissolution and crystal growth.



3. Large crystals have been grown by ITGA-top

seeding from the flux system of CuO-Bi,0;.
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