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The flux growth of some rare-earth and iron group 
complex oxides 

B. M. WANKLYN, A. MAQSOOD* 
Clarendon Laboratory, University of Oxford, UK 

The flux growth of crystals of the following rare-earth complex oxides is reported here 
for the first time: (Nd, Pb)MnO3, (Eu, Pb)MnO3. Tm zGe 207 and Pr 2M006. Starting 
compositions for the flux growth of RBO3 (R = Nd, Pr, La), (La, Pb)MnO3, Pb3MnTOls, 
R2Ti207 (R = Tm to Pr), RzSiOs (R = Er, Ho, Dy) and LiCoPO4 are also given; these 
compositions have yielded larger crystals than previously reported. In many cases, only a 
small number of crystals was obtained by spontaneous nucleation. 

1. Introduction 
The work described in this paper forms part of a 
study [1-3] of the flux growth of materials which 
are of interest on account of their magnetic, 
optical, and other properties. The starting composi- 
tions were calculated, or previous compositions 
were modified, in accordance with a previously 
published model for the prediction of favourable 
starting compositions [4, 5]. 

2. Chemicals 
The following chemicals were used: Rare Earth 
Products 99.9% R2 03 (R = rare earths) except for 
Laz 03 which was 99.99% pure; BDH Laboratory 
reagent grade B203, GeO2, MnCO3, LiC1 and 
T i Q ;  BDH "Analar" grade A12 Oa, KF, K2CO3, 
MOO3, PbO and P b Q ;  BDH "extra pure" PbF2; 
Johnson Matthey "Specpure" MnO2, Mn304, 
Co3 04 ; Koch Light Laboratories Ltd 99% Li2 CO3 ; 
BDH Silica gel, 60-120 mesh, dehydrated before 
use. 

3. Experimental procedure 
The starting compositions, furnace programmes and 
crystal products are given in Table I. Crucibles of 
pure platinum with tightly fitting lids were used to 
contain the mixtures. The crucibles were heated in 
D-shaped sillimanite muffles so that the furnaces 
were protected from attack by corrosive flux 
vapours [6]. The furnaces were heated at 100 to 

200 K h -1 , and, after suitable soak periods, cooled 
according to the programmes in Table I. They 
were finally cooled to room temperature at 
100Kh -1 " 

The crystal products were identified by com- 
parison of their X-ray powder patterns with 
published data. 

4. Notes on the crystals 
4.1. RB03 (R = La, Nd, Pr) 
The flux growth of thin platelets of RBO3 with the 
aragonite structure ( R =  Nd, Pr, La) from the 
systems R z 0 3 - B 2 0 3 - P b O  has been described 
[7]. Subsequently it was reported that increasing 
the ratio PbO:B2 03 resulted in crystals up to 2 mm 
thick [5], and that on increasing the concentration 
of La2 03, faceted prisms instead of platelets were 
obtained [8]. 

In Table I, the growth of large NdBO3 and 
PrBO3 crystals from the R2 03 -PbO-B2 03 system 
is reported, and also the results of partial substi- 
tution of PbF2 for PbO. As observed in other 
systems [4, 5], the solubility of R203 in the 
system increased greatly with PbF2 present, by 
about 300% in this case. 

A good yield of large, transparent crystals was 
obtained from both compositions given here for 
LaBO3. Attack on the crucibles was appreciable 
when composition 2, with the higher (PbO + PbF2 ) 
concentration relative to that of Bz 03 was used. 

*Present address: Physics Department, Quaidh-Azam University, Islamabad, Pakistan. 
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4.2. (R, Pb)Mn03 (R = La, Nd, Eu) 
These materials, with their orthorhombically dis- 
torted perovskite structure, have been the subjects 
of numerous physical and also chemical studies, 
since some are effective as catalysts. 

When prepared from flux systems containing 
compounds of lead, some substitution of Pb 2+ for 
R 3+ readily occurs, especially in the compound with 
R 3+ = La 3+ and to a lesser degree in the compounds 
of the smaller rare-earth ions. With (La, Pb) MnO3, 
the effect is to produce a room-temperature ferro- 
magnet [9, 10]. The flux growth of crystals of  this 
material from PbO + PbF2 (for example, 120g 
PbO, 120gPbF~, 20gLa203 and 21 g M n Q )  was 
reported by Morrish et  al. [11 ]. Such batches each 
produced more than 150 crystals, the maximum 
volume of one crystal being 0.15 cm 3 . It was found 
that Pb occupied 25 to 40% of the La sites. 

4.2. 1. (La, Pb) MnO 3 and (Nd, Pb) Mn03 
The present starting compositions were not very 
different from those given by Morrish et al. [ 11], 
which also contained a large excess of manganese 
oxide, but boric oxide was now included. Small 
amounts of this "additive" have previously been 
found to reduce the number of crystals produced 
by spontaneous nucleation [6]. In the present 
experiments, only a few, large crystals were 
obtained, some of which are shown in Fig. la and 
b. The melts were hot-drained before the flux 
solidified [6]. Laue back-reflection photographs 
indicate twinning in these crystals, suggesting 
structural transitions above room temperature 
which have not as yet been reported. The domain 
structure of these crystals is at present being 
investigated [12]. 

4.2.2. (Eu, Pb)MnO 3 
In the case of (Eu, Pb)Mn03, it proved very much 
more difficult to obtain the desired phase, since 
RMn20 s has a very strong tendency to form 
instead, as has been reported previously when the 
crystal growth of RMn03 (R = Er to Gd) was the 
subject of study [1]. It was found essential to 
avoid having excess manganese oxide, and to 
ensure that the evaporation of some flux occurred 
to concentrate the melt, thus encouraging growth 
at higher temperatures when conditions are more 
favourable to the formation of Mn 3+, as required 
for EuMn03. At lower temperatures, the concen- 
tration of Mn 4 + is evidently greater, since EuMn20s 
then results. The crystals of  EuMnO3 which grew 
at the melt surface, were only a few millimetres in 
size, and were ill-formed with rough surfaces. 

4.3.  Pb3 Mn7 01s 
This compound is of interest as a catalyst [13], and 
also for its physical properties, since it becomes 
ferromagnetic at 63K; both the magnetization 
curves and the dielectric properties show anomalies 
[14]. 

Small single crystals described as PbMn204 
have been reported with the probable space group 
D ~ h -  C6cm or D 2 - - C 6 / m c c  and unit cell par- 
ameters a0 = 10.01A, Co = 13.58A [14]. These 
are evidently the same material as that recently 
studied by Latourrette et  al. [13], whose structural 
analysis indicated the formula Pb3MnTOls and 
hexagonal symmetry. However, in their table of 
powder pattern data indexed according to the 
orthorhombic unit cell, with ao = 9.98 A, bo = 
17.28 A Co = 13.55 A, the ao and bo dimensions 
have been confused. 

Figure 1 (a) Crystals of LaMnO 3 from a 50cm 3 crucible (mm grid). (b) Crystal of NdMnO 3 from a 50cm 3 crucible 
(mm grid). 
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Figure 2 Hexagonal Pb 3 Mn 701 s (mm grid). 

The crystals described in Table I and shown in 
Fig. 2 gave powder pattern data in good agreement 
with that of Latourrette et aL [13]. EPMA data 
was consistent with the formula PbaMnTOls 
(formula requires 30.9%Mn, 30.6%Mn found; 
50.0%Pb, 52.1%Pb found). Correctly indexed 
X-ray powder pattern data for the crystal are given 
in Table II. 

4.4. R2Ti207 (R = Tm, Er, Dy, Tb, Pr) 
It has been shown [15] that Dy2 Ti207 orders anti- 
ferromagnetically at 1.3K, but the physical 
properties of  single crystals of this family have not 
yet been investigated. 

The flux growth of some of these compounds 
by the evaporation of their solutions in PbF2 has 
been reported [16], but the crystals were small, 
opaque, and contained many flux inclusions. The 
present starting compositions were modified to 
include a large proportion of acidic oxide, in 
accordance with previous proposals for modifying 
starting compositions to yield fewer, larger 
crystals [4, 5]. 

The resulting rare-earth titanates, R2Ti2OT, 
were well-formed, translucent octahedra, although 
all had a brownish tint; from each of several 
batches, only a few crystals resulted, up to 8 mm 
on edge, as shown in Fig. 3. These contained a few 
inclusions, but had large clear regions. The polariz- 
ing microscope indicated the presence of internal 
strain. The crystal surfaces were microscopically 
rough, being covered with dendritic patterns. 

TABLE II X-ray powder pattern data for PbaMnTO~s 

Iest h k I dobs(A) deale(A) 

W 0 0 2 6.75 6.78 
W 2 0 0 4.95 4.99 
S 004 3.39 3.39 
S 15 1, 3 1 1 3.16 3.15 
W 2 4 2 2.943 2.943 
W 0 6 0 2.877 2.880 
V.S 0 6 2 2.648 2.651 
M 2 6 2, 4 0 2 2.342 2.341 
W 0 0 6 2.254 2.258 
W 0 6 4 2.194 2.196 
W 17 3, 3 5 3 2.122 2.118 

a o =9.98_+0.02A; bo =17.28+-0.03A; co =13.57 +- 
0.03 A; space group: Cmc2~. 

4.6.  R2SiOs (R = Er, Ho, Dy) 
These crystals were previously prepared by the 
"vapour-flux" method [17] and by slowly cooling 
the fluxed melts [18]. The present starting com- 
positions which contain PbF2 and a higher 
concentration of MOO3, yielded thicker crystals. 
However, there was frequently some attack on the 
crucibles as a result of the rather high proportion 
of PbO, which was increased during slow cooling 
of the batches by hydrolysis and evaporation of 
PbF2. 

Previous investigation showed that compounds 
with lead, (PbEr4SisO17 and lead rare-earth 
oxyapatites) formed in the system E r 2 0 3 - P b O -  
SiO2 [18]. However, with the addition of MOO3, 
this problem has now been avoided and only 
Ho2 SiO5 crystals were obtained from the composi- 
tion given in Table I. 

4.7. Pr z MoO 6 
The flux growth of the monoclinic R2 MoO6 (R = 
Lu to Sin) compounds from the systems 
R 2 0 3 - P b O - M o 0 3  has been reported [19]. For 
the growth of Pr2MoO6, however, the system 

4.5. Tm2 Ge2 07 
The starting composition similar to that previously 
reported for Ho2G%07 [5] was further modified 
and resulted in the growth by spontaneous 
nucleation, of only one crystal, 6.4 g in weight. Figure 30ctahedral crystals of Tm 2 Ti z O v (mm grid). 
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Figure4 Crystal of Tm2Ge207 from a 50cm 3 crucible 
(mm grid). 

investigated was Pr6 Oll M o O 3 - K 2  O, which does 
not attack platinum, unlike the system with PbO. 
The composition given in Table I yielded trans- 
parent green platelets, isotropic when viewed 
perpendicularly to the surfaces, in accordance with 
its tetragonal structure [20]. 

This system may be worth investigating also for 
the growth of the other rare-earth molybdates 
R2 MOO6.  

4.8. LiCoP04 
These crystals are of interest because of their mag- 
netoelectric properties which are currently being 
investigated by neutron diffraction [21]. The 
crystals reported here are substantially larger than 
those prepared before [22]. 

5. Discussion 
It has been shown previously [4, 5] that starting 
compositions for the growth of compounds which 
contain a refractory and an acidic or amphoteric 
oxide can be calculated on the basis of a general 
ternary or pseudoternary composition diagram; 
also, fewer, larger crystals of more equidimensional 
habit may be expected when the excess acidic/ 
amphoteric oxide is near the minimum needed to 
produce the desired compound. It was also shown 
that partial substitution of basic fluoride for basic 

oxide greatly increased the concentration of 
refractory oxide that could be dissolved in the 
melt at a given temperature. 

The compositions reported in Table I are repre- 
sentative of a larger number of experiments. In 
many cases (as in compositions 1,2, 3, 4, 5,8,  11, 
12), a few, (often less than 10, and occasionally 
only 1 or 2) crystals were obtained. These were 
relatively large and tended to contain flux 
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inclusions, showing that the relative supersaturation 
of the melts was probably high [23] and growth 
immediately after nucleation was rapid. The outer 
parts of the crystal usually contained transparent 
regions free from inclusions. 

Batches 2 and 3 illustrate again the great increase 
in solubility of R2 03 that usually occurs after sub- 
stitution of PbF2 for about half the PbO content 
(in this case, from 7 wt % to 24 wt % R2 O3). 

Compositions 8, 9 and 12 illustrate the notable 
improvement in quality, size and number of 
crystals that resulted on including MoO3 in the 
melts [4, 5]. Compositions 4 and 5 resulted in 
much larger, fewer crystals than the previously 
published recipe [11]. It has been shown that a 
small percentage of an acidic oxide added to a 
fluxed melt is often helpful in reducing the 
numbers of crystals [6, 24] (the "additive effect"), 
and it appears that a few per cent of B2 03 has this 
effect in the growth of (La, Pb)MnO3 and (Nd, 
Pb)MnO3. 
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