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Formation of secondary phases and microdiscs
on flux-grown HoFeOj; crystals
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Results of optical and scanning electron microscopic and EDAX studies, carried out on struc-
tures exhibited by HoFeOj; crystals grown from the PbO-PbF,-B,0, flux system, are reported.
Aluminium and silicon are present as impurities in the crystals studied. EDAX of certain struc-
tures indicate formation of magnetoplumbite (PbO - 6Fe,0;) during the flux growth of
HoFeO,. Crystallization of HoOOF on the HoFeQ; crystal surfaces is also indicated; the process
taking place aimost at the end of HoFeO; crystal growth. A variety of microdisc patterns on
HoFeO; crystal surfaces are illustrated. Their formation is attributed to the covering process of
impurity phases by the rapidly advancing growth fronts on the HoFeO, crystal surfaces.
Experimental evidence in support of this is offered by exposing the impurity phase buried
under the microdisc. Precipitation of the secondary phases during the flux growth of HoFeO,
crystals and their influence on the latter is discussed.

1. Introduction

Impurities have a large effect on the uniformity,
shape and growth of crystals. Faces which absorb the
impurity selectively grow more slowly and become the
dominant ones [1]. The trapped inclusions in the crys-
tal lattice often generate additional defects in crystals
[2-6].

The rare-carth orthoferrites (RFeO,:R = rare-
earth element) exhibit interesting magnetic properties
such as spin reorientation induced by a temperature
change or an applied magnetic field where the direc-
tion of the easy axis of magnetization changes from
one crystal axis to another [7, 8]. It is desirable that the
growth process yields a crystal with the minimum
possible defects so as to be useful for any scientific
study or technical application. Flux growth yields
crystals with habit faces which are suitable for topo-
graphical investigation. Although the study of surface
patterns of crystals is considered to yield information
about situations towards the end of growth, it does
offer an opportunity to view the dynamic nature of the
process by enabling one to trace the changes which the
crystal might have undergone in the time interval
before the cessation of growth.

In our earlier communications [9, 10], it was
reported that PbO - 6Fe,0, (magnetoplumbite), ErOF
and ErBO; crystallize as secondary phases in the
growth of ErFeQO, crystals from flux. The origin of
imperfections in ErFeO; has been shown to correlate
with the precipitation of secondary phases and other
faults during growth.

In this paper we report results obtained on flux-
grown HoFeO; crystal surfaces employing optical and
electron microscopy, and the energy dispersive analy-
sis of X-rays (EDAX) for elemental analysis.
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2. Experimental details

HoFeO; crystals were grown by the flux method using
the composition 22.8 g Ho,O;, 9.8 g Fe,0,, 2.4g B,0,,
44.6g PbO, 64.8g PbF, and 2g PbO,. The whole
composition pressed into a 50cm’® platinum cru-
cible was soaked at 1260°C for 20h and was then
allowed to cool at 2K h™' to 850° C. From 850°C to
room temperature, the cooling rate was increased to
100K h™'. To separate the resulting crystals from flux,
the crucible was inverted and heated to 850° C. In this
process most of the flux ran off the crystals. Finally, it
was again cooled at 100 K h~!, Typical features on the
{100} faces were studied using the metallurgical
microscope Neophot-2 (CZ-Germany) and the Cam-
bridge Stereoscan (SU-10) SEM. Qualitative elemen-
tal analysis was carried out with the help of the EDAX
attachment of the SEM.

3. Results and discussion

HoFeQO; crystals show microdiscs, circular, semi-
circular and irregular shaped patches of preferential
growth, hexagonal elevations, attachment of pre-
cipitated material and overgrowths. In order that the
mechanisms of formation of the microstructures exhi-
bited by HoFeO; surfaces are understood, the struc-
tures were studied under optical and scanning electron
microscopes and analysed using EDAX (including
X-ray mapping and element profile analysis).

3.1. Irregular growth fronts and patch-like
structures

Fig. 1 shows wavy growth fronts on the crystal sur-

face. The edges of the growth fronts are made mark-

edly visible by black material. The black material

appears to be impurities which are non-uniformly
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Figure ] Wavy growth fronts on the crystal surface showing
impurities along the edges of wavy growth fronts ( x 400).

precipitated along the edges of the growth fronts. The
visibility of the growth fronts is considerably reduced
at places where less of these impurities have been
adsorbed.

One often finds impurities of this type along the
boundaries or over patches of overgrowths. While
these impurities appear as black particles under the
optical microscope, the patches of overgrowths
appear in the form of perfectly circular discs, half discs
or irregular shapes. Fig. 2 illustrates all such forms of
patch-like formations of overgrowths and impurities.
Fig. 3 shows irregularly shaped patches (i.e. A, B, C
and D, etc.). The impurities along the edges of these
patches make them pronouncedly visible. In the cen-
tral region of this figure we find an almost hexagonal
patch staged over an almost circular (but deformed at
some places — see B) patch. The black material has
placed itself preferentially along the edges of these
patches. It is found randomly scattered over patch A.
Fig. 4 illustrates an interesting region where black
material and the patch-like features co-exist. Growth
lines which have independently developed are also
found on the patches. A is a hexagonal overgrowth,
B is a highly irregular and widely spread overgrowth
(as indicated by the arrows), C is an almost circular
overgrowth along with another hexagonal overgrowth
over it, and D is a half microdisc (the remaining

Figure 2 An optical micrograph showing patch-like formations of
overgrowths and impurities ( x 320).
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Figure 3 Different formations of irregularly shaped patches. Note
precipitation of impurities along the edges of some of the patch-like
formations ( x 320).

portion of which is covered by the irregular over-
growth). Evidence of independently developed growth
fronts is found, as at the marked region of the circular
patch (C). Some of the growth fronts on the circular
patch are made prominently visible on account of
precipitation of impurities along their edges. On close
examination of this patch, it is clearly established that
the saw-tooth appearance of the black boundary of
the patch is due to poorly resolved separation of
impurity particles. The impurity particles are seen to
be linearly arranged along parallel rows on the central
irregular patch B. The hexagonal overgrowth on the
circular patch C seems to have developed over it at a
later stage as is clear from the continuity of growth
fronts on either sides of the hexagonal feature. The
formation of these features is discussed further in the
following section.

3.2. Secondary phases

In order to understand the formation of the black
material and the irregular structures in the form of
patches, SEM and EDAX studies were carried out.

Figure 4 An optical micrograph illustrating several patch-like
formations offering evidence of independent growth over them. A is
a hexagonal overgrowth, B an irregular and widely spread over-
growth, C a circular overgrowth with a hexagonal overgrowth over
it, and D a half microdisc. Note the preferential precipitation of
impurities along the edges of B and C and parallel rows of linearly
arranged impurity particles on B (x 864).



Fig. 5a shows black structures (as observed under the
optical microscope) when examined under the SEM.
Energy dispersive X-ray analysis (Fig. Sb and c) estab-
lishes that the black material (often seen on the crystal
surfaces here) corresponds to lead- and iron-rich irreg-
ular islands; the energy dispersive X-ray analysis
micrographs (b and c) of the region shown in (a)
illustrate the detection of PbMu radiation in (b), con-
firming the structures to be rich in lead, and the detec-
tion of FeKu radiations in (c), showing the structures
to be rich also in iron. It is most probable that the
segregated black material in the form of irregular
elevations on the surface or as particles along the
growth edges (Fig. 1) or at the boundaries of circular
or irregular patch-like structures (Figs 2 to 4) is mag-
netoplumbite. This conclusion receives further sup-
port from the literature [9, 10], wherein the authors

Figure 5 (a) A scanning electron micrograph of lead-rich irregular
structures. (b) and (¢) EDAX of micrograph shown in (a) detecting
(b) PbMu radiation and thus showing the structure to be rich in
lead, and (c) FeKu radiation thus showing the structures to be rich
in iron also (x 840).

have established the formation of magnetoplumbite in
the case of flux-grown ErFeO;.

On application of EDAX to the patch-like struc-
tures, it is established that these structures are highly
deficient in iron (there is an almost complete absence
ofiron). Fig. 6a is the scanning electron micrograph of
one of the patch-like structures (giving the appearance
of overgrowths). The X-ray mapping of the corre-
sponding region of Fig. 6a shown in Fig. 6b indicates
(i) the absence of FeKu radiation within the region
occupied by the overgrowth, showing it to be devoid
of iron, and (ii) the detection of FeKx radiation only
on the surface surrounding the irregular structure but
not over the irregular structure.

The above observation is further supplemented by
the results obtained on other similar irregular struc-
tures. Fig. 7 is an electron micrograph of one such
irregular structure on the HoFeO, crystal surface. The
horizontal white line across Fig. 7 is the line along
which the elemental scan was made. Fig. 8 is the
element profile showing registration of HoLx and
FeKa radiation as we scan from left to right
(A-B~C-D). The two traces corresponding to HoLu
and FeKu radiations have been separated for con-
venience to avoid confusion due to overlapping. The
profile reveals loss of FeKx radiation and only the
continuity of HoLx radiation in the region B—C indi-
cating thereby a sudden drop in the concentration of
iron from the composition of the structure. It thus
appears as if the irregular structure were a metal over-
growth of holmium but this is, however, impossible
because holmium is far too reactive. The most plaus-
ible explanation is that the irregular structure is com-
posed of HoOF which is observed as a secondary
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Figure 6 (a) Topograph of crystal surface as seen under the SEM showing an irregular structure observed to be rich in holmium. (b) Energy
dispersive X-ray micrograph of the region shown in (a) indicating absence of FeKu radiation over the surface of the irregular structure,
suggesting it to be rich in holmium. Note the detection of FeKu radiation on the general surface surrounding the irregular structure ( x 840).

phase in the flux growth of HoFeO, under the given
growth conditions. The absence of oxygen and fluor-
ine peaks corresponding to the composition HoOF (of
the irregular structure) in the profile of Fig. 8 is not
surprising since these light elements cannot be detec-
ted by this technique.

One might think of the formation of HoBO, instead
of HoOF in view of the starting composition. In order
to confirm that the composition is HoOF and not
HoBO,, the crystal was subjected to acid (con-
centrated HNO,) treatment repeatedly, since HoBO,
is acid soluble. The overgrowths did not show any sign
of disappearance, supporting their composition to be
HoOF rather than HoBO,.

It is interesting to note that the overgrowths due to

Figure 7 An electron micrograph showing irregular structure on
HoFeO, crystal surface. The horizontal white line A-B-C-D
across this figure is the track along which the elemental scan was
made (x 2800).

3628

precipitation of HoOF developed almost at the end of
HoFeO; crystal growth, as we established by examin-
ing the surrounding features of several such over-
growths and finding that there is practically no evi-
dence of modification of HoFeQO, growth fronts by
these overgrowths.

3.3. Microdisc formation

The formation of microdiscs has been attributed to the
protective action on the surface by an air bubble
during the process of dissolution [11-15]in the case of
a wide variety of crystals. Microdisc formation is one
of the most frequent observations on flux grown rare-
earth orthoferrite crystals. They have been observed in
ErFeO; crystals [10], and DyFeO, and (HoY) FeO,
crystals [16]. In the present case, three distinct for-
mations of microdiscs are observed.

The first type seem to have formed at the end of
crystal growth. Fig. 9 illustrates a lone microdisc on a
reasonably plane surface almost devoid of any other
growth structures. Fig. 10 is a microdisc on a surface
where thin growth layers are visible. Critical examin-
ation indicates continuity of growth layers on either
side of the disc. Figs 9 and 10 are examples of micro-
discs which formed at the end of growth of HoFeO,
crystals. EDAX studies on the tops of these microdiscs
and the general crystal surface outside their periphery
indicated major peaks due to holmium, iron and some
traces of aluminium and silicon, the analysis expected
for HoFeO;. Black spots on the microdisc of Fig. 10
are due to impurities containing lead as the major
element which have adhered to the microdisc surface,
probably after conditions had become hostile to its
further growth.

Traces of aluminium and silicon may be present in
the starting materials, but there is no doubt that the
major source of aluminium and silicon in the sillimanite
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Figure 8 Element profile traced by EDAX showing detection of HoLax and FeKa radiation on scanning from left to right. Note loss of FeKa
radiation and the continuity of HoLx radiation in the region B to C revealing absence of iron from the composition of the irregular structure.
(Traces corresponding to HoLa and FeKa radiations are separated for convenience.)

(AL SiO;s) muffle which contained the crucible in
the furnace. Formation of volatile species, capable of
transporting aluminium and silicon, is expected at
high temperatures by the reaction of PbF, with
Al,Si0;. Thus aluminium and silicon are transported
into fluxed melts [17, 18], eventually entering the crys-
tal lattice in substitution for suitable atoms (alu-
minium substituting for Fe**).

The second type of microdisc formation is illus-
trated in Fig. 11. Three microdiscs A, B, C and a fault
in the form of an aeroplane wing (D) are seen in the
optical micrograph. The fault D is probably a large
inclusion (perhaps a microcrystal) which has been
partially embedded under the general host crystal sur-
face. Its formation and placement during the con-
tinuation of the crystal growth process is clearly evi-
dent from the fact that the growth fronts on the
general host surface were modified on encountering
this obstacle. The growth fronts are clearly seen to
have crossed over the fault, which was shifted in this
process. The fault has developed strains in the crystal
as is evident from cracks clearly visible at its upper
boundary. The region containing microdisc A is

Figure 9 An optical micrograph showing a single microdisc on a
surface practically free from any other growth structure ( x 450).

shown at a higher magnification in Fig. 12. It has a
different story to tell. Unlike the microdisc of Figs 9
and 10, this microdisc has obstructed the advancing
growth fronts and modified them while they crossed
over it and tried to engulf it. Some parts of the micro-
disc boundary have already disappeared under the
growth layers of HoFeO,. The retardation and
modification of growth fronts on meeting the already
existing microdiscs is abundantly clear. This obser-
vation clearly indicates the formation of these micro-
discs before crystal growth has ceased (unlike Figs 9
and 10). Had growth continued, the microdiscs would
have been completely covered over by the growing
surface of the crystal.

The third type of microdisc formation is illustrated
in Fig. 13, in which one observes a microdisc and an
elevated structure ABC owing to some kind of fault
having been embedded into the crystal body by rap-
idly advancing growth fronts. The modification of
growth fronts originating from an active generating
centre while wrapping up the fault, is clearly noticed.
The microdisc on the broader side A of this fault
appears to have been formed much later but before

Figure 10 An optical micrograph showing a microdisc with conti-
nuity of growth layers on either side of it ( x 416).
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Figure 11 Topograph of a crystal surface as viewed under the
optical microscope showing microdiscs A, B, C and a fault D.
Notice modification of growth fronts on overriding the fault and
cracks on the upper boundary of the fault ( x 320).

growth ceased. This inference is drawn because of the
indications of independent growth on the surface of
the microdisc. Most of the growth layers on the micro-
disc do not seem to have any connection with the
growth fronts on the general surface, though some do
give an impression of having crossed over the bound-
ary. The blackness along some parts of the periphery
is an impurity rich in lead.

Fig. 14 offers an interesting case of microdiscs in a
row oriented in the [0 1 0] direction on a {100} surface.
Features of these microdiscs are that most have a
stepped structure, a flat top and are of different sizes
both in height as well as in diameter. The black cir-
cular structure on the lower extreme of the row (lower
left of Fig. 14) is an impurity rich in lead. The two
irregular structures, A and B, are elevations which
seem to have buried the underlying structure. This is
amply clear from the partial coverage of the microdisc
on the right-hand side of the irregular structure B. The
facet formation of the crystallizing material (of which
the overgrowth A and B are composed) is evident.
EDAX analysis indicated the irregular structures A
and B to have the same composition as those of

Figure 12 An optical micrograph of the lower middle region at
higher magnification revealing the microdisc (A) as an obstruction
in the advancement of growth fronts. Notice some parts of the
microdisc boundary having disappeared under the growth layers of
HoFeO, ( x 1056).
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Figure 13 An optical micrograph showing an elevated structure
ABC due to burial of a fault by the advancing growth fronts and
indicating independent growth on the surface of the adjoining
microdisc ( x 320).

Fig. 7 which we have suggested is due to precipitation
of HoOF after growth has ceased. The surface of the
microdisc has the composition HoFeO, (as indicated
by EDAX studies). These observations support the
burial of the microdisc structures developed earlier on
the surface. The unusual formation of stepped micro-
discs is attributed to arhythmic fluctuations in the
conditions of crystal growth.

Fig. 15 is an electron micrograph showing two
microdiscs A and B and a rounded cavity C. In order
to obtain evidence in support of the formation of the
microdiscs as being the result of growth of HoFeO,
over impurities, the above micrograph was recorded
after indenting one of the microdiscs on the right side
(B) so as to chip off a small part of it. The presence of
black material (established to be rich in lead and iron
by EDAX) under the broken part of the disc supports
the view that the formation of these microdiscs can be
attributed to the process of HoFeO, growing over the
impurities.

Table I gives a summarized account of the above
observations.

4. Conclusions
1. Using the PbO—PbF, ~B,0; flux system for the
growth of HoFeQ; crystals results in the precipitation

“‘"\\n

Figure 14 A photomicrograph showing a row of microdiscs oriented
in [0 10] direction on a {100} surface. A and B are irregular struc-
tures and the facet formation of the crystallizing material due to
precipitation of HoOF ( x 400).



TABLE I Structures on HoFeO, crystal surfaces

Analysis

Conclusion

Further note

Al and Si present as
trace impurities

Black material along
edges rich in Pb and

Black material rich in
Pb and Fe. Traces of
Al and Si present

Black material rich in
Pb and Fe. Traces of
Al and Si present

5b shows PbMo
radiation. 5¢ shows
FeKu radiation.
(Features rich in Pb
and Fe)

Ho present as main
component. Fe is
absent. The structure
did not disappear on
acid treatment

Structure Figure Technique
Main flat surface Any of the EDAX
given figures
Wavy growth fronts 1 OM/EDAX
Fe
Patch-like structures 2-4 OM/EDAX
and scattered particles
of black material
Array of particles of 2-4 OM/EDAX
black material
Irregular elevations Sa, b, c SEM/XM
Irregular oveérgrowth 6, 7, Struc- SEM/XM/EPA
ture A and
B of Fig. 14
Microdisc pattern 9-15 OM/SEM/EDAX

Exhibit the same
peaks in the EDAX
curves as the main
flat surface of
HoFeO,. The black
material on the sur-
face (C) of Fig. 15
and under the par-
tially chipped micro-
disc B is rich in Pb

Al and Si present are
transported from
ALSiO; muffle by the
reaction of the PbF,
vapours. Al in the
HoFeO; lattice sub-
stitutes for Fe’*

Crystallization of
impurity phase as
magnetoplumbite
(PbO - 6Fe,0;)

Crystallization of
impurity phase as
magnetoplumbite
(PbO - 6F¢,0,)

Crystallization of
impurity phase as
magnetoplumbite
(PbO - 6F¢,0,)

Crystallization of
impurity phase as
magnetoplumbite
(PbO - 6F¢,0;)

Crystallization of
secondary phase of
composition HoOF
likely

Formed due to the
engulfment by
HoFeOQ, of impurity
phase during growth

EDAX indicates Al
and Si peaks in every
case

Impurities rich in Pb
and Fe precipitate
preferentially along
the edges of the
growth fronts

Perfectly circular,
semicircular and very
irregular patches,
some covered by
black impurities

Orderly arrangement
along parallel lines in
Fig. 4 suggests decor-
ation of defects.
Impurity aggregate
on left side of Fig. 2
suggested to be defect
clusters

Verified that the black
material as seen under
OM (Figs 2—4) is rich
in Pb and Fe

Habit formation of
secondary phase
(HoOF) overgrowths
at the end of HoFeO,
crystal growth is seen
in Fig. 14

Discs mainly of three
types: (i) on surface
devoid of growth
structures or showing
continuity of growth
fronts on either sides
of the disc; (ii)
growth fronts cross-
ing over the disc
attempting to cover it
up, and getting modi-
fied in the process; (iii)
discs with stepped
layers

OM = optical microscopy. SEM = scanning electron microscopy. EDAX = energy dispersive analysis of X-rays. XM = X-ray mapping.
EPA = element profile analysis.

of PbO - 6F¢,0; (magnetoplumbite) as a secondary
phase during growth.

2. HoOF also is precipitated as another secondary
phase. This happens mostly at the end of the growth
of HoFeO; crystals.

3. The impurity phases precipitated during growth
become enveloped by rapidly advancing growth fronts
of HoFeO; on the growing crystal surface and in this
process, result in the formation of microdisc patterns.
The microdisc patterns, having the same elemental
distribution as the general HoFeO, crystal surface,

were formed on the surface before the cessation of
HoFeO; crystal growth.

4. Aluminium and silicon are present as impurities
in all the HoFeO; crystals studied. These may orig-
inate partly from traces of the impurity in the starting
composition itself but to a greater extent from the
transport of volatile species into the crucible after
reaction of volatile PbF, with the Al,SiO, furnace
muffle. Aluminium no doubt substitutes in the
HoFeO, crystal lattice for Fe’*.
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Figure 15 A scanning electron micrograph showing microdiscs A
and B and a rounded cavity C. Notice the presence of impurity rich
in lead and iron in the form of black material in the indented part
of the microdisc B, indicating the formation of the latter due to
covering process of the former ( x 700).
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