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Intergrowth Phases in the FesPO,,—-Fe;Si0,, System

C. GLEITZER anDp A. MODARESSI

Laboratoire de Chimie du Solide Mineral, Université de Nancy I,
Boite Postale 239, 54506 Vandoeuvre les Nancy Cedex, France

AND R. J. D. TILLEY

Department of Metallurgy and Materials Science, University College,
Newport Road, Cardiff CF2 1TA, Great Britain

Received November 28, 1984; in revised form March 11, 1985

A series of samples spanning the composition range between the phases FesPO,; and Fe;SiO, have
been prepared at 1173 K. These have been studied by powder X-ray diffraction and transmission
electron microscopy. This latter technique revealed that over the middle part of the composition range
intergrowth between unit cell thickness slabs of the two end-member phases occurred. These inter-
growths were sometimes disordered but ordered regions also occurred showing that a set of mi-
crophases can form in this system. Apart from stacking disorder the electron diffraction patterns often
revealed continuous lines of diffuse scattering as well as the normal sharp diffraction spots. This was
found all across the composition range including the end-member phases and is believed to be due to

disorder among the cations present.

Introduction

Some years ago an iron silicate was iso-
lated in material taken from the floor
of a reheating furnace. The subsequent
X-ray structure determination combined
with chemical analysis yielded a formula
Fe;SiO. The unit cell was found to be
monoclinic, with a = 2.14 nm, b = 0.306
nm, ¢ = 0.588 nm, 8 = 98° (/). The struc-
ture was described as being built up from
slabs of composition FeO which are linked
by lamellae of composition Fe;SiOg. The
FeO lamellaec have the rock-salt structure
and can be considered to be thin siabs of
wiistite. This is illustrated schematically
in Fig. 1a.

More recently, during an extensive study
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of the Fe-P-0 system, an oxyphosphate of
composition FeyPO;; was isolated. The
orthorhombic unit cell has dimensions a =
0.595 nm, b = 0.3065 nm, ¢ = 2.57 nm. This
phase proved to have a structure rather
similar to that of Fe;SiOjg in that it was also
built up from wistite slabs. In this com-
pound, though, they were linked by lamel-
lae of composition Fe;POg (2). The struc-
ture is illustrated schematically in Fig. 1b.
In this material we believe that the valence
of the P atoms should be taken as 5+. This
is because P5* seems to be stable in the
presence of Fe?*, as shown, for instance,
by Fe,P,0- (8), and in the presence of Fe3",
as shown by Fe3(PO,); (9). Hence, in
FeqPO,; it seems reasonable to take the va-
lence of the P atoms as 5+ and distribute



INTERGROWTH IN Fe,POy,—Fe;Si0,¢ SYSTEM

Q

¢ cl FeQ ~06nm
aJ FeQ ~04nm

F-'egP()6 ~0'65nm
Fe3Si06 ~0-65nm
dyor  FeO
d100 FeO

Fe.PO

Fe,Si0, S

FeO FeO

a _— b

FiG. 1. Schematic illustration of the structures of (a)
Fe,Si0Oy and (b) Fe,POy;. Both structures are com-
posed of alternating slabs of FeO and Fe; MOg, where
M is either Si or P.

the charges on the Fe atoms, 2+ and 3+, to
fulfill compositional requirements.

The similarity between these two struc-
tures is marked, and suggested that compo-
sitions intermediate between the two parent
phases, Fe;SiO,4 and Fe,PO,,, might be ac-
commodated by structural intergrowth. As
no work has been reported in this composi-
tion region that would allow this specula-
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tion to be checked, experiments were car-
ried out to explore the possibility further.
These are reported in this publication.

Experimental

The samples examined were prepared by
heating mixtures of SiO,, Fe, and Fe,0O; or
Fe,Si04, Fe, and Fe,O; for Fe;SiOy;
FePO,, Fe, and Fe,O; for FeyPOy,, and
Si02, FCPO4, Fe, and F6203 or FeZSiO4,
FePO,, Fe, and Fe,O; for intermediate
compositions. The mixtures were sealed in
evacuated sealed silica ampoules and
heated for several days at temperatures
close to 1200 K, as detailed in Table I.
Some of the preparations were recrystal-
lized by resealing them in evacuated silica
ampoules together with a trace of FeCl,
which acts as a mineralizer and transport-
ing agent. These were then heated for sev-
eral days at the same temperature as the
initial preparation. After heat treatment, all
samples were rapidly air-cooled.

All samples were examined by powder
X-ray diffraction using a Guinier camera of

TABLE 1
SAMPLES EXAMINED AND X-RAY POWDER DIFFRACTION PHASE ANALYSIS

Preparation conditions

X-Ray powder

Sample Sample gross Heating diffraction
no. composition time, days Temperature, K phase analysis
17 Fey(PO,)Os 3 1200 Fe PO,
16 Feg(Pojssio_st,‘)Og 3 1200 FCgPO[Z
27 Re Feg(P()‘75Si0A25O4)Os 5 1200 FegPOu
11 R FC7(P0,5Si0.5O4)06 3 1203 FC7SiOm
26 FCg(PojSio_gOOOg 5 1203 FCQPO 12
24 R Fe7(P0'SSi0,504)06 8 1203 Fe7Si010
19 FC7(P0Agsio_5O‘)06 1 1273 FC7SiO|0
2R FC7(Si0V75Po'2504)06 7 1203 Fe7SiO|0
12 Fes(8104)0¢ 5 1208 Fe;SiOy, + Fe;0, + Fe,_,0"
23R Fe;Si0) 11 1208 Fe;Si0,y + Fe;04 + Fe,_ 0

< R indicates that the original preparation recrystallized.
b The composition of the nonstoichiometric wiistite phase was not determined in these samples.
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Seeman-Bohlin pattern and CoKoa radia-
tion.

For electron microscope analysis, crys-
tals were crushed in an agate mortar under
n-butanol. A drop of the resultant suspen-
sion was allowed to dry on a net-like carbon
film on a copper support grid. Crystal frag-
ments projecting over holes in the carbon
film were examined in detail using a Jeol
JEM 200 electron microscope fitted with a
rotation/tilt stage which allowed samples to
be tilted through +60°. ‘‘Lattice fringe’’ im-
ages were taken at the top magnification of
330,000 %, using (00/) systematic reflections
and a total of 13 beams (including 000) for
FeosPOy; and (h00) systematic reflections
and 11 beams (including 000) for Fe;SiOq,.

Results

The phase Fe;SiOjg has not been deliber-
ately synthesized before, as the material
which was the subject of the original crystal
structure determination was extracted from
a furnace residue. Some difficulty was
found in preparing the compound, as can be
seen from Table I. In fact complete reaction
was difficult to obtain and nonnegligible
quantities of Fe,Si0,4, FeO, and Fe;0, were
also present in preparations. In contradic-
tion to this, however, the preparations con-
taining even small amounts of P were more
reactive and gross amounts of impurities
were not found in the reaction products.

Electron Microscope Phase Analysis

For phase analysis, the long unit cell axis
is the most important characteristic of these
materials while the other two axes, being
similar in the two structures, do not give
unequivocal data. Hence all crystal frag-
ments were oriented so that the long axis
was aligned perpendicular to the electron
beam. Thus, reciprocal lattice sections
were sought which contained the ¢* axis of
FesPOy; (c = 2.57 nm) and the o* axis of Fe,
SiO (@ = 2.14 nm).
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The results obtained showed that for
Feo POy, the reflections present along 00/
were those with / even (i.e., 002, 004, etc.)
and for Fe;Si0Oyy the reflections present
along 700 were those with h even (i.e., 200,
400, etc.). Figure 2 shows examples of
these patterns. The measured values of a
and ¢ derived from these diffraction pat-
terns were in agreement with the X-ray
data. No other long periodicities were
found on any diffraction patterns, apart
from the intergrowth phases described be-
low. Hence, all crystal fragments examined
could be assigned to FeoPOj; or Fe;SiOy.

In samples with compositions between
FegPOlz and F39P0.7ssi().250|2 the vast major-
ity of crystal fragments were of the Fe,PO,;
type, but a few did have the Fe;Si0, unit
cell. In samples of composition FeyPq sSig s
0,3, more fragments were of the Fe;Si0yq
type than of the Fey,PO,; type, but the rela-
tive numbers of each sort varied from sam-

FiG. 2. Diffraction patterns from (a) the (h00) row of
Fe,Si0O;, and (b) the (00{) row of Fe,PO ;. The extent
of these figures shows the number of reflections con-
tributing to the images in micrographs.
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ple to sample. This reflects the weakness of
electron microscopy for phase analysis of
this sort as well as any sample inhomoge-
neity present. In samples of composition ly-
ing between Fe7Si010 and F69P0.25Si0.75012,
all but one of the crystal fragments exam-
ined were of the Fe;SiOyq type, the excep-
tion being a coherent intergrowth of large
regions of the FeoPO;, and Fe;Si0y crys-
tal types. In addition, some fragments of
Fe,Si04 were also found in Fe;SiO4 prepa-
ration.

At the level of discrimination provided
by the analysis, the region is a two-phase
one, with FeyPO;; and Fe,SiOy being
present. The question of whether a solid-
solution range exists at either end of the
phase range is not directly answered by
these results. However, as in the composi-
tion range Fe7SiO10—Fe9P0,25Si0_75012, no
pure crystals were found with an axial spac-
ing corresponding to Fe,PO,,, it suggests
that Fe,;SiOy is able to take Fe,PO,; (or P)
into solid solution. At the other end of the
range, in the samples of FegPy 75Sip 250, ex-
amined of the 22 crystals studied, 20 were
of the FegPy 75Sip 25012 type and 2 possessed
the Fe;SiOy (h00) spacing. This suggests
that some solid solution of Fe;SiO;y in
FeqPO;; may take place, but the limit is
lower than at the other end of the phase
range.

Microstructures

The microstructures of the crystals ex-
amined were imaged by using a total of
13 beams for FegPO;, and 11 beams for
Fe;S8i0,y. The systematic 400 or 00/ rows
were used, and the micrographs therefore
contain only one-dimensional fringes,
with a spacing corresponding to (200) for
Fe;SiOy and to (002) for FegPOy,. The in-
formation in the images is therefore rather
limited. It does, however, reveal if inter-
growths or similar defects occur.

The end members of the series, FeoPOy,
and Fe,Si0O,y, were well ordered, and no
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obvious faulting was found. In all of the
other compositions examined faulted crys-
tal fragments were sometimes observed, as
well as well-ordered crystal fragments. The
faults took the form of lamellae of thickness
corresponding to one of the end members in
a matrix predominantly of the other mem-
ber. These faults were sometimes isolated
and sometimes clustered. In some crystal
fragments the density of the faults was very
high, and the crystal fragments themselves
were very disordered. Typical examples
are shown in Fig. 3.

Occasionally some crystal fragments
were found in which the faults were or-
dered or quasiordered. In the present inves-
tigation, this has only been found so far in
crystal fragments taken from samples of
overali composition FegPy 5Sig 5Oy, and then
only in fragments in which the matrix or
major component has corresponded to an
Fe;S10;¢ unit cell.

In these ordered crystals, several slabs of
Fe;SiO -type separate single lamellae of
FegPOy,, as is illustrated in Fig. 4. To date
two well-ordered patterns have been found,
corresponding to 3 units of Fe;SiOy to 1
unit of FesPO,, (Fig. 4a) and to 4 units of
Fe;Si0y to 1 unit of FePO,, (Fig. 4b). A
number of other ordering patterns have also
been found which are not quite perfect but
which show larger repeat distances. One of
these is also shown in Fig. 4c. No ordered
examples were found where the lamellae of
FeoPO;; were thicker than dhg, or where
isolated lamellae of Fe;SiOy ordered in a
FCQPOI‘Z matrix.

Diffuse Intensity

The presence of planar faults or disor-
dered intergrowth, as described above,
gives rise to streaks on electron diffraction
patterns. These streaks pass through every
normally allowed reflection and the direc-
tion of the streaks is parallel to the recipro-
cal lattice direction which is normal to the
fault plane (4). Hence, for FesPO,,, the
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FiG. 3. Electron micrographs showing disordered intergrowth between Fe;Si0, and Fe,POq;. (a)
Two isolated lamella of Fe,PO,; type in a matrix of Fe;SiO ) type. (b) A number of disordered lamellae
of Fe,PO, type in a matrix of Fe;SiO g type together with a thin region of FesPO,, type at the left. In
both micrographs the intergrowths are most easily visible in the thicker parts of the crystal, but the true
lamellae thicknesses are only accurately revealed at the crystal edge.

streaks run parallel to ¢*, which is parallel
to goz and normal to the (002) planes. In
Fe;Si0y the streaks run parallel to a*, i.e.,
parallel to g9, which is normal to the (200)
planes.

In the materials examined, an additional
diffuse intensity was observed. This took
the form of continuous lines, sometimes not
associated with any normal lattice reflec-
tions, sometimes running along rows of re-

flections. The direction of these lines was
always parallel to a* for Fe;SiOo and to c¢*
for FeoPOy;, that is, they were normal to
the slabs which make up the structure. Ex-
amples are shown on Fig. 5. The diffuse
scattering is not due to the intergrowth
faults, because, as stated, intergrowth will
cause all normal spots to be streaked. How-
ever, in addition, these diffuse lines of in-
tensity were observed in the pure end mem-



F1G. 4. Electron micrographs of crystals containing well-ordered intergrowths between lamellae of
Fe,;Si0, and Fe PO, types. (a) Sequence of 3 lamellae of Fe;SiO,, type followed by one of Fe,PO,,
type; (b) sequence of 4 lamellae of Fe;SiO), type followed by one of Fe,POy, type; (¢) sequence of
approximately 14 lamellae of Fe;SiO, type followed by one of Fe PO, type.
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F1c. 5. Electron diffraction patterns of (a) Fe,SiOyq
and (b) FesPO,, showing diffuse lines of intensity, par-
allel to a* in (a) and c* in (b).

bers of the series FeoPO;; and Fe;SiOy,
which showed no intergrowth faulting, and
in other crystal fragments which showed
perfect fringe patterns with no disorder.

The geometry of the streaking is quite.

complex. The lines do not appear on every
reciprocal lattice section, and in order to
check whether any particular diffraction
pattern showed diffuse lines of intensity it
was necessary to tilt crystals over as wide a
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range of angles as possible. As it was not
always possible to tilt crystals very far it is
not certain whether all diffraction patterns
show diffuse scattering or whether some
contain only sharp spots.

Discussion

The electron microscope phase analysis
shows that over the phase range studied
only two unit ¢ells occur, corresponding to
FeyPO,; and Fe;Si0yy. Over the greater part
of the phase range, faulted crystals are
found in which the matrix of one structure
type contains lamellae of the other struc-
ture. These lamellae are often disordered,
but sometimes ordered, and in this case a
set of discrete microphases is formed.

This result suggests that an extensive
solid solution between the two phases does
not exist under all preparation conditions.
Instead, when sufficient Si is present in
what is effectively the Fe,PO;; phase a la-
mella of Fe;SiOy type is laid down and
whenever sufficient P is present in a matrix
of Fe;SiOy a lamella of FePO,; is laid
down. The results do suggest, however,
that some solid solution may take place in
the composition region close to the parent
phases, because fewer faulted fragments
were found than should have been if no
solid solution at all occurred. This state-
ment must be regarded with some caution,
however, as the amount of material exam-
ined by transmission electron microscopy
is small, and can be unrepresentative of
bulk phase composition. A more accurate
assessment of solid-solution formation can
hence be gained from X-ray powder diffrac-
tion and other phase analysis techniques.

All across the phase range examined,
crystal fragments corresponding to un-
faulted FeoPO;, and Fe;SiO,, were found,
as well as disordered and ordered inter-
growth. This behavior suggests that the
preparations may have been made at a tem-
perature close to a phase boundary such
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that below the temperature only Fe;SiOy
and FeqPO,, coexist, while above it inter-
growth phases occur. A similar situation
has been found in the TiO,-GayO; system
for example, where, below approximately
1473 K TiO; coexists with TiGa,Os, while
above this temperature a complex series of
intergrowth phases form (5). By drawing
parallels it may be that preparations carried
out at higher temperatures in the FesPO;;-
Fe;Si0, system would yield a more exten-
sive series of ordered phases, while prepa-
rations at lower temperatures would lead to
two-phase coexistence between FegPOj,
and Fe;SiOy. Such studies are planned for
the future, although the high-temperature
stability of the parent compounds makes
experiments at significantly higher temper-
atures than those already employed very
difficuit.

Although the electron micrographs show
beyond doubt that intergrowths exist, we
cannot, at the moment give precise struc-
tures or formulae. The problem is associ-
ated with the structure proposed for is-
corite, Fe;Si0jo. A parallel study by X-ray
diffraction, shows that a more correct for-
mula for the phase may be closer to Fe;
Sig.940y19 (6). In this case, some silicon is
replaced by Fe* and a cation vacancy, to
maintain charge neutrality. However, if we
take the idealized formulae of the inter-
growth parent phases to be those given by
the crystal structures already published we
can write idealized formulae. In Fe;SiOyq,
there are two formula units per unit cell,
and hence one (Fe;Si0;g) per slab imaged in
the micrographs. In the case of FesPO,,,
the unit cell contains two formula units, and
each slab imaged in the micrographs will
contain one (Fey,POyy). As the phases found
so far have isolated slabs of FeyPQ,, the
series formula 1s then FeyPO,;, - n(Fe-Si
Oy), with n taking values of 3 and 4.
Clearly the real structures of these com-
pounds may differ from this idealized situa-
tion, as the interface region between the
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FeO slabs may be considerably modified
from that existing in the parent compounds.
Further considerations should therefore be
postponed until high-resoliition electron
microscope studies have been completed.
At this time, the structure of the inter-
growths and of Fe;SiOjp cannot be dis-
cussed in detail.

One of the more interesting results of this
investigation is the observation of diffuse
streaking on the diffraction patterns. The
diffuse streaking noted is not due to the in-
tergrowth phenomenon as it is also found
on diffraction patterns of the end-member
phases, FesPOj; and Fe;SiOy. As the ma-
trix reflections are not affected it is also
clear that much of the structure is perfect
and only one part of it is disordered from a
structural point of view.

Lines of diffusion scattering can arise in a
number of ways. Very similar diffraction
effects are found in a lattice in which we
have an alternation of two atom species in a
direction normal to the streaking, and a ran-
dom distribution of the two species in the
direction of the streaking (7). The most
likely contenders for the disordered atomic
species are Fe and P in the FesPOg lamellae
and Fe and Si in the FeSiO, lamellae. If the
structures of Fe,SiO, and FeqPO,, are ex-
amined, it is found that the Si** and Fe** or
P’* and Fe3* occupy similar sites in the
planes between the FeO blocks. Clearly, if
the Si*+ and Fe3* or P* and Fe3* are able to
exchange positions, or if the position that
each atom occupies during crystal growth is
rather flexible, then there is the possibility
that the alternation needed can arise. If
there is no or little correlation between the
sheets containing the alternating atoms
then diffuse lines of intensity would arise,
between normal reciprocal lattice rows. At
this point of the investigation it is impos-
sible to be more precise, but high-resolution
electron micrography and theoretical stud-
ies now underway may be able to clarify
this further.
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