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Nanostructured cation distribution in FeNbO4: A
synchrotron powder diffraction and transmission
electron microscopy investigation
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The real structure of FeNbQO, was determined by a combination of electron microscopy
investigations and high resolution synchrotron powder diffraction. It is shown that the
order-disorder phase transition from the orthorhombic high-temperature modification
(a-PbO,-type structure) to the monoclinic low-temperature modification (wolframite-type
structure) of FeNbQ, is translationengleich and leads to a domain structure that consists of
a coherent mixture of the orthorhombic and the monoclinic modification. Domains of the
monoclinic phase are separated by antiphase boundaries with an antiphase vector (1,1 - 0).
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The real structures of eight different samples have been investigated in terms of domain
size and degree of cation ordering by peak-shape analysis and the ratio between integrated
intensities of split-structure and fundamental reflections. The obtained real structure is
correlated with the conditions of synthesis. © 2002 Kluwer Academic Publishers

1. Introduction

Possible applications for some types of ABO, oxides,
e.g., FeNbO,4, FeTaO4 and FeWO,, as gas sensors
[1-4], catalysts or in photodetector technology [5, 6]
have given rise to an intensive study of these mate-
rials within the last decade. Special topics of inter-
est are the electric and magnetic properties [4, 7-9]
as well as new routes of synthesis [10-12]. Of pri-
mary importance for the understanding of the physical
properties of these materials is a detailed knowledge
of the underlying ideal and real structures. This paper
presents the results of Rietveld refinements based on
synchrotron powder diffraction data recorded for eight
samples with the formal composition FeNbO, but pre-
pared under different conditions. In the phase diagram
Fe,03-Nb,O5 four modifications with the formal com-
position FeNbOy, are known [13-15]. In two of them
Fe and Nb are randomly distributed on one crystallo-
graphic site, i.e., the notation (Fegs5Nbgs)O; is more
appropriate. At higher temperatures (7' > 1380°C) the
rutile-type structure with tetragonal symmetry (space
group P4,/mnm) is formed, while at lower temper-
atures the a-PbO,-type structure with orthorhombic
symmetry (space group Pbcn) is realized. In the lat-
ter ordering of the cations occurs between 1050 and
1100°C, resulting in a reduction of symmetry. This
phase transition due to cation ordering is translation-
engleich [16] and leads to the wolframite-type struc-
ture (space group P2/c). The fourth modification is
reported to be stable at 700°C and crystallizes in the
AINbOy, type structure (space group C2/m) [14, 15].
In this paper it is shown that the ideal structure and the
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real structure of the samples can be controlled by the
conditions of synthesis.

2. Sample preparation and experimental

The synthesis of FeNbO,4 powder samples was carried
out by the sol-gel method [10]. NbCls (Fluka, 99,9%)
and FeCl;*6H,0 (Fluka, Assay 99-102%) were used
as educts. The gel was dried at 250°C and characterized
by X-ray powder diffraction on a Siemens D500 Bragg-
Brentano diffractometer with Cu-K, radiation and a
secondary monochromator. Only gels without impuri-
ties have been used in the following process. The pure
gel was divided into different samples, put in alumina
crucibles and treated with different temperature pro-
grams. One sample (Sample A) was annealed at 1050°C
for 12 hours and cooled down in air slowly to room tem-
perature. One half of this sample was annealed again
for 2 hours at 1150°C and quenched in water (Sam-
ple I). All other samples were annealed at 1050°C for
12 hours, followed by 2 more hours at 1150°C and
quenching in water. The as quenched samples were
annealed again at temperatures of 700°C (Sample B),
800°C (Sample C), 950°C (Sample D), 1000°C (Sam-
ple E), 1040°C (Sample F), 1060°C (Sample G) and
1080°C (Sample H) for 2 hours, see Table 1. The syn-
thesis of nonstoichiometric samples was tried by mix-
ing and ballmilling of the dried gel together with small
additional amounts of Fe,O3; or Nb,O5 between 1 and
10 wt%. These samples were annealed for 12 hours
at 1050°C and 1150°C, respectively. All samples were
characterized by X-ray powder diffraction. Sample I as
well as Sample A and the nonstoichiometric samples
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TABLE 1 The refined size parameter of Fullprof profile function no. 7, the calculated domain size and the measured TEM domain size of the

Samples A, C-I

Domain size Domain size Degree of

Temperature treatment Sample Ly Scherrer (I&) TEM cation order (%)
1050°C, 12 h A 0.0336(13) 2311(90) Not measured 99(1)
1050°C 12 h, 1150°C 2 h, 700°C 2 h B
1050°C 12 h, 1150°C 2 h, 800°C 2 h C 1.192(68) 35(3) 41(12) A 55(3)
1050°C 12 h, 1150°C 2 h, 950°C 2 h D 0.450(13) 98(5) 81(20) A 77(4)
1050°C 12 h, 1150°C 2 h, 1000°C 2 h E 0.210(3) 201(9) Not measured 84(4)
1050°C 12 h, 1150°C 2 h, 1040°C 2 h F 0.113(2) 373(15) Not measured 80(2)
1050°C 12 h, 1150°C 2 h, 1060°C 2 h G 0.092(2) 477(20) 437(63) A 63(2)
1050°C 12 h, 1150°C 2 h, 1080°C 2 h H 0.141(4) 300(18) Not measured 39(2)
1050°C 12 h, 1150°C 2 h 1 0
were measured on a STOE STADI P diffractometer

. .. 1000
(Co-Kay) in transmission mode, all other samples
were, in addition, measured at beamline B2 at the — 800
Hamburger Synchrotronstrahlungslabor HASYLAB, 2 e e
Germany. A pneumatically bent cylindrical mirror was — oo T
used to optimize instrumental resolution by minimiz- b 200 M
ing vertical divergence [17]. Wavelengths of 1.15962 %
and 1.20878 A, respectively, were selected for the g 200 . . ‘
high-resolution diffraction experiments by a Ge(111)
double-crystal monochromator. In addition, a Ge(111) O Pneiniastsbosaniomsrmsb| i s

analyzing crystal was used in front of the Nal scintilla-
tion counter. For the refinement of the crystal structure
the software package Fullprof [18] was used. Transmis-
sion Electron Microscopy (TEM) investigations were
carried out on a Philips CM20 and a Philips CM 12 mi-
croscope. Contrast simulations were performed with
the software package NCEMSS [19].

3. Analysis of data

The X-ray diffraction data for Sample A can be refined
as a pure FeNbO, of wolframite-type structure. The
atomic parameters are in good agreement with litera-
ture [13]. Sample I contains small amounts of hematite
(about 0.8 weight%). The refinement of the structure
of this sample reveals (Fey sNbg 5)O, with the a-PbO5,-
type structure, the atomic parameters are again in good
agreement with previous data [13]. In both samples no
peak-shape anomalies were found. Sample B gave a
diffraction pattern without any significant difference
to the one of Sample A and was not further investi-
gated. All other samples show significant peak shape
anomalies. Strong broadening is obtained as well as
asymmetries to higher and lower angles of diffraction.
Crystallographic aspects have to be considered to ex-
plain these peak shape anomalies: The reduction of
symmetry from the orthorhombic to the monoclinic
polymorph of FeNbQy, this order-disorder phase tran-
sition is translationengleich, is accompanied by a two-
step symmetry reduction: 1. The distortion of the lat-
tice with 8 =90° — B #90° without cation ordering,
2. cation ordering. The deviation of the monoclinic an-
gle B from 90° results in a splitting of the crystallo-
graphic (8d)-site of the oxygen sublattice of the or-
thorhombic phase into two different (4g)-sites for the
monoclinic polymorph. The crystallographic (4c)-site
of the orthorhombic structure is randomly occupied by
Fe and Nb and splits into the (2e)- and (2f)-sites of
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Figure 1 Section of an high-resolution synchrotron powder diffraction
pattern of Sample G (top), calculated intensities based on crystal structure
refinement (middle), and the difference between these patterns (bottom).
The shown reflections are split-structure reflections with the indices
(010), (100) and (011).

the monoclinic structure. Without cation ordering, both
of these sites, (2e) and (2f), are occupied half by Nb
and half by Fe. The symmetry reduction results in a
splitting of the (h, k, [) reflections into (%, k, +I) and
(h, k, —I) reflections. Due to the random distribution of
the cations onto the (2e)- and (2f)-site, the loss of the
reflection conditions Okl : k=2n, hkO : h+k=2n,
(h00 : h =2n), and (0kO : k =2n), corresponding to
the break of b and n glide plane symmetry, results in
no additional detectable reflections, since their struc-
ture factors are close to zero. Reflections of this type
are denoted split-structure reflections [20]; they gain in-
tensity from cation ordering. The intensities and peak
shapes of these reflections are directly related to the
degree of cation order and further real structure pec-
ularities of the samples. Peak shape analysis shows
that broadening occurs for all split-structure reflections
(Fig. 1), while asymmetries are found for fundamental
reflections (Figs. 2 and 3). The patterns of all sam-
ples with such anomalies were fitted by contributions
from both the orthorhombic and the monoclinic mod-
ification. Furthermore, a splitting of the pattern of the
monoclinic modification into two different contribu-
tions was necessary, according to the crystallographic
aspects discussed: The split-structure reflections were
described by a different peak shape as compared with
the fundamental reflections. All refinements were based
on fixed background points with a linear interpolation
in between. The refined parameters are the metric of
the unit cells, atomic positions, isotropic temperature
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Figure 2 Section of an high-resolution synchrotron powder diffraction
pattern of Sample G (top), calculated contribution of the wolframite-type
phase to the fundamental reflections based on crystal structure refinement
(2nd), calculated contribution of the «-PbO;-type phase based on crystal
structure refinement (3rd), and the difference between the total calculated
and observed profiles (bottom).
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Figure 3 Section of an high-resolution synchrotron powder diffraction
pattern of Sample G (top), calculated contribution of the wolframite-type
phase to the fundamental reflections based on crystal structure refinement
(2nd), calculated contribution of the «-PbO, type phase based on crystal
structure refinement (3rd), and the difference between the total calculated
and observed profiles (bottom).

factors, the iron-niobium distribution onto the (2e)- and
(2f)-sites, and the peak shape (profile function no. 7).
The lattice constants for all phases are in good agree-
ment with published data, see Tables IT and III. Table IV
gives the atomic parameters, again in good agreement
with published data [13]. Peak-shape analysis of the
split-structure reflections implies a dependence of the
FWHM on a size effect, since they can be fitted very
well with the Scherrer parameter Ly in Fullprof [18].
The domain sizes of the samples are listed in Table 1.
Furthermore, the peak-shape analysis shows that Sam-
ples C, D, E show a Lorentzian shape for the fundamen-

TABLE II Lattice parameters of the wolframite-type phase in
comparions with data from literature

Sample  a/A b/A c/A B/°

A 4.65028(11)  5.61564(11)  4.99778(11)  90.149(2)
c 465231(6)  5.61521(6)  5.00281(6)  89.991(4)
D 4.65108(10)  5.61535(10)  4.99752(7)  90.010(3)
E 4.65242(19)  5.61887(23)  4.99983(19)  90.134(6)
F 4.65284(8)  5.61773(10)  5.00117(8)  90.124(3)
G 4.65320(7)  5.61720(6)  5.00214(7)  90.109(2)
H 4.65331(12)  5.61555(14)  5.00276(12)  90.098(4)
[21] 4.653 5.620 5.001 90.16

8] 4.6560(3) 5.6319(3) 5.0076(2) 90.27(7)
[4] 4.649 5.623 5.006 90.4

TABLE III Lattice parameters of the «-PbO,-type phase in
comparison with data from literature

Sample a/g b/f& c/fl

C 4.65010(4) 5.61787(6) 4.99907(6)
D 4.64926(5) 5.61737(5) 4.99765(5)
E 4.65116(6) 5.61679(6) 4.99857(6)
F 4.65201(5) 5.61670(5) 5.00071(5)
G 4.65244(6) 5.61627(6) 5.00164(6)
H 4.65206(2) 5.61698(2) 5.00333(2)
1 4.65523(10) 5.61877(10) 5.00875(10)
[21] 4.647 5.613 5.005

[22] 4.6496(1) 5.6181(1) 5.0058(1)
[12] 4.651(5) 5.613(5) 5.004(5)
[8] 4.6616(2) 5.6329(2) 5.0164(2)

TABLE IV Fractional coordinates of the (4c)- and (8d)-sites of the
orthorhombic modification and of the (2e)-, (2f)- and (4g)-sites of the
monoclinic modification

Crystallographic

site Atoms X y 4

4c Fe/Nb 0 0.1768(6) i

8d o} 0.267(7) 0.3861(2) 0.417(5)
2e Fe 0 0.1713(24) 1

2f Nb : 0.6799(7)

4g o} 0.225(16)  0.118(7) 0.911(3)
4g 0 0.298(12)  0.382(7) 0.437(11)

The given values are averages for all samples with standard deviations
in brackets.

tal reflections of the wolframite-type phase while the
corresponding peaks of Samples F, G, H are mainly of
Gaussian shape. For all samples heated above the tem-
perature of the orthorhombic-monoclinic phase transi-
tion, small amounts of hematite with a maximum con-
tent of 0.8 wt% could be found within the samples.
This occurence of impurities is in agreement with pub-
lished observations [5, 8, 23]. However, in contrast to
all the other studies on FeNbQy cited before, no indi-
cation for FeNb,O¢ with columbite-type structure was
found in any of the samples under investigation. All at-
tempts to obtain non-stoichiometric samples resulted in
an increased amount of the correspoding oxide Fe, O3
or Nb,Os as impurity.

TEM dark-field imaging was applied to split-
structure reflections and, for comparison, also to funda-
mental reflections on several samples. A domain struc-
ture can clearly be seen in the dark-field images as the
light areas represent cation order and dark areas cation
disorder (Fig. 4). High-resolution TEM images of ar-
eas that contain boundaries from one monoclinic to an-
other monoclinic area show that a perfectly ordered
oxygen sublattice is preserved (Fig. 5). The lattice con-
stant of the orthorhombic phase along b appears with
only half the value as compared to the lattice constant
of the monoclinic domains due to the additional b-glide
planes. Lattice planes in neighboured monoclinic do-
mains are shifted by half of the lattice constant along b
corresponding to the anti-phase vector (%,%, 0) for this
projection. High-resolution contrast simulations were
calculated for both the monoclinic and the orthorhom-
bic modification. Therein the difference between the
orthorhombic and the monoclinic phase can be seen
by a virtual bisecting of the lattice constant for the
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Figure 4 TEM dark-field and small-area electron diffraction (SAED) images of Sample D. (200) is a fundamental reflection, while (100) is a

split-structure reflection.

Figure 5 High-resolution TEM image of Sample F. The orthorhombic modification can be distinguished from the monoclinic modification by a virtual
bisecting of the lattice constant of the monoclinic phase in the orthorhombic phase. The antiphase correlation between two separated monoclinic areas
can be seen by the shift about half a lattice constant along b, caused by 2.5 unit cells of the othorhombic modification (1.40 nm).

orthorhombic phase as compared to the monoclinic
modification. This reflects the different projection prop-
erties of a 2-fold axis compared to a b-glide plane. The
simulation was calculated for a series of defocus values
from —400 A to 200 A in steps of 50 A and for different
sample thicknesses from 100 A t0300 A in increments
of 40 A. The change from one monoclinic domain to the
next matches the result of the simulation as the mono-
clinic domains are separated by several atomic layers
of the orthorhombic modification and a specific shift in
the lattice.

Refinements based on the synchrotron and labora-
tory X-ray powder diffraction data were performed to
quantify the degree of cation disorder for different sam-
ples. The applied Rietveld method optimizes model
parameters with respect to all individual data points
and not only integrated intensities, so that peak over-
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lap and profile analysis are most properly taken into
account. A promising model has to be based on the
nanostructured cation distribution and must reproduce
the observed peak shapes. Three kinds of contribu-
tions to the observed profiles have been distinguished:
(1) The split-structure reflections are due to the undis-
turbed cation order in domains with wolframite-type
structure and appear as very broad reflections because
of the small domain size. (2) Fundamental reflections
of the wolframite phase are much sharper as they re-
sult from much larger domains. Antiphase boundaries
within these domains affect only the intensities but not
the half-width of fundamental reflections as they do not
destroy coherence. (3) Areas with a random distribution
of cations contribute only to fundamental reflections,
but according to the orthorhombic «-PbO,-type struc-
ture there is no splitting between reflections (4, k, [)



and (h, k, —I). Formally, these three contributions are
treated as separate phases with constrained structural
parameters. The isotropic thermal displacement param-
eters of all oxygens in all phases were constrained to
the same value. Furthermore, the structural parame-
ters for the wolframite-type phase were constrained,
although the corresponding reflections were formally
split into the two sets of split-structure reflections on
one hand and fundamental reflections on the other
with different peak shapes and half widths. The de-
gree of cation order, as listed in Table I, is deduced
from the ratio of the integrated intensities of the split-
structure reflections compared to those of the funda-
mental reflections. 100% cation order corresponds to
the ideal wolframite-type structure, 0% represents com-
plete cation disorder, i.e., the «-PbO,-type structure.
The reliability of this refinement procedure is severely
cross-checked by the agreement of bond lengths and
angles with typcial values for [FeOg]- and [NbOg]-
octahedra. All isotropic thermal displacement parame-
ters converged to positive and meaningful values.

4. Results

All synthesized FeNbO, samples show a significant
broadening of the split-structure reflections due to the
domain structures of the samples. The domains are dis-
tinguished from each other by the occupation of the
crystallographic (2e)- and (2f)-sites with iron and nio-
bium, respectively. This interchange within an undis-
turbed oxygen sublattice causes antiphase correlations
between two monoclinic domains with an antiphase
vector (%% 0). Samples C and D do not show com-
plete cation ordering within the wolframite-type phase.
It is concluded that the process of cation ordering oc-
curs from several crystallization germs within the sam-
ple. The chosen annealing conditions for all wolframite
samples did not lead to a sample of pure wolframite
phase. The growth of the crystallization germs is there-
fore very slow and disturbed by the surrounding germs,
that themselves have the same tendency of growing. The
ordering process goes along with a distortion of the oxy-
gen sublattice, which is denoted to be the reason of the
Lorentzian peak shape of the samples mentioned above.
Samples F, G and H were quenched from temperatures
at or near the phase transition and do not show a distor-
tion of the oxygen sublattice, but a peak shape, related
to domain size effects. The synthesis of FeNbO4 with
a perfect wolframite-type structure can probably be re-
alised from a highly sintering active FeNbOy4 gel with
tempering times of several days at temperatures below
1050°C. The presence of hematite in all samples, that
were annealed at temperatures above the monoclinic —
orthorhombic transition temperature, and its increas-
ing amount with longer periods of tempering, suggests
that the orthorhombic modification of FeNbOy is only
metastable against decomposition. Quenching of sam-
ples from temperatures above the stability range of
the monoclinic modification freezes the metastable or-
thorhombic modification at room temperature. There-
fore, the stability range for non-stoichiometric samples
prepared by this method must be very narrow (less
than 1%).

5. Discussion

The existence of a nanostructured cation distribution
in FeNbO,4 was investigated on three different length
scales. The high-resolution TEM images show that the
nanostructure is caused by antiphase boundaries with
an antiphase vector (%,%,0) on bond length scale. Dark-
field imaging of FeNbOy crystallites shows the homo-
geneous distribution of the antiphase boundaries on a
scale of microns over single grains of the sample. X-ray
diffraction gives an average information, which is rep-
resentative for the whole sample. Even if the model
for the real structure used for the Rietveld refinement
is too simple as the regions with «-PbO;-type and
wolframite-type structures are treated separately and
possible phase correlations are neglected, it provides
a very successful description of the microstructure of
the sample. The influence of annealing temperature on
domain size and cation order is reliable, however, the
absolute numbers for the degree of cation order are
not unambigously defined. The good agreement of do-
main size calculations based on al/cos ® dependent
Lorentzian broadening and on TEM results support the
derivation of domain sizes from the broadening of the
split-structure reflections.

The existence of different kinds of real structures
is a consequence of different sample preparation con-
ditions. In situ experiments at high temperature could
show whether the monoclinic — orthorhombic order-
disorder phase transition is of second order at thermal
equilibrium or not. In any case the samples possess a
well pronounced real structure at room temperature.
But it cannot be excluded that at high temperature the
disorder is restricted on diffusion of Fe- and Nb-ions
one with another without the formation of particular
Fe- and Nb-layers, going along with unbroadened split-
structure reflections at these temperatures. Only in that
case the order-disorder phase transition would be of
second order.

Based on these results, an interpretation of the phys-
ical properties of FeNbO, and its possible applications
becomes promising and is in progress now with respect
to the electric and magnetic properties.
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