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ZnFe2O4 has a spinel-type structure with Zn2þ ions located mainly on tetrahedral sites and Fe3þ ions

located on octahedral sites. ZnFe2O4 was synthesized in air by a solid state reaction and characterized

with X-ray diffraction, high temperature neutron diffraction, resistivity measurements and dilatometry.

The distribution of cations in ZnFe2O4 was measured from 298 to 1243 K and results show that above

673 K the cations start to redistributed in the structure. ZnFe2O4 has a semi-conducting behavior at

room temperature, but at temperatures above 905 K the conductivity decreases as the result of an Fe–Fe

interaction between octahedral sites.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Spinels are a very large class of compounds which are isotypic
with the mineral spinel MgAl2O4. Spinel materials are widely used
in the industry because of their usefulness as magnetic materials,
semi-conductors, pigments, catalysts and refractories. Most of
them are oxides but also sulphates, selenides and tellurides are
know to have the spinel structure [1–3]. The spinel structure of
oxides ðAB2O4Þ is build up around O2� ions which form a face-
centered close cubic packing (CCP) sequence, with 16 tetrahedral
sites and 64 octahedral sites per unit cell. The CCP layers of
oxygen are stacked parallel to f111g, resulting in alternating layers
of octahedral sites and tetrahedral sites. Several different cations
can be introduced in the structure which leads to a variety of
different charge combinations e.g. SnMg2O4, LiCrTiO4 or Na2WO4

[4–6]. Spinels are traditionally divided into two different ideal
types of structures: the normal spinel structure and the inverse

spinel structure. In normal spinels, A ions are located on
tetrahedral sites and B ions on octahedral sites. Inverse spinels
have half the B ions located on tetrahedral sites, while the rest of
the B ions and the A ions occupies the octahedral sites. The cation
distribution is often quantified with the parameter g, which
corresponds to the fraction of A ions on the octahedral sites.
Spinel-type materials with a normal spinel structure will have
g ¼ 0, whereas inverse spinel structures will have a g-value of 1.
ll rights reserved.

strup).
ZnFe2O4 has an almost normal spinel structure with Zn2þ

located on tetrahedral sites and Fe3þ located on octahedral sites.
ZnFe2O4 is a promising electrode material in NO and NO2 sensors
[7,8] and the material has also received much interest as a
possible sensor material for organic compounds such as ethanol,
acetone and propanol [9,10]. Other reports also indicate that
ZnFe2O4 is active toward Cl2 gas-sensing [11].

O’Neill [12] have studied the temperature dependence of the
cation distribution with X-ray diffraction by quenching the
samples in water but he was not able to refine the occupancies
on the tetrahedral sites. Kamiyama et al. [13] and Ligenza [14]
analyzed the cation distribution by neutron diffraction but only in
the temperature range of 4:22300 K. To our knowledge no in situ
high temperature neutron diffraction (HTND) have been pre-
formed on ZnFe2O4. HTND was therefore used in this study for
precise determination of the distribution of the cations at
different temperatures in ZnFe2O4.
2. Experimental details

2.1. Sample preparation and X-ray diffraction

ZnFe2O4 was synthesized with a solid state reaction using
powder of metal oxides (ZnO 99.99% (Alfa Aesar) and a-Fe2O3

99.9% (Alfa Aesar)). The powder was mixed in an agate mortar and
calcined at 1173 K for 30 h with a ramp rate of 373 K/h. The
powder was then crushed in an agate mortar and the calcination
process was repeated. The spinel powder was analyzed in air at

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
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mailto:frantz.braestrup@risoe.dk


ARTICLE IN PRESS

9000

8000

7000

6000

5000

4000

3000

2000

1000

0
20 40 60 80 100 120

2θ

ar
bi

ta
ry

 s
ca

le

RT
373 K
573 K
673 K
773 K

873 K
973 K

1073 K

1173 K

1243 K

Fig. 1. HTND profiles of ZnFe2O4 at measured temperatures.
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room temperature with X-ray diffraction on a theta–theta STOE
diffractometer with a Cu anode. The powder was measured in the
2y-range from 10� to 130� with a step width of 0:02� and an
exposure time of 10 s. The powder was pressed on a CompaC
PRESS at 1 ton for 30 s into an elongated rod ð4� 4� 35 mmÞ
which were placed in a rubber sleeve and pressed isostatically at
50 ton for 20 s using a STENHØJ 100 PRESS. The samples were then
calcined at 1473 K for 6 h with a ramp rate of 373 K/h. The
elongated rod was cut into two pieces: one was used for resistivity
measurements ð4� 4� 18 mmÞ while the other one ð4� 4�
12 mmÞ was used to determine the linear thermal expansion
coefficient, a.

2.2. Dilatometry

The linear thermal expansion was measured by dilatometry in
air (50 ml/min) using a NETZSCH DIL 402C dilatometer with a
sample load of 30 000 cN. The sample-rod was heated from room
temperature up to 1273 K and back at 2 K/min. The sample
remained at 1273 K for 2 h. Data were calibrated to an Al2O3

standard at identical conditions.

2.3. Four-point DC resistivity measurement

Platinum paste was applied to each end of the elongated rod
and contacted with platinum leads. Two platinum potential
probes with a fixed distance were positioned on one side of the
bar. The data collection was made with an in-house data
acquisition software, ELCHEMEA. The resistivity was measured
every 5 min from room temperature to 1323 K and back again
with a 2-h dwell at every 50 K interval and using a ramp rate of
2 K/min. In order to correct the resistivity for the porosity of the
sample, the density of the elongated rod was measured by the
Archimedes principle.

2.4. HTND

HTND was measured with a high-resolution powder neutron
diffractometer, installed at a 2 MW JEEP II reactor at the Institute
for Energy Technology in Kjeller, Norway. The powder was placed
in a quartz tube inside a furnace and measured in air with a 2y-
range of 10–1301, a step width of 0:05� and a wavelength of
1:555 A using a Ge(511) monochromator. Two detector banks,
each covering 20� in 2y and containing seven 3He position
sensitive detectors stacked on top of each other, were used to
record the neutron diffraction pattern. A more detailed descrip-
tion of the diffractometer can be found elsewhere [15].

Rietveld refinements were carried out using the program
Jana2000 [16]. The neutron scattering lengths and the X-ray form
factors were taken from the Jana2000 library. Pseudo-Voigt profile
functions were used, and the background was modeled with a 10
terms Legendre polynomials.
Table 1
Refined structural parameters of ZnFe2O4 at 873 K

Atom Site Occupancy x y z Uiso

Zn1 8a 0.0357(2) 0 0 0 0.0354(6)

Fe1 8a 0.0059(2) 0 0 0 0.0354(6)

Zn2 16d 0.0119(4) 0.625 0.625 0.625 0.0204(4)

Fe2 16d 0.0715(2) 0.625 0.625 0.625 0.0204(4)

O 32e 0.16667 0.3851(2) 0.3851(2) 0.3851(2) 0.0300(6)

Occupancies are given by the multiplicity of the site symmetry divided by the

multiplicity of general sites.
3. Results

3.1. X-ray diffraction

X-ray powder diffraction showed that the material was a single
spinel phase. The Rietveld refinement gave no satisfying result
of the site occupancies because of the relatively small difference
in the electron density of the cations. Therefore was only a Le Bail
fit made in order to determine the unit cell parameter,
a ¼ 8:4309ð2ÞA, at room temperature.
3.2. HTND

Fig. 1 shows the neutron diffraction patters of the spinel
measured from 298 to 1243 K. Total 21–22 peaks were used in the
refinement depending on the temperature. The neutron diffrac-
tion patterns were refined with Rietveld methods using
JANA2000. All diffraction patterns were refined with the space
group Fd3̄m (no. 227, origin choice 1) [17], but diffraction patterns
measured at temperatures above 873 K were also refined with the
space group I41=amd (no. 141), which is reported for different
spinel-type materials [18]. This was done in order to see if changes
at the octahedral sites resulted in at change of symmetry, but
refinements gave no satisfying results. Site occupancies of Zn and
Fe were coupled not only between elements on the same lattice
site, but also between the tetrahedral and the octahedral site.
Cations on same lattice sites where assigned the same isotropic
displacement parameter, Uiso. No impurity phases were detected
as also found by X-ray diffraction. Table 1 shows an example of the
refined structural parameters for ZnFe2O4 at 873 K and Fig. 2
shows the corresponding fitted neutron diffraction pattern.
Refined parameters at different temperatures are shown in
Table 2.

Fig. 3a shows the increase of the unit cell as a function of
temperature. From 298 to 873 K, a increases linearly with a rate
7:3ð4Þ � 10�5 A K�1. At 873 K the rate increases to 1:01ð3Þ �
10�4 A K�1 which is 38% faster than in the low temperature range.

Refinements show that the tetrahedrons are undistorted (not
shown in Table 3) within experimental errors and change of bond
distances does not seem to follow a trend through the measured
temperature range. The octahedrons are on the other hand slightly
distorted with increasing bond distances as a function of
temperature. However, the bond distances on the octahedral sites
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Fig. 2. Observed (gray) and calculated (red) intensities from Rietveld refinements of ZnFe2O4 at 873 K. The difference curve and the position of the Bragg reflections are

shown in the lower part of the diffractogram.

Table 2

R-values, ‘goodness of fit’, gof, unit cell parameters, a, the position of oxygen, Ox , and isotropic displacement parameters, Uiso ðA
2
Þ, from the Rietveld refinements of the

HTND patterns

Temp. (K) Rp wRp gof a (Å) Ox Uiso, [4] Uiso, [6] Uiso, Ox

298 6.02 7.63 1.50 8.4371(4) 0.3849(1) 0.0164(7) 0.0124(4) 0.0175(5)

373 6.88 9.08 1.94 8.4473(6) 0.3844(2) 0.0163(7) 0.0139(8) 0.0196(9)

573 7.00 9.17 1.88 8.4573(6) 0.3852(1) 0.025(3) 0.0185(6) 0.0234(8)

673 7.05 9.18 1.96 8.4655(6) 0.3842(2) 0.026(1) 0.0231(6) 0.0303(9)

773 6.96 9.11 1.47 8.4753(3) 0.3853(2) 0.029(2) 0.0214(5) 0.0291(7)

873 6.01 7.66 1.25 8.4819(4) 0.3852(1) 0.0354(9) 0.0204(4) 0.0300(7)

973 5.89 7.38 1.20 8.4906(4) 0.3849(1) 0.0370(9) 0.0225(4) 0.0322(7)

1073 6.25 7.97 1.31 8.5025(4) 0.3846(2) 0.0394(9) 0.0251(5) 0.0345(7)

1173 6.02 7.70 1.25 8.5120(4) 0.3845(2) 0.0401(9) 0.0267(5) 0.0378(8)

1243 5.98 7.70 1.40 8.5186(4) 0.3840(2) 0.0414(9) 0.0272(5) 0.0415(8)
*373 6.52 8.27 1.34 8.4473(4) 0.3849(1) 0.0197(7) 0.0138(4) 0.0198(6)
*573 6.46 8.20 1.34 8.4573(4) 0.3850(2) 0.028(8) 0.0170(4) 0.0265(6)

Values in square brackets refer to the coordination number of the cations. Temperatures marked with, *, refer to the diffraction patterns measured during cool down. No

correlation coefficients where lager than rij ¼ 0:72. Estimated standard deviations in parentheses.
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do not follow a linear trend in the whole temperature range. A
sudden increase is observed at 873 K as can be seen in Fig. 3b. The
bond length at 373 and 673 K is slightly higher than would be
expected. Same phenomenon can also be detected in the
increasement of the volume (Fig. 3c).

Figs. 4a and b show the occupancy of Zn and Fe on the
tetrahedral and the octahedral sites as a function of temperature.
In the temperature range of 298–673 K the site occupancies are
unchanged with 91% ðg ¼ 0:09Þ of the Zn at the tetrahedral lattice
site. At 773 K there is a sudden change in occupancies towards a
higher cation ordering ðg ¼ 0:03Þ, but from 773 to 1243 K the site
occupancies changes almost linearly and at 1243 K only 77% ðg ¼
0:23Þ of the Zn are still located at the tetrahedral site. After cooling
down the sample a new diffraction pattern was recorded at 573
and 373 K. Results show that the site occupancies are almost
identical to those found while heating up the sample. The sudden
change in occupancies at 773 K was tried refined by constraining
the occupancies, so they followed the main trend of the graph;
however, it was not possible to obtain reasible isotropic displace-
ment parameters of any of the atoms and R-values and goodness
of fit did not improve significantly. A few correlation coefficients
also increased, rij40:8.
3.3. Resistivity measurement

Fig. 5a shows the four-point DC specific resistivity of ZnFe2O4

as well as the temperature profile. Data have been corrected for
the open porosity (1.7%). ZnFe2O4 was a semi-conductor already at
room temperature, but after heating the sample, the semi-
conducting behavior disappeared at around 390 K.

Fig. 5b shows an Arrhenius plot of the specific conductivity as a
function of temperature. The graph shows a semi-conducting
behavior with a linear increase in conductivity but with a distinct
change of slope at 905 K. The data were fitted with [19]:

s ¼ s0T�1 exp
�Ea

kBT
(1)

where s is the specific conductivity and kB and T are the
Boltzmann constant and the temperature, respectively. The
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Fig. 3. (a) Unit cell parameters and (b) bond length of the octahedron as function of temperature measured with HTND. Two clear linear trends can be detected in the case

of the unit cell parameter. (c) shows the volume of the polyhedrals as function of temperature. 4 and � represent the measurements made during the cooling stage. Error

bars on the unit cell parameter and the volumes are shown by the radius of the points.

Table 3
Bond lengths and bond angles from the Rietveld refinement of the HTND patterns

Temp. (K) [4] (Å) [6] (Å) ff½6�1 (deg) ff½6�2 (deg) ff½6� ½4� (deg)

298 1.972(1) 2.027(3) 94:82ð4Þ 85:18ð4Þ 121:92ð4Þ

373 1.966(2) 2.036(2) 94:54ð6Þ 85:46ð6Þ 121:11ð7Þ

573 1.982(1) 2.032(1) 94:99ð4Þ 85:01ð4Þ 121:80ð6Þ

673 1.968(2) 2.041(2) 94:48ð7Þ 85:52ð7Þ 122:16ð9Þ

773 1.986(2) 2.036(1) 95:00ð4Þ 85:00ð4Þ 121:80ð7Þ

873 1.986(1) 2.038(1) 94:95ð5Þ 85:05ð5Þ 121:84ð6Þ

973 1.984(2) 2.042(2) 94:81ð3Þ 85:19ð3Þ 121:93ð4Þ

1073 1.982(2) 2.047(2) 94:66ð7Þ 85:34ð7Þ 122:03ð8Þ

1173 1.983(2) 2.050(2) 94:61ð7Þ 85:39ð7Þ 122:07ð8Þ

1243 1.977(2) 2.056(2) 94:35ð7Þ 85:65ð7Þ 122:24ð8Þ
*373 1.972(1) 2.030(1) 94:82ð4Þ 85:18ð4Þ 121:92ð5Þ
*573 1.978(2) 2.033(3) 94:87ð6Þ 85:13ð6Þ 121:81ð6Þ

The [4] and [6] represent the cation–oxygen bond length of cations located on

tetrahedral or octahedral coordinated lattice sites. The ff[4] and ff[6] represent the

oxygen–cation–oxygen bond angles, whereas ff[4] [6] represent the cation–ox-

ygen–cation bond angles between two different coordinated cations. Bond angles

show that the octahedrons are slightly disturbed, whereas the tetrahedrons are

undisturbed within experimental errors. Temperatures marked with, *, refer to the

diffraction patterns measured during cool down. Estimated standard deviations in

parentheses.
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activation energies in the lower and upper temperature range
were calculated to Ea ¼ 0:248ð1Þ and 0:126ð4Þ eV, respectively.

3.4. Dilatometry

Fig. 6 shows the relative linear expansion of ZnFe2O4 as
function of temperature. The curve is slightly bended toward a
larger relative expansion coefficient, a, at high temperatures
ð�823 KÞ and with only a small hysteresis shown below 600 K. a,
defined as a ¼ 1=L� dL=dT, changes from a ¼ 5:7� 10�7 K�1 at
700 K to 6:3� 10�7 K�1 at 900 K.
4. Discussions

The increase in unit cell parameters (Fig. 3a) consists of two
linear trends. The first trend from room temperature to �873 K is
related to a simple thermal expansion due to the increase of
lattice vibrations. However, the sudden increase of the unit cell
parameter at �873 K seems to be related to the increasing
disorder of the cations. When the Zn ions jump from a tetrahedral
lattice sites to a octahedral site, the volume of the octahedron will
increase due to larger effective ion radius of Zn2þ ([4]: 0.60 Å, [6]:
0.74 Å) compared to Fe3þ ([4]: 0.63 Å, [6]: 0.65 Å) [20]. This also
explains why the increase of the bond length at the octahedral site
coincides with the increase of the unit cell parameter. The
tetrahedral site does not seem to follow the same trend as the
octahedrons, which can also be explained by the similarity of the
ion radii of Zn2þ and Fe3þ. The octahedrons become less distorted
at high temperatures, since the thermal energy makes the lattice
expand. Refinements also indicated a decrease in atomic displace-
ments of the oxygen position, but the uncertainties are too high to
give a clear image.

It cannot be ruled out completely that a small amount of ZnO
evaporates at high temperatures, leaving some of the Fe3þ to be
chemically reduced to Fe2þ. The effective ion radius of Fe3þ and
Fe2þ in a tetrahedral coordination are practically the same
(0.63 Å), whereas the effective ion radius of Fe3þ (0.65 Å) and
Fe2þ (0.78 Å) on an octahedral site differs by 20%. If any Fe2þ ions
are found in the structure, they will mainly be located at
octahedral sites [21], and therefore they will certainly contribute
to the expansion of the octahedrons. Measurements of the relative
linear thermal expansion also show a slightly positive deviation at
823 K, but it seems to related to the cation disorder and not the
oxidation state of iron. Similar observations was observed by
Brabers [22] on stoichiometrically synthesized ZnFe2O4. However,
he also observed that a small surplus of Fe2þ incorporated into the
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Fig. 4. Occupancies on (a) the tetrahedral and (b) the octahedral site in ZnFe2O4 as

a function of temperature. ’ and K represent Zn and Fe, respectively. & and �

represent the measurements made during the cooling stage. The upper horizontal

line shows the ideal occupancy. Error bars are shown by the radius of the points.

Fig. 5. (a) The specific resistivity as a function of time and temperature. (b) The

specific conductivity as a function of temperature shows that ZnFe2O4 is a

relatively good semi-conductor already at room temperature. At temperature

above 905 K the conductivity decreases slightly.

Fig. 6. The relative linear thermal expansion measured in air from room

temperature to 1273 K.
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structure will make the relative thermal expansion decrease at
�873 K. Therefore it is assumed that the concentration of Fe2þ in
our sample is small since the starting material was mixed
stoichiometrically and calcined at 1173 K where no substantial
ZnO evaporation exists and because we do not see a negative
deviation from the main trend of the relative thermal expansion.

Refinements of the occupancies show that the cations start to
jump between lattice sites at 773 K. The sudden increase of
ordering observed at 773 K reflects both the kinetics and the
thermodynamics of the system [23]. At low temperatures the
sample is not in equilibrium and the kinetic controls the cation
order–disorder. At high temperatures the spinel is in equilibrium
with respect to the cation order–disorder, reflecting the thermo-
dynamic drive towards high temperature disorder. The increase in
order at 773 K results from the starting value being lower than
equilibrium and as soon as the temperature is high enough, the
occupancies begin to converge towards the order–disorder
equilibrium. The cations start to jump between lattice sites at a
lower temperature compare to the sudden increase in octahedrals.
This shows that the crystal structure (and with the help of the
thermal lattice vibrations) can incorporate a certain amount of
cation disorder without a distinct change of the unit cell volume.
The refinements of the HTND patterns also show that the cations
switch back into there original lattice position when the sample is
cooled down. However, the unsymmetrical behavior of the
resistivity on Fig. 5a indicates that the occupancies are not
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completely identical to the ones before heating the specimen.
Otherwise the specific conductivity would be the same before and
after heating the sample. The difference between the occupancies
and the resistivity measurements is, however, most likely due to
the fact that the samples used for the different measurements
were exposed to different kind of temperature profile during ‘cool
down’.

Zn has closed atomic shells and will therefore not contribute
directly to the conductivity. Only Fe can contribute to the
conductivity. Anderson [24] pointed out that if the cation–a-
nion–cation angle is 90� the domination interaction is a
cation–cation interaction, whereas if the angle is 180� or as low
as 120� the cation–anion–cation exchange interaction is assumed
to be the dominant one. The cation–anion–cation angle between
tetrahedral and octahedral sites is �122� (Table 3), and therefore
this interaction could have an influence on the conductivity,
whereas the cation–anion–cation angle on tetrahedral sites
ð109:47�Þ is too low to cause a cation–anion–cation distinct
interaction. It has been shown for ZnFe2O4 that Fe on a tetrahedral
site and its 12 nearest Fe ions on octahedral sites form a cluster in
which each of the Fe ion on the octahedral sites interact through
an oxygen ion with an Fe ion on a tetrahedral site [13,25,26].
However, those experiments were preformed mainly at low
temperatures. In the measured temperature range, the conductiv-
ity of ZnFe2O4 is mainly attributed to the Fe–O–Fe super exchange
interactions between octahedral sites [21,27,28], where the
transport property rises from hopping of localized d-electrons
between cations on octahedral sites. In an ideal spinel structure
cations on octahedral sties are distributed in such a way that we
have a cation–anion–&–anion–cation, with & representing an
empty site. Structural defects are therefore the main key in
creating the cation–anion–cation interaction in ZnFe2O4. At 905 K
the conductivity decreases slightly and seems to be related to a
direct cation–cation interaction between Fe atoms on octahedral
sites (maximum bond length �3 A). The activation energy,
0.126(4) eV, is very similar to the one found by Hosseinpour et
al. [29] in ZnFe2O4 containing 0.5% Fe2þ on octahedral sites. This,
however, does not support the observations of the thermal
expansion as discussed earlier in this section. Similar high-
temperature cation–cation interaction between octahedral sites
has also been reported in Cu- and Ga-doped ZnFe2O4 [21,27,28],
although it was attributed to the Cu–Cu interaction. However,
these materials were only measured at a maximum temperature
of 700 K which is far below our transition temperature.
5. Conclusion

ZnFe2O4 was synthesized as a solid state reaction and
characterized with X-ray diffraction. HTND was preformed on a
powder sample from 298 to 1243 K and refinements show that
ZnFe2O4 has a almost normal spinel structure with g ¼ 0:09 below
673 K. Cations start to redistribute among tetrahedral and
octahedral sites at temperatures above �673 K, but they switch
back to their original position when the sample is cooled down
again. The expansion of the unit cell parameter and octahedrons
increases rapidly at �873 K which seems to be related to the
larger Zn2þ ion substituting the smaller Fe3þ on the octahedral
sites. Resistivity measurements reveal a semi-conducting beha-
vior of ZnFe2O4 from room temperature to 905 K, which mainly
arises from a Fe–O–Fe exchange interaction between octahedral
sites. Above 905 K ZnFe2O4 shows a more metallic behavior which
is attributed to the Fe–Fe interaction on octahedral sites.
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