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Abstract

The frequency dependence of the real (¢') and imaginary (¢”) parts of the dielectric constant of polycrystalline hematite (o-Fe,O3) has been
investigated in the frequency range 0—100 kHz and the temperature range 190-350 K, in order to reveal experimentally the electron hopping
mechanism that takes place during the Morin transition of spin-flip process. The dielectric behaviour is described well by the Debye-type
relaxation («-dispersion) in the temperature regions 7<<233 K and 7> 338 K. In the intermediate temperature range 233 K<7<338K a
charge carrier mechanism takes place (electron jump from the O>~ ion into one of the magnetic ions Fe* ™) which gives rise to the low
frequency conductivity and to the Q-dispersion. The temperature dependence of relaxation time (7) in the —In 7 vs 1031 plot shows
two linear regions. In the first, 7<238 K, 7 increases with increasing 7 implying a negative activation energy —0.01 eV, and in the second
region 7>318 K 7 decreases as the temperature increases implying a positive activation energy 0.12 eV. The total reorganization
energy (0.12-0.01) 0.11 eV is in agreement with the adiabatic activation energy 0.11 eV given by an ab initio model in the literature.
The temperature dependence of the phase shift in the frequencies 1, 5, 10 kHz applied shows clearly an average Morin temperature Ty, =

284+ 1 K that is higher than the value of 263 K corresponding to a single crystal due to the size and shape of material grains.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The crystal structure of a-Fe,O; (hematite) is that of
corundum a-Al,03, i.e. an approximately hexagonal closed-
packed array of oxygen ions O*~ with Fe> " ions occupying
two-thirds of the available octahedral sites [1].

The magnetic structure of a-Fe,O;, studied by neutron
diffraction [2,3], showed an antiferromagnetic material
(Néel temperature Ty =960 K). Below the Néel temperature
the bulk material presents a spin-flip magnetic transition at
Tvo =263 K, the so-called Morin transition [4]. Mossbauer
spectroscopy [5] confirmed that below Ty, the magnetically
ordered spins are oriented along the trigonal [111] axis
(c-axis) and the material behaves as a perfect antiferromag-
netic one (AF). Above Ty, the spins lie in the basal plane
perpendicular to the [111] axis, except for a slight spin
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canting (~ 1 min of the arc) out of the basal plane which is
responsible for the imperfect antiferromagnetic coupling of
the Fe*" ions in the alternating sublattices and finally for
the net weak-ferromagnetic (WF) moment. The magnetic
axis of each iron atom flips instantaneously from 0 to 90° as
the temperature increases above Tyy,.

The Morin transition arises from the coexistence of two
competitive anisotropy components of the total energy with
comparable magnitudes, opposite signs and different
temperature dependences: (i) The long-range magnetic
dipolar anisotropy component energy (Kyp<0) which is
negative and falls off only as the inverse cube of the dipole
separation distance. (ii) The local fine structure anisotropy
component (Kgs>0) which is positive arising from the
higher order of spin-orbit coupling of the individual metal
ions and is quite short-ranged falling off exponentially with
the spin separation distance [6]. The two components have
different temperature dependences. The total anisotropy
energy at T< Ty, is positive because |Kgs| > |Kyp| and at
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T> Ty, it becomes negative because |Kgs| <|Kupl. The
change in total energy sign at Ty, is responsible for the spin-
flip transition.

The main contribution to the magnetic dipolar interaction
energy Kyp arises from the superexchange mechanism [7]
that takes place between the two magnetic Fe’t ions
through the intermediary nonmagnetic O*~ ions and is most
effective when the Fe; T—0?~—Fej * bond angle approaches
180°. In order to explain the superexchange mechanism,
Kramers [8] postulated that there is a finite probability for
an electron to jump from an p-state of O~ ion to an s-state
of one of the magnetic ions (e.g. Fe2 ™) and the p-electron
remaining in the negative ion O interacts strongly with the
other magnetic ion Fei ©. According to a recent ab initio
model for hematite, an electron is transferred from one iron
atom to another by a II/III valence alternation (hopping
mechanism) [9].

Earlier it has been shown that the temperature depen-
dence of dielectric properties can reveal order—disorder
transitions or hydrogen bond transformations (flip-flop to
normal type) indicated by a peak in the imaginary part of
dielectric constant ¢” and by a minimum in the phase shift ¢
of the current passing through the sample relative to the
applied voltage component [10]. When the sample presents
ionic or electronic conductivity the ¢ vs. T plots clearly
reveal the transition at any applied frequency while the peak
in the &” vs. T plots is suppressed as frequency increases.

In the present work the dielectric parameters (¢/, &”, @)
of polycrystalline hematite over the frequency range
0-100 kHz and temperature range 190-350 K are investi-
gated in order to reveal experimentally the electron hopping
mechanism occurring during the Morin transition of spin-
flip process.

2. Experimental

Samples of freshly prepared high purity (>99.95%)
polycrystalline @-Fe,O; [11], made of pressed powder
cylindrical pellets 10 mm in diameter and thickness
1.6 mm by a Riken Powder Press model P-1B instrument,
were prepared. Two platinum foil electrodes 10 mm in
diameter were adjusted on both sides of samples and
pressed simultaneously with them. Each sample was
loaded to the temperature control chamber between two
brass rods accompanied by a compression spring. The
sample was combined in series with a constant known
resistance R;, in which the applied signal V yielded a
voltage drop V;. V; was <0.1 V so that its effect on the
phase shift was minimized. The dielectric measurements
were taken using a low frequency (0-100 kHz) Dynamic
Signal Analyser (DSA, Hewlett—Packard 3561A), over the
temperature range 190-350 K, which was connected to a
PC for further processing of data stored in the analyser.
The analytical experimental procedure was described in
details elsewhere [10].

3. Results

3.1. The frequency dependence of dielectric constant

The frequency (f) dependence of the real (¢/) and
imaginary (¢”) parts of the dielectric constant in the
frequency range 0—100 kHz are shown in Figs. 1-3 for the
temperature ranges A (195-249 K), B (256-313 K) and C
(318-348 K), respectively.

In the (A) temperature range, Fig. 1, the ¢’ vs. frequency
curves have generally a sigmoid profile with an inflection
point at about 40 kHz. These curves become parallel to
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Fig. 1. Frequency dependence of the real (¢) and imaginary (¢”) parts of the
dielectric constant of a-Fe,O5 for constant temperatures in the temperature
range (A) 1, 195K; 2, 211 K; 3, 217 K; 4, 223 K; 5, 233 K; 6, 238 K; 7,
243 K; 8, 245 K; and 9, 249 K.
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Fig. 2. Frequency dependence of the real (¢') and imaginary (¢”) parts of the
dielectric constant of a-Fe,O5 for constant temperatures in the temperature
range (B) 1, 256 K; 2, 270 K; 3, 279 K; 4, 290 K; 5, 295 K; 6, 298 K; 7,
303 K; 8,308 K and 9, 313 K.

the horizontal axis at temperatures close to 195 K, where
¢’=3.1. In the other temperatures the corresponding slopes
of the & vs. frequency plots increase with increasing
temperature. The frequency variation of ¢” at 195 K has the
form of a bell-like curve (a-dispersion) centred at a
characteristic frequency fim.«=43,135 Hz with &’ =1.7
and a half-height width 0.9 decades of frequency. Similar
curves are observed for temperatures 211, 217, 223 K. A
rapid rise of &” is observed by decreasing frequency
(Q-dispersion) in the range f<10*kHz for temperatures
233, 238, 243, 245 K (curves 5-8) while the corresponding
value of &’ increases with temperature. For 249 K the
Q-dispersion (curve 9) is completely superimposed over the
a-dispersion and the &” ., cannot be distinguished.

In the (B) temperature range, Fig. 2, both &/, &” vs.
frequency plots show that the ¢’ and ¢” values decrease with
frequency at each constant temperature. The corresponding
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Fig. 3. Frequency dependence of the real (¢’) and imaginary (¢) parts of the
dielectric constant of a-Fe,O5 for constant temperatures in the temperature
range (C) 1,318 K; 2,323 K; 3,328 K; 4,333 K; 5,338 K; 6,343 Kand 7,
348 K.

¢, and & values at a specific frequency 1 kHz increase with
temperature up to their maximum values (curves 1-5) and
then decrease as the temperature increases (curves 6-9) up
to the values ¢ =34.2 and ¢"=48.6 at 313 K. This
temperature region is characterized by the presence of a
strong Q-dispersion and the absence of a-dispersion.

In the (C) temperature range, Fig. 3, the &', and &” vs.
frequency plot profiles are similar to those of the (A)
temperature range and both Q- and a-dispersions appear,
but their temperature dependence is the reverse one. For
example at frequency 1 kHz the values decrease from &' =
6.6 and ¢"=6.5 at 318 K (curve 1) to ¢’=3.6 and ¢"=1.0 at
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348 K curve 7). Similarly the &’ ., values (a-dispersion)
decrease from 2.3 to 1.9. The Q-dispersion is also reduced
as the temperature increases and finally at the temperature of
348 K (curve 7) it completely disappears and only the a-
dispersion still remains.

3.2. The temperature dependence of the phase shift
and the relaxation time

The phase shift (¢) of a-Fe,0O5 at a fixed frequency 1 kHz
(Fig. 4) in the range 190-350 K, drops from 89° at 195 K to
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Fig. 4. Temperature dependence of phase shift, ¢, for a-Fe,O;, at
frequencies 1 kHz, 5 kHz and 10 kHz.
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Fig. 5. Plot of —In 7 vs. 10%T for a-Fe,0s.

a minimum 22.9° at 285.5 K and then increases up to 76.8°
at 348 K. Similarly, the plots of the phase shift vs. T for the
5, and 10 kHz applied behave in the same way revealing
minimum values 14.5° at 282.4 K and 8.39° at 283.1 K,
respectively.

The temperature dependence of relaxation time (7=
1/27tf1hax), Where frax is the frequency that corresponds to
the " nax, shows two linear regions in the —In 7 vs. 10%/T
plot of Fig. 5 in one of which, 7<238 K, 7 increases and in
the other 7>318 K 7 decreases with temperature.

4. Discussion

The dependence of & and &” on frequency in the
temperature ranges (A) and (C), Figs. 1 and 3, is well
described by the Debye [12] relaxation according to the
following equations:

¢ =t + (8, — (1 + 0°7) (1)
e = (&g — €)7/(1 + wzrz) + g/we )
Emax = (& — €x)/2, 3)

where ¢ is the static dielectric constant, ¢, is the dielectric
constant at very high frequencies, ¢, is the vacuum dielectric
permittivity, o is the dc conductivity of the system, 7 is the
single Debye relaxation time and w is the angular frequency
of the applied field. Eq. (1) describes a sigmoid &’ vs.
frequency plot, with horizontal values &;—é. and eo.
In Figs. 1 and 3 perfect sigmoid plots are observed for
T<233 K and T>338 K, respectively. In the other
temperatures the plots profiles deviate from a sigmoid
one. Eq. (2) for ¢ =0 presents a peak (a-dispersion) in the &”
vs. frequency plot and the &’ =(es—¢ex)/2 value is
independent of temperature. Eq. (2) for o#0 presents a
peak (a-dispersion) with a rapid rise of ¢’ at low frequencies
(Q-dispersion), which is proportional to ¢ and inversely
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proportional to the frequency w as it was shown in Figs. 1
and 3. Fig. 1 shows that on increasing temperature the
induced polarization (¢/, and &”) increases resulting in
a charge delocalization that destabilizes the antiferromag-
netic state. This charge corresponds at least to one
p-electron that is released from the oxygen ion O®~ in
order to be trapped from a neighbouring iron ion Fe’™"
according to Kramers model [8]. The large ¢, ¢” values
around the Morin transition temperature of Fig. 2 are caused
to the dc conductivity ¢ according to (2) that is analogous to
the charge transferred from site to site. Fig. 3 shows that on
increasing temperature the induced polarization (¢’ and &")
decreases resulting in a charge localization that stabilizes
the ferromagnetic state. During this stage the released
electron is bound to the iron ion Fe® . The same procedure
is repeated between neighbouring Fe and O atoms implying
the establishment of an electron hopping mechanism. To
this result advocates the ab initio model given earlier [9]
according to which the electron carrying charge behaves as
a localized particle and is transferred from one iron atom to
another yielding successively Fe?" instead of Fe® " in the
lattice. This mechanism is consistent with the temperature
dependence of relaxation time shown in Fig. 5 in which —1In
7 varies linearly with 10%/7. The phenomenon of the
increase of relaxation time 7 with increasing temperature
implies a negative activation energy, which suggests that the
activation process involves the detachment of the electron
from the O?~ ion. The decrease of relaxation time 7 with T
implies a positive activation energy suggesting the bound of
the electron to the Fe* ™ ion and the formation of an Fe? ™
ion. The activation energies E calculated by the application
of the Arrhenius equation

T =19 exp(—E/RT)orIn 7 =In 7y — E/RT @

in the linear regions of the —1In 7 vs. 10°/T plot, Fig. 5, are
—0.01eV for T<238 K (as the T increases 7T increases
implying negative activation energy) and +0.12eV for
T>318 K (as the T increases 7 decreases implying positive
activation energy). The total reorganization energy is (0.12—
0.01) 0.11 eV is in agreement with the adiabatic activation
energy AG*=0.11eV required to allow the electron
hopping from one site to a next, predicted by the ab initio
model recently published [9].

The temperature dependence of phase shift in the
frequencies 1, 5 and 10 kHz applied, Fig. 5, shows clearly
an average Morin temperature 7Ty, =284+1K that is
higher than the previously mentioned 263 K value
corresponding to a single crystal hematite. The Morin
transition temperature (7Ty;,) is influenced by the method
of preparing the sample, the size and the shape of grains
of material [13], etc. From Fig. 5 it is inferred that the
AF state is stable at 7< 220K and the WF state at
T>320K. In the intermediate region 220 K<7<320K
coexist both anisotropy components |Kgs|, |[Kvp| and at
T=Tyo |Kgsl=I|Kupl.

5. Conclusions

The dielectric behaviour of a-Fe,0j5 is described well by
the Debye-type relaxation («-dispersion) in the temperature
regions 7<233 K and 7>338 K. In the intermediate
temperature region 233 K<7<338 K an electron hopping
mechanism takes place (electron jump from the 0>~ jon to
one of the neighbouring Fe** ions which gives rise to the
dc-conductivity (ac-conductivity at low frequencies) and the
Q-dispersion.

The relaxation time varies exponentially with tempera-
ture showing two linear regions in the —In 7 vs. 10%/T
plots characterized by activation energies—0.01 eV for
T<238 Kand +0.12 eV for 7> 318 K. The first is ascribed
to the energy of detachment of an electron from the O~ ion
and the second to the energy of capture of an electron from
an Fe’* ion yielding Fe* . The total reorganization energy
(0.12-0.01) 0.11 eV 1is consistent with the adiabatic
activation energy AG" =0.11 eV predicted by the ab initio
model recently published [9].

The temperature dependence of the phase shift in the
frequencies 1, 5 and 10 kHz applied shows clearly an
average Morin temperature Ty, =284 11 K that is higher
than the value of 263 K corresponding to a single crystal
hematite due to the size and shape of material grains.
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