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Interpretation of Electrical Conductance Transition of Hematite
in the Spin-Flip Magnetic Transition Temperature Range
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Panepistimioupolis 157 71, Athens, Greece

Using polycrystalline pure hematite at frequencies of 100 Hz-100 kHz and temperatures of 190-350 K impedance spectroscopy
was employed to investigate the electrical conductance transition and correlate it with magnetic transition occurring within this
temperature range. A background of slight impurity donor or acceptor semiconductivity was observed above which a peak of
conductivity appeared in the temperature range of magnetic transition. The results suggested that the transition from antiferro-
magnetically to weak ferromagnetically coupled Fe31 and vice versa takes place through their transformation to uncoupled Fe31

and an equilibrium between these types of coupled and uncoupled pairs of Fe31 is established. A model, thermodynamically
sustained, involving bulk concentration of both types of coupled and of uncoupled Fe31 was formulated precisely predicting the
dependence of magnetic transition on temperature and the appearance of peaks in both the uncoupled Fe31 concentration and
conductivity within the transition temperature range. The conductivity, mainly due to intrinsic semiconductance coming from the
activation of uncoupled Fe31, depends on both temperature and concentration of uncoupled Fe31. The heretofore elusive semi-
conductive character of hematite is explained.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1768549# All rights reserved.
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The crystal structure of hematite,a-Fe2O3 , is that of corundum
a-Al2O3 , with a rhombohedral unit cell. Hematite exhibits unus
magnetic properties, which have been extensively studied. Hem
is an antiferromagnetic material at low temperatures. At tem
tures higher than the Ne´el one, TN 5 956 K, hematite become
paramagnetic. BelowTN the material presents a spin-flip transit
at temperatureTM ~considered'265 K for coarse crystalline bulk
monocrystalline hematite! called the Morin transition.1-22 Below TM

the spins of Fe31 belonging to two alternative sublattices are
ented parallel to the trigonal@111# axis ~c axis! and the materia
behaves as a uniaxial antiferromagnetic~AF! one. AboveTM the
spins lie in the basal~111! plane, perpendicular to the@111# axis
except for a slight spin canting,'1 min of the arc, out of the bas
plane which causes a small net weak ferromagnetic~WF! moment
This transition arises from two competitive anisotropy compon
of total energy with comparable magnitudes, opposite signs
different temperature dependences:1-3 ~i! the local fine structure a
isotropy component which is positive arises from the higher ord
spin-orbit coupling of the individual cations and is quite short,
range falls off exponentially with spin separation distance and~ii !
the long-range magnetic dipolar anisotropy component whic
negative and falls off only as the inverse cube of the dipole se
tion distance. AtTM a change of total energy sign occurs which
responsible for the spin-flip transition.

The transition is affected, or even suppressed, by different s
tures and natural parameters, like grain size,4,5 thus TM is reduced
with decreasing particle size and tends to disappear below sp
sizes,4,6 and particle morphologies.7 It is also affected by crystallin
ity, defect structure, and internal strains,8 substitution of Fe31 by
Al31,8 Mn31,3,9 Al31, Ga31, Cr31, and In31,10 by strains, crysta
defects like low crystallinity of particles and vacancies, stoic
metric deviations and surface effects which also tend to re
TM ,11 doping with impurity ions,2 radiation damages,12 magnetic
field,3 pressure,2,13 simultaneous action of magnetic field a
pressure,14 the presence of OH2 groups or H2O molecules,11 etc.
The purer and better crystallized the hematite is the higher theTM is.

TM is usually determined from magnetization and susceptib
measurements together with other methods, like Mo¨ssbauer spectr
neutron diffraction, etc. Usually, sigmoid,e.g., magnetization or su
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ceptibility vs. temperature plot profiles are obtained.15-20 They gen
erally show a main inflection point and two tails almost paralle
the T axis. TM was considered theT beyond which the WF pha
amount becomes practically independent ofT.12,16,18But since the
AF and WF phases occurring in separate parts of the sa
coexist15 and participate in the equilibrium process within aT
range,12,14,15 TM was also considered theT of the main inflection
point15,17 or that at which half of a phase is transited to the othe
where half the sample is in the AF or the WF phase.9,15

The transition is thus characterized by aT region, DT 5 TM,f

2 TM,i , whereTM,f and TM,i are theTs at which the end and in
tiation of transition practically takes place, that may be 0.1,3 0.4,6 10
or more,6 '13,15 50,20 70,16,17 100 K,9 etc., depending on the pr
vious nature and structure parameters and on what is specified
initiation and end of transition. Detailed examination of result
some cases shows thatDT can exceed 100 K.19,20Below and abov
the inflection point details may appear, not necessarily ascrib
experimental errors, while the tails, which may not be symme
in both directions, can show that such details and the valu
parameters like magnetization, susceptibility, etc., may vary a
them.16,18,20The equilibrium between the AF and WF phases m
extend well inside the considered single AF and WFT regions and
although an abrupt spin-flip process of all Fe31 pairs was suggest
by some authors,6 DT is always quite large enough.

Questions for the main parameters determining the transitio
its T region11,21,22are still unanswered probably because the stu
concern one parameter or a limited number of them, while the
sition is a thermodynamically defined process embracing man
rameters. The reorientation of each pair of Fe31 ions is usually
considered an abrupt, instantaneous process6 without distinct inter
mediate stage~s!. But it is difficult to adopt that this whole compl
process takes place in such a simple way and questions abo
mechanism of spin reorientationsper se2,6,12 remain unanswered.

Electrical conductivity studies of single-crystala-Fe2O3 at tem-
peratures 100-950 K23-26 or powder pellets27 showed that the co
ductivity transition also occurs aroundTM .23-26 Much work related
to the conductive behavior is focused in photoelectrochemical
ies applying hematite as the photocatalyst for dissociating H2O to
convert and store solar energy,28-35 because it has valuable prop
ties as an oxygen photoanode.31 Most studies examining semico
ductance were made in photoelectrochemical cells30,31,34or in sepa
rate hematite/electrolyte systems36 by impedance technique
Intrinsic n-type32 or doped n- or p-type5,28-30,33-35semiconductanc
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with a bandgap usually between 1.9 and 2.3 eV and sometimes,1.9
eV were noted. But the origin of intrinsic semiconductance and
whole conductance behavior is curiously elusive while the re
derived parameters are frequently controversial. Temperatures
around the ambient one. Conductivity transition at suchTs seem
responsible for that behavior which, however, has not been
cussed.

Despite the extensive work on the magnetic and electrical
ductivity properties of hematite, a detailed description and exp
tion of conductivity transition and explanation for the co-occurre
of magnetic and conductivity transitions are absent. These m
important, besides those noted above, for other application
hematite-like catalysis, magnetic and data media components
ments, cooling water treatment, anticorrosive materials, etc.17

The scope of this study is~i! the detailed examination of elect
cal conductance transition in the spin-flip transition tempera
range by impedance spectroscopy;~ii ! the discovery of the coexis
ence of magnetic and electrical conductance transitions;~iii ! the
formulation of a model predicting the co-occurrence of these tr
tions and interpreting the conductance transition and the el
conductive character of hematite.

Experimental

Samples of freshly prepared high purity~.99.95%! coarse grai
polycrystalline a-Fe2O3

37,38 made of pressed powder cylindric
pellets 10 mm in diameter and a thickness of 1.6 mm by a R
Power Press model P-1B instrument, were prepared. Two pla
foil electrodes 10 mm in diameter were adjusted on both sides o
samples and simultaneously pressed with them. Each sampl
loaded into the temperature control chamber between two bras
accompanied by a compression spring. The sample was combi
series with a resistance,Ri 5 21.5 kV, in which the applied signa
V yielded a voltage dropVi . Vi was,0.1 V so that its effect on th
phase shift was minimized.

A low-frequency dynamic signal analyzer~DSA! instrumen
~Hewlett-Packard model 3561A! operating in both frequency~F!
and time domains (100 Hz< F < 100 kHz), applied a signal o
periodic noise 72.5 mV~rms! to the system and accurately measu
the amplitude and the phase~w! relative to the trigger signal. Su
data were obtained at different temperatures,T-190-350 K and
stored for further treatment. The instrument was connected w
PC for processing the data stored in the analyzer. The detaile
perimental procedure is described elsewhere.39

Results and Discussion

The ReZ and ImZ vs. T plots.—For the hematite sample co
bined with the fixed resistanceRi the equation

I 5 V~ uZu 1 Ri!
21 5 ViRi

21 or

VVi
21 5 ~ uZu 1 Ri!Ri

21 5 uZuRi
21 1 1 or uZu 5 Ri~V/Vi 2 1!

@1#

is valid, whereI ~rms! is the current flowing through the circu
yielded by the periodic noise signal applied to the circuit havinV
~rms! value,Z is the impedance of sample, andV ~rms! is the volt-
age drop inRi . The real (ReZ) and imaginary (ImZ) parts ofZ are
given by the equations

ReZ5 Ri~VVi
21 2 1!cosw @2#

ImZ 5 Ri~VVi
21 2 1!sinw @3#

while the conductivity~s! is given from equation

s 5 4h~pD2!21G 5 4h~pD2!21 Re Z~ uZu22! @4#

whereh andD are the height and diameter of the sample andG is
the conductance.
e

f
-

s
s
n

-

The ratioVi (rms)/V (rms), w and then theReZ, ImZ, ands
were determined at differentFs andTs. TheReZ and ImZ vs. T
plots, Fig. 1a and b, show many details. In Fig. 1a two dis
maxima appear on either side of a well. The height of both ma
and depth of the well decrease withF. At the bottom of well the
spectra converge to 12 5 3 105 V values and become almost
dependent ofF. The ImZ vs. Tplots, Fig. 1b, show wells betwe
the horizontal or oblique plateau, with depths decreasing wF
and details qualitatively similar to those in theReZ vs. Tplots.
At the bottom of the wells the spectra converge to an almost
stant ' 5.4 3 105 V value and become almost independent oF.

It is observed that theTM ' 265 K found in the literature fo
bulk hematite falls inside the temperature region of the deepe
of the wells of plots in Fig. 1a and b.

The complex plane plots: prediction of ion diffusion in
magnetic transition T range.—In Fig. 2a-d theImZ vs. ReZplots
at T < 249 K ~a!, 256 K < T < 290 K ~b!, T 5 279 K ~c!, and
T > 318 K ~d! are shown. ForT < 249 K and T > 318 K on

Figure 1. Plots of ReZ ~a! and ImZ ~b! vs. temperature~T! at different
frequencies, 1, 2, 3, 5, 10, 50, and 100 kHz.



r

e
5°
at a

ffu-

d
the

i of

t

s
t

tahe-

ding

the

the

d
st
d
l of
r
at

a

~b! 25

Journal of The Electrochemical Society, 151 ~8! J62-J68~2004!J64
passing from low to highFs, the plots intersect theReZ axis
at a value'3 MV almost independent ofT, Fig. 2a and d. Fo
256 K < T < 290 K, Fig. 2b, the intersection of plot with theReZ
axis decreases withT while ImZ is capacitive at low and inductiv
at highFs. At low Fs the plots in Fig. 2b become linear with a 4
angle to the real axis. These become clear in the magnified plot
intermediateT 5 279 K, Fig. 2c. This response predicts a di
sional contribution to impedance~Warburg impedance!.36 A ten-
dency is observed for that behavior to appear at'233 K, Fig. 2a an
end at'328 K, Fig. 2d, becoming explicit around the middle of
region.

The discovery of diffusing species is important. The radi
Fe21 and Fe31 are 0.74 and 0.64 Å, respectively.40 Fe41 also can
form relatively easily41,42 ~see also later! the radius of which mus
be even smaller. The radius of O22 is 1.32 Å.40 The radii of all Fe
ions are much smaller than the radius of O22 while their charge i
equal to or higher than that of O22. Evidently coupled Fe31 canno
diffuse. Only uncoupled Fe31, mainly activated as Fe41 ~see also

Figure 2. ImZ vs. ReZplots at different temperatures (T), ~a! T < 249 K,
n

below!, can migrate through the available one-third vacant oc
dral sites and participate in the diffusion process.

Although further research of the complex plane plots regar
the capacitive to inductive transition at highFs, e.g., by deriving an
equivalent circuit, etc., may have some interest, it is outside
scope of this study in which the interest is mainly for lowFs which
yielded the important information of cation diffusion involved in
following discussion.

The s vs. T plots; comparison of Ts of conductance an
magnetic transitions.—Thes vs. Tplots, Fig. 3a and b, show almo
constants at 190 K, T < 230 K. ForT . 230 K an accelerate
increase ofs with T is observed up to 294 K. Then, an abrupt fal
s up to 297 K and a shoulder from 297 to'330 K appear. Fo
higherTs, s is almost independent ofT and comparable to that
T < 230 K. Thus a peak arises from'230 to '330 K above

6 K < T < 290 K, ~c! T 5 279 K, and~d! 318 K < T < 348 K.
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background of almost constants value at 190 K, T < 230 K
and 330 K< T , 350 K. TheTM noted in the literature'265 K
for bulk polycrystalline hematite falls inside theT region ofs rise,
i.e., between 230 and 294 K. Thus, it seems that the maximus
value is met at aT higher thanTM while for the hematite samp
used TM,i ' 230 K, TM,f ' 330 K, and DT 5 TM,f 2 TM,i

' 100 K in agreement to earlier results.9,19,20

At T < TM,i andT > TM,f the plots are slightly shifted upwar
with F. At TM,i , T , TM,f the peak seems to pass through a m
mum at aboutF 5 20 kHz. Besides the above, other complem
tary details and information are derived below from the lns vs.
103 T21 plots.

The ln s vs. 103 T21 plots; characterization of conductance
T , TM,i and T . TM,f.—The lns vs.103 T21 plots at differentFs
are shown in Fig. 4. A background is observed forT < TM,i and
T > T above which a peak appears betweenT andT . The

Figure 3. Plots ofs vs. Tat different frequencies,~a! 1, 5, and 10 kHz an
~b! 20, 50, and 100 kHz.
M,f M,i M,f
plot points on the left and right of the peak seem to belong to
same straight line, except for the last right point in Fig. 4a w
deviates, apparently due to experimental errors because such
havior is not observed at otherFs. The increase of lns of back-
ground withT implies the occurrence of a semiconductance. F
single semiconduction mechanism of any type atTs below the satu
ration one, the equation

s 5 s0 exp~2Ea/2kT! or ln s 5 ln s0 2 Ea/2kT @5#

must apply wheres0 is a constant, almost independent ofT, pro-
portional to the number~or concentration! of species implicitly ac
tivated, Ea is the energy barrier, andk is the Boltzmann constan
For intrinsic semiconductanceEa 5 Eg/2, whereEg is the bandgap
Ea was found to vary from 0.12 eV atF 5 1 kHz to almost 0 a
F 5 100 kHz. This smallEa predicts a doping donor or accep
activation and that semiconductance is due to traces of impu
The increase ofs with F may be due to an increase of car
mobilities with F which is also reflected as a decrease ofEa. This
conductivity cannot be ascribed to ionic conduction as a main
ponent sinceEa should be comparable to 0.5 eV.43

The peak shows many details and like breaking or inflec
points denoting a complex variation of lns with 103 T21. On its
right side two such characteristic points appear, A and B at'230 K
(103 T21 5 4.35 K21) and '260 K (103 T21 5 3.85 K21) for
F 5 1 kHz. On its left side three inflection points appear. In b
regionss cannot be described by simple formulas. Figure 4
firms that the Morin transitionT region practically extends fro
'230 to'330 K.

A simple model, thermodynamically sustained, describing
magnetic transition.—As shown in the Morin transitionT region the
AF and WF phases coexist in an equilibrium AF� WF.12,14,15The
results presented here are consistent with that the tran
AF � WF does not take place directly through a single spe
activated complex state, which probably requires a prohibit
high activation energy, but, instead, it takes place through an
phase, that of uncoupled ions, UIP, in which the separate spin
oriented to different directions, other than parallel to the@111# axis
or the ~111! plane characteristic for AF and WF coupling. It th
follows the scheme AF� UIP� WF. Hence, two separate par
equilibrium processes coexist

AF� UIP or @Fe31
SL1↓↑Fe31

SL2#0
o� Fe31

SL1 1 FE31
SL2

@6#

UIP� WF or Fe31
SL1 1 Fe31

SL2� @Fe31
SL1↓↑Fe31

SL2#90
o

@7#

where SL1 and SL2 are the alternative sublattices and index
and 90° are the angles of magnetic moments of coupled ions
the @111# axis. It is considered that the bulk concentration of
coupled Fe31 pairs isCUIP while that of AF and WF coupled Fe31

pairs is CAF and CWF , respectively. ThenCAF 1 CWF 1 CUIP

5 C0 ~constant concentration of Fe atom pairs!. Apparently the
parts of sample in the AF and WF phases are proportional toCAF

andCWF , respectively.
Processes 6 and 7 are thermally activated. The equilibrium

is characterized by certain concentrations of involved specie
pending onT. TheCAF andCWF must decrease and increase, res
tively, with T until the AF and UIP phases are almost comple
depleted atT . TM,f .

Because the lattice positions of O22 and the middle of the di
tances between Fe31 in each pair remain almost unchanged du
magnetic transition, the change of lattice energy can be almo
clusively attributed to the change of the state of Fe31 pairs. Then
the magnetic transition process can be schematically depicte
garding the energy of each phase~E! as in Fig. 5. On passing fro
AF through UIP to the WF phase the energy increases whil
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energy hills between successive phases represent the phase
tions through suitable activated complexes the energy of which
responds to hilltops. That diagram is consistent with earlier res44

for the AF and WF phases supporting that AF is more stable.
uncoupling process and UIP phase are also somehow predi44

because a large charge transfer from O22 to 3d5 Fe31, leading
to a smaller magnetic moment, occurs, thus assisting uncou
From the activated complex theory,45 the activation energies of th
right and left directed processes in Eq. 6 and 7 areE1,r . E1,l and
E2,r . E2,l , i.e., they are endothermic with standard enthal
DH0

T,1 5 E1,r 2 E1,l . 0 and DH0
T,2 5 E2,r 2 E2,l . 0. The

equilibrium constants are

k1 5 CUIP /CAF 5 exp~DS0
T,1 /R!exp~2DH0

T,1 /RT! @8#

k2 5 CWF /CUIP 5 exp~DS0
T,2 /R!exp~2DH0

T,2 /RT! @9#

whereDS0 andDS0 are the changes of standard entropies

Figure 4. Plots of lns vs.103 T21 at different frequencies,~a! 1, ~b! 5, ~c!
T,1 T,2
si-

.

For convenience it was adopted that in the not excessively
range ofTs employed,DH0

T,1 , DS0
T,1 , DH0

T,2 , and DS0
T,2 are

independent ofT and equal to the standard values atT 5 298 K,
DH0

1 , DS0
1 , DH0

2 , and DS0
2 . Since the AF and WF states a

more ordered than UIP, thenDS0
T,1 . 0 andDS0

T,2 , 0. Becaus
DH0

T,1 . 0 andDH0
T,2 . 0, k1 andk2 must be negligible at lo

Ts and quickly increase withT.
From equationC0 5 CAF 1 CWF 1 CUIP and Eq. 8 and 9

CAF 5 C0/~1 1 k1 1 k1k2!,

CWF 5 C0 /@1 1 ~k1
21 1 1!/k2#,

and CUIP 5 C0 /~1 1 k1
21 1 k2! @10#

An analytical research of these last equations for the variatio
CAF , CWF , andCUIP with T is difficult or even impossible. But the
variations are easily derived as follows.

! 20, ~e! 50 and~f! 100 kHz.
10, ~d
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The exponentialT dependence ofk1 and k2 and Eq. 10 predic
that CAF andCWF decreases and increases, respectively, withT. At
low and high enoughTs CWF → 0 andC0 , respectively. AsT be-
comes low and high enoughCWF tends to be asymptotic parallel
theT axis cutting theCWF axis at 0 andC0 , respectively. Hence th
CWF vs. Tplot has a sigmoid profile with two tails and an inflect
point, as indeed is observed in the magnetization and suscept
vs. Tplots.15,17,17-20The inflection point cannot be found analytica
except for the case whereCUIP is negligible compared toCAF

1 CWF . From Eq. 8 and 9 k1k2 5 CWF /CAF ' CWF /(C0

2 CWF) andCWF ' C0 /@1 1 1/(k1k2)#. The condition for the ap
pearance of the inflection point,d2CWF /dT2 5 0, is satisfied whe

2~DS0
1 1 DS0

2! 1 ~DH0
2 1 DH0

1!/T 5 0 @11#

Since (DH0
2 1 DH0

1) . 0, then 2(DS0
1 1 DS0

2) , 0 which
denotes that the AF state is more ordered than the WF, as exp
verifying the above analysis. ProbablyCUIP is indeed small enoug
~which occurs whenk1

21 1 k2 @ 1) justifying the fact that the UI
state, as an intermediate one between AW and WF, was not de
by other methods and therefore is not noted in the literature.

Similarly, it is found that theCAF vs. Tplot has an inverse si
moid profile with two tails tending at low and highTs to asymptote
parallel to theT axis and cutting theCAF axis atC0 and 0, respec
tively.

WhenT decreases,k1 andk2 quickly decrease, due to their e
ponential T dependences, so thatk1 becomes!1, and therefor
k1

21 @ 1, andCUIP → 0, Eq. 10. AsT increasesk1 andk2 quickly
increase so thatk2 becomes@1 andCUIP → 0. Hence, at low an
high enoughTs CUIP → 0. It is noted that these limiting inequaliti
are consistent with the previous one,k1

21 1 k2 @ 1 for eachT.
Thus,CUIP passes through a maximum at aT for which dCUIP /dT
5 0 or when

2k1
21DH0

1 1 k2DH0
2 5 0 @12#

which is plausible, sinceDH0
1 and DH0

2 . 0, also verifying the
above analysis. Thus, theCUIP vs. T plot has a bell-like profile
Apparently, whenDH0

T,1 , DS0
T,1 , DH0

T,2 , andDS0
T,2 , which ac-

tually depend slightly onT, are taken into consideration, additio
details in the above,e.g., CWF and CUIP vs. T, plots can appea
Those of the first plot case can explain details in magnetizatio
susceptibilityvs. Tplots.5,6,10As observed the model is strictly the
modynamically sustained and consistent.

Figure 5. Schematic energy diagram during transition from AF to WF p
through the UIP in which the activation energies of the forward and re
processes and the enthalpies are distinguished.
d,

d

Characterization of conductance at TM,i , T , TM,f and
interpretation of s peak and co-occurrence of conductive
magnetic transitions by the previous model. Uncertainty
determining activation energy and bandgap values from theln s vs.
1023 T21 plots.—There is strong evidence that the peak condu
ity at TM,i , T , TM,f is predominantly due to intrinsic semico
ductance. Although electronic and band structure studies sh
that the valence band is formed from occupied eg Fe 3d orbitals with
a strong antibonding admixture of O 2p and the conduction b
edge forms from the t2g levels of Fe 3d and O 2p, a simple mo
explaining the conductance data is absent.34 Optical studies sup
ported the process 2Fe31 1 2.1 eV→ Fe41 1 Fe21 and a two
carrier semiconductance for undoped hematite.41,42 Fe41 and Fe21

concern valence band holes and species enriched with electr
conduction band. The results agree with this process which jus
both the intrinsic semiconductance and formation of the afore
tioned diffusing ions.

The intrinsic activation concerns a fraction of UIP Fe31 and
therefores is given by equation

s 5 s08CUIP exp~2Ea/2kT! @13#

wheres08 is a constant, almost independent ofT. It is evident thats
is defined byCUIP which varies withT, according to a bell-lik
profile and by the factor exp(2Ea/2kT) for which the rise ofT
causes an accelerated increase. Thus,s must show a peak with
maximum value at aT higher than that of the maximumCUIP value,
while the peak must be not symmetrical, as indeed is observ
Fig. 3 and 4.

SinceCUIP varies withT, treatment ofs values by Eq. 5 cann
yield the trueEa and Eg values. An elucidative example is give
From the approximately linear part of plots between 230
(103 T21 5 4.35 K21) and 260 K (103 T21 5 3.85 K21), region
AB in Fig. 4, the Ea, calculated by Eq. 5, is 1.1505 eV
F 5 1 kHz and therefore, supposing that this corresponds t
intrinsic activation energy,Eg 5 2Ea 5 2.31 eV. It decrease
with F due, apparently, to its effect on carrier mobilities wh
are reflected as a variation ofEa. Between 260 K (103 T21

5 3.85 K21) and 294 K (103 T21 5 3.40 K21), region BC in Fig
4, Eq. 5 givesEa varying from 0.58 to 0.38 eV andEg from 1.16
to 0.76 eV for F 5 1-100 kHZ. Calculation ofEa in the range
AC, 230-294 K, considering a rough linearity gives, at,e.g.,
F 5 1 kHz, Ea 5 0.78, andEg 5 1.56 eV. Similar treatment of r
sults in aT region extending,e.g., from a T, 294 K > T > 260 K,
to a T . 294 K yields totally misleading and unrealistic conc
sions.

Recent results for a pellet hematite sample in theT region from
'285 to'305 K27 gave an lns vs.103 T21 plot curving upwards
as observed on average in plots of Fig. 4 in the right side o
peak, ands of the same order as here in thisT region. This denote
that thes peak in that sample must appear at aT higher than here
apparently due to its different composition,e.g., less purity
99.124%, etc. The estimatedEa, 0.735 eV, is close to the previo
average one found in the right side of the peak in the lns vs.
103 T21 plot for F 5 1 kHz, 0.78 eV, also validating the pres
analysis.

Hence, the real constantEa andEg values cannot be found by E
5 since they depend strongly on theT range examined. Consideri
that the AB region, Fig. 4, corresponds to the left tail of the bell-
CUIP vs. Tplot, whereCUIP does not largely vary, then 1.1505 a
2.31 eV can be considered only rough estimates ofEa andEg . Egs
found in earlier studies, varying from 2.3 to below 1.9 eV as pr
ously noted, lie between the values 2.31 and 1.56 eV, given p
ously, which as shown above are inaccurate. The strong differ
met in the literature forEa, e.g., 2.1 eV41,42 or 0.735 eV27 and for
E varying as above or 3.36 eV46 are thus justified by Eq. 13, t
g
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variation ofCUIP ~or of the implicitly activated species! with T and
the differentT ranges examined.

The CUIP must become maximum at aT, which can be consid
ered ' TM , between 260 and 294 K,i.e., around 278 K, which i
close to the 265 K in the literature for bulk hematite. Details ofs ~or
ln s) vs. Tplots are explained by the aforementioned details o
CUIP vs. Tplot. Occurrence of an appreciable contribution of io
conduction is not excluded. As shown, ionic transport occurs aTs
from TM,i to TM,f . Ionic diffusion is favored by highCUIPs, or in the
T range of magnetic transition. The ionic contribution must
obey a relationship similar to Eq. 13. Although the results ca
prohibit a significant ionic contribution to conductance, becaus
real Ea, comparable to 1.1505 eV, is much higher than'0.5 eV43

characterizing diffusional processes in solid state, intrinsic sem
ductance is the main contribution. The maximum ins peak aroun
F 5 20 kHz, Fig. 3, can be attributed to different effects ofF on
carriers mobilities in intrinsic and ionic contribution to conductan

The significance and further consequences of the de
results.—The realTM,f 2 TM,i range is accurately defined by t
method, without measuring magnetization and its variation witT.
The results showed that IS can be applied to study the mag
properties of some materials as well as the electrical propertie
effective method for such studies is thus introduced.

As shown, the conductance behavior is complex enough aTM,i

, T , TM,f . If details on the kind of conductance and effects
parameters likeT andF on s cannot be suitably distinguished by
method employed, conclusions derived in investigations in w
conductance is involved will be misleading. Treatment of resul
Ts in the range fromTM,i to TM,f considering simple semiconducti
character, following,e.g., Eq. 5, cannot precisely determine the c
duction character, bandgap, and other related parameters and
fore the total photocatalytic behavior28-35 for which the ion diffusion
processes may also affect carrier recombinations yielding low
ciency. ThatTs and the complex conductance character of hem
are important for such studies. To optimize efficiency, conducta
and magnetic transitions, ion diffusion and relatedTs must be take
into consideration. Similar observations can be made for othe
plications of hematite as well.

Conclusions

From the results of this study the following concluding rema
can be drawn:

The application of IS to hematite at 190-350 K revealed a c
plex behavior. A background ofs out of the magnetic transitionT
range appears and a peak ofs appears within thisT range. The
spin-flip transition and itsT range,'2302 '330 K, correspondin
to the region of appearance of conductivity peak, were prec
predicted.

A model, thermodynamically sustained and therefore strict
an uncontested validity, was formulated interpreting, for first t
the coexistence and interaction of magnetic and conductance
tions. It predicts that the peak of conductivity is due to the app
ance of a peak of bulk concentration of uncoupled Fe31 and the
exponentiallyT-dependent fraction of activated Fe31 yielding pri-
marily intrinsic conduction. Magnetic and conductance transit
occur over a relatively largeT range as a result of equilibrium pr
cesses 6 and 7.

The formulated model for co-occurring complex conducta
and magnetic transitions can explain the, so far, elusive semico
tance and controversial behavior of hematite in some applicat

Although the formulated model is consistent with the result
each case and no contradiction was observed or can be conc
verifying its validity, further investigation along the lines of t
study on the intermediate phase of uncoupled Fe31 ions between th
AF and WF phases is necessary to fully elucidate the concurren

the electric and magnetic transitions.
e-
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