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Electrical transport in magnetite near the Verwey transition
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Thermoelectric power and conductivity measurements were carried out on Ti-doped single
crystals of magnetite in the temperature range 70—300 K. The analysis of the measurements
supports the model in which the electrical conduction below the Verwey transition takes place
on two energy levels separated by a gap of about 0.12 eV. Evidence is found that the mobility
of the electrons is thermally activated above as well as below the Verwey transition, indicating

phonon-assisted tunneling.

I. INTRODUCTION

At about 120 K magnetite (Fe;04)-exhibits the
well-known Verwey transition. At the Verwey tem-
perature (7y), the transition is induced by an order-
ing of the electrons on the octahedral iron sites in the
low-temperature phase. The electrical conduction in
this temperature region has been for years a quite in-
tricate problem. Electrical conductivity, thermoelec-
tric power, and Hall-effect measurements which have
been performed were not able to elucidate satisfac-
torily the electrical transport mechanism. For in-
stance the sign of the charge carriers could not unam-
biguously be established. (For an extensive literature
survey see Ref. 1.)

Recently, a model has been suggested' for describ-
ing the transport properties. The model is based
upon measurements of the thermoelectric power on
nearly stoichiometric magnetite single crystals. It ap-
peared that minor deviations from stoichiometry had
a decisive influence whether p- or n-type conduction
was observed in the ordered state. To explain these
results, we proposed a model by which the conduc-
tion below the Verwey transition takes place by
charge transport in two energy levels which are
separated by an energy gap of about 0.1 eV.. This gap
should arise from the electron ordering. Within this
model it is also possible that a small amount of im-
purities, which produce a change of the Fe?* to Fe’*
ratio, will establish a change of sign of the majority
charge carriers. For that purpose titanium is a suit-
able substitution, since—substituted in magnetite— it
has always the valency 4*. In order to check experi-
mentally the proposed model and to get more quanti-
tative information above the various parameters in-
volved, we performed measurements of thermoelec-
tric power and conductivity on titanium-doped single
crystals of magnetite. Moreover from a combined
analysis of these data we were able to deduce the
behavior of the mobility of the charge carriers in the
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low-temperature phase of magnetite.
II. EXPERIMENTAL

Synthetic single crystals of Ti-doped magnetite
were prepared from Fe,0;3 and TiO; by means of a
floating-zone technique in an arc-image furnace?; six
different compositions were prepared with x =0,
1074, 4 x 1074, 1073, 3 x 1073, and 8 x 1073, (see de-
finition of x in Sec. III) respectively. After the cry-
stallization the samples were annealed for 70 h at
1130°C in a CO,-H, mixture with a partial oxygen
pressure of 107!% atm. During cooling to room temp-
terature the CO,-H; ratio was changed in such a way
that the curve, representing the partial oxygen pres-
sure as function of the inverse temperature, was
parallel to the curve representing the Fe;04-FeO
phase boundary. Such a procedure was previously
proposed by Smiltens to obtain stoichiometric mag-
netite crystals.> In the specimens obtained no phase
segregation was observed either with x ray or with
microscopic investigations.

To prevent the inclusion of undesirable impurities,
the iron(II1) oxide used as starting material was
prepared from electrolytical iron dissolved in HCL.
From this solution iron(II) oxalate was precipitated
by means of oxalic acid. By firing in the air the iron
oxalate decomposes into iron(III) oxide. The
iron(II1) oxide prepared in this was has a purity of
99.9999% as far as metal impurities are concerned.

In the temperature range 70—240 K thermoelectric
power and conductivity measurements were per-
formed on cylindrical crystals with typical dimensions
of 3 cm length and 0.5 cm diameter. The [110]
direction was parallel to the axis of the samples.
Since no precautions were taken to prevent twinning
below Tv, all the measurements in this temperature
region were carried out on twinned specimens. De-
tails of the measuring procedure have been published
previously.!
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III. TWO-LEVEL MODEL

In the two-level model for the electrical conduction
of magnetite below the Verwey transition, it is sup-
posed that the 3d° electron states of the octahedral
iron ions are divided into two sets of energy levels,
equal in number and separated by an energy gap of
2A. Since in a stoichiometric specimen of magnetite
the number of Fe?* ions equals half the number of
octahedral sites this implies that in such a specimen
‘at T =0 the states below the gap are completely filled
with electrons, whereas the states above the gap are
empty. Charge carriers either are created by excita-
tions of electrons across the gap at T 0 or are in-
troduced by mono- and tetra-valent metal impurities
and oxygen nonstoichiometry.

If the zero of the energy scale is chosen in the
middle of the gap, the distribution of the electrons
between the two energy levels is according to Fermi-
Dirac statistics given by

"= Yexpl(—A — Ep)/kTT (12)
No (1b)

"= T Fexpl(a — Ep) /KT

In these equations n; and n, are the numbers of elec-
trons per unit volume below and above the energy
gap, respectively. Ny is the number of available sites
in each level, which equals half the number of oc-
tahedral sites. In stoichiometric magnetite No= N,
where N is the number of formula units per unit
volume. The number of negative charge carriers n
equals n,, whereas the number of positive charge car-
riers is given by p = No— n;. If we denote the total
number of electrons by n, (for stoichiometric mag-
netite n, = N), the Fermi energy can be calculated
from the equation

ny+ny=n, . 2)

/

If we write the formula for nonstoichiometric mag-
netite (characterized by the octahedral vacancy con-
centration y) doped with an amount of x Ti ions per
formula unit as '

Fe’*(Feff;,+,Fef;*2,..2,, V,Ti:+)04 -, (3)

then the total number of electrons is given by
n,=N(1-3y+x) and the number of states in each
level equals No=N(1 — %y - -;—x).

The Seebeck coefficient within this model can be
written

_1_ —n(A'-Ep) +p(A +EF)”'p/ILn

S =
eT n+puyn

)

In expression (4) the terms due to transport of kinet-
ic energy are omitted. This may be justified by the
fact that in narrrow bands these terms are generally

expected to be small and probably zero in the case of
hopping conduction.*

In Eq. (4) u, and u, are the mobilities of the p-
and n-type charge carriers, respectively. These
mobilities may quite generally be written

~a,/kT
pp=pop(T)e " (Sa)
—q,/kT
pn=pon(De ™", (5b)
where the activation energies g, and ¢, are not neces-
sarily different from zero and po, and uo, depend
on T by some power law. The quotient u,/u, can be
given by
. =f(T)e-Aq/kT . 6)
Hn

From this equation we can find two limiting cases,
viz,

H = g—Aa/kT , @)
Hn

and
L/ Ry 8)
Kan

where c is a constant of order unity.
Both cases will be considered for the interpretation
of our measurements in Sec. IV.

IV. RESULTS AND DISCUSSION

The absolute thermoelectric power,® measured on
six samples with different compositions, is plotted
versus temperature in Fig. 1. Except for the speci-
men with the largest Ti concentration (x =8 x 1073)
the values of the Seebeck coefficient above the
Verwey transition are equal within experimental error
and are also in agreement with previous results.! At
the Verwey transition a sharp decrease of the Seebeck
coefficient is observed for all specimens and in the
ordered state the influence of the titanium dope is
rather pronounced. When the temperature is lowered
further below Ty, the specimens with x =0 and
x =10"* reveal a marked rise of the Seebeck coeffi-
cient, reaching a value of about +250 xV/K at 70 K.
This behavior is analogous to that of the nearly
stoichiometric specimens described previously.! With
decreasing temperature the thermoelectric power of
the sample with x =4 x 10~ increases until 7 =85 K
and then decreases. The specimens with x > 4 x 10~
all show a sudden drop of the Seebeck coefficient
below Ty with a value of about —500 xV/K at 70 K.

If we take the two-level model of Sec. III for the
interpretation of the Seebeck measurements, the
number of electrons (Fe?* ions) in relation to the



596 A.J. M. KUIPERS AND V. A. M. BRABERS 20
60, T T T T T T T number of available states in the lowest level is then
ok i decisive whether p- or n-type conduction at 7 =0 can

be expected; that means that stoichiometry and im-
20 1 purity content determine the sign of the thermo-
0 power.

—. i Since the magnetite specimens were annealed

% under the same experimental conditions, the vacancy

= -4 =00 ] concentration y may be supposed to be constant and

§ _60- M 4 as titanium is the main impurity in our samples, we

: 8ok { | can expect according to the model, a sign reversal of

{5‘, ! the thermopower at T =0 for a composition x, when

g -100- . 10 ] l—3y+x=l—%y—%x, that meansx=%y. The

g 20+ 1 ox-104 . fact that in the experimental data at low temperatures

"l . "=4’_‘3‘°/' ] a sign reversal occurs between x =10"% and

R | x =4 x 107* implies that, within this model, the pos-
e e xaBx103 sible values of y are restricted to 6 X 1075 < y
280} \ 8 <2.4x1074
i i We calculated the Seebeck coefficients for various
values of y within this range from the Egs. (1)—(4)
g0 R0 W0 W0 W 200 220 20 and (7). A typical example with y =2 x 1074,

temperature (K)

FIG. 1. Absolute thermoelectric power of Fe;_, Ti, O4

vs temperature.
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2A=0.134 eV, and Aq =0.007 eV has been plotted
in Fig. 2(a). However, it appeared that for all
specimens—except for x =4 x 10™* at low
temperatures—a better agreement is obtained with a
value of vy larger than 2.4 X 10™*. An example with
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FIG. 2. Temperature dependence of the Seebeck coefficient calculated according to the model outlined in Sec. III with the ti-
tanium concentration x as parameter. (a) y =2x107% 2A=0.134 eV, y,p/u,, according to Eq. (7) with Ag =0.0070 eV; (b)
y=4.7x107% 24 =0.120 eV, p,/u, according to Eq. (7) with Ag =0.0078 eV; (c) y=4.7x107%, 24 =0.120 eV, p,/u, accord-

ing to Eq. (8) with ¢ =0.47.
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y=47x10"% 2A=0.120 eV, and Aq =0.0078 eV is
shown in Fig. 2(b). For comparison we have plotted
in Fig. 2(c) the Seebeck coefficient calculated with
the same values of the parameters A and vy but using
expression (8) instead of Eq. (7) for u,/u, with

¢ =0.47. It is emphasized that the parameter values
which were used for these plots do not necessarily
give the best agreement; the plots are principally
meant as an example. However, deviations from
these values larger than about 10% appeared in all

cases to deteriorate significantly the correspondence
with the experimental results. The thermoelectric
power of Ti-substituted magnetite in the temperature
range of 90—120 K can be well predicted quantitative-
ly by our two-level model approximation, but below
90 K the experimental results deviate widely from the
calculations, particularly for the sample x =4 x 107%.
A’s the Fe?* to Fe’* ratio in the specimens plays a de-
cisive role for the thermoelectric power in the low-
temperature phase, it is obvious that a complex tem-
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FIG. 3. Logarithm of the conductivity of Fe;_,Ti,O4 vs reciprocal temperature.
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perature dependence can be expected if impurities
which create or destroy Fe?* ions, i.e., Ti** ions and
cation vacancies, are present in nearly equal concen-
trations. In our opinion the origin of the anomalous
behavior below 90 K can be found in the interactions
of the charge carriers with these titanium ions and ca-
tion vacancies. It can be argued that a Ti** ion will
lower the energy levels of neighboring iron sites.®
The implication of this lowering of the site energies
upon the electrical conduction may be described in
two ways. From the first point of view, one can re-
gard the respective sites as electron traps and conse-
quently consider the combination Fe?*-Ti** as a
donor.

On the other hand, in the case of hopping conduc-
tion, the lowering of a part of the site energies may
be considered to decrease the electron mobility, since
an electron on such a site will need a larger activation
energy to make a transition to another site. If con-
duction takes place by hopping it is hard to discrim-
inate between the two descriptions, which is also the
problem in the theory of electrical conduction in
disordered systems.” However, the descriptions are
equivalent in so far as both yield a decrease of the
conductivity of the n-type charge carriers (o,) in
presence of Ti** ions. In a similar way a vacancy,
which is negatively charged relative to a Fe3* jon will
lower the conductivity of the p-type charge carriers
(op), because the combination V-Fe** acts as an ac-
ceptor.

Since for the specimen x =4 x 1074, o, and o, are
almost equal, small variations of the energy levels,
caused by Ti ions and vacancies, will have a complex
impact on the temperature dependence of the ther-
moelectric power. The two-level model we used, ex-
plains best the data of the thermopower just below
Ty in the case that there are majority charge carriers.

The electrical conductivity of the crystals used for
the thermoelectric power measurements was also
determined as function of temperature. In Fig. 3 the
results of these measurements are represented. Ex-
cept for the samples with x =3 x 1073 and
x =8 x 1073 the values above Ty are equal within ex-
perimental error. Below Ty the values of the con-
ductivity slightly diverge with decreasing temperature,
the conductivity of the sample with x =4 x 10~ being
lowest. In contrast to the low-temperature phase,
where the conductivities of the samples with
x=3x10"2 and x =8 x 1073 are larger than those of
the four purest specimens, above Ty the conductivity
of the two most impure specimens is smaller com-
pared with the more pure samples. The transition
temperature of the latter four specimens is equal
within experimental error and equals 123.1 K. In the
samples with x =3 x 1073 and x =8 x 1073 the transi-
tion takes place at 121.2 and 118.6 K, respectively.

Qualitatively, these results are in agreement with
the behavior reported in literature.® With the two-

level model it is now possible to calculate the conduc-
tivity of the Ti-doped magnetites using the formula

n, Pk

9
N N p,

og=newu, +peu,= Neu,

N is the number of electrons per cm?® for
stoichiometric magnetite, i.e., the number of Fe2*
ions. The expression within the brackets can be cal-
culated using some parameters already determined
from thermopower measurements. As an example,
the logarithm of this expression, calculated with the
parameter values of Fig. 2(c), is plotted in Fig. 4. By
combining these calculated data with the experimen-
tal results of the conductivity measurements present-
ed in Fig. 3, we obtain the value of Neu,. In Fig. 5
we have plotted the resulting values of Neu, which
were calculated from the data of the samples with

x =0 to x =107 The error bars denote the range of
values which are obtained from the set of conductivi-
ty data of these four samples at a certain tempera-
ture. A striking result of this analysis is the smooth
join of the calculated value of Nepu, in the low-
temperature phase with the value of o above Ty (cf.
Fig. 5). In the high-temperature phase, the number
of electrons, which equals the number of Fe?* ions,
is for all the Ti-doped specimens nearly constant and
equal to N. If above Ty, where the energy gap has
disappeared, all the electrons take part in the conduc-
tion process, Fig. 5 suggests that the nature of the
jump in the conductivity is a change of the number
of charge carriers and not a sudden change of the
mobility. Within the analysis we propose here, it
turns out that above as well as below the Verwey
transition the mobility of the electrons is thermally
activated, indicating that conduction takes place by
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FIG. 4. Calculated values of logyol(n +p X u,/p,)/N]
with y=4.7x107%, 24 =0.120 eV, and p,/u, according to
Eq. (8) with ¢ =0.47.
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FIG. 5. Conductivity vs reciprocal temperature. The data points above Ty are the experimental results on the samples with
x=0to x =103, The error bars through the curve marked "Ne p.," represent the values of Neu, calculated according to for-
mula (9) from the experimental values of Fig. 3 and the calculated results of Fig. 4 of the specimens with x =0 to x =1073,
The straight line marked "o, " represents the value of the conductivity calculated with formula (9) using the drawn curve for

Nep, and with x =0, y=0, w,/u, =1, and 24 =0.120 eV.

phonon-assisted tunneling (hopping). This analysis
implies further than the origin of the thermally ac-
tivated behavior of the mobility above and below the
Verwey transition is similar. In that case the activat-
ed behavior above Ty cannot be related to the
dynamic disorder of the electrons, as has been sug-
gested by Klinger,? since below Ty there is no disord-
er.

It corroborates the idea that the origin of the ac-
tivated behavior may be found in small polaron for-
mation.

The values of Neu, determined from the conduc-
tivity measurements on samples x =3 % 1073 and
x =8 x 1073 were slightly smaller than the values in-
dicated in Fig. 5. However, in the model calculations
we did not explicitly take into account the donor and

acceptor character of Ti** ions and metal vacancies,
respectively. The decrease of o,, caused by the pres-
ence of Ti ions as mentioned before in the discussion
on the thermopower, can also-explain why the ob-
tained values of Neu, for samples with large Ti con-
centrations are somewhat lower than predicted by our
model. From the Neu, vs 1/T plot in Fig. 5, a ther-
mally activated mobility can be deduced, with an ac-
tivation energy of 0.07 eV and a value of u, at 120 K
of about 0.02 cm?/Vsec. The conductivity of pure
stoichiometric magnetite can also be calculated for
the low-temperature phase using the plotted values of
Ne u,, the gap width 2A =0.12 eV and the ratio
wp/mn=1; the result is presented in Fig. 5 by the line
marked "oy

If the interpretation of the measurements as out-
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lined before is correct, several theoretical explana-
tions of the conduction in magnetite have to be dis-
carded. First there are those theories which do not
predict an energy gap and the related creation of
charge carriers below 7Ty. The model of
Rosencwaig!? and the theory of Camphausen and
Chakraverty!! belong to this category. Second, there
are those theories, which in the low-temperature
phase yield band conduction such as the Cullen and
Callen model'? and the theory of Buchenau.”® In that
case the mobility of the charge carriers would be con-
stant or only weakly depending on the temperature,
which is in contradiction with our results. As for the
theory of Chakraverty'* which explains the Verwey

transition on the basis of a Jahn-Teller distortion, it
is hard to judge, because it is not clear how the con-
duction is explained within this model.

The most important conclusion, drawn from the
present results is that the basic features of a two-level
model describing the electrical conduction are applica-
ble to the low-temperature phase of magnetite; an
energy gap of about 0.12 eV exists between the two
kinds of states. From the combined analysis of ther-
moelectric power and conductivity measurements,
evidence is found that below as well as above the
Verwey transition a thermal activated mobility of the
electrons is found, indicating hopping conduction in
both phases.
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