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We have measured temperature dependence of magnetic and dielectric properties in high quality stoichiometric
single-crystals of magnetite (Fe3O4). At low temperatures, below the Verwey transition, both ac susceptibility and
ac permittivity reveal similar relaxation processes. We discuss these effects in connection with domain structure
and variable range hopping mechanism of electrical conductivity.
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1. Introduction
Magnetite — a mixed valence iron oxide, Fe3O4, with

cubic inverse spinel structure at room temperature — is
a prototype ferrimagnetic system that still attracts con-
siderable attention mainly due to the presence of the
so-called Verwey transition — a structural phase tran-
sition accompanied by substantial changes of magnetic
and electrical properties [1]. Although Mott’s metal–
insulator transition theory [2] was well suited to explain
the sharp increase of resistivity of magnetite upon cooling
through the Verwey temperature (TV ≈ 120 K), the exact
nature of the transition is still unresolved and the charge
ordering on the Fe ions has not been sufficiently clari-
fied [3–6]. To complicate the matter even further, upon
cooling through TV the structure changes to monoclinic
[5] and the monocrystal splits into structural domains
which are strongly linked to the instantaneous magnetic
domain structure of the sample (i.e. random in weak mag-
netic fields). The interplay of spin, lattice and electronic
degrees of freedom makes this strongly correlated system
a potential candidate for novel applications [7].

In this work we focus not on the Verwey transition
itself but rather on the magnetic and dielectric behavior
of magnetite below TV.

2. ExperimentalStoichiometric single crystals of magnetite were grown
by floating zone technique [8] and cut to disk shape 5 mm
in diameter and 1 mm thick, the disk axis corresponds
to 〈100〉 crystallographic direction. Two silver electrodes
(4 mm in diameter) were deposited on the flat surfaces
of the disk by means of magnetron sputtering. A cus-
tom sample holder with copper and brass contacts was
used to measure both electrical and magnetic proper-
ties simultaneously. To measure the magnetic properties
(complex ac susceptibility, dc magnetization) a home-
-built continuously reading SQUID magnetometer with
immobile sample was used [9]. The magnetometer oper-
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ates at frequencies from dc up to ≈ 100 Hz and magnetic
fields up to 20 mT in non-persistent mode. dc electrical
resistivity was measured using Agilent 34410 A digital
multimeter (up to 107 Ω m, constant excitation current)
and Keithley 6517 A electrometer (dc resistivity higher
than 106 Ω m, constant excitation voltage). The Agi-
lent 4284 A LCR meter was used to measure complex
ac impedance at frequencies 20 Hz to 1 MHz. In this
case the real and imaginary part of electrical current was
measured (i1 and i2, respectively) and the result was ex-
pressed in terms of AC resistivity ρ = (u/i1)(S/l) and
relative permittivity ε = (l/S)/(ωε0u/i2), where u is the
measuring voltage, S is the sample surface, l is the sam-
ple thickness, ω is the measuring angular frequency and
ε0 is the permittivity of vacuum.

3. Results and discussion
The dc resistivity of magnetite was measured in the

temperature range from 15 K to 120 K (Fig. 1). To-
gether with experimental data taken at different ex-
citation currents (or voltages) and wide temperature
range, a theoretical curve according to Mott’s variable
range hopping (VRH) model [10] shows very accurate
fit. The parameters describing resistivity below TV are
ρ0 = 2.13 × 10−13 Ω m and T0 = 1.04 × 108 K. These
parameters do not represent any physically meaningful
quantities, so one should not get confused by the values
themselves (temperature higher than that of the Sun core
and resistivity lower than that of silver at room temper-
ature).

Other similar measurements [11–13] suggest
Arrhenius-like temperature-activated ρ(T ) depen-
dence or Mott’s VRH dependence valid only over limited
temperature range.

Magnetic susceptibility of magnetite χAC displays so-
-called glass-like transition [14] in the range of 30–50 K.
It manifests itself as a peak of the imaginary part of the
complex ac susceptibility and a sigmoid-shaped transi-
tion of the real part, see Fig. 2b. The transition shifts
towards higher temperatures for higher measuring fre-
quencies ω and can be approximately described as a sim-
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Fig. 1. The temperature dependence of the dc resis-
tivity of magnetite sample measured both by an elec-
trometer (at 2 V range) and common digital ohmmeter
(ranges 0.5 µA to 1 mA) together with a fit (solid line)
according to Mott’s variable range hopping model.

ple Debye relaxation χ ≈ 1/(1 − iωτ) with temperature
dependent relaxation time τ .

In Fig. 2 this transition is compared to dielectric be-
havior in the same temperature range. Both real part
of ac complex susceptibility and dielectric permittivity
(Fig. 2a) display similar transitions at temperatures be-
low TV and both these transitions shift to higher temper-
atures with increasing measuring frequency according to
the Arrhenius law f = f0 exp(−E0/kBT ) with parame-
ters f0 = 7.88 × 109 Hz and E0 = 729 K for magnetic
transition and f0 = 3.24 × 109 Hz and E0 = 839 K for
dielectric transition.

Fig. 2. The temperature dependence of (a) complex ac
magnetic susceptibility and (b) AC dielectric properties
(the resistivity ρ and relative permittivity ε). The tem-
perature axes are identical to allow direct comparison.

These findings alone do not allow us to draw a direct
link between glass-like transition and dielectric transition
below TV. There are some indications of interplay of
electrical and magnetic effects apart from magnetoresis-
tivity, namely changes of TV by applied electric field [15]
or changes of magnetic anisotropy by electric field [16].
It has also been established [17] that the magnetic sus-

ceptibility (and the glass-like transition itself) can be di-
minished by applying strong dc magnetic field. This can
be explained as being due to the reduction of the num-
ber of magnetic domains when a monocrystalline sample
is cooled through TV in sufficiently strong magnetic field
(about 200 mT). Also the anomalously high relative per-
mittivity in the order of 104 can be explained as a result
of some kind of domain structure where conducting do-
mains and insulating domain walls (or grains and grain
boundaries, respectively) can give rise to the Maxwell–
Wagner relaxation [18].

Thus the idea of magnetic domains as a link between
the magnetic glass-like transition and dielectric transi-
tion can be verified by measuring the dielectric proper-
ties of magnetite in strong dc magnetic field, a condition
at which the magnetic transition disappears.
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