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Abstract

We have investigated the Verwey phase transition (VPT) by two novel non-resonant microwave absorption techniques: low-field

absorption (LFA) and magnetically modulated microwave absorption spectroscopy (MAMMAS). Measurements were carried out on

sintered polycrystalline samples of Fe3O4, in the 77–300K temperature range. LFA refers to the microwave absorption around the zero

DC field range (�1000oHDCo+1000G). LFA measurements showed an hysteretic behavior; a minimum in the hysteresis loop width

was observed at 126K, which can be associated with a minimum in magnetic anisotropy, as a consequence of charge localization below

the VPT. MAMMAS experiments are based on the variations in microwave absorption (at constant HDC), as a function of temperature,

and seem particularly well adapted to detect a wide range of phase transitions. In the magnetite case, a continuous increase in the

microwave power absorption level was observed as temperature decreased, reaching a strong maximum at 130K and a minimum at

100K. An inflection point at 126K was found, in very good agreement with LFA measurements. These results are discussed in detail.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetite is the oldest magnetic material known, and it
is still intensely studied. It is a mixed-valence iron oxide
that exhibits a complex transition, first described by
Verwey [1], as a discontinuous drop in electrical con-
ductivity upon cooling below 122K. This became the
Verwey temperature, Tv. Many studies and reviews on the
Verwey transition are collected in some special issues [2–6].

In this paper, we present a study of the Verwey transition
by using two novel non-resonant microwave absorption
techniques: low-field absorption (LFA) and magnetically
modulated microwave absorption spectroscopy (MAMMAS).

LFA refers to the non-resonant microwave absorption
around the zero DC field range (�1000oHDCo+1000G),
- see front matter r 2007 Elsevier B.V. All rights reserved.
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in otherwise typical electron paramagnetic resonance setup.
It has been observed in a wide variety of materials such as
high-temperature superconductors [7], silicate glasses [8],
amorphous ferromagnetic ribbons [9], and ferrites [10]. The
source of the absorption signal can therefore be a reflection
of the fluxoid tubes characteristic of the mixed state in
superconductors, or the interaction of microwaves with the
electric and/or magnetic dipoles, or also the magnetization
processes of the domain structure in ordered materials.
MAMMAS consists in the study of the derivative of

microwave absorption during a temperature scan of the
sample, which is subjected to a constant DC field [11]. This
technique monitors any change in the microwave absorp-
tion regime and is therefore particularly well adapted for
the study of phase transitions.
To our knowledge this is the first time both methods are

applied to the investigation of the Verwey transition; the
obtained results are discussed in detail.
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Fig. 1. Hysteresis loop behavior of LFA signal as a function of
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2. Experimental

A polycrystalline sintered sample of magnetite, Fe3O4

was prepared by reducing a-Fe2O3 (Aldrich, 98%) under
hydrogen atmosphere [12]. X-rays diffraction pattern
showed a single phase corresponding to magnetite.
Measurements of LFA and MAMMAS responses were
carried out at 9.4GHz in the 77–300K temperature range.
The temperature of the sample was controlled by flowing
cold N2 gas through a double walled quartz tube, placed at
the center of the microwave cavity.

Measurements were done in a Jeol JES-RES3X spectro-
meter. For LFA experiments, this system was implemented
with a Jeol ES-ZCS2 zero cross sweep unit, which
compensates digitally for any remanence in the electro-
magnet, thus allowing measurements by cycling the DC
magnetic field, HDC about its zero value. LFA measure-
ments were performed as a function of HDC in symmetric
field-sweeps in the �1000GpHDCp+1000G range. In
this technique the sample is zero-field cooled to the desired
temperature, and then it is maintained at a fixed
temperature with a maximum deviation of 1K during the
whole LFA measurement (�4min of sweep). For the
MAMMAS experiments, the sample was subjected to a
constant magnetic field (HDC ¼ 600G), and a weak AC
magnetic field (Hmod ¼ 4G). A modulation frequency of
100 kHz was superimposed to the HDC. An incident
microwave power of 7mW was used.
temperature, for selected temperatures.
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Fig. 2. Behavior of the area inside of the hysteresis loop and DHLFA as a

function of temperature.
3. Results

Fig. 1 presents the LFA signal behavior for selected
temperatures which showed hysteresis on cycling the DC
field around zero. This feature has been associated with
low-field magnetization processes in soft ferromagnetic
materials [9]. The area inside of the hysteresis loop (HLA)
shows a clear dependence on temperature as can be seen in
Fig. 2. As temperature decreases from room temperature,
this area remains approximately constant up to 160K
where it abruptly diminishes, reaching a minimum value at
126K. This temperature is very close to the Verwey
temperature reported in literature (122K).

For lower temperatures this area increases again. The
peak to peak width of LFA signal (the difference in HDC

field between maximum and minimum of the signal),
DHLFA, exhibits a similar behavior. DHLFA has been
observed to be in agreement with anisotropy field of
ferromagnetic systems [9].

The MAMMAS profile is presented in Fig. 3. The
derivative of microwave absorption increases continuously
as temperature diminishes from room temperature and a
maximum value is observed at 130K, where it suddenly
decreases down to 100K. An inflection point is observed at
126K, which is coincident with Verwey phase transition
(VPT) temperature.
4. Discussion

Hysteresis in LFA can be explained in terms of the
magnetization processes, because of the existence of
magnetic domains in the whole range of temperature (the
Curie point of magnetite is �860K). These results suggest
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Fig. 3. MAMMAS profile of magnetite as a function of the temperature.
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that the magnetization dynamics is influenced by the
electronic nature of the metal–insulator transition mechan-
ism and the structural transition at VPT. By comparing the
HLA and DHLFA temperature dependence, it seems that
this phenomenon is also related with an anisotropy
decrease in the neighborhood of the VPT, due to a charge
rearrangement. Below the transition temperature, the
anisotropy increases due to an additional contribution to
magnetostriction that appears as a consequence of a
distorted cubic phase [13]; therefore, the hysteresis becomes
wider.

The energy absorption observed in MAMMAS has
shown to be very sensitive to the changes in the
conductivity. The response follows an approximate ex-
ponential growth as temperature diminishes from 300 to
130K, suggesting a direct correlation with the conductivity
mechanism, which is thermally activated. The sudden drop
at 130K remains until VPT is completed (100K), indicat-
ing a clear change in the energy absorption as a result of
the drop in conductivity. This kind of correlation has been
also observed by other researchers [8,14].

5. Conclusion

The evolution of LFA signal with temperature clearly
allowed to detect changes in the anisotropy of the system,
and MAMMAS profile gave information about the
changes in conductivity process associated with the Verwey
phase transition. We have showed that non-resonant
microwave absorption techniques LFA and MAMMAS
are also powerful tools in investigating the metal–insulator
and structural transitions in magnetite.
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