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Abstract. Systematic studies of AC susceptibility in a stoichiometric magnetite single crystal, in a series
of low zinc doped magnetite (zzn < 0.04) and in nonstoichiometric magnetite samples (both single crystals
and pellets) in the temperature range 4-300 K are presented. Measurements were performed in several
AC fields (Hac = 0.2—20 Oe) and at different frequencies (15-6000 Hz). It is suggested that the signal is
primarily due to magnetic domain wall movement, strongly influenced by structural domains (twins). Two
sets of anomalies were found: the first is associated with the Verwey transition and the second involves
two different effects, one at 28 K, observed only in stoichiometric magnetite, and the other at 50 K.
While the temperature position of the first anomaly (28 K) does not depend on frequency, the effect at
50 K is associated with an activation process, shifting to higher temperatures with increasing frequency.
This last effect may be linked to the low temperature magnetoelectric effects terminating approximately
at those temperatures. Qualitatively similar results have been observed by the Magnetic After Effect
technique presented in the literature, that is associated with relaxation times that are 10* higher than
those characteristic of our technique.

PACS. 71.30.+h Metal-insulator transitions and other electronic transitions — 75.30.Cr Saturation
moments and magnetic susceptibilities — 75.60.-d Domain effects, magnetization curves, and hysteresis

1 Introduction

In this paper we present dynamic magnetic susceptibility
measurements on low doped zinc ferrite Fez_,7Zn,O4 and
nonstoichiometric magnetite Feg;_s)O4 samples at tem-
peratures both above and below the Verwey transition.
We encountered several low temperature (T') anomalies,
most of them of relaxation character, that gradually dis-
appear with increasing Zn content or with increasing de-
partures from stoichiometry. A discussion of the origin
of those anomalies is presented. These results constitute
part of a wider project dealing with interactions relevant
to the Verwey transition, in particular, magnetic interac-
tions, and changes in the character of this transition with
doping.

Magnetite is well known for its extensive use in tra-
ditional recording media and for its role in the emerging
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field of spintronics [1]. This material has been the focus
of much work in this area over the last 60 years (for a
recent overview and a comprehensive search of literature
refer to e.g. [2] or to [3]), due to the discontinuous Verwey
phase transformation at Ty = 124 K, where the resistiv-
ity increases abruptly by two orders of magnitude and the
structure changes from cubic (Fd3m inverse spinel lattice)
to monoclinic below T4y, .

Many properties of magnetite, in particular the de-
tails of the Verwey transition, were linked to the presence
of Fet3 and Fet? ions on octahedral cationic positions in
the lattice that are not differentiated when the crystal is
heated above Ty. Thus, while the electrons were consid-
ered frozen on particular, although still unknown, posi-
tions at low T', generating specific Fet? and Fet? cations,
they were regarded as being equally spread across all oc-
tahedral Fe positions above the Verwey transition, thus
setting up the intermediate Fe™2® valence state.
Anderson [4] suggested that the electron motion is highly
influenced by strong, interionic Coulomb interactions that
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primarily drive the transition. However, Coulomb repul-
sions, together with the peculiarity of the structure, gives
rise to many energy degeneracies in possible cationic pat-
terns that develop below Ty . Hence, additional, much
smaller, interactions were postulated to exist that stabi-
lize long-range order. Since the problem of finding those
additional interactions is not entirely solved, and since
magnetic interactions were sometimes invoked, studies of
magnetic properties are still needed. This is the primary
reason why we engaged in the present study.

Although many phenomena relating to magnetite may
by explained by adopting the simple ionic picture [2]
outlined above, other measurements show that the real
mechanism is much more complicated [3]. For example,
NMR [5] and anomalous X ray diffraction studies [6] sug-
gest that the low T electronic states of the two sets of
octahedral Fe ions are very similar, rendering the usual
interpretation of phenomena in terms of Fe?t and Fe3*
states highly questionable. Also, the dominance of inte-
rionic Coulomb interactions has been questioned [7], and
no high T electron hopping times below 10~!¢ s have been
found [6]. This is in accord with recent Mossbauer stud-
ies [8] showing that above the coordination crossover tem-
perature Toc, equal to Ty at ambient pressure, but much
higher when external pressure is applied, all octahedral
positions are occupied by Fe™ ions, so that magnetite
then becomes a normal spinel. Recent band structure cal-
culations [9], based on Local Spin Density method with the
self-interaction term removed, support this conjecture.

Magnetic properties of Fe3O4 should also reflect the
electronic arrangement and thus may be usefully stud-
ied to determine the dominant mechanism of the tran-
sition. At high temperatures the magnetic easy, inter-
mediate and hard axes lie along cubic (111), (110) and
(001) directions, respectively. The situation changes at
the isotropy point of Trp = 130 K (where the dominant
anisotropy constant K; diminishes to zero); below this
temperature the magnetic moment points along the (100)
direction [5,10]. This easy direction is preserved below Ty,
where the cubic symmetry changes to monoclinic. Here,
with no significant, (less than 0.1% [11,12]), change in
magnetization, a drastic increase in magnetic anisotropy
energy occurs [13,14], so that each cubic (100) becomes an
easy axis. This causes the material to break into several
structural domains (twins) unless an external magnetic
field H > 2 kOe along particular [001] is applied [15,14].
On the other hand, once a particular easy axis has been
established and the magnetite sample is magnetized along
some other (100) direction, then at temperatures Ty4g,
slightly lower than Ty, a reorientation of magnetic mo-
ments, i.e. axis switching, may take place. This particular
(100) direction then becomes a new easy axis. Since the
effect is probably linked to a relaxation of entities that
order at Ty, the observation of axis switching provides a
unique possibility to study the onset of ordering prior to
the actual transformation.

The Verwey transition may be finely tuned by the
departures from stoichiometry or by controlled doping
e.g. with Zn. Namely, if 30 in Feg;_5O4 [16] or x in
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Fes_,7Zn,04 [17] is less than 0.012, then a first order
Verwey transition is observed, with a linear decrease of Ty .
Above this concentration the transition is continuous, with
a different linear Ty vs. 36 or x relation. Despite the nu-
merous investigations the change in order of the transition
has never been fully explained.

Bearing in mind all the above facts, in particular the
unclear role of magnetic interactions, and the still vague
ordering process influencing magnetic characteristics, it is
evident that precise magnetic measurements would con-
tribute to an understanding of properties of this mate-
rial. For that reason we have found it appropriate to
study the magnetic properties of Fez_,7Zn, O, single crys-
tals by means of AC susceptibility. This technique was
proved to be successful for study the systems containing
magnetic ions in two valence states [2,18]. In particular,
it was also applied for manganites where the electronic
sub-micrometer scale phase separation, possibly respon-
sible for colossal magnetoresistance effects, was linked to
Mn valence instabilities [19]. Interestingly, as in magnetite,
also in this class of materials the strict ionic order was re-
cently questioned [20].

A nonstoichiometric magnetite crystal, as well as pellet
samples, were measured for comparison. By this means we
have complemented previous AC susceptibility studies of
magnetite by Skumryev et al. [21]. Parts of our results
have already been presented [22].

Our measurements on stoichiometric magnetite re-
vealed a pronounced dip at 28 < T < 50 K that actu-
ally consists of at least two different contributions, one at
28 K and the other at 50 K. While the temperature posi-
tion of the first anomaly (28 K) does not depend on the
applied AC frequency, the effect at 50 K shifts to higher
temperatures with increasing frequency. The influence of
the H 4¢ amplitude on those anomalies is also found and
will be discussed, and the effect of field cooling and exter-
nal field on x 4¢ for all studied samples will be presented.
Note that Magnetic After Effect (MAE) anomalies [2] oc-
cur in exactly the same temperature region as our obser-
vations, despite the fact that MAE is sensitive to processes
with much longer characteristic time scales than ours.

The experimental details and the results of our mea-
surements are presented in Sections 2 and 3. The dominant
mechanism of the magnetic susceptibility response in mag-
netite and all anomalies found are discussed in Section 4
under appropriate headings. Conclusions are presented in
Section 5.

2 Experiment

Single crystalline magnetite Fegq_5)O4 (0 = 0 — two sam-
ples and 6 = 0.009), as well as zinc ferrites Fes_,Zn, Oy,
(x = 0.0072, 0.0174 and 0.049) samples, were grown
from the melt, using the cold crucible technique (skull
melter) [23], at Purdue University, USA. The crystals were
then subjected to subsolidus annealing under CO/CO2 gas
mixtures to establish the appropriate metal/oxygen ra-
tio [24], and rapidly quenched to room temperature
to freeze in the high temperature thermodynamic equi-
librium. Although this procedure generates octahedral
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Fig. 1. Temperature dependence of in-phase susceptibility
(left scale) for magnetite samples Fez(;_sy04. The experimen-
tal conditions were: f = 125 Hz, Hac = 1 Oe. The data for the
sample 1 (for which also out-of-plane component is presented;
line) is shifted 0.02 cm®/g upward for clarity.

defects [2] that reflect the high T' disorder, most of low
temperature electronic processes are not thereby spoiled,
as is evidenced by the sharp transition and high Verwey
transition temperature. For two samples, the actual com-
position and sample uniformity were checked with a micro-
probe electron analyzer, while for one sample, z = 0.0072,
the composition was estimated from the universal Ty vs. x
curve [25]. After preparation the crystals were first ori-
ented by the Laue method and then cut into cubes of
typical dimension 1 x 1 x 1 mm?, exposing two (110) and
one (100) surfaces. Pressed pellets of polycrystalline mag-
netite were also annealed under appropriate CO/COs gas
mixtures and drop-quenched to liquid nitrogen tempera-
tures to achieve the intended ¢ in Fes;_5)O4.

The AC susceptibility was measured on commercial
LakeShore ACS7000 series susceptometers in two sepa-
rate laboratories (all samples were measured in Krakéw,
except for two magnetite crystals (sample 2, and the non-
stoichiometric sample with 36 = 0.027), and the pellet,
which were measured in Pusan) in the temperature range
4.2-300 K, in an AC magnetic field of amplitude 0.2 Oe
to 20 Oe, and in an applied frequency range from 15 Hz
to 6000 Hz. The [001] crystallographic direction of bulk
single crystals was set parallel to the H4¢ direction.

The in-phase, ¥’ and out-of-phase, x”, components of
the AC susceptibility, xac = x’ —ix" were recorded while
heating the sample, both after zero-field cooling (ZFC)
and after field-cooling (FC). For some samples the mea-
surements were also performed with the external magnetic
field set parallel to [001].

3 Results

The in-phase components x’ of the AC susceptibility xac
measured at f = 125 Hz and H4c = 1 Oe for magnetite
samples (both stoichiometric and nonstoichiometric) are
presented in Figure 1. The complete data for Zn doped
magnetite (including the x = 0, sample 1, for compari-
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Fig. 2. Temperature dependence of susceptibility for zinc fer-
rite samples. The data for x = 0 (sample 1) are also shown.
The inset presents the correlation between the isotropy point
temperature Trs and Ty ; here the open symbol refers to the
nonstoichiometric sample.

son) and for both in-phase x’ and absorption x” compo-
nents are shown in Figure 2. Two regimes in the shape of
the Verwey transition, are clearly observed: stoichiomet-
ric magnetite and the specimen with z = 0.0072 undergo
first order transitions, while for x = 0.049 the transition
is continuous. The sample with = 0.0174, being in the
higher order regime, as judged by the universal Ty vs. Zn
content relation [25], displays a relatively sharp Verwey
transition at T' = 105 K as judged by the x’ vs. T varia-
tion, but is apparently of continuous character according
to the x” vs. T dependence. The most evident and univer-
sal conclusion derived from the curves in Figures 1 and 2
is that much more energy is lost in maneuvering the spins
below than above the Verwey transition.

Anomalous behavior is encountered in y 4c measure-
ments below 70 K in all samples: x’ increases during heat-
ing, which is reflected in the simultaneous peak in x” (for
x = 0.049 only a small peak in x” is seen). In stoichiomet-
ric magnetite this increase is preceded by a drop of x/, ex-
hibiting a characteristic subtle structure until high 7" val-
ues are reached. Mostly featureless behavior is found at
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Fig. 3. Temperature dependence of low T susceptibility for
z = 0 and for several frequencies (Hac = 1 Oe). The inset

shows the typical breaking of anomaly in T range 40-60 K
into two peaks.

low temperatures for other samples, suggesting that the
peculiar xy 4c shape depends critically on the quality and
composition of the crystals. As already reported [2,21,22],
X’ changes discontinuously at Ty, with a simultaneous
drop in the loss function x”; these features at Ty do not
depend on the frequency of the driving field. There is a
clear kink in x’ just above the Verwey transition that prob-
ably coincides with the isotropy point at T7p; however,
contrary to the report in [21], we observed no anomaly
in x”.

Figures 3 and 4 show the details of the low temperature
anomalies for stoichiometric single crystal; the x’ and x”
dependence upon frequency is presented in Figure 3, while
Figure 4 shows how the dynamic susceptibility depends on
the amplitude of the driving magnetic field H4¢. Clearly,
the sudden drop of x’ at 28 K is reflected in the peak
in x”, and their temperature dependence does not change
with frequency. By contrast, the neighboring, higher T,
anomaly, manifested as a peak in x”, does depend on the
frequency. The driving field H4¢ dependence of ' signal
is presented in Figure 5; here the real part of the suscepti-
bility does not depend on H 4¢ above the Verwey transi-
tion, in contrast to its variation at lower temperatures. To
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Fig. 4. Temperature dependence of low T susceptibility for
x =0, f =1000 Hz and for several driving fields Hac.

further study the processes responsible for the y 4c behav-
ior we have cooled the stoichiometric magnetite through
the transition in an external magnetic field H = 2 kOe
parallel to [001], measuring it while applying the field, or
while heating in zero field, after FC. The results are shown
in Figure 6. The field cooling and subsequent heating with
zero external magnetic field shifts the low temperature
signal close to that at T' > Ty, with an almost identical
anomaly in the 20-60 K region. On the other hand, the
signal recorded upon field cooling is diminished by a fac-
tor of almost 20. Also, the break in Ty is very small, and
the low temperature signal (7' < 25 K) is much lower than
that in the T range from 50 to 120 K, with the simulta-
neous disappearance of the 50 K anomaly. The temper-
ature dependence of the low T anomaly for x = 0.0072
is shown at several frequencies (Fig. 7), and excitation
fields (Fig. 8). The anomaly is moved to lower T and its
shape is definitely changed as compared to stoichiometric
magnetite: the most prominent feature is the absence of
the frequency-independent portion visible in Figure 3. The
high temperature part (7' > 20 K) of the x/(7T') relation is
qualitatively similar to that of stoichiometric magnetite:
the rise at 65 K in ¥’ observed in Fe3O4 is now moved to
lower T', ca. 30 K, exhibiting a typical sigmoidal shape and
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Fig. 7. Frequency dependence of yac for x = 0.0072. The
inset shows the example how the peak in x” is broken into two
Gaussians.

a peak in x”/. When the H ¢ amplitude exceeds 5 Oe, the
high x’ signal is triggered, with a simultaneous build-up of
x". For stoichiometric magnetite a similar (although grad-
ual) increase of X’ with H ¢ was detected in Figure 4, but
the out-of-phase susceptibility was suppressed. The low
temperature anomaly for x = 0.0174 is presented in Fig-
ures 9 and 10; again, as in stoichiometric magnetite (and
also, although to less extent, in the sample z = 0.0072)
the anomaly is split into two peaks that both move to
higher T with increasing frequency f. Experimental data
for x = 0.049 sample are shown in Figure 11; the mea-
surement conditions are given in the figure. The low tem-
perature anomaly is now present only in x”. Field cooling
greatly accentuates the transition, contrary to the case of
stoichiometric magnetite; also, the in-field measurement
does not appreciably change the character of the transi-
tion, again in contrast to Fe3Qy.

4 Discussion
4.1 The mechanism

The basic mechanism responsible for the many effects
encountered in our results appears to be the magnetic
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domain wall displacement (DWD), together with the as-
sociated relaxation processes, and the interaction of mag-
netic with structural domains. This conjecture, elaborated
in the next section, is primarily based on the estimation
of the x’ signal derived from the DWD, as specified by the
relation [26]:

2M?2 d
= — 1
XDW D K, D (1)
where:
M, is the saturation magnetization (97.8 emu/g,

i.e. 512 emu/cm? [14]);

K, is the uniaxial anisotropy constant (20 x 105 erg/cm?
below Ty [14]);

d is the magnetic domain wall thickness (ca. 300 nm [27]);
and D is the domain size (2-3 pm [28]).

Insertion of these values leads to a x’ of the order of
1073 — 1072, close to our results. The experimental re-
sults for T' > Ty shown in Figure 1 at least are not in
conflict with this mechanism. The compressed pellet of
stoichiometric magnetite exhibits a much higher y’ sig-
nal, presumably because of its highly distorted structure.
This distortion produces smaller magnetic domains, thus
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70

giving rise to higher xpwp, in agreement with the above
expression.

In addition, the temperature locations and character of
anomalies, for the case of stoichiometric magnetite, resem-
ble those reported in the MAE measurements [2,29]. Since
the MAE was linked primarily to relaxation processes con-
nected with the DWD we have additional confirmation
that this is the dominant mechanism for the temperature
and frequency /excitation magnetic field dependence of the
susceptibility.

Finally, the subtleties in the T, f, and Hac depen-
dence of x’ change somewhat from one experimental run
to another, similar to the characteristics of magnetic do-
mains in all magnetic materials and structural domains,
in magnetite in particular [30]. This point needs addi-
tional comment. One usually attempts to find a universal
mechanism of the physical processes under consideration,
here, the anomalies in susceptibility and its dependence
on Hac, frequency, composition, cooling, and measure-
ments procedure. However, since many effects below the
Verwey transition affect the magnetic, structural and fer-
roelectric domains, giving rise to interaction between all of
them, and acting on those domains individually, a unique
mechanism for all these effects might not emerge in this
case. Hence, we concentrate below mainly on the major
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Fig. 10. Hac dependence of xac for x = 0.0174.

effects with a common origin. The other effects are linked
to diverse interactions that cannot be experimentally con-
trolled or that result in domain structure which change
slightly every time the experiment is repeated.

4.2 The Verwey transition

In the magnetization process the magnetic moments
within a domain rearrange in such a way as to mini-
mize their energy. Macroscopically this gives rise to the
magnetic domain wall movement, if such a movement is
possible, or else, to a magnetic moment rotation into the
field direction. High temperature cubic magnetite has its
easy, intermediate and hard axes along cubic (111), (110)
and (001) directions, respectively; hence, if Hac is small
and directed along [100], magnetic domain wall movement
can occur. Since the relaxation time for wall movement at
those temperatures is relatively short, the wall can readily
adjust to small applied H 4¢ values that increase the net
magnetization, thereby producing large values of x’ and
a vanishing value of x”. Below the Verwey transition the
easy axis coincides with the [001] direction, while [110]
and [110] are intermediate and hard axes. Since at Ty
magnetite undergoes the structural phase transformation
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Fig. 11. Temperature dependence of xac for x = 0.049 for
different heat treatment and measuring conditions (solid sym-
bols — x’, open symbols — x”'): FC sample was measured when
heating in zero external field, while ZFC sample was measured

either without field or in Hpc = 0.5 kOe.

from the high temperature cubic to the monoclinic phase,
each cubic (100) may become an easy axis, so that the
material breaks into several kinds of twins. These twins,
ferroelastic domains, are often smaller than 5 pm [30] in
extent, so that their dimensions are comparable to those
of magnetic domains [27]. In other words, the ferroelas-
tic domain consists of basically one magnetic domain that
cannot readily move in a small H4¢ field because this re-
quires the simultaneous transfer of a larger elastic energy.
Thus, the resulting x’ below Ty should be considerably
lower, with the loss signal X"’ considerably higher, as was
observed (see Fig. 1).

Some of the twins mentioned above (the c-c¢ twins)
may be eliminated: the simplest way to force a particu-
lar [001] direction to become the unique easy axis is to
apply a parallel external magnetic field H > 2 kOe while
cooling; this procedure was applied here. Now the ¢ axis
in almost all the crystal points close to the Hs¢ field
direction; the size of the structural domains is now in
the range 2—100 pm [30], i.e. larger than magnetic do-
mains. The magnetic domain walls can then move under
the applied field without having to simultaneously move
the twin boundaries. The susceptibility ' should then re-
semble that for higher T', see Figure 6. There are, however,
some twins that are not removed by the field cooling pro-
cedure. Those twins that still remain are related to possi-
ble interchange of a and b directions (a-b twins) as well as
to the different way the ¢ axis is inclined (either towards
cubic [110], or towards [110]: a-a twins). There may also
be additional, possibly small, ferroelastic domains arising
from the reduction to the triclinic, low T' symmetry [30].
The existence of all those twins cause that not the entire
material responds to the H s field, i.e. ¥’ is slightly lower
at T < Ty than at T > Ty, as in Figure 6.

If the dynamic susceptibility is measured in an external
magnetic field capable of curtailing the magnetic domain
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structure (ca. 2.5 kOe when cooling through the transi-
tion with the magnetic field aligned along the easy axis)
the signal should also be considerably diminished; this is
observed in Figure 6 for stoichiometric magnetite. This ef-
fect not only reinforces our claim that what we observe is
mainly due to magnetic domain wall movement, but also
suggests that magnetic effects in the transition region are
only side-effects that are not directly linked to the mecha-
nism of the Verwey transition. In other words, even if the
magnetic manifestations could be switched off, the transi-
tion would still proceeds in the same manner. This prob-
lem will be further discussed in a separate paper.

The above mechanism of the magnetic susceptibility
should also be operational in doped and nonstoichiometric
magnetite samples. Indeed, in all these materials the high
temperature cubic symmetry turns to monoclinic at lower
temperatures, unavoidably resulting in formation of twins.
Accordingly, a characteristic step is seen in the x’ signal
for each sample, as shown in Figure 1. However, the ba-
sic mechanism is the subtle interplay between magnetic
and structural domains, and because both domains heav-
ily depend on material purity, any change in purity may
critically affect the susceptibility and its dependence upon
the external magnetic field. We believe this mechanism to
be the main reason why different field cooling procedures
lead to phenomena, such as those in Figure 12, where no
clear systematics is in evidence. The additional mecha-
nism, usually adopted in discussions of AC susceptibility,
see e.g. [31] and [32], that explains the characteristic step
of X' in the transition region is the magnetic moment ro-
tation effect. Indeed, when the sample is cooled below Ty,
in the absence of an external magnetic field, several struc-
tural twins turn up that have their easy magnetization axis
perpendicular to the AC field direction. In those twins,
i.e. in roughly 2/3 of the material volume, the DWD pro-
cess cannot be realized and the observed x’ value should
be 1/3 of the value when a unique easy axis is established
(i.e., for FC case). Since the actual signal is larger, see
Figure 6, this may be due to the domain magnetization
rotation (DMR) being as large as 1 x 1072 ¢cm?3/g. On the
other hand, the (100) orientation we have adopted here
is unique in that any deviation from this direction should
result in more suitable conditions for magnetic domain
wall displacement, so that the step in y for any other ori-
entation should be smaller. In particular, this should be
true for the pellet; however, inspection of Figure 1 shows
that in this case the step size is comparable. Also, the re-
sults of our numerous measurements of AC susceptibility
for single crystalline and polycrystalline magnetite sam-
ples, aimed mainly to find samples with the desired Ty,
show that the step at Ty is always as large as that for
ZFC samples, displayed in Figure 6. These facts suggest
that the DWD and DMR effects cannot fully explain the
situation and that another mechanism, such as the inter-
play between DWD and the structural twins, as explained
above, must also be considered.

Apart from the step in x’ at Ty, the driving field H 4¢
dependence of the susceptibility further differentiates the
temperature region below and above the transition. For
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Fig. 12. Results of zero field cooling and field cooling (in
H = 2 kOe) for z = 0.0174 and = = 0.049.

T > Ty the driving field does not affect x’, while below Ty,
the susceptibility increases considerably with H 4 for low
driving field amplitudes and rises linearly for H ¢ > 2 Oe,
as shown in Figure 5. Similar results have been obtained
for field cooled sample (not shown), but the increased
number of movable magnetic domain walls caused by FC
produced a smaller dependence of X’ with Hac at T < Ty,
as compared to the ZFC experiment. Thus both effects:
the step in x’ at Ty and the different x’ vs. H o¢ relations
below and above Ty, are correlated and related to mag-
netic domain wall dynamics interacting with structural
domains. Additionally, the dependence of x’ on Hc be-
low Ty, indicating that the M vs. H 4¢ relation is stronger
than linear, suggests that the low temperature susceptibil-
ity depends not only on changes in magnetization derived
from domain walls movement, but also results from an
increasing number of depinned walls. Also, the Hac de-
pendence of x” is consistent with this description: with
growing H 4c more walls can be depinned and move with-
out friction.
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4.3 Anomaly at 28 K

We next discuss the fine structure in temperature depen-
dence of susceptibility.

For stoichiometric magnetite, from the lowest possible
temperatures to 25 K, X’ is rather large (Fig. 1), indi-
cating easy and frictionless (small x”) magnetic domain
wall movements. Only a weak frequency dependence of x’
and x” is seen (Fig. 3), but x’ rises with increasing H ¢
(Figs. 4 and 5), with a simultaneous decrease of x”, as
discussed above. Both the magnitude of x’ and its depen-
dence upon H 4¢ are similar to those for 50 K < T' < Ty,
suggesting the same principal mechanism of spin motion.

The major change in x(7T") occurs at 28 K, where y’
rapidly decreases with a coincident development of the
peak in x”. A conspicuous feature of this effect is that
it does not depend on frequency in the range of our ex-
periment. Also, the anomaly can easily be removed by
increasing Hac: X' levels off reaching its low T value for
Hyc = 10 Oe, with a simultaneous lowering of x” (Fig. 4).
Finally, the departure from stoichiometry, as well as even
very small degrees of doping, causes x’ to become small
so that the discussed anomaly (frequency independent)
disappears.

The effect and the subsequent rise of ' for T >
50 K (see the next section) correspond to the relaxation
anomalies observed in magnetic after effect (MAE) stud-
ies [29,33], where a time dependent (from 1 to 180 s)
decrease of the initial susceptibility (i.e., the susceptibil-
ity disaccommodation) at low temperatures was reported.
The MAE was explained as resulting from the relaxation
of electronic states in the magnetic domain wall, so as to
minimize the wall energy, i.e. to increase pinning. Two re-
laxation channels were proposed: incoherent tunneling of
electrons from Fet? to Fet3, and intraatomic Fet? elec-
tronic excitation. The latter gives rise to a strong relax-
ation peak in the MAE at the same temperature where
we observe the frequency-independent anomaly. The fact
that the temperature of the effects, observed by MAE and
AC susceptibility, match so well is suggestive.

We suggest that in the T range close to 30 K the MAE
technique and the AC susceptibility probe the same elec-
tronic processes, but the manner in which these processes
are triggered is different. After demagnetization (the start-
ing point for MAE spectroscopy) the electronic processes
(either incoherent tunneling or Fe™? excitation) occur to
minimize the magnetic, electrostatic, and elastic energy of
magnetic domain wall patterns; these processes are moni-
tored using low amplitude (few mOe) AC magnetic fields.
In our measurements, with an H ¢ field which is three or-
ders of magnitude greater, we not only probe the ongoing
processes, but can also trigger some of them (as exempli-
fied in Figure 8, where a new phenomenon is triggered by
a field of 10 Oe), i.e., intraatomic Fet? excitation. Addi-
tionally, for incoherent tunneling between Fet? and Fet3
to occur, coherent tunneling, a process of much lower char-
acteristic time is needed; this process can be investigated
by our technique.

Thus, if both the relaxation peak in MAE at 30 K
and our anomaly at 28 K are caused by the excita-
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tion of electronic Fet? states due to spin orbit and ex-
change fields [29], we would have a natural explanation
why the observed process is not frequency dependent.
Indeed, intraatomic electron transfers at these tempera-
tures, if triggered by the AC field, are fast enough to fol-
low the magnetic domain wall movement occurring ca. 15
to 1000 times per second.

For nonstoichiometric magnetite and in zinc-ferrite
with 2 < 0.02, the low temperature (T' < 20 K) friction-
less wall movement (high x’), as well as the fine structure
of the anomaly at 28 K, are lost. Apparently, in accord
with the above description, in samples with defects, the
Fe™? states are greatly disturbed and a gradual population
of higher levels starts already at much lower temperatures,
inaccessible in our experiment. The other possible expla-
nation of a diminished x’, i.e. lower wall movement, is that
the introduction of defects (dopant atom, vacancy) causes
stronger pinning, resulting in Y’ values close to zero at
lowest temperatures. This suggests the existence of some
ionic order in stoichiometric magnetite that is broken up
by the introduction of defects.

Although the reorganization of Fet? energy levels to
qualitatively explain the anomaly at 28 K may be a vi-
able explanation some facts call this phenomenon into
question. First, this process should result in an energy
transfer comparable to that for thermal excitation in a
two-level system; however, the shape of our x” peaks does
not resemble the typical two-level Schottky specific heat
anomaly. Also, cooling the sample in an external magnetic
field of 2 kOe does not greatly affect the shape of the x’
anomaly, but accentuates the loss signal (Fig. 6). Since
field cooling prevents c-c ferroelastic domain formation,
as explained above, the basic explanation of the almost
doubled Y’ is that the number of movable magnetic do-
main walls has increased by a factor of two. However, the
size of the anomaly at 28 K does not scale with the fac-
tor 2, as one would expect if Fet? cations within the walls
were involved.

Thus, both the odd shape of x” peak and the behav-
ior after FC suggest that relaxation processes at this tem-
peratures are more subtle. On the other hand, field cool-
ing, with the simultaneous “in field” measurement greatly
broadens the effect, which indicates that the reason for
this anomaly should be sought in magnetic domain for-
mation and movement.

4.4 Anomaly at ca. 50 K

From the lowest temperatures up to 60 K stoichiometric
magnetite exhibits rather strong magnetoelectric effects:
the rotation of magnetization induces an electric field and
vice versa [34]. Above the anomaly at 28 K, these mag-
netoelectric effects become more prominent. Thus, ionic
order within walls starts to conform to the wall move-
ment, initially with a time lag and later, at higher tem-
peratures, almost instantaneously. This process may show
up initially as friction in magnetic domain wall movement,
resulting in a lowering of x’, with a simultaneous increase
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Fig. 13. Results of fitting of frequency versus the positions
of two peaks, Ty and T%, (in which the anomaly in x” can be
separated; see Figs. 3 and 7) according to the relation log(f)
vs. 1/T.

in " and, at higher 7', in an increase of x’ (the character-
istic “knee” at 55 K) and a diminution of x”, as observed
around 55 K, see Figure 1. Both processes: the initial slow-
ing down and subsequent increase of the wall movement
are frequency dependent (see Fig. 3), and a linear relation
log(f) vs. 1/T holds reasonably well, indicating a ther-
mally activated relaxation process (see Fig. 13). Also, both
processes (similar to the 28 K anomaly) are broadened in
an H a¢ field greater than 10 Oe (Fig. 4). Thus, either the
number of depinned walls has increased, or the slowing ef-
fect of ionic rearrangement within domain walls, preceded
by low levels mixing (a diminished anomaly at 28 K) has
not taken place; both processes result in a decrease of pin-
ning. Stoichiometric magnetite changes its properties at
55 K: above this temperature DC conduction is no longer
clearly anisotropic [35], and the magnetoelectric proper-
ties described above are lost [34]. Also, for T' > 60 K, our
measurements reveal a basically featureless behavior of y;,
with a value comparable to that at very low T'; see Fig-
ure 1. Cooling the sample in an external DC magnetic field
of 2 kOe greatly diminishes the x’ signal and changes its
shape. As already mentioned, the field saturates the sam-
ple, leaving it essentially free of major magnetic domains.
The small signal, see Figure 6, originates from domains
that are still left. At 60 K, while lowering temperature,
magnetoelectric effects set in, that result in the external
magnetic field stabilizing ionic order thereby inhibiting
the magnetic domain wall movement.

In doped and nonstoichiometric magnetite, apart from
the changed low temperature x’ value, one still observes
an increase of the wall movement resulting from the faster
relaxation within domain walls, and the effect is still fre-
quency dependent. As in stoichiometric magnetite, x’ rises
with the H ¢ amplitude at temperatures above the low T'
knee (i.e. when 7" > 30 K) for 0 < z < 0.02, see Fig-
ures 8 and 10 (we did not measure the H 4¢ dependence for
x = 0.049). On the other hand, the behavior for tempera-
tures just below the knee is different. Here a rise in Hac
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Table 1. Fitted values of 79 and Q.

x: Zn Peak at T1 Peak at To Literature
content data
0 T0=38x10""s 1.5x107"%s 1x107"s
Q = 87 meV 104 meV 86 meV*®
00072 To=5x10"s 46x10°%s 14x10 s
Q =21 meV 32 meV 70 meV?
00174 1 =11x10""s 49x107%s 6.05x107"%s
Q = 30 meV 38 meV 65 meV*
@ after [36]

® after [37] data for 36 = 0.0013
¢ same as above, but data for 36 = 0.0055

brings about an increase of y/, with a coincident decrease
in losses for z = 0, while x’ stays constant for z = 0.0072
and 0.0174 (at Hac < 5 Oe). With a further increase of
H 4¢ yet another anomaly is triggered for £ = 0.0072. Our
attempts to separate at least two anomalies close to the
knee by means of the x” observations are shown in Fig-
ures 3 and 7 for z = 0 and x = 0.0072, as typical examples.
Plots of 1/ f vs. In(T%) (11 refers to the lower temperature
peak position, while T» to the higher) are presented in
Figure 13. Here, an activation process 7 = 7o exp(Q/kT)
holds approximately, where 7 (=1/f) is the time after
which an atomistic (i.e. small polaron [2]) jump is com-
pleted, which is attempted every 79 (= 1/fy) seconds.
The fitted parameters for three samples are collected in
Table 1, and are compared to relevant data from litera-
ture, where a similar frequency dependence of anomalies
at comparable temperatures have been found.

Similar relaxation effects appearing in the tempera-
ture interval 2040 K were observed in manganese doped
magnetites [38]. The peak of magnetic losses, composed of
two parts, was generally interpreted as arising from fast
effects occurring inside the magnetic domains, followed
then by slower domain wall response, which takes place at
higher T'. On the other hand, in manganites, the H 4¢ field
dependent x ac anomalies were explained [39] by means of
the existence of magnetic clusters, i.e. the phase separa-
tion. Since in both classes of materials valence instabilities
exist, this is not unreasonable that similar phase separa-
tion mechanism is operational here.

Almost no anomaly at ca. 55 K can be seen for
z=0.049 in x’ and only a small peak shows up in x”,
as shown in Figure 11. The results for the sample cooled
in a field of 2 kOe suggest that the magnetic domain wall
movement is almost completely blocked, in contrast to the
behavior for stoichiometric magnetite (Fig. 6).

4.5 Other effects at higher temperatures

The comparison of ZFC and FC effects on samples with
z = 0.0174 and = 0.049 is shown in Figure 12. For
x = 0.0174, after FC, the signal at lowest T is very small,
rising dramatically at ca. 30 K. This temperature roughly
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coincides with that where the real part of complex dielec-
tric constant diverges [37], and may indicate the onset of
magnetoelectric effects. The x’ signal is now greater than
that for ZFC, because of the enlarged structural domains
that cause free magnetic domain wall movement. The sus-
ceptibility then remains featureless up to 95 K, where it
drops below that for ZFC, in contrast to the x = 0 be-
havior. This process may be linked to ¢ axis switching,
mentioned in the introduction, which may be increased
by FC.

Increasing T above Ty results in Y’ being almost
identical for all samples (with very small x”) over the
whole measured temperature range. This signal is tem-
perature independent at temperatures exceeding T7p, the
isotropy point temperature, where the anisotropy K;
passes through zero [10] and where the magnetic easy axis
changes direction from low temperature (001) to (111).
This temperature is manifested by a kink in the x'(7T')
relation; T7p roughly scales with the Verwey tempera-
ture (see the inset in Fig. 2). The same correlation Typ
vs. Ty had already been inferred from the temperature
dependence of the elastic constant ¢;; [40]. In both cases
the rough proportionality between both pairs of anoma-
lies suggests that the Verwey transition and the isotropy
point are correlated.

4.6 Similarities to MAE measurements

As already mentioned, results qualitatively similar to ours
have been observed in the Magnetic After Effect tech-
nique, even though those effects have relaxation times 10*
higher than those observed here. The relaxation gap ob-
served there between 30 and 50 K, i.e. at the T range
where x’ drops in stoichiometric magnetite and where
several anomalies are found, has been explained as a
combined effect, namely the termination of octahedral
Fe2-Fet? incoherent electron tunneling at T = 30 K, and
the onset of small polaron electron hopping within octahe-
dral Fet2-Fe™3 pairs. Thus, both our results and the MAE
data prove the existence of relaxation effects at ca. 50 K
for stoichiometric magnetite and, at lower T, for doped
and nonstoichiometric samples, with a very wide relax-
ation time spectrum. On the other hand, the anomaly at
T = 28 K is different since no frequency dependence was
encountered, in contrast to the MAE results, where the
peak depends on the observation time and shows typical
relaxation behavior.

5 Conclusions

In conclusion, we have measured the temperature, fre-
quency, and H s¢ dependence of the AC susceptibility of
zinc-doped magnetite single crystals. We have argued that
magnetic domain wall displacement is mainly responsible
for the majority of effects and that the usual drop in x’
at Ty results from the interplay between magnetic and

211

structural domains formed below Ty,. We have found sev-
eral anomalies, manifested as drops in x’ and in the rele-
vant peaks in absorption part x” in the T region from 25
to 60 K for x = 0 and, at lower T, for doped or nonstoichio-
metric magnetite. In particular, the anomaly at T = 28 K,
observed only in stoichiometric magnetite, does not show
the normal frequency dependence, contrary to the effect
at 50 K. This temperature region, 25-60 K, roughly corre-
sponds to the temperature where magnetoelectric effects
are reported to disappear.

With a further increase of temperature, almost up
to Ty, a gradual decrease of x’ was observed, which
is probably linked to electron transfer, revealed by axis
switching.

Finally, the isotropy point, seen as a kink in x’, roughly
scales with the Verwey transition temperature.
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