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It is still a challenging problem to obtain technologically useful materials displaying strong
magnetoelectric coupling at room temperature. In the search for new effects and materials to
achieve this kind of coupling, a nonlinear magnetoelectric effect was proposed in the magnetically
disordered relaxor ferroelectric materials. In this context, the aluminum iron oxide (AlFeOs3), a
room temperature ferroelectric relaxor and magnetic spin glass compound, emerges as an attractive
lead-free magnetoelectric material along with nonlinear magnetoelectric effects. In this work,
static, dynamic, and temperature dependent ferroic and magnetoelectric properties in lead-free
AlFeO; and 2 at. % Nb-doped AlFeO; multiferroic magnetoelectric compositions are studied.
Pyroelectric and magnetic measurements show changes in ferroelectric and magnetic states close
to each other (~200 K). The magnetoelectric coefficient behavior as a function of Hy;,s suggests a
room temperature nonlinear magnetoelectric coupling in both single-phase and Nb-doped AlFeO5-
based ceramic compositions. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4908016]

@ CrossMark

I. INTRODUCTION

Magnetoelectric (ME) materials are characterized by the
interactions between magnetic and electric order parameters
leading to an electric polarization P under application of a
magnetic field H or a magnetization M under application of
an electric field E.' These multifunctional materials open the
possibility of electric and magnetic coupling points to integra-
tion between ferroelectromagnetic physical properties through
the ME effects to promote interesting technological advances
in many electronic devices.> Although Dzyaloshinskii
described the magnetoelectric effect in 1959,% finding novel
technologically useful materials displaying strong ME cou-
pling at room temperature remains a challenging problem.’
This is mainly because there are few single-phase materials in
nature that possess both ferroelectric and magnetic properties
independently and the occurrence of linear magnetoelectricity
is very rare because of its high symmetry demands.’

In addition, despite the fact that single-phase systems
are more interesting for large scale production, until now,
with exception of BiFeO; and BiFeOs-based composi-
tions,® most reported single-phase materials demonstrate
linear ME coupling only at very low temperatures.”'® Such
reported materials include the linear ME coupling in lead-
free based bulk materials."'

Due to the fact that few single-phase materials present
ME coupling at room temperature, the search for new
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materials with such capabilities should consider further pos-
sibilities. For example, magnetically frustrated systems have
been identified to possess magnetoelectric effects at low tem-
perature. As an example, MnWOQO, shows strong temperature
and external magnetic field dependence of its ferroelectric
loops.'? Similarly, high-temperature multiferroic behavior
has been studied in PbFe,sTips505 and in PbFe,;W,,;035/
PbTiO;. 1214

In addition to the magnetically frustrated systems, non-
linear magnetoelectric effects have been proposed in materi-
als where magnetically disordered (magnetic spin glass) and
relaxor ferroelectric states coexist.'> Relaxors are materials
with short-range polarization ordering and highly frequency
dependent dielectric properties.'® In analogy, a magnetic
spin glass (a relaxor ferromagnet) is expected to have no
long-range magnetic order, exhibiting a high value of the
quasistatic magnetic response in a broad temperature range,
strong frequency dispersion, as well as a Vogel-Fulcher-type
freezing of the dynamic magnetic response.'’

In this scenario, the aluminum iron oxide (AlFeQOs), a
room temperature ferroelectric relaxor (7"'[1 kHz] =230K)
and magnetic spin glass (T"'[1 kHz]=240K) compound,
emerges as a new single-phase lead-free material that can
exhibit magnetoelectricity at room temperature.'®! This
material has an orthorhombic symmetry (Pra2,; space
group—see Figure 1(a)),'®?' presents a complex magnetic
freezing at temperatures below 220K, and a ferroelectric
ordering close to the magnetic transition.'®?°? These com-
plex behaviors come from four different cation sites named
Fel, Fe2 (predominantly occupied by iron—Figure 1(b)) and

© 2015 AIP Publishing LLC
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All and Al2 (predominantly occupied by aluminum—Figure
1(c)). The oxygen environment of these cations is octahedral
except for the All site, which is tetrahedral.'®?"*? To the
best of our knowledge, there is no direct evidence of a ME
coupling in any AlFeO3; (AFO) composition in the literature
until now. This paper aims to show and discuss static,
dynamic, and temperature dependent ferroic and magneto-
electric properties in AlFeO; based materials. The main
objective is to investigate the coupling of the magnetic and
electrical order parameters in AlFeO3; compositions.

Il. EXPERIMENTAL

Experimental procedures to obtain AFO and 2 at. % Nb-
doped AlFeO; (AFO-2N) composition powders have been
discussed in previous works.'®*' The resulting powders
were pressed into disc form (5 mm of diameter and 1 mm of
thickness) and sintered at 1700K for 10h in an O, atmos-
phere (1 atm). The relative ceramic densities were calculated
as being ~95%. In order to obtain microstructural informa-
tion, scanning electron microscopy (SEM) images were
obtained in a Shimadzu Super Scan SS-550 microscope.
Gold electrodes were sputtered on ceramic surfaces across
the thickness direction prior to electric and magnetoelectric
characterizations.

Zero field cooling DC magnetization measurements
were performed using a Quantum Design MPMS-5S SQUID

J. Appl. Phys. 117, 064104 (2015)

FIG. 1. (a) Orthorhombic symmetry
(Pna2, space group) of AlFeO; unit
cell. (b) Fel and Fe2 sites, predomi-
nantly occupied by iron. (c) All and
Al2 sites, predominantly occupied by
aluminum. The oxygen environment of
these cation sites is octahedral except
the All site, which is tetrahedral. (d)
Surface Scanning Electron Microscopy
image for AFO-2N ceramic.

magnetometer. Computer assisted pyroelectric measure-
ments were carried out by using an HP 4140B pA meter at a
constant rate of 2K-min~' of a sample in a closed cycle
cryostat (Sumitomo cryogenics) and a Lake Shore 331 tem-
perature controller. In both pyroelectric and magnetoelectric
measurements, voltage (100 V) was applied to the samples
during the cooling process by using a power supply. In order
to achieve ME voltage effect, the samples were exposed to
both AC magnetic field (h,.=1-200e at 100 Hz-10kHz)
and bias DC magnetic field (Hy;,s). The h,. field was pro-
duced by a digital function generator driven Helmholtz coils.
Custom-built Helmholtz coils were placed inside the cryostat
vacuum chamber. The Hy;,s field was generated by a DC
electromagnet powered by a bi-polar power supply. The ME
voltage response was then measured through a SR850
digital lock-in amplifier, the h,. strength was obtained by the
electric current measurement in the Helmholtz coils using a
6—1/2 digit precision multimeter (Fluke 8845A) and the Hy,s
strength was recorded by using a Walker Scientific Inc.
MG-4D gaussmeter. The magnetic fields were applied
parallel to each other and perpendicular to the sample plane.
The sample cooling was regulated by a LakeShore 331
temperature controller and generated by a closed cycle cryo-
stat. Measurements were then recorded via interfacing with
a computer system. The ME voltages were measured as a
function of field intensity (h,. and Hy;,s), frequency, and
temperature.
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lll. RESULTS AND DISCUSSION

Structural properties of AFO and AFO-2N have been
carefully studied and published elsewhere.'®?*2! Both compo-
sitions, AFO and AFO-2N, are crystallized in an orthorhombic
symmetry (Figures 1(a)-1(c)). Figure 1(d) shows a surface
SEM image for AFO-2N (AFO sample revealed quite similar
images—not shown). The microstructural studies revealed
dense ceramics with sintered grains in a size distribution
between 100 nm and 500 nm.

Figures 2(a) and 2(b) show the pyroelectric measure-
ments for AFO and AFO-2N ceramics, respectively. In both
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FIG. 2. Pyroelectric measurements in (a) AFO and (b) AFO-2N ceramics:
pyroelectric coefficient (blue), p, and polarization (black), AP, as a function of
temperature. (c) Temperature dependence of AFO and AFO-2N samples mag-
netization (M) under a zero field cooling protocol with a 0.02 T applied field.
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the figures, the temperature dependence of the pyroelectric
coefficient (p) and the electric polarization (AP) is shown.
The pyroelectric depolarization current was obtained on
heating the sample at a constant rate of 2K min~"' from 100
to 260K on a pre-poled sample at 100 K. The temperature
dependence of pyroelectric coefficient was obtained using
the relation

=— 1
B ey
where p is the pyroelectric coefficient, i is the depolarization
current, s is the area of the electrode, and b =dT/dt is the
heating rate. The electric polarization AP was calculated
using the integral relationship

AP = deT. 2)

Peaks can be seen in the pyroelectric coefficient curves at
220K (AFO) and 253 K (AFO-2N). These peaks are due to
the depolarization and are indicative of a ferroelectric
state change (a freezing process) both in AFO and AFO-2N.
At 160K, the pyroelectric coefficient was found to be
p=230nC cm 2 K~' and the polarization, AP =15 uC cm 2
for AFO. At same temperature, for AFO-2N, p=3.8 nC
em 2K ! and AP =0.4 uC cm 2. The AFO AP values are
much higher than those shown by Saha e al. for AlFeO;
and GaFeOs, while the AFO-2N AP values are very close to
those values reported by Saha et al.>® Perhaps this differ-
ence in AP values may be attributable to differences in
samples’ quality.

The observed behaviors (Figs. 2(a) and 2(b)) are in
agreement with dielectric permittivity and loss tangent meas-
urements already published.>' Also, the dielectric permittiv-
ity studies revealed an underneath relaxor-like behavior,
since ¢, vs T dispersion follows an Arrhenius-like behavior,
and Vogel-Fulcher temperatures (Tyg) of ~150K and
~200K for AFO and AFO-2N, respectively.

The temperature dependence of the samples magnetiza-
tion (M), in a zero field cooling protocol with a 0.02T
applied field, is shown in Figure 2(c). The curves suggest a
magnetic transition for a ferrimagnetically ordered state at
about 199K and 193K for AFO and AFO-2N, respectively,
with an elevated magnetization in comparison to other multi-
ferroic magnetoelectric materials.?' Santos et al.,*' by using
magnetic AC susceptibility measurements, showed peaks
with the temperature of maximum susceptibility (T"") close
to those observed in Figure 2(c). These peaks confirm the
transition from a (super)paramagnetic-like state (glassy state)
to a frozen magnetic state, when the temperature is
decreased. Also, it was identified that the frequency depend-
ence of T" follows a Vogel-Fulcher law for AFO, suggesting
a classical spin glass behavior; however, a similar behavior
was not clearly observed in AFO-2N.

The results presented in Figure 2 suggest a close correla-
tion between the magnetic and ferroelectric domains in
AlFeOj-based compositions. In fact, when the magnetic
spin-glass components slow down, the frozen ferroelectric
glassy response peaks up as indicated by pyroelectric activity
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and by the relaxor behavior of the AFO and AFO-2N sam-
ples.21 To clarify a possible coupling between magnetic and
ferroelectric states, a detailed study of the magnetoelectric
effect in these samples has been performed.

The ME coefficient as a function of Hy;,, can be seen in
Figures 3(a) and 3(b) for AFO and AFO-2N, respectively.
First, before beginning the measurements, the samples were
subjected to a high field condition (Hy;,s = 3.5 kOe) until the
voltage output reached equilibrium. Subsequently, the
dynamic measurements were performed initially by decreas-
ing Hy;as from +3.5 kOe to —3.5 kOe and, then, returning to
Hyias = 43.5 kOe. In both the samples, it is possible to obtain
a hysteretic behavior probably due to a remnant magnetic
field. On the other hand, the observed behavior cannot be
associated with a linear magnetoelectric effect but can be
attributed to a non-linear magnetoelectric coupling, i.e., the
ME coupling observed in AFO and AFO-2N at room temper-
ature presents a more complex interaction between the mag-
netostrictive and electrostrictive coefficients similar to those
shown by Shen ez al. and Blinc et al.'>**% Blinc et al. also
showed that this nonlinear effect could happen in materials
which exhibit ferroelectric relaxor and magnetic spin glass
behavior within the same temperature range.'” In fact, they
showed that the polarization of a polar nanoregion (locally
ferroelectrically ordered structures) can be nonlinearly
increased by applying an external magnetic field (H).
Actually, such systems have strong fourth-order ME cou-
pling in the free energy of E*H? type.'> Consequently, in our
work, by applying external magnetic fields (Hy;,s and h,.),
the polarization of polar nanoregions in both AFO and AFO-
2N was increased leading to the nonlinear ME behavior as
presented in Figure 3. At 100K, as expected, when AFO and
AFO-2N are no longer in the ferroelectric relaxor and mag-
netic spin glass states, due to the freezing of electric and
magnetic moments, the nonlinear ME effect is significantly

J. Appl. Phys. 117, 064104 (2015)

reduced leading to a lowering of the ME coefficient in both
AFO (Figure 3(c)) and AFO-2N (Figure 3(d)) samples. In
fact, at low temperatures, the linear ME coupling seems to
be dominant.

Furthermore, it is also interesting to note in the magne-
toelectric measurements that, due to the nonlinear behavior
of ME coupling, two regions with different slopes were
observed in the studied samples. The first effect occurs
when the measurements start at high values of Hy;us
(3.5kO0e), as in Figure 3. A second behavior was observed
when the samples were subjected to low field measurements
(starting Hy;,s = 1.3 kOe). In this regime, the ME coefficient
reached a maximum at very low values of Hy,,s (Figure 4).
At 300K, the ME coefficient reached the maximum value
at Hyips = 160 Oe (5.46mV cm ™' Oe™?), for AFO, and Hupi,s
=100e (5.40mV cm ™' Oe ), for AFO-2N. At 100K, the
maximum in the ME response is shifted for even lower
Hy;os values in both AFO (10 Oe-2.62mV cm ' Oe 2) and
AFO-2N (20e-1.42mV cm™' Oe™?). In fact, these behav-
iors are well understood when compared with typical magneto-
strictive measurements. Although no magnetostriction
measurements in AlFeOs-based compositions are performed
here, we believe the magnetostrictive behavior in these materi-
als is close to the nonlinear magnetoelectric behavior.**

Figure 5 shows the ME response as a function of fre-
quency (100Hz to 10kHz), h,. (1-20 Oe), and temperature
(300K and 100K) for AFO and AFO-2N ceramics. The
measurements were performed by using Hy,s=0 and
Hyias = 2.5 kOe. As can be seen in all the measurements, the
effect of Hy;,s was very small and hence Figure 4 shows such
representative results measured only for Hy;,s = 2.5 kOe.

In Figures 5(a) and 5(b), it can be seen that the ME coef-
ficient increases in both the samples with increasing fre-
quency at 300K as well as 100K. The ME coefficient
reaches 17.4mV cm ' Oe 2 for AFO and 12.7mV cm '
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Oe 2 for AFO-2N at 10kHz and 300 K. In addition, a signifi- previously,?! the magnetic behavior of AFO-2N is also a

cant reduction in the ME response occurs at 100K, again
indicating the nonlinear behavior in the magnetoelectric
effect, mainly for AFO-2N. In effect, at 100K both ferro-
electric and magnetic nanodomains are frozen. The evidence
from the data suggests a dynamic coupling between mag-
netic and ferroelectric states. Indeed, such an interaction is
further reinforced by the data at 300 K since both magnetic
and ferroelectric states are glassy states and the magnetoelec-
tric effect is amplified.

Regarding the ME response as a function of h,. intensity
while keeping f = 1kHz, i.e., the induced electric field inside
the sample due to an external AC magnetic field (Figures 5(c)
and 5(d)), in both the samples the induced response increases
linearly with the increasing intensity of h,.. At h,.=200e
(300K), the ME output reaches 108.4 mV cm™! for AFO and
107.7mV cm~' for AFO-2N. A significant decrease in the
ME response value is observed at 100K in both the samples
and exhibits a similar trend as in the frequency dependent
measurements.

The magnetoelectric effect results presented in Figures
3-5 suggest that in addition to the results presented on AFO

spin-glass like state. This can be concluded using the fact
that AFO-2N presents very similar magnetoelectric behavior
as that of pure AFO, i.e., both systems present a nonlinear
magnetoelectric behavior and, consequently, both should be
in ferroelectric relaxor and magnetic spin glass states having
magnetic Tyg and ferroelectric Tyg close within the similar
temperature range.

In order to explain the possible origin of the observed
ferroelectric, magnetic, and magnetoelectric states, a care-
ful study in the room temperature AlFeO; structural
arrangement was performed. By employing structural pa-
rameters obtained in previous works, we can provide details
about the Fel, Fe2, All, and Al2 sites (Figure 6(a)).'®*'*2
It is easy to show that the central atoms of Fel and Fe?2 sites
are off-centered. Consequently, these sites should have po-
lar regions that result in or provide ferroelectric properties
to the whole material. Similar features are less pronounced
in All and AI2 sites. Concerning the magnetic properties
and differently than that proposed by Bouree et al.,** the
main resultant magnetization probably comes from a super-
exchange interaction between Fel and Fe2 sites across the
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FIG. 6. (a) Room temperature structural arrangement for Fel, Fe2, All, and
Al2 sites in AlFeOs. (b) Superexchange interaction between Fel and Fe2
sites across the OS5 site. Due to the strong “180° cation-anion-cation” super-
exchange antiferromagnetic interactions, the Fe*" cations Fel and Fe2 have
their spins oppositely oriented, except for the angle shown in the figure.?

05 site (Figure 6(b)). As the iron fractions are different in
each site (0.78 for Fel and 0.76 for Fe2), the antiferromag-
netic superexchange interaction leads to a classical Néel
ferrimagnetism.?*%°

As can be observed in Figure 6, the OS5 site connects
Fel and Fe2 sites and also connects the octahedral environ-
ments. As a consequence, the magnetoelectric coupling
probably comes from this connection.”” Here, we suggest
that new experimental and theoretical studies that probe this
environment can elucidate the origin of the coupling between
magnetic and ferroelectric properties in AlFeO3-based
compositions.

In summary, a room temperature nonlinear magneto-
electric coupling is evident in single-phase AlFeO3-based ce-
ramic compositions. This makes the AFO-based
compositions an important family of lead-free multiferroic
materials, which can be further investigated for possible mul-
tifunctional device applications. Besides that, opportunities
for more fundamental, theoretical, and experimental studies
mainly focusing on the origin of the coupling between ferro-
electric and magnetic properties in these materials are
opened up. As an additional advantage to the study of AFO-
based compositions, these materials offer a lower environ-
mental impact and higher spontaneous magnetization in
comparison to other lead-based multiferroics, facilitating
attractive technological applications.

J. Appl. Phys. 117, 064104 (2015)

IV. CONCLUSIONS

In this work, static, dynamic, and temperature depend-
ent ferroic and magnetoelectric properties in the lead-free
AlFeO; and 2 at. % Nb-doped multiferroic magnetoelectric
compositions were studied. Pyroelectric and magnetic
measurements show ferroelectric (Tyg—freezing) and
magnetic states transitions within the same temperature
range (~200K). The magnetoelectric voltage response as
a function of Hy;, suggests a room temperature nonlinear
magnetoelectric coupling in both single-phase AlFeO;-
based ceramic compositions. Due to the fact that very few
single-phase materials exhibit magnetoelectric effects at
room temperature, this family of materials becomes an im-
portant multiferroic family to be investigated for potential
device applications. Additionally, these materials offer a
lower environmental impact (lead-free) and higher sponta-
neous magnetization in comparison to other lead-based
multiferroics. Hence, these materials may be fascinating
for several technological applications. Finally, the origin
of the coupling between ferroelectric and magnetic proper-
ties and the connection between Fel and Fe2 sites should
be further investigated to better understand the mecha-
nisms that provide these enhanced room temperature mag-
netoelectric ~ properties. The improved fundamental
understanding of these materials may lead to further
enhancement of lead-free magnetoelectric properties and
improved devices.
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