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1. Introduction
Pb(Fe2/3 W1/3 )O3 (PFW) is a multiferroic material. It exhibits both antiferromagnetic and relaxor ferroelectric properties [1][2][3]. The coexistence of such two
properties and their strong coupling in relatively high temperatures makes PFW
an interesting material to study, because electrical and magnetic orderings are not
easy to obtain at the same time with a strong coupling in high temperatures as
it is already explained in [4]. Even though there are many reports on the ferroelectricity of PFW, its magnetic properties are poorly studied. This report is
1
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the experimental study of magnetism in PFW. We find direct evidence for magnetoelectric coupling through anomaly in the magnetic susceptibility of PFW at
170K.
2. Structural Properties
PFW belongs to the ABO3 -type crystals with random distribution of Fe3+ and
W6+ ions on B-sites (Fig. 1). However, since a crystal has to fulfill electroneutrality property, the ratio of Fe and W ions are determined to be 2:1. The chemical
structure of PFW is cubic at all temperatures, but the dielectric maximum occurs
around 150K [1]. It should be noted that in general the PFW is investigated as a
solid solution of PFW and P bT iO3 , (1 − x)PFW-xPT.

Figure 1. Structure of ABO3 crystals. One unit cell.
Pb-ions sit on the corners of the cube, blue circles (A-site) and O-ions sit on the faces,
green circles. The Fe and W ions sit in the center of the cube, red circle. (B-site).

2.1. Ferroelectricity. In order to get a good grasp of the material that is worked
with, it is important to mention some properties of relaxor ferroelectrics. Relaxor
ferroelectric materials are characterized by the following properties: 1) Their phase
transition at the characteristic Curie temperature TC is not sharp like normal ferroelectrics but more diffuse. Such a transition can be called diffuse phase transition,
as it is not a sharp change from one state to another. 2) They have the so called
dielectric relaxation which means that the maximum of the dielectric constant
shifts to the higher temperature with faster oscillating electric field. (Fig. 2) The
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Figure 2. The peak of the real part belonging to dielectric constant
( = 0 + i00 ) shifts to higher temperatures and gets less in amplitude
as the frequency of the oscillating field increases. [3] Vertical axis corresponds to dielectric constant and horizontal to temperature.

properties listed above rely on the structural frustration of the material, such as
its heterogeneity and the polar clusters that can be easily flipped in high temperatures above the TC . A theory proposed by Smolenskii, which is analyzed by
L.E.Cross [5], tries to explain these behaviors by comparing them with those of
superparamagnets. There are more recent papers that [6][7] give a better insight
into the theory. The dielectric maximum TC was reported to be around 175-190K
[2], where we have found a strong anomaly in our magnetism measurements.
2.2. Antiferromagnetic Properties. It is suggested that PFW has two different
Néel temperatures. The well characterized paramagnetic-antiferromagnetic transition TN 1 is around ∼350K according to S.A. Ivanov et al. [1], Z.G. Ye et al [2]
and Li Feng et al. [3] The second Néel temperature TN 2 is reported to be around
8.5K and 20K, however this transition in low temperatures is not characterized
well enough yet.
3. Aim of the work
The goal is to search for the magnetoelectric coupling and to clarify the nature of
the low temperature anomaly in magnetization. Also the experiments conducted
on materials similar to PFW, like Pb(F1/2 Nb1/2 )O3 and Pb(F1/2 Ta1/2 )O3 , have
showed that below a certain temperature around 10K spin glass phase exists in
those materials. So we verify a spin glass transition around TN 2 in PFW. There
are observed hysteretic behavior below 10K [3][8] which may be caused by spin
glass order. So we would like to repeat the hysteresis experiments for the sake
of completeness of magnetic property measurements. The measurements will be
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done with either Magnetic Property Measurement System (MPMS) or Physical
Property Measurement System (PPMS), which are introduced in detail below.
4. Experimental Methods
4.1. Purity analysis of the sample. In our experiments we are using ceramic/
polycrystalline samples. It is a relatively thick disk of which we cut our smaller
samples and use them for measurements. It is known that the characteristic temperatures of these samples strongly vary with the chemical composition and with
the presence of impurities. In order to verify these details, the crystal structure and
chemical composition of our sample is probed by X-Ray diffraction. The powder
of PFW is found to be of 99% purity with a 1% of impurity in the form of leadoxotungstate (Pb2 WO5 ). The theoretical Bragg peaks of a crystal in this form fit well
to the observed main peaks and other minor peaks are fit by leadoxotungstenate
structure which points to the above mentioned 1% impurity. Also comparing the
TN and magnetization behavior in different parts of the ceramic/polycrystalline
sample throughout the whole experiment series, we see that it is quite homogenous
throughout the sample. Hence, the sample is considered for further macroscopic
investigations and measurements.
4.2. Magnetic Property Measurement System, MPMS [9]. Today MPMS
is one of the most practical and precise magnetic property measuring device produced by Quantum Design. Using superconducting devices and a complex software, it achieves high precision measurements of many magnetic properties. Magnetization, susceptibility (AC/DC), Hall effect, resistivity are just some of those
properties. By its programmability, it makes at the same time the life of a scientist
much easier. Since this device is used a lot in the measurements, I would like to
give detailed information about it. First the Superconducting Quantum Interference Device, heart of the detection process, will be mentioned. Then the main
cylindrical structure of the device will be described in the order from inside, where
the sample is standing, to the outside and the general properties of the device will
be given with their tradeoffs.
4.2.1. Superconducting Quantum Interference Device. The detailed inspection of
MPMS should start with a thorough description of SQUID (Superconducting
QUantum Interference Device), because this device is the most crucial part of the
system and the very precise measurements are done by it. A direct current (DC)
SQUID consists of two superconducting arms that each have Josephson junctions
(JJ) (Fig.3). These JJ have a certain critical current Ic . If the current flowing
through a JJ exceeds Ic , voltage will be measured at the JJ. Simply put, JJ is
a non-superconducting very thin barrier between two superconducting sides that
allows the Cooper electron pairs to tunnel through above a certain current and
have a voltage proportional to these number of pairs. If some current I is sent
through the SQUID, the current going through its arms will be I/2. Now, if one
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turns a magnetic field on, then an electric current Io will be induced in the arms
and this will lead to a difference in currents in the arms. They will be I/2+Io and
I/2-Io . Since superconducting systems are in quantum states, they must have a
current of some factor of the magnetic flux quantum φ = h/2e. This constraint
leads to the behavior that if the value I/2+Io exceeds φ/2 in one of the arms, then
the system will prefer a higher state, thus change the direction of the current.
This means that with increasing/decreasing magnetic field the measured current
in SQUID will flip sign. If one constantly applies some current to the loop that
is bigger then the Ic then the voltage measured at the JJ becomes a function of
applied magnetic field with a period of φ. Its place in the system follows.

Figure 3. SQUID [10]
4.2.2. The cylinder structure. The device consists of cylindrical dewars placed in
each other. In the center of the cylindrical dewars there is the sample chamber, in
which the sample stands. The first superconductive component is the superconducting detection coil (SCDC) which surrounds the sample chamber. It is very
sensitive to the local changes in magnetic fields. The next layer consists of a
solenoid shaped superconducting magnet (SCM) which is responsible for the external magnetic field that should be applied to the sample. Around 11 cm below
this solenoid there is the SQUID, which is covered by a superconducting magnetic shield and connected to the SCDC by superconducting wires. The dewars
mentioned in the beginning contain liquid nitrogen (LN) and liquid Helium (LHe)
and they are the source of cooling of the MPMS. The SQUID receives a current
which is proportional to magnetization of the sample from the SCDC and turns
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it into voltage. This voltage is sent to the computer system as a signal where it
gets saved. The computer system consists of a temperature controller, magnet
power supply and many controlling systems which enable the ”autopilot” option
for experimenting, thus avoiding the necessity for constant supervision.
The device functions in the following way. As the sample, which is supposed to
posses a magnetization, moves through the SCDC, it induces an electric current
in the coils. This electric current is transported to the SQUID by superconducting
wires without any loss. In the end SQUID sends a signal to the computer. This
is a good point to give an idea about the capabilities of sensitivity of the system.
The magnetic flux induced by a small sample is around 2.07·10−10 G/cm2 . This
value is 2 million times smaller than the flux created by the earth’s magnetic field
and still detectable by MPMS.
This sensitivity of SQUID brings us to a question: While working with big
fields, how can one have precise and accurate measurements? The measured magnetic field may be affected by the SCM, by laboratory conditions and by many
other sources. This problem is mostly solved by the superconducting magnetic
shield which is responsible not for a very small magnetic field but for a constant
stable one around the SQUID. Thus the system can give exact data. Shielding
the SQUID may decrease the noise coming from outside, however one sees in the
description of the structure of MPMS that the SCDC are not shielded against
anything. This makes the SCDC a possible noise source and a big disturbance for
the precision and accuracy of the system. The solution to this problem lies in the
geometry of the SCDC: the coils are second order gradiometer SCDC, i.e. a system
with three coils having two single winding coils on the top and at the bottom and
one double winding coil (curled in the opposite direction) exactly in the middle
(Fig.4). This geometry allows to sense only the local magnetic flux differences in
the middle of the coil and to minimize the noise by the SCM and its relaxation
effects by its geometric properties. In case of a uniform relaxation of the magnetic
field of SCM caused by its remnant magnetization, the flux change in the double
turn coil should be exactly cancelled by the other two single turn coils. As always
it is not easy to build a perfect coil and there will be small area differences between
the turns of the coil. Over long periods of use such imperfections may lead to a
persistent current in the SCDC. MPMS avoids this by heating the SCDC a little
every time the magnetic field changes, thus making the current vanish.
Figure 4. Second order gradiometer SCDC [9]

The last superconducting essential component of MPMS is the SCM. It is a completely
closed solenoidal superconducting loop which
is not constantly attached to a power supply.
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This allows the solenoid to have a constant magnetic field for long times. In order
to create a current in this solenoid, there is an electrical ”switch”. When the system wants to create the current, then it heats up a small bit of the wire and makes
it lose its superconductivity. To the ends of this wire a power supply is attached
directly which provides the superconducting cycle with current. The loop will be
closed by stopping the heating and let it get back to the superconductive state.
Although the SQUID will be having lots of noise because of the power supply
fluctuations, after the ”loading” of the current and taking the supply away, this
effect will vanish rapidly. In case of increasing the field from a non-zero value, the
power supply must adjust its direction and magnitude of current as same as those
of the superconducting cycle before it gets attached to it. Otherwise some amount
of current will suddenly turn into heat and lead to further heating of the solenoid,
making it completely non-superconductive. This process is called ”quenching”.
If quenching is done without the control of the system, this is a dangerous and
unwanted situation because it will mess up the cooling system and make the LHe
vaporize leading to a huge loss of precious He. On the other hand, while turning
the magnetic field off, the system uses quenching in a controlled way, in order to
get rid of the remnant magnetization in the SCM. The remnant magnetization
turns into heat and the system achieves a magnetic field free magnet.
The part that mostly concerns the user is not the superconducting components
but the sample space. The sample space is an almost 30 cm long low pressure tube
with a diameter of 9mm which is lined with copper. The copper lining makes sure
that the sample space remains in a uniform temperature field. The temperature
in the sample space is measured by two distinct thermometers and thermometers
are used for calibrating the device, for example by measuring the temperature
gradient in the chamber. The user puts the sample in to the sample space with
a long wire-like device which can be attached to a sample holder from one end.
The other end of this device is wider than the width of the tube so that the wire
gets stuck, thus avoiding the fall of the sample into the tube. Since the tube is a
vacuumed place, it is impossible to open the cap of the tube without ”ventilating”
the tube. After the ventilation one should place the sample very carefully into
the tube, close the cap and purge it. The purge sequence consists of couple of
purging and ventilations and it stops at a low pressure. It is very important that
the sample stands in the middle of the two-turn coil, otherwise the measurements
will not be reliable. The MPMS provides the user with an automized adjusting
system, however it is only for very precise and small adjustments. As the device
is designed to measure currents induced by ideal dipole samples there are many
limits to the size and the shape of the sample. The sample should be much smaller
than the SCDC and uniformly magnetized, which means that it should not be very
long. One achieves this by putting the sample in a straw with a minute thermal
expansion factor. The sample should not be too short for SCDC too, so that the
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device can do correct measurements. As this configuration depends mostly on the
user, it may not be very precise.
4.2.3. Analysis methods and tradeoffs. The MPMS has three kinds of output signal
analysis: 1) Full scan 2) Linear regression 3) Iterative regression. The full scan is
the integration of the SQUID voltage with respect to position of the sample, which
is proportional to the moment of the sample. This kind of analysis requires long
scan times and good centering. Next to the diversity in signal analysis the MPMS
offers also three modes of operation for the magnet: 1) No overshoot 2) Oscillate
3) Hysteresis. No overshoot corresponds to a monotonic increase of magnetic field
with a rapid increase in the beginning and a slow increase in the end to avoid overshoot. Oscillate option is alternating over- and undershooting which in the end
avoid the ”settling” magnetic field in the SCM; however its oscillatory behavior
makes it unsuitable for samples with hysteretic behavior. In hysteresis mode the
power supply is constantly connected to the SCM providing it with current, thus
raising the magnetic field constantly. This mode is useful for rapid measurements
as measurements of hysteresis loops, but the helium boils off much faster and it is
not good for sensitivity, since the obtained value would be a mean value around
some magnetic field point.
There are couple of parts that one can change in MPMS, but every part has
its tradeoffs. One of them would be the sample space size versus sensitivity. A
bigger sample space size would allow the user to measure bigger sample; on the
other hand would reduce the sensitivity of the system. Another part is the second
order gradiometer SCDC. It is known that first order gives less noise in the measurements. The advantage of second order gradiometer is that it is simpler and
cheaper. One can also obtain a lot more data, which leads to the possibility of
more information followed by the possibility of more error. The SCM can be also
bigger and supply the system with a more uniform field which would give better
data. However in such a case it would need more Helium to cool down. A decisive
property of SCM is its relaxation time. For long period measurement one needs
long relaxation times so the field may stay the same all the time. Having longer
relaxation time might lead to, on the other hand, bigger remnant field which is
crucial in low field experiments. There are, fortunately, couple of precautions that
can be taken to avoid this field, such as oscillatory mode etc.
4.3. Physical Property Measurement System, PPMS. The PPMS, another
product of Quantum Design, is a very similar device to MPMS. PPMS has couple
of different so called ”PPMS Base Systems” which allow one to measure many
properties of the sample, not only magnetic ones. We make use of PPMS in magnetization and AC susceptibility (AC-χ) measurements, so the only base systems
of PPMS that concern us are the Vibrating Sample Magnetometer (VSM) and the
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Figure 5. The chamber structure of PPMS [11]

AC Measurement System (ACMS).
Before getting to the base systems a general idea of PPMS’s general structure
will be given (see Fig.5). The PPMS consists of three components: 1) Big dewar
for cryogenics and sample chamber 2) the control modules (base systems) 3) the
measurement computer. The structure of the dewar is very similar to MPMS’s
dewar. There is a big cylinder vacuum tube in the middle and it is filled with Helium or Nitrogen around it. However, since PPMS is designed to measure different
properties, no use of SQUID is made. Instead of that there is a measurement
system at the bottom of the vacuum tube which can be easily attached to different kinds of coil sets that are specified in a certain property measurement. This
measurement system controls the field and the temperature in the vacuum tube.
Thanks to its compatibility with other systems, it is also possible to attach other
thermometers from other base systems. They can then make use of the PPMS’s
temperature control abilities such as continuous low temperature control around
4.2 K, around Heliums boiling temperature. The PPMS also possesses a stronger
coil for creating a magnetic field in the sample chamber. Its coils can create a
magnetic field of 14T. Further features of this device belong to its base systems.
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4.3.1. Vibrating Sample Magnetometer, VSM. Vibrating Sample Magnetometer,
which is also called Foner Magnetometer (named after its inventor), is used for DCmagnetization measurements. The VSM oscillates the sample in the pickup coils
by the linear motor transport in the presence of a constant magnetic field. The
~ = − ∂ B~ )
coils detect the change in magnetization by the law of induction (∇ × E
∂t
and convert this with the electronics into signal. As one can deduce from the last
sentence, the VSM consists of four main components: Coil set, sample tube, linear
motor transport and electronics. The installation line-up of this system will be
followed in the explanations.
The coil set contains first order gradiometer detection coils and a thermometer
for configuring the sample temperature. The first order gradiometer pickup coils,
which were already compared to the second order gradiometer coils above, eliminates most of the background signal. The center of the coils are located 40.1 mm
above a keyed bottom connector or above the so called puck surface (see Fig.6).
That is where the coil set and the electronics of the systems are connected and
locked to each other with 12 puck wires which is a standard PPMS structure. All
other base systems’ detection sets are compatible with this puck surface. Since it
is not possible to open the dewar from the sides, a sample insertion tool is used
for setting the coil up which is basically a long a stick that can hold coil sets on
one of its ends.

Figure 6. The keyed bottom connector where the puck of different
modules can be attached to. [11]

After the coil is mounted properly the sample tube gets into the vacuum tube.
This sample tube provides low-friction guide sleeves for the sample rod and it has
a stabilizer post on top of it. The linear motor transport sits on this post, so that
the uncontrolled movements are prevented by stabilizer. For a stable positioning
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there is a greased plastic ring between the motor and the dewar. This motor has
an position indicator, a sample access port with a magnetic lock ring and an electrical connector which is connected to the motor modules that provides power to
the linear motor transport. This part of the machine is relatively heavy (around
10kg), so one has to install this part with great care, if necessary with someone
else’s help. The linear motor transport oscillates the sample sinusoidally with 40Hz
frequency and with a peak of 2mm. Its motor is however able to move in a 6.5cm
interval which offers a much easier adjustment/centering to the user.
The hardware installation is done after connecting the motor to the motor module and the measurement system to the measurement module, which transports
the measured values to the computer, with some special cables that come in the
kit package. The next important step would be mounting the sample. VSM has a
User’s Kit which includes the coil set, a sample-mounting station and some sample
holders that are made especially for VSM. Using the sample-mounting station one
can adjust the sample with a precision of 0.5mm. Later on one has to use highvacuum grease to attach the sample to the holder and somehow fix it strongly, so
that it can move during the experiment which would lead to erroneous measurements. When its ready, it is put in the device slowly through the hole on top of
the linear motor transport. For security of the device the stick that holds the sample is also supported by a suspension system, to which the stick sticks magnetically.
Being done with the installation, one turns to the computer. One has to activate
the VSM through the usual program, MultiVu, that PPMS uses. After the activation, centering and measurements are done in the same sense as in the MPMS.
However some of the features of VSM can not be found in MPMS. VSM allows the
user to see the duration of the experiment and to go down to high vacuum around
10−4 Torr. As already mentioned, it also allows a lower boundary for the temperature.
4.3.2. AC Measurement System, ACMS. The ACMS is a base system that is specialized in magnetization measurements, i.e. AC susceptibility and DC magnetization. Its installation is much simpler, i.e. it consists of an own coil set, which
is already connected to the sample tube, a sample transport and a sample holder.
There are not any modules or heavy components. After putting the coil set in
and locking it, one attaches the sample transport on the top and fixes it with its
locks. The sample transport is responsible for the movement of the sample in the
tube. One prepares the sample just the way in which one does for the MPMS:
fixes the sample in a straw and the straw to a stick. The stick goes through the
sample transport which later centers the sample as usual. What makes ACMS
special is its ability to provide the system with an oscillating magnetic field and
the structure of its coil set.
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ACMS coil set includes first order gradiometer detection coils that are wound
around a sapphire coil which exhibits excellent thermal properties (see Fig.6). As
stated above, the first order gradiometer configuration gives better results by rejecting the background noise. Other than this configuration the detection coils are
surrounded by an AC compensation coil which reduces the environmental noise.
In addition to these coils, there is one last coil between detection coils, the AC
calibration coil, which can only be found in the Quantum Design’s device. This
coil is responsible for improving the accuracy. Having such a complex structure,
this coil set offers a sensitivity of 2·10−8 emu.
The systems detection principle is based on the electronics called lock-in amplifier. The ACMS uses an oscillating magnetic field (H = H0 cos(ωt + φ0 ))
to measure the real and complex magnetization in the sample. This field affects the magnetization of the sample and the detected field obtains a new phase
(M = M0 cos(ωt + φ)). The new phase and the initial phase are compared in the
lock in amplifier (∆φ = φ0 − φ)and turned into real and complex parts of the magnetization. The measured magnetization is converted in to magnetic susceptibility
with real part χ0 = χcos(∆φ) and χ00 = χsin(∆φ), where χ is the magnitude of
the magnetic susceptibility.
For the alternating magnetic field one needs an AC board which is shipped
with the PPMS. One does not have to install this part of the system. This AC
board lets one to choose an alternating magnetic field of a frequency from 10Hz
to 10kHz and the PPMS has a much lower low boundary for its magnetic field
strength, i.e. the strength can go down to 2mOe. The ACMS software has an
option to measure the susceptibility at a single temperature for many magnetic
fields differing in frequency and strength and the software has the ability to plot
these measurements. Having such advantages, the ACMS has also disadvantages
compared to other systems. First of all the coil set is more sensitive to the temperature and it limits temperature to 350K. An attempt to heat the system to a
higher temperature than 350K will confront an error from the system.
5. Experimental Details and Results
5.1. Magnetization as a function of temperature, M (H, T ). We measured
the magnetization in our sample (in units of emu/g) by using Magnetic Property Measurement System (MPMS) and Physical Property Measurement System
(PPMS). We used the maximum and minimum temperatures of the devices as the
temperature boundaries, i.e. 4K to 400K and 2K-390K respectively. While measuring the magnetization, we used field heating for field cooled (FC) and zero-field
cooled (ZFC) samples. The fields that were set while heating and cooling were the
same and we measured with magnetic fields of four different strengths in the order
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Figure 7. ACMS Coil set [12]
100 Oe, 70 kOe, 35 kOe and 17.5 kOe. The idea was measuring the magnetization
at the lowest possible field and at the highest possible field, and then depending
on the magnitude of the difference scanning the fields of mid-strength. With these
sets of experiments, we expected to observe the TN s, the magnetoelectric coupling
around 170K and any phase transition in lower temperature regions. After the
high field measurements we measured the same sample again with 100 Oe field
with ZFC and FC while heating the sample up to 500K between two measurements, in order to see if it is possible to reproduce the 100 Oe data which was
obtained before. Since we were looking for phase transitions and anomalies especially around 4-30K and 160-200K in an efficient way, some of the measurements
were concentrated on this region. In addition to the measurements with MPMS
we measured M (T ) with PPMS using a new sample, since we didn’t find it wellsuited, to work with the same sample over and over again. Results can be seen
in the figures 8 and 9. The 17.5 kOe and 35 kOe data are not presented, because
they do not contribute to the conclusion.
5.2. Frequency dependent susceptibility, AC-χ(ω, T ). After the general magnetization measurements we measured the AC χ of the sample for an oscillating
field of different frequencies. For this measurement we used the PPMS AC measurement kit. We zero-field cooled the sample to 3K and measured the AC χ in
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Figure 8. 100 Oe measurements, on MPMS and PPMS. The diamond
and square points are the 100 Oe measurements on a fresh sample. Rest
of the measurements were done after high field measurements. A clear
difference between the magnetic behavior of a fresh sample and that of a
used sample is observed.

∼ 0.5K steps between 3K and 30K, in ∼ 5K steps between 35K and 70K, in
∼ 10K steps between 80K and 150K and in ∼ 1K steps between 151K and 200K.
We chose different intensities per temperature in order to concentrate on the behavior of susceptibility around the possible lower transition temperature (∼7K)
and around the temperature where the magnetoelectric behavior was expected to
exist (∼170K). We started measuring with 100 Hz field and with 10 kHz field as
next. The aim was to see if the expected shifts already exist or not. Depending on
the outcome, the frequencies 1 kHz, 5 kHz were used and measurement with frequency 10 kHz is repeated. We were not expecting any major disturbing effect of
history dependence, since this measurement was measuring the difference in magnetization but not the absolute value of it. The results of these measurements are
presented in the figure 10. With 100Hz measurement, we observed the expected
peaks around 8K and 170K. All the observations brought together, one sees that
there is not any shift neither in 170K anomaly peaks (Fig.10B) nor in supposedly
phase transition peaks (Fig.10C). Additionally, a similar increase of susceptibility
around 50K is observed like the one that of magnetization.
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Figure 9. M(T) at 70 kOe with MPMS and PPMS. (A) 70 kOe measurements with MPMS. The thin line shows the slope of the magnetization curve and it’s magnitude is given on the right side. (B) 70 kOe
measurements with PPMS.

5.3. History dependence, M (H, T ). Next step of the measurements were focused on the history dependence of PFW. The magnetization was measured by
PPMS depending on temperature. The procedure followed was annealing the
sample at 650K, where lead is still not evaporating too fast, centering the sample
at 2K and then measuring the magnetization vs. temperature (M (T )). For the
measurements in section 5.1 the sample was centered in the beginning of the setup
of the system, but for history dependence we centered at 2K thus avoided any
application of a field before cool down and improved the chance to see the effects
of field history. In the end some of the magnetization measurements are repeated
with a new sample, in order to confirm our observations about the effect of fields
of different strengths and of annealation. The sequence of the measurements was
as following: 100 Oe, Annealation at 650K, 100 Oe, Annealation at 650K, 7 kOe,
Annealation at 650K, 100 Oe. The results of this procedure can be seen in the
figure 11.
5.4. Hysteresis curves M (T, H). Having gathered information on magnetization depending on temperature and on historic behavior, we measured magnetization depending on the applied field at constant temperatures of 2K, 50K, 170K
and 190K on PPMS. The upper (lower) bound for the magnetic field was 90 kOe
(-90 kOe) and the whole curve is measured in 100 Oe steps. The measurements

400
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(a)

(b)

(c)
Figure 10. (A) Measurements in the whole temperature interval. (B)
Higher temperature region (∼170K) where the magnetoelectric coupling
was expected to be found. (C) Lower temperature region (∼7K).

were done with the sweeping option, corresponding to linear regression option
mentioned in section 4.2.3, because the history effects of the applied field should
be reduced as much as possible. The results are in the figure 12.
6. Analysis
6.0.1. Magnetization measurements. In 100 Oe measurements TN is found to be
around 350K for ZFC and FC, which is consistent with the previous measurements
mentioned in section 2.2.
An anomaly around 170K in ZFC measurements are observed and from the
figure 9 it can be seen that the field of strength 70 kOe is too strong to observe
any anomaly. It saturates the magnetization and alters the magnetic behavior.
The ZFC and FC magnetization measurements on the same sample with 100 Oe
field after the higher fields can be seen as Z/FC2, Z/FC3, ZFC s in figure 8. The
heating up to 500K mentioned in section 5.1 was between Z/FC2 and Z/FC3 and
the efficient measurement was ZFC s. These further measurements showed the
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Figure 11. Measurements for history dependence. The first and second FC measurements are almost exactly the same. There is a slight
increase in the magnitude of ZFC measurements. The magnetic behavior
changes completely after a 7T measurement (green).
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Figure 12. The hysteresis measurements at 4K, 50K, 170K and 190K.
characteristic ZFC-FC difference of a phase transition around 7K, however this
time the previously observed anomaly wasn’t reproduced. The next two measurements with PPMS were done with a new sample which confirmed the phase
transition around 7K, the anomaly around 170K and the TN around 350K. It
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should be mentioned that there is a clear difference between the magnetization
of ZFC and that of FC. A peak around 50K in the slope of the magnetization is
observed. They are not easy to see in the magnetization data, but the differentials
show that the magnetization makes a very smooth bump around the temperature
50K (Fig.9). The effect of 70 kOe and the not presented 17.5 kOe and 35 kOe
fields on the magnetization pointed clearly at a history dependence.
6.0.2. History dependence. In order to confirm the history dependence, we did further M(T) measurements with a new sample as explained in section 5.3. The two
measurements after annealing the sample showed us heating the sample to 650K,
300K more than the Néel temperature, is successful at eliminating the effect of
the 100 Oe field on the magnetic behavior which can be seen in Figure 11. After every annealation, the measured magnetic behavior was sustained and only a
slight increase in magnitude was observed. The repetitions mentioned in section
5.3 (Fig.8) show us that even a very weak field 100Oe affects the ordering in the
sample and that a field of 7T completely changes the behavior of the sample, thus
confirm the history dependence of PFW.
6.0.3. AC χ Measurements. The AC-susceptibility does not behave as expected in
the magnetoelectric temperature region (170K). The amplitude of the susceptibility was to decrease and shift to the higher temperatures with increasing frequency
of oscillating field, however both of which was not the case. In the low temperature region, after matching the peaks on each other for comparison, it was almost
impossible to the eye to see a shift. Even if there may be a shift, it could be
very small to detect with our measurement devices. At this point it is negligible
compared to the other common shifts observed at other materials.
6.0.4. Magnetoelectric coupling. It is important to emphasize that a clear anomaly was observed around 170K. The figure 13 gives a full comparison of the older
results obtained by Mitoseriu et al.[8] and newly obtained results by us. While the
magnetic behavior at x = 0.0, which is measured in presence of a magnetic field of 5
kOe, in figure 13A does not show any anomaly around 170K, there are clear reproducible anomalies at 170K at our measurements done with PPMS (Fig.13B/C). A
possible explanation to the absence of an anomaly in the observations of Mitoseriu
could be the high strength of the field. This explanation would be consistent with
our observation, that PFW gets saturated rapidly with increasing field. On the
other hand the unusual magnetic behavior around 170K matches with the interpretation of triple hysteresis curves given by Mitoseriu et al. in the same paper.
However the real meaning of ”triple hysteresis curves” is not very clear and may
need further meticulous investigation.
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(a) Measurements done by Mitoseriu et al. [8] (b) Reproduction of the anomaly with PPMS

(c) All of the 100 Oe measurements done on
PPMS, including those of section 5.1 and 5.3.
They all indicate a magnetoelectric coupling
around 170K.

Figure 13. Comparing the graphs for magnetoelectric coupling
The last measurements on the hysteretic behavior can be found in the figure
12. We observed clearly ferromagnetic curves at every temperature.
Even though the data obtained from MPMS measurements are presented above,
it must be noted, that these data are considered only qualitatively. It is suspected
that our MPMS may have troubles at its temperature setting and stabilization.
The data that lead to conclusions are mainly the PPMS data.
7. Conclusion
In conclusion, spin glass transition is not observed clearly. We are sure that
there is some kind of a phase transition around 8K, but for further information
on this transition other kinds of experiments and a single crystal sample of PFW
are necessary. Around 170K we have found a strong indication of the speculated
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magnetoelectric coupling. It is reproduced many times with different samples,
with and without annealing at 650K. The Néel temperature of PFW is found to
be at 350K which is also observed many times in different magnetic fields and
in different samples. PFW turned out to be very history dependent. While any
field of any magnitude is able to have effects on magnitudes of the magnetization,
strong fields can completely change the magnetic behavior of the material. At last
we observed ferromagnetic hysteresis curves over all temperatures that can not be
explained without further measurements.
Multiferroic materials with strong magnetic and electrical order have very weak
coupling which is caused by the positioning of atoms [4]. Having strong magnetic
and electrical order, PFW becomes with the observation of the magnetoelectric
coupling an interesting material, since it inhibits both order and a strong observable coupling. This magnetoelectric coupling, along with the magnetic and
electrical ordering, may offer various applications in industry, where magnetism
and electricity play intertwined important roles.
8. Further questions
There are of course couple of unanswered questions leaving behind that are to
be investigated properly: First of all, if the anomaly around 170K corresponds to
a magnetoelectric coupling, then why don’t we observe the shifting of the peak
at the AC-χ measurements? What kind of transition takes place in the lower
temperature region? Looking at the vanishing anomaly in the strong fields, how
strong the field can be at most, in order to be still able to observe the anomaly?
How do the difference in ratio and the nonmagnetic substance at hand present
themselves in these measurements, compared to the previous similar ones done
with Pb(Fe1/2 Nb1/2 )O3 and Pb(Fe1/2 Ta1/2 )O3 ? Even though it is well known that
PFW is an antiferromagnet, we observed ferromagnetism in our hysteresis measurements. How is this possible?
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