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The characteristics of a new ferroelectric measurement system at the European
Synchrotron Radiation Facility are presented. The electric-field-induced phase
transitions of Pb(Mg;,3Nb,;3)O3-xPbTiO; are determined via in situ measure-
ments of electric polarization within the synchrotron diffraction beamline. Real-
time data collection methods on single-crystal samples are employed as a
function of frequency to determine the microstructural origin of piezoelectric
effects within these materials, probing the dynamic ferroelectric response.
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1. Introduction

Relaxor ferroelectrics (RFEs) are of technological importance
for many applications including sonar, transducers, energy
harvesting devices and memory storage (Park & Hack-
enberger, 2002). Most commercial materials are perovskites
with morphotropic phase boundary (MPB) compositions,
where solid solutions of the same prototype structure but with
different structural distortions are separated by an almost
vertical, or temperature-independent, phase boundary in the
chemical phase diagram. According to the Web of Knowledge
Service, the citation rate of papers investigating the properties
of RFEs at the MPB has increased tenfold in the past decade,
matching the rapid increase in their use in applications. In the
continual drive to optimize device performance through
materials engineering, a thorough understanding of the origins
of the high piezoelectric and dielectric coefficients in these
materials is required. Both are strongly correlated with the
crystal structure (Bokov & Ye, 2006), and so there have been
many recent diffraction studies (Daniels et al., 2007; Ye et al.,
2003; Singh et al., 2006) aiming to provide the link between
microscopic and macroscopic functional materials properties.

Studies of the electric-field-induced phase transitions in
RFEs materials have focused on structural refinements
through X-ray and/or neutron diffraction under applied DC
electric fields, for example Bai et al. (2004). The microscopic
origin of the piezoelectric properties is then inferred by
comparison with polarization and strain data measured in
separate experiments, for example Davis et al. (2006). The
crystal structure in RFEs around the MPB is highly sensitive

to chemical composition, temperature, stress and electric field
(McLaughlin et al, 2004). In addition to this, the relaxor
nature of these materials results in the history of poling
conditions and electrical loading having a significant effect on
phase composition and microstructure (Chen et al., 2002; Zhao
et al., 2002). For these reasons, comparisons between the
crystallography and ferroelectric polarization is only possible
when they are measured simultaneously, on the same sample.
The motion of domain walls contributes greatly to the
performance of these materials (Ye & Dong, 2000), and
consequently crystallographic measurements need to be
extended into the time domain, at frequencies within the
operational range of applications using RFEs. In this paper we
present a new measurement system which can simultaneously
record X-ray diffraction and polarization data as a function of
applied AC electric fields. This way, the in situ link between
the structural and functional properties of the ferroelectric
materials can be more rigorously explored.

The pioneering work of Shrout and co-workers (Park &
Shrout, 1997) has shown that it is possible to exploit a maximal
piezoelectric response by the use of domain engineering and
appropriate crystal cuts in single crystals. It is possible to grow
large crystals of Pb(Mg;/3Nb,/3)O3-xPbTiO; (PMN-PT) and
Pb(Zn,;3Nb,;3)O5-xPbTiO; (PZN-PT) with MPB composi-
tions, and to realise piezoelectric properties that are almost an
order of magnitude greater than those achievable with poly-
crystalline piezoelectric ceramics, such as Pb(Zr_Ti,)O;
(PZT).

The electric-field-induced transformations in PMN-PT are
not yet fully understood. It is traditionally thought that the
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high piezoelectric coefficients in these materials are due to the
existence of one or more of the monoclinic phases, in which
the polar vector is confined to one of three planes. A large
change in polarization is achievable with modest electric fields
because the crystal is able to utilize these ‘bridging’ phases
in order to transform from a rhombohedral to tetragonal
orientation, or vice versa. However, in recent years the exis-
tence of the monoclinic phases has been questioned: the same
macroscopic symmetry could be inferred by finely twinned R
and T domains, piezoelectric distortions on these higher
symmetry phases, or even a chemical order—disorder transi-
tion, all of which would present the same evidence in an X-ray
or neutron diffraction experiment (Davis, 2007). We leave the
interpretation of the physical significance of our results for
future publications, and in this paper discuss the technicalities
of performing the experiments using this new beamline
measurement system.

1.1. Experimental approach

The direction of the internal electrical polarization (P) of a
ferroelectric can be switched by the application of an external
electric field (E), and the usual method of identifying and
characterizing a ferroelectric material is to map the hysteretic
relationship between these two parameters, known as a PE
loop. In order to use X-ray diffraction to investigate this
dynamic switching process, time-resolved data need to be
captured. The key to developing a useful experimental set-up
is to accurately synchronize the timing between the diffraction
and polarization data collection as a function of the applied
electric field. Only when this has been achieved is it possible to
interpret the structural transformations that correspond to an
applied electric field around the PE loop, and how these relate
to the functional behaviour of the material.

We have developed a beamline in situ PE loop system which
makes these measurements possible, at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France), for
measurements on single-crystal samples. A detailed descrip-
tion of the experimental set-up and the results that can be
achieved is presented.

1.2. Measurement challenges

The metrology associated with a PE loop measurement is
purely electrical, and, whilst this is important for many
applications, there are instances in which the polarization-
induced mechanical strain is of major interest, in actuators for
example. This strain is a reflection of electric-field-induced
unit-cell structural changes and ferroelectric domain wall
motion within the material. In order to understand this
behaviour at a fundamental level, it is important to probe
these atomic structural changes using X-ray or other diffrac-
tion methods. Typically, this involves measuring the diffraction
pattern under an applied DC electrical field (Schonau et al.,
2007; Hinterstein et al., 2011), and, whilst this does give some
insight into the mechanisms taking place, the dynamic aspects
of the process are not recorded. Although the PE loop does
not contain any time information, it is nevertheless a dynamic

measurement and is often strongly frequency dependent
(Waser et al., 2005). The synchronous determination of
dynamic and structural phenomena presents a temporal
challenge since the diffraction data collection time is often an
order of magnitude longer than the electrical measurement
time. Our new measurement system described in §2.2 allows
for the measurement of real-time polarization and diffraction
data over a range of electrical field frequencies. Whilst some
dynamic in situ measurements have been reported elsewhere
(Jones et al., 2006; Daniels et al., 2007, Pramanick et al., 2010;
Moriyoshi et al., 2011), these studies employed stroboscopic
techniques to allocate diffraction patterns to electrically
switched polarization states. We have found that, with real-
time measurements, effects such as polarization fatigue and
drift of the field values for electrically induced structural phase
transitions can be observed. These features are common to
RFE systems (Lin et al., 2011; Cowley et al., 2011) and would
be averaged over by using a stroboscopic measurement.

2. Experimental methods
2.1. PE loop measurement

The PE loop system installed on the beamline uses the
Sawyer—Tower measurement method (Sawyer & Tower, 1930),
shown in Fig. 1, for two reasons. Firstly, the environment
surrounding the automated X-ray diffraction set-up can be
electromagnetically noisy because of the many stepper motors
that are needed to control the system. This makes detection of
small currents very difficult, and it is more convenient to
integrate the current on a sense capacitor, giving a degree of
immunity to the electromagnetic noise. Secondly, whilst it may
normally be possible to shield the sample from the noise by
enclosing in a metallic Faraday cage, this is not consistent with
the requirement to allow access to the sample for the incident
X-ray beam.

The sense capacitor for the Sawyer-Tower method should
be made from a low-loss dielectric material such as a poly-
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Figure 1

Circuit diagram of the Sawyer-Tower measurement system implemented
on the XMaS beamline. The device under test (DUT) is placed in series
with a sense capacitor. The voltage across the capacitor is monitored with
an electrometer, and compared with the voltage applied to the DUT via
the monitor voltage output from the amplifier. Back-to-back diodes are
placed across the electrometer input for protection in the event of a
sample breakdown. The circuit is shorted via a relay at the start of each
experiment.
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propylene, polyester or polyphenylene sulfide. This is parti-
cularly important for the lower-frequency measurements,
where leakage currents across the capacitor could degrade the
results. The size of the capacitor depends on two factors: the
capacitance of the device under test (DUT) and the expected
polarization of the DUT. An important consideration is that
the voltage generated on the sense capacitor should be large
enough to be easily measurable, usually greater than a few
tens of millivolts, but not so large that it introduces a signifi-
cant error on the voltage applied across the DUT. The
polarization is calculated simply as the product of the sense
capacitor capacitance and the electrometer voltage reading,
divided by the area of the sample electrodes.

A typical PE loop, after the electric field has been cycled at
least once, should be closed, that is the polarization at the end
of the cycle should equal the value at the beginning. An open
loop can be a result of a real material effect, or due to
instrumental factors, such as sense capacitor leakage, DC
offsets on the applied voltage or electrometer drift. Resistive
leakage from the sample will cause the voltage on the sense
capacitor to continuously increase, and so it must be reset
periodically by shorting the sense capacitor with the relay. This
is also an important factor in keeping the sense capacitor
voltage well below the Zener threshold of back-to-back
diodes, which protect the electrometer in case of sample
breakdown or other short-circuit conditions.

The measured PE loop is dependent on the history of
electrical loading on the sample. If the ferroelectric sample has
been previously poled in the positive direction, the application
of a negative field will cause domain switching, resulting in a
large change in P and therefore a loop that is offset vertically
from zero. To eliminate such effects, electrical conditioning of
the DUT is required. The application of a cyclical electric field
with amplitude decreasing over time should produce a gradual
depoling of the materials, with a symmetrical polarization
response on the next measured cycle.

2.2. XMaS$ beamline BM28

The XMaS beamline (Paul ez al., 1995; Brown et al., 2001) at
the ESRF has been designed to perform high-resolution
diffraction and magnetic scattering and has been operational
since April 1998. The beamline is sited on the soft end of
dipole D28, which has a critical energy of 9.8 keV. The primary
optics consist of a fixed-exit double-crystal Si(111) mono-
chromator, followed by a toroidal mirror which focuses the
beam down to a size of less than 1 mm?. The experimental
hutch is equipped with a six-circle Huber diffractometer that
allows scattering in both the vertical and horizontal planes. A
comprehensive description of the beamline has been given
by Brown et al. (2001).

The ferroelectric single crystal is mounted on an insulating
substrate of sapphire and Al,O;, with electrical connections
made to the electroded faces of the crystal perpendicular to
the exposed face where the X-ray beam impinges on the
crystal. Thermal conductivity and electrical isolation is
provided by mounting the crystal on the Al,O; substrate and
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Figure 2

Schematic of the experimental set-up at the XMaS beamline, ESRF. The
function generator is used to synchronize and control experimental
devices. The fast X-ray detector (APD) scans around the sample in hkl
space and collects diffraction X-rays. The data are recorded on the
ultrafast digital-analogue converter MUSST card at the same time as the
electrical data.

all electrical leads are wrapped in polytetrafluoroethylene
tape (PTFE).

The electrical and diffraction set-up is shown in Fig. 2. The
electrodes on the crystal are connected to a TREK 610E high-
voltage amplifier. A triangular-wave voltage is passed to the
amplifier, powered by a function generator which is controlled
by the beamline control system. The polarization of the
sample in response to the applied field is measured using the
Sawyer-Tower method as described in §2.1, and a Keithley
6514 electrometer is used to read out the voltage across the
sense capacitor.

2.2.1. Timing of data collection. The diffraction data are
recorded as a function of applied electric field, simultaneously
with a point detector (avalanche photodiode) at a single point
in reciprocal space. The X-ray diffraction data are recorded
in real time, synchronized with the polarization, though the
diffraction data can be subsequently summed at n points
around the E field cycle to improved counting statistics. When
carrying out the experiment, n should at a minimum be equal
to 20-40 in order to obtain sufficient resolution of the crys-
tallographic changes that occur at the edges of the PE loop,
where polarization switching occurs and dP/dFE is greatest.

If high-frequency data are required, many multiple cycles of
the PE loop are necessary to collect sufficient integrated X-ray
intensity. As such, the method is really only applicable to
materials with a repeatable response, and effects such as
temperature drift, fatigue or creep are not significant over the
timescale of the test. Before calculating a simple average,
careful observation of these data is advisable; features such as
an overall decline in remanent polarization, or drift of electric
field values for phase transitions over time indicate that the
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(summed) diffraction data may contain the average patterns
of subtly different crystal structures, strains and mosaicity. In
contrast to other dynamic measurement studies that utilize
stroboscopic data-collection techniques, the real-time data
capture in this set-up allows us to identify measurements in
which drift or sample changes may affect the analysis of the
crystal structure determination.

The beginning few cycles of an example dataset are plotted
in Fig. 3. The MUSST (multipurpose unit for synchronization,
sequencing and triggering) DAC card forms the heart of this
system as it reads the monitor output from the amplifier
(applied electric field) and the voltage across the sense capa-
citor with a sampling rate of up to 40 kHz. It also records the
diffraction data and provides the synchronization between the
electrical and diffraction data. The change in diffraction
intensity shown in the bottom panel is indicative of either
peak splitting (owing to structural phase changes) or peak
movement from a variation in lattice parameters. The raw data
are captured at a set number of points along a line in reci-
procal space, and post-processed into an intensity versus 20
plot for each of the n points around the applied voltage cycle.
The resultant dataset is a two-dimensional array of diffracted
intensity as a function of E field and 20. Because the maximum
rate of change of 26 is severely limited by the speed of the
stepper motors required to move the detector, it is therefore
sensible to cycle the E field variable within each position loop.
In this way we can track the E-field-driven evolution of
diffraction peaks, at frequencies greater than has been
previously possible to measure.

2.2.2. General experimental procedures. To determine the
range and direction of scans to be performed in reciprocal
space, two-dimensional scans of diffraction peaks of interest
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Figure 3

Electric field applied to the sample (top), measured electric polarization
(middle) and collected X-ray intensity (bottom) at the 200 peak of a
PMN-0.32PT sample plotted as a function of time.

are measured at minimum and maximum applied electric
fields, an example of which is shown in Fig. 4. Once the range
and direction of peak movement has been established, it is
possible to choose the slices of the peaks to be recorded
during the dynamic experiments, with the assumption that
peak shifts at finite frequencies are smaller than or equal to
those measured under DC conditions. For crystal structure
analysis, the hkl scans should be performed along directions
of increasing reciprocal lattice wavevector ¢, whereas width
measurements of perpendicular cuts through the peaks with
an w scan will provide information on crystal mosaicity and
electrically induced strain, through changes in the peak shape
rather than position.

In order to mitigate electrical breakdown, dry nitrogen was
blown across the sample to eliminate moisture and also
oxygen in the vicinity of the sample. Both water and ozone
formed from oxygen under the X-ray beam have been shown
to provide possible conduction paths across the sample
(Weilandics et al., 1987; Kogelschatz et al., 1988).

To probe the dynamic response, the voltage applied to the
sample is cycled at each point in reciprocal space to improve
diffraction statistics. The data shown in Fig. 3 contained »n = 40
points around the E field loop, and a typical hkl scan was made
across the peak in 101 steps. The field was cycled a number of
times at each step in reciprocal space to obtain good enough
diffraction statistics for crystallographic analysis, the exact
number depending on the frequency of the applied field and
experimental time constraints. PE data and X-ray diffraction
data are recorded continuously, and post-processing of the raw
dataset (recorded as a function of time) was employed to sum
and normalize X-ray data into » individual intensity—260 plots.

Whilst the X-ray data are summed and normalized for each
point around the PE loop, each individual electrical dataset
was studied to ensure the data are consistent throughout the
range of the Akl scans. RFE samples are sensitive to previous
temperature and electrical loading conditions, and effects such
as polarization fatigue and relaxation of electrical field values
at which structural phase transitions occur may alter peak
shape profiles.
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Figure 4

Mesh scan of the 200 peak in PMN-0.32PT at 0 (black) and 1 kV mm™"
[grey (red online)] applied electric fields. The black dashed lines indicate
directions of Akl scans performed during the dynamic experiments.
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2.2.3. Results. We have used the XMaS beamline to
examine a twinned single crystal of PMN-0.32PT. Electrical
contacts were placed on the electroded (100) faces, the beam
penetrated the (010) face, and the diffracted X-rays were
collected in reflection mode. The crystal was poled along the
(100) direction. A triangular-wave electric field was applied
to the crystal, and the crystal polarization response was
measured; simultaneously reflected intensity data were
collected at a point in reciprocal space. This process was
repeated at 101 incremental steps along a specified reciprocal
lattice direction, identified by the two-dimensional #k maps as
described in §2.2.2. Reflected intensity data, synchronous to
the PE loop measurements, were collected at each applied
voltage (from 0 to 1kV mm ™' in 0.05 kV mm™" intervals) at
0.01 Hz, 0.1 Hz and 1 Hz, and at five different temperatures
between 298 K and 363 K. The PE loops measured on this
sample are unipolar. The extremely high strains produced in
these materials as when subjected to repeated cycling of large
electric fields means they are likely to crack (Fang et al., 2008)
and cause electrical breakdown. Unipolar conditions were
therefore chosen to study the electric-field-induced phase
switching, whilst maintaining the structural integrity of the
sample.

A sample PE loop measurement is plotted in Fig. 5. Whilst
there is restricted information present in a unipolar polariza-
tion measurement, for example the remanent polarization or
coercive electric field is absent, anomalies such as inflection
points and changes in gradient may indicate the presence of
structural phase changes that can be determined through the
analysis of the diffraction data. The evolution of such features
can be tracked with changing physical parameters such as
temperature, magnetic field and frequency of the applied
electric field.

The detailed analysis of how the diffraction and polariza-
tion data evolve as a function of frequency and temperature
are the subject of a separate future publication. Three
diffraction peaks (the pseudo-cubic 200, 220 and 222 reflec-
tions) were studied in this experiment. Fig. 6 gives an example
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Figure 5

A unipolar PE loop measurement of the PMN-PT single crystal collected
at 40 points around the electrical cycle at a frequency of 1 Hz and
temperature of 298 K. A change in slope, indicating a change in crystal
structure, is evident at an applied field of ~0.7 kV mm™".

dataset on the pseudo-cubic 220 reflection recorded as a
function of E field cycled at 1 Hz, at a temperature of 298 K. A
diffraction pattern was measured at each of the 40 points on
a unipolar PE loop. The reflection was then fitted using a
published crystal structure models for PMN-0.32PT (Singh
et al., 2006). The sample was found to be mixed phase, part
monoclinic with space group Cm and part tetragonal (P4mm).
This is shown in the figure in blue (Cm phase) for the 202, 220,
022 and 202 reflections and in red (P4mm phase) for the 022
and 220 reflections. The dynamic shifts in phase percentage
and lattice parameter were then obtained by a constrained
refinement over all three reflections with frequency and
temperature. The amount of each of the two phases was
allowed to refine along with the lattice parameters. To be able
to refine the atomic parameters for each phase, a much greater
number of reflections would have to be recorded, which was
not possible owing to experimental time constraints in this
preliminary study.

3. Discussion

This new sample environment enables the determination of
the link between electrical polarization characteristics and
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Figure 6

Top panel: intensity—26 plot of the cubic indexed 220 peak in PMN-
0.32PT as a function of applied field from 0 kV mm™" (highest intensity
data) to 1kV mm™' (lowest intensity data) incremented in steps of
0.05 kV mm~'. Bottom panels: peak fitting of the same peak at 0 and
1 kV mm . The reflected intensity from the monoclinic phase is plotted
in blue, and the tetragonal phase in red, with reflection markers at the
bottom of the plot. The total reflected intensity (black) is compared with
the fitted model (green) by the difference curve at the bottom in grey.
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crystal structure in ferroelectric materials. In the measurement
system, real-time diffraction data are collected (though they
are later summed as a function of electric field for improved
statistics) and so the temporal evolution of the crystal struc-
ture can be tracked. The diffracted X-rays are collected at a
single point in kkl, and so a good knowledge of the zero-field
crystal structure, obtained through a previous polycrystalline
diffraction experiment, is required before a dynamic experi-
ment can be performed. The information gathered from
single-crystal diffraction peaks gives detailed information on
the crystal structure composition in the 6/26 direction and
orthogonally gives information about the crystal mosaicity or
microstructure.

In situ dynamic electric-field neutron and X-ray diffraction
experiments have been previously published (Jones et al.,
2006; Daniels et al.,, 2007; Pramanick et al., 2010; Moriyoshi
et al., 2011). In all these studies time-resolved diffraction data
were collected to measure the lattice strain in response to a
square-wave E field, applied to the sample to switch its
polarization state. Whilst the electric field was applied in situ,
none of the studies collected simultaneous polarization data,
or macroscopic strain data. These experiments were designed
to study the effects of an applied ‘on—off’ field as a function of
time. However, the new measurement system presented here
is capable of measuring real-time effects of cyclical electric
fields (triangular or sine waves) and the associated evolution
of crystallographic parameters.

The results presented in this paper, as a proof-of-concept
experiment, were collected at relatively low frequencies when
considering the operational requirements of applications such
as sonar. The upper limit to such experiments is dictated
by the maximum sampling rates of the data acquisition
systems at the beamlines (continuously being extended with
improvements made in digital data acquisition). With the
use of this beamline measurement systems we can directly
measure effects such as the dynamics of polarization aging,
and the temperature-dependent relaxation-time spectrum,
which is typically investigated through techniques such as
Brillouin scattering and Raman spectroscopy (Buixaderas
et al., 2004).

When performing these experiments, careful consideration
should be given to the electrical and temperature history of
the sample (Viehland et al., 1992). If the ferroelectric is poled
in any particular direction, the measured PE loop will be offset
vertically from the origin. In order to centre the charge
response, electrical pre-conditioning fields should be applied
to the sample before any measurements. Another factor to
consider is that temperature cycling through phase transitions
in RFE systems is likely to result in a hysteretic crystal
response between the first and subsequent temperature cycles,
much like the difference in the electrical measurement of the
virgin curve of the first and last two quarters of an ideal PE
loop response. Therefore, both E field and temperature should
be cycled at least three times for consistency of measurement,
with careful observation of the PE loop and diffraction data to
ensure intensities and polarization values do not continue to
drift with increasing electrical or thermal loads.

In the case of piezoelectric materials, small quantities of
dopants within the material create cation or anion vacancies in
the crystal structure. Dopants are known to result in significant
changes in domain structure and electromechanical proper-
ties, because they create various types of defects in the crystal
structure which have the ability to enhance or inhibit domain
wall motion and domain switching. So-called ‘soft’ piezo-
electrics exhibit the largest piezoelectric constants and
dielectric permittivities, but suffer from high losses which limit
their use in high-frequency applications. ‘Hard’ piezoelectric
materials, on the other hand, can withstand greater excitation
levels and frequencies, at the expense of sensitivity and
permittivity. The importance of such extrinsic contributions to
the piezoelectric response can be characterized by mapping
the induced strain and domain size in piezoelectric materials
through preferred orientation fitting in Rietveld refinements
and/or the FWHM characteristics of peak fitting for single
reflections for the single-crystal data (Jones, 2007). In carrying
out such analyses as a function of increasing E field and
frequency, it should be possible to directly measure the
decrease in domain switching associated with relaxation of
certain types of domain walls in the material. This has direct
implications for applications that benefit from both the
intrinsic and extrinsic piezoelectric response, such as actua-
tors, sonar devices and ink-jet printer heads.

4. Conclusions

An in situ PE loop measurement system has been integrated
into an X-ray diffraction beamline at the ESRF for the
determination of the crystallographic response to the appli-
cation of dynamic electric fields in single-crystal ferroelectric
materials. Voltages of up to 10 kV can be applied at a range of
frequencies. Initial tests of the systems with PMN-PT samples
show that changes in crystallography, such as lattice para-
meters, phase fractions and peak widths (strain and crystal
mosaicity that arise from changes in domain structure), can
be correlated to the macroscopic measurement of electrical
polarization, details of which are to be presented in a future
publication. The X-ray and polarization signals are captured in
real time, and stroboscopically summed when post-processing
the data. In this work we have developed a new facility that
enables the electric-field-induced crystallography in ferro-
electric materials to be determined dynamically. Our approach
provides synchrotron users with a unique capability for
determining the dynamic switching characteristics of ferro-
electric materials at cyclical switching (or sub-switching) fields
up to 1 kHz, presently. The complex time-dependent origin of
the functional properties of relaxor ferroelectrics can now be
probed on an atomic (lattice) scale, leading the way for more
comprehensive and complete descriptions of the fundamental
properties applicable to these industrially relevant materials.

This work was performed on the EPSRC-funded XMaS
beamline at the ESREF, directed by M. J. Cooper, C. A. Lucas
and T. P. A. Hase. We are grateful to the beamline team of
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O. Bikondoa, D. Wermeille and L. Bouchenoire for their
invaluable assistance, and to S. Beaufoy and J. Kervin for
additional support. Funding was received from the UK’s
National Measurement System for development of the
metrology of the PE loop and integration within the beamline.
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