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Domain polarization switching in potassium dihydrogen phosphate �KH2PO4, KDP� induced by a propagat-
ing strain wave has been observed with time-resolved x-ray diffraction. A pulsed electric field with amplitude
of 6 kV/cm and duration of 1 �s was applied along the crystallographic c axis. The field-induced strain waves
emanating from the sample surfaces are the result of the converse piezoelectric effect. In the center of the
probed surface two waves interfered constructively inducing ferroelastic domain switching, in the absence of
an external electric field, at a delay of 3 �s, corresponding to acoustic propagation at a velocity found to be
1500 m/s.
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I. INTRODUCTION

Ferroelectric crystals have many applications in both sci-
ence and technology. They are used, e.g., as components in
computer memories,1 as electro-optical devices,2,3 and
microsensors.4 The relation between the microscopic struc-
ture of ferroelectrics and the observed mesoscopic and mac-
roscopic properties has been studied. Optical techniques
have been used to study the domain structure and the effects
of external electric field, stress, and temperature.5–8

Potassium dihydrogen phosphate �KH2PO4, KDP� was
one of the first ferroelectric materials to be discovered, and
the theoretical modeling of ferroelectrics is based on studies
of this material.9,10 Experimental studies of KDP and isomor-
phs have included optical techniques,11 x-ray scattering,12

electron-spin resonance,13 and neutron scattering.14 Recently,
the piezoelectric effect in paraelectric KDP at room tempera-
ture was studied at a third-generation synchrotron facility by
Van Reeuwijk et al.15 Grigoriev et al.16,17 measured the do-
main dynamics of thin films of �Pb�Zr,Ti�O3�, also known as
PZT, which is ferroelectric at room temperature.

In the present work, time-resolved x-ray diffraction was
used to study how high-amplitude strain waves induce fer-
roelastic domain switching in KDP just below the Curie tem-
perature �TC�. Our work does not only demonstrate that it is
possible to achieve sufficient amplitudes to induce domain
switching but also demonstrates a way to measure the stress-
strain relationship in ferroelastic materials. The acoustic
strain waves were induced using the converse piezoelectric
effect in a manner similar to that used by Van Reeuwijk et al.
Close to TC, the piezoelectric modulus is orders of magni-
tude higher than at room temperature, resulting in large-
amplitude Rayleigh waves emanating from the corners when
an electric pulse is applied. These strain waves have been
observed to induce domain polarization switching. Rayleigh
waves both rotate and strain the lattice planes. In the center
of a surface though, the rotational components of Rayleigh
waves coming from opposite ends compensate each other
and only strain remains. This has been confirmed in simula-
tions that are discussed later.

At room-temperature KDP has tetragonal symmetry and

belongs to the space group I4̄2d. When the crystal is cooled
below TC, it undergoes a phase transition to the ferroelectric

phase, which has an orthorhombic symmetry and belongs to
the Fdd2 space group. The unit-cell dimensions as shown in
Fig. 1 are a=10.5459�9� Å, b=10.4664�10� Å, and c
=6.9265�21� Å at 20 K below TC.18 Unless otherwise stated
we will use a coordinate system with axes �x ,y ,z� parallel to
the axes of the ferroelectric unit cell a, b, and c. This will be
referred to as the ferroelectric coordinate system as shown in
Fig. 1. The standard coordinate system for the parelectric
phase is rotated by 45° around the common z axis compared
to the ferroelectric coordinate system. The structural change
in KDP at TC is explained by the double-well potential of the
hydrogen bond between the oxygen atoms that link the PO4
groups. This is discussed in the review article by Nelmes.19

Above TC, the hydrogen atoms move freely between the two
potential minima. Below it, the thermal energy of the hydro-
gen atoms is not sufficient to overcome the potential barrier
and hence they remain on one side or the other. As a conse-
quence, the hydrogen bonds become asymmetric, which af-
fects the internal structure of the phosphate groups as well as
the position of the potassium ion. The structural changes in
turn affect the unit cell, which undergoes shear deformation
�in the paraelectric coordinate system�. The displacement of
the phosphor and potassium atoms results in a permanent
dipole moment along the c axis. The dipole moments in the
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FIG. 1. Sample geometry. The sample was coated with gold
electrodes as indicated by the shaded box close to surface H. The
orthorhombic unit cell dimensions �a, b, and c� are drawn for the
two studied domain types. Sample surfaces are marked as F, G, H,
and I.
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A+ and B+ domains are in the same direction, which is op-
posite to the direction of the dipole moments in the A− and
B− domains.

II. EXPERIMENTAL SETUP

The experiment was carried out at beamline D611 at the
MAX-laboratory synchrotron facility in Lund �Sweden�,
which provides x rays in the range 3–10 keV. A double-
crystal Si �111� monochromator was used to obtain 4.3 keV x
rays with a bandwidth of �E /E=2.0�10−4. The x-ray foot-
print on the sample was 1�0.2 mm2. The KDP sample had
dimensions of 10�10�1 mm3 along the a, b, and c axes,
respectively, and was mounted on a cryogenically cooled
manipulation stage so that the position in all three spatial
directions, and the incidence angle could be changed. The
crystal was cooled to about 3 K below TC which is known to
be 123 K. The temperature was measured by a diode-based
temperature sensor mounted in contact with the sample. The
measured fluctuations were less than 0.2 K. Any systematic
dependence from applying the electric pulses was less than
that. However, it is difficult to measure the absolute tempera-
ture, so all temperatures are given relative to TC. The KDP
220 Bragg reflection was studied, where the Miller indices

are given in the paraelectric I4̄2d basis corresponding to the
400 reflection in the ferroelectric Fdd2 basis. This is hence-
forth referred to as the 400 reflection. The sample was sym-
metrically cut, i.e., the probed reciprocal-lattice vector was
parallel to the surface normal. The Bragg angle was 30°. In
this setup the x-ray penetration depth was 6 �m, limited
mainly by absorption.

An electrical field was applied parallel to the c axis by
means of gold electrodes which were evaporated directly
onto the crystal. Square voltage pulses were applied with a
duration of 1 �s at a 500 Hz repetition rate. The rise time of
the high voltage was on the order of 100 ns. An avalanche
photodiode �APD S5343LC5, Hamamatsu� with a time res-
olution of about 1 ns and active area of 1 mm2 was used to
detect the x rays reflected off the KDP crystal. The x-ray
energy was scanned and the diffracted intensity was recorded
as a function of time for each energy step using a LeCroy
WaveMaster 8500 oscilloscope. Each such transient building
up the time-resolved energy scan is the average of 570
events. Scanning the energy is a convenient way of recording
a rocking curve as long as there are no absorption edges
nearby and the scanning range is small. Scanning the diffrac-
tion angle would require scanning of the small fast detector.

III. EXPERIMENTAL METHOD

As can be seen in Fig. 2 the single paraelectric peak splits
into four separate peaks in the ferroelectric phase. This is due

to the fourfold rotation-inversion �4̄� symmetry axis of the
paraelectric phase. Thus, there are four different ways in
which the structure can be transformed, and hence four pos-
sible domain types with a permanent dipole moment can
exist below TC. These domains are termed A+, A−, B+, and
B− according to the definition used by Bornarel.20 Below TC,
the 400 reciprocal-lattice vectors of the four domain types

have different orientations and magnitudes �see Fig. 3�. Each
of the domains fulfills the Bragg condition at a different
x-ray energy for a certain angle of incidence. Figure 2 shows
three energy scans at the same angle of incidence. One scan
was taken above TC and shows the paraelectric peak. The
other two scans were recorded below TC and show the ferro-
electric peaks. In these two scans the sample has been con-
ditioned by cycling the temperature and by applying a dc
field in order to produce either A+ and A− domains or B+ and
B− domains, Fig. 3.

We use the relative intensity of the peaks to measure the
volume ratio of the different domain types. The interpretation
of the intensity as a measure of the volume ratio is unam-
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FIG. 2. X-ray energy scan. A paraelectric peak at room tempera-
ture �dashed line�, B+ and B− peaks �solid lines�, A+ and A− peaks
�dashed-dotted line�. We also show the domain orientation for the
four main domain types �Ref. 20�. The representation is in the
paraelectric coordinate system.
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FIG. 3. �Color online� Vector representation of Bragg’s law for
the different domain types in KDP. The incoming wave vector
�K0� is shown together with the scattered wave vectors
�Kh�B+� ,Kh�B−� ,Kh�A+� ,Kh�A−��. The 400 reciprocal-lattice vectors for
the different domain types are also drawn as solid lines. A strain
modifies the lattice vectors �shown as dashed lines� and thereby the
scattering vectors.
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biguous under our conditions. First, we have observed ex-
perimentally that domains are much smaller than the x-ray
footprint on the sample which confirms previous measure-
ments of domain size to be about 10 �m by Bonarel6 and
others.21,22 This excludes the possibility that the intensity
variation is due a few large domains moving in and out from
the 1 mm probe area. Second there are no effects from x-ray
scattering efficiency changes. Since we are making energy
scans and the integrated intensity is evaluated, shifts cannot
significantly change the intensity of the scattered radiation.
Shifts of 5 eV can change the structure factor by only by
0.5% whereas the changes observed are as large as 50%.

IV. MODEL

Applying a homogeneous electric field to a KDP crystal
results in homogeneous stress due to the converse piezoelec-
tric effect, giving rise to a homogeneous strain defined by23

�i = djiEj , �1�

where dji is the piezoelectric modulus and Ej is the applied
electric field.

When the electric field is switched on and off, the relax-
ation of the piezoelectric stress generates Rayleigh waves
that emanate from the corners of the crystal and propagate
along the surfaces. In the paraelectric coordinate system the
pure shear strain for the initially applied electric field �6 kV/
cm� is calculated to be 9�10−4 using Eq. �1� and the piezo-
electric tensor given by Lüdy.24 In the ferroelectric coordi-
nate system, it corresponds to a tensile strain of 4.5�10−4.
The temporal profiles of the acoustic wave essentially mimic
the temporal evolution of the electrical pulse. In order to
fully understand the acoustic conditions in the experiments,
two-dimensional simulations were carried out using the finite
element method �FEM�. The simulations take into account
the piezoelectric and elastic tensors of KDP, the size and
orientation of the crystal and the size of the gold coating.
Waves propagating along the c axis had been neglected in
order to reduce the computational costs. The simulation
shows that on the probed surface a Rayleigh surface wave
propagates. As expected, we observe that the displacement of
the wave is rotating and that the direction of rotation differs
between the waves emanating from either edge. At the center
of the probed surface, where interference of the two waves
occurs the horizontal parts cancel out and a vertical displace-
ment giving rise to a vertical strain remains. The time evo-
lution of the strain at the center of the probed surface is
plotted in Fig. 4. The full movie showing the strain propaga-
tion is available online.25 The velocity of Rayleigh waves in
KDP has been found to be 1500 m/s �Ref. 26� which means
that the strain pulses are only 1.5 mm long. The simulations
also show that the electric pulses induce bell-mode oscilla-
tions in KDP, i.e., resonance of the crystal as a whole. The
displacement of an atom by these bell modes can be signifi-
cant but the strain �the gradient of the displacement� is small
for these long-wavelength modes. The strain-generation
mechanism is quite similar to the work by Thomsen et al.27

who studied laser-induced low-dispersion waves using opti-
cal techniques. Later such low-dispersion strain waves have

been extensively studied by x-ray scattering techniques,28–32

and the probing techniques for measuring these propagating
waves are nearly identical to the work described here.

The strain can experimentally be observed in the energy
scans as shifts of the peaks representing the different domain
types. As seen in the FEM simulations, the excited acoustic
waves do not induce any significant rotation of lattice planes
in the middle of the surface H where they are probed. So the
change in peak position can be readily used to evaluate the
strain.

The tensile stress, �, can be calculated from the strain
using Hook’s law and the elastic tensor, C, for the ferroelec-
tric phase

� = C� . �2�

For the geometry employed in this experiment, strain in y
direction ��y� is parallel to the normal of surface H. The
stress in y direction is negligible due to the free surface. The
strain �y can be calculated from the tensile stress along the x
axis using the elastic tensor using Eq. �2�.

Care must be taken not to induce temperature effects via
the applied electric field. However, no dc peak shift was
observed when applying the pulsed voltage to the sample,
which agrees with the temperature sensor measurement. Fur-
thermore the signature is different as a temperature change
moves the ferroelectric peaks closer or further away from the
center of gravity whereas the acoustic wave moves them in
the same direction �toward higher or lower energy, depend-
ing on whether it is expansive or compressive strain�.

V. MEASUREMENTS AND RESULTS

A time-resolved energy scan showing the effect of the
acoustic waves is shown in Fig. 5. The diffracted intensity is
coded in false color. The data were obtained by probing the
center of the sample. Due to the conditioning of the sample
the probe volume consists of only two domain types, B+ and
B−. The B+ domains have diffraction peaks at higher energy.
The B+ signal is stronger, indicating that there is a larger
volume fraction of B+ domains in the probe volume. When a
voltage of 6 kV/cm is applied with a polarity which we will
refer to as positive, an initial shift of each peak is observed.
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FIG. 4. Simulated evolution of the strain in the probe region
from an FEM model. It is in good agreement with the measured
shift of the B+ and B− peaks.
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This shift follows the 1 �s pulse shape of the electrical
pulse. This is consistent with a longitudinal wave propagat-
ing from the H surface �Fig. 1�. Approximately 3 �s later, a
shift is observed which is twice as large. This arises from the
interfering Rayleigh waves emanating from the corners.
When these waves are reflected at the respective opposite
surfaces their phase changes from expansion to compression,
and as they travel back to the probe area a shift in the oppo-
site direction is seen. This is repeated several times with a
period of 13 �s determined by the propagation time in the
crystal. Knowing the dimensions of the crystal, the speed of
the waves in the crystal was calculated to be 1500 m/s,
which is in agreement with the room temperature measure-
ment by Bakos et al.26 Another striking feature of the data is
that expansive strain is accompanied by enhancement of the
B+ integrated peak intensity and a corresponding decrease in
the B− peak, indicating a smaller fraction of B− domains.
Similarly, compressive strain induces enhancement of the B−

signal at the expense of B+ intensity.
In order to understand these observations and to analyze

them quantitatively we note that in a ferroelastic material,
strain is made up from two contributions. The first is a con-
tribution proportional to the stress and the second one comes
from domain reversal. In KDP a full domain reversal corre-
sponds to a 0.76% change in strain. We will from here on
refer to these contributions as the linear strain and the fer-
roelastic strain, respectively. Hence, the amplitude of the lin-
ear strain can be evaluated from the shift in the energy of
each peak and the amplitude of the ferroelastic strain can be
evaluated by the relative integrated peak intensities from the
two domain types as shown in Fig. 6. As discussed in the
experimental methods section, the integrated intensity of
each domain peak is a measure of the fraction of that par-
ticular domain type in the probe volume.

Since the electric field is applied along the crystallo-
graphic c axis the only nonzero element of the piezoelectric
modulus is d36. The matrix element, d36, in the tetragonal
paraelectric coordinates couples the electric field along the
crystallographic c axis to linear pure shear strain in the plane

normal to the c axis. The piezoelectric modulus, d36 has been
investigated by Lüdy.24 It shows an anomaly and increases
from 23.2 pC/N at 20 °C to 1470 pC/N at TC which is the
value used in our calculations since the temperature variation
in d36 below TC is small. The linear shear strain at the ap-
plied field of 6 kV/cm can be calculated, and it corresponds
to a linear tensile strain of 4.5�10−4 corresponding to a
tensile stress of 620 N /cm2 in the rotated ferroelectric coor-
dinate system. This is in excellent agreement with the present
experimental study, where the initial strain from the shift in
the energy was found to be 5�10−4. The strain after 3 �s is
twice as large �10−3� since we probed the center of the upper
surface, where Rayleigh waves emanating from the top cor-
ners of the crystal interfere constructively. Near the surface,
this corresponds to a tensile stress perpendicular to the strain
which is 3100 N /cm2. When probing an area off-center by
more than 0.75 mm, where no interference can occur, the
peak energy shifts and changes in x-ray intensity are less
prominent and more complex due to the rotary displacement
vectors which are present. Attempts to induce higher stress
by increasing the voltage resulted in sample damage, which
was manifested as a crack in the exact center of the crystal
where the interference occurred.

The stress-strain relation for ferroelastic materials is de-
scribed by a hysteresis loop.33 As shown above, the stress
can be calculated from the linear strain. The ferroelastic
strain can be derived from the relative integrated peak inten-
sities of the two domain types. Hence we can plot the stress-
strain relation from the data in Figs. 5 and 6.

The measured stress-strain relationship of KDP is shown
in Fig. 7. The stress was not sufficient to observe actual
hysteresis. However, the deviation from linear behavior is
obvious. The points in Fig. 7 are experimental data and are
built up by all the time points in Fig. 6. The stress �x axis in
the Fig. 7� was calculated from the linear strain which was
directly measured by the shift in peak energy of the B+ do-
mains using Eq. �2�. The integrated peak intensities were
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determined for each time point. They provide the ferroelastic
strain which is the main contribution to the strain in Fig. 7.
The deviation from a linear stress-strain relation is an indi-
cation of ferroelastic hysteresis, although we do not observe
a significant difference in strain depending on if stress is
increasing or decreasing. The only ferroelastic measurement
previously carried out for this brittle material has been added
for comparison. That measurement was carried out using
electron paramagnetic resonance in Cr+3-doped KDP.34 We
show the data from Ref. 35 as an inset to Fig. 7 since the
strain scale was arbitrary in that paper.

VI. DISCUSSION

The switching process can be understood from the ideas
of Slater9 and Yosama and Nagamiya.10 The Gibbs free en-
ergy can be written as

U =
1

2
Na�2 − �sN − ���N+ − N−� − �N+ − N−��E − TS ,

�3�

where N+ and N− denote the number of �H2PO4�− dipoles in
the unit cells belonging to domains with polarity parallel or
antiparallel to the c axis, a is a number proportional to the
normal elastic constant, and N is the total number of dipoles.
The first term stands for the elastic energy, which is the same
for both domain types. The second term represents the inter-
action of dipoles with each other, where �s is a constant

parameter. The third term was introduced by Yosama and
Nagamiya.10 It describes a correction to the elastic energy
which has opposite signs for the two domain types and � is
a constant. This term is the most important when discussing
ferroelastic switching. The fourth term was introduced by
Slater9 to account for the reorientation of domains of dipole
moment � in an external electric field �E�. T is the tempera-
ture and S is the entropy which is a function of N, N+, and
N−.

The domain ratio follows from the minimization of the
free energy. In the absence of external fields or forces the
crystal will have an equal fraction of domains with opposing
polarization in order to compensate the depolarizing fields.
In the presence of an external field or forces the equilibrium
ratio changes and domain switching occurs in order to mini-
mize the free energy. Domain switching in ferroelectric ma-
terials has been studied extensively and has been found to
occur in different ways: through nucleation of a reverse po-
larization domain, through domain propagation in the direc-
tion of the electric field, and through domain growth in the
direction perpendicular to the electric field.15,35

In our experiment the field is turned off after 1 �s by
grounding both electrodes, and the electrodes will rapidly
redistribute the surface charges to compensate for the polar-
ization induced by the piezoelectric effect as the strain waves
propagate. This means that there is no macroscopic external
field present. In Eq. �3�, the term including the electric field
is zero while the ferroelastic term is independent of the field.
Hence, we find that the mechanism responsible for domain
switching is ferroelastic rather than ferroelectric. We have
experimentally observed that expansive strain is accompa-
nied by the increase in B+ domains and compressive by that
of B−. This is consistent with the fact that the factor � in Eq.
�3� is positive as predicted by the original calculations.10 In
conclusion, we have generated and observed high-amplitude
strain waves in the ferroelectric phase of KDP, and that these
waves drive domain polarization switching in the absence of
an electric field.
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