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High piezoelectric activity of many ferroelectrics has been the focus of numerous recent studies.
The structural origin of this activity remains poorly understood due to a lack of appropriate experimental
techniques and mixing of different mechanisms related to ferroelectricity and ferroelasticity. Our work
reports on the study of a uniaxial Sr0.5Ba0.5Nb2O6 ferroelectric where the formation of regions with
different spontaneous strains is ruled out by the symmetry and where the interrelation between
piezoelectricity and ferroelectricity can be inspected in an isolated fashion. We performed x-ray diffraction
experiments on a single crystalline sample under alternating electric field and observed an unknown
hidden-in-the-bulk mechanism, which suggests that the highest piezoelectric activity is realized in the
volumes where nucleation of small ferroelectric domains takes place. This new mechanism creates a novel
roadmap for designing materials with enhanced piezoelectric properties.
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Electromechanical coupling is the ability of some solids
to convert mechanical energy into electrical energy and
vice versa. Solids exhibiting linear electromechanical
coupling are called piezoelectrics: they may become electri-
cally polarized under a mechanical stress or mechanically
deformed under an electric field. Piezoelectricity closely
coexists with ferroelectricity—the ability to switch sponta-
neous polarization states under an electric field. Although a
piezoelectric material does not have to be ferroelectric, the
piezoelectric coefficients of many ferroelectrics exceed
those of nonferroelectrics by a remarkable 2 orders of
magnitude [1]. Two mechanisms of piezoelectric activity in
ferroelectrics are currently known: intrinsic and extrinsic.
The intrinsic mechanism stems from the shifts of a charge
density and the modification of the bond force balance
under external stress or electric field [1–4]. The extrinsic
mechanism results from the possibility of domain wall
motion and the modification of the volumes possessing
different polarization or strain [5–7]. The extrinsic effect
can be maximized by domain engineering, while intrinsic
piezoelectrics must be designed on the level of atomic
structure and chemical bonds. The proper understanding of
piezoelectricity is crucial knowledge for the development
of new materials, for example, environment friendly alter-
natives to the dominating PbZr1−xTixO3 (PZT). Despite
significant efforts, the ratio of intrinsic and extrinsic
contributions remains elusive - mainly because of the
limited ability to inspect all the processes involved. For
example, piezoresponse force microscopy mainly probes

surfaces; transmission electron microscopy addresses nano-
meter length scales; optical methods of domain imaging
(e.g., [8,9]) are insensitive to lattice parameters. X-ray and
neutron diffraction methods access macroscopic, micro-
scopic and mesoscopic length scales; they have been
exploited for understanding of the ferroelectrics and relaxor
systems (e.g., discovery of monoclinic phases [10–13],
lattice properties of relaxors [14–17], structural disorder
[18,19]). However their uses for in situ probing of piezo-
electric activity in ferroelectrics are rare and mainly limited
to ceramics or powders [20]. Furthermore, many studies
focus on technologically important pseudo-cubic ferro-
electrics such as PZT or PbMg1=3Nb2=3O3, where domains
share both ferroelectric and ferroelastic features, so that
intrinsic and extrinsic contributions mix with each other. In
this view, investigation of piezoelectricity of uniaxial
ferroelectrics such as Sr0.5Ba0.5Nb2O6 (SBN50), where
formation of regions of different spontaneous strains is
forbidden by symmetry (the temperature-driven paraelec-
tric-to-ferroelectric phase transition does not change the
crystallographic system) may help to inspect the interre-
lation between the ferroelectricity and piezoelectricity in
a well-defined fashion. It is strange, but true, that such
investigations have received little attention so far.
This Letter reports on the observation of a new piezo-

electric activity mechanism, suggesting that it may appear in
a purely uniaxial ferroelectric in the form of correlation
between lattice parameter and domain size. We observed this
mechanism by time-resolved synchrotron x-ray diffraction
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on SBN50 single crystals under alternating electric field. We
have chosen SBN50 as a model uniaxial ferroelectric whose
para- and ferroelectric phases are tetragonal (c=a ∼ 0.31,
e.g., [21]); formation of ferroelastic domains is forbidden
and static patterns of purely ferroelectric domains are
well documented [22–24]. We quantified the electric-field
induced strain and demonstrated that the volumes of rapid
domain growth or merging during the polarization reversal
exhibit anomalously high deformation under electric field
(∼400 pC=N), comparable to that of the PZT [25,26].
The SBN50 single crystal was grown by the Czochralski

method [27] and cut to a 0.5 mm [001] oriented plate; gold
electrodes were deposited on both faces in order to apply
external high voltage (HV). We generated 20 Hz periodic
triangular signals reaching�150 V [subcoercive (SC) field
of 300 V=mm] and �975 V [overcoercive (OC) field of
1950 V=mm]. Electrical current was measured using an
1 kΩ active probe and integrated in order to estimate the
dielectric polarization (Fig. 1). The dielectric response
remained stable over the entire measurement time
(∼1week ¼ 107HVcycles). The SC current or polariza-
tion hysteresis can be explained by either the presence of an
electric conduction or an irreversible domain wall motion
(Rayleigh effect) [28–30]. The OC current shows character-
istic ferroelectric switching behavior with the maxima at
786 and−634 V=mm for the rising and falling voltage. The
asymmetry of P-E loops clearly indicates that these two
polarization reversals may be driven by different mecha-
nisms; such asymmetries are commonly observed in SBN
(e.g., [31,32]).
The time-resolved x-ray diffraction experiment was

performed using a custom-built stroboscopic data-
acquisition system, which operates on the principle of a
multichannel analyzer and qualifies for the investigation of
repetitive processes down to the nanosecond time scale.
Thedetailsofthis techniquearedescribedelsewhere[4,33–35]

and briefly summarized in the Supplemental Material [36].
It has already been applied to the determination of small
(∼10−4 Å) electric field induced bond distortions [37–43],
the determination of piezoelectric coefficients [44], and the
study of domain wall motion in ferroelectric ceramics
[7,30,45–48]. Our measurements were conducted at the
P09 beam line at the PETRA III storage ring (Hamburg,
Germany) using a six-circle diffractometer and a large
dynamic range APD detector [49]. We tuned the x-ray
wavelength to λ ¼ 0.86 Å to maximize the penetration
depth to 10–20 μm(depending on the reflection geometry).
Then we analyzed the dynamics of several rocking curves
(RC) remembering that their angular positions depend on
lattice parameters and a crystal orientation,while the shapes
account for their distribution throughout the sample. As
shown elsewhere [44,50], a homogeneous linear strain
shifts a mass center (MC) of RC by the following amount:

Δω ¼ − tan θxijqiqj − xijyiqj þ Δωrot: ð1Þ
Here, x is the strain tensor [51], θ is the Bragg angle, q

and y ¼ ½w; q� are unit vectors: q and w point towards the
corresponding reciprocal lattice node and diffractometer
rotation axis correspondingly. All the vector and tensor
components refer to the axes of a crystal physical Cartesian
system, aligned with the tetragonal crystallographic axes.
Δωrot describes the field induced rotation of a sample.
When a series of harmonic reflections nh nk nl is
measured, Eq. (1) simplifies as [44]

Δω ¼ A tan θ þ B; ð2Þ
for which A ¼ −xijqiqj and B are constant. We measured
the shifts of the 00l RCs, evaluated their tan θ dependence,
and calculated the x33 ¼ −A strain component (elongation
of the lattice along the polar axis).
Figure 2 summarizes the dynamics of the 007 RC during

20 Hz weak field cycling: Fig. 2(a) maps the time depend-
ence of the RC; Figs. 2(b) and 2(c) show the RCs collected
within four different time channels; Fig. 2(d) compares the
positions of the MC with the RC maximum position (MP).
Here, theMPs were located by a parabolic fit to the seven top
points of the RCs. The systematic sliding of the RCs
indicates the development of a time and field dependent
deformation field. The observed RCs are asymmetric: their
MCs are shifted to the left (right) of the MPs at positive
(negative) voltages correspondingly. This asymmetry
changes systematically with the electric field [Fig. 2(d)],
suggesting that each RC may sum up from two components
moving in the opposite directions. Such movement is
consistent with the electric field induced strain in ferroelec-
tric domains with antiparallel polarization whose piezo-
electric coefficients have opposite signs. However, we could
not separate the RC profiles into two components because of
their extreme proximity.
The RCs of other 00lðl ¼ 3…7Þ Bragg reflections

showed the same dynamics (see the Supplemental

FIG. 1 (color online). Dielectric responses of SBN50: (a),(b)
Time dependence of electric fields and currents for the case of
subcoercive and overcoercive fields. (c) Polarization-field loops.
The magnitudes of coercive fields (þ786= − 634 V=mm) are
marked on the axes.
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Material [36]). Therefore, we applied Eq. (2) to calculate
the x33 strain component averaged over the domains in the
x-ray beam. The linear regression of the amplitude of MC
displacement as a function of tan θ in Fig. 2(e) proves the
validity of the approach. The arrows in Fig. 2(d) mark the
evaluated piezoelectric coefficients d33 ¼ ð∂x33=∂E3Þ (in
units of pC=N) during two selected time intervals. They
clearly feature the nonlinearity of the strain-field depend-
ence: the jd33j ¼ 65 pC=N at 150 V exceeds the 41 pC=N
at 0 V by ∼60%. This situation differs from the strictly
linear strain-field dependence in ordinary piezoelectrics,
such as α-quartz.
Figure 3 summarizes the dynamics of 007 RC under

20 Hz triangular OC voltage cycling; it is organized
similarly to Figs. 2(a)–2(c). As in the weak field case,
the RCs are asymmetric. The most interesting feature here
is the clear separation of some RCs into one sharp and one
broad component. The sharp component is confined
within the angular interval ∼½−10; 10� mdeg and persists
in the entire time range. The broad component spreads
over ∼½−40;−10� mdeg; it appears for the negative
voltages only [e.g., RC1=RC6 in Figs. 3(b) and 3(c)];
its full width at half maxima (FWHM) depends on the
electric field. In general, FWHM may vary due to changes
of domain size or mosaicity of a crystal [52,53]. However,
as there is no physical reason for periodic mosaicity
changes under electric field, we assume that the narrower
or broader peaks originate from the volumes with larger
ferroelectric domains (volumes 1) or smaller ferroelectric
domains (volumes 2). From the angular positions of
these peaks we concluded that the c-lattice parameter

of the volumes 2 is elongated relatively to that of the
volumes 1.
The other important features are the rapid accelerations

of the peak positions (MC and MP) at ∼15 and 42 ms: their
timing correlates with the maxima of the switching current
(Fig. 1). The other 00l Bragg peaks exhibit qualitatively
similar dynamics, but (as in the SC case), the amplitude of
the MC motion increases with l (see Supplemental
Material [36]).
Figure 4 demonstrates the result of fitting the RCs with

the sum of two symmetrical pseudo-Voigt components [54]
wherever such univocal separation was possible. The
representative curves, demonstrating the quality of fitting,
are available in the Supplemental Material [36]. Figure 4(a)
follows the time dependences of FWHM and ratio of
integrated intensities of broad and sharp peaks, while
Fig. 4(b) shows positions of their MCs. The gaps (where
the univocal separation is impossible) are filled with the
MC, MP, and FWHM of the RCs. The current is replicated
for the identification of the switching intervals, marked as
Sþ and S−. We will discuss the peak dynamics during
these intervals.
(a) Sþ features the polarization reversal induced by the

positive voltage, i.e., from P↑↓c to P↑↑c. The RC profiles
are asymmetric; their separation into two components is
possible near the switching event only. The switching
dynamics appears as a kink of the peak 2 position
[Fig. 3(b)]—this peak must represent those volumes which
undergo switching, while the rest are frozen. Passing of the
MC over a local maximum corresponds to the passing of
the average c-lattice parameter over a local minimum. We

FIG. 2 (color online). Time-resolved
x-ray diffraction on SBN50 under SC
electric field cycling. (a) False-color
map of the 007 RC as a function of
time and relative rocking angle. (b),
(c) 007 RCs corresponding to four
selected time channels. The dashed
lines mark their MC to highlight the
RCs asymmetry changes. (d) Time
dependence of the 007 RCs position:
MC and MP. (e) The amplitude of MC
displacement of 00lðl ¼ 3…7Þ RCs as
a function of tan θ.

FIG. 3 (color online). Summary of
time-resolved x-ray diffraction of the
007 Bragg RC under OC electric field
cycling. The figure is organized iden-
tically to Figs. 2(a)–2(c).
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also note that the FWHMs of both peaks remain constant
upon this switching: this indicates that the polarization
reverts without nucleation of small domains. Moreover, we
assume that nearly a single domain state is generated at
the highest positive voltage because it corresponds to the
sharpest RC. This scenario is roughly consistent with the
electrostriction law: x33ðEÞ ¼ QdP2

dðEÞ, where Pd and Qd
is the single domain polarization and electrostriction coef-
ficient, respectively.
(b) S− represents the polarization reversal induced by the

negative voltage, i.e., from P↑↑c to P↑↓c. The dynamics of
this reversal appears as a rapid detachment of the broad peak
from the sharp peak and an increase of the FWHMs of
both peaks, indicating the nucleation of small domains.
Simultaneously, the broad peak rapidly moves towards lower
Bragg angles and passes over their local minimum. This
means that the average c-lattice parameter of the volumes 2
must pass over a local maximum. The switching must be
incomplete because the single domain state (as for Sþ) with
negative polarization is not reached.
These two switching routes follow completely different

strain-field dependence, schematically illustrated in Fig. 5.
Two time intervals (marked by the arrows) in Fig. 4 exhibit
the fastest shift of the broad peak, witnessing enormously
strong piezoelectricity in volumes 2. The corresponding jd33j
piezoelectric coefficients, estimated from the dynamics of
007, 006, and 005 RCs are equal to ð300� 100Þ pC=N (left
arrow) and ð380� 20Þ pC=N (right arrow), i.e., ∼6 times
higher than for the case of SC field. This piezoelectric
activity is comparable with the one in PZT.
It is interesting that, like in the case of PZT [55],

enhanced piezoelectricity is connected to the high density
of small domains. We stress, however, that piezoelectricity

in PZT and other perovskite-based materials is usually
related to principally different mechanisms. They exploit
the pseudocubic character of perovskites, in which the
paraelectric-to-ferroelectric phase transition may generate
strain and polarization domains, create competing phases
of different symmetry [12], or even activate polarization
rotation routes [56,57]. None of these opportunities exist
in SBN50, where both phases are strictly tetragonal
(c=a∼0.31).
In summary, this Letter offers a new look at piezoelec-

tricity and polarization reversal in ferroelectrics. Benefiting
from the ability to follow lattice parameters under an
alternating electric field, we established that spontaneous
polarization may be reverted via two substantially different
routes passing over the minimum or over the maximum of
strain. The first route is dominated by the bulk polarization
reversal. The second route involves the nucleation of small
inversion domains and exhibits a dramatic enhancement of
the piezoelectric activity stemming from the correlation
between the domain sizes and their lattice parameter. Thus,
the important message of this Letter is that a colossal
piezoelectric activity may arise from a mechanism which
does not require any other ferroic ordering than the
ferroelectric one. The possibility to create conditions,
activating this mechanism in the entire material and at
weak electric field, may open a new way of engineering
high performance piezoelectrics. These conditions must be
further investigated by, e.g., in situ real space domain
mapping [9,23,58]. Thus, our results extend the list of
possible connections between ferroic order and functional
properties of materials.
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Mihailova for stimulating discussions.

FIG. 4 (color online). The dynamics of width, position, and
intensity ratios of peaks adding up to the 007 RC. The data are
given wherever the univocal separation is feasible. Diamonds
(circles) correspond to the dominating (weaker) components. We
also show the MP and MC positions and electrical current for the
reference. The lines on the top highlight two different switching
intervals (Sþ and S−) discussed in the text.

FIG. 5 (color online). Schematics of the Sþ and S− polarization
reversal routes. The colors map the regions of different polar-
izations: P↑↑c (red), P↑↓c (blue), or P ¼ 0 (white). Single
domain states are represented by the vertical arrows. Sþ (bottom)
illustrates the bulk-type switching, passing over the “neck” (mini-
mum of strain). S− (top) illustrates the switching via formation of
small domains, passing over the “waist” (maxima of strain).
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