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a b s t r a c t

The strain behavior of 0.71 Pb(Mg1/3Nb2/3)O3-0.29 PbTiO3 (PMN-PT) single crystal prepared by a solid-
state single crystal growth method was investigated on two most widely used orientations, i.e., (001)-
and (011)-oriented. A special emphasis was put on the correlation among longitudinal and transverse
strains and the consequent volume change. We show that seemingly different strain behavior of (001)-
and (011)-oriented crystals has the same origin, and the underlying mechanism excludes possible
contribution from the frequently cited polarization rotation. In situ monitoring of electric field induced
Poisson’s ratio further suggested that the polarization vectors contributing to the strain properties in
PMN-PT are not confined to a unique direction forced by the crystallographic symmetry but possess a
span of angular range.

© 2020 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Relaxor-PT single crystals represented by Pb(Mg1/3Nb2/3)
O3ePbTiO3 (hereafter abbreviated as PMN-PT) have drawn a great
deal of attention with the unprecedentedly excellent electrome-
chanical responses relevant for high-end devices such as high-
precision actuators and high-frequency transducers [1e3]. A spe-
cial emphasis has been put on their exceptionally large electric field
induced strains reaching even up to ~1% [1]. This strain response is
known to be observed only in the rhombohedral side of the mor-
photropic phase boundary (MPB). So-called a polarization rotation
initially proposed by Park and Shrout has been widely supported
and accepted as its working mechanism [1,4,5].

The basic idea behind the polarization rotation mechanism is
that the stable spontaneous polarization direction that is pinned by
the given crystal structure could be altered when an electric field
high enough to overcome the free energy barrier between two
stable crystallographic symmetries is applied, and its rotation
eramic Society.

roduction and hosting by Elsevi
becomes highly facilitated near MPB, where the free energy land-
scape flattens out. The polarization rotationmechanismwas readily
accepted by the community, because its feasibility was well-paved
by a first-principles calculation [4] and its presence was repeatedly
supported by a number of in situ high intensity X-ray diffraction
studies [6e9]. Apart from the inconsistency in the structural as-
pects especially regardingmonoclinic as a bridging phase, however,
the commonly practiced in situ X-ray diffraction alone cannot make
a definitive evidence for the polarization rotation to operate during
electrical cycles, because electric-field-inducedmicroscopic change
is too small to be properly analyzed [10]. Moreover, both phase
transformation (polarization rotation) and lattice distortion
(piezoelectric effect) involve a volumetric change with dimensional
variations, leading to changes in X-ray diffraction profile regarding
both intensity and peak position. It follows that this difference is
extremely difficult to be properly resolved solely by X-ray diffrac-
tion techniques, though their physical origins are completely
different.

In this work, we, instead, adopted an intuitively assessable
technique, i.e., macroscopic volumetric monitoring. Given that the
compressibility should increase significantly at the phase trans-
formation leading to a sharp reduction in the Poisson’s ratio, in situ
er B.V. This is an open access article under the CC BY-NC-ND license (http://
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monitoring of Poisson’s ratio during electrical cycle should be
useful in seeing if the polarization rotation is a relevant strain
mechanism for PMN-PT. In situ monitoring of Poisson’s ratio
revealed that at least in the PMN-PT crystals grown in solid state
does not involve any discerned phase transformation during elec-
trical cycling. As well, contrary to the common belief that the strain
mechanism for (001)- and (011)-oriented crystals are different due
to polarization rotation, they turned out to be the same, explaining
why d32 is exceptionally large in (011)-oriented crystals. A com-
parison with the electric field induced Poisson’s ratio change of a
typical ferroelectric BaTiO3 (BT) implied that the strain behavior of
PMN-PT is a consequence of a collective motion of symmetry
bridging phases, the polarization vector of which makes a range of
angular distribution due to the correlated disorder at an atomic
level.

2. Material and methods

(001)- and (011)-oriented 0.71 Pb(Mg1/3Nb2/3)O3-0.29PbTiO3
(PMN-29PT) single crystals were fabricated by a solid-state single
crystal growth (SSCG) method by Ceracomp Co. Ltd. (Cheonan,
Korea). The detail for the sample preparations can be found else-
where [11]. The principle and the advantage of solid-state single
crystal growth (SSCG) method are schematically illustrated in Fig. 1.
The (001)- and (011)-oriented crystals were cut into specific com-
binations of orientations of [100]pc � [010]pc � [001]pc and
[011]pc � ½011�pc � [100]pc, respectively. Here, the subscript ‘pc’
refers to the pseudocubic index. The crystals with the dimension of
5 mm � 5 mm � 0.5 mmwere prepared. The crystal structure was
determined by X-ray diffraction (XRD: D8 ADVANCE, Bruker AXS,
USA) with the CuKa radiation. We obtained the powder X-ray
diffraction profile by crushing and grinding single crystals into fine
powders. Before X-ray measurements, we annealed the ground
powders thermally at 500 �C for 30 min to remove any residual
stress induced during grinding. Tomeasure the electrical properties
of the crystals, gold electrodes were sputtered on the principal
planes. Bipolar polarization hysteresis loops, P(E), were measured
with the frequency of 50 mHz using a Sawyer-Tower circuit with
15 mF measurement capacitance. Bipolar longitudinal (S3) and
Fig. 1. Schematic illustrations of the solid-sta
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transverse (S1 or S2) strains, S(E), were measured with three
perpendicularly aligned linear variable differential transformers
(LVDTs). In situ volume changes of the (001)- and (011)-crystals
were calculated by DV ¼ S3 þ 2$S1 and DV ¼ S3 þ S1 þ S2, respec-
tively. The index i in Si refers to the axes defined in Fig. 2(b). The
Poisson’s ratio for each surface was estimated by the following
equation, norientationij ¼ � Stransverse;i=Slongitudinal;j.

3. Results and discussion

Fig. 2(a) shows the X-ray diffraction (XRD) profile of PMN-29PT
powder. The insets in Fig. 2(a) present enlarged (111) and (200)
peaks. The (111) peak is clearly observed to be split, while little
trace of splitting but a discerned asymmetry in the (200) peak is
evident. This implies that the crystal consists of a rhombohedral
phase as its major component with a small fraction of a tetragonal
phase (or monoclinic) [12]. Therefore, the major polarization state
of the crystals is represented by eight energetically equivalent
spontaneous polarization (PS) vectors along <111> directions.

Fig. 2(b) presents possible configurations of the poling induced
domain states when the poling direction is either [001] or [011].
The arrows and the grey-colored planes indicate the directions of
spontaneous polarization and poling and the actual crystal surface,
respectively. For the (001)-oriented single crystals, after being
poled along [001], a macroscopicþ4R domain symmetry is formed.
The angle between the poled polarizations (þ4R) and the poling
direction [001] is 54.7�. In the case of the unpoled (011)-oriented
crystals, there are two types of domain variants, i.e., in-plane and
out-of-plane polarization vectors. The in-plane polarizations lie on
the grey-colored (011) plane, while the out-of-plane domains are
placed below and above the (011) plane. When poled along the
[011] direction, the in-plane polarizations are transformed into one
of the out-of-plane polarizations, resulting in the formation of a
macroscopic þ2R domain symmetry. The angle between the
spontaneous polarizations (þ2R) and the poling direction [011] is
35.3� which is smaller than that of the (001)-oriented crystals.

Fig. 3(a) presents the polarization hysteresis loops of the (001)-
and the (011)-oriented PMN-29PT single crystal. The coercive field
(Ec) of both crystals is practically the same at 0.3 kV/mm, implying
te single crystal growth (SSCG) method.



Fig. 2. (a) X-ray diffraction (XRD) pattern of PMN-29PT powder. (b) Schematic illustrations of the spontaneous polarizations and the poling direction in the (001)- and (011)-
oriented crystals.
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that their phase identity after being electrically polarized is iden-
tical. This means that the frequently reported electric field induced
irreversible phase transformation is absent at least in our studied
crystals. In fact, even the commonly referred electric field induced
reversible phase transformation is missing in both crystals, which
can be easily verified by the fact that the electric field induced
volume change show no discontinuity during electrical cycles as
demonstrated in Fig. 3(b) and (c). The polarization value of the
(011)-oriented crystal is at all times higher than that of the (001)-
oriented one, which is naturally expected from the angle between
the crystal orientation and the polarization vector (Fig. 2(b)). Both
polarization and strain in the (011)-oriented crystal show a clear
Fig. 3. (a) Polarization hysteresis loops of (001)- and (011)-oriented PMN-29PT single crysta
oriented PMN-29PT single crystals, (c) (011)-oriented PMN-29PT single crystals, and (d) Ba
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saturation behavior, best manifested by the plateau in the polari-
zation hysteresis loops (Fig. 3(a)) and the near-zero dimensional
change from above ~2 kV/mm in S2 (Fig. 3(c)). It should be noted
that should the polarization rotation operate, not only the observed
such early saturation behavior but also the expansion followed by a
contraction along 31 direction would not happen. In other words,
this peculiar strain behaviors of the (011)-oriented crystal is a
strong evidence for the absence of any phase transformation under
electrical loading.

As noted, (011)-oriented single crystals have their importance
due to the exceptionally large d32 and the consequent large S2 [13],
though the underlying mechanism is still not given. Attention may
ls. Bi-polar longitudinal strains, transverse strains and volume changes of the (b) (001)-
TiO3 (BT) ceramic.
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be paid to the strain behaviors of (011)-oriented crystal as in
Fig. 3(c), visualizingwhy (011)-oriented crystal has an exceptionally
large d32 (S2). Different from the (001)-oriented crystal, where only
S3 expands but the other two strain components contract, both S1
and S3 expand to further contract S2 in the (011)-oriented crystal.
One can see that electrical cycles do not cause any significant vol-
ume change; thus, DV ¼ S1 þ S2 þ S3 z constant. In other words, it
can be said that (001) and (011) orientation are the optimized
configuration for maximizing d33 and d32, respectively.

On the other hand, one can notice that the profile of the volume
change during electrical cycles resembles that of the longitudinal
strain in terms of the hysteresis and the discontinuous contraction
during switching. The presence of hysteresis in the volume change
is attributed to a hydrostatic piezoelectric contribution (dh) which
enhances and retards, respectively, the longitudinal and the
transverse strain change during electrical loading but acts the other
way around during electrical unloading. Fig. 3(d) shows the change
in the longitudinal, the transverse, and the volume during electrical
cycling of typical ferroelectrics, exemplarily shown with BT
ceramic. It is interesting to note that the strain behavior of (001)-
oriented single crystal is practically the same with that of BT,
strongly supporting our claim that the strain behavior of our (001)-
oriented PMN-0.29 PT is free of electric-field-induced phase
transformation despite the highly compatible large piezoelectric
properties.

Fig. 4(a) and Fig. 4(b) display the Poisson’s ratio of the (001)- and
the (011)-oriented single crystals during a bipolar poling cycle.
Given that S1 is identical with S2 in the case of the (001)-oriented
crystal, the Poisson’s ratio is simply given by
n00113 ¼ �S1=S3 ¼ 0:5ð1�Sh =S3Þ (Sh refers to the hydrostatic strain,
which is equal to DV), and shown to asymptotically approach 0.4
starting from 0.5 at Ec. Here, the Poisson’s ratio of 0.4 was
Fig. 4. Changes in the Poisson’s ratio of (a) (001)- and (b) (011)-oriented single crystals dur
crystals and (d) BaTiO3 (BT) ceramic as a function of a bipolar electric field signal.
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determined by the ratio between the saturation S3 and Sh by
extrapolation. The Poisson’s ratio of 0.5 means the polarization
switching is dominated by domain wall motion, since domain wall
motion is, in principle, an isochoric process, i.e., Sh ¼ 0. This means
that the value of 0.4 is for the Poisson’s ratio of the intrinsic
piezoelectric effect. It is noted that the unreasonably large positive
spiking during switching at around ± Ec is not a factual observation
but an artifact due to the lower resolution limit of the used LVDT
sensors. The gradual change in the Poisson’s ratio from 0.5 to 0.4
implies that the currently observed piezoelectric strain is the result
of a mixed contribution from the domain wall motion mostly
dominant at Ec and the intrinsic piezoelectric effect gradually sig-
nificant as the electric field increases.

Fig. 4(b) shows the electric field dependent changes in the
Poisson’s ratio measured along the principal axes. It is interesting to
see that n23 and n13 respectively approach 0.84 and �0.04 making
their average 0.4, which is identical with that of n00113 . The current
result suggests that the strain mechanism for both (001)- and
(011)- oriented crystal is the same in principle, i.e., no phase
transformation assisted.

Fig. 4(c) and (d) compare the change in the Poisson’s ratio of
PMN-29PT single crystals and BT ceramic during a bipolar cycle. We
draw your attention to the fact that the point of the maximum
electric field (Emax) do not match that of the minimum Poisson’s
ratio (nmin) in PMN-29PT, while they are identical in BT. At the
moment, we do not have concrete evidences to explain the differ-
ence straightforward, but we noted that the mismatch between
Emax and nmin could result, when the electric field causes a collective
motion of polarization vectors of slightly different orientations. In
fact, the polarization vectors in relaxor-based crystals exemplarily
PMN-based have a range of spatial distribution due to the randomly
populated different types of aliovalent cations in B site as we and
ing a bipolar poling cycle. Variations in the Poisson’s ratio of the (c) PMN-29PT single
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others experimentally observed and termed as ‘symmetry bridging
phases’ [14,15]. However, the polarization vectors in the represen-
tative normal ferroelectric BT is strictly bound to its crystal sym-
metry. Further investigation is in progress to support the proposed
mechanism.

4. Conclusions

The volume change of (001)- and (011)-oriented PMN-PT single
crystals during electrical cycles was monitored by simultaneously
measuring longitudinal and transverse strain. Both volume change
and calculated Poisson’s ratio clearly indicate that the strain
mechanism of two differently oriented single crystals is the same,
which is a counter-intuitive with a view to the commonly accepted
polarization rotation mechanism. It was proposed that the excep-
tionally high strain properties of PMN-PT single crystals come from
a collective motion of symmetry bridging phase, the polarization
direction of which has a range of angular distribution, under elec-
trical loading.
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