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We have measured the bending-induced polarization of Pb(Mg1/3Nb2/3)O3-PbTiO3 single crystals

with compositions at the relaxor-ferroelectric phase boundary. The crystals display flexocoupling

coefficients f> 100 V, an order of magnitude bigger than the theoretical upper limit set by the

theories of Kogan and Tagantsev. This enhancement persists in the paraphase up to a temperature

T*¼ 500 6 25 K that coincides with the onset of anelastic softening in the crystals; above T*, the true

(lattice-based) flexocoupling coefficient is measured as f13� 10 V for both compositions.

Cross-correlation between flexoelectric, dielectric, and elastic properties indicates that the

enhancement of bending-induced polarization of relaxor ferroelectrics is not caused by intrinsically

giant flexoelectricity but by the reorientation of polar nanodomains that are ferroelastically active

below T*. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871686]

The giant electromechanical performance of relaxor-

based ferroelectrics1 and the complex physics associated

with their inherently nanoscopic phase separation have

inspired much research into these compounds.2 The arche-

typal relaxor, Pb(Mg1/3Nb2/3)O3 (PMN), was also the first

ceramic for which bending-induced polarization (flexoelec-

tricity)3,4 was ever measured,5 and it was its unexpectedly

large value of the flexoelectric coefficient that triggered the

investigation of flexoelectricity in other perovskite ferroelec-

trics such as Pb(Zr,Ti)O3,6,7 BaTiO3,8 and (Ba,Sr)TiO3;9

these investigations, together with the realization that very

large flexoelectric effects can be achieved in the

nanoscale,10–12 have contributed to the current surge of inter-

est in this phenomenon.13

Yet, for all the research, we still do not know something

as basic as the intrinsic value of the effective flexoelectric

coefficients—the constants of proportionality between strain

gradient and induced polarization. With the exception of

SrTiO3,14 for most perovskites, the experimentally measured

flexoelectricity exceeds theoretical expectations by between

one and three orders of magnitude.15–18 And differences are

not merely between theory and experiment, experimental

results can also substantially disagree among themselves: in

Pb(Mg1/3Nb2/3)O3-10%PbTiO3, for example, there is a dis-

crepancy of three orders of magnitude between flexoelectric

coefficients measured by two different methods.19

Meanwhile, the expected contribution of polar nanoregions

to the flexoelectricity of relaxor ferroelectrics3 has not been

established. Nor are there, surprisingly, any measurements

for compositions at or near the morphotropic phase bound-

ary, even though their otherwise record-high electromechani-

cal performance1 might suggest the possibility of similarly

enhanced flexoelectric effects. To further complicate the pic-

ture, most flexoelectric measurements to date have been per-

formed in ceramics, and there are no experimental reports

for single crystals other than SrTiO3;14,20 this is relevant

because grain boundaries have their own piezoelectric prop-

erties21,22 that can add an extrinsic contribution to the

bending-induced polarization.

In this context, we have studied the bending-induced

polarization of single crystal relaxor-ferroelectrics with

compositions (1� x)Pb(Mg1/3Nb2/3)O3-xPbTiO3, with

x¼ 0.28 and 0.34 (hereafter, labelled PMN-28%PT and

PMN-34%PT). The dimensions are 6.58� 2.54� 0.5 mm,

and their surface is parallel to the {100}pseudocubic planes, with

the edges parallel to the h100i crystallographic axes. These

crystals, commercially available (TRS Technologies, Inc.),

are at the morphotropic boundary that separates a relaxor-like

rhombohedral phase for PMN-rich compositions from a ferro-

electric tetragonal phase for PT-rich compositions.23 We find

that the flexocoupling voltage is indeed large, exceeding theo-

retical expectations13 by an order of magnitude.

Deformation-induced polarization may arise from ex-

trinsic origins such as defect dipoles, built-in pyroelectricity

or even microcracking, so careful analysis is required to clar-

ify the origin of the observed enhancement. Close inspection

of the temperature dependence revealed a direct correlation

between the enhancement of apparent flexoelectricity and

the onset of anelastic softening in the materials. The mechan-

ical softening and enhanced flexoelectric response are both

consistent with the onset of ferroelasticity within polar nano-

domains at a temperature T* higher than the dielectric

peak.24,25 The “giant” bending-induced polarization of these

relaxor ferroelectrics is thus not due to an intrinsic (lattice-

based) giant flexoelectricity, but to a bending-induced reor-

ientation of polar nanodomains.

We measure the bending-induced polarization using the

method described by Zubko et al.:14 a dynamic mechanical

analyzer (DMA 8000, Perkin-Elmer) applies a periodic three-

point bending stress whilst simultaneously recording the elas-

tic response (storage modulus and elastic loss). The DMA’s

mechanical force signal is fed into the reference channel of

a lock-in amplifier (Stanford Research Instruments, model
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830), while the samples’ electrodes are connected to the mea-

surement channel of the lock-in amplifier, which records the

bending-induced displacement currents. The displacement

current is converted into polarization using P¼ I/(2p�A),

where � is the frequency of the applied force (13 Hz in our

experiments) and A is the area of the electrodes. The polar-

ization measured by the lock-in is related to the effective

flexoelectric coefficient l13
eff by

�P3 ¼ l13
eff @�11

@x3

and
@�11

@x3

¼ 12z0

L3
L� að Þ;

where L is the separation between the standing points of the

crystal, a is the half-length of the electrodes, and z0 is the dis-

placement applied in the middle of the sample. Typical val-

ues in our measurements are L¼ 5.40 mm, a¼ 2.7 mm, and

z0¼ 2 lm. The flexoelectric tensor components are always

coupled together and cannot be individually measured in qua-

sistatic bending experiments;20,26 it is customary instead to

define an effective coefficient that is a combination of the ten-

sor components relating the strain gradient to the induced

polarization. In the three-point bending geometry of our

experiment, the effective flexoelectric coefficient is

l13
eff � P3

@s1=@x3
, where sample length is along x1, width along

x2, and thickness along x3. For an isotropic material, l13
eff is

related to the flexoelectric tensor components by13,14,18

l13
eff ¼ l11 þ 1� �ð Þl13, where � is the Poisson’s ratio. The

elastic and flexoelectric responses are recorded between room

temperature and 573 K (300 �C), both on heating and cooling,

using a ramp-rate of 3 K/min.

Because flexoelectricity is proportional to dielectric per-

mittivity,3,4,13,27 it is useful to characterize the dielectric con-

stant of the crystals. The dielectric constant and loss as a

function of temperature (Figure 1) were measured at 1 kHz

using an Agilent E4980A Precision LCR-meter to measure

the capacitance and the DMA receptacle to control the

temperature. The heating and cooling ramps were identical

to those of the flexoelectric measurements (3 K/min). The

dielectric losses are low (tan d< 0.05) for both samples

throughout the entire temperature range of the experiments:

this ensures that the impedance response is predominantly

dielectric even at the highest recorded temperatures, where

dielectric losses start to rise due to increased conductivity.

Both samples display clear dielectric maxima, but with

differences: the peak of PMN-34%PT is sharper and at

higher temperature than that of PMN-28%PT. This is to be

expected and correlates with the concentration of PbTiO3

(PT), which is a standard ferroelectric with a high Curie tem-

perature (TC¼ 492 �C):28 PMN-34%PT has a dielectric

response closer to that of standard ferroelectric PbTiO3

(sharp peak and a higher Curie temperature TC¼ 150 �C)

while the PMN-28%PT sample has response closer to that of

conventional relaxor Pb(Mn1/2Nb2/3)O3, with increased dif-

fuseness and broad maximum at a lower temperature

(Tm¼ 125 �C). Notice that, though PMN-34%PT is more

ferroelectric-like and PMN-28% more relaxor-like, the

inverse permittivity (inset of Figure 1) departs from linear

Curie-Weiss behaviour below T*� 250 �C for both composi-

tions. Such departure is a classic indicator of the existence of

polar nanoregions characteristic of relaxors.29 Thus, irre-

spective of whether the transition is diffuse or sharp, the

high temperature phase is relaxor-like for both PMN-28%PT

and PMN-34%PT. Transitions from a high temperature

relaxor-like phase to a long-range ferroelectric phase are typ-

ical for compositions at the boundary between the two

states.2

The effective flexoelectric coefficients as a function of

temperature are shown in Figure 2, together with the simulta-

neously measured Young’s modulus and elastic loss tangent.

Flexoelectricity and permittivity peak at the same tempera-

ture, with flexoelectric maxima of 30–40 lC/m. There are no

other single crystal values in the literature, but for ceramics

of pure PMN (Ref. 5) the flexoelectric maximum is 8 lC/m.

Though the 5� bigger flexoelectricity of PMN-PT may be

due to different sample morphology between crystals and

ceramics, we think this is unlikely (permittivity, for example,

differs only by a factor of <2), so it seems that closeness to

the morphotropic phase boundary may indeed lead to bigger

effective flexoelectric coefficients, though still below those

of barium titanate-based solid solutions.9,13,18,30 Very im-

portantly, however, the large flexoelectric coefficients are

dependent on the thermal history of the sample: up to

T* �225–250 �C, flexoelectricity is higher on heating than

on cooling, suggesting a role of domains. The difference is

more pronounced in PMN-28%PT, which is consistent with

a bigger fraction metastable domains in the more relaxor-

like compound.

It is useful to also examine the elastic behaviour in

Figure 2. At high temperatures, the Young’s modulus E is rel-

atively constant, but around 200–250 �C the lattice begins to

soften, with the Young’s modulus decreasing from 60 GPa

above T* to 20 GPa below Tm for PMN-28%PT, and from

80 GPa to 40 GPa for PMN-34%PT. Relaxor ferroelectrics are

known to display a peak in acoustic emission at a relatively

composition-independent temperature T*� 500 6 30 K;24,25

since acoustic emission is caused by a sudden release of

FIG. 1. Relative dielectric constant (black) and loss tangent (blue) of

PMN-28%PT and PMN-34%PT. Insets: inverse of the relative permittivity,

showing a departure from linear Curie-Weiss behaviour below T*.
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elastic energy, T* must signal an elastic discontinuity, in

agreement with our results and also with analysis by resonant

ultrasound spectroscopy.31 The origin of the peak in acoustic

emission and of mechanical anelastic softening below T* is

attributed to a ferroelastic transition within the relaxor polar

nanoregions. These regions appear at a higher so-called Burns

temperature (Tb� 600 K (Ref. 25)) but only become ferroelas-

tically active at T* � 500 K.24,25,31,32 Further evidence of the

role of ferroelastic nanodomains is provided by the thermal

history dependence of the bending-induced polarization,

which is higher on heating than on cooling, consistent with a

bigger volume fraction of nanodomains when heating from

the ferroelectric polar state than when cooling from the

non-polar paraphase.

In order to gain further insight into the high values of

flexoelectricity, we examine the flexoelectric coefficient nor-

malized by the dielectric constant (Figure 3). Theoretically,

this flexo-coupling (or flexo-voltage12) coefficient f should

be of the order of 1–10 V.13 Experimentally, instead, the

coefficients reach up to f� 100–300 V, a full order of magni-

tude bigger than the theoretical upper limit. At low tempera-

tures, some or most of the bending-induced polarization

may be attributed to piezoelectricity. In PMN-34%PT,

long range polarization appears at TC¼Tm¼ 150 �C. In

PMN-28%PT, which is more relaxor-like, spontaneous long

range order does not appear at a critical temperature, and the

flexocoupling coefficient grows continuously upon cooling.

On heating, though, a residual ferroelectric anomaly appears

around TC¼ 105 �C<Tm¼ 125 �C. Meanwhile, at tempera-

tures above T*, the flexocoupling coefficient decreases to a

stable value f	 10V that is not hysteretic, is constant with

temperature, and is consistent with theoretical expectations.

This is therefore likely to be the true intrinsic value of the

flexocoupling coefficient.

The appearance and subsequent growth of nanotwins

below T* have profound consequences for the electrome-

chanical response of the material, because now external

stress can cause a ferroelastic reorientation of the nanodo-

mains. Under bending stress, local compression of the x-y

plane at the concave side will increase the proportion of

domains with perpendicular polarization. The bending

strains reach a maximum of �11 � (near the centre of curva-

ture) at the surface; multiplied by the Young’s modulus of

PMN-PT (20–80 GPa), this is equivalent to a stress of

2–8 MPa, which is sufficient to cause ferroelastic switching33

and, combined with a small electric bias, it can pole PMN-

PT even at room temperature.33 We emphasize, however,

that an electric bias is still necessary in order to remove the

degeneracy between the þz and �z directions:34 though

stress can rearrange ferroelastic domains and locally favour

vertical polarization, the electrostrictive coupling is to the

square of polarization and thus cannot favour one sign over

its opposite.12,13 This is the reason why mechanically

assisted poling is always done in the presence of an electric

bias.33 Since we are not applying any external voltage in our

experiments, the biasing is likely to be provided by the

FIG. 2. Temperature dependence of

the flexoelectric coefficients and elas-

tic Young’s modulus of PMN-28%PT

and PMN-34%PT.

FIG. 3. Flexocoupling coefficients of PMN-28%PT and PMN-34%PT.
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flexoelectric field. The average strain gradient in the bent

crystals is of the order of @�11

@z � 0.2 m�1, and the intrinsic

(high temperature) flexocoupling coefficient is of the order

of f� 10 V, so the equivalent flexoelectric field is of the

order of E ¼ f @�11

@z � 2 V/m. By itself, this flexoelectric field

would be too small to cause ferroelectric switching (typical

coercive fields are of the order of KV/cm), but it is sufficient

to break the inversion symmetry so that, as the stress causes

ferroelastic switching, the strain gradient “loads the dice” in

the poling direction.

Ferroelasticity and flexoelectricity must thus work in

tandem to achieve the enhancement. This cooperative

“flexoferroelastic” polarization is not bound by the Kogan-

Tagantsev limit and can therefore yield domain-based effec-

tive flexocoupling coefficients orders of magnitude larger

than the intrinsic lattice-based flexoelectricity, which we

have measured as a constant f13¼ 10 V above T*. Though

the potential usefulness of giant flexoelectricity for electro-

mechanical transduction is mostly unaffected by its origin,

the small dependence on thermal history, typical of

domain-based properties, is undesirable and should be mini-

mized. Perhaps more importantly, these results are evidence

that giant bending-induced polarization can be obtained

without an intrinsically giant flexoelectricity, this should

help reconcile some of the present discrepancies about the

true magnitude of the flexoelectric coefficient.
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