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High-resolution 2-D Bragg diffraction reveal heterogeneous domain
transformation behavior in a bulk relaxor ferroelectric
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In-situ measurement of fine-structure of neutron Bragg diffraction peaks from a relaxor single-crystal

using a time-of-flight instrument reveals highly heterogeneous mesoscale domain transformation

behavior under applied electric fields. It is observed that only �25% of domains undergo reorienta-

tion or phase transition contributing to large average strains, while at least 40% remain invariant and

exhibit microstrains. Such insights could be central for designing new relaxor materials with better

performance and longevity. The current experimental technique can also be applied to resolve com-

plex mesoscale phenomena in other functional materials. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4962270]

Relaxor ferroelectrics have been known since the

1950s for their peculiar properties such as highly diffuse

phase transitions and anomalous dielectric behavior caused

by the presence of polar nanoregions.1–8 In recent years,

attention for relaxors has grown manifold with the discov-

ery of their large electric-field-induced strains (�2%),

which can be commercialized in devices such as ultrasonic

medical imaging, telecommunications, sonars, actuators

and energy-harvesting.9–12 Switching of nanoscale domains

under applied electric fields is considered to be a major fac-

tor for characteristically large strain responses of relaxor

ferroelectrics near morphotropic phase boundary (MPB)

compositions.13–19 Even though reorientation of nanoscale

domains in relaxors has been demonstrated locally with

microscopy techniques, it has not been possible to quantita-

tively determine the fraction of reorienting domains inside

bulk crystal volumes. This is mainly because of the highly

fragmented and heterogeneous nature of the domain struc-

tures,13–19 which makes it challenging to extract structural

information over mesoscopic length-scales with either

microscopy or conventional diffraction techniques. Here,

by analyzing two-dimensional fine-structure of neutron

Bragg diffraction peaks from a prototype relaxor single-

crystal in situ during the application of electric fields, we

are able to show the detailed mechanisms for its mesoscale

structural evolution. For a single-crystal sample of proto-

typical PMN-PT relaxor, this allowed us to determine that

only a minor fraction of the domains (�25%) reorient under

field, while a larger fraction of orientationally invariant

domains (at least 40%) develop microstrains as a result of

elastic interactions with their neighboring domains. Such

insights into mesoscale structural evolution inside the bulk

material volume could be central for designing new relaxor

materials with better performance and longevity.

The largest electromechanical responses are observed

in alloys of prototypical relaxors such as Pb(Mn1/3Nb2/3)O3

with classical ferroelectrics such as PbTiO3 for composi-

tions that are close to the morphotropic phase boundary

(MPB).9 For MPB compositions, the macroscopic symmetry

of the material appears close to pseudocubic, while their

microstructure shows a dense network of irregularly oriented

nanoscale domains having inhomogeneous symmetry distor-

tions and jagged domain boundaries.13–21 While micro-

scopic probes such as TEM and Piezo Force Microscopy

(PFM) have illuminated on how these domain structures

change at nanometer lengthscales,13–19 their extension to

larger length scales representative of the bulk is not straight-

forward and could be immensely data-intensive. Diffraction

from bulk single-crystals were earlier interpreted in terms of

an electric-field-induced change in the average crystal sym-

metry from pseudo-cubic to monoclinic22–24 while TEM

investigations found that a monoclinic “phase” only appears

by averaging over distorted tetragonal or rhombohedral

regions over several tens of nanometers.19,25 Such apparent

contradictions might be resolved by probing mechanisms

over intermediate length scales between nanometers and the

bulk crystal “average,” which is lacking at present. By

exploiting recent developments in time-of-flight neutron

scattering techniques, we show here the electric-field-

induced structural mechanisms in the prototype relaxor

single-crystal of 0.68 Pb(Mg1/3Nb2/3)O3-0.32 PbTiO3

(PMN-32 PT). This composition is slightly to the right of the

MPB and previous crystallographic analyses have indicated

an average monoclinic symmetry for this material.26

A 10 mm � 10 mm � 1 mm (001)-oriented single crystal

of nominal composition 0.68Pb(Mg1/3Nb2/3)O3–0.32PbTiO3

was obtained from APC International Ltd. The two opposing

faces of crystal were coated with gold electrodes, and elec-

tric fields were applied across them during neutron diffrac-

tion experiments undertaken at the VULCAN diffractometer

of the Spallation Neutron Source at Oak Ridge National

Laboratory. The two area detectors, [1] and [2], placed at

180� with respect to each other measured the structural

changes for orientation that are parallel and perpendicular to

the electric-field, respectively, as shown in Fig. 1(b). The dif-

fraction measurements were taken at room temperature in

the time-of-flight mode with a chopper frequency of 30 Hz,

which provides an incident wavelength bandwidth of 2.88 Åa)Electronic mail: apramani@cityu.edu.hk
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and allows measurement in the range of 0.5–2.5 Å.27 The

beam width was adjusted to cover the entire crystal volume.

In a diffractometer such as VULCAN,27 in addition to

resolving neutron intensities by their scattering angles

(2h), the neutrons are also recorded at the detector by

their different times-of-flight, which correspond to differ-

ent wavelengths k and therefore to different wavevectors ~Q
of momentum transfer. The information regarding 2h and k
of the scattered neutrons can be converted to lattice d-

spacings following the Bragg equation k ¼ 2d sin h and the

intensity can be obtained as an 1D line profile as a function

of d-spacings. Figs. 1(b) and 1(c) show the contour plots of

the field-dependent integrated 1D line profiles of the

(002)pc and (200)pc diffraction peaks obtained in this man-

ner, with their scattering vector parallel and perpendicular

to the applied electric field, respectively (pc refers to pseu-

docubic macroscopic crystal faces). The electric field is

first ramped up from 0 to (6) 800 V/mm and then brought

to zero. The (002)pc peak on detector [1] is sharper and

exhibits a larger electric-field-induced strain when com-

pared to the (200)pc peak on detector [2]. The 1D diffraction

line profiles in Fig. 1(b) were fitted with Gaussian function,

and the results for the median peak positions, areas, and

widths are shown in Figs. 1(d)–1(f). The peak positions are

non-linear with respect to electric-field amplitudes. The

maximum (002)pc lattice strain is �0.2% at 800 V/mm,

which corresponds to an average d33 of 2500 pm/V and

closely match with macroscopically measured values.28

Since the (002)pc lattice strains are neither linear nor qua-

dratic with electric-field amplitude, they are not primarily

of piezoelectric or electrostrictive in origin. The lattice

strains also show opposite trends on either side of the mac-

roscopic coercive field of �200 V/mm, indicating that they

are correlated to the macroscopic polarization switching

behavior, reminiscent of what was observed earlier in poly-

crystalline lead zirconate titanate (PZT) ceramics.29

Concurrent changes in peak areas and peak widths are also

observed similar to those observed in PZN-PT single crys-

tals earlier, which could be explained due to increase in

domain wall densities during non-180� domain switching.30

The integrated one-dimensional peak profiles in Fig. 1 do

not inform beyond the bulk-averaged crystalline structure

of the material. In order to investigate in greater details the

structural changes at the mesoscale, we therefore looked at

2D fine structures of the Bragg diffraction spots using the fol-

lowing procedure. By plotting the intensities for different scat-

tering angles (different h values) with respect to d-spacings of

the crystallites from which they originate, we can distinguish

between the poles of the differently oriented domains within

the material. One advantage with the time-of-flight method is

that unlike x-ray diffraction one does not need to rock the crys-

tal to obtain orientation-dependent information. The 2D scatter-

ing patterns obtained in this manner is shown in Figure 2 for

detector [1], which recorded neutrons with scattering vectors

parallel to the field. It shows that the (002)pc poles are distrib-

uted orientationally between three regions marked as 1, 2,

and 3. The angular misorientations between these three distinct

spots can be understood as originating from misorientations

between the (002)pc-type crystallographic poles of the differ-

ently oriented domains.19 By integrating the scattering intensi-

ties specific from these regions separately, we obtained the

one-dimensional profiles, which indicated the distinct structural

states of domains that have their crystallographic poles oriented

within these different angular ranges. Fitting the peak profiles

with the Gaussian peak function showed that the median d-

spacings for the three regions are slightly different (shown as

d(n) in the 2-D plots), which indicates structural heterogeneity

that is consistent with earlier observations of local distortions

within polar nanodomains in the PMN-based relaxors.16,19,25

The scattering pattern measured on detector [1] is also reflected

in the scattering pattern measured on the detector [2], which

have scattering vectors transverse to the electric field direction.

As shown in Fig. 3, the (200)pc poles can be similarly distin-

guished into three different segments as 10, 20, and 30. The scat-

tering intensity within region 20 is clearly separated in angle

(42.5�–43�) and therefore could be fitted with a single

Gaussian peak. Within the angular region of h ¼ 42�–42:5�,
we find an asymmetric peak profile with respect to d-spacings,

which can be resolved into two different components that are

centered around d� 2 Å and d � 2.01 Å. Therefore, two

FIG. 1. (a) Schematic of in situ neutron

diffraction experiment showing the

crystal geometry with respect to applied

electric fields. ((b) and (c)) Contour

plots for field-dependent changes in 1D

diffraction profiles for the (002)pc and

(200)pc peaks, measured on detectors

[1] and [2], respectively. ((d)–(f)) The

median (002)pc d-spacings, peak area,

and peak widths, respectively, which

were determined from the 1-D diffrac-

tion line profiles on detector [1], as

functions of electric-field amplitude.
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different Gaussian peaks were used to fit the asymmetric peak

shape within this angular range and the two different compo-

nents are identified as 10 and 30, which originate from two dif-

ferent domain variants within the crystal.

We can note that d(10)> d(1) and d(3)> d(30); more-

over, d(1)� d(30) and d(3)� d(10). Since detectors [1] and

[2] measure the crystallographic poles with relative orthog-

onal orientations, we tentatively assign d(10) to the long

axis [001]m and d(1) to the short axis [100]m (subscript m

denotes monoclinic symmetry) of domains of a single vari-

ant defined as domain I, as shown in Figure 4. Similarly,

we tentatively assign d(3) to the long axis [001]m and d(30)
to the short axis [100]m of domains of another variant,

defined as domain III. The assignment of intensity compo-

nents to individual domain variants is further justified by

the correlated intensity changes observed between regions

1(3) and 10(30) (presented below). We also note that

d(2)� d(20), which are also closer to the maximum d-

values at respective fields. We therefore assigned intensi-

ties within regions 2 and 20 to domains of a third variant

domain II, which likely has a slightly different crystal lat-

tice structure than domains I and III.

FIG. 2. The 2-D images of the (002)pc

Bragg diffraction spots measured on

detector [1], plotted as functions of h
and d, at various points in the bipolar

electric-field cycle. The corresponding

integrated 1-D line profiles are shown

on top of the 2-D patterns. The bulk-

averaged peak profiles are further bro-

ken down into individual components,

which are from specific angular ranges

marked as 1, 2, and 3. The average d-

spacing for each component is shown,

for example, as d(1). The integrated

area under each component is shown

on the top, along with its relative con-

tribution to the overall peak intensity

(in parentheses).

FIG. 3. The 2-D images of the (200)pc

Bragg diffraction spots measured on

detector [2], plotted as functions of h
and d, at various points in the bipolar

electric-field cycle. The corresponding

integrated 1-D line profiles are shown

on top of the 2-D patterns. The bulk-

averaged peak profiles are further bro-

ken down into individual components,

which are marked as 10, 20, and 30

depending on their angular range and

d-spacings. The average d-spacing for

each component is shown, for exam-

ple, as d(10). The integrated area under

each component is shown on the top,

along with its relative contribution to

the overall peak intensity (in parenthe-

ses). Note that the total integrated

intensity within the angular region

42.0�–42.5� is shown in brown, which

has an asymmetric peak profile and

can be further resolved into two com-

ponents 10 and 30.
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Next, we estimate the volume fraction of domain var-

iants by calculating the relative contribution from a particu-

lar component (1, 2, or 3) to the overall total integrated peak

intensity, as shown in parentheses next to integrated areas of

each of the peak component. While the total (002)pc or

(200)pc peak intensities are not always conserved, which are

likely due to the changes in domain wall densities, noting

changes in relative intensities of domains 1-to-3 (10-to-30)
can indeed be used to decipher the trends for change in frac-

tions of differently oriented domains. Once we distinguish

between the peak components originating from the differ-

ently oriented domains, we can understand systematically

the domain switching behavior. Specifically, we observe that

the intensity of component 1 on detector [1] (10 on detector

[2]) disappears under the application of a maximum positive

electric field of 800 V/mm (state B), leading to the corre-

sponding increases in relative intensities of components 2(20)
and 3(30). Under the application of a maximum negative

electric field (state E), the relative intensity of component

1(10) conversely increases, leading to the corresponding

decreases in relative intensities of components 2(20) and

3(30). One can also note that the intensity changes for com-

ponents 2 and 20 (relative to their original values) are less

when compared to that for components 1 and 10, which justi-

fies assigning components 2 and 20 to one domain variant.

Overall, correlated field-dependent intensity changes

between 1 and 10, 2 and 20, and 3 and 30 confirm our initial

assignment of individual components to the different domain

variants. Transitions between the two extremes of B and E

are observed at the intermediate zero field states (states C

and F) and at the two coercive fields (states A and D). The

calculated peak intensity ratios are slightly different for

detectors [1] and [2]; this is mainly because while the misor-

ientations between the domains are continuous in reality,

there is a finite angular resolution as defined by the number

of detector elements. Nevertheless, trends for electric-field-

induced changes in relative peak intensity ratios for different

components (such as 1 and 10) are characteristically similar

for both detectors [1] and [2].

The electric-field-induced domain reorientation process is

schematically illustrated in Fig. 4. In the initial state, the crys-

tal contains domains of three different orientational variants, as

indicated by domain I, domain II, and domain III, which give

rise to the scattering intensities marked as regions 1(10), 2(20),
and 3(30), respectively. Application of a positive electric field

transforms domains that are defined as domain I into both

domain II and domain III. Subsequently, when a negative elec-

tric field is applied, some of the domains change back from

variants domain II and domain III to the state of domain I,

causing a reappearance of scattering intensity for the compo-

nent 1(10). Switching between domain I and domain III can be

understood as a result of non-180� switching of domains in

this material17 while the transformation between domain I and

domain II could be due to the electric-field-induced phase tran-

sition caused by polarization rotation, such as described in

Refs. 12 and 31. Based on the peak intensity ratios of compo-

nent 1(10), we can estimate that �25% of the domains either

undergo such non-180� reorientation or phase transition pro-

cess. For these domains, resulting strains are large. Such as for

switching from domain I to domain III, the corresponding

strain along the electric-field direction is �0.5%, which can be

determined from the changes in d(1) and d(3) while going

from state A to state B—this value is much higher than the

bulk averaged strain of �0.2%. However, significant fractions

(at least 40%) of domain II and domain III variants do not

exhibit any transformation with electric-field. This might be

due to the influences of elastic or electric incompatibilities at

domain walls for this type of domains,32,33 although the issue

needs to be investigated further with detailed microscopic

investigations. Interestingly, such domains exhibit large micro-

strains as evident from the diffraction peak widths. For exam-

ple, the width of peak component 2 increases by �16% while

going from state B to state C and by a further �16% while

going from state C to state D. This is likely a result of micro-

scopic elastic interactions in the material, whereby the domains

which remain invariant experience heterogeneous microstrains,

since they become misoriented with respect to the domains

which undergo reorientation/phase transition.

It is also noteworthy that the domain states are not the

same for maximum positive and maximum negative fields,

while starting from a crystal in the virgin-state, although the

macroscopic relative changes in polarization and strain

might be symmetric. The asymmetry in the field-induced

domain patterns might be caused by evolving energy land-

scape for domain reorientation or phase transition, which are

furthermore delicate functions of microscopic factors such as

compatibility at phase boundaries/non-180� domain walls

and the formation of defect dipoles.34,35 This might be a con-

tributing factor towards the observed fatigue behavior in

FIG. 4. Domain I, domain II, and domain III represent different domain var-

iants inside the crystal. An electric-field-induced transformation of the

domain variants is schematically illustrated, including non-180� reorienta-

tion (domain I $ domain III) and phase transition (domain II $ domain

III). (a) Initial condition (b) under positive field and (c) under negative field.
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relaxor single-crystal ferroelectrics,36 which needs to be

investigated further.

In summary, we were able to resolve the highly hetero-

geneous electric-field-induced domain transformation behav-

ior in a relaxor single-crystal by measuring in situ the

changes in 2-D fine-structures of Bragg diffraction peaks

with time-of-flight neutron diffraction. It is observed that a

high degree of variation exists among the deformation mech-

anisms of the differently oriented domains. Most critically,

only a fraction of the domains (�25%) is reoriented or trans-

formed under applied electric fields and is responsible for a

majority of the electric field-induced strains in the prototypi-

cal relaxor of PMN-32PT, while other domains experience

significant microstrains. This suggests that the key to design-

ing relaxor ferroelectrics with higher electromechanical

responses could be by investigating means to reduce con-

straints on domain reorientations and/or phase transforma-

tion processes.
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