
Dipolar-glass-like relaxor ferroelectric behaviour in the 0.5BaTiO3-
0.5Bi(Mg1/2Ti1/2)O3 electroceramic
Jian Wang, Yun Liu, Qian Li, Kenny Lau, Ray L. Withers et al. 
 
Citation: Appl. Phys. Lett. 103, 042910 (2013); doi: 10.1063/1.4816741 
View online: http://dx.doi.org/10.1063/1.4816741 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v103/i4 
Published by the AIP Publishing LLC. 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 

Downloaded 04 Sep 2013 to 130.56.64.29. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/111882747/x01/AIP-PT/Montana_APLCoverPg_090413/Montana_Instruments_1640x440_closed_cycle_optical_cryostats_8-5-2013.jpg/6c527a6a7131454a5049734141754f37?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Jian Wang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Yun Liu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Qian Li&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Kenny Lau&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Ray L. Withers&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4816741?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v103/i4?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov


Dipolar-glass-like relaxor ferroelectric behaviour
in the 0.5BaTiO3-0.5Bi(Mg1/2Ti1/2)O3 electroceramic

Jian Wang,1 Yun Liu,1,a) Qian Li,1 Kenny Lau,1 Ray L. Withers,1,a) Zhenrong Li,2

and Zhuo Xu2

1Research School of Chemistry, The Australian National University, Canberra, ACT 0200, Australia
2Electronic Materials Research Laboratory (EMRL), Xian Jiaotong University, Shaanxi 710049, China

(Received 11 February 2013; accepted 5 July 2013; published online 26 July 2013)

In this study, the dielectric and ferroelectric switching behaviour of 0.5BaTiO3-0.5Bi(Mg1/2Ti1/2)O3

(BT-BMT) ceramics are investigated. The BT-BMT ceramic exhibits a typical dipolar-glass-like,

dielectric polarisation relaxation. This is attributed to the 15 distinct possible local A4B2 configurations

around the O ions and the effect this unavoidable local compositional variability has on the dipole

relaxation behaviour of inherent 1-D h111i dipole chains, arising from correlated off-centre

displacements of Bi3þ and Ti4þ ions along local h111i directions. On the other hand, switchable

polarisation under strong applied electric fields is observed on different length scales accompanied by

the appearance of strong polarisation relaxation, as observed via time-delayed piezoresponse

hysteresis loop measurements. These experimental results demonstrate that this BT-BMT ceramic

is relaxor ferroelectric in nature, although it exhibits dipolar-glass-like dielectric relaxation behaviour.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816741]

(1�x)BaTiO3-xBi(Mg1/2Ti1/2)O3 [(1�x)BT-xBMT]

ceramics have recently been investigated for potential high

temperature capacitor and piezoelectric applications.1,2

When x<�0.08, the ceramics show a long-range ordered,

tetragonal ferroelectric (FE) state at room temperature. At

higher BMT concentrations (0.08� x� 0.6), however, this

tetragonal structure transforms to a metrically “pseudocubic”

solid solution phase.3,4 The composition range of this “cubic”

solid solution phase can be expanded all the way up to

x� 0.9 in (111)-oriented epitaxial BT-BMT films.5 The

temperature dependent dielectric properties of these “cubic”

BT-BMT ceramics show clear frequency dispersion, i.e.,

dipolar-glass-like behaviour.3,4 The largely temperature-

stable dielectric permittivity at high temperature undergoes a

low temperature, frequency-dependent drop due to the freez-

ing in of dipolar relaxational degrees of freedom. The dielec-

tric permittivity thus exhibits a one-step increase on

increasing temperature and comes to an approximately “flat”

plateau region after the temperature Tm, the point correspond-

ing to the maximum in dielectric permittivity. These disper-

sive dielectric and temperature-dependent characteristics

are analogous to glassy relaxor dielectrics, such as the

Bi-based pyrochlores,6–9 KBr-KCN,10 Rb1�x(NH4)xH2PO4,

and Rb1�x(ND4)xD2PO4.11 They differ, however, from

those observed for typical relaxor ferroelectrics, such as

PbMg1/3Nb2/3O3
12 and other BaTiO3-based compounds13–16

where a broad but well defined peak in the dielectric permit-

tivity is observed.17 There has been no discussion in the liter-

ature to date as to the nature or structural origin of this glassy

dielectric relaxation behaviour. Wada et al.1 have reported

polarisation-field hysteresis loops for BT-BMT ceramics in

the “cubic” phase range but their loops are quite slim and

clearly unsaturated. The relaxor ferroelectric nature of the

BT-BMT ceramics, therefore, still remains unknown.

The purpose of the current paper is to carefully investi-

gate the temperature-dependent dielectric properties of a

0.5BT–0.5BMT, i.e., (Ba1/2Bi1/2)(Ti3/4Mg1/4)O3 pseudocu-

bic, ceramic sample as well as to model and seek to obtain

insight into the mechanism/s underlying the polarisation

relaxation behaviour in this material via electron diffraction

and bond valence sum (BVS) calculations coupled with pie-

zoresponse (PR) force microscopy (PFM).18,19

As expected, the synthesised 0.5BT–0.5BMT sample was

single phase and metrically cubic (a¼ 4.0129(5) Å) at room

temperature. Figure 1(a) shows the temperature dependent

dielectric constant, e(T), and dielectric loss tangent, tan d(T),

curves of the as-prepared BT-BMT ceramic measured at dif-

ferent frequencies. Note that the dielectric behaviour is

strongly dispersive with the dielectric constant decreasing and

the dielectric loss tangent increasing with increasing frequency

and that the former displays a broad plateau-like maximum

over a large temperature range, analogous to the dielectric

properties of glassy relaxor dielectrics.10,11,20 While it is some-

what difficult to accurately measure the peak in the dielectric

constant curves in the plateau region at Tm, it is much easier to

measure Tmax, the temperature corresponding to the well-

defined maximas in the dielectric loss tangent curves.

In order to minimize any possible effect of oxygen

vacancies on the dielectric constant in the higher temperature

range,21 the as-synthesised BT-BMT sample was heat treated

in an O2 atmosphere at 800 �C for 18 h. Figure 1(b) shows

the dielectric spectra of this oxygen atmosphere, heat treated

sample. The dielectric constant now drops slightly with

increasing temperature above Tm. Nonetheless, the plateau-

like character still remains, and over an even wider tempera-

ture range. The dielectric loss, especially in the higher tem-

perature range at lower frequencies, significantly decreases.

Figure 1(c) shows a Vogel-Fulcher (solid line) fitting of

the relation between Tmax and frequency extracted from the

tan d(T) curves shown in Fig. 1(b). Using the Vogel-Fulcher

a)Authors to whom correspondence should be addressed. Electronic

addresses: yliu@rsc.anu.edu.au and withers@rsc.anu.edu.au.

0003-6951/2013/103(4)/042910/5/$30.00 VC 2013 AIP Publishing LLC103, 042910-1

APPLIED PHYSICS LETTERS 103, 042910 (2013)

Downloaded 04 Sep 2013 to 130.56.64.29. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4816741
http://dx.doi.org/10.1063/1.4816741
http://dx.doi.org/10.1063/1.4816741
http://dx.doi.org/10.1063/1.4816741
http://dx.doi.org/10.1063/1.4816741
http://dx.doi.org/10.1063/1.4816741
http://dx.doi.org/10.1063/1.4816741
mailto:yliu@rsc.anu.edu.au
mailto:withers@rsc.anu.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4816741&domain=pdf&date_stamp=2013-07-26


equation f ¼ f0 exp½�Ea=kðTm � Tf Þ�, the experimental data

fit very well to the curve obtained using the values

f0� 1.44� 1012 Hz, Ea� 0.219 eV and Tf� 213 K. The

freezing frequency f0 of 1.44� 1012 Hz is close to typical lat-

tice vibration frequencies (�THz), fixing an upper frequency

limit to the relaxational degrees of freedom responsible for

the observed dielectric behaviour. The extracted activation

energy, Ea, of �0.219 eV is an order of magnitude larger

than for canonical relaxor ferroelectrics12 but in good agree-

ment with what is observed for the BaTiO3-BiScO3 system.

The latter system is a so-called weakly coupled relaxor

system,22 where BiScO3-rich compounds exhibit a similar

dipolar-glass-like dielectric relaxation behaviour but ferro-

electric behaviour at low temperature. It is interesting to note

that the frequency dependence of tan d reverses (Fig. 1(d))

once the temperature is lower than �210 K, very close to the

calculated freezing temperature, Tf.

Given that the freezing frequency and activation energy

suggest that the relaxational degrees of freedom responsible

for the observed dielectric polarisation relaxation behaviour

are intrinsically related to local structure, electron diffraction

has been used to search for evidence of the local structural

origin of the observed dielectric polarisation. Figures

2(a)–2(c) shows typical room temperature electron diffrac-

tion patterns (EDPs) of the 0.5BT–0.5BMT sample along the

(a) h100i, (b) h111i, and (c) h�122i zone axes, respectively.

In addition to the well-defined set of parent perovskite Bragg

reflections G, characteristic transverse polarised {111}*

sheets of diffuse intensity are also observed, giving rise to

linear diffuse streaking running along the h0,�1,1i*,

h0,1,�1i*, and h011i* directions in Figs. 2(a) and 2(b) and

along the h4,�1,3i* and h4,3,�1i* directions in Fig. 2(c).

The fact that this diffuse streaking is transverse polarized

requires that the correlated atomic displacements responsible

must run largely perpendicular to the {111}* sheets of diffuse

intensity, i.e., along the corresponding h111i directions of

real space. The sheet-like nature of the diffuse intensity also

requires that while these off-centre cation displacements are

strongly correlated along h111i (the correlation length is esti-

mated to be �2–3 nm from the width of the observed diffuse

sheets23), there is little or no such correlation from one such

chain to the next in the transverse direction.

That the h111i off-centre displacement of the Bi3þ ions

is necessary in the same direction as the off-centred displace-

ment of the Ti4þ ions in the same 1-D chain is apparent from

the fact that the diffuse streaking passing through hþ kþ l
even parent reflections, such as, e.g., 411 in Fig. 2(c) is

always substantially stronger than that passing through

hþ kþ l odd parent reflections, such as, e.g., 210 in Fig. 2(c)

(see also Refs. 13, 14, and 23). Fig. 2(d) shows an illustration

of the implied 1-D chain dipoles along a particular [111]

direction in real space.13,14,23 Frozen in, largely transverse

correlated, [111]p (subscript p for parent perovskite sub-

structure) chain dipoles of precisely this type are known to

be responsible for the rhombohedral ferroelectric phases of

the Pb(Zr1�xTix)O3 (PZT) system24 and BiFeO3.25

In order to gain insight into the crystal chemistry under-

lying the existence of these 1-D h111i nano-scale, dipolar

chains as well as for the wide spread in relaxation frequen-

cies associated with the observed dipolar relaxation, bond

valence sum calculations26–29 assuming an ideal undistorted,

a¼ 4.0129 Å, Pm�3m perovskite average structure were car-

ried out. The calculated apparent valences (AVs) of the cati-

ons without any off-centre displacements are as follows:

AV(Ba2þ)¼ 2.589 valence units (vu), AV(Bi3þ)¼ 1.757 vu,

AV(Mg2þ)¼ 2.230 vu, and AV(Ti4þ)¼ 3.520 vu. Note that

the Ba2þ and Mg2þ cations are significantly over-bonded

whereas the Bi3þ and Ti4þ cations, in particular the Bi3þ cat-

ion, are very significantly under-bonded. These results

require large amplitude, off-centre displacements of both the

Bi3þ and Ti4þ cations, which of necessity should be locally

correlated, i.e., primarily in the same direction, in order to

avoid over-bonding of neighbouring oxygen ions. Indeed the

under-bonding of the Bi3þ ions is so large in the ideal A site

FIG. 1. Temperature dependence of

dielectric constant and loss tangent of

0.5BT–0.5BMT ceramic at 1 kHz,

10 kHz, 100 kHz, and 1 MHz (a) before

and (b) after heat treatment under O2

atmosphere, and associated (c) Vogel-

Fulcher fittings of Tmax versus fre-

quency as well as (d) the enlarged loss

tangent curves of the BT-BMT ce-

ramic in the temperature range of

160 K to 250 K.
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position, and the required off-centre displacements of the

local Bi3þ ions so pronounced, that any resultant dipoles are

unlikely to be able to be flipped except under the action of

an extremely strong applied electric field. They also strongly

suggest that the Ba2þ and Mg2þ cations will not move

off-centre in their local oxygen co-ordination environments.

Taken together, these bond valence results strongly

suggest that the nano-scale 1-D h111i dipole chains required

by the diffraction evidence result primarily from the large

amplitude, correlated off-centre displacements along local

h111i directions of Bi3þ and Ti4þ cations relative to the oxy-

gen ion sub-structure, as shown in Figs. 3(a)–3(d), and are

the origin of local polarization in this BT-BMT system. That

this is indeed likely to be the case can be seen from Fig. 3

which shows GII
2-minimized27–29 (GII¼ the so-called global

instability index) local structures derived for various differ-

ent possible local compositions and assumed space group

symmetries, e.g., for BiTiO3 in (a) and (b), for BiBaTi2O6 in

(c) and (d), for BaTiO3 in (e) and for BiBaMgTiO6 in (f). (It

has been shown via comparison with discrete Fourier trans-

form (DFT) calculations in several recent papers27–29 that

GII
2 scales to a very good approximation with energy, with a

rough scaling constant �500 mRy,27 (or 6.8 eV)/[vu]2). The

associated structural as well as bond valence sum details for

all the structures shown in Fig. 3 are given in Ref. 35.

In the case of BiTiO3 (cf. Figs. 3(a) and 3(b)), it is

intriguing that neighbouring 1-D [111]p dipole can either be

in-phase and thus FE, as in (a), or out-of-phase and antiferro-

electric (AFE), as in (b). In either case, the local value for

GII
2, or energy,27–29 reduces very significantly (from the par-

ent value of (0.604)2 to (0.201)2 vu2) and remains very nearly

the same whether FE or AFE, consistent with the observed

electron diffraction evidence of h111i sheets of diffuse inten-

sity (see Ref. 35 for details). The same is true for the

BiBaTi2O6 case (cf. Figs. 3(c) and 3(d)), where GII
2, or

energy, again reduces significantly from the undisplaced par-

ent value in both the FE and AFE-like cases. This ability to

flip the sign of neighbouring [111] dipoles and not incur an

energy penalty means that intergrowths of Figs. 3(a) and

3(b), or Figs. 3(c) and 3(d), or mixtures thereof can easily be

envisaged and likely underlies the existence of the observed

G 6 {111}* sheets of diffuse intensity (see Fig. 2). In the Ba

and/or Mg rich cases of BaTiO3 and BiBaMgTiO6 (Figs.

3(e) and 3(f)), however, the ability to flip the sign of neigh-

bouring [111] dipoles and not incur an energy penalty is no

longer true (again, see Ref. 35, for details).

For an example of how the 4 possible (8 when dipolar

sign is taken into account) 1-D h111i nano-scale, dipolar

chains, �2–3 nm in length, implied by the observed diffrac-

tion evidence can quite happily co-exist on a larger scale,

see, e.g., Figs. 4 and 8 of Ref. 24. Note that the diffuse scat-

tering modelled in Ref. 24 is essentially identical with that

shown in Fig. 2 of this paper and that the ordered dipolar

chain regions along any one particular h111i direction

(shown in Fig. 4 of Ref. 24) co-exist with disordered regions

where the local h111i dipole is not along the original h111i
direction. Given that 50% of the perovskite A site positions

must be occupied by a Bi3þ ion and 75% of the perovskite B
site positions must be occupied by a Ti4þ ion and that all of

these Bi3þ and Ti4þ ions must undergo large amplitude, off-

centre displacements which we assume to be along a

local h111i direction, it is not unreasonable to suggest that

FIG. 2. Electron diffraction patterns

collected along the (a) h100i, (b) h111i,
and (c) h�122i zone axes. (d) An illus-

tration of the [111] dipole chains in the

“cubic” average structure responsible

for the observed structured diffuse dis-

tribution. The solid arrows indicate the

necessarily in-phase direction of dis-

placement of the A-site and B-site ions.
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Fig. 4 of Ref. 24 in conjunction with Fig. 3 of this paper pro-

vides a highly plausible model of the local ordering and

polarization in BT-BMT.

It is clear from the above calculations, given the myriad

of distinct possible configurations that can occur (there are

15 compositionally distinct, and 18 crystallographically dis-

tinct, possible local A4B2 coordination environments sur-

rounding each O2� ion), that the application of the relatively

small amplitude applied electric fields involved in dielectric

spectroscopy are unlikely to be able to switch the off-centre

sign of the local Bi3þ displacements. Such a field is much

more likely to cause local rotations in the directions of the

off-centre Bi and Ti ion displacements and thus of the local

polarisation. It may even be possible to rotate from one

h111i direction to another. The observed dielectric relaxation

behaviour can then be attributed to the many different ways

in which the perturbed local dipole polarisations can relax

back towards equilibrium. It would not be surprising that

these relaxational degrees of freedom would freeze out over

a wide range of different temperatures depending upon the

exact local stoichiometry, consistent with the observed glass-

like dielectric relaxation behaviour.

The above observations strongly suggest the presence

of local h111i dipole chains in the BT-BMT sample.

Experimentally, however, the macroscopic hysteresis loop is

quite slim and still not saturated under an applied electric

field of 60 kV/cm (inset in Fig. 4(c)), which makes it difficult

to judge the ferroelectric nature, or otherwise, of the sample.

PFM and switching spectroscopy PFM measurements were

thus conducted to investigate the switching capability of the

polarisation. Figures 4(a) and 4(b) show room temperature

PFM phase and amplitude images of the sample both before

(the bottom part of the image) and after poling (the top part).

No ferroelectric domain features are observed in the unpoled

sample in either the phase or amplitude images consistent

with uncorrelated dipoles on the scale of only a few

nanometers. This significantly differs with the behaviour

observed in canonical relaxor ferroelectrics12–15 in which

micrometer-scale domains, originating from strongly corre-

lated polar domain clusters, are observable even above

Tc.
30,31 After poling, on the other hand, the regions

(1 lm� 3 lm) exposed to either a positive (þ20 V) or a neg-

ative voltage (�20 V) exhibit a similar amplitude image

contrast but an �180� phase change (see the top parts of

Figs. 4(a) and 4(b)), indicating the switchable nature of

the induced polarisation within the sample. In addition,

switching spectroscopy PFM (�50 nm scale) enables the

measurement of local PR hysteresis loops as well as the

superposition of the dynamic behavior of ferroelectric

domain nucleation and evolution.18,19 Such switching spec-

troscopy PFM characterisation shows typical PR hysteresis

loops (Fig. 4(c)) associated with a considerable relaxation

behaviour, suggesting the relaxor ferroelectric nature of BT-

BMT. Note that the electric field under the PFM tip is rather

large (106–107 V/cm). The low observed macroscopic polar-

isation can thus be attributed to the relatively low applied

electric field and the small scale of transverse correlation of

the inherent 1-D dipole chains. Besides, the relatively high

FIG. 3. The local structures derived for a few possible local compositions

and assumed space group symmetries for BiTiO3 (a) and (b), BiBaTi2O6 (c)

and (d), BaTiO3 (e), and BiBaMgTiO6 (f) as well as GII value. Arrows are

the directions of cation displacements (the line length corresponds to the

larger or smaller displacement).

FIG. 4. (a) PFM phase and (b) ampli-

tude images of the surface in a

3� 3 lm area. The top half parts are

for the poled state (poling voltage

620 V) and the bottom half are for the

corresponding unpoled state. (c) Time-

delayed hysteresis loops. The inset

shows the macroscopic hysteresis loop

of the bulk sample.

042910-4 Wang et al. Appl. Phys. Lett. 103, 042910 (2013)
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tan d (�0.12) of the BT-BMT sample also makes polarisa-

tion switching difficult in a bulk sample.

The above PFM observations confirm the ferroelectric

nature of the 0.5BT–0.5BMT ceramic under a sufficiently

large enough applied electric field to switch/align the local

off-centre displacements of the Bi3þ and Ti4þ ions. The local

ordering of the 1-D dipoles is too weak under normal condi-

tions to form macro, or even over a few hundreds of nano-

metre scale, domains that can be observed using PFM.

However, under a sufficiently large applied electric field, the

inherent dipole chains are switchable and exhibit a typical

PR hysteresis loop character as shown in Fig. 4(c).

It is suggested that the observed dielectric polarisation

relaxation arises from the field induced, local off-centre dis-

placements of the Bi3þ and Ti4þ ions when T is high than Tf.

It is widely accepted that the dipoles freeze when the temper-

ature approaches the freezing point Tf,
32–34 in good agree-

ment with our experimental data. When the temperature is

lower than Tf, another relaxation mechanism appears, show-

ing a different frequency dependent trend as the temperature

varies.

In summary, electron diffraction data from a

0.5BT–0.5BMT ceramic show characteristic G 6 {111}*

sheets of diffuse intensity, consistent with the presence of

1-D h111i dipole chains along the four h111i directions of

real space. These 1-D dipole chains have a correlation length

along the local h111i chain direction of �2–3 nm. It is sug-

gested that the myriad of distinct possible local configura-

tions around the O ions leads to a typical dipolar-glass-like

dielectric polarisation relaxation. The sample is relaxor

ferroelectric in nature, as indicated by the switchable polar-

isation and typical PR hysteresis loops on different length

scales.
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