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The ferroelectric domain structure of pure Na1/2Bi1/2TiO3 (NBT) and 1 at.% Mn-doped NBT

(Mn-NBT) crystals was investigated by piezoresponse force microscopy. The correlation length of

the polar regions was found to increase upon Mn substitution. High resolution transmission

electron microscopy revealed that the coherency of the lattice across the domain boundaries

between polar regions was also enhanced. Selected area electron diffraction showed that Mn

favored coexisting 1/2 (ooo) and 1/2 (ooe) oxygen octahedral tiltings, over only 1/2 (ooo) for pure

NBT. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3699010]

INTRODUCTION

Piezoelectric materials are commercially used in many

applications, such as actuators, sensors, and transducers. For

a long time, the dominant material used in these electrome-

chanical devices has been Pb-based perovskites, such as

Pb(Zr1-xTix)O3 (PZT).1 Environmental concerns are driving

the need to replace Pb-based piezoelectrics. In 2004, the

finding of high electrically induced strains in the Pb-free

piezoelectric ceramic solid solution (K,Na)NbO3 (KNN)

triggered significant efforts directed at the elimination of

Pb in piezoelectric perovskites.2 Furthermore, recent investi-

gations of Na1/2Bi1/2TiO3-xat.%BaTiO3(NBT-x%BT) have

revealed giant strain and longitudinal piezoelectric constants

as high as d33¼ 500 pC/N for compositions near a morpho-

tropic phase boundary (MPB) around x¼ 5.5–6.5.3–13

In spite of a non-rhombohedral average structure model

for NBT at room temperature was supported by high-

resolution single-crystal x ray diffraction,14 it is still widely

accepted that NBT undergoes a phase transformational

sequence of paraelectric cubic (C) ! paraelectric tetragonal

(T) ! ferroelectric rhombohedral (R) on cooling,15–22 with

transition temperatures of about 550 and 300 �C, respectively.

It has been proposed that NBT has an intermediate orthorhom-

bic bridging phase between T and R ones.23,24 Recent

temperature-dependent domain studies of NBT crystals by

polarized light microscopy (PLM) have shown that T ferroelas-

tic domains persist on cooling into the R phase field.

Piezoresponse force microscopy (PFM) has revealed that

ferroelectric R nanodomains nucleate within the geometrical

restrictions of the T ferroelastic domains.22 Support of these

observations has also been reported by anelastic measure-

ments.6 High resolution transmission electron microscopy

(HRTEM) has shown that the lattice is partially incoherent

across the boundaries between polar nano-regions.25 Formation

of planar defects along the domain boundaries may help relax

the elastic energy in this geometrically frustrated condition.

Recent Raman studies of NBT have revealed no evidence of

a structural phase transition near T¼ 370 K for x> 0.055,

where dielectric anomalies have shown a transition.26 Mixed

rhombohedral (R3c) and tetragonal (P4bm) phases have been

reported near the MPB by transmission electron microscopy

(TEM).27

The mechanism of enhanced piezoelectricity near the

MPB of NBT-x%BT is still an open question. Monoclinic

(M) bridging phases have not yet been reported near the

MPB, which are the origins of high piezoelectricity in

Pb(Mg1/3Nb2/3)O3-xat%PbTiO3 (PMN-x%PT) and Pb(Zn1/3

Nb2/3)O3-xat%PbTiO3 (PZN-%PT) crystals.28–35 It has been

reported that Mn substitution in NBT-x%BT crystals for

compositions near the MPB can effectively increase the

value of d33 from 280 to 480 pC/N.4 This could be due to a

more complete poling enabled by enhanced resistivity4 and

also, in part, from changes in the phase stability or domain

structure.5 Doping is known to modify the crystal structure

and improve material properties: examples include La and K

in PZT,36–39 Sr and Ta in NaNbO3,40–43 and Ca and Sm in

BiFeO3.44–48 Crystals of Mn-doped NBT have been reported

to have: (i) enhanced resistivities, remnant polarizations,

coercive fields, and d33 values; (ii) a slight decrease in the

phase transformation temperatures; and (iii) a decrease in the

size of the T ferroelastic domains.49 It is noted that the addi-

tion of Mn has little effect on the properties of NBT ceramics

at room temperature,50 which might indicate subtle differen-

ces between crystals and ceramics, possibly due to changes

in stress accommodation of domains. High-resolution syn-

chrotron x ray diffraction (XRD) of both NBT and Mn-NBT

have shown a broad transition range characterized by T and

R phase coexistence on heating; no distinct difference has

been found.51

The evolution of the domain and local structure for NBT

with Mn substitution has not yet been reported. Domainsa)Electronic mail: jjyao@vt.edu.
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make an important contribution to the dielectric and piezo-

electric properties of ferroelectric materials. PFM is a power-

ful technique by which to study ferroelectric domains. It is

based on the detection of local vibrations of a ferroelectric

sample induced by a testing ac signal applied between a con-

ductive tip and a bottom electrode. Oscillations of the sample

underneath the tip modulate the deflection signal. The phase

and amplitude of the oscillations, as measured by a lock-in

method, depend on the orientation of the polarization. As

a result, different domain variants can be distinguished by

variations in the contrast of PFM images.52 Because of these

advantages, PFM has been used to map the domain distribu-

tions of many ferroelectrics.52–55

Here, we have used PFM to map the ferroelectric domain

structures for Mn-NBT and have compared the images to those

obtained for NBT. The images evidence an increased ordering

of polar nano-regions by Mn. Lattice images reveal that mod-

est additions of Mn effectively decrease the number of planar

defects at the boundaries between polar regions, while favoring

coexisting in-phase and anti-phase octahedral tiltings.

EXPERIMENTAL SECTION

Single crystals of NBT and Mn-NBT were grown by a

top-seeded solution growth (TSSG) method at the Shanghai

Institute of Ceramics. Starting materials of Na2CO3, Bi2O3,

TiO2, and BaCO3 with purities of >99.99% were used,

which were weighed according to their molar ratios. After

these compounds were ground and mixed, they were put into

a platinum (Pt) crucible and heated to 1200 �C for 10 h to

decompose the carbonates and to form NBT polycrystals.

The NBT polycrystals were ground and mixed with a 20%

weight excess of Na2CO3 and Bi2O3 added as a self-flux for

compensating compositional changes during single crystal

growth. Single crystals were then grown from a Pt crucible,

which was heated using a resistance furnace in an air atmos-

phere. A platinum wire was used as a seed for crystal growth.

In order to avoid polycrystal formation during crystal

growth, a temperature of 30–50 �C higher than the melting

point was initially used. This was done to melt the micro-

crystal particles: such a condition was maintained for one

hour. The growth temperature was then lowered to the

melting temperature. Initially, single crystal formation was

obtained by spontaneous nucleation at the end of the plati-

num wire, restricting the diameter of the crystalline material.

The pulling rate was 2–2.5 mm per day after the crystal

diameter reached a particular value, and the rotation rate was

10–30 rpm. After growth, the crystal was cooled to room

temperature at a rate of 30–50 �C/h.

For the Mn-doped NBT crystals, 1 at.% MnO2 was added

in the precursors. The actual concentration of Mn in the

as-grown Mn-NBT crystals was experimentally determined

by x ray fluorescence (XRF) analysis. h001i oriented wafers

of NBT and Mn-NBT single crystals were cut into dimen-

sions of 3 � 3 � 0.5 mm3, and the surfaces were polished

to a 50-nm finish. Samples were poled under 3–5 kV/mm for

15 min at 120 �C in silicon oil.

Investigations of the domain structure were performed

by scanning probe microscopy using a piezoresponse force

mode (Veeco Multi Mode DI 3100a with Nanoscope V con-

troller). Gold electrodes were deposited on the bottom face

of each crystal by sputtering. During the PFM studies, the

electrode faces were glued to the sample stage and the oppo-

site unelectroded surface was scanned by the SPM tip. All

scans were performed at room temperature, using a conduc-

tive silicon tip coated with cobalt. An ac modulation voltage

of 5 Vpp (peak to peak) with a frequency of 20 kHz was

applied between the conductive tip and the bottom gold

electrode.

Samples for TEM were prepared by mechanical polish-

ing, followed by a dimple grinder thinning process, and

finally followed by argon ion thinning at 4 kV to electron

transparency. The specimens were taken to a final polish

under 2 kV for 20 min to remove surface artifacts before

TEM examination. Selected area electron diffraction (SAED)

and bright field image studies were performed using a Philips

EM 420 electron microscopy working at 120 kV equipped

with a double-tilt sample holder to enable access to various

zone axes. HRTEM images were obtained using a FEI

TITAN 300 electron microscopy operating at 200 kV, also

equipped with a double-tilt sample holder. All electron dif-

fraction patterns were indexed using pseudo-cubic unit cell

notations.

RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show typical domain structures

obtained by PFM for as-grown NBT and Mn-NBT. Ran-

domly distributed polar nano-regions can be seen, as previ-

ously reported for NBT.21,24 For as-grown NBT, the size of

the polar regions ranged from 200 to 500 nm, with many

regions of much smaller size randomly distributed there

within. However, for as-grown Mn-NBT, the size of the po-

lar regions was decreased to 100–200 nm and the domain

distribution was more uniform. The smaller size of the polar

regions for as-grown Mn-NBT may help explain a previously

reported enhancement in the frequency dispersion of the

dielectric constant in the temperature range of 373 K-473 K

with Mn substitution.49 When Mn-NBT was annealed at

970 K, the polar region size was found to coarsen, as shown

in the PFM image given in Fig. 1(c). These results are differ-

ent than the ones of NBT (Data of annealed NBT is not

shown here. The size of domain size for NBT decreased to

100–300 nm.), where a domain refinement was found upon

annealing. The differences on annealing between NBT and

Mn-NBT in the PFM images indicate that Mn substitution

reduced the polar domain size and resulted in good domain

distribution, i.e., a more uniform domain distribution with a

decreased size from 200–500 nm to 100–200 nm. These

observed changes may originate from the Mn substitution

and associated defect compensation, the details of which will

be described in the proceeding section.

Based on these observed changes in size and distribution

of polar regions, we can conclude that the degree of long-

range polar ordering of NBT increases with Mn. We can

quantify this observation by using a correlation function

technique that has been applied to topography analysis,56

where the signal contrast (D) taken from the piezoresponse

064109-2 Yao et al. J. Appl. Phys. 111, 064109 (2012)
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image is then proportional to the local polarization. The

autocorrelation function,

CðR1;R2Þ ¼
X

x;y
Dðx; yÞDðxþ R1; yþ R2Þ; (1)

is equivalent to the polarization-polarization correlation

function. It has been reported that the average correlation

function can then be approximated as

CðRÞa exp½ðR=nÞ�2h�; (2)

where R is the radius, n is the correlation length, and h an

exponent parameter.56 It is believed that n is directly related

to the average polar region size. Thus, it can serve as a mea-

sure of the polarization disorder (or quenched random

fields).53 The averaged autocorrelation function for the three

PFM images is given in Fig. 2. It can be seen that the value

of n increases from 36 nm for pure NBT to 41 nm for as-

grown Mn-NBT, and, upon annealing Mn-NBT, n was fur-

ther increased to 78 nm.

The valence of Mn is variable, but it is believed that

the 3þ valence of Mn in NBT is dominant.57 Theoretically,

Mn3þ can occupy either the B-site Ti4þ or an A-site vacancy.

A-site occupancy is favored by considering the volatility of

Bi3þ and Naþ. The ionic radius of Mn3þ is larger than that

of Ti4þ, and the resistivity is increased by up to two orders of

magnitude by Mn doping, implying that the occupancy of the

A-site in NBT would be preferred, suppressing the concentra-

tion of oxygen vacancies.4 Please note that the substitution of

B-site Ti4þ by Mn3þ would induce oxygen vacancy forma-

tion, which could decrease the resistivity. When Mn is incor-

porated onto the A sites of NBT, the concentration of oxygen

vacancy is decreased as 2Mn3þ2Bi3þ þ3O2� $ 2MnX
B1

þBi2O3:. Accordingly, conduction would be suppressed by

Mn, which should enhance the high-temperature electrical re-

sistivity. A-site occupancy of Mn is also supported by compo-

sition analysis previously reported by Nagata and Takenaka.58

Since O2� is large and occupies the corner of the octahe-

dron, ionic conduction via oxygen vacancies is relatively

high at moderate temperatures. These crystal chemical con-

siderations may help explain not only the changes in the

dielectric loss factors and electrical resistance, but may also

provide insights into the coarsening of the polar regions by

Mn substitution and subsequent annealing. Mn substitution

is known to impart “hard” characteristics to PZT and PMN-

PT,59,60 due to defect pinning. Based on the symmetry-

conforming property of defects in ferroelectrics, one might

anticipate higher degree of polar order in systems with

defects that can pin the polarization,61,62 rather than those of

the random-field type.63

The size of the polar regions for NBT was prone to

decrease upon annealing. (Data of annealed NBT is not

shown here. The size of domain size for NBT decreased to

100–300 nm.) Oxygen vacancies may be randomly

quenched-in on cooling from high temperature above the

phase transformation. Random fields are known to disrupt

the polar order,62 favoring smaller polar domain sizes, as

observed in the annealed NBT. In Mn-NBT, on one hand,

the Mn doping probably prefers to suppress the random-

field-type defects; on the other hand, a portion of the defects

may be quenched-in on annealing that interacts strongly with

domain boundaries on coolings, which pins the polarization.

Then, annealing may result in the formation of extended

defect structures along the domain boundaries, as previously

reported for “hard” PZT.56 This would result in large defect-

free regions that allow for the achievement of larger-sized

domain structures.

We then performed TEM and lattice imaging studies on

Mn-NBT. These studies were done (i) to check whether the

domains obtained by PFM reflected domain states, typical of

the volume, as PFM only maps them out on the surface, and

(ii) to obtain direct evidence of possible defects near the do-

main boundaries. First, we note that bright field images

FIG. 1. Ferroelectric domain images of

(a) as-grown NBT, (b) as-grown Mn-

NBT, (c) annealed Mn-NBT.

FIG. 2. The averaged autocorrelation function for as-grown NBT, as-grown

Mn-NBT, and annealed Mn-doped NBT, respectively. The lines show the fit

of experimental points to the equation hCðRÞi � exp � R
n

� �2h
� �

.
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support the results by PFM. The bright field images revealed

the presence of fine domain structures that were character-

ized by cross-hatched contrast, as shown in Fig. 3 for Mn-

NBT. The features of this nanodomain structure are similar

to that observed in the PFM image. Furthermore, the TEM

images reveal that the polar regions of Mn-NBT were larger

than those of NBT (data not shown).

Please note that, for our TEM/PFM studies, domain

mapping was performed on several samples and over differ-

ent regions of each sample. Comprehensive studies and anal-

ysis on two different compositions revealed that the patterns

of pure NBT and Mn-NBT are different. The domain pat-

terns shown in the manuscript are the typical ones, which

represent those of the Mn-doped samples. Although Mn sub-

stitution is the major reason for the change of the domain,

the effect of Na/Bi distribution still cannot be ignored.

Next, lattice images were obtained for Mn-NBT near the

nanodomain boundaries, as shown in Fig. 4. The boundary in

this figure is marked by a dashed line. The image reveals that

the lattice remains coherent across the boundary: few planar

defects were found. This is in difference with recent studies

of NBT,34 where a large number of planar defects were found

at the boundaries. For NBT, the elastic stress caused by the

coexistence of T and R structures was believed to be partially

FIG. 3. Bright field TEM image, which shows nano-sized ferroelectric

domains for Mn-NBT. The inset shows a SAED pattern taken along the

[112] zone axis.

FIG. 4. High resolution electron micrograph of Mn-NBT along the [110]

projection.

FIG. 5. (a)-(c) SAED patterns of Mn-

NBT taken along the (a) [001], (b)

[112], (c) [111], and (d) [110]. The

arrows indicate the possible 1/2 (ooe)

super-reflections from in-phase octa-

hedral tilting, and the circles show the

1/2 (ooo) super-reflections from anti-

phase octahedral tilting.

064109-4 Yao et al. J. Appl. Phys. 111, 064109 (2012)
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relaxed by lifting the lattice coherency across boundaries.34

For Mn-NBT, there may be several reasons to explain the

enhanced lattice coherency at the domain boundaries. First,

the size of ferroelastic domains in Mn-NBT is decreased

compared to NBT. High densities of small ferroelastic

domains might more easily stress-accommodate each other.

Second, Mn substitution at A sites would result in a decreased

concentration of vacancies gathering at the boundaries to

form planar defects that are required to lift coherency.

Figure 5 shows SAED patterns for Mn-NBT taken along

the (a) [001], (b) [112], (c) [111], and (d) [110]. Weak 1/2

(ooe) reflections can be observed in Fig. 5(a), as marked by

arrows, where o designates odd values of the Millers indices

and e even. It has been noted that these superlattice reflec-

tions originate from slight deviations from the ideal perov-

skite structure, which could have intensity contributions

from: (i) oxygen octahedral tilts; (ii) chemical ordering of

the A-site cations; and/or (iii) antiparallel displacements of

cations.21,64–69 In NBT, following theoretical21 and experi-

mental studies,68,69 it is believed that oxygen octahedral tilt-

ing is the dominate source of the intensity.32,70

Evidence of in-phase octahedral tilting in Mn-NBT at

room temperature was apparent in (001) SAED patterns by

weak 1/2 (ooe) superlattice reflections, as marked by an

arrow in Fig. 5(a). This type of in-phase octahedral tilt sys-

tem generally occurs in tetragonal structures,64,69 whereas

rhombohedral (R3c) structures of perovskite often have an

anti-phase 1/2 (ooo) octahedral tilting about the pseudo-

cubic axes.64 In Figs. 5(b) and 5(d), 1/2 (ooo) reflections

were found, as marked by circles. It is worth to note that 1/2

(ooe) reflections were also observed along [110], as marked

by arrows in Fig. 5(d), indicating coexisting in-phase and

anti-phase tiltings in Mn-NBT. However, no such 1/2 (ooe)

reflections were apparent along [111] and [112]. The struc-

ture of NBT in the temperature range of 5–528 K has been

reported to be a single-phase R, with an anti-phase 1/2 (ooo)

octahedra tiling. However, in-phase 1/2 (ooe) octahedral tilts

are known to become prominent between 528–800 K.68 Dor-

cet and Trolliard64 proposed, in this higher temperature

range, that T and R phases coexist which have two different

types of tilts (i.e., in-phase and anti-phase) that need to be

accommodated. It should be noticed that, in the [011] zone

axis pattern of their work, the expected 1/2 (ooe) extra spots

of the T phase were not observed: this implies a systematic

extinction, corresponding to a glide plane.

However, in the [011] zone axis pattern for Mn-NBT,

the expected 1/2 (ooe) extra spots were indeed observed, as

marked by arrows in Fig. 5(d). This indicates that glide

planes in Mn-NBT are present and that tetragonal in-phase

tilting has become more pronounced. This can also be

explained by the Goldschmidt tolerance factor,70

t ¼ RA þ ROffiffiffi
2
p
ðRB þ ROÞ

;

where RA, RB, and RO are ionic radii of A and B cations

and oxygen in the ABO3 perovskite structure, respectively.

Compounds in the perovskite family are found to exist over

the tolerance factor range 1.05 > t > 0.78.70 An in-phase tilt-

ing distortion generally has a smaller value of t than anti-

phase ones. It is known that Mn substitution is incorporated

onto the A sites and that the ionic radius of Mn3þ (0.65 Å) is

significantly smaller than Bi3þ (1.28 Å) or Naþ (1.39 Å):

this could decrease the value of t and, accordingly, suppress

anti-phase rotations, producing slightly more intense 1/2

(ooe) reflections.

Due to the weak intensity of in-phase 1/2 (ooe) super-

reflections in Mn-NBT, it was extremely difficult to study

the 1/2 (ooe) one using HRTEM. Accordingly, only the octa-

hedral anti-phase 1/2 (ooo) superlattice reflections were

investigated. A lattice image for Mn-NBT taken along the

[110] zone axis and the corresponding power spectrum are

shown in Fig. 6(a). 1/2 (ooo) superlattice reflections were

obvious in the power spectrum, as marked by dashed circles.

In order to obtain more detailed information about the anti-

phase tilts, inverse Fourier transforms of these super-

reflections were obtained. The corresponding image is shown

in Fig. 6(b). In this image, lattice clusters of size 3–8 nm can

be seen. It can be inferred that the 1/2 (ooe) in-phase tilted

domains for Mn-NBT would be of similar or smaller size,

but notably lower density. The enhanced ferroelectric order-

ing and in-phase octahedral tilting may help explain the

enhanced piezoelectric properties of NBT with Mn.49

CONCLUSION

The ferroelectric domain structures of pure NBT and

1 at.% Mn-doped NBT (Mn-NBT) single crystals were inves-

tigated by PFM. The correlation length of the polar clusters

was found to increase from 36 nm (NBT) to 78 nm (Mn-NBT,

FIG. 6. (a) High resolution electron microscopy image

of Mn-NBT along the [110] projection; (b) inverse Fou-

rier transform of the super-reflections of image (a). The

inset shows the power spectrum of the lattice image in

(a), in which weak 1/2 (ooo) super-reflections were

observed.
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annealed). In addition, SAED revealed 1/2 (ooo) octahedral

tiltings for NBT. Coexisting in-phase 1/2 (ooe) and anti-phase

1/2 (ooo) tiltings were found on Mn substitution.
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