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A micro-Raman scattering technique was used to investigate the electric-field and temperature

dependent phase stability of Mn-doped Na1/2Bi1/2TiO3-5.0at. %BaTiO3 single crystal. The Ti–O

mode was found to exhibit a slight shift at a low electric field (E¼ 10 kV/cm) and splitting at

higher electric field (E� 30 kV/cm), ascribed to field-induced local distortion and phase transition,

respectively. The temperature-dependent Raman scattering was also measured over a wide range of

150–800 K to study the phase stability of poled samples. A new Raman mode at about 200 cm�1

and an anomaly in intensity of the Ti-O modes were detected at 390 K, indicating a ferroelectric to

antiferroelectric phase transition. The frequency shift of TiO6 octahedral modes implied a

transition to a paraelectric state at 550 K. Furthermore, the Ti-O and TiO6 octahedral modes were

found to be sustained in the high-temperature paraelectric state. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4870504]

Extensive study of the (1� x)Na1/2Bi1/2TiO3-xBaTiO3

(NBT-x%BT) piezoelectric system has demonstrated the

potential of these materials as lead-free alternatives to lead

zirconate titanate (PZT). The system contains a morpho-

tropic phase boundary (MPB) between the rhombohedral (R)

and tetragonal (T) structures near 6.0< x< 8.0,1,2 where

these compositions possess intriguing structural and electri-

cal properties. In particular, longitudinal piezoelectric d33

coefficients as high as 480 pC/N have been reported for

Mn-doped NBT-5.6%BT single crystals after poling along

the [001] direction.3

To clarify the origin of the strong piezoelectric response

in the vicinity of the MPB region, the evolution of phase

structure with electric (E)-field has been extensively investi-

gated using X-ray diffraction (XRD) and transmission elec-

tron microscopy (TEM). Based on the splitting of the

pseudocubic (200) reflection of NBT-x%BT (5.0< x< 7.0),

Ge et al. and Daniels et al. proposed that an E-field induced

phase transformation from pseudocubic to T structure is re-

sponsible for the large electrically induced strain.4,5 TEM

images6 of x¼ 6.0 ceramics have shown the coexistence of

R3c and P4bm polar nanoregions (or nanodomains) at room

temperature. Electric-field in situ TEM7 has revealed that the

overall poling-induced phase transitions in these x¼ 6.0

ceramics can be described as R3c/P4bm!R3c!P4mm/

R3c. This finding implies that the piezoelectric enhancement

may be ascribed to the development of the polar nanore-

gions, allowing the existence of lower energy barriers for

dipole reorientation/switching under an external E-field.7

On the other hand, the structural modifications induced

by an E-field significantly depend on the thermal history near

the MPB.8–10 Previous dielectric investigations have shown

that an E-field induced ferroelectric state transforms into a

relaxor state on heating around the depolarization temperature

(Td).8 Most importantly, the piezoelectric properties exhibited

an abrupt decrease at this point, possibly due to the change in

the distribution of bonds parallel to [001]c, e.g., the nucleation

of P4bm nanodomains.9 In fact, hot stage TEM on x¼ 6.0

ceramics has revealed that P4bm nanodomains start to grow

in volume above Td, and gradually evolve into Pm3m cubic

structure on further heating.10 However, XRD measurements

on 5.0< x< 7.0 samples revealed no apparent distortions at

any temperature, indicating no structural transformation.11

Raman spectroscopy provides another useful probe to

investigate local structure and phase transition in relaxor-based

ferroelectrics.12–18 Kreisel et al. carried out high-pressure

Raman measurements on NBT and proposed a pressure-

induced relaxor-to-antiferroelectric crossover.13 Recently,

temperature-dependent Raman studies of NBT-x%BT materi-

als have also been reported.14,15 However, Raman studies as a

function of poling E-field have not yet been presented.

Interestingly, Shen et al. detected a unique mode upon heating

[001]-poled 0.67Pb(Mg1/3Nb2/3)O3–0.33PbTiO3 single crystal

that signified the relaxor to ferroelectric phase transition.12

Whether a similar variation exists for NBT-x%BT single crys-

tals near the MPB composition is still unknown, especially

across Td, where the materials exhibit relaxor behavior.6,8

In this letter, we report a Raman investigation on Mn-

doped NBT-5.0%BT (Mn: NBT-5.0%BT) single crystal,

which is located around the MPB with a slight amount of Mn

a)Author to whom correspondence should be addressed. Electronic mail:

hsluo@mail.sic.ac.cn and cc2762@163.com.
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introduced to improve the poling process. Raman spectra

were measured for [001]-oriented samples under different

poling E-fields. The application of an E-field was found to

align the randomly distributed nanodomains along the exter-

nal E-field direction, followed by a transition from R to T
phase. Temperature-dependent Raman studies were also per-

formed on a [001]-poled sample. A unique Raman mode at

�200 cm�1 was found around Td, signifying a ferroelectric

to relaxor phase transition. These findings have implications

to additional NBT-x%BT composition and other relaxor

ferroelectrics.

Single crystals of Mn:NBT-x%BT were grown by a top-

seeded solution growth method. The concentrations of Ba

and Mn ions in the crystals were determined to be 5.0 and

0.14 at. %, respectively, by inductively coupled plasma

atomic emission spectrometry (ICP-AES). The [001]-ori-

ented Mn:NBT-5.0at. %BT crystal wafers with dimensions

of 4� 4� 0.4 mm3 were cut from the boule, and electroded

on both (100) faces with gold. The samples were poled under

different dc E-fields of 10 kV/cm, 20 kV/cm, 30 kV/cm, and

40 kV/cm at 350 K in silicon oil bath. The piezoelectric con-

stant (d33) was measured by a quasi-static Berlincourt type

meter of ZJ-3A type. Then the samples were carefully pol-

ished for Raman scattering studies. Temperature dependent

Raman scattering experiments were carried out using a

Jobin-Yvon LabRAM HR 800 UV micro-Raman spectrome-

ter equipped with a Linkam THMSE 600 heating stage from

150 to 800 K.

Although previous Raman studies13–18 on NBT-based

materials have shown that the number of detectable Raman

modes is less than that predicted theoretically, these modes

can be divided into three main regions: (1) a low wavenum-

ber range of 100–200 cm�1 assignable to the vibrations of A
site cations; (2) a middle wavenumber range of

200–400 cm�1 related to the vibrations of Ti-O bond; (3) a

high wavenumber range of 450–650 cm�1 associated with

the vibrations of TiO6-octahedra.

The Raman spectra of [001]-oriented Mn:NBT-5.0%BT

crystals under different poling E-fields are shown in Fig.

1(a). The spectrum of the unpoled sample (Fig. 1(b)) dis-

played a Ti-O peak centered at 293 cm�1 and a triplet split-

ting of oxygen octahedral vibrational modes located at

497 cm�1, 554 cm�1, and 618 cm�1, respectively. Similar

peaks were clearly observed in the Raman spectra of

NBT-5.0%BT,15,18 indicating that the composition present

was located on the R side of the MPB region. At a poling

E-field of 10 kV/cm, the Raman peaks displayed no obvious

changes except a slight redshift of the Ti-O mode

(293 cm�1). This may be ascribed to local distortions instead

of phase transformation. Slodczyk et al. stated that Ti–O

bonds are influenced by nanodomain dynamics.19

Additionally, such nanodomains are considered to be none-

quilibrium states that are greatly affected by external condi-

tions (i.e., E-field and temperature).6,7 Thus, it can be

understood that the polar nanodomains were substantially

oriented compared with those in the unpoled case, resulting

in enhanced local ordering. A similar phenomenon has also

been observed for a lead-based relaxor ferroelectric.20 The

Ti-O peak became broader when the E-field was further

increased to 20 kV/cm (Fig. 1(a)). Notable changes were

observed at 30 kV/cm, as shown in Fig. 1(c). The single

Ti–O mode split into two peaks (249 cm�1 and 315 cm�1),

indicating a typical of tetragonal symmetry. Meanwhile, the

mode at 497 cm�1 merged into the mode at 554 cm�1 and

made the three Raman modes observed at lower E-field

become two (526 cm�1 and 618 cm�1). It is believed that

these changes were caused by irreversible E-field driven R to

T phase transition. It should be noted that these electric-

field-dependent spectra are quite similar to the NBT-x%BT

Raman spectra observed during the R (R3c) to T (P4mm)

phase transition induced by BT content.15,18

The corresponding longitudinal piezoelectric coefficient

(d33) of the samples under different poling E-fields are also

shown in Fig. 1(d). The d33 begins to appear at 10 kV/cm.

This low E-field aligned the randomly oriented nanodomains

along the direction of the E-field, resulting in enhanced local

ordering. The d33 exhibited an abrupt change at 20 kV/cm,

which is close to the coercive field (�20 kV/cm) of the sam-

ples at its poling temperature (350 K) [determined from the

polarization loop shown in the inset of Fig. 1(d)]. This sug-

gests that the energy cost of the R-T transformation is some-

what comparable to the energy needed to trigger the

formation of long-ranged ordered ferroelectric macrodo-

mains. Above 30 kV/cm, the d33 became saturated at a higher

level. Therefore, it is confirmed that the highest d33 occurred

in the T phase side of the MPB after poling, which is in good

agreement with previously reported XRD data.21

Figure 2 shows temperature dependent Raman spectra

for [001]-poled samples (at 30 kV/cm) with different thermal

history: (a) zero field heating (ZFH) and (b) zero field cool-

ing (ZFC). The frequencies, bandwidths, and intensities of

the peaks in the Raman spectra for the ZFH condition were

essentially temperature independent in the temperature range

150–375 K (Fig. 2(a)). This invariable condition means that

FIG. 1. Raman spectra for various poling E-field (a) and deconvolution of

Raman spectra for (b) 0 kV/cm and (c) 30 kV/cm, and the piezoelectric con-

stant (d33) as a function of poling E-field (d) for [001]-oriented

Mn:NBT-5.0%BT crystals.
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the E-field induced T ferroelectric state was stable upon heat-

ing to 375 K. When the temperature was further increased to

390 K, anomalies in the peak numbers, bandwidths, and

mode intensities were observed. To better illustrate these

changes with temperature, the spectra were deconvoluted

into Lorentzian-shaped peaks. Four representative fitted

peaks for (a) ZFH (150 K), (b) ZFH (390 K), (c) ZFH

(800 K), and (d) ZFC (150 K) are shown in Fig. 3.

Comparison between Figs. 3(a) and 3(b) suggests that three

distinct variations occurred at 390 K: (1) a new Raman active

mode appeared near 200 cm�1; (2) the peaks centered at 135

and 526 cm�1 became broader; (3) the intensity of Raman

modes at 249, 315, and 618 cm�1 changed evidently. It

should be noted that this temperature (390 K) corresponded

to the onset of dielectric dispersion around Td, where the pie-

zoelectric properties drastically degenerate.

The existence of nonpolar or antiferroelectric phases in

NBT-BT materials has previously been proposed to account

for the depolarization and relaxor behavior of these materials

near Td.6,10 These proposed phases were identified to have T
(P4bm) symmetry with antiparallel displacement of the

Na1þ/Bi3þ and Ti4þ cations in the unit cell.10 Our Raman

data are consistent with this viewpoint. Based on group

theory analysis,16 there are 15 Raman-active modes for the

antiferroelectric T (P4bm) phase: CRaman¼ 3A1þ 3B1þ 2B2

þ 7E, whereas 8 Raman-active modes are predicted for the

ferroelectric T (P4mm) phase: CRaman¼ 3A1þB1þ 4E.

Thus, the new Raman mode (�200 cm�1) detected at Td may

reveal a change in symmetry to a phase with a higher number

of Raman active modes, although it is difficult to identify all

the bands of the T (P4bm) phase. However, this particular

mode was also observed for the (Na1/2Bi1/2)TiO3-(K1/2Bi1/2)

TiO3 system,17 where the unexpected appearance of the peak

at �200 cm�1 was considered to indicate the presence of the

T (P4bm) phase. Thus, it is reasonable to suggest that the

present samples underwent phase transition from ferroelec-

tric T (P4mm) to antiferroelectric T (P4bm) phase.

Furthermore, the anomalous changes in band frequency,

width, and mode intensity close to Td further support the

occurrence of this transition.

Figure 3(c) shows the Raman spectrum of the high tem-

perature (800 K) cubic phase. This spectrum is contradictory

with the group theory, as none of modes for the ideal cubic

(C) perovskite ABO3 are Raman active.12 However, in

NBT-BT materials the random occupation at A-site sublatti-

ces of the perovskite unit cell by Bi3þ, Na1þ, and Ba2þ ions

will cause the formation of polar nanoregions (or nanodo-

mains). The presence of such nanoregions could result in a

breakdown of the translation symmetry, causing the appear-

ance of Raman bands for the cubic phase. Additionally, hot

stage in-situ TEM on NBT-6.0%BT ceramics has revealed

that the P4bm nanodomains evolve into the high temperature

C phase.10

The Raman spectrum measured at 150 K under ZFC

condition is shown in Fig. 3(d). The triple splitting of Raman

modes (497, 554, and 618 cm�1) in the TiO6-octahedra

vibration region was consistent with the presence of a-a-a-

octahedral tilts in the R phase region.14 Nevertheless, the

presence of a double peak (249 and 315 cm�1) with the addi-

tional mode at �200 cm�1 agreed with the presence of

a0a0cþ octahedral tilts in the T phase region.14 These phe-

nomena can be better explained by two phase-coexistence

FIG. 2. Raman spectra for [001]-poled

Mn:NBT-5.0%BT crystals during

different thermal history: (a) ZFH;

(b)ZFC.

FIG. 3. Raman spectra deconvolution for [001]-poled Mn:NBT-5.0%BT

crystal during ZFH and ZHC condition: (a) ZFH(150 K), (b) ZFH(390 K),

(c) ZFH(800 K), and (d) ZFC(150 K).

142902-3 Chen et al. Appl. Phys. Lett. 104, 142902 (2014)
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behavior. In other words, the high-temperature antiferroelec-

tric T (P4bm) phase persisted into the R (R3c) phase field

during the ZFC process, which was fortunately still visible in

the micro-Raman. This was to be expected because the phase

stability energies of the T (P4bm) phase are comparable to

those of the R (R3c) phase near the MPB, allowing their

coexistence in a wide temperature region.6

Figure 4 shows a summary of band frequency and inten-

sity as a function of temperature for poled samples under

ZFH and ZFC conditions. The appearance of the Raman

mode at �200 cm�1 clearly occurred at 390 K (Fig. 4(a)).

The mode at 618 cm�1 began to exhibit a steep change at

550 K and gradually merged into the mode at 526 cm�1 at

higher temperature. These observations for the ZFH condi-

tion suggested that the system underwent two phase transfor-

mations: from ferroelectric T to antiferroelectric T and from

antiferroelectric T to paraelectric C at 390 and 550 K, respec-

tively. In the ZFC condition [Fig. 4(b)], the mode at

526 cm�1 split into a double mode (497 and 554 cm�1), sig-

nifying a transition to the R phase at 375 K. The inconsistent

ferroelectric transition temperature between ZFH (390 K)

and ZFC (375 K) could be related to the nucleation of the

relaxor/ferroelectric phase during heating/cooling, which

was also found in a previous dielectric investigation.8

It has been recognized that the intensities of the Raman

lines depend on the domain structure in the region where the

laser beam is focused.19 The intensity of the Ti–O modes

(249 and 315 cm�1) as a function of temperature is shown in

Figs. 4(c) and 4(d). With the temperature increasing, the in-

tensity of the Ti–O modes was almost constant, but an abrupt

increase happens at Td� 390 K (Fig. 4(c)). Thi et al. stated

that the increasing intensity of the modes around 270 cm�1

gives disorder information on the short-range arrangement of

A cation-TiO6 octahedra in lead-based relaxors.22 Our

temperature-dependent polarized light microscopy experi-

ments also showed that E-field induced T ferroelectric mac-

rodomains broke down at Td. Therefore, the increase in the

intensity of the Ti–O modes suggested that the induced

long-range ordered macrodomains began to vanish, accom-

panied by the formation of a short-range ordered nanodo-

mains. However, the Ti–O modes underwent hardening

during the ZFC process ((Fig. 4(d)). This is apparently owing

to an increment of the ferroelectric structural distortion,

namely the R (R3c) polar nanoregions gradually nucleate

and increase in volume fraction with decreasing temperature.

Since the octahedral vibrations and the Ti–O bonds are

both influenced by the dynamics of the nanodomain phase,19

the change in the octahedral modes (526 and 618 cm�1) was

also investigated as complementary to the Ti–O modes.

Careful inspection of the Raman spectra measured at 375

and 390 K in Fig. 2(a) shows that the octahedral mode at

618 cm�1 exhibited an abrupt increase in band intensity.

This behavior is actually the same as that observed for the

Ti–O modes (249 and 315 cm�1), which have A1 symme-

try.18,23 Meanwhile, the other octahedral mode at 526 cm�1

underwent peak broadening because this mode possesses E

symmetry.24 These abrupt changes in the octahedral modes

confirmed the phase transition around Td, marking the begin-

ning of the short-range ordered nanodomains. It should be

noted that these results were also supported by our dielectric

measurements.

In summary, [001]-oriented Mn:NBT-5.0%BT single

crystals were systematically investigated by micro-Raman

scattering. The evolution of the E-field induced Raman spectra

revealed a field induced local distortions and R-T phase transi-

tion. Temperature-dependent Raman scattering performed on

FIG. 4. The band frequency and inten-

sity as a function of temperature: (a),

(c) for ZFH and (b), (d) for ZFC,

respectively.
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poled samples in the range 150–800 K indicated that two phase

transitions occurred with increasing temperature: from ferro-

electric T to antiferroelectric T and from antiferroelectric T to

paraelectric C at 390 and 550 K, respectively. The temperature

dependences of the frequency shifts, peak numbers, and inten-

sities of the Raman modes provided clear evidence of the

sequence of these phase transitions.
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