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Abstract 

Sodium bismuth titanate (NBT) ceramics are among the most promising lead-free materials 

for piezoelectric applications. This work reports the crystal structure and phase evolution of 

NBT and Fe-modified NBT (from 0-2 at% Fe) using synchrotron X-ray diffraction and 

Raman spectroscopy, both at ambient and elevated temperatures. The crystallographic results 

are discussed with reference to permittivity and piezoelectric thermal depolarization 

measurements of the same compositions. Changes in the depolarization temperature due to 

Fe substitution were detected by Raman spectroscopy, and were found to correlate closely 

with depolarization temperatures obtained from converse piezoelectric coefficient and 

permittivity measured in situ. The depolarization temperatures obtained from direct 

piezoelectric coefficient measured ex situ as well as the phase transition temperatures 

obtained from synchrotron X-ray diffraction were found to be at higher temperatures. The 

mechanisms underlying the relationship between permittivity and piezoelectric 

depolarization to structural transitions observed in Raman spectroscopy and X-ray diffraction 

are discussed.  
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I. Introduction 

Na0.5Bi0.5TiO3 (NBT) has recently received considerable attention as a potential 

replacement for the commonly used Lead (Pb)-based piezoelectric material, lead zirconate 

titanate (PZT). NBT was first reported in the 1960s by Smolenskii et al.1 and has historically 

been described as exhibiting the rhombohedral R3c space group at room temperature.2 There 

has been some recent debate over the structure of NBT, especially concerning the nature of 

the structural transitions with changing temperature.2-5 The transitions in NBT with 

temperature were re-examined by Dorcet et al. using transmission electron microscopy, with 

the conclusion that the transition from the room temperature rhombohedral phase to the high 

temperature tetragonal phase occurs through an intermediate modulated phase consisting of 

orthorhombic (Pnma) platelets in rhombohedral (R3c) perovskite blocks.4 Recent single 

crystal neutron diffraction experiments by Gorfman and Thomas6, and  high resolution X-ray 

powder diffraction studies of polycrystalline materials by Aksel et al.7 have provided new 

insight into the crystallographic structure of NBT. Refinement of the diffraction patterns 

through the Rietveld method in both cases has indicated a room temperature average 

structure in the Cc space group rather than R3c.6, 7 In addition, Dorcet et al.8 as well as 

Beanland and Thomas9 observed inclusions of tetragonal P4bm platelets in this material at 

room temperature.  

Although the Curie temperature, Tc, of NBT is reported to be at 320 ºC,1 the 

piezoelectric properties of this material diminish at a much lower temperature (Fig. 1). This 

piezoelectric depolarization temperature, Td, was reported by Hiruma et al. as 187 ºC and it is 

strongly affected by the Na/Bi stoichiometry.10 However, structural studies of NBT using 

neutron diffraction did not report any structural transitions near the temperature range of the 

Td.2 In their TEM studies, Dorcet et al. reported the formation of Pnma platelet shaped 

domains at 200 ºC.4 Recent work from Aksel et al. presented in situ high resolution X-ray 
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diffraction measurements of NBT during heating and attributed the depolarization process to 

an increase in volume fraction of material which is only present at a short range.11 

The Td of NBT may be modified through the addition of dopants or through the use of 

solid solution alloying with other perovskite structures. For example, Watanabe et al. 

presented the impact of several lanthanide dopants substituted on the perovskite A-site of 

NBT and found that the Td of NBT decreased with increased dopant content.12 Davies et al. 

showed an increase in the Td with substitution of Fe or Mn on the perovskite B-site.13 These 

dopants also increased the piezoelectric coefficient at higher temperatures prior to 

piezoelectric depolarization.13 In the case of solid solutions with barium titanate BaTiO3 

(BT), Hiruma et al. showed that Td decreased with addition of BT up to 6%, which is the 

proposed morphotropic phase boundary between NBT and BT, and then increased with 

further addition.14 

In the NBT-BT system it was shown by Raman spectroscopy that the Td is 

characterized by a loss of long-range ferroelectric order (which is maintained on the short 

range), rather than being a structural phase transition.15 The first-order Raman signal, 

originating from the center of the Brillouin zone, probes coherent scattering on the nanometer 

length scale and is thus sensitive to short-range order in a crystal lattice. In relaxor or 

morphotropic ferroelectrics with short-range phase segregation, Raman signals from second 

phases of nanometer scale but with the same correlation length are superimposed on the 

overall signal belonging to a macroscopic matrix phase.16-19 Raman spectroscopy has been 

used to study phase transitions and the nanoscale structural characteristics of NBT and its 

solid solutions.15, 20-24 Due to challenges of intrinsic broadening and overlapping of phonon 

modes in the assignment of mode symmetries, structural analysis thus relies on analyzing 

soft-mode or hard-mode behavior as a function of composition, pressure or temperature.15, 21-

24 Other studies in NBT-BT25 and NBT-SrTiO3
24 generally confirmed that transitions 
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involving the ferroelectric behavior are related to subtle local structural distortions and phase 

coexistence. 

In the present work, the long and short range structures in NBT and Fe-modified NBT 

are examined by Raman spectroscopy and X-ray diffraction (XRD) with the aim of 

understanding the effect of Fe modification on Td. In PZT, Fe substitution is referred to as 

acceptor doping due to the aliovalent substitution of Fe3+ ions for the Zr4+ and Ti4+ B-site 

ions.26 Extensive studies have shown that chemical modification of Ti-based perovskite 

ferroelectrics with Fe generally leads to so-called material “hardening” characterized by a 

decrease in the permittivity and piezoelectric coupling factor as well as an increase in the 

mechanical and electrical quality factor.26, 27 Some effects of Fe modification in NBT are 

known. For example, Nagata and Takenaka reported that the addition of Fe to NBT leads to a 

slight decrease in the Tc, resistivity, and planar coupling factor as well as an increase in the 

coercive field,28 consistent with Fe modified PZT. Davies et al. also examined Fe doping in 

NBT and found that the addition of Fe leads to an increase in Td and a decrease in the room 

temperature piezoelectric coefficient.13 Even when Fe2O3 is used as a sintering aid (0.15 at% 

Fe decreased the sintering temperature to 850 ºC),29 there is a possibility that Fe can 

incorporate into the lattice and affect properties. 

 

II. Experimental 

Samples were prepared using solid state synthesis as described in Davies et al.13 with 

Fe2O3 to obtain concentrations of 0, 0.5, 1.0, 1.5, and 2.0 at% Fe. The addition of Fe2O3 to 

the samples was compensated by an appropriate reduction in TiO2. Pellets used for X-ray 

diffraction (XRD) were crushed into fine powder using a mortar and pestle, and annealed at 

400 °C for 3 h in a closed alumina crucible to reduce intra-granular residual stresses. Gold 

electrodes were sputter deposited onto the major faces of all samples followed by electrical 
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poling at 4 kV/mm for 5 min in a silicone oil bath held at 80 ºC. The electric field was 

removed from the samples while they were held in the 80 ºC oil bath. The samples were set 

aside for approximately 24 h, after which the direct longitudinal piezoelectric coefficient was 

measured using a Berlincourt d33 meter (APC Ceramics, Mackeyville, PA). Samples were 

heated from 25 ºC to 550 ºC using a heating rate of 2 ºC/min while permittivity and loss were 

measured at five different frequencies: 100 Hz, 1 kHz, 10 kHz, 100 kHz, and 1 MHz, using a 

precision LCR meter (Hewlett Packard).  

High-resolution XRD patterns were measured on beamline 11-BM of the Advanced 

Photon Source at Argonne National Laboratory. For room temperature measurements, the 

powders were loosely packed in 0.8 mm diameter polyimide tubes and rotated at 60 Hz 

during data collection to improve crystallite averaging. Diffraction patterns were measured 

using a monochromatic X-ray beam with a wavelength of 0.413629 Å and a 2θ range of 3°-

27° with a 0.001° step size in 2θ. For high temperature measurements, powders were packed 

into 0.3 mm diameter quartz capillaries, also spun at 60 Hz. Samples were heated from room 

temperature to 600 ºC at a rate of 5 ºC/min while XRD patterns were measured. Each pattern 

was measured for 1.25 min with a step size of 0.002º 2θ. Longer times of 50 min were then 

used to measure diffraction patterns at distinct temperatures of 600 ºC, 400 ºC, 300 ºC, 250 

ºC, and 100 ºC. A cooling rate of 5 ºC/min was used between these temperatures.  

Crystal structure refinements of the powders at room and elevated temperatures were 

carried out using the Rietveld analysis program General Structure Analysis System.30 The 

peak asymmetry increased with higher Fe content, and profile function 4 (with Stephens 

asymmetry31) yielded the closest fit. The peaks generally became more symmetrical during 

heating, which allowed the use of a combination of profile functions 3 and 4. A single peak 

fitting procedure was also used to examine the evolution of several selected diffraction peaks 

as a function of temperature. A polynomial function was used to model the background of the 
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entire diffraction pattern. An asymmetric Pearson VII-type profile shape function (see Ref.  

32) was also used to fit individual Bragg peaks by employing a least squares algorithm in the 

program MATLAB (The Mathworks Inc., ver. 7.3.0.267). 

Raman spectra were obtained with a LabRAM microprobe system (ISA/Jobin-

Yvon/Horiba, Villeneuve d’Ascq, France) using a 532.02 nm Nd:YAG solid state laser as the 

excitation source. Surfaces of unpoled sintered pellets were prepared by polishing down to a 

1 μm diamond paste. The laser light was focused on the sample surface by means of a long 

working distance and 100x (N.A.=0.8) objective lens (LMPlan FI, Olympus, Japan), 

allowing the laser beam spot width to be ~1 µm on the investigated position. Effective power 

at the sample surface was set to 3 mW. Spectra were collected in a true backscattering 

geometry with the aid of a Peltier-cooled charged coupled device camera allowing a spectral 

resolution of 1.5±0.1 cm-1/pixel for the investigated range. Temperature-dependent (in situ) 

Raman experiments were performed in the range 25-255 °C (step: 10 °C) by means of a 

Linkam MDS600 heating-cooling stage (Linkam, Tadworth, UK). Temperature accuracy of 

the stage was checked by means of CO2 and H2O inclusions in transparent minerals. Due to 

sample expansion with increasing temperature, spectra were collected on different areas of 

the sample, which required re-focusing at each temperature interval. The measured spectra 

were deconvoluted and analyzed with commercial software (PeakFit, Systat Software Inc., 

San Jose, CA) using multiple Gaussian-Lorentzian peak functions. 

 

III. Results 

   A. Temperature dependence of properties 

 Measurement of the longitudinal piezoelectric coefficient, d33, as a function of 

temperature both in situ (converse) and ex situ (direct), was reported previously in Davies et 

al.13 and is reproduced in Fig. 1. Both types of measurements show that the addition of a low 
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Fe concentration (i.e., 0.5 at%) leads to an increase in the Td without a reduction in the room 

temperature d33. At 1 at% Fe, the Td remains as high as in the 0.5 at% Fe sample, but a 

decrease in the room temperature d33 is observed. Further increase in Fe content leads to a 

reduction in both the room temperature d33 and the Td. A summary of the measured 

depolarization temperatures (determined in Ref. 13) is given in Table I. 
Permittivity and loss tangent were also measured as a function of temperature for 

poled and unpoled samples of the same compositions. Figure 2 shows the permittivity and 

loss tangent measured at five different frequencies for unmodified and 0.5 at% Fe modified 

NBT. A large increase in apparent permittivity and loss with temperature is observed in the 

0.5 at% Fe sample for low frequencies (Fig. 2(c), (d)) and is likely due to conductivity. 

Permittivity and loss of samples with a higher Fe content are not shown due to the strong 

contributions from conductivity. A peak in the loss tangent vs. temperature plot and an 

inflection point in the permittivity vs. temperature plot are observed around the Td for the 

poled samples. Frequency dispersion is observed in all measured compositions and poling 

states, consistent with relaxor-type behavior.33, 34 The peak in the loss tangent vs. temperature 

plot is at 176 ºC for unmodified NBT and at 202 ºC for 0.5 at% Fe modified NBT (Table I). 

It is interesting to note that while a distinct peak appears in the loss tangent vs. temperature 

plot at the Td for both poled samples (Fig. 2(a) and (c)), it is more subtle for unpoled samples 

(Fig. 2(b) and (d)). A slight change in the rate of this transition is also apparent after a small 

addition of Fe. A sharper increase in permittivity at the Td is observed in the 0.5 at% Fe (Fig. 

2(c)) sample than in the unmodified one (Fig. 2(a)). This behavior is mirrored in the in situ 

depolarization measurements (Fig. 1(a)), in which the depolarization of the 0.5 and 1.0 at% 

Fe samples occurs in a narrower temperature range than the unmodified sample. 

 

   B. Crystallographic structure of unmodified and Fe-modified NBT by XRD 
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 Figure 3 shows the evolution of the Bragg peaks with Fe modification, as observed in 

synchrotron diffraction patterns. The indexed peaks are labeled relative to the pseudo-cubic 

unit cell. To extract structural information, the diffraction patterns were analyzed using the 

Rietveld method. All room temperature data were modeled using the Cc space group, 

previously presented by Gorfman and Thomas for single crystals6 and applied to powders of 

unmodified NBT by Aksel et al.7 A sample refinement of the 1 at% Fe sample is shown in 

Fig. 4. The fit of the Cc model used in this refinement shows that there are no second phases 

present in this composition. This is evidenced by the hkl markers (shown below the pattern in 

Fig. 4) fully accounting for the peaks in the diffraction pattern. A close examination of the 

individual diffraction peaks supports the previous finding in Aksel et al.7 that the 

rhombohedral R3c structure cannot fully account for the splitting in the peaks. 

Changes in the unit cell as well as the criteria of fit are given in Table II. A 

comprehensive summary of the refinement results for the various Fe modified samples is 

available in the Supplemental Material at [URL will be inserted by publisher] in Table S.1. 

With increasing Fe concentration, the a and c lattice parameters and monoclinic angle (β) 

increase while the b lattice parameter generally remains constant, indicating that no phase 

transitions occur. The increase in the lattice parameters and monoclinic angle indicates that 

the structure distorts further from the prototypical cubic structure with increasing Fe content. 

Although the oxygen positions are refined in this analysis, they are too variable for an 

octahedral tilting calculation, due to the insensitivity of X-rays to oxygen. It is possible, 

however, to infer from the increasing ferroelastic distortion with the addition of Fe that the 

octahedral tilting increases with Fe substitution. Extra peaks in the XRD pattern of the 2% 

Fe-modified sample, such as the one at a 2θ position of 10.5º (Fig. 3), suggest that a 

secondary phase is present. Indexing the extra peaks revealed that the secondary phase took 

the perovskite structure, and one possibility is BiFeO3 (BFO). Adding the starting model35 of 
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BFO as a second phase provided a good fit to the XRD pattern, as seen in the criteria of fit 

values in Table II.  

   To determine the preferred perovskite lattice site for Fe substitution, refinements were 

attempted where Fe occupied the A-site with Na/Bi, although this model led to an unstable 

refinement. As expected, substitution of Fe on the B-site resulted in a stable refinement, 

consistent with the substitution scheme in PZT. An attempt was also made to quantify the 

occupancies of Fe and Ti on the B-site. For this determination, the starting values for the 

occupancies were set to the expected values based on the nominal stoichiometry (e.g. for the 

1% Fe sample the occupancy of Ti was set to 0.99 and Fe to 0.01). The refinement did not 

significantly change the starting values. Manual adjustment of the starting values also did not 

affect the quality of fit. Thus, it was inferred that this method is not sufficiently sensitive to 

discern the exact Fe occupancy on the B-site, most likely because Fe and Ti have similar X-

ray atomic scattering factors.  

 Structural analysis was also carried out on the XRD patterns of a 1 at% Fe sample as 

a function of temperature. A compilation of the patterns is presented in Fig. 5. Each pattern 

was modeled via the Rietveld method, with a selection of the refined structural information 

given in Table III. The full refinement results are presented in Table S.2 of the Supplemental 

Material at [URL will be inserted by publisher]. These indicate that the evolution of the 

structure follows a transition from monoclinic Cc to tetragonal P4bm and finally to cubic 

Pm 3 m, with the tetragonal and cubic phases consistent with previous work from Jones and 

Thomas.2 At 250 ºC it was found that the Cc space group could no longer adequately model 

the pattern. Several phase combinations were trialed, such as Cc+R3c, Cc+P4bm, 

Cc+Pm 3 m, and R3c+Pm 3m. The phase combination of Cc+Pm3 m provided the closest fit 

to several aspects of the pattern, including the asymmetry and decreased intensity of the {3/2 

1/2 1/2} reflection and the peak splitting present in the {110} and {111} peaks. The addition 
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of the Pm 3 m space group is used to describe local disorder in the average structure which 

can create small variations in the diffraction patterns that cannot be entirely modeled using a 

single phase Cc structure. 

While the information presented in Fig. 5 and Table III is given at discrete 

temperatures, an additional measurement was undertaken where XRD data of unmodified 

and 1 at% Fe modified NBT was measured continuously as a function of temperature up to 

600 ºC. Figure 6 shows the evolution of several of the perovskite peaks of NBT (Fig. 6(a)) 

and 1% Fe-modified NBT (Fig. 6(b)) from room temperature to 600 ºC. Structural transitions 

in the material are apparent through the observed changes in the peak splitting. For example, 

the {200} peak splitting into two peaks above approximately 285°C for unmodified NBT 

correlates with a phase transition to tetragonal P4bm. To examine the presence of structural 

transitions around the depolarization temperature, the splitting in the 110 peak was evaluated 

using a single peak fitting procedure with three asymmetric Pearson-VII peak profiles. Based 

on this fit, a phase transition temperature is estimated when two of the component peaks are 

indiscriminate within the error of each other. This is observed at 195 ºC for unmodified NBT 

and 220 ºC for 1% Fe-modified NBT. The average error associated with these temperatures, 

based on a 5 ºC/min heating rate, is +/- 9 ºC. These results are qualitatively consistent with 

the changes observed in Figure 6. 

 

   C. Raman spectroscopy of unmodified and Fe-modified NBT 

 A representative Raman spectrum of unmodified NBT and its deconvolution is 

displayed in Fig. 7(a). The spectrum is consistent with previous reports,15, 21-24 where it was 

assigned as belonging to the pseudo-rhombohedral R3c phase, for which a total of 13 Raman-

active modes (ΓRaman, R3c=4A1+9E) are expected.23 Three main regions can be discerned. The 

first one at ~270 cm-1 is dominated by an A1 mode assigned to Ti-O vibrations. The mid-
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frequency region at around 450-700 cm-1 hosts modes associated with the vibration of the 

TiO6 octahedra, most likely as a superposition of transverse optical (TO) and longitudinal 

optical (LO) bands of A1 character. The high-frequency region above 700 cm-1 has been 

linked to A1(LO) and E(LO) overlapping bands.24  

The Raman spectra of unmodified and modified NBT at room temperature are 

displayed in Fig. 7(b). Figure 7(c) shows the Raman spectra of unmodified NBT as a 

function of increasing temperature. The temperature-dependent spectra for the other 

compositions exhibit similar behavior as observed in the unmodified NBT.  The intensities of 

all represented spectra were corrected for the Bose-Einstein temperature factor. No consistent 

variation in the peak positions was measured with increasing Fe substitution at room 

temperature, which is compatible with the small difference in atomic mass on the B-site upon 

Fe substitution. This is in accordance with observations from XRD (cf. section III.B.) and 

with the fact that Raman spectra are generally only slightly affected for such small 

concentrations of modifiers. No contribution from a secondary phase of BFO is observed in 

the measured spectrum of the 2 at% Fe composition most likely because of the proximity of 

the Raman-active modes of BFO to those of the NBT primary phase.36  

With increasing temperature, temperature-induced broadening occurs, which in the 

case of NBT could also support the idea that higher structural disorder exists in the Ti-O 

bond of the TiO6 octahedra with increasing temperature; such behaviour may be associated 

with the nucleation of nanodomains within the ferroelectric matrix. This was suggested in 

previous works.15, 17, 33 In particular, the loss of long-range ferroelectricity at Td was proposed 

to be related to the nucleation of antiparallel nanodomains with tetragonal P4bm structure.15, 

33 The onset of a secondary phase within the primary one will surely influence the strength of 

the Ti-O bond, and should thus be visible by examining the softening of the A1 mode at ~270 

cm-1 upon increasing temperature. The temperature dependence of this mode for all 
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compositions is represented in Fig. 8. The displayed results are the average of three 

experimental runs, on the basis of which the standard deviation is represented as an error bar. 

The experimental error is contributed by minor differences in characteristics (e.g., local 

density fluctuations and microscopic residual stress) between each probed position in the 

sample. An overall softening of the phonon line center is detected over the investigated 

temperature range, and most compositions present an anomaly in the neighborhood of the 

expected Td value obtained from the piezoelectric depolarization measurements (cf. Table I). 

Peak softening with temperature is observed due to anharmonic terms in the vibrational 

potential energy.37 This can be generally described by the following equation, taking into 

account terms of up to four phonons: 
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where kTx 20ω= , kTy 30ω= , with k the Boltzmann’s constant and  the reduced 

Planck’s constant; A, B and 0ω  are fitting parameters, and T is temperature, which is the 

independent variable. In the absence of a phase transition with increasing temperature, the 

phonon softening can be defined by a single theoretical curve given by Eq. (1). In the case of 

anomalies in the phonon softening behavior, normally a collection of curves with different 

fitting parameters can fit the experimental data. The point where two such adjacent curves 

join can be regarded as the phase transition temperature.38-40 The data in Fig. 8 are modeled 

with two curves of Eq. (1) for each composition (solid red curves). The intersection of these 

two curves can be regarded as an anomaly in the A1 phonon. For pure NBT and NBT 

modified with 0.5 at% and 1 at% Fe content (Fig. 8(a), (b) and (c)) an anomaly point 

corresponding to the expected Td (cf. Table I) was determined, whereas the high experimental 

error prevented us from detecting any anomaly in the two Fe-rich compositions (Fig. 8(d) 

and (e)).  
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IV. Discussion 

Analysis of the high resolution diffraction data indicates that the room temperature 

structure of NBT and Fe-modified NBT is monoclinic in the Cc space group, in agreement 

with previous reports.6, 7 Although the Raman spectra measured in this work are consistent 

with a previous assignment of an R3c structure, this result does not exclude the presence of a 

monoclinic Cc phase on average. Raman spectroscopy is sensitive to the short-range 

crystalline order, which below Td is dominated by the B-site polarization along the 

rhombohedral [111] axis. In addition, observing the higher number of Raman modes 

associated with a monoclinic Cc cell might prove challenging unless resonance conditions 

are induced.41 

The piezoelectric depolarization measurements of unmodified and 1% Fe modified 

NBT and the high temperature XRD measurements show a transition in the same temperature 

range for both methods, indicating that the depolarization of NBT may be related to 

structural changes. The presence of a structural change is further supported by refinement of 

an XRD pattern of 1% Fe modified NBT at 250 ºC, at which point a mixture of Cc and 

Pm 3 m phases exists. The Pm 3 m phase may describe the contribution to the diffraction 

pattern that results from an observation of a long-range modulated phase of Pnma platelets 

proposed by Dorcet et al.4 We have previously observed similar changes with temperature in 

unmodified NBT.11 In this prior work, the thermal depolarization of this material was 

correlated with an increase in the volume fraction of material which does not correlate with 

the long-range Cc space group.11 A small inclusion of this secondary phase (2 wt%) in 

unmodified NBT was also observed at room temperature.11 It may represent the previously 

reported nano-scale platelets of space group P4bm within the room temperature structure.8, 9 

When measured using longer-range probes such as X-ray diffraction, these fractions of the 
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material may result in broadening of the diffraction peaks, as observed in the present work 

(cf. Fig. 3).  

An inclusion of the Pm 3 m phase at room temperature was also attempted in this work 

for the Fe-modified compositions, and a decrease in the Pm 3 m phase fraction was observed 

with increasing Fe content. Due to the very small amount of the room temperature Pm 3 m 

phase, a quantitative phase fraction analysis is not presented. However, possible changes in 

the phase fraction of this local structure may still be apparent in the diffraction data measured 

at room temperature as a function of Fe content. For example, the results in Figure 3 

highlight an increase in definition of the 110 and 111 peak splitting with increased Fe 

content. Since the constituent peak positions do not shift significantly in the observed X-ray 

pattern, it is possible that the enhanced definition results from narrowing sample contribution 

to peak broadening with increased Fe substitution. This change in peak shape may be 

associated with a decreased contribution from a secondary phase such as Pm 3 m, and is 

consistent with the decrease in the refined Pm 3 m phase fraction for compositions with 

increasing Fe substitution. From this result, it is suggested that with increasing Fe 

substitution, the amount of this type of local disorder decreases and the structure becomes 

closer to the long-range Cc structure. This change also correlates with the increased 

distortion of the unit cell and possible increased octahedral tilting, as observed in the 

increasing a and c lattice parameters as well as the monoclinic β angle (cf. Table 2). 

Although previous TEM studies propose the formation of an orthorhombic Pnma 

phase around the Td,4 the Raman results in this work do not support the presence of such a 

phase in this range. Since the A1 and E bands in the 450-700 cm-1 range will lose their LO 

and TO character (loss of infrared activity) upon transition to the orthorhombic structure22, it 

is likely that peak coalescence could be observed. In the current results, the changes seen in 

this wavenumber range (apparent peak coalescence, cf. Fig. 7(c)) cannot be associated with a 
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transition to such a phase. Firstly, the group-theoretical calculation for the Pnma phase yields 

ΓRaman,Pnma=7Ag+7B1g+5B2g+5B3g,42 i.e., 24 Raman-active modes, of which some should 

appear for wavenumbers <400 cm-1.22 In the present observation, no extra modes appeared in 

this range. Secondly, such peak coalescence can be mimicked by other effects such as the 

thermal broadening of adjacent modes. 

 More likely, the Raman results support (in most compositions) the presence above Td 

of a phase with symmetry higher than orthorhombic Pnma, such as tetragonal P4bm. The 

anomaly in the response of the A1 phonon at ~270 cm-1 with rising temperature can be related 

to changes in the Ti-O bond upon nucleation of a different phase. The presence in the lattice 

of nanodomains with tetragonal phase would in fact produce the local re-orientation of A-site 

cations along the [001] pseudo-cubic direction. This is expected to influence the strength of 

the Ti-O bond, thus causing in the neighborhood of Td the anomaly in the phonon at ~270 

cm-1. The nature of the higher experimental error, which prevented us from detecting an 

anomaly point at Td for the compositions with Fe>1.5 at%, is not fully understood. It could 

be however supposed that higher Fe content (and possibly, the presence of a second phase) 

would increase chemical residual stress in the neighborhood of substitutional sites, thus 

producing local shift of the phonon line center. Since for each temperature a different point 

of the specimen surface is observed, this could explain the observed error. The changes in the 

A1 phonon are detected at lower temperatures than measured by ex situ depolarization. This 

is probably due to Raman spectra being sensitive to changes in the short range order. Our 

experiments cannot discriminate an antiferroelectric character of the nanodomain phase, 

since only wavenumbers >~150 cm-1 can be examined with the current setting. Access to A-

site modes would provide information on possible antiparallel cation-ion displacements in 

the P4bm phase, leading to antiferroelectric properties. Further temperature-dependent 
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Raman experiments in this wavenumber range using different excitation wavelengths (i.e., to 

induce resonance) may be insightful. 

Depolarization measurements indicate that the addition of 0.5 and 1 at% Fe to NBT 

increases the piezoelectric depolarization temperature, while further increase in Fe content 

then leads to a decrease in Td. The initial increase in Td with small amounts of Fe is 

confirmed by both Raman and XRD and may be due to defect dipoles which form with the 

addition of Fe to NBT.43 The presence of such defect dipoles can stabilize ferroelectric order 

in the material and therefore increase the Td.44 The subsequent decrease in Td due to higher 

Fe substitution may be associated with limited ferroelectric poling due to the high 

conductivity of these samples. The transitions observed in Raman and XRD measurements 

near the piezoelectric depolarization temperature indicate that a structural change occurs at 

this temperature. A similar increase then subsequent decrease in Td was also reported for 

doping with Ba2+ by Hiruma10 and Cordero45. This change in Td with Ba2+ doping implies 

that the same structural changes may be taking place in Ba-modified NBT as in Fe-modified 

NBT. 

It was observed in Fig. 1 that with the addition of 0.5 at% Fe the room temperature 

d33 remains the same as in unmodified NBT. However, further Fe addition to the system 

leads to a decrease in the room temperature d33 value. This result is quite different from what 

is found in PZT. Rema et al. reported that with the addition of 0.5 at% Fe to a PZT based 

material, the d33 dropped significantly from approximately 370 to 250 pC/N at room 

temperature.46 The decrease in both the room temperature d33 and the Td which is observed at 

higher levels of Fe substitution may be associated with limited substitution of Fe in this 

material. Although the diffraction patterns of these materials only indicated the presence of a 

second phase in the 2 at% Fe composition, previous work using electron paramagnetic 

resonance showed that a second phase forms in concentrations as low as 1.5 at% Fe.43 This 
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second phase could lead to the increased conductivity in the compositions with higher Fe, 

limiting the ferroelectric poling process. It is also likely that the increase in lattice parameters 

between unmodified and 1.5 at% Fe has resulted in significant lattice strain. A further 

increase in Fe-modification beyond 1.5 at% has led to the formation of a second phase in 

order to decrease the lattice strain. This is an important observation for future application of 

these materials, as the solubility limit in PZT is higher than what was found in this study for 

NBT.    
V. Conclusions  

The crystal structure of unmodified and Fe-modified NBT was examined as a 

function of increasing Fe content, and with increasing temperature. The piezoelectric 

properties were also examined as a function of temperature in order to understand the impact 

of Fe on piezoelectric depolarization. The addition of Fe to NBT did not change the phase of 

the material, however with low Fe addition (i.e., 0.5 and 1.0 at%) it led to an increase in the 

Td followed by a slight decrease with higher Fe content. This temperature dependence in the 

electrical properties as a function of Fe composition was mirrored in the structural studies 

using XRD and Raman spectroscopy. An analysis of the XRD data as a function of 

temperature indicated that there is a portion of the diffraction pattern at elevated temperatures 

which cannot be fully described using the Cc model. This portion is attributed to a growth in 

the volume fraction of nano-scale regions, modeled in this work as a Pm 3 m phase. An 

anomaly in the A1 phonon assigned to Ti-O vibrations was found to correlate well with Td in 

most compositions, thus implying that a structural transition exists on the short range at a 

temperature near the piezoelectric depolarization, and that the temperature of this transition 

shifts with Fe addition. The analysis of the XRD patterns and the Raman spectra as a 

function of temperature supports the view that the process of piezoelectric depolarization in 
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NBT-based materials occurs due to the formation of nano-scale regions which disrupt the 

long-range ferroelectric order rather than a long-range phase transition. 
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Figure Captions 

FIG. 1. (Color Online) Longitudinal piezoelectric coefficient d33 measured as a function of 

temperature for various compositions of Fe-modified NBT. The converse d33 was 

measured in situ (a) and the direct d33 was measured ex situ (b). 

FIG. 2. (Color Online) Permittivity and loss measured as a function of temperature at 0.1, 1, 

10, 100, and 1000 kHz for (a) unmodified NBT poled, (b) unmodified NBT unpoled, 

(c) 0.5 at% Fe modified poled, and (d) 0.5 at% Fe modified unpoled. 

FIG. 3. (Color Online) Excerpts of high resolution XRD patterns of NBT with varying Fe 

concentrations. For simplicity, peaks are labled relative to the pseudocubic planes.  

FIG. 4. (Color Online) Rietveld refinement of a high resolution XRD pattern of 1% Fe-

modified NBT showing the observed pattern (x) and the calculated fit (―). The line 

below is the difference between the observed and calculated intensities. 

FIG. 5. (Color Online) Excerpts of high resolution XRD patterns of 1% Fe-modified NBT at 

various temperatures. 

FIG. 6. (Color Online) Selected areas of XRD patterns of (a) unmodified and (b) 1% Fe 

modified NBT plotted as a function of temperature. 

FIG. 7. (Color Online) (a) Raman spectrum of unmodified NBT at room temperature. 

Spectral deconvolution was performed according to eight Gaussian-Lorentzian modes 

based on literature.20, 21 The assignment of spectral modes to specific vibrations in the 

crystal lattice is superimposed on the graph. (b) Raman spectra of unmodified and 

modified NBT at room temperature. The spectral signature is not greatly affected by 

Fe-modification. (c) Raman spectra of unmodified NBT as a function of temperature. 

The displayed temperatures refer to the setting of the heating stage at 20 °C steps. The 
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apparent peak coalescence in the mid-frequency region can be ascribed to intrinsic 

thermal broadening. 

 

FIG. 8. (Color Online) Variation of A1 phonon line center (~270 cm-1) as a function of 

temperature for all compositions: (a) unmodified NBT, (b) NBT with 0.5 at% Fe, (c) 

NBT with 1 at% Fe, (d) NBT with 1.5 at% Fe, and (e) NBT with 2 at% Fe. 

Intersection (anomaly) points between two fitting datasets (red line) are highlighted 

by continued dashed lines, and are observed only in compositions up to 1 at% Fe. The 

detected anomaly points can be associated with changes in the short-range structure 

occurring at Td. For higher Fe content the higher experimental error prevents from 

detecting any anomaly point, and thus fitting in (d) and (e) is presented considering 

the Td values obtained from the depolarization study as first approximation.  
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Table I - Depolarization temperatures, Td (°C), as measured by Raman spectroscopy, in situ 

converse d33, ex situ direct d33 and synchrotron XRD in all investigated compositions. 

Uncertainty in Td determination by Raman is ≤10 °C.  

Composition Raman 
spectroscopy 

Converse d33 
(in situ) 

Direct d33 
(ex situ) Permittivity Synchrotron 

XRD 

Unmodified 161 161 210 176 195 

0.5% Fe 201 191 233 202 - 

1% Fe 181 190 219 - 220 

1.5% Fe - 175 199 - - 

2% Fe - 177 201 - - 
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Table II - Refined lattice parameters and Bragg fitting values for the samples with increasing 

Fe-modification. 

at% Fe in NBT 
Cc setting a (Å) b (Å) c (Å) β (°) Cell Volume 

(Å3)  
Fitting 
Values 

0 9.5255(2) 5.48262(4) 5.50751(5) 125.3467(5)
 

234.609(5) 
Rp 5.30% 
Rwp 7.36%
Chi2 4.03 

0.5 9.5284(2) 5.48260(3) 5.51027(3) 125.3598(6)
 

234.760(5) 
Rp 5.58% 
Rwp 7.88%
Chi2 4.54 

1.0 9.5310(2) 5.48260(4) 5.51112(5) 125.3632(5)
 

234.845(5) 
Rp 5.54% 
Rwp 7.62%
Chi2 3.23 

1.5 9.5322(2) 5.48263(4) 5.51263(5) 125.3775(5)
 

234.902(5) 
Rp 5.75% 
Rwp 8.04%
Chi2 3.01

2.0* 9.5322(2) 5.48454(5) 5.51327(6) 125.3785(9)
 
235.007(7) 

Rp 5.02% 
Rwp 7.07%
Chi2 3.50 

 
*This refinement includes the addition of BFO as a second phase. 
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Table III - Refined lattice parameters and Bragg fitting values for 1 at% Fe-modified NBT 

with increasing temperature. 

 
Temp. 
(°C) 

Space 
Group 

a (Å) b (Å) c (Å) β (°) Fitting 
Values 

30 Cc 9.5310(2) 5.48260(4) 5.51112(5) 125.3632(5) 
Rp 5.54% 
Rwp 7.62% 
Chi2 3.23 

100 Cc 9.5300(1) 5.48838(2) 5.51071(3) 125.3310(3) 
Rp 4.98% 
Rwp 6.67% 
Chi2 2.466

250 
Cc (15%) 9.54071(9) 5.50099(3) 5.51627(5) 125.2817(8) Rp 4.66% 

Rwp 6.09% 
Chi2 2.078Pm3 m (85%) 3.894524(4)    

300 P4bm 5.508967(4) 5.508967(4) 3.901071(4)  
Rp 4.87% 
Rwp 6.63% 
Chi2 2.474

400 P4bm 5.515873(3) 5.515873(3) 3.907307(4)  
Rp 4.64% 
Rwp 6.33% 
Chi2 2.245

600 Pm 3 m 3.912961(5) 3.912961(5) 3.912961(5)  
Rp 5.04% 
Rwp 7.28% 
Chi2 2.931
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 

 

 

 


