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ct
y absorption (XAS), transmission electron spectroscopy (TEM), Raman spectroscopy, and synchrotron XRD have 
died in B-site 0–2 mol% manganese (Mn) doped (Bi0.5Na0.5)0.925Ba0.075TiO3 (BN7.5BT) relaxor ferroelectric ceramics. 
lution synchrotron XRD and TEM reveal two phase coexistence of rhombohedral R3c and tetragonal P4bm 

s in 0 and 0.2%, and an orthorhombic structure in 1 and 2%Mn-doped BN7.5BT at room temperature. Raman 
f 0% Mn reveal structural transition from two phase coexistence to tetragonal phase near 190 ◦C with a softening 
 while 0.2–2% Mn-doped BN7.5BT show softening behavior near 290 ◦C upon heating. Raman spectra and 
on XRD indicate that Mn doping can enhance structural thermal stability in BN7.5BT ceramics.
duction

free bismuth sodium titanate (Bi0.5Na0.5)TiO3 (BNT)
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PZT the MPB in BN100xBT is strongly curved, thus leading 
to low-temperature stability [6]. For applications, the 
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aterials have attracted so much attention because of 
mising piezoelectric and electromechanical proper-
ch are comparable to lead based Pb(Zr,Ti)O3 (PZT) 
mics [1]. Among the studied materials, solid solutions 
a rhombohedral (BNT) and tetragonal BaTiO3(BT)
ted as BN100xBT) have been of particular interest 
e existence of morphotropic phase boundary (MPB) 
rhombohedral (R) and tetragonal (T) structures near
0.08 [2–5]. Though piezoelectric and dielectric prop-

 MPB compositions of BN100xBT are remarkably 
, the depolarization temperature Td and Curie temper-
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ignificantly were reduced at the MPB. In contrast to 0.71Pb(M
al studies have been reported on effects of manganese 
n lead based and lead-free solid solutions. It was 

at Mn substitution could be effective in inducing hard 
istics in (1 − y)Pb(Zn1/3Nb2/3)O3–yPbTiO3 (PZNT) 
ystals [8,9]. Luo et al. [10] showed incre-ments of 

field, Curie temperature, and stability of the 
tric rhombohedral phase in 3 at% Mn-doped 
g1/3Nb2/3)O3–0.29PbTiO3 (PMNT) single crystals.

s of BN100xBT ceramics need to be further 
. It has been reported that optimizing processing and 
g are major ways to improve piezoelectric properties 



Fig. 1. Mn L-edge XAS signals in BN7.5BT–4% Mn sample at room tempera-
ture. The solid black line is the experimental data. Red, blue and pink lines are
a set of standards for various Mn valences. The green dashed line is the sum of
the Mn2+ and Mn3+ spectra. (For interpretation of the references to color in this
figure lege
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[11] proposed that Mn3+ substitution on Ti and Zr sites
8Pb(Zr0.52Ti0.48)O3–0.2Pb(Zn1/3Nb2/3)O3(PZT–PZN)
induces hardening effect, whereas Mn2+ substitution
n-site stabilizes the perovskite phase. Priya et al.

ducted Mn-doping on the PZT modified by 20 mol%
Nb2/3)O3 (PZN) relaxor material, and their studies
low dielectric loss and high mechanical quality factor

anganese oxide doped hard PZT compositions, domain
ion could be pinned by the oxygen vacancy resulting in

of dielectric loss as well as enhancement of Qm [12].
et al. [13] reported that Mn doping in BN100xBT

ystal could enhance ferroelectric and piezoelectric
s significantly. The piezoelectric constant d33 and elec-
nical coupling coefficients (kt and k31) were found to
C/N, 0.56, and 0.40, respectively. Sapper et al. [14]
d that Mn-doped BN100xBT piezoceramics stabilize
pic polarization and consequently shift depolariza-
perature (Td) to higher temperatures as compared
ndoped BN100xBT. It was found that the suitable
ion of Mn ion into the B site induces the lattice dis-
f perovskite MnO-doped (Na0.5Bi0.5)0.92Ba0.08TiO3
piezoceramics [15]. Temperature-dependent dielectric
ity indicates that the MnO addition reconstructs the dis-
ay destroyed by joining BaTiO3 in the Bi0.5Na0.5TiO3
due to the sizable radius of the B-site cations

t al. [16] studied domain structure, octahedral tilt-
lattice structure of Mn:NBT—5.5%BT single crystals
ght field and lattice imaging, and selected area elec-
raction (SAED). They reported the following results

substitution: (i) increased tendencies of FE order-
n-plane octahedral tilting; (ii) formation of structural
on across domain boundaries, which may help relax
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10}. The Mn-doped NBT-6%BT single crystals have
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(Ti1−xM
are corresponding (1 1 1) and (2 0 0) diffraction patterns and cross-
M micrographs.

at the tetragonal domain states could be stabilized
g along [0 0 1] direction and the piezoelectric coef-
33 could reach 570 pC/N [17]. Recently we have
that 0.5 mol% Mn doping in (Bi0.5Na0.5)1-xBaxTiO3
d 0.075) solid solutions can increase structural ther-
ility, depolarization temperature (Td), piezoelectric
nt (d33), and electromechanical coupling factor (kt)

al phase stability is essential for applications. So far,
ery little understanding about the structural stability

by Mn-doping in BNBT solid solutions. Raman spec-
has been used as an effective technique to investigate

tural evolution in perovskite-type solid solution ceram-
0]. In this work, we have studied the effects of MnO2
BN7.5BT [(Bi0.5Na0.5)0.925Ba0.075(Ti1−xMnx)O3] via
man spectroscopy and synchrotron X-ray diffraction

s functions of temperature for a sequence of Mn con-
ns (x = 0–2% Mn). Our results confirm that the MnO2
an enhance structural phase thermal stability.

rimental procedure
Na0.5)TiO3 (BNT) and (Bi0.5Na0.5)0.925Ba0.075
nx)O3 (BN7.5BT–xMn) (x = 0, 0.2, 1.0, and 2.0 mol%)
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ected area diffraction patterns (SADP) of 0.2% Mn viewed along (a) [1 1 0] an
axis. Arrows labeled in the SADPs indicate superlattice reflections.

were prepared by using solid state reaction. High
99%) powders of Bi2O3, Na2CO3, BaCO3, TiO2,
2 were used as starting materials. Stoichiometric

of powders were ball-milled for more than 24 h in
The mixture was calcined at 900 ◦C (2 h) and a Retsch
lanetary ball mill was used to reduce particle size.

sam
stres

R
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λ = 5
A h
ined powders were then pressed into 1.0 cm-diameter
r sintering at 1150 ◦C (2 h) and 1170 ◦C (2 h) for

BN7.5BT-xMn, respectively. All polished sintered

focus the
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ration frequencies (ω) and their mode assignments of (Bi0.5Na0.5)TiO3 (BNT) and B

de assignment in polycrystalline Bi0.5Na0.5TiO3 at −110 ◦C Phon

ency ω (cm−1) Mode assignment References Mode

A1(1) [24–26] 112
E(1) 181
E(2) 263
E(3) [27] 306
A1(2) [25,26,28] 485
A1(3) [27] 527
E(4) 531
E(5) [26,27,29] 716
A1(4) [26,27,29]
E(6) [26,27,29]
E(7) [27]
E(8) [27]
E(9) [27]
1 1 1] zone axis. SADPs of 2% Mn viewed along (c) [0 1 0] and (d)

were annealed at 600 ◦C for 30 min to remove residual

n spectra were measured using a micro-Raman instru-
nobase, XperRam 200) equipped with a green laser of
m and a TE-cooled CCD detector (1024 × 128 pixel).
agnification objective (40×, 0.75 NA) was used to

laser to a spot of ∼1 �m. For temperature-dependent

cattering measurements, the data were taken upon heat-
25 ◦C to 290 ◦C. The high-resolution synchrotron XRD

aTiO3 (BTO) ceramics.

on mode assignment in polycrystalline BaTiO3 at 25 ◦C

frequency ω (cm−1) Mode assignment References

E(1) [36]
E(2) [33–36]
A1(1) [33,34]
B1 [33,34,36]
E(3) [34,35]
A1(2) [33,34,36]
E(4) [35,38]
A1(3) [33–35]



Fig. 4. (a) Raman spectra of rhombohedral Bi1/2Na1/2TiO3 (BNT) at −110 ◦C
in the range of 60–950 cm−1. Corresponding inset is the spectra at room tem-
perature w ◦
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f 8 keV (λ = 1.555 Å). Both Raman and XRD spectra
d by using PeakFit software with the sum of Gaussian

entzian profiles. Grain morphologies were obtained
scanning electron microscope (SEM; HITACHI
FE-SEM). High-resolution transmission electron

py (TEM) observations were carried out using the
M-2100 LaB6. To determine oxidation states, the soft
sorption spectra (XAS) of Mn L23-edge were recorded
electron yield via sample current mode at beamline
f Advanced Light Source Berkeley National Labora-
orption measurements were made at room temperature
ar photon polarization and normal incidence.

ts and discussion

shows the normalized Mn L-edge X-ray absorption
XAS) measured from 4% Mn-doped BN7.5BT ceram-
elieve that 4 mol% Mn is within the limit to represent

positions studied in this work. The spectra have been
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ed by arrow marks. The measured spectra can be well
a linear combination of two reference powder spectra
f the Mn2+ and ∼60% of Mn3+), to give an indication of
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rule, the difference in ionic size between solute and
ns should be less than 15% to form a stable solid solu-

. Ionic radius of Mn3+ (0.645 Å) is similar to that of
05 Å) and much smaller than Bi3+ (1.03 Å) and Ba2+
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Fig. 6

Table 2
Frequencie

Compositio

0%Mn
0.2%Mn
1%Mn
2%Mn
. Fits of Raman vibrational bands for 0% Mn, 0.2% Mn, 1% Mn, and 2% Mn at 25 ◦

s of dominant Raman modes at room temperature in 0–2% Mn-doped BN7.5BT cera

n A O band (cm−1) B O band (cm−1)

102 258 310
103 250 308
103 237 307
104 232 305
C and 290 ◦C. Dominant modes are labeled with arrow marks.

mics.

BO6 octahedra (cm−1)

525 615
520 611
513 597
505 594
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