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Relaxor Behavior in a New Aurivillius Oxide — Bi,Lag sSry sNb; 755¢4.2509
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A new relaxor type n = 2 Aurivillius oxide material,
BisLag 5S19.5Nb; 755¢0 2509 (I), containing heterovalent A and
B site cations was synthesized by standard solid-state reac-
tion. The crystal structure of I was determined by Rietveld
refinement of the powder X-ray diffraction data in the polar
A2,am space group [a = 5.5152(5) A, b = 5.5199(5) A, ¢ =
25.1982(12) A; V = 767.12(10) A3] at room temperature. Di-
electric measurements for I reveal broad dielectric maxima

that shift to higher temperature with increasing frequency.
The dielectric maximum temperature (Tp,,x) at 100 kHz for I
is 468 K, which is higher than that of the well-known relaxor
type Aurivillius oxide BaBi;Ta,Og. The relaxation parameter
(y), obtained from a modified Curie-Weiss law for I, is 1.91.
The piezoelectric coefficient (d33) and remanent polarization
(P,) for the poled sample of I are 3 pC/N and 5.7 pC/cm?,
respectively.

Introduction

Relaxor ferroelectrics have been attracting considerable
attention owing to their interesting physical properties.!!!
Lead-based perovskite relaxor materials such as PbMg3-
Nb,303 (PMN)I! and PLZT (La-doped PbZr,_,Ti, O5)M1
have been widely studied. Aurivillius phases®3! are layered
perovskite oxides of general formula (Bi,O,)(A,_1B,03,+1),
where n is the thickness of perovskite slabs. Typical exam-
ples are Bi,WOg (n = 1), Bi,SrTa,0 (n = 2), BisTi30,, (n
= 3). Only few Aurivillius oxide materials are known to ex-
hibit relaxor behavior. The Ba-containing phases,
BaBi,M,0y (M = Nb, Ta)* show relaxor behavior, and
BaBi,Ta,Oy (BBT) was found to exhibit good polarization
retention up to 10'? switching cycles for nonvolatile mem-
ory applications. Another set of Aurivillius oxides with het-
erovalent A-site cations (K* and La’"), namely
Bi,K, sLay sNb,OoPP! and Bi, K, sLag sTa,0,,°! also show
relaxor behavior. Recently it has been shown that, when
20% of the Pb in Bi,PbNb,Oyg (Bi,Ba,PbysNb,Oo) is re-
placed by Ba,!’! the resulting material adopts relaxor prop-
erties. Relaxor behavior is generally characterized by diffuse
phase transitions with strong frequency dependence.[®! Re-
cently, we found that small amounts (2.5-7.5%) of substitu-
tion of Sc in the Ta site with compensating trivalent cations
2Bi** and or 2La’* in the Sr site in SrBi,Ta,Oq (SBT) facili-
tate the formation of new ferroelectric materials with signif-
icantly increased remanent polarization values (two times
that of SBT) and/or lower coercive field with relatively de-
fect free materials.[”! Interestingly, for the Nb analogue, we
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investigated that the piezoelectric constant (d33) for
Bi, 5S1g sNb; 75S¢) 2500 is two times as high as that of
SrBi,Nb,Ogy (SBN) with a higher ferroelectric to para-
electric phase-transition temperature (7;). During our in-
vestigations for the design of new relaxor materials contain-
ing not only heterovalent A-site cations but also heteroval-
ent B-site cations, we found that Bi,Lag sSry sNb; 755¢( 2509
exhibits relaxor behavior with relatively higher 7;,... The
details of the synthesis, crystal structure, dielectric, piezo-
electric, and ferroelectric properties of Bi,LagsSrgs-
Nb; 75S¢g 2509 are discussed in this communication.

Results and Discussion

The formation of Bi,SrgsLagsNbj 75S¢h 2509 was sys-
tematically investigated at various temperatures and times
of reaction in air. Powder X-ray diffraction patterns re-
vealed the formation of the target material after 12 h at
1323 K. The crystal structure of Bi,Sry sLag sINb; 755¢).2509
was determined by Rietveld refinement of the powder XRD
data. Rietveld refinement for Bi,SrgsLagsNby 755¢) 2509
was carried out at room temperature with the polar A2;am
and the nonpolar Amam space groups. The coordinates of
SrBi,Nb,Oo!' ! and Bay 375Pbg 25sB1,Nb,Oo'?! were used as
the initial model for the polar A2;am and the nonpolar
Amam space groups, where Sc(12.5%) and La(50%) occupy
the Nb(8b) and Sr(4a) sites in SrBi,Nb,Oo,' and
Nb(87.5%)/Sc(12.5%) and  Sr(50%)/La(50%) occupy
Nb(8g) and Ba/Pb(4c) sites in Bag 375sPbg 25BirNb,Og, 2]
respectively. Bi,SrysLagsNb; 75S¢02509 crystallizes in the
A2,am space group with a = 5.5152(5) A, b = 5.5199(5) A,
¢ = 25.1982(12) A; V = 767.12(10) A3. The refined lattice
parameters, @ or b and ¢, are consistent with the ionic ra-
diil’3] [the ionic radii for Sr?*(12 CN), Bi**(8 CN), La’*(12
CN), Nb>* (6 CN), Sc3* (6 CN), and O* (6 CN) are 1.44,
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1.17, 1.36, 0.64, 0.745, and 1.40 A, respectively]. The ob-
served changes in lattice parameters/cell volume (Table 1)
corresponded to the inclusion of the largest d° cation, Sc**,
in the B site (increase in c/cell volume) with the compensat-
ing smaller trivalent cation (2La") in the A site of the Auri-
villius phase. The final Rietveld profile fit is shown in Fig-
ure 1. The refined structural parameters are given in
Table 1. Selected bond lengths are also listed in Table 1. The
structure of Bi,Sry sLag sNb; 75S¢ »509 consists of perovsk-
ite slabs containing (Nb/Sc)Ogs octahedra that are inter-
leaved by (Bi,0,) layers (see Figure 2). Cation disordering
of Sr** (13%) in Bi,O, layers were also observed in the
refinement (see Table 1). Mixing of La3" (4a site) with Bi**
(8b site) yielded larger R, values (12.18%) for the A2,am
space group, and thus the occupancy of La®" was fixed at
the 4a site. Nb/Sc-O bond lengths range from 1.851(23) to
2.198(2) A.

Table 1. Refined atomic coordinates, isotropic displacement param-
eters (Bi,), and occupancies for Bi,Lag sSrg sNb; 755¢ 2500.1

Atom Wyck. x ¥ z Bi (A2 Occ.
Lal 4a 0.2687(21) 0.7533(18) 0.5 2.1(1) 0.5M°1
Srl  4a 0.2687(21) 0.7533(18) 0.5 2.1(1) 0.23(1)
Bil 4a 0.2687(21) 0.7533(18) 0.5 2.1(1) 0.27(1)
B2 8 025 0.7386(7)  0.70066(7) 2.5(1)  0.87(1)
S22 8 025 0.7386(7)  0.70066(7) 2.5(1)  0.13(1)
Nb  8b  02571(24) 0.2502(18) 0.58616(10) 02(1)  0.875
Sc 8b  0.2571(24) 0.2502(18) 0.58616(10) 02(1)  0.125
Ol  4a  028312) 0229(13) 05 093) 1.0
02 8b  03099) 03149) 0.6608(10) 093) 1.0
03 8b  0527(10) 0493(13) 02412(11) 093) 1.0
04 8b  046510) 0516(12) 05711(11) 093) 1.0
05 8b  054211) 005510) 05863(10) 093) 1.0

[a] Space group: A2,am. Lattice parameters: a = 5.5152(5) A, b =
5.5199(5) A, ¢ = 25. 1982(12)A V = 767.12(10) A3. Reliability fac-
tors: Ry, = 11.05%; R, = 8.43%; Rp = 8.84%; and Ry = 6.96%.
Selected bond lengths (m A): Nb/Sc—O1 2.18(1); Nb/Sc—02 1.93(3);
Nb/Sc-04 1.90(6); Nb/Sc-04 2.10(6); Nb/Sc-O5 1.91(6); Nb/Sc—
OS5 2.06(6). Lattice parameters, reliability factors, and selected
bond lengths for the nonpolar Amam spdce group are as follows:
a = 551555 A, b = 551975 A, ¢ = 25. 1982(12)A v =
767.13(10) A3. Relldblllty factors: Ry, = 11.45%; R, = 8.42%; Ry
= 8.27%; and Ry = 7.37%. Selected bond lengths (m A): Nb/Sc—
O1 2.198(2); Nb/Sc-02 1.851(23); Nb/Sc-04 1.965(4); Nb/Sc-04
1.965(4); Nb/Sc-05 2.005(9); Nb/Sc-0O5 2.005(9). [b] The La3* oc-
cupancy was fixed; see text.

The variation of dielectric permittivity (¢,) as a function
of temperature at different frequencies ranging from 1 MHz
to 5 kHz for Bi,Lag 5Srg sNb; 755¢9,509 (I) (see Figure 3)
reveals the strong dispersion of dielectric maximum tem-
perature (T,.,) With increasing frequencies. This behavior is
characteristics of relaxor ferroelectrics. The AT,,,, obtained
from the difference in Ty, between 1 MHz and 1 kHz for
I is 65 K. The corresponding AT},.x values for BBT and
BBN (BaBi,Nb,Oy) are 40 K['Y and 110 K,['4 respectively.
The maximum value of ¢, at 100 kHz for I is 341.

The shift in the T, value for I toward lower tempera-
tures is attributed to the addition of trivalent La**/Sc** ions
in the A/B sites. On the other hand, the 7., values (at
100 kHz) for the relaxor Aurivillius oxides BBNI!' and
BBTU'®] are approximately 460 and 342 K, respectively. At
5344
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Figure 1. Final Rietveld proﬁle fit for BizLao'55r045Nb]475SCO'2509
in the A2,am space group.
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Figure 2. Crystal structure of Bi,Lag sSr sNb; 75S¢y.2500 in the po-
lar A2,am space group. For clarity, cation disordering was omitted.
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Figure 3. (a) Dielectric permittivity vs. temperature and (b) dielec-
tric loss vs. temperature plots for Bi,Lag sSrg sNby 755¢g 2500.

Eur. J. Inorg. Chem. 2011, 5343-5346



Relaxor Behavior in a New Aurivillius Oxide

100 kHz, the Ty, for BiLag sSrg sNb; 75Sc¢q 2509 1s similar
to that for the relaxor Aurivillius oxide containing mono
and trivalent A-site cations, Bi,KsLagsNbyOg (Tmax =
480 K).B

The relaxation behavior is further conformed by the di-
electric loss vs. temperature data. For normal ferroelectrics,
tand decreases with increasing frequency, whereas, for re-
laxors, tand (near the phase-transition temperature) de-
creases with decreasing frequency, peak temperatures shift-
ing to lower temperatures in a way similar to the dielectric
permittivity vs. temperature data. These trends were clearly
observed from the dielectric loss vs. temperature plots for I
(see Figure 3).

The dielectric relaxor behavior is further characterized
by the degree of deviation from the Curie-Weiss behavior
(AT,,) and the relaxation parameter (y) calculated from the
modified Curie-Weiss law. The dielectric constant of a nor-
mal ferroelectric is known to follow the Curie-Weiss law,
which is described by relation (1).

e, = (T - T)IC (T > T)) (1)

In relation (1), 7, is the Curie temperature (i.e., ferroelec-
tric-to-paraelectric phase-transition temperature) and C is
the Curie constant.

The Curie—Weiss plot (1/¢, vs. temperature), at 100 kHz,
for I is shown in Figure 4. The Curie constant (C) and T
for I are 2.9 X 10° K and 533 K, respectively. It is observed
that for I, the 7. obtained from the Curie-Weiss plot is
higher than T, (468 K at 100 kHz). Further, the linear fit
for the Curie—Weiss plot above T},.. for I reveals that the
new compound obeys the Curie-Weiss law above the tem-
perature T, [T, could be regarded as the temperature at
which the compound deviates from Curie-Weiss behavior,
in a linear fit of the 1/, vs. T plot (above the T,,)], which
is distinctly higher (7, = 588 K) (see Figure 4) than T..
Accordingly, the degree of deviation from the Curie—Weiss
behavior could be given by AT, according to relation (2).

(a) - at 100 kHz
linear fit
c=29x10’
T =533K
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Figure 4. Curie-Weiss (a) and In(1/e, — 1/ey,) vs. In(T — T,,) (b)
plOtS for BizLaO‘Ssro‘sNblA7SSC0‘2509.
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ATm = TZ:W - Tmax (2)

The value of AT, for I'is 120 K (at 100 kHz). The relax-
ation parameter (y) was calculated from the modified Cu-
rie-Weiss law, which is given by relation (3).['7]

(e) = (Mew) + (C) ' (T~ Tw) 3)

In relation (3), &, is the maximum value of the dielectric
constant at the transition temperature (7p,.,). C' is the Cu-
rie-like constant. The value of y varies between 1 and 2. For
normal ferroelectrics, y = 1, whereas for an ideal relaxor y
= 2. The y value obtained from the plot of In(1/e, — 1/g,,)
verses In(7 — T,,) at 100 kHz (see Figure 4) for I is 1.91.

The tolerance factor () for the well-known relaxor Auri-
villius oxides, namely BaBi,M,0y (M = Nb, Ta)l'®! and
Bi,K( sLag sM>0y (M = Nb, Ta)>% are higher than or
equal to 1. The tolerance factor for I is much lower than
unity (¢ = 0.964); the substitution of 12.5% of the largest
size d° cation, Sc**, in the B site coupled with the smaller
A-site cation La** (the ionic radius of Sr?* is greater than
that of La’*) likely attributed to distortion, as evidenced
from the a and b lattice parameters (see Table 1), which
could lead to crystallization in an orthorhombic system. Ri-
etveld refinements were also performed in the nonpolar or-
thorhombic Amam and the nonpolar tetragonal I4/mmm
space groups. Interestingly, the piezoelectric measurements
on I revealed that the piezoelectric coefficient (d33) could be
defined as the induced polarization in direction 3 [parallel
to the direction in which the ceramic element is polarized
in direction 3 (3 represents the z-direction)], with a value
of 3 pC/N. The low ds; value likely results from the cation
disordering of Bi** in (Bi,O, layers) with A-site cations
(Sr?* or La’*). In addition, the polarization—electric-field
(P-E) measurement for the poled sample of I exhibits a P—
E hysteresis loop (see Figure 5). The remanent and satura-
tion polarizations for I are 5.7 and 8.5 uC/cm? at an applied
field of 135 kV/cm.
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Figure 5. Hysteresis loop (polarization vs. applied electric field) for
Bi,Lag sSrg sNby 75S¢y2509 at two different applied voltages, mea-
sured at room temperature.

Conclusions

The positive (non-zero) piezoelectric constant (dss3), the
ferroelectric behavior, and the crystallographic reliability
factors (R values; see Table 1) strongly support the polar
A2,am space group for I. From the refined atomic coordi-
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nates (see Table 1), we observed a considerable amount of
cation disordering, for both the polar A2;am (13%) and the
nonpolar Amam (12%) space groups, similar to the nonpo-
lar BBN (13.4%)'1 and BBT!®! in the nonpolar [4/mmm
space group [note that for I, refinement in the [4/mmm
space group yielded a larger R,,, value (13%)]. Thus, the
relaxor behavior in I, which could be attributed not only to
A-site cation disordering but also to the presence of hetero-
valent A- and B-site cations, is interesting. We believe that
the present work could be extended for the design of new
relaxor Aurivillius oxides in general.

Experimental Section

Synthesis: Stoichiometric quantities of Bi,O3, SrCO;, Nb,Os, and
Sc,053 were mixed and heated at 1273 K for 12 h. The resultant
powder was ground, formed into pellets, and heated at 1323 K for
another 12 h.

Characterization: The products were examined at various stages of
the reaction by powder X-ray diffraction (XRD) with a Mac Sci-
ence MXP18 X-ray diffractometer (Cu-K,, radiation). For structure
refinement, the powder X-ray diffraction data were collected in the
26 range 3-120° with a step size of 0.02° and a step time of 6 s. For
dielectric and ferroelectric/piezoelectric measurements, the sintered
pellets were polished to a thickness of about 0.5 and 0.3 mm,
respectively, and coated with Au electrodes. Dielectric measure-
ments were performed at a field of 1 V/mm with a Hewlett—Packard
precision LCR meter (HP4284A) in the temperature range 300—
800 K with variable frequencies in the range from 1 MHz to 50 Hz.
For ferroelectric and piezoelectric measurements, the sample was
poled at 453 K, immersed in silicone oil, kept at an applied field of
100 kV/em for 0.5 h, and then field-cooled to room temperature.
P-E loops were measured with the ferroelectric measurement sys-
tem of an aixACT TF Analyzer 2000 with a high voltage amplifier
of 10 kV. To prevent possible air breakdown at high field, the sam-
ple was immersed in silicone oil during measurements. Piezoelectric
coefficients (d33) were measured at room temperature with a Piezo
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d33 meter (Institute of Acoustics, Chinese Academy of Sciences,
Z7J-3B).
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