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ABSTRACT

We report on the compositional stability range, the degree of atomic order and Raman and optical spectra of the
off-stoichiometric BaZn; 3Ta,,303 (BZT) within the BaO-ZnO-Ta,Os ternary diagram. Almost all off-stoichio-
metric BZT compositions equilibrated at 1200 °C show significant degree of the long-range 1:2 cation order
ranging from 60% to 80%. Ceramics equilibrated at 1550 °C and annealed at 1450 °C show strong effect of
composition on the 1:2 order. The regions where an 1:2 atomic order is robust to the deviation from stoichio-
metry include the off-stoichiometric compositions along the BZT-Ba,Ta;Oo, BZT-BasTa,0Og, BZT-BaTa,O,
BZT-Ta,0s, BZT-ZnTa,0¢ and BZT-Zn,Ta,0g (pseudo) tie lines. At the same time ceramics formulated along the
BZT-BaO, BZT-ZnO, BZT-BaZnO,, BZT-Ba,ZnO3 tie lines and BZT-‘Ba3zZn0,” pseudo tie line show complete
disorder. There is a very close correlation between the degree of the 1:2 order on one hand and the unit cell
volume and lattice distortion on the other hand. The ordered BZT show contraction of the unit cell whereas
disordered ceramics show expansion of the unit cell in the off-stoichiometric region. The pronounced signatures

of the order-disorder phase transition in the Raman and optical spectra are discussed.

1. Introduction

The problem of 1:2 B-site cation order—disorder transition in per-
ovskite Ba(B’y,3B"5/3)03, where B’ and B’ are di- and penta-valent
cations, respectively, has been studied by both theoretical [1-5] and
experimental [6-14] methods. Electrostatic (Coulomb) force that drives
the B-site cation ordering in Ba(B’; 3B’ »/3)O5 is proportional to 1/e,
where ¢ is the static dielectric constant [1]. As such, the Ba(B’; /3B"2 /3)
O3 niobates that have higher ¢ disorder more easily than tantalates,
whereas the high-¢ Pb(B’; /3B’/2/3)03 perovskites do not show 1:2 order
at all.

Beside the exposure to high-temperature there are other ways to
disorder the Ba(B’; /BB’/2/3)O3 perovskites. The 1:2 B-site order in Ba
(B’1,3B’ 5,3)03 can be destroyed by partial substitution with alio-valent
cations. For example, (1 — x)BaMg; ,3Ta,,303-xBaSnO3, (1 — x)BaMg,,
3Nb,,303-xBaSnO3; and (1 — y)BaMg;,3Ta,,303-yBaTiO3 alloys dis-
order at x = 0.1 and y = 0.15, respectively [8,15,16]. Similarly, in the
(1-x)BaZn, ;3Tay,303-xBaZrO3 the disorder sets on at x = 0.04 [17].
The 1:2 order in the (1-x)BaZn;,;Ta,,303-xSrGa; »Ta;,»03 solid solu-
tion disappears at x = 0.1 [18], whereas in the (1-x) BaZn,;,3Tas,303-
xZrO, ceramics the 1:2 cation order is destroyed at x = 0.015 [19]. The
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Raman spectra and powder X-ray diffraction of (1-x)BaZn,,3Tas,303-
xBaGa; ,,Ta; ,»,03 ceramics sintered between 1450-1600 °C show com-
plete disorder for x = 0.05 [20].

Cation disorder in Ba(B’; /3B’/2/3)03 can also be induced by intrinsic
point defects formed as a result of the deviation from ideal stoichio-
metry. According to Koga et al. [10,11], partial disorder has been found
in BaZn; 3Ta,,303 with a small deviation towards the Ba-rich compo-
sition. Similar trend was found by Surendran et al. [9] for Ba-rich
BaMg; sTa,,303 perovskite. Later on, Wu and Davies reported complete
disorder in Ba-rich and Nb-deficient BaZn;,3Nb,,303 ceramics [21],
whereas Belous et al. [13], Ovchar et al. [12] and Sayyadi-Shahraki
et al. [14] have found similar trends in BaMg; ,3Nb,,30; and BaCo;,
3Nb,,303 perovskites. Partial disorder in Ba-rich BaMg; 3Tas,303 has
been reported in Ref. [22].

It is widely accepted that the 1:2 B-site order in Ba(B’; /3B’/2/3)O3
ceramics critically affects the microwave dielectric loss [23-25].
Therefore, understanding the factors and mechanisms that drive the
order-disorder phase transition is important from both the academic
and industrial perspectives. There are very few studies of the off-stoi-
chiometric BaZn, ,3Tas,303, hereafter abbreviated as BZT. According to
the subsolidus BaO-ZnO-Ta,0s phase diagram reported by Vanderah
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Fig. 1. Part of the BaO-ZnO-Ta,0s subsolidus phase diagram. Pseudo-ternary phases:
BasZnTa,09, BagZnTag0,4 and BagZnTa,,045 are labeled as 3:1:1, 8 L and 9:1:7, re-
spectively. The Ta,Os-rich part of the phase diagram is omitted for clarity.

Fig. 2. Enlarged part of Fig. 1 in the vicinity of the BZT composition that shows the order
parameter of the off-stoichiometric BZT equilibrated at 1400 °C for 100 h adapted from
Koga et al. [10]. The black line polygon outlines the single-phase region. The axis
numbers are the mole fractions of the corresponding oxides labeled in large font.

et al. [26], BZT forms seven tie lines with pseudo-binary and pseudo-
ternary compounds (Fig. 1). These include: BZT — BagZnTa; 4045, BZT —
BagZnTag0y4, BZT - BasTa,0O9, BZT - BaO, BZT - Ba,ZnOs, BZT -
BaZnO, and BZT - ZnO. The pseudo-ternary phase with approximate
composition of BagZnTa; 4045 belongs to the tetragonal tungsten bronze
(TTB) structure first reported by Kryshtop et al. [27], whereas the
BagZnTag0»4 is a hexagonal 8-layer perovskite first reported by Tolmer
and Desgardin [28] and solved by Moussa et al. [29]. Furthermore, we
cannot rule out two more BZT tie lines with metastable Bas;Ta,Og and
BagTa,0;; phases reported by Kovba et al. [30,31] although the ex-
istence of the latter phases has been questioned by Vanderah et al. [32].
The most detailed study of the BZT off-stoichiometry and the 1:2 order
disorder was reported by Koga et al. [10] for ceramics sintered at
1400 °C. Their data adapted from Ref. [10] are shown in Fig. 2. While
the high degree of the 1:2 order in the Ta-rich and Ba-deficient regions
of the off-stoichiometric BZT can be understood in terms of the point
defect model of Wu and Davies [21], the existence of the long range 1:2
cation order in the Ba-deficient and Zn-rich regions (Fig. 2) are at odds
with the order—disorder interpretation proposed in Ref. [21]. Given the
industrial importance of these ceramics [23], we felt it necessary to
explore the order-disorder phase transition in the off-stoichiometric
BZT in more detail.

2. Experimental

Around 95 chemical compositions with different
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xBaO-yZnO—zTa,0s ratios were prepared from well-dried BaCOs3;
(99.9%, Wako Chemicals), ZnO (99.9%, Wako Chemicals) and Ta,Os
(99.9%, Kanto Kagaku Reagents). The powders were mixed in ethanol
with zirconia balls on rollers at 80 rpm for 20 h. After drying at 60 °C
the powders were screened through the 100-mesh nylon sieve and
compressed into pucks of 25 mm diameter under 500 kg/cm? pressure
in tungsten carbide (WC) pressing die. The pucks were calcined in air at
1200 °C for 5 h in 99.6% pure alumina crucibles covered with alumina
lids. Care was taken to avoid cross-contamination of the pucks and to
minimize the loss of ZnO during heat-treatment. After calcination, the
powders were re-milled at the same conditions, mixed with polyvinyl
alcohol binder, screened through the 100-mesh nylon sieve and com-
pacted into pellets of 7 mm diameter and 3 mm thickness under uni-
axial 1000 kg/cm? pressure in WC pressing die. The compacted pellets
were heat treated under two different conditions: (i) 1200 °C for 5 h and
(ii) 1550 °C for 10 h followed by anneal at 1450 °C for 20 h. Finally
both sets of samples were cooled down to room temperature at
1000 °C/h.

Phase purity and lattice parameters of the ceramic specimens were
analyzed by powder X-ray diffraction (PXRD) (Miniflex 600 dif-
fractometer with Cu K, X-ray source, Rigaku, Japan). To minimize the
second phases that form on the surface of the ceramic pucks, prior to X-
ray diffraction, the outer surface of the sintered ceramics was ground
with abrasive paper. This usually helped to reduce the surface second
phase contamination in the powder X-ray diffraction patterns. The
structural parameters were obtained from Rietveld refinement of the X-
ray data by using JANA2006 program [33]. Lattice parameters and
Wyckoff site and atomic fractional coordinates were initiated by using
the BZT structural data from Ref. [34] The diffraction profiles were
refined in the range of 10° < 20 < 140°. During refinement, atomic
thermal factors, B, for weak X-ray scattering elements such as, 01(3e),
02(6i) and Zn(1b) were fixed, while the B factors for Bal(1a), Ba2(2d)
and Ta(2d) were relaxed and successfully refined to positive values. To
estimate the degree of B-site cation disorder, the occupancies of the B-
site cations were relaxed under constraint g[Zn(1b)] X 1 + g[Zn
(2d)] x 2 = 1 and g[Ta(1b)] x 1 + g[Ta(2d)] x 2 = 2, where g is the
fractional occupancy of the ion whose Wyckoff site is shown in
brackets.

Although the above approach worked well for highly ordered BZT
compositions, it was found that the majority of the non-stoichiometric
BZT samples had significant degree of disorder with rather broad + 1/
3{hkl} supercell reflections due to the small size of the 1:2 ordered
domains. These latter cases were rather difficult to refine using a single
histogram approach because of the very different peak profiles for sub-
and super-cell reflections. Similar problem has been also reported by
Reaney et al. [34]. Therefore, in this study a ‘brute force’ method was
used to achieve a more systematic estimate of the order parameter. The
order parameter, S, was deduced from the ratio of the X-ray integrated
intensity of the strongest supercell peak, (100), to the integrated in-
tensity of the main peak of the BZT structure. The 1:2 order parameter
is given by

[
| (hoo/ hi10,012,102)0bs
(hoo/hi10,012,102)cale ’ (€8]

where (Loo/L10,012,102)0bs 1S the ratio of the observed integrated intensity
of the (100) supercell reflection to that of (110,012,102) main reflec-
tion, and (fipo/L110,012,102)cale & 0.037 is the calculated value for a com-
pletely ordered BZT structure.

Microstructure and phase assemblage of the polished ceramics were
examined with Hitachi S-4800 scanning electron microscope equipped
with energy dispersive X-ray spectrometer (HORIBA Emax) and YAG
backscattered electron detector. Room temperature Raman spectra
(Jobin Yvon/Horiba) of the fine-polished sample surface were mea-
sured in the backscattered geometry in the 30-1200 cm ™! frequency
range with Ar—-Kr 514.5 nm laser. Room temperature optical absorption
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in the visible and UV spectral range (250-850 nm) was measured with
JASCO V-7200 spectrometer. The dense ceramic samples were thinned
down to the thickness of 30-50 um using an automatic polishing/
grinding machine. At the final step, the thinned discs of 6 mm diameter
were polished with 1 pm diamond slurry to achieve a mirror quality
surface. The absorption coefficient was calculated from the measured
optical absorbance and the thickness of the sample.

3. Results and discussion
3.1. Phase equilibria and defect solubility

In preparation of the off-stoichiometric BZT we have used the
pseudo-ternary BaO-ZnO-Ta,Os phase diagram shown in Fig. 1 as a
guide. However, the existence of one more pseudo-ternary phase, i.e.,
Ba,ZnTaOs s, with partially 1:1 ordered perovskite structure (F m3m
space group) is controversial [21]. While Jacobson et al. [35] have
reported the latter phase, Vanderah et al. [32] have not included
Ba,ZnTaOs s in the BaO-ZnO-Ta,0s5 subsolidus (Fig. 1). To clarify this
controversy we have attempted to prepare Ba,ZnTaOs 5 in this study.
The target composition of Ba,ZnTaOs 5 was equilibrated at 1200 °C for
10 h with one intermediate re-grinding. The resulting product was a
mixture of two phases: disordered BZT and BaZnO, crystallized in the
P3,21 space group with a = b = 5.8496(2) A and ¢ = 6.7544(3) U
+00C5. The cell parameters of the BaZnO, determined here were close
to that of the a = 5.886 U+00C5 and ¢ = 6.734 U+ 00C5 reported by
von Schnering et al. [36]. Therefore, in agreement with the results of
Vanderah et al. [26], we could not confirm the existence of the 1:1
ordered Ba,ZnTaOs 5 phase.

To obtain a more detailed map of the off-stoichiometric BZT we
have included in our study four hypothetical tie-lines: BZT-Ta5Os,
BZT-ZnTa,06, BZT-Zn,4Ta,0o and BZT-‘BasZn0O,’. Furthermore, to
clarify some important trends in the off-stoichiometric regions we have
also studied several BZT compositions away from the tie lines.

The approximate boundary region of the single phase off-stoichio-
metric BZT equilibrated at 1200 °C determined by the PXRD is outlined
by the solid line in Fig. 3a. It is in qualitative agreement with the data
reported in Ref. [10]. The prominent exception is the BaO-rich com-
positions along the BZT — BaO tie line. In contrast to Koga et al. [10],
our study indicates extremely small defect solubility along the BZT —
BaO tie line (Fig. 4) with the secondary phases composed primarily of
the BasTa,09 polymorphs. For BZT equilibrated at 1200 and 1550 °C
the secondary phases along the BZT — xBaO tie line are detected for
x = 0.005 and 0.01, respectively as shown in Fig. 4. The differences
between our results and the data reported by Koga et al. [11] may be
explained by the sublimation of BaO at high temperatures. Indeed
during the thermal equilibration of Ba-rich BZT at 1400 °C for 100 h
reported in Ref. [11] most of the excess BaO may have been lost due to
the sublimation. This may give a misleading impression of the extended
single phase region along the BZT - BaO tie line.
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As for the rest of the off-stoichiometric compositions, in good
agreement with Refs. [10,11] the single phase regions along the BZT-
xBayTa,0g tie line (Fig. 5), BZT — xBasTa,0g pseudo tie line (Fig. 1 in
Ref. [37]) and BZT - xBaTa,, 503 tie line (Fig. 2 in Ref. [37]) extend to
x = 0.01, 0.016 and 0.07, respectively [37]. The solubility of point
defects along the BZT — xBaTa,Og tie line (Fig. 3 in Ref. [37]) and BZT —
xTa,0s pseudo tie line (Fig. 4 in Ref. [37]) does not exceed x = 0.01
and 0.007, respectively. The single phase regions along the BZT —
xZnTay0¢ (Fig. 4), BZT — xZnO (Fig. 1 in Ref. [37]), BZT — xBa,Zn0O3
(Fig. 3 in Ref. [37]) and BZT - xBaZnO, (Fig. 5 in Ref. [37]) tie lines
extend to x = 0.0035, 0.01, 0.02 and 0.03, respectively.

As evidenced by the PXRD profiles, most of the off-stoichiometric
BZT ceramics sintered at 1550 °C and annealed at 1450 °C show some
traces of the BagZnTag0»4 8-layer hexagonal perovskite phase. The SEM
examination of the polished BZT samples with small deviation from the
stoichiometric composition did not show this second phase, however.
We conclude, therefore, that this phase forms on the surface of the
sintered ceramics due to Zn evaporation and could not be avoided in
the PXRD patterns.

The deviation from stoichiometry impacts the microstructure of the
sintered ceramics. The BZT ceramics formulated close to the stoichio-
metric composition showed rather regular grain distribution with an
average grain size of 8-10 um (Fig. 6a). BZT ceramics in the Zn-defi-
cient and Ba-deficient regions of the phase diagram showed some
needle-like and plate-like second phases formed on the surface of the
thermally etched samples (Fig. 6b). These second phases are identified
as BagZnTag0,4 8-layer hexagonal perovskite and BagZnTa;4045 tetra-
gonal tungsten bronzes. In contrast, ceramics in the Zn-rich and Ta-
deficient parts of the phase diagram showed an evidence of the large
irregular-shaped grains formed during the liquid-phase assisted grain
growth (Fig. 6¢ and d).

3.2. Effect of composition and temperature on the 1:2 cation order

Both temperature and off-stoichiometry have profound effect on the
1:2 cation order in BZT. The B-site 1:2 order parameter for BZT equi-
librated at 1200 °C is mapped in Fig. 3. An important result is that all of
the BZT non-stoichiometric compositions equilibrated at 1200 °C show
partial order of =60-80%. The highest degree of 1:2 order was de-
tected for Zn-deficient and Ta-rich compositions along the
BZT-BasTa,0g, BZT-BasTa40,5, BZT-BaTa,Og tie lines as well as along
the BZT-Ta,0s pseudo tie line. Remarkably, partial 1:2 order of
=~60-70% was also detected in the BZT-Ba,ZnO; and BZT-BaZnO,
joints (Fig. 3a).

For ceramics equilibrated at 1550 °C and annealed at 1450 °C for
20 h, an increase in the 1:2 cation order of up to S = 95-100% was
detected in the off-stoichiometric BZT formulated along the
BZT-BasTa,09 (Fig. 5b), BZT-BasTa,Og (Fig. 1 Ref. [37]),
BZT-BasTa40;5 (Fig. 2 Ref. [37]), BZT-BaTa,0¢ (Fig. 3 Ref. [37]) and
BZT-Ta,Os (Fig. 4 Ref. [37]) tie lines (also see Fig. 3b). These results

Fig. 3. B-site 1:2 cation order parameter in the vicinity of the BZT equilibrated at 1200 °C for 5 h (a) and BZT sintered at 1550 °C for 10 h and annealed at 1450 °C for 20 h (b). The single
phase region, as determined by powder XRD is outlined by a solid line. Please note a different scale of the S parameter in panels (a) and (b).
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Fig. 4. Powder XRD profiles for ceramics formulated along the BZT-xBaO (BaO-rich) and BZT-xZnTa,0e (BaO-deficient) tie lines and equilibrated at (a) 1200 °C for 5 h and (b) 1550 °C
for 10 h followed by anneal at 1450 °C for 20 h. The diamonds indicate the BaCO3 and Ba4Ta,0g second phase polymorphs for BZT-xBaO joint and BagZnTa; 4045 TTB second phase for the
BZT-xZnTa,04 joint. Traces of the BagZnTagO4 second phase were detected in stoichiometric BZT and in BaO-deficient ceramics sintered at 1550 °C as discussed in the text.

Fig. 5. Powder XRD profiles for Ba;Ta;Oq-rich and ‘ZnsTa,Og’-rich BZT equilibrated at (a) 1200 °C for 5 h and (b) 1550 °C for 10 h followed by anneal at 1450 °C for 20 h. The diamonds
indicate the BasTa,O9 second phase polymorphs along the BasTa;Oo-rich compositions and BagZnTa; 4045 TTB second phase for ‘Zn,Ta,Oq’-rich compositions, respectively.

are in good agreement with the BZT data reported in Ref. [10] as well as
with the BaMg; 3Ta,,305 data [22]. For Nb-based analogues, i.e.,
BaZn;3Nb,,303 and BaCo,;,3Nb,,303 an increase in the 1:2 order
parameter was reported upon deviation from the ideal stoichiometry
towards the BasNb,O;5 phase [13,14,21].

While the high-temperature anneal at 1450 °C has brought an

increase in the 1:2 order in some Zn-deficient and Ta-rich parts of the
BaO-ZnO-Ta,0s subsolidus, the opposite trend has been detected in the
other parts of the phase diagram (Fig. 3b). In particular, the long-range
1:2 order is destroyed along the BZT-BaO tie line (Fig. 4b). After the
high-temperature anneal, the long-range 1:2 order disappears in the Ta-
deficient BZT along the BZT-‘BazZnO,’ pseudo tie line(Fig. 4 in Ref.
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Fig. 6. SEM micrographs of polished and thermally etched surfaces of BZT sintered at 1550 °C for 10 h followed by anneal at 1450 °C for 20 h: Stoichiometric BZT (a), BZT — 0.002
ZnTay0g (b), BZT - 0.012 Ba,Zn0; (c), BZT - 0.02 ZnO (d). The horizontal black line indicates a 50 um scale.

Fig. 7. Unit cell volume (a) and c/a ratio (b) of BZT sintered at 1550 °C and annealed at 1450 °C for 20 h. The axis numbers are the mole fractions of the corresponding oxides labeled in

large font.

[37]). Significant suppression of the 1:2 order has been also detected in
the Zn-rich region along the BZT-ZnO and BZT-BaZnO, tie lines
(Figs. 3b and Figs. 1 and 5 in Ref. [37]). Similar drop in the 1:2 order
parameter in this composition region has been reported for BZT [11],
BaC01/3Nb2/303 [14] and BaZn1/3Nb2/303 [21].

It is important to note that the BZT-Ba,Ta,Oy tie line represents
rather sharp boundary between the ordered and disordered BZT
(Fig. 3b). In fact, few compositions along this line accidentally show
disorder: For example, ceramics with the BZT - 0.002 Ba,Ta;09 com-
position in Fig. 5b shows disordered PXRD pattern. We explain this by
experimental error during the preparation of the target composition
located on the tie line. Similar compositional sensitivity to the long-
range 1:2 order along the BaMg; 3Tas,303-BasTa,0y tie line has been
encountered by one of the authors during the study of the off-stoi-
chiometric BaMg; ,3Ta,,303 [22]. We conclude that the small deviation
from the BZT-Ba,Ta,0q tie line towards the BaO-BZT-Ba,Ta;09 com-
positional triangle (see Fig. 1) results in the drastic loss of the 1:2 cation
order.

Several attempts have been made in the past to find a link between
the point defect chemistry and the order-disorder transition in the non-
stoichiometric Ba(B’; /3B"2/3)O3 [21,25]. First, Desu and O’Bryan [25]
have assumed that during the prolonged thermal anneal of the BZT
ceramics at 1300 °C, the loss of Zn results in the formation of the an-
tisite Baz, defects. The authors of Ref. [25] have found that this process
is accompanied by an increase in the c/a lattice distortion which pro-
motes the 1:2 ordering and enhances the microwave quality factor. This

hypothesis was later dismissed by Wu and Davies during the studies of
the non-stoichiometric BaZn;,3Nb,,303: They demonstrated that the
ceramics formulated along the BaZn;,sNb,,303-Ba(Ba;,sNbs/3)03 tie
line are disordered [21]. Similar to BaZn, ,3Nb,,303, the non-stoichio-
metric BaCo; ,3Nbs,303 compositions formulated along the BaCo; ,3Nb,,
303—xBa(Ba; ,3Nb,,3)O3 tie line show complete disorder [14]. It seems,
however, that these results cannot be extrapolated to the Ta-based
systems: The non-stoichiometric BaMg,,3Ta,303 ceramics show an
enhanced degree of the 1:2 order along the BaMg; sTa,,30s-Ba(Ba;,
3Ta,,3)03 tie line [22]. In the present study, ceramics formulated along
the BZT-Ba(Ba; ,3Taz,3)03 tie line also show a very high degree of the
1:2 order (Figs. 3 and 5). Obviously, the Nb- and Ta-based Ba(B’; 5B’ »,
3)O3 perovskites show very different cation ordering behavior in this
off-stoichiometric region. The reasons for such a difference are not clear
yet and require further studies.

3.3. Unit cell volume and lattice distortion of non-stoichiometric BZT

As revealed in Fig. 7, the unit cell volume and c/a lattice distortion
are very closely related to the degree of the long range 1:2 cation order
in BZT (Fig. 3). As the 1:2 order increases, the unit cell contracts
(Fig. 7a) and the c/a lattice parameter ratio becomes larger than
J3/2 =~ 1.2247 (Fig. 7b).

Burton and Cockayne [4] have identified two driving forces that
govern the order/disorder process in the A(B’;/sB’ 5,5)O3 perovskites
with heterovalent B-site cations. These are (i) long-range Coulomb
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interactions that ‘maximize the unlike charges on the nearest-neighbour
B-sites’ and (ii) short-range interactions associated with the optimiza-
tion of the A-O bonds. The long-range Coulomb interactions are
working to eliminate the strongly underbonded oxygens in the
Zn**-0-Zn?" linear triplets in BZT that may only form in the (par-
tially) disordered structure [4]. In contrast, in Pb-based A(B’; /3B’/2 ,3)03
perovskites, the occurrence of the Zn®>*-0-Zn?* triplets is compen-
sated by the enhanced Pb-O bonding to the underbonded oxygens
which destabilizes the 1:2 ordered ground state [4].

Manifestation of the short-range interactions in Ba(B’; /3B’ 5,3)03
that operate to optimize the bond valence sums has been discussed in
detail by Lufaso [38]. In the 1:2 ordered BZT, the underbonded Ta® "
ions undergo an off-center shift toward the face of the TaO¢ octahedra
closer to the neighboring layers of ZnOg octahedra [38] in such a way
that Ta®* forms three short and three long bonds with the oxygen li-
gands [39]. The overall result of this bond strain is a decrease in the
unit cell volume in the 1:2 ordered BZT. Disorder lifts the crystal
symmetry, destroys the correlated off-center displacement of the Ta>*
ions and brings the formation of the Zn®*-0-Zn?" triplets which ul-
timately leads to an increase in the unit cell volume. The strongest
lattice contraction and the highest c/a ratio were found along the
BZT-BasTa;0;5 and the BZT-BasTa,0g (pseudo) tie lines as well as in
the BZT-BasTa,0,5-BaTa»,0¢ and BZT-BasTa40,5-BaszTa;Og composi-
tional triangles (Fig. 7).

3.4. Raman and optical signatures of the 1:2 cation order in BZT

The Raman spectra for the two BZT ceramics sintered at 1550 °C and
annealed at 1450 °C are shown in Fig. 8. The ordered BZT was for-
mulated along the BZT-BasTa, 055 tie line whereas the disordered BZT
was formulated along the BZT-Ba,ZnO3 tie line. The Raman spectrum
of the 1:2 ordered BZT closely resembles the one reported in Ref. [40].
According to the BaZn;,3Ta,s,303 space group symmetry, there are 9
Raman active vibrational modes. Their accurate assignment to the
normal vibrations of the specific Ba, Ta and O atoms has been reported
by Chia et al. [41]. The lowest energy A, + E; split mode
(104 + 107 cm™ 1Y) is attributed to the normal vibrations of the Ba
atoms with 2d site symmetry against the oxygen octahedra. The three
weak phonons at 157, 212 and 260 cm ~ ! are associated with the E,(0),
E,(Ta) and A4(Ta) modes, respectively, and are closely related to the
1:2 order [42]. The phonons at 377 and 425 cm ™~ ! are due to the A;4(0)
+E,4(0O) and E,(O) modes of vibrations, respectively. The strong phonon
at 808 cm ! is due to the A1,(0) stretch mode of the oxygen octahedra
originating from the oxygen atoms with the 6i site symmetry [41].

The loss of the long range 1:2 order has profound effect on the BZT
Raman spectrum (Fig. 8). The A;4(Ba) + Ey(Ba) mode at 105 cm ™!

Fig. 8. Raman spectra of the 1:2 ordered and disordered BZT ceramics sintered at 1550 °C
and annealed at 1450 °C for 20 h.
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shows large broadening accompanied by the formation of the low- and
high-energy shoulders at 85 and 119 cm ™ ?, respectively. The three 1:2
order-related modes at 157-260 cm ™! range are absent in the dis-
ordered BZT. The O-related F5,(O) and E4(O) modes found in the 1:2
ordered BZT at 377 and 425 cm ™!, respectively, spread in energy from
362 to 440 cm~! and become suppressed (Fig. 8). Finally, the most
intense A;,(O) mode shifts to lower energy (792 ecm™ 1) and develops a
low-energy shoulder at =739 cm™!. Its full width at half maximum
(FWHM) increases from 27 cm ™! for ordered BZT to 35 cm ™! for dis-
ordered one. It is interesting to note that the very similar Raman
spectrum has been reported for disordered La,Ba; —xZn +x),3Ta@—x,
303 with x = 0.02 [43]. Both the peak broadening and the slight de-
crease in the energy of the phonons can be intuitively understood in
terms of an increase in the anharmonic contribution to the lattice po-
tential as the BZT undergoes transition from the ordered to the dis-
ordered phase accompanied by a slight expansion of the unit cell.

Very little is known about the optical band gap of the BZT. Kim has
reported the optical band gap of the 1:2 ordered BZT at E; = 4.32 eV
determined by the diffuse reflectance spectroscopy [44]. To the best of
our knowledge, no optical band gap data were reported for disordered
BZT. In this study we used the direct optical absorption method that
allows quantitative analysis of the optical data. The optical absorption
coefficients of the ordered stoichiometric BZT and the disordered BZT
ceramics are shown in Fig. 9. According to the data, the optical band
gaps of the 1:2 ordered and disordered BZT are estimated at E, = 4.60
and 4.16 eV, respectively. The E, of the ordered BZT is 0.44 eV larger
than that of the disordered one. It is also worth noting that the ab-
sorption coefficient away from the band gap is almost identical for both
ceramics and is not far from the value of 180 + 50 cm ™! reported for
Ni-doped BZT [45].

4. Concluding remarks

The long-rage 1:2 order in BZT shows very strong compositional and
temperature dependence. For ceramics sintered at 1550 °C and an-
nealed at 1450°C, a rather sharp boundary along the
‘Zn,Tay09-BZT-Ba,Ta,04 (pseudo) tie line separates the 1:2 ordered
and disordered BZT compositions. The remarkable feature of this tie

Fig. 9. Optical absorption coefficient of the 1:2 ordered and disordered BZT ceramics
sintered at 1550 °C and annealed at 1450 °C for 20 h.
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line is that it separates the Ta-rich compounds from the Ta-deficient
ones. Similar to the non-stoichiometric BaMg;,3Ta,,303 compounds
[22], the BZT compounds formulated along this tie line show the 1:2
ordered ground state. Slight deviation from this boundary towards the
Ta-deficient compositions results in the loss of the 1:2 order in BZT. It is
tempting to assign the Ta-related point defect, such as [V1,—Vo] com-
plex, to be responsible for the order-disorder transition in Ba(B’; /3B"2/
3)03. However, it is important to note that the Nb-based analogue of the
BZT is disordered along the BaZn;,3Nb,,303-BasNb,Og tie line [21]
which requires further studies and precludes us from making a far-
reaching conclusions about the exact nature of the point defects re-
sponsible for the 1:2 order-disorder in the Ba(B’; /3B"2 ,3)03 compounds.
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