Phase Transitions in Tantalum-Modified Silver Niobate

Ceramics for High Power Energy Storage

Ye Tian'?, Li Jin!, Qingyuan Hu', Kun Yu', Yongyong Zhuang', Giuseppe Viola®, Isaac

Abrahams*®, Zhuo Xu', Xiaoyong Wei'*, Haixue Yan®"*

'Electronic Materials Research Laboratory, Key Laboratory of the Ministry of Education &
International Center for Dielectric Research, School of Electronic and Information
Engineering, Xi’an Jiaotong University, Xian 710049, China

2School of Engineering and Materials Science, Queen Mary University of London, Mile End
Road, London E1 4NS, United Kingdom

3Department of Applied Science and Technology, Institute of Materials Physics and
Engineering, Corso Duca degli Abruzzi 24, 10129 Torino, Italy

“School of Biological and Chemical Sciences, Queen Mary University of London, Mile End
Road, London E1 4NS, United Kingdom

*Materials Research Institute, Queen Mary University of London, Mile End Road, London E1
4NS, United Kingdom

Corresponding Authors*

wdy@xjtu.edu.cn and h.x.yan@gmul.ac.uk



http://www.baidu.com/link?url=UapMszrBiBXFTpTHCWPwp3Vly-uYzshhdmnfTB4CbwInUJFFbHj-IjZ2KZ59mLu4eTUaQmoAewj0Iyv9R6EatiWUwIvB3ku4Le8PTNhAFLm

Abstract

Ag(Nbo.sTao2)Os is used here as a model system to shed light on the nature of the low
temperature phase behavior of the unsubstituted parent compound AgNbOs3, which is
an important material for high-power energy storage applications. The three dielectric
anomalies previously identified as M1 <> Mz, Tt and M2 <> M3 transitions in AgNbO3
ceramics are found to be intimately related to the polarization behavior of the B-site
cations. In particular, the M1 <> M transition is found to involve the disappearance of
original ferroelectric polar structure in the M1 phase. Analysis of weak-field and
strong field hysteresis loops in the M2 region below 7t suggests the presence of a
weakly-polar structure exhibiting antipolar behavior (i.e., a non-compensated
antiferroelectric), which can be considered as ferrielectric (FIE). Modeling of the
permittivity data using the Curie-Weiss law indicates that the Curie temperature is
close to the freezing temperature 7, which can be regarded as the Curie point of the
FIE phase. Substitution by Ta’" in this system enhances the stability of the weakly
polar/antiferroelectric state giving rise to an increased energy storage density of 3.7 J
cm™ under an applied field of 27 MV m™!, one of highest values ever reported for a
dielectric ceramic. Furthermore, the energy storage capability remains approximately

constant at around 3 J cm™ up to 100 °C, at an applied field of 22 MV m..



1. Introduction

Dielectric capacitors are employed as key components in numerous modern
electronic devices. In particular, dielectric capacitors play an essential role in
advanced energy storage and electrical power pulse electronic systems and related
devices due to their ultrahigh power density and ultrafast charge and discharge
speeds.! However, the development and large scale application of dielectric capacitors
for high-power energy storage is limited by their relatively low values of energy
storage density in the order of 1 J cm™ for current commercial devices based on
polypropylene thin films.> Therefore, the development of novel dielectric materials
which overcome this energy storage limitation is seen as an essential step in meeting
the demand from the increasingly growing market in microelectronic devices.** The
energy storage density W in dielectric capacitors is governed by the ability of the
dielectric material to separate static charges of opposite sign between two electrodes,

which can be estimated as:
W = f EdD (1)

where D is the electric displacement and E is the external applied electric field.’

To realize high energy density, a dielectric material must simultaneously possess
large electric displacement and high electric breakdown strength. In linear dielectrics,
D is proportional to the external electric field, which is limited by the breakdown
strength (Ep) of the dielectric. Generally, the permittivity of linear dielectrics is so
small that it gives rise to low values of W, although they have high values of E», such
as in the case of commercial polymer capacitors. Ferroelectrics (FEs) generally have
much higher values of D, but most of the polarization is not released during electrical
unloading, leading to low recoverable energy density. Antiferroelectrics (AFEs) are
better candidates for realization of high energy density due to the reversible AFE <>
FE phase transitions that take place on application of an external electric field.®’
Pb-based antiferroelectric materials have been extensively studied for decades as

energy storage devices.®!® However, environmental and health issues arising from the
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use of lead-based materials have prompted ongoing research on suitable lead-free
alternatives.'!"!*

Silver niobate (AgNbO3) is a lead-free candidate for energy storage capacitors
due to its large polarization (52 uC ¢cm™) at high electric fields (220 kV c¢cm™)."
Structure investigations have confirmed that AgNbOs exhibits AFE behavior
characterized by Ag" and Nb>" antiparallel polarization.!*!® However, early studies
suggested that AgNbO3 is in fact FE, with observed weak polarization hysteresis
under a low applied field.'”?° More recently, it was suggested that the observed
weak polarization behavior could be explained by the presence of ferrielectric
ordering.?! We have shown that the coexistence of AFE and FE states leads to a
complicated sequence of electric-field-induced events, which result in a high
recoverable energy storage density of 2.1 J cm™ for AgNbO3 ceramics.?? Compared to
thin films, ceramics have larger effective volume for electrical energy storage, with
the additional benefit of typically lower processing costs.>*2

In addition to the electric-field-induced polarization events, dielectric studies
also reveal a series of dielectric anomalies related to a number of phase transitions, as

described by the following sequence: >’

~70°C.  ~170°C_~270°C. ~350°C__~380°C_ ~580°C
Mi M> Ty M3 O T C.

The high temperature phases (above 350 °C) have been widely studied and confirmed,
to correspond to orthorhombic (O) in space group Cmcem between 350 °C and 380 °C,
tetragonal (T) in space group P4/mbm over the range 380 °C-580 °C and cubic (C) in
space group Pm-3m at temperatures above 580 °C. Meanwhile, the nature of the three
M phases is still under debate, although it is generally believed that they are related to
the progressive evolution stages of Nb>" dynamics.'®?° The Ty transition is considered
to originate from a partial freezing of the Nb>* displacements, which ultimately leads
to an anti-polar configuration.!®2° A recent publication suggested that the M1 <> M

transition involves a change in polarity, i.e. an FE <> AFE transition.?!
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The phase transitions and the polarization behavior of AgNbO3 ceramics can be
usefully tuned by compositional modification. In our previous study, Ag" was
partially replaced by Bi** in the A-site which resulted in the progressive stabilization
of long-range AFE order driven by a decrease of the perovskite tolerance factor due to
the smaller ionic radius of Bi** compared to Ag*.>°

In the present work, we show that antiferroelectricity can also be conveniently
enhanced by B-site substitution resulting in improved energy density in tantalum
substituted AgNbOs. It is known that silver tantalate (AgTaOs) is an incipient
ferroelectric/quantum paraelectric.’! Recent research has shown that Ta>* doping in
AgNbOs3 results in reduced remnant polarization (Pr), enhanced field for the
FE—AFE transition and increased dielectric breakdown strength (Eb), which result in
an enhanced energy storage density.*? Early dielectric studies on the AgNbO3-AgTaOs3
binary system revealed that the transitions between the M phases are highly sensitive
to Ta>* concentration.*® 3% Other work has shown that at a concentration of 20 mol%
Ta>*, the M1 <> M transition shifts below room temperature.’> Here we show that
substitution of ferroelectrically active Nb°" by non-ferroelectrically active Ta>" in
AgNbOs can minimize ferroelectric behaviour and enhance the AFE state, giving rise

to improved energy storage density.

2. Experimental

Polycrystalline ceramic samples were synthesized by a conventional solid-state
process using the standard mixed oxide route. Appropriate amounts of Ag20 (99.7%),
Nb205(99.99%) and Ta205(99.99%) to give a nominal formula of Ag(Nbo.sTao2)Os3
(ANT20) were ball-milled in ethanol for 12 h. After drying, the mixtures were placed
in alumina boats and heated at a rate of 5 °C min™! to 950 °C and calcined at this
temperature for 4 h in flowing oxygen. The calcined powders were again ball-milled
for 4 h in ethanol medium. After drying, the powders were mixed with 5 wt%
polyvinyl alcohol (PVA) solution and pressed into pellets with a diameter of 15 mm

and thickness of 1~2 mm under 500 MPa uniaxial pressure. After burning out the PVA
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at 600 °C for 2 h, the samples were first sintered at 1090 °C for 6 h in flowing oxygen
and then slow cooled to room temperature at a rate of -5 °C min™'. The ceramic pellets
were then re-sintered at 1100 °C for 6 h in flowing oxygen. The relative densities of
the ceramics estimated by the Archimedes method were above 97%. The surface
morphology of the thermally etched ceramic samples was observed using scanning
electron microscopy (SEM) (Quanta FEG 250, FEI, USA) equipped with a
backscattered electron detector. For crystal structural analysis, the sintered ceramic
samples were crushed into fine powders which were then annealed at 500 °C for 20
min to remove residual stresses. X-ray powder diffraction data were collected on a
PANalytical X’Pert Pro diffractometer (PANalytical, Cambridge, UK) fitted with an
X’Celerator detector using Ni filtered Cu K¢ radiation (A = 1.5418 A) over the range
5° to 120° 26, with a step width of 0.0167° and an effective count time of 400 s per
step. The structural analysis was carried out by the Rietveld method using the GSAS
software.>® The starting models used for structure refinement were based on that of
Levin et al.'® in space group Pbcm and and Yashima et al.?! in space group Pb2im
(transformed from Pmc2:1 in the original report). The temperature dependence of
relative dielectric permittivity and dielectric loss at different frequencies were
measured using an LCR meter (4284A, Agilent) with the sample placed in a tube
furnace. The electrcic displacement-field (D-E) and current-field (I-E) hysteresis
loops were measured using a ferroelectric analyzer (Aix ACCT TF 2000). The total
energy storage density (Wiotal), recoverable/discharged energy storage (Wrec), energy
loss density Wioss and energy efficiency n were calculated according to the following

equations: 1

Dma.x
Wiotat = fo EdD (1)
Dmax
Wyee = [ EdD o
Wioss = Wrotar = Wrec (3)
N = —2ec % 100% (4)

Wtotal



3. Results and discussion

Figure 1 shows SEM images of the ANT20 ceramic. The average grain size is
around 2.5 um. No significant grain contrast could be spotted in back scattering mode
as shown in Fig.1(b), suggesting that the ceramic is single phase. The true nature of
the crystal structure of AgNbOs is still under debate. Early investigations using X-ray
and neutron power diffraction methods confirmed that the structure could be well

described by the non-polar Pbcm space group,'6!8

while a polar structure with space
group Pmc21 (or Pb2im) has been proposed in more recent diffraction studies to
explain electron diffraction images and weak ferroelectric behavior at low field.?!*? In
the present work, the structure refinement of ANT20 ceramic powders was carried out
using both the non-polar Pbcm and polar Pb2im models. The fitted diffraction
patterns for these models are shown in Fig.2a and Fig.2b, respectively, with the
refinement parameters listed in Table 1. All the observed diffraction peaks are
well-fitted by both structural models, with similar reliability factors. Fig.2c shows the
magnification of the XRD pattern in the range 10°-25° 20, with the positions of the
allowed reflections indicated for both space groups. The absence of the (003) and
(103) diffraction peaks unique to Ph21m and the presence of (002), (100), (102) and
(111) diffraction peaks common to both models, along with the slightly better fit
reliability factors for the Pbhcm model (Rwp= 0.0784, Rp=0.058 and ¥>=3.697)
compared to those for the Ph2im model (Rwp= 0.0818, Rp= 0.0616, and y?=4.033),
suggest that the non-polar Pbcm model provides a better description of the
crystallographic structure of ANT20.

Figure 3 shows the temperature-dependence of the relative dielectric constant (er)
and dielectric loss (tan &) of ANT20, measured at different frequencies. As shown in
Fig. 3a, a series of dielectric anomalies are observed in the relative permittivity plots.
These can be attributed to particular transitions by direct comparison with those
observed in AgNbO3 (see above). 7182728 On heating, & starts to increase above
~-100 °C, with apeak at ~ -25 °C, characterized by weak relaxor-like behavior, and

attributable to the M1 — M: transition. On further heating, a broad peak with a
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maximum around 170 °C corresponding to the M2 — M3 transition is observed, while
at higher temperature, a sharp peak occurs near 350 °C, attributable to the M3 — O
transition. The O — T transition seen in AgNDbQO:s is less clear in the present case, but
close inspection of the &r plot (Fig. 3a inset) shows a weak feature at ~375 °C, which
likely corresponds to this transition. Within the M2 phase region, another weak peak is
evident at around 75 °C. A similar feature was observed in AgNbO3 and attributed to
the freezing temperature, 7r. The tan & plot shown in Fig. 3b reveals three anomalies
corresponding to the &r peaks at ~-25 °C, ~75 °C and ~350 °C. A summary of the
observed transition temperatures in ANT20 ceramics is given in Table 2 along with
those of pure AgNbO3 for comparison. It can be noticed that the dielectric anomalies
attributed to the Mi—M:, Tr and M2x<>Ms transitions in ANT20 ceramics are
significantly shifted to lower temperature compared to those in AgNbO3 ceramics,
while the dielectric anomalies related to M3 «<» O and O <> T phase transitions show
negligible shifts.

There has been much discussion in the literature about the nature of the dielectric
anomalies at ~70 °C, ~170 °C and ~270 °C in AgNbOs.!71828 Early studies suggested
that the anomalies at ~70 °C and ~270 °C cannot be due to phase transitions between
two different structures. Instead they were attributed to the progressive evolution
stages of Nb>* dynamics within the same average non-polar Pbcm structure.!”'828 In
recent publications, the dielectric anomaly at ~70 °C has been suggested to be linked
to a change of structure polarity (i.e., Pbcm <> Pb21m).>!*? The dielectric anomaly at
~170 °C is commonly assigned to the freezing temperature (Tr), below which the
antipolar Nb®>* ions displacements are frozen, resulting in antiferroelectric ordering.!®
2 In the present system, where the B site cation Nb*>" is substituted for Ta’" the
observed shift in the three dielectric anomalies (M1<>Ma, Tt and M2«<>M3) suggests
that they are intimately related to the polarization behavior of the B-site cation.

The Curie-Weiss law can used to describe thermodynamic phase transitions
characterized by the formation of a spontaneous polarization (Ps) (e.g. FE phase
transitions). It can also be used to describe AFE phase transitions which involve

antiparallel polarization (i.e. antipolar) in subcells within a superlattice. *’*® For AFE
8



<> paraelectric (PE) or FE <> PE phase transitions, the non-linear dielectric behavior

above the transition temperature should follow the Curie-Weiss law:

—= (M)
where, C is the Curie-Weiss constant, 7" is the temperature and 7o is the Curie
temperature. For an ideal second order phase transition, 7o = 7c, where Tc is the Curie
point. Fig. 4 shows a fit using the Curie-Weiss law to the reciprocal of relative
permittivity for the ANT20 ceramic. At higher temperatures (> 550 °C), the dielectric
data contain contributions from conductivity, therefore only the data below 550 °C
was used.in the fit. The fitted value of C is about 1.5 x 10°. For the M3 <> O transition
at around 380 °C, extrapolation of the 1/& linear fit to zero gives a To value of ~80 °C.
In theory the system exhibits a thermally stable polar structure below T7o. It is
interesting to note here that the value of 7o seen in the ANT20 ceramic is close to 7t
(75 °C).

Figure 5a shows the electric displacement-field (D-E) and current-field (I-E)
hysteresis loops generated in two successive cycles for an ANT20 ceramic sample at
room temperature, under an applied field of 6 MV m™!. A tiny polarization hysteresis
is observed in the D-E loop, with the I-E loop showing two current peaks. The
remnant electric displacement is 1.3 x 10 C m, which is half that found in AgNbO3
ceramics under the same applied field,”® suggesting that the structure of sample
actually exhibits intrinsic weakly-polar (i.e. ferrielectric, FIE) characteristics,
although the non-polar structure model provided a better description of the X-ray
diffraction pattern. On initial loading, the current peak in the first quadrant can be
attributed to the switching of ferrielectric domains in the virgin sample. On
subsequent cycling, this peak becomes stronger, possibly due to the switching of
additional field-induced polarization produced during cycling. At higher field (20 MV
m™), double-like D-E loops with weak remnant polarization are observed (Fig.5b).
The presence of current peaks at Er and Es (forward and backward fields) can be

attributed to a reversible transition from the FIE state to an FE state induced at high

9



electric field. The persistence of weak current peaks near zero field, is consistent with
presence of a thermally stable weakly-polar structure below 7t.

Fig. 6 shows the D-E and I-E hysteresis loops of an ANT20 ceramic, with
successive cycles under a maximum applied field of 8 MV m"! at different
temperatures. It can be found that the polarization hysteresis progressively reduces
and the current peaks (corresponding to polarization reversal event) become
increasingly suppressed with increasing temperature approaching the Mi<>M>
transition temperature, until they completely disappear near 7t. To better visualize the
evolution of the current peaks with temperature, the positive branch of the I-E curves
at different temperatures are plotted in Fig.7. At -150 °C in the M region, a sharp and
symmetric current peak can be observed. The profile of the current peak becomes
asymmetric at -60 °C and broadens at -30 °C. On approaching the Mi<>M: transition
temperature (~-25 °C), the peak narrows and decreases in intensity. These
observations can be attributed to the overlapping of two current peaks, Ei and E2 as
observed in AgNbO3.2? E; disappears near the M1 <> M2 transition (~-25 °C) and E»
vanishes near the Tt transition (~75 °C). At -150 °C, the presence of symmetric
current peaks (E1), can be attributed to switching events involving the FE domains in
the M polar phase. On approaching the M1 <> M2 transition temperature, the polar FE
domains reduce in size and a weakly-polar FIE phase begins to emerge, as evidenced
by the coexistence of Ei and E: current peaks. The observation of two polarization
switching events at E1 and E: is consistent with the coexistence of FE and FIE states
in the M region. In the M2 region, the current peak Ei disappears and the peak E:
becomes symmetric again at room temperature, where it corresponds to switching of
the weakly-polar FIE domains as discussed above. The disappearance of the E:
current peak near 7t indicates that the FIE polar state vanishes.

Previously, Tt has been attributed to the freezing temperature of the antipolar
dipoles, such that above Tt there is a random alignment of these dipoles.?*?° Below T,
the system is essentially antipolar, but can exhibit a very weak non-zero net
polarization (i.e. FIE or non-compensated AFE) in nature. As mentioned above, the

Curie temperature 7o is very close to the observed value of 7t. This suggests that 7t
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can be considered to be the Curie point (7¢) of the FIE phase. It is proposed that
above Tr, the structure becomes AFE, consistent with the presence of linear D-E loops
at low field (see Fig.6).

Figure 8 (a) compares the D-E hysteresis loops at 10 Hz of ANT20 and AgNbOs3
ceramics measured under maximum applied fields of 27 MV m™ and 17.5 MV m’!,
respectively. For the ANT20 ceramic a typical double-like polarization hysteresis loop
is observed, with weak remnant polarization and a field-induced ferroelectric
polarization of 0.37 C m™. This value is slightly lower than that of AgNbO3 ceramic
(0.4 C m?), indicating that the introduction of tantalum also reduces the net field
induced polarization. Moreover, the values of Er and Es also increase in the ANT20
ceramic compared to those for AgNbOs3, with respective Er values of 17.5 MV m'! and
12.5 MV m’!, and Eg values of 12.5 MV m'! and 5 MV m™. This reflects a higher
stability of the antipolar state in ANT20 compared to AgNbOs. The energy efficiency
is inversely related to the difference between the transition fields (AE = Er- EB). For
ANT20 ceramic AE = is 5 MV m’!, which compares to a value of 7.5 MV m™' for
AgNbO3 ceramic. The higher transition fields and the smaller AE in ANT20 ceramic
lead to a larger recoverable energy density (Wre) as shown by the shaded areas in
Fig.8a. Fig.8b shows D-E loops for an ANT20 ceramic sample under an applied field
of 22 MV m'! at different temperatures. The field-induced ferroelectric polarization
decreases on heating, while the transition fields increase with increasing temperature.
At 100 °C which lies above T, there is still a clear double-like D-E loop, related to
AFE < FE transformation, while at 125 °C, the D-E loop is almost linear, indicating
that there is only a limited degree of field-induced polarization.

Figure 9 shows the energy storage properties of ANT20 ceramic at different fields
and temperatures. As shown in Fig. 9 (a), with increasing applied field, recoverable
energy storage density (Wrec) increased. The maximum value for Wrec was 3.7 J cm™
under an applied field of 27 MV m’™. This value is significantly higher than the

).22 Moreover,

corresponding value for unsubstituted AgNbO3; ceramics (2.1 J cm
under an applied field of 22 MV m’!, the ceramic maintains a high value for Wrec (~3 J

cm™) which shows good thermal stability (+ 6%) from room temperature up to 100 °C
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(Fig. 9b). The energy efficiency, m, is higher than 70%. The recoverable energy
storage density of the ANT20 ceramic is compared with that of other lead-free
dielectric ceramics in Fig.10. It is evident that the ANT20 ceramic exhibits one of the
highest recoverable energy storage density values of any known lead-free dielectric
ceramic. Its Wrec value is comparable to the best AgNbOs and Ko.sNao.sNbOs based
ceramics such as Ag(Nbo.g5Tao.15)O3 (ref. 32) and
0.9K0.NaosNbO3-0.1Bi(Mg23Nb1/3)Os (ref. 13). Moreover, the high energy density of
ANT20 is achieved at a relative low applied electrical field and generates a higher
field induced polarization, which suggests great potential for application in high

power energy storage capacitors.

4. Conclusions

20 mol% tantalum-modified AgNbOs single phase ceramics were successfully
prepared using solid-state reaction followed by sintering in oxygen. The characteristic
temperatures related to the M3 <> O (Pbcm <> Cmcm) and O <> T (Cmcm <> P4/mbm)
phase transitions did not show significant shifts from those in pure AgNbOs, while
those corresponding to M1 <> Mz, Tt and M2 <> M3 transitions significantly shifted to
lower temperature, indicating that these three dielectric anomalies are intimately
related with the polarization behavior of the B-site cations. The observation of current
peaks at Ei; and E2 in the M1 phase confirms the coexistence of polar FE and
weakly-polar FIE states. The peak Ei disappears in the M2 region, while the peak E2
vanishes above 7t. Modeling of the permittivity data using the Curie-Weiss law allows
for extrapolation of the Curie point, which is found to be close to the freezing
temperature 7t in this system. The structure of the M2 phase below Tt is proposed to
be ferrielectric, with a Curie point at Tt. The substitution of Nb>* by Ta>" on the B-site
of AgNbOs enhances the stability of the weakly-polar/antipolar state and modifies the
characteristic forward and backward fields, resulting in enhanced energy storage
performance. A maximum of 3.7 J cm™ recoverable energy storage density (Wrec) was

achieved in ANT20 ceramic under an applied field of 27 MV m™!, which represents
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one of the highest values for any known lead-free ceramic. Moreover, the recoverable
energy storage density is thermally stable, maintaining a value of around 3 J cm™up
to 100 °C under an applied electric field cycle of 22 MV m’', making it of

considerable interest for use in high-power energy storage.
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Table 1 Refinement parameters for Ag(NbgsTag2)Os ceramic at 25 °C using non-polar Pbcm

and polar Pb2m structural models.

Chemical formula Ag(NbgsTag2)0Os
Formula weight 266.38
Crystal system Orthorhombic
Space group Pbcm Pb2im

Unit cell dimensions(A)

a=5.54476(9)
b =5.59658(0)
c = 15.68885(3)

a=5.54499(3)
b=15.59698(3)
¢ = 15.68960(9)

volume(A®) 486.852 486.931
Z 8 8
Density(calculated)(g/cm’®)  7.268 7.267
Rwp=0.0784 Rwp=0.0818
R,=0.0580 R,=0.0617
R-factors
Rexp=0.0409 Rexp=0.0409
R¢=0.1020 R = 0.0827
Total No. of variables 37 53
No. of profile points used 6880 6880

Table 2 Approximate polymorphic transition temperatures (°C) in AgNbO; and
Ag(NbggTag2)O3 ceramics.

Polymorphic transitions ~ AgNbOs3 ANT20
M; < M, 70 -25

Ty 170 75

M, <> M3 270 170
Pbem < Cmem 350 350

Cmcem < P4/mbm 380 375
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Fig. 1. SEM micrographs of the surface of an ANT20 ceramic showing (a) secondary
electrons image and (b) backscattered electron image.

40000 |

Counts

10000 |

40000 |

Counts

10000 |

30000 |

20000 |-

30000

20000}

(a) Pbhcm e Obs Cal
Difference
| Bragg position

R, —0.0784

R = 0.058

R =0.0409

1 =3.697

1 I B J ITermin _‘II LRR Ul o IR LT T TR T T T T T T T O T

" 1 L ik I Pl " 1 M 1 N 1 L I 1 n 1
(b) Pb2 m

| e JI I @R RNV m W NE (RO Q0B RUIS 000 0 1100 0 OO
1 1 L 1 I

RW =0.0818

RP =0.0616

R =0.0409
o

1=4.033

26 (deg.)

N 1 N L N N 1
10 20 30 40 50 60 70 80 S0 100 110 120

—— XRD data (G)

1.5k

1.0k

Counts

500.0

Fig. 2. Fitted X-ray powder diffraction (XRD) pattern of ANT20 ceramic powders
using (a) Pbcm model and (b) Pb21m model; (c) observed XRD data at low angles

with reflection positions for the Pbcm and Pb21m models indicated.
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