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Abstract. Using DFT calculations, we investigate the local structure and the distortion patterns
of the perovskite AgNbO3 to examine the feasibility of using silver on the perovskite A-site in
lead-free piezoelectrics. Our calculations show that in a 5-atom AgNbO 3 unit cell, silver atoms can
off-center by about 0.5 A, forming short covalent bonds similar to the short Pb-O bonds in Pb-based
ferrroelectrics. In the more realistic 40-atom supercell, Ag behaves similar to Pb in PbZrO 3, forming
short covalent Ag-O bonds through a combination of large octahedral rotations and small Ag off-
center distortions. Unlike PbZrO3, AgNbO3 is not antiferroelectric due to the presence of large Nb
off-center distortions. In the AgNbO 3-PbTiO3 solid solution, both A-cations off-center significantly
and display a preference for distortion away from Nb atoms and toward Ti atoms. The interplay
between this preference and maximization of local dipole alignment should lead to an MPB in the
AgNbO3-PbTiO3 phase diagram.

INTRODUCTION

Ferroelectrics are a technologically important class of materials and are used in a wide
variety of applications. The study of ferroelectric solid solutions is also interesting from
a scientific standpoint, as the coupling of long-range electrostatic interactions with short-
range chemical bonding presents unique challenges for theoretical and experimental in-
vestigations. Currently, lead-based perovskites such as Pb(Zr,Ti)O3 (PZT) are used in
high-performance piezoelectric applications. The presence of Pb is crucial for high per-
formance as Pb displays large off-centering which gives rise to large internal polarization
and better coupling to electric field. Since lead compounds are toxic, lead-free oxides
have been investigated for possible use in environmentally friendly piezoelectrics [1].

To preserve large internal polarization of Pb-based oxides, the proposed lead-free
solid solutions must display off-centering behavior on both the A and B perovskite sites.
For the B-cation, there are many possible candidates, as transition metals in the 3d, 4d
and 5d rows of the periodic table all display off-centering behavior, when placed in
a large enough O6 cage. For the A-site, the options are more limited. Of the cations
found at the perovskite A-site at ambient pressure and temperature, three have been
shown experimentally to exhibit off-centering behavior: Pb, Bi and Li. In a pioneering
theoretical work, Halilov, Fornari and Singh have recently demonstrated off-centering
behavior for Cd as well [2]. However, Bi and Cd are both toxic, and therefore are not
good candidates for environmentally-friendly piezoelectrics. Bi-based perovskites are
also difficult to synthesize under ambient conditions. Lithium is not toxic and displays a
very large off-centering of 1.0 A [3], but its small size gives rise to limited solubility in
the perovskite phase.
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In this study, we examine the behavior of silver atoms on the perovskite A-site for
possible use in ferroelectric applications. Our reasoning is as follows. Experimentally
CdTiO3 is known not to be a ferroelectric due to the small tolerance factor. However,
Halilov et al. have shown that in a 5-atom unit cell Cd does exhibit large off-centering
and that the Cd distortions are enhanced when Cd site volume is expanded by alloying
with PbTiO3 [2], The off-centering is due to the mixing of Cd 5p and O 2p states.
As Ag is a neighbor of Cd in the periodic table, it is likely that it will display similar
behavior. Since Ag is non-toxic, Ag off-centering behavior may open the possibility of
truly environmentally-friendly high performance piezoelectrics.

The most widely studied perovskite with Ag on the A-site is AgNbO3 [4, 5, 6]. As-
suming the +1 Ag ionic radius of 1.38 A in the twelve-coordinated A-site, the tolerance
factor for AgNbO3 is 0.956. AgNbO3 can be easily made using conventional solid-
state synthesis methods. Dielectric properties of AgNbO3 and solutions of AgNbO3
with AgTaO3 as well as Li, Na, and K subsitutions were recently studied [4]. AgNbO3
assumes six structural phases with increasing temperature. At T<340 K it is found in
either a weak ferroelectric or ferrielectric orthorhombic phase; at 340 K it undergoes a
transition to an antiferroelectric phase, a second antiferroelectric phase appears at 540
K and at 626 K AgNbO3 becomes paraelectric. Two more paralectric phases appear
at higher temperatures. The lattice parameters of the low-temperature phase have been
determined by X-ray diffraction to be a=3.91 A and c=3.94 A. The structure is charac-
terized by octahedral rotations typical for perovskites with low tolerance factor. While
typically perovskites with low tolerance factor are antiferroelectric at low temperature,
AgNbO3 is not. The origin of this anomalous behavior is unclear and will be investigated
using DFT calculations.

METHODOLOGY

We use density functional theory [7, 8] (DFT) calculations with the local density approx-
imation [9] (LDA) for the exchange-correlation functional for all calculations. The cal-
culations are done with our in-house plane wave code. For Ag and Nb, we use optimized
designed non-local pseudopotentials [10,11], created with the OPIUM package [12] and
tuned to achieve optimal eigenvalue and tail norm transfer ability [13]. We use the same
oxygen pseudopotential as in previous studies [14]. The calculations were done in small
I x l x l , 5-atom unit cells and large 2x2x2 40-atom supercells. Ionic minimizations
are started from randomized perfect perovskite positions, and no symmetry is imposed
during structural relaxation as the energy is minimized with respect to all ionic coordi-
nates. Due to the well-known inability of DFT methods to predict the correct volume for
ferroelectric perovskites, all calculations are done at the experimental volume.
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TABLE 1. Effects of volume expansion on tetragonality
and cation displacements in a 5-atom unit cell of AgNbO 3.

Vl/3=3.93 A Vl/3=4.W A Vl^=4.l A

c/a 1.03 1.03 1.26
Agdisp. 0.50 0.63 0.91
Nbdisp. 0.22 0.23 0.53

RESULTS

5-atom unit cell

For 5-atom calculations, we find that at the experimental volume the optimized c/a
ratio is 1.03. Both silver and niobium off-center significantly; silver distorts by 0.5 A,
similar to the Pb off-centering in PbTiO3 and to the Cd off-centering in (Pb,Cd)TiO3. In
PbTiO3, Pb atoms distort along the (100) direction, splitting Pb-O bonds into three equal
groups of four short (2.4-2.5 A), medium (2.7-2.9 A) and long (3.1-3.3 A) bonds, By
contrast, the silver atom in 5-atom AgNbO3 distorts along the (521) direction, creating
a distribution of Ag-O bonds that can be roughly split into four short (2.3-2.6 A), five
medium (2.66-3.00 A) and three long (3.11-3.31 A) Ag-O bonds. Niobium off-centers by
0.25 A, also along the (521) direction, forming three short bonds of 1.83 A, 1.89 A and
1.93 A and three long bonds of 2.01 A, 2.05 A and 2.15 A. Brown's rules of valence [15]
analysis of the Nb-O distances shows that Nb displacement significantly changes the
bond order of the Nb-O bonds, creating a difference of about 0.5 between the valence
of the short and long Nb-O bonds. Significant changes in bond order suggest that in
AgNbO3, Nb should display an anomalous Born effective charge larger than the formal
+5 charge.

Halilov et al have found that volume expansion has a dramatic effect on the preferred
c/a ratio of CdTiO3. For a 5.4% volume expansion of AgNbO3, we find no increase
in tetragonality, with optimized c/a ratio of 1.03. As expected, the volume expansion
increases the magnitudes of the Ag and Nb off-center distortions. However, a much
larger 13.5% volume expansion has a dramatic effect on tetragonality with optimized
c/a=1.26. The large increase in tetragonality is accompanied by a doubling of the Ag
and Nb distortion magnitudes. The results at three different volumes are summarized in
Table I. The nonlinear response of AgNbO3 to volume expansion is similar to the one
found by Tinte, Rabe and Vanderbilt in their study of the effects of negative pressure on
the structure of PbTiO3 [16].

40-atom supercell

Calculations in a small 5-atom unit cell are unphysical for perovskites with low
tolerance factors, since a 5-atom unit cell does not allow octahedral rotation, which
accommodates the mismatch between the A-O and B-O sublattices. We therefore carried
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FIGURE 1. Ag-O partial PDFs obtained from 5-atom (solid) and 40-atom (dashed) AgNbO 3 relaxed
structures.

out calculations in a 2x2x2 40-atom AgNbO3 supercell, which is a more realistic
representation of the material.

Optimization of the lattice parameters at the experimental volume showed that an
orthorhombic phase (c=7.88 A, a=7.82 A) is preferred, in excellent agreement with
experimental results [6]. As expected, the relaxed 40-atom supercell displays large
octahedral rotations, which stabilize the structure by 0.3 eV per 5-atom unit cell. The
octahedra tilt by about 14.5°; this is similar to the magnitude of tilts found in PbZrO3.
We find that the nature of Ag-O bonding is unchanged in the larger supercell. Ag-O
bonds are split into groups of three short (2.2-2.3 A), six medium (2.7-3.0 A) and
three long (3.1-3.3 A) bonds. However, despite the presence of short covalent Ag-O
bonds, Ag distortions are extremely small (0-0.1 A). This is because the O6 tilting
brings the oxygen atoms closer to Ag, eliminating the need for a large distortion to make
short Ag-O covalent bonds. A comparison of the Ag-O PDFs for 5-atom and 40-atom
calculations (Figure 1) shows that both PDFs have similar splits of Ag-O distances into
short, medium and long Ag-O bonds. Despite the similar nature of bonding, the motifs
by which the desired bonding is achieved are different in the 5-atom and 40-atom unit
cells.

Nb distortions in the 40-atom supercell are 0.25 A, slightly larger than in the 5-atom
unit cell. Unlike the Zr-O6 polarization in PZ, the Nb-O6 polarization in AN is of mostly
covalent character, displaying a clear split between three short Nb-O distances of 1.9 A
and three long Nb-O distances of 2.17 A (Figure 2). A comparison of the Nb-O partial
PDFs for the 5-atom and the 40-atom unit cells show that the splitting in the Nb-O peak is
larger for the 40-atom cell. This is due to the larger volume of the rotated O6 cage, which
creates additional space for the Nb off-center distortions. We find that Nb ions displace
in (221), (221), (221) and (221) directions, averaging out to a ferroelectric polarization
in the (100) direction and anti-ferroelectric distortions in the (010) and (001) directions.
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FIGURE 2. Nb-O partial PDFs obtained from 5-atom (solid) and 40-atom (dashed) AgNbO 3 relaxed
structures.

AgNbO3-PbTiO3 solid solution

Our study of AgNbO3 showed that Ag off-centering is eliminated by the large O6 ro-
tations in pure AgNbO3 due to the low tolerance factor. To increase the tolerance factor,
thereby reducing the O6 rotation, we can alloy AgNbO3 with a perovskite of larger vol-
ume. The increase in the size of the Ag site should also contribute to the unlocking of the
Ag off-center behavior. Since our primary interest is in high-performance morphotropic
phase boundary piezoelectrics, we choose to alloy AgNbO3 with PbTiO3. We expect
that the large Pb and Ti displacements in PbTiO3 will give an additional impetus for Ag
off-centering. While the alloying introduces the toxic Pb atoms on the A-site, it is never-
theless a good first step in investigation of Ag behavior in solid solution, as PbTiO3 and
its solid solutions have been extensively studied [14, 17, 18, 19, 20] and are now well-
understood. For a preliminary study, we choose a composition of 87.5% PbTiO3 and
12.5% AgNbO3. We perform our calculations at the interpolated experimental volume,
which is 4.4% larger than the experimental volume of pure AgNbO3.

The results for AN-PT calculations are presented in Table II along with the results
of a 5-atom DFT calculations for PbTiO3 and AgNbO3 for comparison. As expected,
we find that alloying with PbTiO3 dramatically increases the Ag displacement to 0.7A,
larger than the 0.5 A found for the 5-atom AgNbO3 unit cell. However, AgNbO3 alloying
decreases the magnitude of the Pb distortions, from 0.5 A in pure PbTiO3 to 0.3 A in
AgNbO3-PbTiO3. The decrease in Pb distortion is due to the decrease in the volume
of the Pb site, and due to the significant 6° octahedral rotations induced by AgNbO3
alloying. For the B-site behavior, the relaxed structure shows Nb and Ti distortions that
are slightly smaller than those in end member compounds, most likely due to smaller Pb
distortions.

Our research on PZT showed that the difference in the strength of Pb-Zr and Pb-
Ti repulsive interactions leads to the local preference of Pb atoms to move away from
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TABLE 2. Comparison of the 5-atom AgNbO3, 40-atom AgNbO3, PbTiO3 and AgNbO3-PbTiO3

local structure data. Displacement magnitudes are in A, and O6 cage tilt angles in degrees.

c/a Ag disp. Nb disp. Pb disp. Ti disp. O6 tilt angle

5-atom AgNbO3
40 atom AgNbO3
PbTiO3
(AgNb03)1/8-(PbTi03)7/8

1.03
1.00
1.05
1.03

0.5
0.1

0.7

0.22
0.25

0.22
0.5
0.3

0.28
0.25

0
14.5

0
6

Zr and toward Ti [20]. The competition between the local preference to move toward
Ti and the preference to obtain maximum local dipole alignment then gives rise to
compositional phase transitions. In PZT, the stronger Pb-Zr repulsion is due to the
significant size difference between Zr and Ti (0.74 A for Zr, 0.60 A for Ti). To examine
the A-B interactions in AgNbO3-PbTiO3, we calculated the (Pb,Ag)-Nb and (Pb,Ag)-Ti
partial PDFs from our relaxed structure (Figure 4). A clear separation between Pb-Nb
and Pb-Ti peaks can be observed, similar to the separation between the Pb-Zr and Pb-Ti
peaks in PZT. This indicates that Pb-Nb repulsion is greater than Pb-Ti repulsion. The
preference to avoid Nb and displace toward Ti, together with the preference for dipole
alignment should lead to a MPB between rhombohedral and tetragonal phases in the
AgNbO3-PbTiO3 phase diagram.

Since the size difference between Nb and Ti is much smaller (0.64 A for Nb and
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0 yy/v
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3.8

FIGURE 3. (Pb,Ag)-Ti (solid) and (Pb,Ag)-Nb (dashed) partial PDFs obtained from relaxed
(AgNbO3)1/8-(PbTiO3)7/8 relaxed structure. Ag-Ti peaks are at 3.0 A and 3.1 A, Pb-Ti peaks are at 3.3 A
and 3.5 A.
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FIGURE 4. Nb distortion patterns in the 40-atom AgNbO3 supercell. Solid arrows represent actual
distortions found by DFT calculations. In the proposed antiferroelectric distortion pattern, shown by
dashed arrows for Nb atoms 3 and 4, oxygen atoms 2 and 4 would be overbonded.

0.60 A for Ti) than the Zr/Ti size difference, while the separation between the A-B PDF
peak positions is the same, it is unlikely that the greater strength of the Pb-Nb repulsion
is due to the size effect. Rather, it is due to the difference in the valence of the two
cations. An oxygen atom with Nb and Ti nearest neighbors is overbonded [21] relative
to an oxygen which has two Ti nearest neighbors, and is therefore less able to create a
strong short covalent bond with a Pb atom. Thus, the difference in the Pb-Nb and Pb-Ti
repulsion strength is due to an indirect, through-oxygen effect.

DISCUSSION

Despite the tolerance factor of 0.956 (similar to PbZrO3), our DFT calculations confirm
experimental findings that AgNbO3 at low temperature is not antiferroelectric. We be-
lieve that this difference is a direct consequence of the different character of the B-cation
behavior in the two materials. As illustrated by the Nb-O PDFs in Figure 2, Nb atoms
displace by a significant 0.25 A, creating three short Nb-O bonds of high bond order and
three long Nb-O bonds of low bond order. As shown in Figure 4, an anti-ferroelectric
distortion pattern coupled with creation of short, high bond order Nb-O bonds would
produce over- and under-bonded oxygen atoms. A ferroelectric distortion pattern, which
does not lead to oxygen overbonding is therefore more favorable. In PbZrO3, the Zr off-
centering is in large part due to O-Zr-O bond angle bending which does not appreciably
change the bond order of the Zr-O bonds. Therefore, an antiferroelectric distortion pat-
tern does not lead to oxygen atom under- or over-bonding and is preferred.

Our results show that Ag behavior on the perovskite A-site is similar to that of
Pb. Short covalent bonds are a well-known requirement of the Pb-O bonding at the
perovskite A-site [22]. However, the way these bonds are achieved depends on the
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environment of the Pb atoms. In oxides with a high tolerance factor such as PbTiO3,
a strong off-center distortion creates short covalent Pb-O bonds. In oxides with low
tolerance factor such as PbZrO3, large octahedral rotations bring oxygen atoms closer
to Pb, eliminating the need for a large Pb displacement. Similarly, short covalent Ag-O
bonds are a requirement of the Ag-O bonding on the A-site. In our 40-atom AgNbO3
calculations, the short Ag-O bonds are created through octahedral rotations; in the 5-
atom calculations the octahedral rotations are no longer possible and the short Ag-
O bonds are created through off-center diplacements. This gives rise to similar Ag-O
partial PDFs for the 5-atom and the 40-atom calculations. Without octahedral rotations,
AgNbO3 is similar to PbTiO3; with the rotations it is similar to PbZrO3.

Our results, as well as the previous work of Halilov et a/., show that absence of
ferroelectricity in simple perovskites with low tolerance factor does not necessarily
imply an inability of the A-cation to off-center. The lack of ferroelectric behavior can be
caused by octahedral rotations creating the short covalent bonds and not by an inability
to create covalent bonds. Thus, both CdTiO3 as examined by Halilov et al. and AgNbO3
as presented in this paper display ferroelectricity when the rotations are turned off by
constraining the material to a 5-atom unit cell or by alloying with PbTiO3. Other A-
site cations found in simple perovksites with low tolerance factor and thought to be
ferroelectrically inactive, may similarly display ferroelectric activity in solid solutions.

CONCLUSION

Using DFT calculations, we investigated the chemistry of AgNbO3 and the AgNbO3-
PbTiO3 solid solution. We find that silver ions create short covalent Ag-O bonds and
are therefore ferroelectrically active in the absence of large B-O6 octahedral rotations.
Calculations on 40-atom AgNbO3 unit cells confirm the presence of ferroelectricity in
the low temperature phase of pure AgNbO3. The origin of preference of AgNbO3 for
a ferroelectric phase over the antiferroelectric phase is due to the strong Nb distortions
which would create over- and under-bonded oxygen atoms in the antiferroelectric dis-
tortion pattern. Our calculations on AgNbO3-PbTiO3 show that alloying PbTiO3 with
AgNbO3 increases Ag displacements but decreases Pb displacements and the c/a ratio.
Despite the similar size of the Nb and Ti cations, Pb-Nb repulsion is stronger than Pb-Ti
repulsion, and Pb atoms show a preference for distortions away from Nb ions and to-
ward Ti ions. This difference in the Pb-Nb and Pb-Ti repulsion strength is due to indirect,
through-oxygen overbonding effect. The combination of Pb preference for distortion to-
ward Ti atoms and the desire for maximum local dipole alignment should lead to a MPB
with good piezoelectric properties in the AgNbO3-PbTiO3 phase diagram.
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