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Structural differences in the so-called M polymorphs of AgNbO; were analyzed using combined high-
resolution x-ray diffraction, neutron total scattering, electron diffraction, and x-ray absorption fine-structure
measurements. These polymorphs all crystallize with Pbcm symmetry and lattice parameters (2a.X 2a,.
X 4a, (where a,~4 A corresponds to the lattice parameter of an ideal cubic perovskite) which are determined
by a complex octahedral tilt system (a~b~c”)/(a”b™c") involving a sequence of two in-phase and two antiphase
rotations around the ¢ axis. Our results revealed that, similar to KNbOj;, the Nb cations in AgNbOj; exhibit
local off-center displacements correlated along Nb-Nb-Nb chains. The displacements appear to be present even
in the high-temperature AgNbO5 polymorphs where the Nb cations, on average, reside on the ideal fixed-
coordinate sites. The onset of the (a~b~c™)/(a”bc™) tilting in the M polymorphs lifts the symmetry restrictions
on the Nb positions and promotes ordering of the local Nb displacements into a long-range antipolarlike array.
This ordering preserves the average Pbcm symmetry but is manifested in electron diffuse scattering and
corroborated by other local-structure sensitive techniques. Structural states previously identified as the M5 and
M, phases represent different stages of displacive ordering rather than distinct thermodynamic phases. Rietveld
refinements indicated intimate coupling between the displacive behavior on the oxygen, Nb, and Ag sublat-
tices. The Pbcm symmetry of the octahedral framework precludes a complete ordering of Nb displacements so
that some positional disorder is retained. This partial disorder likely gives a source to the dielectric relaxation
which, according to previous spectroscopic studies, is the origin of the diffuse dielectric response exhibited by

M-type AgNbOj5 at =250 °C.

DOI: 10.1103/PhysRevB.79.104113

I. INTRODUCTION

AgTa Nb,_ O; perovskite solid solutions exhibit a rare
combination of high but temperature stable dielectric con-
stants and modest dielectric losses which renders them at-
tractive candidates for high-frequency capacitors.!?> Despite
the technological importance of these materials, the struc-
tural origin of their high dielectric constants remains uncer-
tain. Moreover, even the details of the crystal structures and
phase transitions among the polymorphs of the end-
compound AgNbOj; remain a subject of debate.

At room temperature, AgNbO; crystallizes with a
perovskite-related structure® that exhibits orthorhombic sym-
metry (Pbcm) and lattice parameters (2a.X |2a.X4a,. (a,
~4 A corresponds to an ideal cubic perovskite). This super-
structure (Fig. 1) features a so-called compound tilting of
[NbO4] octahedra described in Glazer’s notation* as
(ab=c™)/(a"bc*). A sequence of two in-phase and two an-
tiphase octahedral rotations about the ¢ axis yields a 4a,
periodicity with the two crystallographically distinct Ag
sites, Agl and Ag2. In addition to tilting, the AgNbO; struc-
ture exhibits concerted off-center Ag and Nb displacements
that adopt the symmetry of the tilted octahedral framework
(Fig. 2). The Nb and Agl displacements are directed prefer-
entially along the b axis whereas the Ag2 displacements oc-
cur parallel to the a axis. Similar octahedral-tilting and cat-
ion displacements are encountered in NaNbO; (Refs. 5 and
6) and Ca,_,Sr,TiO; (x=0.59-0.65).78
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PACS number(s): 61.50.Ks, 61.05.cp, 61.05.F—, 61.05.J—

Upon heating, AgNbO; has been reported to undergo a
series of at least five reversible structural phase transitions
(Fig. 3) that involve different types of octahedral rotations
The transitions
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and cation displacements. M; <0,

FIG. 1. (Color online) Schematics of the octahedral framework
in the M-phase structure of AgNbO; with the symmetry elements
superimposed. Octahedral rotations about the ¢ axis are indicated
using arrows. Agl and Ag2 specify ¢ planes occupied by the sym-
metrically nonequivalent Ag cations.
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FIG. 2. (Color online) Schematics of the Nb (a) and Ag (b)
displacements in the successive ¢ layers (I, II, III, and IV) within
the Pbcm structure (Fig. 1). The displacement directions are indi-
cated using arrows.

O« T, and T« C arise from octahedral-tilting instabilities
and as such are considered to be well understood (Fig. 3). In
contrast, the transitions among the M phases have been at-
tributed to cation displacements; however, their exact nature
has not been clarified. The transition of most practical and
fundamental interest is the M, <> M3, which is manifested by
a diffuse maximum in the temperature dependence of dielec-
tric constant.! Studies using dielectric spectroscopy have at-
tributed this peak to a submillimeter Nb relaxational
mode.'>!3 In AgNb,_,Ta,O5 solid solutions, the M, M,
transition temperature decreases with increasing Ta content
so that for x:% the maximum of dielectric constant occurs in
the exploitable room-temperature range.'?

The M, M; diffuse transition reportedly causes an
abrupt splitting of the 004, reflections in x-ray diffraction
patterns below the transition temperature.”!! Yet, recent
structural refinements of AgNbO; using powder neutron-
diffraction data'! revealed no changes in the average symme-
try (Pbcm) across the transition, which suggests that the
structural changes are subtle and may involve correlations
among atomic displacements over a limited spatial scale.

In the present study, we combined x-ray and neutron pow-
der diffraction (including total neutron scattering), extended
x-ray absorption fine-structure (EXAFS) measurements, and
transmission electron microscopy to elucidate the nature of
the structural changes in the so-called M-phase polymorphs
of AgNbOs.

II. EXPERIMENT

AgNbO; samples were prepared using conventional solid-
state synthesis by heating a mixture of Ag,O (c. p. grade)
and Nb,Os5 (99.9985%) at 850 °C for 5 h under flowing
oxygen. The mixture contained a 3 wt % (Ref. 14) excess of
Ag,0 to compensate for a loss of Ag during thermal expo-
sure. Samples were mixed under acetone using an agate mor-
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FIG. 3.
AgNbO;.

Sequence of the reported phase transitions in
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tar and pestle for 20 min, dried, and pressed into a pellet. For
synthesis, the pellet was placed on a bed of sacrificial pow-
der on Pt foil and covered with a ZrO, crucible. A separate Pt
container filled with Ag,0O powder was placed inside this
crucible next to the sample to provide a silver-rich atmo-
sphere. The resulting bright-yellow powder contained phase-
pure AgNbOs;, as confirmed by x-ray diffraction.

X-ray diffraction patterns for assessment of sample purity
and for Rietveld refinements were collected using a high-
resolution powder diffractometer equipped with a Ge
incident-beam monochromator (Cu K, radiation) and a lin-
ear position sensitive detector. Variable-temperature x-ray
diffraction measurements were conducted on the 33-BM
beamline at the Advanced Photon Source. One set of experi-
ments was performed on selected reflections using an ana-
lyzer crystal in the diffracted beam path. For these experi-
ments, the sample powder was dispersed in ethanol and
deposited on a thin (15 wm) Al foil which was mounted on
the Linkam heating stage. Data were collected in transmis-
sion using an incident x-ray beam energy of 20 keV; the
stage was rocked with an amplitude of *0.5° to improve
powder averaging. Diffraction patterns for Rietveld refine-
ments were collected using the same diffractometer but with-
out an analyzer crystal. For these measurements, the sample
was packed in a 0.5 mm quartz capillary and mounted in a
custom high-temperature furnace. The diffraction patterns
were collected in transmission at an energy of 17 keV (A
=0.7388 A) up to 0=8 A~'. The capillary was spun during
data collection. The raw data were corrected for absorption
and analyzed using the GSAS software package.!?

Variable-temperature Nb and Ag K-edge EXAFS mea-
surements were conducted at the NIST X23A2 beamline of
the National Synchrotron Light Source. The double-crystal
monochromator was operated with a pair of Si (311) crystals.
Data were collected in transmission using the same Linkam
temperature stage and sample mounting as described for the
x-ray diffraction experiments. Three spectra were collected
at each temperature. For several temperatures, the spectra
were first collected on heating and then recollected on cool-
ing; the data proved to be highly reproducible. All spectra
were processed using the Athena code.'® Local-structure
models were refined by fitting the EXAFS signal calculated
with the FEFF8.20 code!” to the experimental data. A self-
consistent potential was used in the FEFF calculations. The
fitting was accomplished using the ARTEMIS software.'® The
Nb and Ag data were fitted simultaneously to reduce the
number of independent structural variables.

Transmission electron microscopy (TEM) was performed
at 200 kV. TEM samples were prepared both by dispersing
the powder on lacey carbon-coated copper grids and by me-
chanical polishing of sintered (at 900 °C) pellets followed
by ion-thinning until perforation. Ion thinning was accom-
plished in a Precision Ion Polishing System (PIPS) using an
Ar ion-beam energy of 4 kV and an incident-beam angle of
4.5°; these relatively mild ion-thinning conditions were nec-
essary to prevent precipitation of metallic Ag in the sample.

Variable-temperature neutron-diffraction measurements
were conducted on the NPDF diffractometer at the Lujan
Neutron Scattering Center (Los Alamos National Labora-
tory) and on the GEM diffractometer at ISIS (Rutherford
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Appleton Laboratory). In both cases, the sample powder was
loaded in vanadium containers. Temperature control was
achieved using either a closed-cycle refrigerator (NPDF) or a
high-temperature furnace (GEM). High neutron absorption
by Ag (absorption cross section 63.3 b) complicated the
structural refinements of AgNbO;, limiting the accuracy of
the atomic displacement parameters (ADP). The problem is
also significant for the analyses of atomic pair-distribution
functions (PDF) because large absorption corrections affect
background subtraction and normalization of the total scat-
tering data. Rietveld reciprocal-space refinements using
absorption-corrected data collected at similar temperatures
on the NPDF and GEM instruments yielded comparable
(*+2 e.s.d—estimated standard deviation) values for all
structural parameters. Here, we present only the refinements
obtained using the GEM diffractometer because more tem-
peratures were sampled during that experiment. For the PDF
analyses, the NDPF data were preferred because the NPDF
setup enabled a more robust background subtraction for the
highly absorbing sample. Raw total scattering data were pro-
cessed using the PDFGETN software to extract the PDF. A
Omax=35 A~' was used in the Fourier transform. The PDF-
GUI (Ref. 18) and RMCPROFILE (Ref. 19) software packages
were used for local-structure refinements.

The transition temperatures identified by the different
techniques varied somewhat (=10 °C) because of the instru-
mental differences in the sample-heating systems. Therefore,
all temperatures reported in this work are considered to be
approximate (=10 °C).

II1. RESULTS
A. Room-temperature structure

Room-temperature x-ray, neutron, and electron-diffraction
patterns of AgNbOj; can be readily accounted for by the pre-
viously reported 40-atom unit cell having lattice parameters
a=5.55358(4) A, b=5.60858(4) A, ¢=16.6540(1) A (x-
ray diffraction data). Our Rietveld refinements using both
neutron and x-ray diffraction data confirmed the Pbcm struc-
ture (Fig. 4). Neutron refinements yielded typical ADP val-
ues for all sites except the most symmetric Ag2 and OS5 po-
sitions which acquired abnormally large U,, components
(Tables I and II; Fig. 5). Refinements using x-ray diffraction
also corroborated large U,, values for Ag2. Apparently, both
the Ag2 and OS5 sites exhibit displacive disorder along the b
axis. Since these atoms reside in the same ¢ planes and are
nearest neighbors, their local displacements are expected to
be correlated. The Ag2 cations appear to be unstable in the
(3+6+3) coordination imposed by the local (a=b~b")-like
tilting and are displaced toward the OS5 atoms to acquire a
~[(3+41)+5+3] distribution of the Ag-O distances, as is ob-
served for the Agl sites.

Electron-diffraction patterns (Fig. 6) displayed sharp su-
perlattice reflections associated with octahedral-tilting and
cation displacements; the reflection conditions were consis-
tent with space group Pbcm. Additionally, electron diffrac-
tion revealed pronounced diffuse scattering concentrated on
the (00/), reciprocal-lattice planes (relplanes) passing
through all fundamental reflections perpendicular to the ¢
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FIG. 4. (Color online) Experimental (red) and calculated (blue)
neutron-diffraction profiles for AgNbO; at room temperature (R,
=3.24%)

axis (Fig. 7). Some detectable but substantially weaker dif-
fuse intensity was also observed on the (h00). and (0k0),
relplanes perpendicular to the a and b axis, respectively. The
diffuse scattering was extinct for the {001}, relplanes passing
through the origin. Similar diffuse scattering has been re-
ported for several perovskite systems,’*?! including ortho-
rhombic BaTiO; and KNbOs, where it was attributed to cor-
related B-cation displacements within linear -B-B-B- [001],
chains. The correlated displacement components within each
chain (Fig. 8) must be parallel to the chain direction to ac-
count for the extinction of diffuse scattering through the
origin.?!?> A continuous distribution of diffuse intensity
within the relplanes indicates the absence of transverse inter-
chain correlations. Superposition of the average [110]. and
local [001], displacements is consistent with the assumption
that the Nb cations are disordered among the two sites dis-

placed approximately along the [111]. and [111], directions
(Fig. 8), as observed indeed for the orthorhombic forms of
BaTiO; and KNbO;.?’ This interpretation of the electron-
diffraction data for AgNbOj; is supported by our PDF and
EXAFS measurements, as described below.

The atomic pair-distribution function for AgNbO; ob-
tained from total neutron scattering displays a well-resolved
double peak for the Nb-O nearest-neighbor distances, R, and
R,, instead of a single broad peak expected for the average
structure [Figs. 9(a) and 9(b)]. The experimental Nb-O dis-
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TABLE I. Room-temperature atomic coordinates and equivalent isotropic displacement parameters (A2)
for the Pbem structure of AgNbO; obtained from refinements using neutron powder-diffraction data (Fig. 4).
Values of the refined anisotropic displacement parameters are summarized in Table II. Note: Lattice param-
eters a=5.55165(4) A, b=5.60804(5) A, and ¢=15.6503(1) A. Space group Pbcm (No. 57). The aniso-
tropic displacements parameters for the oxygen sites O6 and O7 were constrained to be equal.

Atom Site X y z Ueq X 100
Agl 4d 0.7574(6) 0.2332(3) 0.75 0.76
Ag2 4c 0.7567(7) 0.25 0.5 1.58
Nb 8e 0.7456(4) 0.7244(1) 0.6258(2) 0.52
04 4d 0.7008(5) 0.7636(3) 0.75 0.49
05 4c 0.8113(5) 0.75 0.5 1.16
06 8e 0.4689(2) 0.5351(2) 0.6109(1) 0.82
o7 8e 0.9672(1) 0.4714(2) 0.6386(1) 0.82

tance distribution can be satisfactorily fitted using a double-
Gaussian profile with R;=1.907(1) A and R,=2.116(1) A.
The corresponding Debye-Waller (D-W) factors are o
=0.005(1) A% and 05=0.007(1) A2 The area ratio for these
two peaks is 3.3/2.7 which is consistent with local Nb dis-
placements approximately along the (111), directions. In
contrast, the PDF simulated for the average-structure model
obtained from conventional Rietveld refinements features a
single broad Nb-O peak at R=2 A [Fig. 9(b)]. Real-space
refinements over a local distance range could reproduce the
double-peak Nb-O distribution [Fig. 9(c)] but only by modi-
fying the anisotropy of the Nb ADP to yield a large Ui,
displacement component. This result is consistent with the
model inferred from the electron-diffraction data (Fig. 8).
The EXAFS-derived Nb-O peak (Fig. 10) also can be fitted
assuming a double-shell (3+3) Nb coordination; attempts to
describe this peak using a single-shell coordination produced
a significantly worse fit (Fig. 11). The Nb-O distances, R,
=1.905(4) A and R,=2.108(6) A and their associated
Debye-Waller factors, o7=0.004(1) and ¢3=0.007(1) ob-
tained from EXAFS are similar to those derived from the
neutron PDF.

Thus, electron diffraction, neutron PDF, and EXAFS all
indicate that the local coordination of Nb is different from
that described by the average model. The data are consistent
with local displacements of Nb along the (11 % [),. directions
(I=1) so that, on average, Nb atoms are displaced along the

b axis parallel to [110],; the z axis components of local dis-
placements are correlated along the [001], direction (Fig. 8).
The alternating strong/weak intensities of the (00/), diffuse
sheets with /=odd and /=even [e.g., Fig. 7(d)] suggest the
coexistence of both positive Nb-Nb and negative Nb-O dis-
placement correlations within the [001], (subscript “o” refers
to the orthorhombic 2a,. X 2a,X 4a, unit cell) Nb-O-Nb-O
chains,?""?? as was confirmed by our computer simulations of
the diffuse scattering.

B. Structural transitions

In the present study we focused on the alleged
M, <M, <> Mj transitions. As mentioned in Sec. I, the tran-
sitions M3« O« T« C are generally well understood and
are associated with modification of the octahedral tilt system
(Fig. 3). The M3—O transition is manifested in abrupt
changes in the orthorhombic lattice distortion and the disap-
pearance of the superlattice reflections hkilc. In the O-phase,
all Nb cations reside on the ideal fixed-coordinate positions,
whereas Ag atoms occupy two nonequivalent sites having
variable y coordinates.

1. Diffraction Studies

In situ heating/cooling electron-diffraction experiments
confirmed that the reflection conditions resulting from the
symmetry glide planes b and ¢ in the Pbcm space group are

TABLE II. Room-temperature anisotropic displacement parameters (X 100, A2) for the Pbem structure of
AgNbOj; obtained from refinements using neutron powder-diffraction data.

Atom Uy Uy Uss Up Uiz Ux
Agl 0.9(1) 0.36(8) 1.0(1) -0.11(6) 0 0

Ag2 1.0(1) 3.1(1) 0.6(1) 0 0 -0.08(7)
Nb 0.21(2) 0.56(3) 0.78(2) 0.06(4) -0.05(3) 0.16(5)
04 1.15(9) 0.5(1) 0.0052 -0.29(5) 0 0

05 1.1(1) 2.2(1) 0.1(1) 0 0 -0.25(8)
06, O7° 0.61(2) 0.73(2) 1.12(2) ~0.08(4) ~0.33(4) ~0.001(2)

“The Us; component for the O4 site was kept fixed
produced a small negative number.

because unconstrained refinements of this parameter

"The displacement parameters for the O6 and O7 sites were constrained to be equal.
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FIG. 5. (Color online) Schematic of anisotropic atomic displace-
ment parameters (70% probability) as obtained from Rietveld re-
finements using room-temperature neutron-diffraction data. Note
the highly anisotropic displacements for Ag2 and OS5 sites.

closely obeyed up to the M+« O transition. Therefore, the
average displacement patterns for both Ag and Nb (Fig. 2)
must be maintained across the entire M-phase field. The
presence of mirror planes perpendicular to the ¢ axis (Fig. 1)
could not be ascertained because the high incidence of twin
and antiphase domain boundaries (Fig. 12) precluded the re-
liable use of convergent beam electron diffraction.

As found in previous x-ray diffraction studies, the 002,
=220,+008, reflection appeared as a single peak in the range
~275 to =325°C, but split into two peaks for
T<275 °C—a change that has been identified>!' as the
M; <M, transition [Fig. 13(a)]. However, analyses of the
220, and 008, d spacings calculated from the lattice param-
eters obtained using Rietveld refinements indicate that these
reflections remain split across the entire M-phase field up to

Okl: k=2n

FIG. 6. Representative low-index selected area electron-
diffraction patterns from AgNbO;. The reflection conditions are
consistent with the b and ¢ glide planes as encountered in the Pbcm
structure.
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FIG. 7. (Color online) Electron-diffraction patterns recorded
from a single domain of AgNbOj; at room temperature. Fundamen-
tal reflections are indexed according to the 2a,.X |2a.X4a, unit
cell. Note the diffuse-scattering streaks that represent intersections
of the (001), sheets (illustrated in the drawing on the right) and the
Ewald sphere. The diffuse scattering through the origin is extinct.
The diffraction pattern recorded in the [102],. orientation contains a
minor contribution from the second domain with a perpendicular
orientation of the ¢ axis. A systematic alternation (i.e., weak/strong)
of diffuse intensity is observed for the streaks at g=[112], and g
=3[112], (z.a. [102],).

the M3« O transition at =360 °C [Fig. 13(b)]. Thus, the
previous inference of the M3« M, transition from a seem-
ingly “abrupt 220,/008,, splitting” at =275 °C was mislead-
ing; instead, the temperature dependencies of the 220, and
008, d spacings coincidentally intersected at this temperature
as seen in Fig. 13(b). Nevertheless, detailed examination of

Co

1

T n
b :
: 2

Chain 1 Chain 2

FIG. 8. (Color online) (Left) Schematic of the chainlike corre-
lations for the local Nb displacements directed along [111]. and
[111].; (right) A random mixture of chains 1 and 2 is equivalent to
average Nb displacements along the [110],. direction (i.e., b axis)
with additional disordered local-displacement components along the
[001]/[001] (i.e., ¢ axis) directions. These chain correlations gen-
erate the (00/), sheets of diffuse intensity observed in Fig. 7.
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FIG. 9. (Color online) (a) Experimental (red) and calculated
(blue) atomic PDF obtained from total neutron scattering at room
temperature. (b) Low-r portion of the PDF in (a). The calculated
PDF corresponds to the average structure refined from the Bragg
profile. The calculated PDF matches the experimental data well at
larger interatomic distances (a) but evidently fails to reproduce the
first Nb-O peak (b). This peak can be recovered through additional
refinements of the Nb atomic coordinates and anisotropic displace-
ment parameters (c). The refined parameters exhibit a strong pref-
erence for Nb displacements along the ¢ axis in addition to the
average b-axis displacements. This result supports the model in-
ferred from the electron-diffraction data (Fig. 8).

the temperature dependence of the 220, d spacing reveals
anomalies that can still be associated with the M3« M,
(260 °C) and M, M, (75 °C) structural changes (Fig. 14).
An additional, hitherto unsuspected, anomaly is also ob-
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FIG. 10. (Color online) (a) and (b) Room-temperature Nb (a)
and Ag (b) EXAFS data. (c) and (d) Experimental (red) and fitted
(blue) magnitudes of the EXAFS Fourier transform for Nb and Ag.
The k ranges used in the Fourier transforms were 2—15 A~ for Nb
and 1.7-11.7 A~! for Ag. Prior to transform, the data were multi-
plied by the Hanning window (dk=1). Satisfactorily agreement be-
tween the experimental and calculated data was obtained by simul-
taneous fitting of both the Ag and Nb data sets using a model that
included a two-shell Nb-O (3+3), a single-shell Nb-Ag, a single-
shell Nb-Nb, a three-shell (3+6+3) Ag-O, and a two-shell Ag-Ag
coordination. For each shell, an interatomic distance and its associ-
ated Debye-Waller factor were refined. Multiple-scattering contri-
butions to the Nb EXAFS data were taken into account by intro-
ducing the Nb-O-Nb angle as an independent variable (this angle is
determined primarily by octahedral tilting). We calculated multiple-
scattering amplitudes for the three values of the Nb-O-Nb angle and
used quadratic interpolation during the fit. All refined structural
parameters acquired physically reasonable values.

served at =200 °C. The unit-cell volume of AgNbOj; exhib-
ited nearly linear positive thermal expansion (Fig. 15).
Simulations of x-ray diffraction patterns for the Pbcm
structure indicate that the intensities of most superlattice re-
flections (e.g., 313,, 304,) are determined primarily by the
Nb and Ag displacements and, therefore, can be used to

- . . -

Nb

-
N

e
o

FT Magnitude (A%)
o
~

L L L L h il

0 05 1, 15 2
r(A)

FIG. 11. (Color online) A single-shell fit of the EXAFS Nb-O
peak at room temperature [Ryy,.0=1.98(1) A, 02=0.017(3) A2].
The discrepancy between the experimental (red) and fitted (blue)
data is considerably worse than that for a two-shell fit (Fig. 10).
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FIG. 12. Representative dark-field TEM image recorded with
the 241-like reflections strongly excited near the [210], orientation.
A high incidence of antiphase domain boundaries aligned perpen-
dicular to the [001], direction is observed.

monitor their evolution with temperature. Indeed, the tem-
perature dependence of the combined integrated intensities
for the 313, and 304, reflections (Fig. 16) exhibits several
anomalies that can be correlated with those for the 220, d
spacing. In particular, a strong increase in the slope is ob-
served at =275 °C as well as the weak but discernible dis-
continuities at =200 and =75 °C. Thus, the structural
changes that give rise to the anomalies in the 220, d spacings
appear to involve the cation displacements.

The temperature dependencies of key average-structure
characteristics obtained from the refinements using neutron-
diffraction data are summarized in Fig. 17. The angles that
describe rotations of [NbOg] octahedra about the b and c
axes are designated as 6 and ¢, respectively (Fig. 18). Both
angles [Figs. 17(c) and 17(d)] as well as the displacements of
Nb [Fig. 17(a)] and Agl [Fig. 17(b)] from their ideal posi-
tions increase on cooling. All of these characteristics exhibit
discernible anomalies at =200 °C. For the Agl displace-
ments, additional pronounced changes are observed at =250
and =75 °C. A significant distortion of the [NbO] octahe-
dra occurs on cooling. The distortion is accompanied by the
progressive contraction of the apical [Fig. 17(e); Fig. 18] and
expansion of the equatorial [Figs. 17(f) and 17(g); Fig. 18)
O-O distances. This distortion increases notably below
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~250 °C [Fig. 17(e)] causing anomalous changes in the
temperature dependencies of both 220 and 008 d spacings.
The equatorial O-O distances exhibit pronounced changes at
both 250 and 200 °C. The octahedral distortion correlates
with the anomalous behavior of the Nb ADPs (Fig. 19): Us;
exhibits an unusual maximum at =225 °C, while the ratio
U,,/ Usz decreases rapidly on cooling to 250 °C but remains
constant below this temperature. Thus, the anomalies in both
the 220, and 008, d spacings near the supposed M;— M,
transition (=250 °C) can be attributed to the onset of octa-
hedral distortion which, in turn, appears to be linked to
changes in the anisotropy of the Nb ADPs. The average
Nb-O distances in the ab plane exhibit anomalies at 200 and
75 °C which are consistent with the behavior of the average
Nb displacements (Fig. 20). The dependence of the Nb-O
distances along the ¢ axis on temperature was weak and
noisy because of the relatively large standard error for the
z-axis component of the Nb displacements. For the Ag2 sub-
lattice, the most significant effect is observed for the U,,
component [Fig. 17(h)] which drops sharply below 100 °C
thereby suggesting a partial displacive ordering on these
sites.

Electron diffuse scattering exhibits a major qualitative
change between 100 and 200 °C manifested in the appear-
ance of diffuse (1200). and (0k0), relplanes (Fig. 21) in addi-
tion to the already present (00).. This change in the diffuse
scattering was accompanied by the drop in the integrated
intensity of the superlattice reflections (Fig. 22) dominated
by the cation displacements (e.g., 218, Fig. 21). Coexistence
of the (00I)., (h00)., and (0k0), diffuse sheets above T
=~ 175 °C can be readily attributed to the presence of the Nb
local (001)-displacement correlations along the Nb-Nb-Nb
chains parallel to all three orthogonal (001), directions. Fur-
ther heating caused an abrupt M—O transition at T
~400 °C. In the O phase, sharp hk}llc reflections associated
with the (a™b~c™)/(a"bc*) tilting in the M-phase were re-
placed with the diffuse relrods parallel to the ¢ axis of the M
structure [Fig. 21(d), indicated using dotted line]. These rel-
rods likely reflect a strong disorder in the sign of octahedral
rotations, which is consistent with the previous electron- and
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FIG. 13. (Color online) Temperature dependencies of the 220, and 008, d spacings: (a) results of the profile fitting to the 002,=220,
+008,, reflection(s), (b) calculated from the lattice parameters obtained through Rietveld refinements. The uncertainties are within the symbol
size. The results presented in (a) are consistent with literature reports and the changes can be associated with the previously reported
phase-transition sequence M, <« M3+« O+ O,. In contrast, the results obtained using Rietveld refinements (b) indicate only the O« M
transition. Apparently, the measurement resolution was insufficient to resolve directly a small splitting of the 220, and 008, reflections in (a).
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2. EXAFS and PDF

Consistent with the electron- and neutron-diffraction data,
variable-temperature EXAFS (Fig. 23) revealed discontinu-
ous changes for both Nb and Ag between 150 and 200 °C.
An additional discontinuity is observed for Ag around
350 °C. Simultaneous fitting of the EXAFS data for Nb and
Ag was conducted for a series of temperatures through the
M-phase transitions. For all temperatures, fitting the Nb-O
peak required a double (3+3) shell which suggests that this
local Nb coordination is maintained even above the M« O
transition. Figure 24 displays a plot of the refined Nb-O dis-
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FIG. 15. (Color online) Temperature dependence of the unit-cell
volume for AgNbO;.

FIG. 16. (Color online) (a) A portion of the x-ray diffraction
pattern displaying weak 313, and 304, superlattice reflections with
intensities determined largely by the Nb and Ag displacements. (b)
Temperature dependence of the combined integrated intensity for
these reflections. The dependence reveals several anomalies at the
same temperatures as observed for the 220, d spacing in Fig. 12.

tances, R; and R,, as a function of temperature. A single
anomaly is observed between 150 and 200 °C, as manifested
in the small but significant discontinuity in the Nb-O dis-
tances on cooling; the simultaneous contraction of both the
R, and R, distances on cooling implies the existence of pro-
nounced correlations among the local Nb and O displace-
ments. The discontinuity in the local Nb-O distances corre-
lates with the change in electron diffuse scattering that
occurs in the same temperature range.

Unfortunately, trends in the EXAFS-refined parameters
for the three Ag-O coordination shells were not as systematic
as those for the Nb-O because of the relatively large number
of variables needed to describe the highly distorted Ag coor-
dination; additionally, the situation is complicated by the
presence of Ag on the two symmetrically distinct sites. Thus,
Ag EXAFS was used only as a qualitative indicator of
changes in the local Ag coordination. A concurrent effect of
Nb ordering on the Ag coordination at 200 °C can be as-
cribed to an expansion of the equatorial dimensions of the
[NbOg¢] octahedra which accompanies the Nb displacements.
The anomaly near 350 °C can be attributed to the M— O
tilting phase transition which is expected to primarily affect
the Ag coordination sphere.
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FIG. 17. (Color online) Temperature dependencies of several key structural characteristics obtained from Rietveld refinements using
neutron-diffraction data. (a) Squared b-axis component, vlz\,b, of the Nb displacements from the ideal %%% positions, (b) Squared b-axis

component, vag, of the Agl displacements for the ideal ﬁ% positions, (c) ¢ tilting angle about ¢ axis, (d) 6 tilting angle about b axis, (e)

apical O-O distance along the ¢ axis (see Fig. 16 for description), (f) equatorial O-O distance along the b axis (Fig. 16), (g) equatorial O-O
distance along the a axis (Fig. 16), (h) U,, component of the Ag2 atomic displacement parameters. The uncertainty for the Nb displacements
in (a) is within the symbol size. Values of ¢ (c) and # (d) were estimated from the oxygen coordinates. The uncertainties of these parameters
are small as reflected in the low point-to-point noise of their temperature dependencies. The error bars shown for the |0-O| distances [(e)—(g)]
were estimated by GSAS; the actual uncertainties appear to be much smaller as inferred from the low point-to-point noise in the temperature
dependencies of these distances.
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{Nb-O|

FIG. 18. (Color online) Schematics illustrating the definition of
the ¢ and @ tilting angles and the O-O and Nb-O distances extracted
from the average-structure refinements. The O-O distances are plot-
ted in Fig. 15(e)-15(g), whereas the Nb-O distances are displayed
in Fig. 18.

As found using EXAFS data, the Nb-O double peak in the
neutron PDF collected at several temperatures across the
M-phase field is consistent with a=(3+3) Nb coordination
(Fig. 25). Likewise, the PDF-derived AR=R;-R, values and
the D-W factors agree well with those obtained from EX-
AFS. The reproducibility of the present neutron PDF data
was not sufficient to ascertain small (=0.02 A) discontinui-
ties in the temperature trends of interatomic distances as sug-
gested by EXAFS measurements. A reliable comparison of
the coordination numbers as a function of temperature using
a Gaussian fit to the Nb-O peak also was hindered by the
small yet significant variances in the low-r ripples among the
different data sets (Fig. 25). Nevertheless, the PDF data (Fig.
25) revealed a noticeable systematic change for the Ag-Nb
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FIG. 19. (Color online) Temperature dependences of the Us, (a)
and Uy/Usz (b) parameters for the Nb atoms. The uncertainties
represent estimated standard deviations as calculated using GSAS.
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FIG. 20. (Color online) Temperature dependence of the average
Nb-O distances in the ab plane as described in Fig. 16. The two
different Nb-O distances are defined in Fig. 16.

peak that appears single for 7<<125 °C but splits into a dou-
blet for 7> 125 °C; this change was not evident in EXAFS
data (Fig. 23). Simulations indicate that the r-space reso-
lution for the Ag EXAFS data, where the Ag-Nb peak is well
isolated from the other coordination shells, might have been
insufficient to observe this split. The split disappears near the
temperature at which, according to Rietveld refinements,
some ordering of the Ag2 displacements occurs.

IV. DISCUSSION

Overall, our results indicate the existence of intricate cou-
pling between octahedral-tilting and local displacements of
both Ag and Nb. These interactions trigger a series of
changes in the cation displacements across the M-phase field.
The coupling appears to be stronger for the [NbOg] ¢ tilting
about the ¢ axis, and all major average-structure effects occur
in the ab plane.

The presence of three sets of {100}, diffuse relplanes in
the O phase, combined with EXAFS data, suggest that the
Nb cations exhibit local off-center displacements above the
M« O transition while still residing, on average, at their
ideal fixed-coordinate positions. In a cubic perovskite struc-
ture, a superposition of the three sets of orthogonal (001),
chain-correlated displacements which give rise to diffuse
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FIG. 21. (Color online) Variable-temperature electron-

diffraction patterns recorded from a single domain of AgNbO;
along the (103), orientation. For 7>175 °C, two sets of diffuse
streaks (i.e., vertical and horizontal) were observed, whereas for T
<175 °C one of these sets (horizontal) largely disappeared. A
three-dimensional (3D) reconstruction of the changes in the diffuse
intensity distribution is illustrated by the schematic drawing of the
reciprocal lattice. The diffuse intensity sheets are highlighted.
Around 400 °C, the superlattice reflections hkilc associated with
the (a=b~¢™)/(a~b~c*) octahedral tilting are replaced by the diffuse
streaks (outlined using a dotted line). Numerous random spots and a
ring that appear in the diffraction pattern at this temperature arise
from precipitation of the nanoscale metallic Ag. The intensity of the
218, reflection indicated using red arrows is determined primarily
by the cation displacements. The temperature dependence of the
intensity of this reflection is shown in Fig. 20.

sheets in diffraction is equivalent to local B-cation displace-
ments along one of the eight (111). directions. Such eight-
site displacive disorder reportedly occurs in the cubic phases
of BaTiO; and KNbO;.?* Our local-structure data for
AgNbOj; can also be interpreted by assuming a similar model
for Nb displacements in the O phase. Conceivably, this eight-
site displacive disorder is present even in the higher-
temperature T and C polymorphs of AgNbOj;, but verifica-
tion of this was beyond the scope of the present study.
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FIG. 22. (Color online) Temperature dependence of the inte-
grated intensity of the 218, reflection (indicated using red arrow in
Fig. 19) which is determined entirely by the Ag and Nb displace-
ments. A marked discontinuity in this dependence occurs in the
same temperature range where the change in the electron diffuse
scattering is observed.

The O — M phase transition, accompanied by the onset of
(a™b~¢)/(a"b™c*) octahedral tilting, removes the symmetry
restrictions that constrain Nb to the average ideal positions,
thereby promoting partial ordering of the local Nb displace-
ments. In the average structure, this ordering is manifested
by finite displacements of Nb that increase monotonically in
magnitude with decreasing temperature; in fact, these dis-
placements represent the order parameter. A combination of
the b- and c-axis [NbOg] rotations generates significant lat-
tice distortion, with @ <b, which appears to stabilize average
Nb displacements along the b axis. This ordering spans a
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FIG. 23. (Color online) Variable-temperature Nb and Ag EX-
AFS k*-weighted data [(a) and (b)] and their Fourier transforms [(c)
and (d)] recorded between 25 and 400 °C. The k ranges used in the
Fourier transforms were from 2 to 15 A~! for Nb and from 1.7 to
11.7 A" for Ag. Prior to transform, the data were multiplied by the
Hanning window (dk=1). Both Nb and Ag EXAFS exhibit anoma-
lies between 150 and 200 °C. For the Ag EXAFS, an additional
anomaly between 300 and 350 °C can be observed.
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FIG. 24. (Color online) Local Nb-O distances (R; and R,) ob-
tained by fitting the EXAFS data. A (3+3) Nb coordination by O
was assumed.

broad temperature range as inferred from the presence of the
three sets of diffuse-scattering sheets down to =175 °C. As
the ordering progresses, Nb still remains distributed among
the eight sites but the site occupancies become nonequal
(Fig. 26). The Pbcm symmetry, imposed by tilting, restricts
average Nb displacements to the patterns depicted in Fig. 1.
According to our model, the Nb cations in the ¢ layers I and
II preferentially occupy two (out of eight) sites displaced

along the [11/] and [117] (I=1) directions, whereas those in
the ¢ layers III and IV favor sites displaced along the [11/]

and [1117]; yet, the occupancy probabilities for the other six
sites in each layer remain nonzero (Fig. 26).

The anomalous behavior of the Us; parameter for Nb
(Fig. 19) can be interpreted by assuming a gradual rotation of
the local atomic displacements below 7= 250 °C; that is, the
[ index for the [11/] displacement direction decreases with
decreasing temperature. This rotation of the Nb displace-
ments is consistent with the more rapid contraction of the
apical distances and expansion of the equatorial distances for
T<250 °C. Such enhanced distortion of the [NbOg] octahe-
dra appears to be responsible for the anomalies in the 220,

6.000
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FIG. 25. (Color online) Low-r portions of the PDF at 25, 125,
and 225 °C. Note a splitting of the Ag-Nb peak at higher tempera-
tures (indicated using arrows).
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FIG. 26. (Color online) Schematic for the Nb order-disorder
behavior as a function of temperature. In the O phase, Nb atoms
occupy ideal average positions but are locally disordered among the
eight sites displaced along (11[), (I=1) directions. In the M phase,
the Nb cations become partially ordered with average displacements
along the b axis. Locally, above Ty~ 175 °C, Nb still remains dis-
tributed among the eight sites but the site occupancies become non-
equal as indicated using differently sized spheres. In particular, the
Nb cations in the ¢ layers I and II preferentially occupy two sites
displaced along the [11/] and [117] directions, whereas those in the
¢ layers III and IV favor sites displaced along the [11/] and [117].
The occupancy probabilities for the other six sites decrease gradu-
ally with decreasing temperature and vanish below T}.

and 008, d spacings which have been associated with the
M, < M35 transition. Rotation of the displacement directions,
as suggested by our data, also fits the so-called “spherical
model” previously proposed to describe the behavior of
B-cation displacements in perovskite-like zirconates.?*

For T<175 °C, both the (200), and (0k0), sets of diffuse
relplanes essentially disappear, signifying a transition from
eight-to-two-site Nb disorder in each c layer, as illustrated in
Fig. 26. Note that the average Pbcm symmetry is maintained
upon this change. The evolution of the diffuse scattering on
cooling in AgNbOj; resembles the consecutive disappearance
of the (h00), (0k0), and (00!) diffuse sheets in BaTiO; and
KNbO; upon their series of the cubic— tetragonal
—s orthorhombic — rhombohedral phase transitions.?

The ordering of Nb displacements appears to affect both
the oxygen and Ag sublattices. The coupling between the Nb
and Ag sublattices presumably occurs through the oxygen
atoms. According to our results, the progressive increase in
the average Nb displacements on cooling is accompanied by
expansion of the [NbOg] octahedra in the ab plane which
affects the Ag coordination and enhances the magnitude of
octahedral rotations. Concurrently, octahedral tilting brings
the centers of the [NbOg] octahedra closer together, which
increases the repulsive forces between the Nb-Nb and Nb-Ag
next-nearest neighbors and may also support expansion of
the [NbOg] units. A balance between these two effects deter-
mines the overall changes in the lattice parameters. The exact
reasons for the expansion of both equatorial dimensions in
the [NbOg] octahedra remain unclear and deserve theoretical
investigation.

Our results combined with the previously published data
on KNbO; and NaNbOj; suggest a general tendency for Nb
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disorder in ANbO; perovskites over sites displaced off center
along the (111), directions. Similar ideas have been ex-
pressed by Ivliev et al.? from their dielectric and EXAFS
measurements on KNbO; and NaNbOs. In the absence of
octahedral tilting in KNbOj3, ordering of Nb displacements
gives rise to a sequence of well-defined phase transitions
accompanied by reduction in the average symmetry. Com-
mon tilt systems, such as a%a°c, a®%a°c*, or a*b~b, constrain
B cations to reside on the high-symmetry fixed-coordinate
positions and therefore preclude ordering of Nb displace-
ments. In contrast, rhombohedral tilting a"a”a™ is compatible
with (111). cation displacements and therefore supports
the development of polar order on the Nb sites, as indeed
observed for NaNbOs;, which undergoes a ferro-
electric Pbcm <« R3c phase transition at 173 K. The
(ab~¢™)/(a"b~c") tilting in the room-temperature polymor-
phs of AgNbO; and NaNbOj creates an intermediate case as
it allows for a partial ordering of Nb displacements in an
antipolar array. This ordering within the Pbcm structure does
not affect the average symmetry because the Nb atoms oc-
cupy nonsymmetric (x, y, z) positions and, therefore, no
well-defined phase transition occurs. The structural states
previously attributed to the M3 and M, phases appear to
represent different stages of partial cation ordering within the
same Pbcm symmetry rather than distinct phases in a ther-
modynamic sense.

The M, — M, transition in AgNbOj is reportedly ferro-
electric with a weak spontaneous polarization in the M;
structure.?® In principle, a spontaneous polarization could de-
velop if the Nb cations in all ¢ layers preferentially occupy

positions displaced along either the [117] or [117] directions
thereby reducing the symmetry from the Pbcm to Pbc2,.
This change is difficult to ascertain because the deviations
from mirror symmetry are expected to be small. For ex-
ample, neutron refinements provided no evidence for a loss
of inversion symmetry down to 1.5 K.'' Our EXAFS, Ri-
etveld refinements, and PDF data suggest that partial order-
ing of the Ag2 displacements along the b axis occurs in the
vicinity of the supposed M, — M; transition. Some concur-
rent changes in the Nb and Agl displacements occur around
this temperature as well (Fig. 17). Yet, the exact structural
changes associated with the M, < M, transition still remain
unclear because of their subtlety. Reverse Monte Carlo
(RMC) local-structure refinements enable explicit treatment
of atomic disorder and, in principle, could provide some in-
sight into a possible order-disorder behavior on the Ag sub-
lattices. Our RMC refinements using simultaneous real- and
reciprocal-space fittings of the neutron total scattering data
yielded a good fit to both experimental data sets but failed to
reproduce the diffuse scattering in electron diffraction. More
elaborate RMC refinements that incorporate both total scat-
tering data and Ag and Nb EXAFS data under the restraints
imposed by electron diffraction are in progress and, if suc-
cessful, will be reported separately.

Previous studies which combined dielectric, infrared, and
Raman spectroscopy'>!3 identified a submillimeter relax-
ational mode as responsible for a diffuse peak of dielectric
constant observed in the vicinity of the M3« M, transition.
The mode has been attributed to the Nb dynamics. Our
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present results are consistent with this interpretation. Order-
disorder behavior on the Nb sublattice accompanied by rota-
tions of displacement directions constitutes a plausible
source for the high-frequency dielectric relaxation. Freezing
of the two local-displacement components below the dielec-
tric maximum temperature is also consistent with a relax-
ational nature of the broad dielectric peak. Conceivably, the
(a=b~c™)/(a"bc*) octahedral tilting in systems with ferro-
electrically active B cations (e.g., Nb, Ti) creates conditions
favorable for achieving a high dielectric constant and modest
dielectric losses by stabilizing a partial antipolar order of the
B-cation displacements as opposed to the ordered antiferro-
electric or ferroelectric states. Likewise, such partial ordering
may facilitate voltage tunability of the dielectric constant.

As a next step, we plan to investigate the effect of Ta
substitution on the local order/disorder behavior in AgNbO;.
Room-temperature Rietveld refinements of the commercially
relevant AgNb,,,Ta;,O; composition support the Pbcm
model. Electron-diffraction patterns from these samples ex-
hibit three sets of diffuse {100}, relplanes as observed for
AgNbO; above 200 °C. Detailed analyses of local structure
and phase transitions in AgNb,;,,Ta;,,O5 are in progress and
will be reported elsewhere.

V. CONCLUSIONS

This study demonstrates that partial ordering of Nb dis-
placements induced by coupling between (a b~ c™)/(a b c")
octahedral-tilting and local polar Nb displacements domi-
nates the structural behavior of the M phase of AgNbOs.
Similar to KNbOs, disordered local off-center Nb displace-
ments along the (111). (I=1) directions appear to be present
even in the higher-temperature AgNbO; polymorphs. The
(100), components of these displacements are correlated
along (100), -Nb-Nb-Nb chains. The onset of
(ab~c™)/(a"b~c*) octahedral tilting generates sufficient
strain and distortion to promote long-range order of the Nb
displacements; however, the Pbcm symmetry of the tilted
octahedral framework is incompatible with complete order-
ing and, therefore, only a partial antipolar order is estab-
lished. According to our results, both the M3 and M, struc-
tures represent the same phase but exhibit different degrees
of ordering. Order-disorder behavior on the Nb sublattice
appears to give rise to high-frequency dielectric relaxation.
This interpretation agrees with previous spectroscopic inves-
tigations of AgNbO;. Additional positional disorder is ob-
served for the Ag cations on the Ag2 sites as manifested by
highly anisotropic atomic displacements parameters with
large components along the b axis. The Ag2 local displace-
ments appear to exhibit partial ordering below 100 °C. The
contribution of Ag disorder to the dielectric relaxation re-
mains to be established.
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