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Despite recent interest in Bi-containing layered-perovskite ferroelectrics due to high Tc, their rational design
is constrained by a poor understanding of local atomic structures. Here, we use neutron total scattering and
first-principles theory to examine the local atomic structure in Dion-Jacobson layered-perovskite ferroelectric
CsBiNb2O7. We show that the instantaneous short-range atomic structure can be described by a Debye-Einstein
model that accommodates atomic motions due to acoustic and low-energy optic phonon modes. We determine
structural distortions due to localized atomic dynamics with extremely high resolution. These are in addition to
ground-state relative ionic displacements. The magnitude of dynamic variations in ionic positions points toward
strong electron-phonon coupling in this material.

DOI: 10.1103/PhysRevB.106.024103

I. INTRODUCTION

There is a growing interest in Dion-Jacobson (D-J) phase
layered perovskites because of their potential use in tun-
able and high-temperature dielectrics, photocatalysis, and
next-generation superconductors [1–4]. The structure of D-J
phase oxides of the general formula A′An−1BnO3n+1 consists
of n perovskite (ABO3)-like layers containing corner-linked
BO6 octahedra and A cations, which are separated by
large A′ ions (e.g., Cs+, Rb+) [5–7]. Although, traditionally
considered to be centrosymmetric and, therefore, nonpo-
lar, recent theoretical and experimental studies suggest that
many of the D-J phase compounds, such as CsBiNb2O7,
CsNdM2O7 (M = Nb, Ta), CsLn2Ti2NbO10 (Ln = La, Nd),
RbBiNb2O7, and RbBi2Ti2NbO10, exhibit ferroelectric po-
larization [8–19]. The origin of ferroelectric polarization in
D-J phase compounds is explained as a result of coupled
octahedral tilting and polar atomic displacements, which
are based on analyses of their long-range crystal structures
by Bragg diffraction and first-principles calculations [9,10].
However, in order to fully understand the atomistic structure-
property correlations in complex oxide ferroelectrics, it is
also often necessary to determine their local atomic struc-
tures, such as shown for prototypical ferroelectrics BaTiO3

and Pb(Zr, Ti)O3 [20–23]. In this regard, despite significant
advances in characterizing the long-range crystal structure of
layered perovskites, including D-J phases [8–19], determina-
tion of their local atomic structures has been challenging due
to prevalent complex chemical environments involving multi-
ple cation types, multiple valencies of transition metals, and
furthermore the need to account for atomic dynamics. Indeed,
a detailed examination of atomic structures in layered per-
ovskites is justified by recent measurements, which showed
the presence of significant local scale structural distortions in
these materials [24,25].

For experimental characterization of the local atomic struc-
ture, both x-ray/neutron scattering and electron microscopy
techniques have been employed [26–28]. Scattering based
techniques provide advantages in regard to their nondestruc-
tive character and comprehensive sampling of different local
atomic environments over a large macroscopic material vol-
ume [29]. The local structural information is represented
in the form of the atomic pair distribution function (PDF),
which constitutes pairwise atomic correlations as a function
of interatomic distances. The PDF is obtained from a Fourier
transformation of the total x-ray/neutron scattering data S(Q),
where Q is the scattering vector that includes Bragg diffrac-
tion peaks as well as diffuse and inelastic scattering intensities
[30]. Conventionally, x-ray/neutron PDF is obtained from
energy-integrated S(Q) measurements, and therefore provides
the time-frozen atomic correlations or an instantaneous snap-
shot of the local structure [31–33]. In other words, the PDF
spectra obtained from conventional total x-ray/neutron to-
tal scattering measurements provide convoluted information
about structural distortions that may arise due to static or dy-
namic effects. Since earlier studies in perovskite ferroelectrics
have shown that atomic dynamics is a principal factor in
causing local structural distortions [32,34], the role of the
same in determining the atomic scale structure of D-J phase
ferroelectrics needs to be clarified.

Experimental techniques such as inelastic neutron/x-ray
scattering have been widely employed in the past to char-
acterize the long-range collective excitations or phonons
in crystalline materials [35]. However, such inelastic scat-
tering techniques do not fully reveal the localized atomic
dynamics arising due to weakly dispersing phonons [32],
such as the highly damped low-energy transverse optic (TO)
phonons in ferroelectrics [36]. Although the recently de-
veloped method of dynamic PDF (DyPDF) can reveal the
short-range atomic correlations due to such localized atomic
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FIG. 1. (a) Rietveld refinement fit of the neutron diffraction pat-
tern of CsBiNb2O7 from BANK5. Black circles, red line, and blue
line represent the observed, calculated, and difference profiles, re-
spectively. The green sticks show the position of Bragg reflections.
(b) The unit cell of the long-range crystal structure of CsBiNb2O7.

dynamics [33,36,37], DyPDF is not yet readily available, and
most PDF-based characterizations of the instantaneous local
structure are still made from the energy-integrated S(Q) mea-
surements. In this regard, it is worthwhile to examine the
dynamic aspects of the local atomic structural distortions in
complex polar oxides from a more thorough analysis of the
energy-integrated PDF measurements.

In general, the effect of atomic vibrations on short-range
atomic correlations has been treated in two ways. In the cor-
related Debye (CD) model, the atomic vibrations are treated
as phonons in a box, which accounts for r-dependent peak
widths in the PDF spectrum, where r is the interatomic dis-
tance [38,39]. The CD model works well for simple materials
if only longitudinal acoustic phonons are considered [39].
However, the CD model falls short in cases where the low-
energy TO modes are important, such as in many ferroelectric
oxides. In order to properly account for the effect of TO
mode vibrations on the instantaneous local structure, the Ein-
stein model of noninteracting quasiharmonic oscillators can
be considered. For example, in one such approach, a mixed
Debye-Einstein model was used to analyze the extended x-ray
absorption fine structure data, whereby the phonon eigenvec-
tors of the low-frequency TO modes are also explicitly taken
into account in addition to acoustic modes [40,41]. However,
the application of the Debye-Einstein model in its traditional
form to describe the low-r region of the PDF of complex polar
materials has not been convincingly demonstrated, which is
a primary motivation of this study. Most importantly, our
study shows the presence of instantaneous local structural
distortions in the layered-perovskite ferroelectric CsBiNb2O7,
which are in addition to the cation off-centering displace-
ments present in the ground-state structure. The dynamic local
structural distortions indicate a strong coupling between the
ground-state structure and localized lattice dynamics, which
may explain the coexistence of several low-energy phases
and high-temperature dielectric properties in Dion-Jacobson
ferroelectrics [8,16].

II. RESULTS AND DISCUSSION

The long-range average structure of CsBiNb2O7 is de-
termined from Rietveld refinement of the neutron powder
diffraction pattern [Fig. 1(a)] using the software GSAS II [42].

The quality of the fit was assessed from the value of the
weighted residual Rw [43]. The crystal structure with the or-
thorhombic P21am space group [10] provides a satisfactory
fit to the diffraction pattern with an Rw ∼ 7.14%. The re-
fined structural parameters are listed in Supplemental Material
(SM) Table S1 [44]. The crystal structure of CsBiNb2O7 is
shown in Fig. 1(b), which consists of n = 2 layers of BiNb2O7

chemical unit separated by a univalent alkali cation Cs. Both
oxygen octahedral tilting and Bi off-centering displacements
are evident in Fig. 1(b), consistent with an earlier structural
study [9]. The off-centering of Bi2+ within the surrounding
oxygen cage is expected due to its smaller size (steric effect)
and lone pair electrons (stereochemical effect), while off-
centering of Nb5+ can result due to second-order Jahn-Teller
distortion [45,46]. However, it is also known from studies of
Bi-containing ABO3 perovskites that the Bi-O bond is highly
adaptive, and Bi off-centering can be accommodated within
similar energy structures of different symmetries [45,47]. The
adaptive nature of the Bi-O bond can lead to local distortions
from the average long-range structure [47]. Furthermore, local
structural states may arise due to competition between cation
off-centering displacements and oxygen octahedral tilting
[48,49]. Additionally, multiple low-energy metastable struc-
tural states influenced by phonon instabilities are predicted
for the Bi-containing ferroelectrics, such as BiFeO3 [50] as
well as Aurivillius Bi4Ti3O12 [24]. Therefore, in addition to
the analysis of long-range average structure, it is necessary to
examine for local structural distortions in CsBiNb2O7.

The local atomic structure is determined from the reduced
pair distribution function G(r). Figure 2 shows the exper-
imental neutron reduced pair distribution function or G(r)
of CsBiNb2O7 together with the fits for the various models
used for structure refinement. These were obtained using the
PDFGUI software [51]. In each case, the structure parameters
from the Rietveld refinement of the neutron diffraction data
were used as a starting point. Furthermore, the local structure
was refined by keeping the P21am symmetry. Figure 2(a)
shows the fit to the experimental G(r) while adjusting the
lattice parameters, atomic positions, and atom displacement
parameters (ADPs). Clearly, the obtained fit is poor. In the
second model in Fig. 2(b), the parameter δ2 was additionally
adjusted, which takes into account correlated near-neighbor
atomic motions following the CD model [39]. It is observed
that including the parameter δ2 improves the fit to the nearest
and next-nearest neighbor atomic correlations, especially for
the peak widths, although the overall fit still remains poor.
Notably, for both models in Figs. 2(a) and 2(b), a rather
reasonable fit to the experimental G(r) is obtained beyond r ∼
7 Å. This shows that the relative atomic arrangement beyond
∼ 7 Å converges with the long-range structure, while there is a
significant deviation of the instantaneous local structure below
7 Å. This is made clear from the calculated Rw for the two
different ranges of r < 7 Å and r > 7 Å, as shown in Figs. 2(a)
and 2(b). Consideration of correlated atomic motions from the
CD model, by incorporating the parameter δ2, however, does
not provide a satisfactory fit to the experimental G(r). This
is in contrast to what is observed for the D-J compound of
KCa2Nb3O10, whereby adjusting for the parameter δ provided
a reasonable fit to the low-r part of the G(r), except for the
structural distortions arising due to defect dipoles [25]. Since
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FIG. 2. (a) Observed and calculated G(r) profiles of CsBiNb2O7

for interatomic distances r � 20 Å. The fit to the experimental G(r)
is obtained by refining lattice parameters, atom positions, and ADPs.
(b) Observed and calculated G(r) profiles of CsBiNb2O7 for in-
teratomic distances r � 20 Å. The fit to the experimental G(r) is
obtained by refining δ2, which accounts for nearest-neighbor corre-
lated atomic motion, in addition to lattice parameters, atom positions,
and ADPs. Black circles, red line, and blue line represent the ob-
served, calculated, and difference profiles, respectively.

CsBiNb2O7 is a polar compound with a predicted polarization
P ∼ 40μ C/cm [29], it is reasonable to expect that the low-
energy TO mode vibrations will have a tangible effect on the
instantaneous G(r). Therefore, we next considered the effect
of the low-energy TO mode vibrations on the low-r region of
the G(r).

In order to identify the low-energy TO modes for
CsBiNb2O7, we performed first-principles electronic struc-
ture calculation using the density functional theory (DFT)
as implemented in the Vienna Ab init io Simulation Package
(VASP) [52,53]. The atomic positions and the lattice constants
were taken from an earlier DFT study [10]. Phonon calcula-
tion at the � point was performed by the density functional
perturbation theory (DFPT) using the same code [54]. The
exchange-correlation functional was treated with generalized-
gradient approximation. The energies of the seven lowest TO
modes in increasing energy obtained from DFPT calculations
are listed in Table I. Details of the calculations are presented in
the SM, Sec. D [44]. The energy of the lowest phonon mode
0.63 THz, is within the energy range of soft phonons. The
low-energy phonon modes below 1 THz play a significant role
in dynamic localized atomic correlations since they are easily
accessible in structural perturbations.

TABLE I. Energies of zone center low-energy TO phonon modes
obtained from DFT calculations.

Energy

Sl. No. optical mode (THz) (meV)

1 0.6275 2.595
2 0.6636 2.744
3 1.2410 5.132
4 1.2469 5.157
5 1.2501 5.170
6 1.2722 5.261
7 1.2963 5.361

We next implemented the fitting of the low-r part of the
G(r) by incorporating both δ and atomic displacements per-
taining to the zone center TO mode eigenvectors, so as to
account for the effects of dynamic atomic motions on the
instantaneous local structure. That is, we allowed local atomic
displacements along a given TO mode. Figure 3(a) plots the
result of the PDF fit when the atomic displacements per-
taining to the lowest-energy TO mode (E = 2.6 meV) are
used for refinement. The fitting is carried out in the range
of r ∼ 1–7 Å, since deviation from the long-range average
structure is observed below 7 Å (see Fig. 2). Remarkably,
the incorporation of only the lowest-energy TO mode eigen-
vector displacements, in addition to refining δ2, provided a
very good fit to the low-r part of the experimental G(r). This
shows that the dynamic atomic correlations for the nearest and
next-nearest neighbors can be well described using a modified
Debye-Einstein model that accounted for both acoustic and
zone center TO phonon modes. The range of r ∼ 1–7 Å is
meaningful, since it corresponds to approximately the dimen-
sion of the perovskitelike blocks in between the alkali ions
along the c axis.

Figure 3(b) displays the ground-state structure, while
Fig. 3(c) shows the instantaneous dynamic structure, which
is obtained by fitting the experimental G(r). The atomic dis-
placements for the lowest-energy TO mode are depicted in
Fig. 3(c). The most prominent displacements observed are
the relative sliding of the neighboring perovskitelike blocks
with a length of 7–8 Å against each other parallel to the ab
plane. Additionally, within each layer, the oxygen atoms in the
Nb-O octahedra are dynamically displaced with respect to the
neighboring Bi atoms. This situation can be compared to what
is observed in Aurivillius Ba4Ti3O12 [24,57], where for the
lowest-energy TO mode, the fluoritelike blocks of Bi2O2 and
the perovskite layers vibrate against each other more or less
parallel to the layers. Unlike in Ba4Ti3O12, the vibrations of
interlayer Cs atoms in CsBiNb2O7 are largely independent of
the neighboring perovskite blocks and are perpendicular to the
ab plane. The dynamics can be explained based on the fact that
Cs does not form a strong bond with the neighboring oxygen
atoms [8–10]. The effects of the dynamic displacements on
the experimental G(r) are observed from the partial PDFs of
Fig. 3(d), where the dotted lines correspond to atomic correla-
tions in the ground-state structure, and the solid lines show the
same in the dynamically excited structure. The characteristic
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FIG. 3. (a) Observed and calculated G(r) profiles of CsBiNb2O7

for interatomic distances r � 20 Å, by refining lattice parameters
δ2 as well as atom displacements based on the lowes-energy TO
phonon mode. Note that the calculated structure model is from the
DFT calculation. Black circles, red line, and blue line represent
the observed, calculated, and difference profiles, respectively. (b),(c)
Schematic structures of the CsBiNb2O7 unit cell projected along the
[010] direction, which are obtained from fitting of the experimen-
tal G(r) based on parameters obtained from DFT calculations: (b)
ground-state structure; (c) with the addition of lowest-energy TO
phonon mode displacements. (d) Neutron G(r) of CsBiNb2O7 (dark
circle), with refined small-box models using ground-state structure
(red dotted line) and with the addition of TO phonon mode dis-
placements (red solid line). The partial PDFs are shown for both the
structural modes (dotted line for the ground-state structure and solid
line for the ground state with TO phonon mode displacements). The
partial PDFs are normalized to peak height for easy comparison.

difference between the ground state and excited structures can
be observed for the Nb-O and Bi-O interatomic correlations,
even though partial PDFs for Cs-O interatomic correlation
in these two structures appear similar. These differences can
be reconciled with the structure shown in Fig. 3(c), whereby
the Nb-O octahedra are dynamically deformed around the
neighboring Bi atoms. Note that large dynamic distortions of

the local structure are indicated by rather high Uiso values for
Bi and O in Table S1 in the SM.

The above calculations describe the effect of correlated
atomic motions on the low-r part of the PDF for the layered
perovskite CsBiNb2O7. We show that the CD model in itself
does not provide a satisfactory fit to the experimental G(r).
In the CD model, the PDF peak widths are broadened mostly
for r corresponding to the second-nearest neighbors or higher,
due to acoustic phonon vibrations of frequencies higher than 1
THz [39]. However, the CD model inadequately takes account
of the effect of lower energy TO phonons. Here, we demon-
strate an improved approach to take into account the localized
atomic vibrations of low-energy (< 1 THz) TO modes by
additionally including their eigenvector displacements into the
PDF refinement. Remarkably, a good fit is obtained for the
low-r part of the G(r) by including only the lowest-energy
TO mode at the zone center having the energy E = 2.6 meV
or 0.6 THz. The improvement in fitting can be understood
from the fact that the Bose factor for a one-phonon cross
section scales with 1/(frequency) [2] at high temperatures,
and therefore its contribution to the energy-integrated total
scattering falls off rather rapidly with higher energies. It is
also remarkable that despite powder averaging, the anisotropic
atomic displacements of the lowest-energy TO mode can be
observed from the instantaneous structural snapshot provided
in the experimental G(r) at r < 7 Å. This is likely due to a
discrete phonon energy spectrum at lower energy (0.6 THz),
and the two-dimensional nature of the crystal structure, which
amplifies the atomic displacements in the perovskitelike lay-
ers.

The off-center cation displacements in perovskite fer-
roelectrics result from several electronic mechanisms. In
CsBiNb2O7, the ferroelectric polarization is ascribed to a tri-
linear coupling in which the octahedral tilting modes connect
to a polar mode; however, both sterochemical activity of lone
pair electrons on Bi3+ and second-order Jahn-Teller distortion
around the Nb5+ further enhances the net polarization [8]. The
significance of the current results is the presence of additional
dynamic local distortions around Bi3+ and Nb5+, beyond
those that are evident in the ground-state structure or the long-
range average structure. Such types of “crystallographically
hidden” dynamic local distortions have been reported recently
in other systems such as relaxors, perovskite halides, and
chalcogenides [36,48,58]. In Aurivillius Bi4Ti3O12, we also
showed that doping at the Bi site of the fluorite sublattice
changes the magnitude and orientation of the polarization
vector as a result of altered atomic dynamics [24,57]. These
dynamic distortions are evidence of strong coupling between
the electronic structure and localized atomic dynamics. Such
interactions between electrons and phonons may be a factor
for the stabilization of polarization at high temperatures in D-J
phase structures and consequently their high Tc [8]. This may
also explain the coexistence of various low-energy phases in
D-J phase oxides with different polar characteristics, such as
relaxors or antiferroelectrics [16].

III. CONCLUSION

Local structural distortions of the long-range crystal struc-
ture often play an important role in the emergence of
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macroscopic properties of polar compounds, especially ones
with multiple cations and adaptable cation-anion bonds [59].
Therefore, understanding the local atomic structure is central
to the description of structure-property relations in complex
oxide ferroelectrics. We provide here a detailed structural in-
vestigation for the prototypical D-J ferroelectric, CsBiNb2O7,
whereby a scheme to implement an improved Debye-Einstein
model for describing the instantaneous local atomic structure
is demonstrated. Our results clearly show the presence of
localized dynamic distortions that are beyond those present in
the ground-state or spatially averaged structures, which there-
fore needs to be properly accounted for the understanding and
design of D-J ferroelectrics.
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