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Abstract

The arrangement of cations on the triangular pyrochlore lattice leads to a wealth of

interesting physical phenomena influenced by geometric frustration. Although uncom-

mon, several pyrochlore materials overcome this frustration and exhibit polar struc-

tures. Unraveling the origin of such behavior is key to understanding how broken in-

version symmetry arises in complex crystal structures. Here we investigate the effect of

varying degrees of covalency in the pyrochlore lattice through a detailed structural and

lattice dynamical analysis of the pyrochlore oxysulfide series Cd2Nb2O7−xSx above and

below the ferroelectric transition temperatures (TC) using synchrotron x-ray diffraction

(SXRD) and first principles calculations. All compositions exhibit the cubic Fd3̄m py-

rochlore aristotype above TC , whereas the amplitude and character of various structural

distortions are found to be composition dependent below TC . For x = 0, large Cd and

Nb cation displacements occur to produce the polar Ima2 structure accompanied by

a change in translational symmetry. Our symmetry and lattice dynamical calculations

indicate Cd2Nb2O7 undergoes a proper ferroelectric transition through TC . Analysis

of the sulfur-substituted niobates indicates that although the polar space group Fdd2

is adopted by the nominal x = 0.25 sample, the transition into the polar phase is im-

proper. For the nominally x = 0.7 composition, the lattice remains nearly cubic, but

exhibits a high degree of structural disorder in the pyrochlore channel, with a devia-

tion from the linear Cd-X’-Cd bond by nearly 15 ◦ to accommodate the large size of S

while preventing extreme stretching of the Nb–O bond. This highly distorted Cd–X’

network is accompanied by a highly distorted NbO6 network, which is accommodated

by the polarizable NbO6 coordination environment. This sheds light on the limited

existence of oxysulfide pyrochlores, for example, the lack of reported S substitution in

the case of the similar yet less-polarizable Cd2Ta2O7. Our work both provides new

understanding of how inversion-symmetry lifting displacements arise and how anion

substitution, which tunes covalent cation-anion interactions, is a useful strategy for

manipulating polar behavior in the pyrochlore lattice.
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Introduction

Ferroelectricity is well known and understood in perovskite materials such as BaTiO3 and

PbTiO3, but very few pyrochlores exhibit this phenomenon. While the pyrochlore struc-

ture supports numerous chemical compositions, various forms of ferroelectricity (proper,

improper, relaxor, etc.) have only been reported in Cd2Nb2O7
1 and related compounds,2

Ho2Ti2O7,
3,4 La2Zr2O7,

5 Nd2Ti2O7,
6 and frustrated ferroelectricity in Y2(Nb0.86Y0.14)2O6.91,

CaYNb2O7, and Y2NbTiO7.
7 Many of these studies illustrate the complex behavior of the

pyrochlore lattice upon cooling, and unlike perovskite-structured compounds, the origin of

coherent polar displacements in pyrochlore oxides is not well understood.

Figure 1: Illustration of the ideal cubic Fd3m pyrochlore Cd2Nb2O6S with Cd on the 16d
Wyckoff site at ( 1

2
, 1

2
, 1

2
), Nb on the 16c Wyckoff site at (0, 0, 0), O on the 48f Wyckoff site

at (x, 1
8
, 1

8
), and S on the 8b Wyckoff site at (3

8
, 3

8
, 3

8
).

The complex nature of the pyrochlore structure arises from the greater number of sites

and geometries that the atoms can occupy in relation to the perovskite structure. The

structure is commonly described as two interpenetrating sublattices of corner-shared BO6

octahedra and A2O’ chains, illustrated in Figure 1.8,9 The general structure can be written

as A2B2O6O’, as the oxygen atoms in the structure are found on two distinct crystallographic

Wyckoff sites: the BO6 oxygen atoms are located at the (x, 1
8
, 1

8
) 48f site while the A2O’

oxygen is located at the ( 3
8
, 3

8
, 3

8
) 8b site. The pyrochlore structure can host a large array of
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cation and anion substitution,2,10–13 in addition to tolerating cation and anion vacancies and

structural and site disorder.14–20 However, structural distortions such as cation off-centering

are frustrated in the pyrochlore structure due to the triangular arrangement of cations on

the lattice,21–23 inhibiting a transition from a paraelectric to ferroelectric phase in majority

of pyrochlore oxide materials.

Ferroelectricity was first observed in Cd2Nb2O7 in 1952;1 thereafter a ferroelectric tran-

sition temperature of 185 K was confirmed.24,25 Since its discovery, numerous studies have

been carried out on this material, and the oftentimes conflicting nature of the reports is

a reflection of the underlying structural complexity. A combination of sharp and diffuse

signatures in the structure and property measurements upon cooling have led to various

conclusions of the ferroelectric nature of the material, from the superposition of improper

and proper ferroelectric transitions26 to relaxor-like behavior.27,28 The material undergoes

a phase transition at approximately 204 K, evidenced by small peaks in heat capacity and

dielectric measurements.29 This has been described as a second order29 and improper fer-

roelastic26 as well as an improper ferroelectric30 transition, with reports of tetragonal,31

orthorhombic,32 and rhombohedral33 crystal structures. In addition, a series of phase tran-

sitions have been observed around 190 K, leading to conclusions of relaxor behavior due to

broad signatures in the heat capacity and dielectric data.29 Infrared26 and Raman34 mea-

surements indicate second-order behavior around this temperature, adding to the complexity

of the literature surrounding this transition temperature. There are two further phase transi-

tions reported at approximately 85 K to an uncharacterized monoclinic phase, and the fourth

at approximately 45 K to another unique monoclinic phase.35–37 Although there is a large

amount of literature on the structural characterization of Cd2Nb2O7, the vast majority of

the analysis is on single crystal samples,26–28,32,33,35–39 and the propensity towards twinning

in these crystals necessitates the analysis of high resolution powder diffraction data. There

are a few reports of powder analysis, but the conflicting identified phases of Ima2 (#46)31

and I4m2 (#119)40 justify the need for further analysis of powder data.
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Cd2Nb2O6S and a solid solution Cd2Nb2O7−xSx (x = 0–1) were reported to exhibit acen-

tricity through second harmonic generation,2 and the origin of polarity across the solid

solution was attributed to dynamic displacement of the Cd2+ cations.41,42 A total of four

phase transitions were determined in the solid solution (labeled as α, β, γ, and δ), but

detailed characterization of the space groups and atomic positions of the low temperature

phases were not reported. The lack of literature on the low-temperature structure of the solid

solution Cd2Nb2O7−xSx may be a result of the complex patterns that are seen upon phase

transformations. In order to observe well-resolved phase transitions, high-resolution powder

diffraction is needed. As Cd is a strong absorber of neutron radiation, X-ray synchrotron

radiation is the best alternative source to provide the necessary resolution. Herein we present

work on the structural characterization of the ferroelectric pyrochlore series Cd2Nb2O7−xSx

(x = 0− 0.7) through synchrotron diffraction experiments coupled with first principles cal-

culations to assess the cooperative diplacements active through the parity-lifting transitions.

We find that the sulfur concentration changes the nature of the phase transitions and the

symmetries exhibited by the low-temperature structures. We attribute these variations in the

oxysulfide to changes in the cation-anion bond covalency and polarizability in the pyrochlore

lattice. This work contributes to the understanding of polar phases in pyrochlore materials,

helping to elucidate mechanisms which may be applied to other mixed-anion pyrochlores.

Experimental

Sample Preparation and Characterization

Polycrystalline samples of Cd2Nb2O7−xSx (x = 0, 0.25, and 0.7) were prepared by mixing a

stoichiometric ratio of CdO (Alfa Aesar, 99.998%), CdS (Alfa Aesar, 99.999%), and Nb2O5

(Alfa Aesar, 99.998%). Cd2Nb2O7 was fired in air at 500 ◦C for 10 h and 1000 ◦C for 120 h

to prevent the volatilization of Cd. Samples containing S were sealed in evacuated fused

silica ampoules and annealed at 1050 ◦C for 24 h. Synchrotron diffraction studies were per-
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formed with a λ = 0.4137810 Å on the 11BM beam line at the Advanced Photon Source,

Argonne National Laboratory. Diffraction data was refined through the Le Bail 43 and Ri-

etveld44 methods using the GSAS software and EXPGUI user interface.45,46 Data were fit

using profile type 3 for constant wavelength data, and lorentzian size and shape broadening

terms were refined. Crystal structures were visualized using the VESTA suite of programs. 47

Transformations from high-symmetry space groups into low symmetry subgroups were per-

formed using the TRANSTRU program on the Bilbao Crystallographic Server.48–50Bond

Valence Sums (BVS) and Madelung energies were calculated using the EUTAX program.51

First Principles Calculations

Calculations were performed using Density Functional Theory (DFT) as implemented in

the Vienna Ab initio Simulation Package (VASP)52,53 using a planewave basis set with a

750 eV energy cutoff. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional

revised for solids (PBEsol)54 was used, along with the projector-augmented wave (PAW)

method to treat the separation of the core and valence electrons.55 Low-energy structures

used to assess the ground state of Cd2Nb2O7 were identified from both experiment and group

theoretical methods. These structures were then relaxed fully (ions and lattice degrees of

freedom) using primitive cells until the forces and stress tensor were converged to 10−3

meV Å−1 and 6.2 × 10−3 meV Å−2, respectively. The Brillouin zone was sampled using a

7× 7× 7 Monkhorst-Pack and the tetrahedron smearing scheme. Phonon frequencies at the

Γ point of the non-primitive cubic structure were found using the frozen-phonon method after

relaxing atomic positions with the experimental lattice parameters held constant. Phonon

calculations employed a 6 × 6 × 6 Monkhorst-Pack mesh and used the larger conventional

cell. Analysis of the distortion modes was informed through the use of the ISODISTORT56

and AMPLIMODES57,58 software.
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Results

Characterization of the high temperature paraelectric phases

Table 1: Refined crystallographic data for the high temperature, paraelectric phases of the
series Cd2Nb2O7−xSx. * indicates values associated with additional strain modeling phases
(25.5 and 22.0 wt. %, respectively).

Refined formula Cd1.96(2)Nb2O6.95(2) Cd2Nb2O6.88(1)S0.22(1) Cd2Nb2O6.28(1)S0.72(1)

Temperature (K) 340 340 440
Space Group Fd3m (#227) Fd3m (#227) Fd3m (#227)
a (Å) 10.37341(1) 10.52151(4) 10.57098 (1)

*10.51106(4)
*10.48658(4)

Volume a (Å3) 1116.256(5) 1164.757(5) 1181.260(5)
Z 8 8 8
Formula weight 519.10 526.04 534.16
Cd Uiso (Å2) 0.013(2) 0.039(5) 0.0537 (2)
Nb Uiso (Å2) 0.0078(5) 0.0098 (5) 0.0117(3)
R (%) 9.4 5.8 7.6
Rwp (%) 11.2 8.2 9.2

Synchrotron diffraction measurements were carried out above and below the ferroelectric

transition temperature, Tc, on samples of Cd2Nb2O7−xSx for nominal values x = 0 (T=

340 K, 100 K), 0.25 (T= 340 K, 100 K), and 0.7 (T= 440 K, 100 K). A nominal sample of

Cd2Nb2O6S was attempted with the CdS, CdO, and Nb2O5 precursors, but the highest

phase-pure sample achieved was the nominal x = 0.7 sample. The literature synthesis of

nominal x=1 was reported by the reaction of CdS and CdNb2O6,
59 but our attempts did not

yield the pyrochlore phase. All compositions index to a cubic space group of Fd3m above

Tc. The presence of a minor (less than 3%) CdNb2O6 impurity phase was detected in all

compositions and included in the fit. A cadmium deficiency was found in the nominal x=0

sample, accompanied by an oxygen deficiency on the O’ site, maintaining charge neutrality

of the compound. The Rietveld fits for the samples are presented in Supplemental Figure

S1, and a summary of all refined parameters is found in Table 1. Values close to the nominal

compositions were obtained for S-substituted compositions.
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Figure 2: Refined parameters as a function of S content, x for the series Cd2Nb2O7−xSx
in the cubic Fd3m phase: (a) A general increase in the atomic displacement parameter
(ADP), Uiso, is observed for both cations with increasing S content, but this trend is much
more dramatic in the Cd cation. (b) Calculated bond valence sums (BVS) of the Cd cation
illustrate that it is under-bonded in the nominal x = 0 sample, and its valency is raised
with S substitution. Density of States calculations for (c) x = 0 and (d) theoretical x = 1
reveal higher covalent bonding on the Cd2X’ sublattice upon sulfur substitution, indicated
by broadening of the Cd 4d band and the removal of O’ states from the valence band.

An increase in S content was accompanied by an increase in the lattice parameter and

Cd-O2/S bond length. Table 1 presents the change in the lattice parameter as a function

of S-doping, x. An expansion of the cell edge is anticipated as the larger S is substituted

for O, and while this is observed, it does not strictly obey Vegard’s Law (Supplemental

Figure S2) and deviates from linear behavior. This can be explained by inhomogeneity

with respect to the S content in the nominal x = 0.25 sample, evident by large tailing in

the peaks (Supplemental Figure S3). Such inhomogeneity can often be modeled as strain

but was too asymmetric to be modeled by fitting a Lorentzian strain broadening term, and

multiple pyrochlore phases were incorporated into the fit in order to accurately model the

tailing. The origin of the sample inhomogeneity may be due to a gradient or pockets of

S-poor regions throughout the bulk material, indicated by tailing to the low-d sides of the

peaks These regions modeled as “different phases” may be a result of the sample attempting

to phase-separate, but cooling was too rapid to resolve the various phases. Due to the large
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space inside the pyrochlore channels, it was predicted that S substitution would take place

on the 8b O’ site in the pyrochlore lattice. Refinements of S occupancy on the 8b site yielded

better agreement with the experimental data than occupancy on the 48f site, and attempts

to place S on the 48f site resulted in a refined value of 0.98(2) O occupancy on the site.

Analysis of the atomic displacement parameters (ADP, modeled as Uiso) can provide

insight into the existence of any local structural disorder present in the samples. ADP values

for both the Nb5+ and Cd2+ cations (Figure 2a) increase with increasing S content, but this

effect is much more dramatic on the Cd site in comparison to the Nb site. It must be noted

that the x = 0.7 sample has been collected at 100 K higher than the rest of the series, and

the increased thermal energy is contributing to the elevated ADPs for the x = 0.7 sample;

analysis of the lower temperature data is needed to further draw conclusions. When modeled

anisotropically (Uani) with values converted to root mean square (RMS) displacement values

for the A-site cation, larger values are found perpendicular to the 3-fold axis than parallel to

this axis, as is commonly seen with pyrochlores.8 For the nominal x=0 samples, RMS values

are determined to be 0.14 and 0.08 Å; for x=0.25, 0.20 and 0.19 Å; for x=0.7, 0.25 and 0.2 Å.

The higher values for the x= 0.25 and 0.7 are likely due to structural disorder in the form

of incoherent atomic positions (and thus incoherent bond distributions between the A-site

cation and X ’ anion) within the channel structure. The trend of increased structural disorder

within the pyrochlore channel is corroborated with the ADPs of the anions with increasing

S content. The ADP of the O in the NbO6 framework of the structure decreases with S

substitution, whereas the channel O’/S ADP increases. The combination of the elevated

ADPs of the Cd and O’/S with S substitution indicates structural disorder is induced within

the pyrochlore channel, and increases with increasing S content.

Calculations of the bond valence sums (BVS) of the Cd2+cation throughout the solid

solution (Figure 2b) reveal under-bonded Cd in the nominal Cd2Nb2O7, with a BVS of 1.6.

This is relieved upon the addition of S, as a steady increase in the BVS of Cd is observed

with increasing S-content. This also indicates that the degree of covalency between the Cd
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and 8b anion is higher when more S is present, which agrees with the expected trend based

on the electronegativities and sizes of O and S. The BVS of Nb was calculated (within a

range of 4.7–5.2), but does not appear to be systematic based on the S-content, which is

expected as S-substitution is exclusively on the Cd-O’/S chain.

Changes in the bonding character are also discernible in the electronic density of states

(DOS). Atomic and orbital projections of the DOS were computed for the x = 0 and theo-

retical x = 1 relaxed Fd3m structures (Figure 2c and d). The replacement of O with S on

the Cd2O’ sublattice leads to a narrowing of the O-dominated valence band and a broaden-

ing of the Cd 4d band. The S 3p states are located at lower energy than the O 2p states,

resulting in a shift in the DOS from near the top of the valence band to lower energy as the

Cd hybridizes more strongly with S than with O. In addition, the DOS provides evidence of

the connection between the NbO6 and Cd2O’ sublattices, as under S substitution there is a

narrowing of the Nb-dominated conduction band. The replacement of O with S on the Cd2X’

sublattice is associated with a marginal increase in the Nb-O bond length and the lattice

parameters (by about 1.5% and 2.7% respectively) which should slightly reduce the strength

of the bond between Nb and O. However, we believe that the narrowing of the conduction

and valence bands is primarily explained by the removal of O’ states from the valence band,

as the S 3p orbitals sit at lower energy than the O 2p, altering the hybridization of the X’

site.

Characterization of the low temperature ferroelectric phases

A comparison of the high temperature and 100 K data for each nominal sample can be seen in

Figure 3. For the (a) x = 0 sample, reduction in peak height is evidenced upon cooling, and

subtle peak splitting of the (400) cubic can be observed, while in the (b) x = 0.25 the (400)

cubic peak splits into a doublet. For the (c) x = 0.7 sample, no peak splitting is observed;

however, new peaks emerge upon cooling around approximately 2.2 Å−1 and the (311) cubic

peak intensifies. Both peak splitting and new peaks suggest a lowering in symmetry, but the
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Figure 3: Comparison of the raw X-ray data above (T > TC) and below (T < TC) the
ferroelectric transition temperature for the series Cd2Nb2O7−xSx. For the (a) x = 0 and
(b) x = 0.25 samples peak splitting is observed, while in the (c) x = 0.7 sample new peaks
emerge without peak splitting. All (hkl) values are in reference to the high temperature
Fd3m structure.
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lack of peak splitting suggests the x = 0.7 sample retains a cubic structure.

Structural Characterization of Cd2Nb2O7 at 100K

Figure 4: Group-subgroup relationships for the high-symmetry cubic Fd3m space group of
the high temperature pyrochlore samples. Space groups outlined in a dashed line indicate
non-centrosymmetric aristotypes.

To determine the space groups of the low temperature ferroelectric phases, various sub-

groups of the high temperature Fd3m phase (illustrated in Figure 4) were considered. Low

temperatures structures have been reported from tetragonal,31 orthorhombic,32 and rhom-

bohedral33 systems, with Ima231 and I4m240 from powder refinements. As the material

has been widely reported as polar through various techniques, the I4m2 space group was

not considered. Orthorhombic models were chosen to model the low temperature structure

due to the evidenced peak splitting of the (400) peak, and Rietveld refinement indicated

the Ima2 space group as the best description of the structure at 100 K. Lattice parameters

and bond lengths are in reasonable agreement with the literature.35,36 Upon cooling, Cd

and Nb split from the fixed 16d and 16c Wyckoff positions, respectively, to the variable 4a
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and 4b sites each. In this new configuration, refinements indicate Cd1 and Cd2 displace by

approximately 0.05 Å and 0.10Å from the ideal positions, while Nb1 and Nb2 displace by

approximately 0.20 Å and 0.15 Å, respectively.

The Cd2O’ and NbO6 networks undergo significant distortions in the low temperature

structures. At room temperature, the NbO6 octahedra are uniform, exhibiting only one Nb–

O bond. Distortions in the octahedral environments of both Nb1 and Nb2 are observed upon

transition to the lower Ima2 phase, arising from the propensity towards off-centering in the

second-order Jahn-Teller (SOJT) d0 Nb5+ cations.60–62 In the Fd3m phase there is one Cd–

O’ bond throughout the Cd2O’ network. Upon transitioning into the Ima2 structure, there

is a correlated displacement of the Cd2 cations along the Cd2O’ chain in the crystallographic

[001] direction, resulting in alternating ordered short and long bonds in the Cd–O’ chain.

Chains of Cd12O’ along the crystallographic [100] direction retain a single Cd–O’ bond.

Calculations of BVS at room and low temperatures indicates that the average BVS of Cd

is slightly raised from 1.62 at room temperature to 1.66 in the low temperature structure,

indicating that the alternating short and long Cd2–O’ bonds help alleviate the under-bonded

nature of Cd. This increase in Cd2+ BVS upon cooling suggests the Cd2O’ network as an

additional structural instability that drives the transition to the low temperature structure.

To investigate the relationship between the Cd–O’ and NbO6 networks, refinements on

the phase transitions in the non-ferroelectric Cd2Ta2O7 have been performed, illustrated in

Figure 5. Both data sets can be indexed to the Fd3m space group, but peak intensity is

significantly decreased at low temperatures, indicating structural distortions upon cooling.

However, the absence of systematic symmetry lowering (i. e. peak splitting or the emergence

of new peaks) indicate neither network undergoes correlated distortions at lower tempera-

tures. The absence of correlated distortions may be driven by a lack of correlated SOJT

activity in the Ta5+ cations, which are heavier d-block cations and have lower propensity

for off-centering. Sleight and Bierlein63 studied the Cd2Nb2−xTaxO7 system using second

harmonic generation (SHG), differential scanning calorimeter (DSC), and X-ray diffraction
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Figure 5: Rietveld fits of synchrotron X-ray data collected on Cd2Ta2O7 collected at (a)
300 K and (b) 100 K. Both data sets can be indexed to the Fd3m space group, but peak
intensity is decreased at low temperatures, indicating structural disorder upon cooling.
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(XRD). DSC indicated a phase transition near 200 K for most samples, including x = 2.0

(Cd2Ta2O7). However, an SHG signal indicating an absence of a center of symmetry was

only observed below 200 K for samples containing some Nb, found in Cd2Nb0.02Ta1.8O7 but

not in Cd2Ta2O7. The XRD study of Cd2Ta2O7 showed a change in peak shape below 200

K, which was interpreted as unresolved peak splitting due to loss of cubic symmetry. Our

synchrotron data for Cd2Ta2O7 at 100 K show a change in peak shape with increased peak

width. This could also be interpreted as unresolved peak splitting.

Additionally, Madelung energies of the Nb and Ta structures were calculated at 100K.

For Cd2Nb2O7, the 100 K Ima2 structure has a calculated energy of -46,366.16 kJ/mol.

Cd2Ta2O7 retains the Fd3m space group at 100 K, and has a calculated energy of -46,408.13

kJ/mol. In these calculations, Nb and Ta are treated the same with a +5 charge. The real

charges on Nb and Ta are much less, but it can be assumed that the real charge on Ta is

higher than on Nb because the generally accepted electronegativity values are 1.6 for Nb and

1.5 for Ta. This means that the Madelung energy will be of more importance for Cd2Ta2O7

than Cd2Nb2O7. The repulsive interaction between the M5+ cations are evenly spaced in

the cubic structure, and therefore will prevent the transition to lower symmetry because the

higher symmetry structure has more favorable electrostatic interactions between the higher

charged Ta cations. In addition to this Madelung cost, the polarizability of the Nb–O and

Ta–O bonds plays a role in the propensity to distort to a lower symmetry structure. The

energy of the empty 4d orbitals of Nb are close in energy to the filled 2p orbitals of O, which

leads to facile mixing of the 4d and 2p orbitals. This allows Nb to easily move away from the

center of the octahedron, undergoing a second order Jahn-Teller distortion and resulting in a

polar NbO6 coordination environment. The energies of the 5d orbitals of Ta are further from

those of the O 2p, and as such no distortion is observed with Ta, even though the instability

driven by a low Cd2+ BVS is present for Cd2Ta2O7. The lack of an overall displacement in

both networks upon complete Ta substitution suggests the displacements of the two networks

in Cd2Nb2O7 are cooperative, and this understanding can help guide the exploration of novel
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ferroelectric pyrochlores.

First principles calculations of Cd2Nb2O7

First principles calculations were performed to investigate transition pathways and further

assess the assignment of the low-temperature structures. Zone-center phonon frequencies of

the high temperature Fd3m structure were calculated, returning 6 unstable phonon modes

grouped into 2 triply degenerate sets at 2.63i THz (T1u) and 1.59i THz (T2u). These modes,

as well as additional unstable phonons from the zone boundary, are listed in Supplemental

Table S1. Our calculated frequencies are consistent with previous work,35,64 indicating dy-

namical instability of the cubic phase at low temperature. To ascertain the ground state

structure, we constructed initial low symmetry structures based on different linear combina-

tions of the soft modes and polar subgroups of Fd3m considered above, and then performed

full structural relaxation. Four structures with symmetries Fdd2 (#43), I41md (#109), Cm

(#6), and Ima2 were found to all be within 2.5 meV/f.u. (Figure 6), which is within the

error of the DFT method employed here; however, I41md and Fdd2 have been conclusively

ruled out by Rietveld refinement (Supplemental Figure S4), while the monoclinic Cm phase

may be related to subsequent phase transitions at lower temperature.

FHaving identified Ima2 as a feasible low temperature space group, the structural distor-

tion modes which modulate the transition from the cubic Fd3m structure were investigated.

Γ−
4 and Γ−

5 distortion modes were identified as potential order parameters (Figure 7), both

with Ima2 symmetry and irreducible representations T1u and T2u respectively. Consistent

with experimental observation, neither mode alters the single Cd-O bond in the [100] di-

rection, while the Γ−
4 mode produces the alternating long-short bond structure in the [001]

structure. Both modes exhibit Nb off-centering, while the Γ−
4 mode also exhibits signifi-

cant O displacements. While the two modes lift the same symmetries, only the Γ−
4 mode is

ferroelectric since the Γ−
5 mode is polar but does not produce a net dipole.

Relaxing the two modes separately results in two different Ima2 structures, one matching
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Figure 6: First principles energy per-atom comparison of Cd2Nb2O7 in various subgroups
of Fd3̄m. The Ima2∗ structure is found by relaxing the Γ−

4 mode, which differs from the
experimental Ima2 structure in relative amplitude of the Γ−

4 and Γ−
5 distortion modes (inset).
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the experimental Ima2 structure (initialized with the Γ−
5 mode) and a new structure (initial-

ized with the Γ−
4 mode) referred to as Ima2∗. The Γ−

4 and Γ−
5 modes are both present in both

relaxed structures, but in different relative amplitudes (Figure 6 inset). This implies that

one of the subsequent structural transitions undergone by Cd2Nb2O7 at lower temperatures

could be isostructural.

Figure 8 shows the change in energy as the Fd3m structure is modulated by distortion

patterns associated with various phonon modes. These phonon modes are the softest modes

to exhibit the irreducible representations found in the symmetry adapted mode decompo-

sition. T1u(1) (2.63i THz) shares the same irreducible representation as the Γ−
4 symmetry-

adapted mode and lowers the energy, but leads to a monoclinic symmetry incompatible with

the symmetries lost at the transition into the Ima2 structure. Instead, it seems likely that

this mode may play a role in the subsequent phase transitions to the proposed monoclinic

phases.35–37 Our analysis shows that T2u(1) (1.59i THz), on the other hand, fulfills 98.7%

of the distortion present in the Γ−
5 symmetry-adapted mode, breaking the symmetries nec-

essary to give the Ima2 space group and sharing the same T2u irreducible representation.

For that reason, we propose that the T2u mode drives the Fd3m→ Ima2 phase transition,

with the other modes condensing as a result of instabilities produced by this primarily Nb

off-centering distortion.

Structural characterization of S-substituted samples at 100K

Rietveld fits of the x = 0.25 at 340 K indicate the material can be described by the cubic

Fd3m structure with significant lattice strain. Upon cooling, this strain, evidenced by

asymmetric peak tailing, is still apparent in the cubic (222) peak, but the (400) and related

peaks split. This peak splitting upon cooling of (l00) peaks indicates a lowering of symmetry

from the cubic high temperature structure. Le Bail fits were first performed against candidate

orthorhombic subgroups of Fd3m, I41/amd and I41md, but these space groups were unable

to index all peaks in the diffraction pattern (Supplemental Figure S5). Symmetry was
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Figure 7: Illustration of the (a) T1u and (b) T2u mode distortions which characterize the
crystal structure at 100K for the parent oxide sample. The T1u distortion produces correlated
displacements in both networks, resulting in a net dipole. The T2u is also polar, but involves
no net displacement of charge and thus is not FE active.
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Figure 8: Energy evolution as the T1u, T2u, and Eg phonon modes amplitudes are modulated.
Both the T1u and T2u distortions lower the energy, although only the T2u mode exhibits
symmetry compatible with the low temperature Ima2 structure. Lines are a 4th degree
polynomial fit to the data, and the mode amplitude is given in units of angstroms times the
square root of the atomic mass unit (amu).
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Figure 9: Fits of the 100 K data for the nominal x = 0.25 sample: Le Bail fits against the
orthorhombic space groups (a) Ima2 and (b) Fdd2 indicates all peaks can be indexed by
both space groups, while Rietveld fits suggest (d) Fdd2 is a better candidate than the (c)
Ima2 structure.
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further lowered and Le Bail fits were performed against orthorhombic subgroups Ima2 and

Fdd2 (Figure 9a and b), both of which were able to index the peak splitting observed at

100 K. To further differentiate between the two space groups, Rietveld refinements were

performed (Figure 9c and d), and the Fdd2 structure yielded a significantly better fit than

Ima2 adopted by the full oxide parent compound. As with the 340 K data, the asymmetric

peak tailing was modeled with several Fdd2 “strain” phases, reported in Table 2.

The resulting Fdd2 structure is illustrated in Figure 10a, shown as the single phase with

no strain simulation phases. Distortions in the NbO6 network indicate local distortions of the

Nb towards the face of the octahedra, resulting in a cooperative distortion of the Nb cations

along the crystallographic [001] direction. Distortions of the Cd–O’/S network illustrate

that all Cd cations are displaced towards one O’/S, resulting in alternating long and short

Cd–O’/S bonds along a single chain. In the crystallographic structure, these distortions are

such that all Cd cations are displaced globally along the [001] direction. A combination of

the two interpenetrating networks reveals that both networks are cooperatively displacing

along the [001], suggesting these networks are coupled more strongly than in the oxide parent

compound. This could be a result of the increased covalency of the Cd–S interactions, as

observed on the BO6 network when B= Nb instead of Ta.63

Higher substitution of S into the pyrochlore further alters the observed structure at 100 K.

At a nominal value of x = 0.7, the lack of peak splitting in XRD patterns suggests that cubic

symmetry is retained. However, additional peaks appear that violate face centering. By

lowering the symmetry into the P43m (#215) space group, all peaks are indexed. Rietveld

analysis indicates the intensity of certain peaks is poorly described in this model, particularly

the (321) and (420) peaks (Supplemental Figure S6c and Table S3). ADPs of the atoms in

the NbO6 network are reasonably small, indicating these sites are well described. With this

model, there appears to be a large amount of positional disorder in the Cd–O’/S network,

evidenced by site disorder of O’/S and enlarged, anisotropic ADPs of the Cd1 site. Upon

lowering the symmetry to P43m, the 8b position is split into two crystallographic sites, and
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Figure 10: Refined Rietveld structures of the (a) x = 0.25 with space group Fdd2 and the
(b) = 0.7 with space group P212121 at 100 K illustrate the differences in the two pyrochlore
networks with varying sulfur content.
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a slightly better fit is obtained when the O’ and S are shared on only the 3c site at (0, 1
2
, 1
2
)

rather than distributed across the three crystallographic sites (Rwp = 22.4 % and 22.6 %

respectively). The literature surrounding the solid solutions between pyrochlore oxides and

sulfides is sparse,59,65 presumably arising from the drastic size difference between O and S

(1.40 vs 1.84 Å, respectively).66 In the case of the pyrochlores, this substitution is tolerated

due to the great flexibility of the A2X’ network with X’-A-X’ linkage that can easily bend.

The P43m structure provides a reasonable description of the NbO6 network, indicated by

small U iso values on the Nb sites, but the description of the Cd2X’ network with this model

remains a challenge to describe.

Early work on reported Cd2Nb2O6S suggests a tetragonal structure for the β and γ

phases,65 and speculated that when x = 1, the S-Cd-S angle is no longer 180◦,59 resulting

in a loss of 3-fold rotation axes on the Cd2X’ network. In the P43m model, this is true

for the majority of the network; however, 25 % of Cd remain on a 3-fold axis. Therefore,

the apparent positional disorder in the network as described by the P43m structure may be

captured by lowering the symmetry to a space group that removes all 3-fold symmetry from

the Cd-X’ network. The size mismatch between the Cd2X’ network and the NbO6 network

changes drastically as S substitutes for O on the X’ site. The Cd2O’ network is somewhat

stretched in Cd2Nb2O7, as indicated by the BVS of Cd and O’. The ideal A2X’ network

would become much larger with added S, much too large to be accommodated by the NbO6

network. The ideal Cd2X’ network would be under extreme pressure if it did not distort.

A solution to this mismatch was sought by analogy to the cristobalite form of SiO2, which

has the pyrochlore A2X’ structure with cations and anions interchanged. On cooling from

high temperature the space group changes from Fd3m to P41212 (#92) with a 5% volume

decrease in the unit cell. In this P41212 model all Cd-X’-Cd angles deviate from 180◦. The

formula unit, Z, is 4 for the tetragonal structure and 8 for the cubic structure; however, Z is

2 for the primitive version of the face centered cubic cell. Therefore, by lowering symmetry

to the tetragonal structure would generate the peaks violating face centering that emerge
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upon cooling in Cd2Nb2O6O’0.3S0.7.

Initial refinements in the P41212 (#19) cristobalite structure indicate a better description

of the structure than the P43m model, resulting in a Rwp value of approximately 16 %

(Supplemental Figure S6d and Table S3). The cristobalite model yields reasonable bond

distances for the Cd-X’ network (approximately 2.29 and 2.32 Å); however, nonphysical

negative Uiso values for the X’ sites were found upon refinement, and were therefore fixed

to a value of 0.01 Å2. The drop from cubic to tetragonal is supported by the refined lattice

parameters of a = b = 7.4737(7) and c = 10.5670(2) Å (where the unrefined transformed cell

from cubic symmetry has cell edges of a = b = 7.4720 and c = 10.5670 Å), indicating the unit

cell has a slight tetragonal distortion which improves the overall fit. Additionally, this refined

tetragonal distortion is supported by metrically comparing the square root of 2 multiplied

by the refined a lattice parameter, which yields a value of 10.5693(2). This is significantly

different from the refined c lattice parameter (by 0.0024 Å, which is approximately 10 times

the standard deviation of the refined values), supporting the drop from cubic to tetragonal

symmetry.

Although the structure is evidently improved through the cristobalite model, there are

still features that cannot be completely described by this model, as evidenced by the negative

ADPs of the X’ anions. In the cristobalite structure, all Cd occupy the same crystallographic

site, and therefore all X’Cd4 tetrahedra are forced to be the same. Given the large size

and electronegativity differences between the two X’ anions on the 8b site, is it reasonable

to expect various bond lengths will be preferred between Cd–S’ and Cd–O’. Therefore, a

model that allows for a mixture of O’Cd4 and S’Cd4 tetrahedra with short and long bonds,

respectively, was considered to further improve the structural description. Lowering the space

group to P212121 splits the cation sites from one to two distinct crystallographic positions,

allowing for crystallographically different X’ coordination environments.

The refined P212121 structure demonstrates an improvement over the cristobalite model,

illustrated in Supplemental Figure S6e and Table S3. While one Cd site has a rather large
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Uiso value (0.04 Å2), the second site has a much lower Uiso value of 0.002 Å2, relieving

the apparent structural disorder as observed in higher-symmetry models. Moreover, all

parameters were able to be refined to yield physical values, including the X’ site. In the

P212121 structure, the X’-Cd-X’ bond angle deviates from the cubic 180◦ by about 15◦,

illustrated in Figure 10. This is accompanied by a change in the coordination number of Cd

from 2 to 4, and an increase in the coordination numbers of the three nearby O of the NbO6

network (O3 and O6 increase from a CN of 2 to a CN of 3, and O4 increases from a CN

of 2 to a CN of 4)NSLS-II. The distortion of the the Cd2X’ network is so strong that some

Cd–O distances have become essentially as short as the Cd–X distances, as also occurs in

Bi2Sn2O7,
67,68 the only other reported pyrochlore where a similar distortion is present.

The bonding of Cd to O of the NbO6 network is significant and is therefore expected to

impact Nb–O distances. The BVS values for Nb are favorable (5.1 and 5.2 for the two sites)

evidencing that the variation of Nb–O bond lengths is tolerated due to the polarizability

of the Nb d0 cation, and is likely caused by the Cd bonding to O of the NbO6 network.

In addition to distortions of the B-site cation, distortions due to the electron configuration

of the Cd2+ may also be contributing to this ability to distort. The d10 distortion (2-fold

linear) found in oxides for Cu1+, Ag1+, Hg2+, etc. is generally thought to be the reason

why Cd2M2O7 pyrochlores form so readily.69 This d10 distortion is much less prevalent for

sulfides than oxides. Tetrahedral coordination for O is highly favored for oxides where its CN

is 4 due to the propensity for sp3 hybridization. The increased separation between the s-p

levels as the principle quantum number increases with S, Se , and Te make sp3 hybridization

unfavorable and less likely to require tetrahedral coordination with M −X −M bonds close

to 109.5◦. Therefore, it is proposed the O-Cd-O linkage resists bending away from 180◦ due

to the d10 configuration and sp3 hybridization of O, while the S-Cd-S linkage is less prone

to stabilize this configuration, and thus does not resist bending. The BVS values for Cd

and X’ are high (approximately 2.6-2.8) with S and low with O (approximately 1.4-1.5),

which is expected due to the increasing covalency when bonded with S. While the Rwp value
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of 15.8 % is not significantly lower than the P41212 cristobalite model, this ability to refine

physical Uiso values while simultaneously satisfying valency suggests the P212121 is a better

structural model.

An additional model with space group C2221 (#20) was evaluated for possible ordering

of O’ and S (see supplemental Figure S6f and Table S3). Ordering was attempted on both

sites, in addition to a completely site disordered model. All models resulted in an Rwp of

about 17.4 %. However, any site with shared S’/O’ occupancies yielded unphysical negative

values, as well as the second Nb site. Therefore, the P212121 structure is considered as a

reasonable crystallographic description of the Cd-X’ network, but the evident high degree

of structural disorder induced with high S substitution prompts the study of these materials

through local techniques.

Table 2: Refined crystallographic data for the low temperature phases of the series
Cd2Nb2O7−xSx. * indicates values associated with additional strain modeling phases. An
Rwp’ value, calculated by (Rwp/Rwp Le Bail), is presented to evaluate the fit of the model
beyond limitations of fitting the profile in Le Bail analysis.

Refined formula Cd1.94(2)Nb2O6.5(1) Cd2Nb2O6.88(1)S0.22(1) Cd2Nb2O6.28(1)S0.72(1)

Temperature (K) 100 100 100
Space Group Ima2 (#46) Fdd2 (#43) P212121 (#19)
a (Å) 7.32066(3) 10.4905(7) 7.4737(2)

*10.4773
*10.4662

b (Å) 10.37038(6) 10.5603(5) 7.4738(9)
*10.5455
*10.5320

c (Å) 7.33049(5) 10.5016(7) 10.5669(2)
*10.4882
*10.4776

Volume a (Å3) 556.517(5) 1163.36(6) 590.232(5)
Cd1 Uiso (Å2) 0.0058(7) 0.0054(1) 0.041(4)
Cd2 Uiso (Å2) 0.0051(7) – 0.0024(6)
Nb1 Uiso (Å2) 0.002(8) 0.0128(1) 0.012(3)
Nb2 Uiso (Å2) 0.0014(9) – 0.0034(9)
R (%) 10.6 13.7 12.0
Rwp Le Bail (%) 11.4 11.0 11.7
Rwp Rietveld (%) 11.6 15.0 15.3
Rwp’ (Rwp Rietveld/Rwp Le Bail) 1.02 1.36 1.31
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Discussion

Figure 11: Comparison of the distortion modes of the solid solution reveals that sulfur
substitution not only alters the observed low temperature structure, but additionally changes
the nature of the phase transition from (a) proper ferroelectric (FE) in the x = 0.0 sample,
(b) to improper ferroelectric in the x = 0.25 sample, to (c) proper noncentrosymmetric (not
ferroelectric) in the x = 0.7 sample.

Analysis of the experimentally determined high and low symmetry structures at each

level of S substitution indicates a change in the nature of the phase transition as S replaces

O on the Cd2O’ sublattice. Although it is likely that the transition is best described as a

combination of order-disorder and displacive character, we find that the symmetry changes

can be accurately modeled using soft mode theory. For x = 0, the symmetry of the high

and low temperature structures allows for a single mode to lift inversion symmetry. Our

study of the lattice dynamics (Figure 8) and distortion patterns corroborates this conclusion,

showing that the T2u mode drives the distortion. In addition, the transition from Fd3m to

Ima2 is associated with an increase in the band gap (Supplementary Figure S7), a signature

of SOJT-driven proper FE transitions.70 We know that activation of this mode results in

further instabilities which lower the energy, because the Ima2 experimental structure sits
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about 3meV/f.u. below the energy minima in Figure 8. The energy scale of these interactions

may contribute to the reported complex phase transitions which occur between 204 K and

190 K.26,29,32

The substitution of S into the pyrochlore channel has severe consequences on the observed

structural distortions a lower temperatures. Due to the relatively large space formed by the

polarizable NbO6 network, the X’-A-X’ angle easily bends away from 180◦ to accommodate

both O-Cd-O and and O-Cd-S linkages at low x (0.25) and O-Cd-S and S-Cd-S linkages

at high x (0.7). Presumably at x = 0.5, all 3 linkages would exist with a disordered bond

distribution. Our results indicate bending of the X’-A-X’ angle away from 180◦ always

occurs with S substitution and is more extreme than has been previously observed for the

pyrochlore structure. A similar cristobalite-based structure has been proposed for Bi2Sn2O7,

with O’-Bi’-O’ bond angles ranging between 161.8◦ and 173.3◦.68 Our results indicate bending

of the X’-A-X’ angle away from 180◦ always occurs with S substitution and is more extreme

than has been previously observed for the pyrochlore structure without the driving force of

a lone-pair bearing cation on the A-site.

These large, S-induced distortions may also explain why attempts to substitute S into

other systems, such as Cd2Ta2O7,
65 have only been reported with small substitution val-

ues. When S substitutes into Cd2Nb2O7, there is a strong Cd displacement that leads to

significant bonding of Cd to a 48f O of the NbO6 network. This must then weaken the

corresponding Nb–O bond, resulting in a longer bond length. The high polarizability of

the Nb-O bond easily accepts this distortion of NbO6 octahedron. However, environments

less prone to distortions, such as a TaO6 octahedron, will not be able to accommodate a

strong displacement of the A-site cation while retaining the valency of the B-site cation,

making the substitution of S highly unfavorable. Recent synthesis of the the pyrochlore

series Sn2Nb2O7−xSx corroborates this with substitution up to x = 0.6,11 proposed to be

facilitated by the polarizability of the NbO6 octahedron.

In addition to drastically altering the observed low temperature structures, the introduc-
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tion of S into the Cd2O’ sublattice appears to fundamentally alter the nature of the phase

transition. In the x = 0.25 sample, although we have not computed the frequencies or en-

ergetics of the distorting phonon modes, analysis of the high and low symmetry structures

reveals that there exists no group-subgroup relationship. The modes condensed in the low

symmetry structure suggest an improper mechanism driven by coupling between Γ−
4 and

either Γ+
3 or Γ−

5 modes (See Supplementary Information Table 2), since either combination

of modes would produce Fdd2 symmetry. Further increasing the S content leads to yet

another change in the phase transition, as demonstrated by the symmetry of the high and

low temperature structures in the x = 0.7 case. Only the X4 mode is required to produce

the non-polar non-centrosymmetric P212121 structure.

As a function of S doping the Cd2Nb2O7−xSx series goes from exhibiting a proper FE

transition (x = 0) to an improper FE transition (x = 0.25), followed by a return to a proper

noncentrosymmetric transition (x = 0.7), the latter being nonpolar but piezoelectric due

to the lack of an inversion center. Changes in the dielectric response (see Supplementary

Information Figure S8) under S substitution corroborate this description of the x = 0 and

x = 0.25 phase transitions as proper and improper respectively. This result presents a

possible pathway towards tuning FE properties of pyrochlore FEs via anion substitution, as

the change in phase transition may be used to modulate the susceptibility.

Conclusions

Through the application of high resolution synchrotron data and first principles calculations,

a series of phase transitions has been observed in the pyrochlore solid solution Cd2Nb2O7−xSx.

Distortions in the parent oxide compound indicate the two networks are interrelated, as only

the Nb cation has an electronic instability (d0 electronic configuration) which would lead to

off-centering, but displacements are observed in both cation networks. This is corroborated

by the lack of a structural transition in Cd2Ta2O7, and is attributed to a lower propensity to
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off-centering as a result of the less covalent Ta–O bonds. This structural solution confirms the

Ima2 space group as the 100 K structure, providing insight into the body of work surrounding

the Cd2Nb2O7 composition.

Sulfur substitution further highlights the interplay between these two networks, as the

structural distortion and nature of the phase transition is altered by substitution of the

softer anion into the channel of the pyrochlore structure. This is proposed to arise from the

increased covalency of the Cd–O’/S network, which may help enhance the off-centering of

the Nb cation in the octahedral network. Analysis herein suggests an alternate route for the

tuning of polar materials through anion substitution, and illustrates the complex behavior

of the interpenetrating pyrochlore networks.
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