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Abstract: The hexagonal tungsten bronze RbNbW2O9 is shown, by variable-temperature 

powder neutron diffraction and symmetry-mode analysis, to display a significantly different 

phase transition sequence compared to the related CsNbW2O9 composition. At ambient 

temperature, RbNbW2O9 adopts the polar orthorhombic space group Cmc21. Upon heating, the 

thermal evolution of the crystal structure proceeds via two transitions. These correspond to 

sequential loss of two distinct octahedral tilting modes, leading to space group P63mc at around 

655K, and space group P6mm near 700 K. The polar distortion is retained up to the highest 

temperature studied here. The differences in structural behaviour between the proper 

ferroelectric RbNbW2O9 and the improper ferroelectric CsNbW2O9 emphasises the need for 

careful crystallographic analyses of materials of this type. 
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1. Introduction 

Noncentrosymmetric materials have been studied extensively due to their wide range of 

symmetry-dependent properties and the pursuit of tuneable structural and electrical 

behaviour.[1] The perovskite and tetragonal tungsten bronze (TTB) families have undergone 

extensive studies due to their compositional flexibility[2–5] but a related family of materials, 

the hexagonal tungsten bronzes (HTBs), have only recently begun to garner similar interest. 

This structure type is derived from the hexagonal polymorph of tungsten trioxide (h-WO3) and 

consists of corner-linked BO6 octahedra forming hexagonal and trigonal channels down the c-

axis. The unit cell of the aristotype crystal structure has space group P6/mmm with a0 ~ 7.4, c0 

~ 4.0 Å. This structure can also be stabilised by intercalation of a cation into the hexagonal 

channel resulting in the general formula AxBO3 (0.15 ≤ x ≤ 0.33), where A is usually a large 



group 1 metal such as K+, Rb+ and Cs+ and B is usually WV/WVI.[6] These materials often 

exhibit metallic and conductive behaviour, however this can be reduced by replacement of WV 

with d0 cations, resulting in the formula ABW2O9. Although this type of compositional 

manipulation has been studied extensively,[7] there are few examples of the crystal structure 

being either assigned unambiguously or related to physical property measurements. The most 

recent examples of these materials have focused on the structures of the ANbW2O9 series with 

A = K+, Rb+ and Cs+.[8–10] Investigations into the structure-property relationships of 

CsNbW2O9 have shown this material to be an electronically-driven improper ferroelectric with 

an interesting domain microstructure that may potentially be useful in domain wall 

nanoelectronics.[9] Although neither RbNbW2O9 nor KNbW2O9 appear to be improper 

ferroelectrics, recent work involving detailed crystallographic characterisation of the ambient 

temperature structures utilising high-resolution powder neutron diffraction (PND) has shown 

that both compositions feature octahedral tilting at low temperature, as also observed in 

CsNbW2O9. This leads to a doubling of the c-axis, resulting in orthorhombic space group 

Cmc21 (aO ~ a0, bO ~ √3a0, cO ~ 2c0).[10] 

We now report the first variable temperature study of RbNbW2O9 using high-resolution PND. 

In particular, we use both symmetry mode analysis and physical property measurements to 

explore systematically the underlying mechanisms of symmetry-breaking. 

 

2. Experimental 

2.1. Synthesis 

Samples were prepared via traditional solid-state synthesis using the methodology presented in 

our previous work.[10] Sacrificial powder, comprised of the unreacted reagents, was used to 

cover the pellets to minimise alkali metal loss. Pellets for electrical measurements were mixed 

with a small amount of polyvinyl alcohol (PVA) solution to act as a binding agent and pressed 

under 200 MPa using an isostatic oil press. The pellet was sintered at 1223 K for 1 h and 

subsequently polished using fine-grained SiC paper (P800). Ceramic pellet density was 

relatively low (70-80 % of the theoretical density). SEM images of the surface of ceramic 

RbNbW2O9 are shown in the ESI. After polishing, sputtered gold electrodes were applied to 

the opposing pellet faces and capped with silver conductive paste which was subsequently 

cured at 150 °C for 20 mins to provide protection at high temperature. 

 



 

2.2. Powder Diffraction 

Preliminary X-ray diffraction data was collected using a PANalytical EMPYREAN 

diffractometer with a Cu Kα source to confirm sample purity. Powder neutron diffraction 

(PND) data were collected on the high-resolution powder diffractometer (HRPD) at the ISIS 

spallation neutron source using the time-of-flight method. Data were collected from 288 to 

1173 K with scans recorded for detector currents of 40 μAh integrated proton current to the 

target (approximately 1 h of continuous beam). Powdered samples were contained in a 

cylindrical vanadium can. For analysis, two detector banks covering d-spacing ranges of 0.7 < 

d < 2.6 and 0.9 < d < 4.0 Å, respectively, were used.  

Data were analysed by the Rietveld method, using the GSAS/EXPGUI package[11,12] and 

interpretation of the results assisted using symmetry mode analysis via ISODISTORT.[13] A 

consistent refinement strategy was used in each case with a 12-term shifted Chebyschev 

background function used to account for background coefficients. Parameters refined were 

lattice parameters, atomic positions, isotropic atomic displacement parameters, appropriate 

diffractometer constants and profile coefficients. Small peaks from the vanadium can were 

identified in PND patterns; these were not included in the refinements.  

 

2.2. Dielectric Data 

Dielectric data were collected at intervals of 1 K with heating/cooling rates of 2 K min-1 using 

a Wayne Kerr 6500B impedance analyser with the sample mounted in a tube furnace. Data 

were collected over the frequency range of 20 Hz to 10 MHz with an ac amplitude of 500 mV.    

 

3. Results and Discussion 

3.1 Thermal evolution of the crystal structure 

In our previous work we have shown that the ambient temperature structure is orthorhombic, 

space group Cmc21 (a ~7.3, b ~12.7, c ~7.8 Å).[10] A minor pyrochlore impurity phase 

(RbNbWO6, ~1 wt. %) is present, however this was not included in refinements due to the 

minimal contribution to the observed diffraction pattern.  



Due to the relative insensitivity of lattice parameters to the exact space group, preliminary 

Rietveld refinements were carried out in Cmc21 over the entire temperature range as a means 

of investigating possible transition temperatures (Fig. S1).  

A change in the gradient of the c-axis thermal expansion is observed between 673 and 723 K, 

similar to that observed in the related CsNbW2O9 (~355 K) system. In CsNbW2O9, this 

corresponds to the loss of octahedral tilting and consequently the loss of c-axis doubling. Above 

973 K, a decrease in the c-parameter is observed suggestive of the transition from the polar to 

the paraelectric phase (P6/mmm) based on the analogous behaviour observed in CsNbW2O9. 

Additionally, an apparent convergence of the a- and b-parameters occurs above 500 K, 

suggesting the transition to a hexagonal space group. There is no evidence of an abrupt change 

in the lattice parameters, volume, or in the permittivity and dielectric loss of the material (Fig. 

S3).  

From the group-subgroup relationship, transition from the ambient temperature Cmc21 

structure may proceed via either orthorhombic (Cmm2 or Cmcm) or hexagonal (P63cm or 

P63mc) space groups. The orthorhombic Cmcm structure and both hexagonal structures feature 

octahedral tilting, as observed in Cmc21. Our previous work showed that the octahedrally tilted 

Cmc21 structures in both RbNbW2O9[10] and CsNbW2O9[9] are described by inclusion of A6
+ 

and A3
+ distortion modes, consistent with previous work.[14–16] In contrast to CsNbW2O9, 

which has a more complex supercell at ambient temperature due to an additional K3 distortion 

mode,  the structural evolution of RbNbW2O9 is unlikely to proceed via P63cm as this requires 

an A4
+ mode, which has previously been shown by Whittle et al. [14] to result in disconnection 

of the BO6 octahedral framework.  

Comparison of the goodness-of-fit parameters obtained from Rietveld refinement at 673 K 

indicates that the P63mc model results in a better fit than any of the other possibilities (Table 

1). The assignment of this hexagonal space group is supported by observation of additional 

peaks due to the orthorhombic distortion that are lost with increasing temperature (Fig. 1a) as 

well as the previously discussed convergence of the a- and b- parameters in the preliminary 

refinements (Fig. S1). The transformation from Cmc21 to P63mc, while allowed by the group-

subgroup relationship, must be a first-order transition and therefore discontinuity in both the 

unit cell volume and dielectric data would be expected. The crystallographic details for the 

P63mc model at 673 K are presented in Table 2 and the corresponding Rietveld fit in Fig. 2a. 

The change in unit cell size from the orthorhombic to hexagonal phase is shown in Fig. 3. 



 

 

Table 1. Comparison of the respective Rietveld refinements of PND data obtained at 673 K for 

RbNbW2O9 refined in the feasible crystallographic models. Unit cell metrics are shown with respect to 

the parent aristotype P6/mmm structure with parameters a0 and c0. The total number of refineable 

parameters in each case is given by Ntot. 

Model Metrics χ2 wRp (%) Rp (%) Ntot 

Cmc21 a0 × √3a0 × 2c0 6.634 4.67 3.94 63 

Cmcm a0 × √3a0 × 2c0 9.314 5.54 4.56 54 

P63mc a0 × a0 × 2c0 5.932 4.42 3.76 51 

P63cm a0 × a0 × 2c0 7.375 4.93 3.98 49 

Cmm2 a0 × √3a0 × c0 7.849 5.08 4.06 55 

 

Fig. 1. Structural evolution as a function of increasing temperature indicating loss of reflections 

associated with a) an orthorhombic distortion and b) c-axis doubling due to octahedral tilting. Filled 

circles represent data points and the solid lines are the Rietveld fits. 

 



Fig. 2. Portions of Rietveld refinement profiles of RbNbW2O9 PND data at a) 673 K using the P63mc 

model and b) 723 K using the P6mm model. The peaks marked ‘*’ indicate peaks attributable to the 

vanadium can. 

Fig. 3. Polyhedral view of the HTB structure viewed along the c-axis indicating the change in unit cell 

size between the orthorhombic (blue) and hexagonal space groups (black). 

 

 

 

 



Table 2. Crystallographic data for RbNbW2O9 at 673 K modelled in the P63mc space group [a = 7.3723 

(1), c = 7.8719 (1) Å]. 

Atom Wyckoff 

Position 

x y z 100Uiso 

(Å2) 

Rb1 2a 0 0 0.2402 (12) 9.75 (9) 

O1 6c 0.5042 (4) 0.4958 (4) 0.2414 (4) 3.86 (4) 

O2 6c 0.7902 (7) 0.2098 (7) 0.9858 (5) 2.56 (3) 

O3 12d 0.7888 (7) 0.2112 (7) 0.5010 (5) 2.54 (3) 

Nb/W1 6c 0.4982 (6) 0.5018 (6) 0.0169 (6) 2.49 (4) 

 

Between 288 and 623 K, the orthorhombic Cmc21 space group provides the best fit to the 

diffraction data. The convergence of a- and b- lattice parameters suggest a gradual decrease in 

the degree of orthorhombicity with increasing temperature until adoption of the hexagonal 

P63mc space group at 673 K. 

Above 673 K, peaks corresponding to c-axis doubling are absent (Fig. 1b) indicating the loss 

of octahedral tilting. From the group-subgroup relationship transition from P63mc (a ~a0, c ~ 

2c0) may only proceed via supergroups P63/mmc (a ~ a0, c ~ 2c0) or P6mm (a ~ a0, c ~ c0). As 

this transition corresponds to loss of octahedral tilting, only P6mm remains as a possibility due 

to the doubled c-axis present in the P63/mmc model. A similar transition to this is observed 

with the loss of tilting in the related CsNbW2O9 system.[9] Rietveld refinement of diffraction 

data between 723 and 973 K indicated a good fit using the P6mm model. The paraelectric 

P6/mmm model was also tested in this temperature range but the fits were of an inferior quality 

(Table S1). Moreover, due to the absence of an abrupt change in both the lattice parameters 

and dielectric data, the polar P6mm model remains the most likely.  Crystallographic data for 

the P6mm phase at 723 K is presented in Table 3 and the corresponding Rietveld fit in Fig. 2b. 

 

 

 

 

 



Table 3. Crystallographic data for RbNbW2O9 at 723 K modelled in the P6mm space group [a = 7.3750 

(1), c = 3.9375 (1) Å]. 

Atom Wyckoff 

Position 

x y z 100Uiso 

(Å2) 

Rb1 1a 0 0 0.5122 (28) 10.22 (9) 

O1 3c 0.5 0 0.5266 (8) 4.13 (5) 

O2 6e 0.7896 (1) 0.2104 (1) 0.0230 (7) 2.75 (3) 

Nb/W1 3c 0.5 0 0.9727 (6) 2.50 (4) 

 

Above 973 K, a decrease in the c-axis parameter is observed like that previously observed in 

CsNbW2O9.[9] While this is suggestive of a structural transition to the paraelectric (P6/mmm) 

phase, all refinements above 973 K are still a slightly better fit in the polar P6mm model (Table 

S1 and Figure S5) suggesting that the transition to P6/mmm (TC) occurs above the available 

data range.  Evolution of the lattice parameters versus temperature based on the Cmc21 (288-

623 K), P63mc (673 K), P6mm (723-973 K) and P6/mmm (>973 K) phases is shown in Fig. 4. 

Finer temperature increments would be necessary to establish more precise points for both the 

transition between Cmc21 and P63mc and the subsequent P63mc to P6mm transition. 

Fig. 4. Lattice parameters obtained from Rietveld refinement of PND data in the assigned space groups. 

All cell dimensions have been reduced to the P6/mmm aristotype which has a′ = a0 and c′ = c0: P6mm 

a′ = a0, c′ = c0; P63mc a′ = a0, c′ = c/2; Cmc21 a′ = a0, b′ = b0/√3, c′ = c0/2. 



3.2 Discussion 

The crystal structure of the ambient temperature phase, Cmc21, of RbNbW2O9 has been 

established,[10] however, the two higher temperature (P63mc and P6mm) phases, have not been 

reported previously. The general trends observed in tilting behaviour with increasing 

temperature for RbNbW2O9 are similar to those observed in CsNbW2O9, but the absence of an 

additional cell-tripling (K3) mode in the Rb-compound indicates a fundamental difference 

between the two systems. The thermal evolution of the B-O bond lengths in the B1O6 octahedra 

for RbNbW2O9 is shown in Fig. 5.  This clearly shows a gradual reduction in the degree of 

second-order Jahn-Teller (SOJT) distortion on the axial B–O1 bonds as the loss of the 

orthorhombic distortion and transition from Cmc21 to P63mc is approached. Although there 

was no clear evidence for a first-order transition in either the lattice parameters or dielectric 

data there is a slight step-change in the data at T1 supporting the discontinuous nature of the 

Cmc21 to P63mc transition.  Convergence of the B1–O4 and B1–O6 bond lengths is observed 

above 673 K, corresponding to the loss of octahedral tilting and the transformation from P63mc 

to P6mm. Selected bond lengths and bond angles for the P6mm phase at 723 K are given in 

Table 4 and the distortion of the BO6 octahedron illustrated in Fig. 6 highlighting the continued 

presence of the SOJT distortion after loss of octahedral tilting. 

  

Fig. 5. Thermal evolution of B1–O bond lengths over the region 288 to 973 K, showing a) a decrease 

in the axially second-order Jahn-Teller distorted B1-O1 bonds as the Cmc21 to P63mc phase transition 

is approached and b) the convergence of the B1–O4 and B1–O6 bond lengths with the loss of octahedral 

tilting. 

 



 

Table 4. Bond lengths and selected bond angles of the P6mm phase of RbNbW2O9 at 723 K. 

Rb–O Bond length (Å) B–O Bond length (Å) O–B–O Bond angle (º) 

Rb–O1 3.6879 (2) × 6 B–O1 2.181 (3) O1–B–O2 84.09 (8) × 4 

Rb–O2 3.307 (7) × 6 B–O1ʹ 1.757 (3) O1ʹ–B–O2 95.91 (8) × 4 

Rb–O2 3.357 (7) × 6 B–O2 1.9220 (3) × 4 O2–B–O2 90.03 (4) × 2 

    O2–B–O2 88.75 (4) × 2 

Fig. 6. Ball and stick representation of the BO6 octahedron in the P6mm phase of RbNbW2O9 at 723 K 

highlighting the SOJT distortion of the B–O1 bonds (difference between B–O1 and B–O1ʹ bond lengths 

~ 0.424 Å). 

 

To further probe the nature of each phase transition, the magnitudes of the relevant distortion 

modes associated with each phase were examined using ISODISTORT [13] as a function of 

temperature, Fig. 6. The displacive Γ2⁻ mode is responsible for the adoption of a polar space 

group and has a relatively constant magnitude at all temperatures below 1000 K. However, 

there is some evidence of a slight decrease in Γ2⁻ at the highest temperatures studied which 

corresponds to a reduction in the polarity of the material as TC is approached. This slight 

decrease is likely responsible for the observed contraction of the c-axis. The A3
+ mode exhibits 

a step change at the ~650 K transition, correlating with the transition from an orthorhombic to 

hexagonal structure while retaining octahedral tilting. Both A6
+ and Γ5⁻ (a coupled mode arising 



from the introduction of A6
+) show a gradual trend towards zero with the transition from Cmc21 

to P63mc corresponding to the loss of orthorhombicity. Extrapolation of the trends observed 

for both distortion modes was carried out using a weighted power law (mode amplitude = A(T1-

T)β) to clarify the transition temperature corresponding to the loss of the orthorhombic 

distortion (T1). The critical exponent for both Γ5⁻ and A6
+ was β = 0.296 with a fit constant A 

= 0.13 and 0.051, respectively. The values calculated for T1 indicate a transition temperature 

of ~655 and 630 K for A6
+ and Γ5⁻, respectively. While transition temperatures for both 

distortion modes are expected to be the same there is a slight difference between the those 

calculated, this is likely due to the quality of the fit of each curve. These values do remain in 

good agreement with both the change observed in the lattice parameters and the B1–O bond 

lengths. As a similar extrapolation of the data cannot be carried out for the loss of octahedral 

tilting (T2),the transition sequence is summarised as: 

 

 (1) 

Measurements at finer temperature increments would be beneficial in determination of the 

exact transition temperatures and critical exponents. 

Fig. 6. a) Amplitudes of the distortion modes calculated from refined Rietveld models using 

ISODISTORT. b) Curve-fitting of the A6
+ mode and Γ5⁻ (a coupled mode arising from introduction of 

A6
+). 



4. Summary and conclusions 

The thermal evolution of the phase behaviour and crystal structure of the polar hexagonal 

tungsten bronze RbNbW2O9 has been characterised using powder neutron diffraction supported 

by symmetry-mode analysis and dielectric measurements.  

The phase transition sequence in RbNbW2O9 has been shown to be driven by loss of an 

octahedral tilting mode (A6
+) followed by the loss of a second octahedral tilting mode (A3

+) 

with increasing temperature. This is expected to be followed by the loss of polarity, 

corresponding to the loss of a displacive Γ2⁻ mode, however this appears to occur above the 

temperature range studied here. While a similar phase transition sequence has previously been 

observed for the analogous Cs composition, the absence of a K3 mode responsible for unit cell-

tripling (and ultimately a symmetry-breaking mechanism resulting in improper ferroelectricity) 

results in a different space group assignment. The absence of this distortion mode in 

RbNbW2O9 results in a symmetry-breaking mechanism resulting in proper ferroelectricity and 

is likely driven by the smaller Rb+ cation [r(M+) = 1.72 Å] providing less stabilisation of the 

regularity of the hexagonal A-site channels compared with the larger Cs+ cation [r(M+) = 1.88 

Å]. Quoted ionic radii are for 12-fold coordination.[17] This significantly different phase 

transition sequence between the related RbNbW2O9 and CsNbW2O9 compositions highlights 

the importance of using high-resolution powder neutron diffraction and detailed symmetry-

mode analysis in structural determination of materials of this type. 
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