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8-layer shifted hexagonal perovskite compound Ba8ZnNb6O24 was isolated via controlling the ZnO 

volatilization, which features long-range B-cation ordering with nanometer-scale separation by ~ 1.9 nm 

of octahedral d10 cationic (Zn2+) layers within the purely corner-sharing octahedral d0 cationic (Nb5+) 

host. The long-range ordering of B-site vacancy and out-of-center distortion of the highly-charged d0 10 

Nb5+ that is assisted by the second-order Jahn-Teller effect contribute to this unusual B-cation ordering in 

Ba8ZnNb6O24. Small amount (~15%) of d10 Sb5+ substitutions for Nb5+ in Ba8ZnNb6-xSbxO24 dramatically 

transformed the shifted structure to a twinned structure, in contrast with the Ba8ZnNb6-xTaxO24 case 

requiring 50% d0 Ta5+ substitution for Nb5+ for such shift-to-twin transformation. Multiple factors 

including B-cationic sizes, electrostatic repulsion force, long-range ordering of B-site vacancies, and 15 

bonding preferences arising from covalent contribution to B-O bonding that includes out-of-center 

octahedral distortion and B-O-B bonding angle could subtly contribute to the twin-shift phase competition 

of B-site deficient 8-layer hexagonal perovskites Ba8B7O24. The ceramics of new shifted Ba8ZnNb6O24 

and twined Ba8ZnNb5.1Sb0.9O24 compounds exhibited good microwave dielectric properties (εr ~ 35, Qf ~ 

36200 - 43400 GHz and f ~ 38 - 44 ppm/°C). 20 

Introduction 

Cation order-disorder in ABO3 perovskite structures1 and its 

derivates is important as it plays key role on controlling their 

crystal chemistry and physical properties such as the magnetism,2 

dielectric properties,1, 3, 4 ionic mobility.5 Cation ordering may be 25 

driven by the differences of charge, sizes and bonding 

preferences between the cations.4, 6 The most common cation-

ordering in perovskites occurs on the B-sites; the classical B-site 

ordering takes place along <111> stacking direction of the close 

packed AO3 layers, forming 1:1-ordered double and 2:1-ordered 30 

complex perovskites with 6-layer and 3-layer repeats of 

octahedral networks along the stacking direction of AO3 layers, 

respectively.4, 7 Long-range cation ordering, which offers the 

possibility for assembly of different components at the nanometer 

scale for desired functions, is a significant challenge to the 35 

synthetic chemists.8, 9 The periodically spontaneous phase 

separation at nanometer scale reported recently in perovskites, 

including Nd2/3-xLi3xTiO3,
9 NaLaMgWO6,

10 and NaNb1-xTaxO3
11 

represents special nanometer-scale cation ordering arising from 

complex, compositionally-modulated structures. Understanding 40 

the interplay between the various chemical factors and the cation 

ordering is essential before producing the long-range ordering at 

nanometer scale of cations or cationic-anionic aggregates in a 

controllable and natural manner. 

2:1-ordered complex perovskite received considerable 45 

attention in the field of dielectric materials.3, 6 As the examples, 

Ba3MgTa2O9 and Ba3ZnTa2O9 tantalates possess superior Qf 

values ~ 150 000 -250 000 GHz and near zero coefficient of 

resonant frequency f, rendering them excellent resonators and 

filters for mobile network.3 These complex perovskite tantalates 50 

suffer from prolonged high-temperature processing required for 

densification as well as the B-cation ordering to achieve high Qf 

values.12 Additionally, the high cost of Ta2O5 raw material could 

hinder their continuous industrial production. All of these 

stimulated the search for cheaper niobate substitutes.13 Although 55 

the cation order kinetics in niobates is more sluggish than that in 

tantalates, some niobate complex perovskites were found to 

possess high Qf values ~ 100 000 GHz comparable to the 

tantalates e.g. Ba3(Zn1-xCox)Nb2O9-based materials.13, 14 The 

slightly cationic deficiency was found to effectively improve the 60 

cation ordering in complex perovskites.15, 16 For example, in 

Ba3ZnTa2O9 dielectric resonators,15 the ZnO volatility at high-

temperature processing is an important factor on controlling the 

B-cation ordering and phase formation thus affecting the 

microwave dielectric properties. The B-cation deficient 65 

hexagonal perovskite phase Ba8ZnTa6O24
17

 was usually observed 

as a minor impurity in Ba3ZnTa2O9, which appeared not to 

deteriorate the quality factor of Ba3ZnTa2O9 resonators. The 

isolation and characterization of Ba8ZnTa6O24 resonators by 

Rosseinsky et al18 and Davies et al17 revealed that it adopts 70 

partially vacancy-ordered 8-layer twinned hexagonal perovskite 

structure (Figure 1a) with high Qf values ~ 68 000 - 79 000 GHz, 
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except for its relatively large f  values ~ 30 - 40 ppm/°C. Similar 

to the complex perovskites, the ordering of cations and vacancy 

in face-sharing octahedral (FSO) B-sites of the B-site deficient 

twinned hexagonal structure improve the quality factor19 and such 

cation and vacancy ordering in the twinned structure occurs 5 

naturally, unlike the thermally-activated B-site cation-ordering in 

complex perovskites requiring prolonged heating. This stimulated 

successive exploitation on the B-site deficient hexagonal 

perovskites, which led to a series of high-Q 8-layer twinned 

hexagonal perovskite resonators including Ba8MTa6O24 (M = 10 

Zn17, Ni20, Co20), Ba8Ga4-xTa4+0.6xO24
21 as well as the B-site fully-

occupied Ba8Li2Ta6O24.
22, 23 

The search for the 8-layer twinned hexagonal perovskite 

niobates found less stability for the niobates than the tantalates. 

For example, Mallinson et al8 found that Ba8ZnNb6O24 formed a 15 

mixed Ba5Nb4O15 and Ba3ZnNb2O9 phases although Freer et al24 

and Solomon et al25 made Ba8ZnNb6O24 and claimed that it is 

isostructural with the twined Ba8ZnTa6O24. Apart from the 

instability, the niobates display twin-shift competition, in contrast 

with the Ta-compositions displaying a strong preference for the 20 

twinned structure. The twinned and shifted structures (Figure 1) 

consist of cubic (c) and hexagonal (h) BaO3 layers stacked 

according to sequences of (ccch)2 and cccccchh, respectively. 

Among the reported 8-layer hexagonal perovskite niobates, 

Ba8Li2Nb6O24
22 adopts a twinned structure with a simple 8-layer 25 

hexagonal perovskite cell (Figure 1b); Ba8Ti3Nb4O24,
26 which is 

isostructural with twinned Ba8ZnTa6O24, adopts an expanded cell 

by 3 in the ab plane of the simple 8-layer hexagonal perovskite 

cell (Figure 1a); while Ba8CoNb6O24 adopts a shifted structure 

(Figure 1c). The hexagonal stacking of AO3 layer introduces the 30 

FSO sites, which are able to accommodate the B-site vacancies. 

In the 8-layer B-site deficient hexagonal perovskites, B-site 

vacancies display either partial ordering in the FSO dimers in the 

twinned structure (Figure 1a) or completely long-range ordering 

between two consecutive hexagonal layers in the shifted 35 

structure, forming single empty octahedral layers in the central 

position of the FSO trimers (Figure 1c). The key factors 

controlling the twin-shift option for the 8-layer hexagonal 

perovskite niobates and tantalates and the long-range cation 

ordering in the shifted structure are not well understood. 40 

 
Figure 1. 8-layer hexagonal perovskite structures: twinned Ba8NiTa6O24 (a) and Ba8Li2Nb6O24 (b), and shifted Ba8CoNb6O24 (c). In (b) and (c), the octahedral 
site in yellow is 100% Nb, and cyan is 50% Nb and 50% Li (b) or 100% Co (c). In (a), the octahedral site in yellow is 100% Ta, blue is 85% Ta plus vacancy, 
and cyan is 75% Ni and 15% Ta plus vacancy; symbols B1-B6 label the six crystallographically distinct B-sites. The empty octahedra are plotted in gray in 
(a). In (c) the single empty octahedral layers are between the two consecutive hexagonal layers. 45 

Emptying the central octahedral cation layers between two 

consecutive hexagonal layers in the shifted structure separates the 

perovskite blocks apart from each other. It is expected that cation 

ordering similar to those observed in the perovskites may be 

retained at certain extent in the perovskite blocks of the shifted 50 

hexagonal structures. This could offer the chance to produce 

long-range cation ordering when the perovskite block expands 

along the stacking direction. The long-rang cation ordering is 

evidenced in the 8-layer shifted Ba8CoNb6O24
8 by rarely and 

completely ordered octahedral Co layers 1.88 nm apart in the Nb 55 

octahedral host layers: Co cations are located in the central 

octahedral sites of the perovskite blocks consisting of seven 

consecutive corner-sharing octahedral (CSO) layers isolated by 

the single empty octahedral layers (Figure 1c). In this study we 

report the isolation of Ba8ZnNb6O24 via controlling the ZnO 60 

volatilization and its 8-layer shifted hexagonal perovskite 

structure through a carefully structural analysis by a combination 

of powder X-ray and neutron diffractions, electron diffraction and 

high resolution transmission electron microscopy. This 

compound is isostructural with the unusually long-range B-site 65 

ordered Ba8CoNb6O24, featuring nanometer-scale separation of 

octahedral d10 Zn2+ layers along the close-packing direction over 

the solely CSO d0 Nb5+ host layers. The twin-shift preferences of 

Ba8ZnTa6O24 and Ba8ZnNb6O24 emphasize a key role of the 

subtle difference in oxide-coordination environments between d0 
70 

6-period Ta5+ and 5-period Nb5+ on the phase stability; it also 

hints the contribution of the long-range vacancy ordering and out-

of-center distortion of the highly-charged d0 Nb5+ cations with 

more pronounced second-order Jahn-Teller (SOJT) effect to the 

long-range ordering of Zn2+ in the Nb5+ host in Ba8ZnNb6O24. 75 

The twin-shift competition of the 8-layer hexagonal perovskite is 

also demonstrated by the substitutions of d10 Sb5+ for d0 Nb5+ in 

(c) (a) (b) 
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comparison with the Ta5+ substitution for Nb5+ in Ba8ZnNb6O24. 

The phase stability is discussed in terms of the multiple factors 

including the B-cationic sizes, electrostatic repulsion force, long-

range ordering of B-site vacancies, bonding preference arising 

from the covalent contribution to B-O bonding that includes the 5 

out-of-center octahedral distortion and B-O-B bonding angle. The 

ceramics of the new shifted and twinned phases reported here 

were found to possess good microwave dielectric properties. 

Experimental Procedure 

The Ba8ZnNb6O24, Ba8ZnNb6-xSbxO24 (x = 0.3, 0.6, 0.9, 1.2, 10 

1.5, 1.8, 2.1, 2.4) and Ba8ZnNb6-xTaxO24 (x = 1, 2, 3, 4, 5, 6) 

samples were prepared by a routine solid-state reaction, using 

high purity BaCO3 (99.99%), ZnO (99.99%), Sb2O5 (99.95%), 

Ta2O5 (99.99%) and Nb2O5 (99.99%) as starting materials, which 

were dried at 400 C for 3 h before weighing. The starting 15 

materials were weighed according to the various stoichiometries 

and mixed in ethanol with an agate mortar, followed by 

calcinations at 1100 C for 6 h in alumina crucibles covered with 

lids with heating and cooling rates of 5 C/min. In order to 

investigate how the ZnO volatilization affects the phase 20 

formation in Ba8ZnNbO24, preparations under various conditions 

were carried out. The stoichiometric Ba8ZnNb6O24 powders were 

fired at 1400 C for 8-24 h, which were compared with the 

compositions containing 5, 10, 15, 20, 25, 30, 35 and 40 mol% 

excess ZnO to offset the ZnO volatilization during the high-25 

temperature firing. Also the stoichiometric Ba8ZnNb6O24 

powders were pressed into pellets and buried in the sacrificial 

powders of the same compositions in aluminum crucibles covered 

with lids and fired at 1400 C for 24 - 36 h with several 

intermediate grindings and pressings. This method of burying the 30 

pellets in the sacrificial powders with the same compositions was 

found to be effective on obtaining almost pure Ba8ZnNb6O24 

phase; therefore the synthesis for Ba8ZnNb6-xSbxO24 and 

Ba8ZnNb6-xTaxO24 samples (including ~ 9 g samples for neutron 

diffraction and the pellets for electrical characterizations of the 35 

Ba8ZnNb6O24 and Ba8ZnNb5.1Sb0.9O24 compositions) were 

conducted using the same procedure. For the pellets used for the 

impedance and microwave dielectric property measurements, the 

pre-calcined powders was mixed with 5% polyvinyl alcohol 

(PVA) solution as organic binder then pressed into pellets under 40 

330 MPa pressure using a cold isostatic pressing facility, which 

were heated at 600 C for 120 min to remove the PVA, followed 

by firings at 1400 C for 36 h with heating rate 5 C/min and 

cooling rate 0.5 C/min with two intermediate grindings and 

pressings. The densities of the pellets were calculated by using 45 

the geometric sizes (diameter and thickness) and the masses of 

the pellets. 

The phase assemblages were checked by X-ray powder 

diffraction (XRD), which was performed on a D8 ADVANCE 

and Panalytical X’pert Powder X-ray diffractometer with Cu Kα 50 

radiation over a 2 range of 10 - 80 for 20 minutes for each scan. 

The XRD data with the high quality for Rietveld refinement was 

collected over a 2 range of 10 - 120. Neutron powder 

diffraction (NPD) data with constant wavelength ( = 1.6220 Å) 

were collected at room temperature on the Echidna high-55 

resolution powder diffractometer at the OPAL facility (Bragg 

Institute, ANSTO) over a 2 range of 5 - 160° using a Ge (335) 

monochromator. The XRD and NPD data were analyzed by 

Rietveld refinement27 using Topas Academic software.28 Bond 

valence sums (BVSs) were calculated by Brown and Altermatt's 60 

method.29 The selected area electron diffraction (SAED) and high 

resolution transmission electron microscopy (HRTEM) images 

were collected by a JOEL JEM-2100F transmission electron 

microscope (TEM) with a point resolution of 1.9 Å operated at 

200 kV. The surface microstructure of the pellets was examined 65 

using a Quanata 400F and Hitachi S4800 scanning electron 

microscopes (SEM). Prior to the SEM experiment, gold was 

sprayed on the surface to form a thin conducting layer. The 

compositions were examined by X-ray energy dispersive 

spectroscopy (EDS) during the TEM and SEM experiments. 70 

AC impedance spectroscopy measurement was carried out by 

using a Solartron 1260A impedance/gain-phase analyzer over a 

temperature range from room temperature to 800 C and a 

frequency range from 10-1 Hz to 107 Hz. The pellets were coated 

with platinum paste and fired at 800 C for 1 h to remove the 75 

organic components to form electrodes. The microwave dielectric 

properties were measured by the Hakki-Coleman dielectric 

resonator method30 with the TE011 mode using an Agilent 

N5230A network analyzer. The temperature coefficient of 

resonate frequency f values were measured from 30 C to 85 C. 80 

Results 

Isolation of Ba8ZnNb6O24. Our preparations show that the phase 

formation in Ba8ZnNb6O24 is highly sensitive to the ZnO 

volatilization at high temperature. Firing the stoichiometric 

Ba8ZnNb6O24 powder at 1100 C, 1200 C and 1300 C for 24 h 85 

at each temperature resulted in mixture of hexagonal perovskite 

Ba5Nb4O15 (5-layer shifted structure, referred to as 5H) and cubic 

perovskite Ba3ZnNb2O9 (3-layer structure, referred to as 3C) 

phases (Figure 2a). Increasing the firing temperature to 1400 C 

(for 24 h) led to disappearance of the 3C-phase (Figure 2a). This 90 

suggests the occurrence of significant ZnO loss during the high-

temperature firing at 1400 C. While shortening the firing time at 

1400 C (to 16 h) led to small amount of the target phase 

Ba8ZnNb6O24 in the products (Figure 2a). 

In order to obtain preparation conditions for pure phase 95 

Ba8ZnNb6O24, the following experimental procedures were 

conducted for controlling the ZnO loss during the high-

temperature firing. The stoichiometic Ba8ZnNb6O24 powders 

were pressed into pellets and fired at 1400 C in the time range of 

4 - 16 h for checking the phase evolution with the firing time. The 100 

data indicated that the target phase Ba8ZnNb6O24 started to form 

at 8 h and became a major phase at 12 - 16 h with apparent 5H 

and 3C impurities in the pressed samples (Figure 2a). This means 

that the ZnO volatilization was suppressed significantly in the 

pellets. But this processing did not result in pure phase of 105 

Ba8ZnNb6O24. To compensate the ZnO volatilization during the 

firing at high temperature, 5 - 40 mol% excess ZnO were added 

into the raw powders of Ba8ZnNb6O24, which were pressed into 

pellets and fired at 1400 C for 4 - 12 h. The XRD data shows 

that Ba8ZnNb6O24 was obtained as the major phase together with 110 

the minor 5H and 3C phases under presence of 15 - 40 mol% 

excess ZnO with a shorter firing time of 8 h (Figure 2b). This 

indicates that the presence of excess ZnO accelerated the 

formation of Ba8ZnNb6O24. Prolonged firing to 12 h is effective 
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to remove Ba3ZnNb2O9 phase but the longer firing (for 16 h) 

induced more Ba5Nb4O15 impurity (Figure 2c), which is ascribed 

to the increase of ZnO loss with the prolonged firing time. Finally 

nearly single-phase Ba8ZnNb6O24 material with tiny amount of 

3C phase were obtained via firing the stoichiometric 5 

Ba8ZnNb6O24 pellets buried in the powders with the same 

composition at 1400 C for 24 - 36 h with several intermediate 

grindings and pressings. The XRD pattern of this Ba8ZnNb6O24 

sample is provided in the next section on the structural analysis 

(Figure 4). 10 

 

 

 
Figure 2. XRD data of various Ba8ZnNb6O24 samples: (a) stoichiometric 
Ba8ZnNb6O24 powder and pellets fired at 1200 - 1400 C for 8 - 24 h; (b) 15 

Ba8ZnNb6O24 pellets with 0, 10 and 15 mol% excess ZnO fired at 1400 C 
for 8 h; (c) Ba8ZnNb6O24 pellets with 20 mol% excess ZnO fired at 1400 C 
for 4 - 16 h. 

Shifted structure of Ba8ZnNb6O24. Ba8ZnNb6O24 was 

previously known as an analogue to the twinned Ba8ZnTa6O24 20 

that adopts an expanded cell by 3 in the ab plane of the simple 

8-layer hexagonal perovskite cell.18 However the Rietveld 

refinement of Ba8ZnNb6O24 based on the twinned structure model 

of Ba8ZnTa6O24 resulted in a poor fit with Reliability factors Rwp 

~ 10.7 %, RBragg ~ 11.0 % (Figure S1 in supporting information) 25 

in this study. Careful examination of the XRD data of 

Ba8ZnNb6O24 revealed that its reflections can be also indexed 

using the simple 8-layer hexagonal perovskite cell (a ~ 5.793 Å, c 

~18.901Å) in space group P3 m1, which is similar to that of the 

shifted Co-compound Ba8CoNb6O24.
8 The electron diffraction 30 

patterns (Figure 3a) confirmed this unit cell and symmetry for 

Ba8ZnNb6O24. The HRTEM image (Figure 3b) suggested a 

shifted structure with a stacking sequence of ccchhccc for the 

close-packed BaO3 layers in Ba8ZnNb6O24. A combined XRD 

and NPD Rietveld refinement for Ba8ZnNb6O24 was performed 35 

using the shifted structure model of Ba8CoNb6O24, which 

converged to Rwp ~ 3.82 %, RBragg ~ 2.06 % for XRD data (Figure 

4a), and Rwp ~ 4.82 %, RBragg ~ 2.77 % for NPD data (Figure 4b). 

This fully confirms that Ba8ZnNb6O24 adopts the shifted 

hexagonal perovskite structure instead of the twinned structure in 40 

this study. The final refined structural parameters and bond 

lengths of Ba8ZnNb6O24 are listed in Tables 1 and 2, respectively. 

Ba8ZnNb6O24 displays complete ordering of Zn2+ and Nb5+ 

cations (Table 1): along the c-axis, Zn cations are exclusively 

located in the central octahedral layers in the seven consecutive 45 

CSO layers, which are isolated by the single empty octahedral 

layers between two consecutive hexagonal BaO3 layers. 

Therefore the single octahedral Zn layers are separated by ~ 1.9 

nm apart from each other in Ba8ZnNb6O24, which represents a 

second rare example of long-range order at nanometer-scale of 50 

the solely CSO octahedral cations following the Ba8CoNb6O24 

case. The central octahedral Zn2+ site and the outer octahedral 

Nb5+ sites (Nb1-Nb3) in the 7-layer perovskite block have 

environments (Table 2), respectively, matching well with the 

centrosymmetric and acentrosymmetric oxide coordination  55 

 

 

  

Figure 3. SAED and HRTEM images of the shifted Ba8ZnNb6O24 (a, b) and 
the twined Ba8ZnNb5.1Sb0.9O24 (c, d): SAED pattern projection along the 60 

[010] direction (a) and HRTEM image (b) of the shifted Ba8ZnNb6O24; 
SAED pattern projection along the [010] direction (c) and HRTEM image 
(d) for the twinned Ba8ZnNb5.1Sb0.9O24. 

(a) (c) 

(b) (d) 
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bonding preference of Zn2+ and Nb5+.8 The calculated BVSs for 

Zn and Nb sites (Table 1) agree well with this cation ordering. 

The centrosymmetric ZnO6 and typical distorted Nb1O6 

octahedra are showed in Figure 5a and 5b, respectively. 

 5 

 

Figure 4. Rietveld refinement plots of XRD (a) and NPD (b) data for the 
shifted Ba8ZnNb6O24. The Bragg reflection positions of major phase 
Ba8ZnNb6O24 (top) and the minor phase Ba3ZnNb2O9 (bottom) are shown 
by tick marks. The refined weight percentages for Ba8ZnNb6O24 and 10 

Ba3ZnNb2O9 are 98.42(7) wt% and 1.58(7) wt%, respectively. 

Table 1. The final refined structural parameters for Ba8ZnNb6O24.* 

Atom Site x y z Occupancy Biso(Å
2) BVS 

Ba1 2c 0 0 0.1862(1) 1 0.44(1) 2.46 

Ba2 2d 1/3 2/3 0.0615(1) 1 0.44(1) 2.25 
Ba3 2d 1/3 2/3 0.4544(1) 1 0.44(1) 2.04 

Ba4 2d 1/3 2/3 0.6823(1) 1 0.44(1) 2.52 

Zn1 1a 0 0 0 1 0.73(8) 1.96 
Nb1 2c 0 0 0.3853(1) 1 0.76(9) 4.98 

Nb2 2d 1/3 2/3 0.2543(1) 1 0.76(9) 4.65 

Nb3 2d 1/3 2/3 0.8781(1) 1 0.76(9) 4.52 
O1 6i 0.1681(3) 0.8319(3) 0.3080(1) 1 0.67(1) 2.01 

O2 6i 0.1628(2) 0.8372(2) 0.5708(1) 1 0.67(1) 2.15 
O3 6i 0.1701(4) 0.8399(4) 0.9339(1) 1 0.67(1) 2.02 

*a = 5.79306(3) Å, c = 18.9035(1) Å, V = 549.399(7) Å3, Space group: 

P3̅m1, Z = 1. 

Shift-to-twin phase transformation. With the aim of obtaining a 15 

solid solution of Ba8ZnNb6-xSbxO24 via the Sb5+ substitution for 

Nb5+ in Ba8ZnNb6O24, the Ba8ZnNb6-xSbxO24 samples were 

synthesized and their XRD patterns are shown in Figure 6a and 

S2. A quick scan of the XRD data showed that the compositions x  

 20 

 

Figure 5. The bonding environments with oxide anions of Zn2+ (a) and 
(Nb1)5+ (b) cations in shifted Ba8ZnNb6O24 showing the centrosymmetric 
bonding for Zn2+ and asymmetric bonding for Nb5+. (c) and (d) are plots 
for the FSO dimmers in twinned Ba8ZnNb5.1Sb0.9O24. The bond lengths (Å) 25 

and octahedral thicknesses (Å) are labeled. 

Table 2. Bond lengths, octahedral distortion parameters (Δd*) and B-O-B 

angles of Ba8ZnNb6O24. 

Bond Length(Å) Bond Length (Å)/Angle ( º ) 

Ba1-O1(×3) 2.854(3) ΔdZn1 (10-3) 0 
Ba1-O3(×3) 2.841(1) Nb1-O1(×3) 2.231(3) 

Ba1-O4(×6) 2.8967(1) Nb1-O2(×3) 1.832(1) 

Ba2-O3(×6) 2.8981(1) ΔdNb1 (10-3) 9.6 
Ba2-O3(×3) 2.915(4) Nb2-O1(×3) 1.944(3) 

Ba2-O4(×3) 2.903(4) Nb2-O4(×3) 2.078(4) 

Ba3-O1(×3) 3.227(3) ΔdNb2 (10-3) 1.1 
Ba3-O2(×3) 2.788(3) Nb3-O4(×3) 2.099(3) 

Ba3-O2(×6) 2.9357(7) Nb3-O3(×3) 1.948(4) 

Ba4-O1(×6) 2.9023(1) ΔdNb2 (10-3) 1.4 
Ba4-O2(×3) 2.715(3) Zn1-O3-Nb3 176.57(2) 

Ba4-O4(×3) 2.983(3) Nb1-O1-Nb2 170.57(1) 

Zn1-O3(×6) 2.115(4) Nb2-O4-Nb3 179.03(7) 

* 
 




61

2][
6

1

n

n

d

dd
d , where <d> is the average B-O bong 

length and dn are the individual B-O bond length. 30 

= 0.3, 0.9, 1.2, 1.5, 1.8, 2.1 2.4 displayed similar pattern as that of 

Ba8ZnNb6O24 except for the minor reflections from the 3C and 

5H impurities and unknown phase in x = 2.4; on the contrary, the 

intermediate composition x = 0.6 displayed complex XRD pattern 

with the major reflections split (Figure 6a). The XRD patterns for 35 

the compositions x = 0.3, 0.9, 1.2, 1.5, 1.8, 2.1, 2.4 were indexed 

using the cell of shifted Ba8ZnNb6O24 and the refined cell 

parameters show a significant gap (Figure S3) between the cell 

parameters for the compositions x = 0, 0.3 and x = 0.9-2.4: the a-

axis and c-axis jumped to 5.8212(6) Å and 19.0554(3) Å (x = 0.9) 40 

from 5.7934(4) Å and 18.9049(2) Å (x = 0.3), respectively. This 

abnormal phenomenon coincides with the complex pattern 

observed on the intermediate composition x = 0.6 and indicates 

that the hexagonal phases in the compositions x  0.9 could be 
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different from the shifted Ba8ZnNb6O24 phase in the compositions 

x  0.3. Careful examination using Rietveld analysis, ED and 

HRTEM (which are described in the following section) showed 

the hexagonal phases in the compositions x  0.9 adopt a twinned 

structure analogue to Ba8ZnTa6O24 with an expanded cell by 3 5 

in the ab plane of the simple 8-layer hexagonal perovskite cell. 

Therefore the phase formation in Ba8ZnNb6-xSbxO24 can be 

established as following (Figure S4): the shifted phase retained in 

the composition x  0.3 and it transformed entirely to a twinned 

phase when x = 0.9 - 2.1; while the intermediate composition 10 

Ba8ZnNb5.4Sb0.6O24 (Figure 6a) contained both shifted and twined 

phases. The refined cell parameters for the shifted and twinned 

hexagonal perovskite phases in Ba8ZnNb6-xSbxO24 are given in 

Figure S4. Increasing the Sb substitution for Nb resulted in mixed 

phases (Figure 6a) and the end-member Ba8ZnSb6O24 is a mixture 15 

containing 6H-Ba3ZnSb2O9
31 and some unknown phases. 

Based on the twinned structure for the Ba8ZnTa6O24 

compound, it is expected that Ta substitution for Nb in shifted 

Ba8ZnNb6O24 may also induce the shift-to-twin phase 

transformation at certain composition in Ba8ZnNb6-xTaxO24. 20 

Therefore Ba8ZnNb6-xTaxO24 samples were synthesized at 1400 

C for 24 h. Similar to the Ba8ZnNb6-xSbxO24 case, the XRD data 

(Figure 6b and S5) showed that the shifted structure in Ba8ZnNb6-

xTaxO24 transformed to the twinned structure at the 

Ba8ZnNb3Ta3O24 point, below which Ba8ZnNb5TaO24 and 25 

Ba8ZnNb4Ta2O24 are shifted phase and mixed shifted-twinned 

phases, respectively. The refined cell parameters for the shifted 

and twinned hexagonal perovskite phases in Ba8ZnNb6-xTaxO24 

are given in Figure S6. 

30 

 
Figure 6. XRD patterns of Ba8ZnNb6-xSbxO24 (a) and Ba8ZnNb6-xTaxO24 (b) in 
2-Theta range 28 - 32, showing the shift-to-twin phase transformation. 
Symbol  represents reflections from the impurities. 

Twined Structure of Ba8ZnNb5.1Sb0.9O24. The electron 35 

diffraction patterns collected on the Ba8ZnNb5.1Sb0.9O24 

composition (Figure 3c) confirmed it adopts the expanded cell (a 

~ 10.1 Å and c ~ 19.1 Å). The reflection conditions 00l (l = 2n) 

and h0l (l = 2n) suggest three possible space groups of P63cm, 

P 6̅ c2 and P63/mcm. HRTEM images (Figure 3d) revealed a 40 

twinned structure for Ba8ZnNb5.1Sb0.9O24 with an eight-layer 

(ccch)2 repeat, analogue to the twinned Ba8ZnTa6O24. A 

combined Rietveld refinement of XRD and NPD data of 

Ba8ZnNb5.1Sb0.9O24 compound was then performed based on the 

twinned structure model of Ba8ZnTa6O24 in P63cm. In the 45 

twinned structure, there are six crystallographically distinct B-

sites (Figure 1a): four FSO B-sites B1, B2, B3 and B6 forming 

two dimers B1-B2 and B3-B6, two CSO B-sites B4 and B5. The 

site fractional coordinates and the Zn, Nb and Sb occupancies on 

all the six B-sites in the twined Ba8ZnNb5.1Sb0.9O24 were refined 50 

without chemical compositional constraint by an approach 

combining the simulated annealing and Rietveld refinement.21, 32 

The refinement showed that B3 (FSO), B4 (CSO) and B5 (CSO) 

sites are fully occupied by Nb(Sb), consistent with their 

octahedral thicknesses (Å) 2.26(2) for B3 (Figure 5d), 2.30(1) for 55 

B4, 2.28(1) for B5. The other three FSO B1, B2 and B6 are 

partially occupied, displaying larger octahedral thicknesses 

(Figure 5c) of 2.67(1), 2.36(1) and 2.61(2), respectively. 

However, the refined cationic composition Ba8Zn0.05Nb6.3Sb0.2 

contains lower Zn and Sb contents and higher Nb content than 60 

those in the nominal composition although the total B-cation 

content is close to the theoretical value. The bulk cationic 

composition Ba8Zn0.92(4)Nb5.3(2)Sb0.93(1) from the SEM-EDS 

elementary analysis for Ba8ZnNb5.1Sb0.9O24 is close to the 

nominal composition, confirming the existence of Zn and Sb in 65 

the twinned sample. Therefore the Zn and Sb atoms in 

Ba8ZnNb5.1Sb0.9O24 are not able to be discerned well from the Nb 

host in the refinement, which is because of their low contents and 

lower contribution to neutron diffraction (scattering lengths33 

(fm) are 5.57 for Sb, 5.68 for Zn and 7.054 for Nb) i.e. the 70 

cationic distribution over the B-sites was not able to be 

determined unambiguously. Here the bonding environment for 

each B-site was used to assist the B-cationic and vacancy 

assignments over the B-sites. The B1 site has symmetric O 

bonding environment with six ~ 2.16 Å bond lengths, which is 75 

perfect for the Zn2+.6 All the other B-sites have asymmetric O 

boding environments, being suitable for accommodating the 

Nb5+(Sb5+) cations. Therefore, at next stage, all the Zn2+ cations 

were fixed at B1 sites and occupancies of Nb5+(Sb5+) cations 

were refined over the other B-sites (B2-B6), which led to a 80 

composition of Ba8ZnNb5.5(2)Sb0.4(2), still showing more Nb and 

less Sb contents than the expected ones. The refined total 

occupancies on the B2 and B6 sites are comparable (~ 0.6), which 

is not consistent with the contrast between their octahedral 

thicknesses (2.36(1) for B2 and 2.61(2) for B6), implying more 85 

cationic occupation on the B2 sites. Therefore the balancing of 

the overall Nb and Sb contents according to the nominal 

composition was performed via decreasing the Nb occupancy and 

increasing Sb occupancy on the B2 sites, which led to the total 

occupancy 0.71 on the B2 site. The final refinement converged to 90 

Rwp ~ 4.51 %, RBragg ~ 2.31 % on NPD data and Rwp ~ 3.91 %, 

RBragg ~ 1.99 % on the XRD data. The Rietveld refinement plots 
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of XRD and NPD of Ba8ZnNb5.1Sb0.9O24 are shown in Figure S7. 

The final refined structural parameters and the interatomic 

distances of Ba8ZnNb5.1Sb0.9O24 are listed in Table 3 and S1, 

respectively. It should be noticed here that local disordered 

feature (without showing the triple supercell reflections) was 5 

observed in the same crystal during the electron diffraction 

experiments of the Ba8ZnNb5.1Sb0.9O24 sample. This means that 

the B-cationic and vacancy ordering in the twinned structure of 

Ba8ZnNb5.1Sb0.9O24 sample is not homogenous all through the 

sample, which could made the average structure from the 10 

Rietveld refinement of the powder diffraction data not being able 

to fully quantitatively describe the cationic and vacancy 

distribution in the B-sites of Ba8ZnNb5.1Sb0.9O24. 

Table 3. The final refined structural parameters for the twinned 

Ba8ZnNb5.1Sb0.9O24.* 15 

Atom Site x y z Occupancy Biso(Å
2) BVS 

Ba1 2a 0 0 0.2451(4) 1 0.96(2) 2.27 

Ba2 4b 1/3 2/3 0.2403(4) 1 0.96(2) 2.52 
Ba3 6c 0.6630(8) 0 0.6066(1) 1 0.96(2) 2.48 

Ba4 6c 0.3218(5) 0 0.8778(1) 1 0.96(2) 2.02 

Ba5 6c 0.3339(9) 0 0.4901(3) 1 0.96(2) 2.06 
Zn1 4b 1/3 2/3 0.4274(6) 0.75 0.52(2) 1.78 

Nb2 4b 1/3 2/3 0.0499(6) 0.22 0.52(2) 4.60 

Sb2 4b 1/3 2/3 0.0499(6) 0.49 0.52(2) 5.01 
Nb3 2a 0 0 0.0568(5) 1 0.52(2) 4.10 

Nb4 6c 0.3382(9) 0 0.6774(3) 1 0.52(2) 4.80 

Nb5 6c 0.6663(8) 0 0.8022(3) 0.91(4) 0.52(2) 4.53 

Sb5 6c 0.6663(8) 0 0.8022(3) 0.09(5) 0.52(2) 4.93 

Nb6 2a 0 0 0.9032(7) 0.48(9) 0.52(2) 4.14 

Sb6 2a 0 0 0.9032(7) 0.10(7) 0.52(2) 4.51 
O1 6c 0.4976(5) 0 0.2416(6) 1 0.89(2) 2.02 

O2 6c 0.1665(7) 0.1665(7) 0.8584(6) 1 0.89(2) 2.32 

O3 6c 0.1552(3) 0.1552(3) 0.4953(3) 1 0.89(2) 1.92 
O4 12d 0.6643(1) 0.1701(1) 0.5013(3) 1 0.89(2) 1.79 

O5 12d 0.3337(7) 0.1663(7) 0.2388(4) 1 0.89(2) 1.92 

O6 12d 0.6621(3) 0.1641(1) 0.1253(3) 1 0.89(2) 1.98 
O7 6c 0.1881(9) 0.1881(9) 0.1137(5) 1 0.89(2) 2.10 

O8 12d 0.4868(9) 0.3184(9) 0.8613(4) 1 0.89(2) 1.77 

* a = 10.08267(2) Å, c = 19.05159(6) Å, V = 1677.31(1) Å3, Space group: 
P63cm, Z = 3. Zn1, Nb2/Sb2, Nb3, Nb4 Nb5/Sb5, Nb6/Sb6 sites 

correspond to B1, B2, B3, B4, B5 and B6 sites in Figure 1a, respectively. 

Electrical properties and Microstructure. The as-made 

Ba8ZnNb6O24 pellet (~ 92 % of theoretical density) displayed r ~ 20 

35, Qf ~24883 GHz. After being annealed at 1000 C for 48 h, 

the Ba8ZnNb6O24 ceramic displayed a better quality factor Qf ~ 

43400 GHz and its temperature coefficient of resonate frequency 

f is ~ 38 ppm/°C. The as-made twinned Ba8ZnNb5.1Sb0.9O24 

pellet (~ 95 % of theoretical density) displayed the same r ~ 35 25 

as that for Ba8ZnNb6O24 but lower Qf ~ 36200 GHz and higher f 

~ 44 ppm/C compared with the annealed Ba8ZnNb6O24. On the 

contrary, annealing at 1000 C (for 48 h) deteriorated the Qf 

value to 26900 GHz for Ba8ZnNb5.1Sb0.9O24 pellet. 

Impedance data of the Ba8ZnNb6O24 and Ba8ZnNb5.1Sb0.9O24 30 

pellets consist of a large semicircular and a small semicircular 

arcs (Figure S8) corresponding to the bulk and grain boundary 

responses, respectively. No electrode response was observed in 

the Ba8ZnNb6O24 and Ba8ZnNb5.1Sb0.9O24 pellets. The typical 

complex impedance plot for Ba8ZnNb6O24 at 800 C is shown in 35 

Figure S8a. The bulk resistivity of Ba8ZnNb6O24 pellet was 

estimated as the intercept of the large semicircular arc at low 

frequency and the associated C estimated from the equation RC 

= 1 ( = 2fmax,  is angular frequency, fmax is the frequency 

corresponding to the maximum Z'') is ~ 3.3 pF/cm, consistent 40 

with the bulk response34 and the permittivity measured at 

microwave frequency. The bulk conductivity of the Ba8ZnNb6O24 

ceramic varied within 10-9 - 10-6 S/cm in 400 - 800 C (Figure S9) 

and the activation energies (Ea) showing an increase from 0.77(2) 

eV in low temperature region below 600 C to 1.49(6) eV above 45 

600C. The twinned Ba8ZnNb5.1Sb0.9O24 pellet displayed higher 

bulk conductivities (Figure S9) ~ 10-8 - 10-5 S/cm within 500 - 

800 C than those for Ba8ZnNb6O24. Similar curvature of the 

Arrhenius plot of bulk conductivity occurred on the 

Ba8ZnNb5.1Sb0.9O24 pellet, leading to higher activation energy 50 

(1.58(5) eV) above 600 C than that (1.04(3) eV) below 600 C 

(Figure S9). Such a phenomenon on the activation energies may 

be ascribed to change of conduction mechanism to the electronic 

conduction in high temperature over the intrinsic band gap from 

the impurity ionization in low temperature region, which is 55 

similar to the cases of Ba8Ga4-xTa4+0.6xO24
21 and Ba8ZnTa6O24

18 

pellets. 

The surface morphologies of Ba8ZnNb6O24 and 

Ba8ZnNb5.1Sb0.9O24 pellets were examined by SEM, which are 

shown in Figure S10. The surface of Ba8ZnNb6O24 pellet (Figure 60 

S10a) displays mainly bar-shaped grains with ~ 50 - 100 μm 

lengths and ~ 10 - 30 μm widths. Similar grain growth has been 

widely observed other 8-layer hexagonal pervoskites including 

Ba8ZnTa6O24,
17 Ba8NiTa6O24,

35 Ba8Ti3Nb4O24,
36 Ba8CuTa6O24

37 

and Ba8Ga4−xTa4+0.6xO24.
21 The surface of the Ba8ZnNb5.1Sb0.9O24 65 

pellet (Figure S10b) is different with that in Ba8ZnNb6O24 pellet: 

apart from the column-shaped grains with smaller widths and 

lengths, the plate-shaped grains were often observed. 

Discussion 

The twin-shift competition of the 8-layer hexagonal 70 

perovskites observed in Ba8ZnNb6-xSbxO24 and Ba8ZnNb6-xTaxO24 

here is summarized in Table S2 together with the previous 

reported B-site deficient 8-layer twinned and shifted Ba8B7O24 

compounds as well for comparison. Among these 8-layer 

hexagonal perovskites, the twinned-structure preference for the 75 

tantalates/Ta-rich compositions is still reserved. The twin-shift 

phase competition has been discussed by Trolliard et al within a 

more wide composition range of AnBn-1O3n (n = 4 - 8),38 which 

formed exclusively shifted phase for the small n values (4 - 7) 

except for the n = 8 composition displaying the twin-shift 80 

competition. The twinned structure of A8B7O24 contains 50 % B-

 ( denotes B-site vacancy) and 50 % B-B in the FSO dimers; 

while for the shifted structure, the emptying of central octahedral 

sites in the FSO trimers removes the short FSO B-B contacts thus 

effectively minimizes the electrostatic repulsion force among the 85 

B-cations. Trolliard et al argued that AnBn-1O3n forms the shifted 

structure to avoid the strong FSO B-B repulsion at cost of the 

energy for establishing the long-range ordering of B-site 

vacancies, which become more difficult when the n value 

increases (no shifted phase formed for n = 9 with a longer 90 

periodicity than that in n = 8 shifted member); on the contrary, 

forming the twinned structure is useful for decreasing drastically 

the periodicity of B-site vacancies, which is coupled by the 

partial ordering within ab-plane of the cations and vacancies 
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among the FSO sites to reduce the FSO B-B repulsive 

interactions.38 No n = 10 twinned members of AnBn-1O3n  was 

found although the 10-layer twinned structure formed on AnBn-

2O3n-type Ba10Mg0.25Ta7.9O30 and Ba10Ti1.2Ti7.04O30 compositions 

because of they are free of FSO B-B pairs.19, 38 Therefore, in the 5 

compounds with large n value (8), the balance between the long-

range ordering of B-site vacancies and FSO B-B repulsive force 

but with short periodicity of B-site vacancies results in the twin-

shift phase competition. The electrostatic force and B-cationic 

size may be considered as two important factors to interpret the 10 

twin-to-shift transformation upon the substitution of 

(Lu3+
0.5Nb5+

0.5) for Ti4+ in Ba8Ti3-2xNb4+xLuxO24 system.38 The 

substitution of the mixed cations Lu3+
0.5Nb5+

0.5 for the smaller 

Ti4+ cations in the twined structure could induce severer 

electrostatic repulsion in the FSO dimer, thus destabilizing the 15 

twinned phase and driving the transformation to shifted structure 

with reduced B-cationic electrostatic repulsion. 

In case of Ba8ZnNb6-xMxO24 (M = Sb, Ta) here, the isovalent 

substitutions across the shift-to-twin transformations do not 

change the B-cationic size very much: the average B-cationic size 20 

is reduced by 0.005 Å in the Sb-substituted material 

Ba8ZnNb5.1M0.9O24 and remains unchanged in the Ta-substituted 

materials (Table S2), in great contrast with the change of average 

B-cationic size (0.021Å) in Ba8Ti3-2xNb4+xLuxO24 (Table S2). This 

might indicate that the cationic size effect and electrostatic 25 

repulsion force are minor factors for the twin-shift competition in 

Ba8ZnNb6-xMxO24 (M = Sb, Ta) cases. Here the bonding 

preference from the covalency of B-O bonds is taken in account 

for understanding the twin-shift phase competition in the 

Ba8ZnNb6-xMxO24 as well as the twinned-structure preference for 30 

the Ba8B7O24 tantalates, in addition to the factors that include the 

electrostatic force, the long-range or short-range vacancy 

ordering and the B-cationic size. The covalent contribution to the 

B-O bonds, which represents the electronic energy and affects the 

bonding preference of B-cations, has been regarded as the major 35 

one of four principal factors affecting the phase stability of 

A+B5+O3 containing Nb5+, Ta5+ and Sb5+ that includes relative 

ionic size, electrostatic force (representing the Madelung or 

lattice energy), polarizability of A-cation cores as well.39, 40 As 

our discussion is focusing on the Ba8B7O24 compositions, the size 40 

and polarizability of A-cations are not considered as the primary 

factors affecting the twin-shift stability of Ba8B7O24 described 

here. 

It is well know that the d0 cations of the 6-period Ta5+ and 5-

periord Nb5+ have the same ionic sizes owing to the lanthanide 45 

contraction and close electronegativity; as a result, they have 

close chemical bonding preferences, which make that many 

niobates have isostructrual Ta-analogues.6 The strong preference 

of the twinned structure over the shifted structure for the tanalates 

compared with the niobates in the 8-layer hexagonal perovskites 50 

may result from different covalency on the bonding with oxide 

anions (i.e. oxide-coordination environment) of Ta5+ and Nb5+ 

cations, which could be subtle but induce significant impact on 

the twin-shift phase stabilization in 8-layer hexagonal 

perovskites. Electronic calculations and experimental 55 

measurements in a wide range of cubic perovskite and its layered 

derivates have indicated that the Nb5+ is more covalent than 

Ta5+.41 The empty d orbitals result in SOJT distortions in 

octahedra containing Ta5+ and Nb5+, showing multiple bond 

lengths with oxygen and out-of-center displacement in the 60 

octahedra.42, 43 The more covalent Nb5+ has increased preference 

and energy stability gain for the out-of-center displacement 

compared with Ta5+, which is consistent that the occurrence of 

more symmetric coordination environment of Ta5+ compared with 

Nb5+ observed in many 2:1-ordered complex perovskites6 and 65 

simple perovskites44-46 of tantalates and niobates. This subtle 

difference in the oxide ion coordination environment between 

Nb5+ and Ta5+ has been shown as driving force of the 

ordering/segregation between Nb5+ and Ta5+ into layers in a 1:1 

ratio in NaNb1-xTaxO3.
11 The stronger covalency of the Nb5+-O 70 

bonds than the Ta5+-O bonds is also evidenced by the fact that the 

dielectric permittivites of the Ta5+-containing materials are lower 

than the Nb5+-containing analogues.6, 8, 21 

            
Figure 7. Perovskite blocks of some typical Nb5+-containing shifted AnBn-1O3n hexagonal perovskites showing the common feature of the out-of-center 75 

octahedral distortion: (a) Ba8ZnNb6O24 (n = 8) (in comparison with the (b) Ba3ZnNb2O9
6 complex perovskite), (c) Ba7Nb4Ti2O21

52
 (n = 7), (d) Ba6NbTi4O18

53 (n 
= 6), (e) Ba5Nb4O15

49 (n = 5), and (f) Ba3LaNb3O12
54 (n = 4). The arrows denote the displacement directions of octahedral B-cations and their lengths 

roughly mark the relative displacement tenses in each plot. 

In the 8-layer ordered shifted structure, all the NbO6 octahedra 

display out-of-center distortion, where the Nb5+ centers are 80 

displaced along different directions and at different tenses (Figure 

7a). This structural feature of the cooperative octahedral 

(a) (b) (c) (d) 

(e) (f) 
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distortion is common in the B-site deficient AnBn-1O3n shifted 

structures47-50 (Figure 7), which could appear as an important 

factor for stability of shifted phase. The octahedral distortion 

generally comes from the electronic and structural components in 

the bond network. The SOJT effect of the highly-charged d0 5 

cations (e.g. W6+, Nb5+, Ta5+, Ti4+ ) in the materials assists the 

out-of-center distortion, which is required for satisfying the 

coordination environments of the oxide anions.6 The distortion 

extents for the inner Nb2O6 and Nb3O6 octahedra (Figure 7a and 

Table 2) in the perovskite block of Ba8ZnNb6O24 and 10 

Ba8CoNb6O24 are close to those observed in complex perovskites 

(Figure 7b);6, 8 while the Nb1O6 octahedral layers in edge of the 

perovskite block next to the empty octahedra demonstrate the 

much severer distortion (Table 2) with displacement of Nb5+ 

toward tri-oxygen face in the empty octahedral, forming three 15 

short bonds with the oxygen atoms in the empty octahedra 

(Figure 5b and Table 2). Such strong distortion of the edge 

octahedra containing highly-charged cation centers is essential 

for stabilizing the oxide anions of the empty octahedra in the 

shifted structure. Therefore the long-range ordering B-site 20 

vacancy and the SOJT distortion of highly-charged d0 Nb5+ 

cations are considered as major driving forces for the long-range 

ordering of d10 Zn2+ layer in the central positions of the 

perovskite blocks in Ba8ZnNb6O24, which is also assisted by the 

size difference between Zn2+ and Nb5+. This mechanism may be 25 

also applicable to Ba8CoNb6O24 compound.8 Replacing Nb5+ 

using the more ionic Ta5+ showing more symmetric coordination 

environment would not be ideal for stabilizing the oxide anions in 

the empty octahedral layers. Although the Nb5+ cations in the five 

layer shifted Ba5Nb4O15 can be replaced fully by Ta5+ to form a 30 

stable Ta-analogue, the non-accessibility of the shifted 

Ba8ZnTa6O24 may be ascribed to that the long-range ordering of 

vacancy over a longer distance ~ 19 Å (versus ~ 12 Å in the 5-

layer structure) in the non-ideal Ta5+ host would cost more 

energy, which is not practical for stabilizing the shift structure. 35 

This drives phase transformation upon the Ta5+ substitution for 

Nb5+ in Ba8ZnNb6O24 to the twinned structure with shorter 

periodicity of B-site vacancies. The B-site vacancy ordering in 

the twinned structure of Ba8ZnTa6O24 may optimize the 

electrostatic repulsion force in the FSO dimers via forming Ta5+-40 

 and Zn2+-Ta5+ pairs.18, 19, 38 The latter pair is rare but has been 

observed in Zn3Ta2O8.
51 

In the Sb-substituted Ba8ZnNb6O24, the difference in the 

bonding preference between the d0 Nb5+ and d10 Sb5+cations 

associated with the covalency of B-O bonding may also play a 45 

key role in stabilization of the twinned structure. In the B-site-

vacancy-ordered structure of shifted Ba8ZnNb6O24, the CSO 

perovskite blocks are isolated by the single empty octahedral 

layers among the two hexagonal BaO3 layers; therefore all of the 

B-O-B linkages are close to 180 (Table 2), which match well 50 

with the d0 Nb5+ cations with empty d shells that participate 

strongly in the -bonding in the linear B-O-B bonds (Figure 8a). 

While the filled d10 orbitals in Sb5+ cation do not participate in the 

-bonding thus favors the 90 B-O-B bonds (Figure 8b) over the 

linear B-O-B bonds; the 90 geometry of B-O-B bonds optimizes 55 

the -bonding of Sb5+ with two different O 2p orbitals for each 

B-O bond (Figure 8b), which leads to stronger covalent 

contribution to B-O bonds in the Sb5+-containing compositions.39, 

40 When the Sb-substitution amount in Ba8ZnNb6-xSbxO24 is small 

(x  0.3), the Sb5+ is diluted in the Nb5+ host for preventing from 60 

formation of linear Sb-O-Sb bonds thus forming a shift-type solid 

solution. The increase of Sb5+ substitution enhances probability of 

Sb5+ centers sitting in two corner-shared octahedra that leads to 

near-linear Sb-O-Sb bonds in the perovskite blocks, which may 

destabilize the shifted structure. In the twinned structure, the 90 65 

B-O-B bonds in the FSO dimers (either Zn2+-O-B5+ or B5+-O-B5+) 

meet the Sb5+ bonding preference, thus driving the shift-to-twin 

transformation in Ba8ZnNb6-xSbxO24 upon the Sb5+ substitution 

for Nb5+. Similar structure transformation upon the Sb5+ 

substitution for Nb5+ has been observed in Ba3MNb2-xSbxO9 (M = 70 

Mg, Ni, Zn): the structure transformed from the 2:1-ordered 

complex perovskite (Ba3MNb2O9) to the 6H-BaTiO3-type 

hexagonal perovskite (Ba3MSb2O9)
31 containing FSO dimer 

Sb2O9 units. In Ba8ZnNb6-xSbxO24, it is the distinct bonding 

preferences of d0 Nb5+ and d10 Sb5+
 that make the small Sb5+-75 

substitution (~15 %) being significant to drive shift-to-twin phase 

transformation. While the subtle contrast in the covalency/oxide-

anion coordination environment between Ta5+ and Nb5+ makes 

the shift-to-twin transformation to occur at the highly Ta5+-

substituted composition (~50 %) in Ba8ZnNb6-xTaxO24. 80 

 

 
Figure 8. Schematic plots for -bonding in 180 (a) and -bonding in 90 
(b) B-O-B bonds involving transition-metal-cation t2g and O 2p orbitals, 
according to Goodenough et al.39 In (b), the -bonding involves two 85 

different O 2p orbitals used for each B-O bond. 

In the twinned Ba8ZnNb6-xSbxO24, Sb5+ cations are expected to 

preferably occupy the FSO sites although the structure refinement 

is not able to discern well the Sb5+ in the Nb5+ host. The partial 

ordering of cations and vacancies among the FSO B-sites (B1-B2 90 

and B3-B6 dimers) may optimize the electrostatic repulsion 

between FSO cation via locally placing the B5+- pair at high 

priority in FSO site in the way that works in Ba8MTa6O24 (M = 

Zn and Ni) cases. 18, 19, 55 As revealed by the refinement and ED 

study, the distribution of B-cation and B-site vacancies in the 95 

twined Ba8ZnNb5.1Sb0.9O24 is more disordered than that in 

Ba8MTa6O24 (M = Zn, Ni)18, 19, 55 and Ba8Ga0.8Ta5.92O24.
21 This 

implies that in Ba8ZnNb5.1Sb0.9O24 the FSO Nb5+-Nb5+ pairs have 

(a) 

(b) 
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large probability in addition to FSO Sb5+-Sb5+, as indicated by the 

large occupancy of 0.40Nb5+/0.10Sb5+ on B6 site and fully 

occupied B3 sites solely by Nb5+ for the FSO B3-B6 dimers from 

the refinement results of Ba8ZnNb5.1Sb0.9O24 (Table 3), which is 

in contrast with Ba8MTa6O24 showing that the B6 sites are 5 

completely empty among the four FSO B-sites.18, 19, 38, 55 

Although it is rare, the occurrence of FSO Nb5+-Nb5+ dimers has 

been observed in Ba4Nb2O9 and Mg4Nb2O9 compounds.56-58 The 

FSO dimers containing highly-charged Nb5+ (Ta5+) are expected 

to be unstable because of the strong electrostatic repulsion force 10 

in the FSO dimers. However, according to Blasse,59 the spatial 

distribution of the B5+-O2--B5+ -boding electrons along the B-B 

axis may provide some B-B bonding, which stabilizes the FSO 

dimers containing Nb5+ and Ta5+. 

Conclusions 15 

8-layer shifted hexagonal perovskite Ba8ZnNb6O24 was 

isolated through controlling the ZnO volatilization at high 

temperature, which features complete ordering of the Nb5+ and 

Zn2+ cations, forming unusual nanometer-scale separation of 

octahedral d10 Zn2+ layer in the purely CSO d0 Nb5+ host. Small 20 

amount (~15 %) of Sb5+ substitution for Nb5+ in Ba8ZnNb6O24 

transformed the crystal structure to a twinned structure analogue 

to Ba8ZnTa6O24, in contrast with the Ba8ZnNb6-xTaxO24 case 

requiring 50 % Ta substitution for Nb for the shift-to-twin phase 

transformation. The ceramics of new shifted Ba8ZnNb6O24 and 25 

twined Ba8ZnNb5.1Sb0.9O24 compounds exhibited good 

microwave dielectric properties: (εr ~ 35, Qf ~ 36200 - 43400 

GHz and f ~ 38 - 44 ppm/°C). Multiple factors including B-

cationic sizes, electrostatic repulsion force, long-range ordering 

of B-cationic vacancies, and bonding preferences from the 30 

covalent contribution to B-O bonding that includes out-of-center 

octahedral distortion and B-O-B bonding angle could subtly 

contribute to the twin-shift phase competition in B-site deficient 

8-layer hexagonal perovskites Ba8B7O24. This study elucidates a 

key role of long-range ordering of B-cationic vacancies and out-35 

of-center octahedral distortion of highly-charged Nb5+ with more 

pronounced SOJT effect on the nanometer-scale long-range 

ordering of d10 Zn2+ layer in d0 Nb5+ host in the shifted structure. 

The roles of differences in the bonding preferences among d10 

Sb5+, d0 Nb5+ and d0 Ta5+ cations with oxide anions on controlling 40 

the phase stability are emphasized by the shift-to-twin phase 

transformation in the 8-layer hexagonal perovskites Ba8ZnNb6-

xMxO24 (M = Sb, Ta). 
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