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SrNb;00,7 and SryTaq_027-,, exhibit the tripled tetragonal-tungsten-bronze (TTTB)-related superstruc-
tures. In contrast to SroTa;o_x027-y, where an extended solid solution was found, Sr,Nb;¢07 only forms a
narrow range of solid solution, Sr;_,Nb;¢057_, (0 < x < 0.04). Serial X-ray and neutron diffraction studies
show that both compounds can be modelled in the orthorhombic Pba2 space group. Lattice parameters
obtained from powder X-ray refinements are a=12.3887(14) A, b=37.103(4) A, c=3.866(2) A, for
SrpTajo x027_y, and a=12.3888(2) A, b=36.9839(5) A, and c=3.94027(3) A for Sr;Nb;¢0,7. Neutron
Rietveld refinements of both structures revealed the possible reason for the differing solid solution
behavior. For Sr,Nb;0>7, all Nb sites are fully occupied, whereas in SroTa;o_x027_y, three out of the nine
crystallographically unique Ta sites were shown to be partially occupied. Charge adjustment is therefore
possible by increasing the Sr concentration, leading to a solid solution series and smaller Ta/Sr ratio as
compared to SryNb;¢0;. In the TTTB-related structures, Nb and Ta ions both occupy octahedral and pen-
tagonal bipyramidal coordination sites. Layers of interconnected corner-shared octahedra were found
parallel to the ab plane, with 3-, 4- and 5-fold tunnels found in the structure running parallel to the c-axis.

Sr ions partially fill the 4- and 5-fold tunnels.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The tungsten bronze (TB) family of compounds [1-3] possess
both structural flexibility and chemical versatility and is found in
a great number of systems with technological applications. Tung-
sten bronze oxides with the triple or tetragonal tungsten-bronze
(TB) structure type have been shown to have technological applica-
tions such as ferroelectricity and nonlinear optical properties due
to their versatile structure that exhibit tunnel-like channels [4].
Tetragonal potassium lithium niobate and barium sodium niobate,
K3Li;NbsO45 and Ba;NaNbsO;s have been found to be excellent
nonlinear optical materials for second harmonic generation [5].
Additionally, the tetragonal tungsten bronze KNb,OsF can be used
as a potential sodium ion battery anode due to its framework
resembling tunnels that facilitate the transport of ions |[6].
Recently, TBs have been of keen interest in the drive for green
energy, particularly the triple TBs that have been considered as
piezoelectric and pyroelectric materials [7]. To achieve maximum
performance, a pyroelectric must have a high pyroelectric coeffi-
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cient, and a minimum dielectric constant. This is verified by calcu-
lating the figure of merit (F), which is an important heat-sensing
parameter of pyroelectric materials [8].

The tungsten bronze structure consists of a framework of regu-
lar or distorted corner-sharing MOg octahedra. With the common
corners as hinges, the M-O-M angles vary to form tunnels of dif-
ferent sizes and shapes. The occupancy of tunnel sites and the size
and charge of the guest metal ions impact the properties to a large
extent. Tungsten bronzes can be categorized into three general
structure types: the A-cation deficient perovskite type, the hexag-
onal tungsten bronze (HTB) and the tetragonal tungsten bronze
(TTB). In TTB, the corner-sharing octahedra form a network which
contains 3-, 4-, and 5-fold tunnels, whereas in the hexagonal tung-
sten bronze (HTB) structure, 6-membered tunnels are found [9,10].
Some of these tunnel sites are available for guest atoms.

The lattice parameters of the tetragonal tungsten bronze struc-
ture are a ~ 12.4 A and ¢ ~ 3.9 A. Craig and Stephenson determined
the lattice parameters of NbgWg0,47 to be based on a 9-fold TTB sub-
cell unit [11]. Jamieson et al. determined the lattice parameters of
(Bag27Sro.76)Nb,05 75 to be a 3-fold expansion of the TTB prototype
along both a and b-axes [12]. During the study of the phase equilib-
ria of the Nb,05-WO3 system, Roth and Waring found a variety of
compounds that crystallized with triple tetragonal-tungsten
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Fig. 1. Neutron Rietveld refinement results for SroNb;90,;. The difference map is
shown below the diffraction pattern.

bronze (TTTB) unit cells (i.e. NbgWqyO47: a =36.692 A, b=12.191 A,
and ¢=3.945 A; and Nb;;W,;063: a=36.740 A, b=12.195 A, and
c=3.951A)[13].

In the process of phase equilibrium studies of the SrO-Ta,Os
(Fig. 1) [14] and SrO-Nb,Os5 systems [15], we found that although
the structures of both SrTajo_x027_, and SroNb¢0,7 are related
to the TTTB type, there are differences in the structural details. Fur-
thermore, the structural chemistry of these two compounds is
quite challenging. For example, while Sr,Nb;¢0,; was reported to
have a complex superstructure (both a and b tripled) [16], single
crystals of this composition grown in this laboratory from SrO:
Bi,Os and B,03 fluxes show only the tripled b-axis (see Buerger
precession photographs, Fig. S1). Secondly, despite rather different
chemical formulas of Sr;Nb;0,7 and SryTaqg 027y, preliminary
work indicates these two phases having similar cell parameters
and space group. Thirdly, while Sr,Nb;70,7 was reported to be a
nominally stoichiometric compound [15], in the SrO-Ta,0s5 system,
a TTB-type solid solution was found to have a composition ranging
from SrTa,0g to SrTas0¢; [14]. The crystallographic reason for the
extensive solid solution in the tantalate system, as compared to the
narrow TTB-type solid solution in the niobate system, has
remained unclear. Therefore, an understanding of the crystallo-
chemical reason for the similar lattice parameters with different
solid solution behavior of the TTTB compounds, Sr,Nb;q0,; and
SryTa10-x027_y, is the primary goal of this investigation.

Sr,Nb(0,7 was first discovered in 1982 during investigations of
the SrO-Nb,0s phase space [17], with more recent investigations
focusing on thermal properties [18,19]. For the SryTajo_x027_y
phase, the only reported experimental or calculated patterns are
those of the HTB-type [9,10], and of a TTB structure which has a
large tetragonal cell (a=52.59 A, and c = 7.73 A) [20]. Preparation
of reference X-ray diffraction patterns of TTTB- SryTajo_xO27_y
and Sr,Nb;¢0,7 is another goal of this study.

2. Experimental’
2.1. Synthesis

Polycrystalline samples of Sr,Ta;o_x027_y and SroNb;q0,7 were
prepared by solid-state reaction of stoichiometric amounts of

2 The purpose of identifying the equipment or computer software in this article is
to specify the experimental procedure. Such identification does not imply recom-
mendation or endorsement by the National Institute of Standards and Technology.

SrCOs; (powder, 99.999%) and Ta,0s (powder 99.993%) or Nb,Os
(powder, 99.998%). Mixtures were pressed in a pelletizing die.
The compacted powders were heat treated in air for 36 h each at
750 °C, 1000 °C, 1200 °C, and 1250 °C for Sr,Nb;¢0,7; and up to
1500 °C for SryTa;o_xO27_,. Between heat treatments, samples
were reground and repelletized for homogeneity. To investigate
solid solution formation of Sr,Nbg057 (Sro:
Nb,0s = 28.57:71.43), three samples with SrO:Nb,0s molar ratio
of (30:70), (27:73), and (25:75) were prepared, with a maximum
heating temperature of 1275 °C.

2.2. Neutron diffraction

Since neutron diffraction is a powerful technique to determine
oxygen atom positions and occupancies, data for Sr,Nb;¢0,; were
collected with the BT-1 diffractometer (32 detectors) at the Center
for Neutron Research of the National Institute of Standards and
Technology using a Cu (311) monochromator (2=1.5396 A).
Detailed information of this research facility is described on the
NIST Web site [21]. Samples were loaded in a 6 mm diameter vana-
dium container and measurements were made under ambient con-
ditions. Rietveld refinements [22-24] were performed using the
GSAS software [25,26]. The experimental parameters refined dur-
ing the Rietveld process included scale factor, background function
(Chebyshev polynomials), lattice parameters, and atomic coordi-
nates. Special attention was paid to space group selection, choosing
between Pbam and Pba2. Neutron Rietveld refinements using Pba2
gave considerably better R values than the space group Pbam. Sta-
tistical analyses using an F-test [21] confirmed that space group
Pba2 provides statistically better fits for both compounds. The ini-
tial structural model was obtained by single-crystal X-ray diffrac-
tion. The R values from the neutron refinements for Sr,Nb;90,7
are Ryp=7.91 and Rpragg = 3.982. Fig. 1 illustrates the results of
neutron Rietveld refinement for Sr,Nb;¢0,;. Table 1 provides the
lattice parameters for Sr,Nb;g0,; from neutron refinements and
Table S1 provides the atomic positions from the refinement.

2.3. X-ray diffraction

Powder X-ray diffraction data were collected with a Bruker D8
Advance powder diffractometer operating at 40 kV and 30 mA with
Cu Ko radiation (4=1.54184 A) with a LYNXEYE detector. Data
were collected in the 20 range of 10-80° with a step size of 0.02°
with an exposure time of 0.5 s. Preliminary structural models were
obtained from single-crystal X-ray diffraction. Precession images
are shown in Fig. S1. Rietveld refinements were performed with
the Topas software [27]. The refined lattice parameters are pro-

Table 1

Lattice parameters (space group Pba2).
Neutron SraNDb1027
a(A) 12.3903(5)
b (A) 37.0041(14)
c(A) 3.94505(9)
V(A% 1808.77(11)
WR,, 5.55
Ry 448
e 2.794
X-ray SroNb10027 Sr,Tag05;
a (A) 12.3888(2) 12.3887(14)
b (A) 36.9839(5) 37.103(4)
c(A) 3.94027(3) 3.866(2)
V(A3 1805.37(4) 1777.3(3)
Rwp 10.09 19.17
Rbrage 5.179 7.846
Rexp 2.89 2.81
Goodness-of-fit (GOF) 3.50 6.83
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Fig. 2. X-ray Rietveld refinement results for Sr,Nb;00,7, Experimental data is shown in blue, while the calculated pattern is shown in red. The difference between the
observed and calculated patterns is shown as a grey line beneath the diffraction patterns. Vertical blue lines at the bottom of the plot represent calculated Bragg positions.

(Colour online.)

vided in Table 1 and atomic coordinates for Sr,TagO,, are provided
in Table S2. Fig. S2 shows the results of the X-ray Rietveld refine-
ments. Atomic coordinates for O atoms were not refined since lab-
oratory X-ray data is often of insufficient quality to refine O
parameters.

For SryNb;¢057, a CIF was generated from the neutron refine-
ment and used as a starting point for the X-ray refinement. The
O parameters were fixed from the neutron refinement and were
not refined against the X-ray data. Refined lattice parameters and
atomic coordinates for the X-ray refinement of Sr,Nb;0,; are
shown in Tables 1 and S3, with Fig. 2 showing the results of the
X-ray refinement. The X-ray and neutron data were not refined
simultaneously due to a long lapse in time between neutron refine-
ments and X-ray data collection/refinement.

3. Results and discussion
3.1. Structure

Fig. 3 shows the projection of the TTTB structure of Sr,Nb;9057
along the c-axis. The TTTB structure is built from layers of corner-
sharing octahedra stacked along the c-axis. The Nb atoms are
located at layers near z~ 0, and all Sr atoms are near z ~ %. The
TTB- and TTTB-type compounds can also be viewed as tunnel-con-
taining compounds with the tunnels running as a continuous
string of interstitial sites parallel to the c-axis. In SroNb90,7, eight
Nb ions adopt a distorted octahedral configuration, while the ninth
Nb ion adopts a pentagonal bipyramid configuration. The corner-
sharing octahedra form a network that consists of 3-, 4-, and 5-fold

tunnels [9,10]. Both Sr?* and Nb®* ions are found in the pentagonal
tunnels, while only Sr ions were found in the 4-fold tunnels. The
size of the 3-fold tunnels is too small to accommodate any alkali
cations.

Results of site occupancy refinements indicate that within
experimental sensitivity, all Nb sites are fully occupied and all
but three of the oxygen sites are fully occupied. The Nb-O bond
distances in SroNb;gO,; (with mean distances in the range of
1.946-2.066 A) are comparable to the Nb-O distances of 1.92(3)
A and 2.11(3) A found in (Ba,Sr)Nb,Os.75 [12], 1.846(4) A to 2.160
(4) A in SrNb,Og [28], and 1.96 A to 2.03 A in Nb,05 [29].

The Sr1 and Sr2 ions, both having 12-fold coordination environ-
ments (only considering the Sr-0 < 3.5 A distances), occupy the 5-
fold tunnels, while Sr3 and Sr4 occupy the 4-fold tunnels. The
range of Sr-O distances is large, from 2.41(6) A to 3.396(26) A.
While Sr vacancies are characteristics of these tunnels, the occu-
pancy of Sr is much higher in the larger 5-fold tunnels.

SryTaq0_x027_y is isotypic to SroNbyg0,7, but with different site
occupancies. In contrast to SroNb;¢0,7, where all Nb are fully occu-
pied, there are three Ta deficient sites (Ta2, Ta4, and Ta5) in the
SryTa19_x027_y structure. The Ta-O distances (ranging from 1.956
to 2.050 A) are in agreement with the Ta-O distances found in
other compounds: 1.945(4) A to 2.007(8) A in CaAlTaOs [30], and
2.00A to 2.15A in BasTas0;5 [31]. The coordination of Sr was
found to range from 10- to 12-fold (only considering the Sr-
0 < 3.5 A distances), and similar to Sr,Nb;¢05-, the Sr sites are also
partially occupied (see Table S2).

The unit cell volume of SrNb;¢0,; is unexpectedly slightly
greater than that of SryTa;o 4027, (1807.64 A for Sr;Nb; Oy vs.
1792.91 A 3 for SryTa;o x027_,). The ionic radii of Nb>* and Ta>*

Fig. 3. A projection of the structure of SroNb;o0,7 along the c-axis. All distorted octahedral sites are occupied by the Nb ions (grey polyhedra). Infinite 3-, 4-, and 5-fold
channels are seen running parallel to the c-axis. The 4-fold channels are occupied by Sr (orange spheres) and the 5-fold channels are populated by both Sr and Nb. Oxygen is

represented as red spheres. (Colour online.)
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are 0.64A for Vi-coordination [32]. One possible reason for
SryTajo_x027_y to have a smaller unit cell is that there are relatively
more vacancies per unit cell in the Sr,Ta;¢_x027_, compound (dis-
cussed below). The effect of the vacancies appears to have a more
pronounced effect on the magnitude of the c-axis than a or b, as is
evidenced from the significantly shorter c-axis of SryTag_x027_y
[3.87903(5) A] than that of Sr;Nb;q0,7 [3.94400(11) A].

4. Experimental chemical formula for Sr,Nb;(,0,; and
SroTaq0-x027-y

Before analyzing the chemical formula of Sr,Nb;g0O,; and
SryTag9_x027_, using our experimental results, it will be instruc-
tional to first derive the formula for TTB- and TTTB-compounds
and their relationships. The chemical formula for a simple TTB
compound with the presence of alkaline-earth cations can be writ-
ten as

VAVA'4B19050

where A and A’ are alkaline-earth elements occupying the 4- and
5-fold channels, and B is the transition metal. For a TTB compound
with a tripled volume, we arrive at the following formula

IVAG VA'] 2 B30090

Next, since the unit cell content of an alkaline-earth free TTTB
compound, 4Nb,05: 9WO;3 (or Nb;gW;g094 With Z=2) [13] can
be written as Y(NbO)4(Nb;,W;5)0q0, Where four units of NbO are
placed in the 5-fold coordination sites, we also place 4 units of
(BO) into the 5-fold coordination sites of the "VAYA’15B300s0
formula, giving rise to VAY(BO)4A’sB300qo. By rearranging this
formula, we have derived the ideal TTTB formula to be

VAsV(BO)4A’sB30gp (ideal formula for TTTB)
or IVASVA’8B34090

or A14B34094 for A=A

The formula A;4B34094 agrees with that derived from our exper-
imental structure if all crystallographic sites are occupied. For a
defect strontium tantalate or strontium niobate structure that con-
tains both cation and anion deficient sites, a general chemical for-
mula to describe these compounds could be written as
Sri4-xM34_,094_, (M=Nb or Ta). The formula for the
niobate determined from the neutron Rietveld refinement
is: Srgs54(22)Nb34093 52(20), Which is charge-balanced within 1 — 0.
The formula for the tantalate, determined by Rietveld refinement
of X-ray data, is: Srgeg(25)Ta32.72(46)094. This composition does not
charge-balance due to excess anionic charge. This can be explained
by the fact that we did not refine O occupancies for the tantalate,
and so there should be O vacancies to compensate.

A comparison of the unit cell parameters and chemical formula
of the alkali-earth containing TTTB- and TTB- compounds reveals
that the ratio of the number of transition metal/alkaline-earth ele-
ment in a formula is important in determining the structure, and
hence, the cell parameters. For example, in SryTa;o_x027-, and
Sr,Nb190,7, there is a relatively large ratio of (Nb or Ta) to Sr (4:1
and 5:1) as compares to that in the TTB structure type (i.e. 2:1 in
SrTa,0g). As a result, there are more Nb or Ta ions than the available
octahedral sites in the simple TTB structure. Some of the Nb and Ta
have to go into the pentagonal tunnel sites. The size and shape of
the Sr-pentagonal tunnel and the Ta/Nb-pentagonal tunnel are
substantially different. Because of the presence of these transition
metal tunnels, the repeat distance in the b-direction
(cell parameter ‘b’ of SroNb;¢027 and SryTaq0_x0,7-y) is tripled as
compared with the simple TTB cells (Fig. S1).

4.1. Solid solution formation

From the results of site occupancy calculations, it is clear that
the Ta-analogue can form a range of solid solution because of the
partial Ta site vacancy. Charge adjustment in this compound is
possible by increasing Sr, leading to a solid solution series and
smaller Ta/Sr ratio as compared to Sr,Nb;¢0,7. The TTB-type solid
solution appears to cover a range from SrTa,Og to SrTa4044 (Fig. 2)
[14]. A narrow solid solution range in Sr,Nb;90, has been identi-
fied. It was found that after three heat treatments, the SrO:Nb,Os5
of 30:70 composition showed the presence of SrNb,Og and
Sr,Nb;90,7. While composition (27:73) is a single phase of the
structure type SroNb;90,7, composition (25:75) showed the pres-
ence of Nb,Os (the characteristic peak of Nb,O5 was located near
47.54° (reflection 0 2 0)) [29], indicating a two-phase region. Fur-
thermore, since there is no solid solution on the Nb-poor side of
Sr,Nb;90,7, there is probably no vacant Nb-site in the structure.
The slight 'excess’ Nb in the Nb-rich solid solution member is pre-
sumably due to an increase of the Sr vacancy, giving rise to a chem-
ical formula of Sr;_yNb10057_, (0 <x < 0.04).

4.2. Bond valence sum calculations of SroTa;o_x027_, and SraNb;gO27

The bond valence sum values, V, for Sr, Ta and Nb were calcu-
lated using equations derived by Brown and Altermatt [33]. Values
of the reference distance ry [Nb-O (1.911 A), Sr-0 (2.118 A) and
Ta-0 (1.920 A)] are tabulated for various pairs of atoms [34]. The
bond valence sum of the Sr, Ta, and Nb sites were calculated from
the observed distances and the site occupancy obtained from the
refinement of neutron data.

The bond valence sum values for SrTajo_x027_y and Sr2Nb;0,;
should only be treated as an approximation because of the com-
plex nature of the defect structures due to the partial occupancy
of the oxygen and the metal sites. As an approximation, we can
interpret these values only in a qualitative manner in that they
reflect the trend of residual strain at a particular site. In
Sr2Tay9-x027_y and SroNby¢027, V for most Nb and Ta ions are close
to the expected value of 5.0. However, the bond valence sums for
Sr1 and Sr2 (5-fold tunnels) are significantly less than 2 (1.59
and 1.43 for SroNb1g027, and 1.68 and 1.47 for SroTa9_x027_y
respectively), indicating an underbonding situation, where the
cages that these ions occupy are too large. This result suggests
the presence of residual tensile strain at these Sr sites that is not
released by distortion. On the other hand, there is compressive
residual strain in the Sr3 and Sr4 sites (smaller 4-fold tunnels),
which is reflected in the large value of V for Sr4 (2.58) in SroNbqo-
0,7, for Sr3 (2.87) and for Sr4 (2.72) in Sr,Ta;9_x027_,. The neigh-
boring Ta7 octahedra in SryTa;q_xO,7_, and Nb8 octahedra in
Sr,Nb;0,7 are also under high compressive strain (bonds too short
or overbonded), which was indicated by the high bond valence
sum of 5.7 and 5.6 for Nb8 and Ta7, respectively. Table 2 gives

Table 2

Selected bond valence sum values.
Atomic site BVS Ideal Position
Sr;Nb 19027
Nb8 5.7 5 Framework
Srl 1.59 2 5-fold tunnel
Sr2 1.43 2 5-fold tunnel
Sr4 2.58 2 4-fold tunnel
SraTajo-x027-y
Ta7 5.6 5 Framework
Srl 1.68 2 5-fold tunnel
Sr2 1.47 2 5-fold tunnel
Sr3 2.87 2 4-fold tunnel
Sr4 2.72 2 4-fold tunnel
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bond valence sum values for the ions where the BVS deviate from
expected values.

5. Summary

SryTayg-x027_y and SroNbyg0,7 were determined to be isostruc-
tural. Both compounds can be described by the general formula
Sr14-xM34_4094_, (M =Nb or Ta). While all Nb-sites were found
to be fully occupied in Sr,Nb,¢0,7, cation vacancies were found
for three Ta-sites in SryTajo_xO27-,. Charge adjustment in
SroTay9_x027_y is possible by increasing Sr content, leading to a
solid solution series and smaller Ta/Sr ratio as compared to the
Nb/Sr ratio in Sr;Nb;¢0,7. Strontium and oxygen vacancies were
found in both compounds. Only a small range of solid solution
was found in the Nb-compound, Sr,_yNb{g057_, (0 < x < 0.04). In
the SrO-Ta,05 system there appears to be a TTB-type solid solution
covering a range from SrTa;Og to SrTas0q4.

Acknowledgement

Dr. A. Santoro is acknowledged for valuable discussions. We
acknowledge the NSF for partial supporting this work through
grant DMR-1700030.

Appendix A. Supplementary data

CCDC 1891738 and 1891739 contains the supplementary crys-
tallographic data for Sr,Nb;90,7 and Sr;Mqg_0,7_y. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data to
this article can be found online at https://doi.org/10.1016/j.poly.
2019.06.003.
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