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A B S T R A C T   

The relationship between low and high frequency tunabilities in tin substituted barium titanate (BaTi1-xSnxO3, 
Sn-BTOx, x = 0.12, 0.14 and 0.16) ceramics is investigated. Although X-ray powder diffraction reveals an 
average non-polar cubic structure, Raman spectroscopy and piezoresponse force microscopy, along with ferro-
electric and strain measurements under applied voltage reveal the presence of polar nanoclusters, while larger 
ferroelectric domains are seen in Sn-BTO12. Although the highest low frequency tunability was obtained for Sn- 
BTO12 (79.2 %), at microwave frequencies comparable tunabilities were achieved for Sn-BTO12 (39.2 %) and 
Sn-BTO14 (38.2 %). The difference in relative tunabilities between low and high frequencies is attributed to the 
difference in activities between larger ferroelectric domains and polar nanoclusters at these frequencies, with the 
former relatively inactive at high frequencies. This study demonstrates that low frequency tunability is not al-
ways a good indicator of the high frequency performance due to the lack of a domain contribution.   

1. Introduction 

Modern wireless communication systems require an increasing 
number of active components to enable switchable and steerable an-
tenna arrays to track moving targets [1,2]. This requirement becomes 
even more significant when operational frequencies are increased, as 
directed antennas need to address problems associated with increasing 
propagation loss caused by shorter wavelengths [3]. At the moment, this 
is accomplished using parts like varactors, pin diodes, MEMS switches, 
and semiconductors [4]. 

Tunable bulk ceramics, where dielectric permittivity changes with 
applied DC electric field, have the potential to replace non-tunable 
conventional materials currently used in components such as an-
tennas. Their use could enable antennas to self-reconfigure tuning 
characteristics, including resonant frequency, radiation pattern and 
polarisation in response to the changing dielectric permittivity. 

Barium titanate (BaTiO3, BT) is regarded as a displacive ferroelectric 
with a tetragonal perovskite (ABO3) structure in space group P4mm. At 
room temperature, Ti4+ ions are displaced in the < 001 > direction with 
respect to the centre of the octahedral B-sites, resulting in spontaneous 
polarisation. BT exhibits several polymorphs including rhombohedral, 
orthorhombic, tetragonal and cubic phases [5]. Progressive strontium 

substitution into BT leads to the stabilisation of the cubic phase. The 
composition Ba0.6Sr0.4TiO3(BST64) has been particularly well studied, 
due to its high dielectric tunability in the nominally paraelectric phase 
[6]. This behaviour has been attributed to the existence of randomly 
oriented polar nanoclusters which rapidly respond to an applied electric 
field. However, the voltage necessary to induce such switching is rela-
tively high, which has hindered practical applications. This voltage can 
be reduced by preparation of BST64 as thin films, but is accompanied by 
an increase in dielectric loss and reduced microwave performance [1]. 
Other compositions in the Ba1-xSrxTiO3 system also demonstrate sub-
stantial dielectric tunability, for example Ba0.65Sr0.35TiO3 bulk ceramic 
shows a tunability of 68.6 % [7]. Additionally, BST64 based composites 
have been shown to exhibit reasonable tunabilities, such as Ba0.6Sr0.4-

TiO3/MgO [8] (with a tunability of 40 %), Ba0.6Sr0.4TiO3/Mg2SiO4/MgO 
[9] (with a tunability of 10.5 %) and Mn doped Ba0.6Sr0.4TiO3/MgO [10] 
(with a tunability of 27 %). Recently, a Ba0.6Sr0.4TiO3/PVDF (poly-
vinylidene fluoride) composite was shown to exhibit a high tunability of 
78.3 % at a DC field of 190 kV mm− 1 [11]. Notably, most of these 
tunability measurements were conducted at low frequencies (< 100 
MHz). At higher frequencies, such as in the microwave region, mea-
surement of the dielectric tunability remains challenging due to the 
difficulty in measuring microwave permittivity and loss under a DC bias 
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field. However, using a coplanar waveguide method, such measure-
ments are possible, as demonstrated in the case of strontium titanate 
thin films of composition Sr7Ti7O19, where a microwave dielectric 
tunability of 20 % was recorded [12]. Such measurements of dielectric 
properties at microwave frequencies can provide valuable insights for 
the design and simulation of microwave communication devices. 

B-site substitution by tin in BT (BaTi1-xSnxO3, Sn-BTO) has been 
shown to lower the Curie point with increasing level of substitution and 
reaches values below room temperature at x = 0.15 [13,14]. Sn-BTO 
was found to transform from a normal ferroelectric to a relaxor ferro-
electric with increasing x-value, accompanied by an increase in the 
diffuseness of the tetragonal to cubic phase transition for x > 0.19 
[15–17]. Sn-BTO exhibits good tunability at low frequency, comparable 
to that of BST64 [18]. To date, the microwave tunability of Sn-BTO 
ceramics has not been reported. 

In this work, a systematic study of Sn-BTO bulk ceramics has been 
carried out, including measurements of the dielectric and ferroelectric 
properties. Unusually for a ceramic material, we measure and compare 
the tunabilities at both low and high frequencies and correlate the 
behaviour with changes in local structure. Sn-BTO shows differences in 
tunability behaviour at low and high frequencies attributed to the 
coexistence of polar nanoclusters and polar regions, which show 
different activities in these frequency ranges. 

2. Experimental 

Barium tin titanate BaTi(1-x)SnxO3 (Sn-BTOx, x = 0.12, 0.14 and 
0.16) ceramics were synthesised by solid state methods. Stoichiometric 
amounts of barium carbonate (BaCO3, Aldrich, 99 %), titanium oxide 
(TiO2, Aldrich, 99.8 %) and tin oxide (SnO2, Aldrich, 99.9 %) were 
milled on a planetary ball mill (Fritsch Pulverisette 5/4 classic line, 
Germany) at 180 rpm for 24 h in a nylon jar, filled with zirconia balls, 
using ethanol as a dispersant. After drying and sieving, the collected 

powder was calcined at 1000 ◦C for 4 h, and, after cooling, ball milled, 
dried and sieved again. The resulting powder was pelletized (150 MPa), 
to yield pellets of 13 mm diameter and approximately 1 mm thickness 
and sintered at 1350 ◦C for 2 h. Pellet densities were measured by the 
Archimedes method via the displacement of water. 

X-ray powder diffraction (XRD) of the studied compositions was 
carried out on a PANalytical Cubix3 diffractometer, fitted with a PIXcel 
(1D) detector, using Ni filtered Cu-Kα radiation (λ = 1.5418 Å). Data 
were collected at room temperature in flat plate Bragg-Brentano ge-
ometry over the 2θ range of 5–120◦, with a step width of 0.0315◦ and an 
effective count time of 200 s per step. Collected data were modelled by 
Rietveld analysis using the GSAS suite of programs [19]. Structure 
refinement was carried out in the cubic space group Pm-3m [20]. 
Scanning electron microscopy (SEM, FEI Inspect F) images were recor-
ded on polished and fracture surfaces of the ceramic samples. Prior to 
measurement, the surfaces of the ceramic samples were polished with 
abrasive papers and thermally etched at 1100 ◦C for 20 min. 

A Renishaw Via™ confocal Raman microscope was used to measure 
the Raman spectra of the ceramic samples with an argon laser (633 nm 
wavelength). X-ray photoelectron spectroscopy (XPS, ThermoFisher 
Nexsa Xray Photoelectron spectrometer) was used to characterise the 
surface speciation. The sample surface was polished using abrasive pa-
pers prior to the XPS characterisation. 

For electrical characterisation, ceramic pellets were cut using a 
diamond saw to give plates of 4 mm × 4 mm × 0.3 mm, coated with 
silver paste (Gwent Electronic Materials Ltd. Pontypool, U.K.) and 
heated at 450 ◦C for 30 min to form conductive electrodes. The dielectric 
properties of the ceramics at low frequencies (up to 1 MHz) were 
measured using a precision impedance analyser (Agilent 4294 A). The 
temperature variation of dielectric properties was measured using an 
LCR meter (Agilent 4284 A) connected to a homemade temperature 
control chamber. Current-electric field (I-E), polarisation-electric field 
(P-E) and strain-electric field (S-E) loops were measured using a 

Fig. 1. Fitted XRD profiles for (a) Sn-BTO12, (b) Sn-BTO14 and (c) Sn-BTO16, and (d) compositional variation of cubic lattice parameter.  
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ferroelectric hysteresis tester (NPL, UK), with voltage applied in a tri-
angle waveform.[21]. 

The dielectric tunability was measured by depositing a co-planar 
waveguide (CPW) transmission line onto the surface of the ceramic 
samples through a thermally evaporated gold coating. The tunability at 
microwave frequencies was retrieved from the propagation constant via 
measurements of the 2-port S-parameters using a PNA-L N5230C Vector 
Network Analyzer with a fully calibrated GSG microprobe 525. The 
length of the CPW transmission line was 5 mm, and the thickness of the 
gold coating was about 100 nm. 

3. Results and discussion 

XRD patterns of the studied compositions show a single phase 
perovskite structure with no detectable impurities (Fig. 1) and were 
well-fitted using a cubic model in space group Pm-3m. This is consistent 
with the system possessing an average non-polar structure, as previously 
reported for related BT based systems [14,15,17,22,23]. The details of 
the refinement parameters are summarised in Table S1. The lattice 
parameter of the unit cell increased with increasing tin concentration, 
consistent with the substitution of the smaller Ti4+ ions being replaced 
by larger Sn4+ ions (r = 0.605 Å and 0.690 Å in six coordinate geometry, 

respectively) [24]. 
The relative pellet densities were found to be 95.5 %, 96.8 % and 

95.1 % for Sn-BTO12, Sn-BTO14 and Sn-BTO16 ceramic samples, 
respectively. SEM images of the polished and fracture surface of the 
ceramics reveal densely packed grains with a few micron sized pores 
(Fig. 2). The grain size is relatively large, ca. 25 µm, for all the studied 
compositions. It is noteworthy, that all of the SEM images show trans-
granular fracture, indicating strong bonding between grains. 

The temperature dependencies of dielectric permittivity and loss for 
the studied compositions are shown in Fig. 3. A single dielectric 
permittivity peak was observed for all compositions corresponding to 
the Curie point (Tc). With increasing level of substitution, the dielectric 
permittivity peak shifts to lower temperature, with Tc values of 28, 18 
and − 6 ◦C for the x = 0.12, 0.14 and 0.16 compositions, respectively. 
While the dielectric permittivity peak corresponding to Tc shows some 
frequency dependence (decreasing permittivity with increasing fre-
quency), the permittivity spectra generally show minimal frequency 
dependence over the studied temperature range. Such frequency 
dependence of the maximum permittivity is typically associated with the 
presence of polar nanoclusters [15], which have a range of sizes with 
different activation energies for switching, and are more sensitive to 
frequency and temperature. At x = 0.0, BT is in the tetragonal 

Fig. 2. SEM images of the (a-c) polished and (d-f) fracture surfaces for (a, d) Sn-BTO12, (b, e) Sn-BTO14 and (c, f) Sn-BTO16 ceramics.  

Fig. 3. Thermal variation of dielectric permittivity and loss for (a) Sn-BTO12, (b) Sn-BTO14 and (c) Sn-BTO16.  
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ferroelectric state at room temperature with a Tc value of ca. 120 ◦C. Sn 
substitution into BT interrupts the long-range FE ordering and results in 
a lowering of the Tc value, to at or below room temperature, leaving the 
nominally paraelectric cubic phase evident in the XRD patterns (Fig. 1). 
Although the dielectric permittivity peaks show little frequency de-
pendency over the measured frequency range, the dielectric loss peaks 
near the Curie point shift to higher temperatures at higher frequencies, 
and thus do exhibit frequency dependency, indicative of relaxor 
behaviour. At around − 150 ◦C, a second dielectric loss peak is 
observed, which also shows similar frequency dependency. However, no 
anomalies are observed in the dielectric permittivity plots at the corre-
sponding temperatures. This suggests that the loss peaks correspond to a 
phase transition between two different FE phases [25]. 

To further investigate the suggested relaxor behaviour for the stud-
ied compositions, the permittivity above Tc measured at 100 kHz was 
analysed using the modified Curie Weiss Law (Fig. 4) and its tempera-
ture dependence fitted using Eq. 1. 

1
ε″ =

1
ε″

m
+
(T − Tm)

γ

C
(1)  

where Tm is the temperature of maximum permittivity, C is the Curie- 
Weiss constant and γ is a measure of the degree of diffuseness in 
dielectric properties; where normal ferroelectric and ideal relaxor 
ferroelectric materials have γ values of 1 and 2, respectively [25]. Ac-
cording to the fitted solid line, the γ value of the studied compositions 

Fig. 4. Dielectric permittivity data at 100 kHz fitted by the modified Curie-Weiss law for (a) Sn-BTO12, (b) Sn-BTO14 and (c) Sn-BTO16.  

Fig. 5. Fitted XPS results for the studied SN-BTOx compositions.  
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ranged from 1.45 to 1.48, with the value increasing with increasing Sn 
concentration, indicating that Sn substitution enhances diffuseness. The 
results confirm relaxor-like behaviour for the SN-BTO system. Bearing in 
mind the average non-polar structure seen in the XRD results (Fig. 1), it 
can be proposed that increasing substitution of Ti4+ by Sn4+ in BT causes 
disruption of the long-range FE ordering leading to increasingly smaller 

FE regions, which, in the compositional range studied, are randomly 
distributed in an average non-polar matrix. 

XPS was used to analyse the chemical environments of individual 
elements in the studied compositions (Fig. 5). The sample surface was 
ion etched for 3 min using an Ar cluster to reduce the surface contam-
ination. All scanned spectra were calibrated using the C 1 s peak and 
peaks fitted using a Gaussian-Lorentzian function. The fitted parameters 
are summarized in Table S2. In general, there are no significant differ-
ences in the scanned elemental spectra for the studied compositions. The 
Ti 2p and Sn 3d binding energies increase with increasing Sn substitu-
tion. The binding energy is a measure of the attraction of the core 
electrons to the nucleus. On Sn substitution, the lattice shows chemical 
expansion (Fig. 1d) with a consequent lengthening of the B-O bond 
lengths, i.e., the valence electrons are drawn away from the nuclei, 
leading to a stronger attraction between the nucleus and the core 
electrons. 

For Sn-BTO12, the oxygen spectrum was fitted to three peaks with 
binding energies of 529.1, 530.82 and 531.74 eV. Noting that the XPS 
method is a surface sensitive technique, these can be attributed to ox-
ygen atoms in regular lattice sites, those close to oxygen vacancies and 
surface adsorbed oxygen, respectively [26–28]. The amount of adsorbed 
oxygen in the studied compositions was noticeably low due to the ion 
etching process. While the peak at 530.82 eV is not a direct measure of 
the oxygen vacancy concentration, it can be used to give a relative 
indication of trends in the vacancy concentration when compared to 
other compositions. Considering only the regular lattice and “vacancy” 
oxygen peaks, the proportions of “vacancy” oxygen are similar for the 

Fig. 6. Raman spectra for the studied Sn-BTOx compositions.  

Fig. 7. (a, d, g) I-E, (b, e, h) P-E and (c, f, i) S-E loops measured at 1 Hz for (a-c) Sn-BTO12 (d-f) Sn-BTO14 and (g-i) Sn-BTO16 compositions.  
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two lowest x-value compositions at 16.5 % and 15.9 %, while that for 
Sn-BTO16 was significantly higher at 20.5 %, suggesting an increase in 
oxygen vacancy concentration for this composition. Due to the high 
sintering temperature used in the preparation of the ceramics, some 
degree of Ti reduction is unavoidable leading to the presence of low 
concentrations of oxygen vacancies which contribute to the dielectric 
loss.[29]. 

Raman spectroscopy was used to explore the local structure of the Sn- 
BTO compositions (Fig. 6). The allowed vibrational modes correspond-
ing to the cubic perovskite structure were used to identify the majority of 
peaks [30–32]. The two additional peaks, marked by arrows in Fig. 6, 
were attributed to vibrational modes in the polar tetragonal structure 
and are forbidden in the non-polar cubic structure [6,30,31], despite the 
XRD analysis showing an average non-polar structure. This would be 
consistent with the presence of local polar regions in a non-polar matrix. 
Additionally, for Sn-BTO compositions with low levels of Sn substitu-
tion, the 300 cm− 1 wavenumber peak was more pronounced, which may 
be related to an increase in the size and or concentration of these polar 
regions in the materials. 

Room temperature I-E, P-E and S-E loops for the studied composi-
tions at 1 Hz with an electric field up to 5 kV mm− 1 are shown in Fig. 7. 
For Sn-BTO compositions with higher Sn substitution, the current peaks 
gradually broadened as peak positions shifted to lower electric fields. In 
general, the current peak profile in I-E loops indicates the tunability 
performance, where materials having better tunability exhibit sharper 
current peaks. Additionally, the presence of current peaks near zero 
electric field is attributed to the presence of polar nanoclusters, which 
can be aligned and recovered by applying and removing the electric 
field, respectively. For high x-value compositions in the Sn-BTO system, 

P-E hysteresis loops were narrower with lower saturation polarisation 
and remanent polarisation, which indicates lower loss under high elec-
tric field. High electric fields caused the Sn-BTO12 sample to exhibit a 
notable current tilting, which is indicative of leakage current in the 
material and results in large P-E hysteresis loops. The large remanent 
polarisation in Sn-BTO12 indicates the existence of ferroelectric do-
mains in the material. Although the saturation polarisation value was 
similar for Sn-BTO12 (0.1129 C cm− 2) and Sn-BTO14 (0.1128 C cm− 2) 
and larger than that of Sn-BTO16 (0.0962 C cm− 2) compositions, the 
electric field induced strain was significantly higher for Sn-BTO12 (0.09 
%) compared to those of Sn-BTO14 (0.06 %) and Sn-BTO16 (0.04 %). 
The higher strain obtained in Sn-BTO12 might be attributed to the ex-
istence of larger polar regions or domains. 

PFM was carried out on the polished surface of the ceramics, in order 
to analyse the local polar structure in the materials (Fig. 8). For Sn- 
BTO12 and Sn-BTO14 samples, the roughness of the scanned areas 
was less than 20 nm, with some minor scratching from the polishing 
procedure. A roughness value of around 34 nm was seen for the Sn- 
BTO16 sample. The surface morphology was noticeably different from 
the amplitude and phase images, indicating that the surface roughness 
had little impact on the piezoelectric response. When compared to Sn- 
BTO14, the difference in phase contrast for Sn-BTO12 was more pro-
nounced. Both nanoscale and microscale polar regions were evident in 
Sn-BTO12, corresponding to polar nanoclusters and ferroelectric do-
mains, respectively. The co-existence of larger domains and polar 
nanoclusters in Sn-BTO12 is attributed to the large strain which is 
evident in the S-E loop (Fig. 8). The shape of the polar area shown in the 
phase image is clearly depicted in the amplitude image. However, due to 
the poor contrast in the amplitude and phase images of Sn-BTO14 and 

Fig. 8. PFM images for (a-c) Sn-BTO12, (d-f) Sn-BTO14 and (g-i) Sn-BTO16, including (a, d, g) height, (b, e, h) amplitude and (c, f, i) phase images.  
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Sn-BTO16, the polar areas are difficult to distinguish. The degree of 
polarisation decreases with increasing level of Sn substitution, resulting 
in a weaker piezoelectric response. As a result, the phase image of the 
Sn-BTO12 sample shows a clear polar domain as well as small polar 
clusters, while those for Sn-BTO14 and Sn-BTO16 exhibit fewer pro-
nounced polar clusters. 

The dielectric tunability (ƞ) of the studied compositions was calcu-
lated from the changes in permittivity using Eq. (2). 

Ƞ =
Ɛ0 − ƐE

Ɛ0
(2)  

where ƐE and Ɛ0 are the dielectric permittivity under a biased electric 
field and at zero field, respectively. The dielectric tunability of the 
studied compositions at 100 kHz increased dramatically at low electric 
field, reaching saturation at high electric field (Fig. 9). The Sn-BTO 
compositions with lower levels of Sn substitution exhibit higher 
dielectric tunability. A maximum dielectric tunability of 79.2 % was 
achieved for the Sn-BTO12 composition under an electric field of 
2.3 kV mm− 1. The low frequency tunability demonstrated by this ma-
terial is significantly higher than most reported materials and compa-
rable to that seen in the Ba0.6Sr0.4TiO3/PVDF(polyvinylidene fluoride) 
composite [11], but in the present case this tunability was achieved at a 
much lower voltage. When a DC electric field is applied, the polar 
clusters align and their activity is restrained, which reduces their 
contribution to the dielectric permittivity. At high electric field, the 
tunability of the studied compositions slowly increases as they approach 
saturation polarisation. The high tunability of Sn-BTO12 is attributed 
here to the presence of both polar nanoclusters and larger ferroelectric 
domains in the materials. 

Fig. 10 shows the dielectric tunabilities of the Sn-BTO compositions 
at microwave frequencies. The DC electric field was applied to a trans-
mission line, coated on the sample surface. As expected, the dielectric 
permittivity decreased with increasing frequency. The microwave 
tunability of all Sn-BTO compositions increased with increasing applied 
voltage, which is consistent with the low frequency tunability results. 
This can be explained by considering that at microwave frequencies, the 

Fig. 9. Dielectric tunability of Sn-BTOx compositions measured at 100 kHz.  

Fig. 10. Dielectric tunabilities of (a) Sn-BTO12, (b) Sn-BTO14 and (c) Sn-BTO 16 measured at microwave frequencies and (d) the tunability changes with voltage 
at 1 GHz. 
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polar nanoclusters remained active and the influence of the DC field on 
them was still significant. In contrast to the situation at lower fre-
quencies, at microwave frequencies saturation polarisation was not 
approached due to the limited maximum voltage (90 V) possible in the 
experiment. The highest tunability of 39.2 % was achieved for the Sn- 
BTO12 sample at 1 GHz. Although the tunability of Sn-BTO12 is 
significantly higher at low frequencies compared to those for Sn-BTO14 
and Sn-BTO16, the tunability at microwave frequencies was similar for 
Sn-BTO12 and Sn-BTO14 but still significantly higher than that for Sn- 
BTO16. For the Sn-BTO12 composition, the high tunability at low fre-
quencies is attributed to the co-existence of larger ferroelectric domains 
and smaller polar nanoclusters. However, domains, by definition, are 
large in size and their polarisation response is slow, which results in a 
lack of activity at microwave frequencies. Therefore, at microwave 
frequencies, the main contribution to the tunability is from the polar 
nanoclusters and leads to comparable tunability values for Sn-BTO12 
and Sn-BTO14, while for Sn-BTO16, the low concentration of polar 
nanoclusters results in low tunability at these frequencies. 

4. Conclusions 

Tin substituted barium titanate compositions were successfully syn-
thesised by conventional solid state methods. Although XRD analysis on 
Sn-BTO powders shows an average cubic structure, Raman spectros-
copy, P-E and I-E behaviour and PFM analysis reveal the presence of 
local polar regions in the material, which are responsible for high 
tunability under DC electric fields. The chemical environments of the 
constituent elements in the studied compositions were examined by 
XPS, and revealed that tin substitution in the Sn-BTO system increases 
the binding energy of the perovskite B-site ions, which might be caused 
by strain induced changes in the oxygen sublattice. P-E and I-E loops for 
Sn-BTO14 and Sn-BTO16 compositions show narrow non-linear hys-
teresis loops with sharp current peaks indicating high tunability and low 
loss under electric field, while for Sn-BTO12 the large area of the P-E 
loops indicates high loss. S-E loops and PFM analysis indicate the pres-
ence of domains and polar nanoclusters in Sn-BTO12 and only polar 
nanoclusters in Sn-BTO14 and Sn-BTO16. 

Sn-BTO12 shows the highest tunability of 79.2 % at low frequencies, 
significantly higher than seen in Sn-BTO14 and Sn-BTO16. However, at 
microwave frequencies, Sn-BTO12 and SnBTO14 have similar maximum 
tunabilities of around 39 % at 1 GHz, significantly higher than that of 
Sn-BTO16. The different tunabilities of the examined compositions at 
low and high frequencies clearly demonstrate that while domains 
contribute to the tunability at low frequencies, they are inactive at high 
frequencies. Polar nanoclusters continue to be active at both low and 
high frequencies and contribute to the tunability. This conclusion is 
important for the design of tunable materials since, as this work shows, 
the tunability at low frequencies is not always a good indicator of the 
tunability at higher frequencies. 
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[29] M. Pešić, F.P.G. Fengler, L. Larcher, A. Padovani, T. Schenk, E.D. Grimley, X. Sang, 
J.M. LeBeau, S. Slesazeck, U. Schroeder, T. Mikolajick, Physical mechanisms 
behind the field-cycling behavior of HfO2-based ferroelectric capacitors, Adv. 
Funct. Mater. 26 (2016) 4601–4612, https://doi.org/10.1002/adfm.201600590. 

[30] M. El Marssi, F. Le Marrec, I.A. Lukyanchuk, M.G. Karkut, Ferroelectric transition 
in an epitaxial barium titanate thin film: Raman spectroscopy and X-ray diffraction 
study, J. Appl. Phys. 94 (2003) 3307–3312, https://doi.org/10.1063/1.1596720. 

[31] M.B. Smith, K. Page, T. Siegrist, P.L. Redmond, E.C. Walter, R. Seshadri, L.E. Brus, 
M.L. Steigerwald, Crystal structure and the paraelectric-to-ferroelectric phase 
transition of nanoscale BaTiO3, J. Am. Chem. Soc. 130 (2008) 6955–6963, https:// 
doi.org/10.1021/ja0758436. 

[32] R.S. Katiyar, M. Jain, Y.I. Yuzyuk, Raman spectroscopy of bulk and thin-layer (Ba, 
Sr)TiO3 ferroelectrics, Ferroelectrics 303 (2004) 101–105, https://doi.org/ 
10.1080/00150190490452857. 

H. Zhang et al.                                                                                                                                                                                                                                  

https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1080/00150198208260644
https://doi.org/10.1080/00150198208260644
https://doi.org/10.1038/s41699-021-00229-w
https://doi.org/10.1039/d0nr00933d
https://doi.org/10.1038/s41598-017-07019-9
https://doi.org/10.1002/adfm.201600590
https://doi.org/10.1063/1.1596720
https://doi.org/10.1021/ja0758436
https://doi.org/10.1021/ja0758436
https://doi.org/10.1080/00150190490452857
https://doi.org/10.1080/00150190490452857

	Microwave tunability in tin substituted barium titanate
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supporting information
	References


