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Lead-free tetragonal tungsten bronze Sr5LaTi3Nb7O30 ceramics were prepared and the correlation

of the relaxor nature and crystal structure was studied using dielectric spectroscopy and powder

X-ray diffraction. Three dielectric relaxations were observed below the deviation temperature TD

� 330 K. Relaxation I and II followed the Vogel-Fulcher law with the freezing temperatures of

189 K and �90 K. Low temperature relaxation III, which was first observed in filled tungsten

bronze, followed well the Arrhenius law. Dielectric response becomes static below 50 K.

Polarization-field (P-E) hysteresis loops were evaluated from 183 K to 298 K. Pr value of 0.41lC/cm2

was observed at 183 K. Deviation of lattice parameter c from the linear contraction and increasing

of tetragonality (c/a ratio) were observed below TD, reflecting the structure change during the

formation of polar nanoregions and the following freezing process. Opposite tendency was

observed below 100 K for all the lattice parameters, corresponding to relaxation III. Generally, the

main dielectric relaxation I and II were attributed to flipping and breathing of polar nanoregions

along c axis, while the concerted rotations of the oxygen octahedra in the ab plane were suggested

as the origin of relaxation III. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4822025]

I. INTRODUCTION

High and broad maxima in temperature dependence of

dielectric constant (e0) and dielectric loss (e00) and their shift

to higher temperature with increasing frequency form the

typical features of relaxor ferroelectrics. Since the first report

of about half a century ago, relaxor ferroelectric materials

have attracted high attention and been studied intensively

due to not only their potential technical applications in

piezoelectric devices and microelectronics, but also their pe-

culiar physics of partially disordered materials.1–4 The par-

ticular structural, dielectric, and electromechanical behaviors

of relaxor ferroelectrics are generally related to the presence

of polar nanoregions above and below the maximum temper-

ature of permittivity (Tm). Since most of the relaxor ferro-

electrics with potential applications are lead-based single

crystals and ceramics with perovskite structure,1,2 under-

standing of the polar nanoregions in relaxor ferroelectrics are

mainly based on the study of compounds with perovskite

structure. In perovskite relaxor ferroelectrics, the polar

nanoregions are related to chemical disorder of cations with

different valence in the B-sites,2,3 while in lead-based perov-

skite relaxor ferroelectrics, the dynamic Pb-disorder plays a

more dominant role than the B-site disorder.4–6 The

increased need of environmental friendly lead-free dielectric

and microelectric materials promote the search, development

and study of new lead-free ferroelectrics and relaxor ferro-

electrics. However, the mechanism of relaxor behavior and

the origin of the polar nanoregions are much less understood

in lead-free relaxor ferroelectrics, especially the tetragonal

tungsten bronze relaxor ferroelectrics, which consist of one

of the most important classes of dielectrics just next to the

perovskites.

The tungsten bronze structure, (A1)2(A2)4C4(B1)2(B2)8

O30, consists of a complex array of BO6 octahedra sharing

corners. The octahedra are linked by their corners in such a

way that three different types of tunnels running right through

the structure parallel to the c-axis in the unit cell of tungsten

bronze structure, which provide high degrees of freedom for

manipulation of the structure allowing more compositional

flexibility than perovskite structure.7,8 Normally, the tetrago-

nal (A1) and the pentagonal (A2) tunnels are occupied by al-

kali, alkaline earth, and rare-earth cations. The smallest

triangular C interstice is empty in many tungsten bronzes,

and can be filled by smaller cations like Liþ.

Recently, the relaxor and ferroelectric behavior have

been noticed in a series of ternary and quaternary systems

with filled tetragonal tungsten bronze structure, including

A6B2B08O30 (A¼Sr, Ba, or Pb; B¼Ti, Zr, or Hf; B0 ¼Nb or

Ta) [Refs. 9 11], Ba6M3þNb9O30 (M3þ¼Ga, Sc, or In)

[Refs. 12 and 13], M4R2Ti4Nb6O30 [Refs. 14 20], and

M5RTi3Nb7O30 [Refs. 21 25] (M¼Ba and Sr; R represents

the larger rare earth ions ranging from La to Dy and also Bi).

In the ternary A6B2B08O30 system, both Ti4þ and Nb5þ were

considered to be ferroelectrically active cations.9 In Ba6M3þ

Nb9O30 system, dipole freezing behavior is observed and

the dipole stability increases with increasing M3þ cation size

as a result of increased tetragonality of the unit cell.13 The

relaxor and ferroelectric nature in the quaternary M4R2Ti4
Nb6O30 systems are generally dominated by the A-site cati-

ons, especially the radius difference (DR) between the ions
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on the A1 (tetragonal) and the A2 (pentagonal) sites.19,20

Larger DR increases the driving force of the transformation

of an incommensurate tilted structure to a commensurate

superstructure, which associated with the normal ferroelec-

tric transition.15,16 For the relaxor behavior in the quaternary

tungsten bronzes, some peculiarities in the dielectric

response, relaxation and crystal lattice dynamics have been

revealed in Sr4La2Ti4Nb6O30, which was claimed more alike

to dipolar glasses than lead-based perovskite.18 However, the

second order phase transition was reported for relaxor ferro-

electric Ba5LaTi3Nb7O30.24 The nature of the relaxor behav-

ior in the quaternary tungsten bronzes and its relation with

compositions are not yet clear. Therefore, intensive study in

relaxor ferroelectrics with tungsten bronze structure is neces-

sary for more clear understanding of the nature and origin of

the polar nanoregions in these materials.

The dielectric and ferroelectric properties in Sr5RTi3
Nb7O30 (R¼La, Nd, Sm, and Eu) ceramics were reported in

the authors’ previous work,25 where the effects of radius

difference in A site were discussed and Sr5LaTi3Nb7O30

showed relaxor behavior due to smaller DR. However, the

relaxor nature in Sr5LaTi3Nb7O30 ceramics has not been

well understood. The present paper reports a comprehensive

study of the dielectric relaxation response, ferroelectric prop-

erty, and the crystal structure in Sr5LaTi3Nb7O30 ceramics.

Nature and origin of the relaxor behavior are discussed inten-

sively associated with the variation in the crystal structure.

II. EXPERIMENT

Sr5LaTi3Nb7O30 ceramics were prepared by a standard

solid-state reaction and sintering process, using reagent-

grade SrCO3 (99.95%), La2O3 (99.99%), TiO2 (99.5%), and

Nb2O5 (99.99%) powders as the raw materials. The weighed

raw materials were mixed by ball milling with zirconia

media in ethanol for 24 h. The mixtures were calcined in

high-purity alumina crucibles at 1200 �C in air for 3 h fol-

lowed by a second grinding to reach a homogeneous granu-

lometric distribution. Adding with organic binders (8 wt. %

polyvinyl alcohol), the reground powders were pressed into

cylindrical compacts of 12 mm in diameter and around 2 mm

in thickness under the pressure of about 98 MPa. The disks

were sintered at 1250 1350 �C in air for 3 h to yield the

dense ceramics.

The crystal structure was identified by powder XRD

analysis with Cu Ka radiation. At room temperature, the

XRD data were collected over the 2h range of 8� to 130�

with a step size of 0.02� (D/max 3B, Rigaku Co., Tokyo,

Japan). XRD data at temperatures between 93 and 573 K

were collected over the 2h range of 9� to 100� with a step

size of 0.03� (Philips MPD, Amsterdam, the Netherlands)

with a low temperature chamber (Anton Paar TTK-450,

Graz, Austria). The FULLPROF program was used for

Rietveld structural refinement.26 Dielectric properties in the

range of 128 K to 573 K were measured with a broadband

dielectric spectrometer (Turkey Concept 50; Novocontrol

Technologies, Hundsangen, Germany) over a frequency

range of 1 Hz to 10 MHz). Low temperature dielectric prop-

erties were collected over a frequency range of 100 Hz to

1 MHz and from room temperature cooling to 10 K using a

homemade system with an Agilent E4980A Precision LCR

meter (Santa Clara, CA, USA) and cooling system (ARS-

2HW Compressor, Advanced Research Systems, Inc.,

Macungie, PA, USA). The temperature is measured using a

Digital temperature controller (Model 9650, Scientific

Instruments, Inc., Skokie, IL, USA) via a platinum resistance

thermometer mounted directly on the ground electrode of the

sample fixture. The temperature controller and Agilent

E4980A are controlled with computer software. P-E hystere-

sis loops were evaluated from 183 K to 298 K at 10 Hz by a

Precision Materials Analyzer (RT Premier II, Radiant

Technologies, Inc., NM).

III. RESULTS AND DISCUSSION

A. General observations

Room-temperature XRD indicated the single tetragonal

tungsten bronze phase for Sr5LaTi3Nb7O30 ceramics. The

XRD spectra were refined in the space group P4/mbm (No.

127) using the Rietveld method. The final parameters of the

refined crystal structure are summarized in Tables I and II.

Cation distribution in A sites slightly deviates from the

expected ratio of 1:1 Sr2þ/La3þ in A1 site and 4 Sr2þ in A2

site, with a ratio of 0.92La3þ: 1.08Sr2þ in A1 site, while

3.92Sr2þ: 0.08La3þ in A2 site.

The overall dielectric response of Sr5LaTi3Nb7O30 is simi-

lar to that of other tungsten bronze compounds with relaxor

behavior.13,18,24 As shown in Figure 1, in the temperature range

from 128 K to 573 K, diffuse peaks of the complex dielectric

permittivity, e¼ e0-ie00, and the loss factor, tand¼ e0/e00, move

towards higher temperatures with increasing frequency.

Dielectric dispersion of the main relaxation takes place in

broad temperature and frequency regions both below and

TABLE I. Refined atomic positions and thermal parameter of Sr5LaTi3Nb7

O30 in tetragonal space group P4/mbm. a 12.3324(9) Å and c 3.8780(5) Å.

x y z Biso(Å2) Occupation Wyckoff

La1/Sr1 0 0 0 1.39(5) 0.46/0.54 2a

La2/Sr2 0.1706(1) 0.6706(1) 0 4.32(7) 0.02/0.98 4g

Ti1/Nb1 0 0.5 0.5 2.90(6) 0.3/0.7 2c

Ti2/Nb2 0.0763(1) 0.2149(1) 0.5 1.49(3) 0.3/0.7 8j

O1 0 0.5 0 6.4(6) 1 2d

O2 0.2759(6) 0.7759(6) 0.5 3.44(16) 1 4h

O3 0.0738(7) 0.2076(6) 0 3.68(16) 1 8j

O4 0.3391(5) 0.0075(5) 0.5 2.9(2) 1 8j

O5 0.1330(6) 0.0629(7) 0.5 3.9(2) 1 8j

TABLE II. Bond Lengths in Sr5LaTi3Nb7O30.

Bond lengths (Å) Bond lengths (Å)

La1/Sr1 O3 2.717(8)� 4 Ti1/Nb1 O1 1.93902(3)� 2

La1/Sr1 O5 2.656(5)� 8 Ti1/Nb1 O4 1.986(7)� 4

Ti2/Nb2 O2 1.972(8)� 1

La2/Sr2 O1 2.9754(15)� 1 Ti2/Nb2 O3 1.9414(4)� 2

La2/Sr2 O2 2.671(5)� 2 Ti2/Nb2 O4 1.847(7)� 1

La2/Sr2 O4 2.796(5)� 4 Ti2/Nb2 O5 2.002(9)� 2
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above the permittivity maximum temperature Tm. This dielec-

tric relaxation appears around 250 K and tends to split into two

relaxation regions (relaxation I for the higher temperature

region, while relaxation II for the lower temperature region) at

lower frequency, which is more obvious in the dielectric loss

curves. In order to get more information, dielectric measure-

ment was performed from room temperature to 10 K in the fre-

quency range of 398 Hz� 1 MHz, and the results are shown in

Figure 2. Except for the overlapped relaxations I and II, one

more relaxation, relaxation III, can be clearly seen in the e00(T)

and tand(T) curves around 100 K, showing a Debye-like dis-

persion. This low temperature relaxation III is observed in

filled tungsten bronze ceramics for the first time. At tempera-

ture lower than 50 K, the dielectric permittivity becomes

almost stable with temperature and frequency.

The ferroelectric hysteresis loops were measured on

cooling from room temperature down to 183 K. As shown in

Figure 3(a), the hysteresis loop exhibits almost linear behav-

ior at room temperature, while slim P-E hysteresis loops can

be observed with the gradually increasing remnant polariza-

tion (Pr) on cooling cross the Tm region. A remnant polariza-

tion (Pr) of 0.41lC/cm2 and the corresponding coercive field

(Ec) of 3.56 kV/cm are obtained at 183 K. The above charac-

teristics of the P-E hysteresis loops for Sr5LaTi3Nb7O30 indi-

cate the typical behavior similar to the perovskites relaxor

ferroelectrics, where the nanoregions can be oriented with

the sufficiently high electric fields leading to large polariza-

tion, while on removing the field most of these domains re-

acquire their random orientations resulting in a relatively

small Pr. The small Pr is evidence for the presence of some

degree of cooperative freezing of dipolar (or nanoregions)

orientations.2

According to the study of the contribution of electrical

conductivity, dielectric permittivity, and domain switching

FIG. 1. Temperature dependence of (a) dielectric constant e0, (b) dielectric

loss e00, and (c) dielectric loss factor tand of Sr5LaTi3Nb7O30 in the tempera

ture range of 128 K to 573 K and frequency range between 1 Hz and

10 MHz.

FIG. 2. Temperature dependence of (a) dielectric constant e0, (b) dielectric

loss e00, and (c) dielectric loss factor tand of Sr5LaTi3Nb7O30 in the tempera

ture range of 10 K to 300 K from 398 Hz to 1 MHz.
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in ferroelectric I-E loops, the current from dielectric with no

ferroelectric property is almost a constant value, while for

the contribution from the domain switching, the current peak

appears before the maximum electric field.27 The current

peak exhibits in the I-E loop at 183 K and 20 kV/cm (see

Figure 3(b)), suggesting the existence of domain switching

in the Sr5LaTi3Nb7O30 ceramics at low temperature.

B. Analysis of dielectric data

Temperature dependences of e0 follow the Curie-Weiss

(CW) law above �330 K for all the applied frequencies from

1 Hz to 10 MHz with the extrapolated critical temperature

TCW� 146 K and the Curie-Weiss constant C� 1.22� 105 K.

The dielectric constant deviates from the CW law below

330 K, which is called the deviation temperature TD,28,29 and

indicates the diffuse behavior. The diffuse behavior of dielec-

tric constant from Tm to TD can be described by a modified

Curie Weiss law30,31

lnð1=e0 � 1=e0mÞ ¼ clnðT � TmÞ þ C0; (1)

where e0m is the dielectric constant at Tm, C0 is the Curie

constant, c is called a diffusion exponent, ranging from 1(a

normal ferroelectric) to 2(an ideal relaxor ferroelectric).

ln(1/e0-1/e0m) as a function of ln(T-Tm) is plotted for all the

applied frequencies from 1 Hz to 10 MHz. A linear relation-

ship is observed for all the applied frequencies in the temper-

ature range from Tm to TD. The c values obtained from fitting

of data at different frequencies vary slightly from 1.91 to

1.93, indicating quite strong diffuse nature for the relaxor

behavior in Sr5LaTi3Nb7O30. The measured data and linear

fits for 1 Hz and 4 MHz are shown in Figure 4.

Maximum temperatures Tm of the dielectric relaxations

obtained from the dielectric constant (e0(T)) and loss (e00(T))

curves at different frequencies are plotted in Figure 5. For

the main relaxation, Tm data obtained from both the e0(T) and

loss e00(T) curves follow well the Vogel-Fulcher expression

which was first adopted by Viehland in the study of relaxor

behavior in PbMg1/3Nb2/3O3.32 The Vogel-Fulcher model

mainly describes a temperature dependence of relaxation

times and probes the thermal activated process of the dipolar

response in relaxor ferroelectrics. The Vogel-Fulcher Eq. (2)

is simply a modified Arrhenius expression, which includes

the increasing interaction between random local dipolar

regions:

f ¼ f0 exp ð�Ea=kðTm � TVFÞÞ; (2)

where f is the applied ac field frequency (Hz); f0 is the funda-

mental attempt or limiting response frequency of the dipoles

(Hz); Ea is the activation energy of local polarization; Tm is

the temperature (K) of permittivity maximum at frequency f;
TVF is the characteristic Vogel-Fulcher temperature (usually

described as the static freezing temperature (K)); and k is

Boltzmann’s constant (1.381� 10 23 J/K). Fitting parame-

ters are obtained as TVF � 189 K, Ea � 0.088 eV, f0 � 0.449

THz for the e0(T) data and TVF � 95.62 K, Ea � 0.141 eV, f0
� 0.185 THz for the e00(T) data. Since the relaxations I and II

are not well separated, only one Tm value can be obtained

from the e0(T) and e00(T) curves. According to the results

of Vogel-Fulcher fittings, it is likely that the Tm values

from e0(T) indicate the freezing process of relaxation I, while

Tm values from e00(T) reflect the behavior of relaxation II.

Vogel-Fulcher fitting for the Tm data of the relaxation III

obtained from e00(T) curves leads to a minus TVF, which is

FIG. 3. (a) Polarization electric field

(P E) loops at different temperatures.

(b) P E loops with different applied

electric field and current electric field

(I E) curve at 183 K.

FIG. 4. ln(1/e0 1/e0m) as a function of ln(T Tm) at 1 Hz (a) and 4 MHz (b).
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not physically sensible. Fitting to the Arrhenius Law [f¼ f0
exp (-Ea/kTm)] gives Ea � 0.22 eV, f0 � 1.11� 1015 Hz.

Therefore, relaxation III shows an Arrhenius behavior.

The dielectric data are plotted in the frequency domain

for temperatures around relaxations I and II in Figure 6. Due

to the limit range of the applied frequency, it is not allowed

to get peak values from the e00(f) curves. An alternative

solution was applied to get the mean relaxation time by fit-

ting the e00(f) data (Figure 6(a)) to the modified Debye

Equation

e� ¼ e0 � ie00 ¼ e1 þ ðes � e1Þ=½1þ ðixsÞ1 a�; (3)

where x is the frequency, s is the mean relaxation time, es

and e1 are the low- and high-frequency values of e0, respec-

tively, and a is a measure of the distribution of relaxation

time. For a typical Debye relaxation, a is zero. The fitting pa-

rameters of a and s at temperatures around the dielectric

relaxation are plotted in Figure 7(a). The dielectric relaxation

shows a multi-dispersive nature in the present ceramics with

a varying from 0.36 to 0.92, where s increases from

4.68� 10 10 s to 0.024 s with decreasing temperature. This

means the relaxation in Sr5LaTi3Nb7O30 disperses in a wide

frequency range from the magnitude of GHz at �300 K to

the range of kHz at �150 K. The mean relaxation time s can

also be fitted to the Vogel-Fulcher law

s ¼ s0 exp
�

Ea=kðT � TVFÞ
�
: (4)

Here, s0 is reciprocal of f0 in Eq. (2). The fitting results are

83.2 K, 0.123 eV, and 2.43� 1012 Hz for TVF(e00(f)), Ea and

f0(1/s0), which are in comparison to the Vogel-Fulcher fitting

results obtained from the peak value of e00(T) curves. Figure

7(b) shows temperature dependence of the mean relaxation

FIG. 5. Relations between applied frequencies and Tm estimated from e00(T)

curves and e0(T) curves, while solid square for the relaxation a from e0(T)

curves, and open circle for relaxation b and solid circle for relaxation c from

e00(T) curves. Solid red lines show the Vogel Fulcher fitting results for relax

ation a and b, and dashed red line shows the Arrhenius fitting result for

relaxation c.

FIG. 6. Frequency dependences of the dielectric constant (a) and loss (b) of

Sr5LaTi3Nb7O30 at selected temperatures. Solid red lines in (a) are the

results of modified Debye fitting.

FIG. 7. (a) Temperature dependences of mean relaxation time s and a,

obtained from the modified Debye fittings for Sr5LaTi3Nb7O30. (b)

Temperature dependences of mean relaxation time s, obtained from the

modified Debye fittings for Sr5LaTi3Nb7O30 [Ref. 37]. Solid red line: Vogel

Fulcher fitting; dashed red line: Arrhenius fitting.
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time of Sr4La2Ti4Nb6O30 obtained from the modified Debye

fitting to the e0(f) data (reported in authors’ previous work33),

which follows the Arrhenius law. The fitting results in

Figure 7(b) are consistent with that reported by Bovtun

et al.,18 indicating that the mean relaxation times obtained

from the modified Debye fitting are reliable.

As predicted by the theory of relaxor ferroelectrics, the

dielectric loss peak in e00(f) curve associated with the dipolar

response should become infinitely broad (flat) at the static

freezing temperature. A symmetric loss peak with the Debye

response can be fitted to a Gaussian distribution of relaxation

times.13 Due to the multi-dispersive nature of the dielectric

relaxation, the frequency dependence of the dielectric loss data

in Sr5LaTi3Nb7O30 (Figure 6(b)) indicates a high degree of

asymmetry. This asymmetric dielectric loss data can be fitted

to the empirical two-exponent model of Jonscher’s universal

dielectric response34 (UDR) with the following relationship:

e00 ¼ 1

ðf=fpÞ m þ ðf=fpÞ1 n
; (5)

where fp is the relaxation frequency (obtained from recipro-

cal of the mean relaxation time s), and m and (1-n) are the

frequency exponents of e00(f) below and above fp, respec-

tively, with the conditions 0	m, n	 1. For the Debye

response, m¼ (1-n)	 1. In the applied frequency range

(1 Hz � 10 MHz), dielectric loss peaks of the e00(f) curves

can only be obtained at temperatures from 151.27 K to

180.66 K. Fits to UDR model of dielectric loss data in this

temperature range are shown in Figure 8(a). The temperature

dependence of the gradient m on the low frequency side is

shown in Figure 8(b) and indicates a steady decrease with

decreasing temperature. Extrapolation of the m data to zero

gives the dipole freezing temperature TUDR � 91.5 K, in

comparison to TVF(e00(T)) of 95.6 K and TVF(e00(f)) of 83.2 K.

Therefore, the high temperature relaxation observed in the

e00(T) curves is mainly reflect the feature of relaxation II, and

the freezing temperature is around 90 K using the above

three different approaches.

Summarizing, three dielectric relaxations are observed in

the temperature range from 10 K to 573 K, including two

overlapping relaxations I and II, and a Debye-like relaxation

III. Relaxations I and II follow well the Vogel-Fulcher

law with different freezing temperature TVF and activation

energy Ea, possibly suggesting two relaxation contributions

in Sr5LaTi3Nb7O30. Relaxation III follows well the Arrhenius

Law. Origin of these two relaxation contributions and nature

of relaxation III will be discussed in more details below.

C. Temperature dependence of crystal structure

XRD was measured at various temperatures from 93 K to

573 K, in order to investigate any possible change in the crys-

tal structure of Sr5LaTi3Nb7O30. The obtained spectra are

shown in Figure 9, and there is no evidence of macroscopic

symmetry change in Sr5LaTi3Nb7O30. Only slight shift of the

XRD peaks can be observed with decreasing temperature. All

the data were refined in the tetragonal space group P4/mbm.

The refined parameters for different temperatures are listed in

Table III. As shown in Figure 10, lattice parameter a (ab
plane) and the unit cell volume exhibit linear contractions on

cooling and reach a minimum value around 100 K (Figures

10(a) and 10(c)). The c-axis data (Figure 10(b)) deviate from

the expected linear behavior at much higher temperature

around 330 K (TD
0), and then the contraction rate slows down

gradually with decreasing temperature below TD
0 and reaches

a minimum value also around 100 K (Tc/a). The variation of

tetragonality (c/a ratio) with temperature is plotted in Figure

10(d), where the c/a ratio is quite stable above TD
0, while

FIG. 8. Dielectric loss peaks fitted to Jonscher’s two exponent model (a);

gradient m for e00(f) at f < fp (b).

FIG. 9. XRD curves of Sr5LaTi3Nb7O30 from 93 K to 573 K.
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increases on cooling and reaches a maximum tetragonality

around 100 K. TD
0 � 330 K, which is dominated by the varia-

tion of c-axis data, is agree with the deviation temperature TD

of the e0(T) data, indicating the structural origin of the polar

nanoregions.

Maximum crystallographic strain (Tc/a) was reported in

Ba6M3þNb9O30 (M3þ¼Ga, Sc, or In), where only the c-axis

data deviates from the expected linear behavior around the

Tc/a area, and was correlated to the freezing process of the

dielectric relaxation.13 Comparing the variation of lattice

parameters in Sr5LaTi3Nb7O30 with that in Ba6M3þNb9O30,

several differences are found. The Tc/a � 100 K of Sr5LaTi3
Nb7O30 are much lower than that in Ba6M3þNb9O30.

Moreover, two freezing temperatures are obtained for Sr5

LaTi3Nb7O30 (189 K for relaxation I and �90 K for relaxation

II). If the Tc/a value reflected the freezing temperature, there

should be two critical temperatures in the c/a ratio-T curve.

Around Tc/a of Sr5LaTi3Nb7O30, all the lattice parameters

show an extreme value, not only the c-axis data. The extreme

temperature (�100 K) of the lattice parameters in Sr5LaTi3
Nb7O30 is more consistent with the temperature range of

relaxation III.

D. Nature and origin of relaxor behaviors

In relaxor ferroelectrics, deviation of the e0(T) curve from

the Curie-Weiss behavior at temperature above Tm indicates

the formation of polar nanoregions, and the deviation tempera-

ture TD is also determined as the Burn’s temperature.28 In

Sr5LaTi3Nb7O30, the high temperature dielectric constant fol-

lows the Curie-Weiss law until TD � 330 K on cooling, sug-

gesting the formation of polar nanoregions in Sr5LaTi3Nb7O30

below 330 K. Structural analysis in Sr5LaTi3Nb7O30 shows

the deviation of lattice parameter c from the linear contraction

and increasing of tetragonality (c/a ratio) below TD, indicating

some subtle structure change related to the formation of the

polar nanoregions. It could be suggested that the subtle struc-

ture change in Sr5LaTi3Nb7O30 is the result of the increasing

distortion of the oxygen octahedron on cooling, which could

be the structure origin of the polar nanoregions.

The deviation degree can be defined by DTm(f)¼ TD-

Tm(f). For instance, in lead-based perovskites relaxor PMN,

FIG. 10. Lattice parameters [(a) and (b)], unite cell volume (c), and tetragonality c/a ratio (d) as a function of temperature for Sr5LaTi3Nb7O30.

TABLE III. Parameters of the Rietveld refinement for Sr5LaTi3Nb7O30 at

different temperatures.

T(K) 93 98 123 148 173 198 223 248

Rp(%) 11.0 10.9 10.5 10.8 11.0 10.5 10.5 10.4

Rwp(%) 15.4 16.0 15.9 15.4 16.1 14.4 15.1 14.0

Rexp(%) 11.5 11.4 11.3 11.5 11.4 11.5 11.6 11.5

GOF 1.3 1.4 1.4 1.3 1.4 1.2 1.3 1.2

v2 1.795 1.975 1.979 1.814 1.972 1.577 1.719 1.472

T(K) 273 298 326 373 423 473 523 574

Rp(%) 10.3 10.8 11.0 10.4 10.7 10.8 10.5 10.8

Rwp(%) 14.4 15.2 15.8 13.6 14.3 14.7 14.6 15.0

Rexp(%) 11.5 11.6 11.6 11.7 11.8 11.8 11.8 11.9

GOF 1.2 1.3 1.3 1.2 1.2 1.2 1.2 1.2

v2 1.566 1.725 1.835 1.357 1.472 1.564 1.518 1.570
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DTm¼ 618 K- (230 � 250 K) � 380 K [Ref. 28], while for

(1�x)(K0.5Na0.5)NbO3-x(Ba0.5Sr0.5)TiO3 (x¼ 005-0.2), DTm

(1 MHz) varies from 94 K to 191 K [Ref. 29]. In the case

of Sr5LaTi3Nb7O30, DTm decreases from �105 K to �40 K

with increasing frequency from 1 Hz to 10 MHz, which is

smaller compared with that in perovskite relaxors. It is likely

that in tungsten bronze relaxors, the deviation temperature of

dielectric constant from the CW law is lower than that in per-

ovskite relaxors. In relaxor ferroelectrics, the deviation from

the CW behavior indicates different interaction between po-

lar nanoregions from that between the dipolar in a paraelec-

tric phase. The lower deviation temperature and smaller DTm

value indicate the weaker interaction between the polar

nanoregions in tungsten bronze relaxors.

According to Bovtun et al.,18 the relationship between

the Curie-Weiss temperature TCW, freezing temperature TVF

and Tm reflects the interaction between the polar nanore-

gions. In case of lead-based perovskite relaxors with strong

intercluster interaction, TCW is much higher than TVF and

Tm. In the cases of doped incipient ferroelectrics and tung-

sten bronze relaxor Sr4La2Ti4Nb6O30 with weak intercluster

interaction, Tm is higher than TCW and TVF, which are close

to each other. The situation of Sr5LaTi3Nb7O30 is similar to

the latter ones: Tm � 250 K > TCW¼ 146 K � TVF¼ (189 K/

�90 K), also indicating the weak interaction between the po-

lar nanoregions and the relaxation nature between the dipolar

glass and typical relaxor ferroelectrics.

In filled tungsten bronzes, the relaxor or ferroelectric

behavior is dominated by the distortion of the oxygen octa-

hedron forming the incommensurate tilted structure or com-

mensurate superstructure, which associated with the radius

difference (DR) between the A1 and A2 site cations.15 In

tungsten bronzes with large DR, like M4R2Ti4Nb6O30

(M¼ Sr, Ba; R¼Nd, Sm, Eu), ferroelectric transition occurs

at the transition temperature of the incommensurate to com-

mensurate structure. The driving force for the commensurate

tilting decreases with decreasing DR, then incommensurate

structure stays in tungsten bronze with small DR, indicates

the relaxor behavior. Dynamics of both the polar nanore-

gions and the incommensurate tilting are considered to be re-

sponsible for the relaxor behavior below TD.

The two overlapping relaxations I and II are possibly due

attributed to the relaxational contributions from the dipole re-

versal (flipping) of polar nanoregions and fluctuation of polar

region boundaries (breathing), respectively. This behavior is

typical in perovskite relaxor ferroelectrics, where the breath-

ing mechanism is present at lower temperature and become

the leading contribution when the flipping of the polar regions

is frozen-out.4–6 This two contributions are also observed in

relaxor behavior of Sr4La2Ti4Nb6O30, where the high-

temperature flipping contribution follows the Vogel-Fulcher

law, while the low-temperature breathing contribution shows

a Arrhenius behavior.18 In Sr5LaTi3Nb7O30, both the flipping

and breathing mechanisms follows well the Vogel-Fulcher

law, with the freezing temperature of 189 K (relaxation I) and

�90 K (relaxation II).

As shown in Figure 10, the deviation of lattice parameter

c from the linear contraction and increasing of tetragonality

(c/a ratio), which are mainly dominated by the c axis, reflect

the structure change during the formation of polar nanore-

gions and the following freezing process of flipping and

breathing contributions. However, all the lattice parameters

show opposite tendency below 100 K. It seems that the freez-

ing system was disturbed by some low temperature mecha-

nism combined by relaxation III at the same temperature

region. Similar dielectric relaxation was observed in stron-

tium barium niobates (SBN) around 100 K, which was more

obvious in the dielectric properties along a axis.35–38 In some

compositions, structural phase transition was detected accom-

panying a polarization tilt from the c axis toward the [110]

axis, which was suggested to be the origin of the low-

temperature anomalies.35,36 However, in other compositions,

no phase transition was detected and the low temperature

relaxation was attributed to some dynamics, which are still

active in the ferroelectric phase, like the concerted rotations

of the oxygen octahedra.37,38 In our present study, the phe-

nomena is more close to the latter situation, where no phase

transition was observed for Sr5LaTi3Nb7O30 ceramics down

to 93 K. Therefore, relaxation III is more likely due to the

concerted rotations of the oxygen octahedra, which are

mainly limited in the ab plane and carried weak dipole

moments. This rotation of the oxygen octahedra has also been

suggested as the origin of the incommensurate tilted structure

in tungsten bronzes.15,16 Generally, flipping and breathing of

polar nanoregions along c axis contribute to the main dielec-

tric relaxation (I and II), while the concerted rotations of the

oxygen octahedra in the ab plane dominate relaxation III.

IV. CONCLUSIONS

Correlation of the relaxor nature and crystal structure

was studied in lead-free tetragonal tungsten bronze

Sr5LaTi3Nb7O30 ceramics. The appearance of polar nanore-

gions was confirmed below the deviation temperature TD

�330 K, where three dielectric relaxations were observed.

Relaxation I and II followed the Vogel-Fulcher law with the

freezing temperatures of 189 K and �90 K, while the low

temperature relaxation III followed well the Arrhenius law.

Deviation of lattice parameter c from the linear contraction

and increasing of tetragonality (c/a ratio) were observed

below TD, reflecting the structure change during the forma-

tion of polar nanoregions and the following freezing process.

Opposite tendency was observed below 100 K for all the lat-

tice parameters, which corresponds to relaxation III.

Flipping and breathing of polar nanoregions along c axis

contribute to the main dielectric relaxation (I and II), while

the concerted rotations of the oxygen octahedra in the ab
plane dominate relaxation III.
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