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The electric susceptibilities v1, v2, and v3 of BaTi1�xSnxO3 ceramics with 0.175� x� 0.30 are

measured at 90� T� 350 K and 37� f� 106 Hz. Crossover from ferroelectric (x¼ 0.175) to

relaxor behavior (x¼ 0.30) via coexistence of both (x¼ 0.25) is indicated by increasing

polydispersivity and suppression of v2 intensity. The relaxor properties are due to weak random

fields acting on dipolar Ti4þ clusters in non-polar Sn4þ environment. Upon cooling frustrated

interaction between the blocked polar nanoregions yields a cluster glass ground state for x¼ 0.30

as verified by the dynamic criticality of v1, v3, and the scaled non-linear susceptibility a3. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875595]

Relaxor ferroelectrics or—shortly—"relaxors" are char-

acterized1 by (i) a significant frequency (f) dependence of

the temperatures Tm(f) of their peak susceptibility v0m, (ii)

absence of macroscopic spontaneous polarization and struc-

tural symmetry breaking after zero-field cooling, and (iii)

spontaneous nucleation and thermal persistence of meso-

scopic polarization in polar nanoregions (PNRs) below tem-

peratures Td (alias TB¼ “Burns temperature”) and TL (alias

T*¼ “intermediate temperature”), respectively, where

Tm<TL<Td.2 While the first two criteria do not exclude

dipolar glassy origin of relaxor behavior as recently pro-

posed3 for the isovalent relaxor BaTi1�xZrxO3 (BTZ), the

third one decisively favors a random field (RF) mechanism

first introduced for the heterovalent relaxor PbMg1/3Nb2/3O3

(PMN).4

Indeed, superparaelectric1 and dipolar glass models5

have been used to explain the polar dynamics and the

extreme slowing-down at the “diffuse” phase transition of

relaxors, but they definitely fail in describing the ferroelec-

tric symmetry breaking at the nanoscale.6 The occurrence of

PNRs in the paraelectric phase is widely accepted to be at

the heart of the relaxor properties.7 In view of the quenched

local charge disorder being resident, e.g., in PMN, we pro-

posed their origin to be attributed to quenched fluctuations of

electric random-fields (RFs).4 An Anderson-type localization

process as alternatively proposed for both BTZ3 and, since

recently, also PMN,8 would result in mesoscopically

extended pseudospin glass states rather than in the polar

order of PNRs, which is at the heart of random “nanodomain
states” upon cooling.9 Owing to their frustrated dipolar inter-

action the PNRs are believed to undergo a transition into a

cluster glass ground state upon cooling to Tm as was evi-

denced in both PMN by non-ergodic aging and rejuvenation

processes10 and in BTZ by dynamic criticality.11

Since in the latter case of BTZ our reasoning sharply

contrasts with the competing idea of a canonic pseudospin
glass transition at the atomic scale,3 it appears meaningful to

investigate a related system, where the arguments can be

tested independently. To this end, we focus onto the related

isovalent relaxor system BaTi1�xSnxO3 (BTS)12 which lacks

net charge disorder like BTZ.11

Both of the above mentioned steps of the transformation

from a high-temperature paraelectric system into a low-T
cluster glass state need justification. First, the substitution of

ferro-active Ti4þ by non-off-central Sn4þ makes the system

ferroelectrically dilute. It causes random breaking of Ti–O

bonds, the spatial fluctuations of which give rise to fluctua-

tions of the polar correlations. These, in turn, are responsible

for the formation of polar precursor clusters as observed in

BTS by piezoforce microscopy (PFM).13 If there is a suffi-

cient amount of broken bonds, a redistribution of charges

due to local modifications of the polarizability gives rise to

(weak) random dipolar fields, whose quenched spatial fluctu-

ations act as pinning centers of the thermally fluctuating

polarization.9 In addition, due to the distortions arising

around the Sn4þ ions similar as for Zr4þ in the case of

BTZ,14 a redistribution of the charges and a local formation

of charged centers results. Since this kind of RFs is much

weaker than those stemming from heterovalent cation substi-

tution as in canonical relaxors, the crossover to relaxor

behavior occurs only at relatively high doping levels,

x� 0.35 and 0.30 for BTZ11 and BTS,15 respectively.

Second, after establishing and solidifying the PNR net-

work at Td and TL, respectively, its transformation into the

glassy conformation needs to be demonstrated. Since this is

expected to take place below room temperature, the accom-

panying dipolar reorientational processes will be very slow

when passing through non-equilibrium states. Hence, typical

glassy features are aging and rejuvenation, which are rou-

tinely searched for as fingerprints of non-ergodicity both in

magnetic spin16 and electric dipolar glasses17 as well as in

so-called multiglasses such as disordered Sr0.98Mn0.02TiO3

(Ref. 18) or partially disordered La2NiMnO6.19

Cluster glassy non-ergodicity has first been evidenced in

the nanodomain state of the heterovalent uniaxial relaxor fer-

roelectric Sr0.75 Ba0.25Nb2O6 (SBN75) well below the low-fa)Electronic mail: wolfgang.kleemann@uni-due.de
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permittivity peak.20 Alternatively, as shown for the isovalent

relaxor BTZ35, the long-standing Vogel-Fulcher relationship

of relaxor permittivity21

f ðTmÞ ¼ f0 exp �Ea=kBðTm � TVFÞ½ �; (1)

was verified with an attempt frequency f � 109 Hz, an aver-

age energy barrier Ea/kB � 350 K, and the glass temperature

TVF � 160 K.22

Related and alternative criteria will be discussed for BTS

in this Letter on the basis of both linear and non-linear dielec-

tric susceptibility data revealing novel details of the crossover

from the ferroelectric to the relaxor via a mixed state.

Ceramic samples of BTS17.5, BTS25, and BTS30 were pre-

pared by a conventional solid state reaction method and

equipped with gold electrodes as described elsewhere.23

Linear and non-linear electric susceptibilities, v1, v2, and v3,

were measured using a specialized non-linear susceptometer24

at a probing ac field amplitude of 50 Vcm�1 and frequencies

37� f� 1000 Hz. An Agilent E4980A Precision LCR Meter

served for measuring complex v1(T)¼ v1
0(T)—iv1

00(T) data

within 31 Hz� f� 1 MHz. Temperatures were measured and

controlled within 90� T� 350 K by a Lake Shore Model 340

temperature controller in a self-built measuring cell.

Pyroelectric currents, I(T), were measured using a Stanford

Research Systems SR570 Low-noise Current Preamplifier and

a Hewlett-Packard 34401A Digital Multimeter. They were

achieved both during cooling and heating runs with fixed tem-

perature change rates of 610 K min�1. Polarization curves,

P(T), were obtained by integration of the pyroelectric currents

over time.25

Fig. 1 shows the components of the linear dielectric sus-

ceptibility, v1
0 (a) and v1

00 (b) of BTS ceramics with Sn4þ

concentrations x¼ 0.175, 0.25, and 0.30 for frequencies

f¼ 31, 100, 316, 1000, 3160 Hz, 10, 31.6, 100, 316, and

1000 kHz on cooling within 90� T� 400 K. The peak tem-

peratures of v1
00 are connected by lines. The inset (c) shows

v1
0 peak temperatures Tm vs. f for x¼ 0.30 (a), which confirm

those published previously.15 The Vogel-Fulcher relation,

Eq. (1), was then15 successfully fitted with reasonable pa-

rameters including attempt frequency f0¼ 1� 1012 s, activa-

tion energy Ea¼ (6.0 6 0.4)� 10�2 eV, and Vogel-Fulcher

freezing temperature TVF¼ (98 6 1) K. For comparison, we

have also tested an alternative analytical formula, which

were proposed and referred to as a “new glass formula” by

Cheng et al.,26

f ðTmÞ ¼ f 00 exp �ðT0=TmÞp
� �

: (2)

Best fitting of the data yields f0
0 ¼ (4.0 6 0.4)� 1010 Hz,

T0¼ (229 6 14) K, and p¼ 5.3 6 0.5. Following heuristic

arguments,26 the exponent p> 1 matches the expectation for

relaxor ferroelectrics as opposed to Debye relaxators and

glasses, while the activation energy kBT0 and attempt fre-

quency f0
0 come close to Ea and f0 as obtained from Eq. (1),

respectively. Although contradictions due to “unreasonable”

parameters26 are lacking, physical understanding remains

doubtful. This drawback is removed when fitting the data at

even higher reliability with the power law of critical spin

glass dynamics27

f ðTmÞ ¼ f0ðTm=Tg � 1Þz�; (3)

as shown by the solid line interpolating the data in Fig. 1(c),

where f0¼ (2.5 6 0.2)� 1010 Hz, Tg¼ (120.7 6 2.6) K, and

z�¼ 9.5 6 1.1 meet expectations for a glass transition.28

Slightly different parameters, Tg¼ (115.1 6 0.4) K and

z�¼ 9.9 6 0.3, with even higher accuracy (thanks to lower

frequencies involved: 10�1� f� 105 Hz) were previously

obtained from another batch of BTS30.15

At lower concentrations of Sn, x¼ 0.25 and 0.175, the

frequency dispersion of Tm does no longer follow the power

law, Eq. (3), while the VF law appears still satisfactorily.15

A sharper criterion about the very nature of these samples is

met in their pyroelectric features as shown in Fig. 2. Both on

cooling and heating the stored electric charge under ther-

mally self-poling and self-depoling, respectively, is regis-

tered for x� 0.25 only (a) as time-integrated polarization,

P(T), and (b) as current, I(T). The steep onsets of P(T) at

TC(x¼ 0.175)� 320 K and TC(x¼ 0.25)� 275 K clearly hint

at residual ferroelectricity, where the saturation polarization

P(T< 100 K) decreases on dilution by one order of magni-

tude from 10�4 to 10�5 Cm2. Related observations apply to

the original current amplitudes, I(T) (Fig. 2(b)). As stated

previously,13,15 mixed ferroelectric-dipolar glassy states are

encountered in this range of concentrations.

More insight into the concentration dependent different

states of BTS is finally provided by the higher harmonics of

the dielectric susceptibility. While Fig. 3(a) partially repeats

FIG. 1. Temperature dependences within 90�T� 400 K of the linear

dielectric susceptibility components v1
0 (a) and v1

00 (b) of BTS ceramics

with Sn4þ concentrations x¼ 0.175, 0.25, and 0.30 on cooling, for frequen-

cies 31 Hz� f� 1 MHz. The peak temperatures of v1
00 are connected by

lines. The inset (c) shows the v1
0 peak temperatures Tm vs. f for x¼ 0.30 best

fitted to Eq. (3) (solid line).

182910-2 Kleemann et al. Appl. Phys. Lett. 104, 182910 (2014)



the first harmonics, v1
0(T), for frequencies 37, 111, 317, and

1000 Hz in accordance with Fig. 1(a), more insight into the

relaxation processes of the different samples is gained from

the second harmonic—v2
0(T) in Fig. 3(b). It usually mirrors

the macroscopic “spontaneous” polarization P according to29

v2 ¼ �3e2
0BPv3

1; (4)

where B> 0 refers to the P4 expansion term of the

Ginzburg-Landau-Devonshire free energy.29 However, due to

excessive noise unambiguous finite contributions to v2(T) are

found only for BTS17.5 (arrow), while they virtually vanish

for BTS25 and BTS30. Note that the lack of v2
0 signals prob-

ably indicates thermal instability of remnant polarization in

too small TiO6 clusters under insufficient stabilization via RF

fluctuations.28 Net polarization as observed for x¼ 0.175 is

assumed to stabilize during the first polarization cycles of the

ac susceptibility measurements on cooling. It is most pro-

nounced for low frequencies and occurs slightly above

TC(BTS17.5) � 254 K (vertical line) for x¼ 0.175. This hints

at the occurrence of notable frozen polarization in PNRs prior

to its percolation into the coherent ferroelectric phase. For

x> 0.175, remanence is virtually absent.

The above phase transition temperatures are also

marked by the third harmonic contributions, v3
0(T), in Fig.

3(c). In contrast with the related relaxors BTZ25 and

BTZ30,22 only positive signals are recorded, while negative

high temperature tails are completely lacking. This hints at

large polarization residing both in bulk (BTS17.5) and in

PNRs (BTS25/30) similarly as observed in classic relaxors

such as PbMg1/3Nb2/3O3 and Sr0.61Ba0.39Nb2O6.29 Since v3
0

scales as29 v1
5P2, it peaks distinctly below Tm and TC,

respectively, owing to the skewness of P2 despite the sym-

metry of v1
5 (Fig. 2(a)). The conspicuously low intensity of

v3
0(T) of BTS30 demonstrates, again, that it does merely

carry PNR-borne “ferroelectricity at the nanoscale,” but no

bulk polarization. On the other hand, its strong frequency

dispersion hints at strong non-linear activity of frozen

PNRs.30

It should be stressed that the loss of bulk ferroelectricity in

BTS30 is not equivalent with loss of bond percolation of the

ferroelectric component BaTiO3, which occurs only at x> 0.7.

The RF-induced formation of PNRs starts at much smaller

dilution, x< 0.3, where the ferroelectric long-range order

becomes replaced by an ensemble of polar “supermoments.”

Their freezing into a cluster glass is indicated by the rise of

v3
0(T) as T ! Tg on cooling at f¼ 37 Hz, whose high-T slope

is expected to follow static scaling according to

v3 / ðT � TgÞ�c: (5)

It fails to form the expected30,31 negative divergence because

of their non-flipping dynamics in an ac electric field.22

Unfortunately, the large scatter of the data does not allow to

reliably extract the values of Tg and c . However, another

way to extrapolate the value of Tg is offered by the peak

shifts of the v3(T, f) data in Fig. 3(c) by assuming glassy criti-

cal dynamics as for v1(T,f), Eq. (3)32

FIG. 3. Temperature dependences on cooling of the real dielectric suscepti-

bility harmonics of BTS ceramics, v1
0 (a), v2

0 (b), v3
0 (c), and of the scaled

non-linear susceptibility-a3 (e) for frequencies 37, 111, 317, and 1000 Hz,

temperatures 90�T� 330 K, and Sn4þ concentrations x¼ 0.175, 0.25, and

0.30. The peak shift of v3
0(T) vs. f of BTS30 (d) is best-fitted to Eq. (3) (solid

line). Specific temperatures TC(v1
0), Tm(v1

0), Tg(BTS30), and Tm(v2
0) are

indicated by vertical lines and arrows, respectively.

FIG. 2. Thermally stimulated polarization and depolarization of BTS

ceramics with x¼ 0.175 and 0.25 on cooling and heating (dashed and solid

lines, respectively), presented as time-integrated polarization, P (a), and as

current, I (b), respectively.

182910-3 Kleemann et al. Appl. Phys. Lett. 104, 182910 (2014)



f 	 f0ðTm=Tg � 1Þzv: (6)

Best-fitting as shown in Fig. 3(d) yields reasonable parame-

ters f0¼ (6.8 6 3.2)� 106 Hz, Tg¼ (118.5 6 1.2) K, and

z�¼ 9.6 6 2.2, where the low precision is due to poor data

statistics. Nevertheless, Tg and the dynamic exponent z�
agree within errors with the values extrapolated from Eq. (3)

(see above), while the relatively low attempt frequency f0
complies with the mesoscopicity of the polar cluster system.

Finally, we discuss the “scaled non-linear susceptibility”33

a3 ¼ �v3
0=ðe3

0v1
04Þ; (7)

presented as lgð�a3Þ vs. T in Fig. 3(e). At all Sn4þ concen-

trations a3< 0 occurs due to the positive signs of both v1
0

and v3
0, while |a3| broadly minimizes at T � Tm,C with nearly

compensated dispersion owing to comparable dispersion of

both numerator and denominator in Eq. (7). Very similar

lgð�a3Þ vs. T diagrams are observed on the classic relaxors

PMN and SBN61,29 where breather-like PNR relaxation has

been proposed to be responsible for the continuously nega-

tive sign of a3.34 In the present context, it appears most sur-

prising that the seemingly intact ferroelectric BTS17.5 also

follows the same trend as classical PNR-controlled relaxors.

Obviously this alloy is far from resembling pure BaTiO3,

which displays a jumplike change of a3 at TC albeit being

negative at all temperatures.29 It will be interesting to inves-

tigate the crossover from (nearly) classic first-order displa-

cive (x¼ 0) to PNR-affected ferroelectricity (x ! 0.175) in

the light of nonlinear dielectric spectroscopy.

In conclusion, we have evidenced the Sn4þ concentra-

tion to control the crossover from ferroelectric to relaxor and

cluster glass behavior in isovalent BTS ceramics with

x¼ 0.175, 0.25, and 0.30 via dielectric harmonics response.

While a ferroelectric transition characterizes the x¼ 0.175

compound, coexistence of ferroelectricity with a relaxor state

is manifest for x¼ 0.25. Thermally blocked PNRs are finally

promoting the x¼ 0.30 compound into a cluster glassy

ground state as conjectured previously for BTZ35,11 and

shown for the classic relaxors PbMg1/3Nb2/3O3
10 and

Sr0.75Ba0.25Nb2O6.20 The relevance of random field con-

trolled polar nanoregions becomes unravelled by the nonlin-

ear dielectric behaviour of BTS17.5 and by the glassy

criticality of BTS30, respectively.
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