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Use of the time constant related parameter fmax to calculate the 

activation energy of bulk conduction in ferroelectrics 

F. Yang,* L. Li, P. Wu, E. Pradal-Velázquez, H. K. Pearce and D. C. Sinclair* 

The activation energy associated with bulk electrical conduction in functional materials is an important quantity which is 

often determined by impedance spectroscopy using an Arrhenius-type equation. This is achieved by linear fitting of bulk 

conductivity obtained from complex (Z*) impedance plots versus T-1 which gives an activation energy Ea;ʍͿ Žƌ ďǇ ůŝŶĞĂƌ ĨŝƚƚŝŶŐ 
of the characteristic frequency fmax obtained from the large DĞďǇĞ ƉĞĂŬ ŝŶ M͛͛-logf spectroscopic plots against T-1 which gives 

an activation energy Ea(fmax). We report an analysis of Ea;ʍͿ ĂŶĚ Ea(fmax) values for some typical non-ferroelectric and 

ferroelectric materials and employ numerical simulations to investigate combinations of different conductivity-temperature 

and permittivity-temperature profiles on the logfmax ʹ T-1 relationship and Ea(fmax). Results show the logfmax ʹ T-1 relationship 

and Ea(fmax) are strongly dependent on the permittivity-temperature profile and the temperature range measured relative 

to Tm (temperature of the permittivity maximum). Ferroelectric materials with a sharp permittivity peak can result in non-

linear logfmax ʹ T-1 plots in the vicinity of Tm. In cases where data are obtained either well above or below Tm, linear logfmax ʹ 

T-1 plots can be obtained but overestimate or underestimate the activation energy for conduction, respectively. It is 

therefore not recommended to use Ea(fmax) to obtain the activation energy for bulk conduction in ferroelectric materials, 

instead Ea;ʍͿ should be used. 

Introduction 

        Ferroelectrics are an important class of functional 

materials. They exhibit spontaneous polarisation below the 

ferroelectric Curie temperature (Tc) and have a wide range of 

applications in capacitors, sensors, actuators and optical or 

memory devices. 1, 2 Electrical conductivity and the conduction 

mechanism(s) in ferroelectric materials are critical to their 

properties, e.g., dŝĞůĞĐƚƌŝĐ ůŽƐƐ ;ƚĂŶ ɷͿ͕ ůĞĂŬĂŐĞ ĐƵƌƌĞŶƚ ĂŶĚ 
Polarisation-Electric field hysteresis loops. For example, recent 

Impedance Spectroscopy studies on the lead-free Na0.5Bi0.5TiO3 

(NBT) ferroelectric perovskite reveal dramatic changes in the 

conduction mechanism with small changes in the A-site (Na,Bi) 

content. 3-6  Na-rich or Bi-deficient NBT compositions are oxide-

ŝŽŶ ĐŽŶĚƵĐƚŽƌƐ͕ ĞǆŚŝďŝƚ ŚŝŐŚ ďƵůŬ ĐŽŶĚƵĐƚŝǀŝƚǇ ;ʍb) with an 

activation energy (Ea) of 0.45 ʹ 0.85 eV and display a sharp rise 

ŝŶ ƚĂŶ ɷ ǁŝƚŚ ŝŶĐƌĞĂƐŝŶŐ temperature which exceeds 0.2 at ~ 623 

K. In contrast, Bi-rich or Na-deficient NBT are electronically 

insulating with low bulk conductivity with Ea of ~ 1.7 eV and 

ƉƌĞƐĞŶƚƐ ůŽǁ ƚĂŶ ɷ ŽǀĞƌ Ă ǁŝĚĞ ƚĞŵƉĞƌĂƚƵƌĞ ƌĂŶŐĞ ;ф Ϭ͘ϬϮ ĨƌŽŵ 
573 to 873 K) making them excellent dielectric materials. In-

depth investigations of the bulk (grain) electrical conductivity 

and its associated activation energy can provide useful 

information to understand/predict the defect chemistry of a 

material and consequently on how to use chemical doping to 

improve/enhance the desired properties accordingly. 

        ac impedance spectroscopy is a powerful technique to 

study the electrical and dielectric properties of materials. 

Measurements are carried out over a wide range of frequency 

(typically milli- to mega-Hz) and different electro-active regions, 

e.g., bulk (grains), grain boundaries, surface layers, electrode 

effects, can be identified and characterised according to their 

electrical relaxation times or time constants.7 As the various 

time constants usually differ by several orders of magnitude and 

they generally have different temperature dependencies (i.e., 

Ea values) it is necessary to make measurements over a wide 

temperature range to ensure comprehensive characterisation 

of the various electro-active regions. 

        Impedance data are conventionally plotted in the 

impedance spectrum (Z*) and fitted by an equivalent circuit 

which is some combination of resistors (R), Capacitors (C) 

and/or Constant Phase Elements (CPE). Typically, each electro-

ĂĐƚŝǀĞ ƌĞŐŝŽŶ ŝŶ Ă ĐĞƌĂŵŝĐ ŝƐ ŵŽĚĞůůĞĚ ŽŶ Ă ͞ƉĂƌĂůůĞů RC͕ R-CPE 

or R-C-CPE ĞůĞŵĞŶƚ͟ ĂŶĚ ƚŚĞƐĞ ĂƌĞ ŽĨƚĞŶ ĐŽŶŶĞĐƚĞĚ ŝŶ ƐĞƌŝĞƐ 
according to the Brick-layer model.8 Each element gives rise to 

an arc in the Z* plot (providing its time constant is within the 

measured frequency range) and this can be used to obtain the 

R and C of each response. Resistance can be converted to 

conductivity and plotted as a function of reciprocal of 

temperature to obtain the activation energy, according to the 

Arrhenius equation ߪ ൌ ଴exp⁡ቂെߪ ாೌሺఙሻ௞ಳ் ቃ,                                    (1) 

ǁŚĞƌĞ ʍ0 is a pre-exponential factor, kB is the Boltzmann 

constant and T is the absolute temperature. Impedance data 

can also be presented in complex electric modulus (M*), 

ĂĚŵŝƚƚĂŶĐĞ ;YΎͿ ĂŶĚ ƉĞƌŵŝƚƚŝǀŝƚǇ ;ɸΎͿ ĨŽƌŵĂůŝƐŵƐ ĂĐĐŽƌĚŝŶŐ ƚŽ9  
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כܯ ൌ כܻ (2a)                                            ⁡כ଴ܼܥ݆߱ ൌ ଵ௓כ⁡                                                      (2b) כߝ ൌ ଵெכ                                                       (2c) 

ǁŚĞƌĞ ʘ ĂŶĚ C0 in Eq.(2a) are the angular frequency and the 

capacitance of an empty cell, respectively; j is the square root of -1. 

Alternatively, spectroscopic plots of real and/or imaginary 

components of the various formalisms can be plotted to provide 

information that is not easily accessible from the complex impedance 

plane alone.7 IŶ ƉĂƌƚŝĐƵůĂƌ͕ ƚŚĞ M͛͛- logf spectroscopic plot is useful 

to identify and characterise the bulk response in ceramics as it 

ŚŝŐŚůŝŐŚƚƐ ƚŚĞ ĐŽŵƉŽŶĞŶƚ ǁŝƚŚ ƚŚĞ ƐŵĂůůĞƐƚ ĐĂƉĂĐŝƚĂŶĐĞ͘ TŚĞ M͛͛-logf 

plot usually displays a large Debye peak associated with the bulk 

response. The peak height is proportional to the reciprocal of 

ĐĂƉĂĐŝƚĂŶĐĞ ĂŶĚ ƚŚĞ ĨƌĞƋƵĞŶĐǇ Ăƚ ǁŚŝĐŚ ƚŚĞ M͛͛ DĞďǇĞ ƉĞĂŬ ƌĞĂĐŚĞƐ 
its maximum, fmax, is a characteristic relaxation frequency described 

by  ʹߨ ௠݂௔௫ܴܥ ൌ ߨʹ ௠݂௔௫߬ ൌ ͳ,                           (3) 

where ʏ is the time constant. Studies on a variety of materials 10-16 

show that fmax (or ʏ) can also obey the Arrhenius law and exhibit a 

linear relationship with T-1, as described by ௠݂௔௫ ൌ ଴݂exp⁡ቂെ ாೌሺ௙೘ೌೣሻ௞ಳ் ቃ,                               (4) 

where f0 is the pre-exponential factor. In these studies, some report 

similar values of Ea;ʍͿ ĂŶĚ Ea(fmax), whereas others report very 

different values, as listed in Table 1. 

 

 

Table 1. Comparison of Ea;ʍͿ ĂŶĚ Ea(fmax) for several materials from 

literature. 

Material Ea;ʍͿ ͬ ĞV Ea(fmax) / eV 

(Zr0.6Ce0.4)0.92(Y2O3)0.08 10 1.08 ± 0.01 1.07 ± 0.03 

SrFe1/2Nb1/2O3 11 0.272 0.267 

(Na0.75Bi0.25)(Mn0.25Nb0.75)O3 12 0.38 0.40 

Ce0.9Gd0.05Nd0.05O1.95 13 0.976 ± 0.017 0.983 ± 0.019 

Bi5NbO10 14 0.94 ± 0.02 0.85 ± 0.03 

Bi5Ti1.5W1.5O15 15 0.39 0.76 

LaMnO3 16 ~ 0.17 0.05 

 

 

        There are different interpretations of the physical meaning of 

Ea(fmax). S. Anirban et al. attribute Ea(fmax) in Nd-doped GDC to the 

migration or reorientation energy of oxygen vacancies.13 Hou et al. 

attribute Ea(fmax) in Bi5NbO10 to a detrapping or relaxation energy of 

oxygen ions, and the difference between Ea;ʍͿ ĂŶĚ Ea(fmax) to the 

energy for mobility of the free ions.14 A. Karmakar et al. suggested a 

polaronic relaxation process in LaMn1-xFexO3 based on the value of 

Ea(fmax).16 Although various interpretations are possible, it is clear 

that Ea(fmax), or the difference between Ea(fmax) and Ea;ʍͿ͕ ŵĂǇ 
provide useful/additional information regarding conduction and/or 

relaxation mechanisms as fmax combines the contributions from 

conduction (R) and polarisation (C) processes according to Eq.(3).  In 

the case of ferroelectric and ferroelectric-relaxor materials, the 

permittivity (and therefore C) has a strong temperature dependence, 

especially near TC (ferroelectrics) or Tm (relaxors) where a maximum 

in C occurs which may result in different Ea(fmax) and Ea;ʍͿ ǀĂůƵĞƐ͕ ĂŶĚ 
therefore requires further consideration. 

        There are many different types of ferroelectric materials 

including, hydrogen bonded salts, complex oxides and polymers. 

Oxide-based ferroelectric ceramics have significant technological 

importance and are based on many different but well known 

structural types including perovskite, illmenite, tungsten bronze and 

Aurivillius. Here we focus mainly on perovskite- and Aurivillius-type 

ceramics, to illustrate trends in Ea;ʍͿ ĂŶĚ Ea(fmax) values for 

ferroelectric materials from impedance spectroscopy.  The materials 

selected below were based on the following criteria: i) they are of 

particular interest due to their commercial applications; ii) they have 

representative permittivity-temperature profiles, i.e., sharp or broad 

C peak at TC or Tm; iii) they are suitable for an fmax study by impedance 

spectroscopy͕ ŝ͘Ğ͕͘ ŶĞŝƚŚĞƌ ƚŽŽ ĐŽŶĚƵĐƚŝǀĞ ;ʍ х ϭϬ-2 S cm-1) nor too 

ŝŶƐƵůĂƚŝŶŐ ;ʍ ф ϭϬ-8 S cm-1) near TC or Tm.   

1) Perovskite lead zirconate titanate, PZT, is the most widely 

studied and commonly used piezoelectric/ferroelectric ceramic. 

The properties of PZT can be tuned flexibly by chemical doping 

to meet the requirements for different applications. Acceptor 

doping generates oxygen vacancies to prohibit domain wall 

ŵŽƚŝŽŶ͕ ƌĞƐƵůƚŝŶŐ ŝŶ ͞ŚĂƌĚ͟ P)T ĨŽƌ ŚŝŐŚ-power applications such 

as ultrasonic cleaning, transformers and sonar technologies.17 

Donor doping induces cation vacancies to facilitate domain wall 

ŵŽƚŝŽŶ ƌĞƐƵůƚŝŶŐ ŝŶ ͞ƐŽĨƚ͟ P)TƐ͕ ǁŚŝĐŚ ĂƌĞ ƚypically used in 

sensors or actuators.18 WĞ ƉƌĞƐĞŶƚ ƌĞƐƵůƚƐ ĨŽƌ ďŽƚŚ ͞ƐŽĨƚ͟ ;ϱHͿ 
ĂŶĚ ͞ŚĂƌĚ͟ ;ϰAͿ P)T͘ 

2) Na0.5Bi0.5TiO3 (NBT) is a complex perovskite which is considered 

as a promising lead-free piezoelectric/ferroelectric material to 

replace PZT.  NBT shows relaxor behaviour with a broad and 

frequency-dependent permittivity, as well as a diffusive phase 

transformation.19 Recent studies show NBT can present different 

types of electrical behaviour depending on the A-site Na or Bi 

nonstoichiometry, e.g., Bi-deficient NBT, nominal 

Na0.5Bi0.49TiO2.985 (NB0.49T), shows a predominant oxide-ion 

conduction mechanism with an oxide-ion transport number close 

to unity, whereas Bi-excess NBT, nominal Na0.5Bi0.51TiO3.015 

(NB0.51T) shows predominant n-type electronic conduction 

behaviour with an oxide-ion transport number close to zero. 3-5 

Details of the defect chemistry and electrical properties of NBT 

can be found in a recent review.6 Results are presented here for 

both types of NBT. 

3) Aurivillius phases, with a general formula of (Bi2O2)(Am-1BmO3m+1) 

;ϭ ч ŵ ч ϱͿ͕ ƌĞƉƌĞƐĞŶƚ Ă ĨĂŵŝůǇ ŽĨ ĨĞƌƌŽĞůĞĐƚƌŝĐ ŵĂƚĞƌŝĂůƐ ǁŝƚŚ 
layered bismuth-based structures.20-22 This family of phases is 

built up by intercalating pseudo-perovskite (Am-1BmO3m+1)2- slabs 

between (Bi2O2)2+ layers along the c axis.20-22 These compounds 

have attracted significant attention due to their potential 

applications in high temperature lead-free piezoelectric devices 

or in ferroelectric random access memories.23 Here we present 

results for Bi2.5Na0.5Nb2O9 (m = 2), Bi2.5Na1.5Nb3O12 (m = 3) and 

Na0.5Bi4.5Ti4O15 (m = 4). 

4) Non-ferroelectric oxide-ion conductors, 8 mol% yttria-stabilised 

zirconia (8YSZ) and Dy,W-codoped Bi2O3 (8D4WSB) are included 

to represent electroceramics with near temperature-

independent permittivity (and therefore temperature-

independent C) values for comparison with the ferroelectric 

materials described above. 
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        Prior to presenting the experimental results, numerical 

simulations are used to investigate combinations of different logʍ ʹ
T-1 ĂŶĚ ɸr ʹ T profiles on the logfmax ʹ T-1 relationship and Ea(fmax). 

BŽƚŚ ĞǆƉĞƌŝŵĞŶƚĂů ĂŶĚ ƐŝŵƵůĂƚŝŽŶ ƌĞƐƵůƚƐ ƐŚŽǁ ƚŚĂƚ ƚŚĞ ɸr ʹ T profile 

and the temperature range relative to a Tm (temperature at which 

the permittivity reaches its maximum and could be TC or TM) are 

critical to the logfmax ʹ T-1 relationship and values of Ea(fmax). We 

conclude that using Ea(fmax) to represent the activation energy for 

bulk electrical conduction (and therefore to discuss the conduction 

mechanism(s)) in ferroelectric ceramics is very limited in its 

application, and if employed, should be used with caution. The use 

of Ea;ʍͿ ŝƐ ƌĞĐŽŵmended. 

 

Experimental 

 Sample preparation and characterisation 

        8 mol% Y2O3- stabilised zirconia (8YSZ) pellets were prepared 

from commercially available powder (TZ-8T, Tosoh, Japan). The raw 

powder was ball milled overnight, dried, sieved, pressed into pellets 

and sintered at 1773 K for 4 h. (BiO1.5)0.88(DyO1.5)0.08(WO3)0.04 

(8D4WSB), Na0.5Bi0.5TiO3 (NBT), Na0.5Bi4.5Ti4O15, Bi2.5Na0.5Nb2O9 and 

Bi2.5Na1.5Nb3O12 were prepared by the solid-state reaction method 

using Bi2O3 (99.9%, Acros Organics, USA), Dy2O3 (99.9%, Stanford 

Advanced Materials, USA), WO3 (99.8%, Alfa Aesar, UK), Na2CO3 

(99.5%, Fisher chemical, UK), TiO2 (99.9%, Sigma Aldrich, UK) and 

Nb2O5 (99.9%, Sigma Aldrich, UK) as starting materials. Before 

weighing, the above raw powders were pre-dried (573 K or 1173 K 

for 8 h, as appropriate). Appropriate amounts of each precursor were 

weighed and mixed thoroughly in iso-propanol using yttria-stabilised 

zirconia grinding media for 6 hours. The mixture was dried overnight 

at 358 K, sieved and then calcined at 1073 K for 2 hours. The resultant 

powders were subjected to a second round of ball milling, drying, 

sieving and calcination and subsequently to a final, third round of ball 

milling and sieving. The products were compacted into pellets by uni-

axial cold pressing and then isostatic pressing at 200 MPa, followed 

by sintering at 1198 K for 2 h (8D4WSB), 1150 °C for 2 h (NBT and 

Na0.5Bi4.5Ti4O15), 1423 K for 8 h (Bi2.5Na0.5Nb2O9 and Bi2.5Na1.5Nb3O12). 

Prior to sintering, pellets were embedded in sacrificial powder of the 

same composition to minimise volatilisation. Lead zirconate titanate 

(PZT) samples (4A and 5H) are commercially available pellets with 

silver electrodes (Morgan Advanced Materials, UK). All samples that 

we prepared are phase pure by XRD (STOE STADI-P diffractometer, 

STOE & Cie GmbH, Darmstadt, Germany) and dense (> 95% of 

theoretical density). XRD patterns and lattice parameters obtained 

from Rietveld refinements are provided in supplementary materials 

as Fig.S1. Electrical properties were obtained from ac impedance 

spectroscopy using an Agilent E4980A impedance analyser (Agilent 

Technologies, Palo Alto, CA; frequency range 1 MHz to 20 Hz) and/or 

a Solartron 1260 system (Solartron Analytical, UK; frequency range 1 

MHz to 0.01 Hz). Dielectric properties were measured using an LCR 

meter (Agilent E4980 Precision LCR Meter, Agilent Technologies) 

with an applied ac voltage of 100 mV. Data points were collected 

every 60 s over a proper temperature range using a non-inductively 

wound tube furnace at a ramping rate of 1 K min-1. Before 

measurements, Au paste was painted to cover both surfaces of the 

pellets and then fired at 1123 K for 2 h to serve as electrodes.  

Impedance data analysis 

        Bulk conductivity and permittivity values were obtained from 

impedance data by two methods, i.e., equivalent circuit fitting and 

ĐĂůĐƵůĂƚŝŽŶ ĨƌŽŵ ƚŚĞ ůĂƌŐĞ M͛͛ DĞďǇĞ ƉĞĂŬ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ƚŚĞ ďƵůŬ 
response. In equivalent circuit fitting, each response in the Z* plot 

was fitted by a parallel R-CPE element. The impedance of a CPE, ZCPE, 

is given by9, 24, 25 ܼ஼௉ா ൌ ଵொሺ௝ఠሻ೙ ൌ ܳିଵ߱ି௡ ቂcos ቀ௡గଶ ቁ ൅ ݊݅ݏ݆ ቀ௡గଶ ቁቃǡ               (5) 

where Q is a parameter independent of frequency and n is an 

exponential factor. An equivalent capacitance, C, of the CPE can be 

calculated by26 ܥ ൌ ⁡ ܴሺଵି௡ሻȀ௡ܳଵȀ௡Ǥ                                          (6) 

The obtained R and C for the bulk response are converted to 

conductivity and permittivity by ߪ௕ ൌ ଵோ್ ସ௧గ஽మǡ                                                (7a) ߝ௥ ൌ ஼ఌబ ସ௧గ஽మǡ                                                 (7b) 

where t and D are the thickness and diameter of the pellet, 

respectively; ɸ0 is the permittivity of free space (8.85 × 10-14 F cm-1). 

Alternatively, R and C ĐĂŶ ďĞ ĐĂůĐƵůĂƚĞĚ ĨƌŽŵ ƚŚĞ M͛͛-logf 

ƐƉĞĐƚƌŽƐĐŽƉŝĐ ƉůŽƚ ĨƌŽŵ ƚŚĞ M͛͛ ƉĞĂŬ ǀĂůƵĞ͕ Mmax͛͛ ĂŶĚ ƚŚĞ 
characteristic frequency, fmax, according to ܴ ൌ ெ೘ೌೣᇲᇲగ௙೘ೌೣǤ                                                   (8a) ܥ ൌ ଵଶெ೘ೌೣᇲᇲ ǡ                                                   (8b) 

R and C ǀĂůƵĞƐ ĂƌĞ ĐŽŶǀĞƌƚĞĚ ƚŽ ʍb ĂŶĚ ɸr using Eqs.7a and 7b. In this 

ƐĐƌŝƉƚ͕ ʍb ĂŶĚ ɸr are calculated from both methods.   

 

Numerical Simulations 

        Here we generate two series of logʍ ʹ T-1 profiles according to 

Eq.1. A): In the temperature range between T1 and T2͕ ůŽŐ;ʍͬʍ0) 

shows a straight line with different slopes, corresponding to Ea;ʍͿ ŽĨ 
0.5 - 2.0 eV, respectively (Fig.1a) and B): in the temperature range 

between T1 and T3͕ ůŽŐ;ʍͬʍ0) shows a change of Ea;ʍͿ Ăƚ T2, from 0.5 

eV between T2 and T3 to 1.0, 1.5 and 2.0 eV between T1 and T2 

;FŝŐ͘ϭďͿ͘ FŽƌ ƚŚĞ ɸr ʹ T profile, we simplify it to a symmetric peak with 

a maximum at Tm. For ferroelectrics, above the Curie temperature 

the permittivity obeys the Curie-Weiss law and can be described by 

  
ଵఌೝ ൌ ܶߜ ൅   (9)                                         .ܣ

HĞƌĞ ǁĞ ǀĂƌǇ ƚŚĞ ɷ ǀĂůƵĞ ĨƌŽŵ Ϯ × 10-8 ;ɷ1) to 1 × 10-5 ;ɷ7) to change 

the slope of ƚŚĞ ɸr
-1 -T ƌĞůĂƚŝŽŶƐŚŝƉ͕ ĂŶĚ ĐŽŶƐĞƋƵĞŶƚůǇ ƚŚĞ ɸr - T profile 

above Tm͘ TŚĞ ɸr - T profile below the Curie temperature is generated 

as the mirror symmetry of its counterpart above Tm͘ TŚĞ ůĂƌŐĞƌ ɷ͕ ƚŚĞ 
sharper the permittivity peak. A temperature-independent 

ƉĞƌŵŝƚƚŝǀŝƚǇ ŝƐ ĂůƐŽ ŝŶĐůƵĚĞĚ ĨŽƌ ĐŽŵƉĂƌŝƐŽŶ ;ɷ0). Using the logʍ - T-1 

ĂŶĚ ɸr - T profiles, the characteristic frequency fmax is calculated 

according to  ௠݂௔௫ ൌ ଵଶగோ஼ ൌ ଵଶగఌబ ఙఌೝ.                              (10) 
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Fig.1 Conductivity and permittivity-temperature profiles used for 

simulation. (a) Arrhenius plots with Ea varying from 0.5 to 2.0 eV in a 

temperature range between T1 and T2. (b) Arrhenius plot showing a 

change of Ea at T2 in the temperature range between T1 and T3. Above 

T2, Ea;ʍ2) is fixed at 0.5 eV. Below T2, Ea;ʍ2) varies from 1.0 to 2.0 eV. 

;ĐͿ ɸr-T ƉƌŽĨŝůĞƐ ǁŝƚŚ ĚŝĨĨĞƌĞŶƚ ɷ ǀĂůƵĞƐ͗ ɷ0 с Ϭ͖ ɷ1 = 5.0 × 10-8 K-1͖ ɷ2 = 

2.0 × 10-7 K-1͖ ɷ3 = 5.0 × 10-7 K-1͖ ɷ4 = 1.5 × 10-6 K-1͖ ɷ5 = 2.5 × 10-6 K-1; 

ɷ6 = 5.0 × 10-6 K-1͖ ɷ7 = 1.0 × 10-5 K-1. 

 

 

 

Part A, Constant Ea;ʍͿ ŝŶ ƚŚĞ ŵĞĂƐƵƌĞĚ ƚĞŵƉĞƌĂƚƵƌĞ ƌĂŶŐĞ͕ T1 to T2. 

        First, we consider a constant Ea(ʍͿ͕ ŝ͘Ğ͕͘ Ϭ͘ϱ ĞV͕ ŽǀĞƌ ƚŚĞ 
temperature range of interest. This can be divided into two cases to 

represent; (1) where impedance data are collected over a 

temperature range that is either much higher or lower than Tm, and 

(2) across a range that includes Tm. 

      1) T2 > T1 >> Tm or T1 < T2 << Tm  

        If Tm is far outside the temperature range investigated, i.e., T1 is 

100 K higher than Tm or T2 is 100 K lower than Tm, logfmax shows a 

linear relationship with T-1, Fig.2a and b. 

2) T1 < Tm < T2  

      If the ferro- to para-electric phase transition occurs within the 

temperature range investigated, i.e., Tm is between T1 and T2, the 

logfmax - T-1 ƌĞůĂƚŝŽŶƐŚŝƉ ĚĞƉĞŶĚƐ ŽŶ ɷ͘ WŚĞŶ ɷ ŝƐ ƐŵĂůů ;ɷ0 ƚŽ ɷ2), 

logfmax still shows a linear relationship with T-1; wŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ɷ͕ 
logfmax starts to deviate from a linear relationship with T-1 with 

ŝŶĐƌĞĂƐŝŶŐ ɷ͕ ĞƐƉĞĐŝĂůůǇ ŶĞĂƌ ƚŚĞ ǀŝĐŝŶŝƚǇ ŽĨ Tm, Fig.2c. 

        For the linear logfmax - T-1 relationship in Fig.2a and b, we 

calculated the associated Ea(fmax), as well as the difference between 

Ea(fmax) and Ea;ʍͿ͘ HĞƌĞ ǁĞ ĚĞĨŝŶĞ Ă ƉĂƌĂŵĞƚĞƌ͕ ȴEa, according to ܧ߂௔ ൌ ாೌሺ௙೘ೌೣሻିாೌሺఙሻாೌሺఙሻ ൈ ͳͲͲΨ,                     (11) 

ĂŶĚ ƉůŽƚƚĞĚ ŝƚ ĂƐ Ă ĨƵŶĐƚŝŽŶ ŽĨ ɷ͕ FŝŐ͘ϮĚ͘ Iƚ ƐŚŽǁƐ ƚŚĂƚ ǁŚĞŶ T1 >> Tm, 

the activation energy calculated from time constant (via logfmax) 

tends to be overestimated and when T2 << Tm it tends to be 

ƵŶĚĞƌĞƐƚŝŵĂƚĞĚ͘ HŝŐŚĞƌ ɷ ǀĂůƵĞƐ ůĞĂĚ ƚŽ ůĂƌŐĞƌ ĚĞǀŝĂƚŝŽŶƐ͘ ȴEa is also 

dependent on Ea;ʍͿ͗ ǁŝƚŚ Ă ƐŵĂůůĞƌ Ea;ʍͿ͕ ŝ͘Ğ͕͘ Ϭ͘ϱ ĞV͕ ƚŚĞ ĚĞǀŝĂƚŝŽŶ 
between Ea(fmax) and Ea;ʍͿ ŝƐ ŵƵĐŚ ŵŽƌĞ ƐŝŐŶŝĨŝĐĂŶƚ ƚŚĂŶ ǁŝƚŚ Ă ůĂƌŐĞƌ 
Ea;ʍͿ͕ ŝ͘Ğ͕͘ Ϯ͘Ϭ ĞV͘ FƵƌƚŚĞƌŵŽƌĞ͕ ȴEa is much higher when T1 >> Tm 

than when T2 << Tm. For example, for Ea;ʍͿ с Ϭ͘ϱ ĞV͕ ȴEa can be over 

50% when T1 >> Tm, but it is less than 20% when T2 << Tm. This 

suggests the permittivity-temperature profile plays a key role on the 

logfmax - T-1 relationship, and therefore the value of Ea(fmax). A sharp 

peak iŶ ƚŚĞ ɸr ʹ T profile can lead to an observable distortion of the 

logfmax - T-1 plot at the transŝƚŝŽŶ ƚĞŵƉĞƌĂƚƵƌĞ͕ ǁŚĞƌĞĂƐ Ă ďƌŽĂĚ ɸr 

peak has a smaller influence on the logfmax- T-1 plot but can lead to 

either an over- or under-estimation of Ea. 

 

         

 

 
Fig.2 (a)-(c) logfmax ʹ T-1 plot in the case of T2 > T1 >> Tm, T1 < T2 << Tm 

and T1 < Tm < T2͕ ƌĞƐƉĞĐƚŝǀĞůǇ͘ ;ĚͿ ȴEa ĂƐ Ă ĨƵŶĐƚŝŽŶ ŽĨ ɷ ĨŽƌ Ea;ʍͿ с Ϭ͘ϱ͕ 
1.0, 1.5 and 2.0 eV in the cases of T2 > T1 >> Tm and Tm << T1 < T2. 
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Part B, Change of Ea;ʍͿ ŝŶ ƚŚĞ ŵĞĂƐƵƌĞĚ ƚĞŵƉĞƌĂƚƵƌĞ ƌĂŶŐĞ 

        If there is a change of Ea;ʍͿ ŽǀĞƌ ƚŚĞ ƚĞŵƉĞƌĂƚƵƌĞ ƌĂŶŐĞ 
investigated, the Arrhenius plot used for simulation is shown in 

Fig.1b: over T1 to T3, Ea;ʍͿ ĐŚĂŶŐĞƐ ĨƌŽŵ Ea;ʍ1) = 1.0, 1.5 or 2.0 eV 

(between T1 and T2, low temperature (LT) region) to Ea;ʍ2) = 0.5 eV 

(between T2 and T3, high temperature (HT) region). Using Ea;ʍ1) = 1.0 

eV as an example, in the cases of: 

1) T3 > T2 > T1 >> Tm (Fig.3a) 

        The logfmax - T-1 plot shows a change of slope at T2 for all ɷ. Both 

below and above T2, logfmax shows a linear relationship with T-1, 

Fig.3a. 

2) T1 < T2 < T3 << Tm (Fig.3b) 

        The logfmax - T-1 plot still shows a change of slope at T2 for all ɷ.  

Below T2, logfmax shows a linear relationship with T-1. Above T2, 

logfmax ǁŝƚŚ ůĂƌŐĞƌ ɷ ǀĂůƵĞƐ ;ɷ6 ƚŽ ɷ8) deviates from a linear 

relationship with T-1 at higher temperatures, as indicated by the 

circle in Fig.3b. 

3) T1 < T2 = Tm < T3 (Fig.3c) 

       If the change of Ea;ʍͿ ŽĐĐƵƌƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚĞŵƉĞƌĂƚƵƌĞ ĂƐ ƚŚĞ 
phase transition temperature, the logfmax - T-1 plot shows various 

features depending on ɷ͘ FŽƌ ƐŵĂůůĞƌ ɷ ǀĂůƵĞƐ ;Ğ͘Ő͕͘ ɷ0 ƚŽ ɷ3), the 

logfmax - T-1 plot shows a change of slope at T2. Both below and above 

T2, logfmax shows a linear relationship with T-1. With increasing ɷ ;Ğ͘Ő͕͘ 
ɷ4 ĂŶĚ ɷ5), the change of Ea at T2 cannot be observed and the logfmax- 

T-1 plot shows a linear relationship with T-1 between T1 and T3. With 

a further increase in ɷ ;ɷ6 ĂŶĚ ɷ7), logfmax- T-1 shows a distortion at T2 

(=Tm), Fig.3c. 

4) T1 < T2 < Tm < T3 or T1 < Tm < T2 < T3 (Fig.3d and e) 

      If the change of Ea(ʍͿ ĂŶĚ ƉŚĂƐĞ ƚƌĂŶƐŝƚŝŽŶ ŽĐĐƵƌ Ăƚ ĚŝĨĨĞƌĞŶƚ 
temperatures, the logfmax  - T-1 relationship is also dependent on ɷ 
ĂŶĚ ĐĂŶ ďĞ ĐŽŵƉůŝĐĂƚĞĚ͘ IŶ ŐĞŶĞƌĂů͕ ǁŝƚŚ ƐŵĂůů ɷ ǀĂůƵĞƐ ;ɷ0 ƚŽ ɷ3), the 

logfmax - T-1 plot presents similar  behaviour to the logʍ ʹ T-1 plot and 

only one kink at T2 can be observed. With increasing ɷ͕ ƚŚĞ ĚŝƐƚŽƌƚŝŽŶ 
at Tm becomes increasing obvious to give multiple features on the 

logfmax - T-1 plot.  

        For the linear logfmax - T-1 relationship in the HT and LT regions in 

Fig.3a and b, we also calculated the associated Ea(fmaxͿ ĂŶĚ ȴEa 

values. As shown in Fig.3f, if the lowest temperature investigated is 

much higher than the phase transition temperature, i.e., T1 >> Tm, 

using the time constant related parameter fmax tends to overestimate 

Ea for both the HT and LT regions, and it shows a more significant 

ĞĨĨĞĐƚ ŽŶ ƚŚĞ HT ƌĞŐŝŽŶ͘ ȴEa ŝƐ ĂůƐŽ ĚĞƉĞŶĚĞŶƚ ŽŶ ɷ͗ ůĂƌŐĞƌ ɷ ǀĂůƵĞƐ 
ŐĞŶĞƌĂƚĞ ůĂƌŐĞƌ ȴEa. Furthermore, the lower Ea;ʍ1), the larger ȴEa for 

the LT region, whereas Ea;ʍ1Ϳ ŚĂƐ ŶŽ ŝŵƉĂĐƚ ŽŶ ȴEa for the HT region. 

If the highest temperature investigated is much lower than the phase 

transition temperature, i.e., T3 << Tm, using fmax tends to 

underestimate Ea for both the HT and LT regions, and it shows a more 

ƐŝŐŶŝĨŝĐĂŶƚ ĞĨĨĞĐƚ ŽŶ ƚŚĞ HT ƌĞŐŝŽŶ͘ TŚĞ ůĂƌŐĞƌ ɷ ĂŶĚ ƚŚĞ ƐŵĂůůĞƌ Ea;ʍ1) 

ǀĂůƵĞƐ͕ ƚŚĞ ůĂƌŐĞƌ ͮȴEa|. 

        The above numerical simulations suggest the permittivity-

temperature profile, as well as the measurement temperature range 

relative to the phase transition temperature, has a large effect on the 

logfmax ʹ T-1 relationship, and consequently Ea(fmax). If the phase 

transition temperature is far outside the temperature range 

investigated, the logfmax ʹ T-1 plot usually shows linear behaviour 

ƐŝŵŝůĂƌ ƚŽ ƚŚĞ ůŽŐʍ ʹ  T-1 plot but it can overestimate or underestimate 

the activation energy. If the phase transition temperature is within 

the temperature range investigated, depending on the permittivity-

temperature profile, the logfmax ʹ T-1 plot can be significantly 

ĚŝĨĨĞƌĞŶƚ ĨƌŽŵ ƚŚĞ ůŽŐʍ ʹ T-1 plot and consequently give misleading 

ŝŶĨŽƌŵĂƚŝŽŶ͘ FŽƌ ĞǆĂŵƉůĞ͕ ĂůƚŚŽƵŐŚ ůŽŐʍ ƐŚŽǁƐ Ă ůŝŶĞĂƌ ƌĞůĂƚŝŽŶƐŚŝƉ 
with T-1, logfmax can show a change of Ea ǁŝƚŚ ĐĞƌƚĂŝŶ ɸr ʹ T profiles 

;ĞŐ͘ FŝŐ͘ϮĐ͕ ɷ4Ϳ͖ Žƌ ĂůƚŚŽƵŐŚ ƚŚĞ ůŽŐʍ - T-1 plot shows a kink, logfmax 

can show a linear relationship with T-1 ĨŽƌ ĐĞƌƚĂŝŶ ɸr ʹ T profiles (eg. 

FŝŐ͘ϯĐ͕ ɷ4 ĂŶĚ ɷ5).  

        IŶ ƉƌĂĐƚŝĐĞ͕ ƌĞĂů ɸr ʹ T profiles can be considerably more 

complicated than those used in these simulations, i.e. permittivity is 

not symmetric around Tm and often contains multiple peaks. 

However, it is clear that Ea(fmax) is only equal to Ea;ʍͿ ǁŚĞŶ ɸr is 

temperature-independent, which is not the case for ferroelectric 

materials. The sharper the permittivity peak, the larger the deviation 

of Ea(fmax) from Ea;ʍͿ͘  
 

 

 

 

 
Fig.3 logfmax ʹ T-1 plot in the cases of (a) T3 > T2 > T1 >> Tm; (b) T1 < T2 

< T3 << Tm; (c) T1 < T2 = Tm < T3; (d) T1 < T2 < Tm < T3; (e) T1 < Tm < T2 < 

T3͘ ;ĨͿ ȴEa ĂƐ Ă ĨƵŶĐƚŝŽŶ ŽĨ ɷ ĨŽƌ Ea;ʍ1) = 1.0, 1.5 and 2 eV in the cases 

of T3 > T2 > T1 >> Tm and T1 < T2 < T3 << Tm. 
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Experimental results 

         The experimental results are subdivided into two sections. The 

first section considers materials where the bulk conductivity has a 

single activation energy over the measured temperature range and 

the second section considers examples where there is a change in 

the value of the activation energy associated with the bulk 

conductivity within the measured temperature range. The  

permittivity-temperature and dielectric loss-temperature profiles for 

the ferroelectric materials were measured using an LCR meter from 

room temperature to 873 or 1073 K and are shown in the 

supplementary information (Figs. S2-S8).  The shaded regions in the 

permittivity plots therein indicate the temperature range over which 

impedance spectroscopy data could be obtained for these samples 

and is the focus of the results section.  

Part A, Materials with constant Ea 

1) 8YSZ and 8D4WSB (ɷ0) 

        A typical Z* plot for 8YSZ shows three responses, from high to 

low frequency (left to right), corresponding to bulk, grain boundary 

and electrode effects, respectively, Fig.4a. The impedance spectra of 

8YSZ were fitted by an equivalent circuit of three R-CPE in series 

connection (inset in Fig.4a) with the bulk resistance (subsequently 

converted to conductivity) being associated with the large arc and 

element R1-CPE1 ŝŶ ƚŚĞ ĞƋƵŝǀĂůĞŶƚ ĐŝƌĐƵŝƚ͘ TŚĞ M͛͛-logf spectroscopic 

plot of 8YSZ (Fig.4b) shows a single Debye peak, corresponding to the 

bulk response as it has much lower capacitance (orders of magnitude 

lower) than the responses from grain boundary and the electrode 

ĞĨĨĞĐƚ͘ WŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ƚĞŵƉĞƌĂƚƵƌĞ͕ ƚŚĞ M͛͛ ƉĞĂŬ ƐŚŝĨƚƐ ƚŽ ŚŝŐŚĞƌ 
frequency but the peak height remains unchanged. As the peak 

height is proportional to the reciprocal of the bulk capacitance, the 

constant peak height indicates a temperature-independent 

capacitance, and therefore a temperature-independent permittivity, 

as shown in Fig.4c.  AƌƌŚĞŶŝƵƐ ƉůŽƚƐ ĨŽƌ ƚŚĞ ďƵůŬ ĐŽŶĚƵĐƚŝǀŝƚǇ͕ ʍb, 

;ŽďƚĂŝŶĞĚ ĨƌŽŵ ĞƋƵŝǀĂůĞŶƚ ĐŝƌĐƵŝƚ ĨŝƚƚŝŶŐ ĂŶĚ ĨƌŽŵ ƚŚĞ M͛͛ 
spectroscopic plots) and fmax ;ĨƌŽŵ M͛͛ ƐƉĞĐƚƌŽƐĐŽƉŝĐ ƉůŽƚƐͿ ĂƌĞ 
shown in Fig.4d. The activation energies calculated from the linear 

ĨŝƚƚŝŶŐ ŽĨ ůŽŐʍb - T-1 and logfmax - T-1 relationship are identical with a 

value of 1.07 eV. 8D4WSB showed similar behaviour with the results 

presented in Fig.S9 in SI with Ea;ʍb) and Ea(fmax) values of 0.93 eV.   
2) Bi2.5Na1.5Nb3O12 ;ƐŵĂůů ɷ͕ ŝ͘Ğ͕͘ ɷ1- ɷ2; T1 < Tm < T2, see Fig.S2 

ĨŽƌ ɸr ʹT profile) 
        Z* plots for Bi2.5Na1.5Nb3O12 showed a single arc associated with 

a bulk response and could be fitted by an equivalent circuit of one R-

CPE ĞůĞŵĞŶƚ͕ FŝŐ͘ϱĂ ĂŶĚ ŝƚƐ ŝŶƐĞƚ͘  TŚĞ M͛͛-logf spectroscopic plot 

shows a single Debye peak, which shifts to higher frequency with 

increasing tempeƌĂƚƵƌĞ͕ FŝŐ͘ϱď͘ TŚĞ M͛͛ DĞďǇĞ ƉĞĂŬ ŚĞŝŐŚƚ ƐŚŽǁƐ 
little variation from ~ 823 to 948 K before it starts to increase 

significantly at higher temperatures up to 1073 K. Consequently, the 

permittivity-temperature profile is quite flat from 823 to 948 K and 

then it starts to decrease with temperature, Fig.5c. Linear fitting of 

ƚŚĞ ůŽŐʍb - T-1 and logfmax - T-1 relationships give Ea values of 1.63 and 

1.69 eV, respectively, Fig.5d. 

3) ͞ƐŽĨƚ͟ P)T ϱH ĂŶĚ NB0.51T ;ůĂƌŐĞ ɷ͕ ŝ͘Ğ͕͘ ɷ5 ʹ ɷ7, T2 > T1 >> Tm, 

see Fig.S3 and Fig.S4 ĨŽƌ ɸr ʹT profile, respectively) 

        Z* plots for PZT 5H also showed a single arc associated with a 

bulk response which could be fitted by a single R-CPE element, Fig.6a 

ĂŶĚ ŝƚƐ ŝŶƐĞƚ͘ TŚĞ ƐŝŶŐůĞ͕ DĞďǇĞ ƉĞĂŬ ŝŶ ƚŚĞ M͛͛-logf spectroscopic 

plots shifts to higher frequency with increasing temperature with a 

continuous increase in peak height, Fig.6b, and consequently a 

continuous decrease in permittivity from 723 to 923 K, Fig.6c. 

AƌƌŚĞŶŝƵƐ ƉůŽƚƐ ĨŽƌ ʍb and fmax both show a linear relationship with T-

1 but with different activation energies, i.e., Ea;ʍb) ~ 1.26 eV and 

Ea(fmax) ~ 1.47 eV,  Fig.6d. NB0.51T showed similar impedance 

behaviour with the results presented in Fig.S10 in SI with Ea;ʍb) ~ 1.71 

eV and Ea(fmax) ~ 1.95 eV, Fig.S10(d).    

4) Bi2.5Na0.5Nb2O9 ;ŝŶƚĞƌŵĞĚŝĂƚĞ Žƌ ůĂƌŐĞ ɷ͕ ŝ͘Ğ͕͘ ɷ3 ʹ ɷ7, T1 < T2 

<< Tm, see Fig.S5 ĨŽƌ ɸr ʹT profile) 

        Z* plots for Bi2.5Na0.5Nb2O9 showed a single arc associated with 

a bulk response and could be fitted by an equivalent circuit of one R-

CPE element, Fig.7Ă ĂŶĚ ŝƚƐ ŝŶƐĞƚ͘ TŚĞ M͛͛-logf spectroscopic plots 

show a single Debye peak, which shifts to higher frequency with 

increasing temperature, Fig.7b. The peak height remains relatively 

constant from 823 to 873 K, and then decreases rapidly with 

increasing temperature, Fig.7b. Accordingly, the permittivity shows 

very little change between 823 and 873 K, and then starts to increase 

ǁŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ƚĞŵƉĞƌĂƚƵƌĞ͕ FŝŐ͘ϳĐ͘ AƌƌŚĞŶŝƵƐ ƉůŽƚƐ ĨŽƌ ʍb and fmax 

both show a linear relationship with T-1 but with different activation 

energies, i.e., Ea;ʍb) ~ 1.83 eV and Ea(fmax) ~ 1.49 eV,  Fig.7d.  

5) ͞ŚĂƌĚ͟ P)T ϰA ĂŶĚ NĂ0.5Bi4.5Ti4O15 ;ůĂƌŐĞ ɷ͕ ŝ͘Ğ͕͘ ɷ5 ʹ ɷ7, T1 < 

Tm < T2, see Fig.S6 and Fig.S7 ĨŽƌ ɸr ʹT profile, respectively) 

        Z* plots of hard PZT showed a single arc associated with a bulk 

response which can be fitted by a single R-CPE element, Fig.8a and 

ŝƚƐ ŝŶƐĞƚ͘ TŚĞ M͛͛-logf spectroscopic plots show a single peak, 

corresponding to the bulk response, which shifts to higher frequency 

with increasing temperature, Fig.ϴď͘ TŚĞ M͛͛ ƉĞĂŬ ŚĞŝŐŚƚ initially 

decreases significantly with increasing temperature, reaching its 

minimum at ~ 568 K, and then increases up to the highest measured 

temperature of 673 K. Consequently, the permittivity increases 

rapidly from ~ 2500 at 473 K to its peak value of ~ 15,000 at 568 K, 

and then decreases rapidly to ~ 2500 at 673 K, Fig.8c.  Arrhenius plots 

ĨŽƌ ʍb show a linear relationship with T-1 to give Ea;ʍb) ~ 1.08 eV. In 

contrast, an Arrhenius plot for logfmax shows complex behaviour. It 

can be divided into three regions: below 533 K or above 593 K, logfmax 

linearly decreases with increasing T-1 with Ea(fmax) ~ 0.85 eV and 1.73 

eV respectively; between 533 and 593 K, logfmax - T-1 is curved and 

shows a downward bend, Fig.8d. Similar behaviour with a non-linear 

logfmax ʹ T-1 relationship near Tm with a more pronounced downward 

bend is observed from the analysis of impedance data for 

Na0.5Bi4.5Ti4O15 shown in Fig.S11 in the SI. 
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Fig. 4 (a) Z* plot for 8YSZ measured at 573 K. Red open circles are the 

experimental data and the black line is the fitting curve using the 

ĞƋƵŝǀĂůĞŶƚ ĐŝƌĐƵŝƚ ;ECͿ ƐŚŽǁŶ ŝŶ ƚŚĞ ŝŶƐĞƚ͖ ;ďͿ M͛͛-logf plots from 473 

to 573 K with an interval of 10 K; (c) Relative permittivity as a function 

ŽĨ ƚĞŵƉĞƌĂƚƵƌĞ͖ ĂŶĚ ;ĚͿ AƌƌŚĞŶŝƵƐ ƉůŽƚƐ ĨŽƌ ƚŚĞ ďƵůŬ ĐŽŶĚƵĐƚŝǀŝƚǇ͕ ʍb, 

ĐĂůĐƵůĂƚĞĚ ďǇ ďŽƚŚ EC ĨŝƚƚŝŶŐ ĂŶĚ M͛͛ ƉĞĂŬ͕ ĂŶĚ ƚŚĞ ĐŚĂƌĂĐƚĞƌŝƐƚŝĐ 
frequency, fmax and their associated activation energies Ea;ʍb) and 

Ea(fmax), respectively. 

 

 

 
Fig.5 (a) Z* plot for Bi2.5Na1.5Nb3O12 measured at 973 K. Red open 

circles are the experimental data and the black line is the fitting curve 

ƵƐŝŶŐ ƚŚĞ ĞƋƵŝǀĂůĞŶƚ ĐŝƌĐƵŝƚ ;ECͿ ƐŚŽǁŶ ŝŶ ƚŚĞ ŝŶƐĞƚ ĨŝŐƵƌĞ͖ ;ďͿ M͛͛-logf 

plots from 823 to 1073 K at intervals of 25 K; (c) Relative permittivity 

as a function of temperature; and (d) Arrhenius plots for the bulk 

ĐŽŶĚƵĐƚŝǀŝƚǇ͕ ʍb, and the time constant related parameter fmax and 

their associated activation energies Ea;ʍb) and Ea(fmax), respectively. 

 
Fig.6 (a) Z* plot for PZT 5H measured at 873 K. Red open circles are 

the experimental data and the black line is the fitting curve using the 

ĞƋƵŝǀĂůĞŶƚ ĐŝƌĐƵŝƚ ;ECͿ ƐŚŽǁŶ ŝŶ ƚŚĞ ŝŶƐĞƚ ĨŝŐƵƌĞ͖ ;ďͿ M͛͛-logf plots 

from 723 to 923 K at an interval of 25 K; (c) Relative permittivity as a 

function of temperature; and (d) Arrhenius plots for the bulk 

ĐŽŶĚƵĐƚŝǀŝƚǇ͕ ʍb, and the time constant related parameter fmax and 

their associated activation energies Ea;ʍb) and Ea(fmax), respectively. 

 

 

 

 
Fig.7 (a) Z* plot for Bi2.5Na0.5Nb2O9 measured at 973 K. Red open 

circles are the experimental data and the black line is the fitting curve 

ƵƐŝŶŐ ƚŚĞ ĞƋƵŝǀĂůĞŶƚ ĐŝƌĐƵŝƚ ;ECͿ ƐŚŽǁŶ ŝŶ ƚŚĞ ŝŶƐĞƚ ĨŝŐƵƌĞ͖ ;ďͿ M͛͛-logf 

plots from 823 to 998 K at intervals of 25 K; (c) Relative permittivity 

as a function of temperature; and (d) Arrhenius plots for the bulk 

ĐŽŶĚƵĐƚŝǀŝƚǇ͕ ʍb, and the time constant related parameter fmax and 

their associated activation energies Ea;ʍb) and Ea(fmax), respectively. 
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Fig.8 (a) Z* plot for PZT 4A measured at 523 K. Red open circles are 

the experimental data and the black line is the fitting curve using the 

ĞƋƵŝǀĂůĞŶƚ ĐŝƌĐƵŝƚ ;ECͿ ƐŚŽǁŶ ŝŶ ƚŚĞ ŝŶƐĞƚ ĨŝŐƵƌĞ͖ ;ďͿ M͛͛-logf plots 

from 493 to 673 K at intervals of 25 K with smaller intervals in the 

range between 558 and 573 K ; (c) Relative permittivity as a function 

ŽĨ ƚĞŵƉĞƌĂƚƵƌĞ͖ ĂŶĚ ;ĚͿ AƌƌŚĞŶŝƵƐ ƉůŽƚƐ ĨŽƌ ƚŚĞ ďƵůŬ ĐŽŶĚƵĐƚŝǀŝƚǇ͕ ʍb, 

and the time constant related parameter fmax and their associated 

activation energies Ea;ʍb) and Ea(fmax), respectively. 

 

 

Part B, Material with a change of Ea in the measured temperature 

range- NB0.49T 

        Z* plots for oxide-ion conducting NB0.49T shows three arcs, from 

high to low frequency (left to right), corresponding to the responses 

from the bulk, grain boundary (GB) and electrode effects, 

respectively, Fig.9a. The origin of large impedance associated with 

the GB in NB0.49T is still under investigation but it may be associated 

with a space charge effect and/or impurity segregation, which are 

reported in many oxide-ion conductors such as YSZ and doped 

ceria.27 The low-frequency spike associated with the electrode effect 

is a clear signature of ionic conduction.3 The spectrum can be fitted 

using three R-CPE elements in series connection, inset in Fig.9a. The 

M͛͛-logf spectroscopic plot shows a single Debye peak, 

corresponding to the bulk response, which shifts to higher frequency 

ǁŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ƚĞŵƉĞƌĂƚƵƌĞ͕ FŝŐ ϵď͘ TŚĞ M͛͛ ƉĞĂŬ ŚĞŝŐŚƚ ĚĞĐƌĞĂƐĞƐ 
significantly with increasing temperature, reaching a minimum at 

598 K, and then increases with increasing temperature. The 

permittivity of NB0.49T, in the measured temperature range between 

448 and 723 K, increases from ~ 1500 at 448 K to its peak value of ~ 

3200 at 598 K, and then decrease to ~ 1500 at 723 K, Fig.9c. The bulk 

ĐŽŶĚƵĐƚŝǀŝƚǇ͕ ʍb, shows a change in activation energy, from ~ 0.85 eV 

at 448 ʹ 573 K to 0.42 eV at 573 ʹ 723 K, Fig.9d. The change of Ea;ʍb) 

at ~ 573 K may be related to the coexistence of rhombohedral and 

tetragonal phases between 523 and 673 K, or a combination of 

defect associates and polymorphic phase transitions.28-29 

Nevertheless, the logfmax - T-1 plot shows a linear relationship with an 

activation energy of 0.64 eV, Fig.9d.  

 
Fig. 9 (a) Z* plot for NB0.49T measured at 673 K. Red open circles are 

the experimental data and the black line is the fitting curve using the 

ĞƋƵŝǀĂůĞŶƚ ĐŝƌĐƵŝƚ ;ECͿ ƐŚŽǁŶ ŝŶ ƚŚĞ ŝŶƐĞƚ ĨŝŐƵƌĞ͖ ;ďͿ M͛͛-logf plots 

from 448 to 723 K at intervals of 25 K; (c) Relative permittivity as a 

function of temperature; and (d) Arrhenius plots for the bulk 

ĐŽŶĚƵĐƚŝǀŝƚǇ͕ ʍb, and the time constant related parameter fmax and 

their associated activation energies Ea;ʍb) and Ea(fmax), respectively. 

 

 

Discussion 

1) Comparison between the simulations and experimental 

results 

        In this work we have investigated the use of two parameters 

commonly obtained from analysis of impedance spectroscopy data, 

i.e. bulk electrical conductivity ;ʍͿ ĂŶĚ ƚŚĞ ĐŚĂƌĂĐƚĞƌŝƐƚŝĐ ĨƌĞƋƵĞŶĐǇ 
fmax related to the time constant of the bulk response, to assess their 

reliability in obtaining the activation energy for bulk conduction in 

ferroelectric materials over a range of temperature.  The range may 

or may not include the permittivity peak at Tm associated with a 

ferro- to para-electric phase transition. Conduction mechanisms of 

these materials include predominant oxide-ion conduction (8YSZ, 

8D4WSB, NB0.49T), mixed ionic-electronic conduction (PZT 5H and 

Na0.5Bi4.5Ti4O15) and predominant electronic/hole conduction 

(Bi2.5Na1.5Nb3O12, NB0.51T, Bi2.5Na0.5Nb2O9 and PZT4A). A summary of 

the conduction mechanisms and experimental results for the 

materials studied is given in Table 2. In contrast to non-ferroelectric 

materials such as 8YSZ and 8D4WSB, which show identical values for 

Ea;ʍͿ ĂŶĚ Ea(fmax), most ferroelectric materials show different values 

of Ea;ʍͿ ĂŶĚ Ea(fmax). Moreover, within certain temperature ranges, 

nonlinear behaviour between logfmax and T-1 is observed, e.g., for PZT 

4A and Na0.5Bi4.5Ti4O15, see Fig.8 and Fig.S11, respectively. It is clear 

that the logfmax - T-1 relationship, and consequently the extracted 

value of Ea(fmax), is strongly dependent on logʍ ʹ T-1͕ ɸr ʹ T and the 

measured temperature range relative to Tm. 
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Table 2. Summary of Ea;ʍͿ ĂŶĚ Ea(fmax) for the materials investigated in this work. Tm and temperature range for impedance measurements 

for each material are also listed. 

Material Conduction mechanism/ 

charge carrier 

Tm / K Temperature 

range / K 

Ea;ʍͿ ͬ ĞV Ea(fmax) / eV 

8YSZ Ionic, O2- (ref.27) - 473 ʹ 573 1.07 ± 0.01 1.07 ± 0.02 

8D4WSB Ionic, O2- (ref.30) - 413 ʹ 513 0.93 ± 0.01 0.93 ± 0.02 

Bi2.5Na1.5Nb3O12 Electronic, e (Fig.S12) ~ 873, 943 823 ʹ 1073 1.63 ± 0.02 1.69 ± 0.04 

PZT 5H Mixed, O2- + h (Fig.S13) ~ 443 723 ʹ 923 1.26 ± 0.01 1.47 ± 0.01 

NB0.51T Electronic, e (ref.3) ~ 598 823 ʹ 1073 1.71 ± 0.01 1.95 ± 0.02 

Bi2.5Na0.5Nb2O9 Electronic, e (Fig.S14) ~ 1063 823 ʹ 998 1.83 ± 0.02 1.49 ± 0.02 

PZT 4A Electronic, h (Fig. S15) ~ 568 473 ʹ 673 1.07 ± 0.01 0.85 ± 0.02, T < 533 K 

Nonlinear, 533 < T < 593 K 

1.73 ± 0.03, T > 593 K 

Na0.5Bi4.5Ti4O15 Mixed, O2- + e (Fig.S16) ~ 923 773 ʹ 1073 1.54 ± 0.03 0.91 ± 0.02, T < 873 K 

Nonlinear, 873 < T < 973 K 

1.94 ± 0.07, T > 973 K 

NB0.49T Ionic, O2- (ref.3) ~ 598 448 ʹ 723 0.84 ± 0.01, T < 573 K 

0.42 ± 0.01, T > 573 K 

0.64 ± 0.01 

 

        

        The simulations show that Ea(fmax) equals to, or is close in value 

to Ea;ʍͿ ŝĨ ƚŚĞ ƉĞƌŵŝƚƚŝǀŝƚǇ ŝƐ ŝŶĚĞƉĞŶĚĞŶƚ Žƌ ƐŚŽǁƐ ůŝƚƚůĞ ƚĞŵƉĞƌĂƚƵƌĞ 
dependence. Non ferroelectric materials, 8YSZ and 8D4WSB, have 

near temperature-independent permittivity and therefore Ea(fmax) is 

consistent with Ea;ʍͿ͘ AŵŽŶŐ Ăůů ƚŚĞ ĨĞƌƌŽĞůĞĐƚƌŝĐ ŵĂƚĞƌials 

investigated in this work, only the Aurivillius phase Bi2.5Na1.5Nb3O12 

(m = 3) shows a relatively flat permittivity-temperature profile, Fig.S1 

and Fig.5. In this case, Ea(fmax) is only slightly higher than Ea;ʍͿ ǁŝƚŚ Ă 
ȴEa of 3.7%. Furthermore, simulations show that if the phase 

transition temperature is far outside the measured impedance 

temperature range, logfmax - T-1 will show linear behaviour similar to 

ůŽŐʍ - T-1 plots; however, if Tm is much lower than the lowest 

temperature investigated, fmax will overestimate the activation 

energy. PZT 5H and NB0.51T represent this case (see Fig.6 and Fig.S9, 

respectively) and show Ea(fmax) to be 16.7% and 14.0% higher than 

Ea;ʍͿ͕ ƌĞƐƉĞĐƚŝǀĞůǇ͘ If Tm is much higher than the highest temperature 

investigated, fmax will underestimate the activation energy. 

Experimentally it is observed in Bi2.5Na0.5Nb2O9, see Fig.7.  If the 

phase transition occurs within the measurement temperature range, 

and with a relatively sharp permittivity peak, the logfmax - T-1 plot will 

show an additional (non-linear) feature in the vicinity of Tm. This is 

observed for PZT 4A, and Na0.5Bi4.5Ti4O15, see Fig.8 and Fig.S11, 

respectively.  

         If there is a change in Ea;ʍͿ ŽǀĞƌ ƚŚĞ ƚĞŵƉĞƌĂƚƵƌĞ ƌĂŶŐĞ 
investigated, simulations show that logfmax can still show a linear 

relationship with T-1 given a relatively broad permittivity-

temperature profile, which is in agreement with the observation in 

NB0.49T. It should be stressed that as the numerical simulations do 

not consider the electrical conduction mechanism or type of charge 

carrier(s), they can be applied to any ferroelectric material. Figs.2 and 

ϯ ĐŽǀĞƌ ŵĂŶǇ ƉŽƐƐŝďůĞ ĐŽŵďŝŶĂƚŝŽŶƐ ŽĨ ůŽŐʍ ʹ T-1 ĂŶĚ ɸr ʹ T, and can 

be used to predict the logfmax ʹ T-1 relationships for a wide variety of 

materials. 

 

 

 

 

2) Physical meaning of Ea;ʍͿ ĂŶĚ Ea(fmax) in ferroelectric 

materials 

        According to Eq.(1), Ea;ʍͿ ĚĞƉĞŶĚƐ ŽŶůǇ ŽŶ ƚŚĞ ƚĞŵƉĞƌĂƚƵƌĞ 
dependence and magnitude of the resistance of a material and 

therefore Ea;ʍͿ ƌĞƉƌĞƐĞŶƚƐ ƚŚĞ ĂĐƚŝǀĂƚŝŽŶ ĞŶĞƌŐǇ for the charge 

carrier. Depending on the electrical conduction mechanism, it may 

consist of the migration energy for the charge carrier and the 

association energy for local defect clusters for ionic conduction,31 or 

it may be half of the band gap in the case for an intrinsic 

semiconductor.3 Based on Eq.(6), fmax is the product of resistance and 

capacitance, therefore the logfmax ʹ T-1 plot contains information 

from the both conduction and polarisation processes, including their 

temperature dependence. 

        Considering a parallel RC circuit, the time constant is defined as 

the time required to charge the capacitor to 63.2% of the applied 

voltage through the resistor. For a material with a flat permittivity-

temperature profile, the capacitance is constant, so the time 

constant (and fmax) is dependent only on the resistance of the 

resistor. The temperature dependence of fmax is therefore the same 

ĂƐ ƚŚĂƚ ŽĨ ʍ ĂŶĚ ƚŚĞƌĞĨŽƌĞ Ea;ʍͿ ĂŶĚ Ea(fmax) give the same value, as 

shown by trend-line 1 in Fig.10.   For a ferroelectric material below 

Tm the permittivity increases with increasing temperature and so 

does the capacitance. It takes a longer time to charge the capacitor 

with increasing temperature (for an equivalent resistor), and 

ƚŚĞƌĞĨŽƌĞ ƚŚĞ ƐůŽƉĞ ŽĨ ůŽŐʏ ʹ T-1 (or logfmax ʹ T-1) deviates from that 

ŽĨ ůŽŐʍ ʹ T-1 to give a lower Ea(fmax) than Ea;ʍͿ͕ ĂƐ ŝůůƵƐƚƌĂƚĞĚ ďǇ ƚƌĞŶĚ-

line 2 in Fig.10. Above Tm, the permittivity and consequently the 

capacitance decreases with increasing temperature. Therefore, it 

takes shorter time to charge the capacitor with increasing 

temperature and results in a larger slope on the logfmax ʹ T-1 plot, so 

Ea(fmax) is higher than Ea;ʍͿ ŝŶ ƚŚŝƐ ƌĞŐŝŽŶ͘ Ea(fmax) is therefore an 

indication of how the polarisation or orientation of the dipoles 

present in the material interact with the charge carriers. The larger 

the difference between Ea(fmax) and Ea;ʍͿ͕ ƚŚĞ ďŝŐŐĞƌ ŝƐ ƚŚĞ ŝŶĨůƵĞŶĐĞ 

from the lattice polarisation. 
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Fig.10 Schematic of the change of logfmax ʹ T-1 relationship for a 

parallel RC circuit when the capacitor shows different dependences 

on temperature: (1) capacitance does not change with temperature 

and (2) capacitance changes with temperature with a maximum at 

Tm͘ IŶƐĞƚ ĨŝŐƵƌĞ Ăƚ ƚŚĞ ďŽƚƚŽŵ ƐŚŽǁƐ ƚŚĞ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ɸr ʹ T 

relationship. 

 

 

Concluding remarks 

        In this paper, we study the Ea;ʍͿ ĂŶĚ Ea(fmax) for some typical 

non-ferroelectric and ferroelectric materials and employ numerical 

simulations to investigate combinations of different logʍ ʹT-1 ĂŶĚ ɸr 

ʹ T profiles on the logfmax ʹ T-1 relationship and Ea(fmax). Both 

experimental and simulation resultƐ ƐŚŽǁ ďŽƚŚ ƚŚĞ ɸr ʹ T profile and 

the temperature range relative to Tm are critical to the logfmax ʹ T-1 

relationship and Ea(fmax) values. Major conclusions are: 

1) Non-ferroelectric materials with temperature-independent (or 

nearly temperature-independent) permittivity or 

ferroelectric/relaxor materials with relatively flat permittivity-

temperature profiles, Ea;ʍͿ ĂŶĚ Ea(fmax) are identical or very 

similar. In such cases, Ea(fmax) can be used to estimate Ea;ʍͿ͘ 
2) For ferroelectric materials with a sharp permittivity peak at Tm, 

the logfmax ʹ T-1 plot can show non-linear behaviour. Ea(fmax) is 

dependent on the temperature range measured relative to Tm. If 

the temperature range studied is much higher than Tm, Ea(fmax) is 

larger than Ea;ʍͿ͖ ŝĨ ŝƚ ŝƐ ŵƵĐŚ ůŽǁĞƌ ƚŚĂn Tm, then Ea(fmax) is lower 

than Ea;ʍͿ͘ IĨ Tm is within the temperature range studied, logfmax 

ʹ T-1 can deviate from a linear relationship and therefore it is not 

possible to reliably calculate Ea(fmax). Any values obtained for 

Ea(fmax) will have significant errors associated with them and such 

analysis is not recommended. 

3) The simulation results in Figs.2 and 3 can be applied to many 

ferroelectric and related materials with different logʍ ʹT-1 ĂŶĚ ɸr 

ʹ T profiles and show the use of Ea(fmax) to obtain the activation 

energy for bulk electrical conduction (and any discuss of the 

possible conduction mechanisms) in ferroelectric materials 

should be used with caution. 

4) Here we have focused on presenting impedance data in the form 

of )Ύ ĂŶĚ M͛͛-logf spectroscopic plots. Other formalisms and 

plots of impedance data͕ ŝ͘Ğ͕͘ M͛-logf͕ )͛͛-logf͕ C͛ ʹ logf͕ Y͛-logf, 

ƚĂŶɷ-logf, etc., can also provide valuable information on the 

dynamics of these materials and are worthy of further study. 
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