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The dielectric and ferroelectric nonlinearity of Nb-doped PbZrO3 relaxor ferroelectric thin films

was investigated. The ac field dependence of the permittivity of relaxor ferroelectric thin films is

demonstrated to be described by a Rayleigh type relation. Both reversible and irreversible compo-

nents of dielectric permittivity decrease linearly with the logarithm of the frequency of the ac field.

The irreversible Rayleigh coefficient a0(T) shows a peak around the “freezing temperature” Tf,

which is probably according to the transition from polar nano-regions (PNRs) to dipole-glass state

in relaxor ferroelectrics. The results demonstrate that the models describing the interaction of do-

main walls and randomly distributed pinning centers in ferroelectric materials can be extended to

the displacement of nanoscale walls in relaxors. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4935951]

Ferroelectric (FE) thin films are used in a wide range of

applications including various devices, such as capacitors,

pyroelectric sensors, non-volatile memories, and piezoelectric

actuators, due to their excellent dielectric, ferroelectric, and

piezoelectric properties.1–4 These properties of FE materials

are strongly affected by the displacement of domain walls,

which contribute to the dielectric and ferroelectric properties

through (1) reversible motion with a small amplitude and

(2) irreversible motion during a switching process.5,6 To

distinguish between the reversible and irreversible contribu-

tions, the FE properties are normally studied as a function of

frequency, temperature, stress, electric field, aging times,

etc.7–11 Damjanovic et al. demonstrated that the domain wall

contributions to the dielectric permittivity, piezoelectric coef-

ficient, and FE polarization of bulk ferroelectrics could be

analyzed by the empirical Rayleigh law.6–9 It is shown that

both reversible and irreversible components of dielectric per-

mittivity and piezoelectric coefficient of FE materials depend

linearly on the logarithm of the frequency of the field.

Relaxor ferroelectrics (RFEs) have been discovered for

more than 50 yr. Unlike the case in FEs, the RFEs attribute

their superior physical properties to the existence of the so-

called polar nano-regions (PNRs).12 PNRs are dynamic

between the Burn’s temperature TB (below which PNRs are

found to occur) and the freezing or transition temperature Tf

(below which PNRs grow into FE micro-domain state or

freeze into a dipole-glass state).12–14 Since RFEs possess

extremely different polar structures in comparison to FEs,

they unusually show large and strong frequency dependent

dielectric permittivity over a broad temperature range.12–15

However, the detailed mechanism of the PNRs contribute

to the large dielectric response is still far from being under-

stood. The thermally activated reorientation of dipole

moments of PNRs16,17 and/or the side-way motion of their

boundaries without the change of the orientation18 are con-

sidered to be the dominant contribution to the measured

dielectric permittivity.

In addition to bulk ferroelectrics, the Rayleigh type

behavior has also been reported in several FE thin films,

such as lead zirconate titanate (PZT) films.19–21 In this letter,

the reversible and irreversible contributions to the dielectric

permittivity and polarization of RFE thin films were

explored in a manner analogous to the response in the FE

systems. Temperature driven PNR dynamic displacement

and domain wall motion dependence of the dielectric

responses were investigated in detail for Nb-doped PbZrO3

(PNZ) thin film, which shows typical RFE behavior in our

previous study.22

7 mol. % Nb-doped PbZrO3 (PNZ-7) thin films were de-

posited on Pt(111)/Ti/SiO2/Si(100) substrates by a modified

sol-gel method. Stock solutions were prepared by a modified

2-methoxyethanol synthesis process using an appropriate

amount of lead acetate trihydrate, zirconium(IV) n-propoxide,

and niobium ethoxide. Details about stock solution prepara-

tion, film coating, and heat treatment processes were reported

earlier.22 Briefly, lead acetate trihydrate was dissolved in

2-methoxyethanol and distilled for 30 min to remove water. A

20% excess of lead was added to the sol to compensate

for lead loss during annealing. When the solution was cooled

to room temperature, niobium ethoxide and zirconium

n-propoxide were added, respectively. After being aged for
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24 h, Nb-doped PZ thin films were coated on Pt(111)/Ti/SiO2/

Si substrate followed by a pyrolyzing process on a hot plate at

723 K. The spin coating and heat-treatment were repeated sev-

eral times until the desired thickness was obtained. Finally,

the films were annealed at 923 K for 3 min in an oxygen-rich

environment by a rapid thermal annealing (RTA) process. For

dielectric and hysteresis measurements, platinum top electro-

des with 0.2 mm in diameter were deposited on surface of the

films by using RF magnetron sputtering with a shadow mask.

The films were then annealed again at 673 K for 3 min in an

oxygen-rich environment by using a RTA process. The crystal

structures of PNZ films were examined by using a Philips’

X-ray diffractometer (XRD). The thickness of the films was

evaluated by using a scanning electron microscopy (SEM). A

probe system with heatable vacuum chuck (Linkam, UK) was

used for electrical characterization. The quasistatic hysteresis

curves of the fresh samples were measured by using a Radiant

Premier II tester (Radiant Technologies, Inc., NM) at 1 kHz.

The capacitance and dissipation factor at different oscillation

fields were analyzed by means of an impedance analyzer

(Solartron SI 1260, UK).

Figure 1 presents the X-ray diffraction patterns of PNZ-7

thin films grown on Pt bottom electrodes with an annealing

temperature of 923 K. The diffraction peaks can be indexed

according to a pseudo-cubic structure. Clearly, the films had

a pure perovskite structure with (100)-preferred orientation.

The cross-sectional SEM image (inset of Figure 1) revealed

that PNZ-7 thin films are dense, uniform, crack free, and

delamination free. No impurities such as pyrochlore/fluorite

phases were observed in the XRD pattern. The thickness of

PNZ-7 films was determined to be �400 nm from the cross-

sectional SEM image.

The temperature dependence of dielectric permittivity at

different frequencies of PNZ-7 films is shown in Figure 2.

The low dielectric loss (<0.02 for 100 kHz at room tempera-

ture) of the sample implies its high quality, which is benefit

for further discussions on electrical properties. Around the

dielectric permittivity peak, strong frequency dispersion was

observed. With increasing frequency, the dielectric peak

shifts to a higher temperature with a decreasing amplitude,

indicating typical relaxor FE characteristics. Uchino and

Nomura23 suggested a variable power law to describe the

paraelectric dielectric permittivity of FEs with diffuse phase

transitions

1

e
¼ 1

em
1þ T � Tmð Þc

2d2

� �
; (1)

where e and em are the dielectric permittivity and its maxi-

mum value, respectively. It is believed that a power factor

c close to 1 suggests normal FEs, while a value close to 2

suggests RFEs.12–18 Curve fitting results according to

Equation (1) for the dielectric permittivity of a PNZ-7 sam-

ple are shown in the inset A of Figure 2. There are obviously

two different regions with the Lorenz fitting. The c and d val-

ues for the lower temperature region are 2.55 and 189.68,

while for the higher temperature region are 1.57 and 33,

respectively. Similar result has been observed for numerous

typical RFEs.24 For RFEs, the relationship between the probe

frequency x and the peak temperature Tm can be described

by the V€ogel–Fulcher (V-F) equation14

x ¼ x0 exp
�Ea

kB Tm � Tfð Þ

� �
; (2)

where Tf is the static freezing temperature, x0 the attempt

frequency, and Ea the activation energy. The inset B of

Fig. 2 shows plot of ln(x) versus Tm derives from the e0-T
curves. Applying Eq. (2) to the experimental data, we can

get the fitting result of Tf� 376.7 K for PNZ-7 thin films.

The close agreement of the data with the V-F relationship

suggests the relaxor behavior in PNZ-7 system.

Figure 3(a) illustrates the relative dielectric permittiv-

ity of the PNZ-7 thin film as a function of ac (oscillation)

field measured at room temperature with different frequen-

cies. The low-field P–E hysteresis loop with frequency

¼ 1 kHz at room temperature is shown in the inset of

Figure 3(b). Similar to FE materials,6–11 the measured per-

mittivity and low-field polarization also fits quite well the

Rayleigh law

e0 ¼ e0int þ a0E0; (3)
FIG. 1. Room-temperature XRD pattern and cross-sectional SEM image

(inset) of a typical PNZ-7 thin film.

FIG. 2. Temperature-dependent relative dielectric permittivity of PNZ-7

thin films at different frequencies. Inset A: ln((em/e)� 1) vs. ln(T�Tm)
curve for PNZ-7 thin films at 100 kHz; inset B: the plots of ln(2pf) vs. Tm.

The solid curve in the inset B was fitted according to the V-F relation.
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P Eð Þ ¼ e0int þ a0E0

� �
E6

a0

2
E2 � E2

0

� �
; (4)

where e0, e0int, a0, and E0 are the measured dielectric permit-

tivity, reversible Rayleigh coefficient (also called initial

dielectric permittivity), irreversible Rayleigh coefficient, and

the amplitude of oscillation field (E0<Ec), respectively. The

“þ” sign in Equation (4) corresponds to decreasing field

while the “�” sign corresponds to increasing field, and E0 is

the maximum field applied during the P-E loop measure-

ments. It is clear from Fig. 3(a) that e0int and a0 depend on the

frequency of the ac field. The fitting results according to

Equations (3) and (4) are shown in Fig. 3(b). Both reversible

and irreversible parameters show a linear dependence with

ln(f), which is similar to the Rayleigh behavior of piezoelec-

tric coefficient of PZT ceramics due to domain wall pinning

processes.25

Figure 4(a) illustrates the relative dielectric permittivity

of the PNZ-7 thin film as a function of ac field measured at

selected temperatures. Cleary, the Rayleigh-like region

becomes narrow with increasing temperature due to the

decreased coercive field at higher temperature (as shown in

Fig. 6). The values of Rayleigh parameters, e0int, a0, and ratio

of irreversible-to-reversible contributions to the dielectric

permittivity (a0/e0int), are listed in Table I. To better illustrate

the change, e0int, a0, and a0/e0int are plotted as a function of

temperature in Figure 4(b). Our results demonstrated that

both reversible and irreversible contributions to dielectric

permittivity are temperature dependent. It can be seen that

the reversible parameter e0int increases nearly linearly from

811 to 1370 up to a temperature close to the dielectric

peak temperature Tm. The ratio of irreversible-to-reversible

contributions gradually increases from �0.016 cm/kV to a

maximum value �0.027 cm/kV at 353 K with increasing

temperature, and then decreases smoothly. In addition, the ir-

reversible coefficient a0 displays a peak at around 373 K,

which is quite close to the so-called “freezing temperature”

Tf obtained by V-F equation14 (Tf¼ 376.7 K for PNZ-7).

The results above suggest that PNZ-7 RFE thin films

show Rayleigh-like behavior, similar to FE materials. Note

that for FEs,6–10 e0int in Equation (3) consists of contributions

to permittivity from intrinsic lattice polarizability and reversi-

ble domain wall motion, while a0 E0 represents the irreversi-

ble displacement of the walls. The above analysis implies

the co-existence of reversible and irreversible processes in

RFE PNZ-7 thin films. The irreversible process accounts for

�34% of the total measured permittivity at 293 K and

E0¼ 30 kV/cm. Despite the mechanism underpinning nonlin-

ear behavior remain unanswered, Rayleigh behavior in ferroic

systems definitely concerns itself with interacting interfa-

ces,26 indicative of wall/interface motion process in RFEs.

How PNRs interact at low temperature is still an open

question in RFEs. Dipole glass model13 and random-field

model16 are the two widely accepted physical models. The

PNRs are very small and can be considered as individual

thermally activated dipoles giving rise to the orientational

polarization. Pirc and Blinc proposed a frozen dipole glass

state below Tf for RFEs, and thus, the dominant contribution

to dielectric permittivity peak of RFEs may be attributed to

FIG. 3. (a) The ac field dependence of

the relative dielectric permittivity and

dielectric loss of PNZ-7 thin films at

different frequencies. (b) Frequency de-

pendence of e0int, and a0 for PNZ-7 thin

films. The inset shows a low-field P–E

hysteresis loop with E0¼ 35 kV/cm and

frequency¼ 1 kHz at room tempera-

ture. The solid line in the inset was fit-

ted according to Equation (4).

FIG. 4. (a) The ac field dependence of

the relative dielectric permittivity of

PNZ-7 films at different temperatures.

(b) Temperature dependence of the re-

versible Rayleigh coefficient, irreversi-

ble Rayleigh coefficient, and ratio of

irreversible-to-reversible contributions

to PNZ-7 thin films.

202902-3 Ye et al. Appl. Phys. Lett. 107, 202902 (2015)



the thermally activated reorientation of dipole moments of

PNRs.16,17 Random-field model predicts a ferroelectric do-

main state in RFEs.18,27 Fu et al. proposed27 that the number

and size of PNR increase upon cooling from TB to a transi-

tion temperature Tc. Neighboring PNRs may merge together

to form micro-domains for T<Tc. The impact of PNRs on

the dielectric response of RFEs has been discussed in a wide

range of materials and summarized in numerous review

articles.28 The increase of the reversible Rayleigh parameter

e0int with temperature is expected to be due to both the intrin-

sic increase of dielectric permittivity near Tm and the

increase of PNR boundary motion that is thermally activated.

The proximity of peak temperature of a0(T) to the PNRs

freezing temperature Tf may be more inclined to the “dipole

glass state” picture of RFEs. Upon cooling, the polarization

fluctuations freeze out below a static freezing temperature,

leading to a sharp decline in a0(T). The decreased a0(T) with

increasing temperature above Tf could be attributed to the

reduction of total PNR volume with increasing temperature.

The reversible polarization contribution to total polar-

ization could be evaluated by integrating the small-signal

C-V measurements, Prev ¼ 1
A

Ð
CðVÞdV (A¼ area of sample,

C¼ capacitance value, and V¼ applied voltage).29 Thus, the

irreversible component could be obtained by subtracting the

reversible component from the total polarization.29,30 The dc

field dependence of capacitance (C-V) and dielectric loss of

PNZ-7 films were measured at different temperatures at a

frequency of 100 kHz with a small oscillation voltage of

50 mV, as shown in Figure 5. The single-butterfly shaped

C-V response at low temperature indicates that the FE do-

main contribution and the off-center displacement associated

with spontaneous polarization were inherent for PNZ-7 thin

films. On the other hand, the separation between sweep-up

and sweep-down curves decrease gradually, which indicates

the phase transition from FE domain state to dynamic PNRs

with increasing temperature. Dielectric loss remains quite

low (less than 0.05) in the whole electric field range at differ-

ent temperatures. The multiple P-E loops measured with var-

ious maximum applied fields at room temperature are shown

in the inset of Figure 5. The P-E curves are slim and show

small remanent polarization and low coercive field due to

TABLE I. Reversible Rayleigh parameter (e0int), irreversible Rayleigh pa-

rameter (a0), and ratio of irreversible-to-reversible contributions to dielectric

nonlinearity (a0/e0int) of PNZ-7 films measured at different temperatures.

Temperature (K) e0int a0 (cm/kV) 100a0/e0int (cm/kV)

293 810.96 13.56 1.6727

313 838.26 18.01 2.1484

333 919.38 23.30 2.5341

353 1032.03 27.98 2.7112

373 1154.85 29.74 2.5753

393 1277.53 24.76 1.9381

413 1369.52 15.92 1.1628

FIG. 5. DC field dependence of capacitance (C-V) and dielectric loss of

PNZ-7 thin films measured at different temperatures at a frequency of 100

kHz. The inset shows the multiple P-E loops measured with various maxi-

mum applied fields at room temperature.

FIG. 6. The quasi-static polarization

response of PNZ-7 thin films along

with reversible and irreversible compo-

nents of polarization at different tem-

peratures of 293, 353, 413, and 453 K.
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small domain dimension and lack of long-range order in

PNZ-7 thin films.

The corresponding reversible components have been

estimated by integrating C-V plots from Figure 5. Figure 6

shows the quasi-static polarization response of PNZ-7 thin

films along with reversible and irreversible components of

polarization at different temperatures of 293, 353, 413, and

453 K. It can be clearly seen from the figure that, with

increasing temperature, there is a gradual change from a FE-

like hysteresis loop to a paraelectric-like one. These results

corroborate the previously observed dc field-dependent

dielectric permittivity. All hysteresis loops are strongly

shifted towards negative field values, which could be attrib-

uted to the dissymmetry structure between the button electro-

des and the top electrodes and/or the presence of a built-in

field in the thin film due to non-uniform distribution of space

charges entrapped by lattice defects near interfaces.31 When

the temperature is increased from room temperature to 453 K,

the total polarization and irreversible polarization decrease

from 20.7 to 17.6 lC/cm2 and from 10.9 to 4.8 lC/cm2,

respectively, while the reversible polarization increases from

9.8 to 12.8 lC/cm2. This result leads to an increase in the ra-

tio of reversible polarization to total polarization.

In summary, we investigated the temperature-dependent

reversible and irreversible processes in pure perovskite PNZ-

7 thin films fabricated by chemical solution deposition on Pt

substrates. A Rayleigh-like behavior in the PNZ-7 relaxor

ferroelectric thin films was clearly observed. The tempera-

ture dependent irreversible Rayleigh coefficient a0(T) shows

a transition peak, probably corresponding to the transition

from dynamic PNRs into freezing dipole-glass state. The

irreversible process was calculated to account for �34% of

the total measured permittivity under an ac field of

E0¼ 30 kV/cm at room temperature. The reversible and irre-

versible processes also contribute to polarization. With

increasing temperature, the total and irreversible polariza-

tions decrease while the reversible polarization increases,

which resulted in an increase in the ratio of reversible polar-

ization to total polarization.
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