
www.advelectronicmat.de

2100115 (1 of 11) © 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

ReseaRch aRticle

Influence of DC Bias on the Hysteresis, Loss, and 
Nonlinearity of Epitaxial PbZr0.55Ti0.45O3 Films

Philip Lucke, Muharrem Bayraktar,* Niels Schukkink, Andrey E. Yakshin, Guus Rijnders, 
Fred Bijkerk, and Evert P. Houwman

DOI: 10.1002/aelm.202100115

viscous interaction of ferroelectric domains 
as the source of hysteresis and the associ-
ated dielectric/ferroelectric loss for sub-
coercive field excitations.[10–14] However, 
this approach fails to explain the observed 
field amplitude dependence of the dielec-
tric and piezoelectric loss tangents. For 
PbZrxTi1−xO3 (PZT) ceramics and poly-
crystalline or chemical solution deposited 
(CSD) films, the amplitude and frequency 
dependent hysteresis behavior can be 
described by adapting the Rayleigh model, 
which has been used for the description of 
hysteresis in ferromagnets by considering 
the Barkhausen jumps.[15–18] In ferroelec-
trics the Rayleigh model considers the sto-
chastic interaction of domain walls (DWs) 
with defects as jumps of the DWs from one 
energetic minimum to another analogous 
to Barkhausen jumps.[19,20] Because of its 
stochastic description, the Rayleigh model 
can not take into account the crystal sym-
metry of the material, which is expected to 

strongly influence the hysteresis, loss, and nonlinearity since the 
functional properties of the material are dependent on the crystal 
symmetry and, thus, on the growth orientation of an epitaxial 
film.[21] The Rayleigh model assigns a single parameter to describe 
the combined effect of nonlinearity and loss as the source of hys-
teresis. Even though the nonlinear response of some ceramics 
and CSD films can be described by the odd harmonics predicted 
by this model the even harmonics, which are also observed in 
some experiments can not be explained.[22,23] Other approaches 
such as time-dependent density functional theory can be used to 
explain the complex polarization effects, but they have to be exten-
sively benchmarked with experimental data for practical use.[24,25]

In an earlier publication we have shown that for epitaxial 
PbZr0.55Ti0.45O3 films with a monoclinic crystal symmetry, the 
hysteresis, loss, and nonlinearity of functional properties can 
be very well described by a model that considers the rotation of 
the polarization vector within the unit cell and that is accompa-
nied by a viscous interaction of the domains.[26] Moreover, with 
this so-called polarization rotation model, it is possible to differ-
entiate between the nonlinearity of the response that is caused 
by the nonlinear response of the angle of the polarization vector 
to the applied field and the loss due to viscous interaction of the 
domains. In addition, the polarization rotation model predicts 
all experimentally observed even and odd harmonics.

Applications usually work using a unipolar drive, which 
can be generated by using DC bias fields. As such, it is of 

The hysteresis, loss, and nonlinearity of the strain and polarization response 
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range. The measured strain is hysteretic and linear, whereas the polarization 
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1. Introduction

Hysteresis is a common challenge in the use of piezoelectric 
ceramics and thin films in applications such as sensors, actua-
tors, ferroelectric memories, and energy harvesters.[1–8] Hysteresis 
can cause energy loss in energy harvesting devices or positioning 
inaccuracy in actuators.[9] Several studies have identified the 
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importance to be able to describe the hysteresis and loss of the 
piezoelectric materials under this condition. Some papers using 
the Rayleigh model also report on the case of non-zero field 
bias. In these reports the applicable range of the Rayleigh model 
increases and the hysteresis decreases as bias increases.[27–30] 
However, the Rayleigh model does not allow to make quantita-
tive predictions on the change of the Rayleigh parameters with 
applied bias. Here we experimentally show that for monoclinic, 
epitaxial PbZr0.55Ti0.45O3 films, an extension of the polarization 
rotation model can quantitatively describe the hysteresis, loss, 
and nonlinearity in the strain and polarization also for non-zero 
bias fields.

2. Polarization Rotation Model with Applied Bias

The polarization rotation model considers the rotation of the 
polarization vector in the (110)-plane in a (001)-oriented rhom-
bohedral or monoclinic thin films under the influence of an 
electric field excitation.[26] The polarization, measured across 
the film in a parallel plate capacitor configuration, is then given 
by

cos( )SP P θ=  (1)

with PS the length of the spontaneous polarization vector and 
θ the angle between the [001]-axis and the polarization vector. 
Using a grounded bottom electrode, a positive voltage on the 
top electrode corresponds to a downward-oriented electric field 
so that in a poled film the polarization angle is measured with 
respect to a top-to-bottom oriented film normal axis. In a fully 
relaxed unit cell at zero field, the polarization vector is in the 
body diagonal and θ equals θ0  = 54.7°. Our films are under 
compressive, in-plane stress, resulting in a rotation of the 

polarization vector (in zero field) toward the out-of plane direc-
tion and, thus, in a lower polarization angle that is defined as 
θ0, f [26] (the subscript f indicates that the sample is a clamped 
thin film). The associated polarization value is the remanent 
polarization Pr  = PS  cos (θ0, f) of the film. The application of a 
(positive) bias field in the [001]-direction leads to a further rota-
tion of the angle θ toward the [001]-axis and is denoted by θDC, f. 
The polarization is then PDC  = PS  cos (θDC, f). Under an addi-
tionally applied AC field in the [001]-direction, the angle of the 
polarization vector oscillates around θDC, f, causing the oscilla-
tion of the polarization value around PDC, and consequently 
stretching and contraction of the unit-cell, and thus an oscil-
lating strain in the [001]-direction by the piezoelectric effect.

In the following, we first present the strain and polarization 
loops of the film in response to large electric field amplitudes 
far exceeding the coercive field. From these measurements the 
strain, polarization and polarization angle are described as a 
function of applied field in the non-switching range of the loop, 
that is in the field range commonly used in hysteresis meas-
urements. From these descriptions the nonlinearity and loss 
tangent of the strain and polarization during hysteresis meas-
urements are predicted based on an extension of the polariza-
tion rotation model by taking into account a non-zero bias field. 
Here we only consider polarization rotation and no polarization 
switching. Therefore, the magnitude of the AC and DC fields 
in the experiments are selected accordingly. Furthermore, we 
assume that for the used magnitudes of the AC and DC fields 
the extension of the polarization vector is negligible.[26,31,32]

2.1. Strain Response

Typical large signal strain–electric field (S-E) and polariza-
tion–electric field (P-E) loops are shown in Figure  1. For the 

Figure 1. Global a) S-E and b) P-E loops. The red lines show the maximum trajectory of strain and polarization corresponding to AC cycling around the 
20 kV cm−1 DC bias. The insets show the magnified view of these trajectories. Field dependence of the polarization angle θ calculated from the inset 
in (b) for AC field amplitudes of c) 10 kV cm−1 and d) 28 kV cm−1. The red lines give the fit of the datapoints with (c) a second order polynomial in the 
10 to 30 kV cm−1 field range and (d) a fourth order polynomial in the −8 to 48 kV cm−1 field range. All measurements are at 3 kHz.
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hysteresis measurements we consider a downward polarized 
sample driven by an AC field excitation on top of a zero or 
positive field bias, such that the polarization (strain) oscil-
lates along the falling branch of the large signal P-E (S-E) 
loop. A positive DC bias of 20 kV cm−1 during the hysteresis 
measurements causes the central point of the AC field oscil-
lations (with amplitudes in the range of 2.5–28  kV  cm−1) to 
shift along the field axis. The strain and polarization values 
shift accordingly on the global S-E and P-E loops as shown 
with red lines in Figure 1a,b. The measured strain around the 
bias field is in good approximation (R2  = 0.9994) linear with 
the applied field, as shown in the inset. Therefore, we can 
describe the DC strain by the linear relation SDC  = d33, f EDC 
where d33, f and EDC are respectively the effective piezoelectric 
coefficient in the out-of-plane direction of the clamped thin 
film and the applied DC bias field. One can then also describe 
the AC strain response by a linear relation that is in-phase 
(ip) with the applied AC field E(t), thus, Sip(t) = d33, f E(t) for 
oscillating fields that do not extend beyond the sub-coercive 
field similar as was done for the zero bias case. The validity 
of the linear dependence can be derived from the Landau–
Devonshire model to a good approximation.[26] The observa-
tion of elliptic strain hysteresis loops in our experiments 
suggests that the piezoelectric loss is dominated by a viscous 
loss mechanism.[26] The viscous loss can be introduced as an 
out-of-phase (oop) component in the strain response which is 
proportional to the time derivative of the in-phase response 
as ( ) ( )oop ipS t S tSγ=  , where γS is a viscosity coefficient. The total 
strain is then the sum of SDC, Sip, and Soop

( ) 33, DC 33, 33,S E d E d E d Ef f S fγ= + +   (2)

One arrives at a simple expression for the strain response to 
a small amplitude sinusoidal field, E(t) = E0 sin (ωt), similar to 
that for the zero bias case apart from the SDC offset.

ω γ ω ω= + +( ) sin( ) cos( )33, DC 33, 0 0S t d E d E t E tf f d  (3)

Here we defined γd  = γS d33, f. It is noted that in the fol-
lowing experiments use is made of a double beam laser 
interferometer (DBLI), which allows only the determina-
tion of strain changes, hence, the value of SDC can not be 
determined. However, this does not change the validity of 
the model as the DC component of the strain only works as 
an offset and does not influence the scaling of loss or hys-
teresis. As a consequence of the assumed viscous nature of 
the loss process the unit cell deformation is lagging in time 
in response to varying fields, thus, one expects that γd  < 0. 
We do not exclude the presence of any implicit frequency 
dependencies of the parameters d33, f and γd, which could 
stem from frequency dependent viscous interactions. How-
ever, the nature of such interactions is poorly understood 
and described in literature. Instead, we will extract the fre-
quency dependence of these parameters from the hysteresis 
measurements at different frequencies.

The strain loss, or loss tangent, is simply given by the ratio 
of the viscous to non-viscous components of the strain:

tan | / | | |33,dS d f Sδ γ ω γ ω= =  (4)

2.2. Polarization Response

A typical global P-E loop is shown in Figure  1 b. For the hys-
teresis measurements we consider only the decreasing field 
branch, because the film is poled downward before each 
measurement. The application of a positive DC field bias of 
+20 kV cm−1 leads to a shift of the center point of the AC polari-
zation response to the value P = PDC. The hysteresis measure-
ments have been performed with AC field amplitudes from 2.5 
to 28 kV cm−1. For the analysis of the nonlinearity we used two 
AC field amplitudes, 10 and 28 kV cm−1. The lower amplitude is 
chosen to be the same as in Lucke et.al.[26] to be able to compare 
the zero bias case to non-zero bias case. The large amplitude 
was chosen because it is the largest amplitude that can be used 
without observable effects of polarization switching on the hys-
teresis. This amplitude results in an oscillation of the electric 
field from −8 to 48 kV cm−1 that enables to explore the validity 
of the polarization rotation model in a field range that is far 
exceeding the Rayleigh range. The red line in Figure 1b shows 
the maximum range of field and polarization change for the 
second AC amplitude.

The change of the polarization angle θ around θDC, f, which 
is in-phase with the driving field, is described by θip = Δθ(E(t)). 
The out-of-phase part is described as oop Pθ γ θ= ∆ , assuming a 
linear viscous interaction with viscosity coefficient γP to be pre-
sent. The change of the polarization angle is then given by the 
summation of the three contributions.

( ) ( ) ( )DC,E E Ef Pθ θ θ γ θ= + ∆ + ∆   (5)

The change of the polarization angle that is in-phase with 
the applied field can be described with a polynomial that has 
the general form:

( ) 1,DC 2,DC
2

3,DC
3

1
,DCE E E E E

i

p

i
i∑θ β β β β∆ = + + … =

=

 (6)

where p is the order of the polynomial. The value of p in 
the first place depends on the AC amplitude E0 but also 
on the strain state of the film and consequently on the sub-
strate, the deposition temperature, and the film composition 
since these change the curvature of the P-E loop. Because the 
polarization angle decreases with increasing field the odd β 
coefficients should be negative. The even β coefficients give 
rise to a possible asymmetry in the field sensitivity of Δθ(E) 
around θDC, f. Furthermore, the viscosity parameter γP is 
expected to be negative as the out-of-phase response should 
lag behind the electric field.

Figure  1c,d gives the angle θ(E) that is calculated from the 
global P-E loop using Equation (1). For both AC amplitudes the 
curves are fitted with a polynomial of order two (R2 = 0.9999) 
and four (R2 = 0.9997), respectively. These are the lowest order 
polynomials that can accurately describe the nonlinearity of the 
measured θ(E). The fit values of the polynomial coefficients that 
will be used further on in this study are given in Figure  1c,d. 
It is seen that the expectations with respect to the signs of the 
coefficients match with the signs of the fitted values. Further-
more, the increase in the AC field amplitude just leads to an 
increase of the order of the polynomial p because the covered 
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part of the θ(E)-curve becomes increasingly curved, but the βp 
parameters remain of the same order of magnitude for dif-
ferent AC amplitudes.

A comparison of the fitted polynomials for AC amplitude of 
10  kV  cm−1, with and without DC bias, shows that the order 
of the polynomial decreases from 4 to 2 for the non-zero bias 
case.[26] Moreover, with zero bias the values of the β-coefficients 
(β1 = −3.9 × 10−3 cm kV−1 and β2 = 1.1 × 10−4 cm2 kV−2  [26]) are 
significantly larger than the corresponding βi,DC-coefficients 
in Figure 1c because of the increased average slope and asym-
metry of the P-E loop for zero bias.

Inserting Equations  (5) and (6) into Equation  (1) and using 
some trigonometric identities the dependence of the polariza-
tion on the angular change θ(E) with applied DC bias can be 
written as:

cos

cos tan sin

S DC,

DC DC,

P E P

P

f P

P f P

θ θ θ γ θ

θ γ θ θ θ γ θ

( )
( ) ( )( )

( )( ) = + ∆ + ∆

= ∆ + ∆ − ∆ + ∆ 



 

 (7)

Here PDC  = PS cos (θDC, f). From Figure  1c,d it can be seen 
that Δθ(E) is of the order of a few degrees allowing the use of 
lowest order Taylor expansions of the sin  and cos  functions. 
This approximation results in a nonlinear, analytically trac-
table, polynomial expression for the time-dependent polariza-
tion response which can be written concisely as a sum of sine 
and cosine functions that depends on the order p of the Δθ(E) 
polynomial:

( ) sin cosDC 0
1

2

, 0 , 0P t P c c E n t c E n t
n

p

n s
n

n c
n∑ ω ω( ) ( )= + +











=

 (8)

The coefficients of the harmonics c0, cn,s and cn,c are func-
tions of the polynomial parameters βi,DC, viscosity coefficient 
γP, the AC field frequency ω and the AC field amplitude E0. 
In Section S1, Supporting Information, explicit forms of these 
functions are given. Note that all coefficients are even functions 
of E0 and that the amplitude of the harmonics rapidly decreases 
with increasing harmonic number n. The sin (n ω t) terms give 
rise to peaks in the frequency domain at all frequencies n ω, 
with n = 1 being the fundamental harmonic and n > 1 being the 
corresponding higher harmonics. Thus, the model predicts that 
in the polarization signal all harmonics are present up to fourth 
and eight order for E0  = 10 and 28  kV  cm−1 respectively. Fur-
thermore, hysteresis is expected to be present in all harmonics, 
since for every harmonic there is a non-zero cosine term in 
the expansion.

It is found from calculation using the determined coeffi-
cients that c0 ≈1 for all used amplitudes and frequencies. Con-
sequently, the first and higher order hysteresis loops are all 
centered around the same bias point PDC. The amplitude of the 
nth polarization harmonic in the case of applied bias can be cal-
culated by:

,DC 0 DC 0 ,
2

,
2P E P E c cn

n
n s n c( )( ) = +  (9)

One can now predict the scaling of |Pn,DC(E0)| with the AC 
field amplitude from the E0 dependence of the c-coefficients. 

For E0  <  =10  kV  cm−1 the harmonic amplitudes are predicted 
to scale as:

1,DC 0 DC 1,1 0 1,3 0
3

2,DC 0 DC 2,2 0
2

2,4 0
4

3,DC 0 DC 3,3 0
3

4,DC 0 DC 4,4 0
4

P E P k E k E

P E P k E k E

P E P k E

P E P k E

( )
( )
( )
( )

( )
( )
( )
( )

= +

= +

=

=

 (10)

The kn,m coefficients are new functions of the β-coefficients 
and ω, where n is again the order of the harmonic and m is the 
power of the corresponding field amplitude term. The predicted 
scaling of the polarization amplitude for E0 < =10 kV cm−1 with 
EDC = 20 kV cm−1 bias is less nonlinear than for the same AC 
amplitude with zero bias as the model predicts additional 5th 
and 6th order harmonics for the latter case and only up to 4th 
order for the DC bias case.

For E0 < =28 kV cm−1 the harmonic amplitudes are predicted 
to scale as:

( )

( )
( )

(
( )
( )
( )
( )
( )

( )
( )
( )
( )
( )
( )
( )
( )

= + +

= + +

= +

= +

=

=

=

=

P E P k E k E k E

P E P k E k E k E

P E P k E k E

P E P k E k E

P E P k E

P E P k E

P E P k E

P E P k E

1,DC 0 DC 1,1 0 1,3 0
3

1,5 0
5

2,DC 0 DC 2,2 0
2

2,4 0
4

2,6 0
6

3,DC 0 DC 3,3 0
3

3,5 0
5

4,DC 0 DC 4,4 0
4

4,6 0
6

5,DC 0 DC 5,5 0
5

6,DC 0 DC 6,6 0
6

7,DC 0 DC 7,7 0
7

8,DC 0 DC 8,8 0
8

 (11)

There is a clear increasing nonlinear dependence of the 
polarization response on E0 because of the presence of higher 
order polynomial terms and an increase of the number of har-
monics. Overall, the amplitude of the harmonics scale either 
with even or odd powers of the field amplitude depending on 
the parity of the order of the harmonic. This relation was also 
found for the zero bias case.[26]

The energy loss per polarization hysteresis cycle is proportional 
to the area enclosed by the hysteresis loop in the field domain, 
∫cycleP(E)dE. It appears that only the fundamental harmonic has a 
non-zero area as the areas of all higher harmonics are described 
by integrals of the product of an even and an odd function and is 
as such zero (see Section S2, Supporting Information for further 
details). The polarization loss tangent tan δP can therefore be cal-
culated simply as the ratio of the coefficients of the viscous and 
non-viscous part of the fundamental harmonic:

δ γ ω= ≈
c
c

tan c

s
PP

1,

1,

 (12)

It is easy to show that the last approximation step holds by 
substituting the numerical values in the expressions of c1,c and 
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c1,s. This is the same expression as for the strain loss tangent 
and for the zero bias case.[26]

3. Results and Discussion

Figure 2 shows the Fourier Transform of the measured strain 
and polarization signal in response to a sinusoidal driving 
field at 3 kHz. The left and right columns show the signals for 
E0  = 10 and 28  kV  cm−1 respectively for a bias field of EDC  = 
20  kV  cm−1. The raw strain data in Figure  2a,b show only a 
single peak at the fundamental frequency of 3 kHz. No higher 
harmonics can be identified. (Some high amplitude noise peaks 
appear at higher frequencies, but because of their very narrow 
peak width we attribute these to numerical artifacts of the fast 
Fourier transform algorithm.) Below 2  kHz one can clearly 
observe a frequency dependent noise that is inversely propor-
tional to the frequency. The polarization signal, Figure  2c,d, 
shows several higher harmonics superimposed on the fre-
quency dependent background noise. For small and large E0 
respectively all harmonics up to 3rd and 9th order are observed 
in agreement with the predictions of the the polarization rota-
tion model in Equations  (10) and (11). Not observing the pre-
dicted 4th order harmonic for the low E0 case can be explained 
by the rapidly declining amplitude of the harmonics, such that 
the 4th harmonic is hidden in the noise, see Section S1.1, Table 
S1, and Figure S1, Supporting Information. The observation of 
a 9th order harmonic for the high E0 case when the model pre-
dicts only harmonics up to 8th order is related to the choice 
of the lowest order polynomial. A higher order polynomial 
would lead to higher orders but would also make the equations 
too complicated to follow. The observed frequency dependent 
noise was fitted with a power law dependence Pnoise(f  ) = af b 

in the polarization data where the frequency dependent noise 
is more apparent. The exponent was obtained as b  =  −0.89 ± 
0.03 by taking into account all the polarization measurements 
indicating the 1/f character of the noise. The obtained 1/f base-
line is also overlaid to the strain signal below the fundamental 
frequency. The 1/f baseline closely matches the observed fre-
quency dependent baseline for both the polarization and the 
strain in Figure 2.

3.1. Strain Hysteresis Measurements

The low frequency noise in the strain data hinders an accu-
rate fit of the model to the raw measurement data. For this 
reason the strain signal was band-pass filtered around the 
fundamental harmonic and then averaged over the measured 
20 cycles.[26] In Figure  3 the strain signals (markers) and the 
fits using Equation  (3) (lines) are shown for four amplitudes. 
For clarity only every fifth data point is shown. The standard 
deviation of the filtered and averaged data points with respect to 
the fit is smaller than the size of the markers. The strain hyster-
esis loops in Figure 3b are elliptical in contrast to the lenticular 
shapes expected from the Rayleigh model. The data and fits for 
the other frequencies are shown in the Section S3, Supporting 
Information. For all amplitudes and frequencies the linear, vis-
cous strain model accurately fits the data.

The extracted model parameters d33, f (E0,f  ) and γd (E0,f  ) at 
3 kHz frequency are plotted as a function of the field amplitude 
E0 in Figure 4a,b. The statistical uncertainty of the fitted param-
eters is smaller than the size of the markers. One observes no 
obvious field dependence of d33, f and γd. Both model parame-
ters fluctuate around an average value, that is the average of 
the model parameters at different E0 that can be represented 
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Figure 2. Fourier transform of a,b) the measured strain and c,d) the polarization signal for a sinusoidal signal of 20 cycles at 3 kHz. Respectively, left 
and right columns show the signal for AC field amplitudes of 10 and 28 kV cm−1. The red line indicates the fitted 1/f noise baseline.
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by 〈 〉33, 0d f E  (3  kHz) and γ〈 〉 0d E  (3  kHz) and indicated by the 
solid lines in the figure. The shaded areas indicate the ±2 σ 
confidence intervals of the averages. The average values 
are 〈 〉33, 0d f E  (3  kHz) = 88  pm  V−1 and γ〈 〉 0d E  (3  kHz) =  −9 × 
10−11 cm kV−1 Hz−1 rad−1.
Figure 4c shows the dependence of the loss tangent on the 

excitation field amplitude. The datapoints are calculated from 
the area of the hysteresis loop measured for that E0 value. 
The lines correspond to the loss tangent calculated using 
Equation (4) with the field averaged values 〈 〉33, 0d f E  (3 kHz) and 
γ〈 〉 0d E  (3 kHz). The confidence intervals (shaded areas) are cal-

culated using the error propagation of the confidence interval of 
these parameters. The measured loss tangent data shows much 
less spread than the ±2 σ confidence interval except for those 
at the lowest E0 values. We conclude that within the measure-
ment accuracy the loss tangent is independent of the excitation 
amplitude as is expected on the basis of the model if d33, f and 
γd are independent of the field amplitude. Experimentally we 
also find that d33, f, γd, and tan δS, within the investigated ampli-
tude range, are independent of the AC field amplitude. This 
also implies that the global S-E loop in the −8 to 48  kV  cm−1 

range is linear, as was already observed in Figure 1a. The data 
for the zero bias case is plotted in blue in Figure 4 for compar-
ison with the 20 kV cm−1 bias case. We observe that the applica-
tion of a bias field has no significant effect on the values of the 
strain parameters. It is seen that the average 〈 〉33, 0d f E  (3  kHz) 
decreases from 96 pm V−1 for the zero bias case to 88 pm V−1 
for the bias case which means that the average slope in the 
range −10 to 10 kV cm−1 is slightly larger than in the range −8 
to 48 kV cm−1. We do not attribute any significance to the small 
difference in average γd and tan δS values since the differences 
are within the confidence intervals.

In Figure  5a,b the averaged values 〈 〉33, 0d f E  and γ〈 〉 0d E  are 
shown as a function of the excitation frequency. The error bars 
denote the standard deviation of these parameters over the 
investigated field range for that frequency. Orange and blue 
colors are used for the bias and zero bias case respectively. It 
is seen that 〈 〉33, 0d f E  and γ〈 〉 0d E  are also independent of fre-
quency. The field and frequency averaged values, 〈 〉 ω33, ,0d f E  and 
γ〈 〉 ω,0d E  and the corresponding confidence intervals are denoted 

by the horizontal lines and the shaded areas respectively. 
The field and frequency averaged value of the piezoelectric 

a)

b)

c)

@ 3 kHz

@ 3 kHz
@ 3 kHz

Figure 4. Field amplitude dependence of the parameters a) d33, f and b) γd for zero bias (blue) and 20 kV cm−1 bias (orange). The lines denote the 
average value 〈 〉33, 0d f E  and γ〈 〉 0d E  and the shaded areas indicate the ± 2 σ confidence intervals. c) tan δS calculated from the area of the hysteresis loops. 
The lines and confidence intervals are calculated with Equation (4) using the data in (a) and (b).

a) b)

@ 3 kHz

@ 3 kHz

Figure 3. Filtered and averaged strain signal as function of a) time and b) applied cyclic field, E(t). Datapoints show the measurement and the lines 
are obtained from fitting with Equation (3).
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coefficient is 〈 〉 =ω 9033, ,0d f E   pm  V−1. For γ〈 〉 0d E  the low fre-
quency data show larger error bars which is attributed to the 
large 1/f-noise at these frequencies. The field and frequency 
averaged value is γ〈 〉 = − ×ω

−10 10,
11

0d E   cm  kV−1  Hz−1  rad−1, 
so that the viscosity coefficient for strain is obtained as 
γ〈 〉 = − ×ω

−1.1 10,
5

0S E  Hz−1 rad−1.
In Figure 5c the field averaged loss tangent values are shown 

as a function of the frequency. Again the loss tangent is calcu-
lated from the area of the hysteresis loops and the error bars 
denote the standard deviation of the data for different E0-values. 
The lines are calculated with Equation  (4) using the field and 
frequency averaged values 〈 〉 ω33, ,0d f E  and γ〈 〉 ω,0d E . The ± 2 σ con-
fidence intervals are calculated from the error propagation of 
the ± 2 σ confidence intervals in Figure 5a,b. It is observed that 
the experimental loss tangent scales linearly with frequency as 
expected from Equation (4) which supports the assumption of a 
viscous loss mechanism for the strain.

Our results clearly show that the model parameters d33, f, γd 
and, thus, γS are independent of the excitation field amplitude 
and frequency. Furthermore, we observe that the application of 
a bias field does not lead to a significant change of the values 
of these parameters and the loss tangent. As already remarked 
previously, the Rayleigh model cannot explain the observed fre-
quency and amplitude dependencies of the loss tangent while 
these follow naturally from our model, assuming a frequency 
and amplitude independent viscosity constant γS.

3.2. Polarization Hysteresis Measurements

The amplitudes of the first and higher harmonics (up to 5th 
harmonic) of the polarization signal are plotted as function of 
the field amplitude E0 in Figure 6. For harmonics with n  > 5 

the amplitude is below the 1/f-noise baseline, except for the 
largest value of E0. The lines are fits for the zero bias (blue) and 
20  kV  cm−1 bias case (orange), using Equation  (11). The only 
constraint imposed on the fits is that the kn,m coefficients are 
positive, as is expected from the model. Clearly, the fitted poly-
nomials describe accurately the experimentally observed field 
dependencies, demonstrating the applicability of the model. 
Figure  6 shows that the Pn for all harmonics at the zero bias 
case increases rapidly with increasing field amplitude com-
pared to the non-zero bias case.

It is noted that it is not possible to describe the amplitudes 
of the harmonics in terms of the determined β-coefficients 
because the harmonic peaks in the measured Fourier spectra 
show considerable frequency spreading implying signifi-
cant energy transfer from the harmonic frequency to the 
neighboring frequencies. This mechanism is not taken into 
account in the model and causes a discrepancy between 
the theoretical and experimental values of the cn,s/c coef-
ficients and, thus, of the kn,m coefficients. Nevertheless, as 
was already concluded for the case of zero bias the Rayleigh 
model cannot explain the presence of all even and odd har-
monics of the polarization hysteresis. Furthermore, the third 
and higher order odd harmonics are clearly not scaling with 

0
2E  as predicted by the Rayleigh model, but with higher order 
0Em  dependencies.

The loss behavior as described by the polarization rota-
tion model is determined by the fundamental harmonic only, 
Equation (12). In good approximation the polarization response 
can be described by the fundamental harmonic only because the 
cn,s/c coefficients for the higher harmonics (n > 1) rapidly decrease 
in value as compared to the fundamental harmonic (n = 1), thus,

ω ω≈ +[ sin( ) cos( )]DC 1, 0 1, 0P P c E t c E ts c  (13)

c)a)

b)

Figure 5. a) Average piezoelectric coefficient 〈 〉33, 0d f E  and b) viscosity parameter γ〈 〉 0d E  for zero bias (blue) and 20 kV cm−1 bias (orange). The error bars 
denote the standard deviation of the field averaged values. The lines and shaded areas indicate the averages (〈 〉 ω33, ,0d f E  and γ〈 〉 ω, ,0d E ) and their ± 2 σ 
confidence intervals, respectively. c) Loss tangent data points are calculated from the area of the hysteresis loops. The lines and shaded confidence 
intervals are calculated from the average values in (a) and (b) using Equation (4).
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Therefore, one can fit the measured hysteresis loops with the 
fundamental harmonic only to extract simply the values for c1,s 
and c1,c from which tan δP can be calculated straightforwardly. 
The polarization hysteresis loops are obtained by high-pass 
filtering the signal and then averaging over the 20 measured 
cycles. The filtered data and the fits for a frequency of 3  kHz 
are shown in Figure 7a,b and for other frequencies in Section 
S4, Supporting Information. The good fits of the polarization 
against time or field demonstrate that the contributions from 
the higher harmonics are not observable except for the high 
applied field values, thus, that Equation (13) gives an accurate 
approximation of the polarization hysteresis signal. Only for 
E0 ≥ 20 kV cm−1 one observes deviations from the fit with the 
fundamental harmonic. In these cases the magnitude of the 
second harmonic in the Fourier spectrum becomes comparable 
to that of the fundamental frequency.

The polarization loss tangent calculated with Equation  (12) 
is shown in Figure  8a,b as a function of field amplitude and 
frequency respectively. The loss tangent increases strongly with 
the increasing field amplitude. The polarization rotation model 
does not explicitly predict the observed field dependence but 
only a frequency dependence |ωγP| for a constant γP. There is 
a very weak explicit field dependence through the non-approxi-
mated version of the ratio |c1,c/c1,s| which in fact would produce 
a opposite trend, that is a slight decrease of the loss tangent 
with increasing E0. We neglect here this weak field depend-
ence of the viscous loss term. Formally, one can absorb the 
field dependence of the loss tangent in a field dependence of 
the viscosity parameter as in Lucke et.al.[26] However, it is not 
possible to include the non-zero offset in the frequency plots 
in this way. Moreover, since we did not find a field dependence 
for the strain loss tangent, we think that the field dependence 
is not part of the viscous loss but can be attributed to an addi-
tional loss mechanism which is only present in the polariza-
tion hysteresis and described by δ =tan 0

2cEE . Although a linear 
description would fit equally well the bias case, we assume that 
the loss mechanism is the same as for the zero bias case, where 
a quadratic fit was required, therefore, we use the same func-
tional dependence on the field.[26] Comparing the loss tangent 
for the bias and zero bias cases in Figure 8a shows that the loss 
tangent is drastically reduced when a bias field is applied. For 
example, at E0 = 10 kV cm−1 the loss tangent in the case of bias 
is reduced by about a factor 3 which we attribute to the reduc-
tion of the prefactor c of the field dependent term which is, 
thus, a function of the bias point c(EDC).

The frequency dependence of the loss tangent at different 
field amplitudes is shown in Figure  8b. The loss tangent 
increases linearly with frequency for frequencies above about 
500 Hz, while below this frequency the loss tangent increases 
slightly with decreasing frequency, suggesting a loss mecha-
nism that may be related to 1/f-noise. We will not consider the 
latter any further here. The linear dependence above 500  Hz 
is typical for a viscous loss process and is predicted by the 
polarization rotation model in Equation (12). Above, we already 
showed that the amplitude dependence leads to a loss tangent 
contribution, δ =tan 0

2cEE  while we also need to add a constant 
loss tangent, tan δ0, to describe the offset of the viscous loss. 
For frequencies above about 500 Hz the total polarization loss 
tangent can now approximately be described with:

δ ω γ ω δ≈ + +tan ( , ) | | tanP 0 0
2

0E cEP  (14)

To extract the model parameters of Equation  (14), we have 
fitted the frequency dependence from 500 Hz to 5 kHz with 
a linear function, δ ω δ γ ω= +∗tan ( , ) tan ( ) | |0 0 0E EP P , where 

δ ∗tan 0  is a free fitting parameter depending on the field 
amplitude. A single γP value is obtained from simultaneous 
fitting of all curves by least-square fitting. This procedure is 
allowed since the viscous contribution is assumed to be inde-
pendent of E0. The resulting linear fits are shown in Figure 8b 
by the lines and well describe the measured data. To extract 
tan δ0 and c the resulting δ ∗tan ( )0 0E  values are fitted with 

δ δ= +∗tan ( ) tan0 0 0
2

0E cE  as shown in Section S5, Supporting 
Information. For a bias of 20 kV  cm−1 the fit parameters are 
γP  =  −3.27 × 10−6  rad−1  Hz−1, c  = 1.46 × 10−4  kV−2  cm2, and 

Figure 6. Scaling of the amplitude of the polarization harmonics with the 
field amplitude E0. The data points are obtained from Fourier spectra of 
the polarization signal, such as shown in Figure 2 and the lines are fits 
to Equation (11). The orange and blue colors represent the bias and zero 
bias case, respectively.
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tan δ0 = 4.34 × 10−2. The same fitting procedure is repeated for 
the zero bias case, resulting in the fit parameters γP = −2.26 × 
10−6  rad−1 Hz−1, c = 2.59 × 10−3 kV−2 cm2, and tan δ0 = 6.53 × 
10−2. The fits are shown in Section S5, Supporting Informa-
tion. We observe that the application of a bias slightly changes 
γP, and tan δ0 whereas the c-parameter is a factor 18 larger for 
the zero bias case. We attribute these differences to the much 
stronger curvature of the polarization loop at zero bias and, 
therefore, stronger dependence of the polarization angle on 
the AC-field amplitude. Using these fit parameters and Equa-
tion  (14) the lines in Figure 8a are generated and we observe 
that our model describes the measured loss tangent very well 
for the bias and zero bias case. These results strongly sug-
gest that there are multiple loss mechanisms at play simul-
taneously in the polarization hysteresis: a viscous loss arising 
from the proposed polarization rotation model that accounts 
for the strong frequency dependence, a yet unexplained field 
dependent loss and an unexplained constant loss contribu-
tion. We note that the different loss mechanisms all appear 
to give rise to an elliptically shaped hysteresis loop, thus, that 
they can be described by a relation like Equation (13), that is 
with a 90° out-of- phase response term and not by a Rayleigh-
like description, which would give rise to more lenticular-
shaped hysteresis loops.

Above, we have applied the polarization rotation model, intro-
duced in Lucke et  al., to describe the strain and polarization 
hysteresis in the same sample as discussed there, for the case of 
non-zero bias, by adding a DC-bias field term.[26] Furthermore, 
we have used the model to a much wider applied field range, 
that is in the range from −8 to 48  kV  cm−1. It is found that, 
although, the strain response is hysteretic the amplitude of the 
strain response has a linear relation with the applied field and 
no higher strain harmonics are observed. The strain response 
can, therefore, be described by a linear response model 
including a viscous loss proportional to the velocity of the strain 
change, ∆ S . Moreover, it is found that the parameters appearing 
in the hysteresis model, that is the effective piezoelectric coef-
ficient d33, f and the strain loss parameter γS do not depend on 
excitation frequency and amplitude in the investigated range. 
Consequently, the loss tangent of the strain hysteresis process 
is simply given by the product of a constant γS and the angular 
frequency, tan δS = |ω γS|. Contrary to the strain, the response of 
the polarization angle θ to the applied field is highly nonlinear. 
This causes many higher order harmonics in the polarization 
hysteresis signal. The model describes the polarization hyster-
esis with a viscous loss proportional to the velocity by which 
the polarization angle rotates θ∆ , with a viscosity coefficient 
γP. However, experimentally an additional term quadratic in 

@ 3 kHz

@ 3 kHz

a) b)

Figure 7. Filtered and averaged polarization hysteresis signal as function of a) time and b) applied AC electric field. The markers represent the measured 
data, which include all higher harmonics, and the solid lines are obtained by fitting to Equation (13).

2.5 kV cm-1

28 kV cm-1

E0

b)a)

@ 3 kHz

Figure 8. The polarization loss tangent as a function of a) field amplitude at 3 kHz and b) frequency for varying field amplitudes.
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the field amplitude, but independent of frequency, and a con-
stant loss term are found which can not be explained by the 
polarization rotation model in its present form. We speculate 
that the amplitude dependent loss term is related to the oscilla-
tion of the amount of bound charges in charged domain walls 
due to the angular oscillation of the polarization vectors in the 
domains at both sides of the domain wall. This would show up 
in the dielectric properties of the film and, thus, in the polariza-
tion hysteresis but not in the mechanical, hence, strain proper-
ties. This would explain why for the strain loss tangent no field 
amplitude dependence is observed. For the constant loss term 
tan δ0 we speculate that it could be a material dependent term, 
which describes the energy needed to initialize the polarization 
rotation. As such, the decrease of this value for the bias case is 
reasonable as the bias field has already moved the polarization 
vector out of its equilibrium position and further movement 
is easier. As the measurement noise for the strain response 
is much higher than for the polarization response we are not 
sensible to the existence of such a term in the strain case. It is 
finally remarked that it is the extensive data set resulting from 
our study into the frequency and field amplitude dependence of 
the loss tangent that allows us to distinguish possibly different 
loss mechanisms in the same film. It also shows that several 
loss mechanisms with similar strength can be involved simul-
taneously. These results may be useful for further analysis with 
existing or new models for polarization loss.

4. Conclusions

In summary, we observe hysteretic strain behavior for an 
applied AC field superimposed on a DC bias field with a linear 
AC field amplitude response of the strain and a nonlinear, hys-
teretic polarization response in an epitaxial PbZr0.55Ti0.45O3 
film with a monoclinic symmetry. The strain and polarization 
amplitude responses are well explained by an extension of the 
polarization rotation model, by taking into account the effect 
of a DC bias field on the rotation of the polarization vector. 
The polarization rotation model with applied bias, can predict 
the reduction of the nonlinearity of the polarization amplitude 
response for the case of non-zero field bias as compared to the 
zero bias case. The strain loss tangent is fully accounted for by 
the viscous term in the strain model. Of interest is the observed 
additional field dependent term in the polarization loss tangent, 
which is attributed to a lossy charge motion mechanism in the 
ferroelectric film.

5. Experimental Section
The film used in the experiment was a 3  µm thick monoclinic 
PbZr0.55Ti0.45O3 film sandwiched between 100  nm thick LaNiO3 
electrodes on a (001)-oriented single terminated SrTiO3 substrate. 
For details on the film growth and crystallographic characterization 
see Lucke et. al.[26] The strain and polarization were measured with a 
double beam laser interferometer (aixDBLI) combined with the aixACCT 
TF-2000 Analyzer. For the hysteresis measurements an oscillatory field 
with variable frequency in the range f = 70 Hz to 5 kHz and amplitude 
E0 in the range 2.5–28  kV  cm−1 was used on top of a DC bias field of 
20  kV  cm−1. This bias field was chosen to be equal to the coercive 
field at 1  kHz measurement frequency. In the hysteresis experiments a 

maximum AC field amplitude of 28  kV  cm−1 was chosen so that even 
for the largest AC field amplitude due to the bias field one stays away 
safely from the coercive field at −20 kV cm−1 on the decreasing branch 
of the polarization loop. Before each hysteresis measurement the film 
was poled with a DC field of 200 kV cm−1 to realize comparable starting 
conditions. The phase angle accuracy of the aixACCT TF-2000 Analyzer 
was verified using a linear electrical component, that is a 1 MΩ resistor 
as explained in Section S6, Supporting Information.
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