
UC Berkeley
UC Berkeley Previously Published Works

Title
Non-linearity in engineered lead magnesium niobate (PbMg1/3Nb2/3O3) thin films

Permalink
https://escholarship.org/uc/item/4c92f35d

Journal
Journal of Applied Physics, 128(19)

ISSN
0021-8979

Authors
Shetty, Smitha
Kim, Jieun
Martin, Lane W
et al.

Publication Date
2020-11-21

DOI
10.1063/5.0003635
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4c92f35d
https://escholarship.org/uc/item/4c92f35d#author
https://escholarship.org
http://www.cdlib.org/


J. Appl. Phys. 128, 194102 (2020); https://doi.org/10.1063/5.0003635 128, 194102

© 2020 Author(s).

Non-linearity in engineered lead magnesium
niobate (PbMg1/3Nb2/3O3) thin films

Cite as: J. Appl. Phys. 128, 194102 (2020); https://doi.org/10.1063/5.0003635
Submitted: 03 February 2020 . Accepted: 02 November 2020 . Published Online: 18 November 2020

 Smitha Shetty,  Jieun Kim,  Lane W. Martin, and  Susan Trolier-McKinstry

https://images.scitation.org/redirect.spark?MID=176720&plid=1087013&setID=379065&channelID=0&CID=358625&banID=519992917&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=4b0cee398e0882d8e6fbc34bd2c841e21a6383ff&location=
https://doi.org/10.1063/5.0003635
https://doi.org/10.1063/5.0003635
http://orcid.org/0000-0002-1979-8468
https://aip.scitation.org/author/Shetty%2C+Smitha
http://orcid.org/0000-0002-2885-1566
https://aip.scitation.org/author/Kim%2C+Jieun
http://orcid.org/0000-0003-1889-2513
https://aip.scitation.org/author/Martin%2C+Lane+W
http://orcid.org/0000-0002-7267-9281
https://aip.scitation.org/author/Trolier-McKinstry%2C+Susan
https://doi.org/10.1063/5.0003635
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0003635
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0003635&domain=aip.scitation.org&date_stamp=2020-11-18


Non-linearity in engineered lead magnesium
niobate (PbMg1/3Nb2/3O3) thin films

Cite as: J. Appl. Phys. 128, 194102 (2020); doi: 10.1063/5.0003635

View Online Export Citation CrossMark
Submitted: 3 February 2020 · Accepted: 2 November 2020 ·
Published Online: 18 November 2020

Smitha Shetty,1 Jieun Kim,2 Lane W. Martin,2,3 and Susan Trolier-McKinstry1

AFFILIATIONS

1Materials Research Institute and Department of Materials Science and Engineering, Pennsylvania State University, University

Park, Pennsylvania 16802, USA
2Department of Material Science and Engineering, University of California, Berkeley, 216 Hearst Memorial Mining Building,

Berkeley, California 94720, USA
3Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

ABSTRACT

The local compositional heterogeneity associated with the lack of long-range ordering of Mg2+ and Nb5+ in PbMg1/3Nb2/3O3 (PMN) is cor-
related with its characteristic “relaxor” ferroelectric behavior. Earlier work [Shetty et al., Adv. Funct. Mater. 29, 1804258 (2019)] examined
the relaxor behavior in PMN thin films grown at temperatures below 1073 K by artificially reducing the degree of disorder via synthesis of
heterostructures with alternate layers of Pb(Mg2/3Nb1/3)O3 and PbNbO3, as suggested by the “random-site model.” This work confirmed the
development of ferroelectric domains below 150 K in long-range-ordered films, epitaxially grown on (111) SrTiO3 substrates using alternate
target timed pulsed-laser deposition of Pb(Mg2/3Nb1/3)O3 and PbNbO3 targets with 20% excess Pb. In this work, the first through third-har-
monic dielectric charge displacement densities and complex dielectric susceptibilities were analyzed as a function of temperature and fre-
quency in zero-field-cooled PMN films with short- and long-range ordering. The long-range ordering decreased the dispersion in the first-
and third-harmonic dielectric charge displacement densities relative to short-range-ordered films. It was found that the one-dimensional
ordering achieved in the long-range-ordered film is insufficient to achieve a fully normal ferroelectric state. In the presence of quenched
random electric fields, these films require a small ac field to facilitate percolation of the polar nano-regions, enabling normal ferroelectric-
like behavior at lower temperature (T < 240 K). The films behave like a typical relaxor near room temperature. With reduced ordering, the
short-range films exhibit greater dispersion in linear and higher order harmonic dielectric charge displacement density.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0003635

I. INTRODUCTION

Small signal dielectric nonlinearities can be used to probe the
response of domain walls2–6 or nano-polar regions7–10 to oscillating
electric fields. This can be a valuable tool in understanding the
ferroelectric-relaxor continuum model observed in
long-range-ordered PbMg1/3Nb2/3O3 (PMN) films.1 In materials
containing ferroelectric domain walls with a randomly broad and
uniform distribution of pinning centers, the polarization response
in the sub-switching regime (E & 1/2 Ec, where Ec is the coercive
field) may be approximated by the Rayleigh relation:11

P ¼ (εinit þ αE0)E+ α(E2 � E2
0)þ � � � , (1)

where P is polarization, E = E0 sin ωt is the applied alternating elec-
tric field, εinit is the dielectric permittivity at zero field, and α is the

irreversible Rayleigh coefficient; the “+” sign corresponds to
decreasing and “−” to increasing field. The above relationship can
be expanded into a Fourier series2 as

P ¼ (εinit þ αE0)E0 sin ωt � 4αE2
0

3π
cos ωt

� 4αE2
0

3π
1
15

cos 3ωt � 1
105

cos 5ωt þ � � �
� �

: (2)

In this formulation, the higher harmonic terms are 90°
out-of-phase with the driving field; as a result, they contribute both
to the nonlinearity in polarization and to hysteresis. This model
provides a good description of the response of a number of ferro-
electrics2,5 with mobile domain walls or boundaries of polar clus-
ters. This field dependence of the phase angle of higher-harmonic
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permittivity has been used by Hashemizadeh and Damjanovic to
investigate the presence of Rayleigh-like behavior in Ba0.6Sr0.4TiO3

ceramics.12 In those ceramics, the phase angles were inconsistent
with Eq. (2). Instead, the behavior was consonant with harmonic
analysis of PMN ceramics above the dielectric maximum tempera-
ture (Tmax), where the polar entities provide a nonlinear, but nearly
anhysteretic response13 as a function of the electric field, implying
that the Rayleigh-like analysis cannot be used to fully explain the
dielectric response in this regime.

The non-linear dielectric properties are also important in dis-
criminating between the existing models for relaxor ferroelectrics,
since it is believed that the higher order susceptibilities are more
sensitive to dipolar disorder than the linear parameters.9 In globally
centrosymmetric materials like PMN, the dielectric response
between induced polarization (P) and the electric field (E) should
be given by the following expression:

P ¼ ε0(χ1E þ χ3E
3 þ χ5E

5 þ � � �), (3)

where χ1 and χ3 are the first- and third-harmonic susceptibilities.
There are several conflicting studies on the temperature depen-
dence of the scaled susceptibility parameter χ3 and a3 (defined as
a3 ¼ �χ3/ε

3
0χ

4
1) in the vicinity of the static freezing temperature

(Tf) of relaxors. Recent work
14–17 based on the random field model

suggests that PMN behaves more like a ferroic glass, such that
below Burn’s temperature (Td∼ 650 K), the fluctuations in the
quenched random electric fields are responsible for the formation
and growth of polar nanoregions (PNRs), intermittent glass forma-
tion (Tg∼ 240 K) followed by percolation into domain-like clusters
below 213 K on cooling. In principle, χ3 and a3 could distinguish
between models in which as a function of ordering, PMN trans-
forms into a ferroelectric state with inhomogeneities14,15,17,18 or
diverges into a freezing transition, as in the case of a dipolar glass.7

Another model for PMN is the spherical random-bond-random-
field (SRBRF) model. In the SRBRF model, Pirc and Blinc assumed
that spherical PNRs interact via spin-glass-type random exchange
coupling, while being subjected to a random quenched internal
electric field.19,20 The model predicts a negative χ3 and a positive a3
with two extremes: one at Tf of the spherical-glass phase and
another at Tmax. To date, this prediction has been examined experi-
mentally by a number of groups7,9,21 for PMN single crystals.

Bobnar et al.7 confirmed the theoretically predicted anomaly of a3
at Tf (a3 strongly increases as the temperature approaches the freez-
ing Tf≈ 220 K, where ergodicity is effectively broken for undoped
PMN single crystals). Additionally, it was shown that on cooling in
a zero electric field, weak relaxors like lanthanum-doped PZT7

undergo a transition to a random-bond-driven glass state; the
application of an electric field beyond a critical electric field causes
a transition into an inhomogeneous random-field-modulated ferro-
electric state. However, this phenomenon has not been experimen-
tally demonstrated in PMN. Glazounov and Dec observed that a3
continues its monotonic increase even below Tf≈ 220 K. A mono-
tonic increase in a3 would be more in agreement with the ferroelec-
tric background picture of relaxors than with the glassy one. The
experimental data show a positive sign of χ3, which can be
explained either by incorporating the effect of the electric field on
the interacting polar clusters in the generalized SRBRF model22 or
by including the average polarization of the polar nano-regions in a
modified Landau–Ginzburg–Devonshire (LGD) formalism.9 The
signs and phase of third-harmonic polarization or χ3 and the sign
of a3 are summarized here (Table I) for the Rayleigh model, the
modified phenomenological model for relaxors,9 the SRBRF model,
and the ferroic glass model coupled with the presence of ferroelec-
tric domains at T < 213 K.14,16 It has been pointed out that many
of these seemingly contradictory observations could be due to the
fact that the experimental results were obtained in different regions
of the electric field–temperature phase diagram.23 Namely, by
cooling the relaxor at an electric field exceeding the critical field Ec,
a long-range ferroelectric phase is formed. Thus, the field-history
characteristic of the measurement can have a profound effect on
the results.

There are essentially two ways to characterize the third-order,
non-linear dielectric response χ3. The most reliable technique
involves the measurement of the polarization response at 3ω, simul-
taneously with the linear response at ω at zero field dc bias. The
second technique utilizes the static electric field dependence of the
linear dielectric constant, where χ3 is defined as

χ3 ¼ [χ1(E2)� χ1 (E1)]/((E2)
2 � (E1)

2]: (4)

This method can be erroneous due to contributions from a phase
transition into a long-range-ordered ferroelectric state near Tf.

Although symmetry should forbid a second-harmonic-
dielectric response in centrosymmetric materials, measurable
second-harmonic contributions have been reported for the centro-
symmetric phases of paraelectric/relaxor crystals and ceramics like
Ba0.6Sr0.4TiO3,

12 PZN-PT,24 BaTiO3,
24 Sr0.61Ba0.39Nb2O6,

25 etc.
This has been attributed to the presence of residual polarization.
This may be due to the presence of micropolar regions or to a
finite defect population, leading to local inhomogeneous fields and
quadratic dielectric charge displacement in the material. A second
possibility is that a second-harmonic contribution can also be
observed in cases where mobile charges are trapped on the first
cycle of the electric field.25 Third, the random field model15 sug-
gests that fluctuations of quenched random electric fields due to
charge disorder can give rise to an inhomogeneous field that is
responsible for the growth and stabilization of the polar nanore-
gions. This leads to a net non-zero average polarization in PMN,

TABLE I. Summary of signs for third-harmonic polarization P3/χ3 and a3 and phase
for χ3 predicted by existing models.

Existing models
P3/χ3
(sign)

P3/χ3
(phase)

a3
(sign)

Rayleigh model2,12 P3 (−) P3 (−90°) +
Modified LGD9-based relaxor
model

χ3 (+) N/A −

SRBRF model19 χ3 (−) 180° +
Generalized SRBRF22 χ3 (+) 180° −
Ferroic glass model coupled with
the presence of ferroelectric
domains in PMN at T < 213 K14,16

P3 (−) P3 (−90°) +
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thus contributing to χ2.
9 Including the contributions of χ2 in

Eq. (3) for PMN, the Fourier expansion for the net polarization
becomes

P(t) ¼ ε0χ1E0sinωt þ
ε0χ1E

2
0

2
þ 3
4
ε0χ3E

3
0sinωt

� ε0χ2E
2
0

2
cos 2ωt � ε0χ3E

3
0

4
sin 3ωt þ � � � : (5)

It is an open question as to how cation ordering in PMN will
affect the higher harmonic polarization terms as a function of tem-
perature. In this work, the first-, second-, and third-harmonic
complex dielectric susceptibilities were analyzed as a function of
temperature and frequency in zero-field-cooled PMN films with
short- and long-range ordering. These, along with the phase angles
of the higher harmonics, were used to probe the ferroelectric-relaxor
continuum phenomenon. Of particular interest was which, if any, of
the models in Table I described the behavior of the PMN films. The
measurements also track the nonlinearity over a wider temperature
range than has been reported previously.

II. EXPERIMENTAL PROCEDURE

The experimental method for the growth of 100 nm thick long-
and 80 nm thick short-range-ordered films via pulsed laser deposition
has been described elsewhere.1 For this study, the short-range-ordered
films were grown with a laser fluence of 1.5 J/cm2 at a repetition
rate of 5 Hz. For the second- and third-order dielectric harmonic
measurements, a sinusoidal ac oscillation was applied using the
built-in voltage source of a lock-in amplifier (Stanford Research
Inc., SR- 830). A low-noise charge amplifier with two different
scaling factors of 1 V/113.2 pC and 1 V/22.8 pC, respectively, was
used to amplify the output signal of the sample as a function of
voltage and temperature. Both the charge amplifiers with a
scaling factor showed very little change in amplitude (<2%) and
moderate phase errors (<16°) with a reference capacitor load
similar to that of the PMN films, at the highest measured fre-
quency of ∼70 kHz (e.g., the fifth harmonic of the 14 kHz funda-
mental). Based on previous work,1 Rayleigh behavior was found
to hold for these films between fields of 15 and 35 kV/cm over a
wide temperature range. The resulting voltage from the charge
amplifier was detected by the lock-in amplifier for the first
through fifth harmonics sequentially. The more sensitive charge
amplifier (1 V/22.8 pC) was used at lower temperature and lower
applied fields to detect contributions greater than the third har-
monic. In this way, the magnitudes and phases of the higher-
harmonic dielectric charge displacement densities were measured
as a function of temperature and frequency. The harmonic dielec-
tric charge displacement density is defined as Dn = Qn/A, where A
is the area of the sample, Dn is the induced dielectric charge dis-
placement density, Qn is the magnitude of the measured charge at the
desired frequency, and n is the harmonic order. The first- and second-
harmonic susceptibilities were calculated from Dn using Eq. (5). Since
the third-harmonic dielectric charge displacement densities
contain contributions from both third- (Q3) and fifth-harmonic
(Q5) charges, the third-harmonic susceptibility was calculated

using the following relation:

χ3 ¼
1

E3
0Aε0

(�4Q3 � 20Q5): (6)

As the higher harmonic dielectric charge displacement densi-
ties for n . 5 were below the measurable threshold for the lock-in
amplifier, we have only included contributions up to n = 5 in the
calculation of higher harmonic susceptibilities at the measured elec-
tric field. Similar to the nonlinear dynamic approach adopted by
Hashemizadeh et al.,12 the phase of the higher harmonic dielectric
measurement was measured separately to investigate the dynamics
of the polar mobile interfaces (such as domains walls or polar
cluster boundaries), especially to validate the Rayleigh-like behavior
regime in the long-range-ordered sample, as a function of tempera-
ture and ac fields up to 75 kV/cm at 1 kHz.

III. RESULTS AND DISCUSSION

Figures 1 and 2 show the temperature dependence of the
real parts of the first- (D1ω

0
) and third- (D3ω

0
) harmonic dielectric

charge densities without fifth-harmonic contributions, along
with the imaginary part of the second- (D2ω

00
) harmonic dielectric

charge displacement densities for short- and long-range-ordered
PMN thin films, respectively, measured at 15 kV/cm. All three
responses show broad frequency-dependent maxima as a func-
tion of temperature in the frequency range from 0.5 to 14 kHz.
D3ω

0
is more frequency dependent than D1ω

0
. As reported previ-

ously,1 the short-range-ordered films show a larger frequency
dispersion in D1ω

0
compared to the long-range-ordered films.

This is consistent with a higher degree of relaxor behavior in the
short-range-ordered films.

As seen in Eq. (5), in non-centrosymmetric or polar materi-
als, D2ω is expected to be 90° out-of-phase with the applied field.
Interestingly, the imaginary part (D2ω

00
) is comparable in both

films, with slightly larger magnitude in short-range-ordered films
with increased frequency dispersion (similar to D1ω). Non-zero
D2ω is an indicator of net polarization of the thin film, consistent
with that observed in bulk PMN by Dec et al.9 However, it is
interesting to note that in other relaxor systems like BaTixZrxO3

ceramics,8 the increase in chemical and charge disorder causes
increased dispersion in χ1, with suppression in χ2. This has been
attributed to instability of the polarization via random field fluc-
tuations.26 However, in PMN, net polarization is assumed to sta-
bilize during the first polarization cycles of the ac susceptibility
measurements27 and seems to be unaffected by one-dimensional
chemical ordering.

The D3ω
0
response has a maximum between 150 and 170 K

(observed at the lowest frequencies), with the values converging back
toward zero both at 10 K and well above Tmax. D3ω reduces with
increasing frequencies in both the long- and short-range-ordered
PMN films. The dispersion in D3ω is small at T < 100 K and increases
in magnitude with temperature, until it reaches ∼150–170 K for both
short-range-ordered and long-range-ordered films. Upon further
heating, the frequency dispersion collapses. Persistence of larger dis-
persion up to higher temperature in the short-range-ordered films is
consistent with a higher degree of relaxor behavior.
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To develop an additional insight into the mechanisms
responsible for frequency and ac field dependence, the higher-
harmonic polarization was measured as a function of temperature
and amplitude of the ac electric field for PMN films with
long-range-ordering. Figures 3(a)–3(e) illustrate the phase of the

first- and third-harmonic polarization contributions for
long-range-ordered as a function of temperature. At low tempera-
tures, after a certain threshold field, the phase angle of the first
harmonic is ∼0°, while that of the third harmonic is −90°, similar
to that observed in PZT thin films.2 This is consistent with

FIG. 1. (a) Temperature dependence of first- and third-harmonic dielectric charge displacement densities for zero-field cooled short-range-ordered PMN films as a function
of frequency (500 Hz–14 kHz) measured on heating. (b) Temperature dependence of the imaginary part of second-harmonic dielectric charge displacement density for
short-range-ordered PMN films as a function of frequency measured on heating. The dotted arrows indicate increasing frequency (from 500 Hz to 14 kHz). All measure-
ments were done at an electrical field of 15 kV/cm. The Fourier series expansion for P(t) for a polar material only has the imaginary part for second harmonic polarization.
D2ω is expected to be 90° out-of-phase with the applied field, and the real parts are much smaller in magnitude compared to the imaginary parts.

FIG. 2. (a) Temperature dependence of first- and third-harmonic dielectric charge displacement densities for zero-field cooled long-range-ordered PMN films as a function
of frequency (500 Hz–14 kHz) measured on heating. (b) Temperature dependence of the imaginary part of the second harmonic dielectric charge displacement density for
long-range-ordered PMN films as a function of frequency on heating. The dotted arrows indicate increasing frequency (from 500 Hz to 14 kHz). All measurements were
done at an electrical field of 15 kV/cm.
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FIG. 3. (a)–(e) Phase angle for the first and the third harmonics of polarization at 10 K, 50 K, 125 K, 180 K, and 296 K demonstrating hysteretic to an-hysteretic transition
in long-range-ordered PMN measured at 1 kHz.

FIG. 4. Temperature dependence of (a) the real part of first- and (b) the imaginary part of second-harmonic susceptibility for long-range- ordered PMN films as a function
of electric field (10–30 kV/cm) measured during a heating cycle.
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FIG. 5. Temperature dependence of (a) calculated real and (b) calculated imaginary parts of third-harmonic dielectric displacement, (c) real and (d) imaginary parts of
third-harmonic susceptibility, (e) scaled-susceptibility parameter a3

0
, and (f ) scaled-susceptibility parameter a3

00
for long-range-ordered PMN films as a function of electric

field (10–30 kV/cm) measured during a heating cycle. Note the threshold field for the Rayleigh regime (where the phase angle for the third-harmonic lags the applied field
by 90°) is greater than 20 kV/cm at temperature less than 210 K.
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Rayleigh-like hysteretic responses of mobile interfaces (i.e.,
domain walls or polar-cluster boundaries).28 The observation of
Rayleigh-like behavior at low temperatures is consistent with the
drop in the magnitude of D3ω below 100 K, as the motion of
domain walls (or cluster boundaries) is thermally activated. This
might also account for the relatively modest frequency depen-
dence, with the largest response occurring at the lowest
frequencies.

At temperatures above ∼180 K, the third-harmonic phase
angle deviates away from ∼90° toward 0° or −180° with increasing
field [Figs. 3(d) and 3(e)]. The threshold field (defined as the
minimum electric field for observing Rayleigh response where the
phase angle is close to 90°) was observed to decrease with increas-
ing temperature. This can provide insight into the energy barrier
ranges for domain wall-like motion. This corresponds well with the
peak in the irreversible Rayleigh coefficient α at ∼150 K as reported
elsewhere.1 At room temperature, the third-harmonic angle is close
to −180°, representing an-hysteretic behavior similar to that
reported in bulk PMN.12,13 This means that the dielectric behavior
at room temperature is governed by polar nano-regions, whose
dynamics cannot be explained using the Rayleigh law. This may
occur as a result of increased relaxor behavior due to contributions
for the polar nano-region, as proposed by the spherical random
bond random field model.19

Figures 4(a) and 4(b) show the ac field dependence of the
real part of first-harmonic (χ1

0
) and the imaginary part of second-

harmonic susceptibility (χ2
00
) as a function of temperature mea-

sured at 1 kHz for the long-range-ordered PMN thin films. The
linear susceptibility displays a broad maximum as a function of
temperature. The imaginary part of the second-harmonic suscept-
ibility [Fig. 4(b)] follows a similar trend as linear susceptibility.
The magnitude of χ2

00
remains non-zero over the measured tem-

perature range, consistent with the contributions from polar

nano-regions that have been stabilized by the quenched random
electric field.

Figures 5(a)–5(f ) show the ac field dependence of the real
(D3ω

0
) and imaginary (D3ω

00
) components of the third-harmonic

dielectric charge displacement density without the fifth-harmonic
contributions, corresponding real (χ3

0
) and imaginary parts (χ3

00
) of

the third-harmonic susceptibility as well as the scaled-parameter a3
0

and a3
00
as a function of temperature, measured at 1 kHz for the

long-range-ordered PMN thin films. As seen in Fig. 5(a), on
cooling, the negative high temperature tail of D3ω

0
becomes increas-

ingly positive with the increasing ac field. Corresponding to this, as
shown in Fig. 5(c), at the lowest measured field (which is below the
threshold field at low temperatures, but well in the Rayleigh regime
above ∼120 K), χ3

0
is mostly negative, at temperatures above 100 K.

With increasing fields, χ3
0
becomes less negative, with its peak shift-

ing to lower temperatures. The negative χ3
0
is consistent with the

SRBRF model for PMN ceramics.19 In addition, there is a marked
change in sign in the real D3ω

0 and imaginary parts of D3ω
00
at

∼240 K as seen in Figs. 5(a) and 5(b) with increasing electric fields.
There are two possible mechanisms to explain this change of sign.
First, the transition from negative χ3 (paraelectric state) to positive
χ3 (ferroelectric phase) could indicate a second-order phase transi-
tion.10 However, there is no corresponding peak in χ1

0
as might be

expected for a relaxor-to-ferroelectric phase transition. Thus, the
more likely scenario is the inception of percolation of the polar
nanoregions in the long-range-ordered films. The previous results1

assert that the one-dimensional ordering observed in
long-range-ordered PMN heterostructure films is inadequate to
drive a fully ferroelectric state. Instead, the mobile boundaries of
polar clusters in long-range-ordered films behave in some ways like
ferroic domain walls14 under the constraint of pinning forces due
to the existing quenched random electric fields. A small driving ac
electric field (approximately close to the threshold field in the

FIG. 6. Temperature dependence of (a) the real part of first- and (b) the imaginary part of second-order susceptibility for short-range-ordered PMN films as a function of
electric field (11.7–35.3 kV/cm) measured during a heating cycle.
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FIG. 7. Temperature dependence of (a) the real part and (b) the imaginary part of third-harmonic dielectric charge displacement without fifth-harmonic contributions, (c)
the real part and (d) the imaginary part of third-harmonic susceptibility, (e) scaled-susceptibility parameter a3

0
considering real part χ3

0
, and (f ) scaled-susceptibility param-

eter a3
00
for short-range-ordered PMN films as a function of electric field (11.7–35.3 kV/cm) measured during a heating cycle.
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Rayleigh regime where the third-harmonic phase angle is close to
90°) can overcome the fluctuations of the quenched random field,
enabling percolation of frozen polar nanoregions into a more
ferroelectric-like state with hysteretic motion of the resulting
mobile cluster boundaries.14,17 Hence, there is an increase in the
hysteretic contributions with decreasing temperature between
∼240 K and 150 K before dropping as mobile boundaries are
gradually frozen out of the system. Unlike the real part of χ1,
D3ω

00
is more negative at high ac electric fields, suggesting that

domain wall-like contributions could be responsible for the sign
change. Additionally, as seen in Fig. 5(d), the temperature where
χ3

00
has its largest negative magnitude corresponds well with the

temperature at which the irreversible Rayleigh coefficient α has
its maximum value, and is consistent with a transition from a
non-hysteretic to hysteretic behavior with lowering temperatures
as reported elsewhere.1 These observations suggest that in the
measured temperature range, the nonlinear properties are more
ferroelectric-like at low temperatures (T ∼ 150 K) and relaxor-like
ferroelectrics at higher temperature (240 K < T < 298 K) as a func-
tion of the electric field.

In Fig. 5(e), over most of the observed temperature range, a3
is small and positive. On cooling, it becomes increasingly posi-
tive. However, at lower temperatures, a3

0
becomes negative and

decreases with increasing electric field. On the other hand, the
scaled parameter a3

00
calculated using the imaginary part χ3

00

[Fig. 5(f )] diverges around ∼250 K while peaking at 130 K at the
lowest field. This peak shifts with the increasing ac field toward
lower temperature. It is notable that temperature-dependent
Cole–Cole plots by Kleemann et al. suggest pre-transitional freez-
ing of polarization (due to local fluctuations in PNRs) at 240 K,
before they coalesce into the ferroelectric phase.14 However, a
peak in a3 (also predicted by the spherical random-bond
random-field model) was not observed in the vicinity of the pre-
transitional freezing Tg.

To compare to the long-range-ordered films, Figs. 6(a)
and 6(b) and Figs. 7(a)–7(e) show the real part of first-harmonic

and imaginary part of second-harmonic susceptibility, third-
harmonic dielectric charge displacement without fifth-harmonic
contributions, corresponding to third-harmonic susceptibility and
the scaled parameters a3

0
and a3

00
as a function of temperature, mea-

sured at 1 kHz for the short-range-ordered PMN thin films. While
the magnitudes of χ1

0
are comparable for the short- and

long-range-ordered films, the nonlinearity of the real and imagi-
nary parts of χ3 [Figs. 7(c) and 7(d)] observed in the
short-range-ordered films is slightly higher than that of the
long-ranged-ordered films. This is presumably a consequence of
the higher degree of relaxor character in the short-range-ordered
films. If the origin of this is Rayleigh-like responses due to polar-
cluster boundaries, then there is contribution to both χ3

0
and the

irreversible Rayleigh coefficient α. Also, like long-range-ordered
films, at the lowest measured field, χ3

0
remains negative at tempera-

tures greater than 100 K, which is consistent with SRBRF for PMN
ceramics.19 It is expected that, compared to the long-range-ordered
films, the short-range-ordered films have larger inherent quenched
random field due to higher degree of disorder and require larger
fields to achieve percolation. However, this was not observed in the
measured range of electric fields. Interestingly, as seen in Figs. 7(e)
and 7(f ), the variation in real and imaginary parts of a3 is higher
than long-range-ordered films, as it begins to diverge at lower tem-
perature. This might be attributed in part to the loss of ordering
due to polar nanoregions in the short-range-ordered films.

Figure 8 shows the summary of the dielectric, SHG, and
third-harmonic susceptibility phase for a long-range-ordered
PMN film. This suggests that around ∼150 K, the
long-range-ordered film behaves more like a normal ferroelectric.
However, with increasing temperature above 240 K, the relaxor
character dominates due to the loss of long-range ordering. As a
function of temperature, the phase angle of χ3 moves from
showing hysteretic (near −90°) to an-hysteretic behavior (near
−180°) behavior. As expected, the phase angle of the third har-
monic of polarization, as a function of temperature, shows a
dependence on the applied electric field.

FIG. 8. Summary of nonlinearity data from (a) Rayleigh,1

(b) second-harmonic generation intensity from (Ref. 1),
and (c) third-harmonic polarization phase angle as a func-
tion of temperature and electric field for long-range-
ordered PMN.
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IV. CONCLUSIONS

The dynamic nonlinear dielectric responses of (111)-oriented
PbMg1/3Nb2/3O3 were studied as a function of temperature for thin
films with long- and short-range ordering. The ordering achieved
during the synthesis of the long-range-ordered film was insufficient
to achieve a fully normal ferroelectric state. Below 240 K, these
films required a small ac field to overcome the quenched random
electric and facilitate percolation of the polar nano-region. The
boundaries of these clusters behaved hysterically in accordance to
the Rayleigh law, thus acting more like a normal ferroelectric at
lower temperature (T∼ 150 K). The films behave like a typical
relaxor ferroelectric near room temperature. With reduced order-
ing, the short-range-ordered films exhibit greater dispersion in
linear and higher order harmonic dielectric charge displacement
density.
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