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Compositional and charge disorder in ferroelectric relaxors lies at the heart of the unusual
properties of these systems, such as aging and non-ergodicity, polarization rotations, and a host of
temperature and field-driven phase transitions. However, much information about the field-
dynamics of the polarization in the prototypical ferroelectric relaxor (1!x)Pb(Mg1/3Nb2/3)O3-
xPbTiO3 (PMN-xPT) remains unprobed at the mesoscopic level. Here, we use a piezoresponse
force microscopy-based dynamic multimodal relaxation spectroscopy technique, enabling the study
of ferroelectric switching and polarization relaxation at mesoscopic length scales, and carry out
measurements on a PMN-0.28PT sample with minimal polishing. Results indicate that beyond a
threshold DC bias the average relaxation increases as the system attempts to relax to the previous
state. Phenomenological fitting reveals the presence of mesoscale heterogeneity in relaxation
amplitudes and clearly suggests the presence of two distinct amplitudes. Independent component
analysis reveals the presence of a disorder component of the relaxation, which is found to be
strongly anti-correlated with the maximum piezoresponse at that location, suggesting smaller disor-
der effects where the polarization reversal is large and vice versa. The disorder in the relaxation
amplitudes is postulated to arise from rhombohedral and field-induced tetragonal phase in the
crystal, with each phase associated with its own relaxation amplitude. These studies highlight the
crucial importance of the mixture of ferroelectric phases in the compositions in proximity of
the morphotropic phase boundary in governing the local response and further highlight the ability
of PFM voltage and time spectroscopies, in conjunction with big-data multivariate analyses, to
locally map disorder and correlate it with parameters governing the dynamic behavior. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927803]

I. INTRODUCTION

Nanoscale disorder in many systems gives rise to a num-
ber of unique emergent behaviors in materials ranging from
martensites1 and dipolar and spin glasses2 to nematic liquid
crystals3 and mixed valence manganese oxides.4 For instance,
in perovskite systems with ferroic order parameters, the chem-
ical disorder can lead to complete suppression of long-range
ferroelectric order due to quenched random fields, as mani-
fested in the “relaxor” crystals such as Pb(Mg1/3Nb2/3)O3

(PMN) or Pb(Zn1/3Nb2/3)O3 (PZN).5 Moreover, this disorder
leads to a range of interesting and relatively poorly understood
dynamic response characteristics, including broad dispersion
of the dielectric response with a maximum shifting in temper-
ature with measurement frequency,6 a variety of field- and
temperature-induced phases,7 the existence of chemical nano-
regions8 due to quenched phase fluctuations from the high
temperature paraelectric state, and a critical slowing down of

dynamics9 below a characteristic freezing temperature, corre-
sponding to a material transition to a non-ergodic state.10

Macroscopic electrical measurements of relaxors have
revealed a wealth of intriguing phenomena in these systems,
such as memory effects11 and the wide distribution of relaxa-
tion times that give rise to non-exponential relaxations, and
modelled by, e.g., the Kohlrausch-William-Watts (KWW)
model.12 But as compositional disorder lies at the heart of
the unusual behavior of relaxors, knowledge at the atomic
scale about ordering has been sought, with techniques such
as diffuse scattering13 and pulsed neutron atomic pair-
distribution function14 analysis used to study the short-range
order and local environments of the ions.15 These studies
have shown, e.g., the displacement of Pb2þ ions in the
Pb-site along the h111i directions in PMN,16 and confirmed
the existence of polar nanoregions (PNRs).17,18 Similarly,
over the last decade, the mesoscopic heterogeneities that
characterize relaxor systems have been accessible by local
scanning probes since the advent of piezoresponse force mi-
croscopy (PFM), and a variety of PFM experiments havea)E-mail: nazanin.bassirigharb@me.gatech.edu
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since revealed a wealth of information pertaining to frozen
polarization at the surface as a result of mesoscopic symme-
try breaking,19 differences in transition temperatures
between bulk and surface,20 spatial heterogeneity in local
relaxation behaviors,21 and complex relaxation dynamics
postulated to arise from fast and slow-responding polar
nanoregions.22 Further, elemental mapping has been used
to correlate chemical heterogeneity with local relaxation
characteristics from PFM experiments.23 The clear advant-
age of the local probe-based techniques is the ability to spa-
tially map polarization behaviors and possibly correlate the
heterogeneity in response with microstructural features or
the chemical composition.

By chemical doping of PMN with a suitable amount of the
prototypical ferroelectric PbTiO3, i.e., (1-x)Pb(Mg1/3Nb2/3)O3-
xPbTiO3 (PMN-xPT), it is possible to induce a ferroelectric
phase that displays large electromechanical response, i.e.,
very high piezoelectric response in addition to very large
electrostriction coefficients. These properties peak on the
rhombohedral side of the morphotropic phase boundary
(rhombohedral to monoclinic phase boundary at x¼ 0.305
and monoclinic to tetragonal phase boundary at x¼ 0.35524

and their large electromechanical coupling has allowed these
materials to be used in applications ranging from medical
ultrasound devices to underwater sonar transducers,25 sen-
sors and actuators,26 and micropositioners, and energy har-
vesting devices.27,28 However, there is a dearth of studies on
these systems at the mesoscopic level by PFM beyond sim-
ple imaging of domain structures, and in particular, the relax-
ation behavior as a result of possible phase transitions,29,30

chemical heterogeneity, and their interaction with PNRs, in
compositions in the vicinity of the MPB are unknown.
Furthermore, much of the studies that do exist are of well-
polished surfaces, to be more amenable for the atomic force
microscope, although these polishing steps may alter the sur-
face properties.31

Here, we present a PFM time and voltage-based (multi-
modal) spectroscopic measurement on the surface of an
unpolished PMN-0.28PT sample and map properties spa-
tially on mesoscopic scale. The results indicate that, on aver-
age, the system does not respond to small DC bias values,
but beyond a threshold value, strong relaxation is observed
and that relaxation is larger for higher bias pulses. Fitting of
the relaxation curves provides evidence of two characteristic
relaxation amplitudes, suggested to relate to rhombohedral
and field-induced tetragonal phases, while multivariate sta-
tistical analysis reveals that the disorder in the relaxation
amplitudes is highest when the field-induced polarization is
small. Simulated datasets suggest that the disorder in the
relaxation amplitudes is critical in explaining the heterogene-
ous nature of the relaxation across the surface. These studies
suggest that the mixed-phase state in the ferroelectric relax-
ors is important in explaining the dynamic polarization
response of ferroelectric relaxors near the MPB.

II. METHODS

A h001i cut single crystal sample of PMN-0.28PT was
prepared by modified Bridgeman method and cut into

appropriate dimensions (thickness: $500 lm) using a dia-
mond saw. This composition is nominally rhombohedral, but
is close enough to the MPB that we expect a phase mixture
of rhombohedral and tetragonal phases (domains) to
co-exist, or that alternatively, a tetragonal phase can be
induced under application of a large enough DC bias. The
sample was glued onto a sample plate with silver epoxy,
which acted as the counter electrode and was grounded for
the PFM measurements. The PFM experiments were per-
formed in ambient conditions (T$ 20 %C, RH$ 45%) with
moderately stiff Budget Sensors cantilevers (k$ 1 N/m) and a
free resonance (in air) of $75 kHz, on a Cypher ES AFM sys-
tem from Asylum Research. National Instruments PXi-based
cards were employed for signal generation and acquisition for
the band-excitation (BE) experiments, which were performed
using in-house scripts written in Labview v11 and Matlab
v2011. All analyses were carried out using Matlab v2011.

The PFM spectroscopy experiment involves moving the
tip across a pre-defined coordinate (x,y) grid on the sample
and perturbing it with a DC bias waveform, and then meas-
uring the response as a function of frequency via BE.21,32 BE
involves generating a band of frequencies around the contact
resonance and measuring the response over time, and subse-
quent Fourier transformation back to the frequency domain.
This measurement is repeated for many time steps after each
DC bias pulse; thus, at each (x,y) position, local spectro-
scopic information is acquired as a function of perturbation
voltage (V) and time (t), and excitation frequency f, charac-
terizing the system response R¼R(x,y,V,t,f). The response R
at each (x,y,V,t) step is fit to a simple harmonic oscillator
(SHO) function yielding the amplitude (A), phase(u), quality
factor (Q), and resonant frequency (x) associated with the
response. Throughout this manuscript, for the relaxation
experiment, only the amplitude of the response at resonance
is considered; thus, the final dataset is four dimensional, i.e.,
A¼ (x,y,V,t) providing a 4D picture of voltage, time, and
position-dependent polarization dynamics. We note here that
given the PFM-based approach and the large sample thick-
ness, one may assume that the conclusions derived are
unique to the surface of the ferroelectric relaxor. However,
the probed volume at the tip extends several $10 s of nm
into the crystal. Therefore, while we expect the conclusions
derived from this experiment to be significantly affected by
surface-related processes, the results are not completely
dominated by the surface, i.e., we posit that we are meas-
uring an interplay of surface and bulk-related relaxation
processes.

III. BAND-EXCITATION EXPERIMENTAL RESULTS

A. Band-excitation piezoresponse force microscopy

A 2 lm & 2 lm area of the sample was selected for the
PFM spectroscopy experiment, and the topography of this
area is plotted in Fig. 1(a). The topography appears
extremely rough, as expected from an unpolished surface.
Therefore, unlike previous experiments where polishing was
carried out extensively to reduce surface roughness, here we
work on unpolished samples that allow us to exclude the
effects of any artefacts from these polishing steps. Note

072003-2 Vasudevan et al. J. Appl. Phys. 118, 072003 (2015)
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however that the samples must be cut, though, and these
have been diced using a diamond blade. The large roughness
results in large shifts in the resonant frequency due to topo-
graphic variations and thus requires frequency tracking
methods in PFM measurements. Therefore, to determine the
domains structure, BE-PFM33 experiments were performed
in the same region, and the results (after SHO fitting) are
plotted in Figs. 1(b)–1(d) with the BE-PFM amplitude,
phase, and resonant frequency shown in Figs. 1(b), 1(c), and
1(d), respectively. The BE-PFM maps not only clearly
show the presence of ferroelectric domains in the sample
(evidenced by the change in phase), consistent with this com-
position of PMN-PT, but also indicate that there is consider-
able variation in the response within the large macrodomains,
which suggests mesoscale heterogeneities affecting the ampli-
tude of the piezoelectric response. It is important to note that
the present instrumental resolution ($20 nm) precludes the
ability to confirm or less the presence of nanodomains or
clearly distinguish the presence of R and T phases, if inter-
mixed at similar or smaller length-scales. The resonant fre-
quency map in Fig. 1(d) indicates a very large variation in the
stiffness of the tip-surface contact, as a result of the large
roughness of the sample. Indeed, the shifts, according to this
map, can be on the order of$30–35 kHz and highlight the dif-
ferent elastic constraints (clamping) across the sample.

B. Dynamic multimodal spectroscopy

Having explored the domain structure, we now turn to
obtaining dynamic spectroscopic information in the same

region. The 2 lm & 2 lm area was divided into a 50 & 50
pixel grid (pitch: 40 nm), and the bias waveform plotted in
Fig. 1(e) was applied to the tip at each grid-point. The wave-
form consists of a series of DC pulses of alternating polarity,
with increasing amplitude up to 615 V. In between the DC
pulses, the piezoresponse of the material is measured through
application of a sequence of 8 BE-wave packets to the tip. A
close-up view of the bias, measurement scheme, and wave-
forms is shown in Fig. 1(e) and its inset, where each orange
dot indicates a point in time when the piezoresponse is meas-
ured. Note that only off-field (DC voltage¼ 0) segments of
the response are discussed in this manuscript, although the
in-field measurements were also recorded. After SHO fitting,
the amplitude of the piezoresponse A is only the value at res-
onance frequency, and therefore a function of (x,y,V,t).

The average amplitude response, A, across all (x,y)
points is plotted in Fig. 2(a). The average sample response is
plotted as a function of time, and the colors of the individual
points reflect the time elapsed after the DC pulse immedi-
ately precedent to the measurement.34 This graph clearly
indicates the presence of two distinct regimes: for small vol-
tages, there is minimal change in the system response, and
little relaxation is evident. Beyond a threshold value, the
material’s response is clearly affected by the applied DC
bias, and the degree of relaxation becomes progressively
larger, i.e., the system attempts to revert to the initial state.
The response at an individual point, for positive bias values,
is shown in the waterfall-type plot in Fig. 2(b). Once again,
the response appears to follow the same behavior where
small bias does not perturb the system, and larger bias values

FIG. 1. Topography and band excitation piezoresponse force microscopy of PMN-0.28PT. (a) Topography, (b) vertical BE-PFM amplitude, (c) phase and
(d) resonance maps. (e) DC waveform applied to the tip for multimodal measurement. The points where the piezoresponse is measured are indicated by the
orange dots. All measurements were performed by BE-wave packets (shown inset).
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result in significant perturbation of the system and subse-
quent relaxation.

C. Functional fitting approaches

In order to gain an understanding of the relaxation data,
we first employ the KWW exponential fitting model

A x; y;V; tð Þ ¼ A0 x; y;Vð Þ

þ R0 x; y;Vð Þexp ! t

sKWW x; y;Vð Þ

! "b
" #

; (1)

with 0< b) 1. As an example, the fit for a single point at
V¼ 15 V is shown in Fig. 2(c). These fittings result in spatial
maps for A0, the relaxation amplitude R0, relaxation time s,
and the KWW exponent b as a function of the DC pulse

voltage. The maps for the relaxation amplitude R0 for the
two largest positive and negative voltages are shown in Figs.
3(a) and 3(b) and Figs. 3(d) and 3(e), respectively (full maps
shown in Supplementary Material35 S1 and S2). These maps
show considerable variation in the relaxing amplitude, which
indicates the presence of mesoscopic disorder, and appear to
show some degree of clustering of the high and lower
response regions. Note that points where the stretched expo-
nential fit was poor are excluded from the spatial maps
(hence resulting in white pixels) and all the subsequent histo-
grams. Direct correlation with the PFM maps in Fig. 1 is also
limited. The histograms for R0, at V¼615 V (plotted in
Figs. 3(c) and 3(f)), show distributions that are well fit by
two Gaussians (note that the behavior of R0 for the other vol-
tages above threshold value is similar). The two distributions
of the relaxation amplitude may be related to the presence of
rhombohedral and field-induced tetragonal phases, which

FIG. 2. Relaxation response on PMN-0.28PT. (a) Sample-averaged (all 2500 points) off-field piezoresponse amplitude for the (b) off-field response at an indi-
vidual point, as a function of voltage (only positive bias responses are shown here, for clarity). (c) Sample fitting of response vs. time to a stretched exponential
function, at a single voltage step (V¼ 15 V).
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can be expected to have different characteristic relaxation
amplitudes due to differing levels of degeneracy and is dis-
cussed later. Note that for simplicity, here we refer only to
the field-induced tetragonal phase. However, all discussions
are consistent with the presence of alternative or coexistent
(field-induced) monoclinic phase.

Interestingly, the maps for the relaxation time s, shown in
Figs. 4(a) and 4(b) do not show as much heterogeneity for the
positive bias values. Slightly more heterogeneity is seen for

the negative bias, plotted in Figs. 4(d) and 4(e), but the relaxa-
tion times for both biases are still extremely small as evi-
denced by the histograms in Figs. 4(c) and 4(f) for V¼615 V
(Supplementary Material S1 and S2 for full maps). In other
words, the reason for the non-Gaussian distribution of s is that
relaxation occurs on a timescale faster than the temporal reso-
lution of the experiment. Note that the points that are red in
the spatial maps are points where there is little relaxation.
These points are fairly well correlated for different voltages of

FIG. 3. Spatial maps of R0. Maps for positive bias values are shown in (a) and (b) and maps for negative bias values are shown in (d) and (e). (c) and (f)
Histograms with double Gaussian fit for R0 (V¼ 15 V) and R0 (V¼!15 V), respectively. Note that white pixels are locations where the fitting was poor and
thus neglected; these points are also excluded from the associated histograms.

FIG. 4. Spatial maps of s. Maps for the two highest positive bias values (V¼ 11.75 V and V¼ 15 V) are shown in (a) and (b). (c) Histogram s (V¼þ15 V).
The maps for the two most negative bias values are shown in (d) and (e), and the histogram for s (V¼!15 V) is shown in (f). Only s values less than 0.25 are
shown in the histograms. Note that white pixels are locations where the fitting was poor and thus neglected; these points are also excluded from the associated
histograms. Additionally, some white pixels in the spatial maps are of locations where the value of s is extremely small (<0.001).
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the same polarity, i.e., the red points in Fig. 4(d) correlate
well with the red pixels in Fig. 4(e), but do not necessarily
correlate with the points with low relaxation in opposite polar-
ity. This difference may be related to the stability of the polar-
ization orientation. Therefore, the red points in these maps
may correspond to areas where the stability of the ferroelectric
phase is high, and the difference between the polarities is in-
dicative of built-in fields asymmetrizing the potential well and
favoring specific orientation(s) over others.

We now turn our attention to the KWW exponent b, the
maps of which are plotted for V¼þ15 V and V¼!15 V in
Figs. 5(a) and 5(c) (full maps provided in Supplementary
Material S3 and S4). The corresponding histograms are
shown next to the spatial maps in Figs. 5(b) and 5(d) and
reveal that a limited number of points, $90 points for posi-
tive bias and $300 points for negative bias, show a stretch
exponent of 1, and therefore are due to Debye-type relaxa-
tion. Although there is significant dispersion, there appears
to be some clustering around b$ 0.12 and b$ 0.15 for posi-
tive and negative, respectively. These values are lower than
those measured for PMN-10PT,22 where b$ 0.3 was found.
For stretched exponential relation, the stretch exponent b is
essentially a measure of the steepness of the relaxation
behavior, with smaller values corresponding to slower (more
shallow) relaxation and larger values corresponding to faster
(i.e., steeper) relaxation curve.

D. Independent component analysis

The functional fitting shows intriguing heterogeneities
in the responses of the different fitting parameters, yet the
precise nature of the disorder in the crystal is obscure, due to
the imposition of phenomenological fitting functions on the

relaxation response. In order to circumvent this problem, we
turn to multivariate statistical analysis, specifically independ-
ent component analysis (ICA36), to re-analyze the data. In
ICA, we begin with a given set of observation of random
variables (in this case, the relaxation response) ðR1ðtÞ; R2ðtÞ;
…RnðtÞÞ, where t is time, and we postulate that the signal is
generated as a linear mixture of independent components si

(here, limited to two37), i.e.,

R1ðtÞ
…

RnðtÞ

0

B@

1

CA ¼ A
s1ðtÞ
s2ðtÞ

! "
; (2)

where A is some unknown mixing matrix. The task of ICA is
to then estimate both matrix A and si(t). Broadly, independ-
ence requires that the components be maximally non-
Gaussian. If we assume that the dynamic behavior of the fer-
roelectric relaxor is governed by two relaxation processes
that are independent of each other and independent of volt-
age, then we may write the amplitude of the piezoresponse at
each position A ¼ Aðx; y;V; tÞ as

Aðx; y;V; tÞ ¼ c1ðx; y;VÞs1ðtÞ þ c2ðx; y;VÞs2ðtÞ; (3)

and ICA can be used to determine the independent compo-
nents s1(t) and s2(t) and the mixing coefficients c1 and c2.38

The results of the ICA analysis (after 50 iterations, to con-
firm repeatability of the analysis) are shown in Fig. 6, with
spatial maps of c1 and c2 plotted for V¼ 8.5, 11.75, and 15 V
alongside the components. While only the positive segments
of the waveform are reported, the negative segments show
similar behavior (Supplementary Material S5). It is notewor-
thy to remember that in ICA, components may arbitrarily flip

FIG. 5. Spatial maps of KWW expo-
nent. The spatial maps for b are shown
for (a) þ15 V and (c) !15 V. The his-
tograms of b corresponding to these
voltages are shown below the respec-
tive spatial maps for (b) V¼þ15 V
and (d) V¼!15 V. Note that white
pixels are locations where the fitting
was poor and thus neglected; these
points are also excluded from the asso-
ciated histograms.

072003-6 Vasudevan et al. J. Appl. Phys. 118, 072003 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
128.61.141.165 On: Fri, 21 Aug 2015 16:38:41



sign and further are ordered arbitrarily (unlike in principal
component analysis39), but in the case of sign flipping, the
mixing coefficients can compensate accordingly. The com-
ponent s2(t), plotted in Fig. 6(h), shows a curve that is well
fit by a standard exponential function, which is plotted as a
red line. However, the other component s1(t), shown in Fig.
6(d), shows a pronounced increase in the initial stages fol-
lowed by a decrease. Essentially, the mixing of these two
components will result in a relaxation response that is
somewhat slower, strongly suggesting that this component
is correlated with the disorder in the material. Therefore,
maps of the mixing coefficient c1 should produce a map of
the surface highly correlated to the degree of local disorder.
Indeed, the maps of c1 in Figs. 6(a)–6(c) show that small,
$200 nm sized regions display large values, indicative of
mesoscopic disorder. There is also minimal variation across
voltage slices, suggesting that we are indeed measuring the
quenched disorder.

To attempt to correlate the disorder with the piezores-
ponse, we report also the piezoresponse as measured imme-
diately after the bias pulse for the two largest positive bias
values, in Figs. 7(a) and 7(b) (full maps for positive and
negative bias in Supplementary Material S6 and S7). These
maps show considerable variation, as expected, but the re-
markable aspect is that the regions which show high

response in Fig. 7 appear to display significantly lower dis-
order (Figs. 6(a)–6(c)). That is, the high piezoresponse at
these points coincides with decreasing influence of disorder
on the relaxation response, suggesting that the disorder is
weak in the regions with the strongest ferroelectric nature
of the sample, which (presumably) correspond to areas
where NPR fraction is small. This is further confirmed by
scatter plots of the piezoresponse amplitude immediately
after the bias pulse and the mixing coefficient c1 from the
ICA (supplementary S8). Therefore, the independent com-
ponent analysis is clearly much more adept at discovering
the regions of disorder than the traditional functional fitting
approach, which often fails due to the signal-to-noise ratio
at each point, i.e., noise in the signal results in uncertainties
that are higher than the uncertainties in the model. With
ICA, however, the entire dataset is considered and there are
no constraints imposed by the model, so long as the compo-
nents themselves are maximally independent.

E. Source of disorder

It is still unclear whether the disorder is induced by the
presence of different relaxation times or is instead the result
of two different events with different relaxation amplitudes,
since the temporal resolution of the experiment did not allow

FIG. 6. Independent component analysis of the positive segments. (a)-(c) Maps of mixing coefficients c1 are shown for three different voltages. (d) s1(t) is plot-
ted. Similarly, maps of c2 are shown for three different voltages in (e)-(g), with s2(t) plotted in (h). There is a little variation in the spatial maps for s1(t) with
respect to voltage, suggesting that the disorder term (s1(t)) reflects the quenched disorder.

FIG. 7. Piezoresponse at the first time
step. Piezoresponse maps measured
immediately after bias application for
V¼ (a) 11.75 V and (b) 15 V.
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determination of the distribution of s for very fast relaxa-
tions. As a result, we turn to simulated datasets on which we
perform the same ICA analysis. Datasets were formed with
the general form of the relaxation response estimated as

R x; y; tð Þ ¼ A0 x; yð Þ þ R0 x; yð Þexp ! t

s1 x; yð Þ

! "

þ R1 x; yð Þexp ! t

s2 x; yð Þ

! "
; (4)

with normally distributed values for parameters A0, R0, R1,
s1, and s2. Note that all of these parameters were simulated
to be position dependent. The mean values used for the pa-
rameters were similar to those we observe in experiments.
We first turn to the limiting case when the relaxation times
s are the same, i.e., s1¼ s2 and observe the results of the
signal de-mixing. The ICA was carried out for the simu-
lated dataset, again assuming that the response is a mixture
of two distinct signals, and the results are plotted in Figs.
8(a) and 8(b). The distribution of the parameters is shown
in the histograms in Figs. 8(c)–8(e). Interestingly, the inde-
pendent components look very similar to s1(t) and s2(t) cal-
culated for the real data in Fig. 6. We also considered the
other limiting case when the relaxation amplitudes R0 and
R1 are equal, i.e.,

R tð Þ ¼ A0 x; yð Þ þ R0 x; yð Þexp ! t

s1 x; yð Þ

! "

þ R0 x; yð Þexp ! t

s2 x; yð Þ

! "
; (5)

i.e., with the disorder in the relaxation times, but not in the
amplitude. The resulting components from ICA of this data-
set are only exponential and do not show the features that are
evident in s1(t) (Supplementary Material S9). Therefore, we
conclude that disorder in the relaxation amplitude is suffi-
cient to reproduce qualitatively the signals observe in the
real dataset. While it is possible that there exists disorder in
both terms (Supplementary Material S10), this cannot be
verified by the measurement.

We conclude that in the experimental data, the reason
for the observed disorder component can be ascribed to the
existence of two processes with distinct relaxation ampli-
tudes and independent spatial distribution. Any eventual var-
iations in the relaxation time constants cannot be captured at
this time within instrumental resolution. This is unlikely,
however, due to physical reasons, since the PNRs which can
be present in the material are likely to relax at much slower
time scales19 at this temperature. Next, we consider a differ-
ent mechanism to explain the results, involving the mixture
of R and T-phases that can be present in these systems.

F. Extended discussion

In order to explain the experimental and modeling
observations, we consider that since the material is nomi-
nally close to the morphotropic phase boundary, and so the
rhombohedral phase, due to the presence of local defects,
chemical heterogeneity and/or elastic boundary conditions
are susceptible to a field-induced transition to a tetragonal
phase. The degree of susceptibility to such phase transition is
expected to vary across the sample surface on the mesoscale,

FIG. 8. Simulated dataset for ICA. The ICA is performed on a simulated dataset with disorder in the relaxation amplitude, but not in the relaxation times. (a)
and (b) ICA components from analysis based on (c) and (d) distributions of R0 and R1 and (e) distributions of s1. Such datasets can indeed result in components
similar to the experimentally observed components (Fig. 6). The effect of the disorder component is to delay the relaxation of the response slightly.
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as a result of the above three factors. For low bias values,
there is little response because the rhombohedral phase in
the (001)-oriented crystal has ferroelastically degenerate out
of plane components of polarization, which suggests that the
maximum response is only obtained during 180% (ferroelec-
tric) switching. When the applied bias is increased, the areas
where the threshold field for the R ! T transition is
exceeded will result in much larger response due to the field-
induced polarization rotation. At the same time, as the mate-
rial is a single crystal with more stringent boundary condi-
tions than, e.g., polycrystalline films, the newly formed
domains are expected to be unstable in the absence of the
field and is subject to substantial relaxation, which is what is
observed. The degree of relaxation of the response is a func-
tion of the stability of the newly formed domains, which in
turn is dictated by the local elastic40,41 and electric boundary
conditions (compatibility of variants42,43), local defects, etc.
Therefore, two characteristic relaxing amplitudes, corre-
sponding to the rhombohedral phase and (field-induced) tet-
ragonal phase, based on the differing number of degenerate
states and strains correlated to the relaxation process, are
expected and indeed this is also observed. We cannot detect
the presence of two characteristic relaxation times, but we
note that they may exist below the time scale of the temporal
resolution of the instrument. The effect of the disorder is
lower in areas of large piezoelectric response, i.e., relaxation
is fast, due to the higher degree of R! T phase transition at
these sites, whereas those areas where there is a smaller
degree of relaxation are more prone to longer relaxation
times, due to the higher degree of stability of the switched
R-phase.

Finally, we note the role of the PNRs appears minimal
in these experiments, due to the fact that the majority of
the material is expected to be in the ferroelectric phase and
indeed appears to behave in this manner (short relaxation
times, large piezoelectric response, and characteristic
domains). However, due to chemical disorder inherent to
the relaxor-ferroelectric solutions, there is still likely to be
a different fraction of ferroelectric R phase and PNRs in
the volume probed by the tip at each spatial location. Then,
the different fractions of R phase and PNRs, the degree of
susceptibility of R!T transition, and the degree of field-
induced transition from PNR ! ferroelectric phase are all
responsible for the relaxation response. But we posit that
these are likely only weakly affecting the relaxation behav-
ior in our sample, as significant influence of PNRs is
expected to result in very long relaxation times, which are
not observed.19

IV. SUMMARY AND CONCLUSIONS

A multidimensional technique was implemented utiliz-
ing band-excitation piezoresponse force microscopy to map
the spatial disorder in the relaxor ferroelectric crystal PMN-
0.28PT, which consists of a DC pulse train of increasing am-
plitude and dual-polarity, with measurement of the piezores-
ponse signal after each pulse. The measurements reveal clear
mesoscopic heterogeneity in the relaxation response across
the surface of the sample. Phenomenological fitting to the

relaxation response at each point with the stretched exponen-
tial function revealed the value of the exponent (b) was
$0.15, while histograms for the relaxing amplitude indicated
the presence of two distinct peaks. The calculation of the
relaxation time s showed very short relaxation times, indica-
tive of fast relaxation processes. Given the significant size of
the data that is produced by multidimensional scanning
probe microscopy techniques, “big-data” style analysis con-
sisting of multivariate statistical analysis was undertaken to
understand the data, specifically through use of the independ-
ent component analysis method. The analysis revealed the
presence of an exponential relaxation component and a sec-
ond disorder component, which correlated with the low
response regions of the film. Furthermore, simulated datasets
reveal that the data can be reconstructed by considering only
the disorder in the relaxing amplitudes. It is suggested that
the cause of the mesoscopic heterogeneities in the PMN-
0.28PT relaxor are the differing fractions of rhombohedral
and field-induced tetragonal phase in the volume of material
probed under the tip. These studies highlight the importance
the mixture of R and field-induced T phases in the relaxor-
ferroelectric in proximity of the morphotropic phase bound-
ary in governing the local relaxation response.
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