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Abstract

The aging behavior of high temperature pulse poled (HTPP) Mn-doped relaxor
ferroelectrics was investigated. It was found that following HTPP, a far from equilibrium state can
be realized. Within this state, the dielectric and piezoelectric properties increased with aging in
both single crystal and textured ceramic materials. The degree of aging as well as the time scales
involved surpassed previous aging studies. The single crystals experienced 40-60% increases over
the span of a month, and the textured ceramics experienced 15-20% increases over multiple weeks.
Changes in Rayleigh analysis, heat flow at phase transitions, and X-ray diffraction patterns pointed
towards an intrinsic transformation in the systems induced by HTPP. It is hypothesized that such
a transformation can arise due to far-from-equilibrium conditions driven by the ultra-fast field
switching of pulse poling. The resultant uncompensated depolarization field that forms from
ineffective bulk screening depressed properties on day one. With time, the defect dipoles within
the Mn-doped systems are assumed to align to generate an internal field to counteract the
incomplete compensation of the depolarization field. The pulse poled state and the associated
positive aging properties were analyzed under a first order elastic Gibbs Landau-Devonshire
Theory and other phenomenological descriptions. The HTPP induced internal electric field and
electrostrictive coupling lead to the time dependent evolution of a first order ferroelectric
transition.

1. Introduction

Ferroelectric materials contain a switchable spontaneous polarization, Ps, that forms below
a transition from a high temperature paraelectric phase at the Curie Temperature (T¢) [1], [2].
Relaxor ferroelectrics differ somewhat from normal ferroelectrics due to the diffuse nature of their
phase transitions and their spontaneous polarization characteristics [3], [4], [5], [6]. While a normal
ferroelectric will display a sharp maximum in permittivity at T, relaxors possess a more dispersive
transition with a shifting Tmax based on their temperature and frequency dependent dynamics [7].
This behavior has been attributed to the existence of localized polar nanoregions, their size



distributions, and the compositional order/disorder within the lattice at nano length scales. [4], [5],
[7], [8], [9]. On applying an external electric field to a relaxor, the restructuring of nano-polar
domains into a macrodomain state can occur and provide a remanent polarization (P;), overriding
local lattice and thermal perturbations that limit the long-range order of the spontaneous
polarization [10], [11]. The P; of a relaxor material will survive to some extent above T. and
gradually decay to zero. This contrasts with the sharp, discontinuous drop in P: expected from
normal ferroelectrics emblematic of a first order ferroelectric transition [3], [5], [12]. Due to the
unique characteristics of relaxors, they have enhanced dielectric and electromechanical properties
and thereby find use in dielectrics for multilayer capacitors, electrostrictive actuators, piezoelectric
transducers, and electro-optics [3], [13], [14], [15], [16]. The electromechanical properties of
relaxor ferroelectrics coupled with the scalability of manufacturing into both single crystal and
textured ceramics have led to commercial opportunities over traditional polycrystalline
Pb(Zr,T1)O3 based piezoelectrics [17], [18], [19], [20].

When cooled from T, in the absence of an external electric field or a stress gradient,
ferroelectrics possess small regions of uniform spontaneous polarization known as domains whose
polarization directions are linked to the crystal symmetry of the paraelectric and ferroelectric
phases [21], [22]. Under such cooling, these domains are organized randomly with respect to each
other to balance the depolarization and elastic energies with the surface energy associated with
domain walls [23], [24]. Upon the application of an external electric field of sufficient strength,
these domains will begin to align or nucleate new domains to best minimize the electrostatic energy
under domain switching in a process known as poling [25], [26], [27]. Conventional direct current
poling (DCP) applies an electric field in one direction above a minimum field referred to as the
coercive field (Ec) and often occurs at elevated temperatures to aid in the mobility of domains [24],
[27]. Once a ferroelectric material is poled, it is capable of exhibiting both pyroelectric and
piezoelectric properties, the latter of which features a coupling between mechanical and electrical
energy [25]. The poling process is an essential step when ferroelectrics require such properties,
and there have been several efforts in recent years to improve the poling capabilities of DCP.

One such process meant to outpace DCP is pulse poling [28]. Pulse poling subjects samples
to short pulses of electric field in rapid succession and has mostly been used to periodically pole
lithium niobate for optical applications [29]. An earlier study in our group (Yu et al.) showed the
ability to improve the piezoelectric properties of rhombohedral perovskite relaxor based
Pb(Zn13Nb2/3)03-PbTiO; single crystal samples by about 30% using 10us pulses [28]. More recent
efforts into pulse poling have seen greater improvements in properties relative to DCP through a
2-stage pulsing landscape (as high as 65-75%) [Manuscript Submitted for Publication]. The Yu et
al. study along with previous lithium niobate studies reported observations of dendritic domains
in their samples resulting from pulse poling [28], [29], [30]. Other pulse poling efforts employing
wider pulse widths (0.1-0.2s) have not reported these dendritic domains, thereby suggesting a more
conventional ferroelectric domain state [31], [32]. As described by Shur et al., dendritic domains
in LiNbOs are likely to form if there is ineffective screening of the depolarization field [29], [33].



Such a field arises from the complex field dynamics that develop during poling as described in
Figure 1 [33].
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Figure 1: Field dynamics during poling process

Figure 1 shows the competing effects of the applied external field (Eex), bulk screening
field (Ep), and residual depolarization field (E.q). The expression for E.q is given by [34]:

P
EoEr

(1.1)
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where P is polarization, &, is the permittivity of free space, and ¢, is the relative permittivity of the
material. The negative sign indicates that the field forms opposite to the polarization vector. These
accumulated and interacting contributions will determine the magnitude of the local electric field
in each region which dictates whether a favorable domain will nucleate [29], [33]. The degree to
which the depolarization field is screened is described by R, the ratio between the field switching
rate (1/ts) and the bulk screening rate (1/1s) given by [29]:

R =1/ ts (1.2)

The switching time, ts, encompasses the collective sum of domain growth and nucleation
rates. Applied field magnitudes will determine which of these contributions will dominate;
nucleation dominates at lower fields and growth dominates at higher fields [28]. An R value much
less than 1 yields quasi-equilibrium conditions and there will be effective screening, an R equal to
1 yields off equilibrium conditions and there is incomplete screening, and an R much greater than
1 yields non-equilibrium conditions and ineffective screening [29]. The bulk screening process
involves multiple contributions including moving bulk charges, reorienting defect dipoles, and
injecting charge from the surface electrodes [29], [35]. These mechanisms work on time scales
ranging from milliseconds to months, and so the microsecond switching times employed by some
pulse poling studies would generate a large R constant and ineffective screening. More recent
studies using wider pulse widths are likely outside of this R value threshold and thus do not exhibit



the fractal or dendritic domain microstructures characteristic of non-equilibrium screening
conditions. This study will consider pulse poling samples using the non-equilibrium 10us pulses.
It will be argued that such conditions are pushing the system into a far-from-equilibrium state
which allows for more isolated property enhancements than would otherwise not be expected from
working in a near-equilibrium regime [36].

After a ferroelectric material has been poled, its properties tend to age slightly as the system
relaxes to a more equilibrium state [37], [38], [39], [40]. Charges will begin to relocate and defect
dipole associates will reorient as the domains partially re-randomize causing the overall properties
to suffer [37], [41]. This process is most prevalent within the first few days after poling and will
cause dielectric and piezoelectric coefficients to drop by roughly 1-5% [38]. Properties (for
example, the d coefficient) will decrease according to the following stretched exponential
relaxation [37]:

d =de + diexp[—(t/T)V] (1.3)

where d. is the time independent contribution, d; is a constant, ¢ is time, t is the aging rate, and v
is a constant between 0 and 1. This analytic function can be applied to a wider range of
phenomenon and is sometimes referred to as the KWW theory, based on the works of Kohlrausch,
Watson and Watt [42], [43]. As pointed out by Phillips, the v value often has physical meaning and
describes whether the relaxation mechanisms at play result from long range interactions (v = 3/7)
or both long and short-range interactions (v = 3/5) [44]. The reorienting defect dipoles within a
system can be introduced on purpose, as seen in acceptor doping the system with Mn [45], [46].
Mn doping is often used to improve the temperature stability of a given material and boost its
mechanical quality factor (Qm). This is accomplished by pinning domain wall motion through
defect associated interactions between the acceptor site and oxygen vacancies [41], [46]. The
objective of this study will be to test and model the aging behavior of Mn-doped relaxor materials
(both single crystals and textured ceramics) subjected to HTPP. Most pulse poling studies apply
pulses at room temperature, but this investigation chose to do it at elevated temperatures to improve
domain wall mobility and increase the symmetry options near the so-called curved morphotropic
phase boundary [47]. The properties of the given ferroelectric systems follow trends contrary to
typical “negative” aging and show a more extreme aging behavior than earlier work into positively
aging thin film piezoelectrics [48].

2. Experimental Procedure

2.1. Materials and Poling Conditions

Two Mn-doped relaxor systems were used for the majority of this study. The first was a 1
mol% Mn doped Pb(Ini2Nb12)O3-Pb(Mgi13Nb2/3)O3-PbTiO3 (Mn: PIN-PMN-PT) single crystal
(TRS Technologies, Inc., PA, USA) oriented in the [001] direction with dimensions of Smm x Smm
x 0.5mm. The sample electrodes were sputtered on Au. The Mn-doped single crystals were DC



poled in an oil bath using a field of 7.5 kV/cm at 80°C for 15 minutes (Hipotronics, USA). For
pulse poling, the crystals were subjected to 100 pulses with pulse widths of 10 us and field
strengths of 20 kV/cm at 80°C using a high voltage pulser (Instrument Research Company, USA).
There was a wait time of 10 ms between each pulse for each material tested. Upon cooling back
down to room temperature, a constant DC field of 10 kV/cm was applied to prevent domain back-
switching. The second material was [001] textured 1 mol% Mn doped 0.4Pb(Mgi/3Nb2/3)Os-
0.25PbZr03-0.35PbTiO3; (Mn: PMN-PZT) ceramic (Applied Research Lab, PA, USA) with
dimensions of 22mm x 4mm x 2.4mm. These samples were electroded with fired on Ag paste and
DC poled under a field of 25 kV/cm at 120°C for 15 minutes. For pulse poling, the textured samples
were subjected to 100 pulses with pulse widths of 10 us and field strengths of 20 kV/cm at 120°C
with a DC field of 10 kV/cm during cooling down.

This study also tested a 1 mol% Sm doped Pb(Ini2Nbi/;2)O3-Pb(Mg1/3Nb23)O3-PbTiOs3
(Sm: PIN-PMN-PT) single crystal (TRS Technologies, Inc., PA, USA) oriented in the [001]
direction with dimensions of 5Smm x Smm x 0.5mm. This was done to show that the aging behavior
detailed later in the paper is unique to Mn-doped materials possessing the associated Mn-oxygen
vacancy defect dipoles. These samples were DC poled under a field of 7.5 kV/cm at 25°C for 15
minutes and pulse poled using 100 pulses with pulse widths of 10 ps and field strengths of 18
kV/cm at 120°C with a DC field of 9 kV/cm during cool down.

2.2. Electrical Characterization

Once the materials were poled, their dielectric and piezoelectric properties were measured
and tracked with time to test how these samples aged. All measurement techniques were carried
out following IEEE Standard 176-1987. The following baseline properties were measured
immediately after poling then checked every 24 hours for the first week, every 48 hours for the
next week, and finally on a weekly basis until properties appeared to stabilize. The piezoelectric
coefficient (d33) was obtained using a combination of unipolar strain measurements and a
Berlincourt meter (Piezo Meter, Piezotest, USA). The mechanical quality factor (Q,) and effective
coupling coefficient (k.) were measured using a precision impedance analyzer (4294A, Agilent
Technology, USA). From the impedance data, these quantities were calculated with the following
expressions [49]:

_fr
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where £, is the resonance frequency, f, is the antiresonance frequency, and the values of f; and f>
represent the width of the impedance peak (using the 3dB method). The dielectric permittivity (€33)
and tand of each sample were collected from an LCR meter measuring at 1 kHz (4140B, Hewlett
Packard, USA).



In addition to tracking the basic piezoelectric and dielectric properties with time, the
samples were also subjected to various measurements techniques before and after room
temperature aging to discern the possible mechanisms at play. Among these were Rayleigh analysis
wherein strain and polarization loops were collected by subjecting each sample to bipolar fields
below their respective coercive fields [50], [S1]. This was done using a Sawyer Tower circuit
(609A, Trek Equipment, USA) in conjunction with a linear variable differential transducer (LVDT)
[52]. This same system was used to collect hysteresis loops of samples before and after aging.
Trends in permittivity and loss with temperature were obtained by heating the samples in a furnace
(9023, Delta Design, USA) connected to an LCR meter which tracked capacitance and loss every
3°C. Using this same setup but instead measuring current every 3°C at a 3°C/minute heating rate,
the pyroelectric current was measured. This data was then used to calculate changes in polarization
with temperature using [53], [54]:

1 1
AP = L[ ZdT (2.3)

where P is polarization, A4 is area, f is heating rate, / being the pyroelectric current, and 7 is
temperature. X-ray diffraction (XRD) patterns were also collected during the aging process using
a PANalytical Empyrean system (Malvern PANalytical, Great Britain). Finally, differential
scanning calorimetry (DSC) (DSC2500, TA Instruments, USA) was performed on single crystal
samples to track changes in latent heat signatures with aging.

3. Results and Discussion

3.1. General Aging of Piezoelectric and Dielectric Properties

The aging trends for the DCP Mn-doped single crystal and textured ceramic samples are
shown in Figure 2. All of the stretched exponential fittings included in Figure 2 follow Equation
1.3. The associated exponential terms and aging rates, together with errors for Figures 2 and 3, can
be found in Table 1. For both materials, the ds3, relative permittivity, and Qm all decrease with time
before stabilizing within a week after poling (though much of the aging is complete after a couple
of days). This is to be expected from typical DCP ferroelectric materials as the system relaxes to a
more favorable, less aligned configuration [37], [40], [55]. It is also evident that textured ceramics
see a greater reduction in properties with time relative to single crystals. This is caused by the
polycrystalline nature of these ceramics as grain-to-grain interactions lead to more complex aging
mechanisms and space charges at the grain boundaries limit domain mobility [56], [57]. Despite
this, textured ceramics do display less variability in properties, particularly in the case of dielectric
permittivity. Reduced error in reported values can be attributed to the greater degree of
compositional homogeneity found in textured ceramics [58], [59]. Bridgman grown crystals (like
those employed by this study) tend to generate samples with some variability in composition from
the same crystal boule [60]. Because of this phenomenon, sample to sample error in the single
crystals is greater in Figures 2a-c relative to the textured ceramics in Figures 2d-f.
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Figure 2: DCP aging rates for (a) d33 of Mn: PIN-PMN-PT, (b) & of Mn: PIN-PMN-PT, (c¢)
Qm of Mn: PIN-PMN-PT, (d) d33 of Mn: PMN-PZT, (e) & of Mn: PMN-PZT, and (f) Qm of

Mn: PMN-PZT

The results in Figure 2 are very different from those found in Figure 3. Dielectric and
piezoelectric properties are observed to increase with time after HTPP. In addition, these samples
saw their properties change to a larger degree than what is expected from DCP (40-60% in the case
of crystals and 15-20% in the case of textured ceramics). Finally, the samples took longer to
stabilize compared to DCP, with the crystals aging for up to a month and the textured ceramics
aging for 2 weeks. The 1 values in Table I also give indirect evidence of the ability of pulse poling
to decouple permittivity and piezoelectric response in these Mn-doped systems. The aging rates of
ds3 and &, are comparable to each other for both systems following DCP while in the case of HTPP,
the 1t of & is nearly double that of ds3. Other signs of this decoupling phenomenon have been
reported in recent pulse poling efforts which saw large improvements in ds3 relative to DCP while
permittivity was relatively unchanged [Manuscript Submitted for Publication].
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Table I: Aging Exponents (v) and Time Constants (1)

Material: Poling Property of v T (hours):
Procedure: Interest:

Mn: PIN-PMN-PT | DCP dss 0.61 £0.1 139+2.5
Mn: PIN-PMN-PT | DCP & 0.47 +£0.05 125+3.8
Mn: PIN-PMN-PT | DCP Qnm 0.55+0.11 293+9.2
Mn: PIN-PMN-PT | HTPP ds3 0.66 £0.10 73.7+£9.0
Mn: PIN-PMN-PT | HTPP & 0.72+0.11 144 +£2.5

Mn: PIN-PMN-PT | HTPP Qnm 0.75+0.08 90.1 £8.5
Mn: PMN-PZT DCP dss 0.69 +£0.15 11.8+5.0
Mn: PMN-PZT DCP &r 0.80 £ 0.14 176 +54
Mn: PMN-PZT DCP Qm 0.64 +0.09 146+64
Mn: PMN-PZT HTPP ds3 0.65+0.10 285+ 5.1
Mn: PMN-PZT HTPP & 0.64£0.15 41.8+6.0
Mn: PMN-PZT HTPP Qnm 0.65+0.11 42.1+3.1

It is noted that “positive” aging has been reported occasionally in the past, though the scale
of the increase in properties as well as the timelines involved are unique to HTPP. For example, a
study into PZT thin films subjected to an ultraviolet (UV) imprint found that the d3: values of the
films increased for the first 10° to 10° seconds after poling [48]. The increase in ds3; was attributed
to the existence of an excess field within the material which was slowly reduced over time to allow
properties to recover. However, this aging phenomenon did not extend to the other properties of



the films, nor did it last as long as what is reported in Figures 3a-c. Previous researchers have also
used a process known as de-aging to recover the properties of a material after poling has concluded
[61], [62]. This once again does not explain the aging observed in HTPP given that de-aging
requires the application of a bipolar field to induce an increase in properties over time. Positive
aging occurs under ambient conditions, and thus a different mechanism to explain its origins will
be offered in this study. It should be noted that this positive aging behavior was not seen in the
HTPP Sm: PIN-PMN-PT crystal system (regarded as a soft piezoelectric composition) and it was
unique to the hard Mn-doped materials studied here.

3.2. Evolution of Rayleigh Analysis Over Time

So, after observing positive aging in Mn-doped single crystals and textured ceramics, we
must consider the origins underpinning this phenomenon. It is natural to first examine the two
major contributions to piezoelectric properties: intrinsic or extrinsic. The intrinsic properties are
equivalent to structural monodomain contributions and extrinsic properties are derived from
domain and phase boundary motion under applied electric fields [63]. The Rayleigh analysis is a
powerful technique used to separate the extrinsic/irreversible contributions to the dielectric and
piezoelectric coefficients from the intrinsic/reversible contributions [50], [51]. It was therefore
performed on both Mn-doped systems poled via HTPP before and after the aging process. Upon
the application of a series of bipolar fields below 50% of the coercive field of a given material, the
dielectric and piezoelectric responses can be characterized in the following way [64]:

d = dinit + aEo (3.1
€ = &init T 0.Bo 3.2)

where d and ¢ are the measured piezoelectric and dielectric coefficients respectively, dinit and €init
encompass the intrinsic response and reversible domain wall motion, E, is the amplitude of the
applied electric field, and a is the Rayleigh coefficient. When plotting applied electric field vs.
the measured ds3 or €33, the slope of the linear region of the plot represents the
extrinsic/irreversible contributions while the y-intercept corresponds to the intrinsic/reversible
contributions [50]. The Rayleigh plots for these two materials before and after aging are shown
in Figure 4.
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Figure 4: HTPP Rayleigh plots showing (a) ds3 vs. E for Mn: PIN-PMN-PT, (b) €33 vs. E for
Mn: PIN-PMN-PT, (c) d33 vs. E for Mn: PMN-PZT, and (d) €33 vs. E for Mn: PMN-PZT

From Figure 4a-b, it is evident that the single crystal system experiences a slight increase
in a with time. This would suggest that the mobility of non-180° domain walls is increasing or the
number of pinning sites in the material is decreasing [51]. However, there is an opposite trend
observed for textured materials. As shown in Figure 4c-d, a decreases with time for the textured
ceramics. While there is no clear consensus on these two systems based on this data when it comes
to extrinsic or irreversible contributions, there is a consistent trend when it comes to the aging of
intrinsic/reversible contributions. Both the single crystal and textured ceramic materials saw their
y-intercepts increase with time corresponding to a change in intrinsic or irreversible character. It
can further be hypothesized that if both materials exhibit positive aging, but only the intrinsic or
reversible characteristics age in similar ways, positive aging is likely dominated by a change in the
intrinsic nature of the ferroelectric poled state or reversible domain wall motion.

3.3. Structural Considerations
Figure 5 shows how trends in permittivity and loss with temperature changed for the two
systems upon aging following HTPP. Immediately after poling, the materials appear to show no



peaks in permittivity or loss where the rhombohedral to tetragonal transition temperature (Tx) is
typically located. With time, the dielectric anomaly then appeared and the permittivity values at
room temperature increased according to the rates quantified in Figure 3. The suppression of this
peak is not currently well known; however, it does suggest that the system may be placed into a
metastable structural state on day one that relaxes with time [65]. Compositional inhomogeneities
within Bridgman grown crystals can lead to fluctuations in Ty as the PbTiO; content varies along
the length of PMN-PT based boules [66]. The Mn: PIN-PMN-PT samples used in this study were
no different, and samples possessed a range of Ty values. It was found that occasionally not all the
Mn-doped single crystal samples exhibited positive aging, and only those with Ty values close to
the pulse poling temperature (80°C) aged in this manner. This points to the aging behavior’s
reliance on pulsing the system near a non-equilibrium and transitory state with likely more
symmetry options available. In this disordered configuration, the system is easily pushed to a far
from equilibrium state as the material threads the quickest path to accommodate such swift pulses
of electric field. The textured Mn: PMN-PZT samples possessed greater compositional
homogeneity (yielding consistent Ty values) and demonstrated positive aging 100% of the time.
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Figure 5: Permittivity and dielectric loss at 1 kHz as a function of temperature for (a) Mn:
PIN-PMN-PT and (b) Mn: PMN-PZT

The dielectric anomaly in Figure 5a for the Mn: PIN-PMN-PT system appears to show 2
peaks in and around T Previous studies into alternating current poling (ACP) single crystals have
also reported a double peak anomaly forming after poling [67], [68]. It has been speculated that
such a two peak feature is associated with the existence of a monoclinic phase in materials
possessing compositions near the morphotropic phase boundary [67]. The existence of this
monoclinic phase could also explain the improved properties that are possible in piezoelectrics
that have been poled using ACP [69]. In the context of HTPP, this line of reasoning would follow
the increase in properties that are observed before and after the performance-enhancing monoclinic
phase appears in the single crystals. Traces of monoclinic ferroelectric phases altering the typical
rhombohedral lattice also support the argument that positive aging is driven by an intrinsic change



in the system as was hinted towards within the Rayleigh data. Although at this time the
crystallographic nature of the HTPP ferroelectric state has not been comprehensively investigated,
it is conceivable that symmetries lower than monoclinic are also a possibility as has been
hypothesized by Vanderbilt et al. [70]

The case for the monoclinic ferroelectric phase forming overtime is further strengthened
by the XRD pattern evidence in Figure 6. From day one to aged, the Mn: PIN-PMN-PT system
sees its (100) and (200) diffraction peaks broaden and shift to higher 2-theta values. Such behavior
corresponds to a shortening of the 3-axis (poling direction) and is consistent with the introduction
of a monoclinic phase to the material, as reported earlier [68]. Much of the shifting happens within
the first 48 hours, which matches the stretched exponential nature of the aging mechanism [37],
[44]. From both the changes in permittivity behavior as well as the XRD data, positive aging
appears to have a large dependence on structural alterations and phase transitions. These lattice
distortion trends would be more consistent with intrinsic properties rather than domain dynamic
extrinsic contributions in HTPP samples under the positive aging process.
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Figure 6: Aging of the (100) and (200) pseudo cubic perovskite peaks in the XRD pattern
for Mn: PIN-PMN-PT after HTPP.

3.4. Pyroelectric Behavior

A typical pyroelectric current plot for a DCP relaxor material is shown in Figure 7a, which
was then used to quantify the polarization with temperature plot in Figure 7b according to Equation
2.3. The peaks in Figure 7a are depolarization events, and previous work into DCP pyroelectric
responses links the initial peak to the rhombohedral to tetragonal phase transition [71]. These
events correspond to gradual decays in P; as shown in Figure 7b, which is consistent with normal
relaxor behavior [72]. The final current peak in Figure 7a is associated with the depolarization
temperature (Tq) which for relaxors will be below T. [3]. Figures 7c-d show a different behavior
for the HTPP Mn: PIN-PMN-PT system. Rather than exhibiting gradual decays in P, the
polarization plots in Figure 7d for the aged and unaged crystals feature sharp decreases in
polarization at the Curie temperature, Tc. This indicates that the system is now acting more like a



normal ferroelectric and has largely lost its relaxor diffuse transition characteristics following
HTPP [5], [23]. The implications of such a shift in behavior are further discussed in Section 3.5.
It is also worth noting that before aging, there is no current peak in Figure 7c where the Ty
should typically be. This is like the observation in the permittivity results as discussed in Figure
5a which showed no signs of a transition at this temperature. With time, the aging relaxation
process occurs and a peak in pyroelectric current does appear, though it is in the opposite direction
to the primary pyroelectric current. This will thus counteract the expected reduction in polarization
with increasing temperature as the material approaches Ty. Previous pyroelectric studies have
stated that the existence of a negative current indicates an internal electric field, Eix, in the poling
direction [73], [74]. This would suggest that an internal field of Ein(t) is developing over time, the
formation of which coincides with increases in dielectric and piezoelectric properties. Evidence of
a finite internal electric field is further seen in the shift in T observed after aging. It has been well
documented that the application of an electric field in the poling direction during pyroelectric
measurements will push T to higher values and preserve polarization for higher temperatures on
heating [74], [75]. One study by Kim et al. observed negative pyroelectric currents in their Mn:
PMNT system following the so-called “self-poling” process [71]. They concluded that such
currents arose due to an internal electric field from the alignment of Mn?*- V; defect dipoles. This
reasoning is consistent with the proposed explanation of the currents in Figure 7c as well as
positive aging as a whole given that these phenomena are only observed in systems that feature
Mn doping. It is therefore anticipated that defect dipoles within the system are randomized during
HTPP and then reorientate during aging, forming a time dependent internal field that is minimizing
an uncompensated depolarization field. This process is also aided by a decrease in room
temperature polarization and an increase in relative permittivity, in accordance with Equation 1.1.
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Figure 7: Plots showing temperature dependence of (a) pyroelectric current for DCP Mn:
PIN-PMN-PT, (b) polarization for DCP Mn: PIN-PMN-PT, (¢) pyroelectric current for
HTPP Mn: PIN-PMN-PT, and (d) polarization for HTPP Mn: PIN-PMN-PT.

So, qualitatively, we have noted there is a lot of variation under positive aging relaxation
in terms of property changes and the appearance/shifting of phase transitions. The most likely and
self-consistent understanding of this is that the pulse poling conditions used here enable the system
to be driven to a far from equilibrium state. This state contains an uncompensated depolarization

field, and the system adjusts to rectify this unstable state, including the development of an internal
field.

3.5. Application of Landau-Devonshire Theory

The Rayleigh analysis previously showed that after HTPP, the aging of strain and
polarization field dependencies is mostly the result of an intrinsic or reversible domain wall
contribution. Evidence for an intrinsically dominated change can be found in comparing Figure 7b
to Figure 7d. It appears that HTPP is changing the order of the paraelectric to ferroelectric phase
transition at Tc. As opposed to the diffuse decrease in polarization expected from a relaxor material
in Figure 7b, there is a sharp decrease in polarization following HTPP in Figure 7d which is more
in line with normal ferroelectrics [12], [75], [76]. This behavior can be classified qualitatively as



a weak first order phase transition which allows for the application of the Landau-Devonshire
Theory (which will colloquially be referred to as the Landau Theory from here on) [77], [78].
Landau Theory provides a phenomenological pathway to explain changes in ferroelectric phase
transitions and properties for materials exhibiting first, tri-critical, or second order phase
transitions [79]. It can be described thermodynamically with the following equation [79]:

F(T,P) = Fy(T) + >aP? + < pP* +=yP® 33)

where F'is the Helmholtz free energy, T is temperature, P is polarization, and a, B, and y are the
principal coefficients. Within Landau Theory, a is temperature dependent while 3 and y are
temperature independent. The sign of the B quartic term will also dictate the order of the phase
transition, with a negative 3 indicating first order, a positive § indicating second order, and a 3 of
0 representing the tri-critical phase transition [79]. Landau Theory was applied to the HTPP system
in order to verify the change in reaction order taking place and better explain the positive aging
trends observed. We also note that typically, the idea of applying a Landau model to a relaxor
material is not a route we would advise. However, as will be seen below, under this far from
equilibrium state it will be applicable.

Taking electrostrictive coupling considerations into account requires the use of the elastic
Gibbs free energy of the system. The full derivation of this expression from the Helmholtz free
energy with strain-polarization coupling is provided in the supplemental section, but the result is
given by [80]:

1 1 2 1 X2

G(T,X,P) = S(a+2x)P2+3(F L) P*+1yPo -2 (3.4)
where Q is the electrostrictive coefficient, x is strain, X is stress, and c is the stiffness of the
material. Under zero stress conditions, these electrostrictive considerations become nullified
except for the all-important quartic  term. Thus, it would be anticipated that any aging observed
in Q or ¢ could impact the first or second order nature of the T. transition as well as the
discontinuous onset of polarization.

Figure 8a shows the inverse of permittivity as a function of temperature which can be used
to derive the Curie constant (C) and a temperature independent term represented by o, [12]. These
quantities are calculated according to the following equations [75], [79]:

ar

C=aw

(3.5)

1
=z (3.6)



So, C is the inverse of the slope of the linear region in Figure 8a which was found to be 2.09 x 10°
K. Using this value, a, was calculated as 5.42 x 10° mF'K'!. In Figure 8b, the final value of
polarization before it drops to 0 at T is denoted as P, which for this system was 11 nC/cm?.
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Figure 8: Plots showing temperature dependence of (a) 1/Permittivity for aged HTPP Mn:
PIN-PMN-PT and (b) polarization for aged HTPP Mn: PIN-PMN-PT

While the sharp decrease in polarization in Figure 8b is a strong argument for the transition
becoming first order, a difference in the heat flow at this point would serve as more definitive
proof. Also, the data from the measured latent heat peak is helpful in deriving the rest of the Landau
coefficients. Figure 9 shows the results of measuring the heat flow of DCP and HTPP Mn: PIN-
PMN-PT samples using differential scanning calorimetry (DSC). There is a drastic difference
between the heat signatures recorded for these two poling methods. The DCP sample displays an
expected muted peak at Tc while the HTPP sample features a more significant anomaly. In fact,
the normalized peak height for the HTPP sample is 17 times larger than that of the DCP. The
existence of a strong latent heat peak is indicative of a first order phase transition [81]. Such a
drastic shift in behavior at this transition once more points to a change in the intrinsic properties
of the material. One would not expect differences in domain dynamics (in both reversible and
irreversible motion) to account for a significant change in the latent heat of a material. Pulse poling
at elevated temperatures pushes the material into a far-from-equilibrium state which allows for
changes to the basic characteristics of the system. The path that the material is taking to relax back
down from this metastable state is driving the material in a new intrinsic regime contrary to its
expected relaxor designation. This initial non-equilibrium regime is attainable due to the
exceedingly fast switching rates employed by pulse poling coupled with the disordered state of the
material when poling near transition temperatures.
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Figure 9: Heat flow as a function of temperature for Mn: PIN-PMN-PT

Turning now to the remaining Landau coefficients, the change in enthalpy, H, associated
with the phase transition in Figure 9 can be used to calculate these unknowns via the following
equations [75], [79]:

AH 1
T_c = anpoz (37)
2 _ _3B
PE=—> (3.8)
3p2
To=To = tou (3.9)

Using these equations, the various Landau coefficients were all calculated, and these are
included in Table II along with the coefficients of other first order ferroelectric systems. The
coefficients derived in this study are within the range of expected values for perovskite based
ferroelectric materials with first order properties within the framework of the Landau Theory. Also,
it is worth noting that the experimental data yielded a negative  value. This indicates that the

material is undergoing a first-order phase transition which again is contrary to typical relaxor
ferroelectrics [77], [81].



Table II: Landau Coefficients Comparison

Material: o (m/F): ¥ (Vm’C™) B (Vm>C?)
Mn: PIN-PMN-PT 3.25x 10° 6.53 x 10" -1.06 x 10°
(This Paper)

BaTiO3 [79] 8.1x 108 2.2x 10 9.6x 108
BaTiO3 [82] 9.0 x 10° 1.6 x 10'° -5.2x 108
PbTiOs [83] 6.66 x 10° 2.7 x 10" -3.56x 10°

There have also been studies investigating the impact of an internal electric field on phase
transitions in the context of Landau Theory [75]. The same latent heat peak data in Figure 9 can
help to find the magnitude of an internal field at T. according to the following equation [75]:

AT, = =2 (3.10)

where A7 is the shift in Curie temperature first discussed in Figure 7d, E is the magnitude of the
internal electric field, AP is the change in polarization during the phase transition, and AS is the
change in entropy calculated from the measured AH value. With this, the internal field was found
to be 2.69 kV/cm at T.. This value exceeds previously reported internal field values in “self-poling”
Mn: PMNT which researchers claimed could facilitate a restoration of piezoelectric properties
after depoling [71].

The impact that electrostrictive coupling has on the aging process is clear in the impedance
responses in Figure 12. Upon aging, the resonance frequency of the Mn: PIN-PMN-PT and Mn:
PMN-PZT systems decreased by 18% and 3% respectively. This decrease relates to a decrease in
elastic stiffness as shown by the following [49]:

fr=2_l ; (311)

where £ is the resonance frequency, / is sample thickness, c is the elastic stiftness, and p is density.
The values of Q and ¢ pre and post aging are given in Table III. The electrostrictive coefficient, O,
was determined using a strain vs. P plot, an example of which is given in the supplemental section.
So, relating this back to Equation 3.4, a more compliant matrix makes the B coefficient more
negative which in turn makes the phase transition more first order with aging. For comparison,
DCP data is also included in Table III and it should be noted that O and ¢ did not notably change
with DCP negative aging.
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Figure 10: Shift in resonance frequency with aging for (a) HTPP Mn: PIN-PMN-PT and (b)
HTPP Mn: PMN-PZT

Table III: Values of Q and ¢ for DCP and HTPP

Material: Poling: Q (m*C?): ¢ (Nm?):

Mn: PIN-PMN-PT DCP 6.07 x 1072 4.17x 108
Mn: PIN-PMN-PT HTPP (Day 1) 6.00 x 1072 4.81x 108
Mn: PIN-PMN-PT HTPP (Aged) 6.32 x 107 3.27x 108
Mn: PMN-PZT DCP 9.95x 1072 6.60 x 10*
Mn: PMN-PZT HTPP (Day 1) 8.64 x 102 6.80 x 10®
Mn: PMN-PZT HTPP (Aged) 13.3x 10 6.43 x 10®

The Landau theory confirms the qualitative property inferences that we suspected and
shows that HTTP gives a non-equilibrium state that is first order in nature. These first order
characteristics appear to increase with aging alongside increases in general properties.
Electrostrictive coupling accounts for the trends in the time dependence of first order behavior;
largely being the result of a time reduction in elastic stiffness, c, and increase in the electrostrictive
coefficient, Q.

3.6. Internal Field Implications

With the properties now well described by the intrinsic Landau theory, their understanding
can be further expanded with respect to phenomenological models by determining the time
dependence of the internal field under the positive aging process. To confirm the existence of an
internal field developing in the material, hysteresis loops were collected before and after aging and
are included in Figure 10. It is evident in both systems that there is a major shift in the shape of
the hysteresis loop with time as the aged samples show a highly asymmetric leftward bias. This
confirms that the internal field is not present on day one and is created during the positive aging
process (and very likely is a key driver of that process). To quantify the magnitude of this internal



field, the following equation was used and the resulting values for several samples can be found

in Table IV [84]:

Eint -

_ Ec(D)+E(2)

2

(3.10)

where Ej is the internal electric field and E.(1) and E.(2) are the measured coercive field values.
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Figure 10: Hysteresis loops for (a) Mn: PIN-PMN-PT and (b) Mn: PMN-PZT

Table IV: Measured Eint values

Material Poling Method: | Ec¢(1), (kV/cm): Ec(2), (kV/ecm): Eint (kV/cm):
Crystal Unpoled 7.1 6.15 0.20
Crystal DCP 4.15 3.35 0.40
Crystal HTPP (day 1) 4.10 3.70 0.20
Crystal HTPP (aged) 3.65 10.6 3.48
Textured Unpoled 6.74 6.09 0.32
Textured DCP 5.76 8.25 1.24
Textured HTPP (day 1) 7.43 6.90 0.27
Textured HTPP (aged) 3.97 9.47 2.75

From the results in Table IV, these systems do inherently possess some asymmetry with
respect to the electric field axis; this is to be expected from materials with defect dipoles that
arrange in preferential directions [84], [85]. However, the aged HTPP samples still demonstrate a
significantly higher internal field that is absent on day one. The formation of this field under
relaxation is likely due to the alignment of defect dipoles which again explains why this aging
behavior was only seen in the Mn-doped materials. After being dissociated and/or randomized
during the pulse poling process, the Mn?* ions and mobile oxygen vacancies rotate in the direction
of P; leading to a shift in the hysteresis loop with time [41], [86]. Such phenomena have been
documented in the past with Mn-doped single crystals, and these studies also report that the P; of



the material will decrease with aging due to space charge accumulation [85], [86]. The aged HTPP
samples exhibited this same decrease in P; as shown in Figure 10. The measured internal field of
the single crystal at room temperature (3.48 kV/cm) is also less than that calculated at T¢ using the
Landau Theory (2.69 kV/cm). Defect dipoles are again the culprit as higher temperatures cause
these dipoles to become decoupled and dissociated, leading to a decrease in the formed Ein [85].
There is therefore a temperature dependence on the internal field in the aged samples.

The following phenomenologically derived expression reveals the impact that an internal
electric field could be expected to have on the effective piezoelectric coefficient based on strain
data. Its derivation can be found in the supplemental section.

d
defr = d—ﬁ = 2ME;, + 2Q¢,€,P; (3.11)

where M is related to the electrostrictive coefficient Q via M = Qe,’e,”. So, at the beginning of the
aging relaxation there is negligible internal field causing the first term to go to zero. The measured
dz3 should thus match the intrinsic expression in Equation 3.11. Indeed, this turns out to be the case
for the Mn: PIN-PMN-PT system as the theoretical ds; of 998 + 55 pC/N matches the average
measured value of 990 + 40 pC/N. Then, as the internal field begins to form, the measured value
should now take the entirety of Equation 3.11 into consideration. Again, there is self-consistency
in the results as an Ein of 3.48 kV/cm generates a theoretical value of 1,422 + 65 pC/N which
closely matches the experimental value of 1,435 = 55 pC/N for room temperature performance. A
similar agreement was found in the textured hard piezoelectric ceramics.

While common defect dipole alignment can explain the formation of the internal field,
relating its creation to the not-so-common positive aging requires once more viewing HTPP from
a far-from-equilibrium perspective. When pulse poling a material at an elevated temperature, two
phenomena occur simultaneously. The first is the ineffective screening of the depolarization field
that arises due to the exceedingly fast switching rates and correspondingly high R coefficient [29].
Under these non-equilibrium conditions, bulk screening mechanisms (such as defect dipole
realignment) cannot move fast enough and an excess depolarization field opposite the poling
direction is left in the material. The second phenomenon is the complete dissociation and
misalignment of the defect dipoles that comes from pulsing at a high-entropy state such as the T
transition. As the system attempts to respond to the swift poling procedure, new accommodation
pathways become available as the material is highly unstable. Thus, the material is thrust into an
intrinsically different state far from its typical equilibrium position. Given the fact that the
alignment direction of the defect dipoles is dependent on the crystal symmetry of the host lattice,
changes to said lattice would clearly impact these dipoles [87]. HTPP has shown signs of
introducing a monoclinic phase into the system which would possess 12 (or more) potential
polarization directions, higher than the 6 found in tetragonal or the 8 found in rhombohedral [70].
Thus, there exist more ways in which to align the defect dipoles, making their collective orientation
more disordered than usual. With time, the unaccommodated depolarization field must be
compensated, and an internal field is generated by the realigning defect dipoles. As the defect



dipoles align in the poling direction, their generated Einc counteracts the residual excess Eq4. The
suppressive effect that a runaway Erq would have on properties is thus slowly removed resulting
in positive aging. A schematic detailing this process is shown in Figure 11.
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Figure 11: Schematic of field dynamics that develop with HTPP

The data and analysis in this study comprehensively link the rationale for the positive aging
of the dielectric and electromechanical properties of these material systems. Phenomenological
modeling has shown that this aging relaxation occurs within the framework of a far-from-
equilibrium state which involves a time dependent internal field with minimal extrinsic
contributions. Many questions still remain, including the microscopic and structural details of the
state developing under pulse poling in conjunction with the defect dipole interactions that
seemingly drive positive aging. The role of the internal field development in textured
microstructures relative to single crystals is also not well understood, nor are the interfacial
inhomogeneities that control the strain and displacement field distributions. Positive aging as well
as general property enhancement that comes from pulse poling could raise new compositional
design questions and opportunities to maximize these trends and internal field magnitudes.

4. Conclusions

Mn-doped relaxor ferroelectrics have shown positive aging of piezoelectric and dielectric
properties. Unlike typical aging, properties increased by 40-60% across the span of a month for
the single crystals and 15-20% across a few weeks for the textured ceramics. This rise in properties
coincided with internal field formation and intrinsic system changes. Transitions from ferroelectric
to paraelectric phases upon heating no longer exhibited diffuse relaxor behavior after HTPP but
appeared as a first-order phase transition. The non-equilibrium poling conditions brought on by
pulse poling are believed to have left an unscreened depolarization field in the material which
suppressed initial properties. With time, this was counteracted by the creation of an internal field
due to defect dipole alignment. Differences in DSC signatures and X-ray diffraction patterns
indicate the intrinsic nature of positive aging. Landau Theory provided a phenomenological
explanation for this behavior, accurately describing the interdependent properties.



5. Supplemental Material:

5.1 Full derivation of elastic Gibbs free energy:
For simplicity, we shall omit tensor notation in the following derivations. The
fundamental relation between elastic Gibbs and Helmholtz free energies is given by:

G(T,X,P) = F(T,x,P) — xX (S5.1)

Where G is Gibbs free energy, 7T is temperature, X is stress, x is strain, P is polarization, and F is
Helmholtz free energy. F can be expressed via:

F(T, x, P) =F(T,P) +F>(x) +F3 (x, P) (S5.2)

where F;(T,P) is the Helmholtz Free energy given by the Landau theory, F>(x) is the elastic energy,
and F3 (x, P) is the interaction or coupling energy between the polarization and the spontaneous
strain. Substituting this into Equation S5.1 gives:

G(T,X,P) = saP? + 1 BP* +-yPS +~cx? + QxP? — xX (S5.3)

where c is the elastic stiffness, Q is the electrostrictive coefficient, and a, B, and y are the Landau
coefficients. To solve for the strain, x, one then takes the derivative of G with respect to x which is
set equal to O for the equilibrium condition using the minimal principle. Once x is found, it can be
inserted back into the original expression for G, which is now in its natural variables. This process
is shown by:

ac

= — 2 _ —
dx—CX+QP X=0 (854)
X-QP?
x =X (S5.5)
_1 Q 2, 1(p_9\pa, 1 pe_X*
G = 2(a+CX)P +4(ﬁ S) Pt 2yps — (S5.6)

Within the experiment considerations of a stress-free crystal as was used in this study, X =
0. So, the electrostrictive coupling will only impact the quadric term of the Landau expression,
and this term as introduced in the text impacts the nature of the order of the phase transition.

5.2. Full derivation of effective piezoelectric coefficient:
The equation for strain as it relates to polarization is given by:

X = O(Pina + Py)? (S5.7)



where x is strain, Q is again the electrostrictive coefficient, P is spontaneous polarization and Pi,q
is the induced polarization. The expression can be further expanded using the relation for Ping (Pina

= &¢€,F) which yields:
x = Q(e,°6°E? + 2¢06:PsE + P) (S5.9)
x = Qe,’6°E? + 2Q¢06/PsE + QP (S5.10)
where E is an applied electric field, which in most cases can be ignored. However, here E will be
taken into consideration given the fact that there is an internal field (Ein;) developing in the material.

With this and the fact that deris equivalent to taking the derivative of x with repsect to E, we yield
the following:

x = ME? + 2Q¢.e,P;E + QP (S5.11)
d
deps = ﬁ = 2ME;,; + 2Q¢,¢,P, (S5.12)
where M is the field dependent electrostrictive constant related to O via M = Qs,’s/”.

5.3. Strain vs. P2 Plot
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