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Phase transitions and field-induced preferred orientation in (Pbl-xLax)(Zr0.90TixMDB(PLZT
x/90/10)ceramics upon electric field cycling using in situ X-ray diffractiorevetudied. The evolution of

the {200}pc and {111}pc diffraction line profiles indicate that PLZT 4/90/10 and&TPL3/90/10
compositions undergo an antiferroelectric (AFEjroelectric (FE) phase switching. Both PLZT 4/90/10
and PLZT3/90/10 exhibit irreversible preferred orientation after experietiengeld-induced AFEe-FE
phase switching. An electric field-induced structure develops in both compositicis véls a reversible
character during the field decreasing in PLZT 4/90/10 and an irreversible chamaetetTi 3/90/10. In
addition, structural analysis of pre-poled PLZT 3/90/10 ceramics show thatpdsible to induce
consecutive FEe-AFE and AFEto-FE transitions when fields of reversed polarity are applied in sequence.
The field range required to induce the AFE phase is broad, and the phasiernrankinetically slow. This

kind of transition has rarely been reported before.
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1. Introduction

The study of antiferroelectric materials has recently becamaetive field in condensed-matter scief€enainly dueto
the field-induced antiferroelectric (AFE) to ferroelectiE) transition which may provide a broad range of applicatiéns.
AFEs do not exhibit macroscopic spontaneous polarization because the antipagaliafion of neighboring dipoles oppose
one anotherAn electric field of amplitude kere can induce switching of antiparallel to a parallel dipal@nment (first-
order AFEto-FE phase transitiod}. These changes are observed in the measured polarizati@ectric-field (P ()
hysteresis loops. For an irreversible phase transition (i.e. an FE phaselg #§if)gs observed, whexea double hysteresis
loop is observed if FE phase reverts to the AFE &&t#4 It has been hypothesized that AFEs cannot be macroscopically
poled!! However, recent investigations have demonstrated that the AFE compd3ije#NDo.of(Zro.57S1.430.92T 10.0d 0.9603)
with afield assisted AFEe-FE transition remains in a stable FE phase after the field is mshhdlFurthermore, it is possible
to induce the AFE phase from previously induced and poled FE phasedyigagpp electric field of reverse polarity’ The
AFE-to-FE phase transitiois a compéx phenomenon, which includes structural phase transformations, unitotsihe
changes, domain switching and texture formati®n'é1&2 The AFEto-FE transition has been reported using macroscopic
studiest?23-25however microscopic studies to date are scart¥:18 22There is much that can be learned from studying the
structural evolution at various fields before, during and after the-t&FEE phase transition. AFE lead lanthanum zirconate
titanate (PhxLax)(Zro.goTio.101-x40s (PLZT x/90/10) ceramics have received increasing interest due to theitosibiom
dependent phase boundary region between rhombohedral and orthoriptakeg?24-2628 Due to the proximity of the
FE/AFE phase boundary at 2<x<4 at % of La, a structural transition from orthorhombic Pbam to rhombohedral R3c is expected
in AFE PLZT x/90/10 compositions during the application of adequaterE threshold(15<Earere<75 kV/cm) electric
field.10

The aim of this work is to study the structlievolution of the AFE, and field-induced FE phase using in situ X-ray
diffraction (XRD) measurements. Two compositions have been selecéet&iled examination due to their location on either
side of, and close proximitio, the FE/AFE phase boundary: PLZT 4/90/10 with previously obsenkdsl Aacroscopic

character and PLZT 3/90/10 with macroscopic FE chardtter.

2. Experimental

Polycrystalline PLZT ceramics were consolidbiem powders produced by solid-state reaction and densified to ~95%
relative density, as described previoudlynd cut into thin rectangular shapes. P(E) hysteresis loops were rdeiasare
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parallel plate capacitor configuration usimgnodified Sawyer-Tower circuit with a bipolar triangular wave veifhequency

of 1 Hz. For the in situ XRD measuremente top surfaces of the ceramics were polished with diamond (@BStem), and
annealed at 650C for 2 h to recover the virgin state, and to minimize the residuakss&sraininduced by polishingThe
bottom surface was covered agilver pained electrode, while the top surfaces of the ceramics were sputtered 4@thm
thick platinum electrodeThe in situ XRD experiments were carried outedPANalytical Empyrean diffractometer usii@y-

K, radiation.A custom-built, time-resolved XRD technique (similar to that shown in?efias used to determine in situ the
structural changes under the application of cyclic electric fields. Forfietatlcycle, 68 XRD patterns were measured during
the application ofa bipolar triangular wave (1200 s period), parallel to the thickness direatitime samples, and with
maximum amplitudes exceedittge coercive field. The diffraction data were acquired using a step siZ@18F06 and count
time of 13 s per stepTo visualize electric field induced changes, diffraction patterns are shown as surfaceTistsype of
display highlights structural changes with positive and negative elBelds Diffraction data were analyzed using single peak

fitting to extract the full width at half maximum (FWHM) of the }ddeflection.

3. Resultsand discussion

The preparation, density, crystalline structure, phase composition ara@bmicture of the PLZT 4/90/10 and
PLZT 3/90/10ceramics were discussed in details in a previous paper [24]. Welledkeosimics were obtained
with the density higher than 10.95% of the theoretical value. Previous X-ragctdfr studies per-formed at room
temperature evidence that FE (R3c rhombohedral structure) and AFE (Pbam orthorhombrekphase coexist
in the PLZT 3/90/10 ceramic while the PLZT 4/90/10 ceramic shows diffractaksp@nsisted with orthorhombic
AFE phase. As evidenced in Fig. 1(a) and (b) the investigated ceramics display bimidsizgrdistribution with
large grains of about@ pm together with smaller ones of about 2 um. PLZT 3/90/10 ceramic show jrraxiiyn
coarse grains while PLZT 4/90/10 ceramic have mostly fine grain size.

The P(B hysteresis loops for the first and second cycles for PLZT 4/9@AMPLZT 3/90/10 are included in Figsa)(
and (b). Both compositions show a small (dP/dE) slope for ilgldsf indicating that are predominantly in the AFE phase in
their virgin states. Then, the FE phase is induced, as observed byea $ocigase of polarization akde e virgin forward
switching field Upon reducing the field from the maximum value of 75 k\//tme polarization of the PLZT 4/90/10 sample

reverts to 0 when the threshold fieldelsre ~27 kV/cm is reached (Fig. 1(a)), signifying that this composiérhibits a

reversible AFEo-FE field induced transition. In contrast, as indicated by a remanent polariBatit30 uC/cm? and a single



P(E) loop during the second field cycle, the PLZT 3/90/10 composéinains polarized and the induced FE state is preserved
i.e. evidencing an irreversible ARB-FE field-assisted phase transition (Figb)L(It is widely accepted that typical AFE
double hysteresis loops indicate the reversibility of AGHEE field-induced transition (e.g., as shown in the final cpéle
PLZT 4/90/10) It is worth mentioning that &e-re virgin =68 kV/cm threshold value determined from minor cycles is higher than
Earere =60 kV/cm corresponding to the last cycle (Fig))(@uggesting that the AFE phase is slightly destabilized during the
electrical cyclingHence, the strict reversibility of the ARB-FE phase transition and recovery of the initial AFE state after
the field removal is thus called into question for the composition RPL/ZT/10.

The sensitivity of XRD to crystallographic changes and modifications wiado structure and lattice straih’? have
allowed the extraction of additional information about the AGEE transition.. The effect of field cyclingn the structual
evolution during the reversible/irreversible field induced ABE-E transitions in PLZT 4/90/10 and PLZT 3/90/10 is explored
In their virgin statesPLZT 4/90/10 showa Pbam orthorhombic structure while PLZT 3/90/10 has mixed Pbawrbadimbic
and R3c rhombohedral pha$é$® Since the Pbam ground state is close in energy to a rhombohedhd®@® a structural
transition from Pbam to R3s expected irthese compositions during ARB-FE switching. This transition should manifest
itself as significant changes in the appearance of 114}{. and {20G ,c pseudocubic diffraction line profiles.h& 111,
reflection should appear split in an XRD pattern containing a rhombohdursé @nd unsplif an orthorhombic phase is
present, while the 2@@reflection shows a single peak in an XRD pattern containing a rhadhkalhstructure and two
200,/002, reflectiors if the orthorhombic phase is presenhus the evolution of thelfl1} ,c and {200} ¢ diffraction line
profiles was monitored in detail during the application of electric fields.

Figure 2 shows XRD patterns of PLZT 4/90/10. The diffraction irtghetweer37°<26<38° corresponds to thel{ 1} o
diffraction line profile, while the diffraction intensity betweé8<26<44° corresponds to the 0200, reflections of PLZT.

At zero field the {200} o diffraction line profile is split into two, while thel{l 1}, is single consistat with orthorhombic
symmetry,asreported for this composition in the virgin st&8° With increasing electric field, the 1xland 20@. features

are stable until E=kerevirgin. AS shown in Figs. 2(a) ana)( the {111}, and {200}, diffraction line profiles change when

the threshold field kere vigin= 68 kV/cm is reachedAs evidenced by the simultaneous and instantaneous shift in position of
the {111}, diffraction line profile and the interchange between the intensitiiei20Q,c and 002 reflections, a AFEe-FE
domain orientation is quickly induced. The shift towards loXesf the {111}, diffraction line profile is possibly due to non-
uniform strains in the lattice caused by preferred orientation. Th# {. diffraction line profile § asymmetric and not visibly

spit.



The initialy single 20@. reflection develops a distinct shoulder on the loweside (Fig. 2(d)). This indicates that, in
addition to domaimeorientation, the initial orthorhombic PLZT 4/90/10 undergoes a fieldéad transformation to a lower
symmetry phase (Fig. ). The structure of the field-induced phase cannot be determinedbueiit is apparent théthas
FE characteraccordingto the associated P(E) loops. With decreasing the field #fdrkV/cm, the {111} ,c and {200}
diffraction line profilesreturn to the initial position when the field amplitudg-Ere = 28 kV/cm is reached, indicating that the
orthorhombic structure has been recovektghce, the AFHe-FE phase transition is quite reversible. However, after exposure
to a field E =74 kV/cm, the intensity oR00,: AFE reflection remains significantly weaker while the intensity dt,06
increasedThis intensity change indicates 90° domain reorientation, as previousigt in tetragonal perovskite phasé$3®
It is consideed that the change in 02002, intensity of the AFE phase after the field-induced phase transition is related to
strain-driven preferred orientation. This effect is maintained duhiegécond cycle (Fig. 1)) which suggests that the high
field FE state does not return to its AFE virgin state, but to an oriented AFER®iatéAFEto-FE switching is not fully
reversible. Furthermore, from Figs. 2(a) and (b) it can be obsé#maethe &re.re= 60 kV/cm in the second cycle is lower
than the &re.re vigin = 68 kV/cm from first cycle, in agreement with the P(E) loopsim E(@) [indicated by E&re.re virgin, and
Earerein Fig. 1(a)] This effect maypea consequence of the change in lattice strain and the domain switchingatichutes
to the macroscopic response of PLZT 4/90/10.

Figure 3 maps the field-dependence of the characterikli} {c and {200}, pseudocubic diffraction line profiles for the
PLZT 3/90/10 composition, whicim the virgin state, is within the compositional range of AFE/FE coexistérieat E = Q
the doublet 20G ,c and the single¥11} . diffraction line profiles suggest that the majority phase is orthorhomfien the
field amplitude of &re-re virgin = 24 kV/cm is reached, PLZT 3/90/10 exhibits Ak&FE switching similarto PLZT 4/90/10,

i.e., the 114 reflection shifts to a lower@while the 200} ,c doublet merges into a single reflectidie featuresf the111,.
and 20Q. reflections in the high field FE phase are preserved when the field iseetorzero. The XRD results clearly
illustrate the irreversible character of the AEEFE transition in PLZT 3/90/10.

Interestingly, upon reversing the field polarity in the third quarténe first field cycle, a partial recovery of the 3ddnd
200,c AFE specific reflection position and features is observed for an electric fiel@ &V/cm. This indicates a field-assisted
FE-to-AFE phase transition, withia limited field range (0-6 kV/cm) of negative polarity. The €EAFE field-induced
transition is uncommon, sindeis widely accepted that an electric field favors the FE phase with parallel dipelethe AFE
phaseHowever, anomalies which confirm the recovery of AFE are not observed {Ehéop (Fig. 1(b)). Hence, in order
to verify the occurrence of the field-induced EEAFE phase transition, in situ XRD measurements were performed during

the second electric cycle by applying a field with the same amplitudevmrsed polarity. As indicated in Big(b) and @),



the 113 and 20Q: AFE phase signature XRD reflect®reappear during the first and the third quarter of the second cycle,
showing the highest amplitude at the same coercive figldhéE= ~6 kV/cm), thus confirming thee-appearance of the AFE
phase from th&E phase. The fact that the experimental)R¢Bp for PLZT 3/90/10 measured during the first and second field
cyclesdo not show evidence of this field-inducE#&-to-AFE transition may be explained by considering that the frequency of
1 Hz is significantly different to that used in the in situ XRD measaresn(.8 mHz). Therefore, an ultralow frequency is
required to induce sudn AFE-to-FE transition. A simildy induced AFE state originating from an FE phase was previously
observed in NaNbgbased lead-free arfety oo{Nbo.od(Zro.5:S5M.491-yTiy]0.08O 3 ceramics*1®

An analysis of the FWHM of th&11, reflection in the vicinity of thé-E-to-AFE field induced transition (Fig.)4vas
performed The FWHM increases during the application of field with reversed polarityt shdws a prominent maximum for
E~6 kV/cm. A larger FWHM may be associated with a transition to a new @Erab@) this case, the RB-AFE phase. The
AFE-to-FE phase transition is not completed instantly at a specific threshold fietatterit occurs throughouwd broad field
range, and therefore the field-indudelg-to-AFE phase transition has slow kinetics and a diffuse chardtterefore a key
factor to induce afrE-to-AFE phase transition is to exmoapoled FE phast a reverse polarity field of small to moderate
amplitude foralong time. At weak electric fields of reverse polarity, volume contractioniadthee negative longitudinal strain
may play a role in this process. Further field increases result inuatiedin the 111, FWHM while the 003: reflection
decreases. These changes are consistent with the high field FE phasesatitetinduced AFE phase is returned to the FE
phase at a field EX4 kV/cm. It is observed that the threshold field-Ere ~10 kV/cm is significantly lower than the coercive
Eare-revigin = 24 kV/cm field for the virgin state. In addition, this field level is almdenhtical to the coercive fieldEof the

induced FE phase (Fig. 1(b), second cycle).

4. Conclusions

In summary, in situ X-ray diffraction measurements underajygication of electric field reveal that an irreversible
oriented domain structure and a field-induced FE reversible/irreversibituse are developed during AR&FE switching
in PLZT 4/90/10 and PLZT 3/90/10 ceramids addition, XRD results evidenc&E-to-AFE and AFEto-FE consecutive

transitions when a field of reversed polarity is applied on previously 388410 composition.
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Figure captions

FIG. 1. Two subsequent recorded hysteresis loops: Loop 1, for the sagiple; Loop 2, determined during the second run at
1 Hz “Earere vigin” and “Earere” indicate the forward switching field for inducing the AREFE transition during first cycle
and second cycle respectively while-e_are” indicate the forward switching field for the backward switching fidlithe FE-
to-AFE recovery during first cycle and second cycle. (a) PLZT 4/9@/@(b) PLZT 3/90/10.

FIG. 2. Contour plots of diffraction intensities for a) and b) (Rg200),, andc) (111), reflections for thePLZT 4/90/10
composition during a complete triangular field cycle with amplitude M/drk and frequency 0.8 mHz during a) and c) first
and b) second electrical cycle. The diffraction profiles from d) shovo@8,¢/(200),. reflections before application of electric
field (black), at the coercive field of -74 kV/cm (red) and after applicatiaieztric field (green). The subscript pc indicates
reflections indexed with the pseudocubic primitive .oglschematic drawing to describe the experimental sequence of applied
electric field is included in the left hand side of the figurgeke and Ee.are represent the forward switching field for inducing

the AFEto-FE transition and the backward switching field of thet6HaFE recovery, respectively.

FIG. 3. Contour plots of diffraction intensities for a) and b) bt111,, c) and d) 208/002,. reflections for thé’L ZT 3/90/10
composition as a function of triangular bipolar electric field48 k\VV/cm and frequency d¥.8 mHz during a) and c) first, and
b) and d) second electrical cycle. The subscript pc indicates reflections indékethevpseudocubic primitive cel”A
schematic diagram to describe the experimental sequence of applied electric fieldediociuhe left hand side of the figure.
Eare-re and Ee-are represent the forward switching field for inducing the ABH-E transition and the reverse switching field

of the FEto-AFE recovery, respectively.



FIG. 4. Electric field dependence of FWHM of thé 1, reflection during the field-inducefeE-to-AFE and AFEto-FE
transitions for the composition PLZT 3/90/10
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Figure 2
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Figure 3
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Figure 4
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