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Macroscopic lamellar heterophase pattern in Pb(Mg;,3Nb,,3)03-PbTiO; single crystals
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The paper describes lamellar heterostructures, observed in (1 — x)Pb(Mg;,3Nb,,3)O3-xPbTiO; (PMN-xPT)
single crystals with x = 0.32. These lamellas are naturally formed in single crystals cooled under bias electric
field applied along [001],. and then zero-field heated to the vicinity of the so-called depoling temperature Txr,
but similar structures were also encountered at ambient conditions. The polarization dependence of the Raman
scattering intensities was employed to demonstrate that these lamellar structures are composed of tetragonal-like
and rhombohedral-like layers extending over macroscopic (mm) lengths. The properties and interest of these

macroscopic heterophase interfaces are discussed.
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I. INTRODUCTION

A large electromechanical coupling constant, piezoelectric
coefficient and strain level of poled Pb(Mg;,3Nb,3);_,Ti; O3
(PMN-xPT) and similar single crystals have attracted consid-
erable interest because of their excellent performance in vari-
ous solid state electromechanical sensors and actuators [1-3].
It is well understood that the piezoelectricity results from the
ferroelectric ordering and that the best piezoelectric figures of
merit are found in materials with compositions at the so-called
morphotropic phase boundary (MPB)—a boundary separating
stability domains of rhombohedral-like titanium-poor phase
(x £ 0.33) from the tetragonal-like titanium-rich (x 2 0.33)
phase in the temperature-concentration phase diagram of
the material [3]. This phase boundary is only very weakly
temperature dependent, but in a narrow concentration region
around x & 0.33 (which precisely comprises the materials
of technological interest), one may typically pass from the
rhombohedral-like phase to the tetragonal-like phase at a
certain [4] temperature Tgr, i.€., one may cross the MPB also
upon heating.

Typically, to achieve high piezoelectric figures of merit, one
uses thombohedral-like material poled in a strong electric field
applied along [100], direction (i.e., by a frustrative [5] poling,
which favors several ferroelectric domain states at a time [1,6]).
When such poled single crystals are heated above the Trr
temperature, their ferroelectric domain structure imposed by
the frustrative poling is destroyed, and their macroscopic
piezoelectric properties are degraded. Therefore, numerous
efforts have been undertaken to increase the Trr temperature
(often denoted as depoling temperature) [3].

In these materials, the rhombohedral-like phase has actually
a very complicated micro- and nanoscale domain texture. In
fact, it is usually described as a lower symmetry phase, most
often as monoclinic Cm (also denoted as M) and monoclinic
Pm (also denoted as M¢), or even as a fine mixture of several
phases of different symmetry [3,6—12].

The phase coexistence in the PMN-xPT materials close to
MPB has been inferred for example from the inspection of
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the single crystal diffraction data [13] or from high-resolution
electron microscopy studies of PMN-xPT ceramics [14]. Such
experiments suggest that tetragonal-like and rhombohedral-
like phases coexist at nanometer scales. However, the case of
ferroelectric MPB materials is even more complicated as the
chemical composition acts as an additional thermodynamical
degree of freedom [15,16]. It is not quite clear whether
such nanoscale ferroelectric domains are also associated
with nanoscale composition fluctuations or grain boundaries.
Moreover, it is not obvious whether the imaged nanodomain
structures are actually the most relevant and most stable ones.
Therefore, it is very interesting to investigate also macroscopic
heterophase interfaces.

Here we have investigated the passage across the Tgrr
temperature in a PMN-0.32PT single crystal, and, in the
course of these investigations, we have observed formation
of macroscopic lamellar pattern, revealing an array of planar
interfaces between the rhombohedral-like and tetragonal-like
areas, or, in other words, interfaces that could be denoted as
“morphotropic” interphase boundaries. The optical observa-
tion has been complemented by local-probe polarized Raman
spectroscopy investigations which allowed us to distinguish
between the two phases.

II. EXPERIMENT

The first sample was a 0.5-mm-thick platelet of PMN-
0.32PT single crystal [17] with main facets perpendicular to the
(100)pc directions. These facets were covered by evaporated
gold electrodes. Optical observations and Raman scattering
experiments were performed in a reflection geometry from an
optically polished (001), facet [perpendicular to the principal
(100)pc facet, see Fig. 1(b)]. Additional measurements were
done with 1-mm-thick platelets of PMN-0.32PT single crystals
poled in [100],c and [111]p¢ directions [18].

For Raman scattering investigations, we have used a Ren-
ishaw RM 1000 micro-Raman spectrometer with a 514.5 nm
Ar laser excitation line. Samples were placed into a Linkam
TS 1200 high temperature cell where they were heated above
the phase transition temperature. The design of the cell
allows applying an electrical field to the sample, so that
both the electrical field and the temperature were controlled
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FIG. 1. Experimental arrangements used to prepare the laminate
structure. (a) Schematic temperature vs [100],. electric-field phase di-
agram with thermodynamic trajectory showing the adopted ZFHaFC
experimental protocol. (b) Sketch of the experimental geometry
allowing in situ Raman scattering or optical microscopy imaging
of a facet perpendicular to the applied electric field.

during the experiment. The cell was mounted on a rotary
microscope stage allowing for manual alignment of the sample
with respect to the incident light polarization direction. With
this experimental setup, we could use the same microscope
objective for Raman scattering as well as for optical imaging
in situ.

III. RESULTS

Prior to the Raman scattering measurement, the sample
was field cooled (5 K/min) from the annealing temperature of
about470 K under a bias electric field of about 300 V/mm. This
thermal treatment was done with a sample already mounted
in the optical cell, but up to this point we did not observe
any obvious domain contrast in our experimental arrangement.
Then the electric field was removed and the sample has been
driven to about 360 K [again at about 5 K/min, see Fig. 1(a)]. At
this temperature we could repeatedly observe the formation of
a system of roughly parallel, 10-100 pm thick stripes running
across the sample at about 45 deg to the edges of the observed
facet, as shown in Fig. 2.

PHYSICAL REVIEW B 93, 064110 (2016)

NN

FIG. 2. Macroscopic stripe pattern formed in a PMN-0.32PT
crystal after the ZFHaFC process sketched in Fig. 1. (a) Optical
micrograph in a reflection mode and (b) schematic illustration. Red
crosses indicate orientation of polarizers on incident and scattered
beam in configurations with a minimum Raman intensity at 570 cm™".

At first sight, these images are strongly reminiscent of the
observations of usual ferroelastic domains [12], but we shall
argue that here, in fact, the light and dark areas correspond
alternatively to lamellas of tetragonal-like and rhombohedral-
like areas, respectively. Obviously the boundaries between
such areas are similar to the usual ferroelastic domain
boundaries. In particular, the elongated wedge shape of the
observed interfaces indicates that the interfaces separate areas
with different spontaneous strain tensors, which may happen
at the twin boundary as well as at an interphase boundary.
However, we have found that these stripes are formed only
in the vicinity of the anticipated Trr temperature for this
composition [3,4,19,20].

To confirm this conjecture, we have investigated the nature
of these stripes by polarized Raman spectroscopy. In general,
it is known that Raman spectra of these materials change only
slightly at ferroelectric phase transitions. In fact, the positions
and shapes of the principal Raman bands in our experiments
were very similar to those reported in previous investigations of
PMN-xPT of a comparable composition [21-29]. Fortunately,
at least the relative intensities of Raman spectra taken in
dark and light stripes are different. In the following, we will
report Raman spectra in the cross-polarized (HV) geometry,
for which the differences were most apparent.

Spectra from selected dark and light stripes are shown in
Fig. 3(a). The difference in intensity is most obvious when
comparing the shape and overall intensity of the phonon bands
near 600 or 800 cm~!. The difference can be quantified using
ratios of intensities between different bands. For example, the
ratio Is7/ Is1o of the cross-polarized Raman intensity detected
at 570 cm~! with respect to that detected at 510 cm™' varies
by more than 50% when comparing dark and light stripes,
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FIG. 3. Micro-Raman study of the stripe pattern of a PMN-
0.32PT single crystal prepared by ZFHaFC process sketched in
Fig. 1(a). (a) Cross-polarized [z(xy)z] Raman spectrum of a PMN-
0.32PT single crystal taken from spots (A) and (B) within dark
and light stripes, respectively. (b) Map of the I750/ 70 ratio of the
cross-polarized Raman scattering intensities recorded at 780 and 270
cm™! reveals the stripe pattern. (The edges of the imaged area are
parallel to the pseudocubic crystal axes and to the sample edges as
well.)

and similar contrast is obtained when considering the ratio
I780/ Ir7o of intensities at 780 and 270 cm~!. Note that both
these ratios were previously used in Ref. [30] to distinguish two
types of coexisting structural “microregions” of irregular shape
in PMN-0.33PT, assigned to the M, (i.e., rhombohedral-like
phase) and M¢ (i.e., tetragonal-like phase). We used the latter
ratio to map the stripes and observed that in contrast to the
results of Ref. [30], in our sample the relative intensity map
obtained in this way reveals clear, about 100 um sized stripes,
which clearly match the stripes observed optically [Fig. 3(b)].

To clarify the origin of the Raman contrast associated with
the stripes observed, we have recorded the variation of the
Raman spectra in a given stripe as a function of the angle ¢
between the polarizer and pseudocubic crystal axes, parallel
to the edges of the sample. Two sets of spectra collected
from a laser spot focused within a dark and light stripe,
respectively, are shown in Fig. 4. The angular dependence
of Raman intensity recorded in the dark area is typical of the
rhombohedral-like phase of PMN-xPT crystals (with maxima
at p =nm/2,n=0,1,2,...), but also other rhombohedral
ferroelectric crystals like Pb(Sci/,,Nb;,2)O3 [31] and it also
agrees with the measurements of pure PMN, documented for
example in Ref. [32]. In contrast, the angular dependence
of Raman intensity recorded in the brighter areas shows
the opposite behavior—positions of the intensity maxima are
shifted by about 45 deg with respect to that of the dark areas
(see Fig. 5).

Such angular shift cannot be simply explained by measure-
ment in a different domain of the same rhombohedral phase:
all possible Raman tensors of inequivalent rhombohedral
ferroelastic domain states can be obtained by rotation around
the fourfold axis parallel to the [001] direction (i.e., by a
90 deg shift in ¢, not by a 45 deg shift in ¢). Also, the
case of a mechanically compatible tetragonal domain pair
is not compatible with the relation of the recorded angular
dependence of Raman intensity in the adjacent stripes: tetrag-
onal domain states adjacent to a (110)p.-like twin boundary
should be also related by rotation around the fourfold axis
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FIG. 4. Cross-polarized backscattering Raman spectra of a PMN-
0.32PT single crystal prepared by ZFHaFC process sketched in
Fig. 1(a), taken from a light (a) and dark (b) stripe, respectively, at
varying positions of the polarizer axis (the indicated angle ¢ defines
the direction of polarizer axis with respect to pseudocubic axes of
the crystal; for ¢ = 0, the polarizers are parallel to the pseudocubic
crystal axes and sample edges). The angular dependence suggests
that the light and dark stripes correspond to tetragonal-like and
rhombohedral-like ferroelectric structural variants, respectively.

parallel to the [001], direction, i.e., again by 90 deg in
the angle ¢. This argument also excludes the possibility to
interpret our observation as being due to the ferroelastic
domain walls between monoclinic domains of a single slightly
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FIG. 5. Angular dependence of the I750/ 1y ratio relating the
cross-polarized Raman scattering intensities recorded at 780 and
270 cm™!, evaluated from data of Fig. 4. Panels allows us to compare
(a) data taken in light stripe and (b) data taken in the dark stripe. Full
lines are guides to the eye.
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FIG. 6. Macroscopic stripe pattern observed at ambient condi-
tions in a PMN-0.32PT crystal rapidly quenched from a state similar
to that shown in Fig. 2. (a) Polarized Raman intensity as a function of
Raman shift and a position along the Raman measurement trajectory,
indicated by straight line in the optical micrograph (b). Polarizer and
analyzer were both parallel to the [100],,. poling direction. The optical
micrograph is taken in a reflection mode.

distorted rhombohedral ferroelectric phase alone. Similarly,
it also excludes the scenario of ferroelectric domains in a
monoclinic phase, structurally very close to the tetragonal
one. On the contrary, [001],. projections of the optical axis of
one rhombohedral (or almost rhombohedral) domain and one
tetragonal (or almost tetragonal) domain are always mutually
at 45 deg (or almost 45 deg) apart. Therefore, the observed
angular shift corroborates well the anticipated two-phase
picture.

After completing the above described investigations, we
have realized that fast quenching of the sample sometimes
allows us to maintain the laminar structure even at room
temperature. An example of such a quenched structure is
shown in Fig. 6. A dense sequence of Raman spectra was
taken along a line passing across the visually observed stripes.
The Raman spectra are similar to those taken near 360 K,
with a clear difference between the light and dark stripes. In
addition, the Raman spectra for both the cross-polarized and
parallel-polarized spectra were detected separately in a dark
stripe and a light stripe area as a function of the angle ¢ at 5-deg
steps. The angular dependence of the I730/1>79 ratios shown
in Fig. 7 is very similar to that of the measurements shown in
Figs. 4 and 5, taken slightly above the Trr temperature.

This suggests that the tetragonal-like state can be occasion-
ally maintained at least down to room temperature. Conversely,
we have sometimes seen some residual dark stripes also
well above the Tgrr temperature, but their area (thickness)
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FIG. 7. Angular dependence of the intensity ratios 70/ 179 for
the parallel-polarized (full lines) and cross-polarized (dashed lines)
Raman scattering intensities, evaluated from the measurements taken
at ambient conditions. Panels show (a) data taken in a light stripe and
(b) data taken in a dark stripe of the structure shown in Fig. 6.

was always substantially reduced on passing around the gy
temperature, which can be considered as a signature of the
rhombohedral-like nature of the dark-stripe area.

It is worth noting that the angular dependence of I7g0/ 1279
intensity ratio for the parallel-polarized Raman scattering
intensities in the dark stripe [Fig. 7(b)] is completely maxi-
mized when the polarizers are parallel to the [011],, direction
(polarizers perpendicular to the stripes in Fig. 6), while it
has only a weak local maximum near the [011]pC direction
(polarizers parallel to the stripes in Fig. 6). This marked
difference between dark-stripe Raman spectra polarized par-
allel and perpendicular to the [011],. direction is also found
for the Is79/Is10 intensity ratio [see Fig. 8(a)]. Similarly,
the parallel-polarized Is70/Isio intensity ratio is markedly
different when polarizers are parallel to the [100],c and [010],,¢
directions, respectively [see Fig. 8(d)].

Moreover, the parallel-polarized intensity ratios in
Figs. 7(b), 8(a), and 8(d) are symmetric with respect to the
position of its maxima. Due to the highly symmetric scattering
geometry of the parallel-polarized scattering experiment, these
symmetric maxima indicate orientations of the possible mirror
symmetry operations of the structure within the given stripe.
This is important because the presence of the macroscopic
symmetry plane of the stripe implies that the macroscopic
polarization of the stripe is contained in it. In case of the light
stripe, the (100),. plane is unlikely to be a symmetry plane
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FIG. 8. Angular dependence of the Is79/Is1o intensity ratio for
the parallel-polarized Raman scattering intensities, evaluated from
the measurements taken at ambient conditions. Panels allow us to
compare (a) data taken in the dark stripe probed in Fig. 7(b), (b) data
taken in a single-domain ([111],.-poled) sample, (c) data taken in a
multidomain, frustratively poled ([100],.-poled) sample, and (d) data
taken in the light stripe probed in Fig. 7(a). The scattering geometry
with respect to the pseudocubic crystallographic axes is common to
all four cases displayed.
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because it is strictly perpendicular to the poling direction.
However, (010), is a plausible symmetry plane there.

In order to find the orientation of the projection of
the spontaneous polarization within dark stripes, we have
also measured the Raman spectra of the single-domain
rhombohedral PMN-32PT crystal [18]. This sample was first
cut as a [111]pc-oriented 1-mm-thick plate, poled across its
thickness and then its (001),. face was gently polished so
that equivalent experiments could be done on this sample
as well. The remarkable optical transparency of this sample
testified that the sample remained in the single domain state.
The angular dependence of the Raman spectra measured
in the single-domain sample was very similar to that recorded
in the dark stripes. For example, the I579/ 519 intensity ratio
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[see Fig. 8(b)] is very similar to that of the dark stripe
[Fig. 8(a)].

Obviously the projection of the spontaneous polarization on
the (001),. viewing plane in the single domain sample is along
the [011], direction. When the polarizers are parallel to it, the
Is70/ Iy ratio reaches the side maximum. Therefore, we can
conclude that polarization of the dark stripe is perpendicular
to the stripe direction.

For the sake of comparison, we have also investigated
Raman spectra of the [100],.-oriented platelet similar to that
of Fig. 2 but poled in the usual way [18], frequently employed
to achieve the standard, 4mm symmetry multidomain state,
known for the high values of the macroscopic ds3 piezoelectric
coefficient [1,6]. The angular dependence of the parallel-
polarized Raman intensity ratio Is79/ls10, detected in the
geometry of Fig. 1(b), is shown in Fig. 8(c). The maxima of this
quantity coincide again with [011],. and [OIT]pc directions,
indicating that the sample is in the rhombohedral-like phase,
as it was originally expected [1]. Moreover, the heights of
all these maxima are almost equal, as can be expected for a
multidomain state with equal fraction of the domain states
with polarization along the [111]pe, [111]pe, [111]pc, and
[111],c crystallographic directions [6]. Summarizing, these
experiments confirm that the angular dependence of the Raman
scattering is capable of distinguishing clearly the rhombo-
hedral and tetragonal phase content in PMN-xPT crystals,
irrespective of the type and the macroscopic symmetry of the
twinning or poling state.

IV. DISCUSSION

The present experiment gives evidence for spontaneously
formed interfaces in a PMN-xPT single crystal. The interfaces
separate two alternating structural variants of the same
material. Many parallel interfaces are formed at a time, at
10-100 pm distances, and not just an individual phase front as
encountered near the first-order phase transitions in samples
under a temperature or concentration gradient [33,34].

Similar structures were possibly observed in PMN-xPT
and Pb(Zn1/3Nb2/3)1_xTix03 (PZN—)CPT) in Refs. [35—38] In
principle, all these observations could be interpreted in terms of
orientational domains of a single monoclinic phase as well as in
terms of the regions belonging to two distinct phases. However,
the inspection of the angular polarization profile of the Raman
scattering intensity shown in this work demonstrates clearly
that here we deal indeed with a macroscopic heterophase
lamellar structure. Moreover, it was explained why the light
and dark stripe regions can be associated with the tetragonal
and rhombohedral phases, respectively.

The visual inspection of the observed pattern allows us
to draw two additional conclusions: (i) Since the observed
interphase boundaries are macroscopic planar objects, it can
be inferred that the interfacial energy is markedly anisotropic
and (ii) since, in addition, the orientation of the phase boundary
with respect to the pseudocubic crystallographic axes is the
same and reproducible, it seems obvious that its orientation
is determined by elastic forces (as a prominent habit plane
allowing stress-free matching of both phases).

These observations together reveal a strong analogy
between the present lamellar structure and the strain-
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accommodating domain structures known from studies of
martensites. Several theoretical models of martensitic struc-
tures have been already proposed also for ferroelectric mate-
rials (see, e.g., Ref. [7]). The crystallographic orientation of
possible low-energy mobile material interfaces in the predicted
laminate structures is typically dictated by the elastic and
possibly also electric compatibility of the adjacent domain
states [7,39-44].

Most of the frequently studied strain-accommodating
lamellar structures consist of distinct orientational variants of
the same phase, but two-phase laminates were also proposed.
The macroscopic lamellar heterophase pattern described here
is reminiscent of the nanoscale lamellar heterophase patterns
detected in epitaxially strained BiFeOs films [45-48]. These
domain patterns have been nicely interpreted as theoretically
predicted [49] lamellar structures allowing us to minimize a
proper combination of the elastic, electric, and the domain
interface energy (with dominant elastic contribution) [44,50].

Recently, nanoscale heterophase laminate structure was
predicted even for PMN-xPT. According to the theoretical
analysis of Ref. [51], the orientation of the predicted bound-
aries between the lamellas of rhombohedral and tetragonal
phase is close to a {110} crystallographic plane. This is
actually well compatible with the present macroscopic optical
observations.

In addition, the same architecture of heterophase laminates
can be probably encountered in single crystals of PZN-xPT.
Here we refer to Fig. 7 of Ref. [35]. There is also a nicely
developed system of stripes of the tetragonal-like phase,
intercalated within the rhombohedral phase. According to the
indicated extinction condition, it seems that the investigated
PZN-xPT sample was viewed along a {001}, direction there.
This would mean that that interphase boundaries are also
oriented at about 45 deg with respect to the [001], direction.
Thus, the main characteristics of these heterophase stripe
patterns seem to be common to both PMN-xPT and PZN-xPT
systems.

Interestingly, the angular dependence recorded in the dark
and light areas here are also quite analogous to that of “G
microregions” and “R microregions,” respectively, discovered
in PMN-0.33PT single crystals by authors of Ref. [30] and
then also reinvestigated in the temperature study of Ref. [52].
In contrast with our observations, the borders of the previously
observed G microregions and R microregions have an irregular,
spongy character. In the light of the present observations it
seems quite likely that these microregions do correspond to
the rhombohedral and tetragonal-like areas, even though the
geometry of the boundaries of such microregions is somewhat
unexpected. Different morphology is perhaps related to some
frozen defects or concentration fluctuations. We also note that
their PMN-0.33PT sample was studied “as-grown,” whereas
our observations were made with PMN-0.32PT sample and
the macroscopic interphase boundaries interfaces were only
observed after poling of the sample.
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Finally, let us note that the nanoscale coexistence of
the rhombohedral-like and tetragonal-like phases in relaxor
materials with composition close to the MPB is consid-
ered as a key ingredient in the mechanism of their high
piezoelectric properties [14,53-56]. It is very likely that not
only the phase coexistence but mainly the architecture of
the interphase boundaries is important. For example, it is
possible that the phenomenon of overpoling of lead-based
relaxor ferroelectric materials is related to the presence of
macroscopic (percolated) tetragonal-like areas, while micro-
scopic phase coexistence could still favor the piezoelectric
response [57]. At the same time, the microscopic mechanisms
responsible for the piezoelectricity in Na;/;Bij»TiO3-based
materials are probably very different from that of lead-based
materials [58]. In either case, we believe that further studies
of such heterophase boundaries are needed for understand-
ing the functional properties of the whole family of MPB
materials.

V. CONCLUSION

Our experimental observations clearly indicate that a slow
zero-field heating of previously field-cooled PMN-0.32PT
specimens is a protocol suitable for the stabilization of arrays
of macroscopic interphase boundaries between tetragonal
and rhombohedral-like (possibly monoclinic) variants of
PMN-xPT single crystals. The formation of tetragonal and
rhombohedral-like stripes occurs near the gy transition.

Because of their macroscopic (millimetric) size, the phase
boundaries separating adjacent stripes can be easily observed
in an optical microscope. In fact, the existence of a macro-
scopic interface boundary allowed us also to employ spatially
resolved polarized Raman scattering techniques to confirm
that the stripe pattern is due to the coexistence of the phases
attached to the opposite sides of the morphotropic phase
boundary in the temperature-composition phase diagram.
However, we believe that the existence of such macroscopic
interphase boundaries can be advantageous for other inves-
tigations of the coexistence and compatibility of tetragonal
and rhombohedral-like (possibly monoclinic) variant MPB
systems. Our results also demonstrate that MPB materials
have a clear potential to sustain different interfaces than just
“ordinary” ferroelectric domain walls separating two domains
of the same ferroelectric phase. This might considerably enrich
the domain-wall engineering opportunities available for this
family of MPB crystals.
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