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Temperature and electric field effects on rhombohedral (R) ternary
Pb(In; ;,Nb;/2)O03-Pb(Mg; 3Nb,/3)05-PbTiO; (PIN-PMN-PT) ferroelectric single crystals were comprehensively
studied by x-ray diffraction. We have focused on how the individual phase transitions as well as the phase
transition sequences depend on thermal and electrical history. Electric field-temperature phase diagrams have
been constructed under [001] field-cooling and field-heating conditions. As happens to the R phase of binary
PMN-PT crystals [H. Cao, J. E. Li, D. Viehland, and G. Y. Xu, Phys. Rev. B 73, 184110 (2006)], the R phase of
the zero-field-cooled (ZFC) state is replaced by a monoclinic A (M ») phase in the field-cooled (FC) diagram. In
particular, reciprocal-space mesh scans demonstrated that the M 5 phase was stable for crystals poled along the
[001] crystallographic direction rather than the initial R phase of the ZFC state. Furthermore, an E-field-induced
phase transformational sequence of R — M ,— tetragonal (T') was observed at constant temperature, revealing
a gradual increase in the ¢ lattice parameter. These findings demonstrate that the ternary PIN-PMN-PT crystals
exhibit common phase transition features with binary PMN-PT and Pb(Zn; 5Nb,/3)O5-PbTiO3 (PZN-PT) ones

for compositions in the low PT side of the morphotropic phase boundary.
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I. INTRODUCTION

Perovskite oxides have attracted increasing interest over
the past decades from the viewpoint of their excellent
ferroelectric and piezoelectric properties for applications
in multifunctional devices (such as sensors, transducers,
actuators, and memory devices), as well as for an un-
derstanding of the fundmental physics underlying their
high properties [1]. Among these materials, lead-based
solid solutions of Pb(Zn, ;3Nby/3)O05-PbTiO; (PZN-PT) and
Pb(Mg, /3Nb2 13)0;3-PbTiO3 (PMN-PT) with an ultrahigh elec-
tromechanical response that is nearly an order of magnitude
larger than those of conventional piezoelectric ceramics [2]
have been extensitively investigated, especially for composi-
tions near a mophotronic phase boundary (MPB) [3].

An important breakthrough in understanding the strucural
origin of the high electromechanical properties was the
experimental discovery and subsequent theoretical study of
low-symmetry ferroelectric monoclinic phases that bridge
the high-symmetry thombohedral (R, space group R3m) and
tetragonal (7, space group P4 mm) ones [4-7]. Controversy
remains concerning whether these monoclinc phases are intrin-
sic homogeneous phases or rather structurally heterogeonous
ones [8,9]. Either way, the monoclinic symmetry allows the
polarization vector to be unconstrained within a plane rather
than being confined to a particular crystallographic axis. The
monoclinic A (M ») unit cell is doubled in volume and rotated
by 45° about the ¢ axis with respect to the pseudocubic cell,
having a unique by, axis along the [110] direction, whereas the
monoclinic C (M) unit cell is primitive, having a unique by,
axis that is oriented along the pseudocubic [010], as illustrated
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in Fig. 1(a). More recently, a monoclinic B (Mg) phase has
been reported [10—12]. Although both the M 5 and My phases
belong to the Cm space group, the difference between them
lies in the magnitudes of the components of the polarization
corresponding to the pseudocubic cell: for the M, phase,
P, = P, < P, whereas for the Mg phase, P, = P, > P, [7].
Comparing the relative values of Py, Py, and P, is not always
straightforward by structural measurements. However, Cao
et al. [11] proposed a criterion to experimentally distinguish
the M, and My phases based on the values of their lattice
parameters.

Monoclinic M 5, Mg, and M ¢ phases have all been reported
in both PZN-PT and PMN-PT crystals. Neutron and x-ray
diffraction studies of the effect of an electric field E on [001]-
oriented rhombohedral PZN-4.5PT and PMN-28PT (both on
the low PT side of the MPB) have shown a cubic (C)—>T —
M ¢ transformational sequence on being field-cooled (FC) [11]
and a R - M ,—T transformation sequence with increasing
E applied along the [001] at fixed temperature [13,14]. More
complicated transformational sequences have been observed
for compositions near the MPB [2,15]. For example, the
initial R phase of PZN-8PT and PMN-30PT is irreversibly
transformed to a T one via both M, and M phases under
E//[001] [13-16]. In these cases, polarization rotation within
two monoclinic planes and a jump between them occurs
with increasing E, as shown in Fig. 1(b). Accordingly,
a phase transformational sequence of C — T — M [15]
or C—>T — Mc—>M, [10,16] was obtained in the FC
condition. In particular, the Mc phase of PZN-8PT and
the M one of PZN-4.5PT and PMN-30PT remained after
application of E. Previous investigations have also revealed
that E applied along other crystallographic directions leads
to different polarization rotation pathways and phase trans-
formational sequences [11,17]. In PMN-30PT crystals, for
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FIG. 1. (Color online) (a) Representation of the monoclinic unit
cell with respect to the tetragonal unit cell, adapted from Ref. [3].
The polarization in monoclinic M (space group Cm) lies in the
amacma monoclinic plane (polarization P = [xxz] in cubic Cartesian
coordinates) and is shown as pya; the polarization in monoclinic M ¢
(space group Pm) lies in the ayccmce plane (polarization P = [x0z])
and is shown as pyic. (b) Scheme of two possible paths (R — Ma—T
and R - My—Mc — T) for the polarization vectors to change
from [111] in the rhombohedral phase to [001] in the tetragonal
one, as proposed by Fu and Cohen [5]. (c) Schematic representation
of reciprocal-space maps of a monoclinic structure, indexed in the
monoclinic system.

E//[101]¢,a R — Mpg—orthorhombic (O) transformational
sequence has been found [10,18], which had anhysteretic
electromechanical behavior [19] and a monodomain O phase
under high field [20]. Diffraction studies have shown that
the My phase is the ground-state condition upon removal
of E//[110] [10]. Electric field versus temperature (E-T)
phase diagrams in the FC state or at fixed temperatures with
increasing E and temperature versus PT composition ones in
the FC state have been constructed based on these structural
studies [10,11,13,15,16].

In spite of the extraordinary electromechanical properties
of PMN-PT and PZN-PT crystals, several obstacles have
restricted them from practical applications. First, deteriora-
tion in performance with increasing temperature limits their
usable temperature ranges, which arises from a loss of the
piezoelectric properties because of depolarization due to their
relative low M — T and T — C transition temperatures.
Second, the coercive field is on the order of 2 kV/cm, which
restricts their usage to low voltage drive applications [21].
In order to overcome these challenges, numerous efforts
have been carried out in an attempt to broaden the usable
temperature and voltage ranges, generally by selecting solution
components and dopants for the binary systems, such as
Pb(Yb, ,Nbj2)O; (or PYN), Pb (In; ,Nb; 2)O; (or PIN), and
Mn [21,22].
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Recently, high-quality and large size ternary PIN-PMN-PT
crystals have been grown by a modified Bridgman method.
These ternary crystals have Curie temperatures on the order
of T¢ = 200 °C while maintaining the ultrahigh piezoelectric
properties of the binary PZN-PT and PMN-PT systems [21,23—
25]. In these ternary crystals, the superior piezoelectric
properties have been well characterized [21,24-30]. Further-
more, various phase transformation sequences have been
conjectured to explain polarization, electromechanical, and
dielectric data [26-28,30,31], and polarized light microscopy
images [32]. However, to clarify the origin of the exceptional
piezoelectric characteristics of this new generation of ternary
crystals, high resolution diffraction studies are needed in order
to resolve the complexities of the transformation sequences in
detail.

Here, high resolution x-ray diffraction structural investiga-
tions of PIN-PMN-PT crystals on the R side of the MPB have
been performed for various electrical and thermal histories.
Systematic studies have been carried out by (i) heating the
crystals from 30 to 250 °C under £ = 0kV/cm (i.e., zero-field
heated [ZFH]) and with E//[001] (i.e., field heated [FH]),
starting from the annealed state (annealing at 500 °C for 30 min
in order to eliminate the pre-stress effect generated in the
growth process); (ii) cooling from 250 to 30°C with E =
0 kV/cm [i.e., zero-field cooled (ZFC)] and with E//[001]
direction (i.e., FC); (iii) heating the poled crystal from 30
to 250°C [i.e., poled-heating (PH), the poled state was
achieved via poling the sample using £ = 8 kV/cm along
[001] direction at room temperature]; and (iv) increasing E
at constant temperatures. The results unambiguously identify
the E-T phase diagram and the transformational sequences
for these different electrical and thermal histories of ternary
PIN-PMN-PT crystals.

II. EXPERIMENTAL DETAILS

Ternary single crystals with the nominal composition
of 33PIN-35PMN-32PT were grown from the melt by a
modified Bridgman method [25]. As-grown single crystals
were oriented along pseudocubic (100)/(010)/(001) planes,
diced into parallelepipeds with dimensions of 4 x 3 x 3 mm?
from the rhombohedral region [23,25], and all the faces of the
parallelepipeds were polished to 0.25 pm. The actual compo-
sition for these crystals was determined to be 25PIN-42PMN-
33PT using energy dispersive x-ray spectroscopy (EDS;
experimental error ~5%). In order to avoid experimental errors
due to segregation (composition gradient from top to bottom of
the as-grown crystals [23,25]), the rectangular parallelepipeds
were diced into two pieces of dimensions 3 x 3 x 0.5 and
3 x3 x3mm?® (the larger crystal was intended to be a
backup in case of dielectric breakdown during measurements
under E). The cut faces were reoriented/polished along the
(001) crystallographic planes to a roughness of 0.25 um
using a polishing grinder. All the measurements reported
here were performed on the same crystal of dimensions
3 x 3 x 0.5 mm’.

The temperature-dependent dielectric constant was char-
acterized using an LCR meter (HP 4284A) at various fields
and temperatures, which will be described in more detail
with regard to diffraction measurements. The x-ray diffraction
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studies were performed using a Philips MPD high-resolution
system equipped with a two-bounce hybrid monochromator,
an open three-circle Eulerian cradle, and a domed hot stage. A
Ge (220)-cut crystal was used as an analyzer, which provides
an angular resolution of 0.0068° [full width at half-maximum
(FWHM)]. The experimental error in lattice parameters in
this investigation was determined to be less than 0.002 A
via cross-checking the diffraction peaks along (002)c and
(200)¢ or (220)c zones. The x-ray wavelength was that of
Cu Ko = 1.5406 A, and the X-ray generator was operated
at 45 kV and 40 mA. Previous x-ray and neutron scattering
studies revealed the presence of a strong “skin effect” [33] in
single crystal relaxor compositions of both PZN-PT [34,35]
and PMN-PT [36,37] that can produce variability in the
diffraction peaks profiles and lattice parameters. The thickness
of this skin seems to be system dependent, but it is of
order 60 pum in pure PZN. Given that this skin effect
may be present in PIN-PMN-PT, we note that the x-ray
penetration depth in our measurements was approximately
10 um [10,11].

Gold electrodes were deposited on the top and bottom
surfaces of the specimen (i.e., 3 x 3 mm?) by sputtering.
Diffraction measurements were then performed along the
(O0L) direction (i.e., x-ray beam on top and bottom faces); we
designate, here, the electroded faces as (001). Upon finishing
the measurements along (001), the electrodes were removed
using a polishing blanket with 0.25 um aluminum powder.
Then, the specimen was re-electroded on one pair of side
faces perpendicular to the original (001) by sputtering (i.e., 3 x
0.5 mm?). Thereafter, diffraction measurements were carried
out along (HOO) and (HHO) zones. Studies were performed
under electric field by attaching thin wires on the electroded
faces using a small drop of conducting epoxy, and silicon
grease with high dielectric breakdown strength was used
to prevent arcing. To determine the domain configuration,
reciprocal-space mesh scans (RMS) were obtained around the
(200) Bragg diffractions in the (H, 0, L) zone and around
(220) in the (H, H, L) zone. These RMS were recorded
by a sequence of 20-w scans at different w offsets and are
shown in plots of intensity as a function of reciprocal lattice
units (rlu). In this study, we fixed the value of rlu at a* =

21 Ja = 1.550 A , and all RMS of PIN-PMN-PT shown here
were plotted in reference to this reciprocal unit. For both the
ZFC and FC states, the specimen was heated to 250 °C, and
measurements were subsequently taken on cooling without and
with E, respectively. In both the ZFH and FH measurements,
each measurement cycle was begun by heating the crystal to
250°C in order to completely anneal the crystal specimen
and cooled down to 30°C, and measurements subsequently
taken on heating without and with E, respectively. In the PH
measurements, the specimen was poled at room temperature
directly from the annealed state under £ = 8 kV/cm and
then gradually heated to 250°C. In the increasing field at
fixed temperature measurements, the specimen was heated
to 60 and 100°C from an initially annealed state, and
measurements subsequently performed with first increasing
and then decreasing E. The heating and cooling rates were
2°C/min for temperature-dependent dielectric constant and
5 °C/min for the x-ray measurements.
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FIG. 2. Field-temperature phase diagram of rhombohedral PIN-
PMN-PT, respectively obtained from structural measurement in the
(a) FC process and (b) FH process with £ = 1 kV/cm. The phase
transition under ZFC and ZFH was also present in this figure, labeled
with dashed arrows.

III. PHASE TRANSITIONS AND LATTICE PARAMETERS

First, we show an E-T phase diagram for PIN-PMN-PT in
Fig. 2, which summarizes the findings of the measurements
to be presented in the following sections. The top panel of
this figure gives the FC diagram, where measurements were
made under a constant field on cooling from 250 to 30 °C;
the bottom panel shows the FH diagram, where measurements
were performed under a constant field on heating from 30
to 250°C beginning from an initially ZFC condition. To
present a more comprehensive perspective, the initial ZFC
and ZFH conditions (E = 0 kV/cm) are also presented in
these diagrams. Solid squares represent the phase transition
temperatures, which were determined by changes of the lattice
constants and peak profiles. The significant features that can be
seen in the field-temperature phase diagrams with increasing
E are as follows: (i) the C — T boundary shifts to higher
temperature and (ii) the 7 — M, boundary shifts slightly
to lower temperature. These features demonstrate that the
T phase is stabilized with increasing E [11,15,16]. In this
diagram, arrows are used to indicate the measurement direction
and range with corresponding temperature changes.

A. Dielectric-temperature response

Figure 3(a) shows the temperature-dependent 1 kHz di-
electric constant &, for PIN-PMN-PT crystals measured under
various conditions, as described in Sec. II. The dielectric
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FIG. 3. (Color online) Temperature dependence of the dielectric
constant at 1 kHz (solid lines) and 10 kHz (dash lines): (a) for ZFC,
ZFH, and PH processes; (b) under various E fields of E = 0.5, 1, and
2 kV/cm for FC process; (c) under various E fields of £ = 0.5, 1,
and 2 kV/cm for FH process.

response for the ZFC condition exhibits a single, broad, and
featureless peak that is typical of a diffuse phase transition,
whereas, an additional dielectric shoulder is observed under
the ZFH and PH conditions. In the case of pure PMN, Westphal
et al. [38] reported dielectric and optical birefringence data
that suggest cubic and ferroelectric phases coexist over a broad
temperature range and that the relative volume fraction of these
phases changes with temperature. We observe similar behavior
in PIN-PMN-PT using x-ray diffraction measurements, which
will be discussed in more detail later. In the FC condition for
E = 0.5 kV/cm [see Fig. 3(b)], a broad dielectric maximum
is found typical of a diffuse phase transformation, followed by
a sharp drop in the dielectric constant near 160 °C. We believe
this sharp decrease represents a pseudocubic (relaxor)— T
transition, which is supported by the x-ray data to be presented.
At higher field strengths of £ = 1 and 2 kV/cm, two
dielectric peaks were apparent. The first is associated with
a sharp C — T transition followed by an abrupt decrease in
the dielectric constant: these data indicate that the dielectric
maximum and relaxor—7 transition coincide. The second
is a dielectric shoulder at lower temperatures that indicates
a ferroelectric phase transition. For the FH condition [see
Fig. 3(c)], in addition to these two dielectric peaks, a weaker
third peak in the dielectric data is observed for E =0.5kV /cm,
which is attributed to a R— M4 transition.
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An important observation from these data is the apparent
increase of the dielectric maximum (i.e., C — T) phase
transition temperature (or 7¢) with increase of E in both the FC
and FH conditions, which is consistent with that previously re-
ported in binary PMN-PT and PZN-PT crystals [15,16,39]. In
addition, the dielectric maximum becomes noticeably sharper
for E > 1 kV/cm. We speculate that these characteristics
may be universal to Pb-based piezoelectric crystals near the
MPB. A possible explanation of these two characteristics is
that polar nanodomains (PNDs) exist near 7¢ in the ZFC
and ZFH conditions for compositions on the low-PT side
of the MPB [39,40]. Application of E//[001] might align
the PNDs and induce a macrodomain state. The observed
shift in the C — T boundary may reflect this field-induced
PNDs — macro T domains transition.

B. ZFC and ZFH x-ray data

Diffraction profiles measured along the radial (6-26)
direction in the pseudocubic (002) and (220) zones in the ZFC
and ZFH conditions are shown in Fig. 4, where the Gaussian
function fits are superposed on the observed diffraction peaks
(in panels (a) and (b), the diffraction peaks at 140 °C were fitted
using a Lorentzian function). In the ZFC condition, the C phase
is stable above 190 °C, as only a single sharp peak is observed
in the (002)¢ and (220)¢ diffractions. However, a broad tail at
the low 26 side (i.e., an asymmetrical profile) is observed above
this temperature, as shown in Fig. 4 at 250 °C for both ZFC and
ZFH conditions. In particular, above the Burns temperature
(500°C, data not shown), the tail behavior disappeared.
This indicates that the tails are probably associated with
short-range order [i.e., polar nanoregions (PNRs)], resulting
from random electric field [41], as the B-site of PMN-PT
type perovskites are occupied by near-random mixtures of
heterovalent cations [42]. Another possible explanation for
these tail features is the skin effect due to the limit penetration
of x ray. On cooling to 180 °C,a C — T transition occurs and a
tetragonal distortion of the (002) Bragg peak becomes apparent
via the appearance of an additional peak at lower scattering
angle. A coexistence of C and T phases is observed on cooling
to 140 °C, where the pseudocubic (002) diffraction consists of
a tetragonal (002)-(200) doublet and a residual cubic (002)
singlet. When the temperature was lowered below 110 °C,
a broad rhombohedral (002) singlet and a (220) — (220)
doublet are respectively observed in the pseudocubic (002)
and (220) zones. This demonstrates that the R phase is stable
on cooling. In the ZFH condition, a R — T transition was
clearly identified at 130 °C, although some residual diffuse
scattering in the vicinity of the rhombohedral (200) persisted.
On further heating to 190 °C, a subsequent T — C transition
is found, as evidenced by the appearance of cubic (002) and
(220) diffractions and a simultaneous disappearance of the
tetragonal a domain (200) peak.

The phase transition sequences in Fig. 2 under ZFC and
ZFH were identified by the evolution of the diffraction peaks,
as discussed above. In order to quantitatively determine the
phase transition temperatures and to cross-check whether the
polar state has long- or short-range order, the fitted FWHM of
each peak along (002)¢ zone is given in Fig. 5. Obviously, the
diffraction peaks of the polar state are much wider than those
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FIG. 4. (Color online) Temperature evolution of the (a) (002)c and (b) (220)c reflection peaks for ZFC from cubic to rhombohedral phase
and (c) (002)¢ and (d) (220)¢ reflection peaks for ZFH from rhombohedral to cubic phase.

of the nonpolar cubic phase. For the T phase, the values of
FWHM for the ¢ domain peaks are larger than that for the a
domain in both ZFH and ZFC conditions. In particular, the
a domain of T phase exhibits similar FWHM values as
the nonpolar cubic phase. We note that the large values of
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FIG. 5. (Color online) Temperature dependence of FWHM of
various diffraction peaks along (002)c observed in Fig. 4 for (a)
ZFC and (b) ZFH conditions.

FWHM for the T ¢ domain might be associated with the
short-range T order; however, the peak characteristic for both
the ZFC and ZFH conditions (i.e., the ZFC value of FWHM for
the ¢ domain increases with decreasing temperature, whereas
it decreases with increasing temperature for ZFH) make this
conjecture controversial. Analogously, in the low temperature
range of both the ZFC and ZFH conditions, the large FWHM
values of the (002)g diffraction peaks may also indicate a
short-range rhombohedral ordering, or pseodu-R phase, as
recently defined by Gehring et al. [42]. Please note that
these broad features have previously been observed in binary
PMN-PT relaxor crystals [16]. Thus, the polar 7" and R in the
phases diagram of Fig. 2 and the phase coexistence regions in
Figs. 6 and 7 can be regarded as long-range ordered states based
on the general characteristics of their diffraction peaks, even
though controversy remains. We hope our results will stimulate
further neutron diffuse scatting experiment to clarify this
controversy.

The lattice parameters were then calculated from the
diffraction peaks and are given in Fig. 6 over the entire
temperature range studied. The phase transformation sequence
in the ZFC and ZFH conditions is also labeled in this figure.
The rhombohedral lattice parameters and the tilt angle ()
were obtained, cross-checked with the (002)g diffraction, and
fitted to the (220) diffraction of the (220)r — (220)r peaks.
The tetragonal lattice parameters were also extracted from the
(002)1-(200)7 doublet and cross-checked by the (202) peak.
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The (220)r peak was not observed, which is quite common in
single crystal diffraction measurements [43].

From the temperature evolution of the diffraction peaks
(Fig. 4) and lattice parameters (Fig. 6), it can be seen that the
R — T transition has a large thermal hysteresis of about 30 °C
in zero-field. By contrast, the C — T zero-field transition
is only about 10°C. These thermal hysteresis regions are
consistent with those observed in the dielectric data (see
Fig. 3). The thermal hysteresis at the R — T boundaries may
arise from a delay in the nucleation of the T-phase regions
within the R matrix (on heating) relative to that of the R-phase
regions within the 7" matrix (on cooling) and, correspondingly,
the nucleation of the C phase regions within the 7 matrix (on
heating) relative to that of the 7' phase regions within the
C matrix (on cooling). These phase transitions, accompanied
with hysteresis, indicate a first-order character of the phase
transitions.

Insights into the larger thermal hysteresis of the T — C
boundary may be obtained by comparing the lattice parameter
data (Fig. 6) with that of the ZFC and ZFH dielectric data
(Fig. 3). Interestingly, the ZFC and ZFH dielectric data,
although having similar characteristics and values near room
temperature and near the dielectric maximum, have notable
different values between 75 and 150 °C. The ZFC data display
a broad featureless dielectric profile on cooling below 150 °C;
by contrast, the ZFH data exhibit a secondary shoulder near
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FIG. 7. (Color online) Temperature-dependent lattice parame-
ters under (a) FC, (b) FH with E = 1kV/cm, and (c) PH process. The
tilting angles are presented in (d) of this figure. In the cubic phase
region, the solid squares are obtained from the (002)c diffraction
data, while the open squares are obtained from (200)c one. Solid
lines drawn though the data points are for guides to the eyes.

125 °C, where the value of the dielectric constant is greater than
that of the ZFC below this temperature and smaller above it.
The comparisons of the ZFC and ZFH data indicate significant
changes in the degree of PNDs self-organization into domain
hierarchies with time at lower temperatures, which may be
driven by elastic strain accommodation. The larger thermal
hysteresis near the 7 — C boundary may then reflect that the
ensemble of PNDs is less elastically relaxed.

C. FC, FH, and PH x-ray data

To clarify the field and temperature effects on the phase
transformational sequence summarized in Fig. 2 and to obtain
a better understanding of the PIN-PMN-PT structure-property
relations for the various conditions, x-ray diffraction line scans
were taken about the (002), (200), and (220) zones under £ =
0.5, 1, and 2 kV/cm for both the FC and FH conditions and
under £ = 0 kV/cm for the PH one. In addition, RMS were
obtained about (200) and (220) at 150, 120, and 90 °C for the
FC condition with E = 1 kV /cm; at 60, 90, and 120 °C for the
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FH condition with £ = 1 kV/cm; and at 30 and 130 °C for
the PH condition with E = 0 kV/cm. The lattice parameters
for the FC and FH conditions (£ = 1 kV/cm) and for PH
condition (£ = 0 kV/cm) are given in Fig. 7.

1. FC(E =1kV/em)

Above 210 °C for E = 1kV/cm, the (002), (200), and (220)
diffraction peaks do not exhibit any peak splitting, and it was
found that the d spacing extracted from the (002) Bragg peak
was equal to that from the (200), i.e., ¢ = a (experimental error
is less around 0.001 A). Thus, the stable phase is clearly C.
On cooling to 210 °C, the ¢ domain of the T phase became
apparent in the cubic matrix, but the a domain was not detected
until a lower temperature of 190 °C. Analogous behavior was
found in the ZFC condition [see Figs. 4(a) and 6(a)]. However,
the range of C and T phase coexistence was narrower relative
to the ZFC condition [see Fig. 7(a)]. The signature of the T
phase became more pronounced with decreasing temperature:
the (002)r reflection peak shifted towards lower 26 values,
whereas the (200)T moved towards higher ones. These findings
demonstrate that the lattice parameter cr elongates and ar
contracts, as can be seen in Fig. 6(a). The RMS at 150 and
120°C also verified that the 7-phase symmetry was stable,
where a single domain was observed around the (200) and
(220) reflections. Although the (220) peak was narrow, a small
shoulder was apparent at negative L values (see Fig. 8 ), which
probably resulted from the crystal mosaic.

On decrease of the temperature to 90 °C, the monoclinic M
phase was found to appear, which remained present on further
cooling. As shown in Figs. 8(e) and 8(f), the pseudocubic (220)
reflection exhibited the characteristic triple splitting of the M
phase, which consisted of a (040)pa b domain and two twinned
(400)pa — (400)pa a domains, whereas the pseudocubic
(200) exhibited the characteristic doublet splitting consisting
of two twinned (220)ya — (220)ma domains. The symmetric
splitting along the transverse direction of the two a domains
corresponds to the twin angle between the domains [6].
Thus the L coordinate value corresponds to a monoclinic
angle of B = 90.25°, whose value was found to slightly
increase with decrease of temperature [see Fig. 7(d)]. The
My lattice parameters (cv, bv, and ay) were respectively
calculated from the (002)yc domain, (040),,b domain, and
(400)pa domain, as shown in Fig. 7(a). It can clearly be
seen that the value ¢y exhibited a sharp decrease relative
to cr and then gradually decreased further with a decrease
of temperature, whereas the values of by/+/2 and ay/+/2
abruptly increased relative to ar and were nearly independent
of temperature on further decrease of temperature. These
findings are unlike those for the T — My transition of binary
PMN-PT crystals and PZT ceramics, where the values of
bm/~/2 and ar were reported to continuously decrease with
decrease of temperature [11,43,44].

No evidence of M¢ domain configurations in the FC con-
dition were found in our structural investigations, analogous
to those previously reported for PMN-x PT crystals with x <
28 [11]. Both line and mesh scans unambiguously indicated
that the phase transformational sequence was C — T — My
for the FC condition with £ = 1 kv/cm in our studies of
PIN-PMN-PT crystals that exhibited a stable R phase in the
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FC condition, E=1kV/cm
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FIG. 8. (Color online) Reciprocal-space mesh scan around pseu-
docubic (200) and (220) zone at different temperature in FC process
with £ = 1 kV/cm parallel to [001] direction.

initially annealed state. This phase sequence demonstrates that
the MPB of this system bends over at higher temperatures,
consistent with previous studies of binary ones. It is worth
noting that x-ray diffraction revealed that the C — T boundary
was shifted to higher temperature with increasing E, consistent
with dielectric measurement (see Fig. 3). Interestingly, phase
coexistence was found near the boundaries in the ternary
systems, which increased with increase of E [45].

2. FH(E=1kV/cm)

We also studied the E dependence of the lattice parameters
[shown in Fig. 7(b)] and phase transformational sequence on
field heating from an initially annealed state. The results pro-
vide conclusive evidence of a R - My — T — C sequence
in the FH condition. We summarize below our observation of
the mesh and line (data not shown) scans.

(i) In the temperature range between 30 and 60 °C with
E =1kV/cm, the PIN-PMN-PT crystal remained in a stable
R phase. A broad single peak was observed around (002)c
and (200)¢, while the pseudocubic (220) split into a (220)r —
(220)g doublet. This was verified by mesh scans, as shown
in Figs. 9(a) and 9(b). The lattice parameter ag and tilt angle
a were extracted by fitting the (220) with a double Gaussian
function, whose results agreed well with values determined
from the (002), as shown in Figs. 7(b) and 7(d).
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FH condition, E=1kV/cm
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FIG. 9. (Color online) Reciprocal-space mesh scan around pseu-
docubic (200) and (220) zone at different temperature in FH process
with E = 1 kV/cm parallel to [001] direction.

(i) On heating to 70°C, the signature M, domain
configurations were found in the mesh scans [see Figs. 9(c)
and 9(d) at 90 °C, for example], i.e., a triplet splitting about
(200) and a double about (220). The signature M, mesh scans
remained present over the temperature range of 70 to 110 °C.

(i) With increasing temperature, a 7 phase was found
to be stable. As can be seen from Figs. 9(e) and 9(f), mesh
scans show a single domain about (200), revealing that the
¢ domain was completely aligned along [001] under field.
The tetragonal lattice parameters (cr and ar) were then
extracted from (002) and (200) reflections, whose values were
confirmed by measurements about the (220) reflection. The
lattice parameters also exhibited a discontinuous change at the
M — T transition in the FH condition [Fig. 7(b)], similar to
those in the FC.

(iv) On heating to 190°C,a T — C transition was found.
Mesh scans (data not shown) revealed that the (200)r peak
disappears and that the (002)¢ appeared. With further increase
of temperature, the ¢ domain of the T phase was attenuated,
and a single sharp peak about (002) was found, which was
similar to that in Fig. 4(c).

3. PH

As previously reported for poled rhombohedral binary
PMN-PT and PZN-4.5PT crystals [13,16,18], the R phase was
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FIG. 10. (Color online) Reciprocal-space mesh scan around
pseudocubic (200) and (220) zone at different temperature in PH
process after specimen being poled along [001] direction.

irreversibly transformed to M, [see mesh scans in Figs. 10(a)
and 10(b)]. With increase of temperature to 100 °C, signature
reflection profiles of the T phase were observed. Compared
to the T phase in the FC condition, most of the a domains
were switched parallel to £ in the PH state, however, some
residual a domain peaks were found (data not shown). Lattice
parameters extracted from the pseudocubic (002) and (200)
were in good agreement. The mosaic of the crystal in the T
phase was observed to be more significant in the PH condition,
relative to either the FC or FH ones. This indicates that the
domain state that is tuned by E tends to break down in the T
phase of the PH condition. Note that in the PH condition,
the value of cy was close to ay/~+/2, which was notably
different from the corresponding values in the FC and FH
ones. This may correspond to the singular case of a My cell,
whose polarization vector lies very close to the rhombohedral
polar axis [111] [see Fig. 2(b)] [13].

D. Increasing field at fixed temperatures

Since the phase transformational sequence is dependent
not only on the electrical and thermal histories, but also on
the application sequence [15,16], we have also studied the
phase stability at fixed temperatures (60 and 100 °C) with
increasing E. Fields as high as 15 kV/cm were achieved along
the thickness direction, but arching limited the field to E =
8 kV/cm when applied along the side faces of the crystals.

Figures 11(a) and 11(b) show (002) line scans taken at
60 and 100°C for E//[001]. It can be seen that the peaks
shifted towards lower 26 values with increasing E and then
shifted to higher 26 with subsequent decreasing E. Initially
for E = 0 kV/cm, a single broad peak and a doublet splitting
were observed along the pseudocubic (002) and (220) (data
not shown) reflections at both 60 and 100 °C, respectively.

134107-8



TEMPERATURE-INDUCED AND ELECTRIC-FIELD- ...

Increasing field at fixed temperatures
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FIG. 11. (Color online) E-field evolution of pseudocubic (002)
reflection peaks in an E-field circle with initially increasing from E
=0kV/ecmto E = 15kV/cm or 10 kV/cm and then decreasing to
E = 0kV/cm at fixed temperature of (a) 60 °C and (b) 100 °C. The
lattice parameters and the E-field-induced phase transition sequence
were presented in the bottom panels: (c) at 60 °C and (d) at 100 °C.

The lattice parameters calculated from these reflections were
consistent with a R phase. At 60°C and for £ > 3 kV/cm,
a R — M\ transition occurred, as evidenced by the steady
decrease of ay/+/2 and by/+/2 and by the corresponding
increase of ¢,, [see Figs. 11(c) and 11(e)]. With increasing E,
the single peak about (002) became broader and asymmetric,
indicating a gradual M, — T transition, as predicted by
polarization rotation theory [5]. A tetragonal single phase
was not achieved for £ < 15 kV/cm [see Fig. 11(a)]. An
interesting feature of the data was that lattice parameter versus
field response was quite anhysteretic with regards to the
area between increasing and degreasing field lines. The main
difference with the decreasing field data was that the initial R
phase was not recovered, rather the M, phase remained stable
for E = 0kV/cm. Unambiguously, the phase transformational
sequence at 60°C with increasing E, beginning from an
initially annealed condition, was R — M — T — My, as
is labeled in Fig. 11(c).

At 100 °C in the initial annealed state, the stable phase was
again R. With application of £ = 2 kV/cm, coexisting R
and M, phases were found, as evidenced by a splitting of the
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Increasing field at fixed temperatures
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FIG. 12. (Color online) Reciprocal-space mesh scan around
pseudocubic (200) and (220) zone with increasing E field to E =
2 kV/cm at fixed temperature of 100 °C.

(002) reflection along the longitudinal scan [see Fig. 11(b)]
and by complexity in the mesh scan (see Fig. 12). From
the (002)r and (220)r peaks, the R lattice parameter was
calculated, as given in Fig. 11(d). A characteristic monoclinic
triplet splitting was found about the pseudocubic (220) zone: a
by domain identified by (040),,, and a pair of ay domains
split along the transverse direction by B = 90.15°. For
E = 3 kV/cm, a tetragonal single phase was induced. With
subsequent decreasing E, the tetragonal (002) peaks gradually
shifted to higher 20 values and decreased in intensity. On
further decrease of the field to E< 3 kV/cm, a low intensity
M (002) reflection appeared with low intensity [see Fig. 11(b)
for E = 0 kv/cm]. These data demonstrate that the M, and T
phase coexist on decreasing field for £ < 3 kV /cm.

IV. CONCLUSIONS

Systematic x-ray diffraction studies of field and temperature
effects on [001]-oriented rhombohedral PIN-PMN-PT crystals
have been performed. The phase transformational sequence
and phase stabilities have been summarized by constructing
field-temperature phase diagrams for various histories. In
the zero-field state, a phase sequence of C — T — R is
observed on cooling, and the reverse sequenceof R — T — C
is found on heating. In the FC condition, the R phase is
replaced by a monoclinic M4 phase, resulting in the sequence
C — T — M. Field heating a previously ZFC crystal results
in the sequence R — M — T — C.The My phase is found
to be stable after poling along [001], where the polarization
vector is located close to rhombohedral [111] axis.
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