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Pb(Mg,,3Nb,,3)O3-PbTiO3 single crystals close to the morphotropic phase

boundary
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The special characteristics of polarization rotation and accompanying electric-field-induced
ferroelectric-ferroelectric phase transitions in (001)-poled Pb(Mg,,3Nby/3);_,Ti,O3 (x =27.4, 28.8,
and 30.7 mol. %) single crystals close to the morphotropic phase boundary region were studied by
means of dielectric and thermal measurements as a function of a unipolar electric field at various
temperatures. Discontinuous first-order-type phase transition behavior was evidenced by distinct and
sharp changes in polarization and thermal responses with accompanying hysteresis as a function of
the electric field. All compositions of crystals showed either one or two reversible discontinuities
along the polarization rotation paths, which can be understood by electric-field-induced phase
transition sequences to the tetragonal phase through different monoclinic phases previously observed
along the polarization rotation path. Together with increasing polarization, a field-induced reversible
decrease in temperature was observed with increasing electric field, indicating increased dipolar
entropy during the electric-field-induced phase transitions. Constructed electric field-temperature
phase diagrams based on the polarization and thermal data suggest that the complex polarization
rotation path extends to a wider composition range than previously observed. The measured thermal
response showed that a transition from the monoclinic to the tetragonal phase produced a greater
thermal change in comparison with a transition within two monoclinic phases. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4745902]

. INTRODUCTION

Large polarization changes in ferroelectric materials can
lead to extraordinary enhancements in corresponding piezo-
electric and other related properties. In particular, significant
variation in polarization is introduced near regions where
phase transitions are induced by various external means, such
as an electric field or temperature.' Unusually high piezoelec-
tric activity is found in complex perovskite single crystals of
Pb(Mg;3Nby3)1 - Ti,O3 (PMN-xPT) and Pb(Zn;;3Nbys3),_,
Ti, O3 (PZN-xPT) close to the compositionally induced phase
transition regions (i.e., the morphotropic phase boundary
region), where they show one of the highest known piezo-
electric coefficients, strains, and electromechanical coupling
factors in non-polar directions.*®

This peculiar electromechanical behavior is currently
understood to be mainly caused by the ease of polarization
rotation through different monoclinic phases considered to
be structural bridges between higher symmetry phases.>’”® A
more universal approach to understanding enhanced intrinsic
piezoelectricity is the idea of free-energy instability or flat-
ness of the energy surface. A considerable dielectric anisot-
ropy can be found in the vicinity of the phase transition
regions, where a crystal is electromechanically softer in
directions perpendicular to the initial spontaneous polariza-
tion. This leads to a flattening of the energy surface, a conse-
quent ease of polarization rotation, and a large piezoelectric
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response in that direction.” Interestingly, and somewhat
expectedly, these polarization rotation paths with free energy
instabilities eventually lead to various electric-field-induced
phase transitions in these materials.>” !

Generally, there are only very few phase diagrams con-
structed for single crystals of PMN-PT, especially under an
applied electric field. Although the bulk polycrystalline sys-
tem has been characterized more thoroughly, those results
should be applied to poled crystals very carefully. Problems
arise because of the near degeneracy of the different ferro-
electric phases, which makes phase stability strongly de-
pendent on the direction and strength of the applied electric
field as well as on the method of poling.'*'* However, it is
well known that the PMN-PT material system, like many
highly piezoelectric material systems in general, forms a
morphotropic phase boundary (MPB) region, where rhombo-
hedral and tetragonal phases meet with some lower sym-
metry monoclinic phases. Careful structural studies of the
ceramic PMN-xPT system have shown that the low-
temperature and zero-field phase diagram close to the MPB
region starts from a rhombohedral R (point group 3m) phase
and gradually develops into a tetragonal T (4mm) phase
through monoclinic Mg (m) and Mc (m) phases with increas-
ing x."*7'® Otherwise, in single crystals of PMN-PT, as a
side of the monoclinic M phase, a monoclinic M (m) phase
has been evidenced in (001)-poled (all indexes are expressed
with respect to the cubic system) single crystals of PMN-
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25PT, PMN-30PT, and PMN-35PT, and additional ortho-
rhombic O (mm?2) and monoclinic Mg (m) phases have been
detected with a (011)-directed field."” "

Of the most convenient {001}, {011}, and {111} crys-
tallographic cuts, the {001} plate is the most studied, and it
shows the highest ds3, strain, and mechanical coupling fac-
tor.”® Previous structural analysis shows that an electric field
applied in the (001) direction transforms a PMN-PT crystal
from the thombohedral phase to the tetragonal phase via dif-
ferent monoclinic M and/or Mc bridging phases, depending
on the composition and temperature, quite similarly to other
high-performance PZN-PT piezoelectric crystals.'®1%17-20-22
To date, three distinct composition regions with different elec-
tric-field-induced phase transition behavior have been distin-
guished in the MPB region of PMN-xPT and PZN-xPT. With
reasonably low PbTiOj; content, away from the MPB region
(approximately x <26% for PMN-xPT), polarization of the
rhombohedral R phase seems to rotate through the M, mono-
clinic phase to the tetragonal T phase with the application of a
high enough (001)-directed electric field.'"* In a narrow
composition range, close to the rhombohedral side of the mor-
photropic phase boundary region, two different monoclinic
phases of M, and Mc type have been observed along the rota-
tion pathway.'®!'"172! With an even higher PT concentration
closer to the tetragonal side of the MPB region, only a mono-
clinic Mc phase is found to be present in the rotation path.'>*
Generally, it appears that a kind of crossover between two dif-
ferent electric-field-induced phase transition sequences,
namely M, — T and M — T, takes place in a certain narrow
PbTiO;5 concentration region in PMN-PT as well as in PZN-
PT.

Accompanying clear jumps and hysteretic behavior in a
macroscopic strain and/or polarization has been observed in
all of the aforementioned rotation paths.”*2® This clearly
suggests the presence of some first-order-like phase transi-
tion characteristics. In particular, Davis et al.** found by
converse piezoelectric measurements of PMN-30.5PT and
PMN-31PT single crystals that the previously detected inter-
mediate polarization rotation path My — Mc — T involves
two reversible first-order-like discontinuous phase transi-
tions—one within the monoclinic phases and the other from
the monoclinic phase to the tetragonal phase. By using the
results from electric-field-induced strain measurements, they
were also able to construct E-T phase diagram frames for
various compositions of (001)-oriented PMN-PT single crys-
tals. In general, the electric-field-induced phase transitions in
PMN-PT and related PZN-PT are covered with continuous
rotation paths within the mirror planes of monoclinic phases,
and accompanying first-order jumps introduce some discon-
tinuities along these paths. Some of the above-mentioned
phase transitions seem to have a somewhat limited or incom-
plete reversibility. In particular, transitions from the rhombo-
hedral ground state can recover other phases after removal of
an electric field.'®!7-2122

Observation of discontinuous changes in polarization
and strain with accompanying hysteresis are indeed good
indications of the first-order-like nature of the electric-field-
induced phase transitions in PMN-PT. Since the first-order
phase transition behavior involves latent heat, crystal tem-
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perature is either increased or decreased discontinuously
under adiabatic conditions during the electric-field-induced
phase transition with first-order-like characteristics. Observa-
tion of field-induced thermal behavior as a side of dielectric
polarization during the phase transition provides additional
information about the nature of the electric-field-induced
phase transitions, and estimations of a possibly involved
latent heat/enthalpy change can be made in different polar-
ization rotation paths.

In this study, thermal response and polarization rotation
behavior in PMN-xPT single crystals near the morphotropic
phase boundary region were studied as a function of a (001)-
directed unipolar electric field at various temperatures. From
this information, detailed electric field-temperature phase
diagrams with hysteresis were plotted at low temperatures,
and the order of the observed phase transitions is discussed.
In addition, the thermal nature of the electric-field-induced
phase transition and the magnitude of the enthalpy change
were evaluated from the field-induced temperature
responses.

Il. EXPERIMENTAL

Pb(Mg,3Nby/3),.,Ti,O3 single crystals were grown
using a modified Bridgman technique.?’ (001) crystal plates
with different properties along the crystal growth direction
were prepared. Dielectric properties were measured using a
precision LCR meter (HP/Agilent 4284A). For polarization
and temperature measurements, crystals were attached with
polyimide tape to thin electrode wires inside a specific sam-
ple holder. A triangular electric field stimulus was supplied
through the electrode wires by a function generator (Agilent
33120A) in connection with a high-voltage amplifier (Radi-
ant RT6000HVA). Sample temperature was measured
through a K-type thermocouple using a nanovoltmeter (Agi-
lent 34420A). Polarization current was determined from the
voltage measured across a known resistor with a multimeter
(Agilent 34411A). All the above-mentioned measurements
were performed at constant temperatures using a temperature
furnace (Memmert UFP-400 and Espec SU-261). A polariz-
ing microscope (Olympus BX51TF) was used for identifica-
tion of crystal extinction angles under cross-polarized light
at room temperature.

lll. RESULTS AND DISCUSSION

Figure 1 shows the dielectric constant (the real part of
the relative permittivity, &) and loss tangent (tan J) as a
function of temperature for the studied PMN-PT composi-
tions on zero-field heating in a frequency range of 10°-10*
Hz. Before the measurement started on heating, the crystals
were poled with an electric field of £E=10kV/cm at 25°C.
Here, thermal depolarization temperature 7, was used to
evaluate x in PMN-xPT compositions, following the equation
x=(T;+59)/631 (T, in centigrade), which is based on a
wide collection of experimental data.'® Three different crys-
tal compositions close to the MPB region were studied.
These crystals showed thermal depolarization temperatures of
114°C, 123°C, and 135°C (see Figure 1), which refer to cor-
responding compositions of PMN-27.4%PT, PMN-28.8%PT,
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FIG. 1. Temperature dependence of the dielectric constant on heating for
(001)-poled (a) PMN-27PT, (b) PMN-29PT, and (c) PMN-31PT single crys-
tals at 0.1, 1, and 10kHz. Figure insets show temperature dependence of the
loss tangent (tan ) at 1 kHz for corresponding crystal compositions.

and PMN-30.7%PT (from here on compositions values are
rounded to the nearest integer percent).

In Figure 1(a)), a poled PMN-27PT crystal shows three
distinct changes in its permittivity and loss tangent: first, a
small peak at T=96°C, then a second change at
T,=114°C, and a third one at T,,=122-124°C. Typical
relaxation behavior is seen at temperatures around 7T,,, as
expected. According to structural studies,” an unpoled
PMN-27PT crystal is thombohedral at room temperature.
The crystals were also checked using polarized light micros-
copy (PLM) before poling, and extinctions in birefringent
areas were found only with a polarizer at an angle of 0 =45°

J. Appl. Phys. 112, 034117 (2012)

with respect to the (001) direction in the (001) plane. This
indicates that the crystals are rhombohedral and poling into
the (001) direction creates a domain-engineered 4R state or
a distorted pseudo-rhombohedral monoclinic 4M, state,
which are practically indistinguishable by optical means in
the (001) plane. On heating, this domain-engineered state
transforms at 96 °C to a tetragonal phase with considerably
lower permittivity. Thermal depolarization takes place at T,
where the crystal changes from macroscopically polar to
microscopically polar material with average cubic
symmetry.

When PbTiOj3 concentration is increased (Figures 1(b)
and 1(c)), related temperatures T,; and T,, move to higher
temperatures and gradually converge towards a single sharp
phase transition temperature at T¢c. At the same time, the
change at the first transition temperature splits into two dis-
tinct peaks. In PMN-29PT, a very small change in the per-
mittivity slope appears just above the first peak at 103 °C,
and this change is clearly evident in the corresponding loss
curve (inset of Figure 1(b)). A higher PT concentration in
PMN-31PT results in strengthening of the second peak, and
it is clearly seen in both permittivity and loss tangent (Figure
1(c)). A very similar appearance of a double peak in temper-
ature dependence of dielectric properties has been evidenced
in (001)-poled PMN-PT single crystals close to the MPB
region.?®**=3? Generally, an appearance of two peaks is only
observed for crystals poled with high enough electric fields.
This behavior is indeed attributed to the emergence of a new
phase transition in the (001)-poled sample at low tempera-
tures and a narrow composition range. As previously shown
for a (001)-oriented PMN-30%PT crystal by means of x-ray
and neutron diffraction,'” isothermal application of an elec-
tric field at lower temperatures leads to polarization rotation
and an accompanying phase transition sequence of R — My
— Mc — T, where the first transition exhibits an irreversible
nature. A similar sequence can be considered here; the first
transition takes place during poling and the remaining phase
sequence is sequentially induced from pseudo-rhombohedral
R/Ma now by increasing temperature, as was shown in the
permittivity and loss tangent curves for PMN-29PT and
PMN-31PT. Additionally, the strength of the observed
dielectric changes was found to exhibit great sensitivity to
the poling electric field strength.

Furthermore, Figure 2 shows the behavior of the dielec-
tric constant on heating and immediately repeated cooling
between 25 and 115°C for a poled (E=5kV/cm) PMN-
31PT composition, which showed the most distinct changes
in permittivity. This shows that considerable hysteresis is
involved in both low-temperature phase transitions, R/Mp <
Mc and Mc < T. On heating the permittivity changes are
observed at T=285°C and T=92°C, while on cooling these
changes take place at T="79°C and T=52°C, correspond-
ingly. The clear difference in the magnitudes of hysteresis
between these phase transitions also suggests that they are
indeed two separate transitions as a distinction from a possi-
ble single phase transition induced in two distinct steps
within different parts of the crystal. However, it should be
kept in mind that PMN-PT very likely has some phase coex-
istence as a function of temperature and field close to the
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FIG. 2. Temperature dependence of the dielectric constant on heating and
cooling for a (001)-poled PMN-31PT single crystal at 1 kHz.

MPB region, as observed in many studies.'>'*?*37¢ From

this point of view, it is possible that separate regions of the
crystal show different phase transitions of type M, < T and
Mc < T, where coexistence of M,y and Mc phases would
occur and no transition between monoclinic phases would
take place. Actually, coexistence of M, and M¢ phases has
been observed by PLM in an as-grown PMN-32PT crystal,
but at the same time, it was discovered that a transition
between monoclinic phases, namely M, < Mg, takes place
on heating and cooling, and only the M phase was stable af-
ter cooling.>® Most likely some coexistence, where the other
phase may be undetectable with many conventional probing
techniques, is present due to both extrinsic and intrinsic fac-
tors, and therefore the assigned phases are considered to be
major phases.

In order to study electric-field-induced behavior along
polarization rotation paths, crystal temperature and polariza-
tion were recorded isothermally on cooling from 95°C to
32°C with a maximum unipolar electric field of 20kV/cm.
For each studied PMN-PT crystal composition, sharp reversi-
ble and simultaneous changes with hysteretic behavior in
both polarization and temperature were observed (Figures 3
and 4). These are further indications of accompanying first-
order-like characteristics in the corresponding electric-field-
induced phase transitions along the otherwise continuous
polarization rotation paths. According to the electric-field-
induced polarization and temperature change behavior, three
distinct low-temperature ranges with different behavior were
identified (within the experimental conditions used) in these
crystals. At high temperatures (but below 7,) poled crystals
show low hysteresis and nearly linear temperature and polar-
ization responses. Within this temperature range, all PMN-PT
compositions are in the tetragonal phase, where increasing
the field in the (001) direction drives the material towards a
monodomain configuration. Below a specific temperature, a
poled tetragonal crystal transforms to the monoclinic M¢
phase, which has polarization in a plane between the (001)
and (101) polarization directions. This polarization can be
induced back to the tetragonal phase with an increasing
(001)-directed electric field. Clear changes in polarization
and temperature with accompanying hysteresis reaffirms that
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FIG. 3. Series of dielectric polarization loops for (001)-poled (a) PMN-
27PT, (b) PMN-29PT, and (c) PMN-31PT single crystals. Each curve was
measured isothermally on cooling at fixed temperatures.

this electric-field-induced phase transition shows first-order-like
characteristics. Another addition to the electric-field-induced
phase transition sequence comes at lower temperatures,
when a poled crystal transforms to another monoclinic phase,
namely M. In this case, polarization rotates towards the tet-
ragonal phase through two monoclinic phases, as indicated
by structural studies.'” Again, first-order-like jumps are found
in both phase transitions. These changes in polarization show
characteristics similar to strain-electric-field measurements
performed for (001)-poled PMN-PT crystals.>**

In general, application of an electric field in the (001)
direction causes polarization to continuously rotate towards
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FIG. 4. Series of in-situ temperature responses with an increasing electric
field measured from the crystal surface during unipolar polarization
measurement for (001)-poled (a) PMN-27PT, (b) PMN-29PT, and (c)
PMN-31PT single crystals.

that direction. This, in turn, leads to a change in the materi-
al’s dipolar entropy (ASg,) due to alignment of dipoles.
Under adiabatic conditions (AS,, =0), a change in dipolar
entropy must be compensated by other entropy contributions,
such as a phonon-related entropy change, which cause tem-
perature to change. Then, at certain points the temperature of
the crystal decreases in a more discontinuous manner due to
electric-field-induced phase transitions evidenced also in
polarization measurements. A sudden temperature decrease
means that dipolar entropy is temporarily increased with the
electric field (i.e., (0S4ip/OE)r>0), and heat is absorbed
(Figure 4). Similar behavior was also evidenced experimen-
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tally in PMN-PT close to room temperature with a (011)-
directed electric field.*” Furthermore, atomistic simulations
on (Ba,Sr)TiO3 reproduced similar characteristics with a
negative temperature change when an electric field was
applied in the non-polar direction.®® This behavior is
reversed when the electric field starts to decrease, and corre-
sponding temperature changes are observed at lower electric
fields. Interestingly, the crystal temperature started to change
slowly already before each more rapid change during the
transitions. This diffuse behavior emerged especially with
higher threshold electric fields, where both transitions were
observed along the polarization rotation path, and it was gen-
erally found to be independent of the rate of field change.
Especially in a Mc-T-type transition, the difference between
more continuous- and discontinuous-like parts within the
temperature responses was recognized, and the overall tem-
perature change was in the range of 97-136 mK. However,
quantitative discrimination between the continuous and
discontinuous parts proved to be complicated. The other M-
M-type transition showed smaller temperature changes with
even more diffuse characteristics, but still clear hysteresis
similar to polarization measurements was observed between
the inducing threshold electric fields. These observations
were in line with the polarization measurements, where
highly diffuse characteristics were also observed in the
M-M-type transition, especially with an increasing field (Fig-
ure 3). Similar diffuse behavior has also been evidenced in
strain-electric field measurements.'*** Characteristic ran-
dom fields in relaxors have been suggested to induce this
type of diffuse behavior by variation of threshold fields,””
and similar variation can be expected also from Ti-
concentration variations. Otherwise, crystals showing weak
first-order phase transition characteristics have smaller dis-
continuous latent heat and show continuous/diffuse behavior.
Weakly first-order phase transitions with critical behavior
have been found to take place in a PMN-PT crystal, espe-
cially with a biasing electric field.*>*' Additionally, it has to
be pointed out that some heat exchange takes place between
the sample and its surroundings due to the considerably slow
rise time (10s) of the electric field. The measured thermal
time constant of the sample showed values close to 60s.
However, qualitatively the behavior remained similar also
with faster rise times, and a slower rise time was only used
to get a sufficient amount of measurement points to deter-
mine the threshold field strengths. Generally, temperature
responses were found to be closely reversible, although
involved hysteresis loss and heat leakage had a very small
but compensating influence on the response.

Based on measured temperature and polarization
changes, threshold electric fields for electric-field-induced
phase transitions were acquired and corresponding electric
field vs. temperature phase diagrams were plotted in Figure
5. As mentioned earlier, all PMN-PT compositions showed a
temperature region which involved two reversible polariza-
tion and temperature discontinuities along the polarization
rotation route, and thus point to the electric-field-induced
phase transition sequence of My — Mc — T with an increas-
ing field. To date, this phase transition sequence at constant
temperatures has been discovered by diffraction techniques
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FIG. 5. Electric field-temperature diagrams showing locations of measured
discontinuities in field-induced isothermal polarization and temperature with
an increasing/decreasing electric field for (001)-poled (a) PMN-27PT, (b)
PMN-29PT, and (c) PMN-31PT single crystals. Black (white) circles indi-
cate threshold field strengths with an increasing (decreasing) electric field.

only in a PMN-xPT composition with x =30% (and addition-
ally in PZN-8PT).'%!'7! The majority of other earlier studies
on electric-field-induced phase transitions in (001)-oriented
PMN-PT single crystals have been performed by heating
and/or cooling with constant electric fields, and this approach
most likely gives somewhat different results in comparison
with applying an electric field at constant temperature. For
instance, using high-resolution diffraction studies, Cao
et al."? have found a phase sequence of C — T — My on
field-cooling (FC) with E(y;y=0.5kV/cm in PMN-27PT
and PMN-28PT single crystals, but no sign of a M¢ phase

J. Appl. Phys. 112, 034117 (2012)

was found. Only an intermediate PMN-30PT composition,
like in the case of isothermal electric field application,
showed two monoclinic phases in the FC phase sequence of
C — T — Mc — Mj, and a higher PbTiO5 concentration in
PMN-32PT and PMN-35PT returned a phase sequence of
C — T — Mc during the FC routine.'>**** This clearly
shows that the complex rotation path with two monoclinic
phases is very sensitive to PbTiO3 concentration. One reason
for the absence of another monoclinic phase in field-cooled
PMN-xPT with x £ 30% in these studies could be the use of
limited experimental conditions. Otherwise, it is possible
that cooling with a constant electric field would more easily
destroy the near degeneracy of phases locking the other
lower-energy phase in place, and no transition between two
monoclinic rotation planes would take place anymore at
lower temperatures. However, polarization rotations with
two distinct discontinuities, implying the previously found
M, < M < T reversible phase transition sequence, have
also been evidenced indirectly with isothermal strain-electric
field measurements in (001)-oriented PMN-xPT composi-
tions with x>30%.>* This suggests that the monoclinic
Ma-type phase instead of the M phase is the stable ground
phase for (001)-poled crystals also with x slightly above
30%. Somewhat analogous results have been obtained in
refinement of the zero-field phase diagram of polycrystalline
PMN-xPT system, where the My phase seems to lie close to
the Mc phase.'®** Critically, the existence of both ferroelec-
tric monoclinic M4 and Mc phases in (001)-poled PMN-xPT
crystals also with x>30% has been previously
reported.'”'®4 It seems that at some point in the MPB
region, the major metastable monoclinic Mc phase can be
induced irreversibly with a high enough poling field, which
also leads to a degradation of piezoelectric properties—a
process commonly called overpoling.***” Based on meas-
ured dielectric and thermal results in combination with some
of the aforementioned earlier results, it is assumed that the
PMN-xPT crystal compositions studied herein (x=27-
31 mol. %) are all macroscopically in the M, major phase af-
ter (001) poling at room temperature, since they all show
two reversible discontinuities pointing to distinct electric-
field-induced phase transitions with some first-order charac-
teristics. More structural studies, especially on single crystals
under an applied electric field, are still needed to form a
more complete picture of their evidently fragile phase
stability.

The observed phase transitions in a (001)-poled PMN-
27PT crystal occurred very close to each other, and the sta-
bility region of the monoclinic M phase proves to be very
narrow (Figure 5(a)). Thus, this crystal composition lies in
close proximity to a critical PbTiO; concentration above
which a new phase transition and polarization rotation
sequence emerges with an additional first-order-like jump
between two monoclinic rotational planes. Although a small
stability range of the Mc phase can be seen for PMN-27PT
in polarization measurements on cooling, it is not evident in
the dielectric constant measurements on heating (Figure
1(a)). With increasing PbTiO5 concentration, the stability
region of the M¢ phase gradually increases at the expense of
the M phase region in a very similar manner as previously
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found with field-induced strain measurements.** At the same
time, the magnitude of hysteresis (E;,.,—E4..-) in the phase
transition shows a drastic increase with increasing x, espe-
cially for My < Mc phase transition. Concomitantly
decreasing phase transition threshold fields show a general
trend of M phase stabilization with even higher PbTiO;
concentrations, where it is first stabilized by irreversible
overpoling and finally it develops spontaneously with a fur-
ther increase of x. Additionally, transition temperatures
found on cooling for PMN-31PT in Figure 2 are in reason-
ably good agreement with temperatures found in Figure 5(c)
for decreasing threshold electric fields. The stability regions
depicted in Figure 5 are also plotted as a function of the studied
composition in Figure 6 for electric fields of 0 and 4kV/cm.
The values were taken with a decreasing electric field at con-
stant temperatures, and a trend for Mc phase stabilization is
clearly seen. This figure resembles the modified phase dia-
gram sketched earlier by Cao et al. (Figure 1 in Ref. 42),
where a vertical phase boundary line close to the MPB in the
T-x phase diagram starts to turn towards a lower x at higher
temperatures.

Finally, all the field-induced thermal responses were an-
alyzed in more detail, and the magnitudes of total tempera-
ture drops for each related phase transition were extracted
from otherwise nearly linear responses. The values were
taken with a decreasing electric field due to more distinct
changes. Some data close to either phase transition region or
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FIG. 6. Phase stability regions in (001)-poled PMN-xPT single crystals for
electric fields of 0 and 4kV/cm. The values extracted from the polarization
response to isothermally applied electric fields on cooling.
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experimental boundary were unclear and omitted. All the
temperature changes were further transformed to give corre-
sponding specific enthalpy changes AH (=c,AT), assuming
nearly adiabatic conditions and a constant specific heat
capacity (¢, ~ 0.32 J/gK)*® for all compositions. The total
specific enthalpy changes (total drop in temperature) in Mx-
Mc- and Mc-T-type phase transitions were in the range of 8—
18 mJ/g and 30—44 mJ/g depending on the composition and
temperature (Figure 7). The enthalpy change of the M-M-
type transition decreased with increasing x, while the corre-
sponding values for the M-T-type transition showed opposite
behavior. Notably, a very similar enthalpy change value of
35 mlJ/g (in the E=0 plane) was measured by high-
resolution calorimetry on cooling for a similar T-Mc-type
transition in a (111)-poled PMN-29.5PT single crystal.***
However, comparison of a.c. and relaxation calorimetry
modes revealed that the specific latent heat L related to the
T-Mc transition was approximately less than 10 mJ/g (even
inthe E=0 plane),49 which is significantly smaller than the
total enthalpy change AH. This indicates that a continuous
part of the enthalpy change dH plays a significant role, and
the transition itself shows signs of a weak first-order phase
transition. When the electric field was increased, it was also
discovered that the latent heat gradually disappeared, and the
total enthalpy change decreased to 4 mJ/g at the critical end
point.***’ However, in our measurements with a (001)-
directed field, a larger part of the temperature changed
sharply, implying a larger latent heat. Additionally, in this
study, the increasing (001)-directed electric field tended to
stabilize the high-temperature tetragonal phase at lower tem-
peratures (Figure 5).

Interestingly, Kutnjak er al.*>*"** also observed the crit-
ical end point in a high-temperature C-T phase transition as
well as in several ferroelectric-ferroelectric phase transitions
(including the mentioned T-Mc transition line) when an
increasing electric field was applied in the (110) and (111)
directions. At the critical end point, the line of first-order
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FIG. 7. Specific enthalpy change values from corresponding temperature
changes measured for two distinct electric-field-induced phase transitions of
Ma-Mc and Mc-T. The temperature change values were taken with a
decreasing electric field. Different symbols are used to indicate different sin-
gle crystal compositions of PMN-27PT (circles), PMN-29PT (squares), and
PMN-31PT (triangles).
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phase transitions terminates, latent heat vanishes, and super-
critical broad response anomalies without the phase transi-
tion are observed beyond that point.*’ No corresponding
critical point has been found in the cubic-rhombohedral
phase transition with EI(001) for PMN,**! but signs of its
existence have been observed in high-temperature phase
transitions of (001)-oriented PMN-xPT compositions.”* In
this study, the lower-temperature M-T phase transition line
showed first-order-like anomalies and hysteresis within the
measurement range. However, a closer look at the tempera-
ture responses indicated that the accompanying discontinu-
ous part showed weakly decreasing values when higher
electric fields were required for the phase transition. At the
same time, the amount of hysteresis and the rate of polariza-
tion change also showed a slight decrease. These observations
imply an accompanying continuous nature and weakening
first-order part in the phase transitions. Otherwise, a possible
critical end point (if any) may appear with higher fields, but
definitive signs of its emergence could not be determined
here for this transition based on our measurement data and
range. Indeed, the critical end point can also be hidden and
not attainable in first-order lower-temperature transitions.”
Additionally, the first-order-like phase transition between
monoclinic phases showed even more diffuse characteristics
in both polarization and temperature change, but consider-
able hysteresis was also involved. Notably, the combined
amount of total field-induced temperature decrease measured
here with EIl(001) was found to be significantly larger than
in a similar PMN-PT crystal with El(011).%’

IV. SUMMARY AND CONCLUSIONS

Polarization rotation in (001)-poled single crystals of
PMN-xPT close to the morphotropic phase boundary region
(x=27.4, 28.8, and 30.7mol. %) was studied by means of
dielectric and temperature measurements. Low-temperature
electric-field-induced discontinuities, in particular, were
taken under more detailed investigation.

All the studied compositions showed either one or two
reversible discontinuous first-order-like changes with hyste-
retic behavior in polarization and temperature as a response
to a unipolar electric field at constant temperatures. The
observed changes were attributed to two reversible electric-
field-induced phase transition sequences of M, < Mc and
Mc < T, which have been evidenced earlier by diffraction
techniques for PMN-PT compositions with E parallel to
(001). Crystal temperature was decreased during both field-
induced phase transitions, which indicates an increase in
field-induced dipolar entropy. Extracted temperature changes
were significantly smaller in the M-M-type transition, and
despite the presence of clear hysteresis, the observed field-
induced changes showed considerable diffuse/continuous
behavior, depending on the temperature and composition.

Based on the measurement results, E-T phase diagrams
were plotted for poled PMN-xPT compositions, and the com-
plex polarization rotation path extended to a wider composi-
tion range than previously observed. Otherwise, the regions
assigned to the Mc and T phases were found to stabilize at

J. Appl. Phys. 112, 034117 (2012)

lower temperatures with increasing PbTiO5; concentration
and electric field.

From a practical point of view, the results of this work
show that the total reversible temperature change AT (i.e.,
electrocaloric effect) may include competing effects (nega-
tive and positive), which degrade the magnitude of the total
entropy change and electrocaloric effect. Critically, this is
rarely an issue in practice, since the maximum electrocaloric
effect with potential application interest is achieved close to
the nonpolar-polar phase transition, where electric-field-
induced contributions tend to decrease dipolar entropy. On
the other hand, it has been suggested that a controlled combi-
nation of positive and negative electrocaloric effects could
lead to increased cooling cycle efficiency.®
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