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In order to determine the enthalpy change in an irreversible field-induced phase transition, the
thermal response to an electric field in 0.87Pb�Mg1/3Nb2/3�O3−0.13PbTiO3 was measured and
dismantled into characteristic dielectric hysteresis, reversible electrocaloric, and irreversible phase
transition responses. Below the depolarization temperature Tdp=18 °C, the phase transition
enthalpy change increases rapidly to a maximum value of ��H�=77 J /kg. Above Tdp, the
field-induced thermal response shows a reversible nature with an increased electrocaloric effect. In
addition to earlier enthalpy data presented for temperature-induced transitions, this letter provides
information on the enthalpy change in a field-induced phase transition of relaxor ferroelectrics.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3098067�

Among other perovskite relaxor ferroelectrics, lead mag-
nesium niobate Pb�Mg1/3Nb2/3�O3 �PMN� characteristics are
attributed basically to the existence of lattice disorder and
polar nanoregions in a highly polarizable lattice.1,2 As a dis-
tinction from traditional ferroelectrics, material exhibits only
a short-range macroscopical order in the average cubic re-
laxor lattice,3 and a ferroelectric-like long-range macroscopic
order can develop through the application of an electric field
of sufficient strength at low temperatures.4,5 In a solid-
solution of �1−x�Pb�Mg1/3Nb2/3�O3−xPbTiO3 �PMN-xPT,
x in mol %�, an increasing portion of ferroelectric PbTiO3

also tends to increase the size of the polar regions and their
interaction, leading to the formation of macrodomain states.6

At low x, PMN-xPT behaves like a canonical relaxor PMN
and has a mixed phase of an average cubic lattice with con-
fined rhombohedral distortion,7,8 and on this account, an ex-
ternal stimulus is needed to induce a macroscopic ferroelec-
tric order. The nature of a field-induced transition from
nonergodic relaxor to the ferroelectric phase is considered to
be irreversible,9 and the formed polar phase can be relaxed
with substantial zero-field heating to above the intrinsic Cu-
rie temperature TC0, which is in principle equivalent to the
zero-field thermal depolarization temperature Tdp. Addition-
ally, the ferroelectric phase can be induced at temperatures
above, but close to, TC0, which is indicated by the field-
dependent Curie temperature TC�E�, and in that case the ma-
terial shows a behavior similar to that of ordinary ferroelec-
trics with a first-order phase transition.5,10 However, in
contrast to a transition at lower temperatures, the field-
induced ferroelectric phase appearing above TC0 at tempera-
tures just above the TC�E� line has a metastable nature, and
thus the phase can switch reversibly back to nonpolar in the
absence of the inducing field.5

A first-order field-induced transition to the ferroelectric
rhombohedral phase is accompanied by an enthalpy change
�H, which, under adiabatic conditions, appears as a corre-
sponding temperature change. Due to the irreversibility of
the field-induced phase transition below Tdp, the enthalpy

change as well as simultaneous reversible electrocaloric and
dielectric hysteresis effects can be distinguished from the
thermal response to sequentially applied electric field pulses.
In this letter, the field-induced thermal response of a relaxor
ferroelectric PMN-13PT polycrystalline bulk was studied in
detail, and the enthalpy change in a field-induced phase tran-
sition was determined at various temperatures. Previously,
specific heat anomalies related to phase transitions in the
PMN-xPT system have been measured by means of calorim-
etry for both PMN �Ref. 11� and PMN-PT �Ref. 12� crystals.
In this method, the measurement is performed by heating or
cooling with a constant electric field, and the enthalpy
change can be extracted indirectly. Specific heat anomalies
with a constant field basically indicate a temperature-induced
transition at TC�E� instead of a field-induced transition at
constant temperatures.

Preparation of the perovskite PMN-13PT ceramic
sample and the measurement setup have been introduced
previously.13,14 Initially, the dielectric hysteresis loop pair
was measured subsequently at predefined temperatures with
a maximum field of Emax=12 kV /cm. Then, at each tem-
perature, the sample was sequentially polarized first with a
positive electric field pulse and after a 1 min settling period
with a reversed electric field pulse 6.2 s long with a rise/fall
time of 0.25 s, and the corresponding thermal response was
measured. Before each measurement the sample was heated
to T=100 °C in order to depolarize the sample to a virgin
state.

Figure 1 shows typical thermal responses of PMN-13PT
to sequential dc field pulses below the depolarization tem-
perature. When an electric field pulse larger than the field-
inducing threshold field Eth is triggered in the virgin relaxor
state, a phase transition to the ferroelectriclike polar phase
takes place. Figure 1�a� shows the temperature response of a
virgin-state sample where the temperature increase in an ir-
reversible exothermic phase transition is accompanied by ad-
ditional heat formation due to dielectric hysteresis and re-
versible electrocaloric effect �ECE�. In the case of an
induced polarization reversal from the remanent state +Pr to
−Pr �Fig. 1�b��, the material is initially cooled due to the
opposite direction of the field �not seen in Fig. 1 due to thea�Electronic mail: jani@ee.oulu.fi.
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fast field rise time�. However, when the coercive field EC is
exceeded, polarization switching begins and the thermal re-
sponse consists of hysteresis and ECE. After field removal,
the temperature of the sample is decreased by electrocaloric
cooling. These two field pulses together with dielectric hys-
teresis measurements were used finally to identify the re-
sponse of each participating process from the measured data.

The temperature rise caused by the initial hysteresis loss
related to the virgin-state polarization �xHy� was evaluated
from the dielectric hysteresis loop area between the virgin
curve and the P-axis �Fig. 2� measured at f =0.025 Hz. The
specific heat value was approximated to be independent of
temperature, with a value of Cp=0.3 J /g K, which was
originally measured for PMN-29PT at room temperature.12

Actually, as can be seen in the case of Pb�Zr,Ti�O3,15 some
minor hysteresis loss heating is present when the field is
cycled between the maximum and remanent polarization
states. Above Tdp the material is macroscopically depolar-
ized, the irreversible field-induced phase transition no longer
exists, and the temperature response is mainly caused by the
ordinary ECE, dominated by the contribution of the revers-
ible field-induced phase transition.

The measured response was dismantled into the charac-
teristic thermal responses of all the participating effects, and
these results are presented in Fig. 3 as a function of tempera-
ture for a pulse of magnitude E=12 kV /cm. Due to the re-
versible field-induced phase transition to the ferroelectric
phase, the electrocaloric temperature change �TECE displays
a marked peak at around the depolarization temperature of

Tdp=18 °C, which was shown in Ref. 13. However, at lower
temperatures �TECE drops rapidly to below 0.1 °C when the
ferroelectric phase is irreversibly induced. Below the zero-
field depolarization temperature Tdp, the phase transition
temperature change �TPT increases rapidly from zero to a
broad maximum value of 0.25 °C and decreases monotoni-
cally at lower temperatures. It is noteworthy to see that the
electrocaloric temperature change �TECE above Tdp coincides
with the summed temperature response �TECE+�TPT
+�TxHy below Tdp and forms a continuous field-induced tem-
perature response of a virgin PMN-13PT sample with a
broad maximum value around T=10 °C. Also, the dielectric
hysteresis loop area of the ferroelectric phase increases to-
ward lower temperatures, leading to an increase in induced
temperature changes caused by initial polarization develop-
ment ��TxHy� and polarization switching ��T1/2Hy�.

Figure 4 shows a more detailed response of the induced
phase transition. The temperature change is transformed into
the corresponding enthalpy change per unit mass �H by
multiplying it with the specific heat Cp, whose temperature
dependence was omitted. The absolute value was used since
the exothermic reaction is indicated with a negative value of
�H. The results show that a field strength of 4 kV/cm is

FIG. 1. Typical thermal response to polarizing and following reversed elec-
tric field pulses �E=12 kV /cm at T=0 °C� below the depolarization tem-
perature Tdp. Temperature change-related heat sources are marked with their
abbreviations as follows: electrocaloric effect �ECE�, initial hysteresis
�xHy�, polarization switching hysteresis �1 /2Hy�, and irreversible ferroelec-
tric phase transition �PT�.

FIG. 2. Typical hysteresis loop pair measured below Tdp for the evaluation
of hysteresis losses. The first loop starting from the zero polarization virgin
state gives the initial hysteresis loss �xHy�. The switching hysteresis loss
�1 /2Hy� corresponds to half of the full second loop area.

FIG. 3. Field-induced thermal response of PMN-13PT as a function of
temperature. Thermal changes are assigned for irreversible ferroelectric
phase transition ��TPT�, reversible ECE ��TECE�, and polarization formation
and switching hysteresis losses ��T1/2Hy and �TxHy�.
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already sufficient to fully induce a phase transition in the
studied temperature range since it coincides with the re-
sponse to E=12 kV /cm. At lower fields the inducement
takes place only at selected temperature ranges without satu-
ration. Initial hysteresis losses were hard to estimate at low
fields due to undeveloped hysteresis loops, and therefore
relative values calculated previously for well-defined hyster-
esis loops at E=12 kV /cm were also used to evaluate low
field losses. The absolute value of the maximum phase tran-
sition enthalpy change was found to be ��H�=77 J /kg.

When an electric field of E=1.5 kV /cm was applied,
the enthalpy change was barely 10% of its saturated value. A
slightly higher field of E=1.7 kV /cm increased ��H� to
about half of the saturated value at a temperature range from
�12 to −4 °C. A distinctive increase in ��H� with a small
increase in the field around the threshold field shows a simi-
lar behavior as the temperature characteristics of the induc-
ing threshold field determined by dielectric measurements.14

The extracted maximum enthalpy change of ��H�=77 J /kg
is smaller than the temperature-induced change of ��H�
=110 J /kg calculated from the specific heat data measured
by means of zero-field heating after field cooling for PMN.13

This difference is presumably caused by differences in the
transition itself and its enforcement type as well as material

composition. However, the enthalpy change values exhibit
comparable magnitudes.

This letter depicted the behavior of a field-induced ther-
mal response in PMN-13PT relaxor ferroelectric ceramic.
Below the thermal depolarization temperature Tdp=18 °C,
the material temperature changed due to an irreversible field-
induced phase transition, reversible electrocaloric ordering,
and domain reorientation-related hysteresis. Above Tdp the
field-induced temperature change consisted of the reversible
ECE. The observed behavior of the thermal response indi-
cates the irreversibility of a field-induced phase transition
below Tdp. Furthermore, the enthalpy change in an irrevers-
ible transition was calculated from the corresponding ex-
tracted temperature response, and it had a broadened peak
with a maximum value of ��H�=77 J /kg at −4 °C.
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FIG. 4. Field-induced phase transition enthalpy change as a function of
temperature for different electric fields.
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