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The energy conversion potential of ferroelectric materials originating from their phase transitions in particular temper-
ature ranges and electric field values is very promising. Pyroelectric energy harvesting consists in directly converting
thermal energy into electrical one. Due to its high energy conversion potential, the Olsen cycle is the most favorable
for pyroelectric energy harvesting. This cycle includes two isothermal and two constant electric field branches. In
this study, the Olsen cycle was modeled, then varying temperatures and applied electric field directions for different
crystal orientations were simulated. Polarization responses were obtained via the Landau-Devonshire theory. Then,
an innovative way to model the electrocaloric effect was proposed; experimental results and first-principle calculations
confirmed the simulation results. The resulting negative electrocaloric effect due to crystal orientation, previously re-
ported in the literature, has been successfully simulated through a phenomenological approach. Finally, we identified
which phase transitions are interesting for pyroelectric energy harvesting applications depending on crystal orientations
while obtaining an energy density in the order of ≈ 102mJ/cm3. This value corresponds to previous results in the
literature.

I. INTRODUCTION

Energy harvesting from residual energy in the environment
is a promising way to power wireless sensors or other low-
power devices in harsh or remote conditions. The advantages
of this method are the low cost and the absence of mainte-
nance like replacement of batteries (for instance due to their
self-discharge). There has been thus a significant growth
of studies in energy harvesting in the last decades due to
the spread of the "Internet of Things" (IoT), which implies
the connection of many low-powered connected devices au-
tonomously exchanging data. There are several types of en-
ergies in the environment that can be converted into electri-
cal energy, for instance vibration, solar radiation, wind and
waste heat. Waste heat is an underestimated energy source
seldomly exploited. Approximately two-thirds of the energy
produced in the U.S is rejected as wasted heat1. There are
numerous heat sources where energy is produced, includ-
ing power plants and oil refineries. Other heat sources in
daily life are available, including hot water and exhaust pipes.
Other growing activities such as the heat dissipated from data
centers and solar panels are exciting sources for thermal en-
ergy harvesting2. Another example is the heat dissipated by
the human body3or the thermal gradient generated by solar
radiations4 which was used for pyroelectric energy harvest-
ing. The energy challenges of the next decades have increased
the interest in waste-heat energy harvesting and different ap-
proaches have been developed to take advantage of these en-
ergy losses with pyroelectric materials5. As for any energy
source, one of the significant issues in heat energy harvesting
is the low output power. Different methods exist to improve

it, like the design of innovative electrical circuits6,7.The possi-
bility of working on the electromechanical structure with dif-
ferent geometries can also be envisaged8,9. Another option is
to exploit the phase transitions of ferroelectric materials, but
very few studies were dedicated to this approach for energy
harvesting10,11.

Ferroelectric materials are of great interest for a panel of ap-
plications such as wireless sensors, memories, transducers and
so on. Their capability to convert vibration and temperature
into an electrical signal (and conversely) is the most attractive
feature of these materials. One of their remarkable properties
is also their successive phase transitions either with temper-
ature, applied stress or electric field. While very few stud-
ies proposed to take advantage of such transitions, this work
aims at using them for energy harvesting purpose. As a first
step, the work reported here proposes a thermodynamic phe-
nomenological approach to describe such phase transitions.
One significant advantage in using phase transitions in ferro-
electric materials is to take benefit of the non-linear response
of the polarization close to the transition and thus, increase the
polarization variation. The main ferroelectric material used
for such an application and studied both theoretically and ex-
perimentally is the perovskite structure ABO3. In the per-
ovskite structure the ferroelectric distorsion gives a relative
displacement of the cation with respect to the anion which in-
duces a net polarization. Some perovskite structures such as
BaTiO3, KNbO3 (KNO) and KTaxNb1−xO3 (KTN) undergo
three phase transitions from rhombohedral to orthorhombic,
from orthorhombic to tetragonal and from tetragonal to cubic
with temperature (the symmetry of the crystal increases with
temperature), pressure or electric field. The mechanism of
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FIG. 1. (a) Representation of a P(E) cycle with the different steps of the Olsen cycle detailed; (b) Evolution of the temperature and the electric
field in function of time for two consecutive Olsen cycles in the case of Th−Tl = 10K, Ei = 0kV/mm and E f = 2kV/mm.

phase transitions is very complex and only few theories allow
describe them. Among them, the renormalization group works
very well but is very complex in its formalism12. An easier
way relies on the mean-field approximation. However, close
to the transitions, this approximation fails to describe properly
experimental observations. Hopefully in ferroelectric mate-
rials, the nature of the transition allows describing them in
the frame of Landau theory (mean field approximation) due
to their long-range interactions13. For ferroelectrics, Devon-
shire used in the 1950’s the Landau theory to describe the
phase transitions of barium titanate14. This theory is known as
Landau-Devonshire theory and consists of developing the free
energy term in power expansion of an order parameter which
is the polarization in the case of a ferroelectric materials. In
this context, the presents work proposes a comparative study
of different ferroelectric materials with perovskite structure
for pyroelectric energy harvesting. In a first step, the study
will focus on the Olsen cycle and its description. Then, the
theoretical approach for different crystal orientations with the
Landau-Devonshire theory is explained. After that, the experi-
mental confirmation of the modeling is made with analogy be-
tween harvested energy and the electrocaloric effect for differ-
ent crystallographic orientations of PMN-30PT and BaTiO3.
Finally, the best phase transitions of ferroelectric materials for
energy harvesting depending on crystal orientations are iden-
tified.

II. OLSEN’S CYCLE

Pyroelectric energy harvesting generally uses closed ther-
modynamic cycles to reach more energy output. Pyro-
electric energy harvesting implies thermodynamic cycles in
the polarization-electric field space, and in the entropy-
temperature space. We can consider the polarization P as
the conjugated variable of the electric field E because of
the high relative dielectric permittivity εr >> 1 for pyro-

electrics. Different cycles have been used for pyroelectric
energy harvesting15. We can quote the Stirling cycle which
consists of two isothermal and two constant electric induction
processes. Another promising cycle is called the Olsen cy-
cle and it is the one we choose to model here due to its high
energy conversion capabilities. The Olsen cycle15 consists of
two isothermal and two constant electric field processes. The
cycle starts from a low temperature Tl and an initial electric
field Ei. An electric field is applied until a final value E f (A-B
path on Fig. 1(a)). Then, the temperature is increased to a
higher value Th (B-C path). Afterwards, the electric field is
decreased to its initial value Ei (C-D path). Finally, the tem-
perature is decreased down to the initial Tl value (D-A path).
Previous studies have demonstrated the feasibility and pos-
sible future applications of pyroelectric energy harvesting via
Olsen cycles16,17as waste-heat energy harvesting is a probable
hot upcoming topic. In particular, Hanrahan et al16realized
Olsen cycles with a laser-based pyroelectric harvester with a
square temperature variation and a triangle function evolution
of the electric field. We decided to use this temporal profile
in our simulation for preliminary comparison purposes and
model assessment. An illustration of the evolution of the tem-
perature and the electric field in our theoretical approach is
given in Fig. 4(b). It can be noted that the choice of the func-
tions in a real experiment impacts the output energy18. How-
ever, the evolution of the temperature and the electric field was
not crucial in our modeling as long as the changes in ther-
modynamic state were successive. Indeed, as we applied a
positive electric field, we only considered the positive solu-
tion of polarization of the free energy. Moreover, the Landau-
Devonshire theory is independent of time and all thermody-
namic changes are thermodynamically reversible. The model
did not consider hysteresis and the frequency dependence of
the material due to the underlying assumptions. The model-
ing represented a single Olsen cycle over a single ferroelectric
domain independently of its size. Further work could be de-
voted to assessing the effect of waveforms and frequency on
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the polarization and energy harvesting density. An electrical
charge-discharge losses term added to the output energy was
proposed by Smith et al19. Another possibility will be to use
time-dependent Ginzburg-Landau (TDGL) model.

Energy harvesting can be more efficient if the thermody-
namic conditions of the desired device are well established.
Some studies aimed at improving the harvested energy by
using phase transitions via modeling by phenomenological
approach19,20. However, none of them made an investigation
on using FE-FE phase transitions depending on the crystal ori-
entation and the thermodynamic conditions. Here, we propose
the optimum thermodynamic conditions for different ferro-
electric crystals to perform Olsen’s cycle with the help of such
transitions. We decided to study different materials with tem-
perature variation and electric field easily achievable for real-
istic applicative. The temperature variation Th−Tl has been
chosen to be 10K as it is possible to have such a temperature
variation in a short amount of time21. The electric field varia-
tion was set to Ei = 0kV/mm and E f = 2kV/mm. For studying
energy harvesting in the frame of a thermodynamic approach,
we modeled the thermodynamic path to represent the ideal
energy harvesting cycle with Landau-Devonshire theory. The
spontaneous polarization is obtained for each value of tem-
perature and electric field and thus, the Olsen cycle can be
obtained in the P-E space. An illustration of the Olsen cycle
is presented on Fig. 1(a). The harvested energy is given by
the hatched area of the P(E) cycle on Fig. 1(a) and can be
expressed as:

Wh =
∮

P(E)dE (1)

III. MODEL

The Landau-Devonshire theory has been frequently inves-
tigated in for ferroelectrics but significantly less for energy
harvesting purposes. In this work, we propose to study ther-
modynamic cycles and ferroelectric phase diagrams through
the Landau theory for various ferroelectric materials and ori-
entations. In the Landau-Devonshire theory, the free energy
is developed as a function of an order parameter and must be
symmetric by a point group of a reference phase. All the other
terms that are added to the free energy (generally called sec-
ond order parameters) must be also invariant by symmetry of
the parent phase which is the m3m (cubic) symmetry in our
case22,23. The free energy is expressed as:

Flgd = F0 +αi jPiPj +αi jklPiPjPkPl +αi jklmnPiPjPkPlPmPn
+αi jklmnopPiPjPkPlPmPnPoPp + ...

(2)
where Pi is the spontaneous polarization in the cubic basis;

αi j, αi jkl , αi jklmn and αi jklmnop are tensors which represent the
different orders of the dielectric stiffness and F0 is the energy
of the cubic phase (set to zero). In our study, only αi j is tem-
perature dependent and has a different expression depending
on the studied material24,25. The different expressions are:

αi j =C ∗ [coth(Ts
T )− coth( Ts

Tc
)] (3)

and

αi j =C ∗ (T −Tc) (4)

where C is a constant, Tc is the Curie temperature and Ts is the
saturation temperature. The dependence of αi j with Ts makes
it possible to describe the quantum effects that appear when
T is less than Ts

26. Unfortunately, finding this parameter for
some ferroelectric perovskites is quite complex.

The total free energy for ferroelectric materials can be ex-
pressed as:

F = Flgd +Felas +Felec +Fgrad (5)

Felas and Fgrad respectively represent the contribution to the
free energy of an external stress and the different possible do-
mains orientations of ferroelectric materials. Ginzburg first
introduced the latter in the case of superconductivity27. In
this study, we neglected these two terms as the crystal is in
a stress-free condition, and a single crystal under a sufficient
electric field can be considered in a single domain state28. Fi-
nally, only Flgd and Felec associated with the energy of an ap-
plied electric field have been considered. Under an external
electric field, it is easier to express the energy in terms of free
enthalpy variations instead of the free energy using the fol-
lowing equation (Legendre transformation):

∆G(P,T,E) = Flgd−EiPi (6)

With respect to the cubic Oh symmetry, the free enthalpy be-
comes:

∆G = α1(P1
2 +P2

2 +P3
2)+α11(P1

4 +P2
4 +P3
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+α12(P1
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(7)
where the Ei and Pi are the different components of the
electric field and the polarization.

State Polarization Number of Symmetry
components configuration

Cubic (0,0,0) 1 m3m

Tetragonal (0,0,P) 6 4mm

Orthorhombic ( P√
2
, P√

2
,0) 12 mm2

Rhombohedral ( P√
3
, P√

3
, P√

3
) 8 3m1

TABLE I. Properties of the different ferroelectric phases
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Parameter BaTiO3
24,29 PZN-4.5PT30,31 PMN-30PT25,32 Units

Ts 160 0 0 K
Tc 390 423.75 390.1 K
α1 5∗105 ∗Ts 1.9∗105 6.22∗104 V.m.C−1

×[coth( Ts
T )− coth( Ts

Tc
)] ×(T −Tc) ×(T −Tc)

α11 −1.154∗108 −1.35∗107 −1∗108 V.m5.C−3

α12 6.530∗108 8.05∗107 2∗108 V.m5.C−3

α111 −2.106∗109 2.75∗108 2.5∗109 V.m9.C−5

α112 4.091∗109 4.125∗108 −3.5∗109 V.m9.C−5

α123 −6.688∗109 −2.14∗109 −9∗109 V.m9.C−5

α1111 7.590∗1010 0 1∗1010 V.m13.C−7

α1122 −2.221∗1010 0 8.6∗1010 V.m13.C−7

α1112 −2.193∗1010 0 1∗1010 V.m13.C−7

α1123 2.416∗1010 0 6.8∗1010 V.m13.C−7

ρ 6.02 8.31 8 g.cm−3

c 406 200 350 J.kg−1.K−1

TABLE II. List of Landau coefficients and physical properties

FIG. 2. The different possible orientations of the polarization for a
ferroelectric crystal. (a) Referential of the cubic basis of the crystal;

(b) Tetragonal phase with six possible orientations; (c)
Orthorhombic with twelve possible polarization directions; (d)

Rhombohedral and eight possible configurations.

By minimizing the free energy with respect to the polariza-
tion, we can find for each value of temperature and electric
field the stable phase of the ferroelectric material and the as-
sociated polarizations. In our study, we consider four phases
for each material. All the different ferroelectric states and po-
larization configurations are highlighted on Table I and are
represented on Fig. 2.

The approach consisted in modeling thermodynamic cycles
and to choose different values of low-temperature at which
the cycle is started. We can identify the ideal zone for energy
harvesting with variations of the initial temperature Tl . The
main goal here is to use phase transition to increase the energy

density. We choose to study BaTiO3, PZN-4.5PT and PMN-
30PT because they are one of the most studied ferroelectrics
and there are a lot of available sets of Landau coefficients in
the literature. Table II lists the Landau coefficients extracted
from the literature for all the ferroelectric materials studied in
this work. Depending on the crystal orientation, different fer-
roelectric phase transitions can be interesting. We choose here
to consider the <001>,<011> and <111> crystallographic ori-
entations. The electric field is applied along the cut direction
as illustrated on Fig. 3. The free energy symmetry transforma-
tion is not necessary for <011> and <111> crystal orientation.
In practice, the polarization is measured by the current vari-
ation flowing through the electrodes deposed on the faces in
the electric field direction. Thus, the measured polarization is
a projection of the polarization vector along the electric field
direction. We therefore just changed the basis of the polar-
ization vector33,34 via a matrix rotation to this end. The po-
larization P’ is defined in the basis of the laboratory reference
frame (x′,y′,z′) and the polarization P is defined in the cubic
coordinate system (x,y,z), yielding:

P′i = Ai jPj (8)

A<001>
i j =

1 0 0
0 1 0
0 0 1



A<011>
i j =

1 0 0
0 1√

2
−1√

2
0 1√

2
1√
2



A<111>
i j =


1√
2
−1√

2
0

1√
6

1√
6
−2√

6
1√
3

1√
3

1√
3



(9)

We assume that the electric field is along the z’ axis. Thus, we
can define the unit vector ~z′001, ~z′011 and ~z′111and we can keep
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FIG. 3. Illustration of the crystal in the different orientations with the associates projection vector and basis. (a) <001> Orientation; (b) <011>
orientation; (c) <111> orientation

.

using the cubic (m3m) symmetry free energy. The polariza-
tion along the crystal z’ axis for different orientations is thus
given by:

P′<001>
3 = ~P. ~z′001 (10)

P′<011>
3 = ~P. ~z′011 (11)

P′<111>
3 = ~P. ~z′111 (12)

with respectively ~z′001 =(0,0,1), ~z′011 =(0, 1√
2
, 1√

2
) and ~z′111 =

( 1√
3
, 1√

3
, 1√

3
)

IV. ELECTROCALORIC EFFECT

In order to validate our approach, the electrocaloric effect
of PMN-30PT and BaTiO3 in different crystallographic ori-
entations is assessed and compared to different studies in the
litterature35–38. The electrocaloric effect is the ability of a ma-
terial to change temperature when an electric field is applied.
It is usually considered as the converse effect of pyroelectric-
ity. We propose here to obtain the temperature variation via
the converted energy in order to confirm the phenomenolog-
ical approach to model Olsen cycle. Assuming the Maxwell
relation ( ∂P

∂T )E = ( ∂S
∂E )T . It is possible to express the heat flow

of the electrocaloric effect QECE as:

QECE = Th
∫ E f

Ei
pdE (13)

where p is the pyroelectric coefficient The converted energy
can be expressed depending on the pyroelectric coefficient as:

Wh =−(Th−Tl)
∫ E f

Ei
pdE (14)

If we substitute equation (14) in equation (13) the converted
energy yields:

Wh =−ηcarnotQECE (15)

where ηcarnot =
Th−Tl

Th
is the Carnot’s efficiency. Finally we

can express the temperature difference of the electrocaloric
effect as:

∆TECE = Wh
ηcarnot ρcp

(16)

where ρ is the density of the material and c the specific heat.
We can note that this equivalence depends on the temperature
variation Th − Tl . As we set this difference to 10K, it is a
range of temperature where it is possible to linearize the
pyroelectric coefficient and express the converted energy Wh
as a function of the heat flow QECE

32. This approximation
provides a good trend for the electrocaloric effect. However,
this approximation does not give a reliable absolute value of
the temperature variation of the electrocaloric effect because
it depends on the chosen temperature variation Th − Tl .
This still allows validating the Landau Devonshire approach
to model energy harvesting for different crystallographic
orientations. In fact, the most important in the scope of
this study is the trend and the relative temperature variation
obtained with the phenomenological approach, which are in
good agreement with experimental results.

Marathe et al36 used first principle calculation for mod-
eling the electrocaloric effect and performed experimental
measurement with different crystallographic orientation on
barium titanate. Our results shown in Figs. 4 and 5 agreed
with both experiments and first principle calculations. Es-
pecially, a negative temperature variation occurs for BaTiO3
in the <001> direction at the O-T transition at 270K as
shown in Fig. 4(a). Moreover, the <001> cut orientation
will also induce a more significant temperature variation for
barium titanate at the T-C transition compared to the other
orientations. This behavior also agrees with experimental and
first principle modeling and gives a good order of temperature
variation for the electrocaloric effect36,39.

The results obtained on the PMN-30PT also agree with
experiments performed on different orientations38,40,41. In
fact, the <001> cut crystals still present a negative temper-
ature variation but this time for the R-T transition which
occurs approximately at 360K for PMN-30PT as shown in
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FIG. 4. Electrocaloric effect for BaTiO3 in function of the temperature for different applied electric fields. (a) <001> orientation; (b) <011>
orientation; (c) <111> orientation; (d) comparison between the three orientations.

FIG. 5. Electrocaloric effect for PMN-30PT in function of the temperature for different applied electric fields. (a) <001> orientation; (b)
<011> orientation; (c) <111> orientation; (d) comparison between the three orientations.
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Fig. 5(a). These negative electrocaloric effects are due to
the polarization that increases with temperature ( ∂P

∂T > 0).
This phenomenon appears for specific FE-FE transitions in
particular orientations. Compared to BaTiO3, it is the <111>
orientation for PMN-30PT that provides better temperature
variations at the T-C transition. This result was already
observed in the literature38,42, thus giving an experimental
confirmation of the phenomenological approach in the small
temperature variation regime. Particularly, it predicts which
FE-FE presents negative or positive peak in particular crystal
orientation for specific phase transition of ferroelectric mate-
rials. These results therefore explain negative electrocaloric
effect due to crystal orientation with Landau-Devonshire
theory.

Both materials had an electrocaloric temperature variation
which evolves monotonously with increasing electric field.
Also, the electric field shifts the temperature of the peak. This
temperature shift could be positive or negative depending on
both crystal orientation and applied electric field direction. It
can be observed that negative electrocaloric peaks associated
with FE-FE transitions shift negatively with temperature for
<001> orientation of BaTiO3 and PMN-30PT in Fig. 4(a)
and Fig. 5(a). These transitions correspond respectively to
the O-T and the R-T transition. The positive electrocaloric
peaks, on the contrary, are associated with a positive tempera-
ture shift with an increasing electric field for all FE-FE transi-
tions of <011> and <111> crystal orientation, as shown in Fig.
4(d) and Fig. 5(d). Moreover, all orientations have a positive
shift for electrocaloric peaks associated with the T-C transi-
tion. This behavior is due to the electric field, which favors the
ferroelectric phase energetically compared to the paraelectric
one. Another feature of both materials is a wider maximum
peak when the electric field is smaller. This phenomenon can
be well observed in Fig. 5(a) on the R-T transition at 370K.
This result originates from the equivalence made between the
harvested energy and the electrocaloric effect and has no real
significance for the electrocaloric effect. This emphasizes the
limitation of the approximation of equation (15) as an arbi-
trary temperature variation needed to be fixed for the Olsen
cycle (10K here).

V. ENERGY HARVESTING

This section is devoted to the simulation method and
the comparison of the Olsen cycle predicted and measured
harvested energy. We will still consider PMN-30PT and
BaTiO3 with the three orientations detailed before. We
choose to model the harvested energy as a function of the
low temperature Tl while keeping a temperature span of
∆T = Th − Tl = 10K, Ei = 0kV/cm and E f = 2kV/mm
(Fig. 6(a),(d) and (g) and Fig. 7(a),(d) and (g)). These
settings allows selecting the best working temperature range
to improve the output energy of pyroelectric materials via
phase transitions. We identified different typical values of
energy that we denote with different numbers. These num-
bers are associated with thermodynamic cycles represented

in a T-E phase diagram in Fig. 6(b),(e) and (h) and Fig.
7(b),(e) and (h). We also represented the associated cycles
in the P-E space in Fig. 6(c),(f) and (i) and Fig. 7(c),(f) and (i).

The PMN-30PT in the <001> orientation depicted in Fig.
6(a),(b) and (c). A negative energy peak arises at Tl = 346K
for cycle n°1. This negative peek is associated with the R-T
transition which occurs during the temperature variation at a
constant electric field of E f = 2kV/mm. When we decrease
the electric field, the material returns to its initial rhombohe-
dral state. These different phase transitions result in an anti-
clockwise cycle in the high electric field region. Hence, this
yields an energy loss or a minimal harvested energy in practi-
cal conditions.

For the <011> orientation of PMN-30PT in Fig. 6(d),(e)
and (f), cycle n°1 also presents a negative peak at Tl = 360K.
This negative peak is due to the R-O transition. This transi-
tion happens during the heating in the isoelectric process and
induces an increase of polarization due to the orthorhombic
state favorable orientation. As for PMN-30PT <001>, we still
have an anticlockwise cycle in the high electric field region.
However, this energy loss is compensated by an energy gain
in the low electric field region due to successive O-R and R-T
transitions.

In the <111> orientation (Fig. 6(g),(h) and (i)), we have a
positive energy peak at Tl = 366K which corresponds to a tem-
perature slightly lower than the R-T temperature transition at
Ei = 0kV/mm. Cycle n°1 is fully clockwise compared to the
orientations. The harvested energy arises due to the occurence
of the R-T transition at the high temperature Th when we re-
lease the electric field. This transition induces a fast polariza-
tion decrease. Hence, the area of the cycle is increased and
therefore, energy is effectively harvested. During the cool-
ing of the material, the <111> PMN-30PT transits back to the
rhombohedral structure.

For all the PMN-30PT different orientations, cycle n°2 is the
most interesting in terms of energy gain and of course made
profit of the T-C transition due to the larger polarization vari-
ation at the Curie temperature. In all cases, it is always better
to start the cycle with Tl being close to the Curie temperature
Tc. Performing the cycle at Tl just before the Curie tempera-
ture increases the area of the thermodynamic cycle. It is the
< 111 > orientation which gives the highest harvested energy
compared to the others. This is due to the T-C transition that
occurs at a higher value of electric field for the <111> orienta-
tion. It is noteworthy that the <001> orientation has the high-
est value of polarization for the tetragonal phase. We would
thus expect it to be the best orientation to work at Tc as it is
possible to have larger polarization variations. However, it is
the one who gave the less energy output. This is due to the
significant shift of the Curie temperature Tc with the electric
field maintaining a ferroelectric state at high temperature and
small electric field.

Barium titanate exhibits different results. In <001> orien-
tation (Fig. 7(a),(b) and (c)), both R-O and O-T transitions
present negative energy peaks respectively at Tl = 195K and
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FIG. 6. A plot of the harvested energy in function of the working temperature Tl for PMN-30PT. (a) <001> orientation; (d) <011> orientation;
(g) <111> orientation. Temperature-Electric field phase diagram versus polarization for PMN-30PT. (b) <001> orientation; (e) <011>

orientation; (h) <111> orientation. A plot of the associated P(E) cycles for PMN-30PT. (c) <001> orientation; (f) <011> orientation; (i)
<111> orientation.
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FIG. 7. A plot of the harvested energy in function of the working temperature Tl for BaTiO3. (a) <001> orientation; (d) <011> orientation; (g)
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(h) <111> orientation. A plot of the associated P(E) cycles for BaTiO3. (c) <001> orientation; (f) <011> orientation; (i) <111> orientation.
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FIG. 8. Illustration of the different phase transitions possible for different crystal orientations.

Tl = 269K. Peak n°2 associated with cycle n°2 is larger than
n°1. This behavior comes from the significant increase of
polarization in the O-T transition compared to the R-O one.
Both transitions happen during heating in the isoelectric pro-
cess and they both have an anticlockwise rotation cycle.

In the <011> orientation (Fig. 7(d),(e) and (f)), peak n°1
and cycle n°1 at Tl = 195K exhibits the same behavior as the
<001> orientation. However, cycle n°2 at Tl = 282K is fa-
vorable for energy harvesting. This time the O-T transition
corresponds to a decrease of polarization. Another point is
the low temperature Tl which is optimum just before the O-T
transition at zero field.

All of the FE-FE transitions for the <111> oriented BaTiO3
are of interest and presents positive energy peaks. Cycle n°1
and n°2 present a lower value of temperature respectively
of Tl = 209K and 279K and both are situated just before
the FE-FE transition without the application of the electric
field. Cycle n°2 is better in term of energy gain as the O-T
transition shows a larger polarization variation.

For barium titanate, the Curie temperature region also
remains the most interesting region to exploit for pyroelectric
energy harvesting purpose. Cycle n°3 for the <001> and
<111> orientations exhibits an energy density of 190mJ/cm3

whereas for the <011> the value is almost 220mJ/cm3. As
for the PMN-30PT, for all orientations the energy peak n°3
is located at a temperature Tl just before Tc. For the <001>
orientation, the polarization variation is more important but
the Curie temperature shifts more with respect to the electric

field compared to other orientations. The fact that ∂Tc
∂E is more

important for the <001> oriented crystal does not allow the
T-C transition to occur during the heating in the isoelectric
process for a temperature variation of Th − Tl = 10K. The
transition appears only when we release the electric field
whereas for the <011> and <111> orientations, the FE-PA
happens during heating but the polarization variation is
smaller. So the area of the cycle, and thus the harvested
energy, is a trade-off between favorable crystal orientation
and Curie temperature shift, the best being a <001> ferro-
electric oriented crystal with a weak Curie temperature shift.
Additionally, we can note that when the temperature of a
FE-FE transition shift positively with the electric field, then
the energy density is positive and favors energy harvesting.
On the contrary, when this shift is negative, the energy density
is negative, leading to an unfavorable temperature window
for pyroelectric energy harvesting.

Fig. 8 displays a summary of the optimum phase transi-
tions for pyroelectric energy harvesting with respect to their
crystal orientations. To compare our model with experimental
results, a plot of the harvested energy depending on the tem-
perature variation is proposed on Fig. 9. In this comparison,
Tl is set to be constant at 373K. The experiment was per-
formed by Khodayari et al43 on <011> oriented PZN-4.5PT
with an applied electric field along the [011] direction. To
determined the landau coefficients of PZN-4.5PT, we used
a linear composition law with the coefficient of PZN and PT31
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FIG. 9. A plot of the harvested energy in function of the
temperature variation Th−Tl for an Olsen cycle with Ei = 0kV/mm

and E f = 2kV/mm for a <011> oriented single crystal of
PZN-4.5PT and an electric field applied in the [110] direction.

One can notice that the harvested energy predicted by the
model is close to the measured one. The trend of the curve is
also fine. A fast increase of the energy occurs for ∆T = 60K
in both curves due to the T-C transition. However, the fit-
ting is not perfect and these differences can be explained by
the presence of Polar Nano Regions (PNRs) especially in the
high temperature region close to the Burns temperature. These
PNRs give other contributions to the intrisic polarization44.
We also made the assumption that we had a single domain
crystal which is not the case in a real experiment. There are
multiple domains, domain wall motions are induced which
modify the polarization response. However, as we consider
sufficient applied electric field, our hypothesis remains rather
valid. Finally, the electrical losses occurring during the charg-
ing and discharging process are ignored in our modeling.

VI. CONCLUSION

In this study, we investigated the influence of crystal orien-
tation for different ferroelectric perovskites material in order
to identify the best phase transitions for optimizing the py-
roelectric energy harvesting using Olsen cycles. An impor-
tant additional feature of this work was to explain the negative
electrocaloric peaks with the equivalence between pyroelec-
tric energy harvested and electrocaloric effect. It is the first
study in our knowledge to obtain such behavior with phe-
nomenological approach. Moreover, a good agreement in
term of order of magnitude and temperature values for the
electrocaloric peaks has been obtained. The other highlight of
this article is to model Olsen’s cycle with Landau-Devonshire
theory to predict the best thermodynamic conditions to realize
realistic pyroelectric harvester devices. In all cases, the FE-PA
transition maximizes pyroelectric energy harvesting. The FE-
FE transitions can improve the energy density for particular

orientations and electric field. On the contrary, other orienta-
tions can decrease the energy density by using FE-FE transi-
tions. For some materials and applications, it is complicated
to work in the Curie temperature region ( 100°C). While being
of lower energy density compared to FE-PA transition, taking
profit of FE-FE transitions could be a good alternative to in-
crease the output energy. We demonstrated it is better to use
<011> orientation and the O-T transition or the <111> orien-
tation with the R-O and the O-T transitions for Olsen cycle.
The R-O transition in a <011> oriented crystal and all the FE-
FE transitions for a <001> crystal orientations will reduce the
harvested energy. These results are true in the frame of a clas-
sical Olsen thermodynamic cycle. Of course, working close
to the Curie temperature is still the best option for such ap-
plications. We have nevertheless shown that for this purpose,
the ideal ferroelectric material will be in the <001> orienta-
tion with a small shift of the Curie temperature with electric
field. This result emphasizes the point that when a transition is
favorable, the ideal low temperature (Tl) is slightly before the
temperature transition. Moreover, most of ferroelectric mate-
rials are solid solutions and change their temperature transi-
tions by changing their mixing proportions. Thus, it is pos-
sible to tailor a composition to have a cycle with a low tem-
perature (Tl) at the ambient temperature, while, made profit
of the favorable phase transitions of specifics crystal orien-
tation identified in this study. The ideal cycle would cross
the transition during the heating and cross the transition back
during the cooling process. Finally, the predicted energy har-
vested is of good magnitude and trend vs. the working tem-
peratures. However, some discrepancies still occurs between
modeling and experiments. These difference can be explained
by several mechanisms. First of all, the Landau-Devonshire
theory considers only a single ferroelectric domain. Secondly,
there are always electrical losses when applying or releasing
electric field. Another difference with a real experiment is
the hysteresis with ferroelectrics. Even though the Landau-
Devonshire theory can reproduce the coercive electric field,
there is always hysteresis in ferroelectrics and the experimen-
tal results necessarily depend on the history of the material.
Finally, in ferroelectric relaxors such as xPMN-(1−x)PT and
xPZN-(1−x)PT, PNRs regions appears and give other contri-
butions to the polarization. All of these contributions can be
a basis for further investigations. To conclude, phenomeno-
logical approach can be useful to identify interesting thermo-
dynamic regions and benefiting of phase transitions for real
optimized energy harvesting devices.
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