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A first-principle-based effective Hamiltonian model is developed to investigate electrocaloric effects (ECE)
of ferroelectric Pb(ScysTags)O3 (PST) possessing different degrees of chemical ordering between Sc and Ta
cations. It is found that PST exhibits large electrocaloric effects when the electric field drives a paraelectric-
to-ferroelectric phase transition isothermally above the Curie temperature. More precisely, for any specific
temperature above the Curie temperature, the electrocaloric coefficient exhibits its maximum at a critical electric
field that is precisely the threshold of percolation for which the polar nanoregions begin to propagate inside the
whole sample, with dipoles being parallel to the field’s direction. This percolation-induced maximal ECE occurs
for all the possible degrees of chemical ordering, therefore making it a general and novel mechanism, based on

which a strategy is further proposed to improve the ECE.
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I. INTRODUCTION

The development of highly energy efficient and envi-
ronmentally friendly refrigeration technologies is of high
requirement for the mitigating global warming potential
and releasing total greenhouse gas emission. Approximately
20% of the energy consumption in the world is used for
refrigeration purposes [1]. The current refrigeration of vapor-
compression-cycle-based works with high global warming
potential and is environmentally unfriendly. Furthermore, this
refrigeration technology is unsuitable for miniaturization in
electric cooling application.

The non-vapor-compression-cycle-based cooling technolo-
gies have been developed for magnetocalorics, electrocalorics
(ECE), and elastocalorics, which undergo large entropy
changes driven by magnetic, electric, and mechanical in-
puts, respectively [2—6]. In comparison with the other caloric
effects, ECE regained considerable attention from both
academia and industry recently because of their high ef-
ficiency, direct electricity utilization, low cost, and mature
processes for mass production [6—11].

Among the various investigated ferroelectric, antiferroelec-
tric, and relaxor ECE materials, ferroelectric PbScq sTag 503
(PST) has received great interest recently, as a large ECE has
been observed over a wide temperature range near room tem-
perature [12—-14]. More precisely, an adiabatic temperature
change (ATy) of about 5.5 K near room temperature was mea-
sured for a PST multilayer capacitor (MLC) [12], which was
immediately used in cooling devices [13,14]. Surprisingly,
the mechanism of this giant ECE in PST is unclear, to the
best of our knowledge. Determining it will not only deepen
fundamental knowledge of ECE effects but may also be taken
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advantage of to further enhance cooling efficiency [15-19].
On the other hand, percolation is a fundamental model in sta-
tistical mechanics related to phase transitions signaled by the
emergence of a giant connected components. The percolation
theory was applied to complex network [20], resistor networks
[21], protein interaction network [22], earth’s topography
and landscapes [23], electrical conductivity [24,25], consumer
market [26], stock market [27,28] and social percolation [29].
Percolation models serve as important universality classes in
critical phenomena [30].

In this paper, we reveal the microscopic mechanism re-
sponsible for the large ECE for temperatures above the Curie
temperature in ferroelectric PST being chemically ordered
or disordered, by developing and using a first-principle-
based effective Hamiltonian approach. The electrocaloric
(EC) coefficient, which is defined as the derivative of the tem-
perature with respect to the electric field at constant entropy
[ = (g—g)s], shows a nonmonotonic behavior with electric
field E, associated with the evolution of polar nanoregions
(PNRs) or the development of macroscopic polarization
driven by the electric field from paraelectric to ferroelectric
states above the Curie temperature. The maximum of « in the
a-versus-E curve happens for the electric field that induces
the percolation of PNRs, which is therefore the microscopic
origin of the observed giant ECE above the Curie temperature.

This paper is organized as follows. Section II describes
the effective Hamiltonian approach. Sections III A and III B
analyze the ECE for perfectly rocksalt ordered PST and partly
ordered PST, respectively. Finally, Sec. IV concludes this
work.

II. METHODS

We developed a first-principle-based effective Hamiltonian
approach for PST based on the virtual crystal approximation
(VCA) [31] for which Sc and Ta ions are replaced by a virtual
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average atom (B). The effective Hamiltonian has two main
terms:

Eo({ui}, {vi}, {wi}, {0i}, 1) = Eave({wi}, {vi}, {0}, 1)

+ Eoc({w}, {vi}, {w;}, {o:}),
¢))

where {u;} is the Pb-centered local soft mode vector at site i,
which is directly proportional to the local electric dipole; {v;}
is the Pb-centered dimensionless vector, which is related to
the inhomogeneous strain at site i; {w;} is the B-site-centered
pseudovector quantifying the oxygen octahedral tilting at site
i, also commonly called antiferrodistortive (AFD) distortions;
{o;} is the variable describing the chemical configuration,
where o; = 1 or —1 denotes Sc or Ta atom at site i, respec-
tively, and ny is the homogeneous strain tensor.

The E,. term treats the two types of B-site atoms as a
virtual atom (B). The analytical form of E,. is in the form
previously provided for simple perovskite compounds such as
NaNbOs, and is given in, e.g., Refs. [32-34].

For Ejo, we use the following expression [35-37]:

Eioc({u}, {vi}, {0}, {o:}) = Z Qio;€j; - u;+ ZRlajfji -V

iy ij
+ Zwi <A00i + ZAKU), (2)
i J

where w; = |w;|. The sums over i run over all Pb sites, while
the sums over j run over the eight nearest neighbor (B) sites
of the site i. ej; and f}; are unit vectors joining the B-site j to
the Pb-center i.

The parameters in the effective Hamiltonian are deter-
mined by performing first-principle calculations on relatively
small cells (up to 30 atoms), using the Vienna Ab initio Sim-
ulation Package (VASP) and the projected augmented wave
(PAW) method [38—40], altogether with the density functional
theory (DFT) with local density approximation (LDA) [41].
Following the notations used in Refs. [32,35], the effective
Hamiltonian parameters for PST are listed in Table S1 in the
Supplemental Materials (SM) [12,42-48].

We performed Monte Carlo (MC) simulations within this
effective Hamiltonian on 12x 12 x 12 supercells (8640 atoms)
with the Metropolis algorithm [49] in the isothermal-isobaric
ensemble (NPT ensemble), from which the enthalpy is di-
rectly available as

H = E + 3 NkgT + pV —VE - P, 3)

where E, is given by Eq. (1), p is the pressure, V is
the supercell volume, E is the electric field, P = ZV* Z; u;
is the polarization, N is the number of five-atom unit cells in
the supercell and the term %NkBT contains potential energy
of six degrees of freedom and kinetic energy of 15 degrees
of freedom in each site, which are not included in E, [48].
Considering the fact that LDA often underestimates the lattice
constant, we applied a negative external pressure of —6.5 GPa
in our simulations. Typically, 1x 10% MC sweeps are used for
equilibration and an additional 1x 10® MC sweeps are used to
compute the statistical averages at temperature 7' and electric
field E to obtain converged results.

Note that the electric fields here have been rescaled lin-
early as E = cE, where E is original electric field in our MC
calculations, E is rescaled electric field, ¢ is a constant and
is chosen to be 0.2 in this work. This rescaling scheme is
inspired from the fact that the electric field is usually overesti-
mated by about one order of magnitude in the atomic effective
Hamiltonian schemes (possibly because of the so-called Lan-
dauer paradox) [17,46].

We consider PST systems with different ordering degrees,
characterized by S = |SOF(Sc)— SOF (Ta)|/|SOF (Sc) +
SOF (Ta)| [50], where SOF is the site occupation factor
of the (4a) [or equivalently, (4b)] Wyckoff position in the
Fm3m structure. Practically, we constructed alloy configura-
tions with specified S € (0, 1) by first constructing a perfect
rocksalt-ordered configuration, and then exchanging B-site
cations randomly until § is equal to the given predefined value.
For the fully disordered configurations S = 0, Sc and Ta ions
are distributed randomly. For any partly ordered PST with
S < 1, we perform simulations on different configurations, all
with the same specified S value, and then average the results.

Moreover, the linear EC coefficient « is the derivative of
the temperature with respect to the electric field at constant
entropy, which is computed from MC simulations by the fol-
lowing cumulant formula [17,48]

(uH) — (u){H) }

©=-z NT[<H2> “(H)? + L (kT )2

“

where Z* is the Born effective charge, N is the number
of the sites in the supercell, T is the temperature, H is
the enthalpy defined in Eq. (3). V is the supercell volume,
E is the external electric field, p is the external pressure,
and (-) defines the average over the MC sweeps at a given
temperature. Practically, « is calculated at a certain tem-
perature and under a dc electric field applied along the
pseudocubic [111] direction, which is the direction of the
spontaneous polarization in PST below the Curie temperature
[8,51,52]. The isothermal entropy change (AS) and adiabatic
temperature change (ATs) on removal of electric field are
also computed from MC simulations, see more details in
the SM [42].

III. RESULTS AND DISCUSSION

A. Ordered configuration

We first focus on PST with perfectly rocksalt-ordered B-
site atoms, and which has been reported to have giant ECE
[9,12]. Figure 1(a) shows the polarization P(E, T') diagram as
functions of temperature 7 and electric field E, as obtained
by cooling simulations under electric field applied along the
pseudocubic [111] direction [53]. Under high electric field and
at low temperature, PST is in the ferroelectric phase [upper
left side in red in Fig. 1(a)], while it is in the paraelectric phase
under low electric field and high temperature [lower right cor-
ner in blue in Fig. 1(a)]. The olivine colored region in-between
represents the phase coexistence line or the supercritical phase
where the ferroelectric and paraelectric states become undis-
tinguishable. Our calculated critical end point that separates
the subcritical (where ferroelectric and paraelectric phases can
be distinguished) from the supercritical region, is located at
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FIG. 1. (a) Polarization P(E, T) as a function of electric field £ and temperature 7 and (b) EC coefficient « as a function of electric field at
330 K. The electric field for which « exhibits its maximum [E (omax )] and the electric field at which r(111) exhibits its maximum [E (r(111))]
for the investigated temperatures are shown in panel (a). x2E is shown in panel (b) to compare it with a.

about 3.38 MV /m at 305 K. Note that the ECE is known to
be large in the supercritical region [12,43,54]. Furthermore,
our calculated P(E, T) diagram is very well consistent with
measurements [12]. For instance, at 270 K and 15.59 MV /m,
the simulations provide a polarization of 0.376 C/m? to be
compared with the measured 0.362 C/m? value, indicating the
accuracy of our numerical method.

Furthermore, Fig. 1(b) displays « as a function of E at a
temperature of 330 K, which is slightly higher than the calcu-
lated Curie temperature of 290 K (which coincides with the
measured one [12]) and room temperature. x2E is also shown
in Fig. 1(b) for comparison, since « versus E at any tempera-
ture above the critical temperature was proposed to satisfy the
simple Landau-like model & = S Tf’a—PE2 = 2BT &} x*E inrelax-
ors [17,18]. One can see that o does satisfy this Landau-like
model very well (with 8 = 0.0890 m*/C? here). Moreover,
the a(E) curve can be divided into three regions, as shown
in Fig. 1(b). In the low field region-I below 3.0 MV/m, «
increases sharply and linearly with increasing E, as a result
of the large and nearly constant dielectric susceptibility x at
low electric field [see inset of Fig. 1(b)]. Under intermediate
electric field, region-II with 3.0MV/m < £ < 5.8MV/m, «
slowly increases with E and reaches its maximum at about
5.8 MV /m. This maximum results from competition between
the increase of E and the decrease of 2. For region-III, where
the electric field is larger than 5.8 MV /m, the rapid decrease
of x? with E dominates the a-versus-E behavior and o begins
to decrease with increasing E.

Furthermore, the EC coefficient «(7T, E) is shown in
Fig. 2(a). o at the phase coexistence line and within the super-
critical phase shown in the PE,T) diagram [see Fig. 1(a)]
is much larger than that in the ferroelectric and paraelectric
phases. One can clearly see that, for a certain tempera-
ture above the Curie temperature of about 290K [see also
Fig. 1(b)], @ exhibits a nonmonotonic behavior with electric
field, consisting of an increase up to a maximum (@) from

a small value at zero field, followed by a decrease at higher
fields. The electric fields E (max), at which amax occurs, for
specific temperatures are shown in Fig. 1(a). E (ctmax) coin-
cides with the phase coexistence line and the supercritical
phase. The broad supercritical phase region at higher electric
field [olivine in the P(E, T') diagram] also implies that giant
electrocaloric response occurs over a wide temperature range.

To understand the large EC response in PST at a local scale,
we decided to analyze the dipolar configuration by percolation
theory [55,56].

Two specific quantities are computed from our MC sim-
ulations. The first one is the so-called percolation strength,
which is calculated as Py, = x—j, where N, is the number of
distinct Pb sites within the percolating clusters, and Npy, is the
total number of Pb sites in the supercell [18,44]. Note that the
percolating clusters are defined as the PNRs that spread from
one side to another side in the supercell, and which thus have
an infinite size under periodic boundary conditions. The PNRs
are practically determined by comparing directions of dipoles
with their nearest neighbors, as in Ref. [57]. The second quan-
tity is the average cluster size defined as (s) = (le) /{Np),
where N, is the number of local dipoles within a PNR and
where (-) denotes average over all PNRs [18,56].

Figure 3(a) shows P, as a function of temperature and
electric field. One can clearly see that, for any reported tem-
perature, the electric field exhibiting the maximal change of

Pso (E[(APs)max])) (i.e., the electric field for which %, is
maximum) coincides well with the field inducing the maximal
EC coefficient o,x. On the other hand, the maximum of
r(111)(which is defined as the percentage of local dipoles
lying near [111], [111], or [111] pseudocubic directions, i.e.,
the (111) directions that have a positive projection on the
direction of E except the [111] field’s direction) with respect
to electric field is much lower than that of oy, and (A Pso )max
for any investigated temperature. This contrasts from the
relaxor Pb(Mg,Nb)O3 (PMN), for which r(111) exhibits its
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FIG. 2. EC coefficient a(T, E) as a function of electric field and temperature for PST with various degrees of chemical ordering (a)
S =1.0,()S=0.8,(c)S =0.3,and (d) § = 0.0. The electric field (AP )max for considered temperature is shown by open circles.

maximum at the same electric field with o,y [18]. Figure 3(b)
displays the strength of the percolating cluster P, (E) at
330K. Similar to Fig. 1(b), the whole field range can be
split into three regions. In region-I where E is small, P,
vanishes and the cluster size increases slowly from about 3
to 5 with increasing E. This is again different from PMN
relaxors [18], where the PNR size remains constant in the
small field region. This may be ascribed to the rather large
dielectric susceptibility x [see Fig. 1(b)] in ferroelectric PST
near the Curie temperature, as compared with that of PMN
relaxors near its critical point, where a first-order transition
becomes a second-order one [18]. In field region-II with inter-
mediate E, P,, starts to increase slowly with a sharp increase
of cluster size (s) [shown in the right inset of Fig. 3(b)].
Note that the maximum of r(111) occurs at 3.4 MV /m, that
is in region-II. With E further increasing into region-III, Py,
increases significantly at the beginning of such region but then
increases slower at large electric field in this region-III. In fact,
the P, in region-III can be well fitted by a (E — E,)? power
law [56] with the threshold of percolation E; being equal to

5.8 MV/m and g = 0.36 for the chosen temperature of 330 K.
The value of E, is very close to the electric field associated
with (A Py )max» for which the EC coefficient also exhibit their
maximum. We also investigated percolation at higher temper-
atures, and found that the optimal EC coefficient o, occurs
at the electric field close to the E, for all the investigated
temperatures, with E, depending on temperature. Similarly,
the maximum of 7(111) with respect to field is found to occur
at a field smaller than the threshold field of percolation for
any studied temperature above the Curie temperature. It is
therefore the percolation of PNRs, rather than the change of
dipole directions, that induces the large ECE in PST.

Figure 4 shows the microscopic dipole configurations un-
der electric field with different magnitudes, at 330 K. As
shown in Figs. 4(a) and 4(b), the largest size of PNR at
1.66 MV /m is only slightly larger than that for zero field. This
is consistent with the (s)(E) curve shown in Fig. 3(b) where
(s) slowly increases at low field. As E increases within region-
II, (s) increases quickly with increasing E [see Figs. 4(c) and
4(d)]. Note that r(111) reaches its maximum (see Fig. S3
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FIG. 3. Percolation strength P, () at any investigated temperature and electric field and (b) as a function of electric field at the temperature
of 330K. The electric fields associated with otmax, APrso max, and #{111),, are shown in panel (a) for any investigated temperature. The left
inset of panel (b) shows the number of PNRs (Npnr) as a function of electric field at 330 K. The right inset of panel (b) shows the average
cluster size (s) as a function of electric field at 330 K. The green curve represents the fitting of the power law (see text) while the horizontal
orange lines are guides for the eye.
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FIG. 5. (a) Polarization P of PST with various degrees of chemical ordering § as a function of temperature. (b) The adiabatic temperature
change |ATs| of PST with various degrees of chemical ordering S due to the removal of the electric field £ = 15.59 MV /m from each

considered temperature.

in the SM [42]) at 3.32MV/m in region-II, implying the
easy rotation of dipoles for this field. When E increases to
5.97 MV /m in the region-III, very close to £, relatively large
percolating clusters can be seen in Fig. 4(e). Near this field,
the gradient of P, with respect to £ exhibits a maximum
[see Fig. 3(b)], indicating the fast formation of percolating
clusters and the long-range ferroelectric interaction penetrates
through the whole sample, which reduces the entropy greatly
and therefore leads to large ECE.

Further increasing the field, P, increases and large per-
colation region forms. Please note that the spatial position
of percolating clusters can change under different electric
fields. For example, the percolation in Figs. 4(d), 4(e), and 4(f)
occurs at different sites, implying that the percolation process
is dynamic in nature.

B. Partly ordered configurations

We then studied PST with Sc and Ta cations being partly
ordered on the perovskite B sites. Figure 5(a) displays the
spontaneous polarization P as a function of temperature
T. PST systems, with various B-site cation chemical order
degrees S =0,0.3,0.5,0.7,0.9, and 1.0, all exhibit a para-
electric to ferroelectric phase transition. The ferroelectric
phase at low temperature is in a thombohedral structure with
a polarization being along the pseudocubic (111) direction
and having out-of-phase oxygen octahedra tilting within the
a~a~a~ pattern (Glazer’s notation [58]). Both the transition
temperature T¢ and the polarization at low temperature de-
crease with the decrease of S, with the 7¢ range of 290-240
K and polarization range of 25—35uC/cm? for different
ordering degree being well consistent with measurements
[8]. In completely ordered PST with § =1, P exhibits a
sharp transition at 7¢, which is characteristic of a first-
order paraelectric-to-ferroelectric phase transition. With the
decrease of S, the phase transition near 7¢ becomes more and
more diffuse in PST, as demonstrated by the smaller slope
around T¢ in the P(T) curve. This is also consistent with

measurements [8,9]. This diffuse transition can be ascribed
to the disorder-induced random electric field that weakens the
long-range dipole-dipole interactions [18,59]. Note that this
random field is quantitatively described by the term Ej, in our
effective Hamiltonian model, as shown in Egs. (1) and (2).

The effects of ordering degree on the polarization and
Curie temperature influence the electrocaloric response. As
a matter of fact and as shown in Fig. 5(b), the maximum of
adiabatic temperature change (|A7s|) under 15.59 MV /m de-
creases as the ordering degree reduces (note that the predicted
maximum of |ATg| for completely ordered configuration
(S = 1) is about 4.73 K, which is consistent with the value of
4.8 K obtained in the measurement of Ref. [12]). Furthermore,
the temperature range with large EC effects (large |ATs|)
varies and can be very wide for different S. For instance, a
|ATs| > 2K (respectively, 3 K) can be reached for the tem-
perature range of 235-375 K (respectively, 255-330 K), under
an electric field of 15.59 MV /m. Therefore, controlling the
ordering degree of ferroelectric alloys, such as PST, becomes
an effective way to tune the Curie temperature but also the
temperature range of large ECE.

The EC coefficient a (7T, E) for various S degree are shown
in Fig. 2, along with the fields associated with the maximal
change of percolation strength P,. It can be seen that the
temperature range exhibiting large « (red color in Fig. 2) is
different for different S, which explains the change in |ATg|
and in the temperature associated with omax When varying S.
Interestingly, the critical-like point, exhibiting the maximum
o, occurs at nearly identical E in PST with different S. Note
also that the coincidence of oty and (A Pso )max 18 satisfied in
all investigated ordering degree S (see Fig. 2), implying that
the EC response of ferroelectric materials with different po-
larization and T can be well analyzed and understood within
the proposed PNR percolation scenario. Furthermore, we per-
formed additional calculations on superlattices made by PST
and virtual materials with stronger ferroelectricity [42]. We
found these superlattices produce larger ATy and lower E
required for optimal ECE [42], which further validates the
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percolation scenario here and provides a way of enhancing
ECE in ferroelectric materials.

It is also interesting to notice that the percolation mecha-
nism revealed here is not generally valid for PMN. As a matter
of fact and in contrast with the present case, E[(APso)max] 1S
much larger than E (o, ) for temperatures above the critical
point in PMN, according to Ref. [18]. The difference between
PMN and PST may arise from the fact that the so-called
random electric field [59] is stronger in PMN than in PST (as a
result of the facts that Mg belongs to column II of the Periodic
Table while Sc belongs to column III, and that both Nb and Ta
belong to column V), as evidenced by the nonpolar ground
state of PMN as compared to the ferroelectric ground state of
PST. Therefore, the long-range order between local dipoles in
PMN is broken by this strong random electric field, making
percolating clusters harder to form there. Consequently, the
percolation of dipoles in PMN is relatively restrained and
cannot be the dominating mechanism of ECE in PMN.

IV. SUMMARY

In summary, we developed a first-principle-based effective
Hamiltonian model, which allows to investigate the finite-
temperature physical properties, including EC response, in

PST with different chemical ordering degrees. Our results not
only reproduce experimental results for rocksalt-ordered PST
[8,12], but also reveal that the field-induced percolation of
polar nanoregions is the driving mechanism for inducing large
EC coefficient for any degree of B-site ordering. We thus hope
that our study not only leads to a better understanding of ECE
in ferroelectrics, but will also encourage investigations using
percolation to enhance electrocaloric conversion and to design
novel electrocaloric materials.
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