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Origin of negative electrocaloric effect in Prnma-type antiferroelectric perovskites

Ningbo Fan,' Jorge fiiiguez,>> L. Bellaiche ®,* and Bin Xu

1%

! Institute of Theoretical and Applied Physics, Jiangsu Key Laboratory of Thin Films, School of Physical Science and Technology,
Soochow University, Suzhou 215006, China
2Materials Research and Technology Department, Luxembourg Institute of Science and Technology (LIST),
Avenue des Hauts-Fourneaux 5, L-4362 Esch/Alzette, Luxembourg
3Department of Physics and Materials Science, University of Luxembourg, Rue du Brill 41, L-4422 Belvaux, Luxembourg

4Physics Department and Institute for Nanoscience and Engineering, University of Arkansas, Fayetteville, Arkansas 72701, USA

@ (Received 22 March 2022; revised 8 December 2022; accepted 9 December 2022; published 19 December 2022)

Electrocaloric materials of solid state hold great promise for next-generation high-efficiency cooling technol-
ogy. Besides the normal electrocaloric effect (ECE) in ferroelectrics or relaxors, anomalous ECE with decreasing
temperature upon application of an electric field is known to occur in antiferroelectrics (AFEs), and previous
understanding refers to the field-induced canting of electric dipoles if there is no phase transition. Here we use
a first-principles-based method to study the ECE in Nd-substituted BiFeO; (BNFO) perovskite solid solutions,
which has a Pnma-type AFE ground state. We demonstrate another scenario to achieve and explain anomalous
ECE, emphasizing that explicit consideration of octahedral tiltings is indispensable for a correct understanding.
This mechanism may be general for AFEs for which the antipolar mode is not the primary order parameter or
for other commonly occurring Pnma-type perovskites, even without being AFEs. We also find that the negative

ECE can reach a large magnitude in BNFO.

DOLI: 10.1103/PhysRevB.106.224107

I. INTRODUCTION

Today’s mainstream cooling technology for refrigeration
and air conditioning has posed growing challenges as it con-
sumes more than 20% of the generated electricity and causes
serious greenhouse effect [1]. Electrocaloric effect (ECE) in
solid-state materials can make temperature change via adia-
batic application (or removal) of an electric field, providing
an efficient approach for cooling or heating [2-4]. While
ferroelectric (FE) or relaxor materials typically have a normal
positive sign of ECE, i.e., the temperature increases by apply-
ing a voltage, antiferroelectrics (AFEs) are known to have an
anomalous ECE that can yield an opposite sign [5—7]. These
two types of ECE can be utilized in combination to improve
the performance of cooling/heating devices.

Such a negative (or inverse) caloric effect is also known to
occur in other occasions, e.g., magnetic Heusler alloys, tran-
sitions between FE phases of different polarization directions,
and application of an electric field against the polarization of
a FE phase without switching [8—10]; however, its origin in
AFEs is less well understood. AFEs materials are character-
ized by antipolar atomic distortions that can be switched to
a FE state under an electric field, and two mechanisms to
explain their negative ECE with no AFE-FE transition have
been proposed: (1) the dipole-canting model that dipolar en-
tropy increases by misaligning the antiparallel dipoles upon
application of the field [6] and (2) the perturbative theory
based on the Maxwell relation that only temperature and elec-
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tric field dependencies of polarization need to be considered
[11]. Interestingly, all these mechanisms only take the electric
degrees of freedom explicitly into account. In contrast, most
of the known AFEs are neither the proper type (that is, the
AFE phase is rarely driven by an AFE soft mode [12]) nor
systems with the antipolar mode being the only significant
order parameter. In fact, quite often, the AFE mode is sec-
ondary and coupled to other degrees of freedom, such as
the octahedral tiltings in perovskites. For instance, PbZrO3
(PZO) has a strong instability of antiphase octahedral tilting
[13], while in Pnma-type perovskite, being the most occurring
ground-state space group among perovskites [14], such as in
rare earth orthoferrites and CsPbls, the antipolar distortion
arises from the condensation of both the in-plane antiphase
(@r,(x,y)) and out-of-plane in-phase tiltings (wy,;) via trilinear
coupling [15]. Although these tilting modes are nonpolar,
they couple strongly with the polar and antipolar modes so
they can be influenced by the electric field as well and, as a
consequence, contribute to the ECE.

To get a deeper understanding of the (negative) ECE in
AFEs, analysis based on Landau models involving the most
relevant degrees of freedom has been proved to be very useful
[16-19], and it may thus be necessary that all the important
order parameters are taken into consideration. Furthermore,
some previous phenomenological models are often oversim-
plified, since only one dimension is assumed [5]. In reality,
the direction of the applied field with respect to the crystallo-
graphic axis should have different effects regarding ECE.

In this paper, we take the AFE Nd-substituted BiFeO3
(BNFO) solid solution as an example and demonstrate that
the octahedral tiltings can have a very important effect on
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the sign and magnitude of the ECE. We also construct a
phenomenological model that allows us to rationalize the con-
tributions of each degree of freedom. In particular, the dipoles
alone are found to be insufficient to explain the negative
ECE, while contributions from the in-phase and antiphase
tilting modes are indispensible. Moreover, BNFO is predicted
to yield rather large negative ECE close to the AFE-to-FE
transition.

This paper is organized as follows. A description of the
computational method is provided in Sec. II. Section III re-
ports and discusses the structural change under electric field,
decomposed contributions to the ECE, influence from the field
direction, largest electrocaloric temperature, and verification
of the dipole canting model. Finally, we summarize the study
in Sec. IV.

II. METHODS

The solid solutions are simulated by a 12x12 x 12 su-
percell (containing 8640 atoms) using Monte Carlo (MC)
simulations, in which the Bi and Nd atoms are randomly dis-
tributed (see Supplemental Material (SM) Sec. S1 for details
[20]). The total energy of this effective Hamiltonian can be
expressed as a sum of two main terms:

Ewor = Egro({ui}, {nu}, {ni}, {wi}, {m;})
+ Eaoy ({1}, {@:}, {m;}, {n1oc}), (D

where Egpo is the effective Hamiltonian of pure BFO [21-24]
and Eyy characterizes the effect of substituting Bi by Nd
ions.

This effective Hamiltonian contains four types of degrees
of freedom: (1) the local modes {u;} centered on the A sites
(i.e., on Bi or Nd ions), which are proportional to the local
electric dipole [25,26]; (2) the homogeneous {1y} and inho-
mogeneous {n;} strain tensors [25,26]; (3) the pseudovectors
{w;} that characterize the oxygen octahedral tiltings [27]; and
(4) the magnetic moments {m;} of the Fe ions. (In all cases,
subscript i labels five-atom unit cells in our simulation super-
cells.) In this Hamiltonian, a local quantity n,.(i) centered
on the Fe site i is also introduced as 1j,.(i) = ‘SR% Zj oj,
where o; (0 or 1) accounts for the presence of Bi or Nd ion
at A site j and the sum over j runs over the eight nearest
neighbors of Fe site i, and where dR;onic represents the relative
difference in ionic radius between Nd and Bi ions. 7o (i) is
therefore different from zero if at least one of these eight A
sites is occupied by Nd ions, while it vanishes for pure BFO.
More details about this method can be found in Ref. [28] and
references therein.

Under an applied electric field, an additional term — ), p; -
& 1is incorporated, where the local electric dipoles p, are
computed from the local modes {u;} and effective charges Z}*.
Moreover, we numerically find that the simulated £ field is
larger than the corresponding experimental field by an approx-
imate factor of 23 (SM Sec. S1 [20]), which is considered
for all reported field strengths. Note that this scale factor is
obtained by fitting the simulated P-£ loop of BigoNdg ;FeO3
with available measured loops of BiggsSmgosFeO; and
Big.91Smg goFeO3 [29], under electric fields applied along the
pseudocubic [111] direction at 300 K (Fig. S1, SM Sec. S1

[20]), which involves the R3c phase as the stable structure. A
moderate difference in the scale factor may be expected for
the Pnma phase that is studied in this paper. Also note that
BNFO is multiferroic and, in principle, the magnetic moments
can also respond to the applied electric field. Here it is not
considered since we focus on the structural order parameters
for a general AFE and numerically the magnetic contribution
to « is found to the small (see Ref. [30]).

For the statistical distribution of electric dipole orienta-
tions and octahedral tilting angles at 300 K under zero and
various fields (shown in Fig. 6), after reaching equilibrium,
20 snapshot structures in which all the dipoles and tiltings of
the 12x12 x 12 supercells are considered. The probability is
computed by the ratio of the number of dipoles (or tiltings)
with angles falling in the range between 6 and 6 + A6 (or
between ¢ and ¢ + A¢) and the total number, with A6 (or
A¢) being 3 degrees.

III. RESULTS AND DISCUSSION

A. Structural change under electric field

BiFeO; (BFO) stabilizes in a R3¢ ground state, but
rare-earth doping with composition larger than 20-30% is
sufficient to alter it to the Pnma structure (Fig. 1) [31]. Here,
we use a first-principles-based effective Hamiltonian scheme
[28] (see Methods section) to study the Big¢Ndg4FeO5 solid
solution under electric field at finite temperatures. With this
composition, BNFO is stabilized in the AFE Pnma phase at
room temperature (RT) and can transform to a FE state under
an electric field [28,31-34].

First, let us check how the order parameters are influenced
by the electric field £. Note that the initial Pnma structure
has zero polarization, an in-plane anti-polar vector X along
the [110] direction, and a~a c¢™ tilting in Glazer’s notation
(which corresponds to finite x and y components of the an-
tiphase tilting vector, wg x = wg,y, and finite z component of
the in-phase tilting vector, wy ;). Three representative field
directions are investigated (Fig. 2), together with the zero-field
data (dashed curves) for comparison (for other £ magnitudes,
see SM Sec. S2 [20]). With no applied field, the Pnma phase
transforms to the paraelectric (PE) cubic phase at 1400 K
(dashed lines in Fig. 2).

Under [001] field, we consider a representative case with
€ = 0.87 MV cm~!, with which the AFE state transforms
to the FE P4mm phase at 880 K, characterized by a large
polarization P, along [001] and no octahedral tiltings. In the
AFE state, one can see that the temperature dependence of
wu,; does not differ much from the zero-field case, whereas P
and wg, (x,y) (wWr,x = wg,y) show apparent changes. The mod-
erate field-induced change of X can be understood to a good
approximation via the change in wg ) since X,y should
be proportional to the product wg (x,yywum,. as a result of a
trilinear coupling between X ), ®g (r,y) and wy, . [35]. Fi-
nite P, is induced by the field, whereas the field-induced
suppression of wg () is due to the competitive coupling
with P,.

Moreover, if the field is applied along [110] [Figs. 2(c)
and 2(d)], P is induced along the same direction, i.e., a finite
P.=—P, first develops, and a transition to a FE Cc phase
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FIG. 1. Characteristics of the Pnma phase. (a) The Pnma structure of Bi;_,Nd,FeOs. (b) FeOg in-plane antiphase octahedral tilting wg
(a~ac° in Glazer’s notation), viewed from [100] and [010] directions, respectively. (c) FeOg out-of-plane in-phase octahedral rotation wy,
(a’a’c* in Glazer’s notation). (d) The antipolar vector X. The blue and yellow arrows represent local electrical dipoles in alternating planes.

occurs at 790 K, a structure characterized by a polarization
in (uuv) direction (1 > v) and a~a ¢~ octahedral tiltings
(a > ¢). The third £ direction is along [110], along which P

develops, while wy ; is much suppressed and wg (x,y) is more
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FIG. 2. Effect of £ field on the temperature dependence of the

order parameters. (a), (b) [001] field of 0.87 MV cm™! (solid lines)

in comparison with zero field (dashed lines). (c), (d) Same for [110]

field of 0.87 MV cm™!. (e), (f) Same for [110] field of 0.61 MV

cm™~!. The four relevant order parameters are antiphase octahedral

tilting wg, in-phase tilting wy, polarization P, and antiferroelectric
vector X. Note that P,.=—P, for [110] field. The vertical dotted (or
dashed) lines delimit different phases under finite (or zero) field.

or less unchanged within the AFE-based state (by AFE-based
state, we mean the AFE state with all its associated order
parameters but on top of which polarization develops along
the field direction). Such an AFE phase then also transforms
into a Cc phase at 780 K [Figs. 2(e) and 2(f)].

B. Decomposed contributions to the electrocaloric effect

Let us now concentrate on the ECE coefficient o = % ls
with T being temperature and S being entropy, which can be
calculated from the cumulant formula using outputs of the MC
simulations [30,36-38],

(|| Eror) — (luel}{Eror) -
<Et%)t) —(E)? + % ,

amMmc = —Z*alamT{

where Z* is the Born effective charge associated with the
local mode, aj, represents the lattice constant of the five-atom
pseudocubic perovskite cell, T' is the simulation temperature,
|u| is the supercell average of the magnitude of the local mode,
E, is the total energy given by the effective Hamiltonian, kg
is the Boltzmann constant, N is the number of sites in the
supercell, and () denotes average over the MC sweeps at a
given temperature.

For fields applied along the [001] direction [Fig. 3(a)],
similar to the case in PZO-based AFE [6,7], « is negative
in the AFE-based state, and its magnitude increases with
temperature, which maximizes at the transition point where
the AFE-based state disappears. Across the phase transition,
« jumps to be positive in the FE state, then (slightly) increases
with temperature, as such qualitative temperature dependence
is known for FEs [30].

To have insightful analysis of the ECE, Figs. 3(b) and
3(c) also report two other quantities related to electrocaloric
response, namely, the total isothermal change in entropy AS,
and the adiabatic temperature change AT, as well as their
individual contributions. Practically, to be able to compute the
total entropy change, we consider the following Landau model
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FIG. 3. Temperature dependence of the calculated ECE coefficient «, isothermal entropy change, and temperature change under various
field directions. (a)—(c) [001] (0.87 MV cm™!). (d)—(f) [110] (0.87 MV cm™"). (g)-(i) [110] (0.61 MV cm™') electric field. Colors in AS and
AT denote the total and individual contributions from each order parameter. oyc is computed by the cumulant approach and «g; is a fitted

curve based on the Landau model.

for Pnma-type AFE [35]:
F=F+ %awR(T)a),ze + %wawé + %awM(T)a),zw + iwaw§4
+3ax (T)X? + [bxX* + Jap(T)P* + {bpP*

—EP — cXwpwy + %leZa)Ize + %d2P2w1%4'

3)

Note that Fj is the field-independent part of the free en-
ergy, only the quadratic coefficients aop = Aop(T — T have
explicit temperature dependence, with op being the order
parameter of wg, wy, P, or X, respectively, and 7;” is a
transition temperature for each order parameter. Also note that
the tiltings are known to be the primary order parameters in
many Pnma systems, while X is secondary arising from the
cX wgwyy trilinear coupling involving in-phase and antiphase
tiltings [39]. Recalling that § = —g—§|g,op, the change of en-
tropy associated with a change of £ can be written as

AS(T) = —Au[wp(T, &) — wp(T, &)]
— Ay [03(T, &) — w3y (T, )]
—Ap[PX(T, &) — PX(T, &))]

— Ax[XX(T, &) — X*(T, &)]
= AS,, + AS,, + ASp + ASx, )

where £ and &, are the initial and final electric field, respec-
tively, and the values of the order parameters are obtained

from MC simulations. The adiabatic temperature change due
to ECE can be further obtained via AT = —(T /C¢)AS, where
C¢ is the phonon-specific heat [40]—which is calculated here
by density functional theory (see SM Sec. S3 [20]). We thus
have

T
AT = = A8 = AT, + AT, + ATy + ATy, (5)

&

Equations (4) and (5) are used to evaluate the entropy
and temperature change (as well as their individual contri-
butions associated with wg, wy, P, and X), in which each
order parameter is directly obtained from MC simulations
while the coefficients Ao, = —ady/T" are extracted by the
following two steps: (1) finding agi)K from fitting the 0 K
double-well energies based on our effective Hamiltonian to
the Landau model [Eq. (3)] and (2) determining 75" from
fitting o calculated from the cumulant formula to that based
on the Landau model with oz = AT/(2AE) for AE=0.02
MV cm™! (see SM Sec. S4 for details [20]). Note that o
is shown in Fig. 3(a) and agrees rather well (over a large
temperature range) with the « directly obtained from the MC
simulations in the AFE-based state, therefore demonstrating
the relevance of the aforementioned Landau model. Also note
that the obtained T,,* reflects the depth of the energy wells.

One can then realize from Eq. (5) two important features
for each AT, associated with a specific order parameter (op):
(1) such change is directly proportional to the Ao, coeffi-
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cient related to that order parameter and (2) such change
involves the difference in the square of the order parameter
between two electric fields, e.g., [a),ze(T, &) — a),%(T, &))] for
the antiphase tilting. These four different individual changes
in temperature are reported in Fig. 3(c) for fields along [001].

Here we only focus on the ECE in the AFE state, since
latent heat needs to be considered when first-order AFE-
to-FE transition occurs—which is not included in Eq. (4).
Therefore, ECE involving the FE and PE states are not in-
vestigated within the scope of the present paper. AS and AT
in Figs. 3(b) and 3(c), respectively, are practically calculated
from Eqs. (4) and (5) with £,=0 and &=0.87 MV cm™'
being along [001]. We numerically find that AT is negative
and bears a qualitatively similar 7" dependence as that of «,
i.e., its magnitude increases with increasing temperature and
maximizes at the transition point. On the other hand, AS has
an opposite sign to that of AT, as dictated by their relationship
AT = —(T /C¢)AS. To understand how ECE is contributed
by each order parameter, we can focus on the different AT,
displayed in Fig. 3(c). For this [001] field direction, wg,
wpy, and X show negative contributions, with the magnitude
from wpg being the largest and that from w), being negligible,
together with the rather large positive contribution from P.
According to Eq. (5), the negative (or positive) signs of the
four different AT, can be understood by the fact that the cor-
responding order parameter is suppressed (or enhanced) with
the application of the field. In fact, as suggested by Eqs. (4)
and (5), a large magnitude of AT, relies on two factors, either
those with large field-induced changes in their order param-
eter such as wg and P here, or those with large coefficient
Aop such as X here (op with large coefficient A, is expected
to have strongly T-dependent change of the corresponding
vibrational entropy), whereas AT, for field along [001] is
negligible since both A,,,, and the field-induced change in wy
are very small.

The same procedure is adopted to study the field direc-
tions along [110] and [110]. For the [110] field, as shown in
Figs. 3(d)-3(f), a qualitatively similar ECE behavior is found
compared with those from the [001] field (namely, a negative
o having a magnitude increasing when approaching the AFE-
to-FE transition), except that the predicted o, AS, and AT are
smaller in magnitude, e.g., the largest negative « = —1.0 mK
kV ecm™!, AT = —9.2 K for the [110] field, to be compared
with —7.8 mK kV cm~! and —22.8 K for the [001] field,
respectively; however, the relative contributions of the order
parameters share qualitatively similar characteristics, i.e., wg
and X are associated to negative AT,,, and ATy, respectively,
with wg contributing the most, together with the opposite
effect from P (positive ATp) and negligible contribution from
wy (i.e., weak AT, ). Note that @ and AT are also negative
and increase in magnitude with 7 within the AFE-based state
for the [110] field [Figs. 3(g)-3(i)], and their magnitude is
about —2.5 mK kV cm~! and —3.9 K, respectively, at the
transition point.

However, albeit the qualitative similarities from the sign of
ATp and ATy for all three £ directions considered in Fig. 3,
AT,, becomes positive and AT, shows a large negative
contribution only for £ along [110]. Such unique features are
associated to the small enhancement of wg and large suppres-
sion of wy, under [110] fields [see Fig. 2(e)]. Further, the small

ECE for [110] field can be well understood by the fact that
the negative AT, and ATy contributions are largely canceled
by the positive ATp and AT, contributions. It is also worth
mentioning that ATp is always positive and ATy is always
negative, as P increases while X decreases upon application
of the & field [see Eq. (5)]. In other words, being consistent
with Eq. (4), the applied field makes P more ordered and X
more disordered.

C. Relative electrocaloric contributions due to the field direction

Itis interesting to note that the contrast of different ECE be-
haviors from various field directions are related to the relative
orientation between £ and X; for instance, [001] and [110]
fields are perpendicular to the antipolar vector, whereas the
[110] field is parallel to it. As detailed in SM Sec. S5 [20],
via the calculated energy landscape, we show numerically that
minimization of the total energy dictates that increasing P, or
P, ) in the Pnma state would strongly suppress wg, whereas
such suppression is much less for wy; and in contrast, the
opposite is found for P, ), i.e., wy is strongly suppressed but
wg is less correlated when P, ,) increases.

In fact, a continuous variation of AT, can be realized if
the &£ direction changes from [110] toward [001]. In Fig. 4,
we include results for £ lying along [111], [112], [113], and
[114] directions (see SM Sec. S6 for further details [20]).
While the overall AT remains negative and ATp is always
positive (because P always increases with the field in the
AFE-based phase), AT, becomes more negative while AT,
becomes less negative, as the angle between £ and X changes
from O to 90 degrees. Nonetheless, it is worth noting that
the contributions associated to X and P also show opposite
trends with such rotation of the field, i.e., ATp decreases (less
positive) and ATy increases (less negative).

D. Electrocaloric temperatures under various electric fields

For each field direction, we can further change the field
strength to tune the AFE transition temperature, where the
maximum ECE occurs, thus manipulating the negative ECE.
As depicted in Fig. 5, for £ along [001], [110], and [110], the
maximized negative AT is given by intermediate field, which
allows the AFE-to-FE transition to occur at a rather high
temperature. More precisely, if £ is too small, the FE state
is absent; if £ is too large, the AFE-to-FE transition happens
at low temperature and AT is relatively small. Remarkably,
AT is predicted to reach —29.0 K if £ is along [001] with a
magnitude of 0.70 MV cm™! at 1100 K, therefore being very
large compared with the previously reported value of —5.8 K
in La-doped Pb(Zr,Ti)O; [6]. However, if one is interested
in a large negative ECE at RT, a specific field direction and
strength should be chosen, e.g., the largest negative AT of
—4.7 Kisrealized at RT with a [001] field having a magnitude
of 1.13 MV cm™!, with which the AFE-to-FE transition is
close to RT. This value is comparable to that of PZO-based
AFEs at RT [6,7].

E. Discussion

Finally, let us examine the two previously proposed mech-
anisms. Regarding the dipole-canting mechanism [6], we
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FIG. 4. Calculated ECE contributions from each order parameter for additional £-field directions from [110] to [001]. The field directions
include [110], [111], [112], [113], [114], and [001], with a magnitude of 0.61 MV cm™'. (a) AT, (b) AT,,. (c) AT,,,. (d) ATx. (e) ATp.

compute the statistical distribution of dipole orientations un-
der zero and applied fields at 300 K (see Methods section and
Fig. 6). Under zero field [Figs. 6(a) and 6(b)], the system is
AFE with dipoles in opposite directions, denoted as right and

(a) [001]

10.35 MVem™?
0.17 MVcm™

0.65 MV cm™
10.61 MV cm™
0.57 MV cm™*

0.35 MV cm™!

20, . ! ! 40.17 MV cm™!

300 600 900 1200
Temperature (K)

FIG. 5. The ECE temperature change as a function of tempera-
ture under various electric field magnitude and directions. (a) [001],
(b) [110], and (c) [110] field.

left dipoles [layers with blue and yellow arrows in Fig. 1(a)],
being close to the [110] and [110] directions, respectively.
Due to temperature effect, the maximum probability for either
right or left dipoles corresponds to a small but finite angle (12
degrees). For illustration purposes, we label angles above the
(001) plane as positive and below the (001) plane as negative
and, as expected, the distribution is symmetric about zero
angle, indicating that the most probable dipole orientations
form a cone around the [110] direction. When a [110] field
of 0.61 MV cm™! being parallel to the antipolar vector is
applied, as shown in Figs. 6(c) and 6(d), the distribution of
right dipoles obviously narrows (peaks at 9 degrees) while
significantly broadening for the left dipoles, since they are,
respectively, in the same and opposite directions to the applied
field. This picture is fully in line with the dipole canting
model in Ref. [6]. However, we numerically find that if only
the dipole degrees of freedom (i.e., right and left dipoles or,
equivalently, P and X) are considered, ATp and ATy have
opposite signs [Fig. 3(i)], but the response of P to £ field is
much greater than X. The corresponding change of tempera-
ture (ATp + ATy) is thus always positive, instead of negative,
which therefore cannot explain the overall negative ECE.

If the field with a strength of 0.87 MV cm™! is along [001]
or [110], i.e., being perpendicular to the antipolar vector, the
distribution becomes singly peaked with a Gaussian shape and
shifts expectedly toward the field direction [Figs. 6(e)-6(h)].
The spreads are similar for both field directions, as well as
for the right and left dipoles, which are slightly narrower than
the overall spread at zero field. For these two perpendicular £
directions, ATp and ATy also show opposite signs [Figs. 3(c)
and 3(f)], and the change of temperature (ATp + ATy) is
again positive rather than negative. This observation strongly
suggests that explicit consideration of octahedral degrees of
freedom is mandatory to correctly account for the (negative)
ECE in AFEs. The statistical distributions of the octahedral
tiltings are also calculated [Figs. 6(i) and 6(j)], which are
typical Gaussian functions and show little change in the width
with application of the field, except the small shifts of the
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FIG. 6. Statistical distribution of electric dipolar orientations and octahedral tilting angles under zero and finite electric fields at 300 K.
(a) Angles between the right (blue) dipoles and [110] direction under zero field. (b) Angles between the left (yellow) dipoles and [110] direction
under zero field. (c), (d) Same under [110] field of 0.61 MV cm™". (e), (f) Same under [001] field of 0.87 MV cm™". (g), (h) Same under [110]
field of 0.87 MV cm™!. The insets illustrate the meaning and relative changes of the positive and negative angles. The field directions are drawn
as red arrows. (i) Distribution of the in-plane octahedral tilting angles under zero and finite fields of various directions. (j) Distribution of the
out-of-plane octahedral tilting angles under zero and finite fields of various directions. Same color schemes are used for dipoles and octahedral

tilting angles.

maxima that are consistent with the average values reported
in Figs. 2(a), 2(c), and 2(e).

On the other hand, the perturbative approach solely based
on polarization (as functions of £ field and temperature) [11]
agrees reasonably well with our predictions at low fields
(see SM Sec. S7 [20]), justifying the numerical accuracy of
the present method and indicating that the Maxwell relation
% lr = %| ¢ holds for negative ECE systems with contribu-
tions from multiple degrees of freedom.

IV. CONCLUSIONS

In summary, our quantitative method shows that, as oc-
tahedral tiltings are often primary order parameters in AFE
perovskites, they have to be taken explicitly into account
to construe the negative ECE, and mere inclusion of dipo-
lar degrees of freedom is insufficient. We also predict that
AFE BNFO solid solutions are very promising to achieve
a giant temperature decrease near the AFE transition upon

application of an electric field. Our atomistic mechanism also
suggests that all Pnma-type perovskites (e.g., CaTiOs3), irre-
spective of whether or not they are AFE, should yield negative
ECE, and enhanced negative ECE may be possible upon freez-
ing or suppression of order parameter(s) with positive AT,
for instance, via interfacial proximity effect.
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