PHYSICAL REVIEW B 109, 214110 (2024)

Cross-caloric effect in multiferroic bismuth ferrite
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Multiferroic materials consisting of multiple and mutually coupled order parameters including polarization
can have an intriguing response to applied electric field, and give rise to the so-called cross-caloric effect,
as the nondipolar degrees of freedom can contribute to the electrocaloric effect (ECE) via cross couplings to
the electric dipoles. In this study, we use a first-principles-based effective Hamiltonian combined with Monte
Carlo simulations to investigate such an effect systematically in the well-known room-temperature multiferroic
system BiFeO; (BFO), in which there exists three coupled order parameters that can respond to electric field,
i.e., polarization, octahedral tiltings, and antiferromagnetism. We adopt and compare three methods based on
the cumulant formula, Maxwell relation, and a Landau model, respectively. The Landau approach allows the
computation of decomposed contribution from each order parameter, and magnetism is found to contribute
significantly to the ECE near the Néel temperature. The electrocaloric (EC) adiabatic temperature changes and
the EC coefficients are computed with various field directions and magnitudes, with which sizable positive and

negative ECE are found.
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I. INTRODUCTION

Electrocaloric effect (ECE), with which a dielectric ma-
terial can change its temperature via adiabatic application of
an external electric field, is promising to be utilized in future
solid-state refrigeration technologies, which can offer higher
energy conversion efficiency and less environmental pollution
compared with conventional vapor-compression refrigerators
[1-6]. The ECE is usually achieved by the entropy variation
of the electric dipoles under the influence of the field [6-10],
while interestingly, recent studies demonstrated that multi-
ferroic materials can allow an enhanced ECE thanks to the
existence of multiple degrees of freedom (including polariza-
tion) and their mutual couplings, for instance, in StMnO3 and
BiCoOs that are magnetoelectric systems [11,12] and EuTiO3
thin films that is due to misfit strain and external mechanical
stress [13]. In contrast to the multicaloric effect that requires
applications of more than one types of driving field, the ECE
in systems with multiple order parameters responding to the
electric field can be called cross-caloric effect.

BiFeO; (BFO) is the most widely studied room-
temperature multiferroic material. It crystallizes in a per-
ovskite structure whose ground state is of the rhombohedral
R3c symmetry with a large polarization along the [111] di-
rection (approximately 90 uC/cm?) and a Curie temperature
of Tc ~ 1100 K. The R3c structure also possesses antiphase
octahedral tilting wg in the same direction as polarization,
i.e., a_a~a” in Glazer’s notation. The magnetic ground state
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of bulk BFO is approximately G-type antiferromagnetic (G-
AFM) with a Néel temperature 7y of about 640 K, but the
magnetic moments form a spin cycloid along the [110] direc-
tion with a long period of about 62—-64 nm [14-16]. However,
the cycloidal state is destroyed and changes into G-AFM with
weak ferromagnetization when BFO is subject to sufficiently
large external electric field [17], magnetic field [18], strain
[19], pressure [20], or chemical substitution [21].

The ECE of the multiferroic rare-earth-substituted BFO in
the R3¢ phase was studied in Ref. [22], in which a small peak
of the EC coefficient « (also called EC strength, which is
the derivative of the temperature with respect to electric field
at constant entropy) was found around the Néel temperature
being originated from the coupling between polarization and
magnetism. However, the ECE in pure BFO has not been
thoroughly investigated, and the following questions remain
unanswered: (i) The adiabatic temperature change upon ap-
plication of an electric field has not been reported. (ii) Can
the magnetism have a large contribution to the ECE? (iii) The
major structural distortion of the R3¢ phase, i.e., the antiphase
octahedral tiltings, was not considered in previous studies. (iv)
Besides the [111] field, the ECE from [001], and [111] fields,
which are common for thin films and polarization reversal,
respectively, remains elusive. In particular, it was known that
applying a field opposite to the polarization can give rise
to a negative electrocaloric effect, which can be combined
with normal positive ECE in electrocaloric devices to achieve
improved thermal effect [23-25].

In this paper, we attempt to answer these questions us-
ing a first-principles-based effective Hamiltonian scheme,
combined with Monte Carlo simulations. Approaches based
on the cumulant method, Maxwell relation, and the Landau
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phenomenological theory are considered. All methods yield
consistent ECE results, whilst the Landau approach allows
us to separate and identify the specific contributions of dif-
ferent order parameters in multiferroic systems to the ECE.
Substantial EC temperature change is found for BFO, espe-
cially a very large contribution from the magnetic degree of
freedom spotted near 7y. We quantify the contribution from
the antiphase tiltings, and further explain the negative ECE
and the positive EC coefficient from the [111] field.

The organization of this paper is as follows. Section II
describes the employed computational methods. In Sec. III,
we present the responses of the relevant order parameters to
the applied electric field, the EC coefficients, and temperature
change under various field and temperature conditions; ana-
lyze the contributions from the order parameters; and compare
the results from different methods. Finally, the study is sum-
marized in Sec. I'V.

II. METHODS
A. Effective Hamiltonian

The simulations of BiFeO; are based on the effective
Hamiltonian developed in Ref. [26], which successfully re-
produces the ground-state properties of the R3¢ phase [27,28],
the magnetoelectric coefficients, and the BFO domain patterns
[29]. The total energy of BFO can be expressed as a sum of
three parts:

Egro = E™({u;}, (1) + EA™ ({u:), {1}, {@:})
+ EMAS (), {mi}, (@i}, {m:)), (1

where EFF is the energy involving the local modes, elastic
deformations, and their mutual couplings. EAP includes the
energy contributions due to antiferrodistortive (AFD) motions
and their interactions with local modes and strains, while
EMAG gathers the energies related to magnetic degrees of
freedom and their couplings with other degrees of freedom.

This effective Hamiltonian contains four types of degrees
of freedom: (i) the local modes {u;} centered on the Bi ions,
which are proportional to the local electric dipoles; (ii) the
strain tensors {n;} including both the homogeneous and in-
homogeneous strain [30,31]; (iii) the pseudovectors {w;} that
characterize the oxygen octahedral tiltings [32]; and (iv) the
magnetic moment {m;} of the Fe ions. More details about this
method can be found in Ref. [33] and references therein.

The variations of the order parameters of BiFeOj; at finite
temperatures and under electric fields are simulated by Monte
Carlo (MC) simulations based on this effective Hamiltonian,
using a 12 x 12 x 12 supercell (containing 8640 atoms).
20000 MC sweeps are used for equilibration and another
20000 sweeps are used to calculate the statistical averages.
Under an applied electric field, an additional term — ) ; p; - E;
is incorporated, where the local electric dipoles p; are com-
puted from the local modes {u;} and effective charges Z*. Note
that the theoretical critical field is typically much larger than
that in the experiment as explained by Landauer’s paradox
[34]. Numerically, a factor of ~25 has been found in the R3¢
phase of BFO between our effective Hamiltonian predicted
coercive field and experiment [35], but note that we do not
perform rescaling in this study.

B. Method I: cumulant formula

We consider three approaches to calculate the field-induced
adiabatic temperature change. In the first method, the EC
coefficient can be computed directly based on MC simulations
using the cumulant formula given in Ref. [22,36-38]:

(lu|Eor) — (1)) (Etor) o
(E2) — (o) + 2T [

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.

With the EC coefficient obtained from the cumulant for-
mula at various temperatures and electric fields, the EC
temperature change can be computed with the following
integral:

*
OQeum = —Z" Qane

Ey
AT = / odE, 3)
E,
where E is electric field, and E;, E, are the initial and final
electric field, respectively.

C. Method II: Maxwell relation

The second method is often adopted in both experimental
and theoretical studies, which is based on the Maxwell re-
lation of thermodynamics (g—’;)| E= (%NT that converts the
isothermal entropy change to the change of the conjugate
quantity of the electric field, i.e., the polarization [39]. With
that, the EC adiabatic temperature change can be expressed as
an integral of the pyroelectric coefficient:

BT roP
AT:—[ — (=
g Cp \OT

where E is electric field, E;, E, are the initial and final electric
field, respectively, T is temperature, P is the macroscopic
polarization, and Cy, is the specific heat under constant electric
field. Note that Cr has field dependency (see Fig. 1), which
can not be taken out of the integral in Eq. (4) [40]. The EC
coefficient is in fact the integrand

T 9P
Ce OT |

dE, “)
E

OMaxwell = — (5)
D. Method III: Landau model

The third method computes the entropy change directly
from the Landau free energy. It does not involve the use of
the Maxwell relation, and it has the advantage of allowing
to quantify the separate ECE contribution from each order
parameter. We consider the following Landau model [41,42]:

F = Fy+ Yap(T)P* + LbpP* — EP
1 2 1 4 1 2 1 4
+ iaL(T)L + ZbLL + anR(T)a)R + waRa)R
+cPPL?+ csza),zQ + C3L2a)§, (6)
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FIG. 1. Effect of E field on the order parameters and the specific heat as a function of temperature. (a)—(c) [111] field of 0-5 MV /cm.
(e)—(g) [111] field of 0-2 MV /cm. (i)—(k) [001] field of 0-5 MV /cm. The three relevant order parameters are polarization P, antiphase
octahedral tilting wg, and antiferromagnetic moment L. Note that P, = P, # P, and wg . = wg,, 7# wg . for the [001] field. (d), (h), and (1) The
response of system heat capacity to temperature under different electric field directions. The insets in (c), (f), and (i) shows the field dependence

of TN.

where Fj is the constant part of the free energy, and three types
of order parameters (ops) are considered, viz., the polarization
P, antiphase octahedral tilting wg, and the magnitude of the
G-AFM moment L. Note that only the magnitude of each op
is used in the model, since the only temperature dependence is
assumed to be in the quadratic coefficients, such that each op’s
components contribute equally, i.e., op> = op? + 0p§ + opf.
The quadratic coefficient ao, = Aop(T — Ty") has explicit
temperature dependence, and 7;” is the transition temperature
for the corresponding order parameter. The last three terms
are the mutual biquadratic couplings between op pairs, al-
lowing the response of octahedral tiltings and magnetism to
the electric field. Recalling that § = —% |£,0p> the change of
entropy associated with the application of an electric field can
be expressed as

AS = —1Ap[PX(T, E>) — PX(T, Ey)]
— ALLX(T Ey) — LA(T, Ey)]
— YA [0r* (T, E2) — wp™ (T, E)]
= ASp + ASL + AS,, @)

where E| and E, are the initial and final electric field, and
the last line in Eq. (7) indicates that the total entropy change
in BFO can be divided into individual contributions from P,
L, and wg. The adiabatic EC temperature change can then be
computed and divided into separate contributions as

T
AT = ——AS = ATp + AT; + AT, (8)
E

The EC coefficient can be further derived according to o =
AT/AE:

TAp
T 2CAE
4 T
2C: AE
TAuw,
2C:AE
=oap+oap + oy, . )

orp [P*(T, E») — P*(T, E)]

[LX(T, E2) — LX(T, E))]

+ [a)lze(T, E)) — a),zg(T, El)]

Here E) = E — 1/2AE, E;, =E 4+ 1/2AE, and AE is
small as compared with E. The coefficients A, can be
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extracted by fitting acum to arp in Eq. (9), considering A,
as fitting parameters [38].

Note that the G-AFM state is considered in this study,
while the cycloidal state is expected to have a similar ECE
performance, because the quadratic coefficients are the same
for the cycloidal and G-AFM states, and typically only these
coefficients are temperature dependent. Moreover, the long
period of the cycloid renders a local magnetic structure that
is very close to G-AFM, and the most significant ECE contri-
bution from the magnetic degrees of freedom is around the
Néel temperature, around which the cycloid period further
increases [43], thus the difference between the cycloid and
the G-AFM state diminishes near the Néel temperature.

III. RESULTS

A. Responses of the order parameters to E field

Let us first check the effect of electric field on the three
order parameters in Eq. (6) at various temperatures, as shown
in Fig. 1. The temperature range is limited up to 1000 K, as
we focus on the magnetoelectric effect on ECE in the R3c
phase of BFO without structural phase transitions. Three field
directions are considered, i.e., [111] being along the direction
of the spontaneous polarization, [111] being opposite to the
polarization direction, and [001] that is common for (001)
film. The largest applied field of 5 MV /cm corresponds to
200 kV /cm considering the scale factor, when compared with
experiments.

For [111] fields, the polarization increases under the field
of the same direction, and the increment enlarges with tem-
perature [Fig. 1(a)]. On the other hand, the antiphase tilting
wg decreases slightly with the electric field. The opposite
responses from P and wg are due to the competitive coupling
between them [44]. The magnitude of the AFM vector L and
the Néel temperature 7y increase under the influence of the
field due to the collaborative coupling in the form of P>L?
[11], and the field dependence is close to being linear [inset of
Fig. 1(c)].

If the field is applied along [111], i.e., opposite to the direc-
tion of the polarization, P decreases slightly before switching
occurs [Fig. 1(e)]. The maximum field is limited not to go
beyond 2 MV /cm, as ECE involving the switch process is not
the focus of this study. The effect of the field on the antiphase
tiltings is again opposite to that on the polarization, i.e., wg
increases under the field [Fig. 1(f)]. Note that modulated nan-
otwin phase may occur for intermediate field [45], such as
1 MV /cm. On the other hand, L and Ty decrease when a [111]
field is applied [Fig. 1(g)], as L? collaboratively couples to P>.

Under a [001] field, the symmetry changes from rhom-
bohedral R3c to monoclinic Cc such that the polarization
is along a [uuv] direction (¢ < v) and the antiphase tilting
pseudovector is along [1'u'v'] (' < v’). For polarization, the
out-of-plane component P, is significantly enhanced by the
applied field, while the in-plane component P, (or equiva-
lently P,) is much less sensitive except for high temperatures,
i.e., above 600 K P, (or P)) slightly increases. The out-of-
plane and in-plane components of wg show opposite changes
under the [001] field: wg , increases with the field whereas
wg,x (or wg ) decreases. Since P increases, the field effect on

L and Ty is similar as that for the [111] field, i.e., both of them
increase.

The calculated specific heat Cx from MC simulations as
a function of temperature at various fields are depicted in
Figs. 1(d), 1(h), and 1(1). In general, Cr has relatively weak
dependencies on temperature and electric field, except around
the magnetic and structural phase transition points, where the
specific heat peaks with an enhanced value. For conditions
being away from the phase transitions, the computed values
are close to that described by the Dulong-Petit law. These MC
specific heat are used in the following calculations of the ECE
temperature change, while it is worth noting that quantum
effect is not considered here, hence the specific heat below
room temperature is overestimated.

B. Contributions to the electrocaloric effect

To learn the behavior of the EC coefficient « under an
applied field and to compare the three methods described
in Sec. II, Fig. 2 depicts the calculated o as a function of
temperature with an electric field of 2 MV /cm for three
field directions. The three methods provide similar results
for the general temperature dependence of o, while opaxwer
yields slightly larger numerical values than the other two
approaches. The excellent agreement between ocym and o p
is expected since the parameters in the Landau model are
obtained by fitting to oym. Nevertheless, all three methods
indicate that, besides the overall increasing trend of o as a
function of temperature, an obvious peak is observed around
TN, which originates from the coupling between polarization
and magnetism as was also found in Ref. [22] for Nd sub-
stituted BFO (BNFO), but it is worth noting that the peak in
pure BFO [Fig. 2(a)] is more pronounced than that in BNFO.
Furthermore, the “peak” behavior found in this work is dif-
ferent from the predicted anomaly at Ty in Ref. [46], which
shows an abrupt increase of | AS|. For [111] fields, we limit the
maximum temperature to be 800 K, which is slightly below
the temperature where polarization switching occurs but still
above the Néel temperature. For the same applied field of 2
MV /cm, it is interesting to note that the [111] field yields the
largest EC coefficient at Ty compared with the [111] and [001]
fields, i.e., oeum = 4.99mK cm/kV at 630 K for the [111]
field, acym = 3.91 mK ecm/kV at 700 K for the [111] field, and
deum = 3.77 mK ecm/kV at 690 K for the [001] field. Also note
that our test calculations indicate that adding small biaxial
strain (e.g., —2% at which the G-AFM state is known to be
the ground state) has only a small effect on the EC coefficient.

With the Landau approach, we are able to compute the
decomposed contributions to « from order parameter P, L,
and wg, which are also shown in Fig. 2 (dashed lines). One
can see that ap is the main contribution, which increases
monotonically with temperature; on the other hand, «; is
only significant around Ty and diminishes very quickly with
temperatures away from 7y. It is remarkable to note that
the magnitude of ¢« at 7y reaches a comparable value com-
pared with ap (1.84 vs 2.19 mK cm/kV for the [111] field,
2.19 vs 3.82 mK cm/kV for the [111] field, and 2.13 vs
2.88 mK cm/kV for the [001] field), indicating a strong
magnetoelectric effect around the magnetic transition point.
The contribution of «,, was not considered in Ref. [22].
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FIG. 2. Temperature dependence of the calculated o under various field directions with a field strength of 2 MV /cm for BiFeOs. (a) [111].

(b) [T11]. (c) [001] electric field. The maximum temperature for the [111] field is limited up to 800 K, since the ferroelectric to paraelectric
transition or polarization switching occurs within the temperature range of 800-1000 K. o,y (black crosses) is computed by the cumulant
method, oy p (violet solid lines) is computed by the Landau approach with decomposed contributions from ap, o, and «,,,. The brown solid

lines represent « calculated using the Maxwell relation.

By including it explicitly we predict that it is negative and
relatively small, with a nearly linear temperature dependence.
The opposite sign of «,, compared with ap and «;, is due
to its inverse response to the field (see Fig. 1). For the three
field directions, one can notice that the contributions from L
are similar, hence the larger « from the [111] field than the
other two field directions is mainly due to the contribution
from polarization.

Assuming the initial field is zero and an electric field of
2 MV/cm is applied, Fig. 3 further illustrates the computed
total adiabatic temperature change AT using three methods,
i.e., cumulant method, Maxwell relation, and Landau model,
and individual contributions from the latter approach are also
shown. The overall results of AT of either the total tempera-
ture change or the decomposed contributions closely resemble
those of «, since « = §T /SE, but it is worth noting that AT is
an integrated quantity from zero to Ep,x while « is evaluated
at Eax. The peak value of AT around the Néel temperature is
8.33 K, —9.91 K, and 8.49 K for fields along [111], [111],
and [001], respectively, based on the Landau method. The
largest AT comes from the [111] field, which is primarily due

to that fact that the Néel temperature is closer to the Curie
temperature than the other two field directions.

The contribution of the magnetic subsystem, i.e., L, has a
positive oy, or ATy, indicating that it works collaboratively
with the polarization, since these two order parameters couple
via the ¢; P2L? term of Eq. (6) with a negative coefficient, and
both become more ordered (increasing magnitudes) with the
application of an electric field. The largest field effect on L
is around the Néel temperature, giving rise to a peak ECE
contribution from L.

The adiabatic temperature changes are positive for [111]
and [001] fields, which correspond to the normal EC effect in
ferroelectrics. However, AT is negative if the field is applied
against the direction of the polarization (without switching
the polarization), i.e., along [111], and it has an inverse (or
negative) EC effect [24,47]. Interestingly, the EC coefficient
« is still positive [see Fig. 2(b)] for this field direction, since
the positive field direction is chosen to be along the same
direction as P (being consistent with the convention in P-E
hysteresis loop), such that the change of field AE is nega-
tive. The differences in the magnitudes of AT calculated by

(11114 20f(9)

0

Temperature (K)

0 200 400 600 800 1000 0 200 400
Temperature (K)

T~ L L
600 800 1000 0 200 400 600
Temperature (K)

FIG. 3. The EC temperature change obtained using three methods under different electric field directions with a field strength of 2 MV /cm

for BiFeO;. (a) [111]. (b) [111]. (c) [001] electric field. The change of temperature represented by the brown solid line is obtained using
Maxwell relations Eq. (4). ATip (violet solid line), ATp (green dashed line), AT; (blue dashed line), and AT, (orange dashed line) are
obtained by the Landau approach. AT, (black dotted line) is obtained by integrating otcym-
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FIG. 4. Effect of the electric field strength on the EC temperature
change in BiFeOs;. (a) Temperature dependence of the AT calculated
by the Maxwell relation method with the [111] field (solid lines, O—
5 MV/cm) and [111] (dashed lines, 0—2 MV /cm). (b) ibid for the
[001] field (0-5 MV /cm). (c) and (d) Electric field dependence of
EC temperature change at 300 K and 700 K, respectively.

different methods primarily stem from the discrepancies in the
values of o obtained from Eq. (5) and Eq. (2), i.e., o/Maxwell 1S
approximately 1.1-1.2 times that of ocym.

C. ECE under various E fields

Magnitude of the applied electric field can strongly influ-
ence the EC temperature change. As shown in Fig. 4, AT
as a function of temperature for various field strengths and
three field directions are reported. Results obtained via the
Maxwell relation method are presented, while we note that
the values from the Landau approach are qualitatively simi-
lar. Overall, applying an electric field along the polarization
direction (i.e., the [111] direction) results in a compara-
ble ECE compared to that from the [001] field, whilst a
field along the [111] direction, i.e., against the polarization,
yields a slightly more significant and negative thermal effect
[Figs. 4(a) and 4(b)]. For instance, at 700 K and an applied
electric field intensity of 2 MV/cm, the AT values for the
[111],[001], and [111] fields are 8.33 K, 8.66 K, and —9.86 K,
respectively.

Furthermore, as the electric field magnitude increases, the
AT is continuously enhanced with a sublinear relationship, in
particular for large fields [see Figs. 4(c) and 4(d)]. At room
temperature (300 K), the adiabatic temperature change can be
as large as 13.67 K with a [111] field strength of 20 MV /cm
(0.8 MV/cm after rescaling, see section A of the Methods),
while at 700 K which is close to Ty the temperature change
can reach 50.40 K with the same field strength. The sublinear
behavior can be understood by the fact that 7¢ increases with
increasing field, and concomitantly the pyroelectric coeffi-
cient g—’; decreases at the same temperature [see Figs. 1(a),
(e), (i), and Eq. (4)]. For the [111] field, note that we do
not explore the case of a large field under which polarization
switching occurs: In that case, the field direction is in the
same direction as the polarization after switching and the

12} (b)

a, (mK cm/kV)
AT, (K)

2 4 6 § 10
E (MV/cm)

6
E (MV/cm)

FIG. 5. The maximum magnetic contribution to ECE as a func-
tion of electric field. (a) «;. (b) AT;. Note that the maximum
oy occurs at Ty, while the maximum AT occurs at a slightly
lower temperature. The solid lines are fitting curves of second-order
polynomials.

electrocaloric effect is of the normal type (as in the [111] field
case).

It is of particular interest to understand how the contribu-
tion from magnetism varies with respect to the change of the
field. Such contribution to the EC coefficient «; and the EC
temperature ATy based on the Landau method are shown in
Fig. 5. With increasing field, o7 of the [111] and [001] field
decreases, while it increases for the [111] field. Interestingly,
opposite field dependencies are found for A7}, (similar to the
total temperature change AT in Fig. 4), which is due to the
fact that the adiabatic temperature is a cumulative quantity

that can be related to a; by AT = [™ adE.

IV. SUMMARY

In summary, we have systematically studied the cross-
caloric effect in multiferroic BiFeO3; using three methods,
viz., the cumulant method, Maxwell relation, and the Lan-
dau potential, based on Monte Carlo simulations, all with
a first-principles-based effective Hamiltonian scheme. The
various methods yield qualitatively consistent results, while
the Landau approach allows quantification of the individual
contribution to ECE from each order parameter. By consid-
ering two structural and one magnetic order parameters, i.e.,
polarization P, antiphase octahedral tilting wg, and antifer-
romagnetic moment L, we find that magnetism can have a
significant contribution to ECE around the Néel temperature,
causing a peak value of the overall ECE, while the effect
from octahedral tiltings is relatively small. The ECE effect
from three field directions and various magnitudes are also
studied: Similar ECE are found for [111] and [001] fields,
but for the [111] field that is opposite to the polarization
direction we show that it has a negative ECE and positive EC
coefficient.
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