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In this paper, we have investigated the magnetocaloric effect (MCE) and its modulation by electric field in
Lag 325Prg3Cap37sMn03 (LPCMO) films grown on (0 1 1)-oriented PMN-PT substrates. As a typical per-
ovskite manganite with phase separation, the LPCMO bulk shows a considerable MCE, but the MCE of
the LPCMO films has never been investigated. We found that the LPCMO films exhibit a MCE over a wide
temperature range. A modulation of magnetization by electric field has been observed in the temperature

dependent (M—T) and magnetic field dependent (M—H) curves. As a result, enhanced magnetic entropy
change and refrigeration capacity by about 4% under an electric field of +6 kV/cm has been demonstrated.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic refrigeration is regarded as an environmentally
friendly and energy saving refrigeration technique for substituting
the conventional vapor compression refrigeration. To develop
appropriate materials as magnetic refrigerants has been a long-
term concern. The push for energy-efficient magnetic refrigeration
based on magnetocaloric effect (MCE) has attracted much interest
in recent years, fueling much more researches into magnetocaloric
materials, such as complex oxides [1]. The strongly correlated
manganite R;_yM,MnO3 (R=La, Pr, Nd, Sm and M = Sr, Ca, Ba,
Pb) show a variety of interesting magnetic and transport phenom-
ena [2-4] due to the strong interactions among lattice, charge, spin
and orbital degrees of freedom [5]. Lag 35Pr3Cag.375Mn0Os is a typ-
ical strong correlated manganite, where phase separation between
an insulation antiferromagnetic charge-ordered (CO) phase and a
metallic ferromagnetic (FM) phase has been previously demon-
strated [6-8]. Charge ordering refers to the periodic arrangement
of Mn>" and Mn*" cations within a crystal lattice, which is a com-
mon phenomenon in the narrow bandwidth manganites [9,10].
Materials with such phase-separation usually exhibit high sensitiv-
ity to external parameters, such as magnetic field, electric field,
strain, doping, pressure, and light illumination [11-16], resulting
in fascinating multifunctional properties. An introduced strain by
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electric field, for the film grown on a relaxor ferroelectric substrate,
largely impacts the interactions, thus novel magnetic and electric
properties have been observed, such as the preferential formation
of elongated ferromagnetic clusters [5,17], and anisotropic mag-
netic memory effect [17,18]. Once applying an electric field on
the ferroelectric substrate, a strain can be generated and then
transferred to the film grown on it, leading to a change in the mag-
netic properties. This is one phenomenon of the so-called magne-
toelectric coupling (ME). ME effect has been under intensive
study for various potential applications. A common method to
attain the ME coupling is using the artificial ferromagnetic
(ferrimagnetic)/piezoelectric bilayer structures [19], in which
excellent ME performance can be realized via strain-mediated
mechanism. Recently, the electric field control of magnetic
anisotropy, saturation magnetization, memory effect [17,18],
exchange bias, magnetization reversal, and magnetocaloric effect
have been experimentally demonstrated in various artificial
systems. Moya et al. reported giant MCE in Lag ;Cag 3MnOs epitaxial
films using strain-mediated feedback from BaTiOs; substrates
due to structural phase transition [20]. Gong et al. studied the
strain-mediated ME effect in the NiMnIn ribbons pasted on
PMN-PT substrate [19] and observed tunable MCE in the bilayers
of FeRho_96Pd0,04/PMN-PT [21] by electric field.

For the typical manganite perovskites Lag3sPrg275Cag375Mn03
(LPCMO) with phase separation, Phan et al. have investigated the
MCE in the bulk and nanocrystalline particles [2], but the MCE of
the LPCMO films have never been investigated. Here, we report
the magnetic and magnetocaloric properties and their modulation
of by electric field in LPCMO films grown on the relaxor ferroelec-
tric substrates of (0 1 1)-0.7Pb(Mg;3Nby/3)03-0.3PbTiO3(PMN-PT).
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2. Experiments

LPCMO thin film was deposited on (0 1 1)-oriented PMN-PT sin-
gle crystal substrate using pulsed laser deposition (PLD) technique.
The LPCMO target was prepared by conventional solid reaction
methods. We used the commercial (0 1 1)-oriented PMN-PT single
crystal substrate because of its excellent converse piezoelectric
effect and perovskite cubic structure (apwn-pr = 4.017 A). The tem-
perature of the substrate was kept at 670 °C and the oxygen pres-
sure at 100 Pa during the deposition process. After deposition, the
film was cooled down to room temperature in 1 atm oxygen atmo-
sphere. The film thickness is about 200 nm, which was determined
by X-ray reflectivity measurements. The crystalline structure and
orientation of the film were determined by means of X-ray diffrac-
tion (XRD) using Cu-Ko radiation (see Fig. 1). Au layers were vapor
deposited on bottom side of LPCMO/PMN-PT heterostructure as
electrodes. The magnetic properties of the samples were measured
using a superconducting quantum interference device (SQUID-
VSM) with in situ electric fields applied across the LPCMO/PMN-
PT structure (along the out plane [0 1 1] direction) by a Keithley
6517B electrometer. The leakage current is below 5 nA under a 6
kV/cm electric field. The PMN-PT substrates have not specially
poled but four cycles up to+ 6 kV/cm were performed prior to
the measurements.

3. Results and discussions

XRD measurements indicate that the LPCMO bulk crystallizes in
orthorhombic structure with space group of Pnma and the pseu-
docubic lattice parameters are determined to be 3.823 A (a=
5.430A, b=7.658 A, and c=5.433 A). The XRD patterns indicate
the oriented growth of LPCMO films along [1 1 0] direction, as
shown in Fig. 1.

To explore the impact of strain-mediated magnetic properties
in the LPCMO/PMN-PT heterostructure, temperature dependent
magnetization (M—T) along the in-plane [01-1] direction was mea-
sured, as shown in Fig. 2(a). The measurements of M—T curves
were firstly performed in the cooling process from 300 K to 10 K
and followed by warming from 10 K to 300 K under a magnetic
field of 0.01T along in-plane [01-1] direction (black curves in
Fig. 2(a)). Then, at 300K, a + 6 kV/cm electric field was applied,
and the next M—T curves were measured on cooling and warming
under the applications of both a + 6 kV/cm electric field and a 0.01
T magnetic field (red curves in Fig. 2(a)). From Fig. 2(a), one can
notice the large modulation of magnetization by the electric
field. During the measurements, the sweep rate of temperature is
5 K/min.
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Fig. 1. X-ray diffraction patterns of the LPCMO/PMN-PT heterostructure, where
logarithmic y-axis is adopted.
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Fig. 2. (a) Temperature dependent magnetization (M—T) for LPCMO film under
0.01 T with and without application of +6 kV/cm for the magnetic field along in-
plane [01-1] direction. (b) The ZFC-FC magnetization under 5T on warming and
cooling. (c) The M—T curves under 0.01 T for LPCMO bulk measured using ZFC-FC
modes, where the inset shows the M—T with a logarithmic scale adopted in y-axis.
The arrows indicate the directions of sweeping temperature.

For comparison, we also measured the M—T curves of the bulk
under a magnetic field of 0.01 T in the absence of electric field
using ZFC (zero field cooling) - FC (field cooling) modes, as shown
in Fig. 2(c). Clearly, the bulk sample undergoes successive multiple
magnetic transitions, consistent with the previously reported [22].
Here, the magnetic transition T¢; or T, is defined as the tempera-
ture where the minimum of the dM/dT occurs. The CO transition
Tco can only be identified in the M—T curve where a logarithmic
scale is adopted in y-axis (inset of Fig. 2(c)), which is defined as
the temperature where the largest change occurs in the slope.
The Tco first occurs at round 225 K (inset of Fig. 2(c)), and then a
steep increase in magnetization at around Tc; ~ 210K appears,
which comes from the development of FM clusters within the
background of CO state [22]. As temperature is further decreased,
the magnetization increases again at around T, ~ 100 K, which



K.M. Qiao et al./Journal of Magnetism and Magnetic Materials 456 (2018) 439-443

is caused by the growth of the FM clusters. For the temperature
from T¢; down to T, the fraction of the frozen isolated FM clusters
keeps nearly unchanged in the background of CO state. With the
further decrease of temperature, the magnetization exhibits a pla-
teau below 75 K again, which indicates that the FM clusters have
no further evolution and the FM volume fraction also becomes con-
stant [22]. The different magnetization at low temperature in the
heating (ZFC mode) and cooling branch (FC mode) for the bulk
originates from the coexistence of FM and CO clusters and the pos-
sible pinning effect of CO-AFM on FM domains.

However, the case is very different for the LPCMO film, which
only undergoes a paramagnetic to ferromagnetic (FM) transition
at around 200 K (Fig. 2(a)). No clear CO transition can be identified
in the film. This indicates that the CO state is suppressed to a great
extent and the FM order is established in the background of CO
state for the film [8]. Besides, the M—T curves of LPCMO films show
a bulk-like hysteresis, which is common and originates from the
existence of separated FM and CO phases. On cooling, FM phase
is gradually developed from the background of CO phase. While
on the warming process, the FM phase is frozen, leading to an
increased magnetic moment relative to the cooling process [23].
Interestingly, with the application of electric field, the magnetiza-
tion under a small magnetic field of 0.01 T increases when the tem-
perature is below the FM transition temperature (200 K) (Fig. 2(a)).
The relative change, defined as AM/M(0) = (M(E) - M(0))/M(0), is
up to 37% at 10 K when an electric field of + 6 kV/cm is applied,
where M(E) and M(0) correspond to the magnetizations with and
without the electric field, respectively. This result indicates an
obvious ME effect under a small magnetic field of 0.01 T. However,
the ME effect, i.e. AM, becomes weak with increasing temperature
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and vanishes at the temperature above the FM transition point, as
shown in Fig. 2(a). The electric-field control of magnetization in
LPCMO/PMN-PT should originate from the modulation of
electric-field on the phase separation, as discussed previously
[5,17,24]. Actually, the cooling curves measured after removing
the electric field are the same as the curves measured in a normal
magnetic-field-cooling process because the magnetic state at 300 K
become paramagnetic, which indicates that the ME effect is com-
pletely reversible. In addition, the M—T curves were also measured
using ZFC-FC modes at a 5 T magnetic field on warming and cool-
ing in the absence of electric field, as shown in Fig. 2(b). One can
notice that a clear bulge of magnetization around Tz~ 25K
appears in the warming branch (ZFC mode), which might be rela-
tive to the possible unblocking of the low temperature frozen
charge ordering-antiferromagnetic (CO-AFM) state [8]. The LPCMO
film is blocked in a metastable state dominated by the CO-AFM
state at low temperatures. With the temperature increasing with
an applied magnetic field, the system was unblocked, which pro-
motes a growth of the FM phase over the CO-AFM one. Such a
behavior predicts that an inverse MCE may occur at temperatures
below 25 K. For the cooling branch, the anomaly of magnetization
around 25K and the thermal hysteresis disappears. This result
indicates that the frozen CO state may have been converted into
FM on cooling with a high magnetic field of 5 T applied.

To study the magnetocaloric property and its modulation by
electric field in LPCMO films, we measured the isothermal magne-
tization (M—H) curves on warming for the LPCMO/PMN-PT
heterostructures at different temperatures with and without elec-
tric field, as shown in Fig. 3(a)-(c). The sweep rate of magnetic field
is 100 Oe/s within 0-1 T and 500 Oe/s within 1-5 T. The magnetic
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Fig. 3. The isothermal magnetization (M—H) curves for LPCMO/PMN-PT heterostructures measured in the absence of electric field at different temperatures (a) 10 K, 15K,
and 25 K and (b) from 25 K to 250 K, where the arrows indicate the temperature warming direction. (c) The comparison of M—H curves with and without + 6 kV/cm for some
representative temperatures. (d) The comparison of magnetic entropy change AS with and without + 6 kV/cm under different magnetic fields, where the inset shows the

details of the AS comparison.
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field was applied along in-plane [01-1] direction while the electric
field along the out plane [0 1 1] direction. The sample was first
cooled down to 10K with an applied electric field of + 6 kV/cm
and then the measurements of isothermal M—H curves were per-
formed on warming from 10 K to 250 K without changing the elec-
tric field. After the measurements, the sample was heating to 300 K
and removed the electric field. Then, the sample was similarly re-
cooled down to 10 K and the isothermal M—H curves were mea-
sured on warming without applying the electric field. One can
notice that the film exhibits obvious field hysteresis losses below
the FM transition temperature, which become more prominent
with temperature decreasing. This is caused by the coexistence of
CO-AFM and FM phases below the transition temperature and the
development of the FM phase with temperature decreasing. More-
over, in accordance with the M—T curve measured at 5 T on heating
(inset of Fig. 2(a)), the magnetization anomaly around 25 K is also
demonstrated during the measurements of M—H curves. The satu-
rated magnetization first increases as the temperature increases
from 10K to 25K (Fig. 3(a)). Then the saturated magnetization
normally deceases with further increasing the temperature from
25K to 250 K, which is the typical FM character (Fig. 3(b)). Such
a behavior will lead to an appearance of inverse MCE below 25 K
and a normal MCE above 25 K, as shown in Fig. 3(c).

For some complex magnetic systems with hysteretic behavior,
an insufficient measurement protocol sometimes can lead to a
false value of entropy change AS [25,26].We also measured the
isothermal magnetization (M—H curves) in the loop mode [25,26]
on both heating and cooling process, and found that the obtained
M—H curves accord with the ones measured on heating in normal
mode at temperatures well above Tz ~ 25 K, noting that the ther-
mal hysteresis nearly disappears in the M—T curve as a high mag-
netic field of 5 T was applied (Fig. 2(b)). This result indicates that
the evaluated AS values measured in normal mode on heating
are reliable for the present films.

The shape of M—H curves measured under applying an electric
field of + 6 kV/cm is very similar to the ones in the absence of elec-
tric field except some enhancements of the magnetization. Fig. 3(c)
presents the comparison of M—H curves with and without electric
field for some representative temperatures. At every temperature
below the FM transition, the application of + 6 kV/cm can lead to
an enhanced magnetization in the almost entire M—H curves, par-
ticularly for the branch of H increasing. But the enhancement is
getting smaller with increasing temperature and vanishes at para-
magnetic state. As an electric field of + 6 kV/cm was applied along
the out-plane [0 1 1] direction of PMN-PT substrate, the in-plane
[01-1] direction undergoes a tensile strain [17], which should be
responsible for the enhancement of the magnetization in the
M~—H curves. Previous studies [5,17] have demonstrated that a ten-
sile strain can lead to a preferential formation of elongated FM
domains for a manganite with phase separation. In other words,
the FM domains prefer to grow along a tensile strain direction dur-
ing the formation of magnetic ordering in the cooling process from
the paramagnetic state [5,17,18]. A tensile strain bends the Mn-O-
Mn bonds and may cause a strong overlap of the electronic clouds,
hence strengthen the FM exchange interaction and result in an
enhancement of magnetization.

Based on the isothermal M—H results, magnetic entropy change
AS with and without electric field is calculated by Maxwell rela-
tion, as shown in Fig. 3(d). The mass of LPCMO film (200 nm)
was evaluated by using a density of 5.978 g cm~3, which is esti-
mated based on the structure and lattice parameters of LPCMO.
An inverse AS appears below 25 K as expected due to the possible
frozen of long-range FM and CO phases below Ts. The AS value at
10 Kis about 11.4 J/kgK and 10.2 J/kgK for the cases with and with-
out + 6 kV/cm. The enhancement ratio by electric field is about
11.8%. At temperatures above 25 K, the film displays normal AS

in a very wide temperature range due to the sizable window of
the FM transition. The maximal value of —AS is about 3.1 J/kgK
and 2.9 J/kgK around 175 K under a magnetic change of 0-5T for
the cases with and without + 6 kV/cm, respectively, and the half
width of AS peak is about 145 K. In particular, the —AS (about
1.3 J/kgK) under 2 T (permanent magnet can reach) is comparable
to that of well-known metamagnetic Ni-Co-Mn-In film (1.1 J/kgK,
2 T) [27] and Ni-Mn-In-Cr film (1.3 J/kgK, 2 T) [28], but somewhat
smaller than that of Ni-Mn-In thin film (2 J/kgK, 2 T) [29] and Ni-
Mn-Ga-Co film (3.5 J/kgK, 2 T) [30]. One knows that the refrigerant
capacity (RC) is also a parameter to evaluate the MCE of a material.
RC is a measure of energy that the MCE material can transfer
between hot and cold sources, which is defined as

RC = TT; |AS(T)|,,dT, where T; and T, refer to the temperatures

corresponding to the full width at half maximum in the |[ASy(T)|
curves. The RC values estimated for the film under a magnetic field
change of 0-2 T is about 70.4 J/kg, which is larger than that of the
reported Ni-Mn-Sn thin films (RC ~ 33.9 J/kg for 0-2T) [31]. The
evaluated RC of 0-5T in the present film is about 443 J/kg and
425 J/kg for the cases with and without +6 kV/cm, respectively.
The enhancement ratio of —AS and the RC by electric field is about
4% around 175 K. All the results have demonstrated the fact that
the enhancement of the MCE by electric field via strain-mediated
ME coupling.

4. Conclusions

In summary, we have studied magnetocaloric effect and its
modulation by electric field in LPCMO/PMN-PT heterostructure.
The LPCMO film shows an inverse entropy change AS with a max-
imal value of 11.4 ]J/kgK below 25 K. The reason can be ascribed to
the possible frozen of long-range FM and CO phases. Meanwhile,
normal AS appears in a wide temperature above 25 K. The maximal
—AS value is about 2.9 J/kgK around 175 K and RC ~ 425 J/kg for a
magnetic change of 0-5 T. An application of electric field + 6 kV/cm
along the out-plane [0 1 1] direction of PMN-PT substrate causes a
tensile strain along in-plane [01-1] direction, which increases the
magnetization due to ME effect, and hence leads to an enhance-
ment of —AS and RC by 4%. The modulation of magnetocaloric
effect by electric field is of particular significance for exploring
multifield driven refrigeration technique.
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