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For conventional ferromagnetic systems, the magnetocaloric effect (MCE) is dominated by the entropy
changes upon magnetic phase transitions. For strongly correlated oxides such as manganites, in which
competing magnetic orders coexist and respond to an external field differently, the MCE is more complex
due to the electronic phase separation (EPS) phenomenon. Taking the well-known (La/zPry/3)s/8CazsMnO3
(LPCMO) manganite as a model system, we investigated how the length scale of EPS phases affects the
MCE. Specifically, the EPS length scale can be dramatically reduced by the spatial ordering of Pr dopants in
the LPCMO system. Experimental results indicate that the magnetic entropy change of the Pr-ordered
LPCMO is considerably larger than that of the Pr-random LPCMO by a factor up to six at the onset
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Introduction

In recent years, the magnetocaloric effect (MCE)" has received
considerable interest for refrigeration applications due to its
high cooling capacity, low energy consumption and environ-
mental friendliness.> For conventional ferromagnetic systems,
the MCE is largely determined by entropy changes when a long-
range spin order is formed.* ® For strongly correlated magnetic
oxides, however, the MCE becomes more complex because the
electronic phase separation (EPS) phenomenon is common in
these materials, which feature the spatial coexistence of com-
peting electronic phases in a wide range of temperatures.”’™""
Both magnetic and nonmagnetic phases may exhibit a large
response to an external magnetic field and contribute to MCE.
It is thus intriguing to study the MCE of strongly correlated
oxides, especially those with pronounced EPS.

Colossal magnetoresistance (CMR) manganites are strongly
correlated oxides in which EPS has been known to play a critical
role in their metal-insulator transition and CMR behavior.
Although the influence of EPS on the MCE has been studied
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been established based on the experimental results.

in previous work,">™° little effort has been made to control the
MCE by manipulating EPS in manganites. In this work, we
demonstrate how to influence the MCE by changing the length
scale of EPS in manganites. The (La,/3Pry/3)5/5CazsMnO; system
is chosen as the model system for two reasons. First, the
LPCMO system exhibits strong EPS, with a coexisting anti-
ferromagnetic insulating phase and a ferromagnetic metallic
phase.>’ ' Second, the length scale of EPS in the LPCMO
system can be controlled by spatially ordering Pr dopants®
which has been achieved in the superlattices formed by alter-
natively growing a 2-unit-cell Las;3CazsMnO; (LCMO) layer and
a 1-unit-cell Pr5;CazsMnO; (PCMO) layer (ordered LPCMO or
O-LPCMO). The phase domains have a considerably smaller
size than those of the conventional LPCMO epitaxial thin films
(random LPCMO or R-LPCMO) with the same thickness and
nominal doping concentration. We found that for both systems
the magnetic entropy change exhibits peaks at two tempera-
tures that correspond to the onset (220 K) and percolation
(60 K) of the ferromagnetic phase. The magnetic entropy change
of O-LPCMO is consistently larger than that of R-LPCMO by a
factor up to six at the onset temperature of the ferromagnetic
phase. A direct relation between the length scale of EPS and MCE
has been established based on our experimental results.

Results and discussion
Effect of Pr ordering on EPS in the LPCMO system

The O-LPCMO type [(LCMO),/(PCMO),]s; superlattices and
R-LPCMO films with the same thickness (60 nm) and the same

This journal is © The Royal Society of Chemistry 2018
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nominal doping concentration were grown on single crystal
(100)-orientated SrTiO; substrates by pulsed laser deposition
(laser wavelength = 248 nm, fluence = 2 ] em™ 2, and repetition
rate = 2 Hz) at 800 °C, in an atmosphere of 8 x 10~ * mbar
oxygen pressure (8% ozone). The unit cell-by-unit cell growth
was in situ monitored by intensity oscillations of reflection
high-energy electron diffraction (RHEED). The films were then
post annealed at 950 °C for 3 h in a flowing oxygen atmosphere
to improve oxygen stoichiometry. The magnetic properties were
measured using a Superconducting Quantum Interference
Device (SQUID).

The length scale of EPS and the corresponding physical
properties of the O-LPCMO and R-LPCMO films are dramati-
cally different. Fig. 1(A and B) show typical magnetic force
microscopy (MFM) images of the O-LPCMO and R-LPCMO
films acquired at various temperatures. Statistical analysis
indicates that the length scale of EPS in O-LPCMO is nearly
10 times smaller than that in R-LPCMO. The volume fraction of
the ferromagnetic metallic (FMM) phase can be determined
by initial magnetization curves measured using a SQUID.
As shown in the inset of Fig. 1(C), the initial fast increase of
magnetization is caused by the spin alignment of the FMM
phase along the external field, and the FMM volume fraction
can thus be determined by the ratio between the initial fast
increasing magnetization and the saturation magnetization.
The results are shown in Fig. 1(C), which clearly indicate that
the volume fraction of the FMM phase in O-LPCMO is signifi-
cantly higher than that in R-LPCMO. Fig. 1(D) shows the
comparison of temperature-dependent magnetization for the
O-LPCMO and R-LPCMO films. The calculated dM/dT curves in
the inset show two distinct peaks at a high temperature and a
low temperature, which correspond to the onset and percola-
tion of the ferromagnetic phase, respectively. We note that the
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observed differences between the O-LPCMO and the R-LPCMO
films essentially reproduce our previous results. The underlying
physical mechanism is closely tied to the spatial ordering of the
Pr dopants as explained in our previous work.>?

MCE of O-LPCMO and R-LPCMO systems

Having known the differences between the physical properties
and the EPS length scales of the O-LPCMO and the R-LPCMO
films, we now study their influence on the MCE of these two
systems. In general, the magnetic entropy change (AS(,7,7) at a
fixed temperature (7), magnetic field (H) and pressure (P) can
be calculated from a series of isothermal M-H curves using the
following equation,*

H

(O—M) dH (1)
T ) up

where O0M/OT is the first derivative of magnetization with
respect to temperature. For the case of the LPCMO system,
there exists a large thermal hysteresis for the temperature
dependent magnetization curves below the charge ordering
temperature (Tco). To minimize the thermal hysteresis effect,
for each temperature, the M-H curves need to be measured
using the following procedure. (1) The sample was cooled down
to the preset temperature from room temperature (RT) under
zero magnetic field. (2) At this temperature, the virgin M-H
curve was first measured with an increasing magnetic field
from 0 to 7 T, and then the field was reduced to zero for the
second measurement of the M-H curve from 0 to 7 T. (3)
The field is reduced to zero again and the sample was warmed up
to RT, followed by a demagnetization operation to erase the
remnant magnetization in the sample and the magnet. (4) Steps
1-3 were repeated for the next preset temperature. Fig. 2(A and B)
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Fig. 1 (A) and (B) Show typical magnetic force microscopy (MFM) images of the O-LPCMO and R-LPCMO films acquired at various temperatures under
1 T field cooling (the magnetic field was applied perpendicular to the sample surface), respectively. The scanning areas are 7 x 10 um?. (C) The
temperature-dependent FMM phase volume fraction for O-LPCMO and R-LPCMO films which is determined by initial magnetization curves measured
using a SQUID (as shown in the inset). (D) The temperature-dependent magnetization for the O-LPCMO and R-LPCMO films. The inset is dM/dT curves.
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Fig. 2 (A and B) Virgin M—H curves of O-LPCMO and R-LPCMO, respec-
tively. (C and D) Second M-H curves of O-LPCMO and R-LPCMO,
respectively. The measurements were performed in the range of 40 K
and 300 K with a 10 K interval.

show the virgin M-H curves measured at various temperatures
between 40 K and 300 K with a 10 K interval for the O-LPCMO
and R-LPCMO films, respectively. As mentioned above, the initial
fast increase of magnetization reflects the response of the FMM
phase to an external field, which shows that the volume fraction of
the FMM phase in the O-LPCMO films is significantly higher than
that in the R-LPCMO films. Fig. 2(C and D) show the corresponding
second M-H curves of the O-LPCMO and the R-LPCMO films,
respectively. The second M-H curves exhibit different characteristics
from those of the virgin M-H curves, which reflect the reversibility
of the field-induced COI to the FMM phase transition as will be
discussed later.

Fig. 3 shows the temperature dependence of the calculated
magnetic entropy change (—AS) for different magnetic fields
using eqn (1). As expected, all —AS(T) curves show two distinct
peaks around Tco and T¢ corresponding to the onset of the
FMM phase and percolation of the FMM phase, respectively. At
low fields, the low temperature peak (LTP) near T¢ is higher
than the high temperature peak (HTP) near Tgo for both
O-LPCMO and R-LPCMO films. With the increasing field, both
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Fig. 3 Temperature-dependent magnetic entropy change (—AS) at different
magnetic fields.
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peaks increase noticeably in height and shift towards higher
temperatures. Interestingly, for the O-LPCMO system, the HTP
deduced from the virgin M-H curves grows more rapidly and
becomes even higher than the corresponding LTP.

Fig. 4(A and B) show the field dependent height of the HTP
and LTP deduced from the virgin and second M-H curves for
O-LPCMO and R-LPCMO, respectively. The aforementioned
field-induced crossover of the virgin HTP and LTP height
occurs at ~5 T for O-LPCMO. Such crossover does not occur
for the R-LPCMO system and the LTP remains higher than the
HTP up to the maximum applied field (7 T). For the second
M-H process, the LTP values of both O-LPCMO and R-LPCMO
increase significantly and stay higher than the HTP at all fields.

Fig. 4(C) shows the field dependence of the HTP and LTP
height ratio of the O-LPCMO and R-LPCMO films. While the
LTP values of the two types of films are comparable, the HTP
values of the O-LPCMO films are considerably larger than those
of the R-LPCMO films at all fields, reaching the maximum of
about 6 times larger at around 1.5 T. With the increasing field,
the difference between the O-LPCMO and the R-LPCMO films
becomes smaller for both LTP and HTP values. Fig. 4(D) shows
the field dependence of the positions of HTP and LTP for both
O-LPCMO and R-LPCMO. The HTP positions are nearly the
same for the O-LPCMO and the R-LPCMO films no matter if
measured in virgin M-H or second M-H processes, and they all
shift towards higher temperatures with increasing field. The
LTP positions of the O-LPCMO films are at higher temperatures
than those of the R-LPCMO films and exhibit a clear shift
towards higher temperatures in the field range of 2-4 T during
the virgin M-H process.

Because the LPCMO films exhibit pronounced EPS, the
entropy changes with the field applied along the hard axis
(surface normal) are worthy to be investigated as well. While the
M-H curves measured along the hard axis (see ESI,T Fig. S1) are
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Fig. 4 (A and B) Show the field dependent height of the HTP and LTP
deduced from the virgin and second M-H curves for O-LPCMO and
R-LPCMO, respectively (OLTP stands for LTP of O-LPCMO, OHTP stands
for HTP of O-LPCMO, RLTP stands for LTP of R-LPCMO, and RHTP stands
for HTP of R-LPCMO). (C) The field dependent HTP and LTP height ratio
between the O-LPCMO and R-LPCMO films. (D) The field dependent
positions of the HTP and LTP for both the O-LPCMO and R-LPCMO films.
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Fig. 5 (A and B) show the field dependent height of the HTP and LTP deduced from the virgin and second M—H curves (out-of-plane) for O-LPCMO and
R-LPCMO, respectively. (C) The field dependent HTP and LTP height ratio of the O-LPCMO and R-LPCMO films.

different from those measured along the in-plane easy axis
(Fig. 2), the calculated —AS(T) curves along the out-of-plane
hard axis (see ESL,f Fig. S2) are similar to those determined
along the in-plane easy axis. Consequently, the field depen-
dence of the HTP and LTP values and the positions measured
along the hard axis (Fig. 5) exhibits a similar trend to those
measured along the easy axis (Fig. 4).

Discussion

We now turn to discuss the correlation between EPS and the
observed common trend of the entropy changes in the LPCMO
systems. The double peaks, i.e. HTP and LTP, reflect the onset of
FMM domain formation and the percolation of the FMM domains,
as shown in Fig. 1. With the increasing magnetic field, the COI
phase starts to transform into the FMM phase and the FMM
domains expand at the expense of COI domains leading to the
general increase of HTP and LTP values in a wide field range for
both O-LPCMO and R-LPCMO. In general, the LTP height
increases faster in a low field, while the HTP height increases
faster at a high field. This is understandable considering the fact
that the transition from the COI phase to the FMM phase is
relatively easier at low temperatures (7) than at high temperatures
(Tco), leading to a fast increase of the LTP (HTP) peak height at a
lower (higher) field. It is also reasonable that the LTP determined
from the second M-H curves has larger values than that deter-
mined from the virgin M~H curves, while the corresponding HTP
values exhibit a slight difference. This is because the field-induced
transition from the COI to the FMM phase is fully reversible at a
high temperature (7o), but becomes partially reversible, i.e. more
ferromagnetic, at a low temperature (Tc). The reversibility of the
COI to FMM transition can also be used to explain the position
change of the LTP and HTP, as shown in Fig. 4(D).

There are two major differences between O-LPCMO and
R-LPCMO in their entropy changes. (1) The O-LPCMO system
has larger HTP and LTP values than the R-LPCMO system at all
fields, although the difference decreases with the increasing
field. The difference is particularly great for the HTP peaks,
reaching a factor of 6 at about 1.5 T field. (2) The HTP height of
O-LPCMO increases quickly with the increasing field, and
becomes even larger than the LTP height about 5 T during
the virgin magnetization process. The HTP height remains

This journal is © The Royal Society of Chemistry 2018

smaller than the LTP height for the R-LPCMO system up to
the maximum field applied (7 T). These differences between
O-LPCMO and R-LPCMO are caused by different EPS domain
sizes and FMM volume fractions in the two systems. As shown
in Fig. 1(C), the FMM volume fraction near T¢o (220 K) is 13%
and 5% for O-LPCMO and R-LPCMO, respectively. Provided that
the percolation limit of the FMM phase roughly follows the two-
dimensional random percolation model (~50%), both the
O-LPCMO and the R-LPCMO films are significantly below the
FMM percolation limit and require a large magnetic field to form
the long range ferromagnetic order. Nevertheless, the O-LPCMO
system has a higher FMM volume fraction and is thus closer to the
percolation limit than the R-LPCMO system. Moreover, the EPS
domains in the O-LPCMO system have a smaller size, which
requires lower fields to be generated from the COI phase than
R-LPCMO does. This explains why the HTP of O-LPCMO increases
much faster with the increasing field than that of the R-LPCMO
system. The situation becomes different at a lower temperature
near T, at which the FMM volume fractions are 66% and 51% for
O-LPCMO and R-LPCMO, respectively. Considering the fact that the
entropy change gradually approaches the saturation level near the
percolation limit, it is understandable why the difference between
the LTP values of the two systems is small.

Conclusions

In summary, we have directly compared the temperature and field
dependence of the MCE of the O-LPCMO and the R-LPCMO
systems. The O-LPCMO system exhibits considerably larger
magnetic entropy changes at phase transition temperatures. We
attribute the enlarged MCE of the O-LPCMO system to a smaller
EPS length scale, which tends to exhibit a larger response to the
external field due to the smaller energy barrier. Our observation
indicates that in complex oxides such as manganites, the MCE is
strongly affected by EPS and its response to an external field. The
MCE becomes tunable if one can develop methods to control the
characteristics of EPS. This opens a new pathway to extend the MCE
in complex magnetic oxides for future applications.
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