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In-plane magnetic anisotropy and magnetization reversal in phase-separated
(La0.5Pr0.5)0.625Ca0.375MnO3 thin films
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The dynamics and interaction of different electronic phases near the metal-to-insulator transition of the
phase-separated (La0.5Pr0.5)0.625Ca0.375MnO3 (LPCMO) thin film grown on NGO substrate was studied using
the first-order reversal curves (FORC) diagram method for electric transport measurements. The in-plane
angle-dependent remanence and coercivity field in the region of the ferromagnet metallic phase was measured
using the macroscopic magnetization technique. These measurements suggest an in-plane uniaxial magnetic
anisotropy for the film with a uniaxial anisotropic constant (Ku) of ∼1.2 × 106 erg/cm3 at 20 K. The angle
dependence of the coercivity is best described by 1/cosθ dependence indicating that the magnetization reversal
occurs mainly through the depinning of the domain wall, a signature of nucleation and propagation mechanism.
The correlation of FORC measurements, resistance relaxation, and macroscopic magnetic measurements indicate
a fast reversal of electronic and magnetic phases towards the denser phase region and strong interaction of
different phases for the LPCMO system.
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I. INTRODUCTION

Complex transition metal oxides with perovskite struc-
tures, such as manganites, possess strong electronic correla-
tions and display magnetoelectronic phase separation, which
plays a key role in the understanding of some of their
most attractive properties like colossal magnetoresistance
(CMR), colossal electroresistance (CER), colossal piezoresis-
tance (CPR), and metal-to-insulator transition (MIT) [1–7].
The close competition between various ground states and
the interplay of charge, spin, and lattice degrees of freedom
leads to the spatial coexistence of multiple phases, even in
chemically homogeneous phases [6,8]. Mixed valance bulk
(La1-yPry)1-xCaxMnO3 (LPCMO) manganites have been stud-
ied in the search for magnetoelectronic phase separation in the
range of nanometers to microns [9–15]. Thin films of LPCMO
systems have shown properties distinct from bulk behavior
because of the additional handle (strain driven) available in
the case of thin films. Experimental and theoretical studies
on manganite films suggested that the strain field can tune
the transport and magnetic properties as well as the phase
coexistence [9,16–23].
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LPCMO is a prototypical electronic phase-separated sys-
tem which shows the coexistence of different phases on a
large length scale of a nanometer (nm) to the micron. LPCMO
with x = 0.33 and x = 0.375 (for y = 0.6) are two manganites
with slightly different compositions that show a phase sep-
aration of nm and micron, respectively, in their bulk phase
[9,12]. While LPCMO films with x = 0.33 have been in-
vestigated extensively for studying different phenomena like
magnetic-anisotropy-driven single to multidomain transition
[16], coupling of bending strain and magnetism [17–20],
electronic phase separation (EPS) [20–23], correlation of elec-
tronic and magnetic phases [22,23], and electric field-driven
phase separation [2,24], the LPCMO film with x = 0.375 has
been studied hardly even though a larger phase separation
(length ∼ micron) was suggested for this system in their
bulk [12]. Using x-ray resonant magnetic scattering (XRMS),
Singh et al. [23] correlated the electronic and magnetic phases
across MIT temperature of the LPCMO thin film with x =
0.375 and found a larger in-plane charge-magnetic correlation
length as compared to that of LPCMO film with x = 0.33,
indicating larger length scale for phase coexistence in the
LPCMO thin film with x = 0.375.

The electrical transport (resistance) measurements from
these LPCMO films [16,22,23] have also shown different
temperature evolution, e.g., changes in MIT and thermal hys-
teresis. Dhakal et al. [2] studied the effect of strain and electric
field on transport properties of LPCMO films with x = 0.33
and different y (= 0.4, 0.5, and 0.6) and observed that the MIT
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temperature decreases with an increase of Pr concentration,
in agreement with the bulk LPCMO [12]. The study also
suggested that long-range strain interactions stabilize the fer-
romagnetic metallic (FMM) phase at low temperatures and a
fluid-phase-separated (FPS) state at intermediate temperatures
for LPCMO film with y � 0.5, analogous to the strain-liquid
phase in bulk LPCMO. A strong dependence of magnetic
dynamics on the phase-separated state and morphology of the
magnetic domains is also suggested for LPCMO films with
x = 0.50 [25]. The study also suggested that magnetic dynam-
ics can be a possible route for controlling the phase separation
in this system for the realization of device application. The
thermal hysteresis behavior of transport and magnetic prop-
erties of the LPCMO system further influences the dynamics
of different phases and thus impacts the magnetic properties
across MIT, which is desirable for the design of future mag-
netic devices. First-order reversal curve (FORC) analysis is a
powerful tool for studying the hysteresis behavior in various
systems [26–29]. The FORC diagram and analysis are used
extensively for magnetic systems for understanding the phase
coexistence, interactions, and dynamics of the magnetic state
of the system. Ramirez et al. [28] have used this method to
analyze the hysteric behavior in transport measurements near
the MIT of VO2 thin films.

Here we report the transport and magnetic properties of
a single crystal LPCMO film with x = 0.375 and y = 0.5
grown on (110) NdGaO3 (NGO) substrate with anisotropic
in-plane strain and found an in-plane magnetic anisotropy
for the film. X-ray reflectivity (XRR) and polarized neutron
reflectivity (PNR) techniques were used to investigate the
depth-dependent structure and magnetic depth profile of the
film. The electrical transport (resistance) and macroscopic
magnetization measurements showed thermal hysteresis of
ferromagnetic (metallic) order in the film suggesting a
first-order ferromagnetic (metallic) transition. The MIT for
LPCMO film was observed at a much lower temperature
(∼111 K) than the ferromagnetic transition temperature
(∼132 K). The thermal hysteresis for transport data (∼6 K)
almost coincides with the thermal hysteresis of magnetiza-
tion. Taken together the observations suggest percolation of
the metallic phase does not occur until after the consid-
erable formation of the magnetic phase. However, like the
other LPCMO phase (x = 0.33 and y = 0.6) [16–23], the
anisotropic in-plane epitaxial strain shows isotropic trans-
port properties but significantly different magnetic properties.
FORC measurements were performed to study the reversible
properties of different electronic phases near the MIT, which
show behavior consistent with the relaxation of phase separa-
tion near MIT. Further, we study the magnetization reversal
mechanism of the LPCMO film by measuring the angular
dependence of magnetic properties at low temperatures, sug-
gesting that the magnetization reversal occurs mainly through
the depinning of the domain wall.

II. EXPERIMENTAL

A 20-nm-thick LPCMO film with x = 0.375 and y = 0.5
was epitaxially grown on a (110) NGO single-crystal sub-
strate using pulsed KrF laser (248 nm) deposition [16]. The
substrate temperature and O2 partial pressure were kept at

1053 K and 17.33 Pa, respectively, during the growth of the
film. We used a laser fluence of 0.5 J/cm2, and the repetition
rate of the pulsed laser was 5 Hz. The LPCMO film grown
on (110) NGO substrate with two perpendicular in-plane di-
rections of (11̄0) and (001) shows asymmetric strain due to
lattice mismatch between NGO substrate and LPCMO film,
and the strains along these directions are δ11̄0 = 0.49% and
δ001 = 0.26% (an expansion) [16].

XRR measurements in specular (angle of incidence =
angle of reflection) and off-specular (angle of incidence �=
angle of reflection) conditions were used to elucidate the
depth-dependent layer structure and interface morphology,
respectively [30–33]. The inset (lower) of Fig. 1(a) shows
the scattering geometry for reflectivity in the reciprocal space.
The specular reflectivity [θi = θ f = θ ] is measured as a func-
tion of the wave-vector transfer component Qz, normal to the
sample surface and is given as Qz = 2π

λ
[sin(θi) + sin(θ f )] =

4π
λ

sinθ , with λ as the wavelength of the probe (x-ray/neutron)
[30–33], while the in-plane wave vector transfer Qx =

2π
λ

[cos(θ f ) − cos(θi )] contributes to the off-specular (diffuse)
reflectivity (θi �= θ f ) [30–33] for determining the in-plane
structure and morphology. The off-specular XRR provides the
height-height correlation at different interfaces [33], and for
the self-affine fractal surface it is defined as [33] C(x, y) =
〈δz(0)δz(x, y)〉 = σ 2 exp(−[ r

ξ
]2h), where σ , h, and ξ are

a root-mean-square roughness (a true height-height fluctua-
tion), Hurst parameter, and in-plane height-height correlation
length, respectively. The exponent 0 < h < 1 determines the
fractal dimension (D = 3 − h) of the interface (i.e., how
jagged the interface is; the larger value of h represents
smoother interfaces).

III. RESULTS AND DISCUSSION

Figure 1(a) shows the specular XRR data (symbols) and
corresponding fit (solid lines) for LPCMO film. The inset
(upper) of Fig. 1(a) shows the electron scattering length den-
sity (ESLD) depth profiles obtained from specular XRR data,
suggesting an LPCMO film thickness of ∼180 Å. Specular
XRR results also suggested variation of ESLD profiles near
two interfaces (substrate-film and film-air interfaces) and a
smaller roughness (<5 Å) at the interfaces. The variation in
ESLD near interfaces is due to a small change in composition
at interfaces, and it is consistent with other reports on LPCMO
films with different compositions grown using similar growth
parameters [17–19,23].

Figures 1(b) and 1(c) show the off-specular (diffuse) XRR
data (symbols) and fits (solid lines) for the LPCMO film in
the detector scan [33,34] around Qz = 0.179 and 0.216 Å−1,
respectively. To fit off-specular XRR data, the morpholog-
ical parameters (σ , h, and ξ ) at the interface were varied
while keeping the thickness and ESLD parameters, obtained
from specular XRR, constant. Analysis of the diffuse XRR
data for the film shows similar roughness (σ ) values as ob-
tained from specular XRR, suggesting negligible intermixing
at interfaces; however, the other morphological parameters
obtained from diffuse XRR suggested drastically different
morphology for the film as compared to that of the substrate.
The other interface morphological parameters obtained from
diffuse XRR were h (ξ ) = 0.60 ± 0.08 (500 ± 50 Å) and
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FIG. 1. Specular XRR measurements from LPCMO film. The inset (lower) of (a) shows the reflectivity geometry in reciprocal space. Inset
(upper) of (a) shows the electron scattering length density (ESLD) depth profile of the film. Diffuse (off-specular) XRR data (open circles) and
corresponding fit (solid lines) from the film at two different angles of incidences with Qz = 0.179 Å−1 (b) and 0.216 Å−1 (c). (d) Normalized
spin asymmetry (NSA) data (symbols) with the corresponding fit (solid lines) for the film at 200 and 20 K. (e) nuclear and magnetic SLD
depth profiles of the sample at 20 K.

0.20 ± 0.03 (5000 ± 500 Å) for substrate-film and film-air
(surface) interfaces, respectively. The morphological LPCMO
film shows that the film surface is jagged (h ∼ 0.20) with a
fractal dimension (D) close to 3.0, and the height distribution
is correlated over a larger lateral length scale (∼5000 Å). The
in-plane height-height correlation length for this film is on the
lower side of the range for charge-charge correlation length
(∼9000 Å) obtained for LPCMO films grown under similar
conditions [23]. However, it matches the in-plane charge-
magnetic correlation length measured by the resonant x-ray
magnetic scattering technique [23], indicating a similar length
scale for structure and magnetic interface roughness for the
LPCMO film in the present case.

The depth-dependent magnetization averaged over the lat-
eral size (∼1.0 cm2) of the film at a temperature across MIT
was investigated with specular PNR measurements. Specular
PNR data were measured by applying an in-plane magnetic
field of ∼2 kOe along the easy direction of the film. The
difference between spin-dependent reflectivity (r±), where

the ± sign indicates the parallel (antiparallel) alignment of
neutron spin with the applied magnetic field (H), providing
detailed depth-dependent magnetization or magnetic scatter-
ing length density (MSLD). Figure 1(d) shows the normalized
spin asymmetry (NSA) data (symbols), defined as NSA =
(r+ − r−)/(r+ + r−), and corresponding fits (solid lines)
for the film at 200 (well above the curie temperature of the
film) and 20 K. The nuclear scattering length density (NSLD)
and MSLD depth profiles of the LPCMO film are shown in
Fig. 1(e). The NSLD profiles obtained from PNR measure-
ments are in agreement with the ESLD profile obtained from
XRR. PNR results at 20 K show a reduction in magnetization
at interfaces, which may be due to a change in chemical struc-
ture at interfaces as shown in ESLD and NSLD depth profiles.
Using MSLD and NSLD (in Å−2) from PNR, one can obtain
the magnetization of the magnetic layer in different units [32].
From PNR data we find a thickness averaged magnetization of
∼580 ± 60 emu/cm3 (3.70 ± 0.40 μB/Mn) for the LPCMO
film at 20 K.
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FIG. 2. (a) Resistance ratio as a function of temperature [R(T )/R (25 K)] for the film along two perpendicular in-plane directions. The inset
shows the two perpendicular in-plane directions [(001) and (11̄0)] of NGO substrates on which LPCMO film is grown. (b) The (1/R) dR/dT
curves for resistance data suggest different metal-to-insulator (TMI = ∼114 K) and insulator-to-metal (TIM = ∼108 K) transition temperatures.
(c) Resistance vs temperature during the cooling cycle at different applied magnetic fields. A magnetic field is applied along (11̄0)] of NGO
and resistance are also measured along the same directions. Inset shows the variation of TMI as a function of the applied field. (d) MR (%) value
at different fields for the cooling cycle.

Figure 2(a) shows the temperature dependence of
resistance ratio [R(T )/R (25 K)] along two perpendicular
in-plane directions [(11̄0) and (001) NGO directions as shown
in the inset of Fig 2(a)] upon cooling and warming the film.
The (1/R)dR/dT curves [Fig. 2(b)] show two peaks along
the cooling and warming cycles, and the peak temperature
corresponds to the insulator-to-metal (TIM ∼ 108 K, in the
cooling cycle) and metal-to-insulator (TMI ∼ 114 K, in
warming cycle) transitions, respectively. The R(T ) curves
for the film along two perpendicular in-plane directions
show a similar value of thermal hysteresis of ∼6 K. The
average value of the TIM and TMI (TMIT ∼ 111 K) for the
LPCMO film studied here is larger as compared to that of the
LPCMO film of similar thickness (TMIT ∼ 76 K) [16] with
slightly different composition studied earlier. However, a
large variation in MIT with the thickness of LPCMO films is
observed earlier [16–21], which is related to strain-dependent
phase separation in this system, and the TMIT generally
increases with a decrease in thickness. It is noted that
despite asymmetric strain along two perpendicular in-plane
directions, we did not observe any significant anisotropy in
transport properties. This observation is consistent with an
earlier report on LPCMO film with x = 0.33 [16,17], but it
is in contrast to another study [35], which suggested a large
difference in TIM and peak resistivity along two perpendicular
in-plane directions of (La0.52Pr0.48)1-xCaxMnO3 thin film
with x = 0.375 grown on NGO substrate due to anisotropic
strain. However, such anisotropic strain-dependent transport

properties may be plausible if the length scale associated with
transport measurements is similar to the phase separation in
these systems. The R(T ) along the (11̄0) NGO direction in
the cooling cycle near TIM at different applied magnetic fields
for a similarly grown LPCMO film is shown in Fig. 2(c),
suggesting an increase in the TIM on increasing the applied
field. We have also estimated the magnetoresistance (MR)
[MR(%) = 100×[R(0)-R(H )]/R(H )] at the different applied
fields, which is shown in Fig. 2(d) for the cooling cycle
around TIM.

FORC measurements for the film on the warming cycle (on
increasing the temperature), shown in Fig. 3(a), were obtained
as follows [28]: Starting at a temperature of 136 K, where
the film is mostly insulating, the sample was cooled to a spe-
cific reversal temperature, TR. On reaching TR, the sample is
warmed to an insulating state (136 K). Thus the path followed
by the resistance starting at TR and ending at 136 K [R(TR,
T)] is termed a FORC. The FORC distribution [Fig. 3(b)] is
calculated using the mixed second-order derivatives defined
as [28] ρ(TR, T ) = −∂2R(TR, T )/2∂TR∂T , and we have used
FORCinel software [29] to calculate the FORC distribution
as shown in Fig. 3(b). The mixed second-order derivative
eliminates a constant resistance under a change in T or TR, and
thus, any nonzero value in the FORC distribution corresponds
to irreversible parts in the hysteresis loop [28]. The FORC dis-
tribution shows two high-intensity (larger resistance) regions
(bright spots) spread in the temperature range with maximum
intensity central regions at a (TR, T) of (120 K, 124 K) and
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FIG. 3. (a) First-order reversal curves [R(TR, T )] for LPCMO film. The closed star (violet) points on the R(T ) curve during the warming
cycle are the temperatures at which we measured the resistance relaxation. TR is the reversal temperature, and temperature direction is changed
for FORC measurements (see text). (b) The corresponding contour plot distribution (2D FORC diagram). (c) Relative variation of resistance
of LPCMO film as a function of time for different temperatures.

(106 K, 114 K), shown as two open triangles in Fig. 3(b). The
two solid (black) lines in Fig. 3(b) correspond to a constant
temperature TR of 120 and 106 K, which are very near the
TMI and TIM, respectively, of the film. This suggests that the
maximum irreversibility occurs near the TMI and TIM transition
temperatures with a higher amount of irreversibility near TR =
120 K (∼TMI), suggesting a drop in FMM and growth of the
reverse domains (insulating phase) at this temperature. While
below 106 K the FMM phase grows rapidly and culminates in
the irreversible switching of phases. The irreversible behavior
of the hysteresis also indicates the dynamic behavior of dif-
ferent phases in the system. The irreversible behavior of the
R(T ) measurements is also evident in Fig. 3(a), where we have
plotted a complete cycle of the R(T ) measurements from TR

(∼110 K) to 136 K and back to TR (open triangle), suggesting
that such irreversibility is found much above the TMI. The
LPCMO film is insulating and fully reversible for tempera-
tures above 136 K, and below it a nonzero part increases as TR

is decreased. The nonzero part of the FORC distributions well
above TMI and below TIM suggests significant irreversibility
in the variation of resistance with temperature beyond TMIT

(∼111 K). This indicates that for the phase coexistence of the
FMM and insulating phases above TMIT, which acts as a seed
for the transition, and well below TMIT the major phase is the
FMM. Magnetization measurements discussed later suggest a
higher value of magnetic transition temperature (TC ∼ 132 K)
than the TMIT for this system and thus confirm that the metal-
lic (ferromagnetic) and insulating (nonferromagnetic) phases
exist well above the TMIT. Therefore, significant irreversibility
in FORC measurements well above (near TC) and below the

TMIT (∼111 K) indicates the existence of electronic phase
separation (EPS) in this film, and the dynamics of the different
phases beyond the TMIT (∼111 K) initiate the transition to the
high-phase region from the low-phase region.

The phase coexistence is also manifested in the dynamic
behavior of the electric transport measurements, which ex-
hibits that this dependence is closely correlated with the static
signatures of the EPS. To gain further insight into the coex-
istence and phase competition, we have also measured the
relaxation of R(t ) (resistance as a function of time) at different
temperatures across TMIT of LPCMO film, and the results are
shown in Fig. 3(c). We found a constant variation for the
R(t )/R(t = 0) ratio with t (up to ∼104 s) for T = 50 and
136 K, suggesting the full percolation path of the metallic
phase at 50 K and a majority of insulating phases at 136 K. For
other temperatures (103, 106, and 114 K) in the range of the
thermal hysteresis of the film, we observed that R(t )/R(t = 0)
is always less than 1. To discuss quantitatively the changes
in the relaxation of the R(t ) data, we have fitted [solid green
lines in Fig. 3(c)] the temporal evolution of the resistance to a
phenomenological model given as [36] R(T, t ) = R(t = 0) +
SR(T )ln( t

τ
+ 1), where R(t = 0) = 1 is the initial normalized

resistance, τ is the temperature-dependent relaxation time,
and SR is the resistance relaxation rate (viscosity). The pa-
rameter SR characterizes the dynamic behavior of the phase
separation, where the competing phases change their volume
fraction as a function of time in a given T range. In this
scenario, the SR > 0 behavior is related to the increase of the
volume fraction of the insulating phase as a function of time.
On the other hand, SR < 0 reflects the metallic phase fraction
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FIG. 4. (a) Hysteresis loops [M(H ) curve] for the LPCMO film at 20 K measured by applying an in-plane magnetic field (H) along the
(001) and (11̄0) NGO directions, suggesting (11̄0) NGO is an easy axis. M(H ) curves along the in-plane easy axis at different temperatures
upon (b) field-cooled cooling (FCC) and (c) field-cooled warming (FCW) cycles. (d) Comparison of hysteresis loop at 110 K in FCC and FCW
cycle.

growth as a function of time. The parameter SR is nearly zero
at both temperatures 136 and 50 K, where insulating (para-
magnetic) and metallic (ferromagnetic) are the dominating
state. We found SR = −0.065, −0.1, and −0.09 � and the
corresponding τ = 0.5, 86, and 16 s, from the fit to resistance
curves at different temperatures of 114, 106, and 103 K (in the
irreversible temperature range), respectively. The negative SR
for these temperatures indicate that the resistance relaxation
favors the metallic phase in the system at the expense of
the insulating phase; however, the relaxation time for such
transition is different at different temperatures. The relax-
ation time for the LPCMO film observed here is shorter than
the other manganite film [36] suggesting faster dynamics for
the EPS.

In contrast to transport [R(T )] measurements, the M(H )
data [Fig. 4(a)] exhibit in-plane magnetic anisotropy with
(11̄0) and (001) NGO directions as an easy and hard axis,
respectively. Figure 4(a) shows the magnetization [M(H )]
measurements at 20 K (where the major phase is ferromag-
netic) for the LPCMO film along two perpendicular in-plane
directions. The M(H ) measurements were carried out using a
superconducting quantum interference device (SQUID) with
the vibrating sample magnetometer (VSM), where the field
was applied along the plane of the film. The field-cooled
(FC) data were taken during the cooling and warming of the

sample in a fixed applied field of 500 Oe. To separate the
enormous paramagnetic contribution from the substrate, we
have subtracted the magnetization data for the identical NGO
substrate from the signal of film grown on NGO. The M(H )
loop obtained with the applied field parallel to the (11̄0) NGO
direction is almost square shaped, indicating that this is the
easy axis, while the loop obtained with the field parallel to the
(001) NGO direction shows an almost linear dependence of
the magnetization on the applied field (the magnetic hard axis
direction). This suggests a uniaxial behavior for LPCMO film,
and it is consistent with earlier measurements on LPCMO
films with x = 0.33 [16–23]. It is evident from Fig. 4(a) that
the LPCMO film at 20 K shows an anisotropic field (Ha)
of ∼4 kOe. We have estimated the uniaxial anisotropic con-
stant (Ku) of ∼1.2 × 106 erg/cm3 for the film at 20 K using
thickness-averaged magnetization (∼ saturation magnetiza-
tion, Ms) of the film (∼580 emu/cm3) obtained from PNR,
Ha (∼4 kOe), and the relation Ku = MsHa/2. This value of Ku

is comparable to that of LPCMO film (∼1.0 × 106 erg/cm3)
with x = 0.33 [16] and La0.7Ca0.3MnO3 thin films (3.6 ×
105 erg/cm3 at 77 K) on NGO substrates [37]. We have also
carried out M(H ) measurements at different temperatures
along an easy axis [(11̄0) NGO] upon field-cooled cooling
(FCC) and field-cooled warming (FCW) cycles as shown in
Figs. 4(b) and 4(c), respectively. A comparison of the M(H )
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FIG. 5. Temperature-dependent variation of (a) magnetization
ratio [M(T )/M(20 K)], (b) coercive field (Hc ), and (c) ratio of rema-
nent magnetization and saturation magnetization [Mr/Ms] along the
easy axis ([11̄0] NGO direction), upon field-cooled cooling (FCC)
and field-cooled warming (FCW) cycles. The transport measure-
ments upon cooling and warming are also plotted in (a). The inset of
(a) shows the temperature variation of (1/M )dM/dT data suggesting
a transition temperature of ∼132 K.

curve at 110 K measured along the easy axis for FCC and
FCW is shown in Fig. 4(d), suggesting a higher volume frac-
tion of the FM phase in the FCW cycle.

The temperature dependence of the normalized magneti-
zation [M(T )/M (20 K)], coercive field (Hc) and the ratio
(Mr/Ms) between remanent magnetization (Mr ) and satura-
tion magnetization (Ms) along the easy axis obtained from
M(H ) measurements under FCC and FCW cycles are shown
in Figs. 5(a), 5(b), and 5(c), respectively. The M(T ) data
at limited temperature values during FCC and FCW cy-
cles, shown in Fig. 5(a), are the saturation magnetization
obtained from the M(H ) curves shown in Fig. 4. The para-
magnetic to ferromagnetic transition (Curie temperature, TC)
for these phase-separated systems is usually a temperature
with nonzero magnetization. However, we have also plotted
the temperature variation of (1/M) dM/dT in the inset of
Fig. 5(a) and estimated the TC of ∼132 K for this system,
which is again the temperature where we observed nonzero
magnetization. A clear thermal hysteresis in these proper-
ties is evident from Fig. 5, which almost coincides with the
thermal hysteresis observed in transport measurements and
thus describes a first-order transition in the system. However,
the MIT temperature is lower than the observed TC for the
LPCMO film.

FIG. 6. (a) Reduced M(H ) curves at 20 K along different angles
from the in-plane easy axis. The inset shows the direction of the angle
at which the field was applied. Variation of (b) Hc and (c) Mr/Ms, at
20 K with the in-plane angle of applied filed with respect to the easy
axis.

Experimentally the magnetization reversal mechanism is
usually inferred from the angular dependence of coercivity.
Thus, the angle-dependent M(H ) measurements, with the
field applied in the plane of the film, were performed at
T = 20 K, where the majority phase is ferromagnetic and will
help a better understanding of the magnetization reversal in
this system. The in-plane angle (θ ) of the applied field with
the easy axis [(11̄0) NGO direction], shown in the inset of
Fig. 6(a), was varied to determine the magnetic anisotropy.
For all field angles, a full M(H ) loop was measured for the
estimation of Hc and Mr , as a function of θ . Figure 6(a) shows
the M(H ) curves at 20 K for the film with the field-aligned at
different θ of 0◦, 50◦, and 120◦. Figures 6(b) and 6(c) show the
in-plane angular dependence of the Hc and remanence ratio
(Mr/Ms), respectively.

In general, the magnetic field-driven magnetization rever-
sal in ferromagnetic systems with uniaxial anisotropy can be
approximated either by the Stoner-Wohlfarth (SW) model,
which is based on the coherent rotation of magnetic mo-
ments in very small particles [38,39], or the Kondorsky
model [40,41], which treats reversal using a model of do-
main nucleation and domain wall motion. The SW model
describes magnetic switching behavior for single domain par-
ticles and switching phenomena are related as [42] Hc(θ ) =
Hc(0)(cos2/3θ + sin2/3θ )

−3/2
, while in the case of the
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Kondorsky model, the magnetic switching processes involve
the nucleation of multidomain structures and displacement
of domain walls plays an important role in producing such
multidomain structures. Thus, for a uniaxial magnetic system
in which the reversal mechanism is controlled by domain wall
depinning, the coercivity is in its simplest form described
by the Kondorsky relation [40,41]: Hc(θ ) = Hc (0)/cosθ . We
have fitted the Hc (θ ) curve for LPCMO film at 20 K, shown
in Fig. 6(b), using these models. The black dash-dot line is the
profile for the SW model, which does not follow the observed
variation of the Hc, whereas the data were well fitted with the
Kondorsky model, which is consistent with earlier reports on
manganite films [16,43]. However, it is in contrast with the
studies on LSMO films grown on STO and NGO substrates,
which suggested a two-phase model (both coherent rotation
and domain wall motion) for explaining the switching be-
havior of the magnetization [44,45]. The drastically different
angular variations of coercivity for LSMO [44] and LPCMO
film suggest that the strong phase separation in LPCMO
film contributes to the Kondorsky rule for the nucleation and
growth of the magnetic domain as compared to the two-phase
model described for LSMO film [44]. The angular variation
of the experimental remanent magnetization ratio (Mr/Ms) of
the LPCMO film [Fig. 6(c)] shows a predominantly uniaxial
anisotropy dependence with Mr/Ms(θ ) = Mr/Ms(0)|cosθ |,
due to the projection of the easy axis magnetization onto the
axis of observation. This dependency is plotted with the solid
blue line in Fig. 6(c).

The LPCMO system with x = 0.375 and y = 0.6 shows
the electronic domain of metallic and insulating phases in
the size of a few microns for both bulk [12] and thin film
[23] systems, which is much larger than the domain size
(∼nm) shown by other LPCMO films with x = 0.33 [21,23].
The corresponding magnetic responses of the LPCMO system
for these electronic phases are the ferromagnetic (metallic),
antiferromagnetic charge order (insulating) and paramagnetic
(insulating) phases [9,12,13], and the coexistence of these
phases is responsible for the CMR and MIT properties. The
diffuse XRMS study also suggested the one-to-one correspon-

dence for charge-charge (electronic) and charge-magnetic
(magnetic) correlation length (∼domain size) for LPCMO
films with a larger correlation length for the LPCMO film with
x = 0.375 phase [22,23]. The coexistence of larger length
scales of different phases in the LPCMO film with x = 0.375
was also attributed to the smaller thermal hysteresis and
higher TMIT for this phase [23]. Usually, the fast reversal
of magnetization is related to the magnetic domain size, and
for large magnetic domains, the reversal is faster. Like other
manganite films [16,43], this system also shows a Kondorsky
model (1/ cos θ ) for magnetization reversal and leads to a
single to multidomain transition. However, we believe that the
larger length scale for the ferromagnetic (metallic) phase will
provide a faster reversal for this system. A relatively shorter
relaxation time for this system also suggests the fast dynamic
of the phases across MIT.

IV. SUMMARY

In summary, a clear thermal hysteresis was observed in
the transport and macroscopic magnetic properties of LPCMO
film grown on NGO substrate, suggesting a first-order transi-
tion and indication of phase separation in the system. FORC
measurements provided dynamics of different phases near
TMIT and suggested the coexistence of interacting metallic
(ferromagnetic) and insulating phases well above and below
the TMIT. The relaxation of electrical transport properties sug-
gested a fast relaxation towards the dense phase (conducting
phase below MIT and insulating phase above MIT). The
angular dependence of the remanence and coercivity of the
LPCMO film grown on NGO substrate shows in-plane uni-
axial magnetic anisotropy, which may be due to the presence
of in-plane anisotropic strain. The angle dependence of the
coercivity is best described by a Kondorsky model, suggesting
magnetization reversal starts with the depinning of domain
walls (nucleation and growth of a larger magnetic domain).
This behavior as compared to SW, shown by LPCMO film,
may provide an opportunity for possible application in mag-
netic device structures.
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