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Abstract
We report the first observation of inverse magnetocaloric effect (IMCE) in hydrothermally
synthesized single crystalline La0.5Sr0.5MnO3 nanowires. The core of the nanowires is phase
separated with the development of double exchange driven ferromagnetism (FM) in the
antiferromagnetic (AFM) matrix, whereas the surface is found to be composed of disordered
magnetic spins. The FM phase scales with the effective magnetic anisotropy, which is directly
probed by transverse susceptibility experiments. The surface exhibits a glassy behavior and
undergoes spin freezing, which manifests as a positive peak (TL ∼ 42 K) in the magnetic
entropy change (−1SM) curves, thereby stabilizing the re-entrance of the conventional
magnetocaloric effect. Precisely at TL, the nanowires develop the exchange bias (EB) effect.
Our results conclusively demonstrate that the mere coexistence of FM and AFM phases along
with a disordered surface below their Néel temperature (TN ∼ 210 K) does not trigger EB, but
this develops only below the surface spin freezing temperature.

1. Introduction

Magnetic properties of nanostructures are greatly modified
by their dimensionality [1, 2]. In the past, great impetus has
been given to the understanding of the physical properties
of nanoparticles (0D), and thin films (2D); however, the
1D counterparts of such materials, i.e. nanotubes and
nanowires, have been less studied [2]. One of the reasons
could be the difficulty in synthesizing or fabricating high
aspect ratio nanostructures. In particular, the study of rare
earth based manganites with general formula R1−xBxMnO3
(R—rare earth, B—bivalent atom) has been a topical area
of research ever since the discoveries of some extraordinary
phenomena exhibited by these materials, such as colossal
magnetoresistance (CMR), charge ordering (CO), giant
magnetocaloric effect (GMCE) etc [3, 4]. There exists an
intriguing correlation between the electronic, magnetic and

structural properties of these systems. Furthermore, because
of their CMR and GMCE, these materials are considered as
potential candidates for applications in magnetic refrigeration
and in magneto-electronic devices [5]. Recent reports reveal
that the properties of manganites are markedly modified due
to nanostructuring [6], particularly at half doping, where size
reduction in a number of manganites was found to destabilize
the charge ordering [7]. It has been emphasized that the
surface plays an important role in determining magnetic and
electronic properties of manganite nanostructures [8–10]. The
size reduction can affect the manganite nanostructures in
a non-trivial way, as seen in optimally doped manganites,
where the surface effects generally arise from a disorder
layer of thickness ∼2.5 nm [11]. For materials which are
antiferromagnetic in their bulk form, size reduction leads
to the enhancement of ferromagnetism at the expense of
antiferromagnetism, as predicted by Néel [12]. Some reports
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also suggest to the presence of a magnetically dead layer on
nanoparticles, to account for the reduction in spontaneous
and saturation magnetization [13]. In this regard, there is a
key difference between nanoparticles and nanowires. Usually,
in the case of nanowires, while the diameters are in the
conventionally accepted nano-regime (below 100 nm), the
length of the nanowires can extend up to a few microns
due to their high aspect ratios, which strictly speaking is in
the scale of bulk materials. This hints at the fact that, in
the case of nanowires, while the surface effects may play a
role in determining their magnetic properties, they may still
retain bulk-like properties, which are otherwise suppressed or
diminished in nanoparticles.

In addition to the different physical and electronic proper-
ties, the magnetocaloric properties of manganites attract con-
siderable research interest [14]. Magnetic refrigeration based
on MCE of materials is considered as a superior alternative
to conventional gas compression refrigeration technology and
it is believed that manganites have most of the essential
characteristics of potential magnetic refrigerants [15]. Besides
the application perspective, the study of MCE in manganites
is interesting from a fundamental point of view as it can
provide valuable information to understand the complex
magnetic properties of these systems. The study of MCE
has been demonstrated as a useful method to probe the
different magnetic phase transitions and competing magnetic
phases in their nanostructured form, which may not be easily
determined by other conventional experiments such as dc
magnetization and transport measurements [16–19]. Although
there are reports highlighting the investigation of MCE in
nanoparticles [9] (0D) and thin films [20] (2D) of manganites,
there is hardly any study on such systems in the nanowire [10]
(1D) form.

The main objective of the present work is to obtain
a comprehensive understanding of the modification in
the magnetic and magnetocaloric properties of half-doped
manganite single crystalline nanowires with the compo-
sition La0.5Sr0.5MnO3. It had been reported that bulk
La0.5Sr0.5MnO3 undergoes a paramagnetic (PM) to FM
transition at 315 K followed by an FM to A-type charge
disordered (CD) antiferromagnetic transition [21]. Hence,
this composition provides us with an opportunity to study
the influence of dimensionality on the ferromagnetic and
antiferromagnetic transitions reported in their bulk form. The
nanowires exhibit an inverse magnetocaloric effect (IMCE)
followed by the unusual re-entrance of conventional MCE,
where the exchange coupling between the ferromagnetic core
and surface spins develops as the exchange bias (EB) effect.
Both phenomena are rarely observed in such 1D structures.
Usually, the development of EB in nanostructures can be
described by considering a core–shell formation of differ-
ent magnetic phases, such as FM(core)–AFM(shell) [22],
FM(core)–ferrimagnetic(shell) [23] or AFM(core)–FM(shell)
[24]. However, EB in the nanowires is attributed to a
coupling between the FM(core)–SG(shell) only below spin
freezing temperature. The effective magnetic anisotropy of the
nanowires is studied with a sensitive tunnel diode oscillator
(TDO) technique, and its dependence on magnetic phase
coexistence is discussed.

2. Experimental section

The LSMO nanowires were synthesized by the hydrothermal
technique. Briefly, stoichiometric quantities of MnCl2·4H2O,
La(NO)3·6H2O and SrNO3 were mixed with KOH and
KMnO4, which served as mineralizer and oxidizer respec-
tively. The precursor materials were stirred vigorously in
deionized water and then poured into a Teflon lined stainless
steel autoclave. The hydrothermal reaction was allowed to
continue for 30 h at 270 ◦C. After the reaction was complete,
the products were washed with deionized water and the
nanowires were obtained as a black powder. Further details
of the synthesis procedure can be found elsewhere [25].

The structural and microstructural studies were per-
formed using a PANalytical PRO Laboratory powder x-ray
diffractometer (XRD), a Quanta FEI 200 scanning electron
microscope (SEM) and a 200 kV Tecnai G2 TF-20 trans-
mission electron microscope (TEM). The magnetic studies
were carried out using a Quantum Design Physical Property
Measurement System (PPMS) equipped with a vibrating
sample magnetometer (VSM) over a temperature range of
10–340 K and applied magnetic fields up to 50 kOe.

3. Results and discussion

Figure 1(a) shows a typical SEM image of the as-synthesized
nanowires. The nanowires are found to have dispersion
in diameter and length, in the range of 20–50 nm and
1–10 µm respectively. As can be seen, the surfaces of the
nanowires synthesized are smooth and the nanowires maintain
a constant diameter along their entire lengths when compared
to template assisted growth nanowires, which tend to have
rough surfaces [26]. The crystalline nature of the nanowires
is studied by performing high resolution TEM (figure 1(b)).
The selected area diffraction pattern (inset of figure 1(b))
indicates that the nanowires are single crystalline. Energy
dispersive x-ray analysis was done on several nanowires
to confirm that the atomic percentage ratio of La:Sr:Mn is
approximately 1:1:2. The XRD pattern (figure 1(c)) of the
nanowires corresponds to the tetragonal crystal structure of
the space group I4/mcm. The lattice parameters obtained
by Rietveld refinement are a = b = 0.545 nm, and c =
0.770 nm. This confirms that the nanowires are constituted
of a single tetragonal phase. The chemical composition of
the nanowires was studied by the TEM based electron energy
loss spectroscopy technique [27], which revealed that the Mn
valency is ∼3.5, which is desirable for half-doped LSMO [3].

The randomly oriented nanowires were tightly packed
into a gelatin capsule before making the magnetic mea-
surements. This was done to avoid any physical motion.
Figures 2(a)–(d) present the temperature dependence of
dc magnetization M(T), measured under different applied
fields. In figures 2(a) and (b) the magnetization curves were
measured following the zero-field-cooled (ZFC), field-cooled-
warming (FCW), and field-cooled-cooling (FCC) protocols;
however, only the ZFC and FCW curves are shown in (c)
and (d). As the sample temperature is lowered from 340 K,
it can be seen from the M(T) curves that the nanowires
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Figure 1. (a) SEM image, (b) lattice stripe image obtained by high resolution TEM, and (c) x-ray diffraction pattern of La0.5Sr0.5MnO3
nanowires. The inset of (b) shows the selected area diffraction pattern.

Figure 2. (a), (b) Zero-field-cooled (ZFC) (blue), field-cooled-cooling (FCC) (green) and field-cooled-warming (FCW) (red) magnetization
curves measured under applied fields of (a) 100 Oe and (b) 1000 Oe. (c), (d) ZFC and FCW magnetization curves obtained under applied
magnetic field of (c) 2000 Oe and (d) 5000 Oe. (e) Real and (f) imaginary parts of linear ac susceptibility versus temperature plot for
different frequencies. The inset of (e) shows a magnified view of χ ′(T) for more frequencies.

exhibit a paramagnetic (PM) to ferromagnetic (FM) transition
at TC ∼ 315 K followed by a peak at TN ∼ 210 K, which is
associated with the onset of the FM–AFM (antiferromagnetic)
transition. On further lowering the temperature, a slight

increase in magnetization is observed at 42 K. It is well
known that LSMO (x = 0.5) can have either a rhombohedrally
distorted structure or a tetragonal crystal structure at room
temperature. Neutron diffraction studies reveal that, in the
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case of the rhombohedral structure, the TC shifts to ∼375 K,
and no antiferromagnetic transition is observed at lower
temperatures; however, in the case of the tetragonal structure,
the TC shifts to∼310 K and the system undergoes a transition
to the A-type antiferromagnetic ordering at ∼220 K, which is
similar to the case of the nanowires in the present study [21].
In figure 2(a), the ZFC and FCW curves measured in an
applied field of 100 Oe show a bifurcation or irreversibility
below TC. As the applied magnetic field is increased, the
irreversible temperature shifts to lower temperatures as shown
in figures 2(b)–(d). The presence of such a bifurcation is
common in the case of nanoparticles, and can be associated
with the blocking temperature. However, in the case of the
nanowires, due to the high aspect ratio, and with the length
of the nanowires extending to tens of microns, it is not
possible to define a blocking temperature. It has also been
reported that a bifurcation in the M(T) curves can be observed
due to the presence of a canted magnetic state [18] or due
to phase coexistence (FM and AFM), which is common in
manganites [28]. There exists a thermal hysteresis between
the FCW and the FCC curves shown in figures 2(a) and (b),
which may occur due to various phenomena such as kinetic
arrest [29], or a phase transition of first order [30], or the
phase coexistence. In case of our sample, there are no reports
of kinetic arrest or magnetic transitions of first order. We
can infer that perhaps the thermal hysteresis can occur only
due to coexistence between the FM and AFM phases. This is
supported by the fact that the difference between the FCC and
FCW curves decreases at higher measurement fields.

A common feature in all the M(T) curves is the rise in
magnetization at TL ∼ 42 K (figures 2(a)–(d)). Such a feature
can be associated with a low temperature magnetic transition,
or due to the alignment of disordered surface spins usually
accompanied by a glass-like behavior [31]. Interestingly, the
location of this rise in magnetization (FCW curve) on the
temperature scale is independent of the measurement field.
However, it can be seen that the shape of the ZFC curve is
greatly modified by the applied field and the irreversibility
temperature shifts to lower values with increase in field. In
order to probe the nature of this transition, ac susceptibility
measurements were made. The measurements were made by
applying an ac magnetic field of 10 Oe within the frequency
range of 10 Hz–10 kHz. Figures 2(e) and (f) show the
temperature dependences of the real (χ ′) and imaginary
(χ ′′) parts of ac susceptibility in the temperature range of
10–340 K respectively. The χ ′(T) curves shows a maximum
at TN with no frequency dependence and a kink at TL.
In addition, the χ ′′(T) curves, which give us insight into
magnetic lossy behavior, show a peak at TC, a broad shoulder
at TN and a kink at TL. All these results complement the data
obtained from dc magnetization. In the inset of figure 2(e),
we present a magnified view of the χ ′(T) curves (with more
frequencies) and observe a weak frequency dependence. The
χ ′(T) peak shifts to a higher temperature as the frequency is
increased, which is consistent with other reports [9, 32]. An
attempt to fit the peak shift in χ ′(T) to the Néel–Arrhenius
law or the Vogel–Fulcher law yielded unphysical results,
thereby suggesting that the magnetization dynamics cannot

be explained with a non-interacting or a weakly interacting
particle model. However, the nature of the peak shift can be
empirically understood by the relation 0 = 1TP/TP1(logω),
where 0 ranges from 0.005 to 0.01 for a metallic SG
system [33]. The value estimated for 0 was ∼0.008, which
hints that the nanowires are undergoing an SG-type transition
at 42 K, which may originate from the surface spins, which
are disordered.

From the discussion above, we can infer that (i) the
nanowires exhibit phase coexistence below TN, and (ii) a
low temperature anomaly is observed, which may be due
to surface spin freezing. It was reported earlier that the
magnetic properties of the surface spin affect the magnetism
of the core [7]. In the case of manganites, it is well known
that the ferromagnetism is mediated via a double exchange
(DE) mechanism and antiferromagnetism is stabilized by
superexchange (SE) interactions between the Mn atoms [7].
In view of this, it becomes imperative to understand how
the surface spin freezing of the nanowires affects the phase
coexistence in which there are competing DE and SE
interactions. In the past, it has been shown that the change
in magnetic entropy (1SM) with temperature (T) and field
(H) is very sensitive to the magnetic state of the system
[18, 34, 35]. The sign of −1SM(H,T) can be either positive
or negative depending on the type of magnetic interaction
dominating within a field and temperature range [36]. A
positive peak in the −1SM(H,T) curve is indicative of a
ferromagnetic transition, which is seen in conventional MCE
materials. On the other hand, negative values of−1SM(H,T)
suggest dominating AFM correlations. The temperature and
field dependent magnetic entropy change is related to the
change in magnetization via Maxwell’s relation:[

∂S(H,T)

∂H

]
T
=

[
∂M(H,T)

∂T

]
H
. (1)

The change in magnetic entropy can be calculated from
equation (1) by calculating the numerical integral

1SM =

∫ HMax

0

(
∂M

∂T

)
H

dH. (2)

To evaluate the MCE, we measured a family of isothermal
magnetization curves for magnetic fields up to 5 T (inset of
figure 3(a)). Three distinct peaks are seen in the temperature
and field dependence of −1SM, as shown in figure 3(a). As
the temperature is lowered from 340 K, first a positive peak is
observed at ∼290 K which can be attributed to the PM–FM
transition. This is followed by the crossover of the −1SM
values from positive to negative at ∼210 K (TN). Below TN, a
negative peak develops at ∼175 K, which corresponds to the
temperature with strongest AFM interactions and manifests as
the inverse magnetocaloric effect (IMCE). The magnitude of
the magnetic entropy change and the transition temperatures
for the nanowires are comparable to those previously reported
for ∼36 nm particles with similar composition. However, the
−1SM values are significantly less compared to sub-micron
particles with composition La0.45Sr0.55MnO3 [35]. It is
worth mentioning that there are several previous studies
of half-doped manganite nanostructures, highlighting the

4



Figure 3. (a) Temperature dependence of magnetic entropy change; (b) M2 versus H/M (Arrott plot) curves for different temperatures.
(c), (d) Collapse of the magnetic entropy change curves onto a universal curve in the (c) IMCE and (d) MCE regions. The inset of (a) shows
the M(H) curves for all temperatures. The insets of (b) show the Arrott plots in different temperature ranges.

complete suppression of the AFM state, which was otherwise
evident in their bulk form [6, 7, 37]. In this context, the
development of AFM correlation in the present nanowires is
intriguing. Generally, the development of antiferromagnetism
in bulk half-doped manganites is associated with charge
ordering (CO), which evolves as a martensitic transition.
In the case of nanostructures, it becomes difficult to
accommodate the lattice strain associated with typical
martensitic transitions [37, 38], which eventually results
in the observed suppression of the antiferromagnetic state.
However, for the La0.5Sr0.5MnO3 compound, the AFM state
is A-type and as discussed earlier it is not related to the CO
transition. This explains why the AFM phase is stabilized in
the nanowires, and strengthens with applied magnetic field in
the IMCE region.

We also observe a positive peak at 45 K, which is
associated with the kink observed in the M(T) curves
(figure 2). This implies that, on further lowering the
temperature, the FM contributions overcome the competing
AFM interactions at ∼75 K, below which −1SM becomes
positive. One can argue that the low temperature peak ∼45 K
can originate from a first order structural transition. In order
to check this, we constructed Arrott plots as shown in
figure 3(b). The M2 versus H/M curves are grouped into
three temperature ranges corresponding to the three magnetic
transitions. Insets (i) and (ii) in figure 3(b) correspond to the
low temperature FM phase (below 70 K) and the intermediate
IMCE region (70–200 K) respectively. According to the
Banerjee criterion [39], a negative or a positive slope in the
M2 versus H/M curves can be associated with a first order
or a second order transition respectively. The absence of any

negative slope in the entire temperature range rules out the
possibility of a first order transition.

Usually for an AFM system exhibiting IMCE no
spontaneous magnetization is observed [36]. The spontaneous
magnetization in a system can be estimated by extrapolating
the M2 versus H/M curves from high H/M values and finding
the intercept on the M2 axis. Typically, for a AFM system, this
intercept passes though the origin. In contrast to this, in the
case of the nanowires, we observe spontaneous magnetization
(see inset (ii) in figure 3(a)). This can be attributed to the
presence of finite FM regions within the predominantly AFM
nanowires, which spontaneously align to a small magnetic
field.

Recently, it was shown that there exists a universal
behavior in the −1SM(H,T) curves, for materials exhibiting
IMCE [19, 40], which is different from that reported for
conventional MCE materials [41]. For IMCE materials
the magnetic entropy change −1SM follows a power law
dependence of magnetic field.

–1SM ∝ Hn. (3)

Here n is an exponent independent of H and T . In such
a case a universal master curve can be generated without
rescaling the temperature axis [19]. Figure 3(c) shows that
the −1SM(H,T) curves (selected magnetic fields in the
range of 0.2–5 T) for the nanowires in the IMCE region can
be successfully collapsed onto a universal curve following
equation (3). This suggests that such a universal behavior
also holds true for systems exhibiting phase coexistence with
second order phase transition. In addition, we have shown in
figure 3(d) that a universal master curve can also be generated
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Figure 4. (a) Representative bipolar transverse susceptibility (TS) curve at 60 K, (b) unipolar scans at selected temperatures,
(c) temperature dependence of effective anisotropy fields, and (d) temperature dependence of 1χMax

T /χT. The inset of (a) shows a magnified
view to illustrate the peaks at the anisotropy fields.

in the FM region (above 210 K) by introducing a reduced
temperature defined as

θ =
T − TP

Tr − TP
(4)

where Tr is a reference temperature corresponding to a
certain fraction F that satisfies 1SM/1SFM

Max = F, and TP is
the temperature corresponding to 1SFM

Max. Such a universal
behavior has been well studied in various ferromagnetic
systems including manganites [18, 42, 43].

Next, we extended our study to understand the influence
of such magnetic phase coexistence on the effective magnetic
anisotropy and how it evolves with temperature. The
magnetic anisotropy of a system can be directly probed
by performing a temperature and field dependent transverse
susceptibility (TS) study using a sensitive self-resonant tunnel
diode oscillator (TDO) technique [44]. In principle, we
want to exploit the fact that the effective anisotropy field
would be significantly affected by the volume fraction of
the FM phase in the nanowires. In the past, we have
demonstrated this technique as a probe to detect subtle
changes in the magnetization dynamics of nanoparticles
[22, 28], polycrystalline materials [45], nanowires [26], and
thin films [46]. Briefly, the measurement technique is as
follows. The sample is placed within an inductor which is part
of an ultrastable LC tank circuit resonating at a frequency of
f ∼ 12 MHz. The inductor is placed inside the PPMS such
that the rf magnetic field (∼10 Oe) generated inside the coil
is perpendicular to the external dc magnetic field. As the dc
magnetic field or the temperature is varied, the inductance of
the coil changes, which in turn shifts the resonant frequency

by1f . The change in the resonance frequency is proportional
to the change in the transverse susceptibility (1χT) as shown
in equation (5).

1f

f
∝

(
1χT

χT

)
% =

[χT(H)− χ sat
T ] × 100

χ sat
T

. (5)

Here, χT (H) and χ sat
T are the TS values at magnetic field

H and at saturation respectively. Further details about the
TDO technique and the experimental set-up can be found
elsewhere [44]. Typical bipolar TS measurements are made
by cooling the sample to a desired temperature, and then
sweeping the dc magnetic field from positive saturation to
negative saturation and back.

It was theoretically calculated by Aharoni et al that
three singularities would be observed in the TS curve when
the dc magnetic field is swept from positive to negative
saturation [47]. Two of these peaks occur at the positive
and negative anisotropy fields (HK), while the third peak
corresponds to the switching field (HS). Figure 4(a) shows a
typical TS curve obtained from a bipolar scan at 60 K, where
the red and the black curves were generated while sweeping
the magnetic field from positive to negative saturation (±2 T)
and vice versa. In the inset, a magnified view of the TS curves
is shown to better illustrate the peaks for the descending
curve (+HK) and the return curve (−HK). For both the
ascending and the return curves, we observe that, while
the first anisotropy peak is distinct, the second anisotropy
peak appears as a broad shoulder and is not well defined.
Generally, under experimental conditions, various factors like
particle size distribution or inter-particle interaction cause
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the negative anisotropy peak to merge with the switching
peak [48]. Hence, we will use the first anisotropy peak (±HK)

to define the anisotropy field. However, the evolution of
the second anisotropy peak provides qualitative information
about the switching behavior of the magnetic domains. In
figure 4(b), we show unipolar scans of the TS curves for
selected temperatures below TN. It can be seen that, as the
temperature is lowered, the shoulder moves to higher field
values and the asymmetry in the curves increases. This can
be attributed to the presence of a distribution in the switching
fields, possibly due to the presence of a glassy state arising
from the magnetic phase coexistence or arising from random
anisotropy, which in principle can lead to a SG phase. This
implies that, with the lowering of temperature, the system
progresses into a more frustrated state where higher fields
are required for magnetization switching. The evolution of
the anisotropy field (±HK) for bipolar scans is shown in
figure 3(c). At this point, we would like to mention that
the maximum applied field of 2 T is not sufficient to align
the highly disordered surface spins (also evident from the
M(H) curves in the inset of figure 3(a)). Hence, only the
magnetic moments at the core of the nanowires contribute
to the anisotropy peaks. In the FM region (above 210 K),
the nanowires have almost constant anisotropy; however, at
TN∼210 K, a decrease in the ±HK values is noticed, which
is consistent with the fact that, as the nanowires undergo an
FM–AFM transition, the effective anisotropy drops due to
the dominant AFM phase. Below TN, as the temperature is
lowered, we observe an increase in ±HK, indicating magnetic
phase separation with an increase in the FM volume fraction.
However, below 80 K, the increase of anisotropy field ceases
and remains close to ∼300 Oe, which suggests that at ∼80 K
the growth of ferromagnetism in the core of the nanowires
stabilizes and remains nearly constant. This is also consistent
with the magnetocaloric data (figure 3(a)), where, below
75 K, the −1SM(H,T) curves become positive, indicating
dominating FM interactions. So, the question that arises is
why we do not see any change in the anisotropy field ∼42 K
which is associated with a rise in the magnetization (figure 2)
and also a peak in the −1SM(H,T) curves (figure 3(a)).
As discussed above, since the contribution to HK is solely
from the core spins, any change to the magnetization of
the surface spins of the nanowires would not be reflected
in HK. Consequently, we can conclude that the anomaly at
∼42 K originates from the surface spins, probably undergoing
magnetic freezing. The maximum change in TS [1χMax

T /χT]

is sensitive to changes in the dynamic magnetic state of
the system. In figure 4(d), the temperature dependence of
1χMax

T /χT exhibits a peak at TN followed by a distinct drop at
∼40 K, which marks the freezing temperature of the surface
spins as discussed above.

Within the framework of a core–shell model, below 42 K,
our nanowires resemble the classic case of a SG/FM system,
where the frustrated surface moments with multiple stable
spin configurations are glassy, and the core is predominantly
ferromagnetic [49]. If the hypothesis is true, one would expect
the development of an exchange coupling between the core
and the surface spins, which should manifest as an exchange

Figure 5. (a) M(H) hysteresis loops at 10 K under FC (2 T) and
ZFC conditions; (b) temperature dependence of exchange bias field.
The inset of (a) shows a magnified view at low fields.

bias (EB) effect. This was verified by field cooling (2 T) the
nanowires to 5 K before measuring hysteresis loops. A clear
shift of the FC loop (figure 5(a)) along the negative field
axis confirms EB in the system. The EB field is calculated

as HEB =

[
|H++H−|

2

]
, where H+ and H− are the coercive

fields for the ascending and descending curves respectively.
Also, we notice an increase in the coercive field of the
FC loop accompanied by vertical shift (figure 5(a)), which
suggests enhanced unidirectional anisotropy. The temperature
dependence of EB is shown in figure 5(b). It is widely
accepted for phase separated materials that the coexistence
of FM clusters in an AFM matrix leads to the natural
FM/AFM interfaces, as a result of which EB may develop
[50, 51]. However, the nanowires are found to exhibit no
EB above 45 K, even though phase coexistence persists up
to TN. As expected, above 45 K, due to lack of sufficient
exchange coupling between the disordered surface spins and
the core, EB vanishes. EB manifests only below the freezing
temperature of the surface spins. Perhaps this can be explained
based on an increase in the surface hydrostatic pressure upon
size reduction, which results in enhanced ferromagnetism of
the core spins [7]. For EB to develop in a system, there must
exists two exchange coupled phases: one reversible phase, and
one fixed phase that cannot be reversed in the field range
of measurements [52]. In case of the nanowires, while the
predominantly FM core spins are reversible, the disordered
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frozen surface spins behave as the fixed magnetic phase.
Above TL, due to the unfreezing of the surface spins, they
begin to rotate with the core spins on sweeping the magnetic
field, which results in disappearance of the EB effect.

In summary, single crystalline LSMO nanowires were
synthesized by the hydrothermal technique. We performed dc
and ac magnetic, magnetocaloric and transverse susceptibility
studies to understand the temperature and field dependent
magnetization dynamics of the nanowires. The nanowires
undergo a PM–FM transition at TC ∼ 310 K followed by an
FM–AFM transition at TN ∼ 210 K, exhibiting conventional
MCE and IMCE respectively. Our results point to the presence
of magnetic phase coexistence with competing DE and SE
interactions arising from the FM and AFM domains. As the
temperature is lowered, the FM volume fraction increases and
overcomes the AFM interactions (∼75 K), which is marked
by re-entrance of conventional MCE. On further lowering the
temperature (∼42 K), the surface spins undergo a freezing
phenomenon with weak frequency dependence. It is to be
stressed that, precisely at the surface spin freezing temperature
(TL), we observe the onset of EB.
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