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Abstract.  The perovskite compound LaMnOs3 has gained interest due to its role as a fundamental building block in some
heterostructures and its fascinating magnetic phase diagram. In bulk stoichiometric form, LMO displays A-type antiferromag-
netic order. However, thin films exhibit ferromagnetic properties and spontaneous magnetization reversal for zero field cooled
(ZFC) magnetization cycles. Our study examined the field-dependent variation of blocking (7), freezing (T¥), and compensation
(Tomp) temperature associated with the ZFC cycle. The blocking temperature follows the relation Tz(H) = Tz(0)(1 —H/ Hg)?,
typical of magnetic nanoparticles indicating nanoclusters of spins in the thin film. The freezing and compensation temperatures
exhibited exponential decay with increasing field. We examined the temperature dependence of coercivity and exchange bias.
The observed trend in coercivity, combined with the absence of exchange bias, supports the presence of a mixture of weakly
interacting superparamagnetic and antiferromagnetic phases. Below the blocking temperature coercivity follows the relationship
He(T) = Heo[1 — (T T3) "2,
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INTRODUCTION

The LaMnOs3 (LMO) exhibits a rich phase diagram due to
the strong coupling between its charge, spin, and lattice
degrees of freedom [1, 2]. The unique properties of LMO
make it highly valuable for various applications in ad-
vanced technology memory, sensor, and data transmission
technology. Ferromagnetic materials can exhibit magne-
toresistive effects, which change in response to an applied
magnetic field [3], and have ferromagnetic resonance un-
der microwave and terahertz radiation [4] for data trans-
mission. For example, the commonly fabricated ferro-
magnetic thin film device is the magnetic tunnel junctions
(MTIJs) [5]. In the development of MT]Js, incorporating
an additional layer of antiferromagnetic material onto the
ferromagnetic reference layer can increase the coerciv-
ity of the ferromagnetic layer through the exchange bias
mechanism. This enhancement in coercivity is beneficial
as it broadens the detection range of the magnetic field.
In some applications, the magnetic order in these layers
may differ from that in the bulk material, influencing the
performance and characteristics of the device.

Bulk stoichiometric LMO typically exhibits A-type
antiferromagnetic (AFM) order [6]. Interestingly, when
LMO is synthesized as thin films, it can display different
magnetic properties compared to its bulk form. These
thin films have been reported to exhibit ferromagnetic be-
havior [7] and even spontaneous magnetization reversal,
which is quite different from the antiferromagnetic order
observed in the bulk material [8, 9].

In magnetization studies, the bifurcation between field-
cooled (FC) and zero-field-cooled (ZFC) curves in a mag-
netization vs. temperature measurement can provide sig-
nificant insights into the magnetic nature of a material.
This bifurcation often indicates a mixture of superpara-
magnetic and ferromagnetic phases within the material
[10]. When these two phases coexist, the FC and ZFC
curves diverge below a certain temperature, often called to
as the blocking temperature. Below this temperature, the
superparamagnetic particles become blocked, and their
magnetization cannot easily flip, leading to a difference
in the magnetization behavior when measured with and
without an applied magnetic field during cooling. To un-
derstand the interaction between these different magnetic
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phases, one could imagine that the superparamagnetic be-
havior is a diamagnetic phase that is influencing the fer-
romagnetic phase. For strong applied external magnetic
fields, the ferromagnetic regions will dominate and align
with the applied field, overcoming the opposition from
the diamagnetic regions. For weak fields, the diamag-
netic regions may have a more significant influence, po-
tentially causing the ferromagnetic regions to align with
the field produced by the diamagnetic regions rather than
the weak external field. This complex interplay can lead
to various magnetic behaviors, depending on the relative
strengths of the diamagnetic and ferromagnetic regions
and the applied field. In reality, the non-ferromagnetic
phase is probing in exchange spring.

The observed magnetization reversal would be a result
of the competition between these two magnetic interac-
tions [8]. Magnetization reversal in certain materials can
arise due to various complex magnetic interactions. For
example, in RTO3 type compounds, there is antiferromag-
netic coupling between rare-earth (R: Gd, Pr, and Nd) ele-
ments and transition metals (T: Cr) may be responsible for
the magnetization reversal [11]. In YMngsCry503 ox-
ide, the competition between the Dzyaloshinsky-Moriya
(DM) interaction and single-ion anisotropy can lead to
magnetization reversal. To study the zero-field-cooled
(ZFC) magnetization of LMO, thin films were grown on
the same substrate (e.g., SrTiO3 (STO) and under simi-
lar conditions, with varying thickness. The influence of
temperature, magnetizing field, and thin film thickness on
the magnetization is considered. Temperature dependent
coercivity and exchange bias has been calculated. Mag-
netism is often described as a collective phenomenon aris-
ing from the behavior and distribution of spins within a
material [12]. The magnetic properties observed in this
study has been compared to analogous systems, particu-
larly phenomenological fits for nanoparticles. Our thin
films exhibit similar magnetic properties of nanoparticles
[13].

EXPERIMENTAL

LMO thin films were grown on 5 x 10 mm? and 0.5 mm
thick commercial SrTiO3 (001) substrates. Substrates
were baked at 1100 °C and then cleaned successively
with acetone, isopropanol, and deionized water [14]. Thin
films were grown in a 100% oxygen environment inside
a pulsed laser deposition (PLD) chamber, maintaining an
oxygen pressure of 30 mTorr. The substrates were heated
in-situ to 750 °C at the rate of 15 °C/min and held at this
temperature during the deposition. The LaMnO3 plume
was produced by bombarding the KrF excimer laser pulse
(248 nm) having an energy of 300 mJ and a repetition rate
of 5 Hz (fluence = 3.1 J/cm?). After deposition, all sam-
ples were cooled down to room temperature at a rate of

15 °C/min in the same oxygen environment and pressure
as during deposition.

The layer-by-layer growth of LaMnO3 was monitored
using an in-situ reflection high-energy electron diffrac-
tion (RHEED) [15]. The bright spots shown in Figure
la indicate where many electrons reach the detector. The
observed lines are Kikuchi line patterns formed by elec-
tron scattering. Figure 1b is diffraction after deposition.
Sharp and well-defined RHEED diffraction patterns after
deposition indicate a highly crystalline thin film. Figure
1c shows the RHEED patterns and oscillations during the
growth of LMO films. The number of oscillations give
the count for number of unit cell (uc) deposited on the
substrate. The presence of RHEED oscillation and XRD
peaks indicate the high quality of the thin films. As the
oxygen pressure in the PLD chamber increases, the ki-
netic energy of the atomic and molecular species arriving
at the substrate decreases, resulting in a delayed deposi-
tion rate. On average, the growth of one layer of the thin
film requires 14 seconds at the pressure of 30 mTorr.
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FIGURE 1. a) and b) RHEED diffraction patterns of STO sub-
strate and 4.8 nm sample LMO/STO thin film after grown at
30 mTorr pressure, and ¢c) RHEED intensity oscillation for the
LMO film on STO, monitored at the circled point.

The c-lattice parameter was determined by x-ray diffrac-
tion. We used the Bruker D8 Discovery X-ray Diffrac-
tometer, which employs Cu K, x-ray radiation (wave-
length, A = 1.5405 A) as an X-ray source and 4 bounce
monochromators for the high-resolution X-ray diffrac-
tion. Figure 2 shows a (20 — w) XRD pattern around sub-
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FIGURE 2. XRD of LMO (002) peak. The shoulder to the right
indicates the LMO thin film.

strate’s (002) diffraction peak. The bulk LMO and STO
have a pseudo-cubic perovskite crystal structure with a
lattice parameter of aryo = 3.88 A and asto = 3.905 A,
respectively. The peak position of the thin film was de-
termined by fitting a pseudo-Voigt function as described
in reference [16]. The c-lattice parameter has been cal-
culated as 3.897 + 0.023 A. Thicknesses were estimated
by multiplying the number of unit cells from the RHEED
oscillations and c-lattice parameter, as 4.8 = 0.027 nm,
28.0 £ 0.023 nm, and 51.0 + 0.021 nm. Samples are
named according to their thickness: 4.8 nm, 28 nm, and
51 nm.

The temperature and field-dependent magnetization of
the LMO samples were measured by using a vibrating
sample magnetometer (VSM) with a Quantum Design
physical property measurement system (PPMS-9T). The
DC magnetization was measured using cycles of zero
field-cooled (ZFC) and field-cooled (FC) methods. Dur-
ing the ZFC cycle, the sample was cooled to 5 K without
any applied field and then measured while warming up
in the presence of a measuring field H. In the FC cycle,
the sample was cooled and measured under the applied
field H. For each measurement cycle, the sample was
held at 5 K for 15 minutes to ensure temperature stability.
Then a measuring field (H) was applied. After finishing
the measurement, the coils were demagnetized at room
temperature (or at higher) to remove residuals magnetic
field before cooling down the sample.

RESULTS AND DISCUSSION

The STO substrate exhibits diamagnetic properties [17],
with its magnetic moment being a linear function of the
applied magnetic field H, described by My, = xpiaH. As-
suming the magnetization of the samples is a superposi-

tion of two contributions - ferromagnetic/paramagnetic(MFp,;),

and diamagnetic (Mp;,) - the total magnetization of the
sample can be expressed as: M = Mrp,(r i) + XpiaH . For
the M vs T graph, the constant negative value of M at
sufficiently higher temperature than the Curie temper-
ature; and in the case of M vs H, a negative slope at
higher H indicates the diamagnetic contribution from the
STO substrate. The plots of M vs T for the ZFC and FC
cases measured at different H are shown in Figure 3 after
subtraction of the diamagnetic contribution of the STO
substrate. The measured magnetic moment is scaled to
the volume of the film (thickness x area).

A bifurcation between FC and ZFC magnetization has
been observed below the blocking temperature (7). The
bifurcation represents the temperature above which all
spins are unblocked [18]. Examining the FC curves,
the magnetization decreases with increasing tempera-
ture, which is typical in ferromagnetic materials. Ferro-
magnetism is present only below a certain temperature,
known as the ferromagnetic transition temperature or
Curie temperature 7¢. Above the Curie temperature, the
material is paramagnetic, and its susceptibility is given
by M/H =y = C/(T — T¢). For 51 nm sample, T¢ has
been calculated as 76.21 K which is below the Néel tem-
perature of bulk LMO. The remaining samples have also
Curie temperature in the similar range of 51 nm sample.
The 51 nm sample has a noticeable bump at 141 K (in-
dicated by a vertical line in Figure 3c) which is the Néel
temperature of bulk antiferromagnetic LMO. This bump
is less noticeable for the 28 nm sample, and absent in the
thinnest sample.

Let’s look at the strength of magnetization. For in-
stance, at 20 Oe, the maximum magnetization under FC is
45, 30, and 20 emu/cm? for 4.8, 28, and 51 nm samples,
respectively. The maximum value of magnetization de-
crease with the increase in thickness of the thin film. This
is correlated with the evolution of the AFM phase with the
thin film thickness. Magnetization after 500 Oe slightly
increases reaching to saturation. The saturation magneti-
zation ranges from 54 -100 emu/cm? for the thickest to
thinnest thin films. For the 28 nm sample, the satura-
tion magnetization is 60 emu/cm?, which is 0.35 up per
formula unit by considering a uniform lattice constant.
This magnetic moment suggests a dilute ferromagnetic or
canted antiferromagnetic property.
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FIGURE 3. Temperature dependent magnetization M(T) curves under ZFC and FC processes with different magnetic fields for a)
4.8 nm, b) 28 nm , and c) 51 nm thick thin films. Vertical line at 141 K represents Néel temperature of bulk LMO.

1. Magnetizing field dependent blocking,
freezing, and compensation temperatures

The temperature-dependent magnetization (M vs T) mea-
surements of the samples of different thicknesses samples
were conducted under magnetizing fields of H = 20, 50,
100, 200, 500, 700, and 1000 Oe in Figure 3. The ZFC
negative magnetization was observed in the samples at
lower measuring fields, with the effect being more pro-
nounced in thinner samples. In particular, the 4.7 nm
and 28 nm samples exhibit negative magnetization up to a
field strength exceeding 200 Oe, whereas the 51 nm sam-
ple shows this behavior only at fields below 100 Oe. This
indicates that thinner samples, such as the 4.7 nm and
28 nm films, exhibit stronger negative magnetization ef-
fects compared to the thicker 51 nm sample, suggesting a
correlation between sample thickness and the strength of
negative magnetization.

As the temperature increases, the ZFC magnetization
curve M(T) starts from a negative value, becomes zero at
Teomp» and progressively rises until the freezing temper-
ature Ty which is the maximum of the ZFC curve. Fi-

nally, it merges with the FC curve near Tp. The order of
these critical temperatures is Teomp < Ty < Tg. The Teomp,
the 7y, and the T are shown in Figure 3 with arrows.
However, the Curie temperature 7¢ can be either above or
below Tp. Specifically, T < Tp for thicker samples and
lower H. The variation of Ty, Tp, and Tcemp with respect
to H is shown in Figure 4.

The decreasing trend of Tp with increasing measur-
ing field H can be explained by Kneller’s law: Tg(H) =
Tp(0)(1 — H/Hg)? [19]. Here, Tp(0) represents maxi-
mum blocking temperature, and Hg represents the max-
imum field above which blocking temperature (bifurca-
tion) does not exist. Although 73(0) is different for 28
nm and 4.8 nm thick thin films, Hx is comparable at 1048
Oe. The presence of Tp is indicative of spin clusters. The
size of spin clusters can be estimated by knowing the
anisotropy constant of the film.

The shifting trends of the freezing temperature 77 and
compensation temperature T, do not follow Kneller’s
law but instead follow an exponential decay with increas-
ing measuring field. The Ty, (H) data fit a single expo-
nential decay: Tiomp(0) +A % exp(—(H — Hp)/m1). The
decay constant 1; was observed to be the same for both
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FIGURE 4. Variation of blocking temperature, freezing tem-
perature, compensation temperature with increasing magnetic
fields for 4.8 nm and 28 nm. Solid line is the fitting of the data.

samples, at 46.8 == 1.8 Oe. In the ZFC of the 51 nm thick
sample, two maxima are observed. The higher tempera-
ture maximum is associated with the AFM phase which
diminishes for the 28 nm thick sample and disappears
for the 4.8 nm thick sample. The lower temperature side
maximum is associated with the spin freezing tempera-
ture of superparamagnetic phase. The variation of Ty(H)
is similar to the behavior of the freezing curve described
in ref [20], and it is with a fitted double exponential de-
cay: Tr(H) = Tr(0) + Al x exp(—(H — Hp)/m1) + A2 *
exp(—(H — Hp)/n2). Here, 1 for thin and thicker sam-
ples is similar (41.7 Oe) but 1, is significantly different
(402 and 238 Oe for 28 and 4.8 nm thick samples, respec-
tively) which can indicate a thickness effect.

2. Temperature dependent hysteresis,
coercivity, and exchange bias
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FIGURE 5. Hysteresis loops for 28 nm thick LaMnO3 thin
film.
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FIGURE 6. Temperature variation of coercivity (H,) and ex-
change bias field (Hgp) for 28 nm thick LaMnOs3 thin film. The
inset shows the fitted data.

To investigate the coercivity and the possible occur-
rence of the exchange bias effect, the sample is cooled
down to 5 K from room temperature in the ZFC state.
Hysteresis loops are recorded between 20 K to 150 K.
Hysteresis taken at 20, 80, and 100 K has been plotted
in Figure 5, where H and H. represent the positive
and negative coercive fields, respectively. The coercive
field (H,.) and exchange bias (Hgp) have been estimated
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HE-Hg HI+HE .
as |“5—<| and |[-“5—<|, respectively. The tempera-

ture variation of the exchange bias field (Hgp) and the
coercive field (H,) is shown in Figure 6. H, is large at
the lower temperatures region, decreases with increas-
ing temperature and reaches to minimum at 80 K which
is near the Curie temperature. It then increases rapidly,
reaching a maximum near 100 K before decreasing again.
This trend of H, is similar to that observed in NiO powder
samples and in Monte Carlo simulations of antiferromag-
netic nanoparticles [21], where the coercivity is minimal
for small nanoparticles and maximized for large single
domain nanoparticles [22]. Equivalently, the distribution
of spins is in nanoclusters in the case of thin films. Addi-
tionally, composites of ferromagnetic (FM) and antiferro-
magnetic (AFM) exhibit exchange bias due to interfacial
interaction between FM and AFM particles or thin films.
This exchange interaction is evidenced by a shift of the
hysteresis loops along the field axis below the ordering
temperature of the AFM phase [23]. No shift of the hys-
teresis loops has been observed. The absence of exchange
bias is correlated with the very small particle size [21].

For randomly oriented and non-interacting nanoparti-
cles, the temperature-dependent coercive field for temper-
ature range 0 — T varies as Ho(T) = Heo[l — (T /T) /%]
[24]. Here, Tp represents the superparamagnetic blocking
temperature of the nanoparticles. Hco represents the co-
ercivity at T = 0 K. This equation has been fitted for the
temperature range 20 - 80 K. The fitted blocking temper-
ature Tp is 78 £ 4 K, which is close to the actual blocking
temperature obtained from M vs T with an applied mag-
netizing field of 200 Oe.

3. Field dependent magnetization.

In addition to the minimum coercivity measured for the
28 nm thick sample, the M(H) loop has some extra fea-
tures which have been indicated by an arrow in Figure
7 for the hysteresis measured at 80K. This suggests the
presence of coercivity from another phase, which can be
separated by fitting the following function [25].

Hc

H+H H+
M(H)=Al arctanilc1 + A2 arctan
w

where A; are the amplitudes of the component loops, Hc;
are the coercivities, w; are the broadenings. Here, the in-
dex 1 denotes the soft (low coercivity) loop, while 2 de-
notes the hard (large coercivity) component. The fit to
the hysteresis data is shown in Figure 7, revealing a good
fit to the model. From the fit, Hoj= 2.5 Oe and A1 = 11
emu/cc for the 1st phase, while Hep= 56 Oe and A2 = 16
emu/cc for the second phase were extracted.
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FIGURE 7. Fitting of hysteresis loops. Loops 1 and 2 are for
decreasing and increasing magnetizing fields.

CONCLUSION

In this study, we investigated the magnetic properties of
LaMnOs3 thin films, revealing the presence of two dis-
tinct magnetic phases. The distribution of spins has been
studied by some phenomenological fitting and comparing
with similar systems. The separation of magnetization
for the FC and ZFC data suggests the two distinct mag-
netic phases including superparamagnetic phase. Fer-
romagnetic nanoclusters of spins is playing the role of
superparamangetic phase. From the FC cycle, magnetic
moment per formula unit has been estimated as 0.35 up
which indicates a dilute ferromagnetic property. The
blocking temperature’s dependence on the applied mag-
netic field follows a relation typical of magnetic nanopar-
ticles, indicating the formation of nanoclusters in the thin
film. The freezing and compensation temperatures exhibit
exponential decay with increasing field. The observation
of trend of temperature dependent coercivity and no ex-
change bias indicate that the thin films have a mixture of
weakly interacting superparamagnetic and antiferromag-
netic phases. The antiferromangetic ordering of spins
in LaMnO3 cannot be overlooked. Ultimately, our thin
film exhibits magnetic properties similar to a mixture of
superparamagnetic and antiferromagnetic nanoparticles.
The spontaneous magnetization reversal observed in the
ZFC magnetization cycle is likely associated with super-
paramagnetic nanoclusters that are weakly pinned to the
antiferromagnetic phase. This comprehensive study of
the fascinating magnetic properties-magnetization rever-
sal in LaMnOj3 during ZFC provides valuable insights
for further exploration of its applications in magnetic
heterostructure devices.
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