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Multiple magnetic phase 
transitions with different 
universality classes in bilayer La

1.4

Sr
1.6

Mn
2
O
7
 manganite
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Here, we report three magnetic transitions at 101 K (T
C1

 ), 246 K (T
C2

 ) and 295 K (T
C3

 ) in bilayer La
1.4

Sr
1.6

Mn
2
O
7
 . The second order phase transitions have been identified at these transition points with 

the help of change in entropy analysis and modified Arrott plots (MAPs). The critical behavior around 
T 
C1

 , T 
C2

 and T 
C3

 have been studied by MAPs and Kouvel–Fisher method. Based on these analyses 
four magnetic phases are: (1) 2D Ising ferromagnetic (FM) below T 

C1
,(2) 2D Heisenberg canted 

antiferromagnetic (CAFM-I) and FM clusters in temperature range T 
C1

 < T < T 
C2

 , (3) 2D Heisenberg 
CAFM-II and FM clusters with non magnetically interacting planes in temperature range T 

C2
 < T < T 

C3
 

and (4) paramagnetic for T > T 
C3

.

Two-dimensional (2D) materials, due to their versatile transport,  optical1, thermal and mechanical properties, 
and their applications in various kind of  devices2,3, become the subject of intense research activities. Though, 
magnetism in Van der Waals monolayer and hetrostructures is an active area of  research4,5, but a conspicuous 
missing field of the research activities of conventional (non Van der Waals systems) 2D materials is their magnetic 
properties. Generally, theorists are pessimistic about spontaneous magnetism and magnetic phase transition 
in 2D systems. All the three-dimensional (3D) systems show magnetic phase transition at a finite temperature 
while in the one-dimension long-range ordering is possible only at absolute zero  temperature6,7. But, the 2D 
systems being at the border of these two extremes, leads to a complex situation. In 2D system, the existence 
of long-range order at finite temperature strongly depends on spin dimensionality n, which is determined by 
the physical parameters of the  systems8. According to the Hohenberg–Mermin–Wagner  theorem6,7, thermal 
fluctuations destroy the long-range magnetic order in 2D systems at any finite temperature for spin dimension 
n = 3 because the continuous symmetry of isotropic Heisenberg model leads to gapless long wavelength excita-
tions (spin waves)9. For spin dimensionality n = 1 , the exact solution of 2D Ising  model10,11 shows that a phase 
transition from disordered phase to magnetically ordered phase occurs at T C > 0. Ising model is the simplified 
version of the isotropic Heisenberg model in which nearest neighbor interactions are considered. In Ising model 
non-diagonal terms of the spin matrices are neglected, leading to stabilization of ferromagnetism in 2D. In this 
case, anisotropic exchange interaction can be given by Hamiltonian:

where Jx , Jy , and Jz are exchange strength in x, y, and z directions, respectively and they are unequal. In addition 
to anisotropic exchange interaction or Ising interaction, dipole-dipole interaction, external magnetic field and 
interaction between different layers in 2D system may also stabilize spontaneous  magnetization12. In particular, 
dipole-dipole interaction will be important in systems with centrosymmetry, such as manganites. In case of 
non-centrosymmetric systems, another anisotropic exchange interaction called Dzyaloshinskii Moriya interac-
tion can also help in stabilization of ferromagnetism/antiferromagnetism in 2D  systems13. Here, the anisotropy 
of the system favors a specific spin component which opens a gap in the spin wave spectrum that suppress the 
effect of thermal fluctuations. The planar 2D magnets ( n = 2 ), described by XY model, shows no transition from 
disordered state to long-range ordered state, although the susceptibility diverges below a finite temperature. 
 Berezinskii14, Kosterlitz and  Thouless15 have shown that this divergence is associated with an onset of topological 
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order which is characterized by an algebraic decay of spin correlations and by the presence of bound pairs of 
vortex and anti-vortex arrangements of spins. Hence, below the Kosterlitz-Thouless temperature T KT , quasi long-
range magnetic order is established and the existence of a finite order parameter is suppressed only marginally 
with the system size. It is very difficult to achieve true 2D magnetic  crystals16–18. The critical phenomena has been 
experimentally validated in thin films of magnetic  materials19,20 or in 3D layered transition metal  compounds21, 
which is a stack of weakly-coupled 2D magnetic layers. Most of the 2D magnetic systems either show 2D Ising 
ferromagnetic (FM)22 or 2D  Heisenberg23–25 and 2D  XY26–28 with antiferromagnetic (AFM) coupling between 
nearest neighbor spins or their crossover from one 2D phase to other 2D phase caused by reorientation of spins 
with temperature. In this context, it will be worthwhile to investigate in detail the anisotropic exchange interac-
tion on the magnetic properties and magnetic phase transition in quasi-two-dimensional (Q2D) magnetic layers 
embedded in 3D matrix, such as bilayer manganites La2−2xSr1+2xMn2O7 . Moreover, recently bilayer manganites 
have received reneard attention due to the observation of different topological spin structures, such as skyrmion 
bubbles and  biskyrmion29,30. Hence, it is more relevant to investigate phase transition and critical phenomena 
in bilayer manganite to reveal the nature of the exchange interaction responsible for these topological spin 
structures. For the layered systems, Eq. (1) may be modified by substituting Jx = Jy = Jab and Jz = (J ′ + Jc ), the 
parameters J ab , J c and J ′  are intra planer, intra bilayer and inter bilayer interactions, respectively, as shown in 
Fig. 1. The anisotropic exchange Hamiltonian becomes:

The strength of magnetic anisotropy along a particular direction (axis or plane) is decided by the ratio of 
Jab and ( J ′ + Jc ). The exchange parameters J ′ , Jc and Jab are temperature dependent as discussed later in "Phase 
transitions in  La1.4Sr1.6Mn2O7" section. Eq. (2) is similar to the XXZ model  Hamiltonian31.

The perovskite bilayer La1.4Sr1.6Mn2O7 (BL-LSMO-0.3) manganite belongs to a particular composition of 
bilayer series La2−2xSr1+2xMn2O7 which is a member of Ruddlesden–Popper (RP) series manganites (La, Sr)m+1

MnmO3m+1 having centrosymmetric structure, where m = 1, 2, 3, ...,∞ implies monolayer (La, Sr)2 Mn O 4 (La1−x

Sr1+xMnO4 ), bilayer (La, Sr)3Mn2O7 (La2−2xSr1+2xMn2O7 ), trilayer (La, Sr)4Mn3O10 (La3−3xSr1+3xMn3O10)..., 
infinite layer (La, Sr)MnO3 (La1−xSrxMnO3 ),  respectively32. Structurally, m represents the number of stacked 
MnO2 planes between (La, Sr)O block  layers33. Hence, bilayer La2−2xSr1+2xMn2O7 is composed of an alternate 
stacking of two stacked MnO2 planar layer (a magnetic conducting bilayer) and (La, Sr)2O2 (a non-magnetic 
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Figure 1.  Schematic diagram of stacked bilayer La2−2xSr1+2xMn2O7 : two consecutive bilayers are separated 
by insulating layer. The parameters J ′  , J c and J ab are magnetic interaction strength between Mn ions in MnO2 
planes separated by an insulating layer, Mn ions of different MnO2 planes in the bilayer and Mn ions in a MnO2 
plane, respectively.
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insulating) rock-salt layer along c-axis34, resulting Q2D layered structure as shown schematically in Fig. 1. Con-
ducting and FM nature of the stacked MnO2 layers are caused by double exchange (DE)  interaction35 in presence 
of mixed oxidation state of Mn (Mn+3/Mn4+ ). According to the DE mechanism, electrons hop in e g orbitals 
between neighboring Mn3+ and Mn4+ sites with strong on-site Hund’s coupling, through O 2− ions. This leads 
to enhance charge transport in the FM state when the local Mn d-shell spins are parallel. Thus, the hopping 
electrons promote FM ordering of neighboring Mn sites because they tend to preserve their spin direction. Each 
bilayer consists of two MnO2 layer (2D plane) attached by Mn–O–Mn bonding perpendicular to the plane of 
MnO2 layer, and form Q2D layer. These bilayers are conducting and their conducting behavior is enhanced at 
low temperature due to magnetic DE interaction between Mn4+ and Mn3+ ions while (La, Sr)2O2 rock-salt lay-
ers having no charge carriers, are insulating. Hence, bilayer La2−2xSr1+2xMn2O7 forms conducting-insulating 
pattern. In the layered structure of bilayer La2−2xSr1+2xMn2O7 , some intriguing phenomena such as strong 
anisotropy and some other complex properties have been  studied34,36–44. The magnetic and structural properties 
of bilayer La2−2xSr1+2xMn2O7 manganites have been studied by neutron powder diffraction in the region 0.3 ≤ 
x ≤ 1, giving a rich magnetic and structural phase  diagram45. A small change in doping concentration in bilayer 
La2−2xSr1+2xMn2O7 , induces a significant change in magnetic characteristics from uniaxial ferromagnetism 
(0.313 ≤ x < 0.32) to planar ferromagnetism (0.32 ≤ x ≤ 0.35)46. The magnetic structures of bilayer La2−2xSr1+2x

Mn2O7 (x = 0.315)using neutron diffraction measurements have been shown to be uniaxial 2D Ising FM below 
60 K, canted antiferromagnetic (CAFM) in between 60 K and 115 K, and paramagnetic (PM) above 115  K47. 
Previous reports on bilayer La2−2xSr1+2xMn2O7 (x= 0.3, 0.33, 0.34, 0.4, etc.) manganite perovskites claim that 
there is a 2D short-range (SR) FM ordering between 3D FM (T < T C ), and PM phase (T > T C ), where T C is 
transition  temperature40,48,49. The critical behavior of cubic perovskite infinite layer manganites La1−xSrxMnO3 
have been studied thoroughly for different doping  concentrations50–58, while bilayer La2−2xSr1+2xMn2O7 is not 
much studied, the only most studied composition is La1.2Sr1.8Mn2O7 (x = 0.4)59. Specific heat measurement of 
La1.2Sr1.8Mn2O7 shows a planar XY or 2D-Ising critical  fluctuation60. The neutron scattering  experiments61, have 
shown that there is existence of 2D Ising interaction with β = 0.13 below T C = 116 K for x = 0.4 and above 116 
K there is coexistence of FM and AFM clusters. Spins in one plane are canted in different direction with respect 
to the spins in the other plane of the bilayer. This is due to the superexchange (SE) interaction between Mn ions 
of these two MnO2 planes, which results to the AFM coupling between the planes. The canting angle between 
two spins of different MnO2 planes decreases with an increase in magnetic field. The critical behavior of La1.2
Sr1.8Mn2O7 follows none of the standard universality  classes62. Later on, Thanh et al. again studied the critical 
behavior of La1.2Sr1.8Mn2O7 and have shown that the universality class changes with the applied magnetic  field59. 
In the bilayer manganites, most of the  reports49,60–63 have shown that there exists only one transition from 2D 
Ising FM to PM, although AFM and FM couplings were observed after  transition47,61. Some of these  reports47,61 
show the temperature and field dependent canting with AFM states as well as SR ordered competing AFM and 
FM clusters. It appears that all these works are unconnected and ambiguous because they do not provide the 
comprehensive view of the magnetic properties and phase transition between different phases.

Here, we show that BL-LSMO-0.3 undergoes multiple magnetic phase transitions at T C1 ≈ 101 K, T C2 ≈ 246 
K and T C3 ≈ 295 K. All these transitions have been investigated by the change in entropy and their critical behav-
ior. All three magnetic phase transitions are second order, and all four phases are 2D Ising FM (below T C1 ), 2D 
Heisenberg CAFM (TC1 to T C2 and T C2 to T C3 ) and PM (above T C3 ). In this context, it is worthwhile to mention 
that the existence of competition between different exchange interactions give rise to multiple phases with mul-
tiple phase transitions as we have shown recently in Cu2OSeO3

64, which is a skyrmion host helimagnetic system.

Experimental details
BL-LSMO-0.3 and infinite layer La0.7Sr0.3MnO3 (IL-LSMO-0.3) sample were prepared by standard solid-state 
reaction method. High purity La2O3 (Sigma Aldrich 99.99%), SrCO3 (Alfa Aesar 99.995%), and MnO2 (Alfa 
Aesar 99.997%) were used as precursor. The precursors La

2
O3 , and SrCO3 were pre-heated at 1000 ◦ C for 12 

h and at 150 ◦ C for 12 h, respectively, to avoid any error in weight due to some expected moisture. Required 
stoichiometric ratio of these precursors for BL-LSMO-0.3 and IL-LSMO-0.3 were mixed homogeneously by 
grinding. The BL-LSMO-0.3 was calcined at 1050 ◦ C for 48 h and sintered at 1400 ◦ C for 36 h. Similarly, IL-
LSMO-0.3 was calcined at 1050 ◦ C for 24 h and sintered at 1400 ◦ C for 15 h. The final step was repeated to obtain 
the single phase of the  samples65,66. All the reaction process takes place in the air at ambient pressure so that 
samples be prepared in the proper stoichiometric ratio. The X-ray diffraction (XRD) data of the samples were 
collected using Rigaku X-ray diffractometer with Cu-Kα line. The high precision magnetic measurements were 
carried out using the physical properties measurement system (PPMS) in three different ways; (1) Field cooled 
(FC) temperature scans: the sample was cooled from room temperature to the desired low temperature under 
an external field, and temperature-dependent magnetization (M-T) data were recorded during warming in the 
presence of the magnetic field. (2) Zero field cooled (ZFC) temperature scans: the sample was brought at low 
temperature in absence of magnetic field, and then data were collected during warming by applying a magnetic 
field. (3) Magnetic field scans: the sample was brought at the various temperatures and held until the thermal 
equilibrium was reached. First quadrant magnetization (M-H) data for BL-LSMO-0.3 were collected up to 5 T in 
step of 10 mT from 0 to 500 mT, and then step size was increased to 200 mT for above 500 mT. Four quadrant M-H 
data were also collected at 10 K and 130 K to explore the different magnetic behaviors of respective phase regions.

Results and discussion
X-ray diffraction analysis. X-Ray diffraction (XRD) of the BL-LSMO-0.3 sample was used to investigate 
its phase purity and crystal structure. The Rietveld refinement of XRD using Fullprof software (Fig. 2a) shows 
that the BL-LSMO-0.3 sample crystallizes in tetragonal structure with the lattice parameters a = b = 3.871 
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Å and c = 20.215 Å and the I4/mmm space group. The value of refined parameters are shown in the Table 1. The 
absence of impurity peak has confirmed the single-phase formation of the BL-LSMO-0.3. The crystal structure 
(Fig. 2b) for our sample was constructed in axial view with the help of VESTA software using refined crystal 
parameters of XRD data. The unit cell consists of ten MnO6 octahedrons, out of which two are inside, and the 
remaining eight are sitting at the corners of the unit cell. The in-plane sharing of O atoms with octahedron forms 
the MnO2 planes. The bilayer MnO2 planes and rock-salt layers are stacked alternately i.e., two successive MnO2 
planes are separated by one rock-salt layer and thus forming Q2D layer. The distance between two MnO2 planes 
in the bilayer is ≈ 3.96 Å, and the bilayer repeat distance is ≈ 9.90 Å.

Anistropy in La
1.4

Sr
1.6

Mn
2
O
7
. Figure 3a shows multiple magnetic phase transitions at T C1 , T C2 and T C3 

having significant bifurcation between FC and ZFC for BL-LSMO-0.3 while Fig. 3b indicates one transition at 
368 K for IL-LSMO-0.3. Generally, if a magnetic system undergoes a magnetic phase transition, the FC and 
ZFC curves show a bifurcation below transition, and both curves meet near the transition  point67. The diver-
gence between FC and ZFC is high below transition temperature in spin glass system due to strong magnetic 
 frustration68. However, divergence between FC and ZFC is always observed in magnetically ordered system, as 
 well67,69, though the extent of divergence is much smaller in magnetically ordered system compared to spin glass. 
Ideally, there should not be any difference between magnetization under FC and ZFC in homogeneous and iso-
tropic magnetically ordered systems. The origin of divergence in differently ordered magnetic system is not com-
pletely understood, though a number of possible mechanisms, such as magnetocrystalline anisotropy, anisot-
ropy due to reduced dimension, competition between FM and AFM, random distribution of magnetic ions, and 
deformation in lattice, have been  proposed69. Hence, whatever be the origin, any divergence between FC and 
ZFC in magnetically ordered systems can be related to “anisotropy”. The first transition appears around T C1 , 
below this temperature FC and ZFC show a large bifurcation and do not meet even above the transition. Simi-

Figure 2.  (a) Rietveld refinement of the room temperature XRD of La1.4Sr1.6Mn2O
7
 . Navy blue circles: 

experimental data. Red line: calculated pattern. Pink ticks: positions of the Bragg reflections for the main phase. 
Blue line: difference between the experimental and calculated patterns, and (b) crystal structure of the bilayer 
La1.4Sr1.6Mn2O7 . The MnO6 octahedrons in the crystalline bulk are denoted in yellow color, whereas different 
colors of the spheres represent the different atoms (red—O, light green—(La, Sr) and blue—Mn). The bilayer 
repeat distance is ≈ 9.90 Å.

Table 1.  Room temperature value of Rietveld refinement parameters for the La1.4Sr1.6Mn2O7.

Parameters La1.4Sr1.6Mn2O7

Symmetry Tetragonal

Space group I4/mmm

a = b(Å) 3.871

c(Å) 20.215

V(Å3) 302.939

R p (%) 16.700

Rwp (%) 20.600

RF (%) 4.180

χ2 (%) 1.894
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larly, in the case of second and third transitions, the FC and ZFC curves show a significant bifurcation, which is 
shown in the inset (1) and (2) of Fig. 3a. Quantitatively the anisotropy can be calculated by the  relation70,71 K an 
= (MS × H C)/2, where K an , M S , and H C are anisotropy constant, saturation magnetization, and coercive field, 
respectively. The magnetic anisotropy energy K an which is responsible for symmetric hysteresis loop in M-H, 
exerts lattice torque on magnetization and induces the tendency to rotate the magnetization towards easy  axis71. 
We have determined the K an for BL-LSMO-0.3 in three different regions using M S and H C and found that; K an 
= 2548 J/m3 at 10 K, K an = 1626 J/m3 at 130 K, and K an = 206 J/m3 at 300 K. Figure 3b shows the FC and ZFC 
curves for IL-LSMO-0.3. In contrast to the BL-LSMO-0.3, the IL-LSMO-0.3 shows a bifurcation below T C , and 
the two curves (FC and ZFC) meet at T C . We have also calculated K an = 1002 J/m3 at 10 K and K an = 76 J/m3 
at 300 K for IL-LSMO-0.3 using M S and H C . It may be noted that K an for BL-LSMO-0.3 is more than twice to 
that of the K an for IL-LSMO-0.3. This can be attributed to anisotropy due to layered structure and competition 
between FM and AFM states (discussed later). In Fig. 3b both FC and ZFC overlap near and above 368 K while in 
Fig. 3a FC and ZFC do not overlap at T C1 and T C2 . This non-overlapping of FC-ZFC below and above transition 
are due to the existence of magnetic interactions at these points, as evidenced by non zero magnetic moments 
after T C1 and T C2.

Phase transitions in La
1.4

Sr
1.6

Mn
2
O
7
. Figure 4 shows the temperature dependent magnetization in FC 

mode at 10 mT and resistivity data recorded in the warming mode. The inverse of magnetic susceptibility and 
derivative of magnetization (inset of Fig. 4) shows three transitions around T C1 , T C2 and T C3 i.e. there exist four 
magnetic phases. Generally, a magnetic transition refers to vanishing of a magnetic interaction. There are three 
types of magnetic interactions with varied strength in bilayer La2−2xSr1+2xMn2O7 : (1) inter bilayers J ′ , (2) intra 

Figure 3.  (a) FC and ZFC for BL-LSMO-0.3 in the temperature range 5–350 K, which shows bifurcation 
around all the three transitions. Inset (1) and (2) are the expanded view of FC and ZFC for T C1 < T < T C2 and 
T C2 < T < T C3 to see the clear bifurcation around T C2 and T C3 , respectively. (b) FC and ZFC for IL-LSMO-0.3 in 
the temperature range 5–380 K, which shows the overlapping of FC and ZFC around and above transition.

Figure 4.  Diamond− ⋄ represents FC of BL-LSMO-0.3 under an applied field of 10 mT. Inset is the inverse of 
dc susceptibility showing three transitions at ≈ 101 K, ≈ 246 K, and ≈ 295 K corresponding to T C1 , T C2 , and T 
C3 , respectively. circle−◦ represents the resistivity versus temperature plot of bilayer La1.4Sr1.6Mn2O7 . Metal-
insulator transition temperature (TMI ) is also 101 K.
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bilayer Jc , i.e., inter planar in bilayer (Mn–O–Mn SE interaction perpendicular to MnO2 plane), and (3) intra 
planar Jab , i.e, Mn–O–Mn interaction in MnO2 plane as shown in Fig. 1. Thus, these transitions at three different 
temperatures are due to relative strength of magnetic interactions J ′ , Jc and Jab . The huge difference in T C1 , T C2 
and T C3 implies that J ′ << Jc < Jab . Neutron scattering  results72,73 also show that Jc < Jab . The deviation of χ−1(T) 
from linearity indicates the deviation from Curie Weiss law just above T C1 , T C2 and T C3 , which is the signature 
for the existence of magnetic  clusters74. The upward and downward deviation from linearity implies the existence 
of the AFM and FM clusters,  respectively74.

The nature of transition and interaction at T C1 , T C2 and T C3 can be investigated by detailed critical analysis 
such as Arrott plot, modified Arrott plots (MAPs), Kouvel–Fisher (KF), and variations in the change of entropy 
with temperature and magnetic fields, to reveal the appropriate universality classes. The electrical transport of 
BL-LSMO-0.3 has been studied by the resistivity versus temperature characteristics which shows the metal-
insulator transition (MIT) at and around T C1 . The metallic behavior is related to the availability of free carriers 
below MIT temperature (TMI ) while above T MI the insulating behavior is related to the non-availability of charge 
carriers. Electrical transport in manganites can be explained by DE mechanism. Both the magnetic and MIT at 
T C1 imply that there is an intimate relation between magnetic and transport properties, such as conducting and 
insulating regions are higher and lower ordered magnetic states, respectively.

Order of phase transitions. Before doing detailed critical analysis of the BL-LSMO-0.3, it is necessary to 
investigate the order of all three transitions. The following techniques determine the order of phase transition: 
(1) Entropy analysis: i.e., the collapse of normalized entropy change versus rescaled temperature curves to a 
universal curve (defined below), in the vicinity of T C implies second-order transition, and non-collapse of these 
curves indicates first-order  transition75–78, and (2) Arrott plot analysis: i.e., positive and negative slope of Arrott 
plot imply second- and first-order transition, respectively. Magnetic entropy change �SM with temperature is 
required to construct the universal curve. The �SM of BL-LSMO-0.3 can be computed from the isothermal M-H 
curve for a range of temperatures near T C using the Maxwell’s thermodynamic relation  as79,80:

where, µ0 H, and M are the applied magnetic field, and magnetization, respectively. The sign of �SM specifies 
the ordering or disordering nature of the magnetic state: �SM < 0 implies magnetic ordering under applied 
magnetic field due to suppression of the thermal fluctuations while �SM > 0 indicates field-induced disordering. 
Now, the normalized entropy change �SM(T)/�S

peak
M  is plotted against rescaled temperature θ to confirm the 

order of transition. In order to construct the universal curve, all the �SM curves are normalized by dividing their 
maximum value �S

peak
M  at T C , and then rescaled the temperature axis by choosing a reference temperature such 

that �SM(Tr)/�S
peak
M  ≥ l with 0 < l < 181. The high value of l (close to 1) implies reference temperature is very 

close to T C , may produce large numerical errors due to the limited number of data points near T C . On the other 
hand, if the reference temperatures are very far from the temperature T C corresponding to the peak of entropy, 
i.e., the value of l is too small, other phenomena (transition) may occur in this large temperature  range79. Hence, 
we choose two reference temperatures T r1 < T C and T r2 > T C , such that �SM(Tr1)/�S

peak
M  = �SM(Tr2)/�S

peak
M  

= 0.7. After obtaining two reference temperatures, the rescaled temperature θ is defined as a new temperature 
axis and expressed  as79

Phase transition at T C1 ≈ 101 K. Now, to find out the order of transition at T C1 in the BL-LSMO-0.3, the 
change in entropy �SM has been computed using Eq. (3) for M-H plot in temperature range from 50 K to 160 
K in step of �T = 3 K and applied magnetic field range from 20 mT to 500 mT in step of 20 mT (Fig. 5a). This 
exhibits a large �SM , which may be attributed to the efficient ordering of  spins82. The �SM versus T curves 
have broad maxima and changes significantly under applied field varying from 20 mT to 500 mT. The �SM 
shows non-monotonic behavior peaking at T C1 and this is an indication of second-order phase transition. The 
normalized entropy change has been calculated and temperature axis was rescaled using Eq. (4) to plot �SM
(T)/�S

peak
M  versus θ curves. The collapse of all the curves on a single universal curve (inset of Fig. 5a) confirms 

the second-order phase transition at T C1 . The universal curve has been constructed for different magnetic fields 
exhibiting a second-order phase transition in the vicinity of T C1 . Since, the transition at T C1 is second order, 
the critical exponents can be obtained. The critical exponents at critical points are determined by divergence of 
magnetic parameters like correlation length ξ = ξ0|(T − TC)/TC |

−ν , the spontaneous magnetization MS(T), 
and the isothermal magnetization M-H at T C . The spontaneous magnetization MS defined below T C , the inverse 
of magnetic susceptibility at zero field χ−1

0  defined above T C and the isothermal magnetization M-H at T C are 
associated with the critical exponents β , γ and δ , respectively. Their behavior follows the following relations, 
called critical scaling  equations83–85:

(3)�SM(µ0H ,T) =

∫ µ0H

0

(

∂M(µ0H ,T)

∂T

)

H

d(µ0H),

(4)θ =

{

−(T − TC)/(Tr1 − TC), T ≤ TC

(T − TC)/(Tr2 − TC), T > TC .

(5)MS(T) = M0(−ε)β ; ε < 0, T < TC ,
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and

The derivative of Eq. (5) is

where M0 , and D are critical amplitudes. The critical exponent β can be obtained by fitting Eq. (5) with M-T plot 
(Fig. 5b) at zero field or very weak applied magnetic field. But, due to the existence of finite magnetic moment 
after transition, fitting of M-T data with Eq. (5) becomes difficult. Hence, one has to find out the value of β by 
fitting the derivative of M-T, which varies with T β−1 below T C . The fitting of the M-T derivative with Eq. (8) 
(inset of Fig. 5b) has yielded β = 0.155 . The value of critical exponent δ is determined by fitting the log of Eq. (7) 
i.e. straight line with log–log plot of M-H at T C . This results δ = 5.490 for M-H at T C1 (inset of Fig. 5c). Using 
Widom scaling law γ /β + 1 = δ for β = 0.155 and δ = 5.490 , the value of γ = 0.690 is obtained. Universally, 
the critical exponents β and γ should follow the Arrott-Noakes equation of  state86

in an asymptotic region |ε| < 0.1, where M1 is the material constant. Usually, if a system exhibits the long-range 
ordering, then T C and the critical exponents can be determined by the Arrott plot of magnetic isotherms at vari-
ous temperatures defined for the mean-field model ( β = 0.5 and γ = 1). The Arrott plot states that if the system 
exhibits long-range ordering, then M1/β versus (µ0H/M)1/γ will show a set of parallel straight lines, and the T C 
line should pass through the origin. Transforming M-H plot (Fig. 5c) in the form of Eq. (9) so that M1/β versus 
(µ0H/M)1/γ plots become parallel at higher field known as MAPs (Fig. 5d), results the values of β and γ . From 

(6)χ−1
0 (T) ∝ (ε)γ ; ε < 0, T > TC ,

(7)M = D(µ0H)1/δ; ε = 0, T = TC .

(8)dMS(T)/dT = −βM0(−ε)β−1; ε < 0, T < TC ,

(9)(µ0H/M)1/γ = (T − TC)/TC + (M/M1)
1/β

,

Figure 5.  (a) Magnetic entropy change �SM versus temperature T at different applied magnetic fields ranging 
from 20 to 500 mT determined by M-H curve for temperature range 50–160 K in step of 3 K, which shows a 
continuous non-monotonic change of �SM around T C1 . Inset is normalized entropy change as a function of the 
rescaled temperature θ for BL-LSMO-0.3. The collapse of all the curves on a single universal curve confirms 
second-order phase transition. (b) Magnetization versus temperature around T C1 for temperature range 5–160 
K. Inset is the derivative of magnetization showing a transition at T C1 . Its fitting with Eq. (8) gives β = 0.155. (c) 
Isothermal M-H for applied magnetic field range 0–5 T. Inset is the log–log plot of the isothermal M-H at T C1 
with fitting the log of Eq. (7), which gives the value of exponent δ = 5.49. (d) MAPs for the M-H of (c).
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MAPs for our sample around T C1 , the value of β and γ are 0.152 and 0.750 respectively. Using Widom scaling 
law γ /β + 1 = δ , the value of δ is found to be 5.930.

The most reliable and accurate value of critical exponents β and γ are generally determined by the KF method 
using the following  equations87:

and

In this method, the slope of MS/(dMS/dT) versus T and χ−1
0 /(dχ−1

0 /dT) versus T gives the value of critical 
exponents β and γ , respectively. Now, the MS and χ−1

0  at different temperatures has been determined by using 
MAP for transition around T C1 (Fig. 5d). The MS versus T and χ−1

0  versus T has been plotted and then from these 
plots, the MS/(dMS/dT) versus T and χ−1

0 /(dχ−1
0 /dT) versus T have been constructed as shown in Fig. 6. The 

fitting of Eqs. (10) and (11) with MS/(dMS/dT) versus T and χ−1
0 /(dχ−1

0 /dT) versus T yields the value of expo-
nents β = 0.147 and γ = 0.763, respectively. The value of δ = 6.190 can be calculated by Widom scaling law. The 
values of β (0.155, 0.152 and 0.147) determined by three different techniques are closest to the theoretical value 
of β = 0.125 for SR 2D Ising  model88, which suggests that BL-LSMO-0.3 below T C1 is SR 2D Ising ferromagnet.

Phase transition at T C2 ≈ 246 K. The order of transition at T C2 has been investigated by entropy analysis using 
M-H plot and employing Eqs. (3) and (4) . The �SM versus temperature plot around T C2 (Fig. 7a) shows very 
weak and broad maxima, indicating that magnetic ordering is affected very weakly with temperature and applied 
external magnetic field. The �SM(T)/ �S

peak
M  versus θ curves at different magnetic field collapse on a single 

universal curve. This universal characteristic of BL-LSMO-0.3 at T C2 (inset of Fig. 7a) confirms second order 
transition. Now, the critical scaling around T C2 has been carried out to determine the value of critical exponents, 
using the scaling Eqs. (8) and (7) . Further, from the fitting of Eq. (5) with MT and Eq. (8) with derivative of MT 
(inset of Fig. 7b), the value of β has been found to be 0.270. Similarly, fitting the log of Eq. (7) with log–log plot 
of M-H at T C2 (inset of Fig. 7c) yields δ = 6.230. And the Widom scaling law, γ /β + 1 = δ , for the value of these 
exponents gives γ = 1.410. The value of critical exponents for transition at T C2 has been, also, determined by 
using Eq. (9) to the M-H plot, based on the Arrott plots method: choose the value of β and γ so that the curve at 
T C2 becomes straight line and this should pass through the origin. Curves at temperatures other than T C2 should 
be parallel to the curve at T C2 under higher magnetic fields or for a magnetic field range. Figure 7d is the MAPs 
for β = 0.274 and γ = 1.470. The use of Widom scaling law yields δ = 6.440. Futhermore, the MS and χ−1

0  at 
different temperatures have been determined by using MAP for transition around T C2 (Fig. 7d). The MS versus T 
and χ−1

0  versus T have been plotted and then from these plots, the MS/(dMS/dT) versus T and χ−1
0 /(dχ−1

0 /dT) 
versus T are constructed as shown in Fig. 8. The fitting of Eq. (10) and Eq. (11) with MS/(dMS/dT) versus T 
and χ−1

0 /(dχ−1
0 /dT) versus T has resulted the value of exponents β = 0.280 and γ = 1.511, respectively. The 

value of δ = 6.396 can be determined by Widom scaling. The value of β = 0.280 for our sample is very close to 
the value of β observed for SR 2D Heisenberg  model23–25. Hence , the transition at T C2 is second order and the 
BL-LSMO-0.3 behave like SR 2D Heisenberg magnet between T C1 and T C2.

(10)
MS(T)

dMS(T)/dT
=

T − TC

β
,

(11)
χ−1
0 (T)

dχ−1
0 (T)/dT

=
T − TC

γ
.

Figure 6.  (a) The square symbol represents the MS versus T plot and the solid curve is its fitting with Eq. (5) 
which results into β = 0.148. The triangle symbol represents the χ−1

0  versus T plot while solid curve passing 
through it, is its fitting with Eq. (6) which yields γ = 0.761. (b) The square symbol is the MS/(dMS/dT) 
versus T plot and the solid curve is its fitting with Eq. (10) which results into β = 0.147. The triangle is the 
χ−1
0 /(dχ−1

0 /dT) versus T plot while solid curve is its fitting with Eq. (11) which yields γ = 0.763.
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Figure 7.  (a) Magnetic entropy change �SM versus temperature T at different applied magnetic fields varying 
from 50 to 500 mT, plotted using M-H curve of (c). This shows a continuous non-monotonic change of �SM 
around T C2 . Inset is normalized entropy change as a function of θ . All the curves collapse on a single universal 
curve for the second-order phase transition. (b) M-T around T C2 for temperature range 220–280 K. Inset is the 
derivative of magnetization having a transition at T C2 . Its fitting with Eq. (8) gives β = 0.270. (c) M-H for applied 
magnetic field ranging from 0 to 0.6 T in the temperature range 223–270 K in the step of 3 K. Inset is the log–log 
plot of the M-H at T C2 with fitting the log of Eq. (7), which gives the value of exponent δ = 6.230. (d) MAPs of 
BL-LSMO-0.3 show linear behavior in higher applied field, with the plot at T C2 seems to passing through the 
origin.

Figure 8.  (a) The square symbol represents MS versus T plot and the solid curve is its fitting with Eq. (5) which 
results into β = 0.278. The triangular symbol represents the χ−1

0  versus T plot while solid curve is its fitting with 
Eq. (6) which yields γ = 1.48. (b) The squares are the MS/(dMS/dT) versus T plot and the solid curve is its 
fitting with Eq. (10) which results into β = 0.280. The blue triangle is the χ−1

0 /(dχ−1
0 /dT) versus T plot while 

green curve is its fitting with Eq. (11) which yields γ = 1.511.
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Phase transition at T C3 ≈ 295 K. It is difficult to determine the order of transition at T C3 by entropy analysis 
due to very small variation in entropy with temperature and applied field as shown in Fig. 9a. Nevertheless, the 
corresponding �SM(T)/ �S

peak
M  versus θ curves (inset of Fig. 9a) collapse on single curve, confirming second 

order phase transition. However, the order of transition at T C3 may also be identified by using MAPs or Arrott 
plot. The positive slopes of curves plotted by employing Eq. (9) implies second order transition at T C3 . Scaling 
analysis of Eqs. (5), (8) and (7) , for MT, derivative of MT (inset of Fig. 9b) and M-H at T C3 (inset of Fig. 9c) yield 
β = 0.246 and δ = 6.4, respectively. Widom scaling law, gives γ = 1.33. Now, MAPs constructed (Fig. 9d) for 
M-H in (Fig. 9c), yield the values of critical exponents β = 0.254 and γ = 1.3. The substitution of value for these 
exponents β and γ in Widom law, γ /β + 1 = δ , gives δ = 6.1. So, we have observed that both critical scaling and 
MAPs are providing nearly the same value of critical exponents at T C3 . Further, the best value of critical expo-
nents β and γ are determined using KF method as follows: the MS and χ−1

0  at different temperatures have been 
determined by using MAP for transition around T C3 (Fig. 7d). The MS versus T and χ−1

0  versus T have been plot-
ted and then from these plots, the MS/(dMS/dT) versus T and χ−1

0 /(dχ−1
0 /dT) versus T have been constructed 

as shown in Fig. 10. The fitting of Eqs. (10) and (11) with MS/(dMS/dT) versus T and χ−1
0 /(dχ−1

0 /dT) versus 
T yield the value of exponents β = 0.258 and γ = 1.170, respectively. The value of δ = 5.535 can be easily deter-
mined by Widom scaling. The value of β = 0.258 is closest to the the SR 2D  Heisenberg23–25 i.e. the spins interact 
following 2D Heisenberg interaction, which is responsible for non-zero magnetization in the temperature range 
T C2 to T C3 . Thus, the transition at T C3 is second order and spin-spin exchange interaction is SR 2D Heisenberg 
type. The difference in SR 2D Heisenberg for temperature range T C1 to T C2 and T C2 to T C3 , is the negligible value 
of inter-planar interaction, J c , as discussed before.

Deconvolution of all three magnetic phases. The BL-LSMO-0.3 shows three second order phase tran-
sitions at T C1 , T C2 and T C3 in which first and second transition points are far separated and, second and third 
transition points are also separated, significantly. When transition temperatures are very close, there is effect of 
each phase on the other(s) and the effect is minimum for low field. Using entropy universal curve of each phase, 
the response of that phase for any magnetic field can be  found89. Therefore, it is required to deconvolute the 

Figure 9.  (a) Magnetic entropy change �SM versus T at different applied magnetic fields varying from 50 to 
500 mT, plotted using M-H curve of (c). This shows a continuous non-monotonic change of �SM around T C3 . 
Inset is normalized entropy change as a function of the rescaled temperature θ . All the curves almost collapse 
on a single universal curve for the second-order phase transition. (b) MT around T C3 for temperature range 
290–300 K. Inset is the derivative of MT which fitting with Eq. (8) gives the value of exponent β = 0.246. (c) The 
isothermal M-H for applied field from 0 to 0.75 T. Inset is the log–log plot of the isothermal M-H at T C3 with 
fitting the log of Eq. (7), which gives the value of exponent δ = 6.4. (d) MAPs of BL-LSMO-0.3 shows linear 
behavior in higher applied field with the plot at T C3 seems to pass through the origin.
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response of each phase by using the universal curve or scaled entropy curves corresponding to the weaker mag-
netic fields. Deconvolution of the phases are performed by two different  techniques89: (1) assuming the power 
law behavior �SM ∝ H� i.e. � versus T plot, and (2) the field dependence of �Speak,i and reference temperatures 
Tr,i i.e. �SM versus θ , where θ is determined by Eq. (4).

For BL-LSMO-0.3, the values of parameter � at different temperatures have been determined by log–log plot 
of �SM ∝ H�  relation90. The plots of � versus T around T C1 , T C2 and T C3 are shown in Fig. 11. The minima in � 
around T C1 , T C2 and T C3 confirm the existence of three separate magnetic phase transitions. The deconvolution 
of phases employing universal curves �SM/�S

peak
M  versus θ has been performed for field range 50–500 mT in 

step of 50 mT as shown in Fig. 12. In Fig. 12a, the universal curves at different fields overlap around first transi-
tion while peaks around other transitions move towards the first transition as the magnetic field increases. There 
is almost no effect on first transition due to others. Similarly, in Fig. 12b, c the universal curves overlap around 
second and third transition points while others come close to these points as the magnetic field increases. Of 
course, the two transitions come closer with increasing field but do not overlap for given field range because 
transitions are well separated. Thus, all the three transitions are clearly deconvoluted i.e. the three transitions in 
the BL-LSMO-0.3 are clearly observed.

Discussion
The crystallographic analysis shows that BL-LSMO-0.3 is stabilized in Q2D centrosymmetric structure as shown 
in Fig. 1. This structural anisotropy facilitates the spins of Mn ion to orient perpendicular to its surface at low 
 temperature91,92 and the material is stabilized in FM state. Structural anisotropy in our sample may induce aniso-
tropic change in O-Mn bond length (dO−Mn ) with temperature in octahedrons of unit  cell93 and this is responsible 

Figure 10.  (a) The square symbol represents the MS versus T plot and the solid curve is its fitting with Eq. (5) 
which results into β = 0.253. The triangular symbols corresponds to the χ−1

0  versus T plot while solid curve is its 
fitting with Eq. (6) which yields γ = 1.23. (b) The square symbol is representing the MS/(dMS/dT) versus T plot 
and the solid curve is its fitting with Eq. (10) which results into β = 0.258. The triangular symbol represents the 
χ−1
0 /(dχ−1

0 /dT) versus T plot while solid curve is its fitting with Eq. (11) which yields γ = 1.170.

Figure 11.  � versus T plots at T C1 , T C2 and T C3 : (a) The black rectangle is � versus T plot around 101 K in the 
temperature range 70–150 K and the red curve is the spline for eye guide. (b) The black rectangle is � versus 
T plot around 246 K in the temperature range 220–270 K and the red curve is the spline for eye guide. (c) The 
black rectangle is � versus T plot around 295 K in the temperature range 270–297 K and the red curve is the 
spline fit guide to the eye.
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for the formation of polarons. All the three magnetic transitions (Fig. 4) have been shown to be second order 
by entropy analysis and Arrott plot analysis. These transitions can be explained due to vanishing of J ′ , Jc and Jab 
interactions in the bilayer at T C1 , T C2 and T C3 , respectively. The anisotropies observed (see in anisotropy sec-
tion) support the existence of 2D magnetic interaction. The magnetic anisotropy due to exchange interaction for 
our sample may be explained by Eq. (2) as follows: below T C1 , J ′ leads to align the spins along z-axis resulting 
Ising Hamiltonian, i.e., J ′ �= 0 but for T C1 T< T C2 , J ′ ∼ 0 , Jc  = 0 and Jab  = 0 . For T C2  < T < T C3 , J ′ ∼ 0 , Jc ∼ 0 , 
and Jab  = 0 , which leads to anisotropic Heisenberg Hamiltonian. Transition at T C1 : a report based on neutron 
scattering has shown that Jc < Jab72,73. So, the J ′ would have negligible value because bilayers are more separated 
than that of the planes in the bilayer. Hence, the negligible value of J ′ cannot explain pronounced transition at 
T C1 . However, the magnetic and resistivity transition at T C1 may be explained by the creation or destruction of 
polarons with  temperature94,95 because formation of polarons reduces charge carriers and their flow as well as 
decreases DE interaction between Mn3+ and Mn4+.

Figure 12.  Scaling around all the three points using universal curves for field range 50–500 mT in step of 50 
mT: (a) the scaling around 101 K for entire temperature range 50–297 K shows overlaping of universal curves 
for all fields however, the second (246 K) and third transition (295 K) points are shifted towards the first 
transition point. This effect is clearly seen in the inset. Therefore, second order transition is clearly observed at 
101 K with almost no effect of other transitions. (b) The universal curves overlapping around 246 K for all fields 
are an indication of second order transition. A very small effect of other transitions are observed as shown in the 
inset. (c) The universal curves are well scaled around 295 K with a small effect of second transition is clearly seen 
in the inset. Hence, all the three transitionsare deconvoluted very well due to significant separation between two 
transition points.
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Figure 13.  M-H at 10 K (no signature of canting) and at 130 K (canting is clearly observed). 
Schematic representation of canting angle versus temperature for BL-LSMO-0.3 at normal pressure. Canting 
angle changes uniformly in a particular phase, however, at and around transition points the canting angle 
changes fast. Inset is the canting angle with temperature at normal pressure for BL-LSMO-0.31547.

Figure 14.  Schematic magnetic phase diagram: below T C1 , there exists high magnetic anisotropy normal to the 
plane of bilayer and behaving as 2D Ising FM. In between T C1 and T C2 the behavior is changed to (CAFM-I) 
with 2D Heisenberg interaction. For T C2 < T < T C3 the behavior is further changed to higher canting (CAFM-II) 
with 2D Heisenberg interaction and no interaction between planes of bilayer. Finally above T C3 , spins become 
independent and the entire sample behaves as paramagnetic.
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The electrical transport analysis shows that there is MIT (Fig. 4) around T C1 . MIT mechanism can be explained as 
follows: as the temperature increases, the possibility of lattice polaron formation increases. The lattice polarons start 
forming at T C1 and above T C1 . Huge number of polarons are formed due to significant lattice distortion, resulting the 
sample behavior to be  insulating93,96. The MIT temperature is same as the transition temperature for transition from SR 
2D Ising FM to SR ordered competitive FM and AFM canted state having magnetic clusters. This implies that magnetic 
transition and MIT are intimately related. The conducting region is 2D Ising FM, while the insulating region is an inho-
mogeneous canted AFM state i.e., long-range and SR magnetic ordering corresponding to long-range and SR charge 
ordering, respectively. AFM coupling forbid the flow of charge  carriers61,97. Magnetic transition at T C1 is explained by 
DE interaction. Thus, the polarons are responsible for both magnetic transition and MIT, i.e., above T C1 localization of 
charge carriers increases. As a result, both the resistivity and magnetization decreases with an increase in temperature 
above T C1 . The results of critical analysis around T C1 , T C2 and T C3 have shown that the behavior of our sample for T < 
T C1 , T C1 T < T C2 and T C2 < T < T C3 are SR 2D Ising, SR 2D Heisenberg and again SR 2D Heisenberg magnet, which 
are responsible for existence of non-zero magnetization in these temperature range. The anisotropies observed below 
these three transition points support the existence of 2D magnetic interaction. Transition at T C2 and T C3 : an ideal 2D 
Heisenberg magnet is not ordered at finite temperature, however, model allows ordering for finite temperature range 
with critical fluctuations at sufficiently low  temperature26. Hence, 2D Heisenberg magnet may have both CAFM and FM 
coupling with dominating FM coupling, which may cause non-zero magnetic ordering. Infinite size lattice implies ideal 
2D Heisenberg magnet that leads to zero ordering at finite temperature (Hohenberg–Mermin–Wagner theorem). Hence, 
the magnetic lattice of finite size crystal lattice at finite temperature would have non-zero spontaneous magnetization. 
In our sample the transitions at T C2 and T C3 are from competing: SR order AFM-I and SR order FM state to SR order 
AFM-II state and SR order FM state, and SR order AFM-II and SR order FM state to PM state, respectively. Since at 
these temperatures the observed critical exponent value β are 0.27 and 0.254, which correspond to SR 2D Heisenberg 
 model23–25, i.e., and this is consistent with small change in magnetization at  transitions47. A significant deviations in 
the value of critical exponents at all three transition points have been observed which may be due to the presence of 
magnetic anisotropy other than exchange interactions such as dipole-dipole interaction, existence of some magnetic 
random distribution, presence of some magnetic  clusters98–103. Our sample is showing three transitions having AFM and 
FM states (see section B), in which spins may be canted due to SE and DE  interactions104. The canting angle changes by 
tuning temperature, magnetic field and  pressure47,61. M-H in Fig. 13, shows no signature of canting at 10 K but at 130 K 
canting is clearly observed (M-H curve is linear at low field (0−0.25 T) with a neck, then again nearly linear upto 2 T and 
finally decreases its slope)61. Based on neutron diffraction measurements for La1.37Sr1.63Mn2O7 , Sonomura et al.47 have 
observed change in magnetic structure from FM to CAFM-I to CAFM-II with increase in temperature. Considering 
similarities between neutron diffraction data and our observations such as existence of magnetic clusters, we propose 
that these transitions in our sample correspond to SR 2D-Ising FM to CAFM-I (SR 2D Heisenberg) at T C1 , CAFM-I to 
CAFM-II (SR 2D Heisenberg) at T C2 , and CAFM-II to PM at T C3 i.e. a crossover in spin dimensionality from n = 1 to 
n = 3 . On the basis of the results of neutron scattering for bilayer La1.37Sr1.63Mn2O7

47, the schematic diagram for canting 
with temperature corresponding to all the different phases and phase transitions for our sample, is shown in Fig. 13. The 
canting angle below T C1 is negligible due to dominating DE over SE interaction, just above T C1 the spins starts canting 
significantly due to competing DE and SE interaction, and goes on increasing to a maximum value around 90◦ as the 
temperature is further raised. Inset of Fig. 13 shows the canting angle with temperature at normal pressure for bilayer 
BL-LSMO-0.31547. Now, from the analyses at all the three transition temperatures and the above discussions for canting, 
the possible schematic phase diagram may be constructed as shown in Fig. 14. Based on the spin structures, the phase 
diagram consists of three transitions at T C1 , T C2 and T C3 , and four phases as follows: 

: 2D Ising FM in the presence of all the couplings (J ′  , J c and J ab ) in which all the spins are almost parallel to 
the c-axis, 

: 2D CAFM-I in the presence of J c and J ab (J ′  ∼ 0 ) in which spins are canted from the c-axis with smaller 
angle, 

: 2D CAFM-II in the presence of only J ab (J ′  ∼ 0 and J c ∼ 0 ) in which spins are canted from the c-axis with 
larger angle, and 

: PM (interpreted as J ′ ∼ 0 , Jc ∼ 0 and Jab ∼ 0 ) in which all the spins are randomly oriented.



15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:21184  | https://doi.org/10.1038/s41598-021-00544-8

www.nature.com/scientificreports/

Conclusion
Three magnetic transitions have been observed at 101 K, 246 K and 295 K from magnetic measurement in BL-
LSMO-0.3. The change in entropy and Arrott analysis have confirmed that these transitions are second order. 
Critical analysis performed using KF method and MAPs, have yielded that transitions at 101 K, 246 K and 
295 K are from SR 2D Ising to SR 2D Heisenberg (CAFM-I), SR 2D Heisenberg (CAFM-I) to another SR 2D 
Heisenberg (CAFM-II) and SR 2D Heisenberg (CAFM-II) to PM state, respectively. The existence of significant 
anisotropy at different temperatures below 295 K supports the existence of different magnetic states for 101 K < 
T < 300 K. The 2D Heisenberg state exhibits canting with AFM interaction as well as FM interaction resulting 
competing SR FM and AFM clusters. The possible phase diagram corresponding to all four existing magnetic 
phases has been presented.

Received: 9 July 2021; Accepted: 5 October 2021

References
 1. Huang, B. et al. Layer-dependent ferromagnetism in a van der Waals crystal down to the monolayer limit. Nature 546, 270–273 

(2017).
 2. Mak, K. F., Shan, J. & Ralph, D. C. Probing and controlling magnetic states in 2d layered magnetic materials. Nat. Rev. Phys. 1, 

646–661 (2019).
 3. Gibertini, M., Koperski, M., Morpurgo, A. F. & Novoselov, K. S. Magnetic 2d materials and heterostructures. Nat. Nanotech. 14, 

408–419 (2019).
 4. Huang, B. et al. Emergent phenomena and proximity effects in two-dimensional magnets and heterostructures. Nat. Mater. 19, 

1276–1289 (2020).
 5. Gong, C., Kim, E. M., Wang, Y., Lee, G. & Zhang, X. Multiferroicity in atomic van der Waals heterostructures. Nat. Commun. 

10, 2657 (2019).
 6. Mermin, N. D. & Wagner, H. Absence of ferromagnetism or antiferromagnetism in one- or two-dimensional isotropic Heisenberg 

models. Phys. Rev. Lett. 17, 1133–1136 (1966).
 7. Hohenberg, P. C. Existence of long-range order in one and two dimensions. Phys. Rev. 158, 383–386 (1967).
 8. Peierls, R. On Ising’s model of ferromagnetism. Math. Proc. Camb. Philos. Soc 32, 477–481 (1936).
 9. Heisenberg, W. Zur theorie des ferromagnetismus. Z. Phys. 49, 619–636 (1928).
 10. Ising, E. Contribution to the theory of ferromagnetism. Z. Phys. 31, 253–258 (1925).
 11. Onsager, L. Crystal statistics. I. A two-dimensional model with an order-disorder transition. Phys. Rev. 65, 117–149 (1944).
 12. Irkhin, V. Y., Katanin, A. A. & Katsnelson, M. I. Self-consistent spin-wave theory of layered Heisenberg magnets. Phys. Rev. B 

60, 1082–1099 (1999).
 13. Garanin, D. A., Chudnovsky, E. M., Zhang, S. & Zhang, X. Thermal creation of Skyrmions in ferromagnetic films with perpen-

dicular anisotropy and Dzyaloshinskii–Moriya interaction. J. Magn. Magn. Mater. 493, 165724 (2020).
 14. Berezinsky, V. Destruction of long range order in one-dimensional and two-dimensional systems having a continuous symmetry 

group. I. Classical systems. Sov. Phys. JETP 32, 493–500 (1971).
 15. Kosterlitz, J. M. & Thouless, D. J. Ordering, metastability and phase transitions in two-dimensional systems. J. Phys. C Solid State 

Phys. 6, 1181–1203 (1973).
 16. Laibowitz, R. B. & Gefen, Y. Dynamic scaling near the percolation threshold in thin au films. Phys. Rev. Lett. 53, 380–383 (1984).
 17. Kuo, C.-T. et al. Exfoliation and Raman spectroscopic fingerprint of few-layer nips3 van der Waals crystals. Sci. Rep. 6, 20904 

(2016).
 18. Du, K.-Z. et al. Weak van der Waals stacking, wide-range band gap, and Raman study on ultrathin layers of metal phosphorus 

trichalcogenides. ACS Nano 10, 1738–1743 (2016).
 19. Kerkmann, D., Wolf, J., Pescia, D., Woike, T. & Grünberg, P. Spin waves and two-dimensional magnetism in the co-monolayer 

on cu(100). Solid State Commun. 72, 963–966 (1989).
 20. Vaz, C. A. F., Bland, J. A. C. & Lauhoff, G. Magnetism in ultrathin film structures. Rep. Prog. Phys. 71, 056501 (2008).
 21. de Jongh, L. & Miedema, A. Experiments on simple magnetic model systems. Adv. Phys. 23, 1–260 (1974).
 22. Yang, K., Fan, F., Wang, H., Khomskii, D. I. & Wu, H. vi3 : A two-dimensional Ising ferromagnet. Phys. Rev. B 101, 100402 (2020).
 23. Greven, M. et al. Spin correlations in the 2d Heisenberg antiferromagnet sr2cuo2cl2 : Neutron scattering, Monte Carlo simulation, 

and theory. Phys. Rev. Lett. 72, 1096–1099 (1994).
 24. Pescia, D. & Pokrovsky, V. L. Perpendicular versus in-plane magnetization in a 2d Heisenberg monolayer at finite temperatures. 

Phys. Rev. Lett. 65, 2599–2601 (1990).
 25. Chudnovsky, E. M. & Garanin, D. A. Skyrmion glass in a 2d Heisenberg ferromagnet with quenched disorder. New J. Phys. 20, 

033006 (2018).
 26. Wildes, A. R., Rønnow, H. M., Roessli, B., Harris, M. J. & Godfrey, K. W. Static and dynamic critical properties of the quasi-two-

dimensional antiferromagnet mnps3 . Phys. Rev. B 74, 094422 (2006).
 27. Wildes, A. R., Roessli, B., Lebech, B. & Godfrey, K. W. Spin waves and the critical behaviour of the magnetization in. J. Phys. 

Condens. Matter 10, 6417–6428 (1998).
 28. Kubus, M. et al. Quasi-2d Heisenberg antiferromagnets [cux(pyz)2](bf4) with x = cl and br. Inorg. Chem. 57, 4934–4943 (2018).
 29. Yu, X. Z. et al. Biskyrmion states and their current-driven motion in a layered manganite. Nat. Commun. 5, 3198 (2014).
 30. Capic, D., Garanin, D. A. & Chudnovsky, E. M. Stabilty of Biskyrmions in centrosymmetric magnetic films. Phys. Rev. B 100, 

014432 (2019).
 31. Kohno, M. & Takahashi, M. Magnetization process of the spin-12XXZ models on square and cubic lattices. Phys. Rev. B 56, 

3212–3217 (1997).
 32. Fawcett, I. D., Sunstrom, J. E., Greenblatt, M., Croft, M. & Ramanujachary, K. V. Structure, magnetism, and properties of Rud-

dlesden–Popper calcium manganates prepared from citrate gels. Chem. Mater. 10, 3643–3651 (1998).
 33. Goodenough, J. B. Theory of the role of covalence in the perovskite-type manganites [La,m(II)]Mno3 . Phys. Rev. 100, 564–573 

(1955).
 34. von Helmolt, R., Wecker, J., Holzapfel, B., Schultz, L. & Samwer, K. Giant negative magnetoresistance in perovskitelike la2/3ba1/3

mnox ferromagnetic films. Phys. Rev. Lett. 71, 2331–2333 (1993).
 35. Zener, C. Interaction between the d-shells in the transition metals. II. Ferromagnetic compounds of manganese with perovskite 

structure. Phys. Rev. 82, 403–405 (1951).
 36. Jonker, G. H. & Van Santen, J. H. Ferromagnetic compounds of manganese with perovskite structure. Physica 16, 337–349 (1950).
 37. Chahara, K., Ohno, T., Kasai, M. & Kozono, Y. Magnetoresistance in magnetic manganese oxide with intrinsic antiferromagnetic 

spin structure. Appl. Phys. Lett. 63, 1990–1992 (1993).



16

Vol:.(1234567890)

Scientific Reports |        (2021) 11:21184  | https://doi.org/10.1038/s41598-021-00544-8

www.nature.com/scientificreports/

 38. Jin, S., McCormack, M., Tiefel, T. H. & Ramesh, R. Colossal magnetoresistance in La–Ca–Mn–O ferromagnetic thin films 
(invited). J. Appl. Phys. 76, 6929–6933 (1994).

 39. Rao, C. N. R. & Cheetham, A. K. Charge ordering in manganates. Science 276, 911–912 (1997).
 40. Kimura, T. et al. Interplane tunneling magnetoresistance in a layered manganite crystal. Science 274, 1698–1701 (1996).
 41. Wang, A., Liu, Y., Zhang, Z., Long, Y. & Cao, G. Magnetic entropy change and colossal magnetoresistance effect in the layered 

perovskite la1.34sr1.66mn2o7. Solid State Commun. 130, 293–296 (2004).
 42. Moritomo, Y., Asamitsu, A., Kuwahara, H. & Tokura, Y. Giant magnetoresistance of manganese oxides with a layered perovskite 

structure. Nature 380, 141–144 (1996).
 43. Asano, H., Hayakawa, J. & Matsui, M. Two-dimensional ferromagnetic ordering and magnetoresistance in the layered perovskite 

la2−2xca1+2xmn2o7 . Phys. Rev. B 56, 5395–5403 (1997).
 44. Seshadri, R., Martin, C., Hervieu, M., Raveau, B. & Rao, C. N. R. Structural evolution and electronic properties of la1+xsr2-

xmn2o7. Chem. Mater. 9, 270–277 (1997).
 45. Mitchell, J. F. et al. Spin, charge, and lattice states in layered magnetoresistive oxides. J. Phys. Chem. B 105, 10731–10745 (2001).
 46. Murata, T., Terai, T., Fukuda, T. & Kakeshita, T. Magnetic phase diagram in layered perovskite manganite la2-2xsr1+2xmn2o7 

(0.313≤x≤0.350). In Advanced Structural and Functional Materials Design, vol. 512 of Materials Science Forum, 183–188 (Trans 
Tech Publications Ltd, 2006).

 47. Sonomura, H., Terai, T., Kakeshita, T., Osakabe, T. & Kakurai, K. Neutron diffraction study on magnetic structures in a la1.37
sr1.63mn2o7 single crystal under hydrostatic pressures of up to 0.8 gpa. Phys. Rev. B 87, 184419 (2013).

 48. Kumaresavanji, M., Reis, M. S., Xing, Y. T. & Fontes, M. B. Effects of pressure on charge transport and magnetic properties of 
la1.32sr1.68mn2o7 layered manganite. J. Appl. Phys. 106, 093709 (2009).

 49. Wang, A. et al. Magnetic entropy change of the layered perovskites la2-2xsr1+2xmn2o7. J. Appl. Phys. 97, 103906 (2005).
 50. Schwartz, A., Scheffler, M. & Anlage, S. M. Determination of the magnetization scaling exponent for single-crystal la0.8sr0.2mno3 

by broadband microwave surface impedance measurements. Phys. Rev. B 61, R870–R873 (2000).
 51. Lofland, S. E. et al. Magnetic phase transition in la0.7sr0.3mno3 . Microwave absorption studies. Phys. Rev. B 55, 2749–2751 (1997).
 52. Nair, S., Banerjee, A., Narlikar, A. V., Prabhakaran, D. & Boothroyd, A. T. Observation of three-dimensional Heisenberg-like 

ferromagnetism in single crystal Phys la0.875sr0.125mno3 . Rev. B 68, 132404 (2003).
 53. Ghosh, K. et al. Critical phenomena in the double-exchange ferromagnet la0.7sr0.3mno3 . Phys. Rev. Lett. 81, 4740–4743 (1998).
 54. Vasiliu-Doloc, L., Lynn, J. W., Mukovskii, Y. M., Arsenov, A. A. & Shulyatev, D. A. Spin dynamics of strongly doped la1-xsrxmno3. 

J. Appl. Phys. 83, 7342–7344 (1998).
 55. Martin, M. C. et al. Magnetism and structural distortion in the la0.7sr0.3mno3 metallic ferromagnet. Phys Rev. B 53, 14285–14290 

(1996).
 56. Kim, D., Zink, B. L., Hellman, F. & Coey, J. M. D. Critical behavior of la0.75sr0.25mno3 . Phys. Rev. B 65, 214424 (2002).
 57. Oleaga, A., Salazar, A., Prabhakaran, D. & Boothroyd, A. T. Critical behavior of la1−xsrxMno3(0�x�0.35) by thermal diffusivity 

measurements. Phys. Rev. B 70, 184402 (2004).
 58. Lin, P., Chun, S. H., Salamon, M. B., Tomioka, Y. & Tokura, Y. Magnetic heat capacity in lanthanum manganite single crystals. 

J. Appl. Phys. 87, 5825–5827 (2000).
 59. Thanh, T. D. et al. Unusual critical behavior in la1.2sr1.8mn2o7 single crystal. IEEE Trans. Magn. 54, 1–5 (2018).
 60. Gordon, J. E., Bader, S. D., Mitchell, J. F., Osborn, R. & Rosenkranz, S. Specific heat of la1.2sr1.8mn2o7 . Phys. Rev. B 60, 6258–6261 

(1999).
 61. Osborn, R. et al. Neutron scattering investigation of magnetic bilayer correlations in la1.2sr1.8mn2O7 : Evidence of canting above 

tc . Phys. Rev. Lett. 81, 3964–3967 (1998).
 62. Thanh, T. et al. Universal behavior of magnetocaloric effect in a layered perovskite la1.2sr1.8mn2o7 single crystal. Phys. B 

Condens. Matter 486, 7–11 (2016). 10th International Symposium on Hysteresis Modeling and Micromagnetics (HMM 2015).
 63. Kimura, T. & Tokura, Y. Layered magnetic manganites. Annu. Rev. Mater. Res. 30, 451–474 (2000).
 64. Chauhan, H. C., Kumar, B., Tiwari, J. K. & Ghosh, S. Multiple phases with a tricritical point and a lifshitz point in the skyrmion 

host cu2oseo3 . Phys. Rev. B 100, 165143 (2019).
 65. Tiwari, J. K., Chauhan, H. C., Kumar, B. & Ghosh, S. 3d-Ising like ferromagnetism in skyrmionic-bubbles host infinite-layer 

la0.825sr0.175mno3 manganite perovskite. J. Phys. Condens. Matter 32, 195803 (2020).
 66. Tiwari, J. K., Kumar, B., Chauhan, H. C. & Ghosh, S. Critical scaling and magnetic phase diagram of bi-skyrmion host quasi-

two-dimensional la1.37sr1.63mn2o7 bi-layer manganite. J. Magn. Magn. Mater. 535, 168020 (2021).
 67. Joy, P. A., Kumar, P. S. A. & Date, S. K. The relationship between field-cooled and zero-field-cooled susceptibilities of some 

ordered magnetic systems. J. Phys. Condens. Matter 10, 11049–11054 (1998).
 68. Vincent, E. & Dupuis, V. Spin glasses: Experimental signatures and salient outcomes. In Frustrated Materials and Ferroic Glasses, 

31–56 (Springer, 2018).
 69. Kumar, P. S. A., Joy, P. A. & Date, S. K. Origin of the cluster-glass-like magnetic properties of the ferromagnetic system. J. Phys. 

Condens. Matter 10, L487–L493 (1998).
 70. Anil Kumar, P. S., Joy, P. A. & Date, S. K. Comparison of the irreversible thermomagnetic behaviour of some ferro-and fer-

rimagnetic systems. Bull. Mater. Sci 23, 97–101 (2000).
 71. Meiklejohn, W. H. & Bean, C. P. New magnetic anisotropy. Phys. Rev. 105, 904–913 (1957).
 72. Moussa, F. et al. Spin waves in the antiferromagnet perovskite lamno3 : A neutron-scattering study. Phys. Rev. B 54, 15149–15155 

(1996).
 73. Hirota, K., Kaneko, N., Nishizawa, A. & Endoh, Y. Two-dimensional planar ferromagnetic coupling in lamno 3. J. Phys. Soc. Jpn. 

65, 3736–3739 (1996).
 74. Lin, J. et al. Unusual ferromagnetic critical behavior owing to short-range antiferromagnetic correlations in antiperovskite cu1-

xnmn3+x (0.1 ≤ x ≤ 0.4). Sci. Rep. 5, 7933 (2015).
 75. Romero-Muñiz, C., Tamura, R., Tanaka, S. & Franco, V. Applicability of scaling behavior and power laws in the analysis of the 

magnetocaloric effect in second-order phase transition materials. Phys. Rev. B 94, 134401 (2016).
 76. Franco, V., Conde, A., Pecharsky, V. K. & Gschneidner, K. A. Field dependence of the magnetocaloric effect in gd and (er1-xdyx)

al2. EPL 79, 47009 (2007).
 77. Bonilla, C. M. et al. Universal behavior for magnetic entropy change in magnetocaloric materials: An analysis on the nature of 

phase transitions. Phys. Rev. B 81, 224424 (2010).
 78. Bingham, N. S., Phan, M. H., Srikanth, H., Torija, M. A. & Leighton, C. Magnetocaloric effect and refrigerant capacity in charge-

ordered manganites. J. Appl. Phys. 106, 023909 (2009).
 79. Arayedh, B., Kallel, S., Kallel, N. & Pena, O. Influence of non-magnetic and magnetic ions on the magnetocaloric properties of 

la0.7sr0.3mn0.9m0.1o3 doped in the mn sites by m=cr, sn, ti. J. Magn. Magn. Mater. 361, 68–73 (2014).
 80. Guo, Z. B. et al. Large magnetic entropy change in perovskite-type manganese oxides. Phys. Rev. Lett. 78, 1142–1145 (1997).
 81. Xu, L. et al. Magnetocaloric effect and spontaneous magnetization in perovskite manganite nd0.55sr0.45mno3. Mater. Res. Bull. 

73, 187–191 (2016).
 82. Phan, M. H. et al. Phase coexistence and magnetocaloric effect in la5/8−y pr y ca 3/8 mno 3(y = 0.275) . Phys. Rev. B 81, 094413 

(2010).
 83. Stanley, H. E. Introduction to phase transitions and critical phenomena, by H. Eugene Stanley (Clarendon Press, 1971).



17

Vol.:(0123456789)

Scientific Reports |        (2021) 11:21184  | https://doi.org/10.1038/s41598-021-00544-8

www.nature.com/scientificreports/

 84. Fisher, M. E. The theory of equilibrium critical phenomena. Rep. Prog. Phys. 30, 615–730 (1967).
 85. Stanley, H. E. Scaling, universality, and renormalization: Three pillars of modern critical phenomena. Rev. Mod. Phys. 71, 

S358–S366 (1999).
 86. Arrott, A. & Noakes, J. E. Approximate equation of state for nickel near its critical temperature. Phys. Rev. Lett. 19, 786–789 

(1967).
 87. Kouvel, J. S. & Fisher, M. E. Detailed magnetic behavior of nickel near its curie point. Phys. Rev. 136, A1626–A1632 (1964).
 88. Pokrovskii, V. L. Works by AI larkin on the theory of phase transitions. J. Exp. Theor. Phys. 117, 387–391 (2013).
 89. Díaz-García, Á., Law, J. Y., Gębara, P. & Franco, V. Phase deconvolution of multiphasic materials by the universal scaling of the 

magnetocaloric effect. JOM 72, 2845–2852 (2020).
 90. Law, J. Y. et al. A quantitative criterion for determining the order of magnetic phase transitions using the magnetocaloric effect. 

Nat. Commun. 9, 2680 (2018).
 91. Yafet, Y. & Gyorgy, E. M. Ferromagnetic strip domains in an atomic monolayer. Phys. Rev. B 38, 9145–9151 (1988).
 92. MacIsaac, A. B., Whitehead, J. P., Robinson, M. C. & De’Bell, K. Striped phases in two-dimensional dipolar ferromagnets. Phys. 

Rev. B 51, 16033–16045 (1995).
 93. Chi, E., Kim, W., Hong, C. S., Hur, N. & Choi, Y. Metal-insulator transition induced by short range magnetic ordering in mono-

layered manganite. Bull. Korean Chem. Soc. 24, 573–578 (2003).
 94. Louca, D., Egami, T., Brosha, E. L., Röder, H. & Bishop, A. R. Local Jahn–Teller distortion in la1−xsrxmno3 observed by pulsed 

neutron diffraction. Phys. Rev. B 56, R8475–R8478 (1997).
 95. Billinge, S. J. L., DiFrancesco, R. G., Kwei, G. H., Neumeier, J. J. & Thompson, J. D. Direct observation of lattice polaron forma-

tion in the local structure of la1−xcaxmno3 . Phys. Rev. Lett. 77, 715–718 (1996).
 96. Vasiliu-Doloc, L. et al. Charge melting and polaron collapse in la1.2sr1.8mn2O7 . Phys. Rev. Lett. 83, 4393–4396 (1999).
 97. Sheng, L., Xing, D. Y., Sheng, D. N. & Ting, C. S. Metal-insulator transition in the mixed-valence manganites. Phys. Rev. B 56, 

R7053–R7056 (1997).
 98. Caballero-Flores, R. et al. Magnetocaloric effect and critical behavior in pr0.5sr0.5mno3: An analysis of the validity of the 

Maxwell relation and the nature of the phase transitions. J. Phys. Condens. Matter 26, 286001 (2014).
 99. Dash, S. et al. Impression of magnetic clusters, critical behavior and magnetocaloric effect in Fe3Al alloys. Phys. Chem. Chem. 

Phys. 21, 10823–10833 (2019).
 100. Tozri, A., Dhahri, E., Hlil, E. & Valente, M. Critical behavior near the paramagnetic to ferromagnetic phase transition temperature 

in la0.7pb0.05na0.25mno3. Solid State Commun. 151, 315–320 (2011).
 101. Madhogaria, R. P. et al. Evidence of long-range ferromagnetic order and spin frustration effects in the double perovskite 

la2comno6 . Phys. Rev. B 99, 104436 (2019).
 102. Lampen, P. et al. Heisenberg-like ferromagnetism in 3d- 4f  intermetallic la0.75pr0.25co2p2 with localized co moments.. Phys. 

Rev. B 90, 174404 (2014).
 103. Phan, M.-H. et al. Origin of the magnetic anomaly and tunneling effect of europium on the ferromagnetic ordering in 

eu8−xsrxga16ge30(x = 0, 4) type-i clathrates. Phys. Rev. B 84, 054436 (2011).
 104. de Gennes, P. G. Effects of double exchange in magnetic crystals. Phys. Rev. 118, 141–154 (1960).

Acknowledgements
We thank AIRF-JNU for providing facilities for PPMS and XRD measurement. We also thank professor Yugan-
dhar Bitla for providing the facility “Low temperature and high magnetic field facility” at the Central University 
of Rajasthan. B. K. acknowledges UGC, India for financial support through fellowship. This project is partially 
supported by DST-PURSE Government of India.

Author contributions
S.G. conceived the problem. B.K., J.K.T. and H.C.C. performed experiment and data analysis under the supervi-
sion of S.G. B.K. made the first draft of the manuscript, which was corrected and modified by S.G.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multiple magnetic phase transitions with different universality classes in bilayer LaSrMnO manganite
	Experimental details
	Results and discussion
	X-ray diffraction analysis. 
	Anistropy in LaSrMnO. 
	Phase transitions in LaSrMnO. 
	Order of phase transitions. 
	Phase transition at T  101 K. 
	Phase transition at T  246 K. 
	Phase transition at T  295 K. 

	Deconvolution of all three magnetic phases. 

	Discussion
	Conclusion
	References
	Acknowledgements


