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Magnetism
In quasi-two-dimensional tri-layer
La, ;Sr; ¢Mn;0,, manganite

Jeetendra Kumar Tiwari, Birendra Kumar, Harish Chandr Chauhan & Subhasis Ghosh**

The tri-layer Laz—3xSr1+3xMn3010 manganites of Ruddlesden—Popper (RP) series are naturally arranged
layered structure with alternate stacking of w-MnO; (w = 3) planes and rock-salt type block layers

(La, Sr);0; along c-axis. The dimensionality of the RP series manganites depends on the number

of perovskite layers and significantly affects the magnetic and transport properties of the system.
Generally, when a ferromagnetic material undergoes a magnetic phase transition from ferromagnetic
to paramagnetic state, the magnetic moment of the system becomes zero above the transition
temperature (T¢). However, the tri-layer La; 1Sr1.9Mn3019 shows non-zero magnetic moment above T¢
and also another transition at higher temperature T* & 263 K. The non-zero magnetization above T¢
emphasizes that the phase transition in tri-layer Laz 1Sr1.9Mn3010 not a ferromagnetic to paramagnetic
state. We show here the non-zero magnetic moment above T¢ is due to the quasi-two-dimensional
nature of the tri-layer La; 1Sr1.9Mn3010 manganite. The scaling of the magnetic entropy change
confirms the second-order phase transition and the critical behavior of phase transition has been
studied around T¢ to understand the low dimensional magnetism in tri-layer La; 1Sr; 9Mn3019. We
have obtained the critical exponents for tri-layer La; 1Sr1.9Mn3019, which belong to the short-range
two-dimensional (2D)-Ising universality class. The low dimensional magnetism in tri-layer Laz 1Sr1.9
Mn3010 manganite is also explained with the help of renormalization group theoretical approach for
short-range 2D-Ising systems. It has been shown that the layered structure of tri-layer Laz 1Sr1.9Mn3O19
results in three different types of interactions intra-planer (J,), intra-tri-layer (J.) and inter-tri-layer
(J') such that J4p > J. >> J' and competition among these give rise to the canted antiferromagnetic
spin structure above T¢. Based on the similar magnetic interaction in bi-layer manganite, we propose
that the tri-layer La, 1Sr1.9Mn3010 should be able to host the skyrmion below T¢ due to its strong
anisotropy and layered structure.

Physical properties of naturally layered manganites. The tri-layer Las_3,Sr1+3,Mn30;0 manganites
are a member of the Ruddlesden—Popper (RP) series (La, Sr),+1Mn,,O3,,+1 manganite perovskites, where w = 1,
2, 3... 00", The RP series manganites are naturally arranged layered structures with alternate stacking of w-MnO,
planes and rock-salt type block layers (La, Sr),O> along c-axis'. In the RP series manganites, the dimensionality
depends on the number of perovskite layers and significantly affects the magnetic and transport properties of
the system. In manganites, the introduction of a divalent atom in place of a trivalent atom causes the coexist-
ence of Mn>* and Mn** ion, which alters the bond length of Mn—O due to the Jahn-Teller (JT) effect?>. The 3d
orbital of Mn splits into two energy levels ty, and e, in the presence of crystal field and JT effect. The doping of
divalent atom results in some empty e¢-orbital energy levels, which facilitate hopping of electrons responsible for
transport properties of tri-layer Laz_3,Sr143xMn3Ojo. The ferromagnetism (FM) and metal to insulator transi-
tion in manganites are governed by the hoping of e,-orbital electrons between the adjoining Mn®>* and Mn**
ions through O. This mechanism is called double exchange (DE) interaction®. The most studied oxides of the RP
series manganites are bi-layer (w = 2) Lay_,Sr142,Mn» 07 and infinite-layer (w = 00) Laj _4Sr,MnO3. In particu-
lar, the three-dimensional (3D) infinite-layer La; _,SryMnO3 is the most widely studied manganite perovskite
due to its extraordinary thermal, electronic and magnetic properties>”~'¢. The 3D La;_,Sr,MnO3; manganite
perovskites have continuous stacking of perovskite structure. The bi-layer La; 5,51 42,Mn,O7 manganites con-
sist of quasi-two-dimensional (Q2D) MnOj, bi-layers separated by an insulating (La, Sr),0; layer!” and received
growing interest due to their intriguing physical properties'>!#!”-2_ Apart from the extraordinary magnetic and
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Figure 1. (a) Rietveld refinement of the single phase TL-LSMO-0.3 (OriginPro 2015 software) and (b) Unit cell
crystal structure of the tri-layer TL-LSMO-0.3 (VESTA software https://jp-minerals.org/vesta/en/). The MnOsg
octahedra in the crystalline bulk are denoted in cyan color. Different atoms are shown as the spheres of different
[(La, Sr)—light green, Mn—blue and oxygen—red]. The perovskite structure ABO3, [A — (La, Sr) and B —
Mn] consist of a MnOg octahedra in the center and (La, Sr) atoms lies at the corner of the perovskite structure.

transport properties, recently observed skyrmionic-bubbles in manganite perovskites?®~? triggered the renewed

attention of researchers. A magnetic skyrmion is a topological particle having a local whirl of the spins®**. A
topological skyrmion formation occurs due to the competition among different interactions such as Heisenberg
(HI) interaction, Dzyaloshinskii-Moriya (DM) interaction, long-range dipole interaction and anisotropy®*-*.
In non-centrosymmetric magnetic materials, DM and HI interaction are responsible for skyrmion formation®.
On the other hand, in centrosymmetric magnetic materials, long-range dipole interaction and anisotropy have
been proposed to be responsible for the formation of the skyrmions®®. Though, it is not yet fully understood
how the absence of DM interaction can give rise to skyrmions in manganites. The tri-layer Laz_3,Sr;+3,Mn309
manganites have Q2D MnO; tri-layers separated by (La, Sr),0> layer as shown in Fig. 1b. However, there are
remarkably few studies on the transport andmagnetic properties of tri-layer Laz_3,Sr;43,Mn30;9 manganites.
There are only two reports on tri-layer Las_3,Sr;4+3,Mn30;9 manganites*»**. Both the reports contain a very
limited discussion about the structural, magnetic and transport properties of La; 1Sr; ¢9Mn30O;g. The scarcity of
the studies in tri-layer Las_3,Sr143,Mn30j9 manganites is because of the inherent difficulty in synthesizing the
high-quality samples of the tri-layer manganites. The preparation of tri-layer manganite samples is challenging
compared to the bi-layer Lay_Sr142,Mn,07 and infinite-layer La; _,Sr,MnO3 manganites due to difficulty in
achieving the stable phase. A little mismatch in the stoichiometric ratio of the precursors and a little deviation
from the required temperature cycle may result in the formation of 3D infinite-layer or Q2D bi-layer mangan-
ites perovskite as an impurity in the matrix of tri-layer manganite. Hence, careful synthesis of tri-layer Laz_3,
Sr143xMn30;9 manganite is required to get a high-quality sample without impurity. As it stands presently, the
study of tri-layer Las_3,Sr;43,Mn30;9 manganite is important due to the following issues: (i) the magnetic and
transport properties are not at all explored rigorously, (ii) the exchange mechanism responsible for the spin-spin
interaction for FM is not known and (iii) recently observed skyrmionic-bubbles in manganites?®~?° indicates
that the tri-layer Las_3,Sr143,Mn30Oj¢ may also be a potential candidate for the skyrmion host material. These
issues emphasize that a thorough magnetic analysis of the tri-layer Laz_3,Sr143,Mn3Og is required to establish
the basic understanding of the magnetism and the exchange interaction involved in the tri-layer manganite. The
magnetic and electrical properties are explored with the help of high precision magnetic and electrical meas-
urements. In order to investigate the exchange mechanism responsible for the spin-spin interaction, a detailed
critical analysis of the second-order phase transition has been carried out.

In the present study, we have chosen a tri-layer compound La; ;Sr; 9Mn3Oyq for x = 0.3 (hereafter referred to
as TL-LSMO-0.3, where TL—stands for tri-layer). The low dimensional magnetism in tri-layer TL-LSMO-0.3 is
explained by the critical analysis using different methods, which includes Kouvel-Fisher (KF) method, modified
Arrott plots (MAPs), scaling and critical isotherm analysis. Further confirmation of the low dimensionality of
the magnetism in TL-LSMO-0.3 is obtained by renormalization group theory. We have shown that the layered
manganite TL-LSMO-0.3 has special characteristics that cannot be explained by the 3D universality classes.

Experimental details

A high-quality tri-layer Laj ;Sr10Mn30;9 manganite sample was synthesized through the standard solid state
reaction technique. The stoichiometric amount of high purity precursors of La;O3, SrCO3 and MnO, were
grounded together to achieve the homogeneous mixture of the sample. The final mixture was then calcined at
1050 °C for 48 h and sintered at 1400 °C for 72 h after making pallets. The sample was regrounded after each
calcination and sintering, the final sintering process was repeated to achieve the single phase. The room tem-
perature crystal structure and phase purity were determined by the powder X-ray diffraction (PXRD) (Rigaku
miniflex 600-X-ray diffractometer with Cu-K, radiation) followed by the Rietveld refinement. The sample was
found to be a tetragonal (I4/mmm) structure with no impurity peak. The temperature and field-dependent high
precision magnetic data were collected using a physical property measurement system (PPMS). The temperature-
dependent zero-field cooled (ZFC) and field cooled (FC) magnetization data were obtained under a constant
magnetic field of 10 mT in the temperature range 5-300 K. First quadrant field-dependent M-H curves were
obtained under a varying magnetic field of 0-7 T (field step is; 0 to 500 mT — A poH = 20 mT and 500 mT to 7
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Parameters Lay 1Sr1.9Mn30
Symmetry Tetragonal

Space group I4/mmm
a=b(A) 3.90330

c(A) 28.13800

V(A3) 428.7035

R, (%) 15.2

Ryp (%) 18.8

Rr (%) 5.12

X2 (%) 1.98

Table 1. The Rietveld refinement parameters of TL-LSMO-0.3.

T — A poH =200 mT) in the temperature range of 90 to 120 K with AT = 1 K. The resistivity of TL-LSMO-0.3
was collected in the temperature range of 10 to 300 K by using PPMS.Figure 1a, b show the Rietveld refinement
and crystal structure of the TL-LSMO-0.3, respectively. The Rietveld refinement results of the TL-LSMO-0.3
sample are listed in Table 1. The crystal structure of TL-LSMO-0.3 shows a layered characteristic in which the
rock-salt type structure separates three consecutive perovskite layers and these perovskites layers are made of a
two-dimensional (2D) network of Mn-O bond and form Q2D MnOj; planes®. In contrast, the crystal structure
of infinite-layer manganites has continuous stacking of the 3D perovskite layers, which is made of a 3D network
of Mn-O bond and noticeably different than that of TL-LSMO-0.3%. Hence, the dimensionality of the RP series
manganites can be modified by altering the number of perovskite layers®.

Results and analysis

The FC and resistivity curves for TL-LSMO-0.3 are shown in Fig. 2a. The transition temperature (T ) &~ 103 K
of the sample is determined by the minimum of the derivative of FC curve, shown in the inset (1) of Fig. 2a**%.
There is another transition T* that appears at ~ 263 K in addition to the first transition 103 K. Generally, in the
case of infinite-layer manganites, the magnetization above T is zero, but in the present sample, the magnetiza-
tion is non-zero above T¢. Similar results have been observed in bi-layer Lay_5,Sr1 +2,Mn;O7 manganites'”*%7.
The non-zero magnetization above T¢ in bi-layer Lay_»,Sr1 12xMn,O7 manganites has been explained by the 2D
short-range FM ordering in their PM state!”*%%”. The temperature-dependent resistivity curve for TL-LSMO-0.3
shows a broad peak at & 230 K corresponding to the metal-insulator transition (Tps) along with a step-like
behavior at T¢ = 103 K [inset (2)]. At present, we have not any clear explanation of this huge difference in T¢
and Ty, it is a course of future study. Figure 2b represents the M-H data of TL-LSMO-0.3 in critical region 90
K<T<120K, where AT =1K.

Entropy analysis

Universal curve for second-order phase transition. This section presents a systematic study of the
behavior of the universal curve for magnetic entropy change (ASy) to confirm the order of magnetic phase
transition in TL-LSMO-0.3. A universal curve should be constructed for field-dependent ASy; only in case
of second-order phase transition®-*2. The existence of a universal curve is based on the formalism that the
equivalent points of the different ASys curves calculated for different magnetic fields should collapse on a single
curve® 2 If TL-LSMO-0.3 shows a second-order magnetic phase transition, all the ASyr curves will collapse
on a single universal curve. Before starting the analysis of the scaling behavior of ASys, we have to calculate the
temperature variation of ASys. The ASys can be calculated by using M-H data and Maxwell’s thermodynamic
relation given below***

T\ + T, 1 oHmax
ASu(—= )‘m—nil (Mo, T>) .

—0M(uoH, Tl)u Hd(,U«OH)} >
0

where 1o, H and M are the vacuum permeability, magnetic field and magnetization, respectively. Figure 3a shows
the variation of ASys with temperature and all the curves show a maximum at T¢. The value of the ASys peak
increases with the magnetic field. In order to construct the universal curye, all the ASys curves were normal-
ized with their respective maximum entropy change ASy (T, uoH )/Asﬁjak(T, ;LEH). Next, the temperature axis
is rescaled by considering the reference temperature such that ASM(Tr)/ASﬁa > I, where T, is the reference
temperature and /(0 < I < 1) is the arbitrary constant. Although I can t]?ke any value between 0 to 1, the but
large value of ] i.e., the reference temperature chosen very close to ASh;"" may result in a large numerical error

due to the limited number of points. We define the new rescaled temperature axis (6) as

9_{4T—nwah—nszn @
- (T - TC)/(TYZ - TC)) T > TC)
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Figure 2. (a) FC of TL-LSMO-0.3 in constant magnetic field of 10 mT. The T¢ & 103 K is determined by the
minimum of the derivative of magnetization (dM/dT). Resistivity of TL-LSMO-0.3 shows a metal-insulator
transition (Tpyr) at~ 230 K and a step at & 103 K corresponding to the magnetic phase transition T¢ and a
anomaly at &~ 263 K represented by T*. (b) M—-H curve for TL-LSMO-0.3 in the temperature range 90 to 120 K
with AT = 1 K and magnetic field of 7 T. (Figures have been drawn using OriginPro 2015 software).

where T,, and T,, are the two reference temperatures for T < T andk T> Tg, respectivell?/. The reference tem-
peratures T < T¢ and T > T are selected such that ASy (T, )/ASﬁf}a = ASM(TrZ)/ASﬁa = 0.7. The universal
curve for TL-LSMO-0.3 is plotted in Fig. 3b, which shows the collapse of all the ASy curves calculated at the
different fields on a single curve. The formation of a single curve for TL-LSMO-0.3 confirms the second-order
phase transition around T¢.

Critical exponent analysis

One way to determine the T¢ and critical exponents (8 and y) is the Arrott analysis of the data*’. Generally, if a
magnetic system belongs to the mean-field ordering, i.e., 8 = 0.5, = 1, then Arrott plot (M? vs. 1oH/M) should
result in parallel lines and the isothermal curve at T¢ should pass through the origin*4. The Arrot plot (M2 vs. 119
H/M) for TL-LSMO-0.3 does not yield parallel lines around T, as shown in Fig. 4a, which implies that there is
non-mean-field type interaction in TL-LSMO-0.3. The positive slope in the Arrott plot confirms the second-order
magnetic phase transition in TL-LSMO-0.3%. Neither the short-range 3D-Ising model (8 = 0.325, y = 1.24) nor
the long-range 2D-Ising model (B = 0.289, y = 1.49) produces parallel lines, shown in Fig. 4b, c. Therefore one
can conclude that these two models cannot describe the critical behavior of TL-LSMO-0.3. Hence, we reanalyzed
the magnetization isotherms of the TL-LSMO-0.3 by using the Arrott Noakes equation of state defined in the
critical region, Eq. (11)*. The modified Arrott plots (MAPs) MYB vs. uoH/MY? for the M-H isotherms of TL-
LSMO-0.3 in the asymptotic region [le = (T — T,)/T,| < 0.1, where € is the reduced temperature] is shown
in Fig. 4d. The value of the exponents 8 and y are chosen such that the isotherms of MAPs display as close as
parallel lines. The best fit of Eq. (11) to the MAPs defined for TL-LSMO-0.3 in the temperature range 95 K <
T <111 K and field range 0.5 T < poH <7 T yields the value of exponents = 0.118 £ 0.004, y = 1.681 + 0.006
and T¢c=103.54 £ 0.03 K.

Next, we find out the value of exponent § using M-H curve at T and Eq. (10) as shown in Fig. 5. The value
of the exponent § = 14.668 + 0.002 is obtained for TL-LSMO-0.3 by fitting the isotherm at T¢ to the Eq. (10). The
value of the exponent & for TL-LSMO-0.3 is larger than the § value in 3D universality classes defined for the short-
range interaction, see Table 2. These exponents 3, y and § for TL-LSMO-0.3 should satisfy the Eq. (15)*’. The
value § = 15.245 is obtained using the value of f and y determined from MAPS in Eq. (15). The § value obtained
from Eq. (15) is consistent with the § value determined from the critical isotherm. Hence, both the exponents 8
and y are found to satisfy the Widom-scaling relation defined in Eq. (15).

Further, the exponents 8 and y have been determined more accurately by Kouvel-Fisher (KF) method*.
The spontaneous magnetization [Mg(T)] and inverse magnetic susceptibility [ xo (T)] are determined from
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Figure 3. (a) The evolution of ASys vs. T at different fields (0.5 — 7 T) determined by M-H curve [Fig. 2(b)],
which shows a continuous nonmonotonic change of ASy around T¢. (b) Universal curve for TL-LSMO-0.3
shows the collapse of all ASys on single curve, which is the characteristic of second-order phase transition.
(Figures have been drawn using OriginPro 2015 software).

the intersection with the axes M!/# and poH/M!/?, respectively. The intercepts are obtained from the linear
extrapolation in the MAPs plotted for the 2D short-range Ising model because of the nearly parallel behavior of
the isotherms, as displayed in Fig. 6. The variation of Mg and yo with temperature for TL-LSMO-0.3 is shown in
Fig. 7a. The solid lines in Fig. 7a represent fit to the Mg and x¢ using Egs. (8) and (9), respectively. The KF method
has the following form, which is obtained by Eq. (11) in the limit H — 0 for T < Tcand T > T¢

Mg(T)  T-Tc
dMg(T)/dT ~— B (3)
and
x5 () T-Tc

STy )

The value of exponents 8 and y can be determmed from the slopes 1/ and 1/y obtained from the linear varia-
tion of Ms(dMs(T)/dT) 'vs. T and Xo Ydy Xo / dT)~!vs. T, respectively. The intersection with the temperature
ax1s ylelds Tc, as shown in Fig. 7b. Solid hnes in Fig. 7b represent the fit to the Ms(dMg(T)/dT)~ lys. T and
Xo (d)(0 LdT)y=Lvs. T using Egs. (3) and (4), respectively. The KF method results the value of exponents j
=0.120 + 0.003 with T¢ = 103.24 + 0.01 K and y = 1.710 £ 0.005 with T¢ = 103.12 K £ 0.02. These results are
consistent with the value of exponents obtained from the MAPs.

Further, we confirm that the obtained exponents are not different above and below T¢. As we know, one can
also deduce the critical exponents of a magnetic sample using scaling theory, which states that for an appropriate
value of the critical exponents (8 and y), the plot of scaled magnetization (m = Me ™ ) vs. renormalized field (h
= j10He ~B+7)) should fall onto two separate curves: one for T < T¢ and other for T > T. Figure 8 represents the
Me P as a function of poHe ~#*7) below and above T in TL-LSMO-0.3. One can see that all the magnetization
curve fall onto two curves below and above T¢ separately, when the value of T¢ and exponents are chosen as T¢
=103.17+£0.01 K, 8=0. 121 +0.001,y =1.710%0.005 for T < Tgcand y = 1.702 £ 0.002 for T > T¢ in Eq. (12).
Further, we have plotted m? vs. h/m and again found that all the data collapse onto two separate curves above and
below T, respectively. This confirms that the critical exponents are reliable, unambiguous and the interactions
get renormalized appropriately following the scaling equation of state in the critical regime.
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Figure 4. Isotherms of M2 vs. 1oH/M for 94 K <T <111 K (l¢| < 0.1) with (a) the Arrott plot (mean-field
theory), which shows non-linear or non-mean-field type behavior even in higher magnetic field with positive
slopes corresponding to the second-order phase transition. (b) MAPs for 3D-Ising with short-range interaction
(c) MAPs for 2D-Ising model with Long-range interaction and (d) MAPs of M-H curves with 8 =0.118 and

y = 1.681in TL-LSMO-0.3. Solid lines are corresponding to the fits by the Eq. (11). (Figures have been drawn
using OriginPro 2015 software).

1.2 14 1.6 1.8 2.0

nH), ]
3 4 5 6 7
HoH (T)

Figure 5. M-H curve at T¢ = 103 K and inset shows log-log plot of the curve. Solid line represents the fit to the
Eq. (10) and yields § = 14.668 + 0.002 mentioned in graph is obtained from the fit to the Eq. (10). (The figure has
been drawn using OriginPro 2015 software).

Spin interaction

Finally, we discuss the range and dimensionality of the TL-LSMO-0.3 with the help of the renormalization group
theory. For a homogeneous magnet, the universality class of the magnetic phase transition is defined by the
interaction J(r). Fisher et al.>* used renormalization group theory and suggested that the exchange interaction
decays with distance r as J(r) ~ r~“@+9), where d is space dimensionality and o is the range of the interaction.
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Method Tc(K) B y 8
Theory
Mean field 0.5 1 3
Tricritical mean field *°! 0.25 1 5
3D-Ising (d=3, n=1) ***° RG-¢* 0.325 1.24 4.82
3D-XY (d=3, n=2) 9 RG-¢* 0.346 1316 481
3D-Heisenberg (d=3,n=3) *** | RG-¢* 0.365 1.386 48
Short-range 2D-Ising *+*2 Onsager solution 0.125 1.75 15
Long-range 2D-Ising * RG-€ 0.289 1.49 6
Experiment

MAPs 103.54 £ 0.03 | 0.118 £0.004 | 1.681 +0.006

CI 103 14.668 + 0.002
Lay St1 sMn3On0 KF 103.24 £ 0.01 | 0.120 + 0.003

103.12 £ 0.02 1.710 £ 0.005
RG 0.145 191 14.172
Scaling 103.17 £0.01 | 0.121 £0.001 | 1.710 = 0.005

Table 2. Comparison of critical exponents 8, y and § of TL-LSMO-0.3 with various theoretical models for
three dimension and two dimension. RG: Renormalization group, CI: Critical isotherm.
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Figure 6. Isotherms of M2 vs. toH/M for 94 K <T <111 K (l¢| < 0.1) with the short-range 2D-Ising model.
(The figure has been drawn using OriginPro 2015 software).

Also, they have discussed the validity of such a model for ¢ < 2 having long-range interactions. Further, the
critical exponent y associated with the susceptibility can be given as

. 4 /n+2 8(n+2)(n—4)

where Ao = (o - g) and G(g) =3- % (%)2, n is spin dimensionality. The range of interaction ¢ and dimen-

d
26T +20)] o
(n—4Hn+8)

sionality of both space and spin are determined by the iterative method*® in which the value of o is chosen for a
particular set of {d : n} such that the Eq. (5) results in the value of exponent y close to the experimentally deter-
mined, y = 1.71. This process is repeated for the different sets of {d : n} ={2,3 : 1,2, 3} to ensure the space and
spin dimensionality of the TL-LSMO-0.3. Further, the remaining exponents can be determined with the help of
Egs. (14), (15) and o value using following expressions: « = 2- vd, v =y/o,y =v(2 - ) and n = 2-0. We found that
{d : n}={2: 1} yields a value o = 1.69, which results in the y value close to the experimentally determined value
of y for TL-LSMO-0.3. The value of o = 1.69 is then used to determine the remaining exponents, such as; 8 =
0.135,y = 1.91 and § = 14.172, which are close to the value of exponents obtained from previous methods MAPs,
KF and scaling analysis (Table 2). We have also examined the remaining 3D and 2D models, but they cannot
describe the experimental results obtained for TL-LSMO-0.3. For example, the 3D-Heisenberg {d : n}={3 : 3},
3D-XY {d : n} ={3 : 2} and 3D-Ising models {d : n} = {3 : 1} with short-range exchange interaction yield the
value of exponent y = 1.25, 1.27 and 1.23, respectively. Similarly, the 2D Heisenberg {d : n} = {2 : 3} and the 2D
XY {d : n}={2 : 2} models defined for the short-range exchange interaction yield y = 2.56 and 2.30, respectively.
The other calculated exponents (8 and §) by using respective o values for different models {d : n} = {2 : 2,3},
{d : n}={3: 1,2, 3} also show significant differences from experimental results for f and 8. Hence, all the other
2D and 3D models can be discarded. The long-range mean field model is valid for ¢ < 3/2 and J(r) decreases as
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Figure 7. (a) Temperature variation of spontaneous magnetization M(T, 0) (left) and inverse susceptibility x, '

(T, 0) (right). (b) KF plots for the Ms(dMs(T)/dT)~" (left) and x, * (dx, ' /dT) ™! (right). (Figures have been
drawn using OriginPro 2015 software).
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Figure 8. (a) Scaling of the M—H curve below and above T¢ for TL-LSMO-0.3 in critical region € <0.1 using
Eq. (12). Solid lines show best fit polynomials. Collapse of all the M-H curve on single curve below and above
T separately confirms the validity of obtained exponents. (b) m? vs h/m below and above T¢ also shows
collapse of curve again validate the obtained results. (Figures have been drawn using OriginPro 2015 software).
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Figure 9. Comparison of different exponents of TL-LSMO-0.3 (denoted as closed circles filled with yellow
color) with that of standard universality classes. Different vertical bars represents different models for short-
range and long-range exchange interactions. Short-range — the 2D-Ising (green bar), 3D-Ising (sky blue bar),
3D-XY (sky blue bar) and 3D-Heisenberg (sky blue bar) and long-range — 2D-Ising model (pink bar). (The
figure has been drawn using microsoft office powerpoint software).

J(r)~14 Foro >2, only the short-range 3D-Heisenberg model is valid and J(r) varies as J(r) ~ r~>. The other
3D universality classes for short-range lies between 3/2 < ¢ < 2, where J(r) decreases as J(r) ~ 4= All the
theoretical models with short-range exchange interaction vary with distance r as J(r) ~ e~/ (where b is correla-
tion length). The renormalization group analysis suggests that the spin interaction in TL-LSMO-0.3 is of a
short-range 2D Ising {d : n} ={2 : 1} type with o = 1.69 and decays as ~ 369,

Discussion

All the findings in the above sections for TL-LSMO-0.3 yield the value of critical exponents close to the short-
range 2D-Ising model. A graphical comparison of the critical exponents f, y and § for TL-LSMO-0.3 with the
various theoretical models is represented in Fig. 9. The obtained results of the exponents consistent with the
Q2D-layered structural characteristic of TL-LSMO-0.3 and emphasize that the magnetic anisotropy is playing
a crucial role in the magnetism of the TL-LSMO-0.3.The 2D magnetism in TL-LSMO-0.3 also emphasizes that
the inter-layer interaction is weakened around T¢. In contrast, the intra-layer interaction becomes stronger,
which leads to a 2D FM in TL-LSMO-0.3. Our results for TL-LSMO-0.3 are consistent with the Taroni et al.**
criterion, according to which the value of critical exponent 8 for 2D magnets should lie in the 0.1 > 8 > 0.25.
Similar results have been reported in bi-layer Lay_,Sr142,Mn»0O7 in which short-range 2D FM ordering occurs
around T¢>?®. Osborn et al.* performed neutron scattering measurement in bi-layer La;_,Sr1 4 2,Mn; 07 for x
= 0.4 and claimed that there is a short-range 2D-Ising interaction with 8= 0.13 + 0.01. Gordon et al.*® performed
specific heat measurement on Lay_5,Sr;12xMn;O7 for x = 0.4 and claimed that the obtained result is consistent
with 2D-XY or 2D-Ising critical fluctuation. There is no neutron diffraction data on the tri-layer Laz_3,Srj43x
Mn30y. However, one can get an idea about the spin structure and spin-spin interaction from the neutron dif-
fraction data for bi-layer manganites.

Next, we discuss the unconventional behavior of temperature-dependent magnetization and magnetic spin
structure in different regions. Conventionally, when a FM material undergoes a magnetic phase transition from
FM to PM state, the magnetic moment of the system becomes zero above T¢. As shown in Fig. 2a, the magnetic
moment of the FC curve for TL-LSMO-0.3 is non-zero above T and also another transition appears at a higher
temperature & 263 K, denoted as T*. The non-zero magnetization above T¢ emphasizes that the phase transi-
tion in TL-LSMO-0.3 is not a FM to PM state.A similar magnetic phase transition has been observed in bi-layer
Lay—,Sr142,Mn,07 RP series manganites and extensive studies have been conducted to explore the magnetic
structure of this region (between T¢ and T*). Kimura et al.”” studied La; 4511 ¢Mn,O7 and claimed that there
is a short-range 2D FM ordering between T¢ and T*, which gives rise to the finite magnetic moment in this
region and above T* system goes to the PM state. The disagreement of 2D FM characteristic above T¢ was shown
by Heffner et al.’ from the muon spin rotation study in bi-layer La; 451 ¢Mn,0O7 and claimed that there is no
evidence of 2D magnetic ordering above T¢. Later, a rigorous neutron scattering study in bi-layer Lay_2,Sr1 425
Mn;O7 for x = 0.4 by Osborn et al.”® revealed that there is a strong canting of the Mn spins in adjacent MnO,
layers within each MnO, bi-layer above T¢ and the canting angle depends on both temperature and magnetic
field. Their neutron scattering study revealed that the FM and antiferromagnetic (AFM) magnetic ordering are
inhomogeneously distributed in approximately equal volume above T¢. Therefore, a non-collinear spin correla-
tion or the canting of spins arises due to the competing FM DE and AFM superexchange (SE) interaction. The
intra-bi-layer or inter-planer interaction is substantially weaker than the intra-planar interaction, which produces
a large magnetic anisotropy in the exchange interactions. The FM in manganites is governed by the DE mecha-
nism based on the hopping of the electrons and the kinetic energy of mobile electrons is lowered by polarizing
the Mn spins, which are localized in the MnO5 plane. Hence, there would be larger free energy within the plane
due to the energy acquired from delocalized electrons™. A comparatively large number of Mn spins can take part
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Figure 10. Spin structure in the different temperature range of TL-LSMO-0.3. Below T, i.e., T < T¢ the spins
have FM alignment. First type of canting of spins occur in the range Tc <T < T* and above T* second type
of canting is represented. The inset shows the FC curve for infinite-layer Lag 7Srg sMnO3*’. The solid line (red
color) represents the fit to the Eq. (8) and yield the value of exponent 8 = 0.3. (Figures have been drawn using
OriginPro 2015 software).

in the FM cluster than among the adjacent planes, where only two Mn spin sites are available. Therefore, the SE
interaction strongly affects the spin interactions along the c-axis compared to the spins in the ab-plane®. This is
the reason why intra-planar interaction is stronger than intra-bi-layer interaction.

We have not performed any local probe measurements to determine the spin structure in different tem-
perature ranges of TL-LSMO-0.3. Figure 10 shows the possible magnetic structures above and below T¢ in
TL-LSMO-0.3. Different magnetic phases shown in Fig. 10 are purely speculative and we have obtained these
phases based on the neutron diffraction measurement in bi-layer La,_5,Sr)12,Mn;07 manganite®>*?, which
shows a similar magnetic behavior with temperature. The inset of Fig. 10 shows the FC curve for infinite-layer
Lag 7Srg3MnO3*. Based on the above discussions for non-zero magnetization in bi-layer Lay_2,Sr; 4 2,Mn,07,
we propose that a similar inhomogeneous distribution of FM and AFM clusters are giving rise the canted AFM-I
(CAFM-I) type spin structure above T, which is responsible for the non-zero magnetization in TL-LSMO-0.3.
The magnetic moment of the system is continuously decreasing with an increase in temperature and the system
undergoes another transition at T*. It is noted that the magnetic moment is still non-zero above second transi-
tion T*, which indicate that the system is going to another canted AFM-II (CAFM-II) state with a canting angle
greater than that of the CAFM-I state and responsible for a finite magnetic moment above the second transition
T*. The layered crystal structure of the TL-LSMO-0.3 suggests that there are different types of interactions present
in the system; inter-tri-layer (J'), inter-layer, or intra-tri-layer (J.) and intra-planer (J,;) interaction®. The two
manganese ions Mn>* and Mn** are distributed in the ratio of Mn>*:Mn** 2.33:1 in the system. Depending upon
the distribution and distance between Mn spins in different directions, the order of the strength of interaction
can be given as J,; > J. >> J’*. The intra-planer interaction J,p is the DE interaction, i.e., the spins are coupled
ferromagnetically and the intra-tri-layer interaction J. is SE interaction, which implies that the spins are coupled
antiferromagnetically. On the other hand, the inter-tri-layer interaction J' is the direct exchange interaction.
Although the DE interaction is strong in ab-plane, but a minor AFM interaction also coexists. Similarly, the
intra-tri-layer interaction J, is an SE interaction along the c-axis, but a weak DE interaction can also coexist. The
intra-planer interaction ], is the strongest and dominates over other interactions (J; and J'). ] combined with
the anisotropy give rise to the 2D-Ising like spin structure below T¢. The solid line (red color) represents the fit to
the Eq. 8 and yield the value of exponent 8 = 0.3, which is close to the 3D-Ising universality class. Michael et al.®!
and Vasiliu et al.%? performed neutron scattering in infinite-layer Lag 7Srg 3MnQO3 and shown that it belongs to
the short-range 3D-Ising universality class with 8 = 0.295 and 0.3, respectively. One can see that the magnetic
moment of infinite-layer Lag 7Sr93MnO3 above Tc is zero in contrast to TL-LSMO-0.3. With reduced dimen-
sionality from 3D to Q2D, the system changes from 3D-Ising to 2D-Ising like spin-spin interaction and there
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exists a canted AFM magnetic structure between FM and PM state due to the existence of different exchange
interactions. It is well known that the different interactions are responsible for different spin structures. The
exchange interaction aligns the spins parallel to each other. In contrast, long-range dipolar interaction favors
a close loop of spins and anisotropy energy favors perpendicular alignment of spins to the plane. Hence, the
anisotropy in a magnetic system results in the Ising spin structure and the system behaves as a uniaxial magnet.
The Ising interaction below T¢ in TL-LSMO-0.3 emphasizes that magnetic anisotropy plays a crucial role in the
magnetism of the TL-LSMO-0.3. It is believed that the skyrmions in manganite perovskites result from the com-
petition between different energies such as exchange interaction, long-range dipolar interaction and anisotropy
energy. Keeping in view of the observation of bi-skyrmion in the bi-layer Laj 37Sr; 63Mn,O7, which has similar
magnetic properties to the TL-LSMO-0.3, we contemplate that TL-LSMO-0.3 should also host the skyrmions.
All the above discussions and experimental observations imply that much more experimental and theoretical
works are needed to thoroughly understand the magnetism in tri-layer Laz_3,Sr;43,Mn30;9 manganite perovs-
kite. The magnetic and transport properties of tri-layer Las_3,Sr43,Mn30;o manganite perovskite for different
Sr concentration is not yet explored. Therefore, it is highly desirable to establish the structural, magnetic and
electronic phase diagram of tri-layer Las_3,Sr;+3xMn3Ojg because it may be a potential candidate for future
spintronics. We hope the present study will prompt further investigation in understanding the magnetic phase
transition and different types of exchange interaction in the low dimensional RP series manganite perovskites.

Conclusion

In summary, we have established an understanding of the phase transition in a novel quasi-two-dimensional
ferromagnetic tri-layer La; ;Sr1 ¢eMn3Ojo RP series manganite. We have discussed the low dimensionality in the
magnetic properties of the tri-layer La; ;Sr; 9Mn30;9 manganite perovskite. The collapse of all the tempera-
ture dependent magnetic entropy change curves on a single universal curve confirms the second-order phase
transition in Lay ;S1; 9Mn30j9. A comprehensive experimental study of the critical properties is performed
using isothermal magnetization in the vicinity of the Curie temperature T¢c. We have used various techniques,
including the modified Arrott plots (MAPs), Kouvel-Fisher (KF) method, scaling and critical isotherm analysis
to determine the critical exponents of the La; ;Sr; 9Mn3Oyg. The obtained critical exponents for La, 1Sr; gMn3
Oyp are close to theoretical values compatible with the 2D-Ising model with short-range interaction. The critical
exponents of the Lay ;Sr; 9Mn30;¢ were also determined using the renormalization group approach for a two-
dimensional (2D) Ising system with short-range interactions decaying as J(r) ~ r~%~? with o = 1.69. We suggest
that the strong anisotropy and layered structure are playing a crucial role in resulting in the Ising-like interaction
in Lay ;Sr; 9Mn30j¢. Based on results obtained for Laj 1Sr1.9Mn3Oyg in the present study, we propose that the
Laz_3,Sr143,Mn30jp can be a potential candidate for the skyrmion host material. Finally, we propose that the
non-zero magnetic moment above T is due to the canted antiferromagnetic spin orientation.

Appendix A: Theoretical background and methodology
The non-equilibrium dynamics of the magnetic systems near the magnetic phase transition temperature T have
received increasing attention®-%. At time t = 0, the system is quenched in the vicinity of the T¢ from an equi-
librium state away from the T¢. This results in a critical slow down due to the slow relaxation towards the new
equilibrium state of the system driven by the sudden quenching in the vicinity of Tc. Generally, the Langevin-
type equation is used to define the theoretical models for the critical dynamics of a system, which is governed
by the Ginzburg-Landau theory for conserved or non-conserved order parameters®-%. Different universality
classes are deduced from different theoretical models, which depend on the associated conservation laws and
model parameters n and d. The critical analysis of magnetic systems gives rise the vital information such as the
universality class, behavior of phase transition and spin interaction of the system.

According to the Landau (mean-field) theory, the magnetic free energy Fj; of a second-order magnetic system
can be expressed as a power series in the order parameter M in the vicinity of the T¢ as

rioy 2 8D B
FOM,T) =F(0) + — =M + = =M ©
+ - — woHM,

where a(T) and b(T) are Landau coefficients. The equilibrium condition is defined by the minimization of the
Far as dF(M, T)/0M = 0. The minimization of the F gives the following equation of state for a magnetic system
near T¢

woH = a(T)M + b(T)M>. (7)

This mean field approach fails in a critical region around T¢ characterized by the Ginzburg criterion”. The criti-
cal behavior of a magnetic system which undergoes a second-order phase transition can be investigated in detail
by a series of correlated critical exponents”’. The divergence of correlation length & = & |(T — T¢)/Tc|™" (v—
critical exponent) results in the universal scaling laws for M and yo(T) in the vicinity of the second-order phase
transition T¢. The Ms(T) is defined for T < T¢ and characterized by the exponent 8. The xo(T) is defined for T
> T¢ and characterized by the exponent y. The isothermal magnetization (M-H) at T is characterized by the
exponent 8. The Ms(T) and xo(T) show a power law dependence on the reduced temperature € and the critical
magnetization depends on pgH”'7%. The critical exponents before and after T¢ can be given by

My(T) x (—€)?; € <0, T < T¢, (8)
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X0 ' (T) o< (€)7; € >0, T > Tc )
and
M x (noH)Y%; e =0, T = Te. (10)

Generally, the critical exponents associated with the Mg and xo(T) should follow the Arrott-Noakes equation of
state®® in the asymptotic region |€| < 0.1

(woH/M)YY = ae + bMV/P, (11)

where a and b are the material constant. Using scaling hypothesis, the magnetic equation of state, i.e., the relation-
ship among the variables M(uoH, €), uoH and T in the asymptotic critical region is expressed as”>”*

M(poH, €) = €Pfu(uoH /e PH7), (12)

where f, is defined for T > Tcand f_is for T < T¢. The magnetic equation of the state emphasizes that if the
choice of the values of the critical exponents is correct, then all the M-H curve should collapse onto two separate
curves below and above T independently. The Eq. (12) can be rewritten in terms of the renormalized magnetiza-
tion m [m = M(uoH, €)e #] and renormalized field h [h = uoHe ~#+7)] as

m = fy(h). (13)

Furthermore, according to the statistical theory, the relations between the critical exponents that limit the number

of independent variables to two are given as*”>**71;
a+28+y=2 (Rushbrooke scaling realtion) (14)
and
=1+ % (Widom scaling realtion) (15)

Appendix B: Derivation of Eq. (1)

The ASy can be calculated by using Maxwell’s thermodynamic relation given below

ASp(uoH, T) = ASy(noH, T) — ASy (0, T),

39,43

rHoHmax /98 H,T 16
Awmﬁn=/ ﬂﬁi—gdmm. (16
0 d(poH) /o
Using Maxwell’s thermodynamic relation
(%WHD)_CWWHD)
3(uoH) r 9T u«oH. (17)
Now, above relation ASy; can be expressed as follows
1oHmax OM(woH, T)
MMMHH=/ <—7%—0 d(uoH). (18)
0 noH

Using isothermal M-H curves, the ASyy in the presence of the magnetic field can be calculated numerically from
the following equation

T1 + T2 1 /l’-OHmax
AS = OM(uoH, T
(=) m—mLo (oMo, T2) “

—OM(uoH, T1>M Hd(;LoH)} .
0
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