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We present the observation of a high-temperature magnetic transition along with
ferromagnetic short-range correlations (FSCs) in LaFeMnOg perovskite system. XPS
analysis confirmed the presence of Fe™ and Mn ™ cations. The M-T curves show two distinct
transitions at T¢;~60 K and T¢~425 K. Coercivity values of ~1140 Oe, and ~35 Oe are
observed at 2 K and 300 K respectively. The thermomagnetic analysis reveals the presence of
FSCs in La,FeMnOg up to T=570 K, well above the transition point, similar to Griffiths-like
phase (GP). The presence of ferromagnetic clusters in the paramagnetic region might be due
to the intrinsic inhomogeneities associated with the structure, quenched disorder related to the
B-site cations and the antisite boundaries. The coefficient of lower temperature electronic
specific heat is as high as 59.5 mJmol'K?. The electron spin resonance spectra show
ferromagnetic resonance signals that are pointing to the possibility of the presence of FSCs at
room temperature. The material seems to be a quite promising candidate for some room
temperature applications due to the possibility of coexistence of functionalities like

ferromagnetism, ferrimagnetism, GP, magnetotransport coupling, etc. in a single material.

Double perovskite, High temperature transition, Ferromagnetic short-range correlations,
Specific heat, Electron spin resonance, Ferromagnetic resonance signals.

Introduction

The perovskite oxides ABO; (A = alkaline or rare earth elements (R), B =transition
elements) possess a vast variety of physical properties like ferromagnetism (FM),
ferrimagnetism (FiM), half metallicity, magnetoresistance, magnetodielectric (MD) coupling,
etc. ''® The manganite perovskites (AMnOs) have received considerable attention due to
their magnetic, transport and magnetotransport properties linked with the change in the spin
state.'''? Introducing a second element to the B-site will provide further characteristics to the
system [Double Perovskite (DP)] in accordance with the difference in cationic ordering,
oxidation states, antiphase boundaries, multiple exchange interactions, lattice distortion,
etc."™ Enormous studies are being carried out in nowadays on rare earth (RE) manganites
with DP structure that exhibit multifunctional properties by virtue of their wide B/Mn
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cationic range.”o Among these compounds, La,NiMnOQOg is quite attractive because it is a FM
semiconductor with good magnetodielectricity and magnetoresistance at temperatures cose to
room temperature due to its frustrated spin system originating from Ni and Mn cations."*™"*
Among the RE manganites, La,FeMnOs, the Fe counterpart of La;NiMnOg, remains
unexplored fully, to a large extent.

The perovskites LaFeO3; and LaMnOj; are antiferromagnetic (AFM) insulators in bulk
form with Néel temperature (Ty) 740 K and 140 K respectively, in which the superexchange
interactions Fe’"-O-Fe’" and Mn’"-O-Mn’" lead to AFM coupling.">"” There are reports
pertaining to the preparation of La;FeMnOs having perovskite structure.'® Many
researchers continued the work on La,FeMnOg both experimentally and theoretically, but a
clear magnetic transition was not identified experimentally on bulk La,FeMnQOg. The present
work presents the observation of a high-temperature magnetic transition and the evidence for
the existence of ferromagnetic short-range correlations (FSCs) far above room temperature in
La,FeMnOg.

Experimental

Polycrystalline La,FeMnOg is synthesized by employing Pechini method."” High
purity chemicals La(NO;);.6H,0O, Fe(NO3);.9H,O and Mn(NOs;), (Sigma-Aldrich, purity
~99.99%) were weighed according to stoichiometry. Citric acid was added to this mixture
such that the citric acid and cation ratio is 1:3. The nitrates and citric acid were mixed in 1 L
beaker in de-ionized water medium at 70°C with continuous stirring. The temperature were
slowly raised and finally the combustion happened at 200°C. The powder was kept at same
condition for one day. The precursor powder was ground well and loaded into a muffle
furnace at 600°C for 2 hours and 900°C for two hours. The powders were ground well and
pelletized using a hydraulic press. For pelletization, polyvinyl alcohol was used as a binder.
The pellets were finally sintered at 900°C for 6 hours. The sintered pellets were ground well,
and the final material was confirmed as phase pure La,FeMnQOg by using the X-ray diffraction
(XRD) data obtained by Philips PANalytical X’Pert Pro Powder X-Ray Diffractometer with a
Ni filtered Cu Ko radiation (A\=1.5406 A). The Rietveld refinement of the XRD pattern was
done using the software GSAS — EXPGUL? The crystallographic structure is framed using
CrystalMaker®.?' X-ray photoelectron spectroscopy (XPS) measurements were carried out
using an Omicron Nanotechnology Multiprobe Instrument. The XPS spectra corresponding to
Fe 2p and Mn 2p of La,FeMnOg are recorded by using a high resolution hemisphere analyzer
EA 125 HR equipped with a detection system consisting of seven channeltrons. A
monochromatic Al Ka source of energy, hv =1486.6 eV was used to probe the La,FeMnOg
pellets, attached by a double-sided tape to the molybdenum sample holder. The pressure in
the XPS chamber during the measurements was 5x 10™'" mbar. A wide scan was collected to
ensure that no foreign materials were present on the sample surface. Narrow scans of Fe 2p
and Mn 2p regions were collected at analyzer pass energy of 20 eV. The peaks are fitted
using the XPS Peak Fit software. The magnetization measurements were carried out on
La,FeMnOg¢ powders by using a Vibrating Sample Magnetometer (VSM) attached to a
Physical Property Measurement System (Dynacool, Quantum Design). The specific heat (C)
is measured for the temperature range of 10-150 K by using the heat capacity option attached
to the PPMS (Dynacool, Quantum Design). The electron spin resonance (ESR) spectra
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obtained using JES - FA200 ESR Spectrometer (ESR-JEOL, Japan) at temperatures 100 K,
170 K, and 300 K.

Results and discussion

The orthorhombic, Pbnm crystal structure is confirmed for La,feMnOg by the
Rietveld refinement using GSAS — EXPGUI* (wRp = 4.64%). The observed, calculated and
difference data are shown in Fig.1(i) and the obtained lattice parameters are, a= 5.54 A,
b=5.51 A, c= 7.81 A, and a, B, y = 90° with <Fe-O-Mn> bond angle of 161.75°. The
crystallographic structure framed using CrystalMaker”™ is shown in Fig.1(ii).

The XPS spectra corresponding to Fe 2p and Mn 2p of La,FeMnOg are analyzed. The
binding energies were corrected by C 1s as reference energy (C 1s = 284.8 eV). The peaks
are fitted using the XPS Peak Fit software and the fitted curves are shown in Fig.1(iii) and
Fig.1(iv). The fitted curves give single peak for Fe 2p;, and Mn 2ps, with peak positions at
710.14 eV and 641.36 eV respectively which confirms the oxidation states of cations as Fe®*
and Mn>* 2223

Based on the reported density-functional calculations, La,FeMnOg could be either a
FM semiconductor or a FM half-metal or a FM metal or a FiM semiconductor under different
biaxial strain conditions.** Also, de Lima et al. reported the magnetic properties of
La,FeMnOg bulk with Tc=65 K and coercivity (Hc) of 1160 Oe at 2 K and 170 Oe at 300
K.* Further, a hysteresis loop with small H¢ and remanence (M;) at 300 K was also reported
for La,FeMnOg.*® In the present study, zero field cooled (ZFC) and field cooled (FC)
magnetizations were measured in the temperature range 5-385 K using the cryostat (Inset of
fig.2) and I the range 300-950 K using the oven (Fig.2) in applied fields of 50, 200 and 1000
Oe. The temperature dependent magnetization (M-T) show irreversibility in magnetization as
can be evidenced in the ZFC and FC bifurcation at lower temperatures and lower applied
fields, which points towards the presence of spin frustration/ spin glass state at lower
temperatures in accordance with the previous reports on La,FeMnOs.>"? The derivative
dM /dT vs. T plot (Fig.3(i))indicates a broad transition at T¢;=60 K, which corroborates the
spin glass-like transition reported earlier.”>*"*

Bhame et al. observed a positive values of Curie-Weiss constant (©) as an indication
of the presence of ferromagnetic exchange interactions and a H¢ of 1170 Oe at 12 K for
La,FeMnOg.>® The M-T in the range 5-300 K is similar to that observed in previous cases,
and a closer look at the plot shows that the moment does not go to zero even at room
temperature.’*>' Further, the room temperature hysteresis loop is also reported for
LazFeMnO6.25’ 26 Ueda et al. observed no transition in the M-T in the range of 50-400 K, and
predicted that there might be an AFM transition above 400 K.**> They have also fabricated
thin films of La,FeMnQOg, by artificially creating superlattices and by natural growth and
showed a FM to PM transition (T¢) at ~230 K and ~380 K respectively.***

This instigated us to carry out higher temperature (300-950 K) M-T measurements
(Fig.2), which showed a transition at Tc~425 K as shown in dM /dT vs. T plot (Fig.3(ii)).
This evidence of the onset of a magnetic transition above room temperature is in line with the
theoretical predictions and experimental observations in La,FeMnOs thin films.***> The
disordered cation arrangements generate antisite boundaries leading to competing exchange
interactions viz. Fe’-O-Mn®" FiM interactions, Fe’"-O-Fe’", and Mn’*~O-Mn’" AFM
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interactions and Mn*"—O-Mn’" dynamic FM interactions.'” *® Further, there is a key role
played by the <B-O-B"> bond angle in determining the exchange interaction strength with the
maximum in exchange interaction for 180°. The super exchange interaction is rather favored
in this case since the <Fe-O-Mn> bond angle is as high as 161.75°.

Field dependent isothermal magnetization (M-H) was measured in the field range of -
90 kOe to +90 kOe at different temperatures ranging from 2 to 950 K, and representative
results are summarized in Fig.3(iii). The M-H is non-saturating even at the highest field due
to the inhomogeneities associated with its structure. Variations of Hc¢ and M; with
temperature are shown in Fig.3(iv). It shows a hysteresis with Hc=1140 Oe and M,=7.8
emu/g at 2 K and H¢=35 Oe and M,=0.2 emu/g at 300 K that are in agreement with the earlier
report™>” and the loop disappears at higher temperatures. The room temperature loop is
almost similar to that reported earlier.”> *° The coercivity value of 1140 Oe drops to 215 Oe
as the sample is warmed to 50 K from 2 K and then a slow rate of decrease in Hc with
temperature is observed, which is an indication of the decrease of the strength of FM clusters
and increase of the strength of PM matrix. The straight line plot at 950 K, with no Hc, and
M,, shows the complete PM state. The M-H curves show a non-linear behavior for low fields
(<2 kOe) even above T, which is an indication of the presence of weak magnetization in the
PM region.

The inverse susceptibility derived from FC magnetization for 20, 50, 200, 1000 Oe

and 10 kOe is shown in Fig.4(i) and the fit to Curie-Weiss (CW) law y = CTW for 20 Oe is

shown in Fig.4(ii). A CW fit is obtained only above T'=570 K and the presence of FSC is
clearly evidenced bye the plot as a sharp downturn below T", which is gradually reduced as
the field is increased. This feature is usually considered as a manifestation of typical
Griffiths-like phases (GP).>>' GP was originally proposed as a randomly distributed Ising
FM regions with nearest neighbor exchange interactions J and 0 with probabilities p and (1-p)
respectively.””> The CW fit in PM region yields an effective magnetic moment,

Ly =2.828,/C, (C, is the Curie constant) as 6.5 pp / F.U. The XPS spectra confirmed Fe''

and Mn’" spin states in La,FeMnOs. The theoretically expected s for La;FeMnOg with Fe
and Mn®" are given in Table 1. The obtained perproclaims that the Fe>" and Mn®" are not in a
low spin state (LS) simultaneously, and if spin-orbit coupling is present, Fe’ should not be in
LS. The FM state may arise from the high spin state (HS) Fe’* (t2g3, egz) and LS Mn®" (t2g4,
e.)), whereas the FiM state arises from LS Fe’* (ts, es’) and HS Mn’" (', e,'), under
certain strain conditions.”* A recent study on La,FeMnOg thin film confirmed AFM coupling
of HS Fe’" and HS Mn*", leading to FiM and observed an inverse relationship in between
saturation magnetization and Fe/Mn-order.**

Table 1.
Spin-Orbit Coupling Mn’" (HS) Mn’" (LS)
Fe'* (HS) 5916 5.916
Fe** (LS) 1.732 1.732
Spin Only interaction Mn** (HS) Mn** (LS)
Fe’" (HS) 7.681 6.16

Page 4 of 13



Page 5 of 13

RSC Advances

Fe** (LS) | 5.196 3.317

The disordered perovskite causes a random dilution of FM with different exchange
interactions viz. superexchange and double exchange interactions as described before and
causes the evolution of FSCs above T¢. The presence of inhomogeneous magnetic states,
magnetic clusters and random competing exchange interactions in La,FeMnOg are well
reported previously.”’ " Moreover, the quenched disorder, triggered by the random chemical
replacement of ions of different sizes can also induce intrinsic inhomogeneities in
manganites.” > The disorder is quenched within the distorted structure of La,FeMnOs due to
the strong coupling of Jahn-Teller distortion of the Fe*'/Mn*" ions and orthorhombic crystal
lattice so that the FM bonds can be assumed as fixed within the lattice that form clusters and
FSCs.™

Usually, the susceptibility of a Griffiths-like phase in low fields follows the power

law,** ™" oc (T —TX)"™*, where A is the magnetic susceptibility exponent (0<A<1) and

T is the random critical temperature. 7,Xis taken as the temperature for which the equation
yields a A (Apm) value close to zero above T". The © obtained from CW fit is 18 K for 20 Oe
(Fig.4(ii)), and assuming T.*at 18 K well establishes Apy~0.02. The linear part of the plot

In(y™") vs. In(T—TF) (Fig. 6) is fitted with the power law and estimated the susceptibility

exponent A as 0.54 at 20 Oe and 0.29 at 200 Oe. The value of A lies in between 0 and 1 and is
decreasing with increase in the field, a signature of Griffiths-like phases. **** The Arrot plots
(M? vs. H/M) at five different temperatures, below and above T¢ are shown in Fig.4(iv). The
linear extrapolation to the high field region of the Arrot plot gives a negative M? axis
intercept confirming the absence of spontaneous magnetization (Fig.4(iv)) with the existence
of finite-sized FM interrelated spins without any static long-range magnetization.“o'41

The presence of inhomogeneous magnetic phases with co-existence of FM and AFM
states in La,FeMnOg was reported where, the FM phase originating from static Jahn—Teller
distortions removed Mn’—~O-Mn’" dynamic interactions and the AFM phase arising from
Fe**~O-Fe’" interactions.”” De et al. reported a glassy complex system at low temperatures
with two dynamical freezing points below room temperature (at 20 K and 255 K), in
La,FeMnOg due to phase separation that was observed in many mixed valence manganites
and also due to the existence of several competing magnetic interactions induced by
antiphase boundaries®* %’ Zhou et al. studied LaMn; 4+FesO3 (0<x<1.0) system and concluded
that Mn favors double exchange interaction whereas Fe favors AFM superexchange.35 Bhame
et al. reported the material as a spin glass, with Fe*" and Mn’" ions having Mn-rich and/or Fe-
rich clusters of different sizes, causing predominant FM or AFM interactions respectively.*’
These clusters are distributed within the lattice according to the synthesis conditions; wherein
the magnetism is predicted by a two-phase model.

In order to get a clear idea about the inhomogeneities, the specific heat (C) was
measured for the temperature range of 10-150 K as shown in Fig.5(i). The low-temperature
region from 10-50 K is fitted using the polynomial*”: C= yT+p;T*+BsT>+p;T’ as shown in
Fig.5(i1). The y gives the coefficient of electronic specific heat due to free charge carriers.
The higher order T terms are the lattice contribution arising from phonons. The obtained
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values are y=59.5 mJmol 'K for the linear term, B5=0.694 mJmol K™, [352-2.54x10'4 mJmol
'K and [3723.69x10'8 mJmol'K™®. The high value of the electronic linear contribution to the
low-temperature specific heat could be an indication of the coexistence of FM metallic and
charge ordered state.**A higher value of y is obtained for materials having FSC with
GPp 404344

The electron spin resonance spectra obtained at 100 K, 170 K, and 300 K are shown
in Fig.5(iii). ESR is highly sensitive to trivial magnetic correlations and is widely used for
analyzing magnetic properties of manganites.”>>’ The ferromagnetic resonance signals, seen
in the enlarged low field region of ESR spectra as shown in Fig.5(iv) clearly show the
presence of FSCs. The coexistence of PM resonance and FM resonance (FMR) signal is an
indication of co-existence of PM and FM clusters.”’
Conclusions

In the present study, the disordered, orthorhombic La,FeMnQOg is found to possess
double transition at T¢;=60 K and, T¢=425 K. The inverse susceptibility show a sharp
downturn with temperature, below T*=570 K, as an indication of the occurrence of FSCs/GP.
The oxidation states of cations are +3 (for Fe and Mn), and the effective PM moment is
obtained as 6.5 pg / F.U. Fe’-O-Mn®*, Fe’"-O-Fe*" and Mn**~O-Mn’" superexchange
interactions, and Mn’"—O-Mn>" dynamic FM interactions could be present in the system.
These competing interactions are responsible for the occurrence of glassy like transition at 60
K and Griffiths-like phase at higher temperatures. The total thermo-magnetic picture of

La,FeMnOg is as follows. At TCRZ 18 K, random dilution of FM phases starts due to the

transition of some of the magnetic phases. The FM clusters within the matrix interacts with
each other and these clusters will undergo spin flipping with time and enters into a Griffiths-

like phase above T\ . At Tc;=60 K, most of the FM phase will undergo magnetic transition

into PM state and at T¢=425 K, another magnetic transition occurs. Even though the T¢ has
reached, some of the FM clusters remain in the PM matrix and eventually transform
completely into a PM state at T'= 570 K, similar to a Griffiths-like phase. The Griffiths
analysis yields a A value 0.54 at 20 Oe and decreases to 0.29 at 200 Oe. Below T¢, the FM
clusters present themselves as a matrix in which PM clusters are embedded. Above Tc, it
seems the FM clusters are distributed within the PM matrix and eventually completely
transforms to PM state. The intrinsic inhomogeneities associated with the structure, quenched
disorder related to the B-site cations and the antisite boundaries cause the presence of FSCs.
The coefficient of low temperature electronic specific heat is as high as y=59.5 mJmol 'K,
and such a high value can be argued to be responsible for FSCs. The electron spin resonance
spectra show ferromagnetic resonance signals pointing the possibility of the presence of FSCs
at room temperature. Normally, magneto-transport properties co-exist with GP, which can be
explored in our future research, and the material is a promising candidate for room
temperature applications. The coexistence of functionalities like FM, FiM, GP,
magnetotransport coupling, etc. in a single material is of great interest for both the scientific
aspects and for practical applications.
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Fig.1(i) Observed, calculated and the difference XRD pattern of La,FeMnQg obtained
from Rietveld refinement.

Fig.1(ii) A small portion of the crystallographic structure of La;FeMnQg crystal framed
using CrystalMaker®

Fig.1(iii) XPS spectra of Fe 2p3/; in La,FeMnOg along with the fitted curves

Fig.1(iv) XPS spectra of Mn 2p3; in La,FeMnQOyg along with the fitted curves
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Fig.2. ZFC and FC curves at 50, 200, and 1000 Oe for 5-380 K
Fig.2.Inset: ZFC and FC curves at 50, 200, and 1000 Oe for 300-950 K
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Fig. 3(i) Derivative of magnetization (FC) with respect to temperature vs. temperature
for 5-300 K.

Fig.3(ii) Derivative of magnetization (FC) with respect to temperature vs. temperature
for 300-950 K.

Fig. 3(iii) M-H curves recorded at different temperatures.

Fig. 3(iv) Variation of coercivity (Hc) and remanence (M,) with temperature.
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Fig.4(i) Temperature dependence of inverse susceptibility (FC) at various fields.
Fig.4(ii) CW fit (solid red line) on 1/y (T) (FC) at 20 Oe

Fig.4(iii) In (X'l) vs. In (T-TCR) at 20, 50 and 200 Qe. The solid green line is the linear fit.
Fig.4(iv) The Arrot plot (M2 vs. H/M) at different temperatures below and above Tc.
The solid red line is the linear fit.
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Fig.5(i) Specific heat (C) as a function of temperature.

Fig.5(ii) Low temperature specific heat C fit.

Fig.5(iii) ESR spectra of La;FeMnOQOg at different temperatures.

Fig.5(iv) Enlarged low field region of ESR spectra showing FMR signals.
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