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Cation disorder in new double perovskites
La,Ni, ,Co,MnO,
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1. Introduction

Double Perovskite-type oxides of general chemicaifila ABB'Og, (Where A =
alkaline earth or rare-earth ion), the transitioatah sites are alternately occupied by two
different types of cations B and B’. It is cleaathboth the valence and the ionic size of B and
B’ are crucial in affecting the physical propertiesthe systems. They have been studied
extensively not only due to the versatile natur¢heir structure but more importantly due to
their multifunctional properties [1]. Among recer@search a wide range of ground states
appear, including ferromagnetic metals, orbitald amarge-ordered antiferromagnets, and
more complex stripe and spin-glass states [2]. Biperovskites BECa 5-,SxMNnO;3 [3]
LagsCasMnooFe.10s [4] exhibits this spin glass behavior but also lmeuperovskite
A,B'B"Os compounds that appear to be spin-glasses, or gkpss- like behavior. For
example, spin-glass behavior has been found irdib@rdered SFeB’Os compounds with
B’= Nb, Ta or Ru [1]. The spin-glass behavior lkelrises from a competition between
ferromagnetic and antiferromagnetic interactionsabee of local disorder such as in
particular LaCoMnGQ:s.

Double-perovskite La#NiMnOg is a single material platform with multiple furartis
and is expected to have unprecedented device appfis [5], it has received considerable
attention recently because the material has avebathigh Curie temperaturd¢) of 280 K
[6] and a colossal magneto dielectric coupling {@p-20%) over a wide temperature range
across room temperature [5,7]. A giant tunabilityd®lectric permittivity was also reported
[8]. LaoNiIMnOg is a ferromagnetic insulator with a positive supechange interaction
between Ni and Mn cations [5, 6, 9-12]. Such bebragi significant in spintronic materials as
it helps to achieve magneto- dielectric propertidsese outstanding physical properties arise
from competing magnetic interactions of cationsucural (phonons) and polarization
(charges) order parameters.

La,CoMnQs; shows well-ordered monoclinic symmetry with goedrémagnetic and
insulating behaviors [12-13]. Using first principdensity functional calculations, it is stated
that the insulating state in $@oMnQ; is driven by the Coulomb-assisted spin-orbit coupl
operative within the Co-d manifold [14]. }@oMnQOs shows two ferromagnetic transitions at
Tcr ~ 225 K andTe, ~ 150K [14]. Blasse et al. showed the presencembiagnetic Co—



Mn** superexchange interaction [15]. Joy et al. presktite high-spin Mfi and low-spin
Co®* in rhombohedral phase and high spin®Cand Md* in orthorhombic phase in
La,CoMnQs; [16]. By performing X-ray absorption near-edge dpescopy (XANES)
experiments Joly al. also suggested that the order phase involvé$ &wl Mri* ions and
disorder state corresponds to*Cand M ions in LaC@sMno.sOs [17].

In the present work, the double perovskitesNigCo; xMNnOg (LNCMO) with x = 0.2,
0.25, 0.5, 0.75 and 0.8 have been prepared by akdvsiate reaction. The powder XRD, IR,
UV and Raman spectroscopy at room temperaturedtias the structural characterization.
The magnetic properties have been investigatedHfy-FC and AC magnetic measurements
from 2 K to 300 K and the optical properties haeerminvestigated in order to calculate the
band gap energy and to study the optical beha¥itireosamples.

2. Samplepreparation

Polycrystalline samples of kMiyCo,MnOs (x = 0.2, 0.25, 0.5, 0.75, 0.8) were
synthesized by solid-state reaction. Stoichiometnwunts of LgO3; (99%), CoCQ (98%),
NiO (99%) and MnC@(99%) were mixed and heated in air at 200°C for 6d0°C for 6 h
and finally at 900°C for 24 h in a conventional ulav furnace. After the first step, the
material was re-grounded in an agate mortar, wivere subsequently heated at 1000 °C for

24h in air. The LgNi,Co,xMnOg compounds were synthesized at the same temperatures

The chemical reaction is :
La,O3 + X NiO + (1X) CoCQ + MnCO; —LayNiyCo,MnOg + (14X) CO; 1

The structural refinements were undertaken frompbeder data. Diffraction data
were collected at room temperature on a Phillipo@0 @-0) diffractometer: Bragg—
Brentano geometry; diffracted-beam graphite momaoiator; Cu(k) radiation (40 kV, 40
mA); Soller slits of 0.02 rad on incident and diffted beams; divergence slit of 0.5
antiscatter slit of 1°; receiving slit of 0.1 mmithvsample spinner. The patterns were scanned
through steps of 0.02 @2 between 10 and 100 gRwith a fixed-time counting. The full
pattern refinements were carried out by means efRletveld method using the Fullprof
program [18] integrated in Winplotr software [19he Rietveld refinement of the observed
powder XRD data is initiated with scale and backgieh parameters and successively other
profile parameters are included. The backgrournfittesd with a fifth order polynomial. The

peak shape is fitted with a pseudo-Voigt profilendtion. After an appreciable profile



matching the position parameters and isotropic atalisplacement parameters of individual
atoms were also refined.

The chemical composition and purity of each sanwdes recorded using Cameca
SX100 electron microprobe at the CAMPARIS faci(i8orbonne University).

Fourier transform infrared spectroscopy (FT-IR, BIKET 6700) was used to
determine chemical bonding of powders.

The Raman spectra were recorded on HR460 (Jobim/¥aiba) spectrometer using
as excitation source an Alaser under 514.5 nm excitation wavelength.

The optical properties UV-visible spectroscopy nieasients was done using Perkin
Elmer UV-VIS spectrometer (Lambda 1050).

The All direct current (DC) and alternative curr¢AC) magnetization measurements
have been carried out on a Quantum Design MPMS-1X{agnetometer.

3. Resultsand discussion
3.1. Structural characterization

The Rietveld refinement of X-ray diffraction patter of the polycrystalline
LaoNixCoxMnOs (x = 0.2, 0.25, 0.5, 0.75, 0.8) confirmed the present a majority
monoclinic structure phase with 2 space group and a small minority phase marke@)by
sign was estimated to be around 6.08% Xar 0.2, 6.14% fox = 0.25, 5.6% foix = 0.5,
7.31% forx = 0.75, 6.76% fok = 0.8) of LaMO,4 with M = Ni, Co, Mn (orthorhombic, Bbam
space group, with a=5.4652 A, b=5.46869 A, c=120&78) previously reported in [20]. The
lattice parameters and volume obtained from refe@nusing monoclinic Rt space group
are found similar to the reported values of momiclLaCoMnQ; double perovskite [21].
After the complete refinement, we achieved a gogeeement between the observed and
calculated XRD patterns at 298K, for .D,Co;«MnOg (x = 0.2, 0.25, 0.5, 0.75, 0.8) as
shown in Figure 1, respectively as a representativéhe series. Table 1 summarizes the
lattice parameter, unit cell volume and reliabiliactors after the Rietveld refinement, one
note a strange anomaly of decreasing unit volumé wmcreasingx shown atx = 0.75,
probably attributed to the presence obM®&®,. The selected bond lengths were determined
and are listed in Table 2. The results of Rietuefinements data showing that the atoms
(Ni/Co) and Mn are octahedrally coordinated withe tbxygen atoms. The octahedra
[Ni/CoQO¢] and [MNnQy] are linked by @ and Q along (a, b) axis and by,@long c-axis in
Figure 2.

3.2. The electron probe microanalysis results



The elementary analysis has been performed byrefeBrobe Microanalysis in Tables 3,
the average stoichiometry of our double perovskdamples can be written as
Lag.0dNio.21C00.78MINp 96065, Lap éNio.34C00.7MN1 10615, Lag oNio 57C00.49MN0.9:06:s,
Lag oMNig 77000 1IN0 960615, and La oNiogdl 29MN1 0065 The disagreement with the
theoretical stoichiometry, can be justified by firesence of the impurity phase of,MiD,
with M = Ni, Co, Mn.

3.3. Raman spectroscopy studies

Figure 3 shows the Raman spectra of the studiedpconds. The main features of
these spectra are two broad peaks at around 52D amd 650 chl. According to the
bibliography [22-25] these bands corresponds to Mi&o—O and Mn-O octahedron
antisymmetric (B) and symmetric (4 stretching vibrations respectively, for a monoii
P2/n crystal. The energy of the phonons and the gatighe FWHM for each sample are
summarized in Table 4. We observed a hardeningoth pbhonons as the amount of*Ni
doping increase. Despite the fact that the ionitii 1ef the C62 and Nf* in octahedral sites
are 0.65 A and 0.69 A respectively [26] and therage of the distances Co/Ni-O, Mn-O, the
octahedron La-O are maintained the same for tHerdit Nickel contents (Table 2). The
hardening of the phonons can be associated to eragerelaxation of the host lattice, when
Ni?* is incorporated to the lattice Figure 4. The ofgosccurs in the case of the double
perovskites LgNiMnOg and LaCoMnQs; when doped with Caions. The hypothesis of this
lattice relaxation gets stronger since the obsefR&HM does not change with the doping
increase Figure 5.

3.4. Infrared spectroscopy studies.

Figure 6 shows FT-IR spectra of the studied comgeuihe broad absorption band at
about 426 cnt and 600 crit can be assigned to the Ni/Co—O and Mn-O bond irejc
vibration and deformation modes of the [Ni/Gp@nd [MnQy] octahedra according to the
literature [27-28].

3.5. The optical studies.

The energy band gap of di,Co,xMnOg (x = 0.2, 0.25, 0.75, 0,8) were studied by optical
absorption. The band gap of samples was calculatedotting graph betweemlfv)? against
the photon energyvh with help of optical absorbance wherés the absorption coefficient, h

is the Plank constant ands the frequency of incident light. Tauc's relatis given by [29]:



Ahv = A (hv-Ey)"

Where g is the energy difference between valence and agimtuband and n is a constant
equal to 1/2 for direct band gap materials andr2nfdirect band gap material. The natures of
the plots indicate the existence of direct traosgi The band gapgyHs determined by
extrapolation of the straight portion of the plotthe energy axis as shown in Figure 7. The
obtained band gap of kMdixCo«xMnOg (x = 0.2, 0.25, 0.75, 0.8 given in Table 5.

3.6. The magnetic properties studies

Figure 8 summarizes the results obtained from E&Onagnetization in a field of 50
Oe between 2 K and 300 K : (a) shows the thermahttan of molar susceptibilities or
susceptibility per formula unit (f.u.) for the fidouble perovskites; (b), the enlarged ZkxC
curves in the temperature range of 2 - 300 K ; {ag, derivatives of ZFGy againstT
(dM/dT) between 180 K and 300 K (the solid lines are gyiees) and (d), the inverted ZFC
molar susceptibilityyw™, againstT between 220 K and 300 K (the solid lines represeat
data fitted by Curie-Weiss law). All five oxidesegent a strong paramagnetic (PM) to
ferromagnetic (FM) transition with the Curie temgtere, Ty, corresponding to the deepest

minimum value of g/dT.

The T¢; value increases from 232 K to 260 K (see Tablt®nx increases from 0.2
to 0.8.This is expected, as thig; value of LNMO oxide reported in the literature aesy
near room temperature : for example, 270 K foobgystalline sampl¢g31] and thin film
[32], 284 K for large nanopatrticles (d>50 nnj33] and 288 K for a single crystg34].
WhereasT¢; value of pure LCMO oxides are lower and rangesfi@l0 K to 235 K for
polycrystalline samples [35-38] and thin fil§89,42]. Obviously,T¢c; depends not only on
the oxide composition but also on its cation onmigsi The strong PM-FM transition in double
perovskites is attributed to the long-range magnetilering of MfA*- O - M?** (M?* = Co or
Ni or other transition metals) [43], which is alvgay competition with the antiferromagnetic
interactions (AFM) of anti-site ions (Mh- O - Mri™* or B** - O - B*"). The later ones are the
consequences of the local disorders in double g&it®s, such as oxygen vacancy [43,40], B-
site disordering [32, 36] which reduces the longgeFM ordering of Mfi - O - B**. Even in
an ordered LBMO perovskite, the antiphase interfaetveen the two FM regions would
have also AFM interactions of antisite ions. Theref for a double perovskite of a given
composition, a higheil¢; reflects a higher degree of cation ordering. Thoédghe fives
double perovskites withk(= 0.2, 0.25, 0.5) content show also a weak PM-fvdition aflc,



= 200 K, 200K and 208K respectively. The similangition occurs often in LNMO oxides
and is attributed to the short-range magnetic andeof Mn**- O - NF* [32, 34, 31]. All
values of Tc; and Te, are summarized in the Table 6 together with theig2ieiss
parameters, C an@. The positive sign o® confirms the ferromagnetic ground statehge
fives double perovskite§.c; and® show the same tendency of compositional variaiod
the small difference between them suggests a hagreé of cation ordering in double
perovskite [44].

It's worth noting that in a certain temperature @maboveTc;, xw* versusT (Figure 8 d)
presents an upward deviation from Curie-Weiss behawas already observed for a
polycrystalline LNMO [45]and a nanoparticle LNMO [46hy S.M. Zhou et al. They
explained the phenomenon by the existence of at-stioge FM ordered state persisting

aboveTc.

The Figure 9 shows thd-H loops of the fives double perovskites at 5 K: (a)
presents the entire M-H loops from ¥7to 7 T and (b), the zoomed loops fromT-20 2T
without first magnetizations. Each hysteredisH loop is characterized by its specific
magnetization at 7T (Mg), its coercive magnetic fieldHg) and by its specific remnant
magnetization iI;), and the Table 7 summarizes the values of thesemeters. For the
LCMO and LNMO doubles perovskites these three patara depend strongly on the content
of the antisite ions and of anti-phases. If theodisr increases, botkls and M, diminish,
whereadHc decreases [43,33]. When thg of a double perovskite approaches its theoretical
spin-only value Msicvo = 6.0 pg/f.u. andMs nwo= 5.0 pug/f.u.), the oxide is considered as
well ordered. For example, A J Baron-Gonzadeal has studied the effect of cation disorder
on the structural, magnetic and dielectric propsrtof two polycrystalline L&oMnGs
double perovskite with the disorder degree of 95% @4% respectively [35], the highly
ordered LCMO Tc1 = 235 K) has &svalue of 5.85up/f.u. and aHc value of 1.50 kOe at 10
K, whereas the lowly ordered LCMQd; = 225 K), aMs value of 4.41ug/f.u. and aHc value
of 6.75 kOe; M.P. Singlet al has compared the structural, magnetic and optipgsties of
two LNMO thin films: an ordered L&IIMNnOg film (Tcy = 270 K) and its disordered
LaNipsMng 503 counterpart Tc; = 138 K). TheMs andHc are respectively 4.8g/f.u. 0.25
kOe for the former, and 3p&/f.u. and 1 kOe for the second [32].

The spin-only saturation magnetization of our deyserovskitesMg, can be
calculated by the following equation:



Mg =V (1X) Msicmo® + X Msi o’

The ratio ofMgdMg, allows an estimation of the ordering degree fa filke double
perovskites (see the Table 7). According to thiiion, the Nf* rich double perovskitex &
0.75 and 0.80) have a high degree of ordering @)96vhile the oxide withx = 0.25, the
lowest degree of cation ordering. As expectedrthealue tend to decrease with?Ntontent

in the oxides.

The M-H loops curves at 300 K have no hysteresis operihg. Figure 10
showsM-H curves from 0 to 7T for the five double perovskites. In low field (<T2 theM
plotted againsH are straight lines, but in high field (T2 one observes a notable downward
deviation ofM from the straight lines for all the fives oxid@his confirms the existence of
the short-range ordering aboVe; mentioned above. More is the?Niontent in the oxides,
more is the downward deviation of th&frH curves.

The Figure 11 (a) and (j) illustrates the thernaiation of the in-phase’ and out-off phase
(x') components ofac molar susceptibilities for the five double peraws& under armc field

of 3 Oe at three frequencies (50.0 Hz, 141.6 Hz 400.6 Hz). Bothy’ and x” display
frequency dependence in the whole temperature rafge5 — 300 K: their intensities
decrease with increasing frequency. ¥hf curves are very similar to the ZBg-T curve,
indicating two PM-FM transitions of the three oxsdgithx = 0.20,x = 0.25 and = 0.50, and
one transition for the two others rich in?Nivith x = 0.75 anc = 0.80. The"-T curves give
more information on the multiple magnetic transidan the oxides: they revealed that the
positions of the strong and weak PM-FM transitiaisTciac and Teooc are frequency
independent, whereas the transition below 100rK &t 50 Hz, T, at 141.6 Hzand T¢; at
400.6 Hz) are strongly frequency dependent. Fumibeg, one can observe that the peak
relative to the weak PM-FM transition is very large the y’- T curve for the double
perovskite havingk = 0.25, it seems that the broadening of this peaiht result from the
addition of several short-range FM interactionsr@fgnetic cations. This is consistent with
the fact this oxide has the lowest ordering de@fedble 7) and suggests that it might have a
less homogeneous structure. The Table 8 listsdhees 0fTciac, Tezae, Tr, Trz andTes for the

five double perovskites.

The low temperature frequency dependent anomal\bban already observed
in several LCMO and LNMO double perovskites, andyénerally assigned to the spin or

cluster glass transition. The spin glass behawsults from the competition between FM and



AFM interactions in many magnetic oxides, whichtd®gs the long-range magnetic order
and leaves the system in a random spin configuratiofrozen state. If one FM or AFM
interaction dominates, the FM-AFM competition is ake the system will have a short
magnetic order, and thus a cluster glass behaliw.spin or cluster glass is characterized by
their specific relaxation timey as well as by their frequency sensitivity factaralled also
Mydosh factoiK = AT;/ (Tio A(logadf)) [47,48].

The relaxation time can be derived from Arrhenius law.
T =10 eXp[Ea/(keTr)]
Where E is the anisotropy energys1/(2nf) and ks, the Boltzmann constant.

The Table 9 summarizes thgand K values calculated frogti- T curves for the fives
double perovskites. The value of the five oxides varies from 1.963%1@0 2.974x10 s
and is greater than theg value of spin glass (about 1ds). This reveals the cluster glass
nature of the low temperature frequency dependeaimalies on the”- T curves. The K
values greater than 0.1 indicate that the magneatfigsters are non-interacting

superparamagnetic single domains.
Conclusion

In conclusion, we succeed in the new solid-stater®sis of five doubles perovskites oxide
LaoNixCoxMnOg (x = 0.2, 0.25, 0.5, 0.75, 0.8). Raman and IR spestitav strong bands
respectively at (650, 520 ¢thand (426, 600 cil), attributed to the stretching vibration of
Ni/Co—-O and Mn-O bonds in the structure. UV exksitsemiconductor behaviors for all
samples. We have done a preliminary magnetic ctearaation of the method by ZFC-FC M-
T in a weak field, by hysteresi-H loops at 5 K and 300 K and kac magnetizations
between at three frequencies. The double perosskiga/ingx < 0.5 show two PM-FM
transitions and ones witk > 0.75, only one PM-FM transition. As expected theri€
temperature of the strong PM-FM transitidit,) increases with increasing content of Ni
All the five monoclinic structure (R space group) double perovskites display a

superparamagnetic behavior below 100K.
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Caption

Fig.1. X-ray diffraction profiles of experimental.(.) and calculated patterns (—) for,NaCo;,MnQOg(x = 0.2,
0.25, 0.5, 0.75, 0.8). Star representsM@, with M = Ni, Co, Mn (orthorhombic, space group Bija

Fig.2. The monoclinic structure with P2 space group of Li,Co,,MnOgrepresented on Vesta program (
K. Momma and F. lzumi (2011): J. Appl. Crystallog¥4, 1272-1276).

Fig.3.Raman spectra of LHi,Co;,MnOg(x = 0.2, 0.25, 0.5, 0.75, 0.8) compounds.

Fig.4. Raman modes energy dependence with Nickekab of LaNi,Co;,MnQOg.

Fig.5.FWHM versus the Nickel content of $i,Co;.,MnOg (x = 0.2, 0.25, 0.5, 0.75, 0.8) compounds.
Fig. 6. FT-IR spectra of LaNi,Co.,MnOg(x = 0.2, 0.25, 0.5, 0.75, 0.8) compounds.

Fig.7. (ahv)? versus photon energyvhof La,Ni,Co,.,MnOs (x = 0.2, 0.25, 0.75, 0.8) compounds.

Fig.8.Results from th&lagnetizatioATemperature measurements fopMgCo;,MnOg (x = 0.2, 0.25, 0.5, 0.75,
0.8) in the magnetic field of 50 Oe : thermal vaoia of ZFc-Fc molar susceptibilityyg) (a) and enlarged ZFc
wv (D) in the temperature range of 2 - 300 K, deiaof ZFcyy, versus temperature between 180 K and 300 K
(c, the solid lines are eye guides) and inverted %fagainst temperature between 220 K and 300 K (dsdlie
lines represent the data fitted by Curie-Weiss law)

Fig.9. Field dependent magnetization fopNleCo,.«MnOs(x = 0.2, 0.25, 0.5, 0.75, 0.8) at 5 K in the fieldga
from -7T to 7T (a) and in the field range from T2to 2T (b).

Fig.10.Field dependent magnetization fopbNgCo,, MnOg (x = 0.2, 0.25, 0.5, 0.75, 0.8) at 300 K in the field
range from 0 to 7.

Fig.11.Thermal variation of the real and imaginamylar susceptibilitiesy(andy ) for La,Ni,C0y, MnOg (X =
0.2, 0.25, 0.5, 0.75, 0.8) in an AC magnetic figl® Oe with three frequencies (50 Hz, 141.6 Hz 40@.6 Hz).

Table.1.Crystal parameters and details of the wtrecefinement for LaNi,Co; ,MnOg (X = 0.2, 0.25, 0.5, 0.75,
0.8).

Table.2. Bond distances (A) for iNi,Co,.,,MnOg (x = 0.2, 0.25, 0.5, 0.75, 0.8).

Table.3 Results of The electron Probe Microanalysis (EPMAlysis for the cation composition and
concentration for LaNi,Co,,, MnOg (x = 0.2, 0.25, 0.5, 0.75, 0.8). The gap is the diffice between
experimental and theoretical concentration.

Table.4 Raman Lorentzian fitting parameters of theNigCo;., MnOg (x = 0.2, 0.25, 0.5, 0.75, 0.Bands at RT.

Table.5 The band gap energy of ii,Co; ,MnOg (x = 0.2, 0.25, 0.75, 0.8) compounds and comparison t
literature.

Table.6. Curie temperatures and Curie-Weiss passéir LaNi,Co;.,MnOg(x = 0.2, 0.25, 0.5, 0.75, 0.8).
Table.7. Characteristics of thé-H loops at 5 K for LgNi,Co;,MnOg (x = 0.2, 0.25, 0.5, 0.75, 0.8).

Table.8. Curie temperatures and cluster glassitiamsemperature determined by the out of phastamo
susceptibility;y -T for LaNi,Co;.,MnOg(x =0.2, 0.25, 0.5, 0.75, 0.8).

Table.9.Relaxation timer, activation energy Fand Mydosh factor K determined by the Arrheniwg feom the
out of phase molar susceptibility;- T for La,Ni,Co,;,,MnOg (x = 0.2, 0.25, 0.5, 0.75, 0.8).



x=0.2 x=0.25 x=0.5 x=0.75 x=0.8
a(A°) 5.522(1) 5.518(4) 5.515(6) 5.522(2) 5.515 (8)
b (A%) 5.482(4) 5.472(1) 5.469(6) 5.480(8) 5.467(2)
c (A%) 7.768(7) 7.754(9) 7.752(7) 7.766(6) 7.750(1)
g 90.08(2) 90.08(5) 90.07(8) 90.12(1) 90.04(4)
\Vj (A°)3 235.177(1) 234.176(3) 233.884(2) 235.039(2) 233.673(5)
La: x 0.0031(2) 0.0031(3) 0.0029(3) 0.0027(8) 0.0037(7)
y 0.5218(7) 0.5192(1) 0.5194(1) 0.5218(8) 0.5179(7)
7 0.2474(1) 0.250 0.2490(1) 0.2506(1) 0.2484(8)
Biso 0.7321(9) 0.6823(4) 0.8497(3) 0.6933(1) 0.6589(5)
Mn: Xy z 00O 00O 00O 00O 00O
Biso 0.5478(5) 0.9102(5) 0.4482(7) 1.4434(2) 2.5478(5)
Ni: Xy z 0 005 0005 0 005 0 005 0005
Biso 0.3007(9) 0.2312(4) 0.2063(3) 0.1083(8) 0.2314(3)
Occ 0.2000 0.25 0.5 0.75 0.8
Co:xyz 0 005 0005 0 005 0 005 0 005
Biso 0.3007(9) 0.2312(4) 0.2063(3) 0.1083(8) 0.2314 (3)
Occ 0.8000 0.75 0.5 0.25 0.2
O(1): x -0.7786(1) -0.7742(1) -0.7752(2) -0.7680(5) -0.7733(9)
y 0.2641(9) 0.2431(3) 0.2641(9) 0.2618(9) 0.2430(8)
7 0.0419(6) 0.0510(1) 0.0420(2) 0.0406(5) 0.0518(2)
Biso 1.5307(1) 1.1001(4) 0.9660(6) 1.0119(2) 0.1576(2)
0(2): x -0.5644(1) -0.5662(1) -0.5690(1) -0.5757(2) -0.5697(6)
y 0.4943(5) 0.5001(5) 0.4921(1) 0.4979(6) 0.4933(7)
7 -0.2677(4) -0.2620(1) -0.2562(2) -0.2571(4) -0.2589(1)
Biso 1.5307(1) 1.1012(4) 0.9660(6) 1.0192(9) 0.1576(2)
O(3): x -0.2802(1) -0.2710(2) -0.2701(1) -0.2698(1) -0.2873(2)
y 0.1887(7) 0.2110(1) 0.1810(2) 0.1844(1) 0.1933(2)
7 -0.0132(2) -0.0161(3) -0.0159(3) -0.0109(7) -0.0102(7)
Biso 1.5307(1) 1.1032(4) 0.9660(6) 1.0192(9) 0.1576(2)
Rg 3.140 3.729 6.010 4.348 3.355
= 4,719 5.562 7.300 7.049 6.028
Rp 13.2 22.8 14.3 23.6 14.3
Rwp 9.65 17.3 10.8 15.7 10.8
Rexp 5.77 13.41 6.24 14.30 6.35
2.80 1.67 2.97 1.21 2.91




x=0.2 x=0.25 x=0.5 x=0.75 x=0.8

Ni/CoOs octahedra
Ni/Co-0O, x 2
Ni/Co-0;, x 2
Ni/Co—-0; x 2

MnQOg octahedra
Mn—-0O; x 2
Mn-0, x 2
Mn—0O3 x 2

LaOs octahedra

La-O;
La-O,
La-O;
La-O,
La-O,
La-O,
La-O,
La-O,
La-Os
La-Os
La-Os
La-Os

2.0362(0) 1.9947(7) 2.0178(2) 1.9990(1) 2.0996(1)
2.1099(1) 2.0388(6) 2.0208(7) 2.0396(1) 2.0432(1)
2.0964(0) 2.1495(9) 2.1609(3) 2.1483(0) 2.0478(0)

1.9228(0) 1.9537(7) 1.9321(2) 1.9491(1) 1.8677(1)
1.8399(1) 1.9342(6) 1.9306(7) 1.9329(1) 1.9083(1)
1.8642(0) 1.8019(8) 1.7924(3) 1.8023(1) 1.9063(1)

2.4495(1) 2.5107(6) 2.4555(3) 2.5099(1) 2.4687(2)
2.5979(1) 2.5436(6) 2.5813(3) 2.5485(1) 2.4734(2)
2.8211(1) 2.8661(6) 2.8396(3) 2.8617(1) 2.9551(2)
3.1823(1) 3.1212(6) 3.1504(3) 3.1216(1) 3.1473(3)
2.4301(1) 2.3599(3) 2.3949(2) 2.3616(1) 2.3960(1)
3.1044(1) 3.1674(3) 3.1232(2) 3.1659(1) 3.1233(1)
2.8556(1) 2.8831(2) 2.8254(1) 2.8825(1) 2.8251(1)
2.6816(1) 2.6677(2) 2.7020(1) 2.6678(1) 2.7025(1)
3.1421(1) 3.1327(7) 3.1468(2) 3.1307(1) 3.1216(2)
2.5738(1) 2.5579(7) 2.5926(2) 2.5591(1) 2.5424(2)
2.8592(1) 2.8722(7) 2.8509(2) 2.8707(1) 2.8896(2)
2.4934(1) 2.5032(7) 2.4668(2) 2.5049(1) 2.4807(2)




a) LaN i 0.8C002M NOe.

Atoms La Mn Ni Co La/Mn Co/Ni
Experimenta 20.75334 9.63132 7.73818 1.8732 2.1547 0.2407
Theoretical 20.0000 10.0000 8.0000 2.000 2 0.25
The gap 0.75334 0.36868 0.26182 0.1268 0.1547 0.0093
b) LaQNi0.75C00.25M NOe.
Atoms La Mn Ni Co La/Mn  Co/Ni
Experimental 20.5958 10.8890 8.3350 25380 2.0568 0.3046
Theoretica 20.0000 10.0000 7.5000 25000 2 0.33
The gap 0.5958 0.889 0.835 0.038 0.0568 0.0254
C) LaQN|05COo5M NOe.
Atoms La Mn Ni Co La/Mn Co/Ni
Experimental 19.12193 9.53302 5.70478 4.80597 2.0586 0.842
Theoretical 20.0000 10.0000 5.000 5.000 2 1
The gap 0.87807 0.46698 0.70478 0.19403 0.058 0.158
d) LaxNio.25C00.7sMnCOe.
Atoms La Mn Ni Co La/Mn Co/Ni
Experimental 26.3448 11.16795 3.4892 7.205583 2.3720 2.0934
Theoretica 20.0000 10.0000 2.5000 7.5000 2 3.0000
The gap 6.3448 1.16795 0.9892 0.294417 0.3720 0.9066
e) LaQNIOQCOogM NOe.
Atoms La Mn Ni Co La/Mn Co/Ni
Experimental  20.5053 9.6972 2.188675 7.60762 2.1145 3.4759
Theoretica 20.0000 10.0000 2.0000 8.0000 2 4.0000
The gap 0.5053 0.3028 0.188675 0.60762 0.1145 0.5241




Samples Pesk 1 (cm™) FHWM 1(cm™) Peak 2 (cm™®) FHWM 2 (cm™)

LaNio.g0C0020MNOg 522 114 663 438
LapNi 0.75C00.2sM NOg 523 46 667 41
L&Nig50C0050MNOg 518 63 658 43
LaoNi 0.25C00.7sM NOg 516 141 647 55

LSQNio_QQCOQ_g oMnOg 508 75 651 37




Theoretical formula  experimenta formula band gap energy Ref
(eV)
LaNiMnOes LaNiMnOes 1.2 [30]
LaN [ 0.8C002Mn0Os Laxg7N i 0.77C00.18M Ng.960s 1. 66(2) Thiswork
LaNip75C0025sMNO6 L ag s Nigss C0p 25 MNy 0506 1. 65(1) Thiswork
LaNig25C007sMN0s  LapeNio34C0072MN1.106 1.75(1) Thiswork
LapNig2C0ops MNnOe L&.05Ni0.21C00.76M No.0606 1. 62(2) Thiswork
La,CoMnOs La,CoMnOe 1.93 [29]




Sample | T.(ZFC-FC) | Reference | Curie-Weiss constants Reference
Ta1 Teo C curie ® (K) Effective
K) | (K) (cm®.K.mol" moment
Y (1B)
=0 210 [33] 7.34 [33]
x=0.20 | 232.0| 200.0 | Thiswork 6.743 236.92 7.52 Thiswork
x=0.25 | 238.0 | 200.0 | Thiswork 7.790 246.56 7.483 Thiswork
x=0.50 | 243.0| 208.0 | Thiswork 5.927 250.24 6.85 Thiswork
x=0.75 | 255.0 Thiswork 6.857 261.58 6.12 Thiswork
x=0.80 | 260.0 Thiswork 7.106 266.20 7.49 Thiswork
x=1 280 [35] 5.54 [35]




Double Spin- Characteristics of hysteresiscycleat 5K
Perovskite | only Mgy | Mg (ugru) | Order degree Hc (KOge) M (UBst.u)
(HB/f.u.) (%)

x =0.20 5.81 5.14 88.47 3.5 2.56
x =0.25 577 4.50 77.99 2.0 2.01
x =0.50 5.52 4.90 88.73 2.0 2.30
x =0.75 5.27 5.09 96.58 1.0 1.97
x =0.80 5.22 541 100.00 0.8 1.96




Double FM transition Frequency dependent transition temperatures ¢
perovskite ‘s temperature (K) cluster glass (K
composition Tcia Teoa T (50 Hz) Tp, (141.6 Hz) | Ty (400.6 HZz)
X=0.20 230.0 195.0 75.0 85.0 95
X=0.25 236.0 195.0 90.0 100.0 110
X =0.50 239.0 203.0 70.0 75.0 80
X=0.75 250.0 65.0 70.0 75
X =0.80 255.0 70.0 80.0 90




Double perovskite ‘s 10 (S) Ea (cril) K
composition
X=0.20 1.759 x10-7 512.872 0.260
X=0.25 3.659x10-8 713.529 0.221
X=0.50 1.963x10-10 808.713 0.147
X=0.75 5.573x%10-10 703.860 0.158
X=0.80 2.974%x10-7 453.219 0.277
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Highlights
Highlights

The effect of cation disorder on magnetic properties of double
perovskites La>NixCo.xMnOs

Paramagnetic to ferromagnetic (PM-FM) transition
Existence of super-paramagnetic mono-domains
Revealing spin glass transition analog.

Double-perovskite La.NiMnOg is a single material platform with
multiple functions





