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Abstract

The double perovskite materials show the magnetic semiconductor, magneto-optic and magneto-capacitance like interesting
properties. It is predicted that the B-site substitution in this system may results in interesting properties. La;Nii-xFexMnQOg
thin films are deposited on Pt/Ti/ Si(100) substrate by Pulse Laser Deposition (PLD) technique. The films were uniform,
fine grain and stoichiometric deposited at very low O, pressure. The XRD of La;NiixFexMnOg thin films exhibits
rhombohedral (R-3) phase. The peak broadening appears in Raman spectra at antistretching (518 cm™) and stretching (656
cm?) modes with presence of overtone modes at 1308 cm™ in La;Nii-«FexMnQOg thin film samples. XPS analysis reveals the
presence of La®*, NiO, Ni®*, Fe**, Mn®" and oxygen vacancies in samples. The Ni®* and Mn®* antiferromagnetic coupling is
responsible for decrease in saturation magnetization Msfrom 4.78 to 2.74 pg/f.u as Fe substitution increases from 0.1 to 0.3 at
5K. The increase in grain size, peak broadening and decrease in magnetization of La;Nii.xFexMnQOgthin film samples suggest
presence of antisite defects and antisite phase boundary. The present work will helpful to study the effect of B site
substitution on LazNiMnOs thin films structural, electronic and magnetic properties in order to make it suitable candidate for

potential applications. Copyright © 2017 VBRI Press.
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Introduction

Double perovskites are the materials of interest in recent
years. It exhibits multiferroic nature, where ferromagnetic
and ferroelectric orders coexist [1-2]. The double
perovskites have wide range of applications such as
magnetodielectric capacitors [3-4], spin filtering tunnel
junctions [5-6], solid-state thermoelectric Peltier coolers
[7], solar cell application [8] etc. The double-perovskite
structure (A2BB'Og) is comprised of two perovskites
(ABOs3) and (AB'O3). In (A2BB'Os), A represent cations
(La, Ba, Sr, Y, Ca and Ce), while B and B’ are transition
metal cations (Ni, Fe, Mn , Ca and Co). The different
compositions of double perovskite have been explored by
researchers extensively such as La)NiMnOg[9-11],
SrzFeMoOG[lZ], Bi2FeCrOg [13], Y2NiMnOg [14]

The LazNiMnOg is one of interesting double perovskite
material, which exhibits several properties like
ferromagnetism near room temperature, dielectric
properties,  magnetocapacitance, magneto-resistance,
ferroelectric properties [15], colossal magneto-dielectric
and multiglass properties [16]. These properties of
La;NiMnOg are  highly depends on Ni and Mn cation
ordering such as Ni 2* and Mn #* or Ni " and Mn " states.
The ordered arrangement of the NiOg and MnOgoctahedra
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gives rise to 180° ferromagnetic interactions between Ni%*
(d® ,S=1) and Mn* (d® , S=3/2) ions governed by
Kanamori-Goodenough rules [17]. Recent studies show
the microwave sintering effect on properties of
La;NiMnOg [18], effect of A site (Ba) substitution effect
on structural, magnetic and vibrational properties of
La;NiMnOg double perovskite [19,20,21], effect on
electric and dielectric properties of B site (Mg) doping on
LazNiMnOg[22], high transition temperature and short
ferromagnetic ordering in La)FeMnOs [23]. The
substituted La;NiMnOg composition properties were
engineered to make it potential candidate for applications.
The double perovskite material properties are highly
synthesis sensitive [33]. Therefore numerous methods
were used for preparation La;NiMnOs such as solid-state
reaction, sol-gel method etc. In present work hydroxide
co-precipitation method with constant pH is used to
synthesize Fe substituted La,NiMnOg samples in order to
obtain high crystallinity, nano size powder samples.
Similarly, different techniques are employed for film
fabrication such as chemical wet process [24], MBE [25]
and Pulse Laser Deposition (PLD). Among these methods
PLD is the most suitable techniques for fabrication of
double perovskite thin film deposition. It offers the
possibility of a high oxygen partial pressure during
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growth and can produce good quality of films. The earlier
studies also show the different substrates were used for
double perovskite film formation such as STO, LAO and
PUTIi/Si [26-32]. The substitution will interchange the
ionic positions in A;BB’Os lattice and also affect
structural, electronic and magnetic properties of the parent
material. It will be interesting to study the role of Fe
substitution in ferromagnetic ordering of LazNiMnQOg and
its effect on several factors viz. antisite defects and
antisite phase boundary, transition temperature, structural,
electronic and magnetic properties of parent material.
Several studies were made on A and B site substitution of
A:BB’Og¢, however very few reports available on B site
partial substitution of La;NiMnOg thin films. In addition,
the magnetic properties depend on substrate and oxygen
pressure which affect the Ni?* and Mn** order. Therefore,
the present investigations are based on partial substitution
of Ni (B site) with Fein La:NiMnOsg double perovskite
lattice. Here PLD based Fe substituted La,NiMnOs i.e.
LazNii«xFexOs thin films have been deposited at low O,
pressure on Pt/Ti/Si(100) substrate.

Experimental
Materials details

The chemicals used were AR Grade La(NOgz)3.6H20,
Ni(NOg)z.ﬁHzO, FE(NO3)3 .9H20, KMnO4, MI’IC|2, KOH,
NH4OH Sd-fine chemicals India Ltd.

Material synthesis

The compositions are synthesized via hydroxide
co-precipitation method and for this purpose KOH is used
as a precipitating agent. The precipitates thus formed
were washed for several times using dilute NHsOH
solution (pH~9.00). Use of dilute NH4sOH minimizes
solubility of hydroxide ions in water. The precipitate then
filtered and dried to form nano-crystalline powder
ofLazNiixFexMnOgwhere x= 0 to 0.3. The powders were
presintered at 600 °C for two hours in air and further
grinded to fine powder. The 5% PVA were added as
binder to form pellets (20 mm diameter) of fine powders
of parent and Fe substituted La:NiMnQs. The pellets were
sintered at high temperature in muffle furnace at 1200°C
for 16 hours in air to form a required composition.

The sintered pellets were used as target material for
preparation of La;Nii.xFexMnOs where x= 0 to 0.3, for
thin films on Pt/Ti/Si(100) substrates by a KrF excimer
pulsed laser deposition system with a wavelength of 248
nm. The thin films were deposited with a fixed energy
density of 1.5 J/cm? and a repetition rate of 5 Hz at
temperature 700 °C at O, pressure 20 mbar. The thin films
were cooled down at 10 °C/min in an oxygen atmosphere
to room temperature. The LayNiixFexMnOgthin films
were annealed in O, ambience at 750 °C for 1 hour.

Characterizations

The crystalline structure of LazNiixFexMnQOgthin
films were determined by Rigaku Smart Lab High
Resolution X-ray Diffraction (HRXRD). Spin phonon
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coupling by Raman spectroscopy (Jobin Yvon, Raman or,
HG 2S), surface analysis by X-ray photon spectroscopy
Model: PHI 5000 Versa Probell (ULVAC—PHI, INC,
Japan) monochromatic Al-Ka source (hv =1,486.6 eV), It
contains a micro-focused (200um, 50W, 15kV) a
hemispherical analyzer and a multichannel detector. The
vacuum in the range of 1x101° torr for analysis chamber
during the measurements. The combination of low energy
Ar+ ions and electrons were used to neutralize surface
charge for all measurements. High-resolution spectra
were recorded with analyzer pass energy of 58.7 eV at the
step of 0.25 eV and 50 ms time per step. The Origin 8.5
peak fit pro software is used to deconvolution of Gaussian
peaks for elemental analysis.

Results and discussion

The XRD pattern (Fig. l1la) of PLD grown
La;Niy.xFexMnOs where x=0, 0.1,0.2 and 0.3 thin films
were films prepared at 700 °C with O, pressure 20 mbar
are crystalline in nature. The reflection at 23°, 32.6°, 47°,
52.6°, 58° indicates 012, 110, 024, 122, 3-14 hkl planes
of La;NiixFexMnOs (PDF 01-072-8297) with the space
group R-3. The estimated lattice parameters for R-3 are
a= 5.498A° b= 5.498A° c=13.376A° a= 90°, B= 90°
v=120°, cell volume V= 350A° % and density p= 6.98. The
substrate peaks were observed at 29° for Pt and 69° for Si
for all compositions of La:Nii-xFexMnQOs thin.
The LazNigsFeo2MnQOgsample shows better crystallinity
as compare to La;NiFeMnOg, LazNigoFeg1MnOgand
LazNio7Feo.3MnOg samples with weak reflections. The
earlier reports suggest the R-3 single phase formation for
La;NiMnOg annealing temperature below 800°C in O,
ambience [33].
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Fig. la. X-ray diffraction pattern of PLD grown La,Ni;xFexMnOg
where x= 0, 0.1, 0.2 and 0.3 thin film samples annealed at 750°C in O,
ambience.
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The Raman spectra (Fig. 1b) of La;Nii.xFexMnQOg PLD
grown thin films samples with x = 0 to 0.3. The two well
separated peaks were observed in the spectral range 518-
534 cm™ and 656-667 cm™ for antisymmetric stretching
(AS) and symmetric stretching (S) modes of vibrations
respectively. For rhombohedral R-3 symmetry the
possible 24 (12A4+12Bg) modes are Raman active. It also
exhibits additional weak and broad peaks in the spectral
range1170-1308 cm™? at higher frequency suggests that
overtone of fundamental modes of vibrations. Here it is
observed that LazNii-<FexMnQg thin films samples exhibit
shift in the peak position as well as broadening of peak as
the Fe substitution increases from 0 to 0.3. The peak
position shifting and broadening might be due to
increasing Fe substitution at B site. It may introduce
antisite defects and antisite phase boundary (APB) which
leads to increase in disordering of Fe substituted
La;NiMnQOg thin film samples. The periodic positions of
Mn and Ni interchange in  A;BB’Og lattice due to Fe
substitution. The above results are in good agreement
with earlier reports [20,21]. This is further confirmed by
XPS analysis which shows the presence of Fe* and Mn®*
states in Fe substituted samples.
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Fig. 1b. Room-temperature Raman spectra of PLD grown
La;Niy.«FexMnOswhere x= 0, 0.1, 0.2 and 0.3, thin film samples
annealed at 750°C in O, ambience.

The energy states of La3d, Mn2p, Ni2p, Fe2p and O1s
XPS spectra of all LazNii.xFexMnOs where x=0, 0.1, 0.2
and 0.3, thin film samples were recorded. The atomic
percent of the elements were calculated from the obtained
XPS data. The substitution of Fe transition metal at B site
reduces the atomic % of Ni and Mn. The decrease in
atomic % of Ni (B site) and Mn (B’ site) may be
attributed to antisite substitution of Ni and Mn ions. Fig.
2a show the XPS of La3d, Ni 2p, Mn2p, Fe 2p and O1s of
the Fe substituted samples. Here we observed that the
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XPS spectrum of La3d (Fig. 2a) peaks were located at
833.38 eV / 837.6 eV (La 3ds2) and 850.2 eV / 854.4
eV(La 3dsp) states. It shows the mixing of La3d and Ni
2p satellite peaks in the spectrum. The spin-orbit splitting
of La 3d level is 17 eV shows no chemical shift after Fe
substitution in LazNiMnQOg. The peak positions suggest
the La ions present in 3* state. These values were
observed for the double perovskites quite close to the
values of pure lanthanum oxide (La20s) [34, 35].
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Fig. 2a. XPS spectrum of La3d and Ni 2p mixing of states with no
chemical shift in La,Ni;«FexMnOg samples, b. XPS of O 1sfor La;Ni;.
«FexMnOgthin film samples annealed at 750°C in O, ambience.
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Oxygen 1s (Fig. 2b) show two peaks located at
529 eV and 531.1 eV and surface absorbed O; ions. The
O 1s shows shoulder broadening due the presence of NiO,
FeOOH content in LaxNiixFexMnQOg thin film samples.
The oxygen peaks shoulder broadening is increased as the
Fe substitution increases it suggest increase in non-lattice
oxide similar trend observed in Fe 2p spectra in
LazNiz-xFexMnOg thin film samples [41, 42].
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Fig. 3. XPS of Mn 2p (de-convoluted to Mn,O; and MnO, Guassian fit)
of (a) Mn2p of La;NiMnOsg(b) Mn2p of La;NigeFeq1MnOsg (c) Mn2p of
LazNio_gFEQ_zMnOG d) anp of LazNi0_7Feg_3Mn06.
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Fig. 4. XPS of mixed La3d and Ni2p peaks (deconvoluted to NiO,
Ni,O; and Ni(OH),) (a) Ni2p of La;NiMnOg(b) Ni2p of
LazNio_gFeo_anOG(C) N|2p of LazNio_gFeo_zMnOG d) N|2p of
LazNi0_7Feg_3Mn06.

The XPS of Mn 2p (Fig. 3(a, b, c and d)) peaks located
at 642.1 eV (Mn2ps) and 653.6 eV (Mn2pi;). The de-
convolution ofthe2pzzand2pszpeaks to Gaussian fit shows
the Mn,03z and MnO; bulk are at 641.3 and 642.2 eV,
respectively. The parameters are tabulated in Table I
(supplementary data) and they show the peak shifting,
Mn,0O3 and MnO; peak positions. The spin orbit splitting
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between asymmetric main peak 2ps» and 2pi is nearly
11.1 eV. The peak located at 641.3 eV is assigned to
Mns* ions, while the peak located at 642.2 eV is assigned
to Mn** ions.The quantification of Mn 2p XPS shows
higher fraction of Mn3* ions as compare to Mn** ions in
LazNiz-«FexMnOs samples [36-39].

The XPS of mixed La3d and Ni2p (Fig. 4(a, b, ¢ and
d)) peaks located at 850.2 eV (La 3ds) and 654.4 eV (Ni
2ps/2) states. The de-convolution of Ni2ps,Gaussian peak
fit shows the presence of NiO, Ni,O3 and Ni(OH), peaks
at 854eV, 855eV and 856.4 eV in LazNiixFexMnOg thin
film samples. The NiO quantity decreases as the Fe
substitution increases in La;NiMnOg the details shown in
Table Il (supplementary data). The satellite peaks were
observed at 863 eV and 872.6 eV indicates the presence
of Ni?* ions [8]. The quantification of Ni 2p spectra shows
that Ni presents in high spin state and separation energy
between La 3d and Ni2p is nearly 4eV.

The XPS of Fe 2p (Fig. 5 (a, b and c)) located at 712
eV (Fe 2psp) and 724 eV (Fe 2p1s2) indicates the presence
of Fe 2 and Fe 3* ions. The satellite peak situated at about
718.6 eV is a characteristic peak of Fe®. The de-
convolution Fe 2p spand Fe 2p 32 peaks shows presence
FeOOH and Fe;O3 inLazNii.xFexMnOs. The details of Fe
2p peak shift are tabulated in Table 111 (supplementary
data) for La;Nii.xFexMnOs samples. The spin orbit
splitting between asymmetric main peak 2ps;, and 2pa; is
nearly 13 eV for Fe 2p. The position of satellite peaks and
above quantification of Fe 2p clearly indicates the
presence Fe 3* ions in LazNixFexMnOs thin films [40,
41].
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Fig. 5. XPS of Fe 2p (deconvoluted to FeOOH and Fe,O3) (a) Fe 2p of
LayNigoFeo :MnOg (b) Fe2p ofLa;NigsFeo ,MnOg (c)Fe2p of
LazNio_7Feo_3Mn06.

The plot of magnetic moment M as function of
temperature T (Fig. 6a) for La:NiixFexMnOswhere
x= 0, 0.1, 0.2 and 0.3 thin film samples at 1 kOe show
magnetic moment decreases with increase in Fe
substitution in La;NiMnOs samples. It is an evidence that
magnetic disordering increases in the LazNii-xFexMnQOg
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thin film samples as Fe substitution increases. Table I
shows the transition temperature T, for x= 0, 0.1, 0.2 and
0.3, LazNiixFexMnOgsamples respectively. The higher
transition temperature for LayNiogFeo2MnOs (0.2 Fe)
might be due better morphology and crystalline structure
as compare to x=0, 0.1 and 0.3, La;Nii.xFexMnOgsamples.
This decrease in magnetic moment and transition
temperature  will be attributed toFe®* and Mn®*
antiferromagnetic interactions in LasNiixFexMnQg thin
films. It is also observed lower transition temperature in
LazNi1-xFexMnOegthin films (Fig. 6a Inset) nearby 100K
indicates presence of spin glass state and absence of
ferromagnetic ~ order at lower temperature in
LazNi.xFexMnOsthin films.
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Fig 6a. Magnetic moment M as function temperature T for
La,Niy.«FexMnOs PLD grown thin film samples at applied field 1000 Oe.
Inset shows transition temperature of La,Ni;.xFexMnOg and (b) magnetic
hysteresis loop at temperature 5K forLa,Ni;.<FexMnOg PLD grown thin
films.

The plot of magnetic moment (M) as function of
magnetic field (H) for La;NiixFexMnOg thin film samples
is shown in Fig. 6b. It shows ferromagnetic behavior of
Fe substituted PLD grown thin films. Table IV
(supplementary data) shows the coercive field Hc varies
from 98 to 374 Oe, remnant magnetization varies from
0.27 to 0.95 pes/f.u, saturation magnetization varies from
2.74 t0 4.78 pg/f.u for LaaNirxFexMnOgthin film samples.
The saturation magnetization for La;NiMnOgs sample
nearly equals to theoretical value 5pg/f.u (spin only

Copyright © 2017 VBRI Press

2017, 8(10), 958-964

Advanced Materials Letters

moment) whereas saturation magnetization for La;Nii-
«FexMnOg  samples is  considerably lower than
S5us/f.u.  The significant reduction in saturation
magnetization, remnant magnetization, coercive field
observed as the Fe substitution level in La;NiMnOg
sample increases. The B site substitution results in
increase in grain size, antisite defects and antisite phase
boundary in Fe substituted LazNiMnQe.

Table 1: Mn 2p spectral fitting parameters of peak position, atomic %
and separation energy La,;Ni.«<FexMnOgthin film samples.

Sample Name NimOs NinOn Satellite Separation
Medps:  Midma At Mnodpe Mndp: A% peak energy
Peak Peak Peak Peak .
eV eV eV eV eV eV
La;NilinO; 6413 633 59 6420 6344 41 6466 11
(0 Fe)
La;NigsFeoMinOs  641.5 6528 66 6431 636.2 34 6477 1.1
(0.1 Fe)
La;NigsFepMn0; 641.1 6528 33 643 635 57 6471 112
(0.2Fe)
LaNig -Feq:MinOs 641 6329 64 6427 - 36 6476 113
(0.3 Fe)

These results are well supported by broadening of peaks
and overtone modes of vibration, Oxygen vacancies,
presence of NiO, Ni*¥Mn®* and lower transition
temperature observed in M-T curve (Fig. 6a.). Similar
kind of results was reported by Guo et. al [21] for La
doped with Sr in La;NiMnOs which also suggests
existence of exchange bias (EB) effect in hysteresis curve,
which originates from the coupling between Ni/Mn
ordered FM regions and the AFM APBs derived from the
antisite disorders. The earlier reports also confirm our
claim presence of antisite defect and antisite phase
boundary leads reduction in magnetic properties
[44,45,46]. Kang et al. [47] reported that antisite disorder
increases with La substitution with Sr and reduction in
magnetization due to increase in APB. However,
Wang et al. studied that AFM contribution or
magnetization reduction is due to APB whereas antisite
disorder remains unchanged for reduction in particle size.
Zhou et al. [48] suggested that antisite disorder distributes
over small LNMO particles.

It suggests that there could be two possible ways of
reduction of saturation magnetization i) It has been
observed from XPS results the presence of NiO phase
which is antiferromagnetic which neglecting exchange
interactions between Ni/Mn. This large volume fraction of
NiO will reduce Ms by 1.5-2 pg/f.u [25]. ii) The Fe®* and
Mn®* interaction will be more dominant as compare
toFe?*-Mn**orNi%*-Mn**interaction as the Fe substitution
increases in La;Nii.xFexMnOssamples. The antisite defect
and antisite phase boundary leads to Jahn Teller
distortions in Fe substituted La,NiixFexMnOs thin film
samples reduce the magnetic parameters of thin films
[43]. The comparative Table (Table V) of magnetic
parameters of previous work and current work is provided
in supporting information. It also includes various
methods used for La,NiMnOg synthesis and crystal phase.
The comparative results show the La;NiixFexMnQOs is
monophasic and better transition temperature T. low
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saturation magnetization Ms compare to other samples
except few.

Table V. Comparative table of magnetic parameters, synthesis and
crystal phase of previous reports and current work on La,NiMnOg .

Sample Name Synthesis phase M; T¢(K)
[Ref. no.] Method (uB/f)
La;NiMnOg Pechini method P21/n 3.0 270
[16]
La, «SrkNiMnOg Solid-state R-3m 4.2-4.8 280
[21] reaction
La,NiMnOs Sol-gel P21/n 6.5 275
[49]
La; oSro1NiMnOg [48]  Solid-state P21/n 2.2 280
reaction
La;NiMnOs PLD Pbnm 4.63 270
[30]
La;NiMnOs PLD P21/n 4.85 270
[27] and 150
R-3
(BiogLao1):NiMnOs  PLD - 35 100
[50]
La,NiMnOs Solid state P21/n 3.571 270
[51] reaction and R-
3c
La;Nis.xFexMnOs Hydroxide R-3 3.53 278
Co-

precipitation

Conclusion

In summary, the LasNiixFexMnOs thin films were
epitaxialy grown on Pt/Ti/Si(100) substrate at low O
pressure successfully. The X-ray diffraction pattern
exhibits rhombohedral (R-3) phase for all samples. The
XPS analysis reveals the presence of La®*, NiO, Ni®,
Fe®*, Mn3* states and oxygen shoulder broadening in
La:NiixFexMnQOg thin film samples. The shifting and
broadening of stretching and antistretching peaks in
Raman spectroscopy, presence of higher fraction of NiO,
Oxygen vacancies and Ni®*/Fe®*-Mn®" interactions leads
to decrease in magnetic parameters like saturation
magnetization, coercivity and remnant magnetization of
LazNiy-xFexMnOgthin  film samples. It confirms that
increase in Fe content increases disordering of
LapNiMnOg may results to antisite defects and antisite
phase boundary i.e interchange Ni/Mn ionic positions in
crystal lattice.

The lower transition temperature nearby 100 K suggests
absence of ferromagnetic ordering and presence of spin
glass state in Fe substituted LapNiMnOs thin films. The
study would helpful to understand effect of substitution,
substrate and synthesis parameters on structural,
electronic and magnetic ordering of La,NiMnOs double
perovskite.
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Supporting information

Table I1: Ni 2p spectral fitting parameters peak position, atomic % and
separation energy of La;Ni.x<FexMnQs thin film samples.

Sample Name Z‘EiO }EL-OE _\Ei(OI-D; Satellite Separation
Nilpzz Af% Ni2p: Af%: Nidpz At% peak ENETEY
Peak Peak Peak .
eV eV gV eV eV
La NiMinO; (0 Fe) 8337 67 8361 32 - - - 42
La:Nig sFeq MnOs (0.1Fe) 8544 74 835 24 863 43
873
La;NigsFeg:MnO; (02 Fe) 8542 63 8348 37 - - 8625 44
8723
LaqNig-FeqsMnOs (03 Fe) 8337 73 8336 24 8313 0.83 8617 43
8718

Table 111: Fe 2p spectral fitting parameters peak position, atomic % and
separation energy of La;Ni;xFexMnOg thin film samples.

Fe:0s FeQOH Satellite Separation
Sample Name Fedps:  Fedpz A% Felp: Felpz A% peak energy
Peak Peak Peak Peak .
gV gV eV 2 eV &
La:NipsFeq MnOs (0.1Fe)  710.8 7239 40 7124 - ) B 131
La;NigsFeq :MnD; (0.2 Fe) 710.6 7238 o - - - 716.3 132
LaNip-FeoMnOs (03 Fe) 7101 7234 60 7126 - 40 7173 133

Table 1V: Magnetic parameters of La,Ni;xFexMnQOg thin film samples.

Sample Name Coercive field  Saturation Remnant Transition
H: (02 magnetization Magretization Temperature
M (pg/fu) M (peifn)  Te (KD

LasNiliOs (0Fs) 374 478 0.95 262
La,NigsFeq MnO; (0.1 Fe) 229.63 3.3 0.76 260
La:NigsFeo:MnOs (0.2Fe)  171.63 3.36 0.35 27
La:Nig-Feo:MnOs (0.3 Fe) 98 273 0.27 253
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