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The predictability of any characteristic functional aspect in a double perovskite system has always been
compromised by its strong dependence on the inevitably present antisite disorders (ASD). Here, we aim to
precisely map the quantitative and qualitative nature of ASD with the corresponding modifications in observables
describing the magnetic and electronic state in epitaxial Smy;NiMnOg (SNMO) double perovskite thin films. The
concentration and distribution patterns of ASD are effectively controlled by optimizing growth conditions and
estimated on both local and global scales utilizing extended x-ray absorption fine structure and bulk magnetom-
etry. Depending upon the defect densities, the nature of disorder distribution can vary from homogeneous to
partially segregated patches. Primarily, the effect of varying B-site cationic arrangement in SNMO is reflected
as the competition of long-range ferromagnetic (FM) and short-scale antiferromagnetic (AFM) interactions
originated from ordered Ni-O-Mn and disordered Ni-O-Ni or Mn-O-Mn bonds, respectively, which leads to
a systematic shift in magnetic transition temperature and a drastic drop in saturation magnetization. In addition,
we have observed that the gradual increment in the density of ASD leads to a significant deviation from the
uniaxial anisotropy character, reduction in anisotropy energy, and enhancement of moment pinning efficiency.
However, the observed signatures of Ni** + Mn** — Ni** 4+ Mn** charge disproportionation is found to be
independent of cation disorder densities. This work serves as a basic route map to tune the characteristic magnetic
anisotropy, magnetic phase transitions, and magnetization reversal mechanism by controlling ASD in a general

double perovskite system.

DOI: 10.1103/PhysRevB.105.024408

I. INTRODUCTION

The periodic symmetry of any crystal structure is destined
to be broken owing to imperfections and accordingly the phys-
ical properties of the system have to bear the consequences
from slight to moderate level. Structural disorders have been
well known to introduce new channels for charge transport
[1,2], heat conductivity [3], magnetic exchange interactions
[4], etc. The double perovskite A, B'B”"Og (where A is alkaline
earth or rare-earth cations and B, B” are transition metal
cations in octahedral coordination with six oxygen anions)
family is a relevant example of how the mislocations of B'/B”
ions from ideal alternating site occupancy, a phenomenon
commonly known as antisite disorder (ASD), can drastically
alter the functional properties. In a perfectly ordered double
perovskite configuration, the B’ and B” cations are arranged
in an ideal rock salt fashion which is kinetically favored
by significant differences in formal charge states and ionic
radii [5]. The interactions among the ordered B-site cations
are mediated via B'-O-B”-O-B’ long-range chain, whereas,
the presence of ASD results in two additional interaction
pairs, viz., B’-O-B’ and B”-O-B”, as illustrated in Fig. 1(a).
ASD plays a dominating role in stabilizing the electronic and
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magnetic ground states in the double perovskite systems and
even a drastic transformation from a ferromagnetic-metallic
(FM-M) to an antiferromagnetic-insulating (AFM-I) state is
possible in some specific cases due to presence of ASD [6,7].
However, how the concentration of ASD works together with
the nature of ASD distribution to govern properties of a gen-
eral double perovskite system is still an open question.

The class of Ni-Mn based R,NiMnOg (RNMO, R: rare-
earth) double perovskite is specially prominent for realizing
the exceptional FM-I state [8—11]. The rare combination of
an FM-I state in RNMO systems is originated due to virtual
hopping of the electrons from a half filled e, orbital of Ni to
empty e, orbitals of Mn leading to Ni(eg)-O—Mn(eg) super ex-
change interactions, which is FM in 180° geometry according
to the Goodenough-Kanamori rule [12]. FMIs can save the en-
ergy loss due to large eddy currents and charge displacement
and hence, are essential for modern day dissipationless quan-
tum electronics, spin-wave based spintronics, and information
processing in solid state quantum computing [13—15]. In ad-
dition, the recent observations of near room temperature spin
pumping, giant magnetodielectricity, magnetocapacitance,
magnetoresistance, multiferroic and magnetoelectric effects
have rejuvenated interest in the fundamental aspects of double
perovskites with Ni and Mn as B-site cations [8,9,16-18].
Howeyver, the small difference in the ionic radii of Ni and Mn
cations makes the presence of ASD practically unavoidable

©2022 American Physical Society
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FIG. 1. (a) Schematic visualization of A,B'B"Og (large magenta spheres: A-site cations, red/blue sphere: B'/B” cations and small grey
spheres: oxygen anions) double perovskite crystal structure demonstrating antisite order (ASO): ideal alternating arrangement of B'/B” cations
(highlighted by solid/green box) leading to B’-O-B” long-range ordered chains; and antisite disorder (ASD): mislocation (as shown by arrow)
of B-site cations, which results in disordered B'-O-B’, B”-O-B” pairs (highlighted by dash/black oval). (b) Phase stability mapping for the
growth of SNMO films, illustrating the tunability of ASD phase fraction via controlling growth parameters. Hollow circles correspond to
projection of same colored solid spheres in deposition temperature - oxygen partial pressure plane. (c) Representative in situ reflection high
energy electron diffraction (RHEED) specular beam intensity evolution in the full growth time window for S_I thin film deposition. Inset
compares RHEED oscillations for S_HO, S_I, and S_HD film growths. (d) RHEED patterns along (001) direction for (i) substrate, (ii) S_HD,
(iii) S_I, and (iv) S_HO thin film surfaces. (¢) X-ray diffraction 260 patterns of SNMO thin films deposited under different conditions on (001I)
STO substrate along with diffraction profile for the (001) STO substrate. Observed diffraction peaks from the films appearing just right side of
the substrate peaks are marked by arrows. Peaks at the left side of the substrate peaks corresponds to (001) Ky reflections. (f) Representative
reciprocal space map around asymmetric (103) plane for S_I film. The coordinates corresponding to the maximum intensity in (g,, g,) domain
correspond to SNMO film and STO substrate are identified by arrows. (g) X-ray rocking w scans across (001) crystallographic plane of STO

substrate and SNMO films.

in RNMO systems. That is why the reproducibility and re-
liability of several physical properties of the RNMO family
has been questionable and as a consequence, the utilization
of RNMO double perovskite in device fabrication is still a
challenging issue.

One of the key reasons for these discrepancies is the lack
of a general functional relationship that maps the distinct
features of ASD to the corresponding modification in a mi-
croscopic configuration resulting in a particular electronic and
magnetic ground state. An experimental approach to develop
such a relationship will involve following steps: to find a
method for fine tuning the disorder fraction; precise quan-
tification of ASD concentration and the nature of disorder
distribution; and to observe the exclusive modification in
the ground state of the system due to ASD. The accurate
estimation of ASD density is crucial to understand the dis-
order mediated effects and to engineer the multifunctional
properties of double perovskite systems for technological fea-
sibility. Although the presence of ASD is intrinsic, to precisely
estimate the fraction and predict the qualitative nature of these

disorders in a complex crystal environment is not a straight-
forward task. Fine tuning the disorder in a controlled fashion
can be achieved by fabricating double perovskite systems in a
thin film form, which provides a wide range of control param-
eters during synthesis. With this motive, we have synthesized
epitaxial thin films of Sm;NiMnOg (SNMO) to generate dif-
ferent ASD densities by varying deposition parameters for
investigating the role of B-site cation disorder on electronic
and magnetic states. Utilizing microscopic (extended x-ray
absorption fine structure) and macroscopic (bulk magnetome-
try) probes duly combined with structure simulations (random
alloy) we are able to determine the degree and distribution
nature of cation disorder present in the system. Among the
trivalent rare-earth elements, Sm based systems show unique
trends in magnetization and anisotropy behaviors attributed
to narrow energy separation (~0.12 eV) between the ground
state (J = 5/2) and lower excited states (J = 7/2, 9/2, etc.)
of Sm** ions leading to significant mixing of ground state
with excited multiplets in presence of crystal field, exchange
field and/or thermal energy [19]. The presence of Sm ions is
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expected to introduce additional temperature dependent per-
turbations in the long-range ordered Ni-Mn networks, making
the ground state more complex and challenging to understand.
In this work, here we demonstrate a pathway to tailor the
magnetic ground state, phase transition temperature, magnetic
anisotropy character, and moment pinning efficiency by engi-
neering the octahedral site cation arrangement in the system.

II. EXPERIMENTAL METHODOLOGY

SNMO thin films of thickness ~140 =5 nm were fab-
ricated on (001) oriented single crystalline SrTiO; (STO)
substrates using pulsed laser deposition system equipped with
KrF excimer laser (Lamda Physik, wavelength A = 248 nm,
pulse width 20 ns), external focusing optics, vacuum cham-
ber, and in situ reflection high-energy electron diffraction
(RHEED) assambly (Staib Instruments, kSA400). For the ab-
lation process, a stoichiometric polycrystalline bulk target of
SNMO was synthesized by a conventional solid state reaction
method. During the film growth, the phase stability was mon-
itored while varying the deposition temperature (DT) within
the range of 650 °C-780 °C and oxygen partial pressure (OPP)
within the range of 200-800 mTorr. The laser fluence at the
target surface was set to 2 J cm~2 and target to substrate
distance was kept constant at 4.5 cm during all the deposi-
tions. Just after deposition, initially films were annealed for
5 minutes at the same temperature as used during growth
process followed by cooling under 400 Torr OPP with dif-
ferent cooling rates ranging between 10 °C/min—40 °C/min.
The structural phase of the thin films was characterized
by x-ray diffraction 26 scans (Bruker D2 Phaser Desktop
Diffractometer), x-ray rocking o scan, and reciprocal space
mapping (RSM) studies (High Resolution X-ray Diffractome-
ter Bruker D8 Discover) using Cu K, (A = 1.54 A) source.
The chemical valence state of the elements present in the
sample were investigated by x-ray photoelectron spectroscopy
(XPS) experiments using Al K, (hv = 1486.7 eV) laboratory-
source and hemispherical energy analyzer (Omicron, EA-125,
Germany) at angle integrated photoemission spectroscopy
(AIPES) beamline (Indus-1, BL 2, RRCAT, Indore, India)
and x-ray absorption near edge spectroscopy (XANES) mea-
surements performed in the fluorescence mode using hard
x-ray synchrotron radiation (Indus-2, BL 9, RRCAT, Indore,
India). During XPS measurements, experimental chamber
vacuum was of the order of 10~'” Torr. The charging effect
corrections in XPS were accounted by measuring the C s
core level spectra. XPS spectra were deconvoluted by fitting
with the combined Lorentzian-Gaussian function and Shirley
background using XPSPEAK 4.1 program. The estimated en-
ergy resolution (AE/E) for XPS and XANES measurements
across the measured energy range were about 6 x 10~* and
1 x 107*, respectively. The local coordination environment of
the thin film samples was probed using extended x-ray ab-
sorption fine structure (EXAFS) measurements at Ni K edge.
EXAFS spectra of thin films were recorded in fluorescence
mode at the XAFS beamline (11.1R, Elettra-Sincrotrone, Tri-
este, Italy). The presence of Sm L3 edge (6716 eV) in the
vicinity of Mn K edge (6539 eV) restricts to perform EX-
AFS measurements at Mn K edge. Reference absorption edge
spectra of metal foils (Mn and Ni) were used for energy

calibration of the incident x rays in XANES and EXAFS
measurements. In order to get better statistics, the EXAFS
scans for each sample were collected five times and merged.
Then standard background subtraction and normalization pro-
cedures were applied to extract normalized XANES spectra
and EXAFS oscillations in k space [x (k)] using ATHENA pro-
gram [20] and implementing AUTOBK algorithm [21]. Fourier
transformations of the EXAFS signal (within selected k
range) were calculated to observe the R-space spectra [x (R)].
Thereafter, the obtained EXAFS spectra were fitted with the
specific model implementing ARTEMIS software which uses
ATOMS and FEFF6 programs [22,23] to simulate the theoreti-
cal spectrum by summing over all partial contribution from
scattering paths for a given crystallographic structure (Table
S1 in Ref. [24]). Each contribution (for example, consider
ith coordination shell), was computed using standard EX-
AFS expression [23], with refinable structural parameters:
coordination number (V;), average coordination distance (R;),
and mean-square relative displacement (MSRD) factor (oiz).
All the above described spectroscopic measurements were
carried out at 300 K. Magnetization measurements were per-
formed using MPMS 7-Tesla SQUID-VSM (Quantum Design
Inc., USA). Temperature dependent magnetization M (T ) was
measured following conventional zero field cooled (ZFC)
warming and field cooled warming (FCW) protocols. Before
all the M(T) measurements the samples were heated above
their respective magnetic ordering temperatures in order to
remove prior history and standard de-Gaussing procedure
was followed to remove the trapped magnetic field inside
the superconducting magnet of the magnetometer. Magnetic
moment calibration was checked by measuring data for stan-
dard palladium sample. In our measurements, the background
moment contribution was of the order of ~10~% emu as shown
in Ref. [24], Fig. S3(a). To be more precise about the magnetic
moment contribution from the thin films, the temperature
dependent magnetization in the presence of applied magnetic
field woH = 100 Oe is measured for the empty sample holder
assembly, bare STO (001) substrate and STO | SNMO sam-
ples mounted on the sample holder (as presented in Ref. [24]
Figs. S3(a) and S3(b)). Observed moment values at 7 = 10 K
in presence of uoH = 100 Oe, are listed in Ref. [24], Table
S3. It was quite evident from these behaviors that the back-
ground and substrate contribution was significantly low as
compared to the film contribution, confirming the observed
magnetic results for the samples are intrinsic magnetic prop-
erties of the SNMO system. However, as diamagnetic moment
is linear in field (with a negative sign), at very high magnetic
field values where the sample ferromagnetic moments are
saturated (constant), the substrate moment signal continues to
increase with increasing magnetic field. The diamagnetic con-
tribution from the substrate was calculated from the negative
slope of the linear part at high field values of the isother-
mal magnetization versus field M (H) curves, as displayed in
Ref. [24], Fig. S3(c), and subtracted from the overall magnetic
moment of the samples.

III. RESULTS AND DISCUSSION
A. Thin-film fabrication

The growth conditions during the thin film deposition
process, especially the values of DT and OPP, significantly
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influence the cation ordering in a double perovskite structure.
One of the key signature for degree of B-site cationic ordering
is the saturation magnetization [25-27]. We have utilized the
value of saturation magnetization Mg (T =5 K) measured as
a function of DT and OPP to map the cation-ordering phase
diagram for SNMO thin films, as presented in Fig. 1(b). The
phase mapping depicts that although SNMO can be stabilized
in single phase (discussed in Sec. III B) for a broad growth
parameter window, but the films fabricated under low DT
(650°C £ 30°C) and low OPP (300 £ 100 mTorr) conditions
have highly disordered phase. With increasing DT and OPP
the level of cation ordering improves and finally highly or-
dered phase can be achieved with high DT (780 °C £ 30°C)
and high OPP (800 % 100 mTorr). Under a fixed OPP value,
the rise in DT enhances the B-site ordering in the lattice and
vice versa, for a fixed DT value the increase in OPP value
also helps in stabilizing the more ordered phase. The value
of DT used during fabrication process plays an important role
for the film growth kinetics and atomic arrangement [28,29].
Higher DT may allow the cations for ordered occupancy in
the B-site sublattice via thermal diffusion. On the other hand,
varying the value of OPP affects the flux and energy of the
impinging species during film growth process [30,31]. For the
higher OPP values, there may be a reduction in the defects
associated with the bombardment of high-energy particulates.
Thus we have found that different levels of antisite cation
ordering can be engineered by fine tuning of film growth
parameters. To investigate the ASD mediated modulation in
electronic and magnetic properties of SNMO system, we have
fabricated three films, namely, (i) S_HO with highly ordered
phase (DT = 780 °C, OPP = 800 mTorr), (ii) S_HD having
highly disordered phase (DT = 650 °C, OPP = 300 mTorr);
and (iii) S_I with an intermediate phase which have admixture
of both ordered and disordered structures (DT = 700 °C, OPP
= 500 mTorr).

The thin film growth dynamics is monitored by continuous
recording in situ real time RHEED patterns. The evolution of
RHEED specular beam intensity as a function of growth time
is displayed in Fig. 1(c). Within entire elapsed time window,
RHEED oscillations persevere uniform amplitude superim-
posed on a damping background which suggests island (3D)
type (Volmer-Weber) of film growth mode. Figure 1(d) com-
pares RHEED patterns for (i) thermally cleaned and oxygen
radical pretreated substrate surface with (ii)—(iv) thin film
surfaces at the end of growth process. The sharp streaky
RHEED pattern from substrate indicates atomically flat 2D
surface, whereas observed spots for the grown films point
out 3D island type of surface. Thin film RHEED patterns
recorded with in-plane rotations as displayed in Ref. [24],
indicate single-domain epitaxial growth of SNMO system.
It is worth to mention here that SNMO crystal adopts same
growth mode for S_HO, S_I, and S_HD thin film deposi-
tions as evidenced in Inset of Fig. 1(c). This is because of
same misfit strain (discussed later) from the substrate which
plays the dominating role in stabilizing the grown overlayer
film.

Under pseudocubic approximation, SNMO lattice can be
described as ﬁa,, X ﬁa,, x 2a,, where a, represents pseu-
docubic lattice parameter. The average lattice parameter of
bulk SNMO is a}’,“'k — 3.8373 A, which is smaller than STO

(cubic Pm3m symmetry) lattice parameter a3 = 3.905 A.
Calculated lattice mismatch with the substrate defined as
(abulk-asub)/apulk 18 ~ —1.76%. During the initial growth stage
the lattice misfit between grown epitaxial thin film and under-
layer substrate is compensated by incorporating misfit strain.
Associated strain energy accommodated in strained film layer
increases in proportion with increasing thickness of the over-
layer film. When the thickness reaches the critical value to a
sustain strain state, a misfit defect is formed to partially re-
lease stored strain energy. The substrate induced strain can be
relaxed through 3D island formation as it is easier to expand
or contract the lattice for islands than flat layers [32].

B. Global structure

The x-ray diffractograms of SNMO thin films on (00l) ori-
ented single crystal STO substrates are presented in Fig. 1(e).
Independent of growth parameter variation (within the range
used here), samples show diffraction peaks corresponding to
SNMO (monoclinic P2;/n symmetry) phase (001) reflections
only, i.e., the grown films are in single phase and (00l) ori-
ented. We have not observed any discernible change in XRD
26 patterns for the films having different level of cation dis-
order, confirming similar SNMO average crystal structure in
all the samples. This is expected as Ni and Mn transition
metals have comparable ionic radius and therefore any local
interchange between Ni and Mn cations from their respective
site occupancy does not affect the average crystal structure
of the SNMO system. However, the different level of cation
occupancy defects present in SNMO films will certainly leave
their imprints on local structure (as discussed in Sec. III D).
The out-of-plane lattice parameter ¢ calculated from (00I) re-
flections, are ~7.608(£0.003) A for S_HO, ~7.609(£0.003)
A for S_I, and ~7.605(£0.003) A for S_HD. SNMO bulk
cell constant ¢ (Table S1 in Ref. [24]) matches well with these
film out-of-plane lattice parameter values.

To explore the possibility of substrate induced strain
present in the films, Reciprocal space maps across asymmetric
(103) reflection are recorded as shown in Fig. 1(f). RSM
measurements confirm the epitaxial nature of SNMO films.
The g, and g, axis shown in RSM plot correspond to the
in-plane and out-of-plane directions, respectively. Here, the
maximum intensity coordinate for the film (g,y, g;y) Bragg’s
spot is shifted from the substrate (g., g.s) case, indicates that
the films are relaxed from substrate clamping effects. Conse-
quently, the lattice parameters of SNMO film along in-plane
and out-of-plane directions, estimated from ¢, and ¢, are
found close to the SNMO bulk value. The strain relaxation
may locally break long-range periodicity of the lattice by
introducing misfit defects via several forms, for example: edge
dislocation, oxygen vacancy channel, etc.

The x-ray rocking w scan is a widely used technique to
study distribution of dislocation defects in single crystals.
Dislocations cause broadening in rocking curve and disloca-
tion density (p) is approximated as [33] p = (Aw)z/ (96%)
considering their random distribution. Here, Aw is angular
spread of x-ray diffraction from a particular (hkl) plane and b
is Burgers vector defined as a lattice distortion caused by dis-
location defect. For instance, in a cubic lattice, the magnitude
of b resulting from edge dislocation, is similar to interatomic
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FIG. 2. X-ray photoemission: (a) Mn 3s, (b) Ni 2p core level spectra and x-ray absorption: (c) Mn, (d) Ni K-edge spectra measured for

SNMO films, suggesting mixed valency of both Mn (44/34) and Ni
of near edge x-ray absorption spectra.

distance of that lattice. Therefore the full width at half
maximum (FWHM) of rocking curve is directly related to dis-
location defect distribution in grown film. Figure 1(g) presents
rocking w scans for epitaxial SNMO film (004) reflection
along with STO single-crystal substrate (002) reflection. Es-
timated FWHM values for the films, S_HO: 0.04(40.01)°,
S_I: 0.04(£0.01)°, S_HD: 0.05(%0.01)°, are very close to
substrate, STO: 0.03(£0.01)° value, suggesting good crys-
tallinity of the grown films, similar to single crystal substrate.
Negligibly small relative differences in the FWHM of S_HO
and S_HD samples, which is comparable to the instrumental
resolution limit, indicate no change of the dislocation defect
distribution in different SNMO films.

C. Core-level electronic structure

We have recorded photoemission spectra utilizing soft x
rays and near-edge absorption spectra with hard x rays in order
to probe the charge states of constituting elements present at
the surface as well as in the bulk portion of the thin films.

The multiplet energy splitting in the 3s core XPS spectra is
used to determine the valance state of Mn species at surface.
After emission of one photoelectron from 3s core level, Mn
ions have two multiplets originated due to exchange coupling
between remaining core electron at 3s level and the electrons
at unfilled 3d shell [34]. The magnitude of spectral splitting is
estimated as

AEs; = 25+ D)5, )]

(24/3+) species. Insets of (c) and (d) present the first-order derivative

where s is net valence spin of emitter specie, J§" , , is effective

exchange integral between 3s and 3d states considering final
state intrashell correlations [34,35]. Equation (1) provides a
method to estimate the total valence spin of emitter ions using
the 3s spectral splitting. In case of Mn, the 3s-3d exchange
interaction is the most dominating effect to govern the split-
ting in 3s spectra [34,35]. Therefore Mn 3s multiplet splitting
can be used as a sensitive probe to determine the valency
of Mn species present in the sample. However, this method
does not help in accurate determination of a valence state
for heavier transition metals with high d electron count (e.g.,
Ni) and also for lower electronegative ligands (e.g., Br), in
which the charge transfer final state screening effect increases
[34]. The difference between the Mn 3s XPS spectra for all
the SNMO films [Fig. 2(a)] is under experimental resolution.
The observed multiplet splitting energy AEs3; ~ 4.9 eV is in
between AE;(Mn*") >~ 4.4 eV and AE;,(Mn*") ~ 5.5 eV
which suggests that Mn species have mixed valence character
in SNMO films. For mixed valence Mn 3d“ configura-
tions [where x Mn** + (1 — x) Mn** = Mn®™7*], the net
valence spin is s = (1/2)(4 — x). Therefore, from Eq. (1),
the multiplet energy separation will be AE3;; >~ 1.1(5 — x)
where J$',, ~ 1.1 eV as observed in previous studies on
Mn based compounds [35,36]. From this obtained mixed
valence fractional concentration in SNMO samples (having
AEs; ~4.9eV) are as follows: 54(£2)% Mn** and 46(£2)%
Mn’t.

The Ni 2p core level spectra splitted into 2p;,, and 2p3,
due to the spin-orbit splitting are shown in Fig. 2(b). The
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nominal shift observed in these spectra for different SNMO
samples can be ignored as they are under resolution limit.
The asymmetry and broadening of spectral characters sug-
gest the presence of more than one valence features in Ni
species. Taking into account this asymmetry and broadening
behavior, the Ni 2p XPS spectrum is deconvoluted with peaks
centered at 854.6 eV (Ni** 2p32), 856.1 eV (Ni** 2p35) [37];
872.2 eV (Ni** 2p;») and 874.2 eV (Ni** 2p) »). The mixed
valence concentration evaluated from integrated intensity of
fitted peaks reveals contribution from 55(£1)% Ni** and
45(+1)% Ni**. According to the cluster model approxima-
tion, the ground state of a late transition metal central cation
surrounded by ligand anions is described by [38]

W, =ald") + Y anld"™"L") im=1,...,10 = n; (2)

where L represents a hole in ligand band. After 2p core
level photoemission, this will have a final state consisting of
the screened state ¢3d"*'L and satellite states with ¢3d” or
¢3d"™?L?, where ¢ refers to a core hole [38]. This approach
explains the presence of satellite features [Fig. 2(b)] in the
Ni?+/3* (with 3d%7 configurations) 2p core level spectrum.

To further investigate whether these mixed valence nature
are only surface properties or similarly distributed in the
bulk portion of the sample as well, we have used the large
penetration depth of hard x rays and measured the XANES
spectra across Mn and Ni K edges [Figs. 2(c) and 2(d)] for the
SNMO films along with standard samples of MnO,(Mn*),
Mn,03(Mn**), NiO(Ni**), and Ni,O3(Ni**). XANES spec-
tra at transition metal K edge is ascribed to photoelectron
excitation from atomic ls to empty p bands. The pre-edge
features can be attributed to 1s-3d quadrapole or weakly
allowed dipole transitions which arise possibly due to the oc-
tahedral distortion related with the p-d hybridized states [39].
Both of the XANES spectra recorded at Mn and Ni K edges
show minor pre-edge signatures, the characteristic white line
just near the absorption edge and post edge oscillation. It is
known that, with increasing valency of transition metal ions
the band edge shifts to higher energies [40]. The absorption
edge energy, defined as the first maxima in energy derivative
of absorption spectra or the first inflection point in w©(E) are
almost same in the three SNMO samples. Comparing the
SNMO transition metal (Mn/Ni) K-edge XANES spectra with
the corresponding K-edge spectra of standard samples [insets
of Figs. 2(c) and 2(d)], it can be inferred that Mn and Ni have
valency in between 3+, 44 and 24, 3+ respectively. This
observation is well consistent with our previously discussed
XPS results.

Therefore the mixed valence nature for both Ni**/** and
Mn**/3% species are confirmed from photoemission as well
as the photoabsorption measurements. On the other hand, Sm
is found in the 34 valence state from both XPS and XANES
studies (not shown here). O K edge probes the unoccupied
density of states just above the Fermi level involving O 2p
- transition metal 3d hybridized bands. Due to hybridization,
the local crystal field from surrounding lattice O ligands, splits
the transition metal d bands into #,, and e, states [41]. Any
O vacancy in the lattice introduces a change in crystal field
symmetry of O ions as well as electron population of transi-
tion metal d states. As a result, the relative intensity of #,, and

e, features in O K-edge XANES is highly sensitive to lattice
oxygen content of the system [42,43]. For SNMO system, O
K XANES are found to have similar shape and intensity of
spectral characters in all the films (data not shown here). This
observation confirm no change of lattice oxygen content in
different SNMO films. It should be noted that (i) after depo-
sition all, SNMO films are cooled under the abundant oxygen
environment (400 Torr of OPP) to have O stoichiometry. (ii)
With increasing oxygen vacancy concentration lattice param-
eter usually changes [42,43], which is not observed in the
present case. (iii) From chemical valency study, obtained va-
lence state of the constituent elements in SNMO samples are,
Sm: 3+, Ni: 55(+1)% 2+, 45(+1)% 3+, and Mn: 54(42)%
4+, 46(+2)% 3+. Hence, to maintain overall charge neu-
trality in Sm;NiMnOyg, § should be ~5.99. Therefore we can
preclude the possible presence of any major O vacancy defect
in the studied SNMO samples. The aforementioned chemical
states are distributed throughout the thickness of the films.
Observed mixed valency suggests Ni>t + Mn*" — Ni*t +
Mn** kind of charge disproportionation. Similar charge dis-
proportionation have been observed in many other double
perovskite systems [25,30,44,45]. Noteworthily, with vary-
ing disorder concentration we have not observed apparent
changes in spectral features of XPS and XANES which, in-
dicates that the core-electronic structure and the charge states
of elements present in SNMO films are unbiased to the degree
of cation disorder present in the structure.

D. Local structure

EXAFS is a very useful technique to provide valuable
information about the local molecular structure, coordination
environment of the absorber and short-range disorders present
in the system. Figures 3(a) and 3(b) show k2-weighted signal
in k space and corresponding modulus of Fourier transforms
(FT) of Ni K-edge EXAFS spectra respectively, for SNMO
thin films. The real and imaginary part of FT are presented
in Ref. [24]. To investigate the role of B-site cation disorder
explicitly, quantitative analysis of |x(R)| has been carried
out by model fitting with Sm;NiMnOg crystal structure (SG:
P2, /n). Theoretical fitting models are created using crystallo-
graphic information obtained from Rietveld analysis of XRD
pattern (data not shown here) of polycrystalline SNMO. The
unit cell parameters used to generate the theoretical model
are tabulated in Ref. [24], Table S1. The fits were confined
to R range of 1 A <R < 4 A and k range of 2.5 A~' <k <
12 A~'. Here within this region, EXAFS spectra originates
because of photoelectron scattering from the nearest neighbor
octahedral O atoms, the second nearest neighbor Sm atoms
and the next neighbor B-site cations (Mn/Ni) connected with
Ni core absorber through intermediate O atoms. Depending on
the statistical significance, the most relevant single scattering
and multiple scattering paths are adopted to model theoretical
EXAFS pattern. Along with Ni-O, Ni-Sm and Ni-Mn/Ni sin-
gle scattering effects, multiple scattering (in forward triangle
geometry) effects also have considerable contribution due to
the presence of Ni-O-Mn/Ni linkage.

To define ASD in the fitting model, two types of cells
(both having same core as Ni atom) are considered. In first
case, all the next B sites are occupied with Mn atoms (i.e.,
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FIG. 3. Ni K-edge extended x-ray absorption fine structure analysis, (a) k>-weighted spectra [k* x (k)] and corresponding (b) modulus
(|x (R)]) of the Fourier transforms presenting observed signals (hollow/black circles) and their best fits (solid/red lines) for the SNMO thin
films. Contributions from different coordination shells are identified in different regions in the spectra. (c) For the S_HD sample |x (R)|
(hollow/black circles: observed data, solid/red line: best fit, dots/magenta: g = 0.9 spectra) and imaginary part (Im[x (R)]) of the Fourier
transforms (solid/dark green circles: observed data, solid/light green line: best fit, dots/blue: ¢ = 0.9 spectra) show a comparison of the OS:
observed signal with the best fitted curve obtained by refining ¢ (= 0.53) and a curve with forcefully fixed wrong g (= 0.9).

perfect ordering state) whereas in other case all the next B
sites are filled with Ni atoms (i.e., complete disordered state).
The theoretical EXAFS spectra is simulated as a convoluted
effect from these two cells [46]. The coordination number of
Ni-Mn and Ni-Ni bonds are refined to probe the fractional
contribution from each cell. To quantify the degree of short
range disorder related with the mislocation of B-site cations
from their ideal alternating site occupancy, QX545 parameter
is defined as the probability of getting disordered bond con-
figurations. The Qig“g parameter can be expressed as follows
[47]:

ig“]g = (NB site NNi—Mn)/NBsite =1~ q,
q = NNi—Mn/NBssite
NBsite = NNi—Mn + VNi—Ni» 3)

where Nni_mn and Nyi_ni are the coordination numbers
of ordered (Ni-Mn) and disordered (Ni-Ni) bond config-
urations, respectively, and Npsie is the total coordination
number (Npgie = 6) corresponding to B-site configurations
(Ni-Mn/Ni). For all SNMO samples, the total coordination
numbers were kept fixed to crystallographic values. Being
chemically transferable, amplitude reduction factor (s%) was
kept constant at 0.84, a value obtained from the refinement
of the Ni K-edge EXAFS spectra of NiO. The same value of
energy shift (AEy) was used for all coordination shells. Dur-
ing refinement cycles, the values corresponding to the average
coordination distances and mean-square relative displacement
(MSRD) factors were refined. Results based on the prelim-
inary trial fittings show that MSRD for Ni-Mn/Ni scattering
paths are highly correlated and, therefore same value of o> can
be considered for Ni-Mn/Ni configurations. The goodness of
fit was monitored by R factor which is defined as

_ ilRe(xa(Ri) — X(R))* +Im(xa(R)) — x:(R))’]
> i[Re(xa(R))* + Im (x4 (R))*]

R

3

“)
where x4 and x, refer to the experimental and theoretical x (R)
values, respectively. Obtained best fit results are superimposed

on k? x (k) and |x (R)| as shown in Figs. 3(a) and 3(b). Best
fit in Re[x (R)] and Im[x (R)] are shown in Ref. [24]. These
model patterns are in a good agreement with the experimen-
tally observed behavior confirmed by the goodness indicator
factor [Eq. D], Rs no ~ 0.01, Rs 1~ 0.01, and Rs up ~
0.009. Refined values of structural parameters are listed in
Ref. [24] Table S2 and the estimated ASD fractions (QX&3) for
the samples are presented in Table I. To check the sensitivity
of the fitting model over the value of parameter g (or Qasp),
the best fitted spectra for S_HD film with refined value of
q = 0.53 is compared with a model spectra having a fixed
(wrong) g = 0.90 value, which is close to the value of q for
S_HO case. Clearly, a distinguishable difference is observed
in the | x (R)| and Im[x (R)] spectra only across the Ni-Mn/Ni
coordination shell while comparing the experimentally ob-
served signal and the model generated with ¢ = 0.90 (fixed at
a wrong choice) spectra, as shown in Fig. 3(c). This observa-
tion confirms that the proposed EXAFS model is appropriate
to quantify ¢ and hence the ASD concentration in SNMO
samples. Thus EXAFS analysis unambiguously establishes
that local coordination environment around Ni core comprises
of both cation ordered and disordered configurations.

The nature of ASD can be understood on the basis of
B-site cation disorder distribution in local atomic structure
of SNMO. For a perfectly B-site cation ordered scenario
(Qasp = 0%), the alternating octahedral center sites 2¢ and
2d are occupied by Ni and Mn ions respectively with 100%
probability. Whereas, in a completely disordered system, both
2¢ and 2d sites can be occupied by Ni or Mn with 50%
probability for each species (Qasp = 50%), i.e., a random
arrangement of B-site cations. A random alloy algorithm on
10 x 10 x 10 super-cell filled with Ni and Mn atoms on their
respective sublattices obeying periodic boundary conditions,
is employed to create missite defects in SNMO structure.
Transition metal ion mislocation at randomly selected sites
in the host matrix related model defect structures are simu-
lated with varying fraction of disorder densities as illustrated
in Figs. 4(a)-4(c) (for better visualization slice of b-c¢ plane
are presented). It is observed that at lower concentration
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FIG. 4. Model structures presenting Ni (light blue) and Mn (dark red) cation arrangements in the c-b crystallographic plane of SNMO
lattice, having different concentration of antisite occupancy disorders, (a) Qasp = 5%, (b) 20%, and (c) 45%.

of QOasp, Ni/Mn disordered bonds are distributed homoge-
neously [Fig. 4(a)]; with increasing Qasp, Ni/Mn rich small
clusters are formed [Fig. 4(b)] and higher concentration of
QOasp results in partial Ni/Mn segregated patches [Fig. 4(c)]
in the lattice. The spatial correlation among disorders depends
upon these different nature of ASD distribution patterns.

E. Magnetic properties

We have already observed in Fig. 1(b) that the degree of
B-site cation ordering have huge impact on saturation mag-
netization. To further explore the ASD driven modifications
in magnetic behavior of SNMO system, we have measured
dc magnetization as a function of temperature in presence of
different applied magnetic fields and as a function of applied
magnetic fields in isothermal conditions. Temperature depen-
dent magnetization M (T ) curves of SNMO films in presence
of woH = 100 Oe of applied magnetic field following typical
FCW protocol are presented in Fig. 5(a). At first glance, two
distinct magnetic transitions are observed, at 7 = 7¢ [onset
in M(T) highlighted by vertical dashed lines] and at T = T
[downturn in M (T ) at low temperature].

The transition temperature 7¢ is estimated from inflection
point in first temperature derivative of magnetization dM/dT .
Tc is found to be robust against the variation of measuring
magnetic field [Fig. 5(b)]. It is suggested that because of more
localized nature of #,, orbitals only the electrons from half
filled e, orbital of Ni allows to participate in virtual hopping
with empty e, orbitals of Mn, leading to Ni(eé)-O-Mn(eg)
super exchange interaction which is FM via 180° linkage
[12,48]. Following this prediction, the microscopic mag-
netic structure of prototypical double perovskite La;NiMnOg
(LNMO) is found to be collinear ferromagnetic [9]. Modi-
fied Arrott plot analysis of SNMO thin films across T = T¢

(not shown here) reveal that the nature of the transition is
second-order paramagnetic (PM) to FM where the mean-
field approximation is applicable and the obtained Tr values
are within £2 K with respect to the transition temperature
obtained from dM/dT curves. Thus the transition observed
at T =T¢ in SNMO film is attributed to long-range FM
ordering of Ni2+(e§)—O-Mn4+(eg) B-site ordered configura-
tions. Furthermore, as the SNMO films show coexisting cation
ordered-disordered structures and mixed valence character of
both Ni(2+/3+) and Mn(4+/3+) species, a number of addi-
tional magnetic interactions are possible in present scenario;
(i) B-site cation disorder mediated AFM coupling between
Ni**(e})-O-Ni**(e}) and Mn4+(t§g)-0-Mn4+(t23g) pairs due
to virtual charge transfer between half filled to half filled
orbitals. Such local site disorder related short-scale AFM
interactions weaken the long-range FM ordering. (ii) FM
coupling in Nij{ (e})-O-Mnjj(e}) (where LS: low spin, HS:
high spin) because of vibronic superexchange between singly
occupied twofold degenerate e, orbitals. But, these vibronic
superexchange couplings have less stability in comparison
with static superexchange (e.g., Ni”*-O-Mn**). (iii) AFM
superexchange coupling between Nij§(e})-O-Nij§(e}) and
Mnjt (eél,)—O-Mni;g (e;) disordered pairs. (iv) Similar kind of
exchange interaction pathways in between Ni and Mn pairs
when Ni*t stabilizes in HS state [49]. (v) Modified FM ex-
change interactions due to local distortion at octahedral sites,
as both Ni** and Mn** have orbital degeneracy and are John-
teller active. Besides the aforementioned exchange interaction
pathways, the interfaces of cation ordered and disordered
structures can also introduce some additional magnetic inter-
actions. (vi): (a) AFM coupling between Ni** (e2)-O-Ni** (e})
due to virtual excitation through superexchange in 180° geom-
etry, and (b) FM interaction between Mn”(e;)—O—Mn4+ (e))
owing to double exchange interactions. It should be noted

TABLE 1. Effect of varying antisite cation disorder in magnetization. Last columns list the antisite disorder fraction estimated from the
saturation magnetization and extended x-ray absorption fine structure analysis, respectively.

0%s1(%) [Eq. (6)]

Sample Tc (K) T (K) MS® (up/fu.) MR® (up/fu.) Mea =512 pug Mea = 5.62 pug 055 (%) [Eq. 3)]
S_HO 150.1 17.7 4.96 0.61 2 6 5
S_I 140.1 142 343 0.53 17 20 19
S_HD 128.5 10.6 0.34 0.05 47 47 47
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FIG. 5. (a) Field cooled warming magnetization recorded as a function of temperature M(7') in presence of measuring magnetic field
noH = 100 Oe. Inset shows enlarged view of M(T) curve for S_HD sample. (b) Temperature derivative of magnetization across the
paramagnetic to ferromagnetic transition in presence of different applied magnetic fields for S_HO sample. (c) M (T') curves for S_HO sample,
showing effect of different measuring magnetic field values on inverted cusp like trend. (d) Temperature variation of remanence (red pentagons)
and coercivity [blue circles are for observed values and solid/green lines are for fits using Eq. (7)]. The full temperature range of coercivity
behavior can be found in Ref. [24]. All of these magnetization are measured along in-plane geometry.

that even in the highly ordered sample, there may be AFM
interaction at antiphase boundaries due to presence of Ni**-
O-Ni**, Mn*"-O-Mn** pairs. These interface effects (vi) are
relatively small compare to contribution form cation ordered
and disordered regions (i)—(v). As a result of these coexisting
interactions, there is a competition between long-range FM
interaction and short-scale AFM coupling originated from
cation ordered and disordered structures respectively, which
governs the magnetic behavior in SNMO system. With in-
creasing ASD concentration, contributions from interactions
(i) and (iii) increase, causing substantial decrease of overall
magnetic moment value and reduction of the PM-FM transi-
tion temperature 7¢ (Table I).

Within 7; < T < T¢ temperature regime, a broad inverted
cusp like trend is prominently observed in highly disordered
sample [marked by curved arrow in Fig. 5(a)]. Similar M(T")
behavior is also reported in prototype Pr,NiMnOg double
perovskite system [50]. The inverted cusp attenuates with
increasing amount of cation ordered phase fraction while
keeping the measuring field fixed [Fig. 5(a)] or with increasing
measuring field strength for a particular sample having fixed
disorder concentration [Fig. 5(c)]. Here, with increasing the
degree of cation ordering, the contribution from short-scale
AFM coupling decreases, whereas in presence of high mea-
suring magnetic field the long-range interaction dominates
over diluted short-scale couplings. Thus the inverted cusp-like
feature can be assigned to the signature of ASDs present in the
system.

Magnetic isotherm M(H) recorded at 7T =5 K (as
presented in Ref. [24]) shows drastic drop in saturation
magnetization with increasing cation disorder density.
Considering ideal case, long-range ordered FM configurations
only, the effective total moment is calculated using

Mea = [2(tsm)* + Y(tinis)* + X(fipgis )
+ (1 =) P + (1= x) (g 172 (5)

where x and y are the fractional concentrations for Ni>* and
Mn** valence species, respectively, obtained from chemical
valence state analysis. The estimated M., values from Eq. (5)
are 5.12 g and 5.62 pg corresponding to Ni** LS and Ni**+
HS states, respectively. The order parameter related with
ASD configurations Q}XgD is defined as [26,27]

ONs = 0.5[1 — (Mg /Mca)), (©6)

which involves the reduction of saturation moment value by
disordered AFM pairs originating from Ni species occupying
Mn site and vice versa. Estimated values of Q%gD are listed in
Table I, which are well consistent with EXAFS analysis. The
temperature dependency of M(H) behaviors are presented
in Ref. [24]. The thermal evolution of both remanence (Mp)
and coercivity (H¢) for SNMO samples show nonmonotonic
behavior [Fig. 5(d)] indicating evolution of magnetic phases
with temperature similar to what we have observed in M(T)
measurements. As expected, Mg is observed to decrease
with increasing ASD concentration present in the sample
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FIG. 6. (a) Magnetic virgin curves at T = 5 K measured along in-plane and out-of-plane geometric configurations. Schematic in inset
represents thin film (a-b plane) rotation with respect to external field (H.y,) direction for angular dependency of magnetization measurements.
(b) Temperature variation of difference in moment obtained from in-plane and out-of-plane geometries. (c) Angular variation of coercivity
measured at T=10 K. (d) Magnetic moment as a function of angle measured at 7 = 5 and 25 K in presence of applied magnetic field of
oH = 2500 Oe. In all these plots, geometric symbols are for observed data and solid lines are for guide to the eyes.

[Fig. 5(d), Table I]. The coercive field is the inverse field
necessary for the reversal of the magnetization direction
which depends on several mechanisms like nucleation, rota-
tion, propagation motion, pinning and depinning of domain
walls, etc. inherently involved with the nature and dimension
of the defects present in the system [51]. The temperature
dependency of coercivity can be expressed as [52]

woHe = {(21)/Ms}a — NegrpoMs, @)

where « is anisotropy constant, « is the mechanism
parameter, Mg is the saturation magnetization, and Ny
is the average dipolar interaction. Mechanism parameter o
depends on microstructure of the magnetic grains which
involves anisotropy minimization at the vicinity of the grain
boundaries, misalignment of the grains and grain grain
exchange interaction. Only in ideal case for magnetically
decoupled, perfectly aligned grains, the o =1 condition
holds. In practical situations, all such contributions involves
in o are less than unity. The effective anisotropy energy of
SNMO films are estimated using the following equation:
oHs

M(H)ouwdH,  (8)

oHs jz
Keff = M(H)indH _/
0 0
where Hg is the saturation field, in and out correspond
to in-plane and out-of-plane geometric configurations of
magnetization with the respect to the applied magnetic

field direction, respectively, as presented in Fig. 6(a). The

obtained values of k¢ are as follows: k. (S_HO) = 6.472
x 10° erg/cm® and ke (S_I) = 2.696 x 10° erg/cm?. The
calculated variation of coercivity in T; < T < T¢ regime
is presented in Fig. 5(d), while the full temperature ragne
behavior can be found in Ref. [24]. Fitting of experimental
data by calculated pattern yields the following values of the
parameters: «(S_HO) = 0.044(1), N (S_HO) = 0.215(3)
and «(S_I) = 0.067(4), and Nex(S_HO) = 0.194(5). Such
small values of « indicate dominating pinning mechanism
over nucleation in magnetization reversal process with narrow
heterogenity of the magnetic phase present in the samples
[51,52]. For narrow heterogenity the pinning efficiency varies
as ~ d/§, where d and § represent widths of the defect and
domain wall, respectively [51,52]. Larger value of « for S_I in
comparison with S_HO, implies larger dimension of defects
in S_I than that of S_HO, which is due to the convoluted
effect of more mislocated site disorder present in S_I.

The value of in-plane My is higher than the out-of-plane
Mp, indicating that it is easier to magnetize the films along
in-plane direction and therefore, magnetic easy axis lies in the
a-b plane. The virgin magnetization curves recorded at T =
5 K along in-plane and out-of-plane directions for SNMO
films are displayed in Fig. 6(a). In order to further elucidate
the symmetry distribution of anisotropy axes, we have mea-
sured magnetization as a function of angle ¢ between a-b
plane (easy axis) of the films and applied field (H.x;) direction
[as illustrated in Fig. 6(a)]. The difference in magnetic
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FIG. 7. (a) Comparison between zero field cooled reference (MELL) curve (blue) and single stop wait (MS5Y) curve (red) measured in
presence of poH = 100 Oe applied magnetic field. Inset (ii) shows temperature variation of AM = M55 - MEEE Inset (i) presents transition

temperature 7, as a function of measuring magnetic field puoH, dots (d

ark green): observed behavior, solid line (light green): fitted curve with

Eq. (9). (b) Magnetic viscosity as a function temperature, obtained by fitting the fieled cooled magnetization relaxation (shown in the Inset)
behavior with Eq. (10). (c) Relaxation rates calculated from relaxation of zero field cooled magnetization (shown in the Inset) with different
wait times t,,, using Eq. (11). (d) Zero field cooled (red) and field cooled (blue) relaxation with intermediate negative thermal cycling. All of

these magnetization are measured along in-plane geometry.

moment values §M along ¢ = 0° and ¢ = 90°, measured as
a function of temperature below T region are presented in
Fig. 6(b). The angular variation of H¢ curves [Fig. 6(c)] reveal
a twofold symmetry as the two minima are occurring within
—155° < ¢ < +155°range. Similarly, in M (¢) measurements
[Fig. 6(d)], the twofold anisotropy distribution is observed in
360° angular scans. Thus the observed angular dependency
of magnetization suggests predominant uniaxial nature of
anisotropy in the films. One should notice that the angular
difference between the easy direction and the immediate hard
direction or the §¢ width representing half periodicity, is not
exactly 90° (95.1° for S_HO and 79.9° for S_I) in these
samples. This observation suggests the presence of additional
weak anisotropy contribution such as biaxial term along with
dominating uniaxial contribution. The thermal evolution of
angle dependent magnetization behaviors are displayed in
Ref. [24]. Comparison between SNMO samples having dif-
ferent extent of disorder densities reveals that with increasing
cation disorder in the system, deviation from uniaxial behav-
ior increases and anisotropy reduces considerably. Observed
behavior is due to increase of disorder related AFM phase
which weakens the long-range FM interaction in SNMO.
Some prototypical members of RNMO family show down-
turn in magnetization below 7; [53,54], although the origin
of the low-temperature magnetic transition at 7y is still elu-

sive. In case of LNMO system, the magnetic phase transition
occurring at T = Ty is attributed to the possible formation of
cation disorder mediated reentrant spin glass (SG) or reentrant
ferromagnet like phase [8,48]. To investigate the magneti-
zation behavior below T = T; in SNMO system, firstly we
have selected an S_I film for detailed study, which have an
approximately moderate phase fraction of both ordered and
disordered structures. Afterwards, we will analyze the ef-
fect of different ASD concentration by comparing the results
corresponding to all the three samples. On reducing the tem-
perature below 7;, we have observed that both ZFC and FCW
magnetization curves decrease sharply under low (uoH <
1.5 T) applied field. The detailed results are presented in
Ref. [24]. Usually the Mgc becomes a constant or decreases
very slowly with respect to the temperature variation in case of
a SG phase, while it increases with decreasing temperature for
superparamagnets [55]. We have observed that the transition
temperature 7; depends on the magnitude of measuring dc
magnetic field puoH, as shown in Fig. 7(a) [inset (i)] and the
variation in H-T space can be described by [55]

Ty(H) = T,(0){1 — (H/H,)"}, ®

where 7;(0) estimates the transition temperature at zero field,
H, is the field amplitude, and p is the exponent. Similar
evolution of transition temperature with external filed strength
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forming a critical line in H-T space is reported in SG [55] as
well as in uniform ferromagnet system with cubic anisotropy
[56]. The H-T space critical line in SG systems defines border
line for SG phase that is upon crossing this line relaxation
time and correlation length diverge. In ferromagnetic system
with the cubic anisotropy, the H-T space critical line defines
the border line for the metastable and irreversible phases. In
the case of SG phase, the exponent p characterizes the type
of phase transition. For instance, p = 2/3, namely, the de
Almeida-Thouless (AT) line [57] is for the Ising type SG
and p = 2, namely, the Gabay-Thouless (GT) line [58] is
for freezing of transverse spin components. The least-squares
fitting of the observed data in H-T space yields T, = 14.3 +
0.1 K, H, = 16.22 4+ 1.05 kOe, and p = 0.76 £ 0.07, which
indicates close to the AT-line behavior in H-T phase dia-
grams. The field dependent downturn transition at 7 is further
investigated by exploring the dynamical response of dc mag-
netization. The characteristic ZFC memory effect is measured
following the typical single stop and wait procedure (SSW)
in the ZFC protocol [Fig. 7(a)]. For this measurement, at first
a reference ZFC curve MXEE is recorded in a standard ZFC
mode in the presence of a magnetic field woH = 100 Oe. In
next turn, during zero magnetic field cooling, the sample was
cooled from T > T down to a stop temperature 7, = 10 K,
agedat T = T, for a wait time t,, = 10* s, then cooled down to
5 K and, the magnetization M35 is again recorded under ap-
plied magnetic field uoH = 100 Oe. Temperature dependency
of the difference curve defined as AM = M35Y — MREE (pre-
sented in Fig. 7(a) [inset (ii)]) shows a distinct dip just near
T, at T ~ 10.7 K. This observation reveals that the system
memories its cooling history. During isothermal aging at T =
T for t,, duration, the spins spontaneously arrange towards
equilibrium state through the growth of equilibrium domains
and on further cooling below T they are frozen. The spins
retrieve the memory on reheating in this process [55,59].

To further explore the nonequilibrium dynamics of the sys-
tem, relaxation measurements under a small field perturbation
are carried out. To record the relaxation of FC (ZFC) magneti-
zation, system is cooled in presence of magnetic field uoH =
100 Oe (zero Oe) from T = 300 K down to the measuring
temperature 7, and then after an isothermal wait time of ¢,
applied field is turned off (field uoH = 100 Oe is applied)
and the isothermal time evolution of a magnetic moment is
measured. The time decay of FC remanent magnetization with
ty, = 0 s across T, [presented in Fig. 7(b), inset] shows the
nonsaturating behavior within the timescale involved in the
measurements. The observed time evolution of magnetization
M (t) can be described by logarithmic decay function [60]

M(t) = Mo[1 — S1In(l +1/10)], (10)

where M, is the initial remanent magnetization, S = S(T, H)
is the magnetic viscosity which characterizes the relaxation
mechanism and depends on the material, and #; is the refer-
ence time involved with measurement process. The random
or mixed spin interactions or time evolved activation me-
diated energy barrier distribution results in this kind of the
logarithmic relaxation behavior [60]. In general, the FC re-
laxation of magnetic moment decreases monotonically with
increasing measuring temperature due to enhancement in
thermal fluctuations [61]. However, it should be noted that

the observed temperature variation of FC relaxation process
in our measurements shows nonmonotonic behavior. The es-
timated values of magnetic viscosity attain an inflection point
at T ~ 10 K [Fig. 7(b)], which is a signature of spin glass
or frozen ferrofluid phases [60]. Such viscosity behavior indi-
cates a trade-off between freezing of spins due to competing
exchange interactions and thermal activation of frozen spins
with increasing temperature [60]. Wait time 7, dependency
(aging effect) is observed in ZFC relaxation measurements
recorded at T =5 K (< Ty) [presented in Fig. 7(c), inset].
The relaxation rate defined as

S(t)={1/H)(@M(t)/01Int) an

shows characteristic maxima around ¢ = t,, [Fig. 7(c)] reveal-
ing the presence of aging effect. Similar aging behavior is
observed in magnetically disordered and frustrated systems
including SG and chaotic reentrant ferromagnets [60,62]. Af-
ter quenching the system below T; (7,, < T;) during the aged
time t,,, as the system is left unperturbed (no change in T
or H), growth of equilibrium domains start and the observed
aging signature at around t & 1, is related to the dynamic
response of system originating because of a crossover from
the quasiequilibrium regime (¢ < t,,) to the nonequilibrium
regime (t > t,) [59,60]. ZFC and FC relaxation experiments
with intermediate negative thermal cycling (AT = 5 K), be-
low T =T;, are also examined [Fig. 7(d)]. Generally, the
relaxation before and after negative thermal cyclings are ex-
pected to follow continuous trend without having a shift in
the magnetization value for SG [61]. Observed discontinuity
in relaxation behavior at #; and #; timescales for AT =5 K,
indicates the presence of more than one coexisting relaxation
processes.

The observed sharp decrease of moments in the
temperature-dependent magnetization M(7) measurements
below T = T; as presented in Ref. [24], Fig. S10(a), is pos-
sibly due to opposite alignment of the Sm PM moments
with respect to the Ni-Mn sublattice moments polarized in
the presence of the internal exchange field. Similar internal
field polarization of rear-earth moments antiparallel to tran-
sition metal moments has been reported in some perovskite
as well as in double perovskite structures [63—-65]. As shown
in Ref. [24], Fig. S10(d), with increasing the magnitude of
applied magnetic field (uoH < 1.5 T), the downturn behavior
vanishes (at woH ~ 1.5 T). This indicates a balance of inter-
nal field at Sm sites by external applied field (hence Hjy >~
1.5 T). A further increase in magnetic field (upH > 1.5 T)
transforms the downturn into an upturn behavior. In disor-
dered magnetic systems, the presence of AFM interactions in
the FM host matrix causes spin frustration [66]. Here, below
T; the intercompeting interactions from FM and AFM spin
arrangements between Ni-Mn and Sm-(Ni/Mn) sublattices
respectively, may cause similar frustrated magnetic states in
SNMO. Consequently, at the low-temperature values, instead
of the single global minimum (which is generally observed
for equilibrium states), multiple local minimum pockets with
finite barrier heights are formed in free energy landscapes and
metastable nature in the dynamical response of magnetization
are observed in SNMO thin-film system.

Similar signatures of nonequilibrium magnetic state are
observed in the measurements performed for all the SNMO
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samples. With increasing B-site cation disorder in the sys-
tem, the transition 7 shifts towards lower temperature value
(Table I) and it’s sharpness reduces. Here, we argue that the
ASD related short-scale AFM interactions are not the dom-
inating cause of such magnetic frustration in SNMO at low
temperature (7' < T;), otherwise nonequilibrium dynamical
behavior should be observed above T; as well, where both
order disorder structures related FM-AFM interactions co-
exist, and also, with increasing disorder or in other words,
with increasing ASD AFM pairs, T; should show a rise
in temperature, which is contradictory to our observations.
The polarization of Sm PM moments depends on long-range
ordering of Ni-Mn sublattices. An introduction of B-site
cation disorder weakens the Ni-Mn long-range interaction and
hence the internal field strength reduces, which affect the
downturn transition by shifting it towards lower temperature
values.

From the aforementioned discussions, it is transpired that
the varying level of cation occupancy defects in SNMO sys-
tem has immense impact on magnetization behavior. Apart
from this, in all the SNMO samples studied here, the pres-
ence of surface island and edge dislocation defects are found,
which may be the possible way to relax the misfit strain
from the substrate. Observed similar RHEED patterns indi-
cate similar island-layer surface creation in all SNMO thin
films. The similar growth modes as well as similar strain
relaxation process in the studied films point out that cation
distribution is not altered by the strain relaxation process. In
rocking curve, extremely narrow and similar FWHM values
for all the films, which is found comparable to single crystal
STO substrate, suggest very low concentration of disloca-
tion defects in SNMO samples and their similar distribution.
These misfit defects may introduce local tilt in transition
metal octahedra leading to possible modification in mag-
netic exchange by changing bond angle around defect site. It
should be noted here that such defect mediated modification
of magnetic exchange interaction must have low impact (due
to low density) and similar extent (due to similar distribu-
tion) in all SNMO samples. Grain boundary crack is another
possible defect which may influence the measured magnetic
properties of the system by introducing moment pinning cen-
ters. However, since all the films are epitaxial, have similar
smaller FWHM values in rocking curves and narrow hetero-
geneity in the magnetic phase as observed from magnetic
coercivity analysis, the contribution of the grain boundaries
is minimal and comparable in all the films. Therefore, in the
present scenario, among all possible defects, ASD plays the
most dominating character in governing the magnetic state
of the SNMO double perovskite system and the magnetic
observables can be tuned by engineering ASD in the host
matrix.

IV. CONCLUSION

In summary, we have mapped the consequences of antisite
cation disorders over the microscopic and macroscopic ob-
servables determining the electronic and magnetic properties
of epitaxial SmyNiMnOg thin film system. The level of cation
ordering is found to be sensitive against fine tuning of growth
parameters used for the fabrication process and we have pre-

sented corresponding phase stability diagram which provides
the recipe to engineer antisite disorder concentration. The
local probe extended x-ray absorption fine structure analysis
implementing a proper model have been employed to quantify
the antisite disorder fractions in the samples grown under
distinct deposition conditions. Density of cation disorders
are again evaluated on a global scale using bulk magne-
tometric measurements and the results are well consistent
with estimations of local structure studies. Moreover, from
structural simulations, we have observed that with increasing
concentration, disorder distribution transforms from homoge-
neous to partial segregation type. The electronic structure of
these samples exhibits mixed valence nature of both Ni and
Mn species, confirming the Ni** + Mn*" — Ni** + Mn3*
kind of charge disproportionation occurring in the system,
which is insensitive to the degree of cation ordering. The
introduction of disordered Ni-O-Ni and Mn-O-Mn bonds in
the structure causes local AFM correlations in the background
of ordered Ni-O-Mn FM interactions, and as a consequence,
the magnetic behavior of SNMO comprise of coexisting long-
range FM ordering and short-scale AFM interactions. The
mutual competing nature of these two phases depends on the
antisite disorder fraction and leads to the observed decrease
in FM transition temperature T¢, drastic drop in the saturation
moment value Mg, reduction of remanence magnetization Mg,
and anisotropy energy « with increasing the antisite disorder
density. We suggest that the field dependent inverted cusp
like trends in M (T') are the direct signatures of the antisite
disorders, present in the system. The nonmonotonic nature
of coercive field Ho(T) and remanence magnetization Mg(T)
originate because of distinct temperature dependent magnetic
contributions from different interaction paths. The magnetiza-
tion reversal process is more likely governed by the pinning
mechanism in comparison to the nucleation process having
narrow heterogeneity of the magnetic phase and dimension
of defects involving the pinning process increases with an
increasing fraction of antisite disorder. Angular dependency
of magnetization reveals that the presence of antisite disor-
ders introduce additional biaxial anisotropy contribution in
the predominant uniaxial anisotropy character of the system.
Below 7, transition, observed magnetization behavior is at-
tributed to the frustration due to inter competing magnetic
interactions from polarized Sm PM moments and Ni-Mn
sublattice FM moments, which generates the landscape of
multiple nonuniform free energy barriers and drives the sys-
tem into metastable state. Interplay between internal field and
magnitude of applied magnetic field governs the low temper-
ature (across T;) M(T) behavior, which can be transformed
from downturn to upturn by varying measuring field strength.
The presence of antisite disorder breaks the long-range FM
chains and as a consequence significantly decreases the inter-
nal magnetic field acting on Sm PM moments and hence, with
increasing antisite disorder the 7 transition moves to lower
temperature. Thus the presence of Ni/Mn mis-site defects in
SNMO thin films have huge bearing on magnetic properties
of the system, which can be tailored by proper control of
synthesis conditions. The present study will in general, help
to correlate the modification in the functional properties of a
double perovskite system mediated by cation disorders in the
host matrix.
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