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Realization of diverse functionalities by tuning magnetic interactions in rare-earth perovskite oxide thin
films opens up exciting technological prospects. Strain-induced tuning of magnetic interactions in rare-earth
cobaltates and nickelates is of central importance due to their versatility in electronic transport properties. Here
we report the spin reorientation induced switching of anisotropic magnetoresistance (AMR) and its tunability
with strain in epitaxial LaCosNipsO;_s thin films across the ferromagnetic transition. Moreover, with strain
tuning, we observe a twofold to fourfold symmetry crossover in AMR across the magnetic transition temperature.
The magnetization measurements reveal a ferromagnetic transition around 50 K. At temperatures below this
transition, there is a subtle change in the magnetization dynamics, which reduces the ferromagnetic long-range
ordering in the system. X-ray absorption and x-ray magnetic circular dichroism spectroscopy measurements
at the Co and Ni L edges reveal a Co spin state transition below 50 K, leading to the AMR switching and
also the presence of Ni*" and Co*" ions evidencing the charge transfer from Ni to Co ions. Our work
demonstrates the tunability of magnetic interactions mediated electronic transport in cobaltate-nickelate thin
films, which is relevant in understanding Ni-Co interactions in oxides for their technological applications such

as in AMR sensors.
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I. INTRODUCTION

Transition metal oxides have generated great interest for
their exciting magnetic and electrical properties such as su-
perconductivity, colossal magnetoresistance, metal-insulator
(M-I) transitions, and large anisotropic magnetoresistance
(AMR) [1]. AMR observed in ferromagnetic (FM) materials
is usually associated with a change in the electron-scattering
rate depending upon the orientation of the magnetization with
the applied current [2-8]. AMR property has been utilized in
spintronic applications and, more recently, in probing Fermi
surface topology [9,10].

Transition metal oxides LaNiOs; (LNO) and LaCoOs3;
(LCO) are of particular interest for their charge, orbital, and
spin state correlations [11,12]. LNO is a highly correlated
paramagnetic metal oxide, whereas LCO is a diamag-
netic Mott insulator having temperature-dependent multiple
spin-state transitions [11,13,14]. In LCO, the nonmagnetic
insulating ground state is due to the fully occupied low-spin
(LS) state of the trivalent cobalt ion. As the temperature
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increases, the fully localized electrons in the #,, level undergo
spin-state transitions from a low-spin to an intermediate-spin
(IS) state at about 90 K, and then to high-spin (HS) state
beyond 500 K [15-20]. The temperature dependence of the
Co*" spin states can be attributed to the comparable crystal
field splitting energy (10 Dq) and the Hund’s exchange energy.
These various ground states in LCO can be tuned by doping
with other transition elements such as Ni, Mn, and Fe [21,22].

Solid solutions of rare-earth cobaltate and nickelate per-
ovskites are found to exhibit spin-glass behavior [23,24].
Spin-glass behavior arises due to competing FM and anti-
ferromagnetic interactions. Ferromagnetism arises from the
double exchange interaction of Co**-O-Co** whereas anti-
ferromagnetism arises from the superexchange interactions
arising from Co*"-0-Co®>" and Ni**-O-Ni** [25]. Usually,
large negative magnetoresistance is associated with spin-glass
systems because of the growth of FM domains in the presence
of an external magnetic field that in turn promotes metallic
conduction through the double exchange hopping mechanism
[24,26]. In thin films, the influence of strain parameters fur-
ther enhances the electrical transport and magnetic properties.
Confinement effects have a profound impact on electronic
transport, magnetoresistance (MR), and AMR [27]. The emer-
gence of long-range ferromagnetism in thin-film manganites
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is one example [28]. Tuning the electrical and magnetic prop-
erties of LCO by Ni doping in the Co site has been well
studied in polycrystalline bulk form [21,23]. However, studies
on single crystals and epitaxial thin films are required to un-
derstand the role of magnetocrystalline anisotropy and strain
effects in the electronic transport mechanism of a Ni-doped
LCO system.

In this work, we discuss the microscopic origin of
large positive magnetoconductance and anisotropic mag-
netoresistance switching in LaCogsNigs503_s (LCNO) thin
films. Electrical transport measurements combined with x-ray
absorption spectroscopy and magnetometry were used to elu-
cidate the interplay of complex magnetic order and electron
correlations. The paper is organized as the following sections:
Section II deals with the experimental techniques used in this
work. Section III consists of four parts. In Sec. IITA, we
discuss the structural and strain parameters of LCNO thin
films. Section III B deals with electrical transport properties,
where we discuss the enhanced negative MR in epitaxially
strained thin films. In Sec. III C, we discuss angle-dependent
magnetoresistance measurements. In Sec. III D, we discuss
the magnetic properties, followed by the discussions on the
electronic spin-state transitions associated with the multi-
valent states of Co and Ni ions through x-ray absorption
spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) measurements in Sec. III E.

II. EXPERIMENTAL METHODS

Bulk polycrystalline LCNO target material for thin-film
deposition was synthesized using the conventional citrate-
based sol-gel technique [29]. The final product thus obtained
was cold-pressed into a pellet and sintered at 900 °C for 24 h.
Thin films of LCNO with various thicknesses were grown on
TiO,-terminated SrTiO3 (001) (STO) substrates with the help
of the pulsed laser deposition technique. A 248-nm KrF laser
source was used with laser fluence of 2 Jem™2 and a pulse
repetition rate of 3 Hz. The base pressure of the deposition
chamber was set at 3x 10~ mbar and during deposition, a
constant flow of high-purity oxygen (99.999%) O, with a
partial pressure of 2x10~! mbar was maintained. The sub-
strate temperature was kept at 700 °C. Post deposition, while
cooling down to RT, 100-mbar O, partial pressure was main-
tained inside the deposition chamber to ensure proper oxygen
stoichiometry.

The phase purity of thin-film samples was confirmed using
a high-resolution x-ray diffractometer (Rigaku Smart Lab II)
with a Cu Ko source (A = 1.54 A). 20-w scans were done
around the (200) peak of the STO substrate. From x-ray
reflectivity (XRR) measurements, film thickness and rough-
ness were determined. In order to study in-plane strain due
to sample-substrate lattice mismatch, reciprocal space map-
ping (RSM) was carried out along the pseudocubic (103),,
crystal plane of the STO. Electrical transport measurements
were carried out using a commercial physical property mea-
surement system (PPMS; Quantum Design) from 300 K
down to 2 K using the standard linear four-probe method.
The contacts were aligned along the [010] direction of the
crystal. Field-dependent measurements were carried out with
varying magnetic fields up to 9 T. Angle-dependent MR was

carried out using the commercially available rotating holder
attachment. Magnetization measurements were carried out
in a superconducting quantum interference device (SQUID)
based vibrating sample magnetometer (MPMS XL, Quantum
Design). X-ray absorption spectroscopic measurements were
carried out to investigate the magnetization and valence states
of the transition elements. XAS and XMCD measurements
were carried out at the BL-29 BOREAS beamline of the
ALBA synchrotron light source [30]. The XMCD spectra
were obtained by taking the difference between the XAS
of right (o™) and left (07) circularly polarized light. The
samples were measured in the in-plane geometry (grazing
incidence from the film plane) under an applying magnetic
field of 6 T in the beam direction. The data were collected in
the total electron yield mode.

III. RESULTS AND DISCUSSION

A. Structural and morphological characterization

Bulk LCNO has a rhombohedral (R3c) structure [23].
Figure 1(a) shows the room-temperature x-ray diffraction
20-w scan of the LCNO film grown on STO(001) sub-
strate. The observation of Kiessig fringes in the 26-w x-ray
diffractogram confirms the good crystallinity of the films.
To determine the film thickness, x-ray reflectometry (XRR)
measurements were done and fitted with GenX software as
shown in Fig. 1(c) [31]. The fit gives an average surface
roughness (r,) of ~5 A for as-grown films. The bulk pseu-
docubic (pc) lattice parameter for LCNO is found to be 3.789
A. On STO substrate, the out-of-plane lattice parameter of
the LCNO thin film is found to be 3.801 A. Further, from
the RSM plots of (103),. Bragg planes [see Fig. 1(b)], the
in-plane and out-of-plane strain parameters relative to that of
STO (ap. = 3.90 A) were found to be 0.25% and 2.8% tensile
strained, respectively, for 25-nm-thick film. A rocking curve
scan for the film shows a FWHM of 0.19°, again indicat-
ing good crystallinity of the film [shown in Fig. 1(d)]. The
perovskite film is epitaxially oriented, grown along the [001]
direction of the STO substrate as shown in Fig. 1.

B. Electrical transport properties

Temperature- and magnetic field—dependent electrical
transport properties of LCNO films have been investigated
down to 2 K. Temperature dependence of resistivity shows
three-dimensional (3D) Mott variable range hopping below
150 K. A detailed analysis is given in the Appendix A.

Magnetic field-dependent resistivity measurements reveal
large negative magnetoresistance in LCNO films. Though
there can be multiple origins for negative magnetoresistance,
in general, it can be attributed to the weak localization caused
by the interference of the electron wave functions facili-
tated by the time-reversal symmetry breaking due to the
onset of ferromagnetic ordering below the transition tem-
perature. Applying an external magnetic field will create a
phase shift between the electron wave functions and lift the
localization. This results in a decrease in the resistivity of the
system [32]. Magnetoconductance (AG) measurements were
taken for LCNO thin films of thickness 10 and 25 nm, with
field varying from —9 to 9 T. The magnetoconductance data
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FIG. 1. Structural characterization. (a) Thin-film XRD data of LCNO film on SrTiO; substrate with (002) peaks indexed. (b) RSM of the
LCNO film along the (103) pseudocubic plane. (c) Experimental XRR data (red open circles) for LCNO with a blue line indicating the fit.
From the fit, the film thickness and surface roughness were found to be 25 and 0.5 nm, respectively. (d) XRD w rocking curve of LCNO (002)
peak (red open circles) with a Lorentzian fit (blue line). The FWHM is found to be 0.19°. (e) Schematic of LCNO stacking along the [001]

direction.

were fitted with a simplified Hikami-Larkin-Nagaoka (HLN)
equation within the spin-orbit coupling limit [33]. In the high-
field region, magnetoconductance is dominated by the elastic
electron-electron scattering, and hence a quadratic B? field
dependence is incorporated into the HLN equation, which thus
can be written as

e 1 B, B, )
AGB) = 5+ [w(z + E) —1n<3)} +AB*, (1)

where 1 is digamma function, B, is the effective field of in-
elastic scattering terms and is equal to (&)2, l, is the phase
coherence length, and A is the electron-electron interaction
coefficient.

In Fig. 2(a), the experimentally obtained conductivity of a
10-nm thin film has been fitted with Eq. (1). A magnetocon-
ductance maximum is obtained at the ordering temperature
[see Fig. 2(b)]. Figure 2(c) gives the temperature dependence
of inelastic phase coherence length, /,, and the electron-
electron interaction coefficient A. It is interesting to note that
there is no monotonous increase or decrease in /, and A.
Instead, both parameters maximize near the ordering tem-
perature and fall on either side. Correlation between the
magnetoconductance maxima and [, can be understood based

on the ferromagnetic ordering of spins. The ferromagnetic
alignment will reduce electron-electron scattering, which in
turn increases l,. At low temperatures, some of the spins will
reorient themselves antiparallel and the long-range ordering
is reduced, with the possible emergence of a glassy phase. It
is known that in spin-glass systems, the randomly fixed spins
can dephase weak localization of electrons due to a reduction
in magnetic scattering rate followed by suppression of the
magnetic moment [34-36]. Thus we see a reduction in [,
[see Fig. 2(b)]. A is added to the HLN equation to account for
electron-electron elastic scattering and the classical cyclotron
term. Based on the variations in the electron-scattering cross
section due to ferromagnetic alignment followed by spin re-
orientation, the term A follows a similar trend as [, because
of its direct correspondence to the electron-scattering cross-
section variation. Linear magnetoresistance data were taken
for magnetic field sweeps from —9 to +9 T. By taking the
difference of the MR data in the two magnetic field sweep
directions opposite to each other, we were able to deduce the
magnetic field-dependent Hall resistance. By this procedure,
in effect, we are removing the large linear magnetoresistance
background. Figure 2(d) shows the Hall carrier concentration,
ny, which is extracted by fitting the slope of the linear region
of Hall resistance, and Fig. 2(e) Hall carrier mobility, uy,
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FIG. 2. Magnetoconductance [(a)—(c)] and Hall effect measurements [(d),(e)]. (a) Experimental magnetoconductance (AG) data (open
symbols) and its corresponding fit (solid lines) to the Hikami-Larkin-Nagaoka equation with an additional electron-electron interaction term.
(b) Temperature dependence of magnetoconductance for 25 and 10 nm films, respectively. (c) Inelastic scattering length (/,) and quadratic
coefficient A, considering the B> dependence at high magnetic fields, both as a function of temperature. (d) Hall carrier concentration and (e)

Hall carrier mobility as a function of temperature.

respectively, with respect to temperature. The Hall carrier
concentration is high, of the order of 10*> cm~3, which is
similar to that of metals. However, the Hall mobility is very
low, of the order of 102 cm? V~! s~!, which can be associated
to the localization of electrons.

C. Anisotropic magnetoresistance switching
1. Origins of AMR in LCNO

AMR contains two components, crystalline and noncrys-
talline, where the former depends on the anisotropy of the
electronic structure and spin-orbit coupling while the latter
depends on the angle between the magnetization and current
[37]. The origins of the AMR can be directly correlated to the
Fermi surface [5]. Applying a magnetic field will change the
free-electron trajectories near the anisotropic Fermi surface
[38]. For a uniformly magnetized system, the total free energy
per unit volume as a function of the angle ¢ between the
magnetization and current direction can be given as [6]

E(¢) = Kghape sin> ¢ — oM, - H cos (¢ — 0)
+ Kery c08* (¢ — @), 2)

where H is the applied magnetic field, M is the saturation
magnetization, Kgnape is the shape anisotropy constant related
to the demagnetization factor, Ky is the magnetocrystalline
anisotropic constant, « is the angle defining the crystallo-
graphic directions, and 6 is the angle between the applied
magnetic field and current direction, which at high enough
magnetic fields can be approximated to ¢. Minimizing the
free energy and approximating ¢ = 6, one can obtain the

anisotropic magnetoresistance as
PAMR = p1 + (p| — p.)cos® 6, 3

where p, and p| are the resistivity at M perpendicular and
parallel to the applied current, respectively. The AMR is

therefore strongly dependent on cos?6. This is generally valid
for polycrystalline ferromagnetic materials. In the case of
single-crystalline and low-dimensional epitaxial films with
crystalline symmetry, magnetocrystalline effects need to be
addressed [39]. LCNO films grown along the [001] orientation
have a cubic fourfold symmetry and an additional fourfold
term representing the crystalline symmetry contributes to-
wards AMR, thus modifying Eq. (3) [40]:

PAMR = Ag + Az cos[2(0 + 6p)] + Ascos[4(0 + )], (4)

where A, and A4 are the respective amplitudes of twofold
and fourfold symmetry and 6y accounts for the misalignment
due to the sample rotator. Angle-dependent magnetoresistance
(ADMR) measurements were done on LCNO thin films in
both y (B rotating along the yz plane where current / is along
the y axis) and § configurations (B rotation along the xz plane
with current / in the y direction). Figure 3(a) shows the AMR,
with an applied magnetic field of 9 T, at various temperatures
taken by rotating the applied magnetic field direction with
respect to the ¢ axis of the crystal. The AMR percentage is
calculated as

p0) — p(L)
p(L)

Here the magnetic field is applied along the [001] crystallo-
graphic direction. Both y and 8 configurations show a similar
trend in the AMR.

Temperature-dependent ADMR studies have shown a large
AMR in LCNO thin films (see Fig. 3). In the LaCo;_,Ni, O3
system, the M-I transition occurs at x = 0.4 and hence LCNO,
with x = 0.5, is close to this M-I transition and a large AMR is
expected [6,21]. In analogy to doped manganites, a disordered
system like LCNO can be considered to have a conducting
phase due to LNO and an insulating phase due to LCO. In

x 100%. 5)
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FIG. 3. AMR plots of LCNO films of 25 nm thickness grown on STO (a)—(d) and LAO (f),(g) substrates. (a) Temperature dependence of
anisotropic magnetoresistance (AMR) of LCNO thin films for an applied field of 9 T, on STO substrate (open symbols), fitted with Eq. (4)
(solid lines). (b) AMR data close to the transition temperature. (c) Field dependence of AMR below the magnetic transition temperature.
(d) Field dependence of AMR above the magnetic transition temperature. (e) Schematic drawing of the magnetic field rotation with respect to
crystal plane and applied current (y configuration). (f) Temperature dependence of AMR in LAO substrate (with 9 T applied field). (g) Polar
plots showing the twofold to fourfold symmetry crossover in LCNO films grown on LAO.

thin films, due to film-substrate lattice mismatch, there will
be an enhancement in the phase separation between these
metallic and insulating phases. This, in turn, will enhance
the anisotropic character of magnetoresistance in the system.
In the LCNO system, there is also a temperature-dependent
sign reversal of the AMR around 45 K from positive (above
50 K) to negative (below 40 K) [see Figs. 3(a) and 3(b)]. In
Figs. 3(c) and 3(d) field-dependent variations of the AMR are
shown at 5 and 60 K (below and above the magnetic order-
ing temperature), respectively. The field-dependent evolution
of AMR shows that only above 3 T magnetic field, do the
twofold and fourfold components of the AMR set in. At low
fields, the demagnetization effects will destroy the effective
AMR. Unlike some manganite systems, we could not observe
field-dependent AMR switching [6,41].

2. Spin-polarized scattering and the sign of AMR

The temperature-dependent sign reversal in AMR can be
understood based on the change in the density of states of
spin-up and spin-down conduction electrons above and below
the magnetic transition. In ferromagnetic materials, due to
spin polarization, the electron-scattering cross section will be
spin dependent. According to the microscopic theory, AMR
can be defined as pamr = (B — 1), where y is the spin-
orbit coupling constant, which for most transition metals is

about 0.01 and B is the ratio of the spin-down to spin-up
electron resistivity. Thus the sign of B8 determines whether
AMR is negative or positive [42-44]. Hence in the case of
LCNO, switching of positive to negative AMR values as the
temperature is lowered across the transition temperature can
be understood as a shift in the density of states of spin-up
and spin-down conduction electrons, which will affect their
respective resistivities. A similar sign reversal in AMR is also
observed in doped manganite systems [6,41].

3. Low-temperature spin reorientation and AMR sign reversal

Below 50 K, there is a decrease in the net magnetization
attributed to a possible spin reorientation and the emergence
of glassy phase well below 45 K as seen in bulk LCNO [23].
Above 45 K, ferromagnetism causes spin polarization and the
majority of electrons will be spin-up causing a reduction in the
spin-up electron scattering leading to a positive AMR, which
is in agreement with the magnetoconductance and magnetic
data. Below 45 K, the long-range ferromagnetic ordering is
lost due to spin reorientation changing the spin polarization,
and the AMR becomes negative. It should be noted that at low
enough temperatures, some of the Co** ions in LCNO have a
spin-state transition from HS/IS state to LS state as evidenced
from the XMCD measurements on the Co L3 edge. This will
reduce the overall ferromagnetism in the system because in
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the LS state, the e, orbitals are vacant. These vacant e, orbitals
will contribute towards the antiferromagnetic superexchange
interaction and, in turn, will lead to the formation of a glassy
phase in the system.

4. Strain dependence of AMR

The magnetocrystalline anisotropy and AMR are highly
sensitive to strain. In order to understand the effects of
strain on LCNO, we have also grown LCNO films (~25 nm
thick) on [001]-oriented LaAlO3; (LAO) substrates. Compared
to films grown on tensile STO substrates, films grown on LAO
are compressively strained, which is evident from the XRD
plot given in Appendix B (see Fig. 9). From Fig. 3(f) we
can see a clear distinction of LAO grown LCNO films, from
its STO counterpart, in form of a crossover from twofold to
fourfold symmetry at 60 and 20 K, respectively. Figure 3(g)
shows the polar plot for the AMR shown in Fig. 3(f), where
the twofold to fourfold distinction is very evident. AMR stud-
ies on (GaMn)As epitaxial films have shown that the origin of
fourfold symmetry is related to the long-range ferromagnetic
ordering below the transition temperature, 7'c [39]. Further, in
LCNO films grown on LAO, low-temperature AMR at 20 K
is positive while AMR at 60 K is negative. So we can infer
that the spin dynamics are different for compressively grown
LCNO films.

D. Magnetic properties

Doping with trivalent transition metal ions in LCO is
known to change the spin state of Co®* in the system. How-
ever, Ni*™ in LNO remains at a low spin state throughout
the temperature range, which is also the case for LCNO as
evidenced from the XAS measurements given in the next
section [45,46]. The presence of Ni ions in LCNO induces a
change in Co** spin state from low spin to intermediate spin
or high-spin state. The charge transfer between Ni and Co ions
induces ferromagnetism in the system. Magnetization mea-
surements, both temperature and field dependent, were done
on LCNO films. Figure 4 shows the temperature-dependent
magnetization when zero-field cooled (ZFC) and field cooled
(FC), for a 25-nm-thick LCNO film on STO substrate for an
out-of-plane 1000 Oe applied field. The data presented here
are corrected for the diamagnetic contribution from the sub-
strate by subtracting a constant diamagnetic moment obtained
by fitting the high-field magnetization M (H) data of STO
substrate. But this approach may not completely remove the
substrate contribution, especially at low temperatures where
the magnetic moment is not completely temperature indepen-
dent. In line with reports of the properties of the bulk material,
there is a ferromagnetic transition at around 50 K as evidenced
by the temperature-dependent magnetization measurements.
However, as the temperature is lowered, the magnetization
does not follow a Brillouin-like curve. Instead, the overall mo-
ment is reduced at low temperatures below 50 K, which could
be due to possible spin reorientation [23]. From the bifurca-
tion of ZFC-FC curves, which indicates magnetic anisotropy,
it is clear that the formation of the ferromagnetic cluster in the
system starts way before the magnetic transition temperature
in the system. This unusual magnetic order arises from Co to
Ni charge transfer resulting in the formation of Co** states
and the Co®"-0-Co** double exchange interaction leading to
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FIG. 4. Magnetization measurements. Zero-field cooled (ZFC)
and field cooled (FC) magnetization versus temperature data at 1000
Oe applied field. Inset shows the field-dependent magnetization at 40
and 55 K. The diamagnetic background contribution from STO has
been subtracted using the moment values obtained from the M (H)
data of bare STO substrate.

ferromagnetism. From Fig. 4 (inset) we can see a small re-
duction in the saturation magnetization (M) from 0.25 pg /f.u.
at 55 K to around 0.18 ug/f.u. at 40 K. The change in the
coercive field from 55 to 40 K is indistinguishable due to
low signal-to-noise ratio in the measurement of the low-
moment sample. To get further insights into spin dynamics
across the ferromagnetic transition temperature, we have car-
ried out temperature-dependent x-ray absorption spectroscopy
measurements.

E. XAS and XMCD measurements

XAS is a direct method to probe the electronic ground
states and give better insights into the spin-state transitions
and valence states of cobalt and nickel ions in the LCNO
thin film. The unusual temperature dependence of AMR phe-
nomena and their connection to the magnetic behavior of the
system can be addressed with temperature-dependent XMCD
measurements. Using XAS and XMCD measurements at the
Co L, 3 and Ni L, 3 absorption edges, we have probed the 3d
electronic ground states of Co and Ni ions in the system at
various temperatures above and below the magnetic transition.
The temperature dependence of XAS for the Co L3 edge is
shown in Fig. 5(a). The Co L; main peak coincides with
the Cot valence ions, and the shoulder peaks to the left
and right coincide with Co** valency [47,48]. Particularly, a
double peak XAS feature at 780 eV and intensified shoulder
at 782.5 eV are not seen in the Co L3 XAS of pure LCO
[49]. Hence, we confirm our samples are predominantly with
a Co®" state along with a possible Co** state. A small peak
around 777 eV represents Co>" valence which could be due
to the presence of oxygen vacancies mostly at the film surface
[50]. Figure 6 shows the magnification of the XAS shoul-
der peaks, clearly showing a right shift of the Co L3 peak
as the temperature is reduced. With reference to the ground
states of pure LS Co** and pure HS Co’* compounds, the
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FIG. 5. X-ray absorption spectroscopy. (a) XAS spectra of the Co L; edge at different temperatures. (b) XAS spectra of the Ni L; edge at
different temperatures. The inset shows the XAS spectrum of the Ni L, edge. (c) XMCD spectra of the Co L3 edge at different temperatures.
Inset shows the temperature dependence of total magnetic moment derived from the Co L;-edge XMCD using sum rules. (d) XMCD spectra
of the Ni L3 edge at different temperatures with the inset showing the temperature dependence of total magnetic moment derived from the Ni

Ls-edge XMCD using sum rules.
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FIG. 6. Spin-state transition. Enlarged view of Co L3-edge XAS
spectra of Fig. 5 showing the peak shift towards the right with a
decrease in temperature. The black arrows are a guide to the eyes.
Inset shows the schematic of Co spin-state transitions from HS (red)
to IS (blue) and then to LS (black) with a decrease in temperature.

corresponding shifts can be inferred as a gradual transition
from HS/IS state at 300 K to LS rich state at 2 K [51].

The XMCD data in Fig. 5(c) shows a single peak at
300 K dominated by the HS/IS Co®* ions. As the temper-
ature is reduced, the XMCD peak splits into a doublet with
peaks at 779.1 and 781.2, corresponding to possible Co*"
and Co*" ions, respectively. The peak splitting is attributed
to the charge-transfer mediated increase in the Co valence,
i.e., Co**, which favor ferromagnetic ordering and have tran-
sition corresponding to positive AMR at and above 50 K. We
note that the peak intensity ratio Co**/Co®" increases and
maximizes at 50 K, coinciding with the ferromagnetic tran-
sition temperature obtained from the magnetic measurements
using a SQUID magnetometer. Importantly, the Co L; XMCD
[Fig. 5(c)] is found to be increasing with the decreasing tem-
perature, resulting in a net increment in the Co magnetization.
These qualitative changes in the XAS cannot complete the
full picture of Co sublattice magnetization because the LCNO
system contains multiple Co valent states either in HS or
LS configurations. However, the spin (m,) and orbital (1)
magnetic moments derived from the XMCD data can provide
further insight into the Co magnetization, and the discussion
is in the following.

We have determined the my and m; of Co (and Ni) ions
by applying the sum rules to the integrated intensities of total
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XAS and XMCD spectra [52]. Spin sum rule errors, associ-
ated to the core-valence exchange interactions, were properly
accounted for the calculations [53]. The most important part
of the data is that the obtained my (= m; + m;) of Co ions
from the XMCD data reveals a small but noticeable kink at
50 K as shown in the inset of Fig. 5(c), which is a finger-
print to the possible spin reorientation transitions (due to the
Co*") that are already observed through bulk magnetization
measured from the SQUID magnetometer, as shown in Fig. 4.
All the magnetic moments reported here are for ug/ion. The
m; /my of Co is in the range of 0.45-0.53. These are slightly
higher values than the pure Co** (0.4-0.45) and lower than
the pure Co”* (0.57) ([48], and references therein). However,
the m; /m; varies between 0.2 and 0.5 for Co>" ions [51,54].
Our values are in good agreement within the possible range
despite that the m; /m; of Co** ions widely differ due to their
complex nature of HS-LS switchover. We have furthermore
investigated the Ni absorption edges; the data is discussed in
the following.

The XAS of the Ni L3 preedge is overlapping with the
La M, postedge. We have thus removed the La M peak by
subtracting the La M XAS recorded on the LSMO refer-
ence sample, leaving out some subtracted traces in the Ni L3
preedge as shown in Fig. 5(b) for the temperature-dependent
Ni L, 3 XAS. However, the Ni L, edge [Fig. 5(b) inset] has
no overlap with the La M edge; therefore, we clearly see
the dominant peak at the higher energy side corresponds to
Ni** contribution whereas the Ni>* ion forming the shoulder
peak to the left side of the main peak [55]. Unlike the Co
Ls edge, the Ni L3;-edge XAS is found to be independent
of temperature and therefore no change in the spin state is
expected. The Ni L3 XMCD [Fig. 5(d)] and further derived
my; value remain almost similar below 60 K [see inset of
Fig. 5(b)]. Above 50 K, the Ni moments follow a similar trend
to that of Co ions. A total moment including Co and Ni ions is
matching well with the magnetization data obtained from the
SQUID magnetometer. The effect of strain has a substantial
influence on AMR in LCNO as shown in the previous section.
To get a better understanding of the strain effects in AMR,
temperature-dependent XAS studies of LCNO films grown on
STO and LAO substrates were compared. Figure 7 shows the
XAS and XMCD spectra of the Co L3 edge at 2 K of LCNO
films grown on tensile strained STO and the compressively
strained LAO substrates. The XAS spectrum of LAO-grown
film is shifted towards the low-energy side compared to its
STO counterpart indicating a reduction in the Co** valence
state, which is a clear indication of the variation of local spin
magnetic moments with strain [56]. From the XMCD data
in Fig. 7(bottom) we see a clear suppression of the peak at
781.5 eV for LAO-grown film indicating a reduction of Co**
spin states in the system.

X-ray absorption studies of Co and Ni edges confirm the
role of cobalt spin-state transitions in tuning the magnetization
in the LCNO system while the valence and spin states of Ni
ions remain same. Hence the AMR switching observed below
T = 50 K can be attributed to the change in cobalt spin states,
which contribute towards a net change in spin polarization
densities by changing the magnetization dynamics across the
magnetic transition temperature. The inset of Fig. 6 shows a
schematic representation of the temperature-dependent spin-

107 Co-L,
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—LAO
2K

XAS

0.5+

0.0

0.00

XMCD

-0.04 4

777 780 783 786
Photon Energy (eV)

FIG. 7. Strain effects on LCNO: x-ray absorption spectrum. XAS
spectrum (top) and XMCD specturm (bottom) of the Co L3 edge of
LCNO grown on STO (red) and LAO (blue) substrates.

state transitions of Co** ions. The high-temperature region
is dominated by the HS state, followed by the IS state at
intermediate temperatures and finally, at low temperatures the
concentration of the LS state dominate. The existence of Co*™
and Ni?* valence states corroborates well with the Ni to Co
charge transfer of the type Ni** 4 Co** — Ni?* + Co*" in
LCNO films and the relative change in the Co** /Co*" ratio,
which is greatly modified by strain, determines the extent of
ferromagnetic ordering in the system.

IV. CONCLUSION

In summary, the present study elucidates the tunability
of anisotropic magnetoresistance with respect to temperature
and strain in LCNO thin films arising from thermally in-
duced Co spin-state transitions. The observed reduction in
magnetoconductance and inelastic phase coherence length
below the magnetic transition temperature hints towards the
onset of a glassy phase, similar to bulk LCNO, due to spin
reorientation. In addition, a direct correlation of the mag-
netic ordering to the magnetoresistance anisotropy can be
seen across the ferromagnetic ordering temperature in the
form of temperature-dependent sign reversal of AMR. The
low-temperature XAS and XMCD measurements performed
across AMR switching temperatures shows a Co>* spin-
state transition from HS/IS to LS, favoring antiferromagnetic
superexchange interaction. Further, we have observed a no-
ticeable reduction in Co** valence states for compressively
strained films, which directly influenced the magnetic order-
ing in the system affecting the AMR behavior. Compared
to the parent LCO and LNO films, LCNO thin films host a
complex magnetic phase diagram involving multiple spin and
valence states. The intricate magnetic ordering and spin reori-
entation of LCNO triggered by thermally induced spin-state
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transitions can be leveraged to achieve innovative function-
alities in heterostructures, especially when combined with
materials possessing high spin-orbit coupling.
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APPENDIX A: TEMPERATURE DEPENDENCE
OF ELECTRICAL RESISTIVITY

LaNiOs; is a paramagnetic metal throughout the temper-
ature range and LaCoOj; is a nonmagnetic insulator in its
low-temperature ground state. Therefore, from earlier studies,
it is known that LaCogsNig 505 falls near the M-I transi-
tion [21,57]. The conduction mechanism in LaCo;_,Ni,Os is
through O,,-assisted d-d electronic transitions. At high tem-
peratures, the resistivity follows the Arrhenius equation [see
Eq. (A3)], while for low enough temperatures, the conduction
mechanism is governed by the Mott variable range hopping
mechanism [Eq. (A1)].

TO 1/n
p(T) = poexp T (A1)
LaCog 5Niy ;05 on STO 10 nm
[ ]
101 i T (K) T (K)
o 333 250 200 167 143 123 39 16 & 4
[ J
[ ] -5.0 Arrhenius Fit - 2 Mott 3D VRH
_10°4 §3*° 30
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FIG. 8. Electrical transport study. Semilogarithmic-scale plot of
resistivity versus temperature data for 10-nm LCNO film. Inset on
the right is the 3D Mott variable range hopping (VRH) fit for low-
temperature resistivity data from 4 to 150 K and the inset on the left
is the Arrhenius fit for the high-temperature data from 150 to 300 K.

TABLEI. Resistivity fit parameters for LCNO samples grown on
SrTiO; substrates with various thicknesses.

Film Mott VRH fit Arrhenius fit
thickness® (nm) p, (2 cm) T, (K) o, (2cm) E, (meV)
6 9.23x10™° 8.80x10° 2.02x1073 449
10 2.89x107° 1.35x10° 1.76x1073 18.2
25 49x107* 1.08x10* 3.48x1073 12.0

#Films grown on SrTiO; substrate.

where po is the exponential prefactor and Ty is the Mott
characteristic temperature defined as

18

T,—— ° A2
kN (Ep)&3 (42)

where kp is the Boltzmann constant, N(Ey) is the density
of states at the Fermi level, and £ is the localization length.
Figure 8(a) shows the temperature dependence of resistivity
for the 10-nm LCNO sample. The resistivity plot shows a
semiconducting behavior with a steep increase in resistivity
towards low temperatures. For temperatures from 4 to 150 K,
resistivity data is fitted with Eq. (Al) [see Fig. 8(b)]. In
the high-temperature region, i.e., from 150 to 300 K, the
resistivity data could be fitted by the phonon-assisted nearest-
neighbor hopping interaction process, which is given by the
Arrhenius equation as

E,
p(T) = p,exp (,{B—T) (A3)

Further, we have also studied resistivity in films with varying
thicknesses of 6, 10, and 25 nm, and the corresponding fit
parameters for Egs. (A1) and (A3) are given in Table I. From
Table I, we can see that as the thickness is reduced, activation
energy is increased as inferred from the high-temperature
Arrhenius fit.

LAO (002) LaCo, 5Nijy 504

LCNO (002)

Intensity (arb. units)

45 46 47 48 49 50
20 (deg)

FIG. 9. Thin -film XRD data of LCNO film on LaAlOj; substrate
with (002) peaks indexed.
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APPENDIX B: THIN-FILM XRD OF LCNO
ON LAO SUBSTRATE

Epitaxial films of LCNO were grown on LAO (001) substrates. Figure 9 shows the x-ray diffraction 26-w scan of the LCNO

film grown on LAO.
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