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ABSTRACT:

Magnetic spinel oxides are high-performance spintronic materials due to their high Curie
temperature, high spin polarization, fast spin dynamics, and strain tunable magnetic anisotropy.
Epitaxial strain and disorder can significantly modify the electronic and magnetic energy
landscape, while their interplay remains elusive. Here we use epitaxial NiCo0204 thin films and
freestanding NiC0204 membranes as model systems to reveal the complex roles of strain and
defects in determining the metallicity and magnetotransport properties of the ferrimagnetic spinel.
Unlike the perpendicular magnetic anisotropy and two-fold sinusoidal anisotropic
magnetoresistance (AMR) observed in metallic NiCo204 films on spinel substrates, NiC0204 on
perovskite substrates and NiCo204 membranes exhibit insulating behaviors and spin canting, with
an additional four-fold AMR component emerging due to disorder-induced spin scattering and
strain-induced tetragonal magnetocrystalline anisotropy. The amplitude ratio between the four-
fold and two-fold AMR components provides critical information of the disorder types that
contribute to the AMR. Electron microscopy studies reveal structural and chemical phase
separation in the membranes similar to those in disordered films, which explains the highly
consistent magnetotransport properties for NiCo204/Sr3Al2Og films and NiC0204 membranes. Our
study provides effective material strategies for engineering spin transport and magnetic anisotropy
in NiCo204 and presents a promising venue for designing flexible magnetic memory, sensor, and

spintronic applications.
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Magnetic spinel oxides are promising spintronic materials due to their high Curie temperature
(Tc), high spin polarization, and large magnetoelastic effects.!> Among them, the ferrimagnetic
NiC0,04 (NCO) exhibits above room temperature Tc,*® potential half metallicity,” fast spin
dynamics,® and strain tunable magnetic anisotropy.’ It has been shown that epitaxial NiC0204 films
possess superior conductivity and sustain magnetic order down to sub-two-unit-cell thickness.® '°
The strong perpendicular magnetic anisotropy (PMA)? and various magnetotransport anomalies™
1 observed in NiC0204 on spinel MgAl,Os (MAO) substrates make it appealing for developing
novel magnetic devices, such as linear magnetoresistance (MR)-based magnetic sensors and
anomalous Hall effect (AHE)-based nonvolatile memories.> Due to the complex crystal structure
and the multi-cation, mixed-valence nature, spinel oxides are prone to formation of various
structural and chemical disorders.'”> These properties are advantageous for energy storage and

catalysis applications,? '3

and polymorphous spinel nanostructures have been extensively
investigated to enhance the ratio between defective surface and sample volume.'*!” For epitaxial
thin films of NiC0,04, on the other hand, these disorders can compromise the magnetic order,% 1
modify the magnetic energy landscape,'? and induce unconventional transport responses such as
phase-separation induced magnetoresistance,'® quadruple anomalous Hall effect,!' and potential
altermagnetism.!® The strain and disorder effects are closely intertwined in determining the
electronic and magnetic properties of NiC0204 thin films. The ability to tailor their individual

contributions is critical for understanding the emergent spin phenomena and designing NiCo,0s-

based magnetic applications, while their interplay remains elusive.

Recent advancements in the synthesis of freestanding oxide membranes present a unique venue

to separate the effects of epitaxial strain and disorder.?® Previous studies of complex oxide
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membranes have focused on perovskite oxides, which lead to the observation of flexoelectric

effect” and interface tunable coercivity and domain wall roughness in Pb(Zr,Ti)O3,>* emergent
polar states in SrTiO3 (STO)* and SrRuO3,%¢ and stacking induced oxide moiré structures,?’2® as
well as enabling various flexible device applications, such as ferroelectric-gated 2D transistors,>*

2% optoelectronics,’® and ferroelectric tunnel junctions.*'-*> The membrane forms of spinel oxides,



despite the strong fundamental interests and high technological potential, have been rarely

explored. ¥

In this work, we report the realization of spinel oxide membranes, using epitaxial NiC0204
films and NiCo,04 membranes as model systems to assess the strain and defect effects on the
magnetotransport properties. We synthesize 30 nm (001) NiCo204 thin films on various substrates,
including spinel MgAL>Oa, perovskite SrTiO3 and LaAlO3 (LAO), and Sr3Al20s (SAO) buffered
LaAlOs3, and fabricate freestanding NiCo20O4 membranes via water etching of the Sr3Al,Os buffer
layer. NiCo204 films on lattice compatible MgAl>O4 substrates exhibit metallic behavior, strong
PMA, and two-fold sinusoidal in-plane anisotropic magnetoresistance (AMR). In contrast,
NiCo0204 prepared on perovskite substrates show insulating behavior and canted spin, with an
additional four-fold AMR component emerging at low temperatures, which can be attributed to
disorder-induced spin scattering and strain-induced tetragonal magnetocrystalline anisotropy
(MCA). The amplitude ratio between the four-fold and two-fold AMR components provides
critical information of the disorder types that contribute to the AMR. The NiCo,0s+ membrane
exhibits highly consistent transport behaviors with those of the unsuspended NiCo0204/Sr3Al20¢
film, indicating that the strain and disorder levels are mostly preserved after suspension. The
transport results have been corroborated with comprehensive transmission electron microscopy
(TEM) studies of NiCo0204 membranes, which reveal structural and chemical phase separation
similar to those reported in highly disordered NiC0204 films. Our study presents a promising venue
to achieve functional design of crystalline NiCo204 at the nanoscale, paving the path for their

implementation in flexible electronic, magnetic, and spintronic applications.

RESULTS

Sample Preparation and Characterization

We deposit 30 nm epitaxial (001) NiCo0204 thin films on MgAl>O4, SrTiO3, and LaAlOs
substrates, where NiCo0204 is subjected to 0.38%, 3.7%, and 6.6% compressive strain, respectively.
The sample thickness is chosen to optimize the signal-to-noise ratio for magnetotransport studies.
The details of sample preparation and characterization can be found in the Methods and Supporting
Information (SI). X-ray diffraction (XRD) 6260 scans indicate epitaxial (001) growth of all films
with no apparent impurity peaks (Figure la and SI Figure S1). The c-axis lattice constants of

NiCo0,04 are 8.196 A on MgAl>,04, 8.207 A on SrTiOs, and 8.165 A on LaAlOs, higher than the



bulk value (8.114 A), which is consistent with the compressive strain. Atomic force microscopy
(AFM) measurements reveal smooth surface morphology of the NiC0204 films with root-mean-
squared (RMS) roughness of 2-6 A (Figure 1a and SI Figure S1). To fabricate NiC0o2O4 membranes,
we deposit 30 nm NiCo204 on 10 nm Sr3Al,O¢ buffered LaAlO3 substrates (Figure 1b) followed
by water etching. XRD 6-2 8 scans show epitaxial (001) growth of NCO/SAO (Figure 1a) with c-
axis lattice constant of 8.187 A for NiC020a4. After water etching, the suspended NiCo0204 layer is
laid on LaAlOs3 substrate and dried. XRD characterizations confirm that the peaks for the Sr3Al,O¢
buffer layer have disappeared, while the suspended NiC020O4 membrane retains the crystallinity
(Figure la and SI Figure S2). The c-axis lattice constant of NiCo,O4 membrane is 8.170 A, which
is comparable with that of NCO/LAO. The strain states of the samples are further analyzed via
reciprocal space mapping (RSM). As shown in SI Figure S3, the NiCo0204 film on MgAl,O4
remains fully strained, while NiC0204 on the perovskite substrates and the NiCo204 membrane are
partially relaxed. The deduced lattice constants are given in SI Table S1. AFM measurements show
that the surface roughness of NCO/SAO is about 2 A, which increases to about 6 A in the
membrane. The suspended membrane sample is smooth over large scales with few cracks (SI
Figure S4), and the increased surface roughness has been widely observed in oxide membranes,

which might be due to the surface rippling effect and/or inhomogeneous strain distribution.?>% 33

Selected NiCo,04 membrane areas are picked up by Gel-Film and transferred onto a TEM grid
(SI Figure S5). Figure l1c-h shows the high-angle annular dark-field scanning TEM (HAADF-
STEM) images and electron energy loss spectroscopy (EELS) element maps taken on a membrane
sample, which reveal two types of structural phases and small patches of bright regions (Figure
Ic). The red boxed region in Figure 1d possesses an ideal inverse spinel structure of NiCo204. Fast
Fourier transform (FFT) analysis shows all the (040), (400), and (220) reflections (Figure 1le).
EELS element mapping shows that the Ni ions occupy the B-sites and the Co 1ons are distributed
in both A-sites and B-sites (Figure 1f), as expected for the inverse spinel structure
[Coa(N1,Co)BO4]. In contrast, the blue boxed region in Figure 1d hosts an imperfect unit cell with
A-site cation missing, as revealed by the HAADF-STEM image (Figure 1g) and EELS maps
(Figure 1h). The corresponding FFT shows the (220) reflections patterns are missing. The EELS
maps further confirm the absence of A-site Co ions (Figure 1h and SI Figure S6). Similar structural
phase separation has been reported in films on rock-salt substrates'® or subjected to spinodal

decomposition.>® The phase separation can be attributed to the distinct crystal structure (space



group Fd3m for NiCo,04 and Pa3 for Sr3Al>O¢) and strain relaxation. In contrast, (001) NiC0204
films deposited on MgAl,O4 substrates are structurally homogeneous without defect phases™® due
to the compatible crystal structure and coherent strain level (SI Figure S3). In addition, EELS
mapping of the bright patch region reveals the absence of Co, which is attributed to the formation
of NiO (Figure S7). As NiO has much larger accumulated Z-contrast per column compared with
that of either A-site or B-site columns in NiCo,0s4, it yields a brighter HAADF-STEM signal (SI
Section 3). This chemical phase segregation has been widely observed in NiC0,04 thin films*’ and

nanostructures>® as NiO is thermodynamically more stable.?
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Figure 1. Characterizations of 30 nm NiCo0,0;4 thin films and membranes. (a) XRD 6-26 scans of NCO
film on LAO substrate (top), NCO film on 10 nm SAO buffered LAO substrate (middle), and suspended
NCO membrane on LAO substrate after water etching of SAO buffer layer (bottom). Insets: AFM
topography images. (b) Schematic of NCO/SAO/LAO. (c, d) HAADF-STEM images of NCO
membrane along (001) direction with (c) low and (d) high magnification. (e) Enlarged image of the red
boxed region in (d) and the corresponding FFT (left inset). (f) HAADF-STEM image and EELS maps
for Ni-L and Co-L edges taken on the inverse spinel region. (g) Enlarged image of the blue boxed
region in (d) and the corresponding FFT (left inset). (h) HAADF-STEM image and EELS maps for Ni-



L and Co-L edges taken on the A-site missing region. The A sites are labeled as orange dots/circles,

and the B sites are labled as green dots/white circles in (e)-(h).

Transport and Magnetotransport Properties

The strain state and substrate crystal structure have profound effects on the transport properties
of NiC0204. Figure 2a shows the temperature dependence of resistivity p(T) for the NiCo204 films
and membrane. For NiC0204 on MgAl,04, p exhibits weak temperature dependence with metallic
behavior (dp/dT > 0) above 35 K followed by a slight resistivity upturn below 35 K, consistent
with previous reports.>® The minimum resistivity value of pyin(35 K) = 0.61 m{Q cm is among
the best results reported for epitaxial NiCo,04 films.*6 10-37- 3940 Iy contrast, NiCo,04 films on
SrTiO;, LaAlOs, and Sr;AlO¢ buffered LaAlO; are significantly more resistive and exhibit
insulating behavior (dp/dT < 0) over the entire temperature range. Due to the larger compressive
strain and the distinct crystal structures between NiCo204 and the perovskite substrates, these
samples are strain relaxed and can host high density defects such as structural/chemical phase
separation'® and antiphase boundaries.’ It is interesting to note that the NiC0,0O4 membrane shows
almost identical p(T) as that of the NiCo204 film on Sr3Al:Os buffered LaAlOs. This confirms
that water etching does not introduce additional defects and the membrane sustains most of the
strain level, corroborating the XRD results (Figure la and SI Figure S2-3). The temperature
dependence of conductivity for the insulting samples can be well described by considering the
contributions from thermal activation, nearest-neighbor hopping (NNH), and three-dimensional

(3D) variable range hopping (VRH) (Figure 2b and SI Figure S8):
1
a(T) = gpexp (— ,:—AT) + CNTNeXp (— TNTN) + oyrexp l— (%)41 (1)

Here gy, cyn, and oyg are fitting parameters, E, is the thermal activation energy, and Tyy and
Tyr are the characteristic temperatures for nearest-neighbor hopping and variable range hopping,
respectively. The two hopping models have previously been used to explain the insulating behavior
of micron-sized NiCo0204 nanoplates*' and NiC0204 thin films grown on Al>Os substrates.?” The
fitting parameters are summarized in SI Table S2. As shown in Figure 2b inset, the conduction is
dominated by nearest-neighbor hopping at high temperatures and 3D variable range hopping at
low temperatures, while thermally activated conduction only becomes important in the

intermediate temperature range. Overall, the samples show relatively small variation in E, (4.3-



8.6 meV) and Ty (500-715 K). Despite the similar strain level, the NCO/SAO film and NiC0204
membrane show more than two orders of magnitude higher Tyg (> 200 K) than that of NCO/LAO
(1.8 K), which corresponds to three-to-four orders of magnitude higher density of defect states at
the Fermi level N(Er) and substantially smaller localization length (SI Section 4). This result
suggests that the crystal structure of the interfacial Sr3AlOs layer plays a dominant role in
determining the localized transport behavior. For comparison, ultrathin NiCo204 film on MgAl,0O4
also exhibits an insulating state due to the finite size effect, while o(T) of a 1.2 nm NiCo0204 (1.5
unit cell) can be fully accounted for by nearest-neighbor hopping and thermal activation, with a
larger E5 of 30 meV and a lower Tyy of 135 K. The distinct thermal activation energies point to
the different origins for the insulating behaviors in thick NiC0204 on perovskite substrates and
ultrathin NiCo0204 on MgAl,O4. The former can be attributed to phonon assisted de-trapping of
charged mobile defects,* while the latter suggests the emergence of a correlation gap due to

quantum confinement.*?
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Figure 2. Temperature-dependence of transport properties of NiCo,04 films and membrane. (a) p(7).
(b) o(7) of NCO/STO, NCO/LAO, NCO/SAO/LAO, and NCO membrane (open symbols) with fits
(solid lines). Inset: Overall fit to the data for NCO/STO (solid line) with individual contributions of
NNH, thermal activation, and 3D VRH (dashed lines). (c) MRR vs H at 10 K. Inset: Expanded view of



MRR(H) for NCO/MAO. (d) MRR vs T at 5 T. Inset: Expanded view of MRR(7) for NCO/MAO. All

data have the same color coding.

Next, we compare the magnetotransport properties of the metallic and disordered NiCo,04
samples. Figure 2c shows the magnetoresistance ratio, defined as MRR = [p(H) — p(0)]/p(0),
as a function of out-of-plane magnetic field H at 10 K. The metallic NiC0204 film on MgAl,04
shows a negative MR with linear field dependence, which reaches about -0.2% at 5 T (Figure 2¢
inset). The linear MR remains small over the entire temperature range with its magnitude
decreasing with decreasing temperature (Figure 2d), which is the signature behavior of band-

intrinsic Berry phase dominated effect,**

attesting to the high sample quality with low defect
density.’> For NiC0204 samples exhibiting insulating behavior, MRR(/) shows a wide butterfly-
shape hysteresis, which signals canted magnetization rotating to out-of-plane direction in low
magnetic fields. This is in sharp contrast to NiC0o204 on MgAlL,O4, where the strong PMA leads to
abrupt resistance switching upon magnetization reversal.” The MRR magnitude is significantly

higher and increases with decreasing temperature, reaching 30% at 5 T and 10 K. Previous studies

have suggested the large MRR can be attributed to the presence of disorder such as structural phase

separation'® or antiphase boundaries.’” %
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Figure 3. AHE of NiCo,0s thin films and membrane in upsweep (black) and downsweep (red)
magnetic fields. (a) Ry, vs H at 260 K. (b) Ry,, vs H at 300 K.

Figure 3 shows the Hall resistance R,,, vs H taken on the samples. All samples exhibit the

nonlinear, anomalous Hall component at 300 K, revealing above room temperature magnetic 7c.

The AHE for NiC0204 on MgAl>O4 shows square-shape hysteresis due to the strong PMA (SI



Figure S9).> 3® All other samples exhibit slanted AHE hysteresis corresponding to canted spin
orientation with a finite in-plane magnetization. Previous studies have shown that anti-site Ni**
disorder can lead to canted magnetic moments on the A-site.*® The shape of MR is also consistent
with spin rotation in a perpendicular magnetic field (Figure 2c¢).> For NCO/SAO/LAO and
NiCo0,04 membrane, the AHE resistance at 300 K is substantially suppressed compared with that
at 260 K, suggesting 7c of these two samples is close to room temperature. The AHE hysteresis is
consistent with the magnetization data taken at the same temperatures (SI Figure S10).
Furthermore, at 100 K, the magnetization of NiCo204 on MgAl>O4 reaches the fully saturated
value of 2 ug/formula unit,> while the insulating NiC0204 samples show significantly smaller
magnetization at high fields (5 T), consistent with the fact that antiphase boundaries make it

difficult to saturate the magnetization.*’

In-plane Anisotropic Magnetoresistance

The distinct field dependences of MR and AHE in different samples show that the change of
disorder landscape modifies the magnetic anisotropy in NiCo204, which can be assessed by the
anisotropic magnetoresistance.*® In magnetic conductors, the AMR effect is manifested as a
sinusoidal oscillation of longitudinal resistance depending on the angle ¢ between the
magnetization (M) and current (/) directions due to spin-orbit interaction (Figure 4a inset). Figure
4a and SI Figure S1la show the in-plane AMR resistivity pamr vs 8 at 5 T for NiCo204 on
MgAlO4, with 0 the angle between the in-plane magnetic field (4) and / ([100]-axis). At high
fields, magnetization follows the field direction, so that 8 = ¢. For all temperatures, the sample
exhibits a two-fold sinusoidal behavior pamr = Aparm €0s[2(0 + 90°)] (Figure 4b inset and 4c¢).
The amplitude of AMR resistivity Apprm decreases monotonically with increasing temperature
(Figure 4b), which is consistent with the temperature dependence of the magnetization in NiCo204
on MgAl,O4.° Figure 4d and Figure S11b show pamg vs 8 at 10 K, where the two-fold sinusoidal
behavior is sustained down to 0.25 T (Figure 4e inset and 4f). Apampr increases with increasing
magnetic field and saturates at 3 T (Figure 4e). Due to the strong PMA for NiCo,04 films on
MgAl>,04,% ? the in-plane magnetization is solely induced by the in-plane magnetic field and
follows coherent rotation. The saturation field of Apampg also agrees well with what is required to

fully rotate the magnetization to the in-plane orientation.’
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Figure 4. In-plane AMR of NiC0,04 on MgAl,04. (a) pamr Vs € at 5 T and various temperatures (300
K, 250 K, 200 K, 150 K, 100 K, 50 K, and 10 K). Inset: Schematic measurement setup. (b) Apamg VS
T at 5 T. Inset: polar plots of pamr at 10, 150, and 300 K (c¢) Contour plot of normalized paug vs 6 and
Tat5T.(d) pamr vs 9 at 10 K and various magnetic fields (0.25 T,0.5T,0.75T, 1 T,1.5T,2 T, 2.5
T,3T,4T,and 5 T). (e) Apamr Vs H at 10 K. Inset: polar plots of ppopmg at 0.25,2, and 5 T. (f) Contour
plot of normalized papg vs @ and H at 10 K.

In contrast to the strong PMA in NCO/MAO, other NiCo,0Os4 samples possess canted
magnetization with finite in-plane component (Figure 3 and SI Figure S10). The modified MCA
leads to distinct symmetry in the in-plane AMR. For NiCo0204 on SrTiO3 at 300 K and 5 T, pamr
still exhibits two-fold sinusoidal 6-dependence peaking at 8 = 90° and 270° (SI Figure S12),
which becomes distorted at 250 K (Figure 5a). At 200 K, additional peaks appear at 8 = 0° and
180°, suggesting the emergence of a four-fold sinusoidal component. The angular dependence of

pamr for all temperatures can be well described by:
pamr(8) = C; cos(6 + 8,) + C, cos[2(8 + 6,)] + C4cos[4(6 + 6,)] 2)

where C1, C2, and Cs are the one-fold, two-fold, and four-fold AMR coefficients, respectively. The
four-fold component increases with decreasing temperature and becomes comparable with the
two-fold component at 10 K (SI Figure S12). It has been theoretically predicted using a

phenomenological model that the four-fold component arises from the high-rank resistivity tensor

10



of tetragonal MCA.*->* Another possible scenario for the four-fold symmetric AMR is related to

the spin-dependent scattering near the anti-phase boundaries.>!->2
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Figure 5. Angular-dependence of in-plane AMR at 5 T. (a-d) Contour plots of normalized pamg Vs 6

and T (top), and polar plots of pamr vs @ at 250 K (middle) and 10 K (bottom) with fits to Equation 2
(solid lines). (a) NCO/STO. (b) NCO/LAO. (c) NCO/SAO/LAO. (d) NCO membrane.

Similar temperature dependence of pyur has been observed in NiCo204 on LaAlO3 (Figure
5b). For NiC0204 on Sr3Al,0¢6 buffered LaAlOs, pamr exhibits a one-fold oscillation at 300 K
(Figure 5c and SI Figure S12), pamr = Aparm €0s 6, which is likely dominated by the enhanced
MR> due to strong spin fluctuation as the sample is approaching Tc. The sample gradually
recovers the two-fold symmetric AMR below 250 K, which transitions to the four-fold symmetry
below 150 K (SI Figure S12). It is important to note that pypr of the NiCo204 membrane exhibits
almost identical field and temperature dependences (Figure 5d and SI Figure S12) to those of the
unsuspended NCO/SAO film, suggesting the magnetic anisotropy is not altered by the water
etching process. The similar p(T), AHE, and AMR behaviors for NiCo204 film on SAO/LAO and

NiCo204 membrane collectively demonstrate that the suspension process does not introduce
additional defects to the sample.

11



Figure 6 shows the temperature dependence of C> and C4 amplitude and their ratio C4/C> for
the NiC0204 films and membrane, where C> and Cs are determined from the FFT analysis of
pamr(0) at5 T (SI Figure S13). For all samples, C> and Cs increase monotonically with decreasing
temperature (Figure 6a-b). The temperature dependence of C> and Cs can be well correlated with
sample resistivity (Figure 2a) and can be characterized into three groups. For NiC0204 on MgAl1,0s4,
the small (, its weak temperature dependence, and the absence of Cs is consistent with its metallic
nature and strong PMA. NCO/STO and NCO/LAO exhibit similar p(T) and similar magnitude of
(> and C4 coefficients. NCO/SAO and NiCo02Os membrane exhibit substantially higher resistivity.
Their C; and C4 coefficients are lower at 300 K and increase rapidly with decreasing temperature,

becoming about two orders of magnitude higher than those in NCO/STO and NCO/LAO at 10 K.

Previous studies have suggested that the two-fold and four-fold symmetric AMR can be

attributed to small-polaron scattering and anti-phase boundaries,!~?

respectively, which naturally
explain the high C; and C4 values in more insulating samples. This scenario is further supported
by two observations: 1) NCO/STO and NCO/LAO exhibit highly consistent AMR despite the large
difference in substrate imposed strain; 2) NCO/SAO/LAO exhibits significantly higher AMR than
that of NCO/LAO despite the same substrates, which can be attributed to the higher density
structural disorders due to the incompatible lattice structure of the Sr3;Al2O¢ bufter layer. NiCo0204
membrane shows almost identical C> and Cs to those of unsuspended NCO/SAO film, confirming

that the strain and disorder levels are sustained after water etching.

An important observation is the crossover of the temperature dependence of C>4 amplitudes
for NiC0204 on SrTiO3 and LaAlO; with respect to those of NCO/SAO and NiCo,04 membranes.
At room temperature, the C> 4 values for NiCo204 on SrTiO; and LaAlOs; are higher, despite the
smaller disorder contribution to transport, as deduced from o(T) (Figure 2 and Figure S8). As
strain-induced tetragonal crystal field can also yield two-fold and four-fold AMR,>* we can
attribute the high temperature AMR to the dominant contribution of the strain modulation of MCA.
This scenario is supported by the fact that the C> amplitude at 300 K for NiCo204 on the perovskite
substrates is comparable with that for NiCo204 on MgAl>O4 substrates, which is metallic with low
disorder density. In contrast, the high density of unsatisfied bonds between NiCo0204 and Sr3Al>O¢
can facilitate local strain relaxation, resulting in reduced strain contribution to AMR in NCO/SAO
and NiCo,04 membranes. At low temperatures (below 200-250 K), the C>4 amplitudes for

NCO/SAO and NiCo204 membrane increases rapidly with decreasing temperature, surpassing
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those for NiC0204 on SrTiO3 and LaAlOs. This is consistent with the substantially enhanced
resistivity in these samples (Figure 2a). As the sample tetragonality of these samples are similar

(SITable S1), we conclude that the disorder-induced spin scattering dominates AMR in this regime.

The C4/C; ratio further confirms this scenario (Figure 6¢). Above 250 K, all samples show
similar C4/C; ratios, which can be attributed to the tetragonal crystal field induced MCA.>* At low
temperatures, the Cs/C: ratios in NiC0204 on SrTiO3 and LaAlO; are much higher than those for
NCO/SAO and NiCo2,04 membrane (Figure 6¢), which provides important information about the
types of disorders that contribute to AMR in NiC0204. A possible scenario is that the AMR in
NiC0204 on perovskite substrates is dominated by large scale structural defects, such as grain
boundaries and anti-phase boundaries, that change the local crystal field environment and
associated spin-orbit interaction,> yielding a stronger presence of C4 component. In contrast, AMR
in NCO/SAO and NiC0204 membrane is dominated by small-polaron hopping far away from the
large-scale structural defects.’!>? It is conceivable that, due to the highly incompatible crystal
structure, NiCo0204 on Sr3AlbOs possesses a larger density of impurity states at Fermi level,

consistent with the N (Er) deduced from the 3D variable range hopping model (SI Table S2).
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Figure 6. Comparison of C, and C, components of AMR at 5 T in NiCo0,04 films and membrane. (a)

C,vsT.(b)CyvsT.(c)Ct/CyvsT.

Figure 7 shows the magnetic field dependence of pymr(6) at 10 K. At high fields, the Zeeman
energy dominates with 8 = ¢, and paur(6) does not exhibit pronounced hysteresis. With
decreasing magnetic field, the MCA energy becomes increasingly important, and hysteresis
behaviors emerge as the magnetization deviates from the magnetic field direction. NiC0,04 on
MgAl>0O4 exhibits hysteresis-free, two-fold sinusoidal behavior for the entire field and temperature

ranges investigated (Figure 4 and SI Figure S11) due to the strong PMA. In contrast, pamr(8) for
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the insulating NiC0204 samples exhibit clear switching hysteresis as the magnetic field is reduced
to below 3 T (Figure 7a-d), clearly illustrating the effect of modified MCA. As the magnetic field
is further reduced to 0.5 T, pamr(60) clearly deviates from Equation 2, as a one-fold component
starts to emerge. At 0.05 T, the AMR exhibits one-fold symmetry similar to those observed at 300
K, showing the dominating contribution of MR due to suppressed spin scattering. Similar one-fold

sinusoidal behavior at low magnetic fields has been observed in manganites (La,Ca)MnOs>* and
(La,Sr)MnO5°°,
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DISCUSSION

Our study reveals important information for engineering NiCo,04, one of few conductive
magnetic spinels, for integration with other functional oxides and designing room temperature
flexible applications. It is worth noting that even though NiCo0204 deposited on perovskite

substrates and NiC0204 membranes exhibit insulating temperature dependence of resistance, they
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remain highly conductive at room temperature. The conductivity varies from 100 to 300 Q'cm’!
at 300 K, well exceeding those of magnetic spinel insulators, and is comparable to widely studied
conductive magnetic oxides, such as magnetite>” and (La,Sr)MnOs°8 thin films of similar thickness.
This is because the activation energy for these samples (4.3-8.6 meV) is well below the thermal
energy at 300 K, so room temperature conduction is dominated by disorder induced hopping

(nearest-neighbor hopping).

The superb transport properties and above room temperature 7c make the disordered NiC0204
films and membrane promising candidates for developing high temperature magnetic sensing and
spintronic applications. AMR and associated planar Hall effect can be utilized to develop magnetic
sensors and nonvolatile memories.*® °° The emergence of the four-fold AMR may facilitate
sensing of magnetic field switching and lead to multi-state resistance switching for data storage.
Another intriguing opportunity is to use NiCo204 membranes to design high frequency flexible
applications. A previous study of NiCo20O4 has shown via time-resolved magneto-optical Kerr
effect microscopy that epitaxial NiCo0204 thin films exhibit ultrafast demagnetization with a
characteristic time scale of ~0.4 ps.® Future studies of the high-frequency properties of NiC0204

60

membranes, such as magnetic damping via ferromagnetic resonance,”” are critical for assessing its

potential for designing GHz to THz spintronic applications.

CONCLUSIONS

In conclusion, we report the collective effects of epitaxial strain and defects in determining the
metallicity, 7c, and AMR in NiC0204 thin films and suspended NiCo,04 membranes. NiC0204
films on lattice compatible MgAl>O4 substrates exhibit high conductivity, band-intrinsic linear MR,
and two-fold sinusoidal in-plane AMR with weak temperature dependence. For NiCo204 deposited
on perovskite substrates, the high density of defect states and strain relaxation lead to insulating
behaviors, large MR, enhanced AMR, and an additional four-fold AMR component at low
temperatures. The freestanding NiCo,04 membranes display almost identical hopping transport
and magnetotransport properties compared with the unsuspended NiCo,04 thin films, suggesting
the sustained strain and disorder levels. Our study provides important material parameters for
designing NiCo204 thin film and membrane-based magnetic sensors and spintronic devices,
offering a viable route to integrating magnetic spinels with the rich functionalities of perovskite

oxides?? and designing flexible applications.
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METHODS

Sample Preparation. Epitaxial 30 nm NiCo0204 thin films were deposited on different substrates
of (001) MgALO4, SrTi0O3, LaAlOs, and 10 nm Sr3AlOs buffered (001) LaAlO3 substrate using
off-axis radio frequency magnetron sputtering. The NiCo,04 layer was deposited at 320 °C with
100 mTorr processing gas (Ar:Oz = 1:1). The Sr3AlLOs layer was deposited at 700 °C with 10
mTorr processing gas (Ar:O2 = 1:8). To achieve the freestanding NiC0204 membranes, the
NCO/SAO/LAO samples were immersed into de-ionized water at room-temperature for about 8
hours to dissolve the Sr3Al>Og buffer layer. The NCO/LAO samples were then taken out and dried
on the heating plate at 50 °C for 20 min, with the entire NCO membrane laid on the LaAlO3

substrate.

Sample Characterization. XRD and reciprocal space mapping measurements were performed
using Rigaku SmartLab Diffractometer (3kW Cu Ka source, Ge(220)%2 monochromator and
analyzer). The sample surface morphology was characterized using a Bruker Multimode 8 AFM.
The magnetization characterizations were performed using the Superconducting Quantum
Interference Device (SQUID) magnetometry in a Quantum Design Magnetic Properties
Measurement System (MPMS). We extracted the magnetization of NiCo,0s samples by

subtracting the diamagnetic background signals from the substrate.

For the TEM measurements, we transferred 28 nm NiCo,04 membranes on TEM grids with
500x500 um size and 20 nm nonporous Silicon Nitride single window (SimPore Precision
Membrane Technologies™). The STEM images were obtained with a JEOL ARM 200CF
equipped with a cold-field emission source and two aberration correctors (probe and image) at
200kV electron beam. The collection angle for the HAADF-STEM imaging varies from 68 mrad
to 280 mrad. The probe size was 6C and 30 um size aperture was used. The raw STEM images
were band-pass filtered (HREM-Filters Lite, HREM Research Inc., Japan). The EELS data in
Figure 1 and SI Figure S6 were measured under 200kV with JEOL 200CF. The dispersion was
0.18 eV/Ch and the acquisition time was 0.24 -0.28 sec per pixel. The energy resolution was ~0.72
eV and the convergence angle and the collection semi-angle were 7.52 mrad and 3.045 mrad,
respectively. The EELS data in SI Figure S7 was acquired with dispersion of 0.45 eV/Ch and the
acquisition time of 0.01 sec per pixel. The energy resolution was 1.5 eV and the convergence and

collection semi-angle were 23.0 mrad and 11.85 mrad, respectively.
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Device Fabrication and Magnetotransport Measurements. The van der Pauw and Hall bar
geometry were employed to measure the out-of-plane and in-plane magnetotransport properties,
respectively. For in-plane AMR measurements, the current was applied along the [ 100] orientation.
The magnetotransport measurements were performed using a Quantum Design Physical Property
Measurement System (PPMS) equipped with a sample rotator combined with external Keithley
2400 SourceMeter at the temperature range of 2-350 K and magnetic fields up to 5 T.
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1. Structural and Surface Characterizations of NiCo0204 Thin Films and Membranes

Epitaxial NiC0204 (NCO) films are deposited on (001) MgAl.04 (MAO), SrTiO3 (STO), and
LaAlOs3; (LAO) substrates as well as Sr3Al206 (SAO)-buffered LAO using off-axis RF magnetron
sputtering. The samples possess smooth surface morphology and high crystallinity, as revealed by
atomic force microscopy (AFM) and x-ray diffraction (XRD), respectively. Figures S1a shows the
AFM topography image taken on NCO on MAO, which shows a root-mean-square (RMS)
roughness of 2 A. XRD 6-26 measurement reveals (001) growth of NCO on MAO with the c-axis
lattice constant of 8.196 A (Figures S1b). The Laue oscillation around the main Bragg peak (Figure
S1b inset) reflects the high sample quality and has been used to deduce the film thickness. Figure
S1c shows the AFM image of NCO on STO, which shows an RMS roughness of 3 A. XRD 6-20
The
The

scan reveals (001) growth with the c-axis lattice constant of 8.207 A (Figure Sl1d).
characterizations of NCO on LAO and SAO/LAO are shown in Figure la in the main text.
RMS roughness of the samples is listed in Table S1.
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Figure S1. Structural and surface characterizations of 30 nm (001) NCO thin films. (a) AFM
topography image and (b) XRD -2 fscan taken on NCO on MAO. Inset in (b): expanded view around
the (004) peak with a fit to the Laue oscillations of 30 nm thickness. (¢) AFM topography image and
(d) XRD 6-28scan taken on NCO on STO.

Sample NCO/MAO | NCO/STO | NCO/LAO | NCO/SAO/LAO | NCO membrane
RMS roughness (A) | 2 3 6 2 6

a(A) 8.097 8.060 8.116 8.070 8.095

c(A) 8.195 8.213 8.158 8.183 8.169

cla 1.012 1.019 1.005 1.014 1.009

Rocking curve o o o o o

FWHNig 0.09 1.42 1.87 1.59 1.82

Table S1. Surface roughness, lattice parameters deduced from RSM, and rocking curve FWHM of 30

nm NCO films on different substrates and NCO membrane.



Figure S2 shows the XRD rocking curves around the (004) peaks taken on the NCO films and
freestanding NCO membrane. NCO/MAO shows a small full-width-at-half-maximum (FWHM)
value of 0.09°, indicating the high crystallinity of the sample. Other NCO samples show much

broader rocking-curve peaks (Table S1), consistent with partial relaxation of epitaxial strain.
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Figure S2. Rocking curves around the (004) peaks for NCO thin films and NCO membrane. (a)
NCO/MAO. (b) NCO/STO. (c) NCO/LAO. (d) NCO/SAO/LAO. (¢) NCO membrane.

Figure S3 shows the reciprocal space mapping (RSM) of NCO thin films on different substrates
and NCO membranes. The NCO film on MAO remains fully strained, while NCO films on the
perovskite substrates are partially relaxed. Table S1 summarizes the in-plane and out-of-plane
lattice constants deduced from RSM. The out-of-plane lattice constants agree well with those
extracted from the XRD measurements. The SAO buffer layer is strain relaxed with an in-plane
lattice constant of 15.766 A. The in-plane lattice constant of NCO membrane slightly increases

after water etching of SAO, consistent with the reduced out-of-plane value.
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Figure S3. Reciprocal space maps of 30 nm NCO on different substrates and NCO membrane. (a)
NCO/MAO. (b) NCO/STO. (¢) NCO/LAO. (d) NCO on 10 nm SAO-buffered LAO. (e) NCO
membrane laid on LAO after water-etching of SAO.



2. Suspension of NiCo204 Membranes

We immerse 30 nm NCO/10 nm SAO/LAO thin film into the de-ionized water to dissolve the
SAOQ layer. Figure S4a shows the optical images of the sample during the water etching process.
The SAO buffer layer begins to dissolve immediately after being immersed into water. Most of
the SAO layer has been etched within 10 minutes. After 8 hours, the SAO buffer layer has been
fully etched, and the suspended NCO membrane is laid on the LAO substrate (Figure S4b-c). After
the sample is taken out of water and dried, the majority area of the suspended NCO membrane

recovers to a flat surface with few cracks (Figure S4d-e).

(a)

As-grown

Figure S4. Optical images of NCO/SAO/LAO during water etching. (a) Optical images of a sample in
the as-grown state and at different time intervals after being immersed in water. (b-d) Optical images
of a 5 mm by 5 mm NCO/SAO/LAO thin film sample in the as-grown state (b), after being immersed

in water for 8 hours (c), and being picked up from water and dried (d). (¢) A zoomed-in view of (d).

3. TEM and EELS Studies of NiC0,04 Membranes

We use Gel-films to pick up and transfer NCO membranes on transmission electron

microscopy (TEM) grids for the TEM measurements (Figure S5).



NCO membrane

Si

Figure S5. Optical image of NCO membrane flakes transferred on a TEM grid.

Figure S6a-b shows the electron energy loss spectroscopy (EELS) measurements taken in the
regions of the high-angle annular dark-field scanning TEM (HAADF-STEM) images shown in
Figures 1f and 1h in the main text, respectively. For the imperfect structure of NCO (Figure S6b),
the intensity of Co-L peak is much weaker than that of the ideal inverse spinel NCO structure
(Figure S6a), supporting the A-site cation deficiency.

(a) : : | (b)
| . Averaged EELS spectra |
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Figure S6. EELS spectra of NCO membrane taken on the regions of HAADF-STEM images shown in
Figure 1f (a) and Figure 1h (b) in the main text.

Figure S7a shows the enlarged HAADF-STEM image taken on the NCO membrane that hosts
a typical bright patch region. Compared with the ideal inverse spinel (Figure 1e), the fast Fourier
transform (FFT) image shows that the (220) diffraction peaks are missing (Figure S7b). Figure
S7c shows HAADF-STEM image taken on a region containing many bright patches. For chemical
element analysis, we take the corresponding EELS maps (Figure S7d) and EELS spectra (Figure
S7e). The results clearly show that the bright patch areas mainly contain Ni ions, with Co ions
missing. These regions do not contain Al ions, so we can rule out undissolved Sr3Al2O¢ buffer

layer as the origin.
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Figure S7. Chemical analysis of the bright regions in NCO membrane. (a) HAADF-STEM image of a

region containing a typical bright patch. (b) FFT image from the blue boxed region in (a). (c) HAADF-
STEM image of a region hosting lots of bright patch regions, and (d) the corresponding EELS maps
for Ni-L, Co-L, O-K, and Al-K edges. (¢) Averaged EELS spectra highlighting the Ni-L, Co-L and O-
K signals. Inset: Al-K signals.

For HAADF-STEM imaging, atomic columns containing heavier atoms appear brighter
because the brightness roughly scales with the atomic number (Z). The bright embedded patch
area is thus likely NiO, which has been widely observed in thermally treated NCO thin films' and
nanostructures’ as NiO is thermodynamically more stable than NCO.? Here, we estimate the total
Z-contrast values of NCO and NiO patch regions by multiplying the number of unit cells within a
28 nm thick membrane by the atomic numbers of the atoms in each column. For inverse spinel
NCO, assuming the c-axis lattice parameter is 8.15 A, there are about 35 unit cells of NCO in a 28
nm membrane. Each A-site column contains one Co atom (Z = 27), and the total Z-contrast value
is ~945. Each B-site column contains one Ni/Co atom (average Z = 27.5) and two O atoms (Z =8
each), and the total Z-contrast value is ~1523. For NiO, the cubic lattice parameter is 4.18 A, which
yields about 67 unit cells for a 28 nm membrane. Each column contains one Ni atom (Z = 28) and
one O atom (Z = 8), resulting in a total Z-contrast value of ~2412. Therefore, the accumulated Z-
contrast per column for the NiO patch region is larger than that of either the A-site or B-site

columns in NCO, and it appears brighter than the NCO region in the HAADF-STEM image.



4. Temperature Dependence of Conductivity

Figure S8 shows the temperature dependence of conductivity a(T) for the 30 nm NCO/LAO,
NCO/SAO/LAO, NCO membrane, and 1.5 unit cell (uc) or ~1.2 nm NCO/MAO. All data can be
well described by considering contributions of thermal activation, nearest-neighbor hopping

(NNH), and 3D variable range hopping (VRH) (Equation 1 in the main text).
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Figure S8. o(T) for (a) 30 nm NCO/LAO, (b) 30 nm NCO/SAO/LAO, (c) 30 nm NCO membrane,
and (d) 1.5 uc NCO/MAO with fits considering thermal activation, 3D VRH, and NNH. The individual

contributions are also shown.

For the parameters in the 3D VRH model term,*

oyr = e*a’y,pN(Ef), (S1)
18.1
TVR - kgN(Ep)a3 !

(S2)



where a is the localization length of the charge carriers, y,,~2 x 1012571 is the optical phonon
frequency estimated from the Debye temperature of NCO,> and N (Eg) is the density of impurity

states at the Fermi level.

As shown in Figure S8a-c, for the 30 nm NCO films on LAO and SAO-buffered LAO and the
NCO membrane, nearest-neighbor hopping dominates at high temperatures and thermal activation
becomes important in the intermediate temperature range. Both contributions diminish quickly at
low temperatures, while the nearest-neighbor hopping decays faster. At low temperatures,
variable-range hopping dominates. This is in sharp contrast to o(T) of an ultrathin 1.2 nm (1.5 uc)
NCO film on MAO, which exhibits a thickness-driven insulating behavior due to the finite size
effect.® The 1.5 uc NCO on MAO is significantly more resistive, which can be well accounted for

by thermal activation at high temperatures followed by NNH at low temperatures.

S 1 (4] E, CNN Tyn OvVR Tyr a N(Eg)

ample Q@'em?) | (meV) | (Q'em'K) | (K) | (Q'em™?) | (K) | (nm) | (cm? eV
30 nm NCO/STO 50 5.6 1.8x10° 570 | 108 4.8 | 1300 1.3x10"
30 nm NCO/LAO 65 43 2.0x10° 500 | 123 1.8 | 3022 |2.8x10"
30 nm NCO/SAO/LAO 35 8.2 1.1x10° 650 | 80.0 209 | 404 1.0x10'8
30 nm NCO membrane | 30 8.6 1.2x10° 715 | 88.6 291 | 26.1 2.7x10'8
1.5 u¢ NCO/MAO 12 30.2 6.2x10* 135

Table S2. Fitting parameters based on Equation 1 in the main text for NCO films on different substrates
and NCO membrane, and the corresponding localization length a and density of impurity states at the

Fermi level N(Eg) deduced from Equations S1-S2.

Table S2 summarizes the fitting parameters for modeling ¢(T) based on Equations 1 and S1-
S2 (Figures 2b and S8). For the 1.5 uc NCO/MAO, the thermal activation energy is about 30 meV,
significantly larger than those of 30 nm NCO thin films grown on perovskite substrates and NCO
membranes, which can be attributed to the emergence of a correlation gap at the ultrathin limit.°
The small 7~ and absence of the VRH contribution clearly show the low disorder level in this
sample (Table S2). The other types of NCO samples exhibit similar parameters for the thermal
activation and nearest neighbor hopping. For the VRH contribution, the NCO/SAO/LAO film and
NCO membrane show orders of magnitude higher density of defect states N(Eg) and significantly
smaller localization length a compared with those for NCO/STO and NCO/LAO. This result points
to much higher disorder level in SAO buffered NCO films, which is preserved in NCO membranes.
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5. Anomalous Hall Effect in NiC0204/MgAl:O4 Thin Film

Figure S9 shows the anomalous Hall effect (AHE) in a 30 nm NCO film on MAO. The
anomalous Hall resistance exhibits robust switching hysteresis of clockwise direction at 260 K and
300 K, with coercive fields of about 500 Oe. The small coercive fields and square-shape hysteresis
confirm that the NCO/MAO thin film exhibits strong perpendicular magnetic anisotropy even at

room temperature.’
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Figure S9. AHE of 30 nm NCO on MAO. (a-b) R,y vs H at 260 K (a) and 300 K (b).

6. Magnetic Characterizations of NiC0204 Thin Films and Membranes

Figure S10 shows the magnetization switching hysteresis in out-of-plane magnetic field for
NCO films on various substrates and NiC0204 membrane at 100 K, 260 K, and 300 K. The
switching characteristic is consistent with the anomalous Hall effect (Figure 3 in the main text),
showing perpendicular magnetic anisotropy for NCO on MAO and spin canting effect for NCO

on perovskite substrates and NCO membranes.
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Figure S10. Magnetization hysteresis (M vs H) of NCO thin films and membrane at different
temperatures. (a) 100 K. (b) 260 K. (c¢) 300 K.

7. Coherent Rotation Model for Two-Fold Sinusoidal AMR

In an isotropic non-crystalline magnetic conductor system, the electric field E is related to the

current density j via the resistivity tensor:®

0] =[8 oI
Ey' 0 pL yl ’

where p; and p, are the magnetoresistivity for current parallel with and perpendicular to the
magnetic field, respectively. We assume that current makes an angle ¢ with respect to the in-plane

magnetization, and the magnetization is aligned with the external applied magnetic field. When a

rotation transformation is performed to the system:

cos@ —sinQ

R= [singo cosp I’

we obtain:
E_/ p 0 ] ’
fl-aly eelz)
Eyl 0 pL yl

E E ] i 1
Let [Ex] =R [Ex ] and Bx] =R B-x ], we derive that:
y y, y yl
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1 1 1 .
[Ex] |zt pu) 5@y = pu) cos2¢ 5 (P = pL)sin2¢ Bx] (3)
= 1 . 1 1 il
Ey > (py = p1)sin2e S+ p) +5(py—pi)cos2p LY
From Equation S3, the angular dependences of the longitudinal magnetoresistance and transverse

magnetoresistance, known as the anisotropic magnetoresistance (AMR) and planar Hall effect

(PHE), respectively, are given by:
pamr(®) = 3 (py + p1) + 5 (py — p1) cos 29, (S4)

peue(@) = 5 (o) — p,) sin 29 . (S5)

Equations S4 and S5 are also known as the Voigt-Thomson formula.” Generally, p, # p, in
magnetic conductors. Within the coherent rotation model, where the magnetization follows the
magnetic field direction, the AMR and PHE exhibit two-fold sinusoidal behaviors with a 45° phase

shift with respect to each other.

8. In-plane AMR in NiCo0204 Thin Films and Membranes

Figure S11 shows the angular dependence of in-plane AMR in 30 nm NCO on MAO. The
AMR resistivity shows clear two-fold sinusoidal behaviors at the entire temperature (10-300 K)

and magnetic field (0.25-3 T) ranges, consistent with the two-fold coherent rotation model.

—~
[
=

2 4 6

—~ | 300K 5T | —~ |200K 5T| —~ (100K 5T | —~ 650K 5T | —~

E £, . E 4 €4l 3

o g o o 2 o Py o

['4 © x-2 x -2}, ©

Y 52 : ¥ &

< < S < 1 <

2 -4 6 -
0 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)

(b) ¢ 6 3 2

—~ |37 10K| —~ _ 1T 10K | —~ —~ ,l025T 10K
£, i £ 4 £ 2 E g1

2 ] O 4 % [3) 3]

« x-2 x-1 © Z =

24 Yy = 2 2 2

< 1< <2 < Sl

-8 6 -3 2
0 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)

Figure S11. In-plane AMR for NCO/MAO. (a) pamr Vs @ at 5 T and various temperatures, and (b)

pPamr Vs 6 at 10 K and various magnetic fields, with fits to the two-fold coherent rotation model (lines).

Figure S12 shows the angular dependence of in-plane AMR in 30 nm NCO films on STO,
LAO, and SAO-buffered LAO and the NCO membrane at 5 T. For NCO/STO (Figure S12a), pamr
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still shows a two-fold sinusoidal behavior at 300 K. When the temperature decreases, additional
peaks emerge at @ = 0" and & = 180°, suggesting the appearance of a four-fold symmetric term.
The amplitude of the four-fold term increases with decreasing temperature and becomes
comparable with the two-fold component at 10 K. Similar temperature dependence of pamr(6)
has been observed in NCO/LAO (Figure S12b).

For NCO/SAO/LAO (Figure S12c), pamr shows a one-fold symmetric behavior at 300 K,
which can be attributed to the enhanced MR contribution as the temperature approaches the Curie
temperature. As the temperature decreases to 200 K, paymgr(8) recovers the two-fold sinusoidal
behavior. The four-fold term appears below 150 K and increases with decreasing temperature. The
NCO membrane shows almost identical AMR behavior as the NCO/SAO/LAO sample, suggesting
the MCA and defect states are not altered after water etching of the SAO buffer layer.
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Figure S12. Angular-dependence of in-plane AMR pamr(6) at 5 T and various temperatures. (a)
NCO/STO. (b) NCO/LAO. (c) NCO/SAO/LAOQO. (d) NCO membrane. The red lines are the fits. All

data are taken on the forward 9-sweep.
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Figure S13 shows the FFT spectra of ppayr(6) in 30 nm NCO films on STO, LAO, and SAO-
buffered LAO and the NCO membrane. The temperature dependences of the C> and Cs
components at 5 T (Figure S13a) are shown in Figure 6a-b in the main text. At 10 K, it is evident
that besides the C2 and Cs terms, a one-fold Ci1(360°) term appears at low magnetic fields. Its

amplitude increases with decreasing field and becomes dominant below 1 T (Figure S13b).
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Figure S13. FFT spectrum of papgr(60) for NCO thin films and NCO membrane. (a) Amplitude vs 6 at
5 T and different temperatures. (b) Amplitude vs § at 10 K and different magnetic fields.
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