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Abstract

The inverse spinel ferrimagnetic NiC0.04 presents a unique model system for studying
the competing effects of crystalline fields, magnetic exchange, and various chemical and
lattice disorders on the electronic and magnetic states. In this work, we report the
magnetotransport anomalies observed in high quality epitaxial NiCo204 thin films resulting
from the complex energy landscape. We observe a strong out-of-plane magnetic anisotropy,
linear magnetoresistance, and robust anomalous Hall effect above 300 K in 5-30 unit cell
NiCo0204 films. The anomalous Hall resistance exhibits a non-monotonic temperature-
dependence that peaks around room temperature, and reverses its sign at low temperature in
films thinner than 20 unit cell. The scaling relation between the anomalous Hall conductivity
and longitudinal conductivity reveals the intricate interplays between the spin-dependent
impurity scattering, band intrinsic Berry phase effect, and electron correlation. Our study
provides important insights into the functional design of NiCo0204 for developing spinel-based

spintronic applications.



The ferrimagnetic NiCo20s (NCO) possesses high Curie temperature (Tc), high spin
polarization, infrared transparency and high susceptibility to redox reactions,*4 making it a
promising material candidate for spintronics,® optoelectronics,’® supercapacitors’l and
electrocatalysis(® °! applications. NCO has an inverse spinel structure, with the tetrahedral (Tq)
cation site occupied by Co and the octahedral (On) site equally populated by Ni and Co
(Figure 1a).[*l The mixed valence of the cations and the coexisting tetrahedral and octahedral
oxygen coordinates result in competing electronic and magnetic states, which are further
complicated by various types of disorder, including the cation redistribution, %3 valence
state variation,[*> ¥ oxygen or cation vacancies, ® and antiphase boundaries.[* 14 151 While
previous studies of NCO have mainly centered on nanostructured and mesoporous
materials, 6% 15 11 it js of high research interests to examine the system in the epitaxial thin
film form, especially for developing spintronic applications such as spinel-based magnetic
tunnel junctions (MTJs).[!" 181 To date, reports on high quality NCO thin films have been
scarce and mostly focused on the disorder-driven metal-insulator transition, [ 5 1% 14 19, 20]

while the intrinsic magnetotransport properties in the metallic phase remain uncharted.

In this work, we report the magnetotransport anomalies observed in 5 to 30 unit cell (uc)
thick high quality epitaxial NCO thin films. Below the magnetic ordering temperature (Tc),
NCO exhibits strong out-of-plane magnetic anisotropy, linear magnetoresistance (MR), and
robust anomalous Hall effect (AHE) that persist above room temperature. The longitudinal
resistance exhibits a weak temperature-dependence that cannot be directly correlated with the

magnetic state of the system. The anomalous Hall conductivity (o,,) shows an unusual non-

monotonic temperature-dependence, which changes sign in the thinner films. The relation

between o, and the longitudinal conductivity (o,,) at the intermediate temperature range

points to the dirty metal behavior in conjunction with the contribution from band intrinsic
Berry phase effect, while the low temperature characteristic can be attributed to disorder
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enhanced electron correlation. Our work provides critical information on how to manipulate
the competing energy scales in this system to achieve tailored functionalities for spintronic

applications.

We deposited high quality 5-30 uc epitaxial NCO films on (001) oriented MgAl2O4
(MAO) substrates. The bulk cubic lattice constant of NCO is 8.128 A, subjecting to a 0.55%
compressive strain when grown on MAO (a = 8.083 A). X-ray diffraction (XRD)
measurements show (001) growth with no impurity phases (Figure 1b). The calculated c-axis
lattice constant is 8.196 A, comparable with the reported values for strained films.[tt1
Figures 1c-d show the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of a 17 uc NCO film, which reveal a homogeneous
inverse spinel structure with high crystallinity. Atomic force microscopy (AFM)
measurements show smooth surface morphology in these samples (Figure 1e), with typical

root mean square roughness of 2-3 A.

Figure 1f shows the out-of-plane magnetization (M) as a function of temperature for two
NCO films after saturating the magnetization at low temperature. The magnetic transition
temperature for the 10 uc (~8.2 nm) film is ~340 K. Below Tc, M increases monotonically
with decreasing temperature, and reaches ~1.9 , / formula unit (f.u.) at 10 K. For the 30 uc
(~24.6 nm) film, Tc is above 395 K, which is the highest value reported on epitaxial NCO
films, [t 14.19. 201 attesting the high quality of our samples. Both the 10 uc and 30 uc films
exhibit robust M —H hystereses at 300 K (Figure 1f inset), with the coercive field Hc of
about 150 Oe and 1.85 kOe, respectively. Figure 1g shows the M —H hystereses for the 10

uc sample at 100 K. In the out-of-plane magnetic field, magnetization saturates at ~2 x, /f.u.,

in good agreement with the optimal value. The 30 uc sample, on the other hand, exhibits an

enhanced saturation moment of ~2.2 y,/f.u. at low temperature. In NCO, the valence

distribution can be written as Cox**Co1**[Co**Ni1*Nix3*]04%, where the magnetic moments
3



of the Tq-site Co and the On-site Ni ions are antiferromagnetically coupled. The optimal net
moment is 2 us/f.u., given by either the combination of Tg-site Co®* (4 us/f.u.)/On-site Ni?* (2
uslf.u.) or Tg-site Co** (3 ue/f.u.)/On-site Ni¥* (1 ws/f.u.), thus independent of the valence
state distribution x.* The intermixing of equivalent Tg-site Co and On-site Ni cations also
does not affect the saturation moment, while oxygen vacancies only reduce the moment value.
An enhanced magnetic moment can only originate from a suppressed On-site moment, either
through a higher Co concentration, as Co®* at the O site is in the diamagnetic low spin state
(S = 0), or the formation of Ni vacancies. The former mechanism is energetically more
favorable as it does not perturb the crystal structure. This assessment is consistent with the
fact that no appreciable presence of cation vacancies has been observed in the STEM images

(Figure 1c-d).

In an in-plane magnetic field, the magnetization for the 10 uc film does not saturate in up
to 10 kOe magnetic field (Figure 1g), confirming that the magnetic easy axis is out-of-plane.
The strong perpendicular magnetic anisotropy is observed in films of all thicknesses, which
can be attributed to the effect of compressive strain imposed by the MAO substrate (Figure S1,
Supporting Information), and is highly desirable for developing low power, high speed
magnetic memory.?* This property, along with the high Tc, high spin polarization, and good
lattice match with MAO, a promising material candidate for high performance tunnel
barriers,[*®l makes NCO an ideal choice as the spin injection layer for spinel-based epitaxial

MTJs.[17]

We next examined the magnetotransport properties of the NCO films. Figure 2a shows
the temperature dependence of the longitudinal sheet resistance R, measured with current
along the [110] direction (Figure S2, Supporting Information) for NCO films with different
thicknesses. All samples exhibit metallic conduction (dR / dT > 0) upon cooling followed by a

moderate resistance upturn at low temperature, which cannot be described by a simple
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localization model. For the 10-30 uc films, the temperature of minimum resistance T, is

about 37-40 K, lower than those reported in literature.l** ¥ 201 This resistance upturn has
previously been attributed to the disorder-enhanced electron correlation effect in a 3D

system.[?%! The weak thickness dependence of T also confirms that this transition is not due

to the finite size effects such as the electric dead layert?? or reduced dimensionality.?® The 5

uc film, on the other hand, exhibits considerably higher T,

min

(~70 K) and enhanced resistivity
P, (Figure 2a-b). Such suppressed metallicity, along with the lower magnetic ordering

temperature, in the ultrathin limit has been widely observed in epitaxial correlated oxide thin
films, while the driving mechanism can be associated with the thickness-driven
dimensionality crossover,?® energy gap formation due to enhanced correlation,? and/or
variation in the oxygen octahedral distortion at the surface/interface.l?> 261 In all films, the
longitudinal resistivity exhibits very weak T-dependence, with the residue resistance ratio

P (Ti) ! p,, (300K) ranging from 0.67 to 0.77, which is the signature behavior of a

multiband conductor with both electron and hole bands close to the Fermi level (Eg).! Unlike
previous reports,tt 1 291 our samples do not exhibit a metal-insulator transition at high
temperature, retaining the metallic conduction even above Tc. The lowest resistivity value is
Pmin = 0.8 mQ cm (Figure 2b), which is among the best results reported for epitaxial NCO

films.[1 14,19, 20]

Overall, the NCO films exhibit a very small negative MR. Figures 2c-e show the MR ratio,

[Rxx(H)_R

2 (O)Xx(o)], taken on the 10 uc sample. In an out-of-plane magnetic

defined as MRR =

field of 50 kOe, MRR is <1% over the entire temperature range (Figure 2c), significantly
lower than previously reported values.> #1519 This small MR rules out a strong presence of
phase separationl® or antiphase boundaries,** ! further attesting the structural and phase

homogeneity of the NCO films. At low fields, the MR exhibits sharp resistance switching
5



hysteresis due to the magnetization reversal (Figure 2d-e). For both out-of-plane and in-plane
magnetic fields, MR shows no sign of saturation in magnetic fields up to 50 kOe (Figure 2e),
well above the coercive field. The MR is anisotropic, with the in-plane and out-of-plane MR
exhibiting distinct field dependences. The in-plane MR evolves from quadratic to convex
dependence with increasing magnetic field, which is typical in magnetic oxides along the
magnetic hard axist?’! and can be attributed to the suppressed spin scattering in magnetic field.
The out-of-plane MR, in sharp contrast with those observed in structurally or magnetically
inhomogeneous samples,> ' 51 exhibits an apparent linear H-dependence. This
unconventional linear MR, like the anomalous Hall effect, originates from the momentum
space Berry curvature. Previous studies of disordered magnetic conductors (ax7 < < 1) via
semiclassical Boltzmann theory have shown that the Berry curvature and associated orbital
moment can lead to an intrinsic linear MR, with the sign depending on the position of Er in
the energy bands.[?®] This effect is only observed in the out-of-plane MR when spin

fluctuation is quenched due to the strong perpendicular anisotropy.

Below Tc, the Hall resistance Ry, of NCO shows robust switching hysteresis in the out-of-

plane magnetic field H, , signaling the anomalous Hall effect. Figure 3a shows the Hall
resistivity p,, as a function of H, at 300 K, where the hystereses are clockwise for films of

all thicknesses. The Hall signal can be decomposed into two terms:[?°]
pxy:ROHL_l—pA’ 1)
with p, =47RM | .

Here R, and Ry are the normal and anomalous Hall coefficients, respectively, and M | is the

out-of-plane magnetization. The anomalous Hall resistivity pa, following the convention of
normal Hall effect, is defined as positive for a counterclockwise hysteresis. At 300 K, pa is

negative, with the magnitude increases with the film thickness, varying from 1.2 pQ cm for
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the 5 uc film to 2.1 uQ cm for the 30 uc film (Figure 3b). The corresponding coercive field
increases from 75 Oe to 2.2 kOe (Figure 3c), corroborating the higher Tc in thicker films. The
robust AHE at room temperature, along with the high sensitivity of Hc to the film thickness,

points to an effective route for designing the switching time and power of NCO-based MTJs.

Despite the evolving magnetic energy, NCO films of all thicknesses exhibit a non-
monotonic T-dependence in the AHE signal, with the high temperature |pa| peaking around
room temperature (Figure 3d and Figure S3 in the Supporting Information). Figure 4a shows

the hystereses of the Hall resistance R, (H) taken on a 30 uc film at different temperatures.
Below Tc, the magnitude of p, first increases with decreasing temperature, reaching the
maximum value at 320 K. This initial rise can be correlated to the sharp increase of the
magnetization right below Tc. As M(T) evolves into a slower growth, |p,| starts to decrease
upon cooling (Figure 1f). Similar high temperature behavior is also observed in the 10 uc
sample (Figure 4b). What is interesting is the distinct low temperature p,(T) observed in
these two films (Figure 4c). Below 100 K, the T-dependence of pa in the 30 uc film becomes
gradually weaker, which eventually saturates at ~ -0.4 u€ cm, retaining the negative sign
(clockwise hysteresis of pyy) over the entire temperature range. In sharp contrast, for the 10 uc
sample, the clockwise AHE hysteresis diminishes entirely at ~190 K. When the hysteresis re-

emerges at lower temperature, it is in the counter-clockwise direction, corresponding to a

positive p, with increasing magnitude. Despite the sign change, the transition of p, at 190 K
for the 10 uc sample is smooth with no abrupt changes in the magnitude, nor are there any
kinks in px (Figure 2a) or M (Figure 1f). The sign change in p, has been observed in all
thinner samples (5-20 uc). Measurements of three 10 uc samples yield identical p,(T),

confirming that the effect is robust (Figures S2 & S4, Supporting Information).



In recent years, AHE has been widely exploited as a powerful tool to probe the emergent
magnetism and/or topological phases in nanoscale magnetic materials,*>%! while such sign

change in p, driven by both thickness and temperature has not been observed in any single

phase material. ldentifying the underlying mechanism is critical for the technological
implementation of the AHE for spintronic applications. We first note there is a strong
correlation between the T-dependences of the AHE signal and the coercive field. Figure 4d
shows the H. data extracted from the hystereses of AHE and magnetization (Figure S5,

Supporting Information), with both medthods yielding similar results. For the 10 uc and 30 uc

films, Hc exhibits a rapid increase below Tc, concomitant with the initial rise in |p,| (Figure

4c). Once |p,| reaches the maximum value, Hc for the 30 uc film settles at ~2 kO, consistent

with previously reported values for optimal samples.’> 2% The 10 uc film, in sharp contrast,
exhibits an exponential growth in Hc, corresponding to thermally activated domain wall (DW)
depinning.k*! Below 10 K, both samples exhibits similar H of ~2 kOe, indicating comparable
magnetic anisotropy energy. The distinct Hc(T) thus points to a strong presence of disorder
potential in the thinner film that contributes to DW pinning. As AHE depends sensitively on
the interplay between the band intrinsic Berry curvature and spin-dependent impurity
scattering,? the thickness-dependence of AHE may also result from the evolving strength of

the disorder energy in the system.
The varying disorder effect, however, cannot account for the unusual T-dependence of
AHE. As NCO is a multiband conductor,! a possible scenario for the sign change in p, is

thermal effect induced band crossing, which changes the effective carrier type in the system.
Figure 4e shows the T-dependence of the effective carrier density in the 10 uc and 30 uc

samples extracted from the normal Hall coefficient R, at high field (up to 50 kOe),

N, =1/eR,. For both samples, R, evolves from electron-like (negative) at high temperature



to hole-like (positive) at low temperature. This temperature-driven carrier type change was
observed in samples of all thicknesses. The transition temperature T ranges from 200-250
K with no apparent dependence on the film thickness (Figure 5a), consistent with a band-
crossing picture due to the thermal effect on the lattice. Except the 30 uc sample, where p,
does not change sign over the entire temperature range, the carrier type crossover for all
thinner films occurs well above the sign change temperature for AHE T, with the latter

exhibiting an apparent thickness-dependence. We thus rule out the direct correlation between

the sign changes in the normal and anomalous Hall effects.

Other possible scenarios that can flip the sign of p, include the competition between bulk,

surface and interface contributions® 1 and the reversal of the Berry curvature as Er going
through the band crossing point due to spin-orbit interaction.*?) The former scenario can
account for the AHE in Co/Pd multilayers, where the T-dependent mean free path is
comparable with the film thickness.*> 41l The latter has been employed to explain the
temperature-/doping-driven sign change in the ruthenatesB® 424 and ferromagnetic
semiconductors.[38 45461 These effects, however, are expected to occur in super-clean samples,

and the second scenario predicts a scaling relation between o, and the magnetization,** +’l

which does not apply to our samples (Figure S6, Supporting Information).

Considering the smooth T-dependences of the magnetization (Figure 1f), p, (Figure 2a),

and p, (Figure 4c) around TU™ | we propose that there are at least two mechanisms

contributing to the AHE signal in NCO, with opposite signs and distinct T-dependences,
whose competition leads to the sign change in the net AHE. Due to the complexity of the

multiband system, simple analysis of the relation between Ry and p,, as extended from

Equation 1 is not applicable to NCO. The AHE in multiband magnetic conductors has

previously been modeled by quantum transport theory,“6-5%1 which predicts the characteristic
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scaling behaviors of the anomalous Hall conductivity o,, depending on the relative strength

of the scattering rate h/z with respect to the Fermi energy Er. In the moderate dirty region (h/z
< Er), the AHE signal is dominated by the band intrinsic Berry phase contribution, with

axyszy/pfx insensitive to impurity scattering and independent of the longitudinal
conductivity o, .1 In the dirty regime (W7 = Er), o,, exhibits a universal, power-law

dependence on o,,: o,, « o "% Close to this boundary, these two mechanisms can lead
to AHE signals with comparable magnitudes.i*®! In this model, the conductivity of the NCO
films (o, ~10°Scm™) lies close to the boundary between the dirty and moderate dirty
regions. We thus propose a universal scaling relation that takes both contributions into

account:

1.6 0
Oy € Ao, + aiy) , (2

where the first and second terms depict the dirty regime scaling behavior®™ and the
scattering-independent band intrinsic contribution,[*”4% respectively, and A is a fitting

parameter. In Figure 5d, we plot o, vs. o, for films of all thicknesses and superimpose on

the data the fits to Equation 2. The data within the initial high temperature rise in |pa| (Figure
4c) are not included to avoid the effect of enhanced spin fluctuation close to Tc. In the

intermediate temperature regime, the AHE signal for all samples can be well described by Eq.

2, which captures the smooth change in o,, at T In this scenario, the sign change in the
net o,, simply results from the growing strength of the first term with decreasing temperature,

where the sample conductivity is enhanced due to suppressed phonon scattering. The

extracted intrinsic contribution is ¢¥ ~2-3 Q'cm™ (Figure 5b), comparable with those

observed in ferromagnetic semiconductors but occurring at much higher temperatures. ¢!
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This scenario, in conjunction with the enhanced disorder in thinner films, also naturally

accounts for the thickness-dependence of the AHE. As shown in Figure 5b, the 30 uc and 20

uc samples possess similar values of the intrinsic &%

« » Which is gradually suppressed in
thinner samples. The abrupt drop in the band intrinsic contribution is accompanied by the

substantially reduced o, and net in films thinner than 20 uc (Figure 5c), which can be

attributed to a modified band structure due to the finite size effect.[???4 Since the high
temperature, negative anomalous Hall signal depends sensitively on the intrinsic contribution

(Figure 5b), identifying this thickness boundary for the finite size effect is critical for

designing the AHE for room temperature applications. Below T, the AHE is dominated

by the impurity scattering term. In line with the suppressed ¥ in the thinner films is an

enhanced coefficient A (Figure 5b), which signals the growing strength of impurity scattering.

We next consider the AHE-relevant scattering sources in NCO that are enhanced in
thinner films. NCO is intrinsically disordered due to the valence distribution of the cations
and inter-mixing of the Ni and Co at the O sites.[> 10131 At finite temperature, the thermally
excited spin fluctuation can also contribute to scattering, as the quasi-linear T-dependence of
magnetization suggests that spin fluctuation is not fully quenched even down to 10 K (Figure
1f). However, neither mechanism shows any apparent dependence on the film thickness. The
small MR and optimal magnetization in the thinner films further rule out a stronger presence
of structural and phase inhomogeneity.[> 5 Also, we do not expect a variation of the strain
state in this thickness range, as previous studies have shown that films on MAO substrates
remains fully strained with up to 700 nm thickness.[??) More insights can be gained by
correlating the AHE result with the Hc(T) data (Figure 4c-d). The 30 uc sample exhibits nearly
T-independent Hc below 300 K, indicating that the relative strength of the anisotropy energy
well exceeds the thermal energy. This is consistent with the fact that the band intrinsic

contribution dominates in the entire temperature regime. As to the 10 uc sample, in the
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temperature regime where the impurity scattering term dominates p,, Hce(T) concomitantly

exhibits a thermally activated DW depinning behavior,[® suggesting that the type of disorder
that causes DW pinning can also be relevant to spin scattering. The enhanced contribution
from the surface/interface state present a natural source for DW pinning in thin films,2

which can also affect spin scattering.[% 411

One consequence of the coexisting contributions to the AHE is there is a high temperature

local maximum in |o, (T)| occurring right around room temperature (Figure 4a-c), which is

an ideal scenario for designing spintronic devices. For thinner films that exhibit the sign
change in AHE, there is a second maximum at low temperature close to the resistance

minimum. For the 10 uc film, |o,, | reaches the low temperature maximum value of about 1.2
Q'cm™ at ~40 K. As the temperature is further lowered, the o, vs. o, relation changes

drastically. As shown in Figure 5d, below T

in» the power-law dependence diminishes and
o,, evolves to be a constant US) for all samples thicker than 5 uc. As the sample conduction
in this regime is dominated by disorder-enhanced electron-electron interaction,’*” another
possible scenario for dissipation independent o, is the side jump effect.l” %52 Assuming

the band intrinsic term is still present, the side jump contribution o’ =o' + o is positive

(Figure S7, Supporting Information), which is also opposite to the band intrinsic term.

However, given the limited o, variation in this regime, we cannot rule out the possibility that
the weak o, -dependence is a transition behavior, or the enhanced electron correlation
modifies the Berry curvature of the band. For the 5 uc film, on the other hand, o,, slightly

decreases with temperature, which may be due to phonon assisted hopping®®! or enhanced
disorder correlation as the film approaches the electric dead layer thickness.® For both types

of behaviors, future experiments at temperatures below 2 K and additional theoretical insights
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on the effect of electron correlation are required to fully understand the AHE at the low

temperature regime.

In conclusion, we report robust AHE in high quality epitaxial NCO thin films as thin as 5
uc (~4 nm), with the anomalous Hall resistance peaking around room temperature. The
unusual temperature and film thickness dependences of the AHE reveal the complex interplay
of the band intrinsic Berry curvature, electron correlation, and various disorders. We also
identify the critical size effect in determining the magnetic ordering temperature, coercive
field, and the magnitude and sign of the AHE response, providing an effective material
strategy for engineering the data coding, switching dynamics, and power consumption in

NCO-based spintronic applications.

Experimental Section

Sample growth and characterization: Epitaxial NCO films were deposited on MAO substrates
(5 mmx5mmx0.5 mm) via off-axis radio frequency magnetron sputtering at 320°C in 100
mTorr process gas (Ar:O2 = 1:1). The XRD measurements were performed on a Rigaku
SmartLab Diffractometer. The sample surface morphology was characterized using a Bruker
Multimode 8 atomic force microscope. The magnetization measurements were performed via
SQUID magnetometry (Quantum Design Magnetic Property Measurement System). The
diamagnetic background signal was subtracted based on the high temperature data (Figure S5,

Supporting Information).

HAADF-STEM measurements: A cross-section TEM sample of the thin film heterostructure
was prepared for STEM using focused-ion beam technique. The final milling was performed
with 2 keV Ga+ to reduce ion-beam-induced damage. A JEOL ARM 200CF with a cold field

emission gun and double-spherical aberration correctors at the Brookhaven National
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Laboratory was used for STEM HAADF with 200 keV imaging electrons. The range of

detection angle for HAADF-STEM was from 68 to 280 mrad.

Device fabrication and characterization: Both Hall bar fabricated via optical lithography and
van der Pauw geometries were employed to measure the Hall effect, with the current applied
along the [110] orientation. The Hall bar devices have channel length of 600 um and width of
200 um. Both geometries give consistent results (Figure S2, Supporting Information). We
carried out the magnetotransport studies using a Quantum Design Physical Property
Measurement System combined with external Keithley 2400 SourceMeter and standard lock-
in technique (SR830) at the temperature range of 2-390 K and magnetic fieldsupto 5 T. Low

excitation current (<10 pA) was used to avoid Joule heating.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Characterizations of NCO films. a) Schematic crystal structure of NCO. b) XRD &
260 scan of a 30 uc NCO. Inset: expanded view around the (004) peak with fits to the Laue
oscillations. ¢) HAADF-STEM micrograph taken on a 17 uc film, and d) a higher
magnification image labelled with the atomic arrangements at the Tq (red dots) and On (green
dots) sites. e) AFM topography image of a 25 uc NCO film on MAO. f) Out-of-plane M vs. T
for 10 and 30 uc films. Inset: M vs. H at 300 K. g) M vs. H in out-of-plane and in-plane

magnetic fields for the 10 uc film at 100 K.
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Xy

(black solid

squares), maximum oyy value at high temperature (red solid circles), and (right axis) the fitting
parameter A to Equation 2 (blue open squares). ¢) Film thickness dependence of (left axis) oxx
(black solid symbols) and (right axis) effective electron density (red open symbols) at 300 K.
d) oxy vs. ox for NCO films of difference thicknesses with fits to Equation 2 (dashed lines).
Inset: oxy VvS. oxx for the 10 uc film with fit (dashed line). The dotted line serves as a guide to



The table of contents:

Strong perpendicular magnetic anisotropy, intrinsic linear magnetoresistance, and robust
anomalous Hall effect above 300 K have been realized in 5-30 unit cell NiCo204 films. The
anomalous Hall resistance reaches a local maximum around room temperature, and reverses
its sign at low temperature in the thinner films. The magnetotransport anomalies have been
attributed to the intricate interplays between the spin-dependent impurity scattering, band
intrinsic Berry curvature, and electron correlation effect. This work provides new insights into
the functional design of NiC0204 for developing spinel-based spintronic applications.

Keywords: Inverse spinel, epitaxial thin film, anomalous Hall effect, Berry phase effect,
perpendicular magnetic anisotropy

Xuegang Chen =, Xiaozhe Zhang, Myung-Geun Han, Le Zhang, Yimei Zhu, Xiaoshan Xu, Xia
Hong*

Magnetotransport Anomaly in Room Temperature Ferrimagnetic NiCo0204 Thin Films

1 300k ] 3s0kK
& 2K l h\ ‘
~ = —— | b]
; eUTuR
-1 30 ue T q
S T T T | o G :
= ¢ 300 K
g 0 r I 0 350 K
< !
4L b 10 uc
4 4 H (kOe)

23



Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2016.

Supporting Information

Magnetotransport Anomaly in Room Temperature Ferrimagnetic NiC0204 Thin Films

Xuegang Chen, Xiaozhe Zhang, Myung-Geun Han, Le Zhang, Yimei Zhu, Xiaoshan Xu, Xia
Hong*

1. Effect of Strain on the Perpendicular Magnetic Anisotropy

The strong perpendicular magnetic anisotropy in the NiCo204 (NCO) thin films originates
from the lattice distortion due to the compressive strain. For NCO, each unit cell is composed
of 8 tetrahedra and 16 octahedra oxygen environments for the cations, which correspond to
the On and Tq symmetries, respectively, for an undistorted lattice. The crystal field splits the
five 3d orbitals into doubly degenerated ey orbitals and triply degenerated tog orbitals. When
NCO is deposited on the (001) MgAl.O4 (MAO) substrate, the compressive epitaxial strain
(~0.55%) generates a tetragonal distortion, reducing the symmetry of the octahedra and
tetrahedra to Dan and Sa, respectively, where the degeneracy within the eq and tog orbitals are
also lifted. The orbital states under the crystal field are typically real functions with quenched
orbital angular momentum. However, under the spin-orbit coupling (SOC), these states will
mix with other states and regain non-zero angular momentum, generating the magnetic
anisotropy. Under the tetragonal symmetry, due to the four-fold rotational axis, the magnetic
anisotropy manifests either as an easy axis along the rotational axis, or as an easy plane
perpendicular to the rotational axis.

To understand the effect of the epitaxial strain on the magnetic anisotropy, we employ a
model Hamiltonian using a one-electron picture to describe the system:

H=2 [Zm 4meyr; +Ver () + 85 - 1i + ghS; - Bex (s1)

where p;, l;,S;, 7; are the momentum, orbital angular momentum, spin, and position vector
of the ith electron, respectively. Here the second and third terms describes the Coulomb
energy due to the ion core and the crystal field potential, respectively, B,, is the exchange
field, and £ is the SOC coefficient. The magnetic anisotropy energy is defined as the energy
difference when the exchange field is along different directions. Figure S1 shows the
simulated anisotropy energy between the in-plane and out-of-plane orientations Eac = Ea - E,
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where Ea (Ec) is the total energy when the exchange field is along crystalline a (c) axis, as a
function of strain (Aa/a). Under the compressive strain (Aa < 0), the anisotropy energy Eac is
positive, reaching ~0.02¢£ at the strain level of 0.5%. Assuming a typical SOC for 3d transition
metal of £~50 meV, we estimate Eac to be on the order of 1 meV, well exceeding the shape

anisotropy (~2 peV), which accounts for the out-of-plane easy axis (c axis) observed in the

NCO films.
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Figure S1. Calculated magnetic anisotropy energy as a function of strain in NiC020a.

2. Effect of Device Geometry on the Hall Signal

The Hall effect measurements were performed using two types of device geometries: the
standard Hall bar device (Figure S2a) and the van der Pauw geometry (vdP, Figure S2b), with
the current applied along the [110] direction in both cases. The measurement configuration
does not have an appreciable effect on the Hall signal. This is clearly illustrated in the
anomalous Hall resistivity pa (Figure S2c) and the effective carrier density ness (Figure S2d)

extracted from the 10 unit cell (uc) NiCo204 films using different geometries.

(@) &y [110] ®) .

—O— Hall bar i —&— Hall bar
o vdP $1
A vdP 82

0 100 200 300 0 100 200 300
T(K) T(K)

Figure S2. Hall measurements with different device geometries. a-b) Schematic

measurement setups with (a) the Hall bar and (b) the vdP geometries. c) pa vs. T for two
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10 uc NCO films patterned into different device geometries. d) nes vs. T for three 10 uc

NCO films patterned into different device geometries.

3. Magnitude of the Anomalous Hall Signal vs. Temperature

Figure S3 shows the magnitude of anomalous Hall resistivity |pa| vs. T for NCO films with
different thicknesses. For all samples, there is a high temperature maximum value in |pa
occuring around room temperature. Only in the 5 uc and 10 uc samples, the low temperature
pa exceeds the room temperature value, albeit on the same order of magnitude. For all
samples with the AHE response changing sign, pa crosses zero smoothly, with no abrupt

changes or kinks in its temperature dependence (Figure 4c).
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Figure S3. |oa| vs. T for NCO films with different thicknesses. The red arrows mark the
high temperature peak positions, which are summaried in Figure 3d. The pa vs. T plots for

the 10 uc and 30 uc films are shown in Figure 4c.

4. Robust Hall Signal for Films with the Same Thickness

Figure S4a displays the Ry vs. H hystereses taken on two 10 uc NCO samples, which
exhibit identical magnitude and coercive fields of the Hall signal. These two samples also

show consistent temperature dependence of nest (Figure S2d) and pa (Figure S4b). We thus
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conclude that the film thickness dependence of the anomalous Hall signal is robust rather than

due to sample variations.

0 100 200 300
T (K)

Figure S4. AHE taken on two 10 uc samples. a) Ry vs. H at 300 K. b) pa vs. T.

5. Magnetization Switching Hysteresis

Figure S5 shows the M-H curves of the 10 uc and 30 uc NCO films at various
temperatures. Above Tc, the 10 uc NCO film (Tc ~340 K) exhibits a diamagnetic signal
(Figure S5a inset), which is partly from the MAO substrate. We use this data to perform
background correction to the magnetization values. The saturated magnetic moment for both
samples decreases monotonically with increasing temperature. The coercive field Hc for the
10 uc film exhibits a strong temperature dependence (Figure S5a), while Hc for the 30 uc film

show little variation below 300 K (Figure S5b). The extracted Hc data are shown in Figure 4d.
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— I |350K 1.7 J :,.-..-.—.-.._._._. goveoil! uuu "—e-a-u-8
s 1t °2 g S 1 t_/' ¥
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Figure S5. Out-of-plane magnetization switching hystereses. a) M(H) for the 10 uc
sample shown in Figure 1f-g. Inset: M (H) at 350 K. b) M(H) for the 30 uc sample

shown in Figure 1f.

6. Anomalous Hall Conductivity vs. Magnetization

Figure S6 plots the anomalous Hall conductivity vs. magnetization for the 10 uc and 30 uc

NCO samples, which do not show any apparent scaling relations.
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Figure S6. oy vs. M for the 10 uc and 30 uc NCO films.

7. Analysis of Low Temperature AHE Signal

As discussed in the main text, at the low temperature regime, we observe scattering-

independent AHE signal o-g) in the 10-30 uc samples, which may be due to the side jump

contribution enhanced by electron-electron interaction. Assuming the band intrinsic
contribution 0')((3) extracted from the intermediate temperature remains unchanged in this

0)

, - As shown in Figure S7,

regime, we calculated the side jump signal using o3’ = o o
the deduced & increases monotonically with decreasing film thickness, which is consistent

with the picture of disorder-enhanced electron correlation in thinner films.
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Figure S7. o vs. film thickness.
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