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We report on the growth of CoFe,O4/Pt heterostructure and their magnetotransport properties. The magnetoresistance
under high magnetic fields exhibits a sign change when the temperature increases from 5 K to 10 K. The anomalous
Hall resistance decreases as the temperature increases. Furthermore, angle-dependent magnetoresistance indicates that the
observed magnetotransport behaviors originate from the competition between the spin Hall magnetoresistance and magnetic

proximity effect.
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1. Introduction

Spin transport, a core research area in condensed matter
physics and spintronics, refers to the propagation and inter-
action of quantum spin states in materials. It focuses on the
generation, manipulation, transmission, and detection of spin
currents, which induces intriguing phenomena including the
spin Seebeck effect, spin pumping effect, Rashba—Edlstein ef-
fect, and spin Hall effect (SHE).!""* Ferromagnetic insulator
(FMI)/heavy metal (HM) heterostructures serve as excellent
experimental platforms for the creation and manipulation of
spin currents, with the advantage of avoiding Joule heating
losses. !> Thus, the FMI/HM heterostructures are highly de-
sirable for exploring magnetotransport properties.

FMI/HM heterostructures have advanced
rapidly with the discovery of a series of unconventional effects

Recently,

due to their low damping, efficient spin-charge conversion,

=11 For instance, the spin

and low Joule heat dissipation.
Hall magnetoresistance (SMR) is observed in the Y3FesOj»
(YIG)/Pt heterostructure, which is a non-equilibrium prox-
imity phenomenon induced by the concerted action of the
SHE and inverse spin Hall effect (ISHE).['>!3] The spin-
current-induced switching driven by the charge current is
also observed in a vertically magnetized Tm3FesO;,/Pt
heterostructure.!'*l Additionally, the spin-polarized conduc-
tion electrons propagate between two magnetic layers in
high-quality YIG/Au/YIG structures, which has opened a
new class of valve structures beyond the conventional spin
valves.[!3] These explorations have paved the way for develop-
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ing ultralow-dissipation spintronic devices based on FMI/HM
systems.

CoFe,04 (CFO) is a ferrimagnetic insulator with a cu-
bic inverse spinel structure, which has been widely applied
in high-frequency devices with the advantages of its excel-
lent magnetic anisotropy (uniaxial anisotropy energy K, = 3 x

3),11%] high saturation magnetization (~19 pg/u.c.

10% erg/cm
at 10 K),!"”! good microwave absorption properties (~ —55 dB
at 9.25 GHz)!'8 and high Curie temperature (~ 843 K).[!"]
Competing magnetic interactions in the spinel lattice induce
distinct magnetic behaviors in CFO with different crystal ori-
entations, and the Co?T ions in CFO contribute to enhanced
magnetic anisotropy.?*?? The insulating property of CFO
renders it challenging to study its spin transport property via
electrical methods. Therefore, the approach of constructing
CFO/HM (e.g., Pt) heterostructure and utilizing the electri-
cal properties of HMs to reflect the spin characteristics in
CFO has attracted considerable attention.!?%->3241 CFO/Pt of-
fers an alternative platform for investigating unique magneto-
transport properties besides the traditional YIG/Pt system. In
fact, the magnetotransport properties (e.g., magnetoresistance
(MR) and Hall resistance (Ryy)) of CFO/Pt may exhibit differ-
ent behaviors due to the influence of magnetic proximity effect
(MPE) and SMR. To distinguish between these two effects, the
key point lies in determining whether local magnetic moments
or spin polarization are generated in the adjacent metal layer,
which has remained a highly controversial issue.>>-27]

In this work, we investigate the magnetotransport proper-
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ties in a CFO/Pt heterostructure at low temperatures. The MR
under high magnetic field features a sign change characteris-
tic as the temperature increases, in contrast with the decreasing
characteristic of anomalous Hall resistance (Rapg). The angle-
dependent magnetoresistance (ADMR) measurements are car-
ried out to analyze the contributions of SMR and MPE to the
magnetotransport properties at different temperatures.

2. Experimental details

High-quality 40-nm-thick CFO film was epitaxially
grown on (001)-oriented MgAl,O4 (MAO) substrate via
pulsed laser deposition (PLD) technology. A 248 nm KrF ex-
cimer laser with a fluence of 1.8 J/cm? and a repetition rate
of 2 Hz was utilized to ablate a stoichiometric polycrystalline
CFO target, which was synthesized via solid-state reaction.
Prior to film growth, the substrate was sequentially ultrason-
ically cleaned in acetone, ethanol, and deionized water, fol-
lowed by drying in nitrogen gas. During the PLD growth pro-
cess, the substrate was maintained at 600 °C, with the growth
oxygen pressure controlled at 1 x 1073 mbar. After the CFO
deposition was completed, the film was slowly cooled to room
temperature under the same oxygen pressure to preserve its
crystalline quality. For the CFO/Pt heterostructure sample, fol-
lowing the aforementioned CFO film preparation procedures,
a 5-nm-thick Pt layer was deposited ex-sifu via magnetron
sputtering.

The crystalline structure of the CFO film was determined
by 6-20 x-ray diffraction (XRD) using Cu K, radiation (A =
1.5418 A, Bruker D8 Discover). The surface morphology
of the CFO sample was characterized by atomic force mi-
croscopy (AFM) (SOLVER-P47, NT-MDT) in tapping mode
over an area of 1 x 1 um?.

The x-ray absorption spectroscopy (XAS) and x-ray mag-
netic circular dichroism (XMCD) spectroscopy at the Fe and
Co L, 3 absorption edges were performed on Beamline BL-
07U, Shanghai, China. Oppositely circular polarized x-rays
with 100% polarization degree were used successively to re-
solve XMCD signals from Fe and Co at 6 T. XAS was obtained
in total electron yield (TEY) mode at 20 K. The escape depth
(Ae) of photoelectrons was ~ 5 nm.

The MR and R,, of the CFO/Pt film were measured in
a standard Hall-bar geometry using a cryogen free measure-
ment system (CFMS-12T, Cryogenic). For ADMR measure-
ment, both longitudinal resistance (Ry,) and R,, were acquired
via f-angle and y-angle scans, respectively, with the magnetic
field magnitude fixed at 9 T and its direction rotated during the
scanning process.

3. Results and discussion

Bulk CFO is crystallized in the ideal cubic inverse spinel
structure (space group #227, Fd-3m) with a lattice constant
of a =8.396 A (Fig. 1(a)). The XRD spectrum of the CFO
film is shown in the main panel of Fig. 1(b). For the CFO
film deposited on the (00/)-oriented MAO substrate, only (00I)
diffraction peaks are observed, indicating that the as-prepared
film is highly epitaxial. The inset of Fig. 1(b) presents an
enlarged view of the 20 range from 40° to 46°. The lattice
constants of CFO and MAO are 8.29 A and 8.08 A, respec-
tively. The surface morphology of the CFO film is shown in
Fig. 1(c). The root mean square (RMS) roughness is mea-
sured to be 0.225 nm over a scanned area of 1 x 1 um?. Such
a smooth surface not only minimizes interfacial disorder be-
tween CFO and Pt, but also ensures the accuracy of subsequent
magnetotransport measurements.

(a) (b) = 2.4
S 42.56°
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Fig. 1. Surface morphology and structural characterizations of CFO thin films. (a) Schematic diagram of the crystal structure of CFO. (b) 6-26
x-ray diffraction patterns for the CFO film grown on (001) MgAl,O4 substrate. Inset in (b) shows the diffraction fringes near the substrate peak

(40°-46°). (c) AFM morphology of a 40-nm-thick CFO film.
Figure 2(a) presents a schematic illustration of the in-
verse spinel structure of CFO and the experimental configu-
ration for XMCD measurements. Figures 2(b) and 2(c) show
the XAS spectra (acquired in TEY mode) and XMCD spectra
near the Fe and Co L; 3 edges of the CFO/Pt sample at 20 K.
The magnetic field of 6 T is applied parallel to the direction

of the circularly polarized x-ray beam incident on the sam-

ple surface. From the perspective of electronic orbital states,
Fe’* ions have a 3d° electron configuration, while Co>* ions
exhibit a 3d’ electron configuration. CFO can crystallize in
either a normal spinel or inverse spinel structures. In both
cases, O~ form a face-centered cubic (fce) lattice, with Co*t
and Fe3" occupying tetrahedral (Ty) or octahedral (Oy,) inter-

stitial sites. Specifically, a normal spinel structure is charac-
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terized by Co?* occupying Ty sites and Fe3* occupying Oy,
sites. In contrast, an inverse spinel structure features Co>*"
and half of the Fe3t in O, sites, with the remaining half of
the Fe3t in Ty sites, where spins of ions in different sites are
antiparallel.[?®?8291 The Fe L3-edge XMCD spectrum exhibits
two positive peaks (at ~ 706 eV and ~ 708 eV) and one nega-
tive peak (at ~ 707 eV), which correspond to Fe3* occupying
Ty and Oy, sites. The Co L3-edge XMCD spectrum shows only
one positive peak (at ~ 777 eV), indicating that Co?" ions are
exclusively located in Oy, sites. No obvious XMCD signals are
observed at the Fe and Co L, edges. Typically, the intensity
ratio of the L3-edge to Ly-edge XMCD signals for the same

element is approximately 2:1. The absence of distinct L,-edge
signals here may be attributed to two factors: first, Fe’>" ions
primarily contribute to spin magnetic moments, and their or-
bital magnetic moments are easily quenched in the strong crys-
tal field of Ty sites; second, although Co?* ions have strong
spin—orbit coupling (SOC), their orbital magnetic moments are
suppressed in the strong crystal field of Oy sites due to high
symmetry. Collectively, these results confirm that the CFO in
the heterostructure adopts an inverse spinel structure, and the
strong crystal field in T3/ Oy, sites accounts for the suppressed
Lr-edge XMCD signals.3%
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Fig. 2. XMCD measurement. (a) Schematic of the structure of CFO inverse spinel crystal and XMCD experimental setup. Gray and blue represent
metal cations at Ty and Oy, sites respectively, while the oxygen ions are labeled in red. The magnetic moments of cations at 7Ty and Oy, sites are
coupled antiferromagnetically with each other. A circularly polarized x-ray beam was irradiated on the cleaved (001) plane. 6,,(6g) is an angle
between (001) plane and x-ray beam (magnetic field). (b) and (c) The XAS (red and black solid lines) and XMCD (blue solid lines) of Fe L, 3 and
Co Ly 3, respectively, as well as the background (brown dashed lines)-subtracted integrated curves (purple and pink dashed lines).

Furthermore, to conduct a more detailed analysis of the
atomic magnetic moments, background functions and integral
curves are fitted to the spectra in the Figs. 2(b) and 2(c). The
background is subtracted using a two-step-like function com-

bined with an error function:[3!]

it Vi)

+ (1 —x)Hp x [05+05erf<E_PLzﬂ (1)
L ) . I (Lp) vVIn2 ’

where Hj is the total height of the steps, x is the proportion of
the height of the L3 step to the total height, P is the absorp-
tion peak, and I is the half-width of the step. The values of
IG(L,) and Ig(Ls) are both set to 1.25.

The orbital magnetic moment (#,p) and the spin mag-

step (E) = xHy, X {0.5 +0.5erf (

netic moment (i) of Co and Fe are calculated using the
XMCD sum rules[3?!

4 f1y41, (07 —07)dE

Moy = — % (10 — n3q), 2
orb 3fL2+L3 (G++O'7)dE ( 3d) (2
_— _6fL3 (6" —07)dE~4[, (6" —07)dE
spn Jiyi1, (07 +07)dE
7<n>)‘
% (10— n3g) x [ 14220 3)
( 3d) ( 2<SZ>
where 6~ (67) denotes the absorption spectrum for left

(right) circularly polarized light after correction for the inci-
dent light intensity. The integration is performed using the

L, and L absorption edges as the integral limits. (7;) repre-
sents the expectation value of the magnetic dipole operator. In
Hartree atomic units, (S;) ~ (1/2)mgpi,. Theoretical calcula-
tions indicate that the ratio (7;) /(S;) is approximately —0.38%
for body-centered cubic (bcc) Fe and —0.26% for hexagonal
close-packed (hcp) Co.*3 This term can thus be neglected
when calculating mygpin. 134 refers to the number of 3d orbital
electrons. For this work, we adopt values of 6.61 (for Fe) and
7.51 (for Co), which are averages of the values reported in the-
oretical studies.'** Using Egs. (2) and (3), the mqy, and Mspin
of Co are calculated to be 0.231 and 0.015, respectively; for
Fe, these values are 0.004 and 0.041, respectively. Compared
with results from the literature, 3334 the calculated magnetic
moments in this paper are smaller. This discrepancy arises
from the presence of the Pt layer on the CFO film, which mod-
ifies the penetration depth of the x-ray beam.

To further explore the spin dynamics behavior in the
CFO/Pt heterostructure, we performed the magnetotransport
measurement over the temperature range from 5 K to 50 K
(Figs. 3(a) and 3(c)). The MR at 5 K exhibits a positive
quadratic dependence consistent with Kohler’s law (p (B) _

IG5

p(0) —
B
comes negative under low fields (< 2 T).[333¢! The value of the

)2) under high magnetic fields (> 2 T), while it be-

MR becomes negative with the magnetic fields ranging from
—6 T to 6 T when the temperature reaches 10 K. It indicates
that the interfacial spin texture evolves due to the thermal ef-
fect. Impurity scattering dominates below 3 T, leading to a
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reduction in MR. A butterfly-shaped hysteresis loop emerges
in the MR at 50 K with the resistance peak at 2.5 T, which re-
flects the dynamic process of magnetic domain rearrangement.
The Rape shown in Fig. 3(c) is obtained by subtracting the
linear background from R,,. The presence of disordered mag-
netic domains results in maximum scattering near the coercive
field.[’’l Meanwhile, the Rapg exhibits a distinct hysteresis
behavior, indicating the AHE in the CFO/Pt.

Figures 3(b) and 3(d) show the extracted MR at 6 T and
Rayg at different temperatures. The AMR decreases from 5 K

to 20 K and increases when the temperature is higher than
20 K. The ARAgg decreases from 6.04 mQ to 3.93 mQ. The
temperature dependence of Rayg originates from the compet-
itive relationship between the MPE3#4!11 and SHE.!"?! These
observations indicate that the temperature-mediated spin tex-
ture reconfiguration at the CFO/Pt interface leads to a transi-
tion in the MR from positive to negative values. Specifically,
the competitive interplay between SMR and MPE in CFO/Pt
at different temperatures modifies the spin texture,!*?! thereby
altering the transport behaviors of MR and Rayg.-

(a) 0.04 5K 10 K 20 K 50K | () goaf 8
o 0.02 AMR g 0.02}
m 0 m or
= _0.02 wr/ \o7 5—0.02» '\ .
—— Field upwajd
—0.047 — Field dgwnward —0.041 L f/‘
(©  6f— [ @
~ 4l E ] = 6fe
< of? ' g 5f ./\
E _of i 1 z
I~ 5
—4+F < 4 °
6-30 3 6-6-30 3 6-6-30 3 6-6-30 3 6 510 20 50
o (T) T (K)

Fig. 3. Temperature-dependent magnetotransport measurements. (a), (c) The magnetoresistance and Hall resistance measured at 5 K, 10 K,
20 K and 50 K respectively. Red and blue circles represent the upward and downward scanning of magnetic field data, respectively (lines of
corresponding colors represent the smoothing processing of the data). Notably, the Ragg in (c) is derived by subtracting the linear background
from Ryy. (b), (d) The amplitude of MR under 6 T (AMR) and Rang (ARaHE) as a function of the temperature, respectively.

Although the low-temperature transport measurements
indicate that MPE and SMR have the same origin of
temperature-dependent MR and Ragg, further experiments are
still required to clarify their relationship at different tempera-
ture. This analysis is supported by the SMR: 43!

Ry = Ro+Rim}, 4)
Ryy = Romz+R3mymy, &)

where R| = —Rj3, and R /Ry quantifies the SMR magnitude.
R, incorporates contributions from both ordinary Hall effect
(OHE) and Hall-type SMR, with R; ong linearly dependent
on UpH, yielding R, = R27SMR —&-RQ’OHE(‘LIOH). The angu-
lar dependence of the effect is governed by the magnetiza-
tion projections my, my, and m;, where m = M /M, denotes
the unit vector of magnetization with My as the saturation

[43

magnetization.[*3] In contrast, anisotropic magnetoresistance

(AMR) in ferromagnetic metals follows the relationships*?!

Ry = Ro+ARm, (6)
R,y = Rym;+ARm,m,, @)

where AR and R, arise from MPE. While SMR and AMR
exhibit superficial similarities when magnetization is in-plane
(m, = 0), their angular dependencies differ fundamentally.[!?!
SMR arises when m rotates within the x—y plane (f8-scans),

driven by the reorientation of spin polarization; in contrast,

AMR emerges during rotations within the x—z plane (y-scans),
which is attributed to symmetry-breaking SOC and magnetic
order.!'31 A critical distinction is that SMR vanishes when
magnetization is out-of-plane (m, # 0) during x—z plane ro-
tations (my, = 0), whereas AMR persists under the same x—z
rotation conditions (i, = 0). This difference enables clear ex-
perimental discrimination between the two effects. 3]

ADMR measurements are conducted on the CFO/Pt het-
erostructure at 10 K, 20 K and 50 K, respectively, with all
tests carried out under an applied external magnetic field of
9 T (Fig. 4(a)). The results for the angle-dependent R,, and
Ry, are summarized in Figs. 4(b)-4(d). The relative resis-
tance change with respect to angles B or y is defined as
AR/R = [R(B,y) — R(0°)]/R(0°). Figure 4(b) shows the re-
sults of 360° rotations around the 8 and ¥ at 10 K. Notably,
Ry, exhibits no angular dependence, whereas R, follows a sin
B function with a 360° period, which is consistent with the
AMR model described by Eqs. (6) and (7). Specifically, when
the magnetic field rotates around the x-axis in the y—z plane,
the magnetization component m, equals 0. In Eq. (6), Ry, con-
tains only a constant term. Hence, it lacks the angular depen-
dence. While in Eq. (7), Ry, is solely associated with the m,
term (which scales with sin 8). The curve’s slight deviation
from strict symmetry may arise from hysteresis induced by
the sample rotation rate and angular offsets caused by sample
inhomogeneity. For ¥ rotations at 10 K, R,, follows a cos’y
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dependence with a 180° period (peaked at 90° and 270°), con-
sistent with observations reported in other studies on CFO/Pt

heterostructures;[23-24:36

] R, meanwhile follows a cosy depen-
dence. These behaviors can also be derived from Egs. (4) and
(5): when the magnetic field rotates around the z-axis in the
x—y plane, m, = 0; Eq. (4) shows R, includes a constant term
and an m; term (corresponding to cos® ), while Eq. (5) indi-
cates Ry, is proportional to cosy. Based on this analysis, AMR
is determined to dominate at 10 K. Figure 4(c) shows the f3-
and 7y-rotation results at 20 K: for B-rotations, Ry, follows a
cos? B dependence and R, follows a sinf3 dependence; for y-
rotations, Ry, exhibits no angular dependence and R,y follows
a cos Y dependence. These features align with the SMR model
described by Egs. (4) and (5), confirming SMR dominance at
20 K. Furthermore, ADMR results at 50 K are highly similar
to those at 20 K, leading to the conclusion that as tempera-
ture increases, the contribution of SMR strengthens while that
of AMR weakens. At lower temperatures, the MPE gradually
increases, which can be attributed to enhanced exchange cou-
pling between Fe3* 3d orbitals and Pt 5d orbitals.!*! Combin-
ing with the temperature-dependent MR and Rapg behaviors
in Fig. 3, we speculate that SMR makes a greater contribution

_20 90 180 270 0 90 180 270 360

B() 7 (%)

to MR, whereas MPE contributes more significantly to Rayg.-
For quantitative analysis, we calculate the R; parameters in
Egs. (4) and (5) using experimental data from Fig. 4. Follow-
ing the calculations detailed in relevant references, the relative
magnitude of the SMR effect is quantified by the ratios[*3!

Rl _ 952H (ZAI%PPt) (tPt)_l Gr tanh2 <2tL/'L;,l) (8)
_ Rf — - ;
0 1 42, ppi Gy coth (ﬁ)

where the spin Hall angle (6sy) is defined as the ratio of
spin Hall conductivity (osp) to electrical conductivity (o), i.e.,
Osy = osu/o. Additional key parameters are defined as fol-
lows: Ap; represents the spin diffusion length of Pt, pp is the
resistivity of Pt, fp; is the thickness of Pt layer, and G, denotes
the real part of the spin-mixing interface conductance Gy, . For
calculations, we adopt the values Osy = 0.08 and Ap; = 2 nm
from previous studies, where the reported pp; values are of
the same order of magnitude as those obtained in our work (1
~2x 1077 Q-m).[4346] The R; /Ry ratios at 20 K and 50 K
are 4 x 10* and 1.3 x 10~*, respectively. Using Eq. (8), the
G, values at these temperatures are calculated to be 5.3 x 10'#
and 1.4 x 10" Q~1-m~2, respectively.

()1 6

e ;

—4

ARyy/Ryy (1074 ARyy/Ryp (10

0 90 180270 O 90 180 270 360

@) o BOC) 0,
T% 1 I
Qig 0
30 -1
5 D)
;‘; 1 10
(] —2
<

~20 00 180 270 0 90 180 270 360
B ()

Fig. 4. (a) Measurement schematic diagram. Angular-dependent magnetoresistance measured at 10 K (b), 20 K (c) and 50 K (d), respectively.
The red circles represent Ry, and the blue circles represent R,y (lines of corresponding colors represent the smoothing processing of the data),
which shows the variation of AR /R with the orientation of the external magnetic field when it rotates with respect to 8 and y.

4. Conclusion

In summary, we have grown single-crystal CFO film
and quantified the atomic magnetic moments in the film via
XMCD spectroscopy. The results of magnetotransport mea-

surement demonstrate that the value of the MR changes from

the positive to negative when the temperature increases from
5 K to 10 K under high magnetic fields, and the Rayg
decreases as the temperature increases. Furthermore, the
temperature-dependent ADMR indicates that the observed
magnetotransport behaviors are ascribed to the competition

between the MPE and SMR.
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