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Extraordinary Hall resistance and unconventional magnetoresistance in Pt/LaCoO; hybrids
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We report an investigation of transverse Hall resistance and longitudinal resistance on Pt thin films sputtered
on epitaxial LaCoO3; (LCO) ferromagnetic insulator films. The LaCoQO; films were deposited on several
single crystalline substrates [LaAlOs, (La,Sr)(Al,Ta)Os;, and SrTiOs;] with (001) orientation. The physical
properties of LaCoO; films were characterized by the measurements of magnetic and transport properties.
The LaCoO; films undergo a paramagnetic to ferromagnetic (FM) transition at Curie temperatures ranging
from 40 to 85 K, below which the Pt/LCO hybrids exhibit significant extraordinary Hall resistance up to
50 m§2 and unconventional magnetoresistance ratio Ap/p, about 1.2 x 10~*, accompanied by the conventional
magnetoresistance. The observed spin transport properties share some common features as well as some unique
characteristics when compared with well-studied Y;Fes;O;,-based Pt thin films. Our findings call for new theories
since the extraordinary Hall resistance and magnetoresistance cannot be consistently explained by the existing

theories.
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I. INTRODUCTION

The interplay between spin and charge transport in non-
magnetic metal/ferromagnetic insulator (NM/FMI) hybrids
gives rise to various interesting phenomena, such as spin
injection [1,2], spin pumping [3-5], and spin Seebeck [6,7].
The previous investigations on NM/FMI hybrids, e.g.,
Pt/Y3Fes0,,, Pt/CoFe;04, Pd/Y3FesO;,, and Ta/Y3Fes012,
demonstrated a new type of magnetoresistance (MR) [8—12]
in which the resistivity of the film, p, has an unconventional
angular dependence, namely,

p = po— Aplth - (2 x )%, (1

where m and j are unit vectors in the directions of the
magnetization and the current, respectively, and Z represents
the normal vector perpendicular to the plane of the layers.
The above unusual angular dependent resistivity differs from
the conventional magnetoresistance (CMR) in which p =
po + Ap(h -j)z, and thus several theoretical models have been
developed to explain the effect. One of the most successful
models is spin Hall magnetoresistance (SMR), which is built
on the spin Hall and inverse spin Hall effects [13-20]: an
electric current (j.) induces a spin current j; = Osgj. X 0,
where 6sy is the spin Hall angle and o is the spin of
the conduction electron. Such induced spin current in turn
generates an electric current whose direction is opposite to the
original j., and thus the spin Hall and inverse spin Hall effects
increase the resistivity by a factor of 1 + 9§H. However, in the
case of a thin film in contact with a magnetic insulator, the spin
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current may be either reflected back, which would reduce the
spin current in the film, or absorbed via spin transfer torques,
which would preserve the spin current in the film [19,20].
The reflection is strongest when the magnetization direction
of the insulator is parallel to the spin current, therefore the
spin current is least when r is parallel to Z x j, leading
to the minimum resistivity as described in Eq. (1). Another
model is based on the spin-dependent scattering and Rashba
spin-orbit coupling [21,22]. When the electron scatters off
the magnetic interface, the resistivity for spin up and down
relative to the direction of the magnetization is different.
In the presence of interface Rashba spin-orbit interaction,
two spin channels are mixed and an additional resistance
appears. It has been found that such mechanism also gives
rise to an unconventional magnetoresitance (UCMR) and an
extraordinary Hall resistance (EHR) [21,22].

However, the other spin transport properties are not ob-
viously supporting the SMR picture. The EHR has shown
rich characteristics such as unusual temperature dependence
of Hall conductivity whose magnitude and sign are highly non-
trivial [8,23]. If one were to apply the SMR model, one would
have to use an unphysical imaginary part of the spin mixing
conductance parameter. In particular, it requires an arbitrary
temperature-dependent mixing parameter to qualitatively fit
the EHR data. Furthermore, the recent magnetoresistance data
at high magnetic field reveals that the UCMR in the form of
Eq. (1) persists even after the magnetization is saturated [8].
Such high field UCMR and unusual EHR data indicate that
the transport properties in NM/FMI hybrids are far from
understood.

Up to now, most of the UCMR has been reported in
the Y3FesO1; (YIG)-based NM/FMI hybrids [8-12]. The
large difference of magnitude of UCMR observed in Pt/YIG
indicates the importance of interface quality [9]. In order to
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clarify the nature of the UCMR and EHR, it is highly desirable
to investigate other NM/FMI hybrids. Ferromagnetic (FM)
transition below T¢ =~ 85 K has been recently observed in a
perovskite-type LaCoO; (LCO) epitaxial film [24-27], and its
FM insulating ground state has been theoretically proposed
and experimentally observed [28,29]. In contrast to the YIG
film, which exhibits extreme high Curie temperature (T¢ ~
540 K) [30], it is much easier to investigate the difference
of spin transport properties between the paramagnetic and
ferromagnetic states in LCO-based hybrids. Moreover, the
LCO exhibits a much simper crystal structure and can be
deposited on various single crystalline substrates, and its Curie
temperature can be tuned by epitaxial strain [25]. We first
found that the UCMR and EHR disappear in the paramagnetic
state of LCO insulating films. In this paper, the temperature,
magnetic field, and angular dependence of transverse Hall re-
sistance R,, and longitudinal resistance R, were investigated
in Pt/LCO hybrids with various Pt thicknesses. The paper
is organized as follows: After the Introduction, we describe
the sample growth and detailed experimental procedures in
Sec. II. Section III A characterizes the structure information
of Pt/LCO hybrids and Sec. III B describes the magnetic and
transport properties of LCO films deposited on different single
crystalline substrates. In Secs. III C and III D, we present
the experimental results of transverse Hall resistance Ry, and
longitudinal resistance R, . Finally, a discussion and summary
are given in Secs. III E and IV, respectively.

II. EXPERIMENTAL DETAILS

The Pt/LCO hybrids were prepared in a combined
ultrahigh-vacuum (10~ Torr) pulse laser deposition (PLD)
and magnetron sputter system. The high-quality LCO films
with a thickness of approximately 50 nm were epitaxially
grown on various (001)-oriented single crystalline substrates
via PLD technique, i.e., LaAlO3 (LAO), (La,Sr)(Al,Ta)O3
(LSAT), and SrTiO3 (STO). The stoichiometric sinter LCO
target was used for epitaxial deposition. The deposition
temperature and the oxygen background pressure were kept at
750°C and 50 mTorr, respectively. After deposition, the films
were annealed at this deposition condition for 1 h to ensure a
complete and homogeneous oxygenation. The polycrystalline
Pt films were sputtered at room temperature in 4 mTorr argon
atmosphere in an in situ process with the Pt thickness in a
range of 2 nm < fp; < 15 nm. All films were patterned into
Hall bar geometry (central area: 0.3 mm x 10 mm; electrode:
0.3 mm x 1 mm). The thickness and crystal structure of
films were characterized by using a Bruker D8 Discover
high-resolution x-ray diffractometer (HRXRD). The thickness
was estimated by using the software package LEPTOS (Bruker
AXS). The surface topography of the films was measured in
a Bruker icon atomic force microscope (AFM). The magnetic
properties of the films were studied by using a Quantum
Design magnetic properties measurement system (SQUID
VSM-7 T). The measurements of transverse Hall resistance
R,y and longitudinal resistance R,, were carried out in a
Quantum Design physical properties measurement system
with a rotating state (PPMS-9 T) at a temperature range of
2-300 K.
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FIG. 1. (Color online) Three representative 20-w XRD pat-
terns for Pt/LCO/LAO (a), Pt/LCO/LSAT (b), and Pt/LCO/STO
(c) hybrids. The enlarged plots of (002) reflections are plotted in the
right panels of (a)—(c). (d) The XRR spectrum of a representative
Pt/LCO hybrid. The solid red line is a fit to the experimental
data. The inset shows the ¢ scan of the Pt/LCO/STO hybrid. (e)
Three-dimensional plot of the AFM image for the Pt/LCO/STO
hybrid.

III. RESULTS AND DISCUSSION

A. Structural characterization

Figures 1(a)-1(c) plot representative room temperature 26-
o XRD scans of LCO films deposited on (001)-oriented LAO
(top), LSAT (middle), and STO (bottom) single crystalline
substrates, with other films showing similar patterns. No
indication of impurities or misorientation was detected in
the full range of 260-w scan (10°-80°). The enlarged plots
of (002) reflections are presented in the right panels of
Figs. 1(a)-1(c), where the arrows mark the reflection peak of
LCO films. Clear Lauer oscillations indicate the high quality
and uniformity of epitaxial LCO films on LSAT and STO
substrates, whereas, no oscillation can be found on LAO
substrate. One possible reason is that the mismatch of lattice
parameters between LCO film and substrate is much larger on
LAO substrate than on LSAT or STO substrate. The difference
of 20 value Ayy (Azy = 26 co — 26L.a0) between the LCO
and LAO (002)-reflection peak is —0.868°, while for LSAT
and STO substrates, the A,y values are —0.344° and +0.526°,
respectively. The film thickness was determined by fitting the
x-ray reflectivity (XRR) spectra. For instance, we plot the
XRR spectrum of the Pt(5.2 nm)/LCO(53.9 nm)/STO hybrid
in Fig. 1(d). It is noted that the actual Pt thicknesses derived
from the simulations of XRR spectra are almost identical to the
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FIG. 2. (Color online) Temperature dependence of field-cooled
magnetization for LCO/STO film (a) and LCO/LAO film (c). The
inset of (c) plots the derivative of in-plane magnetization with respect
to temperature dM /dT. (b) and (d) show the field dependence of
magnetization normalized to the saturated magnetization M; for
LCO/STO and LCO/LAO films measured at T = 2 K, respectively;
the low insets expand the low field regions. For the in-plane
(out-of-plane) magnetization, the magnetic field was applied parallel
(perpendicular) to the film surface.

nominal thicknesses. For clarity, the nominal Pt thicknesses
rather than actual thicknesses are used in this paper. The
epitaxial nature of LCO films was characterized by ¢ scan
measurement with a fixed 260 value at the (011) reflection
of substrate and LCO film. For instance, the ¢ scans of the
Pt/LCO/STO hybrid are plotted in the inset of Fig. 1(d), with
the other hybrids showing similar patterns. The atomic force
microscope surface topographies of the Pt/LCO/LAO (PLL),
PYLCO/LSAT (PLLA), and Pt/LCO/STO (PLS) hybrids reveal
the surface roughness ranging from 0.2 to 0.6 nm, indicating
an atomically flat surface of prepared films. Figure 1(e) plots a
representative three-dimensional AFM topography of the PLS
hybrid.

B. Physical properties of LaCoQj; films

According to the previous investigations, the magnetic
properties and insulating nature of LaCoO; film can be
tuned by epitaxial strain on different single crystalline sub-
strates [24-27]. We have carefully optimized the depositing
conditions by measuring the magnetic and transport properties
to get ferromagnetic insulating LCO films. The ferromagnetic
ordering temperatures of LCO epitaxial films are reproducible.
The dc magnetization of LCO films were measured as func-
tions of temperature and magnetic field. Figure 2(a) shows the
temperature dependence of the magnetization for LCO/STO
film, which was measured in a magnetic field of uoH =
500 Oe applied both parallel to the film surface (in-plane,

resistivity of LCO films. The thickness of LCO films is about 50 nm.
The electrical resistivity was measured down to 2 K. The inset plots
the logarithmic electrical resistivity Inp versus 1/7. The solid black
lines are fits to o = pye®/*87.

black line) and perpendicular to the film surface (out-of-plane,
red line). Both in-plane and out-of-plane magnetization exhibit
a sharp increase at T¢ =~ 85 K, indicating that the LCO/STO
film undergoes a FM transition at Curie temperature ¢, whose
value can be obtained from the d M /dT [see inset of Fig. 2(c)].
The ferromagnetic ground state can be further corroborated
by a hysteresis loop in M(H). As shown in Fig. 2(b), both
in-plane and out-of-plane magnetization show an obvious
saturated hysteresis loop at T = 2 K, with the saturation field
reaching 30 KOe. Magnetization of the LCO film on LAO
substrate, measured in a magnetic field of uoH = 500 Oe, is
presented in Fig. 2(c). In contrast to a sharp FM transition in the
LCO/STO film, both in-plane and out-of-plane magnetization
of LCO/LAO film show a broad transition around 7¢ ~ 40 K,
as the arrow indicates in the inset of Fig. 2(c). The hysteresis
loops at T = 2 K with saturation field of 30 KOe shown in
Fig. 2(d) also confirm a FM state in the LCO/LAO film. Finally,
the LCO film on LSAT substrate exhibits similar behaviors to
the LCO/LAO film with a Curie temperature of 75 K (not
shown here). It is noted that the in-plane lattice parameters
of LAO, LSAT, and STO substrates are 3.810, 3.868, and
3.905 A, respectively. Thus, the Curie temperatures 7¢ of the
LCO film increase with the in-plane film lattice parameter,
consistent with previous results [25]. As shown in the insets of
Figs. 2(b) and 2(d), all LCO films have similar low coercivity
and remanence, indicating weak magnetic anisotropy in the
epitaxial LCO films.

In order to check the insulating nature of deposited LCO
films, we also carried out the measurements of electrical
resistivity as a function of temperature. As shown in Fig. 3,
though the LCO/STO exhibits a sharp FM transition, the
electrical resistivity displays an extreme insulating state below
350 K, where the electrical resistivity is too large to be
measured in the PPMS systems. In comparison, the electrical
resistivity of the LCO/LAO and LCO/LSAT films are much
smaller than the LCO/STO film, but they also exceed the
measurement limit below 170 and 220 K, respectively. Above
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FIG. 4. (Color online) (a) Structure of prepared thin films. (b),
(c), and (d) Schematic plot of longitudinal resistance (R,,) and
transverse Hall resistance (R,,) measurements and notations of
different field scans in the patterned Hall bar Pt/LCO hybrids. The
magnetic field can be applied in the xy, xz, and yz planes with angles
Oyy, 6y, and 0. relative to the y, z, and z axes.

these measurable temperatures, the electrical resistivity of
LCO films can be formulated by p = ppe®/*” (see solid black
lines in the inset of Fig. 3), where ¢ and kp are activation
energy and Boltzmann constant. The estimated energy gaps
are ¢ = 149.87, 205.36, and 300.04 meV for LCO/LAO,
LCO/LSAT, and LCO/STO, respectively. Thus, the transport
properties of the Pt/LCO hybrids are only associated with Pt
films below these temperatures.

C. Transverse Hall resistance of Pt/LLCO hybrids

As shown in Fig. 4, all the Pt/LCO hybrids were patterned
into Hall bar geometry and the electric current is applied along
the x axis. The 0,,, 6,;, and 6, are defined as angles between
the applied magnetic field and the electric current. The 6.,
scan accesses the longitudinal (o, H || x) and the transverse
(o1, H ||y) resistivity, while the 6, and 6, scans can reach
the perpendicular resistivity (o, H || 2).

In this section, we discuss the results of transverse Hall
resistance R,, of PY/LCO hybrids with perpendicular mag-
netic field ranging from —70 to 70 KOe and temperature
ranging from 2 to 300 K. In Pt thin film, the ordinary
hall resistance (OHR) Roygr, Which is proportional to the
external field, is subtracted from the measured R,,, i.e.,
Repr = ny — Ronr X MoH, where Rgpr is extraordinary
Hall resistance. In a ferromagnetic metal, Rggr is proportional
to the out-of-plane magnetization. The resulting Rgyr as a
function of magnetic field for the Pt(2 nm)/LCO/LAO (PLL2)
hybrid are exhibited in Fig. 5(a) in a temperature range of
2-300 K, with the Pt(2 nm)/LCO/LSAT (PLLA2) and Pt(2
nm)/LCO/STO (PLS2) hybrids showing similar behaviors.
Rgur saturates for pgH > 30 KOe, consistent with the M(H)
results in Fig. 2. Upon decreasing the temperature, the PLL2
shows obvious Rgyr below the Curie temperature of LCO
film. For example, at 7 = 2 K, the saturated Rgpgr reaches
45.8, 52.4, and 49.8 mQ for the PLL2, PLLA2, and PLS2
hybrids, respectively. However, at temperatures above the
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FIG. 5. (Color online) (a) The extraordinary Hall resistance Rgpyr
of 2 nm Pt thin film sputtered on LCO/LAO film at different
temperatures down to 2 K. (b) The Rggr of Pt/LCO/LAO hybrids
with different Pt thickness, i.e., 2, 3, 5, and 10 nm, which were
measured at 2 K. The Rgyr can be derived by subtracting the linear
background of ordinary Hall resistance.

Curie temperature of LCO film, e.g., T = 100 K, no sizable
Repgr can be found for all hybrids, implying an intimate
relationship between Rppr and LCO ferromagnetism. The
temperature dependence of the derived Rgpr for the PLL2,
PLLA2, and PLS2 hybrids are summarized in Fig. 6(a). As
can be seen, the Rgpr is significantly temperature dependent.
Below the Curie temperature of LCO film, the Rgpr increases
sharply as decreasing the temperature and the Rgyr changes its
sign below 50 K; similar behaviors were previously reported
in Pt/YIG hybrids [8,23]. We also plot the Rgyr of PLL
hybrids with different Pt thickness at T = 2 K in Fig. 5(b). As
the Pt thickness increased, the Rpyr dramatically decreases,
and becomes almost negligible for #p; > 10 nm. For example,
for the Pt(15 nm)/LCO/STO hybrid, the Rgyr is about 0.46
mS2 at 2 K, which is two orders of magnitude less than
PLS2 hybrid. The thickness dependencies of the Rgyr are
summarized in Fig. 6(b). The Rgpr scales as 1/tp; [see inset
of Fig. 6(b)], indicating interfacial contributions dominate the
Repr. Similar behaviors were also reported previously in the
Pd/YI1G hybrid [31].

Next, we carried out the measurements of angular depen-
dence of R,, at temperatures of 100 and 10 K. For clarity,
only the data of PLL2 are presented, with the PLLA2 and
PLS2 showing similar behaviors. When the magnetization is
in the plane, the angular dependencies of R, and R, take the
following formulas [32]:

Ry o pr + (py — pr)cos’d, )
R,y o« (pj — pr)sinf cosb. 3)

Equation (2) is known as anisotropic magnetoresistance
(AMR) and Eq. (3) is known as planar Hall effect. Figures 7(a)
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FIG. 6. (Color online) (a) The Rgur as a function of temperature
for PLL2, PLLA2, and PLS2 hybrids. (b) Thickness dependence of
Rgpr for PLL, PLLA, and PLS hybrids at 2 K. The inset of (b)
plots the Rgug versus 1/tp.. All Rgyr are averaged by [Reur(77) —
Rgur(—7T)]/2. The star symbols represent the data derived from the
fitting results in Fig. 7(b). The dashed lines are a guide to the eyes.
The error bars are a result of subtracting ordinary Hall resistance in
different field ranges.

and 7(b) plot the angular dependence of R, in magnetic
fields up to 60 KOe. As the solid lines show, Ry, can be
well described by R;sinf cosf, where R is proportional to
the difference between parallel and transverse resistance. The
derived magnitude R; for all hybrids, including PLL2, PLLA2,
and PLS2, are summarized as a function of magnetic field
in Fig. 8(a). For T = 10 K, which is far below the Curie
temperature of the LCO film, R, is almost seven times larger
than that of 100 K. Such enhanced R, value is likely caused by
the induced interfacial moments due to the magnetic proximity
effect (MPE) at the Pt/LCO interface at low temperatures. It
is noted that, at 7 = 10 K, for uoH > 30 KOe, R; is linear
in field, which is consistent with the saturated field in the
magnetization (see details in Fig. 2).

The angular dependence of transverse Hall resistance with
the magnetic field rotating within the xz and yz planes was also
measured. Ry, as a function of angle 6, for various magnetic
fields up to 60 KOe are shown in Figs. 7(c) and 7(d), with
R, (6y;) showing similar behaviors. As the solid lines show,

(d) 10K

0 90

180
0,9, (degree)

270 360

FIG. 7. (Color online) Planar Hall resistance under various mag-
netic fields at temperatures of 100 K (a) and 10 K (b) for the
Pt(2 nm)/LCO/LAO hybrid. The solids lines through the data are
fits to R,y = R;sinf cosf. Angular dependence of the Hall resistance
R, under various magnetic fields at temperatures of 100 K (c) and
10 K (d) for the Pt(2 nm)/LCO/LAO hybrid. The magnetic field
sweeps within the yz plane.

R,, (0,;) at different magnetic fields can be well described by
R,y = Rycosf. In contrast to Pt/YIG, no additional higher
than linear order contributions (cos’6) were observed in
Pt/LCO hybrids [33]. The field dependence of R, for all
hybrids, including PLL2, PLLA2, and PLS2, are summarized
in Fig. 8(b). It can be clearly seen that the R, changes its sign
as the temperature decreases, similar to the results in Fig. 5.
The EHR contribution to R, can be separated from OHR
contribution by fitting the data to Ry = Rgpgr + Ronr X (o H.
The derived Rgyr are also shown in Fig. 6(a) (see open star
symbols) as a function of temperature, which are consistent
with the field dependence measurements of R,,.

D. Longitudinal resistance of Pt/LLCO hybrids

Figure 9 shows the temperature dependence of the electrical
resistivity for PLL2, PLLLA2, and PLS2 hybrids. The electrical
resistivity in all films increases linearly with temperature,
exhibiting typical metallic behavior. The temperature depen-
dence of the electrical resistivity can be well described by the
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FIG. 8. (Color online) Fitting parameters of equations discussed
in this context. Different symbols represent different hybrids: PLL
(square), PLLA (triangle), and PLS (circle). The dashed lines
represent linear fits to the magnetic field. The solid symbols represent
the data at 100 K, while the open ones represent the 10 K data.

Bloch-Griineisen relation [34]:

4R (T \ [OWT X
T) = pr + 2 (=— S S
A(T) p”@R(@R) /0 e —Di—en™

“

where pg is the residual resistivity due to the static defects in
the crystal lattice; the second term represents the contribution
of electron-phonon scattering, in which ®f is the Debye
temperature and R is the electron-phonon coupling constant.
The solid lines through the data in Fig. 9 are fits to Eq. (4)
and the fitting parameters are summarized in Table I. The
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FIG. 9. (Color online) Temperature dependence of the electrical

resistivity for the PLL2, PLLA2, and PLS2 hybrids. The solid lines
are fits to Eq. (4) in the text.
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TABLE I. The values of pg, R, and ® derived from fittings to
Eq. (4).

Hybrid pr (WS2m) R (u2 mK™ Oz (K)
PLL2 0.215 5.76 1575
PLLA2 0.294 6.08 153.0
PLS2 0.265 8.46 176.0

Debye temperatures ®z from the fit are much smaller than the
value derived from the electrical resistivity (®g = 240 K) and
specific heat (®p ~ 225 K) of bulk Pt metal [34,35], again
indicating the interfacial scattering contributes mostly to the
electrical resistivity.

We also measure the angular and field dependence of
MR for PLL and PLS hybrids. Both hybrids exhibit similar
behaviors; for clarity, only the results of PLL hybrids are
presented in Figs. 10 and 11. Figure 10(a) plots the angular
dependence of MR for the Pt(3 nm)/LCO/LAO (PLL3) hybrid

Pt(3nm)/LCO/LAO
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FIG. 10. (Color online) (a) Angular dependence of the MR for
the Pt (3 nm)/LCO/LAO hybrid for 6,,, 0, and 0,. scans. The data
were measured at 10 K (solid symbols) and 100 K (open symbols) in
a field of uoH = 40 KOe. The solid lines through the data are fits to
cos? with 90° phase shift. (b) The field dependence of longitudinal
(py) and transverse (or) MR ratio for the Pt (3 nm)/LCO/LAO hybrid
measured at 7 = 2 K.
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FIG. 11. (Color online) Angular dependence of MR for the
P/LCO/LAO hybrid with different Pt thickness for 6,, (a), 6., (b),
and 6y, (c) scans. The data were measured at 10 K in a field of
noH = 40 KOe, which is sufficiently strong to saturate the LCO
magnetization.

at 10 and 100 K. The anisotropic magnetoresistance is defined
as Ap/po = [p(M || T) — p(M L 1)]/po, where pg is zero field
resistivity. According to Eq. (1), when magnetic field scans
within the xy plane, both CMR and UCMR contribute to the
total AMR, and it is difficult to separate these two contributions
from each other; for the xz plane, the magnetic field is
always perpendicular to the my, my is the y component of
magnetization unit vector, the UCMR should remain constant,
and any resistance change can be attributed to CMR; for the
yz plane, the electrical current is always perpendicular to the
magnetization, the CMR should remain constant, and only
UCMR can be achieved. The PLL3 hybrid demonstrates clear
UCMR below the Curie temperature of LCO film, with the
amplitude exceeding 7 x 107 [see the 0y, scanin Fig. 10(a)];
the 6, scans also show obvious CMR, indicating the existence
of induced ferromagnetism at the Pt/LCO interface. Similar
behaviors were also observed in the Pd/YIG hybrid, where the
amplitude of 6,, scan increases with decreasing the tempera-
ture, as expected from the MPE induced ferromagnetism [11].
However, at the temperatures above the T¢ of the LCO film,
no MR oscillation can be found for all three field scans, and
the resistance is almost independent of angle 6, implying that
the AMR observed in Pt/LCO hybrids is entangled with the
ferromagnetism of the LCO film. As shown in Fig. 10(b), the
field dependence of longitudinal (o, H || x) and transverse
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(o1, H || y) MR for the Pt (3 nm)/LCO/LAO hybrid measured
at T =2 K are presented. Here the MR ratio is defined as
MR = [p(H) — pol/po- According to Eq. (1), the difference
between longitudinal and transverse resistivity (Ap = pj —
pr) depends on the relative angle between magnetization and
current direction. So the Ap should be a constant after LCO
has been saturated for o H > 30 KOe (see details in Fig. 2).
However, the Ap continuously increases with increasing the
magnetic field, which is twice larger at 70 KOe (2.6 x 107%)
than at 40 KOe (1.3 x 10~%). Such unsaturated MR was also
observed in Pt/YIG hybrid [8], though it is believed to be
caused by the MPE at the Pt/YIG interface, but its nature is still
far from understood. We also studied the angular dependence
of MR for PLL hybrids with different Pt thickness. As shown
in Fig. 11, which exhibits all 6., 6., and 6, scans at 10 K,
the UCMR was observed in all hybrids with its magnitude
Ap/po reaching the maximum value of 1.2 x 10~*. For all
three scans, the magnitude Ap/pp monotonically decreases
with increasing the Pt thickness, which is different from the
case of Pt/YIG, where the Ap/py shows a maximum around
tpy ~ Apy (Ap is spin diffusion of Pt) [9]. For #p; > 10 nm, there
is no measurable oscillation for all three field scans.

E. Discussion

Based on the above experimental data, we conclude that
the observed extraordinary Hall resistance and unconventional
magnetoresistance in Pt thin films are entangled with the
ferromagnetism of the LCO insulator. However, these spin
transport properties cannot be generally explained by the
existing theory. The recent theoretical model, namely, SMR
has been proposed to explain the observed UCMR in P/YIG
hybrid, which is built on the spin Hall and inverse spin Hall
effects and involves a conversion between the charge and
spin current [19,20]. However, the SMR model is unable to
describe the unusual temperature dependence of EHR whose
magnitude and sign are highly nontrivial, and the unsaturated
UCMR at high fields [8,23]. There are at least three contri-
butions to the observed EHR in Pt/LCO hybrids: magnetic
proximity effect, spin Hall based SMR, and spin-dependent
interface scattering. The Pt is near the stoner ferromagnetic
instability and could become magnetic when in contact with
ferromagnetic materials, as shown experimentally by x-ray
magnetic circular dichroism (XMCD) and theoretically by
first-principles calculation in Pt/YIG hybrids [36,37]. By
injecting the Au layer, no measurable EHR can be detected
for Pt(3 nm)/Au(6 nm)/YIG, indicating the important role
of MPE [8]. However, our observed EHR which shows a
significantly enhanced EHR at lower temperature cannot be
simply explained by MPE since the XMCD measurements in
Pt/YIG has revealed a slight decreased average Pt moment at
room temperature (0.054up) compared to low temperature
(0.076up at 10 K) [36]. The SMR model based on spin
Hall effect predicts an anomalous Hall-like resistance whose
magnitude is determined by the imaginary part of the spin
mixing conductance [20]. However, the SMR model fails to
explain the EHR behaviors in our Pt/LCO as well as previously
reported Pt/YIG hybrids: an arbitrary temperature dependence
of the imaginary part of the spin mixing conductance parameter
is required to qualitatively describe the temperature-dependent
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EHR data. Particularly, the sign reversal cannot even be
qualitatively explained. Finally, spin-dependent scattering at
the interface, combined with the conventional skew-scattering
and side-jump mechanisms [38], can also give rise to EHR in
our Pt/LCO hybrids. However, there is no existing quantitative
theory to compare with our results. We conclude that nontrivial
EHR observed in Pt/LCO and other similar hybrids demands
further theoretical and experimental investigations in order to
clarify the dominating mechanisms. On the other hand, it is
also interesting to investigate the impacts of possible spin state
changes in LCO film on the spin transport properties of Pt/LCO
hybrids.

IV. CONCLUSION

In summary, we carried out the measurements of transverse
Hall resistance R, and longitudinal resistance R, on Pt/LCO
hybrids. All three types of hybrids, including Pt/LCO/LAO,

PHYSICAL REVIEW B 92, 165114 (2015)

Pt/LCO/LSAT, and Pt/LCO/STO, exhibit extraordinary Hall
resistance and unconventional magnetoresistance below the
Curie temperature of LCO films. The amplitude of unconven-
tional magnetoresistance and the extraordinary Hall resistance
on Pt/LCO hybrids are comparable to Pd/YIG and PY/YIG
hybrids. However, the observed spin transport properties
cannot be consistently explained by the existing theories;
further investigations are needed to clarify this issue.
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