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As a potential system for realizing strong spin-orbit coupling (SOC), 5d-ATaO3 perovskite oxides have
recently received extensive attention. This study presents SrTaO3/KTaO3 5d-5d heterostructures with thickness-
induced crossover from quasi-two-dimensional (2D) to three-dimensional (3D) transport behaviors. The sheet
carrier concentration and carrier mobility of the system depend on the SrTaO3 film thickness. The highest
mobility of 430 cm2 V−1 s−1 is observed for the heterostructure with a 16-nm-thick SrTaO3 film, which comprises
coexisting 2D and 3D transport components. Weak antilocalization, anisotropic magnetoresistance, and the plane
Hall effect are observed, which robustly confirm the existence of strong SOC in the heterostructure. The tunable
transport and strong correlation effect make the SrTaO3/KTaO3 heterostructure not only a suitable platform for
investigating basic physical phenomena but also a potential material candidate for future spin devices.
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I. INTRODUCTION

Oxides have abundant physical properties, such as fer-
roelectricity, ferromagnetism, superconductivity, and mag-
netoresistance (MR). The combination of these physical
properties with spin-orbit coupling (SOC) yields rich phe-
nomena, providing unique methods for designing future
spintronic devices [1]. As a typical example, low-dimensional
oxide electronics have been proposed since the discov-
ery of two-dimensional (2D) electron gas (EG) with high
mobility at the LaAlO3/SrTiO3 interface [2,3]. In low-
dimensional oxide electronics, the SrTiO3-based interface has
always been dominantly focused on, and heterostructures with
SrTiO3 substrates, such as LaAlO3/SrTiO3, LaVO3/SrTiO3,
CaZrO3/SrTiO3, GdTiO3/SrTiO3, and CaHfO3/SrTiO3, have
been extensively researched [2,4–7]. However, a major limi-
tation is that the SOC strength of SrTiO3 is not strong enough.
To optimize or realize novel functional properties of the oxide
heterostructure, alternative oxides with a strong SOC effect
need to be found.

Basically, the Zeeman interaction between the electron
spin and effective magnetic field is equivalent to the cou-
pling between the electron spin and momentum degrees of
freedom, which is called SOC [8]. SOC, which can be ar-
tificially tuned without an external magnetic field, provides
a method for controlling the spin by linking the orbital
motion with the electron spin [9–11]. Since the SOC mag-
nitude is proportional to the fourth power of the number of
nuclear charges, the element with a larger atomic number
usually has a stronger SOC [12]. Therefore, some 5d-based
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heterostructures have been investigated to illustrate unusual
physical properties. For instance, the transition from a half
metal to an insulator and a long-range magnetic orderly phe-
nomenon can be realized in 5d oxide SrIrO3 by intercalation
with 3d oxide SrTiO3 [13]. Moreover, the anomalous Hall
effect, which is caused by interface ferromagnetism, is ob-
served in the 4d-5d oxide superlattice of SrMnO3/SrIrO3,
where SOC also plays an important role [14]. Thus, it is
reasonable to expect that stronger SOC and some interesting
physical phenomena may be afforded in the 5d-5d oxide
heterostructure.

ATaO3 is a type of 5d perovskite oxide. Among them,
KTaO3 (KTO) has a considerably high spin-band splitting (∼
400 meV) stemming from the 5d Ta element [9]. Thus, KTO
is considered a potential material candidate for future oxide
spintronics and has been drawing increasing attention. Owing
to the ultrahigh mobility charge carriers and superconductivity
at the KTO-based interface, KTO has become a research
hotspot [1,15]. KTO is an insulating material because Ta5+

cannot contribute carriers. Therefore, research on the transport
characteristics of KTO has always focused on 2DEG, which
occurs on the KTO surface. However, if the Ta cation forms a
stable +4 valence, the metallicity can enable the study of the
intrinsic transport characteristics of the Ta-based film. More-
over, the K in KTO easily volatilizes at high temperatures,
indicating that it is relatively not conducive to the growth of
stoichiometric KTO thin films [16]. Hence, to suppress the
volatility shortcoming of KTO and exploit the advantages of
the 5d perovskite ATaO3, one method is to introduce another
5d perovskite oxide ATa4+O3 without volatile elements
and fabricate the thin film on the bulk single crystal KTO
substrate. Consequently, 5d-5d Ta-based heterostructures
can be constructed to effectively enable the strong SOC
of Ta.
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Similar to K, alkali metal elements of Li and Na are volatile
at high temperatures, and their stable valence state is +1.
Therefore, the nonvolatile Sr element with a stable valence
state of +2 is obviously more suitable for selection as A
to obtain a conductive Ta-based Sr2+Ta4+O3. Accordingly,
the SrTaO3 (STO)/KTO heterostructure was identified as the
research object of this study. A few studies have demon-
strated the existence of 2DEG at the STO/SrTiO3 interface,
but they have not observed the SOC effect [17], which may
be due to the low spin-band splitting of SrTiO3 (∼17 meV)
[9]. This study investigates the crystal structure and valence
state of Ta in high-quality STO/KTO heterostructures. More-
over, by carefully tuning the ratio of three-dimensional (3D)
transport in the film and quasi-2D transport at the inter-
face, a critical heterostructure with high mobility is obtained,
and a strong SOC effect is observed at the interface, which
results in weak antilocalization (WAL) and a plane Hall
effect (PHE).

II. EXPERIMENTAL DETAILS

Target preparation and film fabrication. STO ceramic
targets were synthesized via a solid-state reaction method.
Chemical stoichiometric SrCO3 (99%) and Ta2O5 (99.99%)
were weighed and ball milled for 24 h with ethanol as the
solvent. After drying at 80 ◦C, the uniformly mixed pow-
der was calcined at 1200 ◦C for 2 h in a crucible with a
heating rate of 4 ◦C/min. The resultant was pressed into a
cylinder and sintered at 1200 ◦C for 5 h with a heating rate
of 4 ◦C/min and then naturally cooled to room temperature.
(001) KTO single crystals were used as the substrate. A KrF
excimer laser with a wavelength of 248 nm, a frequency
of 3 Hz, and an energy density of 1.2 J/cm2 was used for
film deposition. During the film fabrication, the substrate
temperature and flowing oxygen pressure were kept constant
at 600 ◦C and 5 × 10−6 mbar, respectively. STO/KTO het-
erostructures with STO film thicknesses of 28, 22, 16, 10,
and 6 nm were symbolized as samples A, B, C, D, and E,
respectively.

Sample characterization. The crystal structure of the
films was characterized by x-ray diffraction (XRD, Bruker
D8 Discover diffractometer) with Cu Kα radiation (λ =
1.54 Å). Aberration-corrected scanning transmission electron
microscopy/electron energy loss spectroscopy (STEM/EELS)
analysis was performed using field-emission TEM (Titan
Cubed G2 60–300) at an accelerating voltage of 300 kV with
the Ultrafast Gatan Dual-EELS system. Aberration-corrected
STEM images were obtained using a high angle annular dark
field (HAADF) detector, and the element distributions were
confirmed via atomic resolved energy dispersive spectroscopy
(EDS). The transport measurements were performed with
a Quantum Design physical property measurement system
(PPMS-9 T). The Ohmic contacts were made through ultra-
sonic aluminium-wire bonding. In usual Hall and resistance
measurements, we employ the van der Pauw geometry wiring
technique. The current source and voltmeter are connected
to the four corners of the substrate using aluminium wires.
Subsequently, this configuration enables the determination of
ρ2D = π

ln 2
Vxx
Ixx

and ρ3D = ρ2Dt . The variable t represents the
thickness of the film.

III. RESULTS AND DISCUSSION

Herein, STO thin films with various thicknesses were suc-
cessfully fabricated on KTO (001) single crystal substrates.
Figure S1(a) of the Supplemental Material [18] depicts the
typical XRD θ -2θ patterns of all samples; the film peak is
asymmetrical and near the substrate peak overall. The recip-
rocal space maps of the (103) reflections for all samples in
Figs. S1(b)–S1(f) do not exhibit clear differentiation between
the KTO peaks and the STO peaks [18], necessitating fur-
ther reliance on HAADF-STEM imaging for analyzing the
lattice constant and stress effects on the film. Figure 1(a)
displays a low-resolution cross-sectional HAADF-STEM im-
age of sample C. Clearly, a sharp interface exists between
the film and substrate. The STEM-EDS elemental maps il-
lustrated in Figs. 1(b) and 1(c) show that both Sr and K are
homogeneously distributed, but an interface exists between
Sr and K without element diffusion across the interface. Si-
multaneously, Ta is homogeneously distributed across the film
and substrate. The EDS maps robustly reaffirm the sharp
STO/KTO interface. Moreover, Fig. 1(d) displays the high-
resolution STEM-HAADF image taken near the STO/KTO
interface, demonstrating the atomic-scale sharp interface and
verifying the epitaxial growth of the STO films on the KTO
substrate. The a/b lattice constant of STO, as measured by
HAADF-STEM, is determined to be 4.070 Å, while the lattice
constant c is found to be 4.073 Å. The in-plane lattice constant
a/b closely approximates the out-of-plane lattice constant c,
indicating a near-cubic phase and resulting in minimal inter-
face stress.

Since Ta cations can have variable valence states, which
significantly impact the heterostructure properties, the valence
state of Ta in the STO/KTO heterostructures needs to be
verified. Low-energy EELS spectra were measured on the film
and substrate in the selected box areas indicated in Fig. 1(a);
the experimental results and fitting are presented in Fig. 1(e).
A major peak centered at approximately 21.3 eV, as indicated
by a green arrow, was observed for both STO and KTO. This
peak corresponds to the bulk plasma excitation of Ta metal
and indicates a low concentration of the Ta metal state, which
may be related to low oxygen pressure during film deposition
[25]. The 8.0- and 29.6-eV loss peaks, denoted by red arrows,
are the characteristic peaks of Ta5+, and the 15.6- and 25.7-eV
loss peaks, denoted by blue arrows, are the characteristic
peaks of Ta4+ [25]. The 8.0-eV loss peak was observed in
the pattern of the KTO substrate but not that of the STO film,
while the 25.7-eV loss peak was observed in the pattern of
the STO film but not that of the KTO substrate. If Ta5+ is
dominant in the STO film, the crystal structure will prefer-
ably be pyrochlore Sr2Ta2O7, which has a different crystal
structure than perovskite STO and KTO; thus, the observed
atomic-scale sharp interface is difficult to form. Hence, it is
safe to conclude that Ta4+ exists in the STO film.

By employing first principles calculations, we provide fur-
ther evidence for the presence of 2DEG at the interface [18].
The crystal structure model at the interface is depicted in
Fig. S1(g) of the Supplemental Material [18], while the corre-
sponding band structure is illustrated in Fig. S1(h). Notably,
band (solid red line) induced by the Ta of the surface of
KTO intersects with the Fermi level and contributes carri-
ers throughout the entire model [18]. Detailed computational
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FIG. 1. Typical microstructure of the STO/KTO heterostructure. (a) Cross-sectional HAADF-STEM image of the STO/KTO heterostruc-
ture. (b), (c) STEM-EDS elemental maps of Sr-K (purple), K-K (orange), and Ta-K (blue) edges. (d) Atomic-resolution image taken near the
interface of the STO/KTO heterostructure. (e) Low-energy EELS spectra taken at the box area of KTO (red) and STO (blue) shown in (a).
(f) Schematic of the STO/KTO heterostructure structure and the interfacial 2DEG.

methodology can be found in the Supplemental Material
[18]. Based on the above atomic-scale valence state analysis
and first principles calculations, the schematic and interfacial
2DEG of the STO/KTO heterostructure are shown in Fig. 1(f).
The electrons clustered in the Ta 5d orbitals significantly
impact the interfacial 2D transport performance of the het-
erostructure.

To gain insight into the physical properties of the
STO/KTO heterostructures, transport measurements were
performed as functions of temperature. The temperature
dependence of the 2D resistivity (ρ2D-T) and 3D resistiv-
ity (ρ3D-T) of the STO/KTO heterostructures is shown in
Figs. 2(a) and 2(b), respectively. In general, all heterostruc-
tures exhibited metallic behavior as the resistivity increased
with temperature. Two important features need to be dis-
cussed. First, if the carriers are concentrated at the interface,
the thickness dependence of ρ2D at low temperatures exhibits
a narrow range, and an increasing trend in ρ3D would be antic-
ipated with increasing STO film thickness [1]. Nevertheless,
there is a significant variation (∼2.5 orders of magnitude) in
the ρ2D value, and ρ3D decreases as the film thickness in-
creases. This evidence indicates that the conducting channel is
not limited to only the STO/KTO interface, i.e., the STO film
contributes to the resistivity, which is self-consistent with the
thickness-dependent resistivity. In our opinion, the conduction
of the STO film stems from its dominant +4 chemical va-
lence state, wherein the STO band structure has a zero energy
gap [26].

The low-temperature graph of ρ/ρ2 K [Fig. 2(c)] clearly
illustrates the contrasting trends in resistivity upturn among
samples with different thicknesses. It is evident that the
sample A does not exhibit a resistivity upturn at low temper-
atures, whereas the thinner samples (less than 28 nm) show a

pronounced resistivity upturn. For sample A, the ρ3D − T
curve at the temperature range 2–25 K can be well fitted by
the following equation [Fig. S2(a)] [18]:

ρ3D = ρ0 + BT 3, (1)

in which ρ0 is the residual resistivity and the second term is
the contribution of electron-phonon (e-ph) interactions [27];
the fitting result is shown in Fig. S2(a) [18]. However, for
thinner samples (below 28 nm), factors contributing to re-
sistivity upturn at low temperatures need to be considered,
such as electron-electron (e-e) interaction, weak localization
(WL), and the Kondo effect [28–30]. Magnetization hystere-
sis (M-H) measurements were conducted on 22-nm samples
at various temperatures [Fig. S2(b)] [18]. The weak and
temperature independent magnetism suggest that the oxygen
vacancies within the substrate and film are responsible for
the source of magnetism in measurement, rather than the film
itself. The ρ3D-T curves of sample E under various applied
magnetic fields at low temperature are presented in Fig. S2(c)
[18], demonstrating that resistivity upturn is not suppressed
by magnetic fields at low temperatures. Therefore, both the
WL and Kondo effect can be excluded, leaving only the
electron-electron (e-e) interaction to be considered [29]. In
a 3D system, the e-e interaction exhibits a power law de-
pendence on temperature, while in a 2D system, it shows a
logarithmic dependence on temperature [28]. Hence, Eq. (2)
can be well fitted [Fig. S2(a)] [18]:

ρ3D = ρ0 + BT 3 − Cln(T ) − DT
1
2 , (2)

where ρ0 represents the residual resistivity, the second term
accounts for e-ph interactions contribution, the third term
describes 2D e-e interactions, and the fourth term represents
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FIG. 2. Temperature-dependent (a) 2D and (b) 3D resistivities of the STO/KTO heterostructures. (c) Temperature-dependent ρ/ρ2 K curves.
(d) Hall resistance of all samples measured at 2 K. The inset in (d) shows the direction of the current and applied out-of-plane magnetic field
during the Hall effect and MR measurement.

3D e-e interactions. The good fitting of Eq. (2) [derived by
incorporating 2D electron-electron (e-e) and 3D e-e terms into
Eq. (1)] suggests the presence of 2D transport and 3D trans-
port in samples B and C, leading to a quasi-two-dimensional
transport outcome. Further thinning samples (D and E) may
lead to poor fitting in Fig. S2(a) [18] due to increased influ-
ence from interface SOC.

To determine the characteristics of the carriers
and carrier density of the STO/KTO heterostruc-
tures, the Hall effect of the heterostructures with
various STO thicknesses was measured at 2 K [Fig. 2(d)]. Rxy

can be modified with Rxy = 1
2 [R′

xy(B) − R′
xy(−B)], where

R′
xy(B) is the signal obtained by experimental measurement.

The calculated 2D Hall coefficient (R2D
H ) is displayed in

Fig. S2(d) [18]. The negative slopes of the Rxy-B curves
denote that electron dominate the electrical transport process.
Interestingly, R2D

H is nonmonotonically dependent on the STO
thickness, and sample C had a maximum R2D

H of 41 � T−1. To
explain this nonmonotonous trend of R2D

H and determine the
transport mechanism, the temperature-dependent sheet charge
carrier density (ns) and mobility (μ) of all heterostructures
are calculated and plotted in Fig. 3.

Figure 3(a) shows that the ns value of the heterostruc-
tures depends on the STO thickness. The ns value for the
STO film thickness of 28 nm exhibited a clear temperature

dependence, decreasing from 1.9 × 1014 cm−2 at 300 K to
8.2 × 1013 cm−2 at 2 K, thereby confirming that the dom-
inant transport mechanism originates from bulk carriers.
Furthermore, the ns value of the heterostructure with a
28-nm-thick STO film was significantly higher compared
to other heterostructures due to an overestimation caused
by underestimating the R2D

H value of the interface channel.
In contrast, for heterostructures with STO film thicknesses
�22 nm, the ns value showed only weak temperature de-
pendence, indicating that interfacial two-dimensional (2D)
transport mechanism prevails [31]. This observation indicates
that two transport channels exist in the STO/KTO heterostruc-
tures. As the film thickness decreases, the presence of bulk
carriers in the film becomes less pronounced, leading to a
quasi-2D transport regime. Such a heterostructure may have
a maximum μ. As shown in Fig. 3(b), a maximum μ of
430 cm2 V−1 s−1 was observed for sample C with a 16-nm-
thick STO film, for which μ can even be 17 cm2 V−1 s−1 at
room temperature, which is higher than that of most SrTiO3-
based 2DEG at room temperature [2,4,5].

Figures 4(a)–4(c) display the typical temperature-
dependent MR of the heterostructures with varying STO
thickness as a function of the applied magnetic field (B),
where MR(%) = Rxx(B)−Rxx (0)

Rxx(0) × 100%. Rxx can be modified

with Rxx = 1
2 [R′

xx(B) + R′
xx(−B)], where R′

xx(B) is the
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FIG. 3. Temperature-dependent (a) sheet charge carrier density (ns) and (b) carrier mobility (μ) of the STO/KTO heterostructures.

FIG. 4. (a)–(c) Typical temperature-dependent magnetoresistance–magnetic field (MR-B) curves of samples A, C, and E. (d)–(f)
Temperature-dependent weak antilocalization (WAL) within the temperature range of 2–20 K of samples A, C, and E. (g) Measured
magnetoconductance (MC) of sample C and fitting result based on the 3D WAL formula. (h) MC of sample E and fitting result based on
the 2D Hikami-Larkin-Nagaoka formula. (i) Dependence of phase coherence length (lϕ) on temperature for samples C, D, and E.
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signal obtained by experimental measurement under varying
magnetic fields. Sharp resistance cusps were observed at low
B and low T for all the heterostructures, which is a typical
sign of WAL stemming from the SOC [27,32]. Comparison
of the MR-B curves of samples A, C, and E shows that for
sample A, the WAL intensity at B > 2 T was weak because
its WAL width, which is characterized by the magnetic field
value corresponding to the cusps [33], was narrower than
that for samples C and E. With increasing magnetic field
(B > 2 T), MR tends to dispose of the WAL influence and
becomes positively correlated with B2 due to classical orbital
effects dominated by the Lorentz force. However, for samples
C and E, which have comparatively thinner STO films, the
SOC intensity gradually increased with the WAL width. This
is because the 2D interfacial transport became dominant.
Simultaneously, the MR above 2 T was not positively
correlated with B. A negative MR (−0.6%) existed for sample
E, as the strong SOC affected the 2DEG transport channel at
the interface [34]. To better visualize the WAL phenomenon
afforded by the SOC, the applied-magnetic-field-dependent
magnetoconductance (MC) 	σxx of samples A, C, and E at
2–20 K is plotted in Figs. 4(d)–4(f), and the 	σxx of samples
B and D at 2–20 K is plotted in Fig. S3 [18]. The general
evolution of the 	σxx−B curves signifies the thickness
dependence of WAL.

To understand the relation between the transport mecha-
nism and the STO film thickness (Fig. 3), the relationship
between 	σxx and the applied magnetic field was analyzed.
The cusp of sample C below 1.6 T can be well fitted by the
following simplified 3D WAL formula [35]:

	σxx(B) = CWAL

(√
B

B2

B2 + B2
c

+ γ B2 B2
c

B2 + B2
c

)
, (3)

where CWAL is the antilocalization coefficient reflecting the
strength of the localization degree. Additionally, BC = h̄/el2

ϕ

is the characteristic magnetic field, and lϕ is the phase co-
herence length. 	σxx of samples B and C can be well fitted
using this 3D WAL model [Fig. S4(a) [18] and Fig. 4(g),
respectively], indicating the relatively preferred 3D transport
mechanism, although sample C has a critical heterostructure
with coexisting 3D and quasi-2D transport mechanisms, as
discussed above. Moreover, this critical heterostructure of
sample C yields the maximum CWAL (−18.3) at 2 K, denot-
ing its large WAL intensity [28]. When the STO thickness
decreases, the transport mechanism tends to be quasi-2D.
Therefore, 	σxx cannot be well fitted using the above 3D
WAL formula. Here, the 2D Hikami-Larkin-Nagaoka (HLN)
formula is applicable [36]:

	σxx(B) = − e2

πh

[
1

2
�

(
1

2
+ Bϕ

B

)
− 1

2
ln

(
Bϕ

B

)

−�

(
1

2
+ Bϕ + BSO

B

)
+ ln

(
Bϕ + BSO

B

)

−1

2
�

(
1

2
+ Bϕ + BSO

B

)
+ 1

2
ln

(
Bϕ + 2BSO

B

)]

(4)

where Bϕ = h̄/el2
ϕ , �(x) is the digamma function, and Bϕ is

the dephasing magnetic field determined by lϕ . BSO is the spin-

FIG. 5. (a) Schematic illustrations of the anisotropic MR and
plane Hall effect measurement configurations. Angle-dependent (b)
Rxx and (c) the average planar Hall resistance measured for sample C
at 2 K and a 9 T in-plane magnetic field. (d) The intrinsic planar Hall
resistance after subtracting the misalignment components.

orbit scattering field determined by the spin-orbit scattering
length lSO. Actually, the 	σxx measured at low temperatures
for samples D and E can be well fitted based on the HLN
mode, as plotted in Fig. 4(h) and Fig. S4(b) [18], respectively.

Subsequently, the temperature-dependent lϕ of samples
C, D, and E is obtained and shown in Fig. 4(i). lϕ ex-
hibits an obvious temperature dependence, mainly stemming
from inelastic-scattering-induced dephasing. Furthermore, lϕ
can be related to T through lϕ ∝ T −p/2, where P is a pa-
rameter determined by the dephasing mechanism. In a 3D
system, P = 1.5 for electron-electron interactions and P = 3
for electron-phonon interactions. In a 2D system, P = 1 for
electron-electron interactions [28,37]. The relationship be-
tween the fitted lϕ and T shows that P = 1 for both samples
D and E, indicating their quasi-2D system characteristics.
In contrast, P = 1.5 for sample C, indicating its 3D system
characteristics. Accordingly, the dephasing is dominated by
electron-electron interactions for these samples. At low tem-
peratures, lϕ tends to deviate from the linear relationship,
usually owing to other constant dephasing [38].

In general, anisotropic MR (AMR) and PHE are ob-
served in magnetic materials with crystallographic anisotropy
[39,40] or topological materials with Adler-Bell-Jackiw chiral
anomaly and nontrivial Berry curvature [41–43]. However,
it has been theoretically predicted that Rashba-Dressalhaus
spin-orbit splitting may afford AMR and PHE in materials
with a strong SOC effect [44–46], direct experimental ob-
servations of PHE and AMR in SOC systems are rare. To
phenomenologically confirm the existence of strong SOC in
our STO/KTO heterostructures, AMR and PHE were mea-
sured for sample C. The results are plotted in Fig. 5. During
the measurements, the applied magnetic field was maintained
in the heterostructure surface plane, as schematically shown
in Fig. 5(a), and the transverse resistance Rxy and longitudinal
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resistance Rxx were measured. As shown in Figs. 5(b) and
5(c), when the angle between the applied magnetic field and
current was changed, both Rxx and Rxy exhibited twofold
periodic oscillation. Moreover, the AMR can be fitted using
the following equation [1,47]:

Rplanar
xx = Rϕ=90◦

xx + 	Rchiralcos2ϕ (5)

in which ϕ is the angle between the magnetic field and cur-
rent, Rϕ=90◦

xx is the longitudinal resistance with ϕ = 90◦, and
	Rchiral is the contribution of chirality to resistance. By mea-
suring the voltage in two directions, the separation of Rxx and
Rxy was achieved to a significant extent [48]. However, due
to inherent disorder in the Hall structure during the wiring
process, there is a minor contribution of AMR in the PHE
measurement. The PHE data in Fig. 5(c) can be fitted with a
small AMR (cos2ϕ) contribution [43,49]:

Rplanar
xy = −a sin ϕ cos ϕ + bcos2ϕ + c. (6)

The first part represents the inherent PHE, while the sec-
ond and third parts arise from the misalignment of the Hall
configuration. The results in Fig. 5(c) can be accurately
fitted using formula (6), as indicated by the solid line in
Fig. 5(c). By excluding the influence of the second and third
parts, the intrinsic PHE is depicted in Fig. 5(d). The detailed
data processing is illustrated in Fig. S5 of the Supplemental
Material [18]. The well-fitted AMR and PHE further confirm

the existence of Rashba splitting owing to SOC and prove the
presence of strong SOC in the STO/KTO heterostructures.

IV. CONCLUSION

In this study, high-quality STO/KTO heterostructures were
fabricated and investigated. As the STO film thickness de-
creased, a crossover from a 3D to a quasi-2D transport
mechanism was observed. Consequently, the heterostruc-
ture with a 16-nm-thick STO film comprised coexisting 3D
and 2D transport components with the highest mobility of
430 cm2 V−1 s−1. The observation of WAL, AMR, and PHE
robustly verified the strong SOC effect in the heterostructure.
The tunable transport and strong correlation effect make the
proposed STO/KTO heterostructure not only a platform for
investigating basic physical phenomena but also a potential
material candidate for future spin devices.
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