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Recently, the LaAlO;/SrTiO3; (LAO/STO) interface has been highlighted as a major platform for spin-
tronics, and its fundamental control of spin properties, therefore, becomes a key issue for application of
this system. Here, we present a study showing the modulation of magnetic two-dimensional electron gases
(2DEGs) with simultaneously enhanced spin-orbit interaction at the interface of LAO/STO by inserting
LaCoOj; submonolayers. At first, transport experiments provide evidence that Kondo behavior can be well
controlled below about 13 K with the interlayer Co ions contributing as scattering centers. In addition, the
systematic variation of the anomalous Hall effect obtained with increasing fraction of interfacial Co con-
centration below 10 K reveals that the spin polarization of 2DEGs is enhanced via submonolayer insertion.
Simultaneously, we also observe an enlarged spin-orbit interaction at the buffered LAO/STO interface,
resulting in a remarkably strong field-orientation-dependent magnetoresistance. Such tailored LAO/STO
interfaces could potentially contribute to stronger spin-to-charge conversion responses and spin-torque
measurements. Our observations indicate the subunit-cell insertion of functional layers to be a suitable
route to tailor spin, orbital, and lattice interactions of the interfacial 2DEG, which makes the LAO/STO

system an intriguing platform for spintronic applications.
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I. INTRODUCTION

The two-dimensional electron gas (2DEG) at the inter-
face of epitaxially grown LaAlO; (LAO) on TiO;-
terminated SrTiO3 (STO) [1] has attracted much attention
in recent years due to its extraordinary physical properties,
such as spin-orbit coupling (SOC) [2,3], ferromagnetism
[4-6], and superconductivity [7], which could pave the
way for developing future electronic devices. Generally,
the 2DEG at STO-based interfaces is confined in an asym-
metric quantum well located on the STO side. The absence
of spatial inversion symmetry at the heterointerfaces leads
to strong Rashba SOC [8—10]. In recent years, 2DEGs
at the interfaces between nonmagnetic oxides became
appealing for the prospect of magnetic ordering because of
their potential ability to support the emergence of quantum
phases, promising the possibility to gain a spin-polarized
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2DEQG for spintronics [11]. In general, the anomalous Hall
effect (AHE), as convincing evidence of ferromagnetic
order in conducting materials, is observed only at very
low temperatures [12,13]. Ben Shalom ef al. detected the
AHE at 20 mK at the LAO/STO interface [12]. Recently,
the temperature for obtaining the AHE was improved to
30K ata 1l-nm La7/g Srl/gMnO3-buffered LAO/STO [14].
So far, to fabricate and improve ferromagnetic 2DEGs,
various attempts, such as defect control [15,16], doping
[17,18], and inserting ultrathin magnetic materials as a
buffer layer, have been applied [14,19,20]. A hysteresis in
the magnetoresistance and controllable SOC strength can
be observed [4,18].

Here, based on the approach of interface engineering
with buffer layers, we introduce a LaCoO3; (LCO) layer
between LAO and STO to achieve enhanced spin polar-
ization of the 2DEG. LCO thin films under tensile strain
typically provide a ferromagnetic state at around 85 K
that is caused by the magnetic moment associated with
the cobalt transition-metal centers [21,22]. Therefore, we
attempt to enhance the 2DEG spin polarization and spin-
orbit interaction (SOI) without reducing carrier mobility

© 2022 American Physical Society
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via the proximity effect of the Co>" ions located right at
the interface. Keeping the LCO interlayer at and below one
unit cell allows the insertion of Co ions without imped-
ing the electrostatic boundary condition at the interface,
which is responsible for 2DEG formation. Our results are
consistent with a recent study that mainly investigated the
effect of a thicker LCO buffer layer, while no anoma-
lous Hall resistance was observed in Ref. [23]. Based
on this submonolayer-insertion method, the high mobil-
ity of the interface is conserved well, and we find that the
AHE contribution can be systematically increased when
approaching a full unit cell of LCO at the interface, accom-
panied by an enlarged spin-orbit interaction and a strong
field-orientation-dependent magnetoresistance.

II. EXPERIMENT DETAILS

A series of LAO/LCO/STO heterostructures are fab-
ricated by pulsed laser deposition. (001)-Oriented STO
substrates are etched with a HF buffered solution to get
TiO,-terminated surfaces, which are then annealed after-
wards at 950 °C for 2 h. The LCO and LAO thin films are
deposited at 650 °C with a laser repetition rate of 1 Hz. The
LCO thin films, from low coverages (§ =0.25 u.c.) up to
saturation coverage (§ = 1 u.c.), are deposited under 0.053-
mbar oxygen pressure with a laser fluence of 2.0 J/cm?.
The coverages of the LCO thin films are controlled by the
number of laser pulses used for deposition. Subsequently,

LAO thin films are deposited using a laser fluence of
1.5 J/em? under an oxygen pressure of 1 x 10~* mbar.
The target-substrate distance is fixed at 5.5 cm. The thick-
ness of the LAO layer is kept at 10 u.c. All depositions
are monitored by reflection high-energy electron diffrac-
tion (RHEED), indicating a layer-by-layer growth mode.
The growth rate is about 51 and 50 pulses/u.c. for LCO
and LAO, respectively. After deposition, the samples are
cooled at a constant rate of 10°C/min at the deposi-
tion pressure, to allow for a re-equilibration of the het-
erostructures after the growth process [24]. Atomic force
microscopy shows that all films exhibit an atomically
smooth surface morphology (see the Supplemental Mate-
rial [25]). Temperature-dependent magnetization data of
30-u.c. LCO thin film obtained at the same growth con-
dition indicates that it undergoes a magnetic transition at
53 K. The lower ferromagnetic ordering temperature as
compared to LCO bulk in our LCO film can be understood
in terms of LCO film thickness (see the Supplemental
Material [25]).

A mimicked Hall bar geometry is adopted for electric
measurements and ultrasonic Al-wire bonding is used to
electrically connect the samples, as sketched in the inset
of Fig. 1(a) [15]. The samples are cut into stripes with
a size of 1 x5 mm?. To ensure homogeneous current
density, contacts for current injection (I, /~) are across
the entire width of the sample to ensure a homogeneous
current density. Contacts for Ry (V], V;) and Ry, (V, V)

FIG. 1. (a) Temperature-depen-

dent sheet resistance, R, of
LAO/§-LCO/STO  heterostruc-
tures, where §=0, 0.25, 0.5,
0.75, and 1 u.c. Inset, sketch of
the measurement geometry. (b)
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measurements in four-point geometry are realized by
single-wire bonds. Electric measurements are conducted
in a Quantum Design physical property measurement sys-
tem equipped with a 9-T superconducting magnet and
a precision sample rotator. The system is able to apply
temperatures in the range from 300 to 2 K.

III. RESULTS AND DISCUSSION

The electronic transport behavior at LAO/STO-based
heterointerfaces is complex, with many potential and effec-
tive contributions to the overall transport. These typically
require the combined analysis of different transport phe-
nomena to capture the entirety of temperature-dependent
resistance, Hall resistance (multiple carriers and AHE),
and magnetotransport. It is often this multitude of phenom-
ena that motivates the huge interest in complex oxide inter-
faces. First, we investigate the influence of the subinter-
layer on the temperature dependence of the sheet resistance
(Ry) of LAO/LCO/STO. Various LCO coverage layers,
labeled as § =0, 0.25, 0.5, 0.75, and 1 u.c., are prepared.
Compared with the pristine sample (§ = 0 u.c.), higher R; is
observed with higher LCO layer coverages, as depicted in
Fig. 1(a). It can be seen from the R,-T curves that the differ-
ence for partial coverages between § =(0.25- and 0.75-u.c.
samples is not too large, indicating some sample-to-sample
variations in R,-T at intermediate coverages (see the Sup-
plemental Material [25]). The R((T) of the samples with
8=0.25,0.5,0.75, and 1 u.c. successively decreases when
the temperature is lowered from 300 K to about 13 K,
followed by an increase in resistance upon cooling below
about 13 K. Finally, saturation is observed at the lowest
temperatures. As shown by the solid lines in Fig. 1(b),
the observed temperature dependence is consistent with a
Kondo-type temperature dependence, as evident from a fit
according to the standard formula [14,26,27]

1 \
R=R T° +R A
oral K<1+(21/S—1><T/TK)2> W

Here, the parameters tabulated in Table I are adopted,
where Ry is the residual resistance, and the second term
corresponds to the contribution from electron-electron and
electron-phonon interactions. The last term in Eq. (1) cor-
responds to the Kondo contribution, where Tk is the Kondo
temperature and Ry is the Kondo resistance at 7=0 K. It

is important to note that slight sample-to-sample variations
between similar samples would result in a slight variation
of fitting parameters (see the Supplemental Material [25]).
The determined Tk, however, is robust against these slight
variations. The parameter s is close to 1.1, which is much
larger than the usual value (0.225) obtained for Ti** ions
[27]. This is consistent with the result of the manganite-
buffered LAO/STO interface, where Mn ions are involved
in the process of Kondo scattering [14]. In our work, obvi-
ously, Co ions contribute as scattering centers, considering
their large magnetic moment. Over a temperature range of
2-50 K, Tx shifts toward a higher temperature with larger
coverage, 6, from about 7.7 K for § =0.25 u.c. to about
14.0 K for § =1 u.c., while any Kondo upturn is absent
in the pristine sample (§ =0 u.c.). The significantly lower
Tk range, compared to the Curie temperature, indicates a
much lower temperature range for the occurrence of mag-
netic polarization in the submonolayer buffer layers, which
is consistent with the literature [14].

The enhanced Kondo-like behavior observed in the
temperature dependence of the sheet resistance may indi-
cate more pronounced magnetic scattering and potentially
enhanced spin polarization of the 2DEGs with increasing
LCO coverage. This effect, if it exists, should be reflected
in the Hall resistance (R,,). As an example, in Fig. 2(a), we
show the magnetic field (B) dependence of R,, of LAO/5-
LCO/STO (6 =1 u.c.), measured in the temperature range
from 2 to 300 K. When the temperature is high (above
50 K), Ry, varies linearly with applied B, which is typi-
cal behavior for the normal Hall effect. When the sample
is cooled to a low temperature below 50 K, the R,,(B)
relationship becomes nonlinear. As reported previously,
this behavior is attributed to a two-carrier contribution
[28,29]. Based on this model, typically, the Hall coeffi-
cient, Ry =R,,/B, obeys a Lorentzian-like shape with a
single minimum at zero field. However, the Ry of our
buffered samples below 10 K exhibits a clear upturn at
low fields, rather than obeying a Lorentzian-like shape
[plotted for comparison as orange lines in Fig. 2(b)],
meaning that the two-band model alone cannot precisely
describe our experimental Hall results [15,28,29]. Instead,
experimental R,, data are replicated exactly by summing
two-carrier conduction, R, and AHE, R}, ie., R, =
R + RYMF = Ry + R}M"tanh(B/B.) [15]. Here, R is
expected to saturate at RyHF when B is above a critical

TABLE I. Fitting parameters extracted from fitting R, data of LAO/5-LCO/STO (6 =0, 0.25, 0.5, 0.75, and 1 u.c.) heterointerfaces
in Fig. 1(b) to Kondo model Eq. (1) in the temperature range of 2—50 K.

8-LCO Ro (Q/00) a (Q/OK?) Rg (0/0) s Tx (K)
0 242.86 035 1.74 - - -
0.25 304.80 3.30 1.24 116.03 1.140.01 7.7
0.5 277.14 1.41 1.45 94.09 1.1£0.07 9.5
0.75 316.39 0.34 1.45 144.26 1.1£0.01 133
1 443.88 0.46 1.96 457.45 1.1+£0.05 14.0
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field (B.). As we show in Fig. 2(c) (see the Supplemental
Material [25]), experimental Ry data are well reproduced
with the incorporation of an AHE component in the Hall
coefficient (red lines), particularly the low-field upturn fea-
ture (see the Supplemental Material [25]). As illustrated in
Fig. 2(d), the Hall resistance, R,,, at 2 K is well separated

into two parts: Ry (blue line) and R™ (yellow line). In

this case, R)ZC; varies smoothly with B over the whole field
range with a slight bending. Distinctively, R)™" is constant
in the high-field range and undergoes a significant change
as B approach low fields. By subtracting R)zcye from R,,, we
obtain the R}"™™ — B dependence as a function of tempera-
ture (see the Supplemental Material [25]). R3'" is positive
when the magnetic field is positive and vice versa, which is
consistent with the AHE observed in LAO/EuTiO3/STO
and NdGaO;/STO [15,19].

Figures 2(e) and 2(f) show the temperature dependence
of B, and RYME, respectively, for different LCO interlayer
coverages, 6. B, is temperature independent in all samples
and increases for higher buffer-layer coverages, &, whereas

RAME decreases with increasing temperature and vanishes
above 8 K for § =0.25 u.c. (above 10 K for § > 0.25 u.c.).
By comparing AHE data of all samples, we find the largest
value to be 55 Q for the § = 1-u.c. sample and the smallest
value to be 7.5 Q for the § =0.25-u.c. sample at 2 K. In
contrast, only a very low AHE contribution is observed for
the unbuffered LAO/STO (§ =0 u.c.) sample at 2—4 K (see
the Supplemental Material [25]). As proven experimen-
tally at complex oxide interfaces, more defects induced
during growth can lead to a pronounced AHE [15]. This
reveals that the unbuffered LAO/STO (6§ =0 u.c.) sam-
ple represents a comparably low-defect concentration. The
value is about 0.7 €2 at 2 K and takes up about 0.4% of the
total Ry, at 9 T, which is far less than that of the § = 1-u.c.
sample at 2 K (~26.4%). Thus, the LCO buffer layer sig-
nificantly enhances the AHE and increases the temperature
for which the AHE occurs.

The carrier densities and mobilities as functions of tem-
perature are extracted by using the two-band model (see
the Supplemental Material [25]). In Figs. 3(a) and 3(b),
we present the deduced carrier densities and mobilities for
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FIG. 2. (a) Magnetic field dependence of the Hall resistance (Ry,) for the LAO/§-LCO/STO (6 =1 u.c.) interface measured in the

temperature range from 2 to 300 K. (b) Hall coefficient, Ry = R,,/B, obtained from data in (a) for T=2 to 15 K. Fitting results
according to the 2e model (orange solid lines) implies an obvious deviation from experimental data around low magnetic fields. (c)
Fitting results of Ry around low fields in the same manner as displayed in (b) using the 2e model and an additional AHE contribution
(red solid line). (d) Example for the determination of the 2e contribution (blue solid line) and AHE contribution (orange solid line)
from the total Hall effect (red solid line) at 2 K for a LAO/§-LCO/STO (§ =1 u.c.) sample. (e) Critical field, B., for the saturation of

the AHE as a function of temperature. (f) Saturation resistance,
temperature (7).
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LAO/5-LCO/STO as a function of temperature. Only one
kind of carrier is observed at high temperatures (100 K)
with n around 3 x 10'3 cm™2. At low temperatures, there
are two species of charge carriers in the 2DEG and, with
the increasing temperature, the high-mobility carrier van-
ishes above 50 K. Notably, only the low carrier density (n;)
and low mobility (u;) of the two species of charge carriers
show a slight decrease upon inserting the LCO buffer layer,
from which we can speculate that we obtain an enhanced
AHE without hampering the performance of the 2DEG.

We now turn to the influence of the buffer layer on
longitudinal magnetotransport. Here, the magnetoresis-
tance is defined as MR = (Ry(B) — R,(0))/R,(0) x 100%.
Figures 4(a)4(c) demonstrates MR data for coverages
=0, 0.5, and 1 u.c., respectively, with B applied perpen-
dicular to both the sample plane and current direction. Data
are labeled for the out-of-plane geometry as MR | .

A positive MR is observed at all temperatures for the
8 =0-u.c. sample and increases during cooling to 2 K,
where it is 40.3% at 9 T. This large MR, is attributed to
the enhanced transit path and scattering of electrons due to
their cyclotron motion in the magnetic field. At low mag-
netic fields, MR is approximately parabolic with respect
to B and follows the Kohler’s rule (MR | oc aB?) [30,31], as
shown in the inset of Fig. 4(a), which indicates the domi-
nance of a classical orbital magnetoresistive effect induced
by the Lorentz force. Disorder, in general, enhances the
probability for electron-interference phenomena, such as
weak (anti)localization, and therefore, might directly affect
the observed transport behavior. Weak (anti)localization
always occurs due to self-interference of electron wave
functions, which can be best deduced from the field-
dependent resistance changes and may also take place in
parallel to Kondo-like changes in the scattering density.
Note that the LAO/STO system, and particularly its mag-
netic structure, is shown to be laterally inhomogeneous
[5] and electronic phase separation is observed [32], so
different transport phenomena may occur even in paral-
lel and add up to complex macroscopic transport behavior
of the MR and its temperature behavior. Compared with

the § = 0-u.c. sample, the MR | of buffered samples is evi-
dently lower under the same B. It is reduced to 20.0% and
15.0% at 2 K and 9 T for § =0.5 and 1 u.c., respectively.
Moreover, in the low-temperature range (7' <5 K), MR |
deviates from the quadratic field dependence observed
at lower fields, as indicated by a cusp appearing near
B=0 T [Figs. 4(b) and 4(c)], which is a hint of the
existence of weak antilocalization (WAL) [10,33,34]. The
cusplike feature diminishes gradually with increasing tem-
perature and vanishes above 5 K. The physical theory of
the minimum in MR, at B=0 T is that a destructive
interference effect of the coherently backscattered elec-
trons effectively improves the conductivity of the 2DEG,
which is suppressed by the applied out-of-plane B. There-
fore, the resistance will increase sharply as the applied
external B increases in the low-magnetic-field range [10].
We separate the contribution of classically positive MR
by extrapolating the B> dependence seen at B> 6 T from
the measured R,.(B). The resulting WAL contributions
observed in MR are shown in Fig. S6 within the Sup-
plemental Material [25]. A narrow minimum shows up,
confirming that the SOC of the system is exceptionally
strong [34]. In addition, the WAL component in the MR
shows a smaller value at B=0 with larger &, reflecting
a stronger SOC. This contribution can be expressed as
[32,35,36]

AR.(B) & [ <1+B¢) . Bw] )

[Ra(0))?  272h "2t "yl @
where AR, (B) = Rx(B) — R (0), ¥ (x) is the digamma
function, R and B, = h/(4eLi). Our measured MR | data
of the inserted samples can be well described by the
predictions of Eq. (2) as the solid lines shown as the
inset in Figs. 4(b), 4(c), and Fig. S7 (see the Supple-
mental Material [25]) illustrate. The extracted B, (T) and
electron-dephasing length, L, (T), are plotted in Figs. 4(d)
and 4(e), respectively. The B, values increase as tempera-
ture increases and decrease with increasing LCO coverage.
On the contrary, L, shows the opposite trend. It yields
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FIG. 4. (a)~(c) Out-of-plane magnetoresistance (MR ) for coverages § =0, 0.5, and 1 u.c., respectively. Inset in (a) shows a B>

dependence of MR at 2 K for § =0 u.c. Solid line represents the best linear fit of MR-B?, indicating a dominating orbital effect. Insets
in (b),(c) show low-field data at 2 K for 6 =0.5 and 1 u.c. Solid curves are the theoretical predictions of Eq. (2). (d),(e) Variation of

the extracted parameters B, and L, with temperature, respectively.

L,~29 and 58 nm for §=0.5 and 1 u.c., respectively,
representing physically reasonable and cogent values, con-
sidering that the scattering is taking place in the plane with
the film where L, has no dimensional constraints. Over-
all, these observed systematically changing parameters,
i.e., Tx, WAL component, and characteristic field, demon-
strate convincingly that disorder is gradually increased
with larger §.

In a parallel field, the orbital contribution to MR van-
ishes in 2D systems. However, the electrons can still
interact with B via their spin. Thus, in a geometry where
B is in plane of the 2DEG but aligned perpendicular to
the direction of current, MR is labeled as MR;;. The MR,
results for the § =0-, 0.25-, 0.5-, 0.75-, and 1-u.c. samples
are given in Figs. 5(a)-5(c) and S8 (see the Supplemental
Material [25]), respectively. We see a striking difference
in the field dependence of MR when the magnetic field is
aligned parallel to the 2DEG plane. MR|; is approximately
zero at low fields and negative at high fields for the § = 0-
u.c. sample (see the Supplemental Material [25]). As can
be seen in Figs. 5(a)-5(c) for coverages of § =0.5, 0.75,
and 1 u.c., respectively, at low temperature, MR,; consists

of a positive slope at lower fields and a negative slope
at higher fields for all samples, leading to a maximum
value of MR, indicating a change from WAL to weak
localization (WL) behavior. Similar behavior is observed
for low-temperature transport results at LAO/STO inter-
faces, where charges in the ferromagnetic phase cause the
in-plane resistance to drop at high magnetic fields [37,38].

In a WL-WAL system, an external magnetic field can
break the time-reversal symmetry and reduce the inter-
ference of the time-reversal path, resulting in a dominant
dynamic evolution of SOC and WL. With an increase
of the magnetic field, SOC reduces the net interference
contribution of forming the WAL to WL, which results
in a sharply rising MR. Then, with a further increase
of B, MR reaches its maximum value at the transi-
tion field (B,), and the SOC no longer participates in
quantum interference, indicating that B induces a WAL-
WL transition. When B continues to increase, the MR
decreases due to WL inhibition. The field and tempera-
ture dependence of MR|; change significantly in buffered
samples. The field value of the WAL-WL transition shifts
to higher field with increasing coverage and decreasing
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FIG. 5.

(a)(c) In-plane MR|; as a function of magnetic field in the low-temperature regime and sample coverages of § =0.5, 0.75,

and 1 u.c., respectively. (dy(f) Ao /o values as a function of magnetic field for coverages of § =0.5, 0.75, and 1 u.c., respectively,
shown as open symbols. Black solid lines are the fits obtained using Eq. (3). (g)~(i) Temperature dependence of characteristic magnetic
fields (Bin, Bso) for coverages of 6 = 0.5, 0.75, and 1 u.c., respectively.

temperature. The WAL-WL transition is derived from
the quantum interference of coherent electron waves
in the presence of spin relaxation (i.e., Rashba SOC),
approximately reflecting the SOC strength [20]. When
the temperature is increased to around 4, 5, and 6 K
for coverages of §=0.5, 0.75, and 1 u.c., respectively,
the WAL effect becomes negligible, suggesting a much
stronger Rashba SOC for higher buffered coverages. With
a further increase of temperature, the SOC effect disap-
pears completely, and the WL effect gradually weakens,
showing a decreasing negative MR|. To understand the
Rashba SOC effect more deeply and illustrate this behav-
ior more quantitatively, the in-plane MR}, is normalized
to the quantum conductance, as seen in Figs. 5(d)-5(f).
Recent studies suggested that the WAL at the STO-
based 2DEG system could be well described by two
widely used theoretical models, Hikami-Larkin-Nagaoka

and ITordanskii-Lyanda-Pikus [39,40]. Unfortunately, they
are only valid for a perpendicular field and weak SOC.
Hence, we apply the Maekawa-Fukuyama theory to ana-
lyze the WAL-WL, which can be expressed as [8,41]

As(B) _, ( B )
oo Bin + Bso
1 B
+ )\
21 —y? Bin+BSO<1+\/1_V2)
1 B

B

)\
2V/1=v" B+ Bso (1= VT=17)

&)
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where o is the longitudinal conductance, obtained from
the inversion of experimental resistance data; oo(=e*/mh)
is the quantum of conductance and Ao (B) =0 (B) — o (0).
The function W is defined as W(x) = In(x) + ¥ ((1/2) +
(1/x)), where ¥ (x) is the digamma function; Bj, and Bso
are the characteristic magnetic fields related to inelastic
scattering and spin-orbit scattering, respectively. The open
symbols in Figs. 5(d)-5(f) are the conductance at vari-
ous temperature for § =0.5-, 0.75-, and 1-u.c. samples,
respectively. The solid lines are the best-fit results using
Eq. (3) with the known parameters (see the Supplemen-
tal Material [25]). We show only the curves for positive
fields. The corresponding characteristic fields extracted
from the best-fitting results are shown in Figs. 5(g)-5(i).
The analysis reveals a nearly temperature-independent Bso
while Bj, increases with increasing temperature. At low
temperatures, we find that Bgo is larger than Bj,, which
indicates that WAL plays a dominant role at low tem-
peratures. As the temperature increases, a crossover from
Bso > Bin to Bso < Bi, appears, indicating a transition from
the dominant role being WAL to WL [42]. Remarkably,
this crossover behavior does not appear in the R;-T char-
acteristics, which are dominated by the Kondo-like tem-
perature dependence. We define the crossover temperature,
Teross, between WAL and WL as the temperature at which
Bin=Bso, signaling a change in the dominant scattering
mechanism. Toss shifts to higher temperatures with larger
coverage. For § = 0.5- and 0.75-u.c. samples, the transition
appears near 2 K. It increases to about 4 K for the § = 1-u.c.
sample. The higher T, indicates a stronger Rashba SOC.
The spin scattering (tsp) and the inelastic scattering (7i,)
times can be obtained by the relationships By,=#/4eDtiy,
and Bso= h/4eDtg0, respectively. For the § = 0-u.c. sam-
ple, the SOI is small, as indicated by the classical B> behav-
ior of the MR. Therefore, t;, and T5o can be considered
nearly the same (around 1.0 ps, according to Ref. [32]).
After inserting the § layer, a much stronger effect of SOI
is observed. The 7go drops around 2 orders of magnitude
when 8 =1 u.c. (tso=1.18 x 1072 ps) (see the Supple-
mental Material [25]). D is the diffusion coefficient. The
spin-precession distance (Lgp) and the dephasing length
(Lin) in the effective fields satisfy the condition Li,so =
Vh/4eBinso. This yields Lipso~19.7 and 14.7 nm for
the § =1-u.c. sample at 2 K. This is smaller than the
value of about 60 nm obtained on gated STO [43], reflect-
ing a stronger SOC in LAO/§-LCO/STO. In addition, the
Rashba spin-splitting energy (A), which is around 5.5 meV
(see the Supplemental Material [25]), shows an ignorable
variation with increasingly buffered coverage.

The in-plane MR|| for § =1 u.c. in a geometry where
the external field is parallel to the direction of current is
labeled as MR, and shows similar behavior to that of
MR (see the Supplemental Material [25]). The Bj,so is
higher than that estimated from MR|,. In general, the MR
behavior observed in buffered LAO/LCO/STO indicates

the enlarged spin-orbit interaction and a remarkably strong
field-orientation-dependent MR, as compared to the native
LAO/STO heterointerface.

IV. CONCLUSION

We systematically investigate the LAO/STO interface
by inserting a series of subunit-cell LCO buffer layers.
The LCO submonolayer allows the insertion of Co ions
right at the interface without hampering the interface’s
electrostatic boundary conditions. Therefore, its metallic
properties are well preserved and the carrier concentra-
tions and high mobilities of the 2DEG are not reduced but
conserved well after inserting Co ions. At low tempera-
tures, Kondo behavior, which is associated with Co ions,
emerges and significantly increases with the increasing
interfacial Co concentration. In addition, the spin polariza-
tion, reflected as an AHE contribution, is systematically
enhanced with larger buffer-layer coverages. Both out-
of-plane and in-plane MR data at low temperatures are
analyzed in detail to extract the quantum contributions
to electronic transport. The low-temperature MR suggests
that the spin-orbit interaction of the system is exceptionally
strong, which could support more efficient spin-to-charge
conversion responses and spin-torque measurements [11].
Therefore, our study offers a perspective, i.e., inserting
a subunit-cell magnetic layer, to tailor spin, orbital, and
lattice interactions of the oxide 2DEG, making the high-
performance spin-polarized LAO/STO system a promising
platform for spintronic research and applications.
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