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Quantum corrections to electrical resistance can serve as sensitive probes of the magnetic landscape of a
material. For example, interference between time-reversed electron paths gives rise to weak localization effects,
which can provide information about the coupling between spins and orbital motion, while the Kondo effect is
sensitive to the presence of spin impurities. Here we use low-temperature magnetotransport measurements to
reveal a gradual transition from weak antilocalization (WAL) to Kondo scattering in the quasi-two-dimensional
electron gas formed at the interface between SrTiO3 and the Mott insulator NdTiO3. This transition occurs as
the thickness of the NdTiO3 layer is increased. Analysis of the Kondo scattering and WAL points to the presence
of atomic-scale magnetic impurities coexisting with extended nanoscale magnetic regions that affect transport
via a strong magnetic exchange interaction. This leads to distinct magnetoresistance behaviors that can serve as
a sensitive probe of magnetic properties in two dimensions.

Conducting interfaces between SrTiO3 (STO) and other
complex oxides are an ideal system for investigating two-
dimensional electron systems in the high-density regime [1–
4]. Our experimental system consists of epitaxial layers
of SrTiO3 and NdTiO3 (NTO) [4–6], which host a high-
density quasi-two-dimensional electron gas coupled to local
ferromagnetic or superparamagnetic regions [7, 8]. The fer-
romagnetic order is thought to originate from spatially in-
homogeneous canting of the antiferromagnetically-alligned
spins in NTO [7, 9], which is a Mott-Hubbard insula-
tor with a Néel temperature of ∼ 90 K [10, 11]. Here
we focus on MBE-grown heterostructures with layer struc-
ture STO(8 u.c.)/NTO(x u.c.)/STO(8 u.c.)/(La,Sr)(Al,Ta)O3
(LSAT)(001) (substrate), where x =2, 4, 10, 20 (Fig. 1(a)).
The top STO layer protects the underlying heterostructure
from degradation [6], however only the bottom NTO-on-STO
interface is expected to contribute to transport, as STO-on-
NTO interfaces are typically insulating at low temperatures
[5, 7]. In this system, itinerant electrons, which reside pri-
marily on the STO side of the interface [5], experience the
combined effect of k-cubic Rashba spin-orbit coupling (SOC)
and a magnetic exchange interaction of several 10’s of Tesla
due to the local, inhomogeneous magnetic order [8].

Previous work has focused on the case of thin NTO lay-
ers, where these effects give rise to a unique type of WAL
correction to the conductance under the combined effect of
the magnetic exchange and an applied magnetic field an ap-
plied parallel field gives rise to a unique type of WAL correc-
tion to the conductance under the combined effect of the spin-
orbit coupling and the magnetic exchange [8]. Here we report
on a striking transition between this regime from this regime,
where localization effects dominate the magnetotransport re-
sponse, to a regime of predominant Kondo scattering, as the
thickness of the NTO layer is increased. Interestingly, for the
thickest NTO layers studied, the Kondo effect coexists with
the interfacial exchange interaction, suggesting the presence
in close proximity of both atomic scale spin impurities and
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FIG. 1. (a) Top: A schematic of the STO(8 u.c.)/NTO(x u.c.)/STO(8
u.c.)/LSAT(001) heterostructure, where x =2, 4, 10, 20. The direc-
tions of applied fields are indicated with respect to the heterointer-
face. Bottom: False-color optical image of a typical Hall-bar sample
prepared on the heterostructure. The etched regions are indicated in
blue. (b) The temperature dependence of the Hall mobility µ . (c)
Magnetoresistance as a function of the perpendicular magnetic field
B⊥ measured at T = 2 K. The x = 2 data in panels (b) and (c) are
reproduced from Ref. [8] to allow direct comparison with the x = 4,
10 and 20 samples.

larger magnetically-ordered regions.
The heterointerfaces are mesa-etched into 10 × 20 and

10× 40 µm2 Hall-bar devices by a combination of electron
beam lithography and dry etching techniques. Fig.1(a) shows
a typical device. To achieve ohmic contacts to the conduct-
ing interfaces, the cross-sections of the heterostructures are
exposed by Ar ion milling and coated afterwards by Ti/Au
electrodes via an angled deposition. The magnetotransport
measurements are performed in a 9-T Quantum Design physi-
cal property measurement system (PPMS) at temperatures (T )
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down to 2 K. A rotational sample holder is used for applying
magnetic fields at various angles with respect to the sample
plane. Four-terminal resistance is measured using standard
DC techniques with currents ≤ 0.5 µA. We estimate the elec-
tron mobility µ of the samples based on the longitudinal re-
sistance and Hall effect data. The estimated µ values are pre-
sented in Fig. 1(b) for a broad range of temperatures.

Fig. 1(c) shows the sample magnetoresistance (MR) as a
function of perpendicular field B⊥ measured at T = 2 K. The
data for the 2 u.c. sample has the characteristic shape of WAL,
with sharp positive MR clearly seen around zero field, and
a maximum value at at larger field, around B⊥ = 2 T. The
WAL/WL contribution to the magetoresistance in B⊥ can be
analyzed to extract the dephasing and SOC parameters of
the system, Bφ and Bso respectively [8]. The focus of this
work is on the dependence of the MR on the NTO thickness.
Fig. 1(c) shows four snapshots of this striking evolution. As is
shown below, the pronounced negative MR in the thicker sam-
ples originates from the interplay between localization and the
Kondo effect, with the x = 4 sample revealing crossover be-
havior.

Fig. 2 shows the temperature dependence of resistance R,
normalized to its value at T = 300 K, for devices with four dif-
ferent thicknesses of the NTO layer. An upturn in resistance is
observed at low temperatures for all the samples. For samples
with 2 or 4 u.c. NTO, the resistance upturn follows a loga-
rithmic dependence on temperature down to 2 K (dashed lines
in Figs. 2(a) and (b)), which is consistent with WAL/WL. In
contrast, as the thickness of the NTO layer is increased to 10
and 20 u.c., the experimental resistance upturn deviates from
and lies below the logarithmic dependence for T <∼10 K
(Figs. 2(c) and (d)). Saturation of the logarithmic dependence
at low temperatures is characteristic of the Kondo effect, orig-
inating from the interplay between the conduction electrons
and magnetic impurities.

We find that the R vs. T behavior of 10 and 20 u.c. samples
at low temperatures can be well described by a simple model,
where the Kondo contribution RK is taken into account, given
as

R(T ) = R0−q lnT +RK(T ). (1)

The lnT term represents the non-saturating resistance upturn
due to WAL/WL likely due to WL (Appendix B). R0 includes
both a T -independent term from the WAL/WL contribution
and the residual resistance due to sample disorder. For the
Kondo contribution, we adopt the empirical relation [12, 13]

RK(T ) = RK(T = 0)
[
(T/TK)

2(21/s−1)+1
]−s

, (2)

which is a universal function of T in units of the Kondo tem-
perature TK . Here, TK is defined as the temperature at which
the Kondo contribution to the resistance reaches half of its
zero-temperature value. The value of s depends on the spin
of the impurity (S) and is typically taken to be s = 0.225 for
S = 1/2 [12]. Eq. 2 is known to work well for a broad range
of temperatures, from the logarithmic-dependence dominated
region at T � TK to the Fermi liquid region at T � TK . The
solid curves in Figs. 2(c) and (d) are the fitting results for our
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FIG. 2. Sample resistance R (dots) at B = 0 as a function of tempera-
ture T on a logarithmic scale, normalized to its value at T = 300 K,
for the STO(8 u.c.)/NTO(x u.c.)/STO(8 u.c.)/LSAT(001) heterostruc-
tures, with x =2, 4, 10 and 20 respectively for panels (a), (b), (c) and
(d). Dashed lines show the low-temperature logarithmic dependen-
cies and solid lines correspond to the theoretical fits using Eqs. 1 and
2. The data in (a) are reproduced from Ref. [8] and re-scaled in the
same way as panels (b)-(d) for direct comparison.

TABLE I. Parameters extracted from the fits to the measured R vs. T
curves using Eqs. 1 and 2 for a typical 10 and 20 u.c. sample.

x (u.c.) TK (K) RK(T = 0) (Ω) R0 (Ω) q (Ω)
10 50 60 728 19
20 51 75 1170 46

data using Eqs. 1 and 2. The extracted values of the fit pa-
rameters are listed in Table I. At these low temperatures, the
contribution with a power-law temperature dependence due to
the electron-phonon interaction almost freezes out [12, 14].
For this reason and to minimize the number of fit parameters,
this term was ignored in our analysis.

The above analysis seems to suggest that both the localiza-
tion and the Kondo effect contribute to the conductance of the
interface in the thicker samples. To distinguish between the
contributions, we measure the MR in a magnetic field applied
parallel to the sample plane for the low temperature range. In
this case, the orbital effects are expected to be suppressed by
the confinement in the z direction due to the 2D nature of the
system. This measurement therefore provides a platform for
investigating the magnetic properties of the interfacial system.
Figs. 3(a)-(d) show the experimentally measured MR in a par-
allel magnetic field, [R(B||)−R(0)]/R(0)×100%, for samples
with different NTO thicknesses. As shown in Fig. 3(a), for a
2 u.c. sample we observe pronounced positive MR for the en-
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FIG. 3. Magnetoresistance as a function of the parallel field B|| at various temperatures for samples with different NTO thicknesses, x =2 (a),
4 (b), 10 (c), 20 u.c. (d). Experimental data (dots) and theoretical fits (solid lines). (e) The magnetic field scale BK of the Kondo contribution
extracted from the fits in (c) and (d) for the 10 and 20 u.c. samples, respectively. (f) The inverse of the apparent local moment 1/µm as function
of 1/T (dots) and the associated linear fits (solid lines) for the samples in (a), (c) and (d). The vertical bars in (e) and (f) represent the standard
errors of the data obtained from the fits. The data on the x = 2 sample in panels (a) and (f) are re-plotted here based on Ref. [8] for direct
comparison.

tire temperature range, with a sharp rise in resistance at low
fields and a gradual increase at higher fields. As the NTO
thickness increases to 4 u.c., while the low-field regime still
features a positive MR, a high field regime characterized by
a negative MR appears for each temperature (Fig. 3(b)). The
negative MR regime is more noticeable at a lower temperature.
As the NTO thickness increases further to 10 or 20 u.c., we
find that the MR remains negative over the entire field range
(Figs. 3(c) and (d)).

Previous analysis of the large positive MR observed in
2 u.c. samples revealed the significant roles played by the
SOC and local magnetism on the conductance of the inter-
face [8]. It is known that a parallel field can suppress WAL
via the Zeeman interaction, resulting in positive MR. The
presence of ferromagnetic order in localized regions at the in-
terface gives rise to a substantial magnetic exchange interac-
tion with the conduction electron spins, as compared to the
usual case with only the bare applied field. This exchange
interaction effectively leads to a large Zeeman splitting and
thus affects strongly the sample resistance. This phenomena
can be assessed numerically based on localization theories [8].
The Zeeman interaction induces dephasing to the quantum in-
terference in the presence of SOC, which can be described
as a correction to the dephasing parameter Bφ in the form of
[15, 16],

∆φ (B||) =
(gµBB||)2

(4eD)2Bso
. (3)

D is the diffusion coefficient, which can be derived as D =
π h̄2/(e2Rs(0)m∗) [8]. The interference-induced magnetore-
sistance in a parallel magnetic field is thus given by

Rs(B||)−Rs(0)
Rs(0)2 =

σ0

2
ln
[

1+
∆φ (B||)

Bφ

]
, (4)

where Rs represents the sheet resistance. The exchange in-
teraction from local magnetic regions can be represented by
an effective exchange field BE , which couples to conduction
electron spins, and enters the formulas via the Zeeman term
[17]. As a result, the applied field B|| in Eqs. 3 and 4 is re-
placed by a total effective field in the plane, Bt

|| = B||+BE
|| .

In a superparamagnetic system, the fluctuating moments µm
of local magnetic regions tend to align along the applied mag-
netic field, leading to a net magnetization [18]. In this case,
the applied field dependence of the exchange field is given by
the Langevin function L(x) at temperatures above the block-
ing temperatures, yielding BE

|| (B||) = λ µ0MsL(µmB||/kBT ),
where λ is the coefficient characterizing the effective ex-
change interaction between electrons and the local moments,
µm is the moment of a single magnetic region, and Ms is the
saturation magnetization.

Using λ µ0Ms and µm as two variables, the MR data for the
2 u.c. sample are well reproduced by the fits incorporating the
Langevin function into Eqs. 3 and 4 as described above. The
fits are shown as solid lines in Fig. 3(a) for various tempera-
tures. Here, the values of Bso and Bφ are obtained from the fit-
ting of the MR vs. B⊥ data for the same sample using standard
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WAL formulas (see the supplementary material Appendix B).
Eq. 3 depends on the product of the g factor and the effective
mass m∗. The slope of

√
∆φ vs. B|| at 2 K for large B||, where

BE
|| shows saturating behavior, yields gm∗/me ∼ 1.5. We note

the above analysis is limited to the condition ∆φ < Bso, ac-
cording to the localization theory [16]. This condition is found
to hold for our data in the entire measurement range presented
in Fig. 3(a). We also note that in a quasi-2D system, the par-
allel field may introduce a localization correction via the non-
vanishing orbital motion along the z direction. Past studies on
such 2 u.c. samples have shown that the orbital effects of the
parallel fields are insignificant in comparison to the observed
magnetoresistance features in our system [8].

As the NTO thickness is increased, a negative component in
the MR emerges and eventually dominates the sample behav-
ior in the parallel magnetic field (Figs. 3(b)-(d)). The large
negative MR observed under B|| for the 10 and 20 u.c. sam-
ples cannot be explained by the WAL/WL effect. It is well
known that the Kondo effect can play an important role in
STO-based complex oxide systems, leading to negative MR
[12, 19]. The specific expression for the Kondo resistance as
a function of the applied magnetic field has been derived by
the Bethe-ansatz approach for zero temperature and is a uni-
versal function of B in units of a magnetic scale BK [12, 20].
The expression of the Kondo contribution to the MR for the
case of parallel magnetic field B|| is given by:

R(B||)−R(0)
R(0)

=−RK(0)
R(0)

(
1− cos2

[
π

2
Mi(B||/BK)

])
, (5)

where R(0) and RK(0) are the zero-field values of the total
sample resistance and that of the Kondo contribution, respec-
tively (see the supplementary material Appendix A for the
exact form of the function Mi). The negative MR changes
quadratically with B|| for B||� BK and decreases more grad-
ually for B||� BK .

To incorporate the effect of local magnetism into the Kondo
model, we adopt a similar approach as described above by
introducing the exchange field BE

|| . As a result, the applied
field B|| in Eq. 5 is replaced by a total effective field in the
plane, B||+BE

|| , where the B|| dependence of BE
|| is given by the

Langevin function. Using BK , λ µ0Ms and µm as fit variables,
the negative MR data observed in the 10 and 20 u.c. sam-
ples are well reproduced by this model. The fits are shown in
Figs. 3(c) and (d) for various temperatures. We note that the
zero-field value of RK(0)/R(0) in Eq. 5 is obtained for each
temperature from the R vs. T fit of the same sample (Figs. 2(c)
and (d)) and is not a free parameter.

Fig. 3(e) shows the extracted values of the Kondo magnetic
scale BK as a function of temperature for the 10 and 20 u.c.
samples. At temperatures above ∼ 10 K, BK decreases mono-
tonically with decreasing temperature. As the temperature is
further reduced below ∼ 10 K, the extracted BK values for the
two samples saturate around a low-temperature limit between
∼ 20 and 25 Tesla. This saturation is expected as Eq. 5 is de-
rived for T � TK . The two distinct Kondo scales, TK and BK ,
are related. Assuming g = 2, the ratio of kBTK to gµBBK is

found to be of order one, in agreement with theory in agree-
ment with the prediction of the spin-1/2 Kondo model [21].

In the above analyses, we focus on the limit cases where ei-
ther the WAL or the Kondo effect dominate the in-plane MR.
The 4 u.c. sample illustrates the crossover regime, where both
positive and negative MR can be seen (Fig. 3(b)). In this in-
termediate case, both the WAL and Kondo effects and their
interplay are expected to play significant roles in the mag-
netotransport. Since the exact interplay between WAL and
Kondo channels is not presently known, fitting of this com-
plex crossover was not possible. In particular, assuming that
the two channels are independent does not yield satisfactory
fits.

Our analysis of the magneotresistance under parallel field
provides a quantitative assessment of the magnetic moments
of individual local magnetic regions at the interfaces. The
extracted values of µm for all the four samples are shown in
Fig. 3(f). The inverse of the apparent moment 1/µm changes
linearly with the inverse of the temperature. This behavior
is consistent with the scenario of weakly interacting super-
paramagnets. The true moment µ∗m is given by the relation
1/µm = 1/µ∗(1+ T ∗/T ), where T ∗ charaterizes the energy
scale of the dipole-diple interaction [22]. Fitting to this ex-
pression, we obtain the average magnetic moment of an indi-
vidual nanoscale magnetic region to be µ∗m = 22± 1, 12± 2
and 15±2 µB for the 2, 10 and 20 u.c. samples, respectively.

We now discuss possible microscopic origins of the co-
existence of the Kondo impurities with local magnetic order
revealed in this study. The ferromagnetic order in STO/NTO
interfaces is thought to originate from the canted antifer-
romagnetic ordering of Ti3+ moments in NTO the canting
of the antiferromagnetic moments on the Ti3+ sublattice in
NTO, likely mediated by Dzyaloshinskii-Moriya (DM) inter-
action,[7, 9] and can give rise to nanoscale superparamag-
netic regions due to factors such as local strain [7]. Moreover,
in STO/NTO/STO heterostructures, electron transfer between
the STO and NTO layers can induce a small density of Ti in
the 3+ valence state in the STO change a small density of Ti4+

in STO into the 3+ valence state [5]. These sparse Ti3+ mo-
ments in the STO layer can act as Kondo scattering centers at
the conductive bottom interface. For thicker NTO layers, the
Ti3+ fraction in the bottom STO is expected to increase[5].
Moreover, trace concentrations of oxygen vacancies and in-
termixed cations could also act as possible Kondo impurities
[23]. Although remaining below the detection limit of mi-
croscopy techniques, their concentrations could be enhanced
during the growth of thicker NTO samples, as the samples are
maintained at higher temperatures for longer periods of time,
facilitating their formation and diffusion.

In summary, we investigated the low-temperature magneto-
transport in a series of STO/NTO/STO hetero-interfaces with
different thicknesses of the NTO layer. Our analysis shows
that increasing the thickness of the NTO layer introduces sub-
stantial Kondo scattering at the interface, which dominates
over WAL in the thickest samples studied. Interestingly, we
find that the effects of the SOC and Kondo scattering are en-
hanced by the presence of local magnetic order, leading to
a distinct magneto-resistance behavior in a parallel magnetic



5

field. This serves as a sensitive probe of the magnetic land-
scape requiring only electrical transport measurements, capa-
ble of detecting ensembles ranging from small magnetically-
ordered regions down to atomic-scale magnetic scattering
sites. We expect that this approach is applicable not just to ox-
ide interfaces, but also to other 2D conducting systems.which
serves as a sensitive probe of the local magnetic landscape.
The co-existence of the Kondo effect and magnetic exchange
fields also identifies NTO/STO interfaces a promising sys-
tem for exploring the interplay between atomic-scale spin de-
fects, nanoscale magnetically-ordered regions and spin-orbital
coupling in two dimensions. The co-existence of Kondo scat-
tering, nanoscale magnetically ordered regions, magnetic ex-
change and spin-orbit coupling, which can be controlled e.g.
by varying the NTO layer thickness identify NTO/STO inter-
faces as a promising system for possible applications, such as
oxide spintronics.
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Appendix A: The zero-temperature magnetization of the
spin-1/2 Kondo model

To calculate the magnetoresistance contribution from the
Kondo effect, we adopt the model obtained by the Bethe-
ansatz approach [12, 20]. For a Kondo impurity with a spin of
S = 1/2, the impurity magnetization curve at zero temperature
has the form

Mi(B/BK) =


1√
2π

∞

∑
k=0

(
−1

2

)k

(k!)−1(k+1/2)k−1/2e−(k+1/2)
[

B
BK

]2k+1

, B≤
√

2BK

1−π−3/2
∫

∞

0

dt
t

sin(πt)
[

BK

B

]2t

e−t ln(t/2e)
Γ(

1
2
+ t),

√
2BK ≤ B.

(A1)

which is a universal function of the applied magnetic field B
in units of BK . BK is a magnetic scale related to the Kondo
temperature. We use this standard form in Eq. 5 of the main
text for the theoretical fitting.

Appendix B: Magnetoresistance in a perpendicular magnetic
field

Here, we discuss the sample magnetoresistance (MR) mea-
sured under perpendicular magnetic field B⊥ and the fittings
of the theoretical models for the low-field regime.

As can be seen in Fig. 4(a), the MR v.s. B⊥ curves of the
2 u.c. sample have the charateristic shapes of the weak antilo-

calization (WAL). The WAL is a manifestation of the spin-
orbit coupling (SOC) in a diffusive electron system. Previous
analysis of the WAL data using the Iordanskii, Lyanda-Geller
and Pikus (ILP) theory reveals that the dominant form of SOC
in a 2 u.c. sample is likely cubic Rashba [8]. The lack of spa-
tial inversion symmetry in the interface leads to a spin splitting
of electron spectra called the Rashba effect. Unlike the typical
k-linear Rashba in many systems, where the spin splitting is
proportional to the wave vector k, in our interface the splitting
has a dominant term cubic in k. The k-cubic dependence of
the splitting is possibly associated with the orbital ordering of
the d-electron subbands in SrTiO3 [24, 25].

The expression of the ILP model with the k-cubic spin split-
ting has the form [26, 27]

Rs(B⊥)−Rs(0)
Rs(0)2 = σ0

[
1
2

Ψ

(
1
2
+

B1

B⊥

)
−Ψ

(
1
2
+

B1 +B2

B⊥

)
− 1

2
Ψ

(
1
2
+

B1 +2B2

B⊥

)
−1

2
ln
(

Bφ

B⊥

)
+ ln

(
B1 +B2

B⊥

)
+

1
2

ln
(

B1 +2B2

B⊥

)]
,

(B1)

where Rs is the sheet resistance and σ0 = e2/πh, Ψ is the
digamma function. B1,2 are the effective fields associated with

inelastic scattering, SOC and magnetic impurity scattering. In
the absence of magnetic impurites, B1 and B2 directly corre-
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FIG. 4. (Color online) Magnetoresistance as a function of the perpendicular magnetic field B⊥ at various temperatures for samples with
different NTO thicknesses, x=2 (a), 4 (b), 10 (c), 20 u.c. (d): Experimental data (open circles) and theoretical fits (solid lines). The extracted
values of the fit parameters B1 and B2 are plotted as a function of temperature for each sample. The vertical bars represent the standard errors
of the data points obtained from the fittings.

spond to the dephasing and SOC parameters, that is B1 = Bφ

and B2 = Bso.
In Fig. 4(a) for the 2 u.c. sample, the solid lines show the

best fits obtained using Eq. B1 with B1 and B2 as the fit pa-
rameters. The data are well reproduced by the model. The
extracted values of B1 and B2 are plotted as a function of tem-
perature in the right panel of Fig. 4(a). It is important to note
that in the 2 u.c. sample, the effect of magnetic impuries is
negligible (see main text). Thus, the extracted values of B1
and B2 can be used directly for Bφ and Bso. In the main text,
we substitute these values of Bφ and Bso in Eqs. 3 and 4 for
the fittings of the in-plane field data of the same sample.

The results for the 4 u.c. sample are shown in Fig. 4(b).

Again, we fit Eq. B1 to the MR data at low B⊥. The ex-
tracted values of B1,2 are plotted in the right panel of Fig. 4(b).
It should be noted that for this sample at T = 2 K, we find
the WAL model can fit the experimental data well only up to
around B⊥ = 1.5 T (Fig. 4(b), left panel). The deviation for
B⊥ > 1.5 T is likely due to the presence of the Kondo effect
(see the main text). The Kondo effect contributes to a nega-
tive MR component whose overall amplitude increases with
decreasing T .

For the theoretical fittings to the MR vs. B⊥ data of the 10
and 20 u.c samples, we take into account both the WAL/WL
and the Kondo effect, by combining the existing models

∆R
R

=
∆Rloc +∆RK

R
=−Rs(0)σ0F

(
B1

B⊥
,

B2

B⊥

)
− RK(0)

R(0)

(
1− cos2

[
π

2
Mi
(

B⊥
BK

)])
. (B2)

The first term is the MR contribution from the WAL/WL,
which has the form of Eq. B1. The second term is the con-
tribution from the Kondo effect. We adopt the same model as
that used in the main text (Eq. 5) by assuming that the Kondo
scattering is isotropic. The exact form of the function Mi is
given by Eq. A1. RK(0)/R(0) is the ratio of the Kondo resis-
tance to the total resistance at B = 0. Since we have obtained
the values of RK(0)/R(0) and BK from the R vs. T and the
MR vs. B|| fits (see main text), the second term in Eq. B2 can
be calculated.

Figs. 4(c) and (d) show the fitting results for the 10 and
20 u.c. samples, respectively. Due to the presence of mag-
netic impuries, the extracted values of B1,2 are related to not
only Bφ and Bso but also the magnetic scattering parameter Bs
[14, 28]. As B1 is greater than B2 for all the tempreatures, the
first term in Eq. B2 gives rise to a negative MR component for
all temperatures, which can be considered as the weak local-
ization (WL). For perpendicular magnetic field, the WAL/WL
is expected to play a significant role in the magneto-transport,
since the geometrical confinement for the orbital effects is ab-
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sent. On the other hand, although we assume that the scatter-
ing from the Kondo impurities is isotropic, the Kondo contri-
bution to MR is expected to be much weaker in B⊥ than in B||.
This is associated with the anisotropy of the exchange field
from local magnetic order (see below).

As expected for a thin magnetic film, the magnetization of
local magnetic regions in the interface would have an easy-
plane anisotropy. At small values of B⊥, the magnetization
would primarily lie in the sample plane. The out-of-plane
component of the exchange field is negligible. However, at
large enough values, an applied perpendicular field B⊥ can
overcome the in-plane anisotropy and pull the magnetization
out of the plane. In this case, the exchange field would con-
tribute substantially to the out-of-plane direction. A previous
study of the angular dependence of the WAL effect for the
2 u.c. samples supports this scenario [8]. The critical value of
B⊥ to overcome the anisotropy was found between 2 and 2.5 T
[8]. As a result, in order to avoid the complications arising
from the local magnetic order, here, we fit to the MR v.s. B⊥
data in the low-field regime, up to 2 T.

Appendix C: Temperature dependence of saturation exchange
field, λ µ0Ms

The saturation exchange field λ µ0Ms is expected to be
weakly dependent on temperature. To improve the fit robust-

ness, we restricted the values of λ µ0Ms to intervals of 5 T and
analyzed the relative standard error in each interval to deter-
mine the best fit. The best fit occurred in the 5-10 T interval
for both the 10 u.c. and the 20 u.c. samples, shown below in
Fig. 5.
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FIG. 5. (Color online) The saturation exchange field λ µ0Ms as a
function of temperature T , extracted from the fits in Figs. 3(c) and
3(d) for the 10 and 20 u.c. samples, respectively. Standard errors of
the fits are included.
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