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ABSTRACT: To incorporate spintronics functionalities into two-dimensional
devices, it is strongly desired to get two-dimensional electron gases (2DEGs) with
high spin polarization. Unfortunately, the magnetic characteristics of the typical
2DEG at the LaAlO3/SrTiO3 interface are very weak due to the nonmagnetic
character of SrTiO3 and LaAlO3. While most of the previous works focused on
perovskite oxides, here, we extended the exploration for magnetic 2DEG beyond the
scope of perovskite combinations, composing 2DEG with SrTiO3 and NaCl-
structured EuO that owns a large saturation magnetization and a fairly high Curie
temperature. We obtained the 2DEGs that show long-range magnetic order and thus
unusual behaviors marked by isotropic butterfly shaped magnetoresistance and
remarkable anomalous Hall effect. We found evidence for the presence of more
conductive domain walls than elsewhere in the oxide layer where the 2DEG resides.
More than that, a relation between interfacial magnetism and carrier density is
established. On this basis, the intermediate magnetic states between short-range and long-range ordered states can be achieved. The
present work provides guidance for the design of high-performance magnetic 2DEGs.
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1. INTRODUCTION

Two-dimensional electron gases (2DEGs) at the LaAlO3/
SrTiO3 (LAO/STO) interfaces have received considerable
attention due to their exotic properties such as 2D super-
conductivity,1,2 2D magnetism,3,4 tunable Rashba-typed spin−
orbit coupling,5,6 efficient spin−charge conversion,7−9 macro-
scopic quantum effect,10−14 etc. Among them, the 2D
magnetism is of special interest. It provides an opportunity to
incorporate spintronics functionalities into 2D oxide devices and
therefore is a focus of recent investigations. Unfortunately, the
2D magnetism of the LAO/STO system is extremely weak.
Analysis based on X-ray magnetic circular dichroism (XMCD)
shows that the magnetization is only in the order of∼0.01−0.03
μB/Ti.

4,15−17 More than that, the long-range magnetic order
usually appears at very low temperatures. The highest Curie
temperature, deduced from anomalous Hall effects (AHE), is
about 10 K,18 and butterfly shaped magnetoresistance (MR),
which is also a fingerprint of ferromagnetic order, emerges at
even low temperatures (∼0.3 K).3
The weak magnetism of the LAO/STO conducting interface

could be ascribed to the nonmagnetic characters of LAO and
STO. A question naturally arises: What will happen to 2DEG if
the heterostructure is composed of ferromagnetic (ferrimag-
netic) perovskite oxides? Since 2DEG resides in STO, there have
been attempts to replace LAO with magnetic oxides. As is

generally believed, a suitable candidate for LAO should be a
polar oxide that allows for a charge transfer to STO. Besides, it
should be able to epitaxially grow on STO to form a high-quality
interface. RTiO3 (R = La, Nd, Gd, and Sm) is the rare perovskite
oxide that simultaneously fulfills these conditions. GdTiO3

(GTO) is ferrimagnetic with a Curie temperature of 32 K,
while the other three oxides are antiferromagnetic.19 By
sandwiching STO between two GTO layers, Moetakef et al.20

obtained a quantumwell that showed butterfly shapedMR up to
10 K when the STO layer was 1 nm in thickness; the magnetic
proximity effect of GTO on STO makes the latter magnetized.
However, the magnetism of the sandwiched STO layer may be
weak since AHE was not observed. For the other three
antiferromagnetic oxides, the corresponding 2DEGs are not
magnetic although sometimes hystereticMRwas observed.21−23

There have also been attempts to introduce a magnetic buffer
layer between LAO and STO. As reported, a 1 μc thick

Received: March 22, 2020
Accepted: May 27, 2020
Published: May 27, 2020

Research Articlewww.acsami.org

© 2020 American Chemical Society
28775

https://dx.doi.org/10.1021/acsami.0c05332
ACS Appl. Mater. Interfaces 2020, 12, 28775−28782

D
ow

nl
oa

de
d 

vi
a 

IN
ST

 O
F 

PH
Y

SI
C

S 
on

 D
ec

em
be

r 
12

, 2
02

0 
at

 0
8:

54
:5

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jine+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongrui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaobing+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fanqi+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaojin+Qi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuansha+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuansha+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fengxia+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qinghua+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Banggui+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baogen+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weisheng+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jirong+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jirong+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.0c05332&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05332?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05332?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05332?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05332?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05332?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/12/25?ref=pdf
https://pubs.acs.org/toc/aamick/12/25?ref=pdf
https://pubs.acs.org/toc/aamick/12/25?ref=pdf
https://pubs.acs.org/toc/aamick/12/25?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c05332?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


La7/8Sr1/8MnO3 layer greatly improved the mobility of the
2DEG but did not produce visible magnetic effect.24 A 1 μc thick
EuTiO3 resulted in a sizable AHE.

15 However, it did not increase
the temperature span of the AHE; AHE is visible only below 10
K like LAO/STO 2DEG.
From above analyses, it is obvious that the exploration for

highly spin-polarized 2DEG is still required. However, the lack
of suitable candidates for LAO has greatly impeded the
investigations in this regard. While most of the previous works
focused on perovskite oxides, recently, we extended the
exploration for magnetic 2DEG beyond the scope of perovskite
combinations, composing 2DEG with KTaO3 (KTO) and
NaCl-structured EuO that is ferromagnetic and owns a high
magnetic moment (7 μB/Eu

2+).25 We obtained 2DEGs with
short-range magnetic order. In this article, we reported on the
2DEG that shows long-range magnetic order and thus unusual
behaviors such as isotropic butterfly shaped magnetoresistance
and remarkable anomalous Hall effect. More than that, we found
the key factor that determines interfacial magnetism. On this
basis, we can tune themagnetic states through controlling carrier
density.

2. EXPERIMENTAL SECTION
STO layers with a thicknesses of t = 5, 10, and 20 μc were grown on
different (001)-oriented (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) single
crystal substrates by the technique of pulsed laser deposition. The
fluence of the laser pulse was 2 J/cm2, and the repetition rate was 2 Hz
(KrF Excimer laser, wavelength = 248 nm). During film deposition, the
substrate temperature was maintained at 720 °C and oxygen pressure
was fixed to 10−5 mbar. The resultant films were transferred into a
molecular beam epitaxy system for the deposition of a top EuO layer.
The base pressure of the system was below 2 × 10−10 mbar. Prior to
growth, the substrate with the STO cap layer was annealed at 600 °C for
1 h to obtain a clean and well-ordered surface and then cooled down to
growth temperature (500 °C). The adsorption-controlled regime was
adopted to form a high-quality stoichiometric EuO phase. The
deposition rate of Eu was ∼8 Å/min, calibrated by a quartz-crystal
monitor. The layer thickness was set to 15 nm. The growth process of
the EuO film was in situ monitored by reflection high-energy electron
diffraction (RHEED). During Eu deposition, the oxygen pressure was
maintained at 1.2 × 10−9 mbar. A 6 nm thick MgO cap layer was
prepared by e-beam evaporation to protect the EuO film from further
oxidation when exposed to air.
Ultrasonic wire bonding (Al wires of 20 μm in diameter) was used for

electric contacts. The bonding depth was usually on the order of
micrometers. Therefore, the ultrasonic welding will penetrate the
insulating MgO/EuO layer to reach the conductive interface for the
MgO/EuO/STO/LSAT quantum well. The van der Pauw geometry
was adopted for Hall resistance measurements, and the standard four-
probe technique was employed for the conventional resistance
(including magnetoresistance) measurements. The electrical measure-
ments were performed by a quantum-designed physical property
measurement system (PPMS) in the temperature interval from 2 to 300
K and the magnetic field range from 0 to 8 T.

3. RESULTS AND DISCUSSION
3.1. Structural Characteristics of the EuO/STO/LSAT

Quantum Well. Bulk EuO is cubic with a lattice constant of
5.145 Å. LSAT is also cubic with a lattice parameter of 3.868 Å.
To get an epitaxial growth on STO or LSAT, the EuO lattice will
rotate along [001] axis by 45°.26 According to the XRD spectra,
the EuO layer is nearly cubic with in-plane and out-of-plane
lattice constants of 5.15 and 5.14 Å, respectively. Fascinatingly,
the large lattice mismatch between EuO and LSAT (5.15 versus
5.47 Å) does not prevent the epitaxial growth of the EuO film, as
indicated by the results of RHEED, X-ray diffraction (see Figure

S1 for details), and scanning transmission electron microscope
with double CS correctors (STEM, JEOL-ARM200F).
The left panel of Figure 1a is the typical high-angle annular

dark-field (HAADF) image of the cross section of EuO/STO(5

μc)/LSAT, recorded along the [001] zone axis of LSAT. The
bright spots in the top layer are the images of the Eu ions. Here,
elongated rhombuses along z-axis are observed due to the 45°
rotation of the EuO lattice with respect to that of STO. This
image also shows how the EuO layer is coherently grown on
STO, forming a clear interface. The STO layer is 5 μc in
thickness, epitaxially grown on LSAT. Now, two sublattices are
observed, corresponding to Sr2+ (bright spot) and Ti4+ (faint
spot) ions, respectively. In Figure 1b we show the electron
energy loss spectroscopy (EELS) spectrum images of the Ti-L2,3,
Eu-M5, and La-M4,5 edges, recorded along the vertical line
marked in the figure. Both the EuO-STO and STO-LSAT
interfaces are very sharp, with negligible interlayer diffusion.
These results reveal the high quality of the EuO/STO/LSAT
quantum well.

Figure 1. (a) High-angle annular dark-field lattice image of the cross
section of the EuO/STO(5 μc)/LSAT quantum well, recorded along
the [100] zone axis. For the STO layer, brighter and fainter spots
correspond to the Sr and Ti atoms, respectively. For the EuO layer, only
Eu atoms are visible. The epitaxial growth of STO on LSAT and EuO
on STO can be clearly seen, resulting in two sharp interfaces, as
indicated two yellow lines. (b) EELS spectrum images of the Ti-L2,3,
Eu-M5, and La-M4,5 edges, recorded along a vertical column marked in
(a). Interlayer diffusion is negligible, which specifies the high quality of
the quantumwell. (c) Line profiles of the Ti-L2,3 EELS spectra. Symbols
represent the experimental data, and the solid lines are results of curve
fitting based on the two bottom curves that are standard reference
spectra of Ti3+ and Ti4+. For clarity, the EELS spectra of Ti ions have
been differently upward shifted. (d) Ti3+ content versus distance from
the EuO/STO interface.
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3.2. Transport Behaviors of the EuO/STO/LSAT
Quantum Well. To determine the valence state of Ti ions,
we performed a quantitative analysis of the EELS spectra. Figure
1c presents the EELS spectra for the Ti ions (symbols) with
different distances from the EuO−STO interface. The two solid
curves in the bottom of Figure 1c are the standard reference
EELS spectra of Ti3+ and Ti4+, respectively.27 The above overlaid
solid lines are the results of multiple linear least-squares fitting,
derived from a weighted linear combination of the Ti3+ and Ti4+

reference spectra.27−30 On the basis of this analysis, the content
of Ti3+ can be obtained. It is ∼11%, essentially independent of
the distance from interface (Figure 1d). This means that the
STO layer has been uniformly electron doped by the oxygen
vacancies generated in the growth process of EuO. If all doped
electrons are mobile, the carrier density (nS) of the 2DEGwill be
∼3.6 × 1014 cm−2.
Figure 2a shows the sheet resistance (RS) of the EuO/STO/

LSAT quantum well as a function of temperature (T). The

transport behaviors are essentially metallic. The resistance
decreases monotonically as the sample is cooled from 300 down
to 50 K. As for the slight resistance upturn below 50 K, it is an
effect of Kondo scattering. As an example, we calculated the
Kondo effect for sample t = 10 μc adopting the zero-field
generalized Hamann expression and found that the calculated
results reproduced the experimental data very well (symbols in
Figure 2a). Please refer to Figure S2 for detailed calculations.
From 5 to 20 μc samples, the whole RS−T curve exhibits a
downward shift. This can be ascribed to the increase of the
conductive layer thickness, which leads to an increased number

of charge carriers. The carrier density of the quantum well is
shown in Figure 2b. It is∼2.3× 1014 cm−2 at 300 K for sample t =
5 μc, lower than the value deduced from the EELS analysis (∼3.6
× 1014 cm−2). Obviously, considerable charge carriers are
localized.31 This is because the electron energy loss spectros-
copy (EELS) is sensitive to both mobile and nonmobile carriers,
whereas the transport measurements are only sensitive to the
former.31 With the decrease of temperature, carrier density
displays a smooth decease. For 5 and 10 μc samples, a downward
bending can be seen in the nS−T relation below 40 K (marked by
an arrow), corresponding to the enhancement of the Kondo
effect. A further analysis shows that nS is nearly proportional to
the width of the quantum well. It means that the STO layer has
been uniformly reduced by EuO to the same degree though the
layer thickness is different.
For a control experiment, we also fabricated the EuO layer on

LSAT under the same conditions as those for the EuO/STO/
LSAT quantum well and found that the resistance was beyond
the scope of our measuring system in the whole temperature
range investigated. This result indicates that oxygen deficiency
in EuO, if it exists, is not high enough to drive EuO into a
conducting state.
Since the discovery of LAO/STO 2DEG, people have been

exploring the STO-based 2DEG caused by other typical oxides
(γ-Al2O3/SrTiO3,

32 GdTiO3/STO/GdTiO3
20). The study of

EuO/STO/LSAT 2DEG provides a new space for exploring the
STO-based 2DEG.

3.3. Long-Range Magnetic Order of the EuO/STO/
LSAT Quantum Well. The quantum well exhibits magnetic
characters, as indicated by the appearance of definite AHE.
Figure 2c illustrates the anomalous Hall resistance (RAHE) of the
5 μc sample, as a function of perpendicular magnetic field (H),
where the linear background has been corrected. With the
increase of magnetic field, the Hall resistance first grows rapidly
and then, above a threshold field, saturates to a constant value. A
close view of the RAHE−H curves shows the occurrence of
magnetic hysteresis around H = 0. These are typical features of
AHE. Figure 2d displays the temperature dependence of the
saturation RAHE. According to Figure 2d, RAHE emerges at 70 K,
increases rapidly with the decrease of temperature, and gains the
maximal value at∼25 K. After that, a crossover from the increase
to decrease appears, due to enhanced Kondo effect. As is well
established, AHE is a fingerprint of magnetic order, which can be
either long or short range. Noting the fact that 70 K is exactly the
Curie temperature of the EuO film (see Figure S3 for the
magnetic properties of EuO film), the magnetism of the STO
layer may have a close relation to EuO. Notably, AHE was not
observed in GTO/STO/GTO.20 It means that the magnetic
character of our 2DEG is strong compared with GTO/STO/
GTO.
AHE was also observed in the 10 μc sample, though the RAHE

values were significantly depressed. For the 20 μc sample, no
reliable AHE was identified. Apparently, the magnetic order in
STO prefers to appear in the proximity of the EuO/STO
interface and is a proximity effect of EuO on STO.
In addition to AHE, magnetic hysteresis is also a fingerprint of

magnetic order. Figure 3a illustrates the MR of EuO/STO(5
μc)/LSAT, obtained in a parallel field. Butterfly shaped MR
appears when the cycling magnetic field is between ±0.1 T,
leading to two resistance dips, where HC is the coercive field of
the EuO film, as will be seen later. This result suggests the
establishment of a magnetic order in the STO layer where the
2DEG resides.33,34 The magnetic order should be long range in

Figure 2. (a) Sheet resistance as a function of temperature for EuO/
STO/LSAT quantum well. The upturn below 70 K stems from Kondo
scattering, obtained with van der Pauw technique. (b) Carrier density of
the EuO/STO/LSAT quantum well, presented as a function of
temperature. A gradual freezing out of the charge carrier was observed
with the decrease of temperature. (c) Hall resistance as a function of
magnetic field, with the linear component has been subtracted.
Stepwise Rxy−H dependence is observed, indicating the occurrence
of anomalousHall effect. (d) AnomalousHall resistance as a function of
temperatures. It shows first a rapid and then a slow decrease upon
cooling. The maximal AHE appears at ∼25 K.
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nature33,34 since a short-range order will never give rise to MR−
H curves with two dips at±HC regardless of the direction of the
in-plane field. In fact, a short-range order always causes two MR
peaks at ± HC.

25,35

Here, short-range magnetic order means magnetic state with
isolated magnetic clusters dispersed in nonmagnetic (or
paramagnetic) background. A typical short-range order appears
in the intermediate state between the paramagnetic and
ferromagnetic state, as shown in ref 36. Magnetic granular film
is a special short-range ordered system.35 In contrast, a long-
range order is a magnetic state in which all magnetic moments
are strongly coupled and form an ordered arrangement. The
typical system is La2/3Sr1/3MnO3 film at low temperatures.37

Hysteretic MR marked with two MR dips suggests the
formation of magnetic domains in the STO layer where the
2DEG resides33,34 (Figure 3a). Magnetic hysteresis is a
consequence of field-induced reluctant rearrangement of
magnetic domains. In a word, AHE indicates the appearance
of magnetic order while hysteretic MR specifies the long-range
character of the magnetic order. The magnetic hysteresis
emerges at 15 K and enhances upon further cooling; it has been
promoted from ∼0.3 K for LAO/STO to ∼15 K for the present
sample.
An interesting observation is that the MR is isotropic, i.e., the

MR−H curves obtained with parallel and perpendicular fields
are identical (Figure 3a,b). This is different from the
conventional anisotropic MR, for which MR peaks and MR
dips emerge along two orthogonal field directions.34 As will be
seen later, isotropic MR is an indication of the appearance of
conductive domain walls in STO.
In the upper panel of Figure 3c, we show theMR as a function

of temperature (see Figure S4 for the determination of butterfly
shaped MR values). The MR of te 5 μc sample is higher by a
factor of 3.5 than that of the 10 μc sample. It is invisible for the
20 μc sample (not shown). This result confirms the inference of

the AHE, i.e., the 2D magnetism is an interfacial effect. The
bottom panel of Figure 3c shows the character field
corresponding to MR minima (HP), obtained from Figure
3a,b. For comparison, the coercive fields of the EuO film (HC)
are also included (refer to Figure S3 for the magnetic behavior of
the EuO film). Remarkably, three sets of data collapse onto the
same master curve. This result indicates that the resistance
minima appear when magnetic domains are most randomly
orientated. This in turn leads to an inference that the domain
walls of STO are more conductive than elsewhere. In this
picture, MR dips should locate at coercive field where the most
domain walls form. Obviously, isotropic MR is a unique feature
of the present 2DEG with a long-range magnetic order.
At present, we only have a primary explanation to this

phenomenon: charge carriers may tend to accumulate at domain
walls, making the latter more conductive than elsewhere. There
are reports showing that STO oxygen vacancies prefer to
concentrate on the boundaries between crystal domains.38 If
magnetoelastic coupling of the magnetized STO layer is strong
enough, the rearrangement of magnetic domains may induce
structural deformation, leading to additional crystal domain
boundaries and thus depressed resistance.

3.4. Magnetic Ordered Tuned by Carrier Density.
According to previous and present works, sometimes the
magnetic order of the 2DEG is short range25 and sometimes it is
long range. A further issue to be addressed is the key factors
affecting magnetic order. For the LAO/STO system, there are
reports that the magnetic coupling between local moments is
generated by a RKKY-like exchange.39 This means a close
relation between magnetic interaction and carrier density.40

Unfortunately, it is difficult to control the carrier density of
EuO/STO/LSAT since STO is always over reduced by EuO to a
definite degree in the suitable temperature range for the growth
of EuO. As an alternative, we prepared EuO/KTaO3 (EuO/
KTO) quantum wells with different carrier densities. KTO and

Figure 3. (a and b) Magnetoresistance measured in the in-plane field (a) parallel or (b) perpendicular to applied current for the EuO/STO(5 μc)/
LSAT quantum well, obtained by the four-probe technique. Sketches in (a) and (b) show the corresponding experiment setups. Magnetic hysteresis
appears while cycling magnetic field along the path +0.1 T to −0.1 T and to +0.1 T, indicating the emergence of magnetic order in STO. Results
obtained at different temperatures were upward shifted for clarity. Arrows mark the direction of magnetic sweeping. (c) Summary of the
magnetoresistance of different samples (upper panel) and the comparison of the coercive field of EuO (HC) and the character field for
magnetoresistance minimum (HP, bottom panel). Both parallel and perpendicular MR and HP values are presented, respectively represented by red
and purple symbols. Solid lines are guides for the eye.
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STO are quite similar in many aspects. First, both oxides exhibit
quantum paraelectricity and have a high dielectric constant,
which is a prerequisite for obtaining high mobility 2DEG.
Second, they are the only perovskite oxides from which 2DEG
can be obtained when capped with an appropriate oxide layer
such as LaAlO3.

41,42

The samples were fabricated by capping an EuO layer of 15
nm on KTO while keeping substrate at a temperature between
400 and 550 °C. In general, increasing the deposition
temperature will enhance the outward diffusion of oxygen
from STO to EuO, resulting in an increased carrier density. As
confirmed by the experiment of Hall effect, samples obtained by
tuning the substrate temperature have the carrier densities
ranging from ∼4.5 × 1013 (obtained at 400 °C) to ∼1.2 × 1014

cm−2 (obtained at 550 °C) at 2 K.
Remarkably, hysteretic MR of EuO/KTO mimicking that of

EuO/STO/LSAT was observed when nS was high (top panel of
Figure 4a), confirming the establishment of a long-range

magnetic order in KTO. With the decrease of the carrier
density, MR first decreases in magnitude and then, fascinatingly,
reverses its sign when nS is lower than 1014 cm−2, showing two
maxima in the MR−H curve (middle and bottom panels of
Figure 4a). Notably, twoMRmaxima have been reported before
for the EuO/KTO 2DEG with nS ≈ 8 × 1013 cm−2.25 As
evidenced, in that case, isolated magnetic clusters dominate the
magnetic structure of the interfacial layer of KTO, resulting in
MR behaviors similar to that of magnetic granular film.35

Obviously, the magnetic order in quantum well undergoes a
long-to-short-range evolution as the carrier density decreases.
The peak values of MR are shown in Figure 4b as a function of
nS. The result of EuO/STO(5 μc)/LSAT is also presented for
comparison. Theoretically speaking, any intermediate magnetic
state can be obtained by carefully tuning the carrier density.
On the basis of a simple analysis, we can understand the strong

dependence of magnetic order on carrier density. When nS is
low, the magnetic exchange will be weak,40 and, as a

consequence, the magnetic order is imperfect. This explains
the appearance of magnetic clusters. With the increase of the
carrier density, magnetic coupling is enhanced. As a result, the
induced magnetic order near the interface can be efficiently
delivered to the inner KTO layers. This in turn causes an
expansion of magnetic clusters, resulting in a long-range
magnetic order. Due to the similarities of STO and KTO in
many aspects, a similar process is expected in the STO-based
quantum well if the carrier density there can be controlled.

Picture for the Magnetic Structure in Quantum Wells.
So far, our investigation on MR has been limited to low fields.
Extending to a high field range, a distinct background MR
emerges. Figure 5 shows theMR of EuO/STO(5 μc)/LSAT and
EuO/STO(20 μc)/LSAT. The data for a typical EuO/KTO
quantum well (nS = 8 × 1013 cm−2) are also included for
comparison. In addition to the butterfly shaped MR aroundH =
0, a bell shaped background appears for EuO/KTO and EuO/
STO(5 μc)/LSAT. Different from the low field one, this
background MR is reversible for magnetic cycling and persists
up to high fields. We found that the Khosla and Fischer
formula43−46 provides a good description for the background
MR (dashed lines in Figure 5)

a b HMR ln(1 )2 2 2= − + (1)

adopting suitable parameters of a and b (see Figure S5 for
detailed calculations). Obviously, the background MR stems
from the depression of the scattering from isolated magnetic
moments. It is the presence of these randomly oriented local
moments that causes the Kondo effect in EuO/KTO and EuO/
STO(5 μc)/LSAT (refer to Figure S6 for the resistive behavior
of EuO/KTO). For the 20 μc sample without showing Kondo
effect, the background MR is slightly positive, due to the
shrinkage of electron wave function in magnetic field (Figure
5c).47

Based on the above analyses, we can get a sketch for the
magnetic structure of the interfacial layer. Parts a and b of Figure
6 are plane views of the interfacial layers of KTO(STO). As
shown in Figure 6a, magnetic clusters form when carrier density
is low, dispersing in a background that owns isolated magnetic
moments. Depression of the spin scattering from magnetic
clusters results in a hysteretic MR. In this case, MR shows two
peaks at coercive field. In addition to magnetic clusters, localized
magnetic moments in the background will also cause spin
scattering, resulting in the Kondo effect. The background MR is
a consequence of the alignment of randomly directed magnetic
moments. It is thus reversible for magnetic cycling. With the
increase of carrier density, magnetic clusters expand and merger
with each other, forming connected magnetic domains (Figure
6b). The rearrangement of magnetic domain gives rise to
butterfly shaped MR characterized by two dips at coercive field.
Meanwhile, the background MR remains visible because of
presence of isolated magnetic moments in the background,
which will give rise to Kondo scattering.
On the basis of density-functional theory calculations, we

investigated the magnetic characteristics of the STO layer and
found a ferromagnetic ground state (see Figure S7 for detailed
results). Further analysis reveals how the proximity effect of EuO
on STO takes place: Due to structural relaxation at interface, Eu
5d states are partially occupied and polarized by Eu 4f electrons.
This in turn causes a spin polarization of Ti 3d electrons, whose
wave function has an overlap with that of Eu 5d electrons. In
general, some of the Ti 3d electrons will be localized due to
interfacial scattering, forming localized magnetic moments. As

Figure 4. (a) Magnetoresistance measured in parallel magnetic field for
the EuO/KTO 2DEGs with different carrier densities, obtained at 2 K.
From bottom to top panels, the carrier density increases from 4.5× 1013

to 1.2 × 1014 cm−2. Arrows mark the direction of magnetic cycling. (b)
Peak values of the MR as a function of carrier density. The result of
EuO/STO(5 μc)/LSAT is also presented for comparison. Data of 10
and 20 μc samples are not shown here since the interfacial effect in these
two samples have been significantly shunted by interior layers.
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reported, itinerant electrons can generate a magnetic interaction
between magnetic moments in 2DEG.39 This implies that the
magnetic order near interface will be delivered to inner STO
layers by mobile electrons. In this scenario, we can understand
the appearance of ferromagnetic order in the quantum well.

4. CONCLUSIONS
In summary, 2DEGs are obtained by coherently growing NaCl-
structured EuO on perovskite SrTiO3. Quantum wells thus
obtained have a long-range magnetic order andmore conductive
magnetic domain walls in the SrTiO3 layers where 2DEG reside,
exhibiting isotropic butterfly shaped magnetoresistance and
remarkable anomalous Hall effect. The density of mobile
electrons is the key factor affecting interfacial magnetism.
Through tuning carrier density we are able to control the
transition between magnetic states with short-range and long-
range orders, respectively. On the basis of experimental results, a
magnetic map is obtained for the interfacial layer. The present
work demonstrates how to get and tune interfacial magnetism,
giving a guidance for the design of high-performance magnetic
2DEG.
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Reyren, N.; Gabay, M.; Morpurgo, A. F.; Triscone, J.-M. Two-
Dimensional Quantum Oscillations of the Conductance at LaAlO3/
SrTiO3 Interfaces. Phys. Rev. Lett. 2010, 105, 236802.
(12) McCollam, A.; Wenderich, S.; Kruize, M. K.; Guduru, V. K.;
Molegraaf, H. J. A.; Huijben, M.; Koster, G.; Blank, D. H. A.; Rijnders,
G.; Brinkman, A.; Hilgenkamp, H.; Zeitler, U.; Maan, J. C. Quantum
oscillations and subband properties of the two-dimensional electron gas
at the LaAlO3/SrTiO3 interface. APL Mater. 2014, 2, No. 022102.
(13) Xie, Y.; Bell, C.; Kim, M.; Inoue, H.; Hikita, Y.; Hwang, H. Y.
Quantum longitudinal and Hall transport at the LaAlO3/SrTiO3
interface at low electron densities. Solid State Commun. 2014, 197,
25−29.
(14) Trier, F.; Prawiroatmodjo, G. E. D. K.; Zhong, Z. C.; Christensen,
D. V.; von Soosten, M.; Bhowmik, A.; Lastra, J. M. G.; Chen, Y. Z.;
Jespersen, T. S.; Pryds, N. Quantization of Hall Resistance at the
Metallic Interface between an Oxide Insulator and SrTiO3. Phys. Rev.
Lett. 2016, 117, No. 096804.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c05332
ACS Appl. Mater. Interfaces 2020, 12, 28775−28782

28781

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaobing+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4327-1209
http://orcid.org/0000-0003-4327-1209
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fanqi+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaojin+Qi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuansha+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fengxia+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qinghua+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Banggui+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6030-6680
http://orcid.org/0000-0002-6030-6680
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baogen+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weisheng+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1757-4479
http://orcid.org/0000-0002-1757-4479
https://pubs.acs.org/doi/10.1021/acsami.0c05332?ref=pdf
https://dx.doi.org/10.1126/science.1146006
https://dx.doi.org/10.1126/science.1146006
https://dx.doi.org/10.1038/ncomms7028
https://dx.doi.org/10.1038/ncomms7028
https://dx.doi.org/10.1038/ncomms7028
https://dx.doi.org/10.1038/nmat1931
https://dx.doi.org/10.1038/nmat1931
https://dx.doi.org/10.1038/nmat3674
https://dx.doi.org/10.1038/nmat3674
https://dx.doi.org/10.1103/PhysRevLett.104.126803
https://dx.doi.org/10.1103/PhysRevLett.104.126803
https://dx.doi.org/10.1021/acs.nanolett.7b02128
https://dx.doi.org/10.1021/acs.nanolett.7b02128
https://dx.doi.org/10.1038/nmat4726
https://dx.doi.org/10.1038/nmat4726
https://dx.doi.org/10.1038/nmat4726
https://dx.doi.org/10.1126/sciadv.1602312
https://dx.doi.org/10.1126/sciadv.1602312
https://dx.doi.org/10.1021/acs.nanolett.7b03714
https://dx.doi.org/10.1021/acs.nanolett.7b03714
https://dx.doi.org/10.1103/PhysRevLett.105.206401
https://dx.doi.org/10.1103/PhysRevLett.105.206401
https://dx.doi.org/10.1103/PhysRevLett.105.236802
https://dx.doi.org/10.1103/PhysRevLett.105.236802
https://dx.doi.org/10.1103/PhysRevLett.105.236802
https://dx.doi.org/10.1063/1.4863786
https://dx.doi.org/10.1063/1.4863786
https://dx.doi.org/10.1063/1.4863786
https://dx.doi.org/10.1016/j.ssc.2014.08.006
https://dx.doi.org/10.1016/j.ssc.2014.08.006
https://dx.doi.org/10.1103/PhysRevLett.117.096804
https://dx.doi.org/10.1103/PhysRevLett.117.096804
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c05332?ref=pdf


(15) Stornaiuolo, D.; Cantoni, C.; De Luca, G. M.; Di Capua, R.; Di
Gennaro, E.; Ghiringhelli, G.; Jouault, B.; Marre, D.; Massarotti, D.;
Miletto Granozio, F.; Pallecchi, I.; Piamonteze, C.; Rusponi, S.; Tafuri,
F.; Salluzzo, M. Tunable Spin Polarization and Superconductivity in
Engineered Oxide Interfaces. Nat. Mater. 2016, 15, 278−284.
(16) Salluzzo, M.; Gariglio, S.; Stornaiuolo, D.; Sessi, V.; Rusponi, S.;
Piamonteze, C.; De Luca, G. M.; Minola, M.; Marre,́ D.; Gadaleta, A.;
Brune, H.; Nolting, F.; Brookes, N. B.; Ghiringhelli, G. Origin of
Interface Magnetism in BiMnO3/SrTiO3 and LaAlO3/SrTiO3
Heterostructures. Phys. Rev. Lett. 2013, 111, No. 087204.
(17) Gray, M. T.; Sanders, T. D.; Jenkins, C. A.; Shafer, P.; Arenholz,
E.; Suzuki, Y. Electronic and Magnetic Phenomena at the Interface of
LaAlO3 and Ru Doped SrTiO3. Appl. Phys. Lett. 2015, 107, 241603.
(18) Gunkel, F.; Bell, C.; Inoue, H.; Kim, B.; Swartz, A. G.; Merz, T.
A.; Hikita, Y.; Harashima, S.; Sato, H. K.; Minohara, M.; Hwang, H. Y.;
et al. Defect Control of Conventional and Anomalous Electron
Transport at Complex Oxide Interfaces. Phys. Rev. X 2016, 6,
No. 031035.
(19) Zhou, H. D.; Goodenough, J. B. Localized or Itinerant TiO3
Electrons in RTiO3 Perovskites. J. Phys.: Condens. Matter 2005, 17,
7395−7406.
(20) Moetakef, P.; Williams, J. R.; Ouellette, D. G.; Kajdos, A. P.;
Goldhaber-Gordon, D.; Allen, S. J.; Stemmer, S. Carrier-Controlled
Ferromagnetism in SrTiO3. Phys. Rev. X 2012, 2, No. 021014.
(21) Biscaras, J.; Bergeal, N.; Kushwaha, A.; Wolf, T.; Rastogi, A.;
Budhani, R. C.; Lesueur, J. Two-dimensional Superconductivity at a
Mott Insulator/Band Insulator Interface LaTiO3/SrTiO3. Nat.
Commun. 2010, 1, 89.
(22) Xu, P.; Ayino, Y.; Cheng, C.; Pribiag, V. S.; Comes, R. B.; Sushko,
P. V.; Chambers, S. A.; Jalan, B. Predictive Control over Charge Density
in the Two-Dimensional Electron Gas at the Polar-Nonpolar NdTiO3/
SrTiO3 Interface. Phys. Rev. Lett. 2016, 117, 116803.
(23) Ahadi, K.; Stemmer, S. Novel Metal-Insulator Transition at the
SmTiO3/SrTiO3 Interface. Phys. Rev. Lett. 2017, 118, 236803.
(24) Chen, Y. Z.; Trier, F.; Wijnands, T.; Green, R. J.; Gauquelin, N.;
Egoavil, R.; Christensen, D. V.; Koster, G.; Huijben, M.; Bovet, N.;
Macke, S.; He, F.; Sutarto, R.; Andersen, N. H.; Sulpizio, J. A.; Honig,
M.; Prawiroatmodjo, G. E. D. K.; Jespersen, T. S.; Linderoth, S.; Ilani,
S.; Verbeeck, J.; Van Tendeloo, G.; Rijnders, G.; Sawatzky, G. A.; Pryds,
N. ExtremeMobility Enhancement of Two Dimensional Electron gases
at Oxide Interfaces by Charge-Transfer-Induced Modulation Doping.
Nat. Mater. 2015, 14, 801−807.
(25) Zhang, H. R.; Yun, Y.; Zhang, X. J.; Zhang, H.; Ma, Y.; Yan, X.;
Wang, F.; Li, G.; Li, R.; Khan, T.; Chen, Y. S.; Liu, W.; Hu, F. X.; Liu, B.
G.; Shen, B. G.; Han, W.; Sun, J. R. High-Mobility Spin-Polarized Two-
Dimensional Electron Gases at EuO/KTaO3 Interfaces. Phys. Rev. Lett.
2018, 121, 116803.
(26) Kormondy, K. J.; Gao, L. Y.; Li, X.; Lu, S. R.; Posadas, A. B.; Shen,
S. D.; Tsoi, M.; McCartney, M. R.; Smith, D. J.; Zhou, J. S.; Lev, L. L.;
Husanu, M. A.; Strocov, V. N.; Demkov, A. A. Large positive linear
magnetoresistance in the two-dimensional t2g electron gas at the EuO/
SrTiO3 interface. Sci. Rep. 2018, 8, 7721.
(27) Ohtomo, A.; Muller, D. A.; Grazul, J. L.; Hwang, H. Artificial
charge-modulation in atomic-scale perovskite titanate superlattices.
Nature 2002, 419, 378−380.
(28) Cao, Y.; Yang, Z.; Kareev, M.; Liu, X.; Meyers, D.; Middey, S.;
Choudhury, D.; Shafer, P.; Guo, J.; Freeland, J. W.; Arenholz, E.; Gu, L.;
Chakhalian, J. Magnetic Interactions at the Nanoscale in Trilayer
Titanates. Phys. Rev. Lett. 2016, 116, No. 076802.
(29) Das, S.; Rastogi, A.; Wu, L. J.; Zheng, J.-C.; Hossain, Z.; Zhu, Y.
M.; Budhani, R. C. Kondo scattering in δ-doped LaTiO3/SrTiO3
interfaces: Renormalization by spin-orbit interactions. Phys. Rev. B:
Condens. Matter Mater. Phys. 2014, 90, No. 081107.
(30) Garcia-Barriocanal, J.; Bruno, F. Y.; Rivera-Calzada, A.; Sefrioui,
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