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Competition of electronic correlation and reconstruction in La1−xSrxTiO3/SrTiO3 heterostructures
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Electronic correlation and reconstruction are two important factors that play a critical role in shaping the
magnetic and electronic properties of correlated low-dimensional systems. Here, we report a competition
between the electronic correlation and structural reconstruction in La1−xSrxTiO3/SrTiO3 heterostructures by
modulating material polarity and interfacial strain, respectively. The heterostructures exhibit a critical thickness
(tc) at which a metal to insulator transition abruptly occurs at certain thickness, accompanied by the coexistence
of two- and three-dimensional (2D and 3D) carriers. Intriguingly, the tc exhibits a V-shaped dependence on
the doping concentration of Sr, with the smallest tc value at x = 0.5. We attribute this V-shaped dependence to
the competition between the electronic reconstruction (modulated by the polarity) and the electronic correlation
(modulated by strain), which are borne out by the experimental results, including strain-dependent electronic
properties and the evolution of 2D and 3D carriers. Our findings underscore the significance of the interplay
between electronic reconstruction and correlation in the realization and utilization of emergent electronic
functionalities in low-dimensional correlated systems.

DOI: 10.1103/PhysRevB.108.155432

I. INTRODUCTION

Oxide interfaces have recently garnered significant re-
search attention due to their intriguing properties and func-
tionalities that differ from those of their bulk counterparts
[1–4]. Various interesting physical phenomena, such as two-
dimensional electron gas (2DEG) at the interface between
insulating layers [5], superconductivity [6], and ferromag-
netism [7], have been observed. In particular, the interfacial
2DEG is widely believed to originate from the electronic
reconstruction, i.e., charge transfer forced by the polar catas-
trophe at the polar/nonpolar interface [8]. By designing the
polar overlayer [9] or the surface adsorption [10], the strength
of the internal electric field in the polar material can be tuned,
resulting in a dramatic change of the electronic properties,
such as Rashba spin-orbit coupling (SOC) [11–14] which
interacts with the electronic Coulomb interaction. Moreover,
oxide interfaces feature, besides electronic reconstruction,
a strong electron-electron interaction. Hence, the Coulomb
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interaction from electronic correlation [15], depending on
the interfacial strain [16] and the type of rare-earth cations
[17], could compete against the Rashba SOC from electronic
reconstruction, leading to the emergence of unconventional
electronic phases [18–21]. Intensive investigations have been
conducted to study each mechanism individually [15,22–24].
However, electronic correlation and reconstruction coexist in
certain systems and these properties jointly govern the electri-
cal characteristics of these oxide systems. To investigate the
primary driving mechanism of the rich physical phenomena,
a deeper understanding of the interplay between electronic
correlation and reconstruction in an ultrathin complex oxide
system is necessary. Given its complexity and indivisibility,
this poses a significant challenge.

A doped interfacial system serves as an ideal platform for
investigating the effect of the interplay on electronic prop-
erties [25]. Sr-doped LaTiO3 [La1−xSrxTiO3 (LSTO)] has
garnered significant attention due to its potential for a variety
of applications, such as solid oxide fuel cells [26], transparent
conductors [27,28], and buffer layer for high-temperature su-
perconductors [29]. Doping Sr into LaTiO3 (LTO) thin films
leads to the emergence of a conducting phase due to the band
filling with each Sr2+ replacing La3+. The doping provides
an additional electron to the Ti site, facilitating the transition
from the 3d1 to the 3d° configuration. More importantly,
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doping of Sr also introduces a modulation of both electronic
correlation and reconstruction simultaneously.

The strength of electronic correlation can be estimated by
the 3d t2g electronic orbital bandwidth [30]. Structurally, Sr
doping transforms the LSTO from Ibmm (0.2 � x � 0.7) to
Pbnm (0.7 � x � 1) [28] with oxygen octahedral rotation that
leads to a change in the Ti-3d bandwidth. Also, the interfacial
strain induced by the lattice mismatch between LSTO and
STO will decrease as the Sr concentration is varied from x = 0
(LTO, 3.97 Å) to x = 1 (STO, 3.905 Å), modifying the LSTO
band structure accordingly [31]. Concurrently, because the
LSTO transforms from a polar La3+ Ti3+O3 configuration for
x = 0 to a nonpolar Sr2+ Ti4+ O3 configuration for x = 1, the
effect of polarization catastrophe induced electronic recon-
struction is expected [32]. Thus, a systematic study on the
electronic properties of the LSTO/STO heterostructure will
allow us to probe the interplay between the two phenomena,
i.e., the electronic reconstruction and correlation, and to prove
usefulness in optimizing the electronic properties in complex
oxide systems for further applications.

In this study, we investigated the evolution of the electronic
properties of the LSTO/STO heterostructures by varying
the Sr-dopant concentration, the LSTO thickness, and the
substrate-induced interfacial (biaxial) strain. With the Sr dop-
ing ranging from x = 0.1 to 0.9 and the LSTO thickness
ranging from a few to up to 300 unit cells (uc), the effect
of cation substitution, biaxial strain, and reconstruction were
analyzed specifically. The Sr-concentration dependence of the
critical thickness (tc) of the metal-insulator transition shows
a V-shaped behavior with the smallest tc = 6 uc at x = 0.5.
A detailed analysis of the data indicates that this behavior
originates from a competition between the electronic recon-
struction and correlation at the interface. By examining the
Hall effect of the LSTO/STO heterostructure, we observed the
coexistence of two different types of carriers further confirm-
ing the competing relationship between the two mechanisms.
Therefore, the optimized electronic properties in the ultrathin
oxide system are achieved by modulating the doping concen-
tration and thickness in the LSTO/STO heterostructure.

II. RESULTS AND DISCUSSION

We first investigated LSTO thin films on TiO2-terminated
(001)-orientated STO substrates. The films were grown by
pulsed laser deposition (PLD) equipped with in situ reflective
high-energy electron diffraction (RHEED). Polycrystalline
Sr-doped LTO targets of various stoichiometries were syn-
thesized by mixing high-purity La2O3 (99.999%), TiO2

(99.99%), and SrO (99.9%) powders. The mixed powders
were then sintered at 600 ◦C and 900 ◦C for 8 and 10 h,
respectively, and then pressed into a pellet followed by 36 h of
calcination at 1300 ◦C. Prior to the deposition, a buffered-HF
treatment and air annealing were conducted to obtain pristine
TiO2-terminated STO substrates. The growth temperature for
all depositions was kept at 850 ◦C under an oxygen partial
pressure of 10−4 Torr (including during the warming up and
cooling down steps). After the growth, the samples’ tempera-
ture was then lowered to room temperature at a ramping rate
of 10 ◦C/ min. Figure 1(a) shows a representative RHEED
oscillation obtained during the growth process, demonstrating

FIG. 1. Reflection high-energy electron diffraction (RHEED) os-
cillations and surface morphology of the 12 uc La1−xSrxTiO3 (LSTO,
x = 0.1)/STO heterostructure. (a) RHEED oscillations of the 12 uc
LSTO (x = 0.1) grown on STO substrate. (b) The atomic force
microscopy (AFM) image of 12 uc LSTO (x = 0.1)/STO.

a layer by layer growth mode. The thickness of the LSTO was
determined by counting the number of RHEED oscillations.
Figure 1(b) displays an atomic force microscope (AFM) im-
age of the 12 uc LSTO (x = 0.1). Clear atomic terraces are
observed, indicating the high structural quality of the LSTO
thin films. Transport measurements were conducted using
a Quantum Design physical property measurement system
(PPMS) in a Van der Pauw configuration. A measurement
current of 1 µA was applied over a temperature range from
300 to 2 K. The Hall measurement was carried out under a
magnetic field ranging from −8 to 8 T.

Figure 2(a) illustrates the sheet resistance, RS , of the
LSTO (x = 0.1)/STO as a function of temperature and film
thickness. The RS generally decreases as the temperature de-
creases, consistent with metallic behavior for relatively large
thicknesses. As the film thickness reduces, the RS gradually
increases and exceeds our measurement limit of 107� for a
thickness below 10 uc. In contrast to the abrupt MIT with
thickness as in the case of the LSTO (x = 0.5)/STO het-
erostructure [31], the MIT for the x = 0.1 sample is more
gradual with an intermediate semiconducting state [see the
10 uc case in Fig. 2(a) for an example]. This gradual transi-
tion is attributed to the variation of the doping concentration,
resulting from the strong Coulomb interaction [15,21]. Fig-
ure 2(b) summarizes the x = 0.1 conductance as a function

FIG. 2. Metal-insulator transition (MIT) of LSTO
(x = 0.1)/STO heterostructure. (a) Temperature-dependent RS

(RT) curves of samples with a critical thickness (tc) of MIT at
10 uc. Samples with LSTO thickness below 10 uc show an insulating
behavior, and above 10 uc a metallic behavior. (b) RS at 300 and
2 K as a function of LSTO thickness. An abrupt MIT transition is
observed at 2 K. The quantum of conductance (QC), 2e2

h , is plotted
as a guide to the eyes (black dashed line).
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FIG. 3. RT of LSTO with different thicknesses and doping con-
centrations. (a)–(e) Temperature-dependent RS from ultrathin to bulk
thickness with Sr-doping concentrations from 10% to 90%, namely,
10% (x = 0.1), 25% (x = 0.25), 40% (x = 0.4), 50% (x = 0.5), 75%
(x = 0.75), and 90% (x = 0.9). (f) Summary of tc as a function of
doping concentration at both 300 and 2 K.

of the LSTO thickness at 2 and 300 K. The conductance in-
creases gradually with increasing thickness at 300 K, whereas
a sharp jump of more than fivefold is observed at 2 K. It
is noteworthy that the MIT occurs around the quantum of
conductance (QC), 2e2

h , indicating a 2D nature of the carriers
in the thin films [33].

To quantitatively study the effect of Sr doping on inter-
facial electronic properties, LSTO with varied thicknesses
and doping concentrations was grown on STO substrates.
Figures 3(a)–3(e) show the resistance with temperature RS

(RT) of LSTO with thicknesses ranging from 8 to above
30 uc and doping concentrations from x = 0.1 to 0.9. Inter-
estingly, all the heterostructures experience an MIT but at
different tc corresponding to the different electronic prop-
erties. Besides, a Fermi liquid behavior (R ∝ T 2) [34] is
observed in all concentrations for t � 30 uc, indicating the
conductivity is bulklike. Despite these similarities, one major
difference is that the abrupt MIT occurs only at a doping
concentration of x = ∼0.5 and becomes more gradual when
the concentration level approaches x = 0 and 1. Figure 3(f)
summarizes the doping-dependent tc at 300 and 2 K. This
V-shaped curve shows that the smallest tc appears at x =∼
0.5 and gradually increases when concentration increases
or decreases toward the two ends, reflecting the nonlinear

relationship between the Sr concentration and the electronic
property.

We propose the V-shaped curve of tc is a result of the
competition between electronic reconstruction (controlled by
polar discontinuity) and electronic correlation (controlled by
interfacial strain). Below, we will first discuss the effect of
polar discontinuity and then extend the discussion into the
interfacial strain. Polar discontinuity is widely accepted as
the prevalent mechanism for the formation of 2DEG [35–37].
The carriers of LSTO/STO are a combination of 2D carriers
arising mainly from the polar discontinuity as well as the 3D
carriers due to the dopant. In this scenario, the LTO (LSTO,
x = 0) exhibits as a Mott insulator possessing an alternating
polarity of +e and −e from (La3+ O2−)

+
and (Ti3+ O2−

2 )
−

planes [38]. When x = 1, it becomes a nonpolar insula-
tor due to the neutral-terminated planes (Sr2+ O2−)

0
and

(Ti4+ O2−
2 )

0
. Therefore, the Ti3+, which serves as an indicator

of polarity and originates from the electronic reconstruction
at the interface, could be modulated via Sr doping. As the Sr
concentration decreases from x = 1 (equivalent to increasing
La doping in STO), the carriers are generated by (i) lowering
Sr doping (equivalent to increasing La doping), leading to
higher bulk carriers, and (ii) the increased polar discontinu-
ity, resulting in an increase in 2D carriers. Therefore, the tc
decreases when the Sr doping concentration decreases from
x = 1 to x = 0.5, indicating that the polarity from excess Ti3+

is a crucial factor in affecting the electronic reconstruction
at the interface and tailoring the electronic properties in the
LSTO/STO heterostructure [as shown by the trend indicated
by the dotted line in Fig. 3(f)]. While the tc is expected to
further decrease at low Sr-doping concentration (x < 0.5), the
tc value unexpectedly increases; we attribute this increase to
the strain effect.

Strain engineering is an effective strategy to study the
electronic correlation in a correlated low-dimensional sys-
tem [39–41]. LTO is well known as a strongly correlated
system [42]. Its electronic properties are highly dependent
on the strain [15], and a 2% compressive strain is found
to induce a MIT behavior in LTO [43]. The MIT is at-
tributed to the strain-induced changes of crystal-field splitting
between the lowest Ti t2g levels [44], which directly af-
fect the electron-electron interaction. Therefore, to clarify
the effect of interfacial strain on the electronic property,
30 uc LSTO (x = 0.1, 3.909 Å) films [45] were deposited
onto other insulating substrates, namely, LaAlO3(001) (LAO,
3.791 Å), (LaAlO3)0.3(Sr2AlTiO6)0.7(001) (LSAT, 3.868 Å),
NdGaO3(110) (NGO, 3.859 Å), and DyScO3 (110) (DSO,
3.944 Å). Figure 4(a) shows the diverse conducting properties
as a function of the biaxial strain in the heterostructures. The
LSTO/LAO heterostructure exhibits an insulating behavior,
because of the largest 3.11% compressive strain imposed
by LAO onto LSTO. Despite a relatively smaller lattice
mismatch in the LSTO/DSO (0.89%), the tensile strain intro-
duced by the DSO turns the interface into insulating as well.
Figure 4(b) shows the RS at 2 K with the corresponding lattice
constant of the substrate. The RS reaches the highest value
with the least compressive strain 0.1% from the LSTO/STO
heterostructure and drops with increasing compressive strain.
It originated from the strain-induced variation of the Ti-3d
bandwidth, which could dramatically modulate the strength
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FIG. 4. The effect of strain on the electrical transport properties
of the bulk from (t = 30 uc) of LSTO (x = 0.1). (a) RT curves of
30 uc LSTO (x = 0.1) grown on different substrates. There is a clear
rise of resistance as the strain increases. (b) The lattice mismatch of
30 uc LSTO (x = 0.1) deposited onto different substrates, namely,
LAO, NGO, LSAT, STO, and DSO.

of electronic correlation. Figure 4 confirms the electronic
properties of LSTO are strongly dependent on the different
lattice mismatch from the applied strain, which agrees with
the previous work that the tensile strain facilitates the insulat-
ing behavior [19].

In analogy, with different concentrations of Sr doping, the
lattice mismatch between LSTO and STO could be suppressed
from the maximum of 1.66% (x = 0) to 0% (x = 1). The
compressive biaxial strain affects the electronic properties of
LSTO via changing lattice parameters, resulting in structural
relaxations from the corresponding strain. From the band
structure perspective, both orbital degeneracy and its occupa-
tion are sensitive to the biaxial strain at the interface. Under
compressive strain, the two degenerate states in Ti t2g reach a
higher energy level so that the crystal-field splitting declines
[46]. The energy degeneracy of Ti t2g orbitals results in a small
bandwidth, leading to the larger critical thickness. As the Sr
concentration decreases, the compressive strain is intensified.
A larger compressive strain facilitates the reduction of bond
length between Ti and O and consequently enhances the
electron correlation (see Fig. S2 in the Supplemental Material
for details [47]) [17,48]. Thus the continuous promotion of the
biaxial compressive strain achieved by decreasing Sr doping
at low Sr-doping concentration (x < 0.5) is expected to in-
crease the tc, because the LSTO approaches the compressively
strained LTO in this range. Our observation fits the tendency
well at the low Sr-doping concentration range, indicating the
correlation of the biaxial strain to the electronic properties [as
shown by the trend indicated by the dashed line in Fig. 3(f)].

Taking into account the two above-mentioned effects of in-
terfacial strain and polar discontinuity, as the doping concen-
tration increases, the compressive strain results in a smaller tc
while the decreased polarity leads to a larger tc. Consequently,
the V-shaped behavior of the doping concentration dependent
tc reveals a competition between the electronic correlation and
reconstruction coexisting in the LSTO/STO heterostructure.

To further uncover the competition, we examined the
carrier density (n) and mobility (μ) by varying the LSTO
thicknesses and temperatures. Figure 5(a) shows the Hall
resistance (Rxy) of LSTO (x = 0.1) films at 10 K with thick-
nesses ranging from 12 to 300 uc. As the film thickness

increases, Rxy below 100 K evolves from linear to nonlinear.
The nonlinear Hall effect is typically ascribed to multichannel
carriers with different mobilities in this scenario [31]. If two
conduction channels are taken into account, the nonlinear
Rxy(B) can be expressed as [49]

Rxy =
(
μ2

1 n1 + μ2
2 n2

) + (μ1μ2B)2(n1 + n2)

[(μ1|n1| + μ2|n2|)2 + (μ1μ2B)2(n1 + n2)2]
,

where n1 and μ1, n2, and μ2 are the carrier density and mo-
bility of the two types of carriers. Together with the constraint
of Rxx(0) = 1/e(n1μ1 + n2μ2), the Rxy(B) data can be fitted.
The experimental data in Fig. 5(a) perfectly align with the
fitting curve, confirming that the nonlinearity indeed arises
from two types of carriers coexisting in the LSTO/STO het-
erostructures. Further information for the carrier density of
thin film (t = 12 uc) and bulk form (t = 60 uc) are shown
in Figs. 5(b) and 5(c), respectively. While only one type of
carrier is observed in the 12 uc LSTO sample, it is clear that
two types of carriers coexist in the 60 uc LSTO/STO het-
erostructure, because of the conducting behavior in the bulk
LSTO. The carrier shows a strong temperature dependence on
both density (n1, n2) and mobilities (μ1, μ2), in stark contrast
to conventional semiconductor heterostructures [50,51]. For
the 60 uc LSTO shown in Fig. 5(c), the density n1 of the
majority carriers (solid circle) decreases to 1014 cm−2 upon
lowering the temperature, while the mobility μ1 increases
and eventually saturates at ∼100 cm2 V−1 s−1. In the case
of a Fermi liquid, where electron-electron scattering is the
dominant transport mechanism, electron density decreases as
the temperature is lowered. Therefore, the observation of the
temperature-dependent majority carriers property, which is a
characteristic of a Fermi liquid system, supports the LSTO
as a conductor in bulk form and in good accordance with
previous reports [52,53]. Thus we conclude that the majority
of carriers are 3D type and exist in the LSTO bulk. The
minority carrier (n2) starts to increase as the temperature drops
below 100 K and saturates at ∼5 × 1012 cm−2, more than 10
times lower than n1. Meanwhile, μ2 of the minority carrier
only increases slightly with decreasing temperature and seems
independent of n2. These results suggest that the minority
carrier is a 2D electron gas rather than a 3D Fermi liquid.

Figure 5(d) shows the thickness-dependent n1 and n2 of
the LSTO (x = 0.1)/STO heterostructure collected at 10 K.
As the film thickness increases, the effect of biaxial strain
weakens, resulting in the increase of 3D carrier density (n1,
red circle) and a decrease in mobility (μ1, black circle). Con-
versely, the density (n2, red triangle) and mobility (μ2, black
triangle) of the 2D carrier are enhanced with the increasing
thickness of LSTO films. Figure 5(e) shows the Rxy of 30 uc
bulk LSTO films with Sr-doping concentrations ranging from
x = 0.1 to 0.9 (i.e., 10%, 50%, 75%, and 90% of Sr) at 2
K. A clear nonlinear Hall effect is observed in all concen-
trations as well, confirming the coexistence of 2D and 3D
carriers in the LSTO/STO heterostructure. Figure 5(f) further
elucidates the property of two types of carriers with corre-
sponding Sr-doping levels. In the low-concentration region
(x � 0.5), the 3D carrier density slightly increases and reaches
the peak at 50%, while the 2D carrier density decreases as the
doping concentration increases, indicating a suppression of
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x1012

FIG. 5. Carrier density (n) and mobility (μ) of LSTO as functions of thickness and temperature. (a) Rxy (B) as a function of the magnetic
field for different film thicknesses measured at low temperatures. All samples show nonlinear behavior. Temperature dependence of n and μ

of 12 uc (b) and 60 uc (c) samples. (d) Thickness dependence of the n and μ of the two types of carrier measured at low temperatures. (e) Rxy

of bulk LSTO (t = 30 uc) for various concentrations, i.e., 10%, 50%, 75%, and 90%, at 2 K. All samples show nonlinear behavior. (f) n of two
types of carrier as a function of Sr-doping concentration.

polarity with increasing Sr doping. In the high-concentration
region (x > 0.5), both types of carriers decline with the in-
creasing doping concentration. It indicates the strain effect
plays a more important role in the low-concentration regime
while with a higher doping concentration, the interfacial polar
discontinuity plays a more significant role in the electronic
properties of the LSTO/STO heterostructure, which is consis-
tent with the observed V-shaped behavior of tc.

III. CONCLUSION

In summary, by varying the Sr-doping concentration in
the LSTO/STO heterostructures, we demonstrate that com-
petition between electronic correlation (modulated by strain)
and reconstruction (modulated by polarity) is responsible for
the V-shaped behavior of the tc. Specifically, as the dop-
ing concentration drops, the strain effect raises the tc of the
MIT, while the interfacial polar discontinuity has the opposite
effect. Moreover, we found that the two types of electrons

coexist in the LSTO/STO heterostructures, namely, a 3D
Fermi liquid in the bulk LSTO and a 2DEG at the in-
terface. Our study paves the way to further create and
utilize the unique electronic properties in complex oxide het-
erostructures by leveraging the interplay between electronic
reconstruction and electronic correlation.

ACKNOWLEDGMENTS

X.R.W. acknowledges support from the Nanyang Assistant
Professorship grant from Nanyang Technological University,
Academic Research Fund Tier 1 (Grants No. RG108/17 and
No. RG177/18) from Singapore Ministry of Education, Sin-
gapore Ministry of Education under its Academic Research
Fund (AcRF) Tier 2 (Grants No. MOE-T2EP50120-0006
and No. MOE-T2EP50220-0005) and Tier 3 (Grant No.
MOE2018-T3-1-002), and the Agency for Science, Tech-
nology, and Research (A*STAR) under its AME IRG grant
(Project No. A20E5c0094).

155432-5



XUEYAN WANG et al. PHYSICAL REVIEW B 108, 155432 (2023)

A.A. and X.R.W. conceived and led the project and
designed the experiments. L.S. and X.R.W. fabricated the
samples. C.Y., L.S., Z.H., and S.W.Z. performed the elec-
trical transport measurements. All authors contributed to the

discussion and interpretation of the results. X.W. and X.R.W.
wrote the manuscript with input from all other authors.

The authors declare that they have no competing
interests.

[1] J. Chakhalian, J. W. Freeland, H.-U. Habermeier, G. Cristiani,
G. Khaliullin, M. van Veenendaal, and B. Keimer, Science 318,
1114 (2007).

[2] S. Okamoto and A. J. Millis, Nature (London) 428, 630 (2004).
[3] M. Salluzzo, J. C. Cezar, N. B. Brookes, V. Bisogni, G. M.

De Luca, C. Richter, S. Thiel, J. Mannhart, M. Huijben, A.
Brinkman, G. Rijnders, and G. Ghiringhelli, Phys. Rev. Lett.
102, 166804 (2009).

[4] A. Brinkman, M. Huijben, M. van Zalk, J. Huijben, U. Zeitler,
J. C. Maan, W. G. van der Wiel, G. Rijnders, D. H. A. Blank,
and H. Hilgenkamp, Nat. Mater. 6, 493 (2007).

[5] A. Ohtomo and H. Y. Hwang, Nature (London) 427, 423 (2004).
[6] J. Chakhalian, J. W. Freeland, G. Srajer, J. Strempfer, G.

Khaliullin, J. C. Cezar, T. Charlton, R. Dalgliesh, C. Bernhard,
G. Cristiani, H. U. Habermeier, and B. Keimer, Nat. Phys. 2,
244 (2006).

[7] X. R. Wang, C. J. Li, W. M. Lü, T. R. Paudel, D. P. Leusink, M.
Hoek, N. Poccia, A. Vailionis, T. Venkatesan, J. M. D. Coey,
E. Y. Tsymbal, Ariando, and H. Hilgenkamp, Science 349, 716
(2015).

[8] N. Nakagawa, H. Y. Hwang, and D. A. Muller, Nat. Mater. 5,
204 (2006).

[9] K. Yang, S. Nazir, M. Behtash, and J. Cheng, Sci. Rep. 6, 34667
(2016).

[10] Y. Xie, Y. Hikita, C. Bell, and H. Y. Hwang, Nat. Commun. 2,
494 (2011).

[11] A. D. Caviglia, M. Gabay, S. Gariglio, N. Reyren, C.
Cancellieri, and J. M. Triscone, Phys. Rev. Lett. 104, 126803
(2010).

[12] S. Caprara, F. Peronaci, and M. Grilli, Phys. Rev. Lett. 109,
196401 (2012).

[13] G. Herranz, G. Singh, N. Bergeal, A. Jouan, J. Lesueur, J.
Gázquez, M. Varela, M. Scigaj, N. Dix, F. Sánchez, and J.
Fontcuberta, Nat. Commun. 6, 6028 (2015).

[14] M. J. Veit, R. Arras, B. J. Ramshaw, R. Pentcheva, and Y.
Suzuki, Nat. Commun. 9, 1458 (2018).

[15] H. W. Jang, D. A. Felker, C. W. Bark, Y. Wang, M. K. Niranjan,
C. T. Nelson, Y. Zhang, D. Su, C. M. Folkman, S. H. Baek, S.
Lee, K. Janicka, Y. Zhu, X. Q. Pan, D. D. Fong, E. Y. Tsymbal,
M. S. Rzchowski, and C. B. Eom, Science 331, 886 (2011).

[16] A. Annadi, A. Putra, Z. Q. Liu, X. Wang, K. Gopinadhan, Z.
Huang, S. Dhar, T. Venkatesan, and Ariando, Phys. Rev. B 86,
085450 (2012).

[17] Y. Okimoto, T. Katsufuji, Y. Okada, T. Arima, and Y. Tokura,
Phys. Rev. B 51, 9581 (1995).

[18] J. H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche, Y. L. Li, S.
Choudhury, W. Tian, M. E. Hawley, B. Craigo, A. K. Tagantsev,
X. Q. Pan, S. K. Streiffer, L. Q. Chen, S. W. Kirchoefer, J. Levy,
and D. G. Schlom, Nature (London) 430, 758 (2004).

[19] D. Meng, H. Guo, Z. Cui, C. Ma, J. Zhao, J. Lu, H. Xu, Z. Wang,
X. Hu, Z. Fu, R. Peng, J. Guo, X. Zhai, G. J. Brown, R. Knize,
and Y. Lu, Proc. Natl. Acad. Sci. USA 115, 2873 (2018).

[20] D. V. Christensen, Y. Frenkel, Y. Z. Chen, Y. W. Xie, Z. Y. Chen,
Y. Hikita, A. Smith, L. Klein, H. Y. Hwang, N. Pryds, and B.
Kalisky, Nat. Phys. 15, 269 (2019).

[21] D. Maryenko, M. Kawamura, A. Ernst, V. K. Dugaev, E. Y.
Sherman, M. Kriener, M. S. Bahramy, Y. Kozuka, and M.
Kawasaki, Nat. Commun. 12, 3180 (2021).

[22] C. W. Bark, D. A. Felker, Y. Wang, Y. Zhang, H. W. Jang,
C. M. Folkman, J. W. Park, S. H. Baek, H. Zhou, D. D. Fong,
X. Q. Pan, E. Y. Tsymbal, M. S. Rzchowski, and C. B. Eom,
Proc. Natl. Acad. Sci. USA 108, 4720 (2011).

[23] H. Y. Hwang, Y. Iwasa, M. Kawasaki, B. Keimer, N. Nagaosa,
and Y. Tokura, Nat. Mater. 11, 103 (2012).

[24] Y. Z. Chen, F. Trier, T. Wijnands, R. J. Green, N. Gauquelin, R.
Egoavil, D. V. Christensen, G. Koster, M. Huijben, N. Bovet,
S. Macke, F. He, R. Sutarto, N. H. Andersen, J. A. Sulpizio,
M. Honig, G. E. D. K. Prawiroatmodjo, T. S. Jespersen, S.
Linderoth, S. Ilani et al., Nat. Mater. 14, 801 (2015).

[25] L. M. Zheng, X. R. Wang, W. M. Lü, C. J. Li, T. R. Paudel,
Z. Q. Liu, Z. Huang, S. W. Zeng, K. Han, Z. H. Chen, X. P. Qiu,
M. S. Li, S. Yang, B. Yang, M. F. Chisholm, L. W. Martin, S. J.
Pennycook, E. Y. Tsymbal, J. M. D. Coey, and W. W. Cao, Nat.
Commun. 9, 1897 (2018).

[26] X. Zhou, N. Yan, K. T. Chuang, and J. Luo, RSC Adv. 4, 118
(2014).

[27] A. Biswas, N. Li, M. H. Jung, Y. W. Lee, J. S. Kim, and Y. H.
Jeong, J. Appl. Phys. 113, 183711 (2013).

[28] J. H. Cho and H. J. Cho, Appl. Phys. Lett. 79, 1426 (2001).
[29] K. Kim, Y. W. Kwon, D. P. Norton, D. K. Christen, J. D. Budai,

B. C. Sales, M. F. Chisholm, C. Cantoni, and K. Marken, Solid
State Electron. 47, 2177 (2003).

[30] D. A. MacLean, H.-N. Ng, and J. E. Greedan, J. Solid State
Chem. 30, 35 (1979).

[31] X. R. Wang, L. Sun, Z. Huang, W. M. Lü, M. Motapothula, A.
Annadi, Z. Q. Liu, S. W. Zeng, T. Venkatesan, and Ariando, Sci.
Rep. 5, 18282 (2015).

[32] M. L. Reinle-Schmitt, C. Cancellieri, D. Li, D. Fontaine, M.
Medarde, E. Pomjakushina, C. W. Schneider, S. Gariglio, P.
Ghosez, J. M. Triscone, and P. R. Willmott, Nat. Commun. 3,
932 (2012).

[33] B. J. van Wees, H. van Houten, C. W. J. Beenakker, J. G.
Williamson, L. P. Kouwenhoven, D. van der Marel, and C. T.
Foxon, Phys. Rev. Lett. 60, 848 (1988).

[34] Y. Tokura, Y. Taguchi, Y. Okada, Y. Fujishima, T. Arima, K.
Kumagai, and Y. Iye, Phys. Rev. Lett. 70, 2126 (1993).

[35] P. Xu, Y. Ayino, C. Cheng, V. S. Pribiag, R. B. Comes, P. V.
Sushko, S. A. Chambers, and B. Jalan, Phys. Rev. Lett. 117,
106803 (2016).

[36] E. Breckenfeld, N. Bronn, J. Karthik, A. R. Damodaran, S. Lee,
N. Mason, and L. W. Martin, Phys. Rev. Lett. 110, 196804
(2013).

[37] M. P. Warusawithana, C. Richter, J. A. Mundy, P. Roy, J.
Ludwig, S. Paetel, T. Heeg, A. A. Pawlicki, L. F. Kourkoutis,

155432-6

https://doi.org/10.1126/science.1149338
https://doi.org/10.1038/nature02450
https://doi.org/10.1103/PhysRevLett.102.166804
https://doi.org/10.1038/nmat1931
https://doi.org/10.1038/nature02308
https://doi.org/10.1038/nphys272
https://doi.org/10.1126/science.aaa5198
https://doi.org/10.1038/nmat1569
https://doi.org/10.1038/srep34667
https://doi.org/10.1038/ncomms1501
https://doi.org/10.1103/PhysRevLett.104.126803
https://doi.org/10.1103/PhysRevLett.109.196401
https://doi.org/10.1038/ncomms7028
https://doi.org/10.1038/s41467-018-04014-0
https://doi.org/10.1126/science.1198781
https://doi.org/10.1103/PhysRevB.86.085450
https://doi.org/10.1103/PhysRevB.51.9581
https://doi.org/10.1038/nature02773
https://doi.org/10.1073/pnas.1707817115
https://doi.org/10.1038/s41567-018-0363-x
https://doi.org/10.1038/s41467-021-23483-4
https://doi.org/10.1073/pnas.1014849108
https://doi.org/10.1038/nmat3223
https://doi.org/10.1038/nmat4303
https://doi.org/10.1038/s41467-018-04233-5
https://doi.org/10.1039/C3RA42666A
https://doi.org/10.1063/1.4804664
https://doi.org/10.1063/1.1402961
https://doi.org/10.1016/S0038-1101(03)00193-X
https://doi.org/10.1016/0022-4596(79)90127-0
https://doi.org/10.1038/srep18282
https://doi.org/10.1038/ncomms1936
https://doi.org/10.1103/PhysRevLett.60.848
https://doi.org/10.1103/PhysRevLett.70.2126
https://doi.org/10.1103/PhysRevLett.117.106803
https://doi.org/10.1103/PhysRevLett.110.196804


COMPETITION OF ELECTRONIC CORRELATION AND … PHYSICAL REVIEW B 108, 155432 (2023)

M. Zheng, M. Lee, B. Mulcahy, W. Zander, Y. Zhu, J. Schubert,
J. N. Eckstein, D. A. Muller, C. S. Hellberg, J. Mannhart, and
D. G. Schlom, Nat. Commun. 4, 2351 (2013).
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