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however, only a few oxides accommo-
dating high electron density confi ned to 
low dimensions. [ 12,17–21 ]  Filling this mate-
rials gap would provide qualitatively new 
opportunities in the fi eld of nanoscale 
oxide electronic devices including novel 
plasmonic and high charge-gain devices. 

 NdTiO 3  (NTO) and SrTiO 3  (STO) are 
classifi ed as a Mott and a band insu-
lator, respectively. Moreover, the interface 
formed between polar NTO and nonpolar 
STO is metallic. [ 22 ]  NTO/STO is thus 
expected to exhibit a 2DEG equivalent to 
0.5 electron (e  −  ) per lateral unit cell per 
interface. Here, we report the discovery 
of a quasi-2D ultrahigh-density electron 

gas exceeding 3 × 10 15  cm −2 , which is tunable by means of the 
NTO fi lm thickness in molecular beam epitaxy (MBE)-grown 
heterostructures. This novel quasi-2DEG results from a broken-
gap band alignment [ 23,24 ]  at the NTO/STO interface, which we 
have experimentally detected and theoretically verifi ed. We note 
that such band alignments, which also form the basis for a low-
power tunnel FETs, are rare. [ 1 ]  They have been positively identi-
fi ed in traditional III–V semiconductor heterostructures [ 24 ]  and 
2D crystals, [ 25 ]  and have only indirectly been associated with 
oxide heterostructures. [ 26–32 ]   

  2.     Results and Discussion 

 We begin by discussing the structural properties of the NTO/
STO interface, which are critical to establishing a credible case 
for the electronic structure.  Figure    1  a shows a representative 
high-angle annular dark-fi eld scanning transmission electron 
microscopy (HAADF-STEM) image of a 35 nm thick cross sec-
tion of an NTO/STO (001) superlattice along the [100] zone axis 
of the substrate. The image reveals continuous, coherent, highly 
planar layers, which extend over long lateral distances with no 
gross structural defects or secondary phases. Figure  1 b shows 
the accompanying grazing incidence X-ray refl ectivity (GIXR) 
scan, which exhibits Kiessig fringes and sharp superlattice 
Bragg peaks, indicating high structural quality. The well-
defi ned Kiessig fringes at low  q  z  between the critical angle and 
the fi rst superlattice Bragg peak further attest to the highly uni-
form fi lm thickness and small surface roughness (½ unit cell 
(u.c.)). Atomic force microscopy (AFM) images show atomically 
smooth surfaces (Figure  1 c).  

  Figure    2   shows the temperature dependence of the sheet 
resistance ( R  s ) for NTO/STO/LSAT and STO/NTO/STO/LSAT 
heterostructures as a function of NTO thickness, with the STO 

 Two-dimensional (2D) ultra-high carrier densities are of considerable current 
research interest for novel plasmonic and high charge-gain devices. However, 
the highest 2D electron density obtained is thus far limited to 3 × 1014 cm–2 
(½ electron/unit cell/interface) at GdTiO 3 /SrTiO 3  interfaces, and is typically an 
order of magnitude lower at LaAlO 3 /SrTiO 3  interfaces. We show from experi-
ment and modeling that carrier densities much higher than expected based on 
resolution of the polar discontinuity at perovskite oxide heterojunctions can be 
achieved via band engineering. The SrTiO 3  (8 u.c.)/ NdTiO 3  ( t  u.c) /SrTiO 3  
(8 u.c.) /LSAT(001) heterostructure shows the expected electronic reconstruc-
tion behavior starting at  t  = 2 u.c., but then exhibits a higher carrier density 
regime at  t  ≥ 6 u.c. due to additional charge transfer from band alignment. 

  1.     Introduction 

 Heterostructure engineering leading to 2D carrier densities 
enables the design of new classes of materials with desirable 
functionalities and useful applications. [ 1–3 ]  Complex oxide 
heterostructures can show strong correlation effects, novel 
magnetism, high breakdown voltage, and high 2D electron 
density (of the order of 10 14  cm −2 ), unattainable in traditional 
semiconductor heterostructures. [ 4–13 ]  High 2D electron den-
sities are of particular interest for studying low-dimensional 
physics in narrow  d -band materials, in addition to fabricating 
novel plasmonic fi eld-effect transistors (FETs). [ 14–16 ]  Specifi -
cally, plasmonic FETs require a high 2D carrier density, but 
high mobility is not needed. [ 14 ]  The plasma wave velocity, which 
forms the basis for plasmonic devices, is directly proportional 
to the 2D electron density (2DEG). This requirement is in con-
trast to traditional FETs in which a high saturation velocity for 
electrons, which is inversely proportional to the carrier density, 
is required. [ 15 ]  Structures realizing ultrahigh-density 2DEG may 
thus be transformative and could serve as building blocks for 
novel oxide electronics such as plasmonic FETs. There are, 
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thickness held constant at 8 u.c. For the uncapped NTO/STO 
samples (Figure  2 a), there is no measurable conductivity for 
 t  < 4 u.c. However, an insulator-to-metal transition occurs at 
 t  ≥ 4 u.c. with two distinct metallic regimes: i) high  R  s  (8 u.c. 
≤  t  ≤ 12 u.c.) and ii) low  R  s  ( t  > 12 u.c.) (Figure  2 b). Hall meas-
urements show n-type behavior with a 2D electron density ( n  2D ) 
of ≈ 0.5 e −  per u.c. per interface (≈ 3 × 10 14  cm −2 ) and a critical 
thickness of 10 u.c., followed by an increase leading to satura-
tion at higher  t  (Figure  2 c). The fi rst metallic regime results 
from electronic reconstruction. The second results from charge 
transfer associated with band alignment, as explained in con-
junction with  Figure    3  .   

 In contrast, metallic behavior is observed for  t  ≥ 2 u.c. in 
the STO-capped heterostructures (Figure  2 d,e). The much 
higher conductivity threshold in the uncapped system is most 
likely due to NTO surface chemical modifi cation resulting 
from air exposure, and indicates that surface reactivity can 
have a strong infl uence on interfacial conductivity. [ 33 ]  Indeed, 
X-ray photoelectron spectroscopy (XPS) measurements reveal 
the presence of both OH and organic contamination on the 
surfaces of all specimens and, apparently, that reactions with 
atmospheric humidity and/or organics chemically alter the 
NTO to the point that its electronic properties no longer facili-
tate conductive interface formation with STO. Figure  2 f shows 
room-temperature  n  2D  versus  t  with a nearly constant value of 
≈ 1 e  −   per u.c. (equivalent to 0.5 e −  per u.c. per interface) up 
to ≈ 6 u.c., followed by a monotonic increase and no indica-
tion of saturation with  t . As with the uncapped samples, this 
marks a transition from one metallic regime resulting from 
electronic reconstruction to another resulting from charge 
transfer driven by band alignment. This transition at 6 u.c., 
although not stark in Figure  2 f, is more apparent in the  R  s  ( t ) 
data (see Figure S1 in the Supporting Information). From these 
data, the critical thickness for this transition is clearly 6 u.c. It 
is noteworthy that unlike the LaAlO 3 /STO system, the capped 

heterostructures become conductive starting 
at only 2 u.c. of NTO, with a carrier density 
of ≈ 0.5 e −  per u.c. per interface. As pointed 
out by Janotti et al., [ 34 ]  this is precisely what 
is expected for a polar perovskite forming 
an interface with a nonpolar perovskite. 
Each NdO layer in contact with STO dopes 
0.5 e −  per u.c. into the adjacent STO, and 
no minimum thickness for conduction is 
expected. [ 35 ]  As we have found, both capped 
and uncapped heterostructures show a  n  2D  
value of ≈ 0.5 e −  per u.c. per interface up to 
a critical thickness, above which the carrier 
concentration increases. This observation 
corroborates the existence of the two distinct 
metallic regimes in Figure  2 b,e and will fur-
ther be illustrated in Figure  5 . As described 
below, neither cation intermixing nor oxygen 
vacancy nonstoichiometry can explain the 
increase in  n  2D  above the critical thickness. 
Additionally, the fact that the  n  2D  values 
decrease and the  R  s  values increase when 
the stoichiometry is suboptimal [ 22 ]  is also 
consistent with cation nonstoichiometry not 

being the driver of conduction in this regime. Rather, our XPS 
measurements reveal that the most likely physical cause for the 
higher  n  2D  values above the critical thickness is charge transfer 
due to a broken-gap band alignment, as discussed below.   

 We performed band offset measurements using high-resolu-
tion XPS [ 36–39 ]  for an NTO/STO sample set. The binding energy 
difference between the shallow Sr 3 d  and Nd 4 d  core levels 
was utilized to obtain the valence band offset (VBO). Doing 
so requires measurement of the energy difference between 
these two core levels and the associated valence band maxima 
(VBM) for a thick fi lm of NTO (001) and a bulk STO (001) 
single crystal, respectively. We found these energy differences 
to be 122.34 (14) eV for Nd 4 d  (Figure  3 b) and 130.54 (3) eV [ 37 ]  
for Sr 3 d . The error is much larger for Nd 4 d  than for Sr 
3 d  because of the extreme breadth of the former and the weak 
photoemission intensity at the leading edge of the lower Hub-
bard band in NTO, as seen in Figure  3 a,b. With these values, 
we determined the VBO to be consistently 3.2 (2) eV for NTO 
thicknesses of 2, 4, 6, and 8 u.c. on STO, as well as for a 3 u.c. 
STO/18 u.c. NTO inverted interface on LSAT. Assuming the 
band gaps of STO and NTO are 3.2 and 0.8 eV, [ 40 ]  respectively, 
Figure  3 c illustrates that the top of the lower Hubbard band 
(LHB) in NTO is equilibrated with the conduction band min-
imum (CBM) of STO, as expected for a type-II broken-gap band 
alignment and the associated charge transfer. We note that the 
observed broken-gap alignment is unique and fundamentally 
different from classical semiconductor heterostructures in that 
it is between the CBM of STO and the LHB of NTO arising 
from Mott physics. 

 Given that the LHB of NTO and the CB of STO are derived 
primarily from Ti 3 d  orbitals, [ 41 ]  a change in Ti valence is 
expected to accompany charge transfer. Specifi cally, if electrons 
from NTO spill over into the STO, the Ti oxidation state will 
exceed 3+ in the NTO and be less than 4+ in the STO. These 
changes in Ti valence are indeed observed in our STEM electron 
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 Figure 1.    a) High angle annular dark fi eld (HAADF)-scanning transmission electron micros-
copy (STEM) image of a NTO/STO superlattice grown on LSAT (001) substrate, b) grazing 
incident X-ray refl ectivity of this structure along with a fi t yielding  t  NTO  = 6 nm, and  t  STO  = 3 nm, 
c) AFM image of the superlattice with root mean square roughness, 0.15 nm.
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energy loss spectroscopy (STEM-EELS) data, and are far more 
spatially extensive than what is expected based on either unin-
tentional doping due to cation mixing or oxygen vacancy ( V  O ) 
creation (see Figures S3 and S4 in the Supporting Informa-
tion). HAADF-STEM images and EELS spectra for a {[NTO] 16 /
[STO] 8 } 3  superlattice are shown in  Figure    4  . The asymmetry 
in the Ti 3+  profi le (Figure  4 b) across the STO/NTO/STO inter-
faces is due to an asymmetry in the structure; the bottom STO 
layer in Figure  4 c has one interface to NTO, whereas the top 
STO layer is sandwiched by two NTO blocks (see Figure  4 a). 
We observe alternating atomically sharper and more diffuse 
interfaces for NTO on STO, and STO on NTO, respectively, 
similar to what was observed in the LaMnO 3 /SrMnO 3  superlat-
tice. [ 42 ]  While the origin of this behavior is not yet understood, 
both the HAADF intensity profi les (Figure  4 a) and the EELS/

energy dispersive X-ray spectroscopy profi les (Figures S3 and 
S4, Supporting Information) show that cation mixed region 
is limited to 1–2 u.c. at NTO/STO, and 3–4 u.c. at STO/NTO, 
far smaller than the spatial extent to which Ti 3+  (Ti 4+ ) is found 
in the STO (NTO). The Ti 3+  fraction was determined by ana-
lyzing the Ti  L  2,3  EELS spectra shown in Figure  4 d. Position 
1, which is 11 u.c. away from the interface on one STO side, 
exhibits a spectrum characteristic of Ti 4+ . We superimpose on 
this spectrum a reference spectrum for Ti 3+ . [ 43 ]  Note that as the 
interface is approached, and at all points within the NTO layer, 
the Ti  L  2,3  EELS spectra reveal a mix of Ti 4+  and Ti 3+ . Addition-
ally, within the NTO fi lm, the intensity of the sharp onset peak 
in the O  K -edge spectra at ≈ 533 eV decreases dramatically and 
the broad peak at ≈ 539 eV shifts to lower energy loss, revealing 
changes in the low-lying unoccupied states which are largely 
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 Figure 2.    Device schematics for a) NTO/STO/LSAT and d) STO/NTO/STO/LSAT heterostructures. Temperature dependence of the sheet resistance 
( R  s ) for b) NTO/STO/LSAT and e) STO/NTO/STO/LSAT. 2D electron density ( n  2D ) as a function of NTO thickness for c) NTO/STO/LSAT and f) STO/
NTO/STO/LSAT. The dashed lines are a guide to the eye. The radius of the circles denoting the data points in panels (c) and (f) equals the error bar 
in carrier concentrations.
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Ti 3 d  derived. These fi ne structure changes are graded across 
the fi lm and are consistent with charge transfer from NTO to 
STO, which occurs over considerable distances, similar to what 
has been observed in the case of LaTiO 3 /STO. [ 26 ]  The mecha-
nism for the large spatial extent of Ti 3+  in STO is very likely 
due to no confi ning potential in the STO and as a result the 
electrons delocalize across the STO fi lms. Our measurements 

of the Sr 3 d  line shape (Figure  3 a) do not reveal the broadening, 
which would signal the presence of strong band bending and a 
confi ning potential at the interface, and our EELS data clearly 
show that the Ti 3+  (and, thus, the itinerant electrons) are not 
confi ned directly at the interface. As a result, a signifi cant 
fraction of Ti 4+  (≈ 25%) is present, even in the center of the 
NTO fi lm, and this cannot be accounted for based on either 
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 Figure 3.    a) X-ray excited Sr 3d and Nd 4d core-level spectra for NTO/STO (001) with several NTO thicknesses and for the inverted interface STO 
(3 u.c.)/NTO (18 u.c.)/LSAT (001) heterostructure. b) The Nd 4d core peak and weak photoemission intensity on the leading edge of the lower Hubbard 
band in 18 u.c. NTO/LSAT (001). c) Energy-level diagram showing the measured band offsets between STO and NTO.

 Figure 4.    a) HAADF-STEM image of a {[NTO] 16 /[STO] 8 } 3  superlattice structure along with the integrated intensity profi le highlighting sharper (yellow ticks) 
and broader (blue ticks) interfaces, b) Ti 3+  fraction across STO/NTO/STO as shown in panel (c). The STO at the bottom is the substrate; c) STEM image of 
the bottom part of superlattice showing STO substrate, the fi rst NTO fi lm, and the fi rst STO fi lm, and d) Ti  L  2,3  and e) O  K  core-loss EELS spectra measured 
at the positions indicated in panel (c). The Ti 3+  fraction was obtained using linear least squares fi tting to Ti 3+  and Ti 4+  reference spectra shown in panel (d).
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cation interdiffusion or  V  O  creation (see Figures S3 and S4 in 
the Supporting Information and the related discussion). 

 These results raise additional questions. First, does forma-
tion of a hole gas occur in NTO due to electron transfer to STO, 
leading to an insulator-to-metal transition in NTO? Second, 
what causes the critical thickness for charge transfer over and 
above that expected from resolution of the polar discontinuity? 
NTO/STO is expected to exhibit the theoretically predicted value 
of 0.5 e −  per u.c. per interface if no compensating defects are 
present. The  n  2D  value shows no obvious change as the thick-
ness of the STO buffer layer is modifi ed (see Figure S2c in the 
Supporting Information). In combination with the broken-
gap band alignment measured from the XPS, this result sug-
gests that majority carriers reside on the STO side. The room-
temperature electron mobility, which remains close to that of 
bulk STO, further corroborates conduction within the STO 
(see Figure S2c in the Supporting Information). To address 
the question of whether or not a hole-gas conduction channel 
exists in the NTO, we conducted low-temperature Hall meas-
urements on a representative pair of samples—one above and 
one below the NTO critical thickness (see Figure S5 in the Sup-
porting Information). Nonlinear behavior is expected in the Hall 
resistance ( R  Hall  ( B )), where  B  is the magnetic fi eld, if more 
than one carrier type is responsible for conduction. However, 
multichannel conduction may yield linear  R  Hall  ( B ) behavior if 
the mobility and the carrier concentration of one of the carrier 
types are dramatically different than those of the other (see the 
discussion in Figure S6 in the Supporting Information). We 
found that both samples show a negative linear slope in  R  Hall  
( B ) for −9 T ≤  B  ≤ +9 T. We attribute the absence of nonlin-
earity in  R  Hall  ( B ) to the different density and mobility of holes 
in NTO  vis-a-vis  those for electrons in the STO. Evidence that 
holes are present in the NTO is understood based on the exist-
ence of Ti 4+  there (see Figure  4 b). Given that the transition 
from Mott insulator to metal is sensitive to band fi lling of Ti 3 d  
orbitals, [ 40 ]  it is concluded that an insulator-to-metal transition 
has taken place in NTO due to the electron transfer to STO and 
corresponding hole doping of the NTO. However, the question 
of whether this transition accompanies the small hole-polaron 

gas formation [ 44–46 ]  versus a band-fi lling related transition is 
still open and requires further investigation. 

 We show in  Figure    5  a, the reciprocal of the total sheet resist-
ance (1/ R  S ) for STO/NTO/STO/LSAT as a function of  t  and 
temperature. The reciprocal of the sheet resistance shows no 
change up to the critical thickness followed by a linear increase. 
We can describe this linear behavior using a simple model 
based on conduction through parallel interface layers, one 
from electronic reconstruction to resolve the polar discontinuity 
(sheet resistance =  R  PD ), and one from broken-gap-driven charge 
transfer (sheet resistance =  R  CT ). A linear relationship between 
1/ R  S  and  t  is then expected, as is indeed observed in Figure  5 a. 
The inverse of the total sheet resistance can be modeled as 

    

1 2

s PD

NTO

CTR R

t

R
= +

 
 (1) 

 Using Equation  ( 1)  ,  R  PD  and  R  CT  can be determined as a 
function of temperature (Figure  5 b). The  R  PD  values agree 
well with  R  S  values for systems having only a polar disconti-
nuity contribution, such as GdTiO 3 /STO. [ 21 ]   R  CT  shows metallic 
behavior but with an overall higher sheet resistance, consistent 
with an insulator-to-metal transition having taken place in NTO 
and contributing a larger resistance to  R  CT . 

 To address the origin of the critical thickness, we seek 
insight into the atomic-scale mechanism(s) of charge transfer 
from  ab initio  simulations based on density functional theory 
(DFT). For the purpose of analysis of the densities of states 
and charge density distribution, we defi ne the lateral unit cells 
in terms of [A 1 O] 0.5  [TiO 2 ] [A 2 O] 0.5  structural units, where A 1  
and A 2  are either Sr or Nd atoms depending on the position 
of the layer in the heterostructure. According to this defi nition, 
the [SrO] 0.5  [TiO 2 ] [SrO] 0.5  cell in the interior of the STO and 
the [NdO] 0.5  [TiO 2 ] [NdO] 0.5  cell in the interior of the NTO are 
neutral, even if the charges of the SrO, NdO, and TiO 2  planes 
deviate from their formal values. Similarly, the interface [SrO] 0.5  
[TiO 2 ] [NdO] 0.5  cell is neutral if the charge associated with the 
TiO 2  plane is equal to half the sum of the charges of SrO and 
NdO planes. For example, in the case of the formal charges, 
[SrO] 0  and [NdO] + , the [SrO] 0.5  [TiO 2 ] [NdO] 0.5  cell is neutral if 
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 Figure 5.    a) The reciprocal of the total sheet resistance ( 1/R  S ) for STO/NTO/STO/LSAT as a function of the NTO thickness and temperature. The 
dashed lines are linear fi ts to the data. b) Sheet resistances due to resolution of the polar discontinuity ( R  PD ) and charge transfer ( R  CT ) at the interface 
extracted from Equation  ( 1)  .
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the charge of the TiO 2  plane is −0.5, as expected from the polar 
discontinuity argument. 

  Figure    6  a,b shows the density of states (DOS) calculated for 
[STO] 9 /[NTO] 1  and [STO] 6 /[NTO] 4 , respectively, and projected 
on consecutive [A 1 O] 0.5 [TiO 2 ][A 2 O] 0.5  lateral cells. In the case 
of [STO] 9 /[NTO] 1 , electrons compensating the charge of the 
[NdO] +  plane are localized within the TiO 2  planes immediately 
adjacent to the NdO plane (Figure  6 a), while the rest of the 
STO is unaffected. As  t  increases, the NTO LHB develops, and 
the Fermi level moves up until it becomes degenerate with the 
bottom of the STO conduction band, as is apparent for [STO] 6 /
[NTO] 4  in Figure  6 b. To further demonstrate this degeneracy, we 
show the average electrostatic potential calculated for [STO] 6 /
[NTO] 6  and the band edges of STO and NTO in Figure  6 c. The 
latter were determined relative to their respective average elec-
trostatic potentials in pure STO and NTO coherently strained to 
the LSAT lattice. [ 47 ]  Projected densities of states for the [STO] 6 /

[NTO]  m   ( m  = 4,6,8) heterostructures and the planar averaged 
electrostatic potential in [STO] 6 /[NTO] 6  are shown in Figures S7 
and S8 in the Supporting Information, respectively.  

 For all NTO thicknesses, the TiO 2  planes located between 
the SrO and NdO planes carry the amount of charge needed to 
resolve the polar discontinuity at the NTO/STO interface (for-
mally 0.5 e −  per u.c. per interface), as expected for an n-type 
III–III/II–IV polar/nonpolar interface. Once the NTO LHB 
becomes degenerate with the STO CBM, additional electron 
charge is transferred from NTO to STO. Given the uncertainty 
in the measured value of the STO/NTO band offset, we inves-
tigated the dependence of the electronic structure of [STO]  n  /
[NTO]  m   and the charge transfer across the NTO/STO interface 
on the choice of Hubbard  U  correction for the Ti 3 d  states in 
STO ( U  STO ), NTO ( U  NTO ), and at the interface. The details of 
this analysis are summarized in the Supporting Information 
(see also Figures S8–S12 in the Supporting Information). In 
all cases the NTO is positively charged whereas the STO is 
negatively charged, confi rming that the STO is electron-doped 
and the NTO is hole-doped. The amount of transferred charge 
depends on the thicknesses of the NTO with a maximum 
determined by the thickness of the STO layers; the former 
determines the number of electrons available for transfer, 
while the latter determines the width of the potential well that 
traps these electrons. Notably, for all values of  U  and for each 
[STO]  n  /[NTO]  m   confi guration investigated here, the positive 
charge appearing in NTO as a result of such charge transfer is 
mainly confi ned to the edges of the NTO layer. Yet, the charge 
tends to delocalize as the thickness of the NTO layer increases.  

  3.     Conclusion 

 In summary, we present the fi rst demonstration of a unique 
broken-gap complex oxide heterojunction showing both 
an ultrahigh carrier density 2DEG and nanoscale effects at 
the interface between STO and NTO. Recent experimental 
results [ 48 ]  and calculations [ 49 ]  for GdTiO 3 /STO/GdTiO 3  hetero-
structures have found that a new state of matter based on a 
charge-ordered Mott state can be realized in the band insulator 
STO, suggesting a decisive role for the carrier. Therefore, the 
inverted heterojunction NTO/STO/NTO may provide an ideal 
model system to study the physics of charge-ordered states in 
titanates via a highly-confi ned STO quantum well with car-
rier densities much in excess of what have been previously 
reported. We propose that electron and hole doping via internal 
charge transfer may provide an exceptional route to revisit the 
phase diagrams of transition metal oxides in the clean limit 
and to fi ll the materials gaps by synthesizing oxides with high 
concentrations of carrier electrons and/or holes. Ultralow sheet 
resistances in thin-fi lm heterostructures via internal charge 
transfer could also be useful for highly conductive electrodes 
for functional oxide device structures.  

  4.     Experimental Section 
 NTO/STO and STO/NTO/STO structures were grown on (001) LSAT 
substrates (Crystech GmbH, Germany) using hybrid MBE (traditionally 
known as metal-organic or organometallic MBE). The STO thickness 
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 Figure 6.    Density of states for a) [STO] 9 /[NTO] 1 , and b) [STO] 6 /[NTO] 4  
heterostructures projected on the orbitals of atoms in each [A 1 O] 0.5 [BO 2 ]
[A 2 O] 0.5  lateral unit cell. Vertical dashed lines indicate the Fermi energy 
( E  F ) in each case. The calculated DOS were broadened with Gaussian 
functions of full width at half maximum equal to 0.2 eV. Nd, Sr, Ti, and 
O atoms (in the order of decreasing size) are shown with gold, green, 
blue, and red colors. The interface TiO 2  planes are highlighted with the 
gray lines. The neighboring NdO and SrO planes are explicitly labeled. 
c) Average electrostatic potential (red line) and  E  F  (dashed line) calculated 
for the [STO] 6 /[NTO] 6  heterostructure strained to conform to the LSAT 
lattice. The positions of the O 2 p  and Ti 3 d  band edges with respect to 
the average electrostatic potential were calculated separately for the bulk 
STO and NTO, which were in turn strained to conform to the LSAT lattice.
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was held constant at 8 u.c. for both the buffer layer and the capping layer 
unless specifi ed otherwise. Details of the growth, stoichiometry control, 
and structural characterization of these fi lms are discussed elsewhere. [ 22 ]  
Here, the deposition process is briefl y summarized. A 500 nm thick Ta 
layer was sputter-deposited at room temperature on the back of the 
substrate prior to the fi lm growth to improve heat transfer between the 
fi lm and the substrate heater. Titanium tetra-isopropoxide (TTIP) (99.999% 
from Sigma-Aldrich, USA) was utilized as the metal-organic precursor for 
Ti source, and solid elemental sources for Nd (99.99% from Ames Lab, 
USA) and Sr (99.99% from Sigma-Aldrich, USA). No additional oxygen 
was used since TTIP also supplies oxygen. 

 Structural characterizations were performed using in situ refl ection 
high-energy electron diffraction (RHEED) (Staib Instruments) and a 
range of ex situ techniques including high-resolution X-ray diffraction, 
high-resolution XPS, AFM, STEM, and EELS. Coupled 2 θ – ω  scans and 
GIXR using a Philips Panalytical X’Pert thin-fi lm diffractometer with Cu 
 K  α  radiation were used to determine the out-of-plane lattice parameter, 
interface roughness, and fi lm thickness (consistent with the thickness 
determined using STEM and RHEED oscillations), respectively. AFM 
in contact mode was used to determine the surface morphology. High-
resolution core-level and valence band XPS spectra were acquired 
using monochromatic Al  K α X-rays ( hν  = 1486.6 eV) and a VG/Scienta 
R3000 electron energy analyzer. All spectra were measured in the 
normal-emission geometry and with a total energy resolution of 0.45 eV. 

 An aberration-corrected monochromatic FEI Titan G2 60-300 STEM 
equipped with a CEOS DCOR probe corrector was used for STEM 
analyses. The microscope was operated at 300 keV for HAADF imaging 
and at 200 keV for EELS measurements with simultaneous acquisition 
of HAADF images. The semiconvergent angle of the incident beam 
was 25 mrad at 300 keV and 17 mrad at 200 keV with monochromator 
ON. HAADF images were obtained with a detector inner angle of 
50 mrad at 300 keV and 39 mrad at 200 keV. Monochromatic EELS data 
were recorded using Gatan Enfi nium ER spectrometer with a dispersion 
of 0.1 eV per channel. Probe current and beam dwell time for EELS 
acquisition were controlled to avoid detectable specimen damage and 
to minimize the effect of specimen drift. A dual EELS mode was used 
to acquire simultaneously both zero-loss and core-loss EELS spectra so 
that energy drifts during acquisition were compensated and possible 
chemical shifts can be detected. 

 DC transport measurements were performed in a physical property 
measurement system (quantum design) using the van der Pauw 
geometry. 300 nm of Au on top of 50 nm of Ti were sputtered as ohmic 
contacts for the NTO/STO/LSAT heterostructures, while 300 nm of Au 
on 20 nm Ni on top of 40 nm of Al were sputtered as ohmic contacts for 
STO/NTO/STO/LSAT structures. The contacts were deposited such that 
they make the direct contact with the 2DEGs at the interfaces. This was 
achieved by masking the four corners of the sample during MBE growth 
using metal supporting pins, which are also used to hold the sample. As 
a result of these pins, no fi lm was deposited at the corner of the sample 
exposing the fi lm cross section. Metal electrodes were then deposited at 
the four corners resulting in a direct contact with the 2DEG as illustrated 
in Figure  2 a,d. 

 For the Hall measurements the magnetic fi eld B was varied between 
±9 T. The Hall carrier concentration ( n  2D ) and the mobility ( µ ) were 
calculated as  n  2D  = −1/(e ×  R  H ), and  µ  = 1/(e ×  R  s  ×  n  2D ), respectively, 
where  R  H  is the measured 2D Hall coeffi cient and  R  s  is the measured 
sheet resistance. 

 Computational modeling was performed using DFT. The exchange-
correlation functional developed by Perdew, Burke, and Ernzerhof 
(PBE) [ 50 ]  and revised for solids (PBEsol) [ 51 ]  was employed and projector-
augmented wave potentials, [ 52 ]  and periodic model as implemented 
in the Vienna Ab-initio Simulation Package code. [ 53,54 ]  The Hubbard 
correction was applied to the Ti 3d states within the DFT+ U  approach. [ 55 ]  
The lateral cell corresponds to the orthorhombic cell of bulk NTO with 
in-plane lattice parameters  a  = 5.525 Å and  b  = 5.659 Å. The number 
of unit cell layers ( n  +  m ) of [STO]  n  /[NTO]  m   heterostructures was 
varied such that 10 ≤  n  +  m  ≤ 14. The lateral cell of each system was 
constrained ( a  =  b  = 5.4702 Å) in order to mimic strain induced by 

the LSAT substrate. The geometrical structure of each heterostructure 
was determined using a two-step procedure. First, the total energy was 
minimized with respect to the  c -axis lattice parameter and the internal 
coordinates using  U  = 2.8 eV for all Ti atoms. (This value of  U  was 
preoptimized so as to reproduce the NTO bulk band gap of 0.8 eV. 
The lattice parameters of the bulk STO and NTO determined using 
 U  = 2.8 eV are ≈1% larger than the corresponding experimental values.) 
Then, the lattice parameters were fi xed and the internal coordinates 
were reoptimized using: (i)  U  = 8.0 eV for the Ti atoms confi ned by SrO 
planes (the corresponding STO bulk band gap is ≈3 eV), (ii)  U  = 2.8 eV 
for the Ti atoms confi ned by two NdO planes, and (iii) the arithmetic 
average of these  U  values for Ti atoms at the interface. This set of 
parameters was used unless stated otherwise. The 4 × 4 × 1 Monkhorst–
Pack grid [ 56 ]  was used for geometry optimization and 6 × 6 × 2 grid 
for fi nal electronic structure calculations. All calculations were carried 
out with the plane-wave cut-off of 500 eV and in the spin-polarized 
mode. Since the Néel temperature of the bulk NTO is ≈ 95 K and many 
measurements were performed at room temperature, a broadening of 
the occupied Ti 3d band due to spin disorder is expected. To account 
for this effect, electrons occupying this band to be ferromagnetically 
ordered were considered. The charge density distribution was analyzed 
using the Bader method. [ 57,58 ]   
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