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PHYSICS

Interface-engineered electron and hole tunneling

Rui Guo"?*, Lingling Tao**, Ming Li®, Zhongran Liu®, Weinan Lin', Guowei Zhou'>, Xiaoxin Chen®,
Liang Liu', Xiaobing Yan?, He Tian®!, Evgeny Y. Tsymbal®, Jingsheng Chen'*

Although the phenomenon of tunneling has been known since the advent of quantum mechanics, it continues to
enrich our understanding of many fields of science. Commonly, this effect is described in terms of electrons tra-
versing the potential barrier that exceeds their kinetic energy due to the wave nature of electrons. This picture of
electron tunneling fails, however, for tunnel junctions, where the Fermi energy lies sufficiently close to the insula-
tor valence band, in which case, hole tunneling dominates. We demonstrate the deterministic control of electron
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and hole tunneling in interface-engineered Pt/BaTiO3/Lag 7Sro.3MnOs ferroelectric tunnel junctions by reversal of
tunneling electroresistance. Our electrical measurements, electron microscopy and spectroscopy characterization,
and theoretical modeling unambiguously point out to electron or hole tunneling regimes depending on interface
termination. The interface control of the tunneling regime offers designed functionalities of electronic devices.

INTRODUCTION

Electron tunneling is a quantum-mechanical effect, where electrons
traverse the potential barrier that exceeds their kinetic energy, re-
flecting the wave nature of electrons (1). Numerous useful electronic
devices are based on this phenomenon. For example, electron tun-
neling is exploited in superconducting quantum interference devices
(SQUIDs) based on Josephson junctions (2). Electron tunneling is
the basic principle of scanning tunneling microscopy (3). The Fowler-
Nordheim tunneling (4) is used in flash memories and field emis-
sion displays. Electron tunneling controls properties of magnetic
tunnel junctions (5-7), key elements in magnetic random access
memories, and ferroelectric tunnel junctions (FTJs) (8-11), which
have the potential to overperform conventional random access
memories based on ferroelectric capacitors (12-15).

A common picture of quantum-mechanical tunneling assumes
that with increasing electron energy, the effective potential barrier
height decreases, resulting in a slower decay of an electron wave
(16). For example, if U is the potential barrier height and Ep is the
Fermi energy, the decay constant is given by Ki = 2me(U - Ep)/h%,
where m, is the electron mass. This picture silently assumes that Eg
is located sufficiently close to the conduction band minimum (CBM)
of the insulator, so that electron tunneling controls transmission,
and the potential barrier height is determined by the CBM energy,
i.e., U= Ecpm (fig. SLA). However, if Eg is located sufficiently close
to the valence band maximum (VBM) of the insulator, the decay
constant is given by Kf] = —2mpu(U - Ep) /h?, where my, is the hole
mass and the potential barrier height is determined by the VBM
energy, i.e., U = Eypym (fig. S1B). In this case of hole tunneling, the
effective potential barrier height increases with increasing Ep, re-
sulting in a higher decay constant. The crossover between the two
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tunneling regimes is determined by the decay constant k, which depends
on energy. Figure 1A schematically shows variation of « within the
insulator bandgap. Depending on Ep, either electron or hole tunneling
controls transport properties. The two regimes are distinguished by
the k dependence on energy E: While for electron tunneling, k de-
creases with increasing E, for hole tunneling, x increases with in-
creasing E. The decay rate is determined by the evanescent states in
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Fig. 1. Crossover between electron and hole tunneling and its role in an FTJ.
(A) Decay constant « (red line) versus energy E. Electron and hole tunneling re-
gimes are distinguished by the Fermi energy (dashed lines) in the bandgap of the
insulator. (B to E) Schematic of the TER effect. For electron tunneling, resistance is
low (B) when polarization (shown by arrow) is pointing from metal 2 with a shorter
screening length to metal 1 with a longer screening length, and resistance is high
(C) for reversed polarization. For hole tunneling, the effect is opposite: Resistance
is high (D) for polarization pointing from metal 1 to metal 2, and resistance is low
(E) for reversed polarization. FE stands for ferroelectric.
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the energy gap region of the insulator (17), which control both elec-
tron and hole tunneling.

FTJs provide a unique opportunity to explore and control elec-
tron or hole tunneling. An FTJ consists of two metal electrodes sep-
arated by a nanometer-thick ferroelectric barrier layer (8). The key
property of FTJ is tunneling electroresistance (TER), i.e., a resistance
change with reversal of ferroelectric polarization. There are several
mechanisms responsible for TER (18-25). The most common in-
volves modulation of the effective potential barrier height (18). FT]
resistance is low when polarization is pointing from the electrode
with a shorter screening length to the electrode with a longer screening
length (Fig. 1B) and is high for the reversed polarization (Fig. 1C).
This picture assumes that tunneling conduction is governed by
electrons, which occurs if E lies sufficiently close to the CBM. For
the hole tunneling, however, the situation is opposite. In this case,
the tunneling barrier is determined by the VBM proximity. The effective
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barrier and thus FT] resistance are high when polarization is point-
ing from the electrode with a longer screening length to the elec-
trode with a shorter screening length (Fig. 1D) and are low for the
reversed polarization (Fig. 1E). Thus, TER is indicative to the tun-
neling regime and is opposite for electron and hole tunneling.

RESULTS

In this work, we report observation of switching between electron
and hole tunneling in FTJs with different interface terminations.
We fabricate FTJs with top Pt and bottom (Lag 7Srg3MnO3) LSMO
electrodes and BaTiO; (BTO) ferroelectric barrier. The bottom
BTO/LSMO interface has either TiO,/Lag;Sro30 (A-type FIJ) or
BaO/MnO; (B-type FTJ) termination, as schematically shown in
Fig. 2 (A and B). We use chemically treated (001) SrTiO; (STO)
substrates to obtain either a SrO-terminated (A-type) surface or a
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Fig. 2. RHEED and scanning probe microscopy characterization of A- and B-type FTJs. (A and B) Schematic of A-type (A) and B-type (B) FTJs. The atomic plane se-
quences across the BTO/LSMO interfaces are indicated. In the notation, LaSrO stands for Lag75r0 30. (C) RHEED intensity oscillations of the specular reflected beam during
the growth of 1 u.c. of SRO layer on the TiO,-terminated STO substrate to obtain the SrO termination and the subsequent growth of the 15-u.c. LSMO and then 5-u.c. BTO
thin films on top of it. a.u., arbitrary units. (D) RHEED intensity oscillations of the specular reflected beam during the growth of the 15-u.c. LSMO thin film on the TiO»-
terminated STO substrate and the following growth of the 5-u.c. BTO thin film. The insets show the RHEED patterns before and after each thin-film layer growth. (E and F)
Atomic force microscopy topography (left) and out-of-plane PFM phase images (right) of the BTO thin films in A-type (E) and B-type (F) BTO/LSMO/STO heterostructures
measured directly on the BTO films after the film deposition. The yellow and purple contrasts in the PFM phase images represent the upward and downward polarization
direction, respectively. (G and H) Typical local PFM amplitude (circles) and phase (squares) hysteresis loops of BTO thin films for A-type (G) and B-type (H) Pt/BTO/LSMO
FTJs measured on top Pt electrodes.
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TiO;-terminated (B-type) surface of STO (see Materials and Methods
for details). Then, the LSMO bottom electrode and 5-unit-cell (u.c.)
BTO barrier layer are epitaxially grown using pulsed laser deposi-
tion (PLD). Film thickness is controlled by reflection high-energy
electron diffraction (RHEED), demonstrating a unit cell-by-unit
cell thin-film growth mode (Fig. 2, C and D). Such epitaxial growth
maintains the perovskite stacking sequence across LSMO/STO and
BTO/LSMO interfaces resulting in TiO,/Lag 7Srg30- or BaO/
MnO,-terminated BTO/LSMO interfaces for FTJs on SrO- or
TiO,-terminated STO substrates, respectively. After the PLD depo-
sition, the top Pt layer is deposited by magnetron sputtering without
breaking vacuum.

The resulting A- and B-type FTJs have polar BTO/LSMO inter-
faces with opposite sign of ionic charges. While (001) BTO is com-
posed of charge neutral (Ba0)? and (TiO,)° atomic layers, (001) LSMO
consists of charged (Lag 7Sr0.30)™*” and (MnO,)™ layers. This im-
plies that the (001) BTO/LSMO interface is polar: The (TiOy)Y/
(Lag7Sr030) "% -terminated interface has a positive bound charge of
+0.35e per lateral unit cell area, whereas the (Ba0)%/(MnO,)%7-
terminated interface has a negative bound charge of —0.35e. Despite
LSMO being a metal, these interfacial ionic charges are not fully
screened, resulting in the notable changes in the electronic and
magnetic properties of the interfaces, as well documented in the lit-
erature (26-30).

The presence of polar interfaces affects ferroelectric behavior of
BTO films. Our piezoresponse force microscopy (PFM) measurements
show that polarization direction of as-grown BTO films is opposite
for A- and B-type interfaces (Fig. 2, E and F). While in a virgin state,
the positively charged (Ti0,)%/(Lag+Sre30) ™ interface favors po-
larization pointing away from the interface (yellow color contrast in
Fig. 2E), the negatively charged (Ba0)%/(MnO,) ™ interface favors
polarization pointing into it (purple color contrast in Fig. 2F). After
applying a bias of —6 or +6 V, the virgin upward or downward BTO
polarization is switched to the opposite direction, and then, it is
switched back to its original direction when an opposite bias is ap-
plied. Figure 2 (G and H) shows typical local PFM amplitude and
phase hysteresis loops of BTO thin films covered by the Pt layer and
measured across this layer. These results demonstrate a standard local
hysteretic electromechanical response, indicating switchable polar-
ization of the BTO layer in the presence of the top Pt electrode. It is
notable that for both A- and B-type FTJs, the hysteresis loops exhibit
a sizable imprint, indicating the presence of a built-in electric field
across the BTO layer. This electric field has an opposite sign for the
A- and B-type FTJs, consistent with the polarity of the respective
interfaces.

To investigate transport properties, we carried out electrical mea-
surements (see Materials and Methods for details). Figure 3 (A and B)
shows the I-V (current-voltage) curves in the low-bias regime, from
-0.3to +0.3 V, after the BTO polarization has been saturated down-
ward or upward by applying positive (+6 V) or negative (-6 V) volt-
age. The same polarization orientation results in opposite resistance
states for the two types of FTJs: The downward (upward) polariza-
tion exhibits low (high) and high (low) resistance states for A- and
B-type FTTJs, respectively. This indicates that changing the interface
termination from A to B type leads to the reversal of TER.

Consistent with these results, I-V characteristics in a broader
voltage range, from -7 to +7 V, reveal opposite resistive switching
behavior (Fig. 3, C and D). For the A-type FTJ, sweeping voltage
from negative to positive produces a low-current curve, whereas
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sweeping voltage from positive to negative produces a high-current
curve (Fig. 3C). On the contrary, for the B-type FTJ, sweeping volt-
age from negative to positive produces a high-current curve, whereas
sweeping voltage from positive to negative produces a low-current
curve (Fig. 3D).

This behavior is further corroborated by measured resistance loops
shown in Fig. 3 (E and F). Here, FT] resistance is read out at +0.2 V
bias after applying a writing voltage pulse. With a negative voltage
pulse, BTO is poled upward, and A-type FT7J is set to a high-resistance
OFF state (Fig. 3E), whereas B-type FTJ is set to a low-resistance
ON state (Fig. 3F). Changing voltage pulse polarity reverses polar-
ization of BTO and switches the resistance states. Sweeping voltage
from negative to positive and back produces hysteresis loops, which
exhibit reversed resistive switching behaviors for the two types of
FT7Js. The electrical measurements on different Pt/BTO/LSMO samples
confirm the TER reversal independent of LSMO (figs. S3 and S4)
and BTO (fig. S5) layer thicknesses.

Scanning transmission electron microscopy (STEM) and electron
energy-loss spectroscopy (EELS) characterization provides further
insights into structural and electronic properties of FTJs. Figure 4
(A and B) shows the typical cross-sectional STEM images and
atomic-resolution energy-dispersive x-ray (EDX) elemental maps
of A- and B-type heterostructures. These data clearly reveal the
Ti0,/LaSrO and BaO/MnO, interface terminations for A- and
B-type FTJs, respectively (see also fig. S6). Displacement of Ti ions
(insets in Fig. 4, A and B) indicates the upward and downward
polarization of A- and B-type FT7Js, respectively. The opposite po-
larization directions of as-grown BTO films revealed by STEM are
consistent with our PFM results shown in Fig. 2 (E and F).

Figure 4 (C and D) shows the atomically resolved layer-by-layer
EELS data, which allows us to analyze the band alignment across the
BTO/LSMO interface. The position of the Fermi level Er with re-
spect to the VBM of BTO is determined by the valence band offset
(VBO), as follows (31): VBO = (VBM - ETi-L3)BTO + (ETi-L3 -
Enn-13)BTo/LsMo + (Evin-13 — Ep)smo. The VBOs are different for the
A- and B-type junction heterostructures, and their difference is
VBO4 — VBOg = (Eri-L3 — Emn-13)a — (Etir3 — Emn-13)s. From the
EELS data, we obtain the following: (Eri.13)a = 469.6 €V, (Eyn-13)A =
650.6 eV, (Eti.13)g = 468.3 €V, and (Eympn.13)p = 651.7 eV (dashed
lines in Fig. 4, C and D), resulting in VBO, — VBOg = 2.4 V. Thus,
our EELS data reveal that the VBO is 2.4 eV larger for the A-type
heterostructure than for the B-type heterostructure. This implies Er
being closer to CBM (VBM) for the A-type (B-type) FT7J, as sche-
matically illustrated in fig. S7.

This behavior is consistent with the interfacial ionic charges. The
positively charged (Ti0,)"/(Lag7Sre30) ™ interface (A-type) pulls
the electrostatic potential energy down and shifts Ep closer to
CBM. In contrast, the negatively charged (Ba0)%/(MnO,) ™7 inter-
face (B-type) pulls the energy up and shifts Eg closer to VBM. This
fact is confirmed by our band structure calculations for a BTO/
LSMO superlattice with A- and B-type interface terminations (see
Materials and Methods for details). In these calculations, we assume
that top and bottom BTO/LSMO interfaces are chemically identi-
cal, either TiO,/Lag7Sro 30 (Fig. 5A, right) or BaO/MnO, (Fig. 5B,
right). As a result, for a given polarization orientation (directing
down in Fig. 5, A and B), this structural model allows us to deter-
mine band alignments between BTO and LSMO for polarization
pointing to the interface (bottom interface) and away from the
interface (top interface). Figure 5 (A and B) shows the calculated
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Fig. 3. Transport properties of Pt/BTO (5 u.c.)/LSMO (15 u.c.) FTJs with different
interface terminations. (A and B) Typical /-V curves within a small voltage range
for A-type (A) and B-type (B) FTJs. The I-V curves are measured after poling the BTO
layer upward (downward) using a voltage bias pulse of —6 V (+6 V) and duration of
1 ms. (C and D) Typical I-V switching curves for A-type (C) and B-type (D) FTJs. Ab-
solute values of the current are used to plot the data in the logarithmic scale. (E and
F) Representative R-V hysteresis loops for A-type (E) and B-type (F) FTJs.
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layer-projected density of states (DOS) across the BTO layer. For
the A-type interface, E lies close to the CBM, particularly near the
bottom of BTO (Fig. 5A). On the contrary, for the B-type interface,
Ey is shifted down closer to the VBM of BTO (Fig. 5B), which is
qualitatively consistent with our EELS data.

Including Pt layer in the computational model adds more com-
plexity due to different work functions of LSMO and Pt but does
not change this conclusion (fig. S8). The higher work function of Pt
is reflected in a built-in electric field pointing from LSMO to Pt
across the BTO layer. Nevertheless, even in the presence of this
field, Ey is shifted deeper from the CBM into the BTO bandgap for
B-type termination (fig. S8B) than for A-type termination (fig. S8A).

The band alignment affects the quantum-mechanical tunneling
regime, which can be understood in terms of evanescent states (17)
and the complex band structure (32, 33). Figure 5C shows the calcu-
lated imaginary part k of the complex wave vector for several bands
of BTO along the I'-Z direction in the Brillouin zone. Evanescent
bands with the lowest k (denoted A; and As by their symmetry) have
the slowest decay rates and thus dominate in conductance. Chang-
ing energy E leads to an increase or decrease of k, depending on
Ep. In the energy window from E = 2.3 eV to E = 3.2 eV (CBM), the
decay rates of the A; and A; states decrease with increasing E, which
is typical to electron tunneling (gray area in Fig. 5C). On the con-
trary, in the energy window from E=0eV (VBM) to E = 2.3 eV, the

Guo etal., Sci. Adv. 2021; 7 : eabf1033 24 March 2021
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Fig. 4. STEM results for BTO/LSMO/STO heterostructures with different inter-
face terminations. (A and B) High-angle annular dark-field (HAADF) images and
EDX elemental maps of A-type (A) and B-type (B) heterostructures. The insets show
the off-center displacement of Ti ions in the BTO layer. (C and D) Layer-resolved
EELS spectra of Ti-L,,3 and Mn-L, 3 edges for A-type (C) and B-type (D) heterostruc-
tures. Arrows indicate the scan direction. Dashed lines mark the Ti-L3 and Mn-L3
peak positions.

decay rate of the A; state increases with increasing E, which is typi-
cal to hole tunneling (orange area in Fig. 5C). At E = 2.3 eV, there
is a crossover between electron and hole tunneling. Including all
evanescent states in the computation model (see Materials and
Methods for details) alters the crossover point to E = 1.5 eV but
does not qualitatively change the main result (Fig. 5D). This picture
of tunneling elaborates the qualitative description of Fig. 1A.

DISCUSSION
With all this information in place, we can conclude that reversal of
TER in Pt/BTO/LSMO FTJs, from normal for A-type FTJs to inverse
for B-type FT7Js, originates from crossover between the electron and
hole tunneling regimes due to different interface terminations. De-
pending on the polarity of the BTO/LSMO interface—positive for
the A-type FTJ and negative for the B-type FT]J—the Fermi level is
located closer to the CBM or VBM of the BTO layer, respectively.
The different position of the Fermi level in the two types of FT7Js
leads to opposite energy dependence of the transmission probabili-
ty as a function of energy, designating electron and hole tunneling.
Opverall, our results demonstrate an important fundamental feature
in the long-studied phenomenon of quantum-mechanical tunneling.
The concept of a hole has been well known in semiconductor phys-
ics and has been heavily exploited to describe transport properties
of semiconductors and devices using them. In semiconductors, a
hole is simply an electron vacancy in the valence band. Like an
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the 5-u.c.-thick BTO layer.

electron, it can be moved under an applied electric field carrying
charge. In case of an insulator representing a tunnel barrier where
the valence band is fully occupied, hole transport has a somewhat
different meaning. Instead of a moving electron vacancy in the va-
lence band, the proximity of the latter to the Fermi energy deter-
mines the tunneling potential barrier. The height of this barrier is
enhanced with increasing the carrier energy, which is opposite to
what is expected from the standard picture of electron tunneling
and designates hole tunneling.

Recent advances in thin-film deposition and characterization
techniques make possible fabrication of oxide heterostructures with
atomic-scale precision and allow continuous variation of the interface
stoichiometry (34, 35). Such interface engineering permits switch-
ing of the transport regime between electron and hole tunneling,
which controls conductance of the tunnel junction and the TER
sign and magnitude. Because of the different energy dependence of
the transmission coefficient in these regimes, differential resistance
of a tunnel junction can be adjusted to a value appropriate for de-
vice applications. This functionality may be useful to implement
solid-state synapses for neuromorphic computing (36-38), develop
novel photovoltaic (39) and van der Waals FTJs (40, 41), and con-
trol spin-dependent transport by ferroelectric polarization (42-46).
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MATERIALS AND METHODS

Device fabrication

LSMO thin films with different thicknesses were epitaxially grown
on (001) single-crystalline STO substrates as the bottom electrodes
by PLD using a KrF (A = 248 nm) excimer laser, followed by the
deposition of ultrathin BTO (5 u.c.) as the barrier layer. LSMO thin
films were grown at a substrate temperature of 750°C with an oxy-
gen pressure of 200 mtorr, while BTO films were deposited at a
substrate temperature of 600°C with an oxygen partial pressure of
5 mtorr. All thin films were deposited using the unit cell-by-unit
cell growth mode monitored by RHEED oscillations (Fig. 2, Cand D).
STO substrates were treated before the deposition. To get a TiO,-
terminated surface, a buffered hydrofluoric acid etching process
was done followed by a thermal treatment at 950°C for 3 hours. The
SrO-terminated surface was obtained by growing 1 u.c. of SRO lay-
er on top of treated TiO,-terminated STO substrates using SrRuO;
target. The 1-u.c. StRuOj layer was deposited at a substrate tem-
perature of 750°C and an oxygen pressure of 10 mtorr. At the high
temperature, RuO, monolayer evaporated, leaving the SrO-terminated
surface automatically. After the deposition, the films were cooled
down to room temperature at an oxygen pressure of 200 torr, with
the cooling rate of 5°C/min until 300°C and then 10°C/min to room
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temperature. Then, the top Pt layer is deposited by magnetron sput-
tering without breaking vacuum by transferring the sample directly
from PLD chamber to sputtering chamber. Following this, an array
of 10 um-by-10 um top Pt electrodes is patterned via photolithog-
raphy and etching for electrical measurements.

STEM measurements

Microstructure of the two types of FITs, interfacial structure, EDX
elemental mapping, and atomic layer by layer EELS were conducted
by aberration-corrected STEM at room temperature. Cross-sectional
STEM samples were prepared with a focused ion beam setup
(DA300, FEI). The microstructure of the FT] was characterized using
aberration-corrected STEM at high-angle annular dark-field mode.
Element distribution of the films was tested using EDX mapping on
an FEI Titan G2 80-200 microscope equipped with a Super-X EDX
detector at an emission voltage of 200 kV.

PFM measurements

The ferroelectric polarization and the local hysteresis loop of as-
grown ultrathin BTO films were characterized using piezoelectric
force microscopy (PFM) (Asylum Research MFP-3D) with Pt/Ti-
coated tips. Topography and PFM phase images were measured
directly on top of BTO films. The measurement was performed under
contact mode with an AC voltage applied to the probe tip using a
scan rate of 0.5 pm/s. PFM local hysteresis loops of two types of
FTJs were measured on top of Pt electrodes.

Electrical measurements

The measurements of the transport properties of FTJs were carried
out using the two-point measurement method in a low-noise probe
station. The I-V and R-V (resistance-voltage) curves were measured
using a pA meter/dc voltage source (Hewlett-Packard 4140B). The
applied voltage is termed as positive (negative) if a positive (nega-
tive) bias is applied to the top Pt electrode. I-V curves within a small
voltage range are measured after poling the BTO polarization up-
ward or downward. I-V switching curves are measured by sweeping
the voltage from -7 to +7 V and then back to -7 V. R-V curves are
performed by measuring current at a bias voltage of +0.2 V after
applying voltage pulses of different magnitude and sign, and dura-
tion of 1 ms.

To verify the tunneling nature of the electric conduction in our
FTJs, temperature- and time-dependent transport properties are
measured. The results shown in fig. S2 clearly indicate that the
steady-current tunneling characteristics are different from thermally
activated or transient charge-injection events. In addition, we find
that the I-V curves can be well fitted by the direct tunneling theory
based on the Wentzel-Kramers-Brillouin (WKB) approximation (see
the “Fitting I-V characteristics” section below for details), which further
confirms the tunneling origin of the measured conductance (fig. S3).

Theoretical modeling

Density functional theory (DFT) calculations were performed using
a plane-wave pseudopotential method within a generalized gradient
approximation for the exchange-correlation functional, as imple-
mented in Quantum-ESPRESSO (47). The BTO/LSMO hetero-
structure was modeled by a superlattice consisting of 8.5-u.c. LSMO
and 4.5-u.c. BTO for the Lag ;Srq 30-terminated interface and 7.5-u.c.
LSMO and 5.5-u.c. BTO for the MnO,-terminated interface, as shown
in Fig. 5 (A and B, right).
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We note that using symmetrically terminated interfaces (either
A- or B-type) allows us to avoid potential variation across the BTO
layer associated with different interface bound charges. This simpli-
fies quantifying the band offset between LSMO and BTO in the
presence of ferroelectric polarization. The presence of symmetric
interfaces and thus nonstoichiometric LSMO produces an effect of
doping. However, this doping is confined to the interfaces due to
the interface charge being screened within a couple of unit cells
from LSMO interfaces. As a result, there is no doping of bulk LSMO,
and thus, the band alignment is only controlled by the interface
termination.

The Pt/BTO/LSMO heterostructures were modeled using a
superlattice consisting of 5-u.c. LSMO, 4-u.c. Pt, and 5-u.c. BTO for
the Lag ;Srg30-terminated interface and 4.5-u.c. LSMO, 4-u.c. Pt,
and 5.5-u.c. BTO for the MnO,-terminated interface. The Pt/BTO
interface was considered to be Pt/BaO, while the Pt/LSMO interface
was assumed to be Pt/MnO,.

In the calculations, a plane-wave energy cutoff was set equal to
544 eV. The La-Sr substitutional disorder was treated using a virtual
crystal approximation, which has been found to correctly repro-
duce the electronic and magnetic properties of LSMO in the metal-
lic phase (48). To simulate epitaxial growth on an STO substrate,
the in-plane lattice constant was constrained to the calculated value
for bulk STO, a = 3.931 A. Under such a constraint, both bulk
LSMO and BTO are found to be tetragonal with c¢/a = 0.977 for LSMO
and ¢/a = 1.053 for BTO. For the BTO/LSMO heterostructure, both
the out-of-plane lattice constant and all internal atomic coordinates
were fully relaxed with the force tolerance of 26 meV/A. A 6 x 6 x 1 k-
point mesh was used for structural relaxation calculation. The
subsequent self-consistent calculation was performed with a
10 x 10 x 1 k-point mesh and U = 8 eV for the Ti-3d orbital to match
the calculated bandgap of BTO to the experimental bandgap.

The complex band structure for bulk BTO was calculated using
a tight-binding Hamiltonian obtained from the Wannier interpola-
tion approach implemented in the Wannier90 code (49). Transmis-
sion shown in Fig. 5D was obtained within a simple approximation
assuming that T e< anue’z“"(k”)t, where «,(ky) is the decay constant
on the nth evanescent state at the transverse wave vector kj and ¢ is
the BTO layer thickness. In the calculation, summation over
100 x 100 kj| points in the two-dimensional Brillouin zone was per-
formed, and the BTO layer thickness was assumed to be 5 u.c., i.e.,
t=2.1nm.

Fitting I-V characteristics

Fitting of the measured I-V curves was performed using the direct
tunneling theory based on the WKB approximation, according to
which the current density ] as a function of voltage V'is given in (50)

bspfan(02-9) - (0.2)]}

Jv)=C
(V) (Y@ - = @y + )

. 3eV eV eV
sinhf 3¢V o(v) \/<1>2—7—\/<1>1+7 1)

where C = (4dem*)/(9n%h*), m* is the effective mass of carriers,
a(V) = 4d\2m’ /[3h(®; — B, + eV)], d is the tunnel barrier (BTO)
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width, and @, , represent the tunneling barrier heights at the two
interfaces. The results of the fitting are shown in fig. S3 (A and B),
and the fitted parameters are listed in table S1. We note that while
the barrier heights are similar for FTJs with 15- and 50-u.c. LSMO
layers, they somewhat deviate for the 8-u.c. LSMO FTJ. The latter is
likely caused by the enhanced resistance of the LSMO layer, which
is not taken into account by the fitting. Figure S9 (A and B) sche-
matically shows the polarization-dependent potential barriers ob-
tained from the fitting results for FTJs with a 15-u.c. LSMO layer.
These potential barriers are in remarkable agreement with those
obtained from our DFT calculations for Pt/LSMO/BTO FTJs shown
in fig. 9 (C and D).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/13/eabf1033/DC1
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