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Oxide heterointerfaces are ideal for investigating strong correlation effects to electron transport, relevant for
oxide-electronics. Using hot-electrons, we probe electron transport perpendicular to the La0.7Sr0.3MnO3
(LSMO)- Nb-doped SrTiO3 (Nb:STO) interface and find the characteristic hot-electron attenuation length
in LSMO to be 1.48 6 0.10 unit cells (u.c.) at 21.9 V, increasing to 2.02 6 0.16 u.c. at 21.3 V at room
temperature. Theoretical analysis of this energy dispersion reveals the dominance of electron-electron and
polaron scattering. Direct visualization of the local electron transport shows different transmission at the
terraces and at the step-edges.

H
eterointerfaces between strongly correlated transition-metal oxides have proven to be ideal platforms for
investigating new physical phenomena in condensed-matter and for designing multifunctional devices for
oxide electronics1. Increasingly, many of the exciting device prospects with such materials involve hot electron

transport, such as in photovoltaic effects in multiferroics, manganite transistors, ferroelectric tunnel-junctions, etc2–6.
Hot electrons, characterized by an energy higher than the Fermi energy, EF, by more than a few times the thermal
energy, are an interesting probe to investigate the physics of electron transport in different material systems. At such
energies, the fundamental scattering processes are different than at EF and include elastic/quasielastic scattering, and
inelastic scattering via electron, phonon and spin wave excitations. Experimental techniques and devices that exploit
hot electron transport are found in a variety of electron spectroscopy techniques7, in spintronic devices such as the
spin-valve transistor8, in spin-transfer torque devices9, in Si spin injection devices10, and in graphene based optoelec-
tronic devices11, and have yielded crucial insights into the transport properties in this energy regime.

In this context, very little is known about hot electron transport in oxide heterointerfaces with transition-metal
oxides, particularly in the presence of strong correlations between the electron’s charge, spin and orbital degrees
of freedom1. Such interfaces are also attractive for designing multifunctional devices that do not necessarily scale
according to Moore’s law. Here we address this by using the technique of Ballistic Electron Emission Microscopy
(BEEM)12 and probe hot electron transport across an archetypal oxide ferromagnet La0.7Sr0.3MnO3 (LSMO) on
n-type semiconducting Nb-doped SrTiO3 (Nb:STO). We find the characteristic hot electron attenuation length in
LSMO to be 1.48 6 0.10 unit cells (u.c.; 1 u.c. 5 0.39 nm) at 21.9 V, increasing to 2.02 6 0.16 u.c. at 21.3 V at
room temperature. Theoretical analysis of this dispersion reveals the dominance of electron-electron and polaron
scattering at these energies.

In an oxide heterojunction, electrical transport has been commonly studied using a Schottky diode involving
unconventional semiconductors, often derived by doping Mott or band insulators. Probing electron transport
using a Schottky interface with transition-metal oxides has provided useful insights into the band bending, band
offsets and their sensitivity to interface states, chemical doping and external magnetic and electric fields13.
However, the contribution of long range correlation effects to the transport of electrons (depth-resolved) and
quantification of transport parameters such as the hot electron attenuation length, carrier lifetime, etc., in
transition-metal oxides has not been explored. Such studies involving pervoskite metal-semiconductor (M-S)
interfaces are important as they are the building blocks of most oxide electronic devices.

Results
We use a current-perpendicular-to-plane (CPP) configuration to probe vertical transport of hot electrons in the
metallic oxide ferromagnet LSMO, across an epitaxial Schottky interface with Nb:STO, using the versatile
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technique of BEEM12. In addition to providing direct quantification
of the energy dependent hot electron attenuation length, such a study
using BEEM also enables us to analyse nanoscale spatial inhomogen-
eity of the transport in buried layers with high lateral resolution14. For
these studies, we use 0.01 wt.% Nb:STO (001) substrates and deposit
LSMO of variable thickness. The devices were fabricated by pulsed
laser deposition using TiO2-terminated Nb:SrTiO3 (001) substrates
(Nb 5 0.01 wt.%). A single unit cell of SrMnO3 was first grown to
enhance the Schottky Barrier Height and suppress reverse bias leak-
age15, and subsequently LSMO films were grown at the O2 partial
pressure of 1021 Torr, substrate temperature of 850uC, and at a laser
fluence of 0.8 J/cm2. The deposited layer thicknesses were controlled
by using reflection high-energy electron diffraction intensity oscilla-
tions. For Ohmic contacts, gold was evaporated onto the LSMO, and
indium was ultrasonically soldered onto the Nb:STO. In BEEM, a
three-terminal transistor configuration, the top LSMO surface is
grounded and a negative voltage, VT, is applied to the Scanning
Tunneling Microscope (STM) tip, with the tunnel current, IT, kept
constant using feedback (Fig. 1). A modified commercial Ultra High
Vaccuum (UHV) STM system from RHK Technology was used for
the BEEM studies and the measurements were performed at 300 K
using PtIr metal tips. The maximum kinetic energy of the electrons

injected from the STM tip is given by the applied bia, s eVT, with
respect to the metal EF and transport in the device is thus by hot
electrons. No additional bias is applied at the interface between the
film and the substrate. After injection and transport through the
LSMO thin film, the transmitted electrons are collected in the con-
duction band of Nb:STO using a third electrical contact. Only those
electrons that retain sufficient energy and proper momentum to cross
the LSMO/Nb:STO Schottky interface are collected16–18. Hence the
BEEM current, IB, is sensitive to scattering processes and gives import-
ant insights into the role of electron correlations to IB during transport.

A typical IB–VT curve for hot electron transmission in LSMO at
room temperature (RT) is shown in Fig. 2. BEEM transmissions were
recorded for four thicknesses of LSMO from 7 to 11 u.c. at different
IT (Fig. 2a). Each BEEM spectra represents an average of at least 50
individual IB spectra, measured by positioning the STM tip at several
different regions of the film. Approximately four devices of each
thickness were measured. IB is observed to decrease with increasing
thickness of LSMO. The transfer ratio of the collected current to the
injected current (IB/IT) at 22 V for the 7 u.c. LSMO is 0.17 3 1023,
and reduces to 0.01 31023 for the 11 u.c. LSMO. For all cases the sign
of the current corresponds to electrons flowing from LSMO to
Nb:STO and into the ohmic contact. An onset of IB is observed at

Figure 1 | Principle of the BEEM experiment. (a), Schematics of the BEEM technique. The sample is a thin epitaxial film of LSMO of variable

thickness deposited on an isostructural 0.01 wt.% Nb:STO (001) substrate. A PtIr STM tip is used to locally inject electrons into the sample by tunneling at

a sample-tip bias, VT, between the tip and the LSMO surface. The electrons transmitted perpendicularly through the LSMO layer are collected as IB in the

Nb:STO with a third (rear) electrical contact. (b), Energy schematics of the BEEM technique. Hot electrons are emitted from the STM tip across the

vacuum tunnel barrier and injected locally into the LSMO base. After transmission in the base, they are then collected in the conduction band of the

Nb:STO, provided the energy and momentum criteria needed to overcome wB at the Nb:STO interface are satisfied (red circles; blue circle denotes those

electrons which do not satisfy the criteria). All measurements were performed at 300 K.

Figure 2 | Energy dependence of hot electron transmission in LSMO at the nanoscale. (a), Electron current per nA of injected tunnel current versus

sample-tip bias across LSMO/Nb:STO (001), for LSMO thickness, t, of 7 u.c. (black), 8 u.c. (red), 9 u.c. (blue) and 11 u.c. (purple). The sign of the

current corresponds to electrons flowing from the LSMO layer to the Nb:STO and into the ohmic contact. Typically 10 devices were fabricated for each

thickness. Each curve represents an average of over 50 different spectra collected at different regions, in approximately 4 devices of each thickness.

BEEM transmission decreases with increasing thickness of LSMO. With an increase in sample-tip bias an onset of IB at around 1.06 6 0.02 eV,

corresponding to wB is seen. (b), IB is observed to increase with tunnel current IT, as is shown for a LSMO (7 u.c.)/Nb:STO (001) device. The collected

current is shown for tunnel currents of 2 nA (brown), 6 nA (green), 8 nA (blue) and 10 nA (black). Inset shows the extracted wB for LSMO

(7 u.c.)/Nb:STO (001), obtained by fitting to the Bell-Kaiser model, typically used for fitting BEEM spectra. The local wB is extracted by plotting the square

root of the normalized IB with VT.
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around 1.06 6 0.02 eV, which thereafter increases with increasing
sample-tip bias . This corresponds to the local Schottky barrier height
(wB) extracted using the Bell-Kaiser model12, by plotting the square

root of IB with sample-tip bias, VT,
IB

IT
! VT{wBð Þ2

� �
as shown in

the inset of Fig. 2b. A homogeneous distribution of the local wB in all
devices is obtained which compares well with that obtained from
macroscopic I–V, C–V and IPE measurements (see the Supple-
mentary Information). We also observed an almost linear trend in
IB with the injected tunnel current, IT, as shown in Fig. 2b, in accord
with BEEM theory invoking planar tunneling19.

The collected BEEM current depends not only on the tunneling
current injected into LSMO but also on the energy and momentum
distribution of the carriers reaching the interface and the transmis-
sion probability at the LSMO/Nb:STO interface. Inelastic scattering,
such as due to electron-electron interactions, can reduce the energy
of the injected electron by , 50%, whereas elastic scattering from
impurities and defects or quasielastic scattering from acoustic pho-
nons render the electron distribution isotropic. The epitaxial LSMO/
Nb:STO interfaces studied here have been optimized to be fully
strained, atomically abrupt, and with high crystalline perfection20.
Thus they have fewer elastic scattering sites than the typical poly-
crystalline metal Schottky interfaces studied by BEEM, implying the
conservation of transverse momentum of the transmitted electrons
across the interface and with minimal influence on IB. IB also depends
on the acceptance angle for electron collection at the Nb:STO inter-
face which is determined by the ratio of the effective masses of the
Nb:STO and LSMO. This is calculated to be larger here than found
for most standard M-S interfaces (such as Au on Si). Availability of
allowed states in the conduction band minima (CBM) in k space in
Nb:STO is another criterion that further governs collection. Elec-
tronic band structure calculations21 show that the projected conduc-
tion band minima in doped STO are at the zone center (C), thus
electrons with small parallel momenta should be easily collected in
the available phase space. Despite these favourable conditions, a
central observation of this first application of BEEM to epitaxial
perovskite heterostructures is the strong attenuation observed here,
as compared to the highly disordered M-S structures previously
studied by this technique. By way of comparison, IB/IT is almost 2
orders of magnitude higher for a similarly thick polycrystalline Ni
film on a n-Si/Au M-S interface22. Thus we conclude that intrinsic
correlation effects are dominant in the measurement.

From the data in Fig. 2, we can extract the hot electron attenuation
length, l, in LSMO and study its energy dependence. For electron

transmission in LSMO, l is obtained from IB(t, E) 5 IB(0, E)exp[2t/
l(E)], where E is the sample-tip bias and t is the thickness of LSMO.
From Fig. 3a, we find l in LSMO to be 1.48 6 0.10 u.c. at 21.9 V and
increases to 2.02 6 0.16 u.c. at 21.3 V. Using Matthiessen’s rule, the
hot electron attenuation length, l(E), can be written as the sum of
elastic lelastic and inelastic linelastic(E) scattering lengths as:

1
l Eð Þ~

1
lelastic

z
1

linelastic Eð Þ ð1Þ

As argued above, elastic scattering is minimal at such epitaxial het-
erostructures and l(E) is thus dominated by linelastic(E). The energy
dependence of l in LSMO is shown in Fig. 3b.

Discussions
Optimally doped LSMO is a ferromagnet and a transport half-metal
with an insulating gap for minority spins at the Fermi level, EF, and
conducting for majority spins23. However, at energies higher than EF

and relevant for our studies, the density of states for both the majority
and minority spin electrons increases24,25. Conduction and ferromag-
netism in LSMO is governed by the interaction of localized electrons
from the incomplete 3d shell in Mn, by a process commonly referred
to as the Zener double-exchange mechanism26. Furthermore, as sug-
gested by neutron scattering experiments27, LSMO at room temper-
ature consists of dynamic nanoscale polarons, which do not freeze
out below the Curie temperature (as opposed to the situation in
La0.7Ca0.3MnO3). LSMO separates into regions where the electrons
are trapped in a local Jahn-Teller distortion, and a conductive net-
work without distortions28. The transport then occurs as the hot
electrons move through the conductive network, while being scat-
tered by the local Jahn-Teller distortions, in addition to the electron-
electron scattering of the injected charges themselves. Here, the
polaron scattering can be regarded as static because the time scale
of lattice motion (picoseconds) is much larger than that of hot elec-
tron transport through the LSMO film (femtoseconds)29.

We show that both mechanisms are present in our experiments in
Fig. 3b. First, we have attempted a Fermi-liquid theory fit based on
the density of states (DOS) previously reported. However, the experi-
mentally determined scattering rate decreases slower than that pre-
dicted by this model. Incorporating an energy-independent fitting
parameter that accounts for the polaronic scattering processes, we
can fit our experimental data by the solid red curve (le2e1polaron) in
Fig. 3b. The obtained fitting constants are well within the ranges
expected based on estimates of the band masses and DOS from
density functional theory25. The mean free path due to just the

Figure 3 | Energy dependence of the hot electron attenuation length in LSMO. (a), BEEM transmission normalized per nA of injected tunnel current

versus the thickness of LSMO obtained from the data in Fig. 2a. This is plotted for sample-tip bias of 21.9 V (black circles), 21.7 V (red circles), 21.5 V

(blue circles) and 21.3 V (brown circles). Dotted lines at each energy represent exponential decay of IB with attenuation length of 1.48 6 0.10 u.c., 1.51 6

0.12 u.c., 1.77 6 0.12 u.c. and 2.02 6 0.16 u.c. at these energies. Error bars represent the deviation from the best exponential fit. These lines can be

extrapolated to zero LSMO thickness, which corresponds to attenuation due to the interface. (b), Attenuation length, l, extracted from Fig. 2a for

different energy values. The solid red curve which fits the experimental data is a theoretical estimate taking into account electron-electron scattering

within Fermi liquid theory based on the DOS for the materials and an energy-independent (at the energies shown) polaron scattering term. The dotted

curves depict the two contributions independently, where blue (green) shows the electron-electron (polaron) contribution to the full estimate.
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polaronic scattering is expected to be on the order of the polaron
separation (or the polaron size). A previous study with neutron
measurements estimated this value to be ,2 u.c. (0.77 nm)27 which
is roughly consistent with the constant value obtained here. Thus, the
hot electron energy dependence enables us to quantitatively isolate
two different scattering mechanisms: electron-electron (blue dotted
curve) and polaronic scattering (green dotted line).

Further, using the imaging capabilities in BEEM we visualise local
hot electron transport across a LSMO/Nb:STO heterointerface. STM
topography of the LSMO (9 u.c.)/Nb:STO interface along with
simultaneously recorded spatial map of the transmitted current, at
VT 5 22.5 V and IT 5 8 nA are shown in Fig. 4. An atomically flat
singly terminated TiO2 surface with a step-height of 0.4 nm is
observed from the STM topography whereas, a cross-section profile
in the same location reveals different transmission at the terrace and
at the step-edge with IT being constant. A histogram of the transmit-
ted current at the terrace (area under the blue box in b) is shown in
the inset in Fig. 4d. The mean value of IB matches well with that of the
BEEM spectra for this film (Fig. 2). The reduction in IB at the step-
edge as compared to that at the terrace arises due to the sensitivity of
the propagating hot electrons to momentum scattering at the step-
edges. This broadens the hot electron distribution and concomitantly
reduces IB at such locations. This observation highlights the unique
capability of the BEEM to study and directly visualize local electron
transport in oxide heterointerfaces at the nanoscale.

Our experimental method, based on hot electron transport in a
vertical device structure of LSMO on Nb:STO, provides a first experi-
mental measure of the hot electron attenuation length in a strongly
correlated transition-metal oxide as LSMO. This approach to probe
electron transport, on the nanoscale, will open up exciting possibil-
ities to both understand and tailor the electronic properties at oxide
heterointerfaces and advance this emerging field of oxide electronics.

Methods
The devices were fabricated by pulsed laser deposition using TiO2-terminated
Nb:SrTiO3 (001) substrates (Nb 5 0.01 wt.%). An SrMnO3 single unit cell was first

grown to enhance the SBH and suppress reverse bias leakage15, and subsequently
LSMO films were grown at the O2 partial pressure of 1021 Torr, the substrate tem-
perature of 850uC, and the laser fluence of 0.8 J/cm2. The deposited layer thicknesses
were controlled by using reflection high-energy electron diffraction intensity oscil-
lations. For Ohmic contacts, gold was evaporated onto the LSMO, and indium was
ultrasonically soldered onto the Nb:STO. A modified commercial STM system from
RHK Technology was used for the BEEM studies. All the BEEM measurements were
performed at 300 K using PtIr metal tips, in the constant current mode. A Pt wire was
used to ground the top metal contact. Indium solder defined the Ohmic contact.
Typically 10 devices were fabricated for each thickness. Each BEEM spectra repre-
sents an average of at least 50 individual IB spectra, measured by positioning the STM
tip at several different regions of the film. Approximately four devices of each
thickness were measured. The BEEM current is detected with a two-stage amplifier
(1011 V/A).
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