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Off-axis electron holography of manganite-based heterojunctions:
Interface potential and charge distribution∗
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The interfacial electrical potentials and charge distributions of two manganite-based heterojunctions, i.e.,
La0.67Ca0.33MnO3/SrTiO3:0.05 wt% Nb (LCMO/STON) and La0.67Ca0.33MnO3/LaMnO3/SrTiO3:0.05 wt% Nb (simpli-
fied as LCMO/LMO/STON), are studied by means of off-axis electron holography in a transmission electron microscope.
The influences of buffer layer on the microstructure and magnetic properties of the LCMO films are explored. The results
show that when a buffer layer of LaMnO3 is introduced, the tensile strain between the STON substrate and LCMO film
reduces, misfit dislocation density decreases near the interfaces of the heterojunctions, and a positive magnetoresistance is
observed. For the LCMO/STON junction, positive and negative charges accumulate near the interface between the substrate
and the film. For the LCMO/LMO/STON junction, a complex charge distribution takes place across the interface, where
notable negative charges accumulate. The difference between the charge distributions near the interface may shed light on
the observed generation of positive magnetoresistance in the junction with a buffer layer.
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1. Introduction
Manganite perovskite films are attractive materials due

to their colossal magnetoresistance (CMR) effect, excellent
magnetic-field-dependent rectifying characteristics and re-
sulting potential applications.[1–3] In manganite, the strong
magnetic-conductive coupling[4] and order–disorder transi-
tion of the spin, orbital, and charge degree of freedom[5] are
severely depressed at a junction by strong interface/surface ef-
fect. Thus, the interfacial behavior has an important influence
on the properties of thin-film heterojunctions and related de-
vices.

The novel physical phenomena in CMR materials usu-
ally occur in interfacial regions, so it is reasonable to be-
lieve that the creation of multilayer heterostructures by the
insertion of a buffer layer will allow us to tune the phys-
ical properties. Yamada et al.[6] found that the interfa-
cial ferromagnetism of a La0.6Sr0.4MnO3 film on SrTiO3

can be enhanced by the introduction of an LaMnO3 (LMO)
buffer layer. Wei et al.[7] reported that the insertion of
LMO layer causes the photovoltaic effect to be weakened for
the La0.67Ca0.33MnO3/SrTiO3:0.05 wt% Nb (LCMO/STON)
junction. Gao et al.[8] explored the enhanced magnetic field
effect in an La0.5Ca0.5MnO3 film on STON by adding an LMO

buffer layer. They found that an appropriate buffer layer can
affect the charge carriers, interfacial barrier, depletion width,
and further modify the interfacial properties. Manganites can
exhibit novel magnetoelectric phenomena by interface mod-
ification. However, the physical origin of magnetoelectric-
ity phenomenon is not clear and needs further study. Un-
derstanding the energy barriers, charge distribution and their
relationship with physical properties in these heterojunctions
is a crucial issue for both academic research and technolog-
ical applications. Electron holography based on transmis-
sion electron microscopy (TEM) is a promising way to in-
vestigate such heterojunctions.[9] Combined with theoretical
analysis, electron holography can directly reveal the distribu-
tion of electrostatic potential and the charge accumulation at
heterojunctions.[10–13]

In the present article, two thin film heterojunctions, i.e.,
LCMO/STON and LCMO/LMO/STON, are investigated in
detail. The microstructure of the heterostructure, with and
without a buffer layer, are examined by high-resolution trans-
mission electron microscopy (HRTEM). Electrostatic poten-
tial and charge distribution near the interface of the hetero-
junction are identified by off-axis electron holography.
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2. Experimental details

The 30-nm-thick LCMO film was prepared on a
0.05 wt% Nb-doped SrTiO3 substrate by pulsed laser depo-
sition (PLD) technique forming LCMO/STON junction. The
LCMO/LMO/STON junction was fabricated by growing first
a 2-nm-thick LMO then a 30-nm-thick LCMO on an STON
substrate using the PLD technique. During the deposition,
the substrate temperature was kept at 700 ◦C, and the oxy-
gen pressure was kept at 10 Pa for LMO layer and 80 Pa for
LCMO layer. The film thickness was controlled by the depo-
sition time.

The TEM and off-axis electron holography observations
were carried out with a Philips CM200/FEG TEM that was
equipped with an electrostatic biprism. Specimens for TEM
and electron holography examinations were prepared by using
conventional technique of mechanical polishing and ion thin-
ning. The ion thinning was performed by using a Gatan model
691 precision ion polishing system with a low voltage. The
holograms were obtained with a Gatan 749 multiscan charge-
coupled device camera, and processed by Gatan Digital Micro-
graph software with a Holowork package. The x-ray diffrac-
tion (XRD) pattern was recorded by using a Bruker D8 Dis-
cover x-ray diffractometer (Cu–Kα radiation, λ = 1.5406 Å).
The current–voltage (J–V ) characteristic was measured by us-
ing a superconducting quantum interference device magne-
tometer equipped with a resistance measurement unit.

3. Results and discussion

Figure 1 shows XRD patterns recorded around the (002)
peak of the LCMO/STON junction with and without an LMO
buffer layer. It is shown that the LCMO films are of sin-
gle phase and grow epitaxially on the STON substrates along
the c axis. Meanwhile, the introduction of the LMO buffer
layer affects the peak position of (002) reflection of the LCMO
film, which reflects the change of out-of-plane lattice parame-
ter for the LCMO film. The lattice parameters of bulk LCMO
(a= 3.856 Å)[15] are smaller than those of LMO (a= 3.880 Å)
and STON (a = 3.905 Å),[16] which indicates that the LCMO
film experiences an in-plane tensile strain. It can be noticed
from Fig. 1 that the (002) peak of LCMO shifts∼ 0.2◦ to small
angle, suggesting that the lattice spacing of LCMO is elon-
gated along the c axis. For the LCMO film without an LMO
buffer layer, the out-of-plane lattice spacing is 3.796 Å, which
is less than that of LCMO film with a buffer layer (∼ 3.823 Å.
This indicates that the residual compressive strain of LCMO
film with buffer layer is less than that of LCMO film without a
buffer layer. Notably, the lattice strain still exists in the well-
relaxed LCMO film with a buffer layer, which is consistent
with the XRD result in Fig. 1.

45 46 47 48 49

2θ/(Ο)

(b) STON (002)

LCMO (002)

In
te

n
si

ty
/
a
rb

. 
u
n
it
s

In
te

n
si

ty
/
a
rb

. 
u
n
it
s

(a) STON (002)

LCMO (002)

LCMO

t=30 nm

LCMO
t=30 nm

STON

STON

LMO (t=2 nm)

Fig. 1. (a) and (b) XRD pattern of (a) LCMO/STON[14] (Copyright
2009, American Institute of Physics) and (b) LCMO/LMO/STON junc-
tion recorded around (002) peak. Insets show the schematics of the two
film junctions.

Figure 2(a) is a typical bright field (BF) TEM image of
a cross-sectional LCMO/STON sample with a uniform thick-
ness of ∼ 30 nm. The white arrows indicate the interface be-
tween the film and substrate. It can be seen that the interface
between the film and substrate is fairly clean and sharp, and
the surface is flat without any ripple. Due to the different lat-
tice parameters between STON substrate (a = 3.905 Å) and
LCMO film (a = 3.856 Å), some dislocations are obviously
distributed near the interface. Figure 2(b) shows one misfit
dislocation near the LCMO/STON interface region. The misfit
dislocation is indicated by D, and the extra half atomic plane of
this dislocation is indicated by “⊥”. It can be seen that the mis-
fit dislocation is not exactly located at the interface but inside
the LCMO film a few monolayers away from the interface. To
determine the Burgers vector for D, a Burgers circuit is drawn
to enclose the dislocation as shown in Fig. 2(b). It can be seen
that there is a gap between the starting and ending point of the
Burgers circuit as indicated by red arrows. The Burgers vector
is determined to be 1/2 [1̄01]. Figure 2(c) shows a typical BF
TEM image of a cross-sectional LCMO/LMO/STON sample
with a film thickness of ∼ 30 nm. It can be seen that the in-
terface between film and substrate is flat. Figure 2(d) displays
a typical HRTEM image of the LCMO/LMO/STON junction
where the interfaces are illustrated by dashed lines. The dis-
locations in Fig. 2(d) are less than those in Fig. 2(b), which
demonstrates that the introduction of LMO buffer layer can
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effectively reduce the dislocations around the interface of the
heterojunction. The difference in lattice parameter between
substrate and film evokes the lattice mismatch near the inter-
face. In other words, the bigger the difference in lattice param-
eter, the larger the lattice mismatch will be. Because the lattice
parameter of LMO (a = 3.880 Å) buffer layer is slightly larger
than that of LCMO (a = 3.856 Å) film and is smaller than
that of STON (a = 3.905 Å) substrate, there is less lattice mis-
match near the interface between LCMO film and LMO buffer
layer, indicating that lattice strain in the LCMO/LMO/STON
heterojunction is less than that in LCMO/STON. When the
films are epitaxially grown on the substrates, lattice strain will
generate at the interface due to the existence of lattice mis-
match. The appearance of dislocations near the interface can
partially reduce the lattice strain in the film. The larger the lat-
tice strain, the more the dislocations are. Introducing a buffer
layer can reduce the lattice strain in the film, which will effec-
tively reduce the formation of dislocations near the interfaces
in LCMO/LMO/STON.

Fig. 2. (a) Typical cross-sectional BF TEM image and (b) HRTEM image of
LCMO/STON film junction. (c) Typical cross-sectional BF TEM image and
(d) HRTEM image of LCMO/LMO/STON film junction.

Figure 3 shows typical semilogarithmic J–V curves of
LCMO/STON junction with a 2-nm-thick LMO buffer layer.
As observed in the literature,[17] a linear relationship between
logJ and V is found for the junctions with an LMO buffer
layer. As the temperature decreases, the logJ–V curve shifts
to a high bias voltage direction and its slope increases. How-
ever, the logJ–V curves of LCMO/LMO/STON exhibit an ob-
vious downward shift when exerting a magnetic field, indicat-
ing a positive magnetoresistance (MR) effect, which is com-
pletely different from the negative MR effect observed in the
conventional manganite junctions without a buffer layer.[18]

The physical properties of a material are determined by its mi-
crostructure, thus the appearance of the positive MR might be

associated with the different microstructure of these two het-
erojunctions, such as the lattice mismatch and misfit disloca-
tions near the interfaces of the junctions. Apart from the effect
of lattice strain and dislocations, the electrostatic potential and
charge distribution around the interface region can affect the
MR of LCMO films. Hence, it is necessary to study the elec-
trostatic potential and charge distribution near the interface of
LCMO/STON and LCMO/LMO/STON heterojunction.
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Fig. 3. Semilogarithmic plot of the J–V characteristics of
LCMO/LMO(2 nm)/STON junction measured with and without mag-
netic field. Inset shows magnified parts of the J–V curve in magnetic
field.

To determine the influences of the interface on the electro-
static potential and charge density in these heterojunctions, the
electron holography is carried out. Figure 4(a) shows a holo-
gram taken from the interface region of LCMO/STON junc-
tion under a positive biprism voltage of 80 V. It is recorded
slightly off the zone-axis direction to reduce the dynamic ef-
fect. Interference fringes with good visibility have an average
space (sf) of about 0.155 nm; thus, the spatial resolution (∼
3sf) in the reconstructed holograms is better than 0.5 nm. The
interface of the heterojunction yields an evident contrast dif-
ference as indicated by the black arrows. Figure 4(b) shows a
reconstructed phase image from Fig. 4(a) using the Holowork
package in Digital Micrograph software,[19,20] which demon-
strates a visible phase change from the substrate to the film.
Figure 4(c) illustrates an average phase profile normal to the
interface, in which each point is averaged laterally over 30 pix-
els to improve the signal statistics. It is demonstrated that the
phase decreases rapidly in the interfacial region, and reaches
a stable value in a region 1 nm away from the interface. This
reveals a significant change within a narrow layer around the
interface and confirms the presence of a depletion layer with a
width of about 2 nm. The phase profiles from the other regions
across the interface possess a similar sigmoidal characteristic.

In the interface region, the phase changes are directly as-
sociated with the potential barrier and charge distribution. If
the sample is not strongly diffractive, then the phase shift of
the object wave is given by

ϕ (x,y) =CE [V0 +V (x,y)] t (x,y) , (1)
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where CE is an energy-dependent constant [CE = 7.295×
10−3 rad/(V·nm) for 200-keV electron], t is the thickness of
the sample where electron waves are transmitted and V0 is the
mean inner potential (MIP) of the sample. As the phase profile
is obtained, the phase shift and the interfacial potential can be
written as

V (x,y) =
ϕ (x,y)

CEt (x,y)
−V0, (2)

For the LCMO/STON and LCMO/LMO/STON heterojunc-
tion, the sample thickness values in the examined areas are
about 50 nm, which are determined by electron energy-loss
spectroscopy. The MIP for manganese oxide is about 7.6±
1.3 V, and for STON is about 7± 0.9 V.[10] The MIP used in
calculation is 7.6 V for manganese oxide and 7 V for STON.
Figure 4(d) shows the resulting potential profile across the
junction after subtracting the inner potential difference (0.6 V)
between the film and the substrate. The potential variation
is similar to the phase profile, which drops to a certain value
and then keeps stable. We fit the potential profile with a sig-
moidal function of Boltzmann model [Fig. 5(a)] and obtain a
barrier height of about −0.92 V between the LCMO film and
the STON substrate, as demonstrated by the dashed lines.
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Fig. 4. (a) Hologram taken from the interface region at 300 K. (b) Recon-
structed phase image from hologram. (c) Phase profile showing the phase
change across LCMO/STON interface. (d) Potential profile across hetero-
junction after subtracting MIP difference from the phase profile.

According to the relationship among potential distribu-
tion, electric field E(x) = −dV/dx, and charge density ρ(x),
the charge distribution at the interface can be deduced from
Poisson’s equation

ρ (x) =−(εε0)
∂ 2V (x)

∂x2 , (3)

where ε is the relative permittivity and ε0 is the permittivity
of vacuum. Figure 5(b) shows the corresponding charge dis-
tribution obtained from Poisson’s equation. It is notable that

positive charges accumulate in the STON substrate within a
distance of ∼ 2 nm from the interface, and negative charges
accumulate in the LCMO film within a distance of ∼ 2 nm
from the interface. Figure 5(d) shows a simplified illustra-
tion displaying the positive charges in the STON substrate
and negative charges in the LCMO film. It is known that the
Fermi level (EF) of LCMO is lower than that of STON.[21]

Therefore, when these two materials are in contact with each
other, the electrons will migrate from high-EF STON to low-
EF LCMO, leading to the downward-shift of EF for STON
and the upward-shift of EF for LCMO until the EF is lined
up on the same level at the interface, which results in accu-
mulation of negative charges in LCMO and positive holes in
STON, and produces band bending at the interface. Actually,
when two different semiconductors are brought into contact
with each other, due to the difference in dielectric constant,
bandgap and EF, the energy band is usually not continuous
at the interface.[22] A schematic diagram showing the band
structure of an LCMO/STON junction is given in Figure 5(c).
As reported, the bandgap is 3.2 eV for STON and 1.0 eV for
LCMO.[23]

To obtain a comprehensive understanding of the inter-
face influence on potential and charge distribution, an electron
holography study is also performed on the LCMO/STON junc-
tion with a 2-nm-thick LMO buffer layer. Figure 6(a) is a holo-
gram taken from the interface region of LCMO/LMO/STON
under a positive bias potential of 80 V. To determine the lo-
cations of interfaces among LCMO, LMO, and STON, we
first mark the interfacial locations in the TEM image of
LCMO/LMO/STON heterojunction, and then obtain the holo-
gram image of the heterojunction at the same magnification.
Thus, we can determine the locations of interfaces by compar-
ing the two images. The interfaces are indicated by dashed
lines. Figure 6(b) shows a typical area of the reconstructed
phase image from an electron hologram. An average line
scan from the STON substrate to the LCMO film in the re-
constructed phase image shows a peak of the phase profile at
the buffer layer and two valleys at the interfaces (indicated by
dashed lines) as shown in Fig. 6(c). First, the phase decreases
and reaches a minimum value at the interface between sub-
strate and buffer layer. Second, it forms a peak at the buffer
layer, and reaches another minimum value at the interface be-
tween LMO buffer layer and LCMO film. Lastly, it increases
rapidly at the LCMO layer near the interface. According to
the phase profile, the width of the depletion layer of this junc-
tion is larger than 2 nm, confirming that the incorporation of
LMO could lead to an increase of depletion width. It is in-
dicated from Eq. (2) that the phase difference depends on the
electrostatic potential and the specimen thickness. Figure 6(d)
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shows the potential change normalized by an average speci-
men thickness of 50 nm, which is coincident with the change
of phase profile. In comparison with Fig. 4(d), with the LMO

buffer layer introduced, the potential drop among substrate,
buffer layer and film in Fig. 6(d) decreases and the width of
depletion layer increases.
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Fig. 5. (a) Fitting profile with a sigmoidal function (Boltzmann model) of potential variations at LCMO/STON interface. (b) Charge density
from Poisson’s equation. (c) Schematic diagram of energy barrier across heterojunction, showing a discontinuity of electronic bands. (d)
Schematic diagram of charge distribution across interface.
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Fig. 6. (a) Hologram taken from interface region at 300 K. (b) Reconstructed
phase image from hologram. (c) Phase profile showing peak across the LMO
bufferlayer. (d) Potential profile across heterojunction after subtracting MIP
difference from phase profile.

Figure 7(a) shows the fitting of Fig. 6(d) with a poly-
nomial function, showing that the potential of LCMO film
(0.78 V with respect to the LMO buffer layer) is higher than
that of STON substrate (0.55 V with respect to the LMO buffer
layer). The potential change profile is in connection with the
charge distribution through the Poisson equation. This re-
sult directly suggests that certain negative charges are accu-
mulated on the film surface. Figure 7(c) shows the proposed
band diagram of LCMO/LMO/STON junction. The bandgap
of STON, LMO, and LCMO are 3.2 eV, 1.7 eV, and 1.0 eV,

respectively.[23,24] The EF of both STON and LMO are higher
than that of LCMO,[21,25] and the EV of LMO is lower than
that of LCMO and higher than that of STON.[26] When they
contact with each other, electrons will migrate at the interface
of LCMO/LMO and LMO/STON, thus producing the band
bending at the two interfaces.

The charge distribution can be obtained via Eq. (3) based
on the potential of Fig. 7(a), and it is shown in Fig. 7(b). It is
clear that a small number of negative charges are distributed
in the LMO region. Figure 7(d) shows a simplified illustra-
tion of the charge distribution, demonstrating that the nega-
tive charges accumulate at the two interfacial regions. From
Fig. 7(a), it can be noticed that the peak in LMO region is
not located in the middle. After measuring the peak posi-
tion, we find that the charge distribution in the buffer layer
can be divided into two regions: the first is ∼ 1.5 nm away
from the substrate and the second is ∼ 0.5 nm away from the
film, which is consistent with the phase profile of interface
regions in LCMO/LMC/STON junction. From this analysis,
it is suggested that the negative charges are preferentially dis-
tributed at two interfaces, resulting in a delay of the wave front
of exit electron wave function at the interfaces. Manganites are
strongly-correlated electron system, in which charge, spin and
orbital degrees of freedom are coupled, leading to abundant
physical properties. The introduction of a buffer layer in the
LCMO/STON junction leads to more complex charge distri-
bution.
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Fig. 7. (a) Fitting profile with polynomial function of potential variation in LCMO/LMO/STON interface. (b) Charge density from Poisson’s
equation. (c) Schematic diagram of energy barrier across heterojunction. (d) Schematic diagram of charge distribution across interfaces.

4. Conclusions
In this work, the interfacial electrical potential and charge

distribution of LCMO/STON and LCMO/LMO/STON hetero-
junction are investigated by TEM and electron holography. It
is found that the introduction of LMO buffer layer reduces the
lattice strain between the LCMO film and STON substrate,
which leads to the appearance of few misfit dislocations near
the interfaces of the junctions. Electron holography exam-
inations indicate that when the LMO buffer layer is intro-
duced, the interfacial potential barrier between the substrate
and LCMO film increases and the charge distribution becomes
complex. For LCMO/STON, positive and negative charges
accumulate symmetrically near the interface on the substrate
side and film side, respectively. However, for the junction with
a buffer layer, positive and negative charges are distributed
asymmetrically and substantial negative charges accumulate
on the both sides of the interfaces. This change might be
responsible for generating the positive magnetoresistance in
LCMO/LMO/STON manganite-based heterojunction.
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