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Abstract

Structurally coherent and chemically abrupt interfaces formed between polar and nonpolar per-
ovskite oxides provide an ideal platform for examining the purely electronic reconstruction known
as the polar catastrophe and the emergence of mobile/bound charges at the interface. The ap-
pearance of mobile charges induced by the polar catastrophe has already been established in the
LaAlO3/SrTiOg heterojunctions. Although not experimentally verified, the polar catastrophe can
also lead to the emergence of spontaneous polarization. We report that thin films of originally non-
polar LaFeOg3 grown on SrTiO3 are converted into polar as a consequence of the polar catastrophe.
The induced spontaneous polarization evokes photovoltaic properties distinct from conventional
p-n junctions, such as a switching of photocurrent direction by changing the interfacial atomic
sequence. The control of the bulk polarization by engineering the interface demonstrated here will

expand the possibilities for designing and realizing new polar materials with photovoltaic functions.



The emergence of mobile and /or bound charges at the interface with discontinuous valence
state, or so-called polar discontinuity, has been one of the central research topics in the recent
material science [1-4]. The idea of the charge generation stemming from the polar disconti-
nuity had been firstly examined in semiconductor heterojunctions such as Ge/GaAs(110) [5].
However, the atomic interdiffusion is more favored than the purely electronic reconstruction,
and the idea had not been verified in these junctions. The revival of the interest on the polar
interface was brought by the discovery of the high-mobility two-dimensional (2D) interface
conduction in the LaAlO3/SrTiO; (LAO/STO) heterojunction [1]. Because of the struc-
tural robustness and the small atomic diffusibility in the perovskite oxides, their interface
can be kept abrupt even in the polar junction. Therefore such interfaces offer an ideal plat-
form to see pure electronic reconstructions and accompanying phenomena distinct from the
conventional semiconductor interfaces such as superconductivity [6] and magnetism [7].

The emergence of the 2D conduction in the LAO/STO junction is generally explained by
the so-called polar catastrophe scenario as follows [8, 9]. Due to the presence of the polar
discontinuity at the interface, high density bound charges (0.5¢/1 unit cell, corresponding
to 53 pC/cm?) should exist at the interface [9, 10]. Because these bound charges evoke
the linear divergence of the electrostatic potential with the increasing LAO thickness, the
junction reduces the energy cost above certain critical thickness by either collecting elec-
trons to the interface through charge transfer [8] or creating oxygen vacancies and/or other
defects on the LAO surface [11-13]. Since the polar catastrophe is a process of charge redis-
tribution necessary to screen the interfacial bound charges, the polar catastrophe can also
lead to the displacement of ions or electronic wave functions, thus creating the spontaneous
electric polarization, even without collecting mobile charges. Although the emergence of
the spontaneous polarization has been theoretically predicted [14, 15], its influence on the
junction property is masked by the existence of the mobile charges and therefore is hard to
be detected in LAO/STO junction.

Here we explore oxide heterojunctions in which the spontaneous polarization plays a dom-
inant role in the charge screening. The target materials are trivalent transition-metal-oxide
insulators which do not form a conductive interface with STO even though the interface
has the polar discontinuity [16]. Among them, LaFeO3; (LFO) is one of the most suitable
materials, which is known as a centrosymmetric Mott insulator with an optical gap (2.2 eV)

in visible-light region [17]. It has a high resistivity compared to other Mott insulators due



to the closed-shell structure in the up-spin band of Fe?" state [18]. Furthermore, it shows
an instability toward polar state under epitaxial strain [19]. Thus, the LFO/STO junc-
tion lends itself as a attractive model system to examine the interface-induced spontaneous
polarization.

We deposited 30 nm-thick LFO films on 0.5 mm-thick STO and SrTigg99sNbg 000203
(Nb:STO) substrates with controlled TiO; and SrO terminations as illustrated in
Fig. 1(a) [20]. Figure 1(b) shows atomic structure and elemental distributions near the
LFO/STO interfaces imaged by a scanning transmission electron microscope (STEM) and
energy dispersive x-ray spectroscopey (EDX). The image verifies that the elemental sequence
is constructed as we designed. The broadening of the distribution estimated from the line
profiles of the STEM-EDX intensities remains at most 2 u.c. from the interface [20], indicat-
ing that the interface is abrupt enough to classify the interfacial atomic sequence into the two
definite types and the effect of the interfacial disorder is negligible. Hereafter, we denote the
junctions formed on TiOs- and SrO-terminated STO surface as “TiO5 junction” and “FeO,
junction” according to the interfacial transition-metal layer, respectively. We confirmed that
there is no detectable lateral conductivity in those LFO/STO junctions irrespective of the
interface terminations.

Current density (J)-voltage (V') characteristics of the junctions measured under photoil-
lumination are shown in Fig. 1(c). Here we shined a laser light with a wavelength of 473 nm
(hw= 2.6 eV), which is absorbed only by LFO. The most prominent feature is that the sign
of both the short-circuit photocurrent and the rectifying polarity is reversed by altering the
interface termination. Similar switching behavior in the photovoltaic properties has been
reported upon ferroelectric polarization reversals in many ferroelectrics [28-30]. Following
this analogy, we expect that our LFO films have electric polarization, whose direction is
inverted upon altering the interfacial atomic sequence. As discussed later, the polarization
direction is fixed by the interfacial atomic sequence and cannot be reversed by electric fields.

To directly see the existence of the electric polarization, we employed piezo-response force
microscopy (PFM) to study a sample which is fabricated so that it has both TiOy and FeO,
junctions within the same substrate as shown in Fig. 2(a) [20]. Thus the opposite polarization
directions between the two junctions can be clearly visualized within one experimental run.
The phase image of PFM shown in Fig. 2(b) exhibits a clear contrast at the boundary with
a phase shift of nearly 180 degrees, indicating that the LFO films have electric polarization



components pointing normal to the film surface and their directions are opposite between
the two regions. Although this provides a clear evidence for the presence of the electric
polarization (P), it still remains unclear whether the polarization is induced by the dielectric
response (Fy), or a spontaneous polarization (P;) existing even without the internal electric
field.

The electron holography can directly quantify the spatial distribution of the electrostatic
potential and accordingly the built-in internal electric field in a specimen [20]. By employing
this technique, we examined the possible origin of P. Figure 3(a) shows the mappings
of electrostatic potentials for an electron, which are derived from the phase shift of the
object waves. The electrostatic potential is almost uniform in the in-plane direction in both
junctions. We now examine in details the electrostatic potential and show in Fig. 3(b) two
examples of electrostatic potential obtained along dashed lines in Fig. 3(a). Firstly, the
large potential drop near the interface is merely due to the difference in the mean inner
potential between LFO and STO and we can thus ignore it in the following discussions.
Secondly, the electrostatic potential has opposite slopes in two LFO junctions. The electron
potential in LFO grows (falls) from the interface to the surface in TiOs (FeOs) junction with
an electric field £ of —58 kV/cm (+81 kV/cm) as illustrated in Fig. 3(c), where positive
E corresponds to the field pointing from the surface to the bottom of LFO following the
definition of the current direction. The direction of E is consistent with the expected sign
of the interface bound charge [31], Thirdly, no appreciable potential variation can be seen
in STO, being consistent with no detectable lateral conductivity in the LFO/STO junction.
This is in contrast to the downward bending in the case of TiOy-terminated LAO/STO that
accumulates electrons.

Having clarified the magnitude of the built-in electric field, we now analyze the electro-
static conditions in LFO/Nb:STO junctions. The polar discontinuity entails bound charge
of +0.5¢/1 unit cell (53 uCem™2) denoted as oy in Fig. 3(d). We assume that the screening
of oy is realized only by the induced polarization (P) in LFO. Then, the potential slope or
the built-in electric field (E) observed by electron holography originates from the interfacial

remnant charge (09 — P) given by
oy — P = €0E, (1)
where g¢ is the vacuum permittivity. P is the sum of the dielectric polarization (P;) and
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spontaneous one (Py), i.e., P = P;+ P,, and P, is given by
P, = xFE = ¢, F, (2)

where ¢, stands for the relative dielectric constant of LFO which is derived to be 35 from
a capacitance measurement [20]. Using £ = —58 kV/cm in the TiO, junction, we obtain
P; = 0.17 uC/cm?. This value of Py is far smaller than oy, implying that a large part of
the screening charge relies on P, in our model. Note that, in reality, a part of the screening
charge is supplied from the mobile carriers in Nb:STO as revealed by the capacitance mea-
surements [20]. However, both the sign reversal in the polarity of the photovoltaic property
and the phase shift of 180° in the PFM observation indicate that a large part of the screening
charge comes from P induced in the LFO films.

The existence of the large P, deduced from above analysis is justified by the anoma-
lous photovoltaic properties. The direction of photocurrent should have been aligned to the
electric field in conventional dielectrics. However, the experimentally observed short-circuit
photocurrent (Fig. 1(c)) flows opposite to the direction of the built-in electric field (Fig. 4(a)),
and also opposite to that reported for LAO/STO junction where the spontaneous polariza-
tion is negligibly small after mobile carriers are induced by the polar catastrophe [32]. This
means that the photocurrent in our junctions originates from a different mechanism, likely
being associated with the P;. Here we introduce a concept of the shift current (Jg) as a
possible origin of the photocurrent in our junctions. It is known that single-domain noncen-
trosymmetric materials can generate DC current under uniform photoillumination, namely
the bulk photovoltaic effect [33]. A main origin of the bulk photovoltaic effect which has been
recently proven to be is the shift current [34-36]. The shift current arises from the quantum
mechanical displacement of the photo-induced carriers relative to the initial state in real
space due to the asymmetric electronic potential in inversion-broken materials as depicted
in Fig. 4(a). The shift current flows to the direction of the so-called shift vector given by the
difference in the Berry connections between the initial and excited states [35, 36]. Therefore,
the shift current direction depends strongly on the relevant band structure rather than the
macroscopic electric field. We consider that the shift current and drift current (Jg.) are
coexisiting in our junctions, and the shift current is the origin of the photocurrent flowing
opposite to E.

The coexistence of the Jgi and the Jgue is evidenced in the spectral distribution of



the short-circuit photocurrent (Jsc), so-called photocurrent action spectra. As shown in
Fig. 4(b), the sign of Jsc reverses in TiOy junction with a LFO thickness of 20 nm, from
negative to positive at the photon energy of 3.2 eV. The negative (positive) Jsc indicates
a dominating Jquire (Jsnite). The sign change occurs because of the enlargement of Jgp at
higher photon energies. Such a sign reversal is not observed in the junctions with ¢ = 13 nm
and 30 nm in the entire photon energy range, but these two junctions have opposite Jgc: in
the former (latter), the sign is negative (positive). We examined the position dependence
of photocurrent action spectra in an array of devices [20]. The spectra are reproducible
and independent of the device position, implying that the anomalous sign change in the
photocurrent is not induced by local defects [25].

Now we discuss an evolution of the polarization and according change in the photocurrent
with a thickness on the basis of the polar catastrophe model. There are two characteristic
thicknesses, t. and t.. t. is the thickness at which the polar catastrophe sets on and ¢, is the
thickness at which Jg¢ reverses the sign. We consider the mechanisms of the photocurrent
generation in the following three thickness ranges; (i) ¢ < t., (ii) t. <t < t,, and (iii) t. < t,
as shown in Fig. 4(c). In case (i), the spontaneous polarization is absent (P; = 0) and
the most of oy is screened by the dielectric response associated with the large thickness-
independent E. Equations (1) and (2) give F = 0¢/eo(1+¢,), and E is estimated to be —17
MV /em in LFO. Due to the large E, Jgig is dominant in this thickness range, resulting in
the same direction between E and Jsc. When the potential elevation (¢) reaches the band
gap of LFO (A=2.2 eV), the polar catastrophe occurs and triggers the emergence of P;. We
define this thickness as t., given by eo(1 + £,)A/0g, which is estimated to be 1.4 nm (~3
u.c.) in LFO/STO junction. For ¢ > t., E decreases in inversely proportion to ¢ because
¢ is limited by A. In contrast, P, grows with ¢t to compensate for the reduced dielectric
response. Since Jar, < E and Jgr has a positive correlation with Py, Jasig (Jsniey) decreases
(increases) with ¢, implying that Jaug and Jg,e crosses at some thickness, which we define
as t.. In case (ii), Jaug is still larger than Jg and hence Jsc and E points to the same
direction, which is the case for the junction with ¢ = 13 nm. In case (iii), Jspig, overcomes
Jarige and hence Jso flows opposite to E as observed for the junction with ¢ = 32 nm. Hence,
the junction with ¢ = 20 nm will be located very close to the critical thickness ¢..

Figure 4(d) shows the dependence of P; and P, on t calculated on the basis of the
polar catastrophe model. The curves are plotted for ¢ = 2.2 eV and 0.17 eV which are



the upper limit estimated from the band gap of LFO and the lower limit estimated from
the electron holography, respectively. Figure 4(e) shows the thickness dependence of the
photocurrent at 2.8 eV and 3.5 eV obtained from the action spectra. The sign is negative
in thinner junctions due to the dominant Jg,ir and switches to positive in thicker junctions
driven by the enhanced Jg.. The sign reversal occurs between 17 and 25 nm depending
on the photon energy, implying that ¢/ locates in this thickness range. The photocurrent
of the thickest film of nearly 70 nm is quite small. This is probably because the typical
length of the shift vector is 10-100 nm and the photocurrent reduces when the film thickness
exceeds this length [37]. Thus, the model calculation of P; and P; shown in Fig. 4(d) can
qualitatively explain the thickness dependence of the photocurrent, although the relation
between Jg,;i and the electric polarization is complicated and the quantitative estimation
of Japnige is currently impossible.

We again emphasize that the dominant screening mechanism of the polar discontinuity in
LFO/STO junction is the spontaneous polarization, unlike the mobile charges in LAO/STO.
The reason for the difference between LFO/STO and LAO/STO junctions can be following.
According to a first-principles calculation, RFeO3 (R stand for rare-earth elements) can show
a spontaneous polarization over 100 puC/cm? if 7 % of compressive strain is applied [19].
Because the strain in our LFO film is only 1 %, the epitaxial strain alone is unlikely to be
sufficient story in order to induce the polar state. Yet, the instability towards polar state in
LFO will assist the emergence of the spontaneous polarization.

In summary, we have revealed the emergence of spontaneous polarization in
LaFeO3/SrTiO3 heterojunctions. The existence of the electric polarization was verified by
piezo-response force microscopy. Furthermore, electron holography has revealed that the
spontaneous polarization dominates the electric polarization. The polarization direction
can be switched by the choice of interfacial atomic sequence. The emergent spontaneous
polarization induces anomalous photovoltaic properties in the junctions, such as a sign re-
versal in the photocurrent depending on the interfacial atomic sequence and the excitation
photon energy. The present demonstration implies that the control of the bulk polarization
can be achieved by engineering the interface. Recently visible-light-absorbable polar oxides
have been widely explored and suggested to be efficient photovoltaic materials [38-40]. Our
present results offer a feasible way of realizing new photovoltaic materials from narrow-gap

and non-polar ones by engineering the heterointerfaces of oxides.
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FIG. 1: (Color online) (a) A schematic of the elemental stacking in LFO/STO junctions. The
interfacial atomic layers were controlled either TiOg or FeOs layers. (b) Elemental distribution
mappings for a TiOy junction (upper panel) and FeOgy junction (lower panel) taken with a scan-
ning transmission electron microscope (STEM), where atomic resolution energy-dispersive x-ray
spectroscopy (EDX) images are superimposed on high-angle annular dark (HAADF) images. Line
profiles of the elemental distribution are shown in the Supplementary Materials [20]. (c) Current
density (J)-voltage (V') properties of LFO/Nb:STO junctions with shinning a laser light. The
wavelength of the laser is 473 nm. The positive direction of the applied voltage is defined as the

schematics illustrated in inset.
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FIG. 2: (Color online) (a) A schematic of piezoresponce force microscope (PFM) observation for
a LFO film grown on a Nb doped STO substrate having both TiOs and SrO surface terminated
regions on the surface. (b) Observation of artificially tailored polarization domains by PFM as a
phase image. The boundary of the opposite polarization domains is coincident with that of the

interface termination.

12



@ . N (b)
TiOg junction  FeO; junction 05

1 —_—

W

0.0

(eV)

TiO3 junction
T 1z

0
o
—

F1 . S
| Fe(l)zjuncl:tlon |

Ny
o
—

Electrostatic potential

Electrostatic potential (eV)

30 20 10 0O 10 20 30

Position (nm)

TiOz junction FeO, junction

TiO3 junction
4|/ | — + - +
I\ + .» +
Nb:STO LFO +- _E, +
+0,

FIG. 3: (a) Mappings of electrostatic potentials derived from electron holography for two differently

interfaced LFO/STO junctions. Here we show the potentials for an electron. (b) Line profiles of
the potentials along the dashed lines in Fig. 3(a). (c) Possible band structure in the LFO/STO
junctions deduced from the potential profiles in Fig. 3(b) and capacitance measurements [20]. (d)
A model for electrostatic conditions in a TiO2 junction. g denotes bound charges steming from
the polar discontinuity between LFO and STO. P is an electric polarization induced in LFO to
partially screen og. F is a built-in electric field originated from the remnant interface charges

(o9 — P).

13



—_ F

Jsc (107 electron/photon)

Jshift <——> Jrift

| IR S T I I —

-6 L L
2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75

Photon energy (eV)

© (i) s t<t; (i) o<t

(d)

P S 8 ]
5 °
S 40 2 §
= c
‘; 30 g _
K] r 5]
g20 3 i
S ol 5 02 H N/ | —e—28eV ]
e A R e T =04 i 1 —e—35eV (x0.5)
0 ﬁw _06 E I 1 |: 1 |: | " | n 1 " | N i
25 30 0 10 20 30 40 50 60 70
Thickness of LFO (nm) Thickness of LFO (nm)

FIG. 4: (Color online) (a) Schematic of two possible origins of photocurrent in LFO/STO junction.
The shift current (Jgnie) is induced by the spontaneous polarization while the drift current (Jqyif;)
is induced by the internal electric field. (b) Photocurrent action spectra for TiOgy junctions with
different LFO thicknesses. (c¢) Band structures and photocurrent generation in LFO/STO junctions
in three thickness ranges. A and ¢ stand for the band gap of LFO and the potential elevation,
respectively. Case (i): The slope of the electrostatic potential is constant and the origin of the
photocurrent is Jqng only. Case (ii): When ¢t > t., ¢ is constant and Jgng and Jguiee coexist.
Case (iii): At t = t. > t., Jonigr becomes more dominant than Jy.g. (d) Calculated thickness
dependence of the spontaneous polarization (Ps) and dielectric polarization (P;) on the basis of
the band structure. Solid (dashed) lines correspond to the case of ¢ =0.17 eV (2.2 eV). (e)
Magnitude of the photocurrent as a function of the thickness of LFO in TiO4 junctions measured

at 2.8 and 3.5 eV.
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