PHYSICAL REVIEW B 86, 125127 (2012)

eg-level splitting in a layered perovskite manganite as revealed by charge modulation spectroscopy
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An orbital degree of freedom in Mott insulators gives strong impact on their phase transitions induced by
the band-filling control or carrier doping. We have investigated the effect of electrostatic carrier doping on the
electronic spectra for a layered Mott insulator Sr,MnO, to reveal orbital-specific optical transitions. Sr,MnOy,
is an n-type Mott insulator and its conduction band is composed of nearly degenerated e, orbitals d,2_>» and
d;2_ 2. The charge modulation spectra for a rectifying Sr,MnO4/Nb-doped SrTiO; junction clearly revealed an
optical transition at 1.7 eV, while a linear absorption spectrum is dominated by a transition at 2.0 eV. These are
assigned to the transitions from O 2p to Mn d;.2_,2> and to d,2_,2, respectively. The accumulated charges with a
density as high as 8x 103 cm~2 selectively occupy the nearly localized ds,2>_,> orbitals that hardly contribute to

charge transport.
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I. INTRODUCTION

Physical properties of condensed matters are in general
governed by the outermost orbital nature. In strongly correlated
electron systems, the orbital state mutually couples with the
charge, spin, and lattice degrees of freedom, giving rise to
versatile collective phenomena as typified by the colossal
magnetoresistance in perovskite manganites.! Recently het-
erostructures of correlated electron materials have been found
to show emergent transport and magnetic properties that are
not present in the constituents, and again the orbital state near
the interface is of crucial importance for the novel interface
electronic phases.>™

To get insight into the complex electronic phases appearing
at the interfaces of correlated electron materials, an interface-
sensitive probe to the orbital state is indispensable. The
electromodulation spectroscopy is one of the techniques to
meet the criteria. This technique is a well-established simple
technique for detecting slight changes in the optical properties
of materials subjected to an electric field.” When rectifying
heterojunctions are used, an electric field induces charge
modulations confined within the width of the accumulation
or depletion layers. Therefore, this technique can selectively
detect the change in the interfacial electronic state.'” This
charge modulation spectroscopy has revealed a distinctive
feature of the band reconstruction in a Mott insulator under
electrostatic doping.'!!2

In this study we applied this technique to a heterojunction
composed of SrMnO4 and Nb doped SrTiOs; (Nb:STO).
Sr,MnO,4 has a K;NiF, type (layered perovskite) structure
and the three d electrons fully occupy the lower Hubbard
band comprised of the #,, orbitals, making its ground state an
insulating G-type antiferromagnetic Mott insulator.'>!* In an
analogy with SrMnQOs;, one might expect that Sr,MnQOy4 could
be doped with electrons by substituting Sr with tri- or tetrava-
lent ions.'3 In reality, however, even dilute electron doping (or
band filling) has not been attained by the chemical substitution
because of the very low miscibility of rare-earth ions (R) in
Sr,_, R, MnOy.'° The electrostatic doping is an alternative way
and the heterojunction can give an excellent playground for
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enabling such a carrier doping. Considering that Nb:STO is an
electron-doped wide-gap band insulator, Sr,MnO4/Nb:STO
can be regarded as an n-N isotype heterojunction. Then, an
electron accumulation will occur in the narrower gap material
Sr,MnO4 and the application of a reverse bias voltage to
the junction can invoke further carrier injection to Sr,MnQy,
similar to the case of Smy;CuO4/Nb:STO.'' Owing to the large
dielectric constant of Nb:STO, we can modulate a large amount
of interfacial charges,'"!7!® that is, an additional attractive
point of this junction, and is important from the viewpoint of
the realization of the Mott transistor.'*2°

One of the distinctive features of Sr,MnQO, from those
of SmyCuQy is the orbital degeneracy in the upper Hubbard
band. The remaining orbital degree of freedom in Sr,MnOy4
plays an important role for the doped carriers. While such
a carrier doping process in multiorbital Mott insulators has
been widely studied both experimentally and theoretically,?'~>*
few have achieved direct observations of the orbital structure
by spectroscopic techniques under finely controlled doping
levels. In this study we intend to reveal the effect of the
orbital degree of freedom on the carrier doping process in
Sr,MnOy4 by the charge modulation spectroscopy. Our result
clearly reveals no sign of insulator to metal transition and
unveils the energy splitting of empty e, orbitals caused by the
structural anisotropy which can hardly be observed by other
experimental techniques. The electrons are doped selectively
to the d;,»_,2» orbital that is localized in nature with its robe
extending perpendicular to the two-dimensional MnO, sheet.

II. RESULTS AND DISCUSSIONS

A. Sample preparation

Thin films of Sr,MnO4 were grown on nondoped and Nb
0.01 wt. % doped SrTiO3; (001) substrates by a pulsed laser
deposition technique. It has already been reported that the films
of (100) oriented Sr,MnQ,4 were readily fabricated on the (100)
plane of LaSrAlQ, in the graphioepitaxy mode.?”> However, the
fabrication of a (001) oriented Sr,MnOy, films requires more
precise control of the growth conditions due to the absence
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FIG. 1. (Color online) (a) X-ray diffraction pattern of a 30-nm-
thick Sr,MnOy film grown on a SrTiO; substrate. It shows only (0 0
2l) (I = integer) peaks, indicating that the film is in c-axis oriented
single crystalline K, NiF, structure. The a- and c-axis lattice constants
of the film are 3.83 and 12.41 A, respectively, which are close to those
for a bulk sample (3.79 and 12.49 A)."? (b) Linear absorption spectra
of the Sr,MnOQ, film measured at 300 K (dashed line) and 5 K (solid
line). The optical band gap of Sr,MnOj; film at 5 K is estimated to
be 1.8 eV derived from the linear extrapolation (dotted line) of the
absorption edge.

of external force to stabilize the layered structure. We tried
the deposition at various temperatures and gas pressures, and
found that the introduction of oxygen gas causes appearance
of impurity phases such as StMnOs. Single-phase Sr,MnO4
films could be obtained at 1070 °C in 1 mTorr pure argon gas
pressure. To compensate for the oxygen deficiencies in the
substrate and the film generated during the deposition in the
reductive growth conditions, the samples were subsequently
annealed for 1 h at 450 °C in 760 Torr oxygen atmosphere in
the deposition chamber. Figure 1(a) shows an x-ray diffraction
pattern of the fabricated film. All the observed peaks can be
indexed as (0 0 2/) (I = integer), indicating that the film is
grown with its ¢ axis being normal to the film plane without
any detectable impurity phases.

Optical absorption spectra of the film grown on nondoped
STO are shown in Fig. 1(b). There can be seen two absorption
peaks at around 2 and 3.1 eV similar to the optical conductivity
spectra for a bulk crystal and (100) oriented film of Sr,MnOy4
with its electric field parallel to the ab plane.?>?* These peaks
have been assigned to charge-transfer excitation from the O
2p band to the Mn e, up-spin band and that from the O 2p
to the Mn t,, down-spin band, respectively.”* At 5 K, the
lower-energy peak becomes sharper and shows an excitonlike
feature, signifying the high crystallinity of the fabricated films.
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FIG. 2. (Color online) Voltage (V) dependence of current density
(J) (filled circles) and inverse square of capacitance (C~2) (open
circles) of a Sr;MnO,4/Nb:SrTiO;5 junction measured at 190 K. The
J-V curve shows a clear rectification property. The built-in potential
qVy; is deduced to be 1.6 eV from the linear extrapolation of the
C~2-V line. The inset shows a plausible band structure of this junction
in the absence of an external electric field. Due to the notch and spike
in the conduction band profile, the electron accumulation takes place
in Sr,MnQO, under reverse bias.

B. I-V and C-V characteristics of the junction

Hereafter we focus on the junction properties of
SroMnO4/Nb:STO. Figure 2 displays current density-voltage
(J-V) and capacitance-voltage (C-V) characteristics of the
junction. The J-V curve shows a clear rectification behavior
and C~? changes linearly with the bias voltage. Here the for-
ward (reverse) bias is defined as the situation when Sr,MnQy is
positively (negatively) biased. The results of J-V and C~2-V
indicate the existence of a potential barrier at the interface and a
depletion layer in Nb:STO. The linear extrapolation of C~2-V
to the voltage axis gives a built-in potential of 1.6 eV. This
potential barrier comes from the conduction-band offset as
verified by the photocurrent spectroscopy.?’ The possible band
structure of this heterojunction deduced from the above results
is shown in the inset of Fig. 2. The most important point is the
accumulation of electrons in Sr,MnQy4 which is balanced with
ionized donors in the depletion layer of Nb:STO. Applying
a reverse bias to this junction can induce further electron
accumulation, which we employ for the electromodulation
spectroscopy.

C. Electromodulation spectra

Electromodulation spectroscopy was performed by apply-
ing a reverse bias ac voltage with a frequency of 570 Hz
while irradiating the sample with monochromated light, and
the change in the intensity of the transmitted light (AT) at
the modulation frequency was detected by lock-in technique.
The obtained value of —AT/T is equal to Aad, where o
is the absorption coefficient and d is the effective thickness
affected by the charge modulation. Figure 3 displays the
electromodulation spectra as well as the absorption spectra
of a Sr,MnO4 film measured at 190, 90, and 5 K. At
all temperatures, the electromodulation spectra show a sign
reversal at around 1.5 eV, above (below) which Aad is
negative (positive). This is a signature of the spectral weight
transfer typically observed when carriers are doped in Mott
insulators.’® The spectral weight transfer is pronounced as the
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FIG. 3. (Color online) Electromodulation spectra (filled circles)
of a Sr,MnO,4/Nb:SrTiO; junction (left axis). Measurement tem-
peratures are 190 K (upper panel), 90 K (middle panel), and 5 K
(bottom panel). Only one peak at around 1.7 eV can be seen at 190 K
(peak A), whereas another peak at around 2 eV emerges by lowering
temperature (peak B). Linear absorption spectrum at each temperature
is shown by solid line to right axis.

bias voltage increases, meaning that more carriers are injected.
In addition to the change in this wide-energy range, one can
see several negative peaks in the electromodulation spectra.
The data taken at 190 K has only one peak at around 1.7 eV
which we call peak A. Additional peak appears at around 2 eV
at 90 K denoted by peak B, and this peak dominantly evolves
at 5 K. While peak B has a close correspondence with the peak
observed in the linear absorption spectra, there seems to be no
corresponding absorption peak for peak A.

We first discuss the origins of peak B appearing at low
temperatures. In Fig. 4 are shown first derivative (dashed
line) and second derivative (dashed and dotted line) curves
of the absorption spectrum as well as the electromodulation
spectra measured under reverse bias voltages of 2 (upper
panel) and 10 V (lower panel) taken at 5 K. By making
linear combinations of the first and second derivative curves
(solid lines in Fig. 4), the electromodulation spectra can be
well reproduced except for the contributions from peak A
and the wide-energy range spectral weight transfer. Here we
determine the relative magnitude between the first and second
derivatives so that the peak positions coincide with those in the
electromodulation spectra at around 2 eV. As can be seen, the
first derivative is dominant at V = 2V, while the contribution
from the second derivative grows up at V = 10 V. This result
indicates that an external electric field causes a shift of the
absorption peak to a lower energy when the field is small,
and gradually induces a peak broadening as increasing the
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FIG. 4. (Color online) First derivative (dashed line) and second
derivative (dashed and dotted line) curves of the absorption spectrum
of a Sr,MnOy film at 5 K (left axis). The electromodulation spectra at
the same temperature taken at reverse bias voltages of 2 and 10 V are
shown to the right axis of upper and lower panels, respectively. The
solid line in each panel shows a linear combination of the first and
second derivative curves. The relative magnitude between the first
and second derivative is determined to fit the peak position and width
appearing at around 2 eV.
electric field, that is known as the Franz-Keldysh effect.2’-2°
These phenomena are often observed in various materials
under an external electric field, and is distinct from the charge
modulation effect that we discuss below.

Figure 5 shows a schematic band diagram of Sr,MnOy.
Sr,MnOy has a structural anisotropy, and the Mn-O distance
along the ¢ axis (1.976 A) is longer than that in the ab
plane (1.894 A) according to the structural analysis for a bulk
sample.'® Then, it is plausible that the d3.>_,- orbital locates at
alower energy than d,>_ ,». We therefore presume that peaks A
and B correspond to the transition from O 2p to Mn d3,2_,> and
to dy>_,2, respectively. Considering the interatomic overlap
integral between the O 2p and Mn e, orbitals within the ab
plane of a MnOg octahedron, only O p,-Mn d,>_,> and O
Po-Mn ds.2_,> bonds have nonzero values and the former is v/3
times larger than the latter as shown in Fig. 6(c).*® Therefore,
the former transition is three times larger in the tight-binding
regime and will be dominant in the linear absorption spectrum
as depicted in the bottom panel of Fig. 5. This is the reason why
only one peak corresponding to peak B was observed in the
linear absorption spectra. Once electrons are electrostatically
doped, they partially fill the lower-energy band among the
two e, orbitals (i.e., ds2_,2). This leads to the breaching
of the transition to this orbital without affecting the other
transition as depicted in the top panel of Fig. 5. Therefore,
the charge modulation spectra show a negative peak due to
the reduction of the absorption coefficient at the energy for
the O 2p to d3,2_,2 transition (peak A). The magnitude of the
energy splitting between the unoccupied two e, orbitals is then
deduced to be 0.3 eV at 190 K.
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FIG. 5. (Color online) Schematic band diagrams of Sr,MnO,
(top and bottom panels) as well as the charge modulation (filled
squares) and linear absorption (solid line) spectra measured at 190 K
(middle panel). Because of the two-dimensional crystal structure,
the originally degenerated two e, orbitals are split into two bands
of dy2_,2 and d,2_ 2. Although both the orbitals can contribute to
the charge-transfer transition, the transition to d,2_,» is stronger
and dominant in the linear absorption spectrum as depicted in the
bottom panel. Electrostatically doped carriers will occupy the lower
ds,2_,2 band, resulting in the reduction of the transition to this orbital
as depicted in the top panel, which appears as the negative peak
(peak A) in the electromodulation spectra.

3222

The comparison of the electromodulation spectra for the
junction of SmyCuO4 and Sr,MnO4 as shown in Fig. 6(a)
makes clear the difference in the carrier doping effect between
these compounds. The sheet electron densities induced by
the reverse bias voltage of 10 V estimated from capaci-
tance measurements are 4.2 x 10'3 cm=2 for the former and
7.8 x 10'* cm™? for the latter, respectively. In spite of the
higher density of electron doping, SroMnO4 shows much
smaller spectral weight transfer in the modulation spectra.
In addition, the value of Awad at the lowest photon energy
(0.5 eV) is almost zero in Sr,MnQ,, while Sm,CuQO,4 shows
clear positive finite value reminiscent of the metallic con-
duction. We consider that these differences originate from
the character of the orbital occupied by the doped electrons.
In SmyCuQy, the conduction band is composed of a d,>_,»
single orbital as shown in Fig. 6(b) and electrostatically
doped electrons can directly contribute to the large electronic
reconstruction to make the system metallic. On the contrary,
since the electrostatically doped electrons in Sr,MnQy4 occupy
the ds,2_,> orbital having more localized nature, they cannot
induce a metallic state accompanied by a huge spectral
weight transfer. In reality, it is well known that 7’-phase
layered cuprates including Sm,;CuQy4 can be made metallic or
superconducting by the chemical electron doping,®! but there
have been no report on a metallic state in doped Sr,MnOy.
The present work exemplifies the usefulness of the charge
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FIG. 6. (Color online) (a) Electromodulation spectra of the
Sm,CuO4/Nb:SrTiO; at 300 K (cited from Ref. 11) and
SroMnO4/Nb:SrTiO; at 190 K including the lower energy part
(0.5-1.1 eV). The oscillatory behavior observed in the low-energy
part of the spectra for the latter junction is due to the interference
of multireflected light in the depletion layer of Nb:SrTiOs;. The
negative peaks apparent in the modulation spectra denoted by a star
(%) and an asterisk (x) are the optical transitions in Sr,MnQO, and
Sm,CuOy, respectively, as depicted in (b). (c) Interatomic overlap
integral between O 2po and Mn e, orbitals, where V4, is defined in
Ref. 30.

modulation spectroscopy to get insight into the mechanism
of the carrier doping at heterointerfaces of correlated electron
materials, especially with multiorbitals.

III. CONCLUSIONS

In conclusion, we performed electromodulation spec-
troscopy for Sr,MnO4/Nb:STO n-N isotype heterojunction.
Applying a reverse bias voltage to the junction can modulate
the charge accumulation in Sr,MnO,4. Charge modulation
spectra of the junction under reverse bias voltages showed a
negative peak at around 1.7 eV, which is lower than the linear
absorption peak by 0.3 eV. We consider that the negative peak
comes from the transition from the O 2p to the Mn d3,2_,2
orbital, which is undistinguishable in linear optical spectra due
to the overlap of the nearby strong transition from the O 2p to
the Mn d,>_,> orbital at around 2.0 eV. The energy difference
of 0.3 eV corresponds to the magnitude of the energy splitting
betweends;>_,> and d,>_ > induced by the structural anisotropy
in SryMnQOy.
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