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Interlayer coupling and electronic structure of misfit-layered bismuth-based cobaltites
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The [Bi;M;04],Co0, materials (M = Ca, Sr, and Ba) were studied to clarify the effect of the lattice
incommensurability on electronic properties using angle-resolved photoemission spectroscopy and transmission
electron microscopy (TEM). Results show that the insulating behavior is characterized by a spectral weight for
binding energies higher than 2.0 eV. Moreover, the spectral shape is modified as a function of the incident photon
energy, demonstrating a close relationship between the electrical properties and interlayer coupling. TEM results
show that the effect of the lattice mismatch differs for different misfit parameters p. We therefore conclude that
the carrier concentration and the chemical environment at the misfit interface, which depend on the degree of
incommensurability, mutually determine the electronic properties of the system.
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I. INTRODUCTION

Misfit-layered compounds have been studied extensively
because of their unique electronic properties [1]. Layered
bismuth-based cobaltites described by the general formula
[BioM;04],Co00, (M = Ca, Sr, and Ba), which consist of
hexagonal CoO, layers and rocksalt (RS) type slabs [2,3],
have recently attracted attention as potential candidates for
thermoelectric applications [4-7]. Their properties depend
on the misfit parameter (the b-axis ratio between the CoO,
and RS structures) p, suggesting that such characteristics
are closely related to the incommensurability between those
two substructures. Nevertheless, the relevant details remain
unclear.

To elucidate the effects of lattice mismatch, we devote par-
ticular attention to the temperature-dependent transport behav-
ior [8-11]. The in-plane resistivity pup of [BizSry04],Co0;
(BSCO) varies considerably with temperature: It exhibits
metallic behavior (dp/dT > 0) at high temperatures, whereas
it increases concomitantly with decreasing temperature. The
Hall coefficient measurement indicates that the carrier con-
centration is temperature dependent as well [11]. A similar but
more highly insulating trend is found in another member of
the misfit-layered cobalt oxide [Bi,Cay04],Co0, (BCCO),
in which the p value is larger than that of BSCO. For
a commensurate system [Bi;Bay04]gs50Co0O, (BBCO), in
which p is a rational number, p,;, increases monotonically
with temperature. Nonetheless, p,; is large and exceeds the
so-called Mott-loffe-Regel criterion, suggesting an innate
similarity among the bismuth-based cobaltites in spite of the
different values of p.

Our earlier studies on BSCO have shown that an unusual
temperature dependence arises from a change in the local
atomic arrangement via scanning tunneling microscopy (STM)
and angle-resolved photoemission spectroscopy (ARPES)
measurements [12,13]. The rigid band picture is not applicable
to BSCO. By changing the temperature, the chemical environ-
ment around the oxygen atoms is modified. Consequently,
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the appearance of inequivalent oxygen sites causes an inho-
mogeneous charge distribution and loses its spectral intensity
near the Fermi level. Now, the remaining issue is how such a
phenomenon relates to the structural incommensurability.

As described in this paper, we first compare the ARPES
spectra among bismuth-based cobaltites of three kinds. At
low temperature, BSCO has a similar high-energy electronic
structure to that of BCCO. With increasing temperature,
the spectra of BSCO are modified gradually. They become
similar to those of BBCO. Therefore, we can deduce that the
localization properties are characterized by the evolution of
this spectral feature. Then, to investigate the vertical coupling
at the misfit interface, we performed ARPES experiments on
BSCO with tunable-energy photons using the advantage of
synchrotron radiation. Despite the lack of long-range coher-
ence, the temperature-sensitive band structure is dependent
on the photon energy, which shows a relationship existing be-
tween the anomalous temperature sensitivity and the interlayer
bonding, and which gives direct evidence for the contribution
of lattice mismatch to the electronic properties. Actually, the
effect of the lattice mismatch is neither unidirectional nor
uniformly distributed in space. For this study, we visualize
the actual atomic arrangement using transmission electron
microscopy (TEM) and discuss the structural flexibility of the
misfit-layered cobaltites.

II. EXPERIMENTS

Single crystals of bismuth-based cobaltites were grown in
Al,O3 crucibles using a self-flux method. Details of the growth
procedure and x-ray characterization of the samples have been
presented previously [12,14]. ARPES measurements were
conducted using synchrotron radiation at the Saga University
beamline BL13 in the SAGA Light Source [13]. Because
of weak van der Waals bonds between the BiO layers, the
BiO-terminated surface is clean and stable. To obtain clean
surfaces, the single crystals were cleaved in sifu before the
ARPES measurements. Transmission electron microscope
(TEM) measurements were conducted on a JEM-3200FSK
(JEOL Ltd.) at Kyushu University using an accelerating
voltage of 300 kV. Misfit parameters estimated from the
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FIG. 1. ARPES intensity plots as a function of energy and wave vector along the I'M direction of (a), (b) BCCO, (d)—(f) BSCO, and
(h), (i) BBCO at various temperatures. The corresponding intensity profiles integrated from k, = —1 to 1 A~! are shown respectively in (c),

(g), and (j) for BCCO, BSCO, and BBCO.

diffraction patterns were p = 0.51 and p = 0.59, respectively,
for BSCO and BCCO.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) respectively portray raw ARPES
intensity maps of BCCO obtained at 300 and 50 K. The plot is
along the high-symmetry I' M direction in the two-dimensional
hexagonal Brillouin zone (BZ) of the CoO, layer. The
measurements were conducted using synchrotron radiation
with a photon energy of 100 eV. The spectra agree with those
reported previously [15], and two valence bands are readily
visible: one centered around the binding energy of ~0.8 eV
and another one extended above about 2.0 eV. Figure 1(c)
portrays the corresponding intensity profile integrated over
the measured k, range. In fact, the valence band structure
of BCCO is independent of temperature, which contrasts to
the tendency of BSCO in spite of the similarities in their
crystallographic structures [13]. Figures 1(d)-1(f) present raw
ARPES intensity maps of BSCO at three temperatures of 300 K
[Fig. 1(d)], 100 K [Fig. 1(e)], and 20 K [Fig. 1(f)]. The band

structure above 2.0 eV is modified gradually using a change in
temperature, as shown clearly in the integrated intensity profile
[Fig. 1(g)]. However, the electronic states around ~0.8 eV
are unaffected much. These results mean that changes in
temperature induce changes in the local bonding environment.
A comparison of Fig. 1(c) with Fig. 1(g) shows that the
spectral shape of BCCO closely resembles that of BSCO at
20 K. Figures 1(h)-1(j) portray the case of BBCO having
commensurate matching between the CoO; and RS structures.
As depicted in Fig. 1(j) [16—18], the spectral weight between
2.0 and 3.0 eV, which corresponds to the striking feature of the
BCCO spectrum and that of BSCO at 20 K, is suppressed in
BBCO. Such a tendency is also observed in the 300 K spectrum
of BSCO. As the temperature increases, the band structure of
BSCO becomes close to that of BBCO. Therefore, we infer
that the spectral structure in the energy region of 2.0-3.0 eV
is related to the insulating characteristics of the system.

To elucidate the effects of the structural incommensurability
on the electronic structure of the system, we measured the
ARPES spectra of BSCO at various photon energies. During
photoemission, the wave vector perpendicular to the sample
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FIG. 2. Energy distribution curves of BSCO as a function of
photon energy measured at normal emission with an angle resolution
of 0.8°. (a) 300 K and (b) 20 K.

surface is not conserved because of the discontinuity of the
potential at the sample surface. However, by assuming a
free electron dispersion for the photoelectron final states, the
bottom of which has an offset from the vacuum (the inner
potential), one can infer a band structure perpendicular to
the surface by scanning the photon energy [19]. Figure 2(a)
presents the energy distribution curves at the I" point measured
at 300 K with various photon energies from hv = 60 to 100 eV.
Atfirst glance, we notice a broad and slightly dispersive feature
centered at about 0.8 eV [20]. However, the band structure in
the energy region higher than 2.0 eV is dispersive. This band
corresponds to that in which the temperature-driven spectral
shift is observed [see Figs. 1(d)-1(f)]. Figure 2(b) presents
results for the same sample measured at 20 K. Actually, in
comparison to Figs. 2(a) and 2(b), we confirm that the spectral
shape varies with temperature.

The corresponding intensity maps in the binding energy
range of 2.0-4.6 eV are shown as a function of photon
energy in Figs. 3(a) (300 K) and 3(b) (20 K). The same
color scale is used for both images. It is readily apparent that

h:v | hv,

70 80 90 100
hv (eV)

60
45 40 3.5 30 25 20
Binding Energy (eV)

FIG. 3. Intensity maps of the ARPES spectra presented in Fig. 2
at (a) 300 K and (b) 20 K. (c) The positions of spectral peaks in the
binding energy region between 3.5 and 4.0 eV in Fig. 2(a).
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FIG. 4. (a) High-resolution TEM image of the (001) plane of
BSCO measured at room temperature. (b) Corresponding diffraction
pattern. (c) Constant-height STM image of BSCO taken at Viympie =
—5mV and I = 15 pA.

the valence band dispersions are modified as the temperature
changes. Moreover, it appears that the change in shape of
the energy distribution curves exhibits a periodic dependence
on the photon energy. The most commonly accepted view
is that photoemission spectra at various photon energies
probe different k; regions and that they therefore reflect the
band dispersion along the ¢ axis [19]. The periodic behavior
indicates that multiple Brillouin zones are covered in the
energy range. However, those results are rather strange for
the following reasons. First, along the ¢ axis, the bonding
is expected to be weak because of the misfit. Therefore,
the large transfer energy is apparently unlikely. Second, in
comparison with Figs. 3(a) and 3(b), we note that the periodic
length is varied. Based on the standard interpretation, the result
implies that the lattice constant of the ¢ direction is modified
considerably by temperature. Finally, the periodic length does
not provide a reasonable physical description. Figure 3(c) plots
the positions of spectral peaks in the binding energy region
between 3.5 and 4.0 eV in Fig. 2(a). For example, a period
between approximately ~v; = 70 eV and hv, = 92 eV yields
a much shorter ¢ length of 10 A, by assuming a typical order
of magnitude of 10 eV for the inner potential [21-25].

The observations demonstrate that the electronic structure
is not perfectly two dimensional. The finite charge transfer
along the ¢ direction varies with temperature, indicating that
the atomic bonding configuration has a close relationship
with the lattice mismatch between the two substructures.
However, the dispersive features cannot be understood within
the framework of conventional k, dispersion. Therefore, we
present TEM images, which provide insight into how the lattice
mismatch affects the interlayer electronic structure. Figure 4(a)
presents a high-resolution TEM image of the (001) plane of
BSCO measured at room temperature. The image results from
interference of the diffracted beams from the periodic potential
of the crystal. The corresponding diffraction pattern is shown
in Fig. 4(b), which shows good agreement with the previous
results [8,26]. In Fig. 4(a), both the underlying atomic lattice
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and the short-range corrugations are clearly visible. The TEM
image reflects the projection of atoms aligned in columns
along the beam direction. The image contrast is greater for
larger atomic numbers. Therefore, the lattice is regarded as
consisting of bismuth atoms at and below the surface. This
observation is consistent with previously reported STM results
[Fig. 4(c)] [12], although the STM image includes only one
type of atom in the topmost BiO layer. Good consistency
between the TEM and STM images demonstrates that the
corrugated pattern extends over the crystal and affects the
electronic properties. Furthermore, the TEM measurement
provides a clear interpretation for the origin of the corrugated
pattern. In dark regions where atomic images are invisible,
atoms do not arrange themselves in a regular row. Therefore,
it is readily apparent that the crystal structure is divided into
multiple microscopic domains, some of which are ordered,
although others are not. The existence of the short-range
ordered domains implies that the energy gain resulting from
the overlapping of atomic orbitals along the ¢ axis, even if it
is partial, overcomes the energy loss because of the lattice
distortion. The TEM image is a projection of the sample.
Therefore, ordered regions are expected to be present along
the perpendicular direction. Consequently, coherent charge
transport and incoherent charge transport coexist along the
interlayer direction, which engenders imperfect periodicity of
the dispersion map.

Such domain formation is not necessary for all the misfit-
layered cobaltites. Figure 5 portrays a TEM image of BCCO at
room temperature, together with the corresponding diffraction
pattern (inset). Actually, a clear sign of domain formation
cannot be found, although the atomic images are somewhat
less sharp. The observations were reproducible within and
between samples. We reported previously that the lattice
deformation in BSCO depends on the temperature [12]. The
present results suggest strongly that the structural flexibility
is related to the existence of ordered domains connected by
disordered linkers. The lattice mismatch expected from the
ionic radius is about 6.2% between the BiO and SrO layers
and about 1.3% between the BiO and CaO layers [27], which
indicates that the lattice strain in the RS slab of BSCO is
slightly greater than that of BCCO, although compressive
(tensile) stresses act in the opposite direction. Moreover, it
is expected that the carrier concentration plays an important
role in domain formation: When the carrier density increases,
a greater energy gain is obtained by orbital mixing along the
¢ direction. When insufficient energy is available, the domain
structure is not formed. The bonding configuration is fine tuned
to avoid the energy loss caused by the lattice mismatch. We
infer that this is the case for BCCO. Therefore, the structural
incommensurability leads not only to the carrier generation but
also to inhomogeneous local deformations, both of which are
combined to determine the electronic properties of the system.
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FIG. 5. High-resolution TEM image of the (001) plane of BCCO
measured at room temperature. The corresponding diffraction pattern
is shown in the inset.

IV. CONCLUSIONS

In conclusion, using ARPES and TEM we investigated
the effect of structural incommensurability on the elec-
tronic structure of layered bismuth-based cobaltites. We have
shown that the high-energy electronic structure of BSCO
resembles that of BCCO at low temperature but becomes
similar to that of BBCO at high temperature. This temperature-
sensitive band structure reveals the incident photon energy
dependence, demonstrating a close relationship between the
electrical properties and the interlayer coupling. However, the
out-of-plane momentum dependence of the band dispersion is
imperfect, which is probably attributable to the microscopic
domain formation shown by the TEM micrograph. No similar
domain structure has been found in BCCO. Therefore, we
conclude that the carrier concentration and the amount of
strain, both of which are controlled by the degree of lattice
mismatch, cooperatively determine the electronic structure of
the misfit-layered bismuth-based cobaltites.
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