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We report on the optoelectronic properties of a recently discovered nanotubular phase of misfit-

layered calcium cobalt oxide, CaCoO2–CoO2. Individual nanotubes are investigated by spatially

resolved electron energy-loss spectroscopy experiments performed in a transmission electron

microscope, and complementary first-principles, time-dependent hybrid density-functional theory

calculations are performed to elucidate the electronic structure and optical spectra. We find that the

band gap is independent of the geometry of the nanotubes, and experimental and calculated results

independently confirm an optical gap of 1.9–2.1 eV for the CaCoO2–CoO2 nanotubes. The time-

dependent hybrid density-functional theory calculations also suggest the existence of strongly

bound intralayer excitons (up to 0.5 eV binding energy), which could allow for optoelectronic

applications of these nanotubes at near-infrared to visible (�1.5–2 eV) wavelengths. Published by
AIP Publishing. https://doi.org/10.1063/1.5043544

Misfit layered compounds (MLCs) are materials that are

composed of stacks of chemically and structurally dissimilar

layers with incommensurate lattice parameters.1–3 While the

existence of MLCs derived from layered oxides and chalco-

genides has been known for several decades, these materials

are attracting renewed interest for high-performance thermo-

electrics based on their unusual ability to function simulta-

neously as electron crystals and phonon glasses.4 MLCs also

offer unique opportunities to study physics in reduced

dimensions both within 2D sheets of the layered structure as

well as in 1D nanotubular forms that have been synthesized

more recently.5–10 In particular, misfit-oxide based nano-

tubes (NT), the most recent additions to the MLC family,

have been shown to display hitherto unknown sub-

stoichiometric oxide phases and are semiconducting unlike

the metallic bulk phase.7,8 Thus, these 1D misfit oxides hold

promise for applications in the fields of optoelectronics and

thermoelectrics, and are also of fundamental interest by vir-

tue of being strongly-correlated low-dimensional systems.

Recently, we synthesized and characterized a new nano-

tubular misfit-oxide phase, CaCoO2–CoO2, from the well-

known bulk phase of calcium cobaltite, Ca2CoO3–CoO2.7

The nanotubular phase is formed upon selective leaching of

CaO from one side of the Ca2CoO3 layer within the bulk

phase, which leads to a loss of inversion symmetry that in

turn drives scrolling of the overall structure as a strain relax-

ation mechanism. Using a combination of high-resolution

scanning transmission electron microscopy (HR-STEM),

electron energy-loss spectroscopy (EELS), and density func-

tional theory (DFT) calculations, we showed that the nano-

tubes consist of alternate layers of hexagonal CoO2 and

CaCoO2 along the c-axis [Fig. 1(a)]. DFT calculations also

predicted the CaCoO2–CoO2 phase to be semiconducting

(�1.2 eV band gap). The optoelectronic properties of

CaCoO2–CoO2 have, however, not yet been explored and are

the focus of this letter.

FIG. 1. (a) Structural model (unit cell indicated with solid lines) of misfit-

layered CaCoO2-CoO2 phase of calcium cobaltite; cyan, blue, and red

spheres indicate Ca, Co, and O atoms, respectively. (b) STEM-high-angle

annular dark field (HAADF) image of one the NTs studied in this work. The

green arrow highlights the direction of the EELS scan line. Only the central

region of the NT was used to extract the band-gap. (c) HR-STEM HAADF

micrograph taken at the edge of one NT.
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We used spatially-resolved EELS (SR-EELS) measure-

ments within a transmission electron microscope fitted with

a monochromator to determine the low-energy response of

the nanotubes and to extract the value of the band-gap.11,12

This approach allows us to selectively probe individual

nanotubes from a mix of nanosheets, nanoscrolls (nanosheets

rolled up into spiral structures), and nanowires that are the

typical products of our synthetic methods.7 Complementing

these measurements, we also report EELS spectra simula-

tions from time-dependent hybrid density functional theory

calculations that are capable of capturing important elec-

tron–hole interactions in these low-dimensional systems. The

time-dependent calculations—unlike the independent-particle

(IP) approach—show good agreement with EELS measure-

ments, and the two sets of independent results confirm an

optical gap in the range of 1.9–2.1 eV for CaCoO2–CoO2

nanotubes. Interestingly, the time-dependent calculations also

suggest the existence of strongly bound, intralayer excitons

(up to 0.5 eV binding energy), which renders these nanotubes

of interest for optoelectronics in the near-infrared.

Aberration-corrected high-resolution scanning transmis-

sion electron microscopy (HR-STEM) experiments were per-

formed using a FEI Titan Low-Base microscope operated at

80 kV and equipped with a CESCOR Cs probe corrector, an

ultra-bright X-FEG electron source and a monochromator.

HR-STEM imaging was performed by using high-angle

annular dark field (HAADF) detector. SR-EELS scan-line

experiments were performed with the monochromator

excited to determine the optical properties of the nanotubes.

The EELS scan lines were performed perpendicular to the

long axis of the nanotubes [Fig. 1(b)] and, to avoid edge

effects, only the central regions of the nanotubes were used

to extract the band-gap. Five different nanotubes were

analyzed to check the reproducibility of the results. The crys-

talline nature of the nanotubes and the stacking of the

two sub-systems are clearly highlighted by the HR-STEM

HAADF images [Fig. 1(c)]. The energy resolution was

180 meV with a dispersion of 0.02 eV per pixel, and the

acquisition time was about 0.3 s per pixel (total acquisition

time �2 min). The data were then aligned on the energy

scale by using the zero-loss peaks (ZLP) as reference and

denoised by using the principal component analysis (PCA)

routines of the Hyperspy software.13 The Richardson-Lucy

deconvolution algorithm was employed to improve the energy

resolution (see Fig. S1 of the supplementary material).11,12,14

For this purpose, the point-spread function was determined by

using an aligned ZLP spectrum recorded far away from the

nanotube. The number of iterations was limited to one to

avoid the introduction of artifacts. After this process the

energy resolution was improved to 160 meV. The ZLP was

subtracted from the dataset by using the aligned ZLP taken in

the vacuum after deconvolution (Fig. S2). This procedure has

been successfully employed previously to determine the band

gap of other oxide-based nanostructures.15 The band gap was

determined via the linear fitting method which yields reliable

results for monochromated spectra.11,16

The Vienna Ab Initio Simulation Package (VASP) was

employed for DFT and hybrid DFT electronic structure cal-

culations.17,18 The calculation procedures at the DFTþU

level have been described in our previous work,7 which we

refer the reader to for complete details. Here, we provide

additional details as relevant to the hybrid-DFT calculations.

Starting from DFTþU-optimized atomic structures and

wavefunctions, we performed spin-polarized calculations

using the Heyd-Scuseria-Ernzerhof (HSE) functional with a

kinetic energy cutoff of 525 eV, a C-centered 8� 8� 4 k-
point mesh for Brillouin zone sampling, and 256 bands per

spin channel. The electronic bandstructure was calculated

along the high-symmetry directions via Wannier interpola-

tion.19 The converged HSE wavefunctions were employed in

a spin-polarized time-dependent HSE (TDHSE) calculation

with 32 occupied bands and 16 virtual bands for electron-

hole interactions, which provides a sufficiently large energy

window to capture accurately (vertical) optical transitions up

to �3 eV. The local part of the DFT exchange-correlation

kernel was also included in the time-dependent calculations.

Due to the significant computational cost of spin-polarized

HSE and TDHSE calculations for this 20-atom supercell, we

used a reduced 2� 2� 1 q-point grid for calculating the

Fock exchange potential. As an independent check, we com-

pared frequency-dependent absorption spectra from HSE and

single-shot GW calculations that were found to be in reason-

able agreement at low energies (Fig. S3).

The electronic structure of the CaCoO2-CoO2 phase has

been reported in our previous work at the DFTþU level.7

Figure 2 displays the electronic bandstructure and density of

states calculated with the HSE functional. In general, the

HSE and DFTþU calculations are in qualitative agreement

with both approaches predicting a semiconducting, ferrimag-

netic (6 lB per unit cell) ground state. The majority spin car-

riers localizes primarily on the CaCoO2 layer, whereas the

minority carriers localizes on the CoO2 layers. The conduc-

tion band edge is dominated by states from the CoO2 layer

whereas the valence band edge has contributions from both

the CaCoO2 and CoO2 layers. In particular, the CoO2 states

at the conduction band edge, visible as a sharp resonance

in the density of states, arise from localized states on the

Co atoms and form a nearly flat, dispersionless band.

Quantitatively, the most significant difference between HSE

FIG. 2. (a) Electronic bandstructure and (b) layer-wise density of states of

CaCoO2-CoO2 calculated with the HSE hybrid-DFT functional. The unit

cell is ferrimagnetic with a net magnetization of 6 lB, and indirect band

gaps of �2.1 eV and �2.5 eV in the spin-up and spin-down channels, respec-

tively. The conduction band edge is dominated by states from the CoO2

layer whereas the valence band edge has contributions from both the

CaCoO2 and CoO2 layers.
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and DFTþU calculations is that the HSE functional predicts

electronic band gaps of approximately 2.1 eV and 2.5 eV for

the majority and minority spin channels, respectively, and

these gaps are now appreciably larger than the corresponding

DFTþU values of 1.2 eV and 1.3 eV.7 As we show below,

the HSE estimate for the band gap is more reasonable when

compared with experiments as opposed to DFTþU results

that employ the commonly used empirical Hubbard correc-

tion of U-J¼ 4 eV for strongly-correlated Co d-electrons.4,20

In the inset of Fig. 3(a), we display a typical experimen-

tal EELS spectrum extracted at the center of a nanotube. The

low-loss energy spectrum display three main features,

labeled A, B, and C, situated at 3.4, 5.2, and 8.8 eV, respec-

tively. All the probed nanotubes show a similar EELS

response (Fig. S4) although some slight differences in the

intensity of the C feature can be observed. The origin of

these differences at higher-energy is not clear at the moment,

but comparison between spectra taken at the center and at

the edge of the nanotubes suggests that it comes from differ-

ent intermixing of the in-plane and out-of-plane components

(Fig. S5). Nevertheless, all nanotubes show similar absorp-

tion onset indicating that the band gap is independent of their

geometry. The value of the experimental band gap, extracted

from the EELS spectra, is 2.15 6 0.15 eV. For comparison,

the fundamental gap obtained from the HSE functional is

2.1 eV and 2.5 eV for the majority and minority spins,

respectively. However, the HSE fundamental gap does not

correspond directly to the measured gap and furthermore, as

seen from the inset of Fig. 3(a), the independent-particle (IP)

HSE EELS spectrum differs even at the qualitative level

from the measured EELS spectrum. Therefore, to make

direct connection with the EELS measurements, we calcu-

lated the frequency-dependent dielectric tensor within the

time-dependent (TDHSE) framework. As the TDHSE calcu-

lation is extremely computationally expensive, we restrict

attention to an energy window of 0–3 eV for optical excita-

tions, which is sufficient to identify important features

related to the absorption onset and low-energy excitonic fea-

tures. It is immediately apparent that the TDHSE EELS

spectrum is in significantly better agreement with experiment

[Fig. 3(a)], reproducing the slope of the EELS spectrum past

2 eV quite satisfactorily, albeit with a slightly earlier onset

(�0.1 eV).

A closer inspection of the TDHSE EELS spectrum

shows a slight shoulder around 1.5 eV and, as seen from the

absorption spectrum in Fig. 3(b), this shoulder arises exclu-

sively from the in-plane component of the absorption spec-

trum. In general, we observe a few optical transitions with

appreciable oscillator strengths within the 1–2 eV window

that is suggestive of strongly bound in-plane excitons

(�0.5 eV binding energy) within the misfit-layered structure.

As the HSE functional suffers from a lack of exact exchange

in the long-range, the TDHSE calculations do not offer defin-

itive proof of the presence of bound excitons in our sys-

tem.21,22 Prior work does show though that TDHSE typically

produces reasonable absorption spectra for medium gap

semiconductors23 and hence, our results furnish a useful

starting point for future investigations of the quantitative

details of exciton binding energies via more rigorous, albeit

computationally expensive, many-body theory. The sharper

onset of absorption in the measured EELS spectra relative to

calculations, could also be a consequence of the breakdown

of magnetic order at room temperature in which case one

could expect the flat, “defect-like,” majority-spin CoO2

states [Fig. 2(a)] to acquire some dispersion and merge into

the conduction band; this would in turn led to more

continuum-like absorption. Future work will examine these

issues in more detail.

In summary, we have studied the optoelectronic proper-

ties of CaCoO2–CoO2 misfit nanotubes by a combination of

monochromated EELS experiments and time-dependent

hybrid density-functional theory calculations. The band gap

is independent of the geometry of the nanotubes and both

measurements and electronic structure calculations confirm

optical gaps in the range of 1.9–2.1 eV. Our calculations also

suggest the presence of strongly bound intralayer excitons

that could allow for optoelectronic applications of these

nanotubes at near-infrared to visible wavelengths.

See supplementary material for experimental spectrum

after PCA denoising and Richardson-Lucy deconvolution;

experimental spectrum after ZLP subtraction; comparison of

HSE and GW spectra, comparison of the low-loss EELS

spectra measured at the center of five different nanotubes;

and comparison between spectra taken at the center and at

the edge of one nanotube.
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FIG. 3. (a) Comparison of low-energy

experimental and TDHSE EELS spec-

tra for CaCoO2-CoO2; the inset shows

the experimental and HSE spectra for a

wider range of energies. (b) In-plane

and out-of-plane components of the

TDHSE frequency-dependent absorp-

tion spectrum, e2(x). Vertical green

bars represent the cumulative oscillator

strengths for optical transitions at dif-

ferent energies.
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