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Abstract

We examine the role of Ti doping in the incommensurately layered thermoelectric oxide material

Ca3Co4O9 (CCO). The measured Seebeck coefficient of S = 135 µV/K in Ti-doped CCO thin films

of composition Ca3Co3.8Ti0.2O9 indicates no significant enhancement of S compared to pristine

CCO, thus confirming prior experimental results. Using a combination of aberration-corrected

scanning transmission electron microscopy, electron energy-loss spectroscopy and first-principles

computations, we determine the atomic and electronic structures of Ti-doped CCO, including

the preferred location of Ti dopants and valence states of Ti and Co atoms. Our findings on

the structural, electronic and transport properties of the Ti-doped CCO are discussed in light of

previously published results.
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I. INTRODUCTION

Over the last few decades, the quest for high-efficiency thermoelectric (TE) materials has

attracted great attention, since the thermoelectric effect, i.e. direct conversion of heat into

electrical energy, is an important method for power generation1 and electronic refrigeration.2

As an eco-friendly energy source, the thermoelectric power has the potential to be an al-

ternative to traditional fossil fuels. The efficiency of a thermoelectric material is usually

expressed in terms of the dimensionless figure of merit ZT , which is defined as ZT = S2T
ρκ

,

where S, T , ρ, κ are Seebeck coefficient, absolute temperature, electrical resistivity, and

thermal conductivity, respectively. Large Seebeck coefficient, low electrical resistivity, and

low thermal conductivity are required for good TE materials.

While many different material systems have been studied, the class of thermoelectric ox-

ides holds particular promise for achieving high thermal and environmental stability. One

class of thermoelectric oxides, the incommensurately layered Ca3Co4O9 (CCO), also reported

as [Ca2CoO3][CoO2]1.62, stands out as a material with a high in-plane Seebeck coefficient,3–5

high thermoelectric figure of merit (ZT ∼ 1 at 1,000◦ C),6 and high temperature stability.

The atomic and electronic properties of pristine CCO have been studied extensively both

experimentally and theoretically.3–31 CCO is made up of two monoclinic subsystems, alter-

natively stacked along the c-axis: the CdI2-type CoO2 layers and the rocksalt (RS) type

Ca2CoO3 layers. Both subsystems have the same a = 4.8339 Å and c = 10.8436 Å lattice

parameters, but they are incommensurately stacked along the b-axis, with lattice constants

of b = 2.8238 Å and 4.5582 Å for the CoO2 and RS subsystems, respectively.7 Some of

us have previously demonstrated that the RS subsystem plays the role of a charge-carrier

reservoir, while the CoO2 layers are p-type conducting.8

In strongly correlated oxide materials, such as CCO, the Seebeck coefficient can be de-

termined using the Heikes formula:14

S = −kB
e

ln (
g3
g4

1− x

x
), (1)

where x is the concentration of Co4+, and g3 and g4 are the orbital degeneracies of Co
3+ and

Co4+ in the CoO2 layer, respectively. Previous studies have found that the Co4+ concentra-

tion in the CoO2 layers is x = 0.5, which results in a Co valence state of +3.5.8,9 Based on

Equation 1, we can see that this mixed-valence state in the CoO2 layer is responsible for the

large S (assuming a low spin-state for both the Co3+ and Co4+ ions) and for the observed
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p-type conductivity in CCO. However, it can also be seen that at x = 0.5, S is limited to

155 µV/K, which has since been confirmed experimentally.15

Several studies have suggested various methods to improve the thermoelectric perfor-

mance of CCO, more specifically the figure of merit, ZT . First, based on Eq. 1, one

can increase the Seebeck coefficient by manipulating the orbital degeneracy via a Co-ion

spin-state transition. There are several ways to achieve this spin-state transition, including

exerting compressive strain on the CoO2 layer, isovalent doping and defect engineering. For

example, recent studies on CCO thin films have shown that the presence of CoO2 stacking

faults could give rise to a Co4+ spin-state transition, which stabilizes the Co4+ in an inter-

mediate state and increases the Seebeck coefficient.15,16 However, the application of bi-axial

strain using a lattice mismatch between the substrate and the single crystal CCO films has

proven to be less successful.16

Secondly, one can increase the Seebeck coefficient by increasing the Co4+ concentration

x, i.e. increasing the valence state of Co in the CoO2 layer. Doping the Ca, or the Co

sites in both subsystems, is a possible approach to influence the valence state of Co in

CoO2 layer and improve the TE properties of CCO.10–13,19–24,26 Since Co atoms play a key

role in the electronic and thermal properties of CCO, doping on the Co sites is more likely

to have significant influence on the electronic and thermal properties.10–13,26 To minimize

the structural changes while maintaining a high doping concentration, the ionic size of the

dopants on the Co sites should be similar to that of Co, which limits the possible dopants

to the transition metals from Ti to Zn in the periodic table. For instance, one study has

reported that Fe dopants at the Co sites of CCO increase the Seebeck coefficient and decrease

the electronic resistivity simultaneously.25 Similarly, another study has shown that the Fe

and Mn substitution of Co atoms in the CoO2 layer enhance the electronic correlations in

the system, while the Cu substitution of Co in the RS layer does not affect the electronic

and magnetic properties.27

In a recent study by Xu et al.30, it was suggested that Ti dopants introduce a significant

increase in the Seebeck coefficient. The authors proposed that when the concentration of

Ti dopants is less than x = 0.2 for Ca3Co4−xTixO9, Ti atoms mainly replace Co atoms

in the RS subsystem, while, as x approaches 0.3, Ti dopants start to substitute Co atoms

in both subsystems. The authors found that when Ti replaces Co in the CoO2 layer, the

Seebeck coefficient increases from 130 µV/K to above 175 µV/K.32 However, a more recent
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study on Ti-doped CCO by Torres et al. showed that while Ti substitution results in a

decrease of electrical resistivity, there is no appreciable change in the Seebeck coefficient.31

It should be noted that these doping studies have been conducted on poly-crystalline bulk

samples without a comprehensive understanding of Ti dopant effects on the local atomic

and electronic structures.

In this paper, we use a combined experimental and theoretical approach to determine

the effects of Ti doping on the structural and electronic properties of CCO. More specifi-

cally, we combine aberration-corrected scanning transmission electron microscopy (STEM),

electron energy-loss spectroscopy (EELS), first-principles density functional theory (DFT)

and pulsed-laser deposition (PLD) thin-film synthesis to study the structure and transport

properties of Ti-doped CCO. We find that for 100 nm thick films grown on SrTiO3 [001],

there is no difference in the Seebeck coefficients of Ti-doped and pristine CCO.16 We deter-

mine the structure of Ti-doped CCO both experimentally and theoretically, and find that

Ti doping has very little effect on either the local atomic structure or the density of states

of Co in the CoO2 subsystem. The rest of the paper is organized as follows: In Sec. II, we

provide the details of experimental and computational methods. The structure of Ti-doped

CCO and the position of the Ti dopants are discussed in Sec. III. In Sec. IV, we present

EELS and DFT studies for the electronic structure of Ti-doped CCO. Finally, in Sec. V, we

discuss and summarize our findings in light of previously published results.

II. METHODS

A. Experimental Methods

Ti-doped CCO thin films (Ca3Co3.8Ti0.2O9) were deposited by PLD with an Coherent

Lambda Physik Excimer laser (λ = 248 nm, repetition rate is between 4 and 8 Hz). The films

were 100 nm thick and grown on a (001)-oriented SrTiO3 substrate. The optimal condition

was found with laser fluence at 1.5 J/cm2 and oxygen pressure at 300 mTorr. More details on

the thin films synthesis of CCO can be found in Ref. 16. All atomic-resolution STEM images

presented here were acquired on a Nion UltraSTEM at Oak Ridge National Laboratory,

operated at 100 kV. The semi-convergence angle for high-angle annular dark field (HAADF)

imaging was chosen to be 30 mrad, which results in an image intensity proportional to
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approximately Z2.33–35 To analyse the influence on the electronic structure, the EEL spectra

were acquired with a dispersion of 0.5 eV per channel to record the O K-, Ti L- and Co

L-edges simultaneously. The Seebeck coefficient was measured by using a physical property

measurement system (Quantum Design) equipped with a thermal transport option.16

B. Computational Methods

First-principles calculations within the framework of density functional theory (DFT)

were carried out using the Perdew-Burke-Ernzerhof (PBE)36,37 exchange correlation func-

tional and the plane-wave pseudopotential method as implemented in the Vienna Ab Initio

Simulation Package (VASP)38. Rébola et al.17,18 suggested that the incommensurately lay-

ered CCO can be modeled using rational approximants of composition [Ca2CoO3]2F(n)[CoO2]2F(n+1)

where F (n) are Fibonacci numbers. Their study showed that the 5/3 approximant, which

leads to a composition of [Ca2CoO3]6[CoO2]10 with 66 atoms in the unit cell, does a good

job in modeling the essential electronic properties of CCO. Here, we used the same 5/3

unit cell for all the calculations and tested some of our results using a smaller unit cell of

composition [Ca2CoO3]4[CoO2]6 (i.e. the 3/2 approximant). The plane wave cutoff energy

wass 550 eV. 6×3×3 Monkhorst-Pack k-point mesh was used for the 5/3 unit cells. To

model moderate electronic correlations in CCO, our calculations were performed within the

PBE+U framework, where we used an on-site effective Coulomb interaction of U − J = 4

eV. For Ti-doped CCO, we tested U − J values ranging from 0 to 4 eV on the Ti atom.

Different effective U values resulted in essentially the same characteristics in the density of

states. Therefore, we chose an effective U = 0 eV on the Ti atom for simplicity. Defect

formation energies were computed as a function of the chemical potentials µi (i =Ti, Co,

Ca, O) using well-established methods with grand canonical ensembles.39–41 The boundaries

of the individual chemical potentials were determined by using equilibrium with bulk CCO

and by avoiding precipitation of secondary phases such as bulk Ca, CaO, Co, CoO, Co3O4,

Ti, Ti2O, TiO, Ti2O3, TiO2, CaTiO3 compounds and molecular oxygen.
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III. STRUCTURAL PROPERTIES OF TI-DOPED CCO

Fig. 1 shows HAADF images of the pristine CCO and the nominally 100 nm thick

Ti-doped CCO (Ca3Co3.8Ti0.2O9) single crystal film in the [110] projection. The layered

structure of CCO includes the Ca2CoO3 subsystem with the RS structure and the CdI2-

type layers of the CoO2 subsystem. These two sub-systems are stacked alternatively along

the c-axis. Comparing the Z-contrast images for pristine and the Ti-doped CCO, we find

that there is no apparent change in the crystal structure upon doping with Ti, which suggests

that the Ti dopants do not influence the atomic structure significantly.

In order to investigate this further, we performed first-principles calculations on the

structure of the pristine and Ti-doped CCO. The optimized structure of pristine CCO with

a 5/3 unit cell is shown in Fig. 2. After structural relaxation, we find a clustering with three

units of Ca2CoO3 (denoted by X3) along the b axis of the RS subsystem, which is a feature

also observed by Rébola et al.17. Due to this clustering, the CoO6 octahedra on the either

side of X3 are significantly distorted. The lattice parameters of the optimized structure with

the 5/3 unit cell are shown in Table I. The results are essentially the same as those obtained

by Rébola et al.17 and agree well with experimental data.7

TABLE I. Calculated lattice parameters (in Å) for the 5/3 approximant of bulk CCO compared

with previous calculations of Rébola et al.17 and experimental data taken from Miyazaki et al.7. bRS

and bCoO2 are the lattice constants along the b-axis for the RS and CoO2 subsystems, respectively.

System a bRS bCoO2 c β

5/3 (This work) 4.87 4.70 2.81 10.85 98.37◦

5/3 (Rébola et al.17) 4.88 4.71 2.82 10.85 98.34◦

Experiments (Miyazaki et al.7) 4.83 4.56 2.82 10.84 98.13◦

Next, we studied Ti dopants by substituting Ti for Co atoms (in the RS or CoO2 layer)

or Ca atoms. All 16 Co sites and 12 Ca sites in the 5/3 unit cell have been considered. The

optimized structures with Ti substitution at four inequivalent sites are presented in Fig.

3. By comparing the optimized structures of Ti-doped CCO with that of pristine CCO,

we find that the average Ti-O bond lengths differ from the original Co-O bond lengths

by only 1.6%, -3.1%, and 3.1%, when the Ti substitutes the Co atom (i) in the middle of
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X3, (ii) on the side of X3, and (iii) in the CoO2 layer, respectively. When Ti substitutes

a Ca atom, on the other hand, the percentage difference of the average Ti-O bond length

from the original Ca-O bond length is found to be -17.8%. This shows that the structural

changes induced by Ti substitution at Co sites are relatively small, while the Ti doping at

a Ca site results in a significant reduction of bond length between the central ion and the

ligands. This reduction of bond length is due to the more attractive potential caused by the

additional positive charge of a Ti ion (4+) compared to a Ca ion (2+). These calculations

along with the HAADF images (shown in Fig. 1) suggest that Ti substitutes Co rather

than Ca atoms, since the latter scenario would imply significant structural rearrangements

not observed experimentally. However, this analysis does not provide sufficient insight to

distinguish between Ti-doping at the RS or the CoO2 subsystems, which we investigate next.

In order to determine the location of Ti dopants, we have performed atomic-resolution

EELS measurements. Figure 4 (a-d) shows the Z-contrast and EEL spectrum images of

CCO, including the integrated Co, Ti, and Ca L-edge intensity distributions. Fig. 4 (e)

shows the profile of the Ti L-edge intensity integrated along the c axis. The integrated signal

of Ti L-edge shows the relative concentration of the Ti dopants. We find that the Ti signal

reaches its maximum at the CoO column of the RS subsystem. This implies that the Ti

dopants mostly replace Co in the CoO column of the RS subsystem.

TABLE II. The formation energies for Ti substitution on the Co sites in both sub-systems and the

Ca sites. The formation energies are given for the 5/3 and 3/2 approximants in units of eV.

System TiCo (RS layer) TiCo (CoO2 layer) TiCa

5/3 unit cell 0.09 0.22 2.07

3/2 unit cell -0.06 0.60 1.91

To gain further insight about the location of Ti dopants, we used first-principles calcula-

tions to determine the formation energies of TiCo (Ti atom substituting a Co atom in either

the RS or CoO2 layer) and TiCa (Ti substituting a Ca atom) as a function of the individual

chemical potentials µi (i = Ti,Co,Ca). The computed formation energies with a 5/3 unit

cell (averaged over all possible locations) in the Ti-rich region (with µTi achieving its max-

imum value) are 0.09, 0.22, and 2.07 eV for TiCo (RS layer), TiCo (CoO2 layer) and TiCa,

respectively (shown in Table II).42 This shows a strong preference of Ti atoms substituting
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for Co, rather than Ca atoms. This also shows a somewhat significant (by 0.13 eV) prefer-

ence for Ti substituting Co atoms in the RS subsystem, rather than the CoO2 subsystem,

in agreement with our findings based on the EELS analysis.

We also computed the formation energies of Ti defects using a 3/2 unit cell of CCO

(shown in Table II). In this case, the averaged formation energies for TiCo (RS layer), TiCo

(CoO2 layer), and TiCa are -0.06, 0.60, and 1.91 eV respectively, which indicates an even

stronger preference (by 0.66 eV) for Ti to substitute a Co atom in the RS subsystem. In our

calculations, Ti defects were simulated by substituting one atom (Co or Ca) at a time in

the pristine unit cell. The compositions of Ti-doped (at a Co site) unit cells are therefore,

Ca12Co15TiO38 and Ca8Co9TiO24 for the 5/3 and 3/2 unit cells, respectively. The differences

in the formation energies are most likely due to the different doping rates and the different

in-plane strain between the two misfit subsystems. Irrespective of the structural models, our

results show that 1) Ti dopants tend to substitute Co atoms rather than Ca atoms, and 2)

Ti dopants are more likely to replace Co atoms in the RS rather than the CoO2 subsystem.

IV. ELECTRONIC PROPERTIES OF TI-DOPED CCO

The Seebeck coefficient of our Ti-doped thin-film CCO was measured to be S = 135

µV/K at room temperature. Therefore, we find no significant enhancement of S compared

to pristine bulk CCO (S ≈ 130 µV/K) within the experimental uncertainty of our transport

measurement.32 In order to explain this phenomenon and examine electronic properties of

Ti-doped CCO, we compare the near-edge fine-structures of the Ti L-, Co L- and O K-edges

with the corresponding density of states (DOS) from our DFT calculations.

To study the valence state of Ti, the fine-structure of the Ti L-edge was analysed. Fig.

5 shows the near-edge fine-structure of the Ti L-edge in Ti-doped CCO, representing the

excitation of 2p electrons into the unoccupied 3d orbitals. The Ti L-edge onset energy was

found to be 460.5 eV, when the spectrum is calibrated with respect to the O K-edge onset

at 532 eV. The splitting of the Ti L3 and L2 edges was measured as 5.0 eV. Using the

previously published relationship between the Ti L-edge onset and the Ti valence state,43

we find that Ti is in a 4+ valence state in our doped CCO thin films. More specifically, our

measured Ti L-edge onset and L3-L2 splitting are very close to the corresponding values of

459.5 eV and 4.8 eV, respectively, measured by Sankararaman et al.44 for Ti4+.
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To further study the occupancy of Ti 3d orbitals, we have calculated and analyzed the

projected density of states (DOS). Fig. 6 (a) and 6 (b) show the projected DOS of Ti d-

orbitals when Ti substitutes Co in the CoO2 and the RS subsystems, respectively. In both

cases, we observe that the Ti t2g (dxy, dyz, dxz) and eg (dz2 , dx2−y2) orbitals are unoccupied.

We note that for the case of Ti in the CoO2 layer, the coordination of Ti with oxygen

is nearly perfectly octahedral. As a result, the orbitals within the t2g and eg manifolds

remain degenerate in both spin channels. However, for Ti in the RS subsystem, the TiO6

octahedra are compressed along the c-axis, which causes splittings in the two manifolds,

which is particularly noticeable for eg orbitals, as shown in Figure 6 (b). The partial DOS

below the Fermi-level, which results from the covalent bonding between the O 2p and the

Ti 3d orbitals, is negligible. Therefore, we find the Ti atom to be in a 4+ charge state

(t02ge
0
g) for Ti substituting Co either in the RS or the CoO2 subsystems, which agrees with

the experimental findings based on the Ti L-edge analysis.

Next, we study the valence state of Co upon Ti-doping. Fig. 7 shows the projected DOS

for the d-orbitals of Co in the CoO2 layer before and after the Ti substitution of Co in the

RS subsystem (the results for TiCo when Ti substitutes Co in the CoO2 layer are the same).

The t2g-eg splitting due to the ligand field in the CoO6 octahedra is clearly visible. While

the eg orbitals are all unoccupied, the t2g orbitals are mostly occupied except for a small

region of up to 0.2 eV above the Fermi level in the spin-up channel. That the t2g orbitals

are not fully occupied implies that Co is in a mixed valence state of Co3+ (t62ge
0
g) and Co4+

(t52ge
0
g). After Ti substitution, the ratio of unoccupied to occupied t2g orbitals remains the

same, which indicates that the Co valence state is not affected by the Ti substitution.

To further investigate the influence of Ti dopants on the electronic structure of Co, we

can analyze the change of the experimentally measured Co L-edges as a function of Ti

concentration. Since Ti does not replace Ca atoms (as discussed in Sec. III), we use the

Ti/Ca intensity-ratio as a measurement of the local Ti concentration. We find that even

within the same sample, the Ti/Ca intensity ratio exhibits an inhomogeneity within the

range of 0.067 (± 0.01) to 0.130 (± 0.02). Fig. 8 (a) shows the EEL spectra of Co L-edges

in the CoO2 layer for two different Ti concentrations (corresponding to Ti/Ca intensity

ratios of 0.067 and 0.130). The two signals are normalized with respect to a 50 eV window

(830 eV to 880 eV) above the Co L2 edge. We find that there is no difference between these

two signals in terms of their edge onsets and the L3,2 splitting, even though one spectrum
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is taken from a region with twice the Ti concentration. Fig. 8 (b) shows the Co L3/L2

ratio as a function of the Ti concentration and we can clearly see that there is no significant

correlation between the Ti concentration and the Co L2,3 ratio with almost all the measured

values corresponding to a Co valence of 3.5+ (within the experimental error bars) as in

pristine CCO. This is in agreement with the results from DOS analysis discussed above.

Finally, we examine the O K-edge fine-structure. As previously shown, the O K-edge

pre-peak is correlated to the hole concentration and the Co-ion spin state.15,45 Fig.8 (c) shows

the OK-edge taken from the CoO2 layers for the pristine and Ti-doped CCO. Within the ex-

perimental error bars, we do not observe a systematic change in the O K-edge fine-structure,

either, which further confirms that the Co valence and spin-states remain unchanged after

Ti-doping.

V. DISCUSSION AND SUMMARY

In this paper, we have examined the structural, electronic and transport properties of Ti-

doped CCO thin films using a combination of first-principles modeling and atomic-resolution

scanning transmission electron microscopy. From both Z-contrast imaging and structural

optimization studies, we do not find any appreciable change in the crystal and local atomic

structures upon Ti doping. The EEL spectra of Ti, Ca and Co L-edge distributions strongly

suggest that Ti replaces Co in the RS sub-system. This experimental result is confirmed

by our first-principles calculations, which find the lowest formation energy for TiCo-type

defects when Ti substitutes the Co atoms in the RS layers. Furthermore, from an analysis

of the site-projected partial density of states, as well as the EELS fine-structure studies, we

find the Co and Ti valence states to be +3.5 and +4, respectively. This implies that there

is no change in the Co valence state, the Co-ion spin state, or the overall charge carrier

concentration in the p-type CoO2-layers compared to pristine CCO. All of these results are

consistent with our finding of no enhancement in the Seebeck coefficient for Ti-doped CCO

samples in comparison to pristine CCO.

While the preferential location of Ti dopants (in the RS sub-system), as predicted by our

first-principles calculations, agrees with the earlier experimental results by Xu et al.32, our

measured Seebeck coefficient of 135 µV/K is significantly lower than the value of 175 µV/K

reported in that study. On the other hand, our measured Seebeck coefficient is consistent
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with the values measured by Torres et al.31, who found no enhancement in the Seebeck

coefficient for Ti-doping concentrations of up to x = 0.07 in Ca3Co4−xTixO9. Another

study of Ti-doped single crystal CCO with doping concentrations up to x = 0.8, did not

find any significant improvement in the in-plane Seebeck coefficient at room temperature

and doping concentrations as high as x = 0.6 beyond the previously reported bulk values

(Sab ≈ 135µV/K).10. In our studies, the Ti doping concentrations was fixed at x = 0.2 (ex-

periments) and x = 0.25 (calculations). It is perhaps possible that relatively higher doping

concentrations (i.e. x ≥ 0.3) may influence the Seebeck coefficient as suggested by Xu et al.

and our current study cannot rule out this effect. Therefore, higher doping concentration

studies in thin films are needed to develop a more comprehensive understanding of the Ti

doping effects on the transport properties of CCO.
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S. T. Pantelides, S. Kolesnik, B. Dabrowski, M. Ozdemir, C. Boyraz, D. Mazumdar, and

A. Gupta, Phys. Rev. Lett. 108, 196601 (2012).

16 Q. Qiao, A. Gulec, T. Paulauskas, S. Kolesnik, B. Dabrowski, M. Ozdemir, C. Boyraz,

D. Mazumdar, A. Gupta, and R. F. Klie, J. Phys. Condens. Matter 23, 305005 (2011).
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a) b)

FIG. 1. High-angle annular dark field (HAADF) images of a) the pristine CCO thin film and b)

the Ti-doped CCO thin film both in the [110] projection.

FIG. 2. Relaxed structures of pristine CCO with a 5/3 approximant unit cell along the [100] (left)

and [010] (right) directions. The grey, red, and dark red balls represent Ca, O, and Co atoms

respectively. The clustering with three units of Ca2CoO3 (X3) in the RS subsystem is highlighted

with a dashed ellipse. The lattice constants along the b-axis for the RS and CoO2 subsystems (bRS

and bCoO2) are also shown.
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FIG. 3. Optimized structures of Ti-doped CCO with Ti atom at a) the Co site in the middle of

the X3 cluster, b) the Co site on the side of the X3 cluster, c) the Co site in the CoO2 layer, d) the

Ca site in RS. The yellow balls represent the Ti atoms.
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FIG. 4. The Z-contrast (a) and EEL spectrum images (b-d) of CCO showing the integrated Co,

Ti, and Ca L-edge distributions. The integrated Ti L-edge signal is shown in (e). Here, the Ti

L-edge intensity is integrated horizontally across the entire spectrum image shown in c). The red

rectangular region corresponds to the CoO layer of the RS subsystem.
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FIG. 5. The EEL spectra of Ti L-edge in Ti-doped CCO. The spectra are calibrated with respect

to O K-edge onset at 532 eV. The split and onset of L2,3 edge are 5.0 eV and 460.5 eV, respectively.
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FIG. 6. Partial DOS projected into angular momentum resolved d orbitals of Ti atoms when Ti

substitutes a Co atom in (a) the CoO2 layer, and (b) the RS subsystem.
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FIG. 7. Partial DOS projected into angular momentum resolved d orbitals of Co (in the CoO2

layer) before (blue curves, upper panel of each angular momentum component) and after (red

curves, lower panel of each angular momentum component) the Ti substitution of a Co atom in

the RS subsystem.
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FIG. 8. (a) EEL spectra of Co L-edges taken from regions with two different Ti concentrations

corresponding to Ti/Ca intensity ratios of 0.067 and 0.13. (b) Co L3/L2 ratio as a function of the

Ti concentration. The shaded grey area corresponds to a Co valence of 3.5+ with a 5% error bar.

(c) EEL spectra of O K-edge of O column in the CoO2 layer for the pristine and Ti-doped CCO.
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