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Layered cobalt oxides, AxCoO2 (A = Li, Na, Ca, and Sr), have been attracting attention 

as thermoelectric materials showing large thermoelectric figure of merit ZT = S2·σ·T·κ−1 

(S: thermopower, σ: electrical conductivity, T: absolute temperature, κ: thermal 

conductivity) at higher temperatures. Due to the layered structure, AxCoO2 shows 

strong anisotoropy in the thermoelectric properties; both S and σ are large along the 

layer though systemaltic study in κ has not been reported thus far. Here we 

systematically show the anisotropy in κ of AxCoO2 with the effect of Ax on κ. We 

fabricated AxCoO2 epitaxial films with two different crystallographic orientations with 

respect to the surface normal to the substrates and measured the κ in normal to the 

substrate. The κ parallel to the layers (κ||) was 3−6 times larger than that perpendicular 

to the layers (𝜿𝜿⊥). The κ|| decreased with increasing the atomic mass of Ax though 𝜿𝜿⊥ was 

insensitive to it; anisotropy of κ was controlled by substituting heavier Ax ions.  The 

present result would provide new materials design concept for good thermoelectric 

materials. 

 
Thermoelectric energy conversion is an attractive energy harvesting technology that utilizes 

thermoelectric Seebeck effect of thermoelectric materials with high thermoelectric figure of 
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merit, ZT (=S2·σ·T·κ–1, where Z is the figure of merit, T is the absolute temperature, S is the 

Seebeck coefficient or thermopower, σ is the electrical conductivity, and κ is the thermal 

conductivity, respectively).1-2 Today, commercially available thermoelectric devices mostly 

utilize heavy-metal based materials such as Bi2Te3 or PbTe, which exhibit high conversion 

efficiencies (ZT > 1) at moderate temperatures (100 – 400 °C).2-3 However, they have several 

issues including high cost, toxicity,4 and poor chemical/thermal stabilities.5 Therefore, 

researchers have been searching for alternate high-ZT thermoelectric materials that are cost-

effective and stable at elevated temperatures. 

 

NaxCoO2 is known as one of the promising candidate of thermoelectric materials because 

single crystalline NaxCoO2 (bulk and film) shows a large thermoelectric power factor (PF = 

S2·σ) 6-10, which are attributed to strongly correlated d-electrons in the CoO2 layers.11-18 In 

addition, its ZT is maximized at elevated temperatures (> 500 oC) 7. However, NaxCoO2 has 

several practical issues for thermoelectric applications, including low thermal stability, high 

sensitivity to moisture due to the Na+ ions.18-21 Since the crystal structure of AxCoO2 is a 

layered structure, composed of the edge sharing CoO6 octahedron layers separated by 

monolayers of Ax ions alternately stacked along with the c-axis, there were many attempts to 

replace the Na+ ions with heavier ions to improve the chemical stability.22-24 While this 

approach indeed improved the chemical stability, substituting Na+ ions often reduced the 

PF,25-27 and very few substitutions were accompanied by improvements in the PF. 

 

In this study, we focus on the potential of layered cobalt oxides AxCoO2 as thermoelectric 

materials because NaxCoO2, one of its members, is a promising thermoelectric material. 

While the electrons in Ax layers are not significantly involved in thermoelectric properties, the 

Ax layers themselves can interact with the CoO2 layers and affect the electron transport 

properties of the entire lattice. Thus, the thermoelectric properties of AxCoO2 are highly 
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versatile as they can be engineered by modifying the Ax layers (type of ions, planar 

densities),8, 20, 24, 28-35 and understanding this versatility is of great value for developing 

efficient thermoelectric materials as well as enhancing the fundamental knowledge in layered 

structures. 

 

Investigating the κ of AxCoO2 is just as important as examining the PF since the thermal 

conductivity (κ) also plays a critical role in the figure of merit (ZT = S2·σ·T·κ–1). Like 

conventional oxides, the conduction of heat in AxCoO2 is dominated by phonons, and the 

effect of Ax was analyzed with ab-initio calculations.36-37 In heat transport properties, the 

effect of Ax is dominated by the mass A ions and their planar densities, which affect the 

impedance mismatch between Ax and CoO2 layers and control the overlap between the 

vibrational density of states. These calculations suggest that the in-plane κ of AxCoO2 can 

potentially be reduced without sacrificing the power factor. Unfortunately, due to the strong 

anisotropy in layered structures and difficulties in preparing appropriate specimens for κ 

measurements, experimentally measured κ of AxCoO2 is limited to polycrystalline or uniaxial 

values.8, 24, 28, 35, 38 The anisotropic κ of AxCoO2 has not been experimentally and clearly 

investigated in detail to date, and this is the context of this research. 

 

In order to overcome the difficulties in preparing large bulk single crystals for κ 

measurements, differently oriented epitaxial films were used,9, 31, 39 and the anisotropy was 

numerically analyzed from the κ values measured by time-domain thermoreflectance (TDTR). 

Here we experimentally show the crystallographic anisotropy of κ in AxCoO2 (A = Li, Na, Ca, 

and Sr) and the effect of Ax on κ. For all films, κ parallel to the layers (κ||) was greater than κ 

perpendicular to the layers (𝜅𝜅⊥), and the κ|| values were significantly reduced with increasing 

the Ax mass. These results experimentally confirm that controlling the Ax planes is an effective 
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approach for optimizing the ZT of AxCoO2. The simple analysis on the anisotropic κ in this 

study can be applied to other layered structures or material systems. 

 

The AxCoO2 (A = Li, Na, Ca, and Sr) films were heteroepitaxially grown on sapphire 

substrates using the reactive solid-phase epitaxy (R-SPE) method9, 39 followed by the ion-

exchange method.20, 26, 31 The detailed sample preparation can be found in the Experimental 

Section. On (0001) α-Al2O3 substrates (C-sapphire, hereafter), the Ax/CoO2 layers of the films 

were parallel to the substrate surface, but the inclination of the layers changed to 43 ° on 

(1100)  α-Al2O3 substrates (M-sapphire, hereafter) (Fig. 1). The X-ray diffraction (XRD) 

patterns of the resultant films (Supplementary Fig. S1) clearly show that LiCoO2 
40, 

Ca0.33CoO2 
27, Sr0.33CoO2 

25, and Na0.8CoO2 
9 were heteroepitaxially grown on the sapphire 

substrates since the peak locations are consistent with previous studies. Strong film peak 

intensities suggest that the films have high crystallinity, and no additional peaks from 

impurities were detected. Surface morphologies obtained from atomic force microscopy 

(AFM) show plate-like grains with stepped and terraced structures for films on C-sapphire 

substrates while the surfaces of inclined films reveal straight stripes along with the x-direction, 

which are expected from the cross-section of layered structures (Fig. 2). All structural 

characterizations indicate excellent film qualities and strong orientations. 

 

The TDTR signals from the films and the observed κ (κobsd) values from the simulation are 

shown in Fig. 3. The film thickness (t) measured from X-ray reflectivity (data not shown) is 

also shown. As expected from the anisotropic structure, the decay characteristics of the films 

strongly depend on the orientations. Regardless of the Ax layers, the inclined films on M-

sapphire substrates exhibited faster signal decay. This suggests κ|| >  𝜅𝜅⊥ in AxCoO2, which 

perhaps should not be surprising. κobsd can be numerically expressed by Eq. 1 below: 
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  𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = �𝜅𝜅∥2𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 + 𝜅𝜅⊥2𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃   (1) 

where θ is the incline angle of the layers with respect to the substrate surface. For example, θ 

= 90 ° and κobsd = 𝜅𝜅⊥ for C-sapphire oriented films. In case of M-sapphire oriented films, θ = 

90 ° − 43 ° = 47 °. The anisotropy in the planar directions was confirmed to be not significant 

by ab-initio calculations.36-37 The derivation for Eq. 1 is available in the Supplementary Fig. 

S2.  More generalized expression in tensor form can be found elsewhere.41 

 

The 𝜅𝜅⊥ and κ|| of AxCoO2 calculated from Eq. 1 are summarized in Table I, which show that 

the κ of AxCoO2 can be controlled by ion substitutions without drastically changing the 

thermoelectric power factor (PF) (Supplementary Fig. S4). The κ|| was higher than 𝜅𝜅⊥ in all 

films, which is consistent with previous results from ab-initio calculations 42-43. The measured 

thermal conductivity values in this study are low compared to the computational results. It is 

difficult to direct comment on this discrepancy at this stage, but it can be attributed to 

structural defects in the films 44-45 or limitations in applying computational results (bulk single 

crystal) to thin films. LiCoO2 exhibited the highest κ in all directions while Ca0.33CoO2 shows 

the strongest anisotropy (κ||/𝜅𝜅⊥ ≈ 6.2). In the planar direction (κ||), from the highest to lowest, 

the layered cobalt oxides measured in this study are listed as LiCoO2 → Ca0.33CoO2 → 

Na0.8CoO2 → Sr0.33CoO2. In the perpendicular direction (κ⊥), from the highest to lowest, the 

list goes as LiCoO2 → Na0.8CoO2 → Sr0.33CoO2 → Ca0.33CoO2. In general, the differences 

observed in κ|| is much greater than those observed in 𝜅𝜅⊥. The anisotropic κ measured in this 

study are plotted against the average atomic mass of Ax (product of atomic mass and x) in Fig. 

4. For comparison, results from other studies were also plotted.  

 

Previously reported thermal conductivities of polycrystalline NaxCoO2 (0.57 < x < 0.9) 29, 32-33 

lie between the 𝜅𝜅⊥ and κ|| of Na0.8CoO2 measured in our study, which is reasonable since the 
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grains in polycrystalline materials are randomly oriented. κ|| of the AxCoO2 monotonically 

decreases with the average atomic mass of Ax. This phenomenon reflects the effect of Ax on 

the impedance mismatch, which were predicted in ab-initio calculations.37, 46 Heavy ions 

reduce lattice vibrational amplitudes and the group velocity of phonons.47 Therefore, heavy 

ions in Ax layers greatly increase the impedance mismatch between the layers and decrease κ|| 

as it becomes difficult for the vibrational modes of the layers to couple. This phenomenon 

seems to dominate κ|| in Fig. 4a. If the ions in Ax layers are orders of magnitude heavier than 

the ions in the CoO2 layers, the vibrational modes in the layers can be de-coupled in theory 

since overlap in the vibrational density of states of the layer is eliminated. While this 

phenomenon enhances κ||,36 it is not applicable in our case since the masses of A ions are on 

the same order. On the other hand, 𝜅𝜅⊥ did not have any noticeable correlations with the 

average atomic mass but monotonically decreased with x (Table I). The difference between 

Ca0.33CoO2 and Sr0.33CoO2 suggests that the effect of the atomic mass of A is small. Unlike κ||, 

𝜅𝜅⊥ is related to the transmission of phonons through the Ax / CoO2 layers, and therefore, 

directly affected by interfacial scattering cross sections. These suggest that 𝜅𝜅⊥ of AxCoO2 is 

dominated by the vacancy scattering of phonons, which is related to the planar density of Ax.  

 

The main objective of this work is the effect of substituting different ions in AxCoO2 films. 

While the results demonstrate that inserting heavy atoms between CoO2 layers decreases the 

in-plane thermal conductivity of AxCoO2, we would like to note the effect of x remains 

unclear. Ions in Ax occupy the interstitial sites of the CoO2 layers on basal planes, which 

exhibit a 6-fold symmetry. Ion vacancies will break the symmetry, shift the equilibrium 

positions, and induce vibrational anharmonicity.37 Studies found that this phenomenon ‘rattles’ 

the vibrational modes and reduces the thermal conductivity.33 Although this is beyond the 

scope of this work, it is necessary to fully understand the thermal conductivity of AxCoO2. 
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Therefore, in future, extensive structural characterization using electron microscopy will be 

necessary to investigate how x affects the structure, lattice strain, and thermal conductivity. 

 

In summary, we developed a simple method for analyzing the thermal conductivity of layered 

structures and experimentally demonstrated the effect of Ax on the anisotropic thermal 

conductivity in layered AxCoO2 (A = Li, Na, Ca, and Sr). The thermal conductivity parallel to 

the layers was mainly controlled by the impedance mismatch between Ax and CoO2 layers 

while the thermal conductivity perpendicular to the layers was affected by vacancy scatterings 

in Ax layers. Both factors monotonically controlled the thermal conductivities in each 

direction. The results of this study will be of great value in understanding fundamental heat 

transport properties of layered structures as well as developing AxCoO2 based thermoelectric 

materials. In addition, the analysis on the anisotropic thermal conductivity used in this study 

can be applied to other layered materials. 

 

Experimental Section 

Epitaxial film growth of AxCoO2: Epitaxial films of Na0.8CoO2 were prepared by the reactive 

solid-phase epitaxy (R-SPE) method.9, 39 Firstly, epitaxial CoO films were grown on sapphire 

substrates using PLD at 600 °C. The resultant CoO films were covered with yttria-stabilized 

zirconia (YSZ) and then were heated with NaHCO3 powders at 750 °C for 2 h, which yields 

Na0.8CoO2. The Na0.8CoO2 was then converted to different AxCoO2 using topotactic ion-

exchange method. For fabricating LiCoO2 films, Na0.8CoO2 films were heated at 260 °C for 4 

h in LiNO3/LiCl mixture.26 Ca0.33CoO2
19 and Sr0.33CoO2

20
 films were fabricated by heating 

Na0.8CoO2 films with Ca(NO3)2 and Sr(NO3)2 powders, respectively, at 300 °C for 5 h. 

 

Crystallographic characterization of AxCoO2 epitaxial films: The crystallographic details of 

the films were measured with high-resolution X-ray diffraction using Cu Kα1 (1.54059 Å) 
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(ATX-G, Rigaku Co.). The film thicknesses were measured from the Kiessig fringes in X-ray 

reflectivity (data not shown). The surface morphologies of the films were characterized with 

atomic force microscopy (AFM, Nanocute, Hitachi Hi-Tech Sci. Co.). 

 

Electron transport properties measurements: The electrical resistivity (ρ) of the films was 

measured with the conventional dc four-probe method in van der Pauw electrode 

configuration. For thermopower (S) measurements, temperature differences (ΔT <2 K) were 

created in the films. The S values were obtained from the slope of the changes in the 

electromotive force with respect to the temperature difference between two ends of the films 

(correlation: ~99.9%). All electron transport properties were measured in vacuum to prevent 

the effect of moisture, and InGa alloy was used at the end of the probes to ensure Ohmic 

contacts. 

 

Thermal conductivity measurements: The thermal conductivities of the AxCoO2 films were 

measured with time-domain thermoreflectance method (TDTR, PicoTR, PicoTherm Co.) The 

pump laser wavelength was 1550 nm, probe laser wavelength was 775 nm, pulse duration was 

1 fs, pulse frequency was 20 MHz, modulation frequency was 200 kHz, respectively. 

Sputtered Mo (~100 nm) was used as the transducer, and the TDTR decay curves were 

analyzed with the simulation package provided by the manufacturer. The uncertainties were 

estimated from fitting errors and noises in the signal. 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Table I. Anisotropic κ of AxCoO2 films observed in this study. 

 LiCoO2 Na0.8CoO2 Ca0.33CoO2 Sr0.33CoO2 

κ⊥ (W m–1 K–1) 3.5 ± 0.2 1.6 ± 0.1 1.1 ± 0.1 1.2 ± 0.1 
κ∥ (W m–1 K–1) 9.2 ± 1.4 5.5 ± 0.7 6.8 ± 1.2 4.5 ± 0.7 
 



     

11 
 

 
 
Figure 1. (a) Schematic crystal structure of AxCoO2 (A = Li, Na, Ca, or Sr). The planar 
density of A ion depends on the value of x. CoO2 layer, composed of edge-sharing CoO6 
octahedron, and Ax layer are stacked alternately along the c-axis. (b)(c) Schematic epitaxial 
relationships between AxCoO2 and sapphire substrate grown on different crystallographic 
orientations of (b) C (0001) and (c) M (1100) . (b) The layers are parallel to the substrate 
surface. (c) The layers are inclined by 43 ° with respect to the substrate surface.  
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Figure 2. Surface morphology of the films. Topographic AFM images of the AxCoO2 films 
(A = Li, Na, Ca, and Sr). Rather large plate-like grains with atomically flat terraced and 
stepped surfaces are observed from the films on C-sapphire substrates, while straight stripes 
corresponding to the cross section of layered structures are seen from the films on M-sapphire 
substrates. 
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Figure 3. Analyses of the thermal conductivity of the AxCoO2 films. Normalized TDTR 
signals from (a) LiCoO2, (b) Na0.8CoO2, (c) Ca0.33CoO2, and (d) Sr0.33CoO2. The expected 
measured thermal conductivity from TDTR as a function of the incline angle, calculated from 
equation (1), are also shown for (e) LiCoO2, (f) Na0.8CoO2, (g) Ca0.33CoO2, and (h) Sr0.33CoO2. 
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Figure 4. Anisotropic thermal conductivity of the AxCoO2. (a) Anisotropic thermal 
conductivities of AxCoO2. The sizes of the error bars of 𝜅𝜅⊥ were smaller than the circles 
(Table I). κ|| tends to decrease with the average atomic mass of Ax, but 𝜅𝜅⊥ only depends on x. 
These suggests that the main effect of Ax layers on κ|| comes from the impedance mismatch 
while 𝜅𝜅⊥ is dominated by interfacial vacancy scattering of phonons. This difference is likely 
attributed to the direction of the phonon propagation with respect to the Ax layers. Since 𝜅𝜅⊥ is 
related to the heat flux perpendicular to the Ax layers, phonons must transmit through the 
layers, and the vacancy scatterings and planar densities of Ax will be more important than the 
impedance mismatch as they are directly related to the phonon scattering cross section.  
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Anisotropic heat conduction of ion substituted layered cobalt oxides has been clarified by 
measuring the thermal conductivity of the epitaxial films with two different crystallographic 
orientations against the surface normal to the substrates. The result “heavy ion substitution 
suppresses the anisotropy of heat conduction” would provide new materials design concept 
for good thermoelectrics. 
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Figure S1. Epitaxial relationships between AxCoO2 films and the substrates. XRD 
patterns of the AxCoO2 films (A = Li, Na, Ca, and Sr) fabricated on C- and M-sapphire 
substrates. Strong out-of-plane diffraction peaks are observed, and the peak locations suggest 
the formation of LiCoO2, Ca0.33CoO2, Sr0.33CoO2, and Na0.8CoO2, which are consistent with 
previous studies. 9,25,27,40 
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Through-plane thermal conductivity of layered structures oberved in TDTR 

 

In a tilted layered film with a thickness t, define a Cartesian coordinate system (𝑥𝑥�, 𝑦𝑦�, �̂�𝑧) such 

that the tilt angle θ be in the xz plane (Figure  S2). Consider a steady state heat flux along �̂�𝑧 

from the top of the film. Let T1 and T2 denote the steady state temperatures of the top and the 

bottom of the film, respectively. For simplicity, assume that the temperature gradient is linear 

Along �̂�𝑧. In other words, ∇��⃗ 𝑇𝑇 = (0,0,∇𝑇𝑇𝑧𝑧). 

 

Figure S2: Schematic diagram showing a steady state heat flux in a layered structure at an 
angle θ. t denotes the thickness of the film. For simplicity, the temperature gradient was 
assumed to be linear along z. 

The steady state heat flux can be expressed as: 

𝚥𝚥 = �
𝑗𝑗𝑥𝑥
𝑗𝑗𝑦𝑦
𝑗𝑗𝑧𝑧
� = −𝜅𝜅∇��⃗ 𝑇𝑇 = −�

𝜅𝜅𝑥𝑥𝑥𝑥 𝜅𝜅𝑥𝑥𝑦𝑦 𝜅𝜅𝑥𝑥𝑧𝑧
𝜅𝜅𝑦𝑦𝑥𝑥 𝜅𝜅𝑦𝑦𝑦𝑦 𝜅𝜅𝑦𝑦𝑧𝑧
𝜅𝜅𝑧𝑧𝑥𝑥 𝜅𝜅𝑧𝑧𝑦𝑦 𝜅𝜅𝑧𝑧𝑧𝑧

��
0
0
∇𝑇𝑇𝑧𝑧

� = −�
𝜅𝜅𝑥𝑥𝑧𝑧∇𝑇𝑇𝑧𝑧
𝜅𝜅𝑦𝑦𝑧𝑧∇𝑇𝑇𝑧𝑧
𝜅𝜅𝑧𝑧𝑧𝑧∇𝑇𝑇𝑧𝑧

�  (1) 

  
 
 
The TDTR laser spot radius (34 µm) is much greater than the thermal diffusive wavelength in 
all directions (< 1 µm). Therefore, in-plane heat diffusion will be small compare to the heat 
propagating away from the front surface. Since the layered structure is tiled in the xz plane, 
the heat flux along y will be negligible. 
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Therefore, jy = κzy = 0, and 

𝚥𝚥 = �
𝑗𝑗𝑥𝑥
0
𝑗𝑗𝑧𝑧
� = −�

𝜅𝜅𝑥𝑥𝑧𝑧∇𝑇𝑇𝑧𝑧
0

𝜅𝜅𝑧𝑧𝑧𝑧∇𝑇𝑇𝑧𝑧
�  (2) 

Substituting ∇𝑇𝑇𝑧𝑧 = 𝑇𝑇1−𝑇𝑇2
𝑡𝑡

 yields: 

𝑗𝑗𝑥𝑥 = 𝜅𝜅𝑥𝑥𝑧𝑧
𝑇𝑇1−𝑇𝑇2
𝑡𝑡

, 𝑗𝑗𝑧𝑧 = 𝜅𝜅𝑧𝑧𝑧𝑧
𝑇𝑇1−𝑇𝑇2
𝑡𝑡

   (3) 

Since jx and jz can be decomposed into the heat fluxes parallel and perpendicular to the 

layers (Figure S3). 

 

Figure S3: Schematic diagram showing a steady state heat flux decomposed into components 
parallel and perpendicular to the layers. 

The heat flux parallel to the layers (𝑗𝑗∥) is given by: 

𝑗𝑗∥ = 𝜅𝜅∥|∇𝑇𝑇∥| = 𝜅𝜅∥
𝑇𝑇1−𝑇𝑇2
𝑡𝑡/𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐

  (4) 

where 𝜅𝜅∥ and ∇𝑇𝑇∥ are the thermal conductivity and the temperature gradient parallel to the 

layers, respectively. Similarly, the heat flux perpendicular to the layers (𝑗𝑗⊥) is given by: 

𝑗𝑗⊥ = 𝜅𝜅⊥|∇𝑇𝑇⊥| = 𝜅𝜅⊥
𝑇𝑇1−𝑇𝑇2
𝑡𝑡/𝑜𝑜𝑠𝑠𝑠𝑠𝑐𝑐

   (5) 

 where 𝜅𝜅⊥ and ∇𝑇𝑇⊥ are the thermal conductivity and the temperature gradient perpendicular to 
the layers, respectively. 
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From Fig. S3, 
𝑗𝑗𝑧𝑧 = 𝑗𝑗∥𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 + 𝑗𝑗⊥𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃   (6) 

 

Substituting equations (4) and (5) into equation (6) gives 

𝑗𝑗𝑧𝑧 = 𝜅𝜅∥ �
𝑇𝑇1−𝑇𝑇2
𝑡𝑡
� 𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 + 𝜅𝜅⊥ �

𝑇𝑇1−𝑇𝑇2
𝑡𝑡
� 𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃 = (𝜅𝜅∥𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 + 𝜅𝜅⊥𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃) �𝑇𝑇1−𝑇𝑇2

𝑡𝑡
� (7) 

κzz can be obtained from comparing equations (3) and (7). 
 

𝜅𝜅𝑧𝑧𝑧𝑧 = 𝜅𝜅∥𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 + 𝜅𝜅⊥𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃   (8) 
 

Note 𝜅𝜅𝑧𝑧𝑧𝑧 = 𝜅𝜅∥ if θ = 0 °, and 𝜅𝜅𝑧𝑧𝑧𝑧 = 𝜅𝜅⊥ if θ = 90 °. 
 
 
Similarly, for 𝑗𝑗𝑥𝑥, 
 

𝑗𝑗𝑥𝑥 = 𝑗𝑗∥𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃− 𝑗𝑗⊥𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃   (9) 
 

Substituting equations (4) and (5) into equation (9) gives 

𝑗𝑗𝑥𝑥 = 𝜅𝜅∥ �
𝑇𝑇1−𝑇𝑇2
𝑡𝑡
� 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃 + 𝜅𝜅⊥ �

𝑇𝑇1−𝑇𝑇2
𝑡𝑡
� 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃 = (𝜅𝜅∥ − 𝜅𝜅⊥) �𝑇𝑇1−𝑇𝑇2

𝑡𝑡
� 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃 (10) 

 

𝜅𝜅𝑧𝑧𝑧𝑧  can be obtained from comparing equations (3) and (10). 
 

𝜅𝜅𝑥𝑥𝑧𝑧 = (𝜅𝜅∥ −  𝜅𝜅⊥)𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃  (11)  
 

Note 𝜅𝜅𝑥𝑥𝑧𝑧  = 0 if 𝜅𝜅∥ =  𝜅𝜅⊥ (isotropy), which is expected from an isotropic material. In addition, 

𝜅𝜅𝑥𝑥𝑧𝑧  = 0 if θ = 0 ° or 90 °. 

The obsreved thermal conductivity (κobsd) from the TDTR is attributed to the total heat flux. 

 

Therefore, the total heat flux (𝑗𝑗𝑡𝑡𝑜𝑜𝑡𝑡) needs to be obtained from equations (7) and (10). 

𝑗𝑗𝑡𝑡𝑜𝑜𝑡𝑡 = �𝑗𝑗𝑥𝑥2 + 𝑗𝑗𝑧𝑧2 = �𝑇𝑇1−𝑇𝑇2
𝑡𝑡
��(𝜅𝜅∥𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 + 𝜅𝜅⊥𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃)2 + (𝜅𝜅∥ − 𝜅𝜅⊥)2𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃  (12) 
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The relationship between the total heat flux and the measured thermal conductivity can be 

expressed by: 

𝑗𝑗𝑡𝑡𝑜𝑜𝑡𝑡 = 𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜|∇𝑇𝑇|   (13) 

Combining equations (12) and (13) yields 

𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =
𝑗𝑗𝑡𝑡𝑜𝑜𝑡𝑡
|∇T| = �(𝜅𝜅∥𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 + 𝜅𝜅⊥𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃)2 + (𝜅𝜅∥ − 𝜅𝜅⊥)2𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃 

 

= �𝜅𝜅∥2𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 + 𝜅𝜅⊥2𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃   (14) 
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Figure S4. Thermoelectric properties (upper: resistivity, lower: thermopower) of (a, b) 
Na0.8CoO2, (c, d) Ca0.33CoO2, and (e, f) Sr0.33CoO2 films. All electrical properties were 
measured in vacuum to prevent the effect of moisture. LiCoO2 did not conduct electricity. 


