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Abstract
Wehave studied the lattice dynamics and lattice thermal conductivity ofNaCoO2 intercalation
material withfirst-principles hybrid density functionalmethods. The lattice thermal conductivity has
been obtained using linearized Boltzmann transport theory and the contributions to the lattice
thermal conductivity have been analyzed in detail. The results obtained forNaCoO2 have been
systematically comparedwith LiCoO2 to shed light on the effect of the alkalimetal atom. The room-
temperature in-plane lattice thermal conductivities within relaxation time approximation are
78Wm−1K−1 and 46Wm−1K−1 forNaCoO2 and LiCoO2, respectively. The respective room-
temperature cross-plane lattice-thermal conductivities are 25.0Wm−1K−1 and 6.6Wm−1K−1. The
predicted lattice thermal conductivities for fully alkali-occupied single crystals are clearly larger in
comparison to the experimental values obtained for single-crystal NaCoO2 and polycrystalline
LiCoO2. Analysis of the lattice thermal conductivity reveals that the differences betweenNaCoO2 and
LiCoO2 can be explained by significantly shorter phonon lifetimes in LiCoO2.

1. Introduction

Alkalimetal cobalt oxidesNaxCoO2 and LixCoO2 are widely studiedmaterials that show a variety of electronic
andmagnetic properties with respect to the alkalimetal content x [1]. NaxCoO2 phases with x<1 are promising
thermoelectricmaterials due to high thermopower combinedwith low resistivity and low thermal conductivity
[2, 3]. The hydrated formNaxCoO2.yH2Ohas attracted interest due to superconductivity observed below 5K
[4]. Finally, LiCoO2 is awidely used positive electrodematerial in lithium-ion batteries [5, 6].

NaCoO2 and LiCoO2 are the endmembers of AxCoO2 phases, adopting layered trigonal crystal structure
that corresponds to theDelafossite-NaFeO2 structure type (space group ¯R m3 ). The unit cell consists of three
layers of edge-sharing CoO6 octahedra and the alkalimetal atoms occupy octahedral interstitial positions in the
interlayer space (figure 1). TheCo atom is in low-spin+III oxidation state, resulting in non-magnetic
materials [1, 7].

Phonon-related properties ofNaCoO2 and LiCoO2 have been studied rather widely using various
experimental and theoretical approaches (table 1). In the case of thermal conductivity, the available literature
values vary clearly within bothmaterials. In the case ofNaCoO2, Takahata et al and Lee et al reported in-planeκl
of 19Wm−1 K−1 and 38Wm−1 K−1, respectively, for a single crystal at 300K [8, 9]. Tada et al and Fujii et al
reported rather similar in-planeκl values of 42Wm−1 K−1 and 44Wm−1 K−1, respectively, based on classical
molecular dynamics [10, 11]. In the case of LiCoO2, Takahata et al reported the lattice thermal conductivity of
polycrystalline LiCoO2 at 280K to be 4Wm−1 K−1, whileMizuno et al reported a value of 22Wm−1 K−1 at 300
K [8, 12]. For comparison, Cho et al reported in-plane (ab plane) and cross-plane (c direction) thermal
conductivities of 9.2 and 3.5Wm−1 K−1, respectively, for thin-film samples [13]. Yang et al studied the lattice
thermal conductivity of LiCoO2 using first-principles Density Functional Theory (DFT-HSE06), reporting in-
planeκl to be 53.6Wm−1 K−1 at 300K, about two times larger than the largest reported experimental value [14],
The difference between the experimental and the computational results was explained by the grain boundaries in
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polycrystalline samples, causing additional scattering process and decreasing thermal conductivity. Finally, tada
et al reported in-planeκl of 40Wm−1 K−1 for LiCoO2 using perturbed classicalmolecular dynamics
simulations [10].

Here, we investigate the lattice thermal conductivity of NaCoO2 using hybrid density functional theory and
systematically compare the lattice dynamics and lattice thermal conductivity ofNaCoO2with the isotypic
LiCoO2.We study the d-metal oxideswith hybridDFT to avoid theDFT-GGA self-interaction error which

Figure 1.Crystal structure ofNaCoO2 and LiCoO2 (space group ¯R m3 ). Color coding: Cobolt is blue, oxygen is red, and alkalimetals
are violet. Left: BlueCoO6 layers with alkalimetal atoms in the interlayer space. Right: Octahedral coordination of alkalimetal atoms
highlighted with violet polyhedra.

Table 1.Various properties of NaCoO2 and LiCoO2 reported in
literature (at the room temperature.)

Parameter Value Comment

NaCoO2

IR Eu 590 cm
−1 Single crystal, 12 K [15]

Heat capacity 75.2 J K−1mol−1 Single crystal [16]
(Cp) 25 J K−1mol−1 ClassicalMD, per atom [10]

Thermal 19Wm−1 K−1 ab plane, single crystal [16]
conductivity 38Wm−1 K−1 ab plane, single crystal [9]

42Wm−1 K−1 ab plane, classicalMD [10]
44Wm−1 K−1 ab plane, classicalMD [11]
19Wm−1 K−1 c direction, classicalMD [11]

LiCoO2

IR/Raman Eg 486 cm
−1 Thinfilm,

frequency A1g 596 cm
−1 0.8 μmthickness [17]

Eg 485 cm
−1 Polycrystalline [18]

A1g 595 cm
−1

Eg 521 cm
−1

A1g 640 cm
−1 DFT-HSE06 [14]

A2u 427 cm
−1

Eu 252 cm
−1

Heat capacity 71.6 J K−1mol−1 Polycrystalline[19]
(Cp) 24.7 J K−1mol−1 ClassicalMD, per atom [10]

Thermal 4Wm−1 K−1 Polycrystalline, 280K [8]
conductivity 22Wm−1 K−1 Polycrystalline [12]

9.2Wm−1 K−1 ab plane, thin film [13]
3.5Wm−1 K−1 c direction, thin film [13]
40Wm−1 K−1 ab plane, classicalMD [10]
53.6Wm−1 K−1 ab plane, DFT-HSE06 [14]
8.4Wm−1 K−1 c direction, DFT-HSE06 [14]
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results in the over-delocalization of the electrons on d-metal 3d and oxygen 2p orbitals [20].We examine the
components of theκl to shed light on the origin of different thermal conductivities of the twomaterials.

2. Computational details

Quantumchemical calculations have been carried out using theCRYSTAL17 code [21].We applied PBE0
hybrid density functionalmethod[22, 23] andGaussian-type triple-ζ-valence+ polarization level basis set
(TZVP) (split-valence+ polarization forNa) [24]. Detailed basis set listings are given in the Supplemental
Material [25]. Recent studies on several layered d-metal disulfides and bulk d-metal oxides have shown theDFT-
PBE0/TZVP level of theory to provide a balanced description of their electronic properties and lattice thermal
conductivity [26–29]. The reciprocal space of the primitive cell was sampled using 8×8×8Monkhorst–
Packtype k-mesh (the total energy is converged toμHartree accuracywith thismesh) [30]. The calculations were
carried outwithCoulomb and exchange integral tolerance factors (TOLINTEG) set to tight values of 8, 8, 8, 8,
and 16 (phonon supercell calculations of LiCoO2 required values of 10, 10, 10, 10 and 20 to achieve converged
third-order force constants). The LiCoO2 andNaCoO2 structures have been fully optimizedwithin ¯R m3 space
group, using the experimental crystal structures as starting points [31, 32]. TheDFT-PBE0 optimized structures
are reported in the SupplementalMaterial [25].

The harmonic vibrational frequencies at theΓ point were obtained by using thefinite displacementmethod
implemented inCRYSTAL.Here, the second derivatives of the energywith respect to atomic displacements are
obtained fromnumerical differentiation of the analytical first derivatives [33, 34]. Infrared (IR) andRaman
intensities were obtainedwith theCoupled PerturbedKohn–Shammethod implemented inCRYSTAL [35, 36].
The IR spectra were convoluted using Lorenzian peak profile with FWHMof 16cm−1. The Raman spectrawere
convoluted using pseudo-Voigt peak profile (50:50 Lorenzian:Gaussian) and FWHMof 16 cm−1.

The second-order force constants and phonon dispersions were calculatedwithin the harmonic
approximation using thefinite displacement supercellmethod as implemented in the Phonopy code [37, 38].
Tight SCF convergence criterion of 10−10 a.u. was applied in all phonon supercell calculations. For both LiCoO2

andNaCoO2, we used a 4×4×4 phonon supercell, 0.03Å atomic displacements, and 2×2×2 k-sampling.
The convergence of the phonon dispersion relations with respect to the phonon supercell size is discussed in the
SupplementalMaterial, wherewe show the convergence with respect to a smaller 3×3×3 phonon supercell
[25]. The non-analytical contribution (NAC) asq→0 has been taken into account in all phonon dispersion
calculations [39]. The effect of includingNACon the phonon dispersion relations is illustrated in Supplemental
Material [25].

The lattice thermal conductivities (κl)were calculatedwith the Phono3py code [40]. Phono3py uses the
samefinite displacement supercellmethod as Phonopy, but enables the investigation of third-order force
constants and phonon anharmonicity by displacing two atoms simultaneously. The computational cost of third-
order force constants is significantly larger compared to second-order force constants and a smaller supercell of
3×3×3with 0.03Å displacement amplitude was used. Additionally, an interatomic cut-off distance of 4Å
was imposed for the calculation of the third-order force constants. Convergence tests with a smaller 2×2×2
supercell showed that the lattice thermal conductivity converges within the applied cut-off distance (see
SupplementalMaterial) [25]. NAChas been taken into account in the lattice thermal conductivity calculations.
IncludingNAC changed both the in-plane and cross-plane lattice thermal conductivity of LiCoO2 by 1
Wm−1K−1 (17%difference for the cross-plane direction, see Results section).

κlwas solved bothwithin the relaxation time approximation (RTA) and using the full solution for the
linearized BoltzmannTransport equation (LBTE) [41]. The convergence ofκlwith respect to phonon q-point
sampling is illustrated in the SupplementalMaterial [25]. The results discussed below have been obtained using a
20×20×20 q-pointmesh.

3. Results

3.1. Geometry and electronic properties
The optimized lattice parameters of LiCoO2 andNaCoO2 agreewell with the experimental crystal structures. In
the case of LiCoO2, the lattice parametrers a (2.80Å) and c (13.98Å) are underestimated by 0.5%. In the case of
NaCoO2, the lattice parametrers a (2.87Å) and c (15.62Å) differ from the experiment by –0.6% and+0.1%,
respectively. The primitive unit cell volumes of LiCoO2 andNaCoO2 are 32Å

3 and 37Å3, respectively. The
electronic band structures of LiCoO2 andNaCoO2 are presented infigure 2.Overall, the electronic properties
are rather similar: bothmaterials are insulators with indirect band gap of 4.9 eV for LiCoO2 and 4.8 eV for
NaCoO2, which is in a good agreementwith previous reports [42, 43]. For comparison, aDFT-PBE calculation
on LiCoO2 yields a significantly smaller band gap of 1.0 eV. From the density of states, we can conclude that the

3
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Co andO atoms have the largest contribution to the highest-energy valence bands, while the lowest-energy
conduction band is dominated by theCo atom (3d-orbitals). For bothmaterials, the alkalimetal contributions
near the Fermi level are negligible.

3.2. IR andRaman spectra
The primitive unit cell of LiCoO2 andNaCoO2 consists of four atoms, resulting in 12 vibrationalmodes that are
divided into irreducible representations as follows:

( )G = + + +A A E E3 3 . 1g u g u1 2

TheEg andEumodes are doubly degenerate.A1g andEgmodes are Raman-active, whileA2u andEu are IR-
active.We calculated theΓ point phonons of LiCoO2 andNaCoO2 togetherwith their IR andRaman tensors.
The IR andRaman spectra are simulated based on these results and illustrated infigure 3. The optical vibrational
modes are further characterized in table 2.

The Raman-active Eg andA1gmodes correspond toCo–Ostretching vibrations in the in-plane and cross-
plane directions, respectively. Thesemodes with frequencies larger than 500 cm−1 are pairedwith IR-active Eu
andA2umodes corresponding toCo–Ostretching vibrations. These Co–Ostretchingmodes show rather similar
frequency both for LiCoO2 andNaCoO2The lower-energy Eu andA2umodes correspond to vibrations of alkali
metal atoms in the in-plane and cross-plane directions, respectively. This also explains why thesemodes show
much smaller frequencies in the case ofNaCoO2with heavier alkalimetal atoms. The calculatedRaman-active
modes for LiCoO2 are in a good agreement with previously reportedDFT-HSE06 values, but are 5%–7%
overestimated in comparison to experiments (see table 1).

ForNaxCoO2, themajority of the IR andRaman spectra have been reportedwith systemswith x<1. Lupi
et al did study the in-plane infrared conductivity ofNaxCO2 single crystals for 0.5�x�1 at various
temperatures and their spectrumwith x=1 obtained at 12K revealed a single peak at≈590 cm−1 [15]. The
observed frequency is within 6%of the calculated harmonic frequency of the IR-active Eumode (vibrations of
theCoO6 octahedra). The nominally x=1 crystal did show slightlymetallic behavior at low temperatures, this
was ascribed to slight non-stoichiometry.

3.3. Phonon dispersions and heat capacity
The phonon dispersion relations of LiCoO2 andNaCoO2 are illustrated infigure 4. The differences in theΓ
point phonon frequencies compared to the values reported in previous section aremainly due to the non-
analytical correction applied for the full phonon dispersion relations (LO-TO splittingwas not considered for
the IR andRaman spectra).WhenNon-analytical correction is not included, theΓ-point frequencies from

Figure 2.Electronic band structure and density of states (DOS) of LiCoO2 (top) andNaCoO2 (bottom). The following reciprocal space
coordinates were used:Γ=(0, 0, 0), T=(1/2, 1/2, 1/2), L=(1/2, 0, 0), F=(1/2, 0,1/2) [44–46].
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CRYSTAL and Phonopy agreewithin 2%, except for the lowest-frequency Eumode, where the supercell
approach used by Phonopy yields a frequency of 248 cm−1 for LiCoO2 and 212 cm

−1 forNaCoO2

The phonon dispersion relations of LiCoO2 andNaCoO2 show similar trends, but similar toΓ point
phonons listed in table 2, theNaCoO2 opticalmodes in the range of 200–500 cm−1 are clearly lower in energy
compared to LiCoO2. At higher frequencies above 500 cm

−1, the difference becomes smaller. Notably, NaCoO2

shows a phonon band gap approximately between 420 and 460 cm−1, while LiCoO2 does not. The phonon
density of states show that the lower-energy opticalmodes below 500 cm−1 are dominated by the alkalimetal
atoms and themodes above 500 cm−1 arise from theCoO6 octahedra.

We calculated the constant volume heat capacities (Cv) of bothmaterials from the phonon dispersion
relations using a dense q-mesh of 40×40×40 (figure 5). The heat capacity of LiCoO2 is slightly smaller
compared toNaCoO2, theCv values at 300K being 69 J K−1mol−1 for LiCoO2 and 71 J K

−1mol−1 forNaCoO2.
TheCv values are slightly smaller in comparison to the experimentalCp values of 71.6 and 75.2 J K

−1mol−1

(table 1). At high temperatures (T>700 K), theCv values normalized by the number of atoms in the primitive

Figure 3. Infrared andRaman spectra of LiCoO2 andNaCoO2. LO-TO splitting is not included here.

Table 2.Γpoint vibrationalmodes of LiCoO2 and
NaCoO2. A=Active, I=Inactive. LO-TO splitting is not
included here.

Mode
Frequency, cm−1

(irrep.) LiCoO2 NaCoO2 IR Raman

Eu 271 182 A I

A2u 429 323 A I

Eg 520 512 I A

Eu 567 557 A I

A1g 629 624 I A

A2u 644 642 A I

5
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unit cell (4) converge towards 24 J K−1mol−1 per atom,which is close to the value of 3R expected from the
Dulong-Petit law.

3.4.Mode grüneisen parameter
ModeGrüneisen parameter is a dimensionless quantity defined as the change of phonon frequencywith respect
to the change of volume [47]:

( )g
w

w
= -

¶

¶
V

V
. 2j

j

j
q

q

q

ThemodeGrüneisen parameters can be considered as ameasure of the phonon anharmonicity. Figure 6
shows themodeGrüneisen parameters for LiCoO2 andNaCoO2 calculated directly from the third-order force
constants, utilizing the approach described in detail in [48]. The current Phono3py implementation enables the
calculation ofmodeGrüneisen parameters within this approach onlywhen the second- and third-order force
contants have been calculated using the same phonon supercell. Therefore, themodeGrüneisen parameters
presented infigure 6 have been calculated using 3×3×3 supercells both for the second- and third-order force
constants.

In both LiCoO2 andNaCoO2, themajority of themodes possess a positivemodeGrüneisen parameter,
corresponding to typical phonon behavior where the phonon frequency decreases as the volume increases.
However, at lowphonon frequencies below 150 cm−1, the acousticmodes of LiCoO2 showmuch larger number
of negativemodeGrüneisen parameters, that is,modes where the phonon energy increases as the volume

Figure 4.Phonon dispersion relations and phonon density of states of LiCoO2 andNaCoO2. Solid and dashed lines correspond to
LiCoO2 andNaCoO2, respectively. The reciprocal space coordinates are specified in figure 2.

Figure 5.Constant volume heat capacity for LiCoO2 andNaCoO2.

6
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increases. In turn,NaCoO2 shows few very large γqj values for acoustic phononmodes close toΓ point. Between
200 and 400 cm−1, LiCoO2 shows clearly largermodeGrüneisen parameter valueswhich peak at about 250−1.
The phonon band gap ofNaCoO2 is clearly visible at around 450 cm

−1. Overall, as themodeGrüneisen
parameters are ameasure of the phonon anharmonicity, themodeGrüneisen parameters suggest LiCoO2 to
show larger phonon anharmonicity in comparison toNaCoO2.

3.5. Lattice thermal conductivity
Within the single-mode relaxation time approximation (RTA), the lattice thermal conductivityκl can be
expressed as[40]:

( )åk t= Ä
NV

C v v
1

, 3l
j

j j j j
q

q q q q
0

whereN is the number of q points sampled,V0 is the volume of the unit cell andCqj, vqj, and τqj are the heat
capacity, group velocity, and relaxation time of phononmode (q, j), respectively.Within RTA, the phonon
relaxation time is equal to the phonon lifetime.

The lattice thermal conductivities of LiCoO2 andNaCoO2 obtainedwithin RTA are plotted infigure 7. Even
though thematerials are isotypic, the lattice thermal conductivities are rather different. At 300K, the in-planeκl
is 45.7Wm−1 K−1 for LiCoO2 and 77.6Wm−1 K−1 forNaCoO2. The cross-planeκl values show even larger
relative difference: 6.6Wm−1 K−1 for LiCoO2 against 25.0Wm−1 K−1 forNaCoO2. The full solution of
linearized Boltzmann transport equation (LBTE) yields even larger in-planeκl values of 56Wm−1 K−1 and 83.4
Wm−1 K−1 for LiCoO2 andNaCoO2, respectively. The cross-plane LBTEκl values of 6.6Wm−1 K−1 and 25.3
Wm−1 K−1 are almost identical to the RTA values.

Figure 6.ModeGrüneisen parameters of LiCoO2 andNaCoO2. The γqj valueswere obtained using a 20×20×20q-mesh, omitting
the acousticmodes at theΓ point.

7

Mater. Res. Express 7 (2020) 075502 NMattila andA JKarttunen



Within RTA, the ratio kl
ab/kl

c at 300K is 6.9 for LiCoO2 and 3.1 forNaCoO2, suggesting a clearlymore

anisotropicκl in LiCoO2. Yang et al observed very similar kl
ab/kl

c ratio of 6.7 for LiCoO2, even though their
absoluteκl values obtainedwithDFT-HSE06 are somewhat larger (56.6Wm−1 K−1 and 8.4Wm−1 K−1 for in-
plane and cross-planeκl, respectively) [14]. The predicted room-temperature in-planeκl of 45.7Wm−1 K−1 for
LiCoO2 is two times larger than the largest experimental value reported for a polycrystalline sample and almost
five times larger than the value reported for a thin-film sample (table 1). It has been suggested that the difference
between the theory and experiments on polycrystalline samples can be explained by imposing a boundary
scattering limit of 2 nm [14]. ForNaCoO2, the in-planeκl values obtained here are larger than the experimental
values reported previously (table 1). Our values are also larger than the previous theoretical results obtained
from classicalMD simulationswhere the interatomic potential was derived usingDFT-PBE functional.
Generally, the experimentalκl values are very sensitive toNa occupancy: the in-planeκl for thin-filmNa0.8CoO2

was reported to be 5.5±0.7Wm−1 K−1, which is significantly smaller than the single-crystal NaCoO2 values
reported before (19–38Wm−1 K−1) [13]. Thus, even very small Na deficiencymay decreaseκl compared to the
ideal single crystals studied here.

3.6. Analysis of the lattice thermal conductivity
Tounderstand the differences in the lattice thermal conductivity of structurally isotopic LiCoO2 andNaCoO2,
we carried out a detailed analysis of the individual components of equation (3) and related phonon properties
(except for constant volume heat capacities, which are rather similar for bothmaterials). To facilitate
comparisonswith previous studies on LiCoO2,[14] the detailed analysis was carried out within the relaxation
time approximation, using a 20×20×20 q-mesh. The studied phonon properties are illustrated infigure 8
and discussed below.

The cumulative lattice thermal conductivityκl of LiCoO2 andNaCoO2 as a function of phonon frequency is
shown in the panel a) offigure 8. The in-planeκl for LiCoO2 reaches itsmaximumvalue already at about
380 cm−1, the higher-frequency opticalmodes contributing very little beyond this point. 380 cm−1 corresponds
also to the peak frequency of acoustic phonons in theΓ-L direction, which equals to in-plane direction in the real
space. In the case ofNaCoO2, in-planeκl increasesmore rapidly in comparison to LiCoO2 up to 200 cm

−1, after

Figure 7. Lattice thermal conductivity of LiCoO2 andNaCoO2 calculatedwithin RTAusing 20×20×20q-mesh.
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whichκl reaches itsmaximumvalue at about 430 cm−1. The acousticmodes ofNaCoO2 in theΓ-L direction
peak at about 300 cm−1, suggesting that the opticalmodes between 300 and 430 cm−1 do also contribute to the
in-planeκl. In the cross-plane direction, the cumulativeκl of LiCoO2 reaches itsmaximumvalue already at
about 180 cm−1, while in the case ofNaCoO2 there is some increase beyond this point. This is in linewith the
phonon dispersion relations, as the acoustic phonons of bothmaterials peak at about 180 cm−1 in theΓ-T
direction corresponding to the cross-plane direction in the real space. To summarize, practically all heat is
carried by acoustic phonons in the case of LiCoO2, while in the case ofNaCoO2 the optical phonons do have a
small contribution to the thermal conductivity both in the in-plane and cross-plane directions. According to the
phonon density of states presented infigure 4,Na atoms have amajor contribution to these opticalmodes.

The cumulative phonon group velocity vqj is presented in the panel b) infigure 8. The in-plane cumulative
vqj of LiCoO2 (5.8 km/s) is slightly higher compared toNaCoO2 (5.4 km/s). The cross-plane cumulative vqj
values are rather similar, being 2.5 km/s and 2.4 km/s for LiCoO2 andNaCoO2, respectively.While the
cumulative phonon group velocities are anisotropic, phonon group velocities alone not enough to explain the
seven-fold anisotropy of in-plane and cross-planeκl in the case of LiCoO2.

The cumulative phonon lifetime τ presented in the panel c) offigure 8 shows significant differences between
LiCoO2 andNaCoO2. The total cumulative phonon lifetime ofNaCoO2 is about two times larger compared to
LiCoO2,mainly due to the phononmodes below 300 cm−1. Thus, the shorter phonon lifetime of the acoustic
modes in LiCoO2 appears to determine the smallerκl values in comparison toNaCoO2.

The phonon lifetime τhas an inverse relationshipwith the imaginary part of phonon self-energyΓqj:

( )t =
G
1

2
. 4j

j
q

q

Γqj in turn is calculated from the squared three-phonon interaction strength and theweighted joint density
of states, w-JDOS (equation (11) in [40]). w-JDOS describes the three-phonon collision and decay processes as a
function of phonon frequency. The collision events refer to three-phonon events, where two interacting
phonons are annihilated, creating a third phonon (equation (23) in [40]). In the case of a decay event, one
phonon is annihilated and two phonons are created (equation (24) in [40]). Both types of events, weighted by

Figure 8.Phonon properties behind the lattice thermal conductivity at 300K (RTA, 20×20×20q-mesh). Properties for LiCoO2

are shown on the left and the properties forNaCoO2 on the right. The following properties are plotted as a function of phonon
frequency: a)Cumulative lattice thermal conductivity (κl); b) cumulative phonon group velocity (vqj); c) cumulative phonon lifetime
(τ); d) imaginary part of phonon self-energy (Γqj); e)weighted joint density of states (w-JDOS), where solid and dotted lines represent
collision and decay events, respectively (see text).Γqj andw-JDOS are shown at representative q=(0.5, 0.0, 0.0) andq=(0.5, 0.5,
0.5) points of the first Brillouin zone, corresponding to in-plane and cross-plane directions (the primitive unit cell is rhombohedral).
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phononmode occupations, are taken into account in the calculation of w-JDOS and eventually in the
calculation ofΓqj.

Γqj andw-JDOS at representative q-points are illustrated in panels d) and e) infigure 8, respectively (data at
otherq-points are available as SupplementalMaterial [25]).Γqj values of LiCoO2 are larger in comparison to
NaCoO2 at all frequencies, explaining the shorter phonon lifetimes for LiCoO2. In contrast toNaCoO2,Γqj

values are anisotropic in the case of LiCoO2. The anisotropy is smaller at low frequencies, but the cross-plane
direction consistently shows largerΓqj below 200 cm−1. Together with the anisotropic phonon group velocities,
the anisotropicΓqj values contribute to the largerκl anisotropy in the case of LiCoO2 [14].

Thew-JDOS values do not reveal anymajor differences between LiCoO2 andNaCoO2, but below 200 cm−1

thew-JDOS values are larger for LiCoO2, contributing in part to the largerΓqj values and shorter phonon
lifetimes for the heat-carrying acousticmodes. The phonon band gap inNaCoO2may affect the number of
possible three-phonon interactions between acoustic and optical phonons, reducing phonon-phonon scattering
and increasing phonon lifetimes.However, the phonon band gap is not large and as thew-JDOSplots do not
show significant differences, the differences inΓqj values ismore likely determined by the three-phonon
interaction strength. This quantity is calculated from the third-order force constants and harmonic phonon
properties and as shown above, themodeGrüneisen parameters, calculated directly from the third-order force
constants, suggest larger phonon anharmonicity in LiCoO2. For comparison, strong phonon anharmonicity has
been recently reported as amajor limiting factor for lattice conductivity in the case of ternary thallium thelluride
TlInTe2 [49].

4. Conclusion

Wehave studied the phonon properties and lattice thermal conductivity ofNaCoO2 intercalationmaterial by
combining hybrid density functionalmethod and linearized BoltzmannTransport equation. The obtained
properties were systematically comparedwith isotopic LiCoO2 to understand the effect of the alkalimetal. Even
though the twomaterials are isotypic,κl ofNaCoO2 is almost two times larger in the in-plane direction and
almost four times larger in the cross-plane direction. Analysis ofmodeGrüneisen parameters and the
components ofκl showed that the differences aremainly due to the larger phonon anharmonicity and shorter
phonon lifetimes in LiCoO2. The anisotropic thermal transport in LiCoO2was found to be due to the
anisotropic phonon group velocities and shorter phonon lifetimes, in agreement with previous studies [14].
Recent experiments on various AxCoO2 thin films illustrate thatκl can be very sensitive to theA atomoccupancy
[13] and explaining the remaining differences between the predicted andmeasuredκl valuesmay require careful
consideration of point defects (vacancies) and higher-order anharmonic termsAnother interesting challenge is
the effect of thermal expansion on the lattice thermal conductivity, as thermal expansion plays a significant role
in the performance of LiCoO2-based batteries [50].

Acknowledgments

Thework has been funded by theAcademy of Finland (grants 292 431 and 317 273).Wewould like to thankCSC
—the Finnish ITCenter for Science for computational resources.

ORCID iDs

Antti J Karttunen https://orcid.org/0000-0003-4187-5447

References

[1] Motohashi T, OnoT, Sugimoto Y,Masubuchi Y, Kikkawa S, KannoR,KarppinenMandYamauchiH 2009 Phys. Rev. 80 165144
[2] Terasaki I, Sasago Y andUchinokura K 1997Phys. Rev.B 56R12685
[3] TakahataK, Iguchi Y, TanakaD, ItohT andTerasaki I 2000Phys. Rev. 61 12551
[4] TakadaK, SakuraiH, Takayama-Muromachi E, Izumi F,Dilanian RA and Sasaki T 2003Nature 422 53
[5] MizushimaK, Jones P,WisemanP andGoodenough J 1981 Solid State Ion 3-4 171
[6] Goodenough J B andKimY2009Chem.Mater 22 587
[7] Hertz J T,HuangQ,McQueenT, Klimczuk T, Bos JWG,Viciu L andCava R J 2008Phys. Rev.B 77 075119
[8] TakahataK andTerasaki I 2002 Jpn. J. Appl. Phys. 41 763
[9] LeeM,Viciu L, Li L,WangY, FooM,Watauchi S, Pascal R, Cava R andOngN2006Nat.Mater. 5 537
[10] TadaM, YoshiyaMandYasudaH2010 J. Electron.Mater. 39 1439
[11] Fujii S, YoshiyaMand Fisher CA J 2018 Sci. Rep. 8 11152
[12] Mizuno S, FujishiroH, IshizawaM,Naito T, KatsuiH andGotoT 2017 Jpn. J. Appl. Phys. 56 021101
[13] ChoH J, TakashimaY,Nezu Y,Onozato T andOhtaH2020Adv.Mater. Interfaces 7 1901816

10

Mater. Res. Express 7 (2020) 075502 NMattila andA JKarttunen

https://orcid.org/0000-0003-4187-5447
https://orcid.org/0000-0003-4187-5447
https://orcid.org/0000-0003-4187-5447
https://orcid.org/0000-0003-4187-5447
https://doi.org/10.1103/PhysRevB.80.165114
https://doi.org/10.1103/PhysRevB.56.R12685
https://doi.org/10.1103/PhysRevB.61.12551
https://doi.org/10.1038/nature01450
https://doi.org/10.1016/0167-2738(81)90077-1
https://doi.org/10.1021/cm901452z
https://doi.org/10.1103/PhysRevB.77.075119
https://doi.org/10.1143/JJAP.41.763
https://doi.org/10.1038/nmat1669
https://doi.org/10.1007/s11664-010-1309-y
https://doi.org/10.1038/s41598-018-29259-z
https://doi.org/10.7567/JJAP.56.021101
https://doi.org/10.1002/admi.201901816


[14] YangH, Yang J-Y, Savory CN, Skelton JM,Morgan B J, ScanlonDOandWalshA 2019 J. Phys. Chem. Lett. 10 5552
[15] Lupi S,OrtolaniM, Baldassarre L, Calvani P, PrabhakaranD andBoothroydAT 2005Phys. Rev.B 72 024550
[16] Fujita K,Mochida T andNakamuraK2001 Jpn. J. Appl. Phys. 40 4644
[17] InabaM, IriyamaY,Ogumi Z, Todzuka Y andTasakaA 1997 J. Raman Spectrosc. 28 613
[18] Gross T andHess C 2014 J. Power Sources 256 220–5
[19] Kawaji H, TakematsuM, Tojo T, Atake T,HiranoA andKannoR2002 J. Therm. Anal. Calorim. 68 833
[20] Wang L,MaxischT andCeder G 2006Phys. Rev.B 73 195107
[21] Dovesi R et al 2018WIREsComput.Mol. Sci. 8 e1360
[22] Perdew J P, BurkeK and ErnzerhofM1996Phys. Rev. Lett. 77 3865
[23] AdamoC andBaroneV 1999 J. Chem. Phys. 110 6158
[24] Weigend F andAhlrichs R 2005Phys. Chem. Chem. Phys. 7 3297
[25] See SupplementalMaterial which includes structural data, further basis set details, and additional information on calculations for

phonon supercell size effect, non-analytical term correction, phonon interaction cutoffs, reciprocal space sampling, imaginary part of
phonon self-energy, andweighted joint phonon density of states.

[26] GlebkoN, Aleksandrova I, Tewari GC, Tripathi T S, KarppinenMandKarttunenA J 2018 J. Phys. Chem.C 122 26835
[27] GlebkoN andKarttunenA J 2019Phys. Rev.B 100 024301
[28] Linnera J andKarttunenA J 2017Phys. Rev.B 96 014304
[29] Linnera J andKarttunenA J 2019Phys. Rev.B 100 144307
[30] MonkhorstH J and Pack JD 1976Phys. Rev.B 13 5188
[31] Akimoto J, Gotoh Y andOosawa Y 1998 J. Solid State Chem. 141 298
[32] Takahashi Y, GotohY andAkimoto J 2003 J. Solid State Chem. 172 22
[33] Pascale F, Zicovich-WilsonCM,Gejo F L, Civalleri B, OrlandoR andDovesi R 2004 J. Comput. Chem. 25 888
[34] Zicovich-WilsonCM, Pascale F, Roetti C, Saunders VR,OrlandoR andDovesi R 2004 J. Comput. Chem. 25 1873
[35] Maschio L, KirtmanB, RératM,OrlandoR andDovesi R 2013 J. Chem. Phys. 139 164102
[36] Maschio L, KirtmanB, RératM,OrlandoR andDovesi R 2013 J. Chem. Phys. 139 164101
[37] TogoA,Oba F andTanaka I 2008Phys. Rev.B 78 134106
[38] TogoA andTanaka I 2015 Scr.Mater. 108 1
[39] GonzeX and LeeC 1997Phys. Rev.B 55 10355
[40] TogoA,Chaput L andTanaka I 2015Phys. Rev.B 91 094306
[41] Chaput L 2013Phys. Rev. Lett. 110 265506
[42] MénétrierM, Saadoune I, Levasseur S andDelmas C 1999 J.Mater. Chem. 9 1135
[43] deVaulxC, JulienM-H, Berthier C,HorvaticM, Bordet P, Simonet V,ChenDP and LinCT 2005Phys. Rev. Lett. 95 186405
[44] TogoA andTanaka I 2018Spglib: a software library for crystal symmetry search arxiv:1808.01590
[45] HinumaY, Pizzi G, Kumagai Y,Oba F andTanaka I 2017Comp.Mater. Sci 128 140
[46] SeeK-path k-path finder and visualizer (https://materialscloud.org/work/tools/seekpath)
[47] Ziman JM1960Electrons and Phonons: The Theory of Transport Phenomena in Solids (Oxford:OxfordUniversity Press)
[48] WallaceD 1990Thermodynamics of Crystals (NewYork:Dover) pp. 204–5
[49] DingG,He J, Cheng Z,WangX and Li S 2018 J.Mater. Chem.C 6 13269
[50] Cheng E J, TaylorN J,Wolfenstine J and Sakamoto J 2017 J. AsianCeram. Soc. 5 113

11

Mater. Res. Express 7 (2020) 075502 NMattila andA JKarttunen

https://doi.org/10.1021/acs.jpclett.9b02073
https://doi.org/10.1103/PhysRevB.72.024550
https://doi.org/10.1143/JJAP.40.4644
https://doi.org/10.1002/(SICI)1097-4555(199708)28:8<613::AID-JRS138>3.0.CO;2-T
https://doi.org/10.1016/j.jpowsour.2014.01.084
https://doi.org/10.1016/j.jpowsour.2014.01.084
https://doi.org/10.1016/j.jpowsour.2014.01.084
https://doi.org/10.1023/A:1016169917912
https://doi.org/10.1103/PhysRevB.73.195107
https://doi.org/10.1002/wcms.1360
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.478522
https://doi.org/10.1039/b508541a
https://doi.org/10.1021/acs.jpcc.8b08099
https://doi.org/10.1103/PhysRevB.100.024301
https://doi.org/10.1103/PhysRevB.96.014304
https://doi.org/10.1103/PhysRevB.100.144307
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1006/jssc.1998.7966
https://doi.org/10.1016/S0022-4596(02)00042-7
https://doi.org/10.1002/jcc.20019
https://doi.org/10.1002/jcc.20120
https://doi.org/10.1063/1.4824443
https://doi.org/10.1063/1.4824443
https://doi.org/10.1103/PhysRevB.78.134106
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1103/PhysRevB.55.10355
https://doi.org/10.1103/PhysRevB.91.094306
https://doi.org/10.1103/PhysRevLett.110.265506
https://doi.org/10.1039/a900016j
https://doi.org/10.1103/PhysRevLett.95.186405
http://arxiv.org/abs/1808.01590
https://doi.org/10.1016/j.commatsci.2016.10.015
https://www.materialscloud.org/work/tools/seekpath
https://doi.org/10.1039/C8TC03492C
https://doi.org/10.1016/j.jascer.2017.03.001

	1. Introduction
	2. Computational details
	3. Results
	3.1. Geometry and electronic properties
	3.2. IR and Raman spectra
	3.3. Phonon dispersions and heat capacity
	3.4. Mode grüneisen parameter
	3.5. Lattice thermal conductivity
	3.6. Analysis of the lattice thermal conductivity

	4. Conclusion
	Acknowledgments
	References



