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Experimental measurements have recently shown that Cu3SbSe3 exhibits anomalously low and

nearly temperature independent lattice thermal conductivity, whereas Cu3SbSe4 does not exhibit

this anomalous behavior. To understand this strong distinction between these two seemingly similar

compounds, we perform density functional theory (DFT) calculations of the vibrational properties of

these two semiconductors within the quasi-harmonic approximation. We observe strikingly different

behavior in the two compounds: almost all the acoustic mode Grüneisen parameters are negative

in Cu3SbSe4, whereas almost all are positive in Cu3SbSe3 throughout their respective Brillouin

zones. The average of the square of the Grüneisen parameter for the acoustic mode in Cu3SbSe3

is larger than that of Cu3SbSe4, which theoretically confirms that Cu3SbSe3 has a stronger lattice

anharmonicity than Cu3SbSe4. The soft frequency and high Grüneisen parameters in Cu3SbSe3

arise from the electrostatic repulsion between the lone s2 pair at Sb sites and the bonding charge

in Sb-Se bonds. Using our first-principles determined longitudinal and transverse acoustic mode

Grüneisen parameters, zone-boundary frequencies, and phonon group velocities, we calculate the

lattice thermal conductivity using the Debye-Callaway model. The theoretical thermal conductivity

is good agreement with the experimental measurements.

PACS numbers: 61.50.Ah, 63.20.Ry,63.20.D-
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I. INTRODUCTION

Thermoelectric materials play many promising roles in problems of energy efficiency, such as converting waste heat

into power1. The conversion efficency is characterized by the thermoelectric figure of merit (Z): ZT = Sσ2T/κ, where

S is the Seebeck coefficient, σ is the electrical conductivity and κ is the thermal conductivity. Enhancing the figure of

merit can be achieved by increasing S or σ, or decreasing κ. Many methodologies have been developed to improve ZT ,

for example enhancing Seebeck coefficients by introducing quantum confinement effects2 and electron energy filtering3,

obtaining a high thermoelectric power factor4–6 by producing unusual electron density of states effects, achieving a low

lattice thermal conductivity in phonon-glass electron crystal compounds7,8 and creating nanostructured materials9,10.

Although nanostructured materials reduce thermal conductivity by enhancing phonon scattering, they also can

scatter electrons, which decreases the electrical conductivity as well. A solution is to seek materials with ordered crystal

structures having low thermal conductivity due to strong lattice anharmonicity, such as the ternary semiconductors

AgSbTe2
11 (κ ∼ 0.7 Wm−1K−1 at 300 K) and Cu3SbSe3

12 (κ ∼ 0.63−1.0 Wm−1K−1 at 300 K). Additionally, in

Refs. 11 and 12, the authors investigated the thermal conductivity of two similar compounds: AgInTe2 (which has

similar stoichiometry to AgSbTe2) and Cu3SbSe4 (which contains the same elements as Cu3SbSe3), and showed that

AgInTe2 and Cu3SbSe4 only exhibit classical thermal conductivity (the thermal conductivity decreases with increasing

temperature).

Valence considerations based on atomic electronegativities suggest that Ag/Cu, In and Te/Se like to lose one, lose

three and gain two valence electrons to form Ag+/Cu+, In3+, and Te2−/Se2− ionic states, respectively. Sb, as a

group-V element, can lose electrons either from the outermost p state or from p and s states, and form Sb3+ and

Sb5+ valence states. In order to balance the charges in the compounds, the formal charge state of Sb should be Sb3+,

Sb5+, and Sb3+ in AgSbTe2, Cu3SbSe4, and Cu3SbSe3, respectively. Therefore, all valence electrons participate in

the bonding in AgInTe2 and Cu3SbSe4, while in the AgSbTe2 and Cu3SbSe3 compounds there are two non-bonded

electrons originating from the valence shell of Sb, and these non-bonding electrons play a vital role in the low lattice

thermal conductivity11,12, which was suggested by Zhuze in 195816.

In this paper, we focus on two Cu-Sb-Se compounds, Cu3SbSe4 and Cu3SbSe3 (Fig. 1), and theoretically study

their harmonic and anharmonic vibrational properties (phonon density of states, phonon dispersion, and Grüneisen

parameters) by density-functional theory (DFT) phonon calculations within the quasi-harmonic approximation. Us-

ing the Cu3SbSe4 and Cu3SbSe3 phonon dispersions, we evaluate their longitudinal acoustic (LA) and transverse

acoustic (TA/TA’) Grüneisen parameters (γTA/TA′/LA), Debye temperatures (ΘTA/TA′/LA), and their corresponding
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FIG. 1. (Color online) Cu3SbSe4
17 (the left panel): tetragonal (I42m), aexp=bexp=5.66 Å, cexp=11.28 Å. Cu3SbSe3

18 (the

right panel): orthorhombic (Pnma), aexp=7.99 Å, bexp=10.61 Å, cexp=6.84 Å. The arrows on Sb atoms in Cu3SbSe3 represent

atomic displacements responsible for the anomalously high Grüneisen parameters of the transverse acoustic phonon branch.

phonon velocities (vTA/TA′/LA). Cu3SbSe3 has larger Grüneisen parameters, smaller Debye temperatures, and lower

phonon velocities than Cu3SbSe4. Using these parameters, we calculate the lattice thermal conductivities of the two

compounds from the Debye-Callaway model28,31. The theoretical lattice thermal conductivity is in good agreement

with the experimental measurements.

II. METHODOLOGY

A. Density-functional theory and phonon calculations

We perform DFT calculations using the Vienna Ab Initio Simulation Package (VASP) code with the projector

augmented wave (PAW) scheme,19 and the generalized gradient approximation of Perdew, Burke and Ernzerhof20

(GGA-PBE) for the electronic exchange-correlation functional. The energy cutoff for the plane wave expansion is 800

eV. We treat 3d104s1, 5s25p3, and 2s22p4 as valence electrons in Cu, Sb and Se atoms, respectively. The Brillouin

zones are sampled by Monkhorst-Pack21 k-point meshes for all compounds with meshes chosen to give a roughly



4

constant density of k-points (30 Å3) for all compounds. Atomic positions and unit cell vectors are relaxed until all the

forces and components of the stress tensor are below 0.01 eV/Å and 0.2 kbar, respectively. Vibrational properties are

calculated using the supercell (64 and 54 atoms in Cu3SbSe4 and Cu3SbSe3 supercells, respectively) force constant

method23 by ATAT22. In the quasi-harmonic DFT phonon calculations, the system volume is isotropically expanded

by +6% from the DFT relaxed volume.

B. Lattice thermal conductivity

Following the approach used in Refs. 28 and 29, the total thermal conductivity (κ) is written as a sum over one

longitudinal (κLA) and two transverse (κTA and κTA′) acoustic phonon branches,

κ = κLA + κTA + κTA′ . (1)

These partial thermal conductivities are functions of phonon scattering rates, 1/τc, where τc is the relaxation time.

In a solid, the total phonon scattering rate24,25 (1/τc) involves the contributions from normal phonon scattering (1/τN ),

Umklapp phonon-phonon scattering (1/τU ), mass-difference impurity scattering (1/τm), boundary scattering (1/τb),

and phonon-electron scattering (1/τph−e). In polycrystalline materials with low impurity concentration, such as the

Cu3SbSe4 and Cu3SbSe3 samples studied in this work, the latter three phonon scattering contributions can be ignored

at temperatures above approximately 100 K, since the normal and Umklapp phonon-phonon processes dominate the

phonon scattering (1/τc = 1/τN + 1/τU ). Using the Debye-Callaway model28,31, the partial conductivities κi (i

corresponds to LA, TA or TA’ modes) are given by,

κi =
1

3
CiT

3{
∫ Θi/T

0

τ ic(x)x4ex

(ex − 1)2
dx+

[
∫ Θi/T

0
τ i
c(x)x4ex

τ i
N (ex−1)2

dx]2∫ Θi/T

0
τ i
c(x)x4ex

τ i
Nτ

i
U (ex−1)2

dx
} , (2)

where Θi is the longitudinal (transverse) Debye temperature,

x =
~ω
kBT

, (3)

and

Ci =
k4
B

2π2~3vi
. (4)

Here ~ is the Planck constant, kB is the Boltzmann constant, ω is the phonon frequency, and vi is the longitudinal or

transverse acoustic phonon velocity.
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For the normal phonon scattering28,30, we can write,

1

τLA
N (x)

=
k3
Bγ

2
LAV

M~2v5
LA

(
kB
~

)2x2T 5 , (5)

1

τ
TA/TA′

N (x)
=
k4
Bγ

2
TA/TA′V

M~3v5
TA/TA′

kB
~
xT 5 ,

and for the Umklapp phonon-phonon scattering28,30, we can write,

1

τ iU (x)
=

~γ2

Mv2
iΘi

(
kB
~

)2x2T 3e−Θi/3T , (6)

where γ, V and M are the Grüneisen parameter, the volume per atom and the average mass of an atom in the

crystal, respectively. From Eq. 6, we can see that the anharmonicity scattering is proportional to γ2. Although there

are several different forms13,26,28 for the Umklapp scattering rate that differ in detail, all of them show a quadratic

dependence on Grüneisen parameter. The Grüneisen parameter can be defined as27,

γi = − V
ωi

∂ωi
∂V

, (7)

and it characterizes the relationship between phonon frequency and volume change.

III. CRYSTAL STRUCTURES OF Cu3SbSe4 AND Cu3SbSe3

The Cu3SbSe4 and Cu3SbSe3 crystal structures (Fig. 1) used to carry out DFT calculations are zincblende-

based tetragonal (I42m)17 and orthorhombic (Pnma)18, which are confirmed in a recent experiment6. After DFT

geometric relaxation, the Cu3SbSe4 and Cu3SbSe3 lattice constants are a=b=5.74 Å, c=11.40 Å and a=8.10 Å,

b=10.68 Å, c=6.93 Å, respectively, which are slightly higher than the experimental data (Cu3SbSe4: aexp=bexp=5.66

Å, cexp=11.28 Å; Cu3SbSe3: aexp=7.99 Å, bexp=10.61 Å, cexp=6.84 Å). These DFT errors are ∼ 1−2% overestimates,

typical of the PBE functional. From their crystal structures (Fig. 1), in Cu3SbSe4 there are two inequivalent Cu

atoms (Cu1 and Cu2 in the left panel of Fig. 1), and each Cu and Sb atom has four Se nearest neighbors (Cu-Se

bond length: 2.43 Å and Sb-Se bond length: 2.66 Å). Cu3SbSe3 has a more complicated geometrical structure: there

are two inequivalent Cu atoms (Cu1 and Cu2 in the right panel of Fig. 1) and two inequivalent Se atoms (Se1 and

Se2 in the right panel of Fig. 1); Cu1 is neighbored by three Se (Cu-Se bond length: 2.41 Å), and one Cu (Cu-Cu

bond length: 2.60 Å); Cu2 is additionally coordinated with another Cu atom; Sb has three Se neighbors (Sb-Se bond

length: 2.64 Å); and Se1/Se2 is neighbored by three Cu and one Sb. This complexity in Cu3SbSe3 would suggest a

lower thermal conductivity than that of Cu3SbSe4 as discussed in Refs. 13–15.
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FIG. 2. (Color online) Phonon density of states (pDOS) at different volumes of Cu3SbSe4 (the top panel) and Cu3SbSe3 (the

bottom panel). The black solid and red dashed lines are the pDOS at equilibrium volume (V0) and increased volume (1.06V0).

IV. ANHARMONIC VIBRATIONAL EFFECTS OF Cu3SbSe4 AND Cu3SbSe3

A. Phonon density of states

As mentioned above, Cu3SbSe3 has been found to exhibit strong anharmonicity and low lattice thermal conductivity,

presumably arising from a strong phonon anharmonicity12. We have carried out phonon density of states (pDOS in

Fig. 2) calculations at both the equilibrium (V0) and increased +6% volumes (1.06V0) using the supercells specified

in Sec. II A. For Cu3SbSe3 (the bottom panel in Fig. 2), the phonon density of states shows the typical behavior of

decreasing phonon frequency with increasing volume, caused by weaker interatomic bonding upon volume expansion.

However, the shift in pDOS with increasing volume for Cu3SbSe4 (the top panel in Fig. 2) is distinct from that

in Cu3SbSe3. The pDOS width of Cu3SbSe4 shrinks with increasing volume. At low frequencies (acoustic modes

with ω <70 cm−1 in Cu3SbSe4 and ω <30 cm−1 in Cu3SbSe4 in Fig. 3), upon increasing the volume we find that

the acoustic frequencies in Cu3SbSe4 (Cu3SbSe3) are higher (lower) than at their equilibrium volumes, respectively.

Applying the Grüneisen parameter equation (Eq 7) for the acoustic modes, the average Grüneisen parameter of

Cu3SbSe3 is positive, indicative of the typical frequency variation with volume: increasing volume softens phonon

frequencies. However, for Cu3SbSe4 in the acoustic frequency region, the Grüneisen parameters are negative, which

is a common behavior in many tetrahedral semiconductors32, such as Si, Ge, and GaAs. For the high−frequency

optical modes (ω >70 cm−1 in Cu3SbSe4 and ω >30 cm−1 in Cu3SbSe4), Cu3SbSe3 and Cu3SbSe4 show the same

behavior with volume change: the optical frequencies decrease with increasing volume, and the optical Grüneisen
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FIG. 3. (Color online) Phonon dispersions (the top panels) and corresponding acoustic Grüneisen parameters (the bottom

panels) of Cu3SbSe4 (the left panels) and Cu3SbSe3 (the right panels). The big circle lines and small dotted lines in the

dispersions represent the phonon dispersions at the DFT equilibrium volume and the expansion cell (+6%), respectively. The

red, green and blue lines highlight TA, TA’ and LA modes, respectively. The inset figures are the first Brillouin Zones of the

two compounds with high symmetry points (red points) we considered in our phonon dispersion calculations.

parameters are positive for both Cu3SbSe3 and Cu3SbSe4. These results suggest that at low temperatures, where

only the acoustic phonon modes are thermally excited and therefore modes with negative Grüneisen parameters

dominate, thermal expansion of Cu3SbSe4 should be negative, whereas for Cu3SbSe3, where all Grüneisen parameters

are positive, thermal expansion should remain positive at all temperatures.

B. Phonon dispersions

In order to get a better understanding of the anharmonic behavior of the two Cu-Sb-Se compounds, we plot the

calculated phonon dispersion curves (the top panels in Fig. 3) at different volumes (V0 and 1.06V0) along the high

symmetry directions in their respective Brillouin Zones (BZ) (insets in Fig. 3). Since the acoustic modes play an
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TABLE I. Average longitudinal (LA) and transverse (TA/TA’) Grüneisen parameters (γ̄TA/TA′/LA), Debye temperatures

(ΘTA/TA′/LA) and phonon velocities (vTA/TA′/LA) in Cu3SbSe4 and Cu3SbSe3 calculated from the phonon dispersion (Fig.

3). The Debye temperate is calculated using Θ = ωD/kB (ωD is the largest acoustic frequency in each direction); the phonon

velocity is the slope of the acoustic phonon dispersion around Γ point. The Grüneisen parameters, Debye temperatures and

phonon velocities are averaged by the weight of the high symmetry points.

System γ̄TA γ̄TA′ γ̄LA ΘTA ΘTA′ ΘLA vTA vTA′ vLA

(K) (K) (K) (m/s) (m/s) (m/s)

Cu3SbSe4 1.27 1.14 1.26 60 65 78 1485 1699 3643

Cu3SbSe3 3.03 2.92 1.26 33 34 36 1072 1344 3014

important role in the thermal conduction, we highlight these modes with different colors in the plot. For both

compounds the acoustic branches overlap with the optical modes, which leads to strong mixing and highly nonlinear

dispersion curves away from center of the Brillouin zone. In Cu3SbSe4, avoided crossings between the longitudinal

optical (LO) and longitudinal acoustic (LA) modes lead to abrupt changes in the slope of the LA phonon dispersion

approximately midway to the zone boundary. Similar, but seemingly more pronounced avoided crossings can be seen

in the phonon dispersion of the Cu3SbSe3 compound, where the LA phonon branch retains its acoustic character only

within a small region of wave vectors with |q| <0.2 Å−1. Avoided crossings also show up in the calculated Grüneisen

parameters as sharp changes in the calculated γi(q), which is defined below, see the bottom panel of Fig. 3.

In contrast, the transverse acoustic branches in both compounds exhibit rather normal behavior, their frequencies

smoothly rising towards the zone boundaries and saturating at approximately 40−50 cm−1 in Cu3SbSe4 and at

10−30 cm−1 in Cu3SbSe3. To compare these frequency values, we note that the dimensions of the of the unit cells of

these compounds are different: the tetragonal c lattice parameter of Cu3SbSe4 is 7% larger than the orthorhombic b

parameter of Cu3SbSe3, and the a lattice parameter of Cu3SbSe4 is approximately 40% and 20% smaller than the a

and c parameters of Cu3SbSe3. Thus, the extent of the Brillouin zones along the Γ-Z direction in Cu3SbSe4 is similar

to that along the Γ-T direction in Cu3SbSe3, and it is meaningful to compare the corresponding zone boundary

frequencies. Figure 3 shows that the zone-boundary Z point TA frequency in Cu3SbSe4 is almost two times higher

than the TA frequencies at the T point in Cu3SbSe3. Similarly, the LA frequencies in Cu3SbSe4 rise to a range

of 50−60 cm−1, while in Cu3SbSe3 the LA branch never exceeds 30 cm−1. Hence, we conclude that the Cu3SbSe4

compound has significantly stiffer interatomic bonds and higher acoustic mode frequencies. It can be argued that
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partly the softer LA phonon frequencies of Cu3SbSe3 can be attributed to avoided crossings with the low-lying LO

branches, but this is just another manifestation of the softer interatomic bonding in this compound.

C. Grüneisen parameters

We previously discussed (Eq. 6) that the Umklapp scattering 1
τu

is proportional to γ2. Thus, the Grüneisen

parameters provide an estimate of the strength of the anharmonicity in a compound. Applying Eq. 7, we have

calculated the dispersion of the Grüneisen parameters for all acoustic modes (the bottom panels of Fig. 3)34. From

Fig. 3, we find that in Cu3SbSe4, the Grüneisen parameters are mostly negative throughout its Brillouin zone (BZ),

and only in a small region around the Γ point are the Grüneisen parameters positive. But Cu3SbSe3 shows a different

behavior, as most of the Grüneisen parameters are positive throughout the BZ.

One of the most interesting features of the phonon dispersions in Fig. 3 is the unusually high values of the Grüneisen

parameter for the TA modes in Cu3SbSe3, particularly along the Γ-T and Γ-R directions. We see that γTA(q) rises

from 3 at q = 0 to ∼7 at the zone boundary T point, indicating that the TA branch in Cu3SbSe3 is very anharmonic

and interacts strongly with other acoustic phonons. Analysis of the mode eigenvectors shows that this mode involves

in-phase vibrations along [100] for two out of the four Sb ions in each unit cell; the right panel in Fig. 1 schematically

shows the corresponding displacement pattern. We note that the Sb lone s2 pair charge also lies along this direction,

away from the electronic charge in the three Sb-Se bonds. Intuitively, one can understand the soft frequency and high

Grüneisen parameter as arising from the same physical effect: electrostatic repulsion between the lone pair and the

bonding charge in Sb-Se bonds. Indeed, upon volume expansion, the Se-Sb-Se bond angle is decreased and the lone

pair charge experiences stronger repulsion from the Se anions. This repulsion contributes a term to the total restoring

force that acts to increase the bond angle and therefore the effective restoring force for this mode drops significantly.

We conclude that first-principles DFT calculations bear out the intuitive physical picture proposed in Ref. 35, where

low thermal conductivity and soft phonon frequencies were correlated with the magnitude of Se-Sb-Se bond angles.

We further calculate the average Grüneisen parameter (γ̄) of each acoustic dispersion (Table I) by the method

described in Ref. 28: γ̄ =
√
< γ2

i >. In Cu3SbSe4, γ̄TA, γ̄TA′ and γ̄LA are nearly identical, and average of the three

acoustic Grüneisen parameters is γ̄A =1.22. This value is close to the Grüneisen parameter of PbTe (γ ≈1.45)13,

which has a relatively high value of lattice thermal conductivity (2.4 W m−1K−1 at 300 K)11. This can be contrasted

with Cu3SbSe3, where the average of all three acoustic Grüneisen parameters (γ̄A=2.41) is close to that of AgSbTe2

(γ ≈2.05, a low thermal conductivity material, 0.7 Wm−1K−1 at 300 K)11. This similarity between the Grüneisen
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parameters in Cu3SbSe3 and AgSbTe2 is likely due to Sb having the same nominal valence state (Sb3+) in both

compounds, and suggests the two additional non-bonding electrons in the valence shell of Sb3+ play similar roles in

the two compounds11,12. Although the longitudinal γ̄LA in Cu3SbSe3 is similar to γ̄LA in Cu3SbSe4, the transverse

γ̄TA/TA′ are much larger in Cu3SbSe3 than the corresponding acoustic modes in Cu3SbSe4. This indicates that

Cu3SbSe3 has stronger anharmonicity and larger lattice resistance than Cu3SbSe4, which induces stronger Umklapp

phonon scattering and lower thermal conductivity in Cu3SbSe3. Moreover, the transverse modes of Cu3SbSe3 have

much larger Grüneisen parameters than the longitudinal mode, and these transverse modes play an important role

in lattice thermal resistance. Lattice thermal conductivity tends to be dominated by the lower velocity transverse

modes33.

D. Thermal conductivity

Using the phonon dispersions (Fig. 3), we can further evaluate the longitudinal (LA) and transverse (TA/TA’)

Debye temperatures (ΘTA/TA′/LA) and their corresponding phonon velocities (vTA/TA′/LA) in Cu3SbSe4 and Cu3SbSe3

(Table I). In Ref. 12, the authors used a Debye temperature of 131 K for Cu3SbSe4 in the Slack model13, which

is larger than our theoretical calculation (Table I). Moreover, for Cu3SbSe3, the authors12 estimated the minimum

thermal conductivity by κ = CvvL/3 using v = 3000 m/s, and stated that the phonon velocity is a reasonable value

for a solid. However, from our theoretical calculations, we find that only the longitudinal phonon velocity is close to

3000 m/s; the transverse phonon velocities are much smaller than 3000 m/s.

Inserting our DFT calculated quantities (Table I) in Eq. 1 and Eq. 2, we can calculate the lattice thermal

conductivities of the two compounds with no adjustable parameters (Fig. 4). From Fig. 4, we can see a good agreement

between our theoretical calculations and experimental measurements. The diamond-like Cu3SbSe4 (the black solid

line in Fig. 4) exhibits classical behavior (the thermal conductivity is decreasing with increasing temperature roughly

as T−1), while the lattice thermal conductivity in Cu3SbSe3 (the red solid line in Fig. 4) is anomalously low and

nearly temperature independent. The deviation between the experimental data and the calculated curves might be

because that the Debye-Callaway model does not take into account optical modes, which happen to be quite low in

the two Cu-Sb-Se compounds and that some of them have appreciable group velocities. But the deviation for both

cases is at most only about 20%, which is quite satisfactory given the approximations inherent in the Debye-Callaway

formalism. We conclude that the near-intrinsically minimal lattice thermal conductivity of Cu3SbSe3 arises due to

the combination of a very low Debye temperature, and a large average Grüneisen parameter in this compound (Table
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FIG. 4. (Color online) Lattice thermal conductivity of Cu3SbSe4 and Cu3SbSe3. The black and red filled circles are experimental

measurements (from Ref. 12) of Cu3SbSe4 and Cu3SbSe3, respectively. The black and red solid lines represent the theoretical

thermal conductivity of Cu3SbSe4 and Cu3SbSe3 using their corresponding Grüneisen parameters (γ), Debye temperatures (Θ)

and phonon velocities (v) in Table I.

I).

V. SUMMARY

Two Cu-Sb-Se semiconductors, Cu3SbSe4 and Cu3SbSe3, have been studied by DFT calculations. We perform

DFT phonon calculations with the quasi-harmonic approximation, and compute the Grüneisen parameters of the two

compounds. The Grüneisen parameters for the acoustic modes are mostly negative in Cu3SbSe4, and mostly positive

in Cu3SbSe3 throughout their respective BZ. Based on average Grüneisen parameters, we suggest that Cu3SbSe3

has stronger anharmonicity and larger lattice resistance than Cu3SbSe4. The transverse acoustic modes, which are

particularly important for lattice heat conduction, also have a larger contribution to the anharmonicity than the

longitudinal mode. The soft frequency and high Grüneisen parameters in Cu3SbSe3 arise from the electrostatic
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repulsion between the lone s2 pair at Sb sites and the bonding charge in Sb-Se bonds. Using our theoretically

determined longitudinal (LA) and transverse (TA/TA’) Grüneisen parameters, Debye temperatures (ΘTA/TA′/LA)

and their corresponding phonon velocities (vTA/TA′/LA), we calculate the lattice thermal conductivity by the Debye-

Callaway model. We find a good agreement between the theoretical calculations and the experimental measurements.
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