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Anharmonicity-induced strong temperature-dependent thermal conductivity in CuInX2 (X=Se, Te)
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The lattice thermal conductivity(κL) of most single crystals usually follows T −1 temperature dependent
relation at high temperature region. Here, we investigate the microscopic mechanism of the significant devi-
ation of κL ∼ T −1 rule in Cu-based chalcopyrite compounds CuInX2(X=Se, Te) by performing first-principles
calculations and solving Peierls-Boltzmann transport equation with phonon anharmonic renormalization. The
temperature sensitive second-order force constants lead to the dramatically softened optical phonon bands, which
contributes to the enlarged phonon scattering phase space and consequent enhanced scattering rate. The strong
temperature dependent thermal conductivity in CuInX2(X=Se, Te) can be well reproduced when calculating
thermal conductivity with renormalization force constants. The motion of Cu contributes the most to the large
anharmonicity at high temperature, which makes the anharmonic renormalization non-negligible for estimating
accurate lattice dynamic and thermal conductivity. Our work will deepen the understanding of thermal transport
property of Cu-based chalcopyrite, which is helpful for designing better thermoelectric or photovoltaic devices.

DOI: 10.1103/PhysRevB.106.094317

I. INTRODUCTION

Thermal conductivity is an important property for ther-
moelectrics [1,2], photovoltaics [3,4], and thermal barrier
coatings [5]. The conversion efficiency of thermoelectrics can
be described with a dimensionless figure of merit zT , where
zT = σ 2Sκ−1T [6]. The S indicates the Seebeck coefficient,
σ is electrical conductivity, κ is thermal conductivity, and T is
temperature. The material with the lower thermal conductiv-
ity contributes to the larger zT and accompanying the better
thermoelectric performance. Besides, the lifetime and perfor-
mance of photovoltaics are closely related to the temperature
gradient in devices, which emphasizes the significance of
thermal transport properties [7,8].

The Cu-based diamondlike chalcopyrite compounds are
not only good thermoelectric material candidates, such as
CuInTe2 and CuGaTe2 [9–11], but also great photovoltaics
candidates, such as CuInSe2, etc [12–14]. To optimize the per-
formance of Cu-based diamondlike chalcopyrite compounds,
the modulation of thermal conductivity κ is an effective
way based on classic Peierls-Boltzmann transport equation
(PBTE), especially in lifting thermoelectric performance by
nanostructure engineering, alloying, etc [15–17]. The three-
phonon scattering theory is an efficient way to solve the
PBTE at nanoscale, which predicts the κL ∼ T −1 relation at
high temperature due to the population of scattering phonons
[18–20]. Though various ways have been proposed to tune
the thermal transport property of Cu-based diamondlike chal-
copyrite compounds by controlling the phonon scattering
process [21–23], there is still a long-time puzzling phe-
nomenon: the significant deviation of κL ∼ T −1 relation,
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especially in CuInSe2 and CuInTe2 [24–26], which indicates
the failure of three-phonon scattering theory.

The materials with the deviation of the κL ∼ T −1 rule has
attracted intensive attention recently and different theories are
proposed to explain this unusual thermal transport proper-
ties. The weak temperature dependent thermal conductivity
in single crystals with low or ultralow thermal conductivity
are observed and explained. For example, the quartic anhar-
monicity of rattlers result in the glasslike thermal conductivity
in complex crystal Ba8Ga16Ge30 [27]. The coherent phonon
interaction contributes to the weak temperature dependence
of thermal conductivity in CsPbBr3 and BaSnS2 [28,29].
To calculate more accurate thermal conductivity of TlInTe2

and Tl3VSe4 at finite temperature, the self-consistent phonon
theory and high order phonon interaction should be taken
into consideration [30,31]. The temperature dependent force
constants explain well for the glasslike thermal conductivity
of Mg3Sb2 and Cs2AgBiBr6 [32,33]. Also, the two channel
model is an effective way to correct the prediction of thermal
conductivity [34]. Besides the weak temperature dependence,
there is also strong temperature dependent thermal conductiv-
ity in single crystals, such as CuInSe2 and CuInTe2 [24–26].
The strong four phonon interaction usually accounts for the
strong temperature dependent thermal conductivity, which has
been well confirmed in BAs, BN, etc. [35–37]. Understand-
ing these different mechanisms can introduce more factors to
control phonon scattering and finally effectively regulate the
thermal conductivity [38]. However, there are few systematic
studies on strong temperature dependence of thermal con-
ductivity in Cu-based diamondlike chalcopyrite compounds,
except for CuInTe2 which has been considered as the material
with strong four phonon interaction [39].

Here, we propose that the strong temperature dependent
thermal conductivity of CuInX2(X=Se, Te) can be well de-
scribed with the anharmonic renormalization by conducting
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the first-principles calculations based on the density func-
tional theory (DFT) without invoking four phonon interaction.
We show that the large anharmonicity at high temperature
leads to the optical phonon bands softening dramatically in
CuInX2(X=Se, Te). The scattering rate considering the an-
harmonic renormalization in CuInX2 are obviously enhanced
compared with those calculations only with force constants
at 300 K, which is closely related to the temperature sensi-
tive second-order force constants (FC2) inducing the enlarged
phonon scattering phase space. It is found that the temperature
sensitive motion of Cu contributes to large anharmonicity
at high temperature, making the anharmonic renormalization
non-negligible for predicting accurate temperature dependent
lattice dynamic and thermal conductivity of CuInX2(X=Se,
Te). This work can deepen our understanding of the thermal
transport properties of these Cu-based compounds to design
better thermometric or photovoltaic devices.

II. METHOD

The initial conventional structures with 4 Cu atoms, 4 In
atoms and 8 X(X=Se, Te) atoms were relaxed with the Vienna
ab initio simulation package (VASP) [43]. The local density
approximation (LDA) can describe the lattice constant much
better than the generalized gradient approximation (GGA)
and thus we employed the LDA for all calculation in this
paper, as shown in Note 1 and Table 1 in the Supplemental
Material [44,45]. The kinetic energy cutoff was set as 600 eV
and the electronic energy tolerance was set to 10−6 eV. The
force on each atom was set to be smaller than 0.001 eV/Å.
The converged 8 × 8 × 2 Monkhorst-Pack K-point [46] was
used to sample the Brillouin zone. We added the temperature
dependent thermal expansion from experiment results [47,48]
to the full relaxed CuInX2(X=Se, Te) structures based on DFT
calculation, which were then used as the initial structure for
quasiharmonic approximation calculation and molecular dy-
namic calculations at each temperature. Then we add thermal
expansion, the thermal expansion related parameters, and the
lattice constants. The results after adding thermal expansion
are shown in Note 2, Table 2, and Table 3 in the Supple-
mental Material, respectively [44]. The phonon dispersion
with quasiharmonic approximation were calculated with the
finite displacement method with Phonopy [49]. The 2 × 2 × 1
supercells and the 4 × 4 × 2 Monkhorst-Pack [46] K-point
were used for both CuInSe2 and CuInTe2.

To consider the phonon anharmonic renormalization, we
introduced the temperature dependent effective potential
(TDEP) method here [50–52], which can well describe the an-
harmonic characteristic in material systems, especially at high
temperature. The ab initio molecular dynamics (AIMD) calcu-
lation was performed in nondiagonal [[3,0,2],[0,3,1],[1,1,4]]
supercell (216 atoms) within a canonical ensemble using a
Nosé-Hoover thermostat, which provided force and displace-
ment for extracting force constants (FCs) in TDEP. These
supercells are basesd on primitive cell of CuInX2(X=Se, Te).
The nondiagonal dimension is adopted in order to configure
the cubiclike supercell, which can effectively reduce the com-
putational cost of acquiring converged phonon dispersions
[53], A plane-wave cutoff of 450 eV was used in all the
AIMD calculations. The K-point was set as � only. Around

a total number of 3ps with 2 fs/step for each temperature in
CuInX2(X=Se, Te) were calculated. The cutoff radii of second
order force constants are set as 10 Å for both CuInSe2 and
CuInTe2. The cutoff radii of third order force constants are set
as 6.6 Å for CuInSe2 and 7.3 Å for CuInTe2, respectively. We
transformed the TDEP format FC to the ShengBTE format FC
with the help of Hiphive and our own code [54,55]. And then
we calculated thermal conductivity with ShengBTE because
ShengBTE can be more convenient to analyze phonon scatter-
ing rate, etc. [18]. The converged q-space grid 13 × 13 × 13
was applied to calculate the thermal conductivity. More re-
lated convergence tests can be found in Note 3 and Figs. S1–
S4 in the Supplemental Material [44].

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(d) show the temperature dependent
phonon dispersion of CuInSe2 and CuInTe2, respectively.
Our calculations at 300 K of the two materials are in good
agreement with available Raman experiment result [40–42].
The details of comparison between the calculation and Ra-
man experiments at 300 K can be found in Table 4 in the
Supplemental Material [44]. In CuInSe2 and CuInTe2, the
optical phonon bands obviously soften when temperature in-
creases from 300 K to high temperature, especially for high
energy bands. The softened optical modes with increasing
temperature in CuInTe2 has been confirmed by recent Raman
experiment [39]. The obvious softened optical phonon bands
at high temperature indicate the significant change of FC2
after considering the anharmonic renormalization. Compared
with dramatically softened optical phonon bands, the change
of acoustic phonon bands is much smaller, which may bring
little change of group velocity to affect the thermal conduc-
tivity. Figures 1(b), 1(c), 1(e), and 1(f) are phonon density of
states(DOS) for CuInSe2 and CuInTe2, respectively. As shown
in Figs. 1(b) and 1(c), the phonon peaks decrease to the lower
energy with temperature increasing, corresponding to the soft-
ened optical phonon bands for CuInSe2 at high temperature.
Besides, there is a pseudo band gap around 10 meV (indicated
by two dashed black lines), which decreases from 3.5 meV at
300 K to 1.9 meV at 750 K. Below the pseudogap, the broad
gray peak narrows down obviously as black arrows point to,
which indicates the phonon bandwidth becomes much smaller
when temperature increases from 300 to 750 K. The peaks of
the projected density of states (DOS) of Cu, In and X(X=Se,
Te) in low energy region become much sharper when tem-
perature increases from 300 to 750 K, as shown in circled
with dashed lines, especially for Cu. There are also similar
changes in phonon DOS of CuInTe2, as shown in Figs. 1(e)
and 1(f). These changes in low energy region with temperature
increasing will effectively introduce more phonon scattering
channels to decrease thermal conductivity, which will be dis-
cussed later.

To confirm the importance of considering anharmonicity
in calculation, we also calculated the phonon dispersion of
CuInSe2 and CuInTe2 with quasiharmonic approximation,
as shown in Figs. 2(a) and 2(d). The results from quasi-
harmonic approximation shows that the low energy optical
phonon nearly unchanges when temperature increases, which
is contrary to the previous Raman experiments on CuInTe2
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FIG. 1. (a) and (d) are phonon dispersion of CuInSe2 and CuInTe2, respectively. The dark green points are Raman experiment results at
300 K [40–42]. The gray shade regions in (b), (c) and (e), (f) represent total phonon density of states (DOS) for CuInSe2 and CuInTe2 at 300 K
and high temperature (750 K for CuInSe2 and 850 K for CuInTe2), respectively. The DOS projected on Cu, In, and X(X=Se, Te) atoms are
shown with blue, red, and orange solid lines, respectively. The black dashed lines indicate the pseudoband gap around 10 meV.

[39]. As shown in Figs. 2(b) and 2(e), the phonon disper-
sion with anharmonic renormalization at 300 K seems to be
softer than those with quasiharmonic approximation. Com-
pared with Raman experiment at 300 K, the phonon dispersion
of CuInSe2 and CuInTe2 with anharmonic renormalization
show better agreement than those with quasiharmonic approx-
imation [40–42]. When temperature increases, the differences
of phonon dispersion calculated by two methods become
much more distinct, as shown in Figs. 2(c) and 2(f). In all,
the anharmonicity plays a critical role to describe much better

temperature dependent lattice dynamic of CuInX2(X=Se, Te),
which will help to calculate the accurate temperature depen-
dent thermal conductivity.

Then, we calculated the temperature dependent thermal
conductivity of CuInX2(X=Se, Te) along the [100] direc-
tion, as shown in Figs. 3(a) and 3(b). The calculation of
CuInSe2 with only FC at 300K, which brings the κ ∼ T −1

relation, shows obvious deviation from experiment results
(κ ∼ T −1.6) [57]. However, when considering the temper-
ature dependent FC, the calculation result shows κ ∼ T −1.8

FIG. 2. (a)–(c) and (d)–(f) are calculated phonon dispersion of CuInSe2 and CuInTe2 with quasiharmonic (QH) approximation and
anharmonic (AH) renormalization, respectively. In (a) and (d), the red lines indicate calculation at 300 K and the blue lines indicate calculation
at high temperature (750 K for CuInSe2 and 850 K for CuInTe2). In (b), (c) and (e), (f), the red lines indicate calculation considering
anharmonicity and the blue lines indicate the calculation with QH. The brown points in (b) and (e) are Raman experiment results at 300 K
[40–42].
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FIG. 3. (a) and (b) are temperature dependent thermal conduc-
tivity along [100] direction of CuInSe2 and CuInTe2, respectively.
The red lines are calculated with the force constant at 300 K and the
blue lines are calculated with the temperature dependent force con-
stants. The points are measured thermal conductivity [56,57]. (c) and
(d) are energy dependent thermal conductivity along [100] direction
of CuInSe2 and CuInTe2 at high temperature (750 K for CuInSe2 and
850 K for CuInTe2), respectively. The purple, royal blue, orange, and
red lines represent the thermal conductivity calculated with both FC2
and FC3 at 300 K, FC2 at 300 K and FC3 at high temperature, FC2
at high temperature and FC3 at 300 K, both FC2 and FC3 at high
temperature, respectively.

relation, which agrees much better with experiment results.
The CuInTe2 has a similar situation. After considering the
temperature dependent FC, the calculation result changes
from κ ∼ T −1 to κ ∼ T −2, which matches better with
experiment result κ ∼ T −1.7 [56].

Figures 3(c) and 3(d) help us to understand how temper-
ature dependent FC contributes to this strong temperature
dependent thermal conductivity in CuInX2(X=Se, Te). As
shown in Fig. 3(c), the energy dependent thermal conductivity
of CuInSe2 at 750 K shows the phonons below ∼13 meV
contribute to the most thermal transport. We firstly use the
second-order force constant at 300 K (300 K-FC2) and the
third-order force constant at 300 K (300 K-FC3) to calcu-
late the thermal conductivity at 750 K for CuInSe2, which
generates κL=1.81 W/mK. When changing from 300 K-FC2
to 750 K-FC2 but remaining 300 K-FC3, the thermal con-
ductivity decreases significantly from 1.81 to 0.57 W/mK,
suggesting the critical role of the temperature dependent FC2
on the thermal conductivity at high temperature. Then, we
use 750 K-FC2 and 750 K-FC3 to calculate the thermal con-
ductivity to obtain the thermal conductivity of 0.92 W/mK.
Figure 3(d) indicates that the CuInTe2 also shows similar
changes of thermal conductivity when using different force
constants as done with CuInSe2. It’s worth noting that when
changing from 300 K-FC2 to 850 K-FC2 and keeping 300 K-
FC3, the thermal conductivity of CuInTe2 decreases from 2.45

W/mK to 0.56 W/mK, about a fivefold decrease. After using
the both FC2 and FC3 at 850K, the discrepancy of thermal
conductivity of CuInTe2 between the calculation and exper-
iment decreases from 170% to 18% [56]. We also calculate
thermal conductivity with 300 K-FC2 and 750 K-FC3(850 K-
FC3) for CuInSe2(CuInTe2), where the thermal conductivity
of CuInSe2(CuInTe2) only changes 17.97%(11.81%) com-
pared with those using 300 K-FC2 and 300 K-FC3. It is
obvious that leaving 300 K-FC2 and changing from 300 K-
FC3 to high temperature FC3 has much smaller influence on
thermal conductivity than those changing from 300 K-FC2
to high temperature FC2 and leaving 300 K-FC3. The huge
differences on thermal conductivity when only changing from
300 K-FC2 to that at high temperature(750 K for CuInSe2 and
850 K for CuInTe2) indicates that the thermal conductivity
is significantly sensitive to the accurate FC2. It also reflects
that the critical role of phonon anharmonicity in describing
lattice dynamic and thermal conductivity of these two material
systems as mentioned before.

Next, we will discuss why the anharmonic renormalization
FC2 is crucial to calculate much better thermal conductivity
at high temperature in details. As is well known, the thermal
conductivity can be described as κL = (1/3)Cv2τ , where the
C, v, and τ indicate the heat capacity, group velocity and
phonon lifetime, respectively. The heat capacity C of the same
material almost keeps constant at high temperature, so we then
focus on the group velocity and phonon lifetime. Figures 4(a)
and 4(d) show the extracted temperature dependent group
velocity for CuInSe2 and CuInTe2,respectively. The group ve-
locity of transversal acoustic (TA) phonon bands along � − M
seem to show little change with temperature in two materi-
als. The group velocity of longitudinal acoustic (LA) phonon
bands show slight drop for the two materials, ∼11.53% for
CuInSe2 and ∼8.97% for CuInTe2. Figure S5 shows that the
group velocity along � − Y has similar changes to those along
� − M. These little changes of group velocity are consistent
with the small changes of acoustic phonon bands as shown in
Figs. 1(a) and 1(d). The slight drop of group velocity of LAs
in CuInX2 (X=Se, Te) will reduce the thermal conductivity,
but it is still difficult to describe the reduction in thermal
conductivity by more than a factor of two after considering the
temperature dependent force constants, as shown in Figs. 3(c)
and 3(d).

After excluding the effect of group velocity, the decrease
of thermal conductivity after utilizing temperature dependent
force constants must be related to the phonon lifetime τ .
As shown in Figs. 4(b) and 4(e), the phonon scattering rate
τ−1 under ∼13 meV of CuInSe2 and CuInTe2 are obviously
enhanced after using temperature dependent force constants.
The scattering rate can be described as [58]

τ−1
qs = 36

h̄2

∑
q1,q2,s1s2

∣∣�q,q1,q2,s,s1,s2

∣∣2

×{(n1 + n2 + 1)[δ(ω1 + ω2 − ωqs)

− δ(ω1 + ω2 + ωqs)]

+ (n2 − n1)[δ(ω1 − ω1 − ωqs)

− δ(ω1 − ω2 + ωqs)]}, (1)
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FIG. 4. (a) and (d) are group velocity of CuInSe2 and CuInTe2 at different temperature along �-M, respectively. The TA and LA represent
transversal acoustic bands and longitudinal acoustic bands, respectively. (b) and (e) are the energy dependent scattering rate of CuInSe2 and
CuInTe2 at high temperature, respectively. (c) and (f) are energy dependent weighted phonon scattering phase space at high temperature
(750 K for CuInSe2 and 850 K for CuInTe2). The blue stars and red points indicate calculation with force constants at 300 K and those at high
temperature, respectively.

where the ni(i=1,2) = (eh̄ωqs/kBT − 1)−1 indicates the Bose oc-
cupation of phonons ωqs under specific temperature T. The δ

function is related to the phase space, which is mainly based
on calculation with FC2 to guarantee the energy and mo-
mentum conservation [59]. The �q,q1,q2,s,s1,s2 is FC3, which
is related to the Grüneisen parameter [60]. So we extracted
the scattering phase space and Grüneisen parameter for fur-
ther studying the origin of the enhanced scattering rate in
CuInX2(X=Se, Te).

As shown in Figs. 4(c) and 4(f), the scattering phase
space under ∼13 meV obviously lifts after considering an-
harmonic renormalization force constants in CuInSe2 and
CuInTe2. This energy region corresponds to where the scat-
tering rate distinctly enhances as shown in Figs. 4(b) and
4(e), which mainly depends on the anharmonic renormaliza-
tion FC2. However, the FC3 with anharmonic renormalization
brings few changes in the temperature-dependent Grüneisen
parameter in CuInX2(X=Se, Te) as shown in Figs. S6. This is
consistent with that the FC2 is much more sensitive to tem-
perature and plays much a more important role in predicting
accurate thermal conductivity than FC3 as mentioned before.
The temperature sensitive FC2 leads to the softened optical
phonon bands and then results in the smaller low energy
phonon bandwidth, as well as a narrower pseudo phonon band
gap as shown in Figs. 1(b), 1(c), 1(e), and 1(f). The energy re-
gion of enlarged scattering phase space corresponds to that of

changes in low energy phonon bandwidth and pseudo phonon
band gap, whose energy regions are all below ∼ 13 meV.
Therefore, it is clear that the anharmonic renormalization FC2
mainly brings large scattering phase space and then leads to an
enhanced scattering rate to decrease the thermal conductivity
in CuInX2(X=Se, Te).

It is necessary to perform the anharmonic renormaliza-
tion due to the strong anharmonicity at high temperature in
CuInX2(X=Se, Te). Then, we explore the origin of strong
anharmonicity in CuInX2(X=Se, Te). As shown in Figs. 5(a)
and 5(d), the projected FC2 to bond direction �B of the Cu-
X(X=Se or Te) decreases much quicker than others when the
temperature increases, in which the �B can be described as
[61]

�B(i, j) =

∣∣∣∣∣∣∣

⎛
⎜⎝

�xx
i, j �

xy
i, j �xz

i, j

�
yx
i, j �

yy
i, j �

yz
i, j

�zx
i, j �

zy
i, j �zz

i, j

⎞
⎟⎠

( �r j − �ri

|�r j − �ri|
)∣∣∣∣∣∣∣

, (2)

where the (i, j) indicates the different atom pairs, the �ri and �r j

indicate atom position in the pair. The larger decrease of �B

of Cu-X(X=Se, Te) indicates the weaker interaction between
Cu and X atoms at high temperature, compared with In-Se
or In-Te bonds. Figures 5(b) and 5(e) show that the Cu has
the largest temperature dependent mean square displacement
U among all the elments. Besides, the phonon anharmonic
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FIG. 5. (a) and (d) are temperature dependent change of the FC2 projected to the bond direction �B at 300 K for CuInSe2 and CuInTe2,
respectively. The blue and red lines indicate the FC2 projected to Cu-X and In-X(X=Se,Te) bond direction, respectively. (b) and (e) are
temperature dependent mean square displacement U for CuInSe2 and CuInTe2, respectively. The dashed lines are calculated with the FC2
at 300 K and the solid lines are calculated with the temperature dependent FC2. The blue, red, and orange lines indicate the U of In, Cu
and X(X=Se, Te), respectively. (c) and (f) are temperature dependent degree of anharmonicity of atoms σ A, where σ A indicates the standard
deviation of the distribution of anharmonic force components. The blue, red, and orange solid lines indicate the σ A of Cu, In and X(X=Se,
Te), respectively. The dashed lines are average σ A.

renormalization bring the largest change in U of Cu, which
arrives to ∼47.29% for CuInSe2 and ∼34.92% for CuInTe2.
To quantitatively estimate the anharmonicity of atoms in two
materials, we use the standard deviation of the distribution of
anharmonic force components as described [62]

σ A(T ) = σ [F A]T

σ [F ]T
=

√√√√∑
I,α

〈(
F A

I,α

)2
〉
T∑

I,α 〈(FI,α )2〉T

, (3)

F A
I,α (R) = FI,α (R) − F (2)

I,α (R), (4)

F (2)
I,α (R) = −

∑
J,β

�
α,β
I,J �RJ

β, (5)

where the FI,α are real force components (can be extracted
directly from AIMD) in material system, F (2)

I,α are force
components from harmonic model and F A

I,α are anharmonic
contributions to the forces. The 〈·〉 indicates average value.
The R denotes the atomic positions. The larger σ A(T ) indi-
cates the more anharmonicity in the material system and the
lower thermal conductivity [62]. Figures 5(c) and 5(f) shows
the Cu has the largest σ A in the whole temperature region.
Besides, the values of σ A of Cu in CuInX2(X=Se, Te) are well

above the average value, which indicates the Cu contributes
mostly to the anharmonicity. The largest contribution of Cu
to anharmonicity is consistent with the projected DOS of Cu
showing the obvious change with temperature as shown in
Figs. 1(b), 1(c) 1(e), and 1(f). So the motion of Cu is very sen-
sitive to the temperature and it leads to strong anharmonicity
to make the phonon renormalization non-negligible for calcu-
lating the accurate lattice dynamic and thermal conductivity
in CuInX2(X=Se, Te).

IV. CONCLUSION

Our results show that the strong phonon anharmonicity
plays a critical role in explaining the significant deviation
of κL ∼ T −1 relation in CuInX2(X=Se, Te). It is demon-
strated that the quasiharmonic approximation completely fails
at high temperature in these two material systems. The optical
phonon bands become obviously softened after considering
the phonon anharmonicity, which leads to the small low en-
ergy phonon bandwidth and pseudo band gap. Compared
with only using force constants at 300 K, the calculated ther-
mal conductivity at high temperature decreases significantly
(49% in CuInSe2 at 750 K and 70% in CuInTe2 at 850 K)
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after using temperature dependent force constants. This dra-
matic decrease of thermal conductivity at high temperature is
closely related to the temperature sensitive FC2 which induces
enlarged phonon scattering phase space and brings enhanced
scattering rate after considering the phonon anharmonicity.
The temperature sensitive motion of Cu contributes mostly to
the strong anharmonicity. Our results provide an understand-
ing for the strong temperature dependent thermal conductivity
and indicate the phonon engineering could be an effective way
to modulate the thermal conductivity of Cu-based diamond-
like chalcopyrite compounds.
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