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The Cu-based chalcopyrite compounds are good thermoelectrics for waste heat harvesting, partially due to
the dramatic reduction of the thermal conductivity above Debye temperature, whereas the mechanism of this
drop is still elusive. By Raman measurements from 7 to 780 K, we have investigated the anharmonicity of
the phonon modes B12 , A1 , and B32 in CuInTe2 . The fourth-order anharmonicity of B12 and B32 modes is greatly
enhanced with increasing temperature and becomes dominant above 400 K. The phonon dynamics is calculated
from 10 to 800 K. The fourth-order anharmonicity is predominant over the third-order ones for the phonon
modes at low (<70 cm−1 ) and high (>130 cm−1 ) frequency domains, confirmed by the enhanced weighted
phase space and scattering rate of the four-phonon processes above 300 K. The phonon avoided-crossing is
found to take place around 40 cm−1 between the lowest-optical mode and acoustic modes. Counting on the
fourth-order phonon anharmonicity, the calculated lattice thermal conductivity agrees well with experiment. The
results unveil that the dramatic thermal conductivity reduction, about 83% from 300 to 800 K, originates from
the enhanced four-phonon process. Our insights on the thermal transport mechanisms might benefit the materials
design of thermoelectrics and thermal control.
DOI: 10.1103/PhysRevB.105.245204
I. INTRODUCTION

Thermoelectric materials can directly convert heat into
electricity, which is crucial for waste heat harvesting and
electricity production. The conversion efficiency is quantified
by a dimensionless figure of merit, zT = S 2 σ κ −1 T , where S
is the Seebeck coefficient, T is temperature, σ is the electrical
conductivity, and κ is the thermal conductivity [1]. High zT
values are desirable for efficient heat conversion, but it is of
grand challenge to achieve with both high electrical conductivity and low thermal conductivity since they are in general
interrelated [1]. The Cu-based chalcopyrite compounds, such
as CuInTe2 and CuGaTe2 , have recently attracted extensive
attention as heat harvesting materials [2–7]. They are characterized by the wide band gaps (Eg ∼ 1 eV), absence of
bipolar transport, and large Seebeck coefficient compared
with the semimetals and narrow band-gap semiconductors.
The space group of their crystal structure is I 4̄2d, with the
high symmetric pseudo-cubic structure in long range and a
distorted structure in short range [5,8]. Such a unique structure enables both moderate electrical conductivity and low
heat conductivity, permitting high zT s. For example, CuInTe2
possesses zT ∼ 1.18 at 850 K [9], zT ∼ 1.4 for CuGaTe2 at
950 K [10], zT ∼ 0.91 for Cu2.1 Zn0.9 SnSe4 at 860 K [11], and
zT ∼ 0.65 for Cu2.1 Cd0.9 SnSe4 at 700 K [12]. The high zT s
of the Cu-based materials are mostly owing to the dramatic
(up to 83%) reduction of the lattice thermal conductivity
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κl . For instance, the κl values of CuInTe2 and CuGaTe2 are
about 6.0 and 7.4 W m−1 K−1 at 300 K, in comparison with
κ ∼ 1.0 W m−1 K−1 at 800 K. The reduction of κl in CuInTe2
is over 83%, which is much higher than most common thermoelectrics [9,13–25]. Understanding the underlying physical
mechanisms benefits material design of thermoelectrics. The
abnormal κl reduction implies novel mechanism of thermal
transport, which however, is still elusive.
There are three proposals for the mechanism of the unique
thermal conductivity of chalcopyrite compounds [26–28]. The
phonon avoided-crossing has been proposed to suppress the
group velocity, resulted in large anharmonicity and low κl
in the Ag-based chalcopyrite compounds [26]. The low-lying
optical modes from theoretical calculation were supposed to
couple with the acoustic phonon modes and generate the
low avoided-crossing frequencies, illustrated by the Boson
peaks of specific heat [26,29,30]. Examination of the phonon
avoided-crossing is generally carried out by neutron scattering [31], but rare experimental efforts have been performed
on the chalcopyrite compounds. It is still uncertain whether
the phonon avoided-crossing is crucial for the Cu-based chalcopyrites. The lattice distortion is also proposed to cause
the unique thermal conductivity. The phonon anharmonicity
of the chalcopyrite compounds is suggested to be positively
correlated to the lattice distortion based on the metavalent
bonding nature of the cations [27]. The higher distortion of
the selenides, like AgInSe2 and CuInSe2 , results in the higher
phonon anharmonicity and lower lattice thermal conductivity
than tellurides, such as AgInTe2 and CuInTe2 . To figure out
the dramatic κl reduction of the Cu-based compounds, a
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temperature treatment on the metavalent bonds should be
further concerned. Recently, the soft optical modes have
been reported by the negative Grüneisen parameters in
CuInTe2 [28]. The enhanced anharmonicity concerned with
the softening of the optical modes has suppressed the κl
from 11.7 to 4.1 W m−1 K−1 upon compression [32]. This
encourages a comprehensive study to reveal the phonon dynamics of CuInTe2 , especially the anharmonicity between the
soft optical and acoustic modes. All the efforts point out,
the importance of the phonon anharmonicity in the thermal
transport properties of the chalcopyrite compounds. However,
the proposals remain to be verified in the Cu-based chalcopyrites. Therefore, exploring the experimental methods to
examine these proposals, especially to evaluate the phonon
anharmonicity quantitatively, is desired to reveal the novel
thermal transport behavior of the Cu-based compounds.
Raman spectroscopy is a well-established and routine
method to study the phonon anharmonicity [33]. The phonon
frequency and linewidth carry the essential information of
the lattice anharmonicity. The reliability of this method has
been proven in many materials, such as silicon [34,35],
Ge1−x Six [36], ZnO [37], thermoelectrics [38,39], and 2Dmaterials [40,41]. Raman spectroscopy provides the same
information of phonon anharmonicity as that from the neutron
technique but with the advantages including high resolution
and small samples [31,33,42,43]. It is a unique technique to
detect the phonon modes with a wide temperature range and
small temperature step, which makes the accurate quantitative
analysis of the phonon evolution feasible [38,40,41].
CuInTe2 has similar thermal transport behaviors as other
Cu-based chalcopyrite compounds with the outstanding zT
value [9]. Therefore CuInTe2 is chosen as a model of the
Cu-based chalcopyrite thermoelectrics. Both Raman scattering measurement and theoretical calculations are performed
to investigate the thermal transport properties. The phonon
dynamics is examined for three typical Raman modes.
The frequency shift and linewidth variation obtained by
Raman scattering measurement are used to evaluate the anharmonicity and validate the phonon scattering processes
from computation. The phonon dispersion, group velocity,
weighted phase space, scattering rate, mode-Grüneisen parameters, phonon lifetime, and thermal conductivity, are
calculated to examine the results from Raman scattering
measurement with both third-order and fourth-order anharmonicity. The mechanism of the drop of the κl above 300 K is
discussed.
II. METHOD
A. Experimental details

The high-quality CuInTe2 was prepared by melting the
high purity elemental materials, namely, Cu, In, and Te
(99.999% in purity). The detailed synthetic procedure can be
referred to the literature [9]. To obtain strong signal of Raman
spectra, the 532 nm laser is chosen. Laser transports through a
circular pinhole and was vertically focused on the flat surface
of specimen by a convex lens. The beam width was reduced
to about 0.1 mm by the pinhole, then compressed to 5–8 μm
by the convex lens. The laser power was kept at a low value of
1 mW to avoid damaging specimen. The power was carefully

detected before collecting the spectra by a laser powermeter
(Thorlabs PM100D). The measurements were divided into
two stages of the low temperatures (7–300 K) and high temperatures (300–780 K). During the stage from 7 to 300 K,
the Raman spectra were carried out in a helium continuous
flowing cryostat. The sample had a regular geometric profile
with a size of 100 μm × 80 μm × 54 μm. The temperatures
were controlled by a temperature controller, using a heater and
a Pt resistance temperature sensor close to the sample. During
the stage from 300 to 780 K, a controlled atmosphere furnace
was chosen to control the temperature. A quartz window with
the high laser transparency was integrated in the furnace to
avoid the signal interference. The sample used in high temperature was about 45 μm × 52 μm × 33 μm and sealed into
the diamond chamber. To avoid the oxidation of the diamond,
the chamber was continuously purged by the protecting gas,
containing 97% argon and 3% hydrogen. The Raman spectra
were collected every 10 K.
B. Ab initio calculations

The ab initio calculations were performed within the
framework of Density Functional Theory (DFT) with
the Perdew-Burke-Emzerhof (PBE) approximation [44] for
exchange-correlation energy functionals. A plane-wave cutoff of 500 eV was used in all the calculations. The DFT
calculations were carried out using the Vienna ab initio
simulation package (VASP) [45] with the projector-augmentedwave (PAW) pseudopotentials [46]. The unit cell of CuInTe2
contains 4 Cu atoms, 4 In atoms, and 8 Te atoms. The total
energy and forces convergence criterion were 10−6 eV and 0.1
meV/Å, respectively, for geometry optimization and 10−8 eV
and 10−6 eV/Å, for phonon calculations. The obtained lattice parameters were a = b = 6.302 Å and c=12.651 Å, in
comparison with the experimental values of a = b = 6.190
Å and c = 12.398 Å [9]. The fully relaxed crystal structure
was then used in the phonon calculations, which were carried
out by the PHONOPY software package [47]. The second-order
force constant and the phonon dispersion were obtained using
a 2 × 2 × 1 supercell with 6 × 6 × 6 k grid.
The thermal conductivity was calculated by using the
SHENGBTE software in the Boltzmann transport equation (BTE) framework [48]. The third-order and fourth-order
anharmonicity were explicitly considered. The third-order
force constant, controlling the three-phonon scattering rates,
was obtained by combining the Thirdorder package and the
density functional perturbation theory (DFPT) calculations in
VASP [48]. The 2 × 2 × 1 supercell with 8 × 8 × 8 k-mesh
was applied. The interaction range was set with a cutoff
of 7.73 Å. The fourth-order force constant, controlling the
four-phonon scattering rates, was calculated by combining the
DFPT calculations of Fourthorder and the Fourphonon option
of the SHENGBTE [49]. The 16-atom unit cell was employed for
the calculation. The interaction range was 5.82 Å. The k mesh
of 5 × 5 × 3 was used in the calculations. Besides the thermal
conductivity, the phonon dynamics, including the weighted
phase space, scattering rates, and mode-Grüneisen parameters, was also obtained by employing SHENGBTE with the q
grid of 8 × 8 × 8 and the scalebroad of 0.1. The definitions of
the weighted phase space and scattering rate can be found in
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FIG. 1. The atomistic structure of CuInTe2 in (a) tilt view;
(b) top view; and (c) side view. (d) Comparison of the temperature dependent κ of I-III-IV2 compounds including CuGaTe2 [10],
CuGaSe2 [52], CuFeS2 [53], CuInTe2 [32,54], AgGaTe2 [55],
AgInTe2 [56], and AgInSe2 [56]. Diagrams of the (e) three- and (f)
four-phonon scattering process.
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FIG. 2. Phonon dispersion and phonon density of states (PDOS)
of CuInTe2 from the theoretical calculations. (a) Phonon dispersion
curves include the acoustic (optical) phonon modes represented by
the red (blue) lines. (b) The total PDOS and the projected PDOS of
Cu, In, and Te atoms are represented by red, blue, olive, and orange
lines, respectively.

800 K. This severe reduction of κl implies the unusual thermal
transport properties of Cu-based compounds.
B. Phonon dispersion curves

Refs. [49,50]. The convergence of the results was checked in
respect to parameters used in the calculations, including the
cutoff of the interaction range, k mesh, and q grid.
III. RESULTS AND DISCUSSION
A. Structure and thermal conductivity

CuInTe2 has a tetragonal structure with the space group of
I 4̄2d (space group number 122) [51]. The view of atomistic
configurations from tilt (1.3,1,−0.02), top (0,0,1), and side
(1,0,0) is presented in Figs. 1(a), 1(b) and 1(c), respectively.
Cu and In atoms sit on the vertices of the distorted tetrahedrons, connecting with the center Te atoms in different bond
lengths and angles [5]. The asymmetric bonding configuration
has been considered to benefit the phonon anharmonicity in
CuInTe2 [27].
The thermal conductivities of CuInTe2 and several typical
chalcopyrite compounds are compared in Fig. 1(d) [10,32,52–
56]. The κl curves follow the common λ shape, suggesting a
universal heat transport mechanism. The heat transport behavior at low temperatures is attributed to the phonon scattering
at grain boundaries, and that at high temperatures is due to
phonon anharmonicity [57]. The maximum value of κl is
a result of the crystallite dimension [58]. With the increment of temperature beyond that corresponding to the peak
value, the reduction of κl is a result of the phonon-phonon
scattering. The multiple phonon processes originate from the
anharmonicity, including three- and four-phonon scattering
processes, as schematically shown in Figs. 1(e) and 1(f),
respectively. Interestingly, the κl reduction of a Cu-based
chalcopyrite is larger than that of an Ag-based compound.
In the CuInTe2 case, the κl is reduced by 83% from 300 to

We have calculated the phonon dispersion curves and the
phonon density of states (PDOS) of CuInTe2 , as shown in
Fig. 2. The frequencies of all the phonon modes are below
180 cm−1 . There are no imaginary frequencies in the phonon
dispersion curves for all phonon modes, evidencing that the
system is dynamically stable. Both the phonon dispersion
curves and PDOS curves show that the phonon energy band
gaps or forbidden energies are absent in the whole frequency
range. The nonexistence of phonon bandgap permits abundant
phonon-phonon scattering processes in CuInTe2 . Three main
PDOS peaks are positioned around 60, 120, and 150 cm−1 . We
can roughly divide the phonon modes into three domains: lowfrequency (<70 cm−1 ), medium-frequency (70–130 cm−1 ),
and high-frequency (>130 cm−1 ) domains. The phonon frequencies at the  point are consistent with the previous
theoretical calculations [27,54,59] and Raman scattering measurement [60,61].
Several low-energy optical modes can be observed around
60 cm−1 . These modes are separated by the acoustic modes
at all the high symmetric k points except the G. This
avoided-crossing behavior between the low-energy optical
and acoustic modes is similar to that in the Ag-based
chalcopyrites [26]. The lowest optical mode locates at the
frequencies around 40 cm−1 , in comparison with the value
about 30 cm−1 in AgInTe2 and AgGaTe2 [26]. A minimum
frequency about 25 cm−1 can be observed at the X point,
which is even lower than that of the AgInTe2 and AgGaTe2 .
For medium frequency phonons, the dispersion curves of
the optical modes are characterized by large slopes, suggesting the large group velocity comparable with that of the
acoustic modes. For high frequency phonons, the phonon
curves are less dispersive, exhibiting lower group velocity
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Aggarwal-Lax
model [33], one phonon

 decays into two
(ω0 → ωn , n = 1, 2) or three (ω0 → ωm , m = 1, 2, 3)
phonons. The frequencies and linewidth can be expressed
as functions of the cubic (three-phonon process) and quartic
(four-phonon process) anharmonic terms:


2

1
ωi (T ) = ωi0 + A 1 +
eh̄ωn /kB T − 1
n=1


3 

1
1
+B 1+
+
,
eh̄ωm /kB T − 1 (eh̄ωm /kB T − 1)2
m=1
(1)


2

1
i (T ) = i0 + C 1 +
h̄ωn /kB T − 1
e
n=1



3

1
1
+
+D 1+
,
eh̄ωm /kB T − 1 (eh̄ωm /kB T − 1)2
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FIG. 3. Raman spectra of CuInTe2 at the temperatures from 7 to
780 K. The lower part shows the Raman spectra at the lower (7 K)
and higher (780 K) boundaries of temperatures. The blue cycles are
the experimental value of the phonon modes. The solid red lines are
the curves obtained by Lorentz fitting.

but higher PDOS. Besides the low-energy phonon modes, the
other optical modes are nontrivial for the thermal transport at
high temperatures. The investigation on the phonon dynamics
should consider all phonon modes.
C. Raman measurement

The phonon anharmonicity of CuInTe2 is reflected by Raman scattering. The spectra are collected from 7 to 780 K,
which covers the temperature range for typical thermoelectric
applications. The results are shown in Fig. 3. The CuInTe2
primitive cell contains 8 atoms, thus 24 phonon modes. The
symmetry assignments at  point are represented as A1 +
2A2 + 3B1 + 3B2 +6E. Except A2 , the rest modes are Raman
active [8,62]. In the lower panel, seven characteristic phonon
modes are observed at 7 K. The central frequencies are about
62.3, 65.3, 70.2, 132.1, 164.2, 176.2, and 189.3 cm−1 . The
values agree with both the calculation and Raman experiment
[60,61]. The symmetry assignment of these modes can be
determined as B11 , B12 , E2 , A1 , E4 , B32 , and E5 respectively.
When temperature increases, the phonon peaks of B11 , E2 ,
E4 , and E5 vanish below 680 K. Only the B12 , A1 , and B32
branches can be observed at 780 K. The spectra are drawn
as a contour plot shown in the upper panel of Fig. 3. All the
phonon branches display the softening of the frequencies and
the widening of the linewidth with increasing temperature.
D. Phonon anharmonicity
1. Klemens-Hart-Aggarwal-Lax model

We have applied a semiquantitative theory to analyze
the phonon anharmonicity. According to the Klemens-Hart-

where h̄ is the reduced Plank constant, kB is the Boltzmann
constant, ωi0 and i0 are the phonon frequency and linewidth
at 0 K, ωn and ωm are the frequencies of the phonon participating the three-phonon and four-phonon processes, and
A, B, C, and D are constants. The frequency shift ωi (TV )
corresponding to the thermal expansion is obtained as follows:


T
(3)
ωi (T )V = ωi0 exp −γ
αdT  − 1 ,
0

where γ is the Grüneisen parameter and α is the thermal
expansion coefficient. For the studied CuInTe2 , the γ values
were 1.2 and 1.8, obtained from the experiments [28] and
theoretical calculations [63] respectively. The α was 9.8 ×
10−6 K−1 , obtained from the thermal expansion measurements [62].
The frequency shift of all the phonon modes caused by
thermal expansion is less than 16 percents of the total shift
in the temperature range from 7 to 780 K. The minor contribution from thermal expansion effect is thus ignored in the
following analysis. The B12 , A1 , and B32 branches are selected
to investigate the phonon anharmonicity of CuInTe2 , because
these phonons are representative modes in the three typical
frequency domains (low, medium, and high frequency). They
are corresponding to the peak values in PDOS and able to
reveal the anharmonicity of CuInTe2 .
2. B12 mode

The B12 mode is a representative low-lying optical phonon
branch in the low-frequency domain. The atomic vibration of
this mode is shown in the inset of Fig. 4. The spectra of the
B12 mode are displayed in Fig. 4(a). The frequency is reduced
from 65.3 (at 7 K) to 59.3 cm−1 (at 780 K), opposed to the
behavior for the linewidth. The B12 mode couples with the
low-energy phonon modes, as the phonon avoided-crossing
suggested [26,64]. The B12 phonon probably decays into two
phonons around 30 cm−1 (three-phonon process) or merge
with two phonons around 60 cm−1 (four-phonon process).
The scattering processes of the B12 are considered in the
softening of the frequency and the broadening of linewidth.
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FIG. 4. (a) Raman spectra of the B12 mode at temperatures from
7 to 780 K. The cycles are the raw data of the phonon modes. The
curves are obtained by Lorentz fitting. (b) Frequency and linewidth
of the B12 mode are plotted as functions of temperature. The solid
lines are the theoretical results. The dashed lines describe the cubic
and quartic terms of the anharmonicity. The vibration directions of
the atoms for the B12 mode are indicated in the inset.

FIG. 5. (a) Raman spectra of the A1 mode at the temperatures
from 7 to 780 K. The cycles are the experimental data of the phonon
modes. The curves are Lorentz fitting. (b) Frequency and linewidth
of the A1 mode are plotted as functions of temperature. The solid
lines are the theoretical results. The dashed lines describes the cubic
and quartic terms of the anharmonicity. The vibration directions of
the atoms for the A1 mode are illustrated in the inset.

The obtained results are plotted as functions of temperature
in Figs. 4(b) and 4(c), in comparison with the experiment.
The fitting curve matches the experimental values very well.
The fitting parameters are summarized in Table I. Both threephonon and four-phonon processes contribute to the phonon
anharmonicity. For a clear view, the cubic and quartic terms
are compared in Fig. 4. At the low temperatures below 300 K,
the frequency and linewidth evolutions roughly follow the
cubic term. Above 300 K, the curves significantly deviate
from the cubic term. This deviation implies the fourth-phonon
scattering of the B12 mode is nontrivial.

are plotted together with the separated cubic and quartic parts.
The frequency down-shifting and linewidth broadening are
mainly caused by the third-order anharmonicity. The fourthorder anharmonicity becomes non-negligible above 500 K.
Compared to the B12 branch, one can see that the third-order
anharmonicity is much higher, and the four-order anharmonicity is opposite. This may be attributed to the distinct atomic
vibrations (seeing in the insert of Fig. 5).

3. A1 mode

The A1 mode represents the phonon branches in the
medium-frequency range from 70 to 130 cm−1 . The
Lorentzian function fitting of the A1 mode is displayed in
Fig. 5(a). The frequency and linewidth of this mode share similar behaviors to those of the B12 mode as shown in Figs. 5(b)
and 5(c). The frequency is reduced from 132.1 to 122.5 cm−1 ,
which is larger than that of the B12 branch. The linewidth is
enhanced from 2.1 to 8.0 cm−1 . Due to the high PDOS of the
phonon modes around 60 cm−1 , the A1 phonon most probably
decays into two or three phonons with equal energies. The fitting results based on the Klemens-Hart-Aggarwal-Lax model

4. B32 mode

The B32 mode, locating at 176.2 cm−1 at 7 K, is a typical
phonon in the high frequency domain (above 130 cm−1 ). The
temperature dependent Raman spectra of the E4 , B32 , and E5
branches are shown in Fig. 6(a). The E4 and E5 branches
quickly vanish below 200 K, suggesting the low vibrational
stability. As shown in Figs. 6(b) and 6(c), the frequency of the
B32 mode is reduced from 176.2 to 166.1 cm−1 . The linewidth
increases from 1.6 to 12.1 cm−1 . B32 mode with a large
frequency locates at the top of the phonon dispersion plot.
The possible scattering processes of this mode display as the
phonon emission. The Klemens-Hart-Aggarwal-Lax model
suggests the decisive three-phonon process below 350 K and
the dominant four-phonon process at high temperatures. The
B32 mode exhibits a similar phonon anharmonicity to the B12

TABLE I. Summary of the scattering parameters of ω0 and 0 for the B12 , A1 , and B32 modes.
Mode
B12
A1
B32

ω0 (cm−1 )

A (cm−1 )

B (×10−3 cm−1 )

0 (cm−1 )

C (×10−1 cm−1 )

D (×10−3 cm−1 )

65.48 ± 0.21
132.22 ± 0.47
177.03 ± 0.97

−0.04 ± 0.01
−0.21 ± 0.04
−0.23 ± 0.13

−6.92 ± 0.29
−1.52 ± 0.08
−4.12 ± 0.11

1.25 ± 0.20
2.00 ± 0.19
1.24 ± 0.12

0.26 ± 0.03
1.82 ± 0.12
1.15 ± 0.13

6.91 ± 0.27
1.12 ± 0.09
8.17 ± 0.23
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FIG. 6. (a) Raman spectra of the B32 mode from 7 to 780 K.
The blue cycles are the experimental data points. The solid red lines
are Lorentz fitting. (b) The variation of Frequency and linewidth of
the B32 mode as functions of temperature. The solid lines are the
theoretical results. The dashed lines describe the cubic and quartic
terms of the anharmonicity. The vibrational directions of the atoms
for the B32 mode are indicated in the inset.

mode, since the B32 phonon is capable to have the reverse
scattering processes of that of the B12 phonon.
The experimental results reveal the phonon anharmonicity
concerned with the scattering processes. The high thirdorder anharmonic parameter of A1 mode demonstrates the
strong third-order anharmonicity of the medium frequency
phonon. On the other hand, the third-order anharmonicity of
the B12 and B32 modes is extremely low when the temperature is below 300 K. The phonon scattering of the mode
in the low-frequency domain is proposed to be frustrated
by the low PDOS around 30 cm−1 or the weak coupling
with the high-energy optical modes. The weak third-order
anharmonicity and the absence of high-order scattering processes might be attributed to the relatively high κl about 6
W m−1 K−1 at 300 K. When temperature is above 300 K,
the four-phonon scattering of the B12 and B32 modes becomes
dominant. The large fourth-anharmonicity of CuInTe2 is beyond the proposals from previous investigations, pointing out
a possible explanation on the dramatic κl reduction of the
Cu-based chalcopyrites. To examine that, we calculate the
κl by solving the Boltzmann transport equation with consideration of both third-order and fourth-order anharmonicity.
The essential phonon dynamics, including the group velocity, mode-Grüneisen parameters, weighted phase space of the
scattering processes, and the phonon lifetime, is also computed.
E. Phonon velocity and mode-Grüneisen parameters

The phonon velocity corresponding to the slope of the
phonon dispersion is collected in Fig. 7(a). The phonon modes
below 130 cm−1 are characterized by large group velocities. The group velocity of the acoustic modes is generally

FIG. 7. The phonon group velocity (a) and mode-Grüneisen parameters (b) of CuInTe2 from the theoretical calculations. The red
dots represent the acoustic modes. The blue dots denote the optical
modes.

above 1 km/s. The value is suppressed around the frequency
of 40 cm−1 , consistent with the avoided-crossing frequency.
Besides, abnormally low group velocity below 1 km/s can
be observed around 25 cm−1 . This is attributed to the lower
avoided-crossing frequency at the X point.
The Grüneisen parameters are employed to weight the
anharmonicity of the phonon modes, as shown in Fig. 7(b).
Three peaks of the mode-Grüneisen parameters locate at the
frequencies with high PDOS. The mode-Grüneisen parameters of acoustic and optical modes in the low-frequency
domain (below 70 cm−1 ) achieve the large absolute values
above 2, suggesting the higher anharmonicity than the other
phonon modes. The average mode-Grüneisen parameter is
1.38. The value is comparable with the experimental value
of 1.2 [28] but lower than 1.96 and 1.8 from previous theoretical calculations [26,63]. Partial low-energy phonon modes
possess the negative mode-Grüneisen parameters. Similar results have been reported in other chalcopyrite compound,
such as AgIn1−x Gax Te2 [30]. These negative mode-Grüneisen
parameters might be attributed to the metavalent bonding
in chalcopyrites [27]. This result designates the instability of phonon vibration. It is usually associated with soft
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FIG. 8. The calculated phonon dynamics of the scattering processes with 3rd (third-order) and 4th (fourth-order) anharmonicity of CuInTe2 .
[(a), (d), (g), and (j)] The weighted phase space of the phonon modes at 10, 300, 600, and 800 K, respectively. [(b), (e), (h), and (k)] The
scattering rates calculated at 10, 300, 600, and 800 K, respectively. ([c), (f), (i), and (l)] The phonon lifetime calculated at 10, 300, 600, and
800 K, respectively. The weighted phase space, scattering rate, and phonon lifetime concerned with the three-phonon processes are denoted
by the green squares. Those of the four-phonon processes are represented by pink rhombuses. The phonon lifetime with three-phonon and
four-phonon processes are marked by navy dots.

anharmonic phonons under pressure. The B11 and B12 branches
of CuInTe2 have been demonstrated to be soft phonon modes
by Raman scattering measurement under pressure [32], which
denotes the large anharmonicity of the low-energy phonon
modes.
F. Phonon dynamics, weighted phase space, scattering rate,
and lifetime

The anharmonicity is directly related to the phonon scattering processes. To find out the origin, we have theoretically
calculated the weighted phase space for the transition probabilities of the phonon scattering processes. The result at
10 K is given in Fig. 8(a). The three-phonon weighted phase
space displays a broad peak around 100 cm−1 , illustrating
the abundant three-phonon processes of the phonon modes
within the medium frequency domain. When fourth-order anharmonicity is taken into account, two broad peaks centered
around 40 and 150 cm−1 can be observed. The former peak
is concerned with the absorption processes of the phonons in
low-frequency domain. The later is related to the emission
processes of the modes in high-frequency domain. This dis-

tinct difference manifests that the phonon modes in low- and
high-frequency domains prefer four-phonon process rather
than three-phonon processes. The scattering rates at 10 K are
shown in Fig. 8(b). The three-phonon scattering rate displays
a peak around 100 cm−1 . The four-phonon scattering rate is
characterized by two small peaks around 50 and 150 cm−1 .
The phonon modes within the medium frequency domain favor three-phonon processes due to the much larger scattering
rates. However, the phonon modes in low- and high-frequency
domains are rarely scattered, demonstrated by the low scattering rates of three-phonon and four-phonon processes.
When temperature increases, the weighted phase space
of three-phonon and four-phonon processes are all enhanced
[as in Figs. 8(e), 8(h) and 8(k)]. The four-phonon weighted
phase space peaks at 800 K are more than 200 times higher
than that at 10 K, in comparison with 20 times increment of the three-phonon ones. The maximum value of the
four-phonon weighted phase space locates at 40 cm−1 , consistent with the avoided-crossing frequency of the low-energy
phonon modes. This implies that the phonon coupling of
the modes in low-frequency domain including acoustic and
low-energy optical modes prefers the four-phonon processes.
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Accompanied by the enhancement of the weighted phase
space, the four-phonon scattering rates of the modes in lowand high-frequency domains are comparable to that of the
three-phonon scattering rates of the modes within the medium
frequency domain at 300 K, and the peaks are 2 and 3 times
higher at 600 and 800 K respectively.
The phonon lifetime is determined by the scattering rate
based on the relaxation time approximation [49]. The results
are shown in Figs. 8(c), 8(f) 8(i), and 8(l). The phonon lifetime
follows the V shape behavior at 10 K, which is governed
by the three-phonon scattering processes. The large values of
phonon modes in the low- and high-frequency domains are
due to the low three-phonon scattering rates and the absence of
high-order anharmonicity. Above 300 K, the phonon lifetime
is suppressed, consistent with the enhancement of the scattering rates. The enhanced four-phonon scattering rates produce
two deeps in the phonon lifetime around 50 and 150 cm−1 , but
barely affect the modes in medium frequency domain.
The phonon dynamics from theoretical calculations totally
supports the phonon anharmonicity from Raman scattering
measurement. The dominant four-phonon weighted phase
space of the phonon modes in low- and high-frequency
domains evidences the large fourth-order anharmonicity of
the B12 and B32 branches. Meanwhile, the low three-phonon
weighted phase space value is consistent with low third-order
anharmonic parameters. The A1 branch corresponding to the
phonons modes in the medium frequency is on the contrary.
The abnormally large fourth-order anharmonicity of the B12
and B32 branches is further endorsed by the extraordinarily
large four-phonon weighted phase space and scattering rate
of the phonon modes in low-frequency and high-frequency
domains at high temperatures. The fourth-order anharmonicity has been generally considered to be non-negligible at
high temperatures. The pronounced four-phonon processes of
CuInTe2 at 300 K are intrinsically unusual for the traditional
semiconductors, which could be accredited to the following
three reasons. First of all, the phonon dispersion without any
energy gap permits abundant phonon scattering processes in
CuInTe2 . The high PDOS around 60 and 150 cm−1 benefits the four-phonon scattering of the modes around these
frequency range. Secondly, the phonon coupling of phonon
modes in low-frequency domain including the acoustic and
low-energy optical modes encourages the four-phonon processes in CuInTe2 . Thirdly, the phonon modes available in
these scattering processes have the relatively low frequencies
less than 180 cm−1 , which are activated even at moderate
temperatures. These factors promote the pronounced fourphonon processes in CuInTe2 . We thus think that the essential
fourth-order anharmonicity is universal for the Cu-based chalcopyrite system, since they exhibit similar κl behavior over the
temperature studied.
G. Lattice thermal conductivity

With the above parameters, we have obtained the κl behavior for CuInTe2 , as displayed in Fig. 9(a), together with
the experimental data [54]. The κl only counting third-order
anharmonicity overshoots the experimental value. It is less
reduced at high temperatures. Similar results have been verified by previous works, suggesting the deficiency without

FIG. 9. Calculated lattice thermal conductivity of CuInTe2 as
functions of temperature (a) and frequency (b). (a) The navy line
represents the thermal conductivity calculated with 3rd (third-order)
anharmonicity. The orange line stands for the thermal conductivity calculated with both 3rd and 4th (fourth-order) anharmonicity.
The red squares denote the experimental results from Ref. [54].
(b) Spectrally decomposed lattice thermal conductivity calculated at
300 (purple line), 600 (cyan line), and 800 K (gray line), respectively.

higher-order anharmonicity in CuInTe2 [59,65]. By counting
additional fourth-order anharmonicity, the κl is reduced by
10.5% over the value of only third-order anharmonicity at
300 K and 54.6% at 800 K. The recalculated κl curve is in
good agreement with the experiments. Both the third-order
and fourth-order anharmonicity contribute to the 83% κl reduction of CuInTe2 . In Fig. 9(b), the κl is plotted as a function
of frequency to show the thermal conductivity contribution
of each phonon mode. The phonons in low- and mediumfrequency domains which are characterized by large group
velocity and PDOS contribute most to the κl . With an increase
in temperature, κl is reduced in the whole frequency ranges,
particularly for the phonons in low-frequency domain.
Based on the dynamics of the phonon anharmonicity, the
thermal transport behavior of CuInTe2 can be revealed. The
distinct temperature dependence behavior of the decomposed
κl is related to the weighted phase space of the three-phonon
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and four-phonon processes. The phonon modes in the lowand high-frequency domains mainly participate in the fourphonon process, and the anharmonicity of the phonon modes
in the medium frequency domain acts as the three-phonon
process. From 70 to 130 cm−1 , the κl is moderately reduced
by the three-phonon scattering. The relatively high κl at low
temperatures is a result of the weak third-order anharmonicity
of the phonon modes below 70 cm−1 . Both third-order and
fourth-order anharmonicity are responsible for the about 83%
κl reduction of CuInTe2 . This pronounced reduction of the κl
is due to the significantly enhanced fourth-order anharmonicity of the phonon modes below 70 cm−1 .
The dynamics of the phonon anharmonicity provides the
crucial message about the thermal transport properties of
CuInTe2 . The results are intrinsically distinct from the previous investigations [26,29,30]. The contribution of the acoustic
phonon on the κl is overestimated by the phonon avoidedcrossing. Based on our results, the phonon modes in medium
frequency domain possess comparable group velocities with
the acoustic modes. The three-phonon process of these modes,
which is independent with the phonon avoided-crossing, is
dominant for the κl behavior at low temperatures. Similar perspective has been examined on CuGaS2 , CuGaTe2 ,
AgGaS2 , and AgGaSe2 by Raman or neutron scattering measurement [66–69]. However, the higher-order anharmonicity
has been ignored due to the finite temperature range limited
below 300 K. The phonon dynamics here in a wide temperature range from 7 to 800 K illustrates the abnormally large
fourth-order anharmonicity in CuInTe2 . The fourth-order anharmonicity of the phonon modes in low-frequency domain
has predominant contribution to the reduction of κl above
300 K.
It is worth noting the recent advances in modulating the
κl of CuInTe2 by applying external pressure [32]. The κl
is significantly suppressed from 11.7 to 4.1 W m−1 K−1 , accompanied by the softening of the B11 and B12 branches.
The lattice distortion has been confirmed to account for
the phonon softening and the enhanced phonon anharmonicity [28], which is analogical to the doped Cu1−x Inx FeS2 [70],
Cu0.8+y Ag0.2 In1−y Te2 [71], and Cu1−x−δ Agx InTe2 [72]. Our
results might provide insights on these cases. The softening of the low-energy optical modes can be attributed
to the negative Grüneisen parameters in low-frequency domain. The soft optical phonons suppress the group velocity
of the acoustic modes. In addition, the peak of the fourphonon weighted phase space shifts to lower frequency.
The fourth-order anharmonicity of the acoustic modes with
lower energy is enhanced. Based on these factors, other
chalcopyrite compounds are also expected to achieve low
κl values via phonon softening through the lattice contraction. One possible way to have lattice contraction is to grow

the chalcopyrite sample on the substrate with smaller lattice
parameter.
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