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Diamond like ternary chalcopyrites MBX, (M = Cu, Ag; B = Ga, In, Tl; X =S, Se, Te) have attracted
tremendous research interest in thermoelectric society due to the competitive performance and a great variety of
transport properties. Interestingly, the lattice thermal conductivity of AgBX is systematically two to five times
lower that of CuBX,, in spite of their similar crystal and band structures. Based on the careful theoretical analysis,
we show that the ultralow thermal conductivity of AgBX, originates in the mismatched atomic bonds between
Ag-X and B-X pairs. Owing to the very expanded 4d orbital of Ag, the bonding strength of Ag-X is much
weaker than that of B-X. As a result, the vibrations of Ag-X and B-X are well separated within the low-frequency
modes. The phonon density of states of AgBX, exhibits four divided peaks, compared with the three peaks in
CuBX;. The calculated joint phonon density of states reveals that such characteristic in AgBX, would increase
the scattering rate of low-frequency phonons significantly. This study provides essential understandings on the
ultralow thermal conductivity of Ag-based ternary chalcopyrites and indicates a general strategy to suppress the

thermal conductivity in ternary compounds.
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I. INTRODUCTION

Thermoelectric (TE) materials directly convert heat into
electricity, and thus provide an option for green energy [1].
The energy conversion efficiency of a TE material can be
measured by a dimensionless figure of merit, ZT = S?0 T /k,
where S, o, T, and « represent Seebeck coefficient, electrical
conductivity, temperature, and thermal conductivity, respec-
tively. Usually, the thermal conductivity x can be further
divided into the electronic (k) and lattice («;) parts. An ideal
TE material with high ZT requires low «, high S, and high
o [2]. A central focus of the TE community has been the
improvement of overall ZT of potential thermoelectric ma-
terials, e.g., Bi;Tes, PbTe, Mg;Sb,, etc. [3-7]. Since «, is
strongly coupled with o, thermoelectric materials with in-
trinsic low lattice thermal conductivity are highly desired. In
recent years, diamondlike ternary chalcopyrites of M BX,-type
(M = Cu, Ag; B= Al Ga, In; X =S, Se, Te) have drawn
lots of research interest for their competitive TE performance
and varied transport behaviors [8§—13]. In such compounds,
each M or B cation forms a tetrahedron with the four nearest-
neighbor anions. With proper optimization, M BX, compounds
can achieve high ZT values. For example, by Ag and In
alloying, the p-type CugsAg,,Ing2GagpsTe, synthesized by
Xie et al. reached a maximum ZT of 1.5 at 850 K [11].
Another example was the n-type AglnSe, reported by Zhu
et al. [14]. A high ZT of 1.2 at 800 K was obtained after
delicate Na addition and vacancy control [14]. Despite the
general similarity in crystal structures, members of MBX,
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chalcopyrites exhibit distinct physical properties. In a previ-
ous work by Cao et al., the lattice structures and transport
properties of MBTe, (M = Ag, Cu, B = Ga, In) were mea-
sured [15]. Both AgGaTe, and AgInTe, exhibit an extremely
low room temperature « around 1.4 Wm~! K~!. On the con-
trary, CuGaTe, and CulnTe, have much higher « values of
6.7 and 5.9 Wm~! K~!, respectively. This stark contrast in
k between Ag- and Cu-based compounds is almost universal
among the MBX, chalcopyrites family. Besides the low «,
Ag(Ga, In)Te, also exhibits low intrinsic hole concentration
in the order of 10'> cm~3 at room temperature, whereas that
of Cu(Ga, In)Te, reached 10'® cm 3.

To explain the remarkable difference between Ag- and Cu-
based chalcopyrites, especially the extremely low x of AgBX>,
extensive research efforts have been made. Zhu et al. executed
a comprehensive inelastic neutron scattering measurement on
AglnSe,, verifying the presence of strong anharmonicity and
the “avoid-crossing” feature in phonon spectrum [16]. The
authors further conclude that the above phenomenon is closely
associated with the weakly bound Ag atom. Though valuable
insights are provided, the exact relation between Ag vibra-
tion and low x needs to be clarified. More recently, via a
combined experimental and theoretical approach, Xie et al.
made a comparative study on AgGaTe, and CuGaTe, [17].
In their opinion, the Ag off-centering distortion in the AgTe,
tetrahedron breaks the local symmetry, which was believed
to be responsible for the much lower «; in AgGaTe, than in
CuGaTe,. The weak sd* hybridization in the tetrahedral Ag
atoms, owing to the large energy difference between Ag-4d
and Ag-5s orbitals, was claimed to be the driving force of
Ag displacement. Though the authors succeeded in relating
the low «; to the features of electronic structures, it is worth
noting that Ag has a filled 4d shell and the concept of sd>
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hybridization raised here is doubtful. Moreover, the claimed
explanation seems not to be universal for all AgBX>, as the
members exhibit a similar lattice thermal conductivity in spite
of their very different structural distortions [15,18].

In this work, the puzzling low thermal conductivity AgBX,
is clarified based on the careful analyses of electronic band
structures. We identified that the different bonding strength
between M-X and B-X, or mismatched bond, is critical to the
thermal transport. In Ag-based compounds, the Ag-X bond
is much weaker than the B-X bond, mainly due to the very
expanded Ag-4d orbital. As a result, low-frequency phonon
modes are dominated by the Ag-X vibration, leading to the
significant increase of the three-phonon scattering processes
and then the ultralow «;. On the contrary, due to the similar
bonding strength between Cu-X and B-X, the k; of Cu-based
chalcopyrites are much higher. The above understanding ex-
plains the effectiveness of minor Ag alloying in suppressing
the k; of Cu-based ternary chalcopyrites and provides insight
into the design of thermoelectric materials with low «;.

II. THEORETICAL METHODS

First-principles energy calculations were performed within
the framework of density functional theory (DFT) as im-
plemented by the VASP codes. The projector-augmented
wave function of PBE (Perdew-Burke-Ernzerhof) form and
GGA (generalized gradient approximation) type exchange-
correlation potential were utilized for the DFT calculation
[19]. Electronic density of states was calculated based on
relaxed conventional unit cells with experimental lattice con-
stants, using a cut-off energy of 400 eV and a gamma-centered
9 x 9 x 5 k-point grid. On the other hand, primitive cells were
used for the electronic band structure calculation. Since the
GGA type exchange-correlation potential tends to severely
underestimate the energy gap, we deployed the modified
Becke-Johnson method in band structure calculation [20].
Thermal conductivity was calculated using 2 x 2 x 1 super-
cells of the conventional unit cell with a Monkhorst-Pack
k-point grid of 4 x 4 x 4, which consists of 64 atoms. Since
phonon-phonon scattering dominates thermal transport in
semiconductors, only lattice thermal conductivity was consid-
ered. For phonon properties, the finite displacement method
(FDM) as implemented in PHONOPY code was used to calcu-
late the second-order (harmonic) interatomic force constants
(IFCs) by energy deriviatives [21,22]. The harmonic IFCs
were then transformed into dynamical matrices in reciprocal
space, and the phonon dispersion curves can be obtained
by diagonalizing the dynamical matrices. To describe an-
harmonicity in phonon transport, the atomic interaction was
considered up to the third order. The third-order IFCs were de-
duced from the same FDM, and the room temperature thermal
conductivity of CulnTe; is 9.29, 8.12, and 8.03 Wm™! K!
for considering up to the first-, second-, and third-nearest-
neighbor IFCs, respectively. Therefore, third-order IFCs up
to the second-nearest neighbor should be sufficient to capture
the essential atomic interactions. Using harmonic and anhar-
monic IFCs as input, the thermal conductivity was derived
within the framework of the SHENGBTE package by solv-
ing the linearized semiclassical phonon Boltzmann transport
equation (phonon BTE) with relaxation-time approximation
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FIG. 1. Crystal structure, thermal conductivity, and electronic
band structure of ABX, chalcopyrite. (a) Conventional unit cell
of the MInTe, (M = Cu, Ag) compound. (b) Experimental room
temperature thermal conductivity of ABX, compounds [15,27-30].
(c) Electronic band structure of (c) CulnTe, and (d) AgInTe,.

[23]. In the framework of phonon BTE, phonons are treated
as semiclassical particles with group velocity being extracted
from phonon dispersion. The mode-specific relaxation time
due to the three-phonon scattering process can be obtained
from the third-order IFCs. It should be noted that both
normal and umklapp processes contribute to the relaxation
time, and such relaxation-time approximation may slightly
underestimate thermal conductivity [24,25]. A dense g-point
grid of 10 x 10 x 10 was applied to calculate lattice ther-
mal conductivity, and convergence tests on CulnTe, show
that the calculated room temperature thermal conductivity
was 0.36 Wm~! K~! lower for the 8 x 8 x 8 grid and only
0.07 Wm~! K~! higher for the 12 x 12 x 12 grid. The joint
phonon density of states was calculated by a home-grown
program in conjunction with SHENGBTE, using phonon calcu-
lation results from PHONOPY as input.

III. RESULTS AND DISCUSSION

A. Crystal and electronic band structures

Chalcopyrite M BX, assumes a CuFeS,-type structure with
1d42m point group, whereas each cation atom forms a tetra-
hedron with the four neighboring anion atoms. Figure 1(a)
presents the conventional unit cell of MBX, compounds,
which consists of an equal number of tetrahedrons centered
around the M and B cation atoms. An illustration of the tetra-
hedron can also be found in the Supplemental Material [26].
Figure 1(b) relates the experimental thermal conductivity x of
various M BX, compounds to their respective average atomic
masses Myye [15,27-30]. According to the empirical theory,
lattice thermal conductivity is proportional to m,y. [31]. The k&
of CuBX; however, are systematically two to five times higher
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TABLE 1. The experimental lattice parameter of various MBX, (a) CuInTe, (b) AglnTe,
compounds [32-35]. 80 80
— total — total

Compounds a(A) c(A) n=c/2a N -

=
CulnTe, 6.17 12.34 1.000 iz 40r a0t
CuGaTe, 5.99 11.91 0.994 g
CuAlTe, 6.04 11.94 0.988 20r M w01
C . . .

ulnSe, 5.77 11.55 1.001 LN M [ = Jv\/\‘

CulnS, 5.52 11.13 1.008 © L 1 4 2 0 2
AglnTe, 6.41 12.56 0.981 50 50
AglnSe, 6.09 11.67 0.958 a0 Cu-s wl Ag-d
AgGaTe, 6.30 11.97 0.950 i — Cud — Agd
AgGaSe, 597 10.88 0911 75 30 — Tep 30r — Tep
AgGaS, 5.74 10.26 0.894 2 — Ins ol — Ins
than that of AgBX>, regardless of mass difference. Thus, the

heavier mass of Ag cannot account for the low «.

Table I lists experimental lattice parameters a and c, and
c/2a ratio n of various MBX, chalcopyrites [32-35]. The
calculated lattice parameters are also given in Supplemental
Material Table S1, which fit well with experimental results.
The n of most CuBX; is very close to the unity, whereas
AgBX; has smaller 1 and larger lattice parameter. In principle,
the n value deviates from unity if the lattice is distorted, and
thus the AgBX, compounds have the more distorted struc-
tures. In a recent work, Xie et al. claimed the local symmetry
breaking, which manifests in lattice distortion, is responsible
for the low « of AgBX; [17]. In their work, the absolute value
of (1 —n) was used to denote the structural distortion. Ac-
cording to Table I, the 1 value of 0.950 for AgGaTe, is indeed
much smaller than that of 0.994 for CuGaTe,. The much lower
k of AgGaTe, than CuGaTe, seems to support the authors’
conclusion. However, AgInTe, has an 5 value of 0.981, which
is much larger than that of AgGaTe,. Despite the much less
distorted structure, AgInTe, still exhibits an extremely low
k of 1.4 Wm~!K~!, almost the same as AgGaTe,. On the
other hand, AgGa$S, has a much stronger structural distortion
than AgGaTe,, whereas it also exhibits a similar thermal con-
ductivity of 1.5 W m~! K~! [27]. Therefore, the claimed local
structural distortion may not be the universal explanation for
the extremely low « of AgBX;. To explain the origin of low «,
we need to investigate the detailed electronic structure of the
MBX; family.

To compare the electronic structure of Ag- and Cu-based
chalcopyrites, AgInTe, and CulnTe, are chosen for the rep-
resentative compounds. Figures 1(c) and 1(d) present the
electronic band structure of CulnTe, and AglnTe,, respec-
tively. Since the exchange-correlation potential in the GGA
often significantly underestimates the band gap, we employ
the modified Becke Johnson potential instead. The spin-orbit
coupling effect is also considered due to the presence of
heavy cation atoms, i.e., Te. Based on the electronic band
calculation, both compounds are direct-gap semiconductors
with valence and conduction band edges set at the I point
in the Brillouin zone (BZ). As may be seen, CulnTe, and
AglnTe, exhibit very similar band structures. Considering the
very different lattice thermal conductivities between CulnTe,
and AglnTe,, their similar electronic band dispersions are
somehow unexpected.

0.025 0.000 0.025

FIG. 2. Total electronic density of state (DOS) for CulnTe,
(a) and AgInTe, (b), respectively. Projected DOS of CulnTe; (c) and
AglnTe, (d), respectively. Real-space electron density at the (110)
plane of CulnTe, (e) and AgInTe, (f), respectively.

B. Electronic structure analysis

To get an insight into the band structures, both total and or-
bital projected density of states (DOS and PDOS) of AgInTe,
and CulnTe, are presented in Fig. 2. As shown in Figs. 2(a)
and 2(b), the total DOS of CulnTe, is very different from
that of AgInTe,. From 0 to —5 eV, CulnTe, shows two
well-separated peaks, whereas AgInTe, shows one main peak
around —4 eV. The PDOS in Fig. 2(c) indicates that the men-
tioned two peaks of CulnTe, are mainly from Cu-3d orbital.
Meanwhile, a strong overlap between the Cu-3d and Te-p
orbitals can be observed at the valence band edge and around
—3 eV. This phenomenon suggests the covalentlike bonding
between Cu-3d and Te-p orbitals, and thus the two peaks of
Cu-3d can be attributed to the separation of the bonding and
antibonding states. At —6 and 1 eV, a large overlap between
the Te-p and In-s orbitals can be observed as well, indicating
the strong covalent bonding between the two orbitals.

As shown in Fig. 2(d), the Ag-d orbital in AgInTe, exhibits
a very different distribution from the Cu-d orbital in CulnTe;.
From 0 to —5 eV, the Te-p PDOS is weakly related to the
Ag-d PDOS, while no sharp peak for the Te-p orbital can be
observed. Contrary to CulnTe,, the calculated PDOS suggests
the weak bonding between the Ag-d and Te-p orbitals. For
this reason, the p-d bonding and antibonding states are not
well separated, and therefore the Ag-d orbital only exhibits
one main peak. On the other hand, the covalent bonding be-
tween the Te-p and In-s orbitals is similar to that in CulnTe,.
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FIG. 3. The Cu-projected density of states for pristine CulnTe,
and AgInTe, of original, undistorted, and compressed lattice, re-
spectively. (a) Cu-projected density of states (PDOS) of CulnTe,.
Calculated DOS of AgInTe, using (b) original unit cell, (c) a standard
diamond unit cell of the same volume, and (d) a compressed unit cell,
respectively.

The bond strength of covalent bonding can be visualized
by the electron distribution in real space. Figures 2(e) and
2(f) present the electron density within the (110) plane for
CulnTe, and AglnTe,, respectively. In CulnTe,, both Cu-Te
and In-Te pairs show the strong covalent bonds, as indicated
by the high electron density between the atomic spheres. In
AglInTe,, however, the bonding strength between Ag-Te is
obviously weaker than that between In-Te. The calculated
electron densities in real space are consistent with our anal-
yses for the energetic band structures.

The weaker p-d bonding in AgBX, than in CuBX, has been
revealed in some previous studies [18,36]. It was believed
that the lower Ag-d orbital level than the Cu-d orbital is
responsible for the weaker bonding strength in AgBX,. Based
on this conclusion, Xie et al. further argued that the weak p-d
bonding causes the Ag off-centring distortion in the AgTe,
tetrahedron, resulting in the local symmetry breaking and the
ultralow lattice thermal conductivity in AgGaTe, [17]. Within
the valence-bond theory framework, the authors attributed the
structural distortion to the decreased sd> hybridization. Ac-
cording to our discussions, the strength of the p-d bonding is
reflected in the PDOS of the Cu/Ag-d orbital. To disclose the
origin of the weak p-d bonding in AgBX,, we calculated the
Ag-projected DOS within two artificial structures of AglnTe,,
as shown in Fig. 3.

Firstly, we examine the relationship between p-d bonding
strength and the local structural distortion. Using the ideal
tetrahedral structure with the constant volume, the calculated
Ag-projected DOS in AgInTe, is presented in Fig. 3(b). As
may be seen, the local structural distortion in AgInTe, shows
little influence on the Ag-projected DOS. Secondly, we con-
sider the effect of the energy level of the Ag-4d orbital. If
the crystal volume is compressed, the Ag-4d orbital could
be upwards shifted by the increased crystal field [37]. The
calculated Ag-projected DOS within 5% compressed structure
is presented in Fig. 3(b). The figure shows that the Ag-d or-
bital is indeed upwards shifted, but its distribution is still very
different from that of the Cu-d orbital in CulnTe,. This result
indicates that the p-d bonding in AgInTe, cannot be simply
enhanced by raising the d-orbital level. In the framework of
tight-binding theory, the bond strength between two orbitals
depends on the energy difference of orbital levels and the
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FIG. 4. The lattice vibration properties of AgInTe, and CulnTe,.
Phonon dispersion of (a) CulnTe, and (b) AgInTe,. (c) Calculated
lattice thermal conductivity of CulnTe, and AgInTe,. (d) Calculated
phonon density of states of CulnTe, and AgInTe,.

hopping integral [38]. Thus, the low hopping integral in
AglInTe, becomes the exclusive reason for the weak p-d bond-
ing. Compared with the Cu-3d orbital, Ag-4d is much more
expanded in real space, which rationalizes the low hopping
integral between the Ag-d and Te-p orbitals. Our discus-
sion reveals that the weak p-d bonding in AgBX, is actually
element dependent. In the Supplemental Material, the calcu-
lated PDOS for different AgBX, compounds are presented.
One may find that they all show a similar Ag distribution to
AgInTe,.

Besides the origin of p-d bonding strength, the PDOS
analysis also discloses some electronic transport features.
Figures 2(c) and 2(d) indicate that the p-type transport is
mainly determined by the M-Te conductive network, and the
n-type transport by the B-Te conductive network [39,40]. This
observation may be helpful for the design of high entropy
structures. In a previous study on p-type CulnTe,, it was
found that the solid solution at the “In” site can decrease the
lattice thermal conductivity significantly while the influence
on electrical conductivity was relieved [41].

C. Phonon spectra and lattice thermal conductivity

Figures 4(a) and 4(b) present the calculated phonon spec-
tra of AgInTe, and CulnTe;, respectively. The two spectra
show similar phonon structures, except for the softer acous-
tic branches and lower optical branches for AgInTe,, which
may be due to the heavier mass of Ag. Supplemental Ma-
terial Fig. S5 compares the calculated mode-specific sound
velocity of the two compounds [26]. The acoustic sound ve-
locity of AglnTe, is found to be roughly 1.5 times lower
than that of CulnTe,. Figure 4(c) presents the calculated ther-
mal conductivity «; of AgInTe, and CulnTe, as well as the
experimental values of polycrystalline samples [15,41]. The
calculated «x; of AgInTe, are almost five times lower than
that of CulnTe,, consistent with the experimental results. It

115202-4



MISMATCHED ATOMIC BONDS AND ULTRALOW THERMAL ...

PHYSICAL REVIEW B 107, 115202 (2023)

20 20
(a) CulnTe, In (b) AgInTe, In
Te Te
st Cu ) =t Ag
<@ <
-.:. —1=.
o TN
= 10 = 10}
S =)
@n @0
* M *
AN
00 2 4 6 00
Frequency (THz) Frequency (THz)

—~
)
~
P~
o
=

0.004 CulnTe,

—— AglInTe,

Cuy5AgsInTe,

Y

—— AgInTe,
CulnTe,

= 0.003 |

C

0.002 |

JDOS (THz'u

0.001.f- 2 -\
oL . . . . .
6 300 400 500 600 700 800
Temperature (K)

0.000

2 4
Frequency (THz)

FIG. 5. Projected phonon density of states (PHDOS) and joint
phonon density of states (JDOS) for CulnTe, and AgInTe,. PH-
DOS of CulnTe, (a) and AgInTe, (b), respectively. (c) JDOS of
CulnTe, and AgInTe,. (d) Calculated «; of CulnTe,, AgInTe,, and
the CugsAg, ;InTe, alloy.

is also worth noting that the calculated «; of AgInTe, along
the ¢ axis are almost 20% higher than that along a axis due to
the strongly anisotropic structure, whereas the «; of CulnTe,
are roughly homogeneous, as shown in Fig. S7(a) [26]. Ap-
parently, the smaller sound velocity of AgInTe, cannot fully
explain its ultralow thermal conductivity. It is conceivable
that the phonon-phonon scattering rate in AgInTe, should be
much larger, especially the acoustic branches. In Fig. 4(d),
the calculated phonon density of states (PHDOS) for AgInTe,
and CulnTe, are presented. The PHDOS of AgInTe, shows
four separated peaks, compared with the three pieces in
CulnTe,. The very different phonon distribution in AgInTe,
and CulnTe, should relate to their different lattice thermal
conductivity.

Figures 5(a) and 5(b) present the atom-projected PHDOS
for CulnTe; and AgInTe,, respectively. In CulnTe,, as may
be seen, the vibrations of Cu and In are nearly hybridized
together. In AgInTe,, however, the vibrations of Ag-Te and
In-Te pairs are well separated above 3 THz. At the low-
frequency range (< 1 THz), the Ag-Te pair contributes a sharp
PHDOS peak, which is absent in CulnTe,. Based on the anal-
ysis of electronic band structures, these differences between
CulnTe, and AgInTe, are easy to understand. In AglnTe,,
the bonding strength between the Ag-Te and In-Te pairs is
very different, and therefore their vibrations are separated.
The low-frequency sharp peak can also be simply attributed
to the weak bonding of the Te-Ag pair.

To clearly show the connection between phonon modes and
lattice thermal conductivity, the joint phonon DOS (JDOS) are
calculated for CulnTe, and AgInTe,. It is defined as

IDOS™(@) = (N) ™ Y ) " blw — wu(q)]

nan' " q.q

X S[wn(Q) :l: a)n’(q/) - wn”(q :l: q/ - G)]’

where w, n, and N, represent phonon frequency, phonon
branch, and the number of sampling points g within BZ,
respectively. G is a reciprocal lattice vector that is zero for
normal processes and nonzero for umklapp processes. The
summation is over all sampled phonon modes and normal-
ized by a factor of Nq’3. The JDOS*(w) and JDOS™ (w)
corresponds to the “summation” and “difference” pro-
cesses, respectively, and JDOS(w) is the sum of the two
processes

JDOS(w) = JDOS (») + JDOS ™ (w),

which measures the maximum possibility of the three phonon
processes allowed by the law of energy and momentum
conservation [42]. Thus, higher JDOS suggests the stronger
three-phonon scattering and the lower «;. Figure 5(d) presents
the calculated JDOS for CulnTe; and AglnTe,, respectively.
As may be seen, the JDOS of AgInTe, shows a very sharp
peak around 1 THz, which indicates the high scattering rate
of acoustic phonon branches. Since the lattice thermal con-
ductivity is mainly contributed by the acoustic branches, the
JDOS peak naturally explains the ultralow thermal conductiv-
ity of AglnTe,. It is noticeable that the low-frequency JDOS
peak of AgInTe, is mainly from the peak of phonon DOS,
which originates in the much weaker bonding between Ag-Te
than between In-Te. According to our discussions, the very
expanded 4d orbital of Ag is responsible for the weak p-d
bonding, and the influence of structural variation is insignifi-
cant. This is the reason why all the AgBX, show the ultralow
thermal conductivity.

Despite the higher «;, CuBX; is in fact more favorable
for p-type thermoelectric materials, owing to intrinsic high
carrier concentration and high mobility. To suppress the ex-
cessively high «; of Cu-based TDCs, several strategies have
been proposed and the alloying of minor Ag proved to be
most effective among others. At a relatively low concentration
(less than 20%), Ag alloying significantly lowered the k; with
minor cost in electronic transportation [43]. To explain the
surprisingly effective Ag alloying, Fig. S13(a) presents the
calculated PHDOS of a simplified Cug sAg, sInTe, structure,
as shown in Fig. S12 [26]. Upon Ag substitution, high-
intensity PHDOS peaks dominated by Ag-Te vibration are
introduced at around 1.0 and 3.7 THz, suggesting strong bond
mismatch [44]. As a result, the JDOS of CugsAg,sInTe,, as
presented in Fig. S13(b), increases significantly, resulting in
stronger phonon scattering. Figure 5(d) provides the calcu-
lated «; of the three compounds. The «; of the Cug 5Ag sInTe,
phase almost drops to the same level as the pure AglnTe,.
Therefore, the x; of CulnTe, can be significantly reduced even
with minor Ag alloying.

IV. CONCLUSIONS

In summary, we have traced the ultralow k; of AgBX;
to the mismatched bonds between the Ag-X and B-X pairs.
This is a result of the much weaker Ag-d /X-p hybridization
as the result of the broader real-space distribution of the
Ag-4d orbital. Owing to the bond mismatch, low-frequency
phonon modes dominated by the Ag-X vibration are intro-
duced, and it significantly enlarges the JDOS, suggesting the
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high phonon-phonon scattering rate. On the contrary, the bond
mismatch is much less apparent in CuBX; due to the stronger
Cu-3d/X-p bond. Consequently, the «x; of CuBX; is signif-
icantly higher than their Ag-based counterparts. Following
the above instruction, the effectiveness of Ag alloying in
suppressing the «; of CuBX, can be explained. Our work
provides the insight into the mechanism of low thermal con-
ductivity in thermoelectric materials.
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