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Lattice thermal conductivity is a crucial parameter for thermoelectric (TE) applications. In pyrite-type metal
dichalcogenides, it is observed that the type of metal atom has a significant influence in the phonon properties
and lattice thermal conductivities, but the physical origin is not clear. In this paper, we show that, for the
pyrite-type posttransition metal (such as Zn or Cd) dichalcogenides, because the fully occupied d'° orbitals
inside the valence bands are relatively localized, the enhanced symmetry-controlled s-d coupling effects in the
posttransition metal atoms when they vibrate away from the high-symmetry equilibrium positions can lead to
soft phonon properties and strong anharmonicity. Thus, they behave as rattlinglike atoms, and these systems have
extremely low lattice thermal conductivities. However, for some pyrite-type transition metal dichalcogenides,
when the outermost d electrons in transition metal atoms are only occupied by the T5,-derived states, such as Fe
with d® configuration, the symmetry-controlled s-d coupling effects in the transition metal atoms are strongly
cancelled by the varying crystal field splitting when symmetry is reduced during vibration. Therefore, these
compounds exhibit hard phonon properties, weak anharmonicities, and high lattice thermal conductivities. In
this paper, we reveal the electronic origin of the puzzling behaviors of pyrite-type dichalcogenides which show
a wide range of thermal conductivity properties. The discussed mechanism can also be used to guide researchers

in seeking promising TE materials with low lattice thermal conductivity.
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I. INTRODUCTION

The conversion efficiency of the thermoelectric (TE) de-
vice depends on the dimensionless TE figure of merit ZT =
26T /k, where T is the absolute temperature, S is the See-
beck coefficient, o is the electrical conductivity, and « is
the thermal conductivity including carrier («.) and lattice (k;)
contributions. The promising TE materials need a high power
factor (PF = $%0) and low «. According to the Boltzmann
transport theory [1], S, o, and «, are determined by the electri-
cal transport properties, while «; is mainly contributed by the
phonon properties. Due to the competition between these elec-
trical parameters (S, o, and «,), the practical TE materials are
almost invariably semiconductors. For most semiconductors,
k is mainly contributed by «;. Seeking the semiconductors
with low «; is crucial for TE, which enables us to simplify
complex TE parameters and focus on optimizing electrical
transport properties. Therefore, uncovering the fundamental
physical mechanisms of low «; is significant for seeking and
designing high-performance TE materials.

It is well known that low «; arises from strong phonon
scatterings and short phonon lifetimes. In a solid, for the
acoustic phonons, the normal phonon scatterings and Umk-
lapp phonon-phonon scatterings are both proportional to the
square of anharmonicity [Griineisen parameter (y)] and neg-
atively correlated with the sound speed (v) [2—4]. According
to previous works [5-7], the lattice thermal conductivity ap-
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proximately satisfies k; o )'j—; This means that the slow sound
speed (soft phonon properties) and strong anharmonicity can
result in low lattice thermal conductivity. Under the acoustic
approximation of elastic waves, the sound speed (v) is decided
by the atomic mass (m) and bond strength (the spring con-
stant k), as v ~ /k/m [8]. This shows that the atoms with
weak chemical bonds and heavy atomic masses can exhibit
slow sound speed and soft phonon properties. Exploring the
unique characteristics of chemical bonds in different materials
can help us to better understand the physical mechanisms of
low k;. Anharmonicity is the deviation of a balanced sys-
tem from a harmonic oscillator, which can be measured by
the change of the potential energy with the atomic displace-
ment. Since the potential energy is decided by the atomic
configurations in a solid, many previous researchers have re-
ported that some unique bonding characteristics (such as lone
pair electrons [9,10], resonant bondings [7,11], and rattling
models [12—17], etc. [18]) can contribute to the strong anhar-
monicities in high-performance TE materials. However, the
common fundamental mechanisms behind these characteris-
tics remain elusive. In recent years, it was found [19-21] that
the symmetry-controlled s-d coupling effect caused by the
coupling of occupied d electrons and unoccupied s electrons
in Cu atoms plays a critical role in determining the distinct
diffusion behaviors of Cu atoms in semiconductors and the
anomalistic ground-state structures of Cu-based materials.
This means that the electronic coupling between occupied and
unoccupied states contributes significantly to the potential en-
ergy surfaces and vibrational properties of atoms in a system.
By comparing the atomic orbital couplings before and after
the atomic displacement, Yang et al. [22] have revealed that

©2023 American Physical Society


https://orcid.org/0000-0003-1194-1204
https://orcid.org/0000-0003-0007-0589
https://orcid.org/0000-0003-1563-4738
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.115204&domain=pdf&date_stamp=2023-03-17
https://doi.org/10.1103/PhysRevB.107.115204

JIA, LIU, ZHANG, AND WEI

PHYSICAL REVIEW B 107, 115204 (2023)

FIG. 1. (a) Crystal structure comparison between the rock-salt
structure (left) and the pyrite-type dichalcogenides (M X, right). The
empty circles in the left panel represent the center of the dimer. (b)
The bonding configurations of the different atoms in the pyrite-type
dichalcogenides.

the fundamental origin of the strong anharmonicity observed
in the Cu-based materials is the strong symmetry-controlled
s-d coupling effect, which occurs when Cu atoms vibrate
away from equilibrium positions. Their work offered insight at
the atomic level connecting electronic structures with phonon
vibration modes, which can be used to explore the fundamen-
tal mechanisms of strong anharmonicities in other materials.
The pyrite-type dichalcogenides are the transition or post-
transition metal dichalcogenides (M X,, where M is transition
or posttransition metal; X = S, Se, or Te) and share the
same space group (Pa3) with FeS, (pyrite), which adopts a
NaCl-like face-centered cubic structure with the center of X-X
nonmetallic dimers occupying the anion positions, as shown
in Fig. 1(a). In the structure, the M atom is located at the center
of an octahedron with six X atoms at the vertexes, and each X
atom sits at the center of a tetrahedron and is bonded with
three M atoms and one X atom, as shown in Fig. 1(b). The
pyrite-type dichalcogenides are a large family of compounds,
which include the known minerals and the high-pressure syn-
thesized compounds: FeX;, MnX,, CoX,, NiX;, CuX;, ZnX>,
and CdX, [23]. Due to the high-symmetry cubic structure and
ideal electronic band structures (possessing multiple carrier
pockets with optimal effective masses near the Fermi level),
many pyrite-type dichalcogenides have been reported to pos-
sess the promising electrical transport properties and good
TE properties, such as FeX, [24-26], MnTe, [27], RuSe;
[28], and NiS; [29]. However, some experimental studies have
shown that many common pyrite-type dichalcogenides have
high thermal conductivities (e.g., the experimental thermal
conductivities at room temperature are ~47.8 and 10.8 W/mK
for single-crystalline FeS; [30] and polycrystalline CoS, [31],
respectively), which limits the application and development of
these common pyrite-type dichalcogenides in the field of TE.
Recently, using knowledge-based high-throughput ma-
terial searches [32] and detailed theoretical calculations
[16,17], we have predicted that four pyrite-type IIB-VIA,
dichalcogenides (ZnS,, ZnSe,, CdS,, and CdSe;) with rat-
tlinglike metal atoms and strong nonmetallic dimers pos-
sess good electrical transport properties and low lattice
thermal conductivities. One of the curious questions is
why different pyrite-type dichalcogenides with the same
crystal structure and similar nonmetallic dimers (X-X)
have such markedly different thermal conductivities. In
this paper, to better understand the physical mechanisms

behind it, we analyze and compare phonon vibrational
properties, chemical bonding situations, and atomic or-
bital couplings of fix different pyrite-type dichalcogenides
(ZnS,, CdS,, FeS,, ZnSe,, CdSe,, and FeSe;) and explore
the intrinsic origin of the variation in lattice thermal con-
ductivities in pyrite-type dichalcogenides. We reveal that the
posttransition metal atoms with the fully occupied and chem-
ically inert localized d electrons can behave as rattlinglike
atoms, and the enhancement of the symmetry-controlled s-d
coupling effects in the posttransition metal atoms with the
reduction of the crystal field symmetry can contribute to
the soft phonon properties and strong anharmonicities of
the corresponding pyrite-type dichalcogenides. However, the
partially occupied d electrons involved in chemical bond-
ing and the crystal field splitting of the d orbitals in the
transition metal atoms sensitive to the change of the crys-
tal symmetry are responsible for the strong chemical bonds
(hard phonon properties), weak anharmonicities, and high
lattice thermal conductivities of the corresponding pyrite-type
dichalcogenides. In this paper, we suggest that the pyrite-type
dichalcogenides formed by the posttransition metal atoms
with both fully occupied localized d electrons and strong
symmetry-controlled s-d coupling effects can exhibit low lat-
tice thermal conductivities.

II. COMPUTATIONAL METHODOLOGIES

In this paper, density functional theory (DFT) as imple-
mented in the Vienna Ab initio Simulation Package [33]
code with the projector augmented-wave method [34] is used
to calculate the structural parameters and electronic proper-
ties of different pyrite-type dichalcogenides. The generalized
gradient approximation in the scheme of Perdew-Burke-
Ernzerhof (PBE) [35] is carried out to account for the
electronic exchange and correlation energy of Zn- and Cd-
based dichalcogenides. Our previous studies [16,17] have
shown that the PBE calculations are satisfactory for the cor-
responding systems, e.g., the calculated lattice constants are
in good agreement with the experimental measurements for
Zn- and Cd-based dichalcogenides. The Hubbard U correction
[36] (PBE+U) is adopted for better treatment of Fe-based
dichalcogenides, and the effective U of 2 eV is chosen for Fe
3d orbitals, which had been shown to give a more correct de-
scription on the electronic properties of pyrite FeS, [37]. The
energy cutoff for the plane-wave expansion is set to 420 eV.
All geometry structures are relaxed until the convergence
of the total energies are <10=> eV and the force on each
atom is <0.01 eV/A. The Brillouin zone is sampled using
the Monkhorst-Pack method [38] with the special k-points
of a 7x7x7 grid for the geometry optimizations and a
35%x35x%x35 grid for the electronic density of states (DOS)
calculations. In this paper, the PBE+4U optimized lattice con-
stants of FeS, and FeSe, are 5.4265 and 5.8054 A, which
are in reasonable agreement with experimental measurements
(5.4182and 5.7859 ;\) [23], and the calculated band gaps are
1.04 and 0.54 eV [as shown in Fig. 2(a)], which are close to
the previous theoretical results (1.03 and 0.69 eV for FeS,
[39] and FeSe, [26], respectively). Furthermore, because the
hybrid functional proposed by Heyd, Scuseria, and Ernzer-
hof (HSEO6) [40,41] has been demonstrated to be a more
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FIG. 2. (a) Calculated electronic band structures, (b) lattice thermal conductivities (k;), (c) phonon densities of states (pDOS), (d) atomic
displacement parameters (ADPs), (e) phonon dispersions, and (f) Griineisen parameters () in FeS, and FeSe;.

reliable method to calculated the structural, electronic, and
defect properties in semiconductors [42,43], to further eval-
uate the reliability of the computational methods used in this
paper, we calculate and compare the electronic band struc-
tures and the total potential energy curves as a function of
the displacements of the metal atoms vibrated away from
the equilibrium positions along the [111] direction in three
pyrite-type dichalcogenides (ZnS,, CdS,, and FeS;) using
the different computational methods (PBE, PBE+U under
different U values, and HSE), as shown in Figs. S1-S3 in
the Supplemental Material [44]. We find that the different
computational methods have little effect on the band fea-
tures and the lattice vibrational potential energy of the same
compound. This indicates that, for the studied systems, it is
reasonable to use PBE and PBE4-U methods to describe the
electronic and phonon properties of the different pyrite-type
dichalcogenides.

The phonon vibrational properties of different pyrite-type
dichalcogenides are calculated using the finite displacement
method as implemented in the PHONOPY software package
[45]. To obtain reliable phonon dispersions, the geometric
structures are further optimized until the convergence of the
total energies is <10~ eV and the force on each atom is

<10~* eV/A with a more refined 8x8x8 Monkhorst-Pack
k-points sampling. The 2x2x2 supercells (96 atoms) are
used for the second-order interatomic force constants (IFCs)
calculations. The anharmonicities and the strain dependence
of phonon frequencies are evaluated using Griineisen param-
eters as y; = — L 2% by isotropically expanding the system
volume by +3% from the DFT relaxed volume. The lat-
tice thermal conductivities are calculated by solving the full
linearized phonon Boltzmann transport equations (BTEs) as
implemented in the ALMABTE code [46]. The Born effective
charges and the dielectric tensors are evaluated from DFT
calculations. The third-order IFCs are computed by resolving
the irreducible set of atomic displacements from the THIR-
DORDER.PY code [47]. The interatomic interactions up to the
fifth coordination shell and the 7x7x7 I'-centered grids are
used to solve the phonon BTEs.

III. RESULTS AND DISCUSSION
A. Lattice thermal conductivities

In our previous studies [16,17], by solving the phonon
BTEs, the lattice thermal conductivities (k;) of four
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pyrite-type Zn- and Cd-based dichalcogenides (ZnS,, ZnSe,,
CdS,, and CdSe;) have been calculated, and the calculated
results have shown that the four compounds all have ultralow
lattice thermal conductivities (k; < 2 W/mK at room tempera-
ture). By analyzing their phonon vibrational properties, this is
attributed to the existence of rattlinglike metal atoms around
the localized nonmetallic dimers [16,17]. However, by apply-
ing the same calculation method, we find that, for Fe-based
dichalcogenides (FeS, and FeSe,) with similar nonmetallic
dimers (S-S and Se-Se), their calculated «; are very high [as
shown in Fig. 2(b)], e.g., at 300 K, the calculated «; of FeS, is
65.8 W/mK, which shows reasonably good agreement with
the experiment result (47.8 & 2.4 W/mK) [30], and the cal-
culated «; of FeSe; is also relatively large (19.7 W/mK at
300 K).

To analyze the origin of the significantly different lattice
thermal conductivities within the pyrite-type dichalcogenides,
we calculate the phonon DOS (pDOS) and atomic dis-
placement parameters (ADPs) of each atom in Fe-based
dichalcogenides (FeS, and FeSe;), as shown in Figs. 2(c) and
2(d), respectively, and compare them with the correspond-
ing Zn- and Cd-based dichalcogenides (ZnS,, ZnSe,, CdS,,
and CdSe,) with low lattice thermal conductivities [16,17].
In Zn- and Cd-based dichalcogenides, the localized isolated
high-frequency optical phonons are completely contributed by
the nonmetal atoms [16,17]. However, in Fe-based dichalco-
genides, the high-frequency optical phonons are contributed
by both metal and nonmetal atoms, as shown in Fig. 2(c). By
comparing the bond lengths within the X-X dimers (Ly_x) in
different pyrite-type dichalcogenides, we find that the mea-
sured Lgs_g's are 2.079, 2.086, and 2.145 A for 7ZnS,, CdS,,
and FeS,, respectively, and the measured Lg._s.'s are 2.396,
2.397, and 2.464 A for ZnSe,, CdSe,, and FeSe,, respectively.
The measured Ly _x's in Fe-based dichalcogenides (2.145 and
2.464 A) are much longer than that in Zn- and Cd-based
dichalcogenides, which means that the nonmetallic dimers in
Fe-based dichalcogenides are weak. From Fig. 2(d), we find
that the calculated ADPs of Fe atoms along different direc-
tions at 300 K are ~0.0027 and 0.0034 A2 in FeS, and FeSe,,
respectively, which are much less than those of metal atoms
in Zn- and Cd-based dichalcogenides (~0.015-0.025 A?)
[16,17]. This means that Fe atoms in Fe-based dichalco-
genides do not move easily and cannot exhibit rattlinglike
vibration properties. Furthermore, we calculate the phonon
dispersions [as shown in Fig. 2(e)] and anharmonicity param-
eters [Griineisen parameters (y), as shown in Fig. 2(f)] in
FeS, and FeSe,. We find that their average acoustic phonon
frequencies and lowest optical phonon frequencies (w®, ™)
are (165.5, 151.5) and (101.2, 95.4) cm ', respectively, which
are much larger than those in Zn- and Cd-based dichalco-
genides (0's are 63.9, 45.7, 44.6, and 33.0 cm ™!, and ®™"'s
are 69.0, 49.2, 45.8, and 33.9 cm™! for ZnS,, ZnSe,, CdS,,
and CdSe,, respectively). Their maximum Griineisen param-
eters in acoustic phonons (y,"*) and in low-frequency optical
phonons (with the frequency smaller than 2™", ™) are
(1.80, 2.01) and (1.82, 1.96), respectively, which are much
less than those in Zn- and Cd-based dichalcogenides (y™*'s
are 4.60, 4.60, 3.18, and 2.72, and yoma"/s are 3.55, 3.76, 2.43,
and 2.47 for ZnS,, ZnSe,, CdS,, and CdSe,, respectively).
These data are listed in Table I. This means that, although

TABLE . Calculated lattice thermal conductivities at 300 K («;),
average acoustic phonon frequencies (wj'), lowest optical phonon
frequencies (w3'), maximum Griineisen parameters in acoustic
phonons (y;**), and maximum Griineisen parameters in low-
frequency optical phonons with the frequency smaller than 2"
(y,"®) in ZnS,, ZnSe,, CdS,, CdSe,, FeS,, and FeSe,.

MX2 Zl’lSz ZnSez CdSz CdSez F682 FeSez

k; (W/mK) 1.55 0.69 1.47 0.75 65.8 19.7

®* (em™) 63.9 45.7 44.6 33.0 165.5 101.2
®™ (cm™')  69.0 49.2 45.8 339 1515 954
y 4.60 4.60 3.18 2.72 1.80 1.82
y e 3.55 3.76 243 247 2.01 1.96

the nonmetallic dimers exist in the pyrite-type Fe-based
dichalcogenides (FeS, and FeSe;), they can neither possess
rattlinglike metal atoms nor the soft phonon modes and strong
anharmonicities, which will result in possible high lattice ther-
mal conductivities. Therefore, it is useful to further explore
the fundamental mechanisms of the soft phonon modes and
strong anharmonicities from the atomic level in the pyrite-type
Zn- and Cd-based dichalcogenides.

B. Soft phonon modes

Our previous studies have shown that the soft phonon
modes are mainly contributed by rattlinglike metal atoms in
the pyrite-type Zn- and Cd-based dichalcogenides [16,17].
Since the chemical bond plays an important role in determin-
ing the phonon properties, to explore the intrinsic origin and
fundamental physical mechanism of the soft phonon modes
in Zn- and Cd-based dichalcogenides, we further analyze and
compare the bonding characteristics of the different metal
atoms in these pyrite-type dichalcogenides.

Figure 3 shows the electron projected DOS (ePDOS) of
six different pyrite-type dichalcogenides (ZnS,, CdS,, FeS,,
7ZnSe,, CdSe,, and FeSe,). For Zn- and Cd-based dichalco-
genides, due to the similar valence electron configurations
in Zn and Cd atoms, 3d'°4s% and 4d'05s2, respectively,
the outermost Zns; and Cdy,; orbitals are fully occupied.
From the calculated ePDOS in Figs. 3(a)/3(b) and 3(d)/3(e),
Zn3,/Cdyy states in Zn-/Cd-based dichalcogenides are located
inside the valence band. The top of the valence bands is
mainly composed of S3,/Ses, states with a small amount
of metal d characters, and the bottom of the conduction
bands is mainly constituted by Zny,/Cds, and S3,/Ses4), states
together. This means that the chemical bonds in Zn-/Cd-
based dichalcogenides are mainly formed by Zn,,/Cds, and
S3p/Seas, electrons. However, for Fe-based dichalcogenides,
since the valence electron configuration in Fe atoms is 3d% 4s>
and the outermost Fes; orbitals are partly occupied and more
chemically active, the Fe;, states are distributed in a large en-
ergy range [as shown in Figs. 3(c)/3(f), the couplings between
Fes; and S;3,/Sey, states dominate the top of the valence
bands and the bottom of the conduction bands]. Therefore,
unlike the chemical bonds formed by M-s and S/Se-p elec-
trons in Zn-/Cd-based dichalcogenides, the chemical bonds
in Fe-based dichalcogenides are mainly formed by Fe—3d
and S/Se-p electrons. The strengths of chemical bonds in
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FIG. 3. Calculated electron projected densities of states (ePDOS) in (a) ZnS,, (b) CdS,, (c) FeS,, (d) ZnSe,, (e) CdSe,, and (f) FeSe,.

Fe-based dichalcogenides are stronger than those in Zn-/Cd-
based dichalcogenides due to coupling to the unoccupied d
electrons in Fe atoms. The weaker chemical bonds in Zn-
/Cd-based dichalcogenides leads to soft phonon properties
compared with those of Fe-based dichalcogenides. There-
fore, we infer that the metal atoms with the fully occupied
and chemically inert low-binding-energy d electrons (such as
Zn or Cd) can behave as rattlinglike atoms and exhibit soft
phonon modes in pyrite-type dichalcogenides.

C. Strong anharmonicities

In classical mechanics, the anharmonicity is the deviation
of a system from being a harmonic oscillator, which can
be quantified by the deviation of potential energy from the
harmonic one. Usually, the slower the increase of the po-
tential energy with the atomic displacement, the larger the
anharmonicity is in the system [22]. In a semiconductor,
when atoms vibrate away from the equilibrium positions,
in addition to the increase of the potential energy due to
the change of Coulomb interactions and strain energy, the
potential energy also can be affected by the change of
coupling between different electronic states upon symmetry
change. For example, the strong symmetry-controlled s-d
coupling effects in Cu atoms can decrease the occupied d-
orbital energies and increase the unoccupied s-orbital energy,
which has been used to successfully explain the fundamental
mechanisms of strong anharmonicities in Cu-based com-
pounds [22] and distinct diffusion behaviors of Cu atoms in
semiconductors [20].

Our previous studies have shown that the strong anhar-
monicities of the low-frequency optical phonons in ZnSe, are
mainly contributed by the vibrations of Zn atoms [11]. This
indicates that the metal atoms bonded with the neighboring
nonmetal atoms in Zn-based dichalcogenides can possess an
anharmonic behavior. To reveal the intrinsic origin and fun-

damental physical mechanism of the strong anharmonicities,
we analyze the electronic coupling configurations in the metal
atoms before and after the metal atoms vibrate away from the
equilibrium positions. In the pyrite-type systems, the metal
atom prefers to exhibit the +II oxidation state (M*), and
the equilibrium position of the metal atom is located at the
center of a nearly regular octahedron and the corresponding
site symmetry is Sg¢, which is a subgroup of Oy. Under such
site symmetry, the occupied d orbitals are split by crystal field,
and the corresponding symmetry of d orbitals is reduced to
three parts: one A, and one E, state, which are derived from
the T, state, and another E, state. Meanwhile, the symmetry
of the unoccupied s orbital is A,, which will exhibit a weak
s-d coupling with the d-A, orbital due to the same symmetry.
However, when the metal atoms vibrate away from the equi-
librium positions, the corresponding site symmetry is further
reduced to C;. In this case, the symmetry of the s orbital is
reduced to A, and the symmetry of d orbitals is reduced to 5A.
As a result, the symmetry-controlled s-d coupling effects are
enhanced, which give rise to the decrement of the occupied d-
orbital energies and the increment of the unoccupied s-orbital
energy; thus, the electronic energy of the system is lowered.
By taking the Zn atom with the fully occupied d electrons as
an example, the crystal field-induced splitting of the d orbitals
and the symmetry-controlled s-d coupling effects in metal ion
(M?* : Zn®*) under different crystal symmetries are shown in
Fig. 4(a).

To check this analysis, we shift a metal atom away from
its equilibrium position in a 2x2x2 supercell (96 atoms) and
calculate and compare the ePDOS of s and d electrons in
the metal atoms at the equilibrium and nonequilibrium posi-
tions in six pyrite-type dichalcogenides, as shown in Fig. 5.
Clearly, for Zn-/Cd-based dichalcogenides, after the metal
atoms vibrate away from the equilibrium positions, compared
with the electronic orbital energies in the metal atoms at the
equilibrium positions, the occupied d-orbital energies move
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FIG. 4. (a) The crystal field-induced splitting of the d orbitals
and the symmetry-controlled s-d coupling effects in metal ions at the
+1II oxidation state (Zn>") under different crystal symmetries (from
left to right are free-ion, Oy, Se, and C; field symmetry, respectively).
The hollow bars represent unoccupied orbits, and solid bars represent
occupied orbits. (b) The electron occupations and crystal splitting
energies (A,) of the d orbitals in Fe ions (Fe*™) under different
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Note that there is also a reduction of the crystal field splitting A, in
(a) when symmetry is reduced, but such a reduction does not affect
the total energy because all d orbitals are occupied. The unoccupied
4s orbitals in Fe ions (Fe>™) are not shown in (b) for clarity.

down, and the unoccupied s-orbital energy moves up [as
shown in Figs. 5(a)/5(b) and 5(d)/5(e)], which exhibits the
enhancement of the symmetry-controlled s-d coupling ef-
fects between the occupied d orbitals and the unoccupied
s orbital. The lowering of the occupied d-orbital energies
leads to the decrement of the total energy, thus the slower
increase of the potential energy when the metal atoms vibrate
away from the equilibrium positions in Zn- and Cd-based
dichalcogenides (as shown in Fig. 6), which can result in the
soft phonon properties and strong anharmonicities in these
systems.

In Fe-based dichalcogenides, when Fe atoms vibrate away
from the equilibrium positions, the symmetry-controlled s-d
coupling effect is also enhanced between the occupied d
electrons and unoccupied s electrons. However, comparing
the d-orbital energies in Fe atoms before and after Fe atoms
are vibrated, we see the occupied d-orbital energies move
up and unoccupied d-orbital energies move down, as shown
in Figs. 5(c) and 5(f). This is because, unlike the Zn or
Cd atoms where the d orbitals are fully occupied, for Fe

atoms with d° configuration, only the T>,-derived states are
occupied, whereas the E,-derived states are empty. Also, be-
cause Fe is a transition metal (where the d orbitals are not fully
occupied), its d orbitals are relatively delocalized compared
with the posttransition metal elements (Zn and Cd). Therefore,
the crystal field splitting between the T, and E, states (A4) in
Fe-based dichalcogenides is larger and more sensitive to the
change of the crystal symmetry than that in Zn- and Cd-based
dichalcogenides, as shown in Fig. 4(b). When the Fe atom
is at the equilibrium position, the site symmetry of the Fe
atom is S¢ which is close to Oy, where the d-T, states are
fully occupied and the d-E, states are not, and the crystal field
splitting A, is largest. However, when the Fe atom vibrates
away from the equilibrium position, the crystal field splitting
Ay is decreased due to the reduced symmetry, which will
cause the occupied d-orbital energies (3A state derived from
T>,) to move up and the unoccupied d-orbital energies (24
state derived from Eg) to move down. As a result, in Fe-based
dichalcogenides, when Fe atoms vibrate away from the equi-
librium positions, although there is the enhanced s-d coupling
effect, due to the weakened crystal field splitting, the occupied
d-orbital energies (7,-derived states) in Fe atoms move up,
and the total potential energies rapidly increase (as shown
in Fig. 6), which indicates hard phonon properties and weak
anharmonicities in Fe-based dichalcogenides. This means that
the increment of the energy of the occupied T,,-derived d
electrons caused by the weakened crystal field splitting will
cancel the symmetry-controlled s-d coupling effect. When the
metal atoms are only occupied by T>,-derived d electrons,
the cancelling effect is strongest, and with the increase of
the occupied E,-derived d electrons (e.g., in NiS; [29]), the
cancelling effect will be weaker. Therefore, in Zn- and Cd-
based dichalcogenides, since d orbitals in metal atoms are
fully occupied, the weakened crystal field splitting has little
effect on the total energies of the occupied d orbitals.

To further analyze the anharmonicity, we calculate the
total potential energy (V) curves as a function of the dis-
placements (x) of the metal atoms vibrated away from the
equilibrium positions along three nonequivalent directions
([100], [110], and [111]) in six different compounds (ZnS,,
ZnSe,, CdS,, CdSe,, FeS,, and FeSe;), as shown in Fig. S4 in
the Supplemental Material [44] and Fig. 6, respectively. By fit-
ting the corresponding quartic anharmonic potential functions
V(x) = Ax> + Bx"* using the calculated harmonic parameters
(A) from the second-order IFC tensors of the metal atoms,
the anharmonic parameters (B) are obtained. The calculated
parameters (A and B) are listed in Table SI in the Supplemen-
tal Material [44]. We find that the calculated values of A in
Fe-based dichalcogenides are much larger than those in Zn-
and Cd-based dichalcogenides, which indicates that Fe-based
dichalcogenides have stronger bonds. The absolute values of
B/A calculated along three different directions in all Zn- and
Cd-based dichalcogenides are larger than those in Fe-based
dichalcogenides, which have the same trend as the calculated
maximum Griineisen parameters (y,"** and y,"* in Table I).
This means that, consistent with the analysis from the changes
of ePDOS in Fig. 5, indeed, the vibrations of Zn and Cd atoms
exhibit softer phonon properties and stronger anharmonicities
than those of Fe atoms. Therefore, we can infer that the
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FIG. 5. Calculated electron projected densities of states (ePDOS) of s (up) and d (down) electrons in the metal atoms (M = Zn, Cd, and
Fe) at equilibrium and nonequilibrium positions in (a) ZnS,, (b) CdS,, (c) FeS,, (d) ZnSe,, (e) CdSe,, and (f) FeSe,. The black and red lines
represent situations that the metal atoms are located at the equilibrium positions and deviates 5% for Zn-/Cd-based dichalcogenides or 3% for
Fe-based dichalcogenides from the equilibrium positions along the [111] direction, respectively.
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FIG. 6. Calculated total potential energy (V') curves as a function
of the displacements (x) of the metal atoms vibrated away from
the equilibrium positions along the [111] direction in ZnS,, ZnSe,,
CdS,, CdSe,, FeS,, and FeSe,, respectively.

enhanced symmetry-controlled s-d coupling effects and the
full occupation of d electrons in metal atoms can syn-
ergistically lead to the soft phonon properties and strong
anharmonicities in the pyrite-type dichalcogenides.

Furthermore, in the pyrite-type dichalcogenides with
the same crystal structure, the strength of the symmetry-
controlled s-d coupling effect is decided by the energy
difference between the outermost s and d electrons in
the metal atoms. To study the influence of the s-d cou-
pling strength on the anharmonicity in different pyrite-type
dichalcogenides, we further calculate the anharmonicities in
MgS, without d electrons and compare them with ZnX, and
CdX;. The calculated energy differences between the out-
ermost s and d electrons (AE,;) and maximum Griineisen
parameters in acoustic phonons (y,"**) in different pyrite-
type dichalcogenides are listed in Table II. From Table II,
we can find that the smaller AEy; corresponds to the larger
vy, and the calculated ;" in MgS, is smallest. This
means that a stronger symmetry-controlled s-d coupling effect
can contribute to the stronger anharmonicity in pyrite-type
dichalcogenides.
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TABLE II. Calculated energy differences between the outermost
s and d electrons in the metal atoms (AE,;) and maximum Griineisen
parameters in acoustic phonons (y,"*) in ZnS,, ZnSe,, CdS,, CdSe,,
and MgS,.

MX2 ZHSz ZnSez CdS2 CdSez MgSZ
AE, (eV) 4.20 4.20 5.93 5.93 -
o 4.60 4.60 3.18 2.72 2.07

IV. CONCLUSIONS

In this paper, by comparing the calculated lattice ther-
mal conductivities and phonon properties, we show that the
pyrite-type dichalcogenides with similar nonmetallic dimers
(X-X) and different metal atoms can have very different ther-
mal properties. Compared with Fe-based dichalcogenides,
Zn- and Cd-based dichalcogenides have extremely low lat-
tice thermal conductivities, soft phonon modes, and strong

anharmonicities. These unusual behaviors can be explained
by the fully occupied and relatively localized d electrons in-
side the valence bands and the enhanced symmetry-controlled
s-d coupling effects in the metal atoms when they vibrate
away from the high-symmetry equilibrium positions. On the
other hand, for Fe-based pyrite dichalcogenides, because the
outermost d electrons in the Fe atom are only occupied by
T>,-derived d electrons and more delocalized, the s-d coupling
effects are strongly cancelled by the varying crystal field split-
ting when symmetry is reduced during vibration, so they have
higher lattice thermal conductivities. Our work can also be
used to explain the origin of the variation in lattice thermal
conductivities in other similar metal compounds.
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