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Intrinsically low thermal conductivity from a quasi-one-
dimensional crystal structure and enhanced electrical
conductivity network via Pb doping in SbCrSe3

Dingfeng Yang!>3, Wei Yao*, Yanci Yan*, Wujie Qiu’, Lijie Guo*, Xu Lu* Ctirad Uher, Xiaodong Han?,

Guoyu Wang!’, Tao Yang? and Xiaoyuan Zhou*

The development of new routes for the production of thermoelectric materials with low-cost and high-performance characteristics
has been one of the long-term strategies for saving and harvesting thermal energy. Herein, we report a new approach for
improving thermoelectric properties by employing the intrinsically low thermal conductivity of a quasi-one-dimensional (quasi-1D)
crystal structure and optimizing the power factor with aliovalent ion doping. As an example, we demonstrated that SbCrSes, in
which two parallel chains of CrSeg octahedra are linked by antimony atoms, possesses a quasi-1D property that resulted in an
ultra-low thermal conductivity of 0.56 Wm~1K~1 at 900 K. After maximizing the power factor by Pb doping, the peak ZT value
of the optimized Pb-doped sample reached 0.46 at 900 K, which is an enhancement of 24 times that of the parent SbCrSe3
structure. The mechanisms that lead to low thermal conductivity derive from anharmonic phonons with the presence of the
lone-pair electrons of Sb atoms and weak bonds between the CrSeg double chains. These results shed new light on the design of

new and high-performance thermoelectric materials.
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INTRODUCTION

The design and engineering of novel thermoelectric materials has been
one of the most urgent demands for thermal energy saving and
harvesting. The thermoelectric performance is evaluated by the
dimensionless thermoelectric figure of merit, ZT= S*¢T/(x+k.+kp),
where S, o, T, ki, k. and kg are the Seebeck coefficient, electrical
conductivity, absolute temperature, lattice thermal conductivity,
electronic thermal conductivity and bipolar thermal conductivity,
respectively. As implied by the definition, a high ZT material must
have a large power factor (S%6) in conjunction with a low thermal
conductivity. Unfortunately, except for ki, the other transport
parameters (S, o and ) are all correlated with the carrier concentra-
tion and improving one of them usually leads to diminishing the
others. Apparently, a strategy that is based on the reduction of « is
direct and has often been found to be effective. Major reductions in
the lattice thermal conductivity have been achieved via point-defect
scattering,>> which employs all-scale hierarchical architectures® and
nanostructure engineering.»> Recently, many new materials with high

ZT values, owing primarily to their intrinsically low ki, have
been found, including CusSbSes,® Cu,Se,” SnSe,® CdSb,? InTe!? and
Cu128b4513.11

Exploring the origin of the intrinsically low lattice thermal
conductivity and linking it to the nature of chemical bonding and
peculiarities in the crystal structure are not only of fundamental
interest but also have major implications regarding the practical
aspects of the thermoelectric energy conversion.'? Previous investiga-
tions, which have searched for low thermal conductivity compounds,
focused on complex crystal structures and materials that have a large
unit-cell volume and a large molecular weight.!> However, the
chemical bond and atomic coordination environment have not been
significantly stressed. In practice, the chemical bonding strength,
which is reflected by the Debye temperature, determines the average
group velocity of acoustic phonons and the bulk modulus of the
compounds.'* Weak chemical bonding generally results in the slow
transport of phonons and thus yields lower values of the lattice
thermal conductivity.!”> Moreover, the asymmetrical local atomic
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coordination with a large distortion structure, which possess both
strong and weak bond types, is beneficial for increasing the bond
anharmonicity, which is another important aspect that affects the
lattice thermal conductivity.!® The bond anharmonicity serves as a
measure of the deviation in lattice vibrations from a perfect harmonic
motion and is characterized by the effective Griineisen parameter.
Generally, structures with a chemical bond hierarchy!’?! and
anisotropic multicenter bonding features® or those that possess a lone
pair of electrons?>72° exhibit a stronger anharmonicity. Therefore,
the investigation of the chemical bonding, crystal structures and
corresponding lattice dynamics is helpful in understanding phonon
transport and the design of materials with an intrinsically low lattice
thermal conductivity and high thermoelectric performance.

Low-dimensional materials with a low-dimensional crystal
structure, which naturally possess mixed bond types and possibly a
local asymmetrical bond environment, offer a broad platform on
which to explore new thermoelectric materials with intrinsically low
thermal conductivities. Recently, new high-performance thermoelec-
tric materials with anisotropic-layered crystal structures, such as
BiCuSeO,?” SnSe,28:2° BizTe330 and CrzGezTe6,31 were shown to
possess low lattice thermal conductivities that resulted from their
weak chemical bonds and bond anharmonicity. Earlier in 1992, Hicks
and Dresselhaus®? pointed out that a reduced dimensionality might
have a vital role in reducing the thermal conductivity. This hypothesis
has been confirmed by a report on Si nanowires that claimed a high
ZT of ~0.6 at 300 K.33 Since then, low dimensionality has been
envisioned as a new direction for designing thermoelectric materials
with high-performance and much effort has been expended on
fabricating low-dimensional materials. Setting aside one-dimensional
(1D) nanowires, which have limited applications as power-generating
thermoelectric devices, among the best quasi-1D thermoelectric
structures are IngSe; single crystals. Here, the Peierls distortion
contributes to a high ZT of 1.4 that was measured along the b axis
because of the high Seebeck coefficient, low thermal conductivity and
well-controlled electrical conductivity.’* Given the aforementioned
encouraging results, searching for novel 1D compounds or optimizing
the thermoelectric performance of the existing 1D compounds is
worthy of further investigation.

Regarding these issues, we propose an engineering process using the
crystallographic structural design and selection of 1D characteristics,
bonding anharmonicity by weak-strong bonding architectures and
special electronic structures. These crystallographic characteristics and
electronic structures are potential candidates with intrinsic low
thermal conductivity. By further optimizing the electrical properties
through aliovalent ion doping, it is expected that high-performance
thermoelectric materials can be attained.

Following these strategies, for example, the crystalline structure of
SbCrSe; can be described and selected as a 1D structural candidate
with CrSes double chains that are aligned parallel to the b axis.?
Long-range ferromagnetic ordering was observed at temperatures
below Tc=72 K. The quasi-1D structure and the semiconducting
nature of transport compelled us to explore the thermoelectric
properties of this compound. In this work, for the first time, we
report on the synthesis, high-temperature thermoelectric properties
and the calculated electronic structure of the quasi-1D SbCrSes
compound, which also shows an intrinsically low thermal conductivity
(xg=IWm~'K~! at 300K). Using first-principle calculations, we
concluded that the presence of strongly anharmonic phonons mainly
originated from the presence of the lone electron pairs of Sb atoms.
The resulting low thermal conductivity benefitted from the large
anharmonicity and weak chemical bonds between the neighboring
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chains, which vyielded low phonon velocities. By intentionally
substituting trivalent Sb with divalent Pb, the power factor was greatly
enhanced, which led to a peak ZT'=0.46 at 900K in the nominal
Pbg 95Sbg 95CrSe; sample. This value is ~24 times larger than the
ZT value that was measured in pristine SbCrSe;. The promising
ZT value in doped SbCrSe; highlights the role of and need for novel
1D compounds for thermoelectric applications.

EXPERIMENTAL PROCEDURES

Sample preparation

Polycrystalline Pb,Sby ,CrSe; (x=0, 0.01, 0.03 and 0.05) compounds were
synthesized using conventional solid-state sintering. Stoichiometric amounts of
high-purity (5N) Sb, Cr, Pb and Se were weighed in a glove box, sealed in a
quartz ampoule under a vacuum of 10~ mbar and then slowly heated to
973 K. The ampoule was maintained at that temperature for 30 h and then
furnace-cooled to room temperature. The process was repeated several times to
obtain a single phase. The ingot was ground into a powder and sintered
using spark plasma sintering (SPS) at 873 K for 10 min under 50 MPa.
The relative density of the SPS-sintered pellets was over 98% as measured
by the Archimedes’ method. The cylindrical ingots were cut into wafers of
10 mm in diameter and ~ 1.5 mm in thickness for the thermal conductivity
measurements. The thermal diffusivity 4 was measured using a Netzsch laser
flash diffusivity instrument (LFA-457) under flowing argon. To maximize the
laser light absorption, the samples were spray-coated with a thin layer of
graphite before the measurements. The thermal conductivity x was calculated
by the equation k=2X C,xd, where C, and d are the specific heat and mass
density, respectively. The specific heat was acquired from a Netzsch DSC404
apparatus (Supplementary Figure S1). Samples of 2.5 X 2.5% 9.0 mm?> were cut
for the simultaneous measurements of the Seebeck coefficient and electrical
conductivity using a Linseis instrument (LSR-3) under an atmosphere of helium
from room temperature to 920 K. Measurements of the thermal and electronic
transport properties were carried out in the same crystallographic direction. The
estimated systematic errors in our electrical and thermal transport measure-
ments were 5 and 10%, respectively. The phase, morphology and crystal
structure were characterized using powder X-ray diffraction analysis, scanning
electron microscopy and transmission electron microscopy. Powder X-ray
diffraction analysis was conducted using a PANalytical X-ray diffractometer
that was operated at 45kV and 40 mA. The Rietveld refinements were
performed using the TOPAS Academic V4.1-beta (Bruker AXS: Karlsruhe,
Germany) software package. The morphology and microstructure were inves-
tigated using field emission scanning electron microscopy (JSM-7800F, JEOL)
and transmission electron microscopy (JEOL 2100F). The band-gap was
obtained by an optical absorption method using a computer-controlled
Shimadzu UV-3100 PC that was equipped with an integrating sphere. The
sample was ground into a fine powder and compacted on a flat surface of
BaSO4 that was used as a 100% reflectance reference material. The bandgap was
determined from the tangent line of the absorption edge in the F(R) vs hv plot.
Ultrasonic measurements were performed at room temperature to obtain the
longitudinal and transverse sound velocities. The source input was generated by
a Panametrics 5052 pulser/receiver with the filter set at 0.03 MHz. The response
was recorded via a Tektronic TDS5054B-NV digital oscilloscope.

Computational details

The initial crystal structure of SbCrSe; was optimized using the Vienna ab initio
simulation package that was based on density functional theory (DFT).3%37
Considering the ferromagnetic exchange interaction in SbCrSes, a ferromag-
netic model was built for all calculations. A 1x4 X 1 supercell was set up to
model calculations of Pb-doped SbCrSe; with a dopant concentration of 6.25%.
The Perdew-Burke—Ernzerhof generalized gradient approximation®® and
projector augmented-wave potentials of Bléchl in the implementation of
Kresse and Joubert were used.*>? Plane waves were included up to the kinetic
energy cutoff of 300 eV. For the Brillouin zone (BZ) integration, a 9 x9x9
Monkhorst Pack special k-point grid was applied.*! The stopping criterion for
electronic self-consistent interactions was the convergence of the total energy
within 10~¢ V. The calculations were performed by allowing both the atomic
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Figure 1 (a) A perspective view of the crystal structure of SbCrSes along the
b axis. Brown, blue and green balls indicate Sb, Cr and Se atoms,
respectively. (b) Sub-nanotubes (CrSeg double chains) along the b axis.
(c, d) The coordination status of Cr and Sb atoms, respectively.

positions and lattice parameters to find the most stable lattice configuration.
The lattice structure was considered to be at equilibrium when the
Hellmann—Feynman force on each ion was less than 0.001 eV A~ 1. The band
energies E; were computed on a discrete k mesh along the high-symmetry
directions, that is, from the BZ center with coordinates I" (0,0,0) to the F point
(0.0,0.5,0.0), Q point (0.0,0.5,0.5), I" point (0,0,0), Z point (0.0,0.0,0.5), A point
(0.5,0.0,0.5), I" point (0.0,0.0,0.0), B point (0.5,0.0,0.0), C point (0.5, 0.5,0.0)
and I" point (0,0,0) in units of 2a/a, 27/b and 2a/c. The lattice dynamics of
SbCrSe; was investigated using the frozen-phonon method, which was
implemented in the Phonopy package.*> The interactions between the ions
and electrons were described by the all-electron projector augmented-wave
method with plane waves up to a cutoff energy of 600 eV. The atomic
configurations 5s*5p> for Sb, 3d*4s> for Cr and 4s?4p* for Se atoms were
treated as the valence electrons. Supercells with dimensions of 2Xx3x1
(18.76 Ax 11.53 Ax 13.46 A, 120 atoms) were used for SbCrSes;. High-
symmetry points in the BZ (X(1/2,0,0), I(0,0,0), Y(0,1/2,0), P(1/2,1/2,0),
1'(0,0,0) and A(1/2,0,1/2)) were considered in the phonon dispersion and
Griineisen parameter calculations. Atomic displacement parameters were
calculated based on the partial phonon density of states from DFT calculations.
The Griineisen parameter characterizes the relationship between the
phonon frequency and volume change and thus provides an estimate of the
anharmonicity strength. To obtain the mode Griineisen parameter, we
calculated the phonon dispersion in an equilibrium unit-cell volume V and
an isotropically expanded volume 1.03V. The Griineisen parameter was

estimated using the formula: y = —X 92 The lattice thermal conductivity was

av
calculated based on the Debye—Callaway formalism.*>~4>

RESULTS AND DISCUSSION

Crystal structure

Figures 1a and b show the SbCrSe; structure that crystallized in the
orthorhombic lattice with the lattice parameters a=9.379 A,
b=3.844 A and ¢=13.467 A. The crystal lattice can be viewed as a
quasi-1D structure with double chains of CrSes octahedra that were
aligned parallel to the b axis. Figure 1c shows that the Cr—Se bond
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distance in these octahedra ranged from 2.5 to 2.6 A, which is
comparable to the distances that were reported for other Cr—Se-based
compounds, such as AgCrSez.46 Within the double chain, the Cr
cations formed an edge-sharing triangular arrangement, which led to
potential magnetic frustration. The Sb atoms linked the adjacent
chains, which resulted in the pseudo-1D crystal structure. There are
two types of Sb—Se bonds that are based on the bond distance. In
Figure 1d, in the first type, the Sb atom occupies a trigonal pyramidal
position relative to the three Se atoms on one end of the double chain.
Here, the bond length is ~2.6-2.7 A, and such a distance is short
enough to support the crystal structure. The second bond between Sb
and Se is longer at 3.218 A and couples the Sb and Se atoms on the
adjacent chains. Considering that the oxidation state of Sb in SbCrSe;
is 3+, the Sb atoms share their 5p orbitals with Se atoms and the two
5s electrons can be considered as a non-bonding lone electron pair
giving rise to anharmonicity and a large Griineisen parameter.
Consequently, SbCrSe; is expected to exhibit an intrinsically low
lattice thermal conductivity.

Phase characterization

For thermoelectric transport characterization, it is crucial to ensure
that the quasi-1D structure of SbCrSe; is a single-phase material
because even a small amount of impurity can significantly influence
the electronic and thermal transport properties. Figures 2a and c
display the powder X-ray diffraction analysis patterns of both
the pristine and Pb-doped SbCrSe; compounds. On the basis
of the powder X-ray diffraction patterns, all of the SbCrSe; reflections
were indexed to the orthorhombic structure of the space
group P, (No. 62) with the lattice parameters a=9.142(1) A,
b=3.785(5) A and ¢=13.429(2) A. No secondary phases were
detected. The Rietveld refinement was conducted to obtain the actual
lattice parameters. Our data are in good agreement with previously
reported data. The lattice parameters of Pb-doped samples are shown
in Figure 2b. Compared with the values for pure SbCrSes, the lattice
parameter a slightly decreased, whereas the parameters b and ¢
increased, which results in an overall slightly increased unit-cell
volume V. This increase is likely due to the weakened Sb—Se bond
between the double CrSeg chains. Because the covalent radius of Pb is
larger than that of Sb, the lattice parameters b and ¢ increased with
increasing Pb content up to x=0.05, which suggests that this is the
solubility limit of Pb in SbCrSes.

Electrical transport properties

Figure 3 displays the temperature dependence of the electrical
transport properties for all Pb,Sb;_CrSe; (x=0.0, 0.01, 0.03 and
0.05) compounds. In Figure 3a, SbCrSe; exhibits a low electrical
conductivity at room temperature but increases with increasing
temperature because of the thermal activation of the intrinsic carriers.
In the Pb-doped SbCrSe; compounds, Pb behaved like an effective
p-type dopant and each Pb atom that substituted for Sb was expected
to contribute one hole to the valence band of SbCrSes. Consequently,
Pb doping led to a markedly enhanced electrical conductivity. The
electrical conductivity ¢ significantly increased from 0.054 Sm~! at
300K in the pristine SbCrSe; to 1586.1Sm™! at 300K for the
Pb-doped sample at x=0.05. Figure 3b shows the Hall carrier
concentration p and carrier mobility p for the Pb-doped compounds
at room temperature. Pristine SbCrSe; has a low hole carrier
concentration of p~2.2x10'%cm™3. As expected, the concentration
of holes dramatically increased upon doping with Pb and reached
p~09%x10°cm™3 and p~4.5x10°cm™3 for compounds with
Pb contents of x=0.01, 0.03 and 0.05, respectively. Although the
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Figure 2 (a) XRD patterns of Pb,Sb;_,CrSez (x=0, 0.01, 0.03 and 0.05) samples. (b) Lattice parameters and cell volume of Pb,Sb; _,CrSes (x=0, 0.01,

0.03 and 0.05). (c) XRD patterns of SbCrSez samples via Rietveld refinement. XRD, X-ray diffraction analysis.
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Figure 3 Transport properties of Pb,Sb; _,CrSes (x=0, 0.01, 0.03 and 0.05) samples. (a) Temperature-dependent electrical conductivity (). (b) Hall carrier
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300 K with a fixed DOSs effective mass m*pgs.

mobility of holes is low in the range of 1.5-2.3 cm?>V~!s™!, an
interesting rising trend with the content of Pb up to x=0.03 was
demonstrated. This trend is likely due to the disruption of localized
Cr 3d orbitals upon Pb doping on the Sb site. The mobility values are
comparable to those measured on doped MnSb,Se,*’” but are lower
than the mobilities of the state-of-the-art thermoelectric materials
BiCuSeO* and alpha-MgAgSb.*’ In SbCrSe;, we ascribed low
mobilities to the strong scattering of the charge carriers (holes), the
natural low dimensionality of the crystal structure and the spatially
localized nature of Cr 3d orbitals.

The temperature dependence of the Seebeck coefficient is depicted
in Figure 3c. This dependence revealed a typical intrinsic semicon-
ductor with an initially increasing and subsequently decreasing
magnitude of the Seebeck coefficient because the minority carriers
are activated at elevated temperatures. Pb doping has a profound effect
on the Seebeck coefficient of SbCrSe;. With a sharply increasing
concentration of holes upon Pb doping, the Seebeck coefficients
are suppressed compared with SbCrSe; and the peak is shifted to
higher temperatures (or is not observed in the covered range of
temperatures). the Seebeck coefficients
substantial and, even for a highly doped sample with x=0.05, the
magnitude of the Seebeck coefficient at 300K reached over
160 pv K~!. Similar to the electrical conductivity, the Seebeck
coefficient showed an increasing trend with temperature, which
suggests that the doped SbCrSe; samples show a weakly degenerate
semiconducting behavior. Benefiting from the increased electrical
conductivity and substantial values of the Seebeck coefficient,
Pb-doped SbCrSe; compounds have higher power factors than the
pristine SbCrSes sample. In Figure 3d, the maximum power factor of
0.30 mWm~'K™2 was achieved at 900 K for Pby5Sbg¢sCrSes,
the value being ~22 times larger than the power factor of pristine
SbCrSe;. In spite of these impressive enhancements upon Pb doping,
the power factor was still low compared to classic thermoelectric
materials due primarily to the low carrier mobility and low electrical
conductivity.

To better understand the differences in the electrical conductivity
between the pristine SbCrSe; and Pb-doped samples, we analyzed the
bandgap energy, density of states (DOSs) effective mass, which was
estimated using the single parabolic band model and assumed the
dominance of acoustic-phonon scattering, and band structure that was
calculated via the Vienna ab initio simulation package tool.

Nevertheless, remained
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For semiconducting materials, the bandgap energy can be estimated
by the Goldsmid—Sharp formula® Eg=2€SmaxTmaw Where Sy is the
maximum Seebeck value and Ty, is the temperature at which this
maximum occurs. This formula yields E;=0.57eV for undoped
SbCrSe;. This value is slightly smaller than the UV-optics value of
0.7 eV (Supplementary Figure S2) and larger in comparison with the
calculated DFT value of 0.4 eV. It is common to see significantly
smaller values of the bandgap based on DFT calculations owing to
deficiencies in the Perdew—Burke-Ernzerhof exchange correlation
function. To obtain theDOSs effective mass m* and present a
quantitative understanding of the microscopic mechanism that
governs the Seebeck coefficient in Pb-doped samples, the single
parabolic band model was utilized. For the Pb-doped samples, an
estimate of the Seebeck coefficient can be obtained using the following
equations:

Fu(n) = / QAN ()

1+ et
In equation (1), n is the nth order of the Fermi integral,  is the
reduced Fermi energy, r is the scattering factor, h is the Planck’s
constant, kg is the Boltzmann constant and e is the electron charge.
Note that in this model, m* is equivalent to theDOSs effective mass
usually designated as m*ppg. Considering that the dominant scattering
mechanism for most thermoelectric materials at elevated temperatures
is acoustic-phonon scattering, r was taken as equal to —1/2 in all
data fittings. The carrier concentration dependence of the Seebeck
coefficient is illustrated by the Pisarenko plot in Figure 4. The solid
curves were generated at 300 K with an effective mass of m*=0.61 m,
for the sample with a Pb content of x=0.01 and an effective mass
m* =1.0 m, for samples with a Pb content of x=0.03 and x=0.05. In
principle, the increased m* may be due to the convergence of closely
lying valence band edges, which demonstrates that the single parabolic
band model may not be used to depict the electrical transport
properties. In addition, band structure calculations of SbCrSes present
a multi-valley dispersion at the top of the valence band.

To gain further insight into the electronic behavior, we calculated
the band structure of SbCrSe; and a Pb-doped sample with x=0.065.
Since the transport properties are mostly sensitive to the energy states
near the Fermi level, we have focused solely on the electronic states
near the valence band maximum. In Figures 5a and b, the band
structures of SbCrSe; and Pby 625Sbg 9375CrSe; featured an indirect
bandgap with the valence band maximum in the middle of the I'-Z
symmetry direction and the CBM (conduction band minimum) at Z.
In Pby 06255b0.0375CrSes, the Fermi level clearly shifted deeper into the
VB and the energy gap between the first and second valence bands
slightly increased. As a result, the electrical conductivity was greatly
enhanced by Pb doping owing to the large increase in carrier
concentration. Figures 5¢ and d display the DOSs of SbCrSe; and
Pby 06255b0.9375CrSes. In the pristine SbCrSe; compound, the Sb atoms
slightly contributed to the valence band maximum near the Fermi
level. The primary role of Sb is to donate electrons, saturate the
chemical bond and stabilize the compound. An important feature that
determines the band-edge property was strong hybridization of the
Cr-d and Se-p orbitals in the upper VB states. This d—p orbital
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Figure 5 (a) The band structure of SbCrSes. (b) The band structure of Pbgogo5Sbg.9375CrSes. (c) The total and partial density of states of SbCrSes.

(d) The total and partial density of states of Pbg 0s25Sbo.9375CrSes.

hybridization was also manifested by the partial charge densities
(Supplementary Figure S3a). In the Pby o;55b¢.9375CrSe; compound,
the Pb-p and Se-p anti-bonding states dominated at the top of the
valence band and the hybridized Cr-d and Se-p orbitals became weakly
delocalized. The Pb-p and Se-p anti-bonding states originated from
both within-the-chain and inter-chain interactions (Supplementary
Figure S3b) and strengthened the carrier conducting network. These
active anti-bonding states linked the individual chains within the
double chains and led to a locally three-dimensional crystalline
environment with an increase in electrical conductivity.

Thermal transport properties

Figure 6a shows the total thermal conductivity of Pb,Sb; - ,CrSe; as a
function of temperature. The total thermal conductivity x can be
divided into contributions from the lattice x; and charge carrier .,
which are referred to as the electrical thermal conductivity. Assuming
a constant Lorenz number L=245x10"83V2K™2% k. can be
estimated by the Wiedemann—Franz law (k.=LoT). Consequently,
Kk, can be readily obtained by subtracting k. from . In both doped
and undoped Pb,Sb;-,CrSes;, k. is small (<0.08Wm K™
(Figure 6b) because of the relatively low electrical conductivity. In
Figure 6¢, owing to Umklapp scattering, k; decreased with increasing
temperature up to ~800 K, at which point the bipolar contribution
was noticeable. The thermal diffusivity A showed a negative tempera-
ture dependence below 800K, whereas above this temperature
intrinsic excitations dominated. The SbCrSe; compound exhibited
low lattice thermal conductivities of 1.08 Wm ™! K~! at 300 K and
056 Wm™1K™! at 900 K, which are lower than those of the
other PbTe-based materials.”! Figure 6d displays the ZT values of
Pb,Sb; - (CrSes. The peak ZT of undoped SbCrSe; was 0.018 at 800 K.
The doped samples exhibited much higher ZTs and the peak value was
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shifted towards higher temperatures. The largest ZT=0.46 was
achieved at 900 K in Pbys5SbgosCrSes. This value is 24 times larger
than the figure of merit of pristine SbCrSes. Such increased ZT values
in the doped compounds were attributed to cooperatively acting large
enhancements in the electrical conductivity and the decreased lattice
thermal conductivity upon Pb doping.

Considering that the room-temperature lattice thermal conductivity
of SbCrSe; is 1.08 Wm™'K™! and that of PbysSbgosCrsSeg is
0.78 Wm™!K™1, Pb doping depressed ki by 28%. This reduction
indicates that the Pb/Sb disorder in the Sb sublattice strongly
enhanced the phonon scattering (details are in the Supporting
Information). In Figure 7a, the experimental data followed the same
trend that was predicted by the model, although the experimental data
are to some degree higher than the calculated values. I'y,s and Igain
are plotted in Figure 7b. It is clear that the value of Ty, is
much larger than that of Iy, This demonstrates that strain field
fluctuations, which were introduced by substituting Pb in the Sb
sublattice, are the dominant factor in the point-defect scattering
of phonons and led to a significantly decreased lattice thermal
conductivity in Pb-doped SbCrSe; compounds. The large strain
field fluctuation contribution is related to the local structural
distortion between the double-ladder chains. Figure 7c shows the
local coordination environment of the Sb and Pb atoms between the
ferromagnetism chains of SbCrSe; (left) and Pbyge5Sbg.9375CrSes
(right), which was based on the DFT optimization. In SbCrSe;, the
Sb atom was coordinated with three Se atoms and formed almost
equidistant bond lengths (2.689 A, 2.689 A and 2.714 A) that produced
a relatively stable triangular pyramid between the double-ladder
chains. However, when an impurity Pb atom was introduced, the
Pb atoms were more inclined to form bonds with the Se atoms on
the neighboring chain, which resulted in the coordination number of
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Figure 6 (a) Total thermal conductivity; (b) the lattice thermal conductivity; (c) the electronic thermal conductivity; (d) ZT values for SbCrSes and

Pb,Sby.,CrSes (x=0.01, 0.03 and 0.05).

the Pb atom of four (3.139 A, 2.998 A, 2.818 A and 2.818 A). More-
over, the originally relatively stable triangular pyramid became a
relatively unstable square pyramid. Therefore, the location of the Pb
atom in Pbggy5Sbg9375CrSe; deviated from the original relatively
stable location of the Sb atom in SbCrSes, which led to additional local
distortion. The large differences in the coupling forces of a
Se atom with Pb and a Se atom with Sb are expected to produce to
a strong strain fluctuation contribution in the phonon scattering.
A similarly strong strain fluctuation contribution arising from the
presence of impurity atoms was also observed in CuFeS,*> and
CuyZn, - Fe,GeSey.”

The origin of the low thermal conductivity

To shed light on the origin of the intrinsically low lattice thermal
conductivity of SbCrSe;, we calculated the phonon dispersion,
projected phononDOSs and Griineisen parameters of the acoustic
phonons. Then, we modeled the low-temperature lattice thermal
conductivity using the Debye—Callaway model. Figure 8a shows the
calculated phonon curves at different unit-cell volumes (V and 1.03V)
along the high-symmetry directions in the first BZ. Three phonon
dispersions (TA, TA" and LA), which represent the major contribu-
tions to the thermal conductivity, are highlighted in color. The
longitudinal acoustic branch (LA) and transverse acoustic branch
(TA") interacted with the low-lying optical branches along multiple
directions at a location approximately midway to the zone boundary.
An obvious avoided-crossing is observed because of the lowest
frequency of 28 cm™! in the optic modes. The frequencies of the
optic-phonon branch are lower than the vibrational frequency of the
La ions in filled skutterudites.>* Such a low optic-mode frequency was
also found in the intrinsically low thermal conductivity of the
Cu;SbSe; and CdSb compounds.®!” The TA branch exhibited normal
behavior with no interactions with the optic-phonon branches, and its

frequencies smoothly expanded toward the zone boundary and
~20-40cm™!. The acoustic and low-frequency
optic-phonon branches, which were responsible for enhanced scatter-
ing and low lattice thermal conductivity, originated from the (Sb—Se)
group, as indicated in Figure 8b. In the phonon DOS, the low
frequency branches were mainly associated with the vibrations of Sb
and Se atoms, which indicate that the Sb—Se bond is crucial to heat
transport in SbCrSe;. Therefore, the chemical bond strength and the
local environment of Sb—Se should be closely studied.

The atomic displacement parameter is defined as the mean square
amplitude of the vibrations of an atom around its equilibrium position
and reflects the strength of the chemical bond. Generally, a relatively
large atomic displacement parameter suggests that the atom in
question vibrates with a larger amplitude from its equilibrium position
than the other atoms. This means that the restoring force is weak
because the chemical bond is weak.!® In Figure 8¢, the atomic
displacement parameters of the Sb and Se atoms are larger than that
of the Cr atom and the values in the X and Z directions are higher
than those in the Y direction. In particular, the calculated atomic
displacement parameter values for the Sb atom in the Z direction are
approximately two times those of the other atoms in SbCrSes;, which
documents a chemical bond hierarchy in its neighboring environment.
Weak bonds that are distributed along the double CrSeq chain result in
both a low sound velocity and Young's modulus.

The group velocities and Debye temperatures of the three acoustic-
phonon branches were calculated and are listed in Table 1. The
average sound velocity was estimated to be 2037 ms~!, which is
consistent with the experimental result of 2092 m s~ L. The calculated
results were similar to the value for BiCuSeO (2107 m s~ 1),*® larger
than those of PbTe (1770 ms™!),>! and smaller than that of the
Zintl chain compound Ca3AlSbs (2710 m s~ 1).5> Materials with a low
Young's modulus are considered to have ‘soft’ bonding, which results
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atomic coordination environment between double CrSeg chains in SbCrSes and in Pbg pe25Sbg.9375CrSes obtained via DFT.

in slow phonon transport and thus a low lattice thermal conductivity.
The calculated Young's modulus*® of SbCrSe; is 64 GPa, which is
similar to those of the low lattice thermal conductivity compounds
CdSb  (55-60 GPa, 1590ms~ !, 1.0Wm™'K™1)? and BiCuSeO
(76.5 GPa, 2107 ms~ 1, 0.9Wm™1K™1).48 We have also plotted the
dispersion of the Griineisen parameters of the acoustic modes in
SbCrSe;. The Griineisen parameter provides an estimate of
the anharmonicity strength in a compound and influences the
phonon—phonon Umklapp processes that limit the lattice thermal
conductivity. From Figure 8d, we found that different phonon
branches possessed different Griineisen parameters throughout
the first BZ. Remarkably, unusually high values of the Griineisen
parameter were observed near the zone boundary and close to the
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midpoint between the zone center and boundary. This indicates that
the three acoustic-phonon branches are anharmonic. To clarify the
origin of anharmonic phonon interactions in SbCrSe; at low
temperatures, a partial Griineisen parameter for each atom type was
estimated using the method described by Qiu et al,!”!® and the results
are shown in Figure 8e. The average Griineisen parameter of SbCrSes
is heavily weighted by contributions of the Sb atom, which implies
that Sb atoms play a dominant role in intrinsic phonon—phonon
interactions at low temperatures and can be traced to the bond
chemical hierarchy in the neighborhood of the Sb®* ion and its lone
pair of 5s electrons. On the basis of the above discussion, we attributed
the low lattice thermal conductivity of SbCrSe; to a large anharmo-
nicity of the structure and a relatively low average sound velocity.
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Table 1 The Debye temperature®, group velocities v and the Griineisen parameter y for SbCrSes

ota (ms=1) oty (Mms™1) oa (ms=1) Ora (K) Orp (K) Oa (K YTA Vary YLA
r-X 1707 1968 2607 35 43 35 2.08 0.92 2.02
r-X 1779 2308 3427 59 65 66 1.06 1.41 1.25
r-P 1895 2162 3748 60 60 64 1.07 1.22 1.27
r-A 1367 1826 2514 43 28 34 1.83 1.02 2.10
Average 1687 2066 3074 49 49 50 1.51 1.14 1.66
Experiment 1892 3180

Abbreviations: LA, longitudinal acoustic; TA, transverse acoustic.
Group velocities include the longitudinal and transverse experimental results.
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Given the phonon group velocities, average mode Griineisen para-
meters and Debye temperatures for the three acoustic-phonon
branches, we utilized the Debye—Callaway model and calculated
the lattice thermal conductivity. The experimental and theoretical
results agree reasonably well in magnitude, but the experimental data
show somewhat weaker temperature dependence (Supplementary
Figure $4).

CONCLUSIONS

In this study, phase-pure Pb,Sby_CrSe; (x=0, 0.01, 0.03 and 0.05)
compounds have been successfully synthesized, and their high-
temperature thermoelectric properties were investigated for the
first time. SbCrSe; exhibited an intrinsically low lattice thermal
conductivity that was attributed to the bond anharmonicity,
lone-pair electrons of Sb and weak bonding between the CrSes double
chains, which resulted from the quasi-1D structure. The electronic
structure calculations suggest that the valence band edge was
dominated by Cr-d and Se-p orbitals. The Pb doping on Sb sites
produced a noticeable increase in the electrical conductivity, whereas a
relatively large Seebeck coefficient was maintained. A combination of
an intrinsically low thermal conductivity and a substantially enhanced
power factor led to a ZT,,x=0.46 at 900 K in Pbyo5Sbg 9sCrSes.
This work demonstrates that bulk compounds with the quasi-1D
structure are good candidates for thermoelectric materials and sheds
new light on the design of and search for new high-performance
thermoelectric materials.
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