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Using first-principles calculations and Boltzmann transport theory, we investigate the thermoelectric properties
of the 2D CrSX (X = Cl, Br, I) family. The ultralow lattice thermal conductivity (k) values of CrSX monolayers
along the x-axis at 300 K are 0.624, 0.419, and 0.179 W m~* K™%, respectively, while along the y-axis they are
0.193, 0158, and 0.093 W m~! K™%, These low values are attributed to the small phonon relaxation time and
flat acoustic phonon dispersions of CrSX monolayers, resulting from the extraordinarily strong anharmonicity.
Vibrational pattern analysis confirms that the strong anharmonicity in CrSX monolayers arises from the
reciprocal vibrations of the X atoms around equilibrium positions, which can be considered as a generalized
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effective rattling phenomenon. Due to their low lattice thermal conductivity and favorable electrical transport
properties, the CrSX monolayers demonstrate optimal ZT values of 1.33 (5.23), 118 (5.84), and 2.13 (5.22) along
the x-axis (y-axis) at 300 K, respectively. This work not only highlights the significance of rattling modes in
driving phonon anharmonicity but also provides valuable insights for discovering and designing thermoelectric
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1 Introduction

Thermoelectric (TE) technology is a promising solution to energy
issues, as it enables direct or reversible conversion between
electrical energy and thermal energy. The energy conversion
efficiency of thermoelectric materials is expressed by the dimen-
sionless parameter Z7T:'”

_ S%6T

ZT = ,
Ke + K1

€

where S, g, T, k. and k) are the Seebeck coefficient, electrical
conductivity, absolute temperature, electronic thermal conduc-
tivity, and lattice thermal conductivity, respectively. The power
factor PF = $%¢ determines the ability to generate useful electrical
energy at a given temperature difference,’ and the higher the ZT
value, the higher the thermoelectric conversion efficiency. There-
fore, high-performance TE materials require a high S value and
low thermal conductivity. The thermoelectric parameters S, ¢ and
K. are highly coupled, which makes it challenging to optimize
independently and improve the thermoelectric conversion
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materials with ultralow lattice thermal conductivity and high conversion efficiency.

efficiency.*® Consequently, there are two main approaches to
improve ZT. The first is to optimize the power factor PF via band
structure engineering”® and nanostructure design.’ ™" The second
is to minimize the lattice thermal conductivity x; through anhar-
monic lattices,""* reduced structural dimensionality,"*™® or by
seeking out compounds that feature inherently low «; due to van
der Waals (vdW) interactions or rattling atoms.'” Rattling has
emerged as an influential and successful strategy to achieve low
lattice thermal conductivity. This has led to the discovery of novel
materials, including clathrates and filled skutterudites.’®" The
rattling atoms can scatter heat-carrying phonons from the host
lattice, thereby resulting in a lower x; while maintaining electronic
and electron transport properties.”® Additionally, rattling systems
commonly exhibit large atomic displacement parameters (large
mean square displacement) and flat potential energy curves, which
have been used to characterize this behavior.*”

Since the experimental synthesis of graphene, 2D semicon-
ductors have been the focus of thermoelectric research due to
their significant phonon scattering and superior electron
transport.”>*” Jinlan Wang’s group predicted that the CrSX
(X = ¢, Br, I) monolayers are ferromagnetic semiconductors
with a moderate band gap, a flat phonon dispersion curve, and
superior carrier mobility.”® These superior properties have
piqued our interest in studying the thermoelectric properties
of CrSX monolayers. This paper systematically investigates the
thermoelectric properties of CrSX monolayers using first

© 2023 The Author(s). Published by the Royal Society of Chemistry
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principles calculations and Boltzmann transport theory. We
report the extremely low x; values of 0.624, 0.419, and
0.179 W m ' K ' in the xaxis and 0.193, 0.158, and
0.093 W m ™' K in the y-axis at 300 K, respectively. The strong
ionic bonds between X and Cr atoms restrict the vibration of X
atoms in the Cr-X-Cr plane but allow it in the perpendicular
direction. X atoms vibrate back and forth near their equilibrium
positions, resembling water plants. This differs from classical
rattling, which features flat acoustic phonon modes intersecting
with optical modes, although it has similar physical properties,
specifically the fact that certain atoms vibrate more frequently than
others. The rattling of X atoms scatters the heat-carrying acoustic
phonons, resulting in extremely low x;. Additionally, we find that
CrSX monolayers possess favorable thermoelectric properties, with
optimum ZT values of 1.33 (5.23), 1.18 (5.84) and 2.13 (5.22) in the x
(y) directions at 300 K, revealing their promising potential as
thermoelectric materials. The results indicate that CrSX monolayers
exhibit excellent thermoelectric properties and are promising can-
didate materials for thermoelectric applications.

2 Computational details

We performed simulations of CrSX monolayers using the Vienna
Ab Initio Simulation Program (VASP)*® within the Density Func-
tional Theory (DFT) framework, implementing the Projector Aug-
mented Wave (PAW) method.”® The exchange correlation energy
was handled by the Perdew-Burke-Ernzerhof (PBE) functional
under Generalized Gradient Approximation (GGA).*" The electron
correlation effect for the localized 3d orbitals of Cr atoms was
treated by an effective on-site Hubbard term U of 3 eV.?® The plane-
wave expansion cutoff energy was 450 eV. The Brillouin zone was
sampled using a converged I'-centered 15 x 13 x 1 k mesh for
geometry optimization and electronic structure calculations. The
residual force on each atom was less than 1 x 10~ 2 eV A~%, and the
convergence criterion for the total energy was 1 x 10™° eV. A
vacuum space is 15 A to avoid interlayer interactions, and the
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional is used to
obtain a more accurate bandgap.*

We utilized the Phonopy code®® with the finite-displacement
method** to compute the second-order interatomic force con-
stants (IFCs).>* The ShengBTE code,*” based on the Boltzmann
transport equation, was used to determine the phonon trans-
port properties. Third-order anharmonic IFCs were calculated
using the finite-difference method, considering the interaction
among 12th-neighbor atoms. The second-order (harmonic) and
third-order (anharmonic) IFCs were obtained using 5 x 4 x 1
supercells with 2 x 2 x 1 k-meshes. Phonon momenta g meshes
for CrSCl, CrSBr, and CrSI monolayers were 90 X 65 x 1, 87 X 65
x 1, and 83 x 65 X 1, respectively, with the scaleboard set to 0.2.

The electrical transport properties are calculated by solving
the Boltzmann transport equation with the BoltZTraP code®®
and using 33 X 26 x 1 k-mesh. The total Seebeck coefficients
and electrical conductivity by combining the two spin channels:

o STJT +S10’1
g1 +o0|

S 2)
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6:%(07—0—01), (3)

where S1(;) and o4(}) are the spin up (down) Seebeck coeffi-
cients and electronic conductivity. The . is determined by the
Wiedemann-Franz law®’ k. = LoT, where L is the Lorentz
constant. For the degenerate semiconductors, L is obtained

as’36
2 2
T k};
L=—(=% 4
3 (e) ’ 4)
which is equal to 2.45 x 1078 V> K238
The lattice thermal conductivity x; and electrical conductivity
o of two-dimensional (2D) materials depend on the effective van

der Waals thickness dy along the z-axis, which can be computed
using the following expression:

dv = d1 + dz + d3, (5)

where d; represents the thickness of the atomic layer, while d,
and dj correspond to the van der Waals radii of the atoms on
the upper and lower surfaces, respectively.

3 Results and discussion
3.1 Phonon spectrum and lattice thermal conductivity

The phonon dispersion curves and phonon density of states
(PhDOS) are shown in Fig. 1. CrSX monolayers have six atoms
in primitive cells, so there are eighteen phonon branches in the
phonon spectrum, and the acoustic and optical branches are
highlighted with different colors. The ZA branch represents
the out of plane mode, and the TA and LA branches are the
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Fig.1 (a), (c) and (e) Phonon dispersions and (b), (d) and (f) phonon

density of states (PhDOS) for CrSX (X = Cl, Br, I).

Mater. Adv., 2023, 4, 4852-4859 | 4853


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00409k

Open Access Article. Published on 08 September 2023. Downloaded on 1/14/2026 9:39:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

transverse and longitudinal acoustic modes within the 2D
plane,* respectively. The slopes of the acoustic branches are
much larger than those of the optical branches, predicting that
the former carries the larger phonon group velocities and thus
makes a major contribution to the x;. In the frequency range of
the acoustic and low-frequency optical branches, the flat pho-
non dispersion curves of the ZA and TA branches will lead to
small phonon group velocities. Moreover, the LA branch is
highly overlapping with the low-frequency optical branches,
which demonstrate that acoustic and optical phonons are more
easily scattered, resulting in high phonon scattering rates.*’
From Fig. 1(b, d and f), the vibrational modes of X atoms
gradually dominate the acoustic region from ClI to I, whereas
those of Cr and S atoms dominate the optical region. Overall,
the PhDOS of Cr (S) and X exhibit significant mismatch in the
acoustic and low-frequency optical branches, indicating the
weaker vibrational interactions between Cr (S) and X atoms.
This mismatch greatly limits their contribution to the r.'**"
The flat low-frequency acoustic modes are dominated by vibra-
tions of X atoms, which are the typical of rattling.>" Hence,
based on the available analysis, it can be inferred that CrSX
monolayers may have lower «;.

The optimized structures of CrSX monolayers are shown in
Fig. 2(a and b). Mechanical response is an effective evaluation
of the structural stability. The mechanical properties are
studied, and the summarized results are presented in Table S2
(ESIT), confirming the stability through the satisfaction
of required criteria: Cy; > 0, C33 > 0, and Cy; X Cpp >
C1,>.**™* The X and Cr atoms form strong ionic bonds, and the
X atoms are less likely to vibrate in the Cr-X-Cr plane but more
likely to vibrate perpendicular to the Cr-X-Cr plane. The X
atoms exhibit effective atomic rattling, resembling water plants
that oscillate back and forth around their equilibrium posi-
tions. To verify this conclusion, we analyze the atomic displace-
ment parameter (ADP) and potential energy curves. ADP
determines the mean square of the displacement amplitudes
of atoms around their equilibrium positions.*®™*® Larger ADP
values imply more vigorous vibrations, indicating a weak
restoring force acting on the vibrating atoms. As shown in
Fig. 2(c), the thermally induced ADP of X atoms is significantly
larger than those of other atoms, and this effect becomes more
pronounced at higher temperatures. Fig. 2(d) describes
potential energy as a function of atomic displacement around
the equilibrium position for Cr, S, and X atoms in CrSX
monolayers. A flatter curve means that less energy is required
to leave the equilibrium position,* reflecting a weak restoring
force on vibrating atoms.*®>° The potential energy of X atoms is
flatter than Cr and S atoms, indicating looser binding in the
lattice, consistent with their large ADP values, which indicate
weak restoring force on X atoms. The rattling behavior of the X
atoms enhances crystal anharmonicity, scatters phonons, and
lowers lattice thermal conductivity. The computation of the
phonon participation ratio (PR) distinguishes between collec-
tive excitations of all atoms and local excitation modes, reveal-
ing anharmonic rattling modes in CrSX monolayers and
determining the degree of involvement of constituent atoms
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Fig. 2 (a) and (b) are the structures of CrSX monolayers in the top and side
views. (c) The atomic displacement parameters (ADPs) for CrSX mono-
layers. (d) The potential energy curves for Cr, S and X atoms as a function
of atomic displacement around the equilibrium positions for CrSX
monolayers.

in a specific phonon mode.”" The PR is defined by the following

equation:>*>?
2
N
|u|
=

N3 Ju*

PR; = : (6)

-

1

where N and i, are the number of atoms in the unit cell and the
atomic eigen displacement, respectively. u;, = ¢.+/M; is obtained
by scaling the phonon eigenvector projected on the ith atom &5 by
the atomic mass M,. The degree of atom involvement in a given
phonon mode / can be determined by the PR value in the range
0-1, where PR ~ 0 indicates a localized rattling mode while PR ~
1 represents a propagating vibrational mode with coherent dis-
placements of all atoms.>>** In this study, the frequency-resolved
PR values of CrSX monolayers are depicted in Fig. 3. The low-
frequency range shows similar PR characteristics from Cl to L
Around the frequencies of the flat acoustic bands, the three
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Fig. 3 Frequency resolved phonon participation ratio of CrSX monolayers.
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monolayers have lower PR values, confirming rattling modes at
those frequencies that arise due to localized X oscillations.
Based on the phonon transport equation, the thermal trans-
port properties of CrSX monolayers are estimated. The «; along
the o direction can be determined using the following equation:

1 0/..0 2
w0 = T T E ;1 2) VIviTa, 7
k kBTzAtN;(kp) nl(n/» + )(h(/) ) ViVt ( )

where A(k,p) denotes a phonon mode with k being the wave
vector and p the phonon branch number. 4, ¢, », N, T, v, n§ and
7, are the unit-cell area, the thickness of the unit cell, the
phonon frequency, the number of g points in the first Brillouin
zone (BZ) for a I'-centered regular grid, the temperature, the
phonon group velocity in the direction «, the phonon occupa-
tion number given via the Bose-Einstein distribution and the
phonon relaxation time, respectively. The anisotropic x; along
the x and y directions for CrSX monolayers as a function
temperature are shown in Fig. 4(a). At 300 K, the «; are 0.624,
0.419, and 0.179 W m ™! K™ * for the x axis, and 0.193, 0.158, and
0.093 W m ' K ' for y axis, respectively. These values are
commensurate with those of other 2D materials, such
as the KAgSe monolayer (0.26 W m™' K )" the TICuSe
monolayer (0.44 W m~' K™"),>® and the AgSbSe, monolayer
(0.48 W m~" K ").°° In Fig. 4(b), the cumulative x, at 300 K are
shown as a function of phonon frequency. The majority of heat
is conducted by acoustic and low-frequency optical phonons
with phonon energy from 0 to 3 THz, while high-frequency
optical phonons have almost negligible contribution to heat
conduction. Cumulative x; as a function of the phonon mean
free path (MFP) at 300 K are shown in Fig. 4(c). Our findings
reveal that, regardless of the x or y direction, the k; of CrSX
monolayers reach their maximum accumulation when the MFP
are less than 10 nm. The smaller MFP indicates a greater
scattering probability of phonons at the interface, and thereby
inhibiting x.>” Eqn (7) demonstrates that the v; is a key

—o—CrSClx
—o -CrSCly
—o—CrSBrx
—9 -CrSBry
—o—CrSlx

® 2 0@
— crscix
— —crscly

=

S
=
|

e
i

e S

Cumulative ¢, (Wm™'K™")

b Ll

200 300 400 500 600 2
‘Temperature (K)

CrSClx . ZA (e)

6 3
Frequency (THz)
CrSBr-x (f)

10 107 10" 10 10' o 10° 10
MEP (nm)
CrSlx

s TA
L [S55,
s> Optical 415N 418
S 5\
2HRBEA N s 25eth
2N\ / \
N 9 I
0 0
0 2 4 6 8 0 2 4 6 8 10 0 2 4 6 8§ 10
Frequency (THz) Frequency (THz) Frequency (THz)
E CrSCl-y (h) CrSBr-y (1) CrSl-y
- 61, 6
: fij
X " % R
4 > 443 3 442 |
& 3 3 3§
£ S %s RS §&\\
H 3 ; AN
£ 0 0 . 0 :
0 10 0 2 10 0 10

2 Fre:uency()('l'Hl)s - Fr:;uenc;‘(r}-u? I-'liqu:ng/(’IH/x)
Fig. 4 (a) The x of CrSX monolayers as a function of temperature. (b)
Cumulative k, as a function of frequency at 300 K. (c) Cumulative x, as a
function of the phonon mean free path (MFP) at 300 K. (d)-(i) Phonon
group velocity as a function of frequency along the x and y directions for

the CrSX monolayers.
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parameter in determining the x; of materials. Fig. 4(d-i) show
the v, values as a function of frequency along the x and y
directions, respectively. v, of CrSCl, CrSBr, and CrSI decrease
drastically when the frequencies converge near their respective
flat-band frequencies, which are in good agreement with the
flat acoustic phonon dispersion. The flat phonon dispersion
indicate that the associated X atoms scatter the heat-carrying
acoustic phonons, and the corresponding small group veloci-
ties lead to the lower x;.>®

Another key parameter that determines the lattice thermal
conductivity is the “scattering phase space (W)”, which can be
used as a measure of the space available for the three-phonon
process allowed by the conservation of the energy. This para-
meter is related to the phonon frequency in ref. 59:

Wi = s { 2(ny — ny) }5(60;, +w, — wz”)’ ®)

- ! "
2N ny + ny + 1 ;0,1 )

Zp
where (+) and (—) correspond to the absorption and emission
processes, respectively. Fig. 5(a-c) display the scattering phase
space of the ZA, TA, LA and Optical modes for CrSX monolayers,
respectively. The larger W provides more space for the three-
phonon scattering process, which is a good sign of shorter
phonon relaxation time (r;) and lattice thermal
conductivity.**®® Apparently, the ZA mode of the CrSX mono-
layers exhibits larger W of acoustic modes, which further suggests
that it has stronger three-phonon scattering and shorter 7,. As
analyzed in W, the ZA mode possesses a lower 7,, as shown in
Fig. 5(d-f). The strength of the three-phonon scattering process
depends on the anharmonicities of the systems, which is a
crucial feature to be analyzed. Greater anharmonicities result in
stronger phonon-phonon interactions, leading to lower 7, and «;.
The Griineisen parameters (y,;)®* quantify the anharmonicities of
crystal structures and are determined by the following equation,

lower

| el
v, = j : io Ciff Vydsatf}r‘eik-r,v (9)
A 2 - .' ijk )
60;* &5/ MiM;
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Fig. 5 (a)-(c) phonon scattering phase space, (d)-(f) phonon relaxation

time, and (g)—(i) Gruneisen parameters of ZA, TA, LA and optical modes in
CrSX monolayers.
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Fig. 6 Phonon scattering rates as a function of frequency for the CrSX
monolayers.

where o, f and y are the Cartesian components; i, j, and k denote
atomic indices. M;, sf@, r; and (IJ,%A are the mass of atom i, the
phonon eigenvector for atom i in the direction «, the position
vector of the ith atom and the third-order anharmonic IFCs,
respectively. Fig. 5(g-i) show the Griineisen parameters of the ZA,
TA, LA and optical modes in CrSX monolayers. Obviously, the ZA
mode of CrSX monolayers has the largest y,, suggesting the
presence of strong anharmonicity and phonon-phonon scatter-
ing leading to short 7, and small x;. The ZA mode with the largest
y, may originate from the rattling vibration of the X atoms
around frequencies of flat acoustic bands. Apart from the above
parameters, phonon scattering rates [Fig. 6] is another major
factor in determining x;. CrSX monolayers exhibit a remarkably
high scattering rates, resulting in a shortened t; and conse-
quently, strong anharmonicity. The significant scattering rates
are attributed to the abundance of scattering channels facilitated
by the large W, and anharmonic phonon scattering plays a crucial
role in reducing ;.

3.2 Electronic structure and electrical transport

The thermoelectric (TE) properties rely on low «; and favorable
electrical transport properties, which are primarily influenced
by the electronic structures. Fig. 7 displays the electron band
structures of CrSX monolayers obtained through HSE06 hybrid
functionals. Calculation results indicate that CrSCl, CrSBr, and
CrSI monolayers are indirect bandgap semiconductors with
bandgaps of 1.80, 1.69, and 1.26 eV, respectively. The conduc-
tion band minimum (CBM) and valence band maximum (VBM)
are located at the X and I' points, respectively. The CBM of CrSX
monolayers exhibits highly degenerate and nearly flat disper-
sion along I'-X, contributing to a higher electron effective mass

TR

AV

—— Spin-Up
—— Spin-down|

CrSI

Enegry(eV)
Q
7
Q

Fig. 7 The electronic band structures calculated by HSEQ6 hybrid func-
tionals for CrSX monolayers, and the Fermi level is set to zero.
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and increased n-type Seebeck coefficients, while a large effec-
tive mass will lead to a small carrier mobility. Consequently, the
conduction bands with high dispersion along I'-Y will exhibit a
smaller effective mass and a higher carrier mobility. The
dispersion of VBM for CrSCl and CrSBr along I'-X is smaller
than that along I'-Y, whereas CrSI exhibits the opposite trend,
with a larger dispersion along I'-X compared to I'-Y. This trend
can be attributed to the varying orbital contributions to the
VBM at the I point. From X = Cl to I, the contribution of the S
atom decreases, while the contribution of the X atoms
increases.”®

We calculate the anisotropic carrier mobility (u,p) and
electron relaxation time (r) of CrSX monolayers employing the
modified deformation potential approximation (DPA) method.®?

o ol <A+Bm>
X 3 1
ksT(my)2(my)2\  BVA* =B
(10)
(1 VPP
wWrer=p )
=B (11)
_ AE;)? _ 1
where A:E?—i-( 1),B:E1AE1,I:—_ , J=
2 /C? — (AC)?
Cc (1 1 . - Ey + Epy
—lm— th E2="2_""2 AE =
AC(C 2 — (AC)Z) wi ! 2 !
Ey—Eyx ~ Ci+C, , — Cy
Ly 3 e C:C' +G and AC:CJ ¢ . kg, E;, C and m*

are the Boltzmann constant, the reduced Planck constant, the
deformation-potential constant, the elastic constants and the
effective mass, respectively. The m*, E; and C can be given by®®
m* = W*/(O°E[0K?), Ey = 0Beqgeld(Aalay) and C = [0°E/d(Aalao)*)/So,
where Sy, E, Ecqqe and Aa/a, are the cell area, the total energy,
the shift of the VBM and CBM, and the lattice dilation, respec-
tively. Calculated m*, E;, C, u,p and t along x and y directions
using DPA theory are shown in Table S3 (ESIt). According to the
modified deformation potential approximation theory, both u,p,
and 7 depend not only on the elastic constants and the defor-
mation potential energy along the direction of carrier transport,
but also on the values perpendicular to their directions.

The values of m*, E;, C, 7, and u,p, were calculated and are
summarized in Table 1, showing overall consistency with
literature values.”® The m* values along the x-direction on the
VBM (CBM) of CrSCl and CrSBr are 10-100 times greater than
those along the y-direction. The m* along the y-direction is
greater than that along the x-direction at the VBM of CrSI,
consistent with band structure analysis. Similarly to CrSCI and
CrSBr, the CBM of CrSI also shows a larger m* along the
x-direction compared to the y-direction. yu,y, is inversely propor-
tional to m*, exhibiting an opposite trend. Furthermore, the
multiplication of m* and u,p results in weak anisotropy of .
The electronic transport coefficients of CrSX monolayers as a
function of chemical potential (1) at 300 K, 400 K, and 500 K are
shown in Fig. 8(a-1). The magnitude of |S| initially increases

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effective mass (m*, mg), deformation potential constant (Ey, eV),
2D elastic modulus (C, J m~2), electron relaxation time (z, fs) and carrier
mobility (uop, cm? V71 s71) of CrSX monolayers at 300 K using a modified
DPA method

Name Type Direction m* c E, T Uz
CrSCl h I-x 6.554 81.1 3.42 97.792 26.243
r-y 0.080 101.0 4.63 88.940 1955.372
e Ir-x 5.982 81.1 5.00 32.062 9.427
Ir-y 0.343 101.0 4.52 35.621 182.657
CrSBr h r-x 7.118 77.1  3.03 123.511 30.519
r-y 0.091 98.8 3.51 122.068 2359.297
e X-T 7.962 77.1 4.51 24.610 5.436
X-S 0.478 98.8 4.81 25.355 93.295
CrSI h r-x 0.280 73.7 7.29 30.983 194.620
r-y 4.888 96.9 1.28 62.733 22.573
e X-T 3.987 73.7 4.01 50.456 22.258
X-S 0.300 96.9 4.61 50.399 295.477
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< 1500 @ & (b) - ©
Z oo
“ 1500 Z
-3000
12 (d) X-300K (e) (ﬂ =]
_'E — =y-300K \ /
5 \ x-400K ,7
s 6 :‘ — —y-400K b t\ /] = "z 1
T 3 &\ =k /" ,’” \\\ /’
P ) ®), @
= ] Y
E M h\ \\ S
1= | N
= g i { 7 N
HN o\ PR ALV PN
~ %G Xk) M q
ko eofy /
E 0% 11\\ A= /
g LAY i \ 7R /
ERANY /HANY 7|\ s
-1.0 -05 00 05 10 -10 -05 00 05 1.0 -1.0 -05 00 05 1.0
u(eVv) u(eV) u(eVv)

Fig. 8 The electron transport coefficients of CrSX monolayers as a func-
tion of chemical potential (x) at 300, 400 and 500 K. (a)-(c) Seebeck
coefficients (S), (d)-(f) electrical conductivity (a), (g)—(i) power factor (5%¢)
and (j)—=(l) electronic thermal conductivity (ic).

and then decreases with increasing magnitude of chemical
potential |u|. The Seebeck coefficient decreases with increasing
temperature for a given p, which can be attributed to the
concurrent increase in carrier concentration as the temperature
rises. The maximum S values for CrSCI, CrSBr and CrSI mono-
layers at 300 K are 3009, 2802 and 2172 uV K ', respectively.
The strong overlaps of the electronic group velocities cause S
to nearly overlap in both directions.®” Fig. 8(d-f) show the
electrical conductivity ¢ increases with the increasing |u| and
decrease with temperature due to more frequent scattering of
carriers at high temperatures.®® In p-type systems, ¢ exhibits
weak anisotropy, while in n-type systems, it shows strong
anisotropy. Regardless of the doping type (p-type or n-type), o
is greater along the y direction than along the x direction.
Observation from Fig. 8(g-i) reveals that S%c initially increases
and then decreases with increasing |u|. However, the tempera-
ture variation does not significantly affect the change in 5.
The optimal S°¢ values of CrSX monolayers are consistently
higher along the y direction compared to the x direction, at a
given y, due to the difference in ¢. At 300 K, the maximum $*¢

© 2023 The Author(s). Published by the Royal Society of Chemistry
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values of CrSX monolayers surpass the corresponding optimal
values of T-HfSe,*" (2.92 mW mK?), T-M0S2°° (0.07mW mK ™ 2),
GeAs2’® (3.8 mW mK ?), and PbTe’® (2.5 mW mK ?), with
values of 8.85, 9.53, and 4.22 mW mK 2, respectively. Fig. 8(j-1)
display the k. values of CrSX monolayers. Since . is deter-
mined using the Wiedemann-Franz law, it demonstrates simi-
lar behavior to o.

3.3 Thermoelectric figure of merit

The ZT values of CrSX monolayers at different temperatures
(300 K, 400 K, and 500 K) and varying chemical potentials along
the x and y directions are shown in Fig. 9. The ZT value initially
increases, then decreases with increasing |u| for both p-type
and n-type doping along the x and y directions, while it
increases with temperature. The significant disparity in o
contributes to a marked differentiation in the ZT values in
both directions. Table 2 presents the thermoelectric parameters
corresponding to the optimum Z7 values at room temperature.
The optimal ZT values for CrSX monolayers are 1.33, 1.18, and
2.13 along the x-axis and 5.23, 5.84, and 5.22 along the y-axis.
Thus, CrSX monolayers, characterized by their remarkably high
ZT values, hold tremendous potential for thermoelectric appli-
cations and can be compared to the following excellent materi-
als. For instance, SnSe has been reported to have a low thermal
conductivity (0.25 Wm™" K~ ") and a large ZT value of (2.6 + 0.3)

CrSCl CrSBr

X-300K
| = —¥300K !
I { X-400K [
Lolel § = —ya00 6 il
! " x-500k N
" gl = —y-500K 1)

CrSI

0 0 e
-1.0 05 00 05 -1.0 05 00 05 1.0 05 00 05 1.0

HEV) u(ev) u(ev)

Fig. 9 ZT along the x and y directions as a function of chemical potential
at 300, 400 and 500 K.

1.0 1.0

Table 2 The calculated optimum figure of merit (ZT) and Seebeck
coefficients S (uV K™%, electrical conductivity o (10> S m™), power factor
$%6 (1072 W m~ K=2) and electronic thermal conductivity re (W m~' K™) at
300 K

Name Type Direction S 4 S* Ke zZT
CrSCl h X 277.69 0.63 0.48 0.46 1.33
Y 454.29 0.43 0.88 0.32 5.23
e X —208.05 0.10 0.04 0.07 0.18
Y —442.38 0.44 0.84 0.31 4.90
CrSBr h X 187.35 2.72 0.95 2.00 1.18
Y 476.80 0.37 0.83 0.27 5.84
e X —213.97 0.11 0.05 0.08 0.31
Y —412.79 0.29 0.50 0.21 4.00
CrSI h X 333.25 0.22 0.24 0.16 2.13
Y 310.40 0.16 0.15 0.12 2.17
e X —281.11 0.16 0.13 0.12 1.27
Y —455.38 0.23 0.42 0.15 5.22
Mater. Adv,, 2023, 4, 4852-4859 | 4857
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at 935 K’". The 2D superlattice-monolayer structure (SLM) of
ZrSe,/HfSe, theoretically exhibits a ZT value of 5.3 at room
temperature.’” Moreover, the ZT value of the Fe,V, sW,, , Al film
can reach 5 within the temperature range of 300-400 K.”>

4 Conclusions

In this paper, by using the density functional theory and
Boltzmann transport methods, we investigated the thermal
and electrical transport properties of CrSX monolayers. The
lattice thermal conductivity (k;) values of CrSX monolayers along
the x-axis are 0.624, 0.419, and 0.179 W m~"' K", while along
the y-axis, the values are 0.193, 0.158, and 0.093 Wm ' K ' at
room temperature. These ultralow x; values can be attributed to
the strong anharmonicity in CrSX monolayers, which leads to
small phonon relaxation times and flat acoustic phonon disper-
sions. The X atoms in CrSX monolayers serve as generalized
rattlers in the direction perpendicular to the Cr-X-Cr plane,
contributing to the strong anharmonicity. The interplay
between harmonic and anharmonic phonon properties was
responsible for the initial increase and subsequent decrease of
the lattice thermal conductivity with the atomic mass from CI to
I. Additionally, we found that the optimum Z7 values in CrSX
monolayers can reach 1.33 (5.23), 1.18 (5.84) and 2.13 (5.22)
along the y-axis at 300 K. The combination of ultralow lattice
thermal conductivity and high figure of merit in CrSX mono-
layers not only highlights the potential of this system as an
efficient 2D thermoelectric material but also provides valuable
insights for discovering and designing high-ZT thermoelectric
materials featuring rattling vibrational atoms.
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