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Since the successful synthesis of the MoSSe monolayer, which violated the out-of-plane mirror symmetry of
transition metal dichalcogenide monolayers, considerable and systematic research has been conducted on Janus

monolayer materials. By systematically analyzing the LaBrl monolayer, we are able to learn more about the novel
Janus material by focusing on the halogen family next to group VIA (S, Se, Te). The structural optimizations
have been carried out using pseudopotential-based Quantum Espresso code. Computed structural parameters are
in good agreement with literature reports. The optimized crystal structures are used for computing the effect of

strain on electronic and thermoelectric properties. Dynamical stability predicts that this material can withstand up
to 10% of tensile strain. Computed electronic structure reveals material to be indirect wide band-gap ferromagnet
with magnetic moment 1 pg. With increase in the biaxial tensile strain the band gap decreases. Furthermore,
the computed magnetothermoelectric properties predict high Seebeck coefficient ~400 uV /K and low thermal
conductivity of ~0.93 W/m K in LaBrl, which results in a high ZT~1.84 for 4% strain at 800 K. The present
study supports the fact that tensile strain on ferromagnetic LaBrl material can further enhance TE properties,
making it a promising material for TE applications at higher temperatures.
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I. INTRODUCTION

Clean energy sources and renewable energy technology are
the utmost priority of scientists, ecologists, and researchers
to combat global warming and climate change [1-5]. Among
various factors, waste heat is one of the prime concerns caus-
ing this. By scavenging wasted heat, we can save energy
and promote efficient energy production [6—11]. Thus, it is
significant to explore new ways to generate, convert, and store
energy. Thermoelectric generators (TEGs) are a highly effec-
tive solution in managing waste heat as they can convert waste
thermal heat into useful electrical energy [12-16]. TEGs
are significantly known for their applications in deep-space
exploration because of immobile parts, silent working, and
steadiness during years of operation. A thermoelectric module
is simply composed of parallel thermal and series electrical
connections between pairs of highly doped p-type and n-type
semiconductors. For any good TE module, these p-type and
n-type TE materials are crucial. Thus, researchers have ex-
plored many different TE materials for power generation at
various temperatures. However, conversion efficiency is not
yet achieved for commercialization of this technology and is
yet a challenge [17-20]. The efficiency of any thermoelectric
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material is assessed by a dimensionless parameter called a
figure of merit, denoted by Z7T, as [21,22]

S26T

T = —.
Ke + K

(1.1)

In the above equation, S represents the Seebeck coeffi-
cient, o represents the electrical conductivity, k, represents
electronic- and «; represents phononic thermal conductivity.
Thus, a factor known as the power factor, S%0, indicates
the electric performance of the material. To achieve optimal
thermal performance at a certain temperature, a higher power
factor and lower thermal conductivity are desirable [23-26].
However, for any given material three parameters S, o, and
k. are coupled together, and optimizing them simultaneously
is a daunting task [27-32]. This unveils various strategies
to improve TE materials such as power-factor augmenta-
tion by carrier filtering [33-37], carrier pocket engineering
[38—40], complex structures [41,42], low-dimensional struc-
tures [43—45], valley degeneracy [46], etc. that improve ZT
significantly. Also, improved phonon scattering using nanos-
tructuring has been used to raise the TE material’s energy
conversion efficiency [47].

With the prediction of excellent transport properties and
large power factors of graphene [48] and other materials
[49-52], many layered materials have been investigated for
thermoelectric applications. Due to their unique structural,
physical, and chemical properties and easy synthesis using a
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variety of methods such as chemical vapor deposition, physi-
cal vapor deposition, mechanical exfoliation, etc., they are of
recent interest in thermoelectrics [53-56]. Gu and Yang [57]
predicted that altering the stoichiometry of the structure can
lead to a significant reduction in the lattice thermal conduc-
tivity. The ZT can be efficiently increased by lowering the
lattice thermal conductivity. Recently, the synthesis of Janus
MoSSe monolayer [58] inspired the research community to
explore a new family of 2D materials named Janus materials.
Due to highly asymmetric structural characteristics, Janus
materials exhibit diverse properties, including finite out-of-
plane dipoles, giant Rashba splitting, a wide range of direct
and indirect band gaps, etc. [58]. In Janus transition-metal
dichalcogenide monolayer, the layer of metal atoms is sand-
wiched between two layers of dissimilar chalcogen atoms.
They possess an extra degree of freedom to tune material
properties while retaining the exotic characteristics of their
parent structure. Numerous works in the literature suggested
that these Janus materials could be a potential material for
TE applications [52]. Furthermore, recent theoretical studies
suggested that the Janus monolayer could be useful in a va-
riety of emerging fields [59]. For thermoelectric application,
study by Abhishek er al. [60] reported a high ZT of 2.56 for
the WSTe Janus monolayer at higher temperature; another
Janus monolayer ZrSSe studied by Zhao ef al. [61] provided a
high ZT of 4.41 and 4.88, respectively, for p-type and n-type
materials with a tensile strain of 6%. Similarly, ZT of 2.54
for PtSeTe Janus monolayer was observed at 900 K by Wang
et al. [62] and ZT~3.00 was reported by Shivani et al. [63] in
MoSSe Janus monolayer at 1200 K.

Magnetic Janus materials have also been proposed recently
such as manganese chalcogenides [64] and chromium tri-
halides [65]. Jiang and Kang predicted a 2D magnetic Janus
ferrovalley material LaBrlI to be a stable ferromagnetic elec-
trode [66] by employing first-principles investigations. They
proposed that the intrinsic magnetism and asymmetric nature
of these materials result in a large valley degeneracy, hence
making these materials a promising choice for various ap-
plications. Interestingly, due to valley degeneracy, the WSSe
Janus monolayer shows good thermoelectric properties [67].
Motivated by their idea, we have investigated various proper-
ties of 2D magnetic Janus material LaBrlI for thermoelectric
applications. Janus monolayer of LaBrl has broken out-of-
plane symmetry from D3, (LaBr,) to Csy (LaBrl) with space
group P3mlI (No. 156) as shown in Fig. 1. This monolayer is a
three-atom-thick layered structure with La atoms sandwiched
between two halogen atoms Br and I having reflection asym-
metry on the mirror plane.

In the present study, we have systematically investigated
the structural properties, dynamical stability, and electronic
and thermoelectric properties of this material. Furthermore,
we present modulated ferrovalley for up-spin and down-spin
charge carriers in electronic band structure that enhances with
increase in strain. Due to this modulation in valley degener-
acy, low thermal conductivity is observed, which enhances
the figure of merit ZT to be more than 1. Thermoelectric
coefficients as a function of chemical potential at various
temperatures predict ZT>1 for p-type and n-type dopings at
different temperatures. Obtained low thermal conductivity and
high-ZT values tuned with strain are the essential findings of
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FIG. 1. Crystal structure of 2D Janus monolayer of LaBrl
(P3m1: No. 156) (a) top view; (b) side view; and (c) Brillouin zone
with high-symmetry points.

our study, which predicts this to be an efficient thermoelectric
material.

The present paper is arranged as follows. In Sec. II we
discuss the theoretical formalism of density-functional theory
(DFT) used in computing all the calculations. In Sec. III
we further present and discuss lattice parameters, dynami-
cal stability based on phonon dispersion curves, and various
thermoelectric parameters such as the Seebeck coefficient,
electrical conductivity, power factor, thermal conductivity,
and ZT of the material. Finally, in Sec. IV, we conclude with
significant outcomes of the present study.

II. COMPUTATIONAL DETAILS

All the calculations were carried out in the framework
of the density-functional theory (DFT). Janus monolayer of
LaBrl is designed from pristine LaBr, monolayer by re-
placing Br atoms with iodine atoms. With the optimized
lattice parameters of LaBrl, the calculations of electronic
and dynamical properties have been carried out by em-
ploying pseudopotential-based Quantum Espresso package
[68]. The exchange and correlation interaction among the
electrons are described using the nonempirical generalized
gradient approximation (GGA) within the framework of
the PBE (Perdew-Burke-Ernzerhof) formalism, which per-
forms reasonably accurately for a wide range of materials
[69]. The charge density and wave-function cutoff were
set to 320 and 40 Ry, respectively, throughout the calcula-
tions. All calculations were performed using norm-conserving
scalar relativistic and fully relativistic pseudopotentials. Due
to the presence of heavy elements, spin-orbit coupling
(SOC) effect was incorporated using fully relativistic norm-
conserving pseudopotentials for all three atoms. We have used
a Monkhorst-Pack of 12x12x2 k-point grid for electronic
properties and 36 x 36 x 2 for thermoelectric properties for
sampling the Brillouin zone (BZ). The lattice parameters and
atomic positions were obtained by relaxing the structures
to force tolerance of 10~* Ry/bohr. A large vacuum space
of 15 A was used along the z axis to prevent any artifi-
cial interactions between periodic images of slabs along the
vertical direction. The phonon dispersion calculations were

155433-2



ENHANCED THERMOELECTRIC PROPERTIES OF ...

PHYSICAL REVIEW B 111, 155433 (2025)

employed for the accessing dynamical stability. We obtained
the phonon dispersion with a ¢ mesh of 3 x 3 x 1 with a
strict convergence threshold of 10~1° Ry in the self-consistent
calculation using density-functional perturbation theory. The
thermoelectric coefficients were computed using the semiclas-
sical Boltzmann transport theory within constant scattering
time approximation (CSTA) and the rigid-band approxima-
tions, as implemented in the BoltzTraP code [70]. To compute
the electronic part of thermal conductivity, the constant value
of relaxation time is utilized in BoltzTraP code.

According to semiclassical Boltzmann transport theory,
once we get the first-principles band-structure calculations
we can define energy-projected conductivity tensor “®(e)” in
terms of conductivity tensor as [70]

Z (k)< 8(e — 5k)>

It shows the distribution in energy and represents the
contribution of electrons having a specific energy “e,” and
“N” represents the number of k points sampled in the BZ.
For a unit-cell crystal having volume €2, the transport co-
efficients can be evaluated by integrating this conductivity
distribution as

O(e) = 2.1

M}da, (2.2)

1
o (T, 1) = 5[@@)[— bl

Oe)e — ){——”"”’ 2

ke(T, ) = I

5 }de, 2.3)

I o 8T e)
ST = oo / Oe)(e u)[ = ]de,

2.4)

where T is the equilibrium temperature, w is the chemical
potential, «, is the electronic part of the thermal conductivity,
and S refers to the Seebeck coefficient.

We have also computed lattice thermal conductivity «;
by solving the Boltzmann transport equation (BTE) under
relaxation-time approximation (RTA). At thermal equilib-
rium, the phononic distribution obeys Bose-Einstein statistics
[71,72]. In the steady state, the phonon distribution function
is expressed as

df,. _ df dfy

= —— |diffusion + ? |scattering =0, (25)

dt dt
where f, t, and A are the distribution function, time, and
phonon mode, respectively. The phononic distribution f; of
two- and three-phonon scattering process is modeled under
RTA, where third-order anharmonic force constants are com-
puted to obtain the three-phonon scattering rate. The final
lattice thermal conductivity tensor is expressed as

Zfo(fo + 1) (Tiwy) v 2.6)

kot = 4, TZQN
where €2, fo, vi, and N are the volume of the unit cell, equi-
librium Bose-Einstein distribution function, group velocities
of phonon mode, and the number of g points in the Brillouin
zone, respectively.

The lattice thermal conductivity calculations were per-
formed using the phono3py code [73]. The second- and

third-order force constants were calculated by using 2 x 2 x 1
supercells, which required force calculations for 333 num-
ber of crystal structures containing 12 atoms. The Quantum
Espresso code was utilized to perform static calculations.
The k-grid size was set to 5 x 5 x 1. The kinetic-energy cut-
off for wave functions was set to 50 Ry and the force and
energy threshold were set to 107> Ry/bohr and 10~ Ry, re-
spectively, using phono3py. A well-converged g-mesh size of
20 x 20 x 1, as shown in Fig. S1 (see Supplemental Material
[74]), was chosen for calculating thermal conductivity tensors
under BTE-RTA (relaxation-time approximation). The calcu-
lated lattice thermal conductivity results were then scaled to
make it independent of the vacuum thickness. The values were
multiplied by the factor of L/d, where L is the length of the z
axis and d is the sum of the layer thickness and the van der
Waals radii of the outermost atoms.
Finally, the figure of merit (Z7) can be obtained by

S26T

ZT = .
Ke + K

2.7

Here, ZT is related to thermal-to-electrical energy-
conversion efficiency of any material. To obtain more accurate
value of ZT, phononic thermal conductivity plays a signifi-
cant role and literature suggests that strain-mediated valley
degeneracy reduces thermal conductivity significantly [67].
Thus, systematic study of TE properties of Janus monolayer
is presented in this paper.

III. NUMERICAL RESULTS AND DISCUSSION

A. Structural properties

By allowing the crystal to relax to a force tolerance of 10~*
Ry/bohr, the equilibrium lattice parameters for all the compo-
sitions under investigation have been determined. Using the
GGA-PBE as the exchange-correlation, we have calculated
the lattice constants and other related parameters, which are
listed in Table 1. The values agree well with the previous
reports in literature [66].

B. Lattice dynamics and dynamical stability

The thermoelectric performance of a material drastically
changes with the implication of strain (g). The tensile strain
is defined as €% = (“;0“0) x 100, where aqg is the equilibrium
relaxed lattice constant. We examined the effect of biaxial ten-
sile strain on the dynamical stability of LaBrI by calculating
phonon dispersion curves at the steps of Ae = 4%. Figure 2
illustrates the phonon dispersions at various strains for LaBrl
Janus monolayers along different high-symmetry directions.

The computed phonon dispersion for LaBrl comprises
three acoustic and six optical branches in the dispersion
curves, which is due to the 1 La atom, 1 Br atom, and 1
I atom in the unit cell. The phonon dispersion curves relate
the dependence of phonon frequencies for all branches along
a selected high-symmetry path (see Supplemental Material
[74]). The dynamical stability of a material is associated with
the real and imaginary frequencies of the phonon dispersion
curves. Any imaginary frequency in the phonon dispersion
curve signifies the nonrestorative force that results in the low-
ering of potential energy of the atoms when displaced from
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TABLEI. Variation in band gap with different strain on Janus LaBrI system obtained using GGA-PBE exchange and correlation. Computed
energy splitting due to spin-orbit coupling at K and —K high-symmetry points.

S. No. Biaxial tensile strain(%) Parameter LaBrl Energy splitting (meV)
1 0 Lattice constant (A) 4.24 (4.24) [66]
Band gap (eV) 2.44 eV (1spin) 28
1.16 eV ({ spin)
2 4 Band gap (eV) 2.75 eV (1spin) 49
0.45 eV ({spin)
3 8 Band gap (eV) 3.17 eV (1spin) 61
0.14 eV ({spin)
4 10 Band gap (eV) 3.20 eV (1spin) 69
0.08 eV ({ spin)

equilibrium positions, indicating dynamical instability of the
structure. Computed phonon dispersion curves for LaBrl do
not contain any imaginary phonon frequencies up to 10%.
This indicates that LaBrl monolayer is dynamically stable
under tensile strain up to 10%. Further increase in the strain
lead to imaginary frequencies in the phonon dispersion curve;
hence, material gets unstable beyond this limit.

C. Electronic properties

The spin-polarized electronic band structures for the stud-
ied monolayer under various strain values are shown in Fig. 3.
Band structures highlight that GGA-PBE predicts LaBrI to
be a semiconductor with an indirect band gap of 0.51 eV.
Due to spin polarization, valence-band maximum (VBM)
and conduction-band minimum (CBM) near the Fermi level
possess opposite spin that makes this monolayer a spin semi-
conductor. It can be seen from Fig. 3 that near Fermi level
the bands have local minima for up spin and down spin which
are significant and referred to as valleys. These valleys offer
additional degree of freedom for the electron along with its
charge and spin. With an increase in strain, the electronic
valley degree of freedom can be manipulated and hence it
can be used to tune the energies of these valleys. LaBrl is a
ferromagnetic material with a magnetic moment per unit cell
of ~ lug [66]. The magnetism is localized in the interstitial
region of La atoms. Most contribution of magnetic moment
comes from La atoms, while it is negligible at Br and I atomic
sites.
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FIG. 2. Phonon dispersion for LaBrI at different biaxial tensile
strain along high-symmetry ¢ points.

It is apparent from Fig. 3 that LaBrl shows an indirect
band gap from I' to M point in the BZ. The striking feature
in the band structure is the presence of valley polarization at
K and —K high-symmetry points. In Janus materials the bro-
ken symmetry of the crystal leads to the formation of such
valleys that create an additional degree of freedom for tuning
the electronic properties. With increase in strain these valleys
can be polarized further as they shift closer to the Fermi
level. We observed significant changes in the conduction-band
region when a tensile strain is applied to the monolayer. The
states at both the I' and M points increase as the strain in-
creases and the states at I' point shift at a slower rate than
those at M point. Moreover, with the increase in tensile strain
the band gap decreases. Such decrease in the band gap can be
related to the increased bond length with tensile strain leading
to reduction in the coupling and energy-band splitting. We
found that when a biaxial strain is applied, the band valleys in
the Janus monolayer can be significantly tuned. Such tuning
of bands due to strain has a significant effect on the band
curvatures; hence, the effective mass of the charge carriers

r -K M

FIG. 3. Electronic band structure showing up spin (black color)
and down spin (red color) obtained using GGA-PBE functional for
various strains on LaBrl.
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FIG. 4. Electronic band structure showing up spin (black color)
and down spin (red color) obtained using GGA+SOC for different
strain.

in valence- and conduction bands and hence the transport
properties.

The studied Janus layer has heavy atoms such as La and I,
which have significant contribution of the spin-orbit coupling
on the band structure. Therefore, we have also investigated
the effect of SOC+GGA on electronic and transport prop-
erties. With the application of SOC there is no significant
change observed in the band structure for both unstrained
and strained systems. For strained system, the SOC exhibits
symmetric band curvatures resulting in insignificant effect on
the transport properties of these monolayers. The inclusion of
SOC with an initial splitting in the magnetic moment leads to
the energy splitting, which depends upon the direction of the
magnetization. Due to the magnetization along the —z axis,
the obtained energy-band maximum at —K is 28 meV higher
than the energy-band maximum at K point for unstrained
system as shown in Fig. 4.

Without SOC these energy bands at K and —K are en-
ergetically degenerate, showing valley polarization. Further
increase in strain with SOC leads to increase in the energy
splitting as tabulated in Table I.

The SOC is significantly higher in heavier systems as
compared to lighter systems, which leads to the strong band
splitting in VBM and CBM resulting in decreasing band gap
with strain. Such strong SOC in Janus monolayers and tunable
Fermi level with strain or applied field can be a good strategy
for tailoring these materials for valleytronics and spintronics
applications.

D. Thermoelectric properties

The thermoelectric coefficients of the considered mono-
layer have been computed, which include the Seebeck
coefficient (S), electrical conductivity (o), electronic part of
thermal conductivity (k,), and power factor (S2%0) by solving
the Boltzmann transport equations within constant scattering
time approximation (CSTA) and rigid-band assumption. We

have investigated the impact of doping the charge carriers
on the transport coefficients by varying the chemical poten-
tial (i). The transport properties are dependent significantly
on the location of the chemical potential. The negative and
positive doping levels of the chemical potential refer to hole
(p-type) and electron (n-type) dopings, respectively.

1. Seebeck coefficient (S)

The Seebeck coefficient is the induced electric potential
due to thermal gradient across a thermocouple. Therefore, a
higher Seebeck coefficient signifies higher electric potential
across thermal gradient and is essential for higher ZT or good
thermoelectric material. For a given material, the Seebeck
coefficient is related to carrier concentration “n’ as [72]

S_8n'2k§T *(71')2/3
= 3enz " \3n)

where T is temperature, kg is Boltzmann constant, e is elec-
tronic charge, m* is effective mass, and 4 is Planck’s constant.
Within CSTA, the electronic conductivity tensor ®(¢e) using
Eq. (2.1), as discussed in Sec. II, can be obtained only from
the velocities that follow from electronic band structure. The
chemical potential u is used as a variable parameter to study
the effect of doping. The obtained Seebeck coefficient for the
monolayer of LaBrl as a function of carrier concentration
is depicted in Fig. 5. Seebeck coefficient is directly pro-
portional to the effective mass of the carrier and inversely
proportional to the carrier concentration near the Fermi level.
For unstrained monolayer, the highest Seebeck coefficient of
~466 uV/K is obtained at 600 K for up-spin charge carriers,
which is evident from the band curvatures shown in Fig. 5,
as near the Fermi level heavy holes with higher effective mass
and low carrier density lead to high Seebeck coefficient. How-
ever, for down-spin charge carriers, temperature does not have
a significant effect and a coefficient of ~112 uV/K is recorded
with positive-doping levels. The Seebeck coefficients for dif-
ferent biaxial tensile strains at various temperatures 600, 800,
and 1200 K are also illustrated in these plots. For spin-up
charge carriers Seebeck coefficient decreases to ~330 uV/K
with strain due to contribution of light holes which have low
effective mass and higher carrier concentration. Similar trends
are observed with an increase in temperature. However, for
down-spin charge carriers, the Seebeck coefficient increases
to ~480 uV/K with positive-doping levels at 600 K. At higher
temperatures, 800 and 1200 K, we get a significantly low
value of the Seebeck coefficients.

3.1)

2. Power factor (S*c)

The ZT of any TE material is directly proportional to its
power factor (PF), which is defined as PF = S%0. It sig-
nificantly comprises the electronic conductivity and Seebeck
coefficient.

Figure 6 illustrates the calculated power factor as a func-
tion of chemical potential employed at different strain under
various temperatures. For unstrained LaBrl, spin-up charge
carriers show increase in PF from ~ 1.28 x 10! W/m K at
600 K to ~ 1.34 x W/m K at 1200 K; spin-down charge
carriers show increase in PF from ~ 1.78 x 10" W/m K
at 600 K to ~ 1.96 x 10'' W/m K at 800 K. Further, at
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FIG. 5. Seebeck coefficient as a function of chemical potential at 600, 800, and 1200 K for spin-up and spin-down charge carriers.
800 K with 8% strain, spin-up carriers shows PF ~ 1.83 x factor. Thus, strain significantly modifies the band curvatures,
10" W/m K with p-type doping and spin-down charge carri- yielding changes in effective mass of the charge carriers

ers show lower PF ~ 1.04 x 10" W/m K with n-type doping. ultimately leading to changes in power factor. High band
At high temperatures, we can observe decrease in the power curvatures for up spin near Fermi level show light holes with
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FIG. 6. Spin-resolved power factor as a function of chemical potential at 600, 800, and 1200 K.
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FIG. 7. Variation of electronic part of thermal conductivity with chemical potential at various temperature for up-spin and down-spin
charge carriers. Here, «, is scaled using relaxation time t = 107 s and for r = 107'* s the values will be scaled by multiplying a factor of 10.

less effective mass, which result in high power factor for
unstrained system. With increase in strain the band curvatures
decrease, resulting in heavy holes with high effective masses;
hence, the relevant effect can be seen in the power factor for
up-spin and down-spin charge carriers.

3. Thermal conductivity

Thermal conductivity of a material is a sum of electronic
thermal conductivity (k.) and lattice thermal conductivity («;).
Solving Boltzmann transport equations, we have obtained
electronic thermal conductivity k.. To obtain an optimization
between electronic conductivity (o) and electronic thermal
conductivity (x.), we need to understand the relation be-
tween them. At an absolute temperature, they are related
by Wiedemann-Franz law as "; = LT [75,76], where («.)
is the electronic thermal conductivity, (o) is the electrical
conductivity, L is the Lorenz number, and T is the abso-
lute temperature. According to this law, which refers to the
simplest free-electron model, the electrical and thermal con-
ductivities should be in direct relation to get the Lorenz
number as a constant at a particular temperature. However,
in a more realistic scenario of complex interactions within the
crystal structure, we can find a way to optimize the thermo-
electric performance of any material.

Figure 7 depicts the electronic thermal conductivity of this
monolayer for n- and p-type dopings at different temperatures.
It can be observed from the plots that in an unstrained sys-
tem, the spin-up and spin-down charge carriers have a lower
electronic thermal conductivity of ~ 1.14 and ~ 1.02 W/m K
at 600 K, respectively. However, the increase in strain has

prominent changes in both spin-up and spin-down charge car-
riers as, with 4% strain, the thermal conductivity decreases to
~ 0.62 W/m K for spin up and it increases to ~ 1.64 W/m K
for spin-down charge carriers at 600 K. A similar trend is
observed concerning increase in temperature, respectively.
With increase in strain to 4%, electronic thermal conductiv-
ity decreases for spin-up and increases for spin-down charge
carriers. Therefore, overall the tensile strain seems to be fa-
vorable for enhancing the thermoelectric performance of this
monolayer.

For good efficiency or for a high figure of merit, lattice
thermal conductivity (x;) must be low. At 300 K, lattice ther-
mal conductivity of unstrained LaBrI monolayer was found to
be ~5.245 W/m K, which further decreases to 0.059 W/m K
with 10% strain. Interestingly, computed lattice thermal con-
ductivity at higher temperature is significantly low (<1.0
W/m K) for LaBrlI, as presented in Table II.

As depicted from Fig. 8 for unstrained system, with the in-
crease in temperature from 600 to 800 K, thermal conductivity

TABLE II. Lattice thermal conductivity computed using
phono3py at 600 and 800 K.

Thermal conductivity (W/mK)

S. No. Strain % 600 K 800 K
1 0 2.604 1.951
2 4 1.241 0.930
3 8 0.428 0.322
4 10 0.029 0.021
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FIG. 8. Variation of phononic part of thermal conductivity with
temperature at different strain.

decreases from ~2.604 to ~1.951 W/m K, although applica-
tion of 4% strain slightly decreases the «; to ~0.930 W/m K
at 800 K. We noticed a decrease in the lattice thermal conduc-
tivity with steady increase in the tensile strain. The decrease
in lattice thermal conductivity may be related to increased
anharmonic interactions with increase in volume, leading to
frequent scattering [77,78]. Therefore, we can infer that low
thermal conductivity at higher temperature might result in
higher ZT of this monolayer.

4. Thermoelectric figure of merit (ZT)

We further computed the dimensionless figure of merit
to predict the thermoelectric efficiency by employing the
above discussed transport coefficients. Since the electronic

transport coefficients are computed within constant relaxation
time approximation, we have considered two constant values
of relaxation to further predict the ZT. Considering constant
values of 7 = 10713 and 107 s, we have computed ZT
as shown in Fig. 9. Computed results with T = 10~!* s for
unstrained LaBrlI have a ZT < 1 whereas = 107!3 s results
in a ZT = 1.24 at 800 K. Variations of temperature and strain
have significant effect on ZT. For t = 1013 s, ZT enhanced
from ~0.85 for unstrained LaBrI to ~1.27 with 4% strain for
down spin with n-type doping at 600 K. At 800 K, with 4%
strain we obtained the highest ZT of ~1.84 for down spin with
n-type doping. Computed ZT with higher strain has a slowly
decreased ZT of 1.74 for 8% strain and 1.80 for 10% strain.
Similarly, for t = 10~ s the ZT value at 800 K is 1.72 and at
600 K it becomes 1.68 with 10% strain. Thus, ZT calculated
with = 107" s clearly signifies higher ZT with 4% strain,
which signifies strain-enhanced thermoelectric figure of merit.

Moreover, the studied Janus monolayer LaBrl exhibits
higher ZT values which are prominent for potential thermo-
electric materials.

IV. CONCLUSIONS

We have systematically investigated the structural pa-
rameters of 2D Janus ferrovalley LaBrl material. Phonon
dispersion curves at different strains revealed this material
to be dynamically stable up to 10% strain. The calculated
electronic band structure signifies LaBrl to be an indirect
band-gap (0.51 eV) ferromagnetic material with a magnetic
moment of 1.0 ug. Band gap with spin-up and spin-down
charge carriers can be effectively modulated by biaxial ten-
sile strain and it has a crucial impact on the thermoelectric

0% 4% 8% 10%
1
— 600K Qe
i i —— 800K Up-Spin
X
\
\!
g A
\
= e
'E | |
g 0 1 0 1
k) 2 ,
= Down Spin
3 - -13 L L
B0 T s
= 1.5+ —— 7 — — —
1 — — — -
- _ \ -
I
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] /
B rd | / B
0 I | / I A I | 1
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FIG. 9. ZT as a function of chemical potential in different temperature regions with two values of relaxation times, solid lines representing

7 = 107" 5 and dashed lines representing r = 107 s,
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transport properties. Computed thermoelectric coefficients
suggest that this material can have a high power factor with
n-type and p-type dopings and low lattice thermal conduc-
tivities of ~ 0.93 W/m K that results in a high ZT ~1.84 at
800 K at 4% strain. Thus, computed Z7T >1 for strained mono-
layer is comparable to the commercially used TE materials
such as Bi,Tes, oxides, and sulfides. Such high value of ZT
indicates the potential of this monolayer for thermoelectric
applications.
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