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Proximity @ induced  longitudinal and
transverse thermoelectric effect in Gr-CrBrs
van der Waals heterostructure

5.1 Introduction

Proximity effect [1] is one of such emerging interfacial phenomena in layered
van der Waals (vdW) crystals enable spellbound possibility in tuning charge
transfer aspect for coherent thermoelectric (TE) response. Seebeck effect (SE)
represents one of the thermoelectric responses, where conduction of carriers
takes place in presence of temperature gradient producing electric signals
leading to thermoelectric power generation (TEG) [2-4]. The thermoelectric
performance of a material is achieved by determining dimensionless figure of
merit, zZT = (05°T)/x, where o, S, T and x are electrical conductivity, Seebeck
coefficient, absolute temperature, and thermal conductivity consist of electronic
and lattice components [5]. In addition, another thermoelectric behaviour
known as anomalous Nernst effect (ANE) emerges from transverse
thermoelectric contribution basically observed in ferromagnetic crystals [6]. As
compared to conventional Nernst effect, the ANE is observed in presence of
temperature gradient with respect to spontaneous magnetization of a
terromagnet (FM) rather than applying any external magnetic field [7,6]. Thus,
ANE is considered as a thermoelectric analogue of anomalous Hall Effect
(AHE). The TE and ANE are independently studied in hybrid heterostructures
such as MoS2/MoSe2 [8], graphene-MoS2 [9], and multilayer graphene

nanoplatelets [10]. However, the coexistence of longitudinal and transverse
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thermoelectric has been studied in bulk compounds with high external
magnetic field and at low temperature [11, 12], limiting its possibility in
efficient charge transport. The ANE coefficient for platinum (Pt) on yttrium iron
garnet (YIG) has very small value of the magnitude of ~0.06 pV/K [13]. While
in real-time picture, Pt/YIG reduce its significance due to short circuit effect;
the proximity exists only at the interface and not in the remaining region of
Pt/YIG system [13]. The advantage of two-dimensional (2D) materials over
bulk counterparts achieves significant improvement in thermoelectric
performance due to the discretized electronic structure (quantum confinement)
[14]. In addition, proximity coupling with vdW ferromagnet and non-magnetic
heterojunctions leads to various interfacial phenomena such as non-trivial
phases [15], miniband splitting [16], anomalous nature [17], and band alignment
[18]. In this regard, the proximity effect enables to persist distinct order
parameters at interface, which further provokes the interaction between the
charge carriers and local moment giving rise to TE and ANE in vdW crystals.
Therefore, designing robust interface by proximity coupling of vdW crystal will

nurture significant progress in recognizing advanced thermoelectric materials.

Graphene gains particular interest as a thermoelectric material due to its
extraordinary electrical conductivity and electron mobility [19, 20]. However,
pristine graphene exhibits linear dispersion with zero band gap [21] and owns
low zT value with large thermal conductivity [22] providing restriction on its
applications. In this regard, the theoretical investigation is considered in
graphene nanomesh (GNM) [23] and graphene-graphyne nanoribbon
heterostructure [24] for enhanced thermoelectric performance by reducing the
thermal conductivity. The thermoelectric power factor (PF) can be improved by
sandwiching graphene with hexagonal boron nitride (h-BN) due to less
potential disturbance with superior electrical conductivity and mobility
gradient [25]. The thermoelectric response has high degree of tunability with
respect to external perturbations to engineer longitudinal and transverse

thermoelectric coefficients [26]. Graphene electronic band structure can be

98



Chapter 5

tuned via proximity effect and external perturbative effect, which modify the
pristine structure for efficient thermoelectric performance [27]. The external
perturbation like electric field gating is quite subtle in vdW heterostructure for
modulating the tunnelling probability of Dirac fermions at interface [28]. This
contradicts the apprehensions of semimetal to be poor thermoelectric material
[29]. As graphene is non-magnetic in nature, it has limitations in realizing
anomalous Nernst behaviour. In this regard, magnetic proximity coupling of
graphene with 2D ferromagnet will commence efficient charge transfer and
interaction with magnetic moments at interface, which further triggers the
coexistence of TE and ANE in vdW crystals. This opens a new physical
paradigm in generating efficient longitudinal and transverse thermopower

simultaneously.

In the current chapter, we explore the presence of TE and ANE with intrinsic
origin in vdW heterostructure at room temperature, in view of designing
efficient thermopower devices. We consider graphene and ferromagnetic, CrBr3
vdW heterostructure with an interlayer distance of 3.77A under the framework
of ab initio-based density functional theory (DFT) simulations using constant
relaxation time approximation (CRTA) utilized from Boltzmann transport
equation (BTE). Our theoretical finding illustrates that the Seebeck coefficient is
considerably enhanced for the heterostructure. The consistency in conductance
spectrum signifies the presence of robust proximity interaction in
heterostructure system. The electronic figure of merit suggests that the
heterostructure to be an ideal candidate for new generation thermoelectric
applications. The oscillatory nature of ANE arises due to presence of proximity

interaction in heterostructure system.
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5.2 Model and Computational Details

The first-principle based DFT calculation is employed using projector-
augmented-wave (PAW) pseudopotential method [30], encoded in Quantum
ESPRESSO (QE) package [31]. The Perdew-Burke-Ernzerhoff (PBE) exchange-
correlation functional is considered with generalized gradient approximation
(GGA) [32]. The cut off energy for plane basis sets is 50 Ry with a vacuum space
of 20 A to ignore interactions among the monolayers. The 9 x 9 x 1 and 27 x 27 x
1 un-shifted K-point sampling are adopted in first Brillouin zone to construct
Gr-CrBrs heterostructure, respectively. The Hellmann-Feynman forces acting on
ions is minimized to 0.01 eV/A. The total energy is calculated with an accuracy
of 108 eV by utilizing Davidson-diagonalization iterative method. For optimum
interlayer distance for proximity effect, we introduce van der Waals (vdW)
interactions DFT-D2 proposed by Grimme [33]. The optimal interlayer distance
is found to be 3.77 A [16].

To perform the longitudinal and transverse thermoelectric coefficient
calculation, we consider linear Boltzmann transport equation (BTE) under the
constant relaxation time approach (CRTA) encoded in BoltzTrap2 code [34].
Under this regime, the mean free path of scattered electron is mainly
responsible and must be miniaturized than the sample length. In this regard,
the conduction of electron and holes will have diffusive nature and Boltzmann
approach is absolute to characterize the transport phenomena. Considering

CRTA approach, thermoelectric behaviour can be elaborated from transport
coefficient using TE kernel integration, L,, = ffooo T(EY(E—w" (;—ZZ) dE, here,
T(E) describes the transport distribution function (TDF), u represents chemical
potential, f(E) is Fermi-Dirac distribution. The TDF can be written as, T(E) =

v2(E)T(E)g(E), here, v describes the velocity, 7(E) depicts relaxation time and
g(E) is density of states (DOS).
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Under CRTA scheme, DOS is indirectly proportional to relaxation time and can

c
(E)

be expressed as, g(E) = where C refers to the scattering coefficient. In this

case, the velocity will be expressed in terms of group velocity v*(E) = v; /2.
The transport coefficient for each electronic structure will be considered with
consummate boundary conditions. Under Boltzmann transport theory within

CRTA, the transport coefficients of longitudinal thermoelectric property can be
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). Here, e is the electronic
charge and T is the absolute temperature. Moreover, the transverse part of the

thermoelectric coefficient can be written as, Uy (T, W) =
i [dE (- %)axy(o, E) % The integration was calculated by introducing the

energy dispersion (E) with respect to electronic wave vector k obtained from the

first-principle DFT calculation.

5.3 Result and Discussions

5.3.1 Thermodynamic stability

For quantitative measurement, the thermodynamic stability of stacked Gr-CrBrs
vdW heterostructure is achieved as shown in figure 5.1. We determine the
binding energy (Eb) of heterostructure system as per the concerned equation,

[EGrp-crBr3—(EGrp+EcrB 3)]
E, = —Sp-CrBrs Ev rp+Bcrs 3) , where, Ecrp-cr8r3, Ecrp and Ecrais and N represent

the total energies of Gr-CrBrs heterostructure, pristine graphene, CrBrs
monolayers and number of atoms in corresponding unit cell (N=22),
respectively. The calculated binding energy is found to be -26 meV. The
negative binding energy signifies the heterostructure formation to be
thermodynamically stable. The optimized interlayer spacing between graphene
and CrBrs is 3.77 A, which is evident from the binding energy versus

interplanar spacing plot as shown in figure 5.1 (c).
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Figure 5.1: Atomic structure of Gr-CrBrs vdW heterostructure. The grey, blue
and red balls represent carbon (C), chromium (Cr) and bromine (Br),
respectively. The pink dashed box indicates the unit cell of Gr-CrBr3
heterostructure. (a) Top-view and (b) side view. The interlayer distance for
possible proximity integration is 3.77 A. (c) Calculated binding energy with

respect to interplanar spacing of Gr-CrBrs vdW heterostructure

5.3.2 Electronic property
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Figure 5.2: Calculated integrated DOS for Gr-CrBrs vdW heterostructure
system. The black, red and blue solid lines depict total integrated DOS for CrBr3
monolayer, graphene monolayer and Gr-CrBrs bilayer, respectively. The inset
displays the charge density difference (CDD) for bilayer system with isosurface
value £0.0025 e/A3, where yellow and cyan colour represents positive and

negative isosurface value, respectively.
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The calculated integrated DOS is plotted for monolayer graphene, monolayer
CrBrs and Gr-CrBrs vdW heterostructure as shown in figure 5.2. The red, black
and blue solid lines represent total integrated DOS for graphene, CrBr; and the
heterostructure system, respectively. Due to proximity coupling, the
heterostructure exhibit characteristic of linear Dirac band dispersion from
graphene as well as finite band gap of 0.8 eV from CrBrs monolayer, which is
pertinent with prior study [16, 35]. The graphene Dirac point is observed at
conduction band minimum (CBM) of CrBrs, which represent the semimetallic-
semiconductor characteristic of electronic bands. The integrated DOS pattern
for heterostructure system near the Fermi level basically comprises mixed
character of graphene and CrBrs leading to efficient conduction of electrons and
holes, contributing directly to realize thermoelectric (TE) behaviour of the
heterostructure system. Moreover, in integrated DOS pattern, monolayer
graphene and CrBrs observes no certain elevation at the Fermi region.
Therefore, transport properties for holes contribution are dominated by
graphene while electrons contributions are characterized by both graphene and
ferromagnetic CrBrs. The inset shows the differential charge density
distribution (CDD) for Gr-CrBrs heterostructure system, where yellow and cyan
colour depicts positive and negative charge i.e., the conduction of holes and
electrons at the interface and accumulation of charges at surface of bilayer
system. The charge transfer is observed in partial regions due to electrostatic
screening effect arise in bilayer system. This robustness signifies the presence of

MPE and deduces TE properties in heterostructure system.
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5.3.3 Conductance

Spin-up
Spin-down

2S5

w
=]
I
—
[
~
Conductance, G (S)
{
B
Im——
L
22
% ii

2.0 -

1.5

G/Gy

0.5

0.0 -

E-Ey (eV)

Figure 5.3: Spin-polarized normalized conductance for heterostructure as a
function of Fermi energy. The pink and violet lines depict spin-up and down
states, respectively. The inset represents the spin-polarized conductance with

respect to Fermi energy.

Figure 5.3 displays normalized spin-polarized conductance (G/Go) as a function
of Fermi energy for the heterostructure system. To realize the presence of MPE,
spin-polarized transport phenomena has been calculated at interface of
heterostructure system via non-equilibrium Greens’ function (NEGF) process.
The spin-up conductance value for energy interval 0-2 eV is found to be 2, while
for spin-down states it is 0.5. Therefore, asymmetric nature is clearly evident
from normalized conductance spectrum for respective spin configurations. The
spectrum displays the step-like nature from valence to conduction band in Gr-
CrBrs heterostructure. This step-like conductance spectrum remains consistent
for both spin-up and spin-down configurations, respectively. The consistent
nature of spectrum influences interfacial polarization of electrons due to active
proximity coupling. The inset also confirms the asymmetric behaviour with
conductance value of 155 KS and 39 1S for spin-up and down states, respectively

at energy interval of 0-2 eV.
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5.3.4 Thermoelectric behaviour
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Figure 5.4: (a) The calculated Seebeck coefficient with respect to chemical
potential at temperature 300 K to 450 K for Gr-CrBr; van der Waals
heterostructure. (b) Calculated electrical conductivity and (c) Calculated power
factor for Gr-CrBrs; bilayer system as a function of chemical potential. (d) The
electronic figure of merit with respect to the Fermi level at 300 K for the

heterostructure system at zero bias.

Figure 5.4 (a) presents the calculated Seebeck coefficient (Sx) as a function of
chemical potential, temperature varying from 300-450 K for Gr-CrBrs vdW
heterostructure by implementing Boltzmann transport equation (BTE) using
BoltzTrap2 code under constant relaxation time approach (CRTA). The
coefficient alters substantially with respect to chemical potential, estimating an
optimum carrier concentration is favorable to accomplish thermoelectric
performance of the heterostructure system. Near the Fermi level (u=0), the
Seebeck coefficient prevail two obvious peaks for both p- and n-type
concentrations. The estimated Seebeck coefficient |Sx«| is found to be 653V /K
at 300 K and the value of coefficient decreases up to 400pV/K at 450 K. The
Seebeck coefficient value decreases with increase in temperature due to increase

in electron energy as compared to its change created by means of temperature
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gradient. Also, this effect is because of bipolar conduction effect or the
stimulation of carriers of both positive and negative charge implying the
inverse Hall coefficient [36]. As Seebeck coefficient is related to band structure,
the band structure shows semimetal-ferromagnetic semiconductor
characteristic due to MPE at high-symmetry point leading to asymmetric nature
with minimum overlap of electrons and holes in the electronic properties of Gr-
CrBrs bilayer system. This asymmetric nature of bands in heterostructure
system leads to high S value at room temperature by interacting charge carriers
with magnetic moments of ferromagnetic CrBrs, which provides heat-driven

electron transport and consequently enhances thermopower.

Based on the calculated electronic band structure, the transport coefficients
from the electronic contribution for Gr-CrBrs heterostructure system is
evaluated within the semi-classical BTE and rigid band model. To obtain
accurate results, we consider a highly dense k mesh in irreducible Brillouin zone
(IBZ) for the heterostructure system. The semi-classical BTE rely on the ratio o/t
corresponding to nine diagonal components of conductivity tensor. Using the
ratio o/t component of conductivity tensor, the relaxation time can be
considered as 10-14 within the permissible range [37]. In this regard, scaling of
Sxx and o can be utilized via relaxation time constant t. The electrical
conductivity is obtained when the relaxation time parameter is considered into
all components of o/t. Figure 5.4 (b) displays the electrical conductivity with
respect to chemical potential 1 at varied temperatures. Unlike the Seebeck
coefficient the electrical conductivity is less dependent on temperature. The
Seebeck value and electrical conductivity is inversely proportional to each
other. In this regard, we observe near the Fermi level the conductivity is less but
the magnitude of Seebeck value is higher. It is also seen that the conductivity in
n-type chemical potential region is of the order of 2.8x10° S/m, which is higher
as compared to Seebeck value in n-type chemical potential region. The electrons

are dominant carrier in Gr-CrBrs heterostructure system, which plays active
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role in conduction. Therefore, the trade-off is clearly evident between Seebeck
and electrical conductivity for Gr-CrBrs heterostructure system. The measured
electronic thermal conductivity also follows the same trend as electrical
conductivity relying on Wiedemann-Franz law as shown in appendix figure A2.
Subsequently, electronic power factor (PF) is plotted relative to chemical
potential in Figure 5.4 (c) at different temperatures. The power factor is the
product of square of Seebeck value and electrical conductivity. The maximum
value of PF is 8.5x10" Wm-K-1s" for positive chemical potential (n-type carrier

concentration) at room temperature.

Figure 54 (d) displays the dimensionless figure of merit for electronic
contribution as a function of Fermi energy at room temperature. This
dimensionless quantity is calculated considering power factor, temperature and
electronic thermal conductivity to examine the energy conversion efficiency. In
this calculation, we have neglected the lattice thermal conductivity from
phonon contribution in 2D heterostructure system because phonons actively
participate as heat carriers in bulk solids. In such heterostructure system, the
phonon scattering increases and its contribution to lattice thermal conductivity
dramatically decreases due to reduced dimensionality. This significantly
changes the phonon dispersion as well as density of states for low-dimensional
systems. Therefore, the reasonable approximation by omitting lattice thermal
conductivity will lead to higher figure of merit value considering the
contribution of electronic thermal conductivity [37]. It is evident that calculated
figure of merit from electronic contribution attains two peaks at room
temperature, with uttermost value of 13.10 at -0.13 eV and 10.21 at 0.034 eV,

suggests remarkable ZT. value through doping in heterostructure system.
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Figure 5.5: Left panel describes (a) the power factor, (b) electrical conductivity
and (c) Seebeck coefficient with respect to hole-doping concentration at
temperature in no bias at 300 K for Gr-CrBrs van der Waals heterostructure.
Right panel displays (d) the power factor, (e) electrical conductivity and (f)
Seebeck coefficient as a function of electron-doping concentration at zero bias at

room temperature.

Figure 5.5 displays the calculated PF (S%0/7), electrical conductivity (o/1) and
Seebeck coefficient (Sxx), where 1 is the relaxation time for Gr-CrBrs
heterostructure system with respect to doping concentration at 300 K. From
tigure 5.4 (left and right panel) it is clearly evident that hole concentration (p-
type) is contributing minorly to the conductivity whereas electron concentration
(n-type) is contributing significantly of the order of ne = ~102° cm at 300 K and
follows the trend of ideal thermoelectric (TE) material. The contribution of
electron concentration indicates the Gr-CrBrs heterostructure to be n-type TE
material. The majority of electron contribution is also confirmed from Figure 5.4
and correlates well with it. Figure 5.5 (c) and (f) The Seebeck coefficient with
respect to electron concentration is found to be -150uV /K at a concentration of

ne = ~1020 cm-3 and 100pV/K for nn = ~1020 cm=3 at 300 K. Therefore, Seebeck
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coefficient value in the heterostructure system is higher in electron
concentration than hole-carrier concentration, which confirms the system

exhibits n-type TE properties.

The dependence of electrical conductivity is plotted with respect to hole-carrier
concentration and electron carrier concentration for Gr-CrBrs vdW bilayer
system in figures 5.5 (b) and (e). The electrical conductivity in electron carrier
concentration (shown in figure 5.5 (e)) is infinitesimally higher than that of the
hole carrier concentration (shown in figure 5.5 (b)) in heterostructure system.
The enhancement in electrical conductivity can be explained on the basis of two
reasons. Firstly, the elevation at the Fermi level leads to non-zero value in
integrated DOS pattern can possibly estimate the increase in carrier
concentration and would enhance the electrical conductivity for electron carrier.
Secondly, conduction of charge from one layer to neighbouring layer. To
illustrate the conduction of charge among the layers, we plotted integrated DOS
as a function of Fermi energy region for monolayers as well as the
heterostructure system. The integrated DOS specifically confers the probability
of electron density present in conduction band region and holes in valence band
of unit cell. The calculated ratio from integrated DOS for monolayer CrBrs to
monolayer graphene is about 1.55, while the ratio of integrated DOS for bilayer
system to that of monolayer CrBrs; and graphene is 1.66. The ratio for the bilayer
system is higher than that of the monolayer CrBrs and graphene. This clearly
signifies the presence of charge transfer from partial regions of graphene to
CrBrs layer, which can also be confirmed from the inset of figure 5.2. As a
consequence of charge transfer there will be elevation in electron and hole
carrier concentration, which improves the electrical conductivity for electron

carrier in Gr-CrBrs heterostructure.
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The calculated PF (S%0/7) is plotted with respect to the carrier concentration as
shown in figure 5.5 (a) and (d), under the energy-liberated relaxation time Tt
scheme. The carrier concentration dependent PF is obtained for Gr-CrBrs
heterostructure system shows peak at electron carrier concentration ne~0.5x1020
cm3 and hole carrier concentration nh~0.25x101 cm3. The power factor value in
case of electron concentration is substantially higher than that of hole-carrier
concentration. In this regard, electronic structure is an important factor for

resonating electron-hole conduction to describe TE behaviour in heterostructure

system.
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Figure 5.6: Temperature dependence of (a) Seebeck coefficient, (b) electrical
conductivity, (c) electronic thermal conductivity (xe), and (d) power factor of

Gr-CrBrs vdW heterostructure at different chemical potential.

Temperature dependent Seebeck coefficient is plotted as shown in figure 5.6 (a)
at different chemical potential, which displays an intriguing n-p type transition
with increase in temperature. The value of Seebeck coefficient usually explicate

by Mott equation [38], relating to the derivative of logarithmic function of

2 2
electrical conductivity can be expressed as, S = %(%) [alr;—:,(E)]E:EF =

2 (k2T\ 10ln (E) , 10u(E .
%(%) [; g;) o ’;; )]EzEF where, u(E)=gt(E)/m* is the energy dependent
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chemical potential for carrier mobility, g is charge of carrier, T denotes
temperature, kg is the Boltzmann constant, m* describes effective mass and EFr is
Fermi energy. The Mott relation says that Seebeck value decreases with the
elevation in doping concentration, which is also evident from figure 5.5. The n-
p type transition in Seebeck coefficient is non-uniform suggesting the creation
of potential at the interface between monolayers graphene and CrBr; because of
proximity integration, where the carriers having low kinetic energy are
removed by energy barrier at interface due to the shifting of Fermi level and
carriers exhibiting high kinetic energy are considered for transport phenomena.
This behaviour can be explained by charge carrier filtering effect [39, 40], which

occurs basically at the interface.

Figure 5.6 (b) and (c) describes the electrical conductivity and electronic thermal
conductivity as a function of temperature at different chemical potentials
considering constant relaxation time. The trade-off between Seebeck, electrical
and electronic thermal conductivity is well established and corroborates well
with figures 5.4 and 5.5. It is evident from figure 5.6 (c), the «. value increases
with increase in temperature for pu=-0.213109 Ha. Due to the increase in
temperature the charge carrier will suffer higher thermal energy and propagate
free electrons creating holes from valence to conduction band region. The
electrical conductivity for heterostructure system (shown in figure 5.6 (b))
shows a consistent nature with the increase in temperature. The value of o for
n=-0.213109 Ha is about 1.0 x 102 Q-Im-1s1 at 300 K and slightly decreases with
the increase in temperature. Due to the slight overlap in semimetal-ferromagnet
heterojunction, the vibration in metal ions increases resulting in increase of
resistance in the heterojunction. However, in other chemical potentials the
electrical conductivity is consistent throughout the temperature range because
of seamless proximity integration giving rise to asymmetric bands and density
of states. As a consequence, this consistent nature of electrical conductivity is
worth to mention for smooth and continuous diffusion of charge carriers at the

heterojunction making it suitable for efficient charge transport. The temperature
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dependent power factor is plotted (shown in figure 5.6 (d)) at various chemical
potentials. The power factor value at p=0.0552338 Ha has higher value as
compared to other chemical potential due to high Seebeck and electrical

conductivity value of heterostructure system.

5.3.5 Anomalous Nernst Effect (ANE)
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Figure 5.7: Dependence of anomalous transverse thermopower (anomalous

Nernst thermopower, Syy) as a function of chemical potential observed in Gr-

CrBrs vdW heterostructure at different temperatures from 300-450 K.

The occurrence of anomalous Nernst effect (ANE) is a part of transverse TE
effect in presence of ferromagnet without applying any external magnetic field
[6]. In this case, monolayer graphene and monolayer CrBrs are coupled
magnetically via proximity effect; hence, no external magnetic field is applied.
Figure 5.7 shows the dependence of anomalous transverse thermopower with
respect to chemical potential at different temperature from 300-450 K. At the
Fermi region, p=0, |Sxy|=40 nV/K at 300 K. As the temperature increases above
room temperature, the transverse thermopower decreases at Fermi region is
found to be ~20uV/K. It is observed that calculated value of transverse
thermopower is obtained on the basis of intrinsic origin due to magnetic

proximity coupling between graphene and ferromagnetic CrBrs. As seen from
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the figure, it is clearly evident that oscillatory behaviour is detectable
throughout from negative to positive chemical potential. Moreover, oscillatory
behaviour of Nernst effect was previously observed by doping [41] or
externally applying magnetic field [42] in quantum systems. Such oscillatory
behaviour gives rise to quantum oscillations in Gr-CrBrs, which is observed
intrinsically due to seamless proximity integration without any external

magnetic field leading to realize anomalous Nernst behaviour.

5.3.6 Variation of electric field in thermoelectric behaviour

700

(@)

Seebeck (LV/K)
Nernst (LV/K)

0.6 0.4 0.2 0.0 0.2 0.4 0.6 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Electric field (V/A) Electric field (V/A)

Figure 5.8: Dependence of (a) Seebeck effect (Sxx) and (b) anomalous transverse
thermopower (anomalous Nernst thermopower, Sxy) as a function of applied
electric field (-0.5 V/ Ato 05 v/ A) in Gr-CrBrs vdW heterostructure at room

temperature.

The compulsion of Seebeck effect (Sxx) is addressed with respect to applied
electric field at room temperature as shown in figure 5.8 (a) for Gr-CrBrs vdW
heterostructure. It is observed that S« is quite sensitive towards applied electric
field due to the fluctuation in split-off energy obtained previously [16]. Thus,
prominent non-linearity is evident with implications of applied electric field
from 0 to 0.5 V/A leading to rapid diffusion of charge carriers screened from
CrBrs to graphene layer and electron-hole recombination. As seen from figure
5.8 (a), it is clearly seen that the Seebeck coefficient (Sxx) is responsive with the
modulation of electric field because of interlayer polarization effect. It is seen

that the S« value decreases with external biasing as compared to zero biasing
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(shown in figure 5.5) due to in-built electric field produce between graphene
and CrBrs monolayers creating entropy difference by recombining charge
carriers at the interface, which can possibly tune charge transport via proximity
interaction. The trade-off between Seebeck and electrical conductivity, power
factor is also consistent with the application of electric field revealing the

heterostructure system to be an ideal thermoelectric material.

Unlike Seebeck effect, in anomalous Nernst effect the intrinsic magnetism
truncates electrons and holes to divert in opposite directions. Thus, both the
carriers promote transverse TE properties. It is clearly seen from figure 5.8 (b),
distinct non-linearity is observed like Seebeck effect (shown in figure 5.8 (a))
with applied electric field. However, the trend of non-linearity for ANE is
different from Seebeck effect based on intrinsic origin (MPE) i.e. at zero bias Sxx
(Sxy) is showing a greater (lower) value of 653uV /K (40uV/K). This trade-off
can be possibly due to the shift in Fermi energy with applied biasing observed
previously in electronic bands [43], which can be explained on the thrust of
rigid-band model [43]. In addition, it is seen that Sxy is enhanced with applied
biasing compared to zero bias due to its tunability in Fermi level, which is an
important factor to boost ANE in Gr-CrBrs heterostructure system. As Syy
increases with applied bias, the interaction between charge carriers and local
magnetic moment between graphene and ferromagnetic CrBrs monolayers,
which can be quantified on the basis of skew-scattering or side-jump
mechanism [43]. Therefore, modulation of Fermi level in transverse (ANE, Syy)
and longitudinal (Seebeck, Sxx) thermopower with respect to applied electric

tield provides high degree of tunability in Gr-CrBrs; heterostructure system.
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5.3.7 Device prototype

Figure 5.9: Thermoelectric device prototype of Gr-CrBrs vdW heterostructure,
where graphene monolayer act as a hot and CrBrs monolayer as a cold junction,

respectively.

Figure 5.9 illustrates the proposed vdW heterostructure-based thermoelectric
prototypic device model composed of two monolayers graphene at the top and
bottom layer consist of ferromagnetic CrBrs proximity coupled with an
interlayer distance of 3.77 A. The proposed device can either generate power or
refrigerate relying on the flow of charge carriers. If electron mobility occurs
from hot to cold throughout the heterojunction, then the system will generate
power. When the two monolayers are proximity coupled with each other, the
charge carriers flow from partial regions of heterostructure creating a
temperature gradient basically from graphene (hot region) to CrBrs (cold
region) electrostatically screened from chromium atom leading to interlayer
polarization for tranquil motion of electrons at the interface. In this regard,
entropy charge occurs due to different thermal energies at both ends integrated
with charge carrier mobility at Fermi energy in heterostructure system. When
the bias voltage is applied, conduction of electron and holes increases due to the
polarization effect and shifting of Fermi energy is prominent at the electronic
structure [16]. Therefore, thermoelectric effect can be easily driven by interlayer

polarization and entropy difference under a thermal energy regime due to
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active proximity effect making it feasible for developing energy harvesting

device.
5.4 Concluding remarks

In conclusions, we investigated thermoelectric behaviour and observed
anomalous Nernst effect (ANE) in Gr-CrBrs vdW heterostructure relying on the
variation of carrier concentration and temperature based on DFT calculations
and utilizing semi-classical Boltzmann transport equation (BTE). The Seebeck
coefficient is found to be 653 uV/K near Fermi level at room temperature,
which is much higher than that of pristine monolayers. The trade-off between
Seebeck, electrical and electronic thermal conductivity is clearly evident in the
heterostructure system. The charge transfer is observed from the partial regions
at the interface from graphene to CrBrs; due to proximity interaction. The
elevation at the Fermi level is observed in integrated DOS leading to smooth
conduction of electron and holes making it feasible for charge transport
phenomena. The power factor, Seebeck and electrical conductivity are found to
be majorly dominated by electron concentration and minority holes
concentration. In this regard, Gr-CrBrs heterostructure system exhibits n-type
thermoelectric behaviour. The spin-polarized conductance signifies the
asymmetric nature and persists step-like spectrum for both spin-configurations
due to active proximity integration. Moreover, the conductance value of 155 uS
and 39 uS is obtained for spin-up and down states, respectively. The
dimensionless electronic figure of merit (ZT.) is obtained as 13.10 at -0.13 eV
and 10.21 at 0.034 eV, suggesting the heterostructure system to be an ideal
thermoelectric material. In addition, anomalous Nernst effect (ANE) is observed
with an oscillatory nature in heterostructure system. The oscillatory behaviour
is determined on the basis of intrinsic origin, where the charge carriers interact
with the magnetic moment of CrBrs layer due to proximity effect. Moreover, the
Seebeck effect and ANE is sensitive to the application of external electric field.

Our findings determine Gr-CrBrs as an ideal system for thermoelectric material
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and realize anomalous behaviour for developing energy efficient nanoscale

devices.
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