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A twist for tunable electronic and thermal transport
properties of nanodevices’

Azar Ostovan,*@ Karolina Z. Milowska,? and Carlos J. Garcia-Cervera*®4

Twisted graphene-layered materials with nonzero interlayer twist angles (8) have recently become
appealing, as they exhibit a range of attractive physical properties, which include a Mott insulating
phase and superconductivity. In this study, we consider nanodevices constructed from zigzag graphene
nanoribbons with a top rectangular benzenoid [6,3]-flake. Using density functional theory and a non-
equilibrium Green'’s function approach, we explore how the electronic and thermal transport properties
in such nanodevices can be tuned through a twist of the top flake by an angle 0° < 6 < 8.8° for
different stacking configurations. We found a strong dependency of the electronic structure on the
stacking type, as well as on the twisting regime, specifically in AA-stacking devices. Electron and
hole van Hove singularities (vHSs), which originate, respectively, from the flatness of the top of
the valence band for the minor-spin component and the bottom of the conduction band for the
major-spin component, are found very close to the Fermi level in the density of states and electronic
transmission spectra of AA-stacking devices with a twist angle of 1.1°. We establish that these vHSs
in AA-1.1° devices are stable at higher temperatures and, with the increased number of available
states, lead to larger values of electron thermal conductivity and finally total thermal conductivity
in AA-1.1°. Our work highlights the essential role of twisting and stacking for the fabrication of

nanoscale charge and heat switches and spurs future studies of twisted layered structures.

1 Introduction

Graphene twistronics, that is, the study of how rotational mis-
match between the vertically stacked layers of graphene affects
their electronic properties, has opened up a realm of striking
quantum phenomena since the discovery of the graphene magic
angle. T The miracle of twistronics has successfully unlocked
phenomena such as Mott insulating phase,® unconventional su-
perconductivity,@ and quantized anomalous Hall effect.”)

In twisted bilayer materials, due to the reduction in the stack-
ing symmetry, the interlayer electrostatic potential varies between
twisted layers®. As a result, electrons cannot move freely for shal-
low twisting angles (0) that are incommensurate with a graphene
monolayer.@ The manipulation of the bilayer symmetry by an an-
gular mismatch results in novel properties, including, but not lim-
ited to, spin polarization effects,1? ferroelectricity, ™ and chiral
phonons®2 has shown potential for innovations in the fabrica-
tion of novel nanodevices, i.e. spintronics[m, quantum bits,[E]
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and phononic devices. 13 Theoretically, it has been realized that
crossed graphene nano-ribbons (GNRs) with large twisting values
and strong suppression of the interlayer interaction, can acquire
beam splitters and electron mirrors when integrated into nanode-
vices 1618

In this study, we investigate both the electronic and ther-
mal conductance in nanodevices composed of a zigzag graphene
nano-ribbon (ZGNR) and a twisted rectangular benzenoid [6,3]-
flake, where 6 counts the number of hexagons along the zigzag
edge and 3 counts the hexagons along the armchair edge. These
types of flakes are among one of the smallest hydrocarbon struc-
tures to possess an antiferromagnetic ground state similar to
ZGNRs1220 (see Figure a) for a description of the structure).
Our work demonstrates that the ZGNR and twisted top [6,3]-flake
junctions in AA-stacking devices provide a way to tune the con-
ductance from a low conductance OFF-state for 6 <2.2° to a high
conductance ON-state for 6 > 4.4°, while the AB-stacking devices
remain at the ON-state for all twisting values. Surprisingly, the
thermal transport calculations suggested that the twist between
the ZGNR and [6,3]-flake could effectively allow us to engineer
the heat flow through the AA-devices. The thermal conductivity
of AA-stacking is higher for lower twisting angles (1.1°) than for
larger twisting values due to a temperature-controlled DOS and
the appearance of stable electron and hole van Hove singularities
very close to the Fermi level.
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Fig. 1 Device structure and electronic structure analysis of ZGNR controlled by twisted rectangular benzenoid [6,3]-flake. (a) The schematic view
of the investigated device. The semi-infinite source and drain electrodes are represented by red and blue cuboids. Interlayer electrostatic potential
(in the middle plane between the flake and ZGNR layer) of (b) AA-1.1°, (c) AA-8.8°, (d) AB-1.1°, and (e) AB-1.1°. Spin-resolved electronic inverse
participation ratio (IPR) and band structure of (f) AA-1.1°, (g) AA-8.8°, (h) AB-1.1°, and (i) AB-1.1°. The flatness of the top of the CB" and the
bottom of VB which gives rise to vHSs very close Ep are marked by pink and blue arrows. The flat-band positions associated with VB—1¢ and CB+1T,
are marked by black arrows. Pink and red colors refer to IPR' for 8 = 1.1° and 6 = 8.8°, respectively. Light and dark blue colors refer to IPR} for
0 =1.1° and 6 = 8.8°, respectively. Only IPR values above 1/N corresponding to the localized states are shown. The interlayer electrostatic potential,
inverse participation ratio, and band structure are obtained using DFT/PBE-D2 level of theory.

2  Results

DFT simulations of electronic structure: As a natural starting
point we begin by finding the energy difference between the AA
and AB-stacking configurations, which can be seen in Figure S1
in the supplemental information (SI). For the bilayer graphene
structure (see Figure S1), the AB-stacking is energetically more
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stable, with an energy that is 0.003 eV/atom lower than the en-
ergy of the AA-stacking configuration, which coincides with previ-
ously reported computationsm. As the AA-stacking structure has
also been synthesized in experimentsm, in the following we will
discuss the properties of both configurations. Also, surprisingly,
the calculated energy difference between AA and AB configura-
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tions of the nanodevice at 8=0° (1.8 x 103 eV/atom at DFT/vdW-
DRSLL and 3 x 103 eV/atom at DFT/PBE-D2 levels of theory) in-
dicates that the AA-device is more stable than AB-device (Note S1
(SD).

The interlayer electrostatic potential of the AA-stacking struc-
tures is reduced by the rotation of the top flake. This can be seen
in Figure b)-(c), where we plot the electrostatic potential of
the AA-stacking structure with a 1.1° rotation (denoted AA-1.1°).
Recently it has been reported that the reduction in the stacking
symmetry of twisted bilayer ZGNR at 6 = 90° reduces the sym-
metry of the interlayer electrostatic potential.23 For AB-stacking
structures, there is no obvious variation in electrostatic potential
for different twisting values of the top flake (Figure d)-(e)).

The flat-band states (VB—1¢ and CB+1T, where VB and CB
represent the valence and conduction bands, respectively) are
formed in energies very close to the Fermi level for AA-1.1° (Fig-
ure[I]()). The existence of flat bands in twisted bilayer graphene
near the magic angle has also been reported in previous compu-
tational®# and experimental studies.“> The other interesting fea-
ture of the band profile is the flatness of the top of the VB and the
bottom of CB, which causes the coexistence of electron and hole
van Hove singularities (vHs). The associated energy gap (E,) of
0.0398 eV is calculated between valence and conduction bands of
AA-1.1°. The energy gap, nonzero for 6 = 1.1°, completely closes
at 6= 8.8° (Table S1). Note that this picture is the same if the
flake is placed above the nanoribbon at the optimal distance for
AA-8.8° system (3.19 A) (see Note S3 for details). But in AA-
stacking configuration, twisting not only changes their band gap
(Figure f)-(g) and Table S1(SI)) but also shifts the Fermi level.
The Fermi level goes from being in the gap to being in VB and CB
for major and minor-spin components, respectively. This demon-
strates that holes are dominant carriers for minor spin-component
transport (p-type) while electrons are dominant carriers for major
spin-component (n-type) (Figure h)-(i) and Table S1(SI)). The
value of E, was found to be 0.0 €V for AB-stacking, independently
of the twisting angle value (Figure h)-(i) and Table S1(SI)).
Our results also demonstrated that the nanoflake was edge spin-
polarized in both AA and AB configurations. Additionally, the
flake edges maintain their spin polarization during twisting, al-
though the difference in spin population between major and mi-
nor spin components (Q —Q,) may change as the top flake twists
(Table S2).

From the local device density of states (LDDOS), one can see
that AA-8.8° spin-polarized band states close to Ep are located
over the bottom layer and the top [6,3]-flake (Figure S3 (c)-(d)
(SD), which means that the states over the top flake can also
participate in the carrier transport. The top flake states do not
contribute significantly to the LDDOS diagram of AA-1.1°, which
implies the top flake states have negligible participation in the
charge transport from the first to the second electrode (Figure S3
(a)-(b) (SD).

To see whether the localization of carriers, especially associated
with flat bands, also depends on the twisting angle, we plotted
the electronic inverse participation ratio (/PR" and IPR', Note S6
(SD2%) for bands close to Eg (Figure f)-(g), the colored circles).
Generally, the /PRT and IPR' decrease in value as the twisting

Nanoscale

angle increases (e.g AA-8.8°), reflecting that these band states are
less localized over a larger number of atoms2Z. This also suggests
that such devices could potentially be more conductive.28 On the
other hand, the /PR" and IPR* for the AB-bilayer somehow show
lower variation with rotation (see the colored circles in Figure
h)—(i)), which shows that the band probability distribution of
AB-structures is less sensitive to twisting.

All the considerations discussed above regarding interlayer
electrostatic potential, band structure, LDDOS, and /PR demon-
strate that, in addition to the stacking formation, the twisting
angle between the bottom ZGNR and the top flake affects the
electronic structure of ZGNR’s bilayer, specially in the case of AA-
stacking. This has an effect in the electronic and heat transport
of constructed devices and will be discussed in the following sec-
tions.

Conductance of ZGNR-twistronics: To capture the depen-
dence of the electronic conductance on the twisting angle, we
computed the value of the transmission coefficients for ZGNR-
based twistronic devices for AA and AB-stackings as a function of
rotational angle (0° < 6 < 8.8°). The results are shown in Fig-
ure a). In Figures S4 and S5 (SI) we also plot the transmission

as a function of energy (relative to the Fermi level) for several

twisting angles. By placing the rectangular [6,3]-flake on top of
the pristine ZGNR layer, the dependence of the transmission coef-
ficients (especially at £ = £0.80 €V) on the twisting angle varies
considerably, depending on the stacking type.

The transmission coefficients for the AB-stacking are almost un-
affected by the twist, while AA-devices show a significant increase
in the transmission values with twisting for 6 > 4.4°. On the other
hand, the transmission values for 6 = 1.1° and 2.2° remain ap-
proximately similar to those of the reference system (6 = 0°). This
behavior can be observed in the associated conductance plots in
Figure S4 (SI) within the energy regions -0.5 < E < -1.5 €V and
+0.5 < E < +1.5 €V. The observed conductance dependency
of twisted flake and ZGNR on the rotational angle in our investi-
gation differs from the vertical conductivity of the twisted bilay-
ers measured by a tip.22:30 The vertical conductivity exhibited a
nonmonotonic increase for 0° < 0 < 5° and then it reduces by
twisting as a result of suppression of interlayer coupling.

To explain the observed differences, we perform molecular-
projected self-consistent Hamiltonian (MPSH)?Y and eigenstate
analysis (Figure b) and Figure S6 (SI)). For AA-stacking, at
E = £0.8 €V the hybridization between the p, orbitals of the top
and bottom layers for rotation angle 0° < 6 < 2.2° is maximized,
leading to a strong electron hopping from the bottom layer to the
top flake. For these twistronic devices, the top ribbon plays the
role of a trapping site, where electrons will accumulate. This be-
havior is perfectly reflected in the charge density difference (AVy)
profile for AA-1.1° (Figure c)), which clearly shows that there
is an interlayer electron transfer from bottom layer to top flake.
This causes the top flake to have sites with higher electron con-
centration, and higher positive values of AVy. On the other hand,
for angles 4.4° < 6 < 8.8°, i.e., for higher twisting values, the p;,
orbital hybridization between the carbon atoms is reduced (Fig-
ure b)), and electrons can flow from the left to the right elec-
trode, resulting in higher conductance values. The AVy profile of
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Fig. 2 Obvious difference in electron transport properties controlled by stacking configurations as well as twisting angle. (a) Transmission coefficients
(T (E)) of AA and AB-stacking nanodevices at two electrochemical potentials (1t = £0.8 eV) as a function of twisting angle (8). (b) molecular-projected
self-consistent Hamiltonian (MPSH) of AA-1.1°, AA-8.8°, AB-1.1°, and AB-1.1° nanodevices at E = —0.8 V. (c) The quantitative charge density
plots (AVy) of AA-1.1°, AA-8.8°, AB-1.1°, and AB-1.1° nanodevices projected over the length of device (A). (d) Normalized overlap integral between
p: orbitals of top flake and p. orbitals of bottom layer for AA-devices (§54) as a function of 6. (e) Calculated spin-resolved current— voltage (I—V)
characteristics of AA-1.1° and AA-8.8° nanodevices. The transmission coefficients, MPSH, normalized overlap integral between, and current-voltage

plots are obtained using DFT /vdW-DRSLL level of theory.

AA-8.8° device is less variant along the transport pathways (Fig-
ure c)). The increased conductance values in AB-devices can
be explained similarly. When the top flake is shifted to form AB-
stacking, the p, orbitals of the bilayer central region fall into a
hybridization-avoiding configuration, resulting in smoother and
similar changes of AVy profile for AB-1.1° and AB-8.8° through
the device length. As a result, the p, hybridization strength in-
troduces two different turn-on and off states to the conductance
behavior in AA-devices: For lower rotation values, equivalent to
high overlap between the p, orbitals, the AA-devices are on their
OFF state, and current is suppressed. However, for higher rota-
tion angles, equivalent to low overlap between the p, orbitals, the
AA-twistronic devices are in their ON state, and an electron cur-
rent is allowed to pass through the device. The conductance of
AB junctions is approximately invariant to the twisting angle, and
the device remains in an ON state for all values of 6.

We can quantify this in terms of the normal overlap integral
of the carbon atoms in adjacent layers of AA-stacking from the
following equation2:

AA—6 _ GAB—(°
AA _ Scc ~ —Scc
p: AA—0° _ GAB—0°
Scc~ —Scc

¢3)

In Equation (1), the term Séé_e = [ Op, 9p.c,d7 represents the

overlap integral between the atomic orbitals ¢, and ¢, of the

4| Journal Name, [year], [vol], 1

carbon atoms in the top and bottom layers of the AA-stacking
at the given 6 values. Additionally, S‘ég’oo denotes the overlap
integral of the carbon atoms in adjacent layers of AB-stacking.

We plot the normalized overlap values in Figure [2d). The
highest value of Sg‘z“ =1 is obtained for 6 = 0°, as expected. We
note that for low twisting angles (1.1° and 2.2°), which involve
a very small in-plane displacement of the top flake for the bot-
tom layer, the S?f‘ values show a small deviation from those of
the non-twisted AA-device. A more S‘;}f‘ decreasing emerges by
rotation for angles > 4.4°, particulaﬂ}; for 6 = 8.8° with value
of 0.543. The absolute value of 0.0012, is measured for Sff of
AB-0.0° which is 5.37 times lower than AA-0.0°.

Evaluation of spin-resolved transmission spectra as a func-
tion of energy (relative to the Fermi level Eg) reveals that the
conductance, especially close to Ep, gets more polarized in AA-
devices (Figures (S5) SI). With this regard, the spin-current flow-
ing through AA-1.1° and AA-8.8° twistronic devices is calculated
within a bias window from —0.4 to +0.4 V. As shown in Figure
[2(e), the major-spin current is higher in both systems, meaning
that the twisting induces a current polarization in AA-devices.
When the device’s horizontal mirror symmetry breaks because of
the twist of the top flake, a polarized spin-current emerges.33

Thermoelectric Properties of ZGNR-twistronics. To shed
light on the thermoelectric properties of the investigated devices,
we performed temperature-dependent charge and heat transport
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Fig. 3 Temperature influence on electron conductance, electron conductance and DOS of AA and AB-stacking devices. Semi-log plot of electrical
conductance (G) of (a) AA-1.1° and AA-8.8°, (b) AB-1.1° and AB-8.8° as a function of energy (E — Eg) at T=200, 300, and 400 K. Spin-resolved
electrical conductance of (c) AA-1.1° and AA-8.8°, (d) AB-1.1° and AB-8.8° as a function temperature (7') at Fermi energy. The spin-resolved density
of states (DOS) of (e) AA-1.1°, (f) AB-1.1°, (g) AA-8.8°, and (h) AB-8.8° as a function of energy (E —Eg) at T =300 K. Electrical conductance,
The electrical conductance, spin-resolved electrical conductance and spin-resolved density of states are obtained using DFT/PBE-D2 level of theory.
The orange and purple arrows indicate the position of electron and hole vHS (e-vHS and h-vHS).

calculations for a selection of the systems analyzed above. We as a function of energy, E, at temperatures 7 = 200 K, 300 K, and
present in Figure [3(a)-(b) the computed electronic conductance, 400 K for 6=1.1° and 8.8° in both stacking configurations. The
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conductance values G* "'t and G881 are higher than the val-
ues G111 and G788 at all temperature gradients, indicating
persistence of G spin-splitting at Er. To explain this, we ana-
lyzed the projected density of states (DOS) at T = 300 K (Figure
e) to (h)). In all temperatures, the minor and major states are
energetically delocalized. Also, at energies below Er the num-
ber of available DOS*~!"!* and DOS* 33! are higher from than
DOSM 11l and DOSA 881, respectively. These two factors pro-
vide not only a higher major spin conductance but also electron
spin polarization, 3435

The comparative values of total conductance for AA and AB-
devices depend on the energy values and temperature (Figure
c)—(d) and S7 (SI)). Here, we focus on the impact of tempera-
ture on the conductance values at £ = 0.0, and + 0.8 €V (Figure
c)—(d)) and S7 (SI) of 8 = 1.1° and 8.8° for both stacking pat-
terns. The reason for the selected energy values (4 0.8 eV), be-
sides the Fermi level, is that based on our numerical simulations,
the highest variations in the conductance concerning the twist an-
gle, 6, occur at those doping levels. Overall, the spin-conductance
reveals a very smooth variation with temperature. The total elec-
trical conductance of AA-1.1° increases with temperature and at
T=300 K its value becomes equal to the total electrical conduc-
tance of AA-8.8° (G=56 uS) and then its values drop under those
of G*4~8%°_ The reason is reflected in the total DOS profile of AA-
devices. The number of available states for 6 = 1.1° below and
above the Fermi level demonstrates an increase with temperature
and at higher temperatures there are even more states available
for AA-1.1° (Figure c) and (d) for total DOS). The total elec-
trical conductance of AB-1.1° is higher than those of the AA-1.1°
devices, due to higher available DOS (Figure e) to (h)), while
for 6 = 8.8° the G*4 values change very close to GA5.

The temperature-dependent, spin-resolved Seebeck coefficient,
S, for the selected nanodevices is plotted in Figure a)-(b) and
Figure S8 (SI). A positive value of the Seebeck coefficient is gener-
ally interpreted as p-type behavior, while a negative value corre-
sponds to n-type behavior=€ In a n-type heat conductor there are
more states above the Er rather than below the Eg, whereas as in
a p-type heat conductor there are a higher number of states be-
low the Ep rather than above the Eg. Thus, for $44~ 11T at E = 0.0
and E = —0.8 eV and for $A8-881 at £ = 0.0, the p-type behavior
has been observed, while n-type behavior dominates for the rest
of the devices at the electrochemical potentials considered.

Based on Mott’s formula,? the Seebeck coefficients can be
expressed as

_ mkgT [9In(DOS(E)) N dIn(t(E))

S
3e oE oE E,

; @

where kg, DOS(E), and 7(E) denote the Boltzmann constant, the
density of states, and energy-dependent relaxation time, respec-
tively. A large derivative of DOS(E) at E results in a large Seebeck
coefficient. As is evident from DOS (Figure [4(c)-(d) and semi-log
DOS analysis (Figure[4(g)) the number of available states for AA-
1.1° is higher than the AA-8.8°, resulting in the calculated larger
values of § for 4411,

In Figure e)-(h), for AA—1.1°, there is a higher number of

6 | Journal Name, [year], [vol.], 1

DOS' above the Er which dominates p-type conductor behavior.
Hence the $44~ 1T is positive. The same reason can be used to
explain positive Seebeck of $48-881 at the Fermi level. The other
junctions have both the DOST and DOS! peaks below Er (Figure
f)-(h)) and n-type conductor behavior directs the heat transport
which is also reflected in negative values of S.

Within the studied range of temperature gradients, the values
of $44- 1.1 are higher than those of $44~3%. At two extreme tem-
peratures (7T=200 and 500 K) the AA-1.1° Seebeck values are
higher by factors of 5.34 to 5.96 than those of AA-8.8°. This
shows the tunable electron thermal current via twisting in inves-
tigated nanodevices. Controllable heated electron transport has
previously been reported for large values of twisting of bilayer
graphene®® triangulene 7-dimer molecule,? black phosphorene
bilayer,4% with 6 > 60°, > 20°, and > 10°, respectively. Now we
can see the Seebeck coefficients can be tuned with larger values
at very small twisting angles (6 < 10°) junction constructed from
rectangular [6,3]-flake and nanoribbon.

The thermal conductivity is the other important parameter used
to quantify the heat transport capability of a material. In our
work, we treat separately the electron, k., and phonon, &, con-
tributions to the thermal conductivity and we neglect electron-
phonon interactions.4Y, The total thermal conductivity, ., in-
creases with temperature for both AA and AB-stackings, with
a slightly higher value of x;,, (by approximately 1 nW/K) for
AB-junctions, which that arises from the higher x;, values (Fig-
ure e)—(d) and Figure S9 (SI)). Similar to other carbon-based
materials, thermal conductivity is dominated by phonons for all
twisted devices (k,, > Ke) for both stacking conﬁgurations.42 An
exciting result from the thermal conductivity analysis that we
present in this article is the fact that the electron thermal con-
ductivity of low-twisting devices is larger than that of higher-
twisting angle devices in both AA and AB configurations at the
Fermi level (Er), and this effect is more pronounced for the AA-
1.1° device. The change in the heat transport capability of AA
and AB-devices (Figure [3| (b) and (c)) can be better understood
by analyzing the semi-log plot of the DOS at different tempera-
ture gradients (7 = 200 K, 300 K, 400 K). Evaluation of the DOS
not only demonstrates that a higher number of states is available
close to Er for low twisted devices in both stacking configura-
tions, but also the coexistence of two distinct van Hove singularity
(vHS) flavors near the Fermi level of AA-1.1°; electron-vHS and
hole-vHS (Figure [4(g)). Interlayer orbital overlapping ensures
electron hopping between neighboring graphene layers and the
emergence of two saddle points in the band structure (pink and
purple arrows in Figure [I(f)) due to the overlaid Dirac cones3
giving rise to logarithmic vHS in the DOS profile (circled area in
Figure g)). The vHS was observed in twisted silicene multi-
layers, 43 twisted monolayer—bilayer graphene, 44 kagome metal
CsV3Sbs, 42 etc. When the vHS is located sufficiently close to
the Fermi level, its magnified DOS causes electronic instability,
hence resulting in new phases of matter with special properties,
such as superconductivity, magnetism, and density waves.4% On
the other hand, such electron and hole-vHSs appear on both the
electron and hole sides of AA-1.1° and are highly tunable with
varying temperature (Figure [4(g)), which can make them acces-
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Fig. 4 Heat transport properties and temperature-dependence of DOS in AA and AB-stacking devices Spin-resolved Seebeck coefficient (S) of (a)
AA-1.1° and AA-8.8°, (b) AB-1.1° and AB-8.8° as a function of temperature (T) at Fermi energy (Er). The DFT-calculated density of states (DOS)

for AA-1.1° and AA-8.8° at (c) T'=200 K and (d) T =400 K. Electron (i), phonon (k) ,

and total (k) thermal conductivity of (e) AA-1.1° and

AA-8.8°, (f) AB-1.1° and AB-8.8° as a function of temperature (T) at Fermi energy (Eg). The semi-log plot of the density of states (DOS) at around
Fermi energy at T = 200, 300, 400 K for (g) AA-1.1° and AA-8.8° and (h) AB-1.1° and AB-8.8°. The purple and orange circles show the conservation
of hole and electron-vHS in a semi-log DOS plot with temperature increasing which results in enhanced «;,, of this device. The spin-resolved Seebeck
coefficient, thermal conductivity and the density of states are obtained using DFT/PBE-D2 level of theory.

sible in experiments.#® It should be pointed out that the elec-
tronic structure calculations can show artificial peaks in a DOS
profile that do not arise from a vHS. However, we believe that,
as the signature of both electron-vHS and hole-vHS is maintained
in the various studies described in our investigation, they do not

seem to be a numerical artifact. For example, the spin-polarized
band structure of the central part of AA-1.1° (Figure f)) ex-
hibits flatness of CB" (pink band, marked by pink arrow) and VB
(blue band, marked by blue arrow) which features hole-vHS (for
majority spin) and electron-vHS (for minority spin) in the spin-
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polarized DOS profile in Figure [3|(e) (light orange peak for hole-
vHS and light purple peak for electron-vHS) and also logarithmic
spin-off DOS profile in Figure [4(g). Both DOS and spin-DOS are
computed using DFT/PBE+D2, where the temperature is set to
300 K. The footprint of electron-vHS and hole-vHS was identified
in our quantum transport simulations using the NEGF/DRSLL ap-
proach mentioned above (Figure S5(c) (SI)). Naturally, further
experimental studies can shed more light on the significance and
features of such temperature-stable electron and hole-vHS.

In our future studies, we plan to focus on the same system but
with a different category of materials based on transition metal
dichalcogenides (TMD). This will enable us to investigate how
the material class could alter the scenario for both electron and
heat transport properties. Additionally, we will explore scenarios
where the nanoflake’s shape deviates from the rectangular ben-
zenoid, potentially impacting the electronic and transport prop-
erties of the device in unique ways.

Feasible experimental fabrication methods: Both compo-
nents of nanodevices proposed in this work, rectangular ben-
zenoid [6,3]-flake and 6-ZGNR, can be experimentally fabricated.
Utilizing on-surface synthesis techniques under ultrahigh vacuum
conditions, researchers can fabricate atomically precise carbon
flakes, enabling unprecedented control over their structural and
electronic properties .4/Desired type of GNRs can be also syn-
thesised from small molecules through bottom-up approaches
which allow for full control of their widths and edge structures.48
The main challenge in the experimental realization of proposed
nanodevices is the precise control over the twisting angle while
performing thermoelectric measurements of the proposed de-
vices. Seebeck’s coefficient of near-magic angle twisted bilayer
graphene nanodevices was already experimentally measured42,
Although it was done in the static configuration which does not
allow tuning the twisting angle. In other experimental works of
twisted 2D systems 23292021 it ywas demonstrated that dynamical
tuning of twisting angle is possible and usually performed using
atomic force microscopy (AFM) or scanning tunneling microscope
(STM) tip. However, experimental setups in those experiments do
not allow to measure easily neither Seebeck coefficient nor ther-
mal conductance as they provide good thermal and/or electrical
contact between bottom layer and the substrate. To overcome this
limitation and facilitate the measurement of thermoelectric prop-
erties, we propose to use suspended nanoribbon. Nanoribbon can
be fabricated on or transferred to substrate placed on a rotating
table. Substrate below the nanoribbon can be removed by etch-
ing? or other methods after fabrication or before transfer, mak-
ing it freestanding, as is the case considered in this study. Manipu-
lating the nanoribbon’s position while keeping the flake’s position
constant offers several advantages. Firstly, it allows for precise
control over both the flake-nanoribbon angle and the forces ap-
plied between them. This precision is essential for achieving accu-
rate and reproducible experimental results. Secondly, using STM
tip(s) located on the flake to change the angle between the flake
and the suspended nanoribbon increases the risk of unintentional
removal of the flake from the nanoribbon during the rotation.
Therefore, we propose to pin the flake on a particular position
by a scanning tunneling microscope (STM) tips.2¥ Using multi-
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tip STM™2 could not only be an efficient method that can help to
fix the flake but also could allow precise control of the temper-
ature thus enabling thermoelectric measurements. Tips should
be placed as follows: one tip on the left end of the nanoribbon
(left electrode), two on the flake, and one tip on the right end
of the nanoribbon (right electrode). The left electrode of ZGNR
and top flake would have the same temperature and be treated as
cold leads. A laser pulse can be applied to the last tip to increase
its temperature to the desired level (hot lead) for thermoelectric
measurements.

Simulation methods: Density functional theory (DFT) calcula-
tions were performed based on the Dion, Rydberg, Schroder, Lan-
greth, and Lundqvist54 (DRSLL) vdW-DF exchange-correlation
functional as implemented in SIESTA suite of programs=>>
and Perdew-Burke-Ernzerhof (PBE)2° parameterization of the
exchange-correlation functional in QuanTuMATK, as vdW function-
als are not still implemented in this code.2Z%2 The dispersion in-
teractions between nanoribbon and flake in QuantumATK calcu-
lations (PBE) were included in the total bonding energy using the
methodology proposed by Grimme.® The core electrons were de-
scribed by non-conserving Troullier-Martins pseudopotentials®l
and a double-{ plus polarization (DZP) basis set for the valence-
electron wave functions.

First, we relaxed the 6-ZGNR unit cell with a force tolerance
of 1073 eV/Ang. The relaxed structure was replicated 16 times to
build the bottom layer. The relaxed top rectangular benzenoids
[6,3]-flake was placed at a distance of 3.34 A (3.17 A) and 3.22
A (3.12 A) above the ZGNR, which are the distances at which
the calculated energy was lowest for AA and AB-stackings us-
ing DRSLL (PBE+D2) in our simulations. In this study, we fo-
cus on a low-twisting angle of the ZGNR bilayer where 1.1° < 6
< 8.8°. We performed the band structure analysis over the cen-
tral region without electrodes. In this context, the bottom layer
can be conceptualized as an infinite, periodically decorated zigzag
graphene nanoribbon (ZGNR) with the top nanoflake. The spin-
dependent conductance phenomena of all nanodevices are calcu-
lated with the NEGF formalism as implemented in TranSTESTAL2
and QuanTumATK>8103! codes. To keep a balance between the time
and accuracy of computation we use the DZ basis set for simula-
tions of coherent electron transport. The electrode structures and
the determination method®%> for the lattice parameter are pre-
sented in Figure S10 (SI). Electrodes are made of three 6-ZGNR
unit cells and for their calculations, 75 k-points were used along
the periodic direction (z-axis). A level broadening of n = 1079
eV is considered in the electrode simulations. The thermoelec-
tric properties in the ballistic transport limit, including the de-
pendence of the electrical conductance, G, Seebeck’s coefficient,
S, and electron thermal conductance, k, on temperature, T rang-
ing from 200 K to 500 K were calculated using linear response
theory. 2800 The thermoelectric calculations were performed in
the QuanTumMATK using a DFT/PBE+D2/DZ approach for the elec-
tronic contribution and reactive force field®Z for the phonon con-
tribution. The convergence parameters were chosen as in the
SIESTA calculations above. A comparison between the obtained
transmission coefficients (T) results obtained using TRANSIESTA
and QuanTumMATK for the AA-1.1° device is shown in Figure S11
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(SD). The overall obtained transmission characteristic using both
codes shows that except for the values at around Ep, the cal-
culated T using the DRSLL approach is higher by the value of
0.30 Gy at the Fermi level but in good agreement with those ob-
tained using the PBE+D2 exchange-correlation functional (Note
S13 (SI)). A similar optimization procedure was also used to
obtain the phonon transmission in the reactive force field ap-
proach. The dynamical matrices of all device systems were calcu-
lated using the finite difference method in a repeated cell (frozen
phonon method). The maximum force tolerance was set at 10~ '!
Ha/Bohr?, and the distance by which the atoms are displaced was
equal to 0.001 A. The phonon transmission spectra were calcu-
lated in the range of (0, 0.5) €V, using 501 sample points between
0 and 0.5. Details of the thermoelectric simulations can be found
in Note S14 (SI).277>2168169

3 Conclusions

We have demonstrated, using first-principles calculations, that
the electronic and thermoelectric properties in nanodevices com-
posed of a twisted [6,3] rectangular flake and a ZGNR are highly
tunable. Our studies reveal that a twisting angle 0° < 6 < 8.8°,
depending on the stacking configuration, can influence both the
charge and heat transport capability of the considered devices.
Twisting of the top flake switches the charge carrier’s conductance
from an OFF-state (for 8 < 2.2°) to an ON-state (for 68 > 4.4°) in
AA-stacking nanodevices. This feature can be used to control and
manage the flow of electricity in nanodevices. In contrast, such
twist-driven switching characteristic has not been observed in AB-
stacking nanodevices.

We also observed the hole and electron-vHS very close to the
Fermi level of AA-1.1° junction as a result of strong interlayer
coupling when the top flake is rotated by a minimal angle. These
vHSs are formed as a result of the flatness of CB} and VBT and
their signature is reflected in the band structure, DOS, and elec-
tron conductance spectral analysis. The vHSs are persistent with
temperature and hence, impact the temperature-dependent phe-
nomena in the designed devices. As a result, the induced thermo-
electric voltage (Seebeck coefficient) in the AA-1.1° device was
found to be higher than that of the AA-8.8° device and also AB-
1.1°. The AA-1.1° also shows larger values of k, and the total
thermal conductivity in comparison with AA-8.8° and AB-devices,
which shows the possibility of tuning the thermal properties with
twisting. This could extend the applications of twistronics from
electronics to thermoelectric. Our findings particularly offer op-
portunities for further exploration, engineering, and construc-
tion of exciting new nanodevices with more controllable topo-
logical, electronic, and thermal properties, such as electronic
nanoswitches, 7 higher temperature superconductors, L etc.
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