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Ab initio simulation of spin-charge qubits
based on bilayer graphene-WSe,

quantum dots

M| Check for updates

Huaiyu Ge ® 2, Peter Koopmann ® ', Filip Mrcarica® '?, Otto T. P. Schmidt ® ', llan Bouquet®',

Mauro Dossena® ', Mathieu Luisier ® '0< & Jiang Cao ®'

We propose a spin-charge qubit based on a bilayer graphene and WSe, van der Waals heterostructure
that together form a quantum dot and demonstrate its functionality from first-principles simulations.
Electron and hole confinement as well as electrically controllable spin-orbit coupling (SOC) are
modeled by self-consistently solving the Schrédinger and Poisson equations with material parameters
extracted from density functional theory as inputs. In both electron and hole quantum dots, we find a
two orders of magnitude enhancement of SOC (1.8 meV) compared to intrinsic graphene, in the layer
directly adjacent to WSe,. Time-dependent investigations of the quantum device reveal rapid qubit
gate operation in the order of picoseconds. Our simulations indicate that bilayer graphene and WSe,
heterostructures provide a promising platform for the processing of quantum information.

A variety of different qubit platforms are currently being investigated to
identify which materials, engineering processes, and underlying physical
mechanisms can be scaled up to large-scale quantum computing units. The
most promising architectures are those providing fault-tolerant computing,
i.e,, overcoming a quantum error threshold for a given quantum code. In this
category, the superconducting qubits have shown record gate fidelity as well
as fast gate operating times in the order of tens of nanoseconds'. However,
superconducting systems face scalability challenges due to the heavy cir-
cuitry they require. Besides that, they are highly sensitive to environmental
noise and material defects, which results in fluctuating relaxation and
dephasing times in the microseconds range”™". The second mature platform
for fault-tolerant quantum computing takes advantage of the silicon com-
plementary metal-oxide-semiconductor (Si-CMOS) technology and its high
scalability potential®’. Using isotopically enriched Si in Si/SiGe hetero-
structures, quantum gates displaying below-threshold fidelity have been
achieved for electron spin qubits™’. Nevertheless, encoding the information
into the spin state of the electron requires the adjunction of a macro-magnet
to artificially enhance the spin interaction, which complicates the structure
design. In the last few years, introduction of germanium as hosting material,
in combination with hole quantum dot (QD) architectures has helped cir-
cumvent the aforementioned limitation by leveraging the stronger intrinsic
spin-orbit interaction found in the valence band of this material*"".
Bilayer graphene (BLG) has been identified as another promising
material to realize spin qubits™" since it exhibits notably longer spin
relaxation times than silicon, up to 50 miliseconds'®. Applying a vertical
electric field on BLG can open an appreciable band gap, which is absent in

single-layer graphene. It further allows for electrostatic confinement of
charged carriers". Electrostatically-defined BLG QDs with precise control of
the number of charged carriers have been demonstrated'®. However, they
are characterized by low spin-orbit coupling (SOC), which makes the
effective reading and manipulation of the spin state challenging. A possible
approach to significantly enhance SOC in BLG consists of stacking it with a
transition metal dichalcogenide (TMDC) layer such as WSe, or MoS,"*".
These TMDCs possess a strong SOC due to the extended d orbitals of their
heavy-metal atoms. Through the proximity effect”’, the SOC of the adjacent
graphene layer increases from about 24 yeV in the pristine case to a few meV
when placed in contact with a TMDC"**’. The boosted SOC in the graphene
layer adjacent to the TMDC enables efficient manipulations of spin states via
ac electric fields and the resulting electric dipole spin resonance (EDSR)*"*.

The control and measurement of electronic charges are more
straightforward compared to spin states. In a semiconductor double
quantum dot (DQD) coupled through inter-dot tunneling, the position of a
single electron isolated in the left or right QD can be used to encode the qubit
information. Coherent manipulation of DQD charge qubits has been
observed in silicon and GaAs™ ™, together with correlated two-qubit
interactions”’. Non-invasive state readout has been achieved using a
quantum point contact charge detector placed next to the DQD*’. However,
charge noise also strongly couples to these qubits, giving rise to rapid
dephasing, except for the special operation point called “sweet spot”. The
latter is located near the anti-crossing point where the two qubit eigenstates
are delocalized. Hence, it is less sensitive to the potential fluctuation of the
QDs. The Landau-Zener-Stiickelberg Interference (LZSI) scheme™ has been
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Fig. 1 | Schematic view of the proposed BLG-WSe, QD device. The structure
measures 200 nm x 200 nm in the xy-plane with two top gates in brown and a bottom
gate (substrate) in grey. A potential V; is applied to the upper top gate electrode, a
smaller potential V, to the lower one, which acts as a confinement gate and is of size

80 nm x 80 nm. Another potential V, + Vj, is applied to the substrate. V; and V,
generate a vertical electric field E through the BLG-WSe;, heterostructure. The latter

200
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is encapsulated between two hexagonal boron nitride (hBN) dielectric layers (in
semi-transparent blue), and placed between the top gates and the substrate. A
quantum dot, depicted in red, is confined in the BLG. The inset shows the electron
charge distribution in the xy-plane at a top gate voltage Vi, = 4.91 mV and E = 0.25
V/nm.

proposed to operate charge qubits at their sweet spot and to implement
universal single-qubit gate operating at the picosecond scale, with high
fidelity™”.

It is an attractive option to harness the long coherence time of spin
qubit and the ease of charge qubit manipulation. The possibility to encode
quantum information in various states within specific degrees of freedom
(DoF) of a given physical system has been previously demonstrated™ .
Simultaneous entanglement within multiple DoF, known as hyper-
entanglement™, offers a viable route towards vastly increased numbers of
entangled qubits. Early experiments could already demonstrate the exis-
tence for example of hyper-entangled photon states’**. In this work, we
propose a BLG-based device that can entangle the spin and charge DoF of an
electrostatically confined charged carrier. It is illustrated in Fig. 1: The BLG-
WSe, vdW heterostructure (vdWh), encapsulated by dielectrics, is stacked
between top and bottom gate electrodes that confine the charge density. The
gate-controllable layer polarization of BLG' allows the charge qubit to
exploit this DoF in the van der Waals (vdW) material and to encode
quantum information with it. In contrast to ordinary DQD setups, vdW-
based charge qubits reside in a single QD controlled by an electric field
vertically applied to the 2D material, thus leading to a more compact
footprint and tighter overlap with control gates. As a result, we show that
picosecond rotations of the proposed vdW charge qubits can be achieved
using the LZSI scheme. On top of that, the enhanced and gate-tunable SOC
in the graphene layer adjacent to WSe, induces an EDSR that can be har-
nessed to electrically drive the electron spin through the gate electrodes and
a static in-plane magnetic field. By leveraging both mechanisms (EDSR and
LZSI), the spin and charge DoF of the device in Fig. 1 can both be
manipulated and efficiently entangled.

While graphene-WSe, heterostructures have been studied in recent
works'****, the SOC strength and energy levels in electrically confined QDs
have not yet been determined. The precise characterization of these quan-
tities is therefore a goal of utmost importance to assess the potential of such
qubits and to optimize their performance. To do so, all required material
parameters are obtained from ab initio calculations using density functional
theory (DFT). The latter method returns the electronic structure of the BLG-
WSe, vdWh. Subsequently, we confine electron and hole QDs in BLG via
the gate electrodes and extract relevant QD properties, including effective
dot area, shape, and energy levels. This is realized by performing self-
consistent Schrddinger-Poisson simulations. Finally, based on the
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Fig. 2 | Side view and schematic picture of the modeled heterostructure. The
super-cell consists of 4 x 4 bilayer graphene unit-cells and 3 x 3 WSe, unit-cells. The
C, W, Se atoms are represented by brown, gray, and green spheres, respectively. Each
bilayer graphene unit-cell consists of A, B nonequivalent C atoms in layer 1 (non-
adjacent to WSe;,) and layer 2 (adjacent to WSe,).

calculated QD properties, we demonstrate that the proposed BLG-WSe,
device can potentially sustain fast operations and entanglement on the spin
and charge DoF of charged carriers.

Results

Ab initio band structure and SOC

All DFT simulations are carried out with the Vienna Ab initio Simulation
Package (VASP)”. We start with unit cell lattice constants a5'“ = 2.4689 A
for BLG and a(\;vse2 =3.2919 A for WSe,. Then, we construct an optimized
commensurate super-cell with 4 x 4 BLG and 3 x 3 WSe, unit cells, as shown
in Fig. 2, which leads to less than 0.8% lattice mismatch in both materials and
is consistent with the literature values®™. The observed difference comes from
the fact that both unit cells must be slightly strained to stack them on top of
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Fig. 3 | Band structure of BLG-WSe, vdWh around the K point in the
Brillouin zone. From left to right, band structure for different transverse electric
field magnitudes from —0.5 V/nm to 0.25 V/nm. The DFT results from VASP
(symbols) are fitted with an 8-band k - p model (solid lines) in the vicinity of the K
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point. a The colors represent the spin projection: spin up (red), spin down (blue).
b The colors represent the layer projection: adjacent layer 2 (red), non-adjacent layer
1 (blue).

each other while keeping the dimensions of the resulting super-cell small.
Then, the entire heterostructure is relaxed until the residual forces acting on
each ion are below 107 eV/A and the total energy difference between two
subsequent self-consistent field iterations is smaller than 107° eV. More
details about our ab initio simulations are given in Methods.

The electronic band structure of the BLG-WSe, vdWh is then com-
puted along the M — K — T path of its Brillouin zone. Results for different
transverse electric fields E applied perpendicularly to the BLG-WSe,
interface are reported in Fig. 3. We first consider the case without any electric
field (E = 0): A clear band gap is observed in the electronic structure. It
originates from the spontaneous polarization of the two graphene layers due
to the heterostructure. As a consequence, an electric dipole pointing from
WSe, towards BLG is generated, which in turn leads to a built-in electric
field"” breaking space inversion symmetry and opening up a band gap of
2.87 meV. The energy of the states predominantly coming from the BLG
layer adjacent (non-adjacent) to WSe; is lowered (increased) and forms the
valence (conduction) band of the vdWh, as shown by the layer projection in
the bottom row of Fig. 3.

In pristine BLG, the intrinsic SOC is very small because the valence
electrons mostly sit in the p, orbitals, which have vanishing angular
momentum. In the BLG-WSe, vdWh, SOC is enhanced since the BLG
orbitals hybridize with the WSe; ones and the latter exhibit a strong SOC™.
Since wave functions exponentially decay in space, this hybridization is
more prominent for the orbitals of the graphene layer situated closer to
WSe,, thus enhancing its SOC, compared to its more distant counterpart.
Therefore, only states originating from the graphene layer adjacent to WSe,
split due to SOC, whereas those coming from the second graphene layer
remain approximately degenerate. This phenomenon is known as proximity
effect. As the states coming from the adjacent graphene layer constitute the
valence band of the vdWh, only these states are split due to SOC for E=0, as
confirmed in Fig. 3. Our band structure calculations display the expected
layer-selective spin splitting, as previously observed by Gmitra et al."”.

By applying an external electric field |E| > 0, band splitting can be tuned
to either the valence or conduction band. A positive electric field amplifies
the built-in electric field, therefore keeping the splitting in the valence band,
and increasing the band gap to even larger values. Conversely, a negative
electric field counters the built-in electric field and brings the conduction
and valence bands closer together. When the external electric field com-
pletely cancels the built-in electric field, the band gap closes. This condition
corresponds to the anti-crossing point of the charge qubit, since the wave-
functions of the conduction band minimum (CBM) and valence band
maximum (VBM) delocalize in both graphene layer. For strongly negative
electric fields, the band gap increases and the layer projection of the bands
are reversed. The conduction band is mostly formed by the atomic orbitals
adjacent to WSe,: splitting between spins is then observed in the conduction
band, as shown in Fig. 3. Hence, the external electric field E acts as a knob to
modulate the SOC enhancement and move it either to the CBM or VBM. In
a BLG-WSe; heterostructure, the SOC in the adjacent graphene layer can be
increased up to 1.78 meV, which is approximately 100 times its intrinsic
value (24ueV).

To study the operation principle of the BLG-WSe, qubit system a
model as accurate as DFT, but computationally less intensive, is highly
desirable. From the projected density-of-states of this system, it appears that
the eight conduction and valence bands near its Fermi level, the energy range
of interest, originate from the BLG only, while the bands from WSe, are
located at much higher energies. The influence from WSe, can therefore be
treated as a small perturbation to the BLG Hamiltonian, which can be
accurately represented by an 8-band k - p model. The entries of this
Hamiltonian can be adjusted by fitting the eight DFT bands located near the
Fermi level of the BLG-WSe, vdWh around its K-point, as originally sug-
gested by Konschuh et al. to model BLG™

H= Horb ® So + Hsoc + ED' (1)
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This Hamiltonian comprises an orbital part H; , a spin-orbit coupling part
‘H,.. as well as a global energy shift Ep. The spin-orbit term, H,, captures
the intrinsic and the proximity SOC. The influence of WSe, on BLG is
intrinsically accounted for in DFT and is therefore captured by the k - p
model through the SOC parameters. For each BLG layer j the combined
spin-orbit Hamiltonian is given by

AV, i(Ag + 20g)s™

H
—i(Ag + 2A5)s7. —TA?]SZ

soc

; )

where A, refers to the intrinsic SOC, )tfj and )ij to the Ising-type SOC of
layer j susceptible to the proximity effect. Additionally, Az denotes the
Rashba coupling arising from the breaking of space-inversion symmetry
and from the applied electric field, 7 =+1 distinguishes the K, K’-point,
whereas the s; represent the spin operators defined in Methods. The value of
these fitting parameters can be found in Table 1.

We note that £V in this model describes the potential between the
upper and lower graphene layers. As expected, V changes almost linearly
with E. It has a finite value at E = 0 because of the spontaneous polarization
of the heterostructure. The Ising-type SOC parameters )L?‘ and /1}42 of the
non-adjacent and adjacent graphene layers are very different due to the

Table 1 | Fitting parameters of the chosen 8-band k - p model
for the BLG — WSe, vdWh

E v A /\;‘1 A;“z Ao M Ep
-0.5 —3.041 6.957 0 1.77 —0.206 0.455 —2.535
—0.25 —0.483 6.783 0 1.743 —0.144 0.501 —2.523
0 1.977 6.751 0 1.777 0.052 0.195 —2.54
0.25 4.259 6.642 0 1.752 —0.162 0.449 —2.522

The electric field is given in units of V/nm, the remaining parameters in meV. The coupling
parametersin H,,,,, (see k-p model) are field-independent and equal to yo = 2.558eV, y; = 0.332eV, y3
=0.226eV, and y, = —0.139%eV.

presence of WSe, and its proximity effect, which is found to be insensitive to
the electric field E. The Rashba and intrinsic SOC parameters (Ar and A,) are
larger for E > 0. We would like to highlight that the band structures obtained
from the k - p model and from the DFT calculations agree well over a wide
range of energies, as demonstrated in Fig. 3.

Formation of an electrostatically induced quantum dot
Gate-induced single quantum dot confinement is studied by self-
consistently solving the Schrédinger and Poisson equations (details of the
solver are given in k-p model), based on the aforementioned 8-band k - p
Hamiltonian fitted to the DFT bands at finite electric field E. The uniform
electric field E is generated by the upper top gate with potential V; and the
bottom gate with potential V,, as shown in Fig. 1. The influence of E on the k
- p Hamiltonian is accounted for through the potential V' (see Table 1). A
positive V amplifies the built-in field of BLG-WSe, heterostructure, while a
negative one counters it and reverses the layer polarization. Hereafter, we
use symmetric values of £V, namely +4.259 meV, to emulate opposite layer
polarization. The corresponding parameters from Table 1 enter our k - p
model as they allow for the strongest confining potential. These values of V/
correspond to electric fields E = 0.25 V/nm (+V) and E ~ —0.75 V/
nm (—V).

The lower top gate with potential Vi, controls the local potential dis-
tribution underneath and laterally confines the electron or hole quantum
dots. The Viz-induced electrostatic potential is calculated via the Poisson
equation and includes the charge density obtained from the Schrodinger
equation. It is then added to the main diagonal elements of the discretized k -
p Hamiltonian matrix in real space. The details of our method and simu-
lations are provided in Methods.

From the single-dot device shown in Fig. 1, we can extract the dot area
and QD energy levels at different top and bottom gate voltages Viz and Vi,
based on the self-consistent solution of Schrodinger-Poisson calculations.
The V; and Vi, values used to create an electron (Vg > 0, Vig < 0) or hole
(Vig < 0, Vg > 0) dot are the same for the +V and —V cases.

First, our simulations demonstrate electrostatically induced quantum
dots in BLG-WSe, and reveal the dependence of the dot area and shape on
the confining voltages. By varying the top gate voltage Vig, we can better

Fig. 4 | Dot area and charge contour lines at dif- ( a) 14 1.00 (b) -
ferent confining potential. Dot area (vertical axis) 16 "
versus Vi, gate voltage (horizontal axis) for 13 =) 0.28
aelectron dot at +V, b electron dot at — V, chole dot E 0.96 E 15 % 100 0.24
at +V, and d hole dot at —V. The colors of the 19 = -
symbols and lines refer to the projected weight of the < <14 ’
ground-state to the top graphene layer in BLG. A g1.1 100 0.92 g 0.16
value of 1 (0) indicates that the dot is fully encom- < x [nm] < 1.3 0.12
passed in the top (bottom) graphene layer. Layer S10 ] 0.08
mixing occurs at large |V,|. The insets in a and o 0,88 1.2 ’
b represent the charge contour lines at the minimum 0.9 o® ’ 0.04
Vig (red dotted), maximum Vi, (cyan dashed), and ; 3 3 I : - 1.1 : . : , : . 0.00
for the minimum dot area (black solid). Top Gate Voltage Vj, [mV] Top Gate Voltage V;, [mV]
1.00
: 14
©) s 032 (d)
0.28 1.3
B14 024 F 0.96
E 0.20 -‘g e
g Eals gLl 0.92
= 0.12 =
.12 3
a 003 A L0
0.88
0.04 09 >
1.1 - —@ o
1 2 3 4 5 6 : 1 2 3 4 5 6
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Table 2| Energy splitting AE . between the first spin-down and spin-up states versus top gate voltage V,4 for electron and hole

dots in the £V cases, at an applied electric field E = 0.25 V/nm

Elec. Vig (MV) 1.53 2.53 3.06 4.06 4.91 5.44 6.13
AEsoq (MeV) +V 0.08 0.10 0.13 0.16 0.20 0.23 0.28
"y 1.67 1.63 1.60 1.55 1.49 1.42 1.32
Hole Vig (V) ~1.50 —2.25 ~3.00 -3.75 —4.50 -5.25 -6.00
AEqoc (MeV) +V 1.67 1.64 1.60 1.56 1.52 1.45 1.35
"y 0.08 0.10 0.12 0.15 0.18 0.22 0.26

confine charge density, as reported in Fig. 4 for the electron and hole QDs in
the +V and —V cases. The dot area is defined as the isosurface encom-
passing 95% of the charge density of the first eigenstate above (i.e., electron
QD) or below (i, hole QD) the Fermi level. In all four cases, as |V
increases, the dot area decreases at first, but re-increases after reaching a
minimum value. To shed light on this trend and the variation of the dot
shape, the contour lines of the charge densities corresponding to the
minimum and maximum Vi and the minimum dot area are plotted as
insets in Fig. 4a and b. At larger | Vg, the dot changes from nearly a circular
to a curved triangular shape, while still keeping the three-fold symmetry of
the crystal structure. Further increase of | Vg| leads to an even more distorted
dot shape.

Second, we find that increasing | V| also induces stronger layer mixing
in BLG. The projection of the first electron eigenstate to the top graphene
layer is encoded in the color of the lines in Fig. 4. In the +V (— V) case of an
electron dot, the first eigenstate has contribution mostly from the top
(bottom) layer of BLG, as shown in Fig. 4a and b. Increasing Vi, from 1 mV
to approximately 5 mV (close to the bandgap value of 7 meV) decreases the
contribution from the dominant layer from 100% to around 88%, indicating
enhanced layer mixing. The layer mixing results in a charge density
extending into the graphene layer with larger electrical potential energy.
This distorts the dot shape and increases the dot area, explaining the opti-
mum Vi, with minimum dot area. Overall, aless uniform dot shape has been
linked to enhanced device performance®. The curvature in the dot shape has
been shown to potentially increase the Rabi oscillation of the spin qubit in
germanium planar quantum dots™. Therefore, the performance of the qubit

can be optimized by tuning V, through which the dot shape can be mod-
ified. A similar effect is also observed for hole dots for which a negative V., is
used, as in Fig. 4c and d.

Next, we turn to the energy spectrum and study the splitting between
the first spin-up and spin-down eigenstates near the Fermi level, which
define the two energy levels of a spin qubit. Figure 5 presents the calculated
electron and hole energy levels for the + V and — V cases. The electrostatic
potential to confine hole dots is obtained by reversing the polarity of Vg and
Vig and solving self-consistently the Schrédinger and Poisson equations. As
shown in Fig. 5a and b, and summarized in Table 2, in the electron system, a
larger energy splitting between the first spin-down and spin-up states, AE,,
is found for the — V' case than for + V, up to 1.67 meV, indicating that SOC is
enhanced with — V. In contrast, in the hole system depicted in Fig. 5c and d,
the situation is reversed since the charge is located in the opposite layer,
compared to the electron system. The enhancement of SOC is observed for
the +V case. Overall, the SOC is larger when the resulting QD is mostly
located in the graphene layer adjacent to WSe,. We also observe that the
AE,,. of the electron dot in the + V case, and of the hole dot in the —V case,
slightly increases with Vi,. This phenomenon is caused by an increase in
layer mixing at higher Vig, as can be seen in Fig. 4.

When SOC is enhanced, as shown in Fig. 5b and c, the energy splitting
between the spin-up and spin-down states becomes comparable with the
energy difference between the ground- and first-excited spin-down states,
allowing unwanted transitions from the spin qubit state to the excited orbital
state to happen. This highlights the necessity to further increase the con-
finement and excited-state energy. However, for electron/hole dots, a
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decrease/increase in the energy of the confined states is observed as |V,
increases, due to the strengthening of the confining potential. The energy of
the unconfined hole/electron states below/above the bandgap remains
mostly unchanged (not shown here). This behavior leads to a decrease in the
QD bandgap as the confinement potential increases. Since maintaining a
sizable bandgap is important to achieve carrier confinement, in practice, one
needs to simultaneously control |V,| and the vertical electric field through
the potential difference (V; —V,), which gives rise to well-confined carriers
with strong SOC.

Finally, we remark that a symmetry relationship emerges between the
electron and hole energy level spectrum of the BLG-WSe, system. It results
from the time-reversal and particle-hole symmetries. The electron dot in the
+V case is symmetric with the hole dot in the FV case, with opposite spin
polarization. Such symmetry highlights the possibility of manipulating both
electron and hole spin qubits in BLG-WSe, vdWh with a similar device
setup. This unique feature makes the proposed system an attractive testbed
to study arrays of electron and hole spin qubits placed next to each other
inside a single chip.

Gate operation for the spin-charge qubit

The BLG-WSe, vdWh provides two physical DoF that can be leveraged for
quantum information processing. First, charged carriers confined in the QD
possess an intrinsic spin that allows one to define a spin qubit. Second, these
carriers are formed by the superposition of orbital states that originate from
the top and bottom graphene layer, denoted hereafter as |T) and |B),
respectively, giving rise to a vdW charge qubit***'. Through both DoF, we
create a two-qubit system within a single QD. As the nature of the spin and
charge (or layer) DoF is different, so are their control mechanisms. These
two mechanisms can be described by specific Hamiltonians. Both of them
are derived below for the BLG-WSe, heterostructure. We then use a Trotter
decomposition to simulate the unitary time evolution of the system of
interest. These simulations provide a first estimate for the single-qubit gate
operation speed and the combined manipulations of both qubits.

Manipulations of the spin qubit via EDSR. The spin qubit can be
controlled by Electric Dipole Spin Resonance (EDSR) via a time-
dependent perpendicular (through the vdWh) electric field E(t) =
(E, + E cos(w,, t))e, with frequency w,. generated by the gate electrodes.
To avoid changes of the electrons orbital wavefunction, the inter-layer
bias should not exceed the anti-crossing point so that the bandgap does
not close. The anti-crossing point is reached for |E| ~ —0.16V nm.
Therefore, we choose E, > 0Vnm and E, < —0.5V nm and E < |Eyl. We
apply a static in-plane magnetic field, without loss of generality along the
x-direction B = Bye,, to define two Zeeman basis states {| <), | —)}.
Because of the ac electric field, the SOC experienced by the confined
charged carrier becomes time-dependent and acts as an oscillating
magnetic field that induces transitions between the Zeeman states.
Through this EDSR mechanism, when the frequency of the time-
dependent SOC matches the Zeeman energy, spin rotation occurs, and
the spin states can be electrically driven. The spin dynamics of the BLG-

WSe, structure during EDSR can be traced through a quantitative and
time-dependent model. For this, we consider the two different sources of
SOC in the BLG-WSe, vdWh.

First, the linear Rashba SOC couples the spin to the oscillation of charge
carriers in the transverse direction due to the applied ac electric field*'. The
resulting time-dependent Rashba spin interaction Hamiltonian for one
graphene layer reads

1
Hy =Hy +5h(t) s, 3)
with the Zeeman term H, = 1gu,Bs,,
h(t) = 2guBx Q(1), (4)
and
0
—
o=k 0 )
e E cos(w, )

Here, wy is the frequency of the harmonic confinement of the QD, m the
effective electron mass, and s = (s,, 5, s) a vector of Pauli matrices on the
spin. The confinement strength can be extracted from Fig. 5 by taking the
energy difference between the ground and first-excited energy levels of the
same spin, i.e., for — V'we have iwy =~ 1 meV. Furthermore, we introduce the
spin-orbit length I due to Rashba SOC. This parameter is related to the
extracted Rashba coefficient Ax via I, = (vgh)/Ag, which follows by
comparing the low-energy Dirac Hamiltonian in Eq. (11) with the linear
momentum Rashba Hamiltonian given in ref. 21. The Fermi velocity vy can
be estimated from the intra-layer hopping parameter y, = 2.55 ¢V (Table 1)
and the BLG lattice constant a = 246 A. This gives a value
vy = (v/3ay,)/(2h) ~ 8.25 % 10° ms ™!’ With Az = 0.5 meV (Table 1)
we have Ig ~ 1.08 ym. Transforming Hy, into the rotating frame of the time-
dependent electric field, we obtain the interaction spin Hamiltonian for
Rashba SOC

eE

Hy = gyBBomlglsy. 6)

The second contribution is the Ising SOC, which is field-independent
but layer-selective. Due to the proximity effect, the graphene layer adjacent
to WSe, has a much stronger Ising SOC. The ac field, therefore, modulates
the total Ising SOC by varying the layer polarization of BLG. Depending on
the static working point E, and the ac amplitude E, the total Ising SOC
oscillates over time with a tunable amplitude. In the BLG-WSe, vdWh, the
layer polarization of the conduction or valence band as a function of the
applied field E(f) can be fitted to a sigmoid function based on our self-
consistent Schrédinger-Poisson results, as plotted in Fig. 6 (a). By extracting

Fig. 6 | Time-dependence of the Ising SOC.aTop () (b)
layer contribution of the conduction band for dif- 1.0 Sweepregion = 4 .- ) -
. . ) s " ——1Ising SOC A(t)
ferent E field values. The sweeping region around E, o ---- Sigmoid fit W
=0.25 Vnm" ' (marked by the black dashed line) for -8 081 o simulated data '/'/ 0.22
E = 0.05Vnm~" is plotted in red segment, the 5 —--- E=025vinm |/
simulated data is denoted by the points, with the Ev 06 ’ s 0.20
Sigmoid fit shown by the blue dashed line. S 7 g ’
b Resulting time-dependent Ising SOC in meV as a 504 v <
function of time, again for Ey = 0.25 V nm ™' and E’ o 0.18
E = 0.05Vnm~! and with w,. = e,/ = 0.088 GHz. 2.02
2 -
Y 0.16
-1.0 -0.5 0.0 0.5 0 20 40 60 80
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Fig. 7 | State evolution of the spin qubit. a State (@)
trajectory for the spin state on a Bloch sphere for an
EDSR pulse. The color of the dots indicates the time
evolution, i.e., early times in gray and later times in
purple. Since Rashba- and Ising-type SOC act on the
y- and z-axis of spin, respectively, both rotations can
be seen on the sphere. In this setup, the Ising rota-
tions dominate the Rashba ones. b Corresponding
expectation values for the o, (grey dot dashed line),
0, (grey dashed), and o, (black solid line) spin
operators.

Expectation value

0.0 25 5.0 7.5
Time (ps)

10.0 125

the layer polarization at different electric field strengths from the fitted
sigmoid function, we can compute the time-dependent contribution of the
total Ising SOC, referred to as A,(t, E,, E), and define the interaction spin
Hamiltonian for Ising SOC

HI = ;ll(ta E07 E)Sz' (7)

The evolution of the total Ising SOC over time is displayed in Fig. 6b for E, =
0.25V nm ' and E = 0.05 Vnm ™' and with w,, = €,/A = 0.088 GHz.

The complete EDSR Hamiltonian incorporates contributions from
both the Rashba SOC and the Ising SOC. The total spin Hamiltonian under
the rotating wave approximation is given by

eE

Hppar(t, Ey, E) = gugB,—— Iz 's, + A,(t, E,, E)s,,
wosr(ts Eo, E) = giig O e R , +A;(t, Eg, E)s, @)
Ising
Rashba

where s, and s, are the Pauli matrices acting on the spin DoF. The contribution
of the Ising SOC is incorporated through A;. Using reasonable experimental
parameters E, = 0.25Vnm~', E = 0.05Vnm~!, By = 0.5mT, and the
electron effective mass of BLG (m = 0.03 m,™), we can estimate the con-

stant prefactor Cr, of the Rashba term in Hgpg as Cy:=gu;B,—£5~13.8 meV nm.
The ac electric field frequency, w, is tuned to match the Zeeman energy
splitting e = gupBy = 0.058 ueV. The frequency spectrum of the ac field lies
well below the quantization energy of the harmonic confinement 7w, =~ 1
meV. This prevents orbital excitation of the charge carriers via the EDSR ac
drive. With I =~ 1.08 um, we find that Cyl, ' ~ 17.4 peV, which is the energy
of spin rotations due to Rashba SOC.

Note that for the EDSR operation, the two sources of SOC, Rashba and
Ising, are controlled very differently: The Rashba SOC is layer-independent
and sensitive to magnetic fields, whereas the Ising contribution is layer-
dependent and insensitive to magnetic fields. This fact can be exploited to
tune the desired balance of both SOC contributions. Also, note that the spin
rotation axis differs for both mechanisms: The Rashba SOC rotates around
the y-axis because the ac- and B-field have been chosen along the spatial z-
and x-direction, respectively. However, the Ising SOC acts as a rotation
along the z-axis of spin. This is due to the form of the low-energy Dirac
Hamiltonian in Eq. (2).

Using the TROTTERQRTE package of the QISKIT modeling
framework™, we simulate the dynamics of the spin qubit with the ab initio
calibrated parameters from above. Based on our simulations, we obtain the
state trajectory of the spin qubit during an EDSR pulse, as shown in Fig. 7a.
We observe that since the Ising SOC is much stronger than the Rashba SOC
in our case, the spin trajectory is mostly rotating within the xy plane. In
addition, we plot in Fig. 7b the expectation values for the spin operators and
estimate the speed of a Z gate, R,(0 = ) (rotation around the z-axis by 7

radiaps), to be fein = 7ps. This value is obtained for E, = 0.25 Vnm™
and E = 0.05 Vnm™1.

Manipulations of the vdW charge qubit via LZSI. In analogy to the
Mach-Zehnder interferometry (MZI), we use the Landau-Zener-Stiick-
elberg Interference (LZSI)™ to rotate the charge DoF. This is composed of
three successive steps: (I) The energy eigenstates of the charge qubit are
non-adiabatically moved to the anti-crossing point from far away and
across it, which implements a unitary action U, composed of z- and x-
rotations and can be seen as the action of a beam splitter in the MZI
analogy. To achieve an X gate, we tune the velocity of potential change v =
|dV/dt| such that the x-rotation corresponds to a 71/2-rotation (see Sup-
plementary Information for derivation). This initial process is referred to
as the first Landau-Zener transition (LZ) and is represented by the seg-
ment A — B — Con the Bloch sphere representation in Fig. 8a, where the
red lines indicate x-rotations, the green lines z-rotations; (II) the two
energy eigenstates acquire a phase difference ¢, during a specific time
trzs, which acts as a rotation R (¢,(f1zs1)), as represented by the segment
C — D (purple line); (IIT) the system is moved back again over the anti-
crossing point to the initial position far away from it, implementing the
second LZ, represented by the segment D — E — F — G. Similar as in
MZI, this second transition acts as a final beam splitter, leading to
destructive or constructive interference of the energy eigenstates
depending on the accumulated phase difference.

The LZSI mechanism effectively enables us to implement a rotation
gate R,(0(t; zsp)) for the charge qubit states {|T), |B)}. In addition, due to the
presence of the proximity effect and layer-selective Ising SOC in the BLG,
fast spin rotation is also observed during the phase accumulation step, which
can be seen in the oscillation of |B) ® | <—) and |B) ® | —) probabilities in
the time evolution plot in Fig. 8b. The combined dynamics of spin and
charge qubits during this process can be represented by the quantum circuit
in Fig. 8c. This is composed of operators U 7 and R.(¢,) acting on the charge
qubit and the controlled rotation CR, of the spin qubit with charge qubit as
control bit. From this controlled action on the spin DOoF, it is also evident
that the spin- and charge-qubits become entangled during the phase
accumulation. As indicated in Fig. 8a, the Bloch vector goes into the interior
of the sphere, with an oscillating Bloch vector length |r| = r due to entan-
glement (C — D). The geometry of entangled states of two qubits is difficult
to visualize. Here, we simply project the density matrix of the charge qubit
onto the Bloch sphere. The mixed states are projected to vectors with r < 1,
and the state with maximum entanglement is projected to the origin (r = 0).
We investigate the entanglement between charge and spin qubits separately
in the next section.

However, despite the presence of Ising SOC, it is still possible to
implement pure charge rotation, because the spin dynamics is governed by
the Ising SOC that is independent of the LZSI and constant over time as a
material parameter of the BLG-WSe, heterostructure. We investigate the
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Fig. 8 | State evolution of the vdW charge qubit. a Bloch sphere representation of
the layer DoF, i.e., partial trace of the spin-charge density matrix. b Evolution of state
probabilities during the LZSI. The dotted-dashed and the solid black lines denote the
|T) ® | <) and |B) ® | <) states, respectively. The dotted-dashed and solid grey
lines denote the |T) ® | —) and |B) ® | —) states, respectively. The LZSI com-
mences with a LZ transition (left blue shaded region) and ends with the second LZ

transition (right blue shaded region). In between, the system experiences phase
accumulation and spin rotations. In the proposed setup, we have t; 71 > t; 7 for the
duration of LZ transitions, and therefore, the time axis during LZ transitions is
enlarged for better visibility and does not have the same time scale as the phase
accumulation. ¢ Quantum circuit corresponding to the LZSI mechanism.

relationship between the final state probabilities at the end of LZSI and the
duration of phase accumulation f; 751, as shown in Fig. 9 for a large range of
values. The time evolution in Fig. 8 is obtained with ;75 > 3.72 ps, which
can achieve a R, () rotation of the charge qubit without rotation on the spin
qubit. We obtain the overlap between the final state and the target state:
IT) ® | < )>|y) with [(y](|B) ® | «<))|* =~ 0.995.

The above results are obtained with the following effective Hamilto-
nian under a time-dependent inter-layer potential difference V(¢)

V(t)

Hyzg(t) = ——0, + T17(0)0, + Hizgyjsing ©)

where Ty () denotes the physical inter-layer tunneling energy. Here, the
Pauli matrices o, and o, act only on the charge DoF spanned by {|T), |B)}.
Both Vand Ty are time-dependent due to the modulating electric field. The
last term H 7g1jzsing in the Hamiltonian captures the effect of Ising SOC. The
spin interaction of the LZSI Hamiltonian reads

Hyzg1i15ing = A2 Pys, Py + A1 Prs, Pr, (10)

where )L?Z/ A1 are the Ising SOC parameters in the bottom/top layer
(Table 1), respectively, and s, is the Pauli spin matrix. Since Afz > /1}“, the

spin rotates only when the bottom layer is populated. The projection to top
and bottom layer subspaces is denoted as P and Py, respectively.

To calibrate the effective inter-layer tunneling energy T; zin Eq. (9), the 2
x 2 LZSI Hamiltonian must be diagonalized for different potential values V,
corresponding to the vertical electric fields used in the DFT calculations and
reported in Table 1. The LZSI eigenenergies are then fitted to the DFT results.
This gives the field-dependent value of the tunneling energy, for both spin-up
and spin-down, with minimum value T}, = 0.73 meV at the anti-crossing
point. In this study, we approximate the pulse shape that implements LZSI
with a rectangular function, ie, V() = V,+[O(t) — O(t — t145)]V",
where ©(f) is the unit step function. Further details about the LZSI and model
parameters are provided in the SL

Combined spin-charge manipulation. Due to the layer-selective SOC in
the BLG-WSe, vdWh, the charge qubit state must be |B) for the strong Ising
SOC to drive fast spin rotation. Therefore, the charge qubit serves as a valve
to switch on and off the spin rotation, i.e., to act as a CR, gate. Based on this
mechanism, by controlling the phase ¢, accumulated between the LZ
transitions, one can implement a controlled NOT (CNOT) gate on the spin
qubit using the charge qubit as the control unit. Since this protocol is based
on the intrinsic SOC of the BLG-WSe, vdWHh, it can be electrically driven
without any external magnetic field. Combining the single-qubit rotation
gates described in the previous subsections and the CNOT gate, we have all
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Fig. 9 | State probability for the four basis states of the two-qubit system for along
range of phase accumulation times #; z5;. The dotted-dashed and the solid black

lines denote the |T) ® | <) and |B) ® | <) states, respectively. The dotted-dashed
and solid grey lines denote the |T) ® | —) and |B) ® | —) states, respectively. This

tizsi (pS)

is not a state evolution as in Fig. 8b, but rather represents a parameter sweep of t; zg;
for the final state probabilities after the LZSI sequence. In the plot, the probabilities
for |T) ® | —) and |B) ® | —) are identical because they are initialized with zero
population.
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Fig. 10 | Entanglement of spin and charge qubits. a Performing a LZSI and a
succeeding pure Ising rotation creates a maximally entangled state. The action of
LZSI(Uzand R,) and Ising (CR,) on the two-qubit system (left part) is equivalent to
the combination of a Hadamard (H) and CNOT gate (right part) for tunable evo-
lution times. b Evolution of state probabilities corresponding to the circuits in (a).

The dotted-dashed and the solid black lines denote the |T) ® | <) and |B) ® | <)
states, respectively. The dotted-dashed and solid grey lines denote the |T) ® | —)

and |B) ® | —) states, respectively. The LZ transitions act in the blue shaded region
and are not to scale with the x-axis.
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the necessary building blocks to implement basic quantum circuits based on
a single QD in our BLG-WSe, system.

As an illustration, taking advantage of the LZSI operation, we can define
a sequence to entangle the spin and charge qubits. This is depicted in Fig. 10a
andb. The system is first initialized in the | T) ® | <) state, i.e., in the charge
state |T) and spin state | <—). By applying an LZSI pulse, the electron is
pushed into a charge superposition state (| T) + |B)) ® | <=)/+/2. After the
LZSI pulse, the Ising SOC continues to rotate the spin in the bottom layer
(see Fig. 10b), such that we finally obtain an entangled state
[¥) = (|T) ® | <) + |B) ® | —))/+/2. The result is a non-separable state
of the bipartite Hilbert space {|B),|T)} ® {| <-),| =)} composed of the
spin and charge states. The equivalent quantum circuit corresponding to this
process and involving Hadamard and CNOT gates is shown in the right part
of Fig. 10a. To measure the degree of entanglement of the final state |¥), we
quantify the entanglement entropy, ie., the von Neumann entropy of the
reduced density matrix of the charge qubit subsystem. We compute an
entanglement entropy S, 2 0.693 2 In(2), which indicates the exis-
tence of large entanglement between the spin and charge DoFs.

Discussion

We discuss here the limitations of the proposed spin-charge BLG-WSe,
qubits within an open quantum system, followed by real-world challenges in
fabrication and implementation. In the end of this section, we compare
metrics predicted by our model with those from the literature about pro-
mising qubit platforms.

The Hamiltonians for EDSR (Eq. (8)) and LZSI (Eq. (9)) describe the
spin-charge qubit in a closed system, but since real quantum systems are
open, their dynamics will be different. The most prominent effect of the
environment on the state evolution of the spin-charge qubit is information
leakage from the two-qubit subspace. As a consequence, for longer evolu-
tions, the total occupation probability of states does not sum to one. This
affects the fidelity of operations such as the entanglement sequence outlined
in Gate operation for the spin-charge qubit. If the total probability of the
state is not unity, the entanglement entropy is not maximal. However, a
quantitative estimation of decoherence channels via simulations of open
quantum systems is outside the scope of this study.

Practically, several challenges are associated with the fabrication of the
vdW heterostructure to be used as a building block of robust qubits. First,
graphene, WSe,, and hexagonal boron nitride layers that encapsulate them
are defective crystals. The presence of interface roughness and crystalline
imperfections modifies the electronic structure®. Defects also perturb the
local electrostatic potential. Both effects result in energy levels and charge
densities deviating from the ab initio calculations of a perfect crystal
structure. Due to the randomness distribution of defects, the energy level
shifts may vary from device to device, thus requiring individual calibration
to align them. Furthermore, crystalline imperfections can negatively impact
qubit coherence by inducing additional nuclear spins, which decrease the
coherence time and gate fidelity. In addition, heat dissipation can cause
thermal excitations, leading to undesired spin relaxations. As a result, the
thermal fluctuations limit the qubit coherence time and the gate fidelity.
Such phenomena have been demonstrated by Camenzind et al.** with a hole
spin qubit in a Silicon FinFET.

In addition to the fabrication of clean heterostructure, precise align-
ment during stacking of the graphene layers and the TMDC monolayer is
also a crucial factor, as the relative twist angle can significantly increase the
resulting SOC strength, as discussed in”*’. Despite these technical diffi-
culties, the fabrication of BLG-TMDC heterostructures has been success-
fully achieved using polymer-based dry transfer and hot pick-up
techniques'“*~. Recently, the enhanced SOC in BLG has been experi-
mentally confirmed and measured in a BLG-MoS, heterostructure'.

The BLG-WSe, heterostructure is unique compared to other pro-
mising qubit platforms, since the SOC can be electrically controlled by the
gate voltage over a large range of values. Such tunability is a major advantage
over pure BLG, enabling the qubit to be dynamically tuned to operate with a
long coherence time or fast operation speed. Furthermore, the BLG-WSe,

heterostructure can also host a charge qubit, which has a very fast operation
speed but is likely less resilient to the noise from the environment™.

Since there have not yet been any experimental results on the BLG-
WSe, heterostructure, we take the BLG platform as our reference for
comparison with other qubit platforms. The BLG spin qubit has been
proved in experiments to have a very long coherence time around 0.4 s.
Recently, the coherence time has increased to 38 seconds with the exploi-
tation of valley Kramer states™. Compared to silicon, which is the leading
semiconductor platform for spin qubit, the BLG is advantageous with
respect to both coherence time and operation speed’. The superconducting
qubits have an operation speed similar to that of the BLG qubit. However,
they have a coherence time between 10 and 100 ys™, which is shorter than
the BLG qubit, and they require a complicated setup, including high-quality
microwave resonators and cryogenic instruments. Lastly, to conclude the
comparison with existing platforms, the topological qubit (as proposed in
ref. 55) should be more robust than the other platforms because of the
topological protection against noise based on its nonlocal encoding. How-
ever, a relatively slow gate time and a more complicated setup are expected.

In this work, we investigated a BLG-WSe, vdWh system that supports
both charge and spin qubits by leveraging the proximity effect induced by
WSe, and the layer polarization of BLG. We extracted the SOC coefficients
of the graphene layers and k - p model parameters to represent their band
dispersion from ab initio calculations. Based on this calibrated model, we
confirmed the large enhancement of SOC in the graphene layer adjacent to
WSe,, an effect that was originally proposed by Gmitra et al.”. Through self-
consistent Schrodinger-Poisson calculations, the formation of electrically
confined electron and hole quantum dots in the BLG was studied. The gate
voltage dependence of the dot area, shape, and energy levels was computed
before discussing layer mixing and its relationship to the confinement
potential. It was then demonstrated that the SOC of the electron- and hole-
quantum dot can be electrically turned on and off by applying a vertical
electric field, allowing for the creation of fully electrically controlled spin
qubits. Since electron and hole quantum dots display symmetric properties
in BLG-WSe, vdWh, the design of qubit arrays exploiting both types of
qubits is greatly simplified. We also constructed a simplified model
Hamiltonian describing the time evolution of the spin and charge states. Our
simulations revealed that the proposed qubit operations have a time scale in
the order of picoseconds. Finally, we suggested the possibility of performing
EDSR operations on the graphene layer adjacent to WSe, through external
electric fields and to combine them with LZSI operations to entangle the
spin and charge degrees of freedom of an electron or hole in a BLG quantum
dot. Both operations only require electric fields generated by the top and
bottom gates.

This work highlights the potential of the proposed BLG-WSe, vdWh
architecture as a spin-charge qubit and building block of future quantum
information processors. Investigations of multiple BLG quantum dots are
now needed to better understand inter-dot Coulomb interaction and tun-
neling energies. If promising, these results, combined with the relatively
simple gate setup of the BLG-WSe, system, could open the door for dense
spin-qubit 2D arrays with long-distance coupling between individual
devices™. As a future study, it could be envisioned that the valley degree of
freedom of BLG-W e, is further leveraged by applying small magnetic fields.

Methods

The DFT package VASP was employed to perform the ab initio calculations
of the bilayer graphene and WSe, heterostructure using the generalized
gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)”. A
super-cell was constructed with 4 x 4 bilayer graphene and 3 x 3 WSe;, as
depicted in Fig. 2. A T-centered Monkhorst-Pack k-point grid of dimension
3 x 3 x 1 and a plane-wave cutoff energy of 850 eV were used. The DFT-D3
method of Grimme™ accounts for the van der Waals interactions. For the
forces acting on each ion, a convergence criterion smaller than 10~* eV/A
was applied, while the total energy difference between two subsequent
iterations was smaller than 10~° eV. A large vacuum of 34 A was placed
along the stacking direction to avoid spurious interactions from the periodic
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replica in the out-of-plane direction. To include the important spin-orbit
coupling and electric field effects, the noncollinear calculations and dipole
correction were accounted in the electronic ground state and band structure
calculations.

k - p model

The Hamiltonian used to model the pristine bilayer graphene as well as our
heterostructure, is inspired by”. As schematically shown in Fig. 2, it only
takes into account the bilayer graphene states originating from the A and B
atoms in layers 1 or 2.

The Hamiltonian H = H 4, + H,, + Ep includes a tight-binding
and spin-orbit coupling part, as specified below. As the WSe, states lie
outside the energy region of interest, they are neglected. An additional Dirac
energy offset Ep, is introduced to improve the fitting. The total Hamiltonian
is given in the basis {|C,, T>7 [Cars ‘L>a |Cp1, T>> |Cp1, ¢>> |Cazs T>7
1Caz )+ 1z 1), 1Cias 1))

A+V  yfk)  y, fr(k) N
*(k \% k *(k
o Yof (k) / ys SR  yf (k) ®s (1)
Yaf)  y ) =V oy flk)
N Yafk)  yof* (k) A=V
TA;\'SZ i(Ag + 2Ag)s™ 0 0
o —i(ho +20)s%.  —TAps, 0 0
e 0 0 s, =il — 20g)s”
0 0 i(Ag — 215)s% —Abs,
(12)

The y, and y; parameters denote the nearest-neighbor intra- and inter-
layer hopping, whereas y; and y, refer to the indirect hopping between the
layers. The potential felt by each layer is given by + V. The staggered potential
A is an additional energy shift used to handle the asymmetries of the cor-
responding bonding and antibonding states in the dimer orbitals A;, B, due
to . To shorten the notation the following operators are defined
so=1(s, irs,), where the operators s; = 10, denote the spin matrices.
We use the same linearized version of the nearest-neighbor structural
function f(k) = — %(Tkx — ik,) as in ref. 59. The graphene lattice con-
stant is labeled as a, and the wave vectors k., k, are measured from K (or K')
for a valley index 7 = 1 (or 7= —1), respectively.

The spin-orbit coupling coefficients of orbitals originating frolran
atoms A, B in layer j on the diagonal are given by A, and 1/,
respectively. As the induced spin-orbit coupling in the bilayer gra-
phene layers is of the valley-Zeeman type, with opposite signs on the
atoms of the sublattice, we set ”=-a”. The A, denotes the local
breaking of space inversion due to the presence of the other layer in
BLG, Ar indicates the global breaking of space inversion symmetry
due to the heterostructure and the electric field”.

Schrédinger-Poisson solver
Our Schrodinger solver relies on the 8 x 8 Hamiltonian of Eq. (1), which is
discretized on a finite difference grid. To transform H = H y, + H,, from
the k-space to the real-space, we follow the prescription k, — i, and k, — id.
To solve the well-known Fermion doubling problem at k = + 7, we add a tiny
quadratic term (k2 + k;) to the discretized Hamiltonian according to Sus-
skind’s work®. A discretization step of 1 nm is used along x and y directions,
while 0.4 nm in z direction. By using a smaller discretization step of 0.5 nm
along x and y, the QD energy levels differ by around 30ueV, proving the
convergence of the grid. The details of the tight-binding Hamiltonian 4 and
the spin-orbit Hamiltonian H, are specified in k-p model. The fitting para-
meters y;, A?’ , V, and A are taken from the E = 0.25 V/nm entries of Table 1.
The Schrodinger solver takes as input the electrostatic potential of each
graphene layer obtained from a 3-D Poisson solver. This potential is first
super-sampled from a coarser grid (4 nm x 4 nm discretization step) to a

refined grid (1 nm x 1 nm discretization step) by spline interpolation. After
adding the electrostatic potential to the diagonal elements of the discretized
8-band k - p Hamiltonian matrix, the Schrodinger solver diagonalizes it
using Scipy and ARPACK®"”, which produces the eigenstates and eigen-
energies of the system of interest. Only the lowest/highest energies above/
below the Fermi level are retained. Finally, the charge density p" is com-
puted as the norm square of the wave function. The difference between p"*"

and p™ from the previous iteration defines the error of the Schrédinger-
Poisson self-consistent loop:
| P?ew _ P91d|
_ ij ij
Error = Z g (13)
i Pij

The 3D Poisson solver takes the charge density in the two graphene layers of
BLG obtained from the Schrédinger solver as input. Starting with an
automatic cycle that adjusts the gate voltages to meet the requirement of
charge confinement potential. The Poisson solver determines the new
potential in the 3-D grid of 4 nm x 4 nm x 0.4 nm discretization step,
extracts out the potential inside the Schrédinger region consisting of the two
graphene layers, and passes it to the Schrodinger solver. This Schrodinger-
Poisson iterative process stops when the self-consistent relative error <0.001
is reached.

Data availability

Data sets generated during the current study are available from the corre-
sponding author on reasonable request. The dataset on DFT band structure
and quantum dot energies is available at https://doi.org/10.3929/ethz-b-
000731746.
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