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Ab initio simulation of spin-charge qubits
based on bilayer graphene-WSe2
quantum dots

Check for updates

Huaiyu Ge 1,2, Peter Koopmann 1,2, Filip Mrcarica 1,2, Otto T. P. Schmidt 1,2, Ilan Bouquet 1,
Mauro Dossena 1, Mathieu Luisier 1 & Jiang Cao 1

Wepropose a spin-charge qubit based on abilayer graphene andWSe2 vanderWaals 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
modeledby self-consistently solving theSchrödinger andPoissonequationswithmaterial 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 WSe2. Time-dependent investigations of the quantum device reveal rapid qubit
gate operation in the order of picoseconds. Our simulations indicate that bilayer graphene and WSe2
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., overcomingaquantumerror threshold for a givenquantumcode. In this
category, the superconducting qubits have shown record gate fidelity as well
as fast gate operating times in the order of tens of nanoseconds1. 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 range2–4. The second mature platform
for fault-tolerant quantum computing takes advantage of the silicon com-
plementarymetal-oxide-semiconductor (Si-CMOS) technology and its high
scalability potential5,6. Using isotopically enriched Si in Si/SiGe hetero-
structures, quantum gates displaying below-threshold fidelity have been
achieved for electron spin qubits7,8. Nevertheless, encoding the information
into the spin state of the electron requires the adjunction of amacro-magnet
to artificially enhance the spin interaction, which complicates the structure
design. In the last few years, introduction of germanium as hostingmaterial,
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 material9–11.

Bilayer graphene (BLG) has been identified as another promising
material to realize spin qubits12–15 since it exhibits notably longer spin
relaxation times than silicon, up to 50 miliseconds16. 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
chargedcarriers17. Electrostatically-definedBLGQDswithprecise control of
the number of charged carriers have been demonstrated18. 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 WSe2 or MoS2

14,19.
These TMDCs possess a strong SOC due to the extended d orbitals of their
heavy-metal atoms. Through the proximity effect19, the SOCof the adjacent
graphene layer increases fromabout 24μeV in thepristine case to a fewmeV
when placed in contact with aTMDC19,20. The boosted SOC in the graphene
layer adjacent to theTMDCenables efficientmanipulationsof spin states via
ac electric fields and the resulting electric dipole spin resonance (EDSR)21,22.

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 rightQDcanbeused to encode thequbit
information. Coherent manipulation of DQD charge qubits has been
observed in silicon and GaAs23–26, together with correlated two-qubit
interactions27. Non-invasive state readout has been achieved using a
quantumpoint contact charge detector placed next to theDQD26. 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.TheLandau-Zener-Stückelberg Interference (LZSI) scheme28 has been
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proposed to operate charge qubits at their sweet spot and to implement
universal single-qubit gate operating at the picosecond scale, with high
fidelity23,29.

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 demonstrated30–32.
Simultaneous entanglement within multiple DoF, known as hyper-
entanglement33, 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 states31,34. In this work, we
propose aBLG-baseddevice that can entangle the spin andchargeDoFof an
electrostatically confined charged carrier. It is illustrated in Fig. 1: The BLG-
WSe2 vdW heterostructure (vdWh), encapsulated by dielectrics, is stacked
between top and bottomgate electrodes that confine the charge density. The
gate-controllable layer polarization of BLG17 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 WSe2 induces an EDSR that can be har-
nessed to electrically drive the electron spin through the gate electrodes and
a static in-planemagnetic field. By leveraging bothmechanisms (EDSR and
LZSI), the spin and charge DoF of the device in Fig. 1 can both be
manipulated and efficiently entangled.

While graphene-WSe2 heterostructures have been studied in recent
works19,35,36, the SOC strength and energy levels in electrically confinedQDs
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 lattermethod returns the electronic structureof theBLG-
WSe2 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 Schrödinger-Poisson simulations. Finally, based on the

calculated QD properties, we demonstrate that the proposed BLG-WSe2
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)37. We start with unit cell lattice constants aBLG0 = 2.4689Å
for BLG and aWSe2

0 =3.2919 Å for WSe2. Then, we construct an optimized
commensurate super-cellwith4×4BLGand3×3WSe2unit cells, as shown
inFig. 2,which leads to less than0.8% latticemismatch inbothmaterials and
is consistentwith the literature values38. Theobserveddifferencecomes from
the fact that both unit cells must be slightly strained to stack them on top of

Fig. 1 | Schematic view of the proposed BLG-WSe2 QD device. The structure
measures 200 nm×200 nm in the xy-planewith two top gates in brown and a bottom
gate (substrate) in grey. A potential V1 is applied to the upper top gate electrode, a
smaller potentialVtg to the lower one, which acts as a confinement gate and is of size
80 nm × 80 nm. Another potential V2 + Vbg is applied to the substrate. V1 and V2

generate a vertical electric field E through the BLG-WSe2 heterostructure. The latter

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 Vtg = 4.91 mV and E = 0.25
V/nm.

Fig. 2 | Side view and schematic picture of the modeled heterostructure. The
super-cell consists of 4 × 4 bilayer graphene unit-cells and 3 × 3WSe2 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 WSe2) and layer 2 (adjacent to WSe2).

https://doi.org/10.1038/s41699-025-00568-y Article

npj 2D Materials and Applications |            (2025) 9:47 2

www.nature.com/npj2dmaterials


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 10−4 eV/Å and the total energy difference between two
subsequent self-consistent field iterations is smaller than 10−6 eV. More
details about our ab initio simulations are given inMethods.

The electronic band structure of the BLG-WSe2 vdWh is then com-
puted along theM→ K→ Γ path of its Brillouin zone. Results for different
transverse electric fields E applied perpendicularly to the BLG-WSe2
interface are reported inFig. 3.Wefirst consider the casewithout anyelectric
field (E = 0): A clear band gap is observed in the electronic structure. It
originates from the spontaneous polarization of the twographene layers due
to the heterostructure. As a consequence, an electric dipole pointing from
WSe2 towards BLG is generated, which in turn leads to a built-in electric
field19 breaking space inversion symmetry and opening up a band gap of
2.87meV. The energy of the states predominantly coming from the BLG
layer adjacent (non-adjacent) toWSe2 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 pz orbitals, which have vanishing angular
momentum. In the BLG-WSe2 vdWh, SOC is enhanced since the BLG
orbitals hybridize with theWSe2 ones and the latter exhibit a strong SOC

20.
Since wave functions exponentially decay in space, this hybridization is
more prominent for the orbitals of the graphene layer situated closer to
WSe2, thus enhancing its SOC, compared to its more distant counterpart.
Therefore, only states originating from the graphene layer adjacent toWSe2
split due to SOC, whereas those coming from the second graphene layer
remain approximately degenerate. This phenomenon is knownas 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 forE= 0, as
confirmed in Fig. 3. Our band structure calculations display the expected
layer-selective spin splitting, as previously observed by Gmitra et al.19.

By applying an external electricfield ∣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 toWSe2: 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 andmove it either to the CBMorVBM. In
a BLG-WSe2 heterostructure, the SOC in the adjacent graphene layer can be
increased up to 1.78 meV, which is approximately 100 times its intrinsic
value (24μeV).

To study the operation principle of the BLG-WSe2 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 conductionandvalencebandsnear its Fermi level, the energy range
of interest, originate from the BLG only, while the bands from WSe2 are
located at much higher energies. The influence fromWSe2 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 byfitting the eightDFTbands located near the
Fermi level of the BLG-WSe2 vdWh around its K-point, as originally sug-
gested by Konschuh et al. to model BLG38

H ¼ Horb � s0 þHsoc þ ED: ð1Þ

Fig. 3 | Band structure of BLG-WSe2 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

point. a The colors represent the spin projection: spin up (red), spin down (blue).
bThe colors represent the layer projection: adjacent layer 2 (red), non-adjacent layer
1 (blue).
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ThisHamiltonian comprises an orbital partHorb, a spin-orbit coupling part
Hsoc as well as a global energy shift ED. The spin-orbit term,Hsoc, captures
the intrinsic and the proximity SOC. The influence of WSe2 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

Hj
soc ¼

τλ
Aj

I sz i λ0 þ 2λR
� �

sτ�

�i λ0 þ 2λR
� �

sτþ �τλBj

I sz

0
@

1
A; ð2Þ

where λ0 refers to the intrinsic SOC, λ
Aj

I and λ
Bj
I to the Ising-type SOC of

layer j susceptible to the proximity effect. Additionally, λR denotes the
Rashba coupling arising from the breaking of space-inversion symmetry
and from the applied electric field, τ =±1 distinguishes the K;K 0-point,
whereas the si represent the spin operators defined inMethods. 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 λA1

I and λA2
I of the

non-adjacent and adjacent graphene layers are very different due to the

presence ofWSe2 and its proximity effect, which is found to be insensitive to
the electricfieldE. TheRashba and intrinsic SOCparameters (λR and λ0) are
larger forE> 0.Wewould 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 Schrödinger 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 V1 and the
bottomgatewith potentialV2, as shown in Fig. 1. The influence ofEon the k
⋅ p Hamiltonian is accounted for through the potential V (see Table 1). A
positiveV amplifies the built-in field of BLG-WSe2 heterostructure, while a
negative one counters it and reverses the layer polarization. Hereafter, we
use symmetric values of ±V, namely ±4.259meV, 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 Vtg controls the local potential dis-
tribution underneath and laterally confines the electron or hole quantum
dots. The Vtg-induced electrostatic potential is calculated via the Poisson
equation and includes the charge density obtained from the Schrödinger
equation. It is then added to themaindiagonal elements of thediscretized k ⋅
p Hamiltonian matrix in real space. The details of our method and simu-
lations are provided inMethods.

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 Vtg and Vbg

based on the self-consistent solution of Schrödinger-Poisson calculations.
The Vtg and Vbg values used to create an electron (Vtg > 0, Vbg < 0) or hole
(Vtg < 0, Vbg > 0) dot are the same for the+V and −V cases.

First, our simulations demonstrate electrostatically induced quantum
dots in BLG-WSe2 and reveal the dependence of the dot area and shape on
the confining voltages. By varying the top gate voltage Vtg, we can better

Table 1 | Fitting parameters of the chosen 8-band k ⋅ p model
for the BLG − WSe2 vdWh

E V Δ λA1
I λA2

I
λ0 λR ED

−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
parameters inHorb (see k·pmodel) are field-independent and equal to γ0 = 2.558eV, γ1 = 0.332eV, γ3
= 0.226eV, and γ4 = −0.139eV.

Fig. 4 | Dot area and charge contour lines at dif-
ferent confining potential. Dot area (vertical axis)
versus Vtg gate voltage (horizontal axis) for
a electron dot at+V, b electron dot at−V, c hole dot
at +V, and d hole dot at −V. The colors of the
symbols and lines refer to the projectedweight of the
ground-state to the top graphene layer in BLG. A
value of 1 (0) indicates that the dot is fully encom-
passed in the top (bottom) graphene layer. Layer
mixing occurs at large ∣Vtg∣. The insets in a and
b represent the charge contour lines at theminimum
Vtg (red dotted), maximum Vtg (cyan dashed), and
for the minimum dot area (black solid).
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confine charge density, as reported in Fig. 4 for the electron and holeQDs 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.e., hole QD) the Fermi level. In all four cases, as ∣Vtg∣
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 Vtg and the minimum dot area are plotted as
insets in Fig. 4a and b. At larger ∣Vtg∣, 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 ∣Vtg∣ leads to an evenmore distorted
dot shape.

Second, we find that increasing ∣Vtg∣ also induces stronger layermixing
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. IncreasingVtg from 1mV
to approximately 5mV (close to the bandgap value of 7meV) decreases the
contribution from the dominant layer from100% 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-
mumVtgwithminimumdot area.Overall, a less uniformdot shapehas been
linked to enhanceddevice performance39. The curvature in thedot shapehas
been shown to potentially increase the Rabi oscillation of the spin qubit in
germaniumplanar quantumdots39. Therefore, the performance of the qubit

can be optimized by tuning Vtg through which the dot shape can be mod-
ified. A similar effect is also observed for hole dots for which a negativeVtg 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 obtainedby reversing the polarity ofVtg and
Vbg and solving self-consistently the Schrödinger and Poisson equations. As
shown in Fig. 5a and b, and summarized in Table 2, in the electron system, a
larger energy splitting between thefirst spin-downand spin-up states,ΔEsoc,
is found for the−V case than for+V, up to1.67meV, indicating that SOC is
enhancedwith−V. In contrast, in the hole systemdepicted 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 WSe2. We also observe that the
ΔEsoc of the electron dot in the+V case, and of the hole dot in the−V case,
slightly increases with Vtg. This phenomenon is caused by an increase in
layer mixing at higher Vtg, 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,
allowingunwanted transitions from the spinqubit 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

Table 2 | Energy splitting ΔEsoc between the first spin-down and spin-up states versus top gate voltage Vtg for electron and hole
dots in the ±V cases, at an applied electric field E = 0.25 V/nm

Elec. Vtg (mV) 1.53 2.53 3.06 4.06 4.91 5.44 6.13

ΔEsoc (meV) +V 0.08 0.10 0.13 0.16 0.20 0.23 0.28

−V 1.67 1.63 1.60 1.55 1.49 1.42 1.32

Hole Vtg (mV) −1.50 −2.25 −3.00 −3.75 −4.50 −5.25 −6.00

ΔEsoc (meV) +V 1.67 1.64 1.60 1.56 1.52 1.45 1.35

−V 0.08 0.10 0.12 0.15 0.18 0.22 0.26

Fig. 5 | Energy levels of electron and hole dots at
different confining potential. The lowest electron
energy levels of an electron dot in the BLG-WSe2
system of Fig. 1 are shown for the a +V and b − V
cases as a function ofVtg. Sub-plots c and d show the
highest hole energy levels of a hole dot formed in the
same system as before, for the +V, and −V cases,
respectively. The horizontal axis is the applied top
gate voltage inmV, and the vertical axis is the energy
inmeV. The red and blue points correspond to spin-
up and spin-down states, respectively.
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decrease/increase in the energy of the confined states is observed as ∣Vtg∣
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 shownhere). This behavior leads to a decrease in the
QD bandgap as the confinement potential increases. Since maintaining a
sizable bandgap is important toachieve carrier confinement, in practice, one
needs to simultaneously control ∣Vtg∣ and the vertical electric field through
the potential difference (V1−V2), 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-WSe2 system. It results
from the time-reversal andparticle-hole symmetries. The electrondot in the
±V case is symmetric with the hole dot in the ∓V case, with opposite spin
polarization. Such symmetry highlights the possibility ofmanipulating both
electron and hole spin qubits in BLG-WSe2 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-WSe2 vdWh provides two physical DoF that can be leveraged for
quantum informationprocessing. First, charged carriers confined in theQD
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 ∣Ti and ∣Bi,
respectively, giving rise to a vdW charge qubit40,41. 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-WSe2 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 EðtÞ ¼
ðE0 þ ~E cosðωactÞÞez with frequency ωac 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 E0 ≥ 0Vnm and E0 ≤ −0.5V nm and ~E≪ jE0j. We
apply a static in-planemagnetic field, without loss of generality along the
x-direction B = B0ex, to define two Zeeman basis states f∣ i; ∣!ig.
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-

WSe2 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-WSe2 vdWh.

First, the linearRashbaSOCcouples the spin to theoscillationof charge
carriers in the transverse direction due to the applied ac electric field21. The
resulting time-dependent Rashba spin interaction Hamiltonian for one
graphene layer reads

HR ¼ HZ þ
1
2
hðtÞ � s; ð3Þ

with the Zeeman term HZ ¼ 1
2 gμBB0sx ,

hðtÞ ¼ 2gμBB×ΩðtÞ; ð4Þ

and

ΩðtÞ ¼ �e
m�eω

2
0
l�1R

0

0
~E cosðωactÞ

2
64

3
75: ð5Þ

Here, ω0 is the frequency of the harmonic confinement of the QD, m�e the
effective electron mass, and s = (sx, sy, sz) 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−Vwehaveℏω0≃1meV.Furthermore,we introduce the
spin-orbit length lR due to Rashba SOC. This parameter is related to the
extracted Rashba coefficient λR via lR = (vFℏ)/λR, which follows by
comparing the low-energy Dirac Hamiltonian in Eq. (11) with the linear
momentumRashbaHamiltonian given in ref. 21. The Fermi velocity vF can
be estimated from the intra-layer hopping parameter γ0 = 2.55 eV (Table 1)
and the BLG lattice constant a = 2.46 Å. This gives a value
vF ¼ ð

ffiffiffi
3
p

aγ0Þ=ð2_Þ ’ 8:25 × 105 ms�142. With λR ≃ 0.5 meV (Table 1)
we have lR≃ 1.08 μm. TransformingHR into the rotating frame of the time-
dependent electric field, we obtain the interaction spin Hamiltonian for
Rashba SOC

HR ¼ gμBB0
e~E

m�eω
2
0
l�1R sy: ð6Þ

The second contribution is the Ising SOC, which is field-independent
but layer-selective. Due to the proximity effect, the graphene layer adjacent
toWSe2 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 E0 and the ac amplitude ~E, the total Ising SOC
oscillates over time with a tunable amplitude. In the BLG-WSe2 vdWh, the
layer polarization of the conduction or valence band as a function of the
applied field E(t) can be fitted to a sigmoid function based on our self-
consistent Schrödinger-Poisson results, as plotted in Fig. 6 (a). By extracting

Fig. 6 | Time-dependence of the Ising SOC. a Top
layer contribution of the conduction band for dif-
ferent E field values. The sweeping region around E0
= 0.25 Vnm−1 (marked by the black dashed line) for
~E ¼ 0:05Vnm�1 is plotted in red segment, the
simulated data is denoted by the points, with the
Sigmoid fit shown by the blue dashed line.
b Resulting time-dependent Ising SOC in meV as a
function of time, again for E0 = 0.25 V nm−1 and
~E ¼ 0:05V nm�1 and with ωac = ϵZ/ℏ = 0.088 GHz.
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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 ~λIðt; E0; ~EÞ, and define the interaction spin
Hamiltonian for Ising SOC

HI ¼ ~λIðt; E0; ~EÞsz: ð7Þ

The evolution of the total Ising SOCover time is displayed in Fig. 6b forE0 =
0.25 V nm−1 and ~E ¼ 0:05Vnm�1 and with ωac = ϵZ/ℏ = 0.088 GHz.

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

HEDSRðt; E0; ~EÞ ¼ gμBB0
e~E

m�eω
2
0
l�1R sy

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Rashba

þ ~λIðt; E0; ~EÞsz|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Ising

; ð8Þ

where syand szare thePaulimatrices actingon the spinDoF.Thecontribution
of the Ising SOC is incorporated through ~λI . Using reasonable experimental
parameters E0 ¼ 0:25Vnm�1; ~E ¼ 0:05Vnm�1; B0 ¼ 0:5mT, and the
electron effective mass of BLG (m�e ¼ 0:03m0

43), we can estimate the con-
stant prefactorCR of the Rashba term inHEDSR as CR :¼gμBB0 e~E

m�e ω20
�18:8meV nm.

The ac electric field frequency, ωac, is tuned to match the Zeeman energy
splitting ϵZ = gμBB0 = 0.058 μeV. The frequency spectrum of the ac field lies
well below the quantization energy of the harmonic confinement ℏω0 ≃ 1
meV. This prevents orbital excitation of the charge carriers via the EDSR ac
drive.With lR≃ 1.08 μm,wefind thatCRl

�1
R � 17:4 μeV,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
framework44, 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 ismuch 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, Rz(θ = π) (rotation around the z-axis by π

radians), to be tspin ≃ 7ps. This value is obtained for E0 = 0.25 Vnm−1

and ~E ¼ 0:05Vnm�1.

Manipulations of the vdW charge qubit via LZSI. In analogy to the
Mach-Zehnder interferometry (MZI), we use the Landau-Zener-Stück-
elberg Interference (LZSI)24 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 ULZ composed of z- and x-
rotations and can be seen as the action of a beam splitter in the MZI
analogy. To achieve anX gate, we tune the velocity of potential change v=
∣dV/dt∣ such that the x-rotation corresponds to a π/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-
mentA→B→C on 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 φp during a specific time
tLZSI, which acts as a rotation Rz(φp(tLZSI)), as represented by the segment
C→ D (purple line); (III) 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
gateRx(θ(tLZSI)) for the charge qubit states f∣Ti; ∣Big. In addition, due to the
presence of the proximity effect and layer-selective Ising SOC in the BLG,
fast spin rotation is also observedduring thephase accumulation step,which
can be seen in the oscillation of ∣Bi � ∣ i and ∣Bi � ∣!i 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 composedof operatorsULZ andRz(φp) acting on the charge
qubit and the controlled rotation CRz of the spin qubit with charge qubit as
control bit. From this controlled action on the spin DoF, 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 withmaximum 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-WSe2 heterostructure. We investigate the

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 σx (grey dot dashed line),
σy (grey dashed), and σz (black solid line) spin
operators.
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relationship between the final state probabilities at the end of LZSI and the
duration of phase accumulation tLZSI, as shown in Fig. 9 for a large range of
values. The time evolution in Fig. 8 is obtained with tLZSI ≃ 3.72 ps, which
can achieve aRx(π) rotation of the charge qubit without rotation on the spin
qubit. We obtain the overlap between the final state and the target state:
∣Ti � ∣ i7!∣ψ

�
with j ψ� ∣ð∣Bi � ∣ iÞj2 ’ 0:995.

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

HLZSIðtÞ ¼
VðtÞ
2

σz þ TLZðtÞσx þHLZSI∣Ising ; ð9Þ

where TLZ(t) denotes the physical inter-layer tunneling energy. Here, the
Pauli matrices σx and σz act only on the charge DoF spanned by f∣Ti; ∣Big.
BothV andTLZ are time-dependent due to themodulating electricfield. The
last termHLZSI∣Ising in theHamiltonian captures the effect of Ising SOC. The
spin interaction of the LZSI Hamiltonian reads

HLZSI∣Ising ¼ λA2I PBszPB þ λA1I PTszPT ; ð10Þ

where λA2=A1I are the Ising SOC parameters in the bottom/top layer
(Table 1), respectively, and sy is the Pauli spin matrix. Since λA2I ≫ λA1I , the

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

Tocalibrate the effective inter-layer tunneling energyTLZ inEq. (9), the2
× 2 LZSI Hamiltonian must be diagonalized for different potential values V,
corresponding to the vertical electric fields used in the DFT calculations and
reported inTable 1. The LZSI eigenenergies are thenfitted to theDFT results.
This gives thefield-dependent value of the tunneling energy, for both spin-up
and spin-down, with minimum value T�LZ ¼ 0:73 meV at the anti-crossing
point. In this study, we approximate the pulse shape that implements LZSI
with a rectangular function, i.e., VðtÞ ¼ V0 þ ½ΘðtÞ � Θðt � tLZSIÞ�V 0,
whereΘ(t) is the unit step function. Further details about the LZSI andmodel
parameters are provided in the SI.

Combined spin-chargemanipulation. Due to the layer-selective SOC in
the BLG-WSe2 vdWh, the charge qubit statemust be ∣Bi 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 CRz gate. Based on this
mechanism, by controlling the phase φp 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-WSe2 vdWh, 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

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 densitymatrix. b Evolution of state
probabilities during the LZSI. The dotted-dashed and the solid black lines denote the
∣Ti � ∣ i and ∣Bi � ∣ i states, respectively. The dotted-dashed and solid grey
lines denote the ∣Ti � ∣!i and ∣Bi � ∣!i 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 tLZSI ≫ tLZ 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. c Quantum circuit corresponding to the LZSI mechanism.
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Fig. 9 | State probability for the four basis states of the two-qubit system for a long
range of phase accumulation times tLZSI. The dotted-dashed and the solid black
lines denote the ∣Ti � ∣ i and ∣Bi � ∣ i states, respectively. The dotted-dashed
and solid grey lines denote the ∣Ti � ∣!i and ∣Bi � ∣!i states, respectively. This

is not a state evolution as in Fig. 8b, but rather represents a parameter sweep of tLZSI
for the final state probabilities after the LZSI sequence. In the plot, the probabilities
for ∣Ti � ∣!i and ∣Bi � ∣!i are identical because they are initialized with zero
population.

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 (ULZ andRz) and Ising (CRz) 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 ∣Ti � ∣ i and ∣Bi � ∣ i
states, respectively. The dotted-dashed and solid grey lines denote the ∣Ti � ∣!i
and ∣Bi � ∣!i 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-WSe2 system.

As an illustration, takingadvantage of theLZSI operation,we candefine
a sequence to entangle the spin and charge qubits. This is depicted in Fig. 10a
andb. The system isfirst initialized in the ∣Ti � ∣ i state, i.e., in the charge
state ∣Ti and spin state ∣ i. By applying an LZSI pulse, the electron is
pushed into a charge superposition state ð∣Ti þ ∣BiÞ � ∣ i= ffiffiffi

2
p

. 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
∣Ψi ¼ ð∣Ti � ∣ iþ ∣Bi � ∣!iÞ= ffiffiffi

2
p

. The result is a non-separable state
of the bipartite Hilbert space f∣Bi; ∣Tig � f∣ i; ∣!ig composed of the
spin and charge states. The equivalent quantumcircuit corresponding to this
process and involvingHadamard andCNOTgates is shown in the right part
of Fig. 10a. To measure the degree of entanglement of the final state ∣Ψi, we
quantify the entanglement entropy, i.e., the von Neumann entropy of the
reduced density matrix of the charge qubit subsystem. We compute an
entanglement entropy Scharge ’ 0:693 ’ lnð2Þ, 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-WSe2
qubitswithin anopenquantumsystem, followedby 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,WSe2, and hexagonal boron nitride layers that encapsulate them
are defective crystals. The presence of interface roughness and crystalline
imperfections modifies the electronic structure45. 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 byCamenzind et al.46 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 in47,48. 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
techniques14,49–52. Recently, the enhanced SOC in BLG has been experi-
mentally confirmed and measured in a BLG-MoS2 heterostructure

14.
The BLG-WSe2 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 amajor advantage
over pure BLG, enabling the qubit to be dynamically tuned to operatewith a
long coherence time or fast operation speed. Furthermore, the BLG-WSe2

heterostructure can also host a charge qubit, which has a very fast operation
speed but is likely less resilient to the noise from the environment53.

Since there have not yet been any experimental results on the BLG-
WSe2 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 states54. Compared to silicon, which is the leading
semiconductor platform for spin qubit, the BLG is advantageous with
respect to both coherence time and operation speed6. The superconducting
qubits have an operation speed similar to that of the BLG qubit. However,
they have a coherence time between 10 and 100 μs2–4, which is shorter than
the BLGqubit, 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-WSe2 vdWh system that supports
both charge and spin qubits by leveraging the proximity effect induced by
WSe2 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
WSe2, an effect thatwas originally proposedbyGmitra et al.19. Through self-
consistent Schrödinger-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-WSe2 vdWh, the design of qubit arrays exploiting both types of
qubits is greatly simplified. We also constructed a simplified model
Hamiltoniandescribing the timeevolutionof the spin andcharge 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 toWSe2 through external
electric fields and to combine them with LZSI operations to entangle the
spin and charge degrees of freedomof an electron or hole in aBLGquantum
dot. Both operations only require electric fields generated by the top and
bottom gates.

This work highlights the potential of the proposed BLG-WSe2 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-WSe2 system, could open the door for dense
spin-qubit 2D arrays with long-distance coupling between individual
devices56. As a future study, it could be envisioned that the valley degree of
freedomofBLG-WSe2 is further leveragedby applying smallmagneticfields.

Methods
TheDFTpackageVASPwas employed to perform the ab initio calculations
of the bilayer graphene and WSe2 heterostructure using the generalized
gradient approximation (GGA) of Perdew, Burke, andErnzerhof (PBE)57. A
super-cell was constructed with 4 × 4 bilayer graphene and 3 × 3WSe2, as
depicted in Fig. 2. A Γ-centeredMonkhorst-Pack k-point grid of dimension
3 × 3 × 1 and a plane-wave cutoff energy of 850 eVwere used. TheDFT-D3
method of Grimme58 accounts for the van der Waals interactions. For the
forces acting on each ion, a convergence criterion smaller than 10−4 eV/Å
was applied, while the total energy difference between two subsequent
iterations was smaller than 10−6 eV. A large vacuum of 34 Å 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
correctionwere accounted in the electronic ground state and band structure
calculations.

k ⋅ p model
TheHamiltonian used to model the pristine bilayer graphene as well as our
heterostructure, is inspired by38. 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 ¼ Horb þHsoc þ ED includes a tight-binding
and spin-orbit coupling part, as specified below. As the WSe2 states lie
outside the energy region of interest, they are neglected. An additionalDirac
energy offset ED is introduced to improve the fitting. The total Hamiltonian
is given in the basis f∣CA1;"

�
; ∣CA1;#

�
; ∣CB1;"

�
; ∣CB1;#

�
; ∣CA2;"

�
;

∣CA2;#
�
; ∣CB2;"

�
; ∣CB2;#

�g:

Horb ¼

Δþ V γ0 f ðkÞ γ4 f
�ðkÞ γ1

γ0 f
�ðkÞ V γ3 f ðkÞ γ4 f

�ðkÞ
γ4 f ðkÞ γ3 f

�ðkÞ �V γ0 f ðkÞ
γ1 γ4 f ðkÞ γ0 f

�ðkÞ Δ� V

0
BBB@

1
CCCA� s0: ð11Þ

Hsoc ¼

τλA1
I sz i λ0 þ 2λR

� �
sτ� 0 0

�i λ0 þ 2λR
� �

sτþ �τλB1
I sz 0 0

0 0 τλA2
I sz �i λ0 � 2λR

� �
sτ�

0 0 i λ0 � 2λR
� �

sτþ �τλB2
I sz

0
BBBBB@

1
CCCCCA
:

ð12Þ

The γ0 and γ1 parameters denote the nearest-neighbor intra- and inter-
layer hopping, whereas γ3 and γ4 refer to the indirect hopping between the
layers. Thepotential felt by each layer is givenby±V. The staggeredpotential
Δ is an additional energy shift used to handle the asymmetries of the cor-
responding bonding and antibonding states in the dimer orbitalsA1, B2 due
to γ1

38. To shorten the notation the following operators are defined
sτ± ¼ 1

2 ðsx ± iτsyÞ, where the operators si ¼ 1
2 σ i denote the spin matrices.

We use the same linearized version of the nearest-neighbor structural
function f ðkÞ ¼ �

ffiffi
3
p

a
2 ðτkx � ikyÞ as in ref. 59. The graphene lattice con-

stant is labeled as a, and the wave vectors kx, ky aremeasured fromK (orK 0)
for a valley index τ = 1 (or τ = −1), respectively.

The spin-orbit coupling coefficients of orbitals originating from
atoms A, B in layer j on the diagonal are given by λ

Aj

I and λ
Bj
I ,

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 λ

Aj
I ¼�λ

Bj
I . The λ0 denotes the local

breaking of space inversion due to the presence of the other layer in
BLG, λR indicates the global breaking of space inversion symmetry
due to the heterostructure and the electric field59.

Schrödinger-Poisson solver
Our Schrödinger solver relies on the 8 × 8 Hamiltonian of Eq. (1), which is
discretized on a finite difference grid. To transformH ¼ Horb þ Hsoc from
the k-space to the real-space, we follow the prescription kx→ i∂x and ky→ i∂y.
To solve the well-known Fermion doubling problem at k = ± π, we add a tiny
quadratic term (k2x þ k2y) to the discretized Hamiltonian according to Sus-
skind’s work60. 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 30μeV, proving the
convergenceof thegrid.Thedetails of the tight-bindingHamiltonianHorb and
the spin-orbit HamiltonianHsoc are specified in k·p model. The fitting para-
meters γi; λ

Ai
I ;V ; andΔ are taken from the E = 0.25 V/nm entries of Table 1.

The Schrödinger 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 × 4 nm discretization step) to a

refined grid (1 nm × 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 Schrödinger solver diagonalizes it
using Scipy and ARPACK61,62, 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 ρnew is com-
puted as the norm square of the wave function. The difference between ρnew

and ρold from the previous iteration defines the error of the Schrödinger-
Poisson self-consistent loop:

Error ¼
X
ij

jρnewij � ρoldij j
ρoldij

ð13Þ

The 3DPoisson solver takes the charge density in the two graphene layers of
BLG obtained from the Schrödinger 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 × 4 nm × 0.4 nm discretization step,
extracts out the potential inside the Schrödinger region consisting of the two
graphene layers, and passes it to the Schrödinger solver. This Schrödinger-
Poisson iterative process stopswhen 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 onDFT band structure
and quantum dot energies is available at https://doi.org/10.3929/ethz-b-
000731746.
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