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Role of antisymmetric orbitals and electron-electron interactions on the two-particle
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We report on an experimental study of spin and valley blockade in two-electron bilayer graphene (BLG)
double quantum dots (DQDs) and explore the limits set by asymmetric orbitals and electron-electron interactions.
The results obtained from magnetotransport measurements on two-electron BLG DQDs, where the resonant
tunneling transport involves both orbital symmetric and antisymmetric two-particle states, show a rich level
spectrum. We observe a magnetic field tunable spin and valley blockade, which is limited by the orbital splitting,
the strength of the electron-electron interaction and the difference in the valley g-factors between the symmetric
and antisymmetric two-particle orbital states. Our conclusions are supported by simulations based on rate
equations, which allow the identification of prominent interdot transitions associated with the transition from
single- to two-particle states observed in the experiment.

DOI: 10.1103/PhysRevB.111.165416

I. INTRODUCTION

Double quantum dots (DQDs) hosting a finite number of
charge carriers – usually one or two – are a promising building
block for quantum computing [1–3], since the charge, spin,
and/or valley degree of freedom of those charge carriers can
be used to encode a quantum bit (qubit) [1–3]. This has
been achieved in a variety of material systems, e.g., gal-
lium arsenide [4–7], silicon [8–15], germanium [16–19], or
carbon nanotubes [20]. A DQD in bilayer graphene (BLG)
[21–34] may offer a compelling alternative for hosting a qubit
thanks to the BLG’s low nuclear spin densities, weak hyper-
fine coupling and weak spin-orbit interaction [35], promising
long spin coherence times [36]. Additionally, the well tun-
able valley degree of freedom [37] offers the possibility to
create valley based qubits [38–40]. Successful qubit opera-
tion requires, among others, the ability to quickly read out
the quantum state of a qubit. For spin or valley qubits, this
requires a spin- or valley-to-charge conversion, since charge
states can be read out rapidly by, e.g., radio frequency (rf)
reflectometry [41–43]. In DQDs, this conversion is usually
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provided by Pauli blockade [4,44–49], where an energeti-
cally allowed interdot charge transition is forbidden due to
incompatible quantum numbers of the involved charge car-
riers. Therefore, a comprehensive understanding of the limits
and the tunablility of spin and valley blockade in BLG DQDs
is necessary for evaluating their potential for hosting qubits.

First investigations of blockade effects in the (1, 1) ↔
(0, 2) charge transition of BLG DQDs, reported by Tong
et al. [29,31], showed a magnetic field tunable spin and valley
blockade at low bias voltage. So far, however, only the six en-
ergetically lowest – orbitally symmetric – two-particle states
have been discussed. The role of the energetically higher
antisymmetric orbital states and the question of what limits
the spin and valley blockade remain largely unexplored.

In this study, we present feature-rich magnetotransport
spectroscopy measurements of two-electron bilayer graphene
DQDs, where resonant tunneling involves both orbital sym-
metric and antisymmetric two-particle states. We observe a
magnetic field tunable spin and valley blockade that is lim-
ited by the orbital splitting, and the magnitude of both the
electron-electron interaction and the valley magnetic mo-
ments, expressed by the valley g-factor. Our findings are
supported by transport simulations of the DQD system fol-
lowing a rate equation approach with detailed knowledge of
the single and two-particle states in BLG QDs and with the
assumption of a weak interdot tunnel coupling. This allows
to identify individual transitions that give rise to prominent
features in our data originating from both orbital symmetric
and antisymmetric two-particle states. We do not only demon-
strate the viability of treating the two QDs independently and
neglecting the influence of the interdot tunnel coupling on the
energy spectrum but also provide a profound understanding
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FIG. 1. (a) Schematic top view of the van-der-Waals heterostruc-
ture with metallic gates. The BLG is contacted by etching through the
top hBN. Together with the graphite BG, two layers of metallic gates,
SGs and FGs, separated by aluminum oxide, electrostatically defines
well-controllable QDs. The SG channel is ≈100 nm wide, while FGs
have a width of 70 nm and a pitch of 140 nm. (b) Schematic of the
band edge profile along the channel illustrating the formation of a
DQD at the (1, 1) ↔ (0, 2) charge transition. (c) Charge stability
diagram at VSD = −1 mV as a function of the voltages applied to
the left and right FGs. The formation of an electron-electron DQD is
visible for VL > 4.2 V and VR > 4.05 V. White numbers indicate its
occupation when in Coulomb blockade. The yellow dashed circle
labeled A and B indicate the (1, 1) ↔ (2, 0) and (1, 1) ↔ (0, 2)
bias triangles, respectively. White dashed lines indicate co-tunneling
lines.

of the DQD transition spectrum. In the future, this will allow
to explore different qubit regimes in BLG QDs, as reading
out qubit states – possible by using spin or valley blockade
mechanisms – is crucial for qubit operation.

II. DEVICE FABRICATION AND OPERATION

To electrostatically define a DQD, we follow previous
works [22–26,50,51] and fabricate heterostructures consisting
of a BLG crystal encapsulated within two layers of hexago-
nal boron nitride (with a thickness of ≈30 nm each) [52,53].
The heterostructure is placed on a graphite flake which acts
as a back gate (BG) [54]. Split gates (SGs) consisting of
≈25 nm Cr/Au are deposited on top, forming a ≈100 nm
wide channel. An additional ≈75 nm thick layer of metallic
Cr/Au finger gates (FGs) is then fabricated across the channel.
The top gate layers are separated by a 15 nm thick layer of
atomic layer deposited Al2O3. A schematic top view of a
finished sample is shown in Fig. 1(a). All measurements are
performed in a dilution refrigerator with a base temperature
below 30 mK. Voltages of opposite sign applied to the SGs
and BG create an electric displacement field perpendicular to
the plane of the BLG, opening a band gap and allowing the
Fermi energy to be tuned into the gap [35,54]. This leaves a
narrow conductive channel, defined by the SGs, connecting
the source and drain reservoirs. Voltages applied to two ad-
jacent FGs (VL,VR) are used to locally invert the polarity of
the channel, creating a DQD and giving rise to tunnel barriers
where the Fermi energy lies within the band gap, as illustrated

in Fig. 1(b). At a finite bias voltage (VSD), we measure the
conduction through the channel as a function of VL and VR,
as shown in Fig. 1(c). For VL > 4.2 V and VR > 4.05 V, we
observe the formation of an electron-electron DQD, which
is incrementally filled for increasingly positive FG voltages.
White numbers (NL, NR ), indicate the charge occupation in
the left and right QD, respectively. Note that for smaller
VL and VR, a hole QD is formed between the two electron
QDs, which appears as curved Coulomb resonances [25,55].
For larger VL, VR, both the interdot tunnel coupling and the
tunnel coupling to the leads electron-electron DQD increase
significantly [28]. In particular, the tunnel barrier to the right
lead is weakened already at VL > 4.4 V, VR > 4 V, leading to
a strongly pronounced co-tunneling line.

III. SPIN AND VALLEY BLOCKADE MEASUREMENTS

To investigate interdot charge transitions from single- to
two-particle states, we focus on the bias triangles highlighted
by the yellow dashed circles in Fig. 1(c). They require an
interdot charge transition from both QDs being occupied by
a single electron to a single QD being occupied by two
electrons. The position of the two QDs interchanged for the
two bias triangles (1, 1) ↔ (2, 0) and (1, 1) ↔ (0, 2), respec-
tively. Figures 2(a) and 2(b) show charge stability diagrams
of the (1, 1) ↔ (2, 0) bias triangle [labeled A in Fig. 1(c)]
for (a) negative and (b) positive VSD at different perpendicu-
lar magnetic fields, B⊥. The sign of the bias determines the
direction of the interdot charge transition, i.e., for positive
bias, transitions (2, 0) → (1, 1) are required for a finite tunnel
current, while negative bias requires (1, 1) → (2, 0) tran-
sitions. Corresponding measurements of the (1, 1) ↔ (0, 2)
bias triangle are shown in Figs. 2(c) and 2(d) (more details
in Appendix A 1). Black dashed lines mark the outline of the
triple points and the white dashed lines indicated the base line,
i.e., the ground state to ground state transition, defining the
zero detuning energy, ε = 0. Note, that the detuning energy
can be obtained from the FG voltages using the respective
lever arms extracted from the estimated outlines of the bias
triangles. Significant co-tunneling to the right QD increases
the current in the bias triangles and complicates the estimation
of the position of the base line with an estimated uncertainty of
∼15%. Note that the overall current through the DQD reduces
for increasing perpendicular magnetic field, which is probably
due to a stronger localization of the QD wave function reduc-
ing the tunnel rates to the source/drain leads, in agreement
with previous work [27,29,56,57]. For VSD = −1 mV and zero
magnetic field, the current within the triple point is suppressed
for detuning values ε < 0.6 meV [see arrow for the direction
of ε in the 2nd panel of Fig. 2(a)], marked by the star [see 1st
panel of Fig. 2(a)].

Increasing the magnetic field to B⊥ = 0.3 T makes the
blocked region disappear, while resonant features emerge.
Exceeding B⊥ ≈ 0.4 T, an increasingly large region is blocked
again, marked by the circle [see rightmost panel of Fig. 2(a)].
For VSD = 1 mV and at zero magnetic field, the region of
strongest conductance lies close to zero detuning and no
blockade is observed. For increasing magnetic field resonant
features are observed in the bias triangle and a blocked region
appears starting from B⊥ ≈ 0.15 T [see white star in the 4th
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FIG. 2. (a) Zoom in on the (1, 1) → (2, 0) bias triangle for VSD = −1 mV and different perpendicular magnetic fields (see labels). At zero
magnetic field (B⊥ = 0 T), a distinct valley blocked region is visible, indicated by the star. For increasing magnetic field, the extent of the valley
blockade along the detuning axis (ε) decreases and eventually, a spin blocked region appears, indicated by the circle in the right most panel.
The white dashed line indicates the estimated onset of the bias triangle, defining zero detuning, ε = 0. (b) Zoom-in on the (2, 0) → (1, 1) bias
triangle for VSD = 1 mV and different perpendicular magnetic fields [see labels in panel (a)]. For increasing magnetic fields, a small valley
blocked region appears in the bias triangles, indicated by the white star. (c) Zoom-in on the (0, 2) → (1, 1) bias triangle for VSD = −1 mV and
different perpendicular magnetic fields (see labels). (d) Zoom-in on the (1, 1) → (0, 2) bias triangle for VSD = 1 mV. For more details see text.

panel of Fig. 2(b)]. The data shown in Figs. 2(c) and 2(c) are
overall very similar as the one presented in Figs. 2(a) and 2(b)
(compare different symbols) but for different current direction
as they belong to the (0, 2) → (1, 1) and the (1, 1) → (2, 0)
transitions, i.e., triple point B in Fig. 1(c).

To understand the observed resonant features and the
blockade effects, we discuss possible transitions between
single- and two-particle states in a DQD when including both
symmetric and antisymmetric orbital states. For the inves-
tigated energy range we focus on 16 relevant two-particle
states, which we denote as spin (s) and valley (v) singlet (S)
and triplet (T0, T+, T−) states. For example, |T s

−Sv〉 represents
a fully polarized spin triplet and a valley singlet state. The

notation 0± encompasses all triplet states, namely the fully
polarized (+,−) and unpolarized (0) triplet states. The rele-
vant states group into 6 orbitally symmetric and 10 orbitally
antisymmetric states, separated by the orbital splitting �Orb

[57,58]. The orbitally symmetric states φs are further split by
short-range electron-electron interactions into a valley singlet
– spin triplet (|T s

0±Sv〉) ground state (GS) and valley triplet –
spin singlet (|SsT v

0±〉) excited states (ESs) with a separation of
δ2 [57–61], as shown in Fig. 3(a). The next higher orbital state
is antisymmetric φa, featuring spin triplet - valley triplet states
(|T s

0±T v
0±〉) and a spin singlet - valley singlet state (|SsSv〉),

which are separated by the Kane-Mele spin-orbit coupling
�SO ≈ 65 µeV [25,26,62]. For the (1,1) states, we assume a
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FIG. 3. (a) Schematic illustrating possible (1, 1) → (2, 0) in-
terdot transitions from the (1,1) ground state (GS) into orbitally
symmetric, φs, and antisymmetric, φa, two-particle states (B⊥ =
0 T). (b) As in panel (a) but for B⊥ > BTS. (c) The required detuning
energy (measured from the base line of the bias triangle) for each
transition changes with perpendicular magnetic field, plotted for
g(1)

v = 15, gs
v = ga

v = 19, δ2 = 0.2 meV, �Orb = 0.65 meV. For low
magnetic fields a valley blockade is expected (green region and
star), which changes to a spin blockade (blue region and circle) at
B⊥ = BTS ≈ 0.2 T due to the change in two-particle GS.

negligible mixing between the two QDs due to a small interdot
tunnel coupling and treat them as independent single particle
states in each QD.

A. The (1, 1) → (2, 0) Charge Transition

First, we focus at the (1, 1) → (2, 0) charge transition
at VSD < 0 V. For simplicity, we initially only consider
transitions from the (1,1) GS to the 16 different two-particle
states. Figure 3(a) displays possible transitions from the (1,1)
GS, which is the |K− ↑, K− ↑〉 state for B⊥ � 0 [25,26,62],
into spin triplet - valley singlet, |T s

0±Sv〉 (green), spin sin-
glet - valley triplet, |SsT v

0±〉 (blue) and spin triplet - valley
triplet states, |T s

0±T v
0±〉 (red) of the symmetric and antisym-

metric two-particle states in the (2,0) configuration at B⊥ = 0.
Increasing the perpendicular magnetic field shifts all states
according to their spin and valley magnetic moments [57],
which is illustrated in Fig. 3(b). The condition for a charge
transition to resonantly occur is that the detuning energy of
the DQD needs to compensate the energy difference between
the electrochemical potentials of the (1,1) and (2,0) states,

given by

μ(1,1)←(1,0) + ε̃

2
!= μ(2,0)←(1,0) − ε̃

2
(1)

with the electrochemical potentials of the right and left QD,
μ(1,1)←(1,0), and μ(2,0)←(1,0), respectively. Note that here ε̃ is
the absolute detuning energy (in gate space), which is shifted
compared to the detuning energy ε, which is always measured
relative to the base line of the bias triangle. From this, we
obtain a resonance condition for transport via the (1, 1) →
(2, 0) charge transition

ε̃(B⊥)
!= E(0,2)(B⊥) − E(1,1)(B⊥), (2)

where E(0,2) and E(1,1) are the energies of the DQD in the
respective charge configuration. In order to obtain the detun-
ing dependency of a given transition with respect to the base
line of the bias triangle, we need to take into account that
the base line also shifts in magnetic field along the absolute
detuning axis, as it is given by the GS to GS transition. For
low magnetic fields, B⊥ < BTS (where BTS labels the magnetic
field at which the two-particle GS turns from a spin triplet to a
spin singlet), the GS to GS transition, given by |K− ↑, K− ↑
〉 → |T s

−Sv〉, shifts on the absolute detuning energy axis as

ε̃GS−GS(B⊥) = E (|T s
−Sv〉) − E (|K− ↑〉) − E (|K− ↑〉)

= g(1)
v μBB⊥, (3)

with the Bohr magneton, μB, and the valley g-factor of the
single particle orbital, g(1)

v . For B⊥ > BTS, where the two-
particle GS changes to |SsT v

−〉, the GS to GS transition is
|K− ↑, K− ↑〉 → |SsT v

−〉, which shifts as

ε̃GS−GS(B⊥) = E (|SsT v
−〉) − E (|K− ↑〉) − E (|K− ↑〉)

= δ2 + (
g(1)

v + gs − gs
v

)
μBB⊥, (4)

with the spin g-factor gs = 2 and the valley g-factors gs
v of the

symmetric and ga
v antisymmetric orbital states. The detuning

dependency of a given transition with respect to the base line
of the triple point is then given by

ε(B⊥) = ε̃(B⊥) − ε̃GS−GS(B⊥). (5)

Finally, Fig. 3(c) visualizes the B⊥ dependency of each
transition from the (1,1) GS to the 16 different two particle
(2,0) states, each potentially giving rise to a resonant feature in
the bias triangle, with the color code of the lines correspond-
ing to the colored arrows in Figs. 3(a) and 3(b). Importantly,
Fig. 3(c) illustrates that we expect to observe a magnetic field
tunable valley and spin blockade in the (1, 1) → (2, 0) bias
triangle, as indicated by the green and blue colored regions,
respectively. For B⊥ < BTS, the (1,1) GS to (2,0) GS transition
|K− ↑, K− ↑〉 → |T s

−Sv〉 (green region) requires a valley flip.
For increasing detuning energy ε, transitions to the excited
states |SsT v

0±〉 become energetically accessible [blue arrows in
Fig. 3(a)]. These transitions are spin blocked. However, the
valley blocked transition to the ground state remains energet-
ically available. Since the valley relaxation rate is expected to
be faster than the spin relaxation rate [63,64], valley relaxation
is the process limiting the blockade. Valley blockade (VB)
is therefore only lifted if the antisymmetric orbital states are
accessible, limiting the detuning energy range of the valley
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FIG. 4. (a) Transport through the DQD measured along a detun-
ing cut of the (1, 1) → (2, 0) bias triangle at VSD = −1 mV, as a
function of B⊥. The switch from valley to spin blockade is clearly
visible, as indicated by the star and the circle, respectively. Note that
the conducting region does not always reach up to ε = 1 mV, since
the detuning cut is not always taken perfectly through the tip of the
bias triangle. For clarity, we subtracted the average current 〈I〉 of
each detuning trace. (b) Simulation of the measurement presented in
(a) using �Orb = 0.7 meV, δ2 = 0.34 meV, g(1)

v = 15, gs
v = 18, ga

v =
19. Colored dashed lines highlight prominent similarities between
(a) and (b). A spin and valley blocked region is visible both in the
experimental data and the simulation, indicated by the circle and the
star, respectively.

blocked region to

ε
(1,1)→(2,0)
VB (B⊥) = �Orb − �SO − ga

vμBB⊥.

For B⊥ > BTS, the (1,1) GS to (2,0) GS transition requires a
spin flip (blue region), |K− ↑, K− ↑〉 → |SsT v

−〉, limiting the
detuning energy range of the spin blocked (SB) region to

ε
(1,1)→(2,0)
SB = �Orb − �SO − δ2 + (

gs
v − gs − ga

v

)
μBB⊥. (6)

The calculation shows that the valley blocked region is limited
only by the properties of the antisymmetric orbital states,
while the region of the spin blockade depends on properties of
both symmetric and antisymmetric orbital states. In particular,
for gs

v < ga
v + gs, the spin blockade eventually vanishes at a

finite out-of-plane magnetic field B⊥ := BOrb, if |SsT v
−〉 and

|T s
−T v

−〉 become degenerate (in the depicted case this would
happen at ≈3.35 T). The spin blockade thus persists in the
magnetic field range BTS < B⊥ < BOrb.

In the following, we investigate in detail the magnetic
field dependency of the resonances and blockade effects ob-
served in the bias spectroscopy measurements [Fig. 2(a)] and
predicted by theory [Fig. 3(c)]. For that purpose we mea-
sure the current through the DQD as a function of ε [see
dashed arrow in Fig. 2(a)] and B⊥, as shown in Fig. 4(a).
In particular, we aim to reproduce the data by a simu-
lation of the DQD based on the Pauli rate equation (see

Appendix A 2), which includes all 256 possible transitions
instead of only considering transitions from the (1,1) GS as
shown in Fig. 3. With this, we aim to understand the origin
of the most prominent features and quantify orbital splitting,
valley g-factors and short-range interaction strength. The re-
sult of the simulation is shown in Fig. 4(b). For a better
comparison of theory and experiment, we subtract the average
current 〈I〉 of each detuning trace of the experimental data in
order to compensate the magnetic field induced reduction in
tunnel rates.

The position of the zero detuning energy in the gate space
changes slightly during the measurement, firstly due to slow
electrostatic noise in the sample, and secondly due to the
GS to GS transition shifting with the magnetic field. There-
fore, using magnetic field dependent measurements of the
bias triangles (see Fig. 2), the detuning traces are shifted
such that ε = 0 is always at the same position, as indicated
by the white dashed line in Fig. 4(a). Our simulation is
able to reproduce many features in the data using �Orb =
0.7 meV, δ2 = 0.34 meV, g(1)

v = 15, gs
v = 18, ga

v = 19, which
is in agreement with other measurements on QDs of simi-
lar dimension [25,26,37]. Both simulation and measurements
show the transition from valley blockade (marked by the
star) to spin blockade (marked by the circle), as can be seen
by comparing Figs. 4(a) and 4(b). We identify prominent
resonances labeled a - d in the data [65], with resonance
a corresponding to a transition from the (1,1) GS to the
valley unpolarized triplet state in the antisymmetric orbital,
|K− ↑, K− ↑〉 → |T s

−T v
0 〉, which requires a valley flip. Note

that this transition is pronounced distinctly, despite the neces-
sary valley flip. This is likely due to the different distribution
of the antisymmetrical orbital state (compared to the sym-
metric orbital state) in k-space, leading to a nonzero overlap
between the (1, 1) |K−K−〉 state and the antisymmetric |T v

0 〉,
which leads to an increased tunnel rate compared to transi-
tions targeting the symmetric |T v

0 〉. Resonance b corresponds
to the transition that first lifts the valley and spin blockade,
|K− ↑, K− ↑〉 → |T s

−T v
−〉, and is strongly pronounced in both

data and simulation, as it is the transition from the (1,1) GS
to the antisymmetric orbital state that requires the lowest de-
tuning energy where both spin and valley blockade are lifted.
Resonance c involves a (1,1) ES and requires a valley flip,
|K− ↑, K− ↓〉 → |SsT v

0 〉. Finally, different valley blocked
transitions contribute to resonance d, |K− ↑, K+ ↓〉 →
|T s

0 T v
−〉, |K− ↓, K+ ↓〉 → |T s

+T v
−〉, |K− ↓, K+ ↑〉 → |T s

0 T v
−〉,

which is therefore rather broadened. Some of the resonant fea-
tures do not shift linearly with B⊥, which has been observed
before in similar measurements and can be caused by the mag-
netic field slightly changing the effective confinement poten-
tial and thereby changing the wave function dependent valley
g-factors. Additionally, we observe a dip in conductance at
B⊥ ≈ ±0.05 and 0.1 T. Similar effects can be observed in
Fig. 10 and in equivalent measurements of BLG DQDs in the
(1, 2) ↔ (0, 3) charge configuration reported in Ref. [34], but
have not yet been understood comprehensively.

B. The (2, 0) → (1, 1) Charge Transition

For positive bias, we probe the (2, 0) → (1, 1) charge
transition. When only considering the lowest single particle
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FIG. 5. (a) Schematic illustrating the required detuning energy (measured from the base line of the bias triangle) for each transition from
the (2,0) GS into the 16 (1,1) single particle states, as a function of perpendicular magnetic field. For low magnetic fields a valley blockade
is expected (see green region), which changes to a spin blockade (blue region) at B⊥ = BTS ≈ 0.4 T due to the change in two-particle GS. (b)
Transport through the DQD measured along a detuning cut of the bias triangle (2, 0) → (1, 1) at VSD = 1 mV, as a function of perpendicular
magnetic field, see dashed arrow in Fig. 2(b). For clarity, we subtracted the average current 〈I〉 of each detuning trace. (c) Simulation of the
measurement presented in panel (b) using the same parameters as in Fig. 4(b). Colored dashed lines highlight prominent similarities between
panels (b) and (c). Both a spin and valley blocked region are predicted by the simulation, indicated by the circles and stars, occurring before
and after BTS, which is in contrast to what is shown panel (a). (d) Illustration of the energetic alignment of the (1,1) and (2,0) states at positions
(I) and (II) highlighted in panels [(a)–(c)].

orbital in each QD, there are four possible states for a sin-
gle charge carrier, |K− ↓〉, |K+ ↓〉, |K− ↑〉, |K+ ↑〉 and thus
16 possible (1,1) states, that group into 8 valley polarized
states and 8 valley unpolarized states. We first only consider
transitions from the two particle GS to the (1,1) states. The
resonance condition is in this case given by

ε̃(B⊥)
!= E(1,1)(B⊥) − E(0,2)(B⊥). (7)

Following the same procedure as presented in the context
of Fig. 3(c), we are able to plot the B⊥ dependency of the
expected resonant features as a function of detuning and
perpendicular magnetic field, shown in Fig. 5(a). Here, the
change in the two particle GS does not affect the detuning
dependency of the transitions, because it also affects the onset
of the bias triangle (defining ε = 0), see also Eq. (3). There-
fore, Fig. 5(a) basically shows the magnetic field dispersion
of the (1,1) states with the energetically lowest state set to
zero. For BTS > B⊥ > 0, we expect an increasingly large val-
ley blocked region [green region in Fig. 5(a)] since the two
particle GS is a valley singlet, |T s

−Sv〉, while the (1,1) GS is
valley polarized, |K− ↑, K− ↑〉, already at small B⊥ �= 0 T.

The blockade is lifted as soon as the valley unpolarized (1,1)
states are available, which occurs at

ε
(1,1)←(2,0)
VB (B⊥) = (

gs + g(1)
v

)
μBB⊥. (8)

However, transport is still limited by valley blockade since the
measured average tunnel current includes many charge cycles
through the DQD. Thus, after a few cycles, |K− ↑, K− ↑〉
will be occupied again by chance, reestablishing the valley
blockade. For B⊥ > BTS, the two-particle GS becomes a spin
singlet - valley triplet, |SsT v

−〉, immediately lifting the val-
ley blockade. Instead, a small spin blockade [blue region in
Fig. 5(a)] appears close to zero detuning since the (1,1) GS
is spin polarized. Black arrows in Fig. 5(a) indicate the spin
orientation of the three lowest (1,1) states. The spin blockade
is lifted as soon as the first spin unpolarized state is available

ε
(1,1)←(2,0)
SB = gsμBB⊥ + �SO. (9)

We experimentally probe the (2, 0) → (1, 1) charge tran-
sition by measuring magnetic field dependent detuning cuts
through the bias triangle, similar to Fig. 4(a), but for posi-
tive bias. These are presented in Fig. 5(b). Using the same
parameters as for negative bias direction [see Fig. 4(b)], our
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simulation is able to reproduce the main features of the exper-
imental data. Interestingly, both data and simulation show that
the valley blocked region (star) extends beyond BTS ≈ 0.4 T,
which is in contrast to Fig. 5(a). Furthermore, the simulation
predicts that the spin blocked region (circle) appears along the
entire magnetic field range, not only for B⊥ > BTS. The spin
blocked region predicted by the simulation is barely visible
in the data, it can only be surmised close to zero detun-
ing for B⊥ ≈ 0.05 − 0.15 T. However, this can be caused by
difficulties in estimating the onset of the bias triangle due to
significant co-tunneling, see white dashed lines in Fig. 2(b).

The extended valley blocked region in Figs. 5(b) and 5(c)
can be understood when inspecting the energetic alignment of
the (1,1) and (2,0) states at B⊥ ≈ 0.6 T and two different de-
tuning energies (I) and (II), which are illustrated in Fig. 5(d).
At (I) the DQD system is valley blocked, even though both
the (1,1) GS (purple line) and the (2,0) GS (dashed blue line)
are K− polarized. However, when the left QD is loaded from
the lead, i.e., (1, 0) → (2, 0), also |T s

0±Sv〉 ESs can be loaded,
as they are energetically close by and thus also in the bias
window. As soon as such a state is loaded, the system is
valley blocked due to the (2,0) state being a valley singlet. The
blockade is lifted at higher detuning energies, when the valley
unpolarized (1,1) states are available, which is illustrated at
position (II). Alternatively, the system could relax to the (2,0)
GS lifting the blockade, which would require both a valley and
a spin flip. Estimating the interdot tunnel rate to be in the order
of 10 ns [66], and considering first reported measurements of
spin and valley lifetimes [63,64,67], it is not surprising that
relaxation does not play a major role and valley blockade
is indeed observed. Similarly, the spin blocked region for
B⊥ < BTS – predicted by the simulation – can be explained by
loading a (2,0) ES which is not ↑↑-polarized. This underlines
that it is not sufficient to only consider transitions from the
(2,0) GS, but the full picture including all 16 two particle
states is indeed required. Apart from that, the simulation al-
lows to identify prominent resonances in Fig. 5(b), namely
resonance a, which requires a valley flip and corresponds to
|T s

−Sv〉 → |K+ ↑, K+ ↑〉. And resonance b, which first lifts
the valley blockade, |T s

−Sv〉 → |K+ ↑, K− ↑〉, and resonance
c, which corresponds to |SsT v

−〉 → |K+ ↓, K− ↑〉.
Please note, that we also observe discrepancies between

simulated and experimental data presented in Figs. 4 and 5,
especially in the magnitude of the current (see, e.g., reso-
nance d in Fig. 4). Furthermore, the simulation shows more
resonances than observed experimentally. We attribute this
to different reasons. First, there is the obvious reason of the
interdot tunnel coupling potentially being to large to justify
the approximation of completely independent single particle
states in the (1,1) configuration. Second, we assume equal tun-
nel probabilities for all states both for the interdot transition as
well as for tunneling from the leads, which does not need to be
the case, especially at finite magnetic field. Finally, we do not
include a detuning and magnetic field dependency - apart from
the Zeeman effect - of our DQD states, which might be crucial
since both the detuning and the magnetic field can change
the confinement potential, possibly altering tunnel rates,
orbital and short-range splitting, and valley g-factors. Nev-
ertheless, we are able to obtain reasonable good agreement
between the experimental data and simulation by including

antisymmetric orbital states of the QD in the (2,0) charge
configuration.

IV. CONCLUSION

In conclusion, we investigated transport through a bilayer
graphene DQD focusing on the (1, 1) ↔ (2, 0) charge tran-
sitions. We obtain good agreement between our experimental
data and a transport simulation based on rate equations. We
included antisymmetric orbital states of the QD in the (0,2)
charge configuration, which give rise to a manifold of res-
onant features in magnetotransport measurements and our
simulation. Crucially, we find that the observed magnetic field
dependent spin and valley blockade is limited by the mag-
nitude of the orbital splitting �Orb, the difference between
antisymmetric and symmetric orbital valley g-factor, |ga

v −
gs

v|, and the short-range splitting δ2. Further improvements
to our work could be made by taking a finite interdot tunnel
coupling into account, which leads to a mixing of the (1,1) and
(0,2) states depending on various parameters such as interdot
tunnel coupling, QD geometry, and screening [33]. Together
with other recent works on BLG QDs [29,31,32,37,63], we
have obtained a comprehensive understanding of two-electron
DQDs in BLG and are in a good position to explore different
qubit regimes in the future.
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APPENDIX

1. Additional measurements of the (1, 1) ↔ (0, 2)
charge transition

We pres ent additional measurements of triple point A
and B (as defined in Fig. 1) as a function of perpendicular
magnetic field. Figures 6 and 7 show the bias triangles of
triple point A for VSD = 1 mV and VSD = −1 mV, respec-
tively. The measurements are complementary to Fig. 2, adding
intermediate magnetic fields, displayed in a linear color scale.
Figures 8 and 9 show the bias triangles of triple point B for
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FIG. 7. Zoom-in on the (1, 1) → (2, 0) bias triangle for VSD = −1 mV and different perpendicular magnetic fields, complementary
to Fig. 2.
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FIG. 10. (a) Transport through the DQD measured along a detun-
ing cut of triple point B at VSD = 1 mV as a function of perpendicular
magnetic field. To compensate for the magnetic field induced re-
duction in tunnel rates, the average current was subtracted from
each trace individually. The switch from valley to spin blockade is
clearly visible, as indicated by the star and the circle, respectively.
(b) Simulation of the measurement presented in (a) using the rate
equation. Reasonable agreement with the data was achieved us-
ing �Orb = 0.575 meV, δ2 = 0.2 meV, g(1)

v = 15, gs
v = 18, ga

v = 18.
Colored dashed lines highlight prominent resonances. Note that the
valley blockade almost completely vanishes in the experimental data
at B⊥ ∼ 0.22 T, while it prevails in the simulation. (c) As in (a) but
for VSD = −1 mV. (d) Simulation of the measurement presented in
(c) using the rate equation and the same parameters as in (a). Col-
ored dashed lines highlight prominent features, while the star and
circle indicate valley and spin blockade, respectively. Only the valley
blocked region is observed in the experimental data.

VSD = 1 mV and VSD = −1 mV, respectively. Similar to Fig. 4
and Figs. 5(b) and 5(c), we investigate the magnetic field be-
havior of the resonances within bias triangle B by measuring
along the detuning axis ε. We compare the measurement using
our simulation, as shown in Fig. 10 for VSD = 1 mV (a,b)
and VSD = −1 mV (c,d). As in the main text, we are able to
reproduce the magnetic field tunable spin- and valley blockade
(highlighted by the circle and star, respectively) as well as the
most prominent resonances.

2. Rate equation based transport simulation

We simulate the (1, 1) ↔ (0, 2) charge transition using a
rate equation, following the approach of Refs. [58,71,72]. We
consider the (0, 1) → (1, 1) → (0, 2) → (0, 1) charge cycle,
which needs to be possible in the stationary limit in order to
allow for transport. The DQD has 36 possible configurations,
4 different (0,1) states, 16 (1,1) states and 16 (0,2) states.

Here, we neglect the next single particle orbital states in the
(0,1) and (1,1) configuration, assuming they are high enough
in energy to not play a role. The energies [73] of the (0,1)
states, ε01, in a perpendicular magnetic field are given by

ε01(vR, sR) = 1
2�SOvRsR + 1

2 gsμBB⊥sR + 1
2 g(1)

v μBB⊥vR

with the spin and valley g-factors gs and gv, the Bohr
magneton μB, the proximity enhanced (intrinsic) Kane-Mele
spin-orbit coupling �SO ≈ 60 µeV and the spin and valley
quantum numbers of the electron in the right QD, (vR, sR) =
(±1,±1). Correspondingly, the energies of the (1,1) states,
ε11, are given by

ε11(vL, sL, vR, sR) = ε01(vL, sL, ) + ε01(vR, sR).

This approximation does not take into account the mixing
of the single particle states in the left and right QD. The
strength of the mixing depends mostly on the magnitude of
the interdot tunnel coupling but also on the shape and size
of the confinement potential of the DQD, and the strength of
the surrounding screening, making the resulting (1,1) spec-
trum nontrivial [33]. The energies of the (0,2) states, ε02, are
given by [57]

ε02 (|SvT s
±〉) = ±gsμBB⊥,

ε02 (|SvT s
0 〉) = 0,

ε02 (|T v
±Ss〉) = δ2 ± gs

vμBB⊥,

ε02 (|T v
0 Ss〉) = δ2 + δ1,

ε02 (|SvSs〉) = �Orb,

ε02 (|T v
0 T s

0 〉) = �Orb,

ε02 (|T v
0 T s

±〉) = �Orb ± gsμBB⊥,

ε02 (|T v
±T s

0 〉) = �Orb ± ga
vμBB⊥,

ε02 (|T v
±T s

−〉) = �Orb − �SO ± ga
vμBB⊥ − gsμBB⊥,

ε02 (|T v
±T s

+〉) = �Orb + �SO ± ga
vμBB⊥ + gsμBB⊥,

with the short-range splittings δ1, δ2, the valley g-factors for
the symmetric, gs

v , and antisymmetric orbital, ga
v , the Kane-

Mele SOC, �SO, and the orbital splitting between symmetric
and antisymmetric orbital, �Orb. The electrostatic energy of
each charge configuration is approximated by

Eelectrostatic(NR, NL) = eNRVR + eNLVL + NREC,

with the absolute value of the elementary charge, e, the QD
occupation number NL = 0, 1, NR = 1, 2, the charging energy
in the right QD, EC , and the gate voltages VR and VL. The
total energy of the DQD is then given by ENR,NL = εNR,NL +
Eelectrostatic(NR, NL).

For solving the rate equation we define a 36 dimensional
vector, describing the state of the DQD,

χ = ((0, 1), (1, 1), (0, 2))T.

The probabilities of the system to be in a given state Pχ , are
related by

Ṗχ =
∑
χ ′

(Wχ←χ ′ Pχ ′ − Wχ ′←χ Pχ ),

with the matrix Wχ←χ ′ describing the transition rates between
states χ and χ ′. For computing the transition rates, we as-
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FIG. 11. (a) Simulated current through the DQD at the (1, 1) → (0, 2) triple point for VSD = 1 mV and B⊥ = 0. The white dashed line
illustrates the outline of the triple point. (b) Schematics illustrating the configuration of source, drain and DQD chemical potentials at a
chooseable position in gate space, e.g., at the position of the blue cross. The left horizontal lines depict the chemical potential of the four
possible states of the single electron in the left QD. The right horizontal lines depict the chemical potentials of transitions from N = 1 → 2,
into the orbitally symmetric states |SvT s

0±〉 (blue), |T v
0±Ss〉 (green), and the orbitally antisymmetric states, |T v

0±T s
0±〉, |SvSs〉 (red). (c) Probability

vector Pχ , showing the probability of the DQD to be in a given state χ in the stationary limit, at the position of the blue cross. The DQD is
mostly in (1,1) states, transport is limited by the interdot transition. (d) Visualization of the entries of the rate matrix Wχ←χ ′ at the position of
the blue cross.

sume no mixing between lead and QD states and equal tunnel
probabilities to and from the leads for all states, γ L,R. Thus,
we obtain the transition rates between QD states involving
tunneling processes from the left lead by computing

W L
(0,1)↔(1,1) = γ L f (E01 − E11 − μL),

with the Fermi-function, f , at T = 0.1 K and the chemical
potential of the left lead, μL. Similarly, tunneling to the right
lead involves the (0,1) and (0,2) states,

W R
(0,1)↔(0,2) = γ R f (E01 − E02 − μR).

For interdot transitions, we compute

W inter
(1,1)↔(0,2) = γ inter |〈(1, 1)|(0, 2)〉|2

× 1√
2πσ

exp

(
− (E11 − E02)2

4σ 2

)
, (A1)

with the interdot tunnel rate γ inter. The Gaussian energy broad-
ening, σ , allows to model the experimentally observed peak
width, which is expected to originate from voltage fluctuations
of the FGs.

In our software, we may allow spin or valley flips to
happen during tunneling, which is achieved by only comput-
ing the overlap in the valley or spin subspace, respectively.
However, we introduce a valley/spin flip penalty param-
eter, ζs,v , which reduces the overlap if a spin or valley
flip was needed, i.e., 〈K− ↑, K+ ↑ |T v

−T s
−〉 = 〈K− ↑, K+ ↑

|K− ↑ K− ↑〉 = ζv . With Eq. (A1) we implicitly assume that
the states in the left and right QD have no coherent phase

relation, i.e., no difference is made between tunneling into a
singlet or triplet-0 state. Additionally, we add to Eq. (10) an
inelastic background term,

δW inter
(1,1)↔(0,2) = αinel γ

inter |〈(1, 1)|(0, 2)〉|2

× �(Einital − Efinal ),

with the dimensionless scaling parameter αinel and the step
function �. Afterwards, the columns of the transition matrix
are normalized to 0, Wχχ = −
χ ′ �=χWχ ′χ for computational
reasons. In the stationary limit, Ṗχ = 0 and we can obtain
Pχ by computing the eigenvector of Wχ←χ ′ for its vanish-
ing eigenvalue, λW = 0 and normalizing the probabilities to∑

χ Pχ = 1 [72]. We can compute the current through the
DQD by computing the current flow from the right QD
to lead R:

IR = e
∑

(0,1),(0,2)

(
W R

(0,2)←(0,1)P(0,1) − W R
(0,1)←(0,2)P(0,2)

)
. (A2)

Our software follows these steps for every point in gate
space, VL, VR, and different magnetic fields, creating charge
stability diagrams or magnetic field dependent detuning cuts
as presented in Figs. 2–4. In order to so, we fixed the following
parameters for all calculations, EC = 5 meV, σ = 6 µeV, gs =
2, �SO = 60 µeV, ζs = 0, ζv = 1√

2
, αinel = 0.01, γ inter =

2 MHz, and γ R = γ L = 5 GHz. The remaining parameters,
describing the DQD’s energy dispersion, �Orb, δ1,2, g(1)

v , gs
v ,

and ga
v , are chosen for triple point A and B individually.
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The software further allows to interactively inspect the
charge stability diagrams, as illustrated by Fig. 11, where
the DQD parameters in the simulation were set to �Orb =
0.575 meV, δ2 = 0.2 meV, δ1 = 0, g(1)

v = 15, gs
v = 18, ga

v =
18. Figure 11(a) shows the resulting triple point for B⊥ = 0.
After double-clicking a point in gate space, Fig. 11(b) displays
the corresponding current and configuration of the chemical
potentials in the right and left QD. The left horizontal lines
in Fig. 11(b) depict the chemical potential of the four pos-
sible states of the single electron in the left QD. The right
horizontal lines depict the chemical potentials of transitions
from N = 1 → 2, into the orbitally symmetric states |SvT s

0±〉

(blue), |T v
0±Ss〉 (green), and the orbitally antisymmetric states,

|T v
0±T s

0±〉, |SvSs〉 (red), assuming the single electron in the
right QD to be in the GS before the transition. Figures 11(c)
and 11(d) show the corresponding probability vector Pχ and
the rate matrix Wχ←χ ′ . Having clicked at the position of
the blue cross, we can indeed verify the interpretation of
Fig. 3, that the blockade is lifted as soon as the detuning
compensates the orbital splitting and the antisymmetric states
become accessible. In the probability vector we can see that
the DQD is in the (1,1) configuration most of the time, i.e.,
we are limited by the interdot tunnel rate, just as in our
experimental data.
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