
PHYSICAL REVIEW APPLIED 25, 024082 (2026)

Direct dispersive signature of Pauli spin blockade with voltage bias
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Pauli spin blockade (PSB) is a key paradigm in semiconductor nanostructures that gives access to
the spin physics. We report the direct observation of PSB using gate-dispersive reflectometry on double
quantum dots in the presence of a finite source-drain bias voltage. The reservoir charge transitions are
strongly modulated, turning on and off when entering and leaving the blockaded region, consistent with
a simple model. Observed in hole double quantum dots in a Ge/Si core/shell nanowire and a Si fin field-
effect transistor, the effects are enhanced at larger bias voltage and suppressed by a magnetic field. This
work establishes the fundamental dispersive signature of PSB under bias as an emerging tool for probing
quantum dot devices.
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I. INTRODUCTION

The exclusion principle proposed by Pauli [1] is a fun-
damental signature of quantum mechanics, ensuring proper
symmetry of the wave function under particle exchange. In
semiconductor nanostructures, this principle manifests as
Pauli spin blockade (PSB) for fermions such as electrons
[2] or holes [3]. PSB is both a fundamental paradigm of
condensed-matter quantum statistics [4] and a key mecha-
nism that has enabled high-fidelity spin readout in quantum
dot systems. Since its first observation in the form of cur-
rent rectification in a double quantum dot (DQD), caused
by spin-selective tunneling due to the Pauli exclusion prin-
ciple [2], the field of spin-based quantum computing [5]
has progressed greatly. Compatibility with industrial semi-
conductor manufacturing processes has enabled promising
scaling of qubit numbers in recent years [6–9], and iso-
topic purification of silicon has led to the realization of
high-fidelity two-qubit gates [10].

These experimental demonstrations have crucially relied
on PSB as an efficient mechanism for spin readout. Fur-
thermore, PSB can be leveraged for qubit initialization,
facilitating the operation and readout of qubits at ele-
vated temperatures above 1 K [11–14], and even beyond
liquid-helium temperatures [15]. While PSB provides the
mapping of the quantum dot spin state to a more easily
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detectable charge state, the challenge of measuring this
state with high fidelity and speed still remains.

An attractive method for direct in situ charge sens-
ing is gate-dispersive reflectometry [16–21]. This requires
no additional on-chip elements beyond the quantum dot
gates and is also less invasive than sensing with an adja-
cent quantum dot, since random electron-tunneling fluc-
tuations of the sensor dot induce back-action [22,23]. In
particular, electrical modulations of the hole spin g factor
[24,25] by nearby voltage fluctuations occurs monochro-
matically at the gate-sensor frequency, usually at a few
100 MHz, faster than the low-frequency noise responsi-
ble for dephasing as well as sensor back-action-induced
infidelities [23]. This can also be seen by the fact that
phase driving [25] is observed below 15 MHz. Addition-
ally, typical gate sensors apply signal amplitudes of the
order of µV [18,26,27], much lower than the mV qubit
drive amplitudes [15,28,29], which further highlights the
low invasiveness of dispersive gate sensing.

Using gate reflectometry, the quantum capacitance of
a given charge state can be probed at the interdot tran-
sition, providing information on the energy-level dia-
gram, as it is proportional to the curvature of the energy
level with respect to the probe gate voltage [17,30]. This
allows resolution of anticrossings in a DQD energy-level
diagram originating from tunnel coupling and other off-
diagonal terms in the Hamiltonian of the system; however,
directly detecting PSB in gate-sensing experiments can
prove challenging, as large magnetic fields are required
[31] and nonreciprocities are encountered depending on
the detailed system parameters [32]. Furthermore, strong
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spin-orbit interaction and highly variable site-dependent
and anisotropic g tensors, as present in hole spin systems
in Si [24,33] and Ge [34,35], further complicate the two-
spin level diagram, resulting in highly variable dispersive
signatures of PSB. This is particularly relevant for hole
devices with strong biaxial confinement, such as Ge/Si
core/shell nanowires (NWs) [36–39] and Si fin field-effect
transistors (FinFETs) [15,40], which are the two platforms
we will focus on in what follows. We note that the disper-
sive feature of PSB described here is expected to be equally
present for electrons and in other materials systems.

Crucially, previous reports that dispersively sensed spin-
blocked DQDs did not investigate the dispersive signature
of current rectification due to PSB, as they operated at
zero source-drain bias. Instead, the magnetic-field evolu-
tion of the dispersively sensed interdot charge transition
[18,20,30,31,41] or suppression of the reservoir transition
by spin latching [19] were extensively studied. In light
of its fundamental and technological relevance, investi-
gating the dispersive signature of PSB under bias, and
thereby understanding the dispersive manifestation of the
canonical transport rectification [2], presents a still largely
uncharted area in semiconductor quantum dot physics and
spin-based quantum information.

Here, we fill this gap in the literature by presenting the
dispersive signatures of the PSB in a Ge/Si core/shell NW
DQD [36–39] using radio-frequency (rf) reflectometry at
finite bias voltage and compare it to the dc signal. The
dispersive signal of the reservoir transitions is strongly
modulated by PSB: at the upper triple point, the disper-
sive signal is suppressed in the leaking and enhanced in
the blockaded regime, strongly alternating its magnitude.
At the other triple point, this pattern is reversed, while
the dc transport looks very similar at both triple points.
In a magnetic field, we observe the simultaneous lifting of
PSB both in the dc transport and in the gate-dispersive sig-
nal. These results establish gate-dispersive sensing of PSB
under voltage bias as an alternative route for probing the
intricate spin physics in DQDs.

II. RESULTS

A. PSB in a hole DQD

The experimental setup, including the NW device
[36–39] used in this work, is depicted in Fig. 1(a). More
details on the device and setup can be found in Ref. [26].
These NWs can host highly tunable and repeatable hole
quantum dots [42–45], and the strong, electrically tun-
able direct Rashba spin-orbit interaction arising from the
heavy-hole–light-hole mixing [46,47] can be harnessed to
achieve fast, all-electrical spin control that is compatible
with dispersive gate sensing [29]. We furthermore observe
high gate lever arms of up to 0.4 in these devices, which
facilitates charge sensing through device gates [26,48].

rf

rf

(a)

(b) (c)

FIG. 1. PSB in a Ge/Si NW DQD. (a) False-colored scan-
ning electron micrograph of a Ge/Si NW device similar to the
one used in the experiment (NW angle and curvature may dif-
fer slightly). The reflectometry is connected to the right-hand
plunger gate for dispersive sensing, impedance matched with the
varactor shown in orange (see Ref. [26] for details). Measured
dc signal ISD at source-drain bias (b) VSD = −1.5 mV and (c)
VSD = −3 mV. The baselines of the triangles at Bz = 0 T are
indicated by purple dotted lines, and the regions where current
is suppressed due to PSB are shown by dashed black boxes. The
magnetic field lifts the blockade, resulting in an increase of ISD
in the PSB region. The abrupt disappearance of current in the
upper-right corner of the triangle at VSD = −3 mV and Bz = 0 T
is due to a random charge switcher.

We form a DQD by applying positive voltages to
five of the nine bottom gates [indicated in Fig. 1(a)],
locally depleting the hole gas in the NW. The barrier
gates (red, at VB1,B2,B3) are operated at more positive
voltages, creating appropriate tunneling rates, while the
plunger gates (blue, at VP1,P2) control the hole occupa-
tion. The right-hand plunger gate is connected to further
circuitry, including a surface-mount ceramic-core induc-
tor, a bias tee, and a voltage-tunable capacitor made of
strontium titanate [26,49]. The dispersive gate sensor oper-
ates at f0 � 316.2 MHz with a loaded quality factor
Q � 52 [26]. The NW is contacted on both ends, allow-
ing for simultaneous measurements of the direct current
ISD and the gate-dispersive signal, which is demodulated
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to give an amplitude and a phase component. Through-
out this paper, we define the reflected phase away from
the charge transitions as φ = 0◦ and display the modulus
phase change φ.

At a finite source-drain bias voltage VSD, scanning the
plunger gates VP1 and VP2 against each other and measur-
ing the dc signal reveals bias triangles, the characteristic
signature of a DQD, as shown in Figs. 1(b) and 1(c). The
charge-stability map [26] indicates typical addition ener-
gies of Eadd � 6 meV and orbital splittings around Eorb �
0.6 meV for this particular DQD configuration, slightly
lower than previous reports from similar devices operated
in the same gate configuration [14,39,50].

We observe the characteristic dc signature of PSB in the
presence of strong spin-orbit mixing [14,35,40,51]. In the
spin-blocked transport direction with a negative bias volt-
age VSD applied, transport current |ISD| is suppressed by
PSB in a region [black dashed boxes in Figs. 1(b) and 1(c),
upper panels] close to the triangle baseline. When a mag-
netic field B is applied, |ISD| increases in the PSB region
[see Figs. 1(b) and 1(c), lower panels]. This is due to cou-
pling of the spin-blockaded triplet states to the singlet state
when the magnetic field is turned on, thereby lifting the
PSB [51,52].

B. Dispersive signature of PSB

Having established the presence of PSB in our DQD
for negative VSD, Fig. 2 compares the dc signal (upper
panels) with the dispersively measured phase φ of the
reflected rf signal (lower panels) for VSD = ±1.5 mV. We
note two different types of transitions in the dispersive
data: interdot transitions correspond to tunneling events
between the two quantum dots and trace the baseline of
a bias triangle, extending diagonally from lower left to
upper right. The lead transitions, in contrast, follow the
other flanks of the bias triangles. Here, we see only the
right-lead transitions since the right-hand plunger gate P2
(plunging the right-hand dot) is connected to the reflec-
tometry. This detects the tunneling between the right-hand
quantum dot and its adjacent reservoir. Note the qualita-
tively different behavior of the right-lead transition for (the
spin-blocked) VSD = −1.5 mV compared to the opposite
(spin-unblocked) VSD = +1.5 mV. The visibility modula-
tions of the right-lead transition for the spin-blocked bias
direction constitute the dispersive signature of PSB, which
will be the object of study for the remainder of this work.
The expected position of the invisible left-lead transition
is indicated with dashed grey lines in the dispersive data.
The direct correspondence of ISD and φ is confirmed in
Fig. 3(a), where the data are superimposed.

First, it is worth pointing out a few subtleties of the dc
data shown in Figs. 2 and 3(a). Inside the upper triangle,
and along the upper-lead transition for negative bias, there
is a band of weak current. We assign this effect to reservoir

FIG. 2. Dispersive signature of PSB. Simultaneously mea-
sured dc signal |ISD| (top) and reflected phase φ (bottom) in the
PSB configuration, shown for VSD = ±1.5 mV and B = 0 T. In
the dc data, the upper and lower bias triangles are indicated by
dashed outlines and the dispersively sensed right-lead transition
is labeled, while the position of the (invisible) left reservoir tran-
sition is indicated by dashed grey lines. The dispersive signature
of PSB is revealed in the right-lead transition, which shows a
peculiar pattern of turning on (off) at the upper (lower) bias tri-
angle for VSD = −1.5 mV. At VSD = +1.5 mV, the dispersive
charge-stability map is unaffected by PSB, thus following the
standard honeycomb pattern.

exchange partially lifting the blockade [53,54]. Another
effect is a band of current starting from the zero-detuning
line inside the triangle. The size of this band changes with
the interdot tunneling strength (see Appendix B) and is
caused by some mechanism lifting the PSB, presumably
due to spin-flip cotunneling [55–57]. In this band, the cur-
rent increases when approaching the upper flank of the bias
triangles, consistent with cotunneling [56] and suggesting
asymmetric reservoir tunneling rates, here with a stronger
coupling to the right-hand reservoir. The width of this
feature could be related to the exchange splitting J. This
appears in numerous places in the current; see Ref. [58],
where bias effects were considered, albeit not along the
detuning axis. Finally, we note that there are lines, parallel
to the left-lead transitions, at which the current changes.
This can be explained with (ground and excited) states of
the left-hand QD being aligned with the Fermi level of the
left-hand reservoir [59].

Next, we take a closer look at the lead transitions in
reflectometry. Each QD contains dozens of holes, but for
the case of PSB, the effective charge states correspond
to those indicated by “(m, n)” in Fig. 3(a), where m (n)
denotes the number of excess holes in the left-hand (right-
hand) dot. The energy-level diagrams for some represen-
tative configurations (indicated with colored markers) are
drawn in Fig. 3(b). The “(1, 0)” ↔ “(1, 1)” lead transition
(orange square) corresponds to the “(1, 1)” energy level of
the right-hand QD being aligned with the Fermi level of the
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(a)

(b)

FIG. 3. Phenomenological model. (a) Enlarged view of the
scan at VSD = −1.5 mV, with superimposed |ISD| (red color
scale) and φ (blue color scale). Effective charge occupations are
labeled. The region between the dashed lines demarcates the PSB
area with suppressed current in the upper triangle. The two lead
transitions show complementary but opposite dispersive signa-
tures between the upper- and lower-lead transitions (see star and
triangle regions). This is consistent with the PSB mechanism
affecting the transport cycles (see main text). (b) Schematic illus-
tration of the DQD energy levels and the relevant transport cycles
shown for different points along the lead transitions, as indicated
in (a). In a band close to zero detuning (orange triangle), PSB
is lifted and a weak leakage current flows, presumably due to
spin-flip cotunneling.

right-hand reservoir. This leads to resonant tunneling with
the reservoir (blue arrow) and a change of the right-hand
QD charge state as this line is crossed. The corresponding
change of the dot level population appears in the tunnel-
ing capacitance and is picked up by the reflectometry [60].
When the energy levels of the left-hand QD lie outside the
bias window, there is no dc transport through the DQD due
to Coulomb blockade, while a finite φ can be measured on
the lead transition.

Inside the dashed lines in Fig. 3(a), PSB causes the DQD
to remain stuck in the T(1,1) state for most of the time, such

that the measured |ISD| is very low. Transport can occur at
a large enough detuning where the T(2,0) state becomes
energetically accessible. At low detuning, PSB is lifted by
some process such as cotunneling, providing a band of cur-
rent from the zero detuning up to the dashed line. Finally,
there can also be reservoir exchange along the upper edge
of the bias triangle. In the presence of PSB leakage, reso-
nant tunneling with the right-hand reservoir is suppressed
due to the slow left-hand reservoir tunneling. This keeps
the right-hand dot in the 0 state for most of the time, and
thus the change of population across the reservoir line is
weak, as seen by the almost completely suppressed gap
in the dispersive sensing at the orange triangle. In con-
trast, the dispersive signal is high in the spin-blockaded
region (orange star), although not quite as strong as in the
Coulomb blockade region (orange square). To check the
important role of the asymmetric DQD setup as hypothe-
sized above, we increase the left-hand dot tunneling rate
and observe that the dispersive signal indeed recovers in
strength, as expected; see Appendix C.

Shifting the focus to the “(2, 0)” ↔ “(2, 1)” lead tran-
sition (green circle), this is the case of two holes on the
left-hand dot, while the energy level of the right-hand
QD is still aligned with the Fermi level of the right-hand
reservoir. In analogy to the orange square region, but now
with two holes on the left-hand dot, the “(2, 0)” ↔ “(2, 1)”
transition produces a change in the charge state of the right-
hand QD, leading to a change in the tunneling capacitance.
We note that this transition traces the other bias triangle,
whose transport cycle is different—namely, the occupation
in the DQD is cycling between “2” ↔ “3” holes instead of
“1” ↔ “2”, as labeled in Fig. 3(b). Nonetheless, the trans-
port cycle involves an occupation where the DQD can get
stuck in the T(1,1) state due to PSB, leading to a reduced
|ISD| and a suppression of right-hand reservoir tunneling,
thus turning off the tunneling capacitance and phase signal;
see the gap in the lower reservoir transition (green star).

We note that the dispersive signals at the edges of the
two triangles are complementary and opposite in behavior:
for example, at the starred regions (orange and green stars),
the PSB is mostly intact and keeps the DQD blocked in
the T(1,1) state for most of the time. At the upper triangle
(orange star), the reservoir transition “(1, 1)” ↔ “(1, 0)”
remains active, with resonant tunneling with the reservoir
ongoing, producing a strong dispersive signal. Conversely,
at the lower transition (green star), the occupation of the
T(1, 1) in PSB mostly deactivates the right-hand reservoir
transition “(2, 1)” ↔ “(2, 0)”, giving a weak dispersive
signal, as indeed seen in the data.

Similar signatures of dispersive PSB were also observed
in a Si FinFET hole spin qubit device, now with abso-
lute hole numbers one and two (see Appendix D). The
dispersive gap at the upper reservoir transition is present,
along with the reappearance of the dispersive signal
when PSB is intact, and its mirror image at the lower
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reservoir. The dispersive gap is perhaps slightly weaker
or smaller, but this also depends on the interdot tunnel-
ing (see Appendix A) as well as the left-hand dot rate (see
Appendix C). Thus, this confirms the same key signatures
in a different material and device type. Note that the Fin-
FET has a sensor gate lever arm of approximately 0.05
[29], similar to planar qubit device platforms [12,61], sug-
gesting that the dispersive PSB signature can be found in
most common device architectures.

We now aim to provide a phenomenological explanation
for our observation. The measured change in φ is pro-
portional to the parametric capacitance CPM = CQ + CTU,
where CQ is the quantum capacitance due to the curvature
of the (occupied) energy levels, i.e., from the singlet-triplet
anticrossing. The tunneling capacitance CTU [62] can be
written as [32,63]

CTU = (eα)2
∑

i

(
1
2

(
1 + 2

∂Ei

∂ε

)
∂Pi

∂ε

)
, (1)

where α is the gate lever arm, Pi the occupation probability
of each individual state with energy Ei, and ε is the DQD
detuning. This equation takes into account the change of
the dot occupations and the slope of the energy levels,
and it only considers the internal DQD transition. A sim-
ilar term applies to the lead transitions. The occupations
change in a steplike manner at the charge transitions, where
a large CTU results for both the interdot and lead transi-
tions. Further, PSB influences the populations, in particular
leading to a reappearance of the reservoir line at the orange
star in the blockaded regime, and conversely a suppression
at the green star in Fig. 3(a). The quantum capacitance is
visible near zero detuning in our dataset, where the curva-
ture of the DQD anticrossing appears, and this contributes
no significant signal to the lead transitions.

C. Dependence on experimental parameters

We further investigate the conditions under which the
described dispersive signature is modulated. In Fig. 4(a),
we show an enlarged view of the “(2, 0)” ↔ “(2, 1)” lead
transition for two different VSD values, as labeled. While
the strength of the lead transition is essentially constant
at zero bias, the dip in the lead signal emerges for more
negative voltage bias. We perform line cuts along the
lead transition, as indicated with colored dashed lines,
and obtain the profiles shown in Fig. 4(b). For negative
bias, the dispersive gap (shaded gray) appears in the PSB
region, ultimately approaching the background value, cor-
responding to the absence of reservoir tunneling. This is
reminiscent of the original observation of PSB [2], where
the blockaded region in direct current appeared only at
bias voltages above which the triplet becomes available.
Similarly, the phase signal weakens in the region between
the gap and zero detuning as the dispersive gap saturates.

(a) (b)

FIG. 4. Bias dependence. (a) Dispersive phase shift |φ| at
the “(2, 0)” ↔ “(2, 1)” lead transition, shown at B = 0 T. Col-
ored dashed lines indicate the line cuts shown in (b) along
the lead transition for bias voltages as labeled. These line cuts
are obtained by interpolation and smoothing. The zero-detuning
flank defines the zero of the axis. The gray shading demarcates
the region in which the DQD is mostly in T(1,1). As VSD becomes
more negative, the suppression of |φ| due to PSB becomes visi-
ble (gray area) and also decreases in the cotunneling region, from
the edge of the gray band to zero detuning.

These effects illustrate how CTU can change inside the bias
window.

Additionally, the dispersive feature depends on the
strength of the applied magnetic field. As highlighted in
Fig. 5(a), the dispersive gap is filled in and the dispersive

(a)

(b) (c)

FIG. 5. B-field dependence. (a) Normalized phase at the
(2, 0) ↔ (2, 1) lead transition at VSD = −1.5 mV and magnetic
fields as labeled. Colored dashed lines indicate the line cuts
shown in (b),(c), where the magnetic-field evolution is shown as
labeled. The z axis is in plane and perpendicular to the NW, and
the y axis is essentially along the NW. With increasing field, the
visibility of the dispersive gap (gray bar) is restored, similarly for
B fields along the y or z axes.
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signal is restored when the magnetic field is increased. This
is in line with the dc characteristics in this charge config-
uration (see Appendix A). Next to the lead transition, one
can also see in Fig. 5(a) that the interdot transition becomes
weaker in presence of a B field, similar to previous reports
[18,20,64,65]. Finally, we note the slightly noisier data
in the presence of a magnetic field, indicating elevated
switching noise, possibly more pronounced for the y field.
This could be due to a somewhat elevated temperature or
B-field-induced shifts of the two-level fluctuators.

III. CONCLUSIONS AND OUTLOOK

We have observed the dispersive signatures of PSB in a
DQD at finite bias. Asymmetric reservoir coupling boosts
the visibility of the dispersive signal at the reservoir tran-
sition, where the dispersive signal switches on and off
together with the PSB current. Similar signatures were also
observed in a Si FinFET device. A first phenomenologi-
cal model is consistent with the dispersive PSB signals,
but more work is needed for a quantitative understanding,
particularly of the leakage current. This may be compli-
cated by the fact that the DQD operates with holes and
experiences strong spin-orbit coupling.

The minimally invasive gate reflectometry allows for
short integration times, thus providing access to time-
resolved spin physics [30]. We note that the exact same
setup and NW device has reached charge readout at µs
timescales [26] on the reservoir transition, thus poten-
tially allowing fast spin readout at similar speeds using
the outlined dispersive signature of PSB. Note that adding
a quantum-limited low-noise amplifier at the mK stage
could further reduce the readout times [60,66]. The perfor-
mance of this approach requires further validation in future
experiments, thereby adding a largely unexplored opera-
tion modality to the repertoire of spin-readout approaches.
Here, effects that lift PSB, such as spin-flip cotunneling,
could reduce readout fidelity; however, note that we were
able to tune the extent to which this effect was present in
our experiment (Appendix B), and this limitation applies
to all PSB-based readout methods.

Furthermore, our method may provide access to the
study of spin physics of biased DQDs, and associated non-
reciprocities [32], anisotropies [33,34], back-action effects
[22,23], and spin-orbit coupling [51]. It is important to note
that a finite source-drain bias is required to observe the
dispersive PSB feature we describe. Additionally, reser-
voir tunneling must be possible at tunnel rates close to
the readout resonator frequency [30], ruling out QDs oper-
ated in isolated mode [10,11] from using our method. Our
observation of the dispersive PSB feature with the Fin-
FET (Appendix D) demonstrates that these conditions on
reservoir tunnel rate and bias can be satisfied in the single-
particle regime, which is often desired for spin-qubit
experiments [6,7,18]. On the other hand, the many-hole

regime in which our NW experiments were performed
still readily accommodates qubit operation [13–15,61] and
enables the study of many-particle spin states [21].
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APPENDIX A: DC SCANS

Here, we provide additional information on the data pre-
sented in the main text. As a standard configuration, the
DQD was operated at barrier-gate voltages VB1 = 2 V,
VB2 = 1.82 V, and VB3 = 3 V. We note that all scans were
performed by ramping from negative to positive voltages,
and that VP1 is the slow axis while VP2 is the fast axis.

Interestingly, at an increased bias-window size, the
transport would occasionally become blockaded in the
region close to the corner [adjacent to the baseline and
the (1, 0) ↔ (1, 1) lead transition] of the upper triangle at
B = 0 T, leading to a seemingly missing section of the bias
triangle shown in the upper panel of Fig. 1(c) in the main
text. Scanning VP2 through this region with a high resolu-
tion (i.e., a longer time spent in this region), we note that dc
transport through the DQD seemed to become blocked and
unblocked every now and then (on the timescale of few
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tens of seconds). A scan in the same gate configuration
(measured several weeks later, after investigating other
gate configurations) is presented in Fig. 6(a) (rightmost
panel), showing that these data were well reproducible
within the same thermal cycle.

APPENDIX B: WIDTH OF THE CURRENT BAND
NEAR ZERO DETUNING

In the main text, we found that PSB is lifted in a band
close to zero detuning, which may, for example, originate
from inelastic (spin-flip) cotunneling [55–57]. Here, we
show that the width of this band depends on the center
barrier-gate voltage VB2, and hence the interdot tunneling
rate. In Fig. 6(a), we present further scans of the bias tri-
angles presented in the main text, taken at different values
of VB2. Qualitatively, it can be seen that the width of the
band is narrower at VB2 = 1.805 V than at the two other
barrier-gate configurations. We confirm this quantitatively
by performing nearest-neighbor interpolation of the data
through the indicated axes, yielding the line cuts as shown
in Fig. 6(b). To better distinguish the narrow peak widths,
we do not perform any smoothing on these line cuts. We
extract δεcot as the mean value of the full width at half
maximum averaged over ten adjacent collinear line cuts,
and we plot the values in Fig. 6(c), along with the standard
deviations as error bars. In our data, we find that δεcot is
halved within this range of VB2, with a local minimum at
VB2 = 1.81 V.

In the spin-flip cotunneling theory, the dependence of
δεcot on VB2 could be explained by considering the tunnel-
ing rates involved and following Refs. [55–57], such that
the cotunneling peak width δεcot at B = 0 is expressed as

δεcot =
(

3�St2

W0
cot

)1/2

. (B1)

Here, W0
cot is the spin-flip cotunneling rate, given by

W0
cot =

kBT
π�

[(
��D

	 − ε

)2

+
(

��S

	 + ε − 2Ulr − 2|eVSD|
)2

]
,

(B2)

where 	 sets the energy of the (1, 1) charge configuration
and Ulr is the mutual (interdot) charging energy. Taking
�S � �D for the source (drain) lead tunneling rates, as is
also valid for our data, the expression for the cotunneling
rate becomes

W0
cot � kBT

π�

(
��D

	 − ε

)2

. (B3)

Inserting this back into Eq. (B1) yields

δε ∝
√

�S

�D
t. (B4)

Thus, one can see that δε is influenced by all three tun-
neling rates of the DQD system. Circling back to our data
in Fig. 6(c), and considering that the tunneling rates in
our depletion-mode hole DQD decrease as gate voltages
become more positive, we argue that δε decreases from
VB2 = 1.79 to 1.81 V as a consequence of the simultane-
ously decreasing interdot tunneling rate, t.

From VB2 = 1.81 to 1.82 V, the extracted δε increases
again. Since t should continue to be suppressed more by
VB2, this hints at the ratio of reservoir tunneling rates√

�S/�D rising in this interval, thereby increasing δε.
Indeed, a closer look at the plunger-gate voltage values
in Fig. 6(c) shows that the negative compensation of VP1
(as VB2 becomes more positive) is approximately dou-
ble that of VP2. Thus, we reason that these plunger gates

co
t

(a) (c)

(b)

FIG. 6. Width of the current band. (a) Plots of dc measurements of the investigated pair of bias triangles, shown for different interdot
barrier-gate voltages VB2. Data in the main text were taken at VB2 = 1.82 V. (b) Line cuts through the indicated axes in (a), allowing
extraction of the peak width εcot. (c) Extracted εcot as a function of VB2. The error bars correspond to the standard deviation of peak
widths obtained from line cuts close to the region of interest.

024082-7



SIMON SVAB et al. PHYS. REV. APPLIED 25, 024082 (2026)

affect their adjacent reservoir tunneling barriers, �S and
�D, respectively, and that �S is rising more strongly in this
gate-voltage range, leading to an increase in

√
�S/�D and

thus a broader δε.

APPENDIX C: LEFT-BARRIER-GATE
DEPENDENCE

In our experiment, we have also observed that the modu-
lation strength of the sensing signal along the bias triangle
changes as one tunes the left-barrier-gate voltage VB1 (cor-
responding to the source tunneling rate �S). This can be
seen in the dataset in Fig. 7, taken in the same bias tri-
angle as the one shown in the main text, albeit at a later
point in time after retuning the device to this voltage con-
figuration. As VB1 is increased, we see that the change in
contrast (of the dispersive signal) along the lead transition
becomes pronounced. As we argue in the main text, this
may stem from changes in the transport cycle, leading to
larger differences in ∂Pi/∂ε in the different sectors of the
bias triangle.

APPENDIX D: ADDITIONAL DATA FROM A Si
FINFET DQD

We have found similar dispersive PSB features in a
Si FinFET device [15,33,40], which was cooled in the
same dilution refrigerator but using a superconducting
NbN nanowire inductor [29,68] in the tank circuit. The
tank was attached to the right-hand plunger gate. For a
detailed description of the device, see Ref. [29]. Note
that the identical device and charge transition was used
in previous works [25,29] to perform spin-qubit experi-
ments using dc-based spin readout [15]. From the absence

of further transitions in larger-scale charge-stability maps
(not shown), we conclude that the DQD’s absolute charge
occupation was (1, 1) ↔ (2, 0). The correspondence of the
data taken with the FinFET to the results in the main
text is highlighted in Fig. 8. The (1, 1) ↔ (2, 0) charge
transition at relatively small bias VSD = −1 mV (we use
the same convention for the bias sign as for the NW) is
depicted in Fig. 8(a), where the reservoir transition shows
segments similar to the data presented in Fig. 3(a). The cor-
responding segments are marked analogously, highlighting
in the upper reservoir transition the (1, 1) ↔ (1, 0) transi-
tion outside of the bias window (orange circle), the gap
due to PSB lifting close to zero detuning [orange trian-
gle in the enlarged view in Fig. 8(b)], and the bright PSB
regime in the upper reservoir transition (orange star). In
the lower reservoir transition, the PSB regime shows low
visibility (green star), and the transition is recovered out-
side the bias window where the (2, 0) ↔ (2, 1) (orange
circle) reappears. Note the absence [compared to Fig. 3(a)]
of the high-visibility feature close to zero detuning in
the lower reservoir transition, presumably due to a differ-
ent imbalance of the reservoir tunnel rates as compared
to the NW DQD. Because the FinFET device only fea-
tured one dedicated interdot barrier gate, which was set to
VB = −930 mV for all displayed experiments, the reser-
voir tunnel rates were only poorly tuneable and the impact
of the imbalance in the reservoir tunnel rate could not be
further studied.

An interesting side note is the visibility of the interdot
transition along the triangle baselines. Due to a relatively
large mutual capacitance, the triple points are separated
in energy by a sufficient amount that the triangles do not
overlap for VSD = −1 mV. The interdot transition is there-
fore partially present outside (light blue arrow) and inside

(a)

(b)

FIG. 7. Dependence on the left barrier-gate voltage. (a) Measured dc signal and (b) corresponding dispersive signal φ of the investi-
gated pair of bias triangles, shown for different left-barrier-gate voltages VB1. The gap of the dispersive signal (right-hand panel, lowest
left-hand dot tunneling rate) along the reservoir transition closes and the dispersive signal is recovered as the left-hand dot tunneling
rate is increased by lowering the barrier VB1 (left-hand panel, highest left-hand dot rate).
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(a)

(b)

(c)

FIG. 8. Additional PSB data measured with a Si FinFET qubit device. (a) A dispersively sensed charge-stability map (showing the
change in reflected amplitude |S11|) of the FinFET device [29] near the (2, 0) ↔ (1, 1) transition, as labeled, is shown with the different
regimes indicated by yellow and green markers, following the definition in Fig. 3. At small bias, the two triple points are sufficiently
separated to avoid overlap. The zero-detuning line (arrows) is visible outside the bias window (light-blue arrow) but disappears within
the bias triangles (dark-blue arrows). As for the NW device, the dispersive PSB signature appears as a bright upper reservoir transition
(yellow star) and an invisible lower reservoir transition (green star). Additionally, PSB is only weakly lifted close to zero detuning,
leading to a minute gap in the upper reservoir transition (dashed purple rectangle). A higher-resolution scan of this region is shown
in (b). The gap in the reservoir transition (orange triangle) is indicated, as well as the spin blockade (orange star) and the reservoir
transition outside of the bias window (orange square). (c) The dc current (upper panels) through the FinFET shows the characteristic
signature of PSB, as the current increases close to the triangle baseline when a magnetic field is applied (right panels). Unlike the Ge/Si
NW DQD, the blockade remains largely intact in the inelastic cotunneling regime. Therefore, the reservoir transitions in the dispersive
measurement (lower panels) remain largely unaffected, apart from a slight increase of the gap in the upper reservoir transition close to
zero detuning (purple circles).

(dark blue arrows) the bias window in this charge-stability
map. Evidently, the dynamics imposed by the bias volt-
age rearrange the population of the DQD states such that
the triangle baselines disappear, while the interdot tran-
sition outside of the bias window remains very clearly
visible.

Finally, the response of the dc current and the disper-
sive feature to a magnetic field is shown in Fig. 8(c) for
a more negative bias VSD = −3 mV. Unlike for the Ge/Si
NW device, PSB in the FinFETs is usually lifted by mag-
netic fields only close to zero detuning [15,40]. For this
reason, the current at Bz = 0.5 T is high only at the triangle
baselines, as inelastic processes only weakly lift PSB, lead-
ing to a small increase in current toward the top left. This
is also reflected in the dispersively sensed data, where the
upper reservoir transition largely prevails while the lower
transition remains at low contrast. The slightly increasing
gap in the upper transition close to zero detuning (purple
circles) is consistent with the observation of enhanced cur-
rent. Note that the first excited-state transition is not visible
in these plots, as it lies at energies higher than the applied
bias.

Overall, this observation highlights the broad impact of
our finding, as the dispersive signature is present across
different device platforms and material systems.
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