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Gate-Based Spin Readout of Hole Quantum Dots with Site-Dependent g-Factors
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The rapid progress of hole spin qubits in group IV semiconductors has been driven by their potential
for scalability. This is due to the compatibility with industrial manufacturing standards, as well as the ease
of operation and addressability via all-electric drives. However, owing to a strong spin-orbit interaction,
these systems present variability and anisotropy in key qubit control parameters such as the Landé g-
factor, requiring careful characterization for reliable qubit operation. Here, we experimentally investigate
a hole double quantum dot in silicon by carrying out spin readout with gate-based reflectometry. We
show that characteristic features in the reflected phase signal arising from magnetospectroscopy convey
information on site-dependent g-factors in the two dots. Using analytical modeling, we extract the physical
parameters of our system and, through numerical calculations, we extend the results to point to the prospect
of conveniently extracting information about the local g-factors from reflectometry measurements.
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I. INTRODUCTION

Spin quantum bits (qubits) based on hole quantum dots
realized in silicon and germanium are promising sys-
tems for the realization of large-scale quantum computers
[1–3]. This is because they can combine two key ingredi-
ents. Firstly, they can be manufactured via well-established
industrial processes [4,5]. Secondly, qubit operation can be
achieved through all-electric control pulses [6–8], which
avoids the need for cumbersome hardware overhead ded-
icated to producing ac magnetic fields (antennas) or local
field gradients (micromagnets).

A distinctive feature of hole qubits is a sizable spin-orbit
interaction (SOI), which ultimately enables the aforemen-
tioned electric-field-driven spin control. The SOI signifi-
cantly affects singlet-triplet (S-T) qubits because, depend-
ing on its origin, it may lead to S-T0 mixing, S-T− mixing,
or both [9–11]. The first scenario takes place when the mix-
ing of heavy-hole and light-hole bands occurs, which in
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turn makes the Landé g-factor susceptible to local fluc-
tuations of confinement, strain, and material chemistry
[12–14], which in practice makes it site-dependent. The
second situation arises when the spin-orbit length is com-
parable to the quantum dot lateral size, leading to spin-flip
tunnel coupling [15]. This may result in spin-blockade
lifting and state leakages, to the detriment of S-T qubit per-
formance. The traditional way of characterizing the details
of SOI at play in qubits often requires transport mea-
surements and the ability to resolve small spin-blockade
leakage currents [9,16]. In the perspective of scaling up
the qubit count, characterization techniques, such as gate-
based radio-frequency (rf) reflectometry [17], which do not
rely on transport, would be preferable because they are
compatible with the readout of individual qubit cells in
large arrays [4,18,19].

Here, we use gate-based rf readout to experimentally
investigate the S-T manifold in a hole-based silicon double
quantum dot (DQD) via magnetospectroscopy. We estab-
lish that the associated phase signal conveys information
which can be used to extract the values of site-dependent
local g-factors in the two dots. Furthermore, we show that
the expected rf readout signal originating from spin-flip
tunneling events is incompatible with our observations,
and conclude that these events do not play a significant
role in our experimental conditions. Finally, we generalize
our methodology with numerical calculations. These allow
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us to elucidate the interplay among tunnel coupling, ther-
mal energy, and local g-factors on the characteristics of the
phase response.

II. METHODS

The sample used is a p-type metal oxide semicon-
ductor (MOS) field-effect transistor fabricated on a near-
intrinsic natural silicon substrate (resistivity greater than
10 k� cm). Three layers of Al/AlyOx gates are patterned
with electron-beam lithography and deposited on an 8-
nm-thick SiO2 gate oxide [20–22]. A scanning electron
micrograph (SEM) image of the metal gate stack of a
device similar to the one used in the experiments is shown
in Fig. 1(a). Upon application of negative dc voltages
to individual gate electrodes, one can locally accumulate
a layer of holes or form tunnel barriers at the Si/SiO2
interface. By cooling down the device in a dilution refrig-
erator with a base temperature of 30 mK, we form a
DQD as illustrated in Fig. 1(b) and control its occupancy
via dc voltages applied to gates left gate (GL) and right
gate (GR). To read out the polarization state of the DQD
[17], we connect GR to a lumped-element LC resonator
formed by a surface mount inductor (L = 220 nH) and
the parasitic gate-to-ground capacitance (Cp ), resulting in
a resonant frequency of fr ≈ 343 MHz. The measurement
setup used for rf reflectometry is schematically represented
in Fig. 1(a), where the base-band phase and amplitude of
the signal reflected by the resonator are labeled ϕ and A,
respectively. Henceforth, we shall focus on the resonator’s
phase response.

III. RESULTS

Figure 1(c) shows a charge stability map as a function of
VGL and VGR [23]. The measured phase shifts highlight the
boundaries where stable charge configurations occur. We
label the hole occupancy in the two dots “(NL, NR),” where
NL (NR) is the number of valence holes in the left (right)
quantum dot. The quotation marks highlight the fact that,
due to disorder in the device [24–27], we are unable to
define an absolute number of carriers in each dot but are
interested in identifying the parity of charge transitions. In
order to discriminate between even and odd transitions, we
apply a magnetic field (B) in the plane of the hole layer,
that is, the x-y plane of Figure 1(a), to determine which
interdot charge transition (ICT) phase response is affected
by Pauli spin blockade [28]. As shown in Fig. 1(d), one
transition completely disappears at B = 4 T revealing its
even occupancy status, whereas a transition with one addi-
tional hole persists as expected for odd-parity occupancy.
These observations led to the charge attributions shown in
Figure 1(c).

The measured dependence of the “(1,1)”–“(2,0)” transi-
tion on the B-field and detuning, ε, is displayed in Fig. 2(a).
Note that raw data are taken as a function of VGL and
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FIG. 1. (a) SEM image of a device similar to the one used
in the experiments and schematic view of the measurement
setup. Gates that are not labeled have been kept at ground
potential. GR and GL are connected to bias tees to super-
impose dc voltages to rf signals for dispersive readout and
microwave (MW) excitation, respectively. (b) Cross-sectional
view of the device stack (top) and potential profile (bottom)
along the dashed line of panel (a). Regions in orange indicate
hole layer accumulation. Gate colors indicate different metalliza-
tion layers. (c) Normalized phase response as functions of dc
voltages applied to GL and GR at B = 0 T and VRG = −1.5 V
(RG refers to reservoir gate). Dashed lines are guides to the
eye indicating dot-reservoir charge transitions. Relative DQD
hole occupancy is reported as per the discussion in the text.
(d) Phase response for the same voltages as in (c) at B = 4
T. Dashed oval highlights the region where an even-parity ICT
vanished.

converted to energy using the interdot gate lever arm,
α (see Appendix A). At high values of magnetic field,
the phase signal decreases in intensity, eventually van-
ishing while shifting towards more negative values of
detuning. These effects stem from the fact that for increas-
ing magnetic field the lower triplet state, T−, decreases
in energy and eventually becomes the ground state. The
shift in the position of the peak as a function of B tracks
the crossing point between the T− and the lower singlet
state, S [see Fig. 2(b)]. Interestingly, the phase response
evolves nonmonotonically for increasing B, reaching a
point of maximum signal strength at Bϕmax = 1.28 T at
finite detuning, as reported in Fig. 2(a). In previous exper-
imental investigations on electronic DQD systems, the
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B-field dependence of the resonator response was reported
to decrease monotonically with increasing B [28,29]. We
ascribe the nonmonotonic effect to the SOI in holes, partic-
ularly different g-factor values between the left and right
quantum dots [11,16,30], as discussed next.

In order to explain the observed magnetic field depen-
dence, we build an analytical model of the resonator
response based on a Hamiltonian in the singlet-triplet basis
{T+(1, 1), T0(1, 1), T−(1, 1), S(1, 1), S(2, 0)}:

H =

⎛
⎜⎜⎜⎜⎝

− 1
2ε + 1

2 (gL + gR)μBB 0 0 0 0
0 − 1

2ε 0 1
2 (gL − gR)μBB 0

0 0 − 1
2ε − 1

2 (gL + gR)μBB 0 0
0 1

2 (gL − gR)μBB 0 − 1
2ε t

0 0 0 t 1
2ε

⎞
⎟⎟⎟⎟⎠

, (1)

where t is the interdot tunnel coupling, μB is the Bohr mag-
neton and gL (gR) is the Landé g-factor in the left (right) dot
for the given orientation of the magnetic field. Figure 2(b)

(a) (b)

(c) (d)

T+(1,1)
T0(1,1)
T– (1,1)

S(1,1)
S(2,0)

Expt.

Model
(gL=gR)
Model
(gL=gR)

FIG. 2. (a) Normalized phase response measured as functions
of detuning energy and magnetic field. The horizontal dashed
line indicates the zero-detuning line cut. The vertical dashed
line highlights the value of magnetic field, Bϕmax , at which the
maximum phase signal occurs. (b) DQD energy levels at an even-
parity ICT with site-dependent g-factor values and a finite B-
field, as derived from the Hamiltonian in the text. (c) Calculated
normalized phase response as functions of detuning energy and
magnetic field. Parameters used are gL = 0.49, gR = 0.28, t =
10.6 µeV, and TDQD = 250 mK. (d) Measured phase response
(black dots) as a function of B-field at zero detuning, as obtained
from the line cut shown in panel (a). The red solid trace is a fit to
the experimental data yielding the g-factor values used in panel
(c). For comparison, the monotonic blue trace is calculated by
imposing equal g-factor values: g = gR + gL = 0.77.

shows a representative energy spectrum as a function of
detuning for finite B and gL �= gR. Besides the usual sin-
glet anticrossing due to tunnel coupling, one can observe
that another anticrossing arises between the singlet states
and T0 due to electric dipole-induced coupling [11], given
that the Zeeman splitting in the two dots is not the same.
We argue that the coupling between the T0(1, 1) and the
ground singlet state produces a contribution to the disper-
sive readout signal which is compatible with the observed
nonmonotonic B-field dependence. Note that in the cho-
sen basis set, we deliberately neglect spin-orbit coupling
terms, tSO, that would lead to spin-flip tunneling events,
such as transitions T−(1, 1)-S(2, 0) or T+(1, 1)-S(2, 0). We
maintain that, due to Landau-Zener (LZ) excitation [31],
these terms would not produce a measurable dispersive
signal in experimental conditions compatible with ours.
As discussed in Appendix B, this is the case as long as
tSO < 0.70 µeV. Furthermore, we model the effect of a
larger tSO in the absence of LZ excitation and conclude that
it would produce a signal with strikingly different magnetic
field dependence with respect to our experimental obser-
vations (see Appendix C). These calculations reveal that,
unlike the situation in Fig. 2(a), the phase signal would
not vanish for large Zeeman splittings. This is due to the
fact that the T− state acquires a curvature that generates
an additional signal, tracking the S-T− anticrossing as the
B-field increases [32,33].

In order to model the reflectometry readout signal, we
use a semiclassical approach based on quantum capac-
itance in the adiabatic limit [11,29]. In particular, we
calculate the contribution to the overall phase response,
�ϕ, from the five states, Ei, each weighted assuming that
they are populated according to a Boltzmann distribution
with an effective temperature TDQD = 250 mK (this esti-
mate is based on characterization of similar devices carried
out with the same experimental setup). The component of
the phase signal attributable to each state, �ϕi, is quanti-
fied in terms of a quantum capacitance contribution to the
resonator circuit and reads �ϕi ∝ CQi = −(eα)2(∂2Ei/∂ε2),
where e is the elementary charge [29]. The measured phase
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(a)

(b)

FIG. 3. (a) Normalized resonator response measured in the
vicinity of the even-parity ICT as functions of detuning and MW
frequency for B = 0 T and VRG = −1.5 V. The dashed line is a
guide to the eye to highlight the zero-detuning data cut of panel
(b). (b) Phase response as a function of MW frequency at ε = 0
(dots) and Gaussian fit (red line). Inset: Energy levels of the DQD
near ε = 0 for the even-parity ICT in the absence of a magnetic
field (degenerate triplet states are omitted for visual clarity).

signal is an average over several cycles of the rf probe
signal at the resonant frequency during which each state
is partially thermally populated [28]. Hence, the over-
all readout signal can be written as �ϕ = ∑

i〈�ϕi〉 ∝∑
i CQi(e

−Ei/kBTDQD/
∑

i e−Ei/kBTDQD), where kB is the
Boltzmann constant.

We use this model to calculate the phase response in
an analytical form and to extract the g-factor values at
each dot site via a fit to the experimental data. In order
to have gL and gR as the only free parameters of the model,
we extract t from the MW spectroscopy data shown in
Fig. 3(a). In particular, we observe that by driving the sys-
tem with continuous MW excitation in the absence of a
magnetic field, the phase signal at the even-parity ICT is
significantly reduced at a given frequency, f0. This indi-
cates that a MW-driven transition between the ground and
excited branch of the singlet states is occurring [34,35].
In fact, the state promotion results in a signal reduction
because, due to antisymmetric curvatures, each branch
contributes with opposite sign to the overall phase signal.
The maximum signal reduction takes place when the MW
photon energy matches 2t [see Fig. 3(b)]. By means of a

Gaussian fit, we extract f0 = 5.12 GHz and consequently
t = hf0/2 = 10.6 µeV, where h is Planck’s constant. We
then feed this into our model and fit the magnetospec-
troscopy data of Fig. 2(a) to the analytical solution for
ε = 0 [see Fig. 2(d)]. The extracted values for the g-factors
are gL = 0.49 and gR = 0.28. These are compatible with
values measured in similar MOS devices for which it has
been reported that the g-factor strongly depends on dot
occupancy, gate voltage, and magnetic field orientation
[13,14]. Note that our model makes no particular distinc-
tion between the two quantum dots and, therefore, the
extracted values can also be swapped between the left-
and right-hand sides. With the knowledge acquired for all
experimental parameters, we can calculate the full mag-
netic field response, as depicted in Fig. 2(c). It is evident
that the model reproduces the main experimental features,
including the vanishing of the readout signal at high field
due to spin blockade, and, crucially, the nonmonotonic
evolution of the phase response for increasing values of B,
with the phase response reaching a maximum at a critical
finite field, Bϕmax .

We can now understand the origin of this effect. As
observed in systems with uniform g-factors [28,29], for
large values of B, the state T−(1, 1) becomes the ground
state with dominant occupation probability. The linearity
of this state’s energy dependence provides a negligible
contribution to the quantum capacitance of the system and
explains the decreasing and eventually vanishing resonator
response. However, in the case of site-dependent g-factors,
for relatively small Zeeman splittings, the additional bend-
ing acquired by the singlet ground state due to the coupling
with T0(1, 1) contributes significantly to the overall quan-
tum capacitance. Depending on the values of B and ε, this
contribution may either add to or subtract from the over-
all phase response (see also Appendix D). The net result
is that |�ϕ| increases to a local maximum before van-
ishing for increasing B. The value Bϕmax arises from the
interplay of the different energy scales that affect the sig-
nal contributions from each state, namely t, kBTDQD, and
1
2 (gL ± gR)μBB.

In order to reinforce that the nonmonotonicity is the
signature of site-dependent g-factors and elucidate the
implications of varying energy scales, we have devel-
oped a numerical model that calculates Bϕmax as a function
of the main experimental parameters. In fact, Bϕmax is a
proxy for the type of B-field dependence because Bϕmax =
0 represents a monotonic dependence whereas Bϕmax �=
0 indicates a nonmonotonic one. Figure 4(a) shows the
dependence of Bϕmax on the g-factor values. The calcula-
tions reveal that Bϕmax = 0 for 0.73 ≤ gL/gR ≤ 1 which
ultimately represents the locus of a monotonic decrease
of readout signal as a function of increasing magnetic
field. Note that the boundaries of this condition depend
on the ratio kBTDQD/t, and we have deliberately chosen
kBTDQD/t = 2.03 to mimic our experimental situation (see
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FIG. 4. (a) Numerical calculations of
Bϕmax as functions of gL and gR
for kBTDQD/t = 2.03. Dashed lines are
guides to the eye to indicate the loci of
gL = gR (red) and gL = 0.73gR (white).
Stars highlight selected g-factor val-
ues studied in panel (b) and are color-
coded accordingly. The blue star indi-
cates the g-factors extracted from the
experiments. (b) Calculated Bϕmax as a
function of the ratio of thermal and tun-
nel coupling energies for different com-
binations of g-factor values. The exper-
imental conditions are met at the inter-
section between the blue trace and the
vertical dashed line. (c) Numerical cal-
culations of b in terms of gL and gR
for kBTDQD/t = 2.03. (d) Traces of iso-
Bϕmax (red) and iso-b (blue) as functions
of gL and gR obtained from the cal-
culations of panels (a) and (c), respec-
tively. Inset: Enlarged view highlight-
ing the point of intersection (star) for
the g-factors extracted by fitting to the
analytical model of Fig. 2(c).

Appendix E for the effect of varying this ratio). It is evident
that site-dependent g-factors are a necessary condition for
the nonmonotonicity to arise, albeit not always sufficient.
We also note that the value of Bϕmax rapidly increases as
the g-factors approach small values like those indicated by
a green and a blue star in Fig. 4(a). This makes the occur-
rence of the nonmonotonicity significantly easier to notice
in experiments as in our case (blue star) for which Bϕmax =
1.28 T. By contrast, for larger g-factors, although these
may satisfy the condition for nonmonotonic behavior, the
value of Bϕmax may be of the order of a few tens of millites-
las and may become harder to detect. As mentioned, the
ratio between thermal and tunnel coupling energies plays
an important role. In Fig. 4(b), we show its effect on Bϕmax
for three representative choices of g-factors. The calcula-
tions further confirm that for DQDs with uniform g-factors
the B-field dependence is always monotonic irrespective
of temperature and tunnel coupling, as Bϕmax = 0. Interest-
ingly, for the values of g-factors found in our experiments
(blue trace), Bϕmax can be either finite or zero, depend-
ing on the value of the energy ratio. Note also that for
particular values of g-factors a nonmonotonic dependence
can arise irrespective of kBTDQD/t, as the absence of zeros
in the green trace demonstrates. Another useful param-
eter to take into account is the relative enhancement in
phase signal achieved at B = Bϕmax . We call this the “boost
factor,” b, and define it as b = (�ϕmax − �ϕ0)/�ϕ0,
where �ϕmax = �ϕ(B = Bϕmax) and �ϕ0 = �ϕ(B = 0) at

the same detuning point. In Fig. 4(c), we calculate the
dependence of b on g-factor values. The plot shows a
consistency with the boundaries of monotonic/nonmono-
tonic response of Fig. 4(a), as expected by the fact that
the condition b = 0 is representative of monotonic B-field
dependence. The calculations also reveal that the signal
boost is more significant the larger the difference in g-
factor values between dots is. Interestingly, one could use
the calculations in Figs. 4(a) and 4(c) in tandem to extract
the pair of g-factor values at play in the DQD. As we show
in Fig. 4(d), the intersection points between contour lines
of iso-Bϕmax and iso-b provide such values as coordinates
directly from a visual inspection of the diagram.

In general, one could use diagrams of the kind of 4(d)
as chart maps whose contours are calculated based on
the knowledge of the DQD temperature and tunnel cou-
pling. The specific chart for the experimental setting is then
used to identify the local g-factors from the intersection
point between relevant isotraces, provided prior knowl-
edge of Bϕmax and b from reflectometry readout. As shown
in the inset of Fig. 4(d), the g-factor values extracted in
this way are consistent with those obtained by fitting to
the experimental data in Fig. 2(d), confirming a consis-
tency between numerical and analytical calculations. Note
that this approach to extracting site-dependent g-factors is
an alternative to the established routes that require spin
blockade lifting via electric dipole spin resonance [30]
or the measurement of the frequency of coherent spin
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oscillations [10]. With respect to these established tech-
niques, the method described here may be advantageous in
simplifying the experimental setup requirements because
it does not rely on sophisticated hardware to generate the
pulse sequences needed for coherent qubit control.

IV. CONCLUSION

We have performed magnetospectroscopy of a hole-
based Si DQD through reflectometry readout. We have
demonstrated that a nonmonotonic dependence of the
phase signal with respect to magnetic field is the signa-
ture of site-dependent g-factors. We stress that the large
value observed for Bϕmax = 1.28 T is incompatible with
a trivial magnetic field dependence originating from a
superconducting-normal transition in the Al bond wires
that form part of the resonant circuit [36–38]. Such triv-
ial nonmonotonicity would have instead produced a local
peak at the transition critical field value of a few tens of
milliteslas, as already reported in Ref. [28] (see also the
Supplemental Material [27]). By contrast, through analyti-
cal and numerical calculations, we have linked the details
of the nonmonotonic signal response to a general set of
properties of the DQD system and extracted its g-factors.
Such understanding based on gate-based readout could be
useful to engineer the optimal conditions to operate spin
qubits in devices for which transport measurements are not
possible, such as one- or two-dimensional DQD arrays. In
an ideal scenario, one would want to work with the max-
imum readout signal to enhance signal-to-noise ratios and
facilitate single-shot readout protocols [39–41]. However,
this has to be compatible with relatively small B-field oper-
ation to preserve good coherence and relaxation times. To
this end, our calculations have shown that the tuning of
the g-factors could be effective in widely altering both
b and Bϕmax . Such tuning could be achieved with several
strategies, for example, by controlling the direction of the
magnetic field, the gate-induced electric field, the DQD
charge occupancy, or the interface strain [13,14,30].
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APPENDIX A: ENERGY DETUNING AND GATE
LEVER ARM

To convert from voltage into energy detuning we use
ε = α(VGL − V0), where α is the interdot gate lever arm,
VGL is the voltage applied to GL, and V0 is the voltage
that corresponds to zero detuning. We determine α without
a direct measurement by utilizing the relationship between

(a) (b)

(c) (d)
KBTDQD/t = 0.25
KBTDQD/t = 0

Expt.

KBTDQD/t = 0.50
KBTDQD/t = 0.75
KBTDQD/t = 2.03

FIG. 5. (a) Calculated FWHM as a function of thermal energy
normalized to tunnel coupling for the phase signal of an even-
parity ICT as modeled in the main text. A star indicates the
experimental condition. (b) Normalized phase response for the
even-parity ICT studied in the main text, as a function of gate
voltage at B = 0 T. Experimental data (dots) are fitted to a Gaus-
sian function (solid line) from which the positions of the peak
maximum (star) and FWHM (dashed arrows) are extracted. (c)
Calculated normalized phase response as a function of detuning
for different temperatures and zero magnetic field (all energies
are normalized to tunnel coupling). Dashed vertical line high-
lights the zero-detuning axis, which coincides with a maximum
of the phase signal only at zero temperature. (d) Calculated
energy shift away from zero detuning as a function of tem-
perature at the maximum of the phase signal, as per traces in
panel (c).

the full width at half maximum (FWHM) of the even-parity
ICT phase response at B = 0 T and the effective device
temperature, TDQD, as discussed in Ref. [11]. As reported
in the main text, we assume TDQD = 250 mK and extract
t = 10.6 µeV from MW spectroscopy experiments. Hence,
one can obtain the FWHM in volts by fitting a Gaussian to
a cut along the detuning axis of the magnetospectroscopy
data at B = 0 T as shown in Fig. 5(b), which can then be
compared to the FWHM obtained from the model in units
of t in Fig. 5(a). The factor relating these two quantities is
the interdot lever arm,

α = FWHMmodel(t)
FWHMdata(mV)

= 10.49 µeV/mV. (A1)

We now turn to the evaluation of V0. Figure 5(c) shows
the phase signal calculated at B = 0 T for different val-
ues of kBTDQD/t. It can be seen that the maximum of the
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phase response does not occur at ε = 0 for finite temper-
atures. This shift can be attributed to the asymmetry of
the degenerate triplet states’ energy around zero detuning.
At positive detuning, the triplet states have lower energy
than at negative detuning and are therefore populated to a
greater extent for a finite value of kBTDQD/t. This increased
state population reduces the overall phase signal only in
the positive-detuning subspace, leading to a shift of the
maximum phase response towards negative detuning. This
effect is also evident in Fig. 7. The shift, δε, is plotted as a
function of kBTDQD/t in Fig. 5(d). We convert the expected
shift for our system parameters into voltage and find V0 to
be

V0 = Vmax + δε

α
= −620.72 mV, (A2)

where Vmax = −621 mV is obtained from the Gaussian fit
in Fig. 5(b).

APPENDIX B: EFFECT OF LANDAU-ZENER
EXCITATION

Let us consider the anticrossing between S-T− caused
by spin-flip tunneling terms, tSO, and establish the con-
ditions for which the rf drive at frequency fr = 343 MHz
would produce LZ excitation. This situation is of interest
because, for a large transition probability (PLZ) stemming
from sufficiently long S-T− relaxation rate (	 = 1/TS-T−

1 )
and coherence time (TS-T−

2 ), there may be a vanishingly
small quantum capacitance contribution to the resonator
response from this anticrossing [see Fig. 6(b)]. In fact,
the signal-to-noise ratio (SNRLZ) of the resonator response
would be reduced because of a reduced occupation prob-
ability of the ground state and an increased probability of
occupation of the excited state, which subtracts from the
ground state contribution because of its antisymmetric cur-
vature. This results in SNRLZ = SNR(1 − 2PLZ), where
SNR is assumed to be equal to the value at the tunnel
coupling anticrossing for simplicity. In order to calculate
PLZ, we use the QuTiP toolbox [42] and evaluate the sta-
tionary probability distribution in the multipassage regime.
The condition for which the S-T− anticrossing would not
produce a measurable phase signal is SNRLZ < 1, which
ultimately leads to an upper bound for the value of the
spin-flip term

tSO < 0.70 µeV. (B1)

For this calculation, we have extracted SNR = 14.9 from
the data in Fig. 5(b), T2 ≈ 700 ns from Ref. [12], and the
amplitude of the drive at the gate Arf = 4.4 µeV from the
knowledge of rf amplitude and the lever arm of Eq. (A1).

(a)

(b)

�

FIG. 6. (a) Calculated normalized phase response as functions
of detuning energy and magnetic field. The values of parameters
used in the model are g = (gL + gR)/2 = 0.39, t = 10.6 µeV,
tSO = 1.0 µeV, and TDQD = 250 mK. (b) DQD energy levels at
an even-parity ICT in the vicinity of zero detuning and finite
value of B. For pictorial clarity, energy scales are exaggerated
with respect to the values of panel (a).

The condition to be satisfied for the relaxation rate is

TS-T−
1 >

1
2fr

= 1.46 ns. (B2)

Typical relaxation rates of relevant transitions for hole
DQDs are in the region of several microseconds [11,30],
which suggests that in our system the LZ-induced excita-
tion will not relax to the ground state within several periods
of the drive.

In conclusion, both conditions set by inequalities (B1)
and (B2) are likely to be met in our experiments and we
therefore consider it justified to neglect tSO terms in the
model Hamiltonian of Eq. (1).

APPENDIX C: DISPERSIVE RESPONSE WITH
SIZABLE SPIN-FLIP TUNNELING TERMS

In order to further corroborate our decision to neglect
tSO terms in Eq. (1), we present the results of calcula-
tions obtained with sizable tSO. Furthermore, we assume
g = (gL + gR)/2 = 0.39 for both left and right dot. This
is because we explicitly want to check whether spin-flip
tunneling alone could provide an alternative explanation to
site-dependent Landé g-factors for our experimental obser-
vations. We use a Hamiltonian in the same single-triplet

044039-7
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

(p) (q) (r)

FIG. 7. (a) Calculated phase response for an even-parity ICT in terms of B and ε. The parameters used are gL = 0.493, gR = 0.279,
t = 10.6 µeV, and TDQD = 250 mK. The dotted line shows the position of zero detuning used for panel (b). (b) Phase response at
zero detuning as a function of B. Dotted lines show the B-field values selected for the calculations of the individual and overall phase
responses. (c) The normalized phase response as a function of detuning for the B values indicated by dashed lines in panel (b). Traces
are offset vertically for clarity. (d),(g),(j),(m),(p) Energy eigenvalues of the five lowest energy levels as a function of detuning at
B = 0.0 T, B = 0.3 T, B = 0.7 T, B = 1.7 T, B = 3.7 T, respectively. The color coding is the same as in Fig. 6. (e),(h),(k),(n),(q)
Individual eigenstate phase responses weighted to the Boltzmann occupation probability for the selected magnetic field values. The
color coding uniquely associates the signal contribution to the relevant eigenstate. (f),(i),(l),(o),(r) Overall phase responses for each of
the selected magnetic field values.
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basis as in the main text, which reads

H ′ =

⎛
⎜⎜⎜⎜⎜⎜⎝

− 1
2ε + gμBB 0 0 0 tso

0 − 1
2ε 0 0 0

0 0 − 1
2ε − gμBB 0 tso

0 0 0 − 1
2ε t

tso 0 tso t 1
2ε

⎞
⎟⎟⎟⎟⎟⎟⎠

.

(C1)

The results of our numerical calculations for varying
detuning, ε, and magnetic field, B, are shown in Fig. 6(a).
For illustrative purposes, we have used tSO = 1 µeV,
which is greater than the upper bound calculated in Eq.
(B1). The resonator phase response, �ϕ, is calculated
by quantum capacitance contributions of each eigenstate
weighted by its occupation probability according to a
Boltzmann distribution, as explained in the main text.
There is a striking discrepancy with the experimental data
of Fig. 2(a). In particular, the phase response does not van-
ish at high values of B. This can be understood from the
fact that, for increasing B, T−(1, 1) eventually becomes
the ground state and keeps contributing significantly to
the readout signal thanks to the bending acquired via the
coupling with S(2, 0) [see Fig. 6(b)]. This is ultimately a
mechanism through which spin blockades are lifted due
to spin-flip tunneling [9]. In principle, for negative detun-
ing and a large magnetic field, a contribution to the overall
quantum capacitance should be measurable in the event
of sizable tSO. Given that we have not observed this fea-
ture in the relevant data sets of Figs. 1(d) and 2(a), we
have neglected this term’s contribution in our model. How-
ever, we do not exclude that spin-flip tunneling terms may
play a more significant role for different orientations of the
magnetic field [32].

APPENDIX D: NONMONOTONIC PHASE
RESPONSE

In order to illustrate the origin of the nonmonotonic
B-field dependence for the phase response, we have calcu-
lated the individual contributions, 〈�ϕi〉, from the energy
levels weighted for the appropriate occupation probability.
We have also calculated the relevant overall phase signal,
|�ϕ|, for representative values of B. Figure 7(a) shows the
overall phase response as per Fig. 2(c), but limited to posi-
tive magnetic field. By considering a slice of this data set at
zero detuning, the non monotonic dependence can be seen,
as depicted in Fig. 7(b) where vertical dotted lines are used
to indicate the magnetic field values chosen to illustrate the
initial increase in signal amplitude followed by a falloff.

At B = 0 T, the signal contribution from the ground sin-
glet state dominates, albeit slightly reduced by a negative
contribution from the excited singlet [see Figs. 7(d)–7(f)].
No contributions from the degenerate triplet states are to

be expected due to lack of curvature. As the field increases
to B = 0.3 T, the contribution from the ground singlet
increases because its curvature is enhanced by the anti-
crossing with the T0 state [see Figs. 7(g)–7(i)], which
ultimately occurs because of the site-dependent nature of
the g-factors. As a result, |�ϕ| increases and reaches a
maximum at approximately B = 0.7 T in our calculations
[see Figs. 7(j)–7(l)]. We stress that, in the absence of such
an anticrossing caused by gL �= gR, the phase contribution
from the curvature of the singlet would not increase with
B and, therefore, a nonmonotonicity would not arise. For
larger values of field, the phase response begins a rolloff
for two reasons. Firstly, the contribution from T0 subtracts
from the contribution of the singlet for negative detuning
[see Figs. 7(m)–7(o)] to which it had shifted for reasons
already discussed in Appendix A. Secondly, the occupation
of the ground singlet is reduced with respect to the occupa-
tion of T−, which eventually turns into the most favorable
energy level [see Figs. 7(p)–7(r)]. At even higher values of
B, this latter effect explains the complete disappearance of
the phase signal because of the lack of curvature in the T−
detuning dependence.

APPENDIX E: EFFECT OF kBTDQD/t ON SIGNAL
MONOTONICITY

In the main text we have shown that, in order to attain
a nonmonotonic phase response, the ratio between the g-
factor values has to satisfy the inequality gL/gR < 0.73.
However, this condition strongly depends on experimental
conditions, such as the temperature of the system, TDQD,
and the interdot tunnel coupling, t. In Figs. 8(a)–8(c) we
have calculated the value of Bϕmax in terms of gL and
gR for three representative values of the ratio kBTDQD/t.
By fitting the boundary of the parameter space defined
by Bϕmax = 0 to a straight line with slope m, one can
write the condition defining the nonmonotonic behavior
in the parametrized form gL/gR < m, with m dependent
on kBTDQD/t. In Fig. 8(d), we plot m as extracted for
different values of kBTDQD/t. The value of m reaches a min-
imum at kBTDQD/t = 0.4 corresponding to TDQD = 50 mK
in the case of t = 10.6 µeV, which we extracted from MW
spectroscopy experiments shown in Fig. 3. As shown in
Fig. 8(b), this is a situation where the g-factor parame-
ter space leading to nonmonotonic phase response is the
narrowest. Another interesting aspect is that for vanish-
ingly small temperature, m increases rapidly, leading to
more relaxed requirements on the values of the g-factors
to achieve nonmonotonic behavior [see Fig. 8(a)]. The fact
that this effect can also arise at zero temperature, when the
occupation probability of the ground state is near unity,
is a consequence of an initial increase in curvature of the
ground singlet due to the anticrossing with T0, resulting in
an enhanced quantum capacitance contribution.
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(a) (b)

(c) (d)

g L
 =

 g R

g L
 =

 g R

g L
 =

 g R

g L

gR

 =
 0.90 

gL

gR

 =
 0.84 

gL

gR
 = 0.40 

FIG. 8. Numerical calculations of Bϕmax as functions of gL and
gR for (a) kBTDQD/t = 0.1, (b) kBTDQD/t = 0.4, (c) kBTDQD/t =
4.0. Dashed lines are guides to the eye to indicate the loci of gL =
gR (red) and gL = mgR (white). Blue star highlights the g-factor
values extracted from fits to the experiment. They could result
in either monotonic or nonmonotonic phase response, depend-
ing on kBTDQD/t. The green star highlights a combination of
g-factor values for which the response is nonmonotonic irrespec-
tive of the value of kBTDQD/t. (d) m as a function of kBTDQD/t
extracted from fits to the Bϕmax = 0 locus boundary. The dashed
line indicates the experimental condition discussed in the main
text.
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