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Spins in gate-defined silicon quantum dots are promising candidates for implementing large-scale quantum
computing. To read the spin state of these qubits, the mechanism that has provided the highest fidelity is
spin-to-charge conversion via singlet-triplet spin blockade, which can be detected in situ using gate-based
dispersive sensing. In systems with a complex energy spectrum, like silicon quantum dots, accurately
identifying when singlet-triplet blockade occurs is hence of major importance for scalable qubit readout. In
this work, we present a description of spin-blockade physics in a tunnel-coupled silicon double quantum dot
defined in the corners of a split-gate transistor. Using gate-based magnetospectroscopy, we report successive
steps of spin blockade and spin-blockade lifting involving spin states with total spin angular momentum up to
S = 3. More particularly, we report the formation of a hybridized spin-quintet state and show triplet-quintet
and quintet-septet spin blockade, enabling studies of the quintet relaxation dynamics from which we find
T, ~ 4 ps. Finally, we develop a quantum capacitance model that can be applied generally to reconstruct the
energy spectrum of a double quantum dot, including the spin-dependent tunnel couplings and the energy
splitting between different spin manifolds. Our results allow for the possibility of using Si complementary

metal-oxide-semiconductor quantum dots as a tunable platform for studying high-spin systems.

DOI: 10.1103/PhysRevX.10.041010

I. INTRODUCTION

High-spin states have been shown to play a key role in a
variety of important physical phenomena. They are
involved in singlet fission in organic photovoltaics [1,2],
unconventional high-spin superconductivity [3,4], and the
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energy states of molecules and complexes with large
delocalized electron systems that are relevant, for example,
to biochemical catalysis [5—7]. Similarly, spin-based quan-
tum computing also necessitates a comprehensive under-
standing of the interplay of the various spin states that exist
in the quantum computing platform of choice [8—11]. Spins
bound to quantum dots defined in silicon have garnered
significant attention as an attractive quantum computing
platform due to their long coherence times [12,13],
compatibility with industrial manufacturing techniques
[14-16], and, recently, the demonstration of high-fidelity
one- and two-qubit operations [17-19]. In spin qubits,
quantum state readout is achieved via spin-to-charge
conversion, which translates the spin state into a selective
movement of charge that can be efficiently detected using
charge sensors [20] or resonant circuits [21]. Currently, the
spin-to-charge mechanism that has enabled the highest

Published by the American Physical Society
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fidelity readout, even at high temperatures and moderate
magnetic fields [22,23], is Pauli spin blockade of the two-
electron singlet and triplet states [24-26]. Under spin
blockade, electron transitions from one quantum dot to
another are prohibited in the triplet manifold due to the
Pauli exclusion principle, while transitions among singlet
states are permitted. However, singlet-triplet spin blockade
can be lifted by the presence of low-energy excited states
that enable direct triplet tunneling and render spin blockade
less effective [27]. Given that silicon possesses an addi-
tional valley degree of freedom [28], the energy spectrum in
silicon quantum dots can be rather complex, and accurately
identifying when singlet-triplet blockade occurs is hence of
importance for achieving reliable and scalable readout of
spin qubits in silicon.

In this paper, we go beyond the standard description of
singlet-triplet Pauli spin blockade and the previous work on
multielectron double quantum dots (DQDs) with spin
angular momentum S < 1 [29,30]. Here, we explore multi-
particle valence states with large spin angular momentum
and demonstrate that low-lying excited states can lead to
successive steps of spin blockade and spin-blockade lifting,
which span spin states with total spin angular momentum
up to S =3, thereby expanding concepts introduced
with transport measurements in Ref. [31]. We do so using
a DQD defined electrostatically in the corners of a Si
complementary metal-oxide-semiconductor (CMOS) split-
gate transistor [27]. By using gate-based dispersive readout
[32—-34] and magnetospectroscopy of an interdot charge

transition (ICT) between two quantum dots containing a
total of 2 and 14 electrons, respectively, we demonstrate the
formation of a hybridized spin-quintet state (S = 2)
between the quantum dots. We show how spin-quintet
tunneling can be blocked at low magnetic fields by the
triplet states (S = 1) and at high fields by a septet state
(S = 3). The spin blockade is used to study the quintet spin
relaxation to the triplet and septet states, which we find to
be of the order of a few microseconds. Moreover, to better
understand the magnetic dependence of the dispersive
response, we develop a quantum capacitance model that
enables reconstruction of the energy spectrum of the
coupled DQD, including the spin-dependent tunnel cou-
pling and the energy splitting between different spin
manifolds. Overall, our study provides a comprehensive
understanding of spin-blockade physics in systems with a
dense energy spectrum and allows for the possibility of
investigating the dynamics of high-spin systems using
programmable CMOS technology.

I1. DISPERSIVE DETECTION OF THE ABSOLUTE
DQD ELECTRON OCCUPANCY

Figure 1(a) shows a SEM micrograph of an n-type
CMOS split-gate transistor fabricated on a 300-mm silicon-
on-insulator (SOI) wafer and similar to the device presented
here. The inset of Fig. 1(a) presents the cross section of
the silicon channel of the transistor, which has a height
h =7 nm, a width w = 70 nm, and is separated from the Si
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FIG. 1.

Measurement setup and charge stability diagram of the DQD. (a) Scanning electron microscopy (SEM) micrograph and sketch

of the transistor and measurement setup. The SEM micrograph is taken during processing, after the definition of the Si; N, spacers. The
sketch inset capturing the cross section of the transistor perpendicular to the channel illustrates the architecture of the device as well as
the DQD formed in parallel in the channel corners when applying a positive potential to the face-to-face top gates. Gate G,; is connected
to a resonant LC circuit in which the inductive component is a superconducting NbN planar spiral inductor. (b) Charge stability diagram
recorded using gate-based dispersive readout while sweeping the potentials of G,; and G,,,,,, showing regular features characteristic of a
DQD. Counting the number of charge transitions in the diagram allows identification of the exact DQD charge configurations, e.g., that
shown in the inset, which highlights the (1,15)-(2,14) interdot charge transition investigated in this paper. The points I, I', M, and M’
indicate the initialization and measurement points of pulsing experiments presented in Fig. 3.
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substrate, which we hold at 0 V, by a 145-nm SiO, buried
oxide (BOX). On top and separated from the channel by
6 nm of Si0,, there is a pair of face-to-face gate electrodes
(Gys and Gy,y), which have gate lengths L, = 60 nm and
are split from each other by S, =40 nm. The space
between and around the gates is covered by 34-nm-wide
SizNy spacers, which help separate the highly n-type-doped
source (S) and drain (D) contacts from the central part of
the intrinsic channel. While it is not of importance to the
results described here, we note that the channel region
below Gy is lightly Bi doped with an average of about 1 Bi
dopant. By increasing the electrostatic potential of G, and
G, electrons accumulate in the corners of the channel,
thus forming two quantum dots with controllable electron
occupancies, QD and QD,,,, in parallel between the
source and drain [see inset of Fig. 1(a)] [35]. Electrons
can be drawn in to the quantum dots from the S and D
reservoirs, which we hold at 0 V for all experiments
presented in this work.

We control and read the electron configuration of the
DQD via the setup presented in Fig. 1(a). The microwave
gate (G, ) 1s connected to a dc line (Vg,) and a high-
frequency line through a bias tee. The other gate, the
reflectometry gate (G,;), is connected to a dc line (V)
and, in parallel, to a lumped-element LC resonant circuit
comprised of a superconducting NbN planar spiral inductor
as well as the parasitic capacitance to ground, C,. At
B =0T, the resonance frequency of the resonator is
fo = 704.68 MHz; however, when increasing the magnetic
field, the kinetic inductance of the superconducting spiral
inductor increases, leading to shifts in f, according to

fo(B) = 1/[2z\/L(B)(C, + C. + Cy)], where L(B) is the
magnetlc -field- dependent 1nductance of the spiral inductor,
C. = 0.2 pF is the coupling capacitance, and Cy is the
state-dependent device capacitance. We drive the resonator
with a frequency f; close to resonance and with a power
P at the input of the resonator in the range of —105 to
—95 dBm. The signal reflected from the resonant circuit is
amplified by 40 dB at 4 K and by a further 60 dB at room
temperature, where it is subsequently homodyne IQ
demodulated and low-pass filtered, thus allowing meas-
urement of the phase shift of the reflected signal, Ag.
Variations in phase, A¢p = -20Q/ACq/(C, + C. + Cy),
where @ is the loaded quality factor, arise due to changes
in device capacitance that occur, for example, when single
electrons tunnel cyclically between QDs, or between a QD
and a reservoir, because of the influence of the rf drive [36].

We present the charge stability diagram in Fig. 1(b) [37]
obtained by measuring the phase response as a function
of the voltages Vg, and Vg, The hexagonlike features in
the diagram confirm the presence of a DQD in the Si
channel, and the lines of nonzero phase shift indicate
regions of charge bistability. The short lines with positive
slope indicate an electron tunneling between dots, whereas
the quasivertical (quasihorizontal) lines correspond to

regions where QD,; (QD,,,,) exchanges an electron with
the source or drain reservoirs. We note a larger average
voltage period of the lines in Vg,; (~47 mV) with respect to
Vimw (~18 mV), which we attribute to a misalignment of
7 £ 3 nm in the placement of the gates on the Si channel in
which G, overlaps the channel more so than G,. The
increased elongation and the rounding of the corners of
the hexagons at larger gate voltages indicate an increased
tunnel coupling between the dots [38]. Gate-based reflec-
tometry readout enables us to discern the addition of the
first electron to each of the QDs and to count the addition of
subsequent electrons as described in Appendix A. The inset
of Fig. 1(b) shows the region of the charge stability diagram
around the even-parity interdot charge transition (ICT)
between the (1,15) and (2,14) DQD charge configurations.
Here, i in (i, j) refers to the electron occupancy of QDy,
while j refers to the electron occupancy of QD,,,. The
tunneling between the two dots results in a change of
device capacitance given by the quantum capacitance of the
system, which in the slow relaxation limit can be described
by the expression [36]

—_
~—

= _Zeaavéﬁ i (

where e is the electron charge, a = o — oy, 1S the
difference between the capacitive coupling ratio of G
to QD and QD,,,,, E; is the eigenenergy of the many-
particle state i, and P; is the probability of the state i being
occupied. The points I, I', M, and M’ in the inset indicate
the initialization and measurement points used for pulsing
experiments described later in this paper. In the following,
we focus on the region and ICT shown in the inset of
Fig. 1(b).

III. MAGNETOSPECTROSCOPY

In order to study the spin physics and energy spectrum
of the multielectron DQD defined in this device, and, in
particular, of the ICT shown in Fig. 1(b), we perform a
dispersive magnetospectroscopy study by measuring the
line trace intersecting the ICT at Vg, = 0.440 V while
increasing the magnetic field B, which is applied in plane
with the device and at an 83° angle to the nanowire. To
account for the magnetic-field-dependent inductance L(B),
which changes significantly for B 2 2 T, the magneto-
spectroscopy study is split into two measurements as
presented in Fig. 2(a), where f; is adjusted accordingly
for B =2 to 5 T. The measurements show that the signal
seen at B = 0 T in the inset of Fig. 1(b) disappears when
B> 12T and that a new signal at slightly lower Vg
appears at B~2.6 T and eventually disappears again
at B~44T.

The signal at B = 0 T arises from tunneling between the
anticrossing singlet states S(1,15) and S(2,14) as given by
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FIG. 2. Pauli spin blockade and energy levels of spin states with S < 3. (a) Measurement of the (1,15)-(2,14) interdot charge transition
at Vgmw = 0.440 V as a function of external in-plane magnetic field. From bottom to top, the dashed lines indicate fits to the S-T_,

T_-Q,_, and Q,_-X;_ energy-level intersection points at varying magnetic fields. (b) Illustrative single-particle energy diagrams of the
singlet S (my = 0), triplet T_ (m, = —1), quintet Q,_ (m; = —2), and septet X5_ (m, = —3) states that successively become the ground
state when increasing the magnetic field in panel (a). For simplicity, the energy diagrams omit the five lowest-lying energy levels of
QD,- The (1,15)-(2,14) anticrossings of the singlet, triplet, and quintet shown in panel (c) are demonstrated by an electron (in red)
tunneling from QD,,,, to QD,;. (c) Energy levels of the double quantum dot simulated based on parameters extracted from panel (a) as a
function of (1,15)-(2,14) detuning. The different colors indicate states of varying multiplicity and spin angular momentum S: a singlet
with § = 0 (blue), triplets with S = 1 (red), quintets with § = 2 (green), and septets with S = 3 (yellow). The lines with positive slope
are (1,15) states, while lines with negative slope are (2,14) states. These states mix near the anticrossings due to (1,15)-(2,14) interdot
tunneling. (d) Normalized phase response as a function of magnetic field simulated based on the energy levels presented in panel (c). In

order to enhance the visibility of low-field features, the z scale is limited to half of the normalized phase response.

Eq. (1) and as sketched in the lower panel of Fig. 2(b). The
curvature of the anticrossing singlet states is apparent from
their calculated eigenenergies that appear in blue in Fig. 2(c)
as a function of energy detuning between dots & =
ea(Vey — V&), where V& =0.3607 V in this experi-
ment. When B is increased, excited states with a nonzero
spin-angular-momentum projection onto the direction of B,
mg # 0, will Zeeman split according to E; = m,qgugB,
where ¢ is the Landé g factor and pp is the Bohr magneton.
A Zeeman-split state, for example, the triplet T_ with
mg = —1 illustrated in Fig. 2(b), can therefore become the
ground state at sufficiently large B. In this scenario, the
tunneling between T(1,1)- and S(2,0)-like states—T_(1, 15)
and S(2,14) here—is forbidden by the Pauli exclusion
principle [14,39—41], thereby leading to Pauli spin blockade:
The ICT signal disappears because T_(1,15) shows no
curvature at detuning ¢ = 0 and thus makes no contribution
to Cq. One may therefore initially be led to believe that
the lack of signal from B =1.2-2.6 T in Fig. 2(a) is
due to singlet-triplet spin blockade and that the signal
at B=2.6-44T arises from the curvature of the
T_(1,15)-T_(2, 14) anticrossing [27,42,43]. However, as
we explain below, this is not the case.

In the lower part of Fig. 2(a), we note that as B is
increased from O to 0.8 T, the ICT signal decreases in
intensity asymmetrically from the left. The reduction of the
signal can be ascribed to the lowering of T_ below the
singlet ground state. This case is illustrated by the dashed
white line labeled S-T_ in Fig. 2(a), which tracks the
position of the S-T_ crossing above which T_ becomes
energetically favorable compared to S as previously
explained. This case is also illustrated in Fig. 5 in
Appendix B, which shows energy diagrams similar to
Fig. 2(c) but at nonzero magnetic fields. Because the signal
of the singlet disappears at lower Vg, first, the anticrossing
between T_(1,15) and T_(2,14) states must appear at
larger gate voltage. For that reason, the signal in the region
B =2.6-4.4 T cannot arise from triplet tunneling but, as
we demonstrate below, instead comes from hybridized
quintet spin states (S = 2). By closer inspection of the
B = 0.8-1.2 T region (see Fig. 6 of Appendix C), we do,
however, identify the signal of the T_ anticrossing. This
signal overlaps that of the low-field singlet because the
singlet-triplet splitting of this system, dgr, is small relative
to the tunnel coupling of the singlet states, Ag, thereby
making the signals of the S and T_ difficult to discern. The
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triplet signal is accompanied by a second peak (Fig. 6)
arising from the tunneling between an excited triplet
T*_(1,15) and T_(2,14) as illustrated with the red
eigenenergies in Fig. 2(c). This additional triplet anticross-
ing explains the extension of the low-field ICT signal
beyond the S-T_ crossing line.

As we increase the magnetic field further, the triplet
signals vanish at about B = 1.2 T, but at B = 2.6 T, a new
signal starts appearing as displayed in the upper part of
Fig. 2(a). We attribute this new signal to the anticrossing
between the lowest Zeeman-split quintet states Q,_(2, 14)
and Q,_(1,15) with m, = —2 [green lines in Fig. 2(c)],
which have four electrons aligned with the external
magnetic field, as illustrated in Fig. 2(b). Consequently,
the Q,_ state experiences twice the Zeeman splitting in
comparison to the T_ and T*_ states, thereby explaining
how the quintet state can become a ground state at a
sufficiently large magnetic field as shown in Fig. 5(c). Just
as the T_ state blocks the singlet state at lower fields, the
low-energy Q,_ state now crosses the T_ state as shown
with the dashed white line labeled T_-Q,_ in Fig. 2(a),
causing triplet-quintet spin blockade in the B = 1.2-2.6 T
range. We note that the discontinuity of the fitted dashed
T_-Q,_ line at B = 2 T may be due to changes in charge in
the peripheral environment of the DQD between measure-
ments. Increasing the magnetic field beyond B =4.4 T
results in a six-electron X;_ septet state with S =3
and my; = —3 [top panel of Fig. 2(b) and yellow line in
Fig. 2(c)], which experiences thrice the Zeeman splitting
compared to the triplet, to move below the Q,_ state and
become the new ground state as shown in Fig. 5(d). This
result generates yet another region of spin blockade as seen
in the upper part of Fig. 2(a). Magnetospectroscopy
measurements with features similar to those presented here
were obtained for a neighboring even-parity ICT with two
fewer electrons on QD,,, as well as in another similar
device (see Sec. S1 of the Supplemental Material [44]).

From the measurements presented in Fig. 2(a), we
compile quantitative information about the energy spec-
trum of the DQD, which we use to produce Fig. 2(c),
showing the singlet (blue), triplet (red), quintet (green), and
septet (yellow) states at B =0 T. We obtain a = 0.345
from the slopes of the asymmetrically vanishing ICT
signals [dashed lines in Fig. 2(a)]. We get the minimum
energy separation between states with the same total spin
number—the tunnel couplings—from the full width at
half maximum (FWHM) of the signals at a fixed B and
thus extract Ag = 80 peV for the singlet at B =0 T and
Aq =45 peV for the quintet at B =3.71 T and estimate
Ar =35 peV and A =20 ueV at B=1.02 T for the
T_(1,15)-T_(2,14) and the T*_(1,15)-T_(2, 14) tunnel
couplings, respectively (the method for extracting the
tunnel couplings is described in Appendix D). Finally,
from the signal position on the Vg, axis and the magnetic
fields at which the different spin blockades occur, we

extract the energy splitting between states in both the (2,14)
and the (1,15) configurations, which, for simplicity, we
refer to as (2,0) and (1,1), respectively. We get the singlet-
triplet splitting on the (2,0) side, 533 = 80 ueV; the singlet-
triplet* splitting on the (1,1) side, &g« = 80 peV; the
singlet-quintet splitting on the (1,1) side, 5&2:360 ueVv,
and the (2,0) side, 6%% = 100 peV; and lastly, the singlet-
septet splitting on the (2,0) side, 63% =570 ueV. The
smallest splittings, 637 and &g, may be associated with
valley splittings, while the others involve combinations of
valley and orbital excitations in QDy,,. The relatively small
539, which is associated with QDy, is in the lower range of
values reported for this class of devices (few tens to few
hundreds of eV [45-49]), which may be linked to a weak
vertical electrical field and to the condition of the Si/SiO,
interface. We note that the valley splitting may be enhanced
by applying a negative back-gate voltage [47] or by
reducing the number of electrons in the DQD, which
strengthens vertical confinement.

In the context of spin-qubit implementation, it is impor-
tant to observe that splittings of high-spin states, e.g., 5%% and
6&2, comparable to or smaller than the high-spin Zeeman

splitting at the magnetic field of operation, may compromise
manipulation and readout of single-spin and singlet-triplet
qubits, as is explained in Appendix E. These considerations
are particularly relevant to multielectron planar and corner
DQDs as they may be more likely to exhibit an increased
number of near-degenerate excited states [11].

Using the parameters introduced above, we build the
multispin Hamiltonian of the system as described in
Appendix F and extract the eigenenergies E; as plotted in
Figs. 2(c) and 5. Using the expression for Cq, in Eq. (1) and
the magnetic field dependence of the eigenenergies, we then
obtain the simulated magnetospectroscopy map in Fig. 2(d)
for which we included a finite electron temperature
T = 175 mK. The good match between data and simulation
confirms our understanding of the DQD energy spectrum and
thereby allows for the possibility of probing the dynamical
properties of the high-spin states accessible in this DQD.

IV. RELAXATION OF THE QUINTET STATE

Spin relaxation time 7 is an important metric as it
ultimately limits coherence and determines the minimum
readout time required for achieving high-fidelity spin
readout [24]. Spin relaxation in silicon has been measured
for single spins [20], singlet-triplet systems [41], hybrid
qubits [50], and hole spins [10,16]. In the following, we
explore spin relaxation from spin-quintet states. To deter-
mine the relaxation time of the Q,_ state, we first set
B = 2.5 T, at which point the DQD is under triplet-quintet
spin blockade. Figure 3(a) shows the energy levels at
B = 2.5 T as simulated based on the parameters extracted
from magnetospectroscopy. At this field, the Q,_
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FIG. 3. Quintet relaxation. (a,c) Energy levels of the double
quantum dots at magnetic fields of B=25T and B=45T
simulated based on parameters extracted from magnetospectro-
scopy measurements presented in Fig. 2. The insets highlight the
pulsing into the quintet Q,_ anticrossing and the subsequent
relaxation into the triplet T_ and septet X;_ ground states,
respectively. (b,d) Decay of the maximum ICT phase response
A¢dnax as a function of wait time f,,; at the Q,_ anticrossing.
By fitting to a single exponential decay (orange line), we
observe quintet relaxation times of T?_’T =426+0.11 us and

TUX =459+ 0.11 ps.

anticrossing at € ~—0.25 meV lies at energies slightly
higher than the energy of the T_ state; however, at
sufficiently large &, Q,_(2,14) is the ground state. To
probe the Q,_ anticrossing, we therefore apply a 50%-duty-
cycle square-wave voltage pulse to G, that is initialized
(D from the (1,14) configuration and then pulsed to the
measurement point (M) on the ICT as seen in the inset of
Fig. 1(b). When crossing the (1,14)-(2,14) charge transi-
tion, an electron is loaded into QD at arate I' = f, given
that the transition produces a measurable phase shift in the
resonator response [51]. We set the rise and fall time of the
pulse to 10 ns, much slower than the tunneling time, such
that the system is initialized in the energetically favored
Q,_(2, 14) state. The quintet state is subsequently followed
through adiabatic passage to the Q,_ anticrossing (point
M), as illustrated in the inset of Fig. 3(a), causing a
nonthermal occupation probability. Finally, the electron
is unloaded and the system reset via the reverse procedure.

To measure 7', we wait for a time #,,,; at point M, during
which the Q,_ state relaxes to the T_ state with a character-
istic relaxation time 7'; as indicated in the inset of Fig. 3(a).
When spending very little time (7, < 7) at the meas-
urement point of the pulse sequence, the probability that the
Q,_ state relaxes tends to 0, which leads to lifting of the
spin blockade and regeneration of the ICT phase shift
signal from the curvature of the Q,_ state according to
Eq. (1). Contrarily, if t,,; > T;, the probability that the

Q,_ state relaxes to the noncurving T_ state tends to 1, and
we therefore no longer measure the ICT signal, which is
averaged over the duration of the pulse.

We repeat the pulse sequence described above N >
2.4 x 10° times for various f,,;, and with the rf drive
continuously on, thus measuring the average A¢ of the
voltage region around the Q,_ anticrossing. From fitting the
A¢ line trace to A¢ « ci[(e — &) + (Ag)?*] /2 + e,
where &) and A, are the detuning and the tunnel coupling
of the quintet anticrossing, respectively, and c; are constants
[36], the maximum phase shift A¢,,,, is extracted. In order to
obtain the Q,_-T_ relaxation time, A¢,,,, is then plotted as a
function of ¢, and fitted to a single exponential decay,
Ajetwair/ i + A,, where A; are constants, as shown in
Fig. 3(b), whereby we find 797" = 4.26 + 0.11 ps.

Setting the magnetic field to B = 4.5 T, we now study
the quintet in the region of quintet-septet spin blockade,
illustrated in Fig. 3(c), which shows the simulated energy
levels at this magnetic field. While similar to the lower-field
triplet-quintet scenario, here the Q,_ state is the ground
state at € < —0.25 meV, i.e., in the (1,15) configuration,
rather than at &€ 2 —0.25 meV. This change affects the
pulsing scheme required to determine the relaxation time.
The voltage pulses on G, are modified accordingly,
starting instead from the (2,15) state (I') in order to initialize
the system in the energetically favored Q,_(1, 15) before
moving via adiabatic passage to the measurement point
(M) as shown in the insets of Figs. 1(b) and 3(c). As in the
quintet-triplet case, A¢,,« 1s extracted from the ICT phase
response and fitted against a single exponential decay,
As e~/ T 4 Ay, shown in orange in Fig. 3(d), which
results in a Q,_-X;_ relaxation time T?_)X =459 +
0.11 us that is comparable to T?_’T. While there are no
other reported quintet relaxation timescales to benchmark
these results to, it is about 3 orders of magnitude smaller
than previously reported relaxation times in singlet-triplet
DQD systems [41,52,53]. The fast quintet relaxation calls
for the existence of a spin mixing mechanism such as spin-
orbit coupling.

Recent studies of singlet-triplet relaxation in a silicon
DQD reveal that the lifetime decreases monotonically with
decreasing S(0,2)-T_(1, 1) splitting [52], which suggests
enhanced singlet-triplet mixing near the degeneracy point.
In silicon, the additional valley degree of freedom gives rise
to a general spin-valley-orbit coupling mechanism, and in
low-symmetry quantum dots, such as the corner dots
presented here, there is evidence that this mechanism can
be more pronounced than in conventional planar quantum
dots or dopants [46]. The degree of spin mixing also depends
on how close the energies of the different states are. Since
QD,,,, hosts a large number of electrons—up to 15 in this
case—the excited-state energy spectrum is quite dense
around the Fermi energy, as assessed experimentally, which
multiplies the opportunities for spin-valley-orbit mixing.
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A likely hypothesis for the significantly shorter quintet
relaxation time is therefore an enhanced spin-orbit mixing
within a dense energy spectrum. This hypothesis is supported
by Ref. [11], which shows that the relaxation rate can be
highly dependent on the filling and level of confinement of
the dots, in particular, in highly excited shells with increased
multiplicity.

In consideration of the aforementioned effects, we
suggest studying high-spin states in quantum dots with
reduced electron occupancy (N =4, 6 for quintets and
septets) and with tunable vertical electric fields (via top or
back gating) in order to obtain a more accurate represen-
tation of the high-spin relaxation time.

V. CONCLUSIONS AND OUTLOOK

In summary, we have demonstrated the formation of a
tunnel-coupled DQD in the channel of a split-gate silicon
transistor. By embedding the device in an LC electrical
resonator and performing gate-based dispersive sensing, we
have determined the charge state of the DQD down to the last
electron. By tuning to the (1,15)-(2,14) interdot charge
transition and studying the quantum capacitance of the
system as a function of the magnetic field, we have found
evidence of multiparticle high-spin states not studied before,
namely, electron spin quintets (S = 2) and spin septets
(S = 3). We attribute the appearance of these high-spin
states in the DQD to a dense excited-state spectrum, which
may be of particular relevance to multielectron planar and
corner silicon quantum dots. From the magnetospectroscopy
measurements, we determined the energy spectrum as a
function of energy detuning between dots, as well as the
coupling energy between states with equal spin numbers.
Additionally, we have developed a model to describe the
magnetic field dependence of the dispersive response based
on the multistate quantum capacitance of the system. The
model reproduces the experimental results well and gen-
erally provides a tool for understanding the dispersive
response of systems with a complex spin configuration.
Finally, nonequilibrium studies measured under spin block-
ade and presented here demonstrate a typical quintet relax-
ationtime, T; ~ 4 us, at the hybridization point. Overall, our
results provide a way to reconstruct the energy spectrum of
complex spin systems and allow for the possibility of using
CMOS quantum dots as a tunable test bed for studying the
interactions and dynamics of high-spin systems.
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APPENDIX A: CHARGE STABILITY DIAGRAM
IN THE FEW-ELECTRON REGIME

Figure 4 presents the same data as Fig. 1(b) but with
no inset and with a zoom-in on the few-electron region.
By close inspection of the quasihorizontal (quasivertical)
lines that represent QD,,,,-to-reservoir (QD,;-to-reservoir)

(a) A¢ (deg)
S ey N [ -0.61

So4

VG mw

VGmw (V)

Var (V)

FIG. 4. Charge stability diagrams of the DQD recorded using
dispersive gate-based readout, where panel (a) is similar to
Fig. 1(b) without the inset and panel (b) is a zoom-in on the
few-electron regime showing the amplitude A instead of A¢ of
the IQ demodulated response. The dotted white line indicates the
addition of the first electron to QD,, its location determined by
mimicking the (1, n) — (2, n) line and placing it at the position of
the first visible ICT involving zero electrons in QDy, i.e., (0,8)-
(1,7). Panels (a) and (b) are stitched together by 49 and 18
individual measurements, respectively.
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transitions, it is possible to observe kinks that, due to the
capacitive coupling between the QDs, indicate the addition
of one electron to QD¢ (QD,,,,). In other words, we use the
dispersive signal of one QD exchanging electrons with a
reservoir as a sensor for detecting the charge of the other
QD. Thus, by counting the number of kinks, the electron
occupancy of the DQD can therefore be established as a
function of gate voltage. This is illustrated in Fig. 4(b),
where i (j) in (i, ) represents the charge occupancy of
QD;; (QD,,)- The kinks in the charge stability diagram are
not to be confused with the discontinuities along vertical
and horizontal lines that are multiples of 0.1 V, e.g., at
(V> Vomw) = (0.5,0.063), as these are due to stitching
of individual measurements, each 0.1 V x 0.1 V in size.

(@) (b)
0.5 0.3
B=11T

B=1.8T

XX

-0.3 -0.5

0.0 -0.5

B=3.5T B=5.0T

X
7K

-0.8 ‘ -1.3 ;
-0.4 0.0 04 -04 0.0 0.4

& (meV) & (meV)
— S — T./T~ — Q.. Xa.
FIG. 5. Energy levels of the lowest-energy spin state of each
spin manifold with § < 3 at various magnetic fields as a function
of detuning ¢. The singlet states (S) are shown in blue, the triplet
states (T_) in red, the quintet states (Q,_) in green, and the septet
state (X3_) in yellow. Each panel shows the energy spectrum at
the magnetic field indicated in the upper left of the panel and has
the following physical relevance for the system: (a) Onset of
quintet-triplet spin blockade and origin of double peak in Fig. 6.
(b) Quintet-triplet spin blockade. (c) Lifting of spin blockade as
the quintet anticrossing becomes the ground state. (d) Septet-
quintet spin blockade.

A¢g (deg)
-0.2
0.0
0359 0360 0361  0.362
Vart (V)

FIG. 6. Dispersive measurement of the (1,15)-(2,14) interdot
charge transition at Vg, = 0.440 V as a function of external in-
plane magnetic field from B = 0.5 Tto 1.5T. Inthe B = 0.9 T to
1.2 T region, a double peak arising from the tunneling between
triplet states, T_ and T*_, is visible.

APPENDIX B: MANY-PARTICLE ENERGY
DIAGRAMS AT VARIOUS MAGNETIC FIELDS

Figure 5 plots the eigenenergies of the lowest-energy
S < 3 spin states similar to Fig. 2(c) but here at various
nonzero magnetic fields (for simplicity, we include only the
lowest energy state of each spin manifold). Figure 5(a)
shows the energies at B = 1.1 T, a point at which the
T_ states (red) are energetically favorable compared to the
singlet state (blue) and give rise to the double-peak signal in
Figs. 6 and 7(c). We note that the Q,_ state (green) already
blocks both the singlet and triplet states, which explains the
weak intensity of the phase response signal at this magnetic
field. At B=1.8T in Fig. 5(b), the triplets are fully
blocked, and this panel thus illustrates the energy spectrum
under quintet-triplet spin blockade. Figure 5(c) shows a
magnetic field, B = 3.5 T, where the anticrossing Q,_
states are now the ground state, thus leading to lifting of the
spin blockade. Finally, at B = 5.0 T, the septet X5_ state is
energetically favorable compared to the Q,_ state, thereby
leading to septet-quintet spin blockade.

APPENDIX C: MAGNETOSPECTROSCOPY
OF THE LOW MAGNETIC
FIELD REGION

Figure 6 presents a high-resolution magnetospectro-
scopy measurement of the (1,15)-(2,14) interdot charge
transition at Vg, = 0.440 V as a function of external in-
plane magnetic field focused on the region from B =0.5 T
to B = 1.5 T. The dispersive signal at B = 0.5 T arises
from the singlet states as described in Sec. III. It disappears
asymmetrically from the left and is superseded by the
signal from the T_ and T*_ anticrossings at around
B =009 T, which are shown in red in Figs. 2(c) and 5.
The left part of the double peak is attributed to the
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T*_(1,15)-T_(2, 14) anticrossing, whereas the right part is
attributed to the T_(1, 15)-T_(2, 14) anticrossing.

APPENDIX D: METHOD FOR EXTRACTING
THE TUNNEL COUPLING

In this Appendix, we describe the protocol for extracting
the singlet, quintet, and triplet tunnel couplings quoted in
Sec. IIl. For an isolated coupled two-level system, the
equation that describes the quantum capacitance line shape
as a function of gate voltage is [36]

A3
Co=C !
T Y AE(Vgy)?

AE( VGrf)
2kT

tanh [ } , (D1)

where Cy = (ae)?/2A;, AE(Vgyp) = (&2 (Vi — Vi) +
A%)‘%, A; is the tunnel coupling of the spin branch i, and
VOGrf‘i is the gate voltage corresponding to zero detuning for
spin branch i. Furthermore, we recall the relation

Ap = —%, (D2)
Cr
where Q) is the loaded quality factor of the resonator and
Cr is the total capacitance of the system. To extract the
singlet tunnel coupling Ag, the quintet tunnel coupling A,
and the tunnel coupling between the T(1,15) [T*(1,15)] and
T(2,14) triplet states At [Ap+], we use A vs V¢ traces at
Vomw = 0440 V and at B =0, 3.71 and 1.02 T, respec-
tively (see Fig. 7). For the fits to the data, we use Egs. (D1)
and (D2) as well as a = 0.345, extracted from the slopes of
the asymmetrically vanishing ICT signals [dashed lines in
Fig. 2(a)],and T = 175 mK, obtained from the comparison
between data and simulations in Figs. 2(a) and 2(d). The fits
allow us to extract A;, which is directly related to the
FWHM of the peaks in Fig. 7.

In the case of the singlet branch [Fig. 7(a)], the symmetry
of the trough and the good fit to Eq. (D1) indicate that the
assumption of an isolated coupled two-level system holds.
From the fit, we obtain Ag = 80 ueV. Given the large ratio
Ag/kgT > 5, the triplet states, closest in energy to the

(a) (b) ()
01 01 .
_ 0
()]
o)
el
E
<
|
40018207 8001g_s 717 -161B=1.00T _
0.360  0.362 0.360  0.362 0.360 0.361
Var (V) Var (V) Var (V)
FIG. 7. Phase response as a function of Vg, at three magnetic

fields. The dashed lines indicate fits to the data enabling the
determination of A;. (a)—(c) Singlet, quintet, and triplet signals,
respectively.

singlet ground state [see Figs. 2(b) and 2(c)], are largely
unpopulated in the detuning region with nonzero energy
curvature of the singlet, and the measured signal hence
arises predominantly from the singlet ground-state branch.

For the quintet branch [Fig. 7(b)], the symmetry of the
trough again indicates an energetically isolated, coupled
two-level system. Looking at Fig. 5(c), which shows
simulated energy levels as a function of detuning at
B =3.5T, we verify that this is indeed the case for the
hybridized quintets. From the fit, we obtain Aq = 45 ueV.

Finally, considering now the triplet branch and meas-
urement at B = 1.02 T [Fig. 7(c)], we note from Fig. 5(a)
that the triplet branch is not the ground state of the system
close to € = 0 at this magnetic field. Only a small thermal
population of the triplets is therefore responsible for the
measured quantum capacitance signal, which also explains
the smaller A¢ amplitude of the troughs in Fig. 7(c). In this
case, the assumption of an energetically isolated two-level
system breaks down, but the linewidth of the peak is still
determined by the tunnel coupling to first order, thus
allowing estimation of At = 35 peV (purple dashed line)
and Ay« =20 pueV (blue dashed line) [36].

APPENDIX E: EFFECT OF HIGH-SPIN STATES
ON SINGLE SPIN AND SINGLET-TRIPLET
QUBIT IMPLEMENTATION

Figure 2(c) plots the energy spectrum of the double
quantum dot as a function of (1,15)-(2,14) detuning and
indicates the splitting 0 between states of various spin
angular momenta. Given the density of the excited-state
energy spectrum, one may consider how high-spin states can
affect the implementation of single-spin and singlet-triplet
qubits in double quantum dots with such energy spectra. In
the following, we assume a single-spin qubit implementa-
tion that employs one quantum dot for the qubit and the other
as an ancilla dot for readout, in which case the relevant qubit
states are || |) and |1]) [the reader may find it helpful to
refer to the energy diagram of Fig. 2(a) in Ref. [23] ].

We first consider the manipulation stage of single-spin
and singlet-triplet qubits, during which the qubit is operated
in the (1,1) charge configuration. Here, the splitting
between the singlet and the Q,_ quintet branch is
850, (B) = 85 — 2gupB, where &g, is the singlet-quintet
splitting at B = 0 and the factor of 2 in the Zeeman splitting
comes from the magnetic spin number of the Q,_ state.
Qubit manipulation may be compromised if the quintet Q,_
state ends at energies similar to or lower than the qubit
states as a result of the applied magnetic field. The critical
magnetic field at which this happens is given by B} =
85/ (Nmgmp), where n,, indicates the difference in Zeeman
splitting between the upper qubit state and the Q,_ state;
hence, #,, = 2 for ST, qubits and single-spin qubits. It is
important to note that for singlet-triplet qubits, the magni-
tude of the magnetic field need only be on the order of a
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few mT [40], which is unlikely to make the above
considerations experimentally relevant. However, in sin-
gle-spin qubits, which require magnetic fields of about 1 T
in order not to sacrifice coherence time [23], the above
considerations are important.

Next, we consider the impact of high-spin states on
single-spin and singlet-triplet qubit readout done via Pauli
spin blockade. In the case of readout with charge sensing,
the Q,_ state may compromise readout by lifting the triplet
spin blockade at the chosen readout point ¢,, which lies in
the (2,0) charge configuration, i.e., &, > 0. Triplet spin
blockade may be lifted for magnetic fields larger than the
critical magnetic field for readout BZ, which is given by the
condition Eq,.(Bl.¢,) = E| (Bl ¢e,) for single-spin
qubits and Eqy (B}, ¢,) = Er, (g,) for singlet-triplet qubits.
Solving for Bl in the conditions above yields

. 36, - 268 — ¢, + \/ (e, — 520)2 + A

. (E1)

2n,gup

assuming B, > (5, — 63)/ (1n,gup), which is required for
spin-blockade lifting and where 7, =1 for single-spin
qubits and 7, =2 for singlet-triplet qubits. If B > BY,
the point of spin-blockade lifting, ¢;, will occur at a
detuning smaller than the readout point, ¢, > & > 0, and
if the readout integration time is also comparable to or
longer than T/*"7 for single-spin qubits and 71°~9 for
singlet-triplet qubits, charge sensing-based readout fidelity
will be negatively affected.

In the case of dispersive readout, the readout mechanism
relies on the fact that only the singlet produces a nonzero
phase response at € = 0, as described in the main text. If a
quintet state gets close in energy to the singlet state, i.e.,

Ag/2 + 6%% —2gupB < 4kyT, and Tf_}Q is comparable to
or shorter than the readout time, a proportion of the singlet
population will thermalize and populate the quintet state,

t=B 0 0 2 0
0 £ 0 0 &
0 0 £+B 0 0
20 0 -t-B+&3 0
H=| 0 % 0 0 —5+ &t
0 0 & 0 0 -
0 0 0 = 0
0 0 0 0 =
0 0 0 0 0

which generates no signal at € = 0. This will reduce the
singlet signal strength and thus the readout fidelity. As in
the case of qubit manipulation described above, single-spin
qubit implementations will suffer more from these readout
considerations given the relatively larger magnetic field
required. Additionally, we note that in order to maximize
the readout window in the Z valleys, the DQD may be
operated at a (3,1)-(4,0) transition, where the lowest-lying
excitation in the (4,0) readout state is an orbital splitting and
therefore presumably larger than the valley splitting [41].

While the above discussions focus on the quintet state,
the reasoning is equally valid for other high-spin states,
such as the septet.

APPENDIX F: MAGNETOSPECTROSCOPY
SIMULATIONS

In Fig. 2(c), we presented the minimal energy spectrum
of the DQD that explains the phase response of the
resonator A¢ across an interdot charge transition as a
function of the magnetic field intensity B [see Fig. 2(a)]. In
this appendix, we describe the Hamiltonian of the DQD
that we used to obtain the eigenenergies and simulate the
resonator response.

We consider independent spin manifolds, i.e., small spin-
orbit and hyperfine couplings between states with different
total spin angular momentum S, and no coupling between
states with the same S but different magnetic number m;. In
that scenario, the Hamiltonian becomes separable, and for
the singlet manifold (S = 0), it reads

(F1)

where ¢ is the energy detuning between dots and Ag is the
tunnel coupling between singlet states. For the triplet
manifold (S = 1), we have

0 0 0 0

0 0 0 0

S 0 0 0

0 = 0 0

0 0 = 0 . (R2)
+B+6% 0 0 =

0 S—B+si. 0 0

0 0 S+ O 0

= 0 0 s+B+sll
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where B = gugpB, ¢ is the electron g factor, ug is the Bohr magneton, A [Ap+] is the tunnel coupling between the T(2,14)
and T(1,15) [T*(1,15)] triplet states, and 53% [5;1T*] is the energy splitting between S(2,14) [S(2,15)] and T(2,14) [T*(1,15)]
at large positive [negative] detuning and B = 0. Next, we have the quintet manifold with § = 2:

t-2B+sll, 0 0 0 0 = 0 0 0 0
0  t=B+sl, 0 0 0 0 = 0 0 0
0 0 46, 0 0 0 0 = 0 0
0 0 0 &+B+sly, 0 0 0 0 = 0

o 0 0 0 0  5+2B+6Y, 0 0 0 0 Lo |

=l 0 0 0 0 -5-2B+5% 0 0 0 0
0 Lo 0 0 0 0 —t-B+8% 0 0 0
0 0 = 0 0 0 0 —£+6%, 0 0
0 0 0 2o 0 0 0 0 —t+B+6%) 0
0 0 0 0 = 0 0 0 0 —£+2B+68%

(F3)

where Ag is the quintet tunnel coupling and 6&2 [6%%] is the energy splitting between S(1,15) [S(2,14)] and Q(1,15) [Q
(2,14)] at large negative [positive] detuning and B = 0. Finally, the septet manifold (S = 3) can be described by

£-3B+5 0 0o 0 0 0 0 &x 0 0 0 0 0 0
0 2B+ 0 0 0 0 0 0 & 0 0 0 0 0
0 0 $-B+5 0 0 0 0 0 0 x 0 0 0 0
0 0 0 5456 0 0 0 0 0 0 e 0 0 0
0 0 0 0 $+B+5 0 0 0 0 0 0 & 0 0
0 0 0 0 0 :4+2B+5 0 0 0 0 0 0 & 0
0 0 0o 0 0 0  5+3B+6 0 0 0 0 0 0 2
= & 0 0 0 0 0 0 —5-3B+§ 0 0 0 0 0 0
0 & 0o 0 0 0 0 0  —t-2B+5 0 0 0 0 0
0 0 & 0 0 0 0 0 0  —5-B+§ 0 0 0 0
0 0 0o & 0 0 0 0 0 0 —t+d 0 0 0
0 0 0 0 X 0 0 0 0 0 0 —t+B+d 0 0
0 0 0o 0 0 & 0 0 0 0 0 0 —4+2B+5 0
0 0 0o 0 0 0 & 0 0 0 0 0 0 —£4+3B+8

where Ay is the septet tunnel coupling, & = 5Lk [§ = 53%1is the energy splitting between the S(1,15) [S(2,14)] and X(1,15)
[X(2,14)] at large negative [positive] detuning, and B = 0. In order to simulate the dispersive response of this system as a
function of B [Fig. 2(b)], we extract the total quantum capacitance from [36]

Zain th
CQ = —Z(ea) WP, s (FS)

where E; are the eigenenergies of the above Hamiltonians and P is the thermal probability of the state i,
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PP = exp(~E;/kgT)/Z. (F6)

Here, kg is the Boltzmann constant, 7 is the DQD
temperature, and Z is the partition function over all states.
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