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True decoherence-free-subspace derived
from a semiconductor double quantum dot
Heisenberg spin-trimer
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Spins in solid systems can inherently serve as qubits for quantum simulation or quantum information
processing. Spin qubits are usually prone to environmental magnetic field fluctuations; however, a
spin qubit encoded in a decoherence-free-subspace (DFS) can be protected from certain degrees of
environmental noise depending on the specific structure of the DFS. Here, we derive the “true” DFS
from an antiferromagnetic Heisenberg spin-1/2 trimer, which protects the qubit states against both
short- and long-wavelength magnetic field fluctuations. We define the spin trimer with three electrons
confined in a gate-defined GaAs double quantum dot (DQD) where we exploit Wigner-molecularization
in one of the quantum dots. We first utilize the trimer for dynamic nuclear polarization (DNP), which
generates a sizable magnetic field difference, AB,, within the DQD. We show that large AB,
significantly alters the eigenspectrum of the trimer and results in the “true” DFS in the DQD. Real-time
Bayesian estimation of the DFS energy gap explicitly demonstrates protection of the DFS against
short-wavelength magnetic field fluctuations in addition to long-wavelength ones. Our findings pave
the way toward compact DFS structures for exchange-coupled quantum dot spin chains, the internal
structure of which can be coherently controlled completely decoupled from environmental
magnetic fields.

The semiconductor quantum dot (QD) system represents a platform for the
exploration of interacting electrons where the electrons confined in QDs are
often described by the Fermi-Hubbard model"”. In particular, when direct
charge transitions between adjacent QDs are forbidden, in analogy to the
Mott-insulating phase’, QDs can still exchange their spins via exchange
interactions™’. These systems allow quantum simulations’™ and magnetic-
field-free encoding of spin qubits>'’, and can thus be considered a scalable
resource for practical quantum computations.

While the environment coupled to a qubit can lead to undesired
decoherence, qubit states encoded in a decoherence-free-subspace (DFS)
can be protected against certain fluctuations in the environment'"". Several
types of QD qubit encoding in DFS have been proposed considering pro-
tection from electric and long- and short-wavelength magnetic noise
compared with the system size'’. Examples include charge quadruple DFS to
overcome dipolar charge noise'* or singlet-triplet qubits to protect against

long-wavelength magnetic field fluctuations™”. Recently, more elaborate
schemes such as singlet-only encoding in a triple QD (TQD)'® have been
theoretically shown to form a “true” DFS, which screens both short- and
long-wavelength fluctuations. However, explicit demonstrations of such yet
remain elusive, where a simpler structure may facilitate experimental rea-
lization of the “true” DFS.

The derivation of a DFS requires tunable energy levels which are
accessible within the experimental bandwidth'*'*"”, where Coulomb cor-
relation effects may provide controllable low-lying energy states for such
applications'®". Initially proposed as a few-electron counterpart of a Wigner
crystal, Coulomb correlation-driven Wigner molecularization in
QDs'*"**"** has been drawing much attention for its relevance to quantum
information science'***. Along with ground state localization™, the
Wigner molecularization further quenches the orbital splitting from
10° ueV to the microwave-accessible 10° eV regime, as demonstrated in
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carbon-nanotube™, Si”’, GaAs™** and Ge*® QDs. In addition to spin qubit
operations exploiting the reduced energy gap of the Wigner molecule (WM)
states™, engineering of the states may further promote coherent DFS
structures, which stays unexplored to date.

In this work, we derive a “true” DFS robust to both short- and long-
wavelength magnetic fluctuation from an exchange-coupled spin-1/2 tri-
mer. We define the trimer with three electrons confined in a gate-defined
GaAs double QD (DQD), where the Wigner-molecularization in one of the
QDs quenches the excitation spectrum of the trimer down to <2 GHz-h (h is
PlancK’s constant). Exploiting the dynamic nuclear polarization (DNP)
enabled by the Wigner-molecularization™, we build the spatial magnetic
field difference, AB,, between the two QDs. A large AB, is shown to sig-
nificantly alter the eigenstates of the trimer and result in a “true” DFS in the
DQD, in contrast to previously proposed schemes requiring a TQD'® or a
quadruple QD array”. Real-time Bayesian Hamiltonian estimation®"
confirms that the fluctuation of the energy gap between DFS states is smaller
than that of the states outside the DFS, proposing a magnetic-noise-resilient
spin qubit based on exchange interactions in a DQD.

Results

True decoherence-free-subspace in a Heisenberg spin-1/

2 trimer

We first elucidate the “true” DFS which can be found in a Heisenberg spin-1/
2 trimer. Figure 1a illustrates three spin-1/2 particles interacting with each

other by antiferromagnetic exchange interaction. Here, S; denotes the spin
state of the i particle and J;; represents the exchange interaction between S;
and S;. We assume a trimer where S; and S, are placed close to each other in
the site on the left, and S; is placed in the site on the right, separated by d r
from that on the left. This results in J;>3>J; g = (o3 + J51)/2, where J15 (Jix)
presents intra (inter) site exchange interaction. Taking into account the
magnetic field difference AB, = B," - B," between the sites, the Hamiltonian
of the system is described below (Eqn. 1). Here, B," = (B,; + B,,)/2 and
B} = B, ; are the average magnetic field strength along the z-axis in the left
and right site respectively, where B, ; corresponds to the z-axis magnetic field
strength experienced by the spin S;. We assume that the magnetic field
difference between S, and S,, 8b,; = (B,; - B,,) is negligible. We con-
sistently use a unit with g'ug =1 to normalize the magnetic field to the
energy (¢* is the gyro-magnetic ratio of the spin, and pp is the Bohr
magneton.).

H=],8 -8, +738,-83+J35 8 + ABZ/Z (Si + Si——Sé) 1)

At AB, =0, the Hamiltonian results in doublet and quadruplet (Q)
eigenstates with the total spin quantum number S =1/2 and 3/2,
respectively™. Depending on the symmetry of the spin states, a doublet
state can form either a doublet-singlet (D) or a doublet-triplet (D). In our
case with J;>>Ji r, J1, dominates the Ds-Dy energy gap (inset to Fig. 1a)
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Fig. 1 | Eigenspectrum of a Heisenberg spin-trimer under magnetic field gra-
dient. a Antiferromagnetic Heisenberg spin-1/2 trimer under a small magnetic field
gradient. 8y, S5, and S5 denote the spin states forming the trimer, where Jj is the
antiferromagnetic exchange interaction between §; and §;. S, and S, are placed in
close proximity in the site on the left, whereas S; is placed in the site on the right
relatively far away from S; and Sy, resulting in J1, > Jir = (Ja3 + J31)/2 with J; g being
the inter-site exchange interaction. B," (B,") represents the magnetic field along the
z-axis in the left (right) site. Inset (black dashed box): Eigenstates of the described
trimer in mg = +1/2 (red) and mg = —1/2 (black) subspace under small magnetic field
gradient AB, = B," - B,". Ds and Dy states define a qubit in each m, subspace. The |
ms| = 3/2 states are omitted for simplicity (see Methods for explicit expression of the
spin states). b Antiferromagnetic Heisenberg spin-1/2 trimer under large magnetic
field gradient. Inset (black dashed box): Eigenstates of m, = +1/2 (red) and ms = —1/
2 (black) subspace altered by large AB, >> ] r (see text for the unit). Dg and 50 states

DB,/ Jir

form a “true” decoherence-free-subspace robust to both long- and short-wavelength
magnetic field noise. ¢ Schematic of long- (short-) wavelength magnetic field noise
OBiong (0Bghort) shown as a blue (red) curve. The characteristic length scale of 8Bj,ng
(8Bshort) is longer than (comparable to) the physical scale of the trimer, djg.

d, e Schematic of Dry+1/2)~Ds(z1/2) (50(11 /2)~Ds(+1/2)) energy gap fluctuation along
8Bjongand 8By or in time. f Excitation energy spectrum of the Heisenberg spin trimer
as a function of AB,/Jir. Each curve illustrates the energy gap between the denoted
state and the corresponding ground state Dg.1/2 or Ds(.1/). For the calculation
Jir =0.1]12and 8jir = J31 — Jo3 = 0.05];, is assumed. The energy splitting between Dy
and Q states (orange arrow at AB,/J; = 0) is proportional to the size of Ji r.

8, h Susceptibility to local magnetic field fluctuation in the left (right) site, as a
function of AB,/Jir. The difference in average z-axis spin value in the left (right) site,
between the denoted state and the corresponding ground state, is evaluated (see text
for details).
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where Ds (Dr) involves the singlet (triplet) pairing of S; and S, in the left site
(see Methods for explicit spin expressions). We note that the Dr-Q energy
gap corresponds to 1.5]1 i (see Supplementary Note S1). The finite magnetic
field splits each doublet (quadruplet) state into mg = +1/2 and —1/2 (+3/2,
+1/2, —1/2 and —3/2) states, where m represents the spin projection to the
z-axis. We introduce a notation A, to denote the spin state A and the
corresponding m, simultaneously. Importantly, Ds(./2~Dr+1/2) form an
encoded spin qubit controllable by exchange interactions™**”. Due to the
spin selection rule, the exchange interaction only couples the states with the
same S, and m’, thereby facilitating effective qubit operations. Explicitly, in
the ordered qubit basis [Dg(s1/2) Dr(z1/2)] the spin-trimer Hamiltonian
(Eqn. 1) reduces to Hgy in Eq. 2 (see Supplementary Note S1 for the
Hamiltonian represented in the full spin-trimer basis), where 8jir=/3; - J»3
represents the difference in inter-site exchange interaction. Apparently, §ji r
is necessary to drive transition between the qubit states.

~3n Ljix
Hqubit = NS 2 1 (2)
Foir 5AB,+3J1— ik

As is clear from Eq. 2, the eigenspectrum of the Heisenberg trimer is
altered by finite AB,, which also hybridizes Dr(1/2) and Q1,2 states (see
Supplementary Note S1). Thereby, in the |AB,|< Ji g regime, AB, modulates
the Dg(+12)-Drs12) energy gap AE(Dreis2) = E(Dr(x1/2)-E(Ds(e1/2))-
Here, E(A () denotes the energy of A y,s). However, when |AB,[>>]ir, AB,
significantly transforms the eigenspectrum. For example, in the my = 41/2
subspace under |AB,| >/, Do(+1/2)— |T0>| 1) and D1(+1/2)_ |T+>| )
whose energies are separated by AB,, become the eigenstates of Eqn. 1 (inset
to Fig. 1b) instead of DT(+1/2) and Q(y1/2) for AB,=0. Due to the hybridi-
zation, both Do(+1 12) and Dl(ﬂ,z) are exchange-coupled to Dg.y/2), where
the energy separation given by AB, allows selective addressing of each state
(inset to Fig. 1b). As detailed below, 50 (¢172) and Dg(s1/2) form a “true” DFS
decoupled from both short- and long-wavelength magnetic field noise. In
the ordered DFS basis [Dg+12), 1~)0 (#1/2)], the spin-trimer Hamiltonian (Eq.
1) takes the form of Hpgg shown in Eq. 3 which readily demonstrates the
decoupling of AB, from the states (see Supplementary Note S1 for the
Hamiltonian represented in the full spin-trimer basis). Similarly to the bare
spin-trimer case presented in Eq. 2, §jir couples Dg(. /2y and 50(11 12) states.
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In general, DFS states couple equally to certain degrees of environ-
mental fluctuations; as a result, the energy gaps between these states remain
invariant to the fluctuations'"”. For instance, in our system, long-
wavelength magnetic field fluctuations 8Biong (Fig. 1c, blue curve), which
uniformly affect the spins in the left and right sites, equally shift the energies
of the states in the same 1, subspace””. In other words, the trimer states
with the same m; form a DFS protected from 8By, whose characteristic
length scale is longer than dy . In this regard, the Ds(.1/2)~Dr(x1/2) (Ds(z1/
2=Dy112) states form a DFS, where the corresponding energy gap
AE(Dr(s1/2)) (AE(D0 (+1/2)= E(DO( +1/2))- E(Dg(+1/2))) is resilient to 8Bjong as
illustrated in the left panel in Fig. 1d, e.

In contrast, the short-wavelength magnetic field fluctuation Bg,or
(Fig. 1c, red curve) influences the two sites of the trimer inhomogeneously
and perturbs AB, in addition to the average magnetic field across the sites.
Because AE(Dr(s1/2)) is perturbed by AB,, AE(Dr(11/2)) is prone to 8Bgorts
and only AE(BO(+ 1 /2)) remains constant also for 6B, To elucidate this,
we first introduce the quantity (S7) A =(SI+85) A= = (AIS] + S5|A)

((Sk) A = (%) A = (A|S5|A)), which quantifies the average z-axis spin
value of the spins residing in the left (right) site for a state A. For instance,

[S)[t), and 50(+1/2) =Tl 1)

3)

have

Dg( 12 = <Sf>DS(+1 /2) =

<Sf>50(+1/2) = and <5121>DS(+1/2) = <S§>BO(+1/2) =+1/2; that
9005t g0cs1 /0 = (B0 — (S psry = 0 and 8(S8)5 1 =
<S§>Eo(+1/z) - <S§>DS(+1/2) =0. 8<Si>A(ms) = 5<S§>A(ms) =0 implies

that A,y and Dy, shift equally in energy with respect to the local mag-
netic field fluctuation in the left and right sites, and therefore, the energy gap
is decoupled from 8Bgp, 0. In this regard, § <Si > Alms) @ <S§> A(ms)) quantifies
the susceptibility of the A,,5)-Dsns) gap to the local magnetic fluctuation in
the left (right) site. However, because Dr(i1/2) (Dr(1/2)) consists of a
coherent mixture of |Ty)| 1) (ITy)| ) and [T, )| I)(IT_)| 1)), both
6 <Sf> DT(+1/2) and §(S < > are non-zero, implying that AE(Dr.1/2))
is vulnerable to 0B

In Fig. 1f, we illustrate the eigenspectrum of the trimer as a function of
AB,/Jir calculated from Eqn. 1 with Jig=0.1J;, and §jir =0.05];5. As
expected, AE(Dr.1/2)) exhibits a finite slope about AB, i.e., |BAE(50(i1/2))/
0AB,| >0 for AB, <Jiz. However, as AB, is increased, AE(1~)0 (+1/2)) con-
verges to Ji,, and BAE([N)O(il 12))/0AB, approaches 0, which implies protec-
tion against 0Bgpor. Analytically, AE(IB0 @1/2)) ~ Ji2 £ i’ /2AB,)+O(1/AB,
%) is derived from Eq. 1 for AB>];y, illustrating that the energy gap is
insensitive to AB, to the first order. In Supplementary Note S2 we calculate
partial derivative of AE(1~)O(¢1/2)) with respect to AB, to demonstrate the
robustness of the DFS energy gaps. We further show 8(S; ) (8(S%)) for the
different trimer eigenstates as a function of AB,/J; g in Fig. 1g, h. As expected,
o <Sf>50( £1/2) and (S, < >D0( 1/ approach 0 for large AB,/J;r (red shaded

box), which reflects decoupling from 6Bgort-

DT(%1/2)

Heisenberg spin-1/2 trimer in a semiconductor double

quantum dot

Experimentally, we utilize a gate-defined semiconductor DQD to host the
aforementioned Heisenberg spin-1/2 trimer. Figure 2a shows a scanning
electron micrograph of the GaAs QD device employed in this work™ (see
“Methods”). The device was placed in a dilution refrigerator with a base
temperature of 20 mK with a resulting electron temperature of T, ~230 mK.
A variable in-plane magnetic field B.,, was applied in the direction indicated
by the white arrow. With the two-dimensional electron gas residing ~70 nm
below the surface, QDs can be defined by the gate voltages™. In this work, we
focus on the right DQD (green dots) and the single-electron transistor (SET)
charge sensor on the right (yellow dot) by grounding the irrelevant gates.
With this SET, we perform the high-bandwidth radio frequency (rf)
reflectometry detection of the DQD charge state™.

When two particles are confined in a QD, the Coulomb correlation
between the particles become more significant in a larger QD'*"**. While
the orbital splitting of a QD is usually given by the confinement energy, a
strong Coulomb correlation in a large QD renormalizes the orbital states
and quenches the orbital splitting (or singlet-triplet splitting) of the
QD" Additionally, anisotropic QD confinement promotes Wigner
molecularizations and further decreases the orbital splitting™. In our DQD,
to time-resolve the electron tunneling events between the right QD and its
reservoir, the QD is tuned less transparent compared to the left one implying
that the left QD has a larger QD radius. Moreover, we find the left QD
confinement is anisotropic’’, which fosters Wigner-molecularization. This
leads to small orbital splitting 8Ly < 10 GHz-h, which is also gate-voltage
tunable, despite the relatively small Coulomb correlation effect in GaAs™.
We note that such anisotropy can be further tailored through lithographic
design, enabling consistent and controllable Wigner molecularization in
QDs™*. In contrast, a negligible correlation effect in the right QD results in
a large orbital splitting of the QD, SRgy ~ 108 GHz-h (right panel in Fig. 2a),
which is estimated by pulsed-gate spectroscopy”® (see Supplementary
Note S3).

The DQD is operated in the [2,1]-[1,2] charge configuration to define
the Heisenberg spin-1/2 trimer. Here, n (m) denotes the number of electrons
in the left (right) QD by [n,m] notation. Figure 2b presents the relevant

npj Quantum Information | (2026)12:1


www.nature.com/npjqi

https://doi.org/10.1038/s41534-025-01151-5

Article

Fig. 2 | Heisenberg spin-trimer in a gate-defined
semiconductor double quantum dot. a Scanning
electron microscopy of the GaAs quantum dot (QD)
device used in this work. The green dots denote the
double QD (DQD) hosting a three-electron Hei-
senberg trimer aligned along the [011] crystal axis.
As illustrated in the right panel, the left (right) QD
confinement potential promotes (prevents) the
formation of a Wigner molecule (WM), resulting in
a small (large) orbital splitting SLsr (8Rgr) in the left
(right) QD. The yellow dot depicts a radio-frequency
single-electron transistor (rf-SET) charge sensor. An
LC tank circuit is attached to the ohmic contact close
to the rf-SET. An external magnetic field By, is
applied along the white arrow. b Eigenenergy spec-

Left QD Right QD
T T
l -
: atriorad XL

WM formation
6Lsr <10 h-GHz

Non-interacting
6Rgy ~ 100 h-GHz

trum of a three-electron system in a DQD at

Bext = AB, = 0. The corresponding energies along the
[2,1]-[1,2] charge configurations are presented as a
function of DQD detuning, ¢, with small (large) SLst

buise Amp.

(8Rst). Inset: Zoom-in of the energy diagram near
£=0. Jpr represents the inter-QD exchange inter-
action. ¢ Pulsed-microwave spectroscopy of the tri-
mer at [2,1] at By = 0. The probability of the excited
orbital state, P is shown as a function of the applied
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-
o

-150 -100 -50

DQD detuning, € (GHz- h)

T
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Hamiltonian (Supplementary Note S4). The black »
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photon process. d Eigenspectrum at |Be,| >0 as a
function of . The black circles denote avoided
crossings between states with different m due to the
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finite transverse nuclear Overhauser field B*. Inset:
Zoom-in of the B* avoided-crossing between Dg.;,
(2,11 and Q(y1/2)[2.1].

Energy (h - GHz)

Quap)[2,1]

-60

DQD detuning, € (GHz- h)

energy diagram as a function of the DQD detuning ¢, at Be,y = AB, =0 (We
naturally adopt AB,=B,'-B,® from Fig. 1, defining B," (B,") as the local
magnetic field at the left (right) QD.). In a deep-detuned [2,1] or [1,2]
regime, where the direct charge transitions between the QDs are inhibited,
the system can be described by the anti-ferromagnetic Heisenberg Hamil-
tonian presented in Eq. 1°. In particular, the [2,1] configuration is identical
to the case presented in Fig. 1a with J;, > J; g where J;, is now dominated by
OLgr. Thereby in [2,1], when two electrons in the left QD form a spin-singlet
and occupy the ground orbital, the trimer state becomes a Dg(.1/2)[2,1].
Ams)[n,m] denotes the corresponding spin and DQD charge state simul-
taneously. However, if the two electrons in the left QD form a spin-triplet
and occupy the excited orbital, the trimer state can be either a Dr(.1/2)[2,1]
or a quadruplet state (Q1/2)[2,1] or Qz3/2)[2,1]) depending on S
Furthermore, in our DQD system, /3 (/31) corresponds to the exchange
interaction between the ground (excited) state of the left QD and the ground
state of the right QD’. The strength of J»; (J31) can be derived using
Schrieffer-Wolff transformation which yields J,; = 2— S (1= AE(S)) Here,
t;j denotes the tunnel coupling strength between the i i orbital state in the left
QD and the j orbital state in the right QD (see Supplementary Note $4), and
AE(e) is the energy splitting between the ground and excited state in the left
QD which depends on €’.
At & >0Rgr (green shaded region in Fig. 2b) if the Fermi-level of the
reservoir lies in between the ground and excited orbital levels, only the

electron from an excited orbital (Drs1/2)[1,2], Qee1/2)[1,2], or Q(a3/2)[1,2])
can tunnel out to the reservoir and tunnel back in to fill the ground state
Dsz1/29[1,2], known as the energy-selective tunneling (EST) process™ .
With 6Rgr ~ 108 GHz-h > 50kg T (kg is the Boltzmann constant), the rf-SET
in our device allows the time-resolved detection of such EST, allowing the
single-shot measurement of the trimer states™.

Based on the EST readout, we explore the excitation spectrum of the
trimer in the [2,1] configuration at B.=AB,=0 by pulsed-microwave
spectroscopy’”. For the spectroscopy, we first initialize the spin state to D1
»[1,2] at &y > SRt exploiting the EST*. By pulsing the initialized state into
the [2,1] configuration adiabatically with respect to the inter-dot tunnel
coupling rate, we transfer Dg(.1/2)[1,2] to Ds(s1/2)[2,1]. Then, we apply an
electric microwave tone to gate V; (Fig. 2a), which excites Dg(y1/2[2,1] to
Drs1/2)[2,1] if the frequency of the tone matches AE(Dr+1/2))/h. The Dy,
2[2,1] population can be detected via the EST process, once adiabatically
brought back to Dr1/)[1,2] at €. Figure 2c shows the resulting Dy,
2[2,1] population as a function of the microwave frequency f, and ¢, which
reveals the degenerate spectrum corresponding to AE(Dr¢iy,
2[2,1]) = AE(D1(.12)[2,1]). The pulse amplitude A, = ,—¢;n;¢ (schematic in
Fig. 2¢) is varied to sweep over . Here, the pulse-tip ¢, is the DQD detuning
reached by the pulse. The yellow (red) dashed curve superposed onto Fig. 2¢
corresponds to AE(Drea1/(2.1]) (AE(Qua1z[2.1]) = AE(Quuapn[21]) cal-
culated from our three-electron DQD Hamiltonian (see Supplementary
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Fig. 3 | Spectrum of a spin-trimer under a varying
magnetic field gradient. a, b Magnetospectroscopy a
of the trimer with decreasing (increasing) Bext.

""" 21(4/2) - Dsar —90(-1/2) - Dsa)

Dig12) - Ds(sary Do+1/2)~ Ds(s112)

Excited orbital state probability P, is recorded as a
function of fp and By, with constant A, (see inset to
a for the pulse schematics). The black arrow illus-
trates the By, sweep direction. Pulse-induced DNP
(see Supplementary Note S5) builds hysteretic AB,
about the sweep direction and leads to the four dif-
ferent transitions presented. The black (red) solid
and dashed lines represent the 5O—DS and EI—DS
energy splitting in my = —1/2 (m, = 1/2) subspace,
respectively, calculated from the toy-model Hamil-
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Note S4). We empirically find 8Lgr ~ 1.3 GHz-h, which is an order of
magnitude smaller than the orbital splitting ~70 GHz-h expected from the
lithographic size of the QD. This confirms the Wigner-molecularization in
the left QD. The transitions from Dg(.1/2)[2,1] to Qx1/2)[2,1] or to Q.3
2[2,1] (red dashed curve in Fig. 2¢) are prohibited due to the spin selection
rule’; hence, these transitions are not visible on the measured spectrum.
Dg(+1/2)[2,1] = Dr(z1/2)[2,1] forms a basis for the spin-charge hybrid qubit,
where AE(Dr:1/2)[2,1]) exhibits a smaller slope with respect to € compared
to a bare charge qubit transition, resulting in reduced charge noise
sensitivity™*’. Furthermore, the energy difference between Q(.1/2[2,1] and
Dr:1/2)[2,1] is proportional to Jir which varies with . Below, only the
trimer states in the [2,1] configuration are discussed and the charge states are
omitted from the notation.

For |B.,| > 0, the Dsand Dy states split into mg = —1/2,+1/2,and the Q
state splits into m,=—3/2, —1/2, +1/2, +3/2 states (Fig. 2d). When the
states with different g become degenerate due to Zeeman splitting, the
degeneracy is lifted by the transverse nuclear Overhauser field B~ and results
in an avoided-crossing between the states with |Am,| = 1***'. These avoided-
crossings are marked by black circles in Fig. 2d. Finite B" allows DNP
processes which also builds AB, > 0°"**(see Supplementary Note S5).

Spectroscopy of the spin trimer under finite AB,

Figure 3a, b show the magnetospectroscopy of the trimer with different By,
sweep directions. For the spectroscopy, a microwave tone is superposed to
the polarization phase of the DNP pulse shown in Supplementary Note S5,
implying the pulse is also capable of DNP. Here, we keep the pulse detuning
amplitude A, ~200 GHz to reach ¢ = ¢, ~ —70 GHz in the [2,1] con-
figuration. Here, AE(Drs1/2)) ~J12~145 GHz:h and Jig ~0.17 GHz-h

present the relevant energy scales. From the toy-model Hamiltonian para-
meters (see Supplementary Note S4), we also obtain J,; ~ 0.138 GHz-h and
J31 ~ 0.197 GHz-h, yielding §ji g ~ 0.06 GHz-h. As By, is increased from 0 to
231.5 mT to match (g*up)Bexi = AE(Dys1/2)) (Fig. 3b), from which we
extract |g¥| ~0.44", Dg(_1/2) becomes degenerate with D1, at &, due to
the Zeeman splitting, and DNP occurs. As a consequence, the finite AB, due
to the DNP mixes Dr;1/2) (Dr(—1/2)) and Q(y1/2) (Q(1/2)) where Dg(, 112
(Ds(—1/2)) can now be electrically excited to both mixtures as discussed
above. This explains the four transitions viable in the spectrum for
Beyi > AE(Drs1/2))-

The DNP vyields a highly hysteretic spectrum depending on the field
sweep direction. If ¢, coincides with a B" avoided-crossing, the DNP
increases the size of the Zeeman splitting which shifts the avoided-crossing
to more positive & (Fig. 3¢, top panel). A further increase in | B, in the next
sweep step shifts the crossing to an even more positive ¢, prohibiting
additional DNP (Fig. 3¢, bottom panel). Consequently, while increasing
|Bext » the pulse can induce DNP within a small B, window (near the blue
solid arrows in Fig. 3a, b). This results in a small AB,, which eventually
decays as a function of time. In contrast, when decreasing | B.,|, even though
the DNP shifts the avoided-crossing towards positive ¢ (Fig. 3d, top panel),
decreasing |Bey| re-focuses the crossing to ¢, allowing additional DNP
(Fig. 3d, bottom panel). We note that such re-focusing is possible because
the relaxation time of the Overhauser field (~10° min™) is longer than the
time required to decrease |B.,| by one sweep step (~10s). In other words,
when decreasing |B.y|, the DNP translates the decreased By into the
Overhauser field to preserve the constant Zeeman splitting experienced by
the electrons, and maintains the B* avoided-crossing at & This allows the
DNP to persist over a large range of By, and yields large AB, ~ 1.05 GHz-h
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(red arrows in Fig. 3b), corresponding to AB,/Jir ~6.17. Moreover,
although the quenching of AB, at low | B,| suggests that a minimum |Bey| is
required to maintain the polarization of the nuclear spins, detailed inves-
tigations are required to verify the quenching mechanism.

The red (black) solid and dashed lines in Fig. 3b denote the energy
splittings in the mg = +1/2 (my = —1/2) subspace calculated from the toy-
model Hamiltonian with finite AB,. For the calculation, AB, ~ 50 MHz is
assumed in the range By = —700 mT ~ B;, where we suppose that DNP
becomes effective for |Bey| < |Bj| to linearly build AB, up to ~1.05 GHz-h.
Noting that By, is translated into the Overhauser field when decreasing |
Byt the slope ~0.53 (denoted by the blue-dashed arrow in Fig. 3b) infers
the effectiveness of our DNP in building AB,. As illustrated in Fig. 1f,
the excitation spectra in the m,=%1/2 subspace asymptotically
approach AE(50<i1 12)) and AE(bl(ﬂ 12)) for large AB,, reaching the “true”
DFS formed by Dss1/2) and Dy 1,2)- While the finite magnetic field gra-
dient within the left QD hosting the WM, &b, ; may lead to additional
modulation of AE(ﬁo(il 12))> we show that the DNP does not introduce
significant 8b, 1, and that the DFS is still protected from the fluctuation in
AB, even under a finite &b, via numerical calculations in Supplementary
Note S2. We also demonstrate that the partial derivative of AE(1~)0(11 )
with respect to 8b, 1 is also suppressed when 8b, ;. ~ 0 (see Supplementary
Note S2).

Although Fig. 3 readily demonstrates the modulation of the eigen-
spectrum under AB,>> J;r, we additionally vary Jir with € and show the
resulting eigenspectrum in Fig. 4. Figure 4a—c present the pulsed microwave
spectra of the trimer spanned by ¢ and fp, at different AB,. To generate finite
AB,, we perform the magnetospectroscopy shown in Fig. 3a, b by decreasing
| Bext| from a large value and stopping at a certain value. From our toy-model

Hamiltonian, we calculate the eigenspectrum as a function of ¢ at constant
AB,, plotted in Fig. 4a—c (see Supplementary Note S2), where we estimate
AB, =80 (180 and 380) MHz-h for Fig. 4a, b, ¢ by empirically fitting to the
eigenspectrum. We note the simulated spectra may deviate from the
observations due to the nuclear spin diffusion during the measurements™.

As shown in Fig. 4d, J; r(¢) decays as ¢ is more negatively detuned (Fig.
2b, ¢). Consequently, for a fixed AB,, the ratio AB,/J;r increases for negative
detuning, where the “true” DES emerges. We further evaluate § < Sf> 6 <S§ > )
in Fig. 4e, f as a function of ¢, assuming AB, = 380 MHz-h. Evidently, both
6<Sf>50(71 . and 0(Sk >Bo(71 2 approach 0 for large detuning, implying

protection against 0Byt

We further probe the trimer by coherent Landau-Zener-Stiickelberg
(LZS) oscillation with different B.,; sweep directions (Fig. 5a, b). The cor-
responding fast-Fourier-transformations (FFTs) are shown in Fig. 5c¢, d,
respectively. Here non-adiabatic square pulses with varying length t and
with a fixed amplitude are applied to induce LZS oscillation®**’. These LZS
pulses can similarly result in DNP when the pulse tip matches the degen-
eracy as in Fig. 3a, b, which in turn reveals AB, split states evident from
the FFT.

Compared to the four clear transitions shown in Fig. 3a, b, however,
two branches are faintly visible on the LZS spectrum even though two
energy levels are accessible for each D 1/2) and Dg(_12). We ascribe this to
the negligible Landau-Zener transition probability to the upper excited state
for each m, subspace due to the finite rise-time of the LZS pulses™. Explicitly,
if the state is initialized to Ds; 1/2) (Ds(—1/2))> the LZS oscillation mainly
reveals the phase oscillation corresponding to AE(Ql +1/2)) (AE(DO( 172)))>
which is lower in energy than AE(Dg(1/2)) (AE(D;(-1/2)), as shown in
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Fig. 5 | Landau-Zener-Stiickelberg oscillation of a
spin-trimer. a, b Landau-Zener-Stiickelberg (LZS)
oscillation of the trimer with decreasing (increasing)
Bexr. Excited orbital state population P, is recorded
as a function of the free evolution time T (see inset to
¢ for the pulse schematic), and By ¢, d Fast-
Fourier-transformation (FFT) of the LZS oscillation
shown in (a (b)). The LZS pulse-induced DNP
builds finite AB, and results in the two distinct fre-
quencies related to AE(EO(,I 12)) and AE (51(“/2))‘
The Larmor frequencies corresponding to
AE(ﬁO(H 12)) and AE (f)l (—1/2)) are not visible due to
the small Landau-Zener transition given by the finite
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Fig. 1f. Moreover, the effect of DNP is less prominent with this pulsing
scheme compared to the case in Fig. 3a, b because average time pulse spends
at the B~ avoided-crossing is shorter in this measurement sequence.

Real-time Bayesian estimation of the spin trimer energy splitting
Based on the coherent LZS oscillation we further investigate the real-time
fluctuation of the energy levels by Bayesian Hamiltonian estimation™~"'. By
applying 300 different LZS pulses with the linearly increasing pulse dura-
tions T; = i1, (1 <i<300) and evaluating the corresponding measurement
outcome m; after each pulse, the estimator evaluates the probability density

P(AE(]SO(_I/Z)) /h,AE(ﬁ1(+1/2)) /hlm;,m, ... m300) based on the
Bayes theorem. Two different frequencies maximizing the probability
density, AE(EO(,I/Z); t)/h and AE(BI(H 12> )/h, indicate the corresponding
LZS oscillation frequencies at a certain laboratory time ¢ (see “Methods” for
details of the Bayesian estimation). Figure 6a shows the estimated fre-
quencies as a function of the laboratory time. Here, each single-shot mea-
surement takes ~20 ps, implying ~6 ms per estimation.

Figure 6b presents the histograms of the time traces shown in Fig. 6a.
From the histogram we extract the standard deviations of AE(Dy_y/2)/h

and AE(DI (+1/2))/h, 0"50(_1/2)

is significantly smaller than T/

tection against 8Bgo for AE(1~)0(,1 12)) in comparison to AE(1~)1 (+1/2))-
Figure 6¢ additionally shows the variance, ¢°, along time interval T over
which the variance is evaluated”*’. Compared to the standard diffusion case
(blue dashed line), where the variance increases linearly with T, the variances
f o2 (red circles) and % (black circles) show o* ~ DT with
DI(+1/2) DO(=1/2)
a<1, and the diffusion coefficient D. This indicates the sub-diffusive beha-
vior of the energy splittings, where we extract a=0.50 (a =0.055) for
AE(1~)1 +1/2))/h (AE(ﬁO(,l/z))/h). The small a suggests that the states are
mainly affected by a non-Gaussian noise correlator”, implying the states are
less affected by the nuclear spin diffusion, which is assumed to be a typical
Gaussian noise correlator’*,
Time traces of the energy gaps at different AB, and at different J; z(€)
are recorded to further probe the effect of AB,/J; r on the robustness. In Fig.

and OS2y respectively. Notably, T3o1/2)

This clearly demonstrates the pro-

6d, which shows o~ and o~
DO(—1/2) DI(+1/2)
8(St — k)

Di-1/2) — 6<S? +8 -8 DI(=1/2) (6<Si - S§>Bo(+1/z)

function of AB,/J;r as a black (red) curve. 5<Si — S > Ams) quantifies the
degree of protection against AB, noise for the A,s)—Dsms) gap. Here, we
assume that, for minimal 6<Si - S§> = 0, the frequency resolution of our
estimator sets the lower bound of 0,,;, ~ 1 MHz. In addition, AB, fluctuation
~13.39 MHz, measured by the singlet-triplet qubit in this device (see Sup-
plementary Note S4), sets the upper bound at the maximal
8(S? — S&) = 2". Because the Bayesian estimation is carried out when

AB, <200 MHz-h, we expect smaller 7%, 1/ for larger AB,, which is

indeed within reach as demonstrated in Fig. 3a, b. Thereby, we anticipate a
larger AB, to provide enhanced protection against 0By in addition to the
inherent 0B,y resilience, which would further facilitate highly coherent
spin qubit operations completely decoupled from the magnetic field noise.

at different AB,/J; r, we superpose

) as a

Discussion

In this work, we present a “true” DFS, robust to both short- and long-
wavelength magnetic field fluctuations, in an antiferromagnetic Hei-
senberg spin-1/2 trimer. Compared to previously proposed “true” DFSs
schemes in QDs'®", the DFS presented here offers a more compact and
practical route toward magnetic noise-free spin qubit operations. We
envision a well-engineered pulse scheme, altering between the DNP and
control phase, to facilitate coherent qubit control in the DFS in GaAs.
Additionally, exploiting the tunability of the strongly-correlated
states’” the dispersion of the energy levels can be tuned to have a
smaller slope about ¢, which may further suppress the charge noise
susceptibility.

Presented “true” DFS can be realized in DQD systems with small
singlet-triplet splitting, and large AB,. In this regard, the extension of
the DFS scheme to group-IV materials such as Si or Ge is also expected
to be feasible without requiring DNP. In Si, valley-excited states can
provide access to spin triplet states” without the need for WM for-
mation, where a micromagnet can induce a sizable AB, to realize the
true DFS**. Such DFS in Si may exhibit reduced susceptibility to the
potential decoherence introduced by 8b,,;, as the charge density will not
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Fig. 6 | Real-time Bayesian inference of energy
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be spatially localized in the absence of WM formation. In contrast, in
Ge, WM formation remains necessary to access the triplet states as
presented in this work™. The site-dependent and gate-tunable g-factors
of holes in Ge may enable a large AB,” for forming the true DFS. This
tunability may also provide a potential route to minimize the Zeeman
splitting difference between the two holes forming the WM. Overall,
these implementations in Si or Ge alleviate the need for DNP phase to
maintain AB, and support scalable qubit control schemes in the pre-
sented DFS, which may ultimately enable the operations of multiple
qubits residing in the DFS.

Methods

Device fabrication

A quadruple QD device was fabricated on a GaAs/AlGaAs heterostructure
with a two-dimensional electron gas (2DEG) formed ~70 nm below the
surface. An electronic mesa near the QD array was defined by wet etching
leaving the 2DEG only around the QDs. A metal stack of Ni/Ge/Au was
thermally diffused into the mesa to form the ohmic contacts. Metal gates for
QD formation were defined by the standard electron-beam lithography and
evaporation technique (5nm Ti/30nm Au). Course gate structures
including the bonding pads were deposited using photolithography and
evaporation (5 nm Ti/200 nm Au).

Eigenspectrum of the Heisenberg spin trimer at different AB,

We show the explicit spin expressions for the eigenstates of the Heisenberg
spin trimer (Eqn. 1) at AB, = 0 (Table 1) and at |AB,| >> J;r (Table 2). In each
table, the state in the first (second) bracket refers to the two- (single-) spin
state in the left (right) site. The spin triplet states T, T, T_ correspond to
(| T¢> + ‘¢T>)/\/§, TT>, and NU, respectively, and S denotes the spin

singlet state, (|1 ) — |¢T>)/\/§

Bayesian estimation

To record the fluctuation of the Heisenberg spin trimer eigenstates, we
perform Bayesian Hamiltonian estimation®~"' based on energy selective
tunneling (EST) single-shot state detection””*. For the estimation, we
apply N = 300 different LZS pulses (see Fig. 5) with the n™ pulse having the
free evolution time 7, = n-t; =1n-0.12 ns, where each pulse is followed by a
single-shot readout. Because the LZS pulse mainly reveals the coherent
oscillation between Dg1/2—D; (;1/2) and Ds(_1/2y—Dq(-1/2) (Fig. 5) the
probability of measuring the excited (ground) state at the n* measurement is
given by P(M,, = e|f, 5) = a + B sin(2ntfy7,) + fB sin@mfy7,) (P(M, = gl fi,
f)=1—PM, = e|fy, o). Here f; and f, are the oscillation frequencies
corresponding to the Dg(; /2)—151 (+1/2) and Dg(_; ,2)—150(,1 12) oscillations,
respectively, and M, is the nth measurement result which can be either the
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Table. 1 | Eigenstates of the Heisenberg spin trimer at AB, =0

State Spin expression

Quary 711)

Qei1r2) 5 [V2T)0) +IT O]
Qe 5 V2To)4) + T )1)]
Qa2 |T—>|¢>

DS(+1/2) |S>‘T>

DT(+1/2) \/ig HT0>H> - ‘/E‘T+>“f>}
DS( 1/2) IS>N>

Dri-p) Z Tl = V2T )[1)]

Table. 2 | Eigenstates of the Heisenberg spin trimer at
|AB,|> Ji g

State Spin expression
Qo) Tl

Qeary TN

Ds(11/2) 1S)]1)

Do To)|1)

51(+1/2) |T+>|¢>

Ds(-172) 1S)[4)

Dy 112 ITo)|V)

Dy 12 7))

excited (e) or ground (g) state. P(A | B) refers to the conditional probability
of A given B. According to the Bayes theorem, P(f}, 5| M,,) =P(M,, | f1, /)
P(f1, /)/P(M,,), where a uniform distribution of P(f;, ;) over the f; and f,
space is supposed for simplicity. Assuming each measurement is not
affected by the previous ones, P(f;, fo| My, M,..., Mn)=[ [, P(f;, ,IM,,)
[T, P(M, If,, £,) holds.

For the efficient real-time estimation of the frequencies, we utilize a
field-programmable-gate-array (FPGA, Digilent Zedboard) to update the
probability distribution as soon as each measurement result is sent to the
FPGA. After 300 measurements, the FPGA outputs a single set of (f;*, /5*)
which maximizes P(f}, f,|M;, M,,..., My). Thereby, a single estimation of
the set takes ~6 ms and allows both the DS(+1/2)*51(+1/2) and Dg_y,
2~ Dy(_1/2) fluctuations to be tracked simultaneously.

Data availability
Datasets generated during the current study are available from the corre-
sponding author on reasonable request.
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