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Xin Zhang ®'**, Elizaveta Morozova'?*, Maximilian Rimbach-Russ ®'?,
Daniel Jirovec'?, Tzu-Kan Hsiao'?, Pablo Cova Fariiia'?, Chien-An Wang ®'?,
Stefan D. Oosterhout ® '3, Amir Sammak"3, Giordano Scappucci®'?,
Menno Veldhorst®'? & Lieven M. K. Vandersypen ® 2

The coherent control of interacting spins in semiconductor quantum

dotsis of strong interest for quantum information processing and for
studying quantum magnetism from the bottom up. Here we present a2 x 4
germanium quantum dot array with full and controllable interactions
between nearest-neighbour spins. As a demonstration of the level of control,
we define four singlet-triplet qubits in this system and show two-axis
single-qubit control of each qubit and SWAP-style two-qubit gates between
all neighbouring qubit pairs, yielding average single-qubit gate fidelities of

99.49(8)-99.84(1)% and Bell state fidelities of 73(1)-90(1)%. Combining these
operations, we experimentally implement a circuit designed to generate and
distribute entanglement across the array. Aremote Bell state with a fidelity
of 75(2)% and concurrence of 22(4)% is achieved. These results highlight the

potential of singlet-triplet qubits as a competing platform for quantum
computing and indicate that scaling up the control of quantum dot spins in
extended bilinear arrays can be feasible.

The coherent control of a large-scale array of spins in the solid state
represents a major challenge in the field of quantum-coherent
nanoscience'*. Asa quintessential platform for quantum spin control,
the lithographically defined semiconductor quantum dot has shown
great promise both for fault-tolerant digital quantum computation®™
and for analogue quantum simulation of emergent quantum
phenomena'® ™, Nevertheless, the inherent nanoscale dimensions of
the devices, the geometric constraints in integrating all the required
components, and the necessity of using high-frequency electromag-
netic fields in cryogenic environments present important challenges
for the integration and control of a large number of spins.

Significant efforts have already been undertaken to tackle these
challenges. For single-spin qubits, the number of coherently controlled
interacting spins has beenscaled up to six in aone-dimensional array™
and to fourinatwo-dimensional array”. A six-dot linear array was also
used to achieve universal control of two qubits that are each encoded
in a subspace of three electron spins distributed over three dots'.

For singlet-triplet qubits defined in a subspace of two spins across
two dots, recent progress includes the individual control of three to
four uncoupled qubits”*® and the operation of a single qubitina3 x3
quantum dot array®.

Similar to exchange-only qubits, singlet-triplet qubits**~* allow
fully electrical qubit control using baseband voltage pulses. The use
of baseband-only control signals can avoid commonly encountered
problems of single-spin qubits such as microwave heating effects**
and may furthermore alleviate crosstalk effects”. Singlet-triplet qubits
also map naturally to the spin-readout basis in Pauli spinblockade (PSB),
acommon method for spin-to-charge conversionin quantum dots”*. By
using pulse optimization, single-qubit control fidelities of singlet-triplet
qubits have exceeded 99%*, whereas two-qubit gate fidelities relying on
therelatively weak capacitive (Coulomb) interaction reached 72-90%%'.
Intheory, the two-qubit gate fidelity can be furtherimproved by replacing
the capacitive coupling with the stronger exchange coupling®although
this has been little investigated in experiments®. Despite this progress,
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Fig.1|Device and energy spectroscopy. a, Schematic drawing showing the
Ge/SiGe heterostructure and three layers of gate electrodes on top to define the
quantum dot ladder and sensing dots: screening gates (purple), plunger gates
(red) and barrier gates (green). Ohmic contacts (grey) extend towards the
germanium quantum well in which the holes are confined. The aluminium oxide
dielectric between different gate layers is omitted for clarity. b, False-coloured
scanning electron microscope image of a device nominally identical to that used
inthe measurements. The eight quantum dots are labelled 1-8 and the four
charge sensors to measure the charge states in the quantum dots are labelled Sy,
Str Sgrand Sgg, respectively. The quantum dot potentials are controlled by
plunger gates P, and the interdot or dot-sensor tunnel couplings are controlled
by barrier gates b, or b, with i orj denoting the corresponding quantum dot
number. A schematic of the ladder structure of the quantum dots is shown on
top, with Q1-Q4 formed by vertical DQDs. c-e, The energy levels of two-spin

£,6 (MV) £5;, (MV) £45 (MV)

statesinaDQD asafunction of energy detuning ¢;between dotiandjwith

J(gj = 0) <E,(¢),J(g; = 0) = E, (d),)(g; = 0) > E,(e). The dashed black circles
denote the positions of S-T_anticrossings. f-i, The measured energy spectra that
probe the positions of the S-T_anticrossings as a function of the detuning (¢;)
and the barrier gate voltage (vb;) for the vertical DQDs 1-5 (), 2-6 (g), 3-7 (h) and
4-8 (i) at B=5mT. The colour scale shows the measured spin triplet probability P;
afterinitializing a vertical DQD in a singlet state (in (0,2) or (2,0)) and applying a
gate voltage pulse (20 ns rampin, 50 or 60 ns wait time, O ns ramp out to the PSB
regime for readout) to the detuning shown on the horizontal axis, for different
vb;. The 20 nsramp-intime is used to ensure adiabaticity with respect to the
tunnel coupling (2 GHz), while maintaining diabaticity relative to the S-T_
anticrossing. The wait time is close to amrotation to obtain a sizable triplet
probability. The cartoons on top of the panels f-i represent the eight dots, and
the dark grey line indicates which exchange couplingis active in the panel below.

universal control of more thantwo interacting singlet-triplet qubits has
yet tobeachieved.Recently, a controlled number of charge carriers were
loadedin2 x 4 arrays,a4 x4 array and al x 12array** %, These advances
set the stage for exploring the operation of three or more interacting
singlet-triplet qubits experimentally.

Here we demonstrate coherent control of four interacting singlet-
triplet qubits in a2 x 4 germanium quantum dot array, which forms a
quantum dot ladder. Taking advantage of the strong intrinsic spin-
orbit coupling and smallin-plane g-factors of holes in strained germa-
nium quantum wells*, we encode the qubit in the singlet (|S)) and the
lowest triplet (|T_)) of two exchange-coupled spins, a variant of the
originally proposed singlet-triplet qubit*°~**. By controlling the
exchangeinteractioninside each spin pair along the ladder rungs, we
first map out the qubit energy spectrum. Then we show universal
control of each qubit by pulsing both the detuning and tunnelling bar-
rier of the corresponding double quantum dot (DQD). With proper
simultaneous control of detunings and tunnelling barriers of neigh-
bouring S-T_qubits, we achieve a two-qubit SWAP-style gate, a quan-
tumgate that swaps theinformation of two qubits,induced by exchange
interactions for each pair of neighbouring qubits in the ladder. Finally,
with the demonstrated single- and two-qubit control, weimplementa
quantum circuit for quantum state transfer across the ladder.

Germanium quantumdotladder
Asshown in Fig. 1a,b, the 2 x 4 quantum dot ladder is fabricated in a
germanium quantum-well heterostructure®. The gate pattern and

substrate have the same design as that in ref. 36 (Methods). Linear
combinations of plunger gate voltages {P} allow us to set the overall
electrochemical potential of each DQD p;= (vP; + vP)/2 and the inter-
dotdetuninge; = (vP;- vP)/2. The prefix ‘v’ indicates that the physical
gate voltages are virtualized to compensate the crosstalk on the dot
potentials'® (see Supplementary Note Il for the virtual gate matrix).
Single-hole occupation of each quantum dotinthe array is confirmed
by measuring the charge stability diagrams using sensors Sy, and Sgz
(Extended DataFig.1).

Singlet-triplet qubit and energy spectroscopy

We encodethe qubitinto the two-spinsinglet-triplet states, |S)and |T_),
ofthe DQDs along the rungs of the quantum dot ladder, with the singlet
IS) = (1)) — |lT>)/\/§and thelowest-energy triplet|T_) = |}|). ThusQl,
Q2,Q3and Q4 areformed using DQDs 1-5,2-6,3-7 and 4-8, respectively.
Qubitreadoutisachieved by pulsing the corresponding DQD to the PSB
regime, thatisinthe (0,2) or (2,0) regime but close to (1,1). This regime
convertsthe singlet and triplet states into distinct charge states, which
arethen measured through the charge sensor (see Extended DataFig.1
for details). The single-qubit Hamiltonian can be written as

E,— Agr_
Hsr_ = ZTJUZ +— " 0x 1

where g,and g, are the Pauli matrices,/=J(¢;,vb;) is the exchange cou-
pling between two spins, which is a function of both the detuning ¢;;
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Fig. 2| Universal single-qubit control of four singlet-triplet qubits. a,b, The
pulse schemes used for x-axis control (a) and y-axis control (b). In the
experiments, the detuning pulse inaand b has a 20 ns ramp (not shown) from
(2,0) to (1,1), similar to the pulse used for the energy spectroscopy.

c—f, Experimental results for x-axis rotations of Q1 (c), Q2 (d), Q3 (e) and Q4

(f), showing measured triplet probabilities P; as a function of ¢, and the
corresponding barrier voltage 6vb;. g, Measured P; for the sequence showninb
asafunction of ¢, and the barrier voltage change 6vb,. The position where \'Y
is properly calibrated is indicated by a white dot. h, The numerically computed P;
asafunction of ¢,,,;; and the ratio of the z-axis component to the x-axis
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component, (J — Ez)/AST_' The parameters used for the calculation are extracted
from g.i, Single-qubit RB data for Q1-Q4, with Psthe measured probabilities of
the target state. The 95% confidence intervals based on statistical fluctuations are
smaller than the data points. The numbers in the legend are the extracted average
gate fidelities, which are obtained from the Clifford gate fidelities using a ratio of
3.625 (see Extended Data Table 1for the detailed gate decomposition). The errors
represent the 68% confidence intervals (Methods).j, Table showing the
single-qubit gate fidelities of Q1-Q4 measured by GST. The errors represent the
95% confidence intervals computed using the Hessian of the log-likelihood
function®. All the data above are measured at B=5mT.

andthebarrier gate voltage vb;, and E = gyyBBis the average Zeeman
energy of the two hole spins in the DQD, with g,.j the average g-factor,
1 the Bohr magneton, and B the magnetic field strength. Unless indi-
cated otherwise, anin-plane magnetic field (up to alignment precision)
of B=50r10 mTisappliedtothedevice. Theintrinsic spin-orbitinter-
action for holes in germanium couples the states |S) and |[T_) with an
energy Agy -

Figure 1c-e shows the energy levels of the two-spin |S) and |T_)
states in a DQD with J(g; = 0) <E,, J(g; = 0) = E,, J(g; =0) > E, ,
respectively. The other two-spinstatesare |Ty) = (|tl) + |iT))/\/§ and
IT,)=11).InaDQD, we use (n,,ng) to denote the chargenumberin the
left (n,) and right (n) dot. By adjusting the detuning £;0f the DQD from
negative to positive, we can change the charge state from (2,0) to (1,1)
andthento(0,2), asindicated by the labels on top of each diagram, and
theenergy levels of the two-spin statesin the DQD will change accord-
ingly. As shown in Fig. 1c, when J(g; = 0) is smaller than E,, the singlet
|S) crosses the triplet |T_) twice in the (1,1) regime. Due to intrinsic
spin-orbitcoupling, thesearein factavoided crossingswithagap A ,
wherethestates|S)and |T_)are admixed. AsJ(¢; = 0) increases, the two
anticrossings approach each other and eventually merge into one, as
showninFig.1d. WhenJ(g; = 0) increases even further (Fig. 1e), |S) and
|T_)ynolonger exhibit an avoided crossing.

Experimentally, we probe the position of the avoided crossings
as a function of the barrier gate voltage vb; that controlsJ for each

qubit. Thisresultsin the parabola-like patterns, also called spin mixing
maps'>*, in Fig. 1f-i. As expected, when vb; is tuned from positive to
negative,/increases and the positions of the S-T_anticrossings move
inwards before disappearing. The asymmetry visible in these panels
can arise from imperfect virtualization of the barrier gates or from
adetuning-dependent Zeeman energy*’ (Supplementary Note IlI).

Universal single-qubit control

With the knowledge of the energy spectrum of the four S-T_qubits,
we nextimplement x- and y-axis control of each qubit, which is neces-
sary and sufficient for universal single-qubit control (for z-axis control,
see Extended Data Fig. 2). By operating the qubit in the regime where
J = E,, the first term of equation (1) goes to zero and Ag;_rotates the
qubit around the x axis in the Bloch sphere (Fig. 2a). Furthermore, we
tune the barrier voltage to obtain J = E, at zero detuning, whichis a
symmetry point where the effect of detuning noise is strongly
suppressed***’. The pulse scheme for testing x-axis control is shown
in Fig. 2a: first we initialize the qubit into a singlet by starting in the
(2,0) (or (0,2)) regime, then pulse the detuning to the centre of the (1,1)
regime where J(g; = 0) = E,, next allow the qubit to evolve for a vari-
abletimeft,,;, and finally pulse the detuning back to a pointinthe (2,0)
(or (0,2)) regime for spin readout via PSB. The measured rotations of
Q1-Q4 as a function of the corresponding barrier gate voltage are
shown in Fig. 2c-f. By choosing the point where the oscillation speed
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Fig.3| Two-qubitinteractions across the quantumdot ladder.

a, Arepresentation of two connected DQDs. The S-T_qubits have a splitting of
Jj — Ezyyand Jy — E, 44 (neglecting A ), which are controlled by the detunings
g;and g, respectively. The qubit-qubit coupling /.., is an average of J, and J;
between the corresponding dots, which are controlled by £, and &;,. b, The energy
levels of two-qubit states, where we fix ek,to be positively large and scan &;. At the
positions where J;; — E,; jequals J; — E, i, ananticrossing withagap J.oup forms
(black dashed circles), which can be used to induce SWAP oscillations between
|ST_)and |T_S). The parameters used in this calculation are based on the
experimental results for Q3-Q4 shown in Supplementary Fig. 4c. ¢, The pulse
scheme for SWAP operations. We startin (0,2) or (2,0), at large positive or
negative detuning, and diabatically pulse one qubit to (1,1) at modest detuning
such thatitremainsin |S), and pulse the other qubit to zero detuning where at
rotation for atime ¢, takesit to |T_) (other qubits are either initialized to singlets
by pulsing back and forth to (0,2) or (2,0), or remainin the (1,1) regime all the
time). At this point, the qubits are set to [ST_) or |T_S). Next, we pulse the
detunings of both qubits to make their energies resonant, while at the same time

QST results

F (%)
90(1)

C (%)
64(4)

Q1-Q2

Q2-Q3
Q3-Q4

73(1) 50(4)

77(1)

21(4)

activating/, and J;. This will kickstart SWAP oscillations between the two qubits.
The dashed linesin the pulse of ;show that we scan the detuning of one qubit to
find the condition for SWAP operations. After an evolution time ¢,,,;,, we pulse the
detunings to the PSB readout configuration for one of the qubits. d-f, The
experimental results of SWAP oscillations, showing measured singlet
probabilities Psas a function of operation time t,,, and the detuning voltage ¢; for
Q1-Q2(d), Q2-Q3 (e) and Q3-Q4 (f). The initial states of two qubits (before the
SWAP oscillations) are denoted on the top, and the qubit pair thatis read out is
indicated by the dashed arrow showing the readout pulse direction. g, The
quantum circuit used to create a generalized Bell state between Qland Q2 and to
characterize it via QST. h, Measured two-qubit density matrix of Q1-Q2, after
removal of SPAM errors and using maximum-likelihood estimation (MLE). i, State
fidelities and concurrence estimated from the density matrices of the Bell states
of Q1-Q2, Q2-Q3 and Q3-Q4. The errors show the uncertainty with 68%
confidenceintervals (Methods). The datain panelsd-fand h,i are measured at
B=5mT (see Supplementary Note V for additional data taken at B=10 mT).

isthe slowest, thatis, at the S-T_anticrossing, the qubits rotate around
the x axis. Long-timescale x rotations are shown in Extended Data
Fig.3a. At B=5mT, the dephasing times are in the range of 1.5-2.2 us
for Q1-Q4, mostly limited by low-frequency or quasi-static noise (see
Supplementary Note IV for additional data taken at B=10 mT). The
average g-factors were estimated by scanning the magneticfield, yield-
ing gy in the range of 0.33(1)-0.37(1). For more experimental details
and information on the g-factors, see Extended Data Figs. 4 and 5.

To realize y-axis control, we use the relationship VY = XH, where
'Y stands for at/2 rotation around the y axis, X stands for atrotation
around thexaxis, and Hrefers to the Hadamard gate. For the Hadamard
gate, weincrease/toavaluewhere (J — E,) = Ay ,causingthequbitto
rotate around an axis halfway between the xand zaxes. Arotation angle
of mcorresponds to theimplementation of the Hadamard gate. To cali-
brate the rotation axis and rotation angle of the Hadamard gate, we
concatenatetwo V'Y gatesand evaluate the probability of having flipped
the qubit (Fig. 2b). Specifically, we firstinitialize the qubitintoasinglet,
then change/diabatically by pulsing the corresponding barrier gate by
an amount 6vb; for a time t,,,; to implement the Hadamard gate, and
finally apply anXgate for atime t, (aiming to stay at the detuning sym-
metry point throughout***°). This combination is repeated such thata

Ygateis expected for theright choice of 6vb;and ¢, the two parameters
that control the Hadamard gate. This procedure isillustrated for Q2in
Fig.2g. The white dot shows the position where the sequence of Fig. 2b
produces a Y gate. Running only the first half of the sequence imple-
ments a /Y gate. A corresponding numerical simulation result, dis-
playedinFig.2h, shows asimilar pattern as the experimental result.

Using the VX and \/T’gates, we perform randomized benchmark-
ing (RB) to obtain the average gate fidelities (Fig. 2i). All four qubits
yield average gate fidelities at or above 99%, extracted from the Clifford
gate fidelities®. We also measure the /X and V'Y gate fidelities with
gate set tomography (GST)*"*?, the results of which are summarizedin
Fig. 2j. Overall, most of the fidelities in GST results are slightly lower
thanthose from RB. These fidelity differences may stem from the pres-
ence of low-frequency noise in our system, which causes different
uncertaintiesin the fidelity estimates between GST and RB*. Full details
on the quantum process for those two gates, derived from GST, are
givenin Extended Data Fig. 6 and Supplementary Note VIII.

Two-qubit gate
Torealize universal control of the full four-qubit register, we need to com-
plement single-qubit gates with two-qubit entangling gates. Assuming
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isotropic exchange interactions between adjacent S-T_ qubits, the
two-qubit Hamiltonianin the basis of {|SS), |[ST_), |T_S) and |T_T_)}
can be written as:

3 (E; —J.-,-)Of + AST_,ijOZ

2Q — 2

N Ezpa — J)o¥ + Asr_ a0 )
2

where ijand klrefer to the respective qubit dot pair, and the interqubit
coupling J.oup = Ui +J;)/2. The coupling term is reminiscent of two
well-known interaction Hamiltonians. If the factor 1/2 of the 0,0, cou-
pling term were linstead, we recover the exchange Hamiltonian that
generates the SWAP gate and the universal v/ SWAP gate. If that factor
were zero, only the flip-flop terms would survive, which generate the
iSWAP and v/ iSWAP gate. The coupling Hamiltonian in equation (2)
thus generates aSWAP-style gate that is not astandard two-qubit gate
butisalso universal from the perspective of quantum computing (Sup-
plementary Note VII). For simplicity, we call it a SWAP gate in the remain-
der of this work.

Toactivate the SWAP gate, we equalize the energy splittings of two
qubits and turn onJ, and J; such that the flip-flop terms can exchange
the qubit populations (note that if the qubit energies were set very
different from each other, a controlled-Z or CZ gate would result
instead). Our strategy for meeting both requirements at the same time
is to use the interdot detuning of both qubits™”. A typical potential
landscape for the two qubitsin DQD ijand klis shownin Fig. 3a, where
we pulse g; to large positive and g, to large negative detuning. The
detunings ;. and g, which control the interactions between the qubits,
are then automatically increased as well. Therefore, all the exchange
interactions involved are enhanced simultaneously and the effect of
the single-qubit terms o, is made negligible. In practice, we fix the
(large) detuning of one qubit and finetune that of the other to find the
position where two qubits have equal energy splittings. This is illus-
trated by the energy spectrumin Fig. 3b, where we fix the detuning &,
toalarge negative value and scan the detuning £;. We see that the states
|ST_)and |T_S) anticross at the two positions where J;; — Ez,ij isequal
to Ju — E, - The gapsizeis given by /... Since £, and &, which control

Jeoup ViaJyandJ,, are also dependent on g, the sizes of the two gaps are
not necessarily the same.

Figure 3c shows an example of the pulse scheme we use in the
experiment to observe two-qubit SWAP oscillations. Figure 3d-fshows
the resulting SWAP oscillations for Q1-Q2, Q2-Q3 and Q3-Q4.
Chevron-style patterns are observed with the energies of the two qubits
alignedinthe middle of the patterns. At the centre of the chevron pat-
terns, we measured the dephasing times of 222(25)-616(51) ns
(Extended Data Fig. 3b). Looking closely, the chevron patterns are not
symmetric. This can be understood by the fact that the qubit energy
does not vary linearly with detuning. In some panels, single-qubit
oscillations around an axis close to the x axis are also observed, such
as the data at £,,=4 mV in Fig. 3e. These ¢; values are close to zero
interdot detuning, and whenJ(g; = 0) is not much larger than E,,such
rotations are expected. Data based on simultaneous readout of two
qubits under SWAP oscillations can be found in Extended Data Fig. 7.
We note that SWAP oscillations between |ST_) and |T_S) were also
observedin previous research on simulating the dynamics of an antifer-
romagnetic spin chain and resonating-valence-bond states based on
the Heisenberg modelin four-quantum-dot systems'>",

Witha combination of single-qubit gates and the SWAP-style gate,
we prepare a Bell state and characterize it by quantum state tomogra-
phy (QST). The pulse sequence shownin Fig. 3g is expected to produce
ageneralized Bell state |¢) = %(lST_) + € |T_S)) between the two

a
o |s)
SWAP
(tSWAP)
@ o x H O H
SWAP
Q3 |s) —
SWAP
Q4 [s)
b
g
E
H
-
-
-
d

0 L L L
0o 100 200

tqs (ns)

Fig. 4 |Implementation of aquantum circuit for entanglement generation
and quantum state transfer. a, Quantum circuit with all the qubits initialized
into the singlet. An X gate (32 ns) rotates Q2 into a triplet state, and a SWAP
interaction for a variable time t.,, periodically produces entanglement between
Qland Q2. Two subsequent SWAP gates (30 ns and 24 ns) transfer the state of Q2
to Q4 and afinal single-qubit rotation of Q4 for a variable time ¢, is followed by
Q4 readout. The delay time between each quantum gate is set to zero. For more
details, see Supplementary Note VI. b,c, Experimental (b) and numerical (c)
results after running the quantum circuit shownin a, with triplet probabilities
P;of Q4 shown as a function of tsy,, and ¢,,. The coloured arrows in b show the
positions of the linecutsind. d, Linecuts from a showing triplet probabilities Py
of Q4 as afunction of control time ¢y, with £y, = 0,4 and 7 ns (from bottom up).
The data are vertically shifted by 0.5 for clarity. The 95% confidence intervals
based onstatistical fluctuations are smaller than the data points. All the data
above aremeasuredatB=10 mT.

qubits, where s a single-qubit phase term, followed by single-qubit
gates (/, VX, \/T’)applied toboth qubits toachieve basis changesbefore
measurement along the z axis. The density matrix of the Bell state
formed by Q1-Q2 is shown in Fig. 3h, and the acquired fidelity and
concurrence of all the neighbouring qubit pairs are shown in Fig. 3i
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(see Extended Data Fig. 8 for details). The fidelities are in the range of
73(1)-90(1)% and the concurrence ranges from 21(4)% to 64(4)%. Con-
currenceisameasure of the entanglement between two qubits, which
ranges from O (no entanglement) to 1 (maximal entanglement). There-
fore, the measured concurrence for all the qubit pairs demonstrates
that the implemented v/SWAP gate can generate entanglement
between qubits. To evaluate the performance of the v/ SWAP gate, we
performtwo-qubit GST on Qland Q2. By fitting the result to atheoreti-
calmodel, agate fidelity of ~-80% is obtained (see Extended Data Fig. 9
and Supplementary Note VIl for details).

Quantum circuitimplementation

Finally, using a combination of the single- and two-qubit gates dem-
onstrated above, we aim toimplement a quantum circuit designed to
create and distribute an entangled state across the array, as shown in
Fig. 4a. The experimental results are shown in Fig. 4b, where the
single-qubit oscillations of Q4 as a function of ¢y, are modulated in
phase by tsp, resulting in a chequerboard pattern. The underlying
mechanismis that the state of Q2 oscillates as a function of tgyp, as
quantum information is periodically exchanged between Q1 and Q2.
Consequently, the state of Q4, following the quantum state transfer,
also oscillates with ¢,p. Where the evolution of Q4 changes phase,
tswar cOrresponds to the duration of a v/ SWAP operation (modulo an
integer number of SWAP operations), at which point maximal entangle-
mentbetween Qland Q2 is expected. When two qubits are maximally
entangled, the density matrix of each qubit by itself becomes fully
mixed. At this point, the measured P; of Q4 should remain constant
and notoscillate asafunction of ¢,,. This isindeed what we observe in
Fig.4d, where we show the linecuts from Fig. 4b. A trace without appar-
ent oscillations is observed between two sets of out-of-phase oscilla-
tions of Q4, as expected. The same features are seen in Fig. 4c, which
shows the ideally expected chequerboard pattern obtained from
numerical simulations of the protocol of Fig. 4a, assuming perfect
initialization, operations and readout.

We note the chequerboard patternis quite robust to errorsinthe
SWAP gates. Small errors will merely change the contrast of the pat-
tern; for large SWAP errors, the alternating rows are no longer equal
in height. However, when the initialization of Q1 or Q2 leads to super-
position states with a y-axis component (and assuming perfect SWAP
gates), the pattern acquires atilt. Inthis case, the rotation angle of the
final x-axis rotation needed to maximize or minimize P; is no longer
exactly O or mbut depends on the y-axis component of Q4 (and hence
also on ¢q,p) after the sequence of SWAP operations. Looking closely,
theblueand greenoscillationsin Fig. 4d are not perfectly out of phase
with each other, and the data in Fig. 4b show weak diagonal features
not seen in the numerical simulations. These point at the imperfect
initialization of Qlor Q2.

Wealso characterize the remote Bell state of Q1 and Q4 by perform-
ing QST. The experiment was performed at B=5mT and the quantum
circuit is similar except Q1 was initialized into a triplet instead of Q2.
Theresulting Bell state fidelity is 75(2)% and the concurrence is 22(4)%.
Compared with the concurrence of the Bell state of Q1-Q2 before state
transfer, which is 90(1)%, the remote entanglement is reduced by the
transfer process of two consecutive SWAP gates.

Conclusions

We have experimentally demonstrated initialization, readout and uni-
versal control of four singlet-triplet (S-T_) qubitsina2 x 4 germanium
quantum dotarray. By using RB and QST, we obtain average single-qubit
gate fidelities of 99.49(8)-99.84(1)% and Bell state fidelities of 73(1)-
90(1)% for all the nearest qubit pairs. For the Y SWAP gate, we estimate
agate fidelity of ~-80% by fitting the GST result to a theoretical model.
Furthermore, through independent control of the exchange interac-
tions between any pair of neighbouring spins across the device, we are
able to implement a quantum circuit that spans the entire array,

yielding remote entanglement of two singlet-triplet qubits with a Bell
state fidelity of 75(2)% and a concurrence of 22(4)%.

With four universally controlled qubits in a bilinear array, these
results put baseband-controlled singlet-triplet spin qubits in germa-
nium firmly on the map asapotential candidate for large-scale quantum
computing. In future experiments, the two-qubit gate fidelity must
be increased to allow fault-tolerant quantum computation. The gate
fidelities can be potentially improved by suppressing low-frequency
noise using feedback control or pulse optimization**** and by amore
detailed modelling of the effects of spin-orbit interaction. Addition-
ally, other types of two-qubit gates such as the CZ gate for S-T_qubits
can be investigated. Additional improvements can be reached if the
tunnel barriers are more tunable, which canbe achieved by depositing
the barrier gates either before™" or together with* the plunger gates.
Moreover, with programmable control of exchange interactions in
the array, this spin ladder can also be used for analogue simulation of
awealth of rich physical phenomena such as quantum magnetism®’.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Device and set-up

The device was fabricated on a Ge/SiGe heterostructure with astrained
germanium quantum well positioned 55 nm below the semiconduc-
tor-dielectric interface. The ohmic contacts were made by diffusing
the aluminiuminto the heterostructure during annealing. The screen-
ing gates (3/17 nm, Ti/Pd), plunger gates (3/27 nm, Ti/Pd) and barrier
gates (3/37 nm, Ti/Pd) were made in three metalization layers, which
are all separated by 5-nm-thick layers of Al,O, grown by atomic layer
deposition.

The deviceis thermally anchored to the mixing chamber of adilu-
tion refrigerator with a base temperature of around 10 mK. All the
control electronics are at roomtemperature, which connect the device
via 50 d.c. lines and 24 a.c. lines in total. The d.c. and a.c. signals are
combined using bias tees on the printed circuit board with aresistor-
capacitor time constant of 100 msto apply both signals to the same gate
ofthe device. For baseband pulses, acompensation pulse to the gate is
applied to make the d.c. offset over the whole measurement cycle equal
to zero, which mitigates the charging effects in the bias tees. Direct
current signals are produced by custom-built battery-powered d.c.
voltage sources and are fed through a matrix module—abreakout box
with filtersinside—to the Fisher cables of the fridge. Alternating signals
are produced by six Keysight M3202A modules which are connected
directly tothe coaxial lines in the fridge. The output digital filter of the
arbitrary waveform generator channels is set to the antiringing filter
modeto suppress ringing effectsin the baseband pulses. For the filters
inthelines, we use common-mode ferrite chokes at room temperature
tofilter low-frequency noise (10 kHz-1MHz) inthe ground of a.c. lines
and use resistor—capacitor filters (R =100 kQ, C =47 nF for normal
gates, R=470 Q, C=270 pF for the ohmic contacts) and copper-powder
filters that are mounted on the cold finger attached to the mixing
chamber plate to filter high-frequency noise in d.c. lines. A detailed
figure of the measurement set-up is shown in Supplementary Notel.

The sensing dots are measured using radiofrequency (RF) reflec-
tometry with working frequencies of 179, 190, 124 and 158 MHz for
sensors Sy, Spi, Str and Sy, respectively. Tank circuits are formed by
NbTiNinductors mounted on the printed circuit board and the spuri-
ous capacitance of the bonding wires and metal lines on the board
and chip. We apply RF signals using custom-built RF generators and
combine them into a single coaxial line at room temperature using a
power combiner (ZFSC-3-1W-S+). The signal is attenuated at each plate
in the dilution refrigerator and passes through a directional coupler
(ZEDC-15-2B) at the mixing chamber to reach the device. The signal
reflected from the device goes through the same directional coupler
andisthenamplified witha CITLF3 cryogenicamplifier at the 4 K plate.
Atroom temperature, the signal is amplified again and demodulated
by custom-built in-phase and quadrature mixers. The demodulated
signalis sent to aKeysight M3102A module to convert analogue readout
signals to digital signals. We use d.c. blocks to reduce low-frequency
noise (<10 MHz) in the RF lines. The d.c. block inside the refrigerator
blocks the d.c. signal on the inner conductor (PE8210) while the ones
atroomtemperature block that onboth theinnerand outer conductor
(PE8212). To suppress high-frequency noise in the reflected signal, we
use alow-pass filter (SBLP-300+) at room temperature.

Initialization, control and readout

In the experiment, we repeatedly perform single-shot readout
cycles to obtain singlet or triplet probabilities. The integration time
for each single-shot readout is around 10-40 ps, depending on the
signal-to-noise ratio and triplet relaxation time during measurements.
To compensate for the drift of the sensor signal, we use a reference
readout segment before each measurement sequence'. For some data-
sets, we adjust the single-shot readout threshold by postprocessing
instead of through areference segment. In postprocessing, we collect
a histogram of 500-4,000 shots for each data point based on which

wesset the threshold to analyse those shots. In this way, the sensor drift
between data points is mostly filtered out.

Atypical pulse for single-qubit control can include initialization
(20 ps), reference readout (20 ps), initialization (20-50 ps), control
(30-3,000 ns) and readout (20 ps). A ramp-in time of 20 ns between
initialization and control is used to avoid diabatic errors. The posi-
tion of initialization is in the (0,2) or (2,0) regime but deeper than the
PSB readout point to ensure fast relaxation to the ground state. In
single-qubit GST measurements, the gate set includes a null opera-
tion. To avoid the readout immediately following the initialization,
awaiting time of 10 ns at a point in the (1,1) regime is added to ensure
the data acquisition is done correctly. This may decrease the readout
fidelity when the waiting point causes unwanted rotations of the qubit.
For this reason, the waiting point was moved to the readout position
in the two-qubit GST experiment. For multi-qubit initialization and
control, we initialize all the qubits into the singlet simultaneously by
ramping from (2,0) or (0,2) to a high detuning pointin (1,1), except for
the qubit to be subject to single-qubit control, whichis pulsed directly
tothe zero detuning point. We also found that adding abrief precontrol
segment after initialization at high detuning in (1,1) for all qubits (wait
about 2 ns) can give abetter initialization to singlets. This variation is
used insome of the experiments on QST and GST.

Forthe qubit operation times we used inthe measurements of RB,
QST and GST, the typical values are summarized as follows:

«  V/X:43.5ns(Ql),27.5ns(Q2),35ns (Q3) and 25 ns (Q4)
H:65ns(Ql),40ns (Q2),56 ns (Q3) and 40 ns (Q4)
*  v/SWAP:13 ns (Q1-Q2),16.5 ns (Q2-Q3) and 11 ns (Q3-Q4)

Randomized benchmarking

Insingle-qubit RB, we use the native gates/, vX and v/Y to compose the
sequences of Clifford gates. At the end of each sequence, arotationis
appliedto (ideally) bring the qubit back toits initial state, and the final
qubit state is measured using PSB. Experimentally, the single-qubit /
gate is implemented as a pulse segment with zero waiting time. The
Clifford gate sequencelength varies from2t0232, and there arein total
30randomsequences for each sequence length. Single-shot measure-
ment of the tested qubit is repeated 1,000 times for each random
sequence to obtain the singlet or triplet probability. The measured
data are fitted to a function Ps = ApY + B, where p, is the depolarizing
parameter, A and B are the coefficients that absorb the state prepara-
tion and measurement errors, and N is the number of Clifford opera-
tions in the sequence. The average Clifford infidelity can then be
described as r,= (d - 1)(1- p.)/d, where d = 2" is the dimension of the
system and n is the number of qubits. For the single-qubit operations
used here, there are on average 3.625 generators per Clifford composi-
tion (Extended Data Table 1). Therefore, the average gate fidelity is
given by F,=1-r./3.625. The uncertainties in the reported numbers
represent1s.d. acquired from the curve fitting.

Quantum state tomography
The density matrix of atwo-qubit state can be expressedas p = E?Zl ciM;
where M;are16 linearlyindependent measurement operators, and the
coefficients c; are calculated from the expectation values m; of the
measurement operators using a maximume-likelihood estimate. In
the experiment, we performed nine combinations of {I, VX, V¥}
basis-change rotations on the two qubits and obtained the expectation
values m; by determining the joint two-qubit probabilities. To do so,
we performed 500 single-shot measurements per sequence, and
repeated the whole experiment 3-5 times. After that, the measured
probabilities were converted to the estimated actual two-spin proba-
bilities by removing the state preparation and measurement (SPAM)
errors.

The SPAM matrix was measured by aiming to initialize two qubits
into|SS), |ST_), |T_Syand|T_T_),and repeatedly measuringthe two-qubit
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statesinasingle-shot manner. Then we use therelationship Py, = Mg\ P,
where P, are the measured two-qubit probabilities, Mqp,y, is the SPAM
matrix, and P are the actual two-qubit probabilities. We note this rela-
tionship works when theinitialization error is negligible compared with
the readouterror, or it would cause miscorrectionsin the results.

Single-shot readout of two-qubit states was implemented dif-
ferently for different qubit pairs. For Ql and Q2, we first measure
Q1 with an integration time of 20 ps while maintaining Q2 in the
symmetry condition but with 6vb,,=— 60 mV to preserve its state.
Next Q2 is measured. This method uses the same sensor for PSB
readout of both Q1 and Q2, and therefore the two measurements
have to be done sequentially. For Q2-Q3 and Q3-Q4, we performed
SWAP gates to transfer the qubit information to Q1 and Q4, and the
two qubits were measured simultaneously using two sensors on
both sides. Also for the characterization of the remote Bell state
Q1-Q4, the qubits Q1 and Q4 were measured simultaneously using
the two sensors on both sides (after possible single-qubit rotations
to change basis).

The single-qubit rotations before the final measurement were
performed sequentially. Hence, the time between the v SWAP gate and
the single-qubit gate of the second qubit can be dependent on any
single-qubit operation being applied to the first qubit. These different
times would cause different phase accumulations on the second qubit.
Tosolve this problem, we use a waiting time as long as the longest qubit
operation time of the first qubit before performing the basis-change
rotation of the second qubit. This ensures the phase of the second
qubit is consistent throughout the whole experiment (Extended
DataFig. 8a).

TheBellstate fidelity is obtained from the experimentally obtained
density matrix p,,, and the ideally expected density matrix, p;4.,, and

F = Tr(\/y/PidealPexp\/Pidea) - The phase 0 of the ideal Bell state

)y = %(\ST_) +€®|T_S)) is used as a fitting parameter to incorporate

additional (fixed and predictable) single-qubit phase rotations before
and after the /SWAP gate. The fitted 6 for the Bell states Q1-Q2, Q2-Q3,
Q3-Q4andQ1-Q4are0.717,-0.614,-2.718 and 2.507, respectively. We
note the non-ideal pulse effect between the concatenated single-qubit
gate and the vSWAP gate may alsoresultin other types of single-qubit
rotations (Extended Data Fig. 9), which is not incorporated and can
contributeto errorsinthe Bell state preparation. The uncertaintiesin
the reported numbers are the standard deviations calculated from
2,000 bootstrap resamplingiterations of the single-shot readout data
for both the SPAM matrix and P,,.
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Extended Data Fig. 1| Charge stability diagrams and Pauli spin blockade.
a-d, Charge stability diagrams for DQD 1-5 (a), 2-6 (b), 3-7 (c), and 4-8 (d),
respectively.aand b are recorded using the sensor S, while cand d are recorded
using the sensor Sg. Hole numbersinside the relevant charge stability regions are
indicated, showing all the DQDs can be emptied to (0,0). e-h, Charge stability
diagrams measured by scanning the detuning ;and the overall chemical
potential z;;0f the DQD. The PSB regions inside the (2, 0) or (0, 2) areaare
indicated by solid white triangles and trapezoids. For outer DQD 1-5 and 4-8, we
find PSB by pulsing €5 and £,5 from (1,1) to (2,0) and (0,2), where within a
triangular region an electron tunnels between the dots starting from the $(1,1)
but no tunnelling occurs from Ty(1,1), 7.(1,1) and 7.(1,1) due to PSB. For inner
DQD 2-6 and 3-7, we swap their spin states to those of DQD 5-6 and 7-8 where the
sensor signals are stronger. i,j, Illustration of PSB using the energy levels in the
quadruple quantum dot plaquette for DQD 2-6 (i) and 3-7 (j), respectively. The
hole numbers are indicated as ( M, 1y )foriand ( N3, Ny )forj, andthe
ns, Ng nz, ng

subscripts Sand Tshow the two-spin states of holes in the quantum dots
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indicated by bold numbers, respectively. The solid arrows show fast
spin-conserving tunnelling while the dashed arrows show suppressed tunnelling
due to PSB. Here we take pair 2-6 as an example to explain the readout process of
theinner spin pairs. First, we align DQD 1-5 at the charge stability boundary
between (2,0) and (2,1), as shown by the white dot in e, and then pulse £,, from
negative to positive. We subsequently find a shaded region between (0,1) and
(0,2) inthe diagram for DQD 2-6, which is caused by PSBin DQD 5-6. The
mechanismis shownini: when we pulse DQD 2-6 to the point where S(0, 2) is
lower in energy than (0, 1), the holes in DQD 2-6 moves across to DQD 5-6,
irrespective of the spin states. Subsequently, the conventional PSB mechanismin
DQD 5-6 allows 5(1,1) to transition to S(0, 2), while the triplets 7(1, 1) have to
remaininthe (1,1) charge state. In this way, we indirectly realize spin-to-charge
conversion for the two spinsinitially in DQD 2-6. Actually, S(1,1) inDQD 2-6 can
also directly tunnel to S(0, 2) inside the same DQD, as seen by the curved arrow in
i. The mechanism to measure DQD 3-7 is analogous.
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Extended Data Fig. 2 | Data of two-axis qubit control around the x- and z-axis,
measured at B=10 mT. a,b, Pulse scheme and Bloch sphere illustration of x-axis
and z-axis evolution of S — T_qubits. The straight blue and orange arrows show the
corresponding rotation axis. The x-axis rotations are set by the S— 7_coupling,
Agy_-For large/suchthat j — Ez > Agr_» the rotation axis tilts towards the z-axis.
The rotation is never exactly around the z-axis due to the presence of afinite A, ,
yet, sufficiently orthogonal controlis possible when (y — Ez) > Agr_.Inb,we
illustrate a Ramsey-like pulse sequence used to demonstrate z-axis control. We
firstinitialize the qubit into asinglet, performa m/2 rotation around the x-axis of
duration,,,, and then change/ diabatically by pulsing the corresponding barrier
gate by anamount 6vb; toimplement a z-axis rotation. Finally, we perform
another /2 operation around the x-axis and project the qubitinto the S— T_basis
for spin readout. c-f, Experimental results for x-axis rotations of each qubit,

Svb,, (mV)

-80 -40 0
dvb,, (mV)

dvb, (mV)

showing measured triplet probabilities P;as a function of ¢,,,;. and the detuning
voltage ¢;. g-j, Experimental results for z-axis rotations of each qubit, showing P
asafunction of ¢, and the barrier voltage change 6vb;. The oscillation frequency

— 2
isgivenby for_ =/ (—-E,) + AgT_ /h, where his Planck’s constant. We note

that the outer two barrier gates vb,; and vb,s have a stronger effect on the
corresponding/; than the inner barrier gates vb,, and vb,. This may be explained
by additional residual resist below the inner barrier gates, which are fabricated in
the last step™, and by the different fan-out routing for the outer barrier gates (see
Fig.1a,bin the main text). Within the tuning range of the barrier gate, the highest
ratio (/ — E,)/As;_amounts to around 20 for the outer qubits Q1and Q4 and
about 10 for the inner qubits Q2 and Q3 (see Supplementary Information IV for
more details).
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Extended Data Fig. 3| Decoherence times of the qubits under control.

a, Measured triplet probabilities P;of long-time evolutions around the x-axis for
Q1-Q4 at B=5mT. b, Measured singlet probabilities Psas a function of the
evolution time,,, at the centre of the chevron patterns of the SWAP oscillations
for each pair of qubits at B=5mT. The data of aand b are fitted with a function of
theform Py = Py + A cos(2nft + ¢) exp[—(t/7‘*)ﬂ], where Py, A, B.f, T arefitting
parameters. Here frefers to the oscillation frequency, T refers to T}, the
coherence time under x-axis rotations, or Ty, _ ., the coherence time under SWAP
oscillations between adjacent qubits. Furthermore, the parameter 8 determines

wait

the shape of the decay envelope, and the fitted values are shown in the inset. 8
providesinsight into the noise spectrum within the system: when quasi-static or
low-frequency noise dominates, 8 =2, leading to Gaussian decay; whereas when
high-frequency noise prevails, S=1, resulting in exponential decay. The extracted
PBfor the x-axis rotations of Q1-Q3 and all the SWAP oscillations are close to 2,
indicating the dominance of low-frequency noise in this system. Notice the large
value of S for the x-axis rotations of Q4 may result from the fitting error. The
errors represent the 68% confidence intervals obtained from fitting.
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Extended Data Fig. 4 | Coherent control of singlet-triplet states under
different conditions and the average g-factor. a, Pulse scheme to measure
S-T_and S -T,oscillations. A square pulse is used with aramp-in time ¢,,,,,, and
waiting time ¢,,,;.. b, Measured triplet probabilities of DQD 4-8 as a function of ¢,,.;,
and the barrier voltage amplitude 6vb,g with t,,,,=20 ns. As mentioned in the
main text, a block pulse along the detuning axis with 20-nanosecond ramp time
(£.amp) from (0,2) to (1,1) is adiabatic with respect to the tunnel coupling but
diabatic with respect to the S - T_anticrossing. Therefore, we can drive
x-rotations of S — T_qubits when the pulse amplitude reaches zero detuning with
J(gi=0)~ E, (see Fig.1d in the main text). However, when we increase the
barrier voltage change 6vb,s until J(g; = 0) < E, (6vb,5-40 mV), the
S§-T_anticrossings appear away from zero detuning (see Fig. 1c in the main text),
thus the same pulse does not produce x-axis oscillations of the S - T_qubit.
Moreover, under this condition, the S — T, splitting is reduced and the
20-nanosecond ramp time eventually becomes diabatic with respecttothe S— T,
splitting. As aresult, the singlet state will rotate between the Sand 7, states under
the Zeeman energy difference between the two dots AE,. ¢, Measured triplet
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probabilities of DQD 4-8 as a function of ¢,,,;; and ¢,,,, With 6vb,s =40 mV. When
t.ampis small, the observed oscillations are between S and 7,; however, when ¢,,.,,, is
increased until the pulse is adiabatic with respect to the S - T, splitting (over 100
ns), the S— T, oscillations can no longer be observed. Suchalong ramp time can
rotate the initial state to a superposition state between S and T_states, and z-axis
rotations of the S — T_qubit become visible*.. Therefore, we also observe a
transition of S — T, oscillations and S - T_oscillations as a function of t,,,,, in the
figure.d, Therotation frequency £, ofeachqubitasafunctionof the magnetic
field strength B. When the external magnetic field strength is varied while
keeping the gate voltages fixed, the frequency of these S - T_ oscillations
increases nearly linearly with the field due to the contribution from Zeeman
energyin fi .Fromtheslope, we extract gry for the four qubits as shownin the
inset. The errors represent the 68% confidence intervals obtained from fitting.
The dataare acquired using the fast Fourier transform (FFT) of time-domain
oscillationsin e-h. e-h, Measured singlet probabilities P;of Q1 (i), Q2 (j), Q3 (k),
and Q4 () as afunction of ¢,,,;; and magnetic field strength B. The rotations are
induced using the pulse scheme of panel awith ¢,,,,, =100 ns.
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dataina-c, withasignal that can be line-fitted using the g-factor difference 4g;
(inset) of two dots. The errors represent the 68% confidence intervals obtained
from fitting. For Q3, we didn’t find S - T, oscillations, which may be because the
corresponding Agis too low to detect.

Extended Data Fig. 5| Coherent control of § - T, states and g-factor
differences. a-c, Measured singlet probabilities Ps as a function of ¢,,,;. and the
magnetic field strength Bfor Q1 (c), Q2 (d), and Q4 (e) during S — T, oscillations.
Here t,,, is set to zero and the barrier gate voltage is set such that J(g; = 0) < E,
to suppress unwanted S - 7_oscillations. d-f, The fast Fourier transforms of the

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-024-01817-9

Read §

Read T

Init S Init T InitS Init 7

Extended Data Fig. 6 | Results of single-qubit gate set tomography.

a-h Single-qubit Pauli transfer matrices (PTM) of the \/7( gate (a-d) and \/T/ gate
(e-h) for Q1-Q4 (from left to right) obtained from gate set tomography. i-1,
Estimated state preparation and measurement (SPAM) error probabilities from
GST results for Q1-Q4, using the same method as used in*2. We find that the SPAM
errors of Q2 and Q3 are worse than those of Q1 and Q4. There are two reasons.
Firstly, the indirect PSB mechanism is more sensitive to the readout point we

Init S

Init S Init 7 Init 7

chose and the idling point of the other qubit. In particular, the readout fidelity of
the tripletis lower when triplet relaxation is faster at the readout point. Secondly,
the slower tunnelling rate from (0,2) or (2,0) to (1,1) causes an initialization error
insome cases. Also, the instability of the charge sensor can contribute to the
readout error, which makes the readout visibility vary between different
measurements.

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-024-01817-9

a
T S
Y
o¥e o
b
S S
Y O 2
o &e o =

0
0 1.5 3
&, (mV)

Extended Data Fig. 7 | Sequential readout and joint probabilities of two
qubits under SWAP oscillations. a,b, Sequentially measured probabilities P,
Py, Psrand Prrof Q2 and Q3 as afunction of ¢, and the detuning of Q3, 5, after
initializing Q2-Q3into |T_S) (a) and |SS) (b). The dataisacquired at B=5mT.In

a, the out-of-phase signalsin Pr;and Pg-observed around €5,=1.5 mV are the result
of the SWAP oscillations between these two qubits. A similar signal to P but with
lower visibility is observed in P, which can be explained by the higher triplet
readout error for Q2 than for Q3. The sequential readout is achieved by pulsing
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&, (mV)
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[
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the barrier gate §vb,, to-60 mV, where we measure Q3 first for a duration of 20 us
and simultaneously keep Q2 in the centre of (1,1) with sufficiently large/, where
the Hamiltonian eigenbasis corresponds to the qubit readout basis>"*>*°. In the
next step of the sequence, Q2 is measured. In panel b, we do not observe any
apparent leakage to | 7T) but only see signs of single-qubit rotations at low
detunings. This is expected given that, in this regime, the states | TT) are far away
inenergy from the other states (see Fig. 3b in the main text).
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Extended Data Fig. 8 | Quantum gate circuit and results for quantum state
tomography of the Bell states. a,c,f,i, Quantum circuit used to prepare and
characterize a Bell state for different qubit pairs. In a, we plot the details of the
single-qubit basis changes after the generation of the Bell state, where we apply
afixed wait time before performing gates on Q2 to keep its phase consistent
through all the experiments. In ¢, SWAP gates are used to transfer the state of Q2
to Qland that of Q3 to Q4. Next Q1 and Q4 are measured simultaneously using
two sensors. In f, two consecutive SWAP gates are used to transfer Q3 to Q1.

Next Qland Q4 are measured simultaneously using two sensors as well. In

i, the quantuminformation s transferred from Q2 to Q4 before performing the
single-qubit gates for basis changes. This allows us to quantify the entanglement
between Qland Q4 after state transfer. d,g,j, Two-qubit density matrices
obtained from the corresponding quantum circuit after removal of measurement
errors and using MLE for Q2-Q3 (d), Q3-Q4 (g) and Q1-Q4 (§) (Fig. 3h shows the
density matrix for Q1-Q2). Measurement errors were removed based on the

Init SS sT 1S IT

Init SS sT 1S IT

Kk Read
SS

ST
T8

T

Init SS sT 1S IT

SPAM matrices. These matrices include not only measurement errors but also
initialization errors, hence we are overcorrecting. The fact that initialization
errors for most qubits were much smaller than measurement errors combined
with the fact that MLE forces the resulting density matrix to be physical, helps
ensure areliable outcome. If we don’t attempt to remove readout errors, the
density matrices show state fidelities and concurrences of 71.3(6)% and 9(2)%

for Q1-Q2, 64.2(6)% and 10(2)% for Q2-Q3, 64.6(7)% and 0(0)% for Q3-Q4 and
64.4(9)% and 0(0)% for Q1-Q4. The errors represent the 68% confidence intervals
(Methods). b,e,h,k, SPAM matrices used in the quantum state tomography
analysis of Q1-Q2 (b), Q2-Q3 (e), Q3-Q4 (h) and Q1-Q4 (k). The SPAM matrices
of Q1-Q2 and Q1-Q4 were measured directly by initializing them to the indicated
states and measuring the corresponding pair in a single-shot manner. For Q2-Q3
or Q3-Q4, we initialized the qubits to the indicated states and measured the state
of Q1-Q4 after the SWAP operations. These SPAM matrices do include errors
from the SWAP operations.
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Extended Data Fig. 9 | Measurement sequence and results of two-qubit gate
set tomography. a, lllustration of the gate voltage pulses for atwo-qubit circuit.
Performing a single-qubit gate in the two-qubit space is nontrivial since during
the time one qubit is undergoing an operation, the idling qubit could suffer from
unwanted rotations and crosstalk. To solve this problem, we pulse the idle qubit
to anoperating point where it completes a 2w rotation during the time needed to
operate on the other qubit (see Supplementary Information VIII for more
details). b-e, Measured PTMs obtained from GST for single-qubit gates in the
two-qubit space, including \/;(QI (b), \/7(02 (c), \/7Q1 (d)and \/702 (e).f-i, Theideal
PTMs from GST for single-qubit gates in the two-qubit space, including \/)—(Q1 f),
\/)_(Q2 (g), \/T’Ql (h)and \/702 (u).j, SPAM error matrix of the measured two qubits

IT11TIXXXXYYYYZZZ
IXYZIXYZIXYZIXY

7 AR

estimated from GST, using the same method as used in*>. k, The PTM of the
standard v/ SWAP based on anisotropic Heisenberg exchange Hamiltonian. I, The
experimentally measured PTM, M, obtained from GST. m, The theoretical
PTM, M, of the y SWAP-style gate obtained by fitting the experimentally
measured PTM, M., witha PTM generated by Eq. (28) in Supplementary
Information VII (the fitted parameters are given there). The Hamiltonian Eq. (28)
includes effects of spin-orbit coupling that are left out in the Hamiltonian of Eq. (2)
of the main text. The fidelity of the v SWAP-style gate is obtained from

_ 1 -1
F= ——(TrIMg,

and N refers to the number of qubits.

Meyp1/d + 1), where d=2"is the dimension of the Hilbert space,
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Extended Data Table 1| Single-qubit Clifford gate decomposition

Clifford | Gate decomposition

1 7

2 VX

3 \Y

4 VX X

5 \Y Y

6 VX Y

7 VY X

8 VX X X

9 VY Y Y

10 VX X Y

11 VY Y X

12 VX VY X

13 VX Y Y NY

14 VX X X NY

15 VY X X AX

16 VY Y Y X

17 VY Y X X

18 VX X Y Y Y
19 VY Y VX AX X
20 VX X X NY X
21 VX X X NY Y Y
22 VY Y Y X X X
23 VX X X AY Y Y X
24 VX X X AY X X X
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