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Parity-dependent state transfer for direct
entanglement generation

F. A. Roy 1,2,6 , J. H. Romeiro 1,3,6 , L. Koch 1,3, I. Tsitsilin1,3, J. Schirk1,3,
N. J. Glaser 1,3, N. Bruckmoser 1,3, M. Singh1,3, F. X. Haslbeck 1,3,
G. B. P. Huber 1,3, G. Krylov 1,3, A. Marx 1, F. Pfeiffer 1,3,
C. M. F. Schneider 1,3, C. Schweizer 1,4, F. Wallner 1,3, D. Bunch 1,3,
L. Richard1,3, L. Södergren 1,3, K. Liegener 1,3, M. Werninghaus 1,3 &
S. Filipp 1,3,5

As quantum information technologies advance, challenges in scaling and
connectivity persist, particularly the need for long-range qubit connectivity
and efficient entanglement generation. Perfect State Transfer enables time-
optimal state transfer between distant qubits using only nearest-neighbor
couplings, enhancing device connectivity. Moreover, the transfer protocol
results in effective parity-dependent non-local interactions, extending its uti-
lity to entanglement generation. Here, we experimentally demonstrate Perfect
State Transfer and multi-qubit entanglement generation on a chain of six
superconducting transmon qubits with tunable couplers, controlled via
parametric drives. By simultaneously activating and engineering all couplings,
we implement the transfer for up to six qubits, verifying single-excitation
dynamics for different initial states. Extending the protocol to multiple exci-
tations, we confirm its parity-dependent nature, where excitation number
controls thephase of the transferred state. Finally, leveraging this property, we
prepare a Greenberger-Horne-Zeilinger state using a single transfer operation,
showcasing potential of Perfect State Transfer for efficient entanglement
generation.

Quantum information technologies have evolved significantly in the
past 20 years and are now at the verge of demonstrating useful
applications of quantum computing1–5. Nonetheless, many technolo-
gies are facing limitations in the scalability of their platform. In parti-
cular, efficiently connecting distant qubits within the same processing
unit, and even between different processing units, poses a significant
challenge for the generation of highly entangled states. Qubit shuttling
has proven to be a successful solution to the problem of connectivity
for several different platforms6–11. Nevertheless, some platforms fea-
ture qubits that are static in nature, as is the case for solid-state

technologies such as superconducting qubits, making this scheme
impossible to use. In this scenario, information has to be moved via a
series of swap operations between adjacent qubits until it reaches its
destination. As a result, entanglement generation is generally limited
and requires sequences of two-qubit and single-qubit gates to achieve
the desired state. Alternatively, there have been proposals and
demonstrations havingmultiple qubits coupled to a common element
to increase connectivity and to generate many-body entanglement.
These protocols are either designed for a limited number of qubits
embedded in low-connectivity architectures12–16, or require specially
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designed architectures where all qubits involved must share a com-
mon coupling element 17–21. Consequently, both approaches face lim-
itations in further scaling upmany-body entanglement and in coupling
genuinely distant qubits.

In this context, Perfect State Transfer (PST) provides an alter-
native approach to efficiently couple and entangle multiple qubits. In
PST, an arbitrary number of qubits is assumed to be coupled along a
linear chain with no extra elements, making it a more viable technique
for scalable architectures. By activating all couplings in the chain and
controlling the strength of the time-independent couplings, quantum
states are time-optimally transferred between the qubits on either end
of the chain22–35. The same configuration of coupling strengths also
result in state transfers between all pairs of mirror-symmetric qubits,
i.e. equidistant from the center of the chain. In fact, when considering
multiple excitations, the phase of the transferred state will depend on
the parity of excitations present between the initial and final transfer
locations, as described in detail in36. This gives rise to multi-qubit
interaction terms that can be utilised for efficient many-body entan-
glement creation, as well as for implementing multi-qubit gates36–39.
Compared to previous approaches, PST yields non-local connectivity
between qubits and provides a method to efficiently generate entan-
glementwithout the need formodifications to the hardware. However,
experimental work so far has been limited to transfers with excitations
only present in the ends of the chain40–52.

Here, we experimentally demonstrate the properties of PST in the
presence of multiple excitations throughout the chain. Using super-
conducting transmon qubits53 and parametrically driven tunable
couplers54, we implement and control the required couplings and
perform the operation for different lengths of chains and prepared
initial states. Our results show that excitations transfer from each
initial qubit to its mirror-symmetric counterpart. By transferring a
superposition state, we directly observe the dependence of the final
phase to the number parity of excitations, as predicted by theory.
Harnessing these properties, we generate a three-qubit Greenberger-
Horne-Zeilinger (GHZ) state with a single PST operation. Finally, using
the theory of graph states, we show how this method can be

generalised to larger qubit numbers, showcasing the usefulness of the
PST protocol for scalable quantum hardware.

Results
Device description
Experiments are carried out on a superconducting device hosting six
fixed-frequency transmon qubits, (qi), each coupled in a ring layout to
their twonearest neighbours via tunable couplers, (cj), shown in Fig. 1a.
All qubits have individual drive lines and readout resonators for single-
qubit control and measurement, respectively. The Hamiltonian of this
system is given by

Ĥ=_=
X
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qi
âqi

+
αqi

2
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ây
qi
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+
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âcj

+
X
fi, jg

gij

2
ðây
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where a and a† are the creation and annihilation operators for qubits
(qi) and couplers (cj), with frequencies and anharmonicities given by
ωqi=cj

and αqi=cj
, respectively. The strength of static couplings between

qubits and their neighbouring couplers is given by gij. The coupler
frequencies can be individually tuned by applying external magnetic
fieldsϕcj

. Qubit populations aremeasured throughdispersive readout.
Measurement errors are characterised using an assignmentmatrix and
mitigated by applying matrix inversion55. A circuit diagram repre-
senting all qubits and couplers in the device is shown in Fig. 1b and
device parameters are given in Supplementary Table 1.

Local qubit-qubit interactions are activated via parametric drives
on the respective tunable couplers. By applying the external flux
ϕcj

ðtÞ =ϕdc +Aj cosðΔjt=kÞ, we modulate the coupler at the k-th har-
monic of the difference frequency Δj between adjacent qubits, gen-
erating an effective interaction between them54, as shown in Fig. 1c.

Fig. 1 | Device and parametric coupling. a False-colour image of the six-qubits
device. Fixed-frequency transmon qubits (blue) are arranged in a ring with tunable
transmoncouplers (green) between them tomediate couplings. Individual coupler
flux lines (red) and qubit drive lines (orange) enable full control of the system.
Individual readout resonators (purple) coupled to feed lines (brown) on either side
of the chip are used to readout the qubits. Wire bonds (black) connect all ground
planes and the PCB lines to lines on the chip. b Circuit diagram representing the
device. All qubits (blue) couple capacitively to the couplers (green) on either side.
The couplers are tuned in frequency via the flux ϕ(t) (red) threading through their
respective SQUID loop. Parametric drives are used to activate and control effective
couplings between qubits. c Schematic energy level diagram of two neighbouring

qubits (blue) and the coupler (green). The states are labelled as jqcqi. A para-
metric flux drive modulates the coupler at the difference frequency of the qubits
Δ (grey arrow) activating the effective coupling J (black arrow). Yellowdashed lines
represent the shifted levels induced by the drive. ZZ shifts due to the interaction of
levels with two excitations are shown in orange. d Effective coupling strengths
between all neighbouring qubit pairs on the device. Green lines indicate the full
range of coupling strength achievable by varying the amplitude of the parametric
drive of each coupler. Red dots show the choice of coupling following the PST
solution for N = 6. Coupler c6 is not modulated (grey dot), turning off the inter-
action on this edge of the ring.
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Since the couplers are in the dispersive regime (jωcj
� ωqi

j≫ gij) they
can be decoupled from the qubit dynamics by performing a time-
dependent Schrieffer-Wolff transformation56. Then, truncating the
qubit states to the computational subspace yields the effective system
Hamiltonian

Ĥeff=_=
X

1 ≤ i≤6

Jiðσ̂�
i σ̂

+
i 0 +h:c:Þ

h

+
ζ i
4
ð1i1i 0 � 1iσ

z
i 0 � σz

i 1i 0 + σ
z
i σ

z
i 0 Þ
�
:

ð2Þ

Here, σ ± are the raising and lowering operators, σ z denotes the Pauli Z
operator, 1 denotes the identity and i 0 � ðimod6Þ+ 1 indicates the
index which succeeds i. Due to the anharmonicity of the transmon,
hybridisation between states with two excitations results in unwanted
ZZ interactions57,58, whose strength ζidepends on the biasingϕdc of the
couplers. The effective coupling strengths Ji from modulating the k-th
harmonic between adjacent qubits i and i0 can be tuned by changing
the amplitude Ak

i of the respective parametric drive, resulting in54,59

Ji �
∂kωci

∂ϕk

�����
ϕdc

giigi 0 i

Δ2
i

Ak
i

2
: ð3Þ

The ranges of achievable experimental couplings for our devices,
shown in Fig. 1d, are limited by the onset of higher-order error
processes at largemodulation amplitudes60.Without parametric drive,
the effective couplings between adjacent qubits are largely sup-
pressed, with ratios g/Δ <0.02 for all pairs, except for qubits q3 and q4
which partially hybridise (g/Δ =0.16) due to their small frequency
difference. Therefore, utilising parametric drives enables us to control
the active couplings on the device and their relative strengths.

Perfect state transfer protocol
In a chain of N coupled qubits

Ĥchain=_=
XN�1

n= 1

Jnðσ̂�
n σ̂

+
n+ 1 + h:c:Þ, ð4Þ

a PST is realised by setting the coupling strengths as

Jn =
π
2τ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðN � nÞ

p
, ð5Þ

resulting in a state transfer from any qubit and its mirror-symmetric
qubit in the transfer time τ. Notably, PST provides the time-optimal
solution to transfer states between the ends of the chain61,62.

We implement PST on a chain of N = 6 qubits with a transfer time
of τ = 640ns by setting the coupling strengths according to the PST
formula in Eq. (5), as shown in Fig. 1d. The coupling strengths are
initially calibrated by individually driving each coupler and sweeping
the respective drive amplitude. Then, all drives are applied simulta-
neously and their frequencies and amplitudes are further optimised
using a closed-loop routine63,64 to compensate for shifts caused by
neighbouring drives (see Methods).

We vary the duration of the applied drives and observe transfer
dynamics for different initial locations by measuring the excited state
population on all qubits.When the excitation is prepared on one of the
outer qubits of the chain, it spreads out to the neighbouring qubits
forming a single wave-packet structure, as shown in Fig. 2a when qubit
q1 is initially excited. At the transfer time τ = 640ns, the excitation
refocuses on qubit q6, located at the other end of the chain. The pro-
cess repeats every integer multiple of the transfer time, with the
excitation alternating between the two ends of the chain. Relevant
stages of the transfer dynamics are highlighted in subplots (i–iv). If
instead the excitation is prepared on one of the intermediate qubits, as
shown in Fig. 2b for q2, the excitation first spreads out in two separate
wave-packets travelling in opposite directions. Both components then
eventually reflect off the closed boundaries and refocus at the mirror-
symmetric qubit, q5, after the transfer time τ. The process repeats itself
until decoherence effects of the qubits become dominant. Finally,
when preparing the excitation on one of the centre qubits, as shown in
Fig. 2c for q3, the dynamics exhibit multiple splittings, yet the excita-
tion refocuses at integer multiples of τ, as in the other cases.

We simulate the perfect dynamics of PST by evolving the chain
Hamiltonian in Eq. (4) in the single-excitation manifold with the ideal
coupling strengths Jn from Eq. (5). Relaxation effects are included with
the addition of non-Hermitian diagonal terms�iπ_Γn1 , where Γ

n
1 = 1=T

n
1

Fig. 2 | Perfect state transfer protocol. Single-excitation dynamics are shown for
excitations starting on anouter (a), intermediate (b) and centre (c) qubit for a chain
of six qubits. Experimentally measured populations are visualised in a contour plot
(middle) and compared to simulations (bottom), which include the effect of

relaxation on the qubits. The solid-bar plots (i–iv) show themeasured population in
all qubits at times t =0, 0.5τ, τ, 2τ for τ = 640ns. Black wireframes indicate the
expected populations from simulation.
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is the measured decay rate of qubit qn
65. The simulation (blue contour

plots in Fig. 2) matches well the observed dynamics, suggesting that
errors in the transfer are dominated by decoherence. Nonetheless, the
excitations partially disperse throughout the chain over time, as can be
observed when comparing the qubit populations at times
t =0, 0.5τ, τ, 2τ in subplots (i–iv) to simulation results, shown as black
wireframes. While dephasing and flux noise are the main causes of
dispersion during the transfer, we attribute this effect also to the
hybridisation between qubits q3 and q4.

Equivalent results to the ones shown here are obtained when
repeating the same experiment for all initial states and chain lengths
varying from three to six qubits (see SupplementaryNote 2). However,

notable is the case of the excitation starting on the centre qubit which
for odd length chains is the mirror of itself. In this scenario, the exci-
tation fans out intomultiple branches and refocuses back at the centre
qubit after every transfer time τ.

Parity-dependence of perfect state transfer
The PST protocol produces effective non-local interactions which
efficiently transfer single excitations between two distant qubits.
However, in the presence of excitations in multiple qubits along the
chain, it produces additional interaction terms, therefore effectively
coupling all thequbits in the chain. Indeed, the chainHamiltonian from
Eq. (4), shown as grey lines in Fig. 3a, produces stroboscopically
equivalent dynamics to the effective non-local parity-dependent
Hamiltonian

ĤPST=_=
π
2τ

XbN2c
n= 1

O~n�1

k =n+ 1

σ̂z
k

 !
ðσ̂�

n σ̂
+
~n + h:c:Þ, ð6Þ

shown in Fig. 3a as coloured lines36. Since the dynamics of the two
Hamiltonians are equivalent at multiples of the transfer time τ, we can
understand the operation generated by the PST protocol through the
effective Hamiltonian in Eq. (6). Here, the transversal coupling terms
σ−σ+ in the sum implement the transfers between themirror-symmetric
qubits at positions n and ~n =N + 1� n. At the same time, the parity
operators P̂~n�1

n+ 1 =
N~n�1

k =n+ 1σ̂
z
k 2 f�1, 1g modify the sign of the coupling

depending on the number parity of excitations between qubits qn and
q~n. Therefore, each mirror-symmetric transfer produces a parity-
dependent phase of ± π/2, resulting in the effective multi-qubit
operation

P̂-iSWAPn =

1 0 0 0

0 0 eiP̂
~n�1
n+ 1π=2 0

0 eiP̂
~n�1
n + 1π=2 0 0

0 0 0 1

2
66664

3
77775: ð7Þ

The full PST operation is UPST =
NbN2c

n= 1P̂-iSWAPn. To intuitively under-
stand the origin of this parity-dependence, we can think of the system
of qubits as fermions in a lattice by using a Jordan-Wigner
transform66,67. When fermions swap through each other they
acquire a phase of π changing the phase of the transferred state from
π/2 to −π/2 and vice versa. Since the Jordan-Wigner transform leaves
the chain Hamiltonian from Eq. (4) unchanged, the fermion and qubit
dynamic are equivalent, with the qubit experiencing the same phase
changes.

The parity-dependence can be observed explicitly by monitoring
the evolution of the superposition state j+ xin � ðj0in + j1inÞ=

ffiffiffi
2

p
,

prepared on qubit qn. When PST is applied, the state is transferred to
q~n and acquires a phase conditioned on the number of encountered
excitations, i.e. j+ xin ! j± yi~n = ðj0i~n ± ij1i~nÞ=

ffiffiffi
2

p
, where the sign

depends on the number parity. This mechanism is shown on the Bloch
sphere in Fig. 3b for a transfer from qubit q2 to q5 on a N = 6
qubit chain.

In our experiment, we verify the parity-dependent property with
the transfer between the ends of the chain. We prepare qubit q1 in a
superposition state, apply PST and determine the state of qubit q6
using quantum state tomography68–70. The density matrix is recon-
structed from the tomographic data using a maximum-likelihood
estimator while imposing physical constraints71. The x-y angle of the
transferred state is thenmeasured for all possible initial computational
states in the inner qubits q2, q3, q4 and q5. We repeat the process for
four different initial superposition states of q1, j± xi and j± yi, and for
each determine the phase acquired during the transfer, as shown in
Fig. 3c. As expected, the phase of the transferred state encodes the

Fig. 3 | Parity-dependence of the PST protocol with multiple excitations on a
six-qubit chain. aSchematic of the qubit chainwith effective PSTcouplings.Qubits
(circles) are connected in a chain by nearest neighbour couplings (grey lines). The
effective multi-qubit interactions contain hopping terms σ−σ+ between the outer
(blue), intermediate (red) and centre qubits (green), and include additionally the
parity operator applied to all qubits in between. b A superposition state j+ xi
prepared on qubit q2 (left) acquires a phase of ± π/2 when transferred to q5 (right).
The sign of the phase is controlled by the number parity P̂4

3 of the excitations on
qubits q3 and q4 (centre). cAcquired phase in the transfer fromqubit q1 to q6 for all
configurations of the inner qubits q2, q3, q4 and q5. The phase is given by the x−y
angle of the state of q6 after the transfer, as measured by quantum state tomo-
graphy. Values and error bars (standard deviation) are obtained from the phases
measured from four different initial superposition states of q1, j± xi and j± yi. The
background and label colours highlight the parity (purple - odd, orange - even) of
the inner qubits and the excitation of each qubit (light - zero, dark - one). Dotted
line shows simulation results when taking unwanted ZZ couplings into account.
Inset shows the distance from ideal phase as function of number of excitations.
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parity of the inner qubits, corresponding to ∼π/2 for an even number
of excitations and to ∼ −π/2 when the number parity is odd. We attri-
bute unwantedZZ interactions to causedeviations from the ideal ±π/2
phase. This is supported by the fact that the error in the acquire phase
increases linearly with the number of excitation in the inner qubits, as
shown in the inset of Fig. 3c. Furthermore, we simulate the PST
operation including ZZ interaction with measured strengths ζi
obtaining good agreement with the observed results [dotted line
in Fig. 3c].

Entanglement generation
The parity-dependent property of the PSTmakes it a powerful tool for
generating entanglement between the qubits in a chain. Each of the

effective transfer processes that occurs during PST yields correlations
between the state of the transferred qubits and the state of the qubits
between them. Therefore, by exploiting the correlations produced by
these simultaneous transfers, we can generate entanglement over the
whole chain37. This intuition is formalised by using the theory of graph
states, a subset of multi-qubit entangled states which are well studied
and allow for a simple graphical representation72–74. In a graph state,
nodes represent qubits initialised in the j+ i state and edges indicate
pairwise Ising σzσz (CZ-like) interactions between the nodes. In this
formalism, a GHZ state of the form ðj0 . . .0i+ j1 . . . 1iÞ=

ffiffiffi
2

p
corresponds

up to single-qubit operations to a complete graph, i.e. with all-to-all
connectivity. Therefore, a GHZ state can be achieved by preparing the
qubits in a superposition state, applying consecutiveCZgates between
all pairs of individual qubits and applying a final layer of single
qubit gates.

To illustrate how the PST operation maps to the graph state
formalism, we decompose it into two-body operations. As derived in
Eq. (7) and shown in Fig. 4a for six qubits, the PST canbedescribedbya
product of mirror-symmetric transfers, each implementing a parity-
dependent iSWAP operation. Eachmirror-symmetric transfer can then
be decomposed into a single iSWAP gate and a series of CZ gates
implementing the parity-dependence, as shown in Fig. 4b. In the graph
state representation, each of these two-qubit interactions contributes
individual edges between the qubits in the chain, resulting in the all-to-
all connected graph shown in Fig. 4c–d. As this remains valid for dif-
ferent qubit numbers, a single PST operation can be utilised to directly
generate a GHZ state for any chain length. Note that the iSWAP gates
also contribute edges to the graph, since these are equivalent to a CZ
gate followedby a SWAPoperation and single-qubit Z gates: Given that
all qubits are initialised in the j+ xi state, the SWAP operations do not
alter the state of the chain, leaving only the Z gates, which commute
with the CZ operations and are incorporated in the final layer of single-
qubit gates (see Supplementary Note 3).

We demonstrate this process for a chain of three qubits q5, q6 and
q1, using the gate sequence shown in the inset of Fig. 4e, where the PST
operation lasts τ = 390ns. These qubits were chosen to mitigate the
adverse impact of residual ZZ interactions, whichwould affect the PST
operation as well as single-qubit gate fidelities. All qubits are prepared
in an equal superposition state j+ xi by applying Hadamard gates.
Applying a single PST operation entangles the state of the qubits by
imparting parity-dependent phases to each of the computational
states. Finally, a layer of single-qubit gates maps the fully-entangled
graph state onto the GHZ state jψGHZi= ðj000i+ j111iÞ=

ffiffiffi
2

p
. The

obtained state ρexp is determined using quantum state tomography
and produces a FGHZ = Tr ðρy

expρidealÞ=84:97% fidelity overlap with the
targetedGHZ state, as shown in Fig. 4e. ThePSTdynamics also result in
an additional phase of ei0.378 on the j111i state. Since the GHZ state is a
superposition of only two computational states, this phase error is
equivalent to applying a single-qubit Z rotation.When allowing for this
additional phase freedom in the GHZ, we obtain a fidelity of
F 0
GHZ = 88:08%. The obtained fidelity is close to the simulated deco-

herence limit of 89.11%.

Discussion
We have experimentally implemented a Perfect State Transfer (PST)
protocol on chains of up to six qubits, demonstrating simultaneous
control of parametric couplings of multiple neighbouring qubit pairs.
This state transfer occurs not only between the qubits at the end of the
chain, but also for all mirror-symmetric pairs. Furthermore, in the
presence of multiple excitations along the chain, our experiments
exhibit parity-dependent properties where the phase of a transferred
state depends on the number parity of all excitations within the chain,
in good agreement with the theoretical prediction. Harnessing the
parity-dependence, we explicitly demonstrate the generation of a GHZ
state in a chain of three qubits using a single PST operation with a

Fig. 4 | Multi-qubit entanglement generation with a single PST operation.
Circuit decomposition of the six-qubit PST into iSWAP operations with parity-
controlled phases (a) which each decompose further into an iSWAP and multiple
CZ gates (b). c Graph representation of the chain with edges corresponding to all
effective two-qubit interactions generated by a single PST. Dashed edges denote
iSWAP interactions, whereas continuous lines indicate CZ interactions. Colours
identify the specific transfer from which each two-qubit interaction originates.
d Rearrangement of the chain graph which emphasises the all-to-all connectivity
corresponding to a GHZ state. e Reconstructed density matrix of the experimen-
tally realised GHZ state ρexp (solid bars), with ideal values plotted as black wire-
frames ρideal = jψGHZihψGHZj. Allowing for an arbitrary Z rotation of the final state
yields F 0

GHZ = 88:08%. Inset shows the circuit diagram for the GHZ state creation on
a chain of size N = 3.
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fidelity of 88.08%. By mapping the entanglement generation protocol
to the theory of graph state, the method can be generalised to larger
qubit numbers.

The two main sources of errors in our implementation of PST are
decoherence during the gate and residual ZZ couplings. The effect of
decoherence in our system can be overcome by increasing the
strength of the static capacitive couplings gij to achieve faster trans-
fers, as well as by increasing the EJ/EC ratio to suppress dephasing due
to charge noise. Precise targeting of qubit frequencies would allow to
operate the qubits in the straddling regime ðjωqi

� ωqj
j<� αqi=qj

Þ
where the ZZ coupling can be fully suppressed58,75. Alternatively,
additionaldrives canbeused to control and cancel out theseunwanted
couplings76–79.

By harnessing simultaneous interactions with no additional all-to-
one resources, PST provides an efficient way to implement effective
operations between distant qubits on the same or on different chips
and createmany-qubit entanglement. Compared to its decomposition
into single- and two-qubit gates, PST results in a two-fold reduction in
total gate time36 and exhibits increased robustness to coherent and
incoherent errors (see Supplementary Note 4 for details), presenting a
useful tool in the pursuit to create large-scale quantumcomputers. For
example, PST could be used for applications in parity-check codes.
Here, the transfer and measurement of a superposition state between
the outer qubits in a chain, as implemented in this work, realises a
direct parity measurement of the other N − 2 qubits. Furthermore,
realising PST on overlapping chains opens up the possibility to gen-
erate different classes of graph state80 and enable quantum routing81,
with potential applications in quantum communication82,83 and quan-
tum sensing84. Besides purely unitary operations, we note that GHZ
states can also be generated in constant depth viameasurement-based
circuits85–90.

In addition to the discussed applications, the PST protocol can be
extended andmodified in a number of ways. By introducing detunings
between the qubits, the method can be generalised to implement
Fractional State Transfer36,91–95, where excitations onlypartially transfer
between mirror-symmetric qubits. The fractional transfer operation
exhibits the same parity-dependent property of PST (see experimental
results in Supplementary Note 5), which allows for performing small
evolution steps of the effective parity-dependent interactions, Eq. (6),
enabling simulation of fermionic systems96 and gauge field theories97.
Chain Hamiltonians can also be tailored to implement more general
types of transfers, e.g. from one qubit to many, thus allowing for the
generation of larger classes of entangled states98,99. Moreover,
extending the couplings to allow for time-dependent control provides
further speed-ups100 and enables the exploration of a large family of
multi-qubit operations101. Finally, PST can be generalised to operate in
networks with higher connectivity: analytical solutions for coupling
strengths resulting in PST have been found for hyper-cubes and other
cube-like graphs102–104, triangular lattices105–107, multi-layer hexagonal
lattices108, as well as any network which can be described as intersec-
tions of one-dimensional chains38,109. The latter results provide a direct
implementation in higher-dimensional grid lattices, as shown in Sup-
plementary Note 6.

Methods
Calibration of parametric drives
To control the strength of the simultaneous parametric couplings, we
perform multiple rounds of calibration. First, we characterise the
effective coupling strengths Ji for each pair of neighbouring qubits as a
function of the parametric drive amplitude Ai while all other drives
(Aj≠i) are set to zero. For each amplitude, wemeasure the population of
the two qubits involved while varying the drive duration and fre-
quency. The resulting Chevron patterns are then fitted to Rabi oscil-
lations in order to estimate the effective coupling strengths Ji(Ai) and

the resonant transition frequencies. The obtained values deviate
slightly from Eq. (3) due to frequency collisions and higher-order
corrections. In particular, the transition frequencies are shifted from
the expected qubit-qubit detunings Δi due to drive-induced Stark
shifts. Given the required PST coupling strengths from Eq. (5), we are
then able to set the drive amplitude and frequency accordingly. For
each pair, we repeat the same procedure while also driving the two
neighbouring couplers off-resonantly. This allows us to correct up to
first order the qubit frequency shifts caused by neighbouring simul-
taneous drives.

As a final step, we apply all drives needed for PST simultaneously
and fine-tune all amplitudes and frequencies using an optimiser
enabled with experiment feedback. The experiment consists of trans-
ferring a single excitation from any initial qubit, with populations in all
qubits measured at intervals up to five times the transfer time τ. The
resulting average population error, calculated from an ideal transfer, is
then fed to a Tree-Structured Parzen Estimator optimiser provided in
the Optuna Python library110. Convergence of the closed-loop opti-
miser is shown in Fig. 5 for transferring an excitation initially prepared
on qubit q1 through a chain of six qubits. Convergence of the closed-
loop optimiser results in drive parameters accounting for all cross-

Fig. 5 | Optimisation of simultaneous drives for PST on the six-qubit chain.
Parameter changes as a function of optimiser iteration are shown for drive ampli-
tudes (a) and drive frequencies (b). Results for the five parametric drives are offset
for visualisation, with dashed black lines showing their initial value. For reference,
the average drive amplitude is 0.21 (arb. units) and the average drive frequency is
183MHz. c Population errors averaged over all qubits over up to five consecutive
transfers. Black dashed line and red line indicate themovingmean andminimumof
the error respectively.
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dependencies and thus reducing the transfer error, as shown in Fig. 5
for a chain of N = 6 qubits.

Data availability
All relevant data supporting the main conclusions and figures of the
document are available upon request.
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