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In quantum computation and quantum information processing, the manipulation and engineering of quantum systems
to suit certain purposes are an ongoing task. One such example is quantum state transfer (QST), an essential requirement
for both quantum communication and large-scale quantum computation. Here we engineer a chain of four superconducting
qubits with tunable couplers to realize the perfect state transfer (PST) protocol originally proposed in quantum spin networks
and successfully demonstrate the efficient transfer of an arbitrary single-qubit state from one end of the chain to the other,
achieving a high fidelity of 0.986 in just 25 ns. This demonstrated QST is readily to extend to larger chain and multi-node
configurations, thus serving as a desirable tool for scalable quantum information processing.

Keywords: quantum state transfer, superconducting circuit, tunable coupler

PACS: 03.67.—a, 03.67.Ac

1. Introduction

Quantum computing has long held the promise of
solving intractable problems that its classical counterpart
cannot.'? Superconducting quantum circuit is one of the
leading candidates to build a practical quantum computer, !
on which the experimental quantum advantage is firstly
demonstrated.*> Transferring information from one location
to another is a fundamental requirement for both classical
and quantum information processing.!®~! High-fidelity quan-
tum state transfer is crucial for realizing a large-scale quan-
tum computer''” and harnessing the full potential of con-
temporary state-of-the-art quantum processors.!!'~14l Long-
distance quantum information transfer is necessary for the
communication between quantum processors, which is usually

accomplished through photon-mediated!”!-1¢]

or phonon-
mediated!!”! quantum state transfer with the additional inter-
face between stationary qubits and flying qubits. As to short-
distance quantum state transfer, a key ingredient in on-chip
quantum information processing, various theories have been
proposed for high fidelity quantum state transfer (QST) across
a stationary lattice. [3-°-18.19]

Specifically, the perfect state transfer protocol!'3! (PST)
realizes perfect QST across a stationary coupled lattice
through Hamiltonian evolution for a fixed period of time. In
an N site linear chain, the state of site n can be transferred to

site N —n+ 1 perfectly with pre-engineered inter-qubit interac-
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tion. So far, PST has been experimentally demonstrated in nu-

(201 in optical systems with

clear magnetic resonance systems,
an array of coupled waveguides,?!! and in solid-state quan-
tum systems with a chain of four superconducting transmon

e.l?? The experiment

qubits in the fixed coupling architectur
performed in the superconducting circuit relied on full con-
trol of the effective couplings between neighboring qubits by
parametrically modulating the qubits. In this approach, the
tunable range of the effective coupling strength is consider-
ably limited by the intrinsic geometric coupling of the circuit,
which limits its transfer speed. Moreover, due to the always-
on coupling, the send-qubit and the receive-qubit can not be
isolated from the chain before and after the transfer process;
this will degrade its performance in a quantum network. To
overcome these drawbacks, tunable coupler would be desir-
able in the transfer channel,'>!7! see Fig. 1(a). Recently, the
tunable coupler architecture proposed by Yan Fei et al.!>*! and

its variants[2+2

I have been wildly used in large-scale super-
conducting quantum processors. The tunable coupler is almost
the same as a tunable qubit, which makes it highly compatible
with state-of-the-art control and fabrication methods of super-
conducting circuits. The coupling strength can be tuned over
approximately three orders of magnitude, and the residual ZZ
interaction between neighboring qubits can also be effectively
suppressed, 2! which is favorable for simultaneous quantum

operations.
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Fig. 1. (a) Two sub-processors A and B are connected with a PST chan-
nel. The tunable couplers in the transfer channel can be turned on to
allow information flow between A and B, and can also be turned off
to ensure independent functioning of the two sub-processors. (b) The
layout of our device. Our sample is a four-qubit chain (red, Q1—-Q4)
and each nearest-neighbor two qubits are coupled via a coupler (blue,
C1—C3). All the qubits and couplers are frequency tunable transmons.

o

7

In this work, we utilize this tunable coupler architecture
to demonstrate a fast and high-fidelity PST in a chain of four
superconducting transmon qubits with tunable couplers in be-
tween. With the high on—off ratio of the tunable couplers, the
transfer cycle is accomplished efficiently in a single step, and
it is as fast as 25 ns, comparable to the shortest duration of a
single swap operation in superconducting circuit.?®>’! To re-
alize the exact Hamiltonian required for PST, we employ the
differential evolution (DE) algorithm!?8! to fine-tune the con-
trol parameters and realize nearly PST with a fidelity of 0.986.
Simulation and a more detailed error matrix analysis show that
this fidelity is mainly limited by the short decoherence time of
our sample.

2. Experiment setup and methods

Our experimental device is depicted in Fig. 1(b), where
four frequency-tunable transmon qubits (Q1—Q4) line up with

(a) 0.2 0.4 0.6 0.8P (b)

0.45

Qubit Z bias (V)
o
=

0.2 0.4 0.6 0.8

the tunable couplers (C;—C3) sandwiched between each pair
of qubits. Each qubit, dispersively coupled to an independent
readout resonator, has its own XY and Z control lines; the cou-
pler is only equipped with Z control line. The frequency of
the qubit or coupler can be tuned dynamically using ac-bias or
statically using dc-bias applied on its Z control line. The ef-
fective coupling strength between a pair of adjacent qubits Q;

and Q;, | can be described by!**!
8ici8it1,ci
gi:gi7i+1+7HAl =, (1
where + =1 (wl-—lwc. wﬂ%@), o is the frequency of each

element, and g; ; is the direct coupling strength between ele-
ments i and j, which is related to their corresponding coupling
capacitance and is fixed once designed and fabricated. The
system Hamiltonian can be noted as

H/h=X} 15 GZ+Z3 18i(0i +0;) (o +054), @

where O'f’i are the Pauli operators. In experiment, we align the
four qubits on resonance so that the 6° term can be dropped
and the effective Hamiltonian in the interaction picture can be
simplified as

Hi/h =28 (00}, + 07 0,). Q)

Now the only control parameters are g;. Furthermore, ac-
cording to Eq. (1), g; is solely determined by the frequency
of C;. According to the theory reported in Ref. [18], a quan-
tum state can be transferred perfectly over a qubit chain of any
length as long as one can pre-engineer inter-qubit interactions.
In addition, in a linear chain of N qubits, PST requires the
i(N—i),
where go is a constant. In this condition, when we prepare
Q; in state |y;) = a|g) + Be), and all other qubits are in the
ground state |g) (|e) represents the excited state), after a dura-
i)

(up to a phase factor), and meanwhile all other qubits would

coupling strengths to follow the function g; = go

tion T = m/2g9, Oy—i+1 Will be in the state |Yy_;+1) =

turn back to |g). That is, the state from site i can be perfectly
transferred to site N —i+ 1.

Fit

0 02 04 06 0 0.1
CouplerZ bias (V)

CouplerZ bias (V)

0j2 013 0.4 0 0.1 02 03 04

Coupler Z bias (V)

Fig. 2. (a) The relationship of qubit Z bias and coupler Z bias when fixing the qubit frequency at its working point. The insert shows the pules
sequences. A 7 pulse of 500 ns duration with fixed driving frequency is applied on Q4, when the qubit frequency is correctly compensated, its
population would reach the maximum. The red dashed line is the fitted result. (b) Swap spectroscopy between Q3 and Q4 when changing the
Z bias of C3, the extracted inter-qubit coupling strength is shown in (c), where we can see that the coupling strength can be effectively turned

off and on to more than 30 MHz.
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Before showing the tunability of the g;, we note that the
frequency of each qubit is also dependent on the frequency of
the nearest-neighboring coupler owing to the strong coupling
between them;!*! this will make the tuning process compli-
cated. However, this dependence can be released by compen-
sating the qubit frequency when tuning its adjacent coupler
with a pre-calibration experiment. As shown in Fig. 2(a), we
fix the drive frequency of Q4 at the working point while scan-
ning the qubit Z bias and the nearest-neighboring C3 Z bias si-
multaneously. The fitted red dashed line in Fig. 2(a) indicates
the compensated Z bias of Q4 for each Z bias of C3 around Q
working point. With this calibration data, the compensation
can be done automatically in software, enabling the indepen-
dent control of qubit frequency and coupler frequency.

The effective inter-qubit coupling strength g; can be ex-
tracted from the swap spectroscopy between Q; and Q;+. To
demonstrate its tunability, taking g3 for example, we prepare
|0010) by applying a 7 pulse to Qs at its idle point. Then
we apply a rapid Z pulse on Q3 so that |0010) and |0001) are
on resonance and meanwhile turning on Q3—Q4 coupling by
adjusting the Z bias amplitude of C3. We wait for a variable
delay time 7 and measure the state population transferred to
|0001) as a function of 7 and Z bias of C3. By fitting the oscil-
lation frequencies in Fig. 2(b), we plot the effective coupling
strength g3 as a function of Z bias of C3, as shown in Fig. 2(c).
The inter-qubit coupling strength can be turned off and on to
more than 30 MHz. In the same way, we determine g; and
&> as a function of the Z bias of the corresponding coupler,
respectively.

Figure 3(a) shows the pulse sequences for the state trans-
fer process. We prepare Q4 in the excited state while all other
qubits stay in the ground state and bring all the qubits and
couplers into their working point where the qubits are on res-
onance and g; : g2 : g3 = V/3 : 2 : v/3. Then we measure the
population of each qubit simultaneously as a function of pulse
length 7. Flat-top Gaussian pulses are used to suppress the
unwanted leakage onto non-computational states. The pulse
amplitudes are obtained iteratively using the calibration pro-
cedures shown in Figs. 2(a) and 2(b). To further optimize
these amplitudes, we use the DE algorithm to minimize the
mean squared error between the numerically simulated and ex-
perimentally measured trajectories. The final result is shown
in Fig. 3(b) for g»/(2m) = 20 MHz, where the population of
Q4 (red circle) flows to Q3, Q> and Q;(blue circle) in turn.
The full lines correspond to numerical simulation results. The
population of Q4 is completely transferred to Q; at ¢ = 25 ns,
as expected. Besides, the evolution of population indicates
that the transfer continues to go forward and backward as ¢ in-

creases. Att = 50 ns, the population of O is transferred back

to Q4 in turn. As shown below, these repeated transfer cycles
offer a straightforward method to benchmark the performance
of the process fidelity of QST,??! such that errors inevitable
during state preparation and measurement (SPAM) can be ig-

nored.

(a) Prepare Transfer Measure
Q| ----- FEEEEEEEEEE— N
Cl ””””””””””””””””
Q: - [ e
CQ ”””””””””””””””
Qy ~mmmmmmmmmmmmmmmmmmee- ]
Cg 77777777777777777777777777777
Q4 ,/,\, ,,,,,,,,,,,,,,,, N

/\ XY control [l Readout
----- dc-bias ac-bias
(b) 1.0 5

Population

150

Transfer time (ns)

Fig. 3. (a) Pulse sequences for the state transfer process. The XY con-
trol pulse is only applied on Q4 to prepare arbitrary single qubit state.
The ac-bias is applied on Qj, Q4, Cy, C3 during the transfer period to
bring them to working point, and is also applied on Q>, O3, C; during
the simultaneous measurement duration. (b) Experimentally measured
(circle) and numerically simulated (line) dynamic population flows of
Q4 (red) and Q; (blue) during the transfer process.

3. Results

We assess the performance of the PST by performing
QPT in this work.[*"! Preparing Q4 in four linear indepen-
dent initial states {|g),le), (Ig) +1e)) /v2.(l8) —ile)) /v/2}.
we can derive the standard process matrix ¥ “*P that contains a
single qubit phase ¢ accumulated in the quantum state transfer

process. We use a x I matrix corresponding to a Z rotation op-

erator U = i(p] to fit the measured y°*P, where the accu-

1
0e
mulated phase @ is the only fitting parameter. Define the error
matrix?!l " = Vy*PV* where V;,, = Tr(E; E,U")/d and
E, are Pauli basis operators, d = 2. Then the process fidelity
can be defined as F, = Tr(x*" x!), where x! corresponds to the
ideal case with only one non-zero element XIII = 1. Due to the
limitation of our control hardware in phase synchronization
for different channels, only even times transfers can be investi-
gated in our experiment. By properly controlling the operation
time, we perform a series of QPT for different even numbers
of transfers. The measured process fidelity is depicted as a
function of the number of transfers in Fig. 4(a). Fitting the de-
cay curve in Fig. 4(a) to F = AP™ 4 B, where m is the number
of transfers, we get the PST process fidelity F;, = 0.986.
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Following the error matrix method developed by

Korotkov,B!!

the PST process. Firstly, the SPAM errors can be deducted,

we can further investigate the error budgets of

the process matrix without SPAM errors X oopan ~ X" —
( el — xl), where ™! is the measured error matrix of iden-
tity gate. Taking the experimental data for transfer times
m = 2 as an example, as shown in Fig. 4(b), the pure pro-
cess fidelity without SPAM error F,(m = 2) = 0.965, from

which we estimate the pure process fidelity of single QST
Fy(m=1)=/F,(m=2)=0.982, agrees well with the fitting

result in above. Secondly, by transforming xoqpays into its di-
agonal form A, as shown in Fig. 4(c), the decoherence error
can be extracted, 3132 g4.. = 1 — Ayp = 3.06%, which indicates
that the infidelity of our quantum state transfer process pri-
marily comes from the decoherence error, agreeing well with
the numerical result. Moreover, we extract the relaxation time
T\ = 6.0 ps and dephasing time 7> = 1.5 us of the transferred
state from the experiment data for the initial state prepared in
le) and (|g) +|e)) /v/2, respectively. Note that this dephasing
time of the transferred state is much longer than the average
dephasing time of the four qubits when they are stationary at
their working points (~ 0.5 us), which is consistent with the
findings in Ref. [22].

Process fidelities

0 25 50 75 100
Number of transfer (m)

(C) I—AH = 0.0306

—T

Fig. 4. PST process fidelity. (a) Process fidelity F, decays as trans-
fer number m grows. The error bars are obtained from five repeated
experiments representing one standard deviation. Fitting the fidelity
data to F = AP™ + B (orange solid line), we get P = 0.986, rep-
resenting a high fidelity QST. (b) Process matrix without SPAM er-
rors YSspan for m =2 in the basis of Pauli matrices, with a fidelity
Fy(m =2) = 0.965, from which we estimate the fidelity of single QST
Fy(m=1)=/F,(m=2)=0.982, agrees well with the fitting result in
(a). (c) The diagonalized matrix A of ¥S5pay for m = 2, whose largest
eigenvalue Ay is related to the decoherence error, &ec = 1 — Ay =
3.06%. The height and color of the bars correspond to the amplitude
and phase of the matrix elements, respectively. The transparent outline
shows the ideal value.

4. Conclusion

In conclusion, we experimentally realized a fast (25 ns)
and high-fidelity (0.986) PST in a chain of four superconduct-
ing transmon qubits with tunable coupler architecture. This
efficient state transfer is made possible by the large on—off ra-
tio of the tunable coupler. Currently, decoherence is the main
error source in PST process. We anticipate that better coher-
ence will further improve PST performance. The PST demon-
strated in this work constitutes an important tool for on-chip
entanglement generation and distribution. Our technique can

also be directly generalized to other different configurations to

T [33-35

allow more robust QS I'and extend to a larger chain or

multi-node quantum network,*®! making it a valuable tool for
scalable quantum information processing.
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