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Quantum simulation can be implemented in pure digital or analog ways, each with their pros and cons. By taking advantage of the
universality of a digital route and the efficiency of analog simulation, hybrid digital-analog approaches can enrich the possibilities
for quantum simulation. We use a hybrid approach to experimentally perform a quantum simulation of phase-controlled dynamics
resulting from a closed-contour interaction (CCl) within certain multi-level systems in superconducting quantum circuits. Due to
symmetry constraints, such systems cannot host an inherent CCl. Nevertheless, by assembling analog modules corresponding to
their natural evolutions and specially designed digital modules constructed from standard quantum logic gates, we can bypass

such constraints and realize an effective CCl in these systems. Based on this realization, we demonstrate a variety of related and
interesting phenomena, including phase-controlled chiral dynamics, separation of chiral enantiomers, and a mechanism to

generate entangled states based on CCl.
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INTRODUCTION

Digital quantum simulation relies on decomposition of the
evolution of a targeted Hamiltonian into a sequence of discrete
quantum logic gates'™. While in principle this can be done for an
arbitrary quantum system?, it often requires an intimidating
number of gate operations with high precision. Analog approaches
exploiting the continuous nature of quantum evolutions may often
be more efficient®, but usually must be designed on an adhoc
basis. Hybrid digital-analog quantum simulation has thus been
proposed to combine the universality of digital approaches with
analog efficiency®'2. The flexibility in engineering and assembling
digital and analog modules generates abundant possibilities for
quantum simulation that are hardly available otherwise. For
example, in a simulation of the quantum Rabi model'®, a deep-
strong coupling that is inaccessible to pure analog or digital
approaches could be realized via a hybrid method'*.

In this work, we show that by employing a hybrid method, one
can perform quantum simulations that may not be straightforward
to implement via a direct mapping of the targeted Hamiltonian to
the involved physical platform. In particular, we demonstrate phase-
controlled quantum dynamics and related phenomena via closed-
contour interaction (CCl) in superconducting quantum circuits, which
was originally forbidden by certain symmetry-imposed selection
rules. The simplest realization of CCl involves a three-level system.
Such systems with two of the three possible transitions being
coherently driven have been widely researched for both funda-
mental interest and promising applications in areas such as quantum
sensing'>'® and quantum information processing'’. By opening the
third transition, the three levels form a loop with a CCl, which leads
to various quantum phenomena, including phase-dependent
coherent population trapping'®, phase-controlled dynamics'®, and
coherence protection?’. A closed-loop configuration can also be
used in the detection and separation of enantiomers®' =2, i.e,, chiral

molecules with left (L) and right (R) handedness, which has long
been a challenging problem in chemistry®*.

In practice, the implementation of CCl is often hindered by
selection rules for transitions imposed by symmetry constraints in
realistic systems. Common practice in overcoming this problem
includes the simultaneous use of multiple drivings of different types
(e.g., both electric and magnetic dipole transitions)° or high-order
processes such as a two-photon transition®>2°, Here, we first show
that in a three-level system subject to such selection rules, one can
engineer the system Hamiltonian by assembling two digital and
one analog module to induce a CCl with only two coherent drivings
of the same type. Phenomena related to CCl, such as phase-
controlled chiral dynamics, are observed. By making such driving
fields time-dependent, we are able to demonstrate a proposed
scheme to separate chiral molecules with high fidelity*’, and we
can extend our technique to more complex systems. Specifically,
we propose and realize a scheme to generate entangled states
using a CCl across two coupled superconducting qubits.

RESULTS
Realization of CCI

Consider a three-level system composed of three states
{l9),le),|f)}. The system is coherently driven by two external
fields of the same type, such as electric-dipole allowed transitions,
that correspond to |g) < |e) and |e) «— |f). The effective
Hamiltonian of the system under rotating-wave approximation is
given by (see Methods section)
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Fig. 1 Realization of CCl with a hybrid digital-analog approach.
a A three-level system (a qutrit) driven by two detuned external
fields (described by a Hamiltonian of Hp), when combined with
specially designed digital modules (the T block) constructed from
discrete quantum gates, can be used to realize the Hamiltonian H
hosting an inherent CCl: Te=!Tf = e~ with a gauge-invariant
phase ¢. For consistency with the literature, we relabel the states of
the qutrit as |g), |e), |f) = 1,2,3. b In a similar way, combining the
natural evolution of two resonant qutrits driven by two external
fields (with identical amplitudes and phases, indicated by different
colors) with certain digital modules can result in a CCl in a subspace
of the system. Here 1, 2, and 3 correspond to |gg), |ge), and |eg),
respectively. The gray sphere beside the state of three represents a
dark state that is decoupled from the evolution of the system (see
Methods section).
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where Qu5 and A,z are the amplitudes and detunings,
respectively, of the two external driving fields (see Fig. 1a).

If the system assumes a restrictive symmetry, then the third
transition |g) < |f) of the same type is forbidden. Even in systems of
less restrictive symmetry (e.g., artificial atoms such as superconduct-
ing qubits), the amplitude of such transitions is usually vanishingly
small®®, Previously, a third driving of a different type or of the same
type but of higher order was used to close the loop to form a CCI*>%,
We take a different approach by combining an analog module
corresponding to the evolution driven by H, with two digital modules
that are unitary operators constructed from standard quantum gates
(see the flowchart on top of Fig. 2a). Now the effective Hamiltonian
resulted from the three combined modules can be obtained via
e M/l = Te=Mot/hTT (the matrix form of T and T' is given in the
Methods section). If the amplitudes and detunings of the two

drivings in Ho are set to Qq = [Qye + Q=4 0)]/\/2,
Qg = [—Qpe~Pa=h) + Q€] /\/2, Dyg=—0Q one obtains:
" 0 Qpe—’¢p Qqe’¢q
H=3 Qpe's 0 Qe s |, ®)
Qqe % Qe 0

This Hamiltonian differs from Hy in that it naturally contains
nonzero amplitudes for all three possible transitions, and the
magnitudes and phases of all three amplitudes can be adjusted
independently (see Fig. 1a). Therefore, inherent CCl dynamics can
be expected for such a Hamiltonian. In the case of equal and
constant magnitudes, Q,,,=0Q, the population dynamics are
strongly dependent on the phases ¢, of the driving fields,
through a gauge-invariant global phase ¢ = ¢, 4 ¢s — pg. We will
show an experimental demonstration of such CCl dynamics.

We used Xmon-type superconducting qutrits in our experi-
mental work. In this kind of artificial atom, the transitions of |g) <
le) and |e) < |f) are electric-dipole allowed, whereas the
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Fig. 2 Phase-controlled quantum dynamics resulting from CCl in
a single qutrit. a Upper part: flowchart of the expenment including
a block for initialization (Xg.), a digital module of T composed of
three gate operations, an analog module of the natural evolution
driven by Ho, and another digital module T, followed by projection
measurements that yield the three populations of P, ;3. Both ramp-
on and -off time of the continuous microwave driving in the analog
module is <1ns. The effect of such a finite ramping time is
negligible since observing the CCl and analyzing the related physics
require a time scale much longer. Lower part: P, 3 as functions of
the time span of the intermediate natural evolution for three values
of the gauge-invariant parameter ¢. b Energy spectrum of the
Hamiltonian of H in Eq. (2), obtained via discrete Fourier transform of
the measured populations. It is shown in the form of |E,, - E,,|, where
Ey are the eigenenergies of H, and m, n €{1, 2, 3}. Dashed white lines
represent theoretical predictions.

transition |g) < |f) of the same type has a vanishingly small
amplitude®®. Two external microwave driving fields in the forms
described above (Q, ) are applied to the qutrit, with Q, 5 =Q and
three independently adjustable phases ¢p, 4. Probability of states
is measured and normalized following a procedure widely
adapted by the community (see Methods section for details),
and is used for subsequent data analysis. More details of the
experimental setup can be found in the Supplementary Note 1.

CCI dynamics

We first study the CCl dynamics of the system by measuring its
time evolution at different values of ¢. Figure 2a shows the
temporal sequence of operations. The system is initialized in the
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Fig. 3 Chiral separation via CCl. a Coupling schemes of chiral molecules with L and R handedness. Identical drivings result in a difference of
7 in the overall phase of the loop, indicated here as different couplings (£Q,) between the states of 1 and 3. b Pulse sequence for the driving
fields Q,(t), Q,(t), and +Q,(t). ¢ Measured population P; versus time and pulse area A for L (left panel) and R (right panel) handedness, where
the initial state |y,) =|1). The maximum population contrast is obtained when A~=1.23 (indicated by the white dashed lines). t=0
corresponds to the moment when the +Q, pulse reaches its maximum magnitude. d The population P; as a function of time for A =1.23,
showing that the transfer to the state of three is nearly perfect for L handedness, but completely suppressed for R handedness. The spheres
illustrate the trajectories of state evolution in the Majorana representation by mapping the qutrit states to two points on the spheres*? (see

Supplementary Note 4).

first excited state of |(t = 0)) = |e) by a standard X gate. A digital
module containing three quantum gates is applied to the qutrit,
followed by an analog evolution driven by Hy with two control
parameters: the time span and the gauge-invariant phase ¢.
Another digital module, which is the Hermitian conjugate of the
first digital module, is applied, followed by projection measure-
ments that yield populations of all three states. As discussed
previously, the combined effect of the middle three blocks is to
subject the system to evolve under the Hamiltonian H as in Eq. (2):
e Mt/h = Te=t/ITt (see Methods section for details).

The gauge-invariant phase ¢ assumes a role as the flux of a
synthetic magnetic field, which controls the dynamics of the
system. At ¢ = 0, the populations evolve in time with a symmetric
pattern without a preferred direction of circulation (middle panel,
Fig. 2a). Such symmetry in the circulation pattern is not observed
for values of ¢ that are not integers of 7. Two examples
corresponding to ¢ =xmn/2 are shown in Fig. 2a. In each case, a
circulation of certain chirality is observed: clockwise for ¢p = —n/2
and counterclockwise for ¢ = /2. Such differences are rooted in
the symmetry of the system upon time reversal. An examination of
the time-reversal symmetry (TRS) in a strict sense requires
reversing the flow of time, which is of course not experimentally
feasible. However, the periodicity presented in the evolutions
shown in Fig. 2a allows for a practical definition of the TRS: y(t) =
W(To—1t), where T, is the period of a given evolution’. By
comparing the evolutions from t=0 forward and from t=T,
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backward, Fig. 2a shows that the TRS is preserved for ¢ =0, but
broken for ¢ = £n/2.

In addition to demonstrating the phase-controlled dynamics
under CCl, we mapped out the electronic structure of the system
as a function of ¢. The eigenenergies of H are given by
Ex =Qcos[¢p/3 — @o(k + 1)], with ke{1,2,3} and @o=2m/3. A
Fourier transformation of the measured populations can reveal the
energy differences |E,, — E,| with m,ne{1,2,3} and m=n, as
shown in Fig. 2b, which agree with the simulated results using H in
Eq. (2). The anti-crossings at ¢y =+ in the spectrum can be
explained by the slight detuning of the coherent drives and
environmental fluctuations®°.

Chiral separation

Beyond constant driving fields, we further consider a closed loop
driven by three time-dependent fields Q,(t), Q,(t), and Q,(t), which
was proposed to detect and separate enantiomers with L and R
handedness by using the phase-sensitive interferometric nature of
the closed-loop configuration®’.

For a three-level system subjected to a pumping drive Q,(t)
(1) < |2)) and Stokes drive Qf) (|2) < [3)) (see Fig. 3a;
for consistency with the literature, here we label the three
states as |1), |2), and |3)), the three eigenenergies and

corresponding eigenstates are Ay = */Q2 +QZ, A =0, and

|x+) = (sinB]0) +]2) + cos 6]3)), |xo) = cosB|1) —sinB|3), with
tanB(t) = Qp(t)/Qs(t). In the celebrated technique of stimulated

npj Quantum Information (2021) 73

np)j



npj

Z. Tao et al.
4
P P
(a) |eg) 0O Peg V PggtPee A Pge
l99)
lee)
lge)
(b) e0)
97 1gg)
lee)
lge)

Fig. 4 Generation of entangled states using CCI. a, b The measured populations of Py, Pge, and Pgg + Pee. The non-entangled states |eg) and
|ge) in a and b evolve into the entangled states of (|gg) +i|ee))/+/2 within time t, under the maximum TRS breaking condition ¢ =+ 71/2.
c Real and d imaginary parts of the density matrix for the entangled state of (|gg) + ilee))/+/2, constructed from data obtained by quantum
state tomography. e Real and f imaginary parts for the state of (|gg) — ilee))/v/2.

Raman adiabatic passage?*>°, the two pulses are arranged in a

counterintuitive order with the Stokes pulse coming first, and the
eigenstate |x,) evolves adiabatically from |1) to —|3) as 6 varies
from 0 to 71/2, thus accomplishing a nearly perfect state transfer
coherently.

It has been shown that by adding a counterdiabatic driving
Qq(t) (J1) < |3)) to close the loop, the resultant dynamics
of the population become dependent on the handedness
of the system®2. In particular, with the same driving
fields, the Hamiltonian of the system is H.Yf =
(]2)(1] + QsI3)(2| £ Qg€ 3)(1]) + H.c. (Fig. 3a), where the
+(—) sign is for L(R) handedness, and H.c is the Hermitian
conjugate. Such a sign difference will result in the same
counterdiabatic driving doubling or canceling the nonadiabatic
coupling presented in the system, depending on its handedness.
If ¢ is set to —n/2, then the populations of the final state, Ps, of
the enantiomers with L and R handedness are different. For
example, with carefully chosen values of the pulse areas, the
handedness can be efficiently determined by measuring Ps
alone, where P; = 1(P; = 0) for L(R) handedness®’. We note that
such a counterdiabatic driving was originally proposed to
accelerate various adiabatic processes, but here its major effect
is to differentiate the L and R handedness.

We use pump and Stokes pulses of a Gaussian form in our
experiment: Q,(t) = Qpe~(t-7/2°/7, Q (t) = Qpe~(+7/2°/7 Both
pulses have a width of T and are delayed by the same amount. A
third pulse in the form of Q,(t) = +26(t) is applied, where the
+(—) sign corresponds to L(R) handedness. We prepare the system
in an initial state of |x,). As discussed above, for L handedness, the
nonadiabatic transition is canceled by Q(t) and the system
remains in the state |x,), inducing a perfect population transfer
from [1) to |3) with Pi_3=1 as O(t) evolves from 0 to m/2.
Conversely, for R handedness, the nonadiabatic transition doubles,
which enables |x,) — |x.) and P;_3 < 1. Figure 3c shows the time
evolution of P; with different pulse areas Am, which is defined as
J Qpsdt = Qot/T = Am. At A=1.23, the driving fields Q,,, in the
form of Fig. 3b result in a maximum distinguishability between a
population transfer |1) — |3) for L handedness with P;_;=0.986
and the same transfer for R handedness with P;_3;=0.003
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(Fig. 3d). This result is expected following the original theoretical
proposal®’.

Entanglement generation with CCI

Next, we extend the generation of CCl via pure microwave
drivings to a more complex system of two coupled qubits, and
further demonstrate a mechanism of entangling two qubits based
on CCl, different from existing schemes that are widely used in
quantum information processing with superconducting quantum
circuits.

Consider the four-level system formed by two Xmon super-
conducting qubits with a coupling strength of J (see Fig. 1b). We
apply two transverse resonant driving fields to the two qubits,
with an identical amplitude of J/v/2 and a phase difference
of ¢q — ¢ = ¢. Similar to the single-qubit case discussed above,
we combine the natural evolution of such a driven system (an
analog module) and a unitary operation T’ (two digital modules
implemented via standard gate operations) to realize an effective
Hamiltonian for a three-state system {|eg), |ge),|gg)} that can
host CCl (see Fig. 1Tb and Methods section). Furthermore, we can
generate entangled states of the two qubits by removing the
unitary operation T, since it transforms the entangled state |gg) +
e |ee) to the ground state |gg).

Specifically, the two-qubit system can be directly transferred
from the non-entangled state |eg) or |ge| to the maximum
entangled states of (|gg) ilee})/v/2 (Fig. 4a, b), within a time of
ty = 2/(3+/3J), under the condition of maximum TRS breaking at
¢ ==+mn/2. The density matrices p. of the entangled states |, )
characterized by quantum state tomography are given in Fig. 4cf,
with fidelities of F, =0.963£0.026 and F_=0.923 £0.029. The
analytical form of the nontrivial two-qubit unitary operator e~ is
given in the Supplementary Note 3.

This mechanism of generating entanglement based on chiral
CCl dynamics is different from the previous constructions of
iISWAP*33* and controlled-Z gates®7, formed by the subspace
{|ge), leg)} or {|ee),|fg)} in superconducting qubits. Using a
geometric classification of two-qubit gates developed by Zhang
et al.*®, we have found that the specific implementation of this
mechanism as reported here results in a class of perfect entangler
that can generate maximally entangled two-qubit states. We have
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also verified that this class is locally inequivalent to other
commonly known methods (e.g., CNOT, iSWAP, iPhase, v/iSWAP)
for generating entanglement between two qubits in the sense
that they cannot be linked via local operations acting on single
qubits. Moreover, the technique used here utilizes two continuous
microwave drivings that are independently adjustable. Such extra
flexibility makes it possible to use the current technique, with
proper adjustments of parameter settings, to realize other classes
of two-qubit entangler, such as a B gate that is known to be one of
the most efficient entanglers®.

DISCUSSION

We have proposed and experimentally demonstrated an effective
realization of CCl in genuine three-level systems that do not host
CCl inherently due to certain symmetry constraints. By assembling
an analog module of the natural evolution governed by their
original Hamiltonians with carefully designed digital modules, we
can effectively bypass such constraints and establish a CCl without
auxiliary driving signals that are technically challenging to
implement. Based on such a CCl, we can demonstrate a variety
of interesting related phenomena such as a phase-controlled
chiral dynamics, chiral separation, and a mechanism to generate
entangled states.

The hybrid digital-analog approach used here is essential to our
work, since on the one hand the above symmetry constraints
forbid an inherent CCl that would manifest in the analog
evolutions of the systems, and on the other hand, a pure digital
approach is practically infeasible, as too many quantum gate
operations would be required, especially to simulate the natural
evolutions of the systems. This work serves as a preliminary
demonstration of the enriched possibilities for quantum simula-
tion by the hybrid digital-analog approach. One can reasonably
expect, by assembling more sophisticated and ingeniously
engineered analog and digital modules, the realm of quantum
simulation that is accessible by pure analog or digital approaches
can be largely expanded, a welcome development before we
realize a universal and fault-tolerant digital quantum computer.

METHODS

Experimental setup

We used the Xmon-type of superconducting qutrit with a tunable
frequency via a bias current on a Z-control line. Microwave pulses are
applied to the qutrit via an XY-control line. All quantum gates in the digital
modules have a time span of 20 ns. The state of the qutrit can be deduced
by measuring the transmission coefficient S,; of the transmission line
using a standard dispersive measurement*. For each data set in the main
text, the displayed probability of states is obtained by processing the raw
data using the following procedure of normalization. Prior to each
measurement, the quitrit is successively prepared into the g, e, f states, and
in each case pg, p, pr are measured. All nine acquired probabilities are then
arranged into a readout matrix R, which is used for normalizing all
subsequent measurements. For example, a raw data set of p =
(pg.,pe,pf)T is multiplied with the inverse of R to obtain the normalized
probability of states R~"-p’. For the part of experiment involving two
qubits, they are coupled via an ancillary qubit that can fine tune the
effective coupling strength*'. Further details of the samples and
measurement setup can be found in the Supplementary Note 1.

Effective Hamiltonian of the three-level system

The effective Hamiltonian of the microwave-driven qutrit in a rotating frame
is described by Eq. (1) in the main text. Here going into the rotating frame is
realized via a transform of U = |g)(g| + |e)(e|e*! + |f)(f|e/@s*¥s!), where
WA = Wge — Ay, Wp=wer— g (see Fig. 1 for definitions of terms). Under the
rotating-wave approximation, Hy in Eq. (1) is resulted. The unitary operator

Published in partnership with The University of New South Wales

Z. Tao et al.

T that serves as a digital module is

1/vV2 0 —e%/\2
T= 0 1 0 , 3)
e /2 0 1/V2

which can be constructed from three single-qutrit gates R, A7, 0) - Ry o(17/2, —
@q) - Redm, m), where R,,,(6,¢) represents a rotation in the subspace of

{Im), In)}:
cos(6/2) —e " sin(6/2
Rm,n(e,zﬁ):( ° .( /2) (6/ )>.
€?sin(0/2) cos(6/2)
The combination of the natural evolution of the original Hamiltonian
and the unitary operations gives the effective Hamiltonian H in

Eq. (2): e Mt/h = Te~iMot/hT which describes a three-level system
with CCI.

(4)

Effective Hamiltonian of the four-level system
Consider the four-level system formed by two coupled superconducting
qubits with a coupling strength of J. We apply two transverse resonant
driving fields, one to each qubit, with identical frequency w, = wp, = wge
and amplitude |Q4] = |Qs| = J/+/2, and a phase difference of ¢, — do=10.
In a rotating frame realized via a transform of U = (|g)(g| + |e)(ele"") ®
(l9){(g| + |e){e|e™*") and under the rotating-wave approximation, the
Hamiltonian is given by
H/h = J(cos¢of + sin ol +02)/v2 + J(0f © 08 + 0% ® 05) /2
0 1 e 0
o, 0 V2o (5)
o V2leér 2 0 1 |
0 € 1 0
Combining the natural evolution governed by this Hamiltonian and a
unitary operation defined as
1 0 0 e
1 0 2 0 0
T=— V2 (6)
V21 0 0 v2 o0
- 0 0 1
gives an effective Hamiltonian H' via e~ H't/h = T/e=Ht/hTT;

H' = J(leg)(ge| + |ge)(gg| + €”leg)(gg| + H.c.). Y
This Hamiltonian describes a three-level system with CCl. If the two unitary
operations, T" and 71 are dropped, then Eq. (7) becomes

H =J(11)(2] + [2)(3] + €*1)(3] + H.c.). ®)

Here, {|1),]2),]3)} form an invariant triplet subspace of the overall Hilbert

space  of  {[1),12),]3),D)} = {leg). |ge), (I99) + €”|ee)) /v/2, (|gg)—
e?|ee))/v/2}, and the state of |D) is a dark state that is decoupled from
the system evolution.
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