CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Interaction induced non-reciprocal three-level quantum transport

Sai Li(Z=7%), Tao Chen([%:¥%), Jia Liu(X£E), and Zheng-Yuan Xue(B¥ 1E7t)
Citation:Chin. Phys. B, 2021, 30 (6): 060314. DOI: 10.1088/1674-1056/abee0lc
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Fine-grained uncertainty relation for open quantum system

Shang-Bin Han(%f #it), Shuai-Jie Li(Z=ITZR), Jing-Jun Zhang(5K A% 1&), and Jun Feng({41%)
Chin. Phys. B, 2021, 30 (6): 060315.  DOI: 10.1088/1674-1056/abf3b5

Wave-particle duality relation with a quantum N-path beamsplitter

Dong-Yang Wang(F 4FH), Jun-lie Wu(=Z7AK), Yi-zhi Wang(F 5 2), Yong Liu(XJZE), An-Qi Huang(# Z¢3H),
Chun-Lin Yu(T-# %), and Xue-Jun Yang(# ¢ %)
Chin. Phys. B, 2021, 30 (5): 050302.  DOI: 10.1088/1674-1056/abeb0f

Geometric phase of an open double-quantum-dot system detected by a quantum point

contact

Qian Du(ft1%), Kang Lan(# B), Yan-Hui Zhang (5K ZE #), Lu-Jing Jiang(Z% #& %)
Chin. Phys. B, 2020, 29 (3): 030302. DOI: 10.1088/1674-1056/ab6963

Fabrication of Al/AlO,/Al Josephson junctions and superconducting quantum circuits by

shadow evaporation and a dynamic oxidation process

Wu Yu-Lin, Deng Hui, Yu Hai-Feng, Xue Guang-Ming, Tian Ye, Li Jie, Chen Ying-Fei, Zhao Shi-Ping, Zheng
Dong-Ning
Chin. Phys. B, 2013, 22 (6): 060309. DOI: 10.1088/1674-1056/22/6/060309


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abee0c
https://doi.org/10.1088/1674-1056/abee0c
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf3b5
https://doi.org/10.1088/1674-1056/abf3b5
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abeb0f
https://doi.org/10.1088/1674-1056/abeb0f
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab6963
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab6963
https://doi.org/10.1088/1674-1056/ab6963
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/6/060309
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/6/060309
https://doi.org/10.1088/1674-1056/22/6/060309

Chin. Phys. B Vol. 30, No. 6 (2021) 060314

SPECIAL TOPIC — Quantum computation and quantum simulation
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Besides its fundamental importance, non-reciprocity has also found many potential applications in quantum technol-
ogy. Recently, many quantum systems have been proposed to realize non-reciprocity, but stable non-reciprocal process is
still experimentally difficult in general, due to the needed cyclical interactions in artificial systems or operational difficul-
ties in solid state materials. Here, we propose a new kind of interaction induced non-reciprocal operation, based on the
conventional stimulated-Raman-adiabatic-passage (STIRAP) setup, which removes the experimental difficulty of requiring
cyclical interaction, and thus it is directly implementable in various quantum systems. Furthermore, we also illustrate our
proposal on a chain of three coupled superconducting transmons, which can lead to a non-reciprocal circulator with high
fidelity without a ring coupling configuration as in the previous schemes or implementations. Therefore, our protocol pro-
vides a promising way to explore fundamental non-reciprocal quantum physics as well as realize non-reciprocal quantum

device.

Keywords: non-reciprocity, quantum transport, superconducting quantum circuits

PACS: 03.65.Ta, 03.65.Aa, 03.67.Lx

1. Introduction

Reciprocity, which means that the measured scatter-
ing does not change when the source and the detector are
interchanged,!!! is a fundamental phenomenon in both clas-
sical and quantum regimes. Meanwhile, non-reciprocal de-
vices, such as isolators and circulators, are also essential in
both classical and quantum information processing. Espe-
cially, circulators can separate opposite signal flows, span-
ning from classical to quantum computation and communi-
cation systems.[z] Thus, circulators are vital for the design
of full-duplex communication systems, which can transmit
and receive signals through a same frequency channel, pro-
viding the opportunity to enhance channel capacity and re-
duce power consumption.[?! Therefore, many theoretical and
experimental progresses have been made recently to build
non-reciprocal devices in different quantum systems. Specif-
ically, the conventional way of realizing non-reciprocity is
achieved by adding magnetic field or using magnetic materials
directly.'¥! However, the external magnetic field would affect
the transformation and magnetic materials hardly induce non-
reciprocity.

Recently, realization of non-reciprocity has been pro-
posed in many artificial quantum systems, such as in non-

[5-7

linear systems,!>~7 synthetic magnetism systems, -4l non-

Hermitian systems,[15‘22] time modulated systems,[23‘32*34’35]

DOI: 10.1088/1674-1056/abee0c

etc. Although these successful methods have been realized in
nitrogen-vacancy centers systems,'* cold atom systems, [>?!

[3435] and optical systems, 28] tun-

superconducting circuits,
able non-reciprocal process is still lacking for quantum ma-
nipulation. This is because previous schemes rely highly on
special material properties, e.g., nonlinear property. In addi-
tion, for the experimental implementations of non-reciprocity
induced by synthetic magnetism, e.g., on superconducting cir-
cuits, they usually need cyclical interaction among at least

35

three levels of a superconducting qubit device!*>! or three

coupled superconducting qubit devices in a two-dimensional

[3334] These are experimentally challenging for

configuration.
large scale lattices, as they require that quantum systems have
cyclical transition or at least two-dimensional configuration
for three-level non-reciprocal process. Therefore, proposals
using tunable non-reciprocal process and its potential applica-
tions to achieve non-reciprocity are still highly desired theo-
retically and experimentally.

Here, we propose a general scheme on a three-level
quantum system based on the conventional stimulated-

39.401 o realize

Raman-adiabatic-passage (STIRAP) setup!
non-reciprocal operations by time modulation. The distinct
merit of our proposal is that the realization only needs two
time-modulation couplings, which removes the experimen-

tal difficulty of requiring cyclical interaction, and thus it is
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directly implementable in various quantum systems, for ex-
ample, superconducting quantum circuits systems, 23341421
nuclear magnetic resonance systems, **! a nitrogen-vacancy
center in diamonds,!'* trapped ions,[**! hybrid quantum
systems,* and so on. Meanwhile, the three-level non-
reciprocal process can be implemented in a one-dimensional
configuration instead of the two-dimensional system in previ-
ous proposals, which greatly releases the experiment difficul-
ties for large lattices.

It is well known that the superconducting quantum cir-
cuits system is scalable and controllable, and thus attracts great
attention in many researches. Different from the cold atoms
and optical lattice systems, superconducting circuits possess
good individual controllability and easy scalability. Follow-
ing that, we illustrate our proposal on a chain of three coupled
superconducting transmon devices with appropriate parame-
ters, and achieve a non-reciprocal circulator with high fidelity.
As our proposal is based on a one-dimension superconducting
lattice, e.g., Refs. [46,47], and with demonstrated techniques
there, thus it can be directly verified. Therefore, our proposal
provides a new approach based on time modulation for engi-
neering non-reciprocal devices, which can find many interest-
ing applications in quantum information processing, including
one-way propagation of quantum information, quantum mea-
surement and readout, and quantum steering.

2. General framework

Now, we start from a general three-level quantum sys-
tem labeled in the Hilbert space {|A),|M),|B)}. As shown
in Fig. 1(a), considering |A) and |B) simultaneously coupled
to |M) resonantly. Assuming /i = 1 hereafter, the interaction
Hamiltonian in the interaction picture can be written as

H(t) = 1()|A) (M| +g2(t)|B) (M| +H.c., ()

where g1,(f) are the time-modulation coupling strength.
Based on the Hamiltonian H(¢), even if there is no direct cou-
pling between bare states |A) and |B), these two bare states are
both coupled to state |M), then, the transition between bare
states |A) and |B) can be realized via the middle state |M),
i.e., STIRAP.[3401 Especially, when the pulse shapes of g (f)
and g,(¢) are different from each other, the symmetry of the
system can be broken naturally. Thus, with appropriate de-
signed time-modulation coupling strengths g; »(¢), a quantum
circulator with one-direction flow can be achieved through a
period evolution with time 7, i.e., [A) — |B) — |M) — |A)
illustrated in Fig. 1(b). This means, on the one hand, tran-
sition |A) — |B) is allowed, not vice versa. Meanwhile, the

processes |B) — |M) and |[M) — |A) can be simultaneously re-
alized, which means that |M) can simultaneously receive the
quantum information from sender |B) and send information to
receiver |A). These quantum processes are very important for
quantum information transformation and processing.

(a)
(b) (c)
' ‘\ I
@

Fig. 1. Schematic diagram. (a) Initial picture for generating non-reciprocal
devices: two subspaces |A) and |B) are resonantly coupled to subspace |M)
simultaneously with time modulated coefficients g (¢) and g (7). (b) Quan-
tum circulator with one direction flow through a period 7. (¢) |M) simulta-

neously serve as receiver Ry and sender S, for receiving information from
sender S and send information to receiver R, through a period .

3. Construction

Here, we proceed to introduce details for construction of
non-reciprocal scattering matrix. Generally, the evolution pro-
cess of time-dependent Hamiltonian with period 7 can be ex-
pressed as U(t) = T exp [ i/TH(t)dt} , where 7 is time-
order operator. When the quan?um system satisfies the von-
Neumann equation 9I(r)/dt +i[H(t),1(t)] = O with dynam-
ical invariant I(¢), the concrete solution of the evolution pro-
cess with time-dependent Hamiltonian 7 (¢) can be obtained
by Lewis—Riesenfeld (LR) invariant method. *8! Here, we con-
centrate on the solution of nonreciprocal transition evolution
process with time modulation. With the LR method, the evo-
lution process with period 7 can be exactly derived as

U(r) = Y, e O, (0)) (1a (0)], &)
n=0,%+
where in the Hilbert space {|A),|M), |B)},
cos y(t) cos B ()
ko (2)) = —isiny(r) |, 3)
—cosy(t)sin ()
1 siny(¢)cos B(¢) isinf(¢)
(1)) = 7 icosy(r) O]
2 | —siny(r)sinB(t) £icosB(r)
are the eigenstates of the invariant(4”)
0 cosysinf3 —isiny
I(t) = % cosysinf3 0 cosycosf |, 5)

isiny cosycosf 0

where U is an arbitrary constant with unit of frequency to
keep I(¢) with dimensions of energy, ¥(¢) and f(¢) are aux-
iliary parameters, which satisfy the von-Neumann equation
dI(t)/dt +i[H(r),I(¢)] = 0, and 6,(7) is the LR phase with
6y(t) =0 and 6_(7) = —6;(7), which can be addressed by
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auxiliary parameters y(7) and B(z). To induce non-reciprocal
transition evolution process, we set the boundary conditions as

7(0)=7() =0, B(0)=0, B(1)=n/2. (6)

After that, the final evolution operator in the Hilbert space
{|A),|M),|B)} can be determined as

0 —isinO4(7) cosO4(7T)
UlB+(7)]=1| 0 cosO (1) —isinfi(7)]. @)
-1 0 0

To understand the result clearly, for the case 6, (7) =
7, the final evolution operator U[r] = —|M)(M| — |A)(B| —
|B)(A| represents a normal two-direction transition. Espe-
cially, for another case 6, (7) = 37/2, the evolution process
U3n/2] = i]A)(M|+ i|M)(B| — |B)(A| shows non-reciprocal
transitions, that means transition |A) — |B) is allowed and
transition |B) — |A) is forbidden for the same process. Ob-
viously, the evolution operator U[37/2] also means a cyclic
transportation. To sum up, the evolution operator U[37/2]
induces a cyclic chiral transportation, which exactly real-
izes a quantum circulator, from pure time-modulation of
the interaction.

4. Ilustrative scheme with transmons

Here, we propose a scheme on superconducting quan-

I511 there are three lowest lev-

tum circuits. For a transmon,
els, which can be resonantly driven by two microwave fields
to induce the Hamiltonian #(¢) in Eq. (1). In this case, only
nonreciprocal state transfer within a transmon can be obtained,
and the implementation is straightforward, i.e., letting |0), |1),
and |2) take the role of |A), [M), and |B).

Furthermore, we consider a more interesting case, that

is, three coupled transmons implementation, with the low-
est two levels |0) and |1) in superconducting quantum cir-
cuits. As shown in Fig. 2(a), we label three transmons with
A, M, and B with frequencies @4y p and anharmonicities
a4 m p- Here, we introduce qubit frequency drives f(e(t)),[5?!
which can be determined experimentally by the longitudinal
field e(t) = f~'(F(¢)), where F () = n(t)sin(vt) is intention-
ally chosen with v being the frequency of the longitudinal
field €(¢), and two qubit-frequency drives f(¢;(t)) (j = A,B)
are added in transmons A and B respectively to induce time-
modulation resonant interaction with transmon M. Then, the
coupled system can be described by Hr (1) = H (t) + Hine(t),
where H (1) and Hin((t) are free and interaction Hamiltoni-
ans, respectively. For the free part,

Hy(t) =}, {[o;+f(e;); (1} +om w1l (®)

J=A,B

where €(¢) = f~1(F(t)) with F(¢t) = n(¢)sin(vt). For the in-

teraction term,

Hine() = | Y, £;(10);{1]+Hec. )| - (|0)s(l]+Hec. ). (9)
j=A,B

Transforming to the rotating frame defined by V = V| +
V5, where V| = exp[i(ZjZA)Ba)j|l>j<l| + oy |1)m(1])] and

Vo =exp[iXj_apF(t)[1);(1
is

], the transformed Hamiltonian

H(r) = V*HT(t)VJri%V

= Y gl0);(1]e ' el t Hel
J=A.B

[0y (1]e 1@ 4 Hee. ], (10)
in the single-excitation subspace {|100),|010),|001)}, where
|amb) = |a)4a ® |m)y ® |b)p labels the product states of three
transmons, after neglecting the high order oscillating terms,
the Hamiltonian can be written as
24]100)(010] e 447 1Fa(1)
+g5/001)(010]e™ 5~ 1F5() L He.,  (11)

Hi(t) =

where g; is the coupling strength for transmons A, B to
Then,
using the Jacobi-Anger identity expansion exp(iF;j(t)) =
Yo oo i™Jm[n;(t)] explim(vjt — 7/2)], and considering the

M and A; = @; — wy is the frequency difference.

resonant interaction case A; = v;, the effective Hamiltonian

with time modulation can be obtained as
" (¢ (1
Hesr(t) = gA?()\100><010| + gBT()|001)<010\ +H.c., (12)

where g(1) = 2g;J1(n;()) is the effective time-modulation
coupling strength for transmons A, B to M with J; being the
Bessel function. We can use the effective Hamiltonian Heg(¢)
to realize quantum circulator in our protocol.

(a) |
1) AVAVA By
Leat)  ga gpi 8
0y —% o) Y o)
A M B
@ 1
(b) |100) 1001)
() A)
1010)

Fig. 2. Tllustration of our scheme with three transmon devices. (a) Two
qubit-frequency driven transmons A and B with the respective longitudinal
field €4 g(r) resonantly coupled to the transmon M. (b) Effective resonant
coupling architecture in the single-excitation subspace {|100),]010), |001)}.

With the LR invariant method,*! according to the von-
Neumann equation d1(r)/dt + i[Hes(t),1(¢)] = 0, the form of
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g;(t) can be given as
gh(0) =2 [ B(r) cory(r)sinB(r) + 7(r) cos B(1)
g(1) =2 [B(r) coty(r) cos B(r) ~ ¥(1)sinB(1)] . (13)

Considering the boundary conditions Eq. (6), the commutation
relations [H(0),1(0)] = [H(7),I(t)] =0, and the experimental
apparatus restriction, the values g}(t) can be set as zeros at
time 7 = 0 and 7, thus, a set of auxiliary parameters y(¢) and

B(t) can be selected in a proper form>%! as

_ 2 2
}/(t) - (1/2)4t (Z_T) ’
—10m7  35m%  42mP 35wt
= - 14
B() P R M e R (14)

where A is a tunable time-independent auxiliary parameter,
which directly determines the LR phase 6, (7) concerned
in our proposal shown in Fig. 3(a). Furthermore, the ef-
fective coupling strength g’j (t) can be carried out according
to Eq. (13).
Ule. (7).

In the following, we choose appropriate experimental

Then, we realize the final evolution operator

parameters >3] and show how to realize our protocol to achieve
non-reciprocal operations on superconducting quantum cir-
cuits. As the anharmonicity of transmon qubits is relatively
small, thus the second excited state will contribute harmfully
to the quantum process. To numerically quantify this effect,
we set the anharmonicity of three transmons as o4 = 27 X
220 MHz, oy = 27w x 210 MHz, and o = 27 x 230 MHz.
Meanwhile, we set the frequency of the longitudinal field v;
equal to the corresponding frequency difference A; as v4 =
Aq =27 x 345 MHz and vp = Ap = 27 x 345 MHz respec-

tively to induce time-modulation resonant interaction in the
single-excitation subspace. Furthermore, we set the deco-
herence rates of the transmons as Iy = 27 x 3 kHz, Iy, =
21w x 4 kHz, and Iy = 27w x 5 kHz, the coupling strengths
for transmons A,B to M as g4 = gp = 27 x 10 MHz, and the
quantum evolution period T = 145 ns. Then, to realize the
quantum circulator U[37/2], we modify auxiliary parameter
A =0.4974 to make 0 (7) = 37/2 and naturally determine the
time-modulation coupling strength g;-(t), whose pulse shapes
are plotted in Fig. 3(b), which is smooth and easily experimen-
tally realized.

We numerically simulate the performance of the quantum
circulator U[37/2] by using Lindblad master equation as

p=ilp, 0]+ Y IL(OW), (15)
k=A,M,B

where p is the density matrix of the considered system and
ﬁ(OAk) = Okpléz — OZOAkpl/Z — pIOZOk/Z is the Lindbla-
dian of the operator Oy with Oy = [0) (1|4 (|0)% (0] — |1)x(1]).
We first evaluate the quantum circulator U[37/2] with initial
state |yy) sequentially prepared on the states |100), |001),
and |010). Define the state fidelity F; = (yr1|p|wr1), where
p is the density matrix and sequential target states |yr;) are
—|001), i|010), and i|100). As shown in Figs. 3(d)-3(f), the
sequential state fidelities Fs are 99.08%, 99.25%, and 99.28%,
thus, the results demonstrate the construction of our quantum
circulator. In our simulation, we do not include control er-
rors of the external driving field, due to the following rea-
sons. First, they can be well-controlled experimentally. Sec-
ond, our protocol is robust against the control errors, as show
in Figs. 3(c)-3(f), i.e., the target state populations are nearly
flat around the final time.

15 1.0 1.0
(a) (b) (c)
12 0.8 0.8}
e 2
k9 0.6} Z 06
+ e
= 6F 0.4 = 04
5 0.9 gA,(t)/gAlmax 0.2
_— gB(t)/gBmax
0 : : 0 P e 0 P B
1 2 3 0 02 04 0.6 0.8 1.0 0 0.2 04 06 08 1.0
A t/T
(e) e
. |100)
= |010)
s
= ——o01)
_———F

\J

t/T t/T

0 02 04 06 08 1.0 0.2 04 06

0.8 1.0 0.2 04 06 0.8 1.0
t/T

Fig. 3. Numerical performance. (a) The LR phase 6, () with respect to auxiliary parameter A, where black square represents 6. (7) = 37/2. (b)
The pulse shapes of asymmetrical time-modulation coupling strength g, ;(r) with 6, (7) = 37/2 in a period 7. (c) The fidelity of the quantum
circulator U[37 /2] for simultaneously sending and receiving the quantum information in a period 7. (d)—(f) The state populations and fidelity of
the quantum circulator U[37/2] in a period 7 with the initial state being [100), |001), and |010), respectively.
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Then, we evaluate the ability to simultaneously send
and receive the quantum states for the quantum circulator
U[37m/2]. We set transmon M as both sender and receiver,
which can send quantum information to transmon A and simul-
taneously receive different quantum information from trans-
mon B. To demonstrate this, we set the initial states |yp,) =
cos ¥|010) 4 sin1#|001), and the corresponding target states
are |yr2) :2i cos ¥/100) + isin¥|010). We define the fidelity

T

1
o / (yr2|p|wr2) d® with the integration numerically
0

performed for 1001 input states with ¥ being uniformly dis-
tributed over [0,27]. As shown in Fig. 3(c), the initial fidelity
is less than 0.2 due to the big deference between the initial

Fn =

states and target states; the non-monotonic behavior in the time
evolution of the fidelity means that the evolution process is a
non-reciprocal process; and we get the fidelity Fi, = 99.23%,
which shows the power of our scheme. It can realize an ef-
fective quantum transfer station which can receive and send
different quantum information in one direction; the infidelity
is caused by decoherence about 0.52% and leakage error about
0.25%.

5. Conclusion

In summary, we propose a general scheme based on time
modulation to realize non-reciprocal operations. Our proposal
can be easily realized in many quantum systems. We illus-
trate our proposal on superconducting quantum circuits with
two driving transmons simultaneously coupled to the middle
transmon. Considering the scalability and controllability of
the superconducting quantum circuits, our scheme provides
promising candidates for non-reciprocal quantum information
processing and devices in the near future.
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