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We propose a scheme to manipulate a topological spin qulitvi$ realized with cold atoms in a one-dimensional optiatiice.
In particular, by introducing a quantum opto-electro-nathbal interface, we are able to first transfer a supercdimyqubit state
to an atomic qubit state and then to store it into the topckgipin qubit. In this way, anfécient topological quantum memory
could be constructed for the superconducting qubit. Tloeeefiwve can consolidate the advantages of both the noistalese of
the topological qubits and the scalability of the supercmtidg qubits in this hybrid architecture.
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1 Introduction tum memory (TQM).
Recently, with the potential applications in topological

Quantum computation has attracted much attention as it isjuantum computation, topological states of matter have at-
able to solve diverse classes of hard problems. Supercondudracted renewed interests [4-6]. In particular, time-reaé
ing circuits are promising for implementing quantum com- invariant topological insulators [7-11] have been repbeke-
puter hardwares as they are potentially scalable [1]. As gerimentally, and thus have greatly stimulated the study of
superconducting qubit is usually quite sensitive to theext topological phases [4]. In engineering topological phates
nal environments and background noises, its coherence timgpin-orbit (SO) interaction usually plays an importantrol
is generally rather short [2]. A promising strategy out a§th Therefore, with recent great achievements in realizinj-art
difficulty is based on the topological idea [3]: a topological cial SO interaction in cold atom system [12-18], it becomes
qubit is largely insensitive to major sources of local nejse a new platform to probe topological phases in a fully con-
and thus can be used to form afi@ent topological quan- trollable way [19]. Recently, Liu et al. [20] proposed to ob-

serve and manipulate topological edge spins realized iea on
*Corresponding authors (ZhangQi Yin, email: yinzhangqgi@g.com; ZiDan Wang, dimensional (1D) Optical lattice with experimentally tiead
email: zwang@hku.hk; ShiLiang Zhu, email: slzhu@nju.ed. SO interaction. The nontrivial topology there supports two
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degenerate zero modes, which are topologically stable, andonducting and ancillary atomic qubits are of vastlyffet-

thus can be used to construct a topological spin qubit (TSQ)ent frequencies, a quantum opto-electro-mechanical setup
Here, we propose a scheme to realize an interface betweéﬂﬁ'Eded, where a mechanical oscillator mediates the caheren

this TSQ and a solid-state superconducting qubit. This hy-coupling of both microwave and optical photons [27-31]. It

brid system may allow us to combine the advantages of botfyvas reported that this interface had been realized in recent

the noise resistance of the topological qubits and the scala€Xperiments [27, 28]. The superconducting qubit interacts

bility of the superconducting qubits. With the help of cgvit With a microwave cavity mode in a circuit QED scenario [32],

assisted interaction [21]’ we show that local Operationrs ca while the atoms interact with the optical cavity mode. When

be implemented for the TSQ. Our particular interest lies inthe intra-cavity interaction is switched on, one can obtain

using this TSQ as a TQM, where we can store quantum inhigh fidelity state transfer from a superconducting qubit to

formation of both atomic and superconducting qubits. Mean-the ancillary atomic qubit. By switchingfiothe intra-cavity

while, recent experiments show that the TSQ was not onlyinteraction, we show that a TQM for the ancillary atom can

a theoretical proposal, but also within experimental faiasi  be constructed. Combining the two processes become partic-

ity [22]. Finally, we note that there are proposals consiger ~ ularly arresting as we can store a superconducting quibé sta

the hybrid systems consisting of superconducting qubits an into the TQM, which provides an alternation for interfacing

nitrogen-vacancy centers. However, as the coupling betweetopological and superconducting qubits [33-36].

a single nitrogen-vacancy center and a cavity is usually ver

weak, below 0.1 kHz level [23], previous works mainly fo- 2 A topological spin qubit

cus on using ensemble of nitrogen-vacancy centers [23-26 ) ) ) )

where the dephasing time of the ensemble is much shortefN® TSQ is based on a quasi-1D cold fermions with three-

comparing with a single nitrogen-vacancy center. level Lamda configuration trapped in an optical lattice [20]

To store the state of a superconducting qubit [blue rectanfa‘S shown in Figure 1(b), the transition®) — - |€) and

gle in Figure 1(a)] into the TSQ formed by the atomic lattice, It - |e>_are induced by the lasers, W|th_Rab|-frequenC|es
- . Q; = Qsinfkex/2) andQ, = Qcosfyx/2), in a large one-

as shown in Figure 1(a), we firstly transfer the state of the su hoton detuningA| > © and a small two-photon detunin

perconducting qubit to an ancillary atomic qubit [pink ¢érc P P 9

- L |60l < Q, which is equivalent to a Zeeman field along the
in Figure 1(a)] and then store it into the TSQ. As the super axisT;, = hi6o/2 and can be precisely controlled. Then, adia-

batically eliminating the excited staj yields the following
[ . effective Hamiltonian:

2
©) I—c;»—{ F Her =2p_r; + ZOl[VO'(X) +0]|lo )0

@ , WO , _[M()I0)L + H.c], 1)

where M(X) = Mg sin(kyX) with Mg = % being an addi-
tional laser-induced Zeeman field alorgxis. To form the
1D lattice, the optical dipole trapping potentials are @ms
asV,(x) = =V cog(kox) with the lattice trapping frequency

ARBRARAAALD

z

6, beingw = (2Vok3/m)*? [19]. The state0) and|1) are de-
g \* fined by spin up and down of a pseudo-spin, respectively. The
Q Q, tight-binding description of Hamiltonian (1) is defined be t
case when the fermions occupy the lowgstbitalsgs,. Re-
defining the spin-down operatorag > €7/3¢;; with abe-
lo) 1) |2) ing lattice constant, the tight-binding Hamiltonian re§2i3]
Figure1  (Color online) lllustration of our scheme. (a) A hybrid aich H=-t Z (éiTréiT - (A:;léu) + Z I(fip — fiy)
tecture consists of two-cavity optomechanical system. Ahanical oscil- <kJ> I
lator (red) mediates the coupling of the optical (left) anitnowave cavi-
ties (right). A 1D optical lattice, constructing our TQM, iisside the opti- + {Z tg%) (e]fTéHll - e}rTéj—ll) +H.c.|, (2)
cal cavity. An ancillary atom (pink circle) is incorporatéad engineer the ]

cavity photon state and its information can be stored in QT (b) The

level structure of atoms in the optical lattice. The trdnsi|0) — |e) and wheren, = (”:Lﬁim
|1) — |e) are induced by the lasers in a large one-photon detuning Q

and a small two-photon detuningy| < Q. The transitiorjl) — |e) is disper- te = dX¢(j)(X)
sively coupled to the cavity field to achieve the QND Hamiigon To obtain s b
effective switch of the cavity-assisted interaction, a stroagtrol laser of 02

Rabi frequencyy driving the transition of2) — |e) is also introduced. (c) 0) _*"0 ; _
The level structure of the ancillary atom. tso = A fdx¢3(x) Sin(ZoxX)gs(x - a).

Py ¢S (%)
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In k space, the tight-binding Hamiltonian can be rewritten as:whereN being the number of the selected atoms. If the cav-
ity is initially prepared in then, = 1 state, the global oper-
Hq = - Z CLT [dz(k)O'z + dy(k)O'y]w, Cos (3)  ation in eq. (4) reduces to a string operatidp = [T, o7.

Koo’ Note that all the string operators are equivalenttoup to

local single spin rotations [21]Uy = ¥ = HU,H and
whered, = 2tQsinka) andd, = -TI, + 2tscoska). gie.°p [2110 = Th ‘

\ = : . COSK Uy = [Tjo] = RU,R, whereH = [];H; andR = []|R
This Hamiltonian describes a nontrivial topological iresul with Hi = ( X Z)/\/E being the Hadamard rotation and
tor when|I[';] < 2ts and otherwise a trivial insulator, with a I _o-' 7 9 _ _
bulk gapEg = min{|2ts— |[7ll, 21tY)). The nontrivial topology R = exp(—l%o-lz)._Therefore, as we can impleme, uni-
supports two degenerate boundary modes, and each mod&rsal single qubit gates on the TSQ can be implemented.
equals one-half of a spiry4 particle, similar to the relaton ~ When the cavity state is in a superposition statg|0f. +
between a Majorana fermion and a complex fermion in topo-I1c, the global operation in eq. (4) reduces to a controlled-
logical superconductors [37]. The zero modes are robust t$tring operationUs = [0)«(0[ @ | + [1)c(1| ® Uz. Here, we
local noises, and thus may form a TSQ which we can usdieed to engineer the cavity photon states. However, itis act
as a TQM. The TSQ can also be obtained in the middle ofally easier to control an ancillary atom rather than to dlyec
the lattice by creating mass domain. Local operations uporinanipulate the photon number state. Therefore, we putan an-
the TSQ can be achieved by applying a local Zeeman terntillary atom into the optical cavity, which is used to acldev
B, = ooy or B, = oo, [20]. When|[o| > 2|t§%)| amass do- controlled-string operations between the ancillary ator a
main is created, associated with two midgap spin states the TSQ. The level structure of the ancillary atom is shown in
localized around the two edges of the TSQ. et be ini-  Figure 1(c), the transitions ¢f) < |e) and|2) < |e) are cou-
tially occupied, reducing’o| smoothly can open the coupling Pled to the cavity field with strengtlf and a laser with Rabi
in |.) and lead the TSQ state to evolve. If we apply the Zee-frequencyQa, respectively. Meanwhile, the two couplings

man field along (y) axis, the TSQ evolves in they (x-2) are in a two-photon resonance scenario with a red detuhing
plane [20]. to the exited statge). Then, the two couplings are described

by an dfective Hamiltonian given as:

3 TQM for an atomic qubit He = A(@'12)(1) + al1)(2), 5)
We then show how to store the state of an ancillary atom intQ,nereq = g'Qa/8’. To implement the controlled operations
the TSQ. For our TQM purpose, we need controlled manipu-qngitioned on the states of the ancillary atom, we choase th
lation of the TSQ, and thus a controllable local Zeeman f'eld-initial state as that the cavity mode is in a vacuum site
Here, we propose to implement this controlled manipulationyq the ancillary atom is in an arbitrary superpositiorestét
with cavity-assisted quantum nondemolition (QND) Hamil- 1, . 511y, The procedure s listed as follows. (1) An inter-
tonian [21]. To achieve this, we introduce another levedl an 4tion ofHe for t = 7t/ coherently couples the cavity with
thus the fermions are now in four-level Tripod configuration hq atom: a|0yal0)c + Bi2)all)e. (2) The QND Hamiltonian

6y ; 40 . - . : .
For ®Li and K atoms, we can find appropriate hyperfine o - — 7/(2y) on the above intermediate state is applied. (3)
levels t_o m_eet the requm_ement. The coupling strL_Jctur_e 'SAppIying He for anothert = 7t/ will annihilate the cavity
shown in F|?ure 1(b). To implement the QND Hamiltonian yat0n and restore the ancillary atom to its original state.
Hono = ya'ay of, we set the cavity mode to couple the g steps (1) and (3), we have neglected a phase factor, which
transition 0f|1>2 < |&) with 611 strengthg and blue detuning ¢4 he compensated by a sing-qubit rotation on the ancillary
6, wherey = g°/(26) anda(a’) is the annihilation (creation) - a1om_ In this way, one realizes a controlled-string operati

operator for the cavity photon. As the cavity assisted ater -ynditioned on the state of the ancillary atom [21]
tion is always-on, if we want the interaction to act only oe th

atoms within certain area, we should be able to decouple théJ, = |0)a0|® | + |1)a{l]| ® U,. (6)
interaction outside the wanted area. This can be done by us-

ing another laser which couples the transition of excitatest /N particularly, upon local single spin rotations, one cén o
to another level with a Rabi frequengy, i.e.,[2) < |e), as tain the controlled operations for the TSQ conditioned @n th
shown in Figure 1(b). Whef, > g, the destructive interfer- ~ ancillary atom given as:
ence of excitation pathways from the two transition ensures ,, _ 2
that the so-called dark state, which decoupled the atomns froﬁ“"’s =00 @1+ DAl ® Srgo,
interacting with both optical fields [38,39]. This QND Hamil UYes =I0a(0@ I +[1a(1| ® Sysq,
tonian preserves the photon numimgrof the cavity mode.
Within the n; € {0, 1} subspace, the evolution of the QN
Hamiltonian for an interaction time af= 7t/(2y) yields [21]

p Wheres{:) are the Pauli matrices for the TSQ.
With such controlled operations, one is able to access an
efficient TQM [21]. For this purpose, we need a swap in gate

I forn. =0, defined adJi, = HAUZHAUX with Ha being the Hadamard

U = exp[~irHanp] ={ -)N[of,  forne=1, (4 rotation on the ancillary atom, which swaps the ancillary
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atomic state¢|0)+p3|1))a into the topological memory initial-  the ancillary atomic qubit in the following. This process is
ized in|y, ). For the inverse process, we need a swap out gatachieved by the quantum opto-electro-mechanical setup. In
Uout = UELHAUZHA that swaps the stored information back a circuit QED system, under the rotating-wave approxima-
to the ancillary atom prepared o). The swap in (out) pro- tion, the interaction Hamiltonian takes the Jaynes-Cungsiin
cess corresponds to write (read) process for our TQM. Thdorm [32]
read process also provides us an alternative way of reading
out the topological qubit, which is usually a hard problem. Hm =0m (bTO'E + bo'g)’ (7)

We now turn to discuss the experimental feasibility of stor- ) . )
ing the ancillary atomic state into the TQM. (1) The TsQ Wheregm is the coupling strength of the stjpnerconductlng
considered here is robust in the lafgdimit [37]. For finite ~ dubit to the microwave cavity, the subscript *s” denoted tha
N, the ground-state degeneracy is broken, and thus causes d€ Operators belong to the superconducting gubénd b
coherence. However, the lifetime of the TSQ is exponestiall '€ the annihilation and creation operators of the micrewav
increased with the increasing bf Therefore, for smalN, cavity field, respe(_:tlvely. _S|m|larly, the ancﬂ_lary atomalso
one may already obtain a relatively long coherence time forcOUPI€d to the optical cavity [40], as shown in Figure 1(oé, t
the TSQ [20]. (2) To implement the QND Hamiltonian, we t_ransm_ons ofl) < |e) and|0) < |e) are cou_pled to the ca_vny
use the large detuned scheme, which only requires large Pufi€!d With strengthy” and a laser with Rabi frequen€yg, in
cell factor, i.e.P = g%/(yx) > 1 with y and« being the spon- the tV\{o-photon resonance way. ?I'hen., the two couplings are
taneous decay rate of levie) and the cavity decay rate, re- described by anfeective Hamiltonian given as:
spectively. For our large detuned scheme, tfieative spon-
taneous decay rate is suppressegdio= yg?/6%. Therefore,
as the selected atoms decay independently, the total ptobab
ity for photon loss iPN__ = (k + Nyes)r > 2 VN/P ~ 3%

Ho = 9o(a"I0)a(1] + a1)a(0)), (8

whereg, = g’Qg/§" and the subscript “a” stands for atom.
loss Here, we consider that the opto-electro-mechanical cogpli
forN = 5, g/(2m) = 220 MHz [40],y = 10 MHz, andk =1 i5 enhanced by strongly driving of each cavity, resultingrin

MHz. (3) The addressing errors of the lasers are associategyactive linear couplings [31]. Assuming that each cavity is

with a finite spread around the lattice points of atoms, whicht, jntg the resolved-sideband regime and is driven near the

results in a tiny coupling between the addressing beam angyy_getuned mechanical sideband, in the interaction ggictu
the selected atoms, and thus leads to a finite lifetime for thgy,« interaction Hamiltonian reads

level |2). The error probability associated with addressing

each site is estimated to lze= 1% [38, 39], which can be H, =G, (daT + dTa) +G, (de + dTb), 9)
further suppressed. (4) The deviation of the QND interac-

tion, which degrades the controlled string operation, ¢sm a whered andd' are the annihilation and creation operators of
be corrected by the quantum control techniques to arbitrari the mechanical oscillator, respectively. The couplingieen
high order [41]. (5) For the controlled string operation® W the mechanical resonator and cavity denoted a&;, which
further need the light-atom interface, i.e., the reveesgitate  is controllable as they are proportional to the externaledri
transfer between light and the ancillary atom. With a strongamplitude, so we may choo& = G, = G for simplicity.
lase field ofx = 1 GHz, the error rate can be achieved underThe total Hamiltonian readd = H, + Hm + He, which con-

Pi = 1%. Finally, combining the above error channels, we serves the total excitations and we restrict our discussion
may obtain a fidelity about 95% for a controlled operation. pe within the zero- and single-excitation subspaces. Teans
As both the read and write processes of the TQM need twayf the intra-cavity qubit states can be accomplished by mod-
controlled operations, a fidelity df; = 95%x 95%~ 90%  ylating parameters of our system [42]. As the light-matter
can be obtained for the storage of the ancillary atomic statgnteraction is tunable, we can modulate= gm = g. The ini-

into the TQM. tial states of the ancillary atomic and superconductingtqub
are assumed to b@), and|ys) = (@|0)s + B|1)s), respec-
4 Interface with a superconducting qubit tively. Deterministic quantum state transfer is realizetew

exp (itH)|000)|0)alysy = |000)|ya)|0)s is fulfilled, where
We now show that by incorporating the above system with|y,) = @|0)4 + B|1)a and|000). means that the three bosonic
an additional quantum opto-electro-mechanicsinterfagg[ modes are all in the vacuum states.
we can achieve the storage of a superconducting qubit state After diagonalizing the total Hamiltonian without dissi-
into our TQM. The combined setup is shown in Figure 1(a), pation, we find that deterministic state transfer is acthdeve
where we consider the case of two-cavity optomechanicaht timet = 7/g, when the relation 2 = (4k? — 1) (with
system. For our TQM purpose, we can firstly transfer thek = 1,2, 3,... andr = G/g) is fulfilled. To facilitate the state
state of the superconducting qubit to the ancillary atomictransfer process, larg& is preferable [27]. Meanwhile, to
gubit and then store the ancillary atomic qubit state int th achieve adiabatic transfer of qubits state> 1 is required
TSQ as proposed previously. Therefore, we only need to conin order to single out only the dark bosonic mode, which re-
sider the state transfer between the superconductingauudbit  sults in much smalleg for a givenG. As a result, the time
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needed to complete the transfer will be much longer, and thusvill cause energy shift of the cavity mode. As fidratoms,
decoherence will cause considerable errors. Howeverryf ve this shift is Ng?/§ ~ Ng/10 foré ~ 10g. For the ancil-
strongG is experimentally accessible, e.g.,= 20, which  lary atom, we may choos# = 10Q, = 100g; in this way
meansG ~ 100 MHz, we have numerically confirmed that 1 = 0.1g s still large enough for our manipulation purpose.
the influences of mechanical mode decay on the state transfé¥ith the above parameters, fof = 5, we obtain that the
process can be safely neglected. atom-induced energy shift /200, and thus can be safely
Finally, we estimate the influence of dissipation to thesstat neglected. Therefore, combining the process of storing the
transfer process by integrating the quantum master equatio ancillary atomic state into the TQM, we can obtain a fidelity
of F = F1 x Fo = 86% for storing a superconducting qubit

p==1TH.pl + > xs(2808" = B'fp - pB'B) into the TQM.
B
+7ys(205pog — ogosp — pog o) 5 Conclusion
+Ya(205005 — 03050 = poa0,), (10)

In summary, we have proposed a hybrid implementation of a
where p is the density matrix of the entire systeifi, € TQM for both atomic and superconducting qubits, which can
{a, b,d}, ka, kp andky are the decay rates of the optical cav- combine the advantages of both the noise resistance of the
ity, microwave cavity, and the mechanical oscillator, esp  topological qubits and the scalability of the superconuhgct
tively; ya andys are the lifetimes of the atomic and super- qubits. In particular, by introducing a quantum opto-aiect
conducting qubits, respectively. We characterize thesfean mechanical interface, we have demonstrated that the super-
process for the given initial state by the conditional figeli conducting qubit state can béieiently transferred into the
of the quantum state defined By = (¥alpala) With p, be- TSQ.
ing the atomic reduced density matrix. By choosing the typ-
ical parametersky = 1 MHz, kp = 1 MHz, k4 = 0.1 MHz,

Ya = 0.1 MHz andys = 0.1 MHz, we plot, in Figure 2, the  thiswork was supported by the National Fundamental Research Programm
fidelity of the quantum state transfer procéssas a func-  of china (Grants Nos. 2013CB921804 and 2012CB921604), the National
tion of the dimensionless timgt/7, where we have obtained Natural Science Foundation of China (Grant Nos. 11474153, 11274069,
a high fidelity F, > 95% of the process. In particularly, 11474064, 61435007 and 11474177), the Program for Changjiang Schol-
even with considerable deviation (abatt0%) of the cou-  arsand Innovative Research Team in University of Ministry of Education of
pling strength to the ideal conditiofr, > 94% can still be  china (Grant No. IRT1243) and the Research Grants Council of Hong Kong
obtained. Therefore, this process is very robust to the-devi(Grant Nos. HKU173051/14P and HKU173055/15P).

ation of the coupling strength. In the above estimation, we
have neglected thdfect from the atoms in the optical lattice
due to the following two reasons. Firstly, the cavity-assis
interaction can beflectively switched &. Secondly, if there

is a small probability that it has not been switchéf] then it
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