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We propose a scheme to manipulate a topological spin quhiihnik realized with cold atoms in a one-
dimensional optical lattice. In particular, by introdugia quantum opto-electro-mechanical interface, we are
able to first transfer a superconducting qubit state to amiatqubit state and then to store it into the topological
spin qubit. In this way, an efficient topological quantum negyncould be constructed for the superconducting
qubit. Therefore, we can consolidate the advantages ofthethoise resistance of the topological qubits and
the scalability of the superconducting qubits in this hgilaichitecture.

PACS numbers: 03.67.Lx, 42.50.Dv, 07.10.Cm

I. INTRODUCTION noise resistance of the topological qubits and the scélabfl
the superconducting qubits. With the help of cavity asdiste

Quantum computation has attracted much attention as it igteraction|[21L], we show that local operations can be imple
able to solve diverse classes of hard problems. Supercenduénented for the TSQ. Our particular interest lies in using thi
ing circuits are promising for implementing quantum com- TSQ as a TQM, where we can store quantum information of
puter hardwares as they are potentially scalable [1]. As Hoth atomic and superconducting qubits. Meanwhile, recent
superconducting qubit is usually quite sensitive to therext €xperiments shown that the TSQ was not only a theoretical
nal environments and background noises, its coherence tinffOposal, but also within experimental feasibility [[22]- F
is generally rather shoiftl[2]. A promising strategy out aéth nally, we note that there are proposals considering theithybr
difficulty is based on the topological ided [3]: a topologica Systems consisting of superconducting qubits and nitrogen
qubit is largely insensitive to major sources of local nsjse vacancy centers. However, as the coupling between a single
and thus can be used to form an efficient topological quanturflitrogen-vacancy center and a cavity is usually very week, b
memory (TQM). low 0.1 kHz Ieyel [2B], previous works mainly focus on using

Recently, with the potential applications in topological €nsemble of nitrogen-vacancy centers [23-26], where the de
quantum computation, topological states of matter have afPhasing time of the ensemble is much shorter comparing with
tracted renewed interesEp —6]. In particular, time-rsae @ Single nitrogen-vacancy center.
invariant topological insulators|[7=11] have been repbete-
perimentally, and thus have greatly stimulated the study o
topological phase$/[4]. In engineering topological phathes
spin-orbit (SO) interaction usually plays an importanterol
T.herefO(e, with.recgnt great achievements in rea!izin'rjart in Fig. 1(a)] and then store it into the TSQ. As the supercon-
cial SO interaction in cold atom s_yste@[@—l_S], it becomesyycting and ancillary atomic qubits are of vastly differéat
a new platform to probe topological phases in a fully con-g,encies, a quantum opto-electro-mechanical setup ideed
trollable way [19]. Recently, Litt al. [20] proposed t0 0b- y16re 3 mechanical oscillator mediates the coherent auypli
serve a_nd mampulate_ topolo_glcal gdge spins reallzeq ira ON J¢ oth microwave and optical photors [271-31]. It was re-
dimensional (1D) optical lattice with experimentally iéald . teq that this interface had been realized in recent éxper
SO interaction. The nontrivial topology there supportstiee  ants [27[ 28], The superconducting qubit interacts with a
generate zero modes, which are topologically stable, amsl th icro\ave cavity mode in a circuit QED scenafiol[32], while
can be used to construct a topological spin qubit (TSQ).  he atoms interact with the optical cavity mode. When the

h_Here, we gropols_g a scheme to regllze_ an mtbe_rfacr? t?Uet"i‘a’e‘?l’ftra-cavity interaction is switched on, one can obtainhhig
this TSQ and a solid-state superconducting qubit. Thisidybr ity state transfer from a superconducting qubit to the a

system may allow us to combine the advantages of both th&llary atomic qubit. By switching off the intra-cavity iet-

action, we show that a TQM for the ancillary atom can be

constructed. Combining the two processes become particu-
* lyinzhanggi@gmail.coin larly arresting as we can store a superconducting qubg# stat
Tlzwang@hku.hk into the TQM, which provides an alternation for interfacing
*islzhu@nju.edu.dn topological and superconducting qublts![83-36].

To store the state of a superconducting qubit [blue rectan-
E;Ie in Fig. 1(a)] into the TSQ formed by the atomic lattice,
as shown in Fig. 1(a), we firstly transfer the state of the su-
perconducting qubit to an ancillary atomic qubit [pink ¢érc
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FIG. 1. lllustration of our scheme. (a) A hybrid architeetugon-
sists of two-cavity optomechanical system. A mechanicaillasor
(red) mediates the coupling of the optical (left) and micawer cav-
ities (right). A 1D optical lattice, constructing our TQM; inside
the optical cavity. An ancillary atom (pink circle) is ingmrated to
engineer the cavity photon state and its information cartdred in
the TQM. (b) The level structure of atoms in the optical tti The
transitions|0) — |e) and|1) — |e) are induced by the lasers in a
large one-photon detunirid\| > 2 and a small two-photon detun-
ing [do| < Q. The transition1) — |e) is dispersively coupled to
the cavity field to achieve the QND Hamiltonian. To obtaireeff
tive switch of the cavity-assisted interaction, a strongtoa laser of
Rabi frequency2, driving the transition of2) — |e) is also intro-
duced. (c) The level structure of the ancillary atom.

Il. ATOPOLOGICAL SPIN QUBIT

the case when the fermions occupy the lowestbitals ¢, .
Redefining the spin-down operator@s — e!"*i/2¢;, with
a being lattice constant, the tight-binding Hamiltoniandea

[24]
H=—t, ) (ehey —ele) + Y Talhig — i)
<i,j> i
+ >ty (é;Téj+1¢ - 5}¢éjf1¢) +He |, (2
j

wherei,;, = ¢! ¢,

= [ [ L +v] s,

t0 = QK% /da:gés(x) sin(2kox) s (z — a).

In k space, the tight-binding Hamiltonian can be rewritten as

I

k,oo’

Hy,

®3)

(. (K)o + dy (K)o, . ko,

whered, = 2t sin(ka) andd, = —T', + 2t cos(ka). This

Hamiltonian describes a nontrivial topological insulatdren

IT'.| < 2ts and otherwise a trivial insulator, with a bulk gap

E, = min{|2t, — |||, 2|t§8)|}. The nontrivial topology sup-
ports two degenerate boundary modes, and each mode equals
one-half of a spin 1/2 particle, similar to the relation beén

a Majorana fermion and a complex fermion in topological su-
perconductor$ [37]. The zero modes are robust to local spise
and thus may form a TSQ which we can use as a TQM. The
TSQ can also be obtained in the middle of the lattice by cre-
ating mass domain. Local operations upon the TSQ can be

The TSQ is based on a quasi-1D cold fermions with threeachieved by applying a local Zeeman teBy = I'yo, Of
level Lamda configuration trapped in an optical lattice [20] B_ — 1,5, [20]. When|T| > 2[tY| a mass domain is cre-

As shown in Fig. 1(b), the transition8) — |e) and|1) —
le) are induced by the lasers, with Rabi-frequendiys =
Qsin(koz/2) andQy = Q cos(kox/2), in a large one-photon
detuning|A| > ©Q and a small two-photon detuning| <
Q, which is equivalent to a Zeeman field along thexisI", =

ated, associated with two midgap spin stdtgs) localized
around the two edges of the TSQ. Leét,) be initially oc-
cupied, reducingl’| smoothly can open the coupling|ifi. )
and lead the TSQ state to evolve. If we apply the Zeeman field
alongz (y) axis, the TSQ evolves in they (z-z) plane [20].

hdo/2 and can be precisely controlled. Then, adiabatically

eliminating the excited state) yields the following effective
Hamiltonian

2
Pz
Hep = X + 0-;1 [Vo(z) + T20.]]0) (o]

M@0 +He], ()
whereM (z) = Mysin(kox) with My = 22 being an addi-

tional laser-induced Zeeman field alomgaxis. To form the
1D lattice, the optical dipole trapping potentials are @roas
V,(x) = =V cos®(koz) with the lattice trapping frequency
beingw = (2Vok2/m)'/? [1S]. The stateg0) and|1) are

I11. TQM FOR AN ATOMIC QUBIT

We then show how to store the state of an ancillary atom
into the TSQ. For our TQM purpose, we need controlled ma-
nipulation of the TSQ, and thus a controllable local Zeeman
field. Here, we propose to implement this controlled manip-
ulation with cavity-assisted quantum nondemolition (QND)
Hamiltonian [21]. To achieve this, we introduce anotheelev
and thus the fermions are now in four-level Tripod configu-
ration. ForSLi and “°K atoms, we can find appropriate hy-
perfine levels to meet the requirement. The coupling stractu

defined by spin up and down of a pseudo-spin, respectivelys shown in Fig. 1(b). To implement the QND Hamiltonian

The tight-binding description of Hamiltoniall (1) is definzsl

Honp = xata, of, we set the cavity mode to couple the



3

transition of|1) « |e) with a strengthy and blue detuning, atom. In this way, one realizes a controlled-string operati
wherey = ¢2/(20) anda(al) is the annihilation (creation) conditioned on the state of the ancillary atdm [21]

operator for the cavity photon. As the cavity assisted ader
tign is always-on, if w}(/al\alvant the interaction%o actonly oa th Uz = [0)4{0 ® I + [1) (1| ® U ©6)
atoms within certain area, we should be able to decouple thm particularly, upon local single spin rotations, one cén o
interaction outside the wanted area. This can be done by usain the controlled operations for the TSQ conditioned an th
ing another laser which couples the transition of excitatest ancillary atom given as

to another level with a Rabi frequen€y,, i.e.,|2) < |e), as . .

shown in Fig. 1(b). Whef, > ¢, the destrl|1c>tive i|nt>erfer— Uss =10)a{0]® I +[1)a(1] ® Stso,
ence of excitation pathways from the two transition ensures Ul =10)a{0] ® I + |1) (1] ® Stsq,
that the so-called dark state, which decoupled the atoms fro
interacting with both optical fields [38,139]. This QND Hamil
tonian preserves the photon numberof the cavity mode.
Within then,. € {0,1} subspace, the evolution of the QND
Hamiltonian for an interaction time of = 7 /(2y) yields

21

wheres%g) 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 defined ad/;,,, = HAUZ HAUZ with H4 being the
Hadamard rotation on the ancillary atom, which swaps the an-
cillary atomic statg«|0) + 3[1)) 4 into the topological mem-

I for n, = 0 ory initialized in |1 ). For the inverse process, we need a
U =exp|—iTHgnp| = { (=N [[ o7 forme =1 (4)  swap out gatd/,,, = UZ H.U? H, that swaps the stored
191 c=

information back to the ancillary atom preparedii,. The
whereN being the number of the selected atoms. If the cavitySWap in (out) process corresponds to write (read) process fo
is initially prepared in the:, = 1 state, the global operation OUr TQM. The read process also provides us an alternative
in Eq. (2) reduces to a string operatioh = [[,07. Note =~ Way of reading out the topological qubit, which is usually a
that all the string operators are equivalentio up to local  hard problem.

single spin rotations [21]t/, = 1,08 = HU.H andU, = We now turn to discuss the experimental feasibility of stor-
1,0 = RU.R, whereH = [] le andR = [[, R, v%/ith ing the ancillary atomic state into the TQM. (1) The TSQ con-
Hll ! (0¥ + 07) /v/2 being the I-:adamard rotatioln amt) — sidered here is robust in the largelimit [37]. For finite N,

= (o] ; =

the ground-state degeneracy is broken, and thus causes deco

herence. However, the lifetime of the TSQ is exponentially i

creased with the increasing df. Therefore, for smalN, one
g.may already obtain a relatively long coherence time for the
TSQ [20]. (2) To implement the QND Hamiltonian, we use
the large detuned scheme, which only requires large Purcell
factor, i.e.,P = ¢%/(yx) > 1 with v andx being the spon-
manipulate the photon number state. Therefore, we put an aﬁa_\neo_us decay rate of leve) and the cavity decay r_ate, re-
cillary atom into the optical cavity, which is used to acteev SPECtively. Forour large detuned scheme,zthe effectivatapo

neous decay rate is suppresseddp; = vg*/62. Therefore,

controlled-string operations between the ancillary atord a ) .
the TSQ. The level structure of the ancillary atom is shown in2S the selected atoms decay independently, the total ftobab

Fig. 1(c), the transitions dft) < |¢) and|2) < |¢) are cou- Y for photonloss isPg = (k + Naeys)7 > 2my/N/P =~
pled to the cavity field with strengthl and a laser with Rabi 370 for N =5, g/(2m) = 220 MHz [40], 7 = 10 MHz, and
frequency(., respectively. Meanwhile, the two couplings % = 1 MHz. (3) The addressing errors of the lasers are asso-
are in a two-photon resonance scenario with a red detuiting ciated with a finite spread around the lattice points of afoms
to the exited staté). Then, the two couplings are described which results in a tiny coupling between the addressing beam

exp (—iZo7). Therefore, as we can implemdsit, universal
single qubit gates on the TSQ can be implemented.

When the cavity state is in a superposition statg|6§. +
v|1)., the global operation in Eq[J(4) reduces to a controlle
string operationi/; = [0).(0| ® I + |1).(1] ® U.. Here, we
need to engineer the cavity photon states. However, it is- act
ally easier to control an ancillary atom rather than to dlyec

by an effective Hamiltonian given as and the selected atoms, and thl_Js leads toa fini_te lifetime for
the level|2). The error probability associated with address-
H, = Ma'[2)(1] + a|1)(2]), (5) ing each site is estimated to be= 1% [38,[39], which can

be further suppressed. (4) The deviation of the QND interac-
where\ = ¢’Q4/4’. To implement the controlled operations tion, which degrades the controlled string operation, dso a
conditioned on the states of the ancillary atom, we choase thbe corrected by the quantum control techniques to arbitrari
initial state as that the cavity mode is in a vacuum state high order [41]. (5) For the controlled string operationg, w
and the ancillary atom is in an arbitrary superpositionestdt  further need the light-atom interface, i.e., the reveesgihte
al0) 4 + B|1) 4. The procedure is listed as follows. (1) Anin- transfer between light and the ancillary atom. With a strong
teraction ofH, for ¢ = /X coherently couples the cavity with lase field of24 = 1 GHz, the error rate can be achieved un-
the atom:a|0) 4|0} + B|2) 4|1)¢. (2) The QND Hamiltonian  derP; = 1%. Finally, combining the above error channels, we
for 7 = 7/(2x) on the above intermediate state is applied. (3)may obtain a fidelity abowts% for a controlled operation. As
Applying H,. for anothert = «/X will annihilate the cavity  both the read and write processes of the TQM need two con-
photon and restore the ancillary atom to its original state. trolled operations, a fidelity ofy, = 95% x 95% ~ 90% can
the steps (1) and (3), we have neglected a phase factor, whidfe obtained for the storage of the ancillary atomic state int
can be compensated by a sing-qubit rotation on the ancillarthe TQM.



IV. INTERFACEWITH A SUPERCONDUCTING QUBIT 0.96

We now show that by incorporating the above system with 0.94-
an additional quantum opto-electro-mechanics interfa@ [ '
we can achieve the storage of a superconducting qubit state
into our TQM. The combined setup is shown in Fig. 1(a), 0.92r
where we consider the case of two-cavity optomechanical sys oo
tem. For our TQM purpose, we can firstly transfer the state of
the superconducting qubit to the ancillary atomic qubit and 0.9¢
then store the ancillary atomic qubit state into the TSQ as pr
posed previously. Therefore, we only need to consider the 0.88! ’ --er=1.1 - |
state transfer between the superconducting qubit and the an ' ./ —r=+15|
cillary atomic qubit in the following. This process is ackhee K --1r=1.35
by the quantum opto-electro-mechanical setup. In a circuit 0,88 : : :

9 0.95 gt/7r1 1.05 11

QED system, under the rotating-wave approximation, the in-
teraction Hamiltonian takes the Jaynes-Cummings form [32]

FIG. 2. The fidelity of the quantum state transfer betweenpeisu
conducting qubit and the ancillary atom as a functiofr. The

. . . arameters are; = 0.1 MHz, = ke = 1 MHZ, v, = vs = 0.1
where g,,, is the coupling strength of the superconductmg,'i),IHZ andg:&dr MHz. S To =

qubit to the microwave cavity, the subscript "s” denoted tha
the operators belong to the superconducting qubind b

are the annihilation and creation operators of the micrevav  after diagonalizing the total Hamiltonian without dissipa
cavity field, respectively. Similarly, the ancillary atomalso  ion, we find that deterministic state transfer is achieved a
coupled to the optical cavity [40], as shown in Fig. 1(c), thetime ¢ — /g, when the relatior2r? = (4k% — 1) (with
transitions of/1) « |¢) and|0) < |e) are coupledtothecav- 1 — 1 2 3 andr = G/g) is fulfilled. To facilitate the
ity field with strengthy” and a laser with Rabi frequen€ys,  state transfer process, larggiis preferablel[27]. Meanwhile,

in the two-photon resonance way. Then, the two couplings arg, achieve adiabatic transfer of qubits state 1 is required

Hp = gm (b'oy +bol), @)

described by an effective Hamiltonian given as in order to single out only the dark bosonic mode, which re-
t sults in much smalley for a givenG. As a result, the time
Ho = go(a’|0)a (1] + al1)a(0]), (8)  neededto complete the transfer will be much longer, and thus

decoherence will cause considerable errors. Howeverryf ve
strongG is experimentally accessible, e.g.,= 20, which
meansG ~ 100 MHz, we have numerically confirmed that
the influences of mechanical mode decay on the state transfer
grocess can be safely neglected.

Finally, we estimate the influence of dissipation to theestat
transfer process by integrating the quantum master equatio

whereg, = ¢'Q2p /0" and the subscript "a” stands for atom.
Here, we consider that the opto-electro-mechanical cogpli
is enhanced by strongly driving of each cavity, resultingin
effective linear couplings [31]. Assuming that each caisty
far into the resolved-sideband regime and is driven near th
red-detuned mechanical sideband, in the interaction rgctu
the interaction Hamiltonian reads

H.=G, (daT + dTa) + G (de + dTb) , (9) p=—ilH,p] + Z ’fﬁ(zﬂpﬁT - 8"8p - PﬁTﬂ)
B

whered andd' are the annihilation and creation operators of +vs(20; pof —oto p—pofol)

the mechanical oscillator, respectively. The couplingveen +

the mechanical resonator and cavifg denoted as:;, which “

is controllable as they are proportional to the externaledri  where p is the density matrix of the entire system,
amplitude, so we may chooge, = G, = G for simplicity. B € {a,b,d}, ke, Ky and k, are the decay rates of the
The total Hamiltonian readd = H, -+ H,, + H., whichcon-  optical cavity, microwave cavity, and the mechanical oscil
serves the total excitations and we restrict our discussion lator, respectivelyy, and~, are the lifetimes of the atomic
be within the zero- and single-excitation subspaces. Teans and superconducting qubits, respectively. We charaeténz

of the intra-cavity qubit states can be accomplished by modutransfer process for the given initial state by the condaio
lating parameters of our systefn [42]. As the light-matter in fidelity of the quantum state defined by = (Valpaltha)
teraction is tunable, we can modulate= g¢.,, = g. The ini-  with p, being the atomic reduced density matrix. By choos-
tial states of the ancillary atomic and superconductingtqub ing the typical parametersz, = 1 MHz, x, = 1 MHz,
are assumed to b@), and|ys) = («|0)s + S|1)s), re- kg = 0.1 MHz, 7, = 0.1 MHz and~, = 0.1 MHz, we plot,
spectively. Deterministic quantum state transfer is zeali in Fig. 2, the fidelity of the quantum state transfer process
when exp (—itH)|000).|0)4|t0s) = ]000).|14)|0)s is ful-  Fy as a function of the dimensionless time/w, where we
filled, where|y,) = «|0), + 5|1), and|000). means that have obtained a high fidelity> > 95% of the process. In
the three bosonic modes are all in the vacuum states. particularly, even with considerable deviation (abetit)%)

+’7a(20;p02_ P pO';O'a_), (10)



of the coupling strength to the ideal conditidr, > 94% can V. CONCLUSION
still be obtained. Therefore, this process is very robushéo

deviation of the coupling strength. In the abov_e estimatipn In summary, we have proposed a hybrid implementation of
we have neglected the effect from the atoms in the optical Toum for both atomic and superconducting qubits, which
lattice due to the following two reasons. Firstly, the cgvit 5, combine the advantages of both the noise resistance of th
assisted interaction can be effectively switched off. 860 45510gical qubits and the scalability of the superconiagt

if there is a.small probability that it has not been SW'tChedqubits. In particular, by introducing a quantum opto-alect

off, then it will cause energy shift of the cavity mode. As for echanical interface, we have demonstrated that the super-

) e o
N atoms, this shift iSVg=/6 ~ Ng/10 for 5 ~ 10g. F_or conducting qubit state can be efficiently transferred i@ t
the ancillary atom, we may choogé = 1024 = 100g; in

this way A = 0.1g is still large enough for our manipulation

purpose. With the above parameters, Mor= 5, we obtain

that the atom-induced energy shift#s/200, and thus can be This work was supported by the NFRPC (Grants No.

safely neglected. Therefore, combining the process ofigfor 2013CB921804 and No. 2012CB921604), the NSFC (Grants

the ancillary atomic state into the TQM, we can obtain aNo. 11474153, No. 11274069, No. 11474064, NO.

fidelity of ' = Fy x F» ~ 86% for storing a superconducting 61435007, and NO. 11474177), the PCSIRT (Grant No.

qubit into the TQM. IRT1243), and the RGC of Hong Kong (HKU173051/14P and
HKU173055/15P).
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