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Robust interface between flying
and topological qubits
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. Hybrid architectures, consisting of conventional and topological qubits, have recently attracted much
. attention due to their capability in consolidating robustness of topological qubits and universality
Published: 28 July 2015 of conventional qubits. However, these two kinds of qubits are normally constructed in significantly
. different energy scales, and thus the energy mismatch is a major obstacle for their coupling, which
can support the exchange of quantum information between them. Here we propose a microwave
photonic quantum bus for a strong direct coupling between the topological and conventional qubits,
where the energy mismatch is compensated by an external driving field. In the framework of tight-
binding simulation and perturbation approach, we show that the energy splitting of Majorana
fermions in a finite length nanowire, which we use to define topological qubits, is still robust against
local perturbations due to the topology of the system. Therefore, the present scheme realizes a
rather robust interface between the flying and topological qubits. Finally, we demonstrate that this
quantum bus can also be used to generate multipartitie entangled states with the topological qubits.

Accepted: 22 June 2015

Recently, topological quantum computation'= has been resurfaced due to the invention of an experimen-
tal accessible way on the realization of Majorana fermion (MF) — a self-conjugate fermion who obeys
non-Abelian exchange statistics®. For the past years, this kind of exotic particles have been predicted to
exist in the v=5/2 fractional quantum Hall state!, vortex core in two dimensional chiral p-wave super-
conductor?, and one dimensional (1D) nanowire in proximity to a p-wave superconductor’. However,
none of them have readily be used for the realization of MFs. Remarkably, it was indicated that the
unconventional p-wave pairing can be induced by coupling the spin-orbit interaction to a conventional
s-wave pairing’®. Along this line, several theoretical schemes based on one-dimensional systems have
been proposed'®', and experimental investigations of possible MFs have also been made'~'%, making
the MFs be a kind of promising candidate for implementing topological quantum computation'®-%,
Unfortunately, braiding operations of MFs are not universal for quantum computation because only
a few quantum gates can be obtained. One possible alternative scenario is to use the hybrid architecture
between topological and conventional qubits, which can consolidate the advantages of both systems — the
topological qubits are robust against perturbations while the conventional qubits can be used to perform
universal quantum computation via coherent control. So far, many schemes have been proposed to inter-
face topological and conventional qubits**~*, with most being used to measure the topological qubits.
Generally, there is essentially an obstacle for the realization of strong coupling between conventional
and topological qubits, that is, the energy mismatch effect. The topological qubits are constructed in a
degenerate zero energy subspace, while conventional qubits are usually defined by two isolated energy
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Figure 1. The proposed setup. (a) Topological qubits encoded by 4 MFs (red filled dots) locate at the
intersections of the topological trivial (blue) and nontrivial phases of a semiconducting nanowire, which is
deposit on top of a transmon qubit (right panel). The transmon qubit is controlled by a dc gate voltage V,
via a gate capacitor C,, from which an ac voltage bias can also be introduced. The Josephson junctions of the
qubit have capacitance C; and Josephson coupling energy Ej, which are shunted by a large capacitance Cj.
(b) The full-wave section of a 1D transmission line resonator (cavity), where the transmon qubits are located
at the antinodes of the cavity mode and interact to it by the capacitive coupling.
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levels with different energy, which is essential for coherent operations via Rabi oscillation. Therefore,
direct interfacing that admits the energy exchange between different qubits is not allowed. Meanwhile,
in order to couple long distance qubits, a photonic quantum bus for topological qubits is of significant
importance, where errors from these hybrid architectures can be corrected for a much higher threshold
(€ ~0.14)**%, which has already been achieved®. However, for topological qubits couple to a cavity mode,
only the induced energy shift, due to the large energy mismatch effect, has been investigated before®”~**.
Here we propose a microwave photonic quantum bus for strong coupling between conventional and
topological qubits in a circuit QED scenario***’. We use MFs in a finite length nanowire*® and an ac driv-
ing field to compensate the energy mismatch between the MFs and cavity frequency*~>°. It is noted that a
similar setup based on dc driven has been employed in Ref. 51, where the same interaction Hamiltonian
is obtained based on dipole approximation of the topological qubit and treat the semi-classical dynamics
of the coupled system. In realistic experiments, the dc bias may displace the working point of the qubit
off its optimal point, which enhances the charge sensitivity of the quantum device. Therefore, to investi-
gate the quantum dynamics of similar systems, dc driven will introduce additional charge noise®*. This
problem can be avoided using the ac bias, in which the averaged bias is zero in a full period. We therefore
expect that the ac bias can lead to a better performance in our model focusing on quantum dynamics.
Then, using the tight-binding simulation and second-order perturbation theory, we show that the energy
splitting of MFs in a finite length nanowire, which we use to define topological qubits, is robust against
local perturbations. This robustness is ensured by the topology of the system, in which, although the
perturbations may induce the coupling between edge states and other extended wave functions, their
contribution to the splitting energy are almost cancelled. Thus our scheme realizes a robust interface
between flying and topological qubits. Finally, we show that this quantum bus can be used to generate
multipartite entangled states with the topological qubits, which are impossible by braiding of MFs.

Results

Interfacing topological and flying qubits. We first introduce our setup to realize strong coupling
between topological and flying qubits, as schematically shown in Fig. 1. We consider a spin-orbit coupled
semiconductor (InAs or InSb) nanowire deposited on a superconducting transmon qubit®. Topologically
protected MFs, defined as v, to ~y, from left to right, can be realized when the nanowire is driven to the
topological phase regime!®. In particular, due to the presence of the MFs , and ;, the single electron
tunnelling across the junction will also appear besides the usual Cooper pair tunnelling. Moreover, since
the difference between resonant energies of the two type of tunnelings is sufficiently large, it is reasonable
to assume that only one of them can be resonantly addressed by the biased voltage.

For a finite nanowire, the coupling between the MFs leads to an energy splitting. In this case, the MFs
gain a finite energy while their wave functions are still well localized at the two ends. Roughly speaking,
we still have y~ T, thus these states with nonzero energies can still be used to encode information for
topological quantum computation. For the four MFs defined in Fig. 1(a), we assume their distances to
be Iy, I, and I,, respectively, which are much longer than the Cooper pair coherent length. In this case,
the Hamiltonian of the MF system reads
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(1)
where ¢ is the phase difference across the junction, E,, E, and Ey; = 4+/D A are the coupling strength
with D being the transmission probability of the junction. Usually, to maintain stable topological protec-
tion, the MF splitting energy E; (~MHz to 0.1 GHz) is much smaller than the microwave cavity frequency
(3-10GHz). This large energy mismatch prohibits the direct resonant coupling between these two dis-
tinct systems. To overcome this shortcoming, we propose to use a microwave bias voltage to match the
energy difference. In this way, the phase difference ¢ consists of three contributions: the difference
between the two superconductors ¢, the microwave driven field Vip= Asinwt and the capacitively cou-
pling to the quantized cavity field, that is, V. = V(ae ™ + a'e™"). As the total induced bias voltage
lf)or the junction is Vi, = B(Vgs+ V) with 8= C,/Cy; and Cy,= C,+ C+ 2Cj, the phase difference is given
Y

¢/2=<p/2—|—e£)t Vidt

=% (ae ™ 4 ale™) — ﬁ cos wt+ p/2 — ¢
W w v (2)

where A\,=e(3A, \.= e[V, and ¢, is a constant of integration related to the initial phase difference of the
two superconductors. We treat the transmon qubit classically and absorb ¢ into ¢,. Normally, \/w <1,
and thus we can handle the MF Hamiltonian perturbatively. Up to the leading order we obtain

E, E, Ey
Hyp = i— 7172 +i—= 7374 + 17 cos(f cos wt + ¢))V273
+ig, sin(f cos wt+ ) (ae” w1 gTed)y s, (3)

where 0= \,/w and g,= Ey\/(2w,).
To proceed, we now construct the conventional Dirac fermion via two MFs, ¢ (’Yl + i’y]> / 2.

The eigenstates of 71;; = =che 'ic;; define a two fold degenerate Hilbert space, where 71, ; = 0, 1 labels parity

of the ground states. In the odd parity space, a topological qubit is encoded as \0)t 0), 1), , and
|1)t = 1), \0)3 ,» While the similar encoding in the even parity subspace is discussed in Ref. 54. In this
odd parity subspace, we have

ivyys = =0, iy, — —o, gy, — o (4)
Thus we can express the Hamiltonian in Eq. (3), using Pauli matrices 0*"*, as

E E
Hyp = Eaz - TM cos(6 cos wt + ¢ )o*

— g, sin(0 cos wt + ;) (ae” et 4 gl o, (5)

where E=E, — E,. We first consider the time-dependent driven term of the above Hamiltonian, i.e., the
E\ term. The net effect of this term can be modeled as a modulation of the coefficient E,; when J,(6)E,,/
(nw) <« 1. When ¢, =, this condition can be fulfilled by choosing w/Ey;= 10 (see the Method section
for details). For the single-photon assisted resonate coupling, the Hamiltonian in Eq. (5) reduces to

E z EM X —iw_t let X
Hyp = —0” + =M1, (0)c* + 2¢ J,(0 t 4 .
MEF 20 > Jo(0)o g()]l( )cos wt (ae a'e™)o (6)

In the eigenbasis of the topological qubit, the above Hamiltonian reduces to

w .
Hyp = %oz + 2g,J1(0)cos wt (ae Tl gTe ) % (sin Yo” 4 cos VoY), )

where Wiq = JE* + Jo(0) EM , cost) = E/w,, and sind = Jo(0)Ey/w,q. Obviously, since w,— w, > g,
any dlrect energy exchange coupling between the two type of qubits is impossible in the absence of the
bias. This is expected from our analysis in the introduction.

However, when the energy mismatch between the cavity field and the topological qubit is compensated
by the bias field, i.e., w.=w+ w,;, a parametric resonant coupling can be induced. This also means that
the coupling between MFs and resonator can be switched on/off very easily by controlling the frequency
of the bias field. To see this, we transform the interaction Hamiltonian in Eq. (7) into the interaction pic-
ture with respective to the qubit Hamiltonian H,, = w,,0*/2, the effective interaction Hamiltonian reads
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where g=gycosd/,(0) and g’=gyJ,(d)sind. To obtain the maximum coupling strength, one should
set cost) =1, which can be fulfilled when J,(0) =0 (0~2.4). In this case, w,=E, g~gy/2 and ¢’ =0.
Neglecting the oscillating terms using the rotating wave approximation, which is valid when w,> g, the
effective Hamiltonian reduces to

Hyc=g(ac" + a'o), (9)

and the neglected anti-rotating wave terms with the lowest frequency are terms oscillating with fre-
quency of 2w, that is,

Hyc=g (a'oTe?™u! 4 goe ), (10)

We therefore map the effective model in Eq. (5) to the well-known Jaynes-Cummings model. This reso-
nant interaction — a bosonic quantum bus Hamiltonian — is readily for quantum information transfer
from a topological qubit to the cavity state®. The first experiment may be the vacuum Rabi oscillation
by preparing an initial state of |¢),) = (\O)t + |1)t) / J2 @ |0)c, the quantum information transfer can
be achieved by obtaining a final state of [¢;) = |0) ® (|0)c - i\l)c)/ﬁ at T,=7/(2g), where the
excitation of the topological qubit is transferred to the cavity mode. This dynamics can be directly probed
in experiments. In this way, we can consolidate the advantage of both quantum systems in a single chip.

Robustness of the MF wavefunction. The appearance of MFs at ends of the nanowire is ensured by
the bulk topology. In this case, topological protected zero-energy edge states can be realized at the two
ends when the length of the nanowire L — 0. These localized edge states directly ensures self-hermitian,
~v=~". The wave function of these edge states decays exponentially to zero in the bulk. For a finite sys-
tem, the overlap of the two MF wave functions’ tails lead to the MF energy splitting, which has been
defined in Eq. (1). Here, as shown in Eq. (4), the decoherence of the topological qubit is originated from
the fluctuation of hybridized energy splitting, and thus the stability of MFs energy splitting against disor-
der means the robustness of the defined topological qubit against disorder. It is still not quite clear how
robust this splitting is in a realistic nanowire because this energy splitting is in principle not topologically
protected, and thus we can not directly infer its robustness from the topological protection. Nevertheless,
robustness of this splitting is crucially important for the coupling between conventional and topological
qubits. Therefore, we next investigate this problem using a tight-binding numerical simulation and a
perturbation approach.

(1). Tight-binding simulation. There are several sources of fluctuation in nanowires, e.g., fluctuations of
order parameters (the nanowire length is much larger the Cooper pair coherence) and chemical potential
(small carrier density n~10%cm), efc. To mimic these effects on the energy splitting, we consider the
following tight-binding model

H=—1t)] CiICiJrls + AZ(CiTTCiJrl,l - CiTiCiJrl,T + h. C)
is i
+ Z'uisnis + (Aiclﬁci—i + h c. )7 (11)
i

where t=h?/(2m’a?), A= a/2a with a the lattice spacing, m" is the effective mass of electron, « is the
spin-orbit coupling strength, chemical potential j;;,; = yt;+ h, and the Zeeman splitting h= g'113B, with
g being the Lande factor and B, being the external magnetic field strength along the z-direction. The

topologically protected edge states appear when h > h. = /u* + A’ with A being the proximity
induced pairing strength, see Fig. 2(a), which is protected by a finite energy around 0.1 meV for the
parameters used therein. The energy splitting is an oscillation function of length L, see Fig. 2(b). This is
because the localized edge states have oscillating decay function, thus the overlap may exactly disappear
at some “magic points”. We plot the wave function of the left edge state in Fig. 2(c) with different lengths,
which shows that they are almost unchanged except their tails.

We now present our numerical results by solving the tight-binding model over different random
configurations. Here we consider two typical fluctuations. In the first study, we assume on-site chemical
potential fluctuation p;= p—2t+ 6y, and fix A;=A. In the second study, we assume p;= 1, and
A= Ae™”, These two factors are two major fluctuations in low dimensional systems with low carrier
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Figure 2. Lowest energy and wave functions of edge states in nanowires. (a) The topological transition

in an infinity nanowire with open boundary, where ¢, and ¢, are the energy of two lowest particle levels.

(b) Effect of nanowire length L on ¢, and ¢, for fixed Zeeman field h=1.5meV. The solid line is the
envelope of ¢, fitted using exp(—L/2§) with {=230nm, which roughly agrees with the Cooper pair coherent
length &;~216nm. (c) Normalized wave function (WF) of the left end state, which is constructed from
Py~ + XTp,,) for different nanowire length. The parity of this state is +1 because X = +)g. The
right end state with parity —1 has similar feature thus is not shown. Other parameters from InSb nanowires
are: m"=0.015my, « =20meV -nm, a= 10nm, A =0.5meV and p.s= 1.0meV. The overlap of these two
wave functions with slightly different lengths is greater than 0.99.

density. In both cases, we assume Oy and 66 are independent uniform random numbers distributed in a
large region [— W, W] (assuming W > 0). The results are presented in Fig. 3, in which we mainly focus
on the lowest two non-negative eigenvalues €, and ¢, of Hamiltonian in Eq. (11). For the chemical poten-
tial fluctuation in Fig. 3(a), the averaged Hamiltonian is exactly unchanged, thus we see the mean value
of ¢, is almost unchanged. We find that the variation of £, almost increase linearly with respect to W. In

Fig. 3(c), we plot the overlap p;= l(wolgb j> as a function of W, where |1 is the wave function without

disorder. Notice that the overlap of the left and right edge states is extremely small (at the order of 10~*
from our numerical simulation), thus p~1 means that the wave function of the edge state is almost
unaffected in a disordered environment. In the second column, we consider robustness of MFs with
respect to the phase fluctuation. Two notable differences have been observed. First, as shown in Fig. 3(b),
the averaged Hamiltonian is changed because {¢®’) =0, thus we find that (,) depends strongly on W.
Secondly, as shown in Fig. 3(d), we find that the overlap of the wave functions also depends strongly on
the phase fluctuation magnitude. However, we have chosen extremely strong fluctuations in both cases,
while these fluctuations should be much smaller in realistic experiments. As a result, we may expect the
practical performance to be much better than the results presented in Fig. 3. These simulations under
the extreme condition demonstrate clearly robustness of the MF wavefunctions. For this reason, we also
expect that the topological qubits has a much weaker dephasing effect than conventional superconduct-
ing qubits do. It is worth to point out that we have also calculated the effect of nuclear spin polarization
on the energy splitting of MFs, where we have also obtained similar results. In our simulation, we assume
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Figure 3. Effect of parameters fluctuations on the energy splitting. Effect of chemical potential (left
column) and phase (right column) fluctuations for a nanowire with L= 3 ym, h=1.5meV, and other
parameters are the same as in Fig. 2. (a) and (b) show the fluctuation of chemical potential and phase on
(¢,) and its variation o = ((612) - (61)2) . Insets show n=0/(e,) vs W, and the linear line is just for
guide. The corresponding overlap of wave function of MFs for 100 different fluctuations are presented in (c)
and (d), with solid line the mean of overlaps. The overlap is defined as [{t)y|¢);)|, where |t,) and [¢;) are the
wavefunction of the edge states without and with disorder, respectively; see more details in text.

a random magnetic field generated by nuclear spins, B;, which introduce a Zeeman splitting smaller than
0.1meV.

(2) Perturbational analysis. 'We now develop a model to understand these numerical observations. We
wish to show that robustness of MFs splitting is deeply rooted in the bulk topology. To this end, we
assume H = H + V, where H is the unperturbed model defined in Eq. (11) and V is the disordered
potential, which contains all possible random fluctuations. This model has the basic particle-hole sym-
metry, that is, ¥=0,K, where K is the complex conjugate. Now we assume H, = £,1,, then
HE"p, = — £,570,,. Hereafter, for convenience, we assume 7> 0 and n < 0 for the eigenfunctions with
position and negative eigenvalues, respectively, and thus €,,=—¢_,, ¥_, =X, ,. The system is pro-
tected by a fundamental gap, see Fig. 2(a), which is in the order of magnitude A. We attempt to under-
stand the topological protection using the second-order perturbation theory. To this end, we assume the
two localized wave functions as iy and 1z, where the subscript L (left) and R (right) represent the
position of the end states; see a typical example in Fig. 2(c). These two edge states have the following
basic features: 3%y =1, and XTpy = —1)y. The eigenfunction of 1., can be constructed using the above
two edge states as ¢, = A(¢ £ 1by), where A =~ 1/-/2 is the renormalization constant, and v, is
the eigenfunction of H with eigenvalue €.

The random potential V can affect the low-lying excitation. To this end, we assume

ei=¢+ 551‘(1) + 551.(2) + ---, where the first order correction is

§el) = (W |VIvs,) = 2% (v |V]vy).- (12)
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The above conclusion can  be obtained using  the following  identity:
(i V1) = (0 |ST VD) = — (| V]gy) with k=L, R, and thus (¢ |V|1)) =0 for any weak ran-
dom potential. As the wavefunction of the left and right edge states — ensured by topology — is an
exponential decay function, see Fig. 2(c), their overlap, due to the random potential V, should be expo-
nentially decay to zero with increasing the length, that is, 65:81) ~ exp(—L/§). Generally, we find
6531) /€, < 1. This small ration arises from the oscillation of the edge state wavefunction, in which most
of the important contributions are exactly cancelled. In contrast, for conventional qubits, the first-order
fluctuations play normally the leading role in the energy fluctuation (thus the decoherence) of qubits.

We next calculate the second-order correction energy, which can be written as (see the Method sec-
tion for details),

Z lnrn + lfnrfn + 2 |j</¢)L‘V|¢R) |2 .

65(21) =
- n>1 En — €11 €41 (13)

where 1,= (Y| V|¢,), r,=(1,|V]ir), and no correlation between them can be derived for a general
random potential V. However, the most important contributions of /, and r, to 554(31) are almost cancelled
due to the particle-hole symmetry. Notice that the first term in the above equation is suppressed by the
large energy gap, i.e., £,—¢,,~ A, and thus the cross correction between the left and right edge states is
negligible when V is not very strong in a finite length system. Meanwhile, the second term is also expo-
nentially small when L>> £ due to the exponential small overlap between the wavefunctions of the two
edge states. Finally, this result is also in consistent with the bulk-edge correspondence in quantum phase

transition since when L — 0, we see 654521) — 0, that is, the energy of the edge states are unaffected by V.

From these results, we can conclude that the topological qubit, even with a finite coupling, is still
robust against local perturbations — a basic reason relies on the topology of the bulk. Following these
observations, we expect the topological qubit has much smaller dephasing rate, which can be regarded
as one major advantage of it. In addition, these results are quite general, and for other topological qubits
with some other symmetries, we also expect a similar conclusion.

Realization of the quantum information transfer. Topological qubits embedded in an environ-
ment inevitably have the finite lifetime—this process can be modelled by two parameters: the relaxation
rate I and the dephasing rate I',. Here we investigate these two main decohenrence sources for practical
experimental realizations of the current scheme. First, dissipative and incoherent quasiparticles tunneling
across the Josephson junction and between nanowire and superconductors will break the parity of the
qubit system and lead to decoherence. At a temperature of 20 mK>, the density of unpaired quasiparti-
cles is 0.04 um~3, which leads the parity protection time to be in the order of magnitude ~1ms*. This
is sufficiently large comparing with the time for the quantum information transfer process. Secondly, we
consider the influence of the superconducting phase fluctuation effect on the MF coupling, which comes
from the thermal fluctuations of the bias voltage. For the free o, term, it is a fast oscillation one, and
thus low frequency modulations of the term can be negligible provided that the frequencies are much
smaller comparing with w. As for the other terms, random superconducting phase fluctuations do affect
the form of MFs, thus leads to decoherence of the topological qubit. The root mean square error of the
superconducting phase is 0@~ Ale< 107> » with A€ [107%, 10~*]e (Ref. 58) being the amplitude of
the 1/f charge noise, the error caused by which is negligible small and far below the threshold**** for
error correction.

We now discuss realistic parameters. In circuit QED, the resonator has a wave length of A=25mm
and a gap of d=>5pum between the center conductor and its ground planes, being large enough for a
transmon qubit with the loop size of 4 x 4 um?. The transmission probability of the junction is very
small, which depends on /; and the magnetic field®’, and thus can be tuneable by tuning /; with external
electrostatic gates'>. We modulate Ey =27 x 0.5GHz, thus g~ 27 x 6 MHz for \/w.~0.05 (Ref. 61).
Quality factors above one million have been reported for superconducting resonators with frequen-
cies ranged from 4 to 8 GHz%, i.e., the cavity decay rate k is in the order of KHz. Here we choose
k=27 x 6 KHz, which corresponds to x= g/1000. Meanwhile, we choose E=E, =27 x 0.2 GHz, which
leads to ,~ 2.5 um for an InSb wire with {=216nm. For [;=4.5 um, E, will be less than 0.01E, and
thus can be safely neglected. Therefore, the total length of the wire will be less than 10 ym, which can be
deposit on a transmon qubit. In addition, as w, = E, the resonate condition w,,+ w = is readily ful-
filled with w=10Ey;= 27 x 5GHz and w.= 27 x 5.2 GHz. Obviously, these parameters naturally realize
strong coupling between topological qubits and cavity since g>> {x, I'}, I',}.

We estimate the errors for the quantum information transfer process under realistic conditions. First,
we consider the decay of the cavity mode (x) with a thermal cavity photon number #, the relaxation (I"))
and dephasing (I',) of the topological qubit. Under these decoherence effects, the dynamics of the system
can be well described by the following master equation

pl = - i[H]C7 Pl] + g[(nc + I)E(a) + nc‘c(a-*—)] + %[Plﬁ(ai) + FZ‘C(Uz]v (14)
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Figure 4. Fidelity of the quantum information transfer between the topological qubit and the cavity. The
maximum fidelity as a function of the working temperature T of the cavity with k=I"; =T",=g/1000. Insert:
The fidelity dynamics as a function of gt/7 at zero temperature. The blue and red dash lines are simulated
with and without rotating wave approximation, respectively.

where p, is the density matrix of the combined system of the topological qubit and the cavity, n, is the
number of photon in the cavity, and £ (A) = 24pA" — A'Ap — pA'A is the Lindblad operator. We sim-
ulate the quantum information transfer process using the conditional fidelity defined by F, = (1| p,|11)s
with p, being the reduced density matrix of the topological qubit from p,. Assuming the cavity is initially
prepared in the vacuum state |0),, i.e., n.=0, we obtain a high fidelity of F;~99.9% for the quantum
information transfer process at gt/m=1/2 with k=I",=1",=g/1000.

We next turn to consider the influence when the cavity is initially in a thermal state. Typically, the
cavity is cooled down near its quantum mechanical ground state and the thermal occupancy related to
the working temperature T of the cavity as n.= 1/[exp(hiw/KpT) — 1]. To simplify our treatment, we
assume the initial state of the thermal cavity to be p, = (1 — n.)[0)_ (0] + n|1) (1. With the same
parameters as above, as shown in Fig. 4, we plot the maximum of F), with rotating wave approximation,
as a function of T. We find that the infidelity is less than 0.1% when T <35mK. For superconducting
devices cooled to 20mK inside a dilution refrigerator, the temperature effect in our scheme is
negligible.

Finally, we consider the influence of neglecting the counter-rotating terms in deriving the Hamiltonian
in Eq. (9). Here the neglected terms with frequencies in the order of w,, are those in the Hamiltonian
of Eq. (10). This is well justified numerically for w, = E~33g, as shown by the insert of Fig. 4, where
the blue and red dashed lines are simulated by the Hamiltonian of Hj in Eq. (9) with the absence and
presence of Hyc in Eq. (10), respectively. The two results are in very good agreement, and the infidelity
induced by this approximation is less than 0.1% within the three periods of Rabi oscillation.

Application to entangled states generation. When incorporating more than one qubit, we next
show that our quantum bus model can be naturally used to generate entangled states of topological
qubits. We consider the multi-qubit case as shown in Fig. 1(b) and modulate v=w,— E;— w;> 0 for all
the N qubits, which leads the total interaction Hamiltonian to be

N
Hyp = g (ae ™o + H. ¢.),
b= e ) (15)

where we have assumed g;= g. Meanwhile, driving in the form of hj, = ca'e ™ 4 gqe™d on the res-

onator can be obtained® by capacitively coupling it to a microwave source with frequency wy, with €
being a time independent amplitude. For large amplitude driving and under a time-dependent displace-
ment transformation of D («) = exp(adaT — agja) with idy = w oy + € exp(—iwyt), the direct drive
on the resonator can be eliminated. Under resonant driving (w;=w,y), and change to a frame rotating at
the frequency of wy, the driven induced collective Rabi oscillating Hamiltonian of the topological qubits
reads Hp, = %ZN:I o}, where 2 =2ge/v. In the interaction picture with respect to Hp, the interaction
Hamiltonian reads®

iwgt

N
HMF_

N |0

N
Eae_i"t((rx +e M) (== - ) (+ ‘) +Ho
& j j i (16)
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where | & )j = go) + |1)])/ﬁ In the case of Q> {1, g}, we can omit the fast oscillation terms (of

frequencies 2 & 9), then the Hamiltonian becomes

HI\I}F = g(aef’” + erfta""t)]x7 (17)

where = E;Lloj" /2 with g=x, y, z. In this case, the time evolution operator can be written as®-*

U (t) = exp[iA (t)],f] exp[iB(t)a]|exp[iB*(t) aT]x] , (18)

where B(t)=ig(1—e™)/v, and A(t) = g;z[t + i(ei”t — 1)/v] It is obvious that B(t) is a periodical
function and equals zero when t= T, = 2kn/v with k being a positive integer. Therefore, at these special
points, Eq. (18) reduces to

U(Ty) = expliA(T)JS1, (19)

where A(T})=2kmrg*/12. For N qubits in an initial state of |,);=|00--0), choosing A(T;) = 7/2, the final
state [1),), = exp (1%]3) |4),), is a GHZ state given by**®’

1
7z

when N is even. For odd N, one can get GHZ state by applying U, = exp <i§] x) in addition to Eq. (19).
The operator Up can be implemented by Hy, with QT = 37.

This generation has the following distinct merits. First, the generation is fast. To be specifically,
A(T)=7/2 can be obtained when v = 2g-/k. Then, for k=1, one obtains »=2g and the entanglement
generation time T'= 7/g, which is comparable with that of using the resonant Jaynes-Cummings interac-
tion. This is due to a fact that the interaction used in this generation is not of the dispersive nature, and
thus removes the needs of large detuning (v>>g). Secondly, the generation is readily for scale up. As the
operator in Eq. (19) is obtained to be independent on the number of the involved qubits, the time needed
for the gate operation does not depend on the number of qubits. Therefore, this generation can be scal-
able provided that the qubits can be incorporated in the cavity for every wave length section of the cavity,
and there can be four qubits located at the antinodes, as shown in Fig. 1. Finally, in the time evolution
operator of Eq. (18), as B(f) is a periodical function, the cavity state dependent terms, i.e., the second
and third terms, are removed, leading to a cavity field state insensitive operator of Eq. (19). Since the
cavity will return to its original state, one can avoid cooling of the cavity to its ground state before the
application of the operator in Eq. (19), which looses the limitation of the thermal effect in engineering
quantum states.

However, the time evolution does involve the excitation of the cavity during the generation, so that we
need to include its influence as well as others. Then, we estimate the fidelity for the generation process by
the Lindblad master equation. For the N=2 case, we can obtain a high fidelity of F,~99.3% at t=m/g
for the generation with k=T";=1",=g/1000 at T=0. For N> 2 cases, the maximum of F, will decrease
gradually due to the decoherence of the increased number of qubits. Nevertheless, we can still obtain
fidelities of 98.5% and 96.8% for the entanglement generation with N=4 and N= 8, respectively. As it
is well known, the fidelity of the generation drops with the increase of the decohenrence rates. For the
cases of N=4 and N=38, as shown in Fig. 5, we also plot the maximum of F, with decohenrence rates
in the range of I'} , € [1, 10]. It should be emphasized that the dephasing term I', has a leading effect
in F, for the multipartitie entangled state. In the previous sections, we demonstrate that the topological
qubits is much more stable than the conventional qubits in environment, and thus we expect I', to be
much smaller than that in conventional qubits, namely, F, for topological qubits can be much higher
than that for conventional qubits.

In summary, we have proposed a microwave photonic quantum bus for a direct coupling between
flying and topological qubits, in which the energy mismatch is compensated by the external driving field.
Strong coupling between these two qubits can be realized. It has also been shown that from the realistic
tight-binding simulation and perturbation theory that the energy splitting of the MF wavefunctions in a
finite length nanowire is still robust against local perturbations, which is ensured by the topology. Thus
our scheme is rather promising for implementing a robust interface between the flying and topological
qubits. Finally, we have demonstrated that this quantum bus can be used to generate multipartitie entan-
gled states with the topological qubits.

_ —im (14+N)/2
Vol = 2 [00-0) + V1)), )

Method
Derivation of Eq. (6). We begin with the Hamiltonian in Eq. (5) in the main text. Using the series
identities of
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Figure 5. Maximum of the entanglement generation fidelity F,. For (a) N=4 and (b) N=38, F, is plotted
at T=0 with k=g/1000 and {I'";, I';} € [1, 10]~.

cos(0 cos wt) = Jy(0) — Z;IZn(G)cos(ant) =7, — 2J5(9), (21)

and
sin(f cos wt) = 23 (=1)"*17,,_ () cos[(2n — 1)wt] = 2] (6) (22)
n=1
with J,(6) being the nth Bessel function of the first kind, the Hamiltonian in Eq. (5) reads

E E . .
Hyp = ~0" - TM cos @ Jo(0) 0™ + S(t) — g oK () (ae™™ + a'e™),

2 (23)

where we have defined the time-dependent driven as
S(t) = Eylsin ¢ Jo(0) + cos o Jg(0)]0%,
K(t) = [sin ¢ Jo(0) + 2 cos ¢ Jo(0) — 2 sin ¢ Jp(0)].

To obtain a time-independent effective Hamiltonian for Eq. (23), we first need to deal with the
time-dependent driven terms of S(f). This time-dependency can be safely neglected when J,(0)E,,/
(nw)< 1. To see this, we perform n transformations with frequencies nw, which are defined by
ut)=U,U,_,...U,U; with

U, = explif3,, sin(mwt)o™], (24)
where (3,,= (—1)" "V 2sinpEyJ,.(0)/(mw) and B,,= cosg,Enl(0)/(mw) for odd m=2n—1 and even
m = 2mn, respectively. The transformed Hamiltonian is
au' (1)

ot (25)

Hyp = U(t)HMFUT(t) — iU (1)
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where the second term equals to S(), and thus cancels the time-dependency of () in Hamiltonian (23).
However, the o, term does not commute with the transformation. After n transformations, its trans-
formed form is T, = U,T,_,U,, where

T, = U,o,U] = cos (26, sin(wt)]o, + sin[20; sin(wt)]o,
=10(28)) + 2> 15, (26)) cos 2nwt) |0, + 20,3 ], 1(26)) cos[(2n — 1)wt]. 26)
n=1 n=1
Choose 0= 0.4 leads to J,(#) ~ 6/2=0.2, and thus

EnJy(0) < EnJ,(0) ~ E_M —1/50
N w 5w ’

B, = sin ¢,
for w= 10Ey,. Therefore, J,(23;) > 0.9996, ],(2(3;) < 0.02 and J,,(23,) < 0.0002 with n> 2, and thus

Tl ~ ]0 (25‘1) 0, 0y (27)
Similarly, as J,(6) ~ 1/50,

EMIZ(O) EM
= cos @ W27 <« M, 0.001,
b2 20T o T 100

and thus Jy(26,) =1 and ],(23,) < 0.001 with n> 1. Therefore,
T,=U,T\U; = U,0,Uj = J,(28,)0, = 0, (28)
As (3,< 3, for n> 3, which leads to J,(2(3,) < J,(2/3,) < 0.001, and thus
T,~T, ~o, (29)

which means that S(¢) does not contribute to the effective Hamiltonian, thus can be safely neglected.
Therefore, neglecting S(t), the Hamiltonian in Eq. (23) reduces to

_ E z EM X X —iw.t T iw,
Hyg = EO’ — cos @0]0(9)70 — 8,0 K (t)(ae + a'e’). (30)

It is obvious that the energy splitting of the topological qubit is w,, = \/EZ + (cos pyJo(0) Ey)*.
Usually, w,q is much smaller than w,, one should use the external driven force, denotes by K(#), to match
this energy difference. To be more specifically, we rewrite Hamiltonian (30) as

X

E E
Hyg = EOZ — cos ¢,Jo(0) TMO'
— g,Jo(0)sin @, (ae”" + ale™) o™

+ g, sin 90 > J5,(0) [afe! @2t 4 p ]

n=1
00

— g, €08 90> (=1)" () [ae! @I L ), (31)
n=1

where we have neglected the terms oscillating with frequencies w, + nw. Therefore, resonate coupling can
be induced when w. — nw= w, with the coupling strength ~gyJ,(6). As the coupling strength is propor-
tional to J,(0), it will be relatively small when n > 2. Therefore, we consider n=1 case, i.e., W+ w=w,.
In this case, we can see from Hamiltonian (31) that one can keep only #=1 term in K(). In addition, to
obtain the maximum coupling strength, we choose ¢, =, which leads Eq. (31) to Eq. (6) in the main
text.

At this stage, we recheck the condition of J,(6)Ey/(nw) <1 in order to neglect S(f). The choice of
o= leads to (3,,_; =0, and thus we only need to ensure that J;(2|5,,]) < 1. Then, it is sufficient to
require that J,(2|6,]) & |6,| < 1. As |],(6)| < 1/2 for arbitrary 6,

E>(0)| _|1:(0)
2w 20

1
< —<< L

182l = 40

Therefore, in the case of ¢y=7 and w/Ey = 10, there is no specific limitation with respect to 6.
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Calculation of 6ei21). First, we can expect that the second-order correction energy to 1., is exactly
equals to zero when L — o, It is easy to understand from the following identity (k=L, R),

(o VIew) uVIvw) - (Ol VI ) (0l VIvw)

3 3

=0,
(32)

n —n

where we have assumed that the left and right edge states 1| ; have well-defined chirality. Note that ¢, »
are not necessary to be the eigenvectors of the Hamiltonian. Physically, it means that the second-order
correction energy from the particle and hole sectors exactly cancels with each other, and thus 6&::(&2) =0
when L — oo,

In the following, we wish to show that in the finite length case, contributions from the particle and
hole sectors will also almost be canceled, and thus the net second-order correction energy is also very
small. To this end, we need to calculate

5@ = D (YL + Yr| Vi) (| VIYL + ) n (¢ + Y| VIE",) (,/SV]y + ¥r)
o n>1 €~ €11 —&y T En
n (¥ + x|V — ¢r) [ .
Ep— (33)

The correlation energy to 1_; can be calculated using a similar manner, and we can prove exactly that

66J(r21) = — 55_(21), which ensures that the perturbation method also respects the particle-hole symmetry.
Using the identity Eq. (32), we obtain the correction energy as in Eq. (13), the matrix elements have

the following general properties: (¢ |V]1),) = — ((¢1|V|Z9,) )" and (¢|V],) = + ({¥r|VIZ¥,))~
Notice that ¢, may contain an arbitrary phase, thus both (| V|1,) and (¢g|V]t),) are generally complex

numbers. In other words, the first term in Eq. (13) is in general non zero. In fact, the second-order cor-
rection is exactly equal to zero only when the left and right wavefunctions are well separated. In this case,
4y and 1)y are also the eigenvectors of the Hamiltonian, and thus (¢ |V|¢z) = 0 and (¢ |V|¢),) = 0.

The numerical results show that the contribution of the first term in Eq. (13) is much smaller than
the second-term in a finite length system. This can be understood as follows. First, the system protected
by a large energy gap, so the second-order contribution is greatly suppressed. Secondly, the edge states
are fast oscillating function in real space, while the extended states 1), are well-extended in the real space.
Thus the overlap between the localized state and extended state mediated by the random potential is very
small. Therefore, the major contribution to the second-order correction energy comes from the second
term in Eq. (13). Note that (¢ | V|¢)g) ~ exp[—L/(2§)]and €., ~exp[—L/(2£)], thus it is reasonable to
expect that the second term is also very small. Obviously, lim; ,..c,,(L)=0, which is in consistent with
the well-known bulk-edge correspondence in topological phase transitions.

References
1. Moore, G. & Read, N. Nonabelions in the fractional quantum Hall effect. Nuclear Phys. B 360, 362-396 (1991).
2. Read, N. & Green, D. Paired states of fermions in two dimensions with breaking of parity and time-reversal symmetries and the
fractional quantum Hall effect. Phys. Rev. B 61, 10267-10297 (2000).
. Kitaev, A. Y. Unpaired Majorana fermions in quantum wires. Physics-Uspekhi 44, 131-136 (2001).
4. Nayak, C., Simon, S. H., Stern, A., Freedman, M. & Sarma, S. D. Non-Abelian anyons and topological quantum computation.
Rev. Mod. Phys. 80, 1083-1159 (2008).
. Nigg, D. et al. Quantum computations on a topologically encoded qubit. Science 345, 302-305 (2014).
. Ivanov, D. A. Non-Abelian statistics of half-quantum vortices in p-wave superconductors. Phys. Rev. Lett. 86, 268-271 (2001).
7. Fu, L. & Kane, C. L. Superconducting proximity effect and Majorana fermions at the surface of a topological insulator. Phys. Rev.
Lett. 100, 096407 (2008).
8. Sau, J. D, Lutchyn, R. M., Tewari, S. & Sarma, S. D. Generic new platform for topological quantum computation using
semiconductor heterostructures. Phys. Rev. Lett. 104, 040502 (2010).
9. Liu, ], Han, Q,, Shao, L. B. & Wang, Z. D. Exact solutions for a type of electron pairing model with spin-orbit interactions and
Zeeman coupling. Phys. Rev. Lett. 107, 026405 (2011).
10. Lutchyn, R. M,, Sau, J. D. & Sarma, S. D. Majorana fermions and a topological phase transition in semiconductor-superconductor
heterostructures. Phys. Rev. Lett. 105, 077001 (2010).
11. Oreg, Y., Refael, G. & Oppen, E von. Helical liquids and Majorana bound states in quantum wires. Phys. Rev. Lett. 105, 177002
(2010).
12. Alicea, ], Oreg, Y., Refael, G., Oppen, E von & Fisher, M. P. A. Non-Abelian statistics and topological quantum information
processing in 1D wire networks. Nat. Phys. 7, 412-417 (2011).
13. Zhao Y. X. & Wang, Z. D. Exotic topological types of Majorana zero-modes and their universal quantum manipulation. Phys.
Rev. B 90, 115158 (2014).
14. Zhao Y. X. & Wang, Z. D. Topological connection between stabilities of Fermi surfaces and topological insulators and
superconductors. Phys. Rev. B 89, 075111 (2014).
15. Mourik, V. et al. Signatures of Majorana fermions in hybrid superconductor-semiconductor nanowire devices. Science 336,
1003-1007 (2012).
16. Rokhinson, L. P, Liu, X. & Furdyna, J. K. The fractional a.c. Josephson effect in a semiconductor-superconductor nanowire as a
signature of Majorana particles. Nat. Phys. 8, 795-799 (2012).
17. Das, A. et al. Zero-bias peaks and splitting in an Al-InAs nanowire topological superconductor as a signature of Majorana
fermions. Nat. Phys. 8, 887-895 (2012).

w

o »n

SCIENTIFIC REPORTS | 5:12233 | DOI: 10.1038/srep12233 12



www.nature.com/scientificreports/

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34,
35.

36.
37.

38.
39.
40.
41.
42,
43.

44.
45.

46.

47.

48.

49.
50.

51.
52.
53.
54.
55.

56.
57.

58.

59.
60.

61.
62.

63.

64.
65.

Deng, M. T. et al. Anomalous zero-bias conductance peak in a Nb-InSb nanowire-Nb hybrid device. Nano Lett. 12, 6414-6419
(2012).

Alicea, J. New Directions in the pursuit of Majorana fermions in solid state systems. Rep. Prog. Phys. 75, 076501 (2012).
Leijnse M. & Flensberg, K. Introduction to topological superconductivity and Majorana fermions. Semicond. Sci. Technol. 27,
124003 (2012).

Beenakker, C. W. J. Search for Majorana fermions in superconductors. Annu. Rev. Con. Mat. Phys. 4, 113-136 (2013).

Stern A. & Lindner, N. H. Topological quantum computation—From basic concepts to first experiments. Science 339, 1179-1184
(2013).

Stanescu T. D. & Tewari, S. Majorana fermions in semiconductor nanowires: Fundamentals, modeling, and experiment. J. Phys.:
Condens. Matter 25, 233201 (2013).

Hassler, E, Akhmerov, A. R,, Hou, C.-Y. & Beenakker, C. W. J. Anyonic interferometry without anyons: How a flux qubit can
read out a topological qubit. New J. Phys. 12, 125002 (2010).

Hassler, E, Akhmerov, A. R. & Beenakker, C. W. J. The top-transmon: A hybrid superconducting qubit for parity-protected
quantum computation. New J. Phys. 13, 095004 (2011).

Hou, C.-Y,, Hassler, E, Akhmerov, A. R. & Nilsson, J. Probing Majorana edge states with a flux qubit. Phys. Rev. B 84, 054538
(2011).

Flensberg, K. Non-Abelian operations on Majorana fermions via single-charge control. Phys. Rev. Lett. 106, 090503 (2011).
Jiang, L., Kane, C. L. & Preskill, J. Interface between topological and superconducting qubits. Phys. Rev. Lett. 106, 130504 (2011).
Bonderson, P. & Lutchyn, R. M. Topological quantum buses: Coherent quantum information transfer between topological and
conventional qubits. Phys. Rev. Lett. 106, 130505 (2011).

Leijnse, M. & Flensberg, K. Quantum information transfer between topological and spin qubit systems. Phys. Rev. Lett. 107,
210502 (2011).

Leijnse, M. & Flensberg, K. Hybrid topological-spin qubit systems for two-qubit-spin gates. Phys. Rev. B 86, 104511 (2012).
Zhang, Z.-T. & Yu, Y. Processing quantum information in a hybrid topological qubit and superconducting flux qubit system.
Phys. Rev. A 87, 032327 (2013).

Pekker, D., Hou, C.-Y,, Manucharyan, V. E. & Demler, E. Proposal for coherent coupling of Majorana zero modes and
superconducting qubits using the 47 Josephson effect. Phys. Rev. Lett. 111, 107007 (2013).

Bravyi, S. Universal quantum computation with the v=5/2 fractional quantum Hall state. Phys. Rev. A 73, 042313 (2006).
Bravyi, S. & Kitaev, A. Universal quantum computation with ideal Clifford gates and noisy ancillas. Phys. Rev. A 71, 022316
(2005).

Ladd, T. D. et al. Quantum computers. Nature 464, 45-53 (2010).

Schmidt, T. L., Nunnenkamp, A. & Bruder, C. Majorana qubit rotations in microwave cavities. Phys. Rev. Lett. 110, 107006
(2013).

Schmidt, T. L., Nunnenkamp, A. & Bruder, C. Microwave-controlled coupling of Majorana bound states. New J. Phys. 15, 025043
(2013).

Xue, Z.-Y., Shao, L. B, Hu, Y., Zhu, S.-L. & Wang, Z. D. Tunable interfaces for realizing universal quantum computation with
topological qubits. Phys. Rev. A 88, 024303 (2013).

Hyart, T. et al. Flux-controlled quantum computation with Majorana fermions. Phys. Rev. B 88, 035121 (2013).

Cottet, A., Kontos, T. & Dougot, B. Squeezing Light with Majorana Fermions. Phys. Rev. B 88, 195415 (2013).

Miiller, C., Bourassa, J. & Blais, A. Detection and manipulation of Majorana fermions in circuit QED. Phys. Rev. B 88, 235401
(2013).

Ginossar, E. & Grosfeld, E. Tunability of microwave transitions as a signature of coherent parity mixing effects in the Majorana-
transmon qubit. Nat. Commun. 5, 4772 (2014).

Schoelkopf, R. J. & Girvin, S. M. Wiring up quantum systems. Nature 451, 664-669 (2008).

Devoret, M. H. & Schoelkopf, R. J. Superconducting circuits for quantum information: An outlook. Science 339, 1169-1174
(2013).

Kovalev, A. A., De, A. & Shtengel, K. Spin transfer of quantum information between Majorana modes and a resonator. Phys. Rev.
Lett. 112, 106402 (2014).

Kwon, H. J., Sengupta, K. & Yakovenko, V. M. Fractional ac Josephson effect in p- and d-wave superconductors. Eur. Phys. ]. B
37, 349-361 (2004).

Fu, L. & Kane, C. L. Josephson current and noise at a superconductor/quantum-spin-Hall-insulator/superconductor junction.
Phys. Rev. B 79, 161408(R) (2009).

Jiang, L. et al. Unconventional Josephson signatures of Majorana bound states. Phys. Rev. Lett. 107, 236401 (2011).

Law, K. T. & Lee, P. A. Robustness of Majorana fermion induced fractional Josephson effect in multichannel superconducting
wires. Phys. Rev. B 84, 081304 (2011).

Ohm, C. & Fabian, H. Majorana fermions coupled to electromagnetic radiation. New J. Phys. 16, 015009 (2014).

Vion, D. et al. Manipulating the quantum state of an electrical circuit. Science 296, 886 (2002).

Koch, J. et al. Charge-insensitive qubit design derived from the Cooper pair box. Phys. Rev. A 76, 042319 (2007).

Zhu, S.-L., Shao, L. B., Wang, Z. D. & Duan, L.-M. Probing non-Abelian statistics of Majorana fermions in ultracold atomic
superfluid. Phys. Rev. Lett. 106, 100404 (2011).

Zhu, S.-L., Wang, Z. D. & Yang, K. Quantum-information processing using Josephson junctions coupled through cavities. Phys.
Rev. A 68, 034303 (2003).

Schroer, M. D. et al. Measuring a topological transition in an artificial spin-1/2 system. Phys. Rev. Lett. 113, 050402 (2014).
Riste, D. et al. Millisecond charge-parity fluctuations and induced decoherence in a superconducting transmon qubit. Nat.
Commun. 4, 1913 (2013).

Zorin, A. B., Ahlers, E-J., Niemeyer, J., Weimann, T. & Wolf, H. Background charge noise in metallic single-electron tunneling
devices. Phys. Rev. B 53, 13682-13687 (1996).

Blais, A. et al. Quantum-information processing with circuit Quantum Electrodynamics. Phys. Rev. A 75, 032329 (2007).
Houzet, M., Meyer, J. S., Badiane, D. M. & Glazman, L. I. Dynamics of Majorana states in a topological Josephson junction. Phys.
Rev. Lett. 111, 046401 (2013).

Bishop, L. S. et al. Nonlinear Response of the Vacuum Rabi Resonance. Nat. Phys. 5, 105-109 (2009).

Megrant, A. et al. Planar Superconducting resonators with internal quality factors above one million. Appl. Phys. Lett. 100,
113510 (2012).

Solano, E., Matos Filho, R. L. de & Zagury, N. Strong-driving-assisted multipartite entanglement in cavity QED. Phys. Rev. Lett.
90, 027903 (2003).

Zhu, S.-L. & Wang, Z. D. Unconventional geometric quantum computation. Phys. Rev. Lett. 91, 187902 (2003).

Zhu, S.-L., Monroe, C. & Duan, L.-M. Arbitrary-speed quantum gates within large ion crystals through minimum control of
laser beams. Europhys. Lett. 73, 485-491 (2006).

SCIENTIFIC REPORTS | 5:12233 | DOI: 10.1038/srep12233 13



www.nature.com/scientificreports/

66. Seensen, A. & Momer, K. Entanglement and quantum computation with ions in thermal motion. Phys. Rev. A 62, 022311 (2000).
67. Momer, K. & Seensen, A. Multiparticle entanglement of hot trapped ions. Phys. Rev. Lett. 82, 1835-1838 (1999).

Acknowledgements

This work was supported by the NFRPC (No. 2013CB921804 and No. 2011CB922104), the NSFC (No.
11125417, No. 11104096, and No. 11374117), the PCSIRT (No. IRT1243), the GRF (No. HKU7045/13P
and No. HKU173051/14P), and the CRF (No. HKU-8/11G) of the RGC of Hong Kong. M.G. is supported
by Hong Kong RGC/GRF Projects (No. 401011 and No. 401113), University Research Grant (No.
4053072) and The Chinese University of Hong Kong (CUHK) Focused Investments Scheme.

Author Contributions

Z.Y.X. conceived the idea. Z.YX. and M.G. carried out the research with input from J.L. and Y.H. on
numerical simulation. All authors contributed to discuss the results. Z.Y.X., M.G., S.L.Z. and Z.D.W.
wrote the manuscript. Z.D.W. supervised the project.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Xue, Z.-Y. et al. Robust interface between flying and topological qubits.
Sci. Rep. 5, 12233; doi: 10.1038/srep12233 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:12233 | DOI: 10.1038/srep12233 14


http://creativecommons.org/licenses/by/4.0/

	Robust interface between flying and topological qubits

	Results

	Interfacing topological and flying qubits. 
	Robustness of the MF wavefunction. 
	(1). Tight-binding simulation. 
	(2) Perturbational analysis. 

	Realization of the quantum information transfer. 
	Application to entangled states generation. 

	Method

	Derivation of Eq. (6). 
	Calculation of . 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The proposed setup.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Lowest energy and wave functions of edge states in nanowires.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Effect of parameters fluctuations on the energy splitting.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Fidelity of the quantum information transfer between the topological qubit and the cavity.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Maximum of the entanglement generation fidelity F2.



 
    
       
          application/pdf
          
             
                Robust interface between flying and topological qubits
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12233
            
         
          
             
                Zheng-Yuan Xue
                Ming Gong
                Jia Liu
                Yong Hu
                Shi-Liang Zhu
                Z. D. Wang
            
         
          doi:10.1038/srep12233
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12233
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12233
            
         
      
       
          
          
          
             
                doi:10.1038/srep12233
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12233
            
         
          
          
      
       
       
          True
      
   




