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We propose an efficient light-matter interface at optical frequencies between a single photon and a
superconducting qubit. The desired interface is based on a hybrid architecture composed of an organic

molecule embedded inside an optical waveguide and electrically coupled to a superconducting qubit placed
near the outside surface of the waveguide. We show that high fidelity, photon-mediated, entanglement
between distant superconducting qubits can be achieved with incident pulses at the single photon level.

Such a low light level is highly desirable for achieving a coherent optical interface with superconducting
qubit, since it minimizes decoherence arising from the absorption of light.
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Rapid progress in engineering and control of their
physical properties have made superconducting (SC) qubits
one of the most promising candidates for future quantum
processors [1-4]. If such processors are connected together
into a quantum internet [5], it would allow immense
applications ranging from secure communication over long
distances [6—8] to distributed quantum computation [9—11]
and advanced protocols for distributed sensing and atomic
clocks [12]. Quantum communication over long distances
can, however, only be accomplished through optical means,
making it a necessity to build light-matter interfaces at
optical frequencies [5,13]. This has stimulated immense
interest in devising ways of efficiently coupling optical
photons to SC systems [14-29]. Tremendous success have
been achieved in coupling photons to SC qubits at micro-
wave frequencies [30,31], while in the optical domain only
limited indirect coupling has been achieved using trans-
ducers [32-34]. Coherent coupling of quantum fields at
optical frequencies to a SC system thus remains an out-
standing challenge. A principle obstacle to this is the large
mismatch between the energy scales of an optical photon
(~1 eV) and a SC qubit (~100 ueV) [30] making the
absorption of even a single optical photon a major
disturbance for a SC system. In fact, such effects are used
in SC detectors for detection of optical photons [35]. To
suppress such disturbances it is therefore highly desirable
to keep the number of optical photons to a minimum.

In this Letter we propose a scheme to interface optical
photons with a SC qubit at light levels involving only a
single or a few photons. To achieve this we introduce a hybrid
solid-state architecture depicted in Fig. 1(a) comprising a
molecule embedded in an optical waveguide with a SC qubit
fabricated near its surface (~100—500 nm). In comparison
to the magnetic coupling considered previously [23-25,31,
36-41], a key feature of our scheme is the electric coupling
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between the molecule and SC qubit. The coupling strength
can then be orders of magnitude stronger, thus allowing
for strong coupling in the system. As the SC qubit we
consider a Cooper pair box (CPB) where the two quantum
states are defined by a single Cooper pair being on each of
two superconducting islands. As the Cooper pair oscillates
between the islands, it generates a variation in the electric
field at the molecule. If the molecule has a large difference in
the dipole moment between its ground and excited states, the
electric field variation will lead to different Stark shifts of
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FIG. 1. Schematic of the hybrid molecule-SC system. (a) An
organic molecule located inside the optical waveguide is electri-
cally coupled to a SC via a Stark shift. Incident probe photons in
the waveguide are elastically scattered by the optical transition of
the molecule. Because of the coupling of the SC qubit and the
molecule, reflected and transmitted photons are entangled with
the internal state of the qubit. (b) The energy levels of a CPB
can be represented by two hybridized levels. (c) Oscillation of
the Cooper pair between the SC islands leads to shifts of the
molecular resonance.
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the energy levels [Fig. 1(c)]. This leads to a sizable shift of the
resonance frequency of the molecule, which can be larger
than its linewidth, leading to coherent coupling between the
molecule and the qubit. Since the molecule is embedded in a
waveguide, the shift can lead to measurable effects even for
light pulses containing few photons. This is a major advantage
over existing hybrid proposals that requires strong optical
fields [2,14,26,28,31,36—42], which will lead to decoherence
due to quasiparticles created by photon absorption [43].

We show how the achieved light-matter interface allows
efficient optical readout of a CPB qubit. Furthermore, we
present a detailed scheme for photon-mediated entangle-
ment between two distant SC qubits using hybrids with
two molecules at each site. The dipole-dipole interaction
between these molecules leads to flip-flop processes
between them. This induces an oscillating electric field
which can drive a resonant transition in the SC qubit. In total
this leads to a Raman process, where the emission of an
optical Stokes photon is correlated with the excitation of the
SC qubit. Combining the output of two such processes at a
beam splitter and conditioning on a click in a detector
allows for long distance entanglement between the SC
qubits. This opens the possibility of connecting distant SC
quantum computers in a large scale quantum network
through teleportation.

The key element in the interface is envisioned to be an
organic dye molecule. Such molecules can have large
differential Stark shift corresponding to a difference in
the static dipole moment of one Debye between the ground
and excited state [44,45] and can be embedded in optical
waveguides [46—49]. For organic molecules all the desired
properties have thus been demonstrated experimentally, but
the molecule could be replaced by any emitter with similar
properties. Placing an ideal two level emitter in an optical
waveguide, in principle, allows for coupling efficiencies to
optical photons of more than 95% [50,51]. In practice, a
coupling efficiency of 10% has been measured [47]. For the
applications proposed in this Letter, we show that this is
sufficient to achieve operations with few photons per
pulse (<1).

A CPB resembles a two level system [Fig. 1(b)] and
can be coherently manipulated at temperatures <100 mK
[52-54]. The Hamiltonian of this system can be written
as He, = —%()(1’& + xon,), where y;, can be externally
controlled while #,, #, are the Pauli spin-1/2 operators
defined in the spin basis {|1),|])} corresponding to
distinct charge states [52]. The interaction Hamiltonian
‘H; of the molecule-qubit hybrid governing the coherent
dynamics can be written in the form [55]

h 4 1
M, = %ﬁae—’%f +He. + 2 hgen; @ (o°+1). (1)

Here the first term and its Hermitian conjugate correspond
to the light-molecule interaction, while the last term is the

molecule-CPB interaction. The operators ¢°, 6" are the

standard dipole transition operators for a two level system
and a is the field operator of the incoming photon pulse
[59] of central frequency w . The incoming light couples to

the molecule with a strength g,, = @, - F/h, where Deg 18
the dipole moment of the optical transition |e) <> |g) in the
molecule and F the mode function of the incoming photon
in the one-dimensional waveguide. Furthermore, g. =

AG, - AE /# is the molecule-CPB coupling strength, where
A, is the difference in the static dipole moments between

the excited and ground manifold of the molecule, while AE
is the electrostatic field variation as seen by the molecule
due to the tunneling of a single Cooper pair.

We first outline a recipe for detecting the qubit’s state by
optical photons in a scheme reminiscent of qubit readout
in the dispersive regime of circuit QED [60]. We assume
that the CPB is operated at a gate voltage away from the
charge degeneracy point y| > y,, i.e., in the linear regime
of Fig. 1(b). Working in this regime, the eigenstates of the
qubit Hamiltonian H, are the »* eigenstates which are
(first order) sensitive to the interaction. The CPB-molecule
interaction Hamiltonian (1) reveals that the state of the
qubit shifts the excited state of the molecule by j:%hgc,
compared to the unperturbed resonance at w,, [Fig. 1(c)],
making it sensitive to the qubit state. The molecular
resonance line is thus split into two, corresponding to
the two qubit states {|1),|{)}, with the splitting given by
the molecule-qubit coupling g.. We can, therefore, deter-
mine the qubit state by studying the scattering of an
incoming photons and measuring whether they are trans-
mitted or reflected.

Considering a small CPB [54], the coupling can be
estimated from the field of a point charge sitting at the edge
of a semi-infinite medium. This gives |AE| = (7-19) kV/m,
at the location of the molecule in a polyethylene waveguide
of permittivity ~2.3 [61], due to the presence of a Cooper
pair on an island situated about ~(500-300) nm away [62].
However, in reality, due to the size of the qubit and the
composition of the waveguide, the electric field is smaller.

We find from explicit numerical simulation a value of |A§ | =
(4.5-16) kV/m for an island situated ~(500-125) nm
away from the surface of the waveguide [55]. Hence, for
|Ag.| =1 D [44,45], we can obtain a coupling strength
of g. ~ (27) x (25-80) MHz. As organic molecules typi-
cally have optical transitions with narrow linewidths y ~
(27) x 20 MHz [44,46], we can achieve a strong coupling
regime (g, > y) where the molecular line splitting exceeds
the linewidth. Thus the two internal states of the qubit can be
distinguished by sending in a pulse resonant with one of
the resonance peaks and measuring whether photons are
reflected. At resonance, we evaluate the reflection proba-
bility [55] to be (y,p/7)?, where y,p is the decay rate into
the 1D waveguide. Hence, we can distinguish the two states

140501-2



PRL 118, 140501 (2017)

PHYSICAL REVIEW LETTERS

week ending
7 APRIL 2017

(a) 1S, +) (b)

le1, g2, +> g1, €2, +) 075

15, -) R
\617927—>{" ’ E‘ 05
Ks)
4
A, — N i
| ) 025} i V/wg =04
“p ; / V/iwq = 0.01
g1, 92, +) 0
91, g2, —) 0 5 10 15 20
(8 =8y
FIG. 2. (a) Schematics of Raman configuration. The molecular

levels |e;g,) and |g;e,) are hybridized by the dipole-dipole
interaction to form the dressed states |A) and |S), the separation of
which is tuned into resonance with the qubit frequency w,.
A photon scattered along the transition |g, —) — |S, —) is emitted
as a Stokes photon along the transition |A, +) — |g, +) due to
resonant coupling among the states |S, =) <> |A, +). (b) Normal-
ized probability of Raman scattering derived in Eq. (3) for a
single incident photon as a function of coupling (g., — g.,)/y for
different values of the dipolar coupling strength. Here we have
assumed y./y; = 1.

by sendingin (y/7,p)? ~ 100 photons for the experimentally
observed efficiency of yp/y = 0.1 [47].

To achieve a coherent interface we chose the qubit to be
at the so-called sweet spot (y; = 0), where the energy of the
eigenstates |[+) = (|1) £ ||))/+/2, of the CPB Hamiltonian
are first order insensitive to charge noise [Fig. 1(b)] and thus
can have long coherence time [63,64]. To be able to work
with a few photons we consider the Raman scattering scheme
shown in Fig. 2(a). This is realized by having two organic
molecules with properties as above and with optical tran-
sitions of nearly the same frequencies, e.g., by tuning them
into resonance using an external field. The molecules are
assumed to have a separation less than the optical wave-
length, and thus couple to each other via near field optical
dipolar interaction [65]. Furthermore, we assume a reflector
atone end of the waveguide such that the waveguide is single
sided to maximize the collection of Raman photons.

The interaction Hamiltonian H; comprises the dipolar
coupling Hamiltonian Hyy = 4V (0] 65 + 05 o7 ) of strength
V, and the Hamiltonian

hgc./‘ z
7 1 ® 0+ ),

)

where Im, and 9e, for (j = 1, 2) corresponds to the coupling

g, )
H, = Z(%a}r&e"‘”ﬂ’ +Hec. +
j

strength of the incoming light and CPB to the molecules,
respectively. The strong dipole-dipole interaction Hyy can
be diagonalized to form two dressed state | S) and |A), which

are split by 2V = 1/4V? + &} and have an electrical dipole
transition between them. Using an external field to vary the
difference in the molecular energies &, = (@,,, — ®,,,), the

transition between the dressed states can be brought into
resonance with the qubit transition, 2) = w,. This resonance
condition allows the exchange of energy between the qubit
and the excited manifold of the molecules through the
interaction of the dipoles with the charge fluctuations in
the CPB. This enables the Raman transition |g,—) —
S,=) = |A,+) = |g,+) [Fig. 2(a)]. Here the molecular
system starts and ends in the joint ground state |g) = |g;, g»),
while the qubit is flipped from state |—) to |+) by the
emission of a Stokes photon of frequency w, = (@, — @,).
The effective coupling constant between the states |S, —)
and |A,+), which enables this transition, is given by

G = (9c, — 9c,)V/\/4V?* + &;. Using the effective operator
formalism [66], we find that at resonance the probability
for an incident single photon to induce a Raman scattering

into the waveguide for moderate coupling ggm [ro, < 1is
Pr = (ri0/r)*9r, Where [55],

(&)’ 402
VR = <w_q) (rzré/4y2+492>' ®)

Here, y = yp + 7. +7; is the total decay rate of each
molecule (assumed identical for the two molecules), I'; =
vy +2r.V/w, T, =y—2y.V/w, are the decay rates of |S)
and |A), respectively, y; is the intrinsic decay rate of each
molecule while y,. is the collective decay rate of the
molecules. In deriving the Raman scattering probability
we assumed that the molecules have the same y;p and
that they are close enough that we can ignore phases in the
collective decay [67] arising from the spatial positions of
the molecules. The probability of Raman scattering is much
larger than the reverse process |A, +) — |S, —), which is
suppressed by a factor (Gy)?/w} since it is off resonant [55].

In Fig. 2(b) we plot the Raman probability as a function
of (g, = 9g.,)/v for different ratios of V//w,. The results can
be understood from the need to have both good hybridi-
zation and coupling to the waveguide. For low V/w, the
hybridization of |e;¢,) and |g,e;) to |A) and |S) is small,
which limits the coupling, whereas for V/w, — 1/2,
8y — 0, |A) becomes a dark state of the coupling to
the waveguide so that Pgr — 0. For V/w, = 0.1, the
probability quickly reaches its maximum value even
for limited coupling strengths (g, — g.,)/y 2 1, whereas
saturation is slower for weaker dipole coupling due to the
lack of hybridization. We find from Fig. 2(b), that for a
feasible V/w, = 0.2 and a moderate coupling strength
(9¢, — 9¢,)/7 = 4, the Raman scattering probability is Pp =
0.77 X (y1p/7)* (note that since the g, and g., can have
opposite signs, their difference can exceed their individual
values). These parameters will be used for all numerical
examples below. The value of Py, is close to its upper limit
of (yip/7)? set by the necessity of having both waveguide
absorption and emission by the molecule. Furthermore,
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FIG. 3. (a) Interferometric scheme to generate the maximally
entangled Bell state |¥, ) between two SC qubits using a single
photon |1) or coherent state |@) as input. Generation of entan-
glement is conditioned on a click of detector D_. (b) Fidelity F
and success probability ngl for Bell state generation with a pulse
with 7 photons on average. (c) Bell parameter S and success
probability PEﬁi for an entangled state between a single qubit
and a photon, for an incident pulse of 7 photons. For all the plots
we have assumed yp/y = 0.1, n =50%, (9., —9.,)/v =4

Pr =077 x (yip/7)% and y./y = y;/y = 0.45.

the Raman probability is not very sensitive to the precise
value of the dipole coupling, making it attractive even for
randomly placed molecules.

The effective Raman scheme allows using the interfero-
metric framework [68,69], shown schematically in Fig. 3(a)
to generate entanglement between distant (e.g., 10’s kms)
SC qubits via the detection of a photon. For this purpose we
assume that both hybrids are initialized in state [g, —); ().
An incident photon pulse [blue in Fig. 3(a)] is split by the
beam splitter and sent towards the two interfaces, where it
can induce Raman transitions. An outgoing photon (red) is
correlated with a transition to |+) in the corresponding
qubit. Interfering the outputs on a beam splitter erases the
“which way” information about which the interface emitted
the photon. Hence, by conditioning on clicks in detectors
D after frequency filtering out photons, which have not
undergone Raman scattering, the qubits are projected
into one of the maximally entangled Bell states |¥.) =
(1/v2)lg)([=)1l+)2 £ [+)1=),) - depending on  which
detector clicks. With single incident photons this process
creates ideal Bell states, provided that no other sources of
noise are present.

For simplicity, we consider the two hybrids to have
equivalent physical properties and work in the limit of
moderate coupling g%]vz /yw, < 1. Assuming the input
pulse to be a single photon, we find that within the present
model the process has a fidelity F = 1, and a success

probability of PQ]Z = Py, where 7 is the photodetection
efficiency of the single photon detectors [55] [in reality
F < 1, due to, e.g., dephasing of the qubits during the time
needed for scattering of photons (see below)]. For the set of
parameters used above along with y,p/y = 0.1, we get
Pl =3.8% 1073, for n = 50%.

A simpler experimental method is to use a weak coherent
state as input. Assuming identical hybrids and an intensity
below saturation, we find the conditional fidelity for an
incident photon pulse with 7 photons in the lowest order to
be F=1-(1/2)(Pg+ Pro + Pp/4), with the corre-
sponding success probability [55]

— ¢=3(Pr+Pro)
P(C) _ P(l) 1—em }
we = 2Py ) 4
suc S c{ Pr PRO ( )

where the probability of Raman scattering to the outside
(not into the waveguide) is Pro=(rin/7){(r./7) X
(60/@4)*+(ri/v)[14(2V/@,)[}(2G%)/ (T3T5 /4> +4G%),
while Pp is the probability of dephasing induced by
elastic scattering [55]. As an example, for 7 = 1.5 we
get a success probability PLC) = 5.6 x 10~ for creating a
Bell state with fidelity F ~90%. Thus, for an input
coherent state, we gain substantially in experimental
simplicity with limited reduction in fidelity. We show in

Fig. 2(b) the behavior of F' and ng,z as a function of the
mean photon numbers.

A first step towards the above entanglement generation
scheme can be achieved in a simpler setup involving only a
single SC qubit, by replacing the other hybrid in the
interferometer in Fig. 3(a) with a frequency shifter. In this
case, one can obtain a violation of the CHSH inequality
S < 21[70,71], where S is the violation parameter between the
qubit and a single photon detected at D, [55]. In Fig. 3(c) we

show the behavior of S and nglz as a function of the mean
photon number. Using the above parameters we find § > 2.3
for 1 = 2, with a corresponding success probability Pgﬁ) =
1.5% for n = 50%.

So far we have ignored the time 7 it takes to perform the
light scattering. The scattering needs to be completed
within the coherence time of the qubit. Since we condition
on photon detection, the interaction strength only enters
through the success probability as contained in Eq. (3).
The time is therefore only limited by the requirement to
be resonant with states of width y, implying y7 > 1.
With y = (27)20 MHz we can chose a pulse duration
T = 50 ns. Since CPBs of the type considered here have
shown coherence times of 7, =500 ns [72] with a
Gaussian decay, we estimate a further reduction of the
fidelity by (T/T,)* < 1% due to qubit decoherence [55].

An attractive feature of the Raman scheme is that it relies
on an electric coupling at the qubit resonance frequency. This
scheme can thus be extended to more advanced qubit
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designs, such as transmons, which are insensitive to low
frequency electric noise and thus have very long coherence
times [64]. The larger size of these qubits, however, dimin-
ishes the coupling, making it infeasible for the molecular
parameters considered here. This could possibly be over-
come with qubit designs optimized for this purpose or by
using other emitters with larger dipole moments.
Alternatively one can envision dedicated CPB qubits acting
as communication interfaces for quantum computers based
on transmons.

In conclusion, we have proposed a novel hybrid system
formed by an organic molecule embedded in an optical
waveguide and electrically coupled to a SC qubit, that
provides a light-matter interface for quantum information
transfer over long distances. This could open new direc-
tions in quantum communication using SC quantum
processors in a network.
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