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We propose a semiconductor device that can electrically generate entangled electron spin-photon states,
providing a building block for entanglement of distant spins. The device consists of a p-i-n diode structure
that incorporates a coupled double quantum dot. We show that electronic control of the diode bias and
local gating allow for the generation of single photons that are entangled with a robust quantum memory
based on the electron spins. Practical performance of this approach to controlled spin-photon entangle-

ment is analyzed.
DOI: 10.1103/PhysRevLett.98.240501

Many practical approaches to quantum communication
and computation rely upon interfacing stable quantum
systems, which provide a good quantum memory, with
carriers of quantum information (optical photons) at the
level of single quanta. One promising approach to quantum
memory uses electron spins confined in semiconductor
quantum dots [1]. Quantum dots in diode structures can
also be used for creating devices with novel electronic and
optical properties. In particular, the Coulomb blockade
exhibited by quantum dots is being used in experiments
involving single charge and spin transport and manipula-
tion [2—4] as well as for optical experiments such as
generation of single-photons [5—8]. Application of these
systems for quantum communication and computation
protocols is a vibrant area of research [9-16].

In this Letter, we propose and analyze a novel semicon-
ductor device in which an electrically pumped diode struc-
ture can combine controlled photonic interface with stable
quantum memory. Such a device features purely electrical
control over photonic and spin degrees of freedom.
Specifically, we show that it can be used for controlled
generation of entangled states between the frequency of an
outgoing photon and the spin state of the electrons in a
double quantum dot in the insulating layer of the diode
similar to recent laser-driven experiments in atomic sys-
tems [17-19]. Using recently demonstrated techniques
[20], the double-dot spin states can provide a robust quan-
tum memory for long-term information storage, while out-
going photons can be used for probabilistic generation of
long-distance entanglement in direct analogy to ap-
proaches being explored for atomic systems [21]. Finally,
when integrated with gate-controlled quantum dot systems
[22], this device could also form a building block for
scalable quantum computation.

The basic idea of our approach can be understood by
considering the semiconductor nanowire shown in
Fig. 1(a), in which a Coulomb-blockade double quantum
dot is sandwiched between the positively and negatively
doped semiconductor regions, forming a p-i-n diode. By
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manipulating the bias across the diode and the local gate,
we can control the injection of electrons and holes into the
double dot at the level of single charges. This allows us to
electrically prepare a metastable exciton complex that
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FIG. 1 (color online). Diode structure, charge stability dia-
gram, and decay paths. (a) The device consists of a double
quantum dot within the intrinsic region of a p-i-n diode struc-
ture. A schematic band-edge diagram is shown below. The left
hole state (gray) is assumed to be energetically out of reach.
(b) The stable charge configuration of the double quantum dot as
a function of the bias V and the local gate F. The scale bar
indicates the total number of charges, while the labeling (n, m)
corresponds to the number of electrons on the left (n) and right
(m) dot, replaced by X~ for dots containing a negatively charged
exciton consisting of two electrons and a hole. As discussed in
the text, the charging sequence indicated by arrows preferen-
tially initializes the dots in the state |17, X;ﬂ). (c) Initial and final
states for excitonic recombination together with the polarization
of the emitted photon. The desired decay processes (shown in
black) are selected by filtering o_ polarization.

© 2007 The American Physical Society
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decays by electron-hole recombination to a charge con-
figuration with a single electron in each of the two dots.
When the two-electron spin states are split by the exchange
coupling [1], the left circularly polarized photon that is
emitted under the electron-hole recombination process will
be frequency-entangled with the spin state of the remaining
electrons [Fig. 1(c)].

Double dots can be grown inside p-i-n junctions with
techniques similar to those recently used to fabricate single
quantum dot nanowire LEDs [23,24]. Alternatively, self-
assembled dots on wafers can be used [25]. As illustrated
in Fig. 1(a), the chemical potentials of the p and n regions
on each side of the intrinsic region can be controlled by
applying a bias across the device, while a gate electrode
nearby the double dot can be used to tune the levels inside
the dots independently of the applied bias. In what follows,
we focus on III-V semiconductors, but in practice, other
optically active materials can be used.

The electrostatic properties of the device can be visual-
ized by using a charge stability diagram [26]. We describe
the charge degrees of freedom of the double quantum dot
using the Hamiltonian

I'AIDQD =H., +H, +H, +H,+H +H (1)
where the Coulomb repulsion between similar charges
(g = e, h) on the left or right dot reads I-Alzq = Uy iy —
1)/2, s = I, r, while the Coulomb attraction between elec-
trons and hole in the right dot reads H’, = —U,,ALA;.

Here, nl{(rh}) is the operator for the number of electrons

(holes) in the left {right} dot. Tunneling of electrons
between the dots with tunnel coupling 7 is contained in
the term H ,, while H, = —eF(i, — /%) incorporates the
shift of the electron and hole states in the right dot due to
the local gate F. Electrons with spin o = =1/2 on the left
and right dots are created by ézg and 61,7, respectively,
while heavy holes in the right dot are described by ‘212’
with 3 = *+3/2. In order for the scheme we consider to
work ideally, we assume in the following that the hole
states of the left dot remain unoccupied. This could occur
due to the substantial band gap differences (0.1 eV or more)
between the two dots, due, e.g., to strain and dot size
differences. Electrons are injected into the left dot from
the electron Fermi sea in the n-region at chemical potential
M., while holes are injected into the right dot from the hole
Fermi sea in the p-region at chemical potential w,.
Assuming weak coupling to the electron and hole Fermi
seas, we solve numerically the master equation for the
probability of occupying the different many-body eigen-
states of the double dot and find the stable charge configu-
rations for the chosen parameter range.

In Fig. 1(b), we show the resulting charge stability
diagram, where the total number of charges on the double
quantum dot is given as function of the bias across the
device V and the local gate F. Here, u, = u® + eV /2 and
w, = puS —eV/2, where uf) and 9, given by the doping

levels of the n and p regions, respectively, determine the
filling of the double dot without applied voltages. In the
numerical calculations, the values of ) and % were used
to fix the occupations of the dots at V, F' = 0. For the
shown charge stability diagram we have used the parame-
ters U,, =30 meV, Uy, =50 meV, U,, =40 meV, 7 =
1 meV, and the tunnel couplings to the electron and hole
Fermi seas being identical and much smaller than the
temperature 7 = 4 K. With a given setting of V and F,
the system rapidly reaches the corresponding stable charge
configuration. On the figure, we also indicate the charge
configuration of each of the two dots, where the labeling
(n, m) refers to the charges on the left dot (n) and the right
dot (m), respectively. For configurations with no holes, the
two labels correspond to the number of electrons in the left
and right dot, respectively, while the symbol X~ denotes a
negatively charged exciton consisting of two electrons and
a hole. Such excitonic states have previously successfully
been generated and controlled optically [27,28], but the
procedure presented here works all electrically and thereby
does not require any laser control. An external magnetic
field B is applied to the system parallel to the light emission
and growth axis [the z-axis on Fig. 1(a)], i.e., in a Faraday
configuration. In order to have reliable electron spin state
preparation, we will require the Fermi seas to be suffi-
ciently cold: kgT << |g* uwpB| (see below).

We now describe the charge injection sequence indi-
cated by arrows in Fig. 1(b). The sequence allows us
repeatedly to prepare a desired spin and charge configura-
tion, by injecting charges one at a time, and to direct its
decay and corresponding photon emission process. We
assume that single charges may be injected faster than
the spontaneous decay time (~ 1 ns for GaAs self-
assembled dots). By controlling the bias V and the local
gate F, the system is first put in the charge configuration (0,
2). The expected ground state spin configuration of this
state is a singlet due to the tight confinement of the elec-
trons to a single dot: |0, 285) = 6‘1@1”0}. By increasing the
bias, an additional spin-T electron is added to the left dot,
taking [0,2S) to [11,28) = ¢f.él et |0). A spin-ll heavy
hole is now added to the right dot by control of the local
gate, yielding the state |11, X ll> UéchrTC 1|O> which
we expect to decay to |11, 1]) = cmcr’l|0> via excitonic

recombination (c?,’uém). However, before recombination
takes place, we rapidly (faster than the decay rate) move
to the region, where (1, 1) is the stable charge configura-
tion, hereby preventing emission of more than one photon
(by refilling of an electron and a hole) in each cycle of the
sequence.

The exciton decay couples the state |11, Xg ) to [11, 11).
With finite tunnel coupling between the left and right dots,
this may be written as a superposition [11,1])=
(1, 1)S) + |(1, 1)Ty)1/+/2, of the exchange-split singlet
and triplet eigenstates |[(1, 1)S(T,)) = 2~ 1/2(AJr Jr +

E;rlé 10). Since S and T, have different energies, the
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frequency of the outgoing photon will be entangled with
the spin state [see Fig. 1(c) and Eq. (2) below]. These S-T
spin states were used in recent double-dot experiments
where it was shown that they form a decoherence free
subspace when manipulated with fast spin-echo pulses
[3,29,30]. With the system in Faraday configuration, the
spin of the hole determines the polarization of the emitted
photon. While a spin-|} heavy-hole recombines with a
spin-T electron under emission of a left-hand circularly
polarized (o_) photon, a spin-f heavy-hole recombines
with a spin-| electron under emission of a right-hand
circularly polarized (o) photon. With temperature being
comparable to or larger than the (small) hole Zeeman
energy, the injected hole has a random spin state. With
suitable polarization filtering, it is, however, possible to
exclude photons that have been emitted with the heavy-
hole incorrectly in the spin- 1) state; thus, in practice when
the hole g-factor is substantially smaller than the electronic
g-factor or has the opposite sign, the possibility of incor-
rect hole spin states does not limit our approach. However,
we still require k,T << |g*upB| for the reliable prepara-
tion of the desired electron spin state in the left dot as this
electron spin has no effect on the final polarization of the
photon.

The resulting spin-photon entangled state can be used
for generating spin-spin entanglement between two remote
devices by interfering the emitted photons on a beam
splitter as shown in Fig. 2(a) [31]. If the spin state in
both devices are identical, both incoming photons can be
mode matched in space, frequency, and time, so that Hong-
Ou-Mandel bunching will occur, leading to photon detec-
tion in only one arm of the beam splitter. On the other hand,
if the spin states are different, the photons are distinguish-
able, and no “‘bunching” will occur. A photon detection in
each arm of the beam splitter therefore leads to an en-
tangled state of the spins in the spatially separated devices
[P 12) = (IS)11To)2 — 1To)115)2)/~/2, where we have omit-

a) b) 2
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FIG. 2 (color online). Beam splitter setup and entanglement
fidelity. (a) Photon interference leading to entanglement between
two devices. The entanglement fidelity may be reduced due to
different arrival times 7 at the beam splitter, mismatch dw
between energy splittings in the two devices, and incorrect
spin initialization (not indicated). (b) Entanglement fidelity F
as function of temperature 7" and energy mismatch dw. For the
calculations, we have used y X 7 = 0.03. In the white region,
F >009.

ted the charge labeling (1, 1). In the following, we consider
the distinguishability of our outgoing photons to determine
the requirements for such entanglement generation.

We first consider spontaneous decay associated with
electron-hole recombination in a single device. The pro-
cess can be described within the framework of Wigner-
Weisskopf theory yielding a characteristic decay rate 7.
We note that the ground state charge configuration (1, 1)
may also be reached by the electron-hole pair tunneling
back into the Fermi seas with rate I', rather than recombin-
ing. This does not impact the fidelity of entanglement,
since no photon is emitted and we always condition on
two clicks in the detectors, but it does reduce the success
probability. After spontaneous decay has taken place the
combined state |®) (conditioned on electron-hole recom-
bination) of the charges and the photon field reads

|®) = J%[m ® £ (wy)l0) + ITy) ® & (wp)I0)], ()

where  £f(w) = Y é(o0, Daf  with &0, k) = 2=

Jye *o JE .
Tor—a) 7y and a; being the creation operator for photons

of mode k. Here, |0) is the vacuum state of the photon field,
while the position of the double quantum dot is z(, and wg
and w7, denote the splittings between the excited state and
the singlet and triplet ground states, respectively, so that
lwg — wr,| equals the exchange coupling J. The width of
the photon wave packet is given by y = yg + yg, + 1,
and above we have taken the same rates, yg = yr,, result-
ing in equal branching ratios for the two processes.

We now consider the beam splitter setup depicted in
Fig. 2(a) and consider two photons emitted by similar
devices. With probability 1/2, the two photons are in states
corresponding to the same spin state of the electrons in the
two devices (both singlet or both triplet). The probability of
detecting two photons, in states |¥;) = &} (w;)|0) and
W) = §};(w ®)10), respectively, at different detectors (de-
noted L and R) after they have scattered on the 50/50 beam
splitter is  P(1,,1x) = (1 —|J1*)/2, where J =
Siér(wy, k)éx(wg, k) is the overlap of the wave packet
amplitudes. With w; = wg and wgp = wy,, we find

2

Y ) 3)

1
P(ILJ lR) :§<1 - 72_’_]2

Typical electron-hole recombination rates are on the order
of GHz, and the width of the wave packets 7y therefore is on
the order of weVs, which is smaller than the exchange
coupling J between tunnel-coupled quantum dots, which is
in the range 10 ueV to 1 meV. Thus, we expect
P(1;,1g) ~1/2 and a corresponding success rate of
1% /4 for detecting the two photons at different detectors,
where 7 is the combined single photon emission and
detection probability.

Besides the success rate, we need to consider the fidelity
F =(¥,|p,|¥,) of the entangling procedure, where
|W,,) is the desired state, and p, is the reduced density
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matrix for the spins in the two devices. Possible error
processes include wrong initialization of the spin states,
jitter in the hole injection and path length differences
leading to different arrival times at the beam splitter, and
different energy splittings between the excited state and the
ground states in the two devices. We remark that the
specific device details could be tuned, e.g., with dc Stark
shifts, to minimize these errors. To evaluate the effect of
jitter and the different energy splittings, we write the full
density matrix of the spins and photons as p =
| DY, |D)sr (D], (P| where both |®), and |P), are of the
form given in Eq. (2), but |®), has a component on a field
mode perpendicular to the field mode emitted by device

number 1; i.e., for ICf)>2, gﬁ is replaced by jgﬁ +

V1 = |T12€L,. Here, &L creates a photon in an undesired
mode due to the jitter and energy shifts, and 7 denotes the
corresponding wave packet overlap. Conditioned on clicks
in different detectors after the beam splitter, we find that
the erroneous field component generates the spin states
ITo)1To)2s 1S)118)2, 1To)11S),, and |S)|T,), with equal
probability (1 — |7|?)/(4 — 3|J|?). The fidelities corre-
sponding to these states are 0, 0, 1/2, and 1/2, respectively.
The desired state (|S);[Ty), — |To)115)2)/~+/2 (with fidelity
1) is generated with probability |71%/(4 — 3|71?).
Combining these numbers, we find the fidelity 1/(4 —
3|71%), which, however, does not yet include the possibil-
ity of wrong spin initialization.

In thermal equilibrium, the probability of initializing the
wrong spin state ||) in the left dot is given by the
Boltzmann factor p; = e~ & #55/2T Wrong initialization
of the spin in one or both of the devices leads to states with
fidelity O. For the probability of detection at different
detectors due to a wrong spin in one or both of the devices,
we use the upper bound 7*(2p; — pj)/2. Including this
estimate for the effect of wrong spin initialization in the
above expression for the fidelity, we find

1 1
4=3|J11+22p, —p})

Two photons created by Ef(w) and &H(w + Sw) with a
-

F = “4)

time difference 7 have the wave packet overlap |7
y2e VIl

Sw?+y? "
probability distribution with width 7, P(7) o« ¢~ (7/7/2,
This distribution is relevant when noise in the gates con-
trolling the hole injection is responsible for the photons
being created at different times or when the optical paths
do not have exactly the same length. When evaluating the
fidelity, we average the expression in Eq. (4) with respect
to the Gaussian distribution. In Fig. 2(b), we show the
fidelity as function of temperature and energy mismatch.
We see that with realistic parameters, it is possible to
obtain a high degree of fidelity, F > 0.9, and even with
temperatures comparable to the Zeeman energy, the fidel-
ity may be larger than 0.5, the lower bound for the use of

For the time difference, we assume a Gaussian

entanglement purification protocols [32]. Furthermore, the
loss of fidelity due to time jitter or energy mismatch may be
suppressed by gating the detectors in time, thereby improv-
ing the shown results.

In conclusion, we have presented a proposal for an all-
electrically controlled device for long-range electron spin
entanglement and shown that entanglement can be gener-
ated with a high degree of fidelity using available experi-
mental techniques. When combined with existing quantum
optical methods and solid-state technologies for spin ma-
nipulation and detection, our proposed device may form an
important building block in future quantum communica-
tion and information processing architectures.
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M. Stopa for helpful conversations. The work was sup-
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the Danish Natural Science Research Council, NSE, DTO,
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