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We present a technique for manipulating the nuclear spins and the emission polarization from a single

optically-active quantum dot. When the quantum dot is tunnel coupled to a Fermi sea, we have discovered

a natural cycle in which an electron spin is repeatedly created with resonant optical excitation. The sponta-

neous emission polarization and the nuclear spin polarization exhibit a bistability. For a σ
+ pump, the emission

switches from σ
+ to σ

− at a particular detuning of the laser. Simultaneously, the nuclear spin polarization

switches from positive to negative. Away from the bistability, the nuclear spin polarization can be changed

continuously from negative to positive, allowing precise control via the laser wavelength.

Semiconductor quantum dots are very attractive for ap-

plications as qubits [1] and sources of quantum light [2–4].

Highly versatile materials are the III-V semiconductors, no-

tably GaAs, the workhorse material. A significant property is

that all the Ga, As and In isotopes have large nuclear spins.

In a typical quantum dot there is an intermediate number of

atoms, too large to use each nuclear spin as a resource yet

too small for efficient cancellation in the total spin, and noise

in the nuclear spins limits the electron spin coherence to just

∼ 10 ns through the hyperfine interaction [5–7]. However, an

emerging theme is that the nuclear spin noise may be reduced

by narrowing the distribution [8–11] and that the nuclear spin

ensemble may represent as much opportunity as trouble. Cur-

rently, schemes exist to tune both the optical transition energy

[12] and the selection rules [13] of a quantum dot in situ, but

presently, the possibilities of using nuclear spins beneficially

are limited.

We present here a new control over the nuclear spin-

electron spin interaction on driving an optical transition res-

onantly. Dynamic nuclear polarization at the single quantum

dot level is established [14–18]. The crucial advance here is to

operate in the tunneling regime [17, 18] where we discover a

natural cycle. There are two inter-related features. First, spon-

taneous emission following resonant excitation either pre-

serves the circular polarization of the source or inverts it. For

instance, with a σ+ pump, we can switch from predominantly

σ+ emission to σ− emission either with a small change in

pump wavelength or device bias allowing the polarization of

a single photon source to be controlled in situ. Secondly, the

resonant excitation creates a large nuclear spin polarization.

At the bistability, the nuclear spin polarization changes sign

abruptly, a new feature compared to the bistabilities follow-

ing non-resonant optical excitation [14, 19]. At smaller laser

wavelengths, the nuclear spin polarization changes monoton-

ically from a large negative value to a large positive value.

This bidirectional tuning is demonstrated here at low mag-

netic fields (0.5 T), and complements the optical dragging ef-

fect which operates at high magnetic fields [12]. Control of

the nuclear spins via the optical wavelength is a potentially

powerful route to narrowing the distribution [12] and it also

allows the quantum dot exciton to be tuned over tens of µeV.

Our experiments use a field effect device in which InGaAs

self-assembled quantum dots are in tunnel contact with an n+

GaAs Fermi sea via a 25 nm thickness GaAs tunnel barrier

[20]. A voltage is applied to a Schottky contact on the sample

surface, 150 nm above the quantum dot layer, at 4.2 K. Photo-

luminescence (PL) is excited either nonresonantly at 830 nm

wavelength, or resonantly using 13 kW/cm2 from a tunable

narrowband cw laser. The PL is dispersed with a monochro-

mator and detected with a CCD array detector, a system with

resolution 50 µeV. The polarization of excitation and collec-

tion are independently controlled. A small magnetic field,

Bz = +0.5 T, is applied along the growth ~z direction.

Excited nonresonantly, the photoluminescence from a sin-

gle quantum dot shows a clear charging step from the neutral

exciton, X0, to the negatively charged trion, X1−. The ener-

gies of the initial states |X0〉 and |X1−〉, and their correspond-

ing final states, |0〉 (vacuum) and |e〉 (single electron), as a

function of gate voltage are shown in Fig. 1. In the final states

(no hole present), the ground state charges from |0〉 to |e〉 at a

more positive voltage than the change in the initial states from

|X0〉 to |X1−〉 [20], a consequence of the difference between

the electron-hole and electron-electron Coulomb energies. A

“hybridization region” is created, a voltage region in which

both excitons are tunnel-coupled to the Fermi sea, X0 in the

initial state, X1− in the final state [20]. We show here that

this region is ideal for controlling the electron spin-nuclear

spin interaction.

Fig. 1 shows the result of pumping the |0〉 ↔ |X0〉 transi-

tion of a single quantum dot. Over a small region of voltage,

X1− PL is observed, red-shifted by 6 meV with respect to

the laser. A comparison with the non-resonantly excited PL

demonstrates that this region corresponds to the low bias edge

of the X1− plateau, i.e. the hybridization region, and that the

resonantly excited PL has the X0 energy. In terms of the level

diagram in Fig. 1, the dot is initially in the vacuum state |0〉.
The laser then creates an X0, which, although neutral, is un-

stable with respect to electron tunneling. Electron tunneling

into the dot (timescale ∼ 50 ps, considerably shorter than the

radiative lifetime of ∼ 1 ns) creates an X1− which then re-
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FIG. 1. Top: photoluminescence (PL) at 4.2 K from a single quan-

tum dot versus bias driven with excitation at the X
0 energy. X

1−

PL appears in a narrow range of voltage, the hybridization regime.

Bottom: the energy dependence versus bias for the quantum dot vac-

uum state |0〉 and the single electron state |e〉, showing a crossing

where the ground state changes. X
0 and X

1− cross at lower bias on

account of the hole. Within the hybridization region, automatic cy-

cling takes place when a laser is tuned to the |0〉 ↔ |X0〉 transition.

An electron tunneling from the Fermi sea turns the |X0〉 into |X1−〉;
recombination leaves the system in state |e〉; tunneling out of the dot

returns the dot to the vacuum state |0〉.

combines. After spontaneous emission, the dot is in the |e〉
state. Now that the hole has disappeared, this state is also

unstable with respect to tunneling: electron tunneling out of

the dot (timescale ∼ 10 ps) returns the dot to |0〉 whereupon

the process can be repeated. This cycle offers a number of

attractive features. First, the X0 spin is determined by the

polarization of the laser through the optical selection rules.

Second, the cycle round-trip time is small, just ∼ 1 ns, lim-

ited only by spontaneous emission. Third, the red-shift of the

PL with respect to the excitation makes it easy to distinguish

spontaneous emission from scattered laser light even though

one of the transitions is driven resonantly. The PL is useful

in its own right as an antibunched source. It also provides

an in situ monitor of the nuclear spin polarization through the

Overhauser shift. Finally, the process can be described quan-

titatively with no ad hoc assumptions.

The main experiment consists of monitoring the X1− PL

as a function of laser detuning with respect to the X0 transi-

tion for a constant pump polarization, e.g. σ+. A PL spectrum

is recorded for both σ+ and σ− polarizations. These counts-

energy spectra are fitted to Lorentzians [21], yielding both the

signal energy E(σ+/−) (center of Lorentzian), and the signal

intensity S(σ+/−) (area under Lorentzian). Fig. 2 shows both

S(σ+) and S(σ−) for a σ+ pump, and the associated polar-

FIG. 2. Left (right) panels: experimentally measured (calculated)

signal intensity, polarization degree and Overhauser shift versus laser

energy (laser detuning) for a σ
+ pump, an external field of +0.5 T at

fixed bias in the center of the hybridization region. In the experiment,

the laser is tuned close to the |0〉 ↔ |X0〉 transition and the dot (at

4.2 K) is the same as in Fig. 1.

ization degree P ,

P =
S(σ+) − S(σ−)

S(σ+) + S(σ−)
.

At large negative and positive detunings, the PL has largely

σ+ character with P up to 0.76 ± 0.05. This is the intuitive

result from the selection rules. Absorption of a σ+ photon

with spin angular momentum +h̄ along ~z creates an |⇑↓〉 ex-

citon consisting of a heavy hole ⇑ with spin ~z-projection + 3

2
h̄

and an electron ↓with − 1

2
h̄. An electron tunnels in to form the

X1− exciton, |⇑↓↑〉. Hole spin relaxation is slow compared to

recombination [22, 23] such that recombination |⇑↓↑〉 → |↑〉
creates a σ+ photon. The counterintuitive result in Fig. 2 is

that close to the center of the resonance, the PL has an in-

verted polarization degree, with P ∼ −0.7. Strikingly, P

changes abruptly at a particular detuning.

An indicator that the nuclear spins are involved is provided

by the Overhauser shift ∆n = E(σ+) − E(σ−) − gXµBBz .

∆n is interpreted as an energy shift of the unpaired electron

spin in the X1− final state arising from the nuclear spin po-

larization along ~z. Its determination requires a knowledge of

the exciton g-factor, and we measure gX = 1.55 ± 0.10 as

described in [21]. Close to the center of the resonance we
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FIG. 3. Top: bistability between state I (σ+ PL/nuclear spins up) and

state II (σ− PL/nuclear spins down). P and ∆n were measured as

the laser was tuned. The laser was blocked for 30 s between each

point. Bottom: demonstration of switching with gate voltage pulses

(40 mV, 5 s duration) by measuring the σ
+ PL, strong PL signifying

state I, weak PL signifying state II. In between voltage pulses, the

laser was turned off. Both curves were recorded at +0.5 T using a

σ
+ pump and the same dot as in Figs 1 and 2.

now find that ∆n switches sign exactly at the point where

P switches sign. The Overhauser shift is related to the av-

erage nuclear spin ~z-projection 〈Iz〉 (in units of h̄) through

∆n ≃ −A〈Iz〉 [21]. Taking the coupling constant A ≈
90 µeV, an averaged value for In0.5Ga0.5As [24], we find that

〈Iz〉 ≈ +0.36 ↔ −0.36. Full polarization corresponds to

〈Iz〉 = ±2.25, where I = 2.25 is the average nuclear spin

quantum number in the dot.

The abrupt jump in P corresponds to a bistability. With σ+

excitation, in state I (II) the dot emits σ+ (σ−) photons and the

nuclear spins point up (down). The bistability is demonstrated

clearly in the hysteresis curve of Fig. 3 (top). In this case, the

laser energy was tuned in fine steps (less than 0.5 µeV), block-

ing the laser path for about 30 s between each data point dur-

ing which time the state of the system was always preserved.

At more positive laser detunings, the nuclear spin is a con-

tinuous monotonic function of detuning, changing from large

negative values to large positive values. Correspondingly, ∆n

goes smoothly from +30 to −35 µeV. The total electron Zee-

man splitting, geff
e µBBz = geµBBz + A〈Iz〉, changes sign

at the bistability, followed by continuous tuning from −45 to

+20 µeV (effective electron g-factor geff
e from −1.6 to +0.7).

To switch from state I to state II, it is more convenient to

change the gate voltage than the laser wavelength. We have

achieved this by exploiting the Stark effect of the exciton en-

ergy. Fig. 3 (bottom) demonstrates controlled switching be-

tween state I and II by applying voltage pulses to the gate,

monitoring the state of the system via the σ+ PL. The system

is initially in state I. It is forced into state II with a negative

voltage pulse, equivalent to moving the laser energy up and

back down again. This results in a lower σ+ PL, the signature

of state II. Analogously, we can switch the system back into

state I with a positive voltage pulse. In between these volt-

age pulses, the laser is turned off. When it is turned back on

again ∼ 30 s later, the system always adopts its original state,

demonstrating a slow I/II relaxation rate (< 0.1 s−1).

We present a quantitative model to describe these results.

The two crucial ingredients are, first, a coherent coupling be-

tween the |⇑↓〉 and |⇓↑〉 exciton states, the so-called fine struc-

ture which arises from the anisotropic part of the electron-hole

exchange, and second, a hyperfine coupling between the nu-

clear spins and the unpaired spin in the final state of X1−. A

full description of the model is given in [21].

First, we calculate the effect of the laser field on the dy-

namics of a 5-level system, consisting of the vacuum state |0〉,
the two X0 exciton states, |⇑↓〉 and |⇓↑〉, and the two X1−

states, |⇑↓↑〉 and |⇓↑↓〉. The laser is σ+ polarized and drives

the |0〉 ↔ |⇑↓〉 but not the |0〉 ↔ |⇓↑〉 transition on account

of the selection rules. The optical Rabi energy is h̄Ω, the de-

tuning h̄δ = h̄ω − h̄ω0, where ω is the angular frequency of

the laser and h̄ω0 is the eigenenergy of |⇑↓〉 and |⇓↑〉 without

magnetic field. Coupling between |⇑↓〉 and |⇓↑〉 is character-

ized by the fine structure h̄ωfs. Decay processes are sketched

in the level diagram, Fig. 4 (top). The neutral excitons can

decay by spontaneous emission to |0〉 at rate τ−1
0 ; or they can

become trion states via tunneling at rate τ−1

in
. Starting with

the entire population in the ground state, we use the master

equation for the density matrix to determine the occupation

probabilities p|⇑↓↑〉 and p|⇓↑↓〉 of the trion states after time τ1,

the spontaneous recombination lifetime of X1−, resulting in

the rates of creating a ↑, ↓ electron via optical recombination.

After trion recombination, the free electron interacts with

the N quantum dot nuclei through the contact hyperfine in-

teraction before it tunnels out at rate τ−1
out. The spin flip-flop

probability pff is

pff =
2γ · τ2

out

(4γ + ξ) τ2
out + h̄2

,

where γ = A2

4N (I − |〈Iz〉|) and ξ = (geµBBz + A〈Iz〉)
2
,

with ge as electron g-factor [21]. The combination of elec-

tron creation rate and flip-flop probability results in a dynamic

equation for the nuclear spin polarization. 〈Iz〉 is driven up

depending on p|⇑↓↑〉, down depending on p|⇓↑↓〉, and decays

in the absence of driving with rate Γleak:

d

dt
〈Iz〉 ≃

pff

Nτ1

[

p|⇑↓↑〉 − p|⇓↑↓〉
]

t = τ1
− Γleak〈Iz〉. (1)

We solve this equation numerically to find stable values of

〈Iz〉 as a function of laser detuning h̄δ. At each solution one

can also calculate the Overhauser shift ∆n and the polariza-

tion degree P in the quantum dot emission [21].
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FIG. 4. Top: the five quantum states in the simulation showing an

optical coupling (Rabi energy h̄Ω) and a coherent coupling (energy

h̄ωfs) between the two neutral exciton states. The decay processes

are drawn with dashed lines. Bottom: the calculated nuclear spin

dynamics as a function of laser detuning for a σ
+ pump, +0.5 T

external field, and the parameters described in the text. The solid

(dashed) line shows the stable (unstable) solution for d

dt
〈Iz〉 = 0.

Parameters for the simulation are set by in situ characteri-

zation and by comparison with previous experiments, making

small tweaks to fit the experimental data in Fig. 2. We use

the following values [21]: h̄Ω = 23 µeV, h̄ωfs = 40 µeV,

τ0 = 0.75 ns, τ1 = 0.95 ns, τin = 35 ps, τout = 5 ps,

N = 8.5 × 104, Γleak = 0.1 s−1 and ge = −0.5. Fig. 4

(bottom) contains a plot of d
dt 〈Iz〉, showing that the solution

for 〈Iz〉 changes from positive to negative with a region of

bistability. The calculated P and ∆n are plotted in the right

panels to Fig. 2. Close to the optical resonance, there is an

excellent agreement with the experimental results.

The theory offers an explanation for the counterintuitive in-

version of the PL polarization. When the σ+-polarized laser

comes into resonance with the forbidden |0〉 ↔ |⇓↑〉 transi-

tion, a combination of the allowed |0〉 ↔ |⇑↓〉 transition and

the |⇑↓〉 ↔ |⇓↑〉 coupling causes the population to build up

in the |⇓↑〉 state, leading to electron spin ↓ creation following

tunneling in and recombination. When the laser is then tuned

further, the allowed |0〉 ↔ |⇑↓〉 transition takes over and the

cycle results in the creation of electron spin ↑. The creation

of a particular electron spin leads to nuclear spin polarization

which alters the energies of the |⇓↑〉, |⇑↓〉 states via the Over-

hauser field. This feedback results in a bistability close to the

forbidden transition and continuous tuning thereafter.

We have explored some of the parameter space theoreti-

cally. For parameters close to the ones used in this experi-

ment, a region of bistability exists when Γleak is small enough.

A bistability is definitely possible even at zero magnetic field,

provided that Γleak
<
∼ 1 s−1 and that the tunneling times are

increased relative to those in this experiment. The inversion in

polarization can be enhanced to at least P = +0.85 → −0.85,

again by increasing the tunneling times and also by optimizing

the ωfs : Ω ratio. Furthermore, at detunings larger than those

at the bistability, these parameters allow continuous control of

the exciton eigenenergies from −40 to +50 µeV, and, follow-

ing Ref. [21, 25], a reduction in the variance of the nuclear

spin distribution by factors ∼ 5. All these features are attrac-

tive for spin qubits and single photon emitters.
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