doi: 10.1038/nature09359
This supplementary

information contains:

1. Calculation and diﬀerential transmission spectroscopy of quantum dot molecule states
SUPPLEMENTARY INFORMATION
and optical transitions (2 Figures),
2. Measurement of the optically induced spin-ﬂip rate for the T+3/2 transition (1 Figure),
3. Discussion on ﬁdelity calculation.

Section 1
In the following we present a calculation of a quantum dot molecule’s (QDM) electronic
states and optical transition energies relevant for our readout technique. We compute the
dependence of the energies on gate voltage and external magnetic ﬁeld and compare the
simulation to our measured diﬀerential transmission (DT) spectra. In the model we choose
basis states that are eigenstates in the limit of weak electron-hole exchange and no tunnel
coupling between the host and readout QD. As we will see later this choice of basis comes
rather close to the actual set of eigenstates under high magnetic ﬁelds. The numerical
model allows us to make a statement about the ‘purity’ of the readout state, and hence
possible errors in the readout scheme. Optical pumping can be discussed in this context
as well.
The QDM ground state consists of a single electron in the host QD whereas the excited
states consist of 2 electrons and 1 hole within the two QDs. In the excited state the 2
electrons occupy the lowest orbital levels and can both reside in the same QD or 1 electron
can be in each dot. For our sample and model the heavy hole is localized in the readout
QD. The 12 excited states of 2 electrons and 1 hole are
|1 = e†host↑ e†host↓ h†readout⇑ |0
|2 = e†readout↑ e†readout↓ h†readout⇑ |0
|3 = e†host↑ e†readout↓ h†readout⇑ |0
|4 = e†host↓ e†readout↑ h†readout⇑ |0
|5 = e†host↑ e†readout↑ h†readout⇓ |0
|6 = e†host↓ e†readout↓ h†readout⇓ |0

|7 = e†host↑ e†host↓ h†readout⇓ |0
|8 = e†readout↑ e†readout↓ h†readout⇓ |0
|9 = e†host↑ e†readout↓ h†readout⇓ |0
|10 = e†host↓ e†readout↑ h†readout⇓ |0
|11 = e†host↑ e†readout↑ h†readout⇑ |0
|12 = e†host↓ e†readout↓ h†readout⇑ |0

Here (e, h)†dot,σz is the fermionic creation operator for an electron (e) or a hole (h) in host
or readout dot, with spin projection σz . States |1, |2, |7, |8 are the only conﬁgurations
1
with two electrons in the same dot. We point out that the electrons are in a spin-singlet
state in these cases; triplet states are far removed in energy and do not take part in any
interactions. We call the states |4, |6, |9, |11 ‘dark’ as the exciton recombination (or
creation) in the readout dot is not allowed by electric dipole selection rules, whereas the
states |3, |5, |10, |12 are dipole-allowed and ‘bright’.
The Hamiltonian we consider is:
H = Hparticle + HCoulomb + Hexchange + Htunnel
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(1)

For the purpose of a numerical solution we note

1. Hparticle is the sum of single particle energies. The absolute energies of two electrons
and one hole in the potential of the quantum dot molecule in diﬀerent spin conﬁgurations are very similar, so we choose the conﬁguration with all charges in the readout
dot (states |2 and |8) as (arbitrary) reference energy and calculate energies relative to the reference. This reference is set in the absence of Coulomb and exchange
interactions and does not change with applied gate voltage.
2. The direct Coulomb terms for two particles a and b are, in general, given by
VCoulomb =

 

−1

drdr |r − r |

∗

φa (r)∗ φb (r ) φa (r) φb (r ) ,

where φi (x) is the orthonormal wavefunctions of particle i (electron e or hole h)
at location x. We reduce the Coulomb interactions to four terms. The subscripts
denote which charges are considered and if the interaction is direct (both particles
in the same dot) or indirect (in separate dots). Values can be estimated from photoluminescence (PL) and found in literature [1][2]:

Vee,direct ≈ 20meV
Vee,indirect ≈ 10meV
Veh,direct ≈ −24meV
Veh,indirect ≈ −10meV
3. Exchange interaction
Vexchange =

 

−1

drdr |r 2− r |

∗

φa (r)∗ ψ b (r ) φa (r ) φb (r)

gives rise to three terms (δ0 , δ1 and δ2 ) for electron-hole pairs [3] and one for electronelectron exchange. The isotropic exchange δ0 is the splitting between dark and bright
excitons and can be extracted from photoluminescence (≈ 220 µeV). The anisotropic
exchange δ1 hybridises two bright excitons in the absence of magnetic ﬁeld into
orthogonal, linear states (often referred to as XY -splitting). It can be seen in Figure
www.nature.com/nature
S1a when the host dot is charged with two electrons (≈ 17.6 µeV). δ2 causes splitting
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3. Exchange interaction
Vexchange =

 

−1

drdr |r − r |

∗

φa (r)∗ ψ b (r ) φa (r ) φb (r)

gives rise to three terms (δ0 , δ1 and δ2 ) for electron-hole pairs [3] and one for electronelectron exchange. The isotropic exchange δ0 is the splitting between dark and bright
excitons and can be extracted from photoluminescence (≈ 220 µeV). The anisotropic
exchange δ1 hybridises two bright excitons in the absence of magnetic ﬁeld into
orthogonal, linear states (often referred to as XY -splitting). It can be seen in Figure
S1a when the host dot is charged with two electrons (≈ 17.6 µeV). δ2 causes splitting
of two dark excitons. It is not visible in photoluminescence measurements, but
expected to be of the same order as δ1 . The electron-electron exchange Jee is very
small, from [1] we estimate it to be ∼ 1 µeV. It couples states |3 to |4 and |9 to
|10.
4. Tunnel coupling takes place between states |1, |2 and |3, |4 and between |7, |8
and |9, |10. The magnitude can be extracted from PL and is te ≈ 330 µeV for this
dot molecule.
Lastly, changing the gate voltage shifts the detuning δE between energy levels in
the host dot and readout dot, enabling electron tunneling. Expressing the Hamiltonian of Eq. (1) in the basis |1-|12 block diagonalises the Hamiltonian into 2 blocks.
One block couples states |1-|6 and the other couples states |7-|12 [4]. Eq. (2) is
the Hamiltonian matrix for states |1-|6 (the block for states |7-|12 is essentially
the same).

H|1−|6 =

−2δE + V1 0
te
−te
0


0
V2
te
−te
0


te
te −δE + V3 + δ0
Jee
δ1



−te
−te
Jee
−δE + V4 − δ0
0


0
0
δ1
0
−δE + V5 + δ0

0

0

0

δ2

0

0
0
0
δ2
0
−δE + V6 − δ0








(2)





Due to space constraints placeholders were used instead of the full Coulomb matrix elements:
V1 = 2Veh,indirect + Vee,direct
3
V2 = 1Vee,direct + 2Veh,direct
V3 = Veh,direct + Veh,indirect + Vee,indirect
V4 = Veh,indirect + Veh,direct + Vee,indirect
www.nature.com/nature

V5 = Veh,direct + Veh,indirect + Vee,indirect
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ments:
V1 = 2Veh,indirect + Vee,direct
V2 = 1Vee,direct + 2Veh,direct
V3 = Veh,direct + Veh,indirect + Vee,indirect
V4 = Veh,indirect + Veh,direct + Vee,indirect
V5 = Veh,direct + Veh,indirect + Vee,indirect
V6 = Veh,direct + Veh,indirect + Vee,indirect

Diagonalising the Hamiltonian we determine both the eigenenergies and eigenstates as a
function gate voltage and magnetic ﬁeld which we subsequently compare with the measured data.
Supplementary Figure S1a presents diﬀerential transmission (DT) spectra of the host and
readout QD optical transitions as a function of gate voltage with no external magnetic
ﬁeld. Throughout all experiments performed in this work the lasers are linearly polarised.
The top panel displays the trion transition of the host QD where the labels 0e/1e/2e
denote the ground state charge conﬁgurations and the vertical dashed lines indicate the
1-electron ground state range. The bottom panel is the transition spectra of the readout
QD. Throughout the relevant gate voltage range the readout QD remains uncharged. In
Fig. S1b we present the calculated level structure by diagonalising Eq. (2) near the anticrossing observed in the data in Fig. S1a. The linear Stark shift common to all lines in the
measured spectrum has been neglected in the simulation. The ﬁve lines show the evolution
of the doubly degenerate eigenenergies with applied gate voltage (the two eigenenergies
not shown in Fig S1b are higher in energy and take no part in the interactions in this
gate voltage range). We can relate the transitions observed experimentally (Fig. S1a) to
the green and blue lines in the simulation. We subtract the Stark shift from the data
and compare simulation and experiment directly (Fig. S1c). None of the other transitions
show up in the spectrum as they are far detuned (red lines) and/or optically dark (grey
lines). The gate voltage region where readout was performed is indicated by the black
arrow around 570 mV gate voltage.
Next, we discuss the magnetic ﬁeld dependence in Faraday geometry (magnetic ﬁeld parallel to the growth axis of the QDM) of the bright QDM transitions relevant for the readout
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Figure 1 Transmission spectroscopy on the quantum dot molecule and calculated level structure. a, Transmission spectra for the QDM at zero magnetic ﬁeld. The
laser frequency is scanned for each gate voltage value. The top panel is the transmission
spectrum for the host QD trion transition. The 0e/1e/2e labels denote the ground state
charge conﬁguration of the host. The bottom panel is the transmission spectra of the
readout QD transitions. In the gate voltage range bounded by the vertical white lines the
readout QD ground state is uncharged. b, top panel Calculated level structure for the
QDM at zero magnetic ﬁeld around the avoided crossing. The red lines correspond to the
singlet-like spin conﬁguration and anticross. The blue doublet passes through the avoided
crossing unaﬀected and can be associated with the bright basis states with parallel electron
spins, while the dashed grey line is composed of the parallel electron spin dark states. The
green line goes from dark to bright as it wiggles through the avoided crossing. It consists
of basis states with antiparallel electron spins. b, bottom panel, Comparison of data
from a to the simulation. The arrow indicates the gate voltage region where readout data
presented in the main text was taken.
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scheme of the main text (green and blue line in Fig. S1b and S1c). Figure S2 presents
simulation (S2a and S2b) and experiment (S2c) for DT spectra as a function of magnetic
ﬁeld. In the simulation we only consider Zeeman shifts, neglecting the diamagnetic shift
which is also present in the data and common to all transitions. Figure S2a shows the QDM
eigenenergy evolution as a function of magnetic ﬁeld. The top 4 lines correspond to the
4 bright triplet-like eigenstates and at the bottom of the ﬁgure the single electron ground
states are shown in black. For convenience we label these four eigenstates according to the
basis state that contributes most in each case. This is the notation adopted in the main
text. At low magnetic ﬁelds going from higher to lower energies we have the T+1/2 state
(corresponding basis state |12 in Eq. (1)), the T−1/2 state (basis state |5) and then the
T+3/2 (basis state |3) and T−3/2 states (basis state |10). Around 2 T magnetic ﬁeld the
T+3/2 line and the T−1/2 line anticross so that the T+3/2 state is second highest in energy
for higher magnetic ﬁelds. Figure S2b displays the transition energies expected from the
energy level scheme in Figure S2a using the labels we introduced. The experimental raw
data is given in Fig S2c.
In order for our readout to work eﬃciently we need the T+1/2 state to have as little admixture of basis states other than |12 as possible. We use the numerical model to evaluate
the composition of the T+1/2 state in terms of the basis states at 2.3 T, the magnetic ﬁeld
value which was used for readout. The four biggest contributions to the eigenvector are:
T+1/2 (B = 2.3T) =

√

0.9813 |12 +

√
√
√
0.0181 |10 + 3.3 · 10−4 |9 + 4 · 10−5 |5 .

√
All remaining contributions are ≤ 10−5 . The admixture of |10 means that the polarisation of emitted photons is slightly elliptical, but it does not introduce errors in the
readout, as the host spin state is 1. Reduced readout ﬁdelities are caused by admixtures
of the basis states with host spin 0: |9 and |5. Considering that radiative recombination
of |9 is dipole-forbidden the admixture of |5 is expected to be the dominant contribution
to readout error. In this case, measurement of a photon from the T+1/2 excitation leads to
a ﬁdelity error of < 10−4 which is much smaller than other errors in our experiments. As
such we consider the T+1/2 state to be satisfactorily ‘pure’ for the purpose of spin readout.
We brieﬂy turn to the other transitions: due to the anticrossing at 2 T the intermediate
transitions are roughly equal superpositions of basis states |3 and |5 at 2.3 T. A second
anticrossing is expected at higher ﬁelds between the two lower energy levels (pair of green
lines in S2 a) [5]. This anticrossing mixes basis states of diﬀerent host spin orientations.
The optical transition to the T+1/2 state remains the only transition that does not hy-
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Figure 2 Energy levels and QDM optical transition as a function of magnetic
ﬁeld. a, Evolution of eigenenergies with magnetic ﬁeld at the gate voltage marked by
the arrow in Fig. S1c. The degeneracy of diﬀerent angular momentum states is lifted for
all lines. From top to bottom we have the bright molecular triplet-like states, the dark
(optically forbidden) triplets and the molecular singlet-like ones. The black pair at the
bottom shows the splitting of the single electron ground state. b, The transition energies
are obtained by subtracting the respective ground state energies from each excited state.
c, DT spectra for the readout QD transitions as a function of magnetic ﬁeld in the Faraday
conﬁguration. The ﬁrst avoided crossing between T+3/2 and T−1/2 states occurs at ∼ 2
T. At larger magnetic ﬁelds the two highest frequency transitions are 1 → T+1/2 and
0 → T+3/2 , respectively. We note that the signal strength here does not faithfully reﬂect
the corresponding transition strength due to the polarisation-selective detection system in
our DT measurements.
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bridise with the other transitions.
In Fig. 2b of the main text the 0 → T−1/2 and 0 → T+3/2 transitions exhibit opti-

cal pumping, i.e. a loss of RF signal when being driven resonantly. At this magnetic
ﬁeld regime the main mechanism relaxing the optical selection rules for single QDs is the
heavy-light hole mixing and the induced spin-ﬂip rate was shown to be independent of the
external magnetic ﬁeld (beyond 1T) [6]. For QDMs the hole-mixing induced spin-ﬂip rate
can be further enhanced by a lateral oﬀset between the two QDs [2]. We deﬁne an admixed
 =⇑ (+3/2) + + ⇑ (+1/2) + − ⇑ (−1/2). Optical spin pumping can be
heavy-hole state ⇑

mediated through the following mechanism then


↑ 0



0 0

h̄ω

→





↑ ↓

0 ⇑

t

e
→





↑↓ 0

0 ⇑

t

e
→





↓ ↑

0 ⇑

h̄ω

→





↓ 0

0 0

,

where we have used the more intuitive illustration of QDM states from Fig. 1a of the
main text. We observe eﬃcient spin pumping from transitions that have contributions
from the antiparallel electron spin basis states |3 and |10 (speciﬁcally the the 0 → T+3/2
and 1 → T−3/2 transitions). A quantitative study of optical pumping is presented in the
following section. While the exact magnetic ﬁeld values and magnitudes of the avoided
crossings vary across QDMs, due to inhomogeneity of g-factors and anisotropic exchange,
Figs. S1 and S2 present universal behaviour for all QDMs studied in this work.

Section 2
Unlike the 1 → T+1/2 transition, the 0 → T+3/2 and 1 → T−3/2 transitions are prone to
optically induced spin-ﬂip processes, caused by e.g. hole-mixing. We consider the transition that is spectrally closest to the 1 → T+1/2 readout channel at 2.3 T here, which from
above is a superposition of basis states |3 and |5. We expect that measurement induced
spin ﬂips originate predominantly from this transition being driven nonresonantly, when
the 1 → T+1/2 transition is probed on resonance by the readout laser. In order to quantify
the rate of optically induced spin-ﬂip transitions at 2.3 T, we use a previously reported
measurement protocol based on time-resolved resonance ﬂuorescence [6]. Supplementary
Figure S3 exhibits the timescale for optical pumping as a function of spectral detuning of
a laser from the transition frequency. The shortest time constant is (0.324 ± 0.020) µs obtained on resonance when the transition is driven strongly into saturation and corresponds
to γsf = 2π× 0.49 MHz in our theoretical analysis of backaction.
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Figure 3Measurement of optically induced spin-ﬂip transition timescale from
the transition spectrally closest to the T+1/2 readout transition. Laser detuning
dependence of the time-resolved resonance ﬂuorescence at 2.3 T magnetic ﬁeld obtained for
strong excitation laser power. The shortest exponential decay constant occurs on resonance
and has a value of (0.324 ± 0.020) µs and is prolonged for ﬁnite detunings.
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Section 3
In order to estimate the ﬁdelity our readout technique yields we analyse a set of continuous
wave (cw) RF timetraces, like the one shown in Fig. 4a in the main text. We consider
each time bin of the timetrace to be a single-shot readout attempt. Every time bin below
the threshold is labeled as ‘oﬀ’, and we assign spin state 0 to the host QD electron, and
vice versa for time bins above the threshold. As stated in the main text we identify two
sources of error when deciding a particular time bin is ‘on’ or ‘oﬀ’. The ﬁrst one (en0 /en1 )
is due to photon shot noise: the photodetection obeys Poisson statistics and we observe a
spread of photocounts per time bin. We can associate one distribution with each of the
two host electron spin states. The distribution for state 0 is given by the shot noise of
the laser leakage through the crossed polarisers, while the distribution for state 1 is given
by both the laser leakage and the shot noise of photodetection from cycling the readout
transition 1 → T+1/2 . Both distributions change over time as a consequence of thermal
drifts eﬀecting e.g. ﬁber coupling eﬃciency, so a set of Poisson distributions (resulting in
an overall super-Poissonian distribution) is used to account for these slow changes. The
green curve in the inset of Fig. 4b is the sum of all Poissonians. The fraction of each
distribution on the other (wrong) side of the threshold value constitutes the error en0 /en1 in
each case. There is one more step involved in obtaining the error en value. When operating
in cw mode, the spin ﬂips due to oﬀ-resonant pumping of the 0 → T+3/2 transition skew
the histogram in favour of the 1 state. The imbalance of state 0 and 1 populations is a
consequence of the cw readout, so we rescale the Poissonians to equal areas, corresponding
to the case of equal populations, i.e. no spin information prior to a single measurement
attempt. The overlap (see Fig. 4b) is below 0.1%. The second, more severe source of error
(ed0 /ed1 ) are spin ﬂips during the course of a time bin/readout attempt. We note that a spin
ﬂip during the measurement does not necessarily lead to a readout error: spin ﬂips that
happen towards the end of a time bin will not aﬀect the correct measurement outcome,
since the collected RF photocounts will remain below threshold. Spin ﬂips early in the
time bin, however, do result in erroneous assignment of the spin state. Where exactly
we cross the line from correct to incorrect readout depends on where the threshold value
between ‘on’ and ‘oﬀ’ is. For a threshold that is approximately centred between the ‘on’
and ‘oﬀ’ distributions we can say that only spin ﬂips during the ﬁrst half of the time bin
lead to wrong readout. The spin ﬂip time from 0 to 1 (Toﬀ ) has been measured for various
laser powers and is presented in Fig. 3d. For the data set of Fig. 4a in the main text this
value is Toﬀ =14.9 ms with a time bin of 2 ms. From this, the probability of a spin ﬂip in
the ﬁrst half of the time bin, i.e. in 1 ms is ≈ 1/14.9 ≈ 0.07. For spin ﬂips from 1 to 0 we
assume a timescale of ∼ 100 ms which is a conservative estimate of the natural T1 -time
10
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from Fig. 3d. The chance of a spin ﬂip in 1 ms is then ≈ 1/100 = 0.01. Summing up the
errors yields a ﬁdelity of

1 − p0 e0 − p1 e1 = 1 − 0.5(0.07 + 0.01 + O(10−3 )) = 0.96.
The magnitude of the ed0 /ed1 error is determined by the length of the time bin compared to
the spin-ﬂip timescale: longer time bins increase the signal-to-noise ratio as they separate
the shot noise distributions for states 0 and 1 and hence reduce the en0 /en1 error. At the
same time longer time bins increase the chance that a spin ﬂips during a readout attempt.
We analyse the ﬁdelity of the high laser power data set (Ω ∼ 0.49γ in Fig. 3d). The time
bin for this measurement is 300 µs, while Toﬀ has been determined to be 5.2 ms, so that
the ed0 error is reduced (≈ 0.15/5.2 ≈ 0.03). This is at the expense of the ed0 /ed1 error,
which is of similar magnitude. We sum the errors again and obtain
1 − p0 e0 − p1 e1 = 1 − 0.5(0.03 + 0.002 + 0.035 + 0.055) = 0.94
in this case. In short, the optimum operation conditions need to be identiﬁed systematically
for every QDM.
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