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Abstract
The experimental steps taken towards using the spin of a single electron trapped in a semiconductor quantum dot as a spin qubit1 is described. Fabrication and characterization of a double
quantum dot containing two coupled spins has been achieved, as well as initialization and singleshot read-out of the spin state. The single-spin relaxation time was found to be of the order of a
millisecond, but the decoherence time is still unknown. Concrete ideas – using a charge detection approach – on how to proceed towards demonstrating superposition and entanglement of
spin states are presented. Single-spin manipulation relies on a microfabricated wire located close
to the quantum dot, and two-spin interactions are controlled via the tunnel barrier connecting the
respective quantum dots.

36.1 Qubit
Any implementation of a quantum bit has to satisfy the ﬁve DiVincenzo requirements.2 The
ﬁrst requirement is to have a scalable physical system with well-characterized qubits. Double
quantum dot devices have been fabricated in which a single electron can be conﬁned in each
of the two dots.3 The spin states ↑ and ↓ of the electron, subject to a large magnetic ﬁeld B,
correspond to the two states of the proposed qubit twolevel system. The Zeeman splitting, E Z ,
between the two states can be tuned with the magnetic ﬁeld, according to E Z = gμB B, with
g ≈ −0.44 the electron g-factor in GaAs,4 and μB the Bohr magneton.
These one-electron dots can be fully characterized using a QPC as a charge detector.3, 4 First
of all, the QPC can be used to monitor the charge conﬁguration of the double dot, in order to
reach the regime where both dots contain just a single electron. Then the tunnel rate from each
dot to the reservoir can be evaluated and tuned using a lock-in technique. The same technique
can be employed to determine the energy spectrum of each of the two dots, i.e., the Zeeman
splitting between the two qubit states, as well as the energy of orbital excited states. Furthermore, the QPC can be used to monitor the inter-dot tunnel barrier, both qualitatively (from the
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curvature of lines in the honeycomb diagram) and quantitatively (by performing photon-assisted
tunneling spectroscopy to measure the tunnel splitting between the one-electron bonding and
antibonding state5 ). In principle, it is even possible to use the lock-in technique to measure the
exchange splitting J between the delocalized two-electron singlet and triplet spin states. However, in practical situations the splitting might be too small (< 20 μ eV) to be resolved using
tunneling spectroscopy.
All relevant parameters of the two-spin system can thus be determined without performing
transport measurements. The essential advantage of the QPC technique is that it works even for
a dot that is very weakly coupled to just a single reservoir, with a tunnel rate between zero and
∼ 100 kHz (limited by the bandwidth of the current measurement setup). This gives us more
freedom to design simpler dots with fewer gates, which could therefore be easier to operate.

36.2 Read-out
Single-shot read-out of the spin orientation of an individual electron in a quantum dot6 has been
achieved. The approach used here utilizes the Zeeman splitting, induced by a large magnetic ﬁeld
parallel to the 2DEG, to create spin-to-charge conversion (Fig. 36.1a). This is followed by realtime detection of single-electron tunneling events using the QPC. The total visibility of the spin
measurement is ∼ 65%, limited mostly by the ∼ 40 kHz bandwidth of our current measurement
setup, and also by thermal excitation of electrons out of the quantum dot, due to the high effective
electron temperature of ∼ 300 mK.
It was estimated that the visibility of the spin read-out technique could be improved to more
than 90% by lowering the electron temperature below 100 mK, and especially by using a faster
way to measure the charge on the dot. This could be possible with a ‘Radio-Frequency QPC’
(RF-QPC), similar to the well-known RF-SET.7 In this approach, the QPC is embedded in an LC
circuit with a resonant frequency of ∼ 1 GHz. By measuring the reﬂection or transmission of a
resonant carrier wave, it is estimated that it should be possible to read out the charge state of the
nearby quantum dot in ∼ 1 μs, an order of magnitude faster than is currently attainable.
A disadvantage of the read-out technique based on the Zeeman splitting is that it relies on
accurate positioning of the dot-levels with respect to the Fermi energy of the reservoir, E F (see
Fig. 36.1(a)). This makes the spin read-out very sensitive to charge switches, which can easily
push the ↑ level above E F , or pull ↓ below E F ,resulting in a measurement error. To counteract
this effect, a large enough Zeeman splitting is required (in Ref. [6] a magnetic ﬁeld of more than
8 Tesla was used, although with a more stable sample a lower ﬁeld might be sufﬁcient). On the
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F IGURE 36.1. Schematic energy diagrams depicting (a) spin-to-charge conversion based on a difference in
energy on a difference in tunnel rate (b) between ↑ and ↓.
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other hand, a smaller Zeeman splitting is desirable because it implies a lower and therefore more
convenient resonance frequency for coherent spin manipulation. In addition, the spin relaxation
time is expected to be longer at smaller E Z . Therefore, a different spin read-out mechanism
that is less sensitive to charge switches and can function at lower ﬁelds would be very useful.
A particularly convenient way to perform spin-to-charge conversion could be provided by
utilizing not a difference in energy between spin-up and spin-down, but a difference in tunnel
rate (Fig. 36.1(b)). To read out the spin orientation of an electron on the dot, we simply raise
both dot levels above E F , so that the electron can leave the dot. If the tunnel rate for spin-up
electrons, ↑ is much larger than that for spin-down electrons, ↓ , then at a suitably chosen time
the dot will have a large probability to be already empty if the spin was up, but a large probability
to be still occupied if the spin is down. Measuring the charge on the dot within the spin relaxation
time can then reveal the spin state.
This scheme is very robust against charge switches, since no precise positioning of the dot
levels with respect to the leads is required: both levels simply have to be above E F . Also, switches
have a small inﬂuence on the tunnel rates themselves, as they tend to shift the whole potential
landscape up or down, which does not change the tunnel barrier for electrons in the dot.8 Of
course, the visibility of this spin measurement scheme depends on the difference in tunnel rate
tha can be achieved .
A difference in tunnel rate for spin-up and spin-down electrons is provided by the magnetic
ﬁeld. From large-bias transport measurements in a magnetic ﬁeld parallel to the 2DEG,9 it was
found that the spin-selectivity (↑ /↓ ) grows roughly linearly from ∼ 1.5 at 5 T to ∼ 5 at 14 T.
This is in good agreement with the spin-selectivity of about 3 that was found at 10 T using the
single-shot spin measurement technique of Ref. [6].
In a magnetic ﬁeld parallel to the 2DEG, the effect only leads to a modest spin-selectivity that
does not allow a single-shot measurement. However, a much larger spin-selectivity is possible in
a perpendicular magnetic ﬁeld, i.e., in the quantum Hall regime. Magnetotransport measurements
in 2DEGs with odd ﬁlling factor have shown that the effective g-factor can be enhanced by as
much as a factor of ten, depending on the ﬁeld strength.10 In this case, ↓ electrons tunneling into
or out of the dot experience a thicker tunnel barrier than ↑ electrons, resulting in a difference
in tunnel rates.11 A convenient perpendicular ﬁeld of ∼ 4 T is anticipated to give enough spinselectivity to allow high-ﬁdelity spin read-out.

36.3 Initialization
Initialization6 of the spin to the pure state ↑ – the desired initial state for most quantum algorithms
have been demonstrated. By waiting long enough, energy relaxation will cause the the spin on
the dot to relax to the ↑ ground state (Fig. 36.2(a)). This is a very simple and robust initialization
approach, which can be used for any magnetic ﬁeld orientation (provided that gμB B > 5kB T ).
However, as it takes about 5T1 to reach equilibrium, it is also a very slow procedure (∼ 10 ms),
especially at lower magnetic ﬁelds, where the spin relaxation time T1 might be very long.
A faster initialization method is to place the dot in the read-out conﬁguration (Fig. 36.2(b)),
where a spin-up electron will stay on the dot, whereas a spin-down electron will be replaced by
a spin-up.6 After waiting a few times the sum of the typical tunnel times for spin-up and spindown (∼ 1/ ↑ + 1/ ↓ ), the spin will be with large probability in the ↑ state. This initialization
procedure can therefore be quite fast (< 1 ms), depending on the tunnel rates.
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F IGURE 36.2. Schematic energy diagrams depicting initialization procedures in a large parallel or perpendicular magneticﬁeld. (a) Spin relaxation to pure state ↑. (b) The ‘read-out’ conﬁguration can result in ↑
faster. (c) Random spin injection gives a statistical mixture of ↑ and ↓. (d) In a large perpendicular ﬁeld
providing a strong spin-selectivity, injection results mostly in ↑.

To initialize the dot to a mixed state is also possible, where the spin is probabilistically in ↑
or ↓. In Ref. [6], mixed-state initialization was demonstrated in a parallel ﬁeld by ﬁrst emptying
the dot, followed by placing both spin levels below E F during the ‘injection stage’ (Fig.36.2(c)).
The dot is then randomly ﬁlled with either a spin-up or a spin-down electron. This is very useful,
e.g., to test two-spin operations.
In a large perpendicular ﬁeld providing a strong spin-selectivity, initialization to the ↑ state
is possible via spin relaxation (Fig.36.2(a)) or via direct injection (Fig. 36.2(d)). Initialization to
a mixed state (or in fact to any state other than ↓) is very difﬁcult due to the spin-selectivity. It
probably requires the ability to coherently rotate the spin from ↑ to ↓ (see Section 36.5).

36.4 Coherence Times
The long-term potential of GaAs quantum dots as electron spin qubits clearly depends crucially
on the spin coherence times T1 and T2 . It has been shown that the single-spin relaxation time, T1 ,
can be very long – on the order of 1 ms at 8 T.6 This implies that the spin is only very weakly
disturbed by the environment. The dominant relaxation mechanism at large magnetic ﬁeld is
believed to be the coupling of the spin to phonons, mediated by the spin-orbit interaction.12
The fundamental quantity of interest for spin qubits is the decoherence time of a single electron
spin in a quantum dot, T2 , which has never been measured. Experiments with electrons in 2DEGs
have established an ensemble-averaged decoherence time, T2∗ , of ∼ 100 ns.13 A similar lower
bound on T2 has been claimed for a single trapped electron spin, based on the linewidth of the
observed electron spin resonance.14 Theoretically, it has been suggested that the real value of T2
can be much longer,12 and under certain circumstances could even be given by T2 = 2T1 , limited
by the same spin-orbit interactions that limit T1 .

36.5 Coherent Single-spin Manipulation: ESR
The key requirement for an actual spin qubit is yet to be satisﬁed: coherent manipulation of oneand two-spin states. To create controllable superpositions of ↑ and ↓, the well-known Electron
Spin Resonance (ESR) effect can be used. A microwave magnetic ﬁeld Bac oscillating in the
plane perpendicular to B, at a frequency f = g μB B/ h (in resonance with the spin precession
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about B) causes the spin to make transitions between ↑ and ↓. The choice of B strength is a tradeoff between reliable initialization and read-out (strong B is better) and experimental convenience
(low f is easier). It is expected that a perpendicular ﬁeld of 4 T should be sufﬁcient to provide
high-ﬁdelity read-out and initialization, with f ≈ 25 GHz (for g = −0.44). Alternatively, in
a parallel ﬁeld we may have to go up to 8 T, corresponding to f ≈ 45 GHz,15 for high-ﬁdelity
spin measurement. However, since single-shot read-out is not strictly required, a somewhat lower
ﬁeld could also be enough.
Properly timed bursts of microwave power tip the spin state over a controlled angle, e.g., 90◦
or 180◦ . In order to observe Rabi oscillations, the Rabi period must be at most of the order of the
single-spin decoherence time T2 . For a Rabi period of 150 ns, we need a microwave ﬁeld strength
Bac of ∼ 1 mT. If T2 is much longer, there is more time to coherently rotate the spin, so a smaller
oscillating ﬁeld is sufﬁcient.
We intend to generate the oscillating magnetic ﬁeld by sending an alternating current through
an on-chip wire running close by the dot (Fig. 36.3(a)). If the wire is placed well within one wavelength (which is a few mm at 30 GHz near the surface of a GaAs substrate) from the quantum dot,
the dot is in the near-ﬁeld region and the electric and magnetic ﬁeld distribution produced by the
AC current should be the same as for a DC current. With a wire 200 nm from the dot, a current
of ∼ 1 mA should generate a magnetic ﬁeld of about 1 mT and no electric ﬁeld at the position of
the dot. To minimize reﬂection and radiation losses, the wire is designed to be a shorted coplanar
stripline (Fig. 36.3(b)) with a 50 impedance.
To detect the ESR and obtain a lower bound on T2 from the linewidth of the resonance signal,
various methods have been proposed, either using transport measurements16 or relying on charge
detection.17 In both cases, the required spin-to-charge conversion is achieved by positioning
the dot levels around the Fermi energy of the reservoir (Figs. 36.4(a) and (b)). The ESR ﬁeld
induces spin ﬂips, exciting ↑ electrons to ↓, which can then tunnel out of the dot. This leads to
an average current (Fig. 36.4(a)) or to a change in the average occupation of the dot (Fig. 36.4(b)).
However, in this conﬁguration the dot is particularly sensitive to spurious effects induced by the
microwaves, such as ↑ electrons being excited out of the dot via thermal excitation or photonassisted tunneling. These processes can completely obscure the spin resonance.
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F IGURE 36.3. On-chip wire to apply microwaves to a nearby quantum dot. (a) Scanning electron microscope image of a device consisting of a double quantum dot in close proximity to a gold wire. An AC
current through the wire, Iac , generates an oscillating magnetic ﬁeld, Bac , perpendicular to the plane. If the
AC frequency is resonant with the Zeeman splitting due to a large static in-plane magnetic ﬁeld, B, a spin
on the dot will rotate. (b) Large-scale view of the wire, designed to be a 50 coplanar stripline.
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F IGURE 36.4. Detecting ESR. (a) To detect ESR in a transport measurement,16 the dot is placed in
Coulomb blockade, so that electron spins that are ﬂipped by the ESR ﬁeld can contribute to a current.
(b) A similar conﬁguration is used to detect ESR via changes in the occupation of the dot,17 measured
using a charge detector. (c) If the dot is deep in Coulomb blockade during the spin-ﬂip stage, the electron is
not easily excited to the reservoir via thermal excitation or photon-assisted tunneling. (d) The microwaves
are off during the spin read-out stage to enhance the measurement ﬁdelity.

Such problems can be avoided by combining (pulsed) electron spin resonance with singleshot spin measurement. This allows us to separate the spin manipulation stage (during which the
microwaves are on) from the spin read-out stage (without microwaves). In this way, excitation
out of the dot is prevented by Coulomb blockade (Fig. 36.4(c)), until spin read-out is initiated
(Fig. 36.4(d)). In contrast to the techniques described above – which require a large spin ﬂip
rate to generate a measurable current or disturbance of the dot occupation – this approach only
requires the spin ﬂip rate to be faster than the decoherence rate. Therefore, a longer T2 allows
us to use a smaller Bac , corresponding to (quadratically) smaller microwave power. This should
help to suppress heating and photon-assisted tunneling.
In principle, an ESR experiment can be performed in a parallel or a perpendicular magnetic
ﬁeld. The read-out in a perpendicular ﬁeld is particularly suitable for ESR detection, as the dot
levels are far above E F (so are not affected by photon-assisted tunneling or heating). If B is
perpendicular to the surface, Bac must run through the dot in a direction parallel to the surface,
so the wire must be placed above the dot rather than to its side. The wire could be located on top
of an insulating dielectric layer that covers the gate electrodes.

36.6 Coherent Spin Interactions:

√
SWAP

Two electron spins S1 and S2 in neighboring quantum dots are coupled to each other by the
exchange interaction, which takes the form J (t) = S1 · S2 . If the double dot is ﬁlled with two
identical spins, the interaction does not change their orientation. However, if the left electron spin
starts out being ↑ and the right one ↓, then the states of the two √
spins will be swapped after a
certain time. An interaction active for half this time performs the SWAP gate, which has been
shown to be universal for quantum computation when combined with single qubit rotations.18 In
fact, the exchange interaction is even universal by itself when the state of each qubit is encoded
in the state of three electron spins.19
The strength J (t) of the exchange interaction depends on the overlap of the two electron
wavefunctions, which varies exponentially with the voltage applied to the gate controlling the
inter-dot tunnel barrier. By applying a (positive) voltage pulse with a certain amplitude
√ and duration, the exchange interaction can be temporarily turned on, thereby performing a SWAP gate.
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It is expected that J may correspond to a frequency of ∼ 10 GHz, so two-qubit gates could be
performed in ∼ 100 ps. A much larger value would not be convenient experimentally, as the exact
amplitude and duration of the pulse have to be controlled very precisely. On the other hand, a
very slow exchange operation would be more sensitive to decoherence resulting from ﬂuctuations in the tunnel rate, due to charge noise. The value of J can in principle be determined in
a transport measurement,20 or alternatively by using a QPC tunneling spectroscopy technique.4
However, in practical situations J might be too small to be resolved.
To explore the operation of the SWAP gate, reliable initialization and read-out is only needed,
without requiring ESR. Imagine qubit 1 is prepared in a pure state ↑ and qubit 2 is prepared
in a statistical mixture of ↑ and ↓. Measurement of qubit 1 should then always give ↑, while
measurement of qubit 2 should give probabilistically ↑ or ↓. After application of the SWAP gate,
in contrast, measurement of qubit 2 should always give ↑, while measurement of qubit 1 should
give a probabilistic outcome. This and other spin-interaction experiments are probably easiest in
a parallel magnetic ﬁeld, where initialization to a statistical mixture is convenient. In addition,
a large perpendicular ﬁeld shrinks the electron wavefunctions, lowering the tunnel coupling and
thus the exchange interaction between the two dots.

36.7 Conclusion
It has been demonstrated that single electrons trapped in GaAs lateral quantum dots are promising
candidates for implementing a spin qubit. The ‘hardware’ for such a system is: a device consisting
of two coupled quantum dots that can be ﬁlled with one electron spin each, ﬂanked by two
quantum point contacts. Using these QPCs as charge detectors, we can determine all relevant
parameters of the double dot can be determined. In addition, a technique has been developed to
measure the spin orientation of an individual electron. Now all these ingredients can be combined
with the ability to generate strong microwave magnetic ﬁelds close to the dot, and gate voltage
pulses to control the inter-dot coupling, in order to demonstrate superposition and entanglement
of spin states.
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