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We present an overview of experimental steps taken towards using the spin of a single electron trapped in 

a semiconductor quantum dot as a spin qubit [Loss and DiVincenzo, Phys. Rev. A 57, 120 (1998)]. Fabri-

cation and characterization of a double quantum dot containing two coupled spins has been achieved, as 

well as initialization and single-shot read-out of the spin state. The relaxation time T1 of single-spin and 

two-spin states was found to be on the order of a millisecond, dominated by spin–orbit interactions. The 

time-averaged dephasing time T 2*, due to fluctuations in the ensemble of nuclear spins in the host semi-

conductor, was determined to be on the order of several tens of nanosceconds. Coherent manipulation of 

single-spin states can be performed using a microfabricated wire located close to the quantum dot, while 

two-spin interactions rely on controlling the tunnel barrier connecting the respective quantum dots [Petta 

et al., Science 309, 2180 (2005)]. 

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

In recent years, much progress has been made in measuring and controlling electron spin states in semi-

conductor quantum dots. It is now possible to confine a single spin in a lateral quantum dot [2] and to 

couple two spins in a double quantum dot [3]. We can perform single-shot measurements to read out the 

spin state of one electron [4] or two electrons [5] in a dot. In double dots, the Pauli spin blockade phe-

nomenon [6] has enabled investigation of the hyperfine interaction between an electron spin and the 

nuclear spins of the host material [7, 8]. Understanding of these hyperfine effects in combination with 

pulsed control of the exchange interaction between two electrons has lead to coherent manipulation of 

the state of two coupled spins in separate dots [9]. Finally, very recently coherent single-spin rotations 

have been demonstrated [10]. We present an overview of some of these rapid developments, inspired by 

the goal of using single electron spins as quantum bits [1]. 

2 Qubit 

Any implementation of a quantum bit has to satisfy the five DiVincenzo requirements [11]. The first 

requirement is to have a scalable physical system with well-characterized qubits. We have fabricated 

double quantum dot devices (Fig. 1) in which a single electron can be confined in each of the two dots [3].  
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Fig. 1 Double quantum dot with two quantum point contacts (QPCs) serving as charge detectors.  

(a) Scanning Electron Micrograph of the metallic surface gates. White dotted circles indicate the two 

quantum dots, white arrows show the possible current paths. A bias voltage applied between source 2 and 

drain 1 leads to current through the dots, IDOT. A bias voltage between source 1 (source 2) and drain 1 

(drain 2), yields a current, IQPC, through the left (right) QPC. (b) QPC as a charge detector of the left single 

dot. Plotted is the current through the left QPC versus left-dot gate voltage, VM, with a bias voltage over 

the QPC of 250 µV. The steps, indicated by the arrows, correspond to a change in the electron number of 

the left dot. Encircled inset: the last step (50 pA high), with the linear background subtracted. 
 
The spin states ↑ and ↓ of the electron, subject to a large magnetic field B, correspond to the two states 

of the proposed qubit two-level system. The Zeeman splitting, ∆EZ, between the two states can be tuned 

with the magnetic field, according to ∆EZ = gµBB, with g ≈ –0.44 the electronic g-factor in GaAs [12, 13] 

and µB the Bohr magneton. 

 These one-electron dots can be fully characterized using a QPC as a charge detector [14]. First of all, 

we can use the QPC to monitor the charge configuration of the double dot [3], in order to reach the re-

gime where both dots contain just a single electron. Then we can evaluate and tune the tunnel rate from 

each dot to the reservoir using a lock-in technique [15]. The same technique can be employed to deter-

mine 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 higher (orbital) excited states. Furthermore, the QPC can be used to monitor the 

inter-dot tunnel barrier, both qualitatively (from the curvature of lines in the honeycomb diagram) and 

quantitatively (by performing photon-assisted tunneling spectroscopy to measure the splitting between 

the one-electron bonding and anti-bonding state [16]). 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. 

 We can thus determine all relevant parameters of the two-spin system 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. 

3 Read-out 

3.1 Spin-to-charge conversion 

The magnetic moment associated with the electron spin is very small (equal to the Bohr magneton µB) 

and therefore hard to measure directly. However, by correlating the spin states to different charge states 

and subsequently measuring the charge on the dot, the spin state can be determined [1]. This way, meas-

urement of a single spin is replaced by measurement of a single charge, which is a much easier task. The 

remaining challenge is to find a reliable method for correlating the spin states to different charge states. 

We have experimentally demonstrated two methods for such a spin-to-charge conversion in a single 

quantum dot. They are both outlined in Fig. 2. 
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Fig. 2 Schematic energy diagrams depicting spin-to-charge conversion based on a difference in energy 

(a) between two states, or on a difference in tunnel rate (b). 

 

 In one method, a difference in energy between the spin states is used for spin-to-charge conversion. In 

this energy-selective readout (E-RO), the energy levels are positioned around the electrochemical poten-

tial of the reservoir µres as depicted in Fig. 2a, such that one electron can tunnel off the dot from the spin 

excited state (ES), whereas tunneling from the ground state (GS), is energetically forbidden. Therefore, if 

the charge measurement reveals that one electron tunnels off the dot, the state was ES, while if no elec-

tron tunnels off the dot, the state was GS. (A conceptually similar scheme has also allowed single-shot 

readout of a superconducting charge qubit [17]). 

 Alternatively, spin-to-charge conversion can be achieved by exploiting a difference in tunnel rates of 

the different spin states to the reservoir. The concept of this tunnel-rate-selective readout (TR-RO) is 

outlined in Fig. 2b, for the case that the tunnel rate from ES to the reservoir, ΓES, is much higher than the 

tunnel rate from GS, ΓGS, i.e. ΓES � ΓGS. Then, the spin state can be read out as follows. At time t = 0, the 

levels of both ES and GS are positioned far above µres, so that one electron is energetically allowed to 

tunnel off the dot regardless of the spin state. Then, at a time t = τ, where ΓGS
–1 � τ � ΓES

–1, an electron 

will have tunneled off the dot with a very high probability if the state was ES, but most likely no tunnel-

ing will have occurred if the state was GS. Thus, the spin information is converted to charge information, 

and a measurement of the number of electrons on the dot reveals the original spin state. We note that 

both methods presented here can in principle also be used to read out the orbital state of the quantum dot. 

 In the experiments, one of the two tunnel barriers defining a single quantum dot is completely pinched 

off, so that the dot is only coupled to one reservoir. The “plunger” gate (P) is used to apply fast voltage 

pulses to the device, with a typical pulse rise time of about 1 ns. The conductance of the QPC is tuned to 

about e2/h, making it very sensitive to the number of electrons on the dot. A voltage bias of about 0.8 mV 

induces a current through the QPC of about 30 nA. The number of electrons on the dot is then deter-

mined from pulse spectroscopy measurements [15]. All experiments are performed in a dilution refrig-

erator at T = 20 mK, in the presence of an in-plane magnetic field up to 14 T. 

3.2 Single-shot read-out of a single electron spin 

We first discuss the demonstration of single-shot readout of a single electron spin using the E-RO tech-

nique [4]. A quantum dot containing zero or one electron is tunnel coupled to a single reservoir and elec-

trostatically coupled to a QPC that serves as an electrometer. By operating the electrometer at a band-

width of 40 kHz, the number of electrons on the dot can be determined in about 10 µs. 

 To test the single-spin measurement technique, we use an experimental procedure based on three 

stages: 1) empty the dot, 2) inject one electron with unknown spin, and 3) measure its spin state. The 

different stages are controlled by voltage pulses on a gate electrode as in Fig. 3a, which shift the dot 

energy levels as shown in Fig. 3c. Before the pulse the dot is empty, as both the spin-up and spin-down 

levels are above the electrochemical potential of the reservoir µres. Then a voltage pulse pulls both levels 

below µres. It is now energetically allowed for an electron to tunnel onto the dot, which will happen after 

a typical time ~1/Γ. The particular electron can have spin-up or spin-down, shown in the lower and upper 



phys. stat. sol. (b) 243, No. 14 (2006)  3685 

www.pss-b.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Original

Paper

Feature

Article

 

Fig. 3 Energy-selective read-out of a single electron spin. (a) Two-level voltage pulse scheme. (b) Expected re-

sponse of ∆IQPC to the voltage pulses. (c) Energy diagrams depicting the levels during the different stages of the 

pulse. (d) Measurement outcome corresponding to a spin-up electron. (e) Idem for a spin-down electron. (f) Depend-

ence of the fraction of spin-down electrons on the waiting time, showing a clear exponential decay. The open circle 

results from a measurement where the pulse shape is modified, such that only spin-up electrons are injected. Inset: 

the spin relaxation time T1 as a function of the in-plane magnetic field B||. 

 

diagram respectively. During this stage of the pulse, lasting twait, the electron is trapped on the dot and 

Coulomb blockade prevents a second electron to be added. After twait, the pulse is reduced, in order to 

position the energy levels in the readout configuration. If the electron has spin-up, its energy level is 

below µres, so the electron remains on the dot. If the electron has spin-down, its energy level is above µres, 

so the electron tunnels to the reservoir after a typical time ~1/Γ↓. Now Coulomb blockade is lifted and an 

electron with spin-up can tunnel onto the dot. This occurs on a timescale ~1/Γ↑. After tread, the pulse ends 

and the dot is emptied again. 

 The expected QPC-response, ∆IQPC, to such a two-level pulse is the sum of two contributions (Fig. 3b). 

First, due to a capacitive coupling between pulse-gate and QPC, ∆IQPC will change proportionally to the 

pulse amplitude. Thus, ∆IQPC versus time resembles a two-level pulse. Second, ∆IQPC tracks the charge on 

the dot, i.e. it goes up whenever an electron tunnels off the dot, and it goes down by the same amount 

when an electron tunnels onto the dot. Therefore, if the dot contains a spin-down electron at the start of 

the readout stage, ∆IQPC should go up and then down again. We thus expect a characteristic step in ∆IQPC 

during tread for a spin-down electron (dotted trace inside grey circle). In contrast, ∆IQPC should be flat 

during tread for a spin-up electron. Measuring whether a step is present or absent during the readout stage 

constitutes the spin measurement. 

 Figure 3d and e show experimental traces of the pulse response at an in-plane magnetic field B of 

10 T, where the Zeeman splitting ∆EZ is ~200 µeV. We emphasize that each trace involves injecting one 
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particular electron on the dot and subsequently measuring its spin state. Each trace is therefore a single-

shot measurement. The experimentally obtained traces fall into two different classes; most traces qualita-

tively resemble the one in Fig. 3d, some resemble the one in Fig. 3e (and sometimes no electron was 

injected during the injection stage; such cases are detected and ignored). These two typical traces indeed 

correspond to the signals expected for a spin-up and a spin-down electron (Fig. 3b), a strong indication 

that the electron in Fig. 3d was spin-up and in Fig. 3e spin-down. The distinct signature of the two types 

of responses in ∆IQPC permits a simple criterion for identifying the spin: if ∆IQPC crosses the threshold 

value (grey line in Fig. 3d and e), the electron is declared ‘spin-down’; otherwise it is declared ‘spin-up’. 

 In order to further establish the correspondence between the actual spin state and the outcome of the 

spin measurement, the probability to have a spin-down at the beginning of the readout stage is changed, 

and compared with the fraction of traces in which the electron is declared ‘spin-down’. As twait is in-

creased, the time between injection and readout, thold, will vary accordingly (thold ~ twait). The probability 

for the spin to be down at the start of tread will thus decay exponentially to zero, since electrons in the 

excited spin state will relax to the ground state (kT � ∆EZ). The fact that the expected exponential decay 

is clearly reflected in the data (see Fig. 3f) confirms the validity of the spin readout procedure. A detailed 

analysis reveals that the visibility of the single-shot measurement is ~65%. 

 The spin relaxation time T1 is plotted as a function of the in-plane magnetic field B in the inset of 

Fig. 3f. We find that T1 increases with decreasing B, reaching 0.85 ms at 8 T. For smaller field the Zee-

man energy was too small to perform reliable readout measurements. Both the magnitude and the mag-

netic field dependence of T1 are consistent with spin–orbit induced decay where the excess energy is 

released into the phonon bath [18]. 

 The E-RO has made the first all-electrical single-shot readout of a single electron spin possible. How-

ever, there are a couple of drawbacks to this method: (i) E-RO requires an energy splitting of the spin 

states larger than the thermal energy of the electrons in the reservoir. Thus, for a single spin the readout 

is only effective at very low electron temperature and high magnetic fields (8 T and higher in Ref. [4]). 

Also, interesting effects occurring close to degeneracy, e.g. near the singlet-triplet crossing for two elec-

trons, cannot be probed. (ii) Since the E-RO relies on precise positioning of the spin levels with respect 

to the reservoir, it is very sensitive to fluctuations in the electrostatic potential. Background charge fluc-

tuations [19], active even in today’s most stable devices, can easily push the levels out of the readout 

configuration. (iii) High-frequency noise can spoil the E-RO by inducing photon-assisted tunneling from 

the spin ground state to the reservoir. Since the QPC is a source of shot noise, this limits the current 

through the QPC and thereby the bandwidth of the charge detection [20]. These constraints have fueled 

the search for a better method for spin-to-charge conversion, and have led to the demonstration of the 

tunnel-rate-selective readout (TR-RO) [5], which we treat in the next section. 

3.3 Single-shot read-out of two-electron spin states 

The main ingredient necessary for TR-RO is a spin dependence of the tunnel rates. For a single electron, 

this spin dependence can be obtained in the Quantum Hall regime, where a high spin-selectivity is in-

duced by the spatial separation of spin-resolved edge channels [2, 21]. TR-RO can also be used for read-

out of the spin states of a two-electron dot, where the electrons are either in the spin-singlet ground state, 

denoted by |S〉, or in a spin-triplet state, denoted by |T〉. In |S〉, the two electrons both occupy the lowest 

orbital, but in |T〉 one electron is in the first excited orbital. Since the wave function in this excited orbital 

has more weight near the edge of the dot [22], the coupling to the reservoir is stronger than for the lowest 

orbital. Therefore, the tunnel rate from a triplet state to the reservoir ΓT is much larger than the rate from 

the singlet state ΓS, i.e. ΓT � ΓS [23]. This spin dependence is used to experimentally demonstrate the 

TR-RO for two electrons. 

 We tune the dot to the N = 1 ↔ 2 transition in a small in-plane magnetic field B|| of 0.02 T. Here, the 

energy difference between |T〉 and the ground state |S〉, EST, is about 1 meV. From measurements of the 

tunnel rates [15], we estimate the ratio ΓT/ΓS to be on the order of 20. A similar ratio was found previ-

ously in transport measurements on a different device [23]. This permits a readout visibility larger than 
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80%. We implement the TR-RO by applying voltage pulses as depicted in Fig. 4a to the plunger gate. 

Figure 4b shows the expected response of IQPC to the pulse, and Fig. 4c gives the level diagrams in the 

three different stages. 

 Before the pulse starts, there is one electron on the dot. Then, the pulse pulls the levels down so that a 

second electron can tunnel onto the dot (N = 1 → 2), forming either a singlet or a triplet state with the 

first electron. The probability that a triplet state is formed is given by 3ΓT/(ΓS + 3ΓT), where the factor of 

3 is due to the degeneracy of the triplets. After a variable waiting time twait, the pulse ends and the readout 

process is initiated, during which one electron can leave the dot again. The rate for tunneling off depends 

on the two-electron state, resulting in the desired spin-to-charge conversion. The QPC is used to detect 

the number of electrons on the dot. Due to the direct capacitive coupling of the plunger gate to the QPC 

channel, ∆IQPC follows the pulse shape. Tunneling of an electron on or off the dot gives an additional step 

in ∆IQPC [4, 20, 24], as indicated by the arrows in Fig. 4b. 

 We tune ΓS to 2.5 kHz, and therefore ΓT ~ 50 kHz. In order to achieve a good signal-to-noise ratio in 

IQPC, the signal is sent through an external 20 kHz low-pass filter. As a result, many of the tunnel events 

from |T〉 will not be resolved, but the tunneling from |S〉 should be clearly visible. Figure 4d shows sev-

eral traces of ∆IQPC, from the last part (300 µs) of the pulse to the end of the readout stage (see inset), for 

a waiting time of 0.8 ms. In some traces, there are clear steps in ∆IQPC, due to an electron tunneling off 

the dot. In other traces, the tunneling occurs faster than the filter bandwidth. In order to discriminate 

between |S〉 and |T〉, we first choose a readout time τ (indicated by a vertical dashed line in Fig. 4d) and 

measure the number of electrons on the dot at that time by comparing ∆IQPC to a threshold value (as indi-

cated by the horizontal dashed line in the bottom trace of Fig. 4d). If ∆IQPC is below the threshold, it means 

N = 2 and we declare the state ‘S’. If ∆IQPC is above the threshold, it follows that N = 1 and the state is 

declared ‘T’. 
 

 

Fig. 4 Single-shot readout of two-electron spin states. (a) Voltage pulse waveform applied to one of the gate elec-

trodes. (b) Response of the QPC-current to the waveform of (a). (c) Energy diagrams indicating the positions of the 

levels during the three stages. In the final stage, spin is converted to charge information due to the difference in 

tunnel rates for states |S〉 and |T〉. (d) Real-time traces of ∆IQPC during the last part of the waveform (dashed box in 

the inset), for twait = 0.8 ms. At the vertical dashed line, N is determined by comparison with a threshold (horizontal 

dashed line in bottom trace) and the spin state is declared ‘T’ or ‘S’ accordingly. (e) Fraction of ‘T’ as a function of 

waiting time at B|| = 0.02 T, showing a single-exponential decay with a time constant T1 of 2.58 ms. (f) Normalized 

fraction of ‘T’ versus twait for different values of B||. 
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 To verify that ‘T’ and ‘S’ indeed correspond to the spin states |T〉 and |S〉, we change the relative 

occupation probabilities by varying the waiting time. The probability that the electrons are in |T〉, PT, 

decays exponentially with the waiting time. Therefore, as we make the waiting time longer, we should 

observe an exponential decay of the fraction of traces that are declared ‘T’. We take 625 traces similar to 

those in Fig. 4d for each of 15 different waiting times. Note that the two-electron state is formed on a 

timescale (of order 1/ΓT) much shorter than the shortest twait used (400 µs). In Fig. 4e, we plot the fraction 

of traces declared ‘T’ as a function of twait. We see that this fraction decays exponentially, showing that 

we can indeed read out the two-electron spin states. The single-shot measurement visibility is found to be 

81%. A fit to the data yields a triplet-to-singlet relaxation time T1 = (2.58 ± 0.09) ms, which is more than 

an order of magnitude longer than the lower bound found in Ref. [25]. 

 We further study the relaxation between triplet and singlet states by repeating the measurement of 

Fig. 4e at different values of the in-plane magnetic field B||. Figure 4f shows the decay of the fraction of 

‘T’, normalized to the fraction of ‘T’ twait = 0, on a logarithmic scale. The data follow a single-

exponential decay at all fields. The dominant relaxation mechanisms for large values of EST are belie- 

ved to originate from the spin–orbit interaction [18]. A second-order polynomial fit to the data yields 

1/T1 [kHz] = (0.39 ± 0.03) + (0.10 ± 0.02) · B2
||  [T], with a negligible linear term. 

 The TR-RO method shown above is very suitable to distinguish the single-dot singlet from the triplet 

states, as these have a large difference in tunnel rates due to their different orbital wavefunctions. How-

ever, for quantum information processing, the two-level system formed by the spin-up and spin-down 

state of a single electron is more relevant. TR-RO can in principle also be used for read-out of these two 

states, provided they have a significant difference in tunnel rates. This can be achieved by applying a 

large perpendicular magnetic field, i.e. in the quantum Hall regime. In this case, the reservoir can exhibit 

spin-resolved edge channels that are spatially separated, leading to an effective difference in the tunnel 

barrier seen by spin-up and spin-down [2, 21]. To reduce the magnetic field required to reach a certain 

spin selectivity, large gates next to the quantum dot could be used to locally reduce the electron density 

in the reservoirs [26]. Then the reservoir could be strongly spin-polarized, leading to a large spin-

selectivity, while the electron in the dot would experience only a moderate magnetic field. 

4 Initialization 

We have demonstrated initialization [4] of the spin to the pure state ↑ – the desired initial state for most 

quantum algorithms. By waiting long enough, energy relaxation will cause the spin on the dot to relax to 

the ↑ ground state (Fig. 5a). This is a very simple and robust initialization approach, which can be used 

for any magnetic field orientation (provided that gµB B > 5 kBT). However, as it takes about 5 T1 to reach 

equilibrium, it is also a very slow procedure, especially at lower magnetic fields, where the spin relaxa-

tion time T1 might be very long. 

 A faster initialization method is to place the dot in the read-out configuration (Fig. 5b), where a spin-

up electron will stay on the dot, whereas a spin-down electron will be replaced by a spin-up [4]. After  
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Fig. 5 Schematic energy diagrams depicting initialization procedures in a large parallel or perpendicular 

magnetic field. (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 provid-

ing a strong spin-selectivity, injection results mostly in ↑. 
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waiting a few times the sum of the typical tunnel times for spin-up and spin-down (~1/Γ↑ + 1/Γ↓), the 

spin will have a large probability to be in the ↑ state. This initialization procedure can therefore be quite 

fast (<1 ms), depending on the tunnel rates. 

 We also have the possibility to initialize the dot to a mixed state, where the spin is probabilistically in 

↑ or ↓. In Ref. [4], mixed-state initialization was demonstrated in a parallel field by first emptying the 

dot, followed by placing both spin levels below EF during the ‘injection stage’ (Fig. 5c). The dot is then 

randomly filled with either a spin-up or a spin-down electron. This can be 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. 5a) or via direct injection (Fig. 5d). 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 co-

herently rotate the spin from ↑ to ↓ (see Section 6). 

5 Relaxation and decoherence times 

The long-term potential of GaAs quantum dots as electron spin qubits clearly depends crucially on the 

spin relaxation and decoherence times, T1 and T2 respectively. We have shown that the single-spin re-

laxation time, T1, can be very long – on the order of 1 ms at 8 Tesla [4, 5]. The dominant relaxation 

mechanism at large magnetic field is the coupling of the electron spin to phonons, mediated by the spin–

orbit interaction [18]. Below about 100 mT, spin relaxation is dominated by hyperfine interaction with 

the nuclear spins in the host material [7]. 

 The fundamental quantity of interest for spin qubits is the decoherence time of a single electron spin in 

a quantum dot, T2. Experiments have shown that the (time-ensemble averaged) spin dephasing time T 2* is 

about 10 ns, limited by hyperfine interactions with the fluctuating nuclear spin ensemble [7–9]. Using 

spin-echo techniques, a decoherence time T2 exceeding a microsecond [9] was demonstrated. 

6 Coherent single-spin manipulation: ESR 

The key requirement for an actual spin qubit is the ability to coherently manipulate the spin states. This 

milestone has recently been achieved [9, 10]. 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 = gµB B/h (in resonance with the spin precession about B) 

causes the spin to make transitions between ↑ and ↓. Properly timed bursts of microwave power tip the 

spin state over a controlled angle, e.g. 90° or 180°. For a Rabi period of 150 ns, we need a microwave 

field strength Bac of ~1 mT. 

 The oscillating magnetic field is generated by sending an alternating current through an on-chip wire 

running close by the dot (Fig. 6a). If the wire is placed well within one wavelength from the quantum dot 

(which is about 30 cm at 1 GHz near the surface of a GaAs substrate), 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 thus 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. 6c) with a 50 Ω impedance. To reduce dissi-

pative losses, the wire could be made from a superconducting material. 

 To detect the electron spin resonance (ESR), various methods have been proposed, either using trans-

port measurements [27] or relying on charge detection [28]. In both cases, the required spin-to-charge 

conversion is achieved by positioning the dot levels around the Fermi energy of the reservoir. The ESR-

field induces spin flips, exciting ↑ electrons to ↓, which can then tunnel out of the dot. This leads to an 

average current [27] or to a change in the average occupation of the dot [28]. However, in this configura-

tion 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 photon-assisted tunneling. These processes can 

completely obscure the spin resonance. A more convenient way to detect ESR is therefore to use a dou- 
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Fig. 6 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 metal wire. An AC current 

through the wire, I
ac
, generates an oscillating magnetic field, B

ac
, perpendicular to the plane. If the AC fre-

quency is resonant with the Zeeman splitting due to a large static in-plane magnetic field, B, a spin on the 

dot will rotate. (b) and (c) Large-scale views of the wire, designed to be a 50 Ω coplanar stripline. 

 

ble dot in the Pauli blockade regime [10]. In this case, the detection of spin resonance can be achieved by 

measuring the current resulting from mixing of singlet and triplet states. This mixing is enhanced if an 

electron spin can be flipped by the ESR field, resulting in an enhanced current through the device. 

7 Coherent spin interactions: SWAP  

Two electron spins S1 and S2 in neighbouring 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 computa-

tion when combined with single qubit rotations [29]. 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 [30]. 

 The strength J(t) of the exchange interaction depends on the overlap of the two electron wavefunc-

tions, 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 inter-

action can be temporarily turned on, thereby performing a SWAP  gate [1]. Such coherent manipulation 

of coupled spin states has recently been achieved [9]. 

8 Conclusion 

We have argued that single electrons trapped in GaAs lateral quantum dots are promising candidates for 

implementing a spin qubit. The ‘hardware’ for such a system has been realized: 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, all relevant parameters of the double dot can be deter-

mined. In addition, we have developed a technique to measure the spin orientation of an individual elec-

tron. Recently, the ability to generate strong microwave magnetic fields close to the dot has been used to 

demonstrate driven coherent oscillations of a single electron spin [10]. In combination with coherent 

manipulation of coupled spins [9], these achievements could be used in the future to create a universal 

quantum gate. 
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