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Qubit Checklist

1. make a few qubits 
2. initialize 
3. control (1-qubit gate, 2-qubit gate) 
4. read out 
5. understand and reduce information loss

Qubits based on the electron spin!
(Spin qubits)

today

review papers: Hanson et al., Rev. Mod. Phys. (2007), Zwanenburg et al., Rev. Mod. Phys. (2013)



Make a qubit

Because a quantum dot is such a general kind of sys-
tem, there exist quantum dots of many different sizes
and materials: for instance, single molecules trapped be-
tween electrodes !Park et al., 2002", normal metal !Petta
and Ralph, 2001", superconducting !Ralph et al., 1995;
von Delft and Ralph, 2001", or ferromagnetic nanopar-
ticles !Guéron et al., 1999", self-assembled quantum dots
!Klein et al., 1996", semiconductor lateral !Kouwen-
hoven et al., 1997" or vertical dots !Kouwenhoven et al.,
2001", and also semiconducting nanowires or carbon
nanotubes !Dekker, 1999; McEuen, 2000; Björk et al.,
2004".

The electronic properties of quantum dots are domi-
nated by two effects. First, the Coulomb repulsion be-
tween electrons on the dot leads to an energy cost for
adding an extra electron to the dot. Due to this charging
energy tunneling of electrons to or from the reservoirs
can be suppressed at low temperatures; this phenom-
enon is called Coulomb blockade !van Houten et al.,
1992". Second, the confinement in all three directions
leads to quantum effects that influence the electron dy-
namics. Due to the resulting discrete energy spectrum,
quantum dots behave in many ways as artificial atoms
!Kouwenhoven et al., 2001".

The physics of dots containing more than two elec-
trons has been previously reviewed !Kouwenhoven et
al., 1997; Reimann and Manninen, 2002". Therefore we
focus on single and coupled quantum dots containing
only one or two electrons. These systems are particularly
important as they constitute the building blocks of pro-
posed electron spin-based quantum information proces-
sors !Loss and DiVincenzo, 1998; DiVincenzo et al.,
2000; Byrd and Lidar, 2002; Levy, 2002; Wu and Lidar,
2002a, 2002b; Meier et al., 2003; Kyriakidis and Penney,
2005; Taylor et al., 2005; Hanson and Burkard, 2007".

B. Fabrication of gated quantum dots

The bulk of the experiments discussed in this review
was performed on electrostatically defined quantum
dots in GaAs. These devices are sometimes referred to
as lateral dots because of the lateral gate geometry.

Lateral GaAs quantum dots are fabricated from het-
erostructures of GaAs and AlGaAs grown by molecular-

beam epitaxy !see Fig. 2". By doping the AlGaAs layer
with Si, free electrons are introduced. These accumulate
at the GaAs/AlGaAs interface, typically 50–100 nm be-
low the surface, forming a two-dimensional electron gas
!2DEG"—a thin !#10 nm" sheet of electrons that can
only move along the interface. The 2DEG can have high
mobility and relatively low electron density $typically
105−107 cm2/V s and #!1−5"!1015 m−2, respectively%.
The low electron-density results in a large Fermi wave-
length !#40 nm" and a large screening length, which al-
lows us to locally deplete the 2DEG with an electric
field. This electric field is created by applying negative
voltages to metal gate electrodes on top of the hetero-
structure $see Fig. 2!a"%.

Electron-beam lithography enables fabrication of gate
structures with dimensions down to a few tens of na-
nometers !Fig. 2", yielding local control over the deple-
tion of the 2DEG with roughly the same spatial resolu-
tion. Small islands of electrons can be isolated from the
rest of the 2DEG by choosing a suitable design of the
gate structure, thus creating quantum dots. Finally, low-

FIG. 1. Schematic picture of a quantum dot in !a" a lateral
geometry and !b" in a vertical geometry. The quantum dot
!represented by a disk" is connected to source and drain reser-
voirs via tunnel barriers, allowing the current through the de-
vice I to be measured in response to a bias voltage VSD and a
gate voltage VG.

FIG. 2. Lateral quantum dot device defined by metal surface
electrodes. !a" Schematic view. Negative voltages applied to
metal gate electrodes !dark gray" lead to depleted regions
!white" in the 2DEG !light gray". Ohmic contacts !light gray
columns" enable bonding wires !not shown" to make electrical
contact to the 2DEG reservoirs. !b", !c" Scanning electron mi-
crographs of !b" a few-electron single-dot device and !c" a
double dot device, showing the gate electrodes !light gray" on
top of the surface !dark gray". White dots indicate the location
of the quantum dots. Ohmic contacts are shown in the corners.
White arrows outline the path of current IDOT from one reser-
voir through the dot!s" to the other reservoir. For the device in
!c", the two gates on the side can be used to create two quan-
tum point contacts, which can serve as electrometers by pass-
ing a current IQPC. Note that this device can also be used to
define a single dot. Image in !b" courtesy of A. Sachrajda.

1220 Hanson et al.: Spins in few-electron quantum dots
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Gate voltage tunes the number of electrons in the quantum dot
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Workhorse material: GaAs

Quantum Computing Architectures - Lecture 03
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Because a quantum dot is such a general kind of sys-
tem, there exist quantum dots of many different sizes
and materials: for instance, single molecules trapped be-
tween electrodes !Park et al., 2002", normal metal !Petta
and Ralph, 2001", superconducting !Ralph et al., 1995;
von Delft and Ralph, 2001", or ferromagnetic nanopar-
ticles !Guéron et al., 1999", self-assembled quantum dots
!Klein et al., 1996", semiconductor lateral !Kouwen-
hoven et al., 1997" or vertical dots !Kouwenhoven et al.,
2001", and also semiconducting nanowires or carbon
nanotubes !Dekker, 1999; McEuen, 2000; Björk et al.,
2004".

The electronic properties of quantum dots are domi-
nated by two effects. First, the Coulomb repulsion be-
tween electrons on the dot leads to an energy cost for
adding an extra electron to the dot. Due to this charging
energy tunneling of electrons to or from the reservoirs
can be suppressed at low temperatures; this phenom-
enon is called Coulomb blockade !van Houten et al.,
1992". Second, the confinement in all three directions
leads to quantum effects that influence the electron dy-
namics. Due to the resulting discrete energy spectrum,
quantum dots behave in many ways as artificial atoms
!Kouwenhoven et al., 2001".

The physics of dots containing more than two elec-
trons has been previously reviewed !Kouwenhoven et
al., 1997; Reimann and Manninen, 2002". Therefore we
focus on single and coupled quantum dots containing
only one or two electrons. These systems are particularly
important as they constitute the building blocks of pro-
posed electron spin-based quantum information proces-
sors !Loss and DiVincenzo, 1998; DiVincenzo et al.,
2000; Byrd and Lidar, 2002; Levy, 2002; Wu and Lidar,
2002a, 2002b; Meier et al., 2003; Kyriakidis and Penney,
2005; Taylor et al., 2005; Hanson and Burkard, 2007".

B. Fabrication of gated quantum dots

The bulk of the experiments discussed in this review
was performed on electrostatically defined quantum
dots in GaAs. These devices are sometimes referred to
as lateral dots because of the lateral gate geometry.

Lateral GaAs quantum dots are fabricated from het-
erostructures of GaAs and AlGaAs grown by molecular-

beam epitaxy !see Fig. 2". By doping the AlGaAs layer
with Si, free electrons are introduced. These accumulate
at the GaAs/AlGaAs interface, typically 50–100 nm be-
low the surface, forming a two-dimensional electron gas
!2DEG"—a thin !#10 nm" sheet of electrons that can
only move along the interface. The 2DEG can have high
mobility and relatively low electron density $typically
105−107 cm2/V s and #!1−5"!1015 m−2, respectively%.
The low electron-density results in a large Fermi wave-
length !#40 nm" and a large screening length, which al-
lows us to locally deplete the 2DEG with an electric
field. This electric field is created by applying negative
voltages to metal gate electrodes on top of the hetero-
structure $see Fig. 2!a"%.

Electron-beam lithography enables fabrication of gate
structures with dimensions down to a few tens of na-
nometers !Fig. 2", yielding local control over the deple-
tion of the 2DEG with roughly the same spatial resolu-
tion. Small islands of electrons can be isolated from the
rest of the 2DEG by choosing a suitable design of the
gate structure, thus creating quantum dots. Finally, low-

FIG. 1. Schematic picture of a quantum dot in !a" a lateral
geometry and !b" in a vertical geometry. The quantum dot
!represented by a disk" is connected to source and drain reser-
voirs via tunnel barriers, allowing the current through the de-
vice I to be measured in response to a bias voltage VSD and a
gate voltage VG.

FIG. 2. Lateral quantum dot device defined by metal surface
electrodes. !a" Schematic view. Negative voltages applied to
metal gate electrodes !dark gray" lead to depleted regions
!white" in the 2DEG !light gray". Ohmic contacts !light gray
columns" enable bonding wires !not shown" to make electrical
contact to the 2DEG reservoirs. !b", !c" Scanning electron mi-
crographs of !b" a few-electron single-dot device and !c" a
double dot device, showing the gate electrodes !light gray" on
top of the surface !dark gray". White dots indicate the location
of the quantum dots. Ohmic contacts are shown in the corners.
White arrows outline the path of current IDOT from one reser-
voir through the dot!s" to the other reservoir. For the device in
!c", the two gates on the side can be used to create two quan-
tum point contacts, which can serve as electrometers by pass-
ing a current IQPC. Note that this device can also be used to
define a single dot. Image in !b" courtesy of A. Sachrajda.

1220 Hanson et al.: Spins in few-electron quantum dots
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A double quantum dot in a semiconductor heterostructure

AlGaAs layer height ~ 30 nm, gate features ~ 50 nm
2DEG (2D electron gas) confined in GaAs at the GaAs/AlGaAs interface



Because a quantum dot is such a general kind of sys-
tem, there exist quantum dots of many different sizes
and materials: for instance, single molecules trapped be-
tween electrodes !Park et al., 2002", normal metal !Petta
and Ralph, 2001", superconducting !Ralph et al., 1995;
von Delft and Ralph, 2001", or ferromagnetic nanopar-
ticles !Guéron et al., 1999", self-assembled quantum dots
!Klein et al., 1996", semiconductor lateral !Kouwen-
hoven et al., 1997" or vertical dots !Kouwenhoven et al.,
2001", and also semiconducting nanowires or carbon
nanotubes !Dekker, 1999; McEuen, 2000; Björk et al.,
2004".

The electronic properties of quantum dots are domi-
nated by two effects. First, the Coulomb repulsion be-
tween electrons on the dot leads to an energy cost for
adding an extra electron to the dot. Due to this charging
energy tunneling of electrons to or from the reservoirs
can be suppressed at low temperatures; this phenom-
enon is called Coulomb blockade !van Houten et al.,
1992". Second, the confinement in all three directions
leads to quantum effects that influence the electron dy-
namics. Due to the resulting discrete energy spectrum,
quantum dots behave in many ways as artificial atoms
!Kouwenhoven et al., 2001".

The physics of dots containing more than two elec-
trons has been previously reviewed !Kouwenhoven et
al., 1997; Reimann and Manninen, 2002". Therefore we
focus on single and coupled quantum dots containing
only one or two electrons. These systems are particularly
important as they constitute the building blocks of pro-
posed electron spin-based quantum information proces-
sors !Loss and DiVincenzo, 1998; DiVincenzo et al.,
2000; Byrd and Lidar, 2002; Levy, 2002; Wu and Lidar,
2002a, 2002b; Meier et al., 2003; Kyriakidis and Penney,
2005; Taylor et al., 2005; Hanson and Burkard, 2007".

B. Fabrication of gated quantum dots

The bulk of the experiments discussed in this review
was performed on electrostatically defined quantum
dots in GaAs. These devices are sometimes referred to
as lateral dots because of the lateral gate geometry.

Lateral GaAs quantum dots are fabricated from het-
erostructures of GaAs and AlGaAs grown by molecular-

beam epitaxy !see Fig. 2". By doping the AlGaAs layer
with Si, free electrons are introduced. These accumulate
at the GaAs/AlGaAs interface, typically 50–100 nm be-
low the surface, forming a two-dimensional electron gas
!2DEG"—a thin !#10 nm" sheet of electrons that can
only move along the interface. The 2DEG can have high
mobility and relatively low electron density $typically
105−107 cm2/V s and #!1−5"!1015 m−2, respectively%.
The low electron-density results in a large Fermi wave-
length !#40 nm" and a large screening length, which al-
lows us to locally deplete the 2DEG with an electric
field. This electric field is created by applying negative
voltages to metal gate electrodes on top of the hetero-
structure $see Fig. 2!a"%.

Electron-beam lithography enables fabrication of gate
structures with dimensions down to a few tens of na-
nometers !Fig. 2", yielding local control over the deple-
tion of the 2DEG with roughly the same spatial resolu-
tion. Small islands of electrons can be isolated from the
rest of the 2DEG by choosing a suitable design of the
gate structure, thus creating quantum dots. Finally, low-

FIG. 1. Schematic picture of a quantum dot in !a" a lateral
geometry and !b" in a vertical geometry. The quantum dot
!represented by a disk" is connected to source and drain reser-
voirs via tunnel barriers, allowing the current through the de-
vice I to be measured in response to a bias voltage VSD and a
gate voltage VG.

FIG. 2. Lateral quantum dot device defined by metal surface
electrodes. !a" Schematic view. Negative voltages applied to
metal gate electrodes !dark gray" lead to depleted regions
!white" in the 2DEG !light gray". Ohmic contacts !light gray
columns" enable bonding wires !not shown" to make electrical
contact to the 2DEG reservoirs. !b", !c" Scanning electron mi-
crographs of !b" a few-electron single-dot device and !c" a
double dot device, showing the gate electrodes !light gray" on
top of the surface !dark gray". White dots indicate the location
of the quantum dots. Ohmic contacts are shown in the corners.
White arrows outline the path of current IDOT from one reser-
voir through the dot!s" to the other reservoir. For the device in
!c", the two gates on the side can be used to create two quan-
tum point contacts, which can serve as electrometers by pass-
ing a current IQPC. Note that this device can also be used to
define a single dot. Image in !b" courtesy of A. Sachrajda.
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Top view of the gate structure

single dot double dot

QPC: Quantum Point Contact; used as a charge sensor
P: Plunger gates: tune (mostly) the on-site potential energy

P P P



Energy scales
confinement energy, charging energy, thermal energy

Because a quantum dot is such a general kind of sys-
tem, there exist quantum dots of many different sizes
and materials: for instance, single molecules trapped be-
tween electrodes !Park et al., 2002", normal metal !Petta
and Ralph, 2001", superconducting !Ralph et al., 1995;
von Delft and Ralph, 2001", or ferromagnetic nanopar-
ticles !Guéron et al., 1999", self-assembled quantum dots
!Klein et al., 1996", semiconductor lateral !Kouwen-
hoven et al., 1997" or vertical dots !Kouwenhoven et al.,
2001", and also semiconducting nanowires or carbon
nanotubes !Dekker, 1999; McEuen, 2000; Björk et al.,
2004".

The electronic properties of quantum dots are domi-
nated by two effects. First, the Coulomb repulsion be-
tween electrons on the dot leads to an energy cost for
adding an extra electron to the dot. Due to this charging
energy tunneling of electrons to or from the reservoirs
can be suppressed at low temperatures; this phenom-
enon is called Coulomb blockade !van Houten et al.,
1992". Second, the confinement in all three directions
leads to quantum effects that influence the electron dy-
namics. Due to the resulting discrete energy spectrum,
quantum dots behave in many ways as artificial atoms
!Kouwenhoven et al., 2001".

The physics of dots containing more than two elec-
trons has been previously reviewed !Kouwenhoven et
al., 1997; Reimann and Manninen, 2002". Therefore we
focus on single and coupled quantum dots containing
only one or two electrons. These systems are particularly
important as they constitute the building blocks of pro-
posed electron spin-based quantum information proces-
sors !Loss and DiVincenzo, 1998; DiVincenzo et al.,
2000; Byrd and Lidar, 2002; Levy, 2002; Wu and Lidar,
2002a, 2002b; Meier et al., 2003; Kyriakidis and Penney,
2005; Taylor et al., 2005; Hanson and Burkard, 2007".

B. Fabrication of gated quantum dots

The bulk of the experiments discussed in this review
was performed on electrostatically defined quantum
dots in GaAs. These devices are sometimes referred to
as lateral dots because of the lateral gate geometry.

Lateral GaAs quantum dots are fabricated from het-
erostructures of GaAs and AlGaAs grown by molecular-

beam epitaxy !see Fig. 2". By doping the AlGaAs layer
with Si, free electrons are introduced. These accumulate
at the GaAs/AlGaAs interface, typically 50–100 nm be-
low the surface, forming a two-dimensional electron gas
!2DEG"—a thin !#10 nm" sheet of electrons that can
only move along the interface. The 2DEG can have high
mobility and relatively low electron density $typically
105−107 cm2/V s and #!1−5"!1015 m−2, respectively%.
The low electron-density results in a large Fermi wave-
length !#40 nm" and a large screening length, which al-
lows us to locally deplete the 2DEG with an electric
field. This electric field is created by applying negative
voltages to metal gate electrodes on top of the hetero-
structure $see Fig. 2!a"%.

Electron-beam lithography enables fabrication of gate
structures with dimensions down to a few tens of na-
nometers !Fig. 2", yielding local control over the deple-
tion of the 2DEG with roughly the same spatial resolu-
tion. Small islands of electrons can be isolated from the
rest of the 2DEG by choosing a suitable design of the
gate structure, thus creating quantum dots. Finally, low-

FIG. 1. Schematic picture of a quantum dot in !a" a lateral
geometry and !b" in a vertical geometry. The quantum dot
!represented by a disk" is connected to source and drain reser-
voirs via tunnel barriers, allowing the current through the de-
vice I to be measured in response to a bias voltage VSD and a
gate voltage VG.

FIG. 2. Lateral quantum dot device defined by metal surface
electrodes. !a" Schematic view. Negative voltages applied to
metal gate electrodes !dark gray" lead to depleted regions
!white" in the 2DEG !light gray". Ohmic contacts !light gray
columns" enable bonding wires !not shown" to make electrical
contact to the 2DEG reservoirs. !b", !c" Scanning electron mi-
crographs of !b" a few-electron single-dot device and !c" a
double dot device, showing the gate electrodes !light gray" on
top of the surface !dark gray". White dots indicate the location
of the quantum dots. Ohmic contacts are shown in the corners.
White arrows outline the path of current IDOT from one reser-
voir through the dot!s" to the other reservoir. For the device in
!c", the two gates on the side can be used to create two quan-
tum point contacts, which can serve as electrometers by pass-
ing a current IQPC. Note that this device can also be used to
define a single dot. Image in !b" courtesy of A. Sachrajda.
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Assume circular confinement:
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Homework: assume 50 nm confinement length in GaAs;  
then, what is the confinement energy? It is ~0.5 meV. 



Energy scales
confinement energy, charging energy, thermal energy
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Readout of a spin qubit

`Elzerman-style spin readout’: Elzerman et al., Nature (2004)

a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
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contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present
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measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
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QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
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Step 1: load an electron (up or down) 
Goal = Readout = Distinguish between up and down 

Step 2: spin is converted to charge
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Dot charge is detected by Quantum Point Contact

a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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By applying a large magnetic field perpendicular to
the plane of the 2DEG a spin singlet-triplet ground-state
transition can be induced, see Fig. 9. This transition is
driven by two effects: !i" the magnetic field reduces the
energy spacing between the ground and first excited or-
bital state, and !ii" the magnetic field increases the Cou-
lomb interactions which are larger for two electrons in a
single orbital !as in the singlet state" than for two elec-
trons in different orbitals !as in a triplet state". Singlet-
triplet transitions were first observed in vertical dots !Su
et al., 1992; Kouwenhoven et al., 2001". In lateral dots,
the gate-voltage dependence of the confinement poten-
tial has allowed electrical tuning of the singlet-triplet
transition field !Kyriakidis et al., 2002; Zumbühl et al.,
2004".

In very asymmetric lateral confining potentials with
large Coulomb interaction energies, the simple single-
particle picture breaks down. Instead, the two electrons
in the ground-state spin singlet in such dots will tend to
avoid each other spatially, thus forming a quasi-double
dot state. Experiments and calculations indicating this
double-dot-like behavior in asymmetric dots have been
reported !Zumbühl et al., 2004; Ellenberger et al., 2006".

C. Quantum dot operated as a bipolar spin filter

If the Zeeman splitting exceeds the width of the en-
ergy levels !which in most cases is set by the thermal
energy", electron transport through the dot is !for cer-
tain regimes" spin polarized and the dot can be operated
as a spin filter !Recher et al., 2000; Hanson, Vander-
sypen, et al., 2004". In particular, electrons are spin-up
polarized at the N=0↔1 transition when only the one-
electron spin-up state is energetically accessible, as in
Fig. 10!a". At the N=1↔2 transition, the current is spin-
down polarized if no excited states are accessible #region
A in Fig. 8!c"$, see Fig. 10!b". Thus the polarization of
the spin filter can be reversed electrically, by tuning the
dot to the relevant transition.

Spectroscopy on dots containing more than two elec-
trons has shown important deviations from an alternat-

ing spin filling scheme. Already for four electrons, a spin
ground state with total spin S=1 in zero magnetic field
has been observed in both vertical !Kouwenhoven et al.,
2001" and lateral dots !Willems van Beveren et al., 2005".

V. CHARGE SENSING TECHNIQUES

The use of local charge sensors to determine the num-
ber of electrons in single or double quantum dots is a
recent technological improvement that has enabled a
number of experiments that would have been difficult or
impossible to perform using standard electrical transport
measurements !Field et al., 1993". In this section, we dis-
cuss relevant measurement techniques based on charge
sensing. Much of the same information as found by mea-
suring the current can be extracted from a measurement
of the charge on the dot QDOT using a nearby electro-
meter, such as a quantum point contact !QPC". In con-
trast to a measurement of the current through the dot, a
charge measurement can also be used if the dot is con-
nected to only one reservoir.

The conductance GQPC through a QPC is quantized
!van Wees et al., 1988; Wharam et al., 1988". At the tran-
sitions between quantized conductance plateaus, GQPC is
very sensitive to the electrostatic environment including
the number of electrons N on a nearby quantum dot #see
Fig. 11!a"$. This property can be exploited to determine
the absolute number of electrons in single !Sprinzak et

FIG. 9. Single-triplet ground-state transition in a two-electron
quantum dot. !a" Differential conductance dIDOT/dVSD vs gate
voltage VG and perpendicular magnetic field B!. Dark !light"
corresponds to high !low" value for dIDOT/dVSD. Within the
stripe of finite conductance, set by the source-drain bias volt-
age, the evolution of the energy difference between the singlet
state !ground state at zero field" and the triplet state is visible.
At around 1.1 T the singlet and triplet states cross and the
ground state becomes a spin triplet. !b" Energy difference be-
tween the singlet and triplet states EST as a function of B!,
extracted from !a". Data adapted from Kyriakidis et al., 2002.

FIG. 10. Few-electron quantum dot operated as a bipolar spin
filter. Schematic diagrams show the level arrangement for
ground-state transport at !a" the 0↔1 electron transition,
where the dot filters for spin-up electrons, and !b" at the 1↔2
electron transition, where the dot only transmits spin-down
electrons.

FIG. 11. Quantum point contact operated as an electrometer.
A typical device, with the current paths through the dot and
through the QPC, is shown in Fig. 2!c". !a" QPC conductance
GQPC vs gate voltage on one of the two gates that defines the
QPC, VG,QPC. Halfway the last conductance step, at GQPC
%e2 /h !indicated by a cross", the QPC is very sensitive to the
charge on the dot. !b" Direct comparison between current
measurement !top panel" and charge sensing !bottom panel".
Data adapted from Elzerman et al., 2003.

1229Hanson et al.: Spins in few-electron quantum dots

Rev. Mod. Phys., Vol. 79, No. 4, October–December 2007

conductance or current 
through QPC

QPC gate voltage (Q)

QPC current is sensitive to !
- its own gate voltage Q 
- any other gate voltage M, P, R, T 
- number of electrons in the dot



a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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Spin Down: blip in the current (dashed). !
Spin Up: no blip (solid).

Data from the experiment:

expected to be larger than that for spin-# electrons26, that is,
G " . G # , but we do not assume this a priori.) During this stage of
the pulse, lasting twait , the electron is trapped on the dot and
Coulomb blockade prevents addition of a second electron. After
twait the pulse is reduced, in order to position the energy levels in the
read-out configuration. If the electron spin is ", its energy level is
below EF, so the electron remains on the dot. If the spin is #, its
energy level is above EF, so the electron tunnels to the reservoir after
a typical time ,G #

21. Now Coulomb blockade is lifted and an
electron with spin-" can tunnel onto the dot. This occurs on a
timescale,G "

21 (with G ¼ G " þ G #). After t read, the pulse ends and
the dot is emptied again.

The expected QPC response, DIQPC, to such a two-level pulse is
the sum of two contributions (Fig. 2b). First, owing to a capacitive

coupling between pulse gate and QPC, DIQPC will change propor-
tionally to the pulse amplitude. Thus,DIQPC versus time resembles a
two-level pulse. Second, DIQPC tracks the charge on the dot, that is,
it goes upwhenever 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-# electron at the start of the
read-out stage, DIQPC should go up and then down again. We thus
expect a characteristic step in DIQPC during t read for spin-# (dotted
trace inside red circle). In contrast,DIQPC should be flat during t read
for a spin-" electron. Measuring whether a step is present or absent
during the read-out stage constitutes our spin measurement.
Figure 3a shows typical experimental traces of the pulse-response

recorded after proper tuning of the d.c. gate voltages (see Sup-
plementary Fig. S2).We emphasize that each trace involves injecting

Figure 3 Single-shot read-out of one electron spin. a, Typical time-resolved
measurements of the QPC current in response to a two-level pulse. In the top panel, an

electron is injected during t wait and is declared ‘spin-up’ during t read. In the lower panel,

the injected electron is declared ‘spin-down’ by the characteristic step which crosses the

threshold (red line) during t read. The total time the electron spends in the dot is defined as

t hold. b, Randomly chosen examples of traces for which the electron is declared ‘spin-
down’ (here for the case of t wait ¼ 0.1ms). Only the read-out segment is shown, and

traces are offset for clarity. The actual time when DIQPC first crosses the threshold (red

line), t detect, is recorded to make the histogram in Fig. 4a. c, Fraction of traces counted as
spin-down versus waiting time, t wait, out of a total of 625 traces taken for each waiting

time. Rightmost point (open dot): spin-down fraction using modified pulse shape (d). Red

solid line: exponential fit to the data. Inset: T 1 versus B (see Supplementary Fig. S4). Error

bars represent the root mean square of the standard errors obtained from exponential fits

to three separate data sets. d, Typical QPC signal for a ‘reversed’ pulse, which has the

same amplitudes as in Fig. 2a, but with the order of the two stages reversed. In this case

injection takes place with E " below and E # above E F (see Fig. 2c, third column), so that

only a spin-" electron can be injected. By recording the fraction of traces in which the
current nevertheless crosses the threshold of duration t read (red line), an independent

measure of the ‘dark count’ probability is obtained (see text). This fraction is plotted as the

open dot in c. It is used in the exponential fit with an associated value of t wait ¼ 10ms

(that is, much longer than the spin relaxation time). The blue threshold is used in Fig. 4b.
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Readout is wrong if spin relaxation is too fast

a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion

18,19
followed by charge measurement in a

single-shot mode
21,22

. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure

23
(Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set

24
to

a tunnel rate G < (0.05ms)
21
. When an electron tunnels on or off

the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes

25
. Recording changes in IQPC thus permits

us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot

19
,

DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments

18,19
, that is based on three stages: (1) empty the dot, (2) inject

one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G

21
. The

particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 10
15
m
22
. (Only the gates used in the present

experiment are shown, the complete device
23
is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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expected to be larger than that for spin-# electrons26, that is,
G " . G # , but we do not assume this a priori.) During this stage of
the pulse, lasting twait , the electron is trapped on the dot and
Coulomb blockade prevents addition of a second electron. After
twait the pulse is reduced, in order to position the energy levels in the
read-out configuration. If the electron spin is ", its energy level is
below EF, so the electron remains on the dot. If the spin is #, its
energy level is above EF, so the electron tunnels to the reservoir after
a typical time ,G #

21. Now Coulomb blockade is lifted and an
electron with spin-" can tunnel onto the dot. This occurs on a
timescale,G "

21 (with G ¼ G " þ G #). After t read, the pulse ends and
the dot is emptied again.

The expected QPC response, DIQPC, to such a two-level pulse is
the sum of two contributions (Fig. 2b). First, owing to a capacitive

coupling between pulse gate and QPC, DIQPC will change propor-
tionally to the pulse amplitude. Thus,DIQPC versus time resembles a
two-level pulse. Second, DIQPC tracks the charge on the dot, that is,
it goes upwhenever 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-# electron at the start of the
read-out stage, DIQPC should go up and then down again. We thus
expect a characteristic step in DIQPC during t read for spin-# (dotted
trace inside red circle). In contrast,DIQPC should be flat during t read
for a spin-" electron. Measuring whether a step is present or absent
during the read-out stage constitutes our spin measurement.
Figure 3a shows typical experimental traces of the pulse-response

recorded after proper tuning of the d.c. gate voltages (see Sup-
plementary Fig. S2).We emphasize that each trace involves injecting

Figure 3 Single-shot read-out of one electron spin. a, Typical time-resolved
measurements of the QPC current in response to a two-level pulse. In the top panel, an

electron is injected during t wait and is declared ‘spin-up’ during t read. In the lower panel,

the injected electron is declared ‘spin-down’ by the characteristic step which crosses the

threshold (red line) during t read. The total time the electron spends in the dot is defined as

t hold. b, Randomly chosen examples of traces for which the electron is declared ‘spin-
down’ (here for the case of t wait ¼ 0.1ms). Only the read-out segment is shown, and

traces are offset for clarity. The actual time when DIQPC first crosses the threshold (red

line), t detect, is recorded to make the histogram in Fig. 4a. c, Fraction of traces counted as
spin-down versus waiting time, t wait, out of a total of 625 traces taken for each waiting

time. Rightmost point (open dot): spin-down fraction using modified pulse shape (d). Red

solid line: exponential fit to the data. Inset: T 1 versus B (see Supplementary Fig. S4). Error

bars represent the root mean square of the standard errors obtained from exponential fits

to three separate data sets. d, Typical QPC signal for a ‘reversed’ pulse, which has the

same amplitudes as in Fig. 2a, but with the order of the two stages reversed. In this case

injection takes place with E " below and E # above E F (see Fig. 2c, third column), so that

only a spin-" electron can be injected. By recording the fraction of traces in which the
current nevertheless crosses the threshold of duration t read (red line), an independent

measure of the ‘dark count’ probability is obtained (see text). This fraction is plotted as the

open dot in c. It is used in the exponential fit with an associated value of t wait ¼ 10ms

(that is, much longer than the spin relaxation time). The blue threshold is used in Fig. 4b.
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Elzerman-style spin readout is rather slow

Readout time scale: millisecond. Control time scale (q-gates): microsecond.



A basic application: measurement of spin relaxation time

expected to be larger than that for spin-# electrons26, that is,
G " . G # , but we do not assume this a priori.) During this stage of
the pulse, lasting twait , the electron is trapped on the dot and
Coulomb blockade prevents addition of a second electron. After
twait the pulse is reduced, in order to position the energy levels in the
read-out configuration. If the electron spin is ", its energy level is
below EF, so the electron remains on the dot. If the spin is #, its
energy level is above EF, so the electron tunnels to the reservoir after
a typical time ,G #

21. Now Coulomb blockade is lifted and an
electron with spin-" can tunnel onto the dot. This occurs on a
timescale,G "

21 (with G ¼ G " þ G #). After t read, the pulse ends and
the dot is emptied again.

The expected QPC response, DIQPC, to such a two-level pulse is
the sum of two contributions (Fig. 2b). First, owing to a capacitive

coupling between pulse gate and QPC, DIQPC will change propor-
tionally to the pulse amplitude. Thus,DIQPC versus time resembles a
two-level pulse. Second, DIQPC tracks the charge on the dot, that is,
it goes upwhenever 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-# electron at the start of the
read-out stage, DIQPC should go up and then down again. We thus
expect a characteristic step in DIQPC during t read for spin-# (dotted
trace inside red circle). In contrast,DIQPC should be flat during t read
for a spin-" electron. Measuring whether a step is present or absent
during the read-out stage constitutes our spin measurement.
Figure 3a shows typical experimental traces of the pulse-response

recorded after proper tuning of the d.c. gate voltages (see Sup-
plementary Fig. S2).We emphasize that each trace involves injecting

Figure 3 Single-shot read-out of one electron spin. a, Typical time-resolved
measurements of the QPC current in response to a two-level pulse. In the top panel, an

electron is injected during t wait and is declared ‘spin-up’ during t read. In the lower panel,

the injected electron is declared ‘spin-down’ by the characteristic step which crosses the

threshold (red line) during t read. The total time the electron spends in the dot is defined as

t hold. b, Randomly chosen examples of traces for which the electron is declared ‘spin-
down’ (here for the case of t wait ¼ 0.1ms). Only the read-out segment is shown, and

traces are offset for clarity. The actual time when DIQPC first crosses the threshold (red

line), t detect, is recorded to make the histogram in Fig. 4a. c, Fraction of traces counted as
spin-down versus waiting time, t wait, out of a total of 625 traces taken for each waiting

time. Rightmost point (open dot): spin-down fraction using modified pulse shape (d). Red

solid line: exponential fit to the data. Inset: T 1 versus B (see Supplementary Fig. S4). Error

bars represent the root mean square of the standard errors obtained from exponential fits

to three separate data sets. d, Typical QPC signal for a ‘reversed’ pulse, which has the

same amplitudes as in Fig. 2a, but with the order of the two stages reversed. In this case

injection takes place with E " below and E # above E F (see Fig. 2c, third column), so that

only a spin-" electron can be injected. By recording the fraction of traces in which the
current nevertheless crosses the threshold of duration t read (red line), an independent

measure of the ‘dark count’ probability is obtained (see text). This fraction is plotted as the

open dot in c. It is used in the exponential fit with an associated value of t wait ¼ 10ms

(that is, much longer than the spin relaxation time). The blue threshold is used in Fig. 4b.
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a particular electron; only one copy of the electron is available, so no
averaging is possible. The spin measurement relies on spin-to-
charge conversion18,19 followed by charge measurement in a
single-shot mode21,22. Figure 1a schematically shows a single elec-
tron spin confined in a quantum dot (circle). A magnetic field is
applied to split the spin-" and spin-# states by the Zeeman energy.
The dot potential is then tuned such that if the electron has spin-# it
will leave, whereas it will stay on the dot if it has spin-". The spin
state has now been correlated with the charge state, and measure-
ment of the charge on the dot will reveal the original spin state.
This concept is implemented using a structure23 (Fig. 1b) con-

sisting of a quantum dot in close proximity to a quantum point
contact (QPC). The quantum dot is used as a box to trap a single
electron, and the QPC is operated as a charge detector in order to
determine whether the dot contains an electron or not. The
quantum dot is formed in the two-dimensional electron gas
(2DEG) of a GaAs/AlGaAs heterostructure by applying negative
voltages to the metal surface gates M, R and T (Fig. 1b). This
depletes the 2DEG below the gates and creates a potential minimum
in the centre, that is, the dot (indicated by a dotted white circle). We
tune the gate voltages such that the dot contains either zero or one
electron (which we can control by the voltage applied to gate P).
Furthermore, we make the tunnel barrier between gates R and T
sufficiently opaque that the dot is completely isolated from the drain
contact on the right. The barrier to the reservoir on the left is set24 to
a tunnel rate G < (0.05ms)21. When an electron tunnels on or off
the dot, it changes the electrostatic potential in its vicinity, including
the region of the nearby QPC (defined by R and Q). The QPC is set

in the tunnelling regime, so that the current, IQPC, is very sensitive
to electrostatic changes25. Recording changes in IQPC thus permits
us to measure on a timescale of about 8 ms whether an electron
resides on the dot or not (L.M.K.V. et al., manuscript in prep-
aration). In this way the QPC is used as a charge detector with a
resolutionmuch better than a single electron charge and ameasure-
ment timescale almost ten times shorter than 1/G.

The device is placed inside a dilution refrigerator, and is subjected
to a magnetic field of 10 T (unless noted otherwise) in the plane of
the 2DEG. The measured Zeeman splitting in the dot19,
DEZ < 200meV, is larger than the thermal energy (25 meV) but
smaller than the orbital energy level spacing (1.1meV) and the
charging energy (2.5meV).

To test our single-spin measurement technique, we use an
experimental procedure, inspired by earlier time-averagedmeasure-
ments18,19, that is based on three stages: (1) empty the dot, (2) inject
one electronwith unknown spin, and (3) measure its spin state. The
different stages are controlled by voltage pulses on gate P (Fig. 2a),
which shift the dot’s energy levels (Fig. 2c). Before the pulse the dot
is empty, as both the spin-" and spin-# levels are above the Fermi
energy of the reservoir, EF. Then a voltage pulse pulls both levels
below EF. It is now energetically allowed for an electron to tunnel
onto the dot, which will happen after a typical time ,G21. The
particular electron can have spin-" or spin-#, shown in the lower and
upper diagram respectively (the tunnel rate for spin-" electrons is

Figure 1 Spin-to-charge conversion in a quantum dot coupled to a quantum point

contact. a, Principle of spin-to-charge conversion. The charge on the quantum dot, Qdot,

remains constant if the electron spin is " , whereas a spin- # electron can escape,

thereby changing Qdot. b, Scanning electron micrograph of a device like the one used in
the measurements, showing the metallic gates (T, M, P, R, Q) on the surface of a GaAs/

AlGaAs heterostructure containing a two-dimensional electron gas (2DEG) 90 nm below

the surface. The electron density is 2.9 £ 1015 m22. (Only the gates used in the present

experiment are shown, the complete device23 is described in Supplementary Fig. S1.) By

measuring the current through the QPC channel, I QPC, we can detect changes in Qdot that

result from electrons tunnelling between the dot and the reservoir (with a tunnel rateG ). A

magnetic field, B, is applied in the plane of the 2DEG.

Figure 2 Two-level pulse technique used to inject a single electron and measure its spin
orientation. a, Shape of the voltage pulse applied to gate P. The pulse level is 10mV
during t wait and 5mV during t read (which is 0.5ms for all measurements). b, Schematic
QPC pulse-response if the injected electron has spin-" (solid line) or spin-# (dotted line; the
difference with the solid line is only seen during the read-out stage). Arrows indicate

the moment an electron tunnels into or out of the quantum dot. c, Schematic energy
diagrams for spin-" (E ") and spin-# (E #) during the different stages of the pulse. Black

vertical lines indicate the tunnel barriers. The tunnel rate between the dot and the QPC

drain on the right is set to zero. The rate between the dot and the reservoir on the left is

tuned to a specific value,G. If the spin is " at the start of the read-out stage, no change in

the charge on the dot occurs during t read. In contrast, if the spin is # , the electron can
escape and be replaced by a spin-" electron. This charge transition is detected in the QPC
current (dotted line inside red circle in b).
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Coherent Manipulation of
Coupled Electron Spins in

Semiconductor Quantum Dots
J. R. Petta,1 A. C. Johnson,1 J. M. Taylor,1 E. A. Laird,1 A. Yacoby,2

M. D. Lukin,1 C. M. Marcus,1 M. P. Hanson,3 A. C. Gossard3

We demonstrated coherent control of a quantum two-level system based on
two-electron spin states in a double quantum dot, allowing state preparation,
coherent manipulation, and projective readout. These techniques are based on
rapid electrical control of the exchange interaction. Separating and later
recombining a singlet spin state provided a measurement of the spin
dephasing time, T2*, of È10 nanoseconds, limited by hyperfine interactions
with the gallium arsenide host nuclei. Rabi oscillations of two-electron spin
states were demonstrated, and spin-echo pulse sequences were used to sup-
press hyperfine-induced dephasing. Using these quantum control techniques, a
coherence time for two-electron spin states exceeding 1 microsecond was
observed.

Quantum coherence and entanglement have
emerged as physical bases for information-
processing schemes that use two-state quantum
systems (quantum bits or qubits) to provide
efficient computation and secure communica-
tion (1, 2). Although quantum control of en-
tanglement has been realized in isolated atomic
systems, its extension to solid-state systems—
motivated by the prospect of scalable device
fabrication—remains a demanding experimen-
tal goal (3, 4), particularly because of the
stronger coupling of solid-state qubits to their
environment. Understanding this coupling and
learning how to control quantum systems in
the solid state is a major challenge of modern
condensed-matter physics (5, 6).

An attractive candidate for a solid-state
qubit is based on semiconductor quantum dots,
which allow controlled coupling of one or
more electrons, using rapidly switchable volt-
ages applied to electrostatic gates (7–9). Re-
cent experiments suggest that spin in quantum
dots may be a particularly promising holder of
quantum information, because the spin relax-
ation time (T1) can approach tens of milli-
seconds (10–13). Although gallium arsenide
(GaAs) is a demonstrated exceptional material
for fabricating quantum dots, it has the po-
tential drawback that confined electrons in-
teract with on the order of 106 spin-3/2 nuclei
through the hyperfine interaction. Here we
present a quantum two-level system (logical
qubit) based on two-electron spin states (14)

and demonstrate coherent control of this
system through the use of fast electrical control
of the exchange interaction. We first show by
direct time-domain measurements that the
time-ensemble-averaged dephasing time (T2*)
of this qubit is È10 ns, limited by hyperfine
interactions. We then demonstrate Rabi oscil-
lations in the two-spin space (including a 180-ps
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SWAP
p

operation between two electron
spins) and implement spin-echo sequences,
showing an extended spin coherence time, T2,
beyond 1 ms.

Isolating and measuring two electrons.
Gate-defined double quantum dot devices are
fabricated using a GaAs/AlGaAs heterostruc-
ture grown by molecular beam epitaxy with a
two-dimensional electron gas 100 nm below

the surface, with density È2 ! 1011 cmj2.
When biased with negative voltages, the
patterned gates create a double-well potential
(Fig. 1A). Tunnel barriers [controlled by
voltages VL and VR (L, left; R, right)] connect
each dot to adjacent reservoirs, allowing
electrons to be transferred into the dots.
Interdot tunneling (at a rate set by voltage
VT) allows electrons to be moved between
dots when the detuning parameter e º VR –
VL is adjusted. Measurements are performed
in a dilution refrigerator with electron tem-
perature Te È 135 mK, determined from
Coulomb blockade peak widths. Gates L and
R are connected via low-temperature bias tees
to high-bandwidth coaxial lines, allowing
rapid (È1 ns) pulsing of these gates (15).
High-frequency manipulation of a single elec-
tron, demonstrating the gigahertz bandwidth of
this setup, was reported in (16).

Quantum point contact (QPC) sensors
fabricated next to each dot serve as local elec-
trometers (17, 18), showing a few-percent
reduction of conductance when a single charge
is added to the adjacent dot. Figure 1B shows
the conductance, gs, of the right QPC sensor as
a function of VL and VR near the two-electron
regime. Each charge state gives a distinct value
of gs, decreasing each time an electron is added
to the system or when an electron is transferred
from the left dot to the right dot. Labels (m,n)
in each region indicate the absolute number of
electrons confined on the (left, right) dot in the
ground state. We focus on transitions involving
(0,2) and (1,1) two-electron states, where pre-
vious experiments have demonstrated spin-
selective tunneling (12, 13, 19, 20).

Voltage-controlled exchange. The rel-
ative energy detuning e of the (0,2) and (1,1)
charge states can be rapidly controlled by
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1Department of Physics, Harvard University, Cam-
bridge, MA 02138, USA. 2Department of Condensed
Matter Physics, Weizmann Institute of Science,
Rehovot 76100, Israel. 3Materials Department, Uni-
versity of California at Santa Barbara, Santa Barbara,
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Fig. 1. (A) Scanning electron micrograph of a sample identical to the one measured, consisting of
electrostatic gates on the surface of a two-dimensional electron gas. Voltages on gates L and R
control the number of electrons in the left and right dots. Gate T is used to adjust the interdot
tunnel coupling. The quantum point contact conductance gs is sensitive primarily to the number of
electrons in the right dot. (B) gs measured as a function of VL and VR reflects the double-dot charge
stability diagram (a background slope has been subtracted). Charge states are labeled (m,n), where
m is the number of electrons in the left dot and n is the number of electrons in the right dot. Each
charge state gives a distinct reading of gs.
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HHubbard = Hon-site +Htun +HCoulomb (12)
Hon-site = "LnL + "RnR (13)

Htun = tH
⇣
a†L"aR" + a†L#aR# + h.c.

⌘
(14)

HCoulomb = U(nL"nL# + nR"nR#) (15)

nL" = a†L"aL", etc.

I. EXERCISES, CONTROL QUESTIONS

1. List three areas where the performance of quantum computing could exceed that of classical computing.

2. List the three Pauli matrices.

3. Construct a classical circuit that adds two single-bit numbers, using only the NAND gate.

4. Construct a quantum circuit that adds two single-bit numbers.

Ebben a fájlban az előadás menetrendjét követve gyűjtöm össze az egyes témakörökhöz kapcsolódó gyakorló felada-
tokat. A fájl hétről-hétre frissülni fog az adott hét feladataival. A zárthelyiken ehhez hasonló feladatok várhatók.

II. CLASSICAL BITS

• the value of a c-bit is 0 or 1

• operations, gates: a c-logical gate maps n c-bits to m c-bits; e.g., NOT, AND, OR, XOR.

• single-bit gate: n = m = 1

• there is only one non-trivial single-bit gate: NOT

• two-bit gate: n = 2, m = 1, e.g., AND, OR, XOR

• c-gates are not necessarily reversible: e.g., any n > m gate is irreversible

• c-circuit : an arrangement of "wires" and gates

• universal gate set : a set of gates that allows to construct circuits for any algorithm

• exercise: construct a c-circuit that adds two single-bit numbers using only the NAND gate

III. QUANTUM BIT

1. quantum bit, qubit, q-bit, qbit : two-level quantum system

2. state of a qubit: | i = ↵0 |0i+ ↵1 |1i

3. ↵0, ↵1 are called amplitudes; they are complex numbers

4. |0i and |1i are the qubit basis states

5. normalization condition: |↵0|2 + |↵1|2 = 1

Two-site Hubbard model:
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Summary of key results

1. a spin qubit can be defined in a quantum dot 
2. Elzerman readout of a spin qubit 
3. the relaxation of a spin qubit can be measured 
4. two electrons can be used to define a singlet-triplet qubit 
5. Pauli blockade readout of a singlet-triplet qubit

Potential extensions

1. Pauli blockade: thermal << Zeeman not required 
2. Pauli blockade readout for a spin qubit 
3. readout based on gate reflectometry 
4. ways to reduce the readout time 
5. how to control the singlet-triplet qubit


