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a b s t r a c t

This paper reviews investigations of back-action phenomena occurring in systems, where quantum dots

are capacitively coupled to quantum point contact charge detectors. Two back-action mechanisms are

discussed: first, back-action caused by shot-noise in the quantum point contact, and second, indirect

back-action via ohmic heating of the crystal lattice. Experiments focusing on the first aspect consist of

the measurement of shot noise at finite frequencies in the range between 0.01 and 0.7 THz. Experiments

of the second kind result in the observation of finite current through a double quantum dot system at

zero applied source–drain bias voltage. Such a current is possible in the presence of a phonon-system

which is not in thermodynamic equilibrium with the electronic system. The double quantum dot acts as

a thermoelectric engine extracting electric power from the temperature difference between the two

thermal reservoirs.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Measurements on quantum systems differ appreciably from
measurements on classical systems. This has been recognized
already by the founders of quantum mechanics [1–3]. Later, the
topic has developed into a field of research of its own [4]. In recent
years the topic has become of particular importance in the field of
quantum information. While physical systems representing
classical bits can be measured, or read-out, many times in
succession without degrading the information content, the
measurement of a quantum system representing a qubit usually
changes the qubit state and thereby the associated information
[5]. Commonly, this general phenomenon is called quantum back-
action [4].

Electrons and their spins in semiconductor quantum dots can
be utilized as particular realizations of quantum mechanical two-
level systems, either in the form of spin-qubits [6] or charge
qubits [7]. Controlled and coherent time evolution of these qubit
implementations was demonstrated in a number of experiments
[7,10,11]. Quantum point contacts were shown to be useful on-
chip charge detectors [8,9] that allow one to read out the charge
state of such qubits [12,13]. The use of these quantum point
contact detectors triggered intense research in recent years where
on-chip charge detection was utilized in a much broader context
[14].

In this paper recent experiments will be discussed that aimed
at an understanding of back-action phenomena related to the
ll rights reserved.
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measurement of the charge state of quantum dot systems. The
paper is organized as follows: In Section 2 the charge detection
technique will be briefly introduced. In Section 3 it will be shown
how nonequilibrium shot noise present in a quantum point
contact charge detector at finite source–drain bias voltage acts
back on the quantum dot system. It turns out that the finite
frequency shot noise spectrum can be investigated in detail. In
Section 4 experiments are described in which the operation of the
quantum point contact detector heats the host crystal. As a
consequence, the phonon bath is no longer in equilibrium with
the electronic system of the quantum dot circuit. This indirect
back-action mechanism can drive currents through the quantum
dot system even in the absence of an externally applied bias
voltage.
2. Charge detection

We start the discussion by introducing the concept of charge
detection with quantum point contact detectors. For this purpose
we consider a setting as it is schematically depicted in Fig. 1. The
first important part are two coupled quantum dots that can trap
electronic charges. An additional charge can be trapped either in
the upper or in the lower quantum dot. Quantum tunneling
between the two dots provides the coupling between them
rendering it a quantum mechanical two-level system, or a
charge qubit. The second important part is the quantum point
contact, a narrow constriction in a wire that supports a current, if a
source–drain bias voltage is applied using an external voltage
source. The magnitude of this current is determined by the width
of the constriction. The two subsystems, i.e. the constriction and
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Fig. 1. Schematic diagram of a double quantum dot system (DQD) coupled

capacitively to the narrow electronic channel of a quantum point contact (charge

detector). (a) An additional charge occupies the lower quantum dot, the charge

detector channel is more open and has a higher conductance. (b) The additional

charge occupies the upper quantum dot, the charge detector channel is more

closed and has a lower conductance.

Fig. 2. Emission part of the shot noise power spectral density of a quantum point

contact at zero temperature (dashed) and at finite temperature (solid). The inset

shows a schematic quantum point contact potential under finite VSD conditions.
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the system of coupled quantum dots, are mutually coupled by the
Coulomb interaction between their electrons. For example, if an
additional electron is put into the lower quantum dot, the
quantum point contact constriction is more open than if
the electron is put into the upper quantum dot, as a result of the
repulsive Coulomb potential of the added electron which reduces
the width of the constriction. As a consequence, the current
through (the conductance of) the quantum point contact is higher
in the former case, as compared to the latter. We can state that the
current through the quantum point contact allows us to detect the
charge state of the double quantum dot system. This is the essence
of the on-chip charge detection technique.

After the introduction of this technique [8], there has been a lot
of interest in this quantum measurement system from the
theoretical point of view. For example, it was investigated, how
the measurement process with this charge detector results in
decoherence of the dynamics in the coupled quantum dot system
[15–20]. The relation between measurement and information was
worked out for this system in detail [21], and it was shown that
the quantum limit of detection can be reached, if the quantum
point contact is adiabatic, and if the scattering phases fulfill a
certain criterion. In general, this quantum limit of detection
exists, because there is unavoidable back-action from the detector
to the coupled quantum dot system. However, experimentally
this quantum limit has not been demonstrated so far. Therefore,
the understanding of back-action mechanisms is of great interest.

Before entering a more detailed discussion of back-action
mechanisms we will briefly mention experimental work that has
made use of the charge detection technique in various experi-
mental systems. Charge detection has been demonstrated in
lateral semiconductor nanostructures based on two-dimensional
electron gases in Ga[Al]As heterostructures [8,9]. These first
experiments were conducted with single quantum dots and at
detector bandwidths which were low compared to the tunneling
rates in the quantum dot systems, giving only information about
time-averaged quantum dot charge. Later on, higher band with
measurements on quantum dots with very small tunneling rates
allowed the detection of individual electrons hopping one by one
into and out of the quantum dot system in real time [12,14,22].
The quantum point contact shows a characteristic random
telegraphic current signal that witnesses the statistical tunneling
of electrons from and into the quantum dot. The measurement
bandwidth in these experiments was limited to about 40 kHz. A
review of time-resolved charge detection experiments including
the measurement of the full counting statistics of electron
transport through quantum dots [24] can be found in Ref. [14].
Beyond the experimental work on time-resolved charge detection
in single quantum dot systems, the technique has been extended
to double quantum dots in the same material system [23,25], but
also to InAs quantum dots [26] and quantum dots in graphene,
where measurements without time resolution have been reported
[27]. However, here we do not pursue the topic of electron
counting further, but investigate the question, how the detector
acts back on the measured system.
3. Back-action via shot noise

Conceptionally, the investigation of back-action means to
interchange the role of the measured system (in our case the
quantum dots) and the detector (in our case the quantum point
contact, cf. Fig. 1). A number of experiments in this direction have
been reported in Refs. [9,28,29] where controlled decoherence as
a result of a detection process was studied. We are interested in
the influence of a quantum point contact charge detector on
tailored single- and double quantum dot systems. Here we look at
the direct action of the quantum point contact finite frequency
shot noise on the dynamics of quantum dot systems.

We start by describing what shot noise is, and how it comes
about. Finite frequency shot noise in quantum point contacts
arises, if a finite source–drain bias voltage VSD is applied. It is
related to the statistical emission and absorption of energy quanta
‘o. The power spectral density of the quantum point contact shot
noise has, for example, been worked out in Ref. [30]. Here we are
only interested in the emission side of the spectrum in the pinch-
off regime, which is given by

SIðoÞ ¼
4e2

h
T ð1�T Þ eVSD�‘o

1�e�ðeVSD�‘oÞ=kBT
; ð1Þ

where T is the transmission of the quantum point contact, and T

is the electron temperature in the reservoirs. Fig. 2 shows a
graphical representation of Eq. (1). At zero frequency (and zero
temperature), the power spectral density takes the familiar value
2jejIð1�T Þ which has been experimentally investigated by a
number of groups [31]. Here, I¼ 2e2T VSD=h is the current through
the quantum point contact. The zero-frequency shot noise is
maximum, if the transmission of the quantum point contact is 1

2.
In the following we are interested in finite frequency shot

noise. At finite frequency, the power spectral density decreases
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Fig. 4. Schematic energy diagram showing how the quantum dot can be excited

by a photon originating from the quantum point contact.

Fig. 5. Measured tunneling-out rate as a function of the quantum point contact

bias voltage VSD plotted on a linear scale (a) and a logarithmic scale (b). Solid lines

represent fits to the shot noise formula, Eq. (1).
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linearly with ‘o. At zero temperature, the maximum energy that
can be emitted by the quantum point contact is given by the
applied bias voltage jejVSD as evident from the inset of Fig. 2. On
the other hand, according to Eq. (1) the power spectral density
increases linearly with the applied bias voltage. The thermal
denominator in Eq. (1) leads to the thermal smearing of SIðoÞ
around ‘o¼ eVSD seen in Fig. 2.

We will now look at two experiments that essentially confirm
the form of the shot noise formula (1) in detail. The first
experiment [26] relies on a quantum dot formed in an InAs
quantum wire. Fig. 3 shows the sample and the external circuitry.
A quantum wire has been deposited on top of a Ga[Al]As
heterostructure hosting a shallow (34 nm) two-dimensional
electron gas. In a single wet chemical etching step, two shallow
trenches were etched into the substrate such that a quantum
point contact was formed, and the wire was thinned down above
the trenches such that a quantum dot was formed in the wire. In
this system the quantum dot and the quantum point contact
detector are very close to each other (about 80 nm) and perfectly
aligned. As a consequence, the electrostatic coupling between the
two systems is very strong. A suitable quantity characterizing the
strength of the coupling is the change DG of the detector
conductance G when a single electron is added to the dot. In
this device we found DG=G values up to 50%, whereas in lateral
devices usually only a few percent are achieved. Another special
property of this arrangement is that phonons resulting from
current-heating in the heterostructure quantum point contact
cannot easily propagate into the InAs material. This setup is
therefore optimized to maximize the quantum dot sensitivity to
shot noise in the quantum point contact which is known as a
primary source of charge detector back action.

The finite frequency shot noise is measured at a fixed
frequency by using a ground-state–excited-state transition in
the quantum dot. The energy difference between the two states is
2.5 meV corresponding to a frequency of 0.66 THz. The processes
are schematically depicted in Fig. 4. The cycle starts, for example,
with the ground state occupied with an excess electron. A virtual
photon originating from the QPC shot noise kicks the system into
the excited state with the rate GabspSIðoÞ. From the excited state
the electron will usually directly relax back into the ground state
with a rate Grel corresponding to something like 10 ns (not
indicated in the figure). This relaxation time is believed to be by
far the shortest timescale in the problem. As a result, only a small
average population of the excited state will build up. The small
probability to find the system in the excited state is given by
pe �Gabs=Grel. This small population is probed by an even smaller
tunneling coupling Ges, such that the tunneling out rate is
Gout ¼ peGespGabspSIðoÞ. The tunneling-out rate is detected by
a time-resolved measurement of the quantum point contact
Fig. 3. Quantum dot in an InAs quantum wire on top of a Ga[Al]As heterostructure

hosting a two-dimensional electron gas in which a quantum point contact has

been formed by wet chemical etching.
conductance itself. The cycle is closed by refilling an electron from
below the Fermi energy into the quantum dot.

Fig. 5 shows the measured tunneling-out rate Gout as a
function of the quantum point contact source–drain bias voltage
VSD. The measurement shows the linear increase of the tunneling-
out rate predicted by the power spectral density SIðoÞ. The onset
of the linear increase is at VSD ¼ 2:5 mV corresponding to the
ground-state–excited-state transition energy. The logarithmic
plot of Gout in Fig. 5(b) allows to identify the thermal
denominator in Eq. (1). The three measurements shown in Fig. 5
have been performed for different values of the ground state
energy measured relative to the electrochemical potential in the
contact (denoted m in Fig. 4). If m approaches the quantum dot
excitation energy, the measured tunneling out rate is suppressed,
because the electron in the excited state finds an increasing
number of occupied states in the contact.

Another aspect of the shot noise formula in Eq. (1) can be
investigated, if the quantum point contact transmission is set to
different values between zero and one. Care has to be taken that
the quantum point contact still remains sensitive to changes of
the quantum dot charge state (experimentally this excludes
measurements in a regime where T is too close to one). It has
been shown in Ref. [26] that the T ð1�T Þ- dependence can indeed
be reproduced with reasonable accuracy.

A shortcoming of the single quantum dot noise detection
described above is the fact that the frequency dependence of the
spectral density SIðoÞ cannot be directly measured, because the
ground-state to excited-state energy difference cannot be tuned.
This problem can be overcome by coupling the quantum point
contact to a double quantum dot system. This idea is related to
the concept of using a double quantum dot as an energy tunable
detector theoretically explored in Refs. [32,33]. Experiments along
these lines have been performed in Ref. [25], where the structure
was based on lateral patterning of a two-dimensional electron
gas. The basic idea of this measurement is depicted in Fig. 6. The
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double quantum dot system is tuned to a regime, where an
electron can be excited from the ground state in the right dot to
the excited state in the left dot. The detuning energy D is the
excitation energy of the system. It can be set to any value between
the minimum given by the tunneling coupling between the dots
and the maximum given by the smallest excitation energy within
any of the two dots. In our experiment tuning was possible
between 80 and 300meV corresponding to photon frequencies
between 20 and 80 GHz. Like in the previous experiment, the
absorption rate of a photon from the quantum point contact shot
noise SIðoÞ is Gabs. Its value is small compared to the relaxation
rate from the excited state into the ground state Grel (not
indicated in Fig. 6), such that a small excited state population pe

is built up, which can be probed with a small tunneling coupling
Ges of the excited state to the contact, exactly like in the previous
experiment.

The result of the corresponding measurement of the finite
frequency shot noise as a function of D is shown in Fig. 7. The
decrease is, within measurement accuracy, linear with level
Fig. 6. Schematic energy diagram of a double quantum dot system used as an

energy tunable detector for energy quanta. In the case of shot noise experiments

the energy quanta are photons emitted from the quantum point contact.

Fig. 7. Measured power spectral density of the finite frequency shot noise as a

function of the excitation energy D. Dashed lines represent fits to the shot noise

formula, Eq. (1). The three curves were measured for three different source–drain

bias voltages applied to the quantum point contact.
separation D, i.e. with excitation energy ‘o, in agreement with
the prediction of Eq. (1). The dashed lines in the figure represent
the expected outcome according to this formula. The three curves
were measured for different source–drain voltages applied to the
quantum point contact detector. Correspondingly, the finite
frequency cut-off occurs at different energies corresponding to
the values of these voltages.

Summarizing the experimental findings of this section, we can
state that all details of the finite-frequency shot noise spectrum
given by the power spectral density SIðoÞ in Eq. (1) have been
confirmed by the experiments described above. The results
comprise the dependence on the quantum point contact source–
drain bias voltage, the thermal smearing close to the cut-off
frequency, the T ð1�T Þ- dependence on the quantum point
contact transmission, and the frequency dependence.
4. Indirect back-action via ohmic heating of the phonon bath

We now turn our attention to a different, indirect back-action
mechanism [34]. The basic idea of this experiment can be well
illustrated with Fig. 6. This figure does not contain any reference
to a particular source of the energy quanta ‘o. While in the
previous experiments, we have considered photons originating
from the quantum point contact, we will now consider phonons
excited in the host crystal in which the coupled quantum dot
system is realized. In such a scenario, Fig. 6 illustrates a transport
cycle in which phonons excite the double quantum dot system in
such a way that an electron jumps from the right to the left dot.
Although it will relax back in most of the cases, in some instances
it can be expected to leave the left dot towards the left contact. In
this case, the transport cycle is completed, when an electron is
refilled into the ground state by tunneling into the right dot from
the right contact. This implies that a finite electrical current can
be measured in the circuit of the double quantum dot in the
absence of an applied source–drain bias voltage.

However, general thermodynamic considerations involving
entropy and the second law of thermodynamics immediately
suggest that we could not generate a current without an applied
bias, if the phonon bath and the electronic system were in
thermodynamic equilibrium, as this would constitute a perpe-
tuum mobile. As a consequence, the current can only be
generated, if the phonon bath is at a higher temperature than
the electronic system. The system then acts as a thermoelectric
generator: energy in the form of heat flows from the phonon bath
into the electronic system. However, during this process electrical
work is done by lifting an electron up in energy. This work can be
extracted in the form of a current that may be pushed through a
load. The general thermodynamic principle of this kind of
thermoelectric engine is illustrated in Fig. 8.
Fig. 8. Schematic illustration of the thermodynamic principle governing the

generation of electrical power W in a thermoelectric engine, given that the

electronic system (the electrons in the double quantum dot contacts) and the

phonon system (lattice vibrations in the host crystal) are not in thermodynamic

equilibrium, i.e. Tph 4Tel. Heat flows from warm to cold. As a side effect of the

cleverly tuned double quantum dot levels with their built-in left–right asymmetry,

a current is generated leading to the extraction of electrical power W. The first law

of thermodynamics ensures that Qin ¼QoutþW .
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Fig. 9. Measurement of the current through the double quantum dot at zero

applied source–drain bias voltage. Different measurement curves correspond to

different currents applied to the quantum point contact. Solid lines are fits to a

theoretical model.
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How are these considerations related to the quantum point
contact charge detector and its back-action? The answer is that
the operation of the QPC unavoidably generates heat which will
lead to an increased temperature of the phonon bath. From a
quantum measurement perspective, this process can be regarded
as the creation of entanglement between the phonon bath and the
electronic circuit of the double quantum dot. Indeed, the
measurements of Ref. [34] have been interpreted in this spirit
using a dedicated microscopic theoretical description.

At this point we need to emphasize important differences
between the double quantum dot experiments aiming at the
detection of photons originating from shot noise in the quantum
point contact detector, and the experiment to be described here.
In the present experiment, the direct current through the double
quantum dot was measured. In order to be able to do that, the
coupling of the double quantum dot to source and drain contacts
was orders of magnitude higher than in the experiments
described above, where charge detection with time-resolution
was used for detecting the occupation of the excited state. Two
further differences ensured in the experiment described here that
shot noise did not couple into the double quantum dot system:
first, the quantum point contact was operated at the first
conductance plateau where T � 1 and therefore SIðoÞ � 0 (this
precaution, however, turned out to be not crucial for the
experimental results); second, a large area metallic top gate
covering the double quantum dot and the quantum point contacts
screened the Coulomb coupling between the two devices
efficiently. Last but not least, the quantum point contact bias
voltage was tuned to considerably higher values (up to 1 mV) than
in the previous measurement on lateral coupled quantum dots.

Fig. 9 shows the current that has been measured in this
experiment as a function of the detuning D of the double quantum
dot energy levels. No source–drain bias voltage was applied to the
double quantum dot. Different curves in the figure correspond to
different currents flowing through the quantum point contact. If
the quantum point contact current is zero, no current can be
driven through the double quantum dot, because the electronic
system and the phonon bath are essentially in thermodynamic
equilibrium. However, if a quantum point contact current of
100 nA is applied, a finite current of several hundred femtoampere
through the double quantum dot is observed at nonzero detuning.
The magnitude of the current flowing at positive detuning is
much larger than that flowing at negative detuning. However, the
sign of the current flow depends on the sign of the detuning. It is
the detuning of the energy levels which creates the necessary
asymmetry of the structure to give the current a preferential
direction, similar to the case of a classical ratchet.

The observed data can be described in more detail if a
microscopic model of the double quantum dot and its coupling
to the phonon bath is invoked, as it was elaborated in Ref. [34]. In
this model, the double quantum dot is described using a rate
equation approach. It turns out that, within this model, the
asymmetric shape of the observed current as a function of the
detuning in Fig. 9 is due to the asymmetric tunneling coupling of
the two dots to the respective contacts which can be confirmed
independently by standard transport measurements. In the
model, the coupling of electrons in the double quantum dot to
acoustic phonons is taken into account in first order perturbation
theory, allowing for deformation potential and piezoelectric
coupling [34]. A number of form factors and energy-dependent
coupling constants arising from the interaction matrix elements,
as well as the energy-dependent phonon spectral density
influence the detailed shape of the calculated current traces that
are shown in Fig. 9 as solid lines.

In particular, the size of the two quantum dots makes phonon-
coupling for large D (large phonon wave vectors) inefficient and
contributes to the decrease of the measured current at large
detuning. The wave function overlap between the relevant
ground- and excited double quantum dot states (symmetric and
antisymmetric state) decreases with increasing detuning, thereby
adding another factor to the decrease of the measured current at
large detuning. On the other hand, the increase of the measured
current at low detuning is supported by a contribution to the form
factor arising from the interdot separation d which suppresses
transitions involving phonon wavelengths much larger than d.
Additional contributions to the current increase at low detuning
stem from the phonon density of states which increases with
increasing energy, and the deformation potential and piezo-
electric electron–phonon coupling constants. All these energy-
dependent factors result in a response function of the double
quantum dot that is large only in a small energy range with a
maximum caused by the competition of factors increasing with
energy and other factors decreasing in energy.

In order to keep the model as simple as possible, the phonon
bath was assumed to be in thermal equilibrium at an effective
temperature Tph, whereas the electrons in the contacts of the
quantum dot were assumed to be in thermal equilibrium at the
temperature Te. While Te can be determined from the width of
conductance resonances in the Coulomb blockade regime, the
phonon temperature Tph remains a fitting parameter for the
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current calculated from the model that enters the spectral density
of the phonon bath. In general, higher values of Tph�Te lead to
larger phonon-induced current signals. Phonon temperatures
extracted from the fits range from a few hundred millikelvin up
to more than 1 K [34]. Similar experiments to those described here
have been reported in Ref. [35].
5. Conclusion

In this paper we have reviewed experiments on direct and
indirect back-action phenomena arising in setups where a
quantum point contact charge detector is coupled capacitively
to a quantum dot system. Direct back action was found in good
agreement with the idea that nonequilibrium shot noise present
in the detector couples back to the measured quantum dot
system. The experiments allowed to identify all relevant char-
acteristics of the predicted finite frequency shot noise spectrum in
a frequency range between 0.01 and 0.7 THz. Indirect back-action
could be successfully described using the model of a phonon bath
heated by the operation of the quantum point contact detector.
The basic physics behind this mechanism is in analogy with a
thermoelectric engine converting heat into electric power utiliz-
ing the temperature difference between two equilibrium reser-
voirs. The experiments show that in systems, where the change in
QPC current upon addition of a single electron to the double
quantum dot is in the range of a few percent or above, and the
QPC source–drain voltage is kept below about 1 mV, phonon
related effects can be safely neglected in comparison to capacitive
back-action effects. The findings described in this paper are
therefore of great relevance for the operation of quantum point
contact charge detectors as read-out devices for charge- or spin-
qubits realized in semiconductor quantum dots.
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