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We demonstrate a controlled dephasing experiment via exploiting a unique entangled interferometer-
detector system, realized in an electronic mesoscopic structure. We study the dephasing process both
from the which path information available in the detector and, alternatively, from the direct effect of the
detector on the interferometer. Detection is possible only due to an induced phase change in the detector.
Even though this phase change cannot actually be measured, strong dephasing of the interferometer took
place. The intricate role of detector’s noise and coherency are investigated.

PACS numbers: 73.23.–b, 03.65.Bz, 73.40.Hm, 85.30.St
An electronic mesoscopic system, where electrons
maintain their wave properties, may serve as an excel-
lent playground for demonstrating quantum mechanical
interference. In turn, the Coulomb interaction among the
electrons can strongly affect this interference, facilitating
entanglement between coupled coherent systems. Such
coupled coherent systems are the basis for the realization
of quantum computers. Recently, a mesoscopic which
path (WP) type experiment was performed by Buks
et al. [1]. There, a WP detector, in the form of a quantum
point contact (QPC), was placed in close proximity to one
path of a two-path electron interferometer [2]. Electrons
traversing this path affected the current in the detector,
and even though the actual current was not measured
partial dephasing took place. The loss of coherence can
be understood also from another, equivalent [3], point
of view: via looking at the direct effect of the charge
fluctuations in the detector on the interferometer. Al-
though theoretical analysis, based on the two approaches,
resulted with similar predictions [4–9], the exact role of
charge fluctuations in the detector is difficult to ascertain.
In this work a novel detector-interferometer system was
constructed, with detection being provided only via an
induced quantum mechanical phase in the detector’s
current. We show that, even though the induced phase
could not be extracted in our setup, strong dephasing of
the interferometer took place. Moreover, this result was
independent of the detector’s coherency.

The visibility of an interferometer, in an entangled
detector-interferometer system, can be expressed in terms
of a dephasing rate induced by the detector times an
effective time of interaction. We choose to estimate the
dephasing rate by relating it to the information supplied
by the detector [1,4,6], namely, to the overlap of detector
states: �xwjxwo�, with jxw� and jxwo� the states of the
detector with and without an electron in the trajectory it is
coupled to, respectively. A small overlap indicates nearly
orthogonal detector states, hence, clear determination of
the chosen trajectory leading to strong dephasing of the
interferometer.
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The overlap of the QPC detector states, with current
flowing through it, can be expressed in terms of the single
electron states in the QPC. These states are of the form
tdjt� 1 rdjr�, where td and rd are the complex transmis-
sion and reflection amplitudes, and jt� and jr� are the quan-
tum states of the transmitted and reflected electrons. For a
weak interaction between detector and interferometer (as
is usually the case) the dephasing rate, 1�tw , can be shown
to have the form [1,4,6]
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where Td � jtdj
2 and DTd are the transmission probabil-

ity through the QPC and the change in it induced by the
interferometer, Vd is the applied voltage to the QPC, and
g � Dut 2 Dur is a phase factor, with Dut and Dur the
respective phase changes induced by the interaction with
the interferometer in the transmitted and reflected waves.
Our experiment is designed to study only the second term
(namely, DTd � 0). Note that, while DTd can be deter-
mined directly via conductance measurement of the QPC,
the phase change g can be measured only by constructing
an interference loop within the detector between the trans-
mitted and reflected waves (see box in Fig. 1). Such an in-
terference signal, if it were to be measured, is proportional
to the product of the amplitudes of the transmitted and re-
flected waves

p
Td�1 2 Td�, and vanishes for Td � 0 and

1. In the alternative approach of understanding the dephas-
ing process, charge fluctuations in the detector, resulting
from partitioning of the incoming current by the QPC (re-
lated to shot noise, which is proportional to Td�1 2 Td�
[10]), interact Coulombically with the electrons in the in-
terferometer and lead to dephasing [8,9]. We have, though,
difficulties with the physical interpretation combining both
approaches. For example, while the second term in Eq. (1)
seems to be intuitively correct, namely, a noisy detector
leads to strong dephasing, the first term is inversely pro-
portional to the shot noise (proved to be experimentally
correct [1]).
© 2000 The American Physical Society
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FIG. 1. A schematic of the DQD interferometer and a QPC
detector. The QPC, the DQD, and the trajectories of the edge
states were defined by depositing metal gates on the surface
of the structure (heavy block lines) and biasing them nega-
tively. The DQD, with each dot lithographically patterned to
0.4 3 0.4 mm2, is placed some 30 mm away from the QPC.
The magnetic field is tuned so that one or two edge states coexist
near the boundary (n � 1, 2, respectively). The edge states em-
anating from an Ohmic contact on the left are partly transmitted
�jt�� and partly reflected �jr�� by the QPC. The transmitted edge
state is Coulombically coupled to the near by DQD interferome-
ter, which is in turn connected to its own circuit (with source S
and drain D). The DQD is tuned to resonance via voltages on
the two plunger gates, Vp1 and Vp2. Whenever an extra electron
is added to the DQD, the nearby edge state is slightly diverted
(dashed line) thus acquiring additional phase, Dut . Inset: A
schematic of the interference experiment that can measure the
phase change Dut hence providing “trajectory information.” We
do not actually perform such an interference experiment.

Experimentally, the device is fabricated in a high mo-
bility two-dimensional electron gas (2DEG), embedded
in a GaAs-AlGaAs heterostructure, with electron mo-
bility 5 3 105 cm2�V sec at �1 K (see Fig. 1). The
condition DTd � 0, g fi 0 can be realized when the
detector’s current flows in edge states, namely, in chiral
trajectories along edges of the sample, formed under the
application of strong perpendicular magnetic field. A QPC
constriction, added to the path of the edge state, serves as
an electron “beam splitter” (Fig. 1), leading to partitioning
of the edge state (namely, to reflected and transmitted
edge states). The interferometer, being located near the
transmitted edge state, but far from the QPC, induces only
a phase change Dut via spatially deflecting the edge state
but without affecting the transmission through the QPC.
We note schematically in the box in Fig. 1 how Dut can
be measured via interfering jt� and jr�.

A standard two-path interferometer, like the one em-
ployed in Ref. [1], is ineffective in the presence of a high
magnetic field. Hence, we used instead a double quantum
dot (QD) [11,12] as an interferometer. A QD can be re-
garded as an electronic version of the optical Fabry-Perot
interferometer, where interference takes place between the
many trajectories that bounce back and forth between the
two barriers connecting the QD to its leads. The interfer-
ence leads to sharp resonances in the transmission through
the QD at certain energies, each resonance with an intrin-
sic energy width Gi . The model used in Ref. [1] can be
expanded to this case [4]. An electron dwelling in the QD
interferometer charges it and deflects the nearby edge state
away from the QD. The deflected path accumulates an
extra phase Dut �g � Dut�, which is added to the trans-
mission phase of the QPC. Longer time dwelling tra-
jectories will affect a larger number of electrons in the
nearby edge state, making these trajectories distinguish-
able. Such partial dephasing leads to the broadening of
the resonance peaks to Gi 1 h̄�tw [4]. Alternatively,
the charge fluctuations in the edge state will “shake” the
resonant level, again leading to an effective level broaden-
ing. The broadening is expected to be accompanied by a
reduction in transmission peak height and a small shift in
peak energy.

In most cases the QD conductance peaks [generally
known as Coulomb blockade (CB) peaks] are quite broad,
reflecting the finite electron temperature in the leads (width
�4kBu, where u is the temperature), preventing an accu-
rate determination of weak dephasing. We hence employed
a double quantum dot (DQD) system, where degeneracy
between the resonant levels in both QDs is necessary for
conduction. Such degeneracy eliminates thermal broad-
ening, leading to considerably narrower CB peaks (width
�2Gi) [12]. With such a DQD interferometer the dephas-
ing process remains essentially the same; however, because
of the more complicated set of trajectories in the DQD we
have no quantitative theory to express the dependence of
peak width (or peak height) on the induced dephasing rate.

The DQD in Fig. 1 is being tuned with its gates to form
CB peaks “above” the plane spanned by the two plunger
gate voltages, Vp1 and Vp2. The CB peaks are located on
a hexagonal lattice [Fig. 2(a)]—a well-known fingerprint
of CB in a DQD [13]. A single magnified peak, with
a contour at half maximum, is shown in Fig. 2(b). We
use the area enclosed in this contour as a measure of the
dephasing rate.

A strong magnetic field is applied perpendicularly to the
plane of the 2DEG in order to get one or two edge states
propagating in the detector ( filling factor n � 1 or 2). We
present here results for n � 2, hence a conductance 2e2�h
of the detector when Td � 1. We employ a relatively high
injection voltage Vd in the QPC (2 mV), and hence can
treat the two edge states as single edge state [14]. Fig-
ure 3(a) shows the dependence of the “contour area” of a
single CB peak on Td of the QPC at a fixed Vd , namely,
at a constant impinging rate of electrons on the QPC de-
tector. It qualitatively follows the expression Td�1 2 Td�
in Eq. (1). Similarly, the peak height, seen in Fig. 3(b),
has an inverse dependence on that expression. Moreover,
a nearly linear dependence of the dephasing rate on the ap-
plied voltage Vd , at a constant Td � 0.7, is measured (inset
of Fig. 3). We also observed a similar behavior of other
CB peaks at n � 2 and at n � 1, as well as in a few
different devices. Note that due to the multiterminal con-
figuration of the device a change in Td does not affect the
dissipated power in the detector ruling out heating related
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FIG. 2 (color). Coulomb blockade in a DQD. (a) Conductance
of the DQD interferometer as a function of the two plunger gate
voltages Vp1 and Vp2. The bright spots correspond to CB peaks.
The hexagonal ordering is a known property of a DQD system
[9]. (b) Magnified view of one CB peak. The dashed line is a
contour drawn at half maximum of the peak height. Because of
the asymmetry of the peak shape we use the area enclosed by
this contour as a measure of the peak width.

dephasing. Changing the coupling between the detector
and the interferometer, in order to affect the induced phase
g, or alternatively, the effect of charge fluctuations in the
QPC on the DQD, is difficult since it changes unrelated
system properties.

Since the extraction of “trajectory information” from
the detector requires an interference experiment between
the transmitted and reflected edge states (box in Fig. 1),
an important question naturally arises: must the detector
be phase coherent in order to dephase the interferome-
ter? The complementary approach, however, suggests that
coherence is not necessary since the shot noise in the edge
5822
FIG. 3. Dependence of the CB peak shape on the QPC detector
properties. (a) The area of the contour at half peak height as a
function of the transmission probability, Td , for two values of
applied bias Vd � 0 and 2 mV. The dependence qualitatively
agrees with the expected Td�1 2 Td�. The measurement is done
at a filling factor 2. Note that the large applied Vd does not
allow resolving the splitting of the two edge states [14]. Inset:
The dependence of the contour area on the applied voltage, Vd ,
for Td � 0.7. (b) The dependence of the peak height (in units of
quantum conductance) on the transmission probability, Td , for
two values Vd � 0 and 2 mV.

state is independent of detector’s coherence. This apparent
contradiction can be easily put to theoretical and experi-
mental tests via adding an artificial dephasor in the path of
the transmitted edge state before it reaches the DQD [15].
We utilize a floating Ohmic contact as a dephasor; serving
as a thermal bath it emits the edge states that enter it totally
dephased. Figure 4(a) describes the test system. A nega-
tively biased gate in front of the floating Ohmic contact al-
lows removing the contact from the path of the transmitted
edge state. The experiment is repeated with Ohmic contact
in and out the path of the edge state, with the dependence
of contour area on Td shown in Fig. 4(b). A small decrease
in the dephasing rate in the presence of the Ohmic contact
is observed; however, we attribute it to the finite (parasitic)
capacitance of the Ohmic contact—“shorting to ground”
high frequency components of the shot noise [16]. Indeed,
by adding an external capacitor to the contact we were able
to decrease the dephasing rate much further (not shown).



VOLUME 84, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 19 JUNE 2000
FIG. 4. Experimental results with an introduction of a depha-
sor to the detector. (a) A schematic of the experimental setup
with a floating Ohmic contact introduced in the transmitted edge
state. The Ohmic contact serves as a dephasor for the transmitted
electrons. A gate in front of the Ohmic contact allows removing
this contact from the electrons’ path. (b) The area of the con-
tour at half peak height as a function of the transmission proba-
bility, Td , with and without the Ohmic contact in the electrons’
path. The decrease in the dephasing rate is attributed to the non-
negligible capacitance of the Ohmic contact.

The apparent contradiction raised above can be set-
tled within our model by including the dephasor (Ohmic
contact) degrees of freedom in the detector. The single
particle states of the “modified detector” (detector 1 de-
phasor) are tdjt�jpt� 1 rdjr�jpr �, where jpt� and jpr� are
the states of the dephasor for an electron being transmitted
or reflected by the QPC. The overlap factor �xwjxwo� now,
and consequently the dephasing rate, remains unchanged.
The interesting point to note is that with the dephasor the
WP information cannot be extracted by the gedanken ex-
periment proposed in Fig. 1. Only a rather more sophisti-
cated measuring scheme that includes the dephasor degrees
of freedom (experimentally unrealizable) might reveal the
phase information.

With this experiment we demonstrated the realization
of a controlled dephasing in an interfering mesoscopic
system. This was achieved by creating an entangled system
between a DQD interferometer and a phase sensitive QPC
detector. The dephasing process is understood both from
the which path information provided by the detector and
from the effect of charge fluctuations in the detector on
the interferometer. Although both approaches may provide
the same results, some aspects can be better understood by
utilizing one of them.
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