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hostile environments as found near millisecond pulsars29, it could
well be that planet formation is now occurring in the stationary
circumbinary disk of the evolved system HD44179.
There is direct evidence for the presence of magnesium-rich
crystalline silicates in the proto-solar nebula, because crystalline
enstatite (a magnesium-rich pyroxene) has been found in interplanetary dust particles30. It may very well be that these grains were
produced in the outflows of evolved red giants and supergiants.
However, so far no strong evidence for the presence of crystalline
silicates in the ISM has been found. This implies that crystalline
silicates may not be produced sufficiently abundant to be detected
in the ISM, where they are mixed with other dust components.
Alternatively, the crystalline grains may be destroyed in the ISM.
The relatively high abundance of crystalline silicates observed in
some proto-planetary disks7 suggests that crystallization may also
occur during the star formation and planet formation process. M
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Wave–particle duality, as manifest in the two-slit experiment,
provides perhaps the most vivid illustration of Bohr’s complementarity principle: wave-like behaviour (interference) occurs
only when the different possible paths a particle can take are
indistinguishable, even in principle1. The introduction of a whichpath (welcher Weg) detector for determining the actual path taken
by the particle inevitably involved coupling the particle to a
measuring environment, which in turn results in dephasing
(suppression of interference). In other words, simultaneous
observations of wave and particle behaviour is prohibited. Such
a manifestation of the complementarity principle was demonstrated recently using a pair of correlated photons, with measurement of one photon being used to determine the path taken by the
other and so prevent single-photon interference2. Here we report
the dephasing effects of a which-path detector on electrons
traversing a double-path interferometer. We find that by varying
the sensitivity of the detector we can affect the visibility of the
oscillatory interference signal, thereby verifying the complementarity principle for fermions.
Mesoscopic systems3 can be used to study the interplay between
interference and dephasing of electrons4. Nano-scale fabrication
and low-temperature measuring techniques, which minimize unintentional dephasing, enable the observation of variety of coherent
effects of electrons such as an induced Aharonov–Bohm phase,
weak localization, resonant tunnelling and conductance quantization3. A controllable dephasing via a which-path detector, on
the other hand, has not been previously demonstrated in such
systems.
In our experiment we used a double-path electronic
interferometer5, fabricated within the plane of a high-mobility
two-dimensional electron gas. The two paths are defined by two
slits electrons can pass through, with one slit in the form of a
coherent quantum dot (QD)5,6. The QD is a trap that captures
electrons for a relatively long time, like a resonant delay line, thus
allowing the electrons to be detected more easily. Near the QD, but
electrically separated from it, a quantum point contact (QPC) is
fabricated, serving as a which-path detector. The QPC is a short
conducting segment with width comparable to the electron wavelength, allowing only a small number of modes to pass. It is expected
that an electron passing the QD-slit will interact with the nearby
QPC-detector (both systems are thus ‘entangled’7) and modify the
conductance of the QPC8. This detection process leads to dephasing,
that is, to a suppression of the double-path Aharanov–Bohm
interference.
The two-path interferometer (Fig. 1) consists of emitter E and
collector C constrictions; each constriction is made by a singlemode QPC, and there is a base region B between them. The
grounded base contacts (with voltage V B ¼ 0) serve as draining
reservoirs for back-scattered electrons, ensuring that only two
forward-propagating paths reach the collector. The emitter is
separated from the collector by a barrier with two slits; one of
those slits is a QD. As the collector signal is small, we incorporated
additional reflecting barriers (the white gates in Fig. 1a) to direct the
emitted electrons into the two slits and subsequently to reflect them
towards the collector. All measurements were done at an electrons
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temperature Θ < 80 mK and an a.c. emitter excitation voltage
V E ¼ 10 mV. Under these conditions both coherence length (due
to unintentional dephasing) and mean free path for elastic scattering of the electrons exceed the entire size of the interferometer.
The collector current is related to the transmission probability
from emitter to collector, TEC, via the multiprobe conductance
formula9, I C ¼ ð2e2 =hÞT EC V E . As stressed above, the dominant
contribution to TEC comes from the two direct paths, those going
from E to C through the two slits (depicted by the two dotted lines in
Fig. 1a; longer paths, resulting from multiple reflections from walls,
are much less probable. A phase difference between the two direct
paths, Da ¼ 2pΦ=Φ0 , is induced via the Ahoronov–Bohm effect
(for a review see ref. 10). Here Φ is the magnetic flux threaded
through the area, A, enclosed by these two paths and Φ0 ¼ h=e is the
flux quantum. Consequently, the collector current oscillates as a
function of magnetic field B with a period DB ¼ Φ0 =A ¼ 2:6 mT,
corresponding to a phase difference between the two paths equal to
2p, as seen in Fig. 2a.

Figure 1 The which-path device. a, Schematic description of the top electrodes

Figure 2 Conduction characteristics of the which-path device. a, Aharonov–

and contacts of the interferometer and the detector. The interferometer is

Bohm oscillations of the collector current IC with a period DB ¼ Φ0 =A ¼ 2:6 mT.

composed of three different regions, emitter E, collector C, and base B. The right

The solid line is measured with QPC drain source voltage V d ¼ 0 (which-path

slit is in a form of a quantum dot, QD (with area 0:4 3 0:4 mm2 ) with a quantum point

detector turned off), while the dotted line, with a reduced visibility, is measured

contact, QPC, on its right side serving as a which-path detector. The excitation

with V d ¼ 100 meV. (a.u., arbituary units.) b, The conductance of the QD, gQD, and

voltage VE is applied between emitter and base. b, Top-view scanning electron

the transmission of the QPC nearby, Td, as a function of the plunger gate voltage,

micrograph of the device. Scale bar, 1 mm. The GaAs-AlGaAs heterostructure

Vp. The inset shows schematically the coupled structures. c, The induced

supports a high-mobility two-dimensional electron gas (2DEG) (with density

average change in the transmission probability of the QPC detector, DTd, due to

ns ¼ 3:0 3 1011 cm 2 2 and low-temperature mobility m ¼ 2:8 3 106 cm2 V 2 1 s 2 1 )

adding an electron to the QD as a function of Td. DTd is calculated by averaging

formed 60 nm beneath the surface. Potential barriers and narrow openings in

over several coulomb-blockage peaks. The reduced value of DTd near T d ¼ 0 and

the plane of the 2DEG are induced by negatively biased miniature metal gates

T d ¼ 1 is a consequence of approaching the conductance plateaus.

deposited on the surface of the heterostructure, thus depleting the electrons
underneath the gates. A special lithographic technique, involving a metallic air
bridge, is used to contact the central gate that depletes the area between the two
slits (this serves also as plunger gate of the QD).
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The suppression of Ahoronov–Bohm oscillations due to the
which-path detector depends on the effect an electron dwelling in
the QD has on the detector. We study the QD–QPC interaction by
means of a calibration device (seen in Fig. 2b inset), fabricated on
the same wafer, containing a QD and a QPC similar to these in the
which-path interferometer. The QD is tuned to the coulomb
blockade regime, having therefore well separated energy levels, by
adjusting the resistance of each of its two QPCs to be greater than
h/2e2. Each peak in the conductance of the QD, scanned by the
plunger gate voltage Vp (see Fig. 2b), is associated with adding a
single electron in the QD. Owing to the proximity between the QD
and QPC, the transmission probability of the QPC-detector Td, and
thus its conductance g d ¼ ð2e2 =hÞT d , are affected by the potential of
the QD8. As the plunger gate voltage is being scanned between two
adjacent conductance peaks, with fixed charge in the QD, the
potential of the QD changes smoothly. However, when a conductance peak is being scanned, with an electron being added to the QD,
a faster and opposite change in the potential of the QD takes place,
on the scale of the peak width. Consequently, the potential of the
QPC, and therefore Td, are expected to show a saw-tooth-like
oscillations (with amplitude DTd), as indeed observed in the
experimental results in Fig. 2b (see also ref. 8).
We now consider the expected quantitative dephasing induced
by the WP detector. This has been treated recently by Aleiner
et al.11, Levinson12, Gurvitz13, and Imry14. Following ref. 4, we
write the entangled wavefunction of the whole system
(interferometer þ detector) as:
jwi ¼ jfl ie # jxl id þ eiDa jfr ie # jxr id

ð1Þ

where jfl ie (jfr ie ) is the electronic partial wave in the left (right)
path, and jxl id (jxr id ) represents the state of the detector coupled
to the left (right) partial electronic wave. The probability to find
the electron at the collector is found by summing over all
possible states of the detector (as the collector is sensitive only to
the electron position, regardless the state of the detector), T EC ¼
oi jhwjrC ie # jxi id j2 where jrC ie represents the state of an electron at
the collector. Assuming jxl id and jxr id are normalized one finds:

(where Re denotes real part) with the visibility of the interference
pattern,defined as the peak-to-valley value normalized by the
average value, being proportional to:
vd ¼ jd hxr jxl id j

ð3Þ

Here vd represents which-path information that can be obtained
from the detector15, namely, the smaller vd is, the stronger is the
dephasing and the weaker is the visibility. In the extreme case, when
the detector determines unambiguously where the electron is, both
detector states jxl id and jxr id are orthogonal and the Ahoronov–
Bohm interference vanishes.
How certain is our which-path detection? An electron entering
the QD-slit changes the transmission probability of the QPCdetector by DTd. The rate at which particles probe the detector at
zero temperature is 2eVd/h, where Vd is the voltage across the
detector. Thus, the number of particles probing the detector
during the dwell time of the electron in the QD, td ¼ h=2pΓ (Γ is
the elastic width of the resonant state), is N ¼ td 2eV d =h ¼
ð1=pÞeV d =Γ. Now, we let Nt be the number of transmitted particles
out of the total N particles probing the detector. This is a binomial
random variable (leading to ‘shot noise’ in the current), having an
expectation value hN t i ¼ NT d and a standard deviation
jðN t Þ ¼ NT d ð1 2 T d Þ (refs 16, 17). To determine the certitude
of the detection and thus the extent of dephasing, DTd has to be
compared with the resultant uncertainty in Td, given by
jðT d Þ ¼ T d ð1 2 T d Þ=N . For a noisy detector, jðT d Þ q DT d : the
detector does not provide which-path information and one expects
distinct interference, namely vd < 1. Whereas for a quiet detector,
jðT d Þ p DT d : one can determine, even if ‘in principle’, the path the
electron takes, and consequently, the interference pattern is
expected to diminish.
A direct evaluation of the overlap vd in equation (3), for a
symmetric barrier in the QPC detector11, leads to vd ¼
1 2 ð1=8Þ½DT d =jðT d Þÿ2 at zero temperature, namely:

p

p

vd ¼ 1 2

1 eV d ðDT d Þ2
p Γ 8T d ð1 2 T d Þ

ð4Þ

T EC ¼ je hfl jrC ie j2 þ je hfr jrC ie j2 þ 2Re½eiDa e hfl jrC ie ⋅e hrC jfr ie ⋅d hxr jxl id ÿ
ð2Þ

We measured the visibility of the Ahoronov–Bohm oscillations
when the QD-slit is tuned to a conduction peak (using the central

Figure 3 Measurements of visibility. a, The transmission probability of the QPC

remaining oscillatory component squared leads to the peak-to-valley value. Last,

detector, Td, as a function of the voltage applied to the right gate of the QPC-

the visibility is found by dividing by the average value of IC. Error bars indicate the

detector, Vg. b, The visibility (v) of the Ahoronov–Bohm (AB) oscillations as a

fluctuations in visibility due to fluctuations of device’s properties (instrumental

function of Vg for two values of drain source voltage, Vd. The peak-to-valley value

noise is negligibly small). c, The visibility of the AB conductance oscillations as a

of the AB oscillations is obtained using the following procedure. First, the non-

function of Vd for a fixed T d ¼ 0:2. The behaviour is linear for eV d . kB Θ with

oscillatory component of the trace IC versus B is subtracted using a least-mean-

saturation for low Vd.

squared fit to a polynomial of degree 2. Second, numerical integration of the
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metal island as a plunger gate), and the QPC-detector conducting
current with transmission 0 < T d < 1. Figure 3a shows the transmission probability of the QPC detector, Td, and Fig. 3b shows the
visibility for two values of Vd, both as a function of Vg (see Fig. 1a).
For V d ¼ 100 mV the observed visibility peaks when DTd of the
QPC-detector is small near conductance plateaus, and also near
T d ¼ 0:5, with the quantum shot noise in the QPC-detector at
maximum. In these regimes the which-path detector provides leastcertain information about the location of the electron and therefore
dephasing is small. These features disappear when Vd is reduced to
10 mV. This observation confirms that the behaviour of the visibility
found for V d ¼ 100 mV is indeed due to dephasing, and is not
related to undesirable electrostatic effect of Vg on the QD.
To compare our experimental results for the case V d ¼ 100 mV
with theory, we use the zero-temperature value of vd in equation (4)
(valid because eV d q kB Θ < 7 meV (E.B., unpublished results). We
use the measured DTd in the calibration device (see Fig. 2c) and a
value Γ ¼ 0:5 meV (corresponding to td < 1:3 ns) as a fitting parameter. The calculated visibility, drawn as a solid line in Fig. 3b,
shows reasonable agreement with experiment, both qualitatively
and quantitatively. The dependence of the visibility on drain source
voltage Vd (measured in a different working regime from that shown
in Fig. 3b) is given in Fig. 3c. For eV d q kB Θ, the visibility drops
linearly as the probing rate of the QPC-detector by the electrons
increases, as expected from equation (4). The deviation from the
linear dependence near V d ¼ 0 can be accounted for by the fact that
eV d < kB Θ (E.B., unpublished results).
Apart from demonstrating the principle of complementarity, we
believe that similar experimental set-ups, but with higher detector
sensitivity, may be used to study other fundamental problems in
quantum mechanics. For example, looking at the current of the
which-path detector in the time domain may shed light on the old
and controversial issue of wavefunction collapse. Moreover, increasing the mutual coupling between detector and interferometer might
open a way to fabrication of an electronic quantum bit, with
M
possible applications in quantum computing.
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Ultrathin crystalline films offer the possibility of exploring phase
transitions in the crossover region between two and three dimensions. Second-order ferromagnetic phase transitions have been
observed in monolayer magnetic films1,2, where surface anisotropy energy stabilizes the two-dimensional ferromagnetic state
at finite temperature3. Similarly, a number of magnetic materials
have magnetic surface layers that show a second-order ferromagnetic–paramagnetic phase transition with an increased Curie
temperature4. Ferroelectricity is in many ways analogous to
ferromagnetism, and bulk-like ferroelectricity and finite-size
modifications of it have been seen in nanocrystals as small as
250 Å in diameter5, in perovskite films 100 Å thick6 and in crystalline ferroelectric polymers as thin as 25 Å (refs 7–10). But these
results can be interpreted as bulk ferroelectricity suppressed by
surface depolarization energies, and imply that the bulk transition has a minimum critical size11–13. Here we report measurements of the ferroelectric transition in crystalline films of a
random copolymer of vinylidene fluoride and trifluoroethylene
just 10 Å (two monolayers) thick. We see a first-order ferroelectric
phase transition with a transition temperature nearly equal to the
bulk value, even in these almost two-dimensional films. In addition,
we see a second first-order transition at a lower temperature,
which seems to be associated with the surface layers only. The
near-absence of finite-size effects on the bulk transition implies that
these films must be considered as two-dimensional ferroelectrics.
Ferroelectric polymers have been studied in great detail for nearly
30 years and are in wide use in a variety of piezoelectric devices14,15.
One of the most interesting systems is the random copolymer of
vinylidene fluoride with trifluoroethylene, P(VDF-TrFE) (ref. 16),
consisting of –((–CF2 –CH2)x –(–CF2 –CHF–)1−x)n – chains with a
regular intra-chain period of 2.6 Å, controlled by the C–C bonds
between fluorine pairs, as shown in Fig. 1a. In the ferroelectric
phase, the all-trans chains are arranged in parallel rows in a quasihexagonal close packing with orthorhombic mm2 structure17.
P(VDF-TrFE 70:30) has a first-order ferroelectric–paraelectric
phase transition (connected with the conversion of all-trans
chains to mixtures of trans and gauche bonds with little or no net
dipole moment16) with Curie temperature T c < 100 8C (the Curie
temperature increases with the proportion of the VDF component),
thermal hysteresis of DT c < 20 8C, and a spontaneous polarization
Ps < 0:1 C m 2 2 at room temperature16. Thin films have usually been
formed by solvent spinning and are polymorphous, containing
amorphous material and incompletely orientated crystallites.
Finite-size effects were evident from an increase in the coercive
field in films as thin as 600 Å (ref. 18).
The first crystalline Langmuir–Blodgett-deposited polymer
films, of P(VDF-TrFE 70:30), achieved a great improvement in
quality7,8,10. They have excellent crystalline order and show the firstorder ferroelectric–paraelectric transition at T c < 80 8C on cooling.
These ferroelectric polymer films, 30 monolayers (ML) thick
(,150 Å), also showed double hysteresis and the critical point19,
and a new conductance switching controlled by the polarization
state8. Finite-size effects have been demonstrated in these films; the
NATURE | VOL 391 | 26 FEBRUARY 1998

