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Abstract:

We study the spin and charge pumping in mesoscopic structures: [I] Srain induced
coupling of spin current to nanomechanical oscillations; [I1] Visibility of current and shot
noise in eectrical Mach-Zehnder and Hanbury Brown Twiss interferometers; [l11]
Transport characteristics of the dc spin current generation involving a quantum dot; [IV]
Effects of impurity on the dc spin current generation in a Rashba-type channel; [V]
Dual-frequency modulation and sideband asymmetry characteristics in quantum transport
through quantum dot; [VI] The conductance of double quantum point contacts under
de-phase process;, [VII ] The analytic analysis of Fano resonance transport through a
mesoscopic two-lead ring.

[1] Strain induced coupling of spin current to nanomechanical oscillations

We propose a setup which allows to couple the electron spin degree of freedom to the mechanical
motions of a nanomechanical system not involving any of the ferromagnetic components. The
proposed method employs the strain induced spin-orbit interaction of electron in narrow gap
semiconductors. We have shown how this method can be used fro detection and manipulation of

the spin flow through a suspended rod in a nanomechanical device.

[1I] We investigate the visibility of the current and shot-noise correlations of electrical analogs of
the optical Mach-Zehnder interferometer and the Hanbury Brown Twiss interferometer. The
electrical analogs are discussed in conductors subject to high magnetic fields where electron
motion is along edge states. The transport quantities are modulated with the help of an
Aharonov-Bohm flux. We discuss the conductance (current) visibility and shot noise visibility as
a function of temperature and applied voltage. Dephasing is introduced with the help of fictitious
voltage probes. Comparison of these two interferometers is of interest since the Mach-Zehnder
interferometer is an amplitude (single-particle) interferometer whereas the Hanbury Brown Twiss
interferometer is an intensity (two-particle) interferometer. A direct comparison is only possible
for the shot noise of the two interferometers. We find that the visibility of shot noise correlations
of the Hanbury Brown Twiss interferometer as function of temperature, voltage or dephasing, is
qualitatively similar to the visibility of the first harmonic of the shot noise correlation of the
Mach-Zehnder interferometer. In contrast, the second harmonic of the shot noise visibility of the
Mach-Zehnder interferometer decreases much more rapidly with increasing temperature, voltage

or dephasing rate.

[III] Transport characteristics of the dc spin current generation involving a quantum dot:

We have investigated the mechanism of dc spin current ( SC ) generation by applying an ac
finger-gate ( FG ) atop a Rashba-type quantum channel. We consider the structure consisting of a
quantum dot ( QD ) located between two ac-FGs and resonance levels exist in the quantum dot
formed out of two static-biased gates in such quantum channel. The asymmetric spin-dependent
transmission coefficients of the electron is owe to the spin-dependent resonance inelastic



scattering ( RIS ) process while the electron transport through resonance levels of a quantum dot.
The transmission coefficient of the spin-up electron is smaller than the spin-down one while the
incident energy is around the resonant main peak. There are satellite peaks occurring around
nhQ away from the resonant main peaks due to the modulation of the ac-FGs. Here, the
transmission coefficient of the spin-up electron is larger than the spin-down one for the
spin-resolved satellite peaks. The time-dependent, spin-resolved mechanism makes the difference
(Ta. —Tga ) change its sign such that the polarized direction of the dc spin current (SC) would be
changed its sign due to the incident energy crossing the center of the resonant main peaks in our
system.

[IV] Effects of impurity on the dc spin current generation in a Rashba-type channel:

We have investigated the effects of a single impurity on the dc spin current (SC) generation in a
Rashba-type channel. The dc SC could be generated via a single ac finger-gate (FG). Effects of
impurity have strong dependence of transverse-location and strength for the transport of dc SC in
the channel. The spin-resolved dip structures are broadened while the impurity is away from the
edge inside of the ac-FG. The effect of impurity is decreased for the impurity in the edge of the
channel. The impurity has small effect for the transport while the impurity is outside of the ac-FG.
The spin-resolved inter-subband transition is observed while the incident energy near each

subband threshold because the symmetry of transverse direction is broken by the impurity.

[V] Dual-frequency modulation and sideband asymmetry characteristics in quantum transport
through quantum dot:

We study quantum transport of electrons through a quantum dot under dual-frequency modulation.
Under such modulation condition, the spatial-invariance is destroyed by the two potentials of
different oscillating frequencies. Hence, a net current will be formed by each time cycle. In
addition, we discover that electrons exhibit remarkable asymmetric side-peak structures. In some
conditions, electrons are more probable to make transition through resonance state by absorbing a
photon than emitting a photon. This characteristic will reverse when the resonance state

approaches subband bottom.

[VI] The conductance of double quantum point contacts under de-phase process

In many researches, the scale of system is much smaller then coherent length. So it neglect the
de-phase process due to electron scattering. We use custom method to induce numerical de-phase
process in 1-D case to solve 2-D problem through considering sub-band mixing. Observe
de-coherent strength how to influence the conductance of double quantum point contacts (QPCs)

1n series.

[VII] Fano resonance transport through a mesoscopic two-lead ring

The low-energy and ballistic transport through a 1-dimensional two-lead ring at zero magnetic
field is studied. Our study have focused on the case of the potential in the ring defines open but
not closed cavities, and it is found that Fano resonance may appear at energies correspond to the

standing wave states in the ring, but commensurate system parameters can shrink the widths of



the resonance at some energies to infinitesimally small. These findings suggest that the
conventional picture of the Fano resonance as an effect due to the interference between the paths
through resonant states and non-resonant continuum of states might not account for all the
Fano-type lines seen in the transport measurements. We analytically obtain the approximation
form to interpret the Fano Resonance peak structures. Moreover, the resonance may find
application in the fabrication of electrical nano-devices since it is sensitive to the system
parameters and hence tunable.

Keywords:

Quantum transport, quasi-bound state, inelastic scattering, quantum channel, spin current,
mesoscopic ring, Fano structures, dwell time, persistent current, current visibility, noise visibility,
Mach-Zehnder interferometer, the Hanbury Brown Twiss interferometer, edge states,

Aharonov-Bohm flux, dephasing, dual-frequency, quantum dot, impurity, quantum point contact
(QPC), conductance.



Motivations and goals

[1] Strain induced coupling of spin current to nanomechanical oscillations

an ability to control the spin transport in semiconductors is a key problem to be solved towards
implementation of semiconductor spintronics into quantum information processing [1-3]. Many
methods have been proposed to achieve control of the electron spin degree of freedom using
magnetic materials, external magnetic fields and optical excitation [3]. Other promising ideas
involve the intrinsic spin-orbit interaction (SOI) in narrow gap semiconductors to manipulate the
spin by means of electron fields [4] and electric gates [5, 6]. Recently, some of these ideas have
been experimentally confirmed [7,8].

In semiconductors the spin-orbit effect appears as an interaction of the electron spin with an
effective magnetic field whose direction and magnitude depend on the electron momentum. A
specific form of this dependence is determined by the crystal symmetry, as well as by the
symmetry of the potential energy profile in heterostructures. In strained semiconductors new
components of the effective magnetic field appear due to violation of the local crystal symmetry
[9]. The effective of the strain induced SOI on spin transport was spectacularly demonstrated by
Kato €. al. in their Faraday experiment [8]. An interesting property of the strain induced SOI is
that the strain can be associated with mechanical motion of the solid, in particular, with
oscillations in nanomechanical systems (NMS), in such a way making possible the spin-orbit
coupling of the electron spin to nanomechanical oscillations. At the same time a big progress in
fabricating various NMS [10] allows one to reach the required parameter range to observe subtle
effects produced by such a coupling.

We will consider NMS in the form of a suspended beam with a doped semiconductor film
epitaxially grown on its surface (see Fig. 1). An analysis of the SOI in this system shows that the
flexural and torsion vibrational modes couple most effectively to the electron spin. As a simple
example, we will focus the torsion modes. The strain associated with torsion produces the
spin-orbit field which is linear with respect to the electron momentum and is directed
perpendicular to it. This field varies in time and space according to respective variations of the
torsion strain. Due to the linear dependence on the momentum, the SOI looks precisely as
interaction with spin dependent electromagnetic vector potential. An immediate result of this
analogy is that the time dependent torsion gives rise to a motive force on electrons. Such a force,
however, acts in different directions on particles with oppositely oriented spins, including thus
the spin current in the electron gas. The physics of this phenomenon is very similar to the spin
current generation under time dependent Rashba SOI, where the time dependence of the SOI
coupling parameter is provided by the gate voltage variation [6]. In the present work we will
focus, however, on the inverse effect. Due to the SOI coupling, the spin current flowing through

the beam is expected to create a mechanical torsion. The torque effect on NMS due to spin flow



has been previously predicted [11] for a different physical realization, where the torque has been
created by spin flips at nonmagnetic-ferromagnetic interface. They also suggested an
experimental set up to measure such a small torque. The torque due to SOI effect can be by 2
orders of magnitude stronger than the torque produced by the current flowing through the
FM-NM interface. Hence, the SOI effect can be measured by the same method as was proposed
[11]. Besides this method, other sensitive techniques for displacement measurements can be

employed [12].

Fig. 1 : Schematic illustration of electromechanical spin current detector, containing a
suspended semiconductor-mental (S-M) rectangular rod atop an insulating substrate (blue). A
spin current is injected from the left semiconductor reservoir (yellow) and then diffuses
toward the metallic film (green). While passing through the semiconductor film, the spin

current induces torque shown by the black arrow.

[I1] Visibility of current and shot noise in electrical Mach-Zehnder and Hanbury Brown
Twissinterferometers:

With the advent of mesoscopic physics, it has become possible to experimentally investigate
quantum phase coherent properties of electrons in solid state conductors in a controlled way. In
particular, in ballistic mesoscopic samples at low temperatures, electrons can propagate up to
several microns without loosing phase information. This opens up the possibility to investigate
electrical analogs of various optical phenomena and experiments. An investigation of such
analogs is of fundamental interest. On the one hand, it allows one to establish similarities
between the properties of photons and conduction electrons, a consequence of the wave nature of
the quantum particles. On the other hand, it also allows one to investigate the differences between
the two types of particles arising from the different quantum statistical properties of fermions and
bosons. For many-particle properties, such as light intensity correlations or correspondingly
electrical current correlations, noise, the quantum statistical properties are important. [1,2] Both
the wave-nature of the particles as well as their quantum statistics are displayed in a clearcut
fashion in interferometer structures. In this work we are concerned with the electrical analogs of
two well known optical interferometers, the single-particle Mach-Zehnder (MZ) interferometer
and the two-particle Hanbury Brown Twiss (HBT) interferometer.

The MZ-interferometer is a subject of most textbooks in optics.[3] In the framework of
quantum optics, considering individual photons rather than classical beams of light, the
interference arises due to the superposition of the amplitudes for two different possible paths of a

single photon. This leads to an interference term in the light intensity. The MZ-interferometer is



thus a prime example of a single particle interferometer.[4] Various electronic interferometers
with ballistic transport of the electrons have been investigated experimentally over the last
decades, as e.g. Aharonov-Bohm (AB) rings[5] and double-slit interferometers.[6] Detailed
investigations of dephasing in ballistic interferometers was carried out in Refs. [7,8]. Only very
recently was the first electronic MZ-interferometer realized by Ji et al.[9] in a mesoscopic
conductor in the quantum Hall regime. A high visibility of the conductance oscillations was
observed, however the visibility was not perfect. This led the authors to investigate in detail
various sources for dephasing. As a part of this investigation, also shot noise was measured. Still,
some aspects of the experiment are not yet fully understood. Theoretically, Seelig and one of the
authors [10] investigated the effect of dephasing due to Nyquist noise on the conductance in a
MZ-interferometer. The effect of dephasing on the closely related four-terminal resistance in
ballistic interferometers [11] was investigated as well. Dephasing in ballistic strongly interacting
systems is discussed by Le Hur. [12,13] Following the experimental work of Ji et al.,[9]
Marquardt and Bruder investigated the effect of dephasing on the shot-noise in
MZ-interferometers, considering dephasing models based on both classical [14,15] as well as
quantum fluctuating fields.[16] Very recently, Forster, Pilgram and one of the authors [17]
extended the dephasing model of Refs. [10,14] to the full statistical distribution of the transmitted
charge.

The HBT-interferometer [ 18-20] was originally invented for stellar astronomy, to measure
the angular diameter of stars. It is an intensity, or two-particle,[4] interferometer. The interference
arises from the superposition of the amplitudes for two different two-particle processes.
Importantly, there is no single particle interference in the HBT-interferometer. Consequently, in
contrast to the MZ-interferometer there is no interference in the light intensity, the interference
instead appears in the intensity-intensity correlations. Moreover, the intensity-intensity
correlation also display the effect of quantum statistics. Photons originating from thermal sources
tend to bunch, giving rise to positive intensity cross correlations. For the electronic analog of the
HBT-interferometer, it was the corresponding anti-bunching of electrons that originally attracted
interest. It was predicted [1] that the electrical current cross correlations in mesoscopic
conductors would be manifestly negative, i.e. display anti-bunching, as a consequence of the
fermionic statistics of the electrons. Negative current cross correlations were subsequently
observed in two independent experiments.[21,22] Recently, anti-bunching for field emitted
electrons in vacuum was also demonstrated.[23] The two-particle interference in the
HBT-experiment has received much less attention. We emphasize that while the bunching of the
photons was necessary for obtaining a finite, positive cross correlation signal, it was the
two-particle effect that was of main importance to HBT since the angular diameter of the star was
determined from the two-particle interference pattern. In electrical conductors, two-particle
effects in AB-interferometers were investigated theoretically in Refs. [24-26]. Only very recently
two of the authors and Sukhorukov [27] proposed a direct electronic analog of the optical
HBT-interferometer which permits to demonstrate two-particle interference in an unambiguous
way.

In this work we investigate and compare in detail the current and and zero-frequency noise
in electronic MZ and HBT interferometers. We consider interferometers implemented in

mesoscopic conductors in the integer Quantum Hall regime, where the transport takes place along



single edge states and Quantum Point Contacts (QPC's) serve as controllable beam splitters. The
effect of finite temperature, applied bias and asymmetry, i.e. unequal length of the interferometer
arms, is investigated. The strength of the interference contribution is quantified via the visibility
of the phase oscillations. The dependence of the visibility on the beam splitter transparencies as
well as on the temperature, voltage and asymmetry is discussed in detail. Of interest is the
comparison of visibility of the shot-noise correlation of the MZ-interferometer and the
HBT-intensity interferometer. Shot noise correlations in the MZ-interferometer exhibit two
contributions, one with the fundamental period of h/e and a second harmonic with period h/2e.
The shot noise correlations in the HBT-interferometer, even though they are due to two particle
processes, are periodic with period h/e. Thus the Aharonov-Bohm period can not be used to
identify the two particle processes which give rise to the HBT effect. It is therefore interesting to
ask whether the HBT two-particle processes have any other signature, for instance in the
temperature or voltage dependence of the visibility of the shot-noise correlation. We find that this
is not the case. To the contrary, we find that the shot noise correlations in the HBT intensity
interferometer behave qualitatively similar to the h/e shot noise correlation in the
MZ-interferometer. In contrast the h/2e contribution in the shot noise of the MZ-interferometer
decreases more rapidly with increasing temperature, voltage or dephasing rate than the h/e
oscillation in the MZ- or HBT-interferometer.

We investigate dephasing of the electrons propagating along the edge states by connecting
one of the interferometer arms to a fictitious, dephasing voltage probe. In all cases, the current
and noise of the MZ-interferometer as well as the noise in the HBT-interferometer, the effect of

the voltage probe is equivalent to the effect of a slowly fluctuating phase.

[I11] Transport characteristics of the dc spin current generation involving a quantum dot:

Spintronics is important in both application and fundamental arenas [1,2,40]. The key issue
of great interest is the generation of dc spin current (SC) without charge current. We proposed the
SC generation via only one single ac-FG in a Rashba-type narrow channel [41]. A lot of methods
have been proposed to generate and manipulate SC by utilizing optical excitation [42] , spin
injection [43], and external magnetic field [44] in the QD system. More recently, another
alternative method for generation and control of the SC is based on the Rashba-type spin-orbit
interaction (SOI) in the narrow gap semiconductors [45].

The transport characteristics of metal-QD-metal structure have also been studied [46].
Utilizing the time-variation field to generate the SC has been studied in some mesoscopic systems
in adiabatic [47] and non-adiabatic regimes [41,48]. Here, we consider a mesoscopic structure
consisting of FG-QD-FG, where the FG is ac biased and QD is modeled by two delta potential in
the quantum channel. The spin-dependent RIS mechanism makes the spin-dependent electron
transit to its subband bottom such that the asymmetry spin-resolved transmission coefficients
occur [41]. The spin-dependent RIS plays a crucial role while the incident energy is close to the
resonance level or away nhQ from resonance level in the QD. We find that the difference of

spin-resolved transmission coefficients would be changed the sign depended on the incident
energy. The spin-down transmission coefficient is larger than spin-up one Ty >T, for incident

energy close to the resonance main peak. However, the spin-up transmission becomes larger than



spin-down one T >T, for the incident energy close to the satellite peaks with respect to the

resonance level.

Eventually, we obtain the dc SC without any charge current and opposite polarized direction
for SC via varying the electron incident energy. Experimentally, we can tune the strength of two
delta potentials to shift the energy of resonance main peak in order to change the switching point
of the polarized direction of a SC. This tunable polarized direction of the SC is more valuable in

the application of the spintronics device.

[1V] Effects of impurity on the dc spin current generation in a Rashba-type channel

We have proposed the dc SC generation via a ac-FG in Rashba-type quantum channel [41]. We
are also interested in effects of the impurity for the transport of dc SC. The location and strength
dependence of the impurity for the transport of dc SC has been studied. We find the effect of the
impurity would be enhanced while the impurity is away from the channel-edge inside the ac-FG.
The intersubband transition occurring near the subband bottom due to the translation invariance
being broken. The impurity has smaller effect for the transport while the impurity is outside the
ac-FG.

[V] Dual-frequency modulation and sideband asymmetry characteristics in quantum
transport through quantum dot:

Quantum pumping effect has been an interesting topic [49-51]. In this work, we try to achieve
quantum charge pumping in an alternative way by dual-frequency modulation instead of
introducing a phase difference into the time-dependent potentials. Our goal is to find the optimal
pumping modulation of the dual-frequency system, and also to get to understand the reasons

electrons exhibit asymmetric sideband transmission characteristics.

[VI] The conductance of double quantum point contacts under de-phase process.

In experimental results, the phenomenon of double QPCs (quantum point contact) in series
cannot be explained very well in classical theory. Because the conductance of one QPC will be
quantized, however, in classical theoretical treatment, the total conductance of double QPCs in
series still can observe the plateaus in curve. Here, we simply utilize an imaginary reservoir
between the double QPCs to simulate the de-coherent effect related to the electron scattering
process. This method can introduce a concept for the coherent length. We also can compare the

de-well time and the lifetime via this method.

[VII ] The analytic analysis of Fano resonance transport through a mesoscopic two-lead
ring:

The conventional Fano resonance is an effect due to the interference between resonant and
non-resonant processes. It was first proposed in atomic physics [52], and the effect was then
observed in a wide variety of spectroscopy such as the atomic photoionization [53], optical
absorption [54], Raman scattering [55], and neutron scattering [56]. As recent progress in the
technology of fabrication of electrical nano-devices has achieved devices with the size of the

order of the inelastic length scales of the conduction electrons, where within the electronic



transport is ballistic, the Fano resonance is also seen in condensed matter systems. For instance, it
is seen in the Scanning Tunneling Spectroscopy of a surface impurity atom [57,58], transport
through a quantum dot (QD) [59-64] or carbon nanotube [65]. Moreover, it is proposed that the

resonance can be used in the probe of phase coherence [66,67] and design of spin filters [68].

Results and discussion:

[I]1 Strain induced coupling of spin current to nanomechanical oscillations [70] (Appendix
A).

[ 11'] Visibility of current and shot noise in electrical Mach-Zehnder and Hanbury Brown
Twissinterferometers (Appendix B).

[I11] Transport characteristics of the dc spin current generation involving a quantum dot:
The system structure is shown in Fig. 1 and the QD is located between two ac-FGs. We use the
scattering matrix method to deal with such problem. For simplicity, we suppose the symmetric
structure such that the dc SC would be generated by ac-FG [1] without accompanying any charge

current.

Fig. 1: Schematic illustration of dc spin current generation involving a quantum dot on the

Rashba-type quantum channel.

Figure 2 presents the spin-resolved transmission coefficients Ty versus incident energy in the
unit of /Q for various amplitudes @, of the dynamic spin-orbit coupling constant. The

notation Ty denotes that electron is incident from left-hand side terminal into the right-hand

side terminal with spin state ¢ . We observe the spin-resolved transmission coefficient Ty <Tg
for the incident energy around the resonance main peaks E;=4.93 Q and E;=20.13 Q. The other
features are T, >T, for satellite peaks which are away from each resonance main peak in

nhQ. As increasinga,, the strength of inter-sideband transition become stronger such that the
difference of the spin-resolved transmission coefficients is enhanced due to the RIS through the

resonance levels in the QD.



Figure 3 shows the SC corresponding to the figure 2 and the charge current is zero for our
symmetric structure. The most interesting phenomena is that polarized direction of the SC have
opposite sign while the incident energy of an electron passes the two resonance main peaks. It is
because the difference of the spin-resolved transmission coefficients has the opposite-sign value

for the resonance main peaks and satellite peaks, respectively.
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We also find that the absolute value of the SC magnitude is larger in left-hand side of E; (the first

resonance main peak) than that in the right-hand side of E,. It is because the larger difference of



spin-resolved transmission coefficients in the left-hand side of E; due to the asymmetric satellite
peaks. The absolute value of the SC magnitude is almost equal for the left-hand side and
right-hand side of E; because of the unobvious asymmetric satellite-peak structures. The tunable
polarized direction of the SC is valuable to apply in the SC selector device based on

time-modulated FG in the semiconductor device.

Fig. 4: The magnitude square of
the spin-up (red) and spin-down
(blue) wave functions are
plotted as a function of spatial
coordinate in the Rashba-type
quantum channel. We choose the
incident energy for three points
(@) p, (b) g, and (c) r (see the
Fig. 2(c)). The QD is located
between x=-20 and x=20; the
first ac-FG is located between
x= -75 and x= -40; the second
ac-FG is located between x=40
and x=75. The transverse

direction is y direction.
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We can observe that the magnitude square for spin-up wave function is smaller than spin-down

wave function in Fig. 4 (b) in the transmission region (x>75) at the resonance main peak

corresponding to the relation T, <T . For the satellite peaks p and r, the situation is reversed,



Ta. >Tg , in the transmission region. The spin-dependent wave functions are localized within the
QD for the resonance main peak and satellite peaks in standing-wave profile due to the resonance

inelastic tunneling effect.

We use one-sideband approximation expressions of a single ac-FG to analyze the numerical

results. The spin-resolved one-sideband transmission coefticients are expressed in the form of
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All the spin-dependent difference comes from the spin-resolved wave vector k3 . Figure 5

presents the one-sideband approximation for the analytical and numerical results. Figure 5 (b) and
(c) reveal that the partial transmission coefficient T,, 1is larger for the spin-up electron than the
spin-down one due to the RIS process. It shows that the one sideband-transition mechanism plays
an important role for the difference of the spin-resolved transmission coefficients. While the
incident energy is close to the resonance main peak, the spin-up electron is more easily to transit
to the satellite peaks via absorbing or emitting hQ photon energy. For the energy around

satellite peaks, the transmission rate is barely low due to far from the resonance level in the QD.
It turns out the spin-up electron has lower transmission coefficient (T, <Tg ) due to the larger

probability to transit to the satellite peaks for the spin-up electron. In the other hand, the incident
energy of the electron coincides with the nearest satellite peaks away from the main peak such

that the spin-up electron has larger probability to transit to the resonance main peak passing

through the QD and we get the opposite result of T >Tj .
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Fig. 6: The spin-resolved transmission coefficients are plotted as a function of 4/Q with
varying the delta potential strength Vo= (a) 0.4, (b) 0.8, and (c¢) 1.2. The SC is shown in
(d) corresponding to the Fig. 6 (a)-(c). Other parameters are the same in the Fig. 2.

Next, we increase the strength Vj of the two delta potentials and the resonance levels are lift to
the higher energy. When the magnitude of Vyis enhanced, the band width of each resonance level
become more and more narrow in the QD. If we focus on the second resonance peak (purple
arrow), the satellite peaks (green arrows) would be resolved by increasing the strength of Vj in
Fig. 6 (a)-(c). The Fig. 6 (d) shows the resonance main peaks is shifted toward the higher energy
owe to the larger V. The SC becomes smaller near the first main peak because the band width for
the main and satellite peaks is more narrow as increasing Vo, We can tune the energy for the
switching points such that the spin-polarized direction of the SC would be changed its sign as its

incident energy crossing switching points via varying V.

In summary, we have investigated the dc SC generation in sequent structure of ac-FG, QD, and

ac-FG. The difference of the spin-resolved transmission coefficients is shown the opposite sign

while the incident energy occurring around the main peaks T, <T, and satellite peaks

Ta, >Ta, respectively. The switching point for the spin-polarized direction of SC can be tuned

by varying Vy. We have proposed a possible setup to realize the device for SC selector based on



RIS mechanism involving a QD.

[1V] Effects of impurity on the dc spin current generation on a Rashba-type channdl:
The finite-range impurity in the Rashba-type quantum channel is in the from

V05(X—XO)|:9(y—y1)—H(y—yz)]. The system configuration is show in Fig. 1 and the

transverse direction is finite-range potential with longitudinal delta profile potential.

y
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W I Vid(x=x) 8(y-y,) -6y -v.) ] x
! Yoy
v
-1/2 1/2

Fig. 1: The system configuration is shown and the finite-range impurity (red) can be located
inside or outside of the ac-FG. The blue block is ac-FG, V| is the impurity strength, | is the
FG length and W is the channel width.

The dc SC can be generated via a single ac-FG without any charge current [41]. The resonance
inelastic scattering (RIS) play a important role to make the spin-resolved transmission coefficient

asymmetry. The Fig. 2 presents the spin-resolved transmission coefficients and SC versus
incident energy 4, /€Q for no impurity case.

3 Fig. 2: The spin-resolved transmission
- coefficients and spin current versus
'% 2F M,/ Q is plotted for no impurity case.
é Other parameters are: static SOI
g 1k R coupling constant a,=0.13 , the
= rRe| dynamic SOI amplitude a,=0.05,

- T;L oscillating  frequency Q=0.002

0 : : : : (28GHz), channel width W=50, and the
~ 0.6 ac-FG length 1=20. The spin-resolved
é dip structures is due to the RIS
g 04F mechanism.
5
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While the impurity is located in the channel edge inside of the ac-FG, the effect of the impurity is
small for the transport of dc SC. Figure 3 presents the transmission and dc SC versus incident
energy U, /Q as increasing the impurity strength V. All of their SC are almost the same and it
shows the weak effect of impurity for the transport of dc SC.
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Fig.3: The spin-resolved transmission coefficients and SC is plotted as function of 1, /Q for

varying the impurity strength V(. The impurity is located in the channel edge for x¢=0, y;=0,
and y>=4. Other parameters are the same as Fig.2.

While the impurity is away from the channel edge, the effect of the impurity is more obvious in
Fig. 4. We also observe the structure of the intersubband transition near the arising of the second
and third subband bottom due to breaking the translation invariance in transverse direction. As

increasing the impurity strengths, the spin-resolved dip structures become more broaden due to
the impurity scattering.

While the impurity is away from the channel edge outside of the ac-FG, the effect of impurity is
smaller than inside of the ac-FG. The spin-resolved transmission coefficients and SC is shown in
Fig. 5. The spin-resolved dip structures are not obvious broaden in this case providing the effect
of the impurity is weaker outside of the ac-FG than inside of the ac-FG.

In summary, effects of impurity on transport of dc SC depend on the locations and strength of the
impurity. The impurity affects the dc SC is not very strong such that the dc SC generation via a

single FG is valuable in application of spintronics devices even in diluted-impurity case.
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Fig.4: The spin-resolved transmission coefficients and SC is plotted as function of 1, /Q

for varying the impurity strength V. The impurity is located in the channel edge for x,=0,

y1=8, and y,=12. Other parameters are the same as Fig.2.

(a) Vo=0.1

[ (b) V=02

NN WO

[a—
I

Transmission

NS N S Naw)

0 5 10
H/Q

15 20

Spin Current (nA)

0.8

0.6

0.4

0.2

0.0

— V0.1
— V=02
V=03

10 15 20
H/Q

Fig.5: The spin-resolved transmission coefficients and SC is plotted as function of 1, /Q

for varying the impurity strength Vy. The impurity is located in the channel edge for xo=-15,

y1=8, and y,=12. Other parameters are the same as Fig.2.




[VI] Dual-frequency modulation and sideband asymmetry characteristics in quantum

transport through quantum dot:

a. Shifting of resonance levels

In this subsection, we discuss the shifting of the resonance levels in an open quantum dot
confined by Vg on the left and Vg on the right.

091

0.8¢

0.7+

0.6

0.5+

0.41

0.3f

0.2f

0.1

\‘ il J/“““ | ‘\\
| / /) %‘ - .
/‘ ‘H\\C;« — i 7,/‘// \\7,

0.05 0.1 0.15 0.2

Fig. 1: Total current transmission coefficient of a quantum dot with a=15, and V;=V,=V.
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As shown in Fig. 1, we acquire sharper resonance states with stronger confinements to a

quantum dot, but broader and lower ones with weaker static confinements. The transmission

coefficient of each case achieves 1. In Fig. 2, when we add an additional part dV to one of the

static barriers making the quantum dot asymmetric, the resonance levels also shift to higher

energies or lower energies when AV is, respectively, positive or negative. Another interesting

feature in Fig. 2 is that the transmission coefficient does not achieve 1 when the quantum dot is

asymmetric.



Fig. 3: Current transmission of a=15,
V=Vp=3,  Vq=0, Vp=2, and
{1 Q,=0.0084Dotted line represents the

1 resonance state of the quantum dot

without time dependent potential.
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We then apply time-dependent potential(s) to the confinement of a quantum dot. The
magnitude of the confining barrier will change periodically. Therefore, resonance levels will also
shift with time, but the overall effect (after time averaging) of the shift is towards lower-energy
end. This can be referred back to Fig. 3.1.2. The degree of shifting towards lower energy is
greater than that of shifting towards higher energy, making the overall effect shift to the left.

In Fig. 4, we applied two oscillating barriers to the quantum dot. The shift of resonance state is

therefore further enhanced.

b. Sideband Characteristics

In this subsection, we discuss sideband characteristics under several different

time-dependent modulations on the confinement of the open quantum dot.

Sideband Features of Single Oscillating Potential:

Only one time-dependent potential is applied to the confinements of the quantum dot. Either

V41€08Q1t is applied on the left, or V4,c0SQ5t is applied on the right of the quantum dot.
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Fig. 5: Current transmission
T of a=15, a=15, V=Vy=3,
T | Va=2, V=0,  and
Q,=0.0084.
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Fig. 5 and Fig. 6 are complementary to each other due to the same oscillating frequency,
exhibiting the same sideband features. In Fig. 5, because only Vy;c0sQit is applied to the
quantum dot (applied on the left of the quantum dot), sideband characteristics for electrons

incident from the right is not as notable as those of electrons incident from the left.

(I Q2=nQ;:

Within this case we set Q,=2Q;, and, again, either V4;C0sQ;t is applied on the left, or
V2€0sQ,t is applied on the right of the quantum dot.

In Fig. 7, 8, and Fig. 9, we can see that sideband structures for T. are more significant,
whereas sideband structures are more significant for T. in Fig. 8, and Fig. 9.

When only V4;c08Qst is applied, electrons incident from the right seem to be “screened” by
V;; before encountering the oscillating barrier. Hence, it’s easier for electrons incident from the
left to make transition by resonance levels when Vy;€08Q1t is applied, therefore making the

side-peak features more significant. The condition totally reverses when V4,C0SQst is applied on



the right of the dot.
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c. Double Oscillating Potentials

(|) Q-,=0Q4:
In Fig. 10, only T. is shown because T. and T. are exactly the same under such symmetric

condition. The special feature is that side-peak structures are more notable at the left of the



resonance state implying electrons are more possible to absorb Nn-Q; energy from the system.
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Fig. 10: Current transmission of
a=15, V=Vu=3, Vau=Ve=2,
and Q,=0,=0.0084.

d. Sideband Features When Resonance States Approach Subband Bottom

From Fig. 3.2.9 and Fig. 3.2.10 we find that the relative strength of the two sidepeaks beside the

resonance state will reverse when approaching subband bottom.

0.8

0.7+

0.6+

0.5+

0.4+

0.3F

0.2}

0.1+

0.8

— a=21
— a=22

4
E/Q

0.7r

0.6

0.5+

0.4

0.3

0.2f

0.1r

| Il
i
A

— a=23
--- a=24

Fig. 11: Current transmission
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Fig. 12: Current transmission
of Vg=Vu=3, Va=Va=2,
Q.:=0,=0.0084under a=23,
and a=24.



[V1] The conductance of double quantum point contacts under de-phase process.
The double QPCs with de-coherent scattering process [69] have been studied and the structure is

shown in the Fig. 1.

Fig. 1: Our model is a double

A
A
v

constriction with a cavity region.

The narrow constriction can be

Wzi regarded as a quantum point contact

[70]. The dimensionless unit of
length is 1/ky.

F
z
>

Wl:1 W3:20 E=1.5

1 : : ‘ ‘ : :
/ \% Fig. 2: In classical picture, a QPC
09l //\ | can be regarded as a resistance
/’ related to its width. This figure
0.8 / 1 shows calculated total conductance
e as a function of  the width of
07— 61:0.9992 B .
Gy o QPC2 for wvarious de-coherent
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06l e | strength. The width of QPCI1 is
=0.6
o fixed.
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The de-coherent strength parameter is € and E is the incident energy. It represents how the
de-coherent strength influents the total conductance.e =0 occurs when double QPCs in series
when coherent length is infinite. If de-coherent strength is raising up, the total conductance
approaches the classical theoretical results and the de-coherent process increases the resistance so

the total conductance is lowering down.
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Fig. 4: For the specific case, the total
conductance is increased when
de-coherent strength is turned on. The
reason is the resonance occurs in such

specific case.
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Fig. 5: The theoretical conductance for double QPC in series is plotted as a function of incident

energy.

We can obtain the dip structure when we check the relation between total conductance and

incident energy in Fig. 4. At the same incident energy of Fig. 3, the Fig. 5 (a) is the normal case

and we can find dip structure in Fig. 5 (b). It supports our above theoretical assumption.



[VII ] The analytic analysis of Fano resonance transport through a mesoscopic two-lead
ring:

Fig. 1: The generic system we consider has two
M, X leads. The boxes on the ring labeled M,

represent the scatters. A coordinate system x; is
defined for the line segment labeled by i (i=1,
2 and 3). While the arrows denote the
increasing direction of the coordinates, the

1=xy=xa=0) right Y-junction is defined at x; =x, =x3=0, and
1=X2=X3= ) .
X2 the left Y-junction is at xo=0, x;=L;, and x,=L,.

X2:L2

Unequal armlengths:
We investigate the case of different armlengths in the ring but clean transport channel. This is

described by M;=M,=1 and the transmission amplitude A; is reduced to

i (sinkL, +sinkL,)
AEF————MHMM X —————————— .. (1)

l—exp(—ik(Ll +L2)) —i[cos(k(L1 +L2)) —cos(k(L1 —Lz))]

The observation of the detuned zeroes in the numerator and denominator directly implies that the

above numerical results can be casted into the usual Fano resonance expression, and the relation
between the resonant dip's width and detuning from perfectly constructive 2PI be investigated
more closely. To be self-contained, first we give a very brief review of the Fano resonance
discussed in Fano's original paper. In a tunneling process, if there simultaneously involves a
non-resonant tunneling, which is almost energy independent and can be simply described by a
complex-valued tunneling amplitude t,, and a resonant tunneling at incident energy £€=0 which
can be approximately described by a complex-valued tunneling amplitude t =za/(€+ia),
where z is a complex-valued number describing the relative strength of the non-resonant and
resonant tunneling, and a is a real-valued number characterising the width of the resonant
tunneling. The total tunneling amplitude would be t,  =t, +t, =(& +qa)/(€ +ia), and the total

? would be

tunneling robability T=|t

tot
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where q=z/t, +i, is the Fano parameter. We will briefly describe the behavior of the above

T:|t0|

tunneling probability. In the case of aZ0, when q#0, T gives a dip/peak when the
numerator/denominator in Eq.2 is close to zero. When =0, T has only a dip at £=0. The
case of Im =0 is discussed comprehensively in Fano's original paper. In the case of a — 0,
the numerator and denominator in Eq.2 can become exact zeroes but, they are all first order
zeroes at £=0 and hence they cancel each other and gives a finite transmission amplitude. This
is actually just the case of commensurate armlength ratio L,/L, we have discussed. Since we
have analytically found that all the dips can only appear at k=k_, where k_ (L, +L,)=2mmr
and m is an integer defines K, we expand the tunneling amplitude A near a dip by letting
0=(k-k,)(L, +L,). Since we also know that the dips appear when Kk (L, —L,)#2nm, where
n is an integer, we define a detuning from a perfectly constructive 2PI O by
K.(L —L,)=2n7+0J, where A is from —77 to +77 (note that given an m$m$, n$n$ is

determined). Then we expand A at the vicinity of a dip when both the dimensionless J and
A are small. We have expanded Eq.1 for the case of max(|6|) : |A| and |A| = 1. We expand

the numerator to the third order and the denominator to the second order, and we obtain an

approximate transmission amplitude

lAz _lL1_L2 M—l L?+|-32 52}x

8 4L+l 6 (L +L,)’
o (3)

2
s+illp sl hobps s fLob e
8- 4L+l 8> lL+L

The fractional part can be viewed as a Q=0 Fano resonance with a 9 -dependent width, and

A (D™ 1

the part other than the fractional part can be viewed as an envelope function. It is seen that within

this range of O the line shape is not in the conventional Fano form. But if we further restrict

ourselves to the range of O is an order of magnitude smaller than A, i.e., max(|6|) : \? the
expression in Eq. 3 can be further simplified to

men AN’ o
A =D)Td ‘?) YR
5+i?

which is exactly in the form of the conventional =0 Fano resonance, which has only a dip.
Note that the parameter O is a dimensionless wavevector but not energy. When the detuning A
approaches zero, the width of the dip (: A*) approaches zero and the dip becomes infinitely
sharp and vanishes. There are a few noteworthy points here. If one adopts the conventional
understanding of the Fano resonance lines with the usual notions of quasibound states and their
lifetimes, the "'lifetimes" of the ""quasibound states" our case might seem can be drastically tuned
by a slight tuning of the armlength ratio! Moreover, the two arms of the ring are all the same
besides their lengths, and the SWR at Kk(L, +L,) =2mvr also occurs in the entire ring, therefore

there is no obvious distinction between the “‘resonant" and "‘non-resonant" tunneling paths in



here.

On the other hand, we also have investigated the transmission amplitude A, for the case of
L, =L, =L, in the complex wave number R plane. This is a common way to investigate the
quasibound states in the tunneling paths, the states in the ring in our case. In this special case of

L, =L, =L, we can readily find poles at RO = n/7—iLn3, where n is an integer. Though the

ReR' does correspond to a standing wave in an isolated ring with circumference 2L, the ImK!
is large and comparable to the spacing in the Re K. This indicates that these “"quasibound" states
are vaguely defined and this is in congruent with the fact that the ring is open. It is also
inappropriate to view any of these states signified by the poles as a quasibound state in Fano's
original formalism, which always gives a peak-dip pair profile at near the quasibound state energy.
In spite of this, the transmission dips can be created and sharp. As we will see in the later
subsections, these standing wave states are also related to the formation of the peak-dip pairs in

thetransmission spectrum when impurity potential is included.

It is thus seen that the conventional Fano resonance scheme with straightforward notions
like non-resonant and resonant tunneling paths, lifetime of the quasibound states, might be hard
to provide a consistent understanding basis of the above results of equal armlengths and slightly
unequal armlengths. This reveals the logic that though when there are resonant and non-resonant
paths in a tunneling process there will be a Fano resonance line, the reversed statement, when
there is a Fano lineshape then there are resonant and non-resonant tunneling paths in the
tunneling process, may {\it not} be always true. In other words,though the mathematical form of
the resulting tunneling probability can be unanimously in the Fano form as in Eq. 2, the physical

contents could be quite different.
Singleimpurity

This subsection considers the case of a point impurity is embedded into the ring. The
impurity is described by a Dirac-d function potential and this model should be applicable for
local potentials with extensions small compared with the wavelengths of the itinerant electrons
and armlengths of the ring. The impurity is embedded into arm 1 by adding the potential
V,0(x — X,), where V, is the strength of the impurity and X, is the location of the impurity in

coordinate X, onarm I, and the corresponding transfer matrix is

_ |mV1 _ _i2le m
M= Mk hk (5)
1 i 2KX; m I+ |mV1 ...............
h2k h2k

Henceforth we will use the dimensionless parameter V, =mL\V,/(27th*) to characterize the



impurity strength. It is noted that the transfer matrix has the symmetry M;'=(M:*)" and

M} =(M")". Arm 2 is clean and hence M, =1.

Figure 2 shows how the asymmetric Fano-type resonance arises as the strength of the
impurity on arm 1 grows. We have chosen L, =L, and X, /L, =0.3 in Fig. 2. Such a peak-dip
line shape resonance is in contrast with the mere dip resonance in the without impurity case, but
both of them are seen to develop from zero widths. However small the width of the Fano
resonance, it is seen that the peaks always reach one and the dips always reach zero.
Mathematically the dips are also due to the lift of zeroes in the denominator D . It is noted that the
dips are not necessarily at the eigenenergies of an isolated ring with a point

b . &
Fig. 2: The transmission probability T

‘ is shown versus the dimensionless
' wave number KL1/(2m) for Ly=L, and

{a) "'.='5'-2| a point impurity at X;/L;=0.3 with
1 1 * I ' [ strength v;=0.2, 0.8, and 10 (cutoff
limit) [From (a) to (c)]. Each of the

T A | + panels has a height of 1. The Fano
‘ resonance lines are seen to collapse at
the limit v;=0 by shrinking their

' , widths. The square roots of the

(b) v =0.8
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impurity. When the impurity strength becomes considerable, the dips depend very much on the
location of the impurity since both the impurity and Y-junctions have a substantial effect on the
standing waves in the ring. At the strong impurity limit, the zero transmission dips are wide and
located at kX, andk(L, — X,) =integer x77, and that agrees with the result of a 1D wire with
stubs. The arm is essentially cutoff when the impurity is strong, and our case is equivalent to a
1D wire with two stubs of lengths X, and L, — X, attached. There will be zero transmission
when the length of any one stub is such that an integral number of half-wavelengths can just be
fitted in.



Similar to the collapse of resonant dips, collapse of Fano peak-dip pairs is also seen to occur.
In Fig. 3 we have shown the transmission probability for the case of the impurity is located near a
commensurate location in the ring. We have chosen L =L, and X,/L, : 1/3, and the Fano
resonance lines atkL, /(277)=1.5, 3 and 4.5 are seen to collapse at X, /L, : 1/3. The expressions
for C and D in this case are complicated and a detailed analytic analysis is difficult.
Nevertheless it can be readily verified that at a k that simultaneously satisfies kL, =n7,

kL, =n7m , kX, =nm, where n,n, and n are integers, and N +n, is even
[i.e., K(L, +L,) =integer x277 ], both C and D vanish but the transmission amplitude

A =C/D=(-)" [1 +imV, /(h? k)]_l is nonzero. At such a mathematically *“accidental" nonzero

transmission, it is expected that a slight detuning of X, can generate a transmission zero as in
those cases discussed before. Nevertheless, the nearby perfect transmission peak seems to have
no intuitive explanation. Note that the above mentioned conditions for k also imply
thatk(L, —L,) =integer X277.

| Fig. 3: The transmission probability T
(8} X L|=0.32 ' is shown versus the dimensionless

| wave number KL1/(27) for L;=L, and a
point impurity with strength v,=2 at
X;/L;=0.32, 1/3, and 0.35 [from (a) to
(c)]. All the panels have heights of 1.
the Fano resonance lines  at
T foliiLEs KL1/(2m)~1.5 and 3 are seen to collapse
at the limit X;/L,;=1/3.

(c) X A =0/35

[

o 2
KL /(2x)

We can also get an approximate transmission amplitude at the vicinity of a sharp peak-dip pair
when the detuning of the impurity from an commensurate location is small, and investigate more
closely the relation of the resonant width to the detuning. Since we know that under some
commensurate conditions, i.e., rational L,/L, and X,/L,, the peak-dip pair collapses at
some k =k,, where k; is defined by kL, =n7m, kL, =n7, where n +n, is even, and

KX, =77, we can make an expansion for the case of a small detuning of the impurity from the

commensurate location by letting kX, =nm+A under the condition kL, =nsm ,



k,L, =n, 77 ,where n+n, is even. Defining a dimensionless

wavevector 0 =k(L, +L,) —=(n, +n,)77, and consider the regime max(|6|): A’ and |A|: T,

also assumming that Y=V, / [(n1 +nz)n] is of the order of 1, we can expand the numerator C

and denominator D to the lowest nonvanishing order and obtain the approximate transmission

amplitude
- 0 -2\’
A=Y = e 6)
1+i9p 5_2\9{13 +i2\9{(ﬂ
1+96 1+96

The zero of the numerator is seen to occur atd =29\’ while the zero of the real part of the

denominator is seen to occur at d = 29\ /(1 +95). The two zeroes can only be equal when 96=0
or A=0 and such a situation of detuned zeroes corresponds to the case of a nonzero Fano
parameter $q$, which results in a peak-dip pair. Since (1+9%) >1, when 96>0 (the impurity

potential is repulsive), the peak appears preceding the dip, if %<0 (the impurity potential is
attractive), the order of appearance of the peak and dip is swapped. On the other hand, the overall

width of the resonant line depends neither on the sign of the impurity potential
(90 nor the detuning (A).



Appendix A:



29 Apr 2005

cond-mat/0504773 vl

arxiv

Strain induced counpling of spin current to nanomechanical oscillations
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Wa propose a ssinp which sllvws b0 eomplo the eleeiron spin degree of freedom 1o the meehnni-
cal motions of o namomechondenl sretem not involving any of the ferromagnetie components. The
propmed method smploys the strain indueed spm-orhit intersetion of electroms i namowy ap smmi-
comifnctors. We hive shown how this method ean be used for detection aed mamipulstion of the
wpiin flow thromgh a sospended o in & manomechanical devies

An ability o cowtrel the spin transport m ssmioon-
ductors & & key problem to be salved towards implemen-
tatwin of semicenductor gpintronles imts gquantm infoe-
mation processing [1, 2, 3. Many methods have besn
propeeed o aclibeve contred of the elecimn splan degres
of freedom n=ing magnetic mateniak, external magnetse
fields and optical excitabion (for & review see Bel |3,
Other proamising ideas mvolyve the intrinsic spin-orbit -
teractian (S00) in narrow gap semnicondistaors to nuanip-
ulste the spin by means of dlectric felds (4] and electrie
gates [5, 6], Recently, s of these woss have been ox:
permenially confirnssd [7, 8

In smeondnctors the spm-orhit effert sppenss as an
meetaction af the electron spin with an effective magnetic
field whese direction and magnitude depend on the alec-
trom momentum. A specifie foom of this dependence 1s
determined by the orystal symmetoy, as well ms by the
symmetry of the potential energy profile in boterostroe-
tures. [nstraimed semiconductors new components of the
effective magnetic Beld appear due to vielation of the lo-
eal crvstal symmetey [)f. The effect of the strain induoed
501 an spin trugsport was spectsculacly demoanstrated
Ty Kato el ol in their Faraday mtation experiment |3,
An interesting property of the strain mducsd 30 is that
the strain can be associated with mechanicsl motion of
the aalid, in partieular, with sseillaticns in nancmeclnn-
keal mystems (NAIS), i such & way mnking pessible the
span-arhit coapling af the elctron spin to annemechans-
cal cecillations. At the same time a g progress in fabr-
cating varos MMS [10] allows one to reach the required
paramater range to observe subthe effects produced by
such & coupling,

In this Leter we will camsider WAS in the form of a
sspended benm with a doped semiconductar flm -
tacially grown on its sirface (see Fig. 1), An amlysis of
the 30 ip this svstom ghows that the fAexural and torson
vibiratiomal wodes coupls most sfficiently o the elertron
spin. As o simgple exnmple, we will [ocus on the torssan
moide. The strain assccinted] with torsion produces the
spi-orhit fefd widdi B lmear with respect 1o the elec-
trom momentam and is directed porpeodicular to it This
finld varies m time and space secording to respective var-

widone of the torsion straim. Due to the near dependence
ot the momeemntum, the S0 looks precisely as imteraction
with the spin dependent sectromagnetic vactar poben-
tial. Az nzmedinte result of this analogy s that the tine
depelent torsion gives e 104 metive [oree on elecs
troms. Such s force, bowever, acts in different directions
i particles with oppositely orented spins, indocng ths
the spin current i the electron gas. The phiysics of this
phesometon s very similar to the spm current gemsss-
tion neder time dependent Rashba 501, where the time
dependenes of the 301 coupling parameter & provided
b the gate woltage varetions |i]. In the presem work
we will focus, however, on the mverse affect. Dhae to the
S0T coupling, the spin current flowing throagh the beam
is expected to create & mechanieal torgion. The tosque
wifoct on NMS due to spin flow les beon presiously o
dicted by Dlobamty e al [11] for a different physical
reafization, where the torque has bom ereated by spin
thips at the pompapnetie-Brromagnetic nterface. They
also sugpested am expernsenial set up to measare such
n smmid] torquee. As ik will be shown below, the torque
dur to the SO0 effect can be by 3 ordors of magnitude
gtromger than the torque prodoced by the current Bos-
img through the FM-NM imterface. Hence, the 501 effact
can b megsnred by the sume method as was proposed o
Raf [11]. Besides this method. other sensitive techniques
forr ddssplacement messarements can be ensploved (12

Tho system nder consideration is n ectangnlar besm
of the total length Ly, wadth &, and thickness ¢ The
semiconductor fhs with the thickmess ¢/ oocupies the
letigth L of the boanm, The rest part comtains o netal fim.
[t ean also clide some additional elements for detection
af the torque, for exnmple in Rel [11], Here we will
comsichr an example when the spm current = created by
diffusion of the spin polarzation from the |t contact in
Fig.l. Therefore, thepe is no electre curvent Aow through
NMS, The spin polarization difses towards the matal
fidin which, duss to s relatively high conduction, can play
ne mmpartant fole as o meservolr for the spin polarization
relaxation. Wa start from the straim-induced SO0 [ﬂ]
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where w; are ebements of the steam tensor, o are Pauli
matrices and k; denote col poats of the clectron wuve
vector. In the marmow BAp semuconductors the [HAT AT
ter 7 1= usually much smaller than a [9]. Therefore, the
term proportional to F will be omitted below, Besides
the strain indused Hagy, the total 301 Hamiltonian also
mechudes the strain ndependent interaction Hsgs. DBe-
canse of submicron cross-section dimensions of the doped
semiconductor film, Hags will be determined by the bulk
Diresselhans term [L4],

Hsoa =Y 9"k (K - k3 ()

ijn

This interaction, in the range of doping coneentrations
AT and higher, provides the main mechanism for spin
relaxation in bulk materiaks |ﬂ]

Sinee Lp % boe, the u:n.jur caplimition to the stram
conne from Bexural and torsion motsons of the rod [131
Whthin the sotropic elastic model the floxural motions
are represented by the diagonal elements wy, and uy,
[13] which do wot enter mto the first square brackets of
Eq. (1} ©m the other hand, due to the crystal ansatropy
affects, the gy components are not zero for such sort of
motion and conld contribute to Eq, (1), We, howevar,
will consider the simplest example of torsion motions of
the pod within the soteopic elastic model. In this case
the strain can be represented as [13]

i
iy ™= '_':'T:'H_:i g = —Tl:.z]i—:f; iy = 0, (4]

FIG, 1: Schematie ilhstration of electromechisnical spin cur-
rent detector, eontaining & saspended semioonductor-metal
{5-M) rectangnlar rod atop an insalating substrate [hlme). A
epin eurremt is imjectad from the left semiconductor reservair
{yellow] snd then diffuses townrd the metallic flm (groen).
While passing throagh the smionductor film, the spin cur-
ment indoees Lorgoe shown by Lhe hlack arnow .

where 7(z] = ¥ /fr stands for the rate of torsion deter-
mined by the torsion angle #. The function v depends
anly on r, i and is uniquely determined by the rod eposa
saciion gecimetry.

Thee mext step is to derive from the one-particls inter-
action Eq. (1) & Hamiltcnian which descrit=s a conpling
of the spin current to the straim. The electron system
carrying the apin current can be deseribed by o density
matrix 2 In the framework of the perturbation theory
the lesding correction to the electron energy due to the
SO0 indaced] stram can be oldained by avernging Hao
with 5. In the semiclassicn] approgimation such a pro-
cedure can be represented as averaging over the classi-
cal phase space with the Boltzmann distribution func-
tion Fulr). This fpction is & 252 matrix in the spinor
space. Chme can aleo define the spin distribution func-
tion Fir) = (1/2Tr[Fiir)e’]). It is normalized i such
a way that the local spin polarization Pir] =%, Pulr)
We notice, that due to electron conflnement e 4 and =
directions, the averages of Heoy containing &y and k;
turn o zepo. Assuming that electron distribution & wni-
form within the eross section of the semicondwctor flm
one thus ohéams, from Eqgs. (1) and (), the 301 energy
Eay im the form

L
e
- |1|_
E'm nl,rr

% Et,fdgm (Jf{.ﬂ%ﬂﬂ.r]%) (4)
- :

This sxpression can be forther smplified taking into ac-
count that y turns to zero on o free surface (13, Hence,
in the example under consideration v = 0 on the top and
sxle surfaces of the doped semicopductor film.  Conse-
quenthy, the second term in Eqe (4] wanshes after mte-
gration over iy, Now Eq. () can be expressed in terms of
the spin current J¥( 1} which i the flux in r-direction of
#-palarized spims.

M(z) =5 wBiz), 1]
k

where 5 = /2 = the semicaductor flm cross section
and vy s the electron veloeity in r-direction |I.’1|. Finalky,
Eq. (4) can be transformed to

L
i
Een = ‘:-L JJJ’I:::IE. (G}

where the conpling constant < is given by

i
':-='mj|."|.1u~==f-"3drr- (7)
-2
where 55 = llra"-::u_."ﬁ.‘.'!'.
From the Inst equatiom, i & seen that the spin-
polarized fow imposes & distributed torgque on the rod. e



order to study this effect in detail we will neghect, for sim-
plicity, the difference between elastic constants of semi-
coidnetor and metal parta of MALS. Az such, the squation
of motion for the torsion angle can be then written as

& @ b
IE-HE-TEW[L'I:WH- (8
where 5[z denotes the Heaviside function, K stands for
the torsion rigicity, and [ s the moment of inertia. Tt is
easy to figure out that the torque mposed by the 501 an
HME can be expressed as

“ L
=1 f de ¥z, (4)
LJy
and, for the rod clamped on both ends, the torsion angle
atr=1[
_LL -L)T
"= L &K' (10)

where Ly 1= the total kngth of the mod,

In oder to evalwate the torque leb us adopt the fol-
lowing simple model, which 15 abso convenent for an ex-
perimental realization. Namely, we assume that tle spin
current & due to spin diffasion from the left contact, The
gpin polarization P¥(0] can be created there by virkus
methode ranging from shsorption of circularly polarzed
light to mjection from & ferromagnet [3]. Cme more pos-
sibility s the electric spin orientation [8]. For the steady
etate the diffusion squation reads

d*
D‘,—F’—E-D.

a7 T (1)

where [N and 7 are diffesion coefficients and spin relax-
ation thmes, with the sabscript § indicating the plavsical
quantities in semiconductor (0 < = < L) (1=5) or metal
(x = L) (i=M) regiona. At the sembeonductor-metal e
terface the diffusion current and magnetization PY (N, (0)
st be coptinuous, where N (0] is the semiconductor o
metal density of states at the Fermi energy [16). We
will assumie that the length of the metal part of the rod
is larger than the spin diffusion length Iy = '..-'”,lr"',![-
Therefare, the spin current passes through the semicon-
dwctor film and further decays within the metal film, Oh-
vicusly, in the congidered example there is no charge cue-
rent through the system. Solving the diffusion equation
for 15 # L and I:t:"” L']_l'.il?j\r;l.” 1, where Tnp and rgq
are the I conductivities of metal and semiconductor,

respectively, we obtan

L
Tzl [ drp = PSP
LJs L

(12)

Since the vatio oy fos B very big, Eq. (12) & valid in a
broad range of not very small L,

3

For a numerical evaluation of the spm-orhit torsion «f-
fect we take b = 400 nm and ¢ = X0 om. For & Gads
film the S0I coupling constant o /i = 4 x 10° m/sec [17].
From Eq. [7) and Ref. [13). it is easily to obtain the spin-
current-torsion coupling parameter | = sgksi®, where
k2 & a numerical factor depending on the ratio /b, At
hive = 2 the [actor &k = 003 For such numerical pa-
rametors we find 5 = 2.4« 10-3 J see. It is interesting
to compare the torsion effect from 501 interaction with
that produced by spin fips at the FM-SC interface [11].
In the latter case T = Af,, where I, is the spin current.
Comparing this expression with Eq. (9), it is seen that
the same spin ewrrents the SO1 effect B much strongers, by
the factor 4 /F = 2.2 « 107, At «J¥ = 1024 the torque
T =15 = 107% N m, which is within the sensitivity of
the torque messurement set up saggested by Mobanty
ef. al [11]. Moreover, the measurement sensitivity can
be enbanced [18]. Tn fact, the latter method applies to
a time dependent torgue in rescuance with a NMS cscil-
lation. For such a measurement the spin current could
be modulated m time by & narrow gate between the left
contact and the rod, or by varying the spin pelanza-
tion in the left reservoir, for exumple, 1f it = created by
absorption of civeularly polarized Night with modulated
miensty. (o this stage it s mstructive to evaluate the
apin polarzation PY(0] which can produce a measurahle
effect om NMS. From Eq. (12), taking L = 2 im, the typ-
ical low temperature diffusion constant 300 cm? /'sec and
n = 1017 em~?, one obtains «J¥ = 10H(P¥(0)/n) nA.
Hence, & messurable 10 nA spim curvent m NMS can be
created by diffusion of spin polarization rom an adjacent
reservoir contaming only 0.1% of spm-polanzed carriers.

The static torsion angle at x = L can be found from
Eq. (10). Ou the other hand, the macimum torsion ef-
fect 15 obtained for the time dependent spm current m
rescanes with the NMS fundamental cscillation. In this
caze @ m Eq. (10) must be multipbed by /2, where ()
i the resonamce quality factor, which can be quite large
in MMS. To observe this tossion angle it mist be much
larger than the mean amplitude of its thermal Buctus-

tions /389, For a doubly clamped rod
. kgTL,
= fm Euﬂ ai

For & rectangular cross section with b/c = 2, the torsion
rigidity K = 0.067ub% [13], where 3 = 3.3 x 10 N/m®
m Gahs material. Taking L; = Spm and all other pa-
rameters the same s in the previous paragraph, Q = 104
and T = 100 mK we obtain the ratio 888 ~ 4 = 10~ at
ed¥ = 10 nA.

We have considered a smmple example of the spin-orbit
torque effect produced by spin flux in & dffusive 30 semi-
condustor film. It would be intesesting to study other
systems, for example, a superlattice of remotely doped
high mobility quantum wells m the ballistic regime (L =

(13)



kezs than the elastic mean free path), In=och & svsten en-
ergy dissipation withm the semiconductor Glm & reduced
and, apparently, larger spin currents are allowable,

In summary, we propose s nanomechanical system
where due to the strain mduced spin-orbit interaction
the electron spin degree of freedom can couple to WMS
mechanical motions. We have shown that this couplng
15 strong emough to induce the messurable torsiom
NME when the spin polarization Hews through the sus-
pended nancheam. Besides a potential for other possible
applications, such NM= can be emploved as & sensitive
detectar of spin currents and spin polarizations.  The
b structure can be further modifled to create deviess
for eventual ws=e in spintronics, and spin mformation
processing.

This work was partly funded by the Taiwan National
Science Council; and RFBR grant No. 03-02-17452.
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Wi isnvestigato the visibality of the sureont and shot-podss somrelations of destrieal analogs of the
apticsl Mach-Zebmder mterferometar and the Hanbury Broem Twiss interferometar. The electri-
cal mnaloge are diseussad in comdunetors suhject to high magnetie fiekls where electron motion is
akong edge states. The iransport guantities are modulated with the help of an Absronov-Bobkm
M. We diseuss che comdueiance {current) visibility aed sho posse visibibiy as a banetion of wem-
petature and applied voliage. Dephasing b Inirodeced with the belp of fetibous voliage probes,
Comparizon of thess two inlerferometers is of interest sinee the Macs-Zehnder inmterferometor is an
amplitiscle jsngle-particle) interferometer wherens the Hambiry Brown Twss mlerferometer = an
intensity (two-particle) interferometar, A direct comparison is only pasible for the shot noise of
tha two intarferometens, W find that the vishility of shot noisn correlations of the Henbury Rroern
Twiss interferometer as fumetion of temperatare, voltage or dephasing, is qualitatively smilar to
the visibility of the first harmomie of the shot noise correlation of the Mach-Zehnder interferometar.
In contrass. the seoond hamsonke of the shit nolse visbiey of the Mach-Zehnder [nterferometer

decresses much mare rapidly with iseressing temperature, voltage or dephasing rate.

PACE mumbems: TELD-d. TL704+m, 73434

L INTRODMICTTTONMN

With the advent of mescscapic pliveics, it has become
prssihle to experimentally investigate quantum phase co-
hevent properties of electrons i solid state conductars in
a captrelled way. Io particular, in ballistie mesoscopic
samphks al low temperatures, elecirons can progagite
up to several microms withowt locsig plesse informa-
tion. This opens up the possibility to mvestigate elee-
trical amalogs of varioms optical phepomena and experi-
msents, An myvestigaton of such asalogs s of fundansen-
tal imterest, O the one hand, it allows one to establish
stmdlaritios letween the properiies of photons and eon-
duction electrons, & conssquence of the wave nature of
the quamtum particles. On the other hamd, it also al-
lows one to ivestigate the differences betwess the two
types of particles an=ing from the different quantum sta-
tistical properties of fermions and bosoes.  For many-
particle properties, such as light mtensity correlations
ar correspondingly electrical current correlations, nodse,
the quantum statistical properties are important. ' Both
the save-nature of the partiches as well as their quantum
etatistics are displayed m a clearcut fashion in interferom-
eter stractures. [n this work we are concerned with the
electrical analogs of two well known optical mterlerome
ters, the smgle-particle Mach-Zehnder (MZ) interfercm-
eter and the two-particle Hanbury Brown Twiss (HET)
interferameter,

The ME-interferometer = a subject of most texthooks
in optice.? In the framework of quantum optics, consid-
ering imdividual photons rather than classical beams of
light, the mterference arises due to the superpesition of
the amplitindes for two dilferent possilde paths of a sén-

gle phatom.  This leads to an mierferenes term i the
light intexsity, The MI-interferometer 1= thus a prime
exnmple of a single particle interferometer.* Varions elec-
tromie interferometers with ballistie tranaport of the eles-
trons hieve been mvestigated experimentally aver the |ast
decades ase.g. Abarcnov-Bohn (AB) rings® and deuble-
glit imterferometers® Detniled mvestigations of dephas-
ing in ballstye mierferometers was carrisd ont in Rels,
[T#. Ouly very recently was the first electronic MZ-
interferometer realized by Ji ot al.? in a mesoscopic con-
ductor in the quantum Hall regime. A high visibility of
the comductance scillations was ohserved, however the
viathility was not perfect. This led the amthbors to -
vestigate m detail varous sources for dephssing. As a
part of this mvestigation, also shat nese wos meesared,
Etill, soame sspects of the expermnent are not yet fully un-
derstood, Thearetically, Sealig and one of the authors'"
imvestigated the effect of deplusing due to Myquist moiss
on the conductance in s MZ-mterferometer. The effect
af dephasing on the closely relited [our-terminal resis
tamce im hallistic interferometers'! was imvestigated as
well. Dephasmg i ballistic strongly interacting systems
is diseussed by Le Hur?9? Fullowing the experimen
tal work of Ji ot al.¥ Marquardt and Bruder imvesti-
gated the effect of dephaging on the sbot-noke m MZ-
interferometers, considering dephasing models hased on
both classical™ ™ as well ms quantium Buctuating felds 18
Very recently, Forster, Pilgram and one of the authors1?
extended the dephasing model of Refs. [10,14] to the full
etatistical distribution of the tramsmitted charge,

The HBT-interferometer*®' % was originally invented
for stellar astronomy, to measure the angular diameter
of stars. It & an ntensity, of teo-particle.® nterfirone



ter. The interference arises from the superposition of the
amplitudes. for two different two-particle processes. lm-
portantly, there is no single particle interference in the
HET-interferometer. Comsequently, in contrast to the
MZ-interferometer there = wo interference in the light in-
tensity, the interference instead appears in the mtensity-
intensity correlations. Morecver, the ntensity-intensity
correlation ako display the sfect of quantum statistics
Photons origimating from thermal sources tend to bunch,
giving e to positive intensity cross correlations.  For
the electronie analog of the HBT-imterferometear, it was
the corresponding anti-tunching of electrons that orig-
nally attracted interest. It was predicted’ that the elee-
trical current cross correlations in mesoscopic conductors
would be manifestly negative, Le. display anti-bunching,
a5 & consequence of the fermionic statistics of the elec-
troms.  Megative eurrent cross correlations were subse-
quently ohserved in two independent experiments 122
Recently, anti-bunching for field smittad eloctrows in vac-
uim was abo demonstrated ® The two-particle interfer-
ence i the HET-experiment has received much less at-
tention. We emphasize that while the tunching of the
photons was necessary for obtaining a Aoite, positive
cross correlation signal, it was the two-particle effect that
was of main importance to HBT since the angular diam-
eter of the star was determined from the two-particle in-
terference pattern. In electrical conductors, two-particle
effects in AB-interferomseters were mvestigated theoreti-
cally in Refs. [24,26,26). Only very recently two of the
anthors and Sukborukov? proposed a direct electronie
analog of the optical HBT-interferometer which permits
to demonstrate two-particle mterference in an unambigu-
018 Way.

In this work we investigate and compare in detail the
cirtent and apd gero-frequency poise in electronke MZ
and HET imterferometers, We consider interfercmeters
implemented in mescscopic conductors in the integer
Quantum Hall regime, where the transport takes place
abng single wlge states and QUJuu'.um Poamt Contacts
(QPCs) serve as controllable beam splitters.  The «f
fect of finite temperatiune, applisd bias and asvmmeery,
ie, unetual kength of the interferometer arms, is ves-
tigatedl.  The strength of the interference contribution
is quantified via the visbility of the phase oscillations.
The dependence of the visdbility on tle e splitter
transparencies as well as on the temperature, voltage
and aspmmetry B disogsed oo detail. OF interest i the
comparson of visibility of the shot-noise correlation of
the MZ-interferomter apd the HBT-intensity interfer-
ogeter, Shot noise correlations in the MZ=interferometes
eschibit ewe contrilutions, one with the fumdasental po
riul:lqﬂh,l'r'u.iul i hrrl:ltui ||:|.|:r|.'||:|||i.|.'. 'l.l."LI.h ]H!I’.il:llll JJ_."E:'. T]pr.
shot pobse correlutions m the HET-interferometer, even
though they age due to two particle prooesses, are peri
odic with period fi/e. Thus the Alaronov-Bolm period
can ok Beoused to kentify the two |r:|r1.i.|.'.'|-|! [ELE
which give rise to the HBT offect. Tt & therelore e
I.-L'nﬂihu; ter sk whether the HBT 1.l.l|||:-]:|.u|'l'.i|.'|:: RO

have awy other signature, for instance m the tempera-
ture of voltage dependence of the visibility of the shot-
noise correlation. We fnd that this = not the case. To
the coptrary, we find that the the shot poise correla-
tions in the HBT intensity imterfesometer belave qual-
itatively similar to the /e shot nose correlation in the
ME-imterferometer. In contrast the b2 contribution
the shot woise of the MZ-nterferometer decreases more
rapidly with incressing temperaturs, voltage or dephas-
img rate than the h/e oscillation in the MZ- or HBT-
mterberometer.

We investigate dephasing of the electrons propagating
along the edge states by conmecting one of the muterber-
oueter arms to & Hetitions, dephasing voltage probe. In
all cases, the curvent and noise of the MZ-mterferometer
8= well as the nowze m the HET-mterferometer, the effect
of the voltage probe & equivalent to the effect of a slowly

Huctuating phass,

. MMODEL AND THEORY
Ao Oplical anadogs in the Cumtum Hall regiime

In the paper we consider implementations of the ME
and HBT mterferometers in mesoscopic conductors m
strong magnetic fields, in the mteger Cuantum Hall
regime. ¥ The typical system ie a two-dimensional elec-
tron gas in & semiconductor heterostructurs, with the lat-
eral confinement of the electron gas controllable via elec-
trostatic gating. The transport between reservoirs™ con-
nected to the conductor takes place along edge states.
The edpe states, quantum analogs of classical skipping
orhits, are chiral, the transport along an edge state 1= uni-
directional. Scatterng between adge states is suppresed
everywhers 1 the condustor El:l:lrgl at electrostatically
controllable constrictions, 'Ei[’f' L2 For a magnetic
field that does not break the spin degeneracy of the sdge
states, each edge state supples two copduction modes,
OB per Spin.

These properties make conductors in the mteger quan-
tum Hall regime ideal for realizing analogs of optical ex-
periments.  First, the edge states correspond to single
mode wavegmdes for the light, The wmidirectional motion
along the edge states allows for “heams" of electrons to
[T Il-a.li:'!n:]. E-rn:-'u.-:l. I'.|:|-|: QFEH 't'-:lrk E LY t:l.r.'t'.'l.h:lhi-:: ]:llmm
sphitters with contrellable transparency. Moreover, due
to chirality the beamsplitters are reflectionless, a prog-
erty essemtial for the MZ and HET mterferometers but
difficult to achieve for beam “L'm“ e i conductors in
weak (or gero) magnetic felds 3 Thes properties of
conductors in the quantum Hall regime have boen demon-
atrated n:q:nﬁmmﬂ.rl.]l'_l,' i ow guEber of works, see g
[9,21,34].

Theoretically, several works have been concernesd with
the comcluctapee and noise ".Il.'(lill"l'l'.il'ﬂ af heam uplil!'l.np:
ad interferometers in Quantum Hall systems, for a e
cont peviews s og. Refs 2,35, Recently, it was pro-



prsed to use these appealing properties of edge states
in the context of orbital®® quasi-particle entanglement
i static? 7 and dynamic?® ™ systems as well as for
quantum state transfer. 4

It is interesting to note that the edge state descrip-
tion also hold for copductors at even higher magnetic
fiedds, n the Eractional Quantwm Hall regime, Az ex-
amples, the fractional eharge has been determined in
shot-noise experiment=® and the quantum statistical
properties of the fractionally charged quasi-particles bave
been investigated theoretically im beam-splitter™ and
HBT* geometries.  Various interferometer structures
have also been considered %4748 Very recently, a MZ-
mterferometer i the fractiona] Quantum Hall regime was
propased, * Tn this work we however consider only the in-
teger Quantum Hall effect, where the quasi-particles are
noninteracting awd the electrical analogs to optical ex-
periments can be directly realized.

B.  Seattering approach to cumont am] moise

This dscussion lesds us to consider single mode, multi-
terminal conductors with pomnteracting electroms. The
principle aim of thi=s work = & comparson of the MZ
ad HBT-mterferometers, In reality in both interfer-
ometers mberactions (screraing ) play a robe both for the
voltage and temperature dependence. A mon-interacting
scattering approach s not gange invariant but reguires a
treatment of screening. ™ However, these effects are ex-
pected to be simbiar in the two interferometers and will
not affect the main conclusions of this work, Therefore,
helow we treat nou-mterscting gansi-particle mterferom-
eters, The conductors are connected to several electronie
reservoirs, biased at a voltage < or grounded. The
current®™ and the nobse’ 5 are caleulated within the scat-
tering approach for mult-terminal conductors. We first
miroduce the creation and ammhilation operators for m-
goang, &l ( F) and a, (), and outgoing, 3 (E) and by (E),
particles, at energy £ in terminal o, For stmplicity we
suppress gpin notation. Considering a conductor with &
terminals, the - and out-going annihilation operatore
are related via the N = N scattering matrix, as

i~
bafE) =} saalEas(E) (1)
A=l

where a,3(E) is the amplitude to scatter from terminal
3 to terminal o, The current operator in the lead o has
the form"!

ity = %E f dEdE expli[E - E'}t/K)
iy
x A3, (E,Eah(E)i, (E, (2)

with the notation

AR (E E) = dapbay — 8551 Elany [E). i)

The average current is given by™

) = Jf dEja(E), (4]

where the spectral current density =
1
falE) = =} Gaa(E)fa(E). (5}
2

Here fa(E) = 1/(1 + exp|(E — V) /kgT]) i5 the Fermi
Dirac distribotion of termimal 3, with Vi the correspond-
mg applied voltage. The spectral conductamoe ,a(F)
i given by

2
GaglE) = Al B, E). (6}

The zero frequency correlator between carent fluctua-
tions i tepminals o and 3 s defined as

Sz = f dt(Ad, (0) Afg (1) + Afs (8) AL (0), (T

where Al [:_{ = [ (¥} = (I (1)}, The current correlator
is given byt

Sup = [ dESual) (8)
where
24 a &
Snﬂl:E:l o T E ATEI:E' E]Ah{E- EI:'
i

% FLEN1- fHE)] (9)
iz the spectral current correlator,

C.  Dwephasing voltage probe msdel

There are several physical mechantsms that might lead
to depbasmg of the electrons propagatmg along the edge
states [soe eg.  the dcussion in Ref. [9)). In this
work we are not interested moany partioular mechanism
for dephasing but consider matead a phenomenclogical
model, & dephasing voltage probe. The idea of u=ing
a voltage probe to hxduee dephasing was introduced in
Rofs. [53.54]. A wvoltage probe connected to a meso-
soopic sample was cousiered, leading to a suppression
of coherent trapsport due to melastic scattering, The
probe model, oniginally considered for the average cur-
rent, was extendad to treat the effect of inelastic scatter-
ing om shot noise by Biittiker and Beenakker™® by consid-
ering a comservation of current fuctuations at the prols
a8 well Later De Jong and Beenakker™ extended the
valtage probe concept and strodwesd a (fetitious) valt-
age probe which breaks phase but does not disipate en-
ergy. Beattering in the voltage probe i (quasi-|elastic.



This 15 achieved with the help of & ditnbuton fume-
tion in the voltage probe which conserves not only total
current like a real wltage probe, Tt conserves current
in every amall epergy mterval. Such a probe provides
a mode]l of pure dephasing. The different probe msd-
els leave been used as gqualitative models in & nombser of
warks, see Refs. [157] for a review. For an application
to quantum Hall systems, see Ref. [53].

In this work we consider the dephasing voltage probe
model, which conserves the current at each energy. The
midel 15 based on the assmmption that the corrent 1= con-
served on o time scale v, much shorter than the time
of the measurement but mach loager than the time be
tween injection of individieal eletrons, here of the ordes
of B/eV. Omne could however consider a more general
viltage probe model that takes into account a more coim-
plicated dynamics of the probs. A detailed discussion of
such a general model i the light of recent work!&132942
15 however deferred to & later work, Here we only note
that helow we find that the voltage probe 1m bath the MZ
am] HET-interferoameters only gives rise to o suppression
of the phase dependent terms in conductases ad nobs:,
Just as ome would naively expect to be the efect of pare
dephasing.

The condition of zero curvent nto the fictitions probe 5
at each energy is fulfilled by considering a time dependent
detribution function of the probe

FAE.t) = [y (E) + 8, (E. 1),
where &7 (E.¢] Hoctuates to comserve current on the

timescale 7, As A comsequence, the spectral current
density at ench energy in dead o fluctuates in time as

(10

JalE\t) = folE) + AjalE.1), (11}
where the fectuations A (Ed) = d5(E8 +
[1/e Mg A E 1 f (E, #) consist of two parts, the intrinse
fuctuntions &5, F, 1] and the additional Auctuations dise
b & (E 1], The requirement of zero average current
into the probe, L (E) =0, leads to the averaged distri-
bution function at the probe reservoir 5

GralE)

hiE)=- L5 E)
gy

TalE). (12)

The average spectral current density 1%( ) is then found
from Eq. (5.

The Auctiwating part of the distrbution fmctbon,
G (E ), B obtaised from the requirement of zero cur-
rewt Hactuations wto the probe, Aj (B8] = &, (E 1)+
(1/e) G (EWfL(E 2] = 0. The total current density
fluctuation is then grven by

. GaylE) ..
= s Ll
Aj(E.t)=48j,1E 1) G“[E:Ia_,-.ll:E.r].

As a result, 1 the presence of dephasmg the total spectral

(13}

2
LN
A
E
4 ]
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FI1G, 12 Am optical Mach-Zehnder interfarvmeter. A basm of
light imeident ffom 1 B =plit in two partial beams st the seml-
transparent boam splitter A, The two partial bexms acguire
gemnetrical phases < and & respectively and are rejoined at
thi secomid besm gplicter B, The lkght intensity s messared
in detectors 3 and 4

current correlation 5$|:E:| 3

_ _GuylE) Gy (E)
SME) = SoalE) = ZnSnlE) = S ()
Eﬂﬂl:E:lun"r[E]
wﬁﬁit‘]. (14)

where S,5(E) is the correlation fimction between the in-
trimsic current fluctuations, §f. and &g, of comtact o
and 3, given by Eq. (9], and &, 5(E) s the conductance,
given by Eq. (6).

M. MACH-ZEHNDER INTERFEROMETERS

A sehematie of the MI-ipterferometer 5 shown in
Fig. 1. An weident beam of light from source 1 is di-
vided in two parts at the semitransparent beam split-
ter A, The two partial beams are refected at mir-
rors amd later joined at the second beam splitter B.
Beams of light gomg out from & are detected in 3 and
4. The amplitude of the light in an cutgoing beam 1=
the sum of the amphtwdes for the two partial beams,
A = Apexplioy) + Agexpirga). This gives an ioten-
sity [A]? = [AL[* + | Ag)® + TRe A3 A3 explidy — 8]}
The interference term 2Re [ Ay A explildy — dg])} ths
contais the difference between the geometrical phases,
iy — . Imporcantly, the four terminal geometry to-
gether with the reflectionless beam splitters lead to that
the meident beam traverses the interferometer only once,
This 15 & definmg property of the MZ-mterferometer.



FIG. 2: The electronie analog of the ME-interferometer, im-
plemented by Ji et al® in a condusctor i the Quantum Hall
regime. The eectronle ressrvolr 1 is blassd at el anxl reser-
wvoirs 2 1o 4 are kept ad ground, The edge stabos {salid limes)
havw a direction of transport imdicated by arrows. The QPC's
A snd B play the role of the beam splitters im Fig. 1. Geo-
metrical phasee ¢ and &g and the AB-fax & are shown,

We then turn to the electric analog of the ME-
interferoineter, shown in Fig. 2. As painted out above,
several results for the current and noise are available n
the literature 101116130837 Horo ay analyse the meost
general situation possible, with finite voltage, tempera-
ture amd mterforometer arm asymmetry as well as differ-
ent beam sphitters A and F with arbitrary transparency,
When we consider limiting cases for eg. small tempser-
ature, bias or asymmetry, known results are resovered.
This detailed analysis of the MZ-interferometer 1= of m-
portanee when comporing to the HET-mterferometer b
lowe,

We first discuss a fully coberent interferometer, the
effect of dephazmg & mvestigated below, A electnic po-
tepthal ¢ is applied st terminal 1, all other termmalks
are kept at zero potential. The mjected electrons prop-
agate along single edge states. Scattermg between the
edge states can take place only at the two QP acting
a5 beam splitters with contrellable transparency. The
beam splitters § = A, ¥ are characterized by the scatter-
g malrices

(v V&) o

where Ty and By = 1 = T, are the transmission and re
flection probabilities, respectively. We note that any ad-
ditional phases of the beam splitters just give rise to a

b

cotstant phase shift of the cecillations in the interference
terms and are therefore not considered.

Propagating along the edge states, the electrons pick
up geometrical phases & amd &g as well as phases 1y
and 15 due to the AB-flux 4 through the center of the
nterferometer, For example, the amplitiude for scattering
from terminal 1 ta 4 = gives by

syy = i TFHM"““"H:":' +i T'I*Rm.n:ﬂ—hr I:lﬁ:l

For the geometrical phases, to be specific we consider the
rame when the potential landscaps ', w) of the condue-
tar in Frg 2 is varving smoothly on the scalke of the mag-
netic bength {g = (A /e|B)Y?, with B2 the applied mag-
netic field perpendicular to the plane in Fig., 2 (the effect
of selfconsistency of the potential™ & peglected ). This
allows for & semiclassical troatment 2 I & high magnetic
fedd the edge states at Ferm energy Ep follow equaipo-
tertial bines determined by .--Lf[:,y]- = Ep = Hhu {n41/2)
where w = el/m is the cvelotron frequency and m the
effective clectron mass. We wre comoernesd here with the
cage where there i only ope edge state and thus n =0
Suppose the r-axis 15 a ne intersecting quantum point
contacts A and B in Fig. 2. Excluding sell-intersections
we call express the edge state o terms of fuetions y(x)
awd yz(x) for the left and right path of the mmterferom-
vier.  Working m the svmmetric K, he geometric
phases can be written™ o, = =g |, # drpy(z), where
x4 and £ are the loeations of the QPCs, Importantly,
iy — iy c0tTesponds to the total avea A enclosed by these
two pathe divided by the magmetic length squared, or
dy =y = IeBA Py where BA 1= the total fux through
Elee enselosed area and &y = /e the elementary Aux quan-
tum. Note that the Abaronov-Bohm flux $ adds an ad-
ditional phase oy apd g, with oy 4 o5 = 208/, to
each of the paths,

For the dscussion of the temperature and valtage de-
pendence of the current and the noise, we also nesd to
know the energy dependence of the phases. First, in-
gtoad of parameterizing the sdge state through © we
imteoduce the parameter s which measares divectly the
path lemgih, ie =iz}, wis). In addition st = we i
troduce local coordinates s along and s perpendicu-
lar vo the equipotential line. In these coopdinates, an
edge state that follows the equipotential line at & small
energy £ awny from Ep acquires the additional phase
Jl.l,} = —J'&:]J':Ir:.'luL with II:L!L'I-'J::]_:I.'JSL = E. The
potential gradient 407 ds) determines the bocal electric
field F(s) = —dll /ds) at 5. But eF(s)lg = hopis) where
wpls] = Fila) /B e the dofl velociy of the guiding center
of the cvelotron orbit at point = of the edge state. Thus
& small imcrease m energy leads to a phase merement
given by Ay = [ds[l/fep(s)]|E. A rough estimate us
ing a drift velocity which is constant along the edge gives
Aoy o= ( Ly Mep)E with Ly the length of the edge state 1.
Far the phase-difference of the two nterfering paths we
have

¢1{E) - gl E) = Ag(Ep ) + E/E, (17)



with AMEr) = gy (Ep | —oal(Er) the equilibeium phase
difference.  Formally, higher order terms in epergy can
bi neghected for characteristic sperghes kgl oand 17
wavsch smaller than (407 ds |26 ds]. The ssymume
try of the two sdees thus mives rise to an spergy scale
E. = [ [ds[l/hepis)] — [ds|l/Men(sa)]} " which 1
dim to the mismatch of the edge state path lengths, ie
E, = Bop/(AL) with AL = L; - Ly. In principle, for a
eompletely symumetric interforometer one has £, — a0,

Given the seattermg smplindes 5,4, the spectral cur-
rent demsaty 15 found from Eqs. (3), (5] andd (6], For ez,
terminal 4, ome gets

W (E) = (efb)[fE) - fol BN |TaRp + TaRy

+2yTaTaRaRgcos(EE. + E]] (18]
where we introduce the tatal, energy independent phiase
B =Ad(Er) + 20 /¥ Here fo(E) is the distribution
functions of the grounded terminals 2.3 and 4 and f(E) =

fal E = eV the dstribution fmetion of terminal 1. The
ciirtent i then given from Eq. (), as

fo= 1 [(TaRa + TaRa)eV + yTaTuRaln

Fi kuT 'l 1
W .L?rkaicsch( i’;)m(irfc)m[:;ﬁ;*—ﬂ)l

(19)

Current conservation gives Iy = (e AV — Iy, The cur-
rent comststs of two physically distinet parts. The first
term in Eg, (19) i the phose ndependent, ineolwerent
piirt, the current i the absspee of mterference, while the
second, phass dependent term s the mterference con-
tribution. We pote that n bias «V of the order of the
aymmotsy energy E, beads to the phase shifis of the
oacillation. The strength of the nterference can oonve-
niently be quantified via the visihility as

Tonax — Imin E ampll]
R AP
wich gives for the current i the ME-imterferomster

M- {30}

vigdgiyiig
TaRe+ Tela
: dnkgT

v () e )]

The visthality 12 8 product of 5 term coptaming the QPC
eenttorimg probobilities and s function depending on the
energy scalis kT, oV and £, The seattermng probalil-
ity vermn is maccimnmm for identical QFC's, Ty = Ty, The
energy scale deprndence ® shown m Fig. § where the
visihality for wdentical point contacts 15 plotted as & fune-
tion of the normalwed temperature, kpT/E.. We note
several imterestingg features From Fig. 3 and Eq. (21). (i)
the visibility shows decaying oscillations as a fhmethon of
voltage vy grp o |sm (el 2E)| /el for arbitrary temper-
ature. (1) A symmetrie ME-mterferometer, E. = kgT,

MI.MEZ =

10p
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-
aele K 00w V=3
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FIG, & Current v isildliy of the Mack-Zelmder inerlemmetes
e agp versns normalized temperature kpT(E. for Ty = Ta.

eV, has unity visibility (for T4 = Tal, Le. shows per-
fect interference, (M) The visibility decays monoton-
cally with merensing temperature.  For large tempera-
tuges, kgl 3 ., the visibility decays expomentially with
the temperature & i gz & kgl expl—akpI' /E|.

It is inferesting to compare the caloulated visbility to
the experimentally measured one m Ref. [, As already
shown in Ref [0], the messured scattering probability de-
pendence of #p gz s well reproduoced by Eg. [21). Foe
the energy scale dependence, oo mformation aboat the
drift velocity v or the asymmetry AL peeded to de-
termine E, i8 provided n Rel [9]. However, to oltain
the order of magpitude of E., copsidering & & rough
astimate & typical drift velocity™ op ~ 1P m/s at &
magnetic feld B =~ 1T and an asvmmetry AL ~ 0.1jum
gives an E. corresponding to an applied Tias - 10§
of & temperature ~ Wk, These wiloes are typically
of the same order of magnitude as the ones considered
m the experiment. As & first approxmmstion, ooe wonld
thus expect asymmatry affects o be of importance. The
oheerverd temperature dependence, a strong dectease of
the visibility for increased temperature, i also qualita-
tivaly described by Eq. (21) with am E. kg ~ 50 mk
This 15 howsver not the case with the voltage dependence.
Ji et al fined a differentin] vidbility, pe. the visiality of
df [V} /dV | which decays strongly with applied voltage,
while Eq, (19] predicts & copstant. voltage |
differential visibility, There are several passable explana-
tions to why the voltage dopendence in contrast to the
tepperatire dependencs B not reproduced by the theory.
Ji et al themseelves point out two voltage depewdent de-
phasmg mechani=m: kow frequency notse of 1/ type duea
to movimg mmpurities, mdaced by & higher curment and
fast fluctuations of the potential landscape (and henos
of the phase via the enclosed area] cansed by scresn-
img of the additional charges njected at higher current
Seresning might also, for the penlmear current-voltage
chamcteristics predicted by Eq, (19], lead to & voleage



dependent renormalization of the transmission protabil-
ities, imtroducing a voltage dependence in the differential
visihility. ™™ We also note that in the model of Ref. [16],
imducing dephasing by coupling the MZ-mterferometer to
a quantum bath, gives a dephasing rate that moreases
with increasing voltage, Clearly, further imvestigations
are needed o elarify the origin of the dephasing in the
experiment m Ref. [9).

Turning to the noiss, we focws on the cross correla-
tor between currents fowing In terminals 3 and 4 [the
anto-correlator cam be obtained apalogously). This al-
lows for & straghtforward comparison to the result of
the HBT-interferometer, for which the cross correlator
wae investigated in Ref. [27]. From Eqs. (8) and (9) and
the expressions for the scattering amplitedes, we arrve
al the noe specteal density

s
S (E) = = [f(E) - ol
X {r:u+:~ m(£+E)+ng:m(E[£+ED}
" \E E. |
22)

with eoeficients

oy TaRa +Telg - 6TaRaTulln.

ca = 2Ty = Ra)(Te = Rp)v TaTeRaRp,
cpe = I TpRyRy. (23)

Performing the energy integralke in Eq. (B we find for
the cross carrelator

2 [ - - el
'9'34. = _T {E‘ufﬁj -I--|.'.Q.S|;{‘QE (E_I:': + E‘}

2(% +B)” (24)

where we ntrodoee the hunctions

+on Ny 005

L Voo
Sy=cel mth—ﬂﬂr T, (25)

= . skgT oV
“"‘“"“‘“( E, )[""“’ (ﬁ)

. F1 kaT el
(i) -E(E))

5':-& = 2akgTesch (2':,9?) [-:-:-th( & )

[
T
Il

] kT

L feVy  gT eV ,
ca(f)-"e(z)]

containing the dependence on the energy scabes oV, kgT
and E_.

Just s the current in Eq. (19), the noise consists of
a phaze independent. meoherent part and a phase de-
pendent, interference part. However, m contrast to the

i

current, the plase dependent part of the noise contains
two terms with different periods n 8, corresponding to
recillations periodic in &/ and #°2¢. These terms result
from two-partick scattermg processes which enclose the
AB-fho ome and two times respectively. Similardy to the
current, the phase of the cscillations are shifted for a bias
eV of the avder of the asymmetry eneegy E..

It &= important to wote that in the ME (in contrast
to the HBT) interferometer, two particke and higher os-
der scattering processes are just products of single par-
ticle scattering processes, The full distribution of car-
rent fluctuations'” is thus & function of single particle
scattering probabilities ooly. In parficular, the nose
gpectral density SulE) m Eq. (22) 15 proportional to
~|sa1[*|sm[*, ie. partition weise® with phase dependent
sl tering pnﬂmhi.'liliru-. As a conseduence, the phiuse n-
depenudent, imeoherent part of the noise can pot be e
derstood a8 partition wokse from meoherent single parts-
cle processes, Le. '”“llgj; mr':l“l-lg}mr # (lan !Iﬂilli:'ln-:-
This is formally clear since the term proportiomal to
cost B = [1 + cos(26)]/2, from two coherent scattering
processes, nbviously contribate to the phase independent
part of the noise. As o consequence, as shown by Mar-
quardt and Bruder 1419 4 modeP with a filksd stream of
classical parthcles inpected From reservoir | eorrectly pe
prodisces the ineoberent part of the current but faiks to
reproduce the incolerent part of the noise. b contrast,
a found in Ref [15 and further discussed below, the
completely dephasing voltage probe model correctly e
produces the meoherent part of both the carrent and the
nalss,

To quantify the strength of the cscillations we intro-
duice two separate quantities, vy oo and b3y, here
simply called visibilities, which in close analogy to the
current visihility in Eq. (21] are defined as the ratbo of
the amplitudes of the nowse oscillations and the sveragze
noizs, They become

a |eeSe
N

VNaE= (28)
amil
viuz = I%:g:—il (20)

Similarky to the current, both visibilities ave products of
a term containing the scattering probabilities and a fume-
tion of the energy scales €17, kpT and E.. 'We first focus
om the scattermg probahlity dependent term by consad-
ering the visthility m the limit of a symmetric interferom-
eber, B, % ol kgT, where the energy-seale dependent
beris ane inity. This gives

Ty - B) (Te - Re)| vTaTeRals

Nz = T Ra+1ghp— 61, R, Jakn o
amd
aTaRaRe
viluz Tafat Tafls —STRaTals



FIG. 4 Noise visihilicy #f oz [figore (a)] of the hje and
e [fegure {bi] of the h /3= acillations in the shot poise of
this Mach-Fehnder interferometer versis transmission Ty of
hemm splitter A for £ 5 kel el” for varous iransmission
probsbilities T of basm splitter I

Thee two visibalities are plotted i Fig. 4. Both visthili-
ties are symmetric under the subetitutions Ty — B and
Ti =+ Ry The vishility &5 ;7 & 2ero far Ty = By =
1/2, 12, for a symmetric setting of any of the QPCs
The visibilicy increases for increasing QPC asymmetry,
reaching & mecamum for 0 < Ty < 05 and 0 < Ty < 0.5
{umity onby in the lmit Ty, To 4 1) and then decreases
again toward zero at Ty = 0 or Ty = 0. Interestingly,
the visibility v§¥,, » shows an opposite behavior. It is
maximum, equal to anity, at Ty = Tp = 1/2 and then
decreases mopotopically for meressng QPC asymmetry,
reaching zero at Ty =0 or Ty = L This different depen-
dence an the seattering probahbalities makes it possible to
imvestigate the two cscillations independently by modu-
lating the QFC transparencies.

Turning to the energy scale bebavior, we consider for
simplicity #F ;5 in the hmt Ty, To < 1 and 3%,
i the limt T = Tg = 1,2 where respective scatbering
pechability terms are unity. For a syvmmetric integfer-
ometer, 1 & E: 3 el kg, both visibilities are unity,
Considering the situation when the temperature & com-
parable to the asymmetry energy scale B, but the voltage
15 gmall &1« kpT. E., wo get the visibilities

eyl megT kgT?
o= T (525 1+ ()

2]

eV/E (n)
1] 1 2 3 4
1[' T T ¥ T T
&
# ' a
w O0BF ¥ v
= S B g
:E DE' '.Ii. T HME
- i
= pal %
g b
8 §oo
|
I.‘:‘- "'q.,‘ -
)| SV
L1 1 2 K] 4

FIG., & Moise visibilities p,-“.—_,,; (for Ty. T <4 1) of the hfe
amd 1z of the b/2e coeillstions in the shot nolse eormela-
thom ol i Mach=Zehnder interferometer for Ty = Tp = 172 vers
was kgl B for o < kal, B {red curve) snd worsas eV E
for kel < E., £V [blue murve),

and
Erl;.'_g:f' E:t‘g]ﬂ kpl

[33)
The temperature dependesce of the visihilites are
shown in Fiz, 5 Both visihilities decrease monoton-
cally with ipcreasing temperature.  For large temper-
ature bl % E. the visibilities decay exponentially
TS Hﬁng x (kg )%exp(—rkaT/E.) and r-'ﬁ.,r; oy
(kpT Poxp (~2vkgTE.). The vishilty 132, - is this
considerably more sensitivity to thermal smearing than
v5 g In the opposite limit, for a small temperature
bt w \'n'll::“r: mml'n;rn]ﬂl-n tis E-:__, Lz, .i.'RT' 4 E.',.,ri'. e
instead get the visibilitiss

2E. | . V
Tt pral (;E.-] ()
and
E.|l. reV
F"?t?.urz = ETE S (FE_._) (5]

The visibalities as o fapction of voltage are plotted in Fig.
5. Both visibilities alow an oscillating belsvior, decaying
az & power law x 1/eV with incressing voltage, The pe-
ricdd of cacillations, in <V, is 20E, for ¢¥f 4 but 2E, for
vz, balf the value for 1§, -, The different voltage
depenedence gves an sdditional possibility to mvestigate
the two vaibilities iwdependent]y.



In the experiment of Ji et al.” the moise was measured
in the high woltage regime, with the mierference terms
both the curvent and noise completely suppressed. The
depedence of the meoberent noise on the transparencies
Ty and Ty was investigated (Ty was kept at 1/2 and
T was varid), A good sgresment was found with the
frst, ineoherent term in Eq, (24), Taken the open ques-
i om the efect of decoherence on the average curvent,
a detailed experimental investigation on the phase de
pendent, imterference part of the woke would be of great
interest,

A, Effiect of dephasing

Mext we consider the effect of dephasing on the current
and noise, As discussed above, dephasing is mtroduced
by commecting ooe of the two arms of the interferometer
o a fetitiows, dephasing voltage probe. The isterferam-
eter with the probe, dewoted terminal 5, is shown in Fig,
6. The dephasing probe 1s connected to the edge via &
contact described by & scattering matrix

(7Y

".I"‘:T l,,-'l—E'

where the dephasing parameter ¢ vanes hetween 0 (1o
dephasing, fally colwrent tramsport | and | (complete de
plasing, folly mcolerent transport |. The peesence of the
dephasing probe meodifies the amplitudes for scattering
hetween the termonal 1, 2, 3 and 4. As an example, the
seattering amplitisde sy, given in Eq. (16] in the absence
of dephasing, wow heconss

ﬁui:’]‘ - | JTEFAI,.I[\PI-II-FI.:I
+ =gy TuRpe® %, (87)

In addition, amplitudes for scattering into amd ot
froan the probe permieal 5 have to be considered. The
current is obtained from Eqs. (4), (5) and (12). For the
current in termimal 4, we find

% = L—'[m Rp + ToRa)eV+

2v'1 =5y TaTeRaRpdnkyTesch (

(g1 ) == (75 +)| -

Comparison with the result in the absence of dephasing
in Eq. (19} shows that the effect of the dephasing is to
suppress the phase-dependent oscillations by multiply-
ing the phase-dependent interference term with a fRctor
1=z For complete deplasing ¢ = 1, the plase de
pendent term B completely suppressed. The effect of de
phasing can thus be simply meorporated in the visibilicy

LFTL':]

: -
Vrarz = V1-£vrue, (39)

FIG. 6 The electrical MZ-interfervmeter, Fig. 2, with a de-
phasing voltage probs, 5, aliacbusd along one edge.

where 1 arz I8 the visibility of the current cecillations in
the atsence of dephasing, given by Eq. (21). As i clear
from the discusston ahove, to socount for the experimen-
tal obwervations in Ref. [9], one would have to consider
a voltage dependent dephasing parametsr =,

Turping to the noke, we obtain the cross correlator
betwesn currents m besd 3 and 4 1o the presewos of de-
phasing from Exqs. (3) and (14), giving

L . A a— v
5_.';:' = _Tlru.ﬁ'n+rgl‘:9-$“l—fﬂﬂ(£T} +ﬂ)

+og5g (1 _sﬁm[ (%*ej]} (40]

Here the terms cp. o, cap. o, Sa and Ssg are defined
above m Eqs. (23] and (25) to (27). Similarly to the
curvent, the effect of the dephasing = only to suppress
the amplitude of the phase-dependent cscillations. That
i what one wonld naively expect o be the consegquencs
of pure dephasing. The two phese-dependent. terms are
bowever afected differently, the coz® term &= suppressed
by a factor +/'T = 7 while the cos 28 term & suppressed by
(1 =z]. The cos28 ascillations are thus more strapgly
auppressed. The visibilities of the two oscillations in the
presence of dephasing can simply be written

vy = VT= 2 yz (41
and
viiee = (1= eptPysz, (42)

where 1§ - and 149, - are the visibilities for the noise
oecillations m the shsence of dephasing, given by Eqe
(25} and (20}, respectively.



Importamtly, both oscillating terms are fully sup-
pressed for complete dephasing. 2 = 1. Complete dephas-
ing within the voltage probe model thus gives a nodse ex-
pression that only consiste of the phase ndependent, -
coberent term in Eq. (22). 'We note already lere that the
eame result i fowd below for the HBT-mterferameter.
Sipee quantum nterference by definition = excluded from
the model, ie. all scattering phases are neglectad, the
completely dephasing voltage probe thus constitutes s
classical model that correctly reproduces the meoherent
part of the noise. As pomted out above, a more detailed
discussion of the phiysics of the voltage probe and a com-
parison with Refs. [14,15,59] is deferred to a later work.

It = mteresting to wote that the effect of dephasing
stroduced with the voltage probe, both for the current
and noise, is for arbitrary dephasing strength identical to
a phase averaging., The result in Egs. (41) and (42) can
be obtained by averaging the fully coberent expressions
in Eqs. (28) and (20) with respeet to a Lorentzian dissri-
bution p{8) of dow Huctustions of the phase 8 aroosd
the average value Sy, as

Idﬂﬂﬂ}mﬂ (nE) = (1 -2 cos(nBg).  (43)
with the Lorentgian distrilagtion
afx a=—(1/2)n{1 — £)

W e
We note that, as pointed out in Ref [15], a Ganssian
dstobution of the phase fluctuations gives a different
result, mot consEtent with the dephasing voltage probe
approach for arbitrary dephasing stregth.

We emphasize that the resuliz shove are mdependent
on to which edge the probe 15 conpected.  Moreover,
we also point out that the effect of the voltage probes,
for arbetrary £, & multiplicative, Le. attaching » vaoli-
age |:|r|:||1-|'d-: al ﬂ]:il‘.r:uj:‘ FII.II.'I'H along the arms can be
deseribed by renormalizmg 1 — ¢ — (1 — 2" Wiit-
ing (1 = )" = axplnln|l = c)) = exp{=L/Ls), with
Ls = =d/fl =¢] and L = nd with d the distance T
tween twa probes, we can quite natueally incorporate the
#lfect af o uniform desttbition af pb:ﬂ'lul inka 1|r:ph:u|-
ing length Ly The suppresion of the visibilities of the
he and b 2e oscialltions dise to dephasing in Eqa. (41)
and (42) are then modified as (1 =24 — exp(=L/282)
and (1 =z} — expi=L/La)

(44

IV. HANBURY BROWN TWIsS
INTERFEROMETERS

The HBT-mierferometer & less well known than
the MEinterferometer and diserves some additiona
comments, ™ The HBT-interferometer was imvented as a
toal o messire e angular diamseter of stars, The first
measurement!® was carried out on a radio star in 1954,
Compared o exsting schemes based an Michelson -
teeferometers, the HBT-interferameter proved to be bes
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sensitive to atmespherie scintillations, which allowed for
a more accurate determination of the angular diameter,
After having demonstrated a table-top version of the in-
terferometer in the visnal rangs,'* the ar diameter
of the visual star Sirie was determined.

The experimental resulte, both the two-particle inter-
ference and the positive ntensity cross correlations, were
ancvessfully explamed within a semi-classical framework.
Soon after the experiments, it was however shown by
Purcel® that the poeitive cross correlations could be
explained m terms of bunching of dividual photons,
emerging from the star, a thermal source of light. This
bumching was also demanstrated explicitly in subsequent
photo coumting experiments. "™ The HBT experiment
thus laid the foundations for quantom statistical meth-
ods I quanium optice.5? The HBT approach has also
been of importance in experimental particle physics.™ It
i5 Interesting to note that positive Intensity cross oorre-
latioms between beams of light emergmg from & thermal
source, according to some comtemporary -2 “woudd coll
for a major revigion of some fundaomental concepts i
quantem mechanics’, Purcell® however, providing an
elegant explapation of the bunching phenomena, pointed
out that “the Hanbury Brown Twiss effect, for from re-
quiring o reeisien of quanfem meckandcs, s an insfroe-
froe dlustrotion of s elemendery prnciples”,

An optical tabletop version™™ of the HBT-
mésrferometer & shown m Figo 7. A beam of light 1=
emitted from each cne of the sources 2 and 3, completely
uncorrelated with each other, The beams are sphit n
two partial beams at the semitransparent beam splitters
" and [ respectively, The partial beams acquire phases
w1 to gy before scattering at the second pair of heam
splitters A and &, The resulting beams are collected m
detectors ab ports 3 to &

Importamtly, there is no mterference pattern in the
inbemsites ol the detectors 5 to B, instesad the interfer
emee cociirs only i the erosa correlations between inten-
mithes ab 5.6 and 7,8 The intensity cros cofrelations
are sensitive to the two-partich amplitudes: the inter-
ferenee @ thus betwesan twe dilferent 1_|.|.||:.|:|.|;'|_'|.,-_'||_~ srals
teping events, o.g. (i) ope particde from 2 scatters to
b oand one particle fromn 3 scatters to B, with an am-
plitude Agexplildy + ¢} and (5] one partiche from 2
scatters to B and one particle from 3 seatters to 5, with
an amplitude Ageeplifaz + ¢g]). The amplitade to de-
tect ome particle in & and one n 8 = then the sum of
the twa 1.'h'n-|:|.|.|'!i-:||: .|||q:|]i.1.L'r||r:-l.. Thiz & the case sines
both seattesing processes have the saume initial and fi-
Bl states and can got be distinguished. The (reducible]
eroms correlation betwesn ntensities in 5 and 8 = dis
pectly pelated to the corresponding two-particle proba-
hility | Ayesxpdi]ds + o2]) + Agenplifon + o] )[2= |A4)* +
| Agl*+2Re { Ay A exp(ili + ¢ — da = du]}}- The inter-
ference term 2Re [ Ay AL explidy + da = dg = &)} con-
taing the Fur geometrical phases & to ¢ The
HET-interferoaueter is thus, m contrast to the M-
mterferameter, a two-partick: interferometer.



FIG. T: Two-source, four-detector optical Hanbwry Brown
Twiss geometry proposed in Ref. [27]. Two beams of light
incident from 2 and 3 are split in partial beams at the semi-
transparent beam splitters ' and D). The partial beams ac-
quire geometrical phases ¢ to ¢y and are rejoined in the
beam splitters A and B. The light intensity is measured in
detectors 5 to 8

The electrical analog of the HBT-interferometer, pre-
sented m Ref. [27], 1s shown in Fig. 8. It consists of
a (rectangular) conductor with a hole in the middle, a
Corbino geometry. Similar to the MZ-interferometer, the
electrons propagate along single edge states. Scattering
between the edge states take place only at the beam split-
ters A to [). The heam splitters are described hy scatter-
ing matrices given by Eq. (15). We first consider the fully
coherent case. In contrast to the MZ-interferometer, the
scattering amplitudes contain the phases ¢; and 1 only
via multiplicative phase factors. As an example, the am-
plitude to scatter from terminal 2 to terminal 5 is given
by

sia =/ TaToe!#1-¥1), (45)

As a consequence, the average currents which depend
only on the modulus squared of the scattering ampli-
tudes [see Eqs. (4) and (6)] do not contain any scattering
phases. We get the currents at terminals 5 to 8 as

Is = (2/h)V (T4Tc + RaRp),
Iy = (tz,fhﬂ ICTARD+RATO].
Ir = (2/h)V (TgRe + ReTp),
Iz = (¢2/h)V (TeTp + ReRe). (46)

Turning to the current noise, the correlation between cur-
rents in terminals 5,6 and 7,8 is given by Eq. (9). We
find for the spectral density for the correlators between
terminal 5 and 8

Sss(E) = - fol ]]
X {00:534-1‘39 cDS(E; E.+0)} (47)

FIG. & Two-souree, four-detector electrical Hanbury Brown
Twiss geometry implemented in a eonductor in the Quantum
Hall regime. The electronic reservoirs 2 and 3 biased at eV’
and reservoirs 1 and 4 to 8 are kept at ground. The edge states
(solid lines) have a direction of transport indicated by arrows.
The QPC's A and B play the role of the beam splitters in Fig.
7. Geometrical phases ¢1 to ¢4 and the AB-fhox & are shown.

with the coefficlents

coss = TaRpToRe + T RaTpRp;
=2 [[ VIR (48)
j=AB.C,D}

and 7

aud for the correlator between terminal 5

5.0
S (E) = S [1(8) - f(E)”
leasr+cecos(E/E.+0)}  (49)

=

with the coefficlent
o5 = TaTpToRe + RyRgTpRp. (50)

Performing the energy integrals in Eq. (9), we obtain
the corresponding current cross correlators

Ses = —2 [Cu c350 + feSe CDS( s )} (51)
h ' 2E,
and
_2¢? - - el
Sy = h |:C|]:5?-g|] + g 5g cos (ZEC ):| . (52]

Here Sy and Sg are given by Eqs. (25) and (26).
The other two correlators Sg; and Sgg are given hy
the substitutions Sg; = Sss (To = Tp) and Sgz =
Ss7 (T = Tp). Here, as for the MZ-interferometer we
have @ = Ad(Ep )+ 2r® /Oy with Ao = d1+do—d3—dy
and E:=1 Uy =2r®/ Dy,



Seviral olwervation ean be made from the results
above, put in comparison with the result for the noise
correlations for the MZ-interferometer i Eq, (24). Just
s for the MZ-interferameter, the ol consiats of an in-
colerent, phase independent part, and a colwerent, inter-
ference part. The phase dependent part of the nobse in
Eqs. (51) and (52} however contains only ane term. The
am'llil‘.l.l.-:l.n of el cacillating term &= a ||-:|'-||-||I.I.|.'.l ol f scdils
tering probability tenm and an energy-seale dopadent
function, just as for the MZ-interferometer. This phuse
dependent term has the same dependence on the phase
&, thee same voltage dependest. phase shift as well as the
st energy-seale dependeses as the second teem in Eq
[24). This b the case sinee they both arise from processes
which enclose the AB-flux once, Dispite: the fact that in
the HBT interferometer the AB-effect results from two-
partich procsses, the periodicity is determines] by the
single dlectron Aux quantum h/e. The dependence on
the scattering probabilities is however different, a con-
sequence of the MZ and HET interferometer geometries
being different. Tmportantly, there i no term i the noise
in Egs. (51} and (52} that corresponds to the last term
in Eq. (24), describing proocesses which enclose the AB-
fluxe ewice. We nate that the clementary scattering pros
cosses i the HBT-imterferonwter, in contrast to the M-
imterferometer, wre two- particle proceses, An important
conseguience of this is that the incoherent, phase ipdie
pendent noise term in Eqgs. (510 and (52) can directly
be reproduced by a mode] with filled streams of classical
particks meident from reservolrs 2 and 3.

Since there i only one phase-dependent term, the vis-
ibility of the phase-dependent cecillations can again be
l:le‘Eﬂt'_FdEﬁ]lEd, giving bot o =5 6and 3=78

|Ea bval
s

Saf
Yy graT =

(53)
Sinoe the epergy-scale degendence of the visibilities is
entical to o 1z For the MZ-interferometer in Eq. [28),
shown in Fig 5 we focus here only on the scatter
ing probability terms, We thus consider the limit of a
symmetric interferometer, E. 2 kgl el for which the
energy-seale dependent part is unity. Several symmet ries
exists, ez, all visibilities 15y g are unchanged by the
sutstitutions e — Te and KBp < Tp. The wisibil-
ity 1y g 5 unity for scattering probabilities obeying
TyRpReTe m TR RpTh snd similar relations hold
for the other visithilities, All visbilities go to zero for
any of the transmission probabalities approaching either
zero or umity. Focusmg on the case with T m T [or
equivalently T m Rp ), the visihilities are given by

3 TalaTa Ry

Wi Rer v ier = o T (54)
o ) Tohip+Tpk,
amd
BT ee 2Tl !EHB_ (5)
N WBET N HET TATE'FH.!HB
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FIG. 9: Noise visibilities sy jq e 800 4y g yp Of shot noise
correlations in the HAT geomelry versus imnsmision probs
ahility T4 for verious values of Ta, A symmetric geometry,
E. 5 kT, eV, nmd icentien] QPC's © and D are considersd,

The two different visibilities are plotted in Fig. 9 a8 a
fnction of Ty for different Tay, The visihility vy 3 gr bas
a maxinum equal to unity for Ty = T, whdea.rgi:m..
mstead bas a maximum equal to unity for Ty = Ry,

A. The effect of dephasing

Juest o iy e MZ-interferometer, the deplasing n the
HBT-interferameter is introduced by conpecting a fetd
Licris 'I":II.I.II-I! I:q'l:-'|:r|1 o an r|:|.;|:-|: Tt mnty any of the twa
point contacts, The HBT-interferometer with the probe,
denoted 9, is shown in Fig. 100 Here the probe is cone
mected to the adge between contact C and A, we empha-
wige that the results discassed below do ot ﬂup:'-hl:] o) Lo
which edgestate the probe B connectad,

The presence of the probe modifies the amplitudes for
seattering from terminals 2, 3 to terminals & to 8, Az an
example, the scattering amplitude m Eq, (45) is madifed

gy = y'1 — 24 Ty Tgli1—w1l {56

In addition, we also have to consider amplitudes for scat-
tering into and out from the probe terminal 9, The av-
erage currents m the presence of dephasing, grven from
Eqgs. (4] €0 (6) and (12), turs out to be given by the same



FIG. 10: The electrical HBT-interferometer, Fig. 8, with a
dephasing voltage probe, 9, attached along one edge.

equations as in the absence of dephasing, 1.e. Eq. (46).
This is what one expects, 1.e. that dephasing affects only
the phase-dependent parts of the ohservables,

Turning to the current correlators, given from Eqs. (8],
(9) and (14), we find for the correlators between terminal
b and 8

dp
'558 -

2 _ _ %
|:C'E'.5SSE' +tedav]l —ccos (;E + 9):|
&)

(s
and for the correlators between terminals 5 and 7

—2¢2 - - v
‘ |:C‘|j:5;r'-5||j +caSay'l — 2 cos ( ‘ +B)} .

2E

(59)
The two remaining correlators are again given by
the substitutions Sg; = Ses (T — Tp) and Sgg =
Sg7 (To + Tp). We see from Eq. (57) and (58) that just
as for the MZ-interferometer, the only effect of dephasing
is to suppress the phase-dependent term. The suppres-
sion factor is /1 — ¢, just the same as for the cos © term
m the noise for the MZ-imterferometer in Eq. (24). We

dp _
Ser =

dephasing as

S.afdp 1

~  B.af E
Vwgpr = V41— =Vyupr: (59)

This leads to the conclusion that the voltage probe for the
HBT-interferometer, just as for the MZ-imterferometer,
Just has the same effect as dephasing due to slow fluctu-
ations of the phase @, with the distribution of the phase
fluctuations obeying the relation in Eq. (43). Moreover,
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the voltage probes have the same multiplicative property
as for the MZ-interferometer, allowing one to describe
the effect of a continunm of probes along the edges (of
total length L = Ly + Ly + La 4 Ly) with a dephasing
length Ls. The suppression of the visibilities of the
hfe oscillations due to dephasing are then modified
as (1 —e)¥? = exp(—L/2Ly), just as for the h/e
ozcillations of the MZ-interferometer.

V. CONCLUSIONS

The MZ-interferometer is an amplitude interferometer:
it exhibits a visibility in the average current with period
h /e and exhibits a visibility in the shot nolse with periods
of both h/e and h/2e. In contrast, the HBT mterferome-
ter is an intensity interferometer, it exhibits no AB-effect
in the current and exhibits only an h/e-effect in the shot
noise correlations. Interestingly, our mmvestigation shows
that the shot noise visibility of the HBT interferometer
as a function of temperature, voltage and dephasing rate,
is qualitatively similar to that of the //e-component of
the shot noise of the MZ-interferometer. This is contrary
to the naive expectation that the visibility of the two
particle processes which lead to the HBT effect should
be similar to the visibility of the two particle processes
in the MZ-interferometer, that is the h/2e component
of the shot noise. Instead it is the number of times the
AB-flux is enclosed which determines the behavior of the
visibility.

In this paper we have investigated and compared in
detail the voltage, temperature and asymmetry depen-
dence for the cwrrent and noise visibilities in the MZ
and HBT-interferometers. The experimental realization
of the HBT-interferometer is of large importance since it
allows for an unambiguous demonstration of two-particle
interference effects with electrons, to date not demon-
strated. Moreover, a successful realization of the HBT-
interferometer would also enable a first demonstration
of orbital entanglement in electrical conductors, a fun-
damentally important result. The results presented in
this work should prove useful for the experimental work
aiming to detect the HBT effect in electrical conductors.

VL. ACKNOWLEDGMENTS

We thank M. Heiblum, I. Neder, H. Férster and E.
Sukhorukov for stimulating discussions. This work was
supported by the Graduate Students Study Abroad Pro-
gram, Taiwan National Science Council and the Tamwan
NSC93-2112-M-009-036, the Swedish Research Council
and the Swiss National Science Foundation and the net-
work for Materials with Novel Electronic Properties.



14

! M. Biittiker, Phys. Rev. B 46, 12485 (1992).

% Ya. Blanter and M. Biittiker, Phys. Rep. 336 1(2000).

* M. Born and E. Wolf, Prirciples of Optics, T:th ed. (Cam-
bridge University press, Uk, 1999).

4 L. Mandel, Rev. Mod. Phys. 71, 8274 (1909).

® See eg. S. Pedersen, A.E. Hansen, A. Kristensen, C.B.
Sorensen and P.E. Lindelof, Phys. Rev. B 61 5457 (2000)
and references therein.

& E. Buks, R. Schuster, M. Heilblum, D. Mahalu and V.

Umansky, Nature 391 871 {1999).

A E. Hansen, A. Kristensen, S. Pedersen, C.B. Sorensen,

and P.E. Lindelof, Phys. Rev. B G4 045327 (2001).

5K Kobayashi, H. Aikawa, S. Katsumoto and Y. Iye, J.
Phys. Soc. Jpn., 71 2004 (2002).

"y, Ji, ¥, Chung, D. Sprinzak, M. Heilblum, D. Mahalu
and H. Shtrikman, Nature 422, 415 (2003).

1. Sealig, M. Biittiker, Phys. Rev. B 64, 245313 (2001).

e Seelig, 5. Pilgram, A.N. Jordan and M. Biittiker, Phys.
Rev. B 68, R161310 (2003).

12 K. Le Hur, Phys. Rev. B 65, 233314 (2002).

1% K. Le Hur, cond-mat /0503652,

M F. Marquardt and C. Bruder, Phys. Rev. Lett. 92, 56805
(2004).

15 F. Marquardt and C. Bruder, Phys. Rev. B 70, 125305
(2004).

18 F. Marquardt, cond-mat /0410333,

" H. Férster, S. Pilgram and M.
cond-mat /0502400,

'8 R. Hanbury Brown and R.Q). Twiss, Philos. Mag. Ser. 7
45, 663 (1954).

19 R. Hanbury Brown and R.Q). Twiss, Nature (London) 177,
27 (1956).

" R. Hanbury Brown and R.Q). Twiss, Nature (London) 178,

1046 (1956).

M. Henny, S. Oberholzer, C. Strunk, T. Heinzel, K. En-

sslin, M. Holland and C. Schonenberger, Science 284, 296

(1999).

2 WD, Oliver, J. Kim, R.C. Liu, and Y. Yamamoto, Science
284, 299 (1999).

* H. Kiesel, A. Renz, and F. Hasselbach, Nature (London)
418, 392 (2002).

* M. Biittiker, Physica B 175, 199 (1991).

* M. Biittiker, Phys. Rev. Lett. 68, 843 (1092).

% D. Loss and EV. Sukhorukev, Phys. Rev. Lett. 84, 1035

(1992).

P. Samuelsson, E.V. Sukhorukov, and M. Buttiker, Phys.

Rev. Lett. 02, 26805 (2004).

# K. v. Klitzing, G. Dorda, M. Pepper, Phys. Rev. Lett. 45,
494 (1980).

# M. Biittiker, Phys. Rev. B 38, 0375 (1088).

B, I. Halperin, Phys. Rev. B 25, 2185 (1982).

B, 1. van Wees, H. van Houten, C. W. J. Beenakker, J. G.
Willlamson, L. P. Kouwenhoven, D. van der Marel, and C.
T. Foxon, Phys. Rev. Lett. G0, 848 (1988).

D, A, Wharam, T. J. Thomnton, R. Newbury, M. Pap-

per, Ho Ahmed, J. E. F. Frost, D. G. Hasko, D. C. Pea-

cock, D. A. Ritchie and G. A. C. Jones, J. of Phys. C 21,

LB61(1988).

R.C. Liu, B. Odom, Y. Yamamoto, and 5. Tarucha, Nature

301 263 (1998).

#8. Oberholzer, M. Henny, C. Strunk, C. Schonenberger, T.

ey

Biittiker,

2

=4

2

-T

33

Heinzel, K. Ensslin, M. Holland, Physica 6E, 314 {2000).

5 M. Biittiker, P. Samuelsson, E.V. Sukhorukov, Physica E
20, 33 (2003).

% p. Samuelsson, E.V. Sukhorukev, and M. Biittiker, Phys.
Rev. Lett. 81, 157002 (2003).

T CW.J. Beenakker, C. Emary, M. Kindermann, and JI.L.
van Velsen, Phys. Rev. Lett. 91, 147901 (2003).

%8 (W.]. Beenakker, and M. Kindermann, Phys. Rev. Lett.
02, 056801 (2004).

* P, Samuelsson, and M. Biittiker, cond-mat /0410581 (Phys.
Rev. B, in press).

40 See also related work by CW.J. Beenakker, M. Titov,
B. Trauzettel, Phys. Rev. Lett. 94, 186304 (2005}, A. V.
Lebedev, G. B, Lesovik, G. Blatter, cond-mat /0504583,

47, M. Stace, C. H. W. Bamnes, and G. J. Milburn Phys.
Rev. Lett. 03, 126804 (2004).

12 L. Saminadayar, D. C. Glatthi, Y. Jin and B. Etienne,
Phys. Rev. Lett. 79, 2526.2529 (1997).

4 R, de-Picciotto, M. Reznikov, M. Heiblum, V. Umansky,
G. Bunin, D. Mahalu, Nature 389 162 (1997).

M 1 Safi, P. Devillard, and T. Martin, Phys. Rev. Lett. 86,
4628 (2001 ).

158, Vishveshwara, Phys. Rev. Lett. 01, 106803 (2003).

16 5 A. Kivelson and V.L. Pokrovsky, Phys. Rev. B 40, R1373
(1989).

47 €. de €. Chamon, D.E. Freed, S.A. Kivelson, S.L. Sondhi
and X.G. Wen, Phys. Rev. B 55, 2331 (1947).

8 M.R. Geller and D. Loss Phys. Rev. B 56, 9692 (1997).

497 Jonekheere, P. Devillard, A. Crepiewx, Th. Martin,
cond-mat /0503617.

5 M. Biittiker, J. Phys. Condensed Matter 5, 9361 (1993).

5L M. Biittiker, Phys. Rev. Lett. 57, 1761 (1986).

52 M. Biittiker, Phys. Rev. Lett. 65, 2001 (1990).

% M. Biittiker, Phys. Rev. B 33, 3020 (1986).

0 M. Biittiker, IBM J. Res. Dev. 32, 63 (1988).

% (W.J. Beenalker, and M. Biittiker, Phys. Rev. B 46, 1880
(1992).

56 M. J. M. de Jong, and C. W. J. Beenakker, Physica A 230,
219 (1996).

'S, A. van Langen, and M. Biittiker, Phys. Rev. B 56,
R1680 (1997).

*% €, Texier and M. Biittiker, Phys. Rev. B 62, 7454 (2000).
46, 18580 (1992).

" AA. Clerk and A.D. Stone, Phys. Rev. B 69, 245303
(2004).

%0 CW.J. Beenakker and B. Michaelis, cond-mat /0503347

1 D.B. Chklovskii, B. I. Shklovskii and L. I. Glazman, Phys.
Rev. B 46, 4026 {1992); N. R. Cooper and J. T. Chalker,
Phys. Rev. B 48, 4530 (1993).

52 H. A. Fertig, Phys. Rev. B 38, 006 (1988).

8 See g, the discussion in N. C. van der Vaart, M. P. de
Ruyter van Steveninck, L. P. Kouwenhoven, A. T. Johnson,
Y. V. Nagarov, C. J. P. M. Harmans, and C. T. Foxon,
Phys. Rev. Lett. T3, 320 (1994) and references therein.

8 D, Sanchez and M. Biittiker, Phys. Rev. Latt. 93, 106802
(2004); T. Christen and M. Biittiker, Phys. Rev. B 53
2064, (1996).

 For an interesting historical aceount, see R. Hanbury
Brown, The Intensity Interferometer (London: Taylor and
Francis) 1674

6 EM. Purcell, Nature 178, 1440 (1056).



5 RO, Twiss, A0, Littk, and R, Hanbury Brown, Xsture
{Lendan) 180, 24 {1957}

5 GA. Rebka, and RV, Pound, Natre (London) 180, 1035
(1867,

# Se0 o.g. R Louwdon, Rop. Prog. Phys, 43, 58 (1950).

™ G Baym, Acta Phys. Pol. B 20, 1839 (1965,

" E. Brannen and H.LS. Ferguson, MNature (London) 178,

481 {1055,

¥ B Hanbury Brown and B.Q. Twiss, Nature {Landon) 178,
1447 | 1958).

™ B, Yurke and I, Stoler, Phys, Rev, Lett, 68, 12351 (1992),

™ B, Yurke and [, Stolar, Phys. Rev, A 40, 2235 {1992).



[Referencel:

[1] Semiconductor Spintronics and Quantum Computation, edited by D. D. Awschalom, N.

Samarth, and D. Loss (Springer-Verlag, Berlin, 2002).

[2] S. A.Wolf, et. al., Science. 294, 1488 (2001).

[3] L. Zuti¢, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323 (2004).

[4]J. Sinova, €t. al., Phys. Rev. Lett. 92, 126603 (2004); S. Murakami, N. Nagaosa and S. Zhang,
Science 301, 1348 (2003); V. M. Edelstein, Solid State Commun., 73, 233 (1990); A.
Voskoboynikov, €t. al., Phys. Rev. B. 59, 12514 (1999); L. S. Levitov and E. 1. Rashba, Phys.
Rev. B, 67, 115324 (2003).

[5] S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990); P. Sharma and P. W. Brouwer, Phys.
Rev. Lett. 91, 16 6801 (2003); M. Governale, F. Taddei, and R. Fazio, Phys. Rev. B, 68,
155324 (2003).

[6] A. G. Malshukov, €t. al., Phys. Rev. B, 68, 23 3307 (2003); C. S. Tang, A. G. Malshukov, and
K.A. Chao, cond-mat/0412181.

[7] J. Wunderlich, B. Késtner, J. Sinova, and T. Jungwirth, cond-mat/0410295.

[8] Y. K. Kato, €t. al., cond-mat/0502627.

[9] G. E. Pikus and A. N. Titkov, in Optical Orientation, edited by F. Meier and B. P.

Zakharchenya (North- Holland, Amsterdam, 1984).

[10] M. L. Roukes, Phys. World 14,25 (2001); H. G. Craighead, Science 290, 1532 (2000); A. N.
Cleland, Foundations of Nanomechanics (Springer, Berlin, 2003).

[11] P. Mohanty, G, Zolfagharhani, S. Kettemann, P. Fulde, Phys. Rev. B. 70, 195301 (2004).

[12] R. G. Knobel, A. N. Cleland, Nature 424, 291 (2003).

[13] M. Buttiker, Phys. Rev. B 46, 12485 (1992).

[14] Ya. Blanter and M. Buttiker, Phys. Rep. 336, 1(2000).

[15] M. Born and E. Wolf, Principles of Optics, 7:th ed. (Cambridge University press, UK, 1999).

[16] L. Mandel, Rev. Mod. Phys. 71, S274 (1999).

[17] See e.g. S. Pedersen, A.E. Hansen, A. Kristensen, C.B. Sorensen and P.E. Lindelof, Phys.

Rev. B 61, 5457 (2000) and references therein.
[18] E. Buks, R. Schuster, M. Heilblum, D. Mahalu and V. Umansky, Nature 391, 871 (1999).
[19] A.E. Hansen, A. Kristensen, S. Pedersen, C.B. Sorensen, and P.E. Lindelof, Phys. Rev. B 64,
045327 (2001).
[20] K. Kobayashi, H. Aikawa, S. Katsumoto and Y. Iye, J. Phys. Soc. Jpn. 71, 2094 (2002).
[21]Y.Ji, Y. Chung, D. Sprinzak, M. Heilblum, D. Mahalu and H. Shtrikman, Nature 422, 415
(2003).

[22] G. Seelig, M. Buttiker, Phys. Rev. B 64, 245313 (2001).

[23] G. Seelig, S. Pilgram, A.N. Jordan and M. Buttiker, Phys. Rev. B 68, R161310 (2003).

[24] K. Le Hur, Phys. Rev. B 65, 233314 (2002).

[25] K. Le Hur, cond-mat/0503652.

[26] F. Marquardt and C. Bruder, Phys. Rev. Lett. 92, 56805 (2004).

[27] F. Marquardt and C. Bruder, Phys. Rev. B 70, 125305 (2004).

[28] F. Marquardt, cond-mat/0410333.

[29] H. Forster, S. Pilgram and M. Buttiker, cond-mat/0502400.

[30] R. Hanbury Brown and R.Q. Twiss, Philos. Mag. Ser. 745, 663 (1954).



[31] R. Hanbury Brown and R.Q. Twiss, Nature (London) 177, 27 (1956).

[32] R. Hanbury Brown and R.Q. Twiss, Nature (London) 178, 1046 (1956).

[33] M. Henny, S. Oberholzer, C. Strunk, T. Heinzel, K. Ensslin, M. Holland and C.

Schonenberger, Science 284, 296 (1999).

[34] M. Henny, S. Oberholzer, C. Strunk, T. Heinzel, K. Ensslin, M. Holland and C.

Schonenberger, Science 284, 296 (1999).

[35] H. Kiesel, A. Renz, and F. Hasselbach, Nature (London) 418, 392 (2002).

[36] M. Buttiker, Physica B 175, 199 (1991).

[37] M. Buttiker, Phys. Rev. Lett. 68, 843 (1992).

[38] D. Loss and E.V. Sukhorukov, Phys. Rev. Lett. 84, 1035 (1992).

[39] P. Samuelsson, E.V. Sukhorukov, and M. Buttiker, Phys. Rev. Lett. 92, 26805 (2004).

[40] Y. Kato et al., ibid. 299, 1201 (2003); S. Murakami €t al., ibid. 301, 1348 (2003).

[41]L. Y. Wang, C. S. Tang, and C. S. Chu, cond-mat/0409291.

[42] Alexander Hogele, et al., Appl. Phys. Lett. 86, 221905 (2005)

[43] J. Seufert, et al., Phys. Rev. B 69, 035311 (2004).

[44] R. Hanson, et al., Phys. Rev. B 70, 241304 (2004).

[45] Y. A. Bychkov and E. 1. Rashba, J. Phys. C 17, 6039 (1984).

[46] Qing-feng Sun, Jian Wang, and Hong Guo, Phys. Rev. B, 71, 16 5310 (2005)

[47] P. Sharma and P. W. Brouwer, Phys. Rev. Lett. 91, 16 6801 (2003); M. Governale, F. Taddei,
and R. Fazio, Phys. Rev. B, 68, 155324 (2003).

[48] A. G. Malshukov, C. S. Tang, C. S. Chu, and K. A. Chao, Phys. Rev. B, 68, 23 3307 (2003).

[49] S.W. Chung, C.S. Tang, C.S. Chu, and C.Y. Chang, Phys. Rev. B 70, 085315(2004).

[50] C.S. Tang and C.S. Chu, Phys. Rev. B 53, 8 (1996).

[51] Philip F. Bagwell and Roger K. Lake, Phys. Rev. B 46, 23 (1992).

[52] U. Fano, Phys Rev. 124, 1866 (1961).

[53] U. Fano and A. R. P. Rau, Atomic Collision and Spectra (Academic Press, Orlando, 1986).

[54]J. Faist, F. Capasso, C. Sirtori, K. W. West, and L. N. Pfei_er, Nature 390, 589 (1997).

[55] F. Cerdeira, T. A, Fjeldly, and M. Cardona, Phys. Rev. B 8, 4743 (1973).

[56] R. K. Adair, C. K. Bockelman, and R. E. Peterson, Phys. Rev. 76, 308 (1949).

[57] V. Madhavan, W. Chen, T. Jamneala, M. F. Crommie, and N. S. Wingreen, Science 280,
567 (1998).

[58]J. Li, W.-D. Schneider, R. Berndt, and B. Delly, Phys. Rev. Lett. 80, 2893 (1998).

[59] C. Fuhner, U. F. Keyser, R. J. Haug, D. Reuter, and A. D. Wieck, cond-mat/0307590.

[60] J. Gores, D. Goldhaber-Gordon, S. Heemeyer, M. A. Kastner, H. Shtrikman, D. Mahalu, and
Y. Meirev, Phys. Rev. B 62, 2188 (2000).

[61] I. G. Zacharia, D. Goldhaber-Gordon, G. Granger, M. A. Kastner, Y. B. Khavin, H.
Shtrikman, D. Mahalu, and U. Meirav, Phys. Rev. B. 64, 155311 (2001).

[62] K. Kobayashi, H. Aikawa, S. Katsumoto, and Y. Iye, Phys. Rev. Lett. 88, 256806 (2002).

[63] K. Kobayashi, H. Aikawa, A. Sano, S. Katsumoto, and Y. Iye, Phys. Rev. B 70, 35319
(2004).

[64] M. Sato, H. Aikawa, K. Kobayashi, S. Katsumoto, and Y. Iye, cond-mat/0410062.

[65] J. Kim, J.-R. Kim, J.-O Lee, J. W. Park, H. M. So, N. Kim, K. Kang, K.-H. Yoo, and J.-J.



Kim, Phys. Rev. Lett 90, 166403 (2003).
[66] A. A. Clerk, X. Waintal, and P. W. Brouwer, Phys. Rev. Lett. 86, 4636 (2001).
[67] Y.-J. Xiong and S.-J. Xiong, Int. J. Mod. Phys. B 16, 1479 (2002).
[68]J. F. Song, Y. Ochiai, and J. P. Bird, Appl. Phys. Lett. 82, 4561 (2003).
[69] Physics reports (Review Section of Physics Letters) 234, Nos. 2&3 (1993) 73-174.
[70] Weisshaar et al., J. Appl. Phys. 70, 355 (1991).
[71] Weisshaar, Ph.D. dissertation (1991).



