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Proposed measurement of coherence and phase sensitivity in a mesoscopic system
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We study the transport through a mesoscopic system that consists of an Aharonov-Bohm ring and a quantum
dot. The ring, with the quantum dot embedded in one of its arms, is connected to a normal conductor and a
superconductor. In such a system with a superconductor, holes are introduced due to the Andreev reflection at
the normal-conductor—superconductor interface, and contribute to the total transport current. Using the wave-
guide theory, we find that holes do not influence the phase characteristic of the total transport current, but they
do influence the magnitude of the current. A significant dependence of the transport current on the length of the
lead that connects the ring to the superconductor is observed.
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Quantum interference effects have been observed in mdeund that the persistent current through a quantum dot em-
soscopic systems where the wave nature of electrons playsdded in a mesoscopic ring in the Kondo regime is en-
an important role. To fully characterize the transport properhanced relative to the current in a perfect ring of the same
ties of electrons through such systems, phase evolution idength, and depends only on the states in the vicinity of the
formation must be provided. It has been suggested that theermi level.
phase can be measured in some interference systems. Re-In order to provide comprehensive information about
cently, the phase behaviors of electrons traversing a quantuiectron transport in mesoscopic systems, in this paper, we
dot (QD) were studied both experimentally and Propose a different structure and focus our study on it. This
theoretically*® It was pointed out that the small size of structure consists of an AB ring and a QD, and, with two
mesoscopic systems induces Coulomb blockade effects ah@@ds, is connected to a normal conductor arslipercon-
it is necessary to generalize the LandauéttiBer formalism  ductor [as shown in Fig. (8)]. When a normal conductor is
to these systems. In 1995, Yacoblyal. measured the trans- Placed near a superconductor, the electronic properties of the
mission phase through a QD, and directly demonstrated th&tormal conductor can be affected by the nearby supercon-
phase coherent transport through quantum dots in realisti@uctor. This is the superconducting proximity effect. When
systems may not be destroyed by inelastic scattériigo ~ an electron in the normal conductor moves to the interface
distinguishing features were observed in this experimentbetween the normal conductor and the supercondubisy,
first, the phase of Aharonov-Boh(B) oscillations changes
abruptly when the conductance of the AB ring passes a peak;)
second, the AB oscillations at consecutive conductance
peaks are in phase. The abrupt phase change at resonan L,
can be understood because the conductance should be : L L,
even function of the external magnetic fiéll Some other N
authors, however, argued that it might result from the
electron-electron interaction. Using a self-consistent mean-
field approximation to treat the electron-electron interaction
within the QD and considering several channels in the AB
ring, they also got the result of a sudden phase change by
in the oscillation$® It is more difficult to understand the  b)
second feature of in-phase behavior observed by Yacoby
et al® since neither integrable nor chaotic quantum dots were
expected to have the same phase between successive res
nances. Considering both the resonance of the dot and th u
interference effect, Wuet al. explained the in-phase %2 s
behaviot® in a one-dimensional noninteracting model. For v,
two-terminal structures, it is almost impossible to measure I3 I
the transmission phase of the quantum dot because of the
phase rigidity enforced by the transmission coefficent. g, 1. (@) The mesoscopic system we study. A QD is embed-
Schuster and Buk8 measured the transmission phase of aged in an AB ring with two leads. This ring is connected to a
quantum dot in a modified four-terminal geometry where thenormal metal and a superconduct) The on-site energies for the
phase rigidity does not apply. They observed continuousystem. The widths of the barrier and the well &g and W,,
phase shifts of the AB oscillations as a function of the gataespectively. The effective electrostatic potential of the arm with the
voltage on the quantum dot. More recently, Ferrtrial®  dot is parametrized by, (dot potential and Vg (barrier potential
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Andreev reflection occurs. In this case, a Cooper pair goes  Figure Xb) shows the on-site energies of the system. The
into the superconductor and then a hole reflects back. So th@hemical potential outside the dot is referred torasThe
current in the normal conductor has two parts: the contribueffective electrostatic potential in the arm with the dot is
tion from the electrons and that from the holes. In 1982 parametrized by the quantitieg, (dot potential and Vg
Blonder, Tinkham, and Klapwif¢ ¢ studied the supercon- (barrier potentigl The normal-conductor—superconductor
ducting proximity effect. They assumed a repulsive potentiajunction leads to a-function potential with strengté,. We
[H&(x)] located at the interface and got the reflection coeffollow the method used in our previous work to calculate the
ficients of holes and electrons via Andreev reflection wherfransport current” In the local coordinate system, the wave
electrons are reflected at the NS interface by solving théunctions in the circuifas shown in Fig. (8] can be given
Bogoliubov equations. As we know, electrons and holegas follows:
have different wave vectors and different additional phases
under a magnetic field. Hence the coherence and phase sen- , (x ):(1)eikex1+Re

P . . . 1\A1 1
sitivity in such a mesoscopic system can be very different
compared with the usual systems without a superconductor.
Since the single-channel model provides a good approxima- o K 1 e
tion to a real wire with finite width at low temperature, we Wi(xi)=A; 0 e"e i+ B;
restrict our model to the one-channel case. In this paper, we
investigate the effects of quantum interference on the trans- N
port current in the structure by use of one-dimensional wave- +B;
guide theory.

In a mesoscopic system, the transport properties are very

sensitive to the size of the system. When the size is compa- 1\ .
rable with or less than the characteristic lengths, i.e., the ‘I’i(Xi)ZA?(O)e'kiexi+B$
phase-breaking length. ,=(D7,)"? and the coherence
length L= (hD/kgT)*? (74 is the sum of the scattering
rates when the phase of an electron is disrupted Carsdthe + Bih
electron diffusion constapt the electron maintains phase
memory throughout the systerh, andL are of the order 1 1 0
of 0.1-2 um in metallic thin film at liquid-helium tempera- xps(xs)zAg( )eikeX5+A§be( )eikeX5+A§ae
ture. It is important to discuss the hole lifetime in our system 0 0 1
before we study the coherence characteristics of holes. The
guasiparticle lifetime in metals has been investigated by use + AQ
of the free-electron ga-EG) model of the Fermi liquid. In
this simple model, for either electrons or holes with engggy 1
very near the Fermi levet, the inelastic lifetime is found +Ahah( )e_ikeXS
to be proportional to E—Eg) 2. First principles > 1o ’
calculations®*® for particle lifetimes in noble metals have .
been carried out only very recently, and indicate that both
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electrons and holes exhibit lifetimes well over those pre- ko= \2m(u+E)/%,

dicted within the FEG model, due to a major contribution

from the occupied states participating in the screening of kie=V2m(u+E—Vp)/h (i=a,c),
the electron-electron interactions. It was found that the life-

time of holes in copper is on the order of?1@s while |E Kpe= 2m(u+E+Vp)/4,
—Eg|~1 eV.! Obviously, a much larger hole lifetime can

be expected for energies near the Fermi level. The Fermi kgzkei 2w plL ¢y,
velocity in copper is about 1:610° cm/s?° Thus the mean

free path of holes in copper can be much larger than Kio=kie =2 dIL g,

0.16 um. In fact, according to conventional proximity ef-
fect theory, the Cooper pair amplitude decays exponentiall)‘?lnd

with distance into a normal metal having electron diffusion —

constant larger than the characteristic length, and under these Kn=v2m(u—E)/f,
conditions holes as well as electrons retain phase memory as — Pm(a—E-Vy) o
they diffuse inside the normal wifg.It should be possible to Kin=v2m(u—E=Vg)/h (i=a,c),

fabricate our proposed mesoscopic structure by means of

multilayer lithography with a submicrometer precision of the kpn=v2m(u—E+Vp)/h,
alignment. In this structure, the transport current is signifi- N

cantly affected by Andreev reflection, which introduces Ky =kn+2m /L g,
holes into the system, and both electrons and holes contrib- .

ute to the current. kin=kin+2m¢/L o,
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wherem andE are, respectively, the mass and energy of the efike 5 hohi

incident electron;ke(ky) and ki, (ki)(i=a,b,c) are the le=———(|Ag[*~[Asb®+Aga"[%) @)
wave vectors of electrongholes in the ring, well, and bar-

rier; Ky, kie, Ko, andk;, (i=a,b,c) are the equivalent and

wave vectors when a magnetic flukx threads the loop and

destroys the time-reversal symmetiyp, (=hcle) is the | :ehkh(|Ah|2_|Aeae+Ahbh|2) @)
elementary flux quantum; arldis the circumference of the " m ° s s '

ring. Here we have introduced two-component wave func—_l_h total t t ts i
tions to describe electron and hole states. € fotal transport currents 1s

1 [i=lg—Ip. 9
(0) In our calculation, we neglect the effects of impurities, dis-
order, weak localization, and temperature. In the usual super-
and conductor, the energy gap is about several meV. The
chemical potential is about 10 meV, andfg andV are on
0 the order of eV. In this paper, we select the superconductor
(1) energy gapA as the energy unit, the width of the barrier

(W) as the length unit, anez/m as the current unit. Then,

represent, respectively, the pure electron state and the puMs IS taken to be 1000, and the width of the welWy) is
hole state RS (R}) and AS (Al are, respectively, the re- taken to be 200. In the experiment by Yaca#iyal,” the dot

flection coefficient of electronéoley that are reflected back SiZ€ IS about 0.5um. Our selections of parameters are con-
to the left reservoir and the transmission coefficient of elecSistent with the experiments. Since the size of the structure is
trons(holeg that transmit to the righia®, BS, A, andB' Ies;thari_T anc;I]Ld,, ﬂ;]e syslterln lsdglhase coh?/(/ent.

(i=2,3,4 anda,b,c) are the amplitudes of all partial waves igure 2a) shows the calculatedVp, curve. We can see

in the loop. All coefficients can be determined by the conti-that there are many current peaks in this curve. When the

nuity of the wave functions and the conservation of the cur-WeII depth Vp increases, the quantum energy level in the

rent density at six junctiond(i=1 to 6)[as shown in Fig. well passes through the Fermi energy level of the ring. When

1(a)]. a® andb® are the reflection coefficients of holes and one quantum energy level just Passes through the Fermi
l?vel, resonant transport occurs, which corresponds to a cur-

rent peak. This can be easily understood. Figurégs and
h%(c) demonstrate the relation between the transport current
and the magnetic flux through the ring. The phase character-
istics at each side of one current peak are clearly shown in
the |-Vp curve. Between the two sides of a resonant peak,
the phase changes by, This is in accordance with the usual

at the NS interfacea” and b" are those of electrons and
holes when holes are reflected at the NS interface. Using t
method that Blondeet al!* used to study Andreev reflec-
tion, we can obtain

4U0U0

at~ ——, (2)  case when an AB ring is connected to two normal metals. In
r our case, the total transport current is the sum of the electron
and hole contributions.. Although electrons and holes have
Z(Z+ 2i)(u§—v§) different charge and energy, they have the same phase
~- T ' 3 change when resonant transport occurs. Therefore, the total
transport current has a phase chamgacross the peak as if
AUqv there are only electrons in the system.

ah~ T (4) From Figs. 2b) and Zc) we can see that the current peaks

appear periodically but their values decrease with increasing
threading magnetic flux. This “quasiperiodic” phenomenon

_Z(Zz-2i )(ug—v9) is different from the case when an AB ring is placed between

b~ T ' 5 two normal metalsthere all peaks have the same value
This can be understood by considering the fact that electrons
where and holes have contrasting additional phases when they
move in the same direction in the AB ring. In our case, the
I'=4u3+Z%(u3—vd), (6)  magnetic flux affects not only the phases of electrons but

also their wave vectors. With increasing magnetic flux, the
and Z is the dimensionless barrier strength and equal tqjifference between the wave vector of the electron and the
2Zy/tve (v is the Fermi velocity. up andvg are obtained  wave vector of the hole increases. Some of the electrons are
by solving the Bogoliubov equationsyj=1-v5=(1 induced by Andreev reflection of holes, and have the same
+EZ—A?%/E)/2. HereA is the energy gap of the supercon- wave vector as the hol¢see Eq(1)]. With increasing mag-
ductor. Finally, we obtain a linear 28-equation group andnetic flux, the difference between the wave vectors of elec-
solve it numerically. The transport currents contributed bytrons increases, which weakens the coupling between elec-
electrons and holes are, respectively, trons. So the total current decreases. In Fig. 3, we shdw
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Finally, we study the relation between the transport cur-
rent and the leadl; that connects the AB ring to the super-
conductor. We observe a significant dependence of the trans-
port current on the lead length. Figure 4 shows the transport
currentl as a function ok.Ls, wherek, andL; are, respec-
tively, the wave vector of the electron and the length of the
leadls. We can see that the transport current is a periodic
function ofk.Ls. Let us consider an equivalent big ring with
circumferencelL +2Ls. The additional phase is equal to
2k.L 5 when particles move to the right ledglfrom the ring
and are reflected back to the ring at the NS interface. We can
see that theé-k.Ls curves are sensitive to the well depth .

With the QD far from the resonance state, the transmission
probability of the particles through the QD is close to zero
and the transport current flows almost entirely through one
arm of the ring. When resonant tunneling through the dot
occurs, the transmission probability through the QD in-
creases greatly and the current flows through both arms of
the ring. Because the phase of the particles will change when
they pass through the dot, the interference condition changes

0.010

V=520

1 ®=00 V=560 --------

0.008

FIG. 2. The total transport currehversus dot potentia¥ (a),
and the transport currerit versus® for V=520 (b) and Vj
=580 (c). Here we choos&=1.0, E=0.1, andu=10.0. ® is
taken to be zero fofa).

curves for the usual ring structure connected to normal con-
ductors and for the structure that is connected to the super
conductor and normal conductor. We can see that, when onh
electrons contribute to the transport current, the current is ¢
“standard” periodic function of the magnetic flux, with a
period equal to the flux quantud®,. Obviously, it is the

superconductor that results in the above-mentioned quasip-
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eriodic behavior of the transport current. This result might be FIG. 4. The total transport current versus the length of the lead
verified by an experiment with this system under a low mag{ s that connects the ring to the superconductor. The parameters are

netic field.
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with varying Vp and consequently the positions of the cur-do not influence the phase characteristic of the total current,
rent peaks in theé-k.Lg curves are displaced as shown in but they do influence the magnitude of the total current when
Fig. 4. Since the length of the ledd is a controllable pa- the magnetic flux varies. We find that the transport current
rameter in the experiment, our result for the dependence afepends significantly on the length of the lead that connects
the transport current on the length of the lead could be dithe ring to the superconductor. The reason is that a change of
rectly checked by future experiments. length of the lead affects the wave interference in this sys-
In summary, we have investigated the transport behaviofem. Our results and conclusions presented above can be
of an AB mesoscopic ring with a QD that differs from the checked by future experiments and might provide useful in-

usual systems of this kind in that one of the terminals isqormation about the influence of the superconducting prox-
connected to a superconductor rather than a normal condugﬁity effect on the mesoscopic transport properties.

tor. In this system, holes are introduced due to Andreev re-

flection and the total transport current is the sum of electron

and hole contributions. The total current has a phase change G.Z. would like to acknowledge helpful discussions with
7 when one quantum energy level passes through the Ferrbir. J. Wu and Dr. X. L. Liu. This work was supported by the
energy level of the system. This can be understood by notin§latural Science Foundation of China and the Ministry of
the resonant transport through the dot. We observe that holé&cience and Technology of China.
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