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Transmission resonances in a semiconductor-superconductor junction quantum interference
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Transport properties in a quantum resonator structure of a normal-conductor—supercofidSicionction
are calculated. Quasiparticles in a cavity region undergo multiple reflections due to an abrupt change in the
width of the wire and the NS interface. Quantum interference of the reflections modulates the nominal normal
reflection probability at the NS boundary. We show that various NS structures can be regarded as the quantum
resonator because of the absence of propagation along the NS interface. When the incident energy coincides
with the quasibound state energy levels, the zero-voltage conductance exhibits peaks for small voltages applied
to the NS junction. The transmission peaks change to dips of nearly perfect reflection when the applied voltage
exceeds a critical value. Two branches of the resonance, which are roughly characterized by electron and hole
wavelengths, emerge from the individual dip, and the energy difference between them increases with increas-
ing voltage. The electronlike and holelike resonance dips originating from different quasibound states at
zero-voltage cross one after another when the voltage approaches the superconducting gap. We find that both
crossing and anticrossing can be produced. It is shown that the individual resonance state in the NS system is
associated with two zeros and two poles in the complex energy plane. The behavior of the resonance is
explained in terms of splitting and merging of the zero-pole pairs. We examine the Green'’s function of a
one-dimensional NS system in order to find out how the transmission properties are influenced by the scatter-
ing from the NS interfacd.S0163-182@6)08033-3

[. INTRODUCTION Recent experiments on electron transport in nanostruc-
tures fabricated in a normal-conductor—supercondu®&®

The energy spectrum in a quantum dot comprises discret@inction have uncovered another aspect of quantum-
energy levels.When narrow leads are attached to the dot, armechanical effects in mesoscopic systems. By employing a
electron can be injected from the lead to the states in the ddtigh-mobility two-dimensional electron gas in an InAs chan-
(unless this injection is forbidden because of the parity of thenel inserted into InGaAs-InAlAs heterostructures as the nor-
wave functio) whenever the incident energy coincides with mal conductor, the transport in the normal region can be
the discrete levels. The mixing of the lead state and the cormade ballistic¢. The quantum transport phenomena in semi-
fined state induces a dipor a peak in the transmission conductor wires and dots that originate from the wave nature
through the structure. The transmission resonance results #f an electron are modified significantly in the NS system
the dip when the coupling is sustained by a propagatinglue to the unusual reflection of quasiparticles from the NS
mode, whereas it turns out to be the peak if an evanesceinterface known as Andreev reflectihThe current in the
mode is responsible for the couplif§ The states in the dot bulk of the superconductor is carried by Cooper pairs. As a
which can be accessed by the incident electron are hena®nsequence, an electronlike excitation injected from a semi-
guasibound states rather than true bound states. The strengtdnductor with the energy slightly above the Fermi engugy
of the coupling between the lead and dot states determings reflected from the NS interface as a holelike excitation
the decay timer=#4/T" of the quasibound stafewhich is  with the energy slightly beloww in order to satisfy the
related to the resonance width of the Lorentzian line shape afharge conservation across the interfdc&he wave func-
the transmission probability (E): tion of these unpaired quasiparticles decays in the supercon-
ductor whenever the excitation energys smaller than the
pair potential amplitudé\. The phase-coherent transport of

2
T(E)= % (1)  the quasiparticles in the NS system is described by the
(E-Ep)+I7/4 Bogoliubov—de Genne®dG) equatior?
In fact, it has been confirmed that two electrons are added to H AXY)\ [u u
the systerfiwhen the Fermi energy increases ¥ around A*(xy) —H* [\v &l (2

E, . The factor 2 arises from spin degeneracy. Porod, Shao,

and Lent have shown that the transmission resonance iwhereu(x,y) andv(x,y) are electron and hole wave func-
quantum waveguides is characterized by a pair of a pole antibons and H=[p+eA]%/2m+U(x,y)—u is the single-

a zero in the complex energy plane, whereas that in resonaparticle Hamiltonian withU(x,y) andA(X,y), respectively,
tunneling structures induces only a pole. In this interpretabeing the electrostatic and vector potentials.

tion, I is the distance between the pole and the real energy In this paper, the transmission resonance in a quantum
axis® waveguide structure containing the NS junction is investi-
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gated. It has been demonstrated that remarkable features are 50
evident in the transport properties of mesoscopic NS systems
because of the simultaneous presence of the quantum inter-
ference effects and Andreev reflectibit* The phase-
coherent Andreev reflection was first studied by
Beenakker®> When the voltage/=¢/e applied to the NS — 30}
junction is small, the interference effect enhances the trans- 3
mission due to the retroproperty of Andreev reflection. In %
this sense, the resonance in the NS quantum resonator results = 20
in a peak. The modification is hence visible if the normal
reflection probability at the NS junction is sufficiently large. 10
The conductance exhibits a periodic modulation as a func-

tion of the chemical potential or the sample dimension when

large normal reflection is achieved, for instance, by increas- 0
ing the difference between the chemical potentials in the
semiconductor and the superconductor. A prominent feature

of the interference effects in the NS system is revealed when | |
the applied voltage is increased due to breakdown of the o, D=4 ,,..‘(b)
retroproperty. The behavior of the resonance changes sud- ) AL NS S
denly wheneV becomes appreciable compared to the super- Of
conducting gap energy. The transmission peak changes
rapidly to a dip whereV is varied over a small range just
below ., drops to zero aeV=¢., and splits into two dips

for eV>¢.. As eV approached, the positions of the dips in
energy diverge symmetrically with respect to the original
peak position. It is found that the zero-pole pair in the com-
plex energy plane is actually a combination of two quasi-
zero-pole pairs, each of which is attributed to the electronlike
and holelike excitations and are therefore degenerate when
£=0. In contrast to the zero-pole pair in the semiconductor
waveguide structures, the zeros and poles in the NS wave-
guide structures are not always complete: the transmission
probability neither becomes zero nor diverges whéns
small. In addition, the zeros in the NS system need not be on FIG. 1. (a) Real and imaginary parts ok{W)? for n=1-4 as a

the real energy axis. Since the resonance is characterized fynction of chemical potentialy in the normal-conductor when
the two kinds of zero-pole pairs and the energy levels have=0. Circles, triangles, squares, diamonds, and crosses indicate the
oppositeV dependence, coincidence of the electronlike andpositions foruy/E;=4, 16, 36, 64, and 100, respectively. Inset:
holelike transmission dips originating from various quasi-The shaded area represents the superconducting regjoRrob-
bound states occurs whikeV is swept up toA. It will be a_1b|I|ty distribution when,u_N/El=_45_) (doFted line$ and 100(solid
shown that crossing and anticrossing of the resonance sholipes)- The squared amplitude is identical for the electron and the
up in the transmission depending on the choice of the sampl'e ase=0.

parameters. These complicated behaviors of the resonance

becomes possible because of the flexibility of the zeros in the . . .
NS systemp y interference effect. The phenomena we investigate in the

present paper are of significant importance in the supercon-
ducting QPC as well.
Il. TRANSMISSION MODES ALONG THE NS INTERFACE . Consider the composite NS wire illustrated in the inset of
Fig. 1. The normal-conductor and superconductor parts are
Before evaluating the transmission resonances in the Ngssumed to have the same widith2. We set a uniform pair
system, we examine transmission modes moving parallel tpotential® A, in the superconductoM(/2<y<W), whereas
the NS interface. The semiconductor-superconductor juncA(x,y)=0 is imposed in the semiconductor <§<W/2).

tion quantum point conta¢QPQ used in the experiments in  We wish to find a solution to Eq2) of the separable form
Ref. 9 possesses multiterminal geometry, i.e., the two-
u(x, ool T
( y)) =e'kX( (y))_ 3

dimensional electron gas sandwiched by the split gate and
the NS interface extends longer than the phase coherence v(X,Y) g(y)
length in the direction perpendicular to the current flow. The ) _ )
purpose of this section is to show that there exists no propdf the wire consists entirely of the superconductor, the wave
gating mode traveling parallel to the NS interface providednumbersk; andk, for the electron and the hole are given
that the Andreev reflection probability is not too small. Thus,by
the superconducting-QPC-type devices are practically re- £ 22
n

garded as two-terminal structures if inelastic scattering is = u—E.+iJAZ—g2 4
negligible, which is also a criterion to observe the quantum 2m Mo 0 & “@

40

If,(y)®  (arb. units)
(=]
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whereE,= (n7#/W)?/2m is the threshold energy of theh  incident from the left-hand side in the positixedirection,
mode. Therefore, propagating modes are not allowed in ththe retroproperty of Andreev reflection compels the quasipar-
superconductor whesi<A,. To determine the wave number ticle scattered at the NS interface to trace back the trajectory
k and the wave function§(y) and g(y) in the composite along which it arrived. Because all the quasiparticles are
system, we approximate the wire by a square lattice witteventually Andreev reflected into the source in an infinite
lattice constana. The BAG equation reduces to the equationwire, propagating modes cannot survive whenever Andreev
of motion'® reflection predominates over the normal reflectieae Ap-
pendix A). For uy considerably larger thapg, the normal
(e=Hg)Ci+tPC_1+tP*Cy,,=0, (®)  reflection is enhanced anéW)? of the lower modes there-
wheret=7%%2ma is the transfer integral. In the absence of foreé approaches the real axis. We find that, for the param-
a magnetic field, the | X 2M diagonal matrixP is given by ~ ©ters used in Fig. 1, the lowest mode becomes a propagating
P,=1fori=1,...M andP,=—1fori=M+1,...,M. mode when,uN>2223El. In the opposite limituy—0, the
HereM is the number of lattice sites in the transverse direcT€@l part of k,W)* converges to certain valugs, which Eq.

tion. The wave function in théth slice is represented by,  (4) implies are related to the threshold energy. When the
as Re(k,W)? of higher-lying modes takes values close 4

(generallym<n), Im(k,W)? shows peaks that remind us of
u the enhancement of scattering at the mode thresHdlds.

) (6) The probability distribution of the four lowest modes is
o , . shown in Fig. 1b) for e=0. Because of the large penetration
The Hamiltonian matrix, is given by length é=#k:/2mA,=0.48N in the superconductor, the

H H wave function extends into the superconducting region sig-
a b e :
H0=< ) ' 7 nificantly whenuy= us. The penetration of the wave func-
Hp —Ha tion in the superconductor decreases with increasigg
where Equations(2) and (3) indicate thatg(y)=if(y) whene=0.
Under this circumstance, the Sturn-Liouville analysis of the
4t—p  —t 0 0 BdG equation reveals that the wave functidpéy) satisfy

2% 2 w *
, (89 (ki kn)fo fa(y)fa(y)dy

T
QD
Il
o
|
-
P
.. |
S
o

0 0 0 o 4t-—p CAmo(w
=iz |, AWTnTa(y)dy. (10
Ao, i=j=MR2+1,... M,

(Ho)i :{0, otherwise. (8b)

If the pair potential amplitude is independentygfthe wave
functions are orthogonal whenevar=n. Note that it can be

I = 1 = Ika I I 1 -
UsingC,=\C,_; with A=e'"9, it is shown that the transmis ﬁ{so shown that

sion modes in the NS wire are obtained as linear independe
solutions of the following eigenvalue problem:

w
2 2 —
(th(Ho_g) _pz)( c )_k( o ) . =2 | "t tiyray=o. 1

1 0 /)\C1 Ci-1 .
In general, the valug, is smaller for largem. However,

The value(k,W)? in the composite NS wire is plotted in %2>¢1 In Fig. 1(a) because thev=2 mode has an unusual

Fig. 1@ as a function of the chemical potentigt, character, i.e., the quasiparticle is predominantly located in
=h2k§/2m in the normal conductor whea=0. We have the superconducting region. The wave functionsferl and

assumed a constant chemical potentiak=49E, and 2 resemble one another. It is anticipated that the interaction

Ay=0.1ug in the superconductor. On the one harid,W)2 between the two lowest modes produces anticrossing of the
isoreal insa semiconductdi.e., whenA,=0), and is greater dispersion curves, which can account for the exchange of the

than zero for propagating modes and less than zero for eva?0de index in the limits of large and smadl, . Whenuy is
nescent modes. On the other hanklW)2 is complei” in increased relative tus, the wave function localizes in the
the superconductor when<A,. Nevertheless, the curves in normal-conductor region. The lower modes eventually be-
Fig. 1(a) would be parallel to the real axis if the system were

made of solely a semiconductor or solely a superconductor. @ ®

The imaginary part of K,W)? in the composite wire, how-
ever, fluctuates agy varies. Althoughuy, is large enough to

be able to afford propagating modes if the wire is divided at
the NS interface, all the modes are generally found to be
evanescent modes due to the strong proximity effect of the
superconductor. The absence of the propagating modes mov-
ing parallel to the NS junction is explained in terms of the FIG. 2. Classical trajectories that propagate in theforward
retroreflection at the interface. Suppose that a quasiparticle end(b) backward direction along the NS interface.
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come propagating modes fqLy>ug because of the in- suggested by the classical trajectories shown in Fig. 2. If we

creased normal reflection at the NS interface. assume that the magnetic field vanishes in the superconduct-
In the presence of a magnetic fie® the Andreev- ing region, we can choose a gauge such that —B(y—

reflected quasiparticles no longer return to the current sourc&V/2),0,0] fory<W/2 andA=0 for y>W/2. The matrixP

and propagating modes are therefore expected to appear asquires a phase shift due to the vector potential as

exd 2mi v(j — M/2—1/2)] (i=1,... M/2),
1 (=M/2+1,... M),

Pi=) —exd—2min(j—3M2-1/2] (j=M+1,...,30/2), (12
1 (1=3M/2+1, ..., 20),

where v=Ba?/(h/e) is the number of flux quanta per unit composed of a narrow normal-conductor wire with the width
lattice area. Figure 3 shows,W=—(M+1)In\,|, where W, a normal-conductor cavity with the widt® and the
k,=Im Kk, as a function ofi w / uy for uy=pus=49E, and lengthL, and a wide superconductor wire lead with the width
Ag=0.3us. The lower modes become propagating onedD. A quasiparticle incident from the narrow wire is reflected
when a weak magnetic field is applied. The higher modedetween the narrow-widéNW) junction and the NS junc-
require largerB to propagate. The threshold energies aretion. Transmission properties in a narrow-wide-narrow
lifted above the Fermi energy in strong magnetic fields, andNWN) quantum wire structurdor often referred as the
so the propagating modes again become evanescent modeshaped transistor have been investigated extensively to
when Aw >y . As shown in Fig. 8, the n=2 and 3 study the quantum interference effects in the semiconductor
modes temporarily become evanescent modes whemanostructures and also to evaluate the possibility of device
hodd uny~0.03. This transition ceases as the penetration oépplication of the interference effects. The scattering from
the wave function into the superconductor is reduced by inthe NW junctions creates quasibound states in the wide re-
creasingl,, suggesting that it is due to a boundary-relatedgion. Transmission through the NWN structure exhibits
interference in the superconductor. sharp resonance dips when the incident energy of an electron
coincides with the quasibound state leVet8in comparison
with the T-shaped transistor, one of the NW junctions is
I1l. TRANSMISSION RESONANCES IN A NS WAVEGUIDE replaced by the NS junction. The quasibound stétesakly
STRUCTURE confined states in the cavity regijoappear in the NS struc-

We now examine the transmission resonances in the Ng"‘e because the effective pOtentiaI for the quaSipartides in

quantum resonator structure depicted in Fig. 4. The device i§€ cavity region is lower than that in the narrow normal
lead, due to the transverse confinement, and in the supercon-

ductor, due to the superconducting gap. The interference of
the reflections is anticipated to dominate the transmission
characteristics of the NS structure when the sample dimen-
sions are comparable to the wavelength. As we consider the
case in which the voltag¥ applied to the NS junction is
smaller tham\y/e, the quasiparticles injected from the semi-
conductor are completely reflectégither as a hole or as an
electron by the superconductor. Therefore, the two-terminal
conductance of the device is given?By*

Gns= I ns/IV=(2€%/h)Tr(1—SeeSte+ SneShe)

KW

x=0 x=L

. | : ] A Y
1

|1 T2

nN
w

Ao/ 1y FIG. 4. Schematic of semiconductor-superconductor quantum
interference structure. The shaded area represents the superconduct-
FIG. 3. Imaginary part of the wave number ing region. An electrond) is scattered from the superconductor in
ko W=Imk,W=—(M+1)In]\,| as a function ofi w./uy . part as a holel) and the remainder as an electron.
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) + conductance unit. The scattering matrix can be determined
=(4€/h)Tr(SneShe), (13 using the lattice Green's-function technique or the modal
Whereshe (See) describes the Scattering amp”tude for a par-expansion method. For the lattice Green’s-function tech-
ticle incident as an electron from the left-hand side lead andiique, the reflection amplitudes;, ands, are obtained us-
reflected as a hol@n electroiin the same lead. One notices ing the technique developed by AndoFor the modal ex-
that the conductance is quantized at values twice those in thgansion method, the structure is divided into three
semiconductor if the electron is perfectly Andreevwaveguide segmentx<<0, 0<x<L, andx>L. The wave
reflected"® The holes supplied by the NS interface generate dunction when an electron is injected through madis ob-
current that is identical in magnitude to that generated by theained as a superposition of the standing wave solutions in
initially injected electrons. The resultant increase of the totakach portiont?2?
currentl s is responsible for the doubling of the quantized

(1 . + 1 L 0 -
(O elknxfn(y)"'% [<O)Amnelkmx+(1)8mnelkmx fn(y) (x<0),
1 iq’x —igtx 0 —iqx iq,X
Va(x,y)={ % 0 {Cmne m*+D e m }+ 1 {Emne m +F e tm } gm(y) (0s=x=L), (14
() L+ (2] -
; [( ¢)Gmnelpmx+(¢* Hmre Ipmx}gm(y) (=L),
\
|
where tance remains almost unchanged et/# whenus= uy (see
the topmost curve in Fig.)5 The nominal absence of the
1 S—i\/Aoz—sz scattering from the NW junction arises from the retroprop-
o= P= I (15  erty of Andreev reflection. The Andreev-reflected holes ex-
0

actly trace back the trajectories along which the electrons
The sign of the wave numbers in the superconductor is dearrived. Consequently, they enter the narrow lead without
fined as summarized in Table I. The imaginary part is choseRe€ing scattered by the NW junction in the classical limit. The
to express the decaying wave, whereas the real part repréflectionless transmission, in general, does not take place in
sents opposite phase shifts for the electron and the hole. THequantum-mechanical situation. Nevertheless, the scattering
unknown coefficientsA,,,,Byns - - .Hmy are evaluated by from the NW junction is much less effective compared with
imposing the continuity of the wave function and its normalthat for the normally reflected electrons. In experimental de-
derivative at the interfacésat x=0 andL. The reflection Vices, the normal reflection probability is considerably large

amplitudes are given by because of the difference of the Fermi energies in the semi-
conductor and the superconductor. The presence of a rough-
(See)mn= (K /KA, (169  nhess or a potential barrier at the NS interface also enhances

(She)mn= (kr;/kr-:)llzan- (16b) 10 J T T T T

Figure 5 showsGys as a function ofD/W for several
values of the ratiqug/ uy Of the chemical potentials in the «
superconductor and the normal-conductor. Sidg&u, al-
most all the electrons are Andreev-reflected at the NS
interface!! resulting in a nearly complete conductance dou-
bling whenD =W. We expect a modulation to appear in the 0.6

/h)

0.8F

(units of 4e

conductance due to the scattering from the NW junction with §
increasingD. A dip in Gyg may be anticipated in analogy to £ ; kpWin= 17
the NWN structuré. It is found, however, that the conduc- -§ 0.4, Ag= 0.01py -
8 L=W
TABLE I. The sign ofk? is set as listed below. Herp, ¢>0.
We use the definition of square root such thatki-(<)0 when 0.2 - I - L -
Im k2>(<)0. 1 2 3 4
D/W
Propagating modes Evanescent modes .
FIG. 5. Conductance as a function of the rabdW of the
Electron ptioc —ptio widths of the semiconductor region. The ratig/ x of the Fermi
Hole p—ic —p—ic energies in the superconducting and normal regionsis 1, 2, 4, and 6

for the curves from top to bottom.
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FIG. 6. Period of the oscillation iD decreases when the Fermi FIG. 7. The oscillation disappears wher= 0.5V (squares as
wavelength becomes shorter. The circles, triangles, and squargse quasiparticle wave functions do not penetrate the wide semicon-
show the conductance whé&pW/w=1.4, 1.6, and 1.8, respectively. dyctor region in the transverse direction. The resonance line shape

becomes complicated whdn=1.5W (circle9 as more than one

mode are available for the interference. The triangles indicate the
the normal reflection probabilit}#???* The conductance of conductance wheh=W.

the NS junction when the Fermi energy; in the supercon-
ductor is increased relative to thdég,) in the normal-

conductor indicates that a periodic oscillation shows up inye find thatL* ~L. When the Fermi energy approaches the
the D dependence oBys as the conductance is reduced by threshold of the second mode, the shape of the oscillation
enhancing the normal reflection at the NS boundary. Theyecomes highly distorted due to the proximity effect of the
normal reflection caused by the differenceurcan be sup- second mode.

pressed almost completely by tuniBg The peaks in th® Figure 7 shows the conductance fofW=0.5, 1.0, and
dependence are broader in the NS structure than the dips 5. We find that the period iB/W becomes large whelnis

the NWN structure, which are characterized by the Breit-decreasehot shown according to Eq(18). The wave func-
Wigner formula® The reflectionless tunneling through a bar- tion cannot penetrate in the transverse direction when
rier and the non-Lorentzian line shape of the resonance in the=0.5wW, and so the oscillation vanishes. On the other hand,
NS system were first derived by Beenakk®t® Although  the oscillation becomes complicated and sharp peaks and
the oscillation resembles the conductance modulation in th@ips emerge wheh>W since multiple modes contribute to
NWN structure, the appearance of the interference effect ithe oscillations. Therefore, the clearest oscillation suitable
contrary in the NS structure. The resonances result in dips ifor a device application is produced wherW. These be-

the transmission in the semiconductor devi€e? Instead, haviors are similar to those found for the oscillations in the
peaks are achieved in the NS device. In contrast to theywN structure?® Therefore, we assume=W throughout
Andreev-reflected holes, the normal-reflected electrons unhe remainder of the paper. Notice that, although the conduc-
dergo multiple reflections in the wide region, and so the intance modulation resembles that in the resonant tunneling

terference effect plays an important role in the transmissioRtructure, the maximum conductance does not necessarily
of these electrons. Since the normal reflection reduces thgecome unity at the resonances.

conductance, the interference in the normal reflection process We have so far considered the case of infinitesimal volt-
results in the increase of the conductance. Alternatively, onage. We showGys in Fig. 8 as functions okW/ and
may interpret this as indicating that the interference of thea\/A, for ug=13E; and A;=0.02us. The wave numbers

hole always occurs as the phase shift cancels out along th@ﬁ andk,, in the normal conductor are given by
Andreev-reflected patfr.

The conductance is plotted in Fig. 6 for different Fermi
wavelengths. The period of the oscillation becomes smaller
with decreasing wavelength. In fact, we find that the peaksyith increasingeV, the threshold of the hole channels
appear whenever the condition moves higher in energy. The conductance is hence zero at
the upper right corners in Fig. 8 because the electron is com-

ki =(2mIA) Y uy—E,xeV)¥2 (19

(i+C)\/2=D, i=1.2,..., (17 pletely normal reflected. Similarly, the threshold energy of
is satisfied as has been known for the resonances in t Qe electron channels decrgases, produ_cing singulafiaes
NWN structure. HereC is a constant and rW/m~2—eV/4E;. The single periodicity observed when

V=0 may be expected to split into two oscillations associ-
Ny /W= 2[ (KW 7r)2— (NWIL*)2] 12 (18) ated with the electronlike and holelike wave numbers. How-

ever, we find that simple splitting of the periodicity for the
is the wavelength of thath mode in the wide region in the conductance peaks is not what happens. The peak conduc-
transverse direction. Despite the large penetration depth dénce initially increases and becomes closer to unity for
guasiparticles into the superconductés185W for Fig. 6, larger eV. The situation then changes drastically when
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kFW/ T

eV/Ag eV/Ag eV/Ag

FIG. 8. Conductanc&s as functions of Fermi wave numbkg in the normal-conductor and applied voltageor D/W=(a) 1.6, (b)

2.6, and(c) 3.6. More conductive areas are brighter.

eV~Ay2. The conductance modulation reveals complicatedum resonator structures. The branching occurs at lower volt-
structures with increasing as shown in Figs. 9 and 10. The ages for the resonances at lardgfW. According to Eq.

peaks suddenly turn into dip@s evidenced by the dotted (19), the Fermi wavelength of the electron becomes shorter
line in Fig. 9 atkeW/m=1.15 and 1.48 The conductance at for larger eV, whereas that of the hole becomes longer.
the bottom of these dips diminishes until it becomes zero atherefore, each dip is ascribed to the interference of the

a critical valuee V= ¢ with the position inkc W/ or D/W

electronlike and holelike quasiparticles. The position of the

nearly unchanged. As a consequence of the sharp dip§ théifps are satisfactorily described by Eq$7)—(19). The dis-
emerge wherV+A,, a significant conductance modulation (5nce petween the dips in energy divergee ¥sapproaches

as a function ofkkW/7 or D/W is obtained whereV ap-
proachesA, even for ug= uy, Which is in contrast to the
almost invisible modulation wheW=0. Beyonde. the dip

the superconducting gafy,. In the presence of the applied
voltage, the retroproperty of Andreev reflection breaks down.
As a consequence, both the normal-reflected electron and the

splits into two narrow dips, which are typical in NWN quan- angreev-reflected hole experience multiple reflection in the

1.0

o
[+ o]
T

o
[
T

e
I

Conductance (units of 4e2/h)

0.2

==F-=-o_ 1

kW /n

FIG. 9. Conductanc&ys as a function okg W/ for D=2.6W,

cavity region and contribute to the resonance. As we are
dealing with the regime V<A, the influence of the applied
voltage is significant whem\y/wy is large. Assuming the
superconducting gap of NKL.5 meV}° and the effective
mass in GaAs, the sheet electron density corresponding to
Ap=0.1uy is 4.2<10' m™2, which is a typical value in
GaAs-AlGaAs heterostructures.

When the dips originating from different quasibound
states alV=0 cross each other, both crossing and anticross-
ing can be found to take place. The expanded plots shown in
Fig. 11 demonstrate the transition between the crossing and
the anticrossing. The resonances shift to lower energi€s as
is increased. Typical shapes at the crossing point can be
found in Fig. 8b). The anticrossing &W/7=1.9 becomes
the crossing like akeW/7=1.6, and then again the anti-
crossing like akeW/7=1.3. The first dip below the thresh-
old of the second mode is always distinctively narrow com-
pared with the resonances at lower energies. One might

ws=13E; and A;=0.02us. The applied voltages for the dashed, suspect that the narrow resonance is of different origin. We

dotted, and solid lines areV/A,=0, 0.5, and 0.7, respectively.

find, however, that the sharp dip becomes broad like the rest
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FIG. 10. Conductance when nonzero voltages are applied to the junctidg\Wétm=1.6, Ag=0.1uy, ms=5un, and D=W. With
increasing the voltage, the resonance peaks become sharp dips and then the dips split into two branches associated with electron and hole
(b) Slices of the contour plot. The applied voltageei¥/A,=0.0, 0.5, and 0.7 for the circles, triangles, and squares, respectiegly.
Conductance as a function of the applied voltage whéw=1.27.

of the resonances whdb is extended to yield another dip ways appear on the real energy axis, whereas this is obvi-
just below the threshold of the second mode. ously not always what happens in the NS waveguide.

When the applied voltage is sufficiently closeAgle, it is To investigate the transmission poles in the NS system,
often found that the resonant reflection shows Fano-type linéhe conductance is shown in Figs. 12 and 13 in the complex
shape as shown in Figs. 9 and(dQ i.e., a peak occurs energy planeE=uN+iE;. Although the conductance at the
subsequently after the dip at a small separation. It has beasomplex energies may not have an immediate physical sense,
established that the transmission resonance in the NWihhe formal method has been demonstrated to be useful to
structure gives rise to a zero-pole pair of the transmissiomnalyze the transmission resonances as it provides the life
coefficient in the complex energy plah®® As a conse- time of the quasibound staté82%2° As suggested by the
guence, the resonance peak and dip and also the doubleano-type behavior, the conductance zero accompanies a
combination of them can be produced depending on the pgeole’ In the NS waveguides, the conductance is actually
sition of the transmission pole in the complex energy planefeatureless wheW =0 in the complex energy plane. Quasi-

It has been identified that the form of the transmission amzero-pole pairs are created ¥sis increased. In contrast to
plitude ist(E)~(E—E,)/[E—(E,—iI")], which yields the what is seen in the semiconductor waveguides, the zero-pole
Lorentzian-shaped dip in the transmission probability in apairs are not fully developed for small. The conductance
special casé® In the semiconductor waveguide, zeros al-does not drop to zero at the “zeros” nor does it diverge at
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FIG. 11. Conductanc&yg as functions okgW/7 andeV/IA; whenD/W=(a) 2.4, (b) 2.6, (c) 2.8, and(d) 3.0. More conductive areas
are brighter. For these resultss=13E; and Ag=0.02ug.

the “poles.” ForeV<eg, the zero lies in the positive imagi- at the crossing point of the two resonance branches, the zero
nary plane and the pole dominates the resonance charactenoves off the real energy axis in case of the anticrossing. As
istics. The zero reaches the real energy axis\&t .. Thus  shown in Fig. 18), the separations between the zero and the

the peak in the transmission turns into a dip. The zero-polgole are quite different when the zero-pole pairs associated

pair splits into two zero-pole pairs f@V>¢. . Itis therefore  with the narrow and broad dips meet, causing the compli-
concluded that the transmission amplitude is given by cated variation seen in Fig. 11.

[E—(Ezetive) IE=(Ezntiyn)] (20)

[E—(Epe—iT)IE—(Epp—iln)] IV. GREEN'S FUNCTION
OF A ONE-DIMENSIONAL NS SYSTEM

t(E)~

Here vy, ,=0 for eV>¢, except when the anticrossing takes

place. For the resonanceska\W/7=1.48 in Fig. 13a), the Let us now use a simplified model of the NS system in
poles are already separated while the zeros remain combinearder to clarify the mechanism of the peculiar behavior of the
This is consistent with the fact that the splitting of the con-resonances. We can use the tight-binding lattice illustrated in
ductance dip does not happen until the minimum conducthe insets of Fig. 14 to extract the essence of the NS wave-
tance vanishes. The distanicg,, from the real energy axis to guide. The narrow semiconductor wire is modeled by a one-
the pole adjacent to the threshold of the second mode idimensional(1D) lead. The wide semiconductor and super-
much smaller than that of the resonances at lokdt/ conductor waveguides are, respectively, approximated by
accounting for the distinct width of the dips. When the zero-square lattices wittM y and M g transverse lattice sites. We
pole pairs originating from different quasibound states mergéreat the tight-binding Hamiltonian
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FIG. 12. Cantor plot of IfGyg) in the complex energy plane when the applied voltageM&\,=(a) 0.3, (b) 0.4, and(c) 0.5. The width
of the resonator region ®/W=2.6. Zeros and poles exist in the regidgs=0 andE; <0, respectivelyus=13E; andA;=0.02us.

wherec;"(d;") andc;(d;) are the creation and annihilation
HTB=—tNEN (cfej—di dp—2 mi(c ci—d"dy) operators of an electrofa hole at the sitei=(I,m). The
' sum in the first term on the right-hand side is over nearest
neighbors. We have calculated Green's function

+Ei (Aicfdﬁ—Ai*di*Ci), (21) GNS:<O|(S_HTB)71|O>'

(a) (b) ©
1

e
= @ >

24 T T T
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E E E,/E, EE,

FIG. 13. Cantor plot of IfGyg) in the complex energy plane feV/Ay=(a) 0.65,(b) 0.75, and(c) 0.9 whenD/W=2.6. The increment
of the curves is twice that in Fig. 12. Zero-pole pairs with small and large displacements between zero and pole, which correspond to the
sharp and broad dips, are close(@ at keW/7~1.65. us=13E; andAy=0.02us.
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peak to a dip at finite:, (=0.7) and the splitting of the dip

@ into electronlike and holelike dips.

%, eV/ag = 0.0

V. SUMMARY

In conclusion, we have investigated the influence of An-
dreev reflection from the NS interface on the geometrical
resonances in a waveguide structure. At zero applied voltage,
the interference of the electronlike excitation exclusively
gives rise to resonances as a consequence of the retroprop-
erty of Andreev reflection. The normal reflection at the NS
interface induced by the difference in the Fermi energies in
the two materials is found to be reduced by utilizing the
quantum interference effect in the semiconductor region. De-
spite the different appearance of the effects, i.e., improved
conductance in the composite system contrary to the nearly
AL , A zero conductance in the semiconductor NWN structure, the
-1 0 -2 -1 0 characteristics of the interference effect closely resemble
o't it those of the transmission resonances in the semiconductor

FIG. 14. Conductanc€&ys as a function of the chemical poten- counter.part.. The .faCt that the curre_nt is C.amed by_twq Kinds
tial gy in the normal-conductor fofa) My=2 and Ms=1, (b) of quasm_arltlcles in thg NS system is parncular_ly h|gh||ghte_d
My=3 andMs=1, () My=Ms=2, and(d) My=Ms=3. The when a f|n|te voltage is applled. The modulat'lon pattern is
parameters in the superconductor are=0 and Ay=0.5. Insets: altere_d like that when mult|mo_des are occupied below the
Schematic of the tight-binding model of the NS system. The filledF€'Mi energy because of the different wave numbers for the
circles represent the superconducting sites, where the pair potenti§/€ctrons and the holes. With the finite voltage being applied
amplituded, is assumed. to the NS junction, the retroproperty breaks down as the

momenta of the incident electron and the Andreev-reflected
hole can no longer be the same. Consequently, both the elec-

In the simplest caséM =2 andM ¢=1), the off-diagonal  ron and the hole contribute to the resonances. The resonance
componentG,,, of the 2x2 Green’s-function matrix of the induces sharp dips in the transmission when the voltage be-
NS system, which is proportional to the reflection amplitudecomes larger than a critical value. We find that pairs of zeros
She, IS and poles are generated in the complex energy plane for

finite voltages. The resonance peaks observed at low volt-
ages turn into nearly complete reflections as the zeros ap-
Re{ — %} =[n(e+p) —tded 7(e— 1) —tgnn] proach the real energy axis and take over the dominating role
Ghe in the transmission properties. The zero-pole pair splits into
x(e+ ) x(e— ) eIe_ctronIike and'hglelike zero—pple_ pairs, giving rise to the
+ tzgﬁe, (229 splitting of the dip in the transmission. We have shown that
4 the interplay between the zero-pole pairs leads to the rich
variety of behavior of the quantum interference effect in the

Gy (units of 4e°/h)

-0

Gy (units of 46%/h)

=l

Ohe x(e+pu) NS system. In semiconductor waveguides, the electron and
Im{ - Q}Z[W(S_M)_tghh] o hole excitations cannot be interconverted to each other be-
¢ cause of the absence of the coupling term. The resonances
x(e—p) associated with the hole excitation are not relevant in the
—[n(e+pn)~tgeel 5 (22D semiconductor counterpart.

where 7(e)=¢/2t—tle and x(e)=(4—&%t)Y2 Here g,
Onn, a@nd g, are the components of the Green’s-function
matrix of the 1D semi-infinite superconductor and are given
in Appendix B. Therefore the resonant reflection always ap- We show here that the presence of Andreev reflection
pears irrespective of at u=—¢, as shown in Fig. 14). For  prevents transmission along the NS interface in the classical
My=3 andMs=1, 7(e) is substituted by/2t —te/(e?—t?). model. When a patrticle is incident on the NS interface it is,
The conductance now becomes zero wien—t*e. As the  as shown in Fig. 15, either backscattered with probabyity
resonance is shifted lower in energy, the splitting of the dipor specularly reflected with probability-Ip. Flux conserva-
for nonzeroe shows up as seen in Fig. (B4. The resonance tion provides the relation
is, nevertheless, present for the entire range of values of

an)_(l—p p (an_l
Mg=My=2, as shown in Figs. 1d) and 14d). The reso- bn-1 p 1-p/\ bn
nance initially takes place at=0 whenMy=Mgs=2. When

e (0=<e=<A,). The behavior that the complete reflection at
My=Mg=3, the NS system exhibits both the transition of aand the transfer matrix can be written as

APPENDIX A: CLASSICAL TRANSMISSION ALONG THE
NS INTERFACE

the resonance shows up only fere.>0 is retrieved when

: (A1)
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1D_ Jee ghe)_ 8'f':""_tzgee _AO""tzghe)_1
Oeh  Ohn —Ao+t°en £~ u—tgnn
Anp-1 an an+l
\/ \/ It can be shown that
b b b
n—1 n n+! 1 SB (Bza)
- a— ,
gee C(2+,82 AO_EZ
FIG. 15. Classical model of the propagation of the normal-
reflected electron(filled circles and the Andreev-reflected hole
(open circleg along the NS interface. AgB
Ohe=0%en™ — > ) > = (B2b)
(a®+B%)VAG—¢
(an (1 1\(1 1\({1 1\ Ya,,
be) \1 1p/lo 1/l1 1p) \ba 1 B
n P Y n-1 U= | a+ ——], (B2¢)
_ a“+pB A2—g?
1 1\(1 n\{1 1\7Ya, 0
= (A2)
1 1p/lo 1/\1 1p) |bo where
Therefore we obtain the scattering matrix as
2 2
M uNAG—e
a, 1 1-p np\fa, a= -+ ,
- 2 2 2 A2_ .2\112
bo/ = I—p+np | np 1_p) b, " (A3) V2[ X+ X2+ 4p2(A5—£?)]
If the Andreev reflection probability is nonzero, the particle P > T 31/
cannot propagate classically along the NS interface in an _ VAG—e?  [X+XP+4u?(A5—e)]
infinite system(n—o). 2 2v2 ’

APPENDIX B: GREEN'S FUNCTION IN THE NS SYSTEM X:4t2+A(2)—82—,LL2.

Here we calculate the Green'’s function of the 1D system.
The recursion equation to obtain the Green'’s function of theGéD is real because there is no propagating mode when

semi-infinite 1D superconductor is Ag>e. The Green’s function of the 1D normal conductor is
|
o 1 et+u—iVatP—(e+pu)? 0
GN =5:2 . > 5| - (B3)
2t 0 e—ut+iVatc—(e—pu)

By attaching a single semiconductor site and the 1D su=(,, (Gg)33=(Gg)aa=03, (Gg)12=(Gg)21=04, (Gg)zs=
perconductor lead to the 1D semiconductor lead, it is showfGg)43=0s5, and Gg)14=(Gg)23=(Gs)3,=(Gs)41=0¢
that the Green’s functiofs s of the NS system wittM =2  with g; being real. Notice that all the components of this
andMg=1 satisfies matrix are nonzero when all the sites in the wide semicon-
ductor region are in contact with the superconducting sites,
UWe+pup) 0 i.e.,My=My. We find that the zeros of the resporsg, of
0 1/(8_ﬂ)) P. glhol_e at the site Qsee the in_set_ in _Fig. J4due to an
(B4) injection of an electron at that site is given as the zeros of a
polynomial of degree twaneglecting theu dependence of
The off-diagonal component @ys is given by Eq(22). For  g,). It can be proved that whes=0G,,.#0 for real u. One
My=My=2, the NS system can be constructed by assemmay construct the NS system wil =2 andM =1 in the
bling the 1D semiconductor lead, connected two semiconttter manner. It is shown thaB.= —t?g,(e°— u?)/D,
ductor sitesiwhich are represented by the Green’s functionwhereD is the determinant of the>44 matrix Gy2. Since
o), and a superconductor strip. The Dyson equation yieldsmany components o6 are zero,G;.=0 is found to be

_ _ achieved aju=0 whene=0.
Gra=0, '~ t?P(Gy+Gg)P. (B5)

G,gslzegl—tzp[es+(
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