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We consider a narrow conducting channel in a two-dimensional electron gas with a single impurity in
the bottleneck part of the channel. In contrast with previous works no specific assumptions concerning
the shape of the channel and the impurity potential are made. It is shown that any attractive impurity
potential generates sharp Breit-Wigner-type resonances—dips and peaks—in the graph of conductance
versus Fermi energy. These correspond to resonant reflection and transmission due to quasibound states
in the impurity potential. A simple formula for the conductance in terms of resonance energies and par-
tial widths is found. The widths are directly related to the impurity and channel potentials. It is demon-
strated that in the case of a uniform conducting channel any attractive impurity, no matter how weak,
always produces zero in the conductance at a certain Fermi energy.

I. INTRODUCTION

The discovery of the quantized conductance steps in
two-dimensional electron gas (2DEG) microconstrictions
based on GaAs/Al Ga;_,As heterostructures (see re-
view papers!?) followed an increase of interest in the
study of quantum ballistic transport through narrow
channels in 2DEG (see review®). In particular, the
influence of impurities on the conductance attracted a
great deal of attention since impurities inside or near the
conducting channel may destroy the conductance quanti-
zation.* %! The effect of the impurities is especially
strong near the steps, i.e., the thresholds where propaga-
ting modes are opened.

It is known from experiments as well as from theory
that near the steps even a single impurity may strongly
affect the conductance. For instance, measurements
show® that when moving the position of the impurity
with respect to the conducting channel, defined by a split
gate, the conductance of the channel is changed drastical-
ly. Single impurity assisted resonant tunneling was ob-
served in split-gate structures'® and in quantum-well con-
strictions.?!

The influence of a single impurity on the conductance
of a 2DEG channel was studied theoretically in Refs.
12—-14, 19, and 20. The theoretical treatment of this
problem was based on two model potentials, of the chan-
nel and of the impurity. The simplest channel confining
potential, which is an infinite uniform 2D wire
(waveguide) with hard walls, was considered in papers
12-14. Actually, realistic narrow channels in split-gate
devices cannot be taken as uniform wires, but rather as
bottleneck constructions with expanding contact pads.
The appropriate models for bottleneck constrictions are
the saddle-point potential, considered in Refs. 19 and 20,
and the finite wire opened to two infinite 2DEG’s as in
Ref. 14. As to the impurity potential, the short-range &-
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type potential was used in almost all papers. There are
only a few exceptions: a finite-range rectangular-shaped
scatterer'® and the scatterer of a finite range in the direc-
tion across the wire and 8 type along the wire.!*

It was shown that a single impurity produces fine-
structure effects in the dependence of the conductance G
on the Fermi energy E near the thresholds. For instance,
an attractive impurity in an infinite uniform wire gen-
erates dips below the conductance steps.!?”'* These dips
appear as a result of resonant reflection by quasibound
states in the impurity potential. In some cases the value
of the conductance at the threshold points is not
influenced by the impurity. In a saddle-point potential
and in a finite length wire attractive impurities may pro-
duce not only resonant reflection, but also resonant
transmission. As a result, the conductance would show
resonance peaks, as well as dips.!*!%20 (Notice that a
cavity inside the channel could also generate similar reso-
nance dips and peaks.??) These sharp features in the en-
ergy dependence of the conductance near the thresholds
are due to Breit-Wigner resonances.?

It is not clear from calculations with model potentials
which features of the impurity-induced structure (dips,
peaks, perfect transmission) are potential dependent and
which are not.!* Hence it is desirable to perform a gen-
eral analysis of the resonant reflection and transmission
due to a single impurity in a narrow channel making
fewer assumptions about the confining and impurity po-
tentials. Such general analysis which can illuminate the
main physical features of the problem is the topic of the
present work. We do not make any specific assumptions
concerning the shape of impurity and channel potentials.
Only the separation of the channel potential variables is
assumed, so that the motions in the transverse direction
and along the channel are factorized. We also assume
that the quasibound states in the impurity potential are
near the thresholds. For the sake of simplicity we consid-
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FIG. 1. Conductance steps and threshold energies.

er the region of the Fermi energies E near E,, where the
second mode is opened, Fig. 1. In this case one can take
into account only the first evanescent mode, n =2, which
is near the threshold. The higher evanescent modes,
n=3,4, ..., give exponentially small contribution to the
conductance, and can be neglected. (Their influence can
be taken into account perturbatively.) This essentially
simplifies the theory and makes the physics more trans-
parent.

For a description of the quasibound (tunneling) states,
generated by the impurity, we are following the approach
developed in Ref. 24 for treatment of tunneling problems.
It allows us to find a simple general formula for the con-
ductance in terms of energy levels and partial widths of
the quasibound state produced by the impurity, the levels
and widths being directly connected to the impurity and
channel potentials.

The outline of the paper is as follows. In Sec. IT we set
up the problem of a conducting channel with a single im-
purity in terms of a (2X2) transmission matrix. In Sec.
III we consider a uniform conducting channel, and
demonstrate explicitly how an arbitrarily small attractive
impurity potential generates full reflection of the flux at
some value of the energy. Next we discuss the case of a
bottleneck confining potential. Section IV deals with a
general description of quasibound (tunneling) states and
the Green’s functions near the resonances. The results
obtained in this section are applied in Sec. V for the cal-
culation of the transmission matrix of a bottleneck chan-
nel. Using this matrix we calculate in Sec. VI the con-
ductance of such a channel with impurity. Some useful
relations for wave and Green’s functions of the one-
dimensional Schrodinger equation are derived in Appen-
dices A and B. Appendix C deals with the influence of
neglected higher evanescent modes on the conductance.

II. FORMULATION OF THE PROBLEM

Consider a quasi-one-dimensional channel having the
electron confined along the y direction but free to move
along the x direction. Consider also an impurity inside
the channel. The Schrédinger equation describing the
electron motion in the (x,y) plane is
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. V2+U(x,y)+Vix,y) |W(ix,py)=EW¥(x,y) .

2.1

Here U is the confinement potential and V is the impurity
potential. We assume that the channel potential allows
separation of the variables,

Ulx,y)=U(x)+W(y) . (2.2)

The potential W(y) provides confinement of the electron
motion along the y direction. It would give rise to the
channel modes n =1,2. . .,

# d?
“Ew‘*‘WU’) <1>,,(y)—E,,<I>,,(y) . (2.3)

Here E, is the threshold energy for the mode n and ®,, is
the corresponding eigenfunction. One can expand the
wave function W, Eq. (2.1), in terms of the channel-mode
wave functions

Vix,y)=>9,)P,(y) . (2.4)
n

Consider the case of £, <E <E,. Then only the first
mode can propagate along the channel, where the others
are not. However, if the electron energy E approaches
E,, the second (evanescent) mode can also contribute to
the electron propagation due to coupling with the first
mode by the impurity potential ¥ and also due to tunnel-
ing, as will be seen from the following. We therefore
keep only the first two terms in Eq. (2.4), n=1,2, and
neglect all higher modes with n >2. Then substituting
Eq. (2.4) into Eq. (2.1) one obtains

(K+U+Vi )+ Vi, =(E—E )Y,

(2.5)
(K+ U'+' V22 )¢2+ V211/}1=(E—E2 )¢2 >
where K = —(#*/2m )(d?/dx?), and
Vil x)= [dy ®,(3)®,.(»)V(x,p) . (2.6)

Since the impurity potential is localized, V,, (£ )=0.
Let us consider only attractive impurities, so that
Vii(x),V5(x)<0. Then V,, always generates quasi-
bound states near E, [since V,,(x) is one-dimensional at-
tractive potential]. We thus denote V,,(x)=V,(x).
Also we denote V|, =V, =V, (x) (since this potential is
responsible for the mode mixing), and
U'(x)=U(x)+V,;(x). Equations (2.5) in the new nota-
tions read

(E_K_U')l/’l:lel’z >
(S_K_U_Vb )'(,L'z:le/}l N

(2.7a)
(2.7b)

where E=E—E, and ¢e=E—E,. Since we consider
E~E,, then E=E,—E,>>|e|. Let us introduce the
Green’s functions

G,=(E—-K—-U")"!,

(2.8)
G,=(e—K—U—V,)" !,
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which describe one-dimensional motion in the potentials
U'(x) and U(x)+ V,(x), shown in Fig. 2. It is assumed
that U(x o )=—U_. Notice that the Green’s function
G,(¢e) is taken in the threshold region, and therefore it
strongly depends on €. On the other hand, E is far away
from the threshold and therefore the energy dependence
of G, on E is weak. Using these Green’s functions one
finds from Egs. (2.7)

1W=G V¢, , (2.9a)
1,=G, V¢, . (2.9b)

Substituting ¥ , from Egs. (2.9) into the right-hand side
of Egs. (2.7) one obtains equations for each of the modes,

(E—K—-U)Y,=V, GV, ¥, (2.10a)
(e—K—U—V,),=V,,G,V, 1, . (2.10b)

We also define wave functions )(li,z(x ) for the first and the
second modes in the case of no mode mixing, V,, =0, and
for Vb =0

(E—K—U"x{=0, 2.11a)

(e—K—U)xF=0. (2.11b)

(General properties of these wave functions are described
in Appendix A.) Since the potential U(x) is a constant at
infinity (— U, ) the wave vectors k; , which correspond
to x;,, are

#ki/2m=E+U,, #k3/2m=e+U, . (2.12)

(a) v E

z =0 v
(b) B /6:0
N\ PaN
€ \E
U(z) + Vi(z)
— Uso
3

=0 z

FIG. 2. (a) Effective one-dimensional potential for the propa-
gating (above threshold) mode, n=1 [see Eq. (2.10a)]. (b)
Effective one-dimensional potential for the threshold (tunneling)
mode, n =2 [see Eq. (2.10b)].
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In order to obtain the conductance G of a microcon-
striction one needs to solve the problem of wave penetra-
tion through such a structure. Consider, for instance, a
wave which is arriving from x =— o0. In the absence of
impurities ¥, ;= )(ff , (for U'=U), and the conductance is
expressed through the transmission coefficients ¢, , ac-
cording to the Landauer formula?-?’

G=|t,1*+1¢,1? (2.13)

(in units of 2e®/h). Here t,, are the transmission
coefficients of the waves )(ffz, defined in Appendix A.
The impurity results in the mode mixing and in the ap-
pearance of the nondiagonal transmission coefficients,
which are defined in the following way. Consider the
solution of Egs. (2.10) which contain only transmitted
waves at x — + 0,

i ik
Yi(x)=Be" ", yyx)=Be" " (2.14)
The same solution at x — — o is obviously given by
¢1(x):A1eik1x+Cle—ik1r :
(2.15)

Do(x)= A e+ Cre T

The amplitudes of the scattered waves, B, , and C, ,, are
linear combinations of the amplitudes of the incoming
waves, 4 ,. In particular

Bl Tll T12
B2 TZl T22

44
4,

. (2.16)

The transmission matrix 7" allows us to obtain the con-
ductance according to the Landauer formula

k k
G=|T,, |2+|T22|2+k~2|T12|2+k—‘}T21 2. .17
1 2

The factor k, /k, takes into account that the fluxes in the
modes 1 and 2 are proportional to k; and k,. Notice
that the absence of impurities corresponds to T, =t,
Ty =ty,and T, =T,; =0.

III. UNIFORM CONDUCTING CHANNEL

We start our analysis with the case of a uniform
(nonexpanding) conducting channel, U(x)=0, in Eq.
(2.5). [The motion is free along the x direction, while the
confinement along the y direction is provided by the po-
tential W(y), Eq. (2.2).] For the sake of simplicity we
neglect the potential V,;(x) [i.e., U'(x)=U(x)=0 in
Egs. (2.10)], since E—E,>>|V;,|. Then the Green’s
functions G; can be written as

o n— M ik|x—x’|
G(E,x, =— s 3.1
(E,x,x") K (3.1)

where 7k =#k,=V 2mE. Note that the total 2D
Green’s function of a nonexpanding channel in the ab-
sence of impurities, G =(E—K — W)~ 1 can be written as

ik, |x—x'|

G(E;x,x";p,p')=3 %e @, (y)0Xy), (3.2)
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where %k, =[2m(E —E,)]'/%. It is clear from this equa-
tion that only the first mode propagates at infinity, and
therefore only the transition amplitude 711 contributes to
the total conductance, Eq. (2.17), i.e., G=|T ;|
Consider Eq. (2.10a) describing the first mode in the
energy region € ~ g, <0, where g, is the bound-state ener-

gy of the state ¢, in the potential V,, i.e.,
[K+Vb(x)](p0=€()(po . (3.3)

Then using the spectral representation of the Green’s
function G,=(e—K — ¥, )" ! for e—&g,

X4
G0 =2 ool (3.4)
E—Egg
one reduces Eq. (2.10a) to
(E—KW,=Py,, (3.5)

where the nonlocal potential ¥ is energy dependent and
has a separable form

<x|Vm|¢J0)(¢O|VmeI)
£—gg '

’

?(e,x,x =

(3.6)

The solution of Eq. (3.5) can be written straightforwardly

in the form of the Born series
l))=1k)+G,Plk)+G, VG, Plk)+---, (3.7

where (x|k)= exp(ikx). Using Eq. (3.1) for G, one
finds that in the asymptotic region, x — + o, Eq. (3.7)
becomes

l¢1>=ik>+%lk)<k|f7|k)

+%|k>(k|VGl9lk)+--- ) (3.8)

Since the potential Visa separable one, the Born expan-
sion (3.8) becomes a geometrical series and can be easily
summed over. Indeed

(kD1 =V, o) —— ol Vi I )
£—gg

<‘Po| VmGl Vm !‘PO)
2

(k|PG,P|k)Y=(Kk|V,, @)
(E"‘Eo)
X @ol V1K), (3.9)

and so on.
X — + oo is

Therefore the wave function ¥,(x) for

2
¢1(x)=eik"+ﬂeik" KK Vnlgo)] .
ik E—Eo—'<¢)o|VmGle|¢0>

(3.10)

Using Eq. (3.1) one easily obtains that
Im<¢o|VmG1V,,,lq:(,):—LZ—I(%IVm|k Ye=-—T,

(3.11)

Therefore Eq. (3.10) can be rewritten in the form
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iT,,
e—gy—A,, +il,

P(x)=e®** [1— , (3.12)

where A,, = Re{@,|V,,G,V,,|95), A,, and T',, being the
shift and the width which acquire the bound state due to
mode mixing. It follows from Eq. (3.12) that for
e=gy+A,, the wave function ¥,(x)=0 for x >+ o,
which corresponds to the total reflection of the incoming
flux. Since V,(x) in Eq. (3.3) is the one-dimensional po-
tential, generated by an attractive impurity, it always
contains at least one bound state. Therefore any attrac-
tive impurity in a uniform conducting channel would
produce total (resonant) reflection at certain Fermi ener-
gies, irrespective of how small the attractive impurity po-
tential is. It is only the width of the corresponding dip,
Eq. (3.11), which decreases with the impurity potential
strength. In the following we demonstrate that the po-
tential ¥;(x) and the higher evanescent modes, which
were neglected in this section, do not affect the exact van-
ishing of the conductance, but only the position of the
dip.

IV. QUASIBOUND STATES

Going to the general case of a nonuniform bottleneck-
type conducting channel we first consider the states
which are responsible for the singularities in the Green’s
function in the complex energy plane. When U(x )70
there are no bound states in the potential ¥V, + U [see Fig.
2(b)]. However, if the potential barriers separating the
well V,(x) from x =+ « and — o« are wide enough, the
bound state defined by Eq. (3.3) is transformed to a quasi-
bound state (resonance) near g, which acquires small
width and shift, ¢y—€—iT",, due to tunneling through
the barriers to the continuum. Similar to the previous
case, Eq. (3.4), we expect that near the resonance,
e—€—iI,, the Green’s function G,(g) can be written as

Gyle)=—228el_ @)

e—e+il,
where the bound-state wave function |@,) is replaced by
the resonance wave function |@).

For a description of the Green’s function in the reso-
nance region we use with some modification a method
developed in Ref. 24. Following this method we build up
the quasibound state from the corresponding stationary
state, by considering the potential U as a perturbation.
To do this we rewrite the Green’s function G,, Eq. (2.8),
in the form of a Born series

G,=Gy+Gy UGy +G UG UGy + - -+, 4.2)
with

Gole)=(e—K—V,)" . 4.3)
From this series the equation for G, follows:

G,=Gy+G, UG, . (4.4)

It is convenient to introduce the energy shift operator



10 582

R=U+UG,U , 4.5)

which satisfies the Lippmann-Schwinger equation

R=U+UGyR . (4.6)
In terms of this operator G, can be represented as
G,=G,+tGyRG, . 4.7)

Now we introduce the Green’s function G,=AG,,
where A=1—|g,){@,| is the projection operator which
excludes the bound state |@,) from the spectral represen-
tation of G. Replacing G, in Egs. (4.2)-(4.7) by G, we
define a projected Green’s function G, and energy shift
operator R, which obey the following equations:

G,=G,+G,UG, , (4.8)

R=U+UG,R , 4.9)
with

R=U+UG,U . (4.10)

Notice that due to projection operator A, the resonance
corresponding to the bound state |@,) is excluded from
G, and R (see Ref. 24).

Multiplying Eq. (4.9) by (1+RG,) and using Eq. (4.6)
with UG,R =RG,U we obtain that the operators R and
R are related through the formula

R ](Po><¢70| ~

R—R=R(G,—G,R=— R . (4.11)
8—80

Multiplying this equation by |@,) we easily obtain
(e— €p )R I‘Po )

Rlpy)= (4.12)

5"80_<¢70|R|(Po> .

Consider the energy shift operator R. Substituting Eq.
(4.1) into Eq. (4.5) one obtains for e »—iT,

R=U| A iU. (4.13)
e—e+il,

Substituting Eq. (4.13) into Eq. (4.12) and using Eq. (4.10)
for the shift operator R one finds in the limit

e—eot (@l R@g)

=i, =¢gy+ (ol Ulgy) +{ @l UG, U |, (4.14)
and
e=@y+G,Ugq, . (4.15)
Let us rewrite Eq. (4.15) explicitly as
p(x)=gy(x)+ fdx’éz(x,x')U(x’)qao(x’) . (4.16)

Notice that G,(x,x’) decreases exponentially whenever
one of the arguments is inside the potential barrier U.
One can get it by using the spectral representation of the
Green’s function, and taking into account that the reso-
nance functions are excluded by the projection operator
A (see Ref. 24). (Otherwise G, would exponentially in-
crease inside the barrier.) Hence, the second term in Eq.
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(4.16) would be exponentially suppressed with respect to
the first one in the region of small x (inside the impurity
potential). On the other hand, the second term of Eq.
(4.16) dominates at x — + o, since the bound-state wave
function @y(x) decreases exponentially outside the range
of V,(x). Consider therefore the second term in Eq.
(4.16) at large x. Since small values of x’ are suppressed
in the integral by U(x’')—0 when x'—0 [Fig. 2(b)], both
arguments of G,(x,x’) are effectively outside the range of
V,(x). Then one can approximate

Go=Aleg—K —V,) 1=(gg—K) . 4.17)
Here we replaced € by g, neglecting the terms of second
order in the tunneling probability. Substituting this re-
sult into Eq. (4.8) we get

G,=(ep—K—U)"". (4.18)
[The full perturbative expansion of the exact Green’s
function G,, Eq. (4.8), in terms of the approximate one,
Eq. (4.18), and evaluation of the correction terms can be
found in Ref. 24.] Let us express the Green’s function
G,(x,x’) in terms of ¥, Eq. (2.11b), by use of Egs. (A2),
(A3), and (B2). Then substituting G, into Eq. (4.16) one
finds

m +ik,x

q)(x—»iw):?e LoolUlxy ) - (4.19)
2

Notice that by using the Schrodinger equation (2.11b) one
can rewrite the matrix elements in Eq. (4.19) as

(¢0|U|X;>=—(¢0|K_50|X§):<‘P0|Vbl)(z¢> .
(4.20)

The matrix elements in Eq. (4.19) are directly connected
to the width T', of the quasistationary state. Indeed, us-
ing Egs. (4.14) and (B12) we get

I, =—Im{g,|UG,U|p,)=T;"+T, , (4.21)
with
M Fy|2
ri=——[glUlx; ) ?, 4.22)
2k,

where T'f are the partial widths due to tunneling to the
right and to the left.

V. TRANSMISSION MATRIX
FOR A BOTTLENECK CONDUCTING CHANNEL

Using the properties of the quasibound states from the
preceding section we can extend our treatment of a uni-
form conducting channel to a nonuniform (bottleneck)
channel. Again, for calculation of the total conductance
we use the Landauer formula, Eq. (2.17). However, in
contrast with the case of uniform channel, the second
mode is propagating through the barrier by a tunneling,
Fig. 2(b), and therefore all the elements of the transition
matrix T contribute to the conductance G. Since the
problem is linear we can consider propagation of each of
the modes separately.
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A. Propagating (above threshold) mode

We begin with the case 4,=1 and 4,=0 in Egs.
(2.15), which correspond to the first mode (n =1) coming
from x = — . Since € ~¢y, we can retain only the pole
term, Eq. (4.1) in the Green’s function G,, (2.8). Substi-
tuting Eq. (4.1) into Eq. (2.10a) we can rewrite it as

- ) Vo l@) @V,
(E—K=U, e—t+il, v

(5.1)

Similar to the previous case of the uniform channel, the
solution can be written as the Born series [cf. Eq. (3.7)]

1
Y= +G6 V,le)———— oIV, Ixi")
l9)=1Ix; 1Vnle e—e+il @V lxi

t
<(p|VmGle\¢)

+G,V, )
Vm T e—e+iT, 2

(W Ixi )+ -+,

(5.2)

where Y is the solution of Eq. (2.11a) and G, is given by

Eq. (2.8). This expansion is a geometrical series and
therefore can be summed over to
(fpol V |)(1+ )
|¢1>=‘X1+)+G1Vm|¢70> — . - .
s—s+ll",—<<p0[ Vin GV, ](po)

(5.3)

Here we replaced ¢ by ¢, in all matrix elements of Eq.
(5.3), since inside the range of the impurity potential
V,,(x) the wave function ¢(x )=g(x ).

Consider the wave function ¢,(x ) in the asymptotic re-
gion. Using Eq. (B2) for the Green’s function G,(x,x"'),
we obtain for x — +

—at + m
Pi(x)=x (x)+x; (x) ik t, ]
(ol Vi IxT 2 @0l Vi x5
v ¢70‘ [x1 ®ol X1 , (5.4)
e—€—A,, +i(I',+T,,)
where
Am_‘irm:<<PO|VmGIVm|¢0> (5.5

[see Eq. (B12)], and ¢, is the transmission coefficient for
the first mode in the absence of the mode mixing poten-
tial V,,, Eq. (A2). A,, and I',,, are the shift and the width
of the bound state due to mode mixing. Using Eq. (B9)
we can write I',, =} + T, , where
L= Kol VX 12, (5.6)
2k,
i.e., I‘i is the decay rates due to mode mixing to the
right (left) infinity.
It follows from Egs. (B8) and (B10) that the numerator
of the second term in Eq. (5.4) can be represented as

m
ikt

(@ol Vi IX1T X @ol Vo Ixi ¥ =8,,—iT,, , (5.7)

where I',, is given by Eq. (5.5) and
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,
8, =% Im l,’—jwolvm X 1V lo) ] :

K, (5.8)

The diagonal transmission coefficient for the first
mode, T, in the presence of impurity, is therefore

5,,—iT,,
e—€—A,, +i(l,+T,,)

1+

T,=t . (5.9)

In particular one obtains from this expression that for the
uniform conducting channel (I', =0 and €=g¢,), the total
transmission is zero at e=¢y+A,, —8§,,. It shows that
the result of Sec. III holds even if the potential V,(x) is
taken into account.

Let us consider the nondiagonal transmission
coefficient T';,, which is the probability of finding the
electron in the second mode at x — + oo. Substituting ¥,
given by Eq. (5.3) into Eq. (2.9b) and using Eq. (4.1) for
the Green’s function G,, one easily obtains

2 e—E—A,, +i(l,+T,) "

x). (5.10)
Going to the limit x — + « and using Egs. (4.19) and
(4.22) we get

T =_m_<§0o|Vm|X1+)<¢’0|Vb1X2_>
2 ik, e—g—A,, +i(T,+T,,)

(5.11)

B. Threshold (tunneling) mode

Consider now the case where 4,=0 and 4,=1 in
Egs. (2.15), which corresponds to the second mode com-
ing from x =— 0. The solution of Eq. (2.10b) can be
written as the Born series [cf. Egs. (3.7)]

|¢2>:'1/}2t>+GZVmG1Vm |¢2r)

+G2VmG1VmG2VmG1le¢ZI)+ Tty (5.12)
where 1,,(x ) is given by
(e—K—U—Vy),,=0. (5.13)

It describes the resonant tunneling of the second mode
through the impurity V, without the mode mixing. We
can write ¢,,(x ) in the form

¥y, :X; +y

where y, is given by Eq. (2.11b), and describes the tun-
neling of the second mode through the constriction
without impurity. In order to find ¢;, we substitute Eq.
(5.14) into Eq. (5.13). One gets

(E_K_U_Vb)lk'ZIZVbX;. .

(5.14)

(5.15)

Using Eq. (4.1) for the Green’s function G, near the reso-
nance we obtain

<‘Po| Ve IX;— )

Ve eir, @

(5.16)

where we replaced @(x) by @(x) in the matrix element.
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In the asymptotic region x — + « the wave function
@(x) is given by Eq. (4.19). Then using Egs. (4.19), (5.14),
and (A2) one finds that for x — + o, the wave function is
¥,,(x)=T,, explik,x ) where

m_ (ol Vi X2 Y <ol Vi X2 )
2 ikz £_E+lrt ’

T, = (5.17)
with 7, being the (nonresonant) transmission coefficient
through the constriction without impurity, which is of
the order of I';' ;. If one neglects in Eq. (5.17) the non-
resonant contribution ¢,, and calculates | T,,|* using Egs.
(4.22) one obtains the well-known formula for resonant
tunneling transition probability,

A r;

P
1 (e—E)+T2

(5.18)

Let us return to Eq. (5.12) for the second mode wave
function. Using Eq. (4.1) we can write

|¢2>=|¢2t>+|(p>_£__£__:_€<(p0|ymGlel¢2t>

1

<‘Po‘ Vin G Vi |‘Po>
(e—€+iT,)?

+|¢’> <¢’0|VmG1Vm|¢2z>+"'

<¢0|VmG1 VmId}Zt)
e—€+il,—{@o|V\n GV, lo)
(5.19)

Using Egs. (5.14) and (5.16) for v,,, and Eq. (5.5) we easi-
ly obtain

:|¢21>+|(P>

<¢)0| Vb'X;>+<(PO| VmGl Vm !X;_)
e—E+il, —{@o|V,n GV l@o)

) =Ixs )+ lp)

<¢0|Vbb(2+>
e—€—A,+i(I',+T,,)

=|x; )+ lp),  (5.20)
where we neglected the term {¢,|V,,GV,, x5 ) since it
is of second order in the impurity potential. Then using
Egs. (4.19), (4.20), and (A2) for the wave functions at
X — + o0, we find

T =t +i(¢)0|Vb,X;>(‘po|Vb|X2_>
2 2 ik, g—g—A, +i(,+T,)

(5.21)

The last transmission matrix element which we have to
calculate is T,;. It is a probability of finding the electron
in the first mode at x — + . (Notice that in general
T,,#T,,.) Substituting 3, given by Eq. (5.20) into Eq.
(2.9a) we find

(‘Po'Vb'X;—)
e—€—A,, +i(D,+T,,)

(5.22)

41 =GV, X3 ) +GV, )

Then using Eq. (B2) for the Green’s function G, and con-
sidering the limit x — + c we obtain
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T :i<‘pOle‘Xl_><¢O|Vm|X;
ik, e—g—A, +i(T,+T,)

(5.23)

where the nonresonant contribution from the first term in
Eq. (5.22) is neglected.

VI. CONDUCTANCE
OF A BOTTLENECK CHANNEL

The full conductance of the channel can be calculated
from the Landauer formula, Eq. (2.17), introducing into
it Egs. (5.9), (5.11), (5.21), and (5.23). If we neglect the
nonresonant contribution in (5.21), the conductance can
be expressed in terms of decay widths
5, —il 2
G= |t1 |2 14— ™

e—€—A,, +il
. r,r,+r, I, +rir,
(e—€—A,, )} +T?

, (6.1

where I'=TI",+T,,. To make the result more transparent
we assume the potential U(x) to be a smooth one, which
means that the effective width of the channel varies slow-
ly. Then we can use the following approximation:

tik,x
— — . 1
tl—l, Fi+ 0, X1 e .

(6.2)
With this assumption it follows from Egs. (5.6) and (5.8)
that

ry=r,=ir,, §,=0.

m

(6.3)

In the same approximation, when there is no impurity
in the channel

T,,=t,=1, Ty=t,=0, T,,=T,,=0, (6.4)
and G,=1. Now we have the final result
AL r; -1
AG=G—Gy= (6.5)

(e—€—A,, )?+TI2

Equations (6.1) and (6.5) are the main result of our pa-
per. It shows that the type of Breit-Wigner resonance
(dip or peak) depends on the competition between the
two decay routes of the quasibound states, (i) due to inter-
mode mixing and (ii) due to intramode tunneling. Mixing
favors dips, while tunneling favors peaks. If one neglects
tunneling, AG exhibits a dip with maxAG = —1. If one
neglects mode mixing AG exhibits a peak. In this case
maxAG =+1 only when the impurity is located in the
channel symmetrically, i.e., I’} =T;.

It is easy to understand from our derivation why the
intermode mixing generates the resonant reflection, but
not the resonant transmission, as in the case of the in-
tramode tunneling. Let us compare Eq. (3.10) describing
the propagating mode ¢, in the uniform channel with Eq.
(5.17) describing the threshold mode ,, in the case of the
resonant tunneling. In both cases the interaction with
the impurity generates the same (Breit-Wigner) type of
scattering amplitude. However, in the case of propaga-
ting mode the scattered wave does interfere (destructive-
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ly) with the initial plane wave, whereas in the case of the
threshold mode the initial wave is almost zero at
x —+ o [t, <<1in Eq. (5.17)].

It can be easily shown that the result given by Eq. (6.5)
is valid in the vicinity of any threshold, n=1,2,... .
(Considering the vicinity of the threshold » =1 one has to
set I',, =0, see Ref. 19.) If there is more than one impuri-
ty in the bottleneck of the conducting channel one can
consider ¥V(x,y) in Eq. (2.1) as the total impurity poten-
tial and consider the quasibound states as due to this to-
tal potential. Equations (6.1) and (6.5) are valid in this
case too.

It follows from Eq. (2.6) that the potentials V,, and V,
in Eq. (2.10) depend on the position of the impurity with
respect to the channel “walls.” For instance, these po-
tentials are strongly reduced if the impurity position in
the y coordinate falls near a knot of the mode eigenfunc-
tions @, ,(y). This means that the resonance energies
and the widths in Eq. (6.5) depend on the position of the
impurity. Applying different gate voltage to the two
parts of the split gate® one can “shift” the impurity and
therefore change the position and the type of the reso-
nance.

It is worthwhile to mention that the total reflection in
the case of a uniform channel (Sec. III) is a consequence
of two dimensionality of the original Schrodinger equa-
tion (2.1) (which is reduced to an effective 1D
Schrodinger equation (3.5) with a nonlocal potential).
The one-dimensional Schrodinger equation with a local
potential can never generate total resonant reflection.
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APPENDIX A: WAVE FUNCTIONS
FOR ONE-DIMENSIONAL
SCHRODINGER EQUATION

In this appendix we present for reference purposes
some properties of the solutions of the 1D Schrodinger
equation. Consider the Schrodinger equation

# d?
-+ =E
2 dn? U(x) |x(x) x(x), (A1)
with a potential U constant at x =3oc. We choose

U(t o )=0 and E >0. For each kK =V2mE /# there are
two eigenfunctions i (x ), which correspond to the waves
incoming from t o, i.e.,

tpe™ if x>+
Xi(x)= leikx+r+e—ikx if x —> — oo (A2)
and
e x4y e if x>+ o0
Xic (x)= [t_eik" if x—>—o . (A3)
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Here t, and r, are the transmission and reflection
coefficient of these waves.
The Wronskian
W)= WX =X X —xe =xi a9
’ dx kodx 'k

is independent of x. Calculating W(x) for x =1+ by
substituting (A2) and (A3) into (A4) one obtains
W(— )= —2ikt_ and W(+ )= —2ikt_ . Hence

ty=t_=t. (A5)
Let us make use of the time-reversal symmetry. Con-

sider the function ;' (x)* which is a solution of Eq. (A1)
with the boundary condition

X7 (x)*=t*exp(—ikx) for x—+ oo . (A6)

On the other hand, it can be written as a linear combina-
tion of two linear independent eigenfunctions yi(x ),

X (x)*=Axi(x)+Byxi (x) . (A7)

Setting here x — + « and using Egs. (A2) and (A3) one
obtains

Xi(x)*=(At+Br_)e™ +Be ¥ . (A8)
From the comparison of Egs. (A6) and (A8) one finds
At+Br_=0,
(A9)
B=t*.
Calculating 4 and B from Eq. (A9) and substituting into
Eq. (A7) we get

t* 4

x;f(x)*=—7r_xk (x)+t*xg (x) . (A10)
In a similar way one finds
*
x;(x)*z—’TX,:(x)ﬂ*x,j(x) . (A11)

Now setting x — — o in Eq. (A10) and x — + « in Eq.
(A11) and comparing these equations with Egs. (A2) and
(A3), one obtains the following relations for the transmis-
sion and reflection coefficients:

try +t*r_=0,
[eP+r P=1, (A12)

[e|2+|r_]?>=1.

Notice that Egs. (A12) represent the unitarity conditions
for the scattering matrix

(A13)

Using Egs. (A12) one can derive from Egs. (A10) and
(A11) the expressions for x5 in terms of y; and vice ver-
sa,
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¥ _
x;(x)=ti*x:(x)*+—xk+(x) ,

(A14)

APPENDIX B: GREEN’S FUNCTIONS
OF THE ONE-DIMENSIONAL
SCHRODINGER EQUATION

In this appendix we present for reference purposes
some properties of the Green’s function of the 1D
Schrodinger equation. The Green’s function Gy of Eq.
(A1) is defined by

(ol VGVlgy)= [ fxq

S. A. GURVITZ AND Y. B. LEVINSON

dx dx' L0 f (e (e

e f S

Gplx,x)=8(x—x') . (B1)

We are interested in the outgoing wave Green’s function,
i.e., the boundary conditions are Gg(x,x')~ exp(=%ikx)
for x -+ o. Notice that the Green’s function is sym-
metric, Gg(x,x')=Gg(x',x). One can show that the
Green’s function can be given in terms of the solution xi
as

m l)(k_(x’))(]:(x) if x >x’

Gplx,x')= (B2)

ikt |xi (xxg(x) i x <x’
We use this representation to calculate the matrix ele-
ment { @yl VGVlgp,), where ¢, is a localized wave func-
tion, and V(x) is a localized potential. For simplicity we
use the abbreviation @y(x )V (x)=f(x). Then we have

dx dx’ —f x)f(x X)X (x") . (B3)

We can add and subtract a term which is the same as the first integral in Eq. (B3) where the integration is over the re-

. Then we obtain

(o VGV lpo)= [

gion x >x

+ [ Tax [1 ax' T peOf el e

The first term in (B4) can be written in the following form:
<¢>o| Vi Yol Vixi )

or equivalently as

3 e[

“dx ’——~f(x)f Dxe (xd (x

x)Fxd Cxe (x)] .

+ o0 + o0 _ ,
Clax [ dx' S £G0f Ox G (<)

Using Egs. (A10) and (A11) the term in the brackets in this integral can be transformed to

S DO Goxi (e =i (x W)= 0 (x

Substituting this representation into the integral (B6) one
gets

<<POIV|X HeolVIxi ) =—ir+s, (B8)
with
P=r*+r", It=2-Neol Vi )P (B9)
and
ff “dx dx "@o(x )po(x IV (x)V(x')
X Im rT*X,:mx,t(x)* (B10)

Wi (x)—xir (x)xd(x)]. (B4)
(B5)
(B6)
14
')+X,:<x)x;<x'>*]+—’]’(ilm —;—*—X;(x)x,ju)* (B7)

The second integral in Eq. (B4) is real. One can see it
by using (A14) and representing the expression in the
brackets as

ZE L X () =X X (5]

:—IW[X" COxXF Y —xif ) *xf(x)].  (BI1D)
As a result we can write
(@ol VGV|py) =A—il", (B12)

where A absorbs the real parts of both integrals in Eq.
(B3) and T is given by Eq. (B9).
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APPENDIX C: HIGHER-MODE CONTRIBUTION
TO CONDUCTANCE

In this appendix we demonstrate that the total
transmission of the uniform channel vanishes at certain
energies even if the higher modes are taken into account.
Let us keep, for instance, the third mode (n =3) in Eq.
(2.4). Then substituting Eq. (2.4) into Eq. (2.1) we obtain

(E—E,\—K—=V W= Vp,—Vi3¢¥3=0, (Cla)
(E—E,—K—=Vu)— V= Vu3=0, (Clb)
(E—E;— K=V =V — V¢, =0, (Clc)

[since we consider the uniform channel, the potential
U(x)=0]. From Eq. (Clc) one finds

U3=G3 V3¢ +G3 V3, , (C2)

where the Green’s function

_ 1
- E_‘E3_K_V33

G, (C3)

Substituting Eq. (C2) into Egs. (Cla) and (C1b) we find
(K+V VGV + (Vi + VGV,
=(E—EY;,

(C4)
(K+Vyn+ VGVl + (Vo T V3G Vi)Y,

=(E—E))Y, .
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Comparing Eqgs. (C4) with Egs. (2.5) one can see that tak-
ing into account the third mode corresponds effectively to
replacement of the potentials V; in Eq. (2.5) by the corre-
sponding nonlocal potentials V;;=V;;+V;3G3V;3;. The
equation for the first mode is therefore [cf. with Eq.
(2.10a)]

(E—K—V,),=V,G,V, , (C5)
where V,, =V, =V,, is the modified wave mixing poten-
tialand G,=(e—K —V,,) " L.

Since we consider the case of E,<E <E,, and the

electron energy E approaches E,, the modified potentials
V; are very close to the potentials V};. Indeed,

_ |V3,G3 V3l _ V31

Vij |E3_E2|

V.—V..

i 1

V..

1

<1. (Ce6)

Also the Green’s function G;, Eq. (C3), has no poles in
this energy region, and therefore the potentials I7,~j are
real. It means that the bound state @, in the potential
V,=V,,, Eq. (3.3), would appear also in the potential
V,, with a small energy shift e,—%, [where
[go—eol /69~ V;;| /(E3—E,)]. As a result, the Green’s
function G,(¢) has a pole for e—%, and it can be written
in the form of Eq. (3.4). Afterwards all derivations in
Secs. IIT and V concerning the uniform channel remain
unchanged. As a result the conductance would exactly
vanish at a certain energy near the second mode thresh-
old. The inclusion of higher modes can be done in a simi-
lar way.

'H. van Houten, C. W. J. Beenakker, and B. J. van Wees, in
Semiconductors and Semimetals, edited by M. A. Reed
(Academic, New York, 1990), Vol. 35, p. 9.

2G. Timp, in Semiconductors and Semimetals, edited by M. A.
Reed (Academic, New York, 1990), Vol. 35, p. 113.

3C. W. J. Beenakker and H. van Houten, in Solid State Physics:
Advances in Research and Applications, edited by H. Ehren-
reich and D. Turnbull (Academic, New York, 1992), Vol. 44,
p. 1.

4Y. Hirayama, T. Saku, and Y. Horikoshi, Phys. Rev. B 39,
5535 (1989).

5J. Faist, P. Guéret, and H. Rothuizen, Phys. Rev. B 42, 3217
(1990).

6G. L. Timp and R. E. Howard, Proc. IEEE 79, 1188 (1991).

7J. Masek and B. Kramer, Z. Phys. B 75, 37 (1989).

8J. Masek, P. Lipavsky, and B. Kramer, J. Phys. Condens.
Matter. 1, 6395 (1989).

°D. van Marel and E. G. Haanapel, Phys. Rev. B 39, 7811
(1989).

10p. L. McEuen, B. W. Alphenaar, R. G. Wheeler, and R. N.
Sacks, Surf. Sci. 229, 312 (1990).

1]. Kander, Y. Imry, and U. Sivan, Phys. Rev. B 41, 12941
(1990).

12C. S. Chu and R. S. Sorbello, Phys. Rev. B 40, 5941 (1989).

13p, F. Bagwell, Phys. Rev. B 41, 10 354 (1990).

14E. Tekman and S. Ciraci, Phys. Rev. B 42, 9098 (1990).

I5A. Kumar and P. F. Bagwell, Phys. Rev. B 43, 9012 (1991).

16A. Kumar and P. F. Bagwell, Phys. Rev. B 44, 1747 (1991).

17A. Kumar and P. F. Bagwell, Solid State Commun. 75, 949
(1990).

18] A. Nixon, J. H. Davies, and H. U. Baranger, Phys. Rev. B
43, 12638 (1991).

19Y. B. Levinson, M. 1. Lubin, and E. V. Sukhorukov, Pis’ma
Zh. Eksp. Teor. Fiz. 54, 405 (1991) [JETP Lett. 54, 401
(1991)].

20y. B. Levinson, M. L. Lubin, and E. V. Sukhorukov, Phys.
Rev. B 45, 11936 (1992).

2IM. W. Dellow, P. H. Beton, C. J. G. Langerak, T. J. Foster, P.
C. Main, L. Eaves, M. Henini, S. P. Beamount, and C. D. W.
Wilkinson, Phys. Rev. Lett. 68, 1754 (1992).

22C. G. Smith et al., Superlatt. Microstruct. 5, 599 (1989); K.
Nakazato and R. J. Blaikie, J. Phys. Condens. Matter 3, 3729
(1991); W. Porod, Z. Shao, and C. S. Lent, Appl. Phys. Lett.
(to be published).

23M. Biittiker, IBM J. Res. Dev. 32, 63 (1988).

24S. A. Gurvitz and G. Kalbermann, Phys. Rev. Lett. 59, 262
(1987); S. A. Gurvitz, Phys. Rev. A 38, 1747 (1988).

25R. Landauer, IBM J. Res. Dev. 1, 223 (1957).

26R. Landauer, J. Phys. Condens. Matter 1, 8099 (1989).

27Y. Imry, in Directions of Condensed Matter Physics, edited by
G. Grinstein and G. Mazenko (World Scientific, Singapore,
1986).



