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Photoconductance oscillations in a two-dimensional quantum point contact
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We have calculated the photoconductance of a quantum point contact subject to a high-frequency
electromagnetic field. We find very pronounced steplike oscillations of the photoconductance as a
function of gate voltage. The absorption of the electromagnetic field, which is polarized in the
transverse direction, is due to transitions between different modes of the quantum point contact. A
transition between a propagating and a nonpropagating mode results effectively in a backscattering
process, and gives a negative or positive contribution to the current, depending on the gate voltage.
When the number of propagating modes through the point contact exceeds a cutoff value, the
photoconductance disappears. The cutoff value depends on the frequency of the electromagnetic
field. We also find that the oscillation amplitude increases with the number of propagating modes.
As aresult of the electron-photon interaction, the total quantized conductance acquires an additional

step structure.

I. INTRODUCTION

Ballistic transport in two-dimensional electron systems
has been very intensely studied during recent years. A
particular system that has received much attention is the
quantum point contact (QPC).! This structure is fab-
ricated by putting a split gate on top of a GaAs het-
erostructure, thereby creating a narrow constriction in
the two-dimensional electron gas. Since the electrons
do not experience any collisions, the electron motion
through the point contact is analogous to the propagation
of an electromagnetic field through a waveguide. The
width of the constriction, which is of the same order as
the Fermi wavelength, is controlled by the gate voltage
and governs the number of propagating modes.

The present work investigates the influence of a high-
frequency electromagnetic field on the electric current
through a quantum point contact. Despite the fact
that transport properties have been thoroughly inves-
tigated for QPC systems, both experimentally> ™% and
theoretically,®® this particular aspect has not so far re-
ceived much attention.”

A closely related issue, optical absorption of a high-
frequency field in a quantum point contact, has been
studied by the present authors in an earlier work.® It
was found that the optical absorption gives rise to a dis-
tinct spectrum, thus optical point contact spectroscopy
is possible and can be used to characterize the laterally
confining potential. The shape of this potential is still
an open question, which makes a spectroscopy of this
kind interesting. However, in a direct measurement of
the absorption one is restricted by the fact that the vol-
ume of the point contact is much smaller than the total
volume of the electromagnetic resonator. A very high
quality factor of the resonator is therefore of crucial im-
portance for such an experiment. The electric current,
on the other hand, is more favorable to measure since in
this case the observable quantity is located in the same
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small region in space where the absorption takes place.
The photoconductance of a double quantum point con-
tact has been investigated by the present authors in an-
other work,® where it was shown that interference effects
due to inelastic electron-photon scattering are possible.
It may not be evident that an electromagnetic field
will at all affect the current through a quantum point
contact. Since the photon momentum is much smaller
than the electron momentum the photons cannot in a
direct way backscatter electrons. However, as was shown
in Ref. 7, the absorption of photons in a quantum point
contact indirectly results in backscattering of electrons.
This fact can be explained as follows: In an adiabatic
geometry, which is smooth on the scale of the Fermi wave-
length, the longitudinal and transverse motion of elec-
trons can be separated in the Schrodinger equation.® The
transverse energy will then play the role of a potential
for the one-dimensional longitudinal motion. Depending
on whether the total energy of a given electronic state
(mode) is larger or smaller than this potential barrier,
it is a propagating or nonpropagating (reflecting) state.
The absorption of the electromagnetic field, polarized in
the transverse direction, is due to electron transitions
between different modes in the system. If a transition
between a propagating and a reflecting mode takes place
it will effectively result in a backscattering process. This
photon-induced backscattering gives rise to negative or
positive photoconductance depending on the gate con-
trolled width of the point contact. Therefore, the photo-
conductance will oscillate as a function of gate voltage.

II. FORMULATION OF THE PROBLEM

Our aim is to calculate the current through the mi-
croconstriction under the influence of a high-frequency
electromagnetic field. The model geometry of the micro-
constriction is shown in Fig. 1. The width D(z) varies
smoothly on the scale of the Fermi wavelength, allowing
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a) b)

FIG. 1. (a) Geometry of the microconstriction. The width
is denoted by D(z), the narrowest width by d, and the effec-
tive length by L. (b) The corresponding transverse energies
of modes n and n + 1, as a function of z. The difference
between the peak values is denoted by AE. If the initial
state of the transition, mode n, is a nonpropagating state,
the final-state mode n + 1 will also be nonpropagating. On
the other hand, if the initial state is propagating, the final
state may be propagating or nonpropagating depending on
the value of the longitudinal energy at = 0. See text for
detailed explanation.

us to treat the problem in the adiabatic approximation.
The high-frequency field, polarized in the y direction,
induces transitions between the transverse states. The
longitudinal momentum is conserved in the absorption
process and therefore the photon energy Aw, where w
is the frequency of the field, must be equal to the en-
ergy difference between the transverse states. Since the
electromagnetic field cannot change the direction of the
electron propagation we can treat electrons coming from
each side independently. In our calculations we will use
the interaction representation. The total current Jtot
through the point contact is calculated as

T = Te{p(t) 7}, (1)

where §5(t) is the density operator and J is the current op-
erator. The equation of motion for the density operator
is

59P()
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where the Hamiltonian of our system can be written as
a sum of two parts:

ﬁ = ﬁel + IA{int- (3)

We can express the current correciion J to second order
in the electron-photon coupling as

— 00

N t
J = —Tr{ po dt’

X [ dt" [ﬁint (t”)$ [fIiﬂt (t,)’ j]] }’ (4)

e

J = 5 [p5(% — wo) + 8(2 — zo)p), (5)
where go = p(—o0) and z¢ is the observation point.

Keeping only the dipole term of the electron-photon
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interaction!® the interaction part of the Hamiltonian can
be expressed as

ﬁint = ZA,,ﬂCLCg. (6)
ap

Here we sum over the states  and 8 and the operators cf,
and c, are creation and annihilation operators for elec-
trons in state a. The matrix element A,g is of the form

eE

m*w

(alpy|B), (7)

E=E@k) = g(e"“’t + e, (8)

A = —

where the time-dependent electromagnetic field E with
frequency w is polarized in the y direction, p, is the y
component of the electron momentum operator, and e
and m* are the electron charge and effective mass.

Evaluation of the time average of the current correction
yields, written in operator form,

J =" fa{(2| AG™ (Eq * hw)JG* (Eq + hw)A|a)

+2Re(a|AG™ (Eq + hw)AG™ (Eq)J|a)}, (9)

where f,, is the distribution function and E, is the total
energy of an electron in the state a. The function G*(E)
is the single-particle Green’s function for an electronic
state of energy F in the microconstriction,

1

GH(E)= ———.
E — Hel + 6

(10)
In the following section we will explicitly calculate the
matrix element A,g and the resulting photoconductance.

III. CALCULATION OF THE
PHOTOCONDUCTANCE

The starting point here is the evaluation of the current
correction J. The calculation is carried out in detail in
Appendices A and B. Taking the applied voltage to be
small, the photoconductance is found to be!!

_ 2me?

ph _
G h

Ofa (115 Lilae ) ?
> 5Bl Al *6(Ba — Bp - hw)
aB

o | AIBe) P8(Ea — Bg + ), (1)
where f2 is the equilibrium electron distribution function
and p is the chemical potential. The voltage is applied
so that the current flows from left to right. We have
here introduced an arrow notation in the states |o— ) and
|a¢e>). The arrows refer to propagating and reflecting
modes, respectively, and also indicate that all the states
occurring in the above expression are incident from the
left.

Before we proceed any further, let us first analyze the
expression (11). The physical meaning is quite straight-
forward. First of all, only transitions between a prop-
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agating and a nonpropagating mode can contribute to
the photoconductance. A transition where both modes
are propagating or nonpropagating does obviously not
change the current. Further, because all states below
the Fermi level are occupied (at zero temperature) only
absorption processes are possible.

The meaning of the two terms in (11), which have dif-
ferent signs, can be explained as follows. When applying
a voltage V, driving the current from left to right, the
chemical potential is increased by eV/2 at the left side
and decreased by eV/2 at the right side (we assume a
symmetric voltage drop). The change in chemical poten-
tial makes two types of absorption processes A and B pos-
sible, which are schematically shown in Fig. 2. Both these
transitions result in a decrease of current, but since tran-
sition B is connected to the left-moving electrons, it gives
a positive contribution to the photoconductance, while
transition A, which is connected to the right-moving elec-
trons, gives a negative contribution.

We wish to point out that the photoconductance in
Eq. (11) contains only transitions from a propagating to
a nonpropagating state, not the opposite case. The rea-
son is that the transition from a nonpropagating to a
propagating state is forbidden in the absorption case. It
follows from the conservation of energy and longitudinal
momentum as explained below.

Consider Fig. 1(b), where the transverse energies of
modes n and n+ 1 are shown as a function of z. The dif-
ference between the peak values &,, and &, is denoted
by AE. Suppose now that the initial state, mode n, is
a nonpropagating state. This can be expressed through
the condition E,, < &,, where E,, is the total energy of
the state. The total energy of the final state, mode n+1,
is then

Eny1 = Ep+bw < Eq + hw = Enqy — (AE — hw).  (12)

Since we always have that A > hw (otherwise there
cannot be a transition between the modes being consid-
ered) we find that E,4+ < &,+1, which means that also
the final state is nonpropagating. It can easily be shown

FIG. 2. When applying a voltage V across the irradiated
point contact, driving the current from left to right, two types
of transitions A and B become possible. Transition A at the
left side, which involves right-moving states, gives a negative
contribution to the photoconductance while transition B at
the right side, which involves left-moving states, gives a pos-
itive contribution. These two contributions result in steplike
oscillations of the photoconductance. The quantum numbers
a and (3 label the states appearing in Eq. (11) for the photo-
conductance.
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in a similar way that if the initial state is propagating,
the final state will be nonpropagating if the longitudinal
energy at £ = 0 is smaller than A€ — Aw. The latter
is the only type of transition that will change the cur-
rent, and it is this type that occurs in Eq. (11) for the
photoconductance.

To obtain the photoconductance we must calculate the
matrix element A,g. The state |a) can quite generally
be characterized by the mode number n, the longitudinal
electron momentum p far away from the microconstric-
tion, and a sign index o as follows:

@) = |n,p,0), n=0,1,2,3..., o==+1. (13)

Here the sign index o denotes which side of the microcon-
striction the electron originates from. In the calculation
of the matrix element we will only deal with states orig-
inating from the left side (see above), i.e., 0 = +1. The
adiabatic microconstriction geometry allows us to sepa-
rate the electron wave function into one longitudinal and
one transverse part. Taking the laterally confining po-
tential to be of the parabolic type,!? the transverse wave
function can be expressed in terms of Hermite polynomi-
als and the corresponding transverse energy of mode n
is

A2 2n+1
where D(x) is the width of the microconstriction. The
longitudinal wave functions for propagating and reflect-
ing modes, respectively, are taken as

Tos(z) = Mﬁexp (% /z dﬂ?'Pn(m')) ,

propagating state, (15)

¥ (o) = 42 i (% [ da:'pm(:c')),
reflecting state, (16)
Pa(z) = \/2m*[Ea — En(z)], (17)

where x,, is the turning point for the reflecting state.
When evaluating the z integral in the matrix elements
appearing in (11) we use the stationary phase approxi-
mation. This is not a trivial calculation, however. The
difficulties arise because the wave functions (15) and (16)
are rapidly oscillating functions of . A detailed analysis
of this problem was made by Landau,!3 who reduced the
calculation of the z integral to the evaluation of a contour
integral in the complex plane. There are several contri-
butions to this contour integral. The dominant contri-
butions come from the stationary phase points z*, which
are located on the real axis at points where the contour
crosses the real axis. These are points where the transi-
tion between different electron states occurs in such a way
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that the longitudinal momentum is conserved. Hence

Pn(z*) = pm(z®). (18)

Other contributions come from points where the effec-
tive potential E,(z) is singular in the complex plane.
These contributions correspond to processes where the
momentum is not exactly conserved due to the adiabatic
variation of the potential energy. It is easy to show that
for transitions between propagating and nonpropagating
modes these contributions are proportional to exp —L/d,
where L and d are the length and width of the micro-
constriction, and hence exponentially small. Therefore,
only the stationary points give non-negligible contribu-
tions to the photon induced matrix elements. According
to Landau'? there are no contributions from the classical
turning points to the quasiclassical matrix elements.

Here we wish to point out that the quasiclassical ma-
trix elements discussed above were calculated in Ref. 14,
where the photoconductance of an adiabatic point con-
tact was considered. A numerical calculation based on
uncontrollable approximations brings the authors to the
incorrect conclusion that photon-assisted transport pro-
cesses occur mainly near the classical turning points. As
a result the photoconductance calculation based on this
assumption seems to be incorrect. Our result for the ma-
trix element is®

eE \/kn(—oo)km(—oo) D(z*)
2m*w 2k, (z*) D' (z*)
X{Vn + 10mnt1 — VNOmm—1} (19)

Aop =

We are now ready to write down the final expression for
the photoconductance. Replacing the derivative of the
Fermi function in Eq. (11) by a § function, which is rea-
sonable for sufficiently low temperatures, and introducing
the dimensionless frequency 2 = fiw/EFr where EF is the
Fermi energy we obtain

aon _ 2¢ (g)z ™ 3 O[1 - Q(n+1/2)] | D(z*)
h \hw) 4% kp\/1—Qn+1/2) |D'(z*)
x{n®[(2n + 1) — k%d?|O[k%d*(1 — Q)
—(2n—1)] — (n+1)Ok%d*> — (2n + 1)]
x0O[2n + 3 — k%d*(1 + Q)]}. (20)

The step function ©[1 — Q(n + 1/2)] expresses the con-
dition that the stationary point * must be in the classi-
cally allowed region for the electrons, a condition imposed
by the existence of turning points. The step functions
within the curly brackets express the conditions for the
modes being propagating or nonpropagating. Depend-
ing on the narrowest width d of the microconstriction,
one, both, or none of these step functions give a contri-
bution, which results in steplike oscillations of the pho-
toconductance as a function of d. These oscillations will
be analyzed in detail in the next section.

In order to have any absorption at all, we also have the
condition that the photon energy must be smaller than
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the maximum difference between the transverse energy
levels

2

Q<E2‘F—VEZ—'

(21)

Expression (20) for the photoconductance is valid for a
general microconstriction geometry. In the next section
we will consider a specific model geometry and analyze
the resulting features of the photoconductance and the
total conductance.

IV. RESULTS AND DISCUSSION

For a detailed numerical analysis we use a model ge-
ometry of the microconstriction where the width D(z) of
the narrow part has an exponential £ dependence

D(z) = dexp(z?/2L?). (22)

Here d is the narrowest width and L is the effective
length of the microconstriction [see Fig. 1(a)]. However,
the results are not sensible to the particular choice of
geometry, as long as it is adiabatically smooth on the
scale of the Fermi wavelength.® The geometrical factor
|D(z*)/D’(z*)| is then

D(x*) _ L (23)
D@ i (2/9k}d?)

The condition (21) that the photon energy must be
smaller than the maximum difference between the trans-
verse energy levels, prevents the denominator of the ge-
ometry factor to be zero.

Our expression for the photoconductance depends on
a number of parameters. In all calculations we use the
Fermi temperature Tp = 200 K and the length of the mi-
croconstriction L = 1 ym. The photoconductance and
total conductance are studied as a function of microcon-
striction width d for different choices of electromagnetic
field amplitude E and frequency w.

In Fig. 3 the photoconductance is shown as a function
of microconstriction width for two different amplitudes
and frequencies of the electromagnetic field: (a) E = 80
V/cm, @ = 0.19 (which corresponds to w = 7.8 x 10!
s71) and (b) E = 140 V/cm, Q = 0.35 (which corresponds
to w = 1.4 x 1012 s7!). The photoconductance exhibits
very pronounced steplike oscillations up to a cutoff value
of the microstructure width. The cutoff value depends on
frequency, and it is seen in Fig. 3(a) that five propagat-
ing modes give a contribution while in Fig. 3(b) there is
a contribution from three propagating modes only. The
oscillations are a result of the condition that the initial
state of the transition must be propagating and the final
state nonpropagating. Depending on the width of the mi-
crostructure, the photoconductance in Eq. (20) is given
by one, both, or none of the two terms with opposite
sign.

The contributions from the positive and negative term
on a single step with step number n are shown schemati-
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cally in the inset of Fig. 3. The amplitudes of both terms
are in this simplified picture taken to be equal and nor-
malized to unity. The width of the step is also unity here.
The widths of the negative and positive contributions are
denoted by A_ and A, respectively, and they depend
on step number and frequency as

A = 1—“.91(—:‘_%/2)@[1 —Qn+1/2)],  (24)
Ay = }—ZW@[I —Q(n+3/2)). (25)

Note that on a single step with number n the mode with
number n gives the contribution A_, and the mode with
number n+ 1 gives the contribution A. We see that the
widths A_ and A, decrease with increasing step number
and finally become zero. This leads to the cutoff and also
explains why the photoconductance “peaks” get narrower
as the step number increases.

The two contributions A_ and A, overlap each other
when

1

Q< ——————2(n+1).

(26)

For low step numbers the overlap region is large, but
as n increases the overlap region decreases and finally
becomes zero. Since the two terms have slightly different

5 7
(k0

FIG. 3. Photoconductance as a function of the dimension-
less parameter (k Fd)2 where d is the narrowest microstructure
width. The two graphs — vertically offset for clarity — cor-
respond to two different amplitudes and frequencies of the
electromagnetic field: (a) E= 80 V/cm, w = 7.8 x 10! 57!
and (b) E= 140 V/cm, w = 1.4 x 10'? s~ The photocon-
ductance exhibits very pronounced steplike oscillations up to
a cutoff value of the number of propagating modes. The cut-
off value depends on the frequency w. In case (a) there is
a contribution from five propagating modes while in case (b)
three propagating modes contribute. The inset shows the nor-
malized contributions from the positive and negative terms of
the photoconductance, shown on a single step. The widths
of the negative and positive contributions are denoted by A_
and A4, respectively, and they depend on step number n and
dimensionless frequency 2 (see text).
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amplitudes, because of the factor 1/kp+/1 — Q(n + 1/2)

[see Eq. (20)], they do not overlap completely.

The amplitude of the oscillations increases with mi-
croconstriction width. The largest amplitude is found
for the highest mode numbers, since the denominators in
Eq. (20) decrease with increasing mode numbers.

In Fig. 4 the total conductance is shown as a function
of microstructure width. The dimensionless frequency is
©Q = 0.19 and the amplitude of the electromagnetic field is
E= 80 V/cm, the same values as in Fig. 3(a) (solid line).
The dotted line shows the conductance in the absence
of an electromagnetic field. It is seen that the electron-
photon interaction leads to an additional step structure of
the conductance, becoming more pronounced for higher
steps. The narrowing of the photoconductance oscillation
“peaks” with increasing step number is a striking feature,
which is in contrast to what one could expect for these
systems. Normally a smearing of the fine structure occurs
as the width of the microconstriction increases.

We wish to point out that all the above considera-
tions are based on the single-photon approximation; i.e.,
resonance effects such as Rabi oscillations are not taken
into account. The single-photon approximation is valid
if the time to spent by an electron at resonance is less
than the characteristic time of resonant photon-assisted
intermode transitions. The latter is equal to the inverse
of the so-called Rabi frequency wg = Asg/h, which de-
termines the dynamics of a two-level system in a reso-
nant field. The time spent at resonance can be deter-
mined from the uncertainty principle; since the electron
spends a finite time to near resonance its energy is un-
certain to within E = A/t;. On the other hand, the
energy difference between the two resonating states a
and B3 changes with time as the electron moves. During

6 ; ; ; .
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FIG. 4. Conductance as a function of the dimensionless
parameter (krd)?. The amplitude and frequency of the elec-
tromagnetic field are the same as in Fig. 3(a), E = 80 V/cm
and w = 7.8 x 10" s7! (solid line). The dotted line is the
conductance in the absence of an electromagnetic field. It
is seen that the electron-photon interaction leads to an ad-
ditional step structure of the conductance, becoming more
pronounced for higher steps.
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the time to, the energy difference shifts from the value
E.3 = hw corresponding to an exact resonance by an
amount AE,g = {E,[z* —v(z*)to] — Em[z* — v(z*)to]}.
[Here v(z*) is the electron velocity at the resonance
point.] The time to can now be determined by equating
0F and AE,g. We find that ¢, = [v(z*)E;ﬂ(z*)/ﬁ]_l/z.
The single-photon approximation is therefore valid pro-
vided Aap(z*)/4/BE,g(z*)v(z*) < 1.

Using the definition of E, (x), we find that this crite-
rion coincides with the criterion for the photon-induced
step heights to be smaller than the conductance quantum
2e2/h. Using the above result the following restrictions
on the amplitude of the electromagnetic field apply to
the cases being considered above; (a) E < 170 V/cm,
Q =0.19; (b) E < 190 V/cm, Q = 0.35.

Another restriction on the amplitude of the electro-
magnetic field comes from the necessity to avoid heat-
ing of the electron gas in the source and drain regions.
Heating results in a smearing of the photon-induced step
structure in the conductance and gives rise to a bolomet-
ric effect rather than to photon-assisted transport.!® Here
the thermal properties of the actual experimental device
come into play and no general criterion can be given.

In conclusion we have calculated the photoconductance
of a quantum point contact. It is found that the absorp-
tion of a high-frequency electromagnetic field, polarized
in the transverse direction, results in steplike oscillations
of the photoconductance as a function of gate voltage.
The absorption is due to transitions between different
transverse energy states (or modes) of the quantum point
contact. The modes can be either propagating or non-
propagating, and we find that a transition between a
propagating and a nonpropagating mode results effec-
tively in a backscattering process. This backscattering
will decrease or increase the current, depending on the
width of the microconstriction. Therefore the photocon-
ductance oscillates as a function of gate voltage.

As aresult of these oscillations the total quantized con-
ductance acquires an additional step structure. The os-
cillations survive up to a cutoff value of the number of
propagating modes. The cutoff value depends on the
frequency of the electromagnetic field, and decreases as
the frequency increases. We also find that the oscilla-
tion peaks become narrower and higher as the number
of propagating modes increases. Our estimates of the
electromagnetic field strength and frequency needed to
observe this effect indicate that experimental verifica-
tion of our predictions should be possible with present
technology.®
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APPENDIX A

When calculating the current response to an electro-
magnetic field, the electronic state |a) occurring in our
expression (9) is for the case of zero field. It is conve-
nient for our purposes to express this state in terms of
the transition matrix T'. The transition matrix will thus
be used to describe the scattering produced by the mi-
croconstriction, since we can view the electronic motion
as a scattering problem. The microconstriction of vary-
ing width plays the role of a scatterer, which acts as a
perturbation to a channel of constant width.

For the adiabatically smooth geometry considered
here, Fig. 1(a), we can separate the longitudinal and
transverse electronic motion in the Schrédinger equation.
We are then left with an z-dependent transverse energy
E,(z) of the form (14) which acts as a scattering po-
tential for the one-dimensional longitudinal motion. Far
away from the microconstriction the width is constant
and we denote the Hamiltonian in this region by Hp.
The scattering potential V(z) can then be expressed as
V(z) = E,(z) — En(c0). In other words, the Hamilto-
nian He [see Eq. (3)], which describes the electrons in
the absence of an electromagnetic field, can be split into
two parts:

H, =Hy+ V. (A1)
The above equation defines our scattering problem. In
the calculations we will make use of the functions Gf
and G*, which are electron Green’s functions connected
to the Hamiltonians Hy and H,, respectively, and are
defined as follows,

1

GE(E)= —s——, A2

o (F) E— Hyxis (42)
1

G*E)= ————. A3

B = hatn (43)

As usual, the transition matrix T* is defined by the re-
lationship

G*(E) = G5 (E) + G5 (E)T*(E)Gj (E), (A4)
and can be expressed as a series expansion in the scat-
tering potential V:

T*=V +VG;V+VGFVGFV +---. (A5)
Now, by using the transition matrix TF, the electron
state in the microconstriction, |\Il§'f, o)» can be expressed
in terms of the unperturbed state |®, , ,) as
|\I’i o) = |®npo) + G(:;:(E)Ti(E)I‘I’n,p,G)7

n,P,

(A6)

n=0,1,2,..., o==1. (A7)
Each state is here characterized by the discrete mode
number n, the continuous momentum p far away from the
microconstriction, and the sign index o, which denotes
whether the electron originates from the left (¢ = +1)
or right (¢ = —1) side of the microconstriction. The

total energy is here denoted by E, and is the sum of the
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2

longitudinal and transverse energy: /°°
= dp. Al0
p 253 =
= . A
B= L 4 Ba(w) (48)

Now we are ready to treat Eq. (9). The current cor-

The unperturbed state |®, ,,) describes an electron rection J consists of two terms that we denote J; and

moving in a channel of constant width, with Hamiltonian Ja:

Ho The =+ sign in the superscript of the scattered state J=J1 + Js, (A11)
I\Il o, ») denotes the retarded and advanced solution, re- . - .

spectively, so the “physical” state |o) in our expression Ji= Zfa<a|AG (Ea)JGT (Ea)Ala), (A12)

(9) corresponds to the state with the 4 sign,
T2 =2 faRe(a|AG™(£4)AG™ (Ea)Jla),  (A13)

la) = |97 ,0)- (A9)
The summation over the state a corresponds to a sum- where we have introduced the energy &, = E, * fw.
mation over mode number n, sign o, and an integration  First, let us consider the term J;. Using Eq. (A4) we can
over momentum p: rewrite the matrix element in J; as
J
(| AC™ (£2)TC* (Ea)Ale) = (], 0| A[L + G5 (£)T7] Gg () GF (€)1 + THGF(ENAITS o), (AL4)
A- A+

where we have introduced the operators .A* and .A~. Now we will use the fact that the Green’s functions G (£4) and
G4 (£) appearing immediately to the right and left of the current operator can be expressed as projection operators.
This is possible only if the current operator J does not overlap with the operators At and A- (which can also be
expressed as JAE=A%j= 0) and is shown in detail in Appendix B. The condition of no overlap is fulfilled in our case
if we take the electromagnetic field to be nonzero only in the vicinity of the mlcroconstrlctlon while the current is to
be calculated at a point zo far away from the microconstriction. The Green’s function G (€a) can then be written as

Gg:(ga) = :{:271"52 50”,+1 '(5 )l‘pl,p o' ><¢1,p o' | (A15)
lo!
p/(ga) = \/2m*[ga - EI(OO)], (Alﬁ)

where E; is the transverse energy of mode I. Inserting Eq. (A15) into Eq. (A14) and using the Lippmann-Schwinger
equation in closed form

1+ GETH)|®) = |¥%), (A17)

the operator in the matrix element (A14) is found to be
2

+ — 42 m* - i - A
AG™ (£)JG (Ea)A =4 ;rza: 50',+150~,+1W T, o N ®uptor |1 Br 0 ) (U s | A, (A18)
p"(Ea) = /2m*[Eq — E.(0)]. (A19)
The matrix element of the current operator in the above expression can now be evaluated as
- 1 ep'(&a)
@ U 0', J @,’. 1 oll _ 6,'. 6’ o AZO
(@01 918 o) = 5= P2 56 (420)

Now we can obtain the following expression for J:

2WCZZ(5 ,+1fa I(g )|<‘I[ Y 214 lAl\IJ lLp', a)l * (A21)

a lo!

It is convenient to separate J; into two parts:

Jy=J7 + I8, (A22)
2me .
Jl: = T 2266a+160’,+1(f0 ) ’(8 )I(\IJ ,p,UlAl\I’lp o! )Iz’ (A23)
a lo!
2me
I = T2 belor i fasi ,(g 5 (oA )+ KL 1A ) ) (A24)

a lo!
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Here we have introduced the state & in the distribution function fs. The difference between the states |a) and |&) is
that they have opposite signs of the index o,

a = {n,p,0}, (A25)
& = {n,p,—0c}. (A26)

Therefore, 65,41 f« is the distribution function for electrons coming from the left side of the microconstriction and
do,+1fa is the distribution function for electrons coming from the right side. We see that the term J~ contains only
states originating from the left side, while the term J;7 contains states originating from both sides.

Now let us turn our attention to Jy. The situation is somewhat different, since the matrix element does not have
the same symmetry as in the case of J;. However, we can treat the right part of the matrix element in the same way
as we did for J;, with the result

AG (E )Jl‘Ilnpa) _27”'260'y+1 N l lp o")(q)lyp U'Iqu’np,cr)' (A27)
(E )

lo'

The next step is to evaluate the matrix element for the current operator in the above expression,

<q>l,p ,g'lJ|‘I’ ,P,o) = ((I)l,p ,O’Ij[l + G+(E )T+(Ea)]| ,pﬂ)
1 ep
= Snhm —binloor — 27r1.1§; 8 +1 Iz (‘;‘l,p o’|J|q) P, o {(Pr ™' ',a”|T+(Ea)|(I)n,p,o>
1 ep
== (a,naa,,, -—271'1 (@1, | T ()| @ ,,,,,,)). (A28)

Inserting Eq. (A28) into Eq. (A27) and taking into account the following relationship:'”
(‘I’ 1,p' a’!‘I’:,p,a> = b1ndo0r 8 (p _P’) — 2mid [EI(PI) — En(p)] (‘I)l,p’,a"T+“I)n,p,0) (A29)

wWe can express Jz as

2ie
Jz = Re ;ga,,,J,lfa/ dp (W, | AG= (E)AIUT,, Wi, | TE, ) b (A30)
B

Now let us separate our expression for J; into two parts, in the same way as we did for J;:

Jy =I5+ J57, (A31)
']2:> = —'_Im{z Z‘sa’ +160’,+1(.fa fa / dp <‘I; n,p,o0 IBI‘III ,p',0 )(‘I’ L,p, o—'l ,p,a>}7 (A32)
a lo!

'12‘:> = ——Im{ZZJ, +150 +1fa/ dp ((\I,n p,alBl‘Il—,p o' )(‘I’lp o”{ +,p,a)

a lo!
+(‘I’n p,—alBl‘Ill_p a')(‘pl ,p 0! |‘I”;L|-,p,—0))}' (A33)

In analogy with J;, the term J;” contains only states originating from the left side, while the term J5* contains states
originating from both sides.

When summing up the terms in Eq. (A31) and Eq. (A22) to obtain the total current, we find that J{ and J5* cancel
each other. The remaining terms J;> and J3 are proportional to (fa — f&), the difference between the distribution
functions at the right and left side of the microconstriction, as is expected for the current.

The cancellation of the terms J;> and J5* is a consequence of the assumed geometrical symmetry of our microcon-
striction. A special case of an asymmetric geometry has been studied by Fedichkin, Ryzhii, and V’yurkov,!® leading
to a photovoltaic effect.

In our adiabatic geometry the term J;” can be rewritten as

J7 = ——Im {Z bo+1(fa — fa)ta(¥F , o |BI¥, M)} (A34)
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2“266,“(1; Tl o | AS(Be — H % ho) A9

n,p,fr)

e T D ool S AN )y O )3 = B )

Here we have used the relations

(U1 0 [Tt p.0) = tabindo108(p" — p)

and

t |\I’—,p tr) - Itn”‘I’ ,p,o’)

where t,, is the transmission amplitude for mode n. We have also introduced the state

I,B) = |\I’;‘,’p',a”>’

where the summation over 3 is defined as

Now let us rewrite the term JI as
27re -
J ZZJU,+160’,+1(fa fa)‘(q’+,p, |A|\Illp o' >| 6( ‘Eﬁ:thw)

where we have used the relation

- m* -
2 Wiy Vi | = 2 Wi )iy 10 = B )

lo!

The total current correction J is thus

J=JT 4 Jp _2’”225,+1(fa f5)8(Ea — Ep £ hw)

{6af,+1|<wn,,,,|A|w,p P = Il (T o A1, )

(A35)

(A36)

(A37)

(A38)

(A39)

(A40)

(A41)

(A42)

(A43)

Every state |¥) in the above expression is either a propagating or reflecting state. We can now make a separation

into propagating and reflecting states, and make use of the following relations:

50 +15¢7 +1|<\Il+,p,aiA!\I’l ,p' o' )l - 60 +160",+1|<\I’+,p,alA|\Ill ,p' o' >|2 if {l’plv o'l} isa propagating state,

85,4100 ,+1|(\Il+,p’a|A|\Il,p o = 0041000 41 |(TF oo, LA|T; o, _ I if {l,p',0'} is a reflecting state.

We also note that

0o,4+100" +1(¥ ’p’,,]AI\I!, 'o'—ot) =0  for propagating states,
8o, +1007,+1 (\Iln’p,U[A|\Il,,p,,a,) =0 for reflecting states.

Introducing the notations

la—) = 5,,+1|\I/;l:,p’a) propagating state,
0s) = 84 41 |0F reflecting state
,+ n,p,o g

and analogous for the state 3, we can finally express the current correction J as

I = 2”ZZ<fa £5)8(Bo — Bp & ) { (0 A=) ” ~ (e |A]B)] }

(A44)

(A45)

(A46)
(A47)

(A48)
(A49)

(A50)
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Here, all states originate from the left side of the microconstriction and the arrows denote whether the states are

propagating or reflecting states.

For a small applied voltage V' we can make the approximation

fa—fa=

o (A51)

where f2 is the equilibrium electron distribution function and p is the chemical potential.

APPENDIX B

In this section we will show how the Green’s function ch (E) can be expressed as a projection operator. This is
possible only if the Green’s function is situated between two operators that do not overlap each other in space. Let

us denote the two operators by A~ and J.

As a starting point, let us rewrite the expression A~ Gy (E')j in x representation,

(z1n| A~ Gy (E)J|z2m)

ir z3xq

- Z Z ‘Anl(mlam3)6lr

Ir xaxcy
The Green’s function can be expressed as

1 oo

exp(-e z3 — :1:4))

G, (x3 — x4, FE) =

2k PE pram  —is

=Y " (minl A" |lzs)(lxs| Gy (B)|raa)(raa|J|zam)

o (T3 — T4, E)Jrmp(T4, T2). (B1)

AL UL :1:4|) : (B2)

m* X _wW2m*E
h 2E P 3

This can now be inserted into Eq. (B1). Since the two operators A~ and J do not overlap in space, we always have

that 4 > x3 and can therefore split the expression into two independent integrals.

= v2m*E, /i we get

Introducing the wave vector

dr
(mln]A Gy (E)Jl:czm) 22771,’1212/ 3 ;, (z1,z3)01-exp( m,.z;,)/\/_exp( t6pTa)Jpm (T4, T2)

= Z 2miy /= 5 E&,, D (zinl A [lws) (las|re, ) (rhe raa) (roa| J|zam). (B3)

£3Tq

Finally, we can write

A=Gg(B)J =2mi )

pr(E)

A |re, ) (re, |, (B4)

where the state |rk,) represents a positive momentum plane wave in the rth mode.
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