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Sudden Drop of Dissipation in Field-Coupled Quantum Dot Resistors
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We propose a novel device where energy loss accompanied by current flow through a resistor is recovered, and
therefore Joule heat production is exclusively low. This “energy-recovery effect” is caused by dvnamical transition
due to electronic coherent interference, namely Coulomb interaction within specially designed coupled quantum
dots. We study the characteristics of this device as a resistor. We find a sndden drop of energy dissipation due
to current flow as a function of electrochemical potential of the reservoir which is coupled to the quantum dots.
In addition, we show that resistance of the device depends on the strength of the Coulamb interaction.
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In the current technology of very large seale integra-
tion (VLSI), heat production from devices is a limiting
factor for the miniaturization of integrated circuits. Con-
siderable research efforts have been devoted to reduce
power consumption, mainly by using MOSFET technol-
ogv." Recent advances in nanotechnology made it possi-
ble to construct devices which control the flow of individ-
ual electrons.®3) Examples are single-electron transistors
of polysilicon? and quantum dots.>?' A guantum dot
is a nanodevice with a small number of localized elec-
trons. It is realized by split-gate techniques in the two-
dimensional clectron gas in a GaAs/AlGaAs heterostruc-
ture.® %) Most recent works on quantum dots are focused
on the size of current I through the quantum dot as a
function of applied bias voltage V and gate voltage.>¥
If the quantum dot is small enough, the current increases
in discrete steps as a function of the bias voltage. This is
due to discerete energy levels in the dot or Coulomb block-
ade, or both.2" Because of the discreteness of the I-V
characteristics, the quantum dot may become an impor-
tant tool for digital quantum electronics. However, Joule
heat Hf = I'V is produced even in such sophisticated de-
vices whenever current flows through the dot.

We propose a novel device using two coupled quantum
dots in which the energy loss due to current can be re-
covered. This effect, which we call the “encrgy-recovery
effect”, is caused by dynamical transition between quan-
tum mechanical states due to the Coulomb interaction
within coupled quantum dots. This device provides two
advantages: (i) the reduced heat production may allow
higher packing density, and (ii) energy can be recycled.

The device consists of two layered circuits (labeled 1
and 2) of electric currents, as shown in Fig. 1(a). Each
circuit consists of a quantum dot and electric leads at-
tached to it on both sides. These leads are characterized
in this study by electrochemical potentials puyy,, ft1r, f2ar.,
and pap. A quantum dot is of submicron size'™') so
that energy levels are discrete inside and electronic po-
larization in the dot is negligible. Two quantum dots are
set closely with an insulating layer between them so that
electrons within the dots are coupled via the Coulomb
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interaction.

The energy level structure of the device is shown in
Fig. 1{b). An essential point is that electrons cannot
pass through the quantum dots without changing their
energies. Such a structure could be realized under the
bias voltage of meV order by using impurity levels in
semiconducting leads or resonant levels in the resonant
tunneling diodes inserted between the quantum dots and
electric leads, instead of literal conduction bands.

Our device principally operates in the following way.
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Fig. 1. {a) Schematic design of the deviee and (b) energy level

structure in two gquantum dots and four clectric leads.
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Fig. 2. Two degenerate states which contribute to the en-
ergy-recovery eflect.

From the time-dependent Schrédinger equation, the
quantum mechanical state oscillates between two degen-
erate unperturbed states (in our model, two configura-
tions are shown in Fig. 2) alternately with the frequency
(strength of the coupling)/h.'?} Accordingly, when, for
instance, an electron occupies the upper level of dot 1
and another occupies the lower level of dot 2 at some
time, the former falls and the latter rises simultaneously.
Although the electric energy is emitted by the current in
circuit 1, it is transformed not to Joule heat but to the
electric energy of the charge carriers in circuit 2. This is
the princi ple of the energy-recovery effect.

This system is described by the following Hamiltonian:

H=Hy+ Hy + He_pi, + Hr, (1)
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+ tJ’.LLk('zu + ﬂ;nkc?f} + H.c.,

where the tunneling Hamiltonian Hry is treated as per-

turbation. Here any {nLk) (m = (i,7)) is an annihilation
(creation) operator of an electron in the electrode n (= L
or R) of the circuit i, with wave number k and energy Eqk,
while ¢, (c:rn) (m = (¢,7n)) is an annihilation (creation)
operator of an electron in the quantum dot of cireuit i
(=1 or 2) belonging to the energy level m (=u or 1).

It is assumed for simplicity that energy level structures
are the same in both circuits. The energy level separa-
tion AE = E,— E| in a quantum dot is so large that only
two energy levels are considered in each dot. The Hamil-
tonian H_p, describes the electron-phonen interaction
inside the quantum dots that leads to energy dissipation.
In this situation, phonons having energy hw ~ AE are
emitted. It is required that the lifetime of an electron
due to phonon emission be longer than the period of the
above-mentioned oseillation. Otherwise an electron on
the upper energy level in a dot falls to the lower one
by emitting a phonon before the energy-recovery effect,
occurs. This requirement is fulfilled by the present de-
vice technology, since the typical energy-level separation
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Fig. 3. Electron configurations in the quantum dots considered
in the present study and patterns of currents of probability when
the coupling between quantum dots is weak.

Fig. 4. Patterns of currents of probability when the coupling be-
tween quantum dots is strong. States ¢y and v are mixtures
of states iy and 9y in Fig. 3.

AE is on the meV arder, ' 11 which is much smaller
than hwoptical (~10% meV) where Woptieal 18 Minimum fre-
quency of the optical phonons, and consequently, acous-
tic phonons are exclusively emitted.

We restrict electron configurations in the coupled dots
to those presented in Fig. 3. This restriction is veri-
fied from the following conditions. (1) The largest terms
of the Coulomb interaction, (iuil|l/}inil), between clec-
trons within the same quantun dots are very large com-
pared with the energy-level separation AE. Thus one
quantum dot cannot be occupied by two electrons. {2)
The second largest terms of the Coulomb interaction
are (lu2u|U|2ulu) and (1121|{7|2111) between quantum
states with the same symmetry. Even if these terms
are not larger than AF, the configuration in which both
the upper levels in both the dots are occupied at the
same time is excluded for simplicity as well as the =i
multaneous occupation of both the lower levels, because
these configurations make no contribution to the energy-
recovery effect. (3) The remaining configurations of the
two-electron states are gy and ¢ shown in Fig. 14
The matrix elements which combine these states are
(Lu2l|U[211u) = (112u|U|2ull) = U; and (1u2l|U|2ull} =
(112u{U)211u) = Us. The former U} causes the energy
shift of two-electron state which can be taken into 7, or
Ei. On the other hand. Us leads to the energy-recovery
effect, which provides charge flows in both circuits with-
out energy dissipation. The matrix clements Uy and {7
are assumed to be smaller than AE so that the confisu-

rations gy and @y in Figo 3 are realized.
We consider two different networks of paths of proh-
abilitics as shown in Fig. 3 when Us/1 is small and in
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Fig. 4 when Uz /V is large. The probabilities p,(t) that
the quantumn states 1, are realized, change with time
according to the master equations

= Llon(t) = Lot (2)

where I, represent probability currents from the quan-
tum states 8 to o per unit time. In both figures, an
arrow line which starts from a state labeled by a to
a state labeled by B represents net probability current
which appears on the right-hand side of eq. (2). The
solid arrows represent processes without any change of
clectron energics. Simultancously, a single electron may
fall from an upper level to a lower one in a dot emitting
a phonon, and the quantum state within a dot changes
as represented by the dashed arrows in Figs. 3 and 4.
(This process does not change the quantum states in the
electrodes.)

All probability currents are estimated using Fermi’s
“Golden Rule” and can be written by the Fermi-
distribution function and the density of states of the con-
duction electrons, transition probability I" through the
barriers between the quantum dots and electrodes, and
the phonon-emitting rate MNyjonen for transition from
to ¥yy. In our study, the probability per unit time of the
transition from configuration VI to II is ignored for sim-
plicity. This is allowed if the Debye temperature of the
material is much higher than the operating temperature.
It is assumed, when the phonon emission processes are
considered, that electrons on the upper level in config-
urations IV and V do not emit phonons, since the final
state of this process in which two electrons simultane-
ously occupy the lower levels is prevented by the strong
Coulomb correlation. When U, is small and the flow pat-
tern in Fig. 3 is appropriate, the master equations also
include the interdot transition rate [y, between config-
urations IV and V.

The probabilities p;(¢) satisfy the following normaliza-
tion condition

p(8)+pu(t)+pm(t)+orve () +pv(t)+pvi(t) +ovn(l) = L

(3)

Here, pvin is omitted since the electronic state in the

coupled quantum dots in ¢ is identical to that in 9.

The electric currents [, and [ in circuits 1 and 2,

respectively, can be derived by solving coupled equations
(2) and summing probability currents as:

h=nhn+Inuv, =Ly + vy (1)

when interdot coupling is weak and

It =L+ Tnns + fwn-y b= fvinvin + Ivig + Tvi -

(5)
for strong interdot coupling. (Note that I, current
through circuit 2, is defined in the opposite direction
of I,.)

We find that current through circuit 1 can be con-
trolled by the bias voltage across the quantum dot in
circuit 2 by interdot coupling. In particular, we obtain [,
as a funection of the chemical potential Apay, = Ey — por,
in the electrode (2L) measured from the upper eunergy
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Fig. 5. (a) Currents in circuits 1 (solid line) and 2 (dashed

line) and (b) energy dissipation per electric carrier as
functions of the electrochemical potential Apay relative
w B, for fixed values of jop = FEy + 0.1{E, - E),
mnp = B - 0QIE, = B), pen = B + 0.1(£, — E), and the
temperature kT = D.O0L(E, = E|). All encrgies are scaled by
{Eu — E1} and the current is scaled by el

level E, in the quantum dot. In Fig. 5(a), the solid
lines and the dashed lines represent currents I; and [,
respectively. Both currents change markedly when the
sign of Apap is changed. When Apap is negative, the
bias voltage enforces [5 in the same direction as /;. In
this case, even if an electron on the lower energy level
in the quantum dot of circuit 2 is lifted to the upper
energy level by interdot coupling, the electron cannot es-
cape to the left electrode, because the chemical potential
of the electrode is higher than the upper energy level in
the dot.
process associated emission of phonons where electrons
fall from the upper level to the lower level in guantum
dot 1. When Apsp, is positive, current Hows due to the
energy-recovery processes and this exceeds the current
due to the phonon-emitting processes. Consequently, en-
ergy dissipation drops abruptly when Apap, changes its
sign, as shown in Fig. 5(b). In the present study, the
energy dissipation per unit time is defined by

D = [(;tin — i)y + (por. — per) 2}/ 4. (6)

In addition, we study the effect of the strength of cou-
pling between the two quantum dots. From Fig. 5(a).
we also see the current through the deviee is presented
as a function of the strength of the conpling represented
by ratio I'ye /. For a certain positive value of Jpay.

Accordingly, current flow is only due to the
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we obtain a large current in the strong coupling limit
(Fao/ I >> 1), whereas very little current flows when
the coupling is weak (Fya /I = 0.01).

In summary, in our device, one quantum dot acts as a
regular adjustable resistor and the other complementary
quantum dot acts as a battery where the energy which is
lost in the resistor is recovered. The conductance of each
dot depends on the strength of the Coulomb interaction
between the coupled quantum dots. This strength may
be changed by inserting another layer between the cou-
pled layered circuits and varying carrier density on it.
The additional carriers would screen the Coulomb inter-
action between the two quantum dots. For both cases of
strong and weak coupling linfiits, we have shown the char-
acteristics of the device by solving the master equations
and using Fermi’s “Golden Rule”. For the intermedi-
ate region of interdot coupling, a similar caleulation can
be perlormed with the Green function technigue."* 1% It
should also be possible to extend this approach to cou-
pled three-level systems using the theory of nonlinear
quantum resonance.'”! Energy dissipation in a tunneling
device is often discussed in the light of dissipation which
is lost in an enviromment and which affects the tunnel-
ing rate.'® In contrast, we have focused our attention on
the reduction of energy dissipation inside the quantum
dots due to phonon emission, based on the assumption
that the tunneling rate is not changed by the outside en-
vironment. To further understand the actual situation,
we must take into account the additional energy dissi-
pation outside, although this cannot be reduced by any
mechanical process.
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