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Nonequilibrium stabilization of charge states in double quantum dots
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~Received 5 March 2004; published 28 April 2004!

We analyze the decoherence of charge states in double quantum dots due to cotunneling. The system is
treated using the Bloch-Redfield generalized master equation for the Schrieffer-Wolff transformed Hamil-
tonian. We show that the decoherence, characterized through a relaxationt r and a dephasing timetf , can be
controlled through the external voltage and that the optimum point, where these times are maximum, is not
necessarily in equilibrium. We outline the mechanism of this nonequilibrium-induced enhancement of lifetime
and coherence. We discuss the relevance of our results for recent charge qubit experiments.
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The loss of quantum coherence is a central paradigm
modern physics. It not only governs the transition betwe
the quantum-mechanical and the classical world, but has
cently also gained practical importance in the context of
gineering quantum computing devices. Decoherence n
rally occurs in small quantum systems coupled
macroscopic heat baths. A huge class of such baths gene
Gaussian noise and can hence be mapped on an ensem
harmonic oscillators as in the spin-boson model.1 This can
even apply, if the fundamental degrees of freedom of
bath are fermions, as it is, e.g., the case if the bath is a lin
electrical circuit,2,3 which is producing Gaussian Johnso
Nyquist noise.

In this Rapid Communication, we study a generically d
ferent system: a double quantum dot coupled to electro
leads. Such systems are studied as realizations of qua
bits.4–6 The position~either left or right dot! of an additional
spin-polarized electron is used as the computational bas
a chargequbit as realized in Ref. 6. For another proposal
a charge qubit in semiconductors, see Ref. 7.

Our system simultaneously couples to two distinct res
voirs of real fermions. Other than oscillator bath models, t
allows for the application of a voltage between these re
voirs as a new parameter for controlling decoherence.
voltage creates nonequilibrium between the baths, whic
the best of our knowledge has not been studied yet in
literature on open quantum systems.

We study the dynamics of the reduced density matrix a
identify the usual two modes of decoherence, dephasing
relaxation: Dephasing is the loss of phase information, ma
fest as the decay of coherent oscillations. This correspond
the time evolution of the off-diagonal elements of the
duced density matrix in the energy basis. Relaxation is
process during which a quantum system exchanges en
with the environment and ends up in a stationary state. T
is described through the evolution of the diagonal den
matrix elements. We are going to show that, surprisingly,
charge states can be stabilized by external nonequilibri
i.e., the relaxation time is longest at a well-defined fin
voltage. We will show, that this working point is also ve
favorable in terms of dephasing but competes with ano
local maximum at zero voltage. Our theory should also h
applications in other systems.
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We consider a double quantum dot system with an app
ciable tunnel coupling between the dots allowing for coh
ent molecular states in these systems.8 The computational
basis is formed by the position states of an additional sp
polarized electron.6,7 A superposition can be created b
variation of the interdot coupling. In order to stabilize th
charge, the coupling of the dots to the two leads is driven
weak values and the dot is tuned to the Coulomb block
regime9 where sequential tunneling is suppressed through
addition energy. Even then, the system couples to the e
ronment through cotunneling,10 the correlated exchange o
two electrons with the external leads which ends up in a s
with the same total charge as the initial one.

The relevant Hilbert space is spanned by four states w
ten u i , j & denoting i , j additional electrons on the left an
right dot, respectively.u1,0& and u0,1& define the computa-
tional basis as they are energetically accessible, the clo
virtual intermediate states for cotunneling areuv0&5u0,0&
and uv2&5u1,1&. This model applies if all relevant energ
scales of the system («asandg, see below! are much smaller
than the charging energies to the next virtual levels («v2

and

«v0
, also below!, which in turn have to be smaller than th

orbital excitation of the individual dots. This can be realiz
in small dots.

The total Hamiltonian of this system can be written
H5H01H1 where H05Hsys1H res describes the energ
spectrum of the isolated double-dot throughHsys

5«as(a
L†aL2aR†aR)2«v0

n̂v0
1«v2

n̂v2
1g (aL†aR1aR†aL)

and the two electronic leads H res5(kW«kW
L
bkW

L†
bkW

L

1(k8W«
k8W
R

b
k8W
R†

b
k8W
R

. The sum over the dot states only runs ov

the restricted Hilbert space described above, theaL/R act on
the lowest additional electron state on either dot. The dou
dot is characterized by the asymmetry energy«as5« l2« r
between the individual dots and the interdot tunnel coupl
g. The virtual statesuv2& and uv0& are separated from
the system by energy differences«v2

~upper virtual level!

and «v0
~lower virtual level!. The tunneling part

H15tc(kW ,n(an
L†bkW

L
1an

LbkW
L†)1tc(k8W ,m(am

R†b
k8W
R

1am
Rb

k8W
R†

) de-

scribes the coupling of each dot to its lead and will be trea
as a perturbation.tc represents the tunnel matrix elemen
between the dots and the leads. It can be absorbed in a
©2004 The American Physical Society09-1
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neling rate\G52ptc
2N(eF). This has to be chosen sma

such that the Kondo temperature is lowTK!T and perturba-
tion theory holds, e.g.,G5109 Hz. Figure 1 shows a sketc
of the setup.

From now on, we use the basis of molecular states
tained by diagonalizingHsys with splitting 2d52A«as

2 1g2.
In order to treat cotunneling by leading-order perturbat
theory, we rewrite H1 using a Schrieffer-Wolff trans-
formation.11 This removes the transitions to the virtual sta
and generates an effective Hamiltonian containing indir
transition terms between the molecular states. A more
tailed description of our calculation is given in Refs. 5 a
12. The final Hamiltonian is of the formH5H01H18 where

H185(
c,d

ac
†adF (

Y,Y8,kW ,k8W
H

kW ,k8W ,c,d

Y,Y8
bkW

Y†
b

k8W
Y8

1 (
Y,Y8,kW ,k8W

H
kW ,k8W ,c,d

Y,Y8
bkW

Y
b

k8W
Y8†G , ~1!

where Y and Y8 denote right or left lead, theas describe

molecular states and theH
kW ,k8W ,c,d

Y,Y8
are given through 2nd or

der perturbation theory, i.e., they are ofO(G2). Note, that
H18 conserves the particle number because it acts upon
double-dot by injectingandextracting an electron in a singl
step. The terms withYÞY8 transfer charge between differe
reservoirs. Note that Eq.~1! is a simple and generic Hamil
tonian connecting a quantum system to two distinct part
reservoirs and is potentially relevant for systems other t
quantum dots as well.

We study the open system dynamics in the case of a ti
independent Hamiltonian with a fully general initial reduc
density matrix. We use the well-established and contro
Bloch-Redfield,13 which has been demonstrated to wo
down to low temperature for certain models.14 It involves a
Born approximation inH18 , i.e., it captures all cotunneling
processes in lowest nonvanishing order. The Redfi
equations15 for the elements of the reduced density matrixr
in the eigenstate basis ofHsys ~i.e., the molecular basis! read

ṙnm~ t !52 ivnmrnm~ t !2(
k,l

Rnmklrkl~ t !, ~2!

FIG. 1. ~Color online! Sketch of the considered artificial mo
ecule in the Coulomb blockade regime, where 2d is the level split-
ting andV5mR2mL the bias voltage, that is applied between t
two leads~hatched!. The virtual statesuv2& anduv0& are outside the
plotted energy range.
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wherevnm5(En2Em)/\ and the Redfield tensor elemen
Rnmkl are composed of golden rule rates describing differ
cotunneling processes, which are essentially independen
to the low symmetry of the system. Each contribution ha
typical cotunneling structure.5,12 An overview of the most
important processes is given below.n, m, k and l can be
either 1 ~excited molecular state! or 2 ~molecular ground
state! with according energiesE6 . This type of perturbative
analysis is only valid above the Kondo temperatureTK ,16

which can be easily driven to low values by pinching off t
tunneling barrier to the leads.

From the formal solution of Eq.~2! we can identify the
relaxation and dephasing rates as

G r5Re~R11111R2222!5
1

t r
, ~3!

Gf5Re~R1212!5Re~R2121!5
1

tf
. ~4!

The transition frequenciesvnm are weakly shifted.
Figure 2 shows a choice of processes entering the R

field tensor. All processes contribute to dephasing, beca
the phase of an electron, which is injected from the res
voirs, is always random. Figures~a! and ~b! illustrate relax-
ation processes. Only~b! contributes to the current, i.e., i
general therelaxation rate must not be confused with th
cotunnelingcurrent. In ~c! and ~d! two pure dephasing pro
cesses are presented; only~d! contributes to the current flow
In general, processes without current can emerge, if the
tunneling processes take place between asingle lead and the
two-state system~TSS!. Theobservablecurrent is then given
by the difference of current-carrying processes in forwa
and backward direction. We have evaluated the rates ente

Eqs.~3! and ~4! usingH
kW ,k8W ,c,d

Y,Y8
. Due to the high number o

terms, details are not shown and will be given elsewhere12

We now turn to the discussion of our results, starting w
the relaxation timet r . We observe in Fig. 3 that for an

FIG. 2. Examples for relevant processes in the system:~a! a
relaxation process that carries no current,~b! a relaxation process
with current,~c! a pure dephasing process without current flow, a
~d! a current-carrying dephasing process.
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asymmetric TSS, i.e., for«asÞ0, there is a pronounced pea
of the relaxation time atV52sgn(«as)2d, where V5mR
2mL , i.e., the sign has to be chosen with opposite polarity
the asymmetry energy. This means in particular that the
laxation is minimal far away from equilibrium. This is th
central result of our paper. It is most clearly visible forT
!2d, but obviously still dominates the calculated result f
temperaturesT'2d, as it can be seen in the insets of Figs
and 4. In order to remain in the cotunneling regime,
voltages are still quite small as compared to the excita
energy to the next charge states«v2

and«v0
, but on the order

of the molecular level splitting, i.e.uVu'2d!«v2
,«v0

. For
quantum computation, achieving a maximum relaxation ti
is, e.g., appreciable duringread out.2

Although surprising, it can be understood from the ana
sis of the different rates, thatV50 does not necessarily im
ply the lowest relaxation rate. AtV50 there is nonet cur-
rent, i.e., no net exchange of particles in the ensemb
average, however, this is achieved by the cancellation o
nite currents of equal size in forward and backward directi
These currents are rather small5 such that current heating i
reduced to a minimum. Tot r , Eq. ~3!, such current-carrying
processes contribute withequalsign—the system relaxes n
matter to which reservoir. On top of this, one also has to t
into account the aforementioned current-less relaxation ch
nels.

The appearance of the peaks as preferred stable poin
Fig. 3 can be understood based on the analysis of the cur
carrying processes,@e.g. Figs. 2~b! and 2~d!# as schematically
shown in Fig. 5. At low voltages,uVu,2d, the system re-
laxes into a thermal state close to the ground state. Re
ation takes place by spontaneous emission of energy into
environment and creation of an electron-hole pair in
leads. This pair can recombine through the electrical circ
which fixes the electrochemical potentials. This leads to e

FIG. 3. ~Color online! Relaxation timet r in units of Td

52p\/2d, the period of coherent oscillations between the two m
lecular states. Different values of«asandg are taken, when the bia
voltageV/2d is varied @with mav5(mR1mL)/2575.832meV and
kBT/mav51.13631023]; inset: kBT/mav50.159.
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trical current. As the voltage is increased away fromV50,
emission processes which lead to a currentagainstthe polar-
ity of the source are suppressed, the others are enhanced
Figs. 5~I! and 5~II !. Depending on the asymmetry of th
double dot, i.e., on the weight of the excited state on the
and the right dot, this leads to an enhancement or a supp
sion of the rate. AtuVu>2d, the emission processes again
the source are completely blocked: the dot relaxation d
not provide enough energy to overcome the electromo
force. The rate vanisheslinearily as a function of voltage
reflecting the size of the available phase space for cotun
ing, see Fig. 5.

At higher voltages,uVu>2d, inelastic cotunneling17 sets
in, see Figs. 5~III ! and 5~IV !: The source provides enoug
energy to even excite the double dot, creating a nonequ
rium steady-state population of the molecular levels. Hen
inelastic cotunneling provides a way for the dot toabsorb
energy from the environment even at low temperature. T
process can be experimentally identified by a sharp incre
of the current.5,17

-

FIG. 4. ~Color online! Dephasing timetf in the same units as in
the previous figure for different values of«as andg, when the bias
voltageV/2d is varied @with mav5(mR1mL)/2575.832meV and
kBT/mav51.13631023]; inset: kBT/mav50.159.

FIG. 5. Qualitative voltage dependence of the rates of emiss
@~I!, ~II !# and absorption@~III !, ~IV !# processes; see text; these rat
do not correspond to the processes in Fig. 2.
9-3
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Hence, atV562d, three of the four processes depict
in Fig. 5 vanish at low temperatures, whereas atV50 only
two vanish. The linear voltage dependence of the rates le
to the rather sharp cusps seen in Fig. 3. This behavio
smeared out at higher temperatures by thermal fluctuati
The peak height is set by the remaining processes: En
emissionwith the source and currentless relaxation, Fig
~a!. As explained above, the relative weight of the form
strongly depends on the weight of the excited molecular s
on the individual dots and thus is responsible for the stro
asymmetry of the peaks in Fig. 3 for different asymme
energies.

Finally, we analyze the properties of the dephasing ti
tf as a function of the bias voltage. The total dephasing
contains relaxing as well as flipless~‘‘elastic’’ ! processes.
We hence observe in Fig. 4 a peak structure atV
52sgn(«as)2d as in the relaxation time, Fig. 3, and a sim
lar peak atV50. The latter can be understood from the su
pression of flipless processes~energy exchange 0! in an
analogous way to the relaxation peak in Fig. 3~energy ex-
change 2d). At low asymmetry energyeas,g, the dephasing
time atV50 is longest. At high asymmetryeas.g and at the
nonequilibrium working pointV52sgn(eas)2d, tf is even
longer. In general, this indicates the existence of two pre
able working points for quantum computation: Onein equi-
librium, the other againfar from equilibrium. As also already
seen in the inset of Fig. 3, the voltage dependence at hi
temperature is here smeared out and the peaks merge.

A measurement of the relaxation and dephasing tim
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should be feasible either by a time-resolved measuremen
^sz(t)&, e.g., through a single-electron transistor or po
contact,18 the saturation broadening method19 or resonance
schemes such as proposed in Ref. 20 for spins.

Note that parts of the double-dot literature focus on de
herence through phonons or photons~see Refs. 8,21–23!,
whereas we focus on the cotunneling, which becomes
evant when phonons are suppressed by a cavity.24 If the spin
in a dot is used as qubit,18,25cotunneling serves as an indire
contribution to decoherence.

To conclude, we have studied the decoherence of ch
states in a double quantum dot due to cotunneling. We h
shown that decoherence can be controlled through a
voltageV ~and thus creating a nonequilibrium situation! be-
tween the two fermionic baths. In particular, the optimu
working point for read out and potentially also for operati
of the qubit can be in an out-of-equilibrium situation at
voltageV52sgn(«as)2d. We have given a consistent phys
cal interpretation of our findings in terms of stability an
phase space. This effect of stabilization through nonequi
rium should potentially be significant for other qubit cand
dates as well.
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