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Charge qubit dynamics in a double quantum dot coupled to phonons
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The dynamics of charge qubit in a double quantum dot coupled to phonons is investigated theoretically in
terms of a perturbation treatment based on a unitary transformation. The dynamical tunneling current is
obtained explicitly. The decoherence induced by acoustic phonons is analyzed in detail after a derivation of
spectral density. It is shown that the contribution from deformation potential coupling is comparable to that
from piezoelectric coupling in small dots and large tunneling rates. A possible decoupling mechanism is
predicted.
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I. INTRODUCTION the deformation potential and piezoelectric contribution are

Computers based on quantum mechanics are proven to tacluded induced decoherence are investigated in detail and
more efficient in some specific calculations than those baseRoSsible decoupling mechanism is presented.
on classical physics3 The first step to build a quantum This paper is organized as follows. In Sec. Il we introduce
computer is the realization of the building block called quan-the model Hamiltonian for the charge qubit and solve it in
tum bit (qubit). Within the last decade, various schemes havderms of a perturbation treatment based on a unitary transfor-
been proposed and many of them have even been redtized. mation. The spectral density is derived in Sec. Ill. In Sec. 1V,
Among them, the electrically controlled charge qubit in awe analyze the phonon induced decoherence. Finally, the
semiconductor double quantum dot has the potential advargonclusion is given in Sec. V.
tages of being arbitrarily scalable to large system and com-
patible with the current microelectronics technology. Be-
sides, the double-dot system is also extremely useful in basic Il. MODEL AND THEORY
physics as it enables us to investigate the decoherence and |, this section, we shall introduce the model Hamiltonain
dissipation of a small quantum system interacting with itsfor the double quantum dot and then develop general theory
environment. leading to explicit expression for the dynamical current. We

Various designs of double-dot qubits have been studied iQyj|| focus on the phonon effect on the qubit dynamics.
experiment$-12 Recently, Hayashet al. have successfully

realized coherent manipulation of electronic states in a o
double-dot system implemented in a GaAs/AlGaAs hetero- A. Model Hamiltonian

structure containing a two dimensional electron gas. The The double quantum dot consists of left and right dots
damped Rabi oscillation is observed in the time domain inconnected through an interdot tunneling barrier. Due to Cou-
their experiment and an empirical formula is presented to fifomp plockade, only one excess electron is allowed to oc-
the experimental dat@.Fupsqwaet al. explain the transport  cypy the left or right dot, which defines two basis vectps
in this system through density matrix simulatidisBut the _and|R) (with the energy levek, and eg, respectively in
phonon effects are not included. However, the phonon inyjlbert space. The energy difference between these two
duced decoherence is significant according to the analysis @fatess=¢, ~ 5 can be controlled by the source-drain volt-
Ref. 13. Considering the interaction with the piezoelectricage\/_,13 Considering the coupling to its environment, the
acoustic phonons, Brandes al. have investigated in detail goyple dot can be described by the Hamiltonian,
the single electron tunneling in a double quantum ‘&of’
Fedichkin and Fedorov also study the error rate of the charge H=He+Hy+Hep+ H; + Hey, (1)
qubit coupled to an acoustic phonon reser¢dft But no where the qubit Hamiltonian read#=1)
dynamical tunneling current is presented by all these works.
In a Igtest rewew'papéiz, Brandes derives the dypamlcal He:—%g(t)UZ+TCg'X’ (2)
tunneling current in the weak electron-phonon dissipation
limit through Born-Markov approximation, but the result is WhereT is the interdot tunnelingzy, ando; are Pauli matrix
rather complicated. with o,=|LXL|-|RXR| and o, =|L)(R|+|R)XL]|. If the qubit

In this work, we study the damped Rabi oscillation ob-isolates from any other degrees of freedom, the excess elec-
served in Ref. 13. The quantum dynamics of a single electrotron would oscillate coherently between two dots with the
tunneling in the double-dot system is investigated withoutRabi frequency A=\e?+4T2 However, the qubit must
applying the Born-Markov approximation to the electron- couple to its environmer(phonons and electron reservoir in
phonon interaction. A simple explicit expression of dynami-leads in practice.H, andH,, stand for the phonon reservoir
cal tunneling current is presented through perturbation trea@and its coupling to charge qubit, respectively. They can be
ment based on a unitary transformation. The phonosh  written as follows:
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Hp= > wq,xb;,qu,x- (3) H, = Teoy(coshA - 7) + Tiioy(sinhA- 5A),  (10)
ar where
1 . -~ & b
Hep= 02 (Mg Dy, + Mg Dq.). @ A= % g M = Mgbo), (11)
q,

Whereb;)\ (bg,\) and wg, are the creatiotiannihilation) op- and 7y is a paramete,r Which,will be_ adjuste,d to minimize the
erators and energy of the phonons with the wave vegtor Perturbation terméH; andHy). Obviously,H, can be solved
and polarization\, respectivelyM,, is the electron-phonon xactly. We denote the ground statettf as
coupll_ng constant. The effect_s of the phonon bath are fully gy = |52>|{0q}>, (12)
described by a spectral density

and the lowest excited states as

Jw) = % IMgal28(0 = wq,). (5) leg = [sp[{0g), (13

H, andH,, in the HamiltonianH stand for the electron res- |eq> = |52>|1q>, (14)
ervoir in leads and its coupling to charge qubit, respectively. ]

In experiment, a pulse technique is used to switchige Where|sy) and|s,) are eigenstates afy (ay{sy) =[sy), o3/s2)
from large bias in the initialization procegan excess elec- =-1S2)), {0g}) stands for the vacuum state for phonon, and
tron localizes in the left dotto the zero bias in the manipu- |1q) means that there is only one phonon for madand no
lation processthe double dot is isolated from leads, and thephonon for other modes. Léi;|g)=0 and{g|H;/g)=0, we
excess electron tunnels resonaritlg., ¢ =0) back and forth ~ will get &, and 7, respectively, as follows:
between two dofis'® Restoring a large bias voltagé, after

the pulse time it gives the measurement of dynamical elas- &= —wq—, (15)
tic tunneling current which is described by the probability wg+ 27T
n(t) of the excess electron in the right dot at that exact time. )

Neglecting the higher order tunne_lir(gotunnelin_Q be- n=exg - > %2_55 _ (16)
tween leads and the dots, the effective Hamiltonian in the q 2

manipulation process reads )

Now we can easily check thde|H;le)=0, (g,|H}|e;)=0,
(eJH5l9)=0, (eylH3@)=0, and (eyH;lep=V, where
Vq=27TMyé,/ wq. With these relations above, we can now

o _ ~_ diagonalize the lowest excited stateshbf as
Here, for the sake of simplicity, we omit the polarization,

l *
Hept = Teoy + % wgbibg + 502% (Mgbl +Mgbg).  (6)

since it makes no difference in the theory below. When it H' == nTo)gl + > E[EXE]
makes differencéin Sec. IV), it will be included again. This E
effective Hamiltonian is the starting point of our theory. + terms with high excited states. (17)

The experiment in Ref. 13 is performed at lattice temperature
B. Theory below 20 mK!314 At such a low temperature, the mul-

The effective HamiltoniarHy is equivalent to the spin- tiphonon process is weak enough to be negligible. So we can
boson Hamiltonian in zero bias case. Though it seems ratheet the transformation #528
simple, it cannot be solved exactly. Various analytical or nu-
merical approaches have been proposed to obtain an approxi- &)= 2 X(E)[E), (18)
mate solution to i#324 F

Here, we apply a canonical transformation,

H’ =exp(S)Hen exp(—9), with the generatote—27 leg) = % Yo(B)[E), (19
& .
S:§ i;(mqbé— Mgbg)or. 7 [E)=x(E)ley + X yq(E)ley), (20)
q

Thus we get the Hamiltoniai’, and decompose it into \yhere
H’=Hy+H;+H,, where

|X(E)|2:(1 +2 L>_l, (21)
q

’ |M |2 _ 2
Ho= nTeonc+ 2 agblpy =2 1, 6,2 =), (®) (Ex e
q q “@q
lyq(E)[?= 7 IX(E)|? (22
1 a (E+ 5T~ wg)? ’

Hi= 0,2 (1-&)(Mgb} + Mgbg) + 7T A, (9)
q

2 and theE’s are solutions to the equation
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Vg |2
E+ 9T, -

n(t) = 3[1+P(H]=3[1 - cogwtlexp- W].  (32)

EnTZ

=0. (23

Thus a rather simple expression for the dynamical tunneling
The population inversion can be defined &Xt) is obtained analytically. It should be noted here that our ap-
=(y(t)|a|y(t)), where|y(t)) is the total wave functionqubit  proach can be extended safely to strong coupling regime as

and reservoijrin Schrt')dinger picture, and compared to the previous work, since the perturbatijn
o H 1S and H;, can be minimized by the variational parametgr
(1) = e(0)). (24 Also for this reason, it works well for the whole rangeTf

Since the qubit is initially in the stafe), it is reasonable to I the system can be described by our Hamiltonian.

choose|(0)) =€ 9L)|[{0y}). Then we can obtain

P(t) = <{Oq}|<L|e|H teS 0,6 Sg ~iH’ t|L>|{Oq}> Ill. SPECTRAL DENSITY

The spectral density(w) defined by Eq(5) is the only
= “E IX(E)? exd—i(E + 7Tot] quantity describing the interaction between the system and
its environment that enters into the dynamical tunneling. To
1 ) _ get the final result, we need the knowledge of this spectral
‘5% X(E)|* exdli(E + 7Tot] function first. Here, we only consider the coupling to the
bulk acoustic phonons, because we are interested in low tem-

5 _ > : )
_ 1 d oot 2T, - 2 WA perature limit. The only two types of interaction between
BERVIED sl w=en w+i0 - electrons and acoustic phonons in semiconductors are piezo-
q electric coupling and deformation potential coupling. The pi-
1 » |Vg|2 - ezoelectric coupling only presents in crystal lacking an in-
T A o dwe t(“’ ~ 29T - E S0t -w.] version center. This is the case for 1lI-V semiconductors such
q q

as GaAg(zinc-blende structupealthough it is weak in com-
(25)  parison with II-VI material$?

Take the electron wave functiofls) and|R) to be sharply
around the center of left and right dot, respectively, with
Gaussian shape-exg-r?/(21%)], wherel is the dot sizé!
Assume the center-to-center distarttbetween two dots is
R(w) = E P sufficiently large as compared kpso that wave functionit.)

- and|R) do not overlap significantly, i.e., the tunnel coupling
between two dots is rather small, which is also complied
= 4T )pr W J(@') 26 with the experiment in Ref. 13, where the Rabi splitting due

K (w o) (o' +27T)? to interdot tuneling is about 1QeV, while on-site charging
energy is in the order of magnitude of meV. Then one can

where w=E+ 5T;. Denoting the real and imaginary part of
34|Vql? (w£i0"~wy) asR(w) and + y(w), respectively, we
can get

Wq

Jw) show that the piezoelectric coupling constant for GaAS is
=72, Voo = wg) = 4n(nT)*————,
Hw) 71'% Vgl 8(w = wq) = 4m(7T,) (@t 27T o
Mpz - _( ) Me—I2q2/4
(27) ar 2pQs,V
whereP stands for Cauchy principal value, and the spectral \ \ N (q-d
density J(w) is defined in Eq.(5). The parameter, deter- X (£18,63+ £5€163 + £3€1€7)SiIN > ) (33
mined by Eq.(15) and Eq (16) can also be expressed as
J(w) where p is the density of the crystaV is the normalized
7= €X Z(w Aw+ 27T 2 ) (28)  volume,sis the sound velocity in crystélongitudinal sound
¢ and transverse sound have different velocjties=q;/q, ¢ is
The contour integral in E¢(26) can proceed by calculating the polarization vector whose components depend on the po-
the residue of integrand and the result is larization mode\, andM is the piezoconstant. For a detailed
P(t) = 29 derivation of this coupling constant see, e.g., Ref. 21. Here,
(t) = — codw t)exp(- ), (29 we include the polarization again, since different polarization

where we have applied the second order approximafion, modes give different coupling constants. With the simple dis-
persion relationy, , =s,d, one can now calculate the spectral

_1
y=Y2nTo) = 3m(27Ty), (30 function JP{(w) due to piezoelectric coupling and obtdin
and w, is the solution to the equation the spherical coordinate system
= 27Te=R(©)=0. (31) Fow) = PHw) + P (w) + Fow), (34)
Finally, the tunneling electron populatigprobablity) in the
right dot at timet is given by where
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oz MZ 2 ZJ‘J‘ nz 5 0.04 (a) T T T T T T T T
J = e e 3 sirt §cosdsin ¢ cos
i (@) s ( ¢ cos¢) i Py
w 003 | o3 0,=0.02 ps)'| _
><sin2(— cosa)sin 6dede, (35) ——w,=0.05 (ps)’
a)d é_
) 2 0.02 .
2 M - . X ~
() = ——3we "2 [sin 6 cosé(sir? ¢ =
moXpS®
© 0.01 .
-cog ¢)? sir12<— cosa)sin 6dedsp,  (36)
O
0.00 £
— — w2202 H H
J%(w) = 7T3Xp83we I f f (sin® #'sin ¢ cos¢
—9ai ; 2
2 sinf cog 6sin ¢ cos¢) 0.02 ]
XSinz(ﬂ cosB)sin 6dede, (37) =
. . )
where wg=s/d, w=s/l, andx is the ratio of transverse ve- 3
locity to longitudinal velocity. Most many-body calculations 0.01 .
take an angular average for the sake of analytical simplicity,
and it involves only minor quantitative differenc®s® To
obtain a tractable form of the piezoelectric coupling we also
adopt this approximation, that is
0.00

w 5
JJ sir?(—cosﬁ)sin 6dede
. w U)d
5|n2<— cos&) —
wq f f sin 6dod¢ FIG. 1. Spectral functions of double quantum dot due to piezo-
electric couplinglabeled by pxand deformation potential coupling
(labeled by df with wg=0.02 and wyg=0.05(p9 L (a
_ %( o sinﬁ). (39 @=L (b) 4=05(p9
@ @ that the contribution from deformation potential phonons is
Then we get small as compared with piezoelectric phonons in double-dot
© © o system of GaAs materidf. Our result also proves it to be
P w) = gpzw(l -in —)e‘w f2o”, (390  true in the weak confinement regirflarge doj. But it is not
@ @d valid in the strong confinement reginiemall doj. Figure 1

shows the spectral functiod8w) andJ¥(w) in strong con-
) finement regime, withw,=1 (p9~* (i.e., dot sizel=5 nm)
_ M (6 18 and w,=0.5(p9* (i.e., dot sizel=10 nm. As we can see,
ng_ + . (40) df . . . df
mps’\35 x35 J%(w) is comparable talP{w) in that regime. But)¥(w)

. , T
For the deformation potential coupling, the contribution fromSh:jm.kS mulphbflasterr] tha::f (((‘j)) tas_ it;eS(c)iot S'ZE. IS |nc1rea:sed
TA-acoustic phonons is small enough to be neglected a8nd IS Negligible when ne dot si nm. Figure - aiso

; z df T2
compared with that from LA-acoustic phonons. So the cou-ShOWS the spectral functio8*(w) andJ%(w) at two differ

pling constant can be written s ent center-to-center distances, withy=0.05(p9™* (i.e.,
d=100 nm andwy=0.02(p9~* (i.e.,d=250 nm. The influ-
12 _12qa i (9 ence from the parameterto bothJ’(w) andJ¥(w) is small
> e sinl — |, (41) d with that f h -
pqsV, as compared with that from the parametelt adds an osci

. ) ) ) lation term to the spectral function, and the oscillation fre-
whereE is the deformation potential. Then we can easily getquency (determined byw,) is increased withd. All these

where

Mg = in(

the spectral function due to deformation coupling properties of spectral function%(w) and J¥(w) determine
wg . @)\ _ 2, 2 the decoherence induced by piezoelectric coupling and de-
J(w) = gdfw3<1 —-—sin —)e witea®, (42)  formation potential coupling to phonons, respectively.
@ @d As one can see in Eq33) and Eq.(41), the deformation
wheregy=22/87ps". potential coupling constant is imaginary, while the piezoelec-

With the parameters of GaAs in Ref. 30, we can estimatdric coupling constant is real, which means they do not inter-
that g,,~0.035 andgy~0.029(ps)~2. Previous work states fere with each othet®*° Thus the total spectral density is
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FIG. 2. The tunneling electron population in the right dot as a = &
function of wjt for GaAs double quantum dot witfi,=0.1w, and g 10 |
wd=0.02w|. I_?‘.
— Pz df 51
J(w) = P4 w) + I (w). (43
Since now we have the knowledge of the spectral func- 0 S, ) ) )

tion, it is easy to get the dynamics of the tunneling electron 0.0 0.2 0.4 0.6 0.8 1.0

in DQD system, as shown in Fig. 2. The damped oscillation o, [(ps)']

form is agreed with the result of the experimét.

FIG. 3. Decoherence rateg, (solid line) and 4 (dashed ling
as functions of cutoff frequency; whenwy=0.02(p9~. The tun-
neling rates in(a) and (b) are 0.05p9~! and 0.5(ps7%,

The decoherence of quantum system due to the interactidffSPECtvely-
with environment is a crucial point in quantum information.

In a double quantum dot, scattering by phonons can causg =0.05(p9" and T.=0.5 (psL. Another parametewy is

considerable loss of coherence accompanied by dissipatiofrf(

1 : e .
when the tunneling electron flips back and forth between tw% ed as 0.02py), which means the center-to-center dis

IV. PHONON INDUCED DECOHERENCE

dots. One of the advantages of our approach is that the d ance between two dots is about 250 nm. As shown in Fig.

coherence rate in this process is obtained explicitly. Thus on (@), at small tunneling rat.e, the con;nbuuon FO dgcoherence
can analyze it clearly. rate caused _by deformatlon. potentlal_ coupllng is small as
Using the expressions of spectral dendf¥(w) [Eq. (39)] compared with that from piezoelectric coupling, even in

) oo 1
and J%(w) [Eq. (42)] above, the decoherence rates inducecftrong. confinement regm[ee.,w,~1 (ps"]. But when the
by pi lectric and deformation potential coupling are Writ_'unnelmg rate is larggFig. 3(b).]’ the decoherence rates aris-
Y piezoe P pling from these two mechanisms are comparable, thus the
ten as ing from . omp !
contribution from the deformation potential coupling cannot
1 © 24T b be neglected in such a situation. Figuréa)3and 3b) also
Ypz= 5 7Q pz77Tc<1 - i _C)e—Zn Teler® - (44) show that the deqoherence ratesth Yoz and_ Yqr) @re sup-

2 27T, o pressed whenw, is decreased, which indicates that one
should use large dot size to get small decoherence. However,
large dot size means small characteristic energy spdoimg

ot site charging energywq, of single quantum dot. It is well
_ 3r3(4__@d . <Mlc) _o,212,2 known that, our two-level Hamiltonian is valid to describe
Yar = 27Gar77 Te (1 29T, sin wy )e T 49 the double-dot system only T, kg T << wgq, Wherekg is Bolt-
zmann constant Therefore, the low temperature technique
respectively. Here it should be noted that the parameter  is needed to maintain good quantum properties of dots when
Eq. (44) and Eq.(45) are not the same, because they arethe dot size is large, just as the experiment is perforfied.
calculated from Eq.28) with different spectral functions In what follows, we choose a large dot size of 100 nm
[JP{w) and J¥(w), respectively. According to Eq.(43), the  (approximate size for the dot in Ref. 13 ie.,
total decoherence rate induced by acoustic phonons i@ =0.05(ps)™. Since the tunneling barriers in experiment of
Y= Yoz V- Ref. 13 are made by depleting electrons with negative gate
Figure 3 presents the decoherence raggsand yy; as  voltage, their tunneling rates are flexiSfeln Fig. 4, we
functions of « at two different tunneling rates present the decoherence ratg~y,, at that dot sizeas a

and
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<w;=1.3 meV~2 (p9~11% in which our two-level model
holds. Thus, such kind of decoupling mechanism can be
probably realized.

1 ‘\§§§§\ V. CONCLUSION

= 075 “‘/}llt:i In conclusion, we have investigated the charge qubit dy-
z / namics in a semiconductor double quantum dot coupled to
Z os ‘,,'9,'\ ductor doubl tum dot led t
~ 035 T,}’lllllll,"t"k\ phonons at low temperature limit. Our approach is a pertur-
0 & //,/I7,;%’,’,"]1,‘0,:‘3§\\$. bation theory after a unitary transformation. The dynamical
'I:,‘h};}‘:i::} tunneling current is obtained explicitly as a simple damped

0.02§ "::;2§ Rabi oscillation. Compared to the previous work our ap-

O

0.05

proach is not restricted by the form of spectral density and

can be extended to strong coupling regime and works well
for the whole range of tunneling raté.. Additionally, a
simple expression for the decoherence rate allows us to ana-
lyze the phonon induced decoherence clearly. We find that, in
FIG. 4. Decoherence ratg as a function of tunneling rat€,  strong confinement regime of dot and large tunneling Tate
and distanced between two dots. The dot size is chosen to be[>0.1(ps)™'], the contribution to decoherence from defor-
100 nm. mation potential coupling cannot be neglected as compared
to that from piezoelectric coupling in GaAs material. The
function of tunneling rate and distance between two dotglecoherence arising from both these two mechanisms will be
(from 100 to 1500 nh Some oscillations due to the sine suppressed when the dot size is increased. The decoupling
term in the spectral density are demonstrated from this threevith phonons will happen when the conditionw2<T,
dimensional figure. We find that the characteristic decoher=< wg; is satisfied. Finally, we hope that our predictions can
ence timeT,=1/y speculated from the figure is about 1 ns, be testified by experiment in the near future.
which agrees well with the value fitted from the experimental
curvel® So the coupling to phonons is one of the main de-
coherence mechanisms in such a double-dot system. It also The authors thank T. Fujisawa for helpful discussions and
shows that the decoherence rate increases with tunneling ra¢areful reading of this paper. This work was partly supported
T. whenT,<w,. But larger tunneling rate will suppress the by National Natural Science Foundation of Ch{@ant No.
decoherence drastically, even to zero wher=0.1(ps9™*  1027405) and Shanghai Natural Science FoundatiGnant
(i.e., 2w). This value of T, is still in the range of No. 03ZR14060

ACKNOWLEDGMENTS

*Electronic address: wuzj@sjtu.edu.cn Y. Jin, and M. Pepper, Phys. Rev. &, 073302(2003.

1D. Bouwmeester, A. K. Ekert, and A. ZeilingeFhe Physics of '2L. C. L. Hollenberg, A. S. Dzurak, C. Wellard, A. R. Hamilton,
Quantum Informatior{Springer-Verlag, Berlin, 2000 D. J. Reilly, G. J. Milburn, and R. G. Clark, Phys. Rev. @3,

2M. A. Nielsen and |. L. ChuangQuantum Computation and 113301(2004.
Quantum Information(Cambridge University Press, United 13T. Hayashi, T. Fujisawa, H. D. Cheong, Y. H. Jeong, and Y.
Kingdom, 2000. Hirayama, Phys. Rev. Let91, 226804(2003.

3C. Monroe, NaturgLondon 416, 238(2002. 14T, Fujisawa, T. Hayashi, and Y. Hirayama, J. Vac. Sci. Technol. B

4D. Loss and D. P. DiVincenzo, Phys. Rev. 3V, 120(1998. 22, 4 (2004.

5B. E. Kane, NaturéLondon 393 133(1998. 15T, Brandes and B. Kramer, Phys. Rev. Le88, 3021(1999.

6Y. Nakamura, Yu. A. Pashkin, and J. S. Tsai, Nat(itendon 16T, Brandes and T. Vorrath, Phys. Rev. @, 075341(2002.

398 786(1999. 17R. Aguado and T. Brandes, Eur. Phys. J4B, 357 (2004.
E. Bibow, P. Lafarge. and L. P. Levy, Phys. Rev. L&8 017003  18R. Aguado and T. Brandes, Phys. Rev. L&®, 206601(2004).
(2001). 19T, Brandes, R. Aguado, and G. Platero, Phys. Re69205326

8A. Zrenner, E. Beham, S. Stufler, F. Findeis, M. Bichler, and G.  (2004).
Abstreiter, NaturgLondon 418 612 (2002. 20, Fedichkin and A. Fedorov, Phys. Rev. 89, 032311(2004).
9T. Fujisawa, T. H. Oosterkamp, W. G. van der Wiel, B. W. Broer, 21| . Fedichkin and A. Fedorov, Nanotechnolody 65 (2005.
R. Aguado, S. Tarccha, and L. P. Kouwenhoven, ScieP82  22T. Brandes, Phys. Rept08, 314 (2005.
932(1998. 23A. J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A. Fisher, A.
10T, H. Oosterkamp, T. Fujisawa, W. G. van der Wiel, K. Ishibashi, ~ Garg, and W. Zwerger, Rev. Mod. Phys9, 1 (1987.
R. V. Hijman, S. Tarucha, and L. P. Kouwenhoven, Nature?*U. Weiss, Quantum Dissipative Systefiorld Scientific, Sin-
(London 395, 873(1998. gapore, 1998
113, Gardelis, C. G. Smith, J. Cooper, D. A. Ritchie, E. H. Linfield, 2°R. Silbey and R. A. Schoeller, J. Chem. Ph{§, 2615(1984.

205323-6



CHARGE QUBIT DYNAMICS IN A DOUBLE QUANTUM... PHYSICAL REVIEW B 71, 205323(2005

26H. Zheng, Eur. Phys. J. B8, 559 (2004). 2%9H. Bruus, K. Flensberg, and H. Smith, Phys. Rev4B, 11 144
277.-J. Wu, K.-D. Zhu, and H. Zheng, Phys. Lett. 833 310 (1993.
(2004). 30G. D. MahanMany-Particle PhysicgPlenum, New York, 1990
28F, Guinea, V. Hakim, and A. Muramatsu, Phys. Rev3B 4410  3!S. D. Barrett and G. J. Milburn, Phys. Rev.@8, 155307(2003.
(1985. 32T, Fujisawa(private communication

205323-7



