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We suggest that order-of-magnitude reduction of the longitudinal-acoustic phonon scattering rate,
the dominant decoherence mechanism in quantum dots, can be achieved in coupled structures by the
application of an external electric or magnetic field. Modulation of the scattering rate is traced to the
relation between the wavelength of the emitted phonon and the length scale of delocalized electron
wave functions. Explicit calculations for realistic devices, performed with a Fermi golden rule
approach and a fully three-dimensional description of the electronic quantum states, show that the
lifetime of specific states can achieve tens of microseconds. Our findings extend the feasibility basis
of many proposals for quantum gates based on coupled quantum d@@049American Institute

of Physics[DOI: 10.1063/1.1818345

The loss of quantum coherence, brought about by théactory agreement with a Fermi golden rule estimate of the
coupling between charge degrees of freedom and lattice vielectron relaxation times. In the following we investigate the
brations, constitutes a main limitation for single and coupleddecay time of specific low energy transitions which are,
quantum dotSQD and CQD implementations of quantum therefore, directly accessible with similar techniques. As a
logic gates, as well as for a wide class oflnovel few- andprototypical system, we consider a GaAs/AlGaAs CQD
single-electron devices. In quantum de@Ds)" the discrete  girycture formed by two identical QDs with cylindrical

nature of the energy spectrum strongly reduces this interarshape, coupled along the growth directlone describe the

tion with respect to other semiconductor systems. In partiCUgecronic quantum states within the familiar envelope func-

lar, the coupling with the dispersionless optical phonons, th‘;ﬁon approximation and consider a parabolic confinement in

main .sou_rce.of decoherence in structure_s of h|gher dlmer}'hexy plane of the cylinders, and a symmetric double-well in
sionality, is either completely suppreséed, in specific con-

ditions, leads to localized polaronic stafestill, however, thezd|rect|on:V(r):Vz(z)+%mw§(x2+y2) WhgreVZ(Z):V' .If
emission of longitudinal acoustitA) phonond limits the ~ Lbo/2<[2/<(Lp/2+Ly) and V,(2)=V, otherwise. Herd q is
charge coherence times to tens of nanoseconds in typici€e thickness of the GaAs layers abglis the thickness of
devices, since intraband electronic transitions merge into théhe interdot layer. (V,=V|) is the band offset of
LA phonon continuum. Tailoring the coupling between elec-GaAs/AlGaAs. Furthermore, we consider either a magnetic
tronic quantum states and LA phonons would be a funda¢B) or an electrid E) field applied in thez direction. For this
mental step toward the design of quantum devices with opeylindrically symmetric configuration, the eigenfunctions
timal operation conditions. can be given the separable forf,dr)=dumX,y)xy(2),

In this letter we show that LA-phonon scattering rate ofwith n=0,1,... theradial and m=0,+1,... the angular
specific trans_itions can be ;uppresse_d in CQDs by Prop&juantum number of the Fock—Darwin stai(X,y); g
structure desigigas already discussed in Ref..5 for quantum:O (1) indicates the groundfirst excited eigenstate for the
dot array$ and by use of external magnetic and electrlcbiased double-well potential along tiedirection.

fields. This is accomplished by ex_plomng the interplay be- We use the standard deformation-potential model for the
tween the wave vector of the emitted or absorbed phononIec:tron LA phonon interaction, with the interaction Hamil-
and the length scale of the quantum states. While the abové-"" —-A P !

. X ) ; = iar y pfgiar T
noted effect is small in typical SQDs, which are character:oMan He-p=2q F(a)(b,€" +bge™), whereb, andb; are

ized by a single length scale, we show that order-of-the annihilation and creation operators for a LA-phonon with

magnitude modulation of the scattering rate can be achieveyave vectorq and F(q)=qy%AD?/(2pw,V). D is the defor-

in coherently coupled QDs, where two characteristic lengtimation potentialp is the crystal density, and the volume of

scales come into play, namely the dimension of each dot anthe system. A linear dispersion approximatiogrvd is used

the dimension of the CQD system as a whole. for the LA branch, withv longitudinal sound speegd.:urther—
Decay times of a single electron in a SQD have beemmore, we assume that the device operates in a single-electron

measured recently by transport spectros¢ophiese experi-  regime: electron—electron scattering is neglected accordingly.

ments, which specifically probe the decay of carriers injected  |n the following we shall concentrate on the scattering

in the first excited state to the ground state, showed a sati$ate petween specific excitgahitial) statesy:, with energy

E;, and the groundfinal) state, with energyEf.9 The scat-

¥Electronic mail: bertoni.andrea@unimore. it tering rate at zero temperature, given by the Fermi golden
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FIG. 2. (Color onling Scattering rate in a CQDL3=10 nm, L,=3 nm,
FIG. 1. (Color onling Scattering rate in a CQIL4=10 nm,L,=3 nm) for hwy=2 me\) for the transition(n,m,g)=(0,-1,0—(0,0,0 (Ref. 11) as
the transition(n,m,g)=(0,-1,0—(0,0,0 as a function of the in-plane a function of the applied vertical magnetic fiell(see the tejtat three
parabolic confinement energdyw,. The dotted line shows the value by, temperaturesT=0 K (solid), 100 K (dasheg, 300 K (dotted. The proper
used for the simulations with an applied magnetic field. Inset: the scatteringdose statistics for phonon modes has been used in the latter two simulations.
rate for the same sample is compared with that for a CQD with a largednset: two different energy-uncertainty conditions are compareti=dt K:
barrier(L,=8 nm, dashed curyeand for a SQO(L4=10 nm, dotted curvye the data are convoluted with a Gaussian uncertainty of about 10%
in a linear scale. (FWHM=0.2 meV, solid ling¢ and 20%(FWHM=0.4 meV, dashed linen

the dot confining energy.

rule, is 7 *=(2m/h)2q [F()My5i(q)[28(Es~E;+fiwg), where
Mi(Q) = el €7'] ). as a consequence, the energy of the emitted phonon is very
It is convenient to write the phonon wave vectprin low, 71 decreases due @) the g° prefactor ensuing from
spherical coordinates and separate the scattering matrtke low-energy LA-phonon density of states and the lirgear
Msi(q) into az componenM(Z)(qZ g cos 6), to be evaluated dependence df(q) in Eq. (1), and(b) the decreasing value
numerically, and an in-plane componenMO(y)(qx of M(Xy)(q) due to orthogonality of the statéat vanishingg
=q COSgD sin #,q,=q sin ¢ sin #) which can be exactly the electron—-phonon Hamiltonian becomes congtantthe
derived!® Performing the integration ovey, one finally ob-  opposite limit, for w,>2 meV, the phonon oscillation
tains: length becomes much smaller than the typical length scale of
the electron wave function; as a consequeltg(q) van-
G 2m ishes since the initial and final electron states do not possess
T (271-}1)2':(%) d‘P d9 sin ¢ the proper Fourier component able to trigger the phonon os-
cillation. In theintermediate regimewhile the SQD curve
X|M(qq cos e)M(X”(qO cos ¢ sin 6,qo sin ¢ sin A)[2,  shows a single well-defined maximum, the CQD curve oscil-
(1) lates. 'I;he oscillation pattern depends on the geometry of the
system’ If the distance between the dots is increased, the
with qo=(E;—E;)/ (fv). We emphasize that the decoupling of energy difference between the maxima decregses inset
the in-plane and vertical degrees of freedom in Ef.is  in Fig. 1), with the CQD curve enveloped by the SQD curve.
approximately valid as long as the in-plane and vertical con-  The modulation shown in Fig. 1 is obtained by changing
finement have different length scales, as is achieved by marne lateral confining potential, i.e., a structure parameter that
growth techniques. could be hardly tuned in an experimental setup. We show in
Now we focus on the(n,m,g)=(0,-1,0—(0,0,0 the following that the strong suppression of acoustic-phonon
transition, which only involves in-plane degrees of freedom.nduced scattering can also be driven by a magnetic field
We choose a CQD syste(see Fig. 1, captionsuch that the parallel to the growth direction. Indeef,induces(a) a non-
tunneling energy is larger thdnwg and(0,-1,0 is the low-  uniform shift in the energieg; andE; and, consequently, a
est excited state. Figure 1 shows the computed scattering raséift in the emitted phonon wave vectqs; (b) a modifica-
atB=0 T and zero temperature as a function of the in-plan&ion of the in-plane scattering matrMif” originating from
confining energyiw,. The striking oscillations, which cover the stronger localization of the wave functions. Figure 2
several orders of magnitude, have their origin in the phasghows that, for a CQD with a 2 meV confining energy, the
relation between the phonon plane wave corresponding tacoustic-phonon scattering rate is reduced by four orders of
the considered electronic transition and the electron wavenagnitude aB=1 T. In order to test the robustness of this
function delocalized between the two QDs: two limiting con- effect in realistic experimental conditions, and particularly to
ditions, one with maximum overlap, the other with minimum compare with possible pump-and-probe experiménits,
overlap, due to electron—phonon antiphase, occur repeatediyhich the electron energy could vary between the cycles
as the confinement energgnd, therefore, the energy of the leading to a finite energy uncertainty, we introduced a Gauss-
matching phononis varied; the two cases correspond to aian smearing in the QD confining energy. The resulting scat-
maximum and a minimum of the matrix eIemeI\zltﬁI , re-  tering rate(Fig. 2, inse} still shows oscillations of about one
spectively. In the inset of Fig. 1 we compare the scattering)rder of magnitude when an uncertainty of 0.2 meV is as-
rate of two CQD structures, with different barrier widths, sumed.
with the one of a SQD. As one may expect, the curves have Next, we analyze the transition rate between two differ-

a similar limiting behavior: when the confining potential and, ent pseudospin levels(n,m,g)=(0,0,1)—(0,0,0,
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; ———(0,1,0) 45 of the transition rate would serve as a signature for the co-
1 energy : 1 . . .
levéls i 1 (0,0,1) Kol herent delocalization of electron states in CQDs.
10k (n,m,g) ': 0.0.0 P o N In summary we have shown that a strong suppression of
2§ (0.0, ..)f Sl 135 LA-scattering, the main source of electron decoherence in
EIO' 3 _;',@ % quasi-zero-dimensional systems, can be obtained in CQDs
T:" 10.3;' : 130E with energy-level separation around 3 meV. Significantly,
B oETTTRTT g the relaxation time can be controlled by external magnetic or
10“:' L. 23 electric field and increased up to tensd; this should be
10_5; 120 compared to SQDs with similar level spacing, where scatter-
i ing times are of the order of nanoseconds and not strongly
-— 1 1 1 1 1
0 30 100 150 200 250 affected by external fields.
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FIG. 3. (Color onling Scattering ratésolid line), for the lowest pseudospin MIUR-FIRB No. RBAUO1ZEML, MIUR-COFIN No.
transition (n,m,g)=(0,0,1—(0,0,0 in a CQD with Ly=12nm, L, 2003020984, INFM Calcolo Parallelo 2004, and MAE, Dir.

=4 nm, andhwy=5 meV as a function of an electric field applied alang . .
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effect of the fields on the scattering rates generally depends;, e numerical simulations we consider a GaAs/Sa-As hetero-

on the specific transition, therefore making it possible to tai- structure and use the following parametes:8.6 eV, p=5300 kg/r#,

lor the scattering rates and to make only specific states robusi=3700 m/sV,-V,=243 meV.

to phonon-induced decoherence. This should allow a selechhe subscripts and f indicate, in compact notation, the three quantum
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