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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 dots. ©2004 American Institute
of Physics. [DOI: 10.1063/1.1818345]

The loss of quantum coherence, brought about by the
coupling between charge degrees of freedom and lattice vi-
brations, constitutes a main limitation for single and coupled
quantum dot(SQD and CQD) implementations of quantum
logic gates, as well as for a wide class of novel few- and
single-electron devices. In quantum dots(QDs)1 the discrete
nature of the energy spectrum strongly reduces this interac-
tion with respect to other semiconductor systems. In particu-
lar, the coupling with the dispersionless optical phonons, the
main source of decoherence in structures of higher dimen-
sionality, is either completely suppressed2 or, in specific con-
ditions, leads to localized polaronic states.3 Still, however,
emission of longitudinal acoustic(LA ) phonons4 limits the
charge coherence times to tens of nanoseconds in typical
devices, since intraband electronic transitions merge into the
LA phonon continuum. Tailoring the coupling between elec-
tronic quantum states and LA phonons would be a funda-
mental step toward the design of quantum devices with op-
timal operation conditions.

In this letter we show that LA-phonon scattering rate of
specific transitions can be suppressed in CQDs by proper
structure design(as already discussed in Ref. 5 for quantum
dot arrays) and by use of external magnetic and electric
fields. This is accomplished by exploiting the interplay be-
tween the wave vector of the emitted or absorbed phonon
and the length scale of the quantum states. While the above-
noted effect is small in typical SQDs, which are character-
ized by a single length scale, we show that order-of-
magnitude modulation of the scattering rate can be achieved
in coherently coupled QDs, where two characteristic length
scales come into play, namely the dimension of each dot and
the dimension of the CQD system as a whole.

Decay times of a single electron in a SQD have been
measured recently by transport spectroscopy.6 These experi-
ments, which specifically probe the decay of carriers injected
in the first excited state to the ground state, showed a satis-

factory agreement with a Fermi golden rule estimate of the
electron relaxation times. In the following we investigate the
decay time of specific low energy transitions which are,
therefore, directly accessible with similar techniques. As a
prototypical system, we consider a GaAs/AlGaAs CQD
structure formed by two identical QDs with cylindrical
shape, coupled along the growth direction.7 We describe the
electronic quantum states within the familiar envelope func-
tion approximation and consider a parabolic confinement in
thexy plane of the cylinders, and a symmetric double-well in
thez direction:Vsr d=Vzszd+ 1

2mv0
2sx2+y2d whereVzszd=Vl if

Lb/2ø uzuø sLb/2+Ldd and Vzszd=Vh otherwise. HereLd is
the thickness of the GaAs layers andLb is the thickness of
the interdot layer. sVh−Vld is the band offset of
GaAs/AlGaAs. Furthermore, we consider either a magnetic
sBd or an electricsEd field applied in thez direction. For this
cylindrically symmetric configuration, the eigenfunctions
can be given the separable formcnmgsr d=fnmsx,ydxgszd,
with n=0,1, . . . the radial and m=0, ±1, . . . the angular
quantum number of the Fock–Darwin statefnmsx,yd; g
=0 s1d indicates the ground(first excited) eigenstate for the
biased double-well potential along thez direction.

We use the standard deformation-potential model for the
electron–LA phonon interaction, with the interaction Hamil-
tonian He−p=oq Fsqdsbqeiqr +bq

†e−iqrd, wherebq and bq
† are

the annihilation and creation operators for a LA-phonon with
wave vectorq and Fsqd=qÎ"D2/ s2rvqVd. D is the defor-
mation potential,r is the crystal density, andV the volume of
the system. A linear dispersion approximationvq=vq is used
for the LA branch, withv longitudinal sound speed.8 Further-
more, we assume that the device operates in a single-electron
regime: electron–electron scattering is neglected accordingly.

In the following we shall concentrate on the scattering
rate between specific excited(initial) statesci, with energy
Ei, and the ground(final) statec f, with energyEf.

9 The scat-
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rule, is t−1=s2p /"doq uFsqdMfisqdu2dsEf −Ei +"vqd, where
Mfisqd=kc fue−iqrucil.

It is convenient to write the phonon wave vectorq in
spherical coordinates and separate the scattering matrix
Mfisqd into az componentMfi

szdsqz=q cosud, to be evaluated
numerically, and an in-plane componentMfi

sxydsqx

=q cosw sin u ,qy=q sin w sin ud which can be exactly
derived.10 Performing the integration overq, one finally ob-
tains:

t−1 =
q0

2

vs2p"d2Fsq0dE
0

2p

dwE
0

p/2

du sin u

3uMfi
szdsq0 cosudMfi

sxydsq0 cosw sin u,q0 sin w sin udu2,

s1d

with q0=sEi −Efd / s"vd. We emphasize that the decoupling of
the in-plane and vertical degrees of freedom in Eq.(1) is
approximately valid as long as the in-plane and vertical con-
finement have different length scales, as is achieved by many
growth techniques.

Now we focus on thesn,m,gd=s0,−1,0d→ s0,0,0d
transition, which only involves in-plane degrees of freedom.
We choose a CQD system(see Fig. 1, caption) such that the
tunneling energy is larger than"v0 ands0,−1,0d is the low-
est excited state. Figure 1 shows the computed scattering rate
at B=0 T and zero temperature as a function of the in-plane
confining energy"v0. The striking oscillations, which cover
several orders of magnitude, have their origin in the phase
relation between the phonon plane wave corresponding to
the considered electronic transition and the electron wave
function delocalized between the two QDs: two limiting con-
ditions, one with maximum overlap, the other with minimum
overlap, due to electron–phonon antiphase, occur repeatedly
as the confinement energy(and, therefore, the energy of the
matching phonon) is varied; the two cases correspond to a
maximum and a minimum of the matrix elementMfi

szd, re-
spectively. In the inset of Fig. 1 we compare the scattering
rate of two CQD structures, with different barrier widths,
with the one of a SQD. As one may expect, the curves have
a similar limiting behavior: when the confining potential and,

as a consequence, the energy of the emitted phonon is very
low, t−1 decreases due to(a) the q2 prefactor ensuing from
the low-energy LA-phonon density of states and the linearq
dependence ofFsqd in Eq. (1), and(b) the decreasing value
of Mfi

sxydsqd due to orthogonality of the states(at vanishingq
the electron–phonon Hamiltonian becomes constant). In the
opposite limit, for "v0.2 meV, the phonon oscillation
length becomes much smaller than the typical length scale of
the electron wave function; as a consequenceMfisqd van-
ishes since the initial and final electron states do not possess
the proper Fourier component able to trigger the phonon os-
cillation. In the intermediate regime, while the SQD curve
shows a single well-defined maximum, the CQD curve oscil-
lates. The oscillation pattern depends on the geometry of the
system.5 If the distance between the dots is increased, the
energy difference between the maxima decreases(see inset
in Fig. 1), with the CQD curve enveloped by the SQD curve.

The modulation shown in Fig. 1 is obtained by changing
the lateral confining potential, i.e., a structure parameter that
could be hardly tuned in an experimental setup. We show in
the following that the strong suppression of acoustic-phonon
induced scattering can also be driven by a magnetic fieldB
parallel to the growth direction. Indeed,B induces(a) a non-
uniform shift in the energiesEi andEf and, consequently, a
shift in the emitted phonon wave vectorq0; (b) a modifica-
tion of the in-plane scattering matrixMfi

sxyd originating from
the stronger localization of the wave functions. Figure 2
shows that, for a CQD with a 2 meV confining energy, the
acoustic-phonon scattering rate is reduced by four orders of
magnitude atB=1 T. In order to test the robustness of this
effect in realistic experimental conditions, and particularly to
compare with possible pump-and-probe experiments,6 in
which the electron energy could vary between the cycles
leading to a finite energy uncertainty, we introduced a Gauss-
ian smearing in the QD confining energy. The resulting scat-
tering rate(Fig. 2, inset) still shows oscillations of about one
order of magnitude when an uncertainty of 0.2 meV is as-
sumed.

Next, we analyze the transition rate between two differ-
ent pseudospin levels,sn,m,gd=s0,0,1d→ s0,0,0d, i.e.,

FIG. 1. (Color online) Scattering rate in a CQD(Ld=10 nm,Lb=3 nm) for
the transitionsn,m,gd=s0,−1,0d→ s0,0,0d as a function of the in-plane
parabolic confinement energy"v0. The dotted line shows the value of"v0

used for the simulations with an applied magnetic field. Inset: the scattering
rate for the same sample is compared with that for a CQD with a larger
barrier(Lb=8 nm, dashed curve) and for a SQD(Ld=10 nm, dotted curve),
in a linear scale.

FIG. 2. (Color online) Scattering rate in a CQD(Ld=10 nm, Lb=3 nm,
"v0=2 meV) for the transitionsn,m,gd=s0,−1,0d→ s0,0,0d (Ref. 11) as
a function of the applied vertical magnetic fieldB (see the text) at three
temperatures,T=0 K (solid), 100 K (dashed), 300 K (dotted). The proper
Bose statistics for phonon modes has been used in the latter two simulations.
Inset: two different energy-uncertainty conditions are compared atT=0 K:
the data are convoluted with a Gaussian uncertainty of about 10%
(FWHM=0.2 meV, solid line) and 20%(FWHM=0.4 meV, dashed line) on
the dot confining energy.
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with thez component of the electron wave function decaying
from the first excited to the ground state. We consider a
sample with"v0 substantially larger than the tunneling en-
ergy, so that the above transition is the lowest(see Fig. 3,
caption). In this case the wavelength of the emitted phonon is
controlled by the tunneling energy, that can be tuned by
means of an electric field applied in thez direction. As in the
previous cases, order-of-magnitude modulation of the lowest
transition can be achieved at specific fields(Fig. 3, solid
line); furthermore, scattering rates tend to be smaller at
higher fields as a result of increasing the wave vector of the
emitted phonon, whose energy is also shown. Note that the
effect of the fields on the scattering rates generally depends
on the specific transition, therefore making it possible to tai-
lor the scattering rates and to make only specific states robust
to phonon-induced decoherence. This should allow a selec-
tive population of excited states. As an example, in Fig. 3 we
report the scattering rates of the second excited state to the
lower ones(see inset): at E,200 kV/m (0,1,0) decays pref-
erentially to(0,0,1) which, in turn, is long lived. Finally, we
remark that the observation of the field-dependent oscillation

of the transition rate would serve as a signature for the co-
herent delocalization of electron states in CQDs.

In summary we have shown that a strong suppression of
LA-scattering, the main source of electron decoherence in
quasi-zero-dimensional systems, can be obtained in CQDs
with energy-level separation around 3 meV. Significantly,
the relaxation time can be controlled by external magnetic or
electric field and increased up to tens ofms; this should be
compared to SQDs with similar level spacing, where scatter-
ing times are of the order of nanoseconds and not strongly
affected by external fields.
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FIG. 3. (Color online) Scattering rate(solid line), for the lowest pseudospin
transition sn,m,gd=s0,0,1d→ s0,0,0d in a CQD with Ld=12 nm, Lb

=4 nm, and"v0=5 meV as a function of an electric field applied alongz.
The scattering rate fors0,1,0d→ s0,0,1d ands0,1,0d→ s0,0,0d are shown
with dotted and dashed lines, respectively. The energy of the emitted LA
phonon is reported for reference(thick dash-dotted curve, right axis).
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