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Control of dephasing and phonon emission in coupled quantum dots
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We predict that phonon subband quantization can be detected in the nonlinear electron current through
double quantum dot qubits embedded into nanosize semiconductor slabs, acting as phonon cavities. For
particular values of the dot level splittiny, piezoelectric or deformation potential scattering is either drasti-
cally reduced as compared to the bulk case, or strongly enhanced due to phonon van Hove singularities. By
tuning A via gate voltages, one can either control dephasing, or strongly increase emission into phonon modes

with characteristic angular distributions.
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Coupled semiconductor quantum dots are candidates fgghonon cavity. This suppression occurs at specific phonon
controlling quantum superposition and entanglement of elecenergiesi vy when the level splitting is tuned th =% w,.
tron states. The feasibility of such ‘qubits’ depends on the~urthermore, for larger energy differencebetween the two
control of dephasing due to the coupling to low-energydot ground states, typical propertiésf a nanosize slab such
bosonic excitations of the environment. For example, theéds phonon-subband quantization can be detected in the
electronic transport through double quantum dots is deterstaircase-like electronic currehte) through the dots. In ad-
mined by the spontaneous emission of phonons even at vefjtion, and very strikingly, for certain wave vectors we find
low temperatureS.If two dots are coupled to each other and Negative phonon group velocities and phonon van Hove sin-
to external leads, Coulomb blockade guarantees that onigularities close to which one can strongly excite characteris-
one electron at a time can tunnel between the dots and tHt phonon modes with specific emission patterns.
leads. Dephasing in such a ‘pseudospin’-boson systém The controlled enhancement or reduction of spontaneous
dominated by the properties of the phonon environment. light emission from atoms is well-known in cavity quantum
As a logical step towards the control of dephasing, theelectrodynamicsSQED).*® Here a single, confined photon
control of vibrational properties of quantum dot qubits hasmode can be tuned on or off resonance with an atomic tran-
been suggestedRecently, considerable progress has beersition frequency. In contrast to cavity QED, the vanishing of
made in the fabrication of nanostructures that are only partlpPontaneous emission in phonon cavities is due to real zeros
suspended or even free-standfrigThey considerably differ in the phonon deformation potential or polarization fields
in their mechanical properties from bulk material. For ex-rather than gaps in the density of states. This is a peculiar
ample, phonon modes are split into subbands, and quantiz&onsequence of the boundary conditions for vibration modes
tion effects become important for the thermal Which lead to complicated nonlinear dispersions even for
conductivity®=® The observation of coherent phonons in homogeneous slabs. As a result, phonon cavities confined in
dots’ or phonons in nanotub¥sare other examples of low Only one spatial direction support a continuous spectrum, and
dimensional mesoscopic systems where phonons become @€t suppression of spontaneous emission is possible.
perimentally controllable and are the objects of interest AS a model, we consider two tunnel-coupled quantum
themselves. dots embedded in an infinite semiconductor slab of thickness
Double quantum dots are not only tunable phonon2b in a vertical or a lateral configuratioffrig. 1). The dots
emitters but also sensitive high-frequency noise detectbrs. are weakly coupled to external leads, and we assume that
Together with their successful fabrication within partly free- both the energy difference and the coupling strengtfi
standing nanostructurésthis suggests that they can be usedbetween the dots can be externally tuned by gate voltages. In
to control both electrons and phonons on a microscopi¢he Coulomb blockade regime, we adopt the usual descrip-
scale. This opens a path for realizing mechanical countettion in terms of three many-body ground stté0), |L),
parts of several quantum optical phenomena, as for instangd|R) that have no or one additional electron in either of
the generation of nonclassical squeezed phonon Stdigs the dots, respectively. The coupling to the phonon environ-
time-dependent or nonlinear interactions with the electronsment of the slab is described by an effective spin-boson
In this Rapid Communication, we demonstrate that pho-Hamiltonian

non confinement can be used to gain control of dissipation in
double quantum dots, leading to a considerable reduction of
phonon-induced decoherence. More precisely, we show that
inelastic scattering and the inelastic current channel for elec-
tron transport in the Coulomb blockade regime can be dras-
tically reduced as compared to a bulk environment when
double dots are hosted by a semiconductor slab that acts as a
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We have numerically determined the solutioms,(q))
and q; ,(q)) of the Rayleigh-Lamb equations that describe
the dynamics of the confined phonons,

tal"qt,nb __ 4qfql,nqt,n -
@am b | (gf —qf,)?
wp g, =cf(af +af ) =ci(af +af ), 3

together with the dispersion relatiomg,qH and the displace-
FIG. 1. Scheme folateral (L) andvertical (V) configurations of ment field® associated with a confined phonon in mode

a double quantum dot in a phonon nanocavity. (n,q)). The exponentst1 correspond to dilatational and
flexural modes, respectively.
with o,=|L){L|=|RXR|, oy=|L}R|+|R}L|, nj=]i)i] The contributiony,, of subbandh to the rate(2) is

and aq (B,) the coupling matrix element between electrons

in dot L (R) and phonons with dispersion, . D |)\dtp/pz(qH N2
2

= iq-dj2 —

The stationary current can be calculated by using a master (@) T 720 la=e'9r%5(w ‘*’n,qH)'
equatiorl and considering . as a perturbation. We consider (4)
weak electron—phonon coupling and calculate the inelastic ) )
scattering rate where the vectod connects the dots and is the coupling

strength of the electron-phonon interaction. We assume that
the electron density is sharply peaked near the dot centers
ol ag— Bqyl? and that the dots are located symmetrically within the slab.
y(w)=272 TCW&“’_ @q). (20 We consider both the deformation potentiBP), a=—1 in
a @ Eq. (4), and piezo-electriqP2) interaction, a=+1. The
coupling strength for DP is
Forw=(e2+4T2)Y? this is the rate for spontaneous emis- R
sion at zero temperature due to electron transitions from the  Agp(d ,”):ng(qH)(qtz,n—CIf)(qanJFQf)tSCCh,nb- )

upper to the lower hybridized dot level. where ng: F (hE2/2p wn’qHA)l/Z’ tsox=sinx or cosx for

On the other hand, in lowest orderTn, the total current dilatational and fi | d i is the DP
I(e) can be decomposed into an elastic Breit-Wigner type ilatational and flexural modes, respectivelj, is the

resonance and an inelastic compondp(s)~—ey(s), constant,p the mass densityA the area of the slab, arfel,

where—e is the electron charge. The double dot, supportingnom.w’lllzes thgnth eigenmode. . - L
an inelastic current;,(¢), therefore can be regarded as an F'rSt’. we dlsquss the d_eformatlon potential interaction in
analyzer of the phonon systenOne can also consider the the vertical configuratiofFig. 1), q,- d=0, where only flex-

double dot as an emitter of phonons of enetgy at a tun- ural modes couple to the electrons, whereas dilatational
able ratey(w). We show below how the phonon confine- modes lead to a symmetrical deformation fiékdg. 2 lefg

ment within the slab leads to steps ip(e) and tunable and yield the same energy shift in both of the dots which

: oes not affect the electron tunneling.
2};%?%& r;r;]%?]%ennl%ttpﬁ; gnearly complete suppression of th% Figure 3(top) showsyg,(w) in units of the nominal scat-
. . R y\
We describe phonons by a displacement fig{d) which €9 rate yo=TcZ?/%ipCi'b for b=5d. The phonon sub-
is determined by the vibrational modes of the siabor the ~ Pand quantization appears as a staircasggiw), with the

following, it is sufficient to consider dilatational and flexural Lo

modes(Lamb waves The symmetries of their displacement H10 LE . ’
fields differ with respect to the slab’s midplane. They either

yield a symmetric elongation and compressidilatational ..

mode, Fig. 2 left or a periodic bending associated with an

antisymmetric field(flexural mode, Fig. 2 centerThe con- 0.0 fa 0.5
finement leads to phonon quantization into subbands. For ' —] '
each in-plane componeq of the in plane wave vector there 2b

are infinitely many subbands, denotedryrelated to a dis-

crete set of transversal wavevectors in the direction of the & ‘
z 0.0

confinement. Since there are two velocities of sound in the

elastic medium associated with longitudinal and transversal

wave propagationg, andc,, there are also two transversal  fiG. 2. Deformation potential induced by dilatatiorfkft) and
wavevectorsg, andg. This is in contrast to the isotropic flexural modes(centey at qjb=m/2 (n=2 subbands Right: dis-
bulk where one can separate the polarizations. For a slab, thgacement fieldi(x,z) of n=0 dilatational mode ah =# w,. Grey-
boundary conditions at the surface lead to coupling betweescale: moduli of deformation potentialéeft) and displacement
longitudinal and transversal propagatijé‘n. fields (right) (arb. units.
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Yap /Yo We checked that this decoupling of electrons and phonons
is a generic feature due to the slab geometry, as are the steps
20 and van Hove singularities if. For the piezoelectric inter-
action, our results also reveal a complete vanishing of the
inelastic ratey,, from dilatational phonons at the energy
10 hw(~0.7hw, where the inducegolarization fieldis zero*®
Due to the symmetry of the latter, in the vertical and lateral
configurations only dilatational and flexural phonons, respec-
0 tively, couple to the electrons via PZ interaction. Thus, the
angular dependence is reversed as compared to the DP case.
Yap /70 An important consequence of these results is that one can
0.4 ‘switch off’ either PZ scattering in the vertical configuration,
or DP scattering in the lateral configuration at a certain en-
0.3 ergy. Then, the only remaining electron-phonon scattering is
mediated by the other interaction mechanism that couples the
02 electrons to the flexural modes. For other frequencigthe
0.1 ratio yp,/ ygp* b2 can be varied by changing the slab width.
Thus, for very smalb the DP interaction dominates and the
0 proper choice to ‘switch off’ the scattering would be the

lateral configuration, with a small contribution remaining if
the material is piezoelectric, and vice versa. For a GaAs slab
FIG. 3. Inelastic phonon emission rajg(w) of vertical (v) ~ Of width 2b=1 um and a tunnel coupling.=10ueV in
and lateral(L) double dots in a phonon cavity of widttbdue to  the vertical configuration tuned tow~0.7% v, (N0 PZ cou-
deformation potential. Phonon-subband quantization effects appegiing), we obtain a residual scattering rate of,=8
on an energy scaléw,=%c,/b with the longitudinal speed of .10* s ! from DP-coupling to flexural modes.
soundc; ; yo nominal scattering ratésee text Coupling toflexural The characteristic energy scale for phonon quantum size
(top) and_dilatational modes (bottom, dashed: bulk ratelnset: effects ishwp=7%c, /b. Using the same parameters as above,
Suppression ofyg,(w) from slab phonons ab= w, (arrow). we haves wp=7.5eV in GaAs which is within the limit of
steps corresponding to the onsets of new phonon subband¥ergy resolution of recent transport experiments in double
Most strikingly, a van Hove singularitfarrow) occurs due to  dots! A finite slab of lateral dimensio. will lead to a
zero phonon group velocitat that frequency. This corre- broadening of the structures predicted above since the
sponds to a minimum in the dispersion relatien q for  phonons will aquire a life timexL/c,, which leads to a
finite q with precedingnegativephonon group velocity due smearing of fine structures ir(w) on an energy scale
to the complicated nonlinear structure of the Rayleigh-Lambyc, ,/L~1 eV for L=10b. Finite temperatures yield a
equations for the planar cavity. Additional van Hove singu-gijmilar broadening on a scalgT. Therefore, low tempera-
larities occur at higher frequenci¢sot shown hereas an (e (20 mK=2 weV) are required to resolve the steplike
irregular sequence that can be considered as ‘fingerprints’ antures and the van Hove singularities in the inelastic cur-

the phonon confinement in a mechanical nanostructure. . . .
In the lateral configuratiorFig. 1), DP couples only to rentl,,. We mention that vertically polarized shear waves

dilatational modes, in contrast to the vertical case. This is AVhich are also eigenmodes of the slalp not couple to
trivial consequence of the symmetry of the DP of flexural€lectrons via the DP because the induced local change in
modes(Fig. 2 centerand the fact that in the lateral configu- volume (=V -u) is zero. Fortunately, shear waves also do not
ration the dots are aligned midplane. The inelastic rate inchange the low frequency decoupling discussed above be-
cluding the lowest 4 modes is shown in Fig(i&ttom in cause the only mode that is accessable at low enough ener-
comparision to the bulk rate. The phonon-subband quantizegies is the massless modinear dispersionthat does not
tion appears as cusps gy () for w=2w,. Again, we lead to any piezoelectric polarization field. However, at
observe van Hove singularities as fingerprints of the phonofigher frequencies shear subbands can contribute to the elec-
confinement. tron scattering.

Most strikingly, we find a suppression of the inelastic rate The existence of an energjyw, where the electron-
at small energie$ w, and even itcomplete vanishingt the ~ phonon interaction vanishes could be used to suppress deco-
energyf wy~ 1.3k wy, for the lateral configuration. As can be herence in double dot qubit systems with the energy differ-
seen from Eqs(4) and (5), the ratey, -, vanishes for the enceA=\/82+4TC2 tuned toA=%wy. For example, using
frequencyw, defined by the condition;=gq. Thisis due to  gate voltages to tun&.(t) =(A/2)sin(2t), e(t)=A cos(t)
a vanishing divergence of the displacement figldFig. 2  as a function of time defines a one-qubit rotatitelectron
right) that implies vanishing of DRP:V - u. Nearw,, the re-  from left to right) free of phonon interactiony(A)=0.
maining contribution of then=0 subband mode is drasti- The conditionA=7%w, therefore defines a one dimensional
cally suppressed compared with bulk phondRiy. 3 bot-  ‘dissipation-free manifold’(curve) in the T.—e parameter
tom, insel. space. In particular, a suppression of decoherence could then

w/wp
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be exploited in adiabatic electron transf@rsr adiabatic can be used as an energy selective phonon emitter with well
swapping operatiod$in coupled quantum dots. defined emission characteristics.

We recall, however, that correctionsfoof 4th and higher In conclusion, we have found that phonon confinement is
order in the coupling constaltirtual processe@scan lead to  a promising tool for gaining control of dephasing in double
a small but final phonon-induced dephasing rate evefl at quantum dots via phonons. Once this was achieved, it would
=fiwy. Moreover, the dephasing due to spontaneous emisye possible to systematically study dephasing due to other
sion of photons, although negligible with respect to the phomechanisms such as coupling to electronic excitations in the
non contribution in second ordéiis not altered unless the |eads. In contrast to cavity QED, where a single, confined
whole system is embedded into a photon cavity. Similarily,snoton mode can be tuned on or off resonance with an
plasmons and electron-hole pair excitations in the leads cagyomic transition frequency, the vanishing of spontaneous
!ead to dephasi_ng. We suppose that the Iatter_ can affect_ themission in phonon cavities is due to zeros in if@non
interdot dynamics of the coupled dots only indirectly Via geformation potential or polarization fieldsther than gaps
coupling to the leads and only weakly contribute to dephasy, the density of states. In addition, we found that phonon
ing, as is the case for interactions between dot and lead elegmissjon into characteristic modes can be enormously en-
trons beyond the Coulomb blockade charging effect. hanced due to van Hove singularities that could act as strong

Alternatively to suppressing dissipation from phonons afingerprints of the phonon confinement if experimentally de-
certain energies, the van Hove singularities of the same sygacteq.

tem could be used to enormously enhance the spontaneous

emission rate of phonons. The electron currdp~ This work was supported by the EU via TMR and RTN
—ey(e) at those energies is due to strong inelastic transiprojects FMRX-CT98-0180 and HPRN-CT2000-0144, DFG
tions. The terma+¢€'91'92 in Eq. (4) determines the angu- projects Kr 627/9-1, Br 1528/4-1, and project EPSRC
lar phonon emission characteristic of the double dot. ThereR44690/01. Discussions with R. H. Blick, T. Fujisawa, W. G.
fore, as a function of energy and orientation, the double dovan der Wiel, and L. P. Kouwenhoven are acknowledged.

1T, Fujisawaet al, Science282, 932 (1998; S. Taruchaetal,  ?R. H. Blick et al, Phys. Rev. B62, 17 103(2000.

Microelectron. Eng47, 101(1999. 13X, Hu and F. Nori, Phys. Rev. Let?9, 4605(1997).
2A. J. Leggettet al, Rev. Mod. Phys59, 1 (1987. 14T, Meeker, and A. Meitzler, irPhysical Acoustic§Academic,
3T. Brandes and B. Kramer, Phys. Rev. L&B, 3021(1999. New York, 1964, Vol. 1, Part A; B. Auld,Acoustic Fields and
“A. N. Cleland and M. L. Roukes, Naturgondon 392 160 ,, Waves(Wiley, New York, 1973, Vol. 2.

(1998 G. S. Argawal,Fundamentals of Cavity Quantum Electrodynam-

5 . . ics (World Scientific, Singapore, 1994

_R- H. Blick et al, Physica 8249, 784 (1998 16T, H. Stoof and Yu. V. Nazarov, Phys. Rev.33, 1050(1996.

7‘]' Seyler and M.N. Wybourne, Phys. Rev. L&, 1427(1992. 17| p | andau and E. M. LifschitzCourse of Theoretical Physics
A. Greiner, L. Reggiani, T. Kuhn, and L. Varani, Phys. Rev. Lett. (Butterworth-Heinemann, Oxford, 1986vol. 7.

78, 1114(1997). 18N, Bannovet al, Phys. Rev. B51, 9930(1995; N. Bannovet al.,
8. G. C. Rego and G. Kirczenow, Phys. Rev. L&tt, 232(1998. Phys. Status Solidi B83 131(1994.
9T. D. Krauss and F.W. Wise, Phys. Rev. Lé&t, 5102(1998. 195, Debald, T. Brandes, and B. Kram@npublishea

10M. s. Dresselhaus and P.C. Eklund, Adv. Ph&. 705 (2000. 20F. Renzoni and T. Brandes, Phys. Rev6® 245301(2001).
1R, Aguado and L. Kouwenhoven, Phys. Rev. Le4, 1986  21J. Schliemann, D. Loss, and A.H. MacDonald, Phys. Re%3B
(2000. 085311(2001.

041301-4



