
Vol. 130 (2016) ACTA PHYSICA POLONICA A No. 5

Proceedings of the 45th International School and Conference on the Physics of Semiconductors “Jaszowiec” 2016, Szczyrk

Carrier Spin Dephasing during Spin-Preserving Tunneling
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In this contribution we study carrier tunneling in a system consisting of a pair of coupled quantum dots.
We predict the presence of a spin dephasing channel in such a system, which is associated with a “welcher-weg”
type of decoherence process occurring during carrier tunneling. In our model such a process is caused by a mismatch
of g-factor values in two quantum dots in the presence of external magnetic field. This leads to a mismatch in
spin Zeeman splitting between the dots and, in consequence, to the distinguishability of phonons emitted during
the tunneling of carriers with opposite spins. Thus we demonstrate a process of spin dephasing without any direct
spin–environment coupling present in the model.
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1. Introduction

Understanding of spin dynamics in a system composed
of coupled quantum dots (QDs) is important due to its
potential for future use in spintronic devices, like spin
qubits and logic circuits [1], magnetic random access
memory [2], etc. One of the key requirements to be met
for a controlled use of spin states is the presence of a
deterministic and coherent spin initialization scheme for
a given physical system. Additionally, long life time of
spin carriers is desired, which made the class of doped
nanostructures of high interest and brought a proposi-
tion and realization of an optical initialization scheme
for such systems [3]. The scheme, based on the optical
coupling to the trion states has been, however, shown
to be intrinsically partially incoherent and, moreover, to
suffer from an unavoidable spin dephasing caused by the
phonon bath response to the carrier excitation during the
laser pulse [4]. In the view of this, systems of coupled
nanostructures [5], where spin-preserving tunneling can
be exploited to implement a spin-initialization scheme
based on exciton dissociation [6], become a promising
alternative.

In this paper we theoretically study phonon-mediated
tunneling of carriers between states localized in two ver-
tically stacked InGaAs/GaAs QDs in the presence of an
in-plane magnetic field. While the spin initialization via
exciton dissociation is in general a coherent process, we
show in this contribution that spin coherence is not pre-
served during carrier tunneling in an external magnetic
field if there is a misfit between g-factors in the QDs,
which affects the fidelity of the scheme. This decoherence
channel is present even in the absence of any direct cou-
pling between the spin degree of freedom and the phonon
bath. We deal here with a “welcher-weg” type of deco-
herence [7], where phonon bath “measures” the spin as
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the carrier tunnels, due to the difference in the emitted
phonon fields, depending on the spin orientation.

The paper is organized as follows. First, in Sect. 2 we
describe our model and explain carrier dynamics therein.
Then, in Sect. 3 we give a basic understanding of the
nature of the “welcher-weg” type of process occurring
in the system. Next, in Sect. 4 we present the results
and give their discussion. Finally, we conclude the paper
in Sect. 5.

2. Model

We model a carrier confined in a pair of vertically cou-
pled InGaAs/GaAs QDs, assumed to be in a known ini-
tial spin state, which is practically achievable due to the
optical selection rules. The system is in contact with an
acoustic phonon bath via the deformation potential cou-
pling. Additionally, the external electric field directed
along the growth axis as well as magnetic field oriented
perpendicularly are applied. We model the spin dynam-
ics using a Markovian master equation in the Redfield
form in a broad range of parameters, such as tempera-
ture, g-factors and energy levels in QDs, by solving the
equation numerically.

We formulate the model in a basis of states restricted to
the lowest energy states for a given location (top or bot-
tom QD) and spin orientation, i.e. {|1〉 , |2〉}⊗ {|↑〉 , |↓〉},
where |1/2〉 corresponds to the presence of the electron
in the first/second QD and |↑ / ↓〉 to the projection of its
spin on the z axis. For clarity and simplicity of calcula-
tions these states are modeled by Gaussians identical for
both spin orientations, Φ(r) = N exp

(
−x2+y2

2l2 − z2

2l2z

)
,

where l may serve as a measure of QD diameter, lz of
its height, and N is a normalization factor. This func-
tion is then shifted to be centered on one of the QDs, i.e.
Φ1/2(r) = Φ(r − r1/2), where r1/2 is the center of the
bottom/top QD.

The Hamiltonian of the system is
H = Hc ⊗ Iph + Ic ⊗Hph +Hc/ph, (1)
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where Hc is the carrier Hamiltonian, Hph is the phonon
bath Hamiltonian, Hc/ph is the carrier–phonon interac-
tion Hamiltonian and Ic/ph is an identity operator of rank
equal to the dimension of the carrier or phonon Hilbert
subspace, accordingly.

The carrier Hamiltonian Hc is defined as Hc = H0 +
Ht +HZ, where H0 =

∑2
i=1Ei |i〉 〈i| is the localized car-

rier energy, Ht = −t (|1〉 〈2|+ |2〉 〈1|) is the tunnel cou-
pling between coupled QDs with t being the coupling
strength, and HZ is the Zeeman Hamiltonian depending
on the external magnetic field B and the g-factors, gi,

HZ = −1

2
µBB

2∑
i=1

gi

[
δ1,i 0

0 δ2,i

]
⊗ σi.

Here, σi is a vector of the Pauli matrices acting in the
subspace of the i-th dot.

Phonon bath is introduced by a standard bosonic
Hamiltonian Hph =

∑
k ~ωk

(
bk
†bk + 1

2

)
, with bk being

the annihilation operator for a phonon with frequency ωk.
The carrier–phonon interaction Hamiltonian is

Hc/ph =
∑
nm,k

Fnm(k)σnm

(
bk + b†−k

)
,

where Fnm(k) is the coupling constant and σnm =
|n〉 〈m|.

In further considerations we work in the basis of spatial
states that diagonalizes the tunnel coupling, {|+〉 , |−〉},
where + (–) stands for the higher (lower) energetic state.
We work in a regime of low tunnel coupling thus low spa-
tial mixing and these states may be treated as localized
in each of the QDs.

The dynamics of the system is described in the density
matrix formalism by a master equation in the Redfield
form [8] written in the interaction picture with respect
to H0 +Ht:

ρ̇c(t) = −π
∑
lkmn

Rlkmn(ωmn) (σlk(t)σmn(t)ρc(t)

−σmn(t)ρc(t)σlk(t)) + H.c., (2)
where Rlkmn(ω) are phonon spectral density functions
describing coupling strengths,

Rlkmn(ω) =

1

~2(2π)2
ω2

c3l

1∫
−1

duFlk(|ω|, u)F ∗nm(|ω|, u) |nB(ω) + 1| ,

where cl is speed of sound in the bulk material and nB
is the Bose–Einstein distribution. The physicality of the
master equation in this form may be proven by a trans-
formation, which brings it to the Lindblad form [9].

3. “Welcher-weg” type of decoherence

In Fig. 1 we present the energy structure of the model.
In the absence of the magnetic field spin states are degen-
erate; this degeneracy is lifted and the Zeeman splitting
∆EZ± is present in a non-zero field. In general this split-
ting may vary between QDs, hence the additional index
+ (−) is referring to the orbital eigenstate.

Fig. 1. Diagram of energy ladder in the model without
magnetic field and with a non-zero magnetic field, where
~ω and ~ω′ denote tunnelling transition energies for the
two spin orientations.

As a carrier tunnels between the states which differ in
energy, a phonon is released to compensate for the ex-
cess energy. In external magnetic field, the difference in
the Zeeman splittings due to the mismatch of g-factors in
the dots causes a difference in frequency between phonons
emitted during carrier tunneling between states, depend-
ing on the carrier spin orientation (see Fig. 1). Such
phonons could in general be distinguished, so they carry
some amount of information about the spin state of the
carrier. This is the cause of the “welcher-weg” type of
decoherence [7], where the phonon bath “measures” the
spin of the tunneling carrier. Spin coherence after tun-
neling depends therefore on the frequency domain over-
lap of phonon wave packets, which may be a measure of
the phonon distinguishability and thus of how strong the
measurement of spin was.

Fig. 2. Schematic showcase of phonon wave packet
overlap regimes in the frequency domain.

In Fig. 2 one can find a schematic presentation of three
regimes of a phonon wave packet overlap. If there is no
energy mismatch (case 1) the overlap is perfect, which
means full indistinguishability and there is no informa-
tion transfer to the bath, hence no coherence loss. If the
mismatch is small as compared to the spectral width of a
packet (case 2) overlap is not full and a partial decoher-
ence occurs. For a large mismatch (case 3) the overlap is
negligible which results in a full decoherence due to a pro-
jective measurement. The spectral width of the phonon
wave packet is inversely proportional to the tunneling
time τ .
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4. Results

A numerical solution of Eq. (2) gives a full information
about the evolution of the system, from which we ex-
tract time dependence of electron spin polarization with
respect to the z axis, namely the difference between oc-
cupations of spin-up and spin-down states, as our point
of interest. All results are obtained for B = 5 T from the
initial state ρ0 = |+ ↑〉 〈+ ↑|.

Fig. 3. Spin polarization oscillations in the second
(target) QD for three values of the g-factor ratio: 1
(black, squares), 1.1 (red, circles), and 2 (blue) at
T = 0 K.

We begin with the presentation (Fig. 3) of the spin
polarization oscillations in the target QD for the three
regimes of g-factor mismatch described in the previous
section. As expected, one observes here a fully coherent
buildup of spin polarization in the case of no mismatch
and a partial or full dephasing for a small or big g-factor
ratio, respectively. The additional low-amplitude high-
frequency oscillations are caused by the fact that we deal
with tunnelling between states which have non-zero tails
in opposite QDs.

To illustrate the dependence of the degree of discussed
dephasing on the g-factor mismatch we plot in Fig. 4 the
asymptotic value of spin coherence in the target QD as
a function of the g-factor ratio. We find a strong cor-
relation of the amount of coherence with the difference
between g-factors. The process is sensitive mostly in the
small g-factor mismatch regime, where even a small dif-
ference (≈ 10%) results in a reduction of spin coherence
by an order of magnitude. As the g-factor depends essen-
tially on the QD size and composition, which are both to
some extent random in the experiment, this may become
an important issue from the point of view of applications.

In Fig. 5 we present the decrease of spin decoherence
time with temperature. The approximately exponential
decay observed here results from an accumulated coher-
ence loss during repeated thermally activated tunnelling
between the QDs which occurs at T > 0 K.

Fig. 4. Preserved spin coherence after tunnelling as
function of g-factor ratio at T = 0 K.

Fig. 5. Spin decoherence time as a function of temper-
ature.

5. Conclusions

We have shown the presence of a “welcher-weg” type of
decoherence during the tunneling of a carrier between two
coupled quantum dots. The reported dephasing channel
is opened due to the mismatch in the Zeeman splittings
leading to the partial or full distinguishability of phonons
emitted during the tunneling of carriers with opposite
spin orientations. The effect is very sensitive to the g-
factor mismatch between coupled QDs. Additionally, we
have studied the impact of temperature, whose rise leads
to a higher rate of back-tunneling and as a result to the
accumulative dephasing.
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