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Indirect spin dephasing via charge-state decoherence in optical control schemes in quantum dots
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We demonstrate that an optically driven spin of a carrier in a quantum dot undergoes indirect dephasing via
conditional optically induced charge evolution even in the absence of any direct interaction between the spin
and its environment. A generic model for the indirect dephasing with a three-component system with spin,
charge, and reservoir is proposed. This indirect decoherence channel is studied for the optical spin manipulation in a quantum dot with a microscopic description of the charge-phonon interaction taking into account its
non-Markovian nature.
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I. INTRODUCTION

The idea of using quantum dots 共QDs兲 for quantum computer implementations follows from the possibility of a clear
selection of a two-level system on which a qubit can be
realized 关1兴. To this end, both charge and spin states of confined carriers are employed, where the latter is preferable,
since spin states are generally more resistant to decoherence
processes. Moreover, it is possible to exploit the charge evolution dependent on spin 共via selection rules and Pauli exclusion principle兲 in order to manipulate the spin by optical
means 关2–5兴 on picosecond time scales, that is, much faster
than previously proposed magnetic or electrical control.
Many spin control schemes in such hybrid systems which
use off-resonant interband excitations together with stimulated Raman adiabatic passage 共STIRAP兲 processes 关6兴, adiabatic 关7兴 and fast 关8,9兴 evolution within trapped states in ⌳ or
four-level 关10兴 systems have been proposed. These hybrid
systems are considered now as the most promising candidates for QD-based quantum computers since during the millisecond spin decoherence time 关11兴 it is possible to perform
about 109 optical quantum gates. Optical rotation of a single
spin performed via picosecond laser pulses with the optical
Stark effect as the operative mechanism was recently experimentally demonstrated 关12兴. This pioneering experiment
showed that fast optical spin control is feasible and the current task is to thoroughly study the decoherence mechanisms
that limit the fidelity of the achieved quantum control. The
fundamental question is whether the spin degrees of freedom
are indeed affected by decoherence mechanisms to a smaller
degree than the charge ones and what constitutes their main
dephasing channel.
In this paper, we show that the spin state of a confined
carrier can undergo dephasing even in the absence of spinreservoir coupling if the spin rotation is achieved by a conditional evolution induced on the orbital degrees of freedom,
as is the case in an optical control scheme. Although the
dynamical details of this dephasing process depend on the
specific implementation, the fundamental idea of the indirect
dephasing can be understood with the help of a “generic
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model” of a three-component system: the carrier spin, its
orbital state, and the reservoir. We show that this additional
decoherence channel occurs on comparable or even shorter
time scales than the spin precession and trion decay during
the optical manipulation. Thus, it may constitute the main
source of imperfections of the optical spin rotations. This
shows that phonon-induced dephasing should be included in
the analysis of optical spin control schemes even though the
commonly studied decoherence mechanism related to the
material dependent spin-orbit coupling leads to very small
errors for short gates 关11兴 and indeed can be neglected.
The paper is organized as follows. In Sec. II, a generic
model describing the indirect spin dephasing is introduced.
Next, in Sec. III, we present the model for the specific optical
spin control protocol in a single QD. Section IV describes
decoherence processes resulting from carrier-phonon coupling. Section V concludes the paper with final remarks.
II. INDIRECT DEPHASING

The idea of optical spin rotation is based on a spindependent evolution of the charge, which finally brings it to
the original state, up to an additional phase accumulated during the evolution. Let the initial state be 兩共t0兲典 = 共␣兩0典s
+ ␤兩1典s兲 丢 兩0典c, where the components refer to spin 共s兲 and
charge 共c兲 states, respectively. The ideal evolution then has
the form
兩id共t兲典 = ␣兩0典s 丢 兩0典c + ␤兩1典s 丢 关共t兲兩0典c + 共t兲兩1典c兴,
where, at the final time t1, 共t1兲 = ei and 共t1兲 = 0. Typically,
the occupation of the excited charge state is kept small,
兩共t兲兩 Ⰶ 兩共t兲兩. This evolution realizes a rotation of the spin by
an angle  around the axis defined by the states 兩0典s , 兩1典s,
which may be selected at will using selection rules and appropriate pulse phases and polarizations.
While the interaction between the spin and the environment is very weak, there is much stronger scattering of the
reservoir quanta on the charge excitation, inducing, in a
static situation, the usual phase damping channel on the
charge subsystem. In the present case, when the charge state
performs a conditional loop in its Hilbert space, the transient
occupation of the excited charge state leads to the accumulated scattering amplitude 共in the leading order in  and ⑀兲,
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w = i⑀

冕

t1

dt兩共t兲兩2 ,

t0

where 兩⑀兩2 is proportional to the scattering rate and we assume that the reservoir quanta are nonresonant with the transitions between the charge states 共otherwise, additional leakage out of the computational subspace appears兲. The final
state of the three-component system is therefore
兩ac共t1兲典 = ␣兩0典s 丢 兩0典c 丢 兩0典e + ei␤兩1典s 丢 兩0典c
丢

共冑1 − 兩w兩2兩0典e + w兩1典e兲,

FIG. 1. 共Color online兲 ⌳ system in a single quantum dot.

where the last component 共e兲 represents the environment
states. Thus, the charge state separates but the spin state becomes entangled with the environment. Tracing out the
charge and environment degrees of freedom one arrives at
the operator sum representation for the effect of the imperfect rotation on the spin state,
1

ac =

兺 M idM  ,

=0

with M 0 = 兩0典ss具0兩 + 冑1 − 兩w兩2兩1典ss具1兩, M 1 = 兩w兩兩1典ss具1兩. In this
way, the coupling between the orbital degrees of freedom
and the reservoir has induced an indirect phase damping
channel on the spin qubit 共in the gate-dependent basis
兩0典s , 兩1典s兲, analogous to the indirect measurement scheme
关13兴 with the spin, charge, and environment playing the roles
of the quantum object, quantum probe, and measurement device, respectively.
In the following, we study in detail the indirect dephasing
process for a specific optical spin control protocol 关9兴, including the microscopic description of the interaction between charges and their phonon reservoir as well as the nonMarkovian nature of the latter. We show that this dephasing
process leads to considerable errors, much larger than those
induced by the spin-orbit coupling or hyperfine interaction
over the relatively short gate duration on the picosecond time
scale.
III. MODEL SYSTEM

The considered system consists of a single QD doped
with one electron. A magnetic field is applied in the x direction 共Voigt configuration兲 and generates Zeeman splittings
2e between the two electron spin states 兩x̄典 and 兩x典 with
fixed spin projection on the x axis equal to −1 / 2 and +1 / 2,
respectively. Analog for the trion spin states 兩Tx̄典 and 兩Tx典
with energy splitting 2h. These states are linear combinations of the electron 共兩z̄典 , 兩z典兲 and trion 共兩T̄典 , 兩T典兲 spin states
along the growth and optical axis z. Depending on the light
polarization, rotations about different axes are accomplished.
As shown in Ref. 关8兴, a rotation about the z axis is performed with off-resonant circularly polarized light which,
according to selection rules, couples the two spin states to
only one trion state. Thus, we deal with an evolution of a
three-level ⌳ system 共see Fig. 1兲. The control Hamiltonian,
including free carrier part and carrier-light interaction, reads

HC = e共兩z典具z̄兩 + 兩z̄典具z兩兲 + ⑀T兩T典具T兩 + ⍀z共t兲共eizt兩z典具T兩 + H.c.兲,
where the laser pulse couples only the one spin state 兩z典 and
a trion state 兩T典, whereas the orthogonal spin state 兩z̄典 is indirectly coupled via the magnetic field. After a passage of a
2 sech pulse, ⍀z共t兲 = ⍀z sech共zt兲, the state acquires a
phase, which, in consequence, leads to a spin rotation. The
angle of rotation, z = 2 arctan共z / ⌬z兲, is defined via the laser
bandwidth z and detuning of the laser from the transition
energy ⌬z = ⑀T − z. No population transfer to a trion state is
possible for z = ⍀z. The approximation made in this scheme
requires that the spin is considered to be frozen during the
pulse, i.e., z Ⰷ ␥, where ␥ = 2共e + h兲, which from the beginning imposes a limitation on driving conditions 共short
pulse durations especially for large Zeeman splittings兲.
The free phonon Hamiltonian has the form Hph
= 兺kបk␤†k␤k, where k is the phonon wave number and ␤†k
共␤k兲 is a phonon creation 共annihilation兲 operator with corresponding frequencies k. The Hamiltonian describing the interaction of the carriers with phonons reads
Hc−ph =

兺 兩n典具n⬘兩 兺k f nn⬘共k兲共␤k + ␤−k† 兲,

n,n⬘

where f nn⬘共k兲 are coupling elements and n = z , z̄ , T, and T̄.
The off-diagonal elements can be neglected due to energetic
reasons and low efficiency of direct phonon-assisted spin-flip
processes. Moreover, f zz共k兲 = f z̄z̄共k兲 since the orbital wave
functions are the same. Before the pulse is switched on, the
lattice is already in a new dressed equilibrium state 关14兴 due
to doping with one electron, and the phonon modes can be
redefined in terms of new operators bk = ␤k + f zz共k兲 / 共បk兲. In
the strong confinement regime, a trion state can be written in
a product form of electron and hole states. The resulting
carrier-phonon Hamiltonian is
†
Hc−ph = 兩T典具T兩 兺 FTT共k兲共bk + b−k
兲,
k

with the following deformation potential coupling element
between a trion and the phonon environment 关15兴
FTT共k兲 = f TT共k兲 − f zz共k兲 =

冑

បk
共De − Dh兲F共k兲.
2Vcl

Here,  = 5360 kg/ m3 is the crystal density, V is the normalization volume of the phonon modes, cl = 5150 m / s is the
longitudinal speed of sound, F共k兲 is the form factor reflect-
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FIG. 2. 共Color online兲 Phonon spectral density R共兲 at two temperatures and two spectral characteristics of the driving s1共兲 and
s2共兲 for  / 2 rotation about the z axis with detuning and pulse
bandwidth z = ⌬z = 2.6 meV.

ing the geometrical properties of the wave functions 关16兴,
and De 共Dh兲 is the deformation potential constant for electrons 共holes兲, where De − Dh = 8 eV. These parameters correspond to self-assembled InAs/GaAs quantum dots with the
electron and hole confinement in-plane equal to 4 nm and in
growth direction 1 nm.
IV. PHONON-INDUCED DECOHERENCE

To measure the quality of the operation on a qubit we use
the error of the quantum gate, ␦ = 1 − F2, defined as the loss
of fidelity F. The error is a difference between the ideal final
state 共without decoherence兲 and the actually achieved one
including the coupling to environment. Here, we consider the
interaction with phonon environment, however, the trion radiative coupling 共carrier-photon interaction兲 can be described
in the same manner. The effect of the interaction with the
phonon reservoir is calculated via the second order Born expansion of the density matrix evolution equation 共for details,
see Ref. 关15兴兲. The interaction with light is included exactly
and coupling to phonons is treated within a non-Markovian
perturbation theory. As a result, one can write the error of the
quantum gate as an overlap between two spectral functions
reflecting the properties of the two above interactions,

␦=

冕

dR共兲S共兲.

Here,
R共兲 =

nB + 1
兺 兩FTT共k兲兩2关␦共 − k兲 + ␦共 + k兲兴
ប2 k

is the phonon spectral density representing phonon emission
共 ⬎ 0兲 and absorption 共 ⬍ 0, nonzero only at finite temperature兲 processes 共see Fig. 2兲.
The spectral characteristics of the driving, S共兲, has as
many contributions as the dimension of the orthogonal
complement of the initial state. In the case of z rotation, there
are two contributions, S共兲 = s1共兲 + s2共兲 reflecting two
phonon-induced decoherence channels. One represents pure
dephasing mechanism and reads
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FIG. 3. 共Color online兲 Phonon-induced error contribution due to
共a兲 pure dephasing and 共b兲 phonon-assisted trion generation during
the  / 2 rotation about the z axis.
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where c = 共1 + i⌬z / z兲 / 2 and the time dependence is enclosed
in 共t兲 = 关tanh共zt兲 + 1兴 / 2. This function is always centered at
 = 0 共Fig. 2兲 and its width grows with growing pulse bandwidth and detuning. It results from the fact that the dynamical errors depend on the evolution speed, i.e., for a given
pulse duration only some phonon modes can follow the evolution adiabatically whereas the others relax contributing to
dephasing. The same applies to the second spectral function
s2共兲 = cos2


2

冏冕

dte−it

冉 冊冏

共− i兲 cⴱ

c
ⴱ  共1 − 兲 1 − ⴱ
c
c

2

,

but the center of this function is shifted to a negative frequency around detuning value  ⬇ −⌬z. This contribution
represents real transition and constitutes a decoherence channel referred to as the phonon-assisted trion generation.
The resulting phonon-induced errors during a  / 2 rotation about the z axis, averaged over all initial spin states, are
plotted in Fig. 3 as functions of detuning and bandwidth 共in
this case, ⌬z = z兲 at four different temperatures T. The first
contribution to the error resulting from pure dephasing effects 关Fig. 3共a兲兴 initially grows with growing detuning and
pulse bandwidth. For small pulse bandwidths, the evolution
is really slow and the relevant function s1共兲 is extremely
narrow covering only the diminishing part of the phonon
density at  ⬇ 0. Thus, the phonons are able to adiabatically
follow the change of the charge distribution and as a result
the decoherence is reduced. Unfortunately, the proposed
schemes require usually bandwidths much larger than Zeeman splitting and one cannot use the discussed bandwidth
sector with small errors. This error contribution reaches its
maximum value for ⌬z = z ⬇ 1.5 meV for all temperature
values, where the pure dephasing effects are most efficient
关s1共兲 is broad and covers the whole spectrum of phonons兴.
The second error due to phonon-assisted transitions to the
trion state is plotted in Fig. 3共b兲. In this case, the temperature
dependence is stronger, since the spectral characteristics are
centered at the negative frequency part of the phonon spectral density, which is strongly temperature dependent. Even
for small bandwidths at a relatively low temperature T
= 1 K, the error is larger than 10−4. At each temperature, the
maximum error is reached for the detuning corresponding to
the maximal value of the phonon density. The error dimin-
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FIG. 4. 共Color online兲 Total phonon-induced error for 共a兲 positive and 共b兲 negative detuning during the  / 2 rotation about the z
axis.

ishes for large detunings 共⬎50 meV兲 after the spectral characteristics reach the phonon cutoff, where the one-phonon
processes are not efficient.
The total phonon-induced error during the  / 2 rotation
about growth direction z is plotted in Fig. 4共a兲. To guarantee
the coherent control and reach small errors, one needs either
very small values of detunings and pulse bandwidth or very
large ones of a few tens of meV. Taking into account the
bandwidth limitation for typical Zeeman splitting of 0.1
meV, the available parameters lead to large gate errors even
at zero temperature. The only way to obtain desired small
errors is to use very large detunings and short pulse durations. However, under such conditions, many other decoherence channels such as resonant and off-resonant transitions
to higher states or interaction with optical phonons are likely
to appear. Moreover, this can lead to experimental difficulties, since large detunings require very strong pulses.
In order to perform a rotation about an arbitrary axis,
rotations about two orthogonal axes are needed, e.g., z and x,
and detunings above the energy gap may be needed. This
leads to much larger phonon-induced errors, since emission
processes become very important here. The total phononinduced error for negative detunings is plotted in Fig. 4共b兲.
Now, the spectral characteristics s2共兲 responsible for
phonon-assisted trion generation are centered at positive frequencies, where the phonon spectral density has much larger
values especially at low temperature. In this case, the errors
are up to 2 orders of magnitude larger in comparison with
those for positive detunings. For experimentally reasonable
values of detunings and pulse bandwidth, the error is always
larger than 10−2 and has the maximal value of ⬇10−1 for
⌬z = z ⬇ 1 meV.
The spin rotation about the x axis is realized via linearly
polarized x pulse. The relevant control Hamiltonian is

FIG. 5. 共Color online兲 4-level system in a single quantum
dot.
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FIG. 6. 共Color online兲 Total phonon-induced error for the  / 2
rotation about the x axis.

HCx = e共兩x典具x兩 − 兩x̄典具x̄兩兲 + ⑀T共−兲兩Tx典具Tx兩 + ⑀T共+兲兩Tx̄典具Tx̄兩
+ 关⍀x共t兲e−ixt共兩x典具Tx兩 + 兩x̄典具Tx̄兩兲 + H.c.兴,
where ⑀T共⫾兲 = ⑀T ⫾ h. In this case, all four levels participate in
the evolution 共see Fig. 5兲. In consequence, there are two
paths for phonon-assisted trion generation with two different
detunings. The resulting total phonon-induced gate error for
the  / 2 rotation about the x axis is shown in Fig. 6. One can
see, that already at T = 1 K, the error is always larger than
10−4 and grows with growing bandwidth.
Adding the individual errors, it is possible to estimate the
error of an arbitrary spin rotation. As we already discussed,
even for a rotation about one of the axes, it is impossible to
find driving conditions leading to errors smaller than 10−4,
thus for the y rotation the situation is even worse. Moreover,
the calculated errors for single-qubit gates provide an estimation for the two-qubit spin gates employing, for instance,
the electron hole exchange interaction in coupled QDs 关17兴.

V. DISCUSSION AND CONCLUSIONS

It has been shown that even in the absence of direct spinreservoir coupling, the spin state of a confined carrier is exposed to indirect dephasing through the entangling optically
induced charge evolution. We have proposed a model for this
indirect decoherence channel consisting of three components: spin, charge, and environment. As an illustration, the
optical spin manipulation in a single doped quantum dot has
been considered. It was shown that optical driving of such a
system leads to a strong dynamical response of the lattice
and to strong indirect dynamical phonon-induced decoherence channels for the spin degrees of freedom.
Finally, we compare the considered optical spin control
proposal with two previous schemes 关6,7兴. All of them use
single or double quantum dots doped with one additional
electron and the excitation of intermediate trion state. One of
them 关6兴 makes use of STIRAP and is implemented in a
double quantum dot. The main limitations of this proposal
are slow adiabatic evolution requirement and necessity of
electron transfer between two QDs and the delocalized hole
state. The second one 关7兴 is implemented in a single QD so
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assisted by phonons and up to 2 orders of magnitude larger
than the errors resulting from trion radiative decay 关15兴.
Moreover, these dynamical phonon-induced processes are
most efficient exactly on the time scales for the proposed and
demonstrated optical spin rotations. Therefore, in order to
overcome the phonon-induced indirect spin dephasing one
should avoid such detunings and time scales. Another idea is
to reduce the dephasing by means of collective encoding of
quantum information in QD arrays 关19,20兴. Pulse optimization may also lead to error reduction 关21–23兴.

that the two latter constrains are overcome. However, the
evolution still has to be adiabatic. The proposal considered in
this paper prevails over all the limitations discussed above,
since the optical rotation is performed by means of fast laser
pulses. However, this leads to larger phonon-induced errors
␦ ⬎ 10−3 even at low temperature, whereas the errors in the
case of adiabatic evolution 关15,18兴 are at least 1 order of
magnitude smaller ␦ ⬍ 10−4. On the other hand, the fast evolution leads to smaller errors resulting from carrier-photon
interaction. The trion state is excited only for a short moment, thus the probability of its radiative decay is low 关15兴.
All in all, the fast optical spin rotation analyzed here possesses many advantages in comparison with the other two
proposals, however, the dynamical phonon-induced indirect
spin dephasing is in this case much stronger.
The phonon-induced decoherence processes may in many
cases constitute the dominant source of errors, since they are
much more efficient than those due to spin-orbit mechanism
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