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We show that singlet-triplet superpositions of two-electron spin states in a double quantum dot undergo a
phonon-induced pure dephasing which relies only on the tunnel coupling between the dots and on the Pauli-
exclusion principle. As such, this dephasing process is independent of spin-orbit coupling or hyperfine inter-
actions. The physical mechanism behind the dephasing is elastic phonon scattering, which persists to much
lower temperatures than real phonon-induced transitions. Quantitative calculations performed for a lateral
GaAs/AlGaAs gate-defined double quantum dot yield microsecond dephasing times at sub-Kelvin tempera-
tures, which is consistent with experimental observations.
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I. INTRODUCTION

The idea of encoding quantum information in spin states
of electrons confined in quantum dots �QDs� is considered to
be one of the most promising approaches to solid-state quan-
tum computing. The original proposal of using single spins
as quantum bits1 was followed by more sophisticated con-
cepts in which a logical qubit was to be coded in a system of
a few spins.2,3 A class of proposed implementations uses
two-spin states in double QDs �DQDs�, assigning the quan-
tum logical values to singlet and triplet spin
configurations.4–6 State-of-the-art experimental techniques
allow one to manipulate spin states of two electrons in a
lateral, gate-defined DQD on time scales of hundreds of
nanoseconds,7,8 which has led to a renewed interest in factors
that limit spin coherence.

From the point of view of coherent quantum applications,
two kinds of decoherence are of interest. One is spin relax-
ation �thermalization of occupations� between the selected
basis states �qubit states�. The other one is dephasing of su-
perpositions made of these states. Such a process, often re-
ferred to as pure dephasing, does not affect the occupations
of the qubit basis states, thus conserving the classical infor-
mation encoded in the system. However, by destroying quan-
tum coherence, it degrades the quantum bit to a classical one
and hence is detrimental for quantum information storage or
processing. Moreover, if the system is initially prepared in a
superposition of the basis states, the pure dephasing process
will lead to a decay of this state. For a single electron �where
the qubit states are usually associated with the Zeeman lev-
els�, this is equivalent to a decay of transverse components of
the spin.9

Experimental results show that spin-relaxation time be-
tween the Zeeman levels can be as long as milliseconds.10–12

Similar values are obtained for relaxation of singlet-triplet
superpositions in two-electron systems in double dots.13,14

The triplet-singlet relaxation rate rapidly decreases already
when the magnetic field reaches 0.1 T.13 Experimentally ob-
served spin decoherence can be accounted for by theoretical
models based on hyperfine coupling to the magnetic mo-
ments of lattice ions.15–20 At higher fields, when the electron

Zeeman splitting becomes much larger than the nuclear one,
also phonon-assisted processes become important for spin
relaxation. The latter may either result from an interplay of
hyperfine and carrier-phonon interactions15 or are mediated
by the spin-orbit coupling.21–26 In a nearly degenerate
singlet-triplet system, the hyperfine decoherence channel is
predicted to persist even at strong magnetic fields.27

In strong contrast to these long relaxation times, the phase
coherence observed in experiments decays many orders of
magnitude faster. Time-averaged coherence times �T2

�� down
to tens of nanoseconds have been observed,8,28 while apply-
ing coherent control techniques yields an estimate of the in-
trinsic value on the order of a microsecond.8

In this paper, we show theoretically that an efficient pure
dephasing channel is always present in systems of two-
electron spins localized in coupled semiconductor QDs. This
channel results solely from the charge-phonon interaction in
the presence of interdot tunnel coupling and is essentially
due to the distinguishability of singlet and triplet states via
Pauli blocking of certain transitions in the triplet case. The
key feature of this decoherence process is that it does not
require any spin-environment interaction and relies only on
the mechanisms �tunnel coupling and the Pauli principle�
that are essential for the implementation of quantum gates. In
particular, it appears also in materials with negligible spin-
orbit and hyperfine couplings and is essentially independent
of the magnetic field.

The paper is organized as follows. In Sec. II, we qualita-
tively explain the mechanism of dephasing. Next, in Sec. III
we define the model to be studied and in Sec. IV we discuss
its dynamics and derive the dephasing rates. The results are
presented and discussed in Sec. V. Section VI concludes the
paper.

II. COLLISIONAL DEPHASING MECHANISM

Qualitatively, in the lowest-energy state of the two-
electron system, each dot is occupied by a single electron.
The spin configuration of the system may then be either sin-
glet or triplet. In the former case, the orbital �spatial� wave
function is symmetric and a transition to a doubly occupied
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state is possible.29 This is forbidden by Pauli exclusion in the
triplet configuration with an antisymmetric orbital part. Such
transitions are inefficient at sub-Kelvin temperatures because
the doubly occupied state has a higher energy and the occu-
pation of the required phonon states is negligible. However, a
two-phonon process is still possible, in which the absorption
of a phonon is followed by the re-emission of another
one.30,31 In such a process, the doubly occupied state is in-
volved only “virtually” and energy conservation requires
only that the two phonons have the same energy �that is, the
scattering is elastic� but this energy can be arbitrary. There-
fore, even at low temperatures, phonons scatter on a DQD in
the singlet state, while a DQD in the triplet state is transpar-
ent to phonons. In this way, the singlet and triplet states can
be distinguished by the macroscopic environment and each
scattering event builds up correlation between the spin sys-
tem and the crystal lattice. This distinguishability leads to
pure dephasing of any singlet-triplet superposition, in some
sense analogous to the “collisional decoherence” of the or-
bital degrees of freedom.32,33 Although the intensity of this
process drops down at low temperatures because of decreas-
ing two-phonon spectral density at low frequencies, the tem-
perature dependence is only polynomial �as opposed to ex-
ponential suppression of real transitions�. As we will show, at
sub-Kelvin temperatures, at which spin coherent control ex-
periments on DQDs are performed, the two-phonon process
can still lead to pure dephasing times as low as tens or hun-
dreds of microseconds.

As the discussed process is phonon-assisted it is charac-
terized by a large degree of irreversibility. This follows from
the dispersive nature of the phonon reservoir which results in
correlations with a macroscopic number of uncontrollable
lattice degrees of freedom built up over the typical memory
time of a phonon bath, which is on the order of a few pico-
seconds.

III. MODEL

In order to quantitatively estimate the effect of the
dephasing process discussed above we consider two elec-
trons in laterally coupled quantum dots interacting with a
phonon reservoir. The dots are considered identical and the
model is restricted to the ground state in each dot. This sim-
plifying assumption strictly holds only when the Coulomb
interaction between two electrons in a single dot is smaller
than the single-particle excitation energy. Otherwise, virtual
transitions to excited states would provide another scattering
channel. However, such scattering takes place both in the
singlet and triplet states and can only yield distinguishability
information due to the small exchange-related energy shifts
between the relevant states and to the slight difference be-
tween the carrier densities in the lowest singlet and triplet
states. Thus, in general, the scattering via excited single-
particle states might lead to quantitative corrections to our
results but it should not be expected to dominate the contri-
bution from the channel described in Sec. II.

The Hamiltonian of the system is therefore

H = HDQD + Hph + Hint.

The first term describes the electrons and has the form

HDQD = − t1�
s

�aLs
† aRs + H.c.� +

1

2�
s,s�

�
i,j,k,l

Vijklais
† ajs�

† aks�als,

�1�

where ais ,ais
† are the electron annihilation and creation op-

erators with i=L,R denoting the left and right dot, respec-
tively, and s= ↑ ,↓ labeling the spin orientation. The first
term in Eq. �1� accounts for single-particle interdot tunnel-
ing. The second term describes the Coulomb interaction,
with Vijkl=Vjilk=Vklij =Vlkji �the wave functions may be cho-
sen such that the matrix elements are real�. For identical QDs
the Coulomb matrix elements are also invariant under the
interchange of the dots, L↔R. Among the Coulomb terms,
VLRRL=VRLLR�U1 and VLLLL=VRRRR�U2 are the energies
of the singly and doubly charged configurations, VLRLR
=VRLRL�EX are exchange energies, VLLRR=VRRLL� tC2 is
the coupling between the doubly charged configurations,
while VRLLL and equivalent terms account for the coupling
between the singly and doubly charged configurations and
will be denoted by tC.

The Hamiltonian of the phonon reservoir is given by

Hph = �
k,�

��k,�bk,�
† bk,�,

where bk,� ,bk,�
† are phonon annihilation and creation opera-

tors for a phonon from a branch � with a wave vector k and
��k,� are the corresponding energies.

Since we formulate the model in terms of states localized
in individual dots the overlap of the corresponding single-
particle wave functions is negligible and the off-diagonal
phonon couplings �transferring the electrons between the
dots� vanish. The electron-phonon interaction is therefore de-
scribed by

Hint = �
s,i

�
k,�

Fi
����k�ais

† ais�bk,� + b−k,�
† � ,

where

FL/R
��� �k� = F����k�e�ikxD/2

are coupling constants and D is the interdot distance. We
include the deformation potential and piezoelectric cou-
plings. The coupling constants for the longitudinal ��=l� and
transverse ��= t1,2� acoustic-phonon branches are,
respectively,34,35

F�l��k� =� �

2�cv�k,l
��k − i

de

�0�s
Ml�k̂��F�k�

and

F�t1,t2��k� = − i� �

2�cv�k,t

de

�0�s
Mt1,t2

�k̂�F�k� ,

where e denotes the electron charge, �c is the crystal density,
v is the normalization volume for the phonon modes, d is the
piezoelectric constant, �0 is the vacuum permittivity, �s is the
static relative dielectric constant, and � is the deformation
potential constant. The functions M� depend on the orienta-
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tion of the phonon wave vector.34,35 For the zinc-blende
structure they are given by

M��k̂� = 2�k̂xk̂y�ê�,k�z + k̂yk̂z�ê�,k�x + k̂zk̂x�ê�,k�y	 ,

where k̂=k /k and ê�,k are unit polarization vectors. The form
factors F�k� depend on the wave-function geometry and are
given by

F�k� =
 d3r���r�eik·r��r� ,

where ��r� is the envelope wave function of an electron
centered at r=0.

We will use the basis composed of the three triplet states

��1,1�Ts� = aLs
† aRs

† �0�, s = ↑,↓ ,

��1,1�T0� =
aL↑

† aR↓
† − aR↑

† aL↓
†

�2
�0�

and the three singlet states

�� � �S� =
��2,0�S� � ��0,2�S�

�2
=

�aL↑
† aL↓

† � aR↑
† aR↓

† �
�2

�0� ,

��1,1�S� =
aL↑

† aR↓
† + aR↑

† aL↓
†

�2
�0� .

The triplet states and the ��1,1�S� singlet involve electrons
occupying separate QDs and, therefore, have lower energies
than the other two singlet states.

The eigenstates of the Hamiltonian HDQD are the three
triplets with the energy U1−EX, the singlet ��−�S� with the
energy E�−�S=U2− tC2, and the two states

�S+� =
1

�1 + 	2
���+ �S� + 	��1,1�S�	 ,

�S−� =
1

�1 + 	2
���1,1�S� − 	��+ �S�	 ,

where

	 =
2�2t

U + �U2 + 8t2

with the eigenenergies E�= Ē��U2+8t2 /2. Here Ē= �U2
+ tC2+U1+EX� /2, U=U2+ tC2−U1−EX, and t=�2�tC− t1�. In
the weak tunneling regime, t
U, one has 	
1 and �S+�

��+�S�, �S−�
��1,1�S�. The degenerate triplet states and
the singlet state �S−� are the lowest-energy states. In the fol-
lowing, phase decoherence of a superposition of the �S−� sin-
glet state and one of the triplet states is investigated.

Since the electron-phonon interaction conserves spin, the
singlet state �S−� is not coupled by phonon-assisted transi-
tions to the triplet states. Calculation shows that �S−� is also
decoupled from �S+�, so the only nonzero off-diagonal matrix
element of Hint involving �S−� is

�S−�Hint��− �S� = −
2i	

�1 + 	2�
k,�

F����k�sin� kxD

2
��bk,� + b−k,�

† � .

For this coupling, the spectral density of the phonon reser-
voir �as defined, e.g., in Ref. 35� takes the form

R��� =
1

�2

4	2

1 + 	2�
k,�

�F����k��2sin2� kxD

2
�

���nk,� + 1���� − �k,�� + nk��� + �k,��	 , �2�

where nk,� is the Bose distribution.

IV. SYSTEM DYNAMICS AND DEPHASING RATES

The two-electron system is described by the reduced den-
sity matrix �DQD=TrR �, where TrR denotes the partial trace
over the reservoir degrees of freedom and � is the density
matrix of the complete system. Its evolution can be described
using the time-convolutionless �TCL� projection operator
method.36 For factorized initial conditions �pure initial state�,
the TCL master equation takes the form

d

dt
�P��t�	 = K�t�P��t� ,

where the projection operator P is defined by

P��t� = TrR ��t� � �R,

K�t� is the TCL generator, and �R is the density matrix of the
phonon reservoir at the thermal equilibrium. Expanding the
TCL generator up to the fourth order yields36

K�t� = �
n=1

4

Kn�t�

with K1�t�=K3�t�=0 and

K2�t� = 

0

t

dt1PL�t�L�t1�P , �3a�

K4�t� = 

0

t

dt1

0

t1

dt2

0

t2

dt3�PL�t�L�t1�L�t2�L�t3�P − PL�t�

��L�t1�PL�t2�L�t3� + L�t2�PL�t1�L�t3�

+ L�t3�PL�t1�L�t2�	P� , �3b�

where L�t� is the Liouville operator,

L�t���t�� = −
i

�
�Hint�t�,��t��	 .

The coherence between the low-energy singlet and any of
the triplet states is stored in the off-diagonal elements of the
DQD density matrix,

ri = �S−��DQD��1,1�Ti�, i = ↑,↓,0.

Upon explicitly evaluating the generators in Eqs. �3a� and
�3b�, the evolution equation for any of these singlet-triplet
off-diagonal elements can be written in the form
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dri

dt
= K�t�ri.

Here, we are interested in the loss of coherence, that is, in the
evolution of the modulus of ri. This is given by

d�ri�
dt

= Re K�t��ri� .

The function K�t� varies with time only for t
� / �kBT� �res-
ervoir memory time�, which is on the order of picoseconds.
Since the time scales relevant for the present discussion are
many orders of magnitude longer, we can safely use its long-
time �Markovian� limit K�K�t=+��. Then, K may be sepa-
rated into two parts K=K�1�+K�2�. The first term is

Re K�1� = − ��1 − ��R�− �0 − �E� ,

where ��0=E�−�S−E− is the energy difference between the
two relevant singlet states,

� = 

−�

�

d��R��0 − �� + R��0 + �� − 2R��0�
2�2

+
R��0 + �� + R�− �0 − ��

4�0�
−

R��0 − �� + R�− �0 + ��
4�0�

� ,

�E = 

−�

�

d��R��0 + �� + R�− �0 − ��
4�0�

−
R��0 − �� + R�− �0 + ��

4�0�
� ,

and the spectral density of the phonon reservoir R��� is
given by Eq. �2�. This term describes the Fermi golden rule
rate of real single-phonon transitions between the �S−� and
��−�S� states with fourth-order corrections due to phonon-
induced energy shifts and coupling renormalizations. The
second contribution is

Re K�2� =
�

2



−�

�

d��2R��0�R�− �0�
�2

−
R��0 − ��R�− �0 + �� + R��0 + ��R�− �0 − ��

�2

−
R��0 − ��R�− �0 + �� − R��0 + ��R�− �0 − ��

�0�
�

and accounts for the two-phonon elastic scattering process.

V. RESULTS

In the calculations, DQD geometry and material param-
eters are taken which correspond to lateral, gate-defined QDs
made in the two-dimensional electron gas of a doped GaAs/
AlGaAs interface heterostructure.7,35 Two-dimensional
Gaussian single-electron wave functions are used with
170 nm full width at half maximum of the probability
density. We set U=0.8 meV and use the material parameters
cl=5100 m /s, ct=2800 m /s, �s=13.2, d=0.16 C /m2,

�=−0.8 eV, and �c=5360 kg /m3. For simplicity, we use
GaAs bulk phonon modes.

The pure dephasing rates resulting from the two-phonon
�scattering� process are shown in Fig. 1�a� as a function of
temperature. Dephasing rates due to the single-phonon-
assisted transition for t=0.3 meV are shown in the same
figure for comparison. At low temperatures, at which experi-
ments on DQD ensembles are performed, the single-phonon
transition is suppressed. At these temperatures, the dominat-
ing decoherence mechanism is the elastic scattering. This
two-phonon process is much less influenced by decreasing
the temperature since it involves only a virtual transition to a
higher-energy �doubly charged� singlet state. The resulting
pure dephasing rates at sub-Kelvin temperatures are rela-
tively high, compared to experimentally achievable gate op-
eration times.7

Figure 1�b� shows the pure dephasing rates as a function
of the coupling parameter t. This parameter, which is also
crucial for unitary operations on the two-qubit system, af-
fects the dephasing rate via the energy difference between
the singlet states, ��0, and via the mixing parameter 	,
which enters the spectral density in Eq. �2�. Obviously, the
dephasing vanishes for uncoupled dots. However, for non-
zero coupling, the dephasing rate grows rapidly with t. One
can see that the dephasing rate increases as the distance be-
tween the dots D grows, which is a general feature of
scattering-induced dephasing.32,33

VI. CONCLUSION

We have shown that interdot tunneling and the Pauli prin-
ciple, which are necessary for two-spin quantum gate opera-
tion in two-electron DQDs, lead to pure dephasing of singlet-
triplet superpositions by elastic phonon scattering. Although
this process does not affect occupations of the singlet and
triplet states it irreversibly destroys the phase coherence of
quantum states by correlating the spin system with a macro-
scopic number of lattice degrees of freedom which cannot be
controlled in any way.

This dephasing process does not depend on any interac-
tions between spins and their environment and is therefore
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1

0 0.5 1 1.5 2 2.5 3

τ-1
[µ

s-1
]

T [K]
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0.1 meV

real transition

(a)

0 0.1 0.2 0.3 0.4 0.5
t [meV]
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0.5 K

(b)

FIG. 1. �Color online� Two-phonon-induced pure dephasing
rates: �a� As a function of temperature for different tunneling pa-
rameters. �b� As a function of the tunneling parameter for different
temperatures. Gray line in �a� shows the dephasing rates from
single-phonon transitions for t=0.3 meV. All solid lines correspond
to D=200 nm while the dashed lines in �b� show results for D
=300 nm.
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qualitatively different from the dephasing mechanisms dis-
cussed so far. Unlike single-phonon-assisted real transitions
between singlet states, which are suppressed at low tempera-
tures, the two-phonon elastic process remains non-negligible
in the sub-Kelvin range relevant for spin-coherent control
experiments on DQDs. For a gate-defined GaAs/InGaAs
DQD system, this process leads to dephasing rate on the
order of 10 �s at T=0.5 K. This is consistent with the rela-
tively short dephasing times found in experiments.7,8 The

elastic scattering mechanism does not depend on magnetic
field, in contrast to processes mediated by the spin-orbit and
hyperfine interactions.
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