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Optical nuclear spin polarization in quantum dots∗
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Hyperfine interaction between electron spin and randomly oriented nuclear spins is a key issue of electron coherence
for quantum information/computation. We propose an efficient way to establish high polarization of nuclear spins and
reduce the intrinsic nuclear spin fluctuations. Here, we polarize the nuclear spins in semiconductor quantum dot (QD) by
the coherent population trapping (CPT) and the electric dipole spin resonance (EDSR) induced by optical fields and ac
electric fields. By tuning the optical fields, we can obtain a powerful cooling background based on CPT for nuclear spin
polarization. The EDSR can enhance the spin flip–flop rate which may increase the cooling efficiency. With the help of
CPT and EDSR, an enhancement of 1300 times of the electron coherence time can be obtained after a 10-ns preparation
time.
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1. Introduction
The dynamics of nuclear spins in semiconductor quantum

dot (QD) and their coupling to electron spins is fundamentally
different from that in semiconductor bulk or quantum well
structures due to the increased fluctuations from the strong lo-
calization of the electron wave function. A single electron in
QD interacts with about 105 ∼ 106 nuclei and this interaction
has been identified as the main source of electron spin deco-
herence. However, its insensitivity to electron noise has been
also noted. Therefore, electron spin degrees of freedom are
widely considered to be promising candidates for storing in-
formation. The nuclear spin bath itself, with long nuclear spin
coherence time, could be turned into an asset, such as a re-
source for quantum computation and quantum memories.[1,2]

The manipulation of the nuclear spins will not only help us to
understand the fundamental physics, but also directly improve
the coherence time of electron spins.[3–7]

A number of experimental[8–10] and theoretical[11–16]

studies reveal that the predominant decoherence mechanism
in QD is the hyperfine coupling between the electron spin and
the nuclear spins in the host material. To suppress the decoher-
ence effects, one may either establish highly polarized nuclear
spin states or nuclear spin states with narrow distribution of the
polarization.[16] One basic approach to suppress the nuclear
spin fluctuation is the feedback control by coupling the nuclear
spins to a “background” of electron spin in specific configu-
ration. One effective way of preparing such electron “back-
ground” for cooling the nuclear spins is to use the coherent
population trapping (CPT), which is at the heart of a number
of key advances in quantum optics.[17–22] Two circularly polar-

ized laser fields/lights tuned to satisfy two-photon resonance
could be used to deterministically prepare a nuclear-spin envi-
ronment with ultranarrow Overhauser-field (OF) distribution
by using CPT.[23–26] In turn, polarized nuclear spins induce an
energy shift of the electron spin states, which can be described
as an effective magnetic (Overhauser) field. Under a large (ef-
fective) magnetic field, the direct electron–nuclear flip–flop
processes are strongly suppressed due to the large mismatch
in the electronic and nuclear Zeeman splitting, which reduces
the “cooling” efficiency.

In this paper we propose to use two optical fields to re-
alize CPT with fixed electron spin polarization, which leads
to highly polarized nuclear spin. In addition, we add an
ac electric field to realize electric dipole spin resonance
(EDSR),[27–30] which may increase the cooling efficiency by
compensating the energy difference of electron states with
different spins and enhancing the electron–nuclear spin flip–
flop rate. Compared with the electron-spin-resonance with
time-dependent magnetic field, the EDSR promises higher ef-
ficiency and strong local electric fields are easier to obtain than
strong local magnetic fields. The EDSR enhanced feedback
control of the nuclear spin bath (dynamical nuclear spin po-
larization) leads to interesting physics, such as the nontrivial
dependence on the static magnetic field, the new condition of
dark state, and the multiple ways to reach the dark state. By
the combination effects of the optical fields and the ac electric
fields, we are able to greatly prolong the electron spin deco-
herence time of 1300 times.
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2. Model and method
We explore the feedback control of the nuclear spin bath

in a semiconductor QD, which includes the nuclear spin states,
the Zeeman-split electron ground states and the negatively
charged exciton (trion) |t〉= | ↑↓⇑〉 (| ↑〉, | ↓〉, | ⇑〉 the electron
spin-up, spin-down states and heavy hole state with Jz′ = 3/2).
We manipulate the electron–nuclear dynamics by the optical
fields and an ac electric field. The lowest electronic states in
a QD formed in GaAs semiconductor are optically active un-
der σ+ circularly polarized excitation. |t〉= | ↑↓⇑〉 is the only
optically excited state (transitions to Jz′ =−3/2 are forbidden
due to the optical selection rules) (Fig. 1). The axis z is parallel
to the total magnetic field 𝐵tot, and the axes z and z′ enclose an
angle θ (θ is between 0∼ π). The magnetic field leads to the
states | ↑〉= | ↑〉z = cos(θ/2)| ↑〉z′ − sin(θ/2)| ↓〉z′ and | ↓〉=
| ↓〉z = cos(θ/2)| ↓〉z′+ sin(θ/2)| ↑〉z′ , with the corresponding
eigen-energies ∓(1/2)geµBBtot. The laser with frequency ωp

(ωc) leads to the transition | ↑〉 ↔ | ↑↓⇑〉 (| ↓〉 ↔ | ↑↓⇑〉) with
Rabi frequency Ωp = Ω 0

p cos(θ/2) [Ωc = Ω 0
c sin(θ/2)] and

detuning ∆1 (∆2), where Ω 0
p and Ω 0

c are the Rabi frequencies
between | ↑〉z′ ↔ | ↑↓⇑〉 without the magnetic field (the transi-
tion | ↓〉z′ ↔ | ↑↓⇑〉 is forbidden under σ+ circularly polarized
excitation due to the optical selection rules). In order to give a
clear analysis, we consider the case of Ω 0

p = Ω 0
c = Ω .
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Fig. 1. (color online) The energy level diagram of the system with a mag-
netic field 𝐵.

A large magnetic field in the order of Tesla is applied to
suppress the dipole interaction among nuclear spins.[7,31] The
large magnetic field 𝐵tot (including the external magnetic field
and the OF) results in an inefficient direct electron–nuclear
spin flip–flop process due to the large energy mismatch in the
electronic and nuclear Zeeman splitting (µB � µN). In other
words, for a large magnetic field, the coherent coupling be-
tween the electron spin states induced by the transverse com-
ponents of the (quasi-static) nuclear OF is suppressed.[23] Yet,
the ac electric field is helpful for the energy compensation and
may increase the electron–nuclear spin flip–flop rate. In the
absence of the ac electric field, the laser fields satisfying the
two-photon resonance condition (δ = ∆2−∆1 = 0) drive the
electron spin into dark state |D〉 ∝ Ωc| ↑〉 −Ωp| ↓〉 with the
population of state | ↑↓⇑〉 being zero.[24,25]

The Hamiltonian for the system of coupled electron spin-
nuclear spin is H = H0 +Hlaser +Hhf +Hel. Here

H0 =
h̄ωz

2
σ↓↓−

h̄ωz

2
σ↑↑+ h̄ωtσtt ,

with the operators σi j defined as σi j = |i〉〈 j|, i, j =↑,↓, t.
The laser fields are described by Hlaser = h̄(Ωcσ↓t e iωct +

Ωpσ↑t e iωpt)+ hc. The standard expression for the hyperfine
(HF) Hamiltonian is

Hhf = A∑
j

δ (𝑟−𝑟 j)(𝐼 j ·𝑠),

where the summation is performed over all nuclear spin 𝐼 j at
position 𝑟 j (for simplicity, the individual nuclear spin is as-
sumed to be spin-1/2), A is the average HF coupling constant
[A = 90 µeV for GaAs]. The last term

Hel = e𝐸̃(t) ·𝑟 = 𝑑cosωt

describes the potential energy of the electron, with a charge
(−e), in an in-plane driving electric field 𝐸̃⊥𝑧̂. One can show
that the term

Hel +Hhf = Hac +Hz
hf = ∑

k
gk(ŝ+Î−k e−iωt +h.c.)+AIPnuc,

where[29,32]

∑
k

gk ≡∑
k

A
𝑑

2
·∇|ψ(𝑟k)|2 ≡ h̄G,

with Pnuc = (N↑−N↓)/(N↑+N↓), N↑(↓) is the number of nu-
clei with spin up (spin down). The back action of nuclear
spins on the electron spin can be treated in the mean field
frame work, since there are about 105 nuclear spins around
an electron spin. In the rotating frame with the transformation
Ψ̃(t) =U(t)Ψ(t), U(t) = e−iωctσ↓↓+ e−iωptσ↑↑+σtt , we ne-
glect off-resonant terms and find

H̃ =− h̄
2

 δ −AIPnuc/h̄ Ge−i(ω+ωc−ωp)t Ωc

Ge(iω+ωc−ωp)t −δ +AIPnuc/h̄ Ωp

Ωc Ωp −∆

 ,

(1)
where ∆ = ∆1 +∆2. If we set Pnuc = 0 (the average nuclear
spin polarization is zero), ω ′ = ω −ωp +ωc = 0 and δ = δ0

with
δ0 =

G
2ΩcΩp

(Ω 2
c −Ω

2
p ) =−G · cotθ , (2)

then, as can be easily verified, the dark state |D〉 ∝ Ωc| ↑
〉−Ωp| ↓〉 is an eigenstate of Hamiltonian (1).[33] In general,
the nuclear spin polarization Pnuc 6= 0, then, the condition of
the dark state is

h̄δ = h̄δ
′
0 = AIPnuc + h̄δ0. (3)

The dynamics of our system may be described by the master
equation

ρ̇ = L ρ ≡ 1
ih̄
[H̃,ρ]+W ρ, (4)
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with the Hamiltonian H̃ in Eq. (1) and the dissipative term

W ρ = ∑
α=↑,↓

Γtα(2σαtρσtα −σttρ−ρσtt)/2

+ ∑
β=↓,t

γβ (2σββ ρσββ −σββ ρ−ρσββ )/2.

The rate Γtα describes the radiative decay of state |t〉 into state
α = | ↑〉, | ↓〉, while γβ is the pure dephasing rate of state
β = | ↓〉, |t〉 with respect to | ↑〉. The dynamics of the nu-
clear spins in QD is determined by the flip–flop interaction
and the nuclear spin relaxation due to the scattering between
nuclei. The time evolution of the nuclear spin polarization is
described by the equation

Ṗnuc = R↓,↑ρ↑−R↑,↓ρ↓−
Pnuc

τrelax
, (5)

where τrelax ≈ 100 µs is the phenomenological nuclear spin re-
laxation time,[31] and the spin–flip scattering rates Ri, j depend
on the different processes[34]

| ↑〉 → | ↓〉 ⇒ R↓,↑ =
[

1
τsf

][
1−Pnuc

2

]
, (6)

| ↓〉 → | ↑〉 ⇒ R↑,↓ =
[

1
τsf

][
1+Pnuc

2

]
. (7)

The transition rate can be calculated by Fermi golden rule:[
1

τsf

]
=

π h̄
2

G2 γ

γ2 +(−h̄δ +AIPnuc− h̄ω ′)2 , (8)

where the width γ ' 5 µeV is the electronic state lifetime
broadening. The time evolution of the systems are calculated
by the Runge–Kutta method.

3. Results and discussions
In this section, we present our results on the condition of

dark state and the dynamic of nuclear spins when we change
the direction of the magnetic field. The nuclear spin fluctu-
ation suppression modulated by the optical fields and the ac
electric field will be discussed in detail. In our system, the two
laser fields may generate an electron dark state of fixed elec-
tron spin components, which provides the nuclear spin cooling
background. The ac electric field leads to EDSR, which may
enhance the cooling efficiency by increasing the effective spin
flip–flop rate.

We first consider the electron dark state. Under the condi-
tion of the dark state, the electron spin arrives at the dark state
and the nuclear spin polarization reaches the value set by elec-
tron spin polarization in the long time limit. In other words,
Pnuc(t→∞) = (Ω 2

p −Ω 2
c )/(Ω

2
p +Ω 2

c ) = cosθ . Both the laser
fields and the ac electric field can control the electronic spin
state and nuclear spin polarization.

In general, the electron spin state population will change
with the rotation of the magnetic field as shown in Fig. 2(a).

It is clearly seen that the system reaches the dark state when
θ = π/4. In Fig. 2(b), we present the corresponding nuclear
spin polarization in long time limit. In the case of θ = π/4,
Ωp/Ωc = cot(π/8), i.e., Pnuc = cos(π/4) ' 0.707 (the peak
of Fig. 2(b)). It is noticeable that these parameters meet the
condition in Eq. (3). In other words, the nuclear spin polariza-
tion reaches the maximum value when the electron spin state
reaches the dark state especially in the case of large difference
between Ωp and Ωc. In the long time limit, the nuclear spin
polarization is completely determined by the cooling back-
ground, i.e., the electron spin state population.
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Fig. 2. (color online) (a) The occupation probabilities of states | ↓〉, | ↑〉, and
| ↓↑⇑〉 versus the angle θ when h̄G = 50 µeV. The lines with black squares,
red dots, and blue triangles are for states | ↓〉, | ↑〉, and | ↓↑⇑〉, respectively.
(b) The corresponding nuclear spin polarization after 10 µs. Other pa-
rameters are: h̄Ω = 100 µeV, h̄δ ′0 = −18.185 µeV, Γt↓ = Γt↑ = 0.5 ns−1,
γt = γ↓ = 0.001 ns−1, ∆ = 0.

Then, we analyze the condition of dark state versus the
Rabi frequency G induced by the ac electron field theoreti-
cally. Through the above analysis, we know that the θ should
fit the equation (h̄G = AI sinθ −δ ′0 tanθ ) to reach a dark state.
As shown in Fig. 3(a), there are three angles that fit the con-
dition of dark state for small h̄G. However, with the increase
of h̄G only one angle can reach the dark state. Due to differ-
ent angles corresponding to the different dark states, there are
three different nuclear spin polarizations for small h̄G, too.
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Fig. 3. (a) The angle θ versus the Rabi frequency G under the condition of
dark state. (b) The corresponding nuclear polarization in the long time limit.
Other parameters are the same as those in Fig. 2.
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Fig. 4. The nuclear polarization after a preparation time of 100 ns under the
condition of dark state. The parameters are the same as those in Fig. 3.

Figure 4 shows the nuclear spin polarization after a finite
preparation time of 100 ns. It is clearly seen that there is some
difference between Fig. 3(b) and Fig. 4. Figure 3(b) shows
the theoretical results in the long time limit. However, in the
actual situation, the nuclear spin polarization is determined by
both the cooling background and the cooling efficiency. For

very small h̄G, although the polarization of electron spin state
is high and the background is “cold” enough, the cooling ef-
ficiency is too low to highly polarize the nuclear spins (even
equal to zero in the case of h̄G = 0).

The very low nuclear spin polarization for very small h̄G
is due to the weak effective interaction between electron and
nuclear spins. But if the h̄G is too large (the cooling efficiency
is good enough), the polarization of electron spin states is not
too high (the background is not “cold” enough), which will
lead to rapid decline of nuclear spin polarization. Therefore,
there is an optimal h̄G for achieving a highly polarized nuclear
spin state.

Under experimentally achievable temperature, the nu-
clear spin orientation in a thermal distribution is highly ran-
dom because of its small energy scale. Thus, the config-
urations of the nuclear spin bath have large statistical fluc-
tuations, which give rise to a large inhomogeneous broad-
ening of statistical distribution of the nuclear spins. In a
large external magnetic field, the statistical fluctuations of
the nuclear spins give rise to pure dephasing of the elec-
tron spin. We assume a Gaussian distribution of the nuclear
spins f (Pnuc) = (

√
2πσ)−1 exp[−(Pnuc)

2/2σ2], with the width
σ = σ0 ∼ 1/I

√
N (plotted as the black thick line in Fig. 5). In

order to represent the fluctuation suppression efficiency, we
give the probability distribution of the nuclear spin polariza-
tion in Fig. 5. It is clearly seen that the probability density
of the distribution of the nuclear spin polarization does con-
form well to the Gaussian distribution with the width 1/1300
of σ0 (the thin blue line in Fig. 5). The electron spin coherence
time is quantified using the width of nuclear spin polarization
distribution (T ∗2,0 ∼ 1/σ ).[31] An enhancement of 1300 times
of the electron coherence time has been obtained after 10-ns
preparation time.
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Fig. 5. (color online) The probability distribution of nuclear spin polariza-
tion for h̄G= 50 µeV and θ = π/4. The black thick line represents the initial
Gaussian distribution. The line with red dots is the probability distribution
after a reparation time of 10 ns based on the numerical simulation. The
thin blue line is the Gaussian distribution with width σ = σ0/1300. Other
parameters are the same as those in Fig. 2.
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4. Conclusion
We have studied the electron spin-nuclear spin dynamics

in the presence of optical fields and ac electric fields, paying
particular attention to the dependence of the direction of the
static magnetic field. We have found the general condition of
dark state, which provides the efficient cooling background.
By using CPT (induced by the optical fields) and EDSR (in-
duced by the ac electron fields), we can have the electron spin
dark state and polarize the nuclear spins through the interac-
tion between electron spin and nuclear spins. We are able
to find the optimal condition to obtain the highly polarized
nuclear spins with much narrower distribution width. This
cooled nuclear spin background is very useful in the enhance-
ment of electron spin coherent time, which is at the forefront
of quantum computation and quantum information.[4–7]
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