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Abstract: This paper introduces optimization technique to design the optical pulse sequence
for the control of single spin dynamics in the Nitrogen-Vacancy color center, with controllable
phase and optical rotation angle in different pulses. By repeatedly pumping the uncoupled
ground state to the coupled excited states and dumping it back to the ground state, this method
utilizes the rich interactions among the excited states to equivalently control the spin dynamics
in the ground energy level. Based on the model identified in a recent experiment Bassett et al.
(2014), numerical simulation shows that arbitrarily precise control of the spin dynamics can be
achieved through our multi-optical-pulse control scheme, while the control speed is still kept at
the nanosecond scale.
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1. INTRODUCTION

Owing to its long coherence time of the hyperfine states
and strong interactions with both optical and magnetic
fields, Nitrogen-Vacancy color center in diamond (NV-
center) has become a promising candidate for the ap-
plications in quantum computation and communication
(Dutt et al. (2007); Childress and Hanson (2013)). In the
past years, microwave control protocols have been broadly
studied, including precise gate and state operations and
dynamical decoupling techniques (Zhao and Yin (2014)).
However, this control scheme is limited by its scalability
because the closely distributed centers can hardly be ad-
dressed individually by a microwave antenna. Recently,
the possibility of optical control has drawn much attention
from both theoretical and experimental aspects (Tamarat
et al. (2006)), where the laser can be focused on a very
small area with rather high resolution, and also provides a
straightforward means to prepare, manipulate, and mea-
sure a single electron spin state at the room temperature
(Jelezko et al. (2002)). For this reason, various all-optical
control protocols have been proposed to study the spin
state manipulation in NV-center (see Liu et al. (2010);
Hilser and Burkard (2012); Wang et al. (2014); Bassett
et al. (2014); Chu et al. (2015); Gao et al. (2015)), and
our research is an attempt to explore the limit of the speed
and precision for the all-optical control scheme.

To manipulate the spin state dynamics in the ground
energy level, one way in the all-optical control category
is called the Stimulated Raman Adiabatic Passage scheme
(STIRAP), which is implemented by slowly adjusting the
amplitudes of the two added optical fields (the coupling
field and the probe field) and takes advantage of the
quantum coherence. Due to the stability of the dark state,
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Fig. 1. Schematic of the optical pump-dump control pro-
cess, which equivalently controls the ground spin state
from |G, 0〉 into |G,+1〉.

this scheme is showed rather robust to potential noises
both in the optical field and in the environment. However,
the control speed of STIRAP is largely limited by the
adiabatic condition. Another way is called the Pump-
Dump scheme, which is implemented by applying two
ultrafast optical pulses and takes advantage of the rich
spin-spin interactions in the excited energy level. Though
faster than the former scheme, it achieves a satisfactory
control precision only when the two optical pulses can be
precisely generated. Also, the corresponding Hamiltonian
would be rather complex that one can hardly find an
analytical solution for the whole system.

To improve the performance of the pump-dump scheme,
more control variables should be introduced such as the
phase and number of the optical pulses. On the one
hand, these new degrees of control freedom may alter the
controllability of the pump-dump scheme, and improve the
control precision once limited by the optical rotation angle.
On the other hand, a well tailored multi-pulse control
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Table 1. Hamiltonian Parameters

Parameter Value

GS spin-spin DGS 2π × 2.877GHz
GS g-factor gGS 2.0028

Axial spin-spin DES 2π × 1.44GHz
Axial g-factor gES 2.15
Axial spin-orbit λ 2π × 5.33GHz

Orbit magnetic moment Lz 0.05
Transverse strain δ 2π × 6.72GHz
Strain angle αs -0.08 rad
XY spin-spin ∆1 2π × 1.541GHz
XZ spin-spin ∆2 2π × 154Mhz

Axial field Bz 108.88 G
Bohr magneton µB 5.788×10−9 eV·G−1

Reduced Planck constant h̄ 6.582×10−16 eV·s

scheme can be demonstrated to have as equal as, if not
less than, the control time of the pump-dump scheme. In
this regards, exploring the possibility of the multi-pulse
control scheme can be very essential to the study of fast
and precise control in NV-center.

Because the excited state structure is very complex, we
introduce the optimization technique to design the optical
pulse sequence. A similar multi-pulse control strategy can
be traced to Uhrig Dynamical Decoupling (UDD), where
a π-pulse sequence is proposed to protect the quantum
state from the environmental influences (J. Biercuk et al.
(2009)). However, our method is not limited to the π-
pulse sitution, which is fundamentally different with UDD
from the problem statement to the analysis procedure.
Also, our approach reveals many new aspects of the
all-optical control process, including the controllability,
control precision, and efficiency of energy use, which have
not yet been explored in the NV-center control system.
In the rest of the paper, we introduce the control model
in Sec. 2, and illustrate the multi-pulse optical control
scheme in Sec. 3. In Sec. 4, we introduce the optimization
method to construct the pulse sequence, test its control
performance, and analyze factors that may influence the
result. Finally, we draw conclusions in Sec. 5.

2. CONTROL MODEL OF A NV-CENTER IN
STRAINED DIAMOND

In this section, we introduce the control model of the all-
optical control scheme, which can be divided into the free
evolution and the optical manipulation steps according to
whether the optical pulse is off or on.

2.1 Free evolution

The free evolution process can be described by the time-
dependent Schrödinger equation

ih̄
∂

∂t
|Ψ〉 = H0|Ψ〉, (1)

where |Ψ〉 is the state of the NV-center. According to
Bassett et al. (2014), the Hamiltonian of the NV-center
can be written as an 9× 9 dimensional Hermitian matrix

H0 =

[
Hgs

Hes

]
, (2)

where we have chosen the basis as the direct product-
between the orbital states {|G〉, |X〉, |Y 〉} 1 and the spin
states {| − 1〉, |0〉, | + 1〉}. Under the influence of an axial
static magnetic field Bz, the ground-state Hamiltonian can
be written as

Hgs = DgsS
2
z + ggsω0Sz, (3)

and the excited-state Hamiltonian with transverse strain
as

Hes =−λσySz + ω0(gesI2 ⊗ Sz + Lzσy ⊗ I3)

+δ[− cos (αs)σz + sin (αs)σx]⊗ I3

+[I2 ⊗Des(S
2
z − 2/3)− ∆1

4
(σ−S

2
+ + σ+S

2
−)

+
∆2

2
√
2
(σ+{S+, Sz}+ σ−{S−, Sz})], (4)

where ⊗ is Kronecker product, σx,y,z are standard Pauli
operators, σ± = σz ± iσx; Sx,y,z are spin-1 operators,
S± = Sx ± iSy. The value and meaning of remainder can
be found in Tab. 1.

2.2 Optical manipulation

The influence of an optical pulse is described by an unitary
operator P (θ, φ) which transforms the system from state
|Ψ〉 to the new state P |Ψ〉. This operator couples the
ground state |G〉 to the orbital state |E〉 = −εy|X〉+εx|Y 〉,
whereas leaving the orthogonal state |E′〉 = ε∗x|X〉+ε∗y|Y 〉
unchanged:

P (θ, φ) = |E′〉〈E′|+ cos (
θ

2
)(|E〉〈E|+ |G〉〈G|)

+ sin (
θ

2
)(eiφ|E〉〈G| − e−iφ|G〉〈E|), (5)

where εx = cosαE cosβE − i sinαE sinβE and εy =
sinαE cosβE + i cosαE sinβE , with αE being the linearly-
polarized component in the NV-center’s (x,y)-plane and
βE ∈ [−π/4, π/4] being the ellipticity (βE = 0 stands for
linear and βE = ±π/4 for circular polarization). θ ∈ [0, π]
is called the optical rotation angle, φ ∈ [0, 2π] is the pulse
phase. For each optical pulse, P (θ, φ) transfers the ground
(excited) states partially to the excited (ground) states,
in which the transition percentage is described by θ. In
particular, θ = 0 stands for no transition and θ = π for
full transition.

3. THE ALL-OPTICAL MULTI-PULSE CONTROL
SCHEME

Since the ground states of the NV-center can be easily
initialized and measured, and are more stable than the
excited states, precise control among different ground spin
states |G, 0〉, |G,−1〉, and |G,+1〉 is of most importance
to the potential application of NV-center. Because that
the Hamiltonian contains no interaction among the ground
spin states, a transverse oscillating microwave field is
usually needed to couple these states. Alternatively, the
all-optical control scheme pumps the ground states into
the excited states, and takes advantage of the spin-spin
and spin-orbit interactions among them to change the spin
1 where |G〉 is the ground state, |X〉 and |Y 〉 are excited states
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