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hybrid
 quantum systems

   information processing
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   sensing

Our exp. platform: 
color centers in 

diamond



• isolated defects (artificial atoms)
- robust optical interface
- localized spin with long coherence times

Color centers in diamond

ΔE

orbit/spin levels



I. Aharonovich and E. Neu, Adv. Optical Mater. (2014)

Color centers in diamond

Spectral map of diamond color centers

 

Spin manipulation of single centers demonstrated for NV, SiV, GeV 



NV center

  Isolated defect in diamond with electronic spin S = 1
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NV center

  Isolated defect in diamond with electronic spin S = 1
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Figure 4
Characteristics of the nitrogen-vacancy (NV) center. (a) Energy-level diagram of NV−. |g⟩ denotes the electronic ground state, |e⟩ the
electronic excited state, and |s ⟩the metastable singlet state. Wiggly arrows indicate the radiative transition, and black arrows indicate
strong and weak nonradiative decay via the singlet state. (Inset) The three spin sublevels with mS = 0 and mS = ±1 at zero and nonzero
magnetic field B. D is the zero-field splitting and 2γ B is the Zeeman splitting, where γ is the electron gyromagnetic ratio. By
convention, the lower energy transition is associated with ms = −1. (b) Photoluminescence spectrum of an ensemble of NV centers,
showing excitation laser (532 nm), the NV0 zero phonon line (575 nm), the NV− zero phonon line (638 nm), and NV− vibrational side
bands (630–800 nm). In typical experiments, nonresonant excitation at 532 nm is used, and luminescence is collected between 630 and
800 nm. (c) Time-resolved luminescence during a 2-µs laser pulse. The curves show histograms of photon counts for an NV center
excited out of the (blue) mS = 0 and (red ) m = ±1 spin state. (d,e) Electron paramagnetic resonance (EPR) spectrum of a single NV
center at zero and nonzero magnetic field, recorded using the optically detected magnetic resonance technique.
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Figure 4
Characteristics of the nitrogen-vacancy (NV) center. (a) Energy-level diagram of NV−. |g⟩ denotes the electronic ground state, |e⟩ the
electronic excited state, and |s ⟩the metastable singlet state. Wiggly arrows indicate the radiative transition, and black arrows indicate
strong and weak nonradiative decay via the singlet state. (Inset) The three spin sublevels with mS = 0 and mS = ±1 at zero and nonzero
magnetic field B. D is the zero-field splitting and 2γ B is the Zeeman splitting, where γ is the electron gyromagnetic ratio. By
convention, the lower energy transition is associated with ms = −1. (b) Photoluminescence spectrum of an ensemble of NV centers,
showing excitation laser (532 nm), the NV0 zero phonon line (575 nm), the NV− zero phonon line (638 nm), and NV− vibrational side
bands (630–800 nm). In typical experiments, nonresonant excitation at 532 nm is used, and luminescence is collected between 630 and
800 nm. (c) Time-resolved luminescence during a 2-µs laser pulse. The curves show histograms of photon counts for an NV center
excited out of the (blue) mS = 0 and (red ) m = ±1 spin state. (d,e) Electron paramagnetic resonance (EPR) spectrum of a single NV
center at zero and nonzero magnetic field, recorded using the optically detected magnetic resonance technique.
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Figure 4
Characteristics of the nitrogen-vacancy (NV) center. (a) Energy-level diagram of NV−. |g⟩ denotes the electronic ground state, |e⟩ the
electronic excited state, and |s ⟩the metastable singlet state. Wiggly arrows indicate the radiative transition, and black arrows indicate
strong and weak nonradiative decay via the singlet state. (Inset) The three spin sublevels with mS = 0 and mS = ±1 at zero and nonzero
magnetic field B. D is the zero-field splitting and 2γ B is the Zeeman splitting, where γ is the electron gyromagnetic ratio. By
convention, the lower energy transition is associated with ms = −1. (b) Photoluminescence spectrum of an ensemble of NV centers,
showing excitation laser (532 nm), the NV0 zero phonon line (575 nm), the NV− zero phonon line (638 nm), and NV− vibrational side
bands (630–800 nm). In typical experiments, nonresonant excitation at 532 nm is used, and luminescence is collected between 630 and
800 nm. (c) Time-resolved luminescence during a 2-µs laser pulse. The curves show histograms of photon counts for an NV center
excited out of the (blue) mS = 0 and (red ) m = ±1 spin state. (d,e) Electron paramagnetic resonance (EPR) spectrum of a single NV
center at zero and nonzero magnetic field, recorded using the optically detected magnetic resonance technique.
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• optical initialization and read-out
• spin manipulation with magnetic resonance tools
• long coherence time @ room temp. (ms)
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Single-spin NV magnetometer

Magnetic-field sensing by 
monitoring Zeeman frequency shift HZ ~ γe S . B 
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Characteristics of the nitrogen-vacancy (NV) center. (a) Energy-level diagram of NV−. |g⟩ denotes the electronic ground state, |e⟩ the
electronic excited state, and |s ⟩the metastable singlet state. Wiggly arrows indicate the radiative transition, and black arrows indicate
strong and weak nonradiative decay via the singlet state. (Inset) The three spin sublevels with mS = 0 and mS = ±1 at zero and nonzero
magnetic field B. D is the zero-field splitting and 2γ B is the Zeeman splitting, where γ is the electron gyromagnetic ratio. By
convention, the lower energy transition is associated with ms = −1. (b) Photoluminescence spectrum of an ensemble of NV centers,
showing excitation laser (532 nm), the NV0 zero phonon line (575 nm), the NV− zero phonon line (638 nm), and NV− vibrational side
bands (630–800 nm). In typical experiments, nonresonant excitation at 532 nm is used, and luminescence is collected between 630 and
800 nm. (c) Time-resolved luminescence during a 2-µs laser pulse. The curves show histograms of photon counts for an NV center
excited out of the (blue) mS = 0 and (red ) m = ±1 spin state. (d,e) Electron paramagnetic resonance (EPR) spectrum of a single NV
center at zero and nonzero magnetic field, recorded using the optically detected magnetic resonance technique.
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Characteristics of the nitrogen-vacancy (NV) center. (a) Energy-level diagram of NV−. |g⟩ denotes the electronic ground state, |e⟩ the
electronic excited state, and |s ⟩the metastable singlet state. Wiggly arrows indicate the radiative transition, and black arrows indicate
strong and weak nonradiative decay via the singlet state. (Inset) The three spin sublevels with mS = 0 and mS = ±1 at zero and nonzero
magnetic field B. D is the zero-field splitting and 2γ B is the Zeeman splitting, where γ is the electron gyromagnetic ratio. By
convention, the lower energy transition is associated with ms = −1. (b) Photoluminescence spectrum of an ensemble of NV centers,
showing excitation laser (532 nm), the NV0 zero phonon line (575 nm), the NV− zero phonon line (638 nm), and NV− vibrational side
bands (630–800 nm). In typical experiments, nonresonant excitation at 532 nm is used, and luminescence is collected between 630 and
800 nm. (c) Time-resolved luminescence during a 2-µs laser pulse. The curves show histograms of photon counts for an NV center
excited out of the (blue) mS = 0 and (red ) m = ±1 spin state. (d,e) Electron paramagnetic resonance (EPR) spectrum of a single NV
center at zero and nonzero magnetic field, recorded using the optically detected magnetic resonance technique.
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Characteristics of the nitrogen-vacancy (NV) center. (a) Energy-level diagram of NV−. |g⟩ denotes the electronic ground state, |e⟩ the
electronic excited state, and |s ⟩the metastable singlet state. Wiggly arrows indicate the radiative transition, and black arrows indicate
strong and weak nonradiative decay via the singlet state. (Inset) The three spin sublevels with mS = 0 and mS = ±1 at zero and nonzero
magnetic field B. D is the zero-field splitting and 2γ B is the Zeeman splitting, where γ is the electron gyromagnetic ratio. By
convention, the lower energy transition is associated with ms = −1. (b) Photoluminescence spectrum of an ensemble of NV centers,
showing excitation laser (532 nm), the NV0 zero phonon line (575 nm), the NV− zero phonon line (638 nm), and NV− vibrational side
bands (630–800 nm). In typical experiments, nonresonant excitation at 532 nm is used, and luminescence is collected between 630 and
800 nm. (c) Time-resolved luminescence during a 2-µs laser pulse. The curves show histograms of photon counts for an NV center
excited out of the (blue) mS = 0 and (red ) m = ±1 spin state. (d,e) Electron paramagnetic resonance (EPR) spectrum of a single NV
center at zero and nonzero magnetic field, recorded using the optically detected magnetic resonance technique.
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ms = +1

Bz

Δ = 2.87 GHz



MRFM

NV nanopillar
AFM (2012)

 diamond magnetometer offers an excellent combination of 
sensitivity and spatial resolution

 also, biocompatible and working at room temperature



Detection via Ramsey-type experiment

ω

 

HZ ~ γe S . B 

Single-spin NV magnetometer

φ = γe B τ1

H

τ1  <  T2* 

Interrogation time limited 
by decoherence

1



  Longer interrogation times (control schemes)
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Cappellaro et al., Phys. Rev. Lett. 102, 210502 (2009)

couplings andH dip the nuclear dipolar interaction, whose
strength can be enhanced by the hyperfine interaction [8].
When the electronic spin is in the ms ¼ 1 state, nearby
nuclei in the so-called frozen core [16] are static (since
distinct hyperfine couplings make nuclear flip-flops ener-
getically unfavorable) and give rise to a quasistatic field
acting on the electronic spin. Other bath nuclei cause
decoherence via spectral diffusion [17], but their cou-
plings, setting noise strength and correlation time, are
orders of magnitude lower than the interactions used for
control. While in thems ¼ 0manifold all the nuclear spins
precess at the same frequency, the effective frequencies in

the ms ¼ 1 manifold, !j
1, are given by the hyperfine inter-

action and the enhanced g tensor [18], yielding a wide
range of values. Some of the nuclear spins in the frozen
core can thus be used as qubits.

Control is obtained via microwave (!w) and radio fre-
quency (rf) fields. The most intuitive scheme, performing
single-qubit gates with these fields and two-qubit gates by
direct spin-spin couplings, is quite slow, since rf transitions
are weak. Another strategy, requiring only control of the
electronic spin, has been proposed [19,20]: switching the
electronic qubit between its eigenstates induces nuclear
spins rotations about two nonparallel axes that generate
any single-qubit gate. This strategy is not the most appro-
priate here, since rotations in thems ¼ 0manifold are slow
[21]. We thus propose another scheme to achieve universal
control, using only two types of gates: (i) One-qubit gates
on the electronic spin and (ii) Controlled gates on each of
the nuclear spins. The first gate is simply obtained by a
strong !w pulse. The controlled gates are implemented
with rf pulses on resonance with the effective frequency of
individual nuclear spins in thems ¼ 1manifold, which are
resolved due to the hyperfine coupling and distinct from
the bath frequency [22]. Achievable rf power provides fast
enough rotations since the hyperfine interaction enhances
the nuclear Rabi frequency when ms ¼ 1 [23]. Any other
gate needed for universal control can be obtained combin-
ing these two gates. For example, we achieve a single
nuclear qubit rotation by repeating the controlled gate after
applying a "-pulse to the electronic spin. Controlled gates
between nuclei can be implemented by exploiting the
stronger coupling to the electron as shown in Fig. 2(a).

Avoiding direct nuclear interactions is faster as long as the
hyperfine coupling is several times larger than the nuclear
coupling.
Although selectively addressing ESR transitions is a

direct way to perform a controlled rotation with the elec-
tronic spin as target, this is inefficient as the number of
nuclear spin increases. The circuit in Fig. 2(b) performs the
desired operation on a faster time scale.
When working in the ms ¼ 1 manifold, each nuclear

qubit is quantized along a different direction and we cannot
define a common rotating frame. The evolution must be
described in the laboratory frame while the control
Hamiltonian is fixed in a given direction for all the nuclei
(e.g., the x axis). This yields a reduced rf Rabi frequency

!" ¼ "rf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos’2

1 cos#
2
1 þ sin’2

1

q
(where f#1; ’1g define

local quantization axes in the ms ¼ 1 manifold and "rf

is the hyperfine-enhanced rf frequency). The propagator
for a pulse time tp and phase c is

ULð"rf ; tp; c Þ ¼ e%i½!tp%ð$%c Þ'%~z=2e%i !"tp%~x=2e%ið$%c Þ%~z=2;

where f%~x;%~y;%~zg are the Pauli matrices in the local frame
and tanð$Þ ¼ tan’1= cos#1. An arbitrary gate U ¼
R~zð&ÞR~xð'ÞR~zð(Þ is obtained by combining UL with an
echo scheme (Fig. 3), which not only refocuses the extra
free evolution due to the lab frame transformation, but also
sets the gate duration to any desired clock time. Fixing a
clock time common to all registers is advantageous to
synchronize their operation.
In order to refocus the fast electronic-spin dephasing due

to the frozen core nuclear spins, we need to embed the
control strategy described above in a dynamical decou-
pling scheme [24] without loosing universal control. The
electron-bath Hamiltonian is given by Eq. (1), where the
index j now runs over the bath spins. Neglecting for now

U

H

U
X XZ Z

|e〉
|C1〉
|C2〉

(a)

U C
Φα

X
Z Z

AB α|e〉
|C1〉 Φα

X(b)

H H H

FIG. 2. Circuits for controlled gates U among two nuclear
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measurement of the ancilla and subsequent classically controlled operation 
(double lines indicate a classical wire). The coherent feedback protocol 

does not perform a measurement, but requires a coherent controlled 
operation. c, Re-initializing the ancilla or using multiple fresh ancillas can 
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d, A concatenated feedback algorithm with two ancillas can protect the 
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electronic excited state, and |s ⟩the metastable singlet state. Wiggly arrows indicate the radiative transition, and black arrows indicate
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Requirements:
- initialize the nuclear spin in a highly polarized (pure) state 
- precise knowledge of the interaction 

Hhf = S . A . I

14N: spin I = 1 

The NV-14N two-spin system



To obtain Nuclear spin polarization

• optical initialization of the electronic spin 
• transverse hyperfine coupling mixes electronic 

and nuclear spin in the excited state

energy-conserving exchange 
of polarization by spin flip-flop:

H⊥es = 𝐶⊥(𝑆x Ix +𝑆y𝐼y) final state 

2

where S and I are the electronic and nuclear spin op-
erators, D

e

= 1.42 GHz is the electronic zero-field spit-
ting of the excited state, Q = �4.945 MHz is the nu-
clear quadrupole interaction, �

e

= 2.802 MHz/G and
�
n

= �0.308 kHz/G are the electronic and nuclear gyro-
magnetic ratios. The hyperfine interaction can be rewrit-
ten as:

S·C·I = C
//

S
z

I
z

+ C?(Sx

I
x

+ S
y

I
y

) (2)

with C
//

and C? the amplitudes of the longitudinal
and transverse coupling between the two spins. The
ground state Hamiltonian H

g

has the same form, with
D

g

= 2.87 GHz and hyperfine coupling tensor A, so
that S ·A · I = A

//

S
z

I
z

+ A?(Sx

I
x

+ S
y

I
y

). The val-
ues of the amplitudes A

//

= �2.162 MHz [17], A? =
�2.62 MHz [25, 30] and C

//

= �40 MHz [17, 28] were
experimentally evaluated via electron spin resonance. On
the other hand, C? has not been experimentally deter-
mined and it is often assumed to be equal to C

//

[22, 28].
The transverse hyperfine coupling in the excited state

is at the basis of the nuclear spin polarization process.
In fact, it mixes electronic and nuclear spin, so that the
eigenvectors of the system read:

8
>>><

>>>:

 + = cos(✓+) |0,�1i
e

+ sin(✓+) |�1, 0i
e

 � = sin(✓�) |0,�1i
e

+ cos(✓�) |�1, 0i
e

�+ = cos(⌘+) |0, 0i
e

+ sin(⌘+) |�1, 1i
e

�� = sin(⌘�) |0, 0i
e

+ cos(⌘�) |�1, 1i
e

(3)

where we used the formalism |m
S

,m
I

i
e

= |m
S

i
e

⌦ |m
I

i
e

to indicate the unperturbed hyperfine levels of the ES.
The condition of the maximum state mixing, i.e. ✓+ '
✓� and ⌘+ ' ⌘�, is satisfied for magnetic field in the
proximity of the ESLAC. Then, energy-conserving ex-
change of polarization by spin flip-flop can occur, that,
when combined with a continuous cycle of optical exci-
tation and non-radiative decay, leads to a polarization
of both the electronic and the nuclear spin. The rela-
tive population of the hyperfine levels of the ground-state
achieved after long optical pumping depends (i) on the
magnetic field strength and orientation with respect to
the NV symmetry axis, and (ii) on the decay rates of
the optical transitions between the spin states (sponta-
neous emission and intersystem crossing). On the other
hand, the temporal dynamics of the nuclear polarization
strongly depends on the rate of the flip-flop process, that
is, on the transverse hyperfine interaction in the excited
state. Here, we characterize the temporal dynamics of
the population of the hyperfine levels in the ground-state
of a single NV center, both in experiment and with a the-
oretical model. Since the characteristic timescale of the
population (resp., depletion) of the state |0,+1i

g

(resp.,
|0, 0i

g

) crucially depends on the excited-state transverse
hyperfine interaction, we can determine the excited-state
coupling constant C? with simple magnetic resonance
tools.

FIG. 1: (a) Seven-level scheme of the NV electronic struc-
ture. Levels 1-3 and 4-6 represent the three di↵erent mS pro-
jections of the ground and excited state, respectively. Level
7 represents the electronic singlet metastable level. We show
optical excitations at 532 nm (green arrows), radiative de-
cay at 637 nm (red arrows) as well as non-radiative decay
(black arrows) via the metastable level, responsible for spin
polarization. (b) Hyperfine energy levels of the excited state,
close to the ESLAC. (c) Sketch of the experimental setup:
an objective focuses the excitation laser beam and collects
the fluorescence; a wire works as an antenna to deliver MW
and RF waves to the NV center and to drive the electronic
and nuclear spins, respectively.

III. EXPERIMENTS

In the experiment, we used a single NV center hosted
in an electronic grade diamond sample, with natural 1.1%
abundance of 13C impurities and 14N concentration < 5
ppb (Element Six). The color center was optically ad-
dressed at room temperature with a home-built confocal
microscope and its spin was manipulated via resonant mi-
crowave driving (Fig. 1 (c)). The NV center was chosen
to be free from proximal 13C. We work at magnetic fields
ranging from 200 G to 420 G, and with a controlled orien-
tation with respect to the defect symmetry axis. Thus,
optical illumination (at wavelength of 532 nm) induces
polarization of the nuclear spin with variable e�ciency
due to the changing proximity to the ESLAC.

At a given magnetic field, we measured the relative
population of the hyperfine sublevels of the ground-
state electronic spin triplet by performing Ramsey ex-
periments. We apply two microwave ⇡/2 pulses, on res-
onance with the transitions between the spin manifolds
(m

s

= 0 $ �1 and m
s

= 0 $ +1 ), and separated
by a variable free evolution time. For each spin tran-
sition, three electron spin resonances (ESR) emerge in
the Fourier components of the free-evolution signal, cor-
responding to the three nuclear spin projections m

I

=
0,±1 of 14N. Due to the high frequency to be probed
compared to 1/T ⇤

2 ⇠ 0.2 MHz, Ramsey experiments pro-
vided high resolution and signal-to-noise ratio.

We use the resonance frequencies of the two ground-

Problem: no exp. meas. 
of 𝐶⊥ due to short excited 

state lifetime (~ 10ns)



Nuclear spin polarization: dynamical measurements
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state spin transitions |0, 0i
g

$ | ± 1, 0i
g

to extract the
magnitude of the local magnetic field B and a rough es-
timate of the angle between the magnetic field and the
symmetry axis of the system ✓. The two parameters
are extracted by comparing the ESR transitions with
the di↵erence between the eigenvalues of the ground-
state Hamiltonian H

g

(B, ✓). In order to enhance the
accuracy of our estimate, we directly evaluated the zero-
field splitting from a magnetic resonance experiment in
the absence of any external static magnetic field. The
measured frequencies of the m

s

= 0 $ ±1 transi-
tions, splitted by the residual environmental field, give
us D

g

= (2870.36± 0.36) MHz.
Within each spin resonance, the intensities of the

di↵erent hyperfine transitions give information on the
ground state manifold populations (see Fig. 2 (c) and
(d)). We extract the relative probability of the nuclear
spin projection m

I

as:

P
i

=
I(⌫

i

)P
j

I(⌫
j

)
(4)

where I(⌫
j

) is the integral of the Fourier component of
the Ramsey signal with frequency ⌫

j

(j = 0,±1).
In order to investigate the temporal dynamics of the

polarization process, we prepare the system in a mixed
state in the lowest-energy electronic level, and then we
follow the behavior of polarization under optical illumi-
nation of variable time duration (see Fig. 2 (a)). For the
preparation, first a 20 µs-long optical excitation partially
polarizes the NV-14N system, driving it into an unbal-
anced mixed state ↵�1|0,�1ih0,�1|

g

+ ↵0|0, 0ih0, 0|g +
↵1|0, 1ih0, 1|g, where ↵1 ⇠ 1 for fields close to the ES-
LAC, and ↵

i

depend on the magnitude B of the ex-
ternal magnetic field and on the angle ✓. Then, a ra-
diofrequency ⇡ pulse (t

⇡

⇠ 30 µs) on resonance with the
|0,+1i

g

$ |0, 0i
g

coherently reverses the population of
nuclear spin projections m

I

= 0,+1 and alters polar-
ization. To reveal the polarization dynamics, we use an
optical pulse of variable length t, and probe the resulting
population of the hyperfine levels with the Ramsey ex-
periment explained above. We characterize the polariza-
tion dynamics for di↵erent values of the magnitude and
direction of the magnetic field. The polarized fraction
P+1 is reported in Fig. 2 (b) as a function of the optical
pumping time t for (B, ✓) = (252 G, 1.7�), (348 G, 1.5�)
and (411 G, 0.8�). We observe that P+1 increases in time
until reaching its final value, with variable time-constant
ranging from 1 to 5 µs. This saturation level corresponds
to the equilibrium condition between the two competing
processes: flip-flop between electronic and nuclear spin
and optical spin pumping.

IV. NUMERICAL MODEL

We compare the experimental results with simulations
obtained by modelling the time evolution of the two-spin

FIG. 2: (a) Measurement sequence for dynamical nuclear po-
larization: after an initialization laser pulse, a RF ⇡ pulse
resonant with the |0,+1ig ! |0, 0ig transition empties the
mI = +1 level; a pumping laser pulse with variable time t
re-polarizes the nuclear spin; a Ramsey spectroscopy mea-
surements on the electronic transition |0,mIig ! |�1,mIig
evaluates the polarized fraction of the three hyperfine levels.
(b) and (c) Fourier transform of the Ramsey measurements
at B = 348 G for pumping time t = 0.5 µs and 17.5 µs,
respectively; blue lines are lorentzian fits. (d) Polarized frac-
tion P+1 as a function of optical pumping time t, obtained
from the Ramsey spectra. Black, blue and magenta points
corresponds to (252G, 1.7�), (348G, 1.5�) and (411G, 0.8�);
the three lines are fit performed with an exponential func-
tion P+1 = P0 �Ae�t/⌧ .

state with the Master equations in the Lindblad form [31,
32]. In turns, this allow us to determined the unknown
parameters in the model.
The time evolution is dictated by the ground-state and

excited-state Hamiltonians (H
g

and H
e

, which generate
a coherent dynamics) as well as Markovian processes as-
sociated with coupling to photons and phonons, that in-
duce transitions between di↵erent spin and orbit config-
urations, such as laser excitation, spontaneous and stim-
ulated emissions, as well as intersystem crossing.
The two-spin system is described by the density oper-

ator ⇢ consisting of 21 hyperfine states – 9 in the ground
state, 9 in the excited state, and 3 in the singlet state.

t = 500 ns
B = 348 G 
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state spin transitions |0, 0i
g

$ | ± 1, 0i
g

to extract the
magnitude of the local magnetic field B and a rough es-
timate of the angle between the magnetic field and the
symmetry axis of the system ✓. The two parameters
are extracted by comparing the ESR transitions with
the di↵erence between the eigenvalues of the ground-
state Hamiltonian H

g

(B, ✓). In order to enhance the
accuracy of our estimate, we directly evaluated the zero-
field splitting from a magnetic resonance experiment in
the absence of any external static magnetic field. The
measured frequencies of the m

s

= 0 $ ±1 transi-
tions, splitted by the residual environmental field, give
us D

g

= (2870.36± 0.36) MHz.
Within each spin resonance, the intensities of the

di↵erent hyperfine transitions give information on the
ground state manifold populations (see Fig. 2 (c) and
(d)). We extract the relative probability of the nuclear
spin projection m

I

as:

P
i

=
I(⌫

i

)P
j

I(⌫
j

)
(4)

where I(⌫
j

) is the integral of the Fourier component of
the Ramsey signal with frequency ⌫

j

(j = 0,±1).
In order to investigate the temporal dynamics of the

polarization process, we prepare the system in a mixed
state in the lowest-energy electronic level, and then we
follow the behavior of polarization under optical illumi-
nation of variable time duration (see Fig. 2 (a)). For the
preparation, first a 20 µs-long optical excitation partially
polarizes the NV-14N system, driving it into an unbal-
anced mixed state ↵�1|0,�1ih0,�1|

g

+ ↵0|0, 0ih0, 0|g +
↵1|0, 1ih0, 1|g, where ↵1 ⇠ 1 for fields close to the ES-
LAC, and ↵

i

depend on the magnitude B of the ex-
ternal magnetic field and on the angle ✓. Then, a ra-
diofrequency ⇡ pulse (t

⇡

⇠ 30 µs) on resonance with the
|0,+1i

g

$ |0, 0i
g

coherently reverses the population of
nuclear spin projections m

I

= 0,+1 and alters polar-
ization. To reveal the polarization dynamics, we use an
optical pulse of variable length t, and probe the resulting
population of the hyperfine levels with the Ramsey ex-
periment explained above. We characterize the polariza-
tion dynamics for di↵erent values of the magnitude and
direction of the magnetic field. The polarized fraction
P+1 is reported in Fig. 2 (b) as a function of the optical
pumping time t for (B, ✓) = (252 G, 1.7�), (348 G, 1.5�)
and (411 G, 0.8�). We observe that P+1 increases in time
until reaching its final value, with variable time-constant
ranging from 1 to 5 µs. This saturation level corresponds
to the equilibrium condition between the two competing
processes: flip-flop between electronic and nuclear spin
and optical spin pumping.

IV. NUMERICAL MODEL

We compare the experimental results with simulations
obtained by modelling the time evolution of the two-spin

FIG. 2: (a) Measurement sequence for dynamical nuclear po-
larization: after an initialization laser pulse, a RF ⇡ pulse
resonant with the |0,+1ig ! |0, 0ig transition empties the
mI = +1 level; a pumping laser pulse with variable time t
re-polarizes the nuclear spin; a Ramsey spectroscopy mea-
surements on the electronic transition |0,mIig ! |�1,mIig
evaluates the polarized fraction of the three hyperfine levels.
(b) and (c) Fourier transform of the Ramsey measurements
at B = 348 G for pumping time t = 0.5 µs and 17.5 µs,
respectively; blue lines are lorentzian fits. (d) Polarized frac-
tion P+1 as a function of optical pumping time t, obtained
from the Ramsey spectra. Black, blue and magenta points
corresponds to (252G, 1.7�), (348G, 1.5�) and (411G, 0.8�);
the three lines are fit performed with an exponential func-
tion P+1 = P0 �Ae�t/⌧ .

state with the Master equations in the Lindblad form [31,
32]. In turns, this allow us to determined the unknown
parameters in the model.
The time evolution is dictated by the ground-state and

excited-state Hamiltonians (H
g

and H
e

, which generate
a coherent dynamics) as well as Markovian processes as-
sociated with coupling to photons and phonons, that in-
duce transitions between di↵erent spin and orbit config-
urations, such as laser excitation, spontaneous and stim-
ulated emissions, as well as intersystem crossing.
The two-spin system is described by the density oper-

ator ⇢ consisting of 21 hyperfine states – 9 in the ground
state, 9 in the excited state, and 3 in the singlet state.

t = 18 μs
B = 348 G 
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to extract the
magnitude of the local magnetic field B and a rough es-
timate of the angle between the magnetic field and the
symmetry axis of the system ✓. The two parameters
are extracted by comparing the ESR transitions with
the di↵erence between the eigenvalues of the ground-
state Hamiltonian H

g

(B, ✓). In order to enhance the
accuracy of our estimate, we directly evaluated the zero-
field splitting from a magnetic resonance experiment in
the absence of any external static magnetic field. The
measured frequencies of the m

s

= 0 $ ±1 transi-
tions, splitted by the residual environmental field, give
us D
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= (2870.36± 0.36) MHz.
Within each spin resonance, the intensities of the

di↵erent hyperfine transitions give information on the
ground state manifold populations (see Fig. 2 (c) and
(d)). We extract the relative probability of the nuclear
spin projection m

I

as:

P
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I(⌫
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I(⌫
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(4)

where I(⌫
j

) is the integral of the Fourier component of
the Ramsey signal with frequency ⌫

j

(j = 0,±1).
In order to investigate the temporal dynamics of the

polarization process, we prepare the system in a mixed
state in the lowest-energy electronic level, and then we
follow the behavior of polarization under optical illumi-
nation of variable time duration (see Fig. 2 (a)). For the
preparation, first a 20 µs-long optical excitation partially
polarizes the NV-14N system, driving it into an unbal-
anced mixed state ↵�1|0,�1ih0,�1|

g

+ ↵0|0, 0ih0, 0|g +
↵1|0, 1ih0, 1|g, where ↵1 ⇠ 1 for fields close to the ES-
LAC, and ↵

i

depend on the magnitude B of the ex-
ternal magnetic field and on the angle ✓. Then, a ra-
diofrequency ⇡ pulse (t

⇡

⇠ 30 µs) on resonance with the
|0,+1i

g

$ |0, 0i
g

coherently reverses the population of
nuclear spin projections m

I

= 0,+1 and alters polar-
ization. To reveal the polarization dynamics, we use an
optical pulse of variable length t, and probe the resulting
population of the hyperfine levels with the Ramsey ex-
periment explained above. We characterize the polariza-
tion dynamics for di↵erent values of the magnitude and
direction of the magnetic field. The polarized fraction
P+1 is reported in Fig. 2 (b) as a function of the optical
pumping time t for (B, ✓) = (252 G, 1.7�), (348 G, 1.5�)
and (411 G, 0.8�). We observe that P+1 increases in time
until reaching its final value, with variable time-constant
ranging from 1 to 5 µs. This saturation level corresponds
to the equilibrium condition between the two competing
processes: flip-flop between electronic and nuclear spin
and optical spin pumping.

IV. NUMERICAL MODEL

We compare the experimental results with simulations
obtained by modelling the time evolution of the two-spin

FIG. 2: (a) Measurement sequence for dynamical nuclear po-
larization: after an initialization laser pulse, a RF ⇡ pulse
resonant with the |0,+1ig ! |0, 0ig transition empties the
mI = +1 level; a pumping laser pulse with variable time t
re-polarizes the nuclear spin; a Ramsey spectroscopy mea-
surements on the electronic transition |0,mIig ! |�1,mIig
evaluates the polarized fraction of the three hyperfine levels.
(b) and (c) Fourier transform of the Ramsey measurements
at B = 348 G for pumping time t = 0.5 µs and 17.5 µs,
respectively; blue lines are lorentzian fits. (d) Polarized frac-
tion P+1 as a function of optical pumping time t, obtained
from the Ramsey spectra. Black, blue and magenta points
corresponds to (252G, 1.7�), (348G, 1.5�) and (411G, 0.8�);
the three lines are fit performed with an exponential func-
tion P+1 = P0 �Ae�t/⌧ .

state with the Master equations in the Lindblad form [31,
32]. In turns, this allow us to determined the unknown
parameters in the model.
The time evolution is dictated by the ground-state and

excited-state Hamiltonians (H
g

and H
e

, which generate
a coherent dynamics) as well as Markovian processes as-
sociated with coupling to photons and phonons, that in-
duce transitions between di↵erent spin and orbit config-
urations, such as laser excitation, spontaneous and stim-
ulated emissions, as well as intersystem crossing.
The two-spin system is described by the density oper-

ator ⇢ consisting of 21 hyperfine states – 9 in the ground
state, 9 in the excited state, and 3 in the singlet state.
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g

(B, ✓). In order to enhance the
accuracy of our estimate, we directly evaluated the zero-
field splitting from a magnetic resonance experiment in
the absence of any external static magnetic field. The
measured frequencies of the m

s

= 0 $ ±1 transi-
tions, splitted by the residual environmental field, give
us D

g

= (2870.36± 0.36) MHz.
Within each spin resonance, the intensities of the

di↵erent hyperfine transitions give information on the
ground state manifold populations (see Fig. 2 (c) and
(d)). We extract the relative probability of the nuclear
spin projection m

I

as:

P
i

=
I(⌫

i

)P
j

I(⌫
j

)
(4)

where I(⌫
j

) is the integral of the Fourier component of
the Ramsey signal with frequency ⌫

j

(j = 0,±1).
In order to investigate the temporal dynamics of the

polarization process, we prepare the system in a mixed
state in the lowest-energy electronic level, and then we
follow the behavior of polarization under optical illumi-
nation of variable time duration (see Fig. 2 (a)). For the
preparation, first a 20 µs-long optical excitation partially
polarizes the NV-14N system, driving it into an unbal-
anced mixed state ↵�1|0,�1ih0,�1|

g

+ ↵0|0, 0ih0, 0|g +
↵1|0, 1ih0, 1|g, where ↵1 ⇠ 1 for fields close to the ES-
LAC, and ↵

i

depend on the magnitude B of the ex-
ternal magnetic field and on the angle ✓. Then, a ra-
diofrequency ⇡ pulse (t

⇡

⇠ 30 µs) on resonance with the
|0,+1i

g

$ |0, 0i
g

coherently reverses the population of
nuclear spin projections m

I

= 0,+1 and alters polar-
ization. To reveal the polarization dynamics, we use an
optical pulse of variable length t, and probe the resulting
population of the hyperfine levels with the Ramsey ex-
periment explained above. We characterize the polariza-
tion dynamics for di↵erent values of the magnitude and
direction of the magnetic field. The polarized fraction
P+1 is reported in Fig. 2 (b) as a function of the optical
pumping time t for (B, ✓) = (252 G, 1.7�), (348 G, 1.5�)
and (411 G, 0.8�). We observe that P+1 increases in time
until reaching its final value, with variable time-constant
ranging from 1 to 5 µs. This saturation level corresponds
to the equilibrium condition between the two competing
processes: flip-flop between electronic and nuclear spin
and optical spin pumping.

IV. NUMERICAL MODEL

We compare the experimental results with simulations
obtained by modelling the time evolution of the two-spin

FIG. 2: (a) Measurement sequence for dynamical nuclear po-
larization: after an initialization laser pulse, a RF ⇡ pulse
resonant with the |0,+1ig ! |0, 0ig transition empties the
mI = +1 level; a pumping laser pulse with variable time t
re-polarizes the nuclear spin; a Ramsey spectroscopy mea-
surements on the electronic transition |0,mIig ! |�1,mIig
evaluates the polarized fraction of the three hyperfine levels.
(b) and (c) Fourier transform of the Ramsey measurements
at B = 348 G for pumping time t = 0.5 µs and 17.5 µs,
respectively; blue lines are lorentzian fits. (d) Polarized frac-
tion P+1 as a function of optical pumping time t, obtained
from the Ramsey spectra. Black, blue and magenta points
corresponds to (252G, 1.7�), (348G, 1.5�) and (411G, 0.8�);
the three lines are fit performed with an exponential func-
tion P+1 = P0 �Ae�t/⌧ .

state with the Master equations in the Lindblad form [31,
32]. In turns, this allow us to determined the unknown
parameters in the model.
The time evolution is dictated by the ground-state and

excited-state Hamiltonians (H
g

and H
e

, which generate
a coherent dynamics) as well as Markovian processes as-
sociated with coupling to photons and phonons, that in-
duce transitions between di↵erent spin and orbit config-
urations, such as laser excitation, spontaneous and stim-
ulated emissions, as well as intersystem crossing.
The two-spin system is described by the density oper-

ator ⇢ consisting of 21 hyperfine states – 9 in the ground
state, 9 in the excited state, and 3 in the singlet state.
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We calculate the population of the hyperfine sublevels
of the ground state and the polarized fraction from the
diagonal elements of the density matrix.

The time evolution of ⇢ is described by the generalized
Liouville equation:

d

dt
⇢ = � i

~ [H, ⇢] + L̂[⇢] (5)

with H the total spin Hamiltonian of ground and excited
states. The Lindbald operator L̂ in the second term on
the right is related to jumps L

k

between di↵erent spin
states through the equation [29]:

L̂[⇢] =
NX

k=1

✓
L
k

⇢(t)L†
k

� 1

2
L†
k

L
k

⇢(t)� 1

2
⇢L†

k

L
k

◆
(6)

Most generally, we can write the jump operators as L
k

=p
�
mn

|mihn|, with �
mn

the rate of the transition be-
tween |mi and |ni. We consider both spin-conserving ra-
diative transitions and the decay from the excited states
to the ground through the metastable S = 0 level. All
the rates related to these transitions are reported in Ta-
ble I. Note that these parameters have been indepen-
dently measured before, from the dynamics of the NV
center electronic spin alone [33–35].

TABLE I: Transitions and decay rates (from [34]). The labels
correspond to the energy levels in Fig. 1(a).

Transition Rate [MHz]

Optical pumping �14, �25, �36 63.48

Spontaneous Emission �41, �52, �63 63.48

Intersystem crossing �47 11.76
from ES to singlet �57, �67 79.91

Intersystem crossing �71 3.25
from singlet to GS �72, �73 2.37

The only experimentally unknown parameter in our
model is then the transverse coupling C?, that influences
the rate of the flip-flop process and therefore determines
the DNP dynamics.

With these mathematical tools, we performed numeri-
cal simulations in di↵erent regimes of the optical pump-
ing, investigating both the transient behaviour for short
time durations, and the stationary case. We first find,
both experimentally and in simulations, that long op-
tical pumping leads to a maximum constant polarized
fraction, which depends on the magnetic field amplitude
and its orientation with respect to the NV axis. Compar-
ing the asymptotic polarization obtained from simulation
and from experiments allowed us to verify the validity of
our model. We note that our model reproduces very well
the experimental findings at small angles (✓ < 2.5�). For
larger angles the observed polarization is lower than ex-
pected; this deviation could be attributed to other spin

decoherence processes in the excited state that reduce
the e↵ective interaction time available for the polariza-
tion exchange [16]. Although in our model we did not
include these processes, such as the excited state elec-
tronic spin dephasing, we verified that they do not have
a significant influence on the dynamics at small angles.
Once defined the model that can reproduce well the

behavior of the nuclear spin polarization for long polar-
ization times, we investigate the dynamics of the process
and its characteristic times.

V. DISCUSSION

We now discuss the time-evolution the population of
the |0,+1i

g

and |0, 0i
g

states as a function of the interac-
tion between the optical excitation and the NV system.
The relative population of the nuclear spin projection

P
i

at long-polarization time strongly depends on the an-
gle between the magnetic field and the symmetry axis.
We note that the other independently evaluated param-
eter, the magnetic field modulus B, a↵ects less crucially
the polarization level for uncertainties of the order of few
Gauss, which is our case. Similarly, the parameter we
want to estimate, C?, does not determine the asymptotic
polarization. Then, we can use the experimentally mea-
sured saturation value of P+1,0 to determine the magnetic
field direction, by fitting the numerical calculations with
the angle ✓ as a free parameter. From this comparison,
we extract a refined estimate of the angle, which is still
consistent with the value estimated from the central fre-
quencies of the Ramsey resonances. We use this refined
estimate of the angle as an input in further calculations
of the polarization dynamics.

For each experimental condition, B and ✓, we per-
formed simulations of the time-evolution of the state
probability as a function of C?, which is the only free
parameter in the master equation. This was done for
both the |0,+1i

g

and the |0, 0i
g

spin components. The
|0,�1i

g

was excluded because in most cases the ampli-
tude of its Ramsey component is very small and com-
parable with our signal to noise ratio. In Fig. 3 (a) we
report the relative probability of the states m

I

= 0 and
m

I

= +1 as a function of the optical pumping time
for B = 252 G, compared with the theoretical calcu-
lation for C? = �15.0 MHz, �23.5 MHz, �40.0 MHz.
We note that the value often used in literature, C? =
�40 MHz [22, 28], which derives from the assumption of
isotropic interaction in the excited state, does not fit the
experimental findings – neither the rise-time of the pop-
ulation of the |0,+1i

g

, or the-decay time of the |0, 0i
g

population.
For both |0,+1i

g

and |0, 0i
g

, we analyze the mean
squared residuals, �2, between data and theoretical
curves, as shown in Fig. 3 (b): the residuals were then
fitted with an empirical function (see Supplementary Ma-
terial) to evaluate the best-fitting C?. By averaging over
the two nuclear spin components and over the di↵erent

simulate the time evolution of the 2-spin system
with Liouville eq.

F. Poggiali, P. Cappellaro, N. Fabbri, arXiv:1612.04783 



The timescale of the polarization in               crucially depends 
on the excited-state transverse hyperfine interaction 𝐶⊥

2

where S and I are the electronic and nuclear spin op-
erators, D

e

= 1.42 GHz is the electronic zero-field spit-
ting of the excited state, Q = �4.945 MHz is the nu-
clear quadrupole interaction, �

e

= 2.802 MHz/G and
�
n

= �0.308 kHz/G are the electronic and nuclear gyro-
magnetic ratios. The hyperfine interaction can be rewrit-
ten as:

S·C·I = C
//

S
z

I
z

+ C?(Sx

I
x

+ S
y

I
y

) (2)

with C
//

and C? the amplitudes of the longitudinal
and transverse coupling between the two spins. The
ground state Hamiltonian H

g

has the same form, with
D

g

= 2.87 GHz and hyperfine coupling tensor A, so
that S ·A · I = A

//

S
z

I
z

+ A?(Sx

I
x

+ S
y

I
y

). The val-
ues of the amplitudes A

//

= �2.162 MHz [17], A? =
�2.62 MHz [25, 30] and C

//

= �40 MHz [17, 28] were
experimentally evaluated via electron spin resonance. On
the other hand, C? has not been experimentally deter-
mined and it is often assumed to be equal to C

//

[22, 28].
The transverse hyperfine coupling in the excited state

is at the basis of the nuclear spin polarization process.
In fact, it mixes electronic and nuclear spin, so that the
eigenvectors of the system read:

8
>>><

>>>:

 + = cos(✓+) |0,�1i
e

+ sin(✓+) |�1, 0i
e

 � = sin(✓�) |0,�1i
e

+ cos(✓�) |�1, 0i
e

�+ = cos(⌘+) |0, 0i
e

+ sin(⌘+) |�1, 1i
e

�� = sin(⌘�) |0, 0i
e

+ cos(⌘�) |�1, 1i
e

(3)

where we used the formalism |m
S

,m
I

i
e

= |m
S

i
e

⌦ |m
I

i
e

to indicate the unperturbed hyperfine levels of the ES.
The condition of the maximum state mixing, i.e. ✓+ '
✓� and ⌘+ ' ⌘�, is satisfied for magnetic field in the
proximity of the ESLAC. Then, energy-conserving ex-
change of polarization by spin flip-flop can occur, that,
when combined with a continuous cycle of optical exci-
tation and non-radiative decay, leads to a polarization
of both the electronic and the nuclear spin. The rela-
tive population of the hyperfine levels of the ground-state
achieved after long optical pumping depends (i) on the
magnetic field strength and orientation with respect to
the NV symmetry axis, and (ii) on the decay rates of
the optical transitions between the spin states (sponta-
neous emission and intersystem crossing). On the other
hand, the temporal dynamics of the nuclear polarization
strongly depends on the rate of the flip-flop process, that
is, on the transverse hyperfine interaction in the excited
state. Here, we characterize the temporal dynamics of
the population of the hyperfine levels in the ground-state
of a single NV center, both in experiment and with a the-
oretical model. Since the characteristic timescale of the
population (resp., depletion) of the state |0,+1i

g

(resp.,
|0, 0i

g

) crucially depends on the excited-state transverse
hyperfine interaction, we can determine the excited-state
coupling constant C? with simple magnetic resonance
tools.

FIG. 1: (a) Seven-level scheme of the NV electronic struc-
ture. Levels 1-3 and 4-6 represent the three di↵erent mS pro-
jections of the ground and excited state, respectively. Level
7 represents the electronic singlet metastable level. We show
optical excitations at 532 nm (green arrows), radiative de-
cay at 637 nm (red arrows) as well as non-radiative decay
(black arrows) via the metastable level, responsible for spin
polarization. (b) Hyperfine energy levels of the excited state,
close to the ESLAC. (c) Sketch of the experimental setup:
an objective focuses the excitation laser beam and collects
the fluorescence; a wire works as an antenna to deliver MW
and RF waves to the NV center and to drive the electronic
and nuclear spins, respectively.

III. EXPERIMENTS

In the experiment, we used a single NV center hosted
in an electronic grade diamond sample, with natural 1.1%
abundance of 13C impurities and 14N concentration < 5
ppb (Element Six). The color center was optically ad-
dressed at room temperature with a home-built confocal
microscope and its spin was manipulated via resonant mi-
crowave driving (Fig. 1 (c)). The NV center was chosen
to be free from proximal 13C. We work at magnetic fields
ranging from 200 G to 420 G, and with a controlled orien-
tation with respect to the defect symmetry axis. Thus,
optical illumination (at wavelength of 532 nm) induces
polarization of the nuclear spin with variable e�ciency
due to the changing proximity to the ESLAC.

At a given magnetic field, we measured the relative
population of the hyperfine sublevels of the ground-
state electronic spin triplet by performing Ramsey ex-
periments. We apply two microwave ⇡/2 pulses, on res-
onance with the transitions between the spin manifolds
(m

s

= 0 $ �1 and m
s

= 0 $ +1 ), and separated
by a variable free evolution time. For each spin tran-
sition, three electron spin resonances (ESR) emerge in
the Fourier components of the free-evolution signal, cor-
responding to the three nuclear spin projections m

I

=
0,±1 of 14N. Due to the high frequency to be probed
compared to 1/T ⇤

2 ⇠ 0.2 MHz, Ramsey experiments pro-
vided high resolution and signal-to-noise ratio.

We use the resonance frequencies of the two ground-
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where S and I are the electronic and nuclear spin op-
erators, D

e

= 1.42 GHz is the electronic zero-field spit-
ting of the excited state, Q = �4.945 MHz is the nu-
clear quadrupole interaction, �

e

= 2.802 MHz/G and
�
n

= �0.308 kHz/G are the electronic and nuclear gyro-
magnetic ratios. The hyperfine interaction can be rewrit-
ten as:

S·C·I = C
//
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z
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z
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) (2)

with C
//

and C? the amplitudes of the longitudinal
and transverse coupling between the two spins. The
ground state Hamiltonian H

g

has the same form, with
D

g

= 2.87 GHz and hyperfine coupling tensor A, so
that S ·A · I = A

//

S
z

I
z

+ A?(Sx

I
x

+ S
y

I
y

). The val-
ues of the amplitudes A

//

= �2.162 MHz [17], A? =
�2.62 MHz [25, 30] and C

//

= �40 MHz [17, 28] were
experimentally evaluated via electron spin resonance. On
the other hand, C? has not been experimentally deter-
mined and it is often assumed to be equal to C

//

[22, 28].
The transverse hyperfine coupling in the excited state

is at the basis of the nuclear spin polarization process.
In fact, it mixes electronic and nuclear spin, so that the
eigenvectors of the system read:
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where we used the formalism |m
S

,m
I

i
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= |m
S
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⌦ |m
I

i
e

to indicate the unperturbed hyperfine levels of the ES.
The condition of the maximum state mixing, i.e. ✓+ '
✓� and ⌘+ ' ⌘�, is satisfied for magnetic field in the
proximity of the ESLAC. Then, energy-conserving ex-
change of polarization by spin flip-flop can occur, that,
when combined with a continuous cycle of optical exci-
tation and non-radiative decay, leads to a polarization
of both the electronic and the nuclear spin. The rela-
tive population of the hyperfine levels of the ground-state
achieved after long optical pumping depends (i) on the
magnetic field strength and orientation with respect to
the NV symmetry axis, and (ii) on the decay rates of
the optical transitions between the spin states (sponta-
neous emission and intersystem crossing). On the other
hand, the temporal dynamics of the nuclear polarization
strongly depends on the rate of the flip-flop process, that
is, on the transverse hyperfine interaction in the excited
state. Here, we characterize the temporal dynamics of
the population of the hyperfine levels in the ground-state
of a single NV center, both in experiment and with a the-
oretical model. Since the characteristic timescale of the
population (resp., depletion) of the state |0,+1i

g

(resp.,
|0, 0i

g

) crucially depends on the excited-state transverse
hyperfine interaction, we can determine the excited-state
coupling constant C? with simple magnetic resonance
tools.

FIG. 1: (a) Seven-level scheme of the NV electronic struc-
ture. Levels 1-3 and 4-6 represent the three di↵erent mS pro-
jections of the ground and excited state, respectively. Level
7 represents the electronic singlet metastable level. We show
optical excitations at 532 nm (green arrows), radiative de-
cay at 637 nm (red arrows) as well as non-radiative decay
(black arrows) via the metastable level, responsible for spin
polarization. (b) Hyperfine energy levels of the excited state,
close to the ESLAC. (c) Sketch of the experimental setup:
an objective focuses the excitation laser beam and collects
the fluorescence; a wire works as an antenna to deliver MW
and RF waves to the NV center and to drive the electronic
and nuclear spins, respectively.

III. EXPERIMENTS

In the experiment, we used a single NV center hosted
in an electronic grade diamond sample, with natural 1.1%
abundance of 13C impurities and 14N concentration < 5
ppb (Element Six). The color center was optically ad-
dressed at room temperature with a home-built confocal
microscope and its spin was manipulated via resonant mi-
crowave driving (Fig. 1 (c)). The NV center was chosen
to be free from proximal 13C. We work at magnetic fields
ranging from 200 G to 420 G, and with a controlled orien-
tation with respect to the defect symmetry axis. Thus,
optical illumination (at wavelength of 532 nm) induces
polarization of the nuclear spin with variable e�ciency
due to the changing proximity to the ESLAC.

At a given magnetic field, we measured the relative
population of the hyperfine sublevels of the ground-
state electronic spin triplet by performing Ramsey ex-
periments. We apply two microwave ⇡/2 pulses, on res-
onance with the transitions between the spin manifolds
(m

s

= 0 $ �1 and m
s

= 0 $ +1 ), and separated
by a variable free evolution time. For each spin tran-
sition, three electron spin resonances (ESR) emerge in
the Fourier components of the free-evolution signal, cor-
responding to the three nuclear spin projections m

I

=
0,±1 of 14N. Due to the high frequency to be probed
compared to 1/T ⇤

2 ⇠ 0.2 MHz, Ramsey experiments pro-
vided high resolution and signal-to-noise ratio.

We use the resonance frequencies of the two ground-

precise experimental estimation 
of the excited-state hyperfine 

coupling constant 𝐶⊥ 
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• Inversion symmetric potential: 
- narrow line @ room temp. (1 nm) 
- 70% brunching ratio for ZPL 
- weak coupling with host matrix 
- low inhomogeneous broadening (1 GHz) 
- high photostability

• Single SiV centers both in nDiamonds and in bulk
• Short excited-state lifetime 
• 150 MHz ZPL @ cryo temp. 

SiV center

A. Sipahigil et al., PRL 113, 113602 (2014) 

good candidate as stable single-photon sources for QC
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High temperature regime for 
electrical pumping 

Photophysics of SiV center: Temperature effect

Collaboration with Univ. Siegen
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