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i

A BSTRACT
Quantum states inevitably couple to their uncontrolled environment, making them
prone to errors. This is a stumbling block in the fulfilment of reliable quantum computations. Fault-tolerant quantum error correction (QEC) can overcome these errors and is
essential for the practical realization of quantum computers. To correct errors, QEC protocols use quantum operations to control and read out qubits. To make the correction
process efficient, these operations should not introduce additional noise and therefore
require high fidelities. In this thesis we focus on improving the quantum state readout
fidelity within a nitrogen vacancy (NV) centre at cryogenic temperatures to accelerate
the experimental realization of fault-tolerant QEC protocols using a diamond quantum
processor. Inspired by previous room temperature NV experiments, we exploit the host
nitrogen spin as a memory to perform repeated readouts. First we will revise the current readout technique and its limitations. Second we establish a theoretical framework
to better understand one of these limitations. Here we will also make a prediction of
the probability for the nitrogen to face a spin flip during the readout, which is an important parameter when using repeated readouts. Thereafter, we outline the envisioned
scheme to perform repeated readouts, identify the new limitations faced and experimentally characterize them. Finally we show that, we can improve the readout fidelity
achieved in our sample from (93.2 ± 0.2)% to (95.0 ± 0.3)% and argue that we expect
further improvements are achievable. This makes the repetitive readout scheme an interesting candidate to be used in QEC protocols and other quantum algorithms.
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1
P REAMBLE
1.1. P ROMISES AND CHALLENGES OF THE QUANTUM COMPUTER
Over the past decades the classical computer has drastically impacted human life.
It has allowed us to reliably use the internet and solve scientific challenges much faster
than we could do before. Nevertheless, there remain computational problems that classical computers fail to solve efficiently. Among these are simulations of quantum systems. To overcome this limitation, Feynman proposed the idea to employ controllable
quantum environments to reproduce the dynamics of the quantum system under study,
thereby effectively simulating it[1][2]. Deutsch extended this notion of using quantum
mechanics further and suggested a universal quantum computer (QC), which is able to
perform arbitrary computations[3].
Alongside these quantum systems there are plenty of other practically useful examples in which the QC has the theoretical promise to exponentially outperform its
classical counterpart. These include pattern recognition[4][5], solution estimation of
a set of linear equations[6] and prime factorization[7][8]. Also this device is expected
to play an ever more important role in our understanding of the biological processes in
molecules[9], which expresses the potential of the QC’s role in drug discovery[10].
The most fundamental computational units of this machine are qubits, the quantum
analogues of bits. We must be able to coherently control and precisely measure them to
unlock the QCs full potential. However, qubits all suffer from uncontrolled interactions
with their environment, known as decoherence[11], which hinders coherent control. Another challenge lies in the fact that the operations (or gates) necessary for calculations
are not perfect. These effects translate into errors during quantum computations and
we need a way to properly manage them in order to maintain the aforementioned advantage.

1.2. T HE NECESSITY OF QUANTUM E RROR C ORRECTION
In order to combat errors, two approaches can be taken. Firstly, one can try to push
the error rate down by mitigating the interaction with the environment[12][13][14] and
by optimizing the quantum operations. However, even with these improvements it is
believed that the error rate will still be too high for the realization of a practically useful
1
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QC[15]. The second approach, named Quantum Error Correction (QEC), provides a solution to this impasse and is therefore an essential building block for quantum
computers[15][16][17].
As the name reveals, QEC is concerned with correcting errors, such that quantum
coherence is maintained. It, however, comes at the cost of using an overhead amount of
qubits. The general concept of QEC, schematically depicted in figure 1.1, is that the information stored in the quantum state of one qubit is encoded amongst an entangled state
of multiple (k) qubits. This transforms the information space of one qubit - a 1-qubit
Hilbert space - to a subspace within a 2k -dimensional Hilbert space. Error correction
schemes are designed such that the quantum state will always remain in this subspace if
no error occurs. On the contrary, when errors do happen, the subspace is left.
After the encoding step has succeeded, an additional set of qubits is used to perform
measurements on the encoded state. These measure whether the state is in the errorfree subspace or in the remaining erroneous space. In the latter case, the measurement
outcomes reveal by what process the state became erroneous. With this information a
correction can be applied that reverts that same process and restores the information of
the original quantum state[18]. A simplified intuitive example is given in figure 1.1. The
ingenuity of measurements in this technique is that they do not project the quantum
state that encodes the qubit information; they project to whether an error has occurred
or not.
Importantly, it is possible that quantum states which are measured in the error-free
subspace are erroneous. In this case a logical error, which is undetectable and thus uncorrectable, has occurred[19]. Such error however is a succession of multiple single errors, meaning that the chance of a logical error occurring scales exponentially in the
probability of single errors[20]. When this single error probability is small enough, QEC
thus successfully reduces the chance that quantum information is lost[21].
Error free quantum state
Erroneous quantum state

Single qubit information space

Encoding

QEC

Error
“X” occurs

X

Error-free subspace in 2k-dimensional Hilbert space
Erroneous subspace in 2k-dimensional Hilbert space

Measurements

M1 = 1
M2 = 0
M3 = 0
(1,0,0)

Correction
“-X”

-X

Error = “X”

Example: protect
state: α|0>+β|1>

nqubits = 1

α|0>
+
β|1>

Encode in
3 qubits

nqubits = 1

nqubits = k > 1

α|000>
+
β|111>
nqubits = 3

Qubit ﬂip
occurs

nqubits = k > 1

α|100>
+
β|011>
nqubits = 3

Measure parity
between qubits

nqubits = m > k
Measurement
results:
Parity q1≠ q2
Parity q2= q3
Qubit 1
ﬂipped!
nqubits > 3

nqubits = m > k

Flip back
qubit 1

α|000>
+
β|111>
nqubits > 3

Figure 1.1: QEC schematics - The top line schematically shows the QEC process. It starts by encoding the state
to be protected in a subspace of a k-dimensional qubit space. An error takes the state out of that subspace,
which can be detected by measurements. These measurements unravel what error occurred, such that it can
be corrected. A simplified example is given below.
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QEC protocols can be developed to correct a specific type of error, e.g. the example
in figure 1.1 can only correct a bit flip, not a phase flip error. However, to be of practical
use QEC schemes must be able to correct for an arbitrary error. Operations in QEC protocols will themselves be prone to errors due decoherence and imperfect gates and also
these must be corrected. Schemes capable to do so are called Fault-Tolerant[22].
The encoding and measurement steps require a set of additional qubits. As qubits
are generally limited, it is desirable to construct a scheme that minimizes the number
of overhead qubits while maintaining its general error correcting capability and being
practically realizable. To this end, Laflamme et al. proposed a scheme that can correct
an arbitrary error with the minimal amount of overhead[20]. Recently, Chao and Reichardt devised an updated fault-tolerant version of this scheme[19]. This master thesis
makes several steps towards implementing this scheme using NV centres in diamond.
An important notion related to suppressing the probability of a logical error, is that
QEC can only allow arbitrarily long quantum computations if the noise per elementary
operation, i.e. single- and two-qubit gates as well as measurements, is below a certain
threshold[23][21]. This thesis specifically focusses on improving the measurement fidelity.

1.3. N ITROGEN VACANCY CENTRE AS A SUITABLE CANDIDATE
There is a multitude of proposed hardware systems to implement qubits and they all
have their own advantages and disadvantages. These systems include amongst others:
superconducting-[24][25], trapped-ion-[26], photonic-[27][9], quantum-dot-[28][29], and
spin-[30][31] based platforms.
Here we will use a low temperature negatively charged Nitrogen-Vacancy (NV) centre, a lattice defect in diamond, as a quantum processor[32]. The NV-centre simultaneously displays atom-like properties, such as long-lived spin quantum states and welldefined optical transitions, as well as solid state control through electrical and magnetic
fields using on-chip waveguides[33]. For these reasons this diamond lattice defect is a
promising candidate for implementation of quantum technologies, and key functionalities have already been shown[34][35][36]. Also, pioneering experiments implementing a
proof-of-concept QEC scheme have been demonstrated[37][38][39]. The NV-centre distinguishes itself from other solid-state spin systems by its optical properties allowing for
high fidelity qubit initialization and quantum state detection in a single shot[40][41].
This readout technique is mainly limited by spin flips that happen in the excited
state. Inspired by room temperature NV experiments[38][40][42][43][44][45] and initial
results at low temperature [41][46], we propose a new readout scheme that exploits a
memory qubit to perform repeated readouts.

1.4. T HESIS STRUCTURE
Chapter 2 of this work describes the current state of the art readout technique in NV
experiments at cryogenic temperatures. We will explain how spin selective optical excitations are used to detect measure quantum states and explain how excited state spin
flips limit the fidelity. The chapter ends by proposing a new readout scheme that uses
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a qubit as a memory. This allows for repeated readout, which makes the readout less
susceptible to flips.
Chapter 3 is devoted to gain a better physical understanding of spin flips in the readout process. We will present the theory underlying these flips and perform numerical
simulations. We end by theoretically characterizing the memory capability of the qubit
used as a memory.
The next chapter outlines how to realize the repeated readout scheme in practice
and what design choices are taken to optimize its performance. Important parameters
of our system are experimentally quantified and compared with simulations to gain understanding of these parameters.
Chapter 5 presents results on how the proposed framework to improve the readout
fidelity performs experimentally and what knobs we have to our availability to ameliorate the readout performance. We will focus on a subset of a larger parameter space to
improve the measurement process. Additionally, a model is established to reproduce
the experimental results and to help in gaining a better understanding of what important parameters are to optimize on in the future.
Finally, chapter 6 discusses open questions and future research related to this thesis.

2
NV SPIN READOUT : STATE OF THE
ART, LIMITATIONS AND PROPOSED
IMPROVEMENT
The main goal of this chapter is to explain the current state of the art readout technique for NV centers at cryogenic temperatures, its limitations and to propose a new
readout scheme that is less susceptible to the most dominant limitation: sin flips in the
excited state. In this respect, the chapter first outlines general NV-properties and describes how two of the hybrid NV-qubits can be initialized and coherently controlled.
Second we will describe how one of these qubits is used to read out quantum states and
what limits the readout fidelity. Finally, we describe how the other qubit is used to make
the readout less susceptible to spin flips in the excited state.

2.1. T HE NV- CENTRE : A CONTROLLABLE HYBRID SPIN - QUBIT
REGISTER
The nitrogen vacancy (NV) center has emerged as one of the leading candidates for
quantum processing purposes. It consists of a controllable hybrid multi-qubit register
[36][47] that possess long coherence times[14][48]. It allows for optical interfacing[49]
and quantum states can be read out with high fidelity in a single shot[41].
The NV centre is a lattice defect in diamond, where a nitrogen atom and a vacancy substitute two adjacent lattice sites, see figure 2.1a. This naturally generates a neutrally
charged state (NV0 ) with 5 valence electrons. By a two photon absorption process an
electron can be captured from the environment. This leads to a negatively charged NVstate[50][51], which is exploited in this thesis and from now on referred to as NV. The
resulting 6 electrons collectively act as a spin 1 particle and provide a robust optical interface [41][49] with energy levels well within the diamond bandgap[52].
This spin character provides a way to store quantum information in the electron,
5
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making it one of the NV hybrid qubits. The remaining qubits are nuclear spin particles.
Every NV-centre exhibits a nitrogen atom that is uniquely positioned relative to the electron. Most commonly, with a 99.3% natural abundance, this is a 14 N isotope that has a
nuclear spin of 1[53] and all experiments presented in this thesis have used this nitrogen isotope. Other qubits are randomly positioned in the vicinity of the NV-centre and
arise from the 1.1% natural abundance of 13 C nuclear spin 12 particles in the diamond
lattice. Because of their positional proximity, the electron and nitrogen spin experience
a relatively large hyperfine interaction with each other. In the next section we will explain how the electron can be coherently controlled and how this hyperfine coupling is
adopted for nitrogen control. The carbon spins experience a smaller hyperfine interaction with the electron, which makes their control harder. Here we will not elaborate on
carbon control, but the interested reader is referred to references [39][47][48] and [52].

a)

Isolated 13C

Electronic energy diagram

b)

|N = -1>
|N = 0>
|N = +1>

|e = +1>

NV center
12

C

|N = +1>
|N = 0>
|N = -1>

|e = -1>

electron
14

MW
N

|N = +1>
|N = 0>
|N = -1>

|e = 0>
Zero ﬁeld + Zeeman

+ Hyperﬁne

Figure 2.1: a) NV system with an electron and nitrogen spin 1 particle and surrounding spin 21 carbon-13
isotopes. The symmetry axis is the straight line through the vacancy and the nitrogen spin. b) The zero field
splitting (D) and Zeeman interaction with a magnetic field split the electron spin energy levels. The hyperfine
interaction with the nitrogen leads to a fine structure within these levels. Microwave fields can be used to
drive Rabi-oscillations between different electron states and by adjusting the strength of this field, the
oscillations can be driven conditioned on the nitrogen spin state.

2.1.1. T HE NV ELECTRON AND NITROGEN SPIN
The electron and nitrogen spin states that we exploit as qubits are described by the
Hamiltonian in equation (2.1);
³
´
~ ·~
~ ·~
Ŝ −Q N Iˆz2 + γN B
Iˆ − A ∥ Ŝ z IˆNz − A ⊥ Ŝ x IˆNx + Ŝ y IˆN y .
He,N = D e Ŝ 2z + γe B

(2.1)

Here the z-axis is defined along the NV- symmetry axis and S i , I i are the i-component of
the spin-1 operators of the electron and the nitrogen respectively. The first term contains
the electronic zero field splitting D e ≈ 2.88 GHz that separates the spin 0 (|e = 0〉) from
the non-zero spin (|e = ±1〉) states. The non-zero spin-degeneracy is lifted by a magnetic
field, where the susceptibility is given by γe = 2.8 MHz/G. This separates the three different electronic spin eigenstates in energy, illustrated by the left side of figure 2.1b. Two
of those can be used to implement a qubit. Likewise, the nitrogen non-zero spin states
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are separated from the zero spin state by a quadrupole splitting (Q N = 4.98 MHz) and a
magnetic field (γN = 0.31 kHz/G) lifts their degeneracy[54].
The last two terms in equation (2.1) represent the hyperfine interaction between the
two spins. By the NV-symmetry only the parallel (A ∥ = 2.16 MHz) and perpendicular (A ⊥
= 2.1 MHz) components are non-zero. The parallel component creates the fine structure
in the electronic energy level scheme, schematically depicted in the right side of figure
2.1b. The perpendicular component introduces flip-flop interactions that simultaneously flip the electron and nitrogen spin while preserving their combined angular momentum. However, in many cases the magnetic field is such that the energy difference
between the electron- and the nitrogen spin transition is much larger than A ⊥ , allowing
us to neglect flip-flop interactions[54].
We exploit the coupling of the spins to magnetic fields in order to coherently perform
operations on them. A Rabi-oscillation between two states that differ by one spin quanta
can be driven by applying a radio-frequency field on resonance with their energy separation. Carefully setting the amplitude and length of this field allows for arbitrary qubit
rotations and provides a way to control the Rabi-frequency.
As shown in figure 2.1b, the electronic energy separation depends on the nitrogen
spin state. This provides a way to drive electronic oscillations conditioned on the nitrogen state by adjusting the Rabi-frequency to be sufficiently smaller than the hyperfine
induced energy separation. On the contrary, unconditioned electron operations are performed by increasing the Rabi-frequency to be larger than the energy separation[52].
Likewise, the nitrogen spin energy levels are affected by its hyperfine coupling to the
electron, so that we can also drive transitions between nitrogen spin states depending
on the electron state.
The energy landscape of the electron is in the GHz regime and that of the nitrogen
in the MHz range. In respect to this distinction, we will use the abbreviation MW (microwave) when we talk about operations on the electron and RF (radio-frequency) when
we refer to operations on the nitrogen.
The magnetic fields are applied through golden striplines fabricated on the diamond
surface close to the NV-centre, see the broad white line on the bottom of see figure 2.2a.
The narrow lines are golden striplines that allow for DC voltages. Around the NV solidimmersion lenses are fabricated using focussed ion beam techniques[53]. This improves
the collection of photons emitted by the NV as it reduces the amount of total internal reflection. In the next section we will see why those photons are important. Figure 2.2b
shows a scanning confocal microscope image when the NV centre is optically illuminated. The bright spot clearly shows the presence of the NV.
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a)

b)

150

10 µm

1

k cts/second

10

0.1
Figure 2.2: Electron and confocal microscope image of the surface of a diamond sample after fabrication for
experimental purposes. a) Scanning electron microscope of a solid immersion lens (SIL), fabricated in the
diamond surface to enhance the collections of photons emitted by the NV. The broad line on the bottom of
the figure is a golden stripline to apply AC pulses to control the spins in the NV-centre. The two narrow lines
are goldan gates to apply DC voltages. b) Scanning confocal image of the SIL when illuminated with green
laser light. The bright spot clearly shows the presence of the NV. Figures reprinted from Cramer[54]

2.2. QUBIT INITIALIZATION AND S INGLE SHOT OPTICAL READ OUT
Besides control, high quality state initialization and readout are also prerequisites to
reliably execute quantum algorithms. Whilst MW and RF fields are used in the discussed
control methods, optical fields are used for these purposes. At cryogenic temperatures
the NV electronic excited state consist of 6 triplet energy levels[55], which generally have
a mixed spin character. Two of them (E x , E y ) are predominantly spin 0 while the others
0
(2E ,2A) are mostly spin ±1 (see chapter 3 for more in depth discussions). These levels
and their separation with respect to the ground state are schematically portrayed in figure 2.3a . Here also two laser fields, referred to as readout (RO) and spin-pump (SP), are
shown that empower quantum state readout and state initialization as explained below.

2.2. QUBIT INITIALIZATION AND S INGLE SHOT OPTICAL READOUT

a)

c)

A
Ex

1.0

Ey

E’

Readout
(RO)

A.U.

ES

9

Spin-Pump
(SP)

no init
mI = -1

0.5

GS

2.825

MW
e=0

e = ±1

b)

N=

e

0
SP

e

Ni

e

MW

2.830

0
MW

-1
N≠

2.828

2.832

MW frequency (GHz)

N

i

e

End
Photon
randomize
nitrogen

-1
MW

Figure 2.3: a) The electronic ground (GS) and excited (ES) state electronic energy levels and their spin
character. Using the readout (RO) laser the spin 0 (|e = 0〉) state is set into a radiative cycling transition. The
spin-pump laser has the same effect on the spin 1 (|e = ±1〉) states. The dashed arrows indicate that the
electron spin flips during the cycling process, a process much more prevalent for the ±1 states. Only applying
the SP(RO) laser long enough such that a flip happens pumps the electron in the |e = 0〉(|e = ±1〉) state. This is
exploited to initialize electron state in |e = 0〉. Subsequently a MW-pulse is used when initialization in |e = −1〉
or |e = +1〉 is required. b) Measurement based nitrogen initialization process. The electron is spin-pumped to
|e = 0〉 and brought to |e = −1〉 by an unconditional MW pulse. Then a MW-pulse brings the electron back to
|e = 0〉 conditioned on the nitrogen being in the targetted state. Subsequently the RO-laser is applied and a
photon detection projects the nitrogen in the targetted state. In the absence of a photon, the nitrogen is
randomized and the process is repeated. c) Experimentally resolved hyperfine splitting induced by the
nitrogen on the electron spin transitions (see figure 2.1b). In grey data the nitrogen is in a mixed state. In red
the nitrogen after a successful MBI. Figure reprinted from [54].
0

Both lasers are only resonant with either the E x transition (RO) or E transition (SP),
where the first corresponds to the zero spin state (|e = 0〉) and the latter to the orthogonal states (|e = ±1〉). See figure appendix D.1 for the spin dependent transition energies
in the NV-centre used in this work. Therefore the electron can be spin-selectively set
into a radiative cycling transition between the ground and excited state(unbroken lines
in figure 2.3), depending on the applied laser. However, because of spin mixing in the
excited states, uncontrolled flips will occur that bring the electron to the state which is
off-resonant with the applied laser (dashed lines in figure 2.3a). A similar process, not
shown in figure 2.3a, is mediated by a non-radiative transition to singlet states that lie
between the ground and excited state[56]. Predominantly for the |e = ±1〉 states the singlet mediated process is prevalent[57].
We take advantage of these processes to initialize the electron. First we use a method
referred to as spin pumping to initialize the electron in |e = 0〉: only the SP-laser is ap-
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plied long enough such that if the electron was in |e = ±1〉 it has now flipped to the
|e = 0〉. Since this state is off-resonant with the SP-laser, the electron remains there. Subsequently a MW-pulse is applied if initialization in |e = −1〉 or |e = +1〉 is required.
In addition to electron initialization, spin selective transitions are used to readout
unknown quantum states non-destructively[41]. By applying the RO laser photons will
be emitted conditioned on the electron being in the |e = 0〉 state, which creates a spinphoton correlation. Even with just a single copy of the quantum state available, this
strong correlation allows to projectively read-out. Namely, the detection of a photon
projects the spin into the |e = 0〉 state, whereas the absence of a photon projects to the
|e = ±1〉 state[41]. Therefore, this method is called "single shot readout" (SSRO) and section 2.2.1 will elaborate in more detail on its performance and limitations.
The processes explained above are exploited to initialize nitrogen by a process called
Measurement Based Initialization (MBI). The experimental sequence is shown in figure
2.3b. We prepare the electron in the |e = −1〉 state by first spin-pumping the electron to
|e = 0〉, followed by an unconditional MW π−pulse on the |e = −1〉 ↔ |e = 0〉 transition.
Subsequently, a selective MW-pulse to the electron, on resonance with the hyperfine
transition of the targetted initial nitrogen state, is applied. This brings the electron to the
|e = 0〉 state conditioned that the nitrogen is in this targetted state. Finally the RO-laser is
applied and photon detection heralds the electron in the |e = 0〉 state, and thus the nitrogen spin to the targetted state. In case no photon is observed the system is randomized
using a green laser and the process is repeated.
Figure 2.3c shows the experimentally resolved hyperfine induced electron transitions
between |e = 0〉 and |e = −1〉, schematically depicted in figure 2.1. The relative depths of
the dips correspond to the population in each nitrogen state. In the grey data the nitrogen is mixed, while in the red data the nitrogen is initialized in the -1 spin state (|N = −1〉)
by the explained MBI sequence.

2.2.1. L IMITATIONS TO READOUT FIDELITY AND PROPOSED IMPROVEMENT
As briefly discussed in section 2.2, detection of photons (or the absence of them) under RO-laser illumination is a measure for the electronic quantum state. Ideally no photons would be detected when |e = ±1〉, a dark state, while at least 1 would be observed
when |e = 0〉 a bright state. The degree to which this idealization is satisfied is referred to
as readout-fidelity (F ) and is defined as
¡
¢
¡
¢
P X |e = 0〉 + P × |e = ±1〉
,
(2.2)
F=
2
¡
¢
where P X |e = 0〉 is the probability
to¢detect a photon if the electron is initialized in
¡
|e = 0〉 before the readout. P × |e = ±1〉 is the probability to not detect a photon with
|e = ±1〉 as initial state. In a perfect readout, both equal unity. In the following we will
discuss five processes that limit the fidelity and identify the most dominant one. Finally
we propose a new readout scheme that reduces the susceptibility to this process.
• 1) NV ionization
Instead of absorbing one photon before radiative decay, it is possible that a second photon is absorbed[51]. This brings the NV to the neutral charge state and changes the op-
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tical electronic transitions such that the readout process is not effective any more. With
the laser powers experimentally used, this probability is estimated to be 0.06% (see appendix A). Because of its small effect we will not focus on this limitation.
• 2) non-100% photon collection efficiency
Because of several reasons our photon collection efficiency is limited[53]. Although this
means we do not register every emitted photon, it does not fundamentally limit the readout process. Namely, if the radiative cycling transition is perfect, the electron continues¡emitting
¢ photons when |e = 0〉 and the probability to detect at least one of them,
P X |e = 0〉 , exponentially approach unity with time. The blue dots in figure 2.4a show
this probability measured in the lab, where the non-unity asymptotic value is explained
because of uncontrolled electron flips (see point 5 of the limitations).

a)

b)

e=0
e = ±1

¡
¢
¡
¢
Figure 2.4: a) P X |e = 0〉 (blue), P × |e = ±1〉 (orange) and their average (green), which is the fidelity
(equation (2.2)) as a function of the time the RO-laser is applied. The green curve reaches a maximum of (93.2
± 0.3)%. b) Electron state dependent photon collection distribution after 50 µs. The |e = 0〉 state has a high
non-zero photon probability (0.12), whereas the |e = ±1〉 a very low (0.01). To emphasize the similar
multi-photon distributions, only the distribution of 2 or more photons are shown for the |e = ±1〉 case. This
accounts for 0.8% of the total distribution.

• 3) Dark counts and stray light
¡
¢
The orange data in figure 2.4a shows P × |e = ±1〉 as a function of time. Its decay marks
that the probability to detect a photon increases over time. Two effects that contribute to
this are a non-zero dark count rate of the used photon detector and stray light of the environment that enters the detector. In the current readout it is generally very difficult to
distinguish whether a single photon came from the NV or from these causes. Therefore,
we do not make this distinction in practice, which results in a bias towards a |e = 0〉 readout result. These issues could be mitigated by using detectors with a lower dark count
rate and better shielding from stray light. I will however not focus on those improvements.
• 4) Off-resonant excitations
In our readout, a more dominant effect that biases the readout result towards |e = 0〉 is
off-resonant excitations[58]. Although not resonant with the |e = ±1〉 transition, there is
a small but finite probability that the RO-laser excites the |e = ±1〉 state. Subsequently
the electron can decay back to the |e = 0〉 ground state, thereby going into the radiative
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cyclic transition.
The orange histogram in figure 2.4b is the detected photon distribution when the
electron is initialized in |e = ±1〉. We only show the distribution for 2 or more photons,
since the 99% chance of not detecting photons renders the multi-photon distribution
unobservable. The blue histogram is the detected photon distribution when the electron is initialized in |e = 0〉 and from its similarity to the orange data we conclude that
indeed off-resonant excitations do occur.
• 5) Electronic spin flips in the excited state
Whilst electronic spin
¡ flips ¢in the cycling process are exploited for initialization purposes, they limit P X |e = 0〉 . Under RO-laser illumination the |e = 0〉 state indeterministic flips to either |e = +1〉 or |e = −1〉. A flip thus renders the electron state unknown
and the RO-laser off-resonant. The probabilistic nature of electron flips gives rise to the
observed geometric photon distribution in figure 2.4b. When the electron is prepared
in |e = 0〉 before a readout, there is a 12% chance that a flip happened before the first
photon was collected(see figure 2.4b), which we identify as the main cause of readout
infidelity.
It may be evident that spin flips play an important role. Therefore chapter 3 is devoted to develop an understanding of which effects cause them. This potentially opens
up pathways to optimally take advantage of spin flips in the initialization procedure
while simultaneously minimize its effect on the readout fidelity. Another approach to
improve the readout fidelity is to devise a new readout scheme that efficiently deals with
electronic flips, which is the subject of the next section.

2.3. P ROPOSED IMPROVEMENT
In types of measurements where one is interested in the expectation value of a certain quantity, it is possible to measure this quantity over a lot of ¡runs and
¢ obtain¡an aver- ¢
age value. With a sufficient number of runs and the values of P X |e = 0〉 and P × |e = ±1〉 ,
it is possible to post-process the data and correct for the finite readout fidelity in order
to provide a best estimate for the actual measured expectation value. In another class of
experiments, like QEC, measurements are performed during the experiment and their
outcomes serve as real-time feedback signals within that same experiment. Because of
this no post processing can be done and it is essential to read out the quantum state in a
single shot with a high fidelity.
As discussed, a spin flip in the readout process renders the electron state unknown
and thus removes the quantum information stored in it. With the current readout technique, there is no way to retrieve this information in order to repeat the measurement
and increase statistics upon the initial quantum state. The main idea to overcome this is
inspired by techniques developed in room-temperature NV readout, where the contrast
between photon emission of |e = 0〉 and |e = ±1〉 is very small. To enhance this contrast,
the electron state is mapped onto a nuclear memory qubit before the readout. Then after a single readout, the memory state is copied to the electron and the readout can be
repeated[38][40][42][43][44][45]. This technique has already been shown to work at low
temperatures[41][46], but a detailed analysis of its potential, optimization and performance remains to be done. Because the read out process is projective, the memory is
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allowed to be classical.
A high level overview of the envisioned repetitive readout scheme is given in figure
2.5. For explanation purposes, we will assume the nuclear memory |N 〉 has two spin
states (|0〉 and |−1〉) and that it is initialized in |N = 0〉. For the electron we use |e = 0〉
and |e = −1〉 as qubit states.

Electron

e

Nuclear memory

N

Read-out

Map1

M

Re-initialize

Map2

Figure 2.5: Idea to perform repeated readouts by storing the electron state in a nuclear spin (Map1 ) before the
first projective readout. After a one readout the electron is reinitialzed and the nuclear state can is copied
back (Map2 ) to allow for repeated readouts.

p
The electron can come in with a superposition state: |e〉 = α |0〉 + 1 − α2 |−1〉. Map1
of figure 2.5 entangles the memory with the electron state by e.g.
p a π-rotation on the
nuclear spin conditioned on the electron state; |e, N 〉 = α |0, 0〉 + 1 − α2 |−1, −1〉. This is
equivalent to a CNOT operation.
The subsequent readout collapses this state, so |e, N 〉 → |0, 0〉 with probability α2 and
|e, N 〉 → |−1, −1〉 with probability 1 − α2 and obtain photon statistics with a fidelity given
by figure 2.4a. Because electronic spin flips are uncontrolled, the electron state is generally unknown after one readout step (|e〉 → |?〉).
By the spin-pumping process explained in section 2.2, we can deterministically reinitialize the electron state in |e = 0〉. This means that after the re-initialization our state
is either |0, 0〉 if the electron was |e = 0〉 before the readout, or |0, −1〉 if the electron was
|e = −1〉 before the readout. So while the information in the electron is gone, it is still
contained in the nuclear spin. To retrieve this information back onto the electron, Map2
flips the electron spin conditioned on the nuclear spin state; |e = 0〉 → |e = −1〉 only if
|N = −1〉. Likewise to Map1 , this can be done by a CNOT operation, although here the
nuclear spin is the control and the electron the target state.
We can now read out again and repeat the procedure to increase statistics on the
electron state before the readout process.
One very important assumption in the scheme discussed is that the readout and
re-initialization process, which both rely on electronic excitations, do not have severe
back-action on the nuclear state. In our system this means that the nuclear spin should
not flip. By the hyperfine coupling, the electron-nuclear Hamiltonian (see equation
(2.1)) does however allow flip-flop interactions. While it was argued that in the electronic ground state these effects are small, this might not be true any more in the excited
state. Here the energy landscape is different[55] and the hyperfine interaction strength
changes[59].
Both the nitrogen and the carbon spin can be potentially used as the ancillary memory. Carbons have only two spin states and one spin flip thus completely inverts all the
information. The three level system of the nitrogen provides one additional spin state
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that can be used as a buffer to be less susceptible to nitrogen spin flips[45]. For this reason, the nitrogen is our first memory candidate.
It now may also be evident that nuclear (nitrogen) spin flips during electron excitation are of importance to the performance of the repetitive readout scheme in figure
2.5. In the next chapter we will theoretically investigate and simulate the electron spin
dynamics in the excited state and how this affects the nitrogen spin state.

2.4. S UMMARY
This chapter has introduced the basic control and readout of the electron and nitrogen spins in the NV centre. The main limitation to the fidelity of the current electron
spin readout are excited state spin flips. We proposed a scheme to improve the fidelity by
copying the information to a 14 N nitrogen nuclear spin to and perform repeated readouts of that spin. The next chapter studies the electron and nuclear spin flips in more
detail.

3
E XCITED - STATE SPIN FLIPS
In the previous chapter we have seen that spin states in the NV-centre are read out
through spin-dependent optical electronic excitations. Spin flips during this process
have been identified to limit the readout performance and the electronic excited state
plays a crucial role in spin flips of the electron and nitrogen spin.
In this chapter we present a theoretical analysis of the electronic excited state and
identify what mechanisms contribute to spin flips. We start by solving the Hamiltonian
that governs the electronic excited state energy levels. The goal here is to obtain the spin
mixing in the excited state eigenstates as this affects the electronic spin flip probability. Thereafter, we will include the effect of phonons and an intermediate energy level
between the ground and excited state. From this we calculate the spin flip probability
per optical excitation and compare it to the experimentally obtained value. The chapter ends by modelling the nitrogen spin flips during electronic excitations, an important
parameter to do repeated readouts.

3.1. E LECTRONIC SPIN FLIPS
In chapter 2 we have seen that the NV ground state consists of a spin-1 triplet. These
are formed by the occupation of the six valence electrons over the four available molecular orbital energy levels as shown in figure 3.1. Ab initio studies have shown that three
of them are within the diamond band gap[60]. Below we will briefly present how these
molecular give rise to the excited state we are interested in, as well as an intermediate
singlet level between the ground and excited state, which will be discussed in more detail in section 3.1.2.
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Figure 3.1: Occupation of electronic molecular orbitals. Here the ground state occupation is shown. In the
first excited state one a 1 electron is promoted to one of the e x or e y levels. Reprinted from [54].
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In the ground state configuration both the a 1 and a 1 molecular orbitals in figure 3.1
are completely occupied, while the remaining two electrons are divided over the 4 possible e x , e y states. This leads to 6 possible configurations and three of them are the ground
state spin triplets encountered in chapter 2. By the coulomb repulsion, they are lower in
energy compared to the remaining three singlets states, which we will from now on treat
as one effective singlet level[60].
Upon electronic excitation, one of the a 1 electrons is promoted to one of the e x or e y
orbitals. This leads to 8 possible states of which two are singlet spin states and six are orbital doublet and spin triplet states. Again because of the coulomb repulsion, the singlet
states are higher in energy. Because in our experiments we resonantly excite the electron
from ground- to excited state triplets, our excitation is off-resonant with these excited
state singlet levels. Also the coupling between these singlets and triplets is small[55]. For
these reasons they will not be occupied and we will not further discuss the excited state
triplets in this thesis.
With the ground and excited state triplets, and intermediate singlet state, we have
established a base to investigate how electronic spin flip processes can occur. In the
following we will first examine the fine structure of the 6 excited state triplet states by
solving their Hamiltonian. This will provide insight in the spin mixing of eigenstates.
Second, the influence of phonons will be shown and we complete the electronic analysis
by including how the singlet interacts with the ground and excited states.

3.1.1. E XCITED STATE H AMILTONIAN
The fine structure of the electronic excited state is determined by equation (3.1)[55][60]
HE S = VSO + VSS + VE + Vζ + VB + V H F ,

(3.1)

where VSO and VSS respectively are the intrinsic spin-orbit and spin-spin interactions.
VE and Vζ are electric field and strain effects respectively. Both can be externally applied
and have the same effect on the excited state. Doherty[60] and Hensen[55] have investigated the influence of these interactions in much detail. Their analysis, however, did not
extensively incorporate the magnetic field contribution (VB ) and the interaction with the
nitrogen spin (V H F ). In this thesis are interested how the magnetic field influences the
electronic spin flips and how the electronic excited state affects the nitrogen spin state.
Therefore, we will include these interactions in our analysis similarly to the approach
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taken by Doherty and Hensen.
To obtain information about the spin mixing of the excited state eigenstates, we solve
the Hamiltonian in equation (3.1) within a matrix formalism (see appendix B). This obtains the set of six electronic excited eigenstates {|Ψ〉E S } expressed in terms of basis states
that have a well defined spin character,
|Ψ〉E S = α |+1〉E 0 + β |−1〉E 0 + γ |0〉E x + δ |0〉E y + ² |+1〉 A + ζ |−1〉 A .
(3.2)
i
Here |+1〉E 0 , |−1〉E 0 , |0〉E x , |0〉E y , |+1〉 A , |−1〉 A are the basis states, where the number between the ket (| 〉) denotes the spin of the state. Because the excited state is an orbital
doublet, each spin projection can be accompanied by two different orthogonal orbital
states, as indicated by the subscript in the basis states. The relative values of α, β, γ, δ, ²
and ζ in equation (3.2) determine the degree of spin-mixing in an electronic eigenstate.
In section 2.1.1 we argued that we could neglect the flip-flop hyperfine terms when
solving the electronic ground state Hamiltonian because of the small perpendicular hyperfine component. This is no longer true in the excited state, as here the electron
spin density significantly shifts towards the nitrogen nucleus, thereby increasing both
the Fermi contact and dipolar interaction strengths. This results in the excited state
hyperfine interaction strengths A ∥ = 40 MHz and A ⊥ = 23 MHz[61]. These values were
obtained at room temperature, but following Goldman [59] we will use these values at
cryogenic temperatures as well.
Both the strain, or equivalently an electric field, and a magnetic field can be externally applied to the NV-centre and experimentally controlled. How the energies corresponding to the set of eigenstates {|Ψ〉E S } respond to these effects is shown in figure 3.2,
where in figure 3.2a the non-axial strain is varied and the magnetic field parallel to the
NV-symmetry axis (B z ) is set to 400 Gauss. In figure 3.2b B z is varied and the non-axial
strain is set to 2 GHz. For the NV centre used in this thesis, the non-axial strain is 2 GHz
and we apply an external magnetic field of B z = 400 Gauss[14]. We align the magnetic
field with the NV axis such that the perpendicular component of the magnetic field can
be neglected[14].
Before analysing the spin mixing of excited states, we will first elucidate the labelling
of the energies and corresponding eigenstates in figure 3.2. At low strain and low (but
non-zero) B z the 6 different excited states mainly consist of one of the spin basis states,
such that the absolute value of one of the components α, β, γ, δ, ², ζ in equation (3.2)
is approximately 1 and the others are approximately 0. The component that is approximately 1 in the specified strain and magnetic field region defines our labelling for the
entire strain and magnetic field region. So for example, we refer to the green lines and its
corresponding eigenstate in figure 3.2 as E y , since at zero strain and low magnetic field
|δ| ≈ 1 in equation (3.2). Note that we maintain this labelling for the green line around
900 Gauss in figure 3.2b, while at this point |α| ≈ |δ| ≈ p1 and the eigenstate correspond2
ing to E y is heavily spin mixed. This mixing arises because of the off-diagonal interaction
terms in the matrix of figure appendix B.1 that couple different spin-basis states.
h
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Figure 3.2: The electronic energy levels as function of non-axial strain (a) and parallel magnetic field (b). The
color labelling indicates that at zero strain/magnetic field, that energy level mainly consists of a one
spin-basis state.

We want to investigate the effect of spin-mixing on spin flips during the excitation
process. To do so, we use the following model: the electronic eigenstates represented by
the lines in figure 3.2 have a large energy separation compared to the Rabi-frequency of
the excitation laser used to excite the electron. Therefore the excitation laser takes the
electron from the ground state to a pure excited state eigenstate (|ΨE S 〉). Subsequently,
this state will only acquire a global phase according to the NV-centre’s excited state lifetime. To model the incoherent decay back to the ground state, we project |ΨE S 〉 to one
of the spin basis states (see equation (3.2)) and subsequently decay to the ground state
with the same spin as the spin basis state to which |ΨE S 〉 is projected.
In this way the probability to decay to a ground state with spin "x" is simply determined by the sum of the probability amplitudes of spin basis states with spin "x"
in equation (3.2). This approach is similar to Hensen’s approach in modelling the spin
flips[55]. So the probability to decay to the spin 0 ground state (|e = 0〉) equals γ2 + δ2 ,
whereas the probabilities to decay to |e = −1〉 or |e = +1〉 are respectively given by β2 +ζ2
and α2 + ²2 . Combined, these give the probability to decay to a non-zero spin ground
state, for which we will use the symbol ∆;
¯ ¯2
∆ = |α|2 + |²|2 + ¯β¯ + |ζ|2

(3.3)

The chosen spin basis conveniently allows the determination of the spin "x" character of any eigenstate. The readout process explained in chapter 2 uses a spin 0 transition to spin dependently excite the electron. At low strain and magnetic field we have
two eigenstates, the ones corresponding to E x and E y in figure 3.2, which are predom¯ ¯2
inantly spin 0 (¯γ¯ + |δ|2 ≈ 1). The probability for decay to a non-zero spin state from
these eigenstates, and thus to face a spin flip in the excitation cycle, is determined by
their values of ∆. This assumed that spin-flips are only determined by the spin-mixing
in the excited state. For now we assume this is true, but in section 3.1.2 we present how
phonons and singlets affect spin flips.
For both eigenstates ∆ is plotted as a function of non-axial strain and magnetic field
parallel to the NV-axis (B z ) in figure 3.3. Here also the effect of the purely nitrogen interactions and the hyperfine interaction between the electron and the nitrogen are in-
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cluded. For readout purposes a spin flips is limiting and it is thus clear that E x generally
provides a better cycling transition than E y . We note that as a consequence of our eigenstate labelling, the value of ∆ for E y approaches 1 in the region between 900 and 2700
0
Gauss. In this region ∆ for the eigenstate labelled as +1E in figure 3.2 approaches 0.
0
This makes +1E in this region a better cycling transition than E y and we therefore also
show ∆ for this eigenstate in Figure 3.3. From figure 3.3 the following conclusions are
drawn:
0

• Over the entire region shown, ∆ for E x is small, whilst for E y (and +1E ) it changes
from 0(1) to 1(0) around 900 Gauss and vice versa around 2700 Gauss. This makes E x
generally a better readout transition.
• To assess how much better E x is, we extract the flip probability at our used experimental parameters; B z = 400 Gauss and 2 GHz strain. For E x this gives 0.12% and for E y
1.7%.
• For both E x and E y , ∆ approaches zero at high B z . Based on this argument, an increased magnetic field can thus lead to better readout fidelities. ∆ for E x in figure 3.3b
asymptotically approaches a value of approximately 4 · 10−3 with increasing non-axial
strain.
• For E x the influence of what the nitrogen state is becomes substantial around 1800
Gauss, where 4 of the 6 electronic eigenenergies are relatively close in energy, see figure 3.3a. The lines shown here are the values of ∆ with the electron in the E x eigenstate
and the nitrogen in a spin eigenstate. The result shows an increased flip probability with
the nitrogen in the |N = +1〉 eigenstate. It is not yet understood why, but because the
|N = −1〉 and |N = +1〉 can only be directionally flipped in a hyperfine interaction, it is
potentially important whether ∆ is mostly build up of a -1 spin character (β2 + ζ2 ) or a
+1 spin character +1 (α2 +²2 ) in case of no hyperfine interactions. Without the hyperfine
interaction, ∆ is mostly spin -1, see figure appendix E.1a.
For E y , ∆ changes by roughly 10% for different nitrogen eigenstates at B z = 400 Gauss.
But because of the large scale on the y-axis in figure 3.3c an d, this is not well visible and
therefore only the lines are shown with |N = 0〉. The other lines closely follow the same
behaviour.
• For E x , at low non-axial strain values the nitrogen is of little influence, but becomes
more important as the strain increases. Here the top two energy levels in figure 3.2a
come closer in energy, which enhances nitrogen induced spin mixing.
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Figure 3.3: a,b) The E x eigenstate is predominantly spin 0. Here ∆ (the spin flip probability) is shown as a
function of the magnetic field (a) and strain (b). By the hyperfine interaction, the nitrogen state can influence
∆. Therefore we calculated ∆ with the nitrogen (|N 〉) in its three different spin eigenstates. Notably, around
1700 Gauss - where the E x level is closest to the other energy levels (figure 3.2b) the nitrogen spin state starts
0

to matter significantly. In c,d) we show ∆ of the E y eigenstate and of the +1E eigenstate, where conform our
definition, the color labelling corresponds to their spin character at low strain and magnetic field. The large
scale on the y-axis would render the effect of the nitrogen on the ∆ in (c) and (d) not clearly visible and
therefore only the line is shown with |N = 0〉.

In calculating the spin flip probabilities in the analysis above, we have only taken
the effect of spin-mixing in the excited state into account. However, these are not the
only processes that affect the spin flip probability. In the next section we will pay attention to the influence of phonons on the electronic flip probability as well as that of the
intermediate singlet level between the ground and excited state.

3.1.2. P HONON INTERACTIONS AND SINGLET EFFECTS
To first order phonons do not couple to spin and therefore they do not introduce
interactions between states with a different spin. Nevertheless phonons can introduce
transitions between likewise spin, but different, orbital states. Since both E x and E y are
predominantly spin 0 at the experimental parameters used in this thesis (B z = 400 Gauss
and 2 GHz strain), phonons can mediate transitions between these eigenstates.
Together with the |e = 0〉 ground state, the phonon induced transfer rate between E x
and E y can be modelled with a closed three-level system and experimentally tested. At
zero magnetic field and with strain and temperature similar to our sample, this rate is
determined to be −0.34 ± 1.87 MHz[56]. In our spin flip probability analysis, we include
the phonon process as an effect that takes the excited state from E x to E y with a probability of P phn per excitation. Subsequently we project either E x or E y into one of the
spin-basis states, followed by the decay to the likewise spin ground state. As in our ex-
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periment we resonantly drive the transition between the |e = 0〉 and the E x excited state,
this transforms the spin flip probability denoted as P f l i p from ∆E x to
P f l i p = ∆E x · (1 − P phn ) + ∆E y · P phn

(3.4)

Next to phonons, also the intermediate singlet level between the ground and excited
state affects the spin flip probability. From the excited state, the electron can experience
an inter-system crossing (ISC), where it non-radiatively decays to this singlet state before ending up in the ground state. The probability to decay to the |e = 0〉 ground state
from the singlet depends on the strain present at the NV-centre. For 2 GHz strain, this
is around 75%[57]. The probability to decay to |e = ±1〉 (P S→±1 ) thus equals around 25%
where the ratio to |e = +1〉 to |e = −1〉 is 1:1[57].
From the work done by Kalb[57] and Goldman[56] we determine that there is a (41
± 1)% chance for spin ±1 excited states to decay to the singlet. We denote this chance
by P ±1→S . For the zero spin excited states the intersystem crossing rate is shown to be
much smaller[56], and from this work we extract a probability P 0→S of (3 ± 1)% to decay
to the singlet from a zero spin excited state (see appendix F).
We include this in the calculation of the spin flip probability as follows: after we
have projected the excited state to a spin-basis state, instead of decaying directly to the
ground state, there is a P ±1→S probability to decay to the singlet if we projected to either
|1〉E 0 , |−1〉E 0 , |1〉 A or |−1〉 A . If we projected to |0〉E x or |0〉E y , this is P 0→S . This modifies
equation (3.4) to become

h
i
P f l i p = ∆E x · (1 − P phn ) + ∆E y · P phn · P ±1→S · P S→±1 +
h
i
(1 − P phn )(1 − ∆E x ) + P phn (1 − ∆E y ) P 0→S · P S→±1

(3.5)

With the phonon processes and the singlet included in our calculations, we find an
electronic flip probability P f l i p = (0.8 ± 0.3)%. See appendix F for a detailed calculation.
We note that the process to decay to the singlet is the most dominant effect. Namely,
if we set P 0→S = 0%, then P f l i p is reduced by (97.8 ± 0.8)%. Therefore going to high
magnetic fields, where ∆E x → 0, does not necessarily lead to a zero spin flip probability.

3.1.3. C OMPARING NUMERICAL SPIN FLIP ESTIMATE TO EXPERIMENTS
The (0.8 ± 0.3)% flip probability per electronic cycle obtained above is partly based
on theory (3.1.1) and partly on experimentally observed rates (3.1.2). In this section we
will compare this number to the experimentally obtained flip probability in our lab.
In the readout, we resonantly excite the electron to the E x eigenstate, which is predominantly spin 0. Therefore the ISC probability is low and we assume that every excitation gives a photon. Because the excitation process will stop after a spin flip has
happened, the emitted photon distribution is geometric[55]. Therefore, we can express
the average number of emitted photons (〈n〉) as
〈n〉 =

1
p f lip

.

(3.6)

22

3. E XCITED - STATE SPIN FLIPS

The average number of detected photons (5.39, see figure 2.4b), is this same quantity, but
scaled by the detector efficiency η. By measuring laser saturation curves and average flip
times of the electron, we have determined η = 2.6 ± 0.3%, see appendix G. Using these
numbers our experimentally measured P f l i p equals 0.48 ± 0.06 per optical cycle, which
is approximately one standard deviation away from the value obtained in the previous
sections.
The main conclusions of this section are that the coupling of the excited states to the
singlet provides is the most dominant (97.8 ± 0.8)% effect in the electron spin flip process and that our theoretical investigation was able to reproduce the spin flip probability within approximately one standard deviation. To make conclusive judgements about
how well this model reproduces reality, more comparisons at different experimental settings should be made. In case of significant discrepancies, the treatment of the singlet
would be the first target to focus on.

3.2. N ITROGEN SPIN FLIPS
The proposed idea in section 2.3 to overcome the limiting electron flip probability
relies on using the nitrogen spin as a memory. As the memory capability is determined
by the nitrogen spin flip probability, we thus benefit from a low nitrogen spin flip probability. In this section we examine the spin dynamics of the nitrogen under electronic
excitation.
For the electron we argued that upon excitation, it is excited to a pure eigenstate
since the eigenstate energy level separation is much larger than the Rabi-frequency of
the excitation laser. For the nitrogen degree of freedom, this is different. In figure 3.4a
we show how the E x energy line is split in three lines by the interaction with the nitrogen.
Likewise to the electronic eigenstates, these three lines generally are mixtures between
different nitrogen spin states. Similar to our labelling in figure 3.2, we thus label the lines
according to their dominant nitrogen spin character at low strain and low, but non-zero,
magnetic fields.
In contrast to the energy levels in figure 3.2, the energy separation between the three
shown eigenstates in figure 3.4a is on the order of 10 MHz. Note that the energy lines here
are drawn with a zero linewidth. In reality the lines are at least broadened on the order
of tens of MHz because of the NV-centre’s excited state lifetime, which equals 12.3 ns[57].

3.2. N ITROGEN SPIN FLIPS

a)

23

b)

x 10-3

Figure 3.4: a) A close-up of the eigenenergies in the coupled electron-nitrogen system. The shown lines are
within the electronic E x subspace, but with the nitrogen in different spin states. Though the 3 nitrogen levels
are slightly spin mixed, the labelling corresponds to the major spin component at low, but non-zero, magnetic
fields. The |N = ±1〉 states are pushed downwards in energy by the quadrupole moment. b) Results of the
nitrogen spin flip monte carlo modelling when the electron is excited to E x and the nitrogen is in one of its
spin eigenstates. The probability to flip is twice as high for |N = 0〉 compared to the probability of the |N = ±1〉
states. This is explained because only this state can flip-flop in two directions instead of one.

In the following we will discuss a Monte Carlo approach that we use to model the
nitrogen spin flip probability per electronic excitation. Because of the close proximity of
the three different nitrogen energy-lines in figure 3.4 and the fact that the linewidths of
these lines are at least lifetime broadened, we assume that the laser used to excite the
electron to the excited state preserves the nitrogen spin state in the excitation process.
Since the three lines are generally spin mixed in the nitrogen spin degree, we thus excite
the system to a superposition of the three eigenstates.
¯ ® ¯ ®
¯ ®
We denote the three excited state eigenstates of figure 3.4 by ¯ψ 0 , ¯ψ +1 and ¯ψ −1 ,
where the subscript corresponds to the dominant nitrogen spin character at low strain
and magnetic fields. If we denote the state to which we excite the system as |Ξ〉, then
¯ ®
¯ ®
¯ ®
|Ξ〉 (t = 0) = θ(t = 0) ¯ψ 0 + κ(t = 0) ¯ψ +1 + ν(t = 0) ¯ψ −1

(3.7)

where t denotes the time the system has spend in the excited state. In this approach we
assume that before t = 0 the system is in the ground state and exactly at t = 0 the system
is infinitely fast excited to the excited state. If the nitrogen state before the excitation
(t < 0) equals |N = Ni 〉 then, since the excitation preserves the nitrogen spin, the values
of θ(t = 0), κ(t = 0) and ν(t = 0) are such¯ that
® ¯|Ξ〉®(t = 0) =¯ |N® = Ni 〉.
Because of the energy difference of ¯ψ 0 , ¯ψ +1 and ¯ψ −1 shown in figure 3.4a, θ(t ),
κ(t ) and ν(t ) will acquire different phases over time when the system is in the excited
state. After a time τ the system (|Ξ(t = τ)〉) will decay to the ground state.
Similarly as was done to model the flip probability of the electron, upon decay to the
ground state we write |Ξ(t = τ)〉 as a superposition of the nitrogen spin states:
|Ξ(t = τ)〉 = c 0 |N = 0〉 + c +1 |N = +1〉 + c −1 |N = −1〉 .

(3.8)

We describe the decay process as that it projects |Ξ(t = τ)〉 to one of the nitrogen spin
states, where |c 0 |2 , |c +1 |2 and |c −1 |2 determine the probability to be projected to the corresponding nitrogen states. Here we assume that the singlet does not couple to the ni-
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trogen spin and thus does not influence this process[57].
Because the lifetime of the NV is exponentially distributed with an average of 12.3ns
[57], we use a Monte-Carlo approach to model the spin flip probability. We prepare the
Nitrogen in |N = Ni 〉, excite the system and let it evolve according to a time randomly
drawn from an exponential distribution with an average of 12.3 ns. Upon decay project
the excited state to one of the nitrogen states and determine whether the nitrogen has
flipped or not. We repeat this many times and thereby obtain the flip probability of the
nitrogen per electronic excitation.
The results for different initial nitrogen spin states (|N = Ni 〉) as a function of varying
magnetic field are shown in figure 3.4b. The qualitative behaviour is similar to that of
figure 3.3a, which is expected since the nitrogen can only flip by the hyperfine interaction
in which the electron flips as well. The flip probability of |N = 0〉 is twice as large as for
|N = +1〉 and |N = −1〉, which is attributed to the fact that it can flip two ways; to |N = +1〉
as well as to |N = −1〉. The |N = +1〉 and |N = −1〉 can only flip one way.
The simulations give a |N = ±1〉 flip probability of (4.5 ± 0.8)·10−3 % per electronic
excitation. Another interesting figure of merit is not per excitation, but per electronic
flip. If we neglect correlations between electron and nitrogen flips, this equals 0.0045
0.8 = (6
± 2) ·10−3 and corresponds to and average of (170 ± 69) electronic excitations before the
nitrogen flips.

3.3. S UMMARY
To understand uncontrolled electronic flips during the electronic cycling transition
used in single shot readout, this chapter started by explaining the electronic excited state
structure. Second, we solved the Hamiltonian that describes the excited state to assess
the spin mixing of excited state eigenstates, which contributes to the spin flip probability.
The mixing was investigated both for varying the magnetic field parallel to the NV-axis
and non-axial strain. The additional effects of phonons and intermediate singlet levels
led to a theoretical electron flip probability of (0.8 ± 0.3)%, where the singlet is responsible for (97.8 ± 0.8)%. Our experimentally found flip probability equals (0.48 ± 0.06)%
and is consistent within the uncertainty.
Since the nitrogen spin is used as memory in the repetitive readout scheme, we are
interested in its flip probability during electronic excitation. We modelled these flips and
obtained a ratio of 1 nitrogen flip in (170 ± 69) electronic flips.

4
R EPETITIVE READOUT DESIGN
In chapter 2 we have elaborated on the mechanism and limitations of single shot
readout. Electron spin flips during the excitation process were identified to be a bottleneck and we proposed a repetitive readout scheme that exploits the nitrogen spin to
become less susceptible to these flips. We argued that in this new scheme the nitrogen
spin flip probability is an important parameter.
In this chapter we will first present how a basic version of the repetitive readout
scheme can be implemented and of what elements it consists. Second we discuss two
improvements on this scheme and identify that its performance is limited by nitrogen
flips and off-resonant electronic excitations. This chapter will end by an experimental
characterization of both these processes.

4.1. D ESIGN CHOICES FOR OPTIMIZATION
Whilst eventually all the three levels of the nitrogen nuclear spin 1 (S = 1) will be
used, we will start by considering a two level spin particle as memory. This simplifies the
explanation and highlights the advantage of a three level spin particle. A schematic representation of the repetitive readout scheme, together with the associated spin dynamics, is depicted in figure 4.1a. The scheme is divided into three blocks and we denote the
electron spin by |e〉 and the nuclear (nitrogen) spin state by |N 〉. For simplicity we will
assume that all operations of block 1 and 3 are perfect. While this suffices for now, we
will come back to this in section 4.3.1.
First we will introduce and clarify the labelling used in this chapter. For the electron
we use the |e = −1〉 and |e = 0〉 as qubit states. In the single shot readout discussed in
chapter 2, we label a measurement of the |e = −1〉 state as "dark" because there is a low
photon detection probability during the readout. In contrast, we label a measurement
of the |e = 0〉 state as "bright" because there is a high photon detection probability (see
figure 2.4b).
As we we will see, the spin state of the electron flips frequently during the repetitive
readout scheme. Therefore it is generally not the same as before the start of the repetitive
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readout. The following labelling is used to distinguish between the electron state during
the repetitive readout and the electron state to which it was projected at the start of the
repetitive readout, which is the state we want to measure. We will use |e = e i 〉, with e i one
of the electron spin levels, to denote the electron spin during the repetitive readout. To
label the state to which the electron was projected at the start of the readout, we use the
label "bright" state in case it was projected to |e = 0〉 and "dark" state if it was projected
to |e = −1〉. So the purpose of the repetitive readout scheme is to measure whether the
electron state is bright or dark.

Block 1:
We start discussing the repetitive readout scheme by assuming that the nuclear nitrogen used that we exploit as a memory is a spin 12 particle. This provides the availability
¯
¯
®
®
over the spin ¯N = − 12 and ¯N = + 12 states. In Block 1 of figure 4.1a we correlate the
¯
¯
®
®
dark state with ¯N = − 21 and the bright state with ¯N = + 21 by first initializing |N 〉 in
¯
®
¯N = − 1 and subsequently applying a conditioned π-pulse (Map1 in figure 4.1a) on the
2
¯
®
nuclear spin. This pulse flips the nuclear spin state to ¯N = + 12 conditioned on the electron being in the bright state.
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Figure 4.1: Basic repetitive readout scheme (a) and corresponding spin dynamics (b). The scheme consists of
3 blocks: 1) establishing the correlation between the electron and the memory (here a two level spin state).
This is done by initializing the memory and performing an electron controlled π-pulse. 2) The readout (RO) to
obtain statistics on the electron state. The RO-laser in this block is applied to gain photon statistics, but
potentially flips the electron to one of the |e = ±1〉 states. The spin-pump (SP) deterministically reinitializes
the electron for the next repetition. During the RO and SP processes the memory spin |N 〉 can flip as these
processes involve electronic excitations. 3) Mapping the memory state to the electron state for the next
repetition. This can be done using a memory spin controlled π-pulse. M refers to number of readout
repetitions.
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Block 2:
Block 2 is the start of the repetitive part and consists of a readout (RO) and a spinpump (SP) element. The first is the effective readout/measure mechanism where the
RO-laser, only resonant with the |e = 0〉 transition, is applied. Like in the current RO
scheme, this produces electron state dependent photon emission. With the electron in
the bright state the RO-element can create non-deterministic spin flips. Generally, we
are thus ignorant over the electronic spin state after the RO-element (|e =?〉). The SP element resolves this issue by spin pumping the electron to |e = 0〉 (see section 2.2) irrespective of whether the electron was bright or dark before the start of the readout scheme.

Block 3:
While block 2 destroys the information on the electron, block 3 restores this by mapping the nuclear state back to the electron. Here a nuclear-spin-controlled electron
π¯
®
pulse is applied such that the electron will flip from |e = 0〉 to |e = −1〉 only if ¯N = − 21 .
So for the next repetition we recover |e = 0〉 if the electron state was bright and |e = −1〉 if
the electron state was dark. We can thus repeatedly read out, gain statistics and make a
better measurement on whether the electron was bright or dark.
Importantly the RO and SP elements involve electronic excitations that can induce
nuclear spin flips in block 2. As illustrated by the following example, depicted by the
red arrows in figure 4.1b, these flips impose a limitation to the scheme performance.
Suppose
¯
¯ becomes
® the electron state to measure is bright. By Map1 the nuclear spin
®
¯N = + 1 , but a spin flip during the RO or SP element changes the state to ¯N = − 1 . As
2
2
a result Map2 resets the electron spin to |e = −1〉, the state correlated with the dark state,
for the subsequent repetition. So whilst the electron state to measure is bright, Map2
now incorrectly resets the electron information as if it were dark. Therefore the next repetition will negatively impact the measurement result and nuclear spin flips thus limit
the improvement that can be achieved with the repetitive readout scheme.

4.1.1. I MPROVING RESILIENCE AGAINST NUCLEAR SPIN FLIPS
With respect to nuclear flips the scheme of figure 4.1 is not optimal. In this section
we elaborate on two improvements with respect to these flips. The first one reduces the
probability that they occur, whilst the second makes use of a three level spin system instead of a two level spin system, so that the susceptibility to nuclear spin flips is reduced.
These improvements transform the scheme to become as in figure 4.2.

Improvement 1:
The first improvement is to insert an unconditional MW π-pulse that inverts the
|e = 0〉 and |e = −1〉 populations, independent of the nuclear spin. This pulse is inserted
between the RO- and SP elements in block 2 and partly takes over the function of the SP
element in the initialization process, but without exciting the electron and thus reduces
the nuclear spin flip probability.
To see this, we realize that the |e = −1〉 state is not affected by the RO-element and
remains spin |e = −1〉. Then the MW brings it to |e = 0〉 such that the SP-element is off-
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resonant and has no effect. Therefore, no nuclear spin flips can happen if the electron
state to measure is dark. In case of the bright state, the readout laser is applied long
enough such that the electron has non-deterministically flipped to either |e = −1〉 or
|e = +1〉. At the power used in this experiment, there is a roughly equal chance to flip
to |e = −1〉 or to |e = +1〉 (see figure H.5). Thus in 50% of the cases the MW pulse successfully reinitializes the electron to |e = 0〉 if the electron was bright. We still always use the
SP-laser afterwards to reinitialize the electron in case it has flipped to |e = +1〉. Also in
practice the MW pulse is not perfect and in case it fails, the spin-pump will still reinitialize the electron.
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Figure 4.2: Improved repetitive readout scheme that uses the nitrogen as a three level memory spin system.
(a) shows the new scheme where a MW-pulse (yellow) and a RF-pulse (blue) are added. (b) shows the spin
dynamics associated with the scheme in (a). The nitrogen is initialized in |N = 0〉 and Map1 creates the
electron-nitrogen correlation shown. This is done by two electron-controlled π-pulses on the nitrogen spin.
The MW is a π-pulse that inverts the |e = 0〉 and |e = −1〉 populations after the RO element and partly takes
over the electron reinitialization of the SP element. In case the state to measure is dark, it reinitializes the
electron without excitations, which suppresses the probability to flip from |N = −1〉 to |N = 0〉. By two
nitrogen controlled electron π-pulses, Map2 brings the electron to |e = −1〉 only if |N = −1〉 or if |N = 0〉. The
RF-pulse inverts the |N = 0〉 and |N = 0〉 populations. Now in contrast to measuring a dark state, only a bright
state measurement involves electronic excitations. Therefore there is a high probability that |N = 0〉 only
becomes populated if the electron state to measure is bright. This in combination with the RF-pulse makes
|N = 0〉 an information buffer state[45]. Unlike all the other elements, the RF-pulse is not necessarily applied
in every repetition.

Improvement 2:
The host nitrogen in an NV-centre is a nuclear spin 1 character, which provides an ad-
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vantage over a spin 12 particle. Here we will explain how a scheme design (see figure 4.2)
uses the three spin state levels of the nitrogen to become resilient against single nitrogen
flips.
First we consider the electron-nitrogen correlation established by Map1 . We designed this element to correlate the dark state with |N = −1〉, the bright state with |N = +1〉
and leave |N = 0〉 unpopulated. This is done by first initializing the nitrogen in |N = 0〉
followed by two electron-controlled-nitrogen π-pulses. We intently leave the |N = 0〉
state unpopulated because this allows it to be used as a information buffer state[45].
To explain why this state provides a buffer, we assume the MW-pulse and the operations of Map1 and Map2 are perfect as well as that |e = −1〉 state is not off-resonantly
excited under RO-laser illumination. If the electron state is dark (see top line figure 4.2b),
and thus |N = −1〉, the RO laser is off-resonant and the MW-pulse will bring the electron
state to |e = 0〉 such that the subsequent SP-laser is also off-resonant. Therefore no electronic excitations happen and the nitrogen will remain in |N = −1〉. In the bright state
case, the RO element is resonant and can thus induce spin flips from |N = +1〉 to |N = 0〉.
Because of this directional population, a population in the |N = 0〉 state contains information that the measured electron state is bright.
Map2 in figure 4.2 consists of two nitrogen-controlled-electron π-pulses that respectively flip |e = 0〉 to |e = −1〉 if |N = −1〉 or if |N = 0〉. Therefore, if the nitrogen flipped
from |N = +1〉 to |N = 0〉, the system will not undergo electronic excitations in subsequent repetitions. This means there will not be another nitrogen flip and the |N = 0〉
state retains the information that the measured electron state is bright. However, since
in subsequent repetitions the electron state is |e = −1〉, we will not collect photons according to the bright state photon distribution. Thus while the information is in |N = 0〉
we are not extracting it.
A RF-pulse can resolve this issue[45], which we illustrate with the following example.
During the first number of repetitions no photons are collected. This can originate from
the electron starting dark, and thus the nitrogen in |N = −1〉. Another possibility is that
the electron starts bright (thus |N = +1〉), but the nitrogen flipped to |N = 0〉 before any
photons are collected. A RF-pulse that inverts the |N = 0〉 and |N = 1〉 populations before
Map2 supplies a way to discriminate these possibilities. In case the nitrogen was |N = 0〉,
it will become |N = +1〉. By Map2 the electron becomes |e = 0〉 in the subsequent repetition, such that photons can be collected corresponding to the bright electron state.
When the nitrogen was |N = −1〉 it will remain there and in subsequent repetitions more
dark state statistics are gained. Note that the RF-pulse does not need to be used in every
repetition. When to use it is a free parameter.

Under the assumptions used in the explanation above, the space spanned by |N = +1〉
and |N = 0〉 (bright state space) is not connected to the space spanned by |N = −1〉 (dark
state space). This would mean that the repetitive readout fidelity could be arbitrarily enhanced by repeating the scheme many times. In reality, these assumptions are not satisfied. As observed in section 2.2.1, off-resonant excitations occur and they can induce a
flip from |N = −1〉 to |N = 0〉. Also, only single nitrogen flips have been considered, but
potentially double flips directly from |N = +1〉 to |N = −1〉 (or vice versa) can happen.
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Besides, a failure of the mapping gates can also connect the nitrogen subspaces.
In conclusion, the combination of a MW-pulse, a spin 1 nitrogen memory and a RFpulse has reduced the susceptibility to single nitrogen flips. We have however identified
that off-resonant excitations, nitrogen flips and gate infidelities still limit the achievable
readout fidelity. Therefore the next sections start by presenting a characterization of
nitrogen spin flips in our system, followed by an investigation of the frequency of offresonant excitations.

4.2. E XPERIMENTAL CHARACTERIZATION OF NITROGEN SPIN FLIPS
This section presents measurements on nitrogen spin flips. Both for the spin-pump
process as well as for the readout process (block 2 figure 4.2). To quantify flip rates we
use a simple 3 level rate equation model. A visualization of the rate equation model is
shown in figure 4.3a, where all the nitrogen spin states are connected to each other by
individual rates, which we assume independent of the nitrogen state. From this, three
differential equations can be derived and solved to obtain the population in a specific nitrogen spin state as a function of time (see appendix H). Fitting these solutions through
experimental data gives the flip rates.
The experimental sequence is shown in figure 4.3b. Here we first initialize the electron in |e = +1〉 and the nitrogen in one of its spin states; |N = Ni n 〉. Subsequently we
repeatedly spin-pump the electron to zero and bring it back to |e = +1〉 by a MW-pulse.
During the spin-pumping process, nitrogen flips can occur. After M repetitions, the electron state is |e = +1〉 and we measure the population in a specific nitrogen spin state Nk
by flipping the electron to |e = 0〉 conditioned on |N = Nk 〉 followed by a conventional
readout on the electron. Repeating this measurement sufficiently many times obtains
the average population in state |N = Nk 〉, which we denote as 〈Nk 〉, as a function of
M .The repeated block magnifies the effect on the nitrogen, which is too small to measure accurately with only one repetition (M = 1). Note that the number of repetitions M
equals the number of spin-pump elements that flipped the electron.
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Figure 4.3: Nitrogen spin flip measurements under SP-laser illumination. a) The rate equation model used for
the nitrogen spin flip rates per electron flip. All spin states are connected by independent rates. b) The
protocol to measure nitrogen spin flips under SP-laser illumination
¯
® when the electron starts in the |e = +1〉
state. The nitrogen is initialized in one of its spin states ¯N = Ni . The SP element always flips the electron
spin to |e = 0〉 (see section 2.2) and can induce nitrogen flips. The MW-pulse reverts the electron state to
|e = +1〉. To determine the flip dynamics, we measure the average population in the one of the nitrogen spin
states, 〈Nk 〉, after M repetitions. In separate experiments we can measure the population in all the three
nitrogen spin states. Since |e = 0〉 after
¯ the final
® MW-pulse, the population 〈Nk 〉 is measured by flipping the
electron to |e = 0〉 conditioned on ¯N = Nk followed by a readout on the electron. c) We can initialize the
nitrogen in three different states as well as probe the nitrogen population in three different states.
This ®
¯
provides 9 possible measurements. Three of the nine possible data sets are shown. They all have ¯Ni n = +1 ,
but differ in which nitrogen spin state population (〈Nk 〉) is measured as a function of M . The fit in green is of
the model in (a) and allows extraction of the flip rates and asymptotic nitrogen populations.

We can change the input nitrogen spin state (|Ni n 〉) as well as which spin population
we measure at the end of the sequence (〈Nk 〉). This provides 9 possible measurements,
whose dynamics are governed all by the same rates. Three of those are shown in figure
4.3c. Here |Ni n = +1〉 in all figures, while from left to right the population in a different
nitrogen state (〈Nk 〉) is measured as a function of the number of repetitions. The green
curves are fits of the model in figure 4.3a through the data. From this we obtain the
flip rates, and the nitrogen populations after the system has equilibrated (Ni (∞)) shown
in table 4.1(rows with |e = +1〉). Six of the nine parameters shown here are included
as fitparameters, whilst the other three linearly depend on these six, see appendix H.
The rates confirm the observation that initially the population transfer is predominantly
from |N = +1〉 to |N = 0〉. Only later, the |N = −1〉 state becomes occupied.
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|e = +1〉
|e = −1〉
|e = 0〉

r 0+1
2.21 ± 0.08
0.8 ± 0.1
7.9 ± 0.3

0
r +1
2.1 ± 0.1
3.7 ± 0.6
7.0 ± 0.4

r 0−1
4.0 ± 0.1
3.2 ± 0.1
4.9 ± 0.2

0
r −1
3.3 ± 0.1
4.6 ± 0.3
6.3 ± 0.4

〈N+1 (∞)〉
35.0 ± 0.3
12.7 ± 0.5
35.8 ± 0.3

〈N0 (∞)〉
30.7 ± 0.4
52.5 ± 0.6
34.4 ± 0.4

〈N−1 (∞)〉
34.3 ± 0.3
34.8 ± 0.4
29.8 ± 0.3

p +1

|e = +1〉
|e = −1〉
|e = 0〉

+1
r −1
0.18 ± 0.06
0.1 ± 0.1
1.5 ± 0.2

−1
r +1
-0.03 ± 0.06
-0.1 ± 0.2
1.8 ± 0.2

52.6 ± 0.1

Table 4.1: Flip rates and asymptotic nitrogen populations extracted from fitting the rate equation model
(figure 4.3a) through the nitrogen spin flip measurements. The states in the left column indicate whether the
model is fit to the measurements in figure 4.3c (electron initialized in |e = +1〉 or |e = −1〉 in the measurement
sequence) or the measurements in 4.4b (electron initialized in |e = 0〉). The rates for |e = +1〉 and |e = −1〉 are
given per 1000 electron flips, while for |e = 0〉 per 100 electron flips. The nitrogen populations are in %. We
note that, especially for |e = +1〉 and |e = −1〉 the double flips are suppressed compared to single flips.
Because of the intermediate singlet level these are less suppressed for |e = 0〉. The asymptotic populations of
all the three nitrogen states are roughly equal if |e = +1〉 or |e = 0〉. When |e = −1〉, the |N = +1〉 state is
significantly less populated in favour of the |N = 0〉 state. The measurement with the electron initialized in
|e = 0〉 allows extraction of the flip probability p +1 from |e = 0〉 to |e = +1〉 under RO-laser illumination (see
appendix H). Its value is similar to the spin +1 fraction (α2 + ²2 in equation (3.2)) that accounts for the spin
mixing in the RO-transition (see Appendix table 8.5) as well as to the ratio to flip from the singlets to |e = +1〉
compared to flip to |e = −1〉.

The same measurements can also be done with the electron initialized in |e = −1〉
and the MW-pulse resonant with the |e = 0〉 to |e = −1〉 transition, of which the data is
also shown in table 4.1. The double-to-single rate ratio is similar for both measurements.
0
For |e = −1〉, r 0+1 is substantially smaller than r +1
, which is reflected in the populations
of 〈N+1 (∞)〉 and 〈N0 (∞)〉. The origin of this is still an open question. In any case the
following, seemingly sensible, reasoning of directional hyperfine flip flops leads to another not understood observation: if the electron is in the |e = −1〉 spin state, it can only
increase its spin. As a consequence, the nitrogen spin should decrease in spin quanta
in a hyperfine flip flop. This reasoning would explain why r 0+1 is suppressed, but would
0
also imply that r −1
is suppressed, which is not observed.

N-flips with |e = 0〉 and RO-laser illumination
Next we determine the nitrogen spin flip rates when the electron is in the |e = 0〉 state
and illuminated by the RO-laser. This laser selectively excites |e = 0〉 and introduces uncontrolled spin flips to the |e = −1〉 or the |e = +1〉 states. Therefore we now use two
MW-pulses to re-prepare the |e = 0〉 state, one resonant with the |e = 0〉 ↔ |e = +1〉 transition and one resonant with the |e = 0〉 ↔ |e = −1〉 transition.
This is shown in figure 4.4a, where the full sequence is depicted. Likewise to the measurement in figure 4.3b, we apply a nitrogen-controlled-electron flip after the repeated
block followed by a readout on the electron. The data obtained from these measurements is shown in figure 4.3b. Because the electron ends up in a mixed state after the
repeated block, the interpretation of this data is less direct compared to figure 4.3c. Appendix H shows how to take the electron spin mixing into account and still use the rate
equation model to extract the nitrogen spin flip rates, asymptotic nitrogen spin popula-
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tions as well as the probability (p +1 ) for the electron to flip from |e = 0〉 to |e = +1〉 under
RO-laser illumination. Their values are shown in table 4.1.
In the following we will try to give explanations for the observed magnitude of the
rates and compare them to the rates obtained from the measurements of figure 4.3. First,
we notice that the single flip rate is around 1 per 12 to 1 per 20 electronic excitations.
From the theoretical prediction in chapter 3 we obtained 1 per (170 ± 69), which differs
by approximately an order of magnitude. Potentially the model in section 3.2 is not accurate enough or the assumption that the excitation laser does not affect the nitrogen
state might be false. Another argument might be that the rate equation model in figure
4.3a is too simplified to accurately describe the system.
The rates under optical excitation of the |e = 0〉 state are at least an order of magnitude larger than under optical excitation of |e = −1〉 and |e = +1〉, see table 4.1. This is understood as the measured rates are per electronic flip, and nitrogen flips predominantly
happen while the electron is in the excited state. The |e = ±1〉 cycling transitions are
much more likely to decay through the singlet state[57] and subsequently subsequently
decay to the |e = 0〉 ground state. Therefore, per electron flip, there are less excitations
and thus less opportunities for the nitrogen spin to flip than in the |e = 0〉 cycling transition. The difference in electronic flip probability between the |e = ±1〉 and |e = 0〉 cycling
transition, and thus in number of electronic excitations, is in the same order as the observed difference in rates (see section 3.1.2). Note that this reasoning did not take into
account that, by the hyperfine interaction, the electronic and nitrogen flip probability
are not completely independent.
Besides the total cycles, also the nitrogen flip rate per cycle is important. Potentially this rate is different with the electron in |e = ±1〉 cycling transition compared to the
|e = 0〉 transition. Future investigation is required to determine a possible difference. A
start would be to use the model of section 3.2 to determine the nitrogen flip probability
per excitation of the |e = ±1〉 states and compare it to the probability obtained per excitation when exciting the |e = 0〉 state. This is an interesting avenue for future investigation.
The decay rate through the singlet transition also explains the noticeable difference
in the double flip rates, which (relatively to the single flip rates) are much larger under
optical excitation of |e = 0〉. When after one flip-flop (thus |e = 0〉 → |e = −1〉 or |e = +1〉)
the electron decays back to |e = 0〉 through the singlet transition, the electron will be
excited again. This provides a second flip-flop chance. A similar process is highly suppressed in the optical excitation of the |e = ±1〉 states. Here a flip-flop brings the electron
to |e = 0〉, which has a low probability to decay through the singlet back to the |e = −1〉
or |e = +1〉 states states[62][63]. The electron will get trapped in |e = 0〉 and no second
flip-flop chance is available.
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Figure 4.4: Nitrogen spin flip measurements under RO-laser illumination. a) The protocol to measure
nitrogen flips under RO-laser illumination. Compared to figure 4.3 another MW pulse is added to deal with
uncontrolled electron flips during the RO-blocks. After the end of the sequence the electron ends up in a
mixed state (see appendix H), which means we are not measuring the average population in one of the
nitrogen spin states after we have performed a nitrogen controlled electron flip, like in figure 4.3a. Appendix
H shows that we can compensate for this mixed behaviour and still obtain
¯ the flip
® rates with the model of
4.3a. b) Three of the 9 possible measurement sequences. In all figures ¯Ni n = 0 , but a different nitrogen
controlled electron pulse is used before the final electron readout. Because of the mixed electron state after
the repeated block, the three figures do not sum to 1, like in figure 4.3c. They do however show the interesting
nitrogen dynamics. In green the model of figure 4.3a is fitted. From this we extract the flip rates, asymptotic
nitrogen populations and the probability p +1 to flip from |e = 0〉 to |e = +1〉 under RO-laser illumination.

It is interesting to investigate the flip rates with varying RO-laser power. With the
power far from saturation, a higher power leads to faster excitation dynamics and can
thus reduce the total time the repetitive readout takes. This can however come at the
cost of negative side effects that compromise the fidelity. In that case a trade off between
duration and fidelity must be made. One of these side effects could be higher nitrogen
flip rates. Figure 4.5 depicts the measured flip rates as a function of relative power. Here
a power of 1 corresponds to the rates of table 4.1. With this power it takes on average
27 µs before the electron flips, see figure G.1a.
For the measurements at different powers we decreased the RO-block durations in
figure 4.4a, while maintaining that the electron is flipped after one RO-block. Reducing
the block duration lowers the probability to off-resonantly re-excite the electron after it
has flipped. Off-resonant excitations effectively introduce unaccounted electronic optical cycles and therefore artificially increase the observed flip rates.
−1
Notably the r +1
rate increases with power. Apart from r 0−1 , the single flips rates remain constant within their uncertainty. We also observe an increase in the probability
that the electron flips to the |e = +1〉 ground state (p +1 ), see figure H.5. This might be due
to an increased off-resonant excitation to the E y -level, which has a much higher mixing
with a spin +1 excited state than the E x level as shown in figure E.1b.
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Rate value

x 10-2

Figure 4.5: The measured nitrogen flip rates for different laser powers. The rates are measured likewise to
figure 4.4. All the single rates (top four) and double rates (bottom two) are shown. Predominantly the double
flip rate from |N = +1〉 to |N = −1〉 increases with power. The other flip rate increases slower. Apart from the
rate that flips |N = 0〉 to |N = −1〉, the single flip rates remain constant within their uncertainty.

4.3. I MPERFECT GATES AND OFF - RESONANT EXCITATIONS
In addition to nitrogen spin flips, imperfect gates and off-resonant excitations negatively impact the performance of the repetitive readout scheme. First, this section briefly
points out how gate infidelities affect the scheme, but does not elaborate on how to improve them. The interested reader is referred to reference [52]. Second, off-resonant
excitations are investigated in detail.

4.3.1. I MPERFECT GATES
Figure 4.2 consist of 1 nitrogen initialization and 3 blocks that involve gate operations
(Map1 , RF and Map2 ). The elements in block 1 create the electron-nuclear correlation
on which the entire scheme relies. A fault in here will therefore affect every repetition,
which makes the fidelity of these elements a critical parameter of the repetitive readout
scheme.
Although undesired, a failure of Map2 is of less impact. When it fails to flip the electron conditioned on the nitrogen, only the next repetition is affected since, before Map2
in this subsequent repetition, the electron is always reinitialized. This effectively gives
Map2 a new chance to flip the electron. The fact that only a single repetition is affected
is true as long as during that repetition the nitrogen, our memory, does not flip. When
this does happen however, the memory state is altered and every subsequent repetition
is influenced.
An infidelity in the RF pulse also does not necessarily impact every subsequent repetition. Its purpose is to transfer the state from |N = 0〉 to |N = +1〉, but in case it fails,
the state remains |N = 0〉. When in the following repetitions no additional nitrogen flips
happen, the RF-pulse can be applied again to successfully flip the state to |N = +1〉. One
can imagine that the RF-pulse undesirably flips |N = 0〉 to |N = −1〉, but since this tran-
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sition frequency is far off-resonant compared to the used RF-pulse Rabi-frequency, the
probability that this happens is negligible.

4.3.2. O FF - RESONANT EXCITATIONS
In section 2.2.1 it has been discussed that off-resonant excitations can bring the |e = ±1〉
state to the radiative |e = 0〉 cycling transition. Therefore photons are undesirably collected and the readout result is biased towards |e = 0〉. This holds as well in the repetitive
readout scheme. But in this case next to the undesirably detected photons, also undesired nitrogen spin flips induced by an off-resonant excitation are important. In this
section we will refer to off-resonant excitations as an excitation that brings the |e = ±1〉
state into the cycling |e = 0〉 transition and we will investigate the frequency of this effect.
To do this, we prepare the system in the |e = −1〉 state and illuminate it with the off
resonant RO-laser. The blue line in figure 4.6a depicts the collected photons over the
course of 20 seconds. To make sure they do not originate from dark counts, the same
measurement (shown in red) is done with 0 laser power. Obviously the dark count contribution is small.
We collect the photons in a time binned fashion. Setting the binning time is a tradeoff between having multiple off-resonant excitations within one bin or collecting photons of one off-resonant event over multiple bins. The first leads to an underestimation
of the total number of off-resonant excitations, while the second leads to an overestimation. Here we chose a 50 µs bin window, such that an off resonant excitation in the start
of a bin will in 80% of the cases not emit a photon in the next bin (see figure G.1a). When
an off-resonant excitation happens at the end of a time bin, there is a higher probability
to emit photons in the subsequent bin.
To be insensitive to this, we determine the average time between two off-resonant excitations as follows: we first determine how many photons are on average collected when
the electron is in the |e = 0〉 cycling transition. To obtain the total amount of off-resonant
excitations, we divide the total off-resonantly collected photons (figure 4.6a) by this averagely collected photons in the |e = 0〉 cycling transition. Invoking that the off-resonant
photons were collected in 20 seconds gives the average time before an off-resonant excitation happens. For the measurement in figure 4.6a, done at a relative power of 1, this
gives one off-resonant excitation per 6.6 ms. This method is however sensitive to dark
counts, stray light and laser-light reflections.
Another method is to time track when an off-resonant excitation happens, like in figure 4.6b, and subsequently histogram the times between them (figure 4.6c). We model
the off-resonant excitations as a probabilistic process, which is backed by the geometric distribution shown in the histogram of figure 4.6c. By fitting an exponential decay
through the peaks of the histogram, we extract the average time (〈∆T 〉) between two excitations.
A trick used to decrease the influence of dark counts is to only track the time differences between events that contain more than "m" photons. For m photons the dark
count influence compared to the off-resonant excitation influence namely scales as the
ratio between their occurring frequency to the power m. Since this ratio is already small
(≈0.01, figure 4.6a), we chose m = 2 to sufficiently suppress the dark count contribution.
Off course this approach overestimates the average time between off-resonant exci-
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tations as we are not including the events if they provided less than 2 photons. However,
from the photon distribution of the |e = 0〉 cycling transition (see figure 2.2.1b), we can
calculate the fraction p ≥m of excitations that provided more than 2 collected photons.
Subsequently we divide the time differences between two off-resonant excitations by
p ≥m , and so obtain the time difference it would be if we were to take all off-resonant
excitations into account. In tracking the time differences, we circumvent excitations
that gave photons in two time-bins by only taking into account time-differences larger
than 50 µs, which is valid here as the average time difference is much larger than 50 µs.
With the power used during the major part of the experiments, this resulted in one offresonant excitation per (6.3±0.1) ms, close to the number we found purely from the data
in figure 4.6a, which confirms that indeed the dark-count contribution is very small.
This same method works to reduce the influence of for counts from stray light and
laser light reflections. But the contamination of these effects has not been measured and
it is thus not exactly known to what extend this is filtered out.

a)

b)
Power = 0
Power = 1

c)

d)

= (6.3 +/- 0.1)·103 μs

Figure 4.6: Characteristics of off-resonant excitations. a) The electron is prepared in |e = −1〉 and illuminated
with the RO-laser. Over time we track the accumulated collected photons. b) A time track of when an
off-resonant excitation happened as well as the amount of collected photons during that excitation cycle. c)
The distribution of time-differences between subsequent peaks in b. In red an exponential fit that obtains the
average time between two off-resonant excitations. With a power used in most of this work, this equals (6.3 ±
0.1)ms. d) The average time in c) for different relative laser powers.
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We executed this procedure for multiple powers and observed that off-resonant excitations are substantially more probable the higher the power is, see figure 4.6d. One
intuitive reasoning is that by power broadening there is a higher probability of an offresonant excitations. Albeit that, the exact physical principles that cause off-resonant
excitations remain to be investigated.

4.4. S UMMARY
The design of the proposed repetitive readout scheme have been discussed. By exploiting the host nitrogen spin as a memory, fruitful use can be made of its three level
spin character. This in combination with a RF-pulse reduces the susceptibility of our
scheme to single nitrogen flips, which negatively impact the readout performance. Besides nitrogen flips, off-resonant excitations were identified as a limitation to the repetitive readout scheme. We have experimentally characterized the nitrogen flip rates and
found single flip rates around once per 15 electronic flips and double flip rates four
times lower. The frequency of off-resonant excitations with our experimental settings
was measured to be once every (6.3 ± 0.1) ms.

5
R EPETITIVE READOUT
PERFORMANCE
In this chapter we experimentally implement the repetitive readout scheme and analyse its performance. First, as an example, we consider a repetitive readout scheme with
a non-optimized set of parameters and compare the results to the expected values from
the measurements in chapter 4.
Second, we describe a structured analysis that paves the way to improve the readout
fidelity that is achievable and we experimentally determine the improved fidelity. Here
it becomes clear that there remains a large parameter space to optimize over. Since it
might be prohibitively time consuming to experimentally explore this space, we have
developed a model to simulate the repetitive readout fidelity. We will assess the validity
of this model by reproducing the experimentally obtained results.

5.1. R EPETITIVE READOUT: AN EXAMPLE
It is interesting to compare the nitrogen flip-rates and off-resonant excitation time
obtained in the previous chapter with measurements of our repetitive readout scheme.
To this end we experimentally realize the scheme of figure 5.1a and implement its separate elements as below. The time each element takes is shown between brackets.
• Initial Nitrogen state: |Ni = 0〉
• Map1 : this is comprised of two π-pulses that act on the joint |e, N 〉-state:
1) |0, 0〉 → |0, +1〉 (700 µs)
2) |−1, 0〉 → |−1, −1〉 (300 µs)
• RO-block (150 µs).
To suppress dark count influences, only the first 60 µs photons are collected.
150
If the electron enters the RO-block dark, there is 6300
= 2.4% probability of
an off-resonant excitation.
• MW (0.73 µs)
• SP-block (150 µs)
39
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• RF-Pulse: Only at every 80th repetition (700 µs)
• Map2 : this is comprised of two π-pulses that act on the joint |e, N 〉-state:
1) |0, 0〉 → |−1, 0〉 (1.53 µs)
2) |0, −1〉 → |−1, −1〉 (1.53 µs)

With this configuration we perform two sets of measurements, one where the electron
is initialized in the bright state (|e = 0〉) and one where it is initialized in the dark state
(|e = −1〉). We track the average number of photons collected per repetition, as shown by
the black data in figure 5.1b and 5.1c respectively. In the following we discuss our observations, starting with figure 5.1b.
For the bright state case, as expected, we notice that in the first repetition we obtain a
similar amount of photons as during the conventional readout, see figure 2.4b. In subsequent repetitions a decay is clearly observable, which we attribute to the depopulation
of the bright nitrogen state (|N = +1〉). The RF-pulse at the 80th repetition clearly repopulates this nitrogen state such that the electron becomes bright again in subsequent
repetitions. Consequently more photons will be collected and the |N = +1〉 state will be
depopulated again. Every time the RF-pulse is applied this dynamics is repeated.
¡
¢
Through each individual decay we fitted an exponential decay: n 0 exp − TM1 + c 1 ,
where M is the number of repetitions relative to the last RF-pulse, T1 is the depopulation timescale, c 1 the steady state photon collection and n 0 a scaling parameter. We
extract T1 = 10.53 ± 0.02 and compare this to the rates corresponding to |e = 0〉 in table
4.1, which describe the underlying physical process. By inverting the joint rates out of
|N = +1〉, we find a timescale of 11 ± 6 and conclude a close match. The reported uncertainty in T1 is the square root of the variance in all the 10 individual decays measured.
Because of the bright state depopulation, the system should become completely dark
in the steady state. In contrast, the fit shows a steady state photon number of 0.178 ±
0.001 that points to a mechanism that provides photons even though the state should be
dark. In chapter 4 we found on average one off-resonant excitation in 6300 µs, which implies a 2.4% chance per repetition to have an off-resonant excitation (note the RO block
duration is 150 µs). With 6 photons while the electron is bright - see photon counts of
first repetition - this should give a steady state photon number of 0.143. This is somewhat lower than the fit provides, but potentially gate infidelities in Map2 can increase
this number.
Another noticeable effect is the decay of the envelope over peak photon counts after
each RF-pulse. The decay of this envelope is understood since the RO-laser depopulates
the |N = 0〉 state in favour of the |N = 0〉 and |N = −1〉, while the subsequent RF pulse
only brings the population in |N = 0〉 back to |N = +1〉. Repeating these elements would
thus eventually lead to nitrogen polarization in the |N = −1〉 state, which we have correlated to the dark electron state. As we do observe non-zero photons in the steady state
of this envelope, we conclude that there is a process that depopulates the |N = −1〉 state.
One process that has this effect is off-resonant excitations.
To find the timescale over which all these processes balance and the system reaches
an equilibrium, we fit the same exponential relation as we did for all the individual peaks,
but now label them with a subscript "2" to distinguish the two decays. This results in the
green line in figure 5.1 and T2 = 1.57 ± 0.07, where we scaled T2 to the time between
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two RF-pulses (80 repetitions). What this tells is that on average only 1.57 RF-pulses are
effectively useful, since afterwards the information in the nitrogen spin is lost. The extracted maximum photon number in an equilibrated state equals c 2 = 2.31 ± 0.03.

a)

M

e

RO MW SP

N

Only every
80th repetition

Map1

b)

e = 0 Photons
c
c

c)

Map2

e = -1 Photons
c
c

Figure 5.1: Example of repetitive readout scheme. a) The executed experimental scheme as discussed in
section 4.2. Here we only apply the RF-pulse in every 80th repetition. b) In black: the average number of
collected photons during the readout block as a function of the number of readout repetitions (M) when the
electrons is initialized in |e = 0〉. Before the RF pulse
is
³
´ applied, we observe an exponential decay of the

photon number, which we fit using 〈n ph 〉 = n 0 exp − TM1 + c 1 . The fit (in red) obtains T1 = 10.53 ± 0.02, which
is the timescale over which |N = +1〉 is depopulated. The steady state number of photons extracted, c 1 , equals
1.57 ± 0.07. In green we fitted, using the same fitfunction, the envelope over the peak maxima. This gives the
timescale of equilibration relative to the RF-pulse time (80) and equals T2 = 1.57 ± 0.07. When in equilibrium,
the maximum number of photons that can be collected is shown to be c 2 = 2.31 ± 0.03. c) Data like in figure
(b), but now the electron starts dark: |e = −1〉, leading to low photon collection. The sudden rise after the
RF-pulse shows that even when starting dark, the |N = 0〉 state becomes populated. The observed |N = +1〉
depopulation and equilibration timescale is similar to (b) as well as the number of steady state photons and
the maximum photons when an equilibrium is reached.

We now turn to figure 5.1c, where the system is initialized in the dark state, which
is correlated with |N = −1〉 nitrogen spin state. The evident rise in photon number after
the RF-pulse proves that the |N = 0〉 state becomes populated in favour of the |N = −1〉
state. Using the aforementioned off-resonant excitation probability per repetition and
the rate from |N = −1〉 to |N = 0〉 in table 4.1 (the rate corresponding to |e = 0〉 in this
table), we calculate that the off-resonant excitations accounts for 63% of the first peak
height (after 80 repetitions). The remaining part might be attributed to gate infidelities
in Map2 . Namely, this gate should flip the electron from |e = 0〉 (bright) to |e = −1〉 (dark),
such that a gate failure has the same effect as an off-resonant excitation.
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Similar to figure 5.1b, we fit the exponential decay through both the peak decays and
the envelope of the peak maxima. We find a similar depopulation rate as before which
is understood since the underlying physical process is the same. Also the equilibration
timescale and peak photon number in equilibrium are similar. The steady state photon
numbers obtained from the fit through the peak decays is 25% lower than in figure 5.1b.
With the electron in the dark state and before complete equilibrium, the steady state
nitrogen population is predominantly |N = −1〉, while for the bright state this is mainly
|N = 0〉. If the fidelity of the gate that flips the electron conditioned on the |N = 0〉 is
lower than the fidelity of the |N = −1〉 conditioned electron flip, more photons will on
average be detected in the steady state when the electron starts bright.

5.2. R EPETITIVE READOUT OPTIMIZATION
In the previous section we applied the RF pulse every 80 repetitions. This provided
enough time for multiple interesting dynamics to evolve and quantitatively analyse them.
Equipped with this knowledge, this section focus on one specific figure of merit of our
scheme: the readout fidelity. Up front it is not directly clear what the optimal repetition
number is to exploit the RF technique. Accordingly we will describe a way to improve
the achievable fidelity, given that the RF pulse is used at a predefined repetition. Subsequently, one can analyse measurements where the RF-pulse is applied at different points
so to find the most efficient point to apply the RF-pulse.
A single shot readout would be perfect if the two orthogonal states (|e = 0〉 and |e = −1〉)
to distinguish result in two distinct photon distributions that show no overlap. If we restrict ourselves to making a decision what the state is we measure, only based on the total
number of collected photons after M repetitions, then a better readout is thus achieved
when the photon collection distributions after M repetitions of the dark and bright state
overlap less. This leads to the first two steps towards improvements: 1) Determine the
photon collection distributions of the dark and bright state as a function of the number
of readout repetitions (M ) and 2) calculate their overlap. We illustrate this improvement
with a scheme where the RF-pulse is applied after every 10th repetition.

5.2. R EPETITIVE READOUT OPTIMIZATION

a)

c)

43

b)

d)

Figure 5.2: Improving the readout fidelity. a) Example of the distribution of collected photons for the
bright(blue) and dark(orange) state after 13 readout repetitions where the RF-pulse is applied in the 10th
repetition. b) Overlap between the distributions in (a), calculated for all number of readout repetitions. Green
lines mark the number of repetitions at which the RF-pulse is applied. We observe a significant decrease in
overlap after the first RF-pulse which thus improves the readout fidelity. The effect of the second RF-pulse is
negligible, which corresponds to what we found in the previous section. c) The fidelity as a function of photon
threshold where the number of repetitions is equal to the minimum overlap in (b). We define the threshold
such that we measure the dark state when less photons are detected and the bright state otherwise. d) The
conditional probability that the state was bright(blue) or dark(orange) if n photons are detected. We obtain
the blue(orange) data by scaling the probability to detect n photons when the electron is bright(dark), see (a),
to the summed probability of when the electron is bright plus when it is dark. This is useful if soft readout
decisions are allowed. The data is averaged over 2400 runs.

Figure 5.2a shows an example of the collected photon distribution, which is obtained
after 13 repetitions for the bright (blue) and dark (orange) states. Compared with figure
2.4b we observe that the bright state has significantly moved towards a higher average
photon number. Also the dark distribution is significantly shifted, which we explain by
the increased time for off-resonant excitations.
In figure 5.2b the normalized overlap, O(M ), between those distributions at different
number of readout repetitions has been calculated. To do this, for both the bright and
dark state we create an one dimensional array where the n th element is the probability to
detect n photons, see data in (a). We name these arrays ~
S B (M ) and ~
S D (M ) respectively,
and the normalized overlap is then defined by
¡
¢2
~
S D (M ) · ~
S B (M )
O(M ) = ¡
¢¡
¢
~
S D (M ) · ~
S D (M ) ~
S B (M ) · ~
S B (M )

(5.1)

We initially observe a decrease in overlap for more repetitions, but after 3 it increases.

44

5. R EPETITIVE READOUT PERFORMANCE

Figure 5.2b shows that this is reversed by the RF-pulse after the 10th repetition and a minimal overlap is observed after 13 repetitions. Apparently the system has been substantially randomized after 20 repetitions, such that here the RF-pulse does not substantially
help. This matches our finding in section 5.1 that on average the second pulse is not effective.
We narrowed down how many repetitions minimizes the overlap. The next task is
to decide a photon threshold, which is used as follows. In our measurement protocol
we assign the dark state to a measurement with less photons than the threshold and
the bright state otherwise. We can vary this threshold and calculate both the individual and average fidelity (figure 5.2c) using the same definition as in equation (2.2), but
now with a varying threshold instead of 1 photon. For the current scheme, we find an
optimal threshold of 11 photons and an average fidelity of (95.0 ± 0.3)%. Compared to
the conventional readout with our sample, this is an improvement of 1.8%. Given that
this improvement has been obtained with limited optimization and that there is a large
optimization space, this result shows that repetitive schemes are a promising method to
further improve readout fidelities at cryogenic temperatures
Using this threshold to determine the readout fidelity assumes we need to make
a hard, binary, decision on the measured state: it is either dark or bright. In classes
of quantum algorithms, including QEC, it is useful to make soft decisions [64][65]. A
soft decision example: we measure n photons and thus assign the bright state with
95% certainty. In this way the uncertainty of the readout is included. If we assume no
prior knowledge about the quantum state to measure, we can determine the conditional
bright state fidelity from the data in figure 5.2a. To do this, we divide the probability
of detecting n photons if we started out bright by the joint probability of detecting n
photons when started bright plus when started dark. So basically dividing the blue bar
in 5.2a by the sum of the blue and orange bar. The conditional dark state fidelity then
equals 1 minus the bright state fidelity. Both fidelities are shown in figure 5.2d.
Where the conventional readout basically only uses one readout block, our repetitive
readout scheme consists of multiple elements. Within these elements different settings
can be chosen, like powers and durations. Besides there is the freedom to choose when
to apply the RF-pulse. Also within our fidelity optimization approach we only considered the total amount of photons collected after M repetitions, whilst potentially we can
do even better if we use the knowledge of how many photons per individual repetition
were collected. It is thus evident that there is a large space of parameters that influence
the readout performance.
Exploring this space and finding the optimum is interesting, though doing so experimentally might be prohibitively time consuming. On these grounds we developed a first
step towards a Monte Carlo computer model that targets to speed up this process. Below
we will explain the design choices within this model and we make a first assessment of
its performance by trying to reproduce the experimentally obtained results in figure 5.2.

5.3. M ODEL FOR NUMERICAL SIMULATIONS
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5.3. M ODEL FOR NUMERICAL SIMULATIONS
The first goal of our model, which relies on a Monte-Carlo technique, is to reproduce
the obtained results in the previous section. Therefore, similar to the repeated readout
scheme, we also design our model in separate elements. In the following we will explain
per element how its effect on the joint electron nitrogen state is modelled.
This is followed by verifying its performance upon replicating the scheme implementation of figure 5.2 and reproducing its results.

5.3.1. M ODEL STRUCTURE AND DESIGN
Before discussing each element separately, we note that both the RO-element and
the SP-element project the electron state. Also we are only interested in the populations
of the nitrogen eigenstate and not in their relative phases. This allows us to make our
model classical. We will discuss each element in a step by step fashion and in the same
sequence as how they appear in the readout scheme (figure 4.2) as well. In total, our
simulation takes 9 different states into account - the 3 ground electronic states times 3
nitrogen spin states - and we track the populations χe,N in those 9 states with a vector
Ξe,N , see equation (5.2). The first number in the subscripts of the vector element refers
to the electron spin state and the second to the nitrogen spin state. We will discuss how
the different elements alter the populations in these 9 states. We start elaborating on
the nitrogen initialization procedure, which is necessary such that Map1 can effectively
create the desired electron-nitrogen correlation.
£
¤
Ξe,N = χ0,+1 , χ0,0 , χ0,−1 χ−1,+1 , χ−1,0 , χ−1,−1 χ+1,+1 , χ+1,0 , χ+1,−1

(5.2)

State initialization
We simulate the measurement based nitrogen initialization with a fidelity F N −i ni t .
This means that we populate the |N = 0〉 state by F N −i ni t % . The remaining population
is randomly distributed over the spin |N = ±1〉 states. The electron can be initialized
in an arbitrary mixed state, but for performance characterization one is generally interested in the two cases where the electron is initialized either completely bright (|e = 0〉)
or completely dark (|e = −1〉).

Map1 -gates
For two gates that comprise the first mapping, we define separate fidelities; F 1A and
F 1B . The first gate is meant to invert the nitrogen populations of |0, +1〉 and |0, 0〉 and
is modelled as shown in equation (5.3), where it effectively inverts F 1A % of the populations, but leaves the remaining part unchanged. χ|0,+1〉 and χ|0,0〉 in equation (5.3) refer
to the populations of the two aforementioned states before and after the gate. The other
electron-nitrogen states are not affected. Similarly, the second gate between |−1, 0〉 and
|−1, −1〉 is implemented, where here F 1B is used instead of F 1A .
·
¸
·
χ0,+1
1 − F 1A
=
χ0,0 a f t er
F 1A

¸ ·
¸
F 1A
χ0,+1
·
1 − F 1A
χ0,0 be f or e

(5.3)
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RO-Block
In this block we decide whether we measure a bright or a dark state based upon the
amount of photons collected during this element. Besides, because of the electronic excitations involved here, we need to properly account for possible nitrogen spin flips.
Before the RO-block, the total state population is generally divided over all its 9 possible states. Because of the projective effect the RO-laser has on the electronic state we
probabilistically project this state to one of the three electronic spin-subspaces. The
probability to project to electronic spin state i corresponds to the relative population in
P
spin state i before the readout block, so 3j =1 χi , j , where j refers to the nitrogen states.
Since the readout laser does not project the nitrogen, we leave its population as it was
within the electronic state i .
When the electron gets projected to the zero spin state, we take a three-step approach. First, we collect photons by drawing one sample from an experimentally measured photon collection distribution when the electron was initialized bright. Second,
we change the nitrogen population according to the rates measured in section 4.2. Finally, we draw a random number between 0 and 1 and compare it with p +1 (table 4.1).
When smaller, we flip the joint electron-nitrogen state population (Ξe,N ) to the |e = +1〉
subspace, when larger, we flip to the |e = −1〉 subspace.
When the electron gets projected to one of the non-zero spin states, we draw a random number between 0 and 1 as well and compare it to the probability of an off-resonant
excitation. In case it is lower, an off-resonant excitation happened and we go through the
same procedure as for when the electron was projected to |e = 0〉. In case it is larger, we
calculate the probability that we detect a dark count and leave Ξe,N unchanged.
Instead of drawing a random number, it is theoretically better to draw from a distribution of off-resonant excitations in the RO-block. However, since the probability of
an off-resonant excitation is very small, this method is a very good approximation. Also,
it is possible that after the RO-laser has flipped the electron from |e = 0〉 to |e = −1〉 or
|e = +1〉, an off-resonant excitation occurs. However, at this point, this is not included in
the model.

MW pulse
The MW only acts on the electron and, similar to the gates in Map1 , unconditionally
transfers the population between the |e = −1〉 and the |e = 0〉 states with a fidelity F MW .

SP-Block
The SP-block is build up in parallel manner to the RO-block. Firstly the electron is
projected to one of its spin states. If |e = ±1〉 we alter the nitrogen state with the rates of
table 4.1 and track the amount of collected photons by sampling from an experimentally
measured distribution. We obtained this distribution by initializing the electron in the
dark state and illuminating it with the SP-laser. With |e = 0〉, the nitrogen state remains
unaffected and we also track the collected photons. In this case the number of photons
is drawn from an experimentally obtained photon distribution when we had initialized
the electron in |e = 0〉 and illuminated it with the SP-laser.

5.3. M ODEL FOR NUMERICAL SIMULATIONS
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RF-Pulse
The RF-pulse is not necessarily used every repetition. The point where the RF-pulse
needs to be applied can be predefined. Another possible choice in the model, is to use
the amount of photons collected during the preceding RO-blocks, and based on that dynamically decide whether or not to apply the RF-pulse in the current repetition.
When the RF-pulse is used, it only inverts the populations of |0, 0〉 and |0, +1〉 in a
similar way as equation (5.3) with a fidelity F RF and leaves the remaining populations
unaffected.

Map2
At the end of each repetition two nitrogen-controlled-electron gates are used. Similarly to Map1 , these affect |0, 0〉 and |−1, 0〉 with fidelity F 2A and |0, −1〉 and |−1, −1〉 with
fidelity F 2B .

5.3.2. M ODEL PERFORMANCE
Now that we have developed the model, its performance must be validated. We target to make a first step in doing so by reproducing the experimental results obtained in
figure 5.2. We therefore implemented the nitrogen flip rates and photon collection distributions measured corresponding to the experimental settings used in figure 5.2. The
other discussed parameters are shown in table 5.1 and we use the RF-pulse after every
10 repetitions. This yields the data in figure 5.3.
MBI
F N −i ni t
0.99

Map1
F 1A
0.99

F 1B
0.99

RO-Block
P +1
0.53

MW
F MW
0.99

RF-Pulse
F RF
0.99

Map2
F 2A
0.99

F 2B
0.99

Table 5.1: Parameters of the elements in the simulative model of the repetitive readout scheme. How the
parameters are used is discussed in the main text.
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Figure 5.3: Exactly the same types of data like in figure 5.2, however now obtained from our simulation model
instead of experimentally. The data is averaged over 10000 runs. The general trends we observe are the same,
but the exact numbers differ. The bright and dark photon distributions overlap slightly more, leading to a
higher overlap minima and a lower maximal fidelity. Mainly the dark case differs. An underestimation of the
gate fidelities in table 5.1 can (partly) explain this. Potentially the differences are also enhanced due to a
mismatch between the real physics and how this is replicated by the model.

Generally we conclude that the qualitative behaviour of the experiment is reproduced well. The overlap decreases for about 3 to 4 repetitions, then increases again and
the first RF pulse effectively restores information. Also here, the second RF-pulse has
a negligible effect. Quantitatively the found number of repetitions that minimizes the
photon distribution overlap differs by one, which is translated to a difference of 4 in the
most favourable photon threshold. Also the obtained fidelity is lower.
We note that there predominantly is a difference when the electron is initialized in
the dark state. Substantially higher photon numbers are observed and its fidelity starts
out 10% lower. While the gate fidelities in our lab are very comparable to the numbers
shown in table 5.1, potentially we underestimated them. Especially in the case of the
Map2 this would lead to an increased photon number in the dark state. A first step in
verifying this is to re-run the simulations with different gate fidelities and see whether it
then better resembles the experiment. Possibly, there is a mismatch between the exact
underlying physics and how the model replicates this, which can contribute to the observed difference.
We motivated the desire for this model to more efficiently explore the large parameter space than only relying on experiments. To that end it is interesting to compare
the time it took the model to produce the same dataset as the experiment. We observed
that the model provided a speed-up of 4.2 over the experiment. Of course here we only
compare for one specific case, but it gives a first order indication. Importantly, it is also
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easier to run multiple cases in parallel with the model and provide other computational
speed-ups.
As it consistently seems that the overlap decreases until 3 or 4 repetitions, the cases
where you apply the RF-pulse at these points are analysed. With the RF-pulse after each
third repetition a fidelity of 93.9% is obtained while at each fourth repetition 93.6% was
the result. This promises that the 95% readout fidelity observed in figure 5.2 can still be
further improved.

5.4. S UMMARY
In this chapter we have investigated the performance of the repetitive readout scheme
in practice. A first example, without parameter optimization, has been investigated where
there is a clear observation of nitrogen flips and off-resonant excitations. To large extent,
these match the results we obtained on these effects in chapter 4. Second, we presented a
way to increase the readout fidelity. It relies on finding a minima in the overlap between
the photon distribution of the bright and dark state and setting a photon threshold to
make a hard readout decision. When the RF-pulse is applied in each 10th repetition, the
fidelity reached with our sample is ameliorated from 93.2% to 95.0%. Lastly we determined that there is a large parameter space to optimize over and a model is developed
to aid in exploring this space in the future.

6
F UTURE RESEARCH
Over the course of this thesis we have developed new knowledge over the electron
and nitrogen flips, both theoretically and experimentally. In addition, we implemented
the repetitive readout scheme and identified and characterized its limitations. Also we
studied its performance and ways to improve the readout fidelity. In doing so we faced
new challenges that could be addressed in future research. This chapter will give a short
overview of 8 open questions that arose during this thesis.

1: Testing the repetitive readout on samples with an already high single
shot readout fidelity
While our repetitive readout scheme provided a way to improve the current readout fidelity reached with our sample, this does not necessarily imply that it would improve
the fidelity reached in other samples as well. In the conventional readout it is relatively
clear how the main limitations translate the fidelity. Due to the RF-, repetition- and nitrogen spin-degree of freedom plus the additional gates, this is not so easy in case of the
repetitive scheme. An interesting question is whether the scheme would also lead to an
improvement if it were used in the setup where a fidelity of 97% was achieved[66].

2: Influence of laser power on the readout fidelity
In chapter 4 we have characterized the nitrogen flip rates and the average off-resonant
excitation time for different powers. It is interesting how the repetitive readout scheme
fidelity varies as function of laser power. Higher powers allow for a faster implementation of the scheme, but potentially compromise on the achievable readout fidelity. While
the double flip rates and off-resonant excitation frequency increase with higher power, it
is not directly obvious whether this negatively impacts the readout fidelity. Since with a
higher power the required RO-laser time in the repetitive readout scheme is smaller and
thus there is less time for off-resonant excitations.

3: The influence of a high B-field on the conventional readout and repetitive readout fidelity
51
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The theoretical calculations predict that the electronic spin mixing approaches zero for
high magnetic fields, which reduces the electronic spin flip probability and thereby improves the conventional readout fidelity. It is yet to be investigated whether this will
provide a significant improvement in the |e = 0〉 readout fidelity, as we identified that the
inter-system crossing to the singlet state is the dominant spin flip mechanism. It is thus
also interesting whether this inter-system crossing probability is affected by magnetic
fields.
In contrast, the nitrogen spin does not face an inter-system crossing and from figure
3.4 we observed a decrease in nitrogen flips for increasing magnetic fields. If we can thus
suppress those flips with a high magnetic field, the repetitive readout scheme will have
an increased fidelity[45][40][38].

4: Use a 13 C nuclear spin as memory
The host nitrogen nuclear spin was used as our memory in the repeated readout. Its
advantage compared to other nuclear spins, is that its spin 1 character provided a way
to be more resilient against single nuclear flips. A disadvantage however is its stronger
hyperfine interaction with the electron. This probably leads to a higher flip probability. To this extent it is thus interesting to investigate the repetitive readout performance
with a 13 C nuclear spin 12 particle. This does require to make some changes to the exact
implementation of the discussed readout scheme, e.g. the RF-technique is not able to
reduce the susceptibility to single flips and different, and more gates should be used in
the mapping operations.

5: Adding more weight to photons collected in early repetitions
The fidelity optimization discussed in section 5.2 only used the total number of collected
photons in M repetitions, thereby disregard in what repetition number those photons
were collected. Figure 5.1b,c showed that the system equilibrates at some number of
repetition. Photons collected at that point carry less information than photons collected
during one of the first repetitions. Therefore it is interesting to investigate whether it
helps to give more weight to photons collected in early repetitions compared to photons
collected in later repetitions.

6: Optimization over repetitive readout parameter space
As discussed in chapter 5 there is a vast parameter space over which optimization decisions can be taken. A model was build to provide aid in finding parameter sets that yield
high fidelities, but this is potentially still time inefficient. It is worthwhile to see whether
machine learning or artificial intelligence techniques provide a pathway to efficiently locate improved sets of parameters.

7: Carbon dephasing during the repetitive readout
Because of the hyperfine coupling and uncontrolled electron flips during the readout,
13
C nuclear spins dephase. This is an issue in case these spins would be used as qubits
in a quantum algorithm where the readout is not the final step, like a QEC scheme. Since
the repetitive readout scheme has a repeated number of readout blocks, its dephasing
effect on the carbons is worse compared to the conventional single shot readout.
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To mitigate this one could think of ways to "dynamically decouple" the electron
within each RO-block, such that on average it has spend an equal amount in each electronic state. An electron flip will then slightly change this average occupation. This idea
is illustrated in figure 6.1 using a simplified example, where we assume the electron only
has two spin states; |e = 0〉 and |e = −1〉.
Figure 6.1a depicts the implementation of one RO-block of our repetitive readout
scheme. Here the horizontal axis denotes the time the NV centre is illuminated by the
RO-laser. Suppose the electron state we are trying to measure is |e = 0〉. In case we detect
a photon, we correctly interpret the measurement as |e = 0〉 and can properly account for
the phase introduced upon the carbon. However, in case a spin flip happened before we
would detect a photon we incorrectly assign the |e = −1〉 state to the electron. Therefore
we incorrectly account for an introduced phase on the carbon. The error made is given
by the red bar.
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Figure 6.1: The high level idea of a dynamically decoupled readout block to reduce carbon dephasing. We use
the example where the electron is initialized in |e = 0〉, the state denoted by blue. The |e = −1〉 state is denoted
in orange. For simplicity this are the only states considered here. a) The implementation of the current
readout scheme: we apply the RO-laser in one go. If we measure a photon we correctly assign the |e = 0〉 state
and can properly take this into account in the phase picked up by the carbon spin. However, if a spin flip
happens before we would have hypothetically measured a photon (dashed black line), we incorrectly
measure the electron state as |e = −1〉. When accounting for the measured electron state in the carbon
dephasing, this leads to an error, given by the red bar, on the order of the complete RO-time. b) The situation
without flips in the decoupled scheme. The RO-laser is divided in chunks of equal time that are interleaved
with MW pulses that dynamically flip the electron. Therefore the electron spends an equal amount of time in
each state, opposite to in figure a. c) When a flip happens (dashed red line) the MW reverts this flip, such that
the electron remains in the same state as before the flip. This introduces an imbalance in the total time spend
in both states, which is on the order of the chunk + MW time ∆T . This imbalance translates to an error on the
dephasing. This scheme thus reduces the dephasing error from the order of the RO-block to ∆T .

The idea is to cut the one full readout blocks in chunks of equal time and interleave
them with microwave pulses that flip the electron from |e = 0〉 to |e = −1〉, see figure 6.1.
In the "ideal" case where no spin flips happen the electron now spends an equal amount
of time in both states. Suppose that now a flip happens in the third chunk, as shown
by the dashed red line in figure 6.1c. In this case the electron spends more time in the
|e = 0〉 state, but because of the dynamical flipping this extra time is on the order of the
decouple time ∆T ; the time of one RO-chunk and one MW. So instead of a depahsing
time on the order of the complete RO-time, it is now on the order of ∆T .
In reality the electron spin 1 character complicates the decoupling as it is unknown
to which state the electron flips, so the first question to answer is whether there is an
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effective 3-level decoupling scheme. Another challenge is that for both the cases where
the electron starts in |e = 0〉 and |e = −1〉 one can now collect photons. Ideally the bins in
which photons are collected uniquely correspond to the initial electron state, but a flip
inverts this. A careful method should thus be chosen to discriminate what the measured
state is.

8: Readout scheme based on the SP laser
In chapter 4 we extensively elaborated on a scheme that exploits the RO-laser to collect
photons. The reason is that it has a very large contrast in photons collected between the
electron in the bright (|e = 0〉) and in the dark (|e = −1〉) state. Namely 5.39 compared to
0.07, see figure 2.4a. For the SP-laser, resonant with the |e = ±1〉 states, this contrast is
much smaller: 0.09 (|e = ±1〉) vs. 0.02 (|e = 0〉), because of the high inter-system crossing
rate to the singlet. This quickly transfers the electron out of the cycling transition.
Nevertheless, this laser has potential to be used instead of the RO laser because in
section 4.2 we found the double flips rates to be nearly 0 under SP-illumination. Besides, we can develop a scheme depicted in figure 6.2 that is resilient against single flips.
Also, the impact of off-resonant excitations potentially is less severe in this case. But this
remains to be investigated.
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Figure 6.2: a) Repetitive readout scheme based on the SP laser to collect photons. The general structure is
similar to figure 4.2. The advantage of this scheme is that by using the SP laser to collect photons the electron
automatically becomes reinitialized. This makes use of a MW and another laser redundant. b) The
electron-nitrogen dynamics. Note that now |e = −1〉 is the bright state. Map1 is the same as in figure 4.2. Map2
now correlates the zero nitrogen spin (|N = 0〉) with the zero spin electron state (|e = 0〉), which is different
from figure 4.2. Also the direction of the RF-pulse differs because now |e = −1〉 is the bright state. Because the
SP laser is off resonant with |e = 0〉, this state will not be excited and will thus not face nitrogen flips.
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Quantum error correction requires high fidelity single shot quantum state measurements. The goal of this thesis is to improve the single shot readout for the low-temperature
Nitrogen-Vacancy (NV) centre, a promising system for quantum information and error
correction.
Currently, the NV readout fidelity is limited by uncontrolled electron spin flips in the
excited state. Inspired by room temperature experiments[45][38][40][42], and initial results at low temperature [41][46], we investigate schemes where the nitrogen is used as
a memory to perform repeated readouts. We present a detailed analysis of the potential
and limitations, and the possible optimization, of such schemes.
First we have presented a theoretical framework on the electron and nitrogen spin
flip probabilities during resonant optical excitations and found that for the electron there
is a probability of (0.8 ± 0.3)% per excitation to face an uncontrolled flip. For (97.8
± 0.8)% the singlet state between the electronic ground and excited state accounts for
this probability. Experimentally we have found an electronic flip probability of (0.48 ±
0.06)%, a difference of approximately 1 standard deviation compared to the theoretical
value. For the nitrogen we have extracted on average one flip per (170 ± 69) electron
flips.
Subsequently we have outlined a newly developed repeated readout scheme. The
functionalities of different elements in the scheme are presented and their benefits and
limitations are identified. Whilst the scheme is made less susceptible to nitrogen spin
flips by using one of its three level spin states as a memory buffer, these flips still impose
an important limitation. Excitations of the off-resonant electron spin have been identified to happen, which leads to undesired photon collection. The impact of this process
becomes more prevalent with an increased number of readout repetitions. This motivates the performed experimental characterization of these processes. We have found
that the nitrogen flip rates are an order of magnitude larger than our theoretical prediction. In addition, we have found the frequency of off-resonant excitations to be once
every (6.3 ± 0.1) ms.
Finally we have experimentally implemented the repetitive readout scheme. We first
57
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studied an example to develop a better understanding of the relevant processes. The
aforementioned characterizations have successfully explained the observed results. Subsequently we have analysed whether the readout performance could be improved by using the memory buffer state and optimizing over a subset of all possible parameters. Our
method relies on reducing the overlap between the collected photon distributions of the
resonant and non-resonant electron state. We have showed that, on average, we can correctly read out a quantum state in (95.0 ± 0.3)%, an improvement compared to the (93.2
± 0.2)% achieved with the conventional readout technique in the same sample.
This marks an improvement even though the optimization has only been performed
over a subset of parameters. Since future research can provide pathways to a global optimization, the developed readout scheme is a promising candidate to be used in quantum algorithms and error correction.
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A PPENDICES
A. A PPENDIX A - NV IONIZATION RATE
One of the processes that limits the readout fidelity is ionization of the NV-centre. As
this is a two-photon process we expect the probability for ionization to depend quadratically on power. Whilst a full investigation on the ionization process was out the scope
of this thesis, this section provides first steps in the determination of the ionization rate
under RO-laser illumination present in our setup.
To estimate this, we rely on the same measurement sequence we used to determine
the effect of off-resonant excitations (section 4.3.2). We prepare the electron in |e = −1〉
and apply the RO-laser. Off-resonant excitations then bring the electron into a cycling
transition. Due to uncontrolled flips, the electron leaves the cycling transition, until
there is a next off-resonant excitation. All these excitations provide a certain average
amount of photons, such that over time the accumulated detected number of photons
increases, see the blue line in figure A.1.

slope = 1.1 · 10-3

slope = 5.0 · 10-5

Figure A.1: Accumulated photons detected over time when the electron is prepared in |e = −1〉 and
illuminated with the RO-laser. Mainly due to off-resonant excitations, the blue line increases with a slope of
approximately 1.1 · 10−3 . The sudden change in slope is attributed to NV-ionization, which changes the
electronic behaviour and renders the RO-laser very far off-resonant with the ground to excited state
transitions of the NV, such that excitation probability is heavily suppressed.

Figure A.1 shows that at some point in time (black dashed line) there is a discontinuous chance in slope. This marks that now off-resonant excitations do not happen any
more. Due to dark counts and stray light that enter the detector, photons are still collected after this point (red line in figure A.1).
We attribute the sudden chance of slope to an ionization of the NV-centre. This
changes its electronic structure and renders the RO-laser very far off-resonant such that
(by close approximation) no electronic cycling transition will occur. While it is interesting to measure the timescale of ionization as a function of power, this has not extensively
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been done. We did however do a small number of measurements at different powers and
observed that with increasing power, the ionization timescale decreased. This substantiates that it is indeed caused by ionization. Figure A.1 was taken at a power three times as
high as the power used in most experiments in this thesis. From 14 measurements like
figure A.1 (although at different powers) we estimate an ionization timescale in the order
of 10 seconds for the laser power used in this thesis. Since we have one electronic cycle
per off-resonant excitation timescale (6.3 ms, section 4.3.2), we estimate the ionization
probability in one electronic cycle to be 0.06%.

B. A PPENDIX B - S OLVING THE EXCITED STATE H AMILTONIAN
Solving the Hamiltonian in equation (3.1) in a matrix formalism provides a way to
assess how different interactions affect the spin-mixing in the excited state eigenstates.
Here we restate the Hamiltonian and use a colour coding. This will be convenient when
we present the Hamiltonian in a matrix formalism.
HE S = VSO + VSS + VE + Vζ + VB + V H F ,

(8.1)

The first step in solving the Hamiltonian is to choose a set of basis states that conveniently allows to determine the spin-mixing in the excited state eigenstates.
Previous work of Hensen[55] and Doherty[60] exploited the so-called "spin-orbit"
basis states that consists of 6 state that have both a well-defined spin and orbital symmetry. Two of these states are perfectly spin 0, while the remaining four are mixtures of
spin +1 and spin -1. To obtain more spin selective information a set of basis states that
separates these four spin mixtures in two states with spin +1 and two states with spin
-1 would be advantageous. We achieve this by applying a basis transformation on these
spin-orbit (see appendix C) and name the newly obtained set of basis states the "spinbasis".
Using these states in a matrix formalism obtains the matrix in figure B.1 describing
the Hamiltonian of equation (3.1). This is done by applying the transformation matrix
of equation (??) to Table B.5 in Hensen’s work[55]. In this matrix of figure B.1, only the
elements in the diagonal and upper right triangle are shown as the elements in the lower
left triangle ("...") are the complex conjugates of the
i
h elements in the upper triangle. We
introduce the notation for the spin-basis states as |1〉E 0 , |−1〉E 0 , |0〉E x , |0〉E y , |1〉 A , |−1〉 A ,
where the number between the ket (| 〉) denotes the spin of the state and the subscript
label refers to how they relate to the spin-orbit states, see appendix C.

B. A PPENDIX B - S OLVING THE EXCITED STATE H AMILTONIAN
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Figure B.1: Matrix Hamiltonian expressed in the spin-basis. It includes the Spin-Orbit (brown), Spin-Spin
(Blue), Electric field and Strain (Green), Magnetic field (Orange) and Hyperfine (Red) interactions. The
off-diagonal elements are responsible for spin mixing of eigenstates.

The orange terms in the matrix of figure B.1 describe the orbital- and spin Zeeman
interaction with a magnetic field[67], where µe is the Bohr magneton. These terms are
calculated using the spin basis states and
~ + µb Γ∥ σ̂ y · B z ,
VB = g e µb ~
Ŝ · B

(8.2)

~ the magnetic field and σ̂ y
where ~
Ŝ is the vector containing the x, ¯y, z® spin operators, B
¯
the standard y-pauli matrix in the |E x 〉, E y basis[67].
The terms in red represent the hyperfine interaction with the nitrogen. We have used
the spin basis states and V H F = A ∥ Iˆz Ŝ z + A ⊥ ( Iˆx Ŝ x + Iˆy Ŝ y ) them. We can now fully evaluate them, instead of leaving them as an operator, by including the nitrogen spin to our
system. To develop the matrix for a coupled electron-nitrogen system, we take the kronecker delta product of the build spin states with the nitrogen spin basis: (|N = +1〉,
|N = 0〉, |N = −1〉). This provides 6·3=18 basis states. With these we then calculate the
hyperfine operator terms and construct an 18 by 18 Hamiltonian matrix for the coupled
electron-nitrogen system. Finally we can also include the purely nitrogen interactions
(see equation (2.1)) to complete the Hamiltonian.
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Finally we note that the energies shown in figure 3.2a generally depend on the direction of non-axial strain (ξx , ξ y )[55], whereas the energy levels in figure 3.2b depend on
the absolute value of the non-axial strain. The strengths of the parameters in the matrix
of figure B.1 are given in table 8.1. The value of d b,A 1 ξz only offsets all the energies and
does not create any spin mixing of excited states. Therefore we set this value to 0.
Whilst included in the analyses and calculations of chapter 3 that involve the nitrogen, the quadrupole splitting and nitrogen interaction with a magnetic field - both
present in equation (2.1) - are not shown in the matrix of figure B.1. This is because they
do not change the electronic energies.
Interaction
Spin-Orbit
Spin-Spin

Zeeman

Hyperfine
B -field

Strain

Parameter
λ∥
D 2,A 1
D 2,E 2

Value
5.3 GHz
1
3 · 1.42 GHz
p1 · 0.2 GHz

D 2,E 1
ge
g e,⊥
Γ∥
A∥
A⊥
Bx
By
Bz
d b,A 1 ξx
d b,A 1 ξ y
d b,A 1 ξz

1.54 GHz
2.15
2.15
0.1
40 MHz
23 MHz
0 Gauss
0 Gauss
free parameter
free parameter
0 GHz
0 GHz

2

Table 8.1: Values of the NV electron Hamiltonian parameters in the matrix of figure B.1[60][67][59].

After diagonalizing the matrix, the energy spectra of the excited state can be obtained
as a function of magnetic field or strain, which are respectively shown in figure 3.2. Here
a strain of "Θ GHz" means that we set the matrix elements (d b,E ξx = Θ, d b,E ξ y = 0). While
interchanging ξx and ξ y does not change the energy diagram, generally the energy diagram does depend on the strain directions[55].

C. A PPENDIX C - D ERIVATION OF THE SPIN - BASIS FOR THE ELEC TRONIC EXCITED STATE
The aim of this section is to derive a set of basis states for the electronic excited state
that have a well-defined spin character. This is useful if we want to determine the spin
decompositions of the excited state eigenstates. These decompositions impact the flip
probabilities that we have derived in chapter 3 and can provide further insight in the
strength of flip-flop interactions with the nitrogen.
Here we will not derive the complete electronic excited state Hamiltonian, but refer
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to the work of Hensen[55]. Based on his work we will proceed by first recapping in what
basis he derived the Hamiltonian and how this corresponds to the occupation of the
available molecular orbitals. From here we will make a change of basis, such that each
basis state has a well-defined spin character, which is exploited throughout this thesis.
Chapter 3 explained that in an NV-centre 4 electrons are divided over the a 1 , e x and
e y orbitals, where each of those orbitals can accompany two orthogonal spin states; spin
up (|+〉) and spin down(|−〉). All these orbitals are described by a certain wavefunction
and without going into detail, Hensen derives that one can carefully divide electrons over
all these orbitals and thereby construct a resulting wavefunction that satisfies symmetry
properties of the NV. By doing so, a set of states called spin-orbit states are constructed
and they are suitable to be used as basis states.
To express what the orbital and spin occupations
are® that build op the spin-orbit
¯
states, we use the following notation: θ = ¯a 1 a 1 e x e x e y e y . Here the letters refer to the
orbitals and a bar denotes that a spin up electron occupies this orbital. Thus if we have
a configuration with one spin down electron in a 1 plus one in e x and two electrons in
e y , we denote this by θ = |010111〉. With this notation we define the set of 6 orthogonal
triplet states in table 8.2 which we will use to show how the spin-orbit states used by
Hensen look and how we can transform those to become spin basis states.
The logic behind the naming in table 8.2 is that the first ket denotes whether one
e x orbital is unoccupied (E x ) or whether one e y orbital is unoccupied (E y ). The second
denotes whether triplet spin projection is up |1〉, zero |0〉 or down |−1〉. Those states thus
have a well-defined spin character. In table 8.3 the definition of the spin-orbit states
(φos ) in terms of the states in table 8.2 is shown. In φos , "s" refers to the spin character and
"o" to the total orbital symmetry in relation to the NV-centre. It is this orbital symmetry
where the energy lines of the NV-excited state thank their names to. Note that the spinorbit states can be divided in three categories: 2 non-zero spin states with an orbital E symmetry, 2 zero-spin states with an orbital E -symmetry and two non-zero states with
an A-symmetry.
Name
|E x 〉 |1〉
|E
¯ x 〉®|−1〉
¯
¯ E y® |1〉
¯E y |−1〉
|E x 〉 |0〉
¯ ®
¯E y |0〉

=
=
=
=
=
=
=

¯
®
¯a 1 a 1 e x e x e y e y

p1
2
p1
2

|101011〉
|010111〉
|101110〉
|011101〉
[|100111〉 + |011011〉]
[|100111〉 + |011011〉]

φ±1
E

=

φ±1
E

=

1
|E 〉
|−1〉) − ¯E y (− |1〉 + |−1〉)
2 −i x (|1〉 +
¯ ®
£
¤
1
|E 〉 |1〉 + |−1〉) + i ¯E y (|1〉 + |−1〉)
2 − x (−

φ0E x

=

¯ ®
− ¯E y |0〉

φ0E y

=

φ±1
A

=

φ±1
A2

=

|E x 〉 |0〉
¯ ®
£
¤
1
|E x 〉 (|1〉 + |−1〉) + ¯E y (− |1〉 + |−1〉)
2 −i
¯ ®
£
¤
1
|E x 〉 (− |1〉 + |−1〉) + i ¯E y (|1〉 + |−1〉)

x
y

1

£

¯

®

2

Table 8.2: An orthogonal set of 6 states that span the
Table 8.3: The definition of the spin-orbit states φos
entire electronic excited state triplet Hilbert space.
used by Hensen in terms of the states in table 8.2. Here
Spin-orbit basis states are made by taking linear
s denotes the spin character and o the orbital
combinations
¯
® of these states. The notation
character. The eigen energy lines of the NV-excited
¯a 1 a 1 e x e x e y e y is used where a bar means a spin up
state thank their names to these orbital characters.
electron in that orbital. "0" means this orbital-spin
These states fulfil certain properties of the
combination is not occupied by an electron, while "1"
NV-symmetry which makes them suitable as basis
means it is.
states. Note that four of them have a mixed spin
character.

¤
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We will now use a basis transformation to obtain the spin basis states that we use
in this thesis. Our transformation is chosen such that we
i
h do not mix the three subcategories. If we denote the spin basis states by the vector: |1〉E 0 , |−1〉E 0 , |0〉E x , |0〉E y , |1〉 A , |−1〉 A ,
we get it by performing the following transformation;





|1〉E 0
1
|−1〉 0 
−i



 |0〉 E 
1 

0
Ex 

= p 
 |0〉E y 
0
2



 |1〉 A 
0
0
|−1〉 A

1
i
1
1
0
0

0
0
1
0
0
0

0
0
0
1
0
0

0
0
0
0
1
i

¯ ®¢
¡
 φ±1 

Ex
|E x 〉 + i¯¯E y®¢ |1〉
0
¡
±1


 |E 〉 − i ¯E

φE 
0
y
 x p ¯ y® |−1〉



0 
¯


1  − 2 E y |0〉 
0  φE x 

p
 0  = p 
.


0  φE 
|E
〉
|0〉
2
x
2
¯ ®¢
¡
 y 

 |E x 〉 − i ¯E y |1〉 
1  φ±1 
¯ ®¢
¡
A1
−i φ±1
|E x 〉 + i ¯E y |−1〉

(8.3)

A2

We note that we now have states with a well defined spin character, they are either spin
up, spin zero or spin down. Whilst the states in table 8.2 have this characteristic as well,
they do mix the three different sub-categories.

D. A PPENDIX D - E LECTRONIC TRANSITION FREQUENCIES AND
STRENGTHS
The energies in figure 3.2 combined with the ground state Hamiltonian provide the
transition energy spectrum depicted in figure D.1. With E ’ and E x we have indicated
which transitions correspond to |e = ±1〉 states (E ’) and which correspond to the spin
|e = 0〉 state (E x ). The first is used for spin pumping purposes and the latter as the transition used in the readout, see chapter 2.
The three ground and six excited states provide 18 transitions. In figure D.1 we scaled
all these transitions to the mutual spin overlap between the ground and excited state
coupled by the transition

E’

Ex
e=0
e = +1
e = -1

Figure D.1: a) All 18 transition energies between the 3 ground and 6 excited states. Their strengths have been
scaled to the spin overlap between the coupled ground and excited states. E ’ and E x indicate the transitions
used in spin-pumping and readout.
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E. A PPENDIX E - E LECTRON - NITROGEN EIGENSTATE SPIN DE COMPOSITION
In Appendix B we derived the matrix in figure B.1 using a pure spin-basis. Solving
the matrix thus obtains its eigenstates expressed as a sum of these spin basis states, see
equation (3.2). The figures in 3.3 show the value of ∆ for E x and E y , the summed spin
|e = −1〉 and |e = +1〉 spin character. We can do the same for all the 6 electronic eigenstates and not only show the combined spin |e = −1〉 and |e = +1〉, but the separate spin
|e = 0〉, |e = −1〉 and |e = +1〉 spin characters. This is done in figure E.1. For E x , only
the |e = +1〉 and |e = −1〉 characters are shown since plotting the |e = 0〉 character would
render the behaviour of the others not observable.
Table 8.4 shows what the non-zero spin character is for E x and E y and how much
both non-zero spin states account for this. These are the values at B z = 400 Gauss. In
table 8.5 we show the zero spin fraction as well as the non-zero spin fractions for the
spin pumping transition states, also for B z = 400 Gauss. These numbers play a role in
spin-polarization and the strength of the excitation transition (see figure D.1).

Ex
Ey

non-zero (%)
0.12
1.7

+1 (%)
50.7
84.4

-1 (%)
49.3
15.6

Table 8.4: Spin decomposition of the E x and E y
eigenstates at 400 Gauss. We state the non-zero spin
component, and how much of spin +1 and spin -1
account for this.

0

+1E
0
−1E

0 (%)
1.7
0.2

+1 (%)
93.0
2.3

-1 (%)
5.3
97.5
0

Table 8.5: Spin decomposition of the +1E and −1E
eigenstates at 400 Gauss. We state the 0, +1 and -1
fractions.

0
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a)

b)

c)

d)

e)

f)

g)

Figure E.1: Electronic eigenstate spin decomposition for varying magnetic fields. Solving the electronic
excited state Hamiltonian in a spin-basis state provides a convenient way to express the eigenstates in terms
of pure spin states. We use this to decompose the 6 electronic eigenstates (a-f) into their spin characters. In
(g) we include the energy spectrum, which shows three level anti-crossings - ≈ 900G, ≈ 1700G, ≈ 2700G which are reflected in the spin mixing of the eigenstates in (a-f). The labelling in (a-f) corresponds to the
labelling in (g). In (a) we do not show the spin 0 component, because it is nearly always 1 and plotting it
would make the behaviour of the non-zero spin fractions not observable.
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F. A PPENDIX F - E LECTRON SPIN FLIP CALCULATION WITH PHONONS
AND SINGLET
Without including phonons and singlets, the electronic flip probability (denoted as
P f l i p ) from the |e = 0〉 ground state to the |e = ±1〉 ground state upon electronic excitation is given by ∆ in E x , which is 0.12% at 400 Gauss. Because we calculate this by solving
the Hamiltonian in a computer model, we neglect the uncertainty in this number. We refer to this number as ∆E x .
By including phonons, the E x eigenstate can be transformed to the E y eigenstate,
such that now we also need ∆ for E y at 400 Gauss. From table 8.4 we obtain 1.7%, to
which we will refer as ∆E y . Also we need the probability that per excitation a phonon
mediated excited state transfer from E x to E y occurred. For this we compare divide the
absolute value of the phonon transition rate (0.34 ± 1.87)MHz by the NV excited state
decay rate ( τ 1 ), with τNV the excited state lifetime (12.3 ns [57]). We obtain the phonon
NV
transfer probability P phn = 0.02 ± 0.14. With the phonons included, the flip probability
becomes
P f l i p = ∆E x · (1 − P phn ) + ∆E y · P phn .

(8.4)

When using equation (8.4) the excited state is always projected to the spin ±1 spinbasis states. As argued in the main text we use that these states have a probability (P ±1→S )
of (41 ± 1)% to decay to the singlet. And from the singlet Kalb [57] derived probabilities
(which we call P S→±1 ) to decay to the |e = ±1〉 ground states for different strains. Using
these values, we estimate that this equals (25 ± 4)%. Including the coupling of the ±1
spin-basis states to the singlet alters the expression for P f l i p to become
h
i
P f l i p = ∆E x · (1 − P phn ) + ∆E y · P phn · P ±1→S · P S→±1
(8.5)
Finally we include that even when the E x eigenstate is projected to a spin-basis state
with zero spin, there is a probability to decay through the singlets. For this we use that
Kalb derived a probability of (41 ± 1)% to go through the singlets for the ± 1 spin state,
which had a transition rate to the singlet of (8.5 ± 0.2) MHz. When scaling the transition
rate of the zero spin basis states, which equals (0.62 ± 0.21) MHz, to this rate, we obtain
a probability of (3 ± 1)% to directly decay to the singlet after projecting equation (3.2)
to a zero spin basis state. When referring to this probability as P 0→S , we find the final
electronic flip probability per cycle to be
h
i
P f l i p = ∆E x · (1 − P phn ) + ∆E y · P phn · P ±1→S · P S→±1 +
h
i
(1 − P phn )(1 − ∆E x ) + P phn (1 − ∆E y ) P 0→S · P S→±1

(8.6)

With the values and errors stated, this gives P f l i p = (0.8 ± 0.3)%.

G. A PPENDIX G - D ETECTOR EFFICIENCY DETERMINATION
This section outlines how the detector efficiency can be determined whilst not working at saturation powers. We start of noting that in a perfect cycling transition at satura-
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tion power the population is equally divided over the ground and excited state. With an
excited state lifetime of τNV (= 12.3 ns), this gives an average photon emission rate equal
to 2τ1 . When working at saturation power, the collection efficiency can thus easily be
NV
determined by dividing the measured photon rate (〈R〉) by the excitation rate.
Because of electronic flips we do not have a perfect cycling transition. But since the
electronic flips are known to be small, we assume we can use the same reasoning for this
imperfect transition. However, in this case we measure the collection efficiency by using the peak count rate. This rate is experimentally obtained by post-processing on data
where a photon is still collected at Td et ect , indicating that at Td et ec t the electron has not
yet flipped. The peak count rate then is the total amount of photons collected divided by
Td et ec t . Thus
η = 〈R peak 〉p sat · 2τNV .

(8.7)

When not working at saturation power, the peak count rate 〈R peak 〉p sat cannot be
measured directly. If we assume that the electronic flip probability does not depend on
power, the average amount of photons emitted is the same for different powers. This
equals the peak count rate times the average time before the electron has flipped, and
we can therefore write down the following relation
〈R peak 〉p sat = 〈R peak 〉p 0

t f l i p,p=p 0
t f l i p,p=p sat

.

(8.8)

We can measure t f l i p,p=p 0 by setting the power equal to p 0 and preparing the electron in |e = 0〉. Subsequently we apply the RO-laser and measure the population in |e = 0〉
in time. This obtains the exponential decay in figure G.1 of which we can extract the decay time.
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ﬂip time vs. power

Relative power

d)
Rate (1e5)

Peak Rate (1e6)

c)

Relative Power

Relative Power

Figure G.1: a) Decay of the m s = 0 spin population (F (|e = 0〉)) over time when illuminated by the RO-laser.
Here the relative power is 1.0. b) The decay rate of (a) measured for different laser powers. c) The maximum
count rate obtained at each power. To obtain this we do the post processing mentioned in the text. d) From
(b) and (c) the peak count rate is calculated for different values of the power. All the powers should give the
same number, which they do within their uncertainty. Averaging over all the peak rate gives the average peak
rate we will use.

Since the maximum laser power used in our experimental setup is lower than the
saturation power, we cannot directly measure the decay time at saturation power. We
are however able to link it to t f l i p,p=p x . For this we realize that the time before a flip
happens is proportional to the average time one excitation round trip takes. In an ideal
two level system this equals the inverse of the excited state population (ρ E S ) times the
decay rate ( τ 1 )[68]. Because of the power dependence of the excited state population
NV
we can write down the flip time at zero laser detuning between the ground and excited
state[68]:
t f l i p (p) = C 0 ·

s0 + p
τNV
=
ρ ee
t0 · p

(8.9)

We can now measure the flip time for various different powers and fit equation (8.9),
which is done in figure G.1b. This obtains the fitparameters s 0 and t 0 , such that we can
set p → ∞ to calculate what the flip time would be at saturation power.
For every data point in figure G.1b we also measured the peak count rate in the postprocessing way discussed. This led to figure G.1c. Now we can use equation (8.8) and the
results in figure G.1b,c to calculate the peak count rate at saturation power for every measured power. The result is shown in figure G.1d and should give one unique peak rate.
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While this is not observed, all the peak rates are within each others uncertainty. The final
peak rate used in equation (8.7) is the average over all the peak count rates in figure G.1d.
The large uncertainties in figure G.1c might partly be explained by our post-processing
method. We include the experimental runs where at Td et ec t = 20 µs a photon is collected,
which for a power of 1 is around 800 out of 13000 runs. Also this method is not resilient
against a dark count at t = Td et ect .

H. A PPENDIX H - S OLUTION TO THE NITROGEN RATE EQUA TION MODEL
The rate equation model shown in figure 4.3a leads to the following three differential
equations
d N+1
0
−1
+1
= −(r +1
+ r +1
)N+1 + r 0+1 N0 + r −1
N−1
dt
d N0
0
0
= +r +1
N+1 − (r 0+1 + r 0−1 )N0 + r −1
N−1
dt
d N−1
+1
−1
0
+ r −1
)N−1 ,
= +r +1
N+1 + r 0−1 N0 − (r −1
dt

(8.10a)
(8.10b)
(8.10c)

~ = (N+1 , N0 , N −1),
where Ni is the nitrogen population in spin state i . If we define a vector V
then we can write this as a matrix multiplication:
~
dV
~,
= A ·V
dt

(8.11)

where

0
−1
−(r +1
+ r +1
)
0
r +1
A=
−1
r +1

r 0+1
+1
−(r 0 + r 0−1 )
r 0−1


+1
r −1
0

r −1
0
+1
−(r −1
+ r −1
).

(8.12)

One can now easily check that



N+1 (t )
3
X
~ (t ) =  N0 (t )  = c i w
~ i exp(λi t )
V
i
N−1 (t )

(8.13)

~ i are the eigenvalues and eigenvectors of A.
satisfies equation (8.10), where λi and w
Both are functions of the 6 rates used in our model.
we now have thus obtained expressions for the populations in the nitrogen states
as a function of time (or in our experiments: number of electron flips). since these are
determined by the rates, we can use these expressions as fitfunctions to extract the rate
values from our experiment. Note that, since the initial nitrogen populations are known,
P
~ (0) = 3 c i w
~i.
we can express c i in terms of the rates by solving V
i
~

Finally we note that we can use the steady state of the system ( ddVt = 0) to express two
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of the 6 rates in terms of the other 4 rates. This would reduce the number of free rate
fitparameters from 6 to 4. By doing so, we however introduce two new fitparameters: the
asymptotic values of the nitrogen states N+1 (∞), N0 (∞), N−1 (∞), which are mutually
related through N+1 + N0 + N−1 = 1. In our experiment we choose to reduce the number
of free rate fitparameters. Using the steady state equation and the conservation total
nitrogen population we derived
1 − N+1 − N−1
+1 N+1
+1
+ r −1
− r −1
N−1
N−1
1 − N+1 − N−1
0
+1 N−1
−1
r +1
= r 0+1
+ r −1
− r +1
.
N+1
N+1
0
r −1
= r 0−1

(8.14a)
(8.14b)

One could potentially measure the asymptotic values very accurately and fix them as
fix parameters. In our experiment we did not do this and let them free, which resulted in
−1 +1
6 fit-parameters; (r 0+1 , r 0−1 , r +1
, r −1 , N+1 , N−1 ).

H.1. M EASUREMENTS WITH |e = ±1〉
In the measurement sequence of figure 4.3b, the electron always is in the |+1〉 (or |−1〉
depending on the MW) state after the MW-block (or |−1〉 depending on the MW). Therefore we can apply a nitrogen controlled electron flip and directly measure the population
of the population in one of the nitrogen states. Also we know that per repetition (M in
figure 4.3b) the electron flips once, such that the number of repetitions corresponds to
the number of electron flips. This allows us to use the fit strategy with equation (8.13)
as we have seen above. Doing this obtains the data shown in figure H.1 when the electron is in the |e = +1〉 state before the SP-laser is applied, and the data in figure H.2 when
|e = −1〉.
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N = +1

N=0

N = -1

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Figure H.1: Data of all the 9 possible measurements that can be performed in the scheme of figure 4.3b. In the
plots on the same horizontal line, we initialized the nitrogen in the same state, but changed the nitrogen
controlled electron pulse before the readout. In the vertical data, we initialized in a different nitrogen state,
but used the same pulse before the readout. We fitted equation (8.13) through the data to obtain the rates in
table 4.1.
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Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Number of electron ﬂips

Figure H.2: Data of all the 9 possible measurements that can be performed in the scheme of figure 4.3b. Here
the electron is however initialized in |e = −1〉 and the MW pulse is replaced by one that flips the electron from
|e = 0〉 to |e = −1〉. In the plots on the same horizontal line, we initialized the nitrogen in the same state, but
changed the nitrogen controlled electron pulse before the readout. In the vertical data, we initialized in a
different nitrogen state, but used the same pulse before the readout. We fitted equation (8.13) through the
data to obtain the rates in table 4.1.

H.2. M EASUREMENTS WITH |e = 0〉
In case we do the measurement sequence of figure 4.4a, the electron state after each
repetition (so after the last MW) is not so well defined. This is because of uncontrolled
flips under RO-illumination and our subsequent measurement scheme in figure 4.4a to
deal with them. Generally we can write down the state after M repetitions as ρ(M ) =
α(M ) |0〉 〈0| + (1 − α(M )) |+1〉 〈+1|. The final nitrogen controlled electron flip between
|e = 0, Ni 〉 and |e = −1, Ni 〉 to read out the nitrogen state thus does not selectively leave
only the complete nitrogen Ni population in |e = 0〉, like it did in section H.1. Now the
final population in |e = 0〉, the state we probe with our final readout, instead equals
P |e=0〉 = α(M ) [1 − Ni (M )]

(8.15)

and this should be the fit function to use in the measured data. This also explains why
the data in the 3 plots of figure 4.4c do not add up to 1.
This means we cannot simply use equation (8.13) to the data we measure with the
procedure of figure 4.4a. We are left with α(M ) that must be included in the fit. Using
the possible electron pathways of figure H.3 we can determine α as a function of M and
p +1 , where we recall that p +1 is the probability to have an uncontrolled flip from |e = 0〉
to |e = +1〉.
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Figure H.3: Possible electron paths in the measurement sequence shown in figure 4.4a. Here p +1 is the
probability for the electron to flip from |e = 0〉 to |e = +1〉 after one RO-block in figure 4.4a. The green block
below indicates whether there was/were one/two RO-blocks resonant, which depends on the path taken by
the electron. Due to the multiple paths the electron can take, it is in a mixed state after one or more full
repeated blocks in 4.4a.

First we realize that we prepare the electron in the zero spin state, so before the first
repetition α = α(0) = 1. From the left side of figure H.3 we can calculate that when the
repetitive
block is entered
with the |e = 0〉 state, the resulting output is p · p |+1〉 〈+1| +
£
¤
p · (1 − p) + (1 − p) |0〉 〈0|, such that the population in |0〉 〈0| after one repetition equals
(1 + p)(1 − p) of the population before the repetition. Then in the second repetition,
the state can come in either as |−1〉 or as |0〉. For the latter we have just derived what
the zero spin state population will be after the next repetition. For the former, we can
calculate this from the right side of H.3 and find the population in |0〉 〈0| to be (1 − p) of
the population in |+1〉 〈+1| before the repetition.
By using that the population in |+1〉 〈+1| = 1 − |0〉 〈0|, we can thus derive the following
recursive expression for α(M ), the population of |+1〉 〈+1| after M repetitions:
£
¤
£
¤
α(M ) = α(M − 1) (1 + p)(1 − p) + {1 − α(M − 1)} 1 − p .

(8.16)

Solving this recursive formula with α(0) = 1 gives, after some algebra
α(M ) =

(1 − p) + (1 − p)M p (M +2)
.
1 − p(1 − p)

(8.17)

We thus find that now our measurement result also depends on the probability for
the electron to flip from |e = 0〉 to |e = +1〉 (p +1 ), which we include as a fit parameter.
Another important aspect of the possible pathways the electron can take is the amount
of RO-blocks that are resonant and thus the amount of times the electron flips. Since we
are interested in the probability of a nitrogen flip per electron flip, we need to take this
into account. In case the electron is |e = 0〉 if it starts a new repetition, there will is a p +1
chance that two RO-blocks are resonant and 1−p that there is only one resonant. In case
it starts as |e = +1〉 there will always just be one RO-block resonant, see figure H.3.
Thus the amount of electron flips (Y f l i ps ) in repetition M k equals
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Y f l i ps, M =Mk = 2 · α(M k − 1)p + 1 · α(M k − 1)(1 − p) + 1 · (1 − α(M k ))

(8.18)

The total number of electron flips after M j repetitions is of course the sum over all
the flips from repetition 1 up and including repetition j . Using the expression for α(M )
just derived, we can derive that the number of electron flips as a function of the number
of repetitions equals:
¡
¡
¢¢
M + p −M + p p − (1 − p)M p 1+M + M
Y f l i ps (M ) =
.
(8.19)
¡
¢2
1 − (1 − p)p
We insert equation (8.17) in our fit-equation (equation (8.15)) and replace M by equation (8.19) to obtain the rates per electron flip. Doing so obtains the data in figure H.4.

CNOT N = 0
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Number of electron ﬂips
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Number of electron ﬂips

Number of electron ﬂips

CNOT N = -1
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A.U.
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CNOT N = +1
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Figure H.4: Data of all the 9 possible measurements that can be performed in the scheme of figure H.3. In the
plots on the same horizontal line, we initialized the nitrogen in the same state, but changed the nitrogen
controlled electron pulse before the readout. In the vertical data, we initialized in a different nitrogen state,
but used the same pulse before the readout. Through all the data we fitted equation (8.15), where we
substitute equation (8.17) and replace M by equation (8.19), to plot the data as a function of the number of
electron flips instead of the number of total repetitions of the scheme. The fit obtained the parameters shown
in table 4.1

H.3. D IRECTIONAL FLIP PROBABILITY AS FUNCTION OF LASER POWER
In the previous section we discovered how the probability (p +1 ) than an uncontrolled
flip brings the electron to the |e = +1〉 state enters as a fit parameter for the data in figures 4.4 and H.4. We measured this data for various powers to see how this influenced
the nitrogen flip rates. Additionally we found that the p +1 was affected by the power, see
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figure H.5.
We observe an increase in probability to flip to the |e = +1〉 state with increasing power,
which can potentially be attributed to an increased off-resonant excitation to the E y
level, which is more heavily spin +1 character than E x , see table 8.4.

+1

+1

Figure H.5: Probability to flip from |e = 0〉 to |e = +1〉 as a function of RO-illumination power. The power
numbers are relative to a base power.

